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IpuBoaATCS pe3yabTaThl UCCACIOBAHUS CHUKEHUS IITyMa TO3BYKOBOM TYpOYJIEHTHOM CTPyW 3a CYET MC-
MoJIb30BaHUsI ToprUpoBaHHOI (OPMBI ceueHMs coruia. PaccMaTpuBaiuch ropupoBaHHbBIE COILIA C YUC-
JIOM TOGpPOB OT 6 10 12 pa3IMYHON BBICOTHI. DKCIIEpUMEHTBI TPOBOIMIINCH B ABYX 3aNIyIIICHHBIX KaMepax:
3arylIeHHOM KaMepe ¢ a9pOoAMHAMUYEeCKMMU UICTOYHMKaMU IiTyMa JJabopaTopru MeXaHU3MOB reHepalun
myma 1 mogaiibHoro aHanu3sa [THUITY u 3armmymennoit kamepe ¢ motokoM AK-2 ITAT'Y. 3BykoBoe mone
TIO3BYKOBOI CTPyH, UCTEKalOIIel 13 roprupOBaHHOIO COTIa, CPABHUBAIOCH CO 3BYKOBBIM ITOJIEM 9KBUBA-
JICHTHOM KPYTJIOi cTpyu. B paGoTe TeMOHCTPUPYIOTCS CITOCOOBI paCIIMPEeHUsT YaCTOTHOTO JAMaIa3oHa, B
KOTOPOM JOCTUTAETCS] CHUKEHUE IITyMa CTPY# ITpY MCTOAb30BaHUU ropupoBaHHbBIX corell. [IpuBoauTcs
OILleHKAa MOTePb TSATH B TOPpUPOBAHHEIX coIuiaXx Ha ocHoBe RANS pacuera.
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BBEAJEHUWE

I[IIym peakTWBHOII CTPyHM OCTAeTCS 3HAUYUTECIb-
HBIM MCTOYHHMKOM IITyMa MpH B3jeTe camoJeTa [1], n
€T0 CHIXKEHHE TIPEICTaBIIsieT CO00I Cephe3HYIO IIPO-
O6nemy. OT4acTM HpHMYMHA KPOETCSI B CIIOXKHOCTHU
TOYHOTO MOMAECIUPOBAHUS TYpPOYJIEHTHOCTH, KOTO-
pasi, KaK HU3BECTHO, SIBJISIETCS MCTOYHMKOM IITymMa
ctpyu. TeM He MeHee, JaBHO M3BECTHO, YTO MOIII-
HOCTb IIIyMa IO3BYKOBOI CTPYM MacCIITaOMPyeTCs Kak
BOCBhMasI CTelIeHb CKOPOCTU UCTeueHusI cTpyH [2, 3]. Kak
CJIEACTBUE, B TEUYCHME TTOCISIHNX HECKOJIBKUX IECSI-
TWJIETU OCHOBHBIM M, BO3MOXKHO, Hambojee 3¢-
(EKTUBHBIM METOIOM CHIDKCHUS IIIyMa SBIISLIOCH
CHIZKEHME CKOPOCTH MCTEUEHUSI CTPYU 3a CUYET yBE-
JIMYEeHMS TYMaMeTpa aBUallMOHHOIO IBUTaTeIs.

HawubGonee pacnpocTpaHeHHBIM HaIpaBJIeHUEM
paboT 11 JaJIbHEHINEero CHYDKEHUSI IITyMa CTPYU SIB-
JISIeTCI  M3MEHEHME KOHCTPYKIIMM  BBIXJIOITHBIX
YCTPOMCTB OBUraresieil, NpuBOASAIINX K U3MEHEHUIO
YCJIOBHMIA UCTEYEHUSI CTPYI U MX CMEILIEHMS C OKpYKa-
fo1eit cpenoii. B aTom ciydae, BOCHOBHOM, ITIPOU3BO-
JUTCSI MHTEHCU(dUKALIMS CMEIIeHHUsI, YTO U3MEHSET
CBOIMCTBa KPYITHOMACIITAOHBIX BUXPEBBIX CTPYKTYDP U
yYMEHBIIIAeT IIMHY HayaJIbHOTIO yyacTka cTpyu. K ta-

KMM METOJaM CTOUT OTHECTH LICJACBUAHBIC (ITPSIMO-
YTOJIbHEIE), LIEBPOHHBIE, CKOIIEHHbLIE W TOMPUPO-
BaHHbIe coma [4—10]. JanHbIe METONBI SBISIOTCS
OIHUMU U3 caMbIX 3¢ PeKTUBHBIX. Kpome Toro, oHu
SIBJISTIOTCS TIPOCTBIMU — OOBIYHO He TpebyeTcsl H0-
MOJIHUTEILHOM aIapaTypbl, 1 UX IMpUMeHEeHUe He
MMPUBOAUT K CYIIECTBEHHOMY YBEIWUYECHUIO MAaCCHI
aBUALIMOHHOTO JIBUTATEIIS.

IIIeBpoHHBIE COILIa UMEIOT TPEYTroJbHbIE 3yOIIbI
BIOJb KPOMKH COILIA, KOTOPbIE MPUBOIIT K MHTEH-
cuduKal BUXpeoopa3oBaHUS B CABUTOBOM CJIOE U
yJIy41IaloT CMellleHUE TTOTOKOB. [1pu 3TOM 111€BpOHBI
3} (HEeKTUBHO CHUXAIOT IIYM B 00JIACTU HU3KUX Ya-
CTOT, HO TIPUBOJISIT K YCUJIEHUIO 1ITyMa B 00JIACTU BbI-
cokux yactoT. B pabore [7], Hanipumep, TIPOBEAECHO
rnapamMeTpU4ecKoe MCCIIeIOBaHNE BIMSIHUS FeOMET-
pUYECKUX MapaMeTPOB IIEBPOHOB (IIMHA IIIEBPOHA,
KOJIMUYECTBO IIEBPOHOB U UX aCUMMETPHUS) HA MPO-
Wb CKOPOCTU U U3ITyYEHUE IIyMa B JaJIbHEM TIOJIE.
CTOUT OTMETUTD, UTO IIEBPOHBI B HACTOSIIIIEE BPEMSI
MPUMEHSIIOTCSl Ha peaibHbIX aBUAIlMOHHBIX JBUTATE-
JISIX, KaK Ha BHYTPEHHEM KOHTYPE, TaK U HA BHEIIIHEM.

,ﬂpyrI/IM THUIIOM COILJIa, KOTOPOE MOXKET OBITH HC-
IIOJIb30OBAHO HAa aBMAlITMOHHOM IBUIAaTCIIC, ABJIACTCA
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ro¢gpupoBaHHOE COILIO. Takue comya UMEOT c1adylo
CUHYCOUIATbHYIO TOPHUPOBKY B OKPY>KHOM HampaB-
JeHuu. MccaeqoBaHus BIUSIHUS Ha IIIYM CTPYU rog-
pupoBaHHOI (DOPMEI COIUIa, B HACTOSIIEEe BpeMs,
MPOBOJSTCS Ha MOJIEJIbHBIX CTPYHHBIX YCTaHOBKax
[6, 9]. IIpu 3TOM paccMaTpUBaeTCsI TOJBKO Majioe
qucao rodp, 4—6. DpdeKT CHUXEHUs IIyMa, KOTO-
pBIf yoaeTcsl JOCTUYb aBTOpaM MaHHBLIX paboT, Co-
craBisieT 1—2 1b B 061acTu MakcuMyMa Iiryma usJy-
YeHUS CTPYHU, IIPA 3TOM IIIyM Ha BBEICOKMX 4aCTOTax
YBEJIMYMBAETCS TaK Xe, KaK 1 y IIIEBPOHHBIX COITEI.

CTOUT OTMETUTDh, YTO M3MeHeHUEe (OPMBI COTLIa
OKa3bIBaeT BIMSHUE Ha MOTOK M, COOTBETCTBEHHO,
MMPUBOIUT K YXYAIICHWIO TSTOBBIX XapaKTEPUCTUK
comna [5, 11—17]. Ilotepu TsTH TIpU UCMIOJIB30BAHUN
COITeNT aJTbTepPHATUBHOM (DOPMHBI SIBJISTIOTCST OTHOM U3
BaXKHEMIITUX MPOOJIeM IS MX UCTIONI30BaHUS B pe-
aJbHBIX aBMALIMOHHBIX ABUTaTessIX. TpebyeTcss Haxo-
IATH OaJIaHC MEXIY YXYOIIeHUEM TITOBBIX XapaKTepH-
CTUK M CHWDKeHUEM IityMa. 7151 ompenesieHus moTepb
TSITU MOTYT HCIIOJIb30BaThCSl IKCIEPUMEHTabHbIC
[15, 16] u pacueTHBIe MeTOn®I [5, 13, 14, 17].

B nanHoii paboTe MpuBOIATCS Pe3yJIbTaThl SKCIIe-
PUMEHTAJILHOTO MCCAEOOBaHUs IIIyMa CTPYil, UCTe-
Kalomux n3 0a30BOro KOHMYECKOTO M Pa3IUnIHBIX
ropUpPOBAHHBIX COIIE]. DKCIEPUMEHTHI MTPOBOIM-
JIMCh B IBYX 3aIjIylIEHHBIX KaMepax: 3arlylIeHHOMI
KaMepe ¢ a3pOoaIMHAMNYECKIMM UCTOYHUKAMU IITyMa
JIabopaTopun MeXaHW3MOB I'eHepaluu IIymMma U MO-
nanbHoro aHanu3a ITHUITY u 3arnyimeHHol Kamepe
¢ motokoM AK-2 ITAT'U. B paboTte meMOHCTpUPYIOT-
Cs1 CrMocoObl pacIIMpPEeHUs YaCTOTHOIO JMana3oHa, B
KOTOPOM JOCTUTAETCSI CHIMIKEHME IIymMa CTPYil Ipu
HMCHOJIb30BaHNM To(hpupoBaHHBIX conell. Ha ocHOBe
YUCJCHHOTO MOJIEJIMPOBAHUST ITPOBOASITCS UCCIEI0-
BaHMSI IIOTEPh TITU B TOPPUPOBAHHBIX COIUIAX.

OTPABOTKA U3MEPEHUU LLIYMA CTPYU
B 3ATJIYIHEHHBIX KAMEPAX ITHUITY
N OATU OJId KOHUYECKOTI'O COIUIA

HccnenpoBaHus IMpOBOMMIIMCH B OBYX 3arjIyIlIeH-
HBIX KaMepax, OCHAIEHHBIX CTPYMHBIMU YyCTaHOBKA-
MU. [JlaHHBIE YCTAHOBKU OTJIMYAIOTCS CITOCOOOM CO-
3gaHus moToka. B 3armymrenHoit kamepe ITHUITY
MMOTOK CO3AAeTCs C IIOMOIIBIO IBYX MOCJIEI0BATEIbHO
COCAMHEHHBIX BeHTWIsITopoB [18]. s npenoTBpa-
IIEHUS TPOHUKHOBEHMS IIIyMa BEHTUJIITOpA B 3aTTy-
IIIEHHYIO KaMepy B CETH BO3AYXOBOIOB IPEIYyCMOT-
peHbl ymuTteau. B 3ammynieHHoit kamepe AK-2
HAT'M nng co3maHms MOTOKA MCIOJIB3yeTCS XpaHsI-
LIMICS B ra3rojibaepax cxXaTblid BO31yX.

,B,J'ISI IIOBBINICHUA Kade€CTBa pE3YJIbTaTOB, OTpa-
0oTka I/I3MCDCHI/II71 IIpoBOAMJIaACh C UCITIOJIBb30BaAHUEM
OIHOI'0 U TOI'O XK€ KOHMYECKOIo CoIljia, KOTOpPpO€ 110-
CJIEAOBATCJIbHO MCITOJIB30BaJIOCh B obenx 3arinymcH-
HBIX KaMEpax. Coruto umeso CJICOYIOIMEC rnapaMeETphbl:

KOTIBEB u p.

IuaMeTp cpesa coruta 50 MMm; guaMeTp Bxona 64 Mum;
UIMHA 64 MM.

Ilepen mpoBeaeHUEM 3KCIIEPUMEHTOB IIPOU3BO-
JIWIach HACTPOIKA CUCTEM, CO3IAIOIINX ITOTOK. JIist
3TOro ycraHaBauBaJIUCh Tpyoku IIuto—Ilpannris
Ha paccTosiHUM 1 Kaiaubpa oT cpe3a coruia Mo LHEeHTPY
MMOTOKA, ¥ IOAOUPAJIUCH ITapaMeTPhl MOABOIA BO3IY-
Xa, 4YTOObI CKOPOCTb B JAHHOI TOYKE COCTaBJIsjia
0.6M.

Huist iccnenoBaHus IyMa CTPYU UCIIOJIb30BaINCh
6 MUKPOGMOHOB, PACHOJIOKEHHBIX HA PaCCTOSTHUU
R =2 M oT cpesa coruia mof yrjaaMu HabJIIOJeHUS O =
= 15°-90° ¢ paBHBIM ILIIATOM MEXIYy MUKPOGOHAMM.
Cxema u poTtorpaduu 3KCIIepUMEHTOB IIpeacTaBIIe-
HBI Ha puc. 1. I[Ipu u3mMepeHusIX B 3amIylICHHOM Ka-
Mmepe AK-2 ITAT'U ncnosms3oBannch IMOMyIi0iiMOBBIC
mukpodoHsl Bruel & Kjaer, Tun 4189C. Ilpu usmepe-
HUsIX B 3antymueHHoi kamepe TTHUITY ucnonbs3oBa-
JIMCh YeTBepThIfoiMoBBIe MUKpodoHEI Bruel & Kjaer,
tun 4958. nsg cHuxeHuss 3¢h@PEeKToOB OTpakeHUs
CTPYHU OT BEPTUKAJIbHBIX CTOEK, MUKPO(OHBI pacIio-
JIaraJnuch Ha TOHKUX aepxkaBkax aauHoi 30 cm. Ile-
pel HayajioM U3MEPEHU MPON3BOAMIIACH KATMOPOB-
Ka MUKPO(MOHOB ¢ MOMOIIIbIO MUCTOHMOHA TUM 4228
(Bruel & Kjaer).

Ha puc. 2 npencraBiaeHO CpaBHEHHUE CIICKTpaib-
HOM IJIOTHOCTHU MOIIIHOCTH IIIyMa CTpyHu moj 3 pas-
JIMYHBIMU yIJIaMU HAOJIOACHMSI, TIPU OMHOM U TOI Xe
CKOpPOCTU MCTeUeHUsT cTpyu. Kak MOXHO YBUIETB,
MOJyYeHHbIC pe3yJabTaThl Ha ABYX CTPYHHBIX yCTa-
HOBKAaX XOPOILO COOTBETCTBYIOT APYr Apyry. OTiau-
yue pe3yabTaToB He mpeBbiaeT 1 1b 1 MoxeT ObITh
OOBSICHEHO MNOTPEeIIHOCTSIMM M3MEPEHUSI CKOPOCTU
CTPpYyHY U pa3IMYHOI KOH(MUTypalreil BO3AYXOBOIOB
YCTAaHOBOK.

CHMXEHHME IHIYMA CTPYHU 3A CHET
IT'O®PMPOBAHHOUN ®OPMBI COILIA

BrirnosHeHbI MccieqoBaHMs BIUSIHUS Y1Ca Tod-
POB 1 MX BBICOTHI Ha IIIyM TypOyaeHTHOM cTpyu. [od-
pUpOBaHHBIE COIIa MMEJIM B 00JIaCTU cpe3a Coria
CHHYCOUIAJbHYI0O TO(MPHUPOBKY C HEOOXOTUMBIM
yucyioM rodp U ux BeicoToil. TodpupoBKa 1iaBHO
yMeHbIIIaJlach B HaIlpaBJeHMM Bxoma B corio. Ha
BXOJI€ B COILJIO TeOMETpUsI OblJIa SKBUBaJICHTHA 0a30-
BOMY KOHMYECKOMY COILIY. BhUIM CIipoeKTUpOBaHBI
COTIlJIa C OMMHAKOBOM BBICOTOM JIETIECTKA 3 MM 1 pa3-
JINYHBIM YMCJIOM JIEMIECTKOB 6; 9; 12; 1 11t BapuaHTa
¢ 12 nenecTkamMu TOMOJHUTEIBHO ObLIM M3TOTOBJIC-
HBI cOIlIa ¢ BBICOTOM Jiertectka 1.5 m 4.5 mm. Tlpm
MMPOEKTUPOBAHUHU YIEJISITIOCh 0CO00e BHUMAHUE CO-
XpaHEeHUIO IJIOLIAAN cpe3a coIuia. Y BceX roppupo-
BaHHBIX COIIEJI OHa ObLJIa paBHA IUIOIIAIKM cpe3a 6a30-
BOro KOHMYecKoro corja. O0mias JimHa Bcex rod-
PUPOBAHHBIX COMENT TaKKe ObLJIa paBHA JUIMHE 6a30BOTO
coruia.

AKYCTUYECKHWM XYPHATT Tom 69 Ne6 2023
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Puc. 1. Cxema u ¢ororpacduu npoBeaeHus: SKCIIepUMeHTa: (a) — cxeMa yCTaHOBKU MUKPOGhOHOB, (6) — M3MepeHus B 3ariy-
weHHoi kamepe [THUILY, (B) — uamepenus B 3antyiieHHoi kamepe LIATHA.
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Puc. 2. CpaBHeHue pe3yIbTaTOB U3MEPEHUI JIJIsi KOHMYECKOTO coruia: (a) — yroa HabmoneHust 90°, (6) — yroa HaGoneHUs

60°, (B) — yroa HabmoneHust 30°.

Taxkast reoMeTpHUsI SIBASICTCS JOCTATOYHO CIIOXHOM
JUTSL TPAAULIMOHHBIX METOJIOB M3TOTOBJICHUSI, TIO3TO-
MY B IaHHOM paboTe MCITOJIb30BAJINCh aJIUTUBHBIS
TexHojoruu s cozmaHus cormel [19]. Co3naHHbIe
Ha 3D mpunrtepe u3 marepuana I19T comna mpen-

AKYCTUYECKUMU KYPHAJT

TOM 69

Ne 6

2023

CTaBJieHbI Ha puc. 3. M3MepeHnsT MpoOBOAWINCE IS
OIHUX W TeX XKe COMeNl B 3arIylIEHHBIX Kamepax
ITHUITY u AK-2 OATHA.

AKyCTUYECKHE HM3MEPEHUSI TPOBOIWINCH IIPU
YCIOBUSIX, ONIMCAHHBIX B pasaene 1 JaHHOI cTaTbu.
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(a)

(6) (8)

KOTIBEB u p.

(r) (1)

Puc. 3. Co3nanHble coruia: (a) — 12 ylenecTkoB BbICOTOH 1.5 MM, (0) — 12 JerecTKoB BbICOTOM 3 MM, (B) — 12 JIeniecTKOB BBICO-
TOi1 4.75 MM, (T) — 6 JIEMECTKOB BBICOTOM 3 MM, (1) — 9 JIEITECTKOB BBICOTOM 3 MM.

B pesynbraTe ObUIM MTOJYyYEHBI CIIEKTPHI IITyMa CTPYI,
UCTEKAIOIINX U3 Pa3IMIHBIX conel. s aHanmn3a a¢-
(hEeKTUBHOCTU CHIDKEHMS IITyMa CTPYM C TTOMOIIIBIO
JaHHBIX CcOMeJ TPOBOAMIACH KOJUYECTBEHHAs
OlIeHKA CHUKCHUS IIIyMa:

AL =L

ToppupoBaHHOE LKOHM‘-[CCKOC’

e Lyoppupopansoe — BPIPAXKEHHBIA B 1B ypoBeHb 3BY-
KOBOTO J1aBJICHUS CTPYH, UCTEKAIOLIEH U3 roppupo-
BAHHOTIO COMNA; Ly imeckoc — BPIPAXKEHHBIN B 1b ypo-
BEHb 3BYKOBOTO JABJIEHUSI CTPyW, UCTEKaloUlei W3
KOHWYECKOTO COILIA.

Ha puc. 4 npencraBiieHbl pe3yJbTaThl U3MEPEHUIt
myma B 3arnyiieHHoin kamepe AK-2 IIAT'M. Kak
MOXHO YBHUIETb, COIJIO C 6 JIeTIeCTKAaMU CHUXKaeT
IIyM B 00JIaCTM MaKCUMyMa CTPyd, U MPOUCXOAUT
yBeJIMYEHHUE IIIyMa Ha BbICOKHX YacTOTax. YBeauue-
HHY€ YUCJTIa JIETECTKOB MPUBOJAUT K PACHIMPEHUIO Ya-
CTOTHOTO IMana3oHa CHUXEHUS IIyMa. YBeJIudeHue
aMILIUTYIbl TO(POB MPUBOIUT K TJIABHOMY HapacTa-
HUIO 3¢ deKTa CHUKEHUS IIIyMa. AHAJIOTUYHBIC pe-
3yJIbTaThl ObUTY TTOJIyY€HbBI IIPY U3MEPCHUSIX B 3Ty~
meHHol kamepe ITHUITY.

OLIEHKA ITOTEPb TATH1
B TO®PUPOBAHHDLIX COITJIIAX

JBrXXeHue JeTaTtelIbHOro ariapaTta ¢ peakTUB-
HBIM JIBUTATEJIEM OCYILECTBIISIETCS 10, BO3ACICTBU-
€M pEaKTHMBHOM CUJIbl (PEaKTUBHOI TSTU), KOTOpas
BO3HMKAET B Pe3y/IbTaTe UCTEUECHUS U3 PEaAKTUBHOTO
coIlIa BBIXOASIIMX Ta30B. B umeanbHOM ciiydyae mpu
pacueTax TeYeHMs B COILIE MPOLECC CUMTAIOT aaura-
6aTUYEeCKUM U W303HTPOIIMYECKUM. B pealbHBIX
coIuIax Mpolecc paclIupPeHUs Ta3a B COILIE SIBIISIETCS
JIOCTATOYHO CJIOXKHBIM U COITPOBOXIAETCSI HATMYNEM
pa3IMYHLIX TTOTEePh (Ha TPEeHUE, HEPABHOMEPHOCTD,
KOHUYHOCTB ITOTOKA B BEIXOAHOM CEYEHUH COILIa 1 Ap.).
HMcnonb3oBaHue pas3IMUHBIX YCTPOMCTB MO CHUXKE-
HUIO IIIyMa CTPYH NPUBOIUT K YBEIMUYECHUIO MOTEPH
Tsiru corren. B pab6ote [11] ykazaHo, YTO OTEepU TITHU

B COIJIax ¢ IIyMOTJIYIIIEHUEM MOTYT ObITh B HECKOJIb-
KO pa3 GoJIblle, YeM B OOBIYHBIX KPYTJIBIX (CTaHIapT-
HBIX) COIUTaX. YPOBEHB ITOTEPh B HEKOTOPBIX CITydastX
MOXET JOCTUTATh ISITU 1 OoJiee TIPOLIEHTOB.

KonuyecTBeHHas1 olleHKa IIOTEPDb TATW B COIlIaxX
IIPOU3BOAUTCHA C ITIOMOLIBIO BIPAKCHU A

AP, =1-P, (1)
rae P = P/ P, - KO3 @GUIIMEHT TITU COTIljia, CBSI-
3aHHBIN ¢ 3PPEKTUBHOCTHIO IPeoOpa30BaHUS IHEP-
TMY JAaBJICHUS] B KUHETUYECKYIO DHEPI1Io ra3oB; P —
TSTa COIJIa, U3MEPEHHAs B 9KCIIEPUMEHTE UJIU TIOJTY-
YyeHHasl C ITOMOIIBIO YMCIEHHOTO MOACIUPOBAHMNSI;

P.  — uneanbHag Tdra comja.

th‘l
BrIpakeHue M uaeaabHOM TATU, COOTBETCTBYIO-
el uaealbHOMY IIPOLIECCY PACIIMPEHUSI Ta30B
(anuabaTUYEeCKOMY, U309HTPOMUYECKOMY) WU MC-
TEUEHUIO Ta30B U3 UACATBHOIO COIUIA, T.€. UIeallb-
HOM TSATH, ONpeAcICHHON 10 UIeallbHOMY PaCXOAy
raza 4epes COIlIO, UMeeT BUI:

P, =GV,

U1, un” un*

[MomyyeHHYIO C TIOMOIIBIO TaHHOTO BBIPAXKEHUS
WUIEATBHYIO TATY 10 3HAYEHUSIM UI€aTbHOTO pacxoaa
G,; Y NIEeAIbHOM CKOPOCTU MCTedeHus V,; MOXHO
oxapakTepu30BaTh Kak TeopeTudecKkylo. MaeanbHblit
pacxor ra3a B BRIXOMHOM CEYEHUU COTUIA OTIpEeNesisi-
€TCsI BBIpDAXKEHUEM:

K+l
k ( 2 )k—l Fq(M)p,

R\k +1 N/

rae k — mokasarellb aguadaThl; R — razoBasi IIOCTOSTH-
Has; F — tuiomans cpesa coruia; g(A) — mpuBeneH-
HBII pacXom; p, — AaBJIeHUEe TOPMOXeHUsT; T, — TeM-
reparypa TOpMOXKEHUSI.

HI[CaJ'[bHaH CKOPOCTb MCTCUCHM A

2k
V,. = \|-25RT,,
s k+1 °
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Puc. 4. Cnexrpsl myma v 3bGEeKTUBHOCTb CHUXKEHUS 1ilyMa ro)pupOBaHHBIMU COTLIAMU MOJ, yIJIoM HabtoaeHust 90°.

roe A — npuBE€aACHHAA CKOPOCTb MCTCUYCHUA rasa m3
coInia.

B peanbHBIX coIlIax Tsra 3aBUCUT TaKKe OT MPO-
IMYCKHOM CITOCOOHOCTHU COTIjIa, KOTOpast XapaKTepu-
3yeTcsl KO3 UIMEHTOM pacxoia CoIlia:

b =G /G, (2)
rae G — pacxoq rasa, U3MEPEHHbII B SKCIIEPUMEHTE
WJIM TIOJIYYEHHBIN C TTOMOIIbIO YUCJIEHHOTO MO/ -
poBaHus1. MaeanmbHast Tara ¢ y4eTOM AEMCTBUTEIBHOTO
pacxofa rasa yepes COILIO OIpeIeseTcs BRIpaXKEHUEM:

P, =WUPy, =WG.V,

un’" un-

B manHoli paboTe 1151 onipeAeIeHUS AEMUCTBUTETb-
HOTO pacxoja rasa B coruiax G v Tru P MicTioIb30Ba-
JIOCh YMCJICHHOE pellIeHue OCpPeOHEHHBIX Mo Peii-
Honpacy ypaBHeHuit HaBre—Crokca (RANS) B mpo-
rpaMmMHOM KoMiuiekce Ansys Fluent. [lnst 3aMbIkaHust
CHUCTEMBl ypaBHEHWII HCIIONb30BaHA MOIEIb TypOy-
neHtHoctu SST. [laHHas Mopaenb TypOyJeHTHOCTHU
HEKOPPEKTHO MPeACKa3bIBAeT CpeaHee MoJie TSUSHUS
CTpyHM, OIHAKO ITO3BOJISIET MPOTHO3UPOBATh KO-
(GULIMEHT NOTEPU TITU C TOUHOCTBIO, OJIM3KOM K pa3-
OpoCy dKCIIepUMEHTAJILHBIX JaHHBIX [ 13, 17]. Pacue-
ThI MIPOBOJIMIVCH C YIETOM CKMMAEMOCTH TTOTOKA.

PacueTHast obnacThk mpenacrasisia coOO BHYT-
PEHHIOIO 00JIaCThb COIIa Y BHEIITHIO 00JIaCTh, B KO-
TOpOit pacipocTpaHsuIach CTpys. PacueTsl mpoBoau-
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quchk st 10 mopeneit conen. B kauectBe 6a30BOro
HCIOJIb30BAJIOCh KOHUYECKOE COIIO, TeoOMeTpuye-
CKMe MapaMeTpbl KOTOPOTo COBNANAIN C UCIIOIb3ye-
MBIM B BKCIIepUMeHTe. B KadyecTBe IIyMOTITyIIalInX
comeal UCHONb30Balvch ropuUpOBaHHBLIE COIIA C
yuciaoM ropp 6, 9, 12. B pacuerax BapbupoOBaliach
BbIcoTa rodp ot 1.5 1o 4.5 mMm. ITnomans cpesa coria
OblJ1a OMMHAKOBOM 111 BeeX cormell. [JirHa coruia u
IUAMETP BXoAa ObLIN aHAJIOTUYHBI KOHUYECKOMY CO-
1y, BHelnrHue rpaHUIBI pacyeTHOM 00JacTu OBIIN
yaalieHbl OT cpe3a coIulia Ha 12 KalIuGpoB BIOIb OCU
coma U 5—6 KaaubpoB B MepHEeHINKYJISIPHOM Ha-
npaBjeHun. s 3KOHOMUM BBIYUCIUTEIBHBIX pPe-
CYpPCOB pacyeThl NPOBOAVIINCH IJisI 1/3 yacTu coria B
OKpYXHOM HampapieHUM. CxeMa pacyeTHO 006Ja-
CTU ¥ TPAaHWYHBIX YCJIOBUIA TIpeCTaB/ieHa Ha puc. 5.

Ha Bxone B coruto (rpanuna /) 3agaBajiych napa-
METpPBI 3aTOPMOXKEHHOTO TI0TOKa p, M T,. PacueTs
MMPOBOAMINCH JUIST TPeX 3HAYEHUM CKOPOCTU CTPYH
0.3M, 0.6M u 0.9M. [laBiieHue p, Ha BXOZE B pacyeT-
HYIO 00J1aCTh ONIPEACIISITIOCH B 3aBUCUMOCTH OT YMCa
Maxa M misg anadbaTUyecKoro M303HTPOITMUECKOTO
npolecca paciuMpeHus rasza. Temnepatypa 7T, mwis
Bcex pacuetoB cocTapisuia 300 K. Ha Beixone us pac-
JyeTHOI obnacTtu (rpaHuia 2) MCIIOJIb30BaJIMCh 3HA-
yeHusi p, = 1 atm u temniepatypa T, = 300 K. Jis pac-
yeTa IMapaMeTpOB CTPYWM B HEIOABIDKHON cpeme
OOBITHO MCITOJIB3YETCs CTPYIHOE TeUeHME B CITYTHOM
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3 2

Puc. 5. Cxema pacuetrHoii o6nactu. Onicanue rnpusene-
HO B TEKCTE.

Puc. 6. Oco0EHHOCTH CETOYHON MOLEIH.

IIOTOKE Mayloii cKopocTH. sl peaau3allud 3TOIO
yCI0BUS Ha rpaHulie 3 3aaBajioch 3HaUYeHUE CKOPO-
CTH BHEIIHEro CIIyTHOro IHOTOoKa ¢ 4yucioM M, =
= (0.025M. Ha 60K0BBIX TpaHNIIax 4 NCITOJTb30BAJIOCh

(@)

YCIIOBYE TIEpUONNIHOCTH. [paHUIa 5 TpencTaBisia
Cco0O0I )KECTKYIO CTEHKY.

CeTKa COIEpXKUT CTYILIEHUS B CEYSHUHU BBIX0/1a U3
coruia, BOJIM3M CoTia Ha pacCTOSTHUU 4 KaTuOpOB 1O
MOTOKY M B OKPECTHOCTU CJIOSI CMEIIEeHUS TypOy-
JIEHTHOM cTpyu (puc. 6). DaeMeHThbI BOJIM3U CTEHKU
MMEIOT CTYIIEHHE IJISI KOPPEKTHOTO pa3pelleHUs Mo~
nepevyHoro rpaaueHTa ckopoctu. Ilapamerpsl BeIOpa-
HBl TaKMM 00pa3oM, 4TOObI OOECIICYUTh BEJIMIMHY

Uwy

6€e3pa3MepHOro PACCTOSHMUS 10 CTEHKH Y& = <1,

rae U, — nnHaMu4ecKast CKOPOCTb; ¥ — PacCTOSTHUE
OT TIePBOrO y3Jia CETKU J0 CTEeHKU; V — KUHEMaTu4e-
CcKasl BSI3KOCTb. IlepBBIif MPUCTEHOYHBINA B3JIEMEHT
umen BbicoTy 0.5 MKM, BhICOTA IOCJICAYIOIIUX 3Jie-
MEHTOB YBEJIMYMBAJIACh B TEOMETPUIECKOM Iporpec-
cun ¢ koapdunmentom 1.05. 3a mpenenamu coria
0JI0K C MPUCTEHOYHBIMU 3JIEMEHTAMU PaCIIUPSICTCS
oz yriiom 8°, obecrnieurBasl KadeCTBEHHOE pa3pelne-
HUE CJIOST CMEIIICHUS.

I1pu GonbIInx BEICOTAX JIENECTKOB TOMPUPOBaH-
HBIX COTIeJI C MCIIONb30oBaHueM Torojoruun O-grid
BO3HMKAIOT SYEHKU C OOJIBIIIOM CKOIIEHHOCTHIO. JIJIst
MOBBIIIEHUST KaUeCTBa CETKM ObLIa pa3padoTaHa TO-
MOJIOTHSI, TIO3BOJISIIONIAST ITOBBICUTH €¢ KadecCTBO.
IIpuMepsl CeTOYHBIX MOIENel it TopUPOBAHHBIX
comesl ¢ Majaol M OOJbIIONM BBICOTOM JEMECTKOB
MpeacTaBlIeHbl Ha puc. 7. YMCo 3IeMEeHTOB B CETOU-
HOM MOJIEeNu JJisi KOHUYECKOTO COIIa COCTaBJISLIIO
=~4.3 x 10°, 1151 roppUPOBaAHHBIX COTIEN C MAJIOi BbI-
coToii JenectkoB =5.1 x 10°, mus rodpupoBaHHBIX
COTIEJ ¢ GOIBIIOI BBICOTOM JlenecTKoB ~12.3 x 10°.

B PEIYJIbTATE pacdy€Ta MHTCIPUPOBAHUEM I1I0 ITO-
BEPXHOCTH Cp€3a coIlia ONpeacIdAJINCh 3HAYCHUA
pacxoia m TATu:

(6)

Puc. 7. CetouHast MoJieib To(ppHUPOBAaHHBIX COIIEN (a) — C MaJIOM BBICOTOM JIEECTKOB, (6) — ¢ GOJIBIIOI BEICOTOI JICTIECTKOB.

AKYCTUYECKHWM XYPHATT Tom 69 Ne6 2023
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G = Gy = [[ pudF,
F

P = Fyes = ﬂ(p ~ pe +pu’)dF,
F

e G,eq U Byyeq — PACXOI M TSITA COTLIA, TTOJTYYCHHbIE
M0 pe3yabTaTaM pacuera; P — IUIOTHOCTb; U — CKO-
pOCTh; p — IaBJeHUE Ha cpe3e coruia. [1orydeHHbIe B
pesylibTaTe pacyeTa 3HAYEHHUs pacxoma M TITU UC-
MOJIb30BAMCh B BhIpaxkeHusx (1) u (2) mis onpene-

JIeHUs KO9MPUIINSHTOB pacxoa U TSATH.

Ha puc. 8 mpencraBiaeHbl pe3yabTaThl OIIpeaese-
HUSI TIOTEPh TATU B COILIE B 3aBUCHMMOCTHU OT O6e3pa3-
MepHoro pasmepa D,/ Dy, TiE D,y — TUAPABIN-
YeCKUil IMaMeTp CoTlia, onpeaeasseMblii ¢ TTOMOIIbIO
OTHOIIIEHUS YeThIpeX IUIolaneii F K ImepuMeTpy CoIl-
na; D, — nuameTp 6a30BOro KOHUYECKOTO COILIA.
Kak MOXHO yBUAETh, C POCTOM YMCJIa JICIECTKOB 1
X pa3MEpPOB IMPOUCXOAUT YBEIMUCHUE IIOTEPh TATH.
MeHbIe 3HaYEeHUSI CKOPOCTU CTPYU HPUBOIAT K
OoJIbllIeMy 3HAaYEHUIO TOTeph Taru. Eciii onieHuBaTh
M3MEHEHUE IIOTEPh TSITM OTHOCHUTEIBHO 0a30BOTO
KOHMYECKOTO COILIA, TO IJIsI BCeX 3HAYEHUIA CKOPO-
CTHU CTPYHU IIpUpallleHue IoTeph IJis coma ¢ 12 je-
necTkamMu rodp M BBICOTOM 4.5 MM OTHOCUTEIBHO
KOHMYeCKOTO coruta cocranisieT 0.4—0.6%.

JI1s1 mpoBeaeHUsT aKyCTUYECKMX MCITBITAHUI Ty -
MOIIyIIAIIMX COTIeN TpeOyeTcss o0ecIieyeHre paBHOM
TSATU C 3KBUBAJICHTHBIM 0a30BBIM COILIOM. PaBHyIO
TSTY MOXHO 00eCIIeUnTh U3MEHEHNEM CKOPOCTH HC-
TedeHUs1 cTpyr. OIHAKO, B IIPOCTEMIIIEM ClIydae Tsara
IIpONOpLMOHAJIbHA KBAaApPaTy CKOPOCTU MCTEUCHUS.
Hust kommiencauuu 0.5% TSTH ¢ TTOMOIIBIO yBeJInJe-
HUSI CKOPOCTU HCTEYECHMSI ITOTpeOyeTcss M3MEHSITh
CKOpOCTh MeHee yeM Ha 1 M/c. OgHaKo, TaKyio TO4-
HOCTh M3MEHEHUSI CKOPOCTH CJIOKHO OOECIICUYUTh B
HaTypHOM 3KcriepuMeHTe. CTOUT TaKKe OTMETUTh,
YTO B COOTBETCTBUU C 3aKOHOM “BOCBMOM CTEIIEHU”’
YPOBEHb IlIyMa JO3BYKOBOM CTPyM MacllTabupyeTcst
KaK BOCbMasl CTeIIeHb CKOPOCTH HCTEYEHUSI CTPYU
WIN YeTBepTas cTeneHb TSru. COOTBETCTBEHHO, MU3-
MeHeHue Taru Ha 0.5% OyneT NpuUBOAUThL K U3MEHE-
Hu1o myma crpyu metee 0.1 nb.

B nannoi1 paboTte rodprupoBaHHOE corIo ¢ 12 1e-
MecTKaMU BBICOTON 4.5 MM 00ecrneynsio CHUXKEeHUE
lIyMa B CpelHeM II0 YaCTOTHOMY nuana3oHy 20—
20000 I'm Ha 2 ob mMpu CKOpPOCTH MCTEUYEHUS CTPYU
0.6M. /1151 TOrO 4TOOBI ITOJY4EHHBIN 2P PEKT 0ObsIC-
HSUICSI TOJIBKO MOTEPSIMU TATH, OHU TOJIKHBI COCTaB-
nath 12.2%. COOTBETCTBEHHO, MOXHO CIEIaTh BbI-
BOJl, UTO CHUKEHHUE IIIymMa CTPyil, UCTEeKaloIIuX 13
ropupoOBaHHBIX COIEN, 00ECIIEYNBAETCS B OOJIbIIICHA
CTeTIeHU U3MEHEHNEM CTPYKTYpbl TEUEHMUSsI, a HE U3-
MEHEHUEeM TSATU, OMHAKO (PU3NYECKUIT MEXaHU3M, 3a
CUET KOTOPOTO TPOUCXOAMUT CHUXKEHHUE IllymMa, He
SICeH U TpeOyeT naJibHEeHI11ero n3ydyeHusl.
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Puc. 8. [Totepu TSTM pa3sTUUHBIX COMEN: KPYT — KPYyTjoe
COILJIO, TPEYTOJIbHUK — 6 JIEMECTKOB, pOMO — 9 JIEITeCKOB,
KBampaT — 12 jeneckoB, 3ejeHblii — 1.5 MM, cuHUIT —
3 MM, KpacHbIi — 4.5 MM.

3AKJIFTOYEHHME

B pabote nipencraBiaeHbBI pe3yJIbTaThl COBMECTHBIX
M3MEPECHUI OOHUX U TEX K€ COIIeJI B 3alIyILIEHHBIX
kamepax ITHUITY u AK-2 LIATH. IlonyyeHHBIE
CIIEKTpPBl Ha IBYX YCTAaHOBKAX OTJIMYAIOTCSI He Oosiee
yeM Ha 1 1b. CripoeKTHpOBaHBI ¥ CO3TaHBI TOGPUPO-
BaHHBIE IITyMOITYIIAIIME COIUIA C PA3IMYHBIM KOJIH-
YeCTBOM JICTIECTKOB M MX aMIuinTynoii. I1poBemeHbl
rnapamMeTpudeckre MCCAeIOBaHUS IIIymMa CTPYU, UC-
TeKarolleil u3 ropupoBaHHBLIX coIlesl. DKCHepU-
MEHTaJILHO TIOATBEPXKAEH pe3ybTaT, JIEMOHCTPUPY-
IOILMI, YTO IIPU YBEJIWYEHUM aMIUIATYIBI TO(MPOB,
IpU COXPAaHEHUM IUIOIIAAW BBIXOOZHOIO CEYCHUS
COIlJIa M CKOPOCTH UCTEUECHUSI, yCUIUBaeTCsT 3((PEKT
CHMIKEHMSI IIyMa TypOyJieHTHoI ctpyu. IloaydeHo,
YTO IIPU YBEJIUYCHUU YUCIIa TOPPOB YBEIMUUBAETCS
YaCTOTHBIN Nuara3oH CHIDKEHU Iiryma. Mcrmonb3o-
BaHMe TO(PPUPOBAHHBIX COMEI C YBEIMYSHHBIM KO-
JIMYECTBOM JICTIECTKOB U X aMIUIMTYIOM ITO3BOJISIET
o0ecneuynTh CHIDKEHHUE IityMa cTpyu 10 2—3 nb B mua-
na3oHe yactot 20—20000 Itr.

IIpoBeneHa oLleHKA ITOTEPh TITU MPU MCIIOJIb30-
BaHUM TOppUPOBAHHEIX coTien. DPDEKT MOTePU TsI-
T'M IIpU HKCHOJb30BAHMM ILIYMOIJIYIIAIIMX COIIE]I
onpenensuicstd Ha ocHoBe RANS pacuera TeueHns ra-
3a yepes COIUIO. YBelIMUeHEe KOJIUYECTBA JIETIECTKOB
U BBICOTBI TO(PPOB IMIPUBOIUT K YXYIIIEHUIO TITOBBIX
XapakTepucTuk coren. OgHako, CHIDKEHUE ITymMa
CTpYii, MCTEKawlMX M3 ro@pUpOBaHHBIX COIIEN,
obecrieynBaeTcsl B OOJbIIIEN CTEIIEHW M3MEHEHUEM
CTPYKTYpBI T€YECHUSI, a He U3BMEHEHUEM TSTU.

Pa6ora BeITTOTHEHA TTpM Toagaep:kke Poccuiicko-
ro HayyHoro ¢oHaa (rpant PH® 22-72-00063). Pa-
Oora BhINToiHeHa Ha 0a3ze YHY “Axyctuyeckas 3a-
DIyIIeHHas1 KaMepa ¢ adpOoJAMHAMUYECKUMU UCTOU-
Hukamu 1myma” ®IrAOY BO “ITHUITY” u YHY
“3amylmieHHag Kamepa ¢ HoTtokom AK-2” DAY
“LUATHA”.
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