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PaccMoTpeHO BiIMsSIHUE HATMYMS Y BEJIMIMHBI painyca KPpUBU3HBI B MECTaX COCAMHEHMST TOHAIBHBIX OT-
BEPCTUI IePEeBIHHBIX TYXOBBIX MHCTPYMEHTOB C OCHOBHBIM BO3IYIIIHBIM KaHaJIOM (ITOApe3Ka) Ha cMellle-
HUe ero co6CTBeHHBIX YacToT. [IpuBeneHa MeToanKa 1 (hOpMYJIbI IUTST YUCJIEHHOTO pacyeTa, IT03BOJISIONINe
OnpenesiTh BeMUUuHy 3¢hGeKTUBHOTO paauyca AJisl OTKPHITOrO U 3aKPhITOTO TOHAJIbHBIX OTBEPCTUH C Me-
pPEMEHHBIM ToITepeYHbIM ceueHreM. Ha ocHOBe IO Ty4e HHBIX 3aBUCUMOCTEH ¢ TTIOMOIIIBIO METOIA TTepea-
TOYHBIX MaTPUIL OCYIIECTBIIEH pacyeT COOCTBEHHBIX YaCTOT BO3AYIIHOTO KaHajla C OMHUM OTBEPCTUEM U
MPOBEICHO CpaBHEHNE C pe3yIbTaTaMH KOMIBIOTEPHOTO MoaeaupoBaHus B IIporpamme COMSOL Multi-
physics 5.6. TToka3aHo, 4TO yBeJIMYEHHUE CTEIIEHU MOAPE3KU 3ByKOBOIO OTBEPCTUSI IIPUBOIUT K POCTY €TO
3G GEKTUBHOTO pannyca, YTO MOBBIIIAET PE30HAHCHBIC YACTOTHI B CJIydae OTKPBITOTO OTBEPCTHST M TTIOHM -
XaeT B ciyyae 3aKpbITOT0. YCpeaHeHUe aKyCTUUYECKOU Macchl (U151 OTKPBHITOro) U oobeMa (IJIs1 3aKphITOIO)
10 IPOIOJILHBIM CEUYEHUSIM OTBEPCTHS, He 06J1aIarollero BpalaTeJIbHON KpyroBoii cMMMeTpyreil B obia-
CTU COETUHEHMST C OCHOBHBIM KaHAJIOM, AAaeT JIy4IlIMe Pe3yabTaThl IPU HAXOXKIEHUN PE30OHAHCHBIX YaCTOT
B CPaBHEHUHM C MOICIMPOBAHUEM.

Kntoueswie crosa: nyxoBbie My3blKajlbHble MTHCTPYMEHTHI, TTOAPE3Ka TOHAJIbHBIX OTBEPCTHI, METOI, TIepe/1a-
TOYHBIX MaTPUII, METOJ, KOHEUHBIX 3JIEMEHTOB, pacuyeT COOCTBEHHBIX YaCTOT

DOI: 10.31857/S0320791923600257, EDN: QRYMZA

BBEAEHWE

AKyCTHUUYECKME CBOMCTBA JEPEBSIHHBIX ITYXOBBIX
MHCTPYMEHTOB B OCHOBHOM SIBJISIFOTCSI CJICICTBUEM
UX reoMeTpuu. JuaMeTp U BbICOTa 3ByKOBBIX OTBEP-
CTU, UX PaCHOJOXEeHUE BOOJIb OCHOBHOIO CTBOJIA
KaHajla U eTo TeOMETpHUsI, a TAKXKe BhICOTA KJIaIlaHOB
C MOAYIIKAaMU HaJ OTBEPCTUSIMU SIBJISIIOTCSI MEPBO-
CTEIIEHHLIMU (DaKTOpaMU IIPU OIpeNeICHUU pPe30-
HAHCHBIX YaCTOT, TeMOpa, UTPOBBIX XapaKTEPUCTUK U
BO3MOXHOCTe# mHCTpyMeHTa. KpuBrU3Ha OCHOBHOTO
CTBOJIa BO3YLIIHOTO KaHaja, a TakXXe Takrue HeOOb-
III1e IeTaJIM KaK TOJIIIMHA CTEHOK TOHAJIbHBIX OTBEP-
CTUI, HAIMYME paaryca KpUBU3HBI Ha I'PaHUIIE CO-
eAUHEHUSI OTBEPCTHUS C OCHOBHBIM KaHAJIOM, TUII ITO-
JIyIIeK M pe30HaTopa, TOXE OKa3bIBAIOT BIMSIHUE Ha
MOJO0XEHNE COOCTBEHHBIX 4YacTOT MHCTPYMEHTA.
CrenyeT NOMHUTb, UTO JIIOObIe HE3HAYUTEIbHbBIE 13-
MeHeHMs (OpMbI KaHala — paclIMPEHUsI, CYKSHUSI,
pa3pbeIBBI, IIEPOXOBATOCTU, M3TUOBI W T.I. — OyOyT
BIUSITH Ha (POPMY BOJHBI, pacHpOCTpPaHSIOLIEHCS
BIIOJIb KaHajla, a CJICAOBAaTeJIbHO, U HA €€ aMILJIUTY/I-
HO-YaCTOTHYIO XapaKTePUCTUKY, OMNPEIeIsIONIyIo

TeMOp BOCIIpOM3BOAMMOII HOTHL. He3HauurtenbHbIE,
Ha MOPSIIOK MEHbIlle MUJJIMMETpa, U3MEHEHUSI Te0-
METPUU KOpIlyca MOTYT OKa3aTb 3aMEeTHOE BIUSIHUE
Ha pe3yJbTUPYIOIIMI 3BYK U OLLYIIEHUS My3bIKaHTAa.

I'mybokoe m netajnbHOE M3ydeHHE aKyCTUUECKUX
XapaKTePUCTUK BO3MYIIHBIX KAaHAJIOB IEPEeBSIHHBIX
JIYXOBBIX MHCTPYMEHTOB YyBE€JIWYKWBAeT IOHUMAaHUE
UX UCTOPUYECKOM 3BOJIOLMU U B3AUMOCBSI3EI MEX-
Iy OCHOBHBIMU HM3MEHCHUSIMU B KOHCTPYKIIUU M
IpoueccaMy TeHepaluy U Ilepeaadyr 3ByKa B MOOU-
GULMPOBAHHBIX KaHajlaX. OTO TOMOTaeT TaKXe
OompeneIsiTh TepTypOaTUBHBIE CBOMCTBA JM3aiiHa,
KOTOPBIE OTIMYAIOT MHCTPYMEHTHI OMHOM U TOM K€
oOieil KOHCTPYKUMU JApYr OT [pyra, Hampumep,
CBSI3b MEXIY U3MEHEHUSIMU B 3BYKOBBIX OTBEPCTUSIX
WIM KaHajle U OTKJIMKOM MHCTPYMEHTA Ha UCIIOJTHM-
tenst. [1oCcKOMbKY Takue CBOIMCTBA 3aBUCST IaXe OT
HEeOOIbIINX U3MEHEHUI B BO3AYIIIHOM CTOJIOE, HE00-
XOOUMO cO3JaBaTh IMOAPOOHBIC U TOYHBIE MOJIECIU,
4TOOBI IeJIaTh HAaJEKHbBIE TTIPOTHO3bI UTPOBBIX XapaK-
TePUCTUK MHCTPYMEHTA.

478



MOIEJIMPOBAHHWE N PACYHET BJIIMAHUA [TOAPE3KHA

B paGoTax 1o U3ydyeHHnI0 aKyCTUIECKUX XapaKTe-
PUCTUK BO3IYILIHBIX KAHAJIOB C TOHAJILHBIMU OTBEP-
CTUSIMU OOBIYHO PacCMaTPUBAECTCS TOJILKO IPOCTast
reOMeTpUsI, KOIlla OCHOBHOM KaHaj IIpeIcTaBIIsieT
OO0 TIPSIMOM LIMJIMHIP C OOKOBBIM OTPOCTKOM (O~
HUM WJIN HECKOJIBKUMM) B BUIE TAKOTO XE IIPSIMOTIO
OuInHApa MeHbInx pa3MmepoB [1—8]. Ha mpakTuke
JIIepeBSIHHBIC TyXOBbIC MHCTPYMEHTBI 4acTO WMEIOT
paauyc KpUBU3HBI HA CTHIKE MEXIY OOKOBBIM OTBEP-
CTHEM U OCHOBHBIM KaHAaJIOM.

IMonpe3ka TOHaJIBLHBIX OTBEPCTUII — 3TO METOII,
KOTOPBIIA BEKAMM UCTIOJIb30BaJICS IPOU3BOAUTEISIMU
JIIepEBSIHHBIX AYXOBbIX MHCTPYMEHTOB ISl YJIydllle-
HUSI UX UTPOBHIX XapakTepuUCTuK. M3BecTeH ¢akr,
YTO Y 3BYKOBBIX OTBEPCTUI XOPOIINX UHCTPYMEHTOB
13 JAepeBa, TaKWX KaK KJIapHETbl, ToOOU U (IeHThI
sroxu Bo3poxmeHus: ObLI yoajieH MaTepran U3-I10/1
3BYKOBOT'O OTBEPCTHS, YTO 3(PHEKTUBHO YMEHBIITAIO
pe3kocTh KpaeB. [Toape3ka mompasymeBaeT paciliu-
pEeHUE 3ByKOBOT'O OTBEPCTHS B 00JIACTU €T0 COSAUHE -
HUSI C OCHOBHBIM BO3IYIIHBIM KaHAJIOM MHCTPYMEH-
Ta, IPY 3TOM BHEIIHUI pa3Mep OTBEPCTUST OCTACTCS
Hen3MeHHBIM. JlaHHas mmpoleaypa MOXeT BKJIIO4aTh
B ce0sI BCe, YTO YTOMHO — OT MUHUMAJIBHOTO 3aKpyT-
JICHUsI BHYTPEHHUX KpPaeB OTBEPCTUS 10 UBMEHEHMUS
paguyca Ha OoJibllleil yacTu ero BBICOTHL. EcThb nBe
OCHOBHBIE TIPUYMHBI TS TTOIPE3aHMsI 3ByKOBOTO OT-
BEPCTUSI: PETyJMPOBKA BBICOThI HOTBI, CHITPAHHOI C
HUM KaK C IEePBBIM OTKPHITBIM OTBEPCTUEM, U YIyd-
IIEHWE KadecTBa DSTOM HOTHI, OMNMUCHIBAIOIIEH e€e
TeMOp, TPOMKOCTb WJIU JIETKOCTh UCTIOJTHEHUSI.

B pabGore [9] 3kcnepuMeHTaabHO M3MEPSICS
BXOTHOW aKyCTUYECKWI MMITETaHC CTeIMAIbHO W3-
TOTOBJIEHHBIX KJIApPHETOB CO CMEHHBIMU 3ByKOBbIMU
OTBEPCTUSIMU KaK C OCTPBIMU, TaK U C MOJPE3aHHbI-
MU KpasiMU, a TakKKe ObLTU TIPOBEAEHBI SKCIIEPUMEH-
Thl, B XOJ€ KOTOPBIX BOCEMHAIIIATh KJIAPHETHUCTOB
OLIEHMBAJIM WHCTPYMEHTBHI CO CKOIIEHHBIMU M 3a-
KpYTJICHHBIMU KpassMmu. [Ipu 3TOM TomaBisioliee
OOJIBIIIMHCTBO YYaCTHUKOB OXapaKTepU30BaJIvd WH-
CTPYMEHTBI C HEKOTOPOU CTETEeHbIO NTOAPE3aHUS UIU
3aKpyIJIeHUsT Kak 00jiee KayeCTBEHHBIE, YEM C OCT-
pbiMU KpasiMu. HecMoTpsi Ha 3TO, TeMe TMOApPE3KU
3BYKOBBIX OTBEPCTUIA I€PEBSHHBIX JYXOBbIX UHCTPY-
MEHTOB MOCBSIIIIeHa OYeHb HeOOoJIbIlasl 4acTh JIMTe-
paTyphl II0 My3bIKaJbHOII aKkycTuke. B padorte [10]
TOBOPUTCS, YTO 3aKPYTJIEHUE BHYTPEHHUX KPaeB 3By~
KOBBIX OTBEPCTUII MHCTpyMEHTa yMeHbIIIaeT TypOoy-
JIEHTHOCTb B KOJIeOJTIo1eMcsl OTOKe, UIYIIEM Uepes
Hux. Mcnonb3ys JMHENHYI0 aKyCTUYECKYIO TEOPUIO,
B pabote [11] onuceIiBaeTcd BIUSHUE TTOAPE3KUA HA
HACTPOMKY HOT B pa3HBIX peructpax. ABTop [11] Ha-
3bIBAET TAKXKE OJHUM U3 PE3YIBTATOB MONPE3KU CHU-
KeHMEe MOTepb 3HEPruu, uaylleit Ha obpa3oBaHUeE
BUXpell B TOTOKE yepe3 oTBepcTue. BansiHue 3akpyr-
JICHUsI KpaeB OOKOBBIX OTBEPCTUII Ha HEJIMHEHHBIC
addeKkThl paccMaTpUBaIOCh B Cllyyae BOJIH € 0OJb-
MW aMIUIUTyIaMu B padote [ 12] 1 1j1s1 pa3anaHbIX
ypOBHel 3ByKa B [ 13] Ha IpIMOYTOJILHOM TreOMETPUM
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C pacuIMpeHUeM OTBEPCTUS B BUIE YCEUEHHOIO KO-
Hyca. ABTOpHI [14] TpencTaBasiioT METOA IKCIepr-
MEHTAJIbHOTO OMpeNnesieHUs MOoCJeA0OBaTeIbHOTO U
LIIYHTUPYIOILIETO aKyCTUYECKOTO UMIIeITaHCa OTKPBITO-
IO 3ByKOBOT'O OTBEPCTUS C NIOAPE3AaHUEM, pacCCMaTpH-
Basl TaKXKe KOHYCOOOpa3Hoe paciliupeHue OTBEPCTHSI.

Kak BugHO, Hanuuue CriaakeHHOCTU KpaeB TO-
HaJILHOTO OTBEPCTUS OKa3bIBaeT BIUSHIE Ha 9ACTOTY
U TeMOp BOCITPOM3BOAMMBIX HOT, YMEHBIIIAET JIO-
KaJIbHbIe HEJIMHEMHbIE SIBJICHUSI MMOTOKa (OTPBIB MO~
TPaHUIHOTO CJI0SI U 06pa3oBaHMe CTPYil M BUXpeii) B
3BYKOBOM OTBEPCTUH, YIy4Illas UTPOBBIC XapaKTepr-
CTUKU MHCTpyMeHTa. Ho HU B OHOI U3 BhIIIENEpe-
YUCIIEHHBIX PabOT He TIPUBOIUTCS KOHKPETHOTO ajl-
ropuTMa pacyeTa COOCTBEHHBIX YaCTOT BO3AYIITHOTO
KaHajla C OTBEPCTUEM, UMEIOLIUM TIepeMEeHHOEe T0-
TepedHoe cedeHne, W BIUSHUS CTETIeHU ITOAPE3KHU
Ha CMellleHMe 3TUX JyacToT. B naHHo# padoTe OymyT
MPUBEAEHBI METOAUKA U (POPMYJIBI IJIsI YMCIIEHHOTO
pacueTa, TO3BOJISIIOIIME ONpenessaiTh BEIUUUHY (-
exTUBHOTO pamuyca IJjisg 3aKPhITOTO M OTKPHITOTO
TOHAJIbHBIX OTBEPCTU, UMEIOIINX HEKOTOPBII paau-
yC KpUBU3HBI (3aKpYyIIIEHHUE) HA CTBIKE ¢ OCHOBHBIM
KaHajioM. Ha ocHOBe molydeHHBIX 3aBUCUMOCTEi C
IMOMOIIIBIO METO/1a TIepeIaTOUHBIX MAaTPULL OYAET OCy-
IIECTBJICH pacyeT COOCTBEHHBIX YaCTOT BO3AYIITHOTO
KaHajla ¢ OMHUM OTBEPCTUEM U TIPOBEACHO CpaBHE-
HUE C pe3yJbTaTaMU KOMITBIOTEPHOTO MOJIEJIMPOBa-
Hug B mporpamme COMSOL Multiphysics 5.6.

MOZJIEJb

B pabore paccMaTpuBaics ULWIMHAPUYECKUN
BO3IYIIHBINA KaHa IIMHOM L U paauycoMm a, B LIeH-
Tpe KOTOPOTO PACITOJIOKEHO MEPIEHINKYISIpHOE 60-
KOBOE OTBEPCTHUE BBICOTOM ¢ M painycoM b, UMelolliee
HEKOTOPHII paguyc KPUBU3HEI 7 B MECTE COYJICHEHUS
OTBEPCTUSI C OCHOBHBIM KaHajioM (puc. 1).

J1st HaxoXIeHUsT COOCTBEHHBIX YaCTOT KaHaJla C
MEePIEHANKYISIPHBIM OOKOBBIM OTBEPCTUEM HCIOIb-
30BaJICsl METOI MepeaaTOYHbIX MaTpull. B maHHOM
METO/Ie KaxK/Iasi CEKLMS BOJIHOBOIA (BO3MYIITHOIO Ka-
Hajla MHCTPYMEHTAa) MpeACTaBJISIETCS B BUJIE MaTpu-
bl 7', CBI3bIBAIOLLCH 3ByKOBOE IaBJIE€HUE p U O0bEM-
Hy10 cKopocTh U 3BYKOBBIX KOJeOaHUiI BO3myxa Ha
BXOJTHOM 1 BBIXOJHOM TJIOCKOCTSIX MOTIEPEYHOIO Ce-
yeHus S KaHajla, U BhIpaXkaeTcsl Kak:

Din — Til 7—;2
ZUin | [Ty Ty

Pout
ZOUO ’

ut

(1)

rae Z, = pc/ S — aKycTu4ecKoe COnpoTuBJIeHNE (M-

MeaaHc) HMJIMHAPUIECKOTO KaHasa (TpyObl) ITIoIa-
2

b0 S = Ta”, p — IUVIOTHOCTH BO3/1yXa, ¢ — CKOPOCTh

3ByKa B cpele. XapaKTepPUCTUKU CUCTEMBI B LIEJIOM

PacCYUTHLIBAIOTCS HAa OCHOBE KaxXXAol nepenaTouyHomi
MaTpULbl U MPUBEIEHHOI0 MMIIeJaHCa WU3Iy4eHMUSs

OTKPHITOTO KOHUA Zyoq = Pout/ ZoU gui:
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(@)

T'EPACUMOB

(©)

Puc. 1. (a) — CxemaTuuecKuil BU MPSIMOTO LMJIMHAPA JJIMHON L ¢ MeprneHanKYISIPHBIM GOKOBBIM OTBEPCTHEM CO CKPYIJIEH-
HBIMU KpasiMu, (0) — cxeMa MonepevyHoro ceueH s LMJIMHAPA B INIockocTh ZOY B MeCTe pacioyoXeHUs1 00KOBOTO OTBEPCTHUSI.

" —
|: Pin :| _ HT |:Zradi| (2)
- i >
zZyu, |\ 1
a 3aTréM pacCcCYUTbIBACTCA BXOOHOM WMIIEOAHC
Zin = pin/ZOUin .

BOSI[YH_IHLIC KaHaJibl OCPEBAHHBIX AYXOBbBIX MH-
CTPYMECHTOB IPEACTABJIAIOT coboit BOJIHOBO/bI, COCTO-
AMNNE N3 HUJINMHAPUYCCKUX NI KOHNYECKHNX CEKLIUI C
OTKPbLITBIMU WJIM 3aKPbITBIMM 3BYKOBBIMU OTBEPCTUA-
MMU. TeOpeTI/I‘{eCKOC BbIpa’KCHUE l'[epejlaTO‘IHOﬁ Mart-
puULbl HUWJIMHIAPAa nauHoK L 6e3 ydy€Ta NnMoTepPb SHEP-
T OIIPpEACIIACTCA KaK:

B { coskL jsin kL}
cyl — 5

3
jsinkL coskL 3)

rne k = 2nf/c — BOJIHOBOE€ YUCJIO, j = J-1.

ToHabHOE OTBEPCTUE MOXET OBITH ITPEICTABICHO
B BUIE CUMMETpUYHOIT T-00pa3Hoit cekiuu (puc. 2),
XapaKTePUCTUKU KOTOPOIT 3aBUCST OT IBYX ITapamMeT-

POB: IyHTUpYIOIETO Z, = Z, / Z, U ocaenoBaTesb-

Horo Z, = Z,/Z, wmnenaucos. IlepenatouHas mar-
pu1a 3BYyKOBOTO OTBEPCTHUS UMeeT Bu [ 1]

Thote = Ll) 201/2} [1/IZS (1)} Ll) Z,l/z} -

1+Ze 7 (145 (4)
_| 2z, 47,

1 i 4

Z, 2Z,

Wmnenancel Z, u Z, paccCMaTpUBarOTCs ISl OTKPbI-
TOTO (0) M 3aKPHITOrO (€) COCTOSTHUIT 3ByKOBOIO OT-
BEPCTUS M 3aBUCST OT TEOMETPUIECKUX TTapaMeTPOB

M 9acTOThl Koynebanuit. LllyHTUpyrommii uMItegase
MOXET OBITh MpeNCcTaBIeH Kak [3, 11]

—~(0 1 . o
Z" =5 (ke? +E,), (5)
() _ . 1
Zs =-J 82kt(c) > (6)
s
e & — xapakTepHOE IIYHTUPYIOILEE COMPOTUBIIE-
HUE OTKPBITOTO OTBEPCTHUA, ts — OKBUBAJICHTHAas1 OJIN-

Ha 3BYKOBOI'O OTBEPCTHSI, IapaMeTp O = b/ a — OTHO-
IIEHNEe paauyca TOHAJILHOIO OTBEPCTUSI K Paguycy
OCHOBHOTO KaHaJjia BO3ayIIHOro croyida. IlyHTupy-
IOlIIeE COMPOTUBIIEHUE &, HE BIMSET HA PaCYETHbIE
pE€30HAHCHbBIE YACTOTHI JEPEBSIHHBIX OYXOBBIX WH-
CTPYMEHTOB, IO3TOMY OOJBIIMHCTBO MCCIEA0BA-
TEeJIbCKUX YCUJIMHA COCPENOTOUYEHO Ha ONpeaesieHUn
TONpPaBKM Ha 9KBUBAJICHTHYIO UIMHY #,, KOTOPYIO B
cJIygae OTKPBITOIO OTBEPCTHUS aBTOPHI [ 12] mpeacTaB-
JISIIOT B BUZIE

k') = ke, + tglk (t +1, +1,)],

Z./2

Z,/2

NI

Puc. 2. DxBuBasieHTHAs1 GJIOK-CXeMa TOHAJILHOTO OTBEPCTHSI.
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I1e { — reoMeTpuIecKas BbicoTa OTBepCTus (puc. 10),
!, — KOppeKUUus BHYTPEHHEH IUIMHBI, f, — DKBUBa-
JICHTHas1 JJIMHA, COOTBETCTBYIOIIASl JOTIOJTHUTEIBHO-
My 00beMy 3BYKOBOT'O OTBEPCTUSI, BO3HUKAIOIIEMY Ha
CTBIKE C OCHOBHBIM KaHaJIOM, . — MONIpaBKa Ha IJINHY,
COOTBETCTBYIOIIIAsT JOMOJHUTEIbHOMY 3aTyXaHUIO KO-
JiebaHU#l B CBSI3U C UBJIyUeHUEM W WHepLUeil cpemdbl.
B HuskovactoTHoM npuomokennu (k (¢ +1, +1,) <1)
MOXHO 3aIucarb

A =t +t+1, +1,. (7)
Jlns mapametpa f; (IIpU YCIOBUMM ¢ > b) B IUTEPATypE

cyuiecTByeT psan ¢opMmyin. B manHoit padbote pu pac-
yeTax OBIJIO MCITOJb30BaHO BhIpaXkeHUE aBTOPOB [5]

t, =(0.82 —1.48" +0.758>7)b. (8)

I[J'ISI JIUIMHHI £,, B cllydae OCTPbIX KpaeB Te€ K& aBTOPbI
JaroT JOCTAaTOYHO TOYHOC HpI/IGJII/I)KCHI/Ie

f = %(1 +0.2075%). ©9)

IMonpaska #,, COOTBETCTBYIOLIAA U3IYYEHUIO, 3a-
BUCUT OT YacCTOTHI KOJIEOAHWI M BHELIHENH reoMeT-
PUM OKOHYAaHMs OTBEPCTHS. B HM3KOYaCTOTHOM
npubavxennu (k (¢ +t,, +1.) < 1) 5T0 MOXeT ObITh

t, =0.6133b (Tpy6Ga 6e3 daHua), (10)
t, = 0.8216b (Tpy6a c 6eckoHeuHbIM Daaniem)(11)

MO0 Apyroe MpOMEXYyTOYHOE 3HaYeHMe IIsT OoJjiee
CJIOXXHBIX cuTyaruit [15].

B ciyyae 3aKpbITOro 60KOBOIO OTBEPCTUSI 9KBU-
BAJICHTHYIO JJIMHY MOXHO MPEICTABUTH B BUIE

ki = tglk (1 +1,)].

KOppeKHI/IH BHYTpeHHCﬁ JJIMHBI TaKXXE MOXKET
OBITH paCcCMOTpPCHA OJId 3aKPbITOIO OTBEPCTUA, HO €€
BJIMAHNUEC HCEBCJIMKO M CTAHOBUTCA 3HAYUTC/IbHBIM
TOJBKO Ha BBICOKHMX 4YaCTOTaxX, IMO3TOMY B CJjy4yac

HU3KUX 4acToT (k (7 +1,,) < 1) MOXHO 3amucarhb

9 =t+1,. (12)

IMocnenoBaTeabHBIN UMITEIaHC 3BYKOBOTO OTBEP-
CTHUS MPEACTaBIISIET COO0I HEOONBIITYIO OTPULIATEIIb-
HYIO aKyCTUYECKYIO UHEPTHOCTD

7 = k), (13)

YTO HEMHOTO YMeHbIIaeT 3¢(hPEKTUBHYIO UIMHY UH-
CTpyMEHTa, yBeJIMuMBasi pPE30HAHCHBbIE YacTOTHI.
B ypaBHeHnuu (13) cooTBeTCTByIOIIasl MompaBKa Ha
IUIAHY f, UMEET PSII BbIpakKeHU, TTOJTYYeHHBIX pa3-
HbIMM aBTOpaMu. B naHHOI1 padoTe B ciyyae OTKPbI-
TOTO OTBEPCTHS UCIOJb30BAIOCH COOTHOIIIEHUE aB-
TOpOB [5]

A7 = 0.28587,

B CJIy4ae 3aKpbITOrO OTBEPCTUS [6]

(14)
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A =
_ bd* (15)
1.78 cth (1.841/b) + 0.940 + 0.5400 + 0.2855"

B uenom mis HMJIWMHAPNYCCKOro KaHajia ¢ OIHUM
OTBEPCTHUEM, OCHOBbLIBasICb Ha ME€TOAC II€p€aaTo4d-
HbIX MaTpUIl, MOKHO 3aIlnCaTb

Din Zra
|:Z0U- :| = ]—;:YIThole]—éyl|: 1d:|,

[Ie UMIENAHC U3IYy4YeHUs1 Z,,, OTKPBITOIO KOHLA B
00111eM cllyyae 3aBUCHUT OT YaCTOThI KOJIEOaHUIA 1 15T
TpyObI 6e3 (TaHIla B HAU3KOYACTOTHOM MPUOIHXKE-
Huu (ka < 1) umeet Bun [16]

(16)

2
7= @ + jk (0.6133a), (17)

a 1u1s1 TpyOsI ¢ hiraHueM [17]

k)
Zag =5+ K (0.8216a). (18)
Hpu yenosuu Z, = p,/ZU;, — > MOXHO orpefe-
JIUTH PE30HAHCHbIE YACTOTHI KaHaIa.

[MosiBNeHne paaMyca KPMBU3HBI # Ha CTHIKE TO-
HaJIbHOTO OTBEPCTHUS C OCHOBHBIM KAHAJIOM BJICYET
V3MEHEHUE €r0 PaaMyca U CMEIEHNE PE3OHAHCHBIX
4acToT. PacyeT COGCTBEHHBIX 4ACTOT BO3MYyIIHOTO
KaHala B JaHHOM CJIydae MOXHO OCYIIECTBUTH IO
OMMCaHHBIM Bbille (hOPMYJIaM, 3aMEHHUB GOKOBOE OT-
BEPCTHE HA aKyCTUYECKH €My SKBUBAJIEHTHOE C OCT-

PBIMU KpasiMu U 3G HEKTUBHBIM PAIUYCOM by .

YW CIEHHbIN PACYET

Pannyc b, MOXHO ONpenenuTb U3 paBEHCTBA

LIYHTUPYIOIIMX UMIIEJAHCOB £ OTBEPCTUI C OCTPHI-
MU U CKPYTJICHHBIMU KpassMu. OTKPbITOE TOHAJIbLHOE
OTBEPCTUE B OCHOBHOM 3KBUBAJICHTHO aKyCTHUYE-
cKoM mHepTHOCTH [ 18], ToaTOMY

(19)

AKYCTHYECKYIO Maccy m, B ciIydae TepeMeHHOTO 110~
MEPEYHOTO CEUCHUST MOXKHO PAaCCUYUTATh KaK

1
m, =p _dZ,
LJ,,S(Z)

IIe p — IUIOTHOCTB BO31yXa, S () — IUIoLanb Iore-
PEUYHOTO CeYeHUsI OTBEPCTUS HA YPOBHE Z, L, — BbICO-
Ta OTBEPCTUSL.

3aKphITOe OTBEpCTHE, MMelolIee o0beM V, B oc-
HOBHOM BeJeT ce0s1 KaK aKycTuyeckas MomaT/iu-
BOCTb ¢, [ 18], moaTomy

7Y = jom,.

(20)

79 =L
wc

(21)

a
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©) v ()

0 bd X 0

S

Il
U
<y
[«

b X

Puc. 3. [TonepeyHoe ceyeHre TOHAIBHOIO OTBEPCTUS B IJIOCKOCTA OCHOBaHUs (7 = —rcos@): (a) — Ipu r > ry, (6) — npu

r=rn,B) —npur<r.

rme
(22)

s manpHeHIero YncjieHHOro pacuyeTa Heo6Xo-
IUMO 3aMlucaTh ypaBHEHUS TTOBEPXHOCTE, OTpaHM-
YUBAIOIIX TOHAJIbHOE OTBEPCTHE.

OCHOBHOM KaHaJI, PAaCITOJOKEHHBIN IIepIeHIN-
KYJISIPHO TJIOCKOCTH puc. 16 BIob ocu X, onpenesisi-
eTcsl ypaBHEHUEM

(z+c) +)y =d’, (23)

rIe mapameTp ¢ = (a + r)cos .

CriaxkeHHOCTb COECIWHEHHUsI 3BYKOBOTO OTBEp-
CTUSI C OCHOBHBIM KaHAJIOM MOXKHO ITPEICTaBUTh KaK
HaJIMYME TOpa ¢ 00pa3yolIei OKPYKHOCTBIO paauycar,
“omnosichIBaOIIET0” LMWJIMHAPUYECKOE OTBepCcTHe.
Ero ypaBHeHMe OyneT nMeTh BUIL

2
(,x2+y2—R) + 2=

rme R = b + r — paccTosiHUE OT OCU Z J10 LIeHTpa 00-
pazymwolieii okpyxxHoctu. [1pu 1o6oM panuyce Kpu-
BU3HBI 7 BBICOTA f TOHAJIbHOTO OTBEPCTUSI HAJ KaHa-
JIOM OCTaeTCcsl HEU3BMEHHOM, a TOp B MJIOCKOCTH ceye-
Hus ZO0Y KacaeTcss OCHOBHOT'O KaHajla, TO3TOMY B
MIAHHOU TJIOCKOCTU MPOUCXOAUT TJIAaBHBIN mepexon
OT KaHaJia K OTBEPCTHUIO, B OTJIMUYME OT BCEX OCTaIb-
HBIX BEPTUKAJIbHBIX MJIOCKOCTEN ceueHus, rae Oyaer
CYIIIECTBOBAaTh HEKMIA YIojl Ha CThIKE (puc. 1).

(24)

YDaBHEHI/IC 0OKOBOTO OTBEPCTUA HMMECT BUI

X%+ y2 = b2, OTKyZa

x(y)= NI

PemuB coBMecTHO (23) u (24), onpeneaum ypaBHe-
HY€ JMHUU TIepeceyeHns] HUKHENM 4acTu Topa U Ooc-
HOBHOTO KaHaja

5(7) = VR =\ — (@ =y =) = .

B 3aBHCMMOCTH OT BEIMYMHBI pagnyca KPUBU3HEI #
OTBEPCTUE B TJIOCKOCTU OCHOBaHUS (Z = —7COSQ)
OyIeT UMETh pa3IudHbIe (POPMBI TOMIEPEYHOTO ceUue-
Hus (puc. 3). Ilapamerp d (puc. 3a) HaxoaAUTCS U3

YCIIOBUSI
d=x,(0)=R-\r’ —(a—c),

oTKyda npu d = b (puc. 36) MOXHO NOJY4YUThb I'pa-
HUYHOE 3HAaYeHUE MPUBEIECHHOrO paguyca KpUBU3-

HbI (€ = r/b)

g =—0 .

2(1-9)
I[Ipu manpHeiilieM yMeHBIIEHMU paguyca r 3a-
KPYIVIEHHOCTb KpaeB OTBEPCTUSI OyaeT HauMHAThCS

TOJILKO Ha HEKOTOPOM PACCTOSIHUM /1 OT OCH OCHOB-
HOro KaHajia (puc. 3B), OIIpeaesieMOr0o YCIOBUEM

x, (h) = x, (h), otkyna

2
h=+b"—=2r(a-b).

B oO0meM mromanp MoNnepeyHoro CeueHusl To-

HAJIBHOTO OTBEPCTHS 3aBUCUT OT KOOPIMHATHI Z U B

ciydae r > r, UIMeeT TPU Pa3inyHbIX [UISl BBIYHCIIe-

Hust obiactu (puc. 4a). Ipu —rcos@ < z < —(c —a)
(puc. 40)

Si(z2) =S (2)+ 5 (2) =
(z) x2(») »2(2) x3(1,2)
j dxdy + dxdy |,

0 0 nz 0

(25)
=4

e y, (z) = @’ — (z + ¢)’ Haxomurest u3 (23), a npe-

JEeTbl X, (y, z) = \/(R . Zz)2 - yz’ 3% (Z)|x:0 =

=R-r' -7 Bbipaxarorcas u3 (24). Ilpm
AKYCTUYECKUMU KYPHAI TOM 69 Ne 4 2023
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Puc. 4. (a) — I1onHbIi1 06bM TOHAJILHOTO OTBEPCTUSI IIPU 7 > 1y, (6) — MONEpeYHOE CeYeHNE OTBEPCTHSI BOJIM3M OCHOBAHUS Ha
ypOBHE —r cos @ < z < —(c¢ — a) nIpu r > 1y, (B) — 06beM TOHAIBHOTO OTBEPCTHSI IIPU 7 < 1y, (T) — MOMEPEYHOE CEYSHHE OTBEP-

CTHS BOJIM3M OCHOBAHMSI Ha YPOBHE —F cOS@ < 7 < —(c —a) pu r < 1.

—(c —a) £ z < 0 monepeyHOE CeUYeHNE MPEACTABISICT
€000t OKPYKHOCTb € TIOCTEIIEHHO YMEHbLIAIOLIMMCS
ot d no b paguycom

»(2) %3(9.2)

S@=4[ [ axa, (26)
0 0

anpu 0 < z <t —(c—a) — OKPY>KHOCTb ITOCTOSIHHO-
ro pamuyca b,
S;(z) = mb’.
B cnyyae MasbIx panuycoB KpUBH3HSI (# < 7, pHC. 4B)

OTBEPCTUE HE OyIeT MMETH NONEPEYHOTO CEUEHHUs C
TIomanbio S, (), a IUIOIIANk CeYeHNUs] B 001aCTH OC-

HoBaHus (puc. 4r) npu —r cos ¢ < z < —(c — a) Oyner
paBHa
AKYCTUYECKHUH KYPHAJLI  TtoMm 69 Ne 4 2023

h x(y)
S (2) = U j dxdy +
(z) x(y) Oyz((;) x3(3.2) (27)
+ l j a’xdy+y:[ .([ dxdy].

WHurerpupoBaHue B popmyiax (25)—(27) mpoBoauT-
cd B IIpefeiax IepBoil YeTBEPTH.

AKYCTUYECKYIO Maccy BCero oobeMa OTBEpPCTHS
TIpYU ¥ > Fy MOXKHO PacCUMTaTh Kak

—(c—a) |
My =P dz +
1 —rg[S(pSll (Z) (28)
t—(c—a) |
S
- c—a) 0 S3 (Z)

anpur <,
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0 t—(c—a)
;dz + I 1 dz |.
o S ()

—rcos@ 12 (Z)

ToHanbHOE OTBEepCTHE, HMEIIIee 3aKpYIJICHHBIE
Kpasi, B OTJIMYUE OT OTBEPCTUSI C OCTPHIMU KPasiMHU,
He oOJramaeT BpamiaTeJIbHON KPYyroBOM CUMMETpUCH
B 00J1aCTU COENMHEHNSI C OCHOBHBIM KaHaJIOM (ceue-
HUst S;; u S),), YTO TaKXKe JOJKHO OKa3bIBaTh BIIUSI-
HUE Ha CMelIeHHWE pPE30HAHCHBIX 4acToT. UTOObI
y4ecThb YKa3aHHYI0 HECUMMETPUYHOCTb, B JAaHHOI
paboTe AOIMOJHUTEHLHO ObLIO MPOBEACHO YCpEeIHe-
HUe aKkycTuiyeckux Macc (28)—(29) no ueHTpajibHbIM
MPOJIOJBbHBIM CEYEHUSIM OTBEpPCTHUS. 3aBUCUMOCTH
¢OopMBbI BepTUKAJIBHOTO CEeYeHUsI OTBEPCTHUS OT yTJja
MOBOPOTA CEKYIIEN MIOCKOCTY 9KBUMBAJEHTHA 3aBU-
CHUMOCTU OT KOOPAMHATHI Z;, BBIIIE KOTOPOU ILIO-
aab MOMEPEYHOro ceueHus S|, Wiu S;, U3MeHsIeTcsl,

a HUXKe Z; — OCTaeTcs MOoCTOosTHHOM (puc. 4a, 4B), T.e.

Mgy =P (29)

| ~(c=a)

ma(a)=p| | ——de+ [ Lode+

_rcos(pSll (Zl) S (Z)
0 | t—(c—a) |
+ dz|, r>rn,
(E[a) S$,(z) '([ S5 (2)
K
ma2 (Zl) = p dZ +
—rcosgoS12 (Z])
0 | t—(c—a) |
+ | ——dz + dz|, r <.
J:Slz (z) Zl). S3(2)
YcpenHeHHbIE aKyCTUYECKIE MacChl
1 ~(e-a)
my =———— [ mu(a)dz, r>n, (30)
rcosQ—(c—a) .o,
0
my =—— [ my(z)dz, r<n @D
rCcos @

—rcos@

CrenyeT TakKe YYUThIBaTh, YTO U3MEHEHUE Paiu-
yca, 00yCIIOBJICHHOE HaJIMYUEM IIOAPE3KU Y TOHAIb-
HOT'O OTBEPCTHUSI, 3aTparuBaeT U ApyTrUe MapaMeTphl,
cBsI3aHHBIE ¢ HUM. [103TOMY HEKOPPEKTHO OBLIO OBI
nckatb 3GQGEKTUBHBINA paguyc b, paccMaTpuBast
TOJIbKO M3MEHMBIIYIOCS TE€OMETPUIO OTBEPCTUS U
CBsI3aHHYIO C Hel akyctuuyeckyio maccy (30)—(31).
JlaHHbIE BBIpaKeHUS NOJDKHBI BKJIIOYATh BCE BEJIM-
YUHBI, BXONSIIWE B SKBUBAJICHTHYIO JUIMHY f, (CM.
¢dopmyy (7)) OTKPBITOTO OTBEPCTHUSI, TIOBTOMY

ti+t,+t,

1
0 S ()

Tae t;, t,, U t, OTIpeNeNsTIoTCs 3aBUCUMOCTAMU (8), (9) u
(10)—(11) cOOTBETCTBEHHO.

/

m, =m, +p

dz, 32)

IT'EPACMOB

DKBUBAJIECHTHOE OTBE€PCTHUEC C OCTPBIMHU KpasAMM1 1

panuycom b,y TpENcTaBisgeT coOOil mpsAMoOil uu-
JUHAP C aKyCTUYECKOM MacCoi

ca _ bi(beg)+ Ly +1, (b)) + 1, (b)
m, = p 2
b

, o (33)

rne L, =t —(c—a)+ rcos@ — MoJHasi TeOMeTpUye-
cKasi Beicota oTBepcTusi. [IpupaBHUBast Macchl (32) u
(33) (a 3HAYNUT, ¥ LIYHTUPYIOLINE NMITeTaHCHI OTBEP-
CTUi1), MOXHO HaWTU 3(PDEKTUBHBIA panguyc b, U
paccuMTaTh pe30HAHCHBIE YaCTOTHI BO3AYIITHOTO Ka-
HaJla ¢ OTKPBITBIM OTBEPCTHEM TIPU Pa3IMIHBIX pa-
Iycax KPUBU3HEI F.

OO0BEM TOHAJILHOTO OTBEPCTHUS, MCKITIOYAIOIIUA
00BEM OCHOBHOTO KaHaia (puc. 5a, 50), Oynet omnpe-
JIENISITHCS BhIpaXKeHUSIMU

—(c—a) 0
h= | S'@dc+ [ S(2)de+
—(c—a)

—rcos @

t—(c—a) (34)
+ J. S (2)dz, r > r,
0

0
- |

—rcos¢
t+(a—c)

+ j S5(z)dz, r <,

a-c

S (2)dz + j S, (z)dz +
‘ (35)

rIe IUlollazb IoOINepeyHoro ceueHust S,(z) =

b x(y)
= 4I © I g dxdy. AHaJIOTUYHBIM OOpa3oM MOXKHO
n(z) 90

Y4eCTb OTCYTCTBHE KPYTOBOM CUMMETPUM Y OTBEP-
CTHS B 00JIACTU €TI0 COSIMHEHUSI C OCHOBHBIM KaHa-
JIOM ¥ MCIOJIb30BaTh BMeCTO BhIpaxeHuii (34)—(35)
ycpemHeHHBIe 00BeMbl. [lpomemypa ycpemHEHMS
JIOJIKHA 3aTparuBaTh TOJBKO JOIMOJHUTEIbHbBINA 00b-

eM V,:,, OOyCITOBJIEHHBI HATUYUEM panuyca KPUBU3-
HbI Ha CThIKE LIMJIMHpA U KaHajla, IO3TOMY HE00XO-
JIMMO 3aIucaTh BbIpakeHUE U1 COOCTBEHHOTO 00be-

1
Ma OTBEpPCTUs, BBIICJIUB OTIAEIbHO cjiaraemoe V,
(puc. 5a, 50).

O06beEM HWIMHAPUUIECKOTO OTBEPCTUSI C OCTPHIMU
[2 2
KkpasMu (¥ = 0, ipu 3ToM ¢ = ¢, = Va“ — b”) paBeH

a—c
j S, (2)dz + mb™t,

0

Vo = (36)

I7I€e MIEPBOE ClIaraeMoe OIPEAEISIET JOTIOJIHUTEbHBIIA

00beMm V,, B 001aCTU COWIEHEHUS OTBEPCTUI U OC-
HOBHOTIO KaHaJa.

INonepeuHkle ceYeHUS TOMOTHUTEIBHOIO 00beMa
’
V,apur > (¢ # ¢;) AMEIOT TPU PA3TAYHBIE 1J151 BbI-

AKYCTUUYECKMU XXYPHAJI  Tom 69 Ne4 2023
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(6)

(8)

x3(y, 2)

Puc. 5. (a) —
rornepevHoe ceueHne oobema V,, Ha ypoBHe —(¢ — ¢y) < 7 <

yucieHuss obsactu. Ilpu —rcos@ < z <
(puc. 46)

—(c—c)

Sim(2) =8 (2),

npu —(c—¢,) < z<—(c—a) cedeHUe MMeeT BUI
KOJIBLIEBOTO 2JIeMeHTa (puc. 5B)

(37)

b x3(y.2) ¥2(2) %3(3:2)
Sy (2) = 4 I I dxdy+J. j dxdy |, (38)
n(2) x(y) b0

a npu —(c —a) < z < 0 MpeacTaBIsIeT KOJIBLO C TO-
CTEeTIeHHO YMEHbBIIAIOIIMMCS 10 BEJTUUUHBI b pamny-
COM BHEIIIHEi OKpYKHOCTH (puc. 5a)

b
S3m I
0

Huterpuposanue B ¢popmyinax (37)—(39) npoBoaut-
cs1 B IIpefeliax IepBOii YeTBEPTH.

x3(y,2) 12(2) x3(9,2)

j dxdy+j !

x(») b

dxdy|. (39)

AKYCTUYECKMU XYPHAJT  Tom 69 Ne4 2023

ToHaJIbHOE OTBEPCTHE C BBIACICHHBIM IOMOTHUTENBHEIM 00BeMOM V,, TIpH r > 1y, (6) — B ciydae r < ry, (B) —

—(c—a).

Co6CcTBeHHBII 06eM TOHATLHOTO OTBEPCTHS ITIPU

F > ry B 3aBUCUMOCTH OT KOOPAWHATHI €Tr0 HIKHETO
YPOBHS Z; OyIeT UMETh BUT

—(c—c)
Vl(z])=V0+ Slm(z)dz'l'
<
—(c—a)

+ I S, (2)dz + j S, (2)d
(e ~(-a)

st —r cos @ < z; < — (¢ — ¢,) mbo

—(c—a)
V() = _[ Som (2)dz + _[ S (2
Kl

npu —(c—¢) <z <—(c—a). CpenHee 3Ha4YeHUE

00BbeMa TOHAJTLHOTO OTBEPCTHSI
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1
rcos@—(c—a)
~(e—c0) ~(eza)
x| [ Vi@da+ [ nia)d

—rcos @ —(c—cp)

I/]av —
(40)

B cnyyae manbIx paauycoB KpUBU3HHEL (7 < 7)) IUIO-
mans Sy, (z) = 0, a cpenHMit 00beM

~(e=co)

0
—L [ Vi@da+ [ W(z)da | @D
rcosQ ~(er)

I/zav —
—rcos @
IyHTupyrommuii nMnenance (6) 3KBUBaJEHTHOTO

OTBEPCTUSI C OCTPBIMM KpassMUd B HU3KOYACTOTHOM
NpUOIVKEHUN OyIeT UMETh BUJ

() _ . pc 1
Z, =—] .
b k ( + 1, (begr)
IIpupaBuuBast umnenancel (42) u (21), yuuTeiBas,

41O k = OJ/C, a TakxKe BbIpaxeHue (22), moiaydum
ypaBHEHNE

(42)

nbesz (f +17, (beff)) =V, (43)

MOo3BoJIsIIolIee onpeneanuTb 3PHEeKTUBHBIN panuyc

b, ¥ paccuuTaTh PE30HAHCHBIE YACTOTHI BO3IYIIIHO-
ro KaHaJjia ¢ 3aKPBITBIM OTBEPCTUEM MPU Pa3TUIHBIX
pamuycax KpuUBU3HBI r. [IpaBast 4yacTh BBIpakeHUS
(43) mpemmonaraeT MCIIOJb30BaHME YCPETHEHHBIX
00beMoB (40)—(41).

KOMITBIOTEPHOE MOJEJINPOBAHUNE

O1ieHKa BXOAHOTO MMIIEJaHca U, COOTBETCTBEH-
HO, PE30HAHCHBIX YaCTOT AEPEBSIHHBIX TYXOBBIX UH-
CTPYMEHTOB C TIOMOIIIbIO METOJa KOHEUHBIX DJIEMEH-
ToB (MKD) BKiIIOUaEeT MOCTpOEHUE TPEXMEPHOM MO-
Ienu crojidba BO3ayXa, OKpPYXXEHHOro cgepoii,
MIPUHUMAIOIIEH U3JTy4eHUE, U pellleHNe YPaBHEHUS

Teapmronbia V> p+ K p =0 mid psma BEIOpaHHBIX
yacToT. CeTKa KOHEYHBIX 3JIEMEHTOB IOJIKHA 3aHU-
MaTb 00beM KaK BHYTPH, TaK U CHApYKU MOJETUpYye-
MOIf YaCTH MHCTPYMEHTA, a OKpyxXalolas chepuue-
cKast 00JIaCTh JOJDKHA MMETb HeoTpakarollue rpa-
HUYHBIE YcI0BUsl. B 1TaHHOM ciiydae 111 yBeJIMYeHUS
CTeNIEHW TOYHOCTH MOIETUPOBAHUS U BBHIACICHUS
3aBUCUMOCTH COOCTBEHHOI YaCTOTHI KAHAJIa UMEHHO
OT BEJIMUMHBI pagnlyca KpUBU3HBI ¥ Y OOYCIIOBJIEHHO-

ro UM JOMOJHUTENLHOIO 06beMa V), MOXHO OTKa-
3aThCsI OT TOCTPOCHUS chepruuecKoit obiactu, yBe-
JINYWB JUIMHY KaHajla U TOHAJIBHOTO OTBEPCTUS Ha
COOTBETCTBYIOLIUIT mapaMeTp Koppekuuu (10) mmbo
(11), cBSI3aHHBIN C U3JIYYEHUEM OTKPBITHIX KOHIIOB.
OTtcyTcTBUE OKpyxXKarlleil cdepuyeckoit obdiactu
MO3BOJIUT 0€3 CYILIECTBEHHOTO yIlepOa IJIsT pe3yIbTa-
Ta, OCTaBasiICh B paMKaxX OTrpaHUYEHHBIX BBIUYMCIIU-

IT'EPACMOB

TEJTbHBIX MOIITHOCTEH, YBEJIMIUTh Ka4eCTBO pa3bue-
HUSI MHTEPECYIOIIMX Hac o0JiacTeit.

B kxauyectBe MomeanmpyeMoro o0beKTa OBLI B3ST
BO3IYIIHBINA KaHaJ (Tpy6a) nauHoil L = 10 cM u pa-
muycoM a = 8 MMm. KaHan uMmesr oqHO HeHTpaabHOE
MePHEeHANKYJISIPHOE OOKOBOE HMIWIMHIPUYECKOE OT-
BEPCTUE C PAIUYCOM b = 4 MM U BBICOTOM = 5.6 MM
(6 =0.5;¢,=0.5). BeicoTa oTBepCTHs ¢ Hal KAHAJIOM
COXpaHsIaCh HEU3MEHHOI IPpH JTI000M pangnyce Kpr-
BU3HBI r (puc. 16). MonenupoBaHue IPOBOAMIOCH
JIJISI OTKPHITOTO C OAHOM CTOPOHBI KaHaJjia 6e3 ¢JiaH-
na. OTKpBITOE OTBEPCTUE TaKKe MMeEJIo OecdiraHIle-
Boe okoHYaHMe. C y4eToM CUMMETPUU paccMaTpu-
BaJlaCh TOJIbKO IIOJIOBMHA MOMEIM, II03TOMY Ha
IUIOCKOCTA CHUMMETPHUU OBLUIO 3aJaHO TPaHUYHOE
yCcJIoBUE, OIIpelnessioliee HyJIeBOe HOpMalbHOE
yckopeHue (a, = 0). B ciyyae OTKPBITBIX TOPLIOB
(OCHOBHOTO KaHaJjla M1 OTBEPCTHsI) Ha TpaHuIle 3a1a-
BaJIOCh HYJIEBOE 3HAUE€HME I10 aKyCTUUECKOMY JaBjIe-
Huto (p = 0). KaHan c oTBepcTrEeM coaepkall TpU J0-
MEHa — JBEe UWJIMHAPUIECKUX 001acT (OCHOBHOM
KaHaJI ¥ OTBEPCTHE), a TAKXKE BBIASIIEHHYIO 0071aCTh

JIOTIOJTHUTEIBHOTO 00beMa V,; (puc. 6). st muckpe-
TU3allMU TEOMETPUU U pelleHUs] BO BCEX TOMeEHax
HUCMOJb30BAINCh  KPUBOJUHEUHBIE  2JIEMEHTHI
Jlarpanxa BToporo nopsinka. Ha puc. 6 mpencras-
JIeHO pa3OueHue BO3AYyITHOIo KaHalla CeTKOM TeTpa-
35IPUYECKUX KOHEUYHBIX 3JEMEHTOB B paiioHE TO-
HaJIbHOTO OTBepCTUs. [NIOTHOCTH ceTKU ObLIa yBEIr-

YyeHa B 00J1aCTU HOITOJIHUTEIBHOrO o0beMa V,:, IS
JIYUIIIETO BBISIBJIEHUSI OKa3bIBA€MOTO MM BIMSHHS HA
cMelleHue cooCcTBeHHOI yacToThl KaHaa. Konnye-
cTBO crerieHel cBoboanl (DOF) B npenenax Momenu-

5
pyeMoro oobeMa cocTasJsiio okouo (2...3) x 10°, uro

CYIIECTBEHHO MPEBOCXOAUT MUHUMAJIbHO PEKOMECH-

JIyeMoe Ha KyOM4eCKHMid MeTp (1728/ kfmn, IHe A —

HauMEHbIIIasl IJIMHA BOJIHBI B MoAenupoBaHun) [19].
B naHHOM ciy4ae A, = 28.6 CM, 4YTO COOTBETCTBYET
Sinax = 1.2 X 103 T, Bce 5KCIeprMEHTBI ObLIN BBITTOJ -
HeHbI B iporpamme COMSOL Multiphysics 5.6 ¢ vic-
MOJIb30BAaHMEM BCTPOCHHOTO MoOOyIsT “Pressure
Acoustics”. BimmstHrue TepMOBSI3KOCTHBIX ITOTEPh HEe-
3HAYUTENIBHO JIJ151 OOJIBILIMHCTBA TOHATBHBIX OTBEPCTUIA
NEPEBIHHBIX TYXOBBIX WHCTPYMEHTOB, TO3TOMY TP
MOIETMPOBAHUH U B pacyeTax OHU HE YIUTHIBAIVCh.

PE3VJIBTATBI U OBCYXIEHHWE

Ha puc. 7 moka3aHbI 3aBUCUMOCTH 3(PHEKTUBHO-

ro paauyca b, (puc. 7a) 1 4aCTOThI f OCHOBHOI'O TOHA
(puc. 70) BO3OYIIHOIO KaHala OT IIPUBEICHHOIO pa-
JINyca KpUBU3HBI r/ b KpaeB 111 OTKPBITOTO TOHAJIb-
HOro OTBepCcTUs. BUIHO, 4TO ¢ yBeJIMYEHUEM CTEIIe-
HU TIOAPE3KM KpaeB OTBEPCTUSI pacTeT ero addek-
TUBHBIA paguyc, 3a CYET 4Yero IIPOMCXOIUT
HEKOTOpOE YMEHbIIIEHUE IJIMHBI KaHajla ¥ CMEIleH1E
AKYCTUYECKHNH KYPHAJ Ne 4
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Puc. 6. Busyanuzamysi CeTKM KOHEYHBIX 9JIEMEHTOB B 00JIACTH TOHATBHOTO OTBEPCTHSI U AOTIOJTHUTEIBHOTO 0GbeMa V.

pe30HaHCHOM 4YacToThl. [Iyis1 cpaBHEHUS 4YacTOThI
OBLIM pacCUMTaHbl B Pa3HbIX NMPUOIMXKEHUSIX. B ca-
MOM Tpybom mpubivkeHUu 3¢hGhEeKTUBHBINA paguyc

b.;r HAXOIUJICSI U3 PABEHCTBA aKyCTUYECKUX MACC OT-
BepcTus (28)—(29) u 3KBUBaJICHTHOIO €My LIMJIMH-

[lpa c Maccoit m, = pL,,/nbezff (puc. 7a, 76, KpuBsble 1).
OcTanbHble 3aBUCUMOCTH Ha PHUC. 7 MOCTPOEHBI C
Y4ETOM U3MEHEHUs MapaMeTpoB 4, £, U . 0e3 ycpen-
HeHus (KpuBBIe 2) MO0 C UCIIOJIb30BAaHUEM yCpe-
HeHus (30)—(31) akycTUYEeCKOil MacChl OTBEPCTHUS
(kpuBble 3). BumHo, 4TO pacyeTHBIE 3aBUCHUMOCTU
(kpuBble 2 1 3) KOPPENUPYIOT C pe3yIbTaTaMHu KOM-
MBIOTEPHOTO MOJENMPOBaHUs (KpuBasi 4), KOTOpbIe
MOTYT ObITh HECKOJILKO 3aBbIIIE€HbI N3-32 OTCYTCTBUS
OoKpyXarolei kaHan chepuyeckKoil o0JacTh BO3-
JIYITHOTO TMPOCTPAHCTBA U 3aMEHBI €¢ Ha COOTBET-
cTByIOLIYIO TonpaBky (10) K aJMHaM KaHajda U OT-
Bepctus. B pacuerax He yUMTHIBAJIOCh TaKXKe BIIUSI-
HUe u3MeHeHUs1 3(HEKTUBHOTO paauyca OTBEPCTUS
Ha TOMpPAaBKYy /,, CBSI3aHHYIO C TOCJIENO0BATEIbHbIM
WMIIEIaHCOM 3BYKOBOTo oTBepcTus Z,. Koppekrtu-
poOBKa IIMHBI ¢, ~ 107 M, 4TO Ha MOPSANOK MEHbIIE
BBICOTHI ¢ U TIONIPABOK #; U 1,, ONPEIESIoNuX Z,, 1o~
3TOMY IPU HaXOXICHUH 3(PHEKTUBHOTO IIIYHTUPYIO-

LIEr0 MMIIENTaHCa OTBEPCTUS fof =Z,—-Z, /4 BTO-
PBIM clIaraeMbIM MOXHO ObLIIO TIpeHeOpeub. HecMoTpst
Ha YKa3aHHBIC OJOITYIICHUWA, BUIHO, YTO PE3YyJIbTaThl
KOMITbIOTEPHOTO MOJEJIMPOBaHUs OJIMXKe K pacyeT-
HBIM C YY4ETOM YCPEIHEHUsI aKyCTUYECKOI MacChl OT-

BEpPCTUS TIpU r/b >1.4. YuuTtbiBasg BO3MOXHYIO 3a-

AKYCTUYECKUM KYPHATT Tom 69 Ne4 2023

BBIIIEHHOCTh PE3yJIbTaTOB MOACIMPOBAHUSI, MOXHO
clesaTh BbIBOI O TOM, YTO OOJiblllee COOTBETCTBUE
Oyner v npu r/ b < 1.4, ecnmiu ncONB30BATh yCPEOHE-
Hue (30)—(31). OrMeTuM IIpU 3TOM, YTO HAUMEHb-
1Iasi pa3HUlla 4YacTOT ABYX IOCJIENOBATEIbHBIX TO-
HOB, KOTOPYIO MOXET OOHapyXWuTb CJyllIaTelb, CO-
cTaBJIsIeT MpuMepHo ¢; = 8 11eHTOoB (0.5%) Ha yacToTe
200 I't u ymenbIraercs no ¢, = 3 nenros (0.2%) Ha
yactore 1 kIt [20]. OTHOCUTENbHBIM WHTEpPBaJ (B
MpOLIEHTaX) MEXIY ABYMsI TOHAMU f; U f, onpenesi-
eTcsl Kak

N _ 2 _1)x1009%,

1

IJIe ¢ — pa3HOCTb YaCTOT TOHOB, BEIpaXKeHHAS B LICH-
Tax. I3 npuBeaeHHBIX 3aBUCUMOCTEl MOXHO yCTa-
HOBUTB, YTO CJBIIIMMAas pa3HocTh B 0.2% (Af= 2 I'u,
fi = 1100 Itu) OymeT mocTturaTbCs MPU 3HAYEHUSIX

NPUBENEHHOIO paguyca KPUBU3HBL r/b > 0.8. Ilo-
5TOMY WCIIOJIb30BaHME Ha MPaKTUKe ITOAPE3KH TO-
HaJbHBIX OTBEPCTUI ¢ MaJIBIMU 3HAYCHUSIMU TIapa-

MeTpa € (€ < €;) IUIs1 KOPPEKTUPOBKU BBICOTHI HOT HE
OyIeT UMeTh JOJKHOTO 3 dexTa.

Ha puc. 8 nmoka3zaHbl 3aBUCUMOCTHU panuyca b,q
(puc. 8a) 1 4aCTOTHI f OCHOBHOTO TOHA (pHuC. 80) BO3-
JIYIITHOTO KaHajla OT OTHOIICHUS r/ b IS 3aKPBITOTO
ToHajibHOro otBepcTusd. C yBeJIUYEHUEM CTENEHU
MoApe3KM KpaeB OTBEPCTUSI aHAJIOTUYHLIM 00pa3oM
pacteT ero 3OEKTUBHBIN paauyc, 3a CYET YETO ITPO-
UCXOIUT YBeJIMYeHUEe 00beMa BO3AYIIIHOIO KaHajla 1
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Puc. 7. (a) — 3aBucumocTb 3(pHeKTUBHOIO panuyca e OTKPHITOTO TOHAJIBHOIO OTBEPCTHS OT OTHOLLIEHUS r/ b, (6) — cpaBHe-

HUE 3aBUCUMOCTEI YaCTOTHI f OCHOBHOTO TOHA BO3MYIITHOTO KaHajia OT MIPUBEICHHOTO pPaanyca KpUBU3HBI r/ b KpaeB OTKpHI-
TOTO 3BYKOBOTO OTBepCTUS. [ — PacueTsl c MCTIOIb30BaHUEM aKyCcTU4YecKoil Macchl (28)—(29), 2 — no hopmyite (32) 6e3 ycpen-
Henwus (30)—(31), 3 — o popmyie (32) ¢ ucnionbpzoBanuem ycpeaHeHust (30)—(31), 4 — pe3yabTaTbl KOMObIOTEPHOTO MOACIN-
poBaHusi. CIUIOIIHBIC TUMHUM — KyOMYeCcKre alpoOKCUMAIIUU pacYeTHBIX JaHHBIX U Pe3YJIbTaTOB MOACIMPOBAHMSI.
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Puc. 8. (a) — 3aBucuMOCTb 3P dEKTUBHOIO paanyca by 3aKPHITOTO TOHATBHOTO OTBEPCTUS OT OTHOLIEHUST r/ b, (6) — cpaBHe-

HUe 3aBUCUMOCTEI 4YacTOThI f OCHOBHOTO TOHA BO3AYIIHOIO KaHaja OT MPUBEIESHHOI0 paauyca KpUBU3HbI r/ b KpaeB 3aKpbI-
TOTO 3ByKOBOTO OTBepcTusi. / — PacueTnl 6e3 ycpenHeHMs1 o0beMa (¢ ucrnojb3oBaHueM (34)—(35)), 2— pacyeThl ¢ ycpeaIHeHUeM
o6beMa (c ucronb3oBanueM (40)—(41)), 3 — pe3yabTaThl KOMIIBIOTEPHOTO MOAEIMpPOBaHUs. CIIJIONTHBIC IMHUU — KyOU4YeCcKue
armpoKCUMALIMU PACUYETHBIX TaHHBIX U PE3yJIbTATOB MOJICIMPOBAHMS.

COOTBETCTBYIOIIEE ITOHUKEHUE €r0 Pe30HAHCHOM Ya-
cToThl. OTMETHM, YTO M3MEHEHME YACTOTHI B JaHHOM
ciydyae B paMKaxX MOJEIMPOBAHUSI HECYIIECTBEHHO
(=0.15 I'm). PacxoxaeHne MexXIy MOIEIUPOBAHUEM U
YUCJIEHHBIMU pacuyeTaMU MMeEET TOT K€ MOPSA0K U,
BO3MOXHO, O0YCJIOBJIEHO HECKOJILKO 3aBbIIIIEHHBIMU
3HaYE€HUSIMU KOMITLIOTEPHOTIO 3KCnepuMeHTa. Mox-

HO TaKXe€ 3aMETUTb, UTO PE3yJbTaTbl MOJEJIMPOBa-
HUSI OJMKe K pacYeTHbIM C Yy4eTOM YCpPEeIHEHUs
(40)—(41) cobcTBeHHOTO 0OBeMa OTBepCTUS. Masibie
u3MeHeHus 4acTtoThbl (~10~! Ilr) He MOTyT GBITH 00-
HapyXeHbl CIYyIIATENEM, HO CTOUT TOMHUTD, YTO KY-
MYJSITUBHBINA 3(PGeKT oT psiia TOHAILHBIX OTBEp-
CTUI, UMEIOLIUX KaKylo-JIM0O CTeleHb IOAPE3KHU,

AKYCTUYECKUM XYPHATT Tom 69 Ne4 2023
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YK€ MOXET 0Ka3aTh 3aMETHOE BIIMSTHUE HA XapakKTe-
PUCTUKY MHCTPYMEHTA.

IIpuBeneHHBIN B JaHHOI paboOTe aJITOPUTM pac-
yeTa 3P (HEeKTUBHBIX PaIUyCOB TOHAJIbHBIX OTBEPCTUM
U OIpeneiacHUsT COOCTBEHHBIX YaCTOT BO3MYIIHOIO
KaHaja MOXET OBbITb MPpMMEHEH IS JIIOOBIX BUIOB
CUMMETPUYHOM IIOAPE3KU, NPUMEHSIOIIMNXCS IIPU
M3TOTOBJIEHMU TYXOBBIX MHCTPYMEHTOB U ITOAPOOHO
onucaHHbIX B ucciaegoBaHuu [9]. CreayeT Takke
IIOMHMTh, YTO HE CYIIECTBYET IIPOCTOTO CII0c00a BbI-
YUCJIEHUS MOJIOXEHUSI U Pa3MepOB KaXXIOro 3BYKO-
BOTO OTBEPCTHUS MO OTAEIBHOCTU. DTO O3HAYAET, UTO
HeOOJIbIIIOE U3MEHEHE TEOMETPUM OTHOM YaCTU MH-
CTpyMeHTa, Harpumep, (GopMbl TOHAJILHOIO OTBEP-
CTUSL IJIS1 UICTIPABJICHUS OIIPEAeIeHHON HOThI, MOXKET
oKa3aTh HEOXXMAAHHOE 1, Yallle BCero, Hebjaromnpm-
SITHOE BJIIMSIHME Ha APYrue HOTHI (pe30HAHCHBIC Ya-
CTOTHI) C TOYKU 3pEHMS BHICOTHI TOHA, TeMOpa, cTa-
OUNBHOCTU U T.A. PellieHue 3Toil 3agauyun JTOIMOJIHU-
TEJIbHO IOJDKHO BKJIIOYATh B ce0S MCHOIb30BaHUE
HEKOTOPOIO ajJiropuTMa IJT00aTbHOM ONTUMM3AIINU,
C TIOMOIIbI0 KOTOPOT'O MOXKHO BBIYMCJIMThH PACOJIO-
XKeHue, pa3Mepbl U (popMy TOHAIBLHBIX OTBEPCTUIA
MHCTPYMEHTA JIJISI BCEBO3MOXKHBIX allTUIMKATYP.

Hpyrast cTOXHOCTh, OTPAaHUYMBAOIIAsi TOYHOCTD
JIIOOBIX pACYETOB M MOACITMPOBAHMI, 3aKITIOYACTCS B
KOJIMYECTBEHHOM OlleHKEe MeXaHUKO-aKyCTHUYECKMX
CBOICTB amOyIIopa ciymiatens. TeM He MeHee B
paMKax pa3yMHBIX ITPEIITOI0XKEeHU I, OCHOBAaHHBIX Ha
9KCIIepUMEHTaX, MaTeMaTUYeCKUe MOIEJU MY3bl-
KaJbHON aKyCTMKU MOTYT OBITh PEIIeHBI, YTOOBI
MpeacKa3aTh MOBEACHUE U PACIITMPUTH 00JIaCTH pas-
pabOTKM M TIPOEKTUPOBAHMST KAYeCTBEHHBIX MY3bI-
KaJJbHBIX THCTPYMEHTOB.
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