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Annomauusn. TIpoBeieHO UcCiIe0BaHUE 0COOCHHOCTEH Pa3BUTHs OJMHOYHON CBOOOJHOW CTPYH BBICOKOTEMIIEPATYPHOIO a30Ta MPH B3aUMOJCHCTBUH

C IUIOCKOH OBEPXHOCTHI0. PacyeT nporecca Terioo0MeHa Ipy HarpeBe aTaKyoMUMI CTPYSIMU BECbMa TPYIHO PEan30BaTh aHATUTHYECKU B CUITY
CIIOKHOCTHU Ta30JMHAMHYECKUX MPOLECCOB, MPOTEKAIONIMX KAaK B OJAMHOYHON CTPYe, TaK M B CHCTEME CTPYH, B3aMMOJCHCTBYIOIIMX C METAJIIOM.
CII0XKHOCTH pacdeTa yCyTyOistoTCsl TeM, YTO CTPys KaK TaKoBasi IIPU B3aUMOJCHCTBHH C ITOBEPXHOCTHIO Hcue3aeT. C MOBEpXHOCTHIO B3aNMOIEHCT-
BYET HACTHJIBbHBIN (BEepHbIN) MOTOK, (hopMa, ad3pOANHAMUUYECKHE CBOWCTBA U TEINIOBOE COCTOSIHUE KOTOPOTrO PE3KO OTIMYAIOTCS OT TAKOBBIX IS
HIepBOHAYAIBHOM CTpyH. MccinenoBanus MpOBOAMINCH HA OCHOBAHUH YHCJICHHOTO MOZICIIMPOBAHUS B BEPCHH MPOTPAMMHO-BBIYHCINTEIFHOTO KOMII-
nekca aist MyJbTuduzndeckoro mozenuposanus FIOEFD, ocHoBaHHOT0 Ha peliieHnH ypaBHEHHI ra30JMHAMUKH 1 TeriooOMeHa. Perraemast crcre-
Ma ypaBHEHHH cocTosiia u3 ypaBHeHus HaBbe-CTokca, ypaBHCHUI SHEPTUH ¥ HEPA3PHIBHOCTH M ObLIA IOTIONHEHA k—& MOZEINBIO TYypOYJICHTHOCTH.
Paspaborana TpexmepHas MOJENb I MOAEIUPOBAHUS, 3aJaHbl HEOOXOIMMbIE CBOWCTBA, HAYaJIbHbIE M IpaHNuHbIe yciaoBus. [Ipu ucciaenoBanun
a3pOJMHAMUKY OJJMHOYHOH BBICOKOTEMIICPATYPHOH CTPYH, B3aMMOJACHCTBYIOIICH ¢ MOBEPXHOCTHIO, OCHOBHBIMU OHNPE/ICIAIOINMI BEINYNHAMH
ABJISIINCE: CKOPOCTh MCTEYEHHs a30Ta U3 comna U, Temneparypa azora T, BHYTPEHHHIl quamMeTp comia d,, pacCTosSHUE OT Cpe3a COIa JIo Mo-
BEPXHOCTH /1, PACCTOSIHUE OT KPUTUUECKON TOUKH (TOYKHU IIEPECEUCHNUS OCH CTPYH € IIOBEPXHOCTHIO) MO pajuycy mortoka 7. [IpencraBneHs! TaHHbIE
YMEHBLICHHUSI CKOPOCTH ra3a [0 Mepe pa3BUTHs CTPYH M3-3a OTEPH HA4YAIIbHOI SHEPr UM HA BOBJICYEHUE B JBU)KEHHE HETOABIIKHOTO OKPYIKAIOLIEro
rasa. MccnenoBanus oKa3aiy, 4TO yBEINUCHNE HAYaIbHOI CKOPOCTH NCTEYEHHS ra3a MPUOIMKAET K TIOBEPXHOCTH 00I1acTh 00Jiee BBICOKUX CKO-
pocTeli Kak B CaMoii CTpye, TaK U B BEEPHOM MOTOKE. DTOT (hakTop crocoOCTBYeT HHTEHCHHKaLUU TeroooMeHa. KpoMe Toro, BBICOKHE CKOPOCTH
YBEIMYUBAIOT OOIIYIO TOJIIMHY BEEPHOTO MOTOKA U CHIDKAIOT TOJIIMHY THAPOANHAMHYECKOTO OTPAaHUYHOIO CJIOs, KOTOpast BO3pAacTaeT 110 Mepe

yAaleHUs OT KPUTHYECKOM TOUKH.
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BBEAEHUE

CrpyWiHbBIII KOHBEKTHBHBIA HAarpeB SIBIIETCS BEChMa
MEPCIIEKTUBHBIM CIIOCOOOM OpraHM3alluu Ipouecca Ie-
pemadyn TeIIOTH OT ra3000pa3HOT0 TEIUIOHOCUTENS K Ha-
rpeBaemMbIM u3aenusM. Ero ucrnonb3oBaHue UMEET LEIbIi
PSI IPEHMYIIECTB 1O CPAaBHEHHIO C APYTUMH CXEMaMH
OpraHM3aluy JBWXKEHHUA Ta3000pa3HOro TEIIOHOCHUTE-
751 OTHOCHTEIBHO ITOBEPXHOCTH HArPEBACMOTO H3ICIHS:
BBICOKasi HWHTEHCHUBHOCTb TEIUIOOOMEHHOTO Ipolecca,
CHIDKCHHE BPEMCHH HarpeBa, yMEHBIICHHE rabapuToOB Ha-
rpeBaTebHBIX YCTPOUCTB M 3aTpaT Ha UX CTPOUTEILCTBO,
oOJerdeHue yCIoBHid paboThI TEIIOBOTO OTPasKACHHS 3TUX
YCTPOMCTB, BO3MOKHOCTb CO3aHUS MaJOMHEPLIHOHHOTO
mepexona C OJHOTO TEMIIEPaTypHOTO peXHMa Ha APYrou
uap. [1-5].

[IpumeHeHNEe BBICOKOCKOPOCTHBIX M BBICOKOTEMIIEpA-
TYPHBIX TOPENOK (CKOPOCTHBIX TOPENIOK) PEKYIIEPaTUBHOTO
U PETCeHEePaTHBHOTO THUIIOB B HATPEBATENBHBIX IE€YaX IMPO-
KaTHOTO MPOU3BOJCTBA 3aBOJOB YEPHON METaLTypruu Io-
3BOJIJIO, B YACTHOCTH, CHU3UTH yrap MeTaia B Iporecce

HarpeBa, COKpAaTUTb 3aTparbl TOILTUBHO-PHEPTEeTHUECKHUX
pecypcoB U MOBBICUTH Kau€CTBO Harpesa Metaya [6 — 8].

BwMecTe ¢ TeM cTpyiiHBIA KOHBEKTUBHBIN HArPEB UMEET
00BEKTUBHBIC HETOCTATKH: JIOKATHHOCTH ITOJIBO/IA TETUIOTHI,
OTIACHOCTH IeperpeBa MeTallia, HHOTIa OoJliee pa3BeTBICH-
HYIO ceTh TpyOOIrpoBojoB. ONHAKO UTOTOBOE CPaBHCHHE
MPEUMYILECTB U HEJOCTATKOB HCIOJIb30BaHUS CTPYHHOIO
KOHBEKTHBHOTO HarpeBa YKa3bIBaeT Ha MEPCIEKTUBHOCTH
ero npumeHeHusa. K ToMmy jxe naxke A HarpeBa MacCHUB-
HBIX B TEIUIOBOM OTHOIIEHHWH TeJ pa3paboTaHbl CIIOCOOBI
CHIDKEHHMS] 1 MUHUMM3ALUK OTPULIATEIbHOTO BO3JEHCTBHSA
JIOKaJIbHOCTH MOABO/A TEIIOTH [9 — 13].

W3 moctatouHo OONBHOIOrO MEPEeYHsS CXEM CTPYHHOTO
KOHBEKTHBHOTO HarpeBa MOXKHO BBIJICIUTh HATPEB aTaKyo-
muMH  (YIapHbIMH) CTpysMH [14], OCHOBHOW 0OCOOCH-
HOCTBIO KOTOPOTO SIBIISIETCS BBIPAYKCHHAsI HATIPABICHHOCTh
BBICOKOTEMIIEPATYpHBIX U BBICOKOCKOPOCTHBIX CTpPYH Ha
MOBEPXHOCTh HAarpeBaeMoro meramia. B sToMm ciydae
CTPYH TEIUIOHOCHUTEINSI MOT'YT BBIIIOJHATH U POJIb TYpOyIu-
3aTropa MOTOKa IPEIOIINX Ia30B, JBMKYIIUXCS Mapajieiib-
HO MOBEPXHOCTH.
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Pacuer mporecca TemnooOMeHa MpU HarpeBe aTakylo-
LIMMH CTPYSAMH BECbMa TPYIHO peajin30BaTh aHAJIUTHYEC-
KM B CHIIy CIOXHOCTH Ta30[JMHAMHUYECKHX IPOIECCOB,
MPOTEeKAIOIIUX KaK B OJUHOYHOM CTpye, TaKk U B CHCTEME
CTpyH, B3auMoAeHCTByOUMX € MeTaioM. CII0KHOCTH
pacdera yCcyryOIsIoTCs eIe H TeM, YTO CTPYs KaK TaKoBas
IpU B3aMMOJCHCTBUU C TOBEPXHOCTBIO HcuesaeT. C mo-
BEPXHOCTHIO B3aWMOJICHCTBYET HACTHIIBHBIN (BEEpPHBIN)
MOTOK, (popMma, a’dpoIUHAMHUUECKUE CBOHCTBA M TEILIO-
BOE€ COCTOSHME KOTOPOI'O PE3KO OTIMYAIOTCA OT TaKOBBIX
JUIsl TIepBOHayaibHOW cTpyu. Kak u B ciyuyae ABMXKEHUS
HEOIPaHWYEHHOIO IMOTOKA BJOJb IJIOCKOM MOBEPXHOCTH
BONM3M MOCHEAHeH o0pasyeTcs TMAPOIMHAMHYECKUAN TO-
rpaHUYHBIA c1oi. OAHAKO CTPYKTypa TE€UEHHUs] B BEEPHOM
TOTOKE MPUHIUITNAIIBHO UHAs.

BeepHbplil OTOK, pacnpoCTPaHAIOUIUICSA B TPOCTPAHCT-
BE C HEMOJABM)XHOM Cpelioi, JOJKEH MMETh JIBE TPaHMIIbI
C HYJIEBOW CKOpPOCTHIO (puc. 1).

BOnmu3u moBepxHOCTH (QOpMHUpYETCS THAPOJUHAMHU-
YECKUHU MOTPaHUYHBIN CIIOW O(X), OMHAKO BEJIMYMHA CKO-
pPOCT B HEM HU3MECHACTCA OT HYJISI Ha MNOBEPXHOCTHU [0
HEKOTOPOI'0 MAaKCHMaJbHOTO 3HAaueHus. 3a mpenenamu
IpaHUIB! §(X) CKOPOCTh YMEHBINACTCS CHOBA JI0 HYJIECBOTO
3HauyeHus (Touka b), Bbllie KOTOPO HAXOOUTCS HEMOABHK-
Hast cpena [15 —18]. TommuHa BeepHOro MOTOKA MEXITY
ToukamMu A u b xapakrepusyercs TeM, 4TO, BO-II€PBbIX, OHA
HU3MCHACTCS BHU3 IO TCYUCHUIO, BO-BTOPLIX, B €€ IPECACIax
MIPOMCXOANT TEPECTPoiika MPO(MIsT CKOPOCTH IBUYKECHHS
ra3a. COBEpIIEHHO SICHO, YTO Takas CTPYKTypa TEUCHHS
AMEET MECTO B O0JIaCTH yXe C(OpPMHUPOBABIIETOCs Beep-
Horo notoka. KapTuHa TedeHus sBIsieTca Oojee CIOXKHOM
B TIEPEXOIHON 00IACTH OT CTPYHHOTO TEUCHHUS K BEEPHOMY
MOTOKY.

PaccmoTpenHble OTIIMYMA TO3BOJISIOT CIENAaTh O Kpaii-
Hell Mepe JBa BbIBOJA: / — pacdeT KOHBEKTUBHOM TEILIO-
OTJa4M NP B3aUMOAECHCTBUU CTPYH C TPAHUYHOM MOBEpX-
HOCTBIO TIPEJCTABIAETCS Oosiee CIOXKHBIM; 2 — METOIUKA
pacueTa KOHBEKTHBHOM TEIUIOOTAuu B 3TOM Clly4yae JOJDK-
Ha 0aszupoBarhcsl Ha (hakTOpax (PeXUM IBHKCHUS, TOJ-
LIMHA TUAPOJMHAMUYECKOIO M TEIUIOBOIO IOIPaHUYHBIX

CJIOEB U JIp.), XapaKTePHBIX MIMEHHO I BEEPHOTO MOTOKA.
AHaJIMTHYECKUI pacyeT XapakTepHbIX I BEEPHOIO IOTO-
Ka BEJIMYUH HE MPEJCTABISAETCS BOBMOXKHBIM H3-3a CIIOXK-
HOCTH XapakTepa TEYEHHUs, MO3TOMY aKTyalbHOU 3amadeit
SIBIISIETCSI UCCIIEIOBAaHUE a3POAMHAMUKU U TEIJIOBOTO CO-
CTOSIHUS ra3a BHYTPH BEEPHOTO MOTOKA.

Lenbto HacTosimieil pabOTHI SBISIETCS HCCIEOBaHUE
CKOPOCTHBIX I10JI€} BEEPHOI0 MOTOKA YUCIECHHBIM METOI0M
peleHnst OCHOBHBIX An((epeHINANBHBIX YPABHEHUHN JIBU-
MKEHUs peaibHOM XKHUKOCTH € UCIIOIb30BaHUEM IIPOrpPaMM-
Horo komruiekca [19, 20]. PacueTsl mpoBOAMIM TS CTydast
UCTEYEHHs OAMHOYHOM CTPYyH HArpeTroro asora, Harpas-
JIEHHON MO HOPMaJM K TUIOCKOW MOBEPXHOCTH, BETUYHMHA
IUIOIIA N KOTOPOH CYILIECTBEHHO MIPEBOCXOAUT HAYAJIBHYIO
TUIOMIA/Ih MOTIEPEYHOTO CEUEHHSI CTPYH Ha Cpe3e Coria.

METOAUKA UCCNEQOBAHUA U PE3Y/IbTATbI

OCHOBHBIMH OTIPE/CIISIONUME BEJIMYMHAMU SIBJISUIMCH:
CKOPOCTb HCTeYeHus a30Ta u3 comia U, TeMreparypa aso-
Ta T, BHyTPEHHHUH IMaMeTp COIIa d,, PACCTOSHUE OT Cpe-
3a coIja 10 MOBEPXHOCTHU /A, pACCTOSTHUE OT KPUTHUYECKOH
TOYKH (TOYKH IMEPECEUCHUSI OCH CTPYH C IOBEPXHOCTHIO)
0 paanycy MoToka R.

Hwxe npuBeneHb HEKOTOPBIE pE3yJbTaThl PEIICHUS
chopmyrpoBaHHOW 3amadn. Ha puc. 2 B kauecTBe mpH-
Mepa MPEACTaBICHBI CTPYKTYpa TEUEHHsI CTPYH a30Ta IIpH
B3aUMOJICIICTBUY C MOBEPXHOCTBIO U MOJISI CKOPOCTEH JUIst
cayqas: Uy =30 m/c, T'= 700 °C, d,= 0,05 m npu otHOCH-
TENbHOM paccTosHuu /i/d, = 10 u Temneparype OKpyxkaro-
et cpenast 20 °C.

Habnronatorest (puc. 2, a) n1Be 001acTH TeueHHs rasa:
00nacTh CTPYHHOTO TEYCHHUSI M 00IaCTh BECPHOTO IMOTOKA.
ToxnmHa BEEpPHOTO MOTOKA MEHBINE THaMETpa CTPYH Ha
BCEM PaCCTOSHHM OT Cpe3a CoIula a0 TmoBepXxHOCTH. CKo-
pPOCTh ra3a yMEHBIIAETCS M0 MEpE Pa3BUTUS CTPYH U3-3a
MOTEPH HAYaJIbHOW SHEPruM HA BOBJICUCHHE B JIBHIKCHHE
HETOIBIKHOTO OKpY’XKarolero rasa. OTYeTIMBO BHIHA
0051acTh HaYaIBLHOTO yYacTKa CTPYH (pHC. 2, @), B KOTOPOH
coxpaHseTcsl HauboJblIask CKOPOCTh ABMKEHHs a3oTa. 1o

A A
y J U, y 5
\15
A —] A
= =)
%=} > %=} >
1 X 2 X
a o

Puc. 1. Crpykrypa ruipoJMHAMHYECKOTO IOIPAHMYHOTO CJIOS:
a — IOTOK OECKOHEYEH B HANPaBICHUM KOOPAUHATHI J; 6 — BEEPHBII IIOTOK

Fig. 1. Structure of the hydrodynamic boundary layer:
a — the flow is infinite in direction of y coordinate; 6 — fan flow
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Puc. 2. CtpykTypa Te4eHUs CTPyH a30Ta MPH B3aUMOJICHCTBHU C TOBEPXHOCTHIO (@) U pacrpeeeHue AeHCTBUTEIBHON CKOPOCTH

B BEEPHOM I10TOKE (0)

Fig. 2. Structure of the nitrogen jet flow during interaction with the surface (a) and distribution of actual velocity in the fan flow (6)

MEpPC paCTCKaHUA BECPHOTO IMOTOKA CKOPOCTh I'a3a CHUXKa-

ercst. CllellyeT OTMETHTD, UTO TPU BLIOPAHHBIX ycloBusax — CKOPOCmb,

CKOPOCTh BEEPHOTO MOTOKA CYIIECTBEHHO HIKE HAYyajlb- ale

HOM CKOPOCTH MCTEYEHHS Ta3a U3 COIa, 4TO JOIKHO OT- g‘;:ggg

pasUThCs HA MHTEHCHMBHOCTH KOHBEKTHBHOM TEILIOOT/A- 25,714

uyn. Ha puc. 2, 6 TpecTaBiIeHsl KPUBBIE pacIpe/eeHus 23,571

CKOPOCTH Tasa IO TOJIIIMHE BEEPHOIO IMOTOKA IIPH pas- 21,429

JIMYHBIX 3HAYEHHUAX TEKYIIEro pajauyca noroka. Ciemxyer ;?ﬁig

OTMETHUTh, YTO BCE KPUBBIE MMEIOT MAKCUMYM, PACIIOJIO- 15.000

JKEHHBIA BOJIM3M TMOBEPXHOCTH. PaccTosHMe MakcuMyMa 12,857

OT TOBEPXHOCTH B ITyOb BEEPHOTO MOTOKA MPH KAXKIOM ;05;;4

3HAYEHWH TEKYIIETO PAJUyca XapakTepUsyeT TOIIIUHY 6.429

COOCTBEHHO THIPOJAMHAMUYECKOTO MOTPAHUYHOTO CJIOf, 4,286

BHE MpEAEIOB KOTOPOTO PACIONIOKEHa OCHOBHAS 001acTh 2,143

BEEPHOTO TOTOKAa ¢ 00Jiee HU3KMM TEMIIOM W3MEHEHUSI 0

ckopoctd. TonmuHa TUAPOAMHAMUYECKOTO MOTPAHUYHO- Puc. 3. Ctpykrypa TeueHHs CTPYH a30Ta U B3aUMOJEHCTBHU C I10-
IO CJIOS IPH BHIOPAHHBIX YCIOBHAX BECHMA Masa, TOJIIH- BepxuocTbio npn U, =30 m/c, T'=700 °C, d, = 0,05 m, h/d, = 25

Ha K€ OCHOBHOI'O BECPHOI'0 MOTOKAa COM3MEpUMa C BHYT-

Fig. 3. Structure of the nitrogen jet flow during interaction with the
PEHHUM JINAMETPOM COTLIA. surface at U, = 30 m/s, T'= 700 °C, d, = 0.05 m, h/d, = 25
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VYBesyeHne OTHOCHTENLHOTO PACCTOSHHS OT Cpe3a Coll-
J1a U3MEHSET KapTuHy Teuenus. Ha puc. 3 npu 4/d, = 25 Bun-
HO, 4TO CTPYs paclpoCTpaHseTcsi MPaKTHYeCKH Kak CBOOO -
Hasl, BECpHBII TIOTOK HE IMEET BEIPAKECHHOTO XapaKTepa.

Kapruna pa3BuTust TeueHHss TpH 0Oojee BBICOKOH
CKOpOCTH mokasaHa Ha puc.4 (h/d;=10; U;=100 m/c,
T=1700 °C). YBenuyeHrne Ha4aIbHOW CKOPOCTH UCTEUCHUS
raza npuOJIIKaeT K TOBEPXHOCTH 00J1acTh 00JIee BRICOKHUX
CKOpOCTEH Kak B CaMOil CTpye, Tak U B BEEPHOM IIOTOKE.
Kpome Toro, BeICOKHE CKOpOCTH (pHC. 4, ) YBEITHUHUBAIOT
OOIIYIO TOJIIMHY BEEPHOTrO MOTOKA M CHMXKAIOT TOJIIIH-
HY THUIPOAWHAMHYECKOTO ITOTPAHMYHOTO CIJIOS, KOTOpas
BO3pACTAET MO Mepe YAAJICHHS OT KPUTHYECKOM TOUKH.

C TOYKH 3peHHs HHTCHCU(PHUKAINN KOHBEKTUBHOH TeTI-
JOOTJa4M palroHajJbHEe MMETh B 30HE NPHCTEHOYHOIO
JBIDKCHUS TIOBBIIIIEHHBIE CKOPOCTH.

Ha puc. 5 nokazaHa cTpyKTypa T€UEHUS U IOJISA CKOPO-
crell Ipu h/d; = 5, TO €CTh B KOHIIE HA4YaIbHOIO Y4acTKa
CTpyH. BHIHO, 4TO BBICOKHE CKOPOCTH TE4YEHHs HaOIro-
JAfOTCS M B 00TACTH KPUTUIECKOH TOUKH.
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- 28,571
- 21,429
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7,143
0

[ BuiBOADI

AbdpoarHaMKKa BEEpPHOTO MOTOKA MPUHIUIHAIBHO OT-
JIMYAETCs OT TAKOBOH B CTPYE M1OCIIE €€ BCTPEUM € INIOCKON
MOBEPXHOCTHIO. PacueT KOHBEKTHBHOM TEMIOOTAAUU IIpU
CTpYHHOM KOHBEKTHBHOM HarpeBe IOJDKCH 0a3upoBaThCs
Ha (paKTOpax, XapaKTepHbIX IS BECPHOTO ITOTOKA

BUBJINOT PAGMYECKHIT CITUCOK

1.  Acmarypos B.H., Kpacaoxyrckuii [1.I", Beprosckas I1.C. Cxopoct-
HOMH CTpy¥iHbIH HarpeB Metata. — Kues: Texuuka, 1984. — 120 c.

2.  Aopamosuu I'H. Teopust TypOysneHtHbIx ctpyid. — M.: DKOJINUT,
2011.-720 c.

3.  Tumommonsckuit B.M., TpycoBa W.A., Pataukos I1.3. Bo3zmox-
HOCTH NPUMEHEHUs CTPYHHOro HarpeBa MeTaula repest IpoKaTKoi
// JTutbe u metamuryprusi. 2007. Ne 2. C. 63 — 66.

4. Polat S., Huang B., Mujumdar A.S., Douglas W.J.M. Numerical
flow and heat transfer under impinging jets / Annual Review
of Numerical Fluid Mechanics and Heat Transfer. 1989. No. 2.
P. 157 -197.

5.  AcuarypoB B.H. MuTeHcudukanus TeruioBoil paboThl Harpesa-
TeNbHBIX Teueil. — B kH.: Marepuansl 2-i MeXIyHapOIHON KOH-

30

25

20

Ckopocmb, m/c

Puc. 4. CrpyKTypa TeUeHHs CTPYH a30Ta MPU B3aUMOIEHCTBUH C TOBEPXHOCTHIO (@) M pacipenesieHre CKOPOCTH B THAPOANHAMUIECKOM MTOrPaHy-
HoM cJtoe (6) mpu U, = 100 m/c, T= 700 °C, d, = 0,05 m, h/d,= 10

Fig. 4. Structure of the nitrogen jet flow during interaction with the surface (@) and velocity distribution in the hydrodynamic boundary layer (6) with
U, =100 m/s, T=700 °C, d, = 0.05 m, h/d,= 10

266



METAJIJIYPTUYECKHUE TEXHOJIOTUU

Ckopocmy,

30,000
27,857
25,714

- 23,5671
- 21,429
- 19,286

~ 10,714
- 8571
- 6,429

mlc

17,143
15,000
12,857

4,286
2,143
0

Cropocmb 30,000 m/c

Cropocmb 29,992 m/c

Ckopocmb 30,077 m/c

Cropocmb 29,698 m/c

Cropocmb 27,872 mic

Cropocmb, mic

Puc. 5. Crpykrypa TeueHHs CTPYH a30Ta IIPU B3aUMOJCHCTBUY C IOBEPXHOCTHIO (@) U pactpe/ieieHie CKOPOCTH B THIPOANHAMUIECKOM MTOTPaHHY-
HoM cioe (6) pu Uy = 30 m/c, T=700 °C, d; = 0,05 ™, h/d =5

10.

Fig. 5. Structure of the nitrogen jet flow during interaction with the surface (a) and velocity distribution in the hydrodynamic boundary layer (6)

at U, =30 m/s, T="700 °C, d, = 0.05 m, hid, = 5

(hepeHIMH «ABTOMAaTH3UPOBAHHBIC TEYHBIC arperarbl U JHEPro-
cOeperaroiue TeXHOIOruU B Metaiutypruny. — M.: MUCuC, 2002.
C. 36 —40.

Cadena-Ramirez A., Favela-Contreras A., Dieck-Assad G. Mode-
ling and simulation of furnace pulse firing improvements using
fuzzy control // Simulation. 2017. Vol. 93. No. 6. P. 477 — 487.
Kypuocor B.B., llymsir JI.A. [IpoGiembl 6€30KHCIUTETHLHOTO HE-
00€e3yI71epOKUBAIOIIET0 BBICOKOTEMIIEPATYPHOIO HarpeBa CTajd
B TOIUIMBHBIX TI€4axX W BO3MOXKHbBIC MyTH uX peuieHus // U3B. By3.
Yepnast metamtyprus. 2012. Ne 11. C. 10 — 14.

Boxwmskor A.M., Kazses M. /1., Kazses JI.M. HMccrnenoBanue KoH-
BEKTUBHOTO TEINIOOOMEHA B NPOXOAHOH ME4H, OCHAILEHHOH CKO-
poctabiMu ropenkamu // L{etabie metamer. 2011. Ne 12. C. 89 —93.
IIpu6sITkOB M.A. O6 0COOEHHOCTH MMITYJIBLCHO-CKOPOCTHOTO Ha-
rpeBa CBEPXMACCUBHBIX B TEIUIOBOM OTHOILICHHH Tell. — B kH.: Ma-
tepuasiel XVI MexayHaponHoit koHpepeHunu «TermmoTexHuka u
JHepreTuka B Metamuryprum»y, HMeTAY, 1. JlnenponeTpoBck, Ykpa-
una. — JInenponerposck: HMetAY, 2011. C. 74 - 75.

IIpubsiTkoB U.A. PacueT TemIoBoro coCTOsIHHS MeTajlia Py HM-
IyJIbCHO-CKOPOCTHOM Harpese // M3B. By3. UepHas MeTaityprus.
1995. Ne 1. C. 53 — 56.

11.

12.

13.

14.

15.

[TpubsiTkoB N.A. DHeprocbeperarorie Croco0Obl HarpeBa MeTall-
Jla Ha OCHOBE MCIIOJb30BaHUs cTpyi. — B ku.: CO. Hay4H. TpynoB
KOH(EepeHIIMH «ABTOMATH3UPOBAHHbIC TIEUHbIE arperaTbl U SHEPro-
cOeperatoime TeXHOJIOruH B MeTautyprun». — M.: MUCuC, 2002.
C. 375 -1390.

Kypuocos B.B., Bacunses B.M, Konnpamenko C.U. Uccienosa-
HHUE CHCTEMBbI OXJXKICHHS INMeYd OOXKMIa OTHEYHOPHBIX H3JCIHil.
—B kn.: Tpynsr IV Bcepoccuiickoii Hay4HO-NPaKTHYECKOH KOH-
tdepennnu «TerutorexHuka u WHGOpPMATHKA B 00pa30BaHHMU, Hay-
ke u npousBoxctee (TUM-2015)» (r. ExarepunOypr, 26-27 mapra
2015 r.). — ExarepunOypr: Yp®V, 2015. C. 68 —71.

Lisienko V.G., Shleimovich E.M. Improving the thermal charac-
teristics of furnaces and the operating conditions of the lining by
improving direct-flame-impingement methods for intensifying the
heating of metal // Refractories and Industrial Ceramics. 2013.
Vol. 54. No. 3. P. 188 — 195.

HuL., LvY., Tang K., Richards G. An improved methodology for pul-
se combustion with programmable timing sequence used in reheating
furnaces // IS1J International. 2017. Vol. 57. No. 12. P. 2266 — 2268.
Bula Antonio J., Rahman Muhammad M., Leland John E. Numerical
modeling of conjugate heat transfer during impingement of free

267



M3BECTHUS BBICIIUX YUYEBHBIX 3ABEAEHUIN. YHEPHASL METAJJIYPrus. 2019. Tom 62. Ne 4

16.

17.

18.

liquid jet issuing from a slot nozzle // Numerical Heat Transfer,
Part A: Applications. An International Journal of Computation and
Methodology. 2000. Vol. 38. No. 1. P. 45 — 66.

Gardon R., Akfirat J. Heat Transfer Characteristics of Impinging
Two-Dimensional Air Jets / Trans. ASME. J. Heat Transfer. 1966.
No. 88. P. 101 — 108.

Michalke A. On spatially growing disturbances in an inviscid shear
layer // J. Fluid Mechanics. 1965. Vol. 23. No. 3. P. 521 — 544.
Liepmann D., Gharib M. The role of streamwise vorticity in the
near-field entrainment of round jets // J. Fluid Mechanics. 1992.
Vol. 245. P. 643 — 668.

19.

20.

LiuY.J., LiJ.D., Misra R.D.K., Wang Z.D., Wang G.D. A numerical
analysis of slab heating characteristics in a rolling type reheating
furnace with pulse combustion // Applied Thermal Engineering.
2016. Vol. 107. P. 1304 — 1312.

Yue K., Cheng L., Liu H., Wang Y. Analysis of jet blast impact of
embarked aircraft on deck takeoff zone // Aerospace Science and
Technology. 2015. Vol. 45. P. 60 — 66.

IMoctynuna B penakumio 4 nexadpst 2018 .
Tocne nopabotku 5 despans 2019 1.
IIpunsra x my6nukanuu 7 despains 2019 r.

IzvEsTiyA VUZoOv. CHERNAYA METALLURGIYA = [ZVESTIYA. FERROUS METALLURGY. 2019. VoL. 62. No. 4, pp. 263-269.

AERODYNAMICS OF JETS INTERACTING WITH A FLAT SURFACE

L. A. Pribytkov, S.1. Kondrashenko

National University of Science and Technology “MISIS” (MISIS),
Moscow, Russia

Abstract. In this paper, the development features of a single free jet of high-

temperature nitrogen interacting with a flat surface were studied. Cal-
culation of the heat exchange process during heating by the attacking
jets is very difficult to implement analytically due to complexity of the
gas-dynamic processes occurring both in a single jet and in a system
of jets interacting with the metal. The computational difficulties are
aggravated by the fact that when interacting with the surface the jet as
such disappears. The flat (fan) flow interacts with the surface: form,
aerodynamic properties and thermal state of the flow strongly differ
from those of the original jet. The studies were conducted on the basis
of numerical simulation in the FIoOEFD software and computing com-
plex for multiphysical simulation based on solution of the equations of
gas dynamics and heat transfer. The solved system of equations con-
sisted of Navier-Stokes equations, equations of energy and continuity
and was supplemented by k—e turbulence model. A three-dimensional
model was developed for simulation, the necessary properties, initial
and boundary conditions were specified. In the study of aecrodynamics
of a single high-temperature jet interacting with the surface, the main
defining values were: nitrogen flow rate from the nozzle U, nitrogen
temperature 7, internal diameter of the nozzle d, distance from the
nozzle section to the surface /4, distance from the critical point (point
of intersection of the jet axis with the surface) along the flow radius r.
Data on the gas velocity decrease as the jet develops due to the loss of
initial energy to engage the motionless surrounding gas in motion, is
presented. The studies have shown that increase in the initial velocity
of gas outflow brings the area of higher velocities closer to the sur-
face both in the jet itself and in the fan jet. This factor contributes to
heat transfer intensification. In addition, high speeds increase the total
thickness of the fan flow and reduce the thickness of hydrodynamic
boundary layer, which increases with distance from the critical point.

Keywords: jet heating, jets, fan flow, convective heating, numerical simula-

tion, fields of velocity.
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