DNEKTPOHHbIN XYpHan «TexHn4yeckas akyCcTmka»
http://webcenter.ru/~eeaa/ejta/

2004, 5

KYCTUKA

C. C. BopoHkoB

Tlckosckutl noaumexHudecKutli UHCMumym
Poccus, 180680, . Ilckos, ya. JI. Toncmoeo, 4, e-mail: kafgid@ppi.psc.ru

O CKOPOCTWM 3BYKaA B NMOTOKE BA3KOINo rasa C
nonepeyHbiMm CABUTITOM
Honyuena 30.12.2003, onyoauxosana 07.05.2004

[Ipn maTemaTnyeckoM MOJEINPOBAHUU BOJTHOBBIX NPOLIECCOB B Fa30BOM TPAaKTE
HHEPreTUYEcKOro 00OpyNOBaHHUA — KOMIIPECCOPOB, TYpOMH U Jp. BO3HMKAET
BOIIPOC O KOPPEKTHOCTH HCHOJb30BAaHUS H3039HTPONHOTO 3HAYEHMSI CKOPOCTH
3ByKa. [lonmydeHa gopmyna 1l CKOPOCTH 3BYKa B MOTOKE BSI3KOTO ra3a ¢ y4eToM
JUCCHUIIALIMY SHEPTUU U TEIJIOOOMEHA. Y CTaHOBJIEHA CYIIECTBEHHAs! 3aBUCHMOCTb
CKOpPOCTH 3BYKa B CIJBUTOBOM TE€UEHHMU OT MHTEHCUBHOCTH BO3MYILEHMS, YACTOTHI,
CKOpOCTH MoOTOKa U Ap. IlokazaHo, 4TO aMIIIUTyJa U3MEHEHUSI CKOPOCTH 3BYKa B
CIBUIOBOM TEYEHHWU OOpaTHO MPONOPLHOHAIBHA AMIUIMTYJE BO3MYILEHUS
IUDIOTHOCTH M BO3pPacTacT C YBEIMYEHHEM CKOpOCTH moTOoKa. IlpuBogsarcs
PE3yJIbTAaThl BEIYUCIUTEIBHOTO SKCIEPUMEHTA.

IIpy MaremMaTM4ECKOM MOJEIMPOBAaHUM BOJHOBBIX IIPOLECCOB B Ta30BOM TpPaKTe
HHEPTreTUUECKOro 000pyJOBaHUS — KOMIIPECCOpPOB, TYpOWMH M Jp. BO3HHMKAET BOIPOC O
KOPPEKTHOCTH HCII0JIb30BAHUS N309HTPOITHOIO 3HAUEHUSI CKOPOCTH 3BYKa. C OJJHOW CTOPOHBI,
COBPEMEHHBIE UHNCJIEHHBIE METOJbl II03BOJISIIOT MOJEIMPOBATH IPOLECCHl C YYETOM
JMICCUTIAIIMY SHEPTHU U TEINI00OMEHa, KOTOPBIE HE SBIISIOTCS U303HTPOIHBIMY, a C JPYTOi, B
OOJIBIIMHCTBE CIy4aeB B KayeCTBE CKOPOCTH 3BYyKa NMPHUHUMAETCS M309HTPOIHOE 3HAUCHHE.
Takolf moaxoJ He Bcerza JIOMyCTUM, W TpeOyeT YTOYHEHHUS 3HAYCHHS CKOPOCTH 3BYKa C
YUETOM JIUCCUTIALIUYU SHEPTUH U TeTJIO00MEHa.

B o6mem citydae moja CKOpOCThIO 3BYyKa MOHMMAIOT MECTHYIO CKOPOCTh PaclpOCTPaHEHHS
MaJblX BO3MYLICHMH OTHOCUTEJIBHO JBIJKYIIErocs ra3a B JAaHHOM TOYKE IIOTOKA U
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[lepBble TeopeTHUYECKHE MCCIAEAOBAHUS IO OINPEAENIEHUI0 CKOPOCTH 3ByKa B BO3IYyXeE
npuHamiexat Y. Hetotony [1]. Bocnencteuu I1. Jlanmnac mokaszan, 94To coBnajeHUE TEOPUH
C DKCHEPUMEHTOM 3HAYUTEJIBHO YIyYIIAeTCs, €CJIM IPOLECC paclpOCTPAHEHHs] CUUTATh
annabaTHBIM W W303HTPOIHBIM. JlanpHeimee pa3BUTHE STOTO HAMPABICHHS IOJIYyYEHO B
paborax Crokca, Kupxroda, I'enmemromnsiia, Panes u apyrux [2]. OOmMM BBIBOJIOM 3THX
paboT sBIsETCS CAEAYIOIIee: IPH PacIPOCTPAHEHUH 3BYKa B OTKPBITOM IPOCTPAHCTBE B BUJIC
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IUIOCKUX BOJIH ITPOLIECC PACIPOCTPAHEHUS SBIISIETCS aAMa0aTHBIM, U B IEPBOM MPUOIMKEHUN
TPEHUE B ra3e He BIMSET HAa CKOPOCTh 3ByKa. JIMIIb B OYeHb y3KUX TpyOaxX BSI3KOCTb U
TEIUIONPOBOAHOCTh BO3/yXa OKAa3bIBAIOT 3aMETHOE BIMSHHE Ha CKOPOCTb PacIpOCTPAHEHHUS.
OTH pe3ynbTaThl, IOJYYCHHbIE JJs MOKOAIIEHCA Cpelpl, XOpOIIO COINacyrTcs ¢
9KCHEPUMEHTAIbHBIMU JJAHHBIMU U SIBIIIIOTCS B HAcToslIee BpeMs KiaccudeckuMmu. Ho oHm,
Kak OBbI0O OTMEUYEHO, TOJy4eHbl JUIsl TOKOSILEHCS cpeabl U HEOOOCHOBAaHHO
9KCTPANOIUPYIOTCA Ha 00J7acTh ABMIKYILErocs raza. B moroke BA3KOro rasa ¢ nonepevyHbIM
CABUIOM BO3HUKAaeT WHTEHCUBHAs JUCCUMALMUSA OSHEPrMHM, U MPEINOIOXKEeHUus 00
M309HTPOIIHOCTU M aquabaTHOCTH TIpoliecca MPHU ONPEAETIeHHH CKOPOCTH 3ByKa TPEOYIOT
IIPOBEPKHU.

[Tonyunm GopMyny Uii CKOPOCTH 3ByKa B Ta3e C Y4YETOM [UCCHUTAIIMM DHEPTUU H
TerooOMeHa. Beinuiiem ypaBHeHUE 3HepTruu B BUE [3]
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- _Pp
de=C,dT, T =—, 4)
PR
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dp  ,dp
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3nech k — moxaszarens aauadaThl, ag — aauabaTHOE U U309HTPOIHOE 3HAYEHUE CKOPOCTHU
3BYKa.

[Tonaple mpousBoAHBIE B ypaBHEHWU (7) TPEACTABISAIOT COOOH CyMMy JIOKaJIbHOW H
KOHBEKTHBHOM NMPON3BOIHBIX M PACIIUCHIBAIOTCSI:
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Ipu BBBOAE (opMynsl (10) MBI He aenany HUKAKMX TPEINIONOKEHHI O XapaKTepe
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npoliecca paclpocTpaHeHHs Bo3MyIleHus. [1oaToMy [U1si COBEpILICHHOTO Ia3a OHa sBJSETCS
HanOoJsiee o01IeH U yUUThIBAET AUCCUMIALINIO YHEPTUU U TEIUIOOOMEH B IIOTOKE.

[Ipu paccMOTpeHMH paclpOCTpaHEHHs 3ByKa B IIOTOKE BS3KOTO Tra3a HpPUHIMII
CYNEpNo3uIMM HE NPUMEHHM, TaK KaK YpaBHEHHs, ONMCHIBAIOIIME OSTH MPOLECCHI,
HeJIMHeHHble ¥ OyleT MPOMCXOIUTh B3aUMOJEHCTBHE OCHOBHOIO IMOTOKA C aKyCTUYECKUM
nonem. IlosTomy ucnonb3oBaTh nosyueHHyro ¢opmyny (10) g ompenaesneHus CKOpOCTH
3ByKa 0€3 3HaHUs XapaKTePUCTUK MTOTOKA BS3KOTO ra3za He MPEJCTaBISACTCS BO3MOKHBIM.

Jliis onucaHus mpolecca pacpoCTPAHEHUs aKyCTUUYECKUX BO3MYIIEHUH B IIOTOKE BSI3KOTO
ra3a cOCTaBUM MaTeMaTHUYECKYI0 MOJIENb, BKIIOYAIOLIYIO:

1. YpaBHEeHME HEPA3PBIBHOCTH [4]
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C. C. BopoHkoB
O CKOpOCTM 3BYyKa B MOTOKE BA3KOMO rasa C nornepeyHbiM CABUIOM



DNEeKTPOHHbIN XypHan «TexHuyeckas akyctuka» 2004, 5 4(7)

4. YpaBHEHUE COCTOSTHUS 1JIsI COBEPIIIEHHOTO rasza
p=pRT. (15)

B 37011 cucteme U3 T ypaBHEHHUI HEU3BECTHBIX 5 BEJIUYUH: p, P, 1, u, v.

JUis  NOBBINIEHHS TOYHOCTH 4YMCJIEHHBIX pAacyeToB B  KadyeCTBE HEM3BECTHBIX
UCIIOJIB3YIOTCSl KOHCEpBATUBHbBIE NTEpeMEHHbIE [S]: p, pu, pv, E (E — ynenbHas BHYTPEHHSIS

sHeprusi TopMmokeHus ). Cuctemy ypaBHenui (11-15) ynoO6Ho 3anucaTh B BEKTOPHOM BU/IE
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rze Bektopsl U, F, G peacTaBisioT cO00 yrnopsgoueHHble HAOOpbl KOMOMHAIIUK OCHOBHBIX
nepeMeHHBIX [5].

UYucneHHoe penieHre cucTeMbl ypaBHeHuH (16) ocyIiecTBIsIOCh M0 ABYXIIAroBOH cXeMe
bpaunosckoii [5]

- B Fi'l n
vy | 2 %G At, (17)
[ & O
K ﬁ n ﬁ n
Un+l — Un _ ép‘] + é}?V + 5(;] + &;V At, (18)
oxX ox oy oy
rae I u V — uHIEKChl COOTBETCTBEHHO HEBA3ZKUX U BSI3KUX YICHOB (1)YHKI_[I/II71 FugG; % " %

MPEJCTABIISIIOTCS IEHTPAJIbHBIMU PA3HOCTAMHU, F/ ,”” =F, (U ””) UT. 1.
[lar mo BpeMeHU ONpEEIACs U3 YCIOBHS YCTOMUUBOCTH [5]

At £ min A’ Re A (19)
S TR a2 )

rae A — pa3mep sueiiku, A = ,/Ax - Ay ; Re — uncno PeitHonbca.
[Iporpamma peanmmzoBana B cpeae MathCad Professional 2000.

MogenupoBaiicsi TpOIECC pacIpOCTPAHEHHsST aKyCTUYECKUX BO3MYIICHHUH B MOTOKE
BSI3KOTO T'a3a B IUIOCKOM KaHaje. B kauecTBe HauabHBIX YCIOBUHN 33]aBAJIOCh CTAI[HIOHAPHOE
JaMUHApHOE TEUYCHHE C MapabOMUYeCKUM pacIlpeleieHHeM CKOpPOCTeH. AKYCTHUECKOE
BO3MYIICHUE 33/1aBATIOCh HA BXOJIE B KaHAJI B BHJIE TAPMOHUYECKOTO CUTHAJA C aMIUIUTYI0U
BO3MYIICHHUs TNIOTHOCTH Ap. CKOPOCTH 3ByKa OIpenersuiach 1o gpopmyie

A 1-

a= |22 - |P27P (20)
Ap  \pl-p

rac pl, ,01, P, p — 3HAUYCHUA OaBJICHUA W IUIOTHOCTH Ha pPa3HbIX BPEMCHHLIX CJIOAX B

(UKCUPOBAHHOM TOUYKE KaHAJIA.
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Pacuetsl mpoBOAMINCH B TNIOCKOM KaHane. KonnuecTBo y310B Mo ocH x (BIOJb KaHaja)
npuHUManIochk [ =51, KoaudecTBO y370B 1Mo ocu ) (momepek kanana) j= 11. Hlar mo

MPOCTPAaHCTBEHHON TepeMeHHOM Ax=Ay =107 M. Illar nmo Bpemenn Ar=2x10" c.
AMILIUTYa BO3MYIIEHHs IIIOTHOCTH BapbupoBajiach B mpeaenax Ap=107"...107" Kr/mC.

3T0 3HaYEHHs 3BYKa, COOTBETCTBYIOLIUE MOPOTY CIBIIMMOCTH. HYacToTa 3ByKa MpUHUMAJIACh
(ocroBHOM pexxum) 1000 I'm. MakcuManbHass CKOPOCTh IMOTOKA HA OCH KaHalla MPUHUMAIAach

(ocnoBHOM pexum) u, = 0,1 m/c, uncio PeitHonbaca npu 3ToM paBro 1323.

Ha puc. | npuBeneH xapakTepHbIil 3aKOH U3MEHEHHsI CKOPOCTH 3BYKa B (PMKCHPOBAHHBIN
MOMEHT BpEMEHHU BJI0JIb KaHasa BOimm3u cteHku (j = 10). IIpuBeeHbl M3039HTPONHAS CKOPOCTh

3ByKa astl0,,, U CKOPOCTb 3ByKa C y4€TOM AMUCCHUIAIMU YHEPrUU U TemaoooMeHa aprtl0, 4, .
N303HTpOnHOE 3Ha4YeHUE CKOpPOCTH 3ByKa astl0,, MNpakTHUECKH HOCTOSHHO — OKOJIO
343,7 m/c. CkOpOCTb 3ByKa C y4€TOM AMUCCHUIIALIMU 3HEpruu u TermioodmeHa aprtl0,,, Ha

OMNPCACIICHHBIX Y4YaCTKaxXx MPCTCPHICBACT Pa3pbIBbI. Ckauku IpOUCXOAAT OTHOCUTCIIBHO
HN302HTPOITHOT'O 3HAUCHUA CKOPOCTH 3BYyKaA.
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Homep yana ceTsd mo ocH X

Puc. 1

Ha puc.2 mnpuBeneHa 3aBUCHUMOCTh AaMIUIMTYIbl HW3MEHEHHUSI CKOPOCTH 3ByKa OT
aMILTUTY 1Bl BO3MYILIEHUS TUIOTHOCTH. AMIUIMTY/Ia CKOPOCTH 3ByKa Ompejessiiack mo puc. 1

KaK pa3HOCTb (apm:lOl.,99 —asrlOi’”) npu i =30 Ui pasn4YHBIX MOJEIUPYEMBIX PEKHMOB.

3aBUCMMOCTh 00OpaTHO mnponopuuoHaidbHasi. C yMEHBIICHHEM aMIUIUTYbI BO3MYIICHHS
IUIOTHOCTU aMIUIUTYJia CKOPOCTH 3BYKa BO3pPACTaeT. ITOT 3aKOH CIIEAYET TaKKe U3 (POPMYJIbI
(10). IIpu Bcex paBHBIX MapaMeTpax yMEHBIICHUE AMIUIATYAbl BO3MYIICHHUS IUIOTHOCTH

MMPUBOAUT K YMCHBLIICHUIO JIOKaJIbHOM HpOI/I3BO[[HOI71 IIOTHOCTHU IO BPEMCHH, KOTOpass CTOUT
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B 3HAMEHATEJIEe M, COOTBETCTBEHHO, K YBEJIMUYEHHIO BTOporo wieHa B dopmyne (10),
OTIPENIEIISIONIETO AMIUTUTY Ty CKOPOCTH 3BYKa.

AHaM3UpoBanach 3aBUCUMOCTh CKOPOCTH 3BYKa C YYETOM JUCCHIIAIUN SHEPTHH W
TEIJIO0OOMEHAa OT 4YacTOThl. 3aBUCHMOCTh TIOJIydaeTcsi Oojee CIOXKHOM U Tpedyer

JOTIONHUTENBHOTO aHamu3a. Tak, mpu dyacToTe Bo3mymenms 1000 T (Ap=107" KI/M,
u,, =01 mM/c) Aa=09 m/c, yBenuuenue uactoTrel B 1Ba pasza (2000 I'm) mpuBoaut k

yMmenblieHnto Aa =0,5 m/c, mpu yMeHbIIEHUH 4acTOTHI B /1Ba pasa (500 I'm) Aa =1 m/c.

1.5
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—11 ~ 10

AMILIMTYIa CKOPOCTH 3BYKa, M/C
B>
1

0 5-10 1-10
KI'
Ap,—
3
M
AMHJ’II/ITyI[a BOSMyIlIeHI/ISI IINIOTHOCTHU
Puc. 2

Ha pwuc.3 npuBeneHa 3aBUCMMOCTh aMIUIUTYIIBI CKOPOCTH 3BYKa OT MAaKCHMaJbHOMH
ckopoctn moTtoka. Kak BHIHO, 3Ta 3aBHCHUMOCTh ONM3Ka K mapabosmueckoi. Bo3pacranme
MaKCHMaJbHOW CKOPOCTH IMOTOKAa BEJET K YBEIMYEHHUIO aMIUIUTYJIbI U3MEHEHUS CKOPOCTHU
3ByKa, YTO SIBJISIETCS,, BUJIMMO, OJHON M3 MPUYUH IMOTEPU YCTONYMBOCTH JIAMUHAPHOTO
peXUMa JBU)KEHUS rasa.

AMIUTATY]a CKOPOCTH 3BYKa, M/C
>
o
W

MaxkcuManbHast CKOPOCTb IIOTOKA

Puc. 3
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BbiBOABI:

1. ITomyuena ¢opmyra A CKOPOCTH 3BYKa B IMOTOKE BA3KOTO Tra3a C yYETOM JUCCUIAINU
SHEPTHH U TEIJI00OMEHa.

2. YcTaHOBNIEHA CYIIECTBEHHAs 3aBHCHUMOCTh CKOPOCTH 3BYyKa B CIIBUTOBOM TE€UEHUU OT
MHTEHCUBHOCTH BO3MYUICHHMSI, YaCTOThI, CKOPOCTH MOTOKa U Ap. CKOPOCTh 3ByKa C y4ETOM
JTUCCHUIMALIMY SHEPTUU U TEIII00OMEHa Ha OIpe/IeJIeHHbIX YYacTKaX MpeTepreBaeT pa3pbiBhl.

3. TlokazaHO, YTO aMILJIUTYJa U3MEHEHUSI CKOPOCTH 3ByKa B CIIBUTOBOM T€YEHHH OOPaTHO
MPONOPILMOHANIbHA aMIUIUTY/I€ BO3MYIIEHHUS IIJIOTHOCTHM M BO3pAcTaeT C yBEIMYEHUEM
CKOPOCTH TOTOKA.
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