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TpuBUMipHUIi TOTIK B’ I3KO1 HECTHCJIUBOI PiAUHA
y WTHAPUYHOMY KaHaJi 3 IBoMa jJiadpparMamMu

IIpedcmasneno axademixom HAH Ykpainu B.I. Ipinuenxom

Jocnioaceno mpusumipny meuiio 6’13x0i Hecmucaueoi piounu y UuLiHOpUUHoMY Kanau 3 060Ma NOCAIO08HUMY Oia-
Ppazmamu (36YyxAceHHAMU) HA OCHOBI YUCEAHHOZ0 PO3G I3AHHS HeCMAaUuioHapHux pisnany Has’e—Cmoxca. Anezopumm
PO36’13aHH 6A3YEMBCIL HA MEMOOT CKIHUEHHUX 00 €MI6 3 BUKOPUCTAHHAM PISHUUEBUX CXeM 0pY2020 NOPSOKY Moy-
HOCMI 3a NPOCMOPOM MA UACOM. [INsi THMEPNOAAUii KOHBEKMUBHUX uneHis eukopucmosyemvcsi TVD ¢opma
UEHMPATLHO-DISHUUEBOT CXeMU 3 00MeENCYBauem NOMOKyY. 36’ A3aHUL PO3PAXYHOK NOTIE WEUOKOCI A MUCKY NpPO-
600umvcs 3a 0onomozoro npouedypu PISO.

Hoxasano, wo 6 nesnomy dianaszoni uucen Peiinonvoca meuis piounu ¢ obracmi mixc diagppazmamu necmauio-
HapHa i Xapaxmepusyemvpcs HAABHICMIO HECIUKO020 3CYEHO20 WAPY, YMEOPeH020 NPUMEICOBUM UUAPOM, W0 3PUBAE-
muest 3 nosepxii nepuwioi diagpazmu. B nopoxcnuni mine diagpazmamu 6cmano6LoemvCs UUPKYISUIIHUL PYX cepedo-
BUWA, KU MONCHA THMEPNPemyeamy K 2iopoOUHaMIMHULL KAHAT 360POMHO20 36 A3KY, U0 CMEOPIE YMOBU Oisl
BUHUKHEHHS. ABMOKOJIUGAHD Y CUCTIEML. Y 3CYEHOMY Wapi YMEOPIOEMbCsL NOCIIO06HULL PO KIIbUEBUX BUXOPIB, SKI GUK-
JUKAIOMb ABMOKOIUBAHHS NOJIIG WEUOKOCTE Ma MUCKY 8 OKOIL 0meopy 0py2oi diappazmit, a Maxoxe KOIUBAHHS MUCKY
8 Yycvomy 00’emi cepedosumya mie diappazmamu. Ili asmoxonusamms moxcymo 6ymu 0vcepesom 36yYKyY 6 KAHAi.

IIposedeno nopieHanHs OMPUMAHUX PE3YTLMAMIE 3 MOOELII0 OCECUMEMPUUHOZ0 NOMOKY 6 UUTTHOPUUHOMY KA~
Hani 3 0eoma diagpazmamu. Cmpyxmypa mpusuMipHozo nOMoKY MAe A3UMYMAanvHy AcUMempiio, wo iCmomHo 6niu-
6ae€ Ha 10KAILHI 0coOaUs0cmi meuii. Cnocmepizaemvcs ACUMEMPIs YUPKYLAUILHO020 PYXY Cepe00sULla 68 NOPONCHUNT
Mige diappazmamu ma Kirvyesux euxopie y scyenomy wapi. [pome nepiod xoiusams nouie weuoxocmi ma mucky

mezpaitvHux xapaxkmepucmuxax.

Kmonosi crosa: mpusumipnuil nomix, npsme uuceivie MoOemo8ans, Kana 3 0iappazmamu, 6UXposi cmpyxmypu,
ABMOKOIUBANHSL.

Teuist piiHu 4K ra3y B HEPEryJAsipHUX KaHaIaX IMUPOKO 3yCTPIYAETHCA SIK B IPUPO/IL, TAK 1 B TEX-
HiyHMX ab0 HAyKOBMX Ipuiajgax. depes CKIagHy reOMETPilo TaKUX CUCTEM CTPYKTypa IOTOKY
npuiiMae HecTallioOHAPHUI XapakTep, 110 32 IIeBHUX YMOB IIPU3BOJUTD /10 BUHUKHEHHS aBTOKO-
JIMBaHb CEPEIOBUIIA 1, SIK HACJI/IOK, TTOSIBU 3BYKOBUX edeKTiB. B Hamnr yac ganiii mpobsemi mpu-
JIJISETHCS 3HAUYHA yBara sIK B eKCIIePUMEHTAJIbHOMY IIJIaHi, TaK 1 B TEOPETUYHOMY. 3aB/ISIKU 1IPO-

© 1.B. Bosk, A.11. Tpouenxko, 2019
ISSN 1025-6415. /lonos. Hay,. akad. nayx Yxp. 2019. Ne 7 17



1.B. Bosx, A 11. Tpouenxo

R4 L1 L2 L3

a

Puc. 1. Teomerpis 3aaui: @ — N0310BKHiii epeTHH KaHaly; 6 — IUCKPETU3allis KaHaIy B OKOJI Aiadparm

rpecy KOMITIOTEPHOI TEXHIKU CTa€ MOKIMBUAM PO3B’I3yBaTH TaKi 3a/1a4i 32 IOTIOMOTOIO TTPSIMOTO
YyuceJIbHOTro MoziesoBanHs [1].

Mertoto 1aHoi po6OTH € HOCIIZKEHHS] 0COOIMBOCTEN TPUBUMIPHOTO MTOTOKY PiZIMHU B IIAJIiH-
JIPUYHOMY KaHaJli 3 JIBOMa IOCJIZIOBHO PO3TAalllOBaHUMU JliadparMamu (3BYKEHHIMM ), a caMe:
MOJIEJTIOBAHHST JIAHOTO ITPOIIECY Ta YHUCETbHUN PO3PaXyHOK; aHaJi3 CTPYKTYPU HOTOKY B 00sracTi
MiX JiadyparMamMu; BU3HAUEHHS XapaKTePUCTUK aBTOKOJWBAJIbHUX PYXiB CEPEIOBUIIA, 110 MO-
JKYTh 3yMOBJIIOBATH TI0SIBY aKyCTUYHUX KOJIMBAHb, Ta TIOPIBHSAHHS OTPUMAHUX Pe3yJIbTaTiB 3 Oce-
CUMETPUYHOIO MOJIEJLITIO TTOTOKY, PO3TJISTHYTOM0 Y poboTi [2].

IlocranoBka 3amayi. PosrisiiacThes Tedis piiImHN Y HaTliBHECKIHYEHHOMY ITUJITHIPUYHOMY Ka-
HaJIi 3 JIBOMa TIOCJIiIOBHUMHE JiiacparmMaMu. B O30BKHBOMY MepeTHHi KaHaty, 300paskeHOMY Ha
puc. 1, a, kouTypu giadparMm B OKOJIi OTBOPIB MatOTh (hopMy TiBKOJIa. BBaskaeThCs, IO TOBEPXHI
KaHaJTy Ta giadparm abcoIOTHO KOPCTKi. [TOTIK PiIMHN 3 T'YCTHHOIO p TIOTPAIUISIE B PO3PAXYHKOBY
00macTh 3 piBHOMIpHOIO MIBHKICTIO V) 4epes miBy Mexy (x = 0) Ta moknzae ii uepes mpaBy (x=L).
Teyist pO3ITISAAAETHCS TTPU TBUAKOCTSIX 3HAYHO MEHIINX 32 MIBUKICT 3BYKY B CEPEIOBUIIT. SHAUCHHS
reoMeTpUYHIX HapameTpiB obupaothes Taknmu: D, = 6,35 mm; D, /D, =D,/D,=8,16; L/D,=63,12;
L,/D,=1,87;L,/D,=1; L,/D, = 6; KinemaTn4Ha B’A3KiCTb CEPEJIOBUINA V = 1,5- 107 MZ/C.

Bimomo, 1110 po3mipu akepest 3ByKY, 10 TOPOIKYETHCS TOTOKOM, TOOTO po3Mipu Aiadparm ta
MOPOKHIUHYU Mi’K HUMM, MaJli B TIOPIBHSIHHI 3 JIOBKMHOIO 3ByKOBOi XBU [ 1]. Tomy npuiimarorsest
HACTYITHI TilIOTE3U: TOTYKHICTh 30Y/PKEHUX TIOTOKOM aKyCTHYHUX KOJWBAHb 3HAYHO MEHINA 32
MOTY>KHICTb CAMOTO TIOTOKY 1 TIOPO/I>KEHUH 3BYK He BIUIMBAE HA MOTO XapakTep. Y 3B’SI3Ky 3 IIUM
3aj1a4a PO3B’SI3YETHCS B MeKaX MOJIeJT B’ SI3K01 HECTUCTUBOI PiIMHU.

OcnoBayM napameTpoMm 3ajadi € yncio Peiinonbaca, ike MokHa BusHauut gk Re = V,D, /v,
ne V, — MIBUAKICTH NOTOKY B OTBOpax AiadparM, ycepeaHeHa 3a momepeynuM mneperuHom. Tozi
MacirtaboM JOBKIHH € JiiaMeTp OTBOPY Aiadparmu Dz, MMBUIKOCTI — MBUKICTD V., yacy — BeJiu-
anna D,/ V,, a MaciTaboM TUCKY — IIOIBOEHNUIT MIBUAKICHIIT HAITiP pV22.

B mesxax mpuiiHATO1 MOJIET] TTPOTIEC OTTUCYETHCS CUCTEMOIO HeCTallioOHapHUX piBHAHD Hap’e—
Crokca, 110 B 6€3p03MipHUX BEJIMYMHAX Y BEKTOPHIN (POPMi MalOTh BUTJISI/

WU U-VU=—AU-Vp, V-U=0. (1)
ot Re

KpaitoBi yMOBWU JIJIsT IIBUAKOCTI: PiIBHOMIPHHUIA TOTIK HA BXO/Ii B PO3PaxXyHKOBY 00JIACTh, yMO-
Ba IIPUJIMIIAHHS Ha TBEPJMX IIOBEPXHSX Ta PIBHICTb HYJIO HOPMAJIBHOTO I'PAJIiEHTA HAa BUXO/I 3
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po3paxyHKoBoi obacTi. JlocaiizKeHHs TPOBOANIN /IS YOTHUPhOX 3HAYEHb BXiAHOI IIBHIKOCTI
V;1€{0,08;0,1,0,12; 0,14} m/c, mo Biamosinae uncaam Peitnosbaca Ree {2255;2819; 3383; 3946} .
JL7ist THCKY 3a/1a€ThCsI PIBHICTD HYJTI0O HOPMAJILHOTO TPAJIiEHTA Ha BCil MesKi 00J1aCTi OKPIiM BUXO/Y
3 Hel, jie 00MPAETHCS TIOCTIHUI TUCK PIBHUIT HYJT0. B MOYaTKOBUIT MOMEHT TIPH TIEPIIOMY 00UHC-
JIEHHI cepeloBUIlle 3HAXOAUThCS y CTaHi CHOKOM0. IIpyu HACTYNMHUX OOUMCIIEHHSX 3a MOYaTKOBI
YMOBHU 00MPAIOTHCST MOJIST THCKY Ta IBUAKOCTE, OTPUMAHI MPH MOIepeTHbOMY 00UNCIIeHH], 110
BI/IIIOBIIaI0TH c(hOPMOBAHOMY PYXY IiCJIs 3aKiHUEHHS TIePeXiIHUX MTPOIEeCiB.

YucenbHuii aropuT™ po3B’a3aHHs 3aAayi. [locraBieny 3a71a4y po3B’I3yEMO YHCETHHO Me-
TOJIOM CKiHYeHHHMX 00’€MiB. AJIropuT™ 1100YI0BU PO3B’sI3KY 0a3y€ThCs Ha OCHOBHUX ITOJIOKEH-
HAX, BUKJIageHux y pobori [3]. st auckperusaiiii 06acti BUKOPUCTOBYETHCSI HEOPTOTOHAIbHA
GJIOIHO-CTPYKTYPOBAHA CiTKa 31 3TYIIEHHSIM BY3JIiB B OTBOpax jiadparm Ta mpu HabJIMKeHHi 10 1X
nosepxonb. Ha puc. 1, 6 306paskeHo quckperusaliiio kanaay B okoji giapparm. KiabkicTh KOHT-
POJIbHUX 00’€MIB B PajliaJIbHOMY HAIIPSIMKY IHOIEPEYHOro MepeThHy OTBOpY miadparmu — 35 3
HaIMEHIITMM KPOKOM OiJist IIOBEepXHi 8 - 10°7° M, B a3UMYTaJIbHOMY HaIlPSIMKY — 72 3 KPOKOM 5°, 3a-
rajbHa KiJIbKiCTb 06’ eMiB ~2,7 - 105,

Jlnst o6urcieHHst 00’€eMHUX IHTErPaJIiB M0 KOHTPOJIBHOMY 00'€MY 3aCTOCOBYETHCS y3aralib-
HeHa miporieaypa layca. /lyig iHTepriossaiii KOHBEKTUBHUX WJieHiB BUKOpUucTOoBYy€eThess TVD dhopma
HEHTPAJIBHO-PISHUIIEBOI CXEMU JIJISI BEKTOPHOTO T0JIst 3 0OMesKyBadeM TT0TOKy Tuiry Sweby [4].
HopmasbHi rpaieHTH NIBUAKOCTI Ha TOBEPXHI €IEMEHTIB OOUMCIIOIOTHCS 31 3HAYEeHb MIBUIKOCTI
B IIEHTPOIIaX CYyCITHIX KOMipPOK 3a CXeMOIO IPyToro mopsaaky. Ha HeopToOroHaabHUX MiTTIHKAX
CiTKM BUKOPHCTOBYETHCS TIPOIeLypa KopeKIil moxubku [5]. B sikocti cxemu auckperusaitii mo-
XiIHOI 32 YacOM OOMPAEThCS HesIBHA TPUTOYKOBA HECMETPHUYHA CXEMa JPYTOTO MOPSIIKY 3 Pi3-
HUIISIMU Ha3aJl. 3B'S3aHUN PO3PaXyHOK TIOJIS MIBUIKOCTI Ta TUCKY IMMPOBOIUTHCS 32 JOTIOMOTOI0
nporenypu PISO [6].

JIu1s1 pO3B’sI3aHHsT OTPUMAHOI CUCTEMU JiHEapU30BaHMX a/ireOpaidyHuX PiBHSIHb BUKOPUCTOBYIO-
ThCST iTepaltiitHi po3B’sI3HUKH, 110 MOOY/I0BaHi Ha OCHOBI METO/IY CIPSIKEHNX /OICTIPSKEHNX TPali€H-
TiB JUIsI CHMETPHYHUX Ta aCUMETPUYHUX MaTPHIlh. B sIKOCTi TIepe1o6yMOBIIEHHST 00paHO CIIPOIIeH]
cxemMH HemoBHOI (hakTopusartii XoJserbpkoro ta HenoBHO1 LU-dakropusaritii /s cMMeTpuyHUX i
ACHMETPUYHUX MATPHIIb BIANOBIAHO [7]. 3amada po3B’si3y€ThCsl 3 BUKOPUCTAHHSM OOUMCIIIOBAJIb-
Hux noryskHocreit komriekcy CKIT Incruryty kibepHeruku im. B.M. Timymkosa HAH Ykpainu [8].

Anani3 peayabratiB 06unciaenb. CriouaTky po3ristHEMO XapaKTepHi 0cOBIMBOCTI ocecume-
TPUYHOI MOJIEJT TIOTOKY PiANHY Y MUTIHAPUYHOMY KaHasi 3 aBoMa miadparmamu. B po6ori [2]
OyJ10 TIOKa3aHo, 10 B Jianas3oni ynces Peiinosbaca Re e [2687; 4228] teuist pigunu B 061acTi Mix
3BY’KEHHSIMU € HeCTalliloHaPHOIO: Ha MeXKi CTPyMeHsI Ta IMOPOKHUHU MiX JliadparmaMu yTBOPIO-
€THCS KiJIBIIEBUI 3CYBHUII 1Iap, y sIKOMY TIPU HAOJVIKEHHI 10 JPYTOTO 3BYKEHHSI TTOCJIiTOBHO
YTBOPIOIOTHCS KijiblieBi BUXOPU. B rimmbuHi moposkHuHY 6ijist Apyroi giadparMu yTBOPIOETHCS Be-
JINKUH KiZblIeBUHN BUXOP, 1€ 3yMOBJIIOE ITUPKYIAIINHAN pyX cepeJIoBUINA, IKUH TePeHOCUTD Yac-
TUHY KiHETHYHOI eHeprii cTpyMeHst 3 06J1acTi 0TBOPY APyToi giadparmu Bropy 3a morokom. Ileit
Mpoitec MOKHA THTEPIPETYBATH AK TiAPOAWHAMIUYHUN KaHAJ 3BOPOTHOTO 3B’SI3KY, 110 CTBOPIOE
YMOBHU [IJis] BUHUKHEHHSI aBTOKOJIMBAaHb B JIaHiil cucTeMi. YTBOPeHi y 3CyBHOMY IIapi BUXOPi Ha-
6iraloTh Ha OTBIip APYToi AiadparMu Ta CIPUYMHSIOTH B HHOMY KOJUBAHHS IOJIB MIBUIKOCTI Ta
trcky. L[i KoJMBaHHS MAIOTh MEPIOANIHUN XapaKTep Ta [03BOJISIIOTH OIIIHUTH YaCTOTY 30y/PKEHUX
MTOTOKOM aKyCTUYHUX KOJTMBAHb.
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Puc. 2. Tlone 3aBUXPEHOCTI B MMO30BAKHBOMY TIEPETHHI KaHany: a — Re = 2255; 6 — Re = 2819; ¢ — Re = 3383;
2z— Re=3946

Tenep nepeiizieMo 10 aHaIi3y OTPUMAHUX Pe3yJIbTaTiB /151 TPUBUMIpHOTO 1ToTOKY. Ha puc. 2
300pakeHO MOJIsI 3aBUXPEHOCTI B MO3/[0BKHBOMY MEPETUHI KaHAJY ITiCJIsT 3aKiHUeHHST TepexiTHIX
IPOIIECIB /IJIs YOTUPHOX 3HaUeHb uncyaa PeiiHosbaca. OTixke, SK 1 y BUNIAJKY 0CECUMETPUYHOL
Moze mpu Re = 2255 y oposkHUHI MizK giadparMaMu BCTAaHOBJIIOEThCS IUPKYISIIITHIN PyX, i B
rIMOUHI TTOPOKHUHU GiJIs APYTOI AiadparMul yTBOPIOETHCS BEJIMKHUI KiJIbIleBUA BUXOP (PHUC. 2, @).
[Ipote 11€i1 BUXOP BKe HE € OCECUMETPUYHUM Ta CTilikuM. bing mepioi piacdparmu He yTBOPIO-
€THCS JIPYTOPSIIHIIT BUXOP MPOTUJIEKHOT 3aBUXPEHOCTI, TYT BiAOYBA€ThCS MEPEMIlllyBaHHS ce-
penosuiia. He3Baxkaioun Ha 11e, 3CyBHHI Iap € MPAKTUYHO OCECUMETPUYHUM Ta CTAIliOHAPHUM,
KOJIMBAHHSI B HbOMY IPH JIaHiil MIBUAKOCTI MOTOKY He BUHMKAIOTb. 3CYBHUI 1l1ap pPO3Pi3a€ThCs
JIpyToto AiadhparMoro Ha JIBi YaCTUHH, O/IHA 3 SKUX MTPOXOANTH /Iajli KPi3b OTBIp mAiadparmu, a apy-
ra BTATYETbCA Y HUPKYJIALIINHUI PyX.

[Tpu 36iabieHH] 3HaYeHHs uncia Peitnonbaca 10 Re = 2819 y scyBHOMYy I1iapi 1mpu HabJm-
JKeHHI /10 JIpyroi AiadparMu yTBOPIOIOTHCS KijblleBI BUXOpHU. BHacmiok acuMeTpii BeJUKOTO
KiJIBIIEBOTO BUXOPY B IVIMOWHI TOPOKHUHYU BUXOPU Y 3CYBHOMY IIapi TAKOXK € aCHMETPUYHIMHU.
Ha puc. 2, 6 criocrepiraeTbest BiIXUJIEHHsI OCi BUXOPY Bifl OCi CUMETpii KaHaIy, TPUIOMY KyT i Ha-
NPSMOK BIZIXUJIEHHSI MOKYTb 3MiHIOBATHUCS 3 4acOM. SK 1 y BUNIAIKy OCECUMETPUYHOI MOoJieIi 111
BUXOPH HabGIraloTh Ha MOBEPXHIO APYTOI AiadpparMu Ta CIPUYMHSIOTH B OKOJI 11 OTBOPY KBasi-
MePioANYHI KOJMBAHHS TIOJIIB MBUAKOCTI Ta TUCKY. KpiM 11b0r0 BiOyBa€ThCsT OHOYACHE KOJIH-
BaHHS THCKY B yChoMy 00’eMi cepeoBuiia Mix giadparmamu. [Tepioan mux KoJuBaHb 36iratoTh-
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cs1 i B IaHOMY BHUIAQJKY cTaHOBsATL T ~ 1,85- 10~ ¢, mo Y3TOJIKYETHCS 3 TIEPIOJIOM KOJIMBAHb,
OTPUMaHUM st ocecumeTpudnoi mozeni (Tg~1,83- 10° ¢). OTixe, He 3BayKal0uM HA ICTOTHY Bi/I-
MIiHHICTD JIOKQJBHUX OCOOJMBOCTEN OCECHMETPUYHOTO Ta TPUBUMIPHOTO TIOTOKIB, iHTErpasibHi
XapaKTePUCTUKU aBTOKOJUBAHb CePeIOBHUINA 30iratoThCsl.

[Tpu mopanbiiomy 36iblIeHH] 3HaYeHHs yncia Peiinosbaca 1o Re = 3383 crpykTypa noro-
Ky B TOPOKHUHI Mix miadparmMamu 30epiractbest. BHaciOK 36ibIIEHHST IBUAKOCTI TTOTOKY
301TBIITYETHCST ACUMETPIsT TUPKYJSIIIITHOTO PyXy B MOpokHUHI. Bijist oTBOpy apyroi miadparmu
HAKOMUYYIOThCS 30yPEHHs, SIKi 1ecTabili3y0Th BeJIMKUN KiiblieBril BUXop (puc. 2, 6). Y oMy
BUIIAJIKY Tiepiof KommBanb T~ 1,53+ 10 ¢, mo Taxkosx PAKTUYHO 36ira€ThCsl 3 0CECUMETPUYHOIO
mozenmo (Tg = 1,52- 10°° c). Ilpu Re = 3946 Teuist B moposkHUHI Mixk AiadhparmMaMu Bxke TypOy-
Ji3yeTbed. Besmknii KisblieBuil BUXOP pyHHY€ETBCA 1 ITpoliec yTBOPEHHS BUXOPIB y 3CyBHOMY HIapi
BTpava€ NepioAnydHicTh (Puc. 2, 2). ¥ BUMAAKY OCECUMETPUIHOI MOJIeJTi TIPU /IaHii MBUAKOCTI TIO-
TOKY IIle CITIOCTepirajruch KBa3irepiouuHi KOMWBaHHS. Takull pe3yJibraT € IPUPOIHUM, OCKIJIbKU
TPUBUMIPHHI TTOTIK € MEHII CTIHKUM 32 OCECUMETPUYHUI.

Ha puc. 3, a—6 306pakeHo 110Jie TUCKY P B TI03/10BKHBOMY MEPETHHI KaHALY B OKOJIi OTBOPY
ApyToi miadparMu st TBOX MOMEHTIB vyacy ¢ =0it = T/2 mpoTsATOM OTHOTO TIEePioy KOJTUBAHD Y
sunagky Re = 3383. Tyt o61acTi HU3BKOIO THCKY BrOpy 3a IIOTOKOM Bij ApyToi giacdparMu Bigmo-
BiIatOTh KiJIBIIEBUM BHXOPaM, a MiK HUMHU YTBOPIOIOThCST 06J1acTi mizBuineroro tucky. Ha puc. 3, a
300paskeHO MOMEHT MiHIMAJILHOTO 3araJIbHOTO TUCKY B IOPOJKHUHI, a HA PUC. 3, 6 — MaKCHMaJTb-
Horo. OTske, ipu HabiraHHi KiJIbIIEBOTO BUXOPY HA MOBEPXHIO AiadyparMu 3arajbHUil THCK B TO-
POKHUHI 3HMKYEThCSA. [lai, micas pyiiHyBaHHS BUXOPY, IPU MPOXO/XKEeHH] 10T0 YaCTUHU KPi3b
OTBip miadparMu, THCK MoYMHAE 3poctaTr. IIpyn HAOIMIKEHHI HACTYITHOTO BUXOPY IO MTOBEPXHi
miadparMu Mik HUMHW BCTaHOBJIIOETHCS 30HA BUCOKOTO THCKY, BHACJIIOK YOTO TTiIBUIITYETHCS i
3araJIbHUI TUCK Y mOpokHUHI. IIpr ocTaTouHOMY 30JIMKEHHI BUXOPY 3 MOBEpXHE Hiadparmu
30HA BUCOKOTO TUCKY IIOCTYTIOBO 3MEHIIYETHC 1 3araTbHUN TUCK 3HUKYETHCS.

Ha puc. 3, 6—2 306pakeHo mpodiib HOSHOB)KHBOI H_IBI/II[KOCTI U. B mepetui 0TBOPY APYTroi
piapparmu § (x = L +3L,/2+L,) B MOMEHTH Yacy { = T/41 (= 3T/4. HK BUTHO, PO3TIOIiJT ITBUI-
KOCTI € IOCUTh CKJIQHUM Ta acuMerpuuruM. Ha puc. 3, 6 306paskeHO MOMEHT MaKCUMAJIbHOI 1O~
37I0BKHBOI IMIBUIKOCTI MMOTOKY B TIEPETHHI, KA 30cepe/izkeHa B 0KoJii oci kaHamy. [le Bignosiznae
MOMEHTY TIPOXO/I’KEHHST 4aCTUHU BUXOPY Kpi3b oTBIip miadparmu. Ha puc. 3, 2 306pakeH0 MOMEHT
MiHIMaJIbHOI TIO3/I0BKHbBOI IIBU/IKOCTI TOTOKY B TIEPETHHI, 1[0 Bi/IMIOBiIA€ MOMEHTY HAOJIMKEeHHS
BUXOPY 110 0TBOPY Aiadparmu. Tyt miBUAKICTH OLIBII PIBHOMIPHO PO3TIO/i/IEHA 110 TIEPETHHY.

Jlist igenTrdikallii BUXpOBUX CTPYKTYP Yy TPMBUMIPHOMY IHOTOI B AaHill poOOTI BUKOpPHUC-
TOBYETHCST Q-METOJI, 3TiJIHO 3 SIKMM BUXOP BM3HAYAETHCS SIK 00JIaCTh, B SIKiil APYruil iHBapiaHT
Q tenszopa AU € nopatHim:

Q =%((tr(VU))2 —tr((VU)?)) :%(” ol -|s|)>o0. 2

Tyt Si Q — CI/IMeTquHa i aHTI/ICI/IMeTpI/I‘{Ha yactunu Tenzopa AU, a || Q || i ||S || — HOPMU ITUX
TEH30PiB: ||Q || =tr(Q- QT ||S|| =tr(S- ST) [9]. [lepimuii usen paBoi yacTuram (2) BiIIOBIIa€
3a 00epTaHHs eJeMEHTAPHOTrO 06’eMy, a IPYTUil YjieH — 3a HOro po3TsrHeHHs /cTrucHenHs. Ta-
KMM 4IHOM, KPiM HasIBHOCTI JIOKaJIbHOTO 0OepTaHHs B JaHiil 06macti Q-MeTo | TaKOK BUMArae,
11106 0OepTaHHs JOMIHYBaJIO HaJl PO3TATYBaHHSIM.
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Puc. 3. TIlone THCKY p B TIO3710B-
SKHBOMY IIepeTHHI KaHaJIy B OKO-
Ji OTBOpPY Apyroi miadparMu:
a—t*=0,6—t*="T/2 tanpo-
(inb MO3MOBXKHBOI TMBUIKOCTI
U, B iepeTuHi OTBOPY APYTOi Mi-
apparmu S: 6 —t* =T/4;2 — t* =
8 2 =3T/4 pu Re = 3383

Ha puc. 4 306paskeHo i3onoBepxHi inBapianty Q tenzopa AU 711 4OTUPHOX 3HAYEHD YK C-
na Peitnosbaca (i3omoBepxHi 3abapBiieHi BiANOBIAHO 10 BennyrHM mBuakocti tedii U). Tlpu
Re = 2255 BHU3 3a MOTOKOM Biji IpyTOi AiadhparMu yTBOPIOIOTHCS KiJibIleBI BUXOPH, SIKi 3HOCSTh-
s Tevi€lo i pyWHYIOThCS Ha TeBHIiH BificTani Bix miadpparmu (puc. 4, a). Lli BuXopu € mpakTuaHO
ocecumerpuuHuMu. IIpore B obiacti Mixk miadparMamui yTBOPEHHsI BUXOPIB He BiJOYBaETHCS,
TOMY TOHAJBHUU 3BYK, 110 BUHUKAE BHACJIJIOK B3a€EMO/Iii BUXOPIB 3 TBEPOIO MOBEPXHEIO Jlia-
dbparmu, He Gye 30yKyBarucst. A Bike npu Re = 2819 crioctepiraerbest iepiofinuHe yTBOPEHHS
KLJIBIIEBUX BUXOPIB y MOPOKHUHI MiK miadhparMamu. 3 puc. 4, 6 1o6pe BUAHO, 110 BOHU acUMeT-
puyuHi. CriocTepira€Thcss HAXWUII iX OCEH BiITHOCHO OCi KaHAJY, a TAKOK a3uMyTaJIbHA JlepopMaltis.
Bru3s 3a moTokoMm Bij fpyTol AiacdhparMu, Ha BiIMIHY Bifl TIOTIEPEHBOTO BUTIAJIKY, TEYisd 0/[pa3y
crae TypOyIEHTHOIO.

Ha puc. 4, 6—z 306paxkeno isonosepxti Q B okoJii oTBOpY Apyroi aiadparmu. Ipu 36i1b-
meHHi yncyaa Peiinosnbaca 10 Re = 3383 crpykrypa motoky 36epiracTbes mogiOHOIO 0 Iolie-
pexaboro Bunazky. Ha puc. 4, 6 BujHO, SK 1icis 3iTKHEHHSI BUXOPIB 3 AiadparMoro iX 4acTUHU
PO3XOASTHCS B PAIiaJibHOMY HAlPsMKY BrimO moposkauHu. [Ipu Re = 3946 redist B mopokHUHI
MiX giahparMaMu 3HAYHOIO Mipoto TypOyTi3y€eThes. 30epiracTbest yTBOPEHHS KIIbIIEBIX BUXO-
piB y 3CyBHOMY IITapi, IpOTe BOHU MMOYMHAIOTH PYIHYBATUCS BKe TIPH HAOIMKEHHI /10 IPYyTOl fTia-
¢parmu (puc. 4, 2). BHacai10K 11bOT0 BTPAYAEThC PETYJISPHICTD MUPKYJIAIMINHOTO PyxXy Ta Tie-
PIOAAVYHICTD TIPOIlECY YTBOPEHHSI BUXOPIB Y 3CYBHOMY Iapi. Y 1bOMY BUIIAJIKY aKyCTUYHI KOJIU-
BaHHS MalOTb IIIYMOBUH XapakTep.
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Uv M/C (Jy M/C
64 ] e 88
4,8 6,6
3,2 4,4
1,6 2,2
0 0
10 12
7,5 9
5,0 6
2,5 3
0 0

8 2

Puc. 4. Tsonosepxwi inBapianty Q Tensopa AU: a — Re=2255, Q=0,016;6 — Re=2819, Q=0,025; 6 — Re =3383,
Q=0,054; 2 — Re=3946, Q=0,177

OTke, TPOBEIEHO YNCEJIbHE MOJIETIOBAHHS TPUBUMIPHOI T€Uil B'SI3K0i HECTUCIUBOI PIZTUHA Y
MWTHAPUYHOMY KaHaJi 3 IBOMA MOCTiIOBHUMHY fiacdhparmamu. Po3B’s3aHHS TTPOBOIUTHCST METO-
JIOM CKiHYeHHMX 00’€MiB 3 BUKOPHCTAHHSAM CXeM JUCKPETH3allil APYroro MOPSIAKY TOYHOCTI 3a
mpocTopoM Ta yacoM. IIpoaHasizoBaHo 0coOJMBOCTI PyXy cepeqoBuia B 00acTi Mix piadpar-
MaMU B 3aJI€3KHOCTI Bif[ IIBU/IKOCTI TOTOKY HAa OCHOBI TIOJIiB 3aBUXPEHOCTI, IIBUJIKOCTI Ta TUCKY, a
TaKO’K 130TI0BEPXOHD JIPYTOTO iHBapiaHTa TeH30pa rpajgieHTa meuakocti. [Tokaszano, 1o y mopox-
HUHI MiX fiadparMaMy BCTAaHOBIIOETHCS IUPKYIAIMHNN PyX cepeloBUIIA, SKUH MOXKHA iHTep-
MPeTyBaTH SK TiIPOAMHAMIYHUM KaHaJ 3BOPOTHOTO 3B’43Ky. B meBHOMY fiamazoni uncen Peii-
HOJIB/ICA Y 3CYBHOMY TIapi yTBOPIOETHCS MOCIIIOBHUN PSJT KiJIBIIEBUX BUXOPIB, 10 CIPUYMHS -
10Th KBa3iMepiofNyHi KOJUBAHHS TIOJIiB MBUAKOCTI Ta TUCKY B OKOJIi OTBOPY JIPYyTOi AiadparMu.
I1i KosIMBaHHS MOKYTh OYTH JIKEPEJIOM 3BYKY B KaHaJIl.

Tako:x 1MoKka3aHo, 1110 TPUBUMIPHUM MOTIK PiI/IMHU € iICTOTHO aCUMETPUYHUM, He3B)KAIOUM Ha
O0CECUMETPUYHICTh TEOMETPil CUCTEMU Ta KPAaHOBUX 1 TTOYATKOBUX YMOB. CTioCcTepiracTbcs asu-
MyTaJIbHA aCUMETPisi MUPKYJAMINHOTO PyXy CepefloBUINA B TMOPOKHUHI MiXK JiadpparMamu Ta
KiJIbIIeBUX BUXOPiB y 3cyBHOMY mapi. [IpoTe iHTerpanbHi XapakTepuCcTUKH, TaKi SIK 4aCTOTa yTBO-
PEHHSI BUXOPIB Y 3CYBHOMY Iapi Ta iX HabiraHHsT Ha MOBEPXHIO PYTOI AiadhparMu, a TaKOK KOJIH-
BaHHS 3araJibHOrO THCKY B 00’€Mi cepeoBuIna Mix HiadparMamMu, IPaKTUIHO 30irailoThCsl 3 MO-
JIEJLTIO OCECUMETPUYHOTO TTIOTOKY.
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TPEXMEPHBIN [TIOTOK BA3KOM HECKUMAEMOM JKUIKOCTU
B IIMWJINHJIPUYECKOM KAHAJIE C IBYMS INADPATMAMU

Wccnenosano TpexMepHoe TedeHNE BSA3KOH HECKUMAeMOH KUAKOCTH B MMJINHAPUIECKOM KaHaje ¢ AByMS TI0-
caenoBaTeIbHBIMU AuadparMamMu (Cy>KeHUSIMI ) Ha OCHOBE YMCJIEHHOTO PellleHnsI HeCTAIlMOHAPHBIX YPaBHEHUH
Hasbe—CToKca. AITOPUTM peliieHust 6a3upyeTcst Ha METO/E KOHEYHBIX 00HEMOB € UCTIOIb30BAaHNEM PA3HOCTHBIX
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CXeM BTOPOTO TIOPsI/IKa TOYHOCTH TI0 MTPOCTPAHCTBY U BpeMeHU. [l MHTepHoJsiny KOHBEKTUBHBIX YJICHOB HC-
mosp3yeTcs TVD dopma 1ieHTpaTbHO-pa3HOCTHOHM CXeMBI ¢ OTpaHUYNTeIeM ToToka. CBS3aHHBIIN pacdeT mosei
CKOPOCTHU U JIaBJIEHUS ITPOBOJIUTCS € TOMOIIBIO 1ipotieypsl PISO.

[TokasaHo, 4TO B HEKOTOPOM [IMATa30He unces PeffHOMbACa TeUeHre JKUAKOCTH B 06IaCT MeX Iy Anadpar-
MaMU HeCTallMOHAPHOE ¥ XapaKTepPU3yeTCs HAJINYMEM HEYCTOWYMBOTO CABUTOBOTO CJIOsl, 0O6PA30BaHHOTO MOT-
PaHWYHBIM CJIOEM, KOTODPBIN CPBIBAETCS € MMOBEPXHOCTU TepBoil AnadparMel. B mosoctn Mexay amadpparmMaMu
YCTAaHABJIUBAETCS ITUPKYJISIIIMOHHOE IBUKEHIE CPEJbl, KOTOPOE MOKHO MHTEPIIPETUPOBATH KAK THAPOAMHAMUYE-
CKHUil KaHAT 0OPATHON CBSI3H, YTO CO3MAET YCJAOBUS /IS BOSHUKHOBEHNUS aBTOKOIeGaHU B cucTeMe. B ciBuroBom
cyi0e o6pasyercst TTOCTIeA0BaTEIbHBIN PsI/I KOJIBIEBBIX BUXPEH, KOTOPhIE BbI3BIBAIOT aBTOKOJIeOaHM T10JIel CKO-
POCTH ¥ IaBJIEHUS B OKPECTHOCTH OTBEPCTHUSI BTOPO# IrachparMspl, a Takske KoJTebGaHus TaBJIEHUS BO BCeM 00bEMeE
cpeasl MexkAy auadparMaMiu. T aBTOKOJe6aHUS MOTYT ObITh HCTOYHUKOM 3BYKa B KaHale.

ITpoBezero cpaBHEHME TOIYIEHHBIX PE3YJILTATOB C MOZEIBI0 OCECUMMETPITYHOTO TTOTOKA B ITUTHHIPITYECKOM
kaHase ¢ aByMs aunadparmami. CTPyKTypa TPEXMEPHOrO MOTOKa 00JaNaeT asuMyTaJIbHON acUMMETpPHEH, uTo
CYIIECTBEHHO BIUSET Ha JIOKATbHbBIE 0COGEHHOCTH TedeHust. HabromaeTcst acuiMMeTprst TUPKYJISIITMOHHOTO JIBY-
JKEHUS CPellbl B TI0JIOCTU MKy AnacdhparMaMu 1 KOJIbIIEBBIX BUXPE B CIBUTOBOM cJioe. OIHAKO MEePUOIbI KOJIe-
GaHWiT TTOMIEll CKOPOCTH ¥ JABJIEHUSI COBIAAIOT C TEPUOJAMU B MOJETU OCECHMMETPUIHOTO MOTOKA. To ecTh,
ACUMMETPUS TeUEHNS MPAKTUYECKH He CKa3bIBAETCS HA €€ MHTETPAIbHBIX XapaKTepUCTUKAX.

Katoueevie cnosa: mpexmepnuiii nomox, npsamoe uUCIeHHOe MOOCTUPOsarUe, KaHAL ¢ Ouappazmamu, suxpesvie
CMpPYKMypovL, AMOKOLCOAHUA.
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THREE-DIMENSIONAL FLOW OF A VISCOUS INCOMPRESSIBLE FLUID IN A CYLINDRICAL
DUCT WITH TWO DIAPHRAGMS

The three-dimensional flow of a viscous incompressible fluid in a cylindrical duct with two serial diaphragms
(constrictions) is studied by the numerical solution of non—stationary Navier—Stokes equations. The solution al-
gorithm is based on the finite volume method using difference schemes second-order accurate in both space and
time. The TVD form of a central-difference scheme with a flow limiter is used for the interpolation of convective
terms. The combined computation of the velocity and pressure fields is carried out, by using the PISO procedure.

It is shown that, in a certain range of Reynolds numbers, the fluid flow in the region between the diaphragms
is non-stationary and is characterized by the presence of an unstable shear layer formed by the boundary layer
that breaks off from the surface of the first diaphragm. In the cavity between the diaphragms, a circulating mo-
tion of the medium is formed, which can be interpreted as a hydrodynamic feedback channel that creates con-
ditions for the occurrence of self-sustained oscillations in the system. A sequential series of ring vortices is
formed in the shear layer that cause self-oscillations of the velocity and pressure fields in a vicinity of the orifice
of the second diaphragm, as well as pressure oscillations in the whole medium between the diaphragms. These
self-sustained oscillations may serve as an acoustic source in the duct. The obtained results are compared with
the model of an axisymmetric flow in a cylindrical duct with two diaphragms. The structure of the three—di-
mensional flow has an azimuthal asymmetry that substantially affects the local features of the flow. There is an
asymmetry of the circulating motion of the medium in the cavity between the diaphragms and of the ring vor-
tices in the shear layer. However, the oscillation periods of the velocity and pressure fields coincide with those
in the model of axisymmetric flow. Thus, the asymmetry of the flow practically does not affect its integral cha-
racteristics.

Keywords: three-dimensional flow, direct numerical simulation, duct with diaphragms, vortex structures, self-sus-
tained oscillations.
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