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PUINYECKOE U YUCJIEHHOE
MOIEJUPOBAHHUE APOJAUHAMUKU
IUKJOHHOTI'O HATPEBATEJBHOI'O YCTPOVMCTBA
C PACIHIPEJAEJIEHHBIM BBOJIOM I'A3A

3aciL. gesiTesib Hayku U TexH. Poccun, T0KT. TexH. Hayk, npodp. CABYPOB 2. H.,
acn. MAJIBIIEB A. H.

Apxaneenvexuil 20cyoapcmeentviil mexHuueckuil yHusepcumen

LlukaoHHBIC HArpeBATENBHBIC YCTPOHCTBA, OONAJArOIHE OONBIIUMH BO3-
MOYKHOCTSIMH 3HAYUTCTbHOW WHTCHCH(PHKALIMM KOHBEKTHBHOTI'O TEILIOOOMCHA,
CHIDKCHHMS TEIUTOBOH MHEPLIUOHHOCTH M ABTOMATH3ALUH MpoLecca HAarpesa, mo-
JIVYMIN MIFPOKOE pacpocTpaneHue B mpomsinuieHHoCTH [ 1-3]. IToatomy npea-
CTaBJIICT HCCOMHCHHBIM HHTEpPEC AANbHCHINEE MCCICAOBAHUEC MX a3POJHHAMU-
KH, ONIPEACTAIOMEH TEXHOTOTHIECKUE OCOOCHHOCTH U BBICOKYIO HHTCHCUBHOCTh
pabouero mponecca. B cBsA3M ¢ pasBUTHEM KOMITBIOTEPHBIX TEXHOIOTHH IS HC-
CIICAOBAHUH a3POJVMHAMHKH LIUKIOHHBIX YCTPOHCTB Hapiay ¢ (pru3myeckum Mo-
JCTUPOBAHHEM MCPCICKTHBHBIM SIBIISCTCS UCTIONB30BAHHE YHCICHHOTO.

Ou3nyeckuil 3KCIEPUMEHT, PE3yIbTaT KOTOPOro NMPHBEIACH B padore, BbI-

MOJHCH HA MOJENH LIUKIOHHOTO HAIPEBATEIBHOIO YCTPOHCTBA (LIUKIOHHON Ka-
MEpBbI), UMCIOLICH BHYTpeHHHH muamerp D, = 2R, = 310 mm u gmuny L, =
= 580 mM. BayTpeHHAS NOBEpXHOCTh pabodero odbeMa KaMephl SBISIACh TEX-
HUYECKH TTIAAKOH C MIEPOXOBATOCTHIO OOBIMHOIO cTanbHOro mpokata. Iloasox
BO3AVXa B KaMepy OCYIIECTBILUICA TAHTCHIMATIBHO C AWAMETPAIBHO MPOTHBO-
MOJIOKHBIX CTOPOH BXOJHBIMH KaHATaMHU HPSMOYTOIBHOTO MOMEPEYHOrO ceUe-
HUA — IUTMIIAMH C BHYTPEHHHMH pasmepamu 20x44 MM, pacnono)KeHHBIMH
MPAaKTHICCKH PAaBHOMEPHO (B IIAXMATHOM mopsake) mo ee Beicore. Ocu 6mu-
JKaHIIHX K TopuaM padodero oobeMa MUTHLIECB HAXOAUIHCh HA PACCTOSHHH Zy, OT
€ro riyxoro Topua, paBHoM 48 u 554 MM (z ompeAesIIOCE IO KOOPAHHATE, COB-
najaromed ¢ ocklo pabouero oobema). bezpazmepHbie KOOPIHHATEI MECTOIIO-
NOKCHHS UITHICE Zg, = Zg/ Dy, Zpx PABHSAIHCH C OXHON CTOPOHBI KAMEDHI
0,442; 0.884; 1,335; 1,72, a ¢ apyroit — 0,151; 0,536; 0,987; 1,429. Takoe pac-
MOJIOKCHUE IITHICB B LIETOM CO3JABANO0 PACHPEACICHHYIO CHCTEMY BBOJA BO3-
ayxa.
B onbiTax oTHOCHUTEIBHAA IUIOIAAL BXOAA f;{ = 4fo/TtDK2 = 0,936, a orHOCH-
TEIbHAS BBICOTA LIIHIICB EBX = hsx /D = 0,128, OTBOA rasa U3 KaMephl MPOU3-
BOJUJICS 4epe3 OOBIYHBIH MIOCKUH HNEPEKUM C OTHOCHTEIBHEIM JHAMETPOM BbI-
XOTHOTO OTBCPCTHS cﬁm = duyx/Dy, paBueim  0,2-0,7. Bosayx, BbI-
XOAAIIUN M3 Kamepsl, BeIOpacweiBaics B atMochepy. Ero pacxon wmsmepsiu
HOPMAaIbHBIM COIUIOM, TEMIICPATYPY — PTYTHBIM TEPMOMETPOM C LICHOH Aemne-
uus 1 °C.

Bo Bcex ombITax moxpoOHOE HCCICAOBAHHE MOICH CKOPOCTEH M AaBICHHN
MPOM3BOAUIN TMPCABAPUTEIBHO MPOTAPUPOBAHHBIMU MATHKAHATBHBIMH IIAPO-
BBIMH 30HJAMH € TUAMETPOM IIAPHKa 5 MM, a B OTACTBHBIX OMBITAX — LUIHH-
JPUYCCKAM TPEXKAaHAJIBHBIM 30HAOM C AWMETPOM Hacazka 2,6 mMm. CeucHus
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3aMCPOB MMCTH OTHOCHUTCIBHBIC NMPOAONBHEIC KOOPAWHATH Z,= Zz./D,, pas-
seic 0,226; 0,884 u 1,53, u HAXOAUIHUCh B AUAMCTPATBHOU IIOCKOCTH, TICPIICH-
JUKYIIPHON TaHTEHITMAIBHBIM IUTHLIAM. BEKTOp TOTHONW CKOPOCTH, ONpEReis-
€MOHU B KXKIOH TOUKE 1O PaAHyCy KaMepsl uepe3 5 MM, PacKIaJbIBajlICcsd Ha TPH
COCTABJISIIOMINE. TAHTEHIUAIBHYIO Wy, OCEBYIO W, U paguanbHyIo W,. Ilepeme-
IIEHUE 30HAa MPOU3BOIIIIA KOOPANHATHHKAMH C TOUYHOCTBIO ONPEACICHUS YIIa
BEKTOpa TIONMHOH CKOPOCTH II0 OTHOIICHHIO K TOPH30HTANIHM, paBHOH 1°
Y TIEPEMEINEHIUS 30H1a B paJuaibHOM HarpasaeHuH 0,5 M.

YucneHHBIN OKCIEPUMEHT BBITIOMHEH IIPH HCIIOIB30BAHUHM KOMIIIEKCA
Ansys® CFD code CFX® 10.0. B kaucctBe 6a30BOi MOAETH TypOYICHTHOCTH
WCIONB30BAA MOJENb k—, KOTOpas MPEACTABIACT cOOOU ABYXIapaMeTpuye-
CKYIO MAaTEMATHYCCKYIO MOJEIb, OCHOBAHHYIO HA TCOPHH TYPOYICHTHOH BSI3KO-
ctu [4]. IlepBoHAYaIRHO BHITOIHCHHBIC YUCACHHBIC UCCACAOBAHUS C TMPUMCHC-
HueM Mogener Zero Equation (B OCHOBY MOJCTH MOIOXKEHA TCOPUS IMYTH CME-
meHus [panaris) u k- (JByXmapameTpuuecKas MOJEb, COCTOAIIASN U3 CHCTE-
MBI YPaBHCHUH TYPOVICHTHOW KHHETHYECCKOH HEPIMH B MOTOKEC W BUXPCBOU
JUCCHIIALMHN) TTOKA3ATH MPEANOUTHTEIBHOCTE HCTIONB30BAHUS MOJACITH k—0.

Ha puc. 1 BEIMOIHEHO CONMOCTABICHUE OMBITHBIX AAHHBIX (TOYKH) C pacyer-
HBIMU PaCOpeacICHUSIMH (TMHUH) OGe3pa3sMepHON TaHTCHIUATBHOU COCTABILIIO-
IEH CKOPOCTH MOTOKA Wo (7) (W = Wo/Wex, Wex — CPEAHEPACXOJHASL CKOPOCTD

MOTOKA B nUTHI@AX; 7 = F/R,, ¥ — Texkymuii paguyc). [IpeacraBneHHbIC TaHHBIC
MO3BOJISIIOT OTMETHTh, YTO PE3YIbTATH (PU3UUSCKOrO U UHCICHHOTO SKCIICPH-
MCHTOB [0 YPOBHIO TAHTCHI[HATBHBIX CKOPOCTCH YAOBICTBOPUTEIBHO COOTBET-
CTBYIOT ApPYr Apyry B mepudepuiiHoii yactu padouero oObeMa Kamepsl (mpu

7 > 0,6). PacueTHbic U COOTBETCTBYIOIIME OIMBITHBIC PACHPEACACHHA W, B

OKPECTHOCTH 3arOTOBKH Pa3IHYaroTcsa Ooiee cymecTBeHHO. BeposarHo, 310 00y-
CJIOBJIEHO IPUHSTBIMU PACUCTHON F€OMETPUUCCKON CXEMOM LIUKIOHHOM KaMephbl
U MOJAETBIO0 TYPOYACHTHOCTH LIUKIOHHOTO MOTOKA.
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Puc. 1. Pactipe/ieieHyst OIBITHBIX ¥ PACYETHBIX 3HAYEHAN W, TIPU PAIMUHBIX dppyy M Z!
o-1-2z=1,53 >-2-0,884;0-3-0,226

Bozayx B kamepy BBOAWIICS PABHOMEPHO PACHPCIACICHHBIMU IO BBICOTE
BOChMbBI) TAHTCHIIUATBHBIMH CTPYSIMH, MO YCTHIPE ¢ TUAMETPAIBHO MPOTHBOIIO-
A0xHBIX ¢TOpoH. CTPyH B3aUMOJCHCTBYIOT MEXAY COOOH M BBEACHHBIMH B pa-
6ounii 0OBEM YXKE 3aKPYUCHHBIMH ra3aMi, 00pasyloT CIOKHOE MONE CKOPOCTEH,
KOTOPOE, BEPOATHO, MOXKET OBITh PACCUUTAHO JHINb ITpU O0JIee CIOMKHOH Moe-
au typoyacaraoctu (LES, DES wu ap.), uro moTpebyeT B CBOKO OYCPESAb MPUME-
HCHHSI MHOTOITPOLICCCOPHBIX KIACTCPHBIX CUCTEM BBIYUCICHHUS U 3HAYUTEIBHO-
ro YBSJIMYCHUS BPEMEHH pacueta. B TO e BpeMs CACAYET OTMETHUTD, UTO MOJTY-
YCHHBIC PACUCTHBIC U OMBITHBIC NAHHBIC MPABUIBHO OMHUCHIBAIOT XaPAKTCPHBIC
OCOOCHHOCTU BIMSAHHS TAPAMETPA dpyx HA PACOPEACICHHA W, B LIUKIOHHOH

KaMepe ¢ 3arpy:keHHeIM pabounm oObpemoM [1-3]. C yeenuueHneM muamerpa
BBIXOJHOTO OTBEPCTHS KAK OIBITHEIC, TAK U PACUCTHBIC OE3pa3sMEpHEIC 3HAUCHHS
MAaKCHUMAJIbHOU BPALIATENbHON COCTABISIOLICH CKOPOCTH IMOTOKA CHIDKAOTCS,
HOJIOKEHUE MAKCUMYMa W, CMEIIACTCS B 001aCTh OOMBUIMX 3HAUCHHH 7 .

Craeayer 3aMeTUTh, 4TO B OOJEE MPOCTHIX ODIIMX PACUCTHBIX CXEMax Ieo-
METPHUH LIUKIOHHOH KaMEphl, HAPUMEP € JTOKATBHBIM ABYCTOPOHHUM BBOJOM
[5-6], a Tarke A MUKIOHHBIX cemapatopos [7, 8] cOBHAACHHWE PACUCTHBIX
JAHHBIX, TIOTYYIEHHBIX C MCIIOIb30BAHHUEM IAKETa THAPOIUHAMUYECKOTO MOJE-
muposarms CFX® 10.0 (mpu MpHMCHEHHH TOH K¢ JBYXIAPAMETPIUCCKOM MOIE-
14 TYPOYIACHTHOCTH k—0), € pe3yabTataMi (PU3HYECKOrO 3KCIICPUMCHTA 10 HC-
CIICIOBAHUIO PACTIPEACICHHH W, OBLIO 3HAUMTEILHO TYUILIUM.

Bonee vaauHoe coBmaaeHHe PacyeTHHIX M ONBITHBIX JAHHBIX HAOIIOAANOCH
JUTS OCEBOM COCTABIAIOIICH CKOpocTH moToKa w.. Ha puc. 2 npuseaensl ee Oe3-
pasMepHbIC BEIUYHHBL W, = W./W,. [lonoxxuTenpHblc 3HAYCHUS W, COOTBET-
CTBYIOT OCEBOMY HaIPABJICHHIO IBIKCHHA IIOTOKA OT TIIYXOTO TOPIA KaMephl
K BBIXOJHOMY.
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Puc. 2. PactipeieneHysI OIBITHBIX U PACUETHBIX 3HAUCHUN W, TIPU Pa3TMUHBIX dpyy U Z,.

o-1-2z =153, >-2-0,884; 0 -3-0,226
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Ha JAAaHHOM OJTari¢ KOMIBIOTCPHOT0 MOACITHUPOBAHUA AIPOAMHAMHUKH I[HUK-
JIOHHO-BUXPEBBIX KaME€p OJTHUM H3 €ro BAYKHEHIINX JOCTOHUHCTB ABJIACTCS BO3-
MOXHOCTb HCCJICAOBAHUA BTOPUIHBIX TCYECHHH B OUKIOHHOM IIOTOKEC, €ro
CTPYKTYPHI. Yucnernoe MOACITUPOBAHUC MTO3BOJIACT MOJTYUUTH TPEXMEPHOC T10-
Jie cKopocTeil — 00beMHYIO KapTHHY TeueHHs. UTo JaeT BO3MOXKHOCTh BBITON-
HWUTbh AQHAIU3 LUUKJIOHHOIO MOTOKA, PaccMaTpuBasi 10jle CKOPOCTEH WM IPOeK-
IUHU BEKTOpa MOJIHOMN CKOpPOCTH B pa3/INYHBIX IIJIOCKOCTAX U 00JIaCTSIX TCUCHUSL.

Ha puc. 3 npuBeneHsl pacueTHble MTPOEKLUK BEKTOpa MOJIHOM CKOPOCTH MO-
TOKa Ha AMAMCTPAJIbHYIO TJIOCKOCTD, MEPNCHANKYJIIPHYIO BXOAHBIM LHUIHLAM, a
Ha puc. 4 — pacuerHble MPOEKUMH TPACKTOPHUH YAcTUL MOTOKA, OrPaHUYMBALO-
[Me MOTOKH M BUXpeBbie 0o0siacTh B paboyeM oObeMe IMKIOHHOIO Harpena-
TEJILHOIO YCTPONCTBA, HA Ty e TuockocTh. Ha puc. 3 u 4 mokasaHbl Takxke
KOHTYPbI 3arOTOBKHM U IONEPEHHOI0 CEHEHH S BXOAHBIX HTHUILICB.

Puc. 3. CxeMbl OCEBBIX MpPaIHaibHBIX IBUKEHHH TTOTOKA TP PA3ITHYHBIX 3HAUCHUIX dyy iy
a—dux=03,6-04,8-05,r-0,7
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Puc. 4. TpaekTopur ABH/KEHHUS LIUKIOHHOT'O TIOTOKA [IPH PA3THYHBIX 3HAYCHUAX
a— dm,rx = O>3> 6 - 0;4, B— 0,5, r— 0,7

HpeHCTaBHCHHLIC JAaHHBIC ITO3BOJIAIOT OTMECTUTDH, 4YTO II1OJIC CKOpOCTefI B pa-
6o4emM o0BbeMe IIMKIOHHOTO YCTPOHCTBA OTIUYAETCS CIOXKHOCTBIO M MPOCTpaH-
CTBEHHOCTBIO, OOMJIMEM IUPKYJISIMHOHHBIX W BUXPEBBIX 30H, MPENOMPEAEISIo-
IUX UHTCHCUBHOC MEPEMECIINBAHNUEC T'a30B. B cBs3u ¢ 06HII/IM CMCECUICHHUEM 1IN~
1IeB OJIHOM CTOPOHKI padouero oobema Mo CpaBHEHMIO C JIPYToi (AMaMeTparbHO
IPOTHBOMOI0KHON ) K BEIXOJJHOMY TOpIly padodero oobema HaOoaaercsi HeKo-
TOpOE HApyUIEHNE OCEBOM CHUMMETPUM BTOPUUHBIX TEUEHWUH Kak B nepudepuii-
HOI 30He (y OOKOBOI MOBEPXHOCTH padodero o0bheMa), Tak M B IEHTPATBHON

(oxonozaroroBo4HOit). OOIIas KapTHHA BTOPUYHBIX TEUEHUH TPU  dyy

=0,3-0,5 npaktudecku coxpansiercs. [lpu dyn = 0,7 HAOTIOMACTCS HapyLUEeHue
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YCTOMUUBOCTH U MPOTOYHOCTH TEUECHHS B OKPECTHOCTH 3arOTOBKU, MOSBJISIFOTCS
BBITSHYTBIE B MPOAOIBHOM HAIPABICHUM LUPKYISLIUOHHBIE 30HBI, OTTECHSIO-
IHEe BBIXOAHOH BUXPH OT €€ MOBEPXHOCTH. McTeueHne ra3oB U3 KaMepsl B 3TOM
caydae MPOUCXOJUT MO KOJIbLY, HMEKOIEMY BHYTPEHHHUI AMAMETP, HECKOJIBKO

0OJbIIUH, YeM TPH MCHBIIUX . (CXeMa TCUCHHUs MOTOKA B HUKHCH 4YaCTH

pabouero o0beMa, MPUMEBIKAIOMIECH K TIYXOMY TOPLY, B MCHBIICH CTCIICHN 3aBH-
CUT OT JUaMETPA BBIXOJHOTO OTBEPCTHS KAMEPHL.

BbIB O I bl

1. Tporpammasii xommiekc CFX® 10.0 moxer GBTH HCIOTB30BAH IS
OIIPEACTICHNS APOANHAMUYIECKUX XaPAaKTEPUCTHK LIUKIOHHO-BUXPEBBIX Harpe-
BaTENbHBIX YCTPOWUCTB U JANBHEHINEr0 COBEPIICHCTBOBAHNA METOAUKH HX adpo-
JUHaMu4eckoro pacdyera. OgHako HEOOXOAMMAs TOUHOCTh PACUCTOB MPH NPH-
MEHSCMBIX B HACTOSILECE BPEMs MOICIIX TypOyICHTHOCTH k—, k—¢ 1 RSM, Be-
POSTHO, MOXKET OBITh JOCTUTHYTA JHIIb B ONMPCICICHHBIX AHANA30HAX ICOMET-
PUUECKHX W PEXFMHBIX XapaKTEpPUCTHK HArPEeBATENbHEIX YCTpoiicTs. MHTEpBaI
JUANA30HOB 3aBHCUT OT HMX TEXHONOTHYCCKOTO HA3HAYCHUSA U MOXKET OBITh
OIIPEAECIICH COMOCTABICHHEM PE3YIBTATOB YUCICHHOTO U (PH3HUIECKOTO IKCIIE-
PHUMEHTOB.

2. Yucnennprii sxcrepuMent ¢ ucronssosarneM CFX® 10.0 mossomser nc-
Ceq0BaTh CTPYKTYPY BTOPHUYHBIX TEUCHHH MHKIOHHOTO IIOTOKA, HYTO YaCTO
CIIO’KHO OCYILICCTBUTH MPHUMCHICMBIMH B HACTOALICE BPEMS METOAAMU (hH3HUC-
CKOTO 3KCIIEPUMEHTA.
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