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3AXBAJIHOCT

OBa pmokTOpCKa IHUCEpTalMja j€ pe3ynTaT MYJTHAUCUUIUIMHAPHUX HUCTPAKUBAHKA
U3BEACHUX KPO3 TMPOJEKTHE AKTUBHOCTH Yy PA3UUUTHUM o0nacuma. 3axBajbyjeM ce
MuHHCTapCTBY 32 MPOCBETY, HAyKy U TEXHOJOWIKU pa3Boj] Pemybmuke CpbOuje Ha
¢uHaHCH]jCKO] TOMONHU KOJy j€ MPYKHJIO KPO3 IMPOjeKTe TEXHOJOLIKOr pa3Boja €B. Op.
TP 35045, TP 34028 u TP 14018 xao u MUHHCTApCTBY KyNType U wHpOpMUCAHA
PenyOnmuke CpOuje koje je puHAHCHjCKM TOAPXKAIO HAYYHOUCTPAKUBAUKU IIPOjEKaT
LcrpakuBame MoryhHocTH Kopumhemwa (oTorpamerpuje 3a Npenu3Ho AeuHICaAbE
reOMETPH]€ MY3€]CKUX eKCIIOHaTa KOMIUIEKCHUX OOJIMKa Ha PUMeEpPY y30pKa BOJOMapa
IMpupoamaukor my3seja beorpan™.

3axBajpyjeM ce MeHTOopuMa 1p Bojkany JlydaHuHy, penoBHOM mpodecopy,
VYuausepsuter y beorpany, Mammucku ¢akynarer u ap Mupky Kosuhy, HayurOM
CaBETHUKY, BOJHOTEXHWYKM WHCTHTYT y beorpany, Ha BHIIErOAMIIHO] MOAPIILUA H
nomohu, Mpy»keHO] MOTHBALUjH, NPEHETOM 3HaWBy W MCKYCTBY M3 IIUPOKUX OOIaCTH
IIMHCKUX BO3WJIA, TEOPHJCKE M MpopadyHCKe MexaHuke ¢uynna. Kpo3 numHamMuuny
IOMCKYCH]Y Ca KOHCTPYKTHBHHM CaBE€TUMa U TMPEHU3HHM mpuMendama cy Me
ycMepaBali TOKOM paga H 0e3 mWHUX MPeNCTaB/beHO MYITHIUCIHUILIMHAPHO
UCTPAKUBAKE HE OU OMIIO YCIIEITHO U3BENEHO.

XKenmum na wm3pa3uM 3axXBaJIHOCT WHCTUTYIMjaMa M OpraHu3aldjaMa Koje Cy
Takohe ImoMorJIe 1 MojipIkaie UCTPAKUBAMKA U3 OBE TOKTOPCKE JUCEPTALIH]e

— VYHusepsurery y beorpany, MamunHckoMm ¢akynrery,

— YHausepsurery y beorpany, MHoBaimoHoMm neHTpy MamunHCKor gakynrera,

— VYHausepsurery y beorpany, HWHcTHUTYTY 3a XeMujy, TEXHOJOTH]Y U

meranyprujy, UXTM, y beorpany,

— Bojaorexunukom uncturyty, BTH, y Beorpany,

— Hucruryty I'oma n.0.0,,

— Tlpuponmaukom my3sejy y beorpany u

— IenTtpamHom uHcTUTYTY 3a KoH3epBanyjy, LIUK, y beorpany.

3a momoh, BpemHe caBeTe W ycMepaBame y o0jacTh OMOHUKE Ce 3aXBajbyjeM
np bomky Pamyo, pemosHom mnpodecopy, Yumpepsutrer y beorpany, MammHCKu
¢akynrer. Ha momohu m mompuim y pagy U CTULaBy HOBUX NMPAKTUYHUX HCKYCTaBa
3axBaspyjeM ap bopucy Karasuhy, Bumem Hayunom capagauky, Macturyt ['oma 1.0.0.,
u 1p bopery Jerauhy, Bumem HaydyHOM capanHuky, YHusep3uter y beorpany, UXTM
y beorpany.

3axBasbyjeM Ce QYTrOTrONHINE0] KONeTHHUNM U capagHuiy ap Crnasuuu Puctuh,
HAYYHOM CaBETHUKY, HA BEJHMKO] MOAPIIIN U MOMONM y paay U UCTpakuBamwy. HbeHH
BPEIHHU CaBETH CYy Y MHOTOME IMOMOTJIM KBAJIHTETYy pajga Kpo3 HCTpakuBame. Takobe,
CTEKJIa CaM HOBA 3Hama W BEIITHHE U3 HAyYHUX O00JIACTH KOja MU HUCY Omie OJIMCKe 1Mo
ompenesbemy, IOCEOHO ONTHKE, MHKpPOCKOomuje, TepMorpaduje H  PasIuIUTHX
CaBpEMEHHX METOJa Mepema M BU3yeNu3aluje CTpyjama. IbeH mo3uTHBaH CTaB H
NEeNarolky TNPUCTYl Yy MHOTOME Cy MM IIOMOTJIM Ja CBEAEeM pa3MHUILbamba |
¢dokycupam ce Ha CYIITHHY UCTPAKUBAYKOT IpoOIeMa.

3a CBO CTpILUbEHE, pasyMeBambe H AUHAMUYHY Pa3MEHY MHIIBEHA, KPO3 CKOPO
YEeTPIECeTOTOIUIIBY Capajlpy, JOII OF Kada caMmM OWia caMo CpenmOIIKOAL,
3axBajpyjeM ce Hukomu Mpxaspy, Iurul. MHXK. Y3 Bera je pag y aepoTyHeny Ouo u
OCTa0 3a MEHE MpaBO 3aJ0BOJBCTBO M BaH NPO(PECHOHATHOr OKBHUPA, AOK MeE je
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NPEHETHM 3HAHbEeM M KOHCTPYKTUBHHUM CaBETHMa, O AEPOTYHEICKUM M CPOJHUM
UCTIIUTUBAKBIMA, MTOPYKA0 Y PASO3HAJIOCTH U CTAIHOM Tparamy 3a HOBHUM H3a30BHMa H
norjieuMa Ha npodjeme.

Konerama wu ayrorogummmum capanauunma w3 BTH-a  gp  3opany
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capanuuky, ap I'opany Ounokoseuhy, HayuHom capanHuky, np Cphany JKuskosuhy,
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3a creyeHa OCHOBHA 3HaWka U3 ACPONMHAMHKE U AEPOTYHENICKUX HCIHTHBAHA
BO30Ba 3aXBaJbyj€M AYTOrOAMIIO] KOJIETHHULM U capanHuiy ap Mupjarn [lyxapuh,
BUIIEM HAy4YHOM CapajHuKy, YHusep3uter y beorpany, HWHOoBaunoHM uLeHTap
TexHonomko-meranypmwkor ¢akyarera y beorpany. 3a wuspaay mnpeITuMHHAPHHX
HYMEpUYKUX CHMYyJIallfja CTpyjalka OKO BO30Ba M IpPBa 3HaWa y OBO] o0JacTH
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LleHTpanHU HHCTUTYT 3a KOH3epBauHjy y beorpany.

3axBanna cam llomy Cosepy (Paul Sawer), ymeramukom ¢Qororpady u
uznasauko] kyhu Conent (Solent), myrem cajta [ejau Mejn, koju ¢y omodpuiu
kopuinheme ayTOPCKUX yMeTHWUYKHX (ororpaduja Bomomapa W3 MPHUPOAE 3a OBO
UCTPAKUBABE.

3a nmomoh u moapIuKy y n3Bohemy eaa akTHBHOCTH 3aXBajbyjeM H KOMITaHHjaMa!

— Hexagon Metrology - Srbija, Kparyjesai,

— Aunwmer, beorpan,

— Compact Line 1.0.0. u Llearpoxem 1.0.0., beorpan.

3a u3pany HyMEpHUKOr Mozesa BogoMapa (GOoTorpaMeTpHjCKOM METOOM U HOBA
3Hama 3axBajbyjeM ce Mapky Anekcuhy, numi. apx., [IUK, a Bnagumupy Usanosuhy,
Hexagon Metrology—Srbija, 3a nacepcko ckeHupame. 3a u3paay Be3HUX JeJ0Ba MOJAEIa
3axBaspyjeM CteBu Bykmuposuhy, nurur. uHk. AnMer. 3axBajbyjeM ce KOJETHHUIIAMa U
capamHuiiamMa u3 HHoBanmMoOHOr IeHTpa MammHCKor ¢akyiaTera YHHUBEp3UTETA Y
beorpany, np HBamm BacoBuh, HayyHOM capagHHKy, 3a H3BEIEHE CHMYyJalLHje
onrepehema CTPyKType y MpeTUMHHAPHUM HCIUTHBambUMa M bojanu Pamojkosuh,
UCTPAKMBAYy CapajHUKy, Ha MOMOhM y H3BOhEeHmY MHKPOCKOICKMX HCIIUTHBAmA. 3a
TEXHUYKY TOAPUIKY W TOMON y HCIUTHBAKLUMA METAIOrpaCKUM MHUKPOCKOIOM
3axBajpyjeM Mmnopany Kouunhy, aumn. uHX., UcTpakuBady capanHuky, u CraBuimu
Byphesuhy, numn. umxk. u3 Mucruryta I'oma. 3a moHauujy ONEWHCKE KHUCENWHE, 3a
notpebe Bu3yenusanuja, 3axBajbyjeM kommaHujama Compact Line mo.0.
LlenTpoxem a.0.0.

IToceOHy 3axBaJIHOCT M3pa’kaBaM CBOJO] MOPOIULM HA MOAPIILHN U Pa3yMeBamby
TOKOM TOAWHA WCTpakuBama, a moceOHo Craseny Jlunwhy, murmn umk, u Mwuxajiay
Jluanhy KoOju Cy MOMOINIM MpU H3BOHEHwY XHIPOAMHAMHYKHX HCIUTHBamA M 00pagu
NojaTaKka u3 HyMEepUIKHUX CUMYJIalHja.



Buomumurpuja kao Memoo aepoOuHAMUYKOE OU3AJHUPAIbA 8030 eNUKUX Op3UHA

»BUOMUNMHNKPUJA KAO METO/ AEPOANHAMHNYKOI
AN3AJHUPAIBA BO3A BEJIMKUX BP3NMHA*

Pesume

IITuHCKKM TPAHCMOPT, Y OMHOCY HA OCTaje, MCTYIHO je Y BPX MpemMa KpHUTEpHjyMHMa
OpsuHe u wucmaTuBoCcTH yciyra. llopehawe Op3mHE je YCIOBUIO aepOAMHAMHYKO
IV3ajHUIPambe BO30BA, PAAH HCIYHEHa 3aXTEBa €HEPreTcke e(hUKACHOCTH, TOTPOIIbE,
3aLITUTE KMBOTHE OKOJIMHE, MCIUIATUBOCTH M Ap. MelyTum, mpouec aepoauHaMU4Ke
ONTUMH3ALH] €, BAPHUPABLEM ITapaMeTapa u yCJIOBa, Ce MOKa3a0 IyroTPajaHuM U CKYITHUM.
[{mb OBOT UCTpaKUBama j€ N1a Ce ONTUMHU3Yje MPOILEC NU3aJHUPAka, CMAmbe BpeMe U
TPOLIKOBU y MOYETHO] (a3u pa3Boja mporotuna. MoTuBauyja je mpoUCTeKIa Of BO3a
[Mlvakancen, JamaH, OWO-MHCIHMPUCAHOT KJBYHOM BOIOMapa. BUOMUMHKpH]Y Kao
METOZy 32 aepONMHAMHYKO U3ajHUPAE BO3a BEIHKUX Op3vHA YMHE OMOMHMHUKpHja
o0nuka, KOMOMHOBaHa MeToza 3a onpehuBame CIMYHOCTU CTpyjama, y 2D, u morom
I¥3ajHUpambe 1 UCTIUTHBakbe OnoHmYKor 3D Bo3a. buomumukpujy obnmka unne nzoop,
UCMUTHBaKE OOJHMKA U TOHALIAKE jeIUHKH, Ca MOCeOHOM MaKEbOM Ha BOIOMApa, M
npuMeHa Ha OunoHnuke Bo3oBe. KomOnHOBaHa Meroma nepuHHINE 3aBUCHOCT
napamerapa Iu3ajHa OJf YCJIOBa CTpPyjama, UCIIHUTUBAKEM CIOOOJHE MOBPIIMHE BOAE
nBoazHOr cTpyjama oko 2D Bomomapa, y3 aHamM3y CIMYHOCTH CTPYjama OKO BO3a
HaJMK Bojomapy. Hymepwmuka ucnuTHBama pasnuuuTHx OHOHWYKNX 2D Bo30Ba M
koH(purypauuja cy ymnorpebibeHa 3a CykaBame H300pa oOJMKa mapaMerapa Iu3ajHa.
CrannapnHa u Tepmorpadcka HCIUTHBAKbA y a€pPOTYHENy pedepeHTHOr OHOHHYKOT
BO3a Cy BepH(]PHUKOBaIa HYMEPUIKY METOIY M OIHCANIa CTPYJHO MOJbE Y MPUCYCTBY TJIA.
buonnuku 3D BO3 je UCHUTaH HyMEPUYKH, Ca KIU3HHM Mpekama, Y MPOJacKy Kpo3
TyHeJd. AHamu3a pe3yiTara € TOTBpPAMJIA ONPAaBIAHOCT TNPUMEHE METoe
onoMumukpuje u 3D OwoHMYkM nMu3ajH Kpo3 yckimaheHocT obnmka ca uzabpaHuM
U3BEICHUM Ju3ajHUMa W yckiaheHOCT u3a0paHuX Tmapamerapa CTpyjama ca
pedepeHTHUM HCIHUTHBAaKUMAa, TOKOM YJacka HOCa BO3a y TyHen. buo-uHcnupucaH
IU3ajH BO3a je MOrOJaH 3a JNaJbU MPOoIeC ONTHUMH3AIje, JOK MeTona OMOMUMUKpH]je
0TBapa HOBE MOTYNHOCTH 3a NCTPAKHBAbA.

Kuwyune peuu: B03 3a Benuke Op3uHe, aepogUHAMMKA, OMOHWKA, OMOMHMHUKpH)ja,
npopavyyHCKa AWMHAMUKa Quynna, XHAPOAWHAMHKA, AaepOTYHED,
IU3ajH

Hayuna 061acm: TeXHIYKO — TEXHOJIOLIKE HAyKe,
rpaHa MallMHCKO MH)KEHEPCTBO.

Yorca HAY4YHA oonacm: ACPOANHAMUKA IIMHCKUX MIPECBO3HUX CpEACTaBa.

VJIK 6poj: 629.4.016.56 : 533.6 : 658.512.2(043.3)
629.4.016.56 : 532.51 : 519.87(043.3)

vi
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»BIOMIMICRY AS A METHOD OF THE HIGH SPEED TRAIN
AERODYNAMICAL DESIGNING*

Abstract

The rail transport, in relation to the others, step-out to the top considering criteria of
velocity and economy of the service. The increase of the running velocity requested the
train aerodinamical designing, for accomplishing the requests of energy efficiency and
consumption, environmental protection, economy , etc. However, the process of the
aerodynamic optimization, by varying the parameters and conditions, has been
longlasting and expensive process. The goal of this research is optimization of the
designing process, reduction in time and expenses, in the early phase of the prototype
development. The motivation was found in train Shinkansen, Japan, bio-inspired with
the beak of the kingfisher. The biomimicry as a method for aerodinamical designing of
the high-speed train consists of the biomimicry of natural shapes, combined method for
determining of the flow similarity, in 2D, and than designing and observation of the
bionic 3D train. Biomimicry of the shape consists of the selection, observations of the
shape and behavior of species in nature, as well as the application on the bionic trains,
with the special interests to the kingfisher. The combined method set the relation
between the design parameters and the flow conditions, by observations of the free
water surfaces two-phase flow around the 2D kingfisher, with the analyze of the flow
similarity with the kingfisher-like train design. The numerical investigations of different
bionic 2D trains and their configurations were used to narrow the selection of the design
parameters. Standard and thermographic experiments in the wind tunnel of the referent
bionic train were used for verification of the numerical method, and for describing of
the flow field affected by the ground model. The bionic 3D train was observed
numerically, using the sliding meshes, passing the tunnel. The analyse of the results was
justified application of the biomimicry method and 3D bionic design, through the
compliement of the bionic 3D design with the selected designs in operation, and
correspondence of the flow parameters with referent cases, during the train nose
entering the tunnel. Bio-inspired design of the train is convenient for the future
optimization process, while the biomimicry method opened the new possibilities for the
research.

Key  words: high-speed  train, aerodynamics,  bionics,  biomimicry,
computational fluid dynamic, hydrodynamics, wind tunnel,
design

Scientific field:  Technical science, Mechanical engineering branch
Scientific subfield: Aerodynamics of the rail vehicles.

UDK: 629.4.016.56 : 533.6 : 658.512.2(043.3)
629.4.016.56 : 532.51 : 519.87(043.3)
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1. YBOA

1.1. O6pa3sioxeme Teme

M3nazehm y cycper morpebama caBpeMEHOT ITyTHHYKOT caoOpahaja 3a OpkuM,
CUTYPHHUJUM M €KOHOMHYHHJHM IPEBO30M, MOCIIEABUX JCIEHH]a JOIUIO je 10 Harjaor
pa3Boja BO30Ba 3a BeJHMKe Op3WHE M Mpey3uMama IpuMaTa HaJl OCTAIAM BHOBHMA
caoOpahaja mpema momanmma Mehynaponne yamje sxenesnurna w3 2010.r. [1].
M3Bemraju  Mehynaponne yamje sxemesnuna [2,3] ckpehy moceOHy mnaxmy Ha
MoCTOjabe TOoTpedbe 3a yHampehemeMm aepoJWHAMHYKHX KapaKTEpUCTHKA BO30Ba
Benmkux Op3uHa. Takohe, Heka paHWja WHOBATHBHA peIlerha Cy TEXHOJOIIKH IOCTaa
W3BOJIJbUBA, aJlM UCTO TAKO CE T0jaBJby]y M HOBA pellema, 3a Koja ce pajy TeXHOJIOUIKH
pa3Boj, a Koja MOTy JONPUHETH ToBehaBamy Op3WHE BO30Ba 3a BEIMKE Op3WHE, Y3
npuoputeT Ha Oe3bemHOCTH caoOpahaja, odyBama JKMBOTHE CpPEJIMHE W CHEPreTCKe
e(pUKaCHOCTH JKEJIE3HUYKOT TPAHCIIOpTA ca moBehamem Op3uHe, U TO y obiacTuMma:

— 1mo0oJplamka aepoJMHAMUYKHX KapaKTEepPUCTHKA BO3a 3a Benuke Op3une HST
(High-Speed Train, HST), kako mpukaszyjy y mnperieny PeryHarxana u
np.(Raghunathana u 1p.) y pany [4],

— yHanpehema cucTema 3a OTOH, IIPEHOC CHAre U KOUeHe:

— €JIEKTpHUYaH MOTOH HOBE TeHEpallyje,

— XUJpOJWHAMHUYKKA TPEHOCHUIIM HOBE TICHEpalldje 3a BO30BE ca
CJIEKTPHYHUM ITOTOHOM, Kako cy mpexacraBwim b. JlaBumouh u B.
Jlyqanun y [5],

— TIOTOH TOPHBHM helMjamMa Ha OCHOBY HCTpaKHBama HaHO-MaTepHjala,
M. JlaBunouh u ap. [6-8],

— pa3Boj moroHa Ha 0a3u cojlapHe €HEepruje;

— pa3Boj aepoaHAMUYKUX [9-13] 1 peBep3nOMITHIX KOUHHUIIA U CII.
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— anayms3e W yHanmpehema moctojehmx cumcTema, Kako cy HaBenum A.
Panocasiberuh u B. Jlyganun y [14],

— HWCIUTUBama 0e30eqHOCTH Yy TpaHCIOPTY KpO3 MYJITHIUCIUIUIMHAPHA
ucTpaxuBama [13-15],

— wm3rpaame oaronapajyhe uadpactpykrype (Hocehe mortmope, muHa, TyHENIA
U 71p.), Koja Takohe wWMa 3HAUajaH yYTHUI@Q] HA aepOJUHAMHYKE
kapaktepuctuke HST, u xoja y HEKuM cilydajeBUMa MMa U J[BOJaKe yJore
(ka0 mTO je Hamp. MoJlaramke COJIAPHUX IMaHesia Ha KPOBOBE HAJICTPEIIHUIA
pyre u CIL.),

— pa3Boja pa3IUUYMTHX KaTeropuja JKEJIE3HWYKOT TMpeBo3a (IMMMHCKUX U
MarJieB) ¥ BO30Ba 3a BaKyyMu3upane TyHene — xunepiymn (Hyperloop) [16],

— mnpunarohema KOHCTPYKITH]e, yBoh)eHhe HOBHX KOHCTPYKIIMOHUX MaTepHjaia
U TpeBiaka mnoBpmmHa [17] pagu cMamema aepoJUHAMUYKOr OTHOpa H
HOBHUX TEXHOJIOTH]a TEXHOJIOTH]a TIPOU3BO/IIHE, TPUMEHOM MHOTHX pelleHha
U3 Ba3JyXOIUIOBHE WHIYCTpUje, all M TPAAUIMOHIHOT 3aHATCKOT
ymeha [18],

— OYyBama CHEePreTCKUX U3BOpa M KUBOTHE OKOJIMHE.

I'apcua (Garcia) HaBoau mopeheme pa3IMuuTUX BUIOBA TPAHCIOPTA MO OCHOBY
yTpOIlIKa €HEpruje U €MHUCHje racoBa, IPHU YeMY je UCTAaKHyTa MPEeIHOCT TPaHCIIOpTa
BO30BHMa BEJIMKUX Op3WHA Ha pejalujama y Tpajamy OJ] OKO 2 caTa Kao M ONTHMaTHA
op3una ox 300 — 320 km/h, 3a xouBenmmonamne HST [19]. He mame 3Havajan je u
nonpuHoc yBohewa HST Ha apymtBo y nenuwnu, y cmuciy nosehama (pekBeHIn)je
MyTOBamka M CUTYPHOCTH, IITO HcTUYe U EKoHOMCKa aHanmm3a Op3e JKeJIe3HUIe y
EBpomnu, nako ce meH yeo Ha TPXKUIITY HUje mpomenuno. [Ipeysumame npumara HST y
OJIHOCY Ha Ba3AylmIHH caobOpahaj je mopex TEeXHHUYKHX IOJaTaka IOAPKAHO U
Cy0jeKTHUBHUM MHUIIJBEHEM ITyTHHUKA MCKa3aHUM KpO3 aHKeTe, MpUKyIsbeHe kpo3 EY
npojekar, COST 318 [20]. ExonomMcka ananu3a O6p3e sxene3HuIle y EBponu y 3akbyuKy
MOJIBJIAYM Jla ce OJUTyKa O MHBECTHpamy y Op3e mpyre y KpajHOj HHCTAHITH JIOHOCH Ha
OCHOBY ’K€Jba U IOTpeDda IMyTHHKA.

Perynatxana u ap. [4] cy mnpukaszamu bynagoHoB kputepwjym MmoryhHoctn
Jloce3armha MaKCUMAalTHUX Op3WHa IM0jeIMHUX BUI0BA TPAHCIOPTA KA0 U KPHUBY HealTHE

MaKCHUMAaJIHC 6p31/IHC Kpf€Tama Ha pa3jInuiuTUM IIYTHHUM OUCTaHIama. YHOpCIIHI/I IIpuKas
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Pa3IMYMTUX BPCTA TPAHCIIOPTA TpeMa KPUTEPUjyMy YTPOIICHE €HEepruje 3a TPaHCIOPT

JeMHHUIIe TEXKHUHE TT0 JeTUHULA Op3uHE yV (YHKIHM]jU Op3UHE KpeTama IMO3UITHOHUPAO j€

KeNe3HWUKH caoOpakaj Op3uM mpyrama ca mnpefHomhy Haj ocTaiuMma, 3a 00JacT

op3una ox 250 — 500 km/h u nectunamuje ox 100 do 2000 km. Tpancmopr HST u

Ba3yITHHM ITyTeM, yrmopeheHH N0 HCTHUM KPHUTEPHjyMHMa, TIOKa3yjy J1a 3aBHCHOCTH

yTpOIIIeHe cHare ca Op3WHOM TPAHCIOPTA JIeXKEe Ha HMCTO] MPaBOj, JHHHUJA TPAHHIIE

MaKCHMAJHUX JIOCTUTHYTHX Op3WHa TPAHCIOPTa 3a Pa3BHjeHE TEXHOJOTHje U METOJIe

OTITUMHM3AIIH]E.

bp3n xenesnmuku caobpahaj je pemaTUBHO HOBa BpCTa TPAHCIIOPTA KOja je& OCUM
BEJIMKHX MIPEJHOCTH Y TPAKCH T0Ka3ajia ¥ HeKe OJ1 CBOJHX HeJocTaraka. Perynarxana u
np. [4] cymupajy nma cy Hemoctamu y ekcruioatanuju HST mocnemuna HemoBOJEHO
UCTpaXeHUX (peHOMEHA KOjU ce jaBJbajy MPH BEIMKUM Op3mHama kpetama. Ca cBpXom
Jla ce CHCTEMCKH CMame Ha HajMamy Mepy, Hejoctanu koje Hocu cobom HST, a Ha
OCHOBY OpOjHHX MCTpaXKMBamba M UCKYCTaBa, YBEJICHH Cy CTaHIApAH OJ KOjUX jallaHCKH
MocTaBibajy HajeTpoxke Kputepujyme [21]. Crapmapau najy npuoputet 6€30€IHOCTH U
3aIITHTHU 37]PaBJba JbYIH.

YpreutHu npoOiiemMu aeponuHamuke U aepoakyctuke HST cy mehycoOHO ycko
3aBHCHH, a OJTHOCE CE Ha!

— 06e30eqHOCT MyTHUKA U CPEJCTaBa, IITO Cy npeacTaBuiu Jlyuanun u ap. y paxy [15],

— TyOHmTKe Yycienm crpyjama Basayxa oko HST, kojm HapymaBajy eHepreTcky
epukacHocT, kao mTo npukasyjy [lyxapuh u ap. y pany [22],

— mpoOyieM 3amITUTe 3/paB/ha W IKUBOTHE OKOJIMHE H3a3BaHE HENPUXBATIEUBAM
HUBOOM OyKe, Kao MOCJEIUIle CTPYjHHX I0jaBa NMPH KpeTamy BO3a KpO3 TYHEI,
KojuMa cy noceehenu panoBu Perymarxana u ap. [4] u bejkep u ap. (Baker et al.)
[23].

Hayyna Tema oBe IOKTOpCKe amcepTaryje ce OaBW pelnaBameM Mpodiema
CTpyjama, aepoJMHAMHUKOM BO3a 3a BEJHKe Op3WHE, ca TEXKHOM Jla Ce HAlpaBH jOII
jenaH xopak Jajbe W JIONpUHEce AYTOTOTOAMIIAM HAloOpHMa HayYHE M HHIKCHEPCKe
mpakce Ka CTBapamy ypOaHO-KOMIPOMECHOT IHM3ajHa BO3a 3a BEIMKEe Op3uHE ca
TEXKHOM JIa C€ MOCTYIAK M0jeTHOCTABH M TUME CMakhe¢ BPEME U TPOIIKOBH JIN3ajHUPAHa

IIpOTOTHUIIA.
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1.2. O6pa3io:xkeme HACI0BA TeMe TOKTOPCKe JHcepTalHje

[TocTojehe Merone nm3ajHUparma BO30Ba BEIMKUX Op3WHA TMPUMEHY]Y Pa3HOBPCHO
3a00JpaBamke KOHTYpa J0 BpETEHACTOr O0JIMKA, JIOK ce aepoJMHAMHUYKa ONTUMHU3aIN]a
CIpoBOM y HajBeheM Opojy mpuMepa CTaTHCTHYKH HaJl BEJIMKUM OpojeM y3opaka Koju
Cy OOJIMKOBaHHU M3MEHaMa IreOMETPHJCKOT 00JIMKa, OJTHOCHO, TapamMeTapa Ju3ajHa.

HcTpaxkuBama 4nju je Je0 MpeJICTaB/beH Y OBOM pajay YIpaBo MMajy 3a IUJb Ja
MIOMOTHY TpH OOJIMKOBaWkYy TMOJA3HOT TU3ajHa Kako Ou ce Mpollec aepoMHaAMUUKE
ONTHMHM3AIMje KOjU CJIeIM, a 3aXTeBaH je MO0 MHOTHUM IHUTamkUMa OJ BpPEMEHa [0
pecypca, U3Beo y CMUCTY (DMHUX IIPOMEHA HaJ] 00JIMKOM y30pKa.

OBaj pax je MOTHBHCAH JeAWHHUM IPUMEPOM OHOMHMHKpHje, IOJpa’kaBarba
obnuka nrure Ha Bo3, IlluHkanceH Bo3om cepuje 500, Jamancke xene3nune. Kako y
JUTEpaTypu HHUCY NMpoHah)eHH MoJal O HAYMHY U METOJH pUMeHe OMOMUMUKpPHje Ha
[[lnaKaHCceH BO3, TO je OMO JT0JIATHA MOTHUB 32 HCTPAKUBAFHE.

Kako aepopnHaMuuka onTUMHU3allFja BO3a 3a BEJIHMKE Op3MHE MpPEJICTaB/ba CKYII
MYJITUJUCIUIUIMHAPHUX AaKTHUBHOCTH, Ha peNallju UJCJHH AM3ajH — aepoJAMHAMUYKE
KapakTepUCTHKE, Y OBOM pajJy je TpelICTaB/beH Je0 aKTUBHOCTH KOje C€ THUYy
neuHUCama, YCIOCTaB/bakba M CHPOBOhEmA jJeHOT IUKIyca aepOJMHAMHUYKOT
JM3ajHApaba OMOHMYKOT BO3a, IMOJIA3HOT JIM3ajHAa 3a JaJbh MPOIEC ONTUMHU3AIHje
o0nuKa rmpemMa TeXHUYKO-TEXHOJIOUIKUM 3aXTeBUMa MpojekTa. OCHOBHHU OKBUP IMKIyca
JIN3aJHAparka, Y OBOM HCTpPaXMBarby, j€ 3aCHOBAH HA HAYYHO] JAMCIMILTAHU OWOHHITA
kako je ommcyje bap-Koxen (Bar-Cohen) y cBom pamy [24], a ocHOBHa MeToja
OMOHMYKOT JM3ajHHpara BO3a, Kako je mpeacTtaBuo Pamryo y kmu3m [25], 3a Benmuke
Op3uHEe je, y YXeM CMHCITy, OMOMHMHKpHja. BHOMHMHKpHja TpeacTaB/ba HAYIHY
MeToJly TpuiarohaBama MPUPOJIHUX OOJIMKA WA TIOHAINAma JeIUHKH, WIH HBUXOBHX
CKyNnHMHa, TpeMa wu3adpaHUM KapaKTepHCTHKaMma, 3a TPHMEHY Ha IPOU3BOJE HIH
CUCTeMe, paJu MoOoJbllIaBamka KBAJUTETA JKMBOTA YOBEKAa YHOTpeOOM MPH3BOAA WU
cucreMa [24]. Haunn Ha Koju ce BpIIH IpruiarohaBame MOHAJBUINE 3aBUCH O] HAIIET
M03HaBamka M pa3yMeBama MPUPOIHOT CHCTeMa KOjU je n3adpaH 3a IMpUMEHY.

MeTtosa U3 TeMe OBOT paja TMpejcTaB/ha HOBH HAYMH IPUCTYNA Y pellaBarmby
mpoOiieMa aepoJMHAMHYKOT JIM3ajHHpama Bo3a 3a BelduKe Op3mHe. Mertonma je

3aCHOBaHa Ha OMOMUMUKPHjU — MpHiiarohaBamy pa3IuIUTUX KUBOTHEHCKUX J€MHKH U
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IIpUMEHa Ha JM3ajH BO3a 3a Benuke Op3uHe [26]. Ocum mpunarohaBama o0sMKa gaTa je
U TIPOIICHA ONPAaBIAHOCTH OWO-WHCIIMPHCAHUX JTU3ajHa Bo3a 3a Beiwmke Op3mHe BHST
(Bionic high-speed train, BHST) 3a mpaktuuny npumeHy npu n3aOpaHuM yCIOBHMA
BOXXIbe. BHOMUMEKpH]ja Ka0 MeTo/1a je, y KOHKPETHOM CIIy4a]y, OCHOBA 3a JTN3ajHUPAHE
ONITUMAJTHOT OOJIMKA BO3a 3a BEJIMKe Op3WHE Y aepOJMHAMHUYKOM CMUCITY, alld MOpPe]
TOra MOXE CE€ ca BEJIMKOM CHTypHommhy pehm na je OMOMHMHKpHja ONTHMH30BaHA
MeTO/Ia TN3ajHUpamka U cama o ceou.

VYV oBoM pagy OMOMHMHKpHja Ka0 METOJIa je TMpHKa3aHa y MUPEeM CMHUCIY: TO je
yjelHO MeToJia NU3ajHUpama M METoJa ONTHMH3almje OOJMKa, HO Iojapa3yMeBa U
mporiec BepupuKaIyja u eBaryalija pe3yirara, y KOju ¢y YKJbYUYeHHU Pa3InIuTH alaThH
kao mrTo cy: Hymepuuko CAD wmoxpenupame, HyMEpUUYKe METOJIe, XHUIPO— H

ACpOANHAMHNYKHU CKCIICPUMCEHTH U JIP..

1.3. Hayuynu npo0JieM u npeaMeT HCTPAKUBaKbA

V3 UnmbCHHIly J1a OCTBAPHBAKE BEIMKHX IMOTOHCKHX CHAara BHUIIE HHUje TEXHOJOIIKH
mpobiieM, anu meHa euKacHa TMOTPOIIha U Te KAaKO jecTe JOIl YBEK, a MOJ yCIOBOM
BHCOKOT HHBOA 0e30eHOCTH caoOpahaja u odyBama 3/paBiba, MPoOJIeM U IIPeIMET OBE
JIUCTepTaIldje IPEICTaBIbajy:

— YCIIOCTaBJbae METOJIe AaCpOJUHAMUYKOT JIM3ajHHpara BO3a 3a BEJIHKE
Op3uHe, TPUMEHOM OMOMUMUKpH]je [25], 0MHOCHO, Mpuiaroheme MPUPOTHIX
00JIMKa TI0jeIMHUX JKUBOTUIHCKUX jeIMHKHA M MpuMeHa Ha au3ajue HST 13B.
ouno-uncnimpucane qu3ajae BHST.

— aHaiM3a Ju3ajHa OWO-WHCIMPHCAHOT BO3a 3a BEIMKE Op3WHE W FHETOBE
aepoMHAMHYKE KapaKTepUCTHKe, y orcery Op3uHa g0 500 km/h, mpu BoxmH
Ha OTBOPEHO] MPY3H U IPHU MPOJIACKY KPO3 KEJIEC3ZHUUKH TyHEI.

O6jekar npencraBiba BHST koHBeHITMOHAIHOT THIIA, YKCTe KOH(pHUTypamwuje, ca

3aHEMapeHUM JleTaJbuMa, KaKo O ce pe3yJITaTH HCTPAKUBAF-a MOTJIA TOTEHIIH]aTHO

IPUMEHHUTH U Ha JApyTe KaTeropuje KeJe3Hnukor caoopahaja .
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1.4. Humw pana

HeomxoaHOCT aeporHaMHYKe ONTUMH3AIM]e BO3a 3a BEJIMKEe Op3WHE je IMpero3HaTa
Kao ypreHTHH MpoOiieM, KaJa ce pa3maTpa >Kele3HWYKH caoOpahaj y ypOaHuUM
cpeauHaMa Ha Mel)yHapogHOM HHBOY, W TIpey3uMa jelHO O] NPHUMApHUX MecTa y
pa3BUjeHUM JpyIITBUMA. MeToje aepoAMHaMHUYKe ONTHMHU3AINje, HaKO Ce Y BEIUKOM
o0uMy naHac o00aBJbajy HYMEPHUYKHM IYyTEM IOpEe] EKCICPUMEHTATHOT, W Jajbe
IpeJCTaBibajy AYroTpajaH W BeoMma CKym Tporec mnpaheH MHOTHM HW3a30BUMa H
KOMITIPOMHUCHUMA.

VYcnocraBbambe HOBE METOJ/IE a€pOAMHAMHUYKOT JH3ajHApara BO30Ba 32 BEITHUKE
Op3uHe OMOMHMHKPHjOM, UMa 32 IAJb Y IIAPEM CMHUCITY, YCIIOCTAaBJhahe U TOJICTHIIAE
MYJITHIACIUIUTAHAPHOT TPUCTYIIA Y pelliaBamy MpobieMa Kako OM ce OTBOpHJIa HOBA
MoryhHOCT 3a HCTpaxuBama M TIOCTH3ame 00Jbe e(YUKACHOCTH camor Iporieca
TU3ajHApama.  MYITHIUCHMIUIMHADHA  TPUCTYN  TOJApa3yMeBa  YKJbYUHBame
pa3IMYMTAX HAYYHUX JUCIMIUIMHA Yy TIPOIEC YIpaBibatha JKUBOTHUM ITHKIYCOM
MPOM3BOJIa, HAPOUYMTO TPU KOHITUIMpAbY JH3ajHa, Kao MTO ¢y OMOHHKa, OHOJIOTH]a,
XUJIPOJMHAMUKA, (PU3UKa (ONTHKA), TEPMOJANHAMIKA, XEPUTOJIOTHja U JIpyTe, Koje HHCY
3aCTyIUEHE Yy Cajallkboj Mpakcu. TpaHcdep W ocBajarbe HOBHX 3HAama M HCKYCTaBa
BOJIY Ka MOY3/1aHHj0] eBayallljH pelea.

Hanmasee, myropouHo mocMaTpaHo, MYJITHIUCIHILTAHHAPHOCT Y pajy UMa 3a Iib
CTBapame pa3BOjHMX THMOBAa HOBOI THIA, a THUME M 3alOllbaBalbe CTpy4rmhaka W3
paznmuuuTuX obiactu, oMoryhaBame OOJBHX MO3UIM]jAa B KOHKYPEHTHOCT Ha TPIXKHIITY.
JIpyIITBEHO-OJITOBOPHH AaCHEeKT paja uMa 3a I[HJb CMameHe YTPOIIeHE IOTOHCKE
€HEepruje W OYyBame 3JipaBjba JbYJH, a LITO Y KPajib0j MHCTAHIM TEXKH CMambCHy
TPOIIKOBA TPaHCIIOPTA.

VYBoheme OMOMUMHKpH]jE Y TIPOIIeC THU3ajHIpahba BO30BaA 33 BEIIUKe Op3uHE MMa
3a Wb yBOheHEe HOBE HAyYHO 3aCHOBAaHE METOJC HM3ajHHparka, YHjU je TpoIlec
pPUMEHE ONITUMHU30BAH, U KOja Y KpajH0] MHCTAHIIH, Y MPOIECY Kpeupamwa MPOTOTHUIIA,
BOJM Ka ckpahemy BpeMeHa M TpPOIIKOBAa KpeWparma KOHIENT JHu3ajHa, Pa3Boj U
MPOU3BOIRY MpoToThna. ONTHMH3ANH]ja polleca Ju3ajHIparka MPOTOTUIIA UMa 32 ITUJh
noBeharbe KOHKYpPEHTHOCTH Ha TpXHINTYy. OCHM HaBeJEHUX, IUJb YCIOCTaBJbarba
METOJIe Ha TPEIJIOXKEeH HayWH je Ja Oylne yHHWBep3aJlHa W TPUMEHJbHBA Ha Jpyra

TPaHCIIOPTHA CPEACTBA UJIU ITPOU3BOJC OIIIITC U rnoceOHe HaMEHe.
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1.5. [In/beBU M 00jeKaT HCTPAKHBAHA

HcTpaxkuBama U3 oBe IUcepTallije UMajy 3a HAyYHH [IWJb Ja:
— MpyXe HOBa CazHamba M aHAINU3Y JKUBOTHUH-ACKUX OOJIMKA Yy CBPXY NpPUMEHE
OMOMUMHKpHje, OJHOCHO, OwWo-mHcnupucanumx am3ajsa ©Ha  HST.
AHanu3a 1u3ajHa pPa3IMUUTHX JKUBOTHEA Ca AacCleKTa IpHiIaroheHocTH
o0nuKa Teja XUBOTHO] OKOJIMHH, J1ajé OCHOBHY CKHUILy OMO-WHCIUPHCAHUX
JIN3ajHa OTMCAHUX ITapaMeTpuMa,

— ycIocTaBe MeTONy 3a Kpewpame au3ajna BHST OumomumukpwjoM W THME
yHampeze nmocrojehe MeToje nu3ajHApama U ONTHMH3AIH]e, TOCEOHO Y (a3u
Kpeupama MOJIA3HOT JIM3ajHa HAMEH-EHOT JaJbeM IPOIeCy aepoJIuHAMUYKE
ONITUMU3AIIH]E

— YCIIOCTaB€ METOJly €KCHPUMEHTAIHOI M HYMEPHUKOI HCTpaKMBama OOJIMKa
BHST

— J1ajy YIIOPEeAHY aHATU3y pa3IuduTHX ONO-MHCITMPUCAHNX JTU3ajHA,

— mnporene onpaBaanoct BHST auzajna
OCHOBHH KPUTEPHjyM MPOIIEHE OMPABIAHOCT C€ Y OKBUPY OBE JIUCepTalllje
OJIHOCE TIpe CBera Ha KPUTEPHjyMe MPOIeHe aepOIMHAMHYKHIX
KapakTepHucTHKa 3a paznuuute KoHpuryparnuje BHST. IIponena
OTIPaBJIAHOCTH 3a yNOTpeOy Mu3ajHa uMa 3a IUJb CyKaBarme U300opa 1u3ajHa
ca cBpxoM ckpahuBama BpeMeHa au3ajaupama BHST,

— TmoceOHa MaXmba y TUCePTAIHjH je YCMepeHa Ha HyMEPHUIKO MOJICITUPAhe
HECTAIIMOHAPHOT CTPYJHOT MoJba Y IUJbY OJipehuBama pacmo/ee mpuTucaka
0 ToBpIIMHaMa U y nmpoctopy oko BHST, y ycnouma kperama BHST kpo3
TYHEJ U KapaKkTepH3allija KpUTUYHHX IapaMeTapa JIu3ajHa U CTpyjama.

V Hay4HH IIHJb UCTPAXKHBaFa Takole craia u mpuMeHa MeToJ1a Koje IMOpKaBajy
pelnaBame aepoJIUHAMUYKUX U xuapoauHamMudkux npobirema BHST u monena, koju
obyxBarajy:

— HyMepHuuko Mojenmupame nu3ajua BHST mo yrineny na obnvke u3 mpupose,

— HyMeEpHUYKO oJipehuBame KapakTepHUCTHKA CTpyjara OKO ¥ IO ITOBPIIMHAMA
BHST, npumMeHOM HYMEPHYKHUX METOJIa, OJTHOCHO, MPOpavdyHCKa JTUHAMHUKE
¢ayuna (CFD).

Odekyje ce Ja aHaM3a pe3yiTara W 3aKJbydlld JOOHjeHH pa3palleHOM MeToI0M



Buomumurpuja kao memoo aepoOuHamuukoz OU3ajHUparea 603a GeNUKUX Op3UHA

J1ajy ¥ TIPaKTHYHO NMPUMEHJbHUBE HH(OpMAITHje KaKo 3a JH3ajHApamhe KOHBCHIIMOHATHIX
HCTO TaKO ¥ HeKOHBeHIMOHATHUX au3ajHa BHST, kxao mro cy maryieB Bo30BH.

VYV yxeMm cMmuCly, Wb je MpuMeHa OMOMUMHUKpHje Ha JIM3ajH BO3a 32 BEJIMKE
Op3uHe, TOJl TPETIOCTAaBKOM Ja Cy OHOJOmKH oOnumu Haj0oJbe mpriaroheHu
onpeheHNUM yclIOBHMa JKHBOTAa HW3a0paHuX jeauHkH. Mehytum, cama mo cebu, 6e3
JOJJATHUX OTpaHWvYea W eBayaldje, OMOMHUMHKpHja HE Mopa JaTH ONTHMAlTHH
pesynrar. M3 Tor paszmora yBeleH je oIl jelaH JOJATHH IHWJb — YCIIOCTaBJbabe
KOMOMHOBAHOT MeToJia 3a ojpehuBame CIMYHOCTH CTpyjama, Koju he y mporecy
eBaylyalnyje pesyirara moMohu OIeHhHBakbe W3BEIACHOT JH3ajHa W yCJIOBa 3a HETOBO
Kopuniheme.

VY ciiydajy HENOTIIYHE CIMYHOCTH MOJIENA, Y CJIy4ajy HEMOTIYHE T'€OMETpPHjCKe
CIIMYHOCTH MOjeNia, IHJb je W oJpehuBame meTone 3a ,,ipemomthaBame” CIHIHOCTH
cTpyjamba u3Mel)y XHApOJMHAMUYKOr TOHamama (Iyuaa y30pKka W3 Tpupojae Hu
aepOIMHAMHWYKHAX KapaKTEePUCTHKA CTpyjara OKO BO3a 3a BEJMKe Op3WHE y CTBApHO]
BEJIMYHMHH.

HcrpaxuBama Koja je o0yxBaTHiia OBa JOKTOpPCKA Te3a Cy Je0 MCTPaXKHBama y
OKBHpY TMpojekara MHHHUCTapCTBa 3a MPOCBETY, HAyKy W TEXHOJOIIKH pa3Boj W3
00JTacTH TEXHOJIOIIKOT pa3Boja W MHHHUCTapCTBa 3a KYJITYpy H HHPOpPMHCAHE
Penry6muke Cpbwje:

— ,,Hayuno-texHosnomka mojpmka yHampehemy O0e30eTHOCTH CIeIH]aTHIX
JPYMCKHX W HIIMHCKHX BO3WJA“, peanu3aTop YHHUBep3uTeT y beorpany
Marmuncku ¢akynrer, eB. 6poj TP 35045

— L JMcrpaxuBame W ONTUMHU3AIM]ja TEXHOJOMKAX ©  (DYHKIIMOHATHUX
neppopMaHCH BEHTHJIAIIMOHOT MJIMHA TepMmoenekTpane Kocromarm B,
peasmszarop YHuBep3uteT y beorpany, UXTM, eB. 6poj TP 34028

— ,McTtpaxuBame u pa3Boj Hocehe CTpyKType U IpolleHa MaTeprjalia eJeMeHara
MAaCHBHE CHTYPHOCTH IMHHCKMX BO3WJIA™, peaiu3arop YHHBEP3UTET Y
Bbeorpany Mamuncku ¢akxynrer, eB. 6poj TP 14018

— HcnutuBame wmoryhHoctH Kopumihema (oTorpamerpuje 3a MPEIHU3HO
JNe(UHUCAE TEOMETPHje MY3€jCKHX EKCIOHATa KOMIUIEKCHHX OOJIMKa, Ha
nmpuMepy y3opka Bomomapa u3 [Ipupoamadkor myseja beorpan”, peamusaTop

[{enTpamHu HHCTUTYT 3a KoH3epBanujy u3 beorpama, MKull PC.
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1.6. Xunorese

X1 — Ilpupogau oOUIK Tena JKHBOTHELCKAX MpHUMepaka nmpumereHn Ha BHST
he natu HajonTHMaliHUje aepoauHaMuuke Kapaktepuctuke Tena BHST npu kperamy
OTBOPEHOM TIPYTOM HJIA KPO3 JKEJIe3HHUYKE TyHese. Pe3ynrarn MyaTHANCIHILTHHAPHAX
UCTpaXUBama Mpyxuhe HaydHe J0Ka3e O HEOMXOIHOCTH MpUMEHe OHO-HHCITUPHCAHUX
JIM3ajHa BO3a BEJIMKUX Op3MHA Y MPAKCH.

X2 - He moctoju jeman w jemuHcTBeH, ontuMmanad am3ajH BHST koju he
HUCIYHUTH HA EKOHOMCKO-TEXHUYKE 3aXTEBE y EKCILIOATAIIH]H.

X3 - He mocToju jeAMHCTBEHO U UCATHO TEJIO )KUBOTHILE KOj€ j€ MPHIIAroJbUBO
CBUM YCJIOBHMA MPEXHUBIbABAA Y MIPUPOIH, a TI0 YHjeM MOJIETy Ou ce TM3ajHUpao BO3
BENIMKUX Op3WHA, ma Tako jemaH jeawHcTBeH au3aji BHST Huje HajomTuMmanmHuje
pelerme 3a CBe yCIOBE KpeTama. 1eio KUBOTHIHE je 00JMKOBAHO CXOHO KOMIPOMHCY
n3mely Oenedura mu3ajHa W ,,ryomraka”, Hajuemhe yTpoleHe eHepruje >KHBOTHHX
mporeca.

[IpernoctaBka je na ce Op3u Bo3 kpehe MOA3BYyYHOM Op3MHOM, Yy YCIOBHMA
cTaHIapAaHe atMocdepe W Ha HHBOY Mopa. Bo3 ce kpehe y mupHOoM Baszmyxy, y
JIOHTUTYJTUHAITHOM TIpaBily. JlomH 10 Tena Bo3a je OTBOPEH M Bas3IyX ce clI000IHO
Kpehe y npoctopy.

[Tocmarpano Tteno BHST ce cmarpa uaeasiHO KpyTHM, T€ CE€ M3 aHAINA3E
U3y3UMajy pa3jMudTe aepoJUHAMUYKe I10jaBe KOjU Cy TOCIEHIa elacCTUYHOCTH
KOHCTpPYKIIHje, BUOpaIija yciaea TypOyJIeHTHUX CTpYyjarmba Wi APYTO.

Oxkgsamene nopmuHe BHST cy aepoinHaMUyKy TiIaTKe U KPO3 UCTPAKHUBAHA Y
OBOj JHCEpTalHju ce Hehe aHamM3WpaTH YTHIA] KBAIUTETA 3aBpINTHE 00paje Mojena
HUTH BpCTa MaTepHjajia oJ Kor cy wuspaheHe, OJHOCHO, YTHIQ] XpamaBOCTH H

kBalbuBocTH noppimuHa BHST.

1.7. Hay4yHe MeTO€e HCTPAKUBaKa

[lpumemene Hay4dHe METO/E y OBOM HCTPaXHBAIy y ONIITEM CMHCIY IPHUIIAIAjy
TpUMa IeJMHaMa Koje Cy Yy JAWJaJeKTH4YKO] CHpe3d, U TO: JIOTHMYKH, TEOPHjCKH U

MPaKTUYHH JIE0, KaKo je To onucao Musbesuh [26].
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Jlornuke mMeTojie, Kao HajONIITHjH TIPUCTYI carjeiaBamy mpodieMa, ¢y y OBOM
UCTpa)XKMBaky 3aCHOBAHE Ha MPUMEHH MapIHjaHe aHATUTHYKE METO/IC U CHHTE3E.

[lapimjanna aHanm3a ce OJHOCH Ha OKBHpE y KOjUMa je MpoOJieM W TpeaMeT
UCTpaXHBama IMOCMATpPaH y IPOCTOPHOM U BPEMEHCKOM OKPYKEIbY, Y OKBHPY KOje cy
npuMemeHe (YHKIMOHAIHA aHaiW3a, KOMIIapaTHBHA W (aKTopcka —aHalu3a.
OyHKIIMOHATHA aHAIHW3a je TPUMEhCeHA Ja OM ce CIo3Halle aKTHMBHOCTH W OJHOCH
YHyTap TpeaMeTa HCTpaxKhuBama. KoMmaparnBHa aHanm3a je MpUMemeHa Kako Ou ce
CTeKJIa Ca3Hama O CIWYHOCTHMA, OJHOCHO, pa3jiMKkaMa IOjeJMHAYHHMX eJieMeHaTa y
peIMeTy UCTpaKMBama, Kao W HUXOBE (YHKIHjE, Be3e M 3aBUCHOCTH, KpETarme H
npoMeHe. Y KOMIIApaTHBHO] aHAIW3H Cy YKJbydeHE KBAJIMTATHBHE W KBAaHTHTATHBHE
ocoOWHEe TpeaMeTa UCTPaXKUBama. Y OKBHPY KOMIIApATUBHE aHAIN3€ YKJBYUYECHU Cy H
pe3yiTaru, aHajlu3a W 3aK/by4ylld M3 IMPETXOJHO H3BEIEHHX MCTPaXHBAKka JPYTUX
aytopa. ®akTopcka aHAIIN3a je IPUMEeHa Y CMUCITY cariieiaBama Mel)ycoOHHX Be3a U
UHTEepakiyje (akropa — mapaMerapa y HCTpaxuBamy. JIeCKpUNITHBHA aHaIHM3a ce
OJIHOCH Ha OIMCHBamke II0jaBa TPUPOTHUX Jjorahaja, OJHOCHO, TMOHAIIAMKkA
KUBOTHILCKHX JeIWHKH Y TPHPOJHOM OKpPYXKEHY, Koja je TOCIyXujiaa 3a Jajby
KOHKPETH3aIMjy U JIeTaJbHHje CXBaTamke KPOo3 eKCIUIMIUTHY METOAY aHaiu3e. Merosa
Criendjayin3aiyje je TpUMEHmeHa ca CBPXOM palldiamkaBama HW/WIW yIopolnhaBama
mpobiieMa MCTpaKMBama Ha JIEJIOBE KOjH CBakd 3a ceOe YWHe IeNIMHE W MMOHA0C00
MI0CTajy eJleMeHTH UcTpaxkupama (3D y 2D).

CuHTE30M Cy JIOBEJICHH y OJHOC €JIEMEHTH IpeMeTa UCTPaKUBAba IMPETXOIHO
aHAIM3WpAaHW Kao Mame 3ace0He IenwHe. Merona KOHKpeTH3alHje Kpo3
eKCIIepUMEHTATHA (CTBapHAa W HYMEpHYKa WCIUTHBAA) je NMPUMEHEHA 32 JICTIOBAIhE
eJIeMEHTe MpeMeTa CTPAKUBAbA — PA3IMUUTe MOJIENe ¥ IPOTOTHII.

MetonoM uWHAYyKIMje Cy CTE€YeHA ca3Hamka O EMITHPHjCKUM U KOHKPETHUM
ocoOWHamMa W TIOHAMIaky MOCMaTPaHUX CHCTEMA.

Teopujcka W MeTOIOJIOMIKA pa3MaTpamba y OKBHPY HAyYHHUX METOJa
UCTpaXMBama Ce OJHOCE Ha METOJe KpeHpama HyMEpHUKHX MOJeNla — HyMEPHUKHUX
MoJieNia Tejla U CUMYyJIallija, CTAaTUCTHYKE W KOMITapaTuBHE MeToje. Teopujcke meroie
HUCTpakMBamka UMajy 3a IUJb Ja Mpyke J0BoJkaH Opoj mHpopMaIyja, Kako Ou ce Ha
OCHOBY HHHX O(QOPMIIN MATEeMaTHYKH MOJIE]IH KOjuMa Ce MOTY OIHUCATH IPUPOJHE

mojaBe. MeTtoja Mojenupama (U3UYKUX TIpoleca je MpUMEHeHa paad pa3yMmMeBarmba
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caMHX TI0jaBa, IIPUMEHE ¥ 0jeTHOCTaB/heHa KOMIUIEKCHUX TpobiiemMa. Y OBOM pajy je
KopuimheH pa3BHjeH CHUCTEM 3a MPOPAYYHCKH MEXaHWKY (IIyHIa, KOjU Ipe/IcTaBiba
CTaHJapJ, BEpHU(PHUKOBAH EKCIEPUMEHTHMA, T€ CE€ MPHMEHA HyMEPHUYKHX METoaa Kao
jeIaHe BpCcTe MOJENUpama JUHAMHYKOT CHCTeMa (Halp. KOMIUIEKCHA CTpyjama INpH
MpOJIACKYy BO3a KpO3 TyHeN), (POKycHpa Ha HOBH HA4YWH TIPUCTYNAa W TpPHUMEHE
pa3IMYMTAX HYMEPUYKHX METOoJa ca HOBOM CBpXOM. McmpBa ce mpHMEmYjy
yrporrheH:n MoJeNd, a OM ce HaKOH FhUXOBE aHAIM3e W BepH(UKAIHje MPOIIHPHIIA
oTiepaIija MoJieJioBamkba B Ha KoMmIuiekcHH 3D ciydaj. Moaenupame cucteMa ce Tako
BpIITK TIpeMa XHjepapXHju OJI jeTHOCTABHHUJHX Ka KOMIUIEKCHHJUM MojeinuMa. [lusb
MOJIEJIOBarba Ca OBAaKBOM XHjepapXWjoM je Ja ce y HajpaHujoj (asum mobujy mpse
uH(popMaIrje 0 TocMaTpaHoM IpodieMy wim nporal)y ciabe Tauke Mojena, YaMe ce
MOX€ 3HAYajHO II0jeTHOCTABUTH CaM IIOCTYNaK MOJEJIOBamka, YOUUTH IOHAIIame
CHCTEMa W W3BpIIe paHe KopeKnuje camor Mojena. CTaTHCTHYKa METO/Ia ce OJHOCH Ha
CTAaTUCTHYKY OOpaay TMojaTraka W aHaJIu3y pe3yiTara W3 CeKCICPUMEHTATHHX |
HYMEPUYKUX HUCHHUTHBAamA. YIOpeIHA aHajiu3a je NpUMEeeHa paau Bepudwukaryje
eKCIIEPUMEHTATTHUX pe3yiTara ca MPUPOJHUM JorahajuMa u HyMEpHUYKH JTOOHjeHHX
pe3yiTara ca eKIepruMEHTATHUM.

Y OCHOBY TEOPHjCKO—METOIOJIONIKE METO/IE je yrpal)eH MOo3UTHBH3aM ca KEeJHOM
Jla ce JIOTpPUHECe HACTaBKy MCTPaXHMBamka y CMHCIY CTHIIAlka HOBHUX ca3Hama M
yHarpelema KBaauTeTa ;KHBOTa JbY/IH.

VY HCTpaxuBame Cy YKJbyUCHE Pa3IMUUTE eKCIePHMEHTAJNHE MeTOe Mepemha
W3BEJICHE WCIHTHUBAaKMMa MOMOhy mocMarpama W CTyAHja CiIydajeBa KOJI KOjHX Cy
yIoTpebJheHa UCTpakuBavKa (J1abopaTopHjcka) U HHAYCTpHjcKa cpencTBa. [Ipumemene
TEeXHUKE, KpPO3 Koje Cy MPHUKYIIJbaHH MOJIAIK 0 OO0JIHMKY y30paka M MOoHamamy o0jekara
WIA CUCTeMa, Ce€ Yy TMpaKCH TPUMEHY]Yy Y pPa3IHIuTAM O0JacTHMa HayKe W
WH)KCHEPCTBA: MEXaHWKe QUIyHIa ¥ aepoJMHAMUKe, TEPMOJIMHAMHUKE, OIITHKE,
KOHTpOJIE KBAJIMUTETA MPOM3BOJIA, APXUTEKTYpPEe W OUyBama KyJITYpHE OamlTHHE W Jp.
ExcniepumenTtaine Merozie cy IpUMEHEHE ca CBPXOM HCIIMTHBAa OOJIHMKA, TIOHAIAkA
U ocoOWMHA W3/IBOjEHUX Y30pKa WJIU Mojelia, M paad BepudHKamuje pesyirara H3
HYMEPHUUYKUX CUMYJIalldja.

ExcnepumenTaiHe 3ajelHO ca TEOPHjCKO-METOJOJONIKAM MeTojaMa Jalie Cy

OBOM UCTpaXHUBaby MYJITUIUCHUIINIMHAPHA KapaKTEp.
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Ha oOcHOBY TpHKYIUBEHHWX TMOJaTaKka W3BpIICHA je€ KBAHTHUTATHBHA W
KBAJIUTATUBHA aHAIHM3a W BepH(HKalpja XWUNOTe3a W pe3yiTara Ha OCHOBY KOJHX CY
JIOHETH 3aKJbYUIld ¥ CMEPHHUIIE 332 HACTABaK U MPOIIUPEHE IU3ajHA eKCIIepUMeHaTa, Kao
U caMOr HCTpaKWBamkma ca CBPXOM IpUMEHe OHOMHUMHUKpHje Kao METOJe
aepoIMHAMHYKOT JIM3ajHApama Bo3a 3a Beluke Op3uHe. Bepudukamuja je n3peneHa Ha
TP HaYMHA W TO TopehermeM eKClepuMEeHTATHUX pe3ylraTta ca pe3yJTaruMma
nmocMarparma, HyMEPHUKHX M eKCIIEpUMEHTAIHUX pe3yiTara, U Ha Kpajy mopehemem
pe3ysitata U3 OBOT MCTpaKMBarba Ca JIOCTYIMHHUM pe3yJITaTUMa MPETXOIHO H3BEICHUX

HUCTpaXHBamba.

1.8. MeToaosioruja ucrpakuBama

MeTo0510THja IO K0jOj j€ W3BEICHO MCTPAKHBAFE CE€ CACTOJH O] Clieichux KIbYIHHUX
ejeMeHara:
— w300p mpupOoHUX 00mKa 3a Moaeupame BHST,
— OIUCHBame OMOMEeXaHUKe BojoMapa,
— wmoxenupame au3ajaa 2D BHST,
— nmyMmepuuko ucnutubamke BHST y 2D npoctopy,
—  XHJPOJWHAMHYKO HCIHUTHBAIE CI00OJHE TOBPIIMHE BOJEC M HYMEPHUKO
UCIIMTHBAE MYJITH(DA3HOT CTPYjama OKO OMOHUYKOT MOJIesIa BojioMapa,
— BepudUKanHMja HyMEPUUKHX pe3yiTaTa ca MNPUPOJHUM (EeHOMEHUMA, W
HYMEpPUYKHUX ca pe3yaTaThuMa XUAPOJIUHAMUYKUX eKCIIepuMeHaTa
— aHaJImM3a pe3yiara u KOpeKIyje,
— IOCTaBKa KOMOWHOBaHE METOJIE 3a OJipehuBarmke CIIMYHOCTH CTPYjamba,
— aepoTyHEeJICKa WCTpaKhBama jeaHe m3abpane kondurypamuje — SHST, 3a
notpede BepupHUKaIHje HyMEpHIKAX METO/a U aHAJTU3€ CTPYjHOT T10Jhba,
— Kkpeupame Mojena 3D BHST,
— HymMmepuuko ucnutuBame 3D BHST y mponacky kpo3 TyHel ca KIM3HOM
MPEKOM, 32 HECTAIIHOHAPHO CTPYjarkhe BUCKO3ZHOT W HEBHCKO3HOT (IyHIa
— BepudHUKanrja ¥ mopeherme HyMEpHUKHX pe3yliara ca Kopekiujama 3a 3D
BHST ca o6jaBjbeHUM TEOPHjCKUM U CTBAPHHUM pe3yJTaTHMa MEepEeHhIMa.

HctpaxxuBama mpejcTaB/beHa y JUCEpTalldju cy T1ocBeheHa mporecy
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nu3ajaupama  obmuka BHST, npumenom Omomumukpuje. AHanmm3e pesynrara
HyMepHuKuX ucrnutuBamba BHST, y cranimoHapHiM W HeCTalMOHAPHUM YCIIOBHMA, TTPH
c1000/THOM JIeTy, KpeTamy Ha OTBOPEHO] MPY3H U MPH MPOJAcKy Kpo3 TYHEI UMajy 3a

IIUJb YTBphUBame aepoIMHAMUYKUX KapaKTepUCTHKA OMO-MHCITUPUCAHOT J3ajHa.

1.9. 3nauaj ucrpaxxuBama

VY ckiany ca MOJIEpHHAM TEHJICHITHjaMa y pa3Bojy HayKe, CMamberha MOTPOIIHE CHEPTHje
3a MOTOH, Pa3B0Oj M MPOW3BOJIGY U 3AlITUTE XXHBOTHE OKOJIMHE pa3BHjeHA je HOBa
JCIMIUIMHA y HAaYMHY pellaBara MOMEHYTHX mpolOiiema, Ononuka. buonnka, kako je
onucyje bap-Koxen y [24], je HaydyHa JUCIUIIMHA KOja C€ Y IPUMEHHU I0jaBJbYje Y
CBUM Hay4YHHM oOjactuma, o (QH3uKe, eIeKTPOHHUKE, XEMH]je, CBE JI0 MCUXOJIOTHje, a
OJIHOCH C€ Ha Npoy4yaBame W aJanTHpame [MOCMAaTPaHUX CHUCTeMa WM MPUPOTHHUX
mpoleca M TojaBa 3a yrnoTpeOy WM OpraHH3alH]y y CBaKOJIHEBHOM XKHBOTY. KibyuHu
norahaj y mporiecy pasBoja jeTHOT TIPOM3BO/Ia, O TpOyJYaBara JI0 MPaKTHYHE IIPUMEHE,
je pazymeBame (DYHKIIHOHUCAkA CHCTEMa, ITPoIleca WK 110jaBa, Ha OCHOBY KOT' C€ MOXe
HaIpaBUTH BajbaHa aHAIW3a, M300p W TpojeKnHja JeTajba KOjU MOTY JONPHHETH
YOBEKOBOM OOJBUTKY WIIH CMahEhy YTPOIIEHE EHEPrHje.

[IpakTrune mpumepe U N0OpY TMpakcy OMO-WHCHHPUCAHHX JH3ajHA je TPUKa3ao
Pamyo xpo3 [25] w3 Koju ce BHAM HEOMXOIHOCT MYJTHIUCIUTLIMHAPHOT IIpUjiaza
CBaKOM O] TIpobJiemMa 3ace0HO, ca IUJBEM HErOBOT pa3yMeBarma W KacHHje MPaKTHIHE
npumMeHe. VcTopujcku mocMarpaHo Morjo O6um ce pehw na cy mpBH omucaHu OHO-
WHCIIMPHCAHU JM3ajHH TPHUMEHUBAaHU 3a Jerehe HampaBe, MOTOM Y Ba3IyXOILJIOBHO]
WHAYCTPHjH, J1a OW ce y JaHAllllbe¢ BpeMe NPUMEHHBAIN U Y Op30M JKEJIe3HHUYKOM
caobpahajy. 3ajeTHHYKH UMEHHUTEh CBUM OBUM JIM3ajHUMA je€ CBAaKako 00jeKaT KOju je
OTICTpyjaBaH Ba3AyXxoM, a (EHOMEHH KOjU CTBapajy pa3iuuuTe aepoJHHAMUYKE
npo6ieme ko HST y3pokoBanu cy noBehamem Op3mHe, B TO ca KBaJpaToM KN KyOoM
HEHOT HHTEH3UTETA.

[TocebHO MecTo Mel)y Bo3oBHMa Op3e JKele3HHIle 3ay3uMma Bo3 JamaHcke
xene3nurie JP Bect (JR West), [llunkancen (Shinkansen) cepuje 500 [28], y ocHOBH
BO3 KOHBEHIIMOHAJTHOI IMTHHCKOT TpaHcmopra (ca eJIeKTPUYHHUM  IIOTOHOM),

MPETO3HAT/bUB 0 CHEIU(PUYHOM BpeTeHacToM ju3ajHy. KoHcTpykTop U nu3ajHep
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[llwakancen Bo3a, Eju Hakamy (Eiji Nakatsu) [29], je nOpuUMeHHO TPUHIHAI
OMOMHUMUKpH]E, Ca BOJIOMApPOM Y JIOBY, Ha JTU3ajH HOca Bo3a naBHe 1989., na 6u 1997.
[[Tuakancen cepuje 500 mocTUrao peKopaHy Op3WHY U MUHHUMAJIHH HUBO OyKe, TIE je
Maena (Maeda) y pany [30] mao mpuka3 pasoja oBor BHST y cmmcny pemaBama
M0jeIMHUX TTpodIeMa.

[[lwakancen cepuje 500 je moka3zao HajBehw JOMPUHOC, Y CBOjOj KIIacH, y
CMamely aepoAMHaMHUKe Oyke Ha H3Ja3y M3 TyHeJa y3 HCTOBPEMEHO 3HA4ajHO
noBehamwy O6p3une (ca 220 km/h oz “0-te cepuje” Ha 320 km/h) y3 oapxaBame HUBOA
O0yke on 70 dB (3axTeBaHOT cTaHmapauMa | JIETHCIATHBOM Yy JamaHy), cMamuia OTIOp
Ba3ayxa 3a 30%, yrpomak cHare 3a 13% y omnmocy Ha cepujy 300 m yTpormak
eleKTpuuHe eHepruje 3a 15%, mpeMa mojanuma ca ¢ajToBa Koju IpOMOBHIILY ,,3eJIleHe
texHojoruje — GreenBiz [31], AskNature [32] u Japan for Sustainability [33].

[Ipu Op3mHama kperama Bo3oBa Behum ox 200 km/h aepoamHaAMUYKK OTHOP
BazJyxa I0CTaje MOMHHAHTaH YWHHJIAIl YKYITHOT OTmopa Kperamy cuctema BHST
(mopen oTHopa yclien Tpema, Kiu3ama, KOTpJbama, BHOpaldja U APYrHX IyOWTaka).
AepoMHaMUYKH OTIIOP BO3a BEJIUKUX Op3uHa, y pa3muuuTuM KoHpurypamujama BHST
— OKOJIMHA, TIPEBACXOJIHO 3aBUCH O] KBajpaTa Op3uHE KpeTama, MOBPIIHHE ITOTPEYHOT
mpeceka, oomka u TuMen3uja kommnosuigje [4]. Takohe, ca mopacTtom Op3mHE KpeTama
reHepaiaHo, moehaBa ce W HHBO aepojWHAMHUYKe OyKe, Tako BaKHOT (akTopa 3a
O4YyBame€ JKUBOTHE OKOJIMHE, MTOCEOHO TPH MPOJIACKY BO3a Kpo3 TyHe [4].

3HayajaH JOMPHHOC JUCEpTalHje Ce Oryie[]a C€ y HCTPaKUBAIY Pa3THUUTHX
muzajua BHST, noOujeHrMX OMOMHUMHKPHjOM >KHBOTHILCKHX JEIMHKH KOj€ HMAajy
cnenuryaH HAYWH KpeTama WJIM OKOJHMHY y KOjO] JXHBE, MOTHBHCAHOT 3a caja
JeTMHUM HM3BEJICHUM M Y JIUTepaTypH HaBeJIEHUM IpuMepoM m3 mpakce — [lInHkaHceH
Bo3oM. Y pany he Outm mocBehena moceOHa TaXmka NHapaMeTpuMa CTpyjamba —
pacrojiel NMpUTHCAKa M aepoAMHAMUYKHM Kapaktepuctukama BHST y pazmmuutum
KOH(pHTyparyjama u Ipy pa3InduTUM Op3uHaMa.

3Hauaj WCTpaXWBamka j€é W Yy MYJITHIUCIHUIIMHAPHOCTH Y CBHUM CETMEHTHMA
HUCIIUTHBAbA, MOJICIIUParhy U aHATHM3U pe3y/TaTa U3 eKCIIEPUMEHTATHUX U HYMEPUUKUX
UCTpaXWBama. MYITHIUCIUIUTMHAPHOCT CE OTJie[a Y NMPUMEHU Pa3IMuUTHX HAYIHHX
METOJla 3a PEKOHCTPYKIH]Y, PENpOIYKOBake W Malupame H3adpaHOT CerMeHTa

IPUPOJHOT OOJIHMKA, 3aTUM TEOPH)CKUX, EKCIEPUMEHTATHUX U HyMEPHUKUAX METOJa W3
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o0nacTy KOHTpOJIE KBallUTeTa NPOU3BOJAa W MexaHuke dQuiynaa (aepoJMHaAMUKE,
XUAPOIUHAMUKE).

Y HemoctaTKy JOBOJBRHOT Opoja OHOJIOMIKMX ToJaTraka o  II0jeJHHIM
KUBOTHILCKMM BpcTamMa Kao W JIeTaJbHUX TEXHHYKHX IOoJaTaka O W3BEJICHUM
KOHIIETITYaTHUM JIM3ajHAMa TpoM3aluia je mpBa uuaeja - (Gopmupame jeaHe BpCTe
cucTeMaTru3alje au3ajHa Op3uX BO30Ba, 3aCHOBaHE HAa OMOMHMHKPHJU Ca HEKHM Ol
KHUBOTHILCKIX BpCTa, OJHOCHO, M300pa IapaMerapa JAW3ajHa 3a yja3He IojaTake
aepOIMHAMHYKOT JU3ajHupama. Kpurepujymu 3a m300p OHOJIOMIKKX OOJHMKa, KOjU Cy
MOCITYKUJIM Kao OHMO-MHCIUpalyja, cy MOJIeJbeHU MpeMa rpynama KapaKTepUCTHUHUX
MOHAIIaka, OJTHOCHO, MPUIaro)eHoCTH KUBOTHO] OKOJIMHU M TO: IpeMa e(UKaCHOCTH Y
JIOBY — Op3WHHU, OKPETHOCTH W BEIITHHH IIPH JIOBY; CIICIU(PHUIHOCTHMA HAYMHA KpPeTamba
Kpo3 OKONMHY (Ba3zayx/Boja) ca TOCEOHOM MaXHOM Ha MTUIy BojoMapa Koja
noHupyhu 3apama y BOJY 3a IUIGHOM, U OHE BPCTE KOje Koje ce Kpehy y Onu3uHH
PEYHUX KOPUTA WIIK MOPCKOT JHA.

buo-wHCTIHpUCaHW JH3ajHH MOPCKUX JKHBOTHIbA C€ OHMpajy U NMPHUMEHY]y IpeMa
moJiariiMa o TIoHaImamy, Hajehoj Op3uHH, yTpOIIKy eHepruje mpu joBy u ap. [locebHo
3a MTHUIy BOJOMAap HCTpaxuBame u3abpaHOr MpuUpojHOTr jAorahaja y mHoHammamy ce
00aBJba XUAPOJIUHAMUYKUM €KCIIEPUMEHTATHUM METOo/1aMa.

Kao nmona3uu mozen 3a ananmuzy cTpyjama y aepoTyHeny u3paheH je pedepeHTHH
WIA CTaHAApJHU OMOHWYKH MoJieN Bo3a 3a Benmuke Op3mne (SHST), xoju je mcmmran
ymoTpeOboM MeToja: BU3yelH3alyja CTpyjama, TepMOrpadCKiIM MEPEHEeM U MEPEHEM
cuita. Metona TepMorpadcKor Mepema y aepoTyHeENIy je Kpo3 OBO HCTPaXKUBAHE MPBU
myT yBeAeHa y ymoTpeOy y mom3ByuHoMm aepotyHeny BTU BC. Momen SHST je
UCIIUTAaH W HYMEPHUYKUM MeEToJaMa paad IHbUXOBE BepH(UKAIje W pa3yMmMeBarba
cTpyjHOT ToJba. [IpuMeHa TpHHIMINA JH3ajHUpaa Tella MPH KPeTamy HaI3BYUYHUM
Op3unama pompunehe kopeknmju obmmka BHST kako O6um ce 3aapxkana QyHkIiuja
MIpOMEHE MOBPIINHA.

[IpemiockeHa Meroma ocTaB/ba MPOCTOpa 3a MpHiiarohaBama moTpedama y
Oynyhoj mpakcu kKao mTo Cy npriarohema pa3IHuuTHM OTIce3uMa Op3UHA; PA3THIATHM
KaTeroprjama KeJle3HUYKOr caoOpahaja; paznmumuutuM KoHuUrypardjama u jap. Ocum
TOra OYEKyje ce Jla BpeMe JIu3ajHupama Oy/e 3HadajHo ckpaheHo, a THME W TPOIIKOBH

HU3paac MmpoToTUIIoBA.
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HcTpaxknBama aepoJiHAMHAYKe OyKe Cy BaH OKBHpA OBE JHCEPTaITHje.

C 003upoM Ha BEJMKO H JAYTOTOJHUIIHE UCKYCTBO Y CaMOj U3paJd JKEJIC3HHUKUX
cpencraBa y Pemyomuiu CpOuju U TeXIbY Ka yBohewy Op3uX mpyra, Mpernopyke oBe
BpcTe Om Owmie o1 TMOCEOHOT 3Hayaja 3a OCHAKUBAE M MOJEPHU3ANHU]Y, Kao H
KOHKYPEHTHOCT y oOnactu mau3ajHa. Takole, Ha Taj HaUMH OW CE€ MOCTUTA0 W BH]
e/lyKaIlyje HOBUX TeHepallija THMOBa KOju OW, KPO3 MYJITHAMCIUIUIMHAPHHA PaJl, MOTIIH
MPOU3BECTH JW3ajHE M TPOM3BOJEC OJf 3HAY3ja, KAKO Yy OKpYXEwy Tako U Ha
MehyHnapogHoMm HEBOY. OHO ImMTO HUje OMIa Tpakca J0 caja, y Mpolec Jau3ajHupama
KENe3HNYKHUX CpeJICTaBa Morjia OW OWTH yKJby4eHa M HEKa O]l eKCIIepUMEHTAITHHX,
ACPOTYHEIICKUX W XHUAPOJUHAMHYKUX HCTpakuBama. Ha MeljyHapomHoM HHUBOY,
noceOHEe TpErmopyKe 3a JM3ajHUpaArbe IKENE3HHYKHX IPEBO3HHUX CpelcTaBa 1o
NpUHIHMIIAMA OWoHHMKe, HHCY wucTakHyre. C o03upom na Melhynaponna yHHja
JKEJIe3HUIIC MCTUYE HEOIXOMHOCT Ja Ce aepoJUHAMHIIA BO30Ba 3a BeJHMKEe Op3WHE
MOCBETH TIOceOHA MaXkKiha, UCTPAKUBAA M3 OBE JUCEPTAIlMje MOTY MMAaTH MPAKTUIHY

IpUMeHY ¥ Ha Mel)yHapoJHOM HUBOY.

1.10. CTpykTypa 10KTOpPCKe AUCEPTaLH]e

JIoKTOpCKa aucepTaIyja ce cacTojH O]l jelaHaecCT Ie/TnHA.

IIpBu 1eo naje 0OpasiokKeme TeME UCTPAKUBAHA U OTHCYje HAYYHH TPoOIeM |
mpeaMeT UCTpaKWBama. Y MPBOM JENy Cy JaTH ONINTH IHJbEBH pajga W KOHKPETHH
IIUJBEBH HMCTpaKUBama. Ha OCHOBY NOCTaB/bEeHHX IMJbEBA, 3a H3abpaHW oO0jeKaT
UCTpaXKMBama IMOCTaBJbeHE Cy Xumore3e. HakoH Tora cy HaBeleHe Hay4yHE METOJE,
YHjOM TPHMEHOM j€ HaydyHH NpoOJeM peliaBaH, W METOIOJIOTHja HCTPaKHBAMA.
Taxole, IpBH €0 HCTHYE 3HAYA] UCTPAKUBARA Y 00JIACTH MTMHCKOT TPAHCIIOPTA.

Jlpyru aeo mpeacTaBiba TeHe3y HCTpaKuBama. [Iperien n ananmza ucTpaxupama
U3 pa3IUIATHX 00JIaCTH HayKe Cy ToJjia3Ha rpala, H3BOpH HOBHX 3Hama U HH(pOpMaIHja
MPUMEHCHHE Y OBOM UCTPAKMBaKy Ha Pa3jIMuUTe HAYMHE: KAO MOJIa3HH M0/IaI[i, OCHOBU
MeTOJIa, aHaIM3e, Bepr(HKaIHje W MOTBPAE pe3yiTara U Kpajmer au3ajaa. Ha camom
MOYETKY JIaT je Mperje]l JOCaJallibuX UCTPAKUBAka KojuMa je neduHucan mpodiiem
KpeTama BO3a IMPH BEJIMKUM Op3uHamMa W pelema npobiemMa Kpo3 ONTHMH3AIN]Y

o0nuka Bo3a U UH(ppacTpykType. Jenan o NMpuMEHUBAHUX METOJla ONTUMHU3AIU]E je
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npaheme Koe(UIMjeHTa OTIOpa M pacrojeie MpUTHCaKa TPH KpeTamy Bo3a Ha
OTBOpEHOj mpy3u. Jlocamanima UCTpaKuBamba OJ pealTHUX JI0 MOJICIIOBAHHUX CITydajeBa
UCTaKja Cy MPUOPUTET YCJIOBa M KPUTEpHjyMa 3a ONTHMHU3ANHN]Y 3a KoHpHTyparuje
KpeTama Bo3a Kpo3 JKeJIe3HWYKH TyHel. [[po0ieM u mocnenuniie KOMIIJIEKCHOT CTpYjarmba
CTBOPEHOT TPOJIACKOM BO3a KpO3 TYHEJ Cy NMpHKa3aHH y KPaTKoM Omucy (eHOMEHa ca
IIUJBEM JIa Ce MPHUKaKy OCHOBHH MPABIM pelllaBama MpodiieMa U KPUTEPHjyMH KOjH ce
OpUMerbYjy Yy TIOCTYNKY TIpolleHe H oOonTHMHu3andje obimka Bo3a. Ca cBpXxom
onTHMH3aIKje 00JMKa BO3a MaXHa je yeMepeHa Ka (peHOMEHHUMa KOjH Ce TI0jaBJbYjy
TOKOM Yyllacka Hoca Bo3a y TyHeld. CTpyjHH TapaMeTpH, TPUTHCAK W T'PajHjeHT
NPUTUCKA Yy TYHENTYy, Cy HMCTAaKHYTH Kao OCHOBHH KPHUTECPHjYMH 3a BepH(HKAIH]y
pesyJiTara HCTpakMBamba 1 MPOIEHY KBATUTETa ONITUMH30BAHOT JM3ajHa BO3a 3a BEJINKE
Op3uHe.

Kako je ucrtpakuBame MYJITHAMCIUIUIAHAPHOT KapakTepa, Mperjie]] U aHaau3a
UCTpaXWBamka Cy NPOIIMPEHH BaH OKBUpAa MeXaHWke GIyHaa W aepoJUHAMHKE
IMMHCKUX BO3WJIA, TAKO Jia Cy OJf MHTepecoBama oOjacTu OWosioruje, Opojorpasse,
MeXaHHKe KpPYTOI Teja, KOHTpPOJie KBAJIUTETa, apXUTEKType, MOHHTOPHHra paja
cUcTeMa, W JAPYTHX. 3a MoTpede mpuMeHe OMOMUMHKPHje Ha BO3 00aBJbEH je TIpErIie]] U
aHaju3a JIOCTYITHE U mType rpale u3 obnactu OnoMmumMukpuje u ouonoruje. Hamparben
je mperien ommca W OWMOJOMIKWX TOJaTaka 3a puOe W MOpPCKe cHucape W NTHIEe, ca
moceOHUM OCBPTOM Ha BojoMmapa. M3 mrype Ouonomke rpahe mpukasanu cy HEKH O
OCHOBHHX TIOJIaTaKa O T€OMETPHjCKUM MapamMeTpuMa U Op3uHaMa KpeTama )KHBOTHHA.
3a BojoMapa je naT TpHKa3 IMOHAIama IMPH JIOBY ca IMPOICHEHUM IMoJariMa W3
ocMaTpama.

YV HacTaBKky je mpejcTaBJbeH mpodiieM yaapa Opoja o Tajiace, KpUTHYAH 3a CIIy4Ya]
3a TpopayyH M OOJMKOBame KOHCTpyKnuje Opoma. Ilaxma je mocBehena wu
eKCIICPUMEHTATTHAM, TEOPHJCKHM W HYMEPHYKAM MeTojaMa Yy Opojorpaimy.
HcrakHyTe Cy HyMepudke MeToie MyITH(]a3HOT cTpyjama, Koje Cy Y MHOTOME
JorniprHese yHanpehemy pemaBama npodiema rnajga KpyTor Tela y BOJy.

[IpoGiieM CIMYHOCTH CTpYjarha B JeTHO O] PelleHha racoNHAMIKE, XU IpayTHIKa
aHalloTHja, je TpHKa3aHa Kpo3 pe3yliTtare W BepH(]HKaldje eKCIepUMEHTATHHX
UCIMTHBAKka U3BEICHUX PA3IHYATHM METOIaMa.

VY tpehem neny cy nare Teopujcke ocHoBe m3abpanux Merona. [Ipencrasibene cy
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YKpaTKO OCHOBHE METOJIa 3a UCIIUTHUBAE OOJMKA M KBAJIUTETA IMOBPINUHA U3 00J1acTH
ommTer MammHCTBA. [IpencraBibeHe Ccy OCHOBHE MeTOJle 3a JeUHHCAme OOJIHKa
y30paka M3 MpHUPOJE U TO METOJa 3a KOHTPOJIYy KBanuTeTa mpoms3Bona (3D macepcko
CKEHUpamke W IUTHTATN3aIija), Merona AepuHHCcama IPUPOJHOT OOIHMKa MOMOhy
OnmmrckonoMeTHEe (hoToTrpamMeTpHje, PEKOHCTPYKIIMja MPHPOTHOT OOJUKAa METOJI0M
npurnpemMe 3a 3D mTamMiry, MUKpOCKOIICKA UCTTUTHBAaka KOHTPOJIE KBAJTHTETA TIOBPITHHA
(MCTIMTHBaEkba METPOJIONIKMM H EJICKTPOHCKAM MHKPOCKOIIOM) M Mepera MpOoQHITHE
XpamaBOCTH MOBPIIMHE y30pKa. BHOMUMUKpH]ja je yKpaTKo IpejcTaB/beHa Kao MeToja
IpUJIaro/JbuBa morpedama W 3aXTeBUMa MPOW3BOJA. Y HACTaBKY Cy JaTH W3BOJU W3
TeopHje MexaHWKe (pIynga ¥ OCHOBE 3a pellaBame MpodiieMa y CTpyjamby METOI0M
npopadyHcke nuHamuke (ayuna. [Ipukasz merona npopadyHcke TuHaMUKe Guyuaa, u3
nakera mnporpama ANSYS Fluent, ce omHOCH Ha TPOCTOPHY U BPEMEHCKY
JUCKpeTU3aIfjy, TMakeTe 3a pellaBamke jelHAaYMHA TPAHCIOPTa, MOJICIOBAHE
TypOyneHTHOr ctpyjama momohy HCJ ycpemmenux mpema PejHommcoBoM Mmomeny,
METOJy MYJITH(A3HOT CTpyjama, MOJEN 3ampeMHHCKHX yrena (aza, KIH3HE |
JTUHAMAYKE Mpexe. AepoTyHEICKa HWCHUTHBAMka Ca BH3YEIH3AHMjOM CTpyjama,
XUJIPOJMHAMHUYKA U TepMOTrpadcKa HCITUTHBAA Cy TPUKa3aHa 1o Haoco0.

YeTrBpTH €0 CE OIHOCH Ha W300p W WCIUTHBame OMONOMKHX oOimka. Ha
OCHOBY MITYpHX TOJaTaka W3 JIATEpAType HANpaBJbeH je W300p OMOJIOMIKHX y30paka H
TO MOPCKHX J>XHBOTHEa (IenduH, cabipapka, ajkyia W Oapakynma), a oj NTHIA je
n3abpan Bogomap. [locebHa maxkma je mocsehena BojjoMapy U OH je JIETaJbHO UCITHTaH
U PEKOHCTPYHCAHO j€ HEKOJMKO HYMEPHUYKHX MOJIeJia ca pPa3JIMYMTUM CBpXama.
JloctymHu y3opiu BogoMapa u3 [Ipupoamadkor my3eja y beorpany kao u cHUMIU U3
MPHUPOJIe CYy BH3YeITHO Tperiienanu, opopmibeHa je poro—mokymenTamnuja. Ha ocHOBY
CHMMaKa W3 TPUPOJIEe HANpaB/beH je NMpBH peKoHCTpyucan 2D oOmmk Bojgomapa y
MaHeBpy OOpyIlIaBame — 3apamame. 3a TeJl0 Bojomapa Ae(pHHHUCAHW Cy OCHOBHHU
MIOJIAIA KOJH Cy KaCHHje YIOTPeOJFeHH Kao YIIa3HHU MOJAI 32 HyMEPHUYKe CUMYJIallHje.
[TotoM je wWcnHUTHBaH KJbYH BOJOMapa, OHMOJOIIKK Y30paK KOjU je TNPUMEHEH 3a
OMOMHUMHUKpH]y 00JMKa Bo3a. M3BeieHa Cy HCTUTHBAmka MUKpOCKOTIoM, 3D jracepckum
cKkeHepoM U (oTorpamerprjoM. [IpHka3aHW cy OCHOBHH TE€OMETPHjCKH IapamMeTpH
obnuka. Takohe mpukazaHo je U Meperme XparnaBOCTH KJbyHa Kako Ou ce JeduHHCcaIN

yJla3HH MOJIalK 32 HyMEpUYKe CHMYJIallyje.
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Y merom aeny je TpuKazaH omuc OWOMEXaHHWKE BOJOMapa y MaHEBpPY
oOpyIIaBame — 3apamamke ¥ MaTeMaTHIKHA MOJIEN, KOjU Cy MPOUCTEKIIM U3 OHOJIOIIKE
rpahe u poctymHHX moparaka. Ha ocHOBY OMOMEXaHWYKOr Mojiela HalpaBJbeHA je
MOCTaBKa 3a HyMEPHUYKE CUMYJIAIlH]je MyJITH(A3HOT CTpYjamba.

IlecTHn Aeo puKasyje aepoJHHAMUYKE KapaKTEPUCTHKE M OIHCYje CTPYjHA IMoJba
ok0 2D OMOHHMYKHX BO30Ba, KPEHpPAHHX HA OCHOBY OHMOJIONIKMX OIHMCA W ToJaTaka 3a
n3abpane y3opke. buomumukpuja ca m3abpaHuM y30pImMa je pruMermheHa Ha JelTy Hoca
BO3a BEJIMKHX Op3nHa. Pe3ynratm OBHX HCTpakWBama Cy NMPHUMEHEHH 3a Cy)KaBarbe
n300pa OMOJIOMIKUX y30paka 3a Jajby NMPUMEHY OHMOMUMHUKpHje HA 3D OHOHMYKHU BO3.
N360p je cyxeH Ha OOJMKe HATWUK BOJOMapy M Oapakyau, y3 HCTHIAkE MOTpede 3a
KOMOMHOBaWkeM DapaMerapa Koj mnpumeHe Ha 3D Ouonuuku Bo3. IM3Benena cy
UCIIUTHBaba OWOHWYKOI BO3a HAIUK Bojgomapy a0 OpsmHa M = 0.9 kako Oum ce
JOTIpAJIA TOTCHIMjaTHH HEIOCTaTIH y Ju3ajHy. MerogoM ,MaxoBe myme® je
JIOIUPAHO MECTO Ha KOM KOHType 2D nm3ajHa o1CTymajy o]l HOMHHATHAX Ha OCHOBY
aHaJIu3e pacro/ernie MPUTUCaKa.

Cenmu 1eo mpuKaszyje KOMOWHOBaHY METOAy 3a ojpehuBame CIMYHOCTH
cTpyjamba. KoMOWMHOBaHa MeTOda Ce CacTOju O] CKCIEPUMEHTATHUX W HYMEPHYKHX
ucnuTuBama. Mojen OuoHmdkor 2D Bogomapa je HWCIOUTaH XUJAPOJAHAMHUKAM
TECTOBUMA W 3a CpadyyHaTy Op3WHY 3apamama oJpeheHH Cy OCHOBHH T'€OMETPH|CKH
napaMeTpl KpeupaHUX Tajaca MpH 3apambamy 0] YIIIOM U IPH BEPTUKATHOM Maay y
Boay. llpumkaszane cy Hymepuuke CHUMYyJaIdje MyIATH(PA3HOT CTpyjama ca
JnehopMabITHOM MPEKOM W KOPUCHHYKH JAePUHUCAHOM (PYHKITHjOM, 3a TpuU Op3HHE
3apamarba OMOHWYKOT MOjella BojoMapa. Pe3yiaTatm HyMEpHUYKHX CHMYJAIdja cy
BepHU(HUKOBAHU Ca XHJIPOJUHAMHUYKUM WCIHUTHBAbMMA M CIIMKaMa w3 mpupojne. Ha
OCHOBY aHaJIM3e 00JIMKa Tanaca JOOHMjeHUX U3 HyMEPHUKHUX CUMYJIalldja, CpadyHaTh cy
@®pynoBu OpojeBH 3a BpXOBE Tajaca W Tauyke OfBajarba Tajgaca O] KJbyHa, IPH CBHM
Op3uHama kpetama. 3 3aBucHOCTH cpauyHatnx ®pynoBux OpojeBa on PejHONICOBHX
OpojeBa M mapameTapa JIn3ajHa TMOTOIJBEHOT Jiefia KJbyHa ofpeheHr Cy KPUTEPHjyMH 3a
n300p ycloBa M TUMEH3Hja OMOHMYKOT MOJENla, U TMOTOM KPHUTEPHjYMH 3a MPOIECHY
Ji3ajHa U u30opa Jiea qu3ajHa ca CBpXOM IIpUMEHe 3a OMOMHMHUKPH]Y Ha BO3 BEJIUKUX
Op3uHa. Y OBOM JIelly je, Ha OCHOBY pe3yJTara CHUMYJaldja, JaT omuc (opMHpama

Tajlaca BOJIe OKO KJbyHa. Ha OCHOBY XwuIpayjWuke aHaJIOTHje OMKMCaHa je CIUYHOCT
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CTpyjama OKO KJbyHa BOJIOMapa y 3apamamy y BOJY M BO3a BEIHUKHUX Op3WHA HAJIHK
BOJIOMApPY y CIIOOOTHOM JIETY, BOXKE-H OTBOPEHOM TIPYTOM H IPH TPOJIACKY KpO3 TYHEIL.
VY HenocTaTKy MOTIyHE CIMYHOCTH W3Mel)y Mozena 3apamama BojoMapa y BOAY U
mpojlacka Bo3a Kpo3 TyHeN, W moTpede Ja ce KOMOMHOBAHOM METOJOM Je(HuHHINe
JIN33jH TOTOJIaH 3a JTaJbH IpOIeC au3ajHuparma 3D OMOHWYKOT BO3a, HANPABIHEHO je
LIpemorrheme™ cIMIHOCTH cTpyjama. [lopeheme mytama Quynaaux nemwha y nyouHu
BOJIE M HM30-TYCTMHCKHMX JIMHHMja OKO BO3a HAJMK BOJOMApy y TYHEIy IOKazajlo cy
BEJIMKY CIIMYHOCT MO OOJIMKY M pacropely y HOJKPUTHYHOM PEXUMY KpeTamba.

Ocvu neo je moceehen wucnmTwBamy aBa 3D Owmonmuka Bo3a. Ha ocHOBY
peTMMHUHAPHAX HCIHTHBAMa jEJTHOT BO3a 3a BelIMKe Op3WHE y BOXKILH OTBOPEHOM
mpyroMm wu3abpaH je Jeo YyJa3HHX TIojaraka 3a Jajbe HyMEepUdKe CHMYJaluje.
[Ipuka3ana cy aepoTyHeJCKa HCIHTHBama CTAHAAPJAHOT OHOHHYKOT MOJeNa BO3a
BEIMKMX Op3WHA, Koja Ccy OOyXBaTHJIa MEpeHe OTIOpa MoJeNia y TPUCYCTBY TIa,
Mepeme pacro/ielie TeMIepaTypa TepMorpagckoM KaMepoM U BU3YEITH3aIljy CTpyjama.
3a UCTH MOJeNl M YCIIOBE WCHUTHBAKA HANPaB/EHE Cy M HYMEpPHUYKE CHMYJallHje.
[Ipema aepoTyHEJICKMM HCIIUTHBAakbUMa 00aBJheHA j€ BeprU(pUKAIIHja HYMEPUUIKE METO/IE
Koja he OuThm mpuMemeHa Ha Kpajibu au3ajH 3D Omonmukor Bo3a. llpukaszana je
Bepu(dwuKanyja mpu jeaHO] OpP3MHM W TO 3a KOe(DHIMjEeHT OTIOopa, pPacIoeTy
TeMIIepaTypa U CTPYjHUX CJIMKA MO MOBPIIMHAMA MOJIEJA.

Ha ocHOBy pe3ynrara ucnHTHBama TeOMETpHje BojoMmapa, asHaimm3a 2D
OMOHMYKOT BO3a U KOMOMHOBaHE METO/IE 3a ojpehuBarme CIMYHOCTH CTpyjara KpenpaH
je 3D Ononnuku Bo3. HakoH mu3ajHMpama BO3a MPUCTYITHIIO C€ KpEeUpamy JBa MPEeKHA
MoJiella Yy JIOMEHY OKO Bo3a. Y TIOCTaBIIM HYMEPHUYKHX CHMYJIAIHja YKIIOIJBCHE CY
Mpexxe W jgedpuHHCaH je 3a CBaKy IOHA0COO HAUMH KpeTama Kao W wuHTepdejc.
Hymepuuke cuMmynanuje HeCTallMOHAPHOT CTpyjama Ce OJHOCE Ha KOH(HUTYpaIujy
MoJieTa TIpH TpoJjacky Kpo3 TyHen y omcery Op3mHa ox 200 km/h — 500 km/h, u
BPEMEHCKH MHTEpBaJl O] MMOYETKA KpeTama J0 TPEeHYTKa yjacka HOca BO3a Yy TYHEIL.
Hanpasssene cy ananmuze pacriozienie MaKCUMaJIHUX TIPUTHCAKA U FIbUXOBUX T'pajiijeHara
0 BpEeMEHy NpH pPa3THUYATAM Op3WHaMa KpeTama 3a ClydajeBe BHCKO3HOT W
HEBUCKO3HOT CTpyjama. Takohe, aHaim3mpana je W pacmojesia TyCTHHA IO BHCHHH
TyHeJa, OJI MOBPIIMHE BO3a JI0 WHTep(dejca MPEKHUX MOJeNa, Ka0 M M30-TYCTHHCKHX

JWHHJa YHYTap TyHElIa Ha MECTHMa Koja Cy OJIFCcKa MOCMaTpaHuM I0JI0KajuMa Tanaca
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OKO KJbYHa BoJioMapa. Pe3ynraTu ucnuTiuBama cy ynopeleHu ca moganuma u3 Mepema,
U3 JIOCTYITHE JIUTepaType, W TO mopehemeM BpEeTHOCTH MaKCHMAIHHUX TpPUTHCAKa U
rpaaujeHata npurucaka npu op3uan 200 km/h, 10K je 3aBUCHOCT MpOMEHEe MPUTHCKA HA
IIeJIOM Oricery wu3abpaHux Op3uHa ynopeheHa ca TEOPHJCKHM BpETHOCTHMA W3
muteparype. [lopen Tora mocTaBbeHa je METOJa MPOBEpe KOHTYpE JH3ajHa HA OCHOBY
aHaIIM3e CTPYjHUX Napamerapa KoeuIlHjeHTa Tpemha W TeMIIEpaType Mo y3AyKHO] OCH
Mo/IeJIa 3aCHOBaHA Ha aePOTYHEJICKUM MepemhiMa U HyMEpHUKHM CUMYJIallijama.

Y neBeToM eIy Cy HM3IIOKEHH Tperiiesl 3aKkjbydaka U3 MCTPaXKHBamba W OMINTH
3aKJby4ak. Y cacTaBy 3aKJbyYHOT TOIJIaBJba Cy HaBelleHe HOBE HaydyHe WHQOpMaIuje
MPOUCTEKIIE W3 OBOT HCTPAKWBama, IPUKa3 OTBOPEHHX IMOJpYyYja HCTPOKUBAHa H
BpEIHOBAbE pajia ca KPUTHUKHM OCBPTOM Ha M3BEJICHO UCTPAKUBAIGE.

Jectn neo mpesicTaBiba JUCTY KOpHIITheHe JHUTeparype Koja ce CacToju Of
HAYYHHX PaJoBa Y YaCOMUCHMA ca UMIAKT (PaKTOPOM M YacONHCHUMa O] HAIIHOHAITHOT
3Havaja, 3aTUM KmBUTa W MOHOrpaduja, KOH(MEPEHIUJCKUX pajoBa, H3BEIITaja
Mel)yHapoqHMX OpraHu3aluja W JIETHCIaTHBE W3 00JacTH HMHTEpecoBama, MpHKa3a
co)TBepa OTBOPEHOT KOJIa M OTBOPEHE OMOIMOTEKE CIIMKA M BHICO MaTepHjaia.

JenanaecTn neo caummapajy cliiegehw MPHIO3HM: PAIOBH KOjU YWHE IEIHHY ca
cagpkajeM jguceptanuje, crnenudukamnuja ypehaja, omoOpeme 3a Kopwuirheme
YMETHUYKHX (QoTrorpaduja BojgoMapa W3 mpupoge u M3jaBa o ToOmITOBamYy IpaBa

KUBOTHIHA U OPU3H O FHBHXOBOM JKHUBOTY, 3paBJby M JKHBOTHO] CPEIUHHU.
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2. TEHE3A UCTPAKUBAIbA

[Ipu mpernemy iwmTepaType W CTHIIaba HOBHX 3HaWka M ca3Hamba H3 00JacTh
aepoJIMHAMHYKE ONTHMH3AIMje BO30Ba 3a BeIMKEe Op3WHE TPUOPHUTET je JaT
npobieMuMa aepoJWHAMHKEe BO30Ba 3a Benuke Op3uHe. Hakon Ttora je maxma
nocBehena OMOJIOTHjH ca CBPXOM IMPHUMEHE y MPOIeCy MpuMeHe OHOMHMHKpPHjE Pau
aepoIMHAMHYKOT JM3ajHApaba B03a 3a BEIHKe Op3HuHE.

3a pa3uKy of] Ba3IyXoIlIoBa U OpoJIoBa, BO30BH CE YOIIIITEHO Kpehy y mpocTopy
KOjU je OrpaHWueH CBE BpeMe KpeTama. YTHIlQ] OKOJHHE Ce Orjiefa Kpo3 MPUCYCTBO
Tia, Kaga ce B03 Kpehe 1O OTBOpEHO] MpYy3W M IKENE3HWYKH TyHENI. Y TaKBUM
OKOJTHOCTHMAa KpeTame BO3a je OTe)KaHO M 3axTeBa Behy MOrOHCKY cHary, Kaja ce
noBehaBa W moTpommma. Takohe y oTekaHWM yCIIOBHMa KpeTarha, BO3 HE MOXe Ja
pasBuje Op3WHE KOje ca HMCTOM CHarom, OJHOCHO, IOTPOINbOM pa3BHjajy JApyra
IPEBO3HA CPEJICTRA.

VY ocHoBH mpobIieMa KpeTama B03a, a KOjU IUPEKTHO yTHUE Ha Op3UHY KpeTama U
MOTPOIIY S€HepreHara, je OTHOp KpeTamwy. YKYyIHa CHiia MoTpeOHa 3a KpeTame BO3a
IpeJcTaB/ba MOTPeOHY CHIIy TIOTOHA (TIpW pa3IMYUTHM YCJIIOBHMAa KpeTama) Koja je
jemHaka cuiIamMa Koje OTe)kaBajy KpeTame, a TO Cy, y OIITeM CiIy4ajy 3a
KOHBEHIIMOHAITHE JKEJIe3HHIIE: CHJIe OTIOpa ycjiel MEXaHHUUKOT KpeTama (KOTpJbamba) u
acpoJIMHAMHMYKa CHJIa OTIOpa HacTaja Yyclie[ CTpyjalka BHCKO3HOT Baslyxa IIo
OKBAIlIEHUM TOBpIIMHAaMa Bo3a [4,34].

[Ipema JlejBrcoBoj ¢popmymnu (Davis) cuna oTmopa kperamy Bo3a, R, ce uckasyje
Kao moaHHOM R = A + B G V + C V*, rue cy A, B u C xoucranre koje ce oxpeljyjy
ekcriepuMeHTanHo. Jlpyru wian u3pasa 3a otnop, B G V, ce ogHOCHM Ha OTHOp
MEXaHWYKOM KpeTamy, moK ce Tpehm, C V72 OZHOCH Ha aepOJMHAMIYKH OTIIOP
[4,35,36]. Otrop MexaHWYKOM KpeTamy 3aBHCH JIMHEApPHO O] TeXKWHE Bo3a, G, H

Op3uHe KpeTamwa, V, 10K aepoJMHAMUYKK OTIOP 3aBUCH O] KBaJpara Op3uHE KpeTama.
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AepoMHAMUYKH OTIIOpP CTPYyjama BazjlyXa MO OKBAIIEHUM MOBpIIMHAMa BO3a je
KoMIutekcad nmapametap [4,35-40]. Kama ce pagu o HST, pagau ¢uynn ce mocmarpa kao
BUCKO3aH, KaJa ce paJu O KpeTamy IO OTBOPEHO] MpPY3H, M HEBHUCKO3aH Kada ce
mocMaTpa KpeTame Kpo3 TyHeNl. YCIIOBH CTpyjama HIeaHOI raca W HEBHCKO3HO
CTpyjame Ce MPUMERY]y Tpe CBera y CcKiaay ca (pu3nuKaiaHommhy IojaBa y CTpyjamy y
TyHeIy, IPpH YeMy yTHIla] BUCKO3ZHOCTH HHj€ MPUMapaH y OJHOCY Ha e(deKTe h3a3BaHe
KoMITpecHOnTHOIThY (uryr/1a y KOMIZIEKCHOM CTPYjamby IpU BEJIMKAM Op3uHaMA.

NcnutuBama W aHaiW3e aepoJIMHAMMYKHX KapaKTepUCTHKA Ce BpIle IPBO 3a
KOH(HUTYpaIjy Ha OTBOPEHO] MPY3H, a TIOTOM U 3a MpoJia3ak Kpo3 TyHen [4,34].

Otmop Bo3a, R, nat y (1) ce cacToju o1 ABE€ KOMIIOHEHTE U TO OTIOpPa HACTAJIOT
MOJT JISJCTBOM JMMEH3Hja BO3a, MPHOPUTETHO HHETOBE JYKHUHE, Cy; M OTIOPA HACTATIOT

Kao nocyeanna o0arKa Bo3a, IIPeBacXoIHO 00JIMKa HOCA B PeNa, Cyp (2) [4]

Rx:cx%szA (1)

=, vl )

rJie Cy Cy; — Koe(HUIMjeHTH OTmopa, p —TYCTHHA Ba3ayxa, )/ —Op3uHa kperama, 4 —
MOBPIIKHA TOMPEYHOT MpeceKka Bo3a, A’ — XHUApayIHUKH KOSQUIMjEeHT Tpemha MOTEeKao
o maHTorpada, BO3HOT MOCTpoja U Ap., D’ — XUIpaylIWykd AWjameTap MONpeyHOr
mpeceKa Bo3a, M / — Ty)KiHa BO3a.

KommonenTa oTmopa Tpema je Hacrajga yciel Tpema Ba3lyxa M0 OKBAIIEHUM
MOBpIIMHAMa Bo3a (TOBpIIMHE BO3a, MaHTOrpad, BO3HU IOCTPOj, CIOjeBH H3Mehy
BaroHa M CJ) U OHA C€ BPJIO TEIIKO MOE Yy MOTIYHOCTH MPEIM3HO OJPEIUTH, OCUM
Kpo3 peanHe excrnepuMeHTe. KoMroHeHTa oTmopa 3aBHCHa 0f 00JIMKAa c€ OJHOCH Ha
MPOMEHY y pacmoJiell MPUTHCKA 1O OKBAaIIeHHM IMOBpPIIHHAMa BO3a Koja je HacTajia
yclie] MpoMeHe 00JIMKa Bo3a Ha JIOKaJTHHUM MECTUMA.

EBanyanuja yruiaja Ha yKynHU OTIOp Bo3a u3 [37] mokasyje aa je yaeo oTmopa
Tpema Mo MOBpIIMHAMa Bo3a 0Ko 27% o YKYIHOT OTIOpa BO3a, OTIIOP OJ1 00JIMKa HOca
U pera oko 8%, CKOpo jeHaKo KOJIMKO je | MOjeIMHAYHO YCIIe ] IIPUCYCTBa IMManTorpada
U OIpeMe HCIOoJ Bo3a. Mepe cMmamema aepoJMHAMHUYKOr OTIOpa ce€ OJHOCE Ha
aepoMHAMHUYKO OOJTMKOBAM-€ HOCA U Pela BO3a, Ka0 U aepoJMHAMHUYKO YOOJINYaBame

KOHTYypa IO CTpaHama BO3a M BO3HOT IIOCTPOja, Y CMHUCITY 3aTBaparma KOHTYpa IoMohy
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Pa3IMYMTUX BPCTA OKJIOTA UM 3alITHBKH.

W3 pa3znora KOMITJIEKCHOCTH KOHCTPYKITHje W OTpaHWYCHa UCIUTHUX METOMa, Y
UCTpaXMBambUMa Koja ce pajie eKCIEPUMEHTATHO Y aepoTyHEINMMa WM HYyMEPUUYKUM
CUMYJalljama, JIeTajbl ce U30CTaBbajy. [IpuHIIHIIe HCTUTHBAamA IMUHCKUX PEBO3HUX
Cpe/cTaBa, y pa3MepH W CTBApHOj BEJIIMYWHU, UCKJbYUyjyhu Mepeme HUBOa Oyke, je
BpJIO CITMYaH UCIUTHUBAKBAMA MOJIeNIa 3a IPyMCKHU caoOpahaj, 4ju pHuKa3 je 1eTaJbHO U
CHCTEeMaTH30BaHO JIaT Kpo3 UCKycTBa MHOTHX aytopa [40]. [Ipernen ¢pusmukux mojasa,
METO/]a UCTIUTHBAA U Pe3yJITaTHa UCIIUTUBAA, 10 OPOjHIM MapaMeTpuMa, 3a BO30BE
BEIIMKUX Op3WHa je faT y [4].

Otmop Bo3a 3a Op3e mpyre yclieJ MpoMEeHe IpHuTHcaka ce, mnpema [4], pamu
npenu3Hujer oapehuBama, TeUHHUIIE Kao CpeIha BPeTHOCT Koe(HIlHjeHaTa oTriopa 3a
BO3 MCTOT OOJIMKA HOCA W pera, ajld pa3MuiTHX JTy)KUHA, WK KPO3 pellaThBaH OHOC
Kaja ce paad o mopehemy pasnuuuTux oO0jauKa. Y3umajyhu y o03up u mpojiazak Kpo3
TyHeJd, ojapehuBame oTmopa TmocTaje KOMIUIEKCAH MPOOJIeM MpeBacXoqHO 300r
(GU3NYKIX T0jaBa KOMIIPECHOUITHOT CTpYjama y TYHEIY W I'eoMeTpHja TyHella U BO3a.
OTtnop BO3a ycien Tpema je JOoIl KOMIUIGKCHHJH W MOXE C€  OJIpeIUTH
EKCIIEPUMEHTAITHO Y BPEMEHY, KpO3 TIOpacT NPUTHCAKa — CTATHYKOT Ha 3UJy TYHeJa, Ha
OOKy Tea BO3a, WJIM CTAarHAIMOHOT TPUTHCKA KOju ce y HajBeheM Opojy ciiydajeBa
jaBJba Ha BpXY HOca [4].

Pacnonena mpuTHcaka WM BpEAHOCTH MEPEHE Ha TOjeMHUM MEPHHUM MeCTHMa
Ha BO3Yy W Ha TyHeIy, Imopel KoeduImjeHara oTmopa, Ciiy)ke Takohe kao mapamerapu
eBaylyanuje npu JeGuHUCcCamy 00IHKa BO3a. 3a Pa3lIuKy O CHJIE OTIIOpa, IPUTHCIH U
HBUXOBA paciiojieia Cy rmapaMeTpu KOju ce Op30 H JIAKO MOTY U3MEPHUTH Cca BHCOKOM
TagHOIITNy ¥ Kpo3 BpeMEHCKY UCTOpH]y. [[pUTHCIIN HAa MEPHUM MECTHMA MPEICTaBIba]y
JUPEKTHO TOCIIENIIE TIPOMEHA y CTPYJHOM IOJbY OKO BO3a T€ Cy OMNIITe NpuxBaheHn
Kao MpUMapHU CTPYjHHU MapameTap oJ] HHTepeca 3a MPOleHY MOHAIakha CTPYJHOT 1MoJba
OKO BO3a.

[Ipomiec nmu3ajHupara BO3a HMMa 3a IUJb YIOpaBO Ja IpeMa H3adpaHuM
KpuTepujymMuMa (cy, p, ¢, 1 Op/Ot) mpoHahe oHaj au3ajH Koju he y mopebhemy ca
ocTaJliMa WM ca CTaHJap/uMa, JaTh TOXEJbHE KapaKTePUCTHUKE 3a/1aTe MPOjeKTHUM
3axTeBoM. OCBOjeHEe Cy MHOTE METOJIe ONTHMHU3alHje 00JIMKa BO3a 3a BEJMKe Op3WHE,

Melh)yTUM y 0BOj 00JIACTH MMa JOIIT JOBOJHHO TIPOCTOPA 32 Pa3Boj.
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[Ipermen pesynrara aepoTyHEICKHX WUCIHTHBama 3a panmmunte obmuke HST cy
nmokazayia Ja je msmayxeme KoHType HST, y BepTukamHO] W XOpH30HTAITHO] paBHH,
3HaYajaH TapameTap OJi YTHIaja Ha aepoJMHAMHUYKH OTIop Bo3a [4,34]. Ilopeheme
KoeduIrjeHaTa oOTIopa, ¢y, J00MjeHUX aepOTYHEICKHM HCIUTHBAKBUMA, j€ TI0Ka3ajo J1a
Cy HAQjUOTOJHHUJU KymacTh obymnu, kakaB je oOmwmk Hamp. HST IlluakanceH, D0K Cy
O0JIMII CYXXEHH caMO y BEPTHKAIIHO] paBHH, Kao mTo je Bo3 tuna ICE, mokazao Behe
BpEITHOCTH KoeduijeHTa otmnopa [4]. Cakako, mpu nopehemy kKoeduimjeHara oTmopa
Tpeba BOJUTH padyHa O pa3MepH MoJieNa, TUIY ITOCTaBe Mojena Tia (cioboaHa cTpyja
WIH TIOJICHCABahe TPAHUYHOT C€JI0ja), YTHIIA]y TJIa Ha acpoIMHAMHUYKE KapaKTEPUCTHKE
u ap [40]. [Toceban mpobieM mpescTaBha eKCTparoalrja ycioBa U aepOTYHEIICKHX
pe3yJiitaTa Ha CTBapHE yCIIOBE, Y3uMajyhu y 003Up yCIIOBE UCIUTHBAA, P YeMY Ce
TEXH 3aJ0BOJbaBalby CIWYHOCTH CTpyjalba y aepoTyHEeIy M CTBApHOM CIy4ajy.
[Iporiena aepomuHamMuukuX Kapaktepuctrka HST HamocneTky 3aBHCH YBEITHKO W O]
ucKycTBa U3 obmacti. OCHM aepOTYHEJICKHX MCIUTHBAkA JIaHAC CY Y YIOTpeOr MHOTE
HyYMEpUUYKe METOJEe KOoje 3HAuajHO CMambyjy BpeMe U IIeHY KOINTama HCIHUTHUBAMmA
nporotumnosa [41,42].

Haxo ¢, MOKe TOCTYKUTH Kao KPUTEPHjyM IpeMa KOMe Ce TPOIeHYje TU3ajH, TO
ce YMHW Hajuyemhe Kajga ce BPIIW ONTHMH30BamkE JIU3ajHA 332 BOXIY HA OTBOPEHO]
npy3u. Kpurepujymu mnpu nporerun auszajua HST cy, 3aBucHO oj Op3uWHe KpeTama,
MIOCTaB/FEHH IIpeMa YCJIOBHMA KpeTama Kpo3 TyHeI, MPEACTaBbEHH Kpo3 MpOMEHe
IpUTHCaKa, p, KpO3 BPEMEHCKY HCTOPH]y KpeTama BO3a U TpaJUjeHT IpOMEHe

nputucka, dp/ot, y QYHKIHMjH mapaMeTapa Kao INTO Cy 3alpedyaBare TYHENa TeIOM

B03a, FEOMETPHjCKH ITapaMeTpH BO3a M TyHeJa, BpcTa IUHA U TOJIoTe U JIp.

Annepcon (Anderson) [41] u Jlunmman u Pomko (Liepmann & Roshko) [42] cy
moka3aym ja (PeHOMEHH KOjU Ce jaBJbajy MpH MPOIACKy BO3a KPO3 TYHEI CY Y OCHOBH
(eHoMeHN MexaHuKe (UIyH/1a CTHIIJFUBOT CTPYjamba MPH KPUTUIHAM U HbUMa OJIHCKIM
yCIIOBUMA,, aJTH CE 3a pa3jIuKy oj yooudajeHuX mpodiema aeponunamuke, HST kpehe y
OTpaHUUYeHOM TpocTopy. Pu3HKaTHOCT MojaBe ¢y oOjacHuau bejkep u ap. (Baker) [41-
45], 3ourmmH U ap. (Zonglin et al.) [46], Maena u ap. (Maeda et al.) [47] xao u
JIPYTH ayTOpH.

Cruka 1 mpukasyje HECTallMOHAPHH KapaKTep MPOMEHE MPHUTUCKA Y TYHEIy IpH

nponacky HST [45], nok cy ommce mojaBe mpexactaBmin Openano (Orellano) [34],
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bejkep [45] u Maena u np. [47], Ha OCHOBY KOJHX je HampaBJ/beH KpaTakK MpPerjie]a

(deHomeHa.

Kommnpecuonn Exkcnausuonun
Tanac Tanac

HWsnas us tynena \

JlyxxuHa TyHena

VYna3y TyHen

t[s]

3a mocmarpaua y TyHerry

Judepennujaniu
NnpuTUCaK Ap

Cmuka 1. HecranmonapHa mpoMeHa pUTHCKA y TYHeETY [45]

ITo ynacky Hoca HST y TyHen, y obmactu ucrpe sy Hoca ce cTBapa KOMIIPECHOHU
¢ponT, c1abd xommpecuonu taitac. Kako HST nHampemyje kpo3 TyHeN, KOMIIPECHOHH
Tajac MocTaje HHTCH3UBHUJU U YjeHO ce Kpehe Op3uHOM OJIMCKO] 3BYKa, Jajueko Behom
on 6p3ure HST, y mpariy u cmepy kperarba HST. Kommpecnonu pponT mponarupa cee
JI0 W3lla3a U3 TyHelNa, aJld Ha TOM MYTy M CIa0HW yCiel MOCTOjara BUCKO3HHUX CHIIA U
TpaHcepa TOIIoTe, ITO Ce OJpakaBa Ha JIUCHITHAIN]Y eHepruje. Ha mecty u3nasa u3
TyHeJa, €0 KOMIIPECHOHOT Tajaca HacTaB/ba IyT M HW3Ja3d BaH TyHeNa, y BHAY
HUMITYJICHOT TaJlaca, JIOK Ce jeJiaH Jeo oJ0¥ja o paBHU U3JIa3HOT IIpeceka TyHel u Bpaha
Ha3aJ y TYHEI, alld cajia IPOMEHEHOT KapakTepa — y BUJIY €KCITaH3HOHOT Tajaca. Ha
HEKOM MECTy Yy TYHeNIy, 3aBHCHO OJ Iy)XHHE TyHeJa, Op3WHe Bo3a W Op3uHe
€KCIIaH3UOHOT Tajlaca, M JIp. HOBOHACTAIM Hawyiazehw KOMIPECHOHH M pedrieKTOBaH —
€KCITaH3MOHH Tayiac ce cycpehy u cTBapajy KOMIUIEKCHO U MHTeH3UBHO MehyejcTro. 3a
nocnenuity, HST Tpnu Benwka mpoMeHJpHBa onrepeherma Mpu MpoJacKy Kpo3 TYHE,
Koja cTBapajy HemokeJbHe edekrte Ha myTHHKe. Ca Jqpyre cTpaHe, UMIYJICHH TaJiac,
KOjH je M3allao BaH TyHeJa, jé KpaTKor JIejCTBA aJld BEJIMKOI MHTEH3UTETa MPHUTUCKA,

IITO 32 MMOCJICUITY CTBapa M3y3eTHO HEIpHjaTaH 3BYYHH e(eKaTr KOju ce MPOCTHPE KPo3
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OKOJIMHY, CIITYaH OHOM KOjH CTBapajy Ba3JAyXOIUIOBH IIPH MPOOHjarby 3BYYHOT 3Hja, 11
j€ y TOM CMHCITY ¥ Ha3BaH jOII | ,,sonic boom*.
Maena u ap. [47] uctudy yTHIa) TEOMETPHJCKUX M CTPYJHHX Hapamerapa Ha

BPEJHOCT MAaKCHMAJIHOI TpaJiijeHTa IIPUTUCKA 10 BpeMeHy, (Op/0f),,. - Onasze,

MaKCHUMAaJIHU TPAJIMjeHT MPUTHCKA Yy BpEMEHY je MPHOIMKHO MPOIOpIHuOHaIaH Tpehem

cTeneHy Op3uMHe KpeTawa Bo3a. Bpennocr (Op/o0f),,, €€ cMamyje ca IOpacToM

KoeduirjeHTa o0MKa Bo3a, OJJHOCHO, IMoBehameM JTyKHHE HOoca Bo3a. Takohe, Maena
U Jp. Tpemaxy Mepe 3a CMamemhe YTHIldja HMITYyJICHOr Taitaca. Ha mpumepy
[lluHKaHCEH BO3a MpeJJIaKy Mepe Koje ce CIPOBOJC HaJ KOHCTPYKIIHjOM TyHeIa U
Mepe Koje ce CIPOBOJC HaJl JU3ajHOM Bo3a. 3a Bo3 IIIMHKaHCEH je HaBEJCHO Ja Cy
W3MEHE HW3BpIIECHE y CMHCIY CMameHa IOBPINHHA MOMPEYHOr IMpeceka Tejia Bo3a |
ontuMm3aIyje obmuka Hoca. [Ipema [47] u3mykaBame KOHTYpe HOca BO3a ce TMOKa3aio

e(pUKaCHUM Yy CMHUCITY cMamerma (Op / Of) AyTopu HaBOJIe U MojIaTkKe ja cy cieachm

max *
JIM33jHA ONTHMHU30BAaHM Yy CMHCIY CMamema JIejCTBA HMITYJICHUX Tajiaca, ¥ TO:
[lwakancen cepuje 500 (JR West), 700 (JR Central, JR West), E1-E4 (JR East), a
MIPWJIOKEHU PEe3yNITaTh ce OJIHOCEe Ha KOH(UTrypallrje KpeTamba ONTUMU30BAaHUX BO30BA
kpo3 npunarohene Tynene (Illuakancen tynene) [47].

diykTyanuje TMpUTHCaKa Cy HMCIHTHBAHE HA MOJIEMMA O]l HajjeTHOCTABHH]HX
mocTaBkH Tpobsiema, y 1D mpocropy, kako cy mpukazaaun Cauto u ap. (Saito et al.) y
pany [48], kaza je MWIMHIPUYHU MOJIEI TIOTOEH KPO3 AYTY II€B MPH YeMY Cy MEepeHHU
MPUTHUCIIH Y TIOJETUHUM TaukKama JyX IIeBH, Ia CBE JI0 MEpEHma Y pealHuM yCIIOBHMA
Kako cy mpukaszaan Maprtunes u qp. (Martinez et al.) y pany [49]. Maptunes u np. najy
KOMILUIETaH YBHJI y peajHy CIUKYy IOHAllamba CTPYJHOr MOJba IpPU KpeTamy BHIIE
TUTIOBA BO30BA 3a BeJMKEe Op3WHE, KPO3 BUIIE Pa3IMUYUTUX TYHENa, MPH pPazTuUUuTUM
Op3MHaMa ca aHaJIM30M Pa3IMYUTHX BapHalOiIM Koje YTUYy Ha MPOMEHY MPUTHUCKA Y
BpEMEHY, U3 KOje Ce BHJIHU KOMIUIEKCHOCT IIpobieMa M yTHIAjHUX (DaKTOPH.

HctpaxuBama (rykryamnuja ImpuTHCaKa y TyYHENTy TOKa3zyjy Ja je IpH CaMOM
yJlacKy BO3a y TYHEN BpPJIO M3pakeHa I10jaBa HArJIOr mopacta MPUTHUCKA Y KpPaTKOM
BPEMEHCKOM TIEepHOJTYy, ¥ (azu cTBapama KOMIIPECHOHOT (PppoHTa. Bpeanoct nputucka y
OCMaTpaHO] TaykW Ha 3WJAy TYyHeJa je CKOKOBHTa (YHKIHja Yy BpEeMEHY, TOKOM
nposiacka HST kpo3 tynen [4,45,47,49]. Harnmu ckok nmpuTHCKa y BpEMEHY JIOBOIH JI0

[0jaBe MHTEH3UBHUX UMITYJICHUX Tajaca Ha M3ja3y U3 TyHela U OyKy.
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Ca jegne cTtpaHe kapakTep IpoMeHe MPUTUCKA Yy BpeMeHy je moryhe mpepazuhu
cMamemeM (pakTopa 3ampedaBam-a TyHEJIA TEJIOM BO3a, HO y pPEaTHOCTH OBaKBa
poMeHa HHje W3BOJJbMBA Yy TOTIYHOCTH, OCHM MpH H3TPaJlkbU HOBUX TYyHENa.
KoncTpyknuje TyHena 3a Bo30oBe Op3uX mpyra ce u3rpalyjy ca moceOHo mpuaroheHuM
yJIa3HUM U U3JIA3HUM JIEJIOBUMA, KOJU Cy MPOQMINCAHU TaKO Jia JOIMPHHOCE CMAEHY
OyKe, ca M3BEJICHUM IPOIIHPEHUMa, CHCTEMHUMA 3a OJ13padnBame u cil. [4,48].

3aBHCHOCT WHTEH3WTETa KOMIIPECHOHOT Tajaca oOJI BeJIMYMHE 3alpedaBarba
TyHeNa, 3a pa3inuuTe Op3UHE KpeTama Bo3a MpHuKa3ainu cy Perynarxana u ap. [4]. ¥V
n3BopuMa [4,45] UCTaKHYTO j€ J1a CMambeHhEe BPETHOCTH 3alpeyuaBama TyHe Ia JTOBOIH 10
CMambemha BPETHOCTH MPUTHCKA KOMIIPECHOHOT Tajiaca.

On wHTepeca y OBOM paJy j€ 3aBHCHOCT IPHTHCKA KOMIIPECHOHOT Tajlaca

CTBOpEHA IIPOJIACKOM BO3a Kpo3 TyHell, 3a R=A4,,_,/ 4, =0.216, 3a Op3uHE NMPEKO

unela
200 km/h, xoja je pynkmmja kBaaparta Op3une [4].

OcuMm wW3MeHe TreoMeTpHje TyHela, M3BOJOU ce mnpuiarohaBame obmuka HST
yCJIOBHUMa KpeTama, 0JTHOCHO, CTpyjama. [Ipn Tome ce yKymHa mpoMeHa IpUTHCKA MIPH
yllacky HOca BO3a y TyHeN Mema [0 TNPHOIMKHO HCTOT HHBOA, IMocMarpajyhm
pa3nuunTe KOMIIO3UITje BO3a M TyHeNla jeJHakux rabapura (M 3ampeyaBarba), ajad y
pOIY’)KEHOM BpeMeHCKOM HHTepBaiy 3a mpuiarohen obmumk HST. To 3naum na he
npwiaroheme U3ajHa JONPUHETH FHEeroBOj Cropujoj mpoMeHu [49], mTo ce
jenHOCTaBHHjE TpEACTaB/ba HPOMEHOM TpajijeHTa IpPHUTUCKa Yy BpeMeHy [4], a
JMPEKTHO BOJIM CMambeiby: HIUBOA OyKa Ha caMOM W3JIa3y M3 TYHEIa, JIejCTBa Ha caM BO3,
IIPOMEHEe IPUTHUCKA Y YHYTPALIHOCTH, 1A TAKO U yTUIIAja Ha ITyTHHKE [4].

Kako je wmcraknyro m y [4,49], ¢eHomenu dQuykTyarnmje mpuUTHCaKa YHYTap
TyHela Cy WHTCH3WBHHJH KOJ| AYraukWx TyHena, Te [4] mpemopydyje uzBoheme
ontumm3apje obmmka HST ympaBo 3a ycnmoBe mposlacka NpH BETHKHM Op3nHaMa
(mpexo 200 km/h ) xpo3 nyxe Tynene (mpeko 1500 m). McrpaxuBama 3a mpernopydyeHe
yCIIOBE Cy BpJO 3axTeBHA W Yy JIUTepaTypH ce Hajuemrhe mpoHana3e NpuMepu
ONITUMHM3AIHjE O0JIMKA y BOXKEH OTBOPEHOM IIPYTOM, ONITUMHE3AIHja y BPEMEHY HEIITO
BeheM o moTpeOHOT Ja ce MojaBM IpBa MaKCHMallHa BPEIHOCT IPUTHCKA YHYTap
TYHEIa, 3aTUM UCTTUTHBAKE YMAhEHUX U TI0jeTHOCTaBJLCHIX O0JIMKA MOJIeNa, 3a Koje je
noTpeOHO KacHWje W3BPIIUTH eKCTpamnojandjy pesynrara. VcnutuBama pearHHX

BO30Ba Y CMHCIY ONTHMH3AIMje, y JHUTepaTypHd ce KOPUCTE 3a KOPEKIH]y WU
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Bepu(duKanujy mocrojehux WM HOBHX HYMEPHYKHX METOJIa, Ka0 W CaMUX JHW3ajHa
(Bo30Ba M TyHena) KpeHpaHUX MOMONY HYMEpHUUKHUX CUMYIAIUja, UCTE WM CIHYHE
KOH(HTyparmje.

[IpunarohaBame oommka HST ycrmoBuma cTpyjama paay MpoJOHTHPamha MPOMEHE
MPUTHCKA Yy BpeMEHY ce BpIIM y (a3u pa3Boj IPOTOTUIA YHOTPEOOM HYMEPHUKHX U
eKCIIEpPUMEHTATHUX MeToJa (aepOTYHENCKUX WJIM HCIHUTHBAKA Ca KaTallyJITHPAEM
BO3a Kpo3 Mozene TyHena). CaM IpoIec y OCHOBH IPECTaBJba ONTHMH3AIN]Y OOIHKa
nmpemMa u3adpaHuM KPHTEPHjYMHUMA, all y TPAKCH Kpajibh pe3ysTar 3aBUCH U O]
KoH(Urypalyje TepeHa 3a koju je HamemweH caM HST, mro ycrnoxmasa 11eo mporec.
Hymepuuke cumynamuje 3a ontuMusanujy oOJIMKa ce BpIIEe IpeMa 3a/laTUM
KPUTEPH]YMHUMA, Ka0 ILITO CY Cy, Cp, Cp, Y LIUKIyCHMA KPO3 KOj€ ce BPIIU M3MEHa yCJIoBa
HUCIUTHBAa U TEOMETPHJCKHX Mapametapa. Pajau mobospimama epUKacCHOCTH KpeHpaHu
Cy aIropuTMHU 3a ONTUMH3AIM]y KOJU ayTOMaTu3yjy JIe0o oIepalyja Kao IITO Cy:
reHeTcku (OasupaH Takohe Ha OwmoHuiu [25]) , myntu-objexktHm [51-54] u com.
JloHOIIEeHe OJUTYKE je MITaK Ha CTPYUYHaIlliMa, P YeMy aJITOPUTMH 3a OTITHMHU3AIH]Y U
CTaTUCTHYKY OOpaxy IMOMaxy y CMHCITY cKpahema BpeMeHa [OHOIIEHa OJUTyKa.
CBakako, ONTHMH30BaH JM3ajH HMMa CBOja OTpaHHYEHa M OJHOCH C€ Ha jelaH
OTIepaTUBHU CETMEHT M MCNUTaHy KoHpurypamujy. Ha npumepy koju cy npeactaBuiu
Cy3yku u ap. (Suzuki et al.) [51] Moxe ce BUACTH KaKo ce Kpo3 MpOoIeC ONTUMH3AITH]Ee
Bpxa Hoca HST, y BOXEBH OTBOPEHOM HpPYroM, IO ABa KPHUTEPHUjyMa — Cy U C, MOTY
IOOUTH J1Ba Bpio pasnuuuta am3ajua HoceBa HST, kox y3opka xoju je ONTHMH30BaH
MIPEMA Cymin ]€ OCA TOMPEYHOT Tpeceka BpXa HOca y YCIPABHOM I0JIOXKA]Y Y OJAHOCY Ha
testo HST, 1ok je kox au3ajH ONTUMU30BAHOT IIPpeMa KPUTEPH]YMY Cpmin OCA HOIMPEYHOT
IIpeceKa Bpxa Hoca IOJI0XKEHa.

[Ipema Meromm JsokamHe (YHKIHjEe W METOIAM OJArOBOpa IOBPIIMHA IIpeMa
anroputMy GA-GRNN, Jao u np.(Yao et al.) [55] cy npeacTaBuim ONTUMH30BaH JU3ajH
[0 TeT TeOMETPUJCKHX Mapamerapa. Y pe3yirary je ONTHMH30BaH JW3ajH I0Ka3ao
CMameme ¢, 011 8.7% Tpu BOXKILM HA OTBOPEHO] TIPY3U Y OJHOCY Ha W3a0paHH TOJIa3HU
mu3aja Boza CHR380A.

[ller (Schetz) [56] je y oxBupy Tmperiena HUCTpaXuBama Yy o0OIacTu
aepoJMHaAMHKE BO30Ba 3a BEJIMKE Op3MHE MPUKa3a0 MHOTE Pe3yiTare UCTPaXKUBarba, O]

KOJUX Ce MOCEOHO UCTUYY pe3yJITaTH Mepera JTOOHjeHH 3a JIBa cllydaja: MmpoJia3ak Kpo3
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TYHEJ Yy peallHO] CHUTYyalluju W 3a YMameH MOJEN, NMPUKa3aHd y BHJIY BPEMEHCKE
MPOMEHE TPUTHCAKA Ha Pa3IMYUTHM PacTOjalbMa MEpHHX MeCTa O]l yjia3a y TyHel. Y
OKBHpY TIperyie[ia JaTh Cy pe3yiTaTH Kajkynamuja ynoTpedom OjnepoBuX jeaHadynHA
Koju cy yrnopeheHu ca oaroapajyhuM excriepuMeHTATHUM, 32 YMamkeH MOJIEI, Ha TPU
no3unuje ynyrap tynena. Ocum tora, lllen qaje npukas edekara n3a3BaHUX MPUCYCBOM
TJa KpO3 MpHKa3 rpaHulla BPTIOKHOI Tpara, Kao ¥ pacrojiesie MPUTHCAKa Ha MarjeB
BO3y OHWO-WHCIUPHCAHOM Ca IAYHjUM KJbYHOM, alll y OTPAHHYECHOM IPOCTOPY
HHPPACTPYKTYpE.

AHaMTHYKE W HYMEpPHUYKEe METOJe Yy YIOTpeOHW 3a ImpopadyHe mapamerapa
ctpyjama 3a HST y mpomacky kpo3 TyHen ce y mpakcu m3Boje ynorpedbom Ojnepose
jeTHavYrHe, OJJHOCHO, YCBaja ce HEBUCKO3HO CTPYjame, 003UPOM JIa Ce Pajld O BUCOKOM
HUBOY KOMITpECHje Ba3ayxa y TyHeNy, KaJa BUCKO3HOCT HHje OJ1 IPUMApHOT yTHUIlaja, Te
je oBakKBa BpCTa allpoOKCHMAaIlMje OTpaBaaHa U noy3jaHa [57]. 3a KBaauTeT pesynrara
HYMEpPUUYKUX CHMYyJallMja je OJl TpPeCcyIHOr 3Havaja Balujanuja pesyjirara ca
eKCIIEPUMEHTATTHAM: aepOTYHEJICKUM WM Haj0O0Jbe PEaJTHUM HCIHTHUBAIBMMA KOje ce
pajme 3a moTpebe pa3Boja AmW3ajHA BO30Ba WM HHppacTpykType [59,60,61]. Takohe,
BpIIle C€ U OCHOBHA UCIMTHBAama U Mopeherme pesynrarta ca uaeain30BaHIM O0IAIIIMA
HOCa BO3a ca OCHOBHUM oOJMIuMa (KOHYC, TapaboJIon]I, eIUIICOM ), Kao pedepeHnn y
nporecy ontumuzaije oosmka Hoca HST [4,60]. 3a ucniutuBame koudurypamuja HST
y TyHeny u3pabyjy ce moceOHe HWHcTajamuje moMohy KojuxX ce MOKe IMpeaBHICTH
MOHAINAKEe CTPYJHUX TTapaMeTapa Ha u3ja3y u3 TyHena [57-61].

Buncent (Vincent) [62] u Jlemopa u np. (Lepora et al.) [63] uctuuy na je
MPUMapHHU 3aJIaTaK MOJEPHOT MPOU3BOJIA YIIOTPEOJFUBOCT M ONTHMH30BaH OOJIHK/TOK Y
CBUM CETrMEHTHMa >HBOTa, OJ HJEje J0 KOHTpOJe, CTPYKType, YIpaBibama U Jp.
WNunycrpujcke rpaHe Ba3AyXoIUIOBHE WHAYCTpHje W OpoJorpaame Cy IpBE Koje Cy
OTIIOYENIC WCTPAKUBAkba ONTHMAIHUX pEIIeHha W BEIUKH JIe0 pPelIeHkha je YIpaBo
n3Hal)eH y OMOo-MHCITUPUCAHUM OOJTUIIAMA.

CaBpeMeHa HCTpaxHBama MOCTANIa Cy MYJITHAMCIUIUIAHAPHA YIpaBo Ja Ou ce
cyounya ca KOMIUIEKCHOIThy MpHpoHUX (peHOMEHAa W HUXOBE MPUMEHe, YKIbydyjyhu
UTEpATHBHHA TIOCTYNAK, KA0 M PACIOJIOKUBE TEXHWKE M MeToje (eKCIepHMEHTAHE,
TEOPHjCKE, aHATUTHYKE ¥ HyMEpUYKe) ca IUbeM HalaKeHma jeTHOCTAaBHUJUX pelieHa

3a mpuMeHy kako npukasyjy Jlo u ap. (Dou et al.) y paxy [60].
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Pa3Boj y mojenuHayHMM TpaHaMa OWOJIOTH]e, TEXHOJIOTH]E, HHKESHEPCTBA U JIP.,
JIOBEJIH CY JIO CTBaparka MOTIYHO HOBE MYJITHIUCITUIIMHAPHE Hayke OuoHmKe [25,26],
KOja ce MHTEH3WBHO pa3BHja MOCTEeImbe TpH Jiekase [63].

[Ipernen nmutepaType u3 OHONOTHjE Ce Yy MPBOM KOPaKy OJHOCHO Ha PA3TUUNATE
mauBade Mmehy kmBotumama. Hectepyk u ap. (Nesteruk ef al.) [65] cy y anammsm
YIOpEAUIN MHUHUMaIHE KoepUIMjeHTe OTIopa, THUI TPAaHUYHOT clioja TpU
onropapajyhum Re, m edukacHOCT y mimBamy pa3auuuTHX IuBada. Cryawja je
UCTaKjaa Ja cy HajO0o/bM IUIMBAYM OHH KOJ KOJHX je Telno NpPOoQUIHCAHO
XUJAPOJMHAMUYKY U KOJU TpU IUIMBamky OJApXKaBajy JTaMHUHApHO CTpyjame y Behem
orcery Re. O0nuK 1 HaUMH KpeTama Cy YCKO MOBE3aHM ca KapaKTepucTHKama IuiMBaya,
rZie je OJ] BaXXHOCTH H3IY>KEHOCT Tejia (OAHOC AyXKMHE W JeOJbHHE Tella KHUBOTHIHE).
Crynujom [65] cy HarnameHe OJIMYHE XUAPOJMHAMUYKE KapaKTepUCTHUKE IUIMBava ca
HajMambHUM MOTYNUM Cypin , KOj€ TUIMBAjy TIOJ CYNEPKPUTHYHUM YyCIoBUMA, Mehy Koje
criagajy pasHe BpcTe cabibapkd U Baxy (,wahoo®). Ox ocTanmmx BpcTa HUCTAKHYTE CY
Oapakyna, nendun u ajkyine. Jlomarno mnopeheme, mely moOpuM IIMBaYMMa M3 UCTE
BpCTe, je HampaB/beHa TopehemeM 1Mo mapameTpy OHOJIOMIKOT KamnamuTeTra |
e(huKacHOCTH TUIMBama, e cy Mely HajepukacHUjUM TTMBaunMa cabsbapke, ajKylie,
Oapakyja, mTyKa U CII..

[Ipema xnacuduxaiuju o0nMKa Tella U KpeTama KUBOTHExA U3 MOpa MPeaaTopu
Cy BpcTe Koje ce HajOpke Kpehy W TO KapaHTH(POPMHO WJIH TyHAPOPMHO, KaKo Cy
uctakan Be6 (Webb) [66] u Bunenep (Videler) y pamy [67]. [lpubnmxua Op3uHa
KpeTama 3a uHao—TManuudky cadbspapky je 109 km/h, cabipapke 78 — 110 km/h, ajkyre
oko 70 km/h u 6apakyay oxo 40 km/h, mpema moaniuma u3 oTBopeHne oudmoreke [68].
OBakaB HayWH IUIMBama ITOJpPa3yMeBa JIATEPATHO OCIUJIOBAIE pEa JKUBOTHIHE Y
Jy’)KAHU O]l TpuOMmmKkHO 1/3 Tema y pemHOM Jelly 0 JTy)KHHE caMmor pema, KOJ
TYHU(OPMHOT, IIPH YeMY ce TMOKPETH IJIaBe YMUPY]Y ca ckpahemeM TyKuHe Jiea Tela
koje ocruiyje. [locmaTpameM oOJHKa U KpeTama y KapaHTH(POPMHOM CTHILY, MOXE Ce
YOUHUTH Jia je OOJIMK TJIaBe KOJ HajOp)KuX, cabJhapKu W ajKyJia, CIJBOIITEH Kako Ou ce
YMamuo OTIOp OOYHOM KpeTamy TJaBe MpH IuiuBamy U JoBy [68]. @um u Pop (Fish,
Rohr) y [69] ucTuuy na ¢, Tena Hariio omaja ca mopacToM H3aykKema Tena L/D = 3,
HaKOH 4Yera je Oiaru naja npahen uznyxemem 10 L/D = 4.5, npu KoM je ¢y MAHUMAJTHE

BpEeIHOCTH 3a mpunanajyhy 3anpemuny tena. @um u Xjy (Fish, Xyn) cy y [70] namm u
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noaatak na Bpcta Delphinidae yripaBo mokpuBa 00acT T€OMETPH)CKOT TTapaMmeTpa Teia
4 <L/D < 11, npu yemy je ontuMmaina BpeaHocT on 3 — 8. Takohe, ayTopu cy mamu
IpUKa3 MPHUPOTHE BU3YeIU3allfja TpaHHYHOT ¢JI0ja KOJ Jeli(uHA TOKOM ILTHBama Y3
caMmy MOBpIIMHY, KOja IMOKa3yje JIAMHHAPHOCT y OOJacTH O]l Bpxa HOca IMa CBE JI0
OTBOPA 3a JINCakE, MPAKTHYHO TIeNoT ,,Hoca™ nenduna [70]. Y cTynuju ce uctuue na je
3a CMambemhe 0TIopa JaendrHa OuTaH yrnpaBo MOJ0Kaj] MakcUMalHe JAe0JbUHE Tesa, a Jia
ce JJaMWHAPHU TPAHUYHU CJI0j MOXKeE 3aJpKaTh U 110 45% nyxuHe Tema, IPH TOTOTHUM
ycnoBuMa. lMcrakHyTo je ma mocroje W IpYyTH Pa3IMUMTH HAYWHU YIPaBJbamba
IPaHWYHHUM CJI0OjeM, a THME W TOoOoJbINama XUJIpOoJuHAMUKe Tela, Mely Koje cmanajy
(¢uHa XpamaBoCT KOXeE, CeKpellrja, 3arpeBame Yy TPAaHUYHOM CJI0Jy KOJ TOIIOKPBHUX
KHUBOTHIbA, (puHE nedopmainje MOAKONKHOT TKHBA, TYypOYIHM3aTOpH Ha KOXH KOjH
CIpeYaBajy OTIEIJbEHE CTPYje U Jp.

W3 noctynHe nuTepaType O NTHIIAMa H3JIBOjEH je BOJOMap Kao OCHOBa 3a
npumeny 6uomumukpuje Ha BHST, u3 pasziora mro 3a orncranak mMopa Ja u3BplIaBa
eKCTpeMHe aKTHBHOCTHU y3 KOopHITheme caMo MaCHBHHUX Mepa 3a MOCTH3AME YCIIOBa 3a
ycreman JIoB. Bogomap mpuMmemyje /Ba HauWHA JIETEKIMje TUIeHA. JeaH Ha4YWH je
cavyeKuBambe y MUPY M3HAJ BOJIE ca Maje BUCHHE, a IPYT'M HAUMH j€ MaHEBap 3apamarba
U3 oOpyIIaBama Win Jied/1ea U3Ha 1 MOBPIIMHE BOJE, Y JUTepaTypu Ha3BaH MaHEBPOM
obpymraBame — 3apamame (,,plunge-diving™) [68]. ManeBap oOpyIraBame — 3apamame
3a BOJIOMapa je 4ecTo HeycIlellaH, 1ma Yak u noryban. ¥ oba Thia MaHeBpa MpakTHKYje
UCTy TEXHUKY ca pa3iuKoM y yOp3aBamy Tela W MIpaBIly KpeTama, IJIe Ce MOXKe
MPETIIOCTaBUTH Jla ca MUPHOT MecTa JIOBH y IUITMhUM Bojlama GoraTHjuMm pudoM, 0K
MaHeBap oOpylIaBame — 3apamame MpUMemYje Kana ce puda Hama3u Ha Behoj nyOunwM,
OJIHOCHO, KaJIa je TO jeJIMHHW HAYhH Ja J0 e (QU3HUKH Jonpe. Y TOKy oOpyllaBama,
BOJIOMap mpuiarohasa Bu Aa OH JIOIMPAO TUICH, ITOCTABJba Ce y TI0JIOKA] 3a 3apamarmbe
U 3apama. 3ay3uMarme MPaBUIIHOT MOJIoKaja Tella Mpe yilacka y BOAY MMa 3a IUJb
yCIIellaH JIOB, alli U mpeaynpehuBame MoBpea HaCTAIuX MpeonTepehemheM 1M0jeMHIX
JIeNIoBa Tea.

Y HekuM ciy4ajeBUMa KpuimMa yOp3aBa y TIOHHpamy W YjeTHO ycMepaBa
kperame, Xamunton [lejmc (Hamilton James) [71]. Bogomap moxe 3apamatu ca
MOJIypalllPEHUM WJIM CacBUM CKYIJB€HHM KpminMa. Takohe, y HeKuM ciydajeBUMa

3apama U ca OTBOPEHHM KJbYHOM. Tek KacHHje, kaja m3ahe Ha CyBO MHUPHOM MECTY
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BoJIOMap yOwWja IUIeH U TyTa.

[TacuBHE Mepe npuiarohaBama IpH JOBY KOJ BOJOMapa ce OJHOCE Ha: JCTEKIIH]y
U TO3WIMOHHMpAame IUICHA YHOTPEeOOM pa3IMYMTHX YHYTpAIIbHUX JeioBa O4YH]Y;
MOCTaBJbakhe Tella y MOTOJIaH IOJIOKAj 3a JIOB, U3 JIeO/ema, ca MPUOIMKHO CTATHUM
MpaBIEeM ca pa3jIMYUTHX BHUCHHA HM3HAJ BOJIE; YOp3aBame IO IMPaBIly W 3allITUTa O]
noBpeia nmpuiarohaBameM 0OJMKA TeJla U MMPOMEHOM TOJIOXKaja ¥ HAYMHA MMOKPETama
Kpuiia. 3a pa3jiiKy o]l BojoMmapa Jpyre NTHIE KOje KOPHCTe MaHeBap OoOpyllaBame —
3apamarme 3a JIOB, Kao ITO Cy 0On4Ha OyHa, MeTHKaH WK andaTpoc, ynorpedbaBajy u
MaCHBHE M aKTUBHE Mepe MpHUIpeMa 3a JIOB (MaXame KpUJIHMa, MOTHCAK CTOTaIMa ca
IUTOBHUM KOXKHIIaMa H JIp.), Tpe cBera 300T JOBOJHHOT IPOCTOpa MOJ BOJAOM Y KOME
Mory MaHeBpucaTh 0e3 moBpenaa. [1oBoiHE MpocTop Ha pacmoaramy 3a MAaHEBPHCAHE
BOJIOMapa je AyOuHe pejia BeIMYMHE Nap JAeCeTHHA IICHTUMeTapa U y TOM MPOCTOpPY OH
U3 TIOHUPAaba, ca BUCHHE OJ] OKO HEKOJIMKO MeTapa HHje y CTamy Ja MaHeBpHIIe 300T
BeJIMKe Op3WHE 3aparmarma H KpaTKor Tpajamka MaHeBpa. C Tora ce ImpeTnocTaBba Jia je
TO JIOBOJbAH pA3JIOT INTO HE BPIIM MOJBOJHE MaHeBpe. Kako BojoMap Tpaxu IUICH ca
CYBOT MecTa, He IulyTajyhu mo BoaM, OH HeMa IUIOBHE KOXHWIle W3Mel)y mpcTHjy Ha
HOTama, a IMOIITO JIOBU Y OJU3WHK CTAHHINTA, HE MTOCEYje BEUKY MOBPIIHHY KpHJIa.

[Tyrame oOpyIlraBama W 3apamarka Cy Hajuemhe Mmoj BP0 BEIMKAM HamaJIHUM
yrimom (-45)° — (-90)°, mpakTHYHO BEPTHUKAIHO, Y OJHOCY Ha TOBPIIMHY BOJE.
[IpermocTaBspa ce Ja Tako HAjOOJbEe MOTY MPOIEHUTH MECTO M AyOWHY Ha K0jOj je TUIeH
U Tako HajOpxe CTHXKY 10 mera. Jlpyre nNTuile Koje IpuMeryjy MaHeBap oOpyIaBame
ca TIypameM, ¢ 003UPOM J1a UMajy MOTYhHOCTH KOHTPOJIE MO BOJOM, 3aparmajy IO
MamHiM YIJIOBUMA WITH M3 T0JI0XKaja TUTyTaka 10 BOJIH.

Takohe, 3a pasmuky 0J MOPCKHX NTHIIA Koje NpuOerapajy oOpylaBame —
3apamame y y30ypaHo] BOJAM pajH Joce3ama IJieHa Ha Behoj ayOuHu, Oe3 TeHICHIIH]e
MPUKPUBaba, BOJOMAP Y MHOTO MambeM JIOMEHY U Y PEJIATUBHO MHPHO] BOJU KOPHCTH
OBaj MaHeBap MPBEHCTBEHO 3a MpHUKpUBamke. CBaKako, HE Marke 3aXTEeBaH JIE0 MaHEBpa
je W m3pamame BoJoMapa ca IJICHOM, J0 MHPHOT MecTa JMCTaHIUPaHOT M3HAI BOJE,
IIpU YeMy Ce O4YeKyje Jia FheroBO TeJO TPIHU XUApOoAMHAMHYKa ontepehema 300r cana
npUIoaTe Mace TUIeHa, yTHIlaja oOJMKa TpeHYTHE KOH(HTrypalmje Teia Ha XUApPOo- U
aepoIMHAMHYKH OTIIOP, Ka0 W HOBE pacmojelie ontepehema. Y TOKy u3pamama, mpemMa

JocTymHUM (oTorpadujama, €eBHICHTHO je J1a Ce€ KOPUCTH MaxameM Kpuja M0 BOJAOM
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Kako OM OCTBapHoO MOTHCAK MOTpebaH 3a MoBpaTak Ha MOBPIIMHY. Y OBOM pajay Maxmmba
je mocsehena (a3u maHeBpa 0] J1oJUpa BpPX KJbYHa ca BOJIOM JIO TPEHYTKa 3apamarba
KJbYHA U JIeJa TTIaBe.

C o63upoM ycoBe JIoBa, OOJIMK KJbYHA j€ OJ1 MOCEOHOT 3HAuaja 3a yCIEITHOCT
noBa. KibyH je mpBu €0 Tena Koju nmpuMa eKCTPEMHO XHJIPOJMHAMHUYKO onTepeheme, u
Kako je yTBpheHO IMocMarpamuMa W CHHUMameM [72,73] He Tpoy3poKyje YOUJbHB
CKOKOBHTH Tajac U pajujajHe Tajace Ha MOBPIIUHH, CBE JOK Y BOJY HE 3apOHU IJIaBa.
VY nurteparypu ce 1ojaBbyjy BpJIO INTYpPH MOJAIM O MAaKCHMAIHO] Op3WHH JIeTeHha U
jemaH o] pEeTKMX HaBOJU Jla je MaKcHMallHa IMpoleleHa Op3uHa oOpyllaBama
npuOmmkao 11 m/s, y3 KoMmMeHTap Ja MaHeBap HEKajga He Moke OuTu wucmpaheH
Op3mHOM cHUMama on 10 kaapora mo cekyHau, Mekdenaja (McFadyen) [73], mro je
YCBOj€HO Kao TOBOJbHO MpEIM3aH M0/1aTax.

[lomatke o moHamamwy #u Op3WHM KpeTama pazIuYuTUX BpCTa BoOJOMapa
npukazamm cy Kyke (Cooke) y [74] u bypnann (Burland) y [75]. Camo mamm 6poj
JOCTYITHUX pPajoBa je W3 0o0JacTH OMOHMYKHX HCTpaXKMBama ITHIA y MaHEBpPY
oOpyIIaBame — 3apamame U3BEICHUX 3a MoTpede mpuMmene y podotunu. Tako cy Jluanr
u ap. (Liang et al.) y pany [76] ctynupanu nu3aju Benauke OmyHe (Morus bassanus)
HYMEpUYKH U EKCIIEPUMEHTAIHO, Y CEpHjH ca NIPOMEHJbUBUM IapaMmeTrapuma u
ycllOBUMa KpeTama, npaTehu mpomeHy yOp3ama Tela TOKOM MaHeBpa. Hymepuuka
HCIUTHBaKka UMITYJICHE CUJIE U paclojiesly nputucaka Ha 3D OuoHnukom Mozeny OiyHe
y MaHeBpy nocMmatpanu ¢y Baur u ap. (Wang et al.) y [77] u Jaur u op. (Yang et al.) y
[78] 3a motpebe m3pane poborta. MHPopManmje 0 HCTpaXuBamHMa WA TPUMEHH
JIM3ajHa Teja BoJoMapa ayTop HHje MPOHAIIa0 y JOCTYITHO] TUTepaTypH.

[Tocrojehe Teopujcke W MeTO/E MCIUTHBAA, BPJIO IMHPOKO HCKYCTBO CTEYECHO
KpO3 MPETXO0/IHA UCTPAXKHUBAka U3 00J1aCTH MEXaHHuKe (Pirynsa, aepo- U XUIpOAUHAMHUKE
cy Oune yBpcTa OCHOBA 3a CTUIAE HOBUX 3HAMA, YCIIOCTABJHAME METOJIA U3 OBOT
UCTpaXKUBama, BepUpUKALM]y U aHAIU3y pesynrara. Mexanuka ¢rayuna je npana
CMEpHHUIIE W OCHOBY 3a WCTpaXuBame NpUpoAHuX (enomena u (eHoMmeHa
aepoIMHAMHKE BO30Ba 32 BEJIMKE Op3UHE.

denoMeHu U3 MexaHHWKe (uIyHaa MOBE3aHU ca MaJioM Tella y BOAy 300T CBoOje
KOMIUJIEKCHOCTH U MOTpede y HHKEHEPCKO) MPaKCH MPOyYaBaHU Cy O] CTpaHe MHOTHUX

aytopa. Hajuermhu mpumepn npuMeHe ucTpakuBama (EHOMEHA KOJI TTaJia Tejia y BOJY,
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Ka0 KOMIUJIEKCHOT Mpo0JieMa XUAPOTUHAMUKE, CY NMPHKAa3aHH y TPOIECY TU3ajHUpaha
Tpyna Opoja, OKeaHCKHX IUIaTGOpPMH, CTpYjara Y OTBOPEHUM KaHAJMMa, MPOjeKTHIIA,
npoOJieMa KBallJbUBOCTH M 3aBpIITHE 00pajie MOBPIITHHA, poOOTa U CJI.

Excnepumenrtanne wmeroge cy IpBe Koje Cy Jaie JONpUHOC Yy OO0IacTH
XUJIPOJMHAMHUKE Telia KOje Taja y BOJAY, a TeK HAKHAJHO Cy OCBOjEHE TEOpPHjCKE U
AHATUTHYKE MeToje. EKCIepHMEeHTH Cy TapalelHO YIOTpeOJhaBaHH Kao METOJe
BepuduKanyje W oOcepBammje IojaBa, NpeacTaBbajyhu ympomhene mpodieme y
JoKamHUM JadopaTopujckuM ycioBuMa. OcHOBHa MeToja Oelexema pesysrara
UCTpakwBama je ¢oTorpaduja, Kako Cy je TpPBH IMPUMCHHIA Ha MOJEN KyTJie
Bopgunrron u Kon (Worthington & Cole) y [79], nocnenmwux roguna XIX Beka. Ho, u
JaHac je Merona Oelexerma y OCHOBH HCTa, alld TEXHOJOMKH yHampehena ca
yIOTpeOOM BHUCOKO KBAJMTETHHX IUTHTATHHX CHUMaKa WM BHJICO MaTepHjayia, N
CHMMaK HEKOM OJI MEPHHX METOJia Koje 1ajy Yy pe3y/Tary KBaHTUTATHBHU IPUKa3
Tomorpaduje YnTaBe CICHE.

Mogenu Kpy>KHOT MOTPEYHOT Tpeceka, IMIIHHAAp U chepa, Cy Haj3acTyIJbeHU]H
MOJIeI Y HMCTpaXHBamMMa (eHOMEHa CTBapama Tajaca, OJ HCTpakhBama Maioka
(Mallock) [80] mo Meja (May) [81], caw4yHO CcTaHIApAHOM MOJEIY KyIlie ¥y
UCTpaXUBaUMa EKCIIEPUMEHTAITHE W TEOPHjCKE aepOIMHAMHUKE.

VY obnactu Opojmorpalime KPUTHYHH YCIOBH 3a JUMEH3UOHHCAFE CTPYKTYpe
Opona cy, u3mely ocranux, yCIOBH Py KojuMa OpoJT yJiapa 0 BUCOKE MOPCKe, HacTaje
y TOKy HeBpeMeHa (“‘slamming™), kako je ucrakao @anrucen (Faltinsen) kpo3 netasbue
MpuKa3e UCTpakuBama y [82], ca muipem nu3ajHuparma Op3ux OpOJCKUX cpejicTaBa. 3a
UCTIMTHBaka XHIPOJAWHAMHUYKKX edekara um omtepehema ycien ymapa Opoma o
c1000THY TIOBPIIUHY BOJIC MIPUMEYje ce pedepeHTHH Mojien obymka 2D KimHa, KOju
mpencTaBba  ymnpoimtheH TONpeYyHH Tmpecek Opoja Ha W3adpaHUM — MecTHMa
KOHCTPYKITH]j€, Kao IITO je MPHKa3aHo y mpuMmepy 3aHr u Jp. (Zhang et al.) [83]. Tlpu
XUJIPOJMHAMUYKIM HCIUTHBakbAMa CJI0O0OJHA TIOBPIIMHA BOJE je Yy IOYETHOM
TPEHYTKYy HemopemeheHna. XuapoJWHAMHYKAa HWCIHTHBAka KIWHOBA Cy y OCHOBH
npUMemMBaHa 3a moTpede mpemukije omnrepehema KOHCTpYyKIHje Opoma, IyTem
IpeuKIje oOMMKa W JMMEH3HMja CTBOPEHHX Tajaca M FbUMa CTBOPEHE pacrojerie
MPUTHCAKA 110 OKBAIIICHUM TOBPIIHHAMA.

Teopujy acummnToTa, Koja OmMHCyje YTHIQ] OOJIMKAa KJIWHA Ha OOJHK cio0oIHE
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MOBpINKHE, TPBU je pa3Buo BoH Kapman (von Karman) [84]. [IpoOneme ciuyHOCTH
CTpyjama 3a HECTHIUBHB (GIyHa Teopujcku cy oOpamunu Barmep (Wagner) [85],
[Tupcon (Pierson), Mowuces u np. (Moiseev et al.).

Pemagrajyhu mpoGiieme Be3aHe 3a M3IPKIJBUBOCT Opojia Ha ylape Tajgaca, KOjH
ontepehyjy KOHCTPYKIIH]y 0 KpajlbuX TpaHulla Ha y30ypkaHoMm mopy, JlobpoBosckaja
(Dobrovol’skaya) je y mpukasy cBoje meroae, y [86], mpumaromuna wu3paze u
AHATMTHYKA PpelTiia MpoOjeM 3a CeOU-CIIMYHO CTPYjHe, OKO TOMPEYHHX IpeceKa
KJIMHOBA Ca pa3jMYUTHM YIJIOBHMa Haruba mpema ciio00JHO] MHUPHO] MOBPIIHMHH,
OJIHOCHO, YTJIOBUMA KJIHA.

Jlanac je BeJIMKO MCKYCTBO W 3Hame u3 Mexanuke ¢ayuna (Kpayc (Krause) [87] u
Xupmen (Hereman) [88]) yrpaheno y codTBepcke makeTe 3a UTEpaTHBHO peIIaBambe
mpobiema, ITO Cy Ha NpUMepy Maja KIMHA y BOAy Tokazamu [asmzag-Axce u
Huxcepemr (Ghazizade-Ahsaee, Nikseresht) y [89]. Anekcanpay u ap. (Alexandru et
al.) cy y [90] ymopenuin Hymepudke pesyiTaTe UCIUTHBama Ha IMpUMEpHMa yaapa
Taimaca O Opoid, MOOHjeHHX pPa3IUYATAM HYMEPUUYKUM CcO(TBEpUMa, M TIPH TOME
MCTAKJIM TI0Y3/IaHOCT HYMEPUUIKHX METOA 3a pelllaBarbe OBAKBUX BpCTa MpodieMa.

Ocnamajyhu ce Ha HyMepHUKe METO/ie KOHAaYHUX 3alpeMuHa, mpoOJeM majia Tena
y BOAY, IyTEM CeTa UTEPATUBHUX HYMEPHUUKUX MpopadyHa je U3/ebeH Ha 3aceOHe au
MelycoOHO 3aBHCHE BpCTe MpopayyHa. JlenoBu mpopauyHa TpeTHpajy pa3induTe
(eHOMEHe y CEeKBEHIIaMa, KOjuMa ce 3ajeJHO OOJHMKyje CI000JHA IOBpIIHHA Kao
pe3yarar, a TO Cy: YTHIQ] TpaBUTalHje, HECTAIIMOHAPHOCT TI0jaBe, MyJITH(]A3HO
CTpyjame, MpUHYAHE nedopMalidje HyMEepHuKe Mpeke, MOJeNl 6-CTenmeHH-cI00o0/Ie,
6DOF (Six-Degrees-of-Freedom, 6DOF), moxen 3ampemunckmx yzaena ¢aza VOF
(Volume of Fraction, VOF) u moxmenoBame TypOyneHiuje (yTHIIQ] BHCKO3HOCTH
bayuna).

VYkparko, meroga VOF je cpx HyMmepuuke MeToje 3a onapehuBame o0IMKa
c1000/IHE TOBPIIUHE KOJA MYITH(A3HOT CTpyjarka U TMpeAcTaB/ba MOJIEN KOjUM ce
mpopadyHaBa oOymK uHTepdejca m3Mmehy (asa  yKbydeHHX |y  CTpyjambe,
JUCKPETHU3AIMjOM Yy BpeMeHY, IIPH YeMy Ccy mapaMeTpu MoJielia 3aBUCHU OJ] TPAaHUYHHUX
ycinoBa. Monen VOF cy npeu yBenmu Xupt u Hukomac (Hirt & Nikolas), mpukazan y
pany [91], cymTHHCKH BaykaH METO/T 3a oapehuBame o0mrka nHTepdejca, KOju 3ampaBo

IIpe/ICTaB/ba CI000HY MOBPIINHY, HyMEPUUKOM METOJIOM KOHAYyHHUX 3arnpemMuHa. Cam
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HYMEpPHYKH METOJ[ je HMCKa3WBao HeKe oJ mpodiiemMa y NMPHUMEHH, a BE3aHU CYy 3a
nepuaMMjy wHTepdejca m3mely ykpydeHmx (asza, re Kpo3 HCTopHujy aorahaja w
moMepaja Mojenia IMOHEeKaga Joja3d W JIo mpekuaa uHTepdejca. Mmak, caBpemeHa
copTBepcKa pelera cy ImpeBasullia oBakBe mpodieme, Tako na nanac CFD makern
kao mto je ANSYS Fluent [92,93], najy moy3anana periema, BepupuKoBaHa OpOjHUM
eKCIICpUMEHTHMA, W YCIIENIHO C€ MPHUMEHYjy y MHOTHM O0JIaCTHMa INPHMEHEHE
XUAPOJMHAMUKE, OpOoIoTpaIkhe WK OanmucTuke mpojektuia. [Ipumep mposepe nu3ajHa
npeceka Opoja KOMIUIEKCHE TeOMETpHje MCIUTaH HyMEPUYKHM METOJOM IpHKa3yjy
INaguvu u 1p.(Ghadimi et al.) y [94].

HctpaxuBama y o00lacTH TracoJWHAMHKEe, Yy oO0lacTUMa COHHYHE |
CYNIEpCOHMYHHUX Op3WHa, Cy MapajellH0 UCTpakuBajia U MOTYhHOCTH pa3Boja OpXKHX U
jepTHHHjUX MeToJIa OJf AaepOTYHEJICKMX M HyYMEpHYKHX. AHaioruja usMmely 1Ba
¢u3nyKa mporeca ce MOXKE YCIIOCTaBHTH aKO ce (U3MUYKU IPOIECH MOTY OIHCATH
€KBHBAJICHTHUM MaTEeMAaTHYKUM H3pazuMa. Tako je Ha OCHOBY aHAIHM3Mpaa MoHAIIamba
ci000/IHe TIOBPIIMHE HECTUIBMBOT (JIyHaa — BOJE, W HM3CHTPOICKOT CTpYyjara
CTHIIJBUBOT raca pa3BHjeHa XHJIpayIndKa aHaJIOTHja.

Mely npsuma, IIpeucsepk (Preiswerk) [95,96] u Opmun u ap. (Orlin et al.) [97]
ONHCY]y METOAY aHaJoTHje W BepuduKyjy pesynrate. lIpecmukaBame ImyTem
XUJIpayJInIKe aHaJIOTHje TOpa3yMeBa Jia je 3a MOCMAaTpPaHW rac OJHOC CHelu(pUIHIX
TOIUIOTa K = 2, yMecTo Kao Koja Basayxa 1.4, [95-99]. V cayyajy mOAKpHTHYHHX
cTpyjama npema anammsu [ 'mimop u ap. (Gilmore et al.) [100] umarnnapuu rac ce Moxe
cMarpaty BazJlyXxoM, a pa3jiuKe y BPeIHOCTUMA 3aHEMAPUTH.

Xunpaynuuka aHaimordja omoryhaBa nma ce momohy XHIPOAMHAMHYKHX
eKkcrepuMeHnara johje 1o ca3Hama O TOHAIIAlky Taca MpH Pa3IHYUTHM YCIOBHMA
cTpyjama. Tamac Ha c1000/1HO] TOBPIIUHY BOJIE, Y XUAPOTUHAMUYKOM HCITUTHBAY, j€
perpe3eHT KPUTUYHOT CTpyjama, aAeduHucaHor ycioBom Fr = 1, m Taga je Op3uHa
CTpyjama jenHaka Op3WHH KpeTama Tajaca. V3paxeH OOJMK WM CTBapame KPYHHIIE
Tajiaca rpare ycJOB HaJKpUTHYHOT cTpyjama mpu Fr > 1, kama je Op3uHa crpyjama
naneko Beha o1 Op3uHe KpeTarma Taiaca.

Xwunpaynnuka aHaJIOTHja J1aje Kopenanujy u3Mel)y mapamerapa oOrKa Tajaca Ha
MOBPIIMHYU BOJIE, Y TUIMTKOM KaHAJy, M IapaMerapa CTHIILJBUBOT CTpyjama Baszlyxa, y

2D mpocropy. OcHOBHM MapameTap o0JIMKa Tajxaca BOJIe je JIOKaHa JyOuHa, JO0K je 3a
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rac OCHOBHU IapaMeTap CIMYHOCTH T'YyCTHHA Ba3ayxa. Y CMHUCIY MPHUMEHE U TyMauyermha
pesyiTaTa CBaKako je HajBaKHHjH H3pa3 jemHakoctu m3Mehy ®pynosor Opoja, Fr, m
MaxoBor 6poja, M, 3a cTpyjame IMarnHapHor raca (k = 2).

MHOTH eKCIepHUMEHTH Cy MOTBPIMIN BPEIHOCT XHJpAyJIHYHE aHAIOTHje KpO3
JI00py MpEeAUKINjy YCIOBa CTpyjama Y Ba3ayXy Ha OCHOBY €KCIlepuMeHaTa y BOJH, OBO
MoceOHO y yCIIOBHMa KOMIIPECHOWIIHOT cTpyjama y Bazayxy [98-105], y3 mpumeny
3HAYajHO YyHampeheHMX MepHUX MeToja 3a AeduHucame Tomorpaduje cioboane
noBpimHe Bojae. CaBpeMeHe eKCIepUMEHTaTHe Merone cy omnmcanun Kymap u ap.
(Kumar et al.) 3a mpumeny metone PIV (Particle Image Velocimetry) [106], JlaBunika u
np. (Lavicka et al.) [107] mepeme ayOuHe BOjJE Ha BOJCHOM-CTOJIY MHUKPOMETPOM,
BH3YEJIM3aI[HjOM Tajlaca MEeTOJIOM Kojupama 0oja y mpumepy Apenrie u Cxjyc (Arendze
, Skews) [108], kao u mpuMepH IpUMEHE Pa3TMUNTUX HyMepHukux Metosa [106,107].

YV MHOTUM mIpo6iieMUMa U3 Mpakce MOTIyHa CIMYHOCT JBa MOJIeNIa HEe MOKe OUTH
UCIIOIITOBaHA, Ma ce mpuderaBa aHaIW3M pe3yjiTara HCIHUTHBAKA I0J] YCIOBHMA
HETOTIYHE CIWYHOCTH. Y TIPUMEHH, HEMOTIyHAa CIMYHOCT C€ TMpeBaswia3d Ha
pa3uuynTe HauyMHE KOjU y MHOTOME 3aBHCE OJ] HaMeHe MPOTOTHIA, PACIIOJIONKHBHX
UCIUTHUX HMHCTaNAallMja, ald U UCKYCTBA U3 00JacTu. Y Ba3IyXOILIOBHO] MHIYCTPH]jH,
mpo0JieMH HEMOTIIYHE CIWYHOCTH U TPOIEHA aepOJMHAMUYKUX KapaKTepUCTHKA ce
U3BOJM KOPHIOBamk-EM pe3ylTara JOOHMjeHHX 3a Mojiela ca pe3ylTaTuMa CTBapHUX
UCIHTHBamka MpoToTHHa y Jery. Ha ocHoBy Benwkor Opoja WCIUTHBama |
CTAaTUCTHYKHUX aHAJM3a Ce, y jeJHOCTAaBHUM CJIy4ajeBHMa WIIH 3a CTaHAapIHE OOIMKe
MOJIeTa, MOTY TIPOIIEHUTH KOPEKIIHje Koje y3uMajy y 003up pasimke u3Mmely mojia3HuX

MoJea.
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3. TEOPUJCKE OCHOBE

3.1. UcnuTuBame 00JIMKA U KBAJUTETa 00jeKkaTa

Y caBpeMeHO] HHIYCTPHjCKO] TIPOHM3BOIBM M penapaTypHOj MpaKCH KOHTpOJIa
KBaJIUTETa MPOM3BOJA, KA0 W PEBEP3HH WHXKEHepHHr [109], cmamajy y Moxia
Haj3aXTeBHH]E OTepaIldje y mporecy Mpou3Boimke. J(H3ajH mponu3Boa, u3 BPJIO IHPOKE
naiere, je y BehmHM ciydajeBa KOMIUIGKCHE T'e€OMETpHje, cacTaBaJbeH OJ HH3a
3aKpUBJACHUX TOBPIIMHA KOj€ j€ Yy ONIITEM Cjydyajy, Kao INTO je HHAYCTPHjCKa
MIPOU3BOJIbA, BPJIO 3aXTEBHO IPOjEKTOBATH, W3BECTH M KOHTpOJHUCATH. 3a ToTpede
KOHTpOJIE KBAINUTETA U Je(puHuCcama 00IMKa TOTOBOT MPOM3BOJIa YIOTpeOsbaBajy ce H
pa3BHjajy pa3UUMTe METOJe M ajaTd, 3aBHCHO Of MOTPEOHOT HHUBOA KBAJIHTETa Y
3aBpirHOj (azwm [110]. 3ajeqHnyuko 3a MeTOIe KOHTPOJIE 00JTMKA M KBAJTUTETa U3pal)eHMX
NpOW3BOJIa y TIPUMEHH j€ HEJOCTaTaK y HEIOBOJHPHO e(PUKACHOM NPUKA3HBAKBY
pesyarara. [Ipon3Bos ce moaBpraBa HCIUTHBAKBMMA TTOMONY pa3IMUUTHX METOJIA pajiu
CKJIanama MeJOKyITHe CIIMKe U Bepu(uKalyje ca mojJa3HuM 3aXTeBUMa.

VY HcTpaxuBamy U3 OBE JOKTOPCKE JUCEpTaIlHje YIOTPeObeHE Cy JBE METOE 3a
neduHMCame 00IMKa y30paka, OJTHOCHO, TUTUTAIN3ANN]y: (hoTorpaMeTpHjcKka METoIa U
3D nacepcko ckeHupame. Metoma ¢ororpameTpuje ce y IMpakcH IoKa3aia Kao
epuKacHa MeToja 3a JAWTHUTATU3AIN]y KOMIUIEKCHHX OOJMKa Kao IITO Cy MY3€jCKH
Y30pIIH, U TO Y BPJIO MIHUPOKOM JIHjana3ony radaputHux aumensuja [110].

Metona 3D jacepckor CKEHUpama je y MPOTEKIMX JeCceTaK TOAMHA J00mia
3HAYajHO MECTO Yy TPOIECY KOHTPOJIE WHAYCTPHjCKUX IMPOU3BOJA M JUTHTAIH3AIIN]E
pasHOBpcHHX o0jekara, momrto cy mnotpeOHum WT pecypcu mocraim JOCTYIHH,
Majcroposuh u YKuskosuh [111], [Tonmuh u ap. [112]. Tlopen HaBeneHUX, KiIacHUHE
BHCOKO KBAJIUTETHE METOJIC 3a KOHTPOJTYy TIPOM3BOJIA U KPUTEPH]YMH TAYHOCTH OOJIHKA

U KBaJIMTETa MOBPIIWHA, HAJIpe Cy NPHUMEHUBAHE Y Ba3AyXOIUIOBHO] WHIYCTPHUJH U
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aepoTyHeJICKUM ucnuTuBamuMma, Jlmamh w Mpkam [113], Xuskosuh [111,114], a
MOTOM Cy C€ MPOIIMPHIICE U HAa MPUMEHY Yy UIMPOKO] MHAYCTPUJHU, TIPE CBEra jep cy
3aXTeBH 3a TadHocTUMa moctaimu Omwmcku. Ho, kmacwunm ypehaju 3a KoHTpoy
KBaJIUTETa O0JTMKA TTPOU3BO/IA 110 TAYKACTO] METOIM (HAIp. ca PyOMHCKHAM BPXOM) HHUCY
MOTOJHMA 3a JIUTHTATU3alljy TPUPOJHUX OONWKa, W3 paszjora INTO j€ caMo
MO3UIMOHUpA-e TTPUPOTHOT 00JMKa Ha ypehajy oTexkaHo M, Kao y ciiydajy BojoMapa

HE MOCTOjU peepEeHTHH MO/IEIL.

3.1.1. ®oTorpamMerpujcko oapehuBame 00/ 1MKa U MOBPIIMHCKE TEKCType

dotorpamTeprja je HAaydYHO-TEXHHYKA METOJA 3a T[AacCUBHO OE3KOHTAKTHO W
HE/IECTPYKTHBHO OJjpejuBame KBAIMTATUBHUX W KBAaHTHTATUBHHX OCOOMHA OO0jeKTa,
ynoTpeOOM HH3a CIIMKOBHUX Tpukaza oOjekra, [110,115]. CorukoBHH TpHKa3d MOTY
OWTH HAYMbEHU PA3IUMYATHM TEXHUKama — OJ CHAMarma (OoToarnapaTroM, JTUTHTATHAM
KaMmepama 10 ynmorpebe TepMokamepa 1 jJacepa. Hajuemmhe mpuMernBana je TuruTaiHa
dotorpaduja objekara. O0jekar ce CHUMA y cepHjama, U3 BEITUKOT Opoja Mmoyioxkaja, ca
npekianameM 01 60% MmoBpImuHE CHUMKA (CIMKa 2a), Kako OM ce PerHCTpOBa0 CBaKU
JileTalb Ha 00jeKTy W3 MTO je Moryhe Buie moriena. @otorpamerpujcku 3D mozmen ce
no0uja HaKOH ypehuBama cepHje cliika W o0paje padyHapckuM mytem. Kao kpajmu
pesynrar OiuckomoMeTHe (hoTorpamerpuje moduja ce 3D Hymepwukm Mojen o0jeKTa
(mamp. ¢opmara .obj, .stl m ap. ) Koju y cebu caapxku wHPOpMaAIHje O TUMEH3UjaMa,
JleTaJbuMa | TI0JI0XkKajy 00jeKTa y MPOCTOpy, Kao W IMojaTke o 0ojaMa U TEKCTYypH
nospmuHa [110].

VY ocHoBH (oTorpameTpuje je oapehuBame MoioKaja CBaKe Tauke Ha TOBPITHHH
MoJiella METOJIOM TpHaHTyjanuje (mpuMep 3a JBa CHHMKA INpHKaszyje ciuka 20), a
onariie ¥ oOJMKa MOBPIIHHE O0jeKTa. 3a CBaKy Tauyky Ha OOJEKTy, YHjH j€ TOJI0XKa] Y
POCTOPY HEMO3HAT, NOTPEOHO je HEeKOIHMKO AeduHucaHux u MelycoOHO MOI0XKajHO
3aBHCHUX IPOjEeKITHja.

Y 0BOM HCTpaXwBamy je yIOTpeOJheHAa METO/Ja KOHBEPreHTHOT KaJlpHpama ca
Pa3IMYNTHX YAAJbEHOCTH Of mpenMmeTa (ciuka 20), KOJ KOT IEHTpallHEe IMPOjeKIlnje
mocMaTpaHor 00jeKTa HUCY y MCTOj paBHH HHUTH Cy HapaieiHe, Beh cy mocraBibeHe

Mel)ycoOHO 1Mo U3BECHUM YTJIOM M Pa3IMuUTHM pacTojamuMa o1 00jeKTa.
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(a) mpocTopHO pacnopeheru (0) mema TpuaHrymnaiyje ca KOHBEpreHTHUM

HOJ'IO)KajI/I 3a CHUMAamEe KaJlpupamEeM U3 IBa nonomaja

Cmuka 2 Illemarcku mpukas GpoTorpaMeTprjcKe METOIe CHUMamba

[Tonoxaju mpojexiyja Tadaka cy AeUHHUCAHH TOJI0XKajeM Ha ¢oTorpaduju, a 3a
MMO3HATH TT0JI0XKAaj JUTUTATHOT anapara, OJJHOCHO, MeCTa OUHINTa Koje je JeUHICAHO 3a
KoH(UTYypalyjy oOnTuukor ypehaja um ceHzopa amapara. TpuaHryianudjom ce,
yrpomheHo MPUKa3aHo, MAaTEMAaTHYKHM ITyTeM, JOBOJIC Y OJHOC TIOJI0XKAjH JIBA OYHIITA
3a JIBe MpOjeKIrje 00jeKTa y IeHTpaTHO] MIePCIEKTHRH, U JIBa 3paka npojekuuje (S'4 u
S7’A), 3a onmpeheHy Tauky Ha MOBPLIMHH O00jeKTa, MpPH 4YeMy je mo3HaT mehycoOHu
MPOCTOPHU MOJI0XKa] ovrITa mpojekiyja (S'S’’). OuninTa nepcrnekTuse cy AepuHrcana

3,00

y JIOKQJTHOM KOOPJIMHATHOM cHUCcTeMy Kamepe, xS’y ' u x’’S’’y’’, BeKTopuMa poTaryje u

TpaHCIaIyje, y 0JJHOCY Ha MPUHITUIHN]EIIHA KOOPMHATHHA CUCTEM, X).

3.1.2. IIpocTopHo Nacepcko HCIHUTHBaMm-e 00/MKka o0jexaTa —J/lacepcko 3D

CKeHHpam-e

Jlacepcko 3D ckeHmpame je MeToa 3a 0€3KOHTAKTHO KBAIUTATHBHO W KBAHTHTATHBHO
onpehuBame 00MMKa y30pKa W JepUHUCAE TOBPINMHA, KOHTUHYAIHO IO BHIJBHBUM
MOBpIIUHAMA, BUCOKOT KBaiuTeTa Mepema [116-119]. Benuka npemnoct MeTose je 'y
¢ekcnOMIHOCTH U MOOMITHOCTH caBpeMeHHX ypehaja, koju omoryhaBajy Mepema Ha
TEpeHy W3 jeJHe TocTaBke ypehaja 3a CHUMama W W3 BHUIIE TO3WIHUja. MaHa OBaKBe
METOJIe KOHTPOJIE MTPOM3BO/Ia j€ Y TTOHAJBUINE Y BUCOKO] IIEHH MEPHOT IMakeTa. Meroaa

ce mpuMmemyje y oOnacTh odyBama KyinrypHe Oamrune [112], apxeonormju [117],
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MEJIUIIMHKA B aHTPOTIOJIOTH]jH, IasieoHTosorHju [118], u ap.

[Ipunmun mepewa momohy T13B. 3D Jacepcke MeTOA€ CKEHUpama IEMaTCKU
npukasyje ciaumka 3a. [lpwHIHMI MeTone ce 3acHWBAa Ha T3B. TPHAHTYJIAMH —
MIOBE3aHOCT BEKTOPA CBETJIOCHOT CHOTIA, €JIEMEHTAPHHUX hesrja IeTeKTopa U IPOCTOPHU
mosioxkaj jJacepckor ypehaja u xamepe [110,112,116,119]. Jlacep mpou3Boau paBaHCKH
CBETJIOCHH CHOTI KOjH, Ma/1ajyhu Ha mocMaTpaHu o0jeKaT, OCBEeTJhaBa jeJIHY JIMHU]Y Ha
o0jekty. OcBeT/beHa JHMHHjAa TpHUMANA CKYIy TIOBPIIMHCKHX Tadaka JIOKAJTHOT
MOTIPEYHOr TpeceKa, Ipeceka KOJU YjeAHO TMpHIaga paBHU CBETJIOCHOT CHOIIA.
OcBeTsbeHa JIMHUjA Ce cMaTpa MOBE3aHUM HH30M IMPOCTOPHUX Tayaka. OnTudku ypehaj
Ha Kamepu IpuiarohaBa youeHH 0J/ipa3 OCBET/bEHE JIMHH]E U Mpocielyje ra netekropy.
JleTeKkTop CBETIIOCTH JUCKPETH3Yje 0/Ipa3 CTBAPHOT JIMKA, UMAarnHApHU JIUK, Y H3BECHO]
pe3oNIyIMju M CcTBapa Aurutanmm3oBany 2D cinuky. PaBanckoj ciwmm, kako Om ce
neduaMCcaa U Tpeha nuMen3uja, motpedan je u Tpehu momarak, mogarak o mehycooHOM
moJiokajy Jiacepa u kamepe. OBakaB MocCTynak ojapehuBama MPOCTOPHOT TMOJI0XKaja
CBaKke JICTEKTOBAaHE Tayke Ha OCBET/bEHO] JIMHUjU Ha3WBa ce€ TpHAHTYJallHdja.
[Tomepamem nacepa, OJHOCHO POTAIMjOM JIACEPCKOT CHOMA IMOJ YIJIOM O, MEPH Ce
BHJIJbHMBA CTpaHa 00jekTa. Bpso yecTo ce objekar mocraBba Ha OOPTHO TOCTOJbE TAKO
Jla ce cHUMa 00jeKar y jeIHOM IpoJia3y ca CBUX CTpaHa.

Jlanman u Tayowmn (Lanman, Taubin) onmcyjy 1a KOHTHHYHPAHO KPETame camo
MEpHE TJIaBe Y JeTHOM ITUKIIyCY Mepera, WK OOPHYTO, KpeTame 00jeKTa JIOK je MepHa
riaBa craOWiiHa, IpeJCTaBhba jeJaH CKeH WM CHUMAakK, 3a KOju Cy JepUHHCAHU
TPEHYTHH JIOKAJTHH KOOPJAMHATHU CHUCTEM Y KOME j€ CMEHITeH BHPTYyeIHU objexar y
OJIHOCY Ha jemuHCTBeH, nmpuHIunujenHu [119]. IlpukymbpeHn mojamyd o W3MEpEeHUM
MOJIOKAjMa TIOBPIIMHCKUX Tadaka O0jeKTa y IMPOCTOpY, W3 CBAKOT I0jeTUHAYHOT

CHMMama, Kpeupajy T3B. 00JaK Tavyaka .
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P PaBancku nacepcku

1y, CHOT Jlacep

Oojekar

CTBapHHU MK
OnoujeHu
CHOII

JleTeKToBaH JIMK

OnTUYKy |

Jerextop |

3]1 ckeH
objexra

5

(a)

(©)

Cmuka 3. [Ipuanun 3D nmacepckor ckeHupama o0jekara u e uHAnr]a
MepeHe TayKe TPHAHTYJIAIldjoM BeKTopa moJioxaja [116]
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Cnuka 306 mpukasyje KOMIIOHEHTE BEKTOpa CBETJIOCHOI cHoma L, u L., xoju

OTIHCY]y KpeTame CBETJIOCHOT CHOIA, POTallKjy OKO OCe poTaluje Apikaya jlacepa H
poranujy npxkada nacepa, (3) [119]. Bekropum xoju nmeduHUITY JdeTEKTOBaHE
JIUCKpeTH30BaHe Tauke, P/ — P6, Ha jeHO] OCBETJbEHO] JIMHH]U Je()UHUCAHU PEIOM,
(omo3ro Ha joie, ciauka 30 Kao mpuMep) , IpH YeMmy je pexHu Opoj hemuje yjemHo u
KOOp/IMHATa Tauke HAa MMarvHapHOM JIMKY y X ¥ } TpaBlUMa JIOKAJTHOT KOOPAMHATHOT
cucTeMa JeTeKTOPCKe II0YnIle ca MepHUM henmjama. OcTai BEKTOPU KOjU MPUTIANA]y

MepHHUM henmjama cy HyJe, jep He JETEeKTYjy AeloOBe MMardHapHOT JIMKa OCBETJhEHE

JUHH]C.
0 sino
L—x= 0 =const.,z= cosa |,
1 0
Koo = Ko1 =Koy =0, Kjg =Ky =Ky =0, ...
T73: Kpy =| | |, T64: Kgg <[ ©
) TR ©

T1: K [6j T66'": K (6j
F Res = > N ;
5 6

— (5 — (6
T56' K56 = (6j, T68': K68 :(8J

JlicKpeTH30BaHU TOAd O UMarnHaApHOM JETEKTOBAHOM JIMKY, C€ TIPETBapajy y
€JIEKTPUYHE CHUTHAJE W TPHKYIUba)y, Aa OW, HAKOH YKJbyuMBama M TIOJaTaka o
y3ajaMHOM TIOJIOKA]y HW3BOpa M JIeTeKTopa, Owiu oOpaheHH CHerujaTn30BaHuM
nporpamoM Tpom3Bohaua ompeme. Ilpukas BuUpTyeHOT 00jeKTa ce y pe3yaTary MOXKe
MIPEJICTABUTH Y BUJIY TOJUTOHATHE MpPEXe, U UyBaTH Y BHJLy HEKOT OJ1 cTaHIapHuX 3D
dopmara (.iges, .stp, .stl 1 ci1.), wm y 00Ky TekeTyarmHor (ajia y GopMH MPOCTOPHHUX
KOOp/JMHATa o0Jlaka Tadaka ca IOBPIIMHE 00jeKTa. YKOJIHKO c€ paad O BpJIO
KOMILUIEKCHUM Y30pIIAMa, Kao IMTO Cy NPHPOJHU oOimiu, 3D ckeHupaHu MoJernn
MOpajy ce MOABPrHYTH KOpEKIjama Ipe dajbe ynorpede, kako cy npukasanu [laymm u
np. (Pauly et al.) y pamy [120]. MpexHu Monenu ce Hagabe MOTY KOPHCTHTH 3a
JIM3ajHApAbEe UM PEKOHCTPYKIH]y oOnmka monena [117,118,120]. Keanmurer cHumaka

JIUPEKTHO 3aBHUCHU OJ1 aMOWJEHTATHUX YCJIOBA, OCBET/bEHa U pedieKCcHja, OCETIbUBOCTH
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MepHOT ypehaja u KBaMTeTa MOBPITHHA MEPEHOT 00jEKTa.

3.1.3. Mukpockonuja

3a ucnutuBama oOjekara gumensdja ox oko 0.1 um go 10 mm yoOuyajeHo je
Kopumheme ONTHYKOT MHUKpOCKoma. MOJepHH MHKPOCKONU Cy JW3ajHHpaHH Ja
pHKa3yjy IBOJUMEH3HOHAIHE CIIMKe (DOKycHpaHe y MpaBIly YIPAaBHO HAa pedepeHTHY
paBaH y30pKa.

AJIleKBaTHUM TIOCTaBJhAFbEM Y30pKa, CHHUMAameM U aHaJIM30M oMoryharajy
JetasbHO ucnutuBame y 2D wm y 3D mpoctopy [121,122]. MoaepHu ONTHYKA
MHUKPOCKOIIH Cy TIOpe/T ONITHYKOT ypehaja 3a yBeanuaBame ONPEMIbCHU U JTUTHTATTHAM
ypehajuma koju MOTy 3a0€Ne)KUTH TUTUTATHH CHUMAaK MMOCMATPaHOT Y30pKa, ajld UCTO
TaKO U BUJIEO MPHKa3, Y3 HOJIPIIKY CHEIHjaTi30BaHUX MIporpama.

3a morpebe Mammparma MOBPIIHHE Yy30pKa MHKPOCKONH CY OINPEMJbCHH U
MOMEPJBPMBHM TIOCTOJbUMA Yy paBHU Y30pKa, ca JIelhHpUMa KOju omoryhasajy
pPETUCTpOBamE IIOJI0OXKAaja Y30pKa y OIHOCY Ha pPaBaHCKH KOOPJWHATHU CHCTEM.
Muxkpockonu omoryhaBajy m Mepeme ITUMEH3Hja TyOWHE JieTajha Ha y30pKy momohy
MUKpPOMETpa KOjU je TIOCTaB/beH HAa MEXaHHW3My 3a IOKpeTame ONTHYKOT ypehaja.
dokycupamkeM y paBHUMa HajHIDKET W HAjBUIIET MeCTa Ha W3a0paHOM CErMEHTY
MOBPIIIMHE Y30pKa U OYHTABAEM II0JI0KAJHE PA3IMKe HAa MHUKPOMETPY IHPEKTHO Ce
onpelyje u BUcHHA HepaBHUHE HA cerMeHTy [121].

Kanma ce mocmaTpajy THIOBH ONTHYKHMX MHKPOCKOIA, W3 YIJia OBOTa paja,
Haj3HAYajHUja je Tmojena Ha kiacuuyHe W peduektyjyhe. Kimacwyan MHKpocKor
MPOMYINTAa CBETJIOCT KpO3 MPOBUIAH Y30paK, ajld €€ MOXKE JOHEKJIe IMPHJIAroJAUTH
CHUMamuMa ca pedrekchjoM Jo7aBambeM ApPYrUX H3BOpa CBETIOCTH. JlonaBame
CBETIIOCHUX M3BOpa Cca KapHOM HHTH, OOYHO — W3HAJ Y30pKa, y3pOKyje mpobiaeMe Kao
IITO Cy: 3arpeBame y30pKa, HEJOBOJbHA KOJMYHMHA CBETJIOCTH W cllaba peduiekcuja,
HETPUCTYIAYHOCT Y30PKY Ca CBHX CTpaHa npu Mmanwpamy u 1p. LED ocBeribeme
IpeBa3uja3d OBakBe MpobiieMe W Jaje JIOBOJHHY pedIIeKCH]y CBETIOCTH 32 CHUMAhe
HeMpoBUIHUX oOjekara. Peduektyjyhm Mukpockonmu ce yoOuWdajeHO KOpHCTE 3a
UCTIIMTHBAE HEMPOBUIHUX y30paka (Metasorpadcku), W ¢ Tora je KOJA FbHX H3BOP

CBETJIOCTH TIOCTAaBJbEH ca CTpaHe Y30pKa Tako Ja MHUKPOCKOIl PETUCTPYje CIUKY
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CTBOPEHY pe(IeKTOBAaEM CBETIIOCTH O] 00jeKTa, a He CBETIIOCTH KOja je& IpoIia Kpo3
MPOBUJIHU Y30paK.

Cmuka 4 mpukasyje (QyHKIIMOHAIHY IIEMy MHKPOCKOMA. YBEIUYBAFE CITUKE
y30pKa ce MOCTHUXKE CKYIIOM O0jeKTHBCKUX ((PPOHTATHO M HEKOJIHMKO KOPEKIIMOHHMX) U
OKyJIapcKuX counBa (cabupHO M 04HO). OOjeKTUB 00Opa3yje CTBAapHU M yBEIWYaH JIHK,
ami w3BpHYT. CTBapHM MK ce MocMarpa y3 TomMoh OKyiapa Kaga ce J00uja
MMarvHapHH, YBEJIMYaH JIUK y MCTO] PE30NIylHju. YKYITHO YBEIHYamhe MHUKpPOCKOMA je

MIPOM3BO/I yBeInUyama 00jeKTuBa u okyjaapa M = M obj M et -

t

Onruuka gy’kuHa
TyOyca MUKpOCKOTIa

PaBaI(—Iz) | PaBan
Slhie 5 - ciuke (4
CrBapHU Jobj Jokul | . -( )

JIMK 00jexara

S FR S
=

PN
Wmarunapun | Fobj
MK o0jexata

O0jexTuB o

«

Pagan ciuxke (37)
(beckoHAYHO
JIaJICKO)

d=250mm

S -

Cnuka 4 OyHKIMOHAIHA IEeMa MUKPOCKOIa

[lonpeuno yBenuyame cucTeMa 3a HPOJEKUH]Y, Myroj = fobilf oku » TIPEACTaBIbA
OJTHOC JKIDKHUX JaJbUHA OO0JeKTUBA, fop, M OKYIapa, fory. YKYIHO YBEIHUYame Ha
CEH30pY Kamepe, Kajia ce JUPEKTHO ca OKyJiapa MPOjeKTyje CIMKa Ha CEH30p KaMepe je
Mukupno = Mopj Dlfokus, TIE CY Mop; yBEIHUame 00jeKTHUBA M D pacTojame 0 OKyJapa 0
nerektopa kamepe [112,123].

3a noTpebe cHUMama y30paka JaHac Cy Y YyHOTpeOW JTUTHUTAIHH WM KJIaCHYHH,
npuaaroeHn MUKPOCKOIM KOjEMa je Kamepa CMEIlTeHa Ha MECTy OKa ImocMmarpada, a
CHUMame W o0pana ce Bpmu pauyHapckd. Kamga ce mocMmatpajy 00jeKTH MPHPOTHOT
00JIMKa WM 3aKPHUBJHCHH, CaMO JIe0 CHUMKA HW3a0paHe MOBPINUHE 3a TOCMaTpame uMa
W30IITPEH M3TJIeA U TO OHAj KOjU ce Hala3u TpeHyTHO y (okycy. Jla 6u ce HampaBmia

HU30UITpCHA CJIMKa KOMIIJICTHE IIOBPHIMHE ITOCMAaTpamba, HOTpeﬁHO je II0 JACJIOBHMa
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nocMarpaHe IMOBPIIMHE H30IMITPABaTH CIIMKY, TAKO Ja CepHja CIMKa CaJApKU U30IITPEHE
CHUMKE CBHX JI€JIOBa IIOCMaTpaHe IIOBPIIMHE. JEeIMHCTBEHA W3OIITPEHA CIIUKA
mocMarpaHe TMOBPIIUHE ce JT00Wja CIENHjaTATOBAHUM IIPOrpaMoM 3a o0pajy CiHMKa
KOjU BpINH CEJIEKIHjy ¥ KOMOWHOBamE€ H3OIITPEHUX JEJ0BA CBAKOT CHUMJBEHOT
CerMeHTa. ManmpaHa MOBpIIMHA IIOCMAaTpaHOr o0jeKkTa ce JAo0Wja yKIamameM CBHX
npeTxoqHo oOpaljeHHX cinKa, JOOWjeHHX HpPU HCTOM YBEIWYAlby, Ca PasIdnIuTHX

ImocMaTpaHux IMOBpIIHHA.

3.1.4. Mepeme XpanaBocTu

XpamaBocT TOBPITMHA Y30pKa je jeflaH oJ mapaMmerapa Ipu JeduHucamy Tororpaduje
MOBpIIIMHE U JeUHNUCAHA j€ Y IpaKcH Ha BuIe HaunHa [124]. Jegan o meTona Meperma
XpamaBoCTH je Mepeme NpoduiHe XpamaBocTd mnomohy mpoguinomerpa. Pesynrart
Mepema TpeJCTaB/ba CPEelilby apUTMETHUKY BpPEIHOCT OJICTYNamka HEpaBHUHA
epexkTuBHE TMOBpIHHE, Ra, oy cpenme muHHje. [lapamerpe XpamaBocTu Ra MpHKasyje
ciauka .

XpamnaBocT Ra ce Ha pedepeHTHO] Ay KUHH, [, m3pakaBa Kao [124]
1! 1
Ra:—ﬂz|dx~—22,~ “)

r7e ¢y z — OjCTyname oJ mpoduia, YIpaBHO Ha IMpaBal] Mepema, X — KOOpAUHATa

0JI0’Kaja MEPHOT MeCTa y MpaBIly Mepema.

Bpx urne podun
PemnpesentatuBuu npopuiomerpa BaJIOBUTOCTH ‘
npodui 3a ITyrama Bpxa urie ____\ _ z
OHOMHUMUKPU]Y L 3 . I
= 3 — podun
e ——— 20— 4 z X
___ " \ 3 [Tpumapun f( ) XpANaBOCTH 3
v 1 npogui &~

HOBPILIHHE

s e

. IIpodun

Cpenma aHuHHja
OJICTYTIakba [ npoguia
— —
Tekctypa o0nIHKa X
| —
(a) (6)

Cmuka 5 [lapamerpu xpamaBoctu Ra
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3.2. BHoMHUMHKpHja — OH0JIOTHja Y IPUMEHH

BrnomMumuKkpHja Kao METoa aepoJMHAMHIYKOT IN3ajHIpamba BO3a 3a BeJMKe Op3uHe ce y
IIMPEM CMUCITY, Y OBOM HCTPaXKUBakby, OJIHOCH Ha METOJly KOjOM je JM3ajHUpaH BO3a 3a
BeJIMKe Op3uHe, JIOK Ce Yy Y)KEM CMHCIY OJHOCH Ha mpujarohaBame MPHPOIHUX 0OIHKA
¥ TIPUMEHY TIPH JIH3ajHUPAbY BO3a 3a BEJIMKEe Op3WHE ca IIUJbeM Kpeupama Ju3ajHa KOju
Ou mpescTaBba0 TOJIA3HU JIM3ajH 3a JaJbW IPOIEC aepoJAWHAMUYKE ONTHMH3AIHje
peMa TeXHUYKO-TEXHOJIOMIKMM 3axTeBUMa MpoToTuma. J/lu3ajH Bo3a 3a BelInuke Op3uHe
Kpeupan omomMumukpujoM je 3D mojmen no0HjeH Kao pe3ysTaT IMmpolieca Ju3ajHApama
pa3BHjaH y HEKOJIHMKO (a3a.

OcHoBa 3a mpuMeHy OHOMUMUKpHje je Ouosiorwja. 3Hama W3 OHOJIOTHjE, TIpe
cBera aHayi3e o0JIMKa U IMOHAIIAka XUBOTHIGCKUX jEIUMHKH, CY O CYIITHHCKOT 3Ha4aja
3a pazyMeBame MPHPOTHUX (PeHOMEHA W MPUMEHY Yy CBpXY OmomMummukpuje. Mehytum,
OIIIITEe METOJIE 3a U300p, MpHiIaroheme 1 MpUMeHy OHOJIOIIKUAX O0JIMKa WM Ipoleca
HHCY Ae(UHHCAHE, U TO Jaje BEIUKY CII000Jy Y HCTpaKUBamy 3a CBaKy BPCTY pa3Boja
ujeja o1 MHTYUTUBHUBHOT ¥ MIMAarMHAPHOT JI0 KPEaTHBHOT M CHCTEMAaTH30BAHOT MOJIENIa
UCTpakuBama. Kako je nusp OMOMIMHKpHje Kpeupame ONTUMHU30BAHUX TIPOU3BO/IA HITH
cucrema, Ouosorrja cama 3a cebe He MOXKe OWTH CaMOCTaTHO NMPHUMEHEHa Kako Ou
OJITOBOpWJIAa Ha 3axTeBe /AW3ajHa, Na Cy TaKo CBe HaydyHe OOJAacCTH W METOJIe
nobpojonie Kako OM ce 3a CBaKy HaMeHY Kpewpasia moceOHa MeToja 3acHOBaHA Ha
OMOMUMHKpPUjU. BHOMUMEKpHja Kao MeToJla JWM3ajHHpama WM ONTUMH3AIHje TaKo
MoJIpazyMeBa MYJITUAMCIUIUIMHAPHO MCTPAKUBAE MIPH YEMY Ce HAydHEe AUCHUIUINHE
IpUMerby]y Ha WHOBAaTHBAaH HA4YMH, ca KPajlbUM IWJbEM JI00Mjaba KBAJIUTETHOT
IPOU3BO/IA.

Y OBOM HCTpaxuBamy Cy IpeMa IMoJaluMa ¥ TNpUMEHaMa U3 JIOCTYITHE
JUTEpaType HANpPaBJbEHH KPUTEPHJYMH M U300p OHONIOIIKHX y30paka. Y HCTpaXKUBaAbY
je moceOHa makma mocBeheHa OOJIMKY ¥ IMOHAIAKY BOJIOMAapa, KOjH jeé HaBEJACH Kao
Oomno-uHcTImparyja 3a Bo3 lllnHKaHCceH, anu MoJany O METOJM IpHiarohema Iau3ajHa
HUCY npoHal)eHu y J0CTynHOj uTepatypu. Ha ocHOBY mocMarparma 00sinka, moHamama
BOJIOMapa M NTHIA CIMYHOT TOHAIAmka y JIOBY W rpalje MpHKYIJbeHEe M3 JOCTYITHE
JUTEpaType, HAPaBJbEH j€ MPBO TPYOH MperJiea Mo pa3TuYuTHM HAyYHHM 00JIacTHMa,

a Koje cy Moriie Ja uzal)y y cycpeT pemaBamy cienehux mpobiiemMa Be3aHHX 3a
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OMOMUMUKPH]Y, a TO Cy
— oxpehuBame KOMIUIEKCHOT OMOJIOMIKOT O0JIHMKa,
— onpehuBame Op3WHE U yCIIOBa KpeTama y MPUPOIH U eKCIIEPUMEHTY,
— onpehuBame 0OMKa ¥ MapaMeTapa Tajaca Ha cJI000/[HOj TIOBPIIHHE BOJIE,
— MeToJie CHMYyJAlfje TPUPOIHOT TOHAIamka OWOJIOIMIKHX Yy30paka (y OBOM
CIIy4ajy BojioMapa),
— MeToJie Kpenpama OMOHHYKOT JH3ajHa,
— MeTojie 3a YTBphuBame CIMIHOCTH CTpYjarma OKO MOojIeIa OHOIOIIKOT Y30pKa 1
OMOHHMYKOT JU3ajHa BO3a,
— METOJIe PEATUCTHYHOT HYMEPHYKOT WCIHTHBamba (UHATHOT OHOHHYKOT
JM3ajHa BO3a.
3a m30op y30paka, Ha4YMH TpHiarohema OOIWKA W METOIOJOIIKH ITPUCTYII
NMpUMEHH OWOMHMHKpHje, ¢ O0O3WpOM Ha IMHUPOKE MOTYhHOCTH, TPUMEHEH je
MYJITHIACIUIUTAHAPHA TIPUCTYI. YCBOjeHE CY METOJIe W3 pa3MuUTHX HAYYHHX
JIUCITUTUTAHA Kako Ou ce (OKycC 3aapkao Ha MpaBily JedUHHUCAka OMOMUMUKpHjE Kao
METOJIC aCpPOJMHAMUYKOT JM3ajHApama W Kako OW ce HalpaBWia jeJHOCTaBHA H
CBeJIecHA  MeToJa  MNpPHMEHJbMBA Yy  HayyHe M HMHIYCTPHUJCKE  CBpXe.
MyATHIUCIMIUTMHAPHOCT OMOMUMEKpPHjEe Kao MeETOJe Iu3ajHUpama ce orjeaa y
PUMEHH 3Haa H METOJa U3 O0JIACTH Kao INTO CY: MAITHHCKO HHXKEHEPCTBO (OTIIITE,
IIMHCKA BO3WJIA, MeXaHHWKa (IIyH/1a, Ba3IyXOIJIOBCTBO, OpOAOTrpaiha, TepMOIHHAMHIKA
MeXaHWKa KpyTOoT Tena, W JAp.), Ononoruja, ¢pusnuka (ONTHKA, JJACEPCKEe METOJE U JIp.)

apXUTEKTypa u JIp.

3.3. U3Boau u3 Teopuje MexaHuKe payuaa

Y 1mwby onHMcHBama CTpyjama, OJHOCHO, Je(UHHCamha OCHOBHHX Iapamerapa
CTpyjama, OUJI0 y )KeJHEHO] TAYKH WIIH JIeTy CTPYJHOT 0Jha, HEOIXOIHO j& MOJICITHPATH
CTpyjare MPUMEHOM OCHOBHHUX NMPHHIHUIA (pU3HUKe. Mojen CTPYjHOT MoJba MPEICTaBIbha
CHCTEM MAaTeMaTHYKUX jeJHA4YMHA, KOJeI y OCHOBU UWHE jeJHaYMHA KOHTUHYUTETa M
jeTHaYMHEe TPAHCIIOPTA.

Kpajmu pesynrar je y ommreM ciay4ajy Hemoryhe noOuWTh, Te je mpuMeHa

npopauyncke muHamuke (aymma, CFD (Computational Fluid Dynamics, CFD), koja
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pellaBa CUCTEM jeHauYMHA TPAHCIIOPTa HYMEPUUYKHUM IIyTeM, jeJHa 0]l MOIyhHOCTH 3a
MPEIUKIN]Y CTPYjarba, pa3MEeHy TOIUIOTE U Mace, XeMUJCKUX peakifja U Ipyre CIuyHe
KOMILIEKCHE Tipooiieme [92,93].

VY oBoM pany kopumiheHa je W TNpeAcTaBJbeHa HyMEpHYKa METOoJa KOHAYHUX
3alpeMuHa 3a pelllaBalke jeJHaylMHa TpaHcrmopTa QUiynaa, Ydju ce HYMEpPUUKH
ajropuTaM pemaBama cactoju w3 cieaehux kopaka [125,126]: (1) dopmanna
WHTETpaIfja jeqHaurHa TpaHCIOpTa MO CBUM KOHTPOJHHUM 3alpeMUHaMa y JOMEHY
pemiema, (2) nmuckperusanuja, TpaHchopMalldja WHTETPACHHX jeJHAUYWHA ITyTEM
CMEUBamka YJIaHOBA ca OJropapajyhuM ampokcuMalidjama THIa KOHAUYHUX pasliuKa,
IpeTBapame HHTETpATHUX y anredapcke jeqHaunHe U (3) KOpadyHO, WUTEPATUBHO

peliaBame anredapckux jeHauYnHA.

3.3.1. 3akoHu oapKaAKHA U jeAHAYHHE TPAHCIIOPTA

[Toa3na mpeTmocTaBka MpU MocMaTpamy Kpetama (iyraa je Ta na ce Giayua cMarpa
KOHTHHYYMOM, OJHOCHO, HETPEKHIHOM CPEIUHOM KOja MOTIIYHO TOIyHaBa (YU THU
npoctop [125]. OcHOBHE jeHaYMHE KOjUMa C€ OMHUCYje KpeTame (rynja Mpou3nuiiase
W3 OCHOBHHUX (DM3UYKHUX IMPUHIIHIIA, TPH 3aKOHA oApKama [126-129]:
1. 3akon onpkama Mace —X2 5 jeTHAYNHA KOHTHHYHTETA
2. 3aKOH OJip>Kama KOJIMYUHE KpeTama
(dpyru IbyTHOB 3aK0H) —X 5 jeqHaYMHA TPOMEHE KOJIMYMHE
KpeTama
3. 3akoH onp)Karka CHEpruje
(ITpBu 3aKoH TepMOIUHAMHKE) —2F2 5 jeTHAYMHA CHEPTHje
4. 3akoHU onpkama QIyuaHUX (aza
5. JennauwmHa crama racora — JIOBOJIM y Be3y ocoOuHe ¢iyuaa (Hamp. p, p 1
T) u ynotpeGspaBa ce ca CBpXOM Jla c€ 3aTBOPU CUCTEM jeIHaYMHA
JenmnaumHa KpeTtama MpejcTaB/ha BEKTOPCKY jeTHAYMHY, KOja J1aje TpH CKaJlapHe
jemTHauYMHE 3a TPOCTOpHH mpodieM. M3BopHO, mudepeHNUjalHd OOIMK jeTHAYNHE
oJpXKama KOJIMYMHE KpeTama He3aBucHO cy moctaBuiiu Crtokc (Stokes) m Harwuje

(Navier), nako je yoOM4ajeHO Ja ce KOMIUIETaH CHCTEM jeHAaYMHa OJpKama (Mace,

KOJIMYMHE KpeTama W CeHepruje) y audepeHnmjaaTHoM oOmuKy HaszuBa Hasuje-

50



Buomumurpuja kao memoo aepoOuHamuukoz OU3ajHUparea 603a GeNUKUX Op3UHA

CTOKCOBUM jeTHaYNHaAMA.
QOuyuHH TPOCTOP MOXKE C€ OrPaHWYMTH Ha jellaH JIeo, pelNpe3eHTAaTUBHU

elIEMEHT KOHAUHE KOHTponHe 3anpemuHe d 7/ u 3aTBOpeHe KOHTposHE mospiuuHe d.S,

Ha KOJM Ce€ cajJa MOTy IIPUMEHHUTH OCHOBHH (m3uuku mnpuHmumu. KoHTposHa
3aIpeMruHa MOKe OMTH HEmoKpeTHa y crpyju ¢ayuna, npema Ojmepoom (Euler)
MPUCTYITY, ¥ TaJa ce TUPEKTHO T0OWjajy HHTETPATHA KOH3E€PBATHBHH 3aITCH (PHU3UIKHX
3aKOHA, JOK Ce MapryjaHe audepeHnrjaHe jeTHaYMHe MOHAIlamka cucTeMa J100ujajy
uHaupekTHo. Ca Jpyre cTpaHe, YKOJIHMKO ce mocMarpa (IyuaHu nenuh y KpeTamy,
npema JlarpamxkeBom (Lagrange) mpuctymy, GU3NYKH 3auch OUI0 Y HHTETPATHOM HITH
nudepeHnujatHoM 00JIUKY Cy HE KOH3ePBAaTUBHH.

Ca muspeM 1a ce GU3UIKHA MOJIeN 3aIHIe TUPEKTHO Y AUPEPESHITH]ATHOM OOJTUKY
U KacHHUje Ha HajJaKIIM HAuuH MpopadyHajy MapaMeTpu CTpyjama, Y MMOCMaTpaHOM
(U3HYKOM TI0JbY, KOHTPOJIHA 3alpeMuHa, OJHOCHO, (pryumnu aenuh, ce cMamyjy 0
OeckoHauyHO Manux JjguMeH3uja [126,128,129]. Jlumensuje dayuanor nenmha
3a/10BOJbABAjY YCJIOBE 3a pellaBame MapiyjaTHuX JUPEpeHITHjaTHUX jeTHAYNHA, aTh CY

HUCTOBPEMEHO [IOBOJPHO BeNHMKEe Ja ce (Iyus Moxke cMmarpaTd KOHTHHYaJTHUM

ME/THjyMOM.
Onyuanu penuh
. Ilyrama
CrpyjHuue
,——-—‘—b\ (-
KonTponna 4

3arpemune, dv
(a) OjnepoB mpucTyn (6) Jlarpan»eB MPUCTYTI

Cnuka 6 Monen mocMmaTpama pernpe3eHTaTuBHE 3allpeEMUHE
BenuuuHe (HIyHIHOT nenuha

[Ipu kperamy payuaHor nenumha w3 Tauke ,,1° 10 ,,2%, y BpeMEHCKOM HHTEPBAITY

OJ1 1; IO 15, TOJIa3| JIO TIPOMEHA CBHIX IapameTapa, M TO: MPOCTOPHUX ToJioxkaja x(¢), y(f)
u z(f), BeKTOpa Op3WMHE KOJH OIHCY]y KpeTame (I7=u_l:+ v}'+wl€) U cKajapa Koju
omucyjy crame p(x, y, z, t), p(x, y, z, ) u T(x, y, z, t). 3a ommTy nMapameTap CTpyjama, ¢
MoOXe ce neduHucaTH Op3WHCKHM W3BOJI IMapamMeTrpa 3a GJIyHIHH Jenuh y KpeTamy, 10

jeMHUIN 3anpeMuHe (MaTepujaTHi u3Bo) Kao 30up (5) [126-129]
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D 0 -
a4 = 20) + div(¢V) (5)
Dt ot
—— . , —
Marepujannu JlokanHu u3BOx KonBekTuBHE H3BO/
W3BOJI bp3una npomene ¢ VYKymaH npoTok ¢

Bpsuna nmpomeHe ¢ Y KOHTPOJIHO]j 3anpemunn 13 KOHTPOJIHC 3alIPEMHHC

3a rrymEy femih OjnepoBa MeTO/Ia OKCa 33 KOHTPOJIHY 3allpEMUHY

Jlarpamxkesa MeTo1a
3a pyuaaE nenwh

dOu3nuko TYMA4Y€CHE CC MOXKC IMPpUKA3aTU HU3Ppa3oM 3a KOMIIOHCHTY I/IHepHI/IjaJ'IHe

cune y Ox mpariy, R " (6)

* au 8 V2
R, = ’05 + pa[?j + 2p(uwy -vwzj (6)
JIOKaJIHa CHJia yCerpO—MéHC yCJIe/T BPTIIOKHOCTH

KHHCTUYKE CHCPIryujc

CHJIa KOHBEKIIHje

IJie Cy JIOKATHO yOp3arbe, Ou/Of , n3a3BaHO TPAHCIAIM]OM, & CHJIA KOHBEKIIH]€ CAIPIKHU
y cebu yOpsamwa: muneapue nedopmamuje u(du/dx), yraone medopmarmje
1/2 [v(@v/@x +0u/dy)+w(0u/ oz + 8w/6x)} , 00prama 1/2 [ w(8u/ 0z - ow/ax) —v(ov/ox—oufdy) | a

a)y M @_KOMIIOHEHTE yraoHe Op3une ¢uyuanor aemmha [126-129].

3.3.1.1. JenHaunHA KOHTHHYHTETA

Jenmnaumna konTuHynTeTa (7) MpOM3UIIa3u U3 3aKOHA OJIp)Karba Mace 3a hiyuau aenuh
U JIOBOJM Y PaBHOTEXKY MPOMEHY Mace yHyTap (iayuaHor neiwha, Kpo3 Bpeme, ca

YKYITHHM MaceHHM IPOTOKOM Kpo3 (uyumau nemuh [126-129].
3.3.1.2. JenHauuHa NpoMeHe KOJTHYNHE KPeTamba

JennaunHa npomeHe konuuMHe KpeTama (8) morekna w3z [lpyror HbyTHoBor 3akoHa
u3jeHavaBa Op3WHY INpPOMEHEe KOJMYMHE KpeTama (uyuaHor aenwha ca 30upom
CIIOJBAITILUX CHJIA KOje JIEjCTBY]Y Ha GIyHIHH Aenh: MOBPITUHCKHUX (CHJIC IPUTUCKA U
BHUCKO3HE CHWJIe) W MaceHWX (rpaBuTamnmoHa, ueHTpudyramna, KopwommcoBa u

enekTpoMartuetHa) [126-128].
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3.3.1.3. JennaunHa eHepruje

Jenmnaumna enepruje (9) onpehena u3 IlpBor 3akoHa TepMOTUHAMEKE, TPEICTaBIbA
E€HEPreTCKy paBHOTEXKY m3Mel)y Op3nHe mpoMeHe YKYITHEe eHepruje 3a Iy IHu aeaunh u
30upa Op3WHa TMpoOMeHa eHepruja YHETHX Y CHCTEM IIyTeM TpaHcdepa ToIioTe
(KOHBEKIIMja, KOHAYKIMja, paadjanyja), Kao MOCIeIuIle pa3lIuKke TeMmIepaTrypa, H
W3BPIICHOT pajia Haj (IYHIHUM JeTuheM oJ] CTpaHe CIOJhAlllFbUX MOBPITUHCKUX CHIIA.
VYkynHa enepruja ¢uywaHor nenwha 1O jeIWHWIIM Mace, e, TpeJcTaB/ba 30Hp
VHYTpallllbe¢ €HEPruje, KMHETHYKE CHEepPruje W IMOTEHIMjaJlHe €HEPruje IO jeIUHHIIN

Mmace [126-129].
3.3.1.4. JennauuHe TpaHCcHOpPTA

JennaunHe  ojapKamka <y  HEKOH3E€pBAaTUBHOM  OOJIMKY 3a  HECTAI[MOHAPHH,
TPOJMMAH3UOHAIHN CTHIIJBUBH FYTHOBCKH BHCKO3HH (IywI, QIyua KOjH YKIbY4Yje
JIICHIIAIA]Y, TPAHCIOPTHE ()EHOMEHE BHCKO3HOCTH M TePMalIHy KOHJIYKTHBHOCT, CY
mpejcTaBibeHe peioM jeanaunHama (7) — (12) [126-129]

J cHa4YnHa KOHTUHYUTCTa

a—"’+i(,mj)=o, (7)

JennaunHe mpoMeHe KOJIMYMHE KpeTama 1o npasiuma, HaBuje—CTokcoBe jeHaunHE

0 0 ap Ot
J— . - U; )| =——+—, 8
at(p“’)+axj (pui;) ox,  ox, ®)
JennaumHa eHepruje
) d op 0
5(PH)+%(P“1H)=5+QJ(“W ~4;) - ©)

T1ie Cy 7;; — TeH30p HAIOHa, ¢ ; — BEKTOP TOILIOTHOT (uiykca i / ToTaHa CHTaIHja

. Ou;
T“:,w..%“, ouj  oUj

J y
0ox; Ox;  Ox;

) (10)
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oT
=k
qj 8xl-
H = h+ 2
2

(11

(12)

re ¢y M — JMHAMHYKA BHCKO3HOCT, A =-24/3, k — TepMalHa KOHIYKTHBHOCT, /I —

cratiyka enramyja, Kponekeposo (Kronecker) nenta 6, (6; =Li=j;6; =0,i# j),.

[Taprujamae mudepeHnyjamHe jeTHauYdHE OJp)Karkba HMMajy HCTH TeHEPHUYKH

00JIMK, T€ MOTY C€ 3aIlliCaTH Y jaK0] KOH3ePBATUBHO] (POPMH, ITOTOTHH]O] 32 HYyMEPUUIKO

pemaBame, ykomuko ce U, F G, Hu J mocmarpajy kao Bekropr kouore (13) [129]

ov,or oG , oIl _

—t—+ ==+ J 13
ot ox oy Oz (15)
IIPU 4eMy Cy
p P
2
pu PUF P =Ty
U= PV | F= PYU—Ty,
oW PWU—T,,
2
p(e+V /2) p(e+V2/2)u+pu—ka—T—urxx—vrxy—wrxz
ox
pv
puv =7,
2
G- Py +p—1,,
PWY =T,
p(e+V2/2)v+pv—k%—u1yx—vrw—wryz
pw 0
PUW =T pf.
"= psz_rzy . J= Ply ,
pW +p—T,, pof.
p(e+V2/2)w+pw—k2—§—urzx—vrzy—wrzz P(fo+vfy+wfx)+pq
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rae ‘U— npejcraBiba BEKTOP PEIErba, jep CaapiKu KOH3€PBATHBHE IPOMEHILHBE KOjE Ce
ozpehyjy HymepudkuM myteM, 10K F G u H — cagpike MPOMEHIbHBE KOHBEKTHBHOL U
nudysuoHor ¢uykca, u J — H3BOpe Mace, KOJHUYHMHE KpeTama M eHepruje. ToranHa

eHepruja E =e+V?/2, CyMa yHyTpalllibe ¥ KHHETHYKe CeHepruje, je MoBe3aHa ca

IPUTHCKOM IIPEKO jeIHaYNHE CTara UJCaTHOT raca.
3.3.1.5. OnmTa jeyHAYMHA TPAHCIIOPTA

3a pemaBame CTpYjHHX MpoOjemMa TEXHHKOM KOHTPOJIHHX 3alpeMUHa CKajTapHe
jeTHaYMHEe TpaHCIOpTa MOTPEOHO je TpeBecH y anreOapcku OOIHMK pajl HyMEPHUIKOT
pemiaBama. 3a OMIITY MPOMEHJbUBY CTPYJHOT TMOJba, ¢, KOH3EPBATUBHHU H3pa3 Y
nudepeHnrjaTHOM OOJMKY 3a CBE jeqHA4YMHE ojapKama [126], ce Moxke 3ammcatv y

BUY jenHaunHe Tpancropta (14)

o(pe)
ot

+ div(pgV) = div(T gradg) + Sj. (14)

WNuTterpammjom (14) mo 3ampemMunm mpocTopHOr GuyuaHor aenuwha, KZ, u

npuMeHoM ['aycoBe Teopeme o nuBepreHnuju ( jdiv adv= Iﬁ ads), nobuja ce
KZ S

KJbY4YHH Hu3pa3 3a npuMmeny y CFD mMeTonom KOHauHUX 3alpeMHHA, OIINTa jeAHAYnHA

TpaHCIIOPTa Y HHTETpaTHO] GOPMH, 32 CBAKy KOHTPOJHY 3anpemMuny [125,127] (15)

%[ IP¢ d(VJ + Iﬁ(P¢I7) ds = jﬁ(r gradg) ds + JS¢d7/, (15)
KZ s S K7
I 11 11 v

[IPU Y€MYy YMHHOIH TIPEICTABIbAjy PEIOM :
I — Op3uHy mopacTa yKyIHe BpeAHOCTH ¢ yHyTap GiayuaHor jnenuha,
II — YKyIaH TIpPOTOK KOMIIOHEHTE ¢ YCleJ cTpyjama Ay HopMmale 7, WU

Op3mHa cMamuBama ¢ Kpo3 Tpanune Gayunnor pgenuha, S, ycnen

KOHBEKIIH] €,
1 — YKYIaH IpoToK ¢ ycien audysuje Kkpo3 rpanuie GiayuaHor aeiuha,
1AY — Op3uHY CTBapama ¢ yciea MmojaBe u3Bopa.
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3a ciaydajeBe cTallMOHAPHOT CTpyjama, Op3uHa TopacTa YKyIMHE BPEIHOCTH ¢
yHyTap GaywaHor aenuha ce W3jeaHavyaBa ca HyJoMm, y m3pasy (15), kama ce mobuja
WHTETATHU M3pa3 cTallMOHApHE jeTHaunHe TpaHcnopTa (16)
[fi-(pp7) ds = [ii-(T gradg) ds + [ Sydv. (16)
S S KZ
Kana ce pemagajy mpo0iemMu HeCTallMOHAPHOT CTPYjarka OMIITH U3pa3 jeTHaunHe

Tparcmopta (15) MOTpeOHO je WHTErpauTH IO MaJIMM BPEMEHCKHUM HWHTEpBAIAMA

oJ1akJie ce 1o0Hja HajONIITHjH U3pa3 jeJHaunHe TpancnopTa y oomuky (17) [125,126]

I%[ Ipqﬁd«/J di + | [ii-(pgV) ds di=

At \KZ AtS . 17)

= [ [f-(T gradg) ds di+ [ [ Sydv di
ALS AtKZ

3.4. OcHoBe pemaBamwa cTpyjHUX npodaema npumenom CFD

Y oBoM pamy je 3a morpebe HyMEpHYKOI pellaBama ImpodliemMa IWHAMUKE Qurynaa
koputther CFD maker ANSYS Fluent [92]. ANSYS Fluent y ocHOBH KopHCTH
HYMEpPHUYKY METOJy KOHTPOJHHX 3alpeMHHa 3a TpeBoherme CKaTapHHX jeIHAYnHA
TpamcriopTa y anrebapcke oOJMKe, KOJH ce€ Hala/be pellaBajy MTEPATHBHUM ITyTEM.
AnroputaM TpopadyHa ce 3aCHHWBA Ha WHTETpAIHjU jeIHaYMHa TPAHCIIOPTA 3a CBaKy
KOHTPOJIHY 3allpeMUHY, 1ajyhul JHCKpeTH30BaHY jeHAYMHY Koja TpPEICTaB/ba 3aKOH

OJIpKamba y OKBUPY KOHTPOITHE 3alIPEMHUHE.

3.4.1. OnmTy NPpUHITKI JUCKPETU3aLMje CKAJIApa U pellemha

JluckpeTn3oBaHa jeJHAYMHA OJipJKamka omnmre npoMmeHsbuBe ¢ (15), 3a cBaky

KOHTPOJIHY 3allpeMHUHY, OJHOCHO, herjy HyMepudKe Mpeke, y HyMEPHYKOM JIOMEHY,

ce Moke mpeactaButu ca (18) [92,93,125-129]
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N lica N lica

0 . - -
aijj(‘/ + D oA = Y UV A + SV (18)
l l —_

—
Op3uHa MpomMeHe

U3BOD
KOHBEKTUBHU WIaH JAW(Y3UBHU WiaH

@ y 1IeJIOM JOMEHY
rjae cy (8p¢/ at)‘{/ Op3uHa MpoMeHe ¢ 1o 3anpeMuHu henuje (periaBsa ce BpeMeHCKOM
nuckpeTusanujoM), v zanpemuna hemuje, Ny, 6poj muua koja okpyxyjy hemujy, A

HOBpIINHA HAJETIINX JUIA U V¢ TpaJjeHT ¢ Ha Uiy /, ciuka 7.

Hanerna numa
henuja

henmja 1, Y

Cruka 7 JIse cycenne henmmje Hymepuuke mpexe [92,93]

Jluckpern3oBaHa HeJNWHEapHA CKajlapHa jeaHauywHa TpaHcropTta (18) campxku
HEMmo3HaTe BeIMYMHE MPOMEHJbUBE ¢ Yy IIEHTPOHIY mocMaTpane henmje mpexe (cimka
7: nentpoun Co ) anu u Hemo3HaTe y cyceiHuUM henujama ¢, (ciuxa 7, neHrponp Ci ).
JluneapuzoBanu o6ymk (18) je mpencraBbeH Kao a p¢ =Zasc¢sc +b , rne cy ay, das
Koe(HIMjeHTH JHHEapHIje, a KOjH Hajake 4YMHE Jeo MaTpuie KoedHIMjeHata 3a

YuTaB CUCTCM.

3.4.1.1. IIpocTopHa qucKpeTH3aANMUja

[Ipoctopna  nmuckpermsanuja HCJ mpeacraBjba HYMEpHUKy — almpOKCHMAIIH]Y
KOHBEKTHBHHX, BUCKO3HHX (DITyKceBa M M3BOpa, M IMOJpa3syMeBa MOJENy oCMaTpaHor
POCTOpa — TOMEHa, y CIy4ajy MeTo/ie KOHAUHHMX 3allpeMUHa, Ha CUTHH]je 3allpeMUHE ca
IUJbeM JIUCKpETH3allfje jeHauMHa TpaHCIOpTa M HHUXOBOT pelllaBamba KOpauHUM

nyteM [92,93,126-129] .
3.4.1.2. luckpeTn3anmja npocropa — Mpexe

EnemMenTn mpocTopa KOju HCHyHaBajy JIOMEH CTPYJHOT MOJba MPEICTaBIbajy T3B.
HYMEpPUUYKY MpeXy. Y OCHOBH Ce NpHUMEYjy JBa THIA HYMEPHUKHX Mpexa:

CcTpyKTypHucaHe (cnuka 8a) M HecTpyKTypucane mpexe (ciuka 860) [93,127].
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VA V2
‘i," =
v AV'AY:M Yray,

% Vi \
J A g&,‘ S /4N

R R
CoRRROCSL A

Va4,
i, A% Vi

% LARRSANIVAY
SRR
TR
S o= SN RO
PR T Y AT
'::!‘im:v‘*'v‘wéA »
i
oY A Af*’!‘
PV S

(a) ctpykTypucana Mpexa (0) HECTpYKTypHCaHa MpeKa

Jenvncreena HenmokpeTHa Yeo HEMOKPETHE MPEKE
MpEJKa BUILIE Tella (outlet)
m’ﬂaf'l oy
TIHIAD
VI

figf‘q,

;,4‘.

OxBanicHa

NOBPLIMHA BO3a )
JenuHCTBEHA TOKpeTHA

MpPEkKa BUIIC TCIA  Yeno moKpeTHE MPEXKE
(outlet)

(B) KJIM3HA Mpexa (r) mrehopmabumiTHA MpeKa

Cinuka 8 Bpcre HyMepHUKUX Mpexa

3apan mrTo OoJker mpuiarohaBama Mpeke OOJIHIIMMAa Tella KpeupaHe Cy HOBE
MeToJie Koje omoryhamajy: cTBapame MYJITHOJIOK Mpexa, HWIH KOMOHHOBamE
KOMITaTHOMITHUX, aJTd 3aCEOHUX MpEkKa, Kao IITO je TO CIIyvaj KOJ KIU3HUX, CTHKa 8B,
ua AepopMaOUITHUX MpeXKa, CJInKa 8T, y IpUMEHHU KOJT HECTAI[MOHAPHUX CTPYjama.

CrpykTypucane wMpexke wuMajy ypeheH pacmopen TeOMETPHjCKH —CIIHYHHX
eneMeHara (Hamp. mpaBoyraoHuiy y 2D, kBagpu y 3D WM KpUBOJMHH]CKHX KOHTYypa
0aze, ako mpaTe KOHType TpaHuia). YBopHE WM Kpajibe TaduKe Mo TpaHuIiiaMa JOMEHa,
KOJI CTPYKTypHUCaHE Mpexe MMajy JedHUHHCAH TOJI0XKA] Y (PU3HMYKOM B HYMEPHUUKOM
mpocTopy. JemHayWmHe TpaHCHOPTa, KOje ONUCYjy KpeTame Yy JIOMEHY ca

CTPYKTYPHUCAHOM MPEKOM MOpPajy YKJbYUHTH IpeciaukaBame, f , pusuukor R (x, y) y

HyMepuuku tipoctop M (n, &) [127], cniuka 9a,6. CTpyKTypucaHe Mpexe ce MOTy
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IIPOU3BECTH ajredapcKuM MeToiaMa WM MeToiaMa IIpecirKkaBama nomohy I1]1J.

8
, M
— (i, j+1)
6 Q
-1,)) i, )) (i+1,))
5 —O—¢—o—
4 (i,{)'-_l)
3
n
T Le
-_21 Teno 8 =1
J =1 2 3 4 5 6 7 8
(a) (6)

Cmuka 9 IlpecnukaBame YBOPHUX Tayaka CTPYKTypucaHe Mpexe (a) 2D mpexa y
¢uznuxoM npoctopy (6) 2D mpexa y HyMepHIKOM IIPOCTOPY

ou Ou ou ou
:x0y: —+c—=0——> &0t +c&, )—+\n,+cn, )—=0,
fia0y: Sore fon: (& fy)aé (7 f7y)577 19)

E=&(x,y), n=n(x,y), Vx; i=0,1,2, ..u ‘v’yj j=0,1,2, ...

Kox HecTpykTyprcaHux Mpeka, YBOpPOBH henmuja Mpexe HHCY IOBE3aHH Yy
ypehenoMm pemy. Metoma KOHauHHX 3alpeMHUHA C€ MpHUMEbYje IUPEKTHO 3a CBaKy
henwjy mMpexxe — 6e3 mpeciuKaBama GU3HIKOT Y HYMEPUUYKH JIOMEH, ¢ 003UpOM Ja ce
KOpHCTE jeJIHaUYMHE OJp)Kama MHTerpalHor obiuka. henuje TakBe mMpexe MOTy OUTH
pa3IMUUTAX OOJMKA W BEIMYMHA, Je(POpPMHUCAHH Yy OJHOCY Ha OCHOBHE OOJIMKE, TpU
yeMy TIONyHaBajy JOMEH Oe3 mpekianama. HecTpykTypucane Mpexe ce MOTry
mpow3BecTH Ha JBa HauwHa: Jlemaynaj-Boponojeeom (DVT) wumum  meromom
Harnpenayjyher ¢pponrta (AFM) [127].

CrpykTypricane W HECTPyKTypHUCaHE Mpexke, Y KOMOWHAIMJU WU I0jeTHHAYHO
MOTYy C€ YINOTpEOHWTH 3a MOJENUpPae IMOjeANHAYHAX WA BHIIEOPOJHUX MOKPETHHX
30Ha. BumebpojHe 30He Mpexe ce yoOH4ajeHO KOPHCTE Y MpodiieMuMa ca pelaTHBHAM
KpeTambeM o0jekara y cTpyju (TypOomamiwHa, MHMOWIXKEHE BO30Ba, W Jp). Y
nporpamy ANSYS Fluent mHa pacmomaramy cy Tpu HpHCTyNa: MOJENT BUIIEOPOJHHX

pedepentrux crpykrypa (MRF), Monen MemaBuHe 1 MOJIEN KIM3HIX MpexKa.
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3.4.1.3. [IpocTopHa quCKpeTH3ANMja 32 MPOMEH/bUBE BeJTHIHHE

KonuBexktuBuu unan y (18) je oxpehen Bpennomhy ¢ Ha nuny henwmje, 10k cy
JIUCKpPETHE BpeIHOCTH ¢ ojapehene y nentpouanma hemmja (ciuka 7 — Co u C)). 3a
olpehuBame ¢ MOTPeOHO je W3BPIIMTU UHTEPIOJALN]Yy BPEIHOCTH Ca LIEHTPOUAA Ha
nune henwje. MaTepnonamnuja ce Bpimy memama ,,y3—ctpyjy™ (upwind scheme): mpBor u
npyror pena, neHtpamaux pasimuka, QUICK, tpeher pema MUSCL u ap. Y ocHoBu

mema ,,y3—CTpyjy" 03Ha4aBa MeTOJy oApehuBama BpeHOCTH ¢ Ha nuLy hennje Mpexke
Ha OCHOBY BPEIHOCTH ¢C0 y HeHTpouy henuje Koja ce MmojokajeM Hallazu y3 CTpyjy,

nperxoau mocMarpanoj (cimka 10a,6) [92].

[Ilema mpBor pema y3—cTpyjy Jaje pe3yirare Mambe TAa4HOCTH, ald W Mambe
3aokymsba UT pecypce, Tako 1a ce yoOndajeHO KOPHCTH 3a JOOHjamke MPeITMMHHAPHUX
pesynrara y NpBUM HTepanyjamMa padyHa. 3a MOCTH3ame 00Jbe TAYHOCTH (Kako 3a
MIPUTHUCHH TaKO U 3a TYCTUHCKH COJIBEP) KOPUCTH Ce IeMa TUCKpeTH3aIije Jpyror peaa
y3—CTpYyjy, Koja neduHHIIE MPOMEHJBPHBY BEIHYMHY Ha JMIy henwje y (QyHKIUjU

rpajMjeHTa y IEHTPOUJLY HEroBOor  INOJOKaja y  OJHOCY Ha  JIMIIE,
¢[ :¢C +V¢C -7 (CHI/IKa 7)

Judysnonn unan y (18) ce oapelyjy memMom IEeHTpaTHUX pa3iivKa, ca TaYHOIINY

JIpYyror pefa.
Oc,]
2i
(I)x }\ ¢C d)x
Ocygt— | \
. oc O Lz
14 1 Iy : )
= = | Cre
o = | Co Cy
Hanemrio nune / / 1 ‘ Hanero auue /
(a) mema IpBoOT peaa y3—CTpyjy (6) mema apyror pena y3-cTpyjy

Cmuxa 10 MaTepnonaiyja BpeTHOCTH IPOMEHJbUBUX Ha JUIMa hemnija
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3.4.2. Bpemencka auckperusamnuja

Kana ce peraBajy HecTaliiOHapHHU MPOOJIEMHU CTPYjarba, OCHM IIPOCTOPHE HEOMXOIHO j&
Ja ce o0aBM M BpEMEHCKa JHUCKpeTH3allHja, Koja ce BPIIM Yy OCHOBH HCTO Kao W
CTallMOHapHa MPOCTOPHA, ¢ THM Jla C€ HHTerpaiyja CBake BEJIMYMHE BPIIU 3a

BPEMEHCKH KOpak, Af, nenuh yKyImHOT BpeMeHa Tpajama IocMaTpaHe ojase.

bp3una npoMeHe ¢ ce npeicraBiba (yHKIHMJOM IIPOMEHIBUBE, 8¢/ ot=F (¢),
npu demy F(¢4) canpxu u IPOCTOPHY AMCKpeTH3auujy. Bpemencka auckpernsanuja
Op/0t mpencTaBiba ANPOKCUMAIIN]y JOOHMjEHy METOJOM KOHAYHUX PA3jiMKa, TAYHOCTH
OpBOT peJa M Taga je (¢"+l —¢")/At =F(¢) wumm papyror pena Kaga je
(3¢”+] —4¢" + ¢! )/(2At) = ()., upu uemy cy: ¢""' - Bpeanoct y cienehem kopaxy
y TPEHYTKY [ +Af, ¢"—TeKyha BpEOHOCT Y [ | ¢n_l—BpeI[HOCT Y IIPBOM IIPETXOJHOM
TpeHyTKy ¢ —Af. ®ynkumja F(¢) ce Moxe anpoxcnmupary 3a npsu 6yayhu TperyTax
Ha 1Ba HaunHa (2) ummmamuTHAM @77 = ¢" + At F(¢"™), xama ce ¢ ommocu na
BPEJHOCT Yy TIPBOj cyceAaHoj hemuju Mpexe, y mpBoMm Oyayhem TpeHyTKy, u (0)

- @" + At F(¢"). IMmnuuTHA mema je cTabhiHa HE3aBUCHO OJ1

eKCIUTUIUTHUM ¢
Jy’KWHE BPEMEHCKOT MHTEPBaJa, JIOK je eKCIUTMIUTHA (JIOCTYIHA 3a TYCTHHCKHU COJIBEP)
OCeTJbMBA Ha IIPOMEHE JTy’KHHE BPEMEHCKOI' MHTepBajia, T HEOIXOIHO je Jia OH Oyne

Haj Makbu 01 CBUX JIOKAJIHHUX BPEMCHCKHUX KOpaKa y JOMCHY.

3.4.3. OnpehuBame rpagujeHara u qjepuBaTuBa

['pagujentu QyHkuuje ¢ cy ocHOBa 3a oJpehuBame CKalapHUX BEIWYMHA HA JIUILY

henmuje mpexe (cmuka 7), 3a cpauyHaBame CEKyHIApHHUX IU(Y3HOHHUX UIAHOBA U
nepuBathBa Op3uHa. Takobhe, rpaamjeHT ¢ ce yoOuyajeHo ymorpeOspaBa 3a
JIUCKPETH3AIMjy KOHBEKTUBHUX U AU(PY3MOHUX YJIAaHOBA Y jeHaUMHaMa ojapxarba (18).
3a cpauyHaBame rpajujeHaTa Ha pacnoyiaramy cy Tpu mertoxae: ['pun-I'ayc (Green-
Gauss) 3acHoBaH Ha hemmju, ['pun-I'ayc y uBopoBuma (GGNB) u Merona HajMamux
kBagpara 3a hemmjy [92,93]. Kao najmoy3manmja, amu u UT 3axTeBHa mokasana ce
GGNB, koja je xopurheHa y 0BOM pajy.

[Ipema ['pun-I'aycoBoj Teopemu, rpaaujeHT ckamzapa ¢, y ueHtpuoay Coy, ce
IpHKa3syje y AUCKPETU30BaHOM OOJMKY Kao cyMa IIPOHM3BOJA CPEIbUX BPEIHOCTH ¢ U

Mo CBUM JIMIIAMa jenHe henwje, TO HHEHO] JEIWHWYHO]  3alpEeMHUHH
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(V¢)c0 :(1/(‘/) leglﬁlﬁ [92].
I'pun-I'aycoBa Merona 3a uBopoBe ozpelyje BpeTHOCTH ¢ Kao Cpenmby

apUTMETHYKY CPEJMHY BPEJIHOCTH Y YBOPOBUMA ¢, , 3aJ€THHUYKOT JIULA, ca N, YBOPHHUX

No—
Tavaka, y sanucy ¢, =(1/N,)X. 4, .

3.4.4. IlakeTn 32 pemiaBame jeJHAYNMHA TPAHCIOPTA (COJIBEPH)

C Bpemenom u mnpema Tekyhum mnotpedbama y ANSYS Fluent [92] je pa3Bujen
HYMEpPHUYKH MOJIE] 3a HECTHIIJbUBA CTpYjama, ,,IPUTUCHU  TAKeT 3a pelllaBarmbe WU
conBep (,,pressure-based solver™), a mMoToM W 3a CTHILBMBA CTpyjama, YOOMYajeHO
HaMEHCH 3a IPUMEHY ITPH BEJIMKAM Op3uHaMa, ,,[yCcTHHCKU ™ (,,density-based solver®).
CaBpemeHa codTBepcka peliema Jajy KBAIMTETHE pe3ysiTtaTe W BaH 00JIacTH
yoOuJajeHe MpHMEHe, Tako Jla c€ Hamp. TYCTHHCKH COJIBEpP MOYKE NMPUMECHHTH U TIPH
MOJ3BYYHUM Op3WHaAMa y OHHM OOJIaCTUMa y CTPYJHOM IOJbY Yy KOjEMa C€ OYeKyje
10jaBa CTUIIUBMBOCTH ¥ TporpaTHH edektr. OOa cojBepa MpaTh HCTH alropuTaM 3a
peliaBame (a) mojena JOMEHa Ha CUTHH]E 3alpeMuHe momMohy Mpexe; (0) mHTerpanuja
jeIHaYMHA OJpKarba 3a CBaKy KOHTPOJIHY 3allpeMUHY H 3alluC anrebapcKux jeHaunHa
3a TUCKpETHE HEMo3HaTe 3aBHCHO NMPOMEHJBHBE; (B) JIMHEapU3aIfja TUCKPETU30BAHUX
jeqHaYMHA ca IUJbeM pelllaBama JIMHeapHOT CHCTeMa jeTHAaYMHA, M oJatie oapehuBama
HOBHMX BpPEIHOCTH 3aBHCHO NpOMEHJbUMBUX. Paznmka m3mely conBepa je y mporecy

JTUHeapu3alrje U peliaBama JUCKPETU30BaHUX jeTHAaYNHA.
3.4.4.1. IlpuTHCHH coBep

[IputucHu conBep oapehyje OpP3MHCKO IMOJbE U3 jeHAYMHE CTarba, a MOJbe MPHUTHUCAKA
U3 jelHa4YMHe 3a MPUTHCKe (WM KOpekiwje). JeIHaunHa 3a mpUTHCKe ce oapehyje u3
jenHayMHA KOHTHHYHTETA WM OJpKama KOIMYMHE KpeTama, Tako Ja IoJbe Op3uHa,
KOPUTOBAHO IpeMa MPHUTUCIIUMA, 33J0BOJbaBa KOHTHHYUTET. OBa MeToia jeé KOpauHOT
KapakTepa ¢ 003UpOM Ja ce paJyl O MOBE3aHWM M HeJIWHeapHUM jexHaunHama. [locroje
JIBa AITOpUTMA 3a pellaBame, W TO: IPHUTUCHH HE TNOBe3aHH M MoBe3aHd. Kox

INPUTUCHOT HE IMOBE3aHOT AalTOpUTMa, pellaBajy Cce HEe3aBUCHO jeJHa 3a JIpyrom
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jenHauynHe TpaHCIOpTa 3a MPOMEHJbUBE U3 CKyINa pemema (Hanp. u, v, w, p, T, k, €) [92].
JuckpeTn3anyja jefHAYHHE OPKAKHA KOJTHYNHE KPeTamba

[lTeme nmuckpeTH3alyje CKaJapHUX jeaHaunHa TpaHcrnopra (18) mpumemyjy ce u 3a

}II/ICerTI/I3aHI/ij je)IHa‘-II/IHa OoZpiKakba KOJIMYHUHEC Kpe€Tama,

au=dg+>pS: i +S, ykbydyjyhu BpemHocTH y cyceannM hemmjama mMpexe u
SC

Ha HajernoMm Jmny [92]. [losme Op3mna Owmhe oxapeheHo ako cy MO3HATH TMOJbE
NpUTHCaKa W MaceHW (QIIYKCeBH IO IWIMMa henwja Mpexe. Kako cy BpemHOCTH
MIPUTHUCKA, p, U Op3uHE, U, TIO3HATH Y IEHTPOHIY helrje moTpeOHO je HHTEePIIOTUPATH
BPEJHOCTH W3 IICHTpoH1a Ha Jutie henwje, p;.

BpearocT nHTEpIIONIMpaHOT MPUTHUCKA HA JHUITY henuje, kopuctehu KoeduiujeHTe

JIMCKPETH30BaHe jeTHAYMHE 3a JABe cycenne henwmje (cmuka 7), npeactasiba (20)

a . +p.la .
p, = Dol o " Pa /Oy C0)

1/ ap,Co + 1/ ap,Cl

OBako WMHTEPIOJIHMPAH NMPUTHCAK, CTAHIAPIHAM HAYHHOM, CE€ MOXKE NMPHUMEHHUTH
camMo y ciIy4yajeBUMa ca MaJMM pasliikama NpuTHcaka m3Melhy cycemnux henmja. 3a
CTHIIJBMBA CTPYjama, Mpernopydyje ce mema apyror pena, wim PRESTO! mema kana ce

paau o MynTH(azHOM cTpyjamy [92].

JAuckpern3anuja jexHaunHe KOHTUHYUTETA

JeHaunHa KOHTHHYWTETa, MHTErPAIHOr obimMKa (| PVdS=0, y IHCKpPETH30BAHOM
o6muky je >J,8 =0, rue je J, macenu duyke kpo3 nuie, obauka pv, . Kako je

MOTpeOHO OJIPeIUTH BPEIHOCTH Op3wHa yHyTap henvja u ojatiie JOOUTH BPEIHOCTH

Op3uHa Ha nuny henmje v,, J, ce nu3paxasa Kao

Jy=J,+d,(pe, - pe, )- Q1)

A

npu 4yemy J, caip:ku Op3uHe y LIGHTpPOMJHMMa CycelHUX henuja, d, je 3aBHCHOCT O[
Cpe/sber Koe(HIMjeHTa @, Ha HAJIETIMM JIMIUMA, M3 JMCKPETU30BaHE jeJHAvMHE

oJpKama KoauurHe Kpetama (20) [92].

Kana je ped o rycTuHH, OHa ce 3a HECTHIIUBHBA CTpYyjama ojpehyje kao cpenma
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aApUTMETHYKA CPEJINHA, JIOK e KOJ| CTHIIJBMBHUX (cMaTpajyhu Ba3ayX HICATTHUM TacoM)
WHTEPIOJIMpa HEKOM OJT IIleMa y3—CTpyjy, Ha nuiy henuje. Kox MmynaTudazHux crpyjama
3aBHCHO O] KapaKTepUCTHKa YKJbYyYeHHX (a3a y cTpyjamy (Boma — BazayX H CIL,)

IpUMEbYje Ce U MHTEPIIOJIAIMOHA IIeMa.
MebhyBe3a nputncka u Op3uHe

Anroputam MehyBe3e mpHTHCKAa W Op3uHE ojpehyje jeaHauWHe 3a TPUTHCAK U3
jeTHaYMHAa KOHTHHYHTETa W OJip)Kamka KoumuuHe Kkperama, (7) — (9). Jemam on
anroputama je 13B. SIMPLE (Semi-Implicit Method for Pressure-Linked Equations,
SIMPLE), onpehyje anrebapcke jemHaumHe 3a KOPHUTOBaHHM TMpUTHCAaK [92].
HampenoBameMm y WTepaTHBHOM MOCTYIIKY J00H]jajy ce TeKyhe BpeTHOCTH KOPEKITHja

npuThcKa. JIuCKpeTH30BaHa jeIHaYMHa KOPUTOBAHOT MPUTHCKa y henmuju, p', je obuka

a,p' =% a,.Ps+b, e je b u3Bop — ykynau ynas 3a hemujy, b=3"JS . a
J, :J,* +d, (p'CO —p'Cl). [IpuTucak y henuju ce KOpuryje Ha Ha4HH p=p ta,p', a

oyke kpos smue hemmje momohy J;, rxe je «,— moji-penakcaiuonu (axtop 3a

MIPUTHCAK.
3.4.4.2. I'ycTHHCKH coJIBEp

AJropuTaM r'yCTHHCKOT COJiBepa ojpelyje mosbe rycTiHa U3 jeJJHaYNHEe KOHTHHYUTETa,
a Op3MHCKO TOJbe M3 jeHAUMHA OJ[pXKama KOJIWYHMHE KpeTama. J[MCKpeTH30BaHe W
HeJIMHEeapHe jeTHaYMHE OJIpXKarma ce y MPBOM KOpaky JMHeapu3yjy, Kako Ou ce J100mo
CUCTEM jeJJHaYMHA MM BEKTOp 3aBUCHO NMPOMEHJBHBHX, Y CBAaKOj heluju HyMepH4KOT
JIOMEHa, T€ ce TIOTOM pelllaBajy KOpauyHo U jeTHOBPEMEHO.

Ca uspeM Ja periermne cucTeMa jelHauYiHa Opke KOHBEPrHpa U Ja €0 MOCTYIaK
Oy/le BPEMEHCKH W EKOHOMCKH OIpaBIaH, KOJI TYCTHHCKOT cOjiBepa ce Tmpuberasa
npunarohaBamy cucrema jeaHaunmHa (15), omHOCHO, IepUHHCAY EKBHUBICHTHOT
cucreMa Koju he Opke KOHBEprHUpPaTH.

KonBekTrBHE (IIyKC TYCTHHCKOT MOJElla C€ MOKE OJPEJIWTH Ha HEKOJHKO
HAuWHA, a OBJIE je YKpaTKO OIHcaHa IeMa MojesbeHuX pasznuka (iaykca Roe Flux

(Difference Splitting Scheme, Roe Flux) [92]. Bektop ¢aykca 3a HECTHIIJEUBO
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CTpyjame, KOJH caapku HWH(pOpMaIije O MpOCTHpamy Kpo3 JOMEH ca Op3WHOM U
MIpaBIIEM Yy CKJIaly ca €yreHBaJliMa CUCTEeMa, JISTH Ce M TaKo HOCH coOoM HHpopMaIyje
y cBakoM mpaBiy. Jlesbeme BekTopa (uiykca ce BpIIM MO CTpaHama JIUIa HaJerJIuX
henmja Mpexe (JieBa U JIeCHA) aJld je CHCTEMY TIPHJI0/1aTa U MaTpHIla ca JUCHITATHBHUM
YIaHOBMMa. Marpwuia ca JUCHIIATHBHEM WIAHOBHMA BPINU WHTEPIOJIANHU]Y Y3—CTPYjy
3a TPOMEHJPHBE KOHBEKIMje, MpHTHCKa H (iaykca Op3WHE KOJ CYNEePCOHHYHOT
CTpyjama, JOK ca Jpyre crtpaHe obOe3behyje mehymesy mpurtrcka W Op3uHE KOJ
HECTHIIUBUBOT (pIIyHJia ¥ MpH MajauM Op3uHama, MOTpeOHY 3a CTaObWIHY U epUKACHY
KOHBEPIeHIIN]y pe3yJrara.

[ToBe3anoct m3mely jemHauwmHa onpkama ce (GopMyIHIIe: UMIUTHIATHAM HITH
eKCIUTMIIUTHAM HAYMHOM JIMHEapu3alldje jeHaYMHa OJpXKama. BUTHO je HalmoMeHyTH
Jla ce jelHaYMHe TPAHCIIOPTa 3a JI0JIaTHE CKajape, Hamp. TypOyJeHIHjy, pelaBajy
HE3aBUCHO O] IOBE3aHOT CUCTEMa je/THAYHMHA.

3a UMIUTMIUTHE HAa4YWH JIMHEeapHu3aluje, KOpuImheH y OBOM pajy, Helo3Hara
BPEJHOCT MIPOMEHJbUBE Y CBaKko] henmuju ce cpadyHaBa Ha OCHOBY 3aBHCHOCTH KoOje€ y
ceOu caapxe, U mocrojehe mo3Hare U HeMO3HATE BPEHOCTH MPOMEHJBUBE O] CYCEIHUX
hemmja mpexe. [locmarpajyhu ckym cycemnux henmja yodaBa ce TMOCTOjambe€ HCTHX
HETO3HATHX BEJIMYMHA y BHINE jeJIHAYMHA CHCTEMa Koje je TOTpeOHO jeTHOBPEMEHO
pelaBary.

Kox excrmmnuTHOT HaYMHA JTMHEApU3allije HeTo3HaTe BeJIMUnHe y cBakoj henuju
Ce CpaudyHaBajy ymoTpeOOM 3aBHCHOCTH KOje CaapXe caMmo Mo jeAHy — mocrtojehy
CpavyyHaTy BPETHOCT IPOMEHJbMBE BelIMYMHEe. Ha oBaj HaYWH ce Hemo3HaTa BeJIHMYHHA
1ojaBJbyje€ caMO y jeIHOj jeJTHAYMHHU Yy CHCTEMY, a HEIO3HaTe ce€ CpadyyHaBajy peaoM
jemHa 1o jeaHa.

Kox ryctuHCKOT MOJIena, OMMCAHOT eKCILTUITUTHO WJIH MMILTUIIUTHO, BPIIU CE H
eKCIUTHIIATHA ¥ WUMILTUIITHA T0JIe)Ia BpeMEHa. 3a OBaj paj 3HavajHa je MMILIHIATHA
METOJla IMOoJieiec BpeMEMEHa 3a HeCTallMOHapHa CTpyjama, Iojelia BpeMeHa Ha

BpPEMEHCKe KOpake | ,,yHyTpalllibe* uTepalrje y OKBHPY BPEMEHCKHX Kopaka.
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3.4.5. MoaenoBame TypOy/ieHIIHje CTPYjamba

Crpyjame ¢ayuia je caMo y orpaHHUYEHOM Opojy CiydajeBa WM y OTPAHHYCHOM JCITY
CTPYjHOT TI0Jba TAMHHAPHO, ca ypelheHuM pacrope1oM OIHCKUX CI0jeBa U CTAIIHOHAPHO
y clydajeBHMa HENPOMEHJbUBHX TPAHUYHHUX YCJIoBa. [ypOyJIeHTHO HECTallMOHAPHO
cTpyjame, yoOW4YajeHo y TpakcH, HacTaje mpeoOpaxkajeM W3 JJaMHHApPHOT CTpYyjama.
OCHOBHU KpUTEpHjyM 3a yTBphHBame THIA CTPYjHOT TOJba je BpeaHocT PejHomacoBor
Opoja [125], xoju IOBOJW y pEIATHBHH OJIHOC HWHEPIHjaTHE W BUCKO3HE CHIIE.
Kputnuna Bpennoct Rey, ce y3mma 3a TpaHWYHY BPEIHOCT, OJHOCHO, BPETHOCT TIPH
K0jOj J0Ja3u A0 Ipeodpakaja JaMHHAPHOT Y TYpOYJIeHTHO cTpyjame. Bpemnoct Rey,
3arpaBo MpeJIcTaB/ba YCKH PAcIiOHy BPEIHOCTH KOJH 3aBUCH O BpcTe (hiywaa, ycioBa
CTpyjama, OOJHMKa OICTpyjaBaHOT Teja, KapaKTepUCTHYHE y)KHHE M KBaJHTeTa
noBpimHa. OCHOBHA OJUIMKAa TypOYJIEHTHOT CTpyjama Cy: H3paXeHa IpoMeHa
nmapameTapa CTpyjama y IpaBily MONPEYHO Ha Tpasall CI0OOJHE CTpYyje Yy OJHOCY Ha
OHE HacTalle y TpaBIly CTPYjama; U PeJIaTHBHO MaJia JUMEH3H]ja 30HE JIjCTBa Y OJIHOCY
Ha KapaKTepHCTUYHY Ny>XWHY, y TpaBIy ciobomHe crpyje. Kapakrep TypOyneHTHOT
CTpyjama ce OMHCYje IOCTOjalbeM BPTIOXKHOCTH CTpyjalba TPOIUMEH3UOHATHOT M
HETIEPUOIUYHOT KapaKTepa, BPTIIOKEHEM KOje BOJM Ka Melllamkby U Pa3MEHU KOJUYUHE
KpeTama, TOIUIOTe M MaTepHje; MelIameM KOoje TOBOAM JIO JMCUIAIM]Ee KOJUYHUHE
KpeTama U KHHETHYKE CHEePrdje Y yCIOBHMa BHCKO3HOT (UIyHJa MpH YeMy J0Ja3H JI0
cMamema rpaaujerara opsune, [lmuxtunr (Schlichting) [130]. TypOyneHTHO cTpyjame
MpeJICTaB/ba EHEPreTCKy Kackaay, CAauHME-eHO OJ1 BPTIIOTa pa3jiMuUTHX BEIHYUHA, TPU
yeMy OHH Behu oj1y3uMajy eHeprujy oJ cio00IHe CTpyje U TPAaHCHOPMHUIIY Ce Y Mambe,
JIOK ce KOJ HajMamHX, CHepruja TypOYJCHTHOT CTpyjama ITpeTBapa y YHYTpallby
EHEPrHujy MyTeM JUCUTIAIH]e BUCKO3HOCTH.

Y mpakcu Toclendie IOCTOjamka TYypOYJeHIMje Yy CTPYju Cy MHOre, Kao
HaIpUMep: €HePreTCKH T'YOUTII WM eHepreTcka e(HKacHOCT pa3IMYuTHX objekara,
ryourtak Ha nepdopMaHcaMa WK YIpaBJbUBOCTH KOJI JISTEIUIIA, JIOII KBAIATET 3aBapa
KOJI 3aBapvBara y CTPYjU 3aIITHTHOT raca ¥ MHOTH JIpYyTH, 300T 4era je BpJIO 3HA4ajHO
IITO MPENH3HK]e U peallHuje MpeIBulame MoHalama CTpyjamba HyMEPUUKUM Iy TEM.

OCHOBHM TIpUMEPH 3a CI000AHY TYypOYJICHTHY CTpPYjy CY: MIJIA3HHK, BPTJIOXHH

Tpar U Mellame CTpyja; a 3a MpUMepe ca TPAaHUYHUM CJIOjJEM Cy: TPaHUYHH CJI0j OKO
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paBHE TUIOYE WK y [eBUMa. [IpuMepn npuMeHe pa3inyuTuX TypOyJIeHTHHX Mojeia U
nopeheme pesynrata U3 MCIHUTHBAFa XparaBe Kyrjie ca BH3YEIU3alldjoM CTpyjama y
noa3ByuHoM aepotyneny T-35, BTU BC, cy natu y [113,131] (Ilpunor 1).

Ca mmibeM J51a ce ojpesie MmapamMeTpud TypOYJIEHTHOT CTpyjama pa3BHjeHa Cy,
YONIITEHO TIOCMAaTpaHo, TPH TPUCTYIa, HaKO JIO caja 3ampaBo HHUje KpeupaH
JeIMHCTBEH MOJIE KOJUM OW Ce TIOY3/1aHO TMPEIBHUAEIIO TYpOYJICHTHO CTPYyjarhe Y CBUM
ciydajesuma. [lpBu mpuceryn, aumpektHe Hymepuuke cumynamuje, DNS (Direct
Numerical Simulations, DNS), 6e3 monenupama nymepuuku pemaBa HCJ 3a unrtaB
pacrion BenmumHa BpTiora. Cienehu y HU3Y je MOJeNl cHUMYyJalHje BETUKUX BPTIIOTA,
LES (Large Eddies Simulations, LES), koju pemasa HCJ ycpenmene y 3D mpoctopy,
Te TUPEKTHO oapelyje BelmKe BPTIIOre, JIOK c€ OHH Mamu O] hemrja Mpexe MOJeryjy.
Kako cy DNS u LES npuctynu 3axteBHu no nurtawy WT pecypca u BpemeHna
peanu3anuje Hajuemhe ce nmpumenyjy HCJ ycpenmene nmpema PejHoncoBom mojeny,
RANS (Reynolds Averaged Navier-Stokes, RANS), u pemaBajy ycpenmaBameM 110
BpPEMEHY, YKJbYUHBAHEM YCPEIH-EHUX BPEIHOCTH MapaMmerapa ciodomHe crpyje. [Ipu
tome RANS o0yxBarajy cBe KapakTepHCTHUYHE JyKHHE TypOyJeHTHor ctpyjama. HCJ
ycpenmeHe npema PejHoIIcoBoM Moieny Cy Yy IpUMeHH 3a BehnHy UCTpaKMBAYKUX U

HHXEepcKuX mpodiema [92,132-135].

3.4.5.1. HCJ ycpeamene npema PejHosiicoBoM Moaey

HenpenuybuBOCT MOHAIIAKka CTPYyjarba 3axTeBa CBEOOYXBATaH OIKMC KpeTama CBUX
bayunaux gemuha. Mepema WHTEH3HWTETa TypOyleHIHje clo0oaHe CTpyje y
aepoTyHenuMa (TOITUM BIIAaKHOM, (uimoM wim jtacep—[lomnep anemoMerpoM) Jajy
poMeHy Op3uHe CII000JHE CTpyje Y 3aBHCHOCTH OJ Tpotekior Bpemena. 3a CFD
MOJIeTHpamke TypOYJIEHTHOT CTpYjarma OBaKaB HAUYWH MPUKA3UBAha HUjE O] IIPAKTHIHOT
3Hauaja, Te ce npuberaBa pamraiamaBamkby Ha JIBa €JIeMEHTa: YCpeAmheHe BPEIHOCTH
Op3une u Qaykryannone Op3une. KommonenTta 6p3une y m3abpanom Ox Mpagily je Taja
u;(x,y,z,t) =u;(x,y,z)+uj(x,y,z,t), rae cy u;(x,y,z) — cpenma Op3uHa croboxHe
crpyje, a u;(x,y,z,1)— IPOMEHJBUBH, OCIIITYjyhH 10 YKyIIHe BPETHOCTH KOMIOHEHTE
Op3une u;(x,y,z,t). Ha uctu HauuH pairdiamabajy ce U JpYr'd MapamMeTpu CTpyjama:

MPUTHCAK, TEMIIEpaTypa u JIp.
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Vcepenmwapame BpeJHOCTH MTapaMeTapa cTpyjama y u3adpaHoj HEMOKPETHO] TaUuKH
y IPOCTOpY, Y NEPUOAY JIOBOJHHO JYTauyKoOM Jia Cy yCpearmheHe BPeIHOCH HE3aBHCHE O]l

BpeMeHa, J1aTo je Ha IMpUMepy KOMIIOHEHTe Op3HuHe

m=— [ (22)

Ocmunarnuje Op3uMHE YTHYy Ha TOjaBy JOJAaTHHX — PejHONICOBMX HaIoHa:

HOpMAaJTHUX (T = —pu’z, Tyy = —pv’z, T, = —pw’2 ) u TaHTEHIIH]jATHUX

.t ) ’ ’ _’
(Ty =Ty —pUV, T =7 —pu'w, 7, =1, — pv'w') [123].
y CKJIaJly Ca OBAaKBUM IIpHKa3WBaAKLCM IIapaMeTapa CTPYj akba HU3BCIACHU CY U

KOPHTOBAaHU W3pa3d jeJHAYMHA TpaclopTa YCPeImeHUX y BpeMeHy — PejHommacoBe
jennauuHe. PejHOIICOB TEH30p HAIOHA, R = —pul'-u;- (i, j, k npencrassbajy mpasle X, y
U Z), IPEJICTaB/ba yCpeIbeHe eeKTe TYpOYICHTHE KOHBEKIIH]je, YAjUM YKIbYUHBAHEM Y
jeHaYMHEe TMPOMEHEe KOJWMYMHE Kperama cy Hactamm RANS wmonenmn ca cerom

HETIO3HATHX KOj€ je MOTPeOHO MOETIOBATH KaKo O ce 3aTBOPHO CHCTEM jeTHAUYMHA.

Jennaunna nmpomene kosmunHe Kperarba RANS Mmozena [92,93,125-129],

7. i 7)) OR;
p[%m a”’j— I BT (23)

o Fox ) o ol ox; ) ox;

1

RANS mozaenu mory OuTH nepUHHCAHM HA J[BA HAYWHA, U TO IPUMEHOM Mojesa
BPTJIO’KHE WM TypOyJeHTHE BHUCKO3HOCTH, ur, Ha ocHOBY bycuneckoBe (Boussinesq)
XHUIOTE3€ UM MOJIeIOM PejHoIICOBHX HallOHa.

[Ipema BycuneckoBoj mpeTnocTaBiu PejHONICOBH HANlOHU Cy JOBEICHU Y BE3y
ca yCpeImeHUM TpajujeHTuMa op3uHa [92,93,125-129]

ouw, Ou;| 2 9 2

—— U,
RU:—pu,u]:,uT —t— __IUTTké‘l] —gpké‘l] (24)

ax]' 5xl- 3 0 k

YBEJICH je HOBH IrapameTap TypOyJIeHTHA BUCKO3HOCT L = pC), s / £ KapaKTepUCTHKa

TypOyJIEHTHOT CTpYyjama U 3aBUCH OX TypOyJIeHTHe KHHEeTHIKe eHepruje, k =uju; /2, n

CTerneHa JucunaIyje TypOyJIeHTHE KUHETUYKE eHepruyje,

e=—dk/dt =v Bui/éxj(éu,-/éxj+6uj/5x,-). Ynan J; je Kponekepopo nenta.

[Ipomena cremupuyHe [UCUMAIMje TpeAcTaBba OXHOC o =¢/k, a KuHemarcka
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TypOyJIeHTHA BUCKO3HOCT je vy = iy [ p [m2/s].

TypOyneHTHa BHCKO3HOCT C€ MOJIeNyje, Ha OCHOBY JMMEH3HWOHE aHallu3e, Ipema
noHaImamy TypOyJeHTHOT CTpyjarka y BpeMEHy M IpeMa pa3Mepama JIUMEH3Hja
BpTiora. Pazmuuutu TypOysieHTHH Mojeid, Y okBupy RANS mozena, Moienupajy yr Ha
pa3uumnTe HAuMHe, a y CKJIaJy C THM UMajy U PA3INIATe OCOOMHE U TIPUMEHY.

Typbyneatan wmomen Cmamapt-Amvapac (Spalart-Allmaras, S-A)  jemny

jenHaunHy TpaHcnoprta (25) ykibyuuBameM MOIu(pUKOBaHE TypOYyJIeHTHE BUCKO3HOCTH,

pr = £ (7) 192.93]

2
ov  ovu; 1|0 ov ov
4 L= G, +——(u+pV)— [+Cp| — | -
p[ o Ox; j cm@é}ﬁe oy | Ox; {(ﬂ Pv) Oox; } b2 [Ox,- J
TypOyJIeHTHE
BHCKO3HOCTH (25)
— YV + S];
- ——
HECTajame UDF u3Bopa

TypO. BUCKO3HOCTH
y OJTM3MHY 3HU10Ba

rac Cyoy Cb2 , KOHCTAHTC, a vV MOJICKYJIapHa KHHEMATCKa BHUCKO3HOCT. CDYHKI_[I/Ija

TypOyJIeHTHEe BUCKO3HOCTH je Je(UHICAHA 3aBHCHOIINY

wr=pi @) [y )] 26)

MPUTYIITHA (PYHKIIA]a BHCKO3HOCTH

S-A Mopnen je Hamao MpPHMEHY Y Ba3IyXOIUIOBCTBY M TypOOoMamumHama KOJ
npobiiemMa CTpyjama 1O 3HJI0BAMA, ca ClIabWM OTIEIUbCHhUMa H PEIUPKYJIAlNjoM
cTpyjamba.

TypOynentan monmenu tumna xk—: cranmapaad, RNG u octBapuBm (Realizable),

pelaBajy jeJHauYrHe TPAHCIIOPTA 33 K U &, T€ aKO Cy OHH IT03HATH MOXE C€ OJPEIUTH U
ur =1 ( pk2 / g). JenqHauMHe TpaHCIOpTa 3a OCTBAPMBH K—& MOJICNI CY NpHKa3aHe ca

(27)3ak u (28)3a¢[92,93]
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Opku ; —— Ou;
ot Ox; Oox; oy ) Ox; Oox;
r?c? 3:;1 TPAHCTIOPT  Tpamcmopt yemex  CTBapambe Typo.
P yenen ndysuje KHHETHYKE CHEPTHje
KOHBEKIIH]e (27)
+ G - Y - + S
G I i Sk
CTBapame yTHIIA] IPOMEHJbUBE  Op3HHA UDF u3Bop
TypO.KHUH. JUIaTalyje Koj — HecTajama
CHCPIH)C CTHILLUBOT CTPYjarba
ycIie]T TOTHCKa
Opeu ;
apg + P J :i ﬂ+ﬂ_T @ +pC]Sg_
‘“a't_‘ 5xi axl' (o} P 0 i
Op3uHa AHCIIO
TPAHCIIOPT
nopacTa P p TPaHCIIOPT yCIIeA
yenen nudysuje (28)
KOHBEKITH]j e
2
£ £
—pC——=+C, — .G, + Se
k+ k —
\/E UDF u3Bop

r7e ¢y oy " g, TypOynentHu Ilpannriosu 6pojesu, a C, u C;, emmupujcku ojapehene

KoHcTaHTe. Bpiio je BakHO mcTahu fa y cirydajy OCTBapHBOT K—¢ TypOYJICHTHOT MOJelia
wyp = pC #kz & mopeq ocrayor 3aBuch U ox wiaHa C,, Koju je (QyHKIHUja Cpenme

Op3uHe U TypOYJICHIIH]e CTPYjama.

OcTBapuBH Kk—¢ MOJEN y3uMa y OO3Wp M YTHIAj] TOTHUCKA Ha CTBapame K Y
cllydajeBUMa Kaja ce YKJbydyje TpaBUTAIIMOHO IOJhE M TEMIIEPaTypcKo IMoJbe. 3a
CTpyjalba TpH BUCOKHM M OCTBapWBH K—¢ MOJEN YKJbydyje W WIaH  Ha3BaH
L JJUCHITAIIA]ja yCIIe ] TUIaTamnuje” KOJuM ce TPeJICTaB/ba YTHIA] CTUIIJHHBOCTH CTpPYjarba
Ha TypOynenmujy [92,93]. Takohe, uctu Moaen npenpuha U IprUMEHY MPEHOCA TOILIIOTE
ycien TpHCycTBa TypOyJIeHIHje, KopuimhemeM PejHoiicoBe aHalorwje Ha MPEeHOC
KOJIMYMHE KpeTarka 3a TypOyJEHTHO CTpYjame INTO je BPJIO 3HAYajHO KOJI CTpYyjama y
yCIIOBUMA CTHIIJBUBOCTH (pirymma [92,93].

TypOyneHTHH MOJeNu THIAa K—€ Cy HAlUTd IIAPOKY MPHUMEHY Y HHIYCTPHjH,
UCTpaXHBamkUMa ¥ JIN3aJHAPAY jep Cy ce TMOoKa3alu Kao poOyCHH, MPUJIAroIJbUBH U
€KOHOMCKH paIliOHAITHH.

3ajeTHIYKO 3a CBE THUIOBE K—¢& TYpPOYJEHTHHX Mojela je TO Ja OHH He
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omoryhaBajy WHTerpamyjy jeIHadydHa JO CaMUX TpaHHIla JIOMEHa, Beh y cTpyju 10
00JTacTH BaXeHa JIOrapUTAMCKOT 3aKOHAa 3HJ0Ba, TAaKO Jla ce Ha mocebaH HaduH

periaBajy mpobsieMu cTpyjarma y OJU3HHH 3u10Ba, ciuka 11.

<
= f—yu/v
E y —y T
% x u/u=2.5 In(y u/v)+5.45
o —
£N 35 Cnospammu —
=
555 JI€0 TPAaHUYHOT
229 cioja
==
23 5
> 5 a
R VYHyTpammn
S 5E 710 TPAaHMYHOT
y=60 cioja
badep cinoj
y'= 7
Bucko3au
TIOZICTIO]
u= u/u,

Cmuka 11 Crpyjame y 6ymm3unHm 3u1a [92,93]

[Ipenopyuena neuHunINja yTHIIAja 3HI0BA, IPH YIOTPEOH K— Mojena, HoceOHO
KOJ KOMIUISKCHHX CTpyjama yKJ/bydyjyhn TocTOojame 3aycTraBe, OTICTUbCHA,
pereHepanmje Win yJaapa cTpyjama, je HepaBHoTekHa pyHkirja 3uaa (Non-Equilibrium
Wall Functions, NEWF), mopen crannapae, 300r 0cOOMHE Jia MapIidjaTHo ypadyHaBa

epexte rpaamjeHata mpurtucaka [92,93]. Takohe, mpemopydene cy Hu BpeIHOCTH
Oe3MMEH3HOHATHOT  pacTojaka o  3uj1a, Yy =pu,y/u, 'y  obnactu

30 >y > 300, 3a Kojy je OTBpheH JOrapHTaMCKH 3aKOH 3a Cpeliby Op3HHY CTpYyjamba

[92,93].
3.4.5.2. [loueTHH U TPAHUYHH YCJIOBH

Crpyjame mogenoBano HCJ ce Moke KilacH(pHUKOBATH MpeMa MaTeMaTHYKOM MOJIETy
[126], rme BHCKO3HO cTalMOHApHO CTpyjame mpenactaBba [1J[J emunTuukor THma,
BHCKO3HM HecTallMOHAapHU IpoOiem mpexacrassba [1/1J mapabommunor tuma. Ca apyre
CTpaHe HEBHUCKO3HO CTAI[IOHAPHO CTpPYjambe y MOA3BYYHO] OOJIACTH j€ eTHUITHYKOT, a Y
HA/I3BYYHO] 00JIaCTH — XUIEPOOIMYKOT TUIIA, TJIe HECTAlMOHAPHU CITy4ya] HEBUCKO3HOT

CTpyjama TIpejacTaB/ba XUNEPOOTMYKH TpoOJIeM, HE3aBUCHO OJi obiactu Op3uHa.
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CranuonapHu 1poOJieMH Cy OMHMCAHM ETUNTHYKUM jeIHaYMHAMa, YHjH je TUIIHYHHU
o0muk gar JlammacoBoM jegHauMHOM, a pelierma ce ojipelyjy mocraBibambeM ycloBa 3a
3aBUCHO TIPOMEHJPMBE II0 TPAaHUYHUM TMOBpIIMHamMa joMeHa. [lapaGonmuunu u
xunepoonuuan ooy [1/1J, HecTanmoHapHN WM CTallHOHAPHU CTPYJHU MPOOIIeMH, ce
pelnaBajy KOpauHUM MeTojama ca Je(UHUCAHUM MOYETHUM U TPAHUYHUM YCJIOBHMA,
IIpH YeMy JIOMEHH pellemha HUCY 3aTBOPEHHU. 3a HECTAIIMOHAPHO CTHUIILUBUBO BHUCKO3HO

CTpYyjame HEOIXO/IHO je Je(pHHrcaTH MOYeTHE YCIIOBe, Y IIEJIOKYITHOM JIOMEHY pelleha,

urtop VulT 3a¢t=0s u rpaHuuHe ycioBe (3a cTalluOHApHE U HECTAIMOHAPHE
npobiieMe), IO CBUM IpaHMIIAMa JIOMEHA U TO: KpyTe IpaHulle — 3uj0Be (yCIOBHU: 6e3
POKJIM3aBarba, pABHOMEPHE TEMIIepaType u TOIUIOTHOT (uIyKca) U TpaHUIle n3adpaHor

CTpYjHOT TI0Jhba Ha ylazHoOM (,inlet”) m m3ma3HoM (,,outlet”) mpecexy. Ha ymaznom

npeceky p, V' u T tpeba na cy neduHHCAHH y 3aBHCHOCTH O]l TOJIOKaja, JOK je Ha
M3JIa3HOM IIpeceKy MOoTpedaH yclIoB HYJITHX IpajiijeHara CBUX MPOMEHJBUBUX Y MIPABILY
cTpyjama. Takohe HEomxoJHa je W BPETHOCT MPUTHUCKA Y JeHOj TaYKH MOCMATpPaHOT

nomeHa. JleTaJbHHjU OMKC TUITOBA M HaYWHA penraBama [1]1) je mpukazan y [92,93].
OnpehuBame y1a3HoOr MoJaTKAa 0 XpanaBoCTH 3U/10Ba

['panryHM yCJIOB TOCTaBJBEH 3a 3HUJOBE YOOHMUYAjeHO HE YKJbydyje XpamaBOCT
MOBPIIIMHA, AJIA POTPaM OCTaBJba MOTYhHOCTH yHOCA BUCHHE HEpaBHHHA U KOHCTAHTY
XpamaBoCTH (EMITHpHjCKa BeJIWYWHA). BucWHAa HepaBHHHA ce Ha (DU3HUKOM MOJIEITY
MOXX€ M3MEPUTH pa3JIMYMTAM TEXHHKaMa KOHTpOJIe KBaJWTeTa IPOU3BOJA.
VYKJbyunBame XpamaBOCTH Y MPOIECYy HYMEPUUKHX CHMYJIAIfja je 3aXTEeBHO Ipe CBera
300or ycioBa, Koje Tpeba 3aJ0BOJBHTH Ja OW ce J00Wia BaJugHA HyMEpUYKa
CUMYJIalija, ¥ TPOIIECHOT BPEMEHA Jla Ce W3BpINe 3axTeBHe cumyianuje. CymTHHa
npobiiemMa JISKH Yy HYMEPHYKOM TpeTMaHy HEpaBHWHA, MOCTaBJbarkby KBAJIHTETHOT
MpPEXHOT Mojiena u u300py TypOyJeHTHOr Mojeia. BuchHa HepaBHHMHA TOBOIH 0O
noBeharba BHCHHE TIPBOT CJI0ja MpPEXHOT MoOJelda C 4YHM ce cyxaBa Hu300p
TypOyJIeHTHUX Mojelia Ha pacrnonarawy Ha Hamp. SST, k — kl — o, k — o xoju cy y
IIPUMEHH 3a TPETMaH BHUCKO3HOT mojcioja (o6mact y° < 5), ca MOCeOHHM TPEeTMAHOM
3una y ynorpebu cy moxaen ,,Enhanced Wall Treatment™ umi monen marnor Re (,,Low—
Re*) [92,93]. Ca apyre cTpane Mojaenupame Behnx HEpaBHUHA JIOBOJHU JI0 €KCTPEMHOT

noBehama egeMeHara Y MPEKHOM MOJACITY.
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OxBalleHa MOBpUIMHA j€ aepo- WM XHUJIPOJAWHAMMUYKU IJaTKa YKOJIUKO Cy
HEpaBHUHE TOJIMKO MaJIe J1a Cy HOTIIYHO YTOIUJBEHE Y JIJAMUHAPHU MOJCIIO], IPU YeMy Cy
paBHOMepHO pacmnopeleHe m mo3HaTa je WmUXOBa cpeama BucuHa. Cimka 12a je
[IEMaTCKH MPHKA3 HyMEPUYKOI MOJIeNIa ca CTBAPHUM IMPOQUIOM XpanaBOCTH y 30HH
YHYTpAIIBbEr JleNla TpaHU4YHOT cioja. McrakHyT je XpamaBu c€j0j cpefibe 1e0/buHe e U
HarJjalleH je IoJ0aj IPBOT HU3a TPOYTaOHUX eJIeMEeHATa y30pKa MOBPLIMHCKE MPEXE.
Cmuka 12B mpukasyje mpuMep aepoJAWHAMHYKH TJIaTKe IOBPIIUHE, KOJ Koje je
3a7I0BOJbEH YCIIOB Jla Cy HEepaBHUHE NOTOIUbEHE Yy JIAMUHAPHU HOACHO], € = Ojam podsioj
mTo OW 0IroBapaio CTBAPHUM yCIIOBUMA cTpyjama [92,93,137].

Lentpouau
henuja y npBom peiy 25

Jlor 3akoH w .V
20
S — 7

Buckoszuui

e— Badep cnoj

61)(1_fér sloj /K

I O I

Sk . -0 = . o . ¥ V
M & < — vis..podsl.
A i = .
= "//// “@ﬁ 0.1 I 510 30 100 | 1000
V //‘ Renuje mpexe Bucxomm E—a(pe_p Log e
[ 7~

(mipBi pex) VHyTpatihu ciioj :
Hepapuune na Crosbalisi Ci1oj
Hymepuuxu TOBPUIMHHA o T
Mojen CTBApHOI’ MOACIA
(a) (6)
XUApOAMHAMUUKU
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(B) [137] (r) [137]

Ciuka 12 [lemaTtcku mprKa3 HyMEPUUYKOT MOJIejia ca CTBAPHUM U €KBUBAJICHTHUM
pO(HUIIOM XparaBOCTH Y 30HH YHYTpAIIbET JIela TPAaHUYHOT CJIoja

N3 notpebe nma ce Mojaenupa cTpyjame u u3padyHajy mapametpu momohy CFD,
MPUCYTHU Cy W JIOJIATHH KPUTEPHjYMH: Ja je NMPBU HU3 heuja Mpexe y3 MOBPUIHHY
JIOBOJbHE BHCHHE, TaKO JIa CJI0] Y HYMEPHYKOM JIOMEHY KOjH cIiaja meHTpoue hemuja u3

IPBOT HU3a Mpe)Ke MPEKPHBA CBE HEPABHUHE U MPU TOME j€ HajMame ABOCTPYKO BHIIH
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on camux HepaBHuHA [92,93,137]. Cnuka 12B,r meMaTcKu MpUKa3yjy CTpyjambe MpeKo
XUJAPOJIMHAMUYKY TJIaTKE U XparaBe MOBPIIMHE ca Ha3HAYEHUM CTBAPHHUM HPOGUIOM U
E€KBHBAJICHTHUM Y OJHOCY Ha Kanubap MelryaHux 3pHa, K 3a 4Hjy BpEIHOCT je
MPEIOAKEHO JIa CE MOXKE OJPEIUTH MPUOIMKHO Kao K;=5.863 Ra [137,138].

Bucuna momnokaja ImeHTpouja TpBOr HU3a henmuja mpexe, Ay, MoOxe ce

MPUOIMIKHO OJIPEUTH Ha OCHOBY M3pa3a 3a paBHY ILJI0UY
Ay=8.6y" L Re, Y (29)

re je y' = y u, /v 6e3IMMEH3HOHO pacTojame OJ 3HMAa IO Tauke y CTPYjH H3pakeHa
nomohy Op3uHe o1 Tpewa, U, = (T,/ p)l/ 2, a 1, HAIIOH Tperba 1o 3uxy [93].

BpeanocT xpamaBocTu MOBpIIMHE 3U/a j€ jeaH 0] yJIa3HUX MapaMerapa Kojuma
ce nedurmme TpaHWYHH ycioB Ha 3uay kox mnpumerne CFD. OcHOBHH 3axTeB
TPaHUYHOT yCJIOBa 3HJIa C€ OJIHOCH Ha BHCHHY IpBor HU3a henuja mpexe. [Ipema oBom
YCIIOBY, HEOTIXO/HO j€ J1a BUCHHA IIEHTPOUIU henuja, 01 TpaHiYHE TOBPIINHE, U3 PBOT

Hu3a OyJie HajMame TBOCTPYKO Beha JiokaiHe BUCHHE HepaBHUHA Mpoduia.

3.4.6. Myarudasno crpyjame

MynrtudasHo crpyjame mojapasyMeBa JTUHAMHYKY HHTEPAKIIH]Y HEKOJIHKO (H3MYKHX
dasa, JOK Ccy came akTUBHe (ase OHE BpCTe MarepHjajia Koje HMajy ImocebaH
JUHAMWAYKA OJ3HMB, MehynejcTBO ca CTpyjarbeM M IMOTEHIMjaHUM I0JbEM KOJHM je
nocmatpada (asa oxpameHa [92,93]. ANSYS Fluent mma pazBujeno Bume Ojnep—
Ojnep myntudazHux Mojena: MoJiea 3anpeMuHckux yaena ¢asa (Volume of Fluid ,
VOF), monen memasune u OjnepoB mozen. Y ocHoBu Ojnep—Ojnep (Euler—Euler)
npucTyna, pazmuante GaynaHe dase ce cMaTpajy KOHTHHYATHHM O3 MpoIupama jeTHe
y Ipyry ¢azy, Te cy 3alpeMuHe Koje 3ay3uMajy (aze 3ay3umajy Hemoje/beHe, a OJ1aTie
je YBEICH W KOHIENT 3allpeMHUHCKUX yaena ¢asza mo mocMarpaHuMm hemmjama. Y

HACTaBKYy je nat npuka3 ynorpedssenor VOF mozena.

3.4.7. Moaea 3anpeMuHckux yaesna ¢paza — VOF

Pesynrarn mymepuukux cumynanuja yaapa 2D tamaca Ha Opoj, ynopeleHH o1 cTpaHe

AnekcaHgy W Jp., CBPCTAIM Cy HYMEpUYKe CHUMYJAlje y Tpyly BaIUIHUX U
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nmoy3gaHux Merona 3a a”Hanm3y [90]. Ocnamajyhu ce Ha MeETOMy KOHTPOIHHX
3alpeMHHa, CKyI jeHauyWHa Jaje WTEePaTHBHO pEIICHe pa3/iBajajyhm KOMILIEKCaH
mpobieM ymaga Tena y BOJXy Ha JeNoBe: YTHIQ) TpaBUTalHdje, IMHAMHYKH U
MynTH(A3HH TpoOieM, MPUHYAHO JepOpMHCAe U TOMeparke HyMEpHUYKe MpEXKe,
6DOF wMopen 3a omnucuBame AMHAMHYKHX KapaKTEpUCTHUKA KPYTOT Tela, MOJIEN
3alpeMUHCKHX yena ¢asa Girynaa u MoJieupame TypOyIeHIInje.

VOF wmonmen je manac y INHPOKO] NPUMEHH y OOJIACTH XHUIAPOJIMHAMUKE
yKIbyuyjyhu m 3axTeBHe mpoOsieme w3 oOmactu Op3mx rmioBmwia [82], HahTHHX WM
CIMYHHX TIATHOPMHE, WM OATMCTHYKOT MyIikha Y Boay [139].

MyntudaszHo cTpyjamke ce mocMarpa Kao CTpyjame jeaHe mpumapHe (aze u
OCTAIMX CEKyHIapHUX (a3a Koje Cy YyHelleHe y HmpuMapHy (asy, cBaka ca CBOJUM
ynenoMm y 3anpemMuHu hemmje wmpexe. [lomymenoct hemwje ce aedunmIIE
3aIPEeMUHCKHAM YEJIOM CeKyHIapHuX (aza, Te ako henuja HUje ucmymeHa ca Ga3om ¢

3a wy je @, =0, ako je MOTIYHO UCIyHeHa ¢, =1 U aKo je ACTMMHYHO HCIyHECHA
0<ea, <1 xana henuja caipKu ¥ TpaHMYHY NOBPIIMHY MM HHTepdejc u3mehy dasa.

3anpeMUHCKH YyJeo ImpuMapHe (ha3e ce cpauyHaBa M3 yClIOBa Jla je CyMa CBUX yjena

¢daza jennaka 1 [92,93].
3.4.7.1. JennaunHa 3anipeMUHCKOT y/aeaa ¢a3a

JenmnaunHa KOoHTHHYHTETA 3a ¢ a3y je ocHOBa 3a Mpaheme rpaHudYHe MOBPIIUHE Mehy

¢dazama u jara je u3pa3om

0
PP (i) - z] (1 1) (30)

TIe 11, MPE/CTaBba MAaCeHH MPEHOC U3 hase ¢ y basy p, u 0OpHYTO, H3BOP je HyITe

BpPEIHOCTH. Y cly4ajy [IUCKpeTH3alldje BpEeMEHa WMIUTUIIUTHOM IIIEMOM, Ha
pacrnoyiaramy Ccy cranaapaHa uarepnosanuona mema, QUICK, meme y3—cTpyjy u ap.
KOje ce IpHuMemYyjy pamu oapehuBama ¢iykca Mo JuUIAMa 3a CBe henrje Mpexe,
yKJbyuyjyhu u oHe Gincke rpaHnYHIM noBpiHHama (asa [93].

JemHaumHa onpkama KOJWYMHE KpeTama j€ pa3MemeHa IO 3alpeMUHCKAM

ynenuMma ¢aza myTeMm p U U .
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Jennaunna onpxama eHepruje ce Takohe pasmermyje mpema «,, NpH YeMy Cy

€Hepruja u TeMIepaTypa ycpeImbeHe 1o MacH 1mpemMa u3pasy
E:(]Z:IaqpqEq qzzla”p”’ (31)

npu ueMy je E, eHepruja cBake (aze QyHKuMja crenuduyHe TOIIOTE M JEJbCHE
TeMIeparype cBake (ase.

Mogen VOF omoryhaBa m yKJby4HBame y CUCTEM M CKaJAPHUX jeTHAYMHA Kao
mTo ¢y TypOysieHTHH Mojaenu. CKyn jeTHaurHa TPAHCIIOPTA Ce pellaBa ca pa3/ie/beHuM

BpEHOCTUMA MTPOMEHJBHBHX (HAIp. K, & ) 10 (a3amMa y OKBUpHAMA IIeJIOT IOMEHa.
3.4.7.2. Marepnoaanuja y 0JJM3MHU TPAHNYHE MOBPIIMHE pa3ABajama (a3a

Metona KOHTPOJNHHX 3allpeMHUHA YCJIOBJbAaBA CpadyHaBame W H3je/[HAUYABAIbE
KOHBEKTHBHHX W JTU(PY3HOHUX (UIyKCceBa 1O JUIMMa henrje ca u3BopuMa yHyTap came
henmmje. OOGMMK TpaHWYHE TOBPITMHE pa3/Bajama (asa je y oBoM pany oxapehen Ha
OCHOBY HWHTEPIIOJIAIHje€ METOJOM T'€OMETPHjCKe PEeKOHCTpyKiHje y henmmjama koje cy
UCIyIheHE pasnuuuTuM ¢azama, ciauka 13 [92]. YoOuvajeHe WHTEpHOIAIMOHE IIeMe
KOpHUCTE y CBUM OHUM henmjama Koje Cy MOTIIYHO HCIYE-E€HE jeTHOM HCTOM (ha30M.
OBOM MeTOJIOM ce y TpaHHIlamMa cBake henWje TWHeapu3yje TpaHWYHA TTOBPIIAHA

n3Mely ¢asa u Ha UCTH HaYuH TpeHoc (uryuaa kpo3 nwmia henwja.

sl It

7 -

(a) crBapam 00MK rpaHudHe  (0) reoMeTpHjcKa peKOHCTPYKITHja

Cmuka 13 I'eomeTprjcka peKOHCTPYKIIHja TpaHUYHE TTOBPIIHHE [92]

CrojctBa matepmjasia (haza ce ojapehyjy Ha WCTH HauWH, T€ TAKO 3a IPUMEP

ryctuHa Quynna y henuju ykipyudyje cBe (haze ¥ BUXOBE 3allpEMHHCKE yIelle — 3a JBe

tbaze 6uBa p=a,p, +(1-a,)p, wm p=3Y a,p,.3an dasa.
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3.4.8. Kiimzne mpeske

Kimsue mpexe ¢y y mpuMeHH yoOu4ajeHo KO HeCTaI[HOHAPHUX CTPYjama OKo objexara
KOjU Cy y peJIaTHBHOM KpeTamy, TPAHCIIAIUjH WM TMEPUOTUIHOM KPY)KHOM KpeTamy.
Cmuka 14a mokasyje jelaH mpuMep ca TPaHCIAIHjOM MMOKPETHE, KIU3HE, Y OJHOCY Ha
HETIOKPETHY MpeXy. HemokpeTHa u moKpeTHa Mpeska KITH3e, PEJIATHBHO jeHA Y OJTHOCY
Ha Jpyry, 1O TPAaHWYHUM TOBpIIMHAMA CAYUF-CHHX OJI TPAHWYHUX JIMIa henwja Ha
o0ony 30Ha, ciuka 146. [Ipecek rpaHUYHKX MOBPIIMHA HETOKPETHE U IOKPETHE MPEKE
YUHU jeHY YHYTpalllby 30HY W Tap 3ujoBa (CIO0OJHH JEJIOBH JIBa)y MpeExKa).
YHyTpamima 30Ha, 30Ha M0 KOjoj TIOKPETHA Mpeka KIIM3H Y OJIHOCY Ha HEMOKPETHY, ce
KOPHCTH Kao OCHOBA 3a cpadyHaBame (hiykceBa Kpo3 JBe HEKOH(DOpMHE Mpexe (CIuKa
146: mumna hemuja d-b, b—e, e—c) Tako mTO ce 3aMeHapyjy TpaHWYHE MOBPIIUHE 30HA
henwuja, a ykipydyjy ce JuIa Ha YHYTpalLboj 30HH (ciuka 140: uryke Kpo3 TpaHuIHY
noBpmuHy Ka hemuju IV ce oapelyje u3 nadopmanuja ca yayrpammux 308e d-b u b-e

koje motuuy u3 hemuja I u III) [92].

3ona hemmja 1

I'pannuna
NOBPIINHA Ca
"~ crpane
C 3oHe henmja 2

3ona ,,3uma‘

S

Yo ) )

" HenokpeTHa mpexa
\ 7 T S
) L L L LS

Ho?peﬁa_\_‘ = N\ *
Mpe)Ka\ Ny D N
// \/ / 3omHa ,,3uma’ nospmuﬂa ca
cTpaHe
VHyTpallba 30Ha 3omne henuja 2 3oHa hiennja 2

Cmuxa 14 2D rpannyna nospmuHa n3mely nBe 3oue henmja [92]

3.4.9. Ilmnamuuke — nepopmaduIHe MpeKe

VYV nmakery ANSYS Fluent Mmozien muHaMHUYKHX Mpeka je mpeaBuheH 3a cTpyjHe MOJiene
KOJI KOJUX ce OOJIMK TpaHHuIla JOMEHa Mema TOKOM BpeMeHa [92]. Hauwmn Ha xoju ce
MeHbajy TpaHuIle MOXe OWTH yHarpea NeUHUCAH WIIH CpadyHAT 3a CBaKW BPEMEHCKH
TpeHyTak mocedHo, kao mto To paau 6DOF (Six-Degrees of Freedom) consep. Mpexa
ce axxypupa 3a CBakM TeKyhH MOJoXaj TpaHHIla JIOMEHa, MOYeB O 00JIMKa Ioja3He
3alpeMUHCKEe Mpeke, IIpeMa ONMHUCY KpeTama CBUX TMOKPETHHX 30HA (JIUIA WM 30HA

MpEXe).
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[Ipomena o6muKa, OJTHOCHO, KpeTame TPaHUIa MPEXKe palH aKypHpama ce BPIITU
nomohy: Metose yjeanadeHor nedopmucama (,,smoothing™), TMHAMHYKOT pacjiojaBama
U METOJIe JIOKATHEe PEKOHCTPYKITHje WM TIpoMeHe Mpexe (,,local remeshing™).

Kox metone yjemnadenor nedopmucama ca onpyrama (,,Spring-Based Smoothing
Method®) crtpanuiie m3Mely CBHX UYBOpOBa C€ CMAaTpajy HICATH30BAHOM MPEKOM

MelycoOHO MmoBe3aHuX ornpyra, ciuka 15.

i

Kpajmu obmmk [Tonazuu 06Uk
3alPEMUHCKE MPEXE, #, .~ 3anpeMHHCKE MPEKe, I,

——

[IpaBamn npomene

00J1MKa TpaHuLa JOMEHA, -1,

Cmuka 15 Ckwuia MeToJie yjeTHaueHOT Ipejia3a ca onpyrama [92]

[Tomepame yBOpoBa MO TpaHUIIAMA CTBapa CHIIYy MPOIOPIUOHAIHY HOMEpajy
CBUX IIOBE3aHMX OIpyra Ha IpaBIly KpeTama, npema XykoBoMm (Hook) 3akomy 3a
nuHeapHy nedopmanmjy ompyre. Cinmka 15 mpukasyje mpumep aedopmaiuje
3alpeMUHCKE MpeXe 0 METOJy YjeIHaueHOr Ipeja3a ca orpyrama oJ HOJa3HOT
TPEHYTKa, /), ca TOJIa3HUM II0JIOKajeM TPaHUIle ca JIECHE CTpaHe, 10 KPajiber TPeHYTKa,

{7, Y KOM je ToJIa3Ha rpaHrIla TOMepeHa y TpaBIly IpomMeHe oosmka [92].

Coasep mect crenenu ciaodoge — 6DOF

Comeep 6DOF mpumemyje ce y makery ANSYS Fluent 3a cpauyHaBame CrioJbalrmbux
CHJIa ¥ MOMEHaTa Koje Jellyjy Ha KpPyTO Tello (XUAPOJWHAMHUYKE, aepOJUHAMUYKE U
ci1.). OnTepehema ce oapelyjy uHTErpaujoM MpuTHUCaKa U MOBPIIMHCKUX HAMOHA T10
OKBaIllleHHM TmoBpiuHamMa kpyrtor tena. 6DOF 3ajenno ca VOF m nedopmabriHOM
MpEXXOM C€ TpUMEYyje Y HECTallMOHAPHUM XHJIPOJUHAMHUYKUM IpoOIeMuMa IpH
3apamamy KpPYTOr Tela y BOAY. 3a NPUMEHY je MOTpeOHO IOJAaTHO YKJbYUHBame
kopucHuuke ¢ynakinuje (User—Defined Functions, UDF) xoja omoryhasa nedunucame
Op3uHe Telna MO MpaBIly, YraoHy Op3WHY 3a TEXKUINTE Tela, JUHAMUYKE 30HE KPyTOr

TeNa, mapameTpe TUHAMHKe KpYTOT Tena (Mace KpyTor Tella M MOMEHara WHepIyje) U

78



Buomumurpuja kao memoo aepoOuHamuukoz OU3ajHUparea 603a GeNUKUX Op3UHA

cBOjcTBa Jipyre (aze — Bojie (TYCTUHY B Op3WHY IPOCTHpama 3ByKa Kpo3 Boay) [92].
3.4.10. Xuapayanuka aHaJ0ruja

Cepxa mpuMeHe aHaJoTHja je Y MPUMEHH jeTHOCTaBHUJUX U €eKOHOMUYHHJUX METO/1a 3a
ONHMCUBAIE AHAJIOTHUX CTpYyjama, YHjU ce pe3yiaTaTd MOTY IpPEBECTH Ha JKEJHEHO
CTpyjame, 3a Koje Cy 3aXTeBHE JUPEKTHE METOJe Mepema, MITO je€ 3a XHUJpayIndHy
aHaJIOTH]y MOTBpHEHO HAPOYMTO ca yBohemeM HOBHX TexHUKa Mepema [87,106,107].
VYcnoB 3a anamorujy m3Mmel)y aBa cTpyjama je jeTHAKOCT MATEeMAaTHYKOT Mojelia U
MOYETHUX U TPAaHUYHHX YCJIOBA KOJUMa cy OHHU onucanu [87].

Xuapaynuuka aHajJordja ce OJIHOCH Ha aHaJOTH]y CTpyjama BOJE W raca IpH
pa3IMYUTUM YCJIOBHMMA, T1a je TaKOo aHajoruja u3Mely CTHIIJBUBOT CTpyjama Ba3ayxa u
CTpyjama BOJe y KaHaly ycllioBJbeHa MelyonHocom Op3uHe Taiaca u Op3uHE came
cTpyje. Bonmenu tamacu ce xapakTepuily Kao I'paBUTAIlMOHH, OIMHCAHHW Yy OBOM pajuy,
WJIY KallWJIapHU, 3aBUCHO O] BpCTEe y3pouHe cuiie [87].

['paBuTanmonn Tajacu HacTajy Kao TMOCIeauIa JejcTBa WHEpIUjalHe U
rpaBUTAllMOHE cHiie Ha cBaku G(uymaau pgenwh. 3aBHCHOCT Op3WHE MPOCTHpAHA
BOJICHUX Tajaca, ¢, O] TaJlacCHe JY)XHHE, A, Y OJHOCY Ha IyOWHY TOKa, z, ciuka 16

[107].

— Ilmutak Tok € =./gz
\ g

Fo2 NSV -
., z<<
JlyGokn TOK
ah Bpsuna pacipocTuparba
=\, CHHYCOMJQIHHX Tasaca
c= ﬁ tan}l [Ej
z>> A 2n A

v

Cnuka 16 bp3una Tanaca Gpynkmnuja tamacae qxyxune [107]

Tabema 1 nmaje mpernen u3pasa M HIASHTHYHOCTH XUApayIHdHe aHaioruje 3a 2D
CTHIIUBMBU M3EHTPOIICKU XUJIPAYJINYHH rac, kK =2, ¥ IUIUTaK TOK BOJE ca CI000THOM

MTOBPIIUHOM, ITOJI IIPETIIOCTABKOM JIa je CTpyjare Bojie 0e3 Tpema, Jia je XOPU30HTAITHA

KOMIIOHEHTa YyOp3ama BOJE 3aHeMap/bhBa Yy OJHOCY Ha BEpPTUKAIHY (M3a3BaHy
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TPaBUTAIIAjOM) U JIa je cTpyjame 0e3BpTIIONKHO. MeToa je yobudajeHo KopuimheHa U

Bepu(HKOBaHA 3a HAIKPUTHYHA cTpyjama [87,106,107].

Tabena 1 M3pa3u u WACHTHIHOCTH XUapayIndHe ananoruje [87,106,107]

Bona T"ac
pp.V,a
-
T
p 4,,-4"~ ~_
i - .
X
Hectunususo CTHIIUBLUBO
bp3una, V' bp3una, V'
Bp3una Tanaca, ¢ =+/gz Bp3uHa 3ByKa, a =./y p/ P
JlyOuHa Boe, z ['ycruna, p

Ynan, gz*/2

IIputucax, p

JlyOuHa Boe, z

Temneparypa, T

Onnoc cienuGuIHuX

TOIIOTA, K "D K =2

®pynos 6poj,
Fr=V/c

MaxoB 6poj,
M=V/a 9 M = Fr

[Tonxputnuno Fr <1

[Tom3Byuno cTpyjame M < 1

Hanxputnuno Fr> 1

HamzByuno ctpyjame M > 1

XuapayiuuHu CKOK

Y napuu Tanac

Z14ipe I iy s L2
Z, 2 T, 2 I, z,

—Zu+izv=()
Oox

ipu+£pv:0 >2_Z
ox oy Py Z

p_pT 5 ﬁz[if
Py P I Dy Zy
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3.5. Tepmorpadcko mepem-e NOBPIIMHCKE TepMIlepaTypcKe pacnojaelie

Tepmorpadcka Mepema ce y HHIYCTPHJCKO] JAENATHOCTH KOpHCTE 3a MoTpede
OJipKaBarba, OJHOCHO, JMjarHOCTHKOBalma CTalkbha M pajla pa3IuuuTUX CUCTeMa U
ypebaja xao m y mnpeBeHTHBHe cBpxe. lIpomena y pacmozenu Temmeparypa IIo
MoBpIIMHAMa CcUcTemMa wWiH ypehaja je mocnemuma mpomene onrepehema wuimm
npeontepehema TOKOM pajia, omrehema n3omanuje, MPeKOMEPHOT Tpewa, MyKOTHHA Y
Marepujally WK CIojeBUMa KOHCTpyKIMjaMa kao W MHoru japyru. Kao mnoyznan
UHAUKATOp y mpahemy CHTYpHOCTH W HCHpaBHOCTH ompeMe u ypehaja, cHuMambe
IPOMEHa TEPMUYKOT CTama, Y OJHOCY Ha YCBOJEHO CTame TOKOM HCIpPABHOT paja, je
MOCTali0 HEeW30CcTaBHa omeparyja. OcuM y UHAYCTPUJH, TJIe ce UCTpaxy]y (peHoMeHu
MpUpoIHE KOHBeKIHje TortoTe (Ha mpuMmepy Ko3uh u mp. y [140,141]), Tepmorpaduja
ce KOPHCTH U y CBpXY OdyBama objekara KylITypHe OalllTHHE W HCTpaKUBamba yTUIlaja
BJIare Ha o0jexTe Kako cy mpukaszane Puctuh u [lommh y [142].

Cajmon m np. (Simon et al.) y pany [143], Carlomagno u Cardone y [144] u
Kpadopn u np. (Crawford et al.) y [145] cy nmpukazamu moryhaoctu npumene WI]
TepMorpaduje y aepoTyHEICKHM HCIUTHBAKBUMA TIPH JHjarHOCTH(HUKOBAbY IPOMEHa Y
TPAaHUYHOM CJIOjy ca NPEBACXOJIHUM IHMJHEM CMambeha TPOIIKOBA HCIUTHBAama,. M|
Tepmorpaduja je, 3aBHCHO O] BpCTe MEpHHX ypehaja y mpumenu, omoryhmma Op3y
JIETEKIM]y 30HE Mpeolpakaja U cariieflaBame JUHAMHUKE IPOMEHa Y IPaHUYHOM CIIOjY
[143-145]. W1l xamepe W3 Ki1ace UCTPAKUBAYKUX, YjeAHO Cy MepHH M ypehaju 3a
BU3YyeIIM3aIljy CTpyjama, CIOCOOHE Jla Cy Hclpare JWHAMHUKY I[0jaBa, 4YaK W Yy
MOJI3BYYHO] 00JIacTH, TJIe Cy jeBa OCETHE IPOMEHE TemIleparypa, pella BeIuunHe
nenona 1K.

WNudpanpsena tepmorpaduja, HWIT, je TexHumka cHUMama H Mepema
Temreparype objekara W FHHXOBE OKOJIHMHE 3aCHOBaHA Ha JETEKIMjH HH(QpaIpBeHOT
3pauema Tella W Trpajayalllju HUBOA EHEpruje TOr 3padyema y OICery MEepeHHX
BpenHocTH. Bpennoctu u pacnogena WI[ 3pauema ce Oenexxe Ha TepMorpamy, a

OYMTaBajy Ha YIOPEIHOj CKaJIK TeMIIepaTypa.
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3.5.1. OcHoBHH IOjMOBH U3 TepMorpaduje

VY tepmorpaduju, Kao METOIM Mepeha TepMallHe SHEePrHje Ha MMOBPIINHY Tella, OCHOBHA
MPOMEHJbHBA U YJIa3HU IMOJIATaK je TOIIOTa KOjy 0Jla MOCMaTpaHo TeJo, a UCKa3 je y
BUY (u3HUKe BelMnunHe Temneparype. Tepmorpadceku ypehaj, 01HOCHO, FbeH OCHOBHH
JIe0, JETeKTOp, MpuMa WHQOpMaIMjy OJ Tella W IpeTBapa jé y Hama BUIJBHB U
GyHKIMOHATIAH CIMKOBHU WM TIpadWuKd IpHKa3. YJIa3HW MOJATak KOju IpHMa
JIETEKTOp je pediekcrja TOTUIOTHOT 3paduerha ca IMOBPIIUHE Tejla HAcTajla CBEYKYITHOM
pasmeHoMm Tormiore m3mely mocmarpaHor Tena W okonwmHe. Jla 6M ce Tepmorpam
YCIIEITHO TYMauuo HEOIXO/IHO j€ IMO3HAaBambe BPCT€ W HAUMHA TOIJIOTHE pa3MEHe Y
MOCMaTPaHOM CHCTEMY.

3a UCIMTHBaka y aepOTYHEILy CUCTEM y KOM JI0JIa3u JI0 pa3MeHe TOIUIOTE MOXKe
ce MoCMaTpaTH Kao CUCTEM O] TPH Tella: HCIUTHOT MOjena, pagHor (iIynaa U Tesa u3
OKOJIMHE, y Koje cmana u arMocdepa. Ou3nuke BeqWdynHE Koje ASHUHHILY pazMeHy
TOILIOTE€ y OBAaKBOM CHUCTEMY, CBEJICHE CY Ha JIBe: KOJMYUHY TOILIOTE W TeMIeparypy.
Konnunna Tomore je oapeheHa yKynmHOM KHHETHYKOM €HEPTHjOM CBHX MOJIEKyJIa Teja
y cHCTeMy, IpHU 4YeMy MpeJCTaB/ba KOJIMYMHY IPEHECEHE EHepruje HacTalie YCieq
paznuke y Temmeparypama. lemmeparypa je mpuKa3 MHTEH3HTETa KpeTamba MOJIEKYyIa,
Mepa KOJHYHHE MOJIEKyJIapHe eHepruje yHyTap Matepyjaja. 3a CTpyjame OKO HCITUTHOT
MoJienla y aepoTyHerly, Oe3 o03upa INTO je MOA3BYYHA OOJIACT JIeNIOBarba, OCHUM
¢u3MYKIX 10jaBa JUHAMUKE (DIyHaa MpUCyTHE Cy U (hU3HUKe MojaBe pa3MeHe TOILIOTE,
HacTaje MPHHYIHUM KpeTameM (rmynaa, myTeM TO3HATHX MeXaHW3ama pa3MeHe
TOILTIOTE (IIPOBOhEHEM HITH KOHIYKITH]OM, IPEIACKOM, CTPYjarheM MM KOHBEKIHjOM U
3pauermeM wim paajarpjom). O0e mojaBe ¢y BpJIo HHTEH3UBHE y BPEMEHY U IIPOCTOPY,
u Mel)y3aBrUCHE 110 CBOM KapakTepy W HHTCH3HUTETY.

Konoykyuja mpencraBba MeXaHW3aM IIPEHOCA TOIUIOTE MEXAHHYKUAM ITyTeM
m3mel)y Monekynga y cacTaBy Tena, IPEHOCOM KHHETHYKEe CHEpruje KpeTama ca
MOJIEKyJla Ha MOJIEKYJ. YKOJHKO je IMOCMaTpaHo TEeJIO YBPCTO HEroBa CTPYKTypa je
ypeheHa y 00Ky KpUCTalTHE pelIeTKe U IPOTOK TOIIOTE je PeAocie/iaH, 01 MOJIEKyJia
JI0O MOJIEKYJIa PEJIOM CBE JIOK CBH MOJICKYJH HE TOCTHTHY jeJJHAK HHUBO U WHTEH3HUTET
JIOKaIHOT KpeTama. [Ipy OBOM mporecy KpHCTajdHa pemeTka 3ajapkaBa OOJHK, JOK

caMO MOJIEKYJ Y H€HUM YBOPOBHMA OCIIHIIY]Y OKO CBOJUX PAaBHOTEKHHUX IMOJIOXKaja
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TaKo Jia ce cyaapajy ca cyceaHuMma. [IpeHoc TOruioTe 3aBUCH OJ1 YHHHIIAIA: a) Pa3IIHKe
TeMIieparypa 0) CTpyKType MaTepHjajia: BeIMUnHe MOJIeKy1a, MelycoOHOT pacTojama u
jaunHe Be3e, B) O]l TeOMETpHje, OJHOCHO, BEIMUNHE Tena. 1eno mpyska oTHop mpeHocy
TOILJIOTE 3aBHCHO O] KapaKTepHUCTHKA MaTepHjaiia U ¢pusndke Benuunne tena. Ca qpyre
CTpaHe, YKOJHKO je TIIOCMaTpaHO Telno (QIYHIHUX KapaKTepHCTHKa, Be3e Mehy
MOJIEKYJIIMa y cacTaBy Tejla Cy 3HaudajHo cjabwuje, mTo oMoryhasa Heypeh)eHO KpeTame
MOJIeKyJla, IbHUXOBO CyAapame W pa3MeHy eHepruje. Mako ce xox Quiynnma y cramy
MHpOBamkha HE MOXE BHACTH, pa3MeHa TOIIOTE MOCTOjH Ha MOJIEKYJIapHOM HHBOY H
JIeTlaBa ce CBe JI0 TPEHYTKa JIOK MOJIEKYJIM Y IOCMaTpaHOM TI0JbY He TIOYHY Jia ce Kpehy
Ha WUCTH HAYMH, OJHOCHO, KaJa ce BHUXOBE TeMIIepaType H3jeJHavdaBajy. PaBHOTEKHO
CTame MoJeKyna y (uyumay je BpJo JIaOWIHO, TaKo Ja CBaka IMpOMEHa TeMIepaType
JIOBOJIM JIO CTama HEPABHOTEXKE Kao MOCIEIUIa MaJlor oTropa (Giynaa Ha MpoCTUpambe
TOILIOTE.

Konnyknujy je wmaremarnukm ommcao Dypuje (Fourier) myrem BpeMeHCKe
IpoMeHe TpeHoca TomoTe Kpo3 marepujai. [Ilpema OyprjeoBoM 3akoHY TOILUIOTA CE Y
BpPEMEHY MPEHOCH YMPaBHO KPO3 MOBPIIMHY MaTepHjaia MPOMOPIHOHATHO HETraTHBOM
TEMIIepaTypPCKOM TPaJIujeHTY,

, oT,
Qkond =k > (32)

r7e je k ; TepMaHa KOHXYKTHBHOCT.

Komnsexyuja je w™exaHuzam TIpeHOca TOILIOTE CTpyjameM (Quiynaa MpeKo
HETIOKPETHOT TeJia. Y CJIe]] T0jaBe pasifKe y TeMIieparypama, y pa3iuduTiM o0IacTiMa
¢GnyunHe 3ampeMHMHe, KaJa ce IocMaTpa HM3BeCHa CTajHa KOJMYHMHA raca

pV /T =const., nonau 10 TPOMEHA JOKATHUX IMpHUTHCAKAa W 3alpeMUHE YCIel

JOKAJTHUX TpPOMEHa TyCTHHe (Iyuaa, y CKIaay ca jeJHaYMHOM WJICATHOT raca,.
YommTeno, y ob1acTu ca BHIIIOM TeMIlieparypoM moBehaBa ce mpuTHCaK M 3alpeMHuHa
¢biynna u OH 3amounibe Kperame. OBakaB HAYMH MPEHOCA TOIUIOTE KOHBEKITHjOM Ce
Ha3WBa MPUPOJIaH.

VYKOJIMKO TIOCTOJU W3BOp KpeTama (Quynjaa, Kao INTO je TO CIyda] KOJ
AePOTYHEJICKOT MCIUTHBAka KOHBEKIWja je mpuHyaHa. [IpuHynHa KOHBEKIHMja, ycien
MocTojama pasiiike y Temmeparypama (QuIydaa W OICTPYjaBaHOT Teia, Ha MPUMEpPY

xnanujer (iayuaa, TOBOJAW A0 TpuUlHjama (Quyuaa y3 Tello, HEroBO YCIIOpaBame U
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CTBapame T'PAaHUYHOT CJIoja Y CTPYjH, ¥ KoM ce ¢uiyua Kpehe MamoM Op3WHOM HETo
c1000aHa CTpyja Jajbe o Teia. Y OBOM IPOIIECY ¢€ KOHIYKIIH]jOM MPEHOCH TOIIOTa Ha
bayun, a Hagasbe QUIYHA Kpo3 TpoIec Melama y TPAaHWUYHOM CJI0jy TPEHOCH
KOHBEKIIHjOM €HEPrujy y OKOJHHY. TOTUIOTHH TpaHC(ep KOHBEKIHjOM IO OTHCAHOM
Jdt <T,

mozeiy byt (Newton) je MaTeMaTHuKH onucao y o0auky d7, -1, , npema

ela ela
KOM je IPOMEHa TeMIlepaType MOBPIIMHE Tella TOKOM OTICTpYjaBara MPONOpIHOHATHA
pasnuI| Temreparypa Tena, 1., W TeMIeparype y cio0omHo] cTpyju duyuna, 1.

[130,146,147]
Gkony =Tz -1), (33)

r7ie je h Koe(UIjeHT MpeHoca TOTLIOTe KOHBEKIIH])OM.

3pauere nnm panujanmja je OE3KOHTAKTHU BHJI IMPEHOCA TOIUIOTE YHjH j€ U3BOP
TEJI0 KOje eNeKTpOMarHeTHO TOINIOTHO 3paum [147]. TepmanHO eleKTpoMarHeTHO
3paveme je, Kao W Jpyre BpCcTe 3padyerma JIePUHHCAHO TaTacHOM TYXXHHOM U
(pEeKBEHIINjOM, a IHETOBO MECTO Yy CIIEKTPY eJIEKTPOMAarHeTHOT 3paduera, INpema

crangapay ISO 20473, nmpukazyje ciuka 17 [148].

VYrnrpampyoudacto
3padyeme  BuaspuBM criekTap

I'ama X-apaserse WudpanpseHo (POTAJIACHO Pagnoranacuo

3pademe 3paueme 3paucise

bmicko Cpenme
HUH(}panpBeHo HH(}paIpBeHOo
moapy4je moApyvje
0.78 3 50 1000
A [pum]

Cmuka 17 Cnekrap enekTpoMarHeTHOT 3padyema u nojena NI cnexrpa [145]

Torutora u3BOpa ce MPEHOCH TaKO IITO J0JIa3u 10 TpaHchopMalije YHyTpalbe
TOIUIOTHE €HEpruje y eJCKTPOMArHeTHO 3paveibe KOje Ce Jajbe MPEHOCH 3pavucheM
[147]. Emeprmja TOIJIOTHOT 3pauerma je cmemreHa y HajBehoj mepm y olOmactu

uH(ppanpeHor cnektpa. CBe BpeMe IOCTOjamba Telid, TEJIO JeTHOBPEMEHO 3paduu
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(emuTyje), mpuMa (amcopOyje) WK MPOIyINTa EHEPrHjy eIEKTPOMArHeTHOT TOIJIOTHOT
3pavema. JeqHaunHa oOjpKarba cHepruje mehycoOHO yciioB/baBa OJHOCE CHEPIH]a,
CBe/lcHe Ha Oe3IMMEH3WOHE KOoepHIMjeHTe eMHUcHje, e, arcopbumje, a, u

TpacmapeHIyje, ¢, kako Ou muxoBa cyma ouna 1, (34)
e+a+t=1 (34)

Jennaunnom (34) cy cBa Tena YOIIITEHO ONKCaHAa U MOJIeJbeHA Ha HjeajHa U
ctBapHa Tena. C 003UpoM Ha TEPMHUKO 3padyerme HiealiHa Tela cy JepuHHcaHa Kao
arncoryTHo Oerna Tena, e = 1, Koja peduieKkTyjy CBY HMPHUCTHUIIY €HEPIujy 10 HHUXOBE
MOBPIIUHE; allCOIYTHO I[pHA TeNa; @ = 1, uealHu TepMaTHH PaJHjaTop KOju MpHUMajy
CBY eHeprujy 0e3 pediekcuje, U ancolyTHO MpO3WpHA — TPAHCIIAPEHTHA Tejla Koja
MIPOIIYINTAjy CBY TOIJIOTHY eHeprujy [147]. CTBapHa Telia HeNpecTaHO TEPMHUUKH 3pade,
IpU YeMy je 3aJ0BOJBEH YCIOB JeMHUYHE CyMe Koe]HIMjeHaTa MPEeHOca TOIIOTe
3paver-eM, ali HUTH jeJ[aH O]l FhHX HHje TPaHHYHE BPEIHOCTH jesiaH, Beh Mamu.

TomnoTHO 3pademe, (34) MpoucTHYE U3 eJICKTPOMArHeTHE EMUCH]E U arcopOInje,
a noraha ce W y Bakyymy. bp3mHa pacnpoctupara TEPMHUYKOI 3padera je jeJaHaka
Op3WHU CBETJIOCTH, JOK j€ eroBa €Hepruja MpOIOPIHOHATHA YETBPTOM CTEIEeHY
arcoJIyTHE MOBPIIMHCKE TemmepaType Tena [147].

Kapakrepuctuke ancoiyTHO IpHOT Teja onucaHe cy mareMarnuku Kupxodosum
3aKOHOM, KOjH M3jeJHa4aBa CBOJCTBO €EMHUCH]€ U amcopOIlrje MOBPIIMHE Teja, Koje je y
y TEePMOJAMHAMHYKO] paBHOTEXH, e(A)=a(d), a y (QyHKOHju TamacHe IyXKHHE.
EmucuBHOCT W amcopOnmja CHBOr Teia, NMPH HCTO] TEMIIEpaTypHd HMajy jeaHaKe
BpenHoctH [147].

3acHoBan Ha IlmankoBom (Plank) 3akony 3pauema, KOju je jeauHH Yy J0OpOM
cllaramy ca eKCIiepuMEHTHMA Ha IeJIOM MOJIPYYjy TaJlaCHHUX JY)KWHA M KOJUM j€ yBeJIeH
nmojam kBaHTHe eHepruje, Credan-bommmanos (Stefan—Boltzmann) 3axkon nedurmIIe
YKYITHY €MHUTOBaHY €Heprujy, £, mpema (35)

E

crnog tela,

=oT"*, (35)

- 2 -
e (aKTop MPOIOPIHOHATHOCTH ¢ = 53,6697 10® [W m™ K] npexcrapma Credan —
bonmaHoBY KOHCTaHTy, a 7' amncoyTHY IMOBPIIMHCKY TEMIIEpaTypy Tena. YKylHa
€MHTOBaHa TOIIOTHA €HEpruja CTBApHOI Tejla j€ Mama O]l OHE KOJy 3payud HJIEaHO

1pHo Teno [147].
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EmuToBaHa TOmIOTHA eHepruja 3aBUCH OJ1 TeMIleparype Teja. 3aKOHU 3padea,
cy neduHUCAHU 3a arCOJIYTHO IIPHO TEJ0, Koje je ocHOBa 3a JeduHucame oxnoca I
3pavera W TeMmIepaType Tela y TepMmorpaduju, a MOBpIIMHE CTBApPHUX Tela MMajy
npyraudje Kapaktepuctuke. CTBapHa Tena ce IOHAMAjy, y CKIaay ca HHBOOM
emucuBHOCTH U U1 3pauema, kao ,,cuBa“ Tena, e = const, WA HE-CUBA — CIIEKTpaIHa
tena, e = e(4, 1) [147]. C tora, moTpeOHO je MpeICTAaBUTH TEMIIepaTypy CTBAPHOT Teja y
(GYHKIMJH IPHOT Teja 3a KOje je TOIUIOTHO 3paueme nedunucano. KoedummjeHT

CIEKTPaJlHE €MUCHUBHOCTH, HJIA CaMO E€MHCHBHOCT, e=FE_ . - telo, (I/E,,, telo, (1),

yIIpaBo MpeJICTaBJba Be3y u3Mel)y eHepruja eMucHje CTBApHOT U UICATTHOT-I[PHOT Teja y
n3abpaHoM TIpaBIly MPU HCTO] TaJlACHO] AYKWHH, W OIKCYje HETrOBY CIIOCOOHOCT
3pavema.

C Tora eMuTOBaHA TOIUIOTHA €HEpHja CTBAPHOI TeJla 3aBHCH O] TeMIIeparype,
TaJacHe Jy)KWHE 3paverha, MaTeprjaia y cacTaBy Tella, KBAJIATETa IIOBPITUHCKE oOpaie,
yIJia 1Mojl KOjuM ce joraha emucHja wim arncopOIuja, CIeKTpaTHe paciojeie ynaIHor
3pavera U TPAaHCHAPEHTHOCTH Tela.

E =e 0'T4, (36)

stvarnog telaT

CrBapHa, cuBa, Tela MMajy Mamby €MHCHUBHOCT OJI I[PHHX Tejla M OHAa y3uMa
BpenHOocTH ¥ 0 < e < 1 1 He 3aBHUCH O] TaJlaCHE Jy)KHHE. Y CKIaay ca TUM, CHBO TEIO
uMa armcopOnuony Moh Ttakohe y wmHTepBany 0 < a < 1, mpm YeMy CIIOCOOHOCT
aricopOITije 3aBHCH O] TEMIIEpaType, MaTeprjaia i KBAJTUTETa TIOBPIITUHE TeJia.

Pacmioena TemmepaTypa 1mo moBpIIMHaMa CTBAPHHUX Teja, KA0 CKYII MOjeIMHAYHO
HU3MEpEHUX TeMIIepaTypa Ha JOKATHUM MECTHMA, C€ y NMPUMEHH Mepu HH(paIpBEeHOM
tepmorpadujom, UL T, momohy U1 xamepa (cimka 18) [148].

T'reﬂ’ € reﬂ: 1 .

JHetexTop
OnTuuku U1l AxXBH3UIIMOHH Tepmorpam
ypehaj \ spauema cucrem OOpana /

\ ’ NojaraKa

2] I-1)E
' — a-9 Tepmaina kamepa
TprsyHoN—S< \O
crpyjame \ Moxnen Atmocdepa
H3Bopu

Cimuka 18 Hlemarcku npuka3 NI kamepe y moctaBiu 3a Mmepeme [ 148]
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Crmuka 18 mpukasyje Tpu BpcTe eHepruja 3padema koje peructpyje U1 kamepa, a
MOTEKJINX 0J1 pa3nuunuTux u3Bopa. NI kamepa Oesexu u3nazHu CUTHAT JETEKTOpa KOju

cpadyHar 3a objexaT
Uobj = (l/eobjtatm )UT - l:(l N e)obj /eobj :l Ureﬂ - [(1 _t)atm/eobjtatm ] Uatm (37)

rae cy U’ YKyNHH u3MepeHH curHail, U, U Uyy — TEOPHjCKU H3JIa3HH CHUTHAIH
JI0OWjeHr KamuOparyjom 3a IpHo Tejo [ 148].

TomnoTHO 3payerme ca W3BOpa MPBO HaWJIA3W Ha BUINEAETHH ONTHYKH ypehaj
KaMmepe, cimka 18, m3paheH oj TOILIOTHO MPOBOJHOT MaTepujaia, KOoju omoryhara
M30IITpaBamke M3JIa3HUX MOJaTaka CIUKEe U TepMorpama, Kao M YyBeJIMuYaBame Jena
mpHKasa nocrase. HakoH mpomnacka kpo3 onTu4kyu ypehaj 3pauere OuBa MpUIpeMIbeHO
3a JETEKIH]y — TUcKpeTn3oBano u punrpupano [149]. Jlerexkrop Ul] 3pauema npuma u
TpaHC(OPMHUIIIEC 3paucHe y eICKTPUYHU CUTHAI. EJeKTpHYHW CUTHAIW TPBO OHBAjy
MPUKYIIIbeHH W KOHBEPTOBaHH 3a ToTpebe obOpame, a HakoH codTBepcke oOpase
moJjiaTaka MpeTBOpeHH y pazymibuBe Tepmorpame. UI[ kamepa ce kamubpuine mnpema
CBOjOj HaMeHH M orcery Mmepema [144]. Tepmorpamu mpencraBipajy pesynaratr W]
CHUMama W TpUKa3yjy TeMIepaTypcKy pacmojelny [0 MOBpIIHHAMa MoOjela,
KOPHTOBaHy ca yHampex yTBpheHHM napamMeTpuMa TeMIlepaType OKOJIMHE,
E€MHUCUBHOCTH aTMocdepe, yAabeHOCT KaMepe 01 MoJieNa  JIp.

3a nobujame BAIMHUX pe3yiTara of 3Hayaja Cy YETHPH MapamMeTpa KBaJUTeTa
kamepe, u To [143-145,149]:

— TtepmanHe ocersbuBocT MI[ kamepe, koja HajBUIE 3aBUCH O] JIETEKTOpa

currana. Kako je meTexTop U3BOp yJIa3HUX CUTHAJIA O] hera Ce 3aXTeBa HU3aK
HUBO ,,ITyMa‘* CUTHAJIA,

— Op3uHe cCKeHHpama (Op3uHe KaJpupama) Koja Tpeba /1a UCIpaTd JHHAMHYKE
IIpOMEHe HacTaje CTpyjambeM, a 0J1aTiie U HecTallHoHApHE IIPOMEHE Y IPEHOCY
TOILIOTE ,

— pe3oJyIije CHAMama 3a MoTpede BUCOKO KBAMTETHOT CHUMAama W aHaIu3e
TepMOrpaMa U CTPYJHHX CJIMKa, Kao U

— HMHTEH3UTET CHUMamba y PE30JIyIHjH — MHTEH3UTET MpHUKa3a KOjU ce MOXe
pErucTpoBaTH MpU aHAIW3M pe3ylTara TepMorpama, a KOju 3aBUCH O]

Mel)ycoOHOT moJoXkaja Mojiena U Kamepe.
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V¥ mocrtaBu 3a Mepeme, ocuM kBanuTera I kamepe Ha KBaJIWTET CUTHATA YTHIY
1 (QU3UKATHOCT caMe TojaBe Koja Ce CHMMa, MMPUPOJIe TPAH3UIIA]E Y CTPYJHOM IOJbY, U
TepMaJTHUX ocoOmHe Mojena. [loBpmmHe Mozena, TOIUIOTHA KamalliTUBHOCT U
KOHJYKTHBHOCT YTHUy Ha CBEYKYNHY (QHU3UKaIHOCT mpomena. M3 tor paszmora UI]
Mepema y aepoTyHelry Tpeba Ja ce W3Boje ca MOCEOHOM IMaXXEHhOM, OJ IOCTaBJbama
KBAJIUTETHUX yCJIOBA 32 MEPEHHE: H30JI0Baha CYBUIITHUX M3BOPA TOILIOTE, JIOKAIU3AIH]e
BUJIHOT T10Jba HA MOJIET M HEONXOJHO OKpYXeHme, H300pa aepoTyHeNa ca HajBHIIUM
KBAJIUTETOM CTpPYj€ Yy paJHOM JeIy, IPUIIpeMe 3UI0Ba aepOTyHeNa U OCTAIUX JIOJIATHUX
ypebaja miam mojena (Hamp. Mojena 3eMJbe) paadl yMamema pedieKcHje, HapoyuTa
nakmka Tpu u300py Marepujaia W oOpaau moBpmmHA Mojena 3a WI[ mepema, 1o
npriarohaBame 1MocTaBe, 0JJHOCHO W30opa oarorapajyhe UL xamepe n monoxaja L]
kamepa-mozen. CBe HaBeZieHO ymyhyje Ha HEONMXOJHOCT KBAJTHTETHHX M OIICEKHHX
MpUIIpeMa U YKJbyUHBakhe HajKBATUTETHH]E omnpeMe 3a M1 ucnutuBame y aepoTyHey,
Ipe CBera y MOJ3BYYHO] OOJIACTH ca TPUCYTHOM TPAH3UITHjOM W/WIIN OTIETJheHUMA

CTpyje Ha MOJIeTy ¥ BUCOKUM PejHoncoBum OpojeBuma.

3.5.2. IIpeHoc TOoNJI0TEe y TPAHHYHOM CJIOjY

Mexanu3am TMpeHoca TOIUIOTE CTpYjarbeM MpeJCTaBba NPUHYIHY KOHBEKITH]Y.
[IpunynHa KOHBEKITH]a je KOMILIEKCaH po0jieM, Yrja jeTHaYnHa SHEepruje MpeAcTaBba
OanaHc: yHyTpalllibe €Hepruje, KOHIYKIHje, KOHBEKIHje U TOILIOTE HACTAlle TPEHEM,
rJIe je TOoIloTa TMpeHeTa paadjalldjoM OJf APYTruX Teja 3aHeMapeHa. 3aBHCHO O]
KapakTepa CTpyjama youaBajy ce W pa3iuke m3Mmel)y HaumHa mpeHoca TOIIIOTE y

JTAMUHAPHOM U TYpOYJIEHTHOM CTpYjamy, ciauka 19.
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30Ha TypOy/IeHTHOT
cTpyjama

3onHa npeobpakaja

30Ha JaMUHAPHOT
CTpyjama

&
G
o

7 77777 A/(A

Re N . Bucxkosni nozcinoj /
Tauxka npeoOpaxaja Badep cioj

Cmuka 19 I'pannynm cJ10j ca KapakTepucTuaHuM 30Hama [130,136]

30Ha JaMHHApPHOT CTpyjama oOyxBaTa 30HE CTAaOWJIHOT W HECTaOWUJTHOT
JAMUHAPHOT CTpyjama, IO0YeB O]l HamajgHe HWBHUIle, NpeKko Qopmupama ToaMuH-
[Imaxtuar tamaca (Tollmien-Schlichting, T/S), mo 3D Bptora [130,136]. Bptio3n
TypOYJIEHTHOT CTpyjama JONPHHOCE OOJFEM MPEHOCY TOIIOTE (KOHBEKIIM]OM), KaKo TI0
MpaBIly TaKO W y POTAIMjH, HETO IITO je TO CIIy4aj KOJ JaMHHAPHOT CTpYjama, IJie ce
MPEHOC TOIUIOTE BPIIM MPOCTOM KOHIYKIIMjOM, IOJ YCJIOBOM HYJITOT TpajidjeHTa
npuTucka u 6p3une Ha 3uny [130,136].

be3 o063upa Ha omcer Op3mHa CTpyjama, pa3MKyjy C€ JIBE BPCTe TPAHHYHHX
cJ0jeBa — OpP3WHCKH WM CTpyjama u Temneparypcku, cimka 20 [130,136]. Pa3nmka ce,
Yy CMHCITy TepMOTpad)CKOT Mepema, HCIoJhaBa Kpo3 OICET Mepema TeMIleparypa, Koju
je OuTaH YMHMIAI] PO OJa0upy KBaiMTeTa KaMmepe 3a cHuMame. U1 xamepa mepu

CTaTUUKy TEMIIEPaTypy, OHOCHO, TEMIIEPATyPy MOBPIINHE MOJIENA.

I

T,+099(T T 8/ (x) Tpanmunu cnoj

Y ——"Vw g ( ; z 4 CTpyjama
V. T 9.1 8T (x) Temneparypcku
Eoo: g ) IPAaHUYHH CJI0]

0 - o
T T 3un Monena/’ X
0 Z

Cmuka 20 I'paHudHM CII0j CTpyjamsa U TeMIepaTypcku rpanudau ciioj [130,136]
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3a ¢uyuaHU CJI0] y3 TOBPIIHHY 3H7a, KOJU MHpYje, KOS(QHIHjEHT MpeHoca
TOIJIOTEe KOHBEKIIH]OM oJipehyje ce U3 jeTHaKoCTH TOIIOTHHUX (DIIyKceBa 3a KOHIYKITH]Y

Y KOHBEKIIH]Y

—k z
! on =0
T, -T,

h= . (38)

Opu dYeMy A 3aBHCH OJf OCOOMHA Traca, BpcTe (CHOJballbe, YHYTpAllkhe) W
KapaKTepUCTHKA CTPYyjara, OOIHMK B KBATUTET MOBPIIHHE MO/JIENIa, IIOCEOHO XParaBOCTH
U Jp.

TepMuuke KapakTepHCTHKa CTpyjarba C€ OIHUCY]y OJHOCHMAa Oe3TMMEH3HOHUX
opojeBa: Hycentor (Nusselt), Pejanonncos (Reynolds), Ilpanarinos (Prandtl) 6poj u ap.
[130,136]. ¥ oBom pany xopuimiheH je IlpannrioB Opoj Koju MpeacTaB/ba pellaTHBaH
OJHOC JeOJpbMHA OpP3MHCKOT W TEPMHUYKOT TPAHHYHOT CJIoja, Kao KPUTEPHjyM 3a

MPEUKITN]Y THIIA CTPYjarba H3HAl TOjeAMHUX moBpImrHa Mozena [130,147]

_ nudys3uja KOIMIUHE KpeTama _ 14 Yo (39)

Pr »

nudysuja KOMMIMHE TOIUIOTe & Ky

raecy o = k/ ( pC p) TepmaiHa audysuBHoCT, C), CeUupUIHA TOIUIOTHA KallaluTeT.

Pacnionena Op3uHa 1 Temmeparypa y TpaHHYHUM CJIOj€BUMA, NMPH KOHIYKIUjU H

KOHBEKITH]H TOIIOTE MpHKa3yje ciuka 21.

y ‘ I'pannunm cioj
___——  cipyjama

Temneparypcku
TPAaHUYHH CJIO]

o

Anmjabarcku 3uz dy
< Ty 1=T, 17> T
oY oY orY g ’
Z >0 Z =0 £l <o Pr<l
oy oy oy Sr<dy
(a) KOHIYKIIHja (6) xoHBeKITH]a

Cnuka 21 Pacnoniena Op3uHa 1 Temneparypa y rpaHudauM ciiojeBuma [130,147]

denomen TpaHchepa KOJIMUYUHE KpeTamha W TOIUIOTE Y TPAaHUIHOM CJI0JY OIHCYje

Pejronnora ananoruja (Pr = 1, aqujabaTcku 3u), OB/ UCKa3aHa ImyTeM A, y QyHKIUju
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Koe(ulljeHaTa Tpema 3a JaMHHAPHO, C fro s B TypOyJEeHTHO, ¢ Lo CTpyjame Ba3ayxa
am ur.

OKO paBHE IUI0Ye, Op3uHE cii00oaHE cTpyje W PejHOIcoBor Opoja Ha JIOKaTHOM

MEpHOM MecTy, rpema (40)

k
L o, <0664 o, 0027 o)
2 Vv lam Rex turb ’Rex

Jla O6u ce moOumm mTO OOJBM pPE3YNITATH Mepema TEXKH Ce OApKABAKY
KOHCTaHTHOT HHBOA TOIUIOTHOT (IIyKca IO TMOBpIIMHAMA MoOjea TpejarbeM HITN
xmaljereM TOBpIMHA MOJIeNa Yy TOKY Mepema, H300poM aJeKBaTHOT MaTepHjaia
MoOJela VUM TIpeMa3uBambeM TOCEOHMM KOHAYKIIMOHHUM Oojama. 3a moTpede
TepMorpadckor CHHUMama MOTPeOHO je Ta MOJeN ,W3padd” JOBOJHHY KOJIWYHHY
enepruje kojy M1l xamepa mMoxe ma perucrpyje, y3 mTO Mame IyOuTKe. Y JOCTYITHO]
muteparypu, M1 trepmorpaduja je kopumtheHa kKol cTpyjama IpyU BUCOKHM Op3MHaAMa
WIK ca OTHEIJbEHhHMA. KOJI KOJUX j€ TeMIIepaTypcKa pasjikKa JIPACTHYHA, & THME JIAKO

MmepJsbuBa [143-145].

3.6. AepoauHAMHYKA HCITUTHBAHA

AepoMHAMUYKH EKCIIEpUMEHTH Y TOJ3BYYHO] oOjacTu Op3wHaA Cce H3BOJE Y
aepoTyHenMa, JIA0OPAaTOPHjCKUM TIOCTPOjelbUMa KOja CTBapajy KeJbeHe YCIIOBE
cTpyjamba ¢aymma y orpanmdeHoj 3ampemuHu [113,150-153]. Omnpemibenn cy
pa3IMYATAM MEPHHM W ONTHYKHM CHCTeMHMa Koju omoryhaBajy: Mepema
aepolMHAMHUYKOT onTepehema Mojena, pacmojene TNPUTHCAKA 110 OKBAIIEHUM
MOBpIIMHAMA MOJIeJla WJIH Y T0JbY OJIMCKOM TMOBpIIMHAMA (CIOJbAIIbUX U
VHYTpAIIlbUX CTpyjama, ca MoryhHomhy yBohema IogaTHHUX W3BOpa CTpyjama
bayuaa), onTHYKAa METoJa 3a Mepeme BekTopa Op3umHa ¢urymma, PIV (Particle Image
Velocimetry, PIV), Bu3yenmsamnujy cTpyjama pasIddduTHM MeTOoJama Kao W MHOTHX
npyrux [152,153], Ipuior 2.

[ToueB o mIe3meceTMx TOAMHA TIPONUIOT BEKa 3amodeia Cy aepoTyHeJcKa
UCIIUTHBAa BO30BAa BEIMKUX Op3WHA, Kajga je YO4YeH mpobiieM yTHIaja
aepoMHAMHYKHIX KapaKTepPHCTHKA BO3a 3a BeJMKe Op3WHE, H CTaHIapTHO MPUMEY]Y 1

JaHac.
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AepoTyHellcKa UCTUTHBAaKba BO30Ba ce MPUMEY]y paau ojpehuBama pacnojene
IpUTHCaKa IO BO3y, oJpehuBama aepoJMHAMHUYKHX KapaKTepucCTHKa (Tpe cBera
KOe(QUIMJeHT OTIIOpa W MOMEHaTa — yTulaj] Oo4yHOr BeTpa) [22,154], yrunaj Tia u
pa3IMYATHX KOH(UTypalldja TepeHa Kao U Mepeme Oyke OKo Mojena Bo3a. Y OBOM
pajay je MepeH OTHOp BO3a, MPU HYJITOM YTy CKpeTama Yy KOH(pUrypaiuju ca MoJeioM
TJa.

3aBucHO on (haze pa3Boja MPHUMEHY]y €€ MOJIETH BO30Ba BEIUKHX Op3WHA Y
pa3nuuuTAM pasmepama. Y BehMHH HCTpaKMBama, MOJIENT BO3a j€ IOCTaBJbEH Yy
OJIM3MHM MOJIelia TJia ca Wi 0e3 cucTeMa 3a OJICHCcaBamhe TPAHUYHOT Cl10ja. 3ajeTHUUYKH
UMEHUTEJh 32 CBa UCIUTHBAA j€ MPOIIeHA TAYHOCTH pe3yJiTaTa U BhUXO0Ba MOY3aHOCT,
moceOHO aKko ce paau o paHuM ¢azama pasBoja au3ajHa. bakep u bpoku (Baker and
Brockie) y [155] uctudy npoGieM pazIHuuTOCTH pe3yiTara J0OUjeHUX UCTIHTHBAEM
MoJeNla pa3IMYUTUX pa3Mepa, IMpU pazIMYUTAM YCIOBHMa CTpyjama. Pasmuke
Koe(uIlljeHaTa oTopa Bo3a y IpUCyCTBY TJia cy MpOoTyMaueHe YTHIajeM TUIa MoJela
Tna (mo 10% pazymke) ¥ eKCTpaIoJialldjoM, TJIe pa3jinka OJ PeaTHUX JOCTHXKE U JI0
30%) [137]. Tum u penaTUBHU IOJI0Xka] ¥ OJHOCY HA MOJIET BO3a, 3aBUCHO O] pa3zMepe
U YCJIOBa CTpYjama, MPEernopydyeHo je jaa Oy/ie TakaB Ja pacTojame TI0-BO3 OyJie HEIITO
Behe on nebGsbMHE W3MemTama rpaHudHor cioja, ¢, Tloyn u Xapnep (Pope, Harper)
[151].

N360p Merome ekcrpamojamyje je HCTaKHYT Kao 3Ha4dajHUju on ojapehuBama
HajOoJpeT THTA MoOJiena Tia ¢ 003MpoM Ja je W3BOp MpobiieMa y KOMIUIEKCHOCTH
rpaHudHOT ciioja. bakep u bpoku [154] npemmaxxy pa3Boj HyMEpUUYKHX MoJieja KOju On
peaIMCTUYHM]E TPEACTABUIN BEJIMYMHY OTIOpa HAcTaly ycled Tpema, a KOoju je
JIOMUHAHTAH 32 aepOJMHAMHUKY Op3HX BO30Ba.

VY cBum (hazama pa3Boja MPOTOTHITA BPIIE CE€ UCIIUTHBAKA y acpoTyHery [154], a
3a Beh Npou3Be/ieHE — HUCHHUTHBAmA Y PEAHUM YCIOBHMAa Kako je IMpHUKa3aHO Ha
npumepy Jlydanwn u ap. [13]. Hymepuuke cumynanuje 3a mocraBe y aepoTyHeny H Yy
peaHoj BOXKIbM C€ H3BOJAE DAl MPEaUKIMje aepoJUHAMHUYKUAX KapaKTepHUCTHKA,
aHaJlu3e CTPYJHOT T0Jba M KOPEKIIHje.

VY oBoM pagy cy KOMOMHOBaHE EKCIEpUMEHTaTHe W HyMEpHYKe METOoJie ca

CBpPXOM BepH(]UKaIije HyMEPHUUKUX METO/Ia M aHaJIN3€ CTpyjarma 0KO MO/Iea.
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3.6.1. Buszyesqmn3anuja cTpyjama y aepoTyHeIy

KonrakTHe MeTOoIe BH3yenH3anyje noapa3yMeBajy yrnorpedy HeKe cyOcTaHIle Wid raca
Koja he mcmpaTHTH OKYy HEBUJJBMBE MPOMEHE y CTPYjU HIIM 1O MOJEIY M Tako JaTH
jacaH TpWKa3 KOju ce Oelexd KaMepoM. Y OBe METOJE Clajajy HampuMep: JAUMHA
BU3ENM3aAIMja, BU3yelIHM3aldja ca KOHYMhKMMa, BH3yelHu3aldja ca eMYJI3HOHUM
npemazuMa u ap.. Heke ox 6€3KOHTaKTHUX METOJa KOPHUCTE ce Y MOJ3BYYHOj 00IacTh
y3 W3BeCHa orpaHuuema, kao Hampumep PIV wumu LDA cucrtem y BoneHo-
KaBUTAI[MOHOM TYHEIy W CJ, jep Apyre He MOTY pPErucTpoBaTtd Oiare mpoMeHe
napaMerapa CTpyjama HacTaje CTHUIIBMBOIINY Bazayxa y oOmactuma M < 0.5 mpwm

HOPMAaJTHUM YCJIOBHMa ciio0oaue crpyje [152,153].

3.7. XuapoAMHAMHUYKA UCITUHTHUBHA

XupoauHaAMIYKa UCTIMTHBAkA Cy 00aB/beHa IO yTriiey Ha HCIUTHBAkA 1a/ia KIIMHA Y
BOJY, @ TOM Pa3IUKOM IITO j€ KJIMH 3aMEHeH OMOHMYKUM MojenoMm. Orieau cy 6mo-
WHCIUPHUCAHU MaHEBPOM OOpYyIIaBamke — 3apamame BOJOMapa, a MocTaBa Mepema je
npunarohena mpema mojanuMa M3 JMTEparype, BHOHWYKM Moaen BoxoMapa je
JUMeH3Hja HajBeher y3opka HaBeJCHOT y JMTEpaTYpH Kako MpoOMeHe Ha ClI000JHO]
MTOBPIIKHY OWJIe BUJIJbUBH]E.

Y oBoMm pany je mckopwmmrhen mpemior Kpayca (Krause) [87] mpema xome ce
Op3uHa Mporaraiyje Tajgaca WHUIUPAHOT yIaJoM OMOHHYKOI MOJela y BOJy, Kao U
BepH(HUKalMja HYMEPHYKOT MeToaa, ojpelyje Ha OCHOBY mpomaranuje H3adpaHux
Tagaka Ha CJI000/IHOj TIOBPITHHK. ¥ CBAaKOM ITOCMAaTPaHOM TPEHYTKY M3adpaHa je Tauka

HajBehe BucHHE.

3.8. 3ak/byuak

VY mornaBiby Cy YKpaTKo IMpHKa3zaHe HaydHE METOJIe UCTPAKHUBamba KOje Cy TPUMEHhEeHE
TOKOM HCTpaxuBama. Ca KeJboM J1a ce OMOMUMHUKPHJU KA0 METOIH aepOTUHAMUYKOT
JM3ajHAparka MPUCTYIH Ha HOB HAYMH, IPUMEHECHE CY U Pa3INYUTe METOJE KOje HUCY

yoOuyajeHe y obiactuma Au3ajHIpama MUHCKUX BO3UJIa U aepOJMHAMUKE.
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MyATHIUCIHIUTHHAPHA TPUCTYI je YKJBYYHO METOJIE KOje ce Cy Morjie OHWTH
IpUMemeHe y Ta00opaTOPHjCKHM YCIOBHMA, W TO W3 OOJAcTH OIIITEr MAaIlWHCTBA,
MeXaHuke (iayuaa, TpopadyyHCKe MexXaHuke (Iynaa, MeXaHHKe KpyTor —Tea,
TePMOIMHAMUKE, OMOJIOTH]je, apXeoJIoTH]e, OUyBama KyJITypHE OallTHHE U JIp.

VY ommTeM cMHUCITy, IPAMEHEHE TEOPHjCKE U EKCIICPUMEHTATHE HAaydyHEe METOJIe
UMajy 3a IHJb Ja 00e30ee BaIWJIHE W INTO MPENH3HHjE yJIa3HE TOoJaTKe, MoMohy
CaBpeMEHHMX MEeTO0J1a, U oMoTyhe Kpeupame Mpennu3HuX HyMEpUIKUX MOJielia U KacHHuje
u3BOheme HyMEepuyKuX cumyinanuja. M300p MeToza je HampaB/beH y CKIaay ca
n3a30BUMa JIepUHHUCAA KOMIIEKCHAX MPHPOIHIX OOJIMKA KOjU Cy OCHOBA 3a METOIY

OMOMUMUKpH]€e y MPOLECy aepOoIMHAMUYKOT IU3ajHIpama Bo3a 3a BeluKe Op3uHe.
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4. U3bOP U UCITMTUBAILE BUOJIOIIKHUX Y30PAKA

buronomka uerpaxuBama cy UMaia 3a MUk Ja JeQUHAITY OCHOBHE yJIa3He MOJIaTKe 3a
npuMeHy OuoMuUMHKpHje. VcnuTaHW cy y30pmM BOJOMapa W TpHUMEpIH puda u
MOPCKHX cHcapa U3 JOCTYITHE JOKYMEHTAIlHje.

OCHOBHH KpUTEPHjyMH 3a U300p y30paka Cy OHH KOJU MPEACTaB/bajy HCTAaKHYTE
0COOMHE JKHBOTHELCKUX BPCTa U3 ofadpaHuX rpyIa, a 3a Koje je MPeTHoCTaBIbeHO J1a Cy
0J1 MpUMapHOT 3Havaja 3a au3aja BHST.

['eHepanHo, TpeMa KPUTEPUjyMy YTpOIIKAa €HEpruje TMOTpeOHe 3a KpeTame y
¢yHkrju Mace tena, ['emen u ap. (Gemmell et al.) [156], u300p y30pka je CyxeH Ha

nTuie, pudbe U MOpCKe cucape.

4.1. Mopcke )KHBOTHH>€

[wpu n360p KUBOTHILA U3 MOpPA j€ HaIpaB/beH Ipema aHanu3u Hecrepyka u ap. [65].
Kako cy mpumepnn, y OKBUPY HCTHX BPCTa, I0CTA CIIMYHHUX OOJIMKA W HAUWHA KpeTamba,
a ca HaMEepOM Jia C€ UCTIHMTA HEKOJUKO Pa3IMUYUTUX TUIIOBA 00JIMKA OMO-MHCITUPHUCAHUX
Ji3ajHa, u3abpaHe Cy BPCTe KapaKTepUCTHYHUX HM3Tena: AenduH, ajKkyna, cabpapka u
Oapakyna. [lonmpeunu mpecernu Tena UBOTHHA U HAYMH KpeTama Cy CKHUIMpPAaHU Ha
OCHOBY (¢oTorpaduja, Mojelia ¥ Bujea JOCTYITHUX y OTBOPEHOj Oubmuorenu [68], paan
aHanmm3e 3aBUCHOCTH 3D o0imKa W JKMBOTHHUX HaBHKa, Kao W m300pa oOmmKa 3a
IpUMEHY Y OMOMUMHKPU]H,.

[Tonpeunu mpecery cy oJ y30pKa 0 Y30pKa pa3jHuuTH, Tako Ja KoJ JenpuHa
nozacehajy Ha KpykHe, a Koj cabspapke Ha enurcacte, cimka 22. OOJHUK ropmake je
mpoTyMaueH mHpuiarohemeM Tena 3a IMOCTH3ame JAMUHAPHOT CTpyjama y CKIaay ca
HAuYMHOM IIMBama. JlenpuH u cabspapka IUIMBAjy KapaHTH()OPMHO, alHd ce HHUXOBH
penoBH U riaBa kpehy y pa3nuuuTuM paBHuUMa. Jlendun ce kpehe Ha OCHOBY CTBOPEHOT

y3roHa Ha pemy, JOK ce cabspapka kpehe Ha ocHOBY otmopa Ha pemy [69,71]. C
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003upom na aenduHE UMajy TuTyha U UcKady U3 BOJE PaJid JIHCama, FIhUXOBO TEJIO je Ha

OBaj HAYWH IprIaroheHo capiaiaBamy OTIOPA.
|

<)

(a) nenpuu (0) cabspapka

Ciuka 22 Ckulle nonpeyHux mpeceka Tena )XKUBOTHba |68 ]

[IpykazaHu W CIWYHM MOJENH Tella >KUBOTHUIbA, YAONYHCHH OHOJOIIKUM
[ojalMa O KUBOTHUM HaBUKaMa, YMHOTOME OM JOINpHHENa MPOIIUpEHhY ca3Hamba U

MTOMOTJIA TIPAMEHY OMOMUMUKpH]je TIpH AU3ajHUPAby BO30BA 32 BEITUKE Op3UHE.

4.2. Bonomap

3a OBO HCTpaXHBame M3a0paH je BOJAOMAp Kao y30pak MTHIEC 32 OMOMUMHUKPH]Y, a OJI
WHTEpeca je XUIPOTUHAMHYKH ONITHMH30BaH 00JIMK KJbYHA.

Cmuka 23 mpuka3syje ABa TpeHyYTKa y ABa morienaa [72], (a) mpuka3yje TpeHyTaK
KaJia je BoJioMap 3apoHUO J0 AyOMHE y HUBOY OYH]y JIOK (0) ImpHKasyje TpeHyTaK Kaja
je 1eo KJbYH OKBaIlleH, MPUOJIMKHO 0 MeCTa IMPOMEHE I'pajiijeHTa KOHTYpe TIaBe y

paBHU CHMETpHjeE.

(a) 3apomeHH KJbYH M TJ1aBa J0 HUBOA (6) 3apomeH 11€0 KJbYH, TOTJIe] ca
ouwnjy, orjes ¢ neha CTpaHe

Cmuka 23. Bomomap y TpeHYTKY 3apamama, peka Anaa y Cadosiky (CHUMITH cy
noctymau JpyoazHomthy [Toma Cosepa u m3naBauke kyhe Cozent [72], [Ipusor 3)
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Oge ciuke MOTBPhYjy MPETIOCTABKY J1a CKOKOBUTH Tajac HHUje YOUBHB CBE JOK
ce 3HAuajHO HE MPOMEHH KOHTYpa, OJHOCHO, TOBPIIWHA IOTOIJHEHOT MOMPEYHOT
npeceka. Cnuka 23a moka3yje BUIJBUBH CKOKOBHTH TaJlaC OKO TJIaBE Ca H3PAKECHUM
o0OpydeM KpyHe Tajaca, OTIENJbEeH OJ1 Tella, H3pakeHHje ca OOKOBA IJ1aBe U TeMEHa, ajlH
u crabe pajujaiHe Tajxace IOBPITHHE BOJIC.

[IpoTexiio Bpeme 10 OBOT TPEeHYTKa Jaje MPeJHOCT BOjOMapy, JOK ca JApyre
CTpaHe, HE Jiaje JOBOJFHO BpeMeHa IUIeHY 3a JETEeKIHjy NpeTme u Oer. Cruke w3
MpHpOJie TIOKa3yjy Ja KJbYH HE MPOW3BOAM MPHUMETHE XHJIAPOJHHAMHUYKE MMPOMEHE Ha
MOBPIIMHA WJIM TIO0 JYyOWHH BOJe, CBE BpeMe OJip)KaBa CTaOWJIaH IIpaBal] MaHEBpa
oOpyIIaBame — 3apamame, TOKOM POEHha U U3pamama (ciauka 230).

VY HenmocTaTKy mojaTaka M3 JUTEpaType 3a OBO HCTPAKUBAME j€ U3 BUIEO 3aIuca,
aHAIM30M KaJpoBa, oapeheH pacrloH NPHOIMKHHX BPEIHOCT Op3nHEe oOpylaBarba.
Kacamje je w3 pacrmoHa NpUOMMIKHUX BpPETHOCTH W3a0paHO HEKOJWKO Op3nuHa
oOpymiaBama Koje cy, BepH(HKANUjoM ca XHIPOJAWHAMHYKAM H HYMEPUUIKHM

eKCIIEpUMEHTHMA, YCBOjeHE Kao PEJICBAHTHU ITOJIAIlH.

4.2.1. Kpenpame u anajan3a (poTo-I10KyMeHTaLHje KA0 yJIa3HUX MOAaTaKa 3a

OMOMUMUKPH]jY

UctpaxxuBame oOHKa Teda BojoMapa, Kao MPUMApHOT y30pKa 3a OHOMUMHUKPH]Y, je
3al04eTo TpaBJbeHEM JeTabHe (POTO-JTOKyMEHTaluje, KacHHje NpPOIMUPEHO Ha
UCTIIUTHBakEe (POTOTPAMETPHUjCKHM CHUMameM, 3D JacepckiM CHUMameM H KOHAYHO
pekoHCcTpyKIjoM obmuka. Dororpaduje w3 guBFMHE W HOBodopMHUpaHe
JIOKYMEHTaIlje, Cy 3ajeJHO ca BH3YEIHUM TMperjieloM MY3€JCKHX IpUMepaKa
ynoTpeOJbeHe W KOMOWHOBaHE Yy yJa3HE IMOJaTKe 3a OMOMUMUKPH]Y M yHampeheme
3HamA.

doro-oKyMeHTaIMja je HampaBJheHa 3a J[Ba y30pKa BOJOMapa, MyXjaka H
KEHKY, KOju ce HacTamyjy y CpOuju. Y30piu cy 3a UCTpaXKHBamke OWIH JIOCTYITHH
JpyOasnomhy [Ipupoamaukor my3eja y beorpamxy. Myxkjak Bogomapa (Alcedo atthis) je
npenapupann u3NokOeHH My3ejcku npuMmepak (Manojmosie, Jleckorar, 1980.ros.,
2002028, Tlpupommauxku my3e] y beorpamy), a sxenka Bojomapa (Alcedo atthis),

npermapupann ucTpaxxuBadyku mpumepak (Uykojesar, Kpasbeo, 1939.rox, 2005003) ,
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[Tpuponmwauku mysej y beorpany).

Konexkmuja cnmuka 3a ¢oTo-JOKyMEHTAIWjy je KpeupaHa momohy aBa ¢oto-
anmapata: CANON, SONY u Huawei tenedona, 3a morpede rpaduiko-HymMepuike
aHanm3e OOJIMKa W TMOBPINMHA BOJOMapa, Kao W yBO3a y Hporpame 3a HYyMEpPHYKO
MoJenupame. PexoHcTpykija u mpoBepa 3D HymMepwuykuxX Mojena BojgoMapa Ha
OCHOBY (OTO-IOKYMEHTaIMje je W3BeJACHAa 3a MOJelle: HYMEPHUYKH MOJel
PEKOHCTPYHCAaH caMO Ha OCHOBY (POTO-TTOKYMEHTaIlje, PEKOHCTPYKIIHja MOJela
Jo0WjeHor TOMONy JTacepcKor CKeHepa H IpoBepa (OTOTpaMETPHjCKOT MOJelia
BojioMapa. Hymepwukm MoJmen peKOHCTpPYHCaH Ha OCHOBY Qororpaduja HHje
3a7I0BOJHHO U 0/10aYEH je.

VYV mporecy peKoHCTpyKIHje OOJHKa, MOCeOHO Kaua ce paad O KOMIUIEKCHHM
MOBpPIIMHAMA Kao IITO je TO KO KJbYHa BOJOMapa, HUTH je[lHa O] MEPHUX MeToJia cama
3a cebe HHje TOBOJPHA 3a KpeWpame T00pOoT W TPEIU3HOI HYMEPHYKOT MOJIENa.
[ToxxespHO je xKopulTheme BHIE METOJA, ca BUIIE IMOjeIMHAYHUX MEpera, Kako Ou ce
dopmupao kopektan mojen. Ca Jpyre cTpaHe 3a MPUMEHY y NPOIECY H3ajHAPAA
nomohy OMOMHMUKpHje 103BOJbEHE Cy M Behe TonepaHImje rpenike Mepema, CBe JT0K
HUje HapylleHa (U3UKATHOCT TO0jaBe y TOCMaTpamy, OJHOCHO, FhEHO pa3yMeBamse.
Naxo kpewparme OHO-HHCITUPUCAHOT JH3ajHA HHje OOJIMTaTOPHO KOTHPAHE MPUPOTHHX
o0JIMKa ¥ He ToJIpa3yMeBa MOJIelie BUCOKE TAaYHOCTH, y TIPOIIECY CaKyIlJbama MojaTaKa
U TyMauema MPHPOIAHUX II0jaBa M3 TPHPOJE, BPJIO je BAKHO HUMATH MOYy3JaHEe H

BepU(UKOBaHE MOJATKE Ca KOjHUMa Ce YJIa3d Y CKHILY JH3ajHEPCKOT pellekha IPOTOTHUIIA.

4.2.2. PexoHcTpyKIHja OMOHHYKOT MO/ie/1a BOIOMAapa y MaHeBpYy 00pylIaBame —

3apambambe

Ha ocHoBy cHuMaka w3 mpupojae u ¢GoTo-JoKyMeHTaIrije u3pahen je mpudmuxan 2D
OMoHWYKK OOJIMK BoJoMapa. YKyIHa Ty KHHA, OJ1 BpXa KJbyHa JI0 Kpaja perna BoiomMapa,
MepeHa M0 OCOBHHU a, W3HOcH 190 mm. M3abpana nyxwHa je HemTo Beha on
MakcuMmaiiHe 'y mpupoam ox 170 mm 3a oOWYHOr BogOMapa, ajid ce yKiama ce y
WHTEpBaJ Jy’KWHA 3a KPYITHHj€ BPCTE BoJOMapa, a u3abpana je 306or Behe npenuzHocTH
IpH PEKOHCTPYKIHJH HYMEPHUYKOT MOJelia W pydHo] u3pamu Mojena. Kopekiuje

o0nuKa ¥ mpuiiarohaBama Cy HampaB/beHe mpema ¢ororpadujama U3 MpHUPOJE, CIHKA
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24. 3a OWOHMYKH MOJEN BoJOMapa TMPETIOCTaB/heHa je TYCTHHA Tella IpeMa
o6jaBibernM mogamuma o p = 2.1 g/em’® , ymont (Dumont) [157]. Kapaxrepucruke

KpYTOT Teja ¢y KopuimheHe Kao yJIa3HH MOJIAIH 3a HyMEepHUYKe CUMYJIaIlHje.

MBS ¥

© Paul Sawer/ Solent .'

Cmuka 24. OcHoBa 3a Kpeuparme OMOHUYKOT MoJIeia BojoMapa

KBanurer pekoHCTpyHCAaHOT HYMEPHUYKOT MOJIENIa je€ BPJIO TEIIKO OIPEAWTH ca
MOY3/IaHOM Ta4HOIINY HEKOM OJI KOHTAKTHHX MeETOoJa. YTOTpeOoM Oe3KOHTAKTHHX
METOJa, HAlIPUMEp MepeheM KOHTYPHHUX Tadaka ca (ororpaduja, KBAIUTET 3aBPITHOT
MoJiena 3aBUCH O] Opoja HM3MEpeHHX Tadyaka Ha MOBPIIMHU Teja, KBAIATETa H
KBaHTUTeTa (QoTorpaduja, Opoja CHUMIbCHHX To3uIja W 1p. Hamme, xopwuirheme
MEpHHX Tadaka ca Mamer Opoja hotorpaduja (Hamp. TpH MPOjeKITHje), J0BOJbAH j& caMo
3a JneduHUCame TpOoCTHjuX o0imKa. KoJx KOMIUIEKCHHX OOJHMKa je HEOIXOIHO
aHAJM3UPATH BEIMKH Opoj (oTorpaduja w3 BHINE Pa3TUUUTHX YIJIOBA IMOCMATpama y3
VCIIOB J1a je TO3HaT yrao IocMarpama (Hamp. MeToaoM (ororpamerpuje Koja je
ofjammeHa y JajbeM TEKCTY). 3axTeB je MPaKTUYHO TEIIKO OCTBApUB Y MPHUMEPY
BOJIOMapa y KpeTamy IpH MaHEBpy OOpyIllaBame 3apamarme, jep ce OOJIHMK Tela
BOJIOMapa Mema 3aBUCHO OJf MaHeBpa KOjU W3BOAM Yy mpuponu. M3 tor pasiora je
n3abpana 2D koHpuryparyja uija je KOHTypa oJipeheHa MepemheM KOHTYPHUX Tadaka
Tela Bojgomapa ca ¢ororpaduje, MO KbYHY ampoKCHMHpaHa TOJUHOMHUMA HaJl
TOpPHAKOM U JIOFaKOM, JIOK jé caM BpX KJbyHa amnpOKCHUMHpPAH pPajujycoM. JenuHu
HAaYWH KOHTPOJIC KBAJIMTETA JIejia WU [eJIHEe Th3ajHa je jeTHOCTABHO mopeheme Ciimka

Ipe M Tociie PEKOHCTPYKIIH]E, IITO 33J0BOJhaBa MOTpede OMOMUMUKpH]E.

99



buomumuxpuja kao memoo aepoounamuykoz Ou3ajHUparea 603a GeIUKUX Op3uHa

CHumarme BoJIoMapa TOKOM MaHEBpa y MPHPOTHOM OKPYKEHY Op30M KaMepoM H
NIl tepmokamepoM 3HA4YajHO OW JOTIPHMENIO KBAIMTETY PEKOHCTPYHCAHOT OOJIMKA Y
MaHeBpy, pasyMeBamy (pH3WUKHX IMojaBa u yBehaso Ou Opoj momaraka 3a MPUMEHY Y

HYMEpPHUUYKUM CHMYJIAIHjama.

4.2.3. BusyeJHu nperJie

3a mpuMapHH y30paK M3 MPHUPOJIE y OBOM HCTpaXHUBamy, BOJOMapa, M3BpIIEHA je
JleTaJbHa BU3yenHa aHaim3a oouka [158,159]. Jleo poto moxkymeHTanuje Bojgomapa 3a
BH3YCIIHH TIpETJie/l, IpuKa3yjy cimke 25 u 26. JOCTymHH y30pIH Cy YCBOJEHH Kao
penpesenratuBan ([Ipmor 6). Busyemnum mperienom je yTBpheHO 1a je MyXkjak
BOJIOMapa KpYyIHHUJU O] )K€HKEe, U UMa 3HATHO JYXKXH U M3IYyKEeHUjU KJbyH. Jeo KibyHA

Myjaka, OKO CaMOT BpXa, j& 3a00JbeH.

Cmuka 25. Myxjak Bojjomapa Ciuka 26. )Kenka Bogomapa

(;py6aznomhy [Ipupoamadkor myseja) (’py6aznomthy Ilpupoamauxor my3seja)
[ToBpmmHa KJbyHA KOJI MY)Kjaka, y JYXXHHH OJf CKOpPO 2/3 YKYIIHE IyKHHE 0

KOpeHa, je Tajacacte CTpykType. Hajpuimerma MOBpIHHA Cy MPHOIMIKHO yIIpaBHA Ha
mpaBar] JWHH]E OTBapama KJbyHa, a OOJHMK HAJBHUINCHA je 3aKpHBJbeH. Tayacacra
MOBpIIMHA KJbYHa HHjE€ TaKo H3pakeHa Koja sxkeHke. Kox oba mpumepka ropma
MIOJIOBHHA KIbyHA MIMa KapaKTEpUCTHYaH Oper IEeNIOM JTYXXHHOM, OJ BpXa JI0 HOCHHX
mympuHa. Ca J0me cTpaHe, Takohe koj oba mpuMepka, TMOCTOju Oper, y AYKUHU

MpUOIMKHO OJ1 2/3 yKYIIHE JAY>KHHE O] BpXa Jomake. Ha momaru, y OJM3WHU TaBe
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TIOTIPEYHH TIPEeceIld MeHajy OOJIMK W TIPeBOJIe Oper y 3apaBieHY MOBPIIUHY Koja ce
Jajbe yTama y mpoQusl Ha MecTy Bpata. VBHIle ropmake W J0maKe KJbyHa Ha MECTy
npekiona cy Takohe 3aobspene. Kox wcemuraHor mnpuMepka KEHKE YOUeHa je
yjeHaueHuja CTPYKTypa TOBpIIMHE O3 Ha/JBHINCHA, alld Ca YOUJbUBHM pa3MakoM
nu3Mel)y Topmake W JIomake KJbYHa, IPH CaMOM KOpPEHY, KOja YWHH Ja Ha TOM MECTy

KJbYH IONprUMa oOJIUK KJIelTa Koja 006e30elhyjy mieH.

4.2.4. UcnuTHBaBK-a BOAOMAPAa MHUKPOCKOIIOM

HcnmTiBame MHKPOCKOIIOM je 00aBJ/hEHO ca UJBEM Jla Ce MCIUTA IOBPIIMHA KJbyHA
BOJIOMapa H TMPHKYIe HOBe HHQOpMaIlHje Koje MOry MoMohm y pa3yMmeBamy
(U3HKATHOCTH XHUAPOJAMHAMUYKHAX TI0jaBa NMPH MaHEBpPY OOpyIIaBamke — 3aparmarbe.
MHuKpOCKOTICKa HCIMTHBARkA Cy 00aBJbeHa HAKOH BH3YEITHOT TIperiiesia Kaia cy youeHa
oJIcTyIama OOYHMX IMOBPIITHHA IYK KJbYHA Y BUAY Ojarux tajnaca.. Takohe, b je 6o
U Ja ce Omke McHUTa W OOJIMK Bpxa KJbyHA, KOjU MMa Takolhe 3HadajHy YIOry y
MaHeBpy, MOceOHO y TPEHYTKY AoAHpa KJbyHa W BOJE, Kajaa Cy HajBeha oueknBaHa
TpeHyTHa ontepehema KJbyHa.

UcnutuBame je 00aB/LEHO HA IBA MUKPOCKOTIA, clTuKa 27.

A

(a) MEKpOCKOII 32 (0) nuruTANN30BaHU ONITUYKKA MUKPOCKOII ca
MeTtajorpad)cka HCIUTHBamay  padyHapckom nojapinkoMm y [LIUK, beorpan
WNucturyty ['oma

Ciuka 27. IlocTaBka 3a CHUIMamhe MUKPOCKOTTUMA

Jenan mukpockomn je y ymorpebu 3a metanorpadcka HCIUTHBAKA 3aBAPEHUX

crojeBa, 3D nymom, ca HajBehum yBemuuamem 10 S50 myra, Jlabopatopuja 3a
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MeTanypinka ucnutuBama y MacTHTYTY [omra, CmenepeBcka Ilamanka (cnmmka 27a).
JlobujeHn pesynaTaTH cy ymoTpeOJheHH 3a HCTPaKHUBaF€ OCHOBHUX KapaKTepHUCTHKA
MOBPIIUHE U Mpoduiia KIbyHa, TOCEOHO ca CTpaHe Topmake (1Mo Xpoary KJbyHa).

Enextponcku mukpockor, OLIMPUS, je aurutanu3oBad ONTHYKA MUKPOCKOIT ca
yBenuuambuma 40, 100 m 200 myra, y mnaboparopuju lleHTpasmHOr WHCTHTyTa 3a
KoH3epBaIjy (cmuka 270).

CHuUMIIM ~ HampaB/b€HH  JUTUTAIM30BAHHUM  MHKPOCKOIOM ce  Oenexe
CIIEIMjaTM30BaHUM TIPOTPaMOM, pa3BHjEHHM O] cTpaHe mpom3Bohadya. Kako je
MHKPOCKOTI TTPOCBETIhaBajyhu, OCHOBHO] TIOCTABITH CY MPHUI0JIaTH W3BOPH CBETJIOCTH, 2
HEOHCKa ca CBake cTpaHe y3opka u jeqHo LED cBetso ¢ dena y Onu3uHH 00jeKTHBA.
[Ipu cBakom yBehamy W TIpH CBakKoj MO3HWIHjU y30pKa Ha Apkady, u3paheHo je 1o
HEKOJIMKO CJIMKA 3a KOje Cy pa3InunTa U30IITpaBama. V3omrpaBame CIuKe je BPIICHO
[0 CerMEHTHMa yBEK HMCTHM pEIOCIeJIOM M Ha CIMYaH HadyWuH, Kako OW ce Morjia
YPaIUTH WHTETpaIlja cepHje CIIMKa y jeJHY HakHagHOM oOpamoM. OOpama ciauka je
u3BeneHa mporpamoM PICOLAY (mporpam 3a HexomeprujanHy ymotpeOy) [160], a
MIOTOM CYy KpeHupaHe U Marle MOBpIIHHA KJbyHa, mporpam Paint. NET [161].

HcnutuBama ypalleHa Ha MHKpPOCKOMY 3a MeTalorpad)cka WCIHTHBAMKA IPH
yBenuuarby 10 m 20 myra, mckopummheHa Cy 3a MO3HWIIMOHHpame objexta. [lpm
MaKCUMAJTHOM yBenudamy oJ1 S0 myTa yTBpheHo je 1a mpomMeHe Mo MOBpITHHAMA UMa]y

o0nMK KaHama u oapeleH pacropen, ciuka 28.

(a) mecHa cTpaHa KJbyHa (6) neBa cTpana KJbyHa
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(B) ropmaka (r) nowaka KJbyHa

Cnuka 28 W3rien nenoBa nmoBpiiMHa KJbyHa dKEHKE BoJIoMapa Mpu yBeandamy o 50
yTa CHAIMJbEHH METATOrpadCKOUM MHKPOCKOTIOM

Meranorpadckum MHKpPOCKOTIOM Oujio je Moryhe mpuwhu moBpImMHaMa ca CBUX
ctpana. llocmarpama cy mmokasama TMPaBWJIHOCTH Y pacropeay Opa3md Mo CBUM
MOBpIIMHAMa KJbyHa. bpa3jie mo moBpIIMHU cy CUMETpHUYHE ca 00e O04He cTpaHe, IITOo
je TmpoTymMadyeHO Kao MeToja 3a cripoBoheme Boheme Bojae NpU 3apamamy Koje
oMoryhasa mnpenu3HHje TMO3UITHOHUPAE W JIOJIATHO CMAamkeHkhe OTIOpa NpH yiazy y
rymhy cpeauny. bpa3ae o ropmem Opery KJbyHa CIIPOBOJIE CaMO Malld JIe0 BOJIE HHU3
KJbYH, Behu 1eo Boje, mpema cMmepy Opasnu, maje yrucak na Behu meo Bome ckpehe kxa
0TBOpY KJbyHa. CHMETPUYHO U ca JI0KkE CTpaHe, BOJIa y3 OTBOP KJbyHa ckpehe ka meMy
JIOK ca JIOFh¢ CTpaHe KJbyHa Teue Ka CpeIMHH Hamiazehu Ha 3apaBi-eH JIe0 JOmaKe.

Bpx k/byHa CHHUMJBEH €JIEKTPOHCKAM MHKpockomoM (40x%) mao je aeTajbHHU]JY
CIIMKY TIOBPIIIMHA. TIPHKa3yje Harily IpoMeHy Ipeceka W3 OOYHOr MoTjie/a, Koja HHje
BUJUBMBA TOJIMM OKOM. BpX je rimaTke MOpo3HE CTPYKType y OJIHOCY Ha OCTaTak
nmoBpIuMHa, ciuka 29a. Ilormen 010310 moka3yje Oiaro 3aTyIlJbeH BpX Kao M OJjaro

MPOIIHPEHE POQHIIa Y OJHOCY Ha MOTJIE]] ca CTpaHe.

5000m ~ 500pm

(a) ca ctpane (6) omozo

Cmuka 29. Ilpuka3 Bpxa kJbyHa ca yBehamem 40 myra
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Cmuka 30 mpukasyje Mairy MOBPIIHHA CHUMJBEHY €JIEKTPOHCKHM MHUKPOCKOIIOM
ca yBenuvameM 40 myta. Mama noBpIimrHa yka3yje cTpemiaMa Ha IMpaBHIaH pacrope]t

Opa3au 1o OOYHUM MOBPITUHAMA U JTOHH-AITH.

(6) morne 0103710

Cmuka 30. Marma kjbyHa U3 CHUMama eJIeKTPOHCKAM MHUKPOCKOTIOM (40x)

4.2.5. 3D ckennpame BooMapa

Metonom 3D macepckor ckeHUpama M3BPIIEHO je Oe3KOHTAKTHO MEpPEHhe W KpeHparbe
OCHOBHOT MPEKHOT MOJIeNIa TTOBPIIIMHA U3 00JIlaka Tadaka 3a 00jeKar KeHKY BojiomMapa.
Cammamse je o6aBmuia kommnanuja HEXAGON n.0.0. u3 Kparyjesna, momohy Mo6uHOT
MepHor ypehaja Romer Absolute Arm — Portable Measuring Arm (ITpusor 4). Ilomohy
Jacepcke TiaBe W Kamepe NPUKYIUBCHH Cy MOAATIH y OOJMKY NMPOCTOPHHX Tadaka,
obnak Tavaka. Cnuka 31 mpukasyje neralb U3 IOCTaBe 3a MEPEE, T Ce JTaKO MOXKE
YOUYHTH OCBETJbCHA JIMHWja HA TOBPIIMHH KJbyHa II0 KOjOj j€ HW3BEICHO JIOKATHO
TpeHYTHO Mepeme. Crno0oaHuM MoMepameM MepHe TJiaBe (Jlacep W Kamepa) Y
MpOCTOpY, YMHOXkaBa ce Opoj MepHHX Tadaka y mpoctopy. CHHUMame je BpIICHO
KpEeTameM MEpHE TJIaBe 10 YeTHPH JiaTepaiHe U Mel)ycoOHO yrpaBHE paBHH y OJHOCY
Ha TpaBal] KJbyHa. M3abpanu cHEMIM cy oOpaljeHH cIlelHjaIi30BaHUM IIPOrPaMoOM
npousBohaua ypehaja w mpupeherm y .stl ¢dopmary pamum peKOHCTPYKIHje |

napaMmeTpH3aiije o0JIrKa KJbyHa BoJoMapa.
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Cnuka 31. Ilpukas nmocrynka mepema MeTo10M 3D jtacepckor CKeHupama

WNuterpanna cnuka 3D MpexxHHX Mojena BojoMapa ITmocjie M mpe codTBepcke
PEKOHCTPYKIHje NpuKkazyje ciuka 32. Meperu o0jekar je peKOHCTPYHCAH TOMOhy
coptBepa oTBOopeHor koxa Blender, 3a 3]] moxenoBawe m 3] mrammy [162], u
MeshLab, 3a 06pany mpexxanx mojena [163]. PekorcTpyknmja Tena mMojena (coauaa)

je obaBJbeHA 3a jeJIHY TTOJIOBHHY MOJIeNia Koja je Ouia 1eJI0BHTH]a.

Moen mocie peKOHCTPYKITHje

JIBa mpekon/beHa MpexHa
MOIIeNa Mhe DEKOHCTDVKIINiE

Cimuka 32. MaTerpanna cirka 3D MpexHOT Mojiesia U MoJiesa Tejla BojgoMapa
MoCJIe M Ipe PEKOHCTPYKIIH]je (JBE MPEKIIOIIHEHE MPEKE)

PexkoHncTpyncan MpexHH MoJeNI je pe3yiTar HCIUTHBama oOauKa momohy

JacepcKOT CKeHUpama M BEPHU(PHUKOBAH je ca Y30pKOM, cliuka 33.

(2)
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o

(©)

Cimuka 33 Pekonctpyucan 3D ckeHUpaH MOJIET U OpUTHHAI

Hymepuukn monen mpobujen 3D ckeHuMpameM je JOBOJHAHO BepaH OPUTHHATLY H
caapxu OpojHE JeTalbe, Te Ce KOPHUCTH Jajbe y MpOIeCcy aHaim3e OONHMKa KJbyHa
BOJIOMapa M pacmo/ielia MOBPIINHA MOPEYHUX MpeceKa KJbyHa 1Mo ayXuHu. [loctymak
Mepema je 00aBJbeH BeoMa Op30 M M3Y3€THO NPEIHM3HO, HaKO YCIIOBH CHUMAamba HHUCY
Ownmm mpuirarohenn morpedbama. Ho, 3a moTpebe OMOMUMHKpHjE W pa3zyMeBamba
MIPUPOJTHUX T0jaBa, MOOUJEHU pEe3yNITaTH Cy cacBUM KOpeKTHH. OCHOBHHU MpOOJIeMHU y
CHHMamy Cy Ce TOKa3alli KOJI Ipefia3a ca MajiM pajinjycuMa, HoceOHO Ha BpXY KJbyHa
u xpbary Jomake, U3 pas3jora IITO je MOBPIIMHCKA CTPYKTypa pediekTtyjyha, mTo je
JIOHEKJIE OTEeXaJlo TIPOIleC CHUMama. Y HACTaBKy WCTPAKUBAKbA j€ HEOIXOTHO
MIPUJIAroIMTH YCIIOBE CHUMamha U M3BeCTH Behu Opoj ckeHmpama. Mcra MmeTosa ce Moxe
IIPUMEHHUTH U Ha JIpYyre )KUBOTUE-CKE BpcTe [156], mTo Ou nonpuHenno npoimupemy o6aze

rmoJiataka MpUpOJHUX O0JIHKa 3a TIOTpede TpuMeHe OHOMUMHUKPH]E .

4.2.6. ®oTorpaMeTpHjCcKo HCIUTHBAKE€ BOJOMAapa

Merona Omuckomometne (ororpamerpuje [112,115] wusBenena je doroanaparom
NIKON D700, a oOpama mojgaTaka W KpeHpame HYMEPHYKOT MOJENa BoJoMapa je
obaBJreHa coTBeprMa oTBopeHOr koxaa: VisualSFM [164] — 3a ¢ororpameTpujcky
pexoHCcTpyKIHjy objekara, CloudCompare [165] — 3a 0Opany obnaka Tadaka u Blender
[162].

Pesynratu ¢oTorpameTpHjcKOr CHHMama MYy)XKjaka BoJoOMapa Cy: HyMEpPHUUKH
Mojen tena (cnuka 34a, 6 U B), pacmojiesia TMOBPIIKMHA MOIMPEUYHUX ITpeceKa KJbyHa 10

AyKHHE (CIMKa 35) M 3ampeMuHa o mpuOmmKHO 127 mm’, ompeliern momohy
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nporpama Blender.

(a) Temo Boslomapa

ca TeKCTypOM

0e3 TeKCcType

(6) Teno Bogomapa (B) IJiaBa ca MOMPEYHUM IIpecenruma

Cruka 34 Hymepwdku MOeNT My>Kjaka BojoMapa JTI00HjeH
¢doTorpameTpujckuM MepereM [115]

Cmuka 35 mpukasyje pacmojienie MOBpITHHA KOJI MY’Kjaka W JkKeHke. Pacmonena

MOBpPIIMHA HA CaMOM BpXYy KJbyHa, JI0 NpPBE MEPEHE TauKe, je W3BpIIeHa MPOCTOM

eKCTpariojamyjoM 300T HelocTaTKa moy3nanux nojartaka. Jlok je 3D ckenupame camor

BpXa OMJIO OTeXkaHO 300T ycJIoBa CHUMama, (POTOrpaMeTprjCcKOM METOJIOM je yTBpheH

OTBOp KJbYHA KOJH j€ MOpao OUTH 3aTBOPEH TOMYHaBAHEM KOHTYPE.

Ananm3a o0JInKa B pacrojielie MOBpIIMHA KJbyHa MYJXKjaka W JKEHKe Bojomapa ce

HE pa3iuKyjy 3HA4ajHO Ha JTy>XKHHH O]l MpuOmmkHo 20 mm oJ Bpxa KJbyHa. Ban oBor

oricera AoJjJadd MO0 HU3AyKaBamka KJbyYHa KO M}’)KjaKa MTO €€ MOXC TyMaduTH

npriarohesm U TPHPOJIHO] MTOTPEOH Ja CHAXKHHJH ITPUMEpaK MOKe e(pUKacHH]E Jia JIOBH.

50+

40

=

7

[ /

//

—v— Amuzjak
—o— Azenka ——

-5

5 10

—
15 20
X [mm]

25 30 35 40

Cnuka 35 Pacrnojiena moBpIMHa MOMPEYHUX MpeceKa Mo AYKUHHU KJbyHa KO/
HYMEpPHUYKUX MOJIeJIa )KEeHKe U My)Kjaka Bojomapa
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4.2.7. Mepemwe XpanaBocTH K/bYHa BoioMapa

Mepeme XpamaBOCTH je W3BPIICHO pajJH CTUIAa HOBHX ca3Hama O OOJUKY |
KBAJIUTETYy MOBPIIMHA KJbyHa BOJOMAapa, MpoBepe MPETIOCTaBKEe O MOCTOjamby aepo- U
XUJIPOJMHAMHUYKH TJIATKUX MOBPIIMHA HAa KJbYHY BOJIOMapa U OJJIy4YHBama O METOJHU
Kperparmba MpexKe.

BusyennuMm mocmaTpameM W MEpemeM MoMohy MHKpockoma yTBpheHo je na cy
e(peKkTHBHY MPO(IIN KIbyHA 3aKPUBJ/EEHU Y CBUM TpaBiuMa. JlokaHa BaJIOBHUTOCT je
MPUCYTHA Y CBUM TIPaBIMa, AJId U3Pa3UTO UCTAKHYTa Ay KJbyHA, TaKohe youeHH cy H
UCTIPEKUIaHN KaHAJ!, IEPHOMYHE TPOMEHE MTPOPHIIa Y TIONIPEYHOM TIPECEKY.

Mepeme cpenme XpamnaBoctu mpoduta je odaBipeHo mpodumomerpom TAYLOR
HOBSON, BTU BC, cnuka 36. JlujamanTcKu BpX CII0O0OJHO KJIM3HU IO TIOBPITHH Y
3a/1aTOM TIpaBIly, Cliika 360, TIOK €JIeKTPOHCKH ypehaj ca MEeXaHH3MOM PETUCTpYje
BEPTUKAJHH TIOMEpaj BpXa W TpeTBapa ra y eJeKTPOHCKH mojaTak. Pesynratu ce
NpHKa3yjy Ha JUTHTAITHOM I[TOKa3WBady HAKOH oOpajie eNeKTPOHCKHX TIojaTaka |
Oerexe ce Ha JIoAaTHOM ypehajy 3a KoHTHHYaITHO npaheme.

3a mepeme je n3abpana myrama AyxuHe 2 mm u ,,Cut-off mapamerap ox 0.25
mm. Bepudukammja ypehaja je wusBpmeHa mnpe Mepema NomMohy Iounma 3a

KayiOpariyjy mo3HaTe XpanaBOCTH.

©)
Cmuka 36 Ilocrara 3a mepeme ypehajem TAYLOR HOBSON, BTU BC
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My3ejcku y30pak JKeHKe BojJoMapa je MOCTaB/beH Ha Ha4YMH KOju oMoryhaBa
Mepeme y n3abpaHoj Iy KHHHU X0Jla MepHe pyke o 2.5 mm , ciauka 366. MepHa mecTa,
OJIHOCHO, TpaBIHM Mepema (ciuka 37) omabpaHu Ccy Yy CKIagy ca CHUMIMMa ca

MHKPOCKOTIAa © MOTYhHOCTHMA MPUCTYIIa MEPHUM MECTHMa, MM, (ciauka 38).

Jlerenna:
(1) mm 6sxe BpXYy, (2) MM Ha cpeaiHH, (3) MM OJike KOopeHy U (4) MM YKOCO

Cinuka 37 MepHa MecTa XparaBoCTH 10 TOBPIITUHU KJbyHA KEHKE BOJoMapa

(a) oko mMMm2 (6) oxo mm3 1 Mmm4

Cnuka 38 M3abpanu neTaby MOBPITHHA CHUMJBEHH ONITUYKAM MHKPOCKOTIOM, Ca
yBehameMm 40 myTa, ca Ha3HAKaMa 30Ha MEepera XparnaBoCTH

W3pauyHate BpeJHOCTH BHCHHE TIPBOT HH3a IIEHTPOHMAa Mpexe Ay 3a paBHY
1049y ToKasyje tabena 2, Mok Taberna 3 mpukasyje Cpelmhe U3MepeHe BpeTHOCTH Rdy,
Ha KJbYHY Bojomapa. Ilpema umcnutmBammma Amamca u np. (Adams et al.) [138]

€KBUBAJICHTHU Kaarbap Meurdanor 3pHa ce Moxe nepunucatu ca K = 5.863 Ray, [um].
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Tabema 2 IlpuOnwxkHEe BpEeIHOCTH BUCHHE IleHTpounaa Ay mpBor Hu3a henwja

HYMEpHUUKe Mpexke, 3a paBHY IUI0YY IPH YCIIOBHMA CTpYjama Bazayxa U BOJe

AY vazd
Re Lref Re Lref Ay voda
Lre[m] | V [m/s] y+[-] [m]

vazduh ['] voda [‘] [m]
0.04 0.6 1306 23904 30 0.01319 0.39560
0.04 6 13065 239044 30 0.00155 0.04663
0.04 10 21775 398406 30 0.00097 0.02902
0.19 0.6 6206 113546 30 0.01474 0.44217
0.19 6 62061 1135458 30 0.00174 0.05212
0.19 10 103435 1892430 30 0.00108 0.03244

Tabena 3. Cpeame BpeIHOCTH XpamaBocTH Ray,

€KBUBAJICHTHU KajuOap Meurdanor 3pHa, K

CTaHJApJHa JIeBHjalMja W

Ra [um] [lecna crpana JleBa ctpana

Pen.6p. Mm1* MM2* Mm4* Mm1* Mm2* Mm3*
1 0.53 0.63 4.33 0.58 0.92 0.86
2 0.62 0.84 4.41 0.62 1.01 0.87
3 0.56 0.63 4.5 0.61 1.03 0.63
4 0.6 0.87 4.54 0.7 1.1 1.01
5 0.57 0.64 0.63 1.23 0.93
6 0.7 0.77 0.63 0.97 0.98
7 0.7 0.7 0.64 1.02
Rag [pm] 0.611 0.725 4.445 0.63 1.043 0.9
SD 0.053 0.086 0.075 0.022 0.081 0.097
K, [um] 3.5848 4.254 26.061 3.693 6.117 5.276

*Jlerenna: (Mm1) Omike Bpxy, (MM2) Ha cpenuHH, (MM3) Oirke KOpeHy U (MM4) yKoco
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Hajmame u3pauynate BpeaHocTH Ay 3a pedepeHTHY JYy)XKHHY KJbyHa W yCBOjeHE
O6p3une obpymapama uzHoce 0.00097 m 3a Bazayx u 0.02902 m 3a Boxy, Tabena 2, mMTO
je BHUIIIe HETO U3MepeHa IpoceyHa XpanaBocT o1 mpuommkao 0.7 um, Tabena 3.

[Ipoceuna BpeaHocT Ra MepeHa Ay KJbyHA Ha ey Ommke Bpxy je 0.62 um, a
Ha JPyroj MOJIOBHHHU KJbyHa, Ommke kopeHy, 0.88 um. YkymHa mpoceuHa XpamaBOCT
nyx kbyHa je 0.75 um. Ilpoceuna BpenHocT Ra mepeHa KOCO y OAHOCY Ha JUHH]Y
kbyHa je 4.44 pm. IloBpmmHa KJ/byHAa BoOJOMapa jeé YCBOjeHAa 3a aepo- u
XUJIPOJMHAMUYKH TJIATKY TOBPIIUHY.

Ca nuspeM Jla ce U3BPINYU MpaBHIIaH W300p yIIA3HUX HojaTaka M u300p MOroTHOT
TypOyJICHTHOT MoJiejIa ¢ 003UPOM Ha XparaBoCT 3UI0Ba BOJIOMapa U Bo3a, 00aBJHEHO je
CFD wucrtpaxuBame W Baluaaldja HYMEPUYKHX METOJa Ha OCHOBY aepOTYHEJICKOT
ucruTuBama Xpamnase kyrie [131] (Ipuior 1).

Amnanmza pesynrata [131] je ykazana Ha motpeOy mITO Mpenu3HUjer oapehuBama
CTBapHE XPaNaBOCTH YKOJMKO MMOCTOJH TOTpeda 3a MPHUMEHOM 3aXTEBHUX HYMEPHUKHUX
MeTtoza (M oarosapajyhux pecypca), a koje omoryhasajy mpopadyHe y 30HH O6adep, 5 <
y" <30, n naMuHApHOT MoACHoja, ¥ < 5 (Hampumep SST) . V ckiamy ca morpebama y
OBOM U pe3yJiTaTUMa Meperma YCBOJEHO je Ja je MOBPILIMHA KJbyHa aepoJUHAMUUYKU
rJIaTKa MOBPIIMHA, a Takol)e U OKBallleHe MOBPIIMHE BO3a 32 BEJHKE Op3UHE.

YrnorpeboM HampemHWjux pecypca Morida OW ce ypaauTH JieTaJbHHja
UCTpaXUBama IMOCEOHO aKo Ce Pajy O PEATUCTHYHHM CITy4ajeBAMa ca BO30M BEJIMKHX
Op3vHa ca MPUAOAATAM CHCTEMHMA 32 CMambeHke OTIOpa, WM MOJEIHpaky MHKpPO-
CTpyjama HaJl MalkbuM U3a0paHiM CErMEHTOM IMOBPIIMHE, Kao IITO j€ MOBPIIMHA KIJbyHa

BosoMapa. OBu mpobieMu ¢y npenpuhenn 3a Oyayha ucTpakupamba.

ITopehemwe kouTypa npodu/ia KbyHa BoaoMapa U 0AJUCTHYKUAX npoduiia

KonType ropmake u JOmakKe, y JOHTHTYIWHAIHOM MpPaBIly, HOPMaJIH30BaHE ITpemMa
rabaputnma, ynopehene cy ca mpoduirma Koju ce Hajuernthe KOpUCTe KoJ1 OaTuCTHIKa
Tena (mapaboia, eunca, 0)KABAIIA U Jp.), ciuka 39.

[Topeheme je ypaheno 3a oOnMKe: TAaHTEHTHH OXHWBAJI, MapaOOJOUTHU H
emuncouHu o6muKk W Xak u BoH KapmanoB mpodwt, Ctpojk (Stroick) [166] u Ilej3

(Payza) [167]. Ilocnenmwa aBa cy mpodrm Koju Cy NMPENOpYWHHBH 3a MPUMEHY TPH
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BEJIMKUM Op3rHaMa 300T HajMamer kKoeduiijenta ormnopa. Kontypa ropmake mpodrra
KJbYHa BOJOMapa ce ToKa3ajla Kao HajciuuHuja BoH KapmaHoBOM mpoduiry, JOK je
JIOBbaKa OJicKa euIconIHoM poduty (mapamerap P = 2).
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Cmuka 39 Ilopeheme 06mrKa KOHTYypa MOTMPEYHHUX TIpeceka BojoMapa u
OanmucTrakux mpoduna [166,167]

4.3. Tymaueme pesyarara

OO0uIy )KUBOTHIbA W3 MOpa INPHIANAJy KJIACH OHHX Ca HAjMamHM C, Y OJHOCY Ha
3alpeMUHy Tejla U yCJIOoBe IUNBamka. | eHepaiHo, 3a MpuMeHy OMOMUMUKpHje Ha BO3 CY
MOTOJTHU Y30pIM TpeaaTopa: ajkyna, cabipapka, Oapakyaa, Keuwra, IITyKa W CI. a
Takohe u oOwI| nenduHa, KuTa yOouIe u Ip. MOPCKUX chcapa.

Bomomap u3 kiace nTuma HUje jearHa BPCTa NTUIA KOja JIOBU M3 00pyIIaBama,
aJy ce Kpo3 aHan3e 00JIiKa OMOJIOMKIX y30paKka U IbHXOBUX HABHKA BOJIOMAp HCTAKao
Kao MTHUIIAa KOja MaHeBap JIOBA M3BOJAM Ca BEIUKUM YCIIEXOM H I0JI PUCKAaHTHUM
ycnopuMa. OONMK KOHTypa KibyHa ymopeheH ca mpodmimma KOju ce HCTHIY
MHHHMAQJIHUM OTIIOPOM, IpPH CYNEPCOHHYHUM Op3MHama, Kao ITO cy Xak M BOH
KapmanoB mpodui, moka3syje Benuke cnyHOCTH. Ha 0CHOBY TOTra je mporemeHo 1a Ou
KOHTypa BojoMapa OwWia MorojHa 3a Jajby IpUMEHY Ha JU3ajH OHO-MHCIIHPHCAHOT

BO3a.
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4.4. 3akibyuak

[Ipukazan moctynak u30opa u neduHHCama OOJIMKA TOJIA3HUX JM3ajHA je, OCUM 3a
BOJIOMapa, y OBOM HUCTpPakKWBamwy ypal)eH Ha OCHOBY JIOCTYITHE JIUTEpaType.

OO6uIY KUBOTHHA U3 MOpPA MPHUTIAIA]y KJIACH OHHUX Ca HajJMAmbHM Cy Y OJTHOCY Ha
3ampeMuHy Tella U YCIIOBE TUIMBama. | eHepaiHo, 3a TpUMEeHY OMOMUMUKpHje Ha BO3 CY
MOTOJTHA Y30pIM TIpefaTopa: ajkyia, cabspapka, Oapakyaa, Keuwra, IITyKa W CII. a
Takohe u o0 AenduHa, KuTa youre u Ip. MOPCKUX cucapa.

Bogomap u3 kiace nTHIa HHje jelMHA BPCTA MTHIA KOja JIOBU U3 OOpYIIaBama,
aJM ce Kpo3 aHaym3e o0JuKa OMOJIOIIKUX y30paKa M FbHXOBHX HAaBHKA BOJOMAp UCTAKAO
Kao NTHIA KOja MaHeBap JOBA W3BOJM Ca BEIUKUM YCIEXOM W MOJI PHCKAHTHUM
YCIIOBHMA.

JloOujenu cy BaJIMIHU U MOY3/IaHU TOJIAIN 32 JU3ajHUPAhe HYMEPUUKHAX MOJIea
KOjH y OBOj (a3u 3a70BOJbaBajy moTpede nu3ajHupama. [IpuMena oOimka Ha au3ajHe
BO30Ba IOjpa3yMeBa Jajbe KOpeKIje oOymka. Mepema XpamaBoCTH BOJOMapa, Kao
KPUTHYHOT MoJiena y u3bopy, ynyhyjy Ja ce 3uI0BH MOJIeia MOTY CMaTpaTd aepo- |

XUAPOAUHAMUYKHU I'NIATKHUM.
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5. BUOMEXAHUKA BOAOMAPA IIPU MAHEBPY
OBPYUIABAIHE — 3APAIBAILE

Ha ocHOBY Tymauema pe3ynTara BH3YeITHOT Tperiea, anammsa Mepema (3D ckennHra
u QororpameTpyrje) U mocMmarparma MpH JOBY OMUCAHO jeé OMOMEXaHHWYKO IOHAIIAE
npupogHor (eHomeHa W W3a0paHU Cy KapaKTEPUCTHYHU TIONPEYHH MpeceIy 3a
IpUMEHY Ha MOJIeIMMA 33 HyMepruiKa U eKCIIepUMEHTATHA UCTIUTHBAbA.

VY wucxpanm BojoMapa ce I0jaBJbyjy Mame puOe, WMHCEKTH, maynu W ci. Ha
YyBaHO] TEPUTOPHjU PUOY JIOBU 3aparbaeM Cca rpaHe WM OHUPAKEM ca THhYpameM U,
y OJIHOCY Ha JIpyTe BpCTe NTHUIlA KOje JIOBE Ha OB3j HAUWH, KApaKTEPUCTHYHO je Jla HeMa
MJIOBHE KOXHIle Ha Horama, [159,168-170]. ¥V mpBoM HauuHy JIOBa, BOJOMAp CEAHU U
Yyeka TuleH Tpaxkehw ra moceOHO TPUIIAroKEHWM IOTJICIOM, W HAaKOH MpOHATAKEHa
3apama. J[pyru HauuH je pUCKaHTHHjHU ca MOTYhHM MOryOHHUM TOceauIiama, ce CacTojH
o]l ebier-a U3Ha I BOJISHE MOBPIIHHE, TOHUPamka KaJia je IJIeH MPoOakeH B POEeha 110
JyOuHEe Ha KO0joj ce IUieH Hajasu. Mako HajBuIlle oOWTaBa W JIOBH Y CBEXKO] XJIAIHO]
BOJIM, HA CBOM IIyTY j€ IIPUMOpAH Jia JIOBU M Y BOJiaMa pa3jIMuYUTHX I'YCTHHA — MOPCKO]
BOJIM WJTH HE CACBHM OHMCTPO]j BOJIH.

[Ipu 0By ce ocnama caMo Ha BHJI, TIOJIOKA] Tela U crienupuyad o0JUK KJbyHA U
Tena. OcuM TIpH JIOBY, BOJOMap mpHOeraBa NHUKIMYHOM JIETY Ca HW3HEHAJIHUM
3apamarmkiMa KaJia je HalaHyT 0] CBOjUX MPUPOJTHHUX HempHjaTesba [154,169].

Ananm3a OmoMexaHuKe BoJoMapa pu MaHEeBpy 0OpyIIaBame — 3apamame HMa 3a
IIUJb aHAJIHM3Y Tella M HheroBor onrepeherma, Ipu MaHEBpY, KOja je HEOIXOHA j€ paau
n30opa BpCTe CTpyjama, MOJIENia U MOCTaB/bamba yIa3HUX MapaMeTrapa y HyMEpUUIKUM
cUMYyJIalyjama.

HcnutuBameM y30paka BojoMmapa yodeHO je Moryhe crpyjame OKO KJbyHa
Bosiomapa. [Ipu 3apamamy Boja ca MOBPIIMHE MPaTH MOBPIIHHE KbyHa. OKBaIEeHOCT

MOBPIIIMHA 3aBUCH O] ynajHor yria m3mely tena m mospummae Boje. IllTo je ymamau
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yrao Behwu, 3apamame CKOpO BEPTHKAIHO, pABHOMEPHH]jE je KBAIlICHe TIOBPINUHE KJbyHa
Ka0 M HEeTOBO XHUApoanHaMuuKo ontepeheme. [Ipu n3pamarmy nTHiia moJ1 BOJIOM 0TBapa
KJbYH (HEKajla ¥ 3apama ca OTBOPEHUM KJbYHOM IIITO OBJIE HHje MPUKa3aHo), POTHpA Ce
OKO JIaTepallHe Oce U M3parma ca IUIEHOM IOMPEYHO MOCTaBBEHUM Y MOJIYOTBOPEHOM
KJbYHY. Y TIEpHOJIY pOHEHa BOJOMAap HeMa BPEMEHCKHUX M MPOCTOPHUX MOTYNHOCTH
yIpaBJbakba TeJIOM TI0J] BOJIOM, OCHM 3a H3pamarhe Kaja ce CIIy)KH MaxameM KpUInMa,
Ay ce ONeT TeJIO TPAHCIHpa M POTHUPA y JOHTHTYIWHAIIHO] PaBHH OKO TEXKHUIITA, a
KJBYH OKO 3171002, pajii OTBaparma 1 3aTBapama.

Kako je maneBap oOpyIlnaBame — 3apamame HEJIOBOJHHO OMUCAH KPO3 JIOCTYITHY
TUTEpaTypy W3 OHWOJIOTHje WM OMOMEXaHHWKe, BEJTUKH Opoj HEMO3HAHUIIA j€ TIOTPEeOHO
MIPEMOCTUTH I YCBOJUTHU Jia OW KpajibH pe3yaTar OMo peaqrcTudaH u noys3aad. Jla ou
ce aHaJM3Mpaiy OMOMEXaHWYKH MpoOjieM MaHeBpa M OOJIMK Tajaca BOJIE y paBHU
CUMETpHje MaHeBap oOpylllaBame — 3apamarmke je TMOjeTHOCTaBJbeH, Te je ymecto 3D
moctaBke (ciawka 24) W3/IBOjeH W TOCMaTpaH IMOMPEYHHU MPECeK y paBHH CHMETpH]e
Tela BojoMapa. 3a Ty CBpPXY j€ MNPETIOCTaBJbEHO Ja BOJOMAp BpINM MaHeBap ca
CKYIUb€HUM KpWJIMMa U 3aTBOPEHHM KJ/bYHOM W Jla Cy Yy paBHH CHUMETpHje
MO3UIIMOHUPAHE PENpEe3CHTATUBHE TadyKe, Tadyke TPEHYTHOT JejcTBa cuia. OBUM
MOjeTHOCTABJBCHEM je CMameH Opoj ylasHUX MapamMeTapa W OJIaKIIaHa MeToja
pelnemmaBama UTepaTHBHEM ITyTeM. [lomTo je MaHeBap oOpyIlIaBame — 3aparmbame
JUHAMUAYKOT KapaKTepa U 3aXTeBaH 3a HyMEPHUKO pellaBame, HHTEpBaJl IocMaTpama je
OTpaHWYEH Ha jeJlaH cerMeHT. V3abpanu BpeMEeHCKH WHTEpBAJI y MaHEBPY MMa 3a CBPXY
Jla TpUKaKe TTOHAIIake cI000/IHe TIOBPIIMHE TOKOM 3aparmama KJbyHa BOJOMapa, KOju
je oI WHTepeca 3a NMpHMEHY y OHMOMHMHKDHUjH, Y YCIOBHMA CIIMYHHM TPUPOIHHM.
Bpeme mocmarpama 3amounme y TPEHYTKY, /g, KaJa ce BpX KJbyHa BOJOMapa Hala3H
W3HAJ cIo0O0He TOBPIIMHE BOJAE, HA caMO 1 cm BHCHHE, a 3aBpllaBa Cy TPEHYTKY
3apamama KJbyHa, f. Y OBOM BPEMEHCKOM HHTEPBAIY ce MOJpa3yMeBa Jia je BoJoMap
npeTxoaHo Beh 3ay3eo onrosapajyhu koHauaH mpaBall U yCIIOCTaBHO TIOTPEOHY Op3HHY
u yOp3ame 1Mo TpaBIly 3aparmarma Kako OM OCTBapHO YCIEITHO MaHeBap. Y (H3UYKOM
MOJIeNTy MaHEBpa, BOJOMAap MpeJCcTaB/ba KpyTo W HeaepopmaOWIHO Teno Koje ce, y
MOCMaTpaHOM BPEMEHCKOM HWHTepBaly, Kpehe cTaOWiIHO 1O MpaBIly W IOJ BEITUKAM
yrmagauM yriaoM. Kako ce kpetame mocMaTpa oJl TpeHYTKa Kaja je BojJoMap OKpYyKeH

camo jeTHO(a3HUM CTpYyjameM, Ba3yxoM U3 aTMocdepe, 10 TPEHyTKa KaJia je OKpYKeH
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JBo(a3HUM CTpyjarmeM, Ba3IyX W BOJIa, YCBOJE€HO j€ Jia je OIIITH MOJIE] CTpYjarma JIBO-
¢a3nu. Takohe, Ha CBOM TyTy BOJOMap je TMOINPEYHO — CMEPHO CTaOWJIaH, INTO Ce
3aKJbydyje Ha OCHOBY IOCMAaTpama MPaBUIIHOT 3apamarka, 0e3 TpaHcanyja o1 IpaBia
KpeTama WM W3HEHAJHUX pOoTalldja OKO TEKHINTA, KOje JOBOJE JI0 MPOMEHE IpaBIia
KpeTama H3a3BaHUX T'PEHIKOM Yy MaHEBPHCAKky WM HEKUM CIHOJHHUM YTHIAjeM Yy
y3Ay’)KHOM TpaBIly (HecTaOMIHOCT OW jJoBena 10 KOOHWUX MOcCienuIia, ITo ce Y
IpUPOH Takohe Jemmana).

Bomomap y maneBpy oOpymaBame — 3apamare J0XKHBJhaBa HHEPIHjallHa,
XUJIPOCTATHYKA, XUIPOJANHAMHIYKA M acpoJMHAMHUKA onTepehema KibyHa U Teja, Ydju
ce JIejCTBO ¥ HHTEH3UTET MEHajy TOKOM BpeMeHa, Kao IITo mpukasyje ciuka 40.
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Cmuka 40 Ckwuna ¢uszmakor mojena 2D OnoHUYKOr BojioMapa Impu MaHeBpy

Maca Bomomapa, my.,, je TpH 3apamamy NPaKTHYHO HEMPOMEHJbHBA. YTaJHU
yrao, 6, je yrao koju obpasyjy npaBe a (OCOBHHA Tejla BOJOMapa Koja CaapKu IeHTap
mace, CG) U HUBO MHUpHE BOJIe, JIOKH y HHTepBaly on 45° — 90° (BepTHKaIHO
3apamame). O0muk kibyHa (cimka 40) mpaBmiHO pacnopelyje cTpyjame Mo KOCHM

paBHHMa, 00e30ehyjyhu Tako cTaOWMIHOCT Tela IO MpaBIy KpeTama, IMOMPEYHO -
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cmepHy. Cruka 40 mctude pedepeHTHE Tayke KOje Cy IEHTPH JelIoBamba Pe3yITaHTH
CWJIa Ha Tell0 BoJOMapa, a TO Cy: IEHTap Mace Kpyror Tena Bojomapa, CG;
aepoiMHaMHuIKH 1ieHTap, AC; nenrap nputucka, CP; nientap cuie norucka Bojae, CB;
MO3UITHja TonpevyHor MetarieHTpa MC u Tauka JejcTBa pe3yiryjyhe XuapoaunHaMudKe
cune, HCD. Onrtepeheme OKBaIlEHWX IOBPITHHA BOJOMapa je, 3a Pa3iIuKy O]
ontepehema Opoja Hampumep, MOTIYHO HECHMETPHYHO Yy CBHM CIy4ajeBHMa — Yy
JIOHTUTYIMHATHOM TIPABILY, a Takohe HeKe O] CHjIa, Kao MITO Cy CHJIe BUCKO3HOT TPema
W CHJIC HAacTajie TI0jaBOM CKOKOBHTHX Tajaca y CTAIHOM cy pacty. Cuiie Koje Jenyjy Ha
BOJIOMapa, y OIIITEM CIIy4ajy, IO TMPETIIOCTABKOM BHCKO3HOT HECTHUIIUBUBOT (IyH/[Ia,
Ce MOTY HaBECTH IPeMa y3pOKY 10jaBJbUBAbA :

(1) cuna Texxune Boomapa, G, nenyje y tauku CG;

(2) pesynranTa aeponuHaMHUKe cuie, aenyje y tauku CP, a Hacrama je ycuen
KpeTama Jiejla WK IEJIOKYITHOT Tella BoJoMapa Kpo3 Ba3nyX, Ry.ax(1). AepoauHaMudKa
cmia ce Moke TpancdepoBaty y Tauky AC 3a K0jy je MOMEHT 00pyIIaBama He 3aBHCTaH
ox ynaasor yria. [Ipu ToM, kao mTo mokasyje cnuka 40 (cuBe o3HaKe), TpaHCHEpoM y
AC ce WUHTEH3UTET U CMEPOBH CHJIA HE MEHajy, aJli ce JI0/1aje oAroBapajyhu MoMeHaT
HacTao TpaHchepom crira. OBaKBO NPUKA3HBaKkEe je MPAKTHYHO U3 pasiora mro je AC
(duKcupaHa TOKOM BpeMeHa;

(3) xumpocratuuka - cuja Mmotucka, Fp(f) , nemyje y Tauku CB MOTOIJBEHOT Jiejia
Tena Bojomapa. [lonoxaj n uaTeHsurer Fp(f) ce Mema ca BpeMeHoOM npaTehu mpomeny
[oJio’Kaja BOJOMapa M BEIMUYMHY U TOJI0KA] TEXKHINTAa MOTOMJbEHE 3alpeMUuHe
(HarmoMeHa: BojioMap (GU3WYKH TPUTIPEMH TEJIO 3a 3apambarbe 3aTe3ameM MHITHha drnMe
ce NpPaKTHYHO Mace IMpepacrojielic W NPUHYIHO, OCHM IIPUPOJIHE Ipepacrojese
MIPOMEHOM caMoT TToJIoXKaja U3 edaeher wim crojeher y monoxaj 3a o0pyIaBame);

(4) pesynryjyha xuapomuHaMudka CUia, R,,q.(f), TTOTEKIa OJl MOBPIIMHCKOT U
3ampeMHHCKOT Mely/iejcTBa Tella BojioMapa ca BOJOM Mely Koje crmaaajy: BUCKO3HO
TPEeHE W YTHUIlQ] TPAHUYHOT CJI0ja OKO MOTOILBEHOT JieNia Teja, YTHIIA] MOBPIIHHCKOT
HaIlOHA BOJIE Y3TOHCKOT KapakTepa, YTUIA] TypOYJICHIHM]e Y CTPYjH BOJE, OTIEIJHEHE
CTpyje BOJe, YTUIA] I'PAaBUTAIlMOHMX M CKOKOBHUTHX Tajaca, yTUIA] CTpyjama BOJE,
OTIIOp yCJIe]l XpanaBOCTH MOBPIIUHA KJbYHA M Tejla BOJOMapa, OTHOP JieTa/ba Ha Tely H
KJbYHY (HOCHH OTBOPH W CI.), YTHIAj pa3MeHe Toruiore m3Mmely Tema Bomomapa u

OKOJIMHE, OTIOp YCJea YTHIlaja OKOJIMHE — Majga AyOWHEe BOJE Yy KOjy 3apama,
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HEpaBHOMEPHE pacIo/iesie TYCTHHE 110 JyOWHU BOJIE, U JIp.

M3 HaBemeHOr ce BHOW Jla je KpeTame BojoMapa Ioja BojaoM mpaheHo
KOMIUIEKCHUM MEXaHH3MOM KpeTama ¢uiyuaa. 3a pa3sidKy O] BOJOMapa, JKHBOTHIHE
KOje CBe BpeMe IUIMBajy IOJ BOJIOM CaBliaJlaBajy CHIIY OTIOpPA, AUPEKTHO 3aBUCHY O]
KBaJTTEeTa Npoduiia Tena u Op3uHEe KpeTama, a Koja ce y OCHOBH CacTOjH O] OTIOpa
W3a3BaHOT PaCIIOeIOM MPUTHCAKA [0 OKBAIICHUM ITOBPITHHAMA TeJa — OTIIOP 00JINKa,
OTIopa y CTpyju Boje y Onu3mHH Tena mpaheH TojaBamMa TpaHWYHOT Clioja HITH
OTIETUBbEHHA CTPYje — BUCKO3HH OTIOP U, Tpy0O 00jalmheHo, OTIIOpa BPTIIOKHOT Tpara.

Cuuna mpomyi3uje Kperama, F(f), je CTBOpeHa o0pyIIaBameM, IPHHYIHAM MaJI0M,
U3 CTama OJMCKOT MHpOBamy yOp3aBameM BehuMm o mpupomHOTr ciio0OmHOT Tana
nomohy kpuia. PealncTHYHO je MPETIIOCTaBUTH Jia U3 IJIAHUpama WK JeOaema Huje
Moryhe /1a BojioMap Tako Harjio IPOMEHHU M 3aJpKH JIMHUJCKHU TpaBall y 00pylaBamy,
HO y OBOj aHAIW3W C€ IMPETIOCTaB/ba KpeTame IO MpaBIly 300T KOMIUIEKCHOCTH
mpoObiema.

VY cnenehoj dasu, daszu 3apamama, KpeTame je HejeJHOINKO. [Ipu mpBoM n1oaupy
KJbYHA ca cJI000THOM MOBPIIHHOM BOJIE CTBapa Ce HAarJo yCIOpeme Tela yCliea cynapa
ca moBpmHOM (QuIyuaHOT Tena, mpudmmkao 800 myrta Behe rycTmHe o Baszayxa, y3
JIOJTATHH YTHIIAj CHJIa TIOBPIIHHCKOT HAMoOHA. Y BPJO MajJOM BPEMEHCKOM WHTEpBALY
HETOCPEIHO TOCJIEe Cylnapa, pela BEIMYMHE Mamkbe O] XHJbaJIUTOr Jiejia CEKYHJIE,
ontepeheme KJbyHa je yIapHOT KapakTepa W HajBehe, IMMOTOM ce cMmamyje Y TOKY
3apamama Kako ce (UIyu] Tpepacrnojie/byje TOKOM CTpyjama IO KOMIUIEKCHUM
NmoBpIIMHAMa KJbyHA. Kao mocieawia nejcTBa XHIPOCTATHYKE W XHJIPOIHMHAMUYKHX
CWJIa TOKOM 3apamarba JIOJIa3W JI0 HEjJeHOJHMKOT YyCIopaBama, W TO BPJIO HArjor
ycropaBamka y KpaTkoM IIepHOJIY HEMOCPEIHO HaKOH yaapa, a IOTOM OJaker
ycropaBama JJ0 MOMEHTa Joce3ama IieHa. Y oBOj (a3u cy 3HAYajHH yJIa3HU IOJald
ynagHa Op3wHa, V, Op3WHa y TPEeHYTKY J0oJupa ca BOAOM, W yHaaHH yrao, 6, jep
¢Gurypunry y m3pasuMma XHIpOoJWHAMHUYKUX ontepehema u neduHUCcamy Hapamerapa
KpeTama KpyTOr Tejla BOJOMapa TOKOM HYMEPHUYKOT MaHeBpa oOpyllaBame —
3apamame.

[Ipuka3 pa3narama cuiia 1Mo TIpaBuMa peepeHTHOT KOOPIUHATHOT CHCTEMA, ca
KOOpJIMHATHUM TIOYETKOM Ha BpXY KJbyHa x(Jy, W3a0bpaHOT y CKJIaJay ca 3aXTeBHMa

HYMEpPUUYKUX CHMYJaIFja, JarT je Kao Mpe3eHTalrja KOMIUIEKCHOCTH (eHOMeHa
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MaHEeBpa 00pyIlaBame-3apamarke, OMUCAH jeé MaTeMaTH4Ku ca (41) u (42)

a) TpaHCcJaIyjy 1o MpaBIly X, Y TPEHYTKY /,

d’x
m—-= R Z —X + ode—x =
dt2 vazduha Rv dl , (41)
- Lvazduha—x +D, vazduha—x + Lvode—x  Mode-x
0) ympaBHO Ha ¥eTa, J, Y TPEHYTKY 7,
2
m CZZ[';} = _G + FPI + Rvazduha—y + Rvode—y ° (42)

3a pa3uKy 01 JKUBOTHIbA KOje )KUBE Y BOJICHOM OKPYXKEHY, OTIIOp KpeTamy KOJ
BOJIOMapa HE cajp)kaBa OTIOP y BPTIOXKHOM Tpary oJ BOZAE, ajlu TpHu onrepeherme
ycliel HacTaqMX CKOKOBHUTHX Tajaca M TPEHYTHO mocrojehmx Tamaca u yTHmaja u3
OKOJINHE — BETpa, BOJEHOI TOKa M ciI. Tamacu Koje BojoMap CTBapa 3apamarmeM Cy
TaJach KOju Ce€ JeJHOBPEMEHO INHpE M y MpaBIly (CYMPOTHOT cMepa) W TMOMPEYHO Ha
npasall 3apamama, ¢ THM IITO je IIHPEHe MONPEYHO Ha IMpaBal] 3apamarmba 3HadajHo
cnabuje. Tamacu ca cTpaHe JOWmaKke W TOPHAKE Cy CIMYHOT CKOKOBHTOT KapakTepa.
[locmaTpame W CHUMITM TOKOM 3aparmama BOJOMapa, Y BPEMEHCKOM HHTEPBAIY O
JI0ZIMpa KJbyHa ca BOJIOM JI0 TOTalama LeJlor KJbyHa, PErHcTpyjy Tajlace Koju ce Iupe
y HCTOM MpaBIy, a CYHPOTHOM cMepy O] 3apamarma. MelyTum, OoBH Tajgacu HHUCY
3Ha4YajHUje UCTAKHYTH U JIaKO BHUJIJBMBH, BEhHMHOM 300T TpaHCIIAPEHTHOCTH BOJIE, yIiia
U3BOpa CBETJIOCTH U Op3HHE JellaBamba MaHEBpa, HO Tpeba UMATH Ha yMy Jia Cy yBEK

IIPUCYTHHU MaKap U ca clabM UHTEH3UTETOM.

5.1. 3akpyuak

BrnomexaHmuku MOJEN je HampaBJ/beH Ha OCHOBY BPJIO Major Opoja JOCTYITHHX
nojaraka. 3a morpede HCTpaXKuBama W3 O0JacCTH OMOMHMHKpHjEe ca BOJOMApOM H
JIPYTHM TITHIIaMa, KOje JIOBE Ha CIIMYaH HAYWH, TOTPEOHO je MPOITHPUTH Opoj To1aTaka
MepemuMa y MpHPOIU Kako Ou ce jo0uia Mpenu3Huja ca3Hamba M pa3yMed OBaKoO
KOMITIEKCHH (eHOMeHH. [loceOHO ce mpemiaxy najkba HCTpakuBamba BojgoMapa, OiyHa,
Yarbu U CIT .

Ha ocHoBy Onomexanuukor Mojena 1e()uHICAH je HAaYMH U METOJIa 3a IPUMEHY Y
CFD. Uzabpan je aymepuuku Moaen VOF y 2D mpocTopy, U Kpy>KHH OOJIMK JOMEHa,
KOjH TIpE/ICTaB/ba XMBOTHY OKOJIMHY Bojgomapa. llosmmumja Bomomapa je m3abpana

OJIICKO M3HAJ CII000/THE MTOBPIITHHE 3eMJbe (Ha BUCHHH O] 1cm).
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6. BMOHUYKHU 2D BO3 BEJIUKUX BP3UHA

Ca mmibeM J1a ce UCTpake OCHOBHU OHO-WHCIHUPHCAHU OOJIUIH, 3a KOje ayTop HHje
HAIlao TMOJIATKEe y JOCTYIIHO] JMTEpaTypu, W Ja ce CKpaTH BpeMe HCTpaKuBama y
o4eTHO] (a3u Au3ajHUpama IPOTOTUIIA, HCKOpUIITheHa Cy UCKYCTBA U3 Ba3lyXOIIOBHE
paKce.

Ucnurano je 5 kondurypanumja 2D BHST npu 6p3unama ox 100 km/h — 500
km/h, y Boxxwu npyrom, u 2D BHST — Bomomap y cinobomHom lieTy, 10 HaJ3BYIHHX
Op3una. McnutuBame 3a kKoHpurypamwjy BHST-Bomomap y ciobomHom nery je
00aBJbEHO TIPH JIBa HaIaIHA yTia, u To o = 0°; 6°.

[Ipumemene cy HyMepHUKe METOJIE IPEMOpyUYeHE 3a UCITUTUBAE Ba3TyXOIJIOBA.
Ha Behwm Op3wHamMa W mpm yciioBUMa 3a KOje C€ O4YeKyje CTHIIUBHBOCT CTpYjama
MIPUMEHEH j€ TYCTHHCKHU COJIBEP, & Y CBUM OCTalTuMa MPUTUCHH.

UcnutuBama pasnmuuutux 2D kondurypamuja BHST wa oTBOpeHO] mpy3m u

cio0oaHOM JieTy ¢y npukaszana y [Ipunozuma 7-10 [170-172].

6.1. I'eomerpuja 2D BHST

['eomerpuje monena koje ciayxe 2D mymepuukum cumynamjama BHST mpukasyje
ciuka 41 [171], [Ipunor 8.

Jlu3ajH HaNMMK BoJoMapy MMa HajBehe m3aykeme U BUCOKO MOJUTHYT HOC M3HA
muanje mona BHST, jep je konTypa kipyHa ykionmena y radbapute BHST. Bpx Hoca je

3aTBOPEH Ca BPJIO MAJIMM PAJIMjyCOM y OJTHOCY Ha OocTalie 00JIHKeE.

Atnancku Twrap ajxkyna bapakyna CaOspapka Bomomap
aendun . I/H=2.8 I/H=32 IH=38 VH=45

(a) U3nyxemwa HoceBa 2D BHST
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(6) Ocranm mapameTpu

Cmuxa 41 Ilapamerpu mu3ajua 2D BHST [171], [Tpwtor 8

6.2. Pesyaratu HymMepuukux ucnutuBama 2D BHST

Ca CcBpXOM HCHHTHBama CIAYHOCTH CTpyjalba OKO KJbyHa BOJOMapa, WH3
XUJIPOJUHAMUAYKHIX TecToBa, B oko BHST mpukazane cy n3o-ryctTuacke JTuHHje 0KO 2D
BHST 3a tpu kon(urypamwje, 1 T0: y cI000HOM JIETY — MOAKPHTHYHHN PEKUM (CITHKA
42), y BOXKIH Ha OTBOPEHO] Mpy3u (ciimka 43), u 'y 6eckoHauyHOM TyHeqy (cimuka 44).

VYenosu cTpyjama crangapaau, M = 0.2, 0.3, 0.4.

©)M=0.3

(B)M=0.4

Cmuka 42 U3zo-ryctuncke nmunuje oko 2D BHST y cmoboaHom ety 3a Tpu 6p3uHe
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(B)M=0.4

Cmuka 43 U3o-rycruncke muamje oko 2D BHST Ha oTBOpeHoj nipy3u 3a Tpu Op3uHe
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(a)M=0.2
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L T e ]

MMW N

G)M=0.3

‘ g | T
NN NN YNNI

®M=0.4
Cmuka 44 W3o-ryctuncke nuHuje oko 2D BHST y 6eckonaunom TyHemy

Cnuka 45 mpukasyje pacmojeny MpuTHCaKa 1o Hocy 3a paznuunte ooauke BHST
[27]. Cuka 46 mpukasyje ¢, 3a paznmuunte odyimke W KoHpurypamwje BHST (ca
yrumajeM Tiia [170], Ha oTBOpeHo] mpy3u U y TyHerny — camo BHST nanuk Bogomapy).
[Ipema BpemHOoCTHMA ¢, W pacmojenaMa IMPHUTHCAKa 3a pa3InyuTe KOHQUryparmje

W3BPIIICH je n300p HajIIOBOJHHHU]E.
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Cmuka 46 Koepunujent ormopa 3a paznmmunte KoHpurypanuje BHST u 6p3une
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6.3. Tymaueme pe3yJrara

M3o-ryctuncke nmuaUje y ciaodoaHom jety BHST-Bomomap ykazane cy Ha mpaBUIHY
pacrozielTy CTpyje ca cTpaHe TOpmake U Jomake, ciauka 42. Tauka 3aycTaBe ce Halla3u
y 30HHU Bpxa Hoca.

YBohemeM Ti1a cTpyja je AeoM yIuIa UCTIO BO3a paBHOMEpHO ce pacrnopelyjyhu
10 BUCWHM KaHaJa, JIOK je CTpyja ca CTpaHe TOpHmake CTBOPHJIA YCIIOBE 3a JAMUHAPHO
OTIIETJBEHHE OJ CAaMOT BpXa Yy BHIY Mexypa, cimka 43. Tauka 3aycraBe je momepeHa
ucnoJ Bpxa Hoca BHST. OBa mojaBa je mpoTymadyeHa BUCOKHM TTOJI0XKajeM Hoca O TJia
¥ KPHBHHOM JIOHaKe, ITO je yTHmago jga ce Beha xonmmumHa Basmyxa mpohe mcmon
BHST .

Y tyHemy, 300T OrpaHHYEHOr IONPEYHOT TIIpeceKa, OJHOCHO, 3alpevaBama
nmpeceka OECKOHAYHOT TyHEJa BO30M, pacrojelia H30-TYCTHHCKUX JIMHHUja je yKa3aia Ha
MoMepame TadyKke 3aycTaBe Ka BpXYy HOca, JOK je TpH TeKyhuM yclioBHMa CTpyjarma
SJIMMUHUCAHO JJAMHHAPHO OTICIbebe, ciuka 44. M30-TyCTHHCKE JIHHUjE Cy yIpaBHE
Ha TpaBail CTPYje W ca rOpmhaKe U ca JIOhaKe U Pa3IMUUTHX Cy T'YCTHHA T10jaBJbUBabhA
HU3 CTpYjy, INTO je MPOTyMAadeHO MOpacTOM Op3WHE Yy KaHAJIy HW3HAI TOpHake M
3HAYajHUM YCIIOpaBameM Ha MOYETKY KaHajla UCIOJ Jomake Tadka 3aycraBe je HElITo
u3Haj Bpxa Hoca. KpuBe jeHaKMX T'yCTHHA OJ] BpXa HOCa HHU3 CTPYjy HMajy BpJIO
CIIMYHE OOJIMKE TIPU Pa3INIUTUM Op3uHaMa cJI000HE cTpyje. Y TOpHheM ey, O/ Bpxa
Jo otnpuirke 1/5 myxuHe Hoca ckpehy kKa ropmaliy, a MoToM ce UCIPaBJbajy M mpare
ocranie y kanaimy. Ca moBehameM Op3wHE CIIO00THE CTPYje M30-TYCTHHCKE JIMHHU]E CY
MTOCTaBJbEHE CBE OJIMDKE rOpmallk | Ipare je Ha BeheM pactojamy (mpubimkao a0 1/7
mpu M = 0.2, no 1/5 mpu M = 0.4). OHO mITO je MPOTyMa4YeHO Kao HEraTHBHA T0jaBa je
MIOJICHCaBabe CTPYje UCIOJ BO3a M CTBapame KOMIIpECcHje, Koja Ha Jielly KOJI perna Bo3a
Yak JIOBOJHM JIO TMojaBe yaapHor Taynaca nmpu M = 0.4. M3 pasmora mojaBe KpUTHIHOT
cTpyjamba HHUje BpmeHo wucnutuBake 2D BHST npm Behum Op3uHama, ocuMm 3a
KOH(HUTYpaIjy y C1000JHOM JIETY.

[Ipema pesynraruma u3 [170,171] mpoTymadeHo je 1a ce ca mopacToM rmapameTpa
I[/H 30Ha TaMHHApPHOT CTpyjama 3a/pkaBa Ha Behoj Iy>KWHH, MEPEHO O] BpXa Hoca, U
TO je Y 3Ha4ajHO] MEepH JONPHUHENIO CMABEHY ¢y , Y 00sactu 6p3umaa 10 V' = 400 km/h,

cmuke 47 u 48. YkymnaH ¢, je 30up oTmopa Hoca M pena, 1 OHA 3aBUCH U OJ1 CTpyjama y
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BPTJIOXKHOM Tpary, aji U o]l JAy>KHHE Hoca, ¢ 003MpOM Ha MOBPIIMHCKO Tpemwe. [Ipu
n300py nM3ajHa HajMamkU OTIOP je mokazao au3ajH BHST — 6apakyna, anu ca BETMKAM
IpoMeHama BpeHOCTH o Op3umHe 10 Op3uHe, ciuka 46, TOCTIKYyhH BPeIHOCT KOjy je
uckazao BHST — Bogmomap mpu V' = 400 km/h. BHST — Bomomap mokazao maie
MIPOMEHE Y BPEIHOCT Ha cBUM Op3mHama 1o V' = 400 km/h. Bpeanoct ¢p ce mokasana
YCTAJbeHOM M Yy CJI000JHOM JeTy, yak 10 M = 0.8, 1ok je y TyHemy ¢, OBe
KOH(HTrypaInmje pactao ca Op3uHoM, ciauka 46.

Pacniogena ¢, y cnobonnom nery BHST manuk Bomomapy mokasyje Heke O
ojiKa aeponpodmiia, moceOHO Ha HOCHOM Jieny. Y cioboaHom nety momaka BHST —
BOJIOMAp MoKa3aja je paBHOMEPHH]Y pacrojielly MpuTHcaka ca 6JaruM mopacToM, Te ce
TyMadyH Jia je OHa ca aepOJMHAMHUYKOT CTAaHOBHUINTA 00Jba, &M 3a MPAKTHYHY NMPUMEHY
KO/ KJJACHYHOT BO3HOT TIOCTPOja MPEBUIIE U3TyKEeHa.

Kon xondurypamuja ca BeIwKoM Iy>KHHOM paBHor Jerna noma BHST crpyjue
CIIMKE Cy ToKazayie Kojebarme nmpuTrucka mo ayxuHu. [locedno xox Behux 6p3una (300
km/h, 400 km/h) youena je HepaBHOMEpHA pacrojiejia MPHUTHCAKa HCIOJ BO3a KOJI
koH(purypammja BHST — cabspapka, ajkyna u Bogomap. 3a BHST — Bogomap, Tauka
3aycTaBe je 0Jaro nomMepeHa ucmoj Hoca, Mel)yTUM Bellika KpUBHHA JIOHAKE yecMepaBa
BEJIMKY KOJMYHMHY BazJlyXa 0] BO3, IITO je MpOoTyMadyeHo egekToM BeHTypu 1esu, kojy
yuHu aowaka BHST u Ti0, y o6nactu pena. CiwdHo, anu jnajneko Onaxu edexra ce
nojaBmwyje u kox BHST — 6apakyna. Kon BHST — cabspapka, u3 pacnojene mputucaka
npoTyMaueHo je Behe ycmepaBame cTpyje 1moja Bo3 300T HEMOBOJFHOT OOJIMKA KOHTYpa
rOpHaKxe.

3a pasnuky on apyrux KoHpwurypanmja kox BHST-omomap u OGapakyna
BPTJIOKHH Tpar je MpaTtuo Teio, 0e3 BEIMKHUKOT Iajja y CTAaTHYKOM NPUTHCKY Ha perry
BHST.

CarnenaBajyhu Bumne Qakropa, He caMO MUHUMAIHY BPEIHOCT Cy, 3a JaJbe
UcTpaxkuBame cy m3adpaHe koHpurypanmje BHST — Bomomap m — Oapakyma kao
JU33jHA  ca HajBUINE TMOTCHIHjasla 3a Kpeupame OWOHMYKOT BO3a JIOOpHX
aepOIMHAMHYKUX KapaKTepUCTHKA.

Jla 6u ce Oospe yourmum Hemoctarmm au3ajaa, BHST — Bomomaje ykaszamo Ha
MecTa ca HeJocTallMa y JU3ajHy Koje je MOTpeOHO KOpHUroBaTH KoJ Kpeupama 3D

mu3ajaa BHST. Cnuke 47 u 48 npukasyjy pacrnozene ¢, U p Ipu pasmuuutiM M Kkon
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BHST — Bomomap.
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Cnuka 48 Pacnosiena CTaTHYKOT MPUTHCKA 110 TOPHAIIUA U JTOHAIH
BHST — Bogomap y cnobomaaom aety, M =0.2 - 0.9
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Cnuka 47a nokasaja je HEIPaBHJIHOCTH y PaclOJeH ¢, CHMETPHUYHO ca CTpaHe
HOCa ¥ pera, a Ha MecTy rie je ypaheHo cBoleme KoHType BomoMapa Ha Temo BHST.
CnuuHe HENMpaBUIHOCTH HHUCY YOYEHE ca CTpaHe JOomake, Ia je oBa IojaBa
IpoTyMaueHa Kao JIOKaJHU HEJOCTaTaK y JM3ajHy, KOjU HUje MCKa3MBaO YTHUIIA] KPO3
aHaJu3y IpH MamkuM Op3uHamMa U HUje Ouo nmpuMeheH y mpoBepama JInu3ajHa.

Kako Ha BenmmkmM Op3uHama W HajMama omreherma MOBPIIMHE HWIH KOHTYpPE
MoJiela y CTBApHOM JIETY, aepOTyHEIY WIH y HyMEpHUKHM CUMYyJalujaMa y3poKyjy
Harjie IpoMeHe Yy pacrojenu nmpuThcaka mokpehy m HexespeHe edekTe, o1 KOjHX je
Haj3HAYajHUjU JIOKaJHAa T0jaBa KpHTHYHOT cTpyjama (M = 1). Mertoma KoHTpoIe
KBaJIMTeTa KOHType HyMmepuukor wMojena BHST mnomohy amammze crpyjHHX
napameTapa, y OBOM CIIy4ajy MpUTHCKA, Ha3BaHa je ,,MaxoBOM JTymoMm*.

Cmuka 48 je pesynrar mmaruHapHOT cirydaja kpetamba BHST y cioGomnom ety
IpH U3y3eTHO BenWKUM Op3uHama. llpahemem mosoxkaja (MepeHO OJ1 Bpxa HOca) Ha
KOME ce TPBH MYT jaBjba IaJ] MPUTHCKA, ca MPOMEHOM Op3uHE 07 CyOCOHWYHHX JIO
TPAaHCOHWYHHX, YOYEHO je Ja ce Ha MeCTy HpHOIMXHO YHaJbeHO OJ BpXa Hoca
L=12m Hama3u uU3BECHO OJCTymame mpopwia on HoMuHamHOr. HakHamHoM
KOHTpoJIoM KBanuTeTa oosimka BHST y ckiany ca Hamazuma 3 OBOT jiejla HCITUTHBAbA,
YTBphEHO je Ja 3aucTa MOCTOjU CKOPO HEMPUMETaH CKOK 0 BUCHHH m3Mely Tadaka Ha
KOHTYPH Y OKOJIMHH MecTa cliajarba OMOHWYKOT W TpernasHor aena. Onctymame o
HOMHUHAJIHOT Tpouiia HA jeTHOM MECTy je pela BeIWYHHE HEKOJHKO MIIUMeTapa
(my>xura BHST je 50 m). Heqocratak Ha KOHTYpH TOpHAKe j€ YTHIA0 JIOKAJTHO, U Ha
n3abpaHoM oricery Op3uHa 3a OBO UCTPaKHUBamke HHje MTOKA3a0 3HAYajaH yTHIA], ajlH je
caMm cjIyd4aj moka3ao HEONXOJHOCT MPOBEpa JHM3ajHa He caMO Ha HUBOY T'€OMETPH])CKOT
Mojena, Beh u kpo3 HyMepruUKe CUMYJIaIyje IpuMeHoM MaxoBe Jiyre, ¢ 003UpoM Ja cy
ca moBehameM Op3WHE MapaMeTpu CTpyjama H3pa3uTo ,,0CeTJbHBH Ha TPEIIKe Yy
nu3ajay. Kako ce nu3ajg BHST—-Bogomap y HacTaBky HcTpakuBama MOIu(pUKYje, a y
KEJHEHOM OIlcery Op3WHa HHje MMOKa3ao 3HauajaH YTHII] Ha pe3yJTare, HHCY BpIICHE
JlaJhe KOPEKIIHje TU3ajHa.

[Ipema pesynraTriMa OBOT HCIIUTHBAMA ce Mpernopydyje aa ce 2D u 3D crnyyajeBu
MOJIBPTHY MMAariHApHUM YCJIOBUMAa WCIHTHBAma U Ja ce MaXxoBOM JTyITIOM IpeTpaxe
CBH CBEHTYaJIHH HEIOCTAlld Yy KOHTYpH. JIOKaTHO H3pakeHW HEIOCTATIH Y BHIY

JIOKAJIHO M3PAXKEHUX OJICTyIama 0]l HOMMHAIUIOT Npodmiia (He y CMHCIY XpalaBOCTH,
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HETO T0jaBe TayKe/WBHUIIC HAKOH KOj€ je KOHTYypa WM HUCTYPEHA WM 3aKIOHEHA O]
CTpyjarba) TOTHYY OJI METOJie KOHCTpyHCara KOHTYpe: KOHTypa M3 Tadaka WIu
CriajabeM KOHTYpa amnpoOKCHMHPAHUX TOJMHOMOM. Y CMHCIY yHampehema HaumHa
KOHCTpYHCama KOHTYpe W KOHTpOJIE TMapaMeTpuMma Ju3ajHa TOTPeOHO je CTalHO
yHanpehuBame BEINITHHA Kpewupama MOBpIIMHA, a TNpeaae ce MapaMeTpu3aiyja
BepHINTajHOBUM TOJMHOMOM, UTEPATHBHHM ITyTeM. YOUYCHH HEIOCTATIA Y TPOIeCy
mu3zajaa BHST mopajy OuTH ncnpaB/beHH Tpe HACTaBKa MCTpakWBama jep Hehe OUTH
npeBazulheHn KacHUje TpU Kperparmby HyMepHUuKe Mpexe U KaJKyJarijama. 3aBHCHO O]
n3abpaHuX IMOJIA3HUX Tojaraka (aeuHucaHor Opoja W KBaJIHTETa €lleMeHaTa MpEeXKe,
Op3uHEe KpeTama W KOHQUTYypalje IOCTaBe BO3-TIPyra-TyHeNl) HEIOCTATId MOTY
YCMEPHTH aHAIN3Y M 3aKJbydKe y morpemHoM cMepy. OBakBa WM CIIMYHA UCTTUTHBAA
KBaJINTETA JIN3ajHA, paJId eJIMMHIHICAka MTOo Beher Opoja yTHIlaja rpeliky y Tu3ajHy Ha
pe3yiTare HCIUTHBama, OM Tpedaga ca MOCEOHOM NaXHOM Ja Ce NMPHUMEHE IpH
KpeTamwy BO3a Kpo3 TyHel, 3Hajyhm na, mpema [4], mpu Behum Op3mHama u Behum
BpEHOCTUMA 3allpeyaBarba TyHella JI0JIa3u JI0 T0jaBa JIOKAIIHO TPAHCOHWYHE Op3uHE U
HOPMAJTHOT YAapHOT Tajaca yMecTO KOMIPECHOHOT.

Ha ocHOBY aHanm3e pesysitaTa U3 OBOT Jiejia HCTPAXHBakha MPOTYMAveHO je Ja cy
UCTIIMTHBamka MOTBPIMIIA TIOCTaB/beHe xurmorese. Hajeeha oncrymama koedwuimjeHTta
otmopa cy pena Benmunae 0.1, ay ce BUXOBE BPEIHOCTH MEHajy 3a CBaKH JHM3ajH Ha
Pa3IMYNAT HAYUH ca IopacToM Op3uHe. 3ajeTHHYKO 3a CBe UCMUTaHEe KOH(QUTYpaIHje je
na ce xoedunujeHT oTmopa moBehaBa ca NMpeMalIMBambeM T'PaHWYHE BPEIHOCTH O]
300 km/h.

Jeman OWOHMYKHM JW3ajH TIOCMATpaH y BUINE KOHQUTYpalldja W Ha H3a0paHOM
orcery Op3WHa MOK€ OHWTH ONTHMATHO ACPOJMHAMHYKO pEIIeHhe caMO Ha JeNy
n3abpanor orcera 6p3uHa. Ca apyre cTpaHe HEKH APYyrd OMOHMYKH W3aOpaHW JH3ajH
MOXe OWTH M 00Jbe W JIONIHje peliee Ha UCTOM OIcery Op3uHa, Yak MaKo Ha MPBH

MOTJIe/l pe3yJiTaTu He yKa3yjy Ha HeraTuBHe ytuiaje. Hampumep, ciuka 46 mokasyje

(cx barakuda < Cx vodomar )M<0.2 u (cx barakuda ~ Cx vodomar )M>O.2 » OJIaKJIC 6u Mmorio na ce

3aKJbyUd Jia je 0oJbe pelnere OMOMHMHKpHja ca BOJOMApOM, alld ca JIPyre CTpaHe
nopehereM CTPYjHHX CAMKa M pacrojiesia IpPUTHCAKa MOXE C€ YOUHTH H3Y3eTHO
HEMOBOJbHA CUTYaIlMja M IPUCYCTBO YAApPHOT Tajlaca y KaHainy ucmos perna Hoca BHST-

BojioMap. 300r HEMOBOJbHE CTpyjHE cimke y kaHanmy BHST-Bomomap y mu3ajHy
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KOHIIUITUPAHOM Ha IPOCTOM TIpecivKaBamy OOJMKa M I0JI0XKaja y OJHOCY Ha CTPYjy

HI/Ije OIITUMAJIHO aCpOANHAMUYKO PCHICH:EC.

6.4. 3akbyuak

HoBu nm3aju je moxespHO TpaxkuTw y komOmHanmuju BHST — Bomomapa wu
Oapakyze. [lpencraBibeHr OMO-WHCIIUPHCAHU JHM33jHU CY 3aMUIIJBEHU Kao TOJa3He
koHType BHST y 30HM orpanmuene mmpuHe AyX paBHH cuMeTpuje. Kopekiuje cy
noTpeOHe Ha BpXy HOCA, y CMUCITY CITyIITamka Bpxa Hoca Ka TiIy, y3 nmoBehame paaujyca
CIMYHO Kao Koj Oapakyne, jep je TakaB am3ajui BHST mokazao moromHy pacmozgemy
IpHUTHCaKa U Ha HOCY U Ha pemy. OBe Mepe Ou Tpebase Aa YKJIOHE I0jaBy JIAMUHAPHOT
OTIIETUbE€Hha Ha BPXY HOCA U MPEMEINTake TauKe 3ayCTaBe Ha CTpaHy TOpmake, Wi y
HEYTpPaAJIHH TIOJIOKA] Ha caMoM BpXy Hoca. Oj Bpxa Hoca 10 mpemornhema — nena y
KOME Ce€ paJHjycoM TiaTko IpemoinhaBa OMo-WHCIHpHCAaHA KOHTypa ca TeJlOM BO3a,
3a/pKaBa ce OCHOBHA KOHTYpa KJbyHa BojioMapa u kox nu3ajaa 3D BHST, ¢ tum na he
ce TmocebHa TMaxma TOCBETUTH KBAJUTETY TEOMETPHUJCKUX CIIojeBa KOHTYpa.
HcnpaBipame KOHTYpe JOHmake OYEeKHBaHO je Ja ce moOoJsbllla U yjeIHaud pacrojesa
IpUTHCAaKa ca CTpaHe JOmaKke M TUME Ipeaylpend IojaBa KOMIIpECHje H3a3BaHa

JIA3aJHOM.
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7. KOMBUHOBAHA METO/IA 3A OAPEBUBAIHE
CJIMYHOCTHU CTPYJAIBA

KomOmHOBaHa MeTo/1a 3a oapehuBame CIMYHOCTH CTpYyjama u3Mel)y cTpyjama Bojie 0KO
KJbyHa Bojomapa u BHST — Bogomap mMma 3a mub yTBphHBame MeToJie KOjoM O ce
Jonuto  Op)Ke W JIaKmie JI0 TOJIA3HUX TEeOMETPHjCKHX Tojaraka M JoOpHX
aepoJMHAMHYKAM KapakTepucTtuka Oyayher nmu3ajua. byayhm ma je mporec
oTNTHMH3aIKje TocTojehnM MeTomaMa BpJIo 3aXTeBaH IO MHTalky BPEMEHA M pecypca,
KaKo Jia ce Kpeupa NOJa3HH JIU3ajH Tako W ONTHMH3alldja MCTOT, OBUM PaJoM je
mpeJcTaBjbeHa MeToja 3a JdeUHUCAke MOYETHOT JU3ajHAa 3a JaJbl  IPOIIEC
OTITUMHU3AIIH]j€, OBOM HJIH HEKOM JIPYTOM METOJIOM.

KomOuHOBana Meroma 3a ojapehuBame CIMYHOCTH CTpyjama Ce CacToju OJ
XUJIPOJMHAMUYKIX WCIHATHBamka 2D Mojgena Bojomapa, INpeMa HCKYCTBAMa W3
Oponorpaame, U HyMEPHUIKUX cuMmyianuja Haja 2D Ouonnukum Bojgomapom u BHST —
BojoMap. McnuTHu yciioBu 3a mojen Bogomapa Vy = 0.6 m/s, 6 m/s u 10 m/s, a 3a
BHST-Bogomap 6p3une og M = 0.2 — 0.4, y koH(uryparujama y cto00HOM JIeTy, Ha
OTBOPEHO] mpy3u u y OeckoHaunoMm TyHery. Kondwurypamumja BHST — Bomomap y
CJI000/THOM JIETy je WCIMTaHa W TPH JIBa HalaJ Ha yria. Pe3ynraté XuapoanHaMAIKOT
UCIHUTHBAaa CY BEpUPUKOBAHU CIIMKaMa M3 TIPUPO/JIE.

HcTpaxknBama W3 OBOI pajga Cy Ha IpUMEpPY BOJOMapa OJApeausa peaociiel
pUMEHE METO/Ia M Jlajia MpHKa3 pe3ylirarta y CMHCIY KpUTepHjyMa MpeMa Kojuma ce
MOXXE TPOIECHHUTH Jia JH je TPUMEHheH OWOHWYKM JU3ajH TOroJlaH 3a HacTaBaK
ucTpaxkupama. lIpema pesynratumMa KOMOMHOBaHE MeETOJIE 3a ojpehuBame CIMYHOCTH
CTpyjama MPeUIOKESHO j€ W TMPOIIHPEHHE METOAC XHUApAyJIudKe aHAJIOTHje y 00JIacTH

MOJKPUTUYHHX CTpYjarba, KOja HUje JTOBOJPHO 3aCTYIJbeHA Y MPAKCH.
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7.1. XuApOAUHAMHUYKH €KCIIEPUMEHT

XunpoarHAMHUYKa UCTIUTHBAMA CYy OCHOBA 33 YTBpHHBAMmE CIMYHOCTH CTPYjHHX I10JbA:
BOJIE OKO KJbyHa W Ba3ayXxa OKO OWOHMYKOr Bo3a. Tlakohe, pe3ynraru
XUJIPOJMHAMUYKIX WCIUTHBamba Cy KOpHUITheHW 3a BEepHU(HKAIM]y HYMEPUUYKHX H
eKCIIEPUMEHTATTHUX Pe3yJiTaTa, a OHH Cy ca Jpyre cTpaHe Bepu(UKOBaHH Mopehemem
ca IpUPOJTHUM (HEHOMEHOM.

XunpoarHaMHAYKa MCHHUTHBAaMka Cy W3BPIICHA 3apambarmeM pPa3IMduTHX MoJela
2D Oumonmuykor BojoMapa u3 ciaoOomHor mama y Boay. lloctaBy 3a HcHHTHBambE
npukaszyje ciauka 49, xoja je uzpahena mo yriemy Ha XUAPOJUHAMUYKA UCTTHTHBAbA Y

Ooponorpaamu [82,83].

Ussop CrpyHe BoauIbE
) CBETJIOCTH Y,
NN /// Mogzen
SO I,
\\\ S /' HenpoBuaHa
\\ N / no3aauHa
NN /

HzBop g~
CBETIIOCTH

,,/If' = o
Q Kamepa

Hpxau mozena

/ Pesepsoap ca BogoM

Cnuka 49. IloctaBa 3a XuIpoJMHAMUYKA UCIIUTUBAKA

VY crakieHy nocyay paBHHUX CTpaHHIA, HCIIYHEH BOJOM JI0 OKO 275 mm j1yOuHe ,
MOCTaBJbEHA j€ TI03aIMHAa ca TpalyicaHoM MpekoM. Ha Hy cyza mocTaBibeH je apkad
HAjJIOHCKMX CTPYHa W TPEKO FHHX je TOJOXKEeH CcyHhep 3a aMopTu3anujy yaapa |
peBeHIH]jy omrtehema Mosena. M3Ban cyna je mocTaB/beH METATHH Ap)Kad MoJjierna, Ha
yhjeM Kpajy cy mpuuBpiiheHe HajioHCKE CTpyHE 3a MO3WIMOHHpAre Mojeia Kao U
CTpYyHa 3a OTIYyIITamke Mojena, Ha BucuHu ox 40 cm. M3mehy monena u crakana cyaa
OCTaBJbEH je cimobomaH mpocTop o mo 1 mm ca cBake cTpaHe Ja Ou ce 00e30eamo

HECMCTaH I1aa MoAcjia Yy BOAY, y3 IPETIOCTABKY Ma HOCTOja}be OBOI' ITPOCTOpa HI/Ije
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YTHNIAIO 3HAYajHO Ha pe3yiTare WchnuTHBama. C dYena cyna, yCMEpPEeHO Ka IM03aJWHU
MoJIeTa TIocTaB/beHa ¢y JiBa pediiektopa (2 x 150 W), a y BUCHHU MoOJeIa U Kamepa
Camera Samsung ES 95 Ha moceOHOM HOcady. Kamepa je TIOCTaBJbeHa Ha ayTOMATCKH
pexxuMm pana (30 xagposa/cekynam). ['paduuka obpana je obaBbeHa momohy codrrepa
PaintNet, a xkBanTuduKanmja TMojaTaka TMomMohy codTBepa OTBOPEHOT KoOJaa
PlotDigitizer.

3a cBakM TeCcT Cy MEpEeHH TeMmIepaTypa BOJe M Bazayxa U arMochepcku
nputucak. CHUMame je BPIIEHO 0J1 TPEHYTKa KaJja je MOJIeN JOII YBeK OHO MpHBE3aH 3a
JIprKad, 1a CBe JI0 TPEHYTKa KaJla ce 3ayCTaBhuO Ha JIHY WIH je u3Bal)eH u3 Boje.

[loHaB/bameM CHUMaKa W aHAJIM30M KaJIpoBa M3padyHaTa je MpuOJMKHa Op3uHa
KpeTama Mojiefa, Y TPEeHyTKY JOoAMpa ca BOJOM, Koja MpeJCTaB/ba YIa3HH I0JaTak 3a
HyMepuuke cumynanuje. [Ipocedyna Op3mHa Mozena y ciI00OIHOM Tamy, Y TPEHYTKY

noaupa ca BogoM je 0.6 — 1.8 m/s, ca mponerernoM rpemkom 10 +10%.

HUenutHu Moaes BogoMapa

3a HyMmMepHuka W eKCIIEpUMEHTATHA XHIPOJWHAMHYKA WCIUTHBAA je KpeHpaH
JeIMHCTBEH HyMEpHYKH Mojel. JIOHTUTYIMHATHE MOTPEYHH TpeceK BojoMapa (CiuKa
24) je excrpyaupas 3a 32 mm. JlepuHrcaHU mMoga 0 Macu M MOJIOXKAjy IIEHTpa Mace
YCBOjeHH ¢y Kao pedepenTHu 3a 3D mozern.

Ha ocHoBy map mpoOHMX Mojena pa3IuyuTUX Maca, u3palleHuX oJ HCTOT
MaTtepujasiia, u3palleH je HCIHUTHU ApPBEHH MOJEN BoJOMapa 3a XHUAPOJUHAMHUYKA
ucnutuBama. Cinuka 50 mpukazyje KOHCTPYKIU]y UCIIUTHOT Mozena. Mojen je pydHo
m3pahen ox yetwupum samene Oamse (cpeame Kiace ,,A“ pe3), CTaHAapIHOT aBHO-
Mozenapckor mMarepujana. Cpeame JIpBeHe IUIOUHIlEe, HA MECTy IMpopadyHaTor IeHTpa
Mace 3a 3D OmoHHMUYKH Mojena BoJOoMapa MOKPHBA]y OJOBHH BajbaK KOJH CHMYJIHpa
Macy ¥ T0Jiokaj meHTpa mace Bojgomapa (118 g, 50 mm x 6 mm). CumeTpudHo y
OJIHOCY Ha JIOHTHUTYJMHAIIHY paBaH CUMETpHje, u3Mely cpemuX U CIOJPHUX TUIOYHUIIA,
u3pahenu cy kanamu, npednuka 0.5 mm, nenom ayxuHoM mojena. Kpo3 cBaku kaHan
ce TpoBJadd 1Mo HajymoHcka cTpyHa (0.1 mm) 3a KOHTpOJy YHAJIHOT YIJIa TPH Taay

Mojelia y BoJIy. JelHa HajJOHCKa HUT je Be3aHa Ha Kpajy pera 3a OTIYIITamke MoJiena.
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CtpyHa 3a
MyHITake MOJIENa

CroJpalime JPBCHC IJIOYHUILIC

YHyTpalllkhe JpBCHE IUIOUNLE

VYcmepasajyhe crpyHe

(a) npeenu 2D Mozaen (B) ) KOHCTPYKIIHja IPBEHOT MOJIEIA

Cmuka 50 M3rnen 6moHHYKOT MOJIeNa 3a eKCIepUMEHTATHA XUIPOIMHAMHUYKA
UCTIUTHBAKA

bronnukm Mozien BojoMapa je myIiTaH |3 MoJioXkaja ImpeMa ciiydajy u3 ImpHupoje,

ciauka 230, yrao oce Tesa mpemMa MmoBpITuHE Boje 6 = 83°, v y CII000THOM TaTy.

7.1.1. Pe3yaraTu XuApoAMHAMHYKHX HCIUTHBAKHA OMOHMYKOT BOOMAapa

Cmuka 51 mpukasyje ypamame OHOHHUYKOr BoJoMapa moj yriom 6 = 83°, a
cauka 52 moa yriiom 0= 007 IIpu yCcjioBuMa Tvoda =26 OC’ Tvazduh =27 oC, DPatmosferski =
100 800 Pa. Cmuka 52 mpukasyje KaapoBe 3apamarmba CHMETPHYHOT MOJeina

mpo¢uIKCaHOT TTpeMa ropmald KJbyHa BojgoMapa, V=~ 0.6 m/s.
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(a)

(©)

(8)

Cmuka 51 Kampowu 3apamama OMOHHYKOT MoJielia BOJOMAapa y YuCTy BOJY,
Vo= 0.6 m/s, 8= 83°, (a) 3apomeH KJbYH JI0 =~ 2/3 nykuHEe KbyHa (0) 3aporeH YeOH!
Jieo TaBe (B) 3apomeHa TJiaBa U Jeo Jieha

134



buomumuxpuja kao memoo aepoounamuykoz Ou3ajHUparea 603a GeIUKUX Op3uHa

%

mW "n
M| e 7.4
[ Hm} ’;":A :;‘“-‘ -
—-s: -a' —‘s: -s:
=g g BEl il
_.u.q‘ L .1' 1I L b o
~ ' N T
i ] s . 1 b | i | gLl
! I i Pt o = (T R + L b _!_1_1_4_ (I o L
¥ jj).g‘HﬂLﬁ i ’MT ‘p.h: et | [uSEERERS il ;ﬁ S
AT T T, SERREE EL ' [upgsumun N HE R
.2‘ 1110 l~—-~*.2 T 1 +2 PJ* | -2 'I {W”
+ 1 T t 1 { I ! |
3 . 3 mmi 3 3
: H o B EmE ] )
] t-»—— —t —T4 —"—'-; "—1 T 4 "'":! T k ol :‘
mrgas St EEpganm mERENY, ,~ :
] T | s mE T
6 —6 8 T8
| | T | T \ 4
-;= __‘{ 1 i v: ] 1-Jj-v 1 «-:j*i'

Cnuka 52 Kangpou 3apamama OMOHUYKOT MOJIeia BOJOMAapa y YUCTy BOJY,
Vp=0.6 m/s, 8 =0°,

7.1.2. Tymaueme pe3yarata XuJApOAHHAMUYKHAX HCIIHTHBAKHA

[Topeheme obmrka Taaca 3a JiBa yriia 3apamama, ¢, Ipu UcToj ynaaHoj Op3uau V)~ 0.6

m/s, mpuKa3syje cimka 53.

(a) O~ 83° (6) 0= 0°

Cmuka 53 Ilopeheme o6nmka Tanaca 3a aBa paznuanta 6, Vy= 0.6 m/s

3a ciryuaj kaaa je € = 83°, yrao jokajgHe TaHT€HTE Ha KOHTYPY Mojieia BojgoMapa
y Tadykama jaojupa cy onapehene rpaduuku ca cimke. Ha mecty onBajama Tayiaca on

KOHTYpe, TaHTe€HTa Ha KOHTYpPY je ¢ =~ 93°, a ¢’ = 79°, ciuka 53a. 3a mocneamiry ce
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Tajgac 1Mo ropmaiy, npu 6 = 83°, 0/BOjUO HAa MECTY HCIIOJ MOBPIINHE, U MOJIUTa0 ce
Omaro wW3Hax HWBoOAa Boje. Tamacm wWMajy Omaro 3akpuB/beHE KOHType 0Oe3
KapakTepUCTUYHUX KPYHHIIA MCTAlEHMX KpajeBa WM Harjior 3anaelJbara, Koja MOTy
JaBUTH TIpU WHTEH3WBHOM OTIEIUBEHY Tajaca oj moBpmuHe. Han ropmwakom je
HE3HATHO TOJIUTHYT HUBO BOJIE Y OJIHOCY Ha MUPHY MOBPIIHMHY, IITO HUjE CIy4aj] U KOJ
ropmake. ¥ oJHOCY Ha JayOuHy Oa3zeHa, D, cnuka S3a, BpX Tajlaca je M3JUTHYT HaJ
ropwmakom, y tauku C, 3a 0.005 D, y tauku ce oxsaja ox nopmunae y A Ha 0.019 D
ucno; HuBoa noppmuHe. Ca ctpane nomake, Bpx tasnaca C’ je nznaj auBoa 3a 0.018 D,
a oJiBaja ce m3HaJ HUBoa Boje y A Ha 0.009 D.

Cmuka 536 moxasyje ciydaj kaaa je € = 0°. OTKIIOHH JIOKQTHHUX TaHTCHTH Ha
ropmai, ¢, ¥ J0WmaIy, ¢, Memhajy BPEJHOCTH TOKOM BpeMeHa, Of /) — f3, mpatehu
KOHTYDY, aJli Cy caJia, Y BEPTUKATHOM Tajy, Ha ropmaru — £;: ¢ = 82.1°%; t,: ¢ = 87.2° u
13 ¢ = 85.9° Ha nowary — 1;: ¢’ = 74.5°% t5: ¢° = 83.6°u 13: ¢° = 81.6°. VY ckiany ca
HaruOOM TaHTEHTH, JyOWHOM 3aparmarmha U JIOKATHOM HIMPUHOM IOIPEYHOT IMpeceKa
OKBAalICHOT Jiea KJbyHa, U OOJIMK Tajaca ce Mema y BpeMeHY. Y CBUM TPEHYTIUMa
M3pakaHa je CHMETPHYHOCT O0JIMKA Tajiaca, 3a pa3jiuKy O] 3apamarka 1moj yriom. Tako,
y OJTHOCY Ha YKYIHY nyOuny, D, y TpeHyTKy #; Tauka C ce Haja3u U3HaJ HUBOA BOJIE 3a
0.002 D, tauka A na 0.004 D ucnox HuBoa. Y TPEHYTKY #,, Tauka C ce Hajla3u U3HAJ
HuBoa Bojie 3a 0.004 D, tauka 4 Ha 0.002 D ucnona HUBOAQ, U 'y TPEHYTKY /3 Tauka C ce
Hajaszu n3Hag Husoa Boje 3a 0.006 D, tauka 4 va 0.009 D ucnox HuBoa.

Ha cnukama 53a u 536 (f;) cy npukazaHe CIMYHE CUTYaIldje U pa3IuuuTuM 6 .
YowbHBO je Ja cy Tajlacu KOJ BEpTUKAIIHOT Najia CHMETPUYHU ca 00e cTpaHe BojiomMapa
U CIIMYHUX O0JIMKa, i HemTo Behe BUCHHE HEro HaJ FOpHakoM, KOJ 3apamarba Mo
yriaoM. Mecto onBajama, 4, ce Hanazu OJMKe MOBPIIMHHU, HETO KOJ 3apamara 0]
yrjaoM ca cTpaHe ropmake. Kama ce ymopene obmuiu Tajaca ca CTpaHe TOpPHAaKa,
JIOKAJIHO pacTojame Tajaca O] IpaBlla BepTUKale je Behe y ciydajy 3apamama M0/
YIJIOM, HETrO IITO je TO cly4aj KoJ BepTUKaIHOT maja. [lpu ucroj Op3uHM 3apamarma,
Behe JToKaTHO pacTojarme 0f BEpTHKAIE 0 KOHTYpPE Y3pOKOBAJIO je MOAn3ame Tauaca, a
TUMe 1 Behe BepTUKAIHO yaabeme Tadyaka C U A 0/ MOBPIIMHE BOJE, CIIMKa S53.

OO6nuiu Tanaca ce MOTy NMPOTYMAyWTH Kao pe3yJTaT MOJKPUTHYHOT CTpYyjama
BOJIE HAa CTpaHU TOpHAKE U HAJAKPUTHUYHOT CTpyjama ca CTpaHe [omaKe KJbyHa

BOJIOMAapa y 3apamamy I0J YIJIOM, ClIMKa S53a, a pe3yiaTaTd IOoKasyjy CIHYHY
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¢u3ukamHoCcT TmojaBe kao mpumepu u3 [103]. Hecumerpuunoct oOimka Tayaca
(ropmaka—I0maKa) je MPUCYTHA Ha CIIMYaH HAYWH KA0 M y SKCHEPUMEHTY ca IajioM
KJIMHA Y BOJIY Ca CTATHOM Op3WHOM U yraoHom Op3wHoM [104].

[Ipema obnunuma Tamaca, mpu BEPTHKATHOM 3apamarmy, IPOTYMaveHo je Jia je ca
o0e cTpaHe KJbyHa INPHUCYTHO TOJIKPHTHYHO CTpyjame. [IprcycTBO omTpor Bpxa,
KOHBEKCHOT o0JmKa mpoduia, Ha u3ayxemy L/H no 4.4, 06e30eheH je yrao oTkioHa
JIOKQJIHUX TAHTEHTH TMpeMa BEPTUKAIHOM MpaBIly OJ Tap CTENEHH, YMME HHje YHEeT
nopemehaj koju OW JOBEO 70 OTIEIJbEHa Tajaca O] MOBPIIWHE MO YWTABOj] JTYKUHH
KJbYHA, TIPH JIATUM YCIIOBHMA, Kao IITO MMoKa3yje cimuka S530.

Cmuka 53 ykasyje ma ciio0ojHa TIOBpIIMHA BOJE HE MpaTH KOHTYpe OHOHHYKOT
BOJIOMapa y MOJKPUTHIHOM pexxumy. MicToprja pa3Boja Taaca mokasyje Jia je oJBajame
Tajaca y MOJKPUTHYHOM DPEXHMY HCIIOJ] HHBOA CI000JHE MOBPIIMHE U Ja IOJIOKA]
Ta4yKe OJ[Bajarba 3aBUCH OJI PEJIATUBHOT IOJIOXKAja TAayKe Ha KOHTYPU TJE Ce Tallac
0JlBaja y OJIHOCY Ha IpaBall BepTHKaie (OJCTOjale W HAruO JIOKaJIHE TaHTEeHTE Ha
pouII KOHTYpE), IPH UCTO] yrnaaHoj op3unu V= 0.6 m/s. Ciuka 53a mokasyje MecTo
Tauke A WCTOJ HUBOA M HAruO JIOKaTHEe TaHTeHTe Behwm oj mpaBor yria. TpeHyTHO
MeCTO Tauke A ce Haja3W Ha Jiely KOHType KOjH, TP 3apamary y Boxy mpu 6 ~ 83°,
3ay3uMa TPHONMKHO BEpTHKATHU TooXkaj. llocmarpajyhu wucrtopujy norahaja,
MpPOTyMaueHO je Ja Je0 KOHType 10 oko 1/3 myxuHe, 3apamajyhu NpHOIHKHO
BEePTHKATHO, JITyje Ha BOJMY Kao KJIMIT KOjU ce BPJIO Cropo Kpehe W THME HEe YHOCH
nopemehaj y cmMuciy cTBapama u3pakeHux tajnaca. Ciouka 530 mokasyje 1a Uy ciydajy
BEPTUKATHOT TIaJla TOJT YCIOBOM Jia je KOHTypa BpJIO M3IyKeHa (mocMarpajyhu camo
npodus Op3uHa ca jeHe cTpaHe BEPTHKATHOT TpaBma). OONMHK KOHTYype, JeUuHUCAH
JIOKAJTHAM TI0JI0KajuMa TaHTEeHTH Ha Mpodui y Tauykama JoAHpa Tajaca M MoJIelna,
006e30ehyje Takohe BpJO CHOpo HampenaOBame TOPHAKE W JIOFaKe YIpaBHO Ha
noBpimuHy Bojie (V4 << Vy). 1 y oBOoM ciry4ajy MOBpIIMHA Mojelia MpeCcTaB/ba HEKa
BpCcTa Kiumna koju ce Kpehe moBosbHO cmopo (Vy << V) nma He cTBapa HU3pa)KeHO
W3/IM3ambe Tajaca W3Ha HHBoA MUpHE noBpinuHe. CIIMYHOCTH ¥ ciiydajeBuma 0 =~ 83° u
6 = 0° Vy= 0.6 m/s, Kpo3 UCTOPHjy Pa3BOja MOJKPUTUYHOT CTpYyjama, ce OrjIenajy y
TOME Ja Mamu (@ yThue Ha mnoBehame JokanHe Op3WHE BoJE y MpaBIly MHUpPHE
MOBPIIIMHE, JJOKATHO OJICTOjambe A 0J] BEPTUKAIHOT IpaBiia yTuue Ha noBehame Op3nHe

y TMpaBIly MHpHE MOBPIIMHE BOjJE, 3aTHM, y 00a clydyaja Tauyke OJ/iBajarba Tajaca OJ
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MojieNia Cy MCIOJI HUBOA MHpHE Boje Kaja je Vy << V), BpXoBHU Tajiaca Cy BpJIO Majo
W3JUTHYTH, Tauyke ojJiBajatba A Cy Onrke HUBOY cio0OjHE MOBpITWHE MTO je Beha
Op3uHa KpeTama y IpaBily MUPHE MTOBPIIMHE BOJE, V4, TOK ce BUCHHA Tajaca noBehasa
takohe ca mopactoM V4. Kana pacrojame 4 o BepTHKATHOT mpasiia npehe BpeaHocT
on oko 30% noxanHe aykuHe Tpodrura KibyHa B ¢ =~ 80°, Kao MmITO je TO CiIyYaj ca
CTpaHe J0make, CTpyjame IMocTaje HaAKpUTU4YHO. Tama ce Tauka A W3IMKE U3HAJ
HUBOA BoJie ¥ npatehu sy Tauka C’ popmupajyhu u3pakeH o0JIHK Tajmaca.

V¥ cmuciy npumene npoduna Ha BHST, o6nuk xjpyHa BojgioMapa ce mokas3ao Kao
MoKeJbaH 3a Jajba ueTpaxkuBama. [lomoxxaj BHST — Bogomap npema ci10001HOj cTpyju
Bazjyxa Ipu Malioj Op3WHU 3apamarba U3 BEpTUKATHOT WM 0Jaro HarHyTor IpaBlia,
ciuka 530, ¢y YCBOjeHH Kao MEpOJIaBHU 3a Jajby mpuMeny. [Ipema obiminma Tanmaca
CTBOPEHHX W3 BEPTUKATHOT 3apamara, KOHTypa jelHe cTpaHe (TOpmake WM JIOHmaKe)
mpeJcTaB/ba Haj0OJbe JM3aJHEPCKO peliehe, YKOJIMKO Cce TIpaBall BEepTUKATHOT
3apamama 1mocMaTpa Kao MOBpIIKWHA Tia (MOTEHIMjaJIHO CTpYyjama), MehyTUM OBaKBO
pememe 300r BETUKE W3AYKEHOCTH TMpoduiaa BOAH TEXHHYKO-TEXHOJIOIIKAM
mpoOieMrMa y peaii3alyji 3a KOHBCHIIMOHAIHH THI IIMHCKOT Bo3wmwia. Ho, cimuna
UCTpa)KUBama Ccy J0oOpOJIolUIa MpU TU3ajHUpay MarjieB Bo30Ba, KOJ KOjUX j€ BEITUKO
U3JIy’)KE€Hhe HOCHOT JieJia BO3a W3BOJJBMBO 300r JIpyraudjer THUIa MOTOHA, OJHOCHO,

nonoxaja BHST — tro.

7.1.3. 3ak/pyuak

XuApoIMHAMUYKA E€KCIEPUMEHTH Cy MpHKa3aid (PU3HKATHOCT TOjaBe W KpeTama
Tajaca HaCcTaJIHMX 3aparmameM OMOHHMYKOI MOjelia BOJOMapa KOMILJIEKCHE TeOMEeTpHje,
npeacTaBibajyhu cTpyjHy ¢mKy y 2D mpocTopy, 3a JIOHTHTYJHHATHY TTOTIPEYHH ITPECceK
BoJIoMapa. Pe3ynraTw mcTpakuBama Cy MOKa3ald CIMYHY (HU3MKATHOCT I0jaBe Kao
IITO je MpHKa3yjy MpUMEpH U3 JOCTYIHE JIUTEpaType MpH Magy Tesa o0JMKa KIuHA Y
BOJIy WJIM TIpojeKThia. 300T HeJOoCTaTKa CIMYHUX IpUMepa U3 JOCTYIHE JIUTEpaType
JieTaJbHH]je opeheme Huje Omumo moryhe.

Cpakako 3a MOTHYHO YIO3HaBame ca (QHU3MKATHOIINY IPHUPOAHE I0jaBe H
Kpenparma JeTabHUjer MaTeMaTHUKOI MoJIeJia HEONXOJaH jeé HacTaBaK HCTPaKUBamba

kako y 2D, tako u y 3D npocropy ca mojnenom Bojnomapa. HacraBak ncrpaxuBama ce
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mpeJyIaXe mpe CBera y MpaBily UCIUTHBamka 2D cuMeTpuyHHX OMOHWYKUX Mojena. 3a
MOCTU3ae MPENU3HUjUX pe3ysiTaTa ToXesbHa je ymorpeba 3D mraMmaHux WM
CTepOTHTOTPadCKUX MOJIeNIa BUCOKOT KBATMTETa U3pajie, ca BapHjalfjama rnapamerapa
JIM3ajHa, Mace MOoJIelia U ycJioBa cTpyjama, ucnox 5 m/s. [loceOHa maxma Ou Tpebaa
Jla ce TOCBETH 3aBHCHOCTH IlapaMeTrapa Ju3ajHa oJ TIoja3He Op3uHe 3apamama
(cmobonaH mag W MPUHYAHO KpEeTame) Kao M JIOKATHHX BPEIHOCTH Koje JNehUHHIIY
Tayiace Bojie. He Mambe 3Ha4ajHO je ¥ eKCIIEpUMEHTAIHO U HYMEPHUYKO HCTPAKUBAE Ca
MOJICJTMMA Pa3IHYUTHX HHBOA KBAIIUBUBOCTH U PA3IHUUTHX paaHuX (iynaa (Hampumep
Y YJbY YMECTO Y BOJIH, Y CJIaHO] BOJIM H CJI.) Kako OW ce m3pa3miia JieTaJbHUja 3aBUCHOCT
napameTapa Koju OIUCYjy MOJAKPUTHYHO CTPYjambe, OJHOCHO, 00K Tajaca.

Bosba mpenu3HocT nojaraka Ou ce MOCTUIIIA yIOoTpeOoM Op3e KaMepe ca BHUIIIOM
PE30JIYIIH]OM CIIMKE WJIM YBOheHeM HalpenHuje MeTone 3a JNeuHUucame Tororpaduje
c10001HE TOBpINKHE, Kao 1mTo je Hanpumep PIV metona [101].

OO6nact mpuMeHe XupayiWuke aHaJloTHje 3a IOJKPUTHYHA CTpyjama HHje
JIOBOJHHO pa3BHjaHa ¢ 003UPOM Ja je HeHa MpuMeHa OWjia MOoHajBHINEe Yy o0racThMa
KPUTHYHHX CTpyjalka, a y CMHCIY CYOCTHTYIMje BpPJO CKYIHX aepOTYHEJICKHX
UCTIIMTHBaka MPH BHCOKUM MaxoOBUM OpojeBUMa 3a HAMEHCKY HHIYyCTpujy. OBUM
UCTPAXHUBAEM Cy, Ca HOBHM Ca3HamMMa y OO0JacTH MOJKPUTHYHHX CTpYjamba,
OTBOpEHA HOBa TMHTama W Hjaeje 3a Oymyha WcTpakmBama W TpPHUMEHY y 00IacTh

WHIyCTPH]jCKOT TN3ajHUparba BO30Ba BETUKUX Op3HHA.

7.2. HymepH4KoO - XMAPOAMHAMHMYKA HCIIUTHBAKA MoO/1eJIa BoAoOMapa
NIPH 3apamkbamby Y BOAY

VYV cknany ca CFD Teopujom, mpemopykama 3a peliaBambe CIHYHHX IpodiieMa u
OYEKMBAHOI OO0JMKa CJI000JHE NOBPIIMHE BOJE, HYMEpUUYKa XHJAPOJUHAMUYKA
UCIIUTHBAmka Cy CMaTpaHa JUHAMAYKAM JBO(A3HUM CTPYjHHM MPOOJIEMOM IO
yrunajeM rpasutanuje [92]. [locmaTpan je HymMepuukd OMOHWYKH MOJIET BoJoMapa y
KpeTamy Kpo3 JiBe (da3ze.

3a HyMepuYKe CHMYJIAlHje Cy CBU €JIEMEHTH, MOTPeOHH 3a JeUHUCAE MPEKe,
MIOCTaBJFEHH y PABAHCKU MPOCTOP. Y HMCTO] paBHHU je KpeupaHa M MOBPIIMHCKA MPEXa.

[IporpamMcku je W3BEICHO U3BIIAYCHHE eIeMEHAaTa MpeXe 10 TyOWHH MPOCTOpa, Kako Ou
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ce OOWJIM KBa3U-TPOJIMMEH3HOHAIHHN OOJHIM HEONXOJHH 3a W3BOheHme KaJKylalHdja.
3a noTpebe mpejcTaBibamba OMOHUYKOT MOJela, Kao KpyTor Tela Koje ce Kpehe Kpo3
nee ¢ayunHe daze, ynmorpedbipena je UDF ¢ynkmuja. Mogenupame crpyjama ce
OJTHOCH Ha JeUHHCAIEe MapaMerapa KOju OmHCYyjy AedopMucame T3B. JHHAMUYKE
Mpexe, y Jely HpoCTOpa OKO HYMEpPHUYKOr MoJelia, MOJENHpame MynTH(azHOT

CTpyjama | MOJIeTHpama TypOyJIeHIH]e.

I'eomeTpujcka nmocraBka

[Ipumpema reomeTpuje JOMEHa y KOM CYy U3BEJCHE HYMEpHUUYKE CHMYJAIlHje
XUJIPOJUHAMUAYKOT eKCIepuMeHTa yroTpeOsbeHa je arumkandja ANSYS  Fluent
Geometry Modeler [92].

bruonnukn Monen BojoMapa je OmHcaH paBaHCKOM KOHTypoM. Koopawmnare
Ta4aka KOHTYpe, y Be3aHOM KOOPJWHATHOM CHCTEMY, Cy HOXpameHe Yy (opMaTHpaHo]
TEeKCTyallHOj natorend. KoopAWHAaTHU MOYeTaK je MOCTaB/beH Ha BpXy KibyHa. Kao
TakaB, OMOHUYKH MOJIEJ j€ UMIIOPTOBAH y AIUIUKAIM]y U CMEHITeH Y NMPUHIUIIHN]EITHA
KOOPJMHATHU CUCTEM, HETIOKPETHHU, HAKOH Yera ¢y OKO MOJiella KOHCTPYHUCAHU JJOMEH H
noja-goMeH. JoMmeH je kpyxHor obnuka, npeunrnka D = 0.75 m. KoopauHatHu moueru
BE3aHOT ¥ NPUHIHUIIHKJETHOT KOOPAMHATHOT CHCTEMa C€ IOKJanajy y TIOYeTHOM
TpeHyTKy, ¢ = 0 s (mpe moueTka Kperama). [loBpmmHa noMeHa je ToJeJbeHa
XOPHU30HTAIHO Ha TPH Jiesa: HebO, OKOJIIMHY U BOJy, @ HCKOPUIINeHH Cy Kao OCHOBA 3a
nepuHICae TPAHUYHKIX YCIIOBA MPH HYMEPUYKHM CHMYJaijamMa. Y 30HH OKO MoJiena
KOHCTpYHCaH je moj-maoMeH. OOJMK moja-IoMeHa je ojapeheH W3 HEeKOJIMKO MOKYINaja,
MIOYEB O] JeIHOCTABHUX T'€OMETPH)CKUX O0JIMKA IO KallJbU4acTor 00JuKa. 3a CBaKu OJf
o0nuKa Cy Hu3BeJIeHEe KOMIUIETHE HYMEpHYKe CHMYJIallhje ca IUJBEM Jia C€ OJIpeau
o0nuk 3a xoju he ce mobutu HajOosBM MpHKa3 MHTEpdejca (paza TOKOM BUPTYEITHOT
MaHeBpa oOpyllIaBame-3apamame, ¢ 003MpOM Ha I[MUPUHY MOA-TIOMEHA, ITyOHHY
3apamama U BEIMUMHY eleMeHara Mpexe. BennunHa enemeHaTa Mpexe y MoJ-I0MeHY
je ox moceOHOT 3Havaja, a ¢ TEXKHOM Ja Oyje INTO Mama, y OBOM paay je m3adpaHo
KOMIIPOMHCHO pelneme kako O0u ce: (1) wmcmparuie 3HaYajHE TUHAMUYKE IMPOMEHE
ynena (asza y 30HH KJbyHa, (2) ONTUMHU30BATH MapaMeTPH 3a KAJIKYJIANH]y y YCIOBAMA
BeJIMKE 3a0KyIJbeHOCTH pacnonoxkuBux UT pecypca u (3) ctBopro mro 60/bu mpHKa3

cJ10001HE TIOBPIKUHE BOJIE Y IITO (DHHH]O] pE30IyIHjH.

140



Buomumurpuja kao memoo aepoOuHamuukoz OU3ajHUparea 603a GeNUKUX Op3UHA

N3abpan je kamybuuacTd OOJMK TOJ-IOMEHa, yKymHe BucuHe A2 = 0.272m u
mupuHe w = 0.218 m. Ilox-goMeH je rpaduyuku 1Moje/beH ca BHIIE MOTMPEUYHUX TTPABUX
JTUHHja KOje Cy HCKopHImheHe y Mpoiecy Kpeupama HyMepudKke Mpeke Kao ,,Hocaud™
YHjH je IIJb J1a OJIAKINajy MPaBUITHO pacropehuBame ereMeHaTa y cMepy 0] OHOHUYIKOT
MoJiella Ka TpaHuIama moja-aomena. I[lpaBuiaHo pacnopehuBame enemenara y moj-
JIOMEHY je 3HauyajHO 3a yIpaBJbamke PACIOEIIOM eJieMeHaTa JIy)K KOHTYpe OHOHHYKOT
Mozena (ca BehoM TYyCTHHOM Mpexe TMpH BpXy KJbyHA) W TIOCTH3AHE IITO
ONTHMAJTHUJUX BPETHOCTH TapaMerapa Mpexe, INTO KacHHje o00e30ehyje Oospy

KOHBEPreHIIHjy pe3yJiTaTa.

Mpexnan Mmoae

Kpenpame nHymepuuke Mpexe je u3Bpmeno nmomohy Mesh Application, ANSYS Fluent
[92,93]. V ckmany ca upensuheHmM conBeprMa, H3a0paH je KOHIENT paaa ca
JUHAMAYKOM MpPEXKOM T€ j€ YyCBOjeHa HECTPYKTYpHCaHa Mpeka M0 IEIOKYITHO]
MOBPIIMHA JIOMEHA CacTaB/beHAa CaMO OJ TPOYrjoBa. 3a IMOJIA3HY IIOCTaBKY IIPH
nepuHUCay elleMeHaTa Mpexe wu3adpaHa je MeToJa HWCIyHe eJIeMEeHTHMa ca
nprmiarohaBameM 00muKy (,,Patch Conforming™). Hanpenna ¢ynkiuja npunarohaBarma
KBaJIMTETa Mpeke oOmunmmuMa cycemHux ooOjekara (,,Proximity and Curvature®) je
yKJbydeHa ca cienehuM mapamerpuma: a) (pUHO mMoJelIaBame pPeeBaHTHOT IEHTpa
enemenarta (,,Relevance Centre), Omar u crmopo mpenas u3 30He ca (UHOM y 30HY ca
rpyboM MpekoMm, Ha riobasiHOM HUBOY. HajMama JHMEH3HWja eleMeHTa Mpexe je
orpanndeHa Ha (0.5mm, 70K je MakCHMajaHa 5 mm, y ONITHM TocTaBkama. [Iparehu
KOHTYpPY OMOHWYKOT MOJIella BOJoMapa, €JIEMEHTH Mpexe ¢y ypeheH! o HajCHTHH]jHX,
Ha BpXY KJbYHA, JI0 HajKPYITHUjUX, HA pery, 3aapkaBajyhu ¢akTop pacra eiremMeHTa 1Mo
npaBiy pacnojene (,,Bias factor) ox 1.1. Ilo xouTYypH je ykymHO pacmopeherno 4000
enemenara. [loTpeOHO je HATOMEHYTH J1a je Ie0 MpeXKe HCIYHhEeH BOJIOM Y HyMEPHUUIKIM
cUMYyJanyjama AyOJbH HErO INTO je TO CIIy4aj KOJ XHIPOJMHAMHUYKOT SKCIICPUMEHTa,
A TO HE TIpeJICTaBJba MpoOJIeM 3a IpoIlec BepruHUKaIije H aHaTH3e pe3yliTaTa, jep ce
y PEaTHOCTH TPaBUTAIIMOHU Tajacd OOJHMKY]y y CKJIamy ca AyOMHOM KaHala, JIOK je
NPUCTYI Y HYMEPHUYKHAM CHMYJAallMjaMa CacBUM Jpyraddju. Y HYMEPHUIKUM
cUMyJTanyjama ce mpatu ook uHTepdejca nu3mehy ¢asa Koju HE Ha KOjH HAYWH HUJE

3aBHCTaH O ILY6PIHG JcJia AOMCHA UCITYELCHOIT BOAOM. Mpe)KHI/I MOACII je KpE€HupaH TaKo
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Jla 3aJI0BOJbaBAa KPHUTEPHjyME KBAJIUTETa MPEXKE, OJHOCHO, MHUHUMAIIHY MOYETHY
Je(hopMHUCaAHOCT eJIeMeHara.

Hakon kpewpama Mpexe y JOMEHY IpeMa OIIITHM IOCTaBKama, WU3BPIIEHO je
JOJJATHO YCHUTH-ABale elleMeHaTta Mpexe Yy moja-aomMeny. CBpxa yCHTHaBama
eJeMeHaTa MpeXe je MPEeBa3HIAKEHhe MPEeKOMEpHHX nedopmalidja ereMeHara TOKOM
KpeTama Mojena (,,IpeBpTalkbe Ha HaWdje™) Koje MPOY3pOKyje IMOjaBy HETAaTHUBHHUX
3alpeMHHa elieMeHata y OJHM3WHH BpXa KJbyHAa M HACHJIHHM TPEKHI KalKyianuja.
Kopucrehu mer paBHH, ca ¢akTopoMm pacrta 2, TIOCTUTHYTA je HajMamba 3alpeMuHa Y
noMery ox 1.2597 e-09 m’, ¢ 063upoM Ha CTaGHIIHOCT Mpexe, H3a0paH BPEeMEHCKH
KOpak KajJKyJalnwja W BPEMEHCKO Tpajamke camux Kaiukyrnamuja. C o03upom Ha
IUTAaHUPAHO KopuIheme JHHAMHUYKE MpEXe y CHMYJalHjama, HUje BPIICHO JOJATHO
npmiaroheme Mpeke y rpaaudHoM ciojy (,,Inflation Layer®).

Kao kpajmu pesynrar kpenpana je mpexa ca 478 560 TpoyraoHux eieMeHara,
eKcTpyaupanux y ayoumny 3a 10 mm. Kpammrer wmpexe je ommcan cieachum
nmapaMeTpumMa: Hajeeha mpomnopitdja TuMeH3dja eaemMenara — 3.12, ¢pakTop 3aKpHBIbEHA
enemenara — (.73 (ycBojeH 3a KOpeKTaH ¢ O03MpPOM Ja je MOJeJ BOJOMapa BEIUKOT

U3y KEHba).

(2) (©) (8)

Cmuka 54 Hymepuuka Mpexa (a) TOMEH ca CBOjuM jesioBuMa, =0 s (0)
JIeTajb: MpeXxa y ToJI-IOMeHY HaKoH Jeopmucama, / (B) yBEIHUYaH JI€0
nedopMucaHe Mpee OKO Bpxa KJbYHa, Y TPEHYTKY !
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Hymepuuku npopauysn

MyntudaszHo crpyjamke je caudmbeHo of JBe (asze, BoJe W Baszayxa, W Ja O
3amoBoJraBaie ycsoBe VOF Mojena, cMarpa ce Ja HU Y jeJJHOM TPEHYTKY He MPOJIUpPY
jenHa y apyry. YHyTap JIOMEHa, y CBaKO] HEeroBOj helrju, MpOMEHJbHBE BETUYHHE CY
3ampeMUHCKH yenn (a3a — BOJe W Basyxa, Koje Jelie jelaH CeT jeTHaYMHa OJIpiKarba
KOJIMYMHE KpeTama, YAMe ce IPOMEHE HUXOBOT MHTepdejca mpaTe TOKOM BPEMEHCKOT
WHTEpBaJa IocMaTpama.

[Ipema GuoNOMIKMM H3BOPHMA Y TOKY MaHeBpa 00pyIIaBame-3apamarmke BOIOMap
pa3Buja Op3uHe ox 4.5 m/s 1o 11 m/s [73-75]. Y oBOM HcTpakuBamy Cy ImocMaTpaHa
TpH cllydaja MaHeBpa oOpylnaBame-3apamame. OBH choydyajeBH ce MelycoOHO
pa3uKyjy 1o Op3WHH KpeTama OMOHHYKOT BOJIOMAapa y TPEHYTKY JIOJUpa ca BOIOM
mpu: (a) Vy = 0.6 m/s, xoja oxaroBapa Op3WHH KpeTamba OHMOHHYKOT Mojelia Y
XUJIPOJMHAMUYKOM eKcriepuMeHTy; (6) Vy = 6m/s, kxoja oAroBapa HpeTHOCTaBIHEHO]
MPOCEYHO] Op3MHM KpeTama Bojomapa y mpupomu u (B) Vy = 10m/s, xoja oarosapa
HajBehoj mpeTnocTaB/beHOj OP3UHU KpeTama BOJoOMapa y MPUPOJIH.

Kankynamnmje cy u3BefeHEe Kao HECTallMOHApHE, 3acHOBaHe Ha ojpehuBamy
NpUTHCKA YKJbYUyjyhu: yTHImaj rpaButanmje, abconyrtae Opsune y 2D mpocropy. 3a
Kkankynanuje cy ynorpedssean 6DOF u VOF monenu, y3 moapmky UDF ¢yskmmje 3a
JnepuHICae THHAMUAKE KpeTama | KapaKTepUCTHKA KPYTOT Tejla BoJoMapa.

3a pemaBame Be3e NpHTHCaK-Op3uHa KopuinheH je amroputam SIMPLE wu3
pasJiora ycioBa KpeTama MoJiela i poOyCHOCTH ayiropuT™Ma. EBaryariuja rpaaujeHara u
nepuBatuBa je ypahena ymorpedom Green-Gauss Node-Based metone. 3a mputucke je
ycBojeHa Metona muckpetu3anje PRESTO!, a Hamasbe cy ryctuHa, MOMEHT KOJTUMYHHE
KpeTama, TypOyJieHTHa KHHETHYKa CHepruja W HeHa JMCHIAIja JIUCKPETH30BaHU
IeMOM TIPBOT pejia, JIOK je 3a 3alpeMHHCKH yJeo YKJbydeH anroputaM Geo
Reconstruction.

[Ipu xankynamujama, y pa3nuauTuM (azama MaHeBpa, BapuUpaH je BPEMEHCKH
Kopak, mpema mpenopykama [92], mpu demy je Hajkpahu 0.00005 s, nmpuMemeH y
BPEMEHCKO] 30HH OKO TPEeHYTKa ynapa KJbyHa y Boxy. BpeMeHcka 30Ha koja oOyxBaTa
TPEHYTaK yjaapa y BOJAY je KpUTHYHA ¢ 003MpOM Ha Op3WHY W HAYMH JeQopMHCamha
JuHaMudKe Mpexe. Ko aykux BpeMEHCKHUX HHTEpBaJa, y OBOj 30HH, JedopMalidje

Mpeke OMBajy TOJIMKE Jla ce Mpexa ,,lipeBphe’ Ha MecTrMa OJIMCKO BpXY KJbYHA M TaJia
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j€ BpEeIHOCT 3alpeMHHa KOHTPOJHUX henrja Mpeke HeraTHBHA. BpeMeHCKH Kopak ce
noBehaBa HaKOH MocTH3ama CTaOMIIHOT 00JIMKa WHTepdejca U Kao Takap 3aJpxkaBa J10
Kpaja KaJKyJalmja.

Kon wmynrudasznor VOF wmonena, m3abpaHa je eKkcIumIHUTHA (opMyIianuyja
napameTapa yzena ¢asa ¥ UMIUTHIITHA (opMyIIaliija 3a CHiie Ha Tely. 3a IpUMapHy
¢dazy omabpana je Boja, JOK je cekyHmapHa — Ba3ayx. O0e ¢aze cy cmarpaHe
HECTHIIUBMBHM, 0O€3 TIpojopa YHyTap IocMaTpaHe KOHTPOJIHE 3allpeMHHe, IITO je
00e30enino jeAMHCTBEHE OCOOMHE M jemuHCTBeH uHTepdejc m3mehy daza. OcobOune
BOJIE, TYCTHHA U Op3WHA MPOCTHpama 3ByKa, cy nedunucane kpo3 UDF ¢ynkujy, mox
je BHCKO3UTeT neuHICAaH Kpo3 CTaHIapaH wHTepdejc ca CTaHIapIHIM BPEIHOCTHMA.
Baznyx je ommcan craHgapaHUM BPEIHOCTHMA, TIPH PAJHOM TIPUTHCKY O]
Pradni= 101 325 Pa.

Mopenupame TypOyieHnHje je ypaheHo ymorpedboM cTaHIapIHOT BHCKO3HOT A-€
MoOJIelia, ca YCBOJEHHM CTaHIAapJHUM MOJIEIIOM 3a pelllaBame pacrojeie Op3uHa y
TPaHUYHOM CJI0jy OJIMCKO 3WI0BUMA M ONIIITHM BPETHOCTHMA ITapaMmeTapa.

['pannynam yciioBu cy neUHUCAHU Y CKJIQIy ca IOJENIOM JoMeHa (ciuka 54) u
TO ,,pressure-outlet” — 3a Ba3ayX W MeENIABHHY, 1O CIOJHHO] TPAHMIM JIeJia JIOMEHa
,HE00™, TOK Cy ocTaTak TpaHMIIA JOMEHa M TeJIO BOJOMAapa CMATPaHU CTAIlHOHAPHUM
3UJIOBMMA, KOJU CY aepOJWHAMHUYKH, TJIATKA all HCTOBPEMEHO HE JI03BOJhABAjY
MPOKJIM3aBabE.

Jlunamuuka Mpexa je nmedopMaOuiIHa y BpeMeHy, a KpeupaHa je JBeMa
MeTOJ]aMa: yriadaBamkeM M IpeMpekaBameM. 3a METOAY yriladaBama MPEKe 3a1aTuM
yCcIIOBHMa je oMoryheHo: HyNTO JedopMEcCame ONpY)KHE KapaKTEPUCTHKE W TOTIYH
MoBpaTak Ha crame mpe jaedopmanmja. Hynra onpykHa KapakTepHCTHKA j€ YCBOjeHa
3aTo INTO TEJO BOJOMAapa HAKOH 3apamara HAacTaB/ba ca MPABOJMHHU]CKUM KpPETambeM,
AQHAJIOTHO CTBapamy olnTehema Ha IMcepuMa HACTAMM YCJeNl 3aMopa Marepujajia
[82]. Ompy>xHa kapakTepucTHKa Mpexe AepruHUCaHa je B OpojeM HTepairja Kako Ou ce
MIOCTUTA0 KpUTEepHjyM KoHBepreHmuje ca tonepanmujom ox 0.001. Tako je 3a V= 0.6
m/s m3abpano 1000, nok je 3a V) = 6 m/s m3abpano 2000 wurepammja 1Mo CBAKOM
VHYTpalllkbeM MUKIYCy Kaikyrnanuja. [IpempexaBame, Ka0 OCHOBAa 3a HAMEHCKO H
KOHTPOJIUCAHO JeQOpMHCAe MpPEXKe, OJHOCH ce Ha henmje Mpexe y3 OKBalleHYy

MOBPIIMHY Mojena, ca (aktopom 3akpuBibema mBehum ox 0.7, a Bpmm ce y
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CEeKBEHIIaMa Ha CBaKWX S5 ureparyja (cimka 54).

UDF ¢yHknmja mpugoaaje HEONXoaHe nojaTke W 3aBucHoctH VOF momeny, a
caapxu cienehe: mMoioXkaj IMeHTpa Mace OMOHHYKOT MoJIena BotoMapa (y OBOM pajy je
YCBOjeH TMoJjoXkaj AeduHEcaH kao 3a 3D Momen paBHOMEpHE pacmojiesie TYCTHHE);
MaTpHUIly MOMEHATa HHepIHje 3a JeuHucaH eHTap Mace; Mo1aTKe 0 BOAH, Kao JPyroj
¢a3m (rycTuHy W Op3uHYy INpOCTHpama 3ByKa 3a W3a0paHe paJHe YCIIOBE); MOYETHY

Op3uHY Tela 1o MpaBILy, MOJI0Ka] U OpjEeHTAIH]Y Telia, Kao U yraoHy Op3uHY.

7.2.1. Bepudukanuja HyMepUIKHX CHMYJIAIHja

Bepudukanuja pezynrata HyMEpHUKHX CUMYJIAIFja je 00aBJheHa Y OJTHOCY Ha CIIUKE M3

npupoje npu Vy = 6 m/s, cnmuka 55

(a) (6) Vy=6 m/s, t =0.0077sec

s
l,,":“L
V) ‘;’D’,'t:;‘
! ‘;’.:. -
it ,e:?-.\“' “

- -

-

(B) (r) Vo= 6 m/s, t = 0.0085sec

Cmuka 55 Bepugukaiuja pe3ynrara HyMEpUUYKOT €KCIIEPIMEHTA ¢a TIPUPOIHUM
norahajem: Vy = 6 m/s, (a,0) mpupouu gorahaj (0,r) HyMEpHIKEe CUMYJIAIIH]e

Bepudukanmja pesynrata HyMEpHYKHX CHMYyJadja je oOaBjkeHA H ca

XUJPOJUHAMUAYKHAM TecToM TIpH V) = 0.6 m/s , ciiuka 560.
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(a) frr = 0.0325 s

ExcniepuMeHT
t=0.0325
t=0.0199
t=0.0066
t=0.0036

(6) y mepuonay 0.0159s < t,.,; <0.0195s u Bepudukamnuja ca eKCIepuMEHTOM

(HapaHIaCTa UCIIPEKUIaHA JTMHH]a)

Cmuka 56 O6muk cmo601HE TOBPIIUHE BOJIE U3 HYMEPHUKUX cumyJarja, Vo= 0.6 m/s

7.2.2. Tymaueme pe3y/jrata Bepupukanuje

YnopehuBamem o0auKa Tajaca Koju je (opMupaH HaKOH 3apamarba BojioMapa y BOIY
U3 MIPUPOJIe, y MOTJIeIUMa ca CTpaHe U 0JI03T0 Ha IIIaBy, U 00JIMKa CII0001HE TIOBPIIAHE
3a aBo(a3zHO cTpyjame, yodeHa je BeJHMKa CIIMYHOCT. ladach HMCTAaKHYTH KYTHM
JUHUjaMa, clidka S55a,B, ¥ TpaHHIa CI000HEe TMOBPIIUHE BOJE Y CHMYyJallhjama, TIpH
MPETIOCTaBLeHO] V)= 6 m/s, moKa3alie Cy Jia Cy Tajxach HaJl KOpEeHOM KJbyHa ca CTpaHe

ropmake NMpubyOJbeHU y3 Tell0 U Jia MpaTe KOHTYpYy, OCUM Ha camoM BpXy. Ha oBoj
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MO3WIIMjH, TajJacH BOJE TpaTe KOHTYpY TIJlaBe YWja ce IWpHHA Harjo mnoBehaBa y
OJIHOCY Ha KOHTYPY KJbYHA, M YHj€ CY JIOKAJIHE TAHTCHTE BHIIE OTKJIOJBEHE O] IpaBIia
BEpPTHUKAJIE Yy OJJHOCY Ha KOHTYpY KJbyHa, HAa MeCTy Tajlaca 3a ¢ = 73°, ciuka 550. Ca
CTpaHe JI0WaKe, JIOKAIHE TaHIeHTe CY JOJAaTHO OTKJIOHEHE OJ1 BEPTUKAIHOI MpaBlia U
Ha TOM MECTy Ha3upe ce MOoYeTaK OTIeIberha Tanaca. OTIeIbehe Tanaca y MpHpo.IH,
cauka S55a, ce Takohe He BUIM, MAKO je IpaBall TAHTEHTE HAarHyT 3a ¢ =~ 23°, mpeMa
noBpimHU Boje. [Ipu nopehemy cimka u3 npupose, ¢ yena, 1 HyMEepUUKe CHMYJIaIyje,
ciuka S55B,r (KyTa JIMHHjE je TpaHWIa TeK OTIEIUBCHOT Tajlaca) yOUeHa j€ CIUYHOCT
o0nHMKa Tajaca MTO je BepU(DHUKOBATO HYMEPHUYKY METONY 3a Jajby IpPUMEHY.
HHTeH3uBHH]E OTIEIIJBEHE j€ MPUCYTHO ca OOYHMUX CTpaHa Y 30HU OYH]Y.

Bepuduxanmja nymepuuke werome (cimmka 560, f = 0.0325 s) ca
XUAPOJIUHAMUYKUAM €KCIIEPIMEHTOM je MoKa3alia U3BECHA OJICTyIamka y Te€OMETPH]jCKOM
00Ky Tanmaca. Tamac MOOHWjeH y EKCIIEpHUMEHTY je Mame BHUCHHE y OJHOCY Ha
MOBPIIIMHY BOJIE, aJTH C€ MPOCTHPE Ha MPUOIIIKHO UCTO] IyKHHH OJ KOHTYpE Mojela u
0JIBaja C€ O] HErOoBe MOBPIIMHE Ha MPHUOJIHIKHO MCTOM MECTYy Kao U Y HyMEPHUYKUM
cumynamnyjama. [lojaBa je mpoTymadeHa Kao MocieauIia JOKaJlHe CTPYKType Mpexe U
MOCTaBKe IoJIaTaka 3a JeQUHUIN]Y IMoHAaIamka JTHHAMIIKe Mpexe. Hanve, quHaMudka
Mpeka je BpJIO OCEeTJbHBa Ha NMPOMEHE IapaMeTrapa KOjuMa ce yIpaBjba OOJHKOM
nokamHuX henwja y OMU3WHE MoJiena off Kopaka JIo Kopaka y Mporecy ImpemMpekaBama.
CkpahuBame BpemMeHa Tpajarba BPEMEHCKHX KOpaka Yy TIOCTaBIM CyOpyTHHE
IpeMpexaBarba MOTJIO OW JIONPHHETH MamuM JedopMalidjaMa JIOKaTHUX henudja
n3Mel)y BpeMEeHCKHX Kopaka.

[Topeheme je Hamabe ypaheHno y ycioBuma Bpiio maiie oOp3une, Vy= 0.6 m/s, mro
takohe Moke mpencTaBibaTH NTPoOJIEM Yy KPUTHYHOM TPEHYTKY yAapa KJbyHa O
MOBPIIUHY. YKOJHUKO y TOM TPEHYTKY, ca MMOCTAB/LEHUM ITapaMeTpruMa, HHje 3al0o4eTo
(dopmupame Taaca Ha peaCTHYaH HauYuH, OHO he y mcToM cMHCTYy W HacTaBUTH. O
nmoceOHe BAXKHOCTH j& HAIIOMEHA Jla HyMEpHUKe CUMYJIAllAje TIPEACTaBbajy CTPYjambe Yy
caMO jeIHO] paBHH, JIOHTUTYJWHAIHO] PaBHH CHMETpPHj€ BOJOMapa paju aHaIu3e
0o0JKa 1 TIOHAIaka Tajxaca y 1MojeJHOCTABJbEHOM CITyUajy.

VY peanmHoM ciydajy, wMmajyhum y BHJY KOMIUIEKCHY T€OMETPH]Y KJbyHA
MIPEKPUBEHY MHUKpOKaHAIMMa, KOji OJ[BOJIE CTPYjy ca Opera KJbyHa, CTpyjame BOJE je

KOMIUJIGKCHO W 3a TOTpeOe aHalIM3Mpama PeaHOT CTpyjarma OKO BOJOMapa Mopa ce
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ucturatd 3D Mozen ca mTo BEPHHUjOM PEKOHCTPYKIHjoM oOiuKka. OBa MCTpaKuBarmba
Cy BaH OKBHpa OBOT paJia, ali Cy Yy IUIaHy HACTaBKa HCTPKUBAba U3 00JIaCTH OMOHUKE
paam pazymeBama (peHoMeHa U yHamnpelhema MeTo/1a HCTPAKUBAba U TN32jHUPAba.
Kako ce y n1asp0j aHamM3u KOPUCTE HYMEPHUKH PE3YJITAaTH KOJU Cy Bepu(hUKOBaHU
3a Op3WHY CIIMYHY TPUPOJHOM jorahajy, mpukazaHa mopehema cy npuxBaheHa Kao
BaymHa. Ojcrynama o6smka Tanaca npu Vy= 0.6 m/s yTudy Ha CTpOXKHje KPUTEPH]jyMe

yCJIOBA CTPYjama, IITO je TIO3UTHBHO Yy CMHCITY JaJbUX aHAITU3a.

7.2.3. Pe3yaTaTn HyMepu4KHX CUMYJIAIHja

Pesynratn HymMepuuykuxX cHMyJanyja 3a Tpu Op3WHE Cy IpHUKa3aHW Ha CiMKaMa 56
(Bepudukarmja), 57 u 58, Kpo3 BpPEeMEHCKY HCTOPH]y TpoMeHa OOJMKa CII000HE

ITOBpHIHUHE.

.00410 s
.00345 s

T N SN N N~
(L T (TR T
ooooooo

(=]

o

—_

(o))

W

w

Cmuka 58 O6muk cinoboaHe moBpimrHe Boje pHu Vy= 10 m/s, 0.0015s < t,,; < 0.00410s,
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KonTypa ropmaxe kibyHa y OJJHOCY Ha KOOPJMHATHHA CUCTEM Be3aH 3a MOBPILINHY

MHPHE BOJIE ¥ TPAJHj€HT IPOMEHE OpIMHATE MOKa3yje ciimka S59.
50 1 F 500
@J,-g;o SR \} ; ; } } } } L0
L -1000
304 -
| L 1500
i L
? L 2000
204 | i
; L 2500
\ —— KoHrypa ropmake kJbyHa Bojomapa |
104 —o— Jleo K/byHa 071 Bpxa [ -3000
---+--- JlepuBaTHB KOHType IrOpHbake - -3500
© @ JlepHBaTHB JIeJIa KOHTYpe ropmake |
0 f ‘ ~4000

-06 -04 02 00 02 04 06 08 10 12

X [mm]

dy/dx

Cmuka 59 Kontypa ropmake BojjoMapa v rpaJiijeHTH KOHTYpe, 0 = 83°

Pacmionene mapamerapa crpyjama W BekTOope Op3wHa NpH yHaaHO] Op3WHU O]

Vo= 0.6 m/s moka3syje cmuka 60, a ipu V=6 m/s ciimka 61.

3605 SN
BONNZDOG
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502,

(B) myTame GuynnaHux nenwha mpema p,

(1) myTtame QuynaHuX Aenrha nmpema p,
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1=0.0358s t=0.0484 s

OO0O000000000000O0000DO0O
OO0 2 INNWW LG KN ROIGIU
ORHONNO=ENOWHONNH =B
[slelelslslolelololololelolololalalalola)
[slslslslslslslslsls oo o s o ol e]

() BexTOpU Op3uHa y obsiacTu BpxoBa Tanaca, / = 0.0358 s

(yBenu4aHu pHKa3y 000jeHH 10 yery ¢a3a)

() BekTopu Op3mHA OKO BpXa KJbyHA

Cmuka 60. IIpuka3 pacnonene napameTapa cTpyjama, Vo= 0.6 m/s

32828.60

(a) pacnonena p, t = 0.0029 s (6) myTame ¢payunaux gemmha, £ = 0.0029 s
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B LI PR gt
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QOO0 S ANNWWPWRRR TR0
NNt

S

(B) BexTOpH Op3uHa 000jeHu npema uryuwaauM pazama, £ = 0.0029 s

T

(r) 3apomema riase, = 0.0109 s (1) pacnonena 6p3una, t = 0.0109 s

Cmuka 61. Hymepuuka cumynaruja mpupogHor gorabhaja, , Vy= 6 m/s
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Cmuka 62 BpeMmeHcka HcTopHja MpoMeHe apaMmeTapa taiaca, Vy= 6 m/s

t=0.0109 s
t=0.0100 s

t=0.0070 s
£ =0.0060 s
t=0.0050s
t=0.0040s
t=0.0030s

t=0.0020 s
t=0.0010s

(a) Vpy=6m/s

(6) Tauka 7: V= 0.6 m/s, 6 m/s

Cmuka 63 BpemeHcka ucTopuja pa3Boja tajgaca

1.5+

14 ] --e--Fr, V,=0.6m/s |

1.3 - & -Fr.,V,=6m/s ——

e --m-Fr,, V,=10m/s

1.0 :

0.9 i

0.8 /
= 0.7

0.6 -—

0.5 = el

0.4

0.3

0.2 4

0.17

L/H

Cmuka 64 3aBucHOCT nmpoMeHne Fre on L/H 3a oKBalleHH Je0 Tea
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0.45

0.40 - L/H=3.31

L/H =270 i
IL/H=1.76 !
035 - i
N L/H =147 ;
h’.,‘ 4q
O
(KT N S S — —
< —
0254 /7 N T
i/ Il :H:
i g S

T T T T T T
0 10000 20000 30000 40000 50000 60000

ReL okvaseno

Crnuka 65 OyHknuja 3aBUCHOCTH Fry (Tauka moampa) ox Rep, Vp= 0.6 m/s

7.2.4. Tymaueme pe3y/jTaTa HyMEPHUKHX CHUMYJIanuja

[Ipema pe3ynrarnMa HyMEpHYKEHX CHMYJIaldja IpUpoaHOT norahaja, y Kome BojgoMap
W3BOJIM MaHeBap OoOpyInaBame- 3apamame, NMpH Tpu u3adpane Op3uHe V) = 0.6 m/s,
6 m/s u 10 m/s (cmuke 56-58), mpoTymadeHo je 1a cTpyjame BojJe H popMHUpamhe Tajlaca
3aBHCH TIPHOPHTETHO O] ToJla3He Op3WHE Y MaHEBPY W KOHTYpE MOJeNa, MPH HUCTOM
IpaBIly 3apamama. HyMepuukw pesyntaTd Ccy y CKIaay ca XUAPOJAHAMHYKAM
UCIUTHBAabUMa M TOKa3yjy Ja je MOAKPUTHYHO CTpyjarke NpH HajMamo] Op3WHH,
Vo= 0.6 m/s, ctuka 56 u 58, cTaHO MPUCYTHO ca CTpaHe ropmake KJbyHa Kao B O0JHK
Tajaca.

3a cirydaj 3apamama rnpu Op3uHu Vy= 6 m/s, Koju oAroBapa nmpupoIHoM jgorahajy
npencTaBbeHoM y 2D mpocTopy, cTpyjamke Mema KapakTep Kpo3 HUCTOpHjy aorahaja.
Cmuka 57 mpukasyje UCTOpH]Y pa3Boja Tajaca. M3amu3ame Tanaca u3Haa HAUBOA BOJE U
oMepame Tauke oJBajamba 4 J0 TOojoXkaja OJMCKOT HHBOY MHpPHE MOBpIIHHE,
IIPUCYTHO j€ CBE BpeMe, CBe JI0 MPHOIMKHO 1/2 OKBaIlleHe Ay KHHE KIbyHA.

VY 3apamamy ca O6p3uHOM 01 Vy = 10 m/s, u3mu3ame Tajiaca ce HHUje MOKa3alo
3HAYaHUM CaMo y 30HH OKO BpXa KJbyHa yOp30 HaKoH aoaupa, f = 0.0015 s, ciuka 58.

Cnuka 59 mpuka3syje KoTe KOHTYpE rOphake H IPpajijeHTe y 0JTHOCY Ha allCITHCy,
IITO je OJ 3Hauaja 3a pa3yMeBame MeXaHu3Ma pas3Boja tamaca. Jlo myxwre ox 1/8 L,
pacrojama Tauaka Ha KOHTYpPH O] BEpTUKATHOT IpaBia ce nmoseharajy. O Bpxa KJbyHa,

[0 TIpaBally 3apamama, y JYXHHH oJ npudauwxHo 1/8 L mo 1/4 L, xoHTypa mpaTh
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BEPTUKAIHH TpaBail. Hamake KOHTypa mpecera BepTHKATHY TpaBail, a TadKke KOHTYpe
ce ynmaspaBajy on ucror. OONHK KOHType TOpHake BOJOMapa, NMPUMEHEH IIpaBall
3apamarba W pacmopesl Tadyaka Ha KOHTYpH Cy 00e30eluiId CTaIHOCT BPEIHOCTH
JIOKAJTHUX T'PajifjeHTa y 0JIHOCY Ha MUPHY IMOBPIIUHY BOJIE, OCUM y 30HaMa OKO Camor
BpXa M KOpEeHa KJbYHA, 0 BUCHHE O TPUOJIMKHO 35 mm 0JT HUBOA MHPHE BOJIE.

W3 ananm3e uctopuje pa3Boja Tajaca 3a TpH Op3WHE 3aparmama W pacrojele
rpajvjeHaTa Ha KOHTYpY KJbyHa, 3a Jajby NPUMEHY je U3JIBOjeH Je0 KOHTYpe OJ Bpxa
JI0 Kpajihe¢ BUCHHE Ha K0JOj j€ TPajfjeHT joIl YBeK paBHOMEpHO pacriopehen, / = 35 mm
(cmukxa  59). Ilo mpaBiy Kpetama, dajbe 0]l H3adpaHOT MecTa, JI0Ja3H JIO MPOIITHpPEHha
MIOTIPEYHOT TIpeceka M Haryior moBehaBama BHCHHE Tajlaca, MAKO Cy TallaCH H JIaJhe
npuJbyOJbeHH y3 MOBPIIUHY Mozena. Mctopuja pasBoja Tamaca je Ha ciukama 56-58
oOyxBaTHJIa IMUPH BPEMEHCKH HHTEpBAJ Kako OM ce y OyayhuMm ucnutuBamuMa
JneduHucao morojaH oOMMK kabWHe Bo3a 3a BellMKe Op3WHe U Ja O ce cTeksia HOBa
casHama U3 OMOMEeXaHHKe BojoMapa.

Cmuxa 60 naje mpuka3 n3adpaHUX Iapamerapa CTpyjama U BeKTopa Op3uHe MpH
Vo= 0.6 m/s , y tpenytky ¢t = 0.0358 s. Paconmena p y Boau je paBHOMEpHa y
CJI0jeBMMa, KOjU Cy TPUOJIMKHO TapaleTHH ca MHPHOM MOBpIIHMHOM. Mcmon camor
Bpxa Hoca mpuMehyje ce 3BoOHAcTH OOJIMK 30HE jeJTHAKOT p M TOJIOXKA] TauKe 3ayCTaBe
Ha BPXY ca CTpaHe Jomake. HajHrka BpeJHOCT p je youeHa y 30HH OJ[Bajarha Tajaca O]
TeJa, MTO je MPOTyMayeHO HarlliM CKPEeTameM CTpyje Basayxa m3mely Tenma Bomomapa
u onbujama oy camor tanaca. Cnuka 6006 mpukasyje pacmoaeny Op3uHa y o0e cTpyjHe
¢aze. bp3una paynaanx nenwha Boje je HajBeha y 30HM Bpxa KibyHa. O01acT y K0joj ce
baynnau nenwhu kpehy je momxykpyxHor obiuka ca BpeaHomhy ox oko V= 0.03 m/s
Ha obOomy oOmactu. I[lopeheme myrama Quywmaaux nenmuha je TpHKa3zaHo 3a JBa
tperytka: ¢ = 0.0358 s u 0.0484 s, ogHOCHO, KaJa je KJbYH 3apOHEH JI0 TOJIOBHHE
JIY)KWHE W Kaja je 3apomeH CKOpo y menocTtd. Tamacm y oba mosoxaja mMajy BpIIO
CIMYaH OOJIMK W ca CTpaHe TOpmake W ca CTpaHe jomake. CIMYHOCT 00JMKa MyTarmba
bayuaaEX genuha y BOIU ce moKas3ajia caMo ca CTpaHe ropmake, IMTo je MPOTyMadyeHo
Kao MOCJeIuIa CTATHOCTH MOJKPUTHYHOT PEeXHUMa CTpyjama ca cTpaHe ropmake. Ca
CTpaHe JomaKe MmyTame (GIYyHIHUX Jeauha ce Memajy W 30Mjajy y 30HH BpxXa Tajaca.
VBenmnuan mpuka3 BekTopa Op3uHa 3a f = 0.0358 s mokasyje mpaBiie Op3uHaA KpeTama

¢ynnaux nenvha v HamaIHO] TAYKU Ha BpXY KJbyHA. M3pa3 HamaHe Tauka je n3abpan
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y CKJIaJly ca KOHIIENITOM KpeTama KOjH je OOpHYT 01 yoOr4ajeHO KOPUIITNEHOT y aepo- U
XUJIPOJMHAMUITA. Y TPEJCTaBJbEHUM IMPUMEPHUMa HYMEPHUYKHX CUMYJaIdja, (QIrynn
Mupyje, a mozen ce kpehe u mokpehe Quynane nenuhe u3 crama MupoBama. 3aBUCHO
ol nyOWHe 3apamara M T0JI0Xaja IMMOCMAaTPaHWX Tadykaka Ha OKBAIIEHO] MOBPIIWHHU
OMOHMYKOT MOJIeNa, JIOKaTHe Op3uHe Cy IO MPaBIly CMEPY W HHTEH3UTETY y CKJIaIy ca
pacroieioM MPUTHCAKa, OJJHOCHO, PACTIOCIIOM

V HamajHoj Tayky je JokaimHa Op3uHa (urynnHux gaenuha Hajseha, ciimka 601, o
cCMepy W TIpaBIly jelHaKa yMaaHoj Op3WHH, ajd Mamer HHTEH3UTeTa (3aBHCHO O]
TpeHyTHe nyOWHe 3apamarka). O MecTa HamaJHe Tadyke, y YCKOj OOJIaCTH HajBUIIET
JIOKQJTHOT TIPUTHCKA ca CTpaHe JIOake, JI0JIa3u JI0 MOojejie CTpyje BOJE Ha JiBa TOKa.
Jeman Tok oOunasu BpX KJbyHa M HalagHy TadyKy, U y4ecTByje Y (opMupamy Tajaca
W3HAJ TOpHhake, JOK APYTH TOKY ydecTyje y popMupary Tajaca H3HaAI JOmaKe.

[Topehemwem myrama u BekTopa Op3mHa ¢uyuaHux aenmmha mpumeheHo je na
bayunau nenwhu y3 camy HOBPIIHHY OMOHHYKOT MoJiejia OWBajy MMOTUCHYTH Y TPaBITY
KpeTama, Ha KpaTKOM pacTojamy, HaKOH 4era Hario ckpehy ox OHOHHWYKOT Mojena H
Ha/jajbe Ka CJI000JHOj TOBPINMHH 3aKpUBJbeHUM MyTamama. Cyctuname (GrynaHux
nenmuha Boje, y CBakOM BPEMEHCKOM TPEHYTKY TOHA0co0, ¢opmupa Cio0oaHy
noBpimHy Boje. Co00/1Ha MOBPITHHA BojE je (hopMUpaHa TOJ YCIOBHMA Jia ce QIyua
cMarpa HECTHIIJBUBUM, FHETOBO CTpyjamba OE3BPTIOXKHHM H Jla je Ha TPaHUYHO]
noBpumHu (uHTepdejc m3mely (daza) 3a7M0BOJbEH TpPaHHYHH YCIOB JETHAKOCTH
MPUTHCAKA 110 TPAHUYHO] TIOBPIIHUHY.

[ToBehame Op3mHEe Ha V) = 6 m/s MPOMEHUJIO je W pacloJie]y p y BOIH, CIUKA
6la. O0nacTy jemHAKUX MPUTHCAKA Cy CY)KCHE W TpHITHjeHe Y OJM3WHU TOBPIIUHE, a
IPOCTHPY €€ y 3BOHACTOM OONMHMKY y AyOmHy Boje. Mcmom camor Bpxa KibyHA
dbopMupaHe cy o0JIaCTH jeTHAKOT TPHUTHUCKA KPYXKHOT oOJMKa Koje ce MelycoOHo
MpUOIMIKaBajy MCIIOJ caMor Bpxa KibyHa. [lyTame durynaaux aenmmha caga He mokasyjy
BEJIUKY 3aKpPHBJBEHOCT y OOJIMKY, Kao mTO je To O6mo ciydaj kox Vy = 0.6 m/s. Kpo3
POCTOP MEHa]y OOJUK O] JIy4HOT, y 00Jach OKO Bpxa KJbyHA, JO KPAaTKUX IMPaBHX
JTWHHja, YHyTap caMHX Tajaca, cimka 616. Y obmacTk Oko HamajHe Tauyke, BEKTOPH
Op3WHa Cy MOKa3alH yjeJHAa4YeH WHTEH3UTET, JOK Cy TPABIH JEjCTBA BEKTOpa OIIMCKU
yIIpaBHOM Ha JIOKAJHY TOBPINUHY, ciimka 61B. Kao u y ciydajy meceTocTpyko Mame

Op3uHe, HampeaoBame KJbyHa y JAyOWHY CTBapa JiBa TOKa, ca CKOPO HMCTOT MOJa3HOT
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MecTa Ha Jomaii. OOJUIY IMyTamka Cy BpJIO CIUYHU ca 00e cTpaHe KJbYHa, H3y3eB Ha
BpXYy Jomake rae ce quiyuaHu aenwhu momepajy Hajmpe y JAyOuHY, a 0 TOBPINUHE
CTIKY y nanieko BeheMm JyKy u Ha BeheM pacTtojamy O]l KJbyHa HEro (UIyHJHU Ienuhu
ca ctpane ropmake. Ciimka 617,71 IoKa3yje U TPeHyTaK 3apamarma IiaBe, 00JIMK Tajaca
u pacrogeny OpsmHa, Vy = 6 m/s , t = 0.0109 s. ¥ oBOM TpeHYTKYy Tajacw Cy ce
OTIIENWJIM OJT TJIaBe BojoMapa. [IpupoaHu MaHeBap oOpyIaBame — 3apamame HMa 3a
IIUJb J1a TIPUKpPHje TIPUCYCTBO NTHIIE 3a IUIEH, OapeM 3a BpeMe KOJIHMKO je MOTpeOHO 1a
NITUIA 3apOoHM N0 TieHa. DuywaHu Aenuhu y mocMarpaHoM CiIydajy UMajy HajMamy
Op3uny 011 oko0 0.3 m/s y y IyOuHY J0 TPUOJIMKHO JBOCTPYKE JTy>KUHE 3apOEECHOT Jeiia
tena (oko 120 mm), mTo je ca Apyre cTpaHe OJMCKO MOJOBHHU yoOWUajeHe JyOuHe Ha
KO0jO] BOJIOMAp JIOBH y MPHPOJIH, KAKO HABOJIE U3BOPH .

O6muiu Taylaca M pacrojieia MPUTHCaKa OKO 3apOCHOT Jiea Teja, JOoOWjeH!
pu V= 0.6 m/s u 6 m/s (ciuke 60 u 61), cy y ckiamy ca mureparypom u3 [77,78,83].

[Tpn anaym3upamy mapamerapa CTpyjama 0KO OHOHHIKOT MOJelia BoJoMapa Kpo3
o0e ¢asze, 3aHeMapeH je yTHIA] Ba3aymmHe cTpyje Ha oOmmk Tamaca. CraHmapiaHa
aepoJIMHAMHUYKA WMCIHUTHBAMkA MOJIPa3yMeBajy MOTHYHO CIMYHOCT m3Mmely (u3muxmx
MoJieia — KpeTame Mojiela Kpo3 MUpPHY aTMocdepy B OOpHYTO, KpeTame (urynaa OKo
MoOJiela y CTamky MHpoBama. MehyTHM y HEKHM ciydajeBHMa, Kao INTO je OBJIE
IpHUKa3aH MaHeBap OOpylllaBame — 3apamare CIMYHOCT HUje ToTmyHa. Jleo nomeHa
UCIYI-CHOT Ba3yXoM C€ TpaHWud ca JeJIOM HCIyHmeHHM BoaoM. llpum kperamy
BOJIOMapa Kpo3 Ba3ayX, (iayuaHu nenuhu mpaTe KpeTame KOHType Mojena Ha
M3BECHOM KPAaTKOM PacTojamy W IMOTOM Ce YIajbaBajy OJ] KOHTYpE, 3aBUCHO 0] Op3uHe
oOpyIIaBama, MPUOIMKHO YIIPABHO Ha TpaBall KpeTama. Y OJHM3MHH came TOBPINHHE
Bojie, (bynaHU Jenuhy Bazayxa Cy CIpedeHHU y JajbeM KpeTamy, Te ckpehy Hario of
KOHTYpe BoJIOMapa, a MmoToM OOWJia3e Tajac BOJle, HacTaBJhajyhu MyTamoM Koja UM
006e30ehyje HajMamm oTmop (MyTama HajMamke MOTpeOHe eHepruje). Y OBOM
UCTpaXHUBamy CTpyjame Ba3ayXa je, IMyTeM INpUMeHe TYpOYJICHTHOT Mojeja, YHEIO
nopeMehaj mpUTUCKA Y 00J1aCTH OKO BOJOMapa, Te je rpaHuvdHa MOBPIIHHA Je)UHUCAHA
Ha OCHOBY jJEJIHAKOCTH NPUTHCKA Ha TOBPIIMHH BOJIE W JIOKAIHOT aTrMochepcKor
TPUTUCKA, Pyode = Plokalno- KAKO €€ pajl 0 BpeIHOCTHMA O] Hekoiwmko Pa, yrumaj je
BUJIJBMB CaMO KPO3 MMPOMEHY Op3HHE, Koja OJIMCKO MOBPIIMHYU BoJie W3HOCH 0KO 0.2 m/s

ca ctpaHe Jomake u oko 0.15 m/s ca crpane ropmake, Vy= 0.6 m/s, ciuke 600.1.
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Crmuka 62 mpukasyje BpeMEHCKY HCTOpHjy mpoMeHa Fre, Ve (Bpxa Tamaca) u
TeOMETPHjCKIX mapameTapa mpu Vy = 6 m/s. [lomamu ca mujarpama cy oxapehenu
rpagpuukuM IyTeM. bp3uHa Tamaca je NMpoMEHJbMBAa TOKOM BpEMEHA M 3aBHUCH O]
JIOKAJTHUX TEOMETPHUjCKUX Tapamerapa OMOHHYKOT MOJeNa y TPHYTHOM IIOJIOXKajy,
OJTHOCHO, BPEMEHCKOM TPEHYTKYy. Y TepHOJly MOYeTKa MaHeBpa, O] yaapa KJbyHa O
MUPHY MOBPIIMHY JIO MPBOT TPEHYTKa 3a KOjJH je MOrao jacHO Tajiac Jia ce W3J[BOjU U3
o0yacTé TpaHWYHE MOBpPIIMHE, HUCY y3eTd monamu. Cimka 63a mokasyje UCTOpH]Y
pa3Boja Tanaca M nopeheme npu aBe Op3uHE HA MPHOIMIKHO HCTOM MecTy (Tayka 7:
t = 0.007 s). Ilpahemem BpemHOCTH TIapaMmeTapa CTpyjalba W TE€OMETPHjCKHX
napameTapa, U HCTOpHje pa3Boja Tajaca, MPOTyMayeHO je Ja ce TallaCH BPJIO CIIOPO
yllajbaBajy o/ JIOKaJIHE TIOBPIIMHE MO/IeNia ca 00e CTpaHe, MPHOIMKHO CUMETPHYHO, Ha
IIEJIOKYITHO] Ty’KWHU KJbyHa (Tauke 1-7). Hacympor Tome BuCHHaA Tanaca ce moBehaBa
KpO3 BpeMe, ajli ce Tayka Oj/iBajama Tajaca CKOpO W He MoMepa y OJHOCY Ha HHUBO
MUpHe Bojae (y BpPEIHOCTH JIeJIoBa MHJIMMETpa), Kao INTO MoKasyje ciuka S7.
[Topeheme monoxkaja Tajmaca y jeTHOM TPEHYTKY, TTOKa3ajo je Ja ce Ha JYKUHH KJbyHa
Tajacu rpu ooe 6p3une (V) = 0.6 m/s, 6 m/s) oxBajajy OJUCKO WIJIA UCIIOJT HUBOA MUPHE
noBpiurHe (cauka 630, Tauka 4). [Ipema pesynratuma npu Vy= 6 m/s, ciuka 62, mo
Jy’)KHHH KJbyHa, Fre mMma Bpemnoctu y unTepBaity 0.2 — 0.25 (cnmuka 62, tauke 1 — 7),
Te je MPOTyMa4YeHo Ja ce CTpyjare HaJ TOpmaKkoM, IpH V)= 6 m/s, MOXe cMarpatu
MOJIKPUTHYHUM TIpeMa kputepujymy Fre <1 [87].

Cmuka 64 npuka3syje nopeheme Fre 3a Tpu Op3uHe 011 reOMETPH]CKOT ImapameTpa
L/H. Kon cBe Tpu Op3uHE 3apamama youeHe cy Tpu obiactu. OOmacT W3BaH TpaHHIIA
1< L/H < 3.5 ce ogHOCE Ha 3apamame BpXa KJbyHa M KaCHHje KOPEHa M IJIaBe KJbyHA U
HHUCY O]l MHTepeca. YHyTpammba oonact 1< L/H < 3.5, xox cBe Tpu Op3uHe, MOKazyje
nay y Bpeanoctuma (Fre = 1.5 — 1 mpu V= 0.6 m/s, Frc = 0.5 — 0.1 ipu V)= 6 m/s u
Frc = 0.6 — 0.3 mipu V= 10 m/s). Ilpu V= 0.6 m/s max BpeTHOCTH, O] MPUOTHKHO
0.05, je MuHUMAaNTaH ¥ 6€3 CKOKOBUTHX MTPOMEHA, IITO YKa3yje Ha MUHUMAJIHY IPOMEHY
o0NMKa M MHTEH3HUTETa Tajaca Kpo3 ucropujy norahaja. OBakBa pacmojnena Fre ca L/H
Ipe/CcTaB/ba MPUXBATJBUBE YCJIOBE 3a Jajby IpUMEHY XHJpayludke anaioruje. Ha
uHTepBany 2< L/H < 3.5 npu Vy= 0.6 m/s u 6 m/s, 0.05< Frc <0.1, ¢ Tum f1a je y nemny
2.2< L/H < 2.8 Frc= const. IIpu V)= 10 m/s ¢y Beha oxcrynama y omgnocy Ha V= 0.6
m/s, 0.35<Frc <0.3.
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[Tomamu xoje maje cnuka 64 cy ynoTrpeO/beHU Kao KPUTEPHjyM 3a H300p yclioBa
CTpyjama y JajbeM HCTpaxuBamy. Kako Xuapayinyka aHaJoTrHja pe3yIThpa CIHIHOCTH
Fr y Bomu w M y Basmyxy, Vy = 10 m/s je ucKkibydeHaA W3 pa3marpama, jep je
0.6< Fr¢ < 0.3. IlocmaTpano kpo3 CIMYHOCT ca M, yCJIOBH 3apamarka O Jaiu MpuKa3
cTpyjHOT moJka oko BHST y ycinoBuma cTumspMBOT CTpyjama, Beh y o0mactu oko Bpxa
noca BHST. Ycnosu kperamwa BHST cy uzabpanu y rpanumama 0.2 <M <04, u y
CKIaay ca TuM je oapeher 3a m3bop Op3uHe 3apamama mo Kputepujymy Fre < 0.4, xoju
ce oqHocH Ha V= 0.6 m/s u 6 m/s. U300p je cyxeH Ha ymanHy Op3uny Vy= 0.6 m/s.

Cmuka 65 mokasyje 3aBuCHOCT ipoMeHe Fry ox Rep kojoM cy moBe3anu Op3uHa
KpeTama Tadke OJiBajarka Tajlaca, Op3WHA 3apamara W TEOMETPH]CKH IapaMeTpH
OKBAIICHOT Jiefla KJbyHa y Boau, nipu Vy = 0.6 m/s. OBakBo mopeheme mma 3a 1usb
MIOCTaBJbAhE CTPOXKUjEr KPUTEpPHjyMa IMPH 0Ja0Hpy yclIoBa KpeTama M T'eOMETpHje

MoJea.

7.3. Kputepujym u3oopa ycja0Ba HCIHTUBAKHa U F€OMETPHJCKUX
napamerapa mojeJa

Ca nmuibeM 1a ce KOMOMHOBAaHA METO/1a 3a YTBphUBabe CIMYHOCTH CTpYjarba MPUMEHHU H
Ha Japyre obnuke OMOHMYKMX Mojena (cumerpuuHux win 2D BHST) u y npyrum
WHCTaJaIdjaMa, OJf 3Hauaja je Ja ce HUCTAaKHe KPUTEPHjyM IpeMa KoM ce Hh3abupajy
YCIOBH CTpyjalba M TEOMETPHjCKM TapaMeTpd Mojiea 3a Jajby I[pPUMEHY Yy
omomumukpuju. Kako je mokazaHo y XuIpOoJWHAMHYKOM EKCIIEpHUMEHY, OOJIMK Tajaca
3aBUCH 0J1 oOJiMKa Mojela, yjnapHe Op3uHe, nyOuHe cyna u jap.. Kox mymepuukmx
cUMyITanuja, 300T Ipyraddjer IpucTyIa mpu oapehuBamy obmKa c10001HE TOBPIIHHE
BoJIe, TyOWHA cyaa HHje of 3Hadaja. Oba TUIa eKCIepuMEHTa Cy O] 3Hauaja, jep ce
Mel)ycoOHO nonymyjy U Aajy mupe HHGOopMaIyje 0 TocMaTpaHuM 10jaBama.

[Ipema pe3ynraTuMa W3 OBOT HCTPAXKHBama, Y YONIITEHOM CIydajy 3a n3adpaHu
OMOHWYKHA MOJE] POM3BOJbHE F€OMETPHje, TIOTPEOHO je M3BPIIMTH BHINE MEpema ca
BapHpameM yaapHe Op3uHe, YIaJIHOT yIia, TYCTHHE (IIynja, Mace Mojena U JTyOuHe
cyla TpemMa HHBOY MHpHE TOBpIIHHE Boje. M3 pesynrata mnoOujeHUX BapHpameMm
yclioBa cTpyjama, H3adupa ce OHa KOMOMHAIMja Koja pe3yiaTHpa MHUHHMATHOM

npoMmeHoM Fre (oapehen mpema Op3uWHH BpxXa Tajlaca) ca IMPOMEHOM T'€OMETPH)CKHUX
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napaMerapa Ju3ajHa IMoJi OKBAIIEHUM IOBpIIMHAMA MOJENa, OJTHOCHO, KpPO3 HCTOPHU]Y
norahaja. Kama je m3abpana xomOwWHaI@ja ycioBa HCIUTHBaFa, BPIIM CE aHATW3a
3aBucHOCTH Fra (ompehen mpema Op3uHH Tauke pas3/iBajama Tajaca OJ Mojena) y
¢ynkuuju Rep moj oxBameHWM moBpImMHama Mojeia. Ha oBaj HauwH Cy moBe3aHH
napaMeTpu KOju yTHUy Ha CTBapame Tajlaca ca MapaMeTpuma Ju3ajHa, OmeT Kpo3
ucropujy norahaja.

Ha npumepy u3 oBor ucTpakupama ciiika 64 je mociry’Kuia 3a cyxaBame n3dopa
Op3vHe TpU ynapy ¥ TEOMETPHjCKHX Mapamerapa, 3a (UKCHpaHy IyOWHY BOJE, C
0o03MpoM Ja je M caM eKCIEepPUMEHT H3BeJeH Kao OHOMUMHUKpHja ca peaTHUM
npupoHUM jaorahajeM. YcioB 3a u306op ynapae op3une V) (0,6 m/s, 6 m/s u 10 m/s) je
Frc, umja je BpegHOCT MpHOIIKHO CTalHA, 1 MHHUMaHA. Pe3ynratu cy mokasand Ja
Frc y3uma majmame BpeaHoctH, Fre < 0.3, nmpu ynaproj 6p3unam ox Vy= 0.6 m/s, u T0 Ha
WHTEpBAITy BPETHOCTH reoMeTpHrjcuX mapamerapa 1.5 < L/H < 3.5 (MpakTHYHO TI0 1IEeJ10]
JTy>KHHH KJbYHA).

3a u3zabpany ynapry Op3uny Vy= 0.6 m/s caja je mocMaTpana je 3aBUCHOCT Fra
ox Rep , cmuka 65. Xopu3oHTaaHa KOMIOHEHTa Op3uHe Tauke 4, pu Vy= 0.6 m/s, je
ob6e30emmia ctanHy BpenHocT, Fra < 0.3, y maTepBamy 20 000 < Rep < 60 000
(pedepenTHa je OKBalleHa JyXHHa KJbyHa) INTO OArOBapa TI'€OMETPH]CKUM
napametrpuma 1.27 < L/H <3.31.

3a oBako m3abpaHe yCJIOBe CTpyjama HU3BpIICHA je aHalu3a Tajaca W KacHHje je
IpUMEeHA XHJIPYJIMYKA aHajormja 3a TreoMeTpujcku cinuuad wmozen BHST vy
cI000HOM JIeTYy W TpU BOXKIM IpyroM. Kako ce y oBOM paay mnocmarpajy
MOJIKPUTUYHA CTpYjamba, IpeMa OJHOCHMA MapaMeTapa CTpyjama 3a BOAY U Ba3ayX KOJ
KPUTHYHOT U HAJAKPUTHYHOT CTpYjarka pa3jivKe BPEIHOCTH MapamMeTapa cTpyjama yciea
pasiiuka 3a K ¢y 3aneMmapene, npema I 'ummop u zip. [100].

[Ipukazanu cinyyaj je UMao 3a IIJb Ja J1a HOBa ca3Hamba O MPUPOJHOM (PeHOMEHY
U CcIMYHOCTH crpyjaa ca BHST — Bomomap, mMehyrmm mnpemopyka je ma ce
UCTpaXWBama IPONIMpe W Ha Jpyre OHMOHWYKe oOimKe Mojene Behux aumeHsuje
Mojzena (M nqyOMHEe BOJE) Kako OWM ce U3 XHIAPOJAWHAMHYKHX TECTOBA JIOOWIH
Npenu3HUju pe3ynTaTd. YHamnpeheme HHCTananuje y CMHUCITY IIOCTaBKe MOjerna,
KOHTpOJIe KpeTama M Op3uHe Mojelia cy A0OpojoluIed IUIAHWPajy c€ 3a HacTaBak

HCTpaXKUBama.
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7.4. Hauun popmupama Tajaca

KoMmOuHoBameM pesynrara (cimka 60) je mpoTymMadeH MexaHu3aMm (opMupama Tajaca
OKO KJbYHA BOJIOMAapa y MOJAKPUTHIHOM PEKUMY, caruka 66. KoMOWHOBaHM Cy MpUKa3H
pacrojiesie TpHTHCAaKa y BOJM W TyTame QIyHAHHX Jenuha TMpH CTaHIApIHAM
yciouma u Vy= 0.6 m/s.

[IpaTehn myTame Quyunaaux nenwha yodeHo je Ja KOHTypa BojioMapa y KpeTamy
rypa npex cobom GayuHe Jenuhe Ha U3BECHOM pacTojamy (cimka 66, Oena JMHH]A).
Onynnan nenmvhu WcmpBa Mpare MmpaBal] KpeTama, a ca TYOMTKOM €HEprhje y IoJby

BojIe, cKpehy ca mpagIia u yaaspaBajy ce o]l OBPIITHHE MOJIea.

893.9803

ol =

Cruka 66. KomOnHoBaHM mpuka3 Gpopmupama taaca npu Vy= 0.6 m/s

Kako ¢mymmau nenuhu Texe aa MocerHy paBHOTEKHHU IOJIOKA] HA CIIOOOTHO]
MOBPIIMHU, OHU TpoJia3e Kpo3 O0JacTH ca PazIUuUTHM MPUTHCIAMA 1O Hajkpahum
nyrabama. llpu V) = 0.6 m/s, oOmacTu jemHAKWX MPHUTHCAKA Cy MPUOIHKHO
eKBHIMICTAHTHE y IEJIOM IOJbY, OCHM HCIOJ KJbyHa, a To oMoryhaBa kpahe myrame
bayunnauM aenuhuMa 0 paBHOTEKHOT ToJioxkaja. Y ciydajy Vy= 6 m/s, ciuka 6la,
00JTacTH jeTHaKUX MpPUTHCAKa Cy 3BOHACTOT OOJIMKa y JOMEHY, a HCIOJ caMor Bpxa
KJbYHa 3aTBOpeHe enmrcacte Kpue. DuywnHu nenwhu mMpojackoM Kpo3 oO0IacTH

JeIHaKuX MpHUTHCAaKa cajia Mopajy Jia mpoJja3e JTyXKH IyT, O BpxXa KJbyHa Ka CI000/HO]
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MOBPIIIMHY, 1O JTYYHUM TyTamaMa y JYOWHHU T0Jba, 32 PA3JIUKy OJ MyTama TOOHjeHHX
Py Mamoj Op3uHH. Y 00JacTH OKO KJbyHA, IyTame (QIyHIHHX Jeiauha cy kpahe u
OJIrKe BEPTUKATHOM II0JI0XKA]y, HETO IITO je ciy4aj mpu Mamoj Vy = 0.6 m/s, 300r Tora
IITO Cy OKO KJbYHA YCKe 00JIaCTH jeJHaKHUX NMpPHUTHCAKa, ciauka 6la .

Hymepuuke cuMynanuje peaTaCTHYHO Cy TpUKaie o0IrKe Tanaca, ciauka 66. Ho,
3a TOCTH3alke MPENU3HUjUX pe3yiTara MOTpeOHO je HACTaBUTH HCTpaKWBama ca

HU3MEHOM YCJIOBa CTpYjama, HyMepHUKHX [apaMeTapa 1 Imapamerapa came Mpexe.

7.5. Chiu4HOCTH cTpyjama (paayuaa oko Boaomapa u BHST

Amnarnornja usmely nmorahaja 3apamama BogoMmapa U BHST je m3Benena ma BHST —
BOJIOMAp, C THM JIa je TpaBall 3apamarha Ha MIPEHeT y BUJIY IpaBlia KpeTama Bo3a.
Cnuka 67 mpukasyje pacmoJieny ryCTHHE 110 BUCHHH, Ha CJIMYHOM MECTY Kao KOJI

HYMEpPUUKUX XUAPOJIUHAMUYKUX TECTOBA, X = 8 m, y cnmobonnom ety BHST.
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Cnuka 67 CiamgHOCT cTpyjama u3Mely Taaca BoJie OKO KJbyHa BOJIOMapa M pacIojiene
I'YCTHHA Ha UCTOM PEIaTUBHOM PacTojamy OJ1 BpXa KJbyHa 3a JiBa HamaaHa yriaa BHST

[Ipu HynToM HamagHoM yray, o = 0° pacmojena TycTHHA je MPHOJIMKHO

CUMETpUYHA U OJHOCY Ha IIpaBall KpeTama (y CKJIaay ca IpOMEHOM KOHTYpE), TOK IpU
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o = 6°, 3aapkaBa OOJIMK CIIMYaH TajacuMa Boje (JIeTalb Y YIIIy CIIHKE), TOCMaTpaHo Ha
Mecty x = 8 m (mpuOiM>kHO Ha MeECTy 3a KoOja je MepeHa BHCHHA Tajaca y
XUJAPOJTUHAMUYIKAM TECTOBUMA M HYMEPHUKHM CUMYJIAIHjamMa).

[Ipu Op3urm M = 0.2, a = 0° x = 8 m, mobujeHa pacmojena TyCTHHA IO
BEPTUKATHOM MpaBIly j€ MoKazaja CIMYHOCT ca OOJIMKIMMa Tajaca KOjH je CTBOPHO
OMOHWYKHU MOJIENT Y BEpTUKAITHOM Majy, ciuka 67. O6nuk Tanaca Takohe je 3aBucaH oJ
o0HMKa KOHType Tpema IpaBily cTpyjama. JlokamHa rycTrHa Baszayxa M3HAJ Topmhake
BHST je 3a p4 = -0.006 py, a ps = -0.005 py, npu yemy ce ca 0b6e cTpaHe BPEIHOCTH
nosehaBajy /10 po, Kpo3 II0Jb€ IO BUCHUHM (HEraTMBHE BPEAHOCTH O3HAuUaBajy Ja je
P4 < Po)-

[Ipu 6p3unu M = 0.2, a = 6°, x = 8m, nokanHa ryctusa p4 ~ -0.0022 py, a ucron
nomake py4 =~ 0.0069 py. Bpennoctu ryctrHa mpare o0JIMKe Tajlaca BOJIe Y CMHUCIY Jia ce
HaJ TOPHAKOM BpeTHOCTH p moBehaBajy 10 pg, JAOK c€ TMOJ JOHAKOM BpPEIHOCTH
CMabY]jy JI0 Po,

[Ipu Op3unu M = 0.4, o = 0°, x = 8 m, jokayiHa rycTHHA pa = -0.027 py, a ucnon
Jomake 3a pa ~ -0.015 py, mpu yemy ce ca obe crpane BpeaHocTu mnosehasajy 10 po.
KpO3 M0JbE€ M0 BUCHHH.

[Ipu 6p3uan M = 0.4, o = 6°, x = 8 m, p4 = -0.118 py npu yemy ce BpeTHOCTH
nosehaBajy 110 po., Kpo3 1oJbe 1o BUCHHU. Mcrioa qomake cy cajia u3pakeHe BpeTHOCTH
yA'u C": py=0.009 po, 10K je pc- = 0.028 py.

Kako ce y uctpakuBamy mocMaTpajy CIIydajeBH MOJKPUTHUYHHUX CTpYyjarba, MpH
paznuuuTUM Op3WHama IpuKa3ajia ce OYeKHWBaHa CIWYHOCT cTpyjama. llopeheme
3apamarka 1moJ yriaom (cauka 53) u cimoboauor nmeta BHST M = 0.2, o = 6°, x = 8 m
(cmuka 67) moKasajo je BEIMKY CIIMYHOCT M THME MOTBPIMIIO KOMOMHOBAaHY METOIY
Kao BaJMJHY 3a CBPXY JAM3ajHHpama nojasHux nu3zajua BHST na ocHoBy mopehema
obmuka Tanaca. [Ipema kputepujyMy 3a MpOIEHY INapamerapa Ju3ajHa, Ipema
yCIIOBUMA KpeTama MCTaKHYT je 3Hauaj MOJI0XKaj Tauyke OJ[Bajarba Tajaca off KOHTYpe
Mojena, A, Ipu YeMy je 3a yClIOBE MOJKPHUTHYHOT CTpYyjarma Mo KOHTYpU MOTpeOHO /a
Ce OHA HaJla3W WCIIOJ] WM Y BUCHHHA HHUBOA MUPHE TOBPIITHHE BOJAC. XHUIPOTAHAMUIKA
€KCIIEpPUMEHTATHU U HYMEPUYKH TECTOBU Cy JAepHUHHCATIN TO0JI0Ka] A Ha KOHTYpH
OmoHMYKOr Bojomapa Ha mnpuOmmwkao 0.019 D mpu V), = 0.6 m/s, OTHOCHO

0.2 <Frc <0.1. Tlogarak mobujen aymepuukuM cumyiamnujama 3a BHST y cnmo6omaomM
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ety M = 0.2, o = 6°, x = 8 m, Ha ropmanu je p4 = 0.022 py.

Nmajyhu y Bugy na je reomerpujcka cnmuuHoct BHST ca kibyHOM Bomomapa
3a/IprKaHa 1o AykuHe o1l 14 m, y3 KOpEeKIHjy BpXa Hoca (3aMemeHa je PajiijycoM paau
HUCIYHheha MPEMOPYUCHHX HOPMH 3a KBAJIMTET MpEXKe) M Ja je IUJb UCTPaXKHBarba
aHaiM3a MOTYNHOCTH M MPEIU3HOCTH MPUMEHE aHaJIOTHje, Ka0 U HHEHO MPOLINpEIsE,
u3mely mpupomHor gqorahaja W IKeJbeHOr OWOHHMYKOT JH3ajHa, pe3yiaTaTH Cy
MPOTYMaueH! Kao MPHUXBATJbUBH, a KOMOWHOBaHA METOJa Kao NMPUMEHJBUBA Y CBPXY
HUCIUTHBamka HOBUX Ju3ajaa BHST.

Crmuka 68 moka3syje pacmojenia TyCTHHA 1O BEPTHKATHUM JIMHHjaMa Ha 8§ m oJ

Bpxa Hoca 3a paziaumunmte KoHburyparmje 2D BHST wu Tpm Op3mHe mnpu HyiTOM

HaIpaJHOM YIIIy.

x=8m
SR B A |
o &
i -4 w =
ﬁ u : ° 'g‘ g
H fan as © = =
: a, L, E
u mal A ©® ? S 0
: A 20, )
] = =4 an e AR 0 O e
— | | SAU SA [} 0 T T T T T T T T T T T
g H 540 ne © 0 2 4 6 8 101214 2426
[Ram) o o]
~ 2 — ! E ?, Xcontour [m]
-, E § e VUT 27: M =0.2, tunnel,
4 A VUT29: M =0.3, tunnel,
] s VUT 25: M= 0.4, tunnel,
0 s VBZ21: M = 0.2, free, a=0°,
4 VBZ20: M =0.3, free, a=0°,
= VBZ19: M = 0.4, free, a=0°,
T E I !Ag I E o VTX03: M =0.2, ground, a = 0°,
& VTX02: M=0.3, ground, a. = 0°,
= — @\ o VTXO01: M = 0.4, ground, o = 0°,

p [kg/m’]

Crmuka 68 Pacmosena rycTrHa 1o BEpTUKATHAM JTUHHjaMa Ha 8§ m o] BpXxa Hoca 3a
paszmuunte KoHpurypamnuje 2D BHST (cmobGoman jer, oTBOpeHa npyra, TyHeN) H
o6p3une M =0.2, 0.3, 0.4

Hajmame BpenHOCTH JOKaJTHHMX TYCTHHA Cy c€ IpUKazalie 3a KOH(UTypalujy
BHST y tyneny. Bpennoctu rycruna y tauku A Ha ropwanu BHST y tyneny npu
paznmuuutuM Op3unama cy: M = 0.2 — p4 = -0.010 p,, M =03 - p4=-0.03 p, u M =04
—p4=~-0.017 p,. JloOHjeHE BPETHOCTH Cy Y peraTuBHOM ojHOCY 10 myTa Behe o1 uctux

KOJI XHJIPOJIMHAMHUYKOT EKCIIEPUMEHTA, IITO j€ MPOTYMAuyeHO YTHUIIAjeM OrpaHHYerha
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npocropa oko BHST, omHocHO ryOHMTKa TE€OMETPHjCKE CIUYHOCTH JBa (HHU3UUYKA
Mozena. Pacrosiena ryctuHa ca cTpaHe Topmhake y CBUM KOH(UTypalldjama CIU4Ha je
00JIMKY Tajaca BOJe, Y CMHCIY Jia Cy Ha T€OMETPHJCKH CIMYHOM MeCTy, X = 8 m, 1o
CBUM Op3uHaMa p4 < py U pc < pyciuka 68.

[TocmaTpameM H30-TYCTHHCKUX JIMHHja W3HAJ ropmake BHST y pasmuuuntum
KOH(pHTypamijaMma W YCIOBHMA CTpyjama, 3amakeHa j€ CIUYHOCT OOJIMKa W30-
TYCTHHCKHUX JMHHja Kox KoHpurypanuje BHST y Tyneny ca myramama (ayumaHux

nenmha BoJie KO 3apamarma BoJioMapa 1o Kocoj myTamH, ciimka 69.

04 05 06 07 07 08 09 10 11 12 1.2

(a) m3o-rycruncke smuuje, BHST y Tynemy

1100.0000
1032.3192
981.5585

: \‘\Fopﬂaal\*a KJbyHa

-185.9360
-236.6966
-287.4572
-338.2178
-388.9785
sl
gg;%g% . 4'/IIO[LaKa KJbyHA

(0) myrame Qurynaanx aenuha, Vy~ 0.6 m/s

Cruka 69 Cowanoct u3mel)y mytama payuaux aenmmnha BoJie M H30-TYCTHHCKUAX
nuHUja Haj ropmwakoM BHST y tyneny
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CamgHOCT je m3pa)keHa y 00JIaCTH HOCHOT Jiella TOpake. Y TPOCTOpY HCIpe
3ayCcTaBHE TayKe, H30-TYCTHHCKE KPHBE Cy IMIOCTABJHEHE TAKO JIa 3al0YUIbY Ha TIadoHy
TyHeJa, a CYyCTHYy c€ Ha MECTy BpxXa HOCa — 3ayCTaBHO] TayKd. ¥ 00JacTH M3HA CaMor
BpXa HOCA, HM30-TYCTHHCKE JIMHHje C€ TaKohe CyCTHUy y 3ayCTaBHO] Ta4yKH, ajH
3ay3uMajy MPUOIMHKHO BEPTUKAITHY IpaBall, yrpaBaH Ha IpaBail CTpyje, ca yIaberheM
ol KoHType. M3a 3aycTaBHe Tauke, W30-TYCTHHCKE C€ CYCTHUY y 3ayCTaBHO] TadykH, a
IbUXO0BA 3aKpUBJbCHA ITyTarka, HATMK MyTamama (GuryunmaHux jaennha cToju npuibyOJheHO
y3 TOpmaKy, Jo TpuOmmkHO 1/4 1y)XWHE 1ena Hoca, KOJU je JW3ajHupaH
OMOMUMUKPHJOM ca BojoMapoM. Hu3 KoHTypy, Ha Jieny 10 NpuOImKkHO 1/2 OnoHMYKOT
JIi3ajHa, W30-TYCTHHCKE JIMHHjE Cy CIIMYHE ca MyTamama (QIyuaHux jgenuha y oOmacTtu
Bpxa Tanaca. Kako cy cBe nzaOpane Op3uHE MOJKPUTHYHE, KOJI CBUX C€ TI0JaBHO BPJIO
CIIMYaH pacrope]] H30-TYCTUHCKUX JIMHMja U U3 TOT pasyiora yTuilaj Op3uHe Ha OOJHK
M30-TYCTHHCKHX JIMHH]a HUj€ TIOMHEbAH y OIHUCY.

[TojaBa cimmanOCTH M3Mel)y M30-TYCTHHCKHUX JIMHHU]jA U ITyTama QuIyuaHux aenunha
je mpoTymMaueHa HAYMHOM KpeTama (GIynaHuX aeiawha WCIOJ TOBPIIMHE W YCIIOBa
XUApayJudKe aHajJordje. XuIapayJindka aHajioruja oOe30ehyje CIMYIHOCT ciI000IHe
MOBpIIMHE BOJE€ M TYCTHHE Ba3lyxa, IOCMaTpaHMX Yy pEJaTHBHOM OJHOCY Ha
pedepeHTHE BpeTHOCTH — IyOMHY MUPHE BOJIC U CTarHaI[MOHY T'YCTHHY. Y 3aMpP3HYTOM
TPEHYTKY, NIPH TOJKPHTHYHAM yclIoBHMA, Fre < 1, KOHTYypa c1000/He TIOBPIIHHE BOJIE
je opmupana oy GayuaIHUX Jenuha KOju Cy JOILIH U3 00JacTH ca UCTHM IMPHTHUCKOM,
Qi TOJ pa3IMYUTHM TpaBIHMa Harumba W ca pa3nuuuTuM Op3uHama. Kperame
baynnHux aenuha Koju YuHe cJI000HY MOBPIIMHY BOJIE j€ MOCIIEINIIA POMEHA yCIIOBa
CTpyjama Kpo3 UCTOpH]y norahaja, a Koju 3aBuce O] yaapHe Op3uHe U 00JIMKa KOHTYpe
OmoHnuykor Moxena (cmuka 66). Ha cioGomHO] MOBPIIMHU BOJE Blada jeIHAKOCT
nputucaka m3mel)y nokamxe armocdepe u Bome. Ho, ¢uymmam menwhu momro ce
¢u3nuky Hal)y Ha ¢1000IHO] TOBPIIMHHU HE TIPECTajy J1a ce Kpehy, mpemMa HyMepHIKUM
pesyatatuMa (IITO TOKa3yjy BEKTOpH Op3uHa GQIyHIHHX Jeiauha 1mo  cio00HOj
MOBPIIIMHU) CBE JIOK C€ JIOBOJHHO HE yAaJbe U U3ry0e eHEprujy, U Ha MECTY Jajbe O
MecTa yJiapa IJie je MUpHa IOBPIIHHA BOJIE.

[Iytame ¢paymmaux nenwha, cauka 69, ce cactoje o BeawKor Opoja GiIyHIHUX
nenmuha Koju 3ay3WMajy peliaTHBaH I0JIOKa] Y OJHOCY Ha MHUpPHY TOBPIIHHY BOJIE,

onHOCHO, ayOuHy. CIHYHOCT ca W30-TyCTHHCKHM JIMHHjamMa je TMOTpakeHa Yy
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3aMUIIIJBEHOM TI0JI0OXKajy HU3a (IYHJIHHUX Jeduha w3 00JacTH jeJHaKWX IMPUTUCKA, a
KOJH TIPHIIQ/Ia]y pa3IMuuTUM TyTambaMa, ajld 3ay3UMajy pellaTHBHE I0JIOXKaje Y OOIUKY
3aMHIIJBEHUX TIOJIBOJIHUX Tajlaca, YMja KOHTYypa YWHHU TpaHully m3Mmely Quymmamx
nenuha y ciojeBHMa ca jeHAaKUM JIOKAJTHUM MPUTHUCIHMA. Y 3aMpP3HYTOM TPEHYTKY,
jenaH ynasbeH QIyuaHH Aenuh o7 MecTa 3aparmara, Hako HHje TUPEKTHO y3 KOHTYPY,
OWo je mo MyTamHu MOMepeH OJ CTpaHe cycenHor. DuyuaHu nenuhu Mo MmyTamH Cy,
rJIeIaHo yHAa3aJl Kpo3 UCTOPHjY, TOMEPEHH O] CYCEeIHOT Ha MCTO] IyTaU PEIOM CBE JI0
IPBOT KOJU j€ AUPEKTHO MOKPEHYT JEjCTBOM MOJIeia O BOJy NpH 3apamamy. PenatuBan
nonoxaj QGuymaHuX genuha, Tpema JIOKAJIHO] JyOWHH, j€ OYeKHMBaH Jla Ce OIHOCH
JeHaKO Kao pejaTWBaH OJHOC TYyCTHHA Yy CTPYJHOM IIOJbY IpeMa CTarHalUuOHO]
BpeHOCTH. Ha 0Baj HAUMH je MOKYIIaHO Jla ce XUApayJIndKa aHaJIOTHja MPOIIUPH U Jia
ce poHahe cimuHOCT M3Mel)y CTpyjama UCTIO]T IOBPIITHE BOJIE M Y CTPYJHOM ITOJBY OKO
BHST y tynmeny. Kako HHje 3a70BOJHEH YCIOB TE€OMETPHJCKE CIIMYHOCTH, 300T
IPUCYCTBA TyHEJIa KOJH OrpaHMuaBa CTpYyjame, HUje OYeKHMBaHA MOTIYHA CIMYHOCT.
JemHakoCT M30-TYCTHHCKUX JIMHWja W TyTama (Gruynaaux aenwha je mocTaB/beHa Kao
JIOJIATHU YCIIOB CIUYHOCTH KoJ koH(purypamumje BHST y Tynemy, ¢ oO3mpom nma je
CIIMYHOCT Tajlaca BOJIE W pacmojeie TyCTHHAa 10 OOJMKY |  TIOJ0Xajy
KapakTepUCTUYHHX Tauaka, ajld He M Yy pEJaTHBHUX BPEJHOCTH KOj€ OIHCY]Y.
[IpemomhaBamem ommcaHa aBa (u3WUKa MojeiNa XHUAPAYTHYKOM AaHAJIOTHjOM, Ha
OTMICAaH HAYWH, C€ JKEJNeJI0 JIa Ce TOCTUTHY CHUTYPHHJH 3aKJbydlld y TpBOj (a3um
TU3ajHUpama, Kama ce  w3abpaHW W33  UCOHTYje  XUJAPOJUHAMHYKUAM
EKCIIEPUMEHTATTHIM U HYMEpHUYKHM MeTonama y 2D mpoctopy.

Kao «kpajmu pe3ynraT, y OBOM HCTPaKHBAIKY j€ YCBOJEHO IIpeMoIlrnhemne
XUJIPAYJIAIKOM aHAJIOTHjOM TIpH MpoIeHu pacnojene ryctune oko 2D BHST y tyneny,
a oJlaTiiec W OCTAMX MapaMmerapa cTpyjama, 0e3 003upa Ha HEMPEIU3HOCTH CaMUX
BpenHOCTH. HymMepruuke cuMymnanuje cy 3Ha4ajHO TIOMOTJIe Yy aHAJIM3U CTPYjarma UCIIOJ
MOBPIIIMHE BOJIE, MTO 0e3 yrmoTpede BUCOKOTEXHOJIOIIKE OolpeMe HHje Moryhe W3BecTH

Y XUAPOJUHAMHUYKOM CKCIICPUMCHTY
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7.6. 3akbyuak

Xuapaynduka aHaJorHja ITIOCTaBJba CIMYHOCT u3Mely oOmuka cioboHe
MOBPIIMHE BOJIE Yy KaHalIy ca IPOMEHOM TYCTHHE Y CTpYyjalby KpO3 TI'€OMETPH]CKH
CJIMYaH MPOCTOP, Y PETATUBHUM OJJHOCHUMA ITpeMa PaBHOTEKHHUM, OJJTHOCHO, 3ayCTaBHIUM
BpEJHOCTHMa, TTapaMeTrapa ciioboHe moBpmuHe — cTpyje. OBaj JAe0 HCTpakuBama je
W3BEJICH Kako O ce yrmopeauo MpHupoHH Jorahaj MaHeBpa oOpyIaBame — 3apambarbe
BOJIOMapa, (HU3UKATHOCT II0jaBe Tajlaca, W TMPOHAINIAa CIWYHOCT CTpyjama ca
omonmukuM u3ajaoM BHST y pazmuuntum koH(puUrypaiujama Ha mpy3u ¥ cI10001HOM
JeTy.

Y OBOM HCTpaXWBamy je TpakeH pelaTHBHH OJHOC wm3Mely mapamerapa
CTpyjama, o0iHMKa Tajaca y BojaW, pacmojnene ryctuHa oko BHST, m mapamerapa
JM3ajHa, TPH MOJAKPUTHYHUM YCIIOBHMa, Kako OW Ce Ha OCHOBY XHJIPOJMHAMHYKIX
UCTIHUTHBaka M TMPUMEHOM XUIpAyJHUKe aHAJOTHje€ MOIJIO MPOLEHUTH Ja JIU JTU3ajH
MOJKe JIaTH 3aJI0BOJbaBajyhe aepoHaMUYKe KapaKTePUCTHKE.

CmuunocT cTpyjama koj Bojmomapa u  BHST, noOujena kao pesynrar
KOMOMHOBaHE METOJEC — XUIPOJMHAMHUYKHX HUCIUTHBAIA, HYMEPHUUKUX CHMYJIaluja 1
MPUMEHOM XHJIpayJidKe aHaJlOTHje Cy ToKasajga Jia je ca JIOBOJAHOM TadHoIlIhy
oncimukaHo crpyjatbe Ha BHST, ouekmBaHO W3 XUAPOIWHAMHYKHX TECTOBA ca
OMOHMYKHM MOJICIIOM H JIa CE JIe0 KOHTYpE BojoMapa J0 KOpeHa MOXE YCBOJUTH Kao
noJia3Hu Ju3ajH ropmake Hoca BHST y nmammem wmcrpaxuBamy. [Ipenas ca koHType
KJbyHa Bojomapa Ha koHTypy Tena BHST, m3Bemen pammjycoMm koju TaHrmpa o0e
KOHType, TOKa3ao ce J00pUM pememeM ¢ O003UpOM Ja IMPOU3BOJAH pPaBHOMEPHY
pacnoneny nputucaka ayx BHST.

VYHyTap cTpyjHHX T0Jba je Takohe yodeHa CIMYHOCT u3Mel)y myTama (umIHuX
nenmwrha, y BOJM, U pacriopeay HU30-TYCTHHCKHUX JIMHH]A, ¥ CTPYJU HUCHpPE] ImocMaTpaHe
tauke Ha KOoHTYpu BHST. Xwuapaynwuka anamordja je mpolmupeHa W Ha aHAIU3Y
CTPYJHOT T0Jba y TOAKPUTHYHUM pexumuMa ctpyjama BHST y TyHeny xox kox Huje
MOCTOjaia OYUTIIeHA CIIMYHOCT CTPYjama, Ma je OMII0 HEeOMXOIHO OTPAKUTH JIOTaTHH
YCIIOB CIIMYHOCTH KpO3 MpeMOITherhe XUIpayInIKOM aHaJIOTHjOM.

VY oBoM mcTpakuBamy je MojenoBaHo 2D crpyjame ca nuibeM na 6u ce Beh Ha

OCHOBY PENIaTUBHO j€THOCTABHUJUX MOjIeia, KOjU Cy IO BPEMEHY U pecypcruMa Mambe
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3aXTEBHHU, MOTJIO OJUTYYHTH O HACTaBKy ynoTtpede ojapeheHor nusajua.

CBakako, HacTaBaKk WCTpakuBama y3 YHOTpeOy TMperu3He oOlpeMe 3a
eKCIIepUMEHTATHA Mepeba B Bu3yenu3anujy crpyjama (PIV, LDA, 6p3e kamepe Bucoke
pe3omyIje), BapHpame ylIa3HHX Iapamerapa, JAyOWHE W TMOCTaBKE y HYMEPUUKUM
cuMyTanyjama Jajgo OW W Mpenu3Huje MojaTke, Kao W 00Jpy ciauMvHOCT. Takohe, ce
npeniaxe y 0ynyhuM ucrpakupamuMa IpOIIMpEEe MporpamMa Ha XUAPOJAUHAMUYKA U
HyMepHiKa ucTpaxuBama Mmojieia BHST ca BapupameMm napamerapa 1nu3ajHa U l5HXOBO
UCTIUTHBAE Y PA3IMUATUM KOH(]HUTpaIjama, Kako OU ce 3370BOJHHO TOTIIYHO YCIIOB

FeOMCTpI/IjCKe CJIMYHOCTH Ha I_[CJ'IOj AY)>XUHHU MOJCJIa.
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8. BUOHHNYKHU 3D BO3 BEJIUKUX BP3UHA

8.1. IlpesiuMuHApHA HYyMepHUYKA HCTIMTHBAaKA BO3a 32 BeJIUKe Op3uHe

[IpenumuHapHa HyMepHYKa HCIIUTHBAKkA BO3a 3a BEJIMKE Op3MHE Cy U3BEJIeHa 3a BO3 Y
KpeTawkby OTBOpeHOM mpyroM, npu Op3uHama g0 200 km/h. HcnutuBane cy
KoH(}Hrypanuje ca u 6e3 aepoAMHaMHIKIX Koununa [9-13].

N3abpann cy CTaMOHApHH YCIIOBH CTpYjara, CTAI[MOHAPHH MOJIEN BO3a H
MOKPETHH MoJien Tia. Ha OCHOBY MpellMMUHAapHUX HCIHUTHBama Ccy ojpehenu:
MHUHUMAJTHH TOTpPeOHH TabapuTH JOMEHa, rpaHUYHU MehycoOHM ToJiokaj BO3-TIIO,
MeTOJla KpeHwpama Mpexe ca 30HaMa O] YTHIaja, OKBHPHE BPEIHOCTH YJIa3HHX
moJlaTaka 3a HyMepHuuKe CUMYJIaIyje U ClI..

[IpenuvmuHapHa Hymepuuka HCOUTHBama [9-13] U ucTpakuBama IMpUKazaHa Y
[4,34,40,43-61] u np., cy Ouna ocHOBa 3a JeUHHUCAKHE METOJIa U MTOCTaBKH MpodiieMa

3a ucnutuBame 2D, 3D BHST u SHST.

8.2. AeporyHesicka ncnutuBamwa SHST

AepoTyHelcKa UCITUTUBAa CTaHIapIHOT OMOHUYKOT Bo3a 3a Beniuke Op3une, SHST, cy
o0yXBaTuiia MEpPEHE paciojiesie TemrepaTypa o MOBpIIMHAMA MOJIENa, BU3yeIH3aIujy
CTpyjama Mo MOBpIIKHAMA MOJIENa, U MEPEHE OTIOpa MOoJIeNa y PUCYCTBRY Tia.

[{usp OBOT AeTa HCTPaXKHUBAMKA j€ J1a CE OJIpeJie 30HE JTAMUHAPHOT B TypOyJIeHTHOT
CTpyjama Tako ITO OW ce 3aXTeBHA Mepema pacrojeiia IMpPUTHCaKa OKO U IO
noppiHamMa wmojena [22,113] 3ameHmsIa MepewmeM pacrojielie  TeMIeparypa.
Pesynraru UI[T mepema cy BepupUKOBaHHW BHU3yeIU3alHjoM cTpyjama. Ca apyre
CTpaHe ITUJb je OMO ce aepOTYHEJICKUM UCTTUTHBAmIMA BeprU(UKYje HyMepUIKa METO/Ia.

Cpakako JeTajbHa ACPOTYHCJICKA HCIIUTHUBAba CY HC3aMCHJbUB H HajMepOI[aBHI/IjI/I
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U3BOp MH(pOPMAIHja O ACPOTMHAMIYKAM KapaKTepHCTHKaMa MOJIeIa.

[lwp umcnuTrBama je OMO M Ja ce yBeAe y aepoTYHEICKYy Ipakcy Mepeme
pacrionene Ttemneparypa mnomohy WLl Tepmorpaduje y HOAKPUTHYHOM pPEXKUMY,
UCTHTajy MOTYhHOCTH MeTOJle M Ha Ta] HAYWH CKpaTH BpEeME W yMame TPOIIKOBH Yy
OJTHOCY Ha CTaHJapJHE METOJe AaCPOTYHEJIICKHX HCHHTHBAmba Yy TII0YETHO] (a3u

JIi3ajHUparba MPOTOTHITOBA.
UcnutHu Moae

Mogen SHST je nu3ajHupan mpeMa reOMETPHjCKHM IapaMeTpuMa MPUPOTHHUX
obnuka puba Oapakyne W AenduHa mMpeMa UCTpakuBamuMa 2D OHO-MHCIUpPHCAHUX
mu3zajua BHST [27,172,173] (ITpwnosu 7,10,11). Takohe , o6muk u radaputu SHST cy
TaKBH JIa CE MOTY jeTHOCTAaBHO M3BECTH M OJrOBapajy aepoTyHeJICKUM 3axTeBuma [113].

Cmuka 70 mpuka3syje reometpujy SHST pasmepe npumarohene 3a ucnutrBama y
aeporyneny T-32. Mogen SHST, je wuspahern mnpema 3D HymMepuukoM MOy,
nu3ajaupad y PRO/Engineer CAD/CAM codtepy. Monen SHST je mpensuben 3a
Mepere CHJIe OTIIOPa, BU3yeIN3alli]y CTpyjama U TepMorpadcka CHIMama, Te je U3 TOT
pasznora u3paleH o] TUTOBOT JIpBETa, TpeMa3aH 3alITHTHAM CJI0jeM U IIPHOM 00joM.
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g

\ !
. o) 4

k%Monen TJ% Iloxn :

858.75 1} ‘

=75

300 |h

|

Cmuka 70. Ctangapaau OMOHHYKH BO3 3a Benmke Op3uHe SHST

Mopen je u3pahleH KOMOWHOBAaHOM TEXHOJIOTHjOM, MAIIUHCKH W PYy4YHO, ca
tayHomrthy ox 0.5 mm. Mogen je monupaH kako y melyomeparijamMa Tako W HaKOH
HaHOIIIEHa 3aBPIINHOT clioja 00je Kako OW ce MoBpIKMHA GUHO MaTHpaia U yjeTHATHIIA

3a moTpede CHIMama TOKOM BH3YyeIU3allije U TepMOTpaPCKUX Mepermba.
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AepoTyHea

Y oBoM pajy je maT mpukas mMaior moa3ByuHor aeporyHena T-32, BTU BC, xoju je
ynoTpeOJbeH 3a uctpakuBama [113,172,173]. Aeporynen T-32 je 3arBopeHOT THIa ca
MOJIy-OTBOPEHUM paJHuM JiejjoM. KopucTh U  Kao CeKyHJapHH CTaHaapa 3a
UCIUTHBAamka Pa3IMuUTHX MEepHHUX ypehaja niam ocBajarbe HOBHX METOJIa MEpema , Ipe
cBera 300T KBAJIUTETA CTPYyj€ Y PaJHOM OIICETY, IPUCTYNAYHOCTH, ()YHKIIMOHAITHOCTH H
MamUX TPOILIKOBA HCTpaKUBama y OJHOCY Ha Apyre aeporyHene y BTU. Jlerarman
OIIKC, KapaKTePHUCTUKE U MPUMEPH €KCIIEpUMEHaTa cy npukazanu y [113,151].

Konctpyknujy Tpyde aepoTyHena npukasyje ciauka 71.

CerTHe JijonaTuine

Benuko kojieHO
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Cmuka 71. lllemaTtcku mpuka3 moA3By4YHOT aepoTyHena T-32

Koncrpykinuja oBor THma o0e30ehyje BpeMEHCKM HEOTpaHHYeH paj ca
KOHTPOJIMCAHOM Op3WHOM CTpyje Basayxa, aid 0Oe3 xyahema Ba3ayxa TOKOM paja.
Juzaju tpybe, a moceOHO KosiekTOpa, caha u mporenepa 06e30ehyjy cTpyjy BHCOKOT
kBanuTera. KOHTpOIa yciioBa cTpyjama ce W3BOJM PYYHO IpeMa WHAMKATOpy Op3uHe
CTpYyje mpoMeHOM Opoja oOpTaja mporenepa.

AepoTyHel je omnpeMJbeH clieichuM crcTeMUMa: MEPHHM CHCTEMOM 33 MEpEHe
yCJIOBA CTpYjarba y PaJHOM JIETy, CIOJbAIIbOM aePOJHHAMUYKOM HIECT-KOMITOHEHTHOM
aepoBaroM 3a Mepeme aepoJWHAMHUYKHX onTepehema Mozena, CHCTEMOM 3a Meperhe

pacnoaciic mMpuTucaka, CUCTEMOM 3a IMPUKYIIJbalbCe IMoJaTaKa Ca CICKTPUIHUX MECPHHUX
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ypebaja ¥ KOMIUIETOM 3a BH3yelIH3allHjy Kao W APYTrHX KOMIUIETa HEOIXOTHHX 3a
npaheme KBaTUTETa CTpyje W Mepema (Hamp. KOMIUIET 3a oapehuBame ¢axTopa
TypOyJIeHITHje ca KYTJIOM | JIp.).

VY aeporyHeny ce mMepe aTMOc(epCKH NPHTHUCAK, Op3MHA W3 MEpema pPasiihKe
3ayCTaBHOT M cTaTWukor momohy I[IMTOT 1eBM W mpuMapHOT MEpHOT CHcTeMa, U
TeMIeparypa y pagHoM Jieiy.

KBaymureT cTpyje y pamHom neny je ommcal ¢akropom typOynenimje TF = 1.14,
onpehen TtypOyrmenTHOM KyrioMm. JlompwHOC ojcTynama Op3uWHE 07 HOMHHAITHE
BpenHocTH, AV/Vgp, YIIOBHOCT cTpyje, Aa, W MpoMeHa KoeDHIIHjeHTa MPUTHCKA JTyXK

pajHor jena ¢y Takohe 3aHemapspuBe (ojicTynama Mama oa 1% ) [152,153].
IlocTraBa 3a mepeme

Cmuka 72 je miematcku mpukas mocrase mozena SHST u 3emibe, a ciuka 73 mpukasyje
cHuMKe ToctaBe. Mckopuimhen je mocrojehu moxaen tia aeporynena T-32, koju Hema

oTpeMy 3a KOHTPOIY IPaHUYHOT ClIoja.

Hocauu monena Aeposara Hocauu

ca KaroTaxuma TE%W Mojejia ca

) ( KaroTaxuma
| ¢ CTP{}}’ja’ Hocauu t1a
Vp, T Mogaen Tia
ohp. T Monen
Pangnu geo \:/
3UI0BU

MOI{GII TIa CXCT pamHor aesna

a) TorJIe]T ca cTpaHe  0) MmorJiest crpeaa

Cimuka 72. Illemarcku npuka3 noctae mojienia SHST y mpucycTBy Mojena 3emibe
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0)

Cmuxa 73. IlocraBa mogena SHST ca tiom y pagHom aeiry

Caumame Temneparypcke pacnozene mo moxaeny SHST je ob6aBibeHO y 1Mo TIpBH
nyT y aeporyneny T-32 (cimka 74). Tepmorpadcka kamepa je mocTaBbeHa Ha HOcCAd
BaH paJHOT Jejia, TaKo Ja BHUJIHO ITOJbe KaMepe 3axBaTa OOUHY M JIe0 JOHE CTpaHe

MojIelia U JIeo TJia. YIIPABHO pacTojame oJ 00jeKTHBa KaMepe JI0 O0YHEe CTpaHe MOJela

jeL=2m.
Aeposara
Hocaun
T.ELMI'_XW Mozena ca
_ KanoTakKimma

 Hocaun ia
\Mozen Tia

e /
3ugosu
pazmHor aena

Cmuka 74. IloctaBa Mojena 3a TepMorpadcka Mepema
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Mepemwe ornopa SHST

AepoBara T.E.M: je eiekTpo-MexaHWYKH MepHH ypeha) Koju Mepu pasiiokKeHO
aepoIMHAMHYKO onTepeheme Moiena Ha TP CHJIe W TPU MOMEHTA, 33 TPH OCE JIOKATHOT
KoopauHaTHOT cucteMa [113]. PasnBajarbe KOMIIOHEHTH C€ BPINM MEXaHHYKH, JOK Ce
enmmvuHanMja MehyyTtumaja obaBiba Kpo3 Oaxmapeme aepoBare H - KacHHje
MaTeMaTHYKHM amapaToM Kpo3 CIHelnHjaan3oBaHe mporpame. KoopawHaTHH moueTak
KOOP/IMHATHOI CHUCTEMa aepoBare Ce Ha3MBa BHPTYEJIHUM IICHTPOM aepoBare W OH
MpeJICTaBIba MECTO JIC]CTBA PE3YJITAHTHE CUJIC 3a KOjH je aepoBara KOHCTpyHCaHa.

[Ipema cBOjoj KOHCTPYKIM]H OBa aepoBara je THIa ca MepHuM pamoBmma [113].
CBaku o1l OBHX pamMoBa Ha ceOM HOCH Be3HE W MepHE eJIeMEHTe ca MepHUM henuvjama,
OpjeHTHCaHE Y CMEpOBUMA JI€jCTBA MOjeAMHUX olpeherma 1 MOMEHara.

Onrepeheme aepoBare ce cpadyHaBa 3a BUPTYEIHH [IEHTAp acpoBare y CKIaay ca
Marpuiiama KamuoOpamuje wu  Melhyyrwmmaja  kKommoHeHTH.  CHenujau30BaHUM
mporpaMuMa ce ontepeheme MpeBoAM W3 KOOPJMHATHOT CHUCTEMa aepoBare ca
MOYETKOM Yy BHPTYAJIHOM IIGHTPY, JI0 aepOJMHAMUYKOT KOOPJIWHATHOT CHCTEMa,
yoOHMUajeHo Y aepoIMHAMHYKOM IEHTPY UCITUTHOT MOJIEea.

be3nmumeH3noHn  aepoJMHAMUYKH KOS(QHUIMJEeHTH CHUja W MOMeHara ce
M3padyHaBajy W3 U3MEPEHUX KOMIIOHEHTH aepoJuHaMUYKor onTepehema, 3a mo3Hate
pedepeHTHE TeOMEeTpHjCKe BEIWYHHE — JY)XKHHY Mojena, b, U MOBPIIMHY HOMPEYHOT

mpeceka, S, mpema, 3a U3MepeHe napaMeTpe CTpyjama

Rx Ry Rz
1 43)
c Mx My Mz
/

:—’ C :—’ C :—’
q-S b " og-S-1 " q-S b
IJIE Cy: Cyx - KOEQHUIHUJEHT OTIOpA, ¢, — KOeUIH]EeHT OOYHEe CHile, ¢— KoeQUIUjeHT

y3roHa, ¢; — KOe(hUIIHJEeHT MOMEHTA BaJbatba, C, — KOC)HUIIM]EHT MOMEHTA MTPOITHHbAha U
¢, — KOS(HIMjEeHT MOMEHTA CKpeTama, ¢ = p V7/2, o3HauaBa JUHAMHYKH MPUTHCAK
CTpyj€ HECTHIIJBUBOT Ba3llyxa y paJHOM [Ny, P YeMy Cy: p TyCTHHA Ba3ayxa u V'
Op3uHa cTpyje. O mHTEpEca 3a OBO HCTPAKHUBALE € caMO oJipehuBame Cy.

TadHOCT Mepema aepoBaroM JUPEKTHO 3aBHCH OJ NMPUMEHCHOT omnTepehema u
MPEU3HOCTH TIOCTaBKe MOjeNa, OMIITHX KapaKTepUCTHKA U KOHCTPYKIHje, MEpPHOT

oricera, MOCTYIKa KaJlmOpalije acpoBare u Jp.
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TepmoBH3HjcKa Mepema

Ucrpaxusame SHST je mociyxmio aa ce ucrmrajy Moryhnocta npumesre metoje UIT
y MOA3BYYHOM TyHeny T-32 w HampaBH NpeuKIfja 30HE TPaH3WIHMjEe JTAMHHAPHOT Y
TypOyJIEHTHH TpPaHWYHH CJI0] TIO MOJENTy. Y TPBOM Jiely HUCIHTHBAmAa j€ HCIUTAaHa
MOTYRHOCT MpUMeHe Mojielia, TOCTaBa MOoJieNia U YCIIOBH UCIIUTUBAA. Y JAPYTrOM JEITy
Cy U3BpIIIEHA Mepema paciojiesie TeMIeparype Mo MOJENy, BUlyenu3alja cTpyjama,
Mepeme OTIopa U HyMepHiKe cuMmylaiuje. Y ciaopu ucnutuBama npu UIT mepemnma
Cy HCTH Kao M YCJIOBH KOJI BU3YeJIM3allHje CTpyjama, Ha orcery Op3unHa oa V' = 10 m/s —
60 m/s, kopak 10 m/s. Jletajban ommc METOJE MEpeHa pacmojelie TeMIeparype ca
BH3YEIIM3aIjoM U jieo pe3ynrara cy natu 'y [113,172,173] u [pmnozuma 10 u 11.

3a ucnutuBama je kopumthena U1l xamepa 3a ungyctpujcke Hamene FLIR E40
(ITpunor 5). Kapakrepuctuke kamepe cy: pesonymdja 160 x 120 px, ykymaH Opoj
nukcena 19200 px, tepmanna ocetsbuBocT < 0.07 °C, TaunocT Mepema 2% i 2 °C,
HIDKU TeMIiepaTypHu oricer Mepema o1 (—20) °C mo 120 °C, Bumm TemMnepaTypHu OTICeT
Mepema 0 °C mo 650 °C, opruka crammapaaa 25° x 19°, mexyahenn OGonomerap u
¢dpexBeniyja cauMara 30 Hz.

CHuMame TepMmorpaMa je 00aB/b€HO MPEKO JIANTOIl padyyHapa, pajd HaKHa/IHE
obpane. O6panma TepMorpama je BpileHa Ha padyyHapy oMohy aruIMKaTUBHHUX coTBEpa
FLIR Tools u FLIR RESEARCH IR. Bpieno je mepeme TemmnepaType 1o moBpIInHaMa
MoJieNia, Meperme 1Mo n3adpaHuM MEpHUM JIMHHjaMa M HalpaBJbeHH Cy JHjarpamH ca
MHTEPBAICKUM TpHKa3uMa KOjH HCTHYY pa3InuiTe Oo0JacTH Ha TepMorpamy y

n3adpaHuM WHTEpBAIUMa TeMIlepaTypa.
Busyeam3zanmja crpyjama

Busyenuzanuja crpyjama y OBOM HCIHTHBamy je oOaBjbeHa KOpuIIhemeM YyJbaHe
eMyJ3uje y JBe TEXHHKE: MPe3UMa3uBambeM IIeJIOKYIHe OOYHe MOBPIIMHE MOeNa H
HaHOIIICHEM TauKHIla eMyJI3rje Ha 00K U TuradoH BO3a, M Ha Jeo Mojena 3eMibe [172].
CHuMIn U3 BU3yenm3aiyje ¢y HanpaBibeHH npodpecnoHatHuM CANON ¢doTtoamaparom.
CHumame je BPIICHO T0jeIMHAYHO, [0 YCTaJbehy YCIOBa CTpYjamba, a 3a UCTE yCIOBe
CTpyjama Mpu KojuMa je BPIICHO MEPEHhe OTIopa MoJiesia U TeMIiepaTypa.

CacraB yspane emymuje je: 30 ml mapaduHckor yiba, 5 ml onenHCKe KUCeauHe U

10 g dunor mpaxa TiO,. YipaHa emyi3uja je IpUIIpeMJbEHA y JIBE BapHjaHTe, O3 U ca
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OJICMHCKE KucenwmHe. EmMym3uja je MemaHa MHKCEPOM, a CBOjCTBAa Cy IIpOBEpeHa
HAHOIIICHEM Ha BEPTUKAIHY METAIHY MOBPIIMHY. KBalWTEeT je MOCTHTHYT Kajaa ce
Ta4YKUIle eMYJ3Mje Ha BEPTHKAIHO] paBHU 3aapxe Oe3 mypema 1-2 min. OBaj cacTtaB
eMyJI3Hje je yTBphHeH MCKYCTBEHO W I0Ka3ao je BpJIo no0pe pe3yiarare M y JPYyruM
AepOTYHEJICKUM MCTTUTHBAkbUMA U Ha BehnM mo13ByuyHuM Op3nHaMa y aepotyHeny T-35

[101,131,152,153].
Hymepuuke cumyianuje 3a SHST

Hymepuuku Mozien je BepaH BUPTYEIIHH MOJIEIN MTOCTABE 332 UCIIUTHBAE Y PAJHOM JIEITy
T-32, ¢ THM f1a je TOMEH paHOT Jelia MPOAYXEeH Ha 6 m 300r moTpeda HyMEpHUUKHX
Metona, ciuka 17. Ha mecty rae je pamau nmeo T-32 OTBOpeH, HYMEPUUKH €O j€
3aTBOpEH BUPTYETHOM KOHTYPOM, a TJIO JIOTWYE BHPTYEIHY KOHTYpY ca o0e cTpaHe
TaKo Jla pecela JIOMEH Ha J[Ba Jiea.

Hymepuuke cumymanuje cy m3senene y CFD makety ANSYS Fluent. Hymepuuku
monen SHST je yBezen y ANSYS Designer Application, 3a morpede Kpewmpama
Hymepuuke Mpexxe oko SHST. Uctu Mozen je 6uo u 0OCHOBA 3a U3pajy aepOTYHEJICKOT

MoJena.
Hymepuuka mpexka

Hymepuuka Mpexa je kpenpaHa y makety 3a npaBiberbe Mpexka ANSYS Mesher. Crrka
75. mpuKazyje mecT THIOBA TPaHUIla Y HYMEPUUKOM JIoMeHY: HyMepuuku Mojien SHST,
noJ ¥ TwiadoH pagHOT Jena, TJIO W 3WAOBH PATHOT Jeja ca YCIOBOM CHMETpHje
cTpyjama (CTpyjame MpaTH KOHTYpe 3WI0Ba M JIOHTHTYJAHHAITHO j€ ca OCOM PaJHOT

Jiena) , yJia3Hu ¥ U3JIa3HH MPEeCceK .

Teno ox ytunaja 1
Teno on yruuaja 2
Jlomu 3u pagHor jnena

Monen tna

Inlet

Outlet

Topwu 3un
palHor gena

Cnuka 75. I'panuiie HyMepUUyKOT Mojiefia
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Hymepuuka mpexa je HeECTpyKTypHCaHa y JIOMEHY, JIOK je y3 caM MOJen
CTPYKTYpHCAHA Y OKBUPY HYMEPHUUKOT TPAaHUYHOT cjioja . Mpexa nma ycutmeHe henuje
[0 TOBpIIMHAMa BO3a, OKOBAa M Tia, a IONyHhaBame JIOMEHa je H3BpIIEHO ca
CTaHJAPJHAM CTENICHOM IIHpera henrja o1 MOBPIIMHA BO3a U TJa Ka CIOJhAIlOCTH
JIOMEHa.

Crmuka 76 mpuKaszyje MpeXKHH Mojell koju ce cactoju ox 1 270 607 hemnuja.
Hajseha BpemHocT omHOca crpaHuIa ejnemeHara je oko 57 (Aspect Ratio), a
3aKpHBIBEHE 00sHKa (skewness) je pacmopeheHo Tako jna je Hajehu Opoj enmemeHarta ,
wrx 30% ca crenenoM 3akpuBibeHocTH 0.27, 0.13 — 26% , 0.31 — oko 20%, ocrane

BPETHOCTH CY 3HAUajHO Mame U MPOIICHEHO je Ja Hehe 3HaYajHO YTUIIATH Ha pe3yJiTare.

nm TN 00 (e} -‘_I

(a) morutent ¢ mpena (6) mornen ca crpane

Cnuka 76. Mpexxuu Mozen

Hymepuuka meTona y npumMeHH

Hymepuuke cumynamuje cy ypahene momohy HCJ ycpenmene mpema PejHonmacoBoM
MOJIeNTy 3a CTHIIJBHBO CTpyjame. OBakaB MeToa oMoryhaBa mcmpaBaH MpoOpadyH U y
0o0JlaCTH HECTHUIIUBMBOT CTpyjalbha W oOMoryhaBa TpHUKa3WBame TeMIIepaTypcKe
pacrioziesie o MoBpIIMHAMa MoJieIa.

Yrorpeb/beH je TYCTHHCKH COJIBEp, 3a CTallMOHApHYy IIPOMEHY Op3HHeE,
TypOyJIeHTHH Mozen je S-A ykibyuyjyhu W jenmHauuHy eHepruje. Pagam dayun je
Ba3JlyX TpETHpaH Kao WIeajHH rac. | paHUYHU yCJIOBU Je(QHUHHUITY BO3 KaO 3UI0BE O]
KaJIijyM KapOoHara (HajONMXKH TIO0 TEPMAITHUM CBOJjCTBHMA 00ju KojoM je 00o0jeH
CTBapHU MOJIETI U cacTaBHU Jieo 0oja ca HajBehuM yenoM y 3arnmpeMuHH), MOJIET T je

o1 JApBeTa, a MwiagoH W MOJA pPagHOT Jela Cy O] aIyMHHHjyMa, Kao y peaTHOM

177



Buomumurpuja kao memoo aepoOuHamuukoz OU3ajHUparea 603a GeNUKUX Op3UHA

ekcriepuMeHTy. boune ctpane cy neduHuCaHEe ca CUMETPUIIHUM I'PaHUYHUM YCIOBHMA
— CcTpyja BazJyxa je JOHTUTYJUHAIHOT MpaBIla ca paJHUM JelIoM. YJIa3HH Ipecek je
nepuHucaH kKao naieko mosbe mputucka (Pressure Far Field, PFF), on nedunmme
yCIIOBE CTpyjamba Ha OECKOHAYHOM pacTojamy O]l Mojena, M M CTaTH4Ke YCIIOBe.
N3na3nu mpecek kao u3ia3 y mojbe cTaTudkor nputucka (Pressure Outlet, PO).

Merona pemaBama je umiuiutHa, TaI gurykca Roe-FDS (Roe Flux-Difference
Splitting, Roe-FDS). 3abpane meToie auckpern3amnmje cy: 3a rpaaujerre Green-Gauss
Node Based, 3a crpyjame U TypOyJICHTHH MOJIET METOJIa IPYTOT peja, i TEK MOIITO
je y moueTHoj (a3u pajay JaKIIer 3armovnmbama Ipoleca KOHBEPreHnje ynoTpeObeHa
MeToJa MPBOT pena. Permeme koHBeprupa HakoH otnprimke 2200 ureparuyja, ¢ TAM J1a
je ynorpebsbena u Mmyntu — MpexkHa 138. FMG (Full Multigrid, FMG) wannujanmmisanyja
3a MOJ3BYYHO CTpPYjame pagu 00JbeT MpOHATIAKEHha MOJA3HOT pelleha, a THME U Opike

KOHBepreHiyje pesynrara [92].

8.2.1. Pe3yaratu ucnuruBama

Bepudukanuja pesyarara

Cmuka 77 nmpukasyje nopeheme ¢, y pyakmuju V 3a mogen SHST y npucyctBy Tiia 6e3
CUCTeMa 3a OJICHCaBalbe TIPAHUYHOT CJi0ja, y eKCIIEPHUMEHTY W HYMEPUYKHM
cumynanujama. llpema mobuwjeHuM BpeaHocTHMa ¢, Tpu V' = 50 m/s pe3ynratu

HYMEpPHUUYKUX CUMYJannja cy Bepu(uKOBaHH, Ciuka 77.

Ce
0.354
0.304 .
] e
0.25 | X/%W‘
i /XX
0.204 e e Acrotunel T-32: RSN 901-906
0.15] = —-v—CFD
19 —x— [Tonuuom
0.104 | |
0.05.] Y =0.103708+0.006732235714 X-5.689642857143E-5 X2
0.00

0 20 30 40 50 60 V[m/s]

Cmuka 77. Ilopeheme ¢, y dynkmuju V' 3a mogen SHST
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PesyaraTtu Tepmorpadgckux mepema

Ommc MeTone Mepema pacrojelne TeMIleparype ca BH3yelIH3alHjoM CcTpyjama ,
NpUMEHEHUX Yy aepoTyHeny T-32, neo pesynrata HCOUTUBAmka W 3aKJbYyUIld CY
npukazanu 'y [172] (Ilpwtor 10), nok je meo pesynrara UCIUTHBAA Ca MEPEHEM,
BH3YeJIHM3aIjoM U HyMepudkuM cumynardjama gat y [173] (Ilpunor 11). Crnuka 78
MOKa3yje KOMOWHAIH]y eKCIIEpUMEHTATHUX U HYMEPHYKHUX pe3yiTara (KOPUTOBaHMX U

HEKOPUTOBAHKX ) MMOBPIIHHCKE PACIIOJIENIe TEMITEpaType.
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npeobpaxaja TypOYJIEHTHOT CTpYjama

Cmuka 78. Ilopeheme pesynaraTa Mmepema H HyMepuukux BpegaHocta 7, V =50 m/s

Bepudukanmja pesynrara je obaBjbeHa W Kpo3 Mmopeheme CTPYJHHX CIIHKaA II0
noBpmmHama mojena SHST o0aBibeHO yhaHOM €MYJI3HjOM M IyTamka (QIyHIHHX
nemmrha y HymepuukuM cumystanijama [173]. Cimka 79 mpukasyje neo BepuduKaimje

pesynrata npu V' = 50 m/s. Ciuka 79a npukasyje pacnofeny ¢y morieny Ha miadon
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(HyMepUuKH pe3ysTaTu), ciauka 790 mpukazyje Tpar eMyli3Hhje Ha MOoJeNly Tia, W

nyTtame GayuaHux aenmmnha oO6ojeHe mpema TeMIlepaTypama, y oOiacTuma: o Ty, 1o

00Ky, Tuia)oHy BO3a U 'y BPTJIOKHOM Tpary m3a Bo3a.

T K]
297.31
297.26
297.20
297.15
297.09
297.04
296.98
296.93
296.87
296.82
296.76
296.71
296.65
296.60
296.54
296.49
296.43
296.38
296.32
296.27
296.21
296.16
296.10
296.05
295.99
295.94

N

Cnuka 79. Bepudukanuja nena pacrogene ¢y U3 HyMEpUUKHUX CHMYJIaIja ca CTPYJHOM
CJIMKOM TI0 eIy | TIIy u3a Mojena, V' = 50 m/s

Cmuka 80 ymopeno mpukasyje TparoBe emyisuje mo Ooky (Oeme nuHHjE) U

nyTame Quynaaux aeiauha (Kyte TuHHje) 000jeHe mpeMa TeMriepaTypama, mpu V= 50

Cmuka 80. Ilopeheme Tparopa yjbane eMmyisuje (Oerne TUHU]jE) ca MyTamama QIyHTHAX
nenuha U3 HyMEpUYKUX CUMYJIalija 000jeHHX IpemMa TeMIepaTypama y CTpyjHOM
nosby (kyte nuHuje), V' = 50 m/s

8.2.2. Tymaueme pe3y/Tara

Hymepuuke cumynamyje u Mepema IMoka3yjy HCTY (HU3UKATHOCT I0jaBa, JIETEKTY)y
TauKy peoOpakaja Ha HCTHM TO3HUITHjaMa ca cTpaHe Ooka u rmagona SHST.

Paznuke y BpemHocTHMa cy MpoTymMaueHe Kao Tocienuia u3bopa Moja3HuX
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napameTapa 3a HyMEpHYKE CHMYJIAlldje, Tpe CBera Marepujaia KOjUM je€ MOJeN
0o0JIOXKEeH, W MeToJie Mepema (IOCTaBKe 3a Mepeme W IO0Ja3HHX Iojaraka 3a
TepMokamepy). Tepmorpaduja kao MeTosia ce okaszaia Bpio eQpUKacHOM, C THM Ja je
noTpeOHO mpuiarohaBarme MeETOJIE aepoTyHely W Mojaeny. Bepudukammja ca
Bu3yenm3anjom, u3 [173] (Ilpumor 11), je moka3zana ma ce repmorpadcka MeToaa MOXKe
KOPHUCTHTH KOJI aePOTYHEJICKUX UCTIUTHBAA U TIPU TIOJ[3BYYHUM Op3MHaAMA.

[Ipema pesynratima, TepMorpaduja ce mokasaia Kao TOy3/JaHa MeToAa 3a
KapakTepu3aiujy crpyjama nmo mnospmmHama monena [173] (Ilpumor 11). Takobe,
pUMECHA HyMEPHYKa METO/Ia Ca TYCTUHCKUM COJIBEPOM, TIPH TTOA3BYYHUM Op3MHaMA,
je Bepu(HKOBaHA BU3yeIU3aIlldjoM U TepMorpadckiM MmepemuMa. Mako oicrymama y
caMHMM BpPEIHOCTHMa JTOOWjeHUX MmomMohy JBE METOJIE MOCTOje, HhUXOBa KOMOMHOBaHA
yrmotpeba nmpukasyje aeTajbe y CTPYJHOM MOJbY W BPETHOCTH IapaMmeTapa Koju ce He Ou
MOTJIH Ha JIPYTH HAUWH MPOLIEHUTH, OCUM KJIIACHYHUM H 3aXTEBHUM METO/Iama.

[Topehewe nena pacnojene ¢s a Ha MOJEIy TJa, TparoBa yJbaHe eMyJ3Hje U
nytama QuymmaHux genmrha 000jeHMX IpeMa BPEJTHOCTH JIOKATHE TeMIeparype y
CTPYJHOM TOJbYy, cimka 79, mokazama je m0o0po ciarame Ha OCHOBY 4era je
MPOTYMAYEHO Jia HyMEPHUKE CHMYJIAIMje PEATUCTUYHO OJ[paXkaBajy CTPYJHY CIUKY IO
MOJIely ¥ Y EbETOBOj] OKOJHMHH. PeaymcTwuaH mpukas mytama QIyuaHux jaenwha w3
HYMEPHUYKUX CUMYJIallija ca BU3yeIH3alljoM YJbaHOM eMYJI3|joM, TIoKa3alia je U CIMKa
80. Ilyrame ¢paynmmaux nenwha obojeHe TIpeMa TeMIIepaTypH IpaTte CTPYjHHUIIC yJbaHe
eMyJ3dje 10 CBHM IOBPIIMHAMA MOJeNia. YOUEHO je Mame OJICTyName IO YTy
NpONHbalkha KOje Ce y TMPAKTUYHOM CMHUCIIy MOXE 3aHEMapuTd, a pasiifKa je
mpoTyMadeHa Kao TMociiefuna 30upa yTHIaja Maliux pasiuka usMel)y wu3abpaHux
yJIa3HUX TojjaTaka M pealHuX BpeaHocTu (u300p conBepa, u3bop raca, u300p

Marepujajia MoJieNa U Tiia, (akTop TypOyJIeHITHje U JIp.)

8.2.3. 3ak/pyuak

AeporyHencka wucnutuBama SHST cy mnokazana nHeonxogHocT mpumene WI
Tepmorpaduje, mpe cBera 300T jeTHOCTABHOCTH U II€HE KOIITamha UCITUTHBAKA Y OJTHOCY
Ha KJIACHYHE METOJIe UCITUTUBAA Y TPAHUYHOM CII0jY, Kao IITO Cy MEPEHE CTAaTUUKUX

MpUTHCAKa N0 MOJeNy, yenubeBuma ca I[lutor commama um cm. [113,151]. Nako cy

181



Buomumurpuja kao memoo aepoOuHamuukoz OU3ajHUparea 603a GeNUKUX Op3UHA

noTpebHa Jo0JaTHa yHampehema ompemMe W Mojena Tia, MoMohy aepoTyHEICKUX
UCTPaKUBAhA Ca MEPEHEM TEMIIEPAType U HYMEPUUYKUM CUMYJIIalijama je AeQuHIUCaHO
MeCTO TpeoOpaxkaja U3 JJAMHHAPHOT y TypOyJeHTHO cTpyjame [173]. OBo je mocebHO
3HauYajHO KOJ M3Boherma HyMepuukux cumynamnuja merogoMm RANS kox kojux Huje
Moryhe mpenu3Ho oapenutu TUM cTpyjarba oko BHST. Ilpumena rycTuHCKOT comBepa,
TypOyJ€HTHOT MOJiella W jeIHaYWHE CeHEpruje OMOTYhHIIH Cy KapaKTephu3alujy
CTpyjama.

[Ipaheme mnpomMeHa HYMEpUYKHX BPEIHOCTH pacrojeie TemIeparypa Hu
Koe(uIjeHTa TOBPIIMHCKOT Tpema, Kao W oapehuBame Mecrta mpeoOpaxkaja 1o
nopmmHamMa SHST, ca goBosbHOM moy3maHomhy ce MoKe NPUMEHHTH W Ha
umaruHapHny koHpurypanujy 3D BHST, y ycrnoBuma BOXEE Kpo3 TyHEN, paju

KapakTepH3allyje CTpyjama Ha UCTH HaYHH.
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8.3. Hymepuuke cumyanuje 3a BHST y nposiacky kpo3 TyHeJ

Hymepuuke cumymanmje cy m3Benmene 3a 3D BHST mpu mpomacky kpo3 TyHen ca
IUJbEM TMPOICHE JU3ajHa MPH BOXEH Yy KPUTHYHUM YCIOBUMAa W pajld ITOTBPJE
MPUMEHCHE KOMOWHOBAaHE METOJIE OIKMCAHE Y OBOM pajay Koja je MOCIyXHia Kao
ocHOBa 3a (puHanmm3anyjy nu3ajaa 3D BHST. Kankynaiuje ca mpuMeHOM KIIH3HE Mpexe

Cy U3BEJICHE Y CEPHjCKOM IIPOIIECy U ca jeJHOCTPYKOM TauHOIINYy.
I'eomerpuja 3D OmoHM4YKOr BO3a 3a BeJIMKe Op3UHe

I'eometpuja 3D BHST ce cactoju on JBe JIOKOMOTHBE jeJIHAKHMX TE€OMETpH]a,
CydeJbeHUX KpajeBa, ykymHe ayxwHe 50 m, ciuka 81. JlyxwHa HOca mpodrumcana
omomumukpujoM je 14 m, 1OK je yKymHa aykuHa Hoca Bo3a 18 m. IloBpmuHa
monpevHor mpeceka je 8.839 m’, a 3anmpevaBambe TyHena R = 0.22. YV y3ayxHOM
MOTIPEYHOM  TIpeceKy je oxapeheHa KOMOMHOBAaHOM METOJOM 3aCHOBAaHOM Ha
xuapynuukoj ananoruju. BHST

KonTypa y y3ay)KHOM TONIPEYHOM IpeceKy NpeJCcTaB/ba KOMOHHAITH]Y KOHTYpE
BOJIOMapa ca YKYIHHM H3IyKemeM 1:6 W Jena KOHType oOJIMKa paaujyca, KOjuM je
H3BEJICHO ,,I71aTKo™ cBoheme m3mel)y koHType Bogomapa y Tena BHST. Bpx Hoca je y
OJIHOCY Ha KJbYH BOJIOMapa KOPUIOBaH, 3aTBapameM KOHTYpe KJbyHa pajujycoM, W3

TCXHOJIOOIKHUX pa3jiora " 0oJber Z[e(l)I/IHI/ICBJ-Ba CJIEMCHATa MPCXKE II0 IMOBpHIMHaMa

BHST.
. \
- |

33m

14 m
18 m

} 25m

Cmuxa 81 I'eomerpuja 3D BHST

Beprukanna npojexija BHST je u3Benena xao xomOuHanmja siena emurce Ha
BpXY HOCA, HAJIMK BPXY KJbyHa BojoMapa (cimuka 290) fenna KOHType J0make BojoMapa

(poTo-moxymenTarmja), a ceoheme ca tesom BHST je Takohe m3BeneHo pamujycuma,

183



Buomumurpuja kao memoo aepoOuHamuukoz OU3ajHUparea 603a GeNUKUX Op3UHA

Kao y ciaydajy 2D mMopmena. BeprukanHa mpojeknuja KoHType (0O0YHA W3BOJHHUIIA) j€
Cy’KeHa Ha JIy)KHMHH KOja 0JIroBapa CBEJCHO] KOHTYpH y O0YHOj MTPOjeKInjH, cauka 82a.

CyxaBame KOHTYpe Yy BEpPTHKATHO] TPOJeKIHjH C€ OJpakaBa Ha JIOKATHY
BEJIMUMHY M pacrnojieny noBpiuuHa mnonpeuHux nyxk Hoca BHST. [Ipomenama mecta
HaJI KOjUM C€ HW3BOJHM CyXKaBame OOYHE H3BOJIHUIIC W BEIMYMHA CYXemha OOUYHe
W3BOJIHUIIE BpIIEHA je Mpepacrojieia BPEAHOCTH TOBPIIMHA JIOKATHUX TMOMPEYHHX
IpeceKka cBe JIOK HHUje MOCTUTHYTA paclojiesia HOpMaIU30BaHUX MOBPIIHHA TOMPEYHUX
npeceka Omucka emumconay. OBa kopekmuja je ypaheHa Mo yriieqy Ha IPaBHIIO
MOBPIIIFHA KOj€ ce MPUMEmYje Ko o0jeKaTa KOjH JIeTe CYIepCOHMYHUM Op3uHama, a ca

IIUJbEM Ja ce Tpul)e ONTUMAIIHO] paco/IeH MOBPIINHA, Y HOPMATU30BAaHOM OOJIHKY.
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E 20004 ogl
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0.2 ‘. 07/0x
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/ 0.0 AT DL —
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(a) KOHTYpe ropmake U OOYHE U3BOTHHIIE (6) pacnionena oz/ Bx,azz/ ox? 1o

Cmuka 82 Kontype ropmake u 0049He W3BOIHHIIEC HajBehe muprHe

[Topeheme pacnoena moBpIIMHA MpUKa3yje cimka 83.
10+
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Cnuka 83 Pacnosnena nopmmuna 3a 3D BHST
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Juzaju 3D BHST wmma Hopmanmm3oBaHy pacrofielly TIOBpINHHA OJIMCKY
EJUIICOUTHOM OOJHMKY, CJIHMKa 84. Jlacve ycaBpimaBame MeETO/A Kpeupamba
mapaMeTapcKuX TOBpIIMHA W KOpeKIyje au3ajua y Oynyhum wncnuTHBamuMa cy
Jo0pojolie Kako OW ce TOCTHIJIa pacrojieia IOBpIIHHA OJIMKa pacroeu
napaboJsona, 3a koju [4,55,60] HaBoe Kao 0O0IMK HAJOJTUKH ONITUMAITHOM, CJIUKa 84.

Cmuka 84 mpukasyje mopeheme pacrozere HopMaTu30BaHUX TOBPIIUHA, A/A yax,
y hyHKIHjH HOpManH3oBaHe ayxuHe Hoca pasnuuntux HST, X/X,,.... I3 mopehema ce
MOK€ TPOTYMAuWTH Ja je HopMmaim3oBaHa pacrojena mospmuHa 3D BHST Bpmo
Oinucka pacnojienu enuncougHor obmmka Hoca HST, Onmcka m3BeneHOM JU3ajHY

CHR380A [55] ca nHajsehum oxactynameMm oj mpuOauxHo 5% Ha uaTepBany 0.4 — 0.8
X/ Xonax-

= (4/4,,,), 3-D BHST
—— Onrumu3oBal au3ajH - S.B. Yao (2012) [55]
—4— CRH380A [55]
1.04— — lapaGononn
—<— Enuncoun

«— (4/4

mm)vodomar

0.8

AlA,

0.0 0.2 04 0.6 0.8 1.0

XX,

max

Cmuka 84 Ilopeheme HOpMaATM30BaHUX pacrojiesia MoBpIrHa [55]

Juzaju 3D BHST je y mopehewy ca auzajuom HST Illunkancen cepuje 700
MoKa3ao CIOU4YHOCTH Yy pacnoaend A/Amq [56]. Kontypa pacmomene A/Ap. 3a
[lTuakancen cepuje 700 ce cactoju, rpybo OMHMCAaHO, O TPH TpaBIa M OJf KOHTYpe
BHST ce najseha paznmka mpumerd Ha Tpu Mecta, U T0: Ha mecty 0.17 X/ X, o
AN(A/Amax) = 5%; HA MecTy 0.6 X/ X,0r 01 A(A/Apax) = -6% u HA MecTy 0.77 X/ X0 ON
A(A/A pax) = 3%.

Cpakako Bepu(uKanyja ca H3BEJICHUM JU33jHUMa HE MOTBphyje W CIMYHOCT
aepoauHaMHuKuX Kapaktepuctuke BHST, amu roBopu o TomMe npa ce mertona
OMOMHUMUKpH]jE, Ha OBOM CTaJIMjyMy NIpuMeHe U nopehema, Beh mokaszaia KOpeKTHOM H

MPUXBaT/EUBOM 3a JeduHucame au3zajara BHST.
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Mpexau Moaen

[ITema pacmopena MpexXHUX eJeMeHara je mpukasyje cimmka 85. Jleo momena ,,inlet™ u
Lsoutlet” cy momesbeHm Ha 1o ABe IenuHe. CTPYKTypy Mpexe Mpukasyje cimka 86.
Mpexe je KpenpaHa Kao W y IPEeTXOAHUM ciaydajeBuma kpo3 maker ANSYS Meshing
Application. Mpesxe cy KpenpaHe HaJl JeIOBHMa JIOMEHA ITpeMa HAaYWHy KpeTama, H TO
3ace0HO 3a CTalMOHApHH JIe0 W KIU3HY Mpexy. KacHuje y mporecy Kaikynamuja
CTaIlOHApHA U KJIM3HA MpeXka cy KOMOWHOBaHE y jeJIMHCTBEH CHCTEM. 3aceOHO 3a

CBaKH JIeo Mpeke Je(pUHUCAH je HAaUMH KpeTama, TPAaHUYHU YCIOBU U HHTepdejcC.

[Nonpeunu mpeceny Ha yinaszy U U3asy U3 JOMeHa-

HETIOKPETHH €0 Mpexe
< Henoxpernn neo mpexe
. obnuKa TyHea
/ )<)/ TToKpeTHH 1€0 MpEKE
/ \_ Mopnen BXCT

/\\
A\/ HemnokpeTtHu neo mpexe
HCIOA OKPETHOT

HiNA
#fm}r’%
iy
AT

i

i

0 le+005 2e+005 (mm)
| T ]
Se+004 1.5e+005

(a) moryen Ha MpEXKY y LIETIOM JJOMEHY

4e+003 8e+003 (mm)

2e+003 6e+003

(6) HEemoKpeTHA MpeXa
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Cmuka 86 Ilpuka3 monena kiusne Mmpexxe BHST —tynen

Mpexa je, ocum y nemy oko mozaema BHST, crpykrypucana. Ctpykrypucana
Mpeka je KpeupaHa yrmoTpeOoM CTaHIapIor ajiara ,,sweep™. Anar ,,sweep* omoryhasa
ONTUMAJIHO MOIyHhaBamkbe N3a0paHuX JIeJIoBa IOMEHA eJIEeMEHTHUMAa IIPaBUIIHOT 00JIKa y
MIPaBUJTHOM pacIiopeay, MpH 4YeMy c€ 3HadajHO yMmambyje YKyIaH Opoj elemeHara
Mpexe. Mamu Opoj elleMeHaTa Mpeke y Clydajy 3aXTeBHUX HYMEPHUUYKHX CUMYJIAIlHja,
Kao IITO je MPUMEHEH MOJIEN ca KIM3HUM MpeXama, JUPEKTHO yTHYe Ha CMabEIhe
IPOIIECOPCKOT BpeMEHa U Tpajare KaJIKyJIaIuja.

Bucuna nomena je nHemrTo Beha on mosynpeunmka 100 m, KOJWKO H3HOCE
MTOJTYTIPEYHHITA YIIa3HOT M HU3JIa3HOT Mpeceka. YKymHa jayxuHa Mpexe je 500 m. Tyren
Ce HaJIa3| y eHTPATHOM JIely JIOMeHa, Iy)KHHE jeTHaKe 5 ayuHa Bo3a, 250 m. TyHen

je Bucok 5.8 m m mupok 8 m. Moxen BHST je ymasmen ox Tia 3a ykymuo 0.4 m.
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[Tonynpeununk Kiau3HEe Mpexe je 2.3 m, a mweHa 0aza je yaasbeHa oa Tia 3a 0.2 m.
[Toyetna mo3uirja Bo3a je Ha 50 m ucnpen ynazay tynen (1 gy>xuna BHST).

[lenTpasiHu 160 HEMOKPETHE MPEXKE j€ JeTHAKUX JTUMEH3Hja Ka0 HETOKPETHH €0
TyHeNa, a OCTaTak IOIMymaBa JOMEH, ciuka 86a,0. YHyTap IEHTpaJHOT Jeia Mpexe
CMEIIITEH je MOKPETHH JIe0 Mpeke, Kiu3Ha Mpexa. Ha oBaj HaunH je omoryheHno na ce
KJIM3HA Mpeka IoMepa y BpeMeHY y OJIHOCY Ha HEMOKPETHY, U U3J1a3U BaH mhe.

Knusna mpexa je moje/beHa Ha TPU CEerMEHTa, clIiKa 86B, TJe jeJlaH CerMEHT
okpyxyje mozienn BHST a npyra nBa monymaajy JoMeH MOKpeTHEe Mpexke. Jleo Mmpexe
oko camor BHST wmopnena je mpousBeiaeH MeToJ0M IpuiiarohaBama Mpexe Koja y
pe3yiTary MOIMyHaBa MPOCTOpP TeTpa— M XEKCAroHATHUM €JIeMEHTHMa HejeIHAKO
pactiopehenum y mpoctopy. Jla 6u ce moOuia mTo Beha MpEru3HOCT pe3ylitaTa OKO
BHST mopnena je kpeupan Hymepuuku rpannydau cioj (,,Inflation Layer®), 6e3 tena ox
yTHIa]a.

VYkyman Opoj hemmja HemokperHe W Kiam3He Mpexe je Omuzy 2 000 000.
Henoxpetau neo mpexe caunmaBa npuOmmkao 1 200 000 enemenarta. BennunHa
Mpexe je mpuiarohaBaHa, Kpo3 HmpoOHE cHUMYyanuje, MaKCUMATHUM ITOTESHIIHjaInMa
pecypca Kao OCHOBHOM OrpaHu4aBajyhem ycloBy y OBOM JieTy UCTPaKUBAHA.

KBasiuteT Mpeske ce Moke onucaTi OCHOBHUM napamerpuma. Hajehe uznyxeme
ejeMeHara Mpexe je 176, mpucyTHO Ha 3aHEMapJHbHUBOM Opojy elemMeHara mo oboauma
JIOMEHa y3 caM yJa3 u u3inas. M3ayxeme ox 9.81 mpucyrtHo je xox 97.7% enemenara u
npBo cienehe mo Benmuumuu 27.4 xon 1.67% enemenata. 3aKpHUBIBEHOCT eJeMeHATa
mpexe je oko 0.041 xom 83.1% enmemenara, a 0.125 xox 8% , ocrane BpeIHOCTH CY

MIPUCYTHE KOJI 3aHeMapJbUBOT Opoja hemuja.

Hymepuuke cumyianmje

[TpuMermeH je TYCTHHCKH COJIBEp 3a HECTAIlMOHAPHH CJIy4aj CTpyjama M3 pas3jiora INTo
je y omaOpaHoM WHTepBaIy Op3WHA OYCKHBaHA BEJIMKA IPOMEHA IapaMerapa cTpyjama
HacTaja ycleJ CTHIIBUBOCTH Basayxa. Basmyx je TpeThpaH Kao HJeallaH rac,
3a/ipkaBajyhl KOHCTAHTHY BpPETHOCT BHCKO3HOCTH Ca INPOMEHOM TeMmIieparype. 3a
OCHOBHA UCTpaXUBama MpuMemeHe cy OjliepoBe jeTHaYrHEe 32 HEBHCKO3HU (IIYHI, TOK

Cy KOpeKIIHje M3BeJIeHe 3a BHCKO3HH (Giymnja. Y oba ciydaja je yKJbY4YeHe jeTHauYnHa
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enepruje. Kopumnhenu cy cnenehu ynaszuu nmojganu KoJ IpuMeHe TypOyJIeHTHOT MOJelia

3a BUCKO3HU (QIIyHI:

TypOYJICHTHH MOJIEN 3a BHCKO3HO CTpyjame je k-¢ Realizable, ca ykipyuenoM
ommujoM NEWF 3a Tperman crpyjama y OJMM3WHU 3UI0Ba, jep je€ HCTH
HAjTIOTOJIHHJU 3a MPUMEHY KOJ| MpeXka ca U3Iy)KCHHM OOJHUIMMa eleMeHaTa
y3 TIOBPIIUHY MOJIENIa.
MPEXKHH MOJISN je TpaHchupaH 3a -350 m, xako O ce oMoryhmiio kperarme
KJIM3HE Mpeske Ha Ay kuHu notpedHoj 1a BHST u3alhe u3 tynena
Bbp3uHa ku3He Mpexe jeHaKa je TPEHYTHOM CITy4ajy
panuau ycnosu p, = 101 325 Pa, 7, = 288.15 K
CTOJBAIIbUM TIOBpIIHHAMA JOMEHA je JI0JIeJbeH TPaHW4YHH YCIoB ,.Pressure
Outlet®, kox Kor je mo3HAT MpUTHCAK o TpaHuIy. Kako ce Ba3yx y JOMeHY
He Kpehe, MpUTHCAK 1O CIIOJhANTELMM TIOBpIIMHAMA JOMEHA (M HETIOKPETHE |
KJIU3HE MPEKe) je jeTHaK aTMOC(hHEepCKOM.
uHTepdejc je medHuHHCAH MO KIWU3HO] TOBPIIMHH H3Mel)y HEIMOKPEeTHOT M
MOKPETHOT Jiena Mpexe obnuka TyHena. CTpyjHE NMpoMeHe ce OuYeKyjy Y
o0jacTiMa WCIpeln, y W Ha HW3Ja3y W3 TyHena. Kamkynamuje cTpyjHUX
MIpOMEHa YHyTap JOoMeHa ce 00aBsbajy moveBIIH o1 moBpinuHe Moaena BHST
(TpHUYHH YCJIOB 3U], 0€3 MPOKIN3aBama), Kpo3 KIU3HY MPEXKY, 3aTHM KpO3
uHTEepQEjC U HA/IaJhe KPO3 HETIOKPETHY MPEXKY.
METO/1a pelllaBama je UMILTHIIUTHA
n3abpan tum pykca je Roe-FDS
IIPOCTOPHA AUCKpETH3AllK]ja:

— 3arpamgajeare GGNB

— 3a cTpyjame, KHHETHYKY CHEpPrHjy W JUCHIAIH]y TypOYJICHTHOT

crpyjama — Il pena HU3-CTpY]y

— ¢opMynamyja HeCTAIMOHAPHOT CTpyjama — | peja UMIUTHITUTHA
KonTtpomna pemema

— Kypanros (Courant) 6poj — 2

— 34 KHHETHYKY €HEPTH]jy U JUCHIIANN]Yy TypOyJIeHTHOT cTpyjama — 0.8

— TypOyJeHTHY BHCKO3HOCT — 1

BPEMEHCKH Kopak, 1S, KoJ| cilydajeBa HeBHCKO3HOT cTpyjama — 1.5 = 0.0025 s,
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ca 15 yHyTpammsux uTepanmja, KoJJ BECKO3HOT cTpyjama — 1S = 0.0055 s, ca 5
YHYTpallllbUX UTepaiuja

Bemuku Opoj mpukymsbenux monaraka w3 ANSYS Fluent, opranu3zoBanux y

00Ky (opMaTHpaHHX JaToTeKa, je mpupeheH 3a maky oOpaxy moMohy OecruraTHHX

Bepauja nporpama Total Commander, Visual Studio Express u MS Excel. [Toce6auUM

KOJIOM j€ OJT M3JIa3HUX JaToTeKa, TOOWJeHUX U3 HyMEPUUKHX CHMYJalyja mnposacka 3D

BHST kpo3 TyHen, kpeupana npeTtpaxusa 0asza rnojaraka 1o pa3jiiuiTUM apaMeTpuma

(TIoJ105kaj MEpHOT MecTa, BpeMe, IPUTHCAK, U JIp. ).

8.3.1. Pesyaratu ucnuruBama 3D BHST y nposaacky kpo3 TyHesa

Cmuka 87a mpukasyje mpomeHe BpeaHocTH p u (dp/ Ot), ciuka 870, o BpeMeHy, 3a

op3uae V <500 km/h, noOujene HymepwukmMm cumyrtanujama 3a 3D BHST, 3a

HEBHCKO3HO M BUCKO3HO CTpYjarbe.

8000
1 —— 7= 500 knv/h, BuCKO3HO, L,,,, = 40 m o7 y1a3a y TyHenl
7000 ~ —o— 1= 500 km/h, HeBHCKO3HO, L,,, = 30 I 07 y1a3a y TyHEx

6000- —v— /=400 km/h, Buckosno, /., = 40 m o1 y1asay TyHen

| —e— 7= 300 knv/h, BuCKO3HO, L,,,, = 40 m o y1a3a y TyHenl
5000 —o—J/= 300 km/h, HeBuCcKko3HO, L, = 40 m o7 yna3ay TyHel
] \f‘ —a—J7=200 km/h, Bucko3Ho, L, = 40 m o7 y1aza y TyHen
—A4000 j
<
[a¥ ]

23000 8
2000 j

(a) mpomeHa p Ha GUKCHPAHOM MEPHOM MECTy YHYTap TyHena y QYHKIHjH BpeMeHa
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160000 —
] —e— 7= 500 knv/h, Bucko3no, 2, = 40 moa yasay TyHen
140000 K <— 1= 500 km/h, HeBucko3Ho, L, = 30 m oaynasay TyHE
120000 % —V = ’:100 km/h, BHCKO3HO, L””"i 40 mox ynaszay TyHEN
| / —e— 7= 300 km/h, Bucko3mo, Z,, = 40 mox ynaszay TyHeT
100000 ~ + —o— 1= 300 kn/h, neBucko3Ho, L, =40 m oaynasay TyHen
w2 T |/ = n = AR v ;
é 80000 I y* 4— 7= 200 km/h, Bucxosso, £, = 40 m oz ynazay TyHen
& 60000 YY
& 40000 -
20000
0
-20000
-40000
-60000
T T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0 1.2

(6) mpomena (Jp/ Ot) o BpeMeHy

Cruka 87 IlpomeHa nmpuTHCcaka v rpajidjeHaTa ImpuTHCaKa Kpo3 HCTOpH]y aorahaja
MepeHHU y (UKCHPAHO] TAYKH YHYTAp TyHEa

Cnuka 88 mpuka3syje nopeheme p,, .. U3 HyMEPUUKHX cUMYyamuja (cauka 87a)

ca pe3yJITaTuMa U3 CTBApHUX Mepewa [4], y dyHKnuju Op3uHe Kpetama, V' < 500 km/h .

=-375.21045+1.1773745 1+0.030124275 V*

P crp
8000 ‘ ‘ ‘ \7\ p
7500 ‘ :
7000 -
6500
6000 - .
5500 v
5000 s
£ 4500 4

5 40007 o e 3-DBHST, CFD, suckosio, R = 0.22

¥ 3500 ‘ 7 /' 3-DBHST, "= 300 km/h, neBrcxosHo, R = 0.22
3000 7 | e - ---R=0216, Raghunathana i dr. [4]
2500 7 e —a— Mepewa TGV-tynen, I = 220km/h, R =0..21,
2000 pra Uystepruyst 1 dr.[60,61]
1500 - B - v Ilopanu u3 cTBapHUX Mepea,
1000 ’E - | R= 0‘.216, Raghunathana i dr. [4]

500 +—— i ——

T T — T T — T T 1
150 200 250 300 350 400 450 500 550
¥ [kn/h]

Cnuka 88 Ilopeheme p,,,. 3a 3D BHST y nponacky kpo3 TyHel U3 HyMEPHUUKUX
cuMmyJangja ca KankyrnanujoM [4] u mepewmuma [60,61], V' <500 km/h
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Cruka 89 mpukazyje (Op/0t) . =F(V), V<500 km/h3a nymepuuke

CHUMYJIallfje ca BUCKO3HUM (DIIyraoM.

® (Op/Ot)max, 3-D BHST, Buckosso, R =0.22
—v— TGV, V"'=220 km/h, R =0.21, Uystepruyst 1 dr. [60,61]
150000 -
140000 o
130000
120000 4
110000 4
100000 4
90000 4 .
80000 o
70000
60000 -
50000
40000
30000 4 e
200004 “~Op/Ot =37944.199-336.442 V+1.091 V*
10000 et ;
0

Op/dt [Pals]

R
»
+
+
+
.
o
-
+
.

u T u T u T g T g T g T g T g 1
150 200 250 300 350 400 450 500 550
¥ [kn/h]

Cnuxa 89 Ilpomena (Op/0f),,,, ca Op3MHOM KpeTama, BUCKO3HO cTpyjame, R = 0.22, u
pesynatu u3 mepema 3a HST TGV, V=220 km/h, R = 0.21 [60,61]

Cmuka 90 mpukasyje IpoOMEHY ¢, IO BPeMEHY, OJHOCHO, mosiokajy 3D BHST

npu V=300 km/h.

2.04 111 m

| Hoc 3D BHST ymao y tynen .
154 YAaabeHOCTH Bpxa HOCa Off
s ] ynasHor npeceka Ha:
1.0 4 19m- 22 m

. 17m

'F 1 v I i 1 ! 1 i I
0.0 / 0.5 1.0 1.5 2.0 2.5 t[s]
Hoc 3D BHST Ha 27m ucnpen yiasza y TYHENT

Cmuka 90 Bpennoctu ¢, 3a 3D BHST Ha oTBOpeHO] IIpy3H U Y ITPOJIACKY
kpo3 Tynen, V=300 km/h

Cmuka 91 mpukasyje pamojieny p IO BHCHHH, OJ TOBpIIMHE MOjelia Ha

n3abpaHoM MeCTy, 10 BUCHHE 3 m, Yy 30HH Y KOJOj ce OdYeKyje IojaBa KpUTHYHOT
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JIOKAJTHOT cTpyjama. M3abpana cy Tpu Mecta Ha koHTypu 3D BHST nuzajuupana
OmoMuMUKpHjoM (X =2 m, 5 m, § m, MEpeHO O] BpXa HOCa).

3.0+

oo ¥
AWXND
B> B

A
2.5 wl ﬁ 2
*
] 44 2
g A
E 2.0 g %
= « 4 ; < é
1.5 'y
4
mu“‘ an
1.0 1
1.22 1.23 1.24 1.25
p [kg/m’]
V=300 km/h, HEeBHCKO3HO, V=300 km/h, BucKO3HO,
FT=0.853s, FT=0.7Ts,

BpX Hoca ymao L =20 m y TyHen BpX Hoca ymao L = 14 m y TyHen

A x =2 m oj Bpxa HOca 4  x=2m oJ BpxaHoca
< x=5m oj BpxaHoca <4 x=35mojBpxaHoca
< x =8 m oJ] Bpxa HOca ¢ x =8 m oj Bpxa Hoca

Cmuka 91 Pacnosena p 1mo BUCHHH, KOJT HEBUCKO3HOT W BUCKO3HOT cTpyjama, V' = 300
km/h (u3BpIIIeHa KOpEKITHja pe3yTaTta IOMOhy Crel jain30BaHoOT OAIPorpama)

Cmuka 92 mpukasyje pacrojeny H30-T'YCTHHCKUX JIMHH]a Y paBHH CUMETPHjE OKO

3D BHST, npu 6p3unu V' = 300 km/h, y TperyTky kana ce Bpx Hoca BHST nanaszu na
pactojamy L= 14 m ox ynaza y tynen (FT = 0.77 s).

Cmuka 92 U3o-rycTuHcke muHUje v paBHH cuMmeTprje oko 3D BHST y Tyneny,
V=300 km/h, FT=0.77 s, HOC je ymao y TyHen L= 14 m
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Cnuka 93 mpuka3syje pacnogeny koeduuujenra Tpewa, ¢, 1 ' 1o ropwmanu 3D
BHST y paBam cumerpuje npu Op3uau V' = 300 km/h y TpeHyTKYy Kama ce Bpx HOca
BHST nana3u Ha pactojamy L= 14 m ox ynaza 'y tyHen (F7 = 0.77 s).

IMorpeGHa xopekMja qu3ajHa

0 5 /10 15 20 25 30 35 40 45 50

0.0025

0.0020

0.0010

0.0005

0.0000

JlamunapHO 3oHa TypOynaeHTHO CTpyjame
CTpyjame mpeodpaxaja

Cnuka 93 Pacnonena koeduuujeHTta Tpemwa ¢y 1 1 110 TOpmbalyl y paBHU CUMETPH]E ,
V=300 km/h, Bucko3no, npotekisio Bpeme F7 = 0.77 s, Hoc je ymao y TyHen L= 14 m

8.3.2. Tymaueme pe3yJrara

Pesynratn ucnutuBama 3D BHST cy anammsupanum ca nBa mosnasmmra. Ca jemHe
CTpaHe Cy INOCMaTpaHH IapaMeTpu cTpyjamba p,.. U (Op/0Of) y BpeMeHy H Kao
¢dyHKIHje Op3WHA KpeTama BO3a, JOK Cy ca Jpyre CTpaHe aHAIM3UpPAHH pacrojesa
T'YCTHHA M M30-TYCTUHCKHUX JIMHU]a.

Kako je wm3abOpana omepatuBHa Op3mHa V = 300 km/h mpu oBoj Op3uHH je
UCIHTaHa PacIo/iesia MPUTHCAaKa 32 HEBUCKO3HH M BIUCKO3HU (piynz. YoueHo je a cy y

o0a ciydaja BpeHOCTH p,, ... NOOUjEHE Y TaUKH YHYTap TyHella, MPUOJIMKHO jeJHaKe

10 BPEIHOCTH, ( pmax)300 =2709Pa, anu cy WBHXOBE pacmojieliec y BpPEMEHY J10cTa
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paznuuute, ciuka 87a. Ko mpuMemeHor Mojiena ca HeBUCKO3HUM (IIynIoM, p,.. j€
MIOCTUTHYT y AY’K€M BPEMEHCKOM HHTepBaiy, 3a npuommkuao 0.1 s Behem Hero mTo je
TO CJTy4aj KOJ BUCKO3HOT CTpyjama H ca OJaKUM TPEHIOM IMPOMEHE BPETHOCTH, CITUKA
87a. Ciinuna mojaa je npumehena u ipu 6p3uHN V' = 500 km/h. Kako je 1usb yBohema
BHCKO3HOT CTpyjama OO Ja ce U3BPIIM KOPHTOBAaKkE BPETHOCTH MapaMeTapa cTpyjama,
y OKBHpPY OBOI' HCTpakMBama KOPEKIIMja je H3BeJeHA HAa BPEMEHCKOM HHTEpBaly
CTBapama KOMIIPECHOHOT Tajlaca y TyHely. Ha OoCHOBY OBHX BPEIHOCTH W MOTpede Ja
ce W3BPINU aHAllW3a CTpyjara, HAIpaB/beH je W300p Ja ce KOpEeKIHje BHUCKO3HUM
CTpyjalbeM TMpPUMEHE 3a HacTaBaK HCTpakuBama mnpu Op3mHama J = 200 km/h —

500 km/h.

Cnuka 87a moka3syje 3Ha4yajHy 3aBHCHOCT BPETHOCTH p,,,. H pacloiene p oJ
Op3uHe kperamwa Ha uHTepBaity V' = 200 km/h — 500 km/h. Bpennoctu p,,,. ce kpehy y

uHTEPBANY OX (D)0 )200 =1055Pa npu ¥ = 200 km/h, 10 (p,,u )500 =7754 Pa npu

V=500 km/h, 3a BuCKO3HO cTpyjame. Bpennoctu p,, . Cy y 3HauajHOM IIOpacTy ca
nopactoM Op3MHE KpeTama, a OWBajy JIOCTUTHYTE y cBe Kpahem BpemeHy Takohe ca
nopacToM Op3mHe Kperama. DyHKIMje pacmojena p ca IopacToM Op3WHE KpeTara
uMajy crpMmuju kapakrep. IIpema [4] Bpennoctu p,,, Cy 3aBUCHE o] Op3uHE BO3a,
reoMeTprje Bo3a (Jy)XKHHE W TIOBPIIWHE NONPEYHOI Tpeceka) W TyHena (JyKWHE,
MOBPIIUHE TOMPEYHOT Tpeceka U 00JIMKA YIIa3HOT M M3JIaSHOT IpeceKa), 3ampeyaBarba
TyHeJa, BPCTe IIMHA, OJHOCHO, OOJIMKa IMOJJIOTe YHYTap W BaH TyHeNa W Jp., alkd He
3aBuce o1 ooiuka moca HST.

Pacionena (Op/0t) mo BpemeHy nana je KBaHTHTATHBHU IPUKa3 TPOMEHE
IpUTHCKa Y BpeMeHy. YTunaj oommka Hoca HST ce ongpaxaBa Ha BpeHOCTH U OOJHMK
KpuBe pacriozienie (Op/Ot), Te CIyX M Kao jeJlaH o]l KpUTEpHjyMa 3a POIeHy KBAIHUTETa
nu3ajHa [4,56,57]. Pesynratn wucnmtmBamka BHST cy moxasamm tpenn mopehama
BpenHocTH (Op/0Ot), cauka 876. Bpemnoctu (Op/0Of) cy 3HAYaJHO PA3THYHATE Y
cllydajeBUMa BHCKO3HOI  (Op/O0t);, =30 671 Pa/s, U HEBUCKO3HOI CTpyjama,

(Op/0t)390 =14 929 Pa/s mpum V' = 300 km/h, mTo je mpoTymaueHo Kao IOCIEIMIA

n3adpaHux yla3HUX TapameTapa 3a kainkynamuje. IIpema momamuma ca cinuka 870

MPOTYMAueHO je Jia 3a yCIOBE BHCKO3HOT CTpYjama, PEAIMCTUYHOI Ciydaja, AU3ajH

195



Buomumurpuja kao memoo aepoOuHamuukoz OU3ajHUparea 603a GeNUKUX Op3UHA

BHST mopa na ce moaBprae gajpeM mporecy onTHMH3aIN]e.

[TocmaTtpano Ha T1enmoM omcery Op3wHa, (Op/Of) y3uMa BpPEIHOCTH O]
[ 01500 = s 10 (Op/0t)syy = S ca TPEHJIOM pacTa O] HajMame
Op/ 0t)yyy =16 675 Pa/ Op / 0t)soy =140 963 Pa/ j
nmo  Hajpehe  Opsumue.  Ilopehemem  pe3ynrara  yo4eHO je  Ja  Cy
p /06" ~ (Op | or)"e ke , oK ¢y (dp/at)™ Behe o1 oYekMBaHHX
( op /o wskoznozoo ( op /o nevisko. n0300 ( op/ o wskoznozoo h

TO Takohe yka3yje Ha MOTyhHOCT yTHIIaja yJIa3HUX MapaMeTrapa Ha TOK U pe3yirare
popavyHa.

3aBHCHOCT TIPOMEHE p,, .. OX Op3uHE 3a pa3nuuuTe KOH(Urypaiuje Bo3-TyHel U
nopeheme ca TEOPHjCKUM M MEPEHHM BpEIHOCTHMA M3 JHTEparype IoKaszyje A00po

crnarame Ha uHTepBany 6p3uHa V' = 200 km/h — 400 km/h, cnuka 88. Bpegnoctu p,,,.

U3 HYMEPUUYKHX CHMYJallFja 3a BHCKO3HO CTpYjame ce Pas3iMKyjy OJ BPEIHOCTH ca

. CFD~teorij

Teopujcke KpuBe [4] W TO 3a MPUOTHIKHO (Apmax 200 feorye . _98 Pa ,
CFD~teorij CFD~teorij .

(APax )30 “ % 47 Pa, (AP 200 o ~ 200 Pa . OyHKIHMja 3aBUCHOCTH p,, . OJ

Op3uHE je IpYror CTpIeHa ald je 0aro 3apoTHpaHa OKO Tavke Koja oxarosapa V = 330
km/h, mTo je Moxe OMTH TOCIETUIIAa U BPEIHOCTH TOOMJEHUX TEOPHjCKUM IIyTeM H
npuMeleHe HyMmepuuke Metoze. llocmaTpajyhu BpeaHoCcTH W3 Mepema Koje cy
Mepo/aBHE 3a TporeHy kBaymteTa nu3ajua BHST w m3aOpane Hymepuuke mertoje,
MOJKe Ce MMPOTYMAYHTH Ja j€ BPeIHOCT U3 CUMYJIannja OJIMcKa BpeJHOCTHMA U3 Meperha
ca CTBapHUM BO30BHMa Kao IITO MpuKazyju [4,56,57] 3a cinmuuHO 3ampedaBame TyHea.
Takole je mpoTymMadeHo Jia je yTuIaj n3adbpaHor ryCTHHCKOT COJIBeépa MUHMMAJIaH T J1a
Cy N0OHjeHHU pe3yJITaTH BAJTHIHH y mopehemy ca CTBApHUM MepemruMa.

VYV mutepatypu je mporHal)eH orpaHudeH Opoj pealHUX cllydajeBa ca KojuMma ce
MO’K€ M3BPIIMTH TUPEKTHO Topeheme, Tako Ja je y OBOM pajy M3BpIIeHO mopeheme

3aBUCHOCTH (Op/ Of) on OpsuHe ca jegHmM ciydajeM. KpuBa 3aBHCHOCTH

max
(Op/ Ot) 1,y Ol Op3UHE KpeTama je apoKCUMUpPaHa (PyHKIMjOM APYTor cTeneHa Op3uHe.

Paznuka (dp/ 8t)§(§)D TGV ~ 7000 Pa je mporymaueHa pasIMKOM Yy KOH(HIypaimjama

BO30Ba U TyHeNa, Op3WHHU KpeTama 1 MpUMemheHnM cosiBepoM. [Tocmatpajyhu BpeqHocT
U3 HyMepHuKuX cuMmyianuja (cnuka 89 m cimka 87) mpeamnake ce MpOIIHperhe Tu3ajHa

eKCIIepIMEeHTa Kako O ce wmcrmutao (eHOMeH mnpomene (dp/or) W TIpeIu3Huje

max
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oJpesuiia 3aBUCHOCT (Op / Of),,,, 01 Op3HHe, kao u kBaauTeT qu3ajHa BHST na ocHOBY

OBE BPETHOCTH.

[Ipema no6ujeHuM pesyitaTuMma U nopehemy ca mojanuma u3 JurepaType Moxe
ce mporymaunTd nga ce am3aji 3D BHST xBammdukoBao 3a mamu  mporec
onTuMm3aIuje. YHanpehema qu3ajHa eKCIepuMeHTa Cy HeomnmxoiaHa, yHampeheme UT
pecypca, kao 1 yHarpehema u mpommpemna HCTpaKUBaba ca pa3IHIuTHM HyMEPHIKAM
MeTo/1aMa KOPUTOBaHUX yIIOTPeOOM TypOyJI€eHTHUX MOeNa.

Cmuka 90 mpukasyje Ja ce BpeTHOCT Koe(HUIlMjeHTa YKYITHOT aepoIMHAMUYKOT
OTIIOpa ¢, Ha OTBOPEHO] Mpy3u (Ha 27 m HWCOpex TyHeNla) 0 MoJiokaja (BpeMeHa)
ylacka jiena Hoca JM3ajHUPAHOT OMOMHUMHUKPH]OM, Y AYXHHH oA 14 m mpHOIMKHO
jemnaka (Ac, = 0.0102). Jlasbum HampeaoBameM, CBE JIOK Y TYHEN He yhe CKOpo unTaBa
JIOKOMOTHBA, y Iy kuHHU 22 m, Ac, = 0.12. AyTop HHUje MpoHAaIao ajeKBaTHE CIy4ajeBe
U3 CTBapHUX Mepema. [Ipema ananm3u w3 [4] mpoTyMadeHO je Ja TPEeHI IpoMeHe
IOPUTUCKA TIpaTH TPEHJ HPOMEHE ¢, all JTUPEeKTHO mopeheme HuUje Moryhe 300r
HeycariameHoCTH IapameTapa W IMpukaza (MCKazaH YKYOHH OTIOp KpeTamy, Behe
JTy’)KWHA TyHeJa U KOMIO3UIHje U JIp.).

Cmukxa 91 mpuka3yje KOpHroBaHE BPETHOCTH TyCTHHA Yy OOJIACTH TpaHUYHE
MOBPIIUHE KIW3HE MpEeXe H3BeJeHe Mo mpernopyu [92] momohy crerujaimn3oBaHOT
MOJIIpoTpaMa TMOKPEHYTOT U3 TEKCTyalTHOT KOpPHUCHHYKOT HMHTepdejca. Oactymama o
BPEJHOCTH KOja Cy NMPUCYTHA y Tpa)uukoM IpHKa3y cojiBepa mpema [92] Hucy crBapHa
OJICTyNama, a KOpeKIHje TMojaTaka Jajy y pe3yJTaTy KOpeKTHe BpeaHocTu. Pamu
JeTaJbHUjer aHamm3upama kBanuteta nu3zajua 3D BHST o6aBbena je anammza
pacriosieyie TyCTHHA MO BHUCHHM TyHeJa, MOYeB OJ1 MOBPLIMHE TOpH-aKe JI0 TPaHUIE
KIIM3HE MpEeXe TJie je OueKHBaHO MecTo 3a mpomeHe. Cimka 91 mopenu pacroperne
ryctuHa y nBa nojioxaja BHST y onHocy Ha yna3Hu mpecek Mmpu onepaTtuBHO] Op3uHU
V=300 km/h 3a nprMemeH BUCKO3HU M HEBUCKO3HH (uiyH;. buoHWUYKH Tu3ajHUpaH
neo Hoca je L = 14 m, nmo myxwuHe L = 18 m je m3BpiieHoO cBoheme Ha mpodu
JIOKOMOTHBE PajijycoMm, 10K je L =20 m Ha JieTy JJOKOMOTHBE KOHCTAHTHOT MOMPEYHOT
npeceka. MiMajyhu oBe momatke y BUIY, MOXKE c€ MPOTYMAauuTH Ja y oOe Mo3uIluje
HOCa, Y OJIHOCY Ha yJia3 TyHena (x = 2 m, 5 m, 8 m, MepeHo oj] BpXxa HOca), Ha CBUM

JIOKQJIHAM TIO3WLHjaMa, y TPBOM pefy henuja MPeXe  Ojux poyrs < Ppmax Y ONHCKOM

OKPYXEmY, Y 00JIaCTH TPpaHUYIHOT CJI0ja KOJI BUCKO3HOT CTpyjama. Takolhe, youwsHBo je
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J1a Cy BPETHOCTH Ppay < Ppymer Y CBUM TO3HIHjaMa, OCUM KOJ] BHCKO3HOT CTpyjama Ha

no3unuju x =8 m, ciuka 91. O6muK pacrozesna TycTHHA Ha MPHKa3aHAM MECTUMa He
yKa3yje Ha 10jaBy JOKAJIHO KpUTHYHOT cTpyjama y 3D cimydajy. Pacmonene rycruna cy
CIMYHE 1Mo 00JuKy ojroapajyhuma Ha ropmaru 2D BHST ma Mecty x =8 m, cimka
67 (M =0.2;0.3), y KOM je CTpyjarbe OrpaHUYCHO.

Jlasba aHanmm3a ce OJHOCH Ha paclope]l H30-TYCTUHCKHX JIMHUJa y pPaBHH
CHUMETpHUje TyHella OrpaHUYeHEe JIy’)KUHE, KaJa je y TyHeN ylao OMOHWYKH JTU3ajHUpaH
Jleo Bo3a. AyTop HHUje TpoHamao y [92] HaymH KOpHToBama pe3yJiTara Ha HHUBO
KOHTHHYaJHOT CJIMKOBHOT TpUKa3za pacrojesia rapaMmerapa cTpyjama, Tako Jia cy
BUJIJUBU TPAroBM HYMEPHUKHX Tpellaka 1o JUHUjU uHTepdejca (u3mel)y HermokpeTHe u
KIIM3HE Mpexe). Y CBpXy KOpUIOBama M aHalIM3e pe3yiTrara, a y CKiIaay ca
objammemeM mpousBohada [92], y obiactu koja oOyxBaTa uHTepdejc (IemoM y Kpo3
00JacT HETMOKpEeTHEe W JENOM Kpo3 00JacT MOKPETHE Mpeke) H3BPIICHO j€ PYYHO
npemoithaBame BpeTHOCTH Kako Ou ce mpuKa3ao (peHOMEH.

M3nan noca 3D BHST youen je kapaktepuctudan oOauk obpyror ,,S%, mTo je
POTYMAUEHO MOCIIEAUIIOM MIPUCYCTBA MOJKPUTHYHOT CTPYjamba, Ciiuka 92, YKOJIHUKO ce
mocMarpa CIIMYHOCT ca IyTamama QIyuaHuX Jennha Ha ropmaru 2D OHoHWYKOT
BOJIOMapa, U30-TYCTHHCKHX JInHK]a n3Ha ] ropmwake 2D BHST. Cakako cTpyjHe cimke
y cinydajeeuma 2D u 3D cTpyjama cy 3HaAYajHO pa3IHYHMTE, T€ C€ KPO3 aHAIU3Y
pacriosiesie TyCTHHA M H30-TYCTHHCKHX JIMHHja MOXE caMO HarJIaCUTH CIMYHOCT, HO
JIoOWjeHr pe3yaTaTH MOoTBpahyjy na je omoMuMukpujan y 3D cirydajy aaja JONPHHOC
KBJIMTETY JU3ajHA, Kao M Ja je ONpaBJiaH HACTaBaK HCTPaXUBAba U MPOIIMPEHE
JM3ajHa eKCIepuMeHTa Ha cTpyjama y 3D npoctopy y3 npumeHy KoMOWHOBaHE METO/IE
3a ofpehuBame CIMIHOCTH CTPYjamba.

VYV HacTaBKy HCTpa)XHBama Cce MPeropydyje MpOIIUpemhe Tu3ajHa eKCIepuMeHTa
ca 3D Oouonnukum Bogomapom u 3D BHST.

N3o-rycTuncke auHHUje y 00JacTH UCHpE]l HOCa Cy KOHTHHYalHEe KpuBe (CIUKa
92, muumje 1 — 5). M3nax Hoca y GIM3MHU OKBaIlleHe TIOBPIIWHE U30-TYCTHHCKE JINHH]E
Cy JUCKOHTHHYAJIHE, JOK Cy HEIITO Jajbe, y MoJbY M3HAJl HOCA, KOHTUHYATHE, Kao U Y
cTpyjHoM moJby ucrpena. Cnuka 92 mokasyje Ja je MpeKua HU30-TYCTHHCKUX JUHHja
n3Haja ropmake BHST nactao Haj moBpmuHOM y 30HH 071 4 m<x <6 m INTO HHUjE

OYEKHWBAaHO, HA OCHOBY pacIiojiesie W30-TYCTUHCKUX JuHHja oko 2D BHST mobujenunx
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KOMOMHOBAaHOM METOJIOM 3a ojipehuBame CIMYHOCTH CTpyjama. AHAIW30M je
MPOTyMaueHO Ja JUCKOHTUHYUTETH HAjBEpPOBATHHUjE€ MOTUYY OJI HEMPABHIHOCTH Yy
mu3ajay 3D BHST.

Ca nuipeM mpoBepe OBOI TyMadema Cy aHAIM3HMpaHe pacrojena Koe]uiujeHTta
Tpewa, ¢r, 1 'y paBuu cumerpuje BHST. Cimka 93 nokasyje AMCKOHTUHYHTETE Y
pacnonenama cru 1. 3a BHST uuju Hoc je ymao y TyHen 1o ayxkuHe L = 14 m, npu V=
300 km/h, mMuHHManHe BpeqHOCTH ¢y U 7 AedHHHUINY IHOYETaK 30HE IpeoOpaxkaja
cTpyjama Ha oko 2.5 m ox Hoca BHST. Ilo3unuje npu kojuma €y ¢f max U 1 max CY
OYCKHBaHE TO3WIIHje TOTIIYHOT TpeoOpaxkaja y TypOyJIeHTHO CTpyjame, cluka 78 u
[Tpunor 11. AHanu3a BPeIHOCTH Cf max U Tingx TTOKa3aNa je Aa je Iiyg JOCTUTHYTA J0CTA
OJrKe, Ha YIAJb€HOCTH 01 S m — 6 m of Bpxa Hoca, ciuka 93. Y ucroj obmactu 61aro
je U3MEmeH U Cf; 0K J€ Crmey HA pacTojaby x ~8 m. Ca qpyre cTpaHe Ha pacTojamy 011
X ~ 8 m youbHB je APyTH BpX y pacmoeiu 7.

VY cknany ca aHaim3oM u 3akibydkoM u3 [173] (Ilpuor 11), mporymadeHo je na
[I0CTOj€ HETPaBHIIHOCTH OOJIMKA TOpH-aKe Koja cy JoBela O HEOYEKHMBAHOT CKOKa y
pactiogenu 7, y obmactd S m — 6 m o Bpxa Hoca, ciimka 93. HampaBibeHa je TOHOBHA
aHaJM3a JIM3ajHa U yOueHa Cy OJICTyNamma O/l )KeJbEHOT O0JIHKa.

Metoza koja je aHaIM3MpameM OOJIMKa U pacHofene U30-TYCTHHCKUX JIMHHU]A, Cf
u T, noBena 0 MHAWKAIKjE U JIOIMpamka MECTa HEMPABMIIHOCTH Y JHM3ajHY MOXE ce

IPCIIOPYYUTH Kao JoAaTHa METO/J1a 3a KOHTPOJIYy KBAJIMTECTA KOHCTPYUCAHOT I[I/I3aj Ha.

8.3.3. 3ak/byuak

Juzaja 3D BHST je y kpo3 HyMepHiKa HCTUTHBAKA [TOKA3a0 cllarame Y BPeTHOCTHMA
MaKCHMAaJITHUX MIPUTHCAKa ca TEOPH)CKUM B MEpeHUM Ha omcery Op3una V' = 200 km/h —
500 km/h. JloOujern TpaaujeHTH MpUTHCAaKa HUCY MOTJIM OWTH aJeKBaTHO ynopeheHu
ca ToJanMMa W3 JHUTeparype 300T BEIMKHX pa3liika y IapaMeTpuMa, Op3uHama
CTpyjama, TeOMETPHjCKOM OOJIMKY BO3a M TyHesa. Pacrozene mputrucaka u rpajiyjeHara
IpUTHCAKa Cy MOKa3ajie OYeKHUBaH KapakTep MPOMEHeE, 3aBHCHOCT O] KBajapaTa Op3uHe
KpeTama Bo3a.

VYoueHa je U CIMYHOCT y pacrojesia TyCTHHA 10 BUCHHH TyHeJa Ha TPH TO3HIHje

ca pacriogenama nooujeHuM y 2D mpoctopy 3a 6moHWYkH Mojen Bojomapa u BHST.
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Cnu4HOCT pacmojiesia TYCTHHA M W30-TYCTHHCKUX JIMHMja je TOKa3ajia ONpaBJaHOCT
IpUMeHe MeTojie OMOMUMUKpHUje U KoMOMHOBaHe MeTojie. JleTabH1ja aHAIM3a 3axTeBa
npommpere 06e Merome mu UT pecypca 3a onapehuBame CIMYHOCTH CTpyjama H
npeMoInherme CITHYHOCTH 3a CTPYjambe Y TYHelTy.

Anamusza c¢r 1 T pagu KapakTepusanuje oOiHMKa yKasala je Ha OJCTyNama OJ
o0nmuka (0OKO 2mm) Ha OCHOBY CKOKOBUTE MpOMEHE 7, Y 30HH TJe C€ OYEKHBAO
peryyapHu mpeoOpaxaj cTpyjama. 3ak/bydeHO je Ja je Y Ja/buM HCTpaKHBambHMa
notpebHo m3BpmuTH penuzaji BHST w moHoBuTH mcnuTHBama. OBakaB HA4WH Cce
MO0KAa3a0 JeTHOCTaBHUM 3a MPUMEHY M JIOLUpake OJICTyNama KOHTYpa 01 ONTUMATHHX,
y KOHCTPYKITHjCKOM cMuciTy. KoHTpola kBaJiuTeTa 1M3ajHa IMyTeM IIpoBepe mapameTapa
CTpyjama, KOjHu Cy MOXJa M HajOCeT/bMBUjH Ha IPOMEHe 00JHMKa KOHType, ¢ u T
MperopyvwbHBa je ¥ MPUMEHIbUBA U 3a Apyre BpcTe nu3zajaa HST, kako y TyHenmy Tako u
y BOXKIbU Ha OTBOPEHO] MPY3H.

N3 anammsa pesynrara 3akibydeHo je nma je 3D BHST poBossHO m06po
AepOIMHAMHMYKY JIU33jHUpaH J1a OM ce KBaTU(HUKOBAO 3a TMOJAa3HH AM33JH Yy JlaJbeM

npolecy ONTHMH3AIje Kpo3 HacTaBaK UCTPAKUBAA.

200



Buomumurpuja kao memoo aepoOuHamuukoz OU3ajHUparea 603a GeNUKUX Op3UHA

9. 3AKJbYUYLIU

YV 0BOj AucepTanHju je MpUKa3aHa METOI0JIOTHja JH3ajHAPaba BO30Ba BEIMKAX Op3UHAa,
KOja ce 3aCHMBa Ha OMOMHMUKPHjH, a KOja YKIbY4yje HA3 METO/1a TPUMEH-CHHX 3a:

— JeduHUCAE B H300p MPHUPOTHHUX O0JIHKA,

— oJpehuBame CIIMYHOCTH CTPYjamba,

— wu300p ycioBa, KpUTepHjyMa W Tlapamerapa ONTHMATHOT aepoJIWHAMHYKOT

Jli3ajHa BO30Ba,

— KOHCTpyHCame A13ajHa BO3a,

— HYMEPUYKOT MCTIUTHBAbA JI13ajHa,

— BepuduKanuje pesyinTaTa COICTBEHHUX HCTpaXKHWBama (HYMEPHUKAX W

EKCIIEPUMEHTATTHHX ) U HCTPAKUBAA U3 JOCTYITHE JIUTEPAType.

Ha ocHOBy aHamm3a pa3muuuMTHX OOJIMKA >KABOTHEA M HGUXOBUX JKUBOTHHX
HaBWKa M300p je cy)XeH Ha JaBe rpyme. [IpBa rpymna cy KHBOTHE-E W3 MOpa, M3 Tpyme
npenaropa (ajkyia, cabspapka, Oapakyaa, Ke4uwra, MTyKa H C1 ) H AeldHuHa, KOju ce
yIIIaBHOM Kpehy KapaHTu(OpMHO, U YHjU OOJIUK Tella UM Cyyiy Y OJHOCY Ha 3AIPEMHUHY
TeJa M yclioBe TuMBama. M3 rpyme nruna u3adpaH je BojoMap, KOju je MOCIyKHO Kao
OWo-uHCTIMpaIldja IpH Ju3ajHupamy Bo3a [lluakancen, JamaH.

Bomomap je 3a morpebe mprMeHe OHOMHUMHKpHjE, CTUIAha HOBUX Ca3Hama O
0o0MKYy W MaHeBpYy oOpylIaBame — 3apamarke, KOJUM JIOBH, JIETaJbHO WCIIHTaH
paznmmuuTAM  MeTomaMa  (poro-mokyMeHTtanja, 3J1 ckeHupame, (oTorpaMeTpuja,
MHKPOCKOTICKa, MEPEHEe XpanaBocTh). PeKkoHCTpyHcan MoJien je TOTOM MOIU(DHKOBAaH 1
HUCKOpHINNCHH 3a aHATN3y U MOJICITUpame OMOMEXaHUKe BOJOMAapa, XUAPOIHHAMHIKHX
UCTIIMTHBaka W HYMEPHUYKHX CHMYJanja MyiITudasHor crpyjama. McnuTuBama cy
nokaszajia Jila Cy HOpMaJH30BaHE pacrojieie KOOpJIuHaTa KOHTypa TOpHaka H JIomhaKa
BOJIOMapa OJINCKE HOPMAaJM30BaHUM pacrojesiaMa KOHTypa OaJMCTHYKUX U Tpodmuia

KOJH ce TIpermopydyjy 3a HaI3BYYHH JIET ca MHUHHUMAaJIHAM OTmopoM. JloOujeHun
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PEKOHCTPYHCAHH MOJIEH Cy JT0OpOT KBAJIHTETa 3a MOTpede OMOMHMHUKpHjEe, INTO je
MOTBPUIIO KOpHUITNEHe METOJIE MEPEha y30paKka U3 MpHUpoJie Y MOCTYIKY JehuHUCamba
Ouo-uHCcIMprucanux oomka. O03UpoM J1a cy MPUPOIHUA OOTHIH HETTPABUIIHHU, U3Y3€THO
KOMIUIEKCHH, U Y CMHCIY OOJHMKa W KapaKTepHCTHKA MOBPIIMHA, JETHOM METOIO0M
Mepema HHje Moryhe mo0uTH wmcmpaBaH oOOMWMK, Beh MyITHANCIUIUTHHAPHUM
UCIUTHBAUMA U PEKOHCTPYKIIOM KOMOMHOBaHHUX MoOJIeNa.

[ToctaBibeHEe XHUIOTE3e Cy MOTBpHEHEe, IMTO Y HAYYHOHUCTPAKUBAYKOM CMHUCTY
3HAYM HEOMXOJHOCT YKJbYUHBAIE W JIPYTHX HAYYHHX OOJIACTH W JPYTUX CABPEMEHHX
MeTo/la Kako Ou ce MpOIUPHIO MYITHIUCHUIUIMHAPHO HCTPAKUBAKE, 3aBUCHO O]
n3a0paHuX M TIOCTYIHUX MPUPOJIHUX Y30paKa.

VY pany cy mpuka3zaHa HOBa Ca3Hama O OMOMEXaHHWIM KpeTama BojoMapa U
JIN3ajHy HETOBOT KJbyHA, Takohe U KHUBOTHEbA U3 MOPA, Ca KEJHOM JIa C€ CKPEHEe MaKmha
Ha BaXHOCT capajiibe Kpo3 MYJITUIUCIUIUIMHAPHE THUMOBE, NPHUKYILbalkhe HOBUX
nHpopManuja W Jnajbe yHarpeheme cazHamkba O OHOMEXAHWIH, >KHBOTY U OOJIUKY
MPUKa3aHUX, ald ¥ MHOTHX JPYTUX JKHBOTHIbA. 3HAIE M pa3zyMeBambe MPHPOJTHUX
pasJiora u ycioBa KOjU Cy JIOBEJIH J0 CIEIU(PUIHUX 00JIMKA Pa3IHIUTHX KHUBOTHIHA j€
JyroTpajaH TMpolec, ald M jeJMHH KOJU MOXE JaTH HCIpPaBHE IOJIa3HE OCHOBE U
KpUTEpHjyMe 3a U300p y30paka U Ju3ajHa 3a IPUMEHY, WIIN JIOHOIIEHE JPYTUX OJTyKa
y Ipolecy npuMeHe OMOMUMUKpHUje Ka0 MeTOo/ie ONTUMU3AIHje BO3a 3a BEJIUKE Op3HuHE,
M U APYTHX MPEBO3HUX CPECTBA. 3a MoTpede mpuMeHe OMOMUMHUKpHjE, pasyMeBarmba
OmoMexaHUKe W MOJeTHpama OONIHMKa M KpeTama H3a0paHuX y30paka, O] BEJHKe
KOpHUCTH OW OHJI0 TpOITHpEeHe HCTpaKHWBama y o0JacTH OnoyiorHje, MOCeOHO
JnepuHucaka OCHOBHHMX OOJIMKA MOjeIMHUX JXKUBOTHHA, KA0 U OICEXHH]a MEpema
nmapameTapa oOJHKa, MMOHAIaka M YCJIOBa KOjU ONHUCY]y KpeTame y npupoau, baza
mojlaTaka ca HaBeIEHHUM MoJjaluMa Ou ce HMCKOpUCTHIA 3a JAeuHucame YIa3HHX
mojaraka 3a Jajba HyMepHuka W eKCIepUMEHTalHa HWCTpakuBama. lakohe, wu3
UCIUTHBAKA j€ 3aKJbYUCHO Ja j€ HEeOMXOHA MPUMEHA CaBPEMEHHX MPEIU3HUX MEPHUX
ypehaja u nanpenaujux UT pecypca.

Ucnutuamwa 2D BHST cy nokasana na cy 3a BOXEY OTBOPEHOM IPYTOM, O
op3une 300 km/h, majmoromauju obmmmum BHST — Bomomapa m — Oapakyae u J1a
KOMOMHaIMja mapaMerapa (U3IyXKerme, IMoJIoKa] Hoca Hp.) OBa JiBa JM3ajHA HUMa

MOTEHIIMjajla 3a NMPUMEHY Ha au3ajH y paBHH cuMmerpuje kox 3D BHST. OcHoBHH
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HeqocTatak kKoju KoHpurypamuje BHST — Bogomapa, xoa Kor je MpuUMEHEH JH3ajH
KJbyHa BOJIOMapa TeOMETpPHUJCKH CIMYaH TMOJI0Xajy KJbyHa Yy OJIHOCY Ha BOJY IpHU
MaHeBpy 00pyIIaBame — 3apamarme, je Y M0jaBH JJAaMHHAPHOT OTIIEeTJberha Ha BpXY HOca
¥ TI0jaBH YAApHOT Tajiaca UCIOJ pera Bo3a mpu Op3uHama M = 0.4, Kako NpH BOXKIH
OTBOPEHOM IMPYIOM Tako M y TyHery.OcTallu Au3ajHU Cy ce MOKa3aId HeMPUKIAIHUM 3a
JlaJby TpUMEHY 300T BEIMKUX Koe(uIlMjeHaTa OTIopa WM HEMOXXEH-HE pacrojerne
nputucaka. McnutuBama BHST — Bomomapa y ciiobomHoM JeTy Cy ykaszajga Ha
HEOIMXOJHOCT TpOBEpe JM3ajHa, HE caMO MeToJaMa Koje HyJe NporpaMu 3a
rmapameTapcko Mojenupame, Beh u kpo3 mpaheme cTpyjHUX MapameTapa KOju yKazyjy
Ha HeJIOoCTaTKe Au3ajHa. Y pajy je mpuKasaHa MeToja Ha3BaHa ,,MaxoBa Jiyma“ KoJ Koje
je BHST — Bomomapa moBprHyT UCIIUTUBAKY Y UMariHaApHUM yCJIOBAMA, CJI000THOM
nety o 6p3une M = 0.9. AHanu3oM pacrmojiesie CTaTHYKUX MPUTHCAKa HA TOPHAlld U
Jomaly npoduiia JOUUPAHO j€é MECTO Ha KOM KOHTypa OJCTyHa OJI HOMHHAIIHE
BpexaHocTH. Ha xpajy cy nmedunucanu ocHoBHH mapameTpu koHtype 3D BHST, u T0
UCTIpaBJbatbe KOHTYpE [OHaKe, MO3UIMOHUpAE BpXa HOCA HA HAJHUXKY Tauky,
npruMeHa OMOMHUMUKpH]jE ca TOPHAKOM KJbyHa BOJIOMapa M CBOheme KOHTYpe BoJoMapa
Ha KOHTYpY Tella Bo3a pajiijycoM.

Komb6uHoBana Merona 3a oapehuBarme CIMYHOCTH CTPYyjama cI000/He TOBPIIIHE
BOJIC TIpU 3apamamy BojoMapa W cTpyjama okxo 2D BHST ce cacroju on
XUAPOJMHAMUYKAX eKCIIepUMeHaTa W HYMEPHUYKHUX CHUMYyJaIdja MYyJITH(Pa3HOT
cTpyjama. KomOrHOBaHa MeTO/a je 3aCHOBaHA HA XHUJPAYJIUYKO] aHAJIOTHJH, TIPH YeMy
je MeTojia Xuapayiude aHAJIOTHje Y OBOM UCTPaXUBAKy MPUMEHEHA Y TMOJIKPUTHIHOM
pEeXHUMY CTpyjarba U Ha HOBH HauWH. XUJIPOJMHAMUYKHA €KCIIEPUMEHT je Bepru(pUKOBaH
ca TpUPOAHWM (EHOMEHOM, a HYMEpPHYKEe CHMYJAIje ca XHIAPOJTAHAMUYKUAM
EKCIIEPUMEHTOM. XHJPOJMHAMHYKAM €KCIIEPUMEHTOM Cy JeUHUCAHU OOJIUIH
CJ1000JHUX TIOBPIIMHA BOJIC TIPH 3apamarkby OMOHUYKOT BojoMapa npu Op3uam V)= 0.6
m/s, moJ1 yrioMm 6 = 83° u y BepTUKAIHOM Tajy,. VI3 HyMepuuKkux cuMmyianuja cy 3a Tpu
opsmae Vy = 0.6 m/s, 6 m/s, 10 m/s, 6§ = 83°, onmpehenu obOmuIE MeTOTOM
3ampeMUHCKHX yena ¢a3a. Takohe, aHaM3upaHO je U CTPYJHO MOJbE UCITIOJ MIOBPIITHHE
BOJIe, Kako OM ce Ha OCHOBY HYMEPHUKHMX CHMYJIalldja OJPEIU0 HAUYWH Ha KOjU ce
dbopmupajy Tamacu cioboHe MOBPIIMHE BOJE. Pe3ynaTaT KoMOWMHOBaHE METOJE, KOjU

uMa TPaKTHYHU 3HAuYaj KOJ JM3ajHUpama METOJAOM OWOMHMHUKpHjE, je KPHTEPHjyM
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n300pa yciioBa U T€OMETPHJCKUX MapameTapa Ju3ajHa. 3a u3adpaHu MOJel OHOHHYKOT
BOJIOMapa W pa3inuuTe Op3WHE 3apamarma YOUeHO je Jia je MOJKPUTHYHO CTpYjarbe
MPEJICTaBJbEHO T0JaBOM BpJIO OJlarMx Tajaca cio0O0JHE IMOBPIIMHE, KOJU 3alOUYHIbY
0JIBajarbe OJ1 MOBPIIHMHE KJbYHA UCIIOJ] FUIA BPJIO OJIN3Y HUBOY CI000IHE TIOBPIITHHE JIOK
Ce BPXOBH Tajlaca He HCTUYY 3HAYajHO M3HA] MOBPIIWHE BOJIE. 3aBUCHOCT M3padyHATHX
Frc on L/H 3a okBalieHu €0 Tela Ipu pa3InIuTAM Op3uHaMa je mokaszajia MUHAMaJTHE
U TIpUOIMKHO HEITPOMEHJbUBE BPEeTHOCTH 1pH Op3uHH V= 0.6 m/s, Te je uckopumthena
Kao TPBU KPUTEPH]yM, KPUTEPHjyM 3a U300p yClIoBa MCIUTHBAa (orcera Op3uHa) 3a
UCTIUTHU OWOHWYKHM Mojen. [lpu oBOj Op3wHH HW3padyHaTe BpeaHOCTH Fra (Tauka
nomupa) on Rep, cy mokasasie He3HATHE TPOMEHe IpH BpenHocTUMa Rep koje onroBapajy
napamerpu am3ajHa 2.7 < L/H < 3.31. Kpurepujym 3a u3bop nu3ajua koju he
IPOY3POKOBATH TOAKPUTHYHE IPOMEHE Ha CII00O0IHO] MOBPIIMHU BOJIE j€ KPUTEPH]YM
cTamHOCTH Frp (Tadyka moawpa) mpu HW3a0paHUM YCIOBHMAa KpeTama, NMPH KOjuMa He
JI0JIa3¥ JI0 T0jaBe WU3paKEHHUX BpxoBa Tamaca. KomOWHOBaHA MeTo/a je Ha Jiak U Op3
HAauMH ycmena Ja jAeduHumie mnapamerpe aum3ajHa L/H OHWOHWMYKOr BojgoMapa 3a
onpehene ycioBe 3apamara, IPH KOJEMa HE JIOJIAa3H JI0 M0jaBe M3pakeHuX Tajaca. Ha
UCTH HAYWH OBOM METOJIOM C€ MOTY MCIUTATU M JPYTH JIU3ajHU i y3 MPEIopyKy Ja
ce yHalpeIu MeToJla Mepema ca ypehajuma 3a mpenu3Huje CHAMamke Kao MTo ¢y Op3e
kamepe, 1 U'T pecypcn 3a 3axTeBHE HyMEpUUKe CUMYJIalHje MyITH(A3HOT CTpYjama.
[Tomohy komMOnWHOBaHE MeTOJIe 3a OJipehuBame CIUYHOCTH CTpYyjama, aHAIH30M
pacrojieie MpuTUCaKa U MyTama QIyHIHEX Jenrha UCTIo T MOBPINHHE Boje AeHHUCAH
je m HaumH popMupama Tanaca ciio00/HE TMOBPIIMHE BOJE NPH 3apamarmy BojoMapa.
Cnobomna moBpimmHa Bojie je (opmupaHa on (aywmaHuxX nenumha ca aepuHUCAHUM
nyramama. [lyrame Quynaaux nemuha 3anodny Ha TOBPIIMHU KJbYHA BOJIOMApa, 0K
ce ca apyre crpaHe cactajy U (opmmpajy cioboaHy moBpmmHy Bojae. Kpos Bpeme,
3apamameM KJbyHa CBe NyOJbe y BoXy, (QIIyHIHU Jenuhu ce momepajy oj MOBpIIAHE
KJbYHA W TYTYjy IO IyTamama, Koje cy NeuHrcaHe HUBOWMA jeHAKUX IMPHTHCAKa,
TaKo Ja Kpo3 Bpeme, (IyHaHH Aeauhd TMOKPEHYTH KJbYHOM H3 CTalka MHpPOBamba
LTYpajy™ ucnpen cebe OHe KOjH jOI HECY Y KpeTamy, U TaKO PeJlOM CBe JIOK He JIohy 110
ci000aHe MOBpIIKMHE U TIpaTtehu je He n3ryde eHeprujy najeko o1 MecTa 3apamarba.
KomOnHoBaHa MeTo/1a 3a oipehuBame CIMYHOCTH je Kpo3 Topeherme peaTHBHIX

OJTHOCA MapameTapa CTpyjarma, 00JIMKa Tajaca y BOJHM U PacIoesie IyCTHHA Y CTPYJHOM
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nosby oko BHST nokasana na nmoctoju cinuyHocT u3Mely obnuka ciioboHe MOBPIINHE
BOJIE OKO KJbYHa BOJIOMapa y MEHEBPY 0OpyllIaBame — 3apamame U pacioielie r'yCTHHA
10 BEPTUKAITHOM TIPaBITy y CTpyjHOM 1oJby oko BHST.

AHanu3a CIMYHOCTH CTpyjara BOJE OKO OMOHMYKOT BOJOMAapa M Ba3zlyXa OKO
BHST je mokazama nma COIWYHOCT CTpyjamka IOCTOJH Y TOJKPHUTHYHOM PEKHMY.
Cau4HOCT cTpyjama ce OJHOCH Ha CIMYHOCTH Yy pacrojiejiaMa BHCHHA KOHTYpe
¢11000/1HE TIOBPIIMHE BOJIE, Y OJHOCY Ha TPEHYTHH II0JIOKaj BOJIOMAapa MpH 3apambamy
MUpHY BOJy, U paclojiesly TyCTHHA YIpaBHO Ha mpasal] kpetawa BHST, nocmarpany
Ha MECTy CIMYHOM MECTY I0jaBe Tajaca U y OJHOCY Ha TYCTHHY Y CTPYJHOM HOJBY.
Takohe, y ycioBuMa HENOTIIYHE T€OMETPHUJCKE CIIMYHOCTH, YOUEHA j€ CIIMYHOCT u3Mehy
nyTama (QIyHaHuX geianha WMCMOJA TOBPIIMHE BOJAE M HW30-TYCTHHCKHX JIMHHjA Y
ctpyjaom nosby oko BHST mpu npomnacky kpo3 TyHen. CIHYHOCT CTpyjama MOCTOjH Ha
1[eJI0M oricery Op3rHa ca BpJIo MalluM pasjinkama, 300T Tora IITO Cy YCJIOBH CTpyjamba
noakputuyHu. Ha oBaj HauwH je ,,ipemoiheHa’™ CIMYHOCT CTpYjama 3a J1Ba He MOTIYHO
CJIMYHA MOJIEJNIA, IITO j& BPJIO YECT CIyda)j y MPaKCH.

KomOmHOBana  wMetoma 3a  onpehuBame  COIMYHOCTH — CTpyjama  je
MYJTUJUCIUIUIMHAPHA METOoJa KOoja ce MOKe TNPUMEHUTH U Ha Jpyre oO0IHKe
UCIUTHHUX Mojiela U ycoBe cTpyjama. Kpos Oyayha ucnutuBama ce mpernopydyje
yHampeheme MeTone YK/byuHMBameM ypehaja 3a mpenm3HO Mepeme Tomorpaduje
cinobo/iHe TOBpIIMHE BOJE, Mepema BeKTopa Op3WHa H BH3YyelIHM3alH]y ITyTama
¢nyunaux penmha kao mro cy Hampumep Op3e kamepe, PIV mmum LDA. Takohe
MpEeNU3HUjU TMOoJallll W3 HYMEpUUYKHUX CHMYJIalHuja O ce OCTBapuiM y3 YymoTpely
nanpeaaujux UT pecypca.

Monen 3D BHST je kpempan Ha HCKyCTBHMa TEOpHje W Ipakce Koja ce
CTaH/ApJHO TPUMEYje Y Ba3IyXOIUIOBHO] HHIyCTpHju. OCHOBHA KOHTYpa OMOHUYKOT
JIi3ajHa CMEINTEHA € Y PaBHH CUMETpPHje. BHOHWYKH H3ajH Y JOHTUTYAMHAIHO] PaBHH
CUMeETpHje je W3BeJieH IpeMa 3akbydnuma ucnutubama 2D BHST. OcHoBHa KOoHTYpa
j€ MHCIHUpHUCaHa TOPHaKOM KJbYHa BOJIOMapa, IoJj Bo3a je mapajeiiaH ca MOJICJIOM TIa,
a BpX HOCA je KpeupaH y BHJy pajaujyca, a ONOHWYKH €0 KOHTYpPE j€ paijycoM CIIOjeH
ca KOHTYpOM Tella Bo3a. Y TOIJIeIy O0/03r0o, ¢ OO3UPOM Ha KOMIUIEKCHU AHU3ajH
neduHMcaHa je 60YHA W3BOJHUIA, YHja j€ TMPOjeKIHja Y BpXy H3BEJeHA HAJIHK BPXY

KJbyHa BOJOMapa U IOTOM je CBCJICHA ACJIOM KOHTYpPC AOHAKEC KJbYHAa W KPHBOM 10
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croja ca TenmoM Bo3a. Ca muibeM Jia ce MOCTHTHe pacmojiena nmospmmHa 3D BHST
ONHCcKa OINTHMAJIHOj, BPIICHA je WM3MEHa OOJIMKa KpWBHHE OOYHHE H3BOJIHUIIE, IIO0
yrieay Ha METOJy jeJHAaKMX MOBpIIMHA KOja ce MpHUMEHbYje pald CMamema OTIopa
npoduia Mpu Ha3BYYHUM Op3MHaMa. 3a M3ajH Y CTBAPHO] BEIMYMHH, Ca H3/IYKEHEM
HOca 6, TIOCTUTHYTa je HOPMAaJIM30BaHA pPAacIojielia TOBPIIMHA TONPEYHHUX IIpeceKa
OnmcKa enmuIcuoay (3a ONTHUMATHH OOJUK y JIMTepaTypd ce HaBOAHW THapabosiowun) u
m3BenenoMm nuzajny CHR380A u [lunkancen cepuje 700. Y aHanmu3y je yKJbydeHa H
HOpMAaJIM30BaHa pacrojielia MOBPIIHHA KJbyHa BOJOMapa JoOujeHa (pOTOrpaMeTpHjoM.
Ha ocHoBy mopehema ca BpemHOCTHMa W3 JUTEpaType, HOPMAaJIW30BaHE TOBPINHHE
KJbYHa Cy Mame OJ] ONTHMAIHUX (Mapaldojiouia) INTO YyKasyje Ja Ju3ajH KJbyHa
BOJIOMAapa HUje MPeNOPYWHHB IU3ajH Y IPHPOTHOM OOJHKY.

Juzaju 3D BHST xpeupan OHOMUMHKPHJOM je HCIHTaH HYMEPHUKAM
cUMYyJTanyjama Mpu MpoJiackKy Kpo3 TyHes, npu Op3mHama V' = 200 km/h — 500 km/h.
Hymepuuke cumynanuje ca KIM3HHM Mpexama cy omoryhmie mpaheme CTpyjHHX
napameTapa y Bpemeny. M3alOpan je nHTepBan BpeMeHa O]l IoYeTKa KpeTarmba, KpeTambe
OTBOPEHOM IIPYTOM, JIO TpeHyTKa kaaa je Hoc BHST ymao y nemoctu y TyHen. Y oBom
UHTEPBAILY je OUYEKHUBAHO Jia Ce MOjaBH HArJU MOPACT BPEJIHOCTH MPUTUCKA U HETOBOT
rpajdjeHTa, MepeH Ha 3u1y TyHena. [locmarpaHo y BpeMeHy, MPUTUCIH MTPOpadyHATH
Ha 3Uy TyHela Cy JOCTH3AJId BPIHE BPEAHOCTH y CKIIQy ca Op3WHOM KpeTama. Mame
Op3uHE KpeTama Cy y3pOKOBaJle Mamkhe U CIIOpHje IPOMEHE IMPUTHCKA HA MEPHOM MECTY.

3aBHCHOCT MAaKCHMAaJTHHUX BPEIHOCTH IPUTHCAKAa y TYHEIy OJ Op3WHE KpeTama
Jo0WjeHa HYMEpUUYKHM CHMYyJalldjamMa je BpJio OJMcKa TEOpHjCKOj, HAa HHTEPBAIY
o6p3una V' = 200 km/h — 500 km/h. TlopacT npuTHcka Ha MEPHOM MECTY Yy TYHEIy je
¢yHknuja KBagpata Op3WHE KpeTama. BpeaHocTn mputucka ao0ujeHe Ha MHTEpBAITY
BpeMeHa TOKOM KOT' HOC BO3a IIPUJIa3H U yJIa3u y TYHEJ Cy y CKIIaay ca BpeHOCTUMA U3
CTBapHUX MEpeHa HaBEJCHHX Yy JOCTYITHO] JTeparypu npu Op3mau V=~ 200 km/h.
Bpennoctu rpanujeHTa MPUTHUCKA, HA UCTOM ITOCMAaTPAaHOM HHTEPBATY Cy NIpHU Op3WHU
V' = 200 km/h mame ox nmobOujeHmx crBapHuM Mepemuma. [lopehema pesynrara u3
HYMEpPHUUYKUX CUMYJIallFja 32 BUCKO3HO U HEBHCKO3HO CTpYyjame Cy MOoKa3aja CIMYHOCT
y To0jaBaMa M MAaKCUMalIHOj BpeaHocTH mputucka mpu V' = 200 km/h, HO HHCY
MOTBP/IMJIC OYEKHWBAaHE BPEIHOCTH TI'pajiMjeHaTa MPHUTHCAKa Ha W3a0paHOM WHTEpPBALY

Op3uHa.
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3a monmen 3D BHST je ananmusupana u CIMYHOCT CTpYyjama y paBHU CHUMETpH]jE,
KaJla je HOC yIIao y TyHeJ, ca CTpyjaleM BOJie OKO KJbyHa BOJOMapa, Ha CIMYHUM
MeCTHMa. YOYEHO je Jla MOCTOJH CIMYHOCT pPacrojielie JIOKAIHE TYCTHHE IO IPaBIly
yIIpaBHOM Ha TpaBall KpeTama, W O0JIMKa CI000JHE MOBpIIMHE OKO KJbyHA, TE je
3aKJbYUEHO JIa je CTpyjame, MOCMaTpaHo Ha CIUYHUM MECTHMa, MOJKPUTHYHO U Y
caydajy 3D BHST. W3zo-ryctuncke nuHHje cy, kao u y ciaydajy 2D BHST vy
OeCcKOHAYHOM TYHEIy, 00JIMKa OOpHYTOT ClloBa ,,S%, HEIITO JIpyrayrje pacrnopeheHe amu
npucytHe. Kox 3D BHST cy yodyeHHM mnpekuam H30-TYCTHHCKHX JIMHHjAa OJIHCKO
MOBPIIMHU MOJIeNa, MITO je HAaKHAIHUM MpoBepaMa JU3ajHa U CTPYJHUX [apamerapa
Koe(uIljeHTa OTIIOpa U TeMIlepaType, MPOTyMayeHO Kao MOCIeuiia HePaBUIHOCTH Y
JTA3ajHY.

[Ipema nmoOujenum pesynraruma 3a 3D BHST 3akibydeHo je nma ce au3ajH
KpeupaH OMOMUMHUKPH]OM Ka0 METOJIOM aepOoAMHAMHUYKOT JIM3ajHIpama BO3a 3a BEJIHKe
Op3uHe, MOJKE ITOCMaTpaTH Kao MOJIa3HHU JAW3ajH 32 JIaJbH MPOIIEC ONITHMH3AIIH]E, jep je Y
nopehemy ca u3BeIeHUM TU3ajHIMA M UCIIUTUBAMMA TI0Ka3a0 100pe aepoIuHAMHUYKE
KapaKTepUCTUKE MTPU KPUTUYHUM YCIOBUMA KpeTarma Kpo3 TyHe.

Kpo3 ucuruBame 3D BHST, Gmomumukpuja ce moTBpArMIa Ka0 MeToa u30opa
3a aepoJAMHAMHMYKO Ju3ajHupame. llpemopydyje ce HacTaBak HCTpaKuBama Y3
ONTUMHM3AIHN]Y MapaMeTapcKor MOJelupama B03a U MPOUIMPEHE EKCIIePUMEHTa, .
yBOohemeM HajcaBpeMeHHje MEpHE OIlpeMe 3a Tpelu3HHje oJpehuBame IMOIa3HIX
1oJlaTaka HEeONXOJHHUX 32 KOMIUIEKCHHU IPOpayyH.

Ha ocHoBy pesyirara ucTpaxuBama 3aK/byuyeHO je Jla ce OMOMUMHUKpHja Kao
METOJl JW3ajHHpama IOoKa3ajlla Kao HAay4YHO OIpaBJiaH METOJ, ONTHUMalaH, Op3 u
MPaKTUYHO W3BOJJbUB HAYMH 3a ONTHMH3AILM]y IU3ajHA y OJAHOCY Ha JApYyre MeToje y
npuMeHH. brnoMuMuKpHja Kao MeToja aepoAMHAMHYKOI JH3ajHHpara je IMpe cBera
MYJITUTUCIUIUIMHAPHA MeToJla, U 3a Oyayha ucTpakuBama HEOIXOJHO j€ KOPHUCTUTH
HajcaBpeMeHMje METOoJie U OoIlpeMy 3a ojpehuBame ynazHux mnapametapa. [lopen
e(pUKacCHOCTH y TIpollecy IpuMeHe OMOMHMHKpHje 3a JoOujame (puHaIHOT nu3ajHa,
MoOJke ce uctahu u ymrena y BpeMeHy, pecypcuMa M TPOIIKOBHMA MCTPaKUBamba KOjU
cy yobmuajeno Hajeehu y mpBuM (hazama u3pajie mpoTOTHIIORA.

MeTtona GMOMUMUKpUjE 3a aepOAMHAMUYKO JU3ajHUpakhe BO3a BEIMKUX Op3HHa

ce moka3zajia Kao ONTHMalTHa METO/a, Koja IITeIH BpeMe M CMambyje TPOIIKOBE Y PaHoj
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¢a3m pa3Boja quzajHa. OTBOpHIIA je Bpara MHOTHM IHTamkbUMa, alld j€é HCTOBPEMEHO
CTBOpHJIa M MOTYNHOCTH 3a HWCTpakWBama M3 00JacTH Koje 10 caga HUCY Owmie

YKJbYUYEHE y MPOIIECy ANU3ajHApara BO30Ba 3a BEJINKe Op3nHe.

9.1. HoBa HayuHa uHdopManuja

Monen npumeHe OMOMUMUKpPHje Ka0 METOJIE 3a aepOJMHAMUYKO JIU3ajHUpA-E BO3a 3a
BeJIMKe Op3uHE je U3BEJIEH MpeMa aIropuTMy y KoMe ce moMohy KoMOMHOBaHE METO/Ie
3a oJpehuBame CIMYHOCTH CTpYjara, H3BO)EHEM EKCIICPUMEHTATHUX W HYMEPHUKHX
HUCIIUTHBAbA JI0JIA3H JI0 KPajiher pe3yiTara — OHOHHYKOT JTH3ajHa.

HcTpaxkuBame, aHann3a pesyirara M 3akJbydlld Ccy Jaiu ciejehe HOBe HaydHe

nH(popMaIyje U HaAyIHH JTOTTPHHOC:

— Y HPHUCTYIy M TOCMarpamy KUBOTHIHCKUX j€MHKH W HUXOBHUX HABUKA, Y
CMUCITy TIPUKYIUJbama, aHAJIM3e W MPHMEHE IoJaTaka 3a OMOMHUMHKDPH]Y Ha
BO30BE 3a BeJMKe Op3uHe

— eKCIIEpUMEHTATHO W HyMEpUYKd Je(]UuHHCAaHE TeoMETpHje pa3IUUUTUX
KUBOTHILCKMX  y30paka, ca [apaMeTpuMa Ju3ajHa  IpeicTaBibajy
OpraHu3oBaHe MOJaTKe, KOJU ce MOTY yrmoTpebJbaBaTH U ca APYyroM HAMEHOM
y oOjacTuMa aepoJMHAMUKE TIPEBO3HUX CpelcTaBa WM OaTuCTHKE
OMOMHUMUKPH]OM.

— TIO TIPBH TYT j€ KPO3 jeJHy METOJIy — KOMOMHOBaHY METONYy 3a oapehuBame
CIIMYHOCTH CTpyjalba, ¥ IbEHE eJeMEHTe, ITOCEOHO XHJIPOTUHAMHYKA
HUCTpaXUBama, 00aBJHEHO WCIIMTHBAKHE OMOHUYKOT OOJIMKA U JIU3aJHUPAFhe
BHST. Hako cy mojequHayHu €JIEeMEHTH METOJAE Y YHOTpeOW y HAydHO] H
CTPYYHOj IIPaKCH JIyTO BpeMeHa, IlbUX0Ba IPUMEHA HUje HIUKaJja KOMOMHOBaHA
Ha OBa] HAYMH M aHAJIM3UpaHA ca CBPXOM aepOJAMHAMHYKOL U3ajHUparbha
Bo30Ba. HoBa merona nm3ajHupama BO30Ba 3a BeluKe Op3uHe neduHuUIIe
penocies U HaUMH MPUMEHE eKCIIEPUMEHTATHUX U HyMEPUUKUX UCIIUTUBRAbA,
METOJly aHaJu3e W KPUTEpHUjyMe IIpeMa KojuMma jeé CTBOpeHa METojia Koja je
ONITHMH30BaHA 3a YMOTpeOy y HaydyHe W HWHAyCTpHjcke cBpxe. [Ipukazana
KOMOMHOBaHa METOJIa 3a OJpel)UBambe CIMYHOCTH CTPYjama je MpaKTHJIHA 32

MIPUMEHY, U3BOJIJBUB Ha JOCTYITHUM pecypcuMa Koja je y KpajieM pe3yirary
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OBOT' HCTpaXXKHBama JePUHHICATA TU3ajH KOJH c€ MOXE YIMOTPEOUTH 3a JNajby
OTITUMU3AITH]Y TTOHABJbAKEM OBOT IOCTYIKA y3 yYHampehema Mojienna, MepHUX
METO/Ia U TOCTyIKa 00paje mojaraka Wid HEKOM O JPYTUX MeToaa Koje Cy
JlaHac y IPUMEHH.

HyMEpHYKa METOJa yiela 3ampeMHHCKHX (ha3a Koja JBO(]a3zHOT CTpyjamba —
VOF je y 0BOM HCTpaXXHBamby IMPUMEHECHA 110 TIPBH YT Y UCTPAKWBAKUMA H3
oOiactu 6GmomexaHuKe 3a ojpehuBame napaMerapa KpeTama Tejla U peaxifyje
y BHIY Tajlaca CTBOPEHHX 3apamarmeM Tella y BOAy. AHain3a o0JIMKa Tajiaca
je Tmokazajga je JeTajbe KOJH Cy HEAO0CTajalid KOJ XHJIPOJMHAMHYKUX
ucnutuBama. CHHTE3a pa3IMYMTHX METoJa WCIHUTHBama je IMoKa3aia
HEOITXOHOCT IHbMXOBE YIoTpeOe Kpo3 MYyITHAUCIUILUIHHAPHA UCTPAKUBAIbA.
Kao nmeo xomOwmHOBaHe MeTOje, MpHKa3aH je€é W HOBH TPUCTYH Y
Bepu(HKAUjH HYMEpHUYKE METOJAE Ca XHJIPOAMHAMHUYKHM H IMPHPOTHIM
norahajem.

aHaJM3a pe3yJiTara M3 MYJITHIUCHUIUIMHAPHUAX UCTPaKUBamba je MpHKaszaia
MOTITYHO HOB HAYWH y MIPHUCTYITY MIPOIIECy aHaJH3e,

MOCTaBJbCHHU Cy KPUTEPHjYMH IIpeMa KOojuMa ce CykaBa HU300p OMOHHYKHX
WU JIPYTUX JH3ajHa, a JOOWjeHH Ha OCHOBY jeHE — KOMOWHOBAaHE METOJIC
IITO 3HAYAjHO JOIPUHOCH CMambEHhy BPEeMEHa U TPOIIIKOBA IIPH JIN3ajHUPAbY.
jelaH oJi JOTPUHOCA je M JH3ajHUpame peepeHTHOT OMOHHYKOT MOJIeNa 3a
aepoJMHAMHYKA HCIHUTHBAKka, YHJUM HCTPAXKHBAbHMa ca H3MEHEHUM
napamMeTpuMa ce OYeKyjy HOBH JIONIPHHOCH Yy OOJAacTH aepoJWHaAMHYKE
ONTUMU3AIHje 00JTHKa,

YBEJICHA j€ HOBAa METO/A 3a UCTPAKHUBAE CTPYjarma 10 NOBPIIMHAMA MOJIENa
y momBy4dHoMm aeportynerny (T-32, BTU) momohy WI] Ttepmorpaduje.
W3Benena cy mepema pacmojielie TeMmIieparypa, a HaKOH BepHQHKaIlije ca
BH3Yy€IIM3aAIlMjOM CTpyjalba H3BpIICHA j€ W KapaKTepusaluja CTpyjama.
Metona je mpuMeHJBMBA W Ha CBE JIpyre Mojeie, W YCJIOBE CTpyjama y
MOJI3BYYHO], OKO— U HA/I3BYYHO] 00JIACTH CTpYjamba,

HyMEpHUYKa MeTo/a ca KIM3HMM MpeXaMma je IpHUMEHEeHa 3a pellaBambe
KOMIUIEKCHOT CTpyjaha OKO BO3a y TyHeny. AnHamm3a pesynrtara 3D

OMOHMYKOT BO3a, MU3ajHUPAHOT KOMOWHOBAaHOM METOJIOM 3a ojpehuBame
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CIIMYHOCTH CTpyjama, j€ yKazajla Ha HEONMXOJHOCT IPUMEHE BHCKO3HOT
CTpyjama 3a JleTaJbHa WCIHUTHBamka Napamerapa CTPYJHOT TI0Jba, H
onpehuBame pacrojiena TYCTHHA y PaBHU CHMETPHje W H30-TYCTHHCKHX
JUHHW]ja — JeTHOT OJf KpUTepHjyMa ONIpaBIaHOCTH Kopwuimhema ojpeheHor
OHMOHHYKOT 00JIHKA,

— yBeleHe Cy HOBE METOJIe KBaJIUTETa JM3ajHa KOJU Cy 3aCHOBAaHM Ha aHAIU3U
napamMerapa cTpyjama, ocuM rmoctojehmx metona kpoz CAD/CAM.

— TIpBa MeToJa je Ha3BaHa ,,MaxoBoM Jynom™ y kojoj je BHST nocrasiben
y UMarvHapHU CIIOOOJIHY JIET IPA BUCOKHAM TIO3BYYHHM W HAJ[3BYYHUM
Op3vHama, JTOBOJFHO TIpeIlM3HAa METOAa Ja ce JIAaKO JIOIHpa MeCTO
JTUCKOHTHHYHTETA Ha KOHTYPH

— Jpyra Mmetoja je mpaheme pacrmojenie HW30-TYCTHHCKHX JIMHH]A, Koja
rpy0o0 JOIMpa MECTO TUCKOHTHHYUTETA HA KOHTYPH

— Tpeha wMeTola 3a JIOIUparke OJCTyMama KOHTypa Ju3ajaHa Ol
HOMMHAJIHHMX je METOJa aHaliu3e pacmonene ¢ 1 1y uzabpaHoj paBHH,
mpenuszHa Merona. Hemocrarak weronme je y moTemkohama mpu
neduHECamy KOHTYype Ha 3D Momeny 3a mpuKa3 CTpyjHHX IapaMeTapa y

Clly4ajeBUMa KOMILUIEKIHUAX JH3ajHa.

Hogra meTona nu3ajHupama Bo3a 3a BeJike Op3uHe JeUHUIIE peaoCcie]l i HaUnH
pUMEHE EeKCIIEPUMEHTAIHUX W HYMEPHUYKHX HCIUTHBAama KOjuMa ce MOXKe Johw 3a
Hajkpahe Bpeme, y3 HajMarma CpeJICTBa U JOCTYITHE pecypce 10 KOHIENTYaTHOT TN3ajHa.
[IpumemeHe  HyMepHYke  MeToje 3a  ojapehuBame  aepoJWHAMHUYKUX U
XUJAPOJMHAMUYKAX KapaKTEepUCTHKA JM3ajHA BO3a 3a BEJHMKE Op3WHE, KOJ
HECTAIMOHAPHOT CTpyjarma, Cy: JUHAMHYKE W KIM3HE MpEXe W MOJEN CI000IHHX
MOBPIIIKHA.

MeTosie  eKCIepUMEHTAHEe aepoMHAMHKE ¥ XHUIAPOJAMHAMHKE Y  OBOj
JucepTandju 100ujajy TOTIIYHO HOB HAUWMH MPUMEHE U MPEJICTaBIbajy €0 METOe, TpH
YeMy YjeIHO CITy’)Ke aHaJM3W pe3yliTara WUCTpakKWBama W BEpUPHUKAIMH pe3ysrara

HYMEpPUUKUX CHMYJIallja 3aBUCHO O] (haze paja.
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9.2. OTBOpeHa MOAPYyYja HCTPAKHBAKA

3a morpebe pa3Boja W yHampehema TPENTIOKEHE ONTHMH3AIUje METOJI0M
OMOMHUMUKpHjE caMe METOJC Iu3ajHHpama Kao W METOJE OINTHMH3AIlMje Jau3ajHa
HEOIXOJHO je W TIOJPXKaHO JeTajbHUje OHMOJIOMKO, OMOMEXaHWYKO, MEXaHHYKO H
XUJIPOJMHAMUYKO HUCTPAXKHUBAE MaHEBpa 0OpyIIaBame ca THhYpPameM, 3a BoJoMapa U
CJIMYHE BpPCTE, KOjU OW y pe3yTary naim ciiegehe Mel)y3aBucHe molaTKe:

— Mop¢otorke ¥ OHOJIOMIKE MMOIaTKE O TOCMATPAHOM KHBOM IPHUMEPKY,

— JieTaJbHe MoJaTKe O OOJHMKY W JUMEH3HMjaMa KJbyHa W Tela, Kao W IMpoleHa

IIEHTpa Mace MPH MaHEBPY 0OpyIIaBarke ca ThypambeM,

— KBallUBMBOCT W XpamaBOCT MOBPIIUHE KJbYHA, JOCTYIHHUX MpernapupaHux

pUMepKa BpCTe

— HCTpPaXHBaFmhEe MEXaHUYKHX OCOOMHA KJbyHa

— Mpelnu3HUje MOoJAaTKe O MPHHYJAHOM KpeTamy Tela BojoMapa — Op3uHH

oOpymraBama y (yHKIIHjH TTOYETHE BUCHHE U Kpajibe NyOWHE 3apamara, y3
MEpEeHe TPEHYTHE MOJaTKe O TeMIIEpaTypu OKOJIUHE, TEMIIEPATYPH U I'yCTHHH
BOJIE

— TMpenu3Huje MoJaTKe 0 OpP3WHU y TPEHYTKY JIOIUpa ca MOBPIIHHOM BOJIE,

— BHJEO-, (oro- wim  Tepmorpadcky BU3yeTM3alHje CTpyjakba H Tela
BOJIOMapa, U3HAJl ¥ TIOJIBOJIOM, Koje O Jajie Mperu3Huje MoIaTKe 0 00IUKY U
BUCHHU KpPYHE CKOKOBUTOT W pajfjaIHAX Tajlaca, y KJbYUYHHUM TPEHYTIIHMA
TOKOM MaHEBpa, Y OJIHOCY Ha KJbYH H TEJIO

[Ipemmaxe ce mpommpere KOMOWHOBaHE MeTojAe 3a oJpehuBame CIHMYHOCTH
CTpyjama y CMUCITY yBohema Beher Opoja mapamerapa Jau3ajHa.

OBuUM pazioM ce TpeTaxke MPOIIUPEHEe OCHOBHE ImeMe pa3BojHOr jgena PLM
CUCTeMa, U yBoheme 3Hama W BEIITHHA CTCUCHUX KPO3 MHTEPAMCIHIIMHAPHA HAydHA
UCTpaXHWBama M Pa3IMUUTE I'paHe WHIYCTPH)jCKE JETATHOCTH. Y CMUCIY YKJby4YHBarmba
OMOMUMUKpH]jE y Tpollec Iu3ajHupama Kpo3 moctojehe cucreMe HaydyHO 3aCHOBAHOT
ylpaBJbarmba KUBOTHUM ITHKIYCOM MPOU3BOAA, Kao mTo je Hanpumep ScLM (Scientific
Lifecycle Management, ScLM) [174] koju ykJbydyje Hay4He 00JIACTH Kao IITO Cy OMO-
HayKe, XEeMHje W HayKe O MaTephjajiiMa, CBaKaKO je HEONXOJHO YKJ/byUHBarhe

MYITHJUCHUINIMHAPDHUX THUMOBA, HAYYHO-UCTPAXUBAYKHUX KaJpoBa U3 obmactu
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Ooumosiormje, Mexanwke Gaynna, ¢usuke, xemuje, OHo-xemuje, (PHU3NUKe-xeMuje,
MICHXOJIOTHj€ ¥ MHOTHX JIDYTHX JeTHAKO BXXHUX HA HCTOM 3aJIaTKYy.,

denomen MaHeBpa oOpyllIaBame—3apamarme je, Kako je MoKa3alo OBO
UCTpaXUBabe, TMOTPEOHO U Jlajbe JIETAJbHO MUCTPAXKUBATH KPO3 MYJITHAMCIUIUIMHAPHU
paz, mpe cBera jep ce caM (peHOMEH 3Ha4yajHO pa3lIuKyje O aepo- U XHJIPOAMHAMHYKHX
(eHOMEeHa KO CTaHIapTHIUX UCIIUTHUX MOJIeNIa B METO/IA.

HacraBak wcnuTHBama ca JAWTHTAIHM30BAHAM  ONTHYKHM  MHKPOCKOIIOM,
IPUIOJATAM H MPUIIArol)eHUM OCBETJBEHEM M Ca PA3IMUUTHM yBEIHYAUMa 3HAYaJHO
OW TOTIPHHEO KBAIUTETY pe3yJiTaTa, aHAIM3H U IPUMEHH Y 00JIaCTH OMOMUMUKpPH]jE Kao
jemHa o METoJa 3a CMameme OTmopa cTpyjamy. [lpukasu obOjammaBajy (heHOMEH
MaHeBpa oOpylaBame-3apamabe Yy MHKPO pa3Mepd W Jajy J00py OCHOBY 3a
npormpene Oyayhux uerpaxuBama 1 'y 00J1acTH MeXaHuKe QIIyn/1a y MEKpOKaHAIAMA.

Busmja oBe JoKTOpCKe amcepTaryje, je Ja ce CTBOPH HOBa KapukKa y IIpoIecy
pa3Boja TpPOW3BOJA, KajJa Ce TOBOPM O HWHAYCTPHjH INUHCKHX BO3WIA, Koja O
yKJbyuMBaJla TOCTOjeha W HOBa 3HaWka M HCKYyCTBA M3 PA3IHYUTHX HAYYHUX U
WHIYCTPH]CKUX JEJTaTHOCTH Kao INTO cy: OWOJIoTHja, IMWHCKE M Ba3TyXOIUIOBHE
WHIYCTpHje, Opoaorpaame, WHPOPMAMUOHUX TEXHOJOTHja W JPYTUX, Ca TEKHOM
Kperpama BO30Ba 3a BeJIMKEe Op3WHe, OHO-WHCIIUPHCAHOT IH3ajHa, MPOU3BEICH O
HOBUX JIAKUX MaTepHjalia ca peBIaKkaMa, KOHCTPYKIIH]je JbyCKe, Koju o0e30elyje skuBot
y CKJIaay ca MPHPOJOM M 3/paBjbeM udoBeka. HoBocTeueHa 3Hama OM HCTOBPEMEHO
Omia 1ocTymHa U ynoTpeOJbHUBa U MIOBPATHO, y TpaHamMa HHIYCTpPHUje KOje Cy JIOTpHHENe

CTBapamy HOBOT JIW3ajHA.

9.3. BpeanoBamwe paga

Y wucrpaxuBamy Ccy ymorpeOsbeHe TmocTtojehe MeTome  Mepema, ald  Cy
MYJITHAACIUIUIAHAPHN TPUCTYII W PEIOCie IO HPBH MYyT MPEJCTaBJbeH Y OBOM
HCTPKHBAY Ca CBPXOM MpPHMEHe OHOMHMHUKPHjEe Kao METOJIC 3a JH3ajHUPAbe BO3a.
[To xopammma je u3BeleHa Bepu(HUKAIMja TPUMEHCHUX MeTOoAa (HYMEPHUKHX HIIH
eKCIIEPUMEHTAITHUX) , HO Yy JIMTepaTypH HUje mpoHaleH ToBOJbaH Opoj mojaraka u
aHaM3a Koje OM TOTBpAMJIC CBE MpPEACTaB/bCHE aHAIM3€e M 3aKJbydKe, Mpe CBera y

CMUCIy TIpUMEHE XHJIpayJIMuKe aHaJorHje, UCIUTUBamka y 2D mpocTopy U KOMIUIETHH
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mogari 3a KoHpurypamujy 3D BHST tymen. Ca mwmibem yHampehema wmetoge
OMOMUMHKpHje ¥ KOMOWHOBAaHE METOJie Ka0 METOJIC aepOJAMHAMHUYKOL JU3ajHUpAha
no0pojonia ¢y HOBa HCTpaKHUBama Koja OW JOoHena coOOM W HOBAa ca3zHama O
IPUPOTHEM (PeHOMEHNMa, MOT'YNHOCTHMa HOBUX METOJ[a HCITUTHBAA U ITPOjEKTOBAMbA.

Y 0BOM HCTpaXuBamy j€ HCIYHCH IHJb, KPEUpaH je Tu3ajH OMOMUMHKPH]OM,
KBATM(UKOBAH 3a JaJbl TPOIeC ONTHMH3AlHje, ald CBaKako MOTYhHOCTH
UCTpaXHBama Cy MPAaKTUYHO HEOTpaHMUYEHE U Ja jé OBO UCTPAXKMBaHE TEK MPBU KOpaK
y HH3Y.

N360p Omonomkmx o6JIMKa W ca3Hamka O HaBHKaMa JeIMHKH, KOjU je HalpaB/beH
mpeMa JOCTYITHUM ToJalliMa U OTIMCHAMa, CBaKako He Tpeda Ja ocTaHe jeIMHU OKBHD Y
KOME Cce BpIIM Inperpara © aHamu3a o0JMKa W OJKMBOTHHX  HAaBHUKA.
MynTUAMIICHITTAHAPHA THMOBH CBakako Tpeba Ja MMajy W CTpydmake H3 00JIacTh
OMOJIOTH]j€ TTAJICOHTOJIOTH]E€ U AP. KOJU 3HAYajHO MOTY JIOTIPUHETH carjieaaBamy O00JIrKa,
€KOHOMHYHOCTH KpETarma ! JIOBA 3a CBPXY NMPHUMEHE Y OHOMUMHKPHjH.

Kox wmaneBpa oOpymaBame — 3apamame ce cycpehemo ca koMOMHOBaHUM
(deHOMEHMMa 3a KOMIUIEKCHY TI'eoMeTpHjy, Beh y cycpeTy ca IBOAMMEH3MOHATHUM
npobiemom. KoMiiekcHocT heHOMeHa je 3aXTeBaia MpUMEHY BUIIIE HCTUTHAX METO/Ia,
KOMOWHOBAHUX Y jeIHy — KOMOWHOBaHY METOJIY, aJld C€ YTPOIIaK BpeMeHa M cpe/icTaBa
3a WCHHUTHBama II0Ka3a0 JAJIeKO MamuM Yy TpPUMEHH, ca JOOUTKOM Ha J00poj
IpeIBUUbUBOCTH aepoauHamMuukuxX nepdopmancu BHST u epukacHocT y mocTynky
JIN3ajHUparba, HETO IITO j€ MPOIEeHEH YTPOIIaK KO UCITUTHBAKA U aHATM3€ KIACHYHUM
U CTaTUCTHYKUM MeTonama (Hamp. [lapeTo WM TEHEeTCKUM alrOpuTMHMa oOpaje
pesynaTarta).

XuApoIMHAMUYKA €KCTIEPIMEHTH, Kao HEM30CTaBHH JIEO0 METOJE, Cy TOKa3alu
CBOJy TPaKTHYHOCT, Op3WHY 1oOHWjama pesyirara. Y TOTIYHOCTH Cy IpHKa3aIn
(U3NKATHOCT IPOMEHE, KOja HUje OUTH OJICTHKaHa Ha JPYTH HAYHH Y KOHTPOJIHCAHUM
ycimoBuMa. Hymepuuke wmeTone mnpuMemeHe 3a onapehuBame o0mmKa ciro0omHe
MOBPIIMHE TIPH HMCTUM YCIOBHMA Kao y XHUAPOJAMHAMHYKOM HCIHUTHBAKY, HAKO
JyroTpajHUja OJI eKCIepUMEHaTa Jajia Cy HEOIXOJlHA ca3Hama O MOoHAmamy (iynaa
UCTIOJ CJI000 THE OBPIHHE. VIcTpaXXuBamke je MoKa3ajo Ja MOCToje CIMYHOCTH HE CaMo
n3Mely oOnmka ciio00/JHE MOBPIIMHE W CTPYJHHX IMapaMeTapa Ha HCTOM JIOKATHOM

MecTy, Beh Jja 3a ciaMyaH JIOKAIHU ITI0JI0Ka] Ha KOHTYPH BOJOMapa y OrpaHUYEHOM

213



Buomumurpuja kao memoo aepoOuHamuukoz OU3ajHUparea 603a GeNUKUX Op3UHA

MPOCTOPY OECKOHAYHOT TYHEJIa IMMOCTOje CIIMYHOCTH u3Mel)y myTama Qurynaaux nenmha
y OyOuMHU BOJEe NpH XHUIPOJMHAMHYKOM TECTy M HCO-TYCTHHCKHUX JHMHHMja OKO HOca
BHST. OBo je momoriio mpu mporeHn au3ajHa y ycinoBuMma mpojiacka 2D BHST kpo3
TYHEJI, Kao JIOJIATHU KPUTEPHjyM CITUIHOCTH.

XUJIpoaMHAMUYKHA E€KCIIEPUMEHTH M HyMEpHYKe CHUMYJalldje Ccy Jajdl HOoBa
Cca3Hama O TOBE3aHOCTH OOJMKa CJI000JHE MOBpIIMHE, IMOJIoXkKaja W Op3uHE Tela
BOJIOMapa y MaHeBpY 0OpyIaBame 3apamarme, I0CMaTpaHo Kpo3 IpajIijeHTe OpIruHaTe
KOHTYpE Y TIO3HUITHjHU 3a MeHeBap. EKCrIiepuMeHTH U3BEIEHH OBOM METOJIOM M3 JIOCTYITHE
JTUTEepaType Cy TPEeTUpalld, Y CKIaJy ca CBOJOM CBPXOM CaMO pAaCIojeNy MOBPIIUHE
MOjeIMHUX O00JIMKa MOMpPEYHHX Ipeceka WM cebu-caumunux. Pesyiararu u3 oBor
UCTPKUBAa Cy OJCIMKAIA HA TpPaBH HAYWH (U3HKATHOCT TI0jaBe Ca CIIMYHUM
pajgoBuMa. Pesynratu XuIpoJUHAMHYKHX SKCIIEPHMEHATa U CHMYJalKja Cy TOKa3alH,
Kpo3 BepudUKalMjy, Ja je MeToja Moy3JaHa W Ipelnu3Ha 3a MoTpede MpUMeHe y
OUOHUIIN.

[Ipumena mpoImMUpeHe XHAPOJUHAMHYKE CIUYHOCTH KpO3  IPEJIOKEHY
KOMOWHOBaHY METOJy HMCIUTHBAaa, KOja je y OBOM pajay KJbY4YHA 3a JU33jHUpAHE
OMOMUMUKPH]OM, Jlaje Kao pe3yiraT obpuce nu3ajHa Koju ce morom ucnurtyje CFD
MeToJlamMa y KpUTHYHHUM YCJIOBUMA TIpH Tpojiacka kpo3 TyHen. Kondurypamnuja BHST—
TyHeIl je KpUTHYHA [0 OCHOBaMa CTPYJHUX (PeHOMEHa, OJIHOCHO, 3alllTUTE XUBOTHE
OKOJIMHE T€ OBHM paJOM je TPEIJIOKEHO MPHOPHUTETHO HCIHUTHBAKE TaKBUX
KOH(HUTypaImja, ¥ TO y once3uma Op3uHa OJIMCKAX MaKCHUMAaTHAM 3axTeBaHUM. Ha oBaj
Ha4yMH ce (UHaIM3aIMja J1u3ajHa U3BOJIM CaMO BapUpambeM IeOMETPHjCKUX MapaMmerapa
y okBupy Beh rpy6o nepunucanux odpuca, Mpu rpaHUYHAM YCIOBHMA BOXKHHE, JTOK CE
npeMa JIUTEpaTypu MPUMEhYjy METOIe TU3ajHIpamka Koje MeHmhajy KOMILIETaH KOHIICTIT,
Hajyenrhe UCITUTaH Y yCJIOBUMA BOXKELE HA OTBOPEHO] TPY3H.

HctpaxuBama y 2D mpocTopy cy mokasajia NoTeHIjajie 3a HacTaBak y Oy yhum
MpOjeKTUMa W yKaszaja Ha moTpeOHa yHampehema on neduHucama oOIHMKa MOJENa,
u3pajze U KOHTPOJE EKCHepUMEHTATHOT Mojejia J0 NMpUMEeHe HOBUX TEXHOJOTHja U
pecypca 3a TMpUKYyIUbame MojaaTaka. llpuMmemeHe HymepHUke MeToje Cy IoKaszale
MOY3/IaHOCT, a TOYETHU YCIOBH, MOTpede 3a mpriarohemrMa U CTUIAKky HOBUX
casHamba O IPUPOJIHUM Jorahajuma.

UctpaxuBamwa mpupogHor porahaja, Owo-uncnupucanux 2D BHST cy
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MOTBP/IMJIA XUITOTE3€ U3 OBOT HCTPKUBama. M3abpaHu IU3ajHHU ce HE MOTY UCKIJbYUHBO
oCMaTpaTH Kao JOOpH WIIH JIOMH 3a TPUMEHY Ha BO30BE BeHMKHX Op3uHa. [Ipomena
MOTYhHOCTH TpHMEHEHHX U3ajHa MOKa3aJio ce Ja 3aBUCH OJl TMOYETHHX 3aXTeBa
(m300pa Jnena nu3ajHA 3a MPUMEHY y OHOHWIM, YyKJIalama MPHUPOJTHOT O0JIMKa y
rnobanmae qumensuje BHST, naunna O6p3une kpertama, koHpurypamuje BHST u np.).
[Iporiena mu3ajna mpe cBera Tpeba Jia ce mocMaTrpa y OJHOCY Ha MOJa3He TeXHUYKO-
TEXHOJIOIIKE 3aXTeBe, MpeMa KOjuMa HCTH JIM3ajH ONTHUMAaJlaH WM HE, 0 HEKOM O]
KpUTEpHjyMa 3a CBe olepaTtuBHe Op3uHe. JeqHocTaBHHjU obmuim kao mro je BHST-
JeNn(UH Cy JeTHOCTAaBHHJH 3a TPOjeKTOBAIbE, MPOU3BOAY U HCTPAKUBAKE A CE Y
OBOM WCTpPaXHBamkby HHUCY TOKAa3aJld ONTHMATHHM 3a YIOTpeOy IpH ONEpTUBHUM
op3mrama mpeko 300 km/h. Ca mpyre crpane BHST-Bomomap je mokazama mobpe
aepoJMHaAMHUYKe 0coOMHe y obsacTu oko Hoca y 2D kKoH(Urypanuju, aim U KpuTHIHA
cTpyjama oko perHoT nena. BHST-Bomomap nu3aju Takohe 3axteBa goaaTHe KOpEKIUje
Kpo3 Oynyha uctpaxuBama.

CBakako TNpHKa3zaHe METOJAE M aHalu3a pe3yiTara J1ajy OCHOBHE CMEpHHIEC H
KpUTEpHjyMe 3a HacTaBak MCTpakupama y obOnactu. byayha ucrpakuBama nmajy Ha
pacroyiarary BeJInke MOTYRHOCTH OJ1 UCTpakuBama Beher Opoja MpUpOTHUX y30paka
1o yHampehema ereMenara KOMOMHOBaHE METOJIE, M aePOTYHEJICKUX UCTTHTHBAbA.

AepoTyHelicka WCIHATHBama pPacIojiesie TeMIepaTypa, KOjoM je MpOoIIupeHa
najieTa MepHUX METOJIa Y aepoTyHeIMMa KOJI Hac, oKa3alla ce y OBOM HCTpaKUBamy Ja
ce y ¢a3u m3paje Moja3HUX JM3ajHa Kao IMOy3JaHa METoJa, KOjoM Cy Ha BpJo Op3
HAYWH W3MEpPEHH MapaMeTph W BU3YeIW3WpaHe oOyiacTu y cTpyjamy. Ha oBaj HaumH
CTaHJIap/IHA MEPEHha Y TPAHUYHOM CJIOjy Kao IITO Cy MEpeHha CTATHUKUX IPUTHCAKA T10
MOBpIIMHAMA WA TOTATHHUX, [0 BUCHHU TPAHUYHOT CJI0ja, OJJIAXY Ce 3a MPUMEHY y
3aBpIIHO] a3y JU3ajHUpama MPOTOTHIA. YcKialleHa ca HyMEpUYKAM CHMYJIAllHjaMa,
aepoTyHeJICKa MCIUTHBama Ca BU3YEIH3alMjOM CTpyjama Jao0uia cy Ha jomr Behem
3HaYajy Kako y (ha3u Mepema Tako u 'y (a3u Bepudukaiyje pe3ynrara.

Wcnutan moxen SHST je yBenen pamm nakmer mpahema mpoMeHa y CTpyjHOM
M0JbY TIPU MaJiiM Op3nHama 300T CBOT jeTHOCTaBHOT JM3ajHA, ca IUJbEM Ja ce Kpo3
Oynyha wucTpakuBama, W3MEHaMa IapaMeTrapa JIu3ajHa MOTY carjieflaTd IMpPOMEHe
cTpyjHEX napametapa. Hymepuuke cumynanuje SHST y umMarnHapHOM aepoTyHEIy Cy

HoKazaja J00po ciarame ca eKCIIepUMEHTHMa ¥ Jlajia OJIMXKH YBHA Y CTPYjHY CIHKY
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OKO MoJIelia, TaKo JIa ce Mpenopydyjy y panuM (azama paspazae nuzajua BHST.
Ucrmtuama 3D BHST cy nmokazana na je y mOCTYIIKY Ju3ajHUpama HEOIX0IHA
aHaJlM3a IapameTapa cTpyjama, Kao CacTaBHOT Jielia Impolieca KOHTPOJIe u3ajHa, a J1a ce
Hajuperu3Hije W HajeuKacHUje MOTy JIOIHMpATH MecTa JAUCKOHTHHYHTETa KOHTYypa
HYMEpPUYKUM HCIUTUBAbUMA Ha 3eMJBH WJIH Y CJI0O0THOM JieTy MaxoBoM JIyIOoM, U TO

npe cBera npahemeM pacmo/iene Koe(ullijeHTa Tpemba 1 MOBPIIUHCKE TeEMIIEpaType.
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This paper presents the experimental and numerical research on the sphere model with the goal of prediction of a flow
behaviour in a presence of the surface roughness. Results indicate the problems and suggest the solution for engineering
practice. The similarity of the numerical and wind tunnel flows was reached by an application of a combination of the
intentionally introduced turbulence intensity in a numerical flow as well the artificial roughness of the model, for a reason of

restricted requirements of the turbulence modelling.

Key words: aerodynamics, wind tunnel, numerical simulation, sphere, rough surface, fluid flow.

Nomenclature
vV - Velocity in the test section, m/s
M — Mach number in the test section

MRe —Mega Reynolds number, Re-10°

D —Diameter of a sphere, m
A ~ Exposed cross-section area of the sphere, m’
o —Model angle of attack, °
B - Model yaw angle, °
Polar angle of a local measuring point in a
4 ~ longitudinal cross-section of the sphere, °
po - Stagnation pressure, Pa
)4 — Static pressure, Pa;
D - Drag force, N;
c¢D  —Drag coefficient
- Dynamic pressure, Pa
TI — Turbulent intensity of the flow in the test section, %
e - Absolute roughness of the model surface, m
e/D  —Relative roughness of the model surface
Introduction

he aim of this work was to explore the possibility of

prediction of the flow and drag coefficient behaviour of
the rough sphere, and hence to somewhat support solving
similar problems in practice, like those linked to small
continual surface damages. The continual surface damages
may be in a form of low-height roughness created by
corrosion, erosion, even dirt rose over the external wetted
surfaces or unreachable flow zones. Characteristic for these
types of surfaces is the fact that such small imperfections, if
they are out of the bounds of heights that are considered as
aerodynamically smooth, could not be modelled.

' Institute Gosa, Milana Rakica 35, 11000 Belgrade, SERBIA

The test model was selected to be a sphere, a fundamental
test body, commonly used for a subsonic wind tunnel flow
quality measurement and assessment of the wind tunnel
turbulence factor. The sphere was in a focus of many
researchers even since the early findings, from the XVII
century, in the field of fluid mechanic as noted in the review
of experimental tests of the sphere by Riabouchinsky [1] and
later Krumins [2], who collected aerodynamic characteristics
of the smooth sphere in subsonic and supersonic flows, as a
function of the Reynolds and Mach numbers and various other
effects. The sphere’s aerodynamic sensitivity to the flow
character due to the Reynolds number variations and the
surface roughness were theoretically considered by A. F.
Zxhm [3] and experimentally tested and described among first
by Wieselsberger [4], Schlichting [5], Achenbach [6, 7], and
after Batchelor [8], Hoerner [9], with the purpose to
standardize and correlate test results from the wind tunnels.

Nowadays, researchers (Constantinescu et al. [10, 11],
Jones and Clarke [12]) find convenient to predict the flow by
the computational fluid dynamics (CFD), but in a number
they treated the cases in a range of low Reynolds numbers. A
flow past sphere at moderate and high Reynolds numbers
were numerically explored by Fornberg [4] and Achenbach
[6,7]. As well, the exploring of the rough spheres was
implemented in the field of aerodynamics of the sport balls by
Mehta and Pallis [14], Cross [15] and Kensrud [16]. However,
the CFD solutions need the validation through the wind tunnel
experiments, as well as the visualizations, which were
presented by Taneda [17] and Cross [18].

In the VTI wind tunnels the sphere is included in various
experiments, both for the pressure and force measurements,
the flow quality, as well the imaging by the optical and non-
optical techniques. The purpose of the non-optical flow

2 University of Belgrade, Faculty of Mechanical Engineering, Kraljice Marije 16, 11020 Belgrade 35, SERBIA
% Military Technical Institute (VTI), Ratka Resanoviéa 1, 11132 Belgrade, SERBIA
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visualizations, in this work given around the sphere, is a
verification of the experimental data measurement while,
described by Ristic [19-22]; the optical visualization
techniques are able to determine quantitative values of the
flow parameters either of the flow around the sphere or in the
complex flow, such is in the axial fan [23].

Anderson and Uhlherr [24] explored one of the influenced
factors, the roughness, to the flow quality and the drag
coefficient level. Nowadays, researchers present the
experimental methods of the “smart morphable” model surfaces
with the intention to control the aerodynamic drag [25].

The gates for new solutions in a field of turbulent flow
over the rough surfaces, especially the sphere, are still open
because the reported results in all had also many others
influenced factors which made the flow over the sphere the
complex problem, in the range of critical and super-critical
regimes in digression to a simple design.

In this work the aerodynamic sensitivity of a sphere is
represented through the numerically obtained aerodynamic
drag coefficients and the flow field compared to those
obtained in the VTI wind tunnel testing.

The well-known problems, connected to the flow over the
rough sphere, are presented for the practical use of the
research and numerical simulations. Here the attention is put
on the overall drag coefficient, in a low turbulent stream,
rather than the flow behavior in a wake, as well as its time
dependence. Thus, the intention is to define a valuable method
and experience for implementing it to the tasks like being a
high-speed train experiment design or testing of the
ventilation mill’s elements of the thermal plant.

Flow Over a Sphere and the Influence Factors

Following the drag coefficient values, from the almost
motionless to MRe=1, the phases of a characteristic flow
behavior are followed from one to another (Fig.1). The flow
at very low MRe is creep with no separation. Afterwards, the
laminar flow regime is present, up to MRe = (.3, characterized
with the laminar boundary layer, early separation and a wide
wake. Viewing the sub-critical region close to a critical, the
separation position is p~80°, in a range MRe~0.05—0.16 and
from here with MRe growing up to 0.25 the separation point is
moving downstream, to ¢:90°, and continues in the same
manner to a value of about 108°, at MRe ~0.3, according to
the experiments made by Achenbach, after which the
separation point holds the stabile position at ¢~120°. From the
point MRe ~0.3 the critical regime begins, during which with
MRe is growing to end regime value of about 0.4, the drag
coefficient suddenly decreased from about 0.47 to 0.06,
passing the critical value of 0.3 at MRe=0.385. Over the
critical flow regime, the flow transforms and here the
turbulent boundary layer impacts a delayed separation as well
as shrinking in the wake. In the super-critical regime, the
pressure is recovering, the flow in the wake becomes more
organized and the drag coefficient is increased. Results
reported by Achenbach are tracing the phenomenon, but they
did not report all the test details like the turbulence level was
needed for CFD validation.

The turbulent flow shows similar behaviour if it is
streaming over the rough sphere, depending on the rough
height (described in a form of a relative roughness related to
the sphere diameter). One may note that the influence of the
model roughness may be ignored for laminar flows.
Achenbach [7] reported that with the increase of the relative
roughness the pre-critical and critical regimes begin earlier
and the drag coefficient drop is less than for the smooth

sphere. Furthermore, the separation point movement with
Reynolds number variations has a milder trend of increasing
but in values — smaller. For example, if the roughness is
e/D=0.0025, a critical drag value of ¢p_,. , =0.3 occurs at
MRe~0.13, with a corresponding value of p=~112°, while the
separation occurs later, p=~120" at a very beginning of the
super-critical regime.

1 \ ~ .
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Figure 1. Drag coefficient of the sphere vs MRe of a free stream by
Schlichting [5]

Significant flow phenomenon, either in the wind tunnel or
numerical simulations, is the turbulence intensity, Tu. Just
because the sphere is highly sensitive to the flow regimes it is
used for the examination of the flow quality in the wind
tunnels. This featured influenced parameter impacts on the
flow over the sphere changing the drag coefficient function
against the Reynolds number. If the wind tunnel characteristic
turbulence intensity, for a certain operating regime, is higher,
the resulting aerodynamically smooth sphere critical drag
regime will be displaced to a lower range of the Reynolds
numbers, even if a very small difference to free air exists.
Thus, one may experience the false respond in case of a low
flow quality in the wind tunnel.

The combination of irregularities and surface quality of the
model shape, as well as the wind tunnel flow quality, is
experimental reality about which the special care is always
taken to keep the resulting errors as low as possible.

On the contrary, to reach the requirements of the flow
similarities of the model and a prototype, the turbulence may
be intentionally introduced for special requirements. For the
purpose of the inlet or local turbulence creation various
additional devices are introduced. Meshes over the entire
cross section of the test section are producing the artificial
turbulence over the smooth model. Impediments may be
placed over the model surfaces, locally as strips of
Carburundum or wires, at a position of assumed flow
separation point acting on the following flow and pressure
distribution or spread all over the wetted model surface. A
successful combination in the experiment is one that closely
represents the flow similar to real case of a prototype and that
is a target, the best guarantee to prediction of the prototype
aerodynamic characteristics.

The idea of introducing the roughness and the turbulence
intensity is used also in the numerical simulations for reaching
the similar flow quality over the model for complex problems.
In this research, the intentionally introduced variable
turbulence intensity and the sphere roughness, are used with
the purpose of prediction of the wind tunnel results of CFD
and thus help in solving other similar problems. In a frame of
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the available resources and time, the obtained results gave a
very good prediction and correspondence.

Wind tunnel test of the sphere

Experimental studies of the sphere were done in a large
subsonic wind tunnel, T-35, at the VTI Experimental
Aerodynamic Division. Through the standard flow quality
procedure the pressure sphere test was also performed, after
some modifications of the facility and the model was subject
to force/moments and pressure measurements as well as the
flow visualization.

The large subsonic wind tunnel, T-35, is a closed circuit,
continual type of the wind tunnel with the octagonal test
section (4.4m wide, 3.2m high and 5.5m long). The cross
section area of the test section is 11.93m” In this study the
test section with a sting model support system was used. For
this wind tunnel configuration the experiments may be run in
arange of M=0.1-0.52, in the test section, while only an axial
fan is used, and in a range of M=0.52-0.8 if the injector
system aids the fan by pressurization of the inflow, up to
1.52bars of stagnation pressure. Operational envelope in a
fan-only regime is achieved by varying the RPM of the fan
and a blade pitching angle, keeping stagnation pressure on the
atmospheric level, while by using the injector system the
pressure is added for achieving the highest capacity. In
Figures 2a and 2b the wind tunnel T-35 sketch is presented.

Test section

(b)
Figure 2. Wind tunnel T-35 cross-sections along the large diffuser (a) and the
test section (b)

The test model was the pressure sphere, Fig.3,
manufactured of duraluminium in a diameter of 110mm,
mirror-polished. The sphere was mounted in the centre of the
test section by the sting, 38mm in diameter, via adapter to a
model support strut (Fig.4). The sting and the sphere were
placed in zero incidence position.

’ |
Wind minnel center jine

-

(o

Figure 3. Pressure sphere in the T-35 test section
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Figure 4. Model support system in the T-35

The experimental tests contained the force and moment
measurements on the sphere and the flow visualization at
three Mach numbers: M=0.1; 0.14 and 0.18. Flow conditions
were set, in the fan-only regime, by a power unit control
system. A primary measurement system forwarded data of the
flow conditions, both to the power unit control system and to
a data acquisition system. Mach number and stagnation
pressure regulation are better than 0.7%. In general, an
excellent flow quality of the T-35 is described with the
following parameters: the longitudinal and transversal Mach
number distributions have a standard deviation better than
0.005 and 0.006, respectively, below M <0.4, while the flow
direction differs about 0.1°. Turbulence intensity, obtained by
a hot wire anemometry, is about 0.1%, in a range of M<0.5.

For each run sequence, the force and moment
measurements were done by the internal six-component VTI
balance, an in-house product, whose nominal drag force range
is 850N.

Flow visualization was done for the flow transition and
flow separation estimation by using an oil emulsion
technique. The holes for pressure measurements and a space
near the balance were covered by the Sellotape and uniformly
coated with a creamy paste of an emulsion, by a sponge, for
each test run individually. The emulsion mixture consisted of
10g of TiO», 30cm® of Kerosene and 3e¢m?® of oleic acid. The
pre-run coated sphere is shown in Fig.5.

Figure 5. The sphere in the T-35 test section coated with the emulsion

Signals from all of the transducers and measuring devices
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were synchronized with the time base of the digital
chronometer with the purpose of data segmenting. The data
acquisition system consists of 64-channel system of the NEFF
620/600 under the control of the VAX 8250 computer. Model
positioning was controlled by a PC. Data reduction was also
made by VAX 8250 computer using standard software for
data reduction of the VTI wind tunnels.

Processed data gave the base for calculation of the flow
parameters and dimensionless coefficients for the further use
in the study. The drag coefficient is defined as in Eq.1

_D
Cr=5 (1)

Duration of the wind tunnel flow acceleration, steadying
the flow and data acquisition, necessary for the force and
moment measurement, was prolonged until the emulsion was
almost dry. Flow traces on a surface were photographed from
a close distance after the wind tunnel run.

Numerical Simulations

Numerical simulations were done by the ANSYS Fluent 12
computation fluid dynamic software. The geometry of a
numerical domain and the model were prepared in the Design
Modeler. The real scale model, a sphere of 110mm in
diameter, was placed inside the cylinder of 3m in diameter
and 5Sm long. One ellipsoid-like body was constructed around
the sphere to be a body of influence. By the Meshing
Application the meshing operation was done with the
following parameters: meshing method — automatic- patch
conforming; advance size function — curvature; smoothing —
high; transition — fine; minimal size — 0.1mm; maximal face
size — 95.7mm and maximum tetrahedral size — 191.46mm;
growth rate — 1.2. Inflation covered the sphere, selecting the
first layer thickness option. The first layer height was 1mm (to
cover the double rough height); 10 layers with 1.05 growing
rates. The statistical values numbered 1949508 mixed
elements of the mesh, the skewness of maximum 0.79
(average 0.21) and an aspect ratio of element dimensions of
9.3. In Fig.6 a half of the meshed domain is presented, while
in Fig 7 a detail of the sphere and body of influence mesh are
shown. Fig 8 details the view of the inflation layer around the
rough sphere in the cross-section. The face element size over
the rough sphere is 0.5mm and the element size inside the
body of influence is defined with Smm. Values were selected
after the grid independence checks except the first layer
height.

Figure 6. One half of the meshed numerical domain

Figure 8. The rough sphere and inflation layer in cross-section

The selected absolute roughness, in each cell of the first
inflation layer, according to the CFD recommendations,
should be placed into a zone of the first centroid, which leads
to the first layer height larger than a double roughness height
(Fig.9). This condition, applied to turbulent models as a
Transition SST, causes questionable results, because the basic
requirements are in connection just after the height of the first
inflation layer. In this work one example of this problem is
presented to compare.

Inflation layer
First layer

Centroid of the
wall - adjacent cell
I

|

!

h centroid
B first layer

F!“l

Roughness of the
wetted surface

Sphere

Figure 9. Geometry parameters in the inflation layer over the rough sphere

For setting the material and boundary conditions, BC, data
from the wind tunnel tests were adopted as an initial guess: air
properties operational and gauge pressure, temperature, flow
velocity. The turbulence intensity was set for the inlet and
outlet BC in the same manner and the sphere was defined as a
wall of different absolute roughness due to cases. A cylinder
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outer surface was defined as a symmetry BC. These data were
used as parameters for a discussion of the result.

Numerical simulations were steady-state, incompressible,
of pressure-based type run under the same solution methods
and controls. A pressure-velocity coupling scheme was PISO,
for the time consumption reduction. First 60 iterations were
run in the first order spatial discretization and continued with
the second order. Under the relaxation the factors were as
listed: pressure — 0.3, momentum — 0.7, turbulent kinetic
energy — 0.8, turbulent dissipation rate 0.8 and turbulent
viscosity — 1. Averaged number of iterations for all the cases
was from 4000 to 6000.

The Reynolds Averaged Navier-Stokes (RANS) turbulence
model k-¢ Realizable, with two-layer based Non-Equilibrium
wall function, was used for its benefits in solving the shear
flows with a boundary-layer or a massive flow separation
[26], and has a good convergence behavior and is time saving,
which is important for industrial applications.

Standard k- is an appropriate choice in expected cases of
the free shear, complex boundary layer with a reverse
pressure gradient and separation as well as the early
transitional flows [26]. Similar good properties shear also the
Shear-Stress Transport (SST) k- turbulent model, but its
suitability degrades with a distance from the wall. Afterwards,
the Transitional SST model was used as the most accurate
RANS, Reynolds Stress models, for the flow separation
prediction. Requirement for the accurate use of this model is
referred to a wall-adjacent cell's centroid, y+, to be less or
equal to the unit.

Results and Discussion

The presented results of the rough sphere are selected from
the wide series of experiments with the pressure sphere in the
wind tunnel T-35, at moderate Reynolds numbers. The
smooth and rough sphere was tested in the wind tunnel while
only the rough sphere was tested by the numerical
simulations. Initially, the sphere tests were performed to
visualize the flow pattern after drying the emulsion, while
forces and moments were also measured in that phase, thus
they represent the values for the rough sphere. In Fig.10 drag
coefficients, from the wind tunnel tests and numerical
simulations, were correlated at the equal Reynolds numbers.

The drag coefficient curve, plotted for the mirror-polished
sphere (Fig.10 @), was obtained by the wind tunnel tests,
under the turbulent intensity less than 0.1%, while the curve
(Fig.10 W) refers to the rough sphere.

In the range of the MRe from 0.34 to 0.39, the drag
coefficient curve for the smooth sphere indicated the actual
region of the critical flow, a segment of the drag crisis region.

However, for the wider range of MRe, from 0.28 to 0.5,
containing also the previously mentioned, the rough sphere
induced, as expected, the opposite character of the flow. The
values of the drag coefficients were changing in the range
from ¢p=0.2805, for MRe=0.282, to c¢p =0.3252, for
MRe=0.489 and, if joined, they would create an almost
perpendicular curve to the one of the smooth sphere. Actually,
the results from the wind tunnel were considered as the spot
values, not joined in a function, because from the flow
visualizations it may be seen that the dried coating is thinner
as MRe is higher. Actually, the free flow vanishing of the
coating material differs from case to case, depending on an
initial emulsion layer thickness, flow character and the flow
velocity and duration. The measure of the coating thickness
could be estimated only by a visual inspection, because of the
softness and non-uniformity of the coating structure over the
sphere wetted surface.
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Figure 10. Drag coefficient vs. Reynolds number diagram from the wind
tunnel and numerical simulation tests

Further on, comparing the relation of values of the smooth
(Fig.10 #) and rough (Fig.10 M) sphere, it was indicated that
while the smooth sphere experienced the sudden drag
reduction, induced by the transition from the laminar to
turbulent flow, followed with the delayed and unstable
separation, the rough sphere experienced super-critical flow
with a slight increase of the drag coefficient with MRe. By
that means, it was indicated that the critical drag region, of the
rough sphere, was displaced to a region of significantly lower
MRe, in relation to the smooth sphere. The pressure drop
occurred and the flow, at selected MRe, was fully turbulent,
not only in the wake, but also in the boundary layer of the
sphere.

From the front side of the sphere, the suspension left the
deposit with winding and crossing troughs, which indicated
the turbulent flow character in a local boundary layer.
Opposite, on the rear side the deposit was uniformly
distributed, which indicated the presence of the stabile reverse
turbulent flow. Naturally, these flow behaviours were
expected, due to the fact that after the sphere experienced
super-critical flow, the wake consisted of a large number of
smaller vortices, mutually interacting as well with the
surrounding flow while forming a sort of a wake tube.

The flow visualization images in Figures 11-13 were
shown for three different test cases, in accordance with the
measurements of the smooth sphere, at the velocities of
M=0.1, 0.14 and 0.18 (MRe=0.282, 0.362 and 0.489),
respectively. Freeze flow patterns on the photos, made after
the wind tunnel stopped, evidenced polar angles of the flow
separation of approximately ¢yr =105°, 110° and 115° in
order for listed MRe. In figures a zone of the ordered flow
traces may be seen, from the stagnation point to the nearness
of the separation zone, the zone of the separation and a zone
of the wake initialization. The zone of the transition is hardly
defined because of the structure of the coating. A flow
character changes in some elements from one of the smooth
sphere, but it still represents the key points. Wavy separation
line occurred mostly because of the roughness and
imperfections in the coating thickness produced by
depositions of TiO, emulsion. Wave trace left uniformly
covered rear surface of the sphere that showed the uniform
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turbulent flow in the wake. As the emulsion was applied by
hand for each wind-on phase, the differences in a coating
thickness affected the resulted thickness of the coating from
the test, but even so they did not change key data
significantly, but influenced the wind-on duration needed for
emulsion drying.

Figure 13. Flow visualization with oil emulsion at //=0.18

Throughout the numerical examination of the flow around
the rough sphere and verification by the wind tunnel tests the
following parameters were varied: surface roughness, e; inlet
and outlet velocity, V, and turbulence intensity, 7u. Turbulent
models in use were k-¢ Realizable, k-w Standard and SST and
Transitional SST (please see Table 1 with the illustrated
differences between numerical and experimental data).

The influence of the inlet turbulence intensity, from the
entire three test Reynolds numbers, was assumed to be the
smallest at the largest velocity (MRe=0.489) and for that
condition a number of parameter settings were combined. The
idea, in the base, is similar to intentionally induce transition in
a boundary layer over the model in the wind tunnel by
additional devices. Hence, in case of a numerical examination
of the sphere we had the advantage to vary the turbulence
intensity level and the roughness height; these were used as
numerical devices for controlling the flow similarity to wind
tunnel ones. The coating discontinuity was represented
through the roughness height averaged in value over the
surface.

The combination of the parameters did not restrict the use
of the non-realistic cases, hence the simple coping of the wind
tunnel flow and model parameters was not expected to be
given the good correlation of the results, in the first place
because of the roughness definition in both cases and also the
requirements for the y+ witch dictated the height of the first
layer of an inflation. In other words, in the presence of a
roughness the requirements of the turbulence models for the
first layer height could not be met simultaneously.

Table 1. Comparison of the numerical and wind tunnel results, MRe=0.489

Test 1 2 3 4 5
RSN NK 004 MK 006REZ] NKX 800 |MK 008REZ| NK 006
MRe 0.489 0.489 0.489 0.489 0.489
V [m/s] 66 66 66 66 66
Turb. model| Trans SST| k-¢ Realiz. | k-¢ Realiz.| k- Stand. |k-¢ Realiz.
71 [%] 0.10 1.50 0.10 1.50 1
¢ [m] 0.000165 |  0.0005 0.000165 0.0005 0.0004
e/D 0.0015 0.0045 0.0015 0.0045 0.0036
Ve [Mmm] | 0.0004 1.2000 0.0004 1.2000 1.0000
cp 0.2979 0.3074 0.3127 0.3072 0.3214
Acp -0.02727 | -0.0178 | -0.01247 -0.0182 -0.0038
Acp [%] -8.3 -54 -3.8 -5.5 -1.1

Table 2. Comparison of the numerical and wind tunnel results for MRe=
0.282, 0.362 and 0.489

Test 5 6 7
RSN NK 006 NK 200 NK 300
MRe 0.489 0.362 0.282
V [m/s] 66 48 37
M 0.18 0.14 0.1
Turb. model k-¢ Realiz. k- Realiz. k-¢ Realiz.
Tu [%] 1% 1% 1%
e [m] 0.0004 0.0004 0.0004
e/D 0.0036 0.0036 0.0036
Ve [m] 1.0000 1.0000 1.0000
iD 0.3214 0.2970 0.2857
Cowr 0.3252 0.2888 0.2805
Acp -0.0038 0.0082 0.005
A cp [%] 11 2.8 1.8
¢ wrldeg] =105 =110 =115
¢ [deg] 99 102 104
A ¢ [deg] 6 8 11
A ¢ [%] (of 180°) =3 ~4 ~6

The criteria of selecting the most successful combination of
parameters was the flow field similarity, represented by the
velocity vector distribution, wall shear stress and pressure
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distribution, and the values of the drag coefficient.
Comparison of the numerical and wind tunnel results,
MRe=0.489 are shown in Table 1. After selecting the
combination of parameters for the highest Reynolds number,
from Table 1, those were adopted and for the two other tests,
for the lower Reynolds numbers, whose results are presented
in Table 2.

From Fig.10 and Table 1 it may be seen that the closest
value of the drag coefficients, at MRe=0.489, M=0.14, was
obtained in value of about 1%, for the combination of k-¢
Realizable model, turbulence intensity about 1%, relative
roughness of e/D=0.0036 and the first inflation layer thickness
of Imm. Other combinations in results gave differences from
3.8% to 8.3%, which are unacceptable. Large differences in
drag coefficients are originated because the roughness height
defined a height of the first layer. The Transitional SST
turbulent model, which, commonly, is successfully solving
the cases with a flow separation, under the condition of the
smooth models, appeared to be inappropriate in the cases of
rough models. The industrial k-¢ Realizable model gave, in
this examination, a better global perception of the flow around
the sphere. One should be careful in reading the results,
keeping the awareness that the images of the flow field
around the rough sphere, under the selected conditions, from
the stagnation point are not presenting the laminar flow as
well as that the wake is not presented realistically — as highly
turbulent flow, but with tidy and symmetrical streamlines.
The origin lies in the numerical method.

In the case of MRe=0.362, M=0.11, from Fig.10, less
combinations were applied, according to previous
experiences. The similar results were obtained but now the
difference in drag coefficients between the best combination
and the wind tunnel is larger in comparison to MRe=0.489.
Other combinations, from Fig.10, showed more concentrated
results, but targeted over the wind tunnel values.

For the test with the MRe=0.281, M=0.1, only one
parameter combination was used to check the trend of the
drag coefficient changes.

Actually, we made an attempt to predict the best
combination of the parameters by a simple linearization of
variable parameters, as shown in Fig.14. Following the trend
of a drag coefficient variation, with the MRe and roughness
height, the aim was to intentionally produce the flow in
numerical domain that would be similar to real and lead to
drag coefficient obtained in the wind tunnel. Hence, this way
did not give the expected results, but on the contrary, a
significant lost occurred.

0.330 4
0.325 Wind Tunnel Result, Re=0.489¢+06, V=66m/s
0.320 i
=
© 0315
5 “
2 0.310 4
’c: .
5 v
=] < k-erTI=1%
3 0.305 4 )
o < ke rTI=0.1%
£ 03004 v ke rTI=1.5%
A ( Trans SST TI-0.1%
< k-¢ r TI=0.1%
95 4
0.293 WT MRe=0.498 V=66m/s
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Figure 14. Drag coefficient as a function of roughness height obtained for
different turbulent models and turbulent intensities

The curve, spline over the results for the combination of
k-¢ Realizable model, turbulence intensity about 1%, relative
roughness of 0.0036 and the first inflation layer thickness of
Imm, followed the trend of a drag coefficient of the rough
sphere in the wind tunnel, for the equal MRe, turbulence
intensity of 0.1% and estimated roughness heights.

The polar angles at which the flow separates from the
sphere surface, ¢, in numerical simulations, were extracted
from the first minimum of a skin friction coefficient over the
sphere in longitudinal cross section (only a half of the sphere
was observed for this purpose assuming symmetry in a steady
flow). The comparison of the polar angles of the flow
separation obtained numerically, ¢, is given in Table 2, and is
in a good agreement to the flow visualizations, @y

Figure 15. Overlap of the velocity vectors (Test 5) and the visualization at
MRe=0.489, M=0.18

Figure 16. Overlap of the velocity vectors (Test 6) and the visualization at
MRe=0.362, M=0.14

Figure 17. Overlap of the velocity vectors (Test 7) and the visualization
MRe=0.281, M=0.1
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Increasing the Reynolds number, the results of the
numerical simulations are closer to the wind tunnel’s,
described by differences of ¢, from 6% to 3% of a half-circle.
However, these results are presented in comparisons of the
velocity vectors against the flow visualization images, for
three MRe=0.1; 0.14; 0.18 in Figures 15-17 respectively. Even
the flow fields’ representations could not bring the exact
values and relations; they confirmed the calculated results
from the Table 2.

The used surface visualization method is very descriptive for
the flow quality investigation at the test section, giving the valuable
confirmation of the numerical results, while it is not expected to
answer to the requirements of testing of the rough sphere.

It may be seen from the numerically estimated drag
coefficients and the pressure distribution, in Fig.18, that the
sphere, at M=0.1, 0.14 and 0.18, is experiencing the turbulent
flow, in the super-critical regime when the pressure in the
sphere wake is recovering. For the selected boundary
conditions and the roughness, numerical simulations predicted
the flow well. Here, one may note that the used steady-state
flow type in a combination with the RANS turbulent models
are not able to predict the turbulent flow inside the wake, just
the averaged values are available, but the key flow parameters
are in a good agreement with the wind tunnel results. A more
detailed study requires significantly larger resources.

1.24 Turbulent model: k-¢ Realizable
0 Turbulent intensity: 1% »
1.0 4 ’
Roughness: ¢=0.0004m
0.8 Relative roughness: ¢/D=0.0036 ;

NK 006: MRe=0.489
044 \ NK 200: MRe=(.362
% * NK300: MRe=0.281

Figure 18. Pressure coefficient around the longitudinal half cross section
obtained by the use of k-¢ Realizable turbulent model, 7u=1% and
¢/D=0.0036, at MRe=0.281, 0.362 and 0.489

Furthermore, one may note a support-free configuration of
the sphere in the numerical study. Introduction of the sting
support was made to the level of the mesh when the number
of elements increased to a number that can not be handled by
the Solver, on the current resource. The absence of the sting
support in a part resulted in the difference of the flow patterns
and flow parameters of the numerical study in comparison to
the wind tunnel data. So, it was assumed, according to the
experience, that sting support system is introducing flow
disturbance, especially in the range of critical Reynolds
numbers, but numerically obtained differences are acceptable
for the practical implementation of the presented results.

Concluding Remarks

The obtained differences of the results from the wind
tunnel and numerical simulations are in the range of the
engineering applications, but for the more detailed prediction
of the flow in further studies, it is recommended to test the
sphere in the wind tunnel covered with a fixed Carburundum
coating, of different grains, and in a wider range of the Mach

numbers. Also, for further studies, the VTI intern-facilities
tests and implementation of different measuring and
visualization techniques will make a larger data base from
which further numerical investigations and adjustments may
be started.

As shown by the results, the turbulence model which
accuracy was expected to be the highest, Transitional SST, as
in the case of smooth models, in case of the rough models its
applicability is restricted because of the high requirements of
the numerical model that could not be reached.

Furthermore, the method of the emulated flow condition,
under a criterion of reaching the flow similarity, by the
selection of non-existed roughness and turbulent intensity, is
applicable to the other objects, even assuming the higher level
of accuracy, because of the fact that all the other streamlined
and blunt bodies are less sensitive to the flow changes. Of
course, for the practical problems which do not allow the fully
experimental testing, the numerical simulations can be used as
a confident extension tool, while in future researches a
development of the additional numerical tools will help a
closer prediction of the complex flows over the rough
surfaces. In addition, the future numerical studies will
examine the influence of the sting support on the flow over
the rough sphere.
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Eksperimentalno i numericko istrazivanje nadkriticnog strujanja oko

hrapave kugle

Rad predstavlja eksperimentalno i numeri¢ko istrazivanje modela sfere sa ciljem predvidanja ponaSanja strujanja u
prisustvu hrapavosti povrsina. Rezultati ukazuju na probleme i predlazu resenje za inZinjersku primenu. Sli¢nost izmedu
strujnih slika dobijenih numeri¢kim putem i u aerotunelu je postignuta kombinovanim uvodenjem turbulencije u numerickoj
slobodnoj struji hrapavosti povrsine, zbog ograniavajucih zahteva turbulentnih modela.

Kljucne reci: aerodinamika, aerodinamicki tunel, numeric¢ka simulacija, sfera, hrapava povrsina, strujanje fluida

BRCHepl/lMEHTa.ﬂbHOQ H YUCJICHHOC HCCJICA0OBAHUC
CBCPXKPUTHYECKOIO o0TexkaHus HI€POXoBaATbIX IIAPOB

JT1a CcTaThsl NpPEICTABJSIET €000 HIKCIEPHMEHTAJIbHOe W YHCJIEHHOEe HCC/IeI0BAaHUS MOAeaH cdepbl ¢ HeIbIO
MPOrHO3HPOBAHHSI MIOBEJEHHSI IOTOKA B IPHCYTCTBUHM HEPOBHOCTEH MOBEPXHOCTH. Pe3y/IbTaThl yKa3bIBAIOT HA NPOD/IeMbI H
MpeNIaraloT peleHusi UIsl MPAaKTHYeCKOro HHKeHEPHOro npuMeHeHusi. CX0ACTBO MKy TeKYLIIHMH H300paskeHUsIMH,
M0JIy4eHHbIMH YHCJIEHHBIM MO/IeJIHPOBAHHEM H B 23POIHHAMHUYECKOIi TPyDe 10CTHraeTcsl 3a CHET CMEMIAHHOIO BBEICHHUS
TypOYJIEHTHOCTH B YHCJIEHHOM CBOOOIHOM NMOTOKE H LIEPOXOBATOCTH MOBEPXHOCTH, H3-32 OFPAHHYHUTE/IbHBIX TPeOOBaHMIT
TypOyJIeHTHBIX MOJeJIei.

Kniouegvie cro6a: a3poMHAMHKA, 23POIMHAMHYECKast TPYHa, YHCJIEHHOE MO/IeJIMPOBAaHHKe, cephbl, HepOBHASI TIOBEPXHOCTH,
MOTOK KHIKOCTH.

Recherches expérimentales et numériques du courant super critique

autour d’une sphére rugueuse

Ce travail présente les recherches numériques et expérimentales du modéle de sphére afin de prévoir le comportement du
courant dans la présence des surfaces rugueuses. Les résultats obtenus indiquent les problémes et proposent les solutions pour
I’application dans I’ingénierie. La similitude entre les images de mouvement obtenues par la voie numérique ainsi que dans la
soufflerie aérodynamique a été réalisée en combinant I’introduction de la turbulence dans le courant numérique libre et la
surface rugueuse a cause des exigences limitées des modéles turbulents.

Mots clés: aérodynamique, soufflerie aérodynamique, simulation numérique, sphére, surface rugueuse, courant des fluides.
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Wind tunnels are the aerodynamic laboratories which task is to enable high qual-
ity and stabile airflow in controlled volume, a test section, during run time, in or-
der to study the effects of streaming around various aeronautical or non-
aeronautical models (airfoils and bluff bodies with complex motorized or robotic
constructions). The main requirement that leads to quality and reliable meas-
urement results is a high flow quality in the test section: uniformity of the velocity
and pressure fields along and across the test section, low turbulence level and
low flow direction angularities or swirling. The knowledge of low parameters en-
ables the exchange of the scientific and technical information, comparison of the
experimental results from different wind tunnels and data scaling of the model to
the real scale. The turbulence intensity TI significantly affects the wind tunnel re-
sults and reduction of turbulence is of the highest importance for the quality
measurements. This paper presents the Experimental Aerodynamics Laboratory
of the VTI in Belgrade, the equipment and methods of turbulence measurements
in the test section stream and around different test models. Wind tunnel facilities
maintain equipment and devices for sampling, acquisition and data reduction for
various test types, from forces and moment measurements, over the pressure dis-
tribution measurements to the advanced measurements, followed with the appro-
priate flow visualization techniques. The modern instrumentation enables deter-
mine flow quality and its influence on tests and measurement results of static and
dynamic model characteristics.

Key words: wind tunnels, turbulence, aerodynamics, measurement,
flow visualization

Introduction

Implementation of the wind tunnels, for research and engineering, demands increas-
ing aerodynamic characteristic accuracy to achieve better energy efficiency and transportation
costs. An accuracy of the measured data in first depends on: testing flow quality, a test model
design and precision of the measuring equipment.

Successful aircraft design needs very precise behavior prediction. Experimental aer-
odynamics gives the most accurate prediction or confirmation of the calculated aerodynamic
parameters for the models in various sizes and in different flow conditions.

This paper presents the Experimental Aerodynamics Laboratory (EAL) of the Mili-
tary Technical Institute (VTI) in Belgrade, the equipment and methods of turbulence investi-
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gation in the test section stream and around different test models. The special attention is paid
on description of flow quality and its influences on aerodynamic characteristic determination,
sources of flow perturbations in the test section, turbulence characteristics of wind tunnels,
modern equipment, and methods used in EAL for turbulent flow measurement and visualiza-
tion. The results obtained in a number of turbulence experimental tests in the EAL are pre-
sented and illustrated with numerous diagrams and photographs.

Turbulence in the wind tunnel

Wind tunnels (WT) and water tunnels are the experimental facilities for research on
the aerodynamic nature of scaled objects surrounded/submerged within an artificial free
stream flow of desirable characteristics and low level of turbulence, to simulate atmosphere
and obtain realistic results. Many factors influence measurements of the model aerodynamic
characteristics, still turbulence is a major unknown and most influential factor.

The flow quality parameter describing turbulence is the turbulence intensity (TI),
Tul%]=u,,, /u, correlation between rms of stream longitudinal velocity fluctuations and
mean velocity.

The turbulence in WT is disturbing the boundary layer — deforming a shape, stabil-
ity, place of the transition and separation points, pressure distribution, and shock wave-
boundary layer interactions [3]. The reported turbulence levels [1-3] increased with the in-
crease of the WT Mach number (M) and unit Reynolds number (Re). The presence of turbu-
lence, under certain conditions, is even capable to impact the tunnel operation [2].

The turbulence of free stream impact may be longitudinal and normal to the stream.
In streamline direction, turbulence produces fluctuations of the dynamic pressure around the
model, while in normal direction produces fluctuations of the model position. Furthermore,
flow disturbance is composed from turbulence and noise [2]. Both velocity and pressures, as
time dependent variables, are present with a difference in dominancy of effects: the unsteadi-
ness of velocity is predominant in low speed WT and, in the contrary; pressure unsteadiness is
dominant at supersonic and hypersonic range [1]. Large closed circuit and continuous type
wind tunnels, like large subsonic WT of VTI produce a flow of small amplitude and low-
frequency fluctuations. Empirically obtained requirements for the flow quality [4] pointed out
that longitudinal fluctuations of velocity of 0.1% are considered as good flow quality proper-
ty, even for basic tests of boundary layer transition. About *70s, several WT achieved very
low TI levels, just about 0.02% to 0.05% [5].

The most sensitive aerodynamic characteristics under turbulence have a blunt body
[6-8], especially sphere, thus it is used as a calibration standard for flow quality characteriza-
tion in a range of M up to 0.4 [8]. The influence of local initiation of turbulence over the
model with imperfections or roughness leads to a requirement of high quality model produc-
tion [8].

Sources of turbulence in the wind tunnels

Requirements of basic characteristics of the WT tests, Mrkalj [9], together with WT
type selection, Zotovic [10], in first defines the model, test section size and required flow
characteristics, while all parts have the goal to support and prepare flow and measurement
accuracy. Successful WT construction is a product of many compromises meeting acceptable
costs.

For overcoming of the aerodynamic problems caused by free stream turbulence, of
the major importance is the quality of WT design and details of calculations [11], in addition
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with numerical simulations nowadays, which have to give the optimal dimensions and power
supply that will produce the best flow quality and energy efficient facility. Afterwards, scaled
the pilot WT building and testing are following, and finally building of the WT with special
care and skills.

It may be resumed that main parts, that produce free stream turbulence are all the
parts at which the pressure difference or sudden cross-section changes occur. Sisojev [2, 12]
and Zotovic recommended the original calculation methods and applied it on the VTI wind
tunnels. Major sources of turbulence in subsonic tunnels are: collector, settling chamber, pro-
peller, corners and other devices.

At supersonic wind tunnels the turbulence intensity TI is decreased at the beginning,
because of downstream chocking, but with the increase of Mach number, for high Reynolds
numbers, turbulence intensity TI returns the path of increase [1]. Inside intermittent wind tun-
nels [1], the diffuser is producing intermittent flow separation, and further on transport com-
plex flow along the tunnel. Therefore, construction of the transonic WT [1] has to be made
with attention to sonic choke device design, screens, honeycomb, corners and acoustic baffles,
etc. The boundary layer transition and separation, as other flow phenomenon in the vicinity of
a mode, are in major induced by noise. Pope [13] summarized that in transonic regimes WT
produces a very high level of turbulence mainly because of the influence of reflected shock
waves from the walls, diffusion pulsations shocks inside the pressure regulator of the intermit-
tent wind tunnels.

Devices that intentionally create turbulence are used in testing with some of the pur-
poses: aerodynamic characteristics of model under different free turbulence, testing of a mod-
el with fixed roughness for comparison of results, testing of a motorized model, ground effect
testing, efc.

Turbulence measurements

Measurement techniques are selected according to the test velocity mainly. The im-
perative is to know the characteristics of the WT flow quality and the effects on measuring er-
rors [1, 9, 10].

Measurements of TI at low speeds are made by sphere models (force and pressure
type) [14], fig. 1(a), while with a velocity increase (over M = 0.4) the dominancy is taken by a
cone model, hot-wire/hot-film, fig. 1(b), and optical non-destructive techniques. For the aim
of validation, for different velocity ranges, tests in different techniques are overlapped. Hot-
-wire anemometer or direct measurement transducers are disturbing the flow and measures
collected high frequency fluctuations of velocity, temperature, and static pressure (noise). De-
vices that do not disturb the flow, with or without introducing particles are: Laser Doppler an-
emometry (LDA) (supersonic), Particle image velocimetry (PIV) (subsonic/supersonic). Es-
pecial contribution to revealing and understanding of turbulence phenomenon, both; large-
and small-scale gives flow visualization, example: large-scale turbulence by mesh, fig. 1(c).

Some turbulence reduction measures

Selection of type [10] and characteristics of future WT [9] and implementation of a
detailed WT design calculation for specific needs are major pre-building turbulence reduction
measures as well as development of a pilot wind tunnel. However, as possibly large test sec-
tion is favorable, also the optimal elongated design for cones, radial corners, composition of
the settling chamber items. Turbulence reduction measures might elongate the gross dimen-
sions of a WT so necessary field area, much more constructional materials and building time
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or power are needed. Again, costs led to compromises between construction and flow quality.
For instance, screens of meshes may multiply in several different design stages of reduce tur-
bulence gradually while producing decreased gross power loss in comparison to single screen
of dense strings, or the plates have replaced the screens since a quite similar effect [5]. The
wall perforation has double task — to prevent shock reflection and wall boundary layer suc-
tion. After building, turbulence reduction measures may be an addition, after existing settling
chamber, if such an assessment reduces turbulence yet unaffordable.

Figure 1. Small-scale turbulence measuring devices (a) sphere model in VTI T-35
WT (b) hot-wire and (c) sketch of a screen with tufts in the test section
(for color image see journal website)

The walls, model support and model finishing treatment and cleanliness of the WT
tube in operation are also imperatives, both for preventing turbulence and for the test safety.
The overall WT walls should have aerodynamically smooth surfaces, connections without
significant convex details, covered concave or gap details, repaired small imperfections of
tube surfaces, in one — all details and configuration/measuring support devices (pressure
tubes, model part carriers and positioners etc.) that are not purposed for measurement should
be immersed into wall/support/model contours.

Unfortunately, the ones made an unrecoverable construction mistake, causing unac-
ceptable TI, cannot be repaired just moderate to a lower level or even leads to re-building. In
cases that specific required turbulence level is not reachable in a facility, it is sometimes bet-
ter even to change the facility.

Calibration and correction of the WT results

The WT measuring equipment (fig. 1) required for turbulence measurements is of
the highest level of accuracy, WT calibration tests are wide and times consuming, further-
more, some of the effects are still a subject of research. All this leads to increased costs. In the
practice, each WT has to be calibrated before putting into operation, as well after construc-
tional changes. Test section calibration is presenting the flow field quality, characteristics, and
parameters of flow along the test section over cross sections and providing the flow correction
factors for the aerodynamic measurements. The basic WT calibration data are as follows: dis-
tribution and fluctuations of static, stagnation pressure and temperature; magnitude, distribu-
tion, fluctuation and direction of flow velocity and turbulence and noise, by means of intensi-
ty, length and time scale, at different positions over the cross section of a test section. Com-
parison of the available standard models [13, 16] from different institutions leads to verifica-
tion and measures for adjustments and final validation of model aerodynamic characteristics
are obtained in flight test.

Corrections due to turbulence are incorporated in two segments of the test. Meas-
urements of flow parameters, in operating range, are corrected with data of all calibrated in-
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fluences for the empty test section, as are angularity, turbulent intensity, efc. [17]. A test is
usually compounded of a number of separated tares with the goal of subtraction of a number
of influences, for example of support system, with/without model propellers running, fig. 2(a)
[18], open/closed inlet model, fig. 2(b) [19], efc. Tests may be run in schemes with involved
mirrored configurations, fig. 2(c), use of the magnetic levitation, vertical free flight and simi-
lar, for mitigation of secondary effects.

Application of various test and correction techniques provide in high reliability of
the WT results for a number of verifications, especially for theoretical calculations and nu-
merical simulations because the flow quality at the research wind tunnels provides excellent
flow quality. Furthermore, the WT are used as a secondary calibration standard, for example,
testing of: a flow cell [20], an anemometer [21], a Pitot tube, etc.

r\

(b) ©

Figure 2. Examples of model configurations and support systems

A good estimation of aerodynamic coefficients and stability and control derivatives
are of fundamental importance in the design and development process of an aircraft. Stability
derivatives have a strong influence on aircraft and missile response to maneuver conditions.
Generally, these coefficients and derivatives are obtained using theoretical methods and WT
testing. Turbulence causes variations, of random nature, in the angle of attack (), in the air-
speed (V), and in all other variables of the dynamic model [22-25].

Experimental Aerodynamics Laboratory in the VTI

The Military Technical Institute (VTI) in Zarkovo is the largest national institution
dedicated to the scientific and technical research. Since the establishment in 1946. it is con-
tinually developing. The Aeronautical Department employs state-of-the art installations for
designing and testing of the aeronautical and non-aeronautical models and devices [24]. Four
divisions provide a task of scientific and technical support to the industry and the organiza-
tions on a national and international level: Aircraft Design, Avionics, Experimental Aerody-
namics Laboratories and Structure Testing.

Significant clients of the VTI are: the Military of the Republic of Serbia, LAGG,
IPTN, UTVA, Serbian Railways, and Central Hydrodynamic Institute CAGI in Moscow, efc.
Wind tunnels are equipped with modern instrumentation, making possible various WT tests
and measurements of static and dynamic model characteristics. Workshop facilities are
equipped with CAD/CAM systems and CNC lathe and milling machines. VTI can also pro-
vide the complete design and building of wind tunnels, WT systems, and instrumentation for
various types of tests.

The growth of VTI as a design center in the field of experimental aerodynamics was
backed up by the development of WT facilities. The first WT was built in 1952. and the latest
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one was the T-38 Trisonic WT in 1986. The VTI facilities were used to support Galeb G-2,
Jastreb, Kraguj, Orao, Super Galeb G-4, Lasta and Super Galeb G-4M aircraft programs.

Wind tunnel facilities of the VTI

T-32 WT. Small low-speed wind tunnel is the oldest WT in use. It has a closed-
circuit with semi-open, elliptic, test section (1.8 m x 1.2 m, length 2.0 m). Driven by a DC
motor of 91 kW, with manual control and continuous regime, it is running up to speeds of
72 m/s, while unit length Reynolds number is up to 5 million/m. The main equipment consists
of external six-component balance, pressure and temperature transducers for flow and pres-
sure distribution measurements, smoke generator. Data acquisition and data reduction system
are available.

T-33 water tunnel. 1t is continuous close circuit tunnel, driven by DC motor of 91
kW and controlled manually. Maximal water velocity is up to 11 m/s and unit length Reyn-
olds number up to 10 million/m. Test section is octagonal, dimensions are 0.5 m x 0.35 m,
length of 0.5 m. It is equipped with pressure transducers, thermometers, 2-D LDA system, TV
system and other flow visualization devices.

T-35 WT. Large low-speed wind tunnel has a closed circuit of length 72 m and width
30.6 m, from the top, three changeable octagonal test sections of dimensions 4.4 m x 3.2 m,
length 5.5 m, with a cross-section area of 11.93 m?, forming a flow of excellent quality. Mach
number range: from 0.1 to 0.6 with fan only and atmospheric conditions, 0.6 to 0.8 with fan
and injector running simultaneously while pressurized up to 1.52 bar. The unit length Reyn-
olds number is up to 2.3 million/m. In continuous regime the WT is driven only by a fan, and
if the injectors are added as a power supply running time is bounded to 120 s at M = 0.8. Fan
drive is consisted of four AC motors of maximum continuous power of 7.2 MW, propeller of
23 variable pitch blades, rotating at 400 RPM. Injector system is fed with pressure up to 20
bars, through 8 nozzles in the tube. It is equipped with: six-component external TEM balance,
multi-component internal balances, Scanivalves for pressure distribution measurements, sta-
bility derivatives apparatuses for pitch/yaw/roll and translation measurements, air intake test-
ing rig, etc. Data acquisition and reduction systems are supported all the tests.

T-36 WT. The small trisonic wind tunnel is of an indraft type with square test sec-
tion, dimensions of 0.25 m x 0.25 m, length 0.6 m, with changeable walls - solid or fixed po-
rosity perforated. It is driven by vacuum level of 0.1 bar. It is driven by vacuum tanks, MPR
pumping unit and air dryer. Operational M is from 0.2 to 1.1, and over at 1.56, 1.86, 2.48, and
3.24. The maximal unit Reynolds number is up to 15 million/m. Single test run duration is up
to 60 s. T-36 is equipped with: multi-component internal balances, side wall strain gauge bal-
ance, Scanivalves for pressure distribution measurements, Schlieren system, 2-D LDA sys-
tem, data acquisition and reduction system, too.

T-38 WT. The large trisonic is the youngest (1986.), and the only one that was not
designed and manufactured by national WT experts. The T-38 is of intermittent, blow-down
tunnel type. Drive consists of two five-stage compressors, compressor drive of 3.8 MW AC
motors, storage tanks of capacity 2600 m® and pressurization up to 20 bars. Operational range
is from Mach number 0.2 to 4.0 (controlled by the flexible nozzle) while the unit Reynolds
number is: up to 140 million/m when 3D test section is in use and up to 62 million/m at M =1
with the 2-D test section. The stagnation pressure range is from 1.8 to 16 bars. Run time is
from 6 s to over 50 s depending on the test conditions. The three test sections are available for
different operational ranges as follows: a) subsonic/supersonic with closed, solid walls, di-
mensions of 1.5 m x 1.5 m square, length 4.5 m; b) transonic 3-D closed test section with var-
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iable porosity perforated walls, dimensions 1.5 m x 1.5 m square, length 4.5 m, and c) sub-
sonic/ transonic 2-D closed test section with variable porosity perforated walls, dimensions of
1.5 m x 0.38 m, length 1 m. Flow quality/ regulation over Mach number is 0.5% and for stag-
nation pressure: 0.3%, while noise is treated by LEHRT requirements. Equipment is capable
of 3-D and 2-D force and moment measurements, pressure distribution, model dynamic deriv-
ative measurements [22-24] and flow visualization, consisting of: multi-component internal
balances, Scanivalves and electronically scanned integrated transducers for pressure distribu-
tion measurements, wake traverse system for accurate 2-D drag measurements, stability de-
rivatives apparatuses for pitch/yaw and roll measurements, air intake testing rig. The high-
speed system for data acquisition and data reduction is in use.

Equipment, methods, and some results of turbulence investigations in EAL

Hot-film anemometer

The hot film anemometer with constant temperature (CTA) is a modular type pro-
duced by TSI, consists of: linearized anemometer, model 1054B, monitor and power supply
modules, model 1051, RMS (DC) voltmeter, model 1076, hot-film and hot-wire probes; mod-
el 1232 wedge hot-film, model 1238 wedge hot-film 450 sensor edge, probe supports and ac-
cessories and FFT Analyzer. It is used for turbulence measurements in all WT in VTL

The intensity of the longitudinal turbulence (7u) in the T-38 wind tunnel, in a 3D
test section with flat walls, in the range of M from 0.2 to 0.8, is presented in fig. 3. [26].
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Figure 3. Longitudinal T« in FN 3D test section in T-38 (1984)

LDA measurements of turbulence

Laser Doppler Anemometry (LDA) is an optical technique for measurements of ve-
locity and turbulence in gas, liquid, and mixing fluids, flame, rotating machinery, in combus-
tion, channels, chemically reacting flows, wave tanks, and wind or water tunnels. LDA sys-
tems are designed as compact or modular ones, with fiber optics or classical, for large dis-
tance and large area measurements or for micro applications [27-32]. The basic idea underly-
ing LDA is to measure the velocity of tiny particles transported by the flow. If these particles
are small enough, their velocity is assumed that of the stream and LDA provides a measure of
the local instantaneous velocity, the mean velocity as well as the turbulent quantities.

Three LDA systems are used in the VTI laboratories, the first is one component, the
second is two components LDA (separation of two components of velocity is achieved by po-
larization of He-Ne laser light). It can be used in a velocity range up to 300 m/s, measuring
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point up 0.6 m from the front lens, fig. 4(a). The third system is 3D LDA, designed for VTI
WT T-38 [33]. It is based on three colors of the Ar-Ion laser with 5 W power. The mirrors and
prisms direct the beams leaving the transmitters to a common probe volume, fig. 4(b), at a
suitable angle to resolve three simultaneous velocity components. This system is used for ve-
locity measurement up to 750 m/s at distance up 2.7 m.

(@) (b)
Figure 4. (a) 2-D LDA in T-33 and (b) 3-D LDA for T-38

The LDA velocity and turbulence measurement in the T-33 water tunnel. The cali-
bration of water tunnel was made by the 1-D LDA system and compared with data obtain
from Primary Measuring System (PMS), Pitot tube and rake. The velocity and TI distribution
along horizontal and vertical line, crossing in tunnel axis, was measured. Special attention is
considered to measurements in the boundary layer. The results for two velocities 1 m/s and
4.5 m/s are represented in figs. 5(a) and 5(b) [34, 35], comparative calibration diagrams V
(m/s) and Tu (%) as the functions of numbers of motor rotation per minutes, and boundary
thickness measured by LDA in the water tunnel.
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Figure 5. Calibration of the water tunnel by LDA measurement around a hydrofoil
(for color image see journal website)

The velocity and turbulence distribution around the central profile has been meas-
ured by 2-D LDA. The results of measurements have been used as data for making the veloci-
ty vector diagrams shown in figs. 6a and 6b, together with diagrams of velocities and turbu-
lence intensities. The hydrofoil angle was and a = 25°, the free stream velocity V., = 5.32 m/s.
These results are used for definition of boundary conditions in CFD [34-36].

The LDA measurements in the T-38. The calibrating results of the T-38 trisonic WT
test section with 3-D LDA system are shown in fig. 7. Application of LDA in calibration of



Risti¢, S., et al: Turbulence Investigation in the VTI's Experimental Aerodynamics Laboratory
THERMAL SCIENCE, Year 2017, Vol. 21, Suppl. 3, pp. S629-S647 S637

Vi T zax=-30,-10,-0.5 mm Vi T za x=50,60,70, 80 mm

6.0 — 71— 6.0 10.0 9.0
===z ),}" 350 28 59
— 4.0 ] 40 70 6.0 __
= A = %60 5.0:2
£3.0 e 308 E50[] 305

=20 : - 205 5430 3.0
1.0 $t—pes _,.—w—]l’—‘—tﬁ '—r":‘;’-“' 3 1.0 %8 %8
0.0 0.0 0.0 0.0

-40-20-6 -4 -2 0 2 4 6 2040 -40-20-6 -4 -2 0 2 4 6 2040

z[mm)] z[mm]

V.05 —<+T05 -—+V-10 = V50 -+TuS0 -+ V50 -« TuS0
+T-10 = V-30 ~T-30 - V70 —Tu70 = V90 -+ Tu90

Figure 6. LDA velocity and turbulence measurements around hydrofoil in
T-33, V., =5.3 m/s, a=25° (for color image see journal website)

the large test section has some advantages, but has disadvantages (expensive running time of
a large WT, a large measuring distance, decreasing light intensity with the 4™ power of the
distance, vibrations either of the wind tunnel, the tested model or the LDA system), too.

The operational application of the LDA instrumentation requires a fully automatic
measuring run, which includes a computer controlled traversing mechanism with high speed
and short time of data acquisition. To optimize that, the laser intensity as well as the aperture
of the receiving optics has to be increased. However, laser with a large power are non-stable
in Gaussian mode and optics with large apertures are very expensive. To avoid this disad-
vantage, achieve the necessary improvement in sensitivity, and reduce the amount of unwant-
ed scattered light, the forward arrangement can be used. Very often off-axis setups are pre-
ferred as long as measuring distance is not too large [37, 38]

Calibration of T-38 WT test section with 3-D LDA system, velocity and turbulence
data are presented in fig. 7. The dashed line is expecting value of the velocity and the plane
line is measurement values.
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Figure 7. (a) Calibration of T-38 test section with 3-D LDA system,
(b) longitudinal TI in T-38 WT determined by LDA measurements
(for color image see journal website)

Investigation of turbulence by pressure and force measurement

The turbulence factor, TF, for low speed wind tunnels, is a free flow correction pa-
rameter of Reynolds number, for obtaining an effective Reynolds number, and commonly
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spheres are used as standard test models. For the aim of validation of results, two types of
spheres are used: a drag sphere and a pressure sphere. Models of standard dimensions, glossy
finished [7, 14, 39, 40], made of wood, metal or plastic, are mounted in the test section, by
sting support preferably. Glossy finish and accuracy of shape are oblique for turbulence influ-
ence measurements because roughness or shape deviations are causing unknown errors in
readings and thus errors of turbulence factor. Drag sphere is subjected to force and moment
measurements, with interest in drag component, while the pressure-sphere model is subjected
to measurements of pressure coefficient, calculated from measured values of stagnation (by
one front orifice) and average base pressure (by four centered orifices).

Turbulence factor in T-31 WT (1957). Blower from the 1951. year was the very first
WT at the VTI (fig. 8) [39, 40]. Regardless, it was an open circuit wind tunnel; turbulence
factor was estimated by two pressure spheres. Results of calibration tests are shown in figs.
8(b) and 8(c) for the cross section of the T-31 and 10 m downstream, and were TF = 1.57 and
1.9, respectively.
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Figure 8. (a) T-31 WT, (b) Pressure coefficient vs. Reynolds number of the T-31
test section entrance, (c) turbulence factor along distance from the test section

Turbulence measurement in T-32. Turbulence measurements were made of a metal
high polished pressure-sphere, diameter of 110 mm. The sphere was mounted on a one-leg
support and positioned for one cross section in five places in order to centre line of a test sec-
tion and similar over a three cross sections: at 550 mm, 460 mm from test section entrance
and at the test section centre line. The estimated turbulence factor for the WT is TF = 1.14.

Turbulence measurement in T-35. Measurements of the drag and pressure coeffi-
cient for estimation of the turbulence factor of the T-35 test section were done by a metal
glossy sphere. The sphere model was supported with a sting on model strut support system
(fig. 9) [14]. Drag coefficient vs. the unit Reynolds number is plotted in fig. 9(b), from where
the critical Reynolds number was found and used for obtaining the turbulence factor of the
T-35 wind tunnel, 7F = 1.03.

The turbulence factor, 7F = 385000/Reiical represents the ratio of the critical Reyn-
olds number of a sphere in free flight and a critical Reynolds number obtained for the wind
tunnel. Regica Was agreed to be defined as Reynolds number under which drag coefficient of
the sphere takes the value C,; = 0.3. An effective Reynolds number, Regreciive = TF-Re, used in
testing of different other models, is the corrected value that bridged the flow condition in the
test section to free flight. TI could not be obtained by the sphere test and for its determination
a hot-wire measurements have to be added. Force and hot-wire measurements are determining
a function of TI with the critical Reynolds number for sphere. TI is increased while Reynolds
number is decreased.

Optical methods for turbulent flow investigation

The three principal optical methods for turbulent flow investigations are: shadow,
Schlieren, and interferometry. Optical methods are contactless and very sensitive to little cha-
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Figure 9. (a) Cp at T-32 test section, (b) C, sphere in the
T-35 test section (for color image see journal website)

nges of flow properties. Optical methods make possible to visualize and determine aerody-
namically flow parameters in total volume of the test section (density, pressure, flow velocity,
M, show location of shock and expansion waves, nature and transformation of a boundary
layer, an interaction of different effects in complex flow fields and so on) [41-44].

The base arrangement of all optical methods consists of a light beam which passes
through such a set of windows and through the flow field. Each ray of the light beam is dis-
turbed somehow depending on the inhomogeneous distribution of refractive index in the fluid.
The simultaneously alterations occur: the ray can be deflected from its original direction and
the phase of the disturbed ray can be shifted with respect to that of the undisturbed ray. The
first phenomenon is related to shadow and Schlieren methods, and the second with interfer-
ometry. The shadow method visualizes only fields in which the second derivative of refractive
index (density) is not uniform and is not zero. The Schlieren method visualizes the field with
non-uniform light propagation direction, i. e. the field with constant density gradient. Interfer-
ometry is capable to visualize the changes in refractive index, i. e. the changes of density.
This method makes possible to evaluate quantitative density measurements.

The possibilities of optical methods, for turbulent flow visualization, have been ex-
panded within a wide range due to the innovation of the optical laser. Laser light is highly
monochromatic and coherent with high-energy concentration. The laser light sources have
successfully been able to conventional optical visualization systems, but they have led to the
development of completely new methods, e. g. holography and holographic interferometry.

Optical devices

The WT in EAL have optical devices for flow visualization. (Holographic interfer-
ometer with parallel beams is at the same time a Schlieren and a shadow device. The schemat-
ic diagram of the experimental setup is shown in fig. 10. The ruby laser (Apollo model 22,
E=31J,t=30ns,/.=1m) (2) is used as a recording light source, while 6 mW He-Ne laser
(3) is used for interferometer setting and reconstruction of holograms (9). The Hg lamp (13),
small mirror (14), horizontal knife-edge (15) and still camera (16) are the different parts be-
long to Schlieren device with Z-shape. The large concave mirrors (D = 300mm, F' = 2750
mm) (6) are for both systems. The shadow effects are recorded without second large mirror
(6). Instead of it, there is the still or video camera. Laser and Hg lamp are both used as light
sources for shadow technique. Some mirrors, beam splitters and lenses are used for laser
beams directed, enlarged, collimated and focusing (4, 5, 7). The lasers, and all other mechani-
cal and optical components, are fixed on the adjusting platform (1) with height equal to the
height of the WT axis (11). It passes next to knife-edge, causing a bright patch at screen (16).
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@ (b)

Figure 10. (a) Scheme of optical device, (b) elements of Schlieren
system in T-38 (for color image see journal website)

The intensity of it may be used to determine the magnitude of the refractive index or density
gradient, which produced the light deflection.

The main holographic interferometer performances are: detection range of refractive
index is 107 to 10, accuracy of refractive index measurement is 10" and optical field diame-
ter is @ =900 mm.

Visualization of turbulent flow

Optical methods

The following photos show visualization images of local turbulent flows, with dif-
ferent optical methods [41, 42, 45-47]. Figure 11 shows a visualization of supersonic flow
around 2-D, 90° edge nozzle, Prandtl-Meyer expansion fan at the sharp end of the nozzle at
M,, = 1.56: a) shadow, b) Schlieren, and c) holographic interferogram. The turbulent bounda-
ry layer and turbulent area in expansion fan are more visible in shadogram and on
interferogram than in the Schlieren image.

(b)

Figure 11. Visualization of Prandtl-Meyer expansion fan
(for color image see journal website)

Very interesting example of flow visualization is made in the vicinity of tunnel wall
perforations. Many transonic tunnels are operated with performed walls in the test section. A
number of investigations have been performed to determine how the flow in the test section is
affected by the presence of the perforation.

The figs. 12(a)-12(c) report on test performed in T-36, with a single slanted slot in
the bottom plate of the test section, for M, = 0.83. Flow direction is from right to left. The
slanted slot was used because it had been reported that such geometry would considerably re-
duce the perturbation of free flow. The disturbances originating from the slot are expressed by
distortions of the parallel fringe system. A concentration of fringes indicated the formation of
a pressure wave. The interferogram however, shows that the disturbance from the slot is not at
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all negligible and reaches even beyond the axis of the test section (to about 60% of the test
section height).

Figure 12. (a-c) The flow in the WT test section with wall perforation (slanted
slot), (d-f) Two dimensional model of rocket nozzle with barrier in T-36
(for color image see journal website)

The prediction of the flow separation in supersonic nozzle is important for designing
an efficient nozzle—deflector configuration. Test of the complex flow in the two-dimensional
supersonic nozzle with the deflector by three optical methods, performed in T-36 WT, shows
again the significant advantages of these ones in comparison with classical methods.

The method of holographic interferometry has special advantages when complex,
turbulent flows are tested, e. g., flows around a deflector, in the vicinity of the shock wave.
Visualization indicates strong interaction of the turbulent boundary layer with the oblique
shock wave in the divergent part of the nozzle, figs. 12(d)-12(f). The area behind shock wave
is turbulent. The flow visualization results have served as a base for validation of numerical
methods and results. The theoretical and experimental values of Mach number in the expan-
sion area are in good agreement Mey, = 2.15, My, = 2.13.

Non optical methods for turbulent flow investigation

The investigation of the turbulent flow through 2-D straight profile grid (with three
profiles), the test carried out in the VTI water tunnel (T-33), include measurements and visu-
alization [45, 47]. The flow visualization was performed using air bubbles. They were inject-
ed into the flow at the distance of about 1 m in front of the model, with special device. Figure
13 shows the flow field visualized by different quantity of air bubbles, around the hydrofoil
with angle a = 25°. Velocity of free stream was V,, = 5.32 m/s [36].

Recent developments indicate that smoke visualization in wind tunnels, one of the
oldest flow visualization techniques, will continue as an important experimental tool in the
study of complex turbulent flow dynamic phenomena.

Improvements in generation and injection of smoke as well as in lighting (laser as a
light source), in image processing (the use of computers) have continued to increase the scien-
tific value of this method. Figure 14(a) shows the smoke line in the small smoke tunnel, gen-
erated by the vaporization of paraffin; fig. 14(b) shows the flow around an airplane model
visualized by TiCly drops in T-32 WT.
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() (b)
Figure 13. Turbulent flow around hydrofoil visualization in T-33
(for color image see journal website)

()

Figure 14. Smoke visualization, (a) in a small smoke tunnel, (b) in WT T32

The oil film or dots on the model surface enables to obtain, quickly and easily, a pic-
ture of flow pattern on the surface of the model placed in a WT [41]. The especially mixture
is prepared of an appropriate oil and a fine pigment (Al,O;; TiO,, powder, fluorescent dye,
coloring pigments, graphite). The technique allows observation of the laminar and turbulent
lines, or separation and reattachment regions if the flow field at the body surface. Figure 15
shows the visualization with TiO, and oil on the surface around three, vertical cylinders fixed
on the plate in T-35 for V=50 m/s, positioned at different angles of attack.

Figure 15. Flow visualization around cylinders fixed on the plate in WT T-35

Results of turbulent flow — numerical simulations
validated by measurements

Sphere model in T-35. For the purpose of validation of the applied methodology of
numerical simulations of turbulent flow around the sphere model, numerical simulations were
done for the rough model of sphere exposed to turbulent free flow. Validation was made by
comparison with tests of sphere model prepared for visualization, in the T-35 WT [14]. Dur-
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ing flow visualization the emulsion was dried, photographed and the measurements of drag
were completed. In the numerical simulations, conditions of the model were assumed while
flow conditions from calibration were used and extended. In fig. 16 a sample for comparison
of WT visualization with TiO, emulsion and flow around a rough sphere from numerical sim-
ulations is shown.

The 2-D supersonic nozzle. 2-D numerical
simulations by solving the Reynolds-Averaged
Navier-Stokes equations with standard two-equation
turbulence model was used for design of 2-D thrust
vectoring nozzles. Three different meshes were used,
a coarse mesh (25976 cells), an intermediate mesh
(48084 cells) and a fine one (95732 cells). The mesh-
es are structured except in the divergent part of the
nozzle, where structured part is next to the wall, oth-
erwise the mesh is unstructured. After making the

Figure 16. T-35 WT: rough sphere numerical models of nozzles with different deflectors
visualization vs. CFD at the exit, the comparisons of the calculation and ex-
(for color image see journal website) periment were made. The differences of the experi-

mental and numerical visualization occur due to two
reasons. The first is the strong interaction of the shock wave and separated boundary layer,
and second the flow in the 2-D thrust vectoring nozzle is essentially three-dimensional [45].
The numerical visualization, using Mach number, pressure contours and velocity
vectors for two dimensional, supersonic nozzle with deflector can be seen in figs. 17(a)-17(c),
deflector has a; = 100° and /,; = 43 mm. The visualization by optical methods of this nozzle is
presented in figs. 12(d)-12(f).

480 S 1.01e+05 g 6912
~ L 8.90c+04 7 s

- 7.29eH) L s
6084/ ) 4l
_48TeH4 ( p 3060
S / A
_204e | S 16l
82338?\/7 6917
239e+02 y 2316401

(b) ©

Figure 17. Numerical flow visualization, and contours of (a) iso-Mach number (kg/m3),
(b) iso-pressure, (c) velocity vectors
(for color image see journal website)

T-33 water tunnel. Numerical simulation of the flow through straight profile grid is
made in Fluent 6.1 program. The results of flow simulation are compared with experimental
results. Geometry is modeled (Unigraphics 18.0 program) for grid profile angles of slope, cor-
responding to the angles in the experiment: 0° and 25° [46]. The boundary conditions are cor-
responding entirely to the state in water cavitation tunnel during the experiment. For the defi-
nition of the boundary conditions, it was very useful the fact that the turbulence level in the
area in front of the hydrofoil grid was measured during the experiment.

Number of elements in the generated computational grids varies in the range from
285000 to 386000. The k-¢ standard model for turbulent stresses is used for 0°angle of slope,
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and k-¢ realizable model for 25°. Converged solutions for integral quantities of interest were
obtained after 550 iterations for 0° angle of attack and mass residuals 10”. For 25° angle mass
residuals are 10, and 20 iterations are used for each temporal sequence. The enhanced wall
functions are used for turbulent boundary layer. The velocity vectors and path lines around
hydrofoil are shown in fig. 18.
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(.00 raeh Lines Colored by Velocity Magnitude (m/e)

(b)

Figure 18. (a) Velocity vectors for hydrofoil (b) path lines
(for color image see journal website)

Cone in supersonic flow at T-38. The experiment was performed with M, = 1.5, 1.7,
and 2.0. The calibration model was cone-cylinder, 6. = 15°, / = 300 mm base @ = 160 mm,
I, =160 mm. The images of holographic interferograms are the bases for determination of
Mach number M,, in free stream flow. The maximum difference in the Mach number deter-
mination by Primary measuring system and by holography is 5.3% and average 2.4% [47, 48].
Experimentally, the density of flow behind the shock wave is determined with an accuracy of
2.4% in regard to theoretical, and 3.6% in regard to numerical one.

Numerical simulation of flow was performed by ANSYS FLUENT software. Figure
19(a) shows the composite experimental and numerical image of flow iso-density lines around
model cone-cylinder for M,, = 1.474. Figure 19(b) shows Mach number 0, for nominal
M, = 1.5. The measured angle of the shock wave from holographic interferograms is between
44.5° and 48.5° that gives M,, from 1.4 to 1.49. The average value of @, ., = 46.5°.
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Figure 19. The experimental and numerical results in T-3
(for color image see journal web-site)

Conclusions

One of the most complicated areas under discussion in many areas of science and
engineering is turbulence. Many authors study the unwanted effects of turbulence on the re-
sults of WT tests over the world.

The main aim of this paper is to present the EAL of the VTI in Belgrade, the equip-
ment and methods of turbulence investigations in the WT test section stream and around dif-



Risti¢, S., et al: Turbulence Investigation in the VTI's Experimental Aerodynamics Laboratory
THERMAL SCIENCE, Year 2017, Vol. 21, Suppl. 3, pp. S629-S647 S645

ferent test models. The role of turbulence in obtaining a spatially and temporary uniform
steady stream of air across and along the test section of wind tunnels is considered. The turbu-
lence has a major importance in flow quality of WT and can excite uncorrected results in ex-
perimental investigations in WTs. Turbulence causes a variation of pressure, Mach number,
density and temperature distribution, the variation of pitch and yaw components of flow angu-
larity, boundary layer change near the walls, noise and the behaviors of vortexes in the test
section. The most important sources of turbulence in WT are analyzed, as well as some turbu-
lence reduction measures.

WT in VTI have turbulence intensity below recommendations by international
standard for WT good flow quality. The modern instrumentation in VTI, enables determine
flow quality and its influence on measurement results of aerodynamic and dynamic stability
model characteristics. In this paper, some test results, involving turbulence, performed in VTI
WTs are illustrated with diagrams and images.

The VTI WTs were used for testing models for the Ministry of Defence, to support
development of aircraft programs: Galeb G-2, Jastreb, Kraguj, Orao, Super Galeb G-4, Lasta
and Super Galeb G-4M and missile models: ATM Osa, ATM Zolja, ATM Bumbar, SSM
Oganj, SSM Orkan, ASM Grom, marine models of ships and weapons, non-aeronautical
models and a number of models for foreign customers.
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Nomenclature . .
. . D — optical field diameter, [m)]
Tu — turbulence intensity, [%] ‘ — time, [s]
M — Mach number (= v/a), [-] X — spatial coordinate, [m]
Re - Reynglds number (= pvelu), [-] y — spatial coordinate, [m]
Voo — velocity, [m/s] E — total energy, [J]
TF — turbulence factor, [—]
D — diameter, [m] Greek symbols
Regiticas — critica!l Reynolds num. (= pve/u), [-] a — angle of attack, [°]
Reefrecive — effective Re}/nolds num. (= pvc/u), [-] Genlector — deflector angle, [°]
Ca — drag coefficient, [] 0, — angle of the shock wave, [°]
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CaraacHoct 3a kopuihewe 00jaB/beHUX YMeTHHUYKHUX (oTorpaduja
BOJOMAapa y NPHPOAHOM OKPYIKEHY

From: Solent Picture Desk <pictures@solentnews.co.uk>
To: Suzana Linic :) <sumonja@yahoo.com>
Sent: Saturday, February 13,2016 9:51 AM
Subject: Re: Inquiry from Suzana Linic
Hi Suzana,
We grant you permission to use the pictures for the purposes you stated in your previous email.
Many thanks,
Tom Harrison
Photographer
Solent News and Photo Agency

Southampton, UK

+44 (0) 2380 458800
www.solentnews.co.uk

On Friday, 12 February, 2016 14:07, "PhotoShelter" <do-not-reply@photoshelter.com> said:
Solent News and Photos

Dear Solent News,

Suzana Linic (sumonja@yahoo.com, +381648389005) has sent you an inquiry.
Message:

To SOLENT Agency

Dear Sirs,

After finding the artworks from the nature on the site of the Daily Mail I
contacted them and Mr. Sawer, and now your Agency for permission.

Please would you be so kind to give me the a permission for free use of two images
as a presentation with the aim of using them in the PhD thesis and the research articles?

My PhD thesis is dedicated to new design methods for the high speed trains.
Studies are performed on the University of Belgrade, Faculty of Mechanical
Engineering.

Subjected images are the artwork of Mr. Sawer, signed by Mr Sawer you’re your
Agency, published via Daily Mail pages at link http://www.dailymail.co.uk/news/article-
2009026/Kingfisher-barely-causes-ripple-dives-water.html.

I am in obligation to the publisher of scientific journal to present all the
permissions - the wild photographer and the agencies, but I have no sources for
budgeting. Mr. Sawer gave me the written permission as the artist, while the Daily Mail
pointed to ask you. I have written before a letter but have not received the answer, so I
decided to repeat. In the compensation, in all the writings, in the research journals,
your Agency and Mr. Sawer will be referenced as the sources of data used in research.

Thank you for your understanding and support in advance.
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On Wednesday, May 7, 2014 12:00 PM, Danny Howell <dhowell@solosyndication.com> wrote:
Hi Suzana

The Mail Online passed on your email

Unfortunately the photo is not our copyright .. from Solent News Agency (check google for contact
details)

Kind regards
Danny

From: Editorial Dailymailonline <editorial@mailonline.co.uk>
Date: Wed, 7 May 2014 00:02:12 +0100

On Sunday, May 4, 2014 8:48 PM, Paul Sawer <paulsawer160@btinternet.com> wrote:
Hi Suzana

Yes I see no problem with you using my images for your examination.
Good luck with it, if I can be of further assistance let me know.
Paul
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Cneundukaunja ypehaja za 3D ckenupame

Romer Absolute Arm — Portable Measuring Arm

Makc. Op3uHa  TNPUKYILJbarba

HonaTaKa 50.000 Points/s
Pbpoj Tavaka mo nuHUjU 1000
OpekBeHIHja 110 JIUHUJH 50 Hz
[TUPHHA JINHU]E min. 65 mm

cp. 65 mm
max. 85 mm

Orcer ynasbeHocTH o npeameta 150 mm £ 50 mm

Cpenme  pacrojambe  MEPHHX

: 0,046 mm
ke Tayaka
7w [Tonyayromarcka
KonTpona nacepa .
0 JIUHUJU

Taunoct (2 sigma) 30 um
Texuna 340 g
be3beanoct nacepa Class 2M
Pangna Temneparypa 5°C-40°C

Cepxa: 3D pururanuzaidja W MoOJeNOBare, HHCIEKIMja o0Jaka Taydaka,

pPEBEP3HM HMHXKEHEPUHT, Op3a wu3paja MNPOTOTUIIOBA WJIM MAIIMHCKO KOMHUpAame,

yrnotpeba y METPOJIOTHjH 32 Pa3HOBPCHE IPUMEHE.
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Cnenudukaunuja repmorpadcke kamepe

FLIR E40

Kapakrepucruka cimnke

Pezonynuja 160 x 120 mukcena

VYkynan Opoj nukcesna 19 200

TepmanHa oceT/BUBOCT <0.07°C Ha 30°C

TaynocT Mepema + 2% nim 2°C

TemnepatypHu orncer (-20)°C - 650°C

Ontuka Crangapana 25° x 19°

3ym 1 — 2 X KOHTHHYaJIHU
JTUTUTATHH

Dokyc Pyunu

Hexmahenn mukpobomomeTap +

Komop JIIJI expan ocersbuB Ha 3.5" (320 x 240)

JOJTUP

3 MII  Buzmeo Kamepa ca X

pedaexTopoM

Cnuxka-VY-Cnunu ®ukcHa BeJIMUYUHA

Jlacepcka Tauka X

Buneo usznas Komnosurun

DpeKBeHITNja CHUMAamba 50 Hz

AHajim3e Mepema

[ToxpeTna Tauka 3
O06mact Kpy»KHa/KBajpaTHa 3
Henta T +

Memopucame pajioBa
Pagnomertpujcke cnuke y JIII' va CJI +

Kapruiy
MIIEIl'4 Buneo Caumame +
Jpyra onpema
OJINAP Anatu +
Tun barepuje / Ayronomuja Li-Ion > 4 cara
Texnna 0.825 kg yxipyuyjyhu

OTITUKY
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H3jaBa 0 nomToBamwy NpaBa ;KUBOTHHA U OPH3H 0 HLHXOBOM

’KHBOTY, 31PaB/by U )KHBOTHOJ CPeAHHH

Aytop npoktopcke muceprammje, Cy3zanma Jluauh (J125/10), nmokropanna

Mammunckor ¢axynrera YHUBep3uTeTa y beorpaay, kao HU HHCTHUTYIUj€ U CapaTHUIA

KOjI/I Cy YUYCCTBOBAJIN Y HCTPAXKHUBAKY IO HA3UBOM

»bMOMUMUNKPUIJA KAO METO/] AEPOJIMHAMMNYKOI

JN3AJHUPAIA BO3A BEJIMKMX bP3MMHA*

HCIIOLITOBAIM CY TOKOM HUCTpaXHBaiba IIpaBa JXUBOTHUIbA W IIPUHIUIIC OYyBamba

JKHUBOTHC OKOJIMHE U 6I/IOI[I/IB€p31/IT€Ta, IIporucaHa CJTGI[ChI/IM JOKYMCHTHMA PCHY6HI/IK€

Cpbuje xao u mehyHapoiHe 3ajeTHUIIE:

1.

2
3.
4

VYHHUBep3aTHe JAeKIIapaldje o mpaBuMa XKHBOTHEHA

MebhyHapoHa KOHBEHIIHja 3a 3aIITUTY MTUIA

3akoH 0 106pobuTH xuBoTUIA "CiryxOenu rmacauk PC", 6p. 41/2009
3akoH O 3amTUTH >KUBOTHE okojuHe "CmyxxOenu rimacHuk PC", 0p.
135/2004, 36/2009, 36/2009 u 72/2009

3akoH o 3amrtutu npupoae "CmyxOenu rmacauk PC", 6p. 36/2009,
88/2010 m 91/2010

3akoH o parupukanuju MehyHapoaHe KOHBEHIIM]E€ 3a 3allTUTy MTHIA
"Cnyx6enu muct COPJ", 6p. 6/1973  (International Convention for the
Protection of Birds Paris, 18 October 1950)

3akoH O TmOTBphHUBaWky KOHBEHIMje O OHOJIOIIKOj pPa3HOBPCHOCTH
"Cnyx6enu et CPJ - Mehynaponuu yrosopu', 6p. 11/200

3amTHTa TOOPOOUTH EKCIEPUMEHTATHHX JKABOTHIbA Y TpaBy EBporcke

yHH]E

HctpaxuBame 0 MoryhHOoCTHMa U Pa3BoOjy MeToJle OMOMHMHUKpHje 3a OCHOBHE

MOACIIC OCIalkba CC Ha 1/13a6paHe HTH‘lHje U MOPCKEC JKUBOTHHC BPCTCE. IToceGHa

MaXxKrha je OKPeHyTa Ka MTHIH BOJOMapy.

VY OKBHpPY OBOT HCTpaKHUBajba KOPUIITNEHHU Cy MY3€jCKH €KCIIOHATH, 3a M3Jlarame

U UCTpaKUBame, NTUIlC Bojomapa u3 mocrojeher ¢onna [Ipuponmaukor myseja
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Beorpan. Jlpyre nrudmje W puOJbe BpPCTe Cy OIKMCAaHE U NpPeICTa/beéHe Mpema
[ojalMa Tpey3eTMM W3 JOCTYNHe JuTepatype. Mopeke KHBOTHEE CY

UCIIUTHUBAHE IIpeMa JOCTYIIHUM IToJalruMa U3 JIATEpPATYypE.

TOKOM HCTpPaXKHBakha HUTH je[HA JKHBOTUIICKA je/IMHKA HHje MPEeTpriena narmy,
Gon WM TpayMy Kao HU m3ryGmina xuBoT. McTpakuparme je O0aB/beHO 32
notpebe Mo6o/bIIAkA KBATUTETA YOBEKA U OUyBaka XUBOTHE OKOJIMHE YOIIITE,
any yjenHo W ca HajOOBMM HaMepama M Opu3M 3a XKHBOTUFCKM CBET W Hall
3aje IHUYKY CYXKUBOT.

OBa [OKTOPCKA JMCEpTalMja je HANMCAHA, OCHM TEMATCKM Je(UHHCAHOr M
oKyCHpaHOT Lyba, U Ca [INJBEM MPOMOLIMjE 3/[PABOT JKUBOTA U XKMBOTA Yy CKIIANLY

ca MpUPOZIOM.

IloTnuc JO0KTOpPAHAA

V Beorpazy, 18.01.2018. W W
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Abstract: Comparison of numerically obtained flow fields, pressure distributions and streamline allocations, around
five 2D bionic high speed train (BHST) models are present in this work. Interest was in examination the possibilities
that bio-inspired design gives as a basis for low-drag, energy efficient and aerodynamically silent BHST concept.
Japan’s Shinkansen 500 Series was the first brought biomimetic in heavy vehicle applications and approved abilities
for environmental protection and drag reduction by design adjustment. Selection of the aquatic and flying animals was
under criteria of assumed maximal speeds achieved while catching prey and catching technique, in the natural
environment, according to available data. Animals in consideration were kingfisher, dolphin, sailfish, shark and
barracuda. Tested BHST configuration consisted of two idealized driving cars connected smoothly on aft-ends, placed
in the open railroad surrounding. BHST biomimetic nose smoothly connected with the after-body of the same design
represented the train in real scale. Equal and aligned cross sections formed 2D numerical model between domain’s
sidewall. Test velocities were 100 km/h, 200 km/h, 300 and 400 km/h. Computational Fluid Dynamic tool in use was the
ANSYS Fluent 12. Tritetrahedral mesh, excluding boundary layer, counted up to 10e+06 elements. Introduced inner
adapting surfaces covered the BHST and ground with the purpose to control the mesh, from inflation layer to outer
space on distance about one third of the BHST length. Boundary condition set for ground was moving wall. Assuming
compressible flow that might appear under the BHST bottom, applied turbulent model was two-transport equation
model, Standard k-, with non-equilibrium wall treatment. Flow field behavior, in result, showed good potentials of
explored BHST designs for adoption and further research, as a bio-inspired design basis, over train speeds of 200km/h.
Emphasized bio-inspired design was kingfisher-like.

Keywords: aerodynamics, bionic, biomimetic, numerical simulation, high speed train.

1. INTRODUCTION designing to heavy vehicles is concern of energy

assumption and environmental protection, in first place
By this paper were compared three numerically obtained — aerodynamic noise. One of the approved solutions for
aerodynamics characteristics for five 2D bionic high decreasing of energy assumption is aerodynamic
speed train (BHST) designs in order: kingfisher, optimization of the train’s nose shape meeting shape and
barracuda, dolphin, sailfish and shark. Interest was in  friction drag reduction [2]. Aerodynamic noise, occurring
examination the possibilities that bio-inspired design over 340km/h, when the train is passing tunnel,
gives as a basis for low-drag, energy efficient and compressing air inside and creating micro-pressure wave
aerodynamically silent BHST concept [1] - intended to be ~ on tunnel’s exit, also may be partially lowered by proper
“green” in a future 3D bionic form. nose shape design, [2,3]. It may be noted that nose shape

. . . L design needs special care for preventing both drag levels
The main reason for implementing “green” thinking and
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and aerodynamic noise.

During last decades, simultaneously with other innovative
optimization measures, design process was refined by
adopting the new philosophy based on Nature’s solutions
for similar problems (Strategy for Sustainable Design
[4]). Bionics presents visual inspiration from un-
countable designs and body movements, found in nature.
Biomimicry presents inspiration for conceptual designing,
based on bionics. For successful biomimicry design
understanding of processes is of major importance.
Highlighted example is the Japan’s Shinkansen 500
Series, the bullet train, which was the first brought
biomimetic in heavy vehicle applications and was
approved abilities for environmental protection and drag
reduction by design adjustment.

Adoption of 2D BHST configuration was done with the
purpose of first stage numerical research due to lack of
published either biological or bio-inspired designs data in
this field. Selections of the basic nature bodies of concern
were made under the criterion of the animal’s mobility
and hunting behavior, in living environment, air or water.

Aerodynamics characteristics of importance were flow
field, pressure distribution and streamline allocations over
the BHST. It was shown that the most acceptable
aerodynamic characteristics were for the kingfisher-like
BHST design, over 300km/h, with smooth and continual
changing of the pressure distribution and streamlines
following the BHST contour.

2. SPECIES SELECTION

Criterion for selection. Kingfisher was selected under
the criterion of specific hunting habits. Selected aquatic
animals were hunters, in a class of fast in the category [5],
which bodies were adapted, through evolution process, to
natural environment and to behavior of their preys.

Common Kingfisher - By custom, when fishing in
shallow fresh waters is acting plunge-diving maneuver
(Picture 1.). The act of plunge-diving would not be so
special to thereby it barely causes a ripple, compared to
other plunge-diving birds, gannet for instance.

Picture 1. Common Kingfisher in plunge-diving

Gannet fishes on the open sea is much larger and stronger
bird, and after plunge — diving act performs wing clapping
for maneuver. Kingfisher’s transition (with about 40km/h
of maximal velocity) from the ambience with lower
density, air, to higher one, water, without the water
disturbance is conditioned only by the unique kingfisher’s
beak shape. In consequences, the phenomenon is giving to
kingfisher the advantage to be uncovered for enough time
as well as to have good stability and hurting prevention
[6, Wikipedia].

Barracuda — It has streamlined spindle elongated body,
much smaller than described species, moving about
44 km/h [5]. It has no special skin friction control.

Atlantic White-Sided Dolphin — Very fast (max. 60km/h
[5]) and tripping mammal, taking a breath or speeds on
the surface or by skipping. Low drag level is managed
mainly with streamlined body and partially by flexible
skin friction control. It has almost unnoticeable nose that
would not blemish streamline contour.

Sand Tiger Shark — Among fastest fishes (max. 50km/h
[S]) with less maneuverability than dolphin. The body is
streamline with noticeably spiky nose tip. Cross section
contour in a plane of symmetry is somewhere between the
dolphin’s and the sailfish’s. It has very efficient skin
friction control.

Sailfish - The fastest predator (max. 110km/h [S]) among
fishes caring distinctive extremely long and sharp nose.
Elongated body has no skin friction control.

2. DESCRIPTION OF BHST DESIGNS

BHST CAD model was constructed by the software
Pro/Engineer WF4. Vehicle frame box, imaginary
parallelepiped, dimensions of L. X H X d =
50 m X 3 m X 1 m, was made as symmetrical with
respect to perpendicular plane that bisects the length of
the train, BL. BHST box was raised above the ground for
h=0.4 m.

Major adopted design parameters, sketched in Picture 2.,
of the 2D BSHT, are given in the Table 1.

BHST box BL BHST central body

BHST nose

Pl

Picture 2. — General BHST design parameters and
placement

Bionic designs for different species were made in the
same manner, as two connected locomotives. Fore-/after-
body nose contours were constructed over the embedded



scaled image of the species. Scaling of the beak/head
image detail was done up to the BHST box height.
Splines that overlapped the beak/head contours were
tangentially blended with BHST center body outline and
symmetrically for both fore- and after- bodies. Splining
appears the most convenient for the first stage research,
compared to other prepared models with imported
polynomial approximations. On Pictures from 3. to 7. are
shown the CAD constructions of different BHST.

Table 1. Measures adopted for different BHST designs

| b © R
BIONICDESIGN | | | (o |
Common Kingfisher| 13.413 | 12.494 | 1.143 | 0.03
Barracuda 9.452 | 16393 | 0.787 | 0.238
Atlantic Whitesided | 5 166 | 54913 | 0,043 | 0.086
Dolphin
Sand Tiger Shark | 8.446 | 24.021 | 0.345 | 0.08
Sailfish 11.390 | 24.900 | 0.05 | 0.1

Picture 3. — BHST inspired by Common Kingfisher,
CONFIG 1

R s 7 P

Picture 5. — BHST inspired by Atlantic Whitesided
Dolphin, CONFIG 3

Picture 6. — BHST inspired by Sand Tiger Shark,
CONFIG 4

Picture 7. — BHST inspired by Sailfish, CONFIG 5

3. NUMERICAL METHOD

Geometries. Preparations of geometries for numerical
simulations were made by ANSYS Geometry Modeler
Application of the package FLUENT. 2D numerical
domain is flat, dimensioned relatively to the local
Cartesian coordinate system of preserved BHST body.
Upstream domain edge is placed at 150 m and
downstream edge at 300 m from the BHST fore-body
nose tip, with thickness of 0.1 m. Overall domain height
is 75 m from the ground. Preserved BHST body is, raised
from the bottom edge-ground of the numerical domain,
according to Table 1.

Inside the domain, all over the BHST body and along the
bottom domain edge, the inner body of influence is
placed, applied as a strategic step for mesh quality
control. Inner body covers ground up to height of 8 m
over the nose tip line, NTL (Picture 2.). Close to BHST,
inner body was deformed by ellipse, dimensions of length
91.5 m and height 21.1 m.

Mesh. The mesh was made by the ANSYS Meshing
Application. Final dimensions of the numerical domain
and parameters of the unstructured prismatic mesh, for
CONFIG 1-5, are in accordance with custom CFD
practice, set after independency calculations (Picture 8.).
Final number of cells was 400000, for kingfisher up to
1300000 for barracuda. Special care was taken for
meshing of inner body, on both BHST ends (fore and
after-body): gap space and surrounding of the BHST nose
tip (Picture 8.). Previous experiences [7,8] were shown
that this treatment gives reliable CFD results. Maximal
mesh skewness was in range of 0.5 - 0.7, aspect ratios of
18-100 and the wall-adjacent cell's centroid (acceptable
for significantly extended bodies as heavy vehicles are).
BHST body is covered with inflation layer. The first layer
thickness, of 5, was fixed to 1 mm, for all flow
conditions, growing by 1.2 with distance from the BHST.
Lengths of the cells in the first layer as well as the lengths
of cells touching the ground were set by ordering the
number of elements for each segment of inner body (300-
500). Ground did not need inflating because it became
moving wall boundary.

‘Nose”

Nose tip

“Domain

R R

Gap .

BHST

Picture 8. — Preview of the mesh and details of nose, nose
tip and gap

CFD Modeling. Numerical simulations of 2D steady and
fully turbulent flow were performed applying the ANSYS
Fluent software [9,10]. All BHST configurations were
treated in the same manner for comparison, with
appropriate number of iterations for convergence, and
independently for each velocity. Free stream velocity is



equivalent to the velocity of the BHST on open rail.
Velocities (Mach numbers) of interest were: 100 km/h
(M=0.0817), 200km/h  (M=0.1637), 300 km/h
(M=0.2464) and 400 km/h (M= 0.3301). All flows were
treated in first as incompressible. For 300 and 400km/h
flow were treated afterwards, as compressible, due to
Mach number levels.

In general, pressure based solver was in use in 2D planar
space. Viscous, Realizable k-¢ model was applied with
non-equilibrium wall function treatment. For cases when
Mach number was over 0.2, the energy model was
enforced as well as viscous heating to k-¢ model. Two

Table 3. BHST with the Common Kingfisher -like design

definitions of the air were in use: constant values for
incompressible flows and for compressible flows ideal
gas density values as well default three-coefficient
Sutherland viscosity.

Boundary conditions, BC, were defined for walls, inlet
and outlet. BC of BHST’s surface was treated as standard
walls. Bottom domain wall was treated as moving wall-
ground of equal velocity as BHST and top wall as
symmetry BC. Inlet BC, for incompressible flows was
defined as velocity-inlet while for compressible flow it
was defined as a pressure-far-field. Pressure-outlet BC
was adopted at the domain’s exit.

CONFIG 1 (/H=4.46)
\% 100 km/h 200 km/h 300 km/h 400 km/h
Cp 0.5421 0.5614 0.5015 0.3654
" E
| £
2| i
™
L N - |NE ——
| F | E | §i
@ | )
A ;g = it
g = il
i ERs . i —
F E
—— . B
Enforced pressure-velocity coupling scheme was and placement of the nose tip.

SIMPLE. Spatial discretization of gradient was made by
least squares cell based method. For first 50 iterations, of
every cycle of simulations, first order upwind method was
set, and after, second order upwind method was applied
for higher accuracy, meeting convergence criterion for
residuals of 1e-05.

4. RESULTS

Tables from 3. to 7. present results for BHST of:
Common Kingfisher, Barracuda Atlantic Whitesided
Dolphin, Sand Tiger Shark and Sailfish for velocities in
order: 100, 200, 300 and 400km/h. Drag coefficients are
noted for each test point. Following signs are
representing: VD- velocity distribution, PS — static
pressure distribution and SF — stream function.

5. DISCUSSION

Overview of the results lead to consideration of 2D BHST
as a sort of airfoil placed near ground that splits the flow
to outher and the flow in the gap, along the BHST length.
Also, BHST might be consider as a BHST cross section
placed in longitudinal plane of symmetry, simplifying the
geometry of the BHST bottom, while kept in mind that
aerodynamic parameters differ from 2D to realistic 3D
case in value and character in the surrounding.

Relevant flow field and pressure distribution changes
were brought by the: (a) curvature and length of the upper
and lower fore-/after-body surface and (b) the diameter
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From Tab. 3.-7., VD, is obvious that gradual curvature leads
the flow over crossing points, fore-/after-body and central-
body, smoothly, with no sudden velocity and pressure
changes (kingfisher, in very first and barracuda). For other
geometries the abrupt change of curvature was presented and
consequently slightly interdiction in velocity and pressure
fields occurred. As well, the fore-/after-body elongation is of
significant influence on the flow field. Kingfisher-like design
is the most elongated, 1/H=4.46 and b/H=4.16, near desirable
value of 5 as for bullets. First following is the barracuda-like
design. Elongation down the smooth curvature leads fluid to

flows more naturally and with less drag to motion at
velocities of 400km/h.

Continual contraction of the cross section in the gap, for
kingfisher- and barracuda-like designs, was preventing
blockage the flow over the gap, leading to expansion under
BHST body. Presence of undesirably high static pressures
under the fore-body might be prevented in future designs by
laying down the nose tip, and by that means make the
balance over the flows over BHST and the gap. Flat gaps, in
other configurations showed a presence of complicated
expansion/compression flows with intention to black the
flow in the gap, so they should be excluded for high
velocities.

The phenomenon of differences in drag coefficients, at
400km/h, for kingfisher and barracuda-like designs, are
the consequence of the nose tip diameter.



Table 4. BHST with the Barracuda - like design

CONFIG 2 (I/H=3.14)

100 km/h 200 km/h 300 km/h 400 km/h
0.3817 0.2855 0.2825 0.5633
~ ;E
- son - . ;E
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. o — . | = -
E "
2N
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Table 5. BHST with the Atlantic Whitesided Dolphin - like design
CONFIG 3 (/H=1.73)
100 km/h 200 km/h 300 km/h 400 km/h
0.4808 0.5077 0.4096 1.3253
N T
,a g;
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Table 6. BHST with the Sand Tiger Shark - like design
CONFIG 4 (/H=2.81)
\'% 100 km/h 200 km/h 300 km/h 400 km/h
Cp 0.5596 0.51068 0.3176 0.4875
] ii | | | ¥ g
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Rising the operational velocity it is preferably to apply smaller diameters, sharper nose, for decreasing drag.

Table 7. BHST with the Sailfish - like design

CONFIG 5 (I/H=3.79)

b
Eereas

A\ 100 km/h 200 km/h 300 km/h 400 km/h
Cp 0.4339 0.3891 0.3510 03817
- 3 - rsg - qﬁ i
i } i i
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It was shown that the best results, of observed aerodynamic
characteristics, were for the kingfisher-like BHST design,
with smooth and continual changing of the pressure
distribution and streamlines following the BHST contour for
400km/h. Results obtained for other BHST designs were
showed significant pressure and velocity changes, in
accordance to the train velocity, starting from the zone of
nose-body crossing line and further downstream.

The flow behaviour is also shown by the stream functions,
where the designs with steeply changes section showed
strong vorticity in the trailing wake, behind the BHST.
Oppositely, kingfisher’s design showed the compilation
of flows from other domain and from the gap, behind the
after-body nose tip, in a form of lined trace of BHST, for
all case studies. Following previous is the barracuda-like
design which trace wider trace but still acceptable,
expected for mounted after-body nose tip diameter and
after-body shape.

6. CONCLUSION

Discussion described that, with awareness of all
assumptions and simplifications, the best potentials for
BHST designs, for high velocities, showed kingfisher and
barracuda bio-inspired designs. Those designs possess’
acceptable shapes, elongation, nose tip and gap expansion
in comparison to dolphin-, shark- and sailfish-like
designs. Also we get the key points of geometry - flow
influence, about which further research is recommended,
to be observed for realistic 3D and tunnel test cases.
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Abstract

During the last decade need for higher traveling velocities signified, in a problem foreground of
the heavy vehicle aerodynamics, the contradictory requirements of energy saving, drag reduction,
and noise pollution. Exploitation and tests of present top high-speed trains’ designs asserted the
success in exceeding velocity over 300km/h. The experiences highlighted the various solutions
from designing compact wetted surfaces to extreme designs.

Furthermore, aerodynamic design optimization methods in the baseline are concerned about the
train shape that would compromise the present requirements, but one of methods steps in front.
Bionic design of high-speed train (BHST), in the example the JR Shinkansen, presents the
successful adoption of the natural shape of the Kingfisher. The accomplishment of the selection
and adoption of a natural shape is a matter of understanding the lifestyle and natural processes of
the interest.

In this work, the drag coefficient dependence of five bio-inspired BHST designs were explored on
four test velocities in a range from 100 to 400km/h. The intention was to obtain a relation
between the drag coefficient and BHST velocity as well the possibilities that bionic design gives
on the path of “green” 3D bionic form.

The criteria for the natural shape selection were taken from the available data: the maximal
speeds obtained during catching prey and the hunting technique, in the natural environment.
Furthermore, the base of the BHST tested configuration consisted of two idealized joined driving
cars without gaps, placed in the open railroads surrounding. The driving car had the BHST
biomimetic nose set together with the after-body half, in a real scale. The equal longitudinal
cross-sections formed the numerical model between the domain’s sidewalls. From the CAD
model created by the PRO/Engineer WF4, the Design Modeler Application of the ANSYS Fluent
12 defined the numerical model. Mesh creation was done by the Meshing Application as well the
Computational Fluid Dynamic calculations.

The overall surface of the BHST model the inflation layer was laid and the tritetrahedral mesh
filled the rest of the domain space. Furthermore, for more precise calculation results the density of
the mesh cells was increased by the introduction of the body of influence, near the BHST
numerical model also capturing the ground surface. Mesh counted up to 10e+06 elements. Also,
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the boundary conditions were adjusted to the flow conditions of incompressible and compressible
cases. For both, the ground was considered as a moving wall boundary condition. According to
the BHST configuration and the presence of the ground, it was assumed that under the
circumstances is possible that the compressible flow appears under the BHST floor. Furthermore,
the applied turbulent model was two-transport equation model, Standard k-e, with non-
equilibrium wall treatment.

The numerically obtained results, for testing real scale BHST models, revealed an interesting
behavior of the drag coefficient about the velocity just of 300km/h, at which the drag coefficient
behavior changed significantly.

Key words: aecrodynamics, high speed train, numerical simulations, design, bionic
1. Introduction

Trend in designing of the heavy vehicles for a long time is dedicated to the solution methods
of drug and noise reduction. From a number of optimization methods, biomimicry raised as one
of the most convenient, flexible and naturally solved method [1], that lead a freedom of forms and
conditions applied to the bionic design. Previous researches of high-speed trains [2] and
experiences [3,4,5,6] were a base for more detailed analyze of the bio-inspired high-speed train
designs (BHST). Motivated by the most popular BHST, the Shinkansen 500, Japan, in this
research five animals were selected to be a base for bionic models. Selection of species was made
to the criterion of hunting customs, velocity of movement during hunting, body dimensions etc.
reported in present research studies and the open library [8-15,18]. Based on the images from the
nature [7,17] the CAD models were created and analyzed by the CFD [2,16-18], afterwards, their
aerodynamic characteristics were compared, in first the pressure coefficient and then the drag
coefficient. Results shown interesting and applicable remarks for BHST design, in relation to the
velocity of 300km/h which, raised from the calculations, as a cross-line to significant changes of
the aerodynamic characteristics.

2. BHST Concept Designs

The research included five concept designs [3] made biomimicing species under criterion:
living environment, of fastest in a family, having different hunting behavior and have
distinguished customs.

The smallest is a Kingfisher selected upon its habits to hunt while plunge-diving in fresh
waters. With a variety of over a 100 of species, available open sources indicated following data:
plunging velocity of about 6 — 10m/s, body weights from 50-350g, body lengths from 10 to 45c¢cm
and plunging heights from several centimeters to several meters [9] (approx. The Reynolds
number of the beak is about Re=240, dived into the water). For all of the species of the
Kingfishers is unique to perform plunge-diving as hunting habit. Furthermore, plunge-diving is
optimized and adjusted to body mass and dimensions, enabling stabile and safe hunt for a bird.
Substantially, the kingfisher stays invisible for a prey, in duration of a few milliseconds, owing to
its beak configuration. Thus, during the water entry, the beak streamlined shape does not create
surface disturbances or ripples, which we may see, but also does not create significant pressure
disturbances to the depths, which may the prey sensed. Hence, from the point of impact to water
entry of prey depth, the kingfisher has enough time to cross the distance and catch the prey.
Inspired by the Shinkansen 500 [18], high speed train of the Japan’s Rails, in this research the
contour of the kingfisher’s beak was commonly biomimic to the bionic high speed train (BHST)
with the awareness that the imaginary concept design will need further adjustments to motion and
surrounding preferences. In order to create the kingfisher-like BHST, first the bionic model of the
kingfisher was made (Fig.1a). Using the CAD/CAM software PRO/Engineer WF4, inside the
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reference planes of the Cartesian coordinate system, the images from the nature [8] were imported
thus reflected the pose of the kingfisher to water in a natural act. During the flesh moment of the
water-entry, configuration of a body and the beak was replaced with the imaginary artwork, so the
configuration followed the contour continually. Further, created surfaces were adjusted and
checked (Fig.1b) and from the longitudinal cross section the beak geometry was extracted in
relation to the assumed longitudinal body axes (Fig.1c). From this point, over the extracted scaled
beak’s geometry, in a direction of the kingfisher body the BHST was constructed (Fig.1d),
selecting the height of 3m and the gross length of 50m.

LUENT-VERTIKALNOF

(d)

Fig. 1 Creation of the Kingfisher-like BHST longitudinal cross section
(a) creation of the CAD Kingfisher in a freeze pose of plunge diving [8] (b)detail of the bionic model beak
(c) construction base of the bionic Kingfisher (d) construction of the bionic BHST cross section [3]

In following, the aquatic animals will be selected on their longitudinal cross-sections, not
including: the motion type, oscillatory effects of a drag/power production, skin friction control
etc. , because their design is of interest for application to the BHST [8-15].

Second selected concept design was similar to the barracuda, predator having about 1-1.5m
long elongated body, of 23-50kg, moving in a direction fast as 44km/h (approx. Reynolds number
Re=12000). The barracudas do not practice common fish-like strategies of hunting, but prefer
ambushing and waiting until the prey approach, thereafter it rushes out and catch. Consequently, a
mobility of barracuda’s body is limited in advantage of body motion velocity, assuming in a
significant influence of the ground.

Next, Atlantic White-Sided Dolphin, represents the water tripping mammal, from maybe
most observed species of a kind, selected for its extreme body streamlining and flexible surface
skin friction control [11]. This species in relation to other dolphins has the unnoticeable nose
contour while having similar body-mass properties. Base data lead to maximal velocity of about
35km/h, length up to 2.8-3m (approx. max Reynolds number of Re=27000). The body cross
section is circular due to the shape of the lungs.

The shape of the Sand Tiger Shark was selected for its habit to swim and hunt near the
seabed. As slower specie of a family of sharks, it has a special habit to perform stealth and silent
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moving to the prey, whereupon it suddenly catches the prey. In common this shark is living near
coasts. According to available data the velocity of the Sand Tiger Shark is about 32km/h, body
length of about 3.2m (approx Re=28000). Generally, the motion of the sharks is supported by
skin friction control of riblet type [12].

As last selected, the Sailfish is a fastest open sea fish, moving about 110km/h, with elongated
flat body caring a long, sharp nose. The skin friction control of the sailfish is made by the V-
shaped elements, distributed over the surface [12]. Overall length of the sailfish is about 2.7m.
Here one may note that similar body shapes, especially nose shape, have the Swordfish and
Striped Marlin, swimming a little bit slower, about 97km/h and 81km/h respectively.

The concept designs were equaled in gross dimensions in frame of BHST length and height
Lref x H = 50m x 3m, represented the longitudinal cross section in a symmetry plane of the
BHST, lifted from the ground to a height of h = 0.4 m. Concept design parameters are shown in
Fig.2 and comparative views in Fig.3.
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Fig. 3 Comparative views of five concept designs

3. CFD Method

For the analyzes of the aerodynamic characteristics of the adopted concept designs CFD
method was employed by use of the ANSYS Fluent 12 software. Geometry and mesh
preparations were made in accordance with ANSYS Fluent recommendations, experiences in
research of the high-speed trains and the best practice guidelines for automotive aerodynamics [4-
6].

Numeric domain was set around the BHST box in length of 500m (150m in front of the
BHST nose tip), 75m height and 0.1m thick. Bottom edge of the domain represented the ground.
Inside the domain, body of influence was added to mesh quality control, thus covered the ground
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(from 0 to 8m in height). However, the BHST model was also captured with the body of influence
thus the flat shape was stretched to ellipse shape, beginning at 41m in front and behind of BHST
tips and 17.6m over the BHST. The ellipse shape was divided in sections with side edges normal
to the BHST contour forming faces for mesh definition.

3.1 Mesh Definition

Definition of the mesh was made by the method of all the triangles, enforcing proximity and
curvature advanced size function and fine tune of other variables. Global mesh sizing defined
following measures: minimum size of the elements of 5mm, Max face size of 2m, max tetragonal
size of 3m and growing rate of 1.1 for fine grade transitions of elements’ dimensions. For a small
grain of mesh elements inside the zone of the body of influence (containing 36 faces), element
size was limited to 300mm with soft behavior. Furthermore, elements’ edges were limited, around
the BHST contour and over the ground. Nose tip was divided into 200 equal length elements,
nose edge to 500 and others to 400 elements, resuming, the BHST contour was divided into 7200
edges. Near the BHST, faces on the ground were divided into 4000 edges. Overall, the inflation
layer was defined for all the edges (20pieces) contained just in the BHST contour, where first
layer thickness was set to 1.5mm, extruded by 5 layers with element growth rate of 1.1. However,
ground surfacing with the inflation layers was not needed because the ground will be treated as
moving wall and its influence to BHST is of matter. The mesh near the BHST, presented in Fig.4,
is similar to all concept design; the only difference is in a number of cells.
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Fig. 4 The mesh in domain with detail, kingfisher-like design. (a) presentation of the domain segment
(b) detail, presenting the domain zone near the nose of the BHST

For the BHST of kingfisher-like design it was 383438 cells, the barracuda — 525380, the dolphin
— 440541, the sailfish — 788492 and the shark — 529824). Obtained mesh skewness was up to 0.77
while aspect ratios were up to 100 (higher values are acceptable for elongated bodies as are the
heavy vehicles).

3.2 CFD Modeling

Described BHST designs were equally treated with CFD method, performed by the ANSYS
Fluent 12, to obtain the base aerodynamic parameters. Numerical simulations were run in two-

dimensional space for steady and fully developed turbulent flow in sequences for different
velocities. Selected free stream velocities of: 100km/h, 200km/h, 300km/h and 400km/h,
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simulated the open rail motion of the BHST. Hereby, the smooth numerical model of the BHST
was stable while the free stream is acting and the smooth ground was moving, both with the same
magnitude.

The numerical method employed the pressure-based solver in 2D space. Flow was treated as
incompressible for velocities of 100km/h, 200km/h, and compressible for 300km/h and 400km/h.
However, in all the cases the Realizable k-¢ turbulent model was applied for its robustness and
reliability in the absence of strong separation, large streamline curvature, and high-pressure
gradients. Because the assumption of separations and reattachments of the flow over the BHST as
well the pressure gradients rapid changes the non-equilibrium wall function was selected under
the setup of the turbulence model. As a requirement of compressibility nature, in cases with the
compressible flow the energy model was enforced. Further, flow conditions were set as a standard
in accordance with the velocity for incompressible flow, but for compressible flow the air was
defined as the ideal gas which dynamic viscosity was calculated with the three-coefficient
Sutherland equation.

The boundary conditions defined as inlet and outlet, represented the up-and downstream faces
of the domain, while top domain face was set as symmetry wall and the bottom face as a smooth
and moving wall.

According to applied velocity, standard pressure and the temperature of the air in the rest
(total pressure of 101325Pa and temperature of 15°C), for incompressible cases, the inlet was set
to be velocity-inlet boundary condition, where the turbulence method was intensity and viscous
ratio, with turbulent intensity of 1%, as in the wind tunnel. However, for the compressible flows
the pressure-far-field boundary condition was set for the inlet, setting up the operating pressure to
zero value, gauge pressure and temperature to appropriate values while keeping the turbulent
intensity of the same level. In all cases the outlet boundary conditions were set to be pressure-
outlet, having the backflow turbulent intensity of 5% to handle possible troubles with exiting the
domain.

General procedure in solution method follows the application of the segregated pressure-
velocity coupling with the SIMPLE algorithm, the Least Squares Cell-Based gradient interpolated
method, spatial discretization of first - (for the first 50 iterations) and second — order upwind
scheme (to final convergence for residuals of 1e-05).

From the numerical simulations the pressure coefficients and drag coefficients were obtained.

Pressure coefficient, C,, represents the ratio of pressure difference to reference dynamic
pressure, as in Eq.1

C,= M , (1)

Qref

where p is the static pressure, p,. is the reference pressure and ¢g,.r is the reference dynamic
. 1 . . .
pressure, described by 5 prerrzef with defined referent values of density p,.; and velocity V..

Drag coefficient, C, was obtained indirectly from the sum of form and viscous drag forces,
total drag force, in Eq.2, for unit reference area

2D
Cd:%, )

2
eref Aref
where Dy, is a total force in x-direction , p is density of the air, V. is referent velocity and A4, is
referent area of the model cross section.
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4. Results

The results of this research, represented in a group of figures in Fig.5, show C, over the
BHST length, at different velocities (100km/h, 200km/h, 300km/h and 400km/h,), for five

concept designs. Summary preview of C, for five different BHST designs, at the same velocities,
is shown in Fig.6.
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Fig. 7 The C, for five BHST designs, at velocities of 100km/h, 200km/h, 300km/h and 400km/h,
5. Discussion

Functions of C, to the BHST length, in Fig. 5, may be divided into two groups according to
their behavior. In the first group are placed the kingfisher-like design and the barracuda-like
design (Fig.5a and 5b respectively). Herein, sharp elongated bodies introduced intense Cp
changes under the body of the BHST causing suction through the channel and the lifting of the
nose and the tail. Both designs achieved Cp values about a unit in the nose zone from the lower
side. Barracuda-like design shown the best C, distribution from the upper side with smooth
transition from the nose zone to the tail, except for the highest velocity of 400km/h, where it was
oscillating.

In another group of designs are the Atlantic White-Sided Dolphin, Sand Tiger Shark and the
sailfish, which shown very high C, values in the channel under the body, over unity up to £3 , for
different velocities and as the dolphin also over the body of the BHST. Therefore, these designs
reasonably are not adequate for application at higher velocities without adjustments with a special
care. It may be expected from them to perform much worse distribution and values of the C, in
bounded flow, as the tunnel is.
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From the comparative preview of the C, behavior, in Fig 6a,b, at 400km/h, some of the
recommendations may be noted: (a) desirable elongations of the BHST nose are in a range from
min 3 to 5, even grater if technologically is possible; (b) the curvature on the lower body side
produces the non-uniform suction per length where it is not desirable - in a zone of the nose and
therefore it is better to cut out the contour to flat, somewhat as for the sailfish or the shark-like
designs; (c) smaller radius, sharp nose tip contour continuing with the flat bottom surface would
separate the flows and direct it to outer domain controlling the amount of the flow through the
channel under the BHST

Analyze made from Fig.7, assuming the conventional rail conditions, at first put in view
velocity of 300km/h, about which the drag coefficient is changing a direction by means of
increase, except for the kingfisher-like BHST. From those the extreme increases occurred for the
dolphin-like design, which has the lowest elongation of 1.7. Kingfisher- and barracuda like
designs, selected upon the C, as the most desirable, had “symmetrical” curves of C, functions,
about the value of 0.43 for 350km/h. Herein, the elongation that commonly calculated would fit
in is 3.8, and at the same time, this elongation defined the sailfish contours of which are
C~0.4339, at 100km/h. Hereafter, the function of Cjis slightly changing with velocity, according
to Fig.7, that may be explained by the presence of vortex in front and the rear wake, growing in
dimensions while speeding [3].

For the purpose of creating the optimal BHST, in future work, a mixed design may be
employed, taking from each its best properties. In addition, the mixture of designs has to have the
elongation of about 3.8, with curvature adopted from the barracuda-like design and the nose
radius from the kingfisher while keeping the flat bottom. Therein, it is significant to pay attention
also to the gross BHST length, by means of analyzing of the influence of expanding of the BHST
in length and speeding up, to aerodynamic parameters. Each BHST configuration, therefore, is
optimized for a close range of rail conditions, running over 250-300km/h, under the awareness
that plane flow represented a thin section in longitudinal direction. The presented method is
applicable for low-time cost analyze in a phase of bionic design selection for low- or high speed
trains. Following the same method, analyze may be applied to three-dimensional problems on the
open rail or passing the tunnel. In addition, presented design method may be applied and analyzed
in two-dimensional space parallel to the ground, at different heights. Afterwards, gathering of
design selections in orthogonal planes, analyzed as described, would lead to satisfied first-hand
BHST.

6. Conclusion

This unique research presented a method of creating and analyze of bionic high-speed train in
a plain flow, as a representative of a flow in the longitudinal cross section of the BHST. With the
aim to find a simple and low time consuming method for prototype design, from a number of
animal species, five natural designs were selected and applied-as-are. Analyze of the pressure and
drag coefficients, define directions for further work, but also highlighted the needs. Obtained
results gave the advantage to BHST with the sharp and elongated nose as the kingfisher- and
barracuda-like being, placed as low as possible to the ground and continued with the
characteristic curved nose surface. Those designs showed the most satisfied pressure distributions
in a presented configuration, but from them expects more after further adjustments. Beside the
presented, it is recommended to analyze a larger number of species, especially those living on the
seabed, even if they are slow motion species.
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Abstract: With the intention to contribute to aerodynamic optimization of transport vehicles, the high speed train was
biomimic with a kingfisher. Presented bionic concept design was defined after a series of hydrodynamic and numeric
experiments of bionic model of the kingfisher. The aerodynamic characteristics of the high speed train were observed in
three configurations, under various railing conditions, as follows: in a free flight (up to critical local conditions), in a
presence of ground and passing through the tunnel. Obtained results presents the main aerodynamic characteristics of
the bionic high-speed train, and in further, analyzed from the view of a design source. Adequate results were compared
with concept designs bio-inspired with other animals showing the best performances after biomimic with the kingfisher

up to velocities of 400km/h.
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1. INTRODUCTION

Although very frequently pointed biomimicry with the
kingfisher as a model of aerodynamic modeling of the
high-speed train nose [1,2,3,4,5], at the contemporary
literature in a field of biomimicry and bionics [6] no
further details were reported. With the motivation to
apply biomimimcry on the industrial design, in this work
on the bionic high-speed train, BHST [7,8], we found
necessary to develop knowledge [9] and collect data [10]
about the phenomenon of the kingfisher in plunge-diving
[11], as a design base and to justify the artificial case by
the hydrodynamic tests [12,13,14]. The same parametric
model used for manufacturing the bionic kingfisher in a
free-fall water-entry, was used for design of the numerical
BHST in real scale, after adjustment of its contour.
Furthermore, the BHST was forced to run in different
hypothetic  conditions. To understand the base
aerodynamic characteristics of the BHST, with drag and
pressure distribution in focus [15], the BHST was
released to a free flight from subsonic to transonic
velocity ranges [16]. Afterwards, the BHST was grounded
to run in open rail, and at last to pass the infinite tunnel.
The flow conditions were set to the ranges of interest
needed for further design adjustments. One may note that
this work in based on parameters of the flow velocity and

model geometry, in 2-D space, that is hypothetic, but
represents the characteristics of the initial self-similar
profile in longitudinal direction under advanced
conditions. All the others self-similar nose/tail cone’s
cross-sections, on the future 3-D BHST, were assumed to
be much sharper and of less area than the longitudinal
one. Presented cases were wall-bounded and introducing
the flows more complex than in the reality. In the first
place, the idea was to apply experiences and knowledge
from aircraft aerodynamics and design in various ranges
of flight that were not represented up to know, to a design
process of the high-speed trains. Combining selected
geometries in two orthogonal and longitudinal directions,
created upon their flow responses is expected to give in
further research a final bionic design ready for wind
tunnel testing and numerical justifications [18,19], with
intention to predict the flow using a new method until real
scale rail run [20].

In this work, from the BHST we have required answers
about geometry quality from upon the flow reaction [7,8].
The available sources commonly are based on the
transient flow characteristics over the 3-D models, for
observing the passing train through the tunnel, just a
small number are covering 2-D or axis-symmetric cases,
like is the observation of the tube train [21].
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2. NUMERICAL MODEL OF THE BHST

The numerical model of 2-D BHST was created by re-
engineering of a kingfisher longitudinal profile,
contouring layered images from the Nature. The software
PRO/Engineer WF4 was used for creation of 2-D body
contour. The contour, adopted as a longitudinal cross-
section of maximal area, was translated into the formatted
text file, imported to the CFD space for mesh generation,
by the ANSYS Fluent Package. In this process, one data
source was a selected profile photo of the kingfisher,
Natural History Museum exhibit (Picture 1), while other
two, were used for positioning of the model relative to the
water, reconstructing the body pose the kingfisher during
water entry (Picture 2a)[7,8,9,11]. In Picture 2b, the
hydrodynamic model was shown with signed support
items. The wooden model simulated the kingfisher body
in the shape and mass [22].

Picture 1. The female kingfisher (museum exhibit from
the Natural History Museum, prepared in year 1939.)

(a)

(b)

Picture 2. Models of the kingfisher (a) a re-engineered 3-
D body and (b) a 2-D bionic model for the hydrodynamic
tests (1-wooden bionic model, 2-directioning strings, 3-
releasing string, 4-lead weight, 5- fixation of the strings)

The layered images were combined to form a plunge-
diving pose of the kingfisher. A selection of body size,
dependent on genetic and environmental conditions, was
the maximal distance between the beak tip and tail end.
Reference line followed the overlapping line of the beak
parts. Adopted model length was 190mm and weight
180g. One may note that model was over-dimensioned for
domestic environment (about 120mm), but such a

selection was made for reaching good manufacturing
quality and quality non-macro video captures of the
phenomenon during the hydrodynamic tests.

The test model simulated the shape and dynamic
characteristics of the kingfisher’s rigid body. The center
of gravity was estimated by the PRO/Engineer tools and
those data were applied to the test model. Picture 2b is
shown the scheme of the model with its equipment: 1-the
bodyof the bionic model made from the layers of balsa, 2-
fixation directioning strings, 3-releasing string, 4-lead
weight inside the model, at the estimated center of
gravity, setting the rigid body dynamic similarity, 5-
fixation of the string.

3. HYDRODYNAMIC EXPERIMENT

The hydrodynamic tests were based on methods used for
testing a marine structures [12,13,14]. The test model was
set to accomplish the free-fall water entry with zero
deadrise angle, vertically, by fixed sliding strings. From
the height of 150mm over the water surface (measured
from the beak tip), the test model was released to slide
along strings and to enter water in a tank filled with clear
and calm water with average temperature of 26°C. During
the water entry the videos were captured by a Samsung
ES95 (30fps), for about 10 repeats. The representative
sequence of the bionic kingfisher water entry is shown in
Picture 3.

1o

—a

. - Sulud

—f
p—

Picture 3. Water entry of the bionic kingfisher model

The average estimated impact velocity, from the video
sequences, was 0.6m/s and a result shown good
correlation with the images from the Nature [11]. This
experiment justified, the statements from the literature
[2,3,4], the no-rippling water surface behavior during
impact. Furthermore, the biological design of the
kingfisher beak was shown no-rippling water surface over
the whole beak length at velocity about 0.6m/s, and by
that means classified the geometry acceptable for
application on the bionic high-speed train, BHST.

The longitudinal contour of the BHST contained two
faced and symmetrical power cars, in gross length of 50m
and height of 3m, with nose and tail geometries scaled
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from the bionic numerical kingfisher. The nose and tail
contours, from the free ends were crossed with the BHST
train body shape by tangent radiuses, both, over the upper
and lower sides, resulted in the nose elongation of 4.471.

4. CFD EXPERIMENT

The CFD experiment was made by use of the ANSYS
Workbench 12 [23]. Geometry of the computational space
was made by the ANSYS Geometry software with
imported BHST contour in a form of organized text file
data.

The CFD observations of the BHST were made for three
configurations: in free flight, on the open rail and passing
an infinitive tunnel, and observed under conditions at
three nominal Mach numbers M=0.2; 0.3 and 0.4.

4.1. Geometries and meshes

The elliptical domain surrounded the BHST model in free
flight. As shown in Picture 4, smaller axes is a symmetry
axis, placed horizontally. The inlet domain boundary is
150m from the BHST nose tip, while its outlet boundary
is 300m behind the BHST nose. The vertical half-axis
height is 290m. For better mesh quality, the domain was
parceled into smaller surfaces following the BHST
contour. The resulted unstructured mesh consisted of
221284 cells, skewed up to 0.64 with aspect ratio up to
50.

Picture 4. Geometry of the domain around the BHST in
the free flight

The ground presence was treated through the rectangular
domain, keeping the same dimensions along the ground
(inlet distance from the nose was 150m, outlet of 300m),
height was 75m with the similar parceling as previous.
The BHST was lifted from the ground for 0.4m. Picture 5
represents the details of the mesh. The mesh for near-
ground configurations consisted of 383438 cells without
adaption, and with introduced adaption 1030505 cells (in
the compressible cases). Firstly made non-adapted mesh
was arranged to be denser over the BHST body and over a
ground by support of the two, elliptical and flat, bodies of
influence. Later adaption, through a solver tools, was
made by a rectangular field. All the mesh constructions
involved 10™ layered inflation layer over the BHST
wetted surfaces.

Picture 5. The mesh around the BHST in the presence of
the ground and a detail with inflation layer cut

The BHST bounded with tunnel requested much denser
mesh to answer the mesh quality requirements. Created
inside the domain with the same longitudinal dimensions
as others, height of 8m, the mesh consisted of 1537287
elements finally after the adaption (Picture 6). Beside the
fixed dimension of the tunnel length it will be treated, in
an analyze, as an infinite because no changes of geometry
conditions would occur under the set of steady flow
conditions. Mesh quality is described by maximal squish
of 0.57, skewness — 0.78 and aspect ratio — 18.

NN\ N

. R —— L
X NN I NN 7D

Walls

Picture 6. The mesh inside the infinite tunnel

4.2. Numerical methods

For the purpose of understanding the phenomenon and
compare the results the first CFD calculations were made
with the same set up, as suggested [23,24] that close
results are workable even for differently sourced solution
methods nowadays (pressure- or density-based).
Nevertheless, in some cases the results have had not
follow the same behavior, why they were substituted.
Therefore, in those cases with assumed neglectable
compressibility effects, the pressure based solution
method was selected, and vice verse, were the
compressibility was assumed - the density-based solution
methods. In accordance to the solution methods, the
pressure-velocity coupling was selected to SIMPLE,
spatial discretization defined for gradients as the Green-
Gauss Node Based, standard pressure and second ordered
other parameters from the pressure to the energy.

Numerical models in use were the k-¢ Realizable, RKE,
and Spalart-Allmaras, S-A. First one was used for a
treatment of the wall-bounded flows over the BHST
passing the tunnel and incompressible flows over the
BHST on the open rails, reasoning to ensure the quality
wall treatment, involving Non Equilibrium Wall
Function. The use of RKE was not motivated with the
calculation time economy as the problem are far less
complex than BHST passing the tunnel, for example,
under velocity of M=0.4 it was required to run over 3100
iterations to rich the convergent solution. The S-A was
used in the cases of the free flight and compressible flow
on the open rails, motivated with quality/time
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optimization of the calculations thus the priority was
BHST in the tunnel. Furthermore, either one RANS
model was in use, if the compressible flow assumed the
energy equation was involved, the air was set as an ideal
gas, of viscosity described by the Sutherland third order
function. Boundary conditions were involved as
following: inlet - pressure far field, PFF; outlet — pressure
outlet, ground - moving wall and top symmetry wall
while the tunnel walls were both moving walls. All the
moving walls have had equal velocities as the actual
BHST, treated as no-slip.

In cases of density based solver, the implicit formulation
with Roe-FDS flux type was selected, as well as the
Green Gauss Node Based discretization together with the
second ordered flow and modified turbulent viscosity
functions. The calculations were however supported with
the solution steering, set to pick the Courant numbers in a
range of 0.01 to 200, and default explicit under-relaxation
factor of 0.75.

5. RESULTS AND DISCUSSION

The functions of the pressure coefficient, Cp [25], plotted
against Mach number in a range of subsonic and transonic
velocities, from M=0.2 to M=1, for the BHST in the free
flight, were shown in Pictures 7 and 8 (by order for upper
and lower BHST side). The investigation, imagined to
overview flow character by applying, if it may be called,
“Mach lens”. An increase of the M was expected to left
traces, from initial ¢, disturbances to the shock waves,
favorable out of the nose or tail zones.

< ¢p M=1 upper side VBZ11
cp M=0.95 upper side VBZ12
cp M=0.9 upper side VBZ14
cp M=0.8 upper side VBZ15
cp M=0.7 upper side VBZ16
cp M=0.6 upper side VBZ17
cp M=0.5 upper side VBZ18
cp M=0.4 upper side FREE VBZ 19
cp M=0.3 upper side FREE VBZ 20
cp M=0.2 upper side FREE VBZ 21

«

.
e

y [m]

Picture 7. C, vs. M, BHST in free flight, upper side

The good agreement in ¢, behavior with similar airfoil
was present [16], while the flow disorders were spotted in
zones where the BHST nose is narrowing the BHST
body. The increase of M, up to 0.7, caused the presence of
compressible waves over the upper BHST surface.
Further M increase gradually transform the waves to
shock waves, in range 0.7<M<0.8, making them stronger
and moving along the stream from the entrance of the tail
cone to its tip. On the other side, increase of the M just
over 0.8-0.9 started to produce the shock waves of similar
strength as previous, near the BHST trailing edge (Picture
9) as a response on the sharper lower tail side, smaller
semi-angle of the tail cone.

cp M=1 lower side VBZ11
op M=0.95 lower side VBZI12
op M=0.9 lower side VBZ14
cp M=0.8 lower side VBZ13
«  op M=0.7 lower side VBZ16
cp M=0.6 lower side VBZIT
op M=0.5 lower side VBZIS
¢ ¢p M=0.4 lower side FREE VBZ 19
*  ¢p M=0.3 lower side FREE VBZ 20
* cp M=0.2 lower side FREE VBZ 21 g |

x [m]
Picture 8. C, vs. M, BHST in free flight, lower side

The ground effect on the BHST was presented in Picture
9. The presence of the shock wave underneath is
noticeable on the first sight while the pressure distribution
over the upper side is similar over the range of M. The
phenomenon was occurred at M=0.4, but its initiation
seems to be started at M=0.3, according to actual
observations, from the compressible waves. One may note
the local similarity under the tail to the flow behavior
through the nozzle. Nevertheless, here the long channel
was a kind of the entrance tank, continually filled with a
flow from the entrance cone, formed by the nose curve,
with a gradual decrease of height.

cp V=200km/h lower side (ZIV4002)

cp V=200km/h upper side (ZIV4002)

cp V=300km/h lower (Z1V4003)

cp V=300km/h upper (Z1V4003)

cp M=0.3 lower side VTX 02

cp M=0.3 upper side VTX 02

cp M=0.4 lower side VTX 01
cp M=0.4 uppre side VTX 01

4~

-6 T T T T T T r 1
20

X [m]

Picture 9. C, vs. M, BHST on the open rail, upper and
lower side

The comparison of ¢, against M, over the wetted BHST
body passing the tunnel was shown in Picture 11. The
presence of shock waves, at M=0.4, underneath the BHST
is noticeable and compared to the case of BHST on the
open rail, the stronger one was occurred in the tunnel than
just the ground. If compared to flows over the BHST in
the infinite tunnel similarity was found between flows
under the train, in difference that wall-bounded flow
decreased the ¢, in further and moved it to the tail zone.
From the upper side, however, compressible zone was
formed over the central upper surface.

From the other side, ¢, distribution over the tunnel ground
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(Picture 12) was shown the similarity in flow behavior in
comparison with the tube-train [21].

cp M=0.2 lower ground + tunnel VUT 27

cp M=0.2 upper ground + tunnel VUT 27

cp M=0.3 lower ground + tunnel VUT 29

cp M=0.3 upper - ground + tunnel VUT 29

cp M=0.4 lower side- ground+tunnel VUT 25
* cp M=0.4 upper side - ground+tunnel VUT 25

T T 0 T T 1

10 20 30 40 50
X [m]

Picture 10. C, vs. M, BHST passing the tunnel, lower
side

*  ¢p tunnel top M=0.4 VUT 25
* ¢p tunnel top M=0.3 VUT 29
cp tunnel top M=0.2 VUT 27
cp tunnel ground M=0.4 VUT 25
cp tunnel ground M=0.3 VUT 29
¢p tunnel ground M=0.2 VUT 27

Cp

7

-8

1T

S T [ T S T T 6 T
-10 -5 0 5 10 15 20 25 30 35 40 45 50 55 60

X [m]

Picture 11. C, vs M, infinite tunnel walls: tunnel top and
tunnel ground

The main aerodynamic characteristic for the high-speed
train is a drag, thus it is directly related to the power
assumption, here represented by the non-dimensional
coefficient, ¢, [25], referred to the referent cross-section
area of 3m” In Picture 12, ¢, was plotted against free
stream M. The character of the plots for the BHST
running freely and on the open rail are similar, but
displaced by means of both parameters, ¢, and M, giving
the advantage to the free flight, as it was expected.
Comparing to the airfoils imposed to the free subsonic
and transonic flows, described by the gasdynamic [17],
results of this work showed a good agreement. The flow
at the infinite tunnel, have had the largest drag
coefficients in the range of applied M. As one may note,
the range of M in the case of the BHST passing tunnel is
narrow after selection, M=0.2-0.4, compared to other two
kingfisher-like configurations. The ground effects caused
the flow complexity, presence of high rates of

compressibility and at last formation of the shock waves
underneath the BHST. Further investigations involving
increase of M were not reasonable without either drastic
design changes of the BHST underneath contour, in the
manner of sailfish-like or barracuda-like designs, or
better, fully closing the channel for simulation purposes.
Comparing ¢, for kingfisher-like designs, one near ground
is lower that one in the tunnel, up to M<0.3, after which
due to wall-bounding from both sides ¢, become smaller
during passing tunnel that on the open rail.

1.0 4 —=— VH=4.471; Kingfisher BHST - free flight (VBZ)
—w— l/H=4.471; Kingfisher BHST + ground (VTX i ZIV)
0.9 4 —w— I/H=4.471; Kingfisher BHST+ ground + tunnel (VUT)
—0—I/H=1.73; Dolphin-like BHST + ground
0.8 4 —+— I/H=2.81; Shark-like BHST + ground
071 I/H=3.79; Sailfish-like BHST + ground
*" | ——/H=3.15; Barracuda-like BHST + ground
0.6 4
= 0.5
o
0.4 4
0.3 4
0.2+
0.1
0'0 T , 5 T T T T T T T 1
01 02 03 04 05 06 07 08 09 1.0

M

Picture 12. C, vs. M for various designs in the presenc of
grouns and the kingfisher-like for three configurations —
free flight, open rail and passing tunnel

6. CONCLUSIONS

In this work the BHST was set to imagined conditions for
a series of designs. The kingfisher-like bionic design was
in the focus. The kingfisher beak design justification was
done by the hydrodynamic tests and afterwards scaled and
adjusted to the real scaled BHST. The numerical
observations have had the aim to find the answers linked
to the potential design problems. The present results of
the hydrodynamic tests were encouraging thus a
development of test procedure and analyze will be
continued in the future work. For presented kingfisher-
like BHST design, was found that the method pointed to
zones that has to be re-designed, mostly on the lower side
of the BHST. However, the method using “Mach lens” is
applicable in the early stages of BHST designing, during
the profile selection phase, and is effective and time-
saving. The aerodynamic characteristics of the bionic
kingfisher-like design shown the good potentials and
technological applicability, next to it is the barracuda-like
design. Other observed designs have had either not
desirable aerodynamic characteristics or they are not
suitable for conventional rail vehicle construction.
However, kingfisher-like design presented the stabile
characteristics over the M domain, but further
improvements are necessary. These improvements are
referred to both the design and designing method by
means they should lead to avoidance of the shock waves
underneath the BHST in operating M-range. A further
grading of the velocity, reasonable solution will be
observed in complete grounding of the BHST, so as it
would become the complex parametric wedge; the
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numerical calculations would become simpler and less
advanced in the selection phase. After all, design-flow
connection might be improved, and the research field
spreader, by applying experiences in a field of high-speed
aerodynamics, due to similarity of phenomenon never the
less to the end purposes.
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Abstract: Experimental techniques in wind tunnel tests were always the state-of-art technologies and provide high
quality results. In the resent experiments of the high-speed train model, run at the semi-open low-speed wind tunnel of
the VTI, the infrared thermography (IRT) measurements were introduced. The intention was to observe the flow field
behavior in vicinity of the high-speed train model surface by a multidisciplinary approach. Reynolds analogy make
possible to correlate fluid dynamic to thermal field. By using high-sensitivity thermographic systems, temperature
pattern on the surface of test model can be analyzed. Temperature distribution on the model surface is very complex,
varies in the time and space, and depends on many combined effects related with flow and model characteristics. IC
thermography can indirectly perform flow visualization in the boundary layer. Two standard techniques, aerodynamic
drag measurements and the flow visualization with a TiO, emulsion were used, too. Experiments were performed for
three velocities. The results show good correlation and thus verified the use of IR thermography for the non-invasive
investigation of flow in the boundary layer in precision wind tunnel testing.

Keywords: wind tunnel, high-speed train model, visualization, thermography

1. INTRODUCTION When reviewing a development of the high-speed trains

[5], in last decades, it is noticeable that the aerodynamics
With the intention to contribute to the challenges in a field ~ steps are in a focus [5-8]. The aerodynamic characteristics
of high-speed train aerodynamics, wind tunnel tests, of the high-speed trains were involving two approaches —
applying the IRT on an initial model of the high-speed wind-tunnel testing and numerical methods [9]. Although
train, were performed in the wind tunnel T-32. A task was  the tendency is to cut-off the expenditure of the projects,
to observe the applicability of the thermography as a  the wind-tunnel tests remained irreplaceable. Nowadays,
testing technique in the wind tunnels at low-speed following of the trends is a necessity, furthermore, in a
conditions. Furthermore, performed tests gave the insight ~ field of the railway vehicles trends in aerodynamics meant
to the temperature distribution of the simplified high- lowering of the power consumption and cheaper
speed train in the presence of the ground. The results are  transportation. On the other hand, a trend of application of
used as the input parameters for the computationa] fluid the state-of-art technologies of the measurements needs
dynamic, CFD, observations at the bionic design process — multidisciplinary research. At the VTI for a decades, upon
of the high-speed train [1]. a significant experience in the fields of a non-aeronautical
wind-tunnel research [10], contemporary measurement
techniques, as here presented IRT, were applied. As
overlapping technique, the oil emulsion visualization, was
used for a justification of the CFD observations, as a
necessary step in aerodynamic practice [11].

The wind tunnel facilities and testing techniques were
generally developed upon the highest standards with a
purpose of advanced researches of aeronautical and
missiles models and fluid phenomenon from subsonic to
hypersonic speeds [2-4]. Development in other areas
perceived and used benefits of the wind tunnel testing  The IRT, become a very helpful non-invasive temperature
and, by time, many of non-acronautical tests were measuring method for instance in the cases of: the object
developed from the buildings, over the racecars to the surface temperature and insulation checks of the industrial
high-speed trains [5]. facilities [12]; the energy efficiency and building
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insulation of the museums, heritage buildings [13]; also a
material loading behavior as well a defect or crack
recognition. Nowadays, for wind tunnel-testing, the IRT
is of the great support for insight of the fluid flow
convective heat transfer [24] and boundary layer
transition [14,15]. The main advantage of the IRT in the
wind-tunnel testing are the test-budget savings because
the IRT gives very fast, transient and associative data
upon which advanced, and reciprocally high time/cost,
experiments of the boundary layer are employed.

2. HEAT TRANSFER IN THE BOUNDARY
LAYER

The air wetting the smooth flat plate model surface in two-
dimensional case, for the simplicity, in a general case of an
incompressible flow is considered. The energy equation
leads to an energy balance that is subjected to the internal
energy e (e=c,T ), the conduction of heat (caused by

collision of the molecules of the fluid), the convection of
heat by a flow of fluid (caused by the flow streaming over
the surface in contact) and the heat sourced by a friction [17-
19]. The convection in flow is recognized in two types as:
natural, when the flow was powered by the density
difference caused by the heat transfer between the fluid and
the model, and forced convection that is powered by the
mechanical source of fluid motion.

The conduction is generally described by the Fourier’s
Law where the coefficient of heat transfer between the
model and a fluid in contact, geongucrion, 1S given in (1).

9 conduction = —k (g_z;) - (1)

where k denotes a thermal conductivity and (07/0n), _, is
a magnitude of the temperature gradient in direction

normal to the model surface [17,18]

The forced heat convection involves the air motion and
the heat conduction, is described by the Newton’s Law of
cooling [17] defining a convective heat transfer, q.omections
asin (2)
2
dconvection = h(Tsurface -Ty )a [W/m’] (2)
where /4 is heat transfer coefficient, brackets define a
difference of the surface temperature, Ti,pe, and a
stagnation temperature of the flow, 7,. The convective
heat transfer coefficient, 4, depends on the air properties,
flow characteristics and quality of the model surface,
especially depends on its roughness.

Furthermore, the phenomenon of the momentum and heat
transfer, described by the Reynolds analogy is valid for
the air, while the Prandtl number is unit [16-18].

1.k . 0.664 L0.027
h= Zchw v 4 cflam ~ \/R_e 4 cfmrb ~ \/R_e (‘))

kris a thermal conductivity of the fluid, v is a kinematic
viscosity, Re is Reynolds number.

Boundary layer (BL) flow conditions affect the heat flux

between the model surface and the surrounding air. A BL
over the flat plate is consisted of three zones: laminar
from the leading edge of the plate, further, transition and
afterwards turbulent regime. In accordance to the
Reynolds analogy [16-18], the velocity boundary layer
(VBL) and corresponding thermal boundary layer (TBL)
have the similarly defined BL thicknesses. Both, for the
VBL and TBL the BL edges’ thickness are defined as
values near the free stream values (0.99V,, and 0.99T,).
Reviewing the flow, the VBL exists right from the leading
edge, while the TBL a bit later, thus the flow over the
small length from the leading edge has the equal value to
the free stream temperature. A development of the VBL
and the TBL results, for both, in thickening (Picture 1a.),
from laminar VBL (parabolic type of the edge) to a
turbulent VBL (Picture 1b.), but the characters of velocity
and the temperature profiles differ (Picture 1c.).
Depending of the flow conditions, at a transition point,
flow starts transformation, from the laminar to the
turbulent flow. Inside the turbulent flow, a buffer layer
and viscous sub-layer exist and grow along the turbulent
layer. However, temperature values, as well as the
thickness of the TBL differ to the flow regimes thus the
transition point might be detected by temperature-
difference measurements.

Velocity BL
T

Thermal Bl

(a)
. l Wy - y ‘ velocity BL
l T Thermal Bl
& T THY Tty )
hlr / 81 ﬂ
T Model 7. X I/ QA
wall i 1 -

Cold wall - Adiabatic wall Hot wall
.I.;rl =0 |[& 8

o | &

(b) (©)

Picture 1. (a) Details of the VBL and the TBL, (b)
laminar and turbulent velocity profiles with corresponding
thicknesses, 8, and J,, respectively and (c) different
temperature profiles at the TBL and corresponding TBL
thickness, &t

Therefore, the sum temperature of the model surface is a
combination of different heat transfer types. The influence
of the heat transfer by radiation, from the other bodies
near the model, is aet significant in considering flow and
temperature behavior.

3. IR THERMOGRAPHY

IRT is based on the measurement of the thermal energy
radiated from the model surface. The measurement of
temperature distribution over the model-wetted surface by
IRT, differs from the other measuring technique. The
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radiation of a near bodies and heat sources has to be
involved as an influence on the measurements.

All the bodies, by the temperature above absolute zero,
thermally radiates continually in time. The heat transfer by
radiation is specific in comparison to other two types,
conduction and convection. It is caused by an
electromagnetic emission and absorption, and is occurring
either in the vacuum. Furthermore, the velocity of thermal
radiation equals the speed of light with energy proportional
to a fourth power of the surface absolute temperature [13].
The total radiated energy, obtained from the Plank’s Law,
is described by the Stefan—Boltzmann’s Law

ET = o-T‘*,[%}, 4)
where ¢ = 5,6697-10° [Wm™K™] denotes Stefan—
Boltzmann constant and 7 [K] is a surface absolute
temperature. Total radiated energy is lower for the real
body comparing to the “black body” [17].

Emitted radiation is dependent on the body temperature.
Radiation laws are defined for the thermally “black” body
[13], ideal body, but real bodies i.e. their surfaces, have
different characteristics. By that, radiation of the real
surfaces are affected by a surface material, surface
finishing quality, radiation wave length, angle of emission
or absorption, spectral distribution of the incoming
radiation and transparency. In the contrary to the black
body, real bodies behave according to their emittance and
the characteristics of IR radiation, like gray (¢=const.) and
non-gray - spectral bodies e=¢(1). The spectral emissivity
coefficient, & = E(1)/Ey,e (4), presents the body ability

of radiation and is defined as a ratio of the emissive
powers of the real, E(4), and the black body, Ejj,ci(4). As
the emissive power of the real body is less than the black
body, the emittance for the real body is in the range from
0 to 1, while for the black body is unit.

IR thermography is a temperature measuring method that
involves use of the IRT cameras (Picture 3.) and
commonly is called thermal imaging. The IRT camera is
collecting the radiation from the three different sources:
(a) from the body surface of interest (dependence of the
body temperature); (b) from an environment in which the
body is placed for imaging (this radiation was actually
reflected from the body of interest but is sourced from the
near-bodies) and (c) from the atmosphere. The
atmosphere, by means of IRT, presents the air
environment in witch the body is immersed and the
atmosphere in witch the IRT camera is fixed (as both are
the sources of the radiation and the absorbers). Radiation
from the body surface is defined as 67 Eyqqy , where: &is

emittance, and 7 is transmissivity of the atmosphere, Ep,q,
is radiation intensity at the object-model temperature, 7,
corresponding to the black body. The radiation intensity
emitted from the near bodies is described as (1-¢)7E,,.;\ ,
where: (1-¢) is surface emissivity, and E,,,;. is the black
body environmental radiation intensity, at temperature of
the atmosphere. Further on, (1-7)E,, is the radiation
intensity sourced by the atmosphere, where (7-7) is
atmosphere emissivity. Summarizing, the radiation

intensities from all of the three described influences
produce total radiation intensity defined as (4)[13]

Etotal = gTEobj + (1 - g)rEenvir + (1 - T)Eatm

)

The Picture 2. represents the scheme of the IRT
measurement. The model, surrounded with the
environment, emits the radiation in the all directions. The
intensity of the radiation that is measured by the IRT
camera is described by the eq. (5). For the valuable results
four main parameters matters: thermal sensitivity of the
IRT camera (signal overstepping noise), scanning rate
(frame rate) for following the flow dynamics, resolution
of imaging (for high quality data recording), and intensity
of resolution [16].

TotsEr™ IO

Thermal
Data image
reduction /

Optical e
system IC ray Acquisition

, Detector  system
\ ) |

Picture 2. Illustration of the method of temperature
measurement by the IR thermography

The IR detector has a significant role in defining the
inputs, thus it is the source of the signals, for which is
required to have as low as possible noise. Beside the IR
detector, on the signal quality influences also the
difference of the phenomenon of flow transition. The
frame rate of the camera gives the possibility to follow the
flow dynamics. Unfortunately, after flow dynamics
influence on the thermal response, also the thermal
characteristic of the model, heat capacity and
conductivity, are influencing to overall phenomenon
dynamics. Knowing all these facts, the special care have
to be taken on the measurements of the temperature by
IRT, model manufacturing purposed for thermal imaging
and the environmental conditions adjustments [15,16].

4. DESCRIPTION OF THE EXPERIMENT

Wind tunnel facility. The thermal imaging tests were
done at the closed circuit, semi-opened low-speed wind
tunnel (WT) T-32, at the VTI, Belgrade. A facility was
intentionally built for testing aeronautical models, but
after test section adaptations, it was prepared for this non-
aeronautical testing. Picture 3 shows the facility the from
the side view. The flow is continuous, forced by the DC
motor — propeller manually controlled, in a range up to 70
m/s. A test section, TS, is opened, elliptical in a cross-
section (1.8 m x 1.2 m ) with length of 2 m. The internal
TS surfaces are coated with matte color. The estimated
turbulence factor at the T-32 WT is 7F=1.14.

The testing set up in the cross view is presented in
Picture 4. The model is positioned at the center of the test
section, TS by the struts (front and rear). The ground was
made from a wood, coated with simple glossy lacquer. In
longitudinal direction, metal profiles were jointed to
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prevent ground deformations under the flow influence

Corner and
turning vanes

Corner and

turning vanes Small diffuser

Test section Collector

Picture 3. Low-speed semi-opened wind tunnel

SHST model. The SHST model was designed for the
force measurements and flow visualization, made from a
piece of wood, Im long, in geometry presented in
Picture 5. The SHST finishing coating consisted of one
base coating over the wooden surface and two layers of
black matte lacquer. The SHST surfaces were polished in
finishing process to uniform roughness.

External balance

walls

Picture 4. The SHST model and the IRT equipment set
for tests (L=2m)

Picture 5. The SHST model geometry

IRT camera. For the temperature measurements the
FLIR E40 SC camera was used. The main IRT camera
characteristics are: measuring range -20°C to 650°C (with
two selectable options from -20°C to 650°C or -20°C to
120°C) a resolution 160 x 120, thermal sensitivity <
0.07°C, standard optics of 25° x 19°, the measuring error
of +/- 2% or 2°C, bolometer wit no cooling, frame rate
30Hz, manual focusing, zoom selection 1-2 times.
Thermal images, thermograms, were read by specialized
software FLIR Researcher and FLIR Tools.

The oil emulsion visualization was applicate as a most

appropriate for these tests. The recipe of the emulsion
contained 30ml of the paraffin oil, Sml of the Olean acid
and 10g of TiO,. The upper and side model surfaces were
covered with the emulsion spots.

The experimental procedure was divided into the
temperature measurements and the visualization
separately. For each of the test types, the task was to set
the flow conditions through the shortest time, but
respecting the abilities of the power unit of the WT. The
significant note for testing procedure is connected with
the test run time and test brake duration. For visualization
test, standard test run were performed, restarting just after
model test preparation, but the test for thermal imaging
needed test brakes for model cooling down to the
environmental temperature. An each thermal imaging test
run started before the WT run by capturing the null image
for checking of the actual model thermal condition and
the results analyze.

5. RESULTS AND DISCUSSION

The test results were obtained for these cases: (A) the WT
stepping acceleration, the model was at the beginning on
the room temperature (thermal images were recorded after
the flow conditions were stabilized on each of the selected
velocity steps; (B) the WT continual deceleration (the
frame — velocity data were marked while measuring) and
(C) WT continual acceleration (the frame—velocity data at
selected velocities were marked while measuring).

The diagrams on the Picture 6. correspond to the
measuring lines L1-L4 from the Picture 5 (L4 was placed,
from the perspective, along the SHST roof). A first along
the SHST side, while another 7 were in an array along
lines to the trailing edge. The Picture 6. shows
temperatures, along the measuring line L1 (spots C1-C9)
during stepping acceleration, when SHST was at room
temperature at the beginning. Warming of the model is
linked to warming of the SHST surface, produced by
flow-surface thermal-momentum interaction (friction,
convection, and conduction) inside the boundary layer.
Furthermore, uniformity of temperatures is point-out to
the turbulent BL existence over the SHST sidewalls.
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Picture 6. Temperatures measured along L1, at spots
C1-C9, V,=0-55 m/s (from the thermograms).

Dependences of the temperature against velocity, again
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over L1 and CI1-C9, is showing intensive temperature
increase of the SHST for V., >40m/s (Picture 7).

'
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—=—]-cB
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Temperature [deg C]

T T h T
20 30
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40

Picture 7. Temperatures along L1, C1-C9, stepping
acceleration ,V,=0-55 m/s (from imaging)

The tendencies of the surface temperature behavior,
measured along L1, during WT continual deceleration and
acceleration are following dynamic of the velocities
changes (Picture 8). Continual deceleration was manually
controlled by gradual decreasing of velocity, the surface
temperature followed it but with notation that the
temperature at the end of this process was higher than the
room temperature. After the time brake of 10 min
between runs, the WT was started again, now with
continual accelerating in dynamics to intentionally control
the velocity at exact values. After velocity was set, a
thermogram was recorded, and acceleration continued.

WT continual deceleration, SHST-just after the test run,
from video sequences.

The Pictures 9a-c represent the comparative view of the
flow visualization and thermograms for three velocities
40 m/s, 50 m/s and 55 m/s. Flow visualization justified
the turbulent BL existence while thermograms justified
the heating of the SHST surfaces during the acceleration.
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Picture 8. Temperatures along L1, C1-C9, continual

deceleration in range V,=55-0 m/s and acceleration in
range V,=0-55 m/s (from video capturing)

V=40 m/s

V=50 m/s

Picture 9. Comparative view of the flow visualization
and thermograms at (a) 40 m/s, (b) 50 m/s and (c) 55 m/s

6. CONCLUSIONS

This paper presents the results of tests for experimentally
flow visualization and temperature measurements on the
model surface, using IRT, applied to the high-speed train
model in low-speed wind tunnel.

Obtained IRT results are in good correlation with the oil
emulsion flow visualization. Measurements, made during
this experiment, could not be wused for precise
determination of the boundary layer transition, because
the model is small in size, smooth-surface finished and
tested in the low speed flow. However, the IRT results
show the temperature changes during the wind tunnel
runs. The estimated temperature difference between
laminar and turbulent flow is less than 1°C, what is less
than temperature arise due to an air-surface friction.
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Further development of model design and testing
methods, are recommended. The application of IRT in
wind tunnel experiments and use the high sensitive type
of IRT camera can record thermograms that are more
precise, over the higher resolution and thermal sensitivity,
thus it is recommended for the BL research at the low
speed wind tunnels.
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Methods of diagnosing aerodynamic characteristics are constantly
developing in order to conduct the precise and energy efficient wind-tunnel
testing of transport vehicles in the prototype design early stages. This is of a
special importance when facing the time/cost consumption problems of
detection of the transition zone over the simplified design of the high-speed
train. Herein the applied thermodynamics found a very significant role in the
field of experimental aerodynamics. With the intention of detecting the
boundary layer tranmsition zone the following measurements were applied:
the infrared thermography, flow visualization and drag force measurements.
In addition, the computational fluid dynamics was applied to predict the flow
behavior and transition zome, solving partial differential equations
consisting of the Reynolds-averaged Navier-Stokes equations, energy
equation, and the equation of state for an ideal gas employing density-based
solver. The thermal imaging defined the transition zone by simple
application, and fast recognition, while the transition bounds were defined
in the analysis. The flow visualization confirmed thermography results and
the method itself as favorable, especially in the most expensive early phases
of redesigning for aerodynamically optimized and energy efficient solutions.
The numerical method was confirmed by the experiments, resulting in
acceptable differences in the definition of the transition zone. For a better
understanding of the phenomenon, the overlapped implementation of the
presented methods focused on forced convection showed as the best solution.
Based on the experiences of this research, development of the additional

equipment and adjustments will be introduced in the future experiments.

Keywords: aerodynamics, wind tunnel, heat transfer, thermography,

numerical simulation, flow visualization



1. Introduction

In the experimental aerodynamics, the most advanced and sensitive test phases are those related
to the boundary layer research. Nowadays, facing the problems of energy consumption, during wind
tunnel testing, researchers introduced well-known infrared thermography (IRT) into investigating the
set of the wind tunnel measuring and visualizing methods. The goal of this work was primarily to
investigate the applicability of the thermodynamic method — IRT [1], for flow description and
boundary layer transition detection in the experimental practice in the small low-speed wind tunnel of
the Military Technical Institute (VTI) [2-6] and by the computational fluid dynamics (CFD). In
addition, the aim was to observe the possibilities of application of the high-speed train testing [4] for
defining the requirements for future adjustments, developments of the model, setup, and the
equipment. The expected outcomes were - the reduction of test time, energy consumption, and costs in
the early stages of prototype designing.

The multidisciplinary research was performed on the simplified model of the high-speed train
(SHST). The SHST was intentionally made simple for the purpose of changes of design parameters,
reproduction, easy fabrication and in order to reflect the bio-inspired design [7].

The modern trends in measurements of the boundary layer and the flow field are focused on
non-destructive, energy efficient experimental methods. The high-quality methods are the methods
such as the Laser-Doppler anemometry (LDA) [5], the holographic interferometry [3], the Particle
Image Velocimetry (PIV) [8], and IRT. IRT, for example, is applied in different areas of science and
technology, such as fluid dynamics [9, 10]; insulation monitoring of the industrial facilities [11, 12];
humidity monitoring of buildings, museums and heritage buildings; civil objects energy efficiency
detection ; the detection of the processes in installations (heating/cooling and electric), inside and out
of the rigid walls; studying of the artefacts, inspection of the structure of construction materials;
“smart machines”, surveillance and military use, and medicine (IR mammography). In practices, IRT
is used for testing in the free flight and in the wind tunnels [1, 13], mostly at high subsonic and
supersonic velocities. CFD is playing a very significant role as the verified and reliable method for
flow behavior prediction around the complex models of vehicles [14], but also for the state-of-the-art
Large Eddy Simulations of transient flows or investigation of the boundary layer and wake behavior of
the bionic designs and surfaces (birds, insects, etc.).

Up to now, no universal either experimental or computational method has been found, and it can
be said that the best method in research of turbulence phenomenon is actually a set of the overlapping
multidisciplinary methods.

1.1. Research background

After Prandtl, the boundary layer (BL) was introduced to the flow field description to simplify
the calculation methods, thus to “bridge” the Navier-Stokes and the Euler equations [15, 16]. In that
sense, the flow over the surface was divided into the outer and inner BL flow. Herein, Euler and
Bernoulli’s equations had been applied to the inviscid flow of the outer flow, but later on, the
boundary layer theory was employed related to the viscous flow [17, 18].

The airflow over the surface of the flat plate (no-slip wall condition) changed its features under
the influence of the frictional forces and convection, where the vortices were created only inside the
BL, as shown in fig. 1 [15, 16]. The flow field of the BL, assuming zero pressure gradient and low



turbulence intensity (about 0.1%), evolved from the laminar, transitional to the fully turbulent flow.
The laminar flow appeared at the leading edge, firstly stable downstream, and afterwards in a form of
Tollmien-Schlichting waves (T-S). Before the flow becomes fully turbulent it experiences the
turbulent spot phase filled with the new tqrbulent cores, concentrated at the imaginary edge [15, 16].
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Figurel. Boundary layer over the flat plate [15, 16]

As for the smooth flat plate, the transition zone occurs over the length between minimal and
maximal values of ¢4, which is highly dependent on the turbulence level of the free flow and the local
Re, fig. 1a. Considering the flow over the hot model, the temperature field is similar to the velocity
field; they mutually interact [15-17]. The similarity of behaviors supported the introduction of the term
of a thermal boundary layer (TBL), fig. 1b. The concept of the TBL introduces the TBL edge, similar
to the VBL, described by 0.99 T.,. The temperature distribution, across the TBL, depends on the
condition of the wall, thus it differs due to the model wall temperature (cold/adiabatic/hot). The heat
transfer analysis, in the forced flow over the wall, g, leads to equalization of the heat transfer
transmitted from the wall and heat convection. Applying the Fourier and Newton’s laws of cooling
onto the wall surface, the heat flux is ¢ = kg (0T/0y) = h (Ty — T,), where the heat transfer
coefficient #=0.5 ¢r Vo kpuia/v is dependent on crand thermal conductivity of the fluid, kg« [15-17]. In
the case of the hot wall, minimal temperature occurs at the beginning, while the maximal value is
achieved at the end of the flow transition. Herein, the IRT camera is measuring rightfully AT rr= (T —
T.). In terms of model fabrication for the IRT measurement, the main concerns are subjected to the
constancy of the model wall-free flow temperature difference [13]. Mutual dependence of the velocity
and temperature is described by the Prandtl number, Pr = u ¢,/k, thus Pr <1 leads to d7p, > g [15-
17]. In the practices of the applied aerodynamics and thermodynamics, it is essential to determine the
temperature distribution as well as the other flow parameters [2].

In further, recalling the influence of the cs, one may note that cs is an essential part in
production of the frictional drag force, Dy= ¢ 4 pV?/2, and consequently, it influences the consumed
power of the future heavy vehicle [15,16], thus flow laminarization leads to ¢, decrease.



The radiation of the real bodies differs from the referent — blackbodies, thus the three types of
radiation transfer are defined, with respect to the body of interest: absorptance, a;, reflectance, p;, and
transmittance, t;, thus a;, + p; + 7, = 1, depending on the wavelength, 4 [17, 20]. The real objects,
considered as the grey bodies, radiate with respect to their material characteristics — emissivity and the
characteristics of IR radiation. Herein the emissivity denotes the spectral emissivity coefficient — the
body’s ability of radiation emission, &; = E)/E) paer < 1, and when included into the Stefan-Boltzmann
equation, the total emissive power of the grey body is ETg,ey =g, 0 T [17, 20]. The total radiation
power, in general, is expressed as a sum of three radiation sources — object, near bodies and
atmosphere, in mutual interaction, reduced for the radiation transfer coefficients (a;, p;, 7;). The
phenomenon of thermal radiation is the basis of the IRT [20].

2. Experimental setup

The experimental procedure was divided into the separate measurements of the aerodynamic
drag of the SHST model with the ground effect, temperature distribution measurement, and the
visualization of the flow of the oil emulsion.

The wind tunnel (WT) T-32, in question, is the small low-speed WT of the VT1. The WT T-32
is the closed-circuit wind tunnel with semi-opened test section [2-4]. The test section has 2 m long
elliptic shape (1.8 x 1.2 m). The maximal operational velocity is 60 m/s, +0.1 m/s, TF = 1.14, under
atmospheric temperature and pressure [2-4]. The SHST model and the ground model, in form of a flat
plate, were fixed independently on clearance of 8 mm, and stationary during tests, as shown in fig. 2.
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Figure 2. SHST setup in the test section of the WT T-32 [2,4]

The SHST model was designed under the requirements of simplicity, bionics [19], experience
[2-4] and recommendations [9, 13], fig. 2. The model has flat sides and sharp edges to emphasize the
flow behavior, tracing the influences of geometry parameters and easy manufacturing. The software
PRO/Engineer WF 4 created the SHST numerical model after it was manufactured from 1 m long
piece of linden, 60 x 75 mm in cross-section and the nose radius for elongation parameter of /4 = 3 (to
reflect the bio-inspired design). The nose tip displacement from the ground model leading edge was
0.6 m. The SHST model was painted black and its surface was sandblasted.

The six-component external balance T.E.M. 366 of pyramidal type, in the WT T-32, supported
the SHST model and measured its drag force, D (in a range of £550 N, 0.02% FS), fig.2 [2].

The emitted radiation from the model depends on surface temperature, where the IRT camera
records, calculates, and represents surface temperature data in a form of colourful image — a
thermogram. The IRT camera FLIR E40 SC, of industrial class, measured temperatures on the visible
surfaces in the range of T = 253 K — 393 K, +2% (thermal sensitivity < 0.07 °C at 30 °C), image
frequency 30 Hz and IR resolution 320 x 240. The setup in the wind tunnel for thermal imaging is



shown in fig. 3 [20]. The FLIR Researcher software recorded the thermograms, and Open Source

software — Paint Net emphasized the details.
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Figure 3. Setup for thermal imaging, downstream view

The calculated output signal from the object, considered as the blackbody at 7, is
Uoty = (1/eon Toty) Ut - [(1 — &) o/€oti)] Ure — [(1 — T)atm/(€otj Tarm)], Where U" denotes measured IRT
camera output, U.; and U,, — theoretical output voltages for the blackbody of T..; and T,
respectively, obtained by the calibration [20]. The accuracy of the IRT measurement depends on the
inputs, thermal sensitivity, scanning speed, image resolution, and intensity resolution [1, 13, 20]. In
addition, the quality of the thermal imaging depends on conductivity and emissivity of the observed
surfaces, and relative position of the influencing reflections from the environment to the IRT camera.

The flow visualization was made with the oil emulsion (paraffin oil: 30 ml, Olean acid: 5 ml,

and 10 g of TiO,) [3, 4].
3. Numerical setup

The numerical study served to predict the flow around the SHST, after adjustments which had
the acceptable influence on the results. The applied CFD software was the ANSYS Fluent 12, the
control volume based method for calculation of the flow parameters [16, 22].

Compared to the real wind tunnel setup, the numerical domain resembled the shape of an

elliptic cylinder, equal the test section cross-section of the T-32, but prolonged up to 6 m, fig. 4
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Figure 4. Numerical domain with the SHST and ground models

The mesh of 1,270,607 mixed cells, with the prisms in the inflation layer, was built by
introducing the two bodies of influence for better quality, following the criterion of the height of the
first layer, 30 < y" < 300 (cell skewness from 0.2 — 0.5, over 27 — 10% of total cell quantity,



respectively). The mesh was selected from the series, performed for the selected numerical setup, as
follows: non-adapted (final mesh); the first and second time adapted boundary; adapted to specific y*
interval; adaption of the forebody region and third time adapted boundary. In this order of mesh
refinements, relative increase of calculation duration per unit iteration was nearly exponential on
relative mesh size increase, in relation to the final mesh. The final mesh answered both criteria, the
requirements of y* and calculation duration, in contrast to the others (" = 5 — 30).

The compressible flow was modelled with the density-based solver, to obtain the temperature
distribution over the surfaces [18, 21, 22]. The operational and boundary conditions were defined in
accordance with the real test: inlet as pressure-far-field; outlet as pressure outlet; test section walls of
Al (upper and lower), ground model as a wooden wall; SHST model as a wall of CaCOs; (paint
component with similar thermal characteristics), and the others — the symmetry walls, fig. 4.

The turbulence was solved employing mutually the Spalart-Allmaras (S-A) model and energy
equation. In general, the S-A model is used for the wall-bounded and boundary layer flows. It is
created to resolve the viscosity-affected regions for meshes providing either y* = 1 or y" > 30,
throughout a single conservation equation with built damping functions [18, 21, 22]. The S-A model
was selected for its simplicity and time/cost efficiency for large mashes, compared to the others. The
solving method involved the implicit scheme, the Roe Flux-Difference Splitting Scheme (ROE-FDS)
flux type, and the Green-Gauss Node Based method of discretization as well as the second order
functions. The use of multi-grid FMG initialization, for the subsonic flow, was aimed at better
determination of the beginning solution, and faster convergence.

4. Results and discussion

The thermogram in fig. 5, showing the temperature non-uniformity at the equilibrium state,
originated from the thermal reflexes (from the SHST and other bodies) and holding the three
significant zones used for result corrections. Figure 6 shows the uncorrected thermogram of the Wind-
On phase scene, at "= 50 m/s, T =296 K.
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Figure 5. Temperature distribution over the SHST in the equilibrium state
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Figure 6. Thermal image of the test scene (V=50 m/s, 7= 293.15 K)



In case of the partial coating of SHST with the emulsion, the flow spread the coating from the
nose to the tail, leaving the imprint of five flow regions, as shown in fig. 7.

Wake zone Fully turbulent flow Transition regions ReattachmentSeparation

Figure 7. Flow visualization after partial covering with the oil emulsion (V= 50m/s)

The experimentally visualized traces and the numerically obtained pathlines, coloured by
temperature, are shown in fig. 8. The main difference was indicated in the central side view, where the
oil traces showed slightly more inclined paths. Therefore, for achieving the more realistic results, the
investigations in the field of y* = 1 are necessary, together with the application of the enhanced wall
treatment or the SST based transition model, with the support of the advanced IT resources.

Figure 8. Flow pattern and flow pathlines, coloured by temperature, (V = 50 m/s, Re = 237,000)

Figure 9 shows the local values of 7, ¢; p, M and, Pr along the centreline (CL), estimated by the
CFD. The transition region along the CL began at x = 0.17 m — 0.19 m from the nose tip. The end of
the transition region was at x = 0.41 m. In the present case, Jy ;5. = 2 - 3 mm, 7 4,5~ 5 mm. Good
correlation wit}; flow imprint (fig. 7) verified the CFD method.
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Figure 9. Selected flow parameters over the SHST roof, along the CL, obtained with CFD
(V =50 m/s, Re = 237,000)

The local temperature values on the roof, along the CL, and the temperature distribution
estimated by IRT are shown in fig. 10. The finish of transition arose at the end of wavy oil traces,



which corresponds, to the flow parameters near the spot “E”. The T was interpreted as an influence

of the scratch on the leading edge, and it was out of interest.
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Figure 10. Temperature distribution over the SHST surfaces obtained by the IRT measurements

The maximal temperatures, measured along the lines in fig. 11, marked in “E1 — E7”, were
interpreted as the ending points of the transition region from the side. The flow imprints in figs. 10 and

11 are in good correlation with the IRT readings along seven measuring lines and verified the method.
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Figure 11. Determination of the ends of the transition region along seven measuring lines from
the side of the SHST (corrected values)

The detailed study was made in prior to the zone of the SHST nose, in which the transition
started, as shown in fig. 12.
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Figure 12. Flow patterns over the SHST nose

Flow visualization, from fig. 12a, confirmed the IRT data (fig. 10) and CFD (fig. 9). Herein, the
washed-out line, from the nose roof across the leading edge, was interpreted as the reattachment that
occurred after the laminar separation. Besides, the traces of the T-S waves were following the leading
edge and interacted with the separated and reattached flow, which was represented in the cyclic local
widening of the line of reattachment. Downstream, there were three different areas of the transition
zone (fig. 12a, downstream from a dashed line) — the longitudinal vorticity zone; the 3-D breakdown
zone, in which the turbulent spots were formed; and the zone of turbulent spots, which formed water-
like waves in deposits of TiO,. Over the SHST roof, the first presence of the water-like waves was
recognized just downstream from the “C". Therefore, the surface with higher curve gradients and
thickness of the profile, the same as on the SHST roof, resulted in the narrowing of the transition zone.
From fig. 12a it is clear that the flow collided with the hinge joint, entered into the mainstream and
twisted it. The influence may be avoided by adaptations such as introducing the model sting support.

The corrected IRT data, in fig.12b, represented the laminar and transition regions, flow affected
by the ground and the flow induced by the gap and joints. The five coloured zones differ over the side
surfaces (7> — Ts). The portion of the flow from the ground BL was affecting the flow around the nose
tip (73). The laminar flow was hardly detected over the roof due to low resolution, but in the
approximation, it was marked between “A — C"“, starting outside of the ground TBL. The zones of 7>
and 7, from the side and just after the leading edge, were the zones of the unstable laminar flow with
the laminar separation and reattachment and they were indicated by comparison with the flow
visualization. The small damage at the nose leading edge caused forming of the emulsion deposit,
leaving a short wake downstream. The early temperature drop and the signs of the wake were also
indicated in the thermogram, both on the side and the roof, leaving a false expression of the 7,,;, due to
2-D representation and low resolution. The real indication of the transition beginning was noticed
along the saddle-like edge length, starting from “C’’, over the local roof width. The CFD indicated the
saddle-like zone, covering the 3-D vortex breakdown zone (7., = T,), and the arced surface on the
side. Due to different geometry parameters (/4 = 3 for the roof and /A = 7.5 on the side), the arced
zone on the side did not represent the transition beginning. Just downstream from the saddle-like zone
on the roof, the zone with the turbulent spots was formed throughout the middle. This zone,
surrounded by the secondary vortex flow, originated from the flow over the sharp edges of the SHST.
The zones containing the turbulent spots were indicated in the areas with the locally highest
temperatures. The zone of turbulent spots was blown out by the flow from the gap on the side.

In this paper, the investigations made by IRT and CFD showed the applicability of methods in
conditions without the flow separation, where the transition zone was defined by the data analysis of



the overlapped results. The main difficulties in defining the transition zone were setup adaptation and
the data corrections. IT resource development would contribute CFD boundary layer tests, too.

The CFD results were also verified through drag coefficient — calculated ¢p crp = 0.3 with WT
result cp r = 0.291, showing good data correlation, ¢p crp = 1.03 cp pr.

5. Conclusion

The presented research confirms the thermography as the desirable tool for surface temperature
measurements and flow transition detection. It is complementary with the flow visualization, over the
complex model geometry, and it offers high reliability, in early stages of prototyping. Flow
visualization verified both IRT and CFD through a good correlation of the results in the determination
of the transition zone and the flow over the model surfaces. Possibilities of application of the IRT in
the wind tunnel testing are confirmed although the IR camera was of the industrial class. IRT is a
valuable method for time-cost-saving, for the most delicate research of boundary layer transition
detection. In fact, IRT, flow visualization, and CFD represent a set of methods, with an excellent
ability for detection and prediction of key zones in the flow, in the early stage of the designing and
concept selection process, as well as the foundation for further advanced boundary Ilayer
investigations. The non-destructive methods proved to be reliable, affordable, and fast, requiring the
minimal adaptations of the model setup, easy for use in various positions and environmental
conditions. However, this research highlighted the necessity of more precise, qualitative and
quantitative analysis of the flow transiency that might be improved by implementation of the high-
speed and high-resolution IRT camera, while the advanced IT resources might describe the boundary
layer flow more realistically using the CFD. Future tests will include adaptations of the test setup —
model and environment, to contribute the IRT precision. Furthermore, the introduction of additional
measuring and visualizing methods, such as the smoke visualization (with a stroboscope) and PIV
might significantly contribute to the analysis of the complex flow field around the SHST.
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Nomenclature
A — surface area, [m’]
cp — drag force coefficient, [—]
cr — skin friction coefficient, [—]
¢y — specific heat at constant pressure, [Jkg"' K]
D — drag force, [N]

E — energy, [J]



h — heat transfer coefficient, [Wm™“K™]

hy — height, [m]

k — thermal conductivity, [Wm'K™]

L — length, [m]

M — Mach number (= V/c), [-]

Nu — Nuselt number, [—]

p — pressure, [Pa]

Pr — Prandtl number (= x ¢,/k= via), [-]

q — heat flux, [Wm?]

Re — Reynolds number (= V' I/v), [-]

T — temperature, [K]

U — output, [V]

V — velocity, [m/s]

' — dimensionless distance from the surface of the first mesh layer, [—]

TF — turbulence factor, [—]

t — time, [s]

X — spatial coordinate, [m]

— spatial coordinate, [m]

o — thermal diffusivity (=k /p c,), [m’s™]

a; — absorptance, [—]

& — emissivity, [—]

0 — boundary layer thickness, [m]

o* — displacement thickness, [m]

U — viscosity, [kegm™s™]

A — wavelength, [m]

o — Stefan—Boltzmann constant, [Wm™K™]

Di — reflectance, [—]

p — density [kgm™]

7 — transmittance, [—]

Y — kinematic viscosity, [m’s™']
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BUOI'PA®UJA

Kanmunarkuma Cy3ana Jlunuh, pol). [llymoma, pohena je 14.10.1963. y 3emyHy.
OcnoBHy mikony je 3aspunia 1978. y 3emyHy, a 3emyHcKy rumHaszujy u norom CIII
Slerap [pammma™ noxaha no 1982. basuna ce aBuo-monenapcteoM y AK | ®@pamo
Knys®, 3emyn. YkynHo dyetupu roause on 1980. y penoBHOM M JOAATHOM TEPMHUHY
obaBba mpakcy y BasmyxormnoBHotexuukoM uHCTUTYTY (EkcmepuMenrtanHa wu
Teopujcka aepomuHamuka, KoHcTpykuuja Basayxoriosa). IllkonoBame HacTaBiba
1982. Ha VYausepsutery y beorpamy, MamuHckom ¢akynrery, Ha cMmepy
Aepokocmorexnuka. luruiomupana je 1989. ca TemMoMm u3 00NacTH aepoaMHAMHKE
BETpPOreHepaTopa.

Y BTHU-y je 3zamocnmena oxm 1989. mo 2005. y Cexropy ExkcnepumeHraine
aepoauHamuke, Oznceky Iloa3By4yHe aepoAMHAMHUKE, V 3BalbUMa CAMOCTAJIHOT U BHILIET
CaMOCTaJTHOT UCTpakuBada. PykoBoamna je 6 mpojekara (MOTOPHU30BAaHU MOJEN, MOIEN
ca TMpoCTpyjaBameM, MO 3a Mepewma onrepehema ca MexaHH3aLUjOM |
BU3yENU3aLH]y CTpyjaka W Op.) M3 Ba3IyXOILUIOBHOI NpOrpamMa Kao M 3a CTpaHe
KJIMjeHTe. Y4eCcTBOBaja je Ha yHampehemy aepoTyHelCKe MepHe ompeme (CTaTH4Ka
naboparopyja 3a KanuOparjy npoToka, kamudpanuje MmepHux ypehaja u ap).

3anombaBatbeM |y MHuctutryry Toma nmo.0, ox 2009, HacraBmba
Hay4YHOUCTpaKUBa4YKH pan y LleHTpy 3a uHxkemwepcku codraep.

On 2017. je 3amocneHa y HWMHoOBammoHOM LieHTpYy MarmmHCKOr (hakyyiTera
Yuusepsuter y beorpany u yksbydena je Ha npojexkruma MITHTP PC.

Jokropcke cryauje ynucyje mkojcke 2010./2011. ronuHe Ha YHUBEP3UTETY Y
beorpany, Mammnckom akynrery. OCHOBHA MHTEpPeCOBamwa Cy U3 00JaCTH MEXaHHKe
¢bnyuna u MoA3ByYHE aepOIMHAMHUKE Ba3[yXOILIOBA U BO30BA, MPOPAUYyHCKE THHAMHUKE
¢nynna (ANSYS Fluent 12 - cepTuduxar 3a yBOZHH Kypc), €KCIEPUMEHATATHUX
MeTona (aepOTYHENCKUX, XUAPOAUHAMHUYKUX, TepMorpaduja — ceprudukar 3a yBogHH
KypC, MHKPOCKOMHja, W JpP.), HyMEPUYKOr MOJeJHpama M PEKOHCTPYKLHje Mojena
(PRO/Engineer - ceprudukar, CREO, Blender, MeshLab, CATIA), xkao u 6uonuxke.

IIpBa UT uckycrsa je crekia Ha MammHckoM ¢dakyrery 1988. uy BTU BC, Ha
cUCTeMHMa 3a NPUKYyIJbakbe U 00pajy aepoOTYHENCKHX MojaTaka. Biama BeluKuM
Opojem mporpama 3a odpaay, aHAIH3y U MPE3EHTAIN]y MoJaTaka Kao U pa3Boj CUCTEMaA
yuera Ha fasbuHy. O CTpaHHX je3MKa TOBOPHU SHIVIECKH je3HUK.

AyTOp je WIM KOayTOp IIeCHaecT pajoBa y wHacomucuma MehyHapomHor u
HALIMOHAJTHOT 3Hauaja (LIeCT pajoBa y YacOMUCHMA Ca UMIMAKT (PAKTOPOM), METHAECT
CaoIIITEHa HA CKyNOBUMa Mel)yHapoaHOTr 3Hadaja U jeqHe MOHOrpadyje HalMOHAIHOT
3Haudaja. YUecTBOBAJA j€ Ha TPU MpojekTa (PUHAHCHPAHUX OA CTpaHe MUHUCTapCTBa
NPOCBETE, HAyKe M TEXHOJIOIIKOr pasBoja PemyOmuke CpOuje M jeOgHOM MPOjeKTy
¢uHancupanom op crpane Jleneranmje EBporicke yHuje. AyTop je nIBa cuCTeMa 3a
yueme Ha najbuHy. Buprtyenny mkony oOpasoama @apmarneyrcke komope CpOuje,
aKpenuTOBaHy Of CTpaHe MuHHCTAapCTBa 3ApaBiba PenyOnnke Cpbuje (mpBU cucTeM 3a
yueme Ha JaJbWHY y 00J1aCTH 34paBCTBA) UHja j€ CBpXa 00pa3oBame U CTULIAKE YCIIOBA
nuneHne ¢apmaieyta, kpewpajiga je 2006.r. Oaj cucrem je Ouo y yxem wuzdopy
npojekara Ha Takmuuewy ,,Jluckodomoc 2008 IlpuBpenne komope CpOuje wu
npencraBibeH je Ha CeerckoMm koHrpecy (apmaneyra y basemy, 2008. Buptyenny
Koy obpasoBama 0cobsba y 3aBapuBamy, NMPBY €-YYHOHUIY y OOJNAaCTH 3aBapUBamba,
ca cBpxoMm mnozpiike KypceBuma 3a mehyHapomHe HHKeEHmepe U TEXHOJOre Y
3aBapuBamwy, kpeupaia je 2009. y Uncruryty [Noma 1.0.0.
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MU3jaBa o ayTopCcTBY

MoTnucana CysaHa JluHuh
6poj nHpekca [25/10

UsjaBrbyjem

[a je JoKTopcKa AucepTauuja nof Hacrnosom
,BUOMUMUKPUJA KAO METO AEPOOANHAMUYKOT

AN3AJHUPAHA BO3A BEJIUKUX BP3UHA®

— pesynTaT CONCTBEHOr UCTPaXuUBaYKOr paja,

— [a npennoxeHa guceprauuja y LUENUHW HU Yy [enoBuMma Huje 6una
npeanoxeHa 3a pAoGujare 6GUNO Koje AMNMOME rpemMa  CTyAWjCKUM
nporpamuma Apyrux BUCOKOLLKONCKUX yCTaHoBa,

— [ia cy pesynTaTii KOPeKTHO HaBEAEHM U

— [a HUcaM KpLuuo/na ayTopcka npaea 1 KOPUCTUO UHTENEKTYarHy CBOjUHY
Apyrux nuua.

Mornuc poKkropaHaa

Y Beorpagy, 18.01.2018. ) ST Cepoteo
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MsjaBa O UICTOBETHOCTMU WITaMMNnaHe U efieKTPoOHCKe Bepsuje

OOKTOPCKOr paga

me u npesume aytopa Cysara JluHuh

Bpoj unpekca 025/10

CTyAumjcku nporpam [OKTOpcke cTyauje
Hacnos paga ,BUOMUMUKPUJIA KAO METOL AEPOANHAMUYKOL
AN3AJHUPAHA BO3A BEJIMKUX BP3UHA"

MeHTOpM:

ap BojkaH JlyyaHuH, penosru npodecop, MatlumnHcku thakynTeT YHUBEP3UTETA

v Beorpagay,

ap Mupko Kosuh, Hay4HU caBeTHUK, BOjJHOTEXHUYKN UHCTUTYT Y Beorpagy

Motnucana CysaHa JInHuh

W3jaBrbyjem Aa je wramnaHa Bepaunja Mor JOKTOPCKOr paja UCTOBETHa
eneKTPOHCKO] BEP3uju Kojy cam npepana 3a objaBrbusawe Ha noprany
OurutanHor penosutopujyma YHusepauteta y beorpagy.

[oaBorbaBaM fAa ce objase Moju NIMYHW Nofaum BesaHu 3a fobujake
aKafneMcKor 3Bakba JOKTopa Hayka, Kao LUTO Cy Ume 1 rnpesume, roguHa u
mecTo pohera 1 aatym oabpaHe paja.

OBW NUYHU NoAaLM Mory ce 06jaBnTV Ha MPEXHUM CTpaHuLama gurutande
BUBIMOTEKE, Y ENEKTPOHCKOM KaTarory u y nybrinkaumnjama YHusepsutetay

Beorpagy.

MoTnuc pnokropaHaa

Y Beorpaay, 18.01.2018. Muud Qporce
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MUsjaBa o kopuwherwy

Oenawhyjem YHuBepsutetcky 6ubnuoteky ,Ceetosap Mapkosuh® pa vy
AurutanHu peno3utopujym YHuBepsuteta y beorpagy yHece Mojy AOKTOPCKY

AucepTauujy nog HacroBoOM:

,BUOMUMUKPUJIA KAO METO AEPOONHAMUYKOT IN3AJHUPAHA
BO3A BEJIMKNX BP3UHA"

Koja je Moje ayTopcKo Aeno.
OucepTauunjy ca CBAM MNpunosumMa npefana cam y enekTpoHCKOM dopmary
NOro4HOM 3a TPajHO apXxuBMpaHe.
Mojy [OKTOpCcKy [AucepTauujy noxpareHy y [uratanHn  penosutopujym
YHuBepauTeta y bBeorpagy mory aa kopucte CBW Koju nowTyjy oapeabe
capxaHe y opabpaHom Tuny nuueHue KpeatusHe 3ajegHuue (Creative
Commons) 3a Kojy cam ce oany4una.

1. AyTOpCTBO

2. AyTOpCTBO - HEKOMepLnjarHo

AyTOPCTBO — HekomepLujanHo — 6es npepage

4. AyTOpCTBO — HEKOMEPLINjarHo — AennT Nof UCTUM ycrosruma

5. Aytopcteo — 6e3 npepaae

6. AyTOpCcTBO — AENUTU NoA UCTUM yCrosuma

(Monumo fAa 3aoKpyXuTe camo jeaHy OA LUECT MOHYNEeHUX nuueHum,

KpaTak Onuc SIMLEHLM AaT je Ha nonefuHn nucTa).

Mornuc pokropaHga

Y Beorpagy, 18.01.2018. /UM %w@

1. AyTopcTBo - [lo3BorbaBaTe yMHOXaBatbe, [[UCTPUOYLM)Yy © jaBHO
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caonwitaBake [fena, M npepage, ako ce HaBede MMe ayTopa Ha HauduH
oapeheH of cTpaHe ayTopa Wnu gasaoua JMUEHUE, Yak U y KomepuujanHe
cepxe. OBO je HajcnoboaHuja o CBMX NULIEHLMN.

2. AytopcTBO — HekomepuujanHo. [lo3sorbaBate yMHOXaBake, ouctTpmudyuujy un
jaBHO caonwiTaBake Aena, u npepage, ako ce HaBege MMe aytopa Ha HauvuH
oapeheH op cTpaHe ayTtopa wunu pgasaoua nuueHue. OBa nuueHua He
[03BOSbaBa komepuumjandy ynotpeby gena.

3. AyTopcTBO - HekomepumjanHo — 6e3 npepage. [Jo3BorbaBaTe yMHOXaBake,
Anctpnbyumjy 1 jaBHO caorniitaBawe gena, 6e3 npomeHa, npeobnnkoBaka nnu
ynoTtpebe genay cBOM feny, ako ce HaBeae UMe aytopa Ha HavunH ogpeneH og
CTpaHe ayTopa unu pfasaoua nuueHue. OBa nuueHua He [o03BOSbaBa
KomepumjanHy ynoTpeby aena. Y ogHoOCy Ha CBe ocTane nuueHue, OBOM
NUUEHLIOM Ce orpaHuyaBa Hajsehu obum npasa kopuwhewa gena.

4. AyTOpCTBO - HekoMepuujanHo -— Aenutn nog WCTUM  yCrnoBuMa.
[osBorbaBaTe yMHOXaBawe, AUCTPUOYUM)y M jaBHO caonwiTaBake fena, u
npepage, ako ce HaBefe MMe ayTopa Ha HauuH ogpefeH of cTpaHe ayTopa unu
AaBaoLa nuueHue n ako ce npepaga auctpubympa nog UCTOM UK CANYHOM
nuueHuom. OBa nuueHUa He [03BOSbaBa KoMepuuvjanHy ynoTtpeby gena wu
npepaaa.

5. AytopctBo — 6e3 npepage. [lo3BorbaBaTe yMHOXaBake, AUCTpUbyumjy ©
jaBHO caonwTaBakwe gena, 6e3 npomeHa, npeobnukoBakwa unu ynotpebe gena
y CBOM J€erny, ako Ce HaBeAe UMEe ayTopa Ha HauuH ogpefheH of cTpaHe ayTopa
unn pasaoua nuueHue. Oea nuueHua [03BOSbaBa KomepuwujanHy ynotpeby
aena.

6. AyTopCcTBO - AenuTu nog uctum ycrnosuma. [JosBorbaBaTe yMHOXaBahe,
anctpnbyumjy n jaBHO caonwitaBake Aena, U npepage, ako ce HaBege nme
ayTopa Ha HauyuH ogpefeH of cTpaHe ayTopa unm gasaola NUUEHLE M ako ce
npepaga guctpmbyupa nog UCTOM MK cnnyHoM nuueHuom. OBa nuueHua
[O3BOSbaBa komepuujanHy ynoTpeby pena u  npepaga. CnnyHa je

COPTBEPCKUM NULEHLAaMa, OAHOCHO NULEHLamMma OTBOPEHOT Koaa.
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