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AHHoTtaums. PaccMoTpeHa AMHaMMKa MaJjblX BO3MYLIEHHH B HepaBHOBECHOM
KoJsie6aTe/IbHO-BO30Y K IeHHOM rase. [losyueHbl BOJIHOBOe U JUCIEPCHOHHOE ypaB-
HEeHHs, ONMCHIBAKOLIME JTUHAMHKY aKyCTHUECKHUX MOJ B JUHEHHOM NPUOJIUKEHUH.
CcdopmynupoBaHbl KPUTEPUU MJis BblAeJeHHS (DU3MUEeCKH KOPPEeKTHBIX pelleHHH
JIUCIIEPCUOHHOTO yPaBHEHHs W OINpeleJseHHs] I'PAaHULL 0OJacTel 3arpelleHHbIX Ya-
CTOT aKyCTHYeCKHX BOJH. DTH KPUTEPUU MO3BOJSIOT HCKJIIOYUTb U3 paccMoTpe-
HUs 00J1acTH He(HU3UUHBIX («(DaHTOMHBIX») pelleHHH, B KOTOPBIX (pa3oBasi CKO-
POCTb 3BYyKa MOXKET CTAHOBUTbCS aHOMAaJ/IbHO BBICOKOHM M Ha OIpele/IeHHbIX 4acTo-
Tax obpauiarbcs B 6eckoHeyHOCTh. [lonpo6HO M3ydeHbl AHCIEPCHOHHBIE CBOHCTBA
HEYCTOHYMBBIX 3BYKOBbIX, [TOJIy4EHbl OLIEHKH UHKPEMEHTa U OlpeeJ/IeHbl IPaHHLLbl
YCTOMUHMBOCTHU M 30HBI 3aNpPELeHHBIX YaCTOT B 3aBUCHMOCTH OT CTENEHU HepaBHO-
BECHOCTH Cpelibl, MoJeJ/ed pesakcalud, HarpeBa U oxnaaxpaeHus. [lokasano, uro
NpU ONpefesNeHHbIX 3HAUEHHsIX CTeleHH HePaBHOBECHOCTH Cpellbl U 3aBUCUMOCTH
BpeMEeHH pesiakcaluu U (YHKLUHH OXJaXKAeHHs OT TeMIepaTyphl U MJIOTHOCTH 3BY-
KOBble BOJIHBI B Kosle0aTe1bHO-BO30YKI€HHOM ra3e OKa3blBAIOTCS HEYCTOHUHMBBIMH.
[Ipu 3TOM aKycTH4YeCKMH MHKPEMEHT [JOCTHUraeT MakCMMyMa, Korja Nepuoj 3BY-
KOBBIX BOJIH Tg COINOCTaBUM CO BPE€MeHeM peJlaKCallM¥ T, a B BBICOKOUACTOTHOH
06JlacTH CreKTpa T, S T 3@ CUET BA3KOCTH M TEMJIONPOBOAHOCTH TPOUCXONUT CTa-
O6UaM3alUs aKyCTUUEeCKON HeyCTOWYHMBOCTH.

KaioueBble cjoBa: HepaBHOBeCHbIH ra3, KosneOaTesbHasi peJsakcalus, Bpe-
Msl peJlakCalliM, aKyCTHUecKas HeyCTOHUMBOCTb, CKOPOCTb 3ByKa, 3alpellieHHble
YacTOThl, HATPEB U OXJaXKIeHHe.
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BBenenue

HeycToituuBOCTh 3BYKOBBIX BOJIH B HEPABHOBECHOM KoJieGaTeslbHO-BO3OYKAEHHOM Tase
MO2KeT BO3HHKATh, eC/1 B mpoiecce VT-penakcaunu 4acTb Koje6aTeqpHON SHEPTUH MOJEKY.JT
MONMUTBIBAET SHEPTHUIO BOJIHBI, YBeJUUHBas ee aMILIUTYLy. B 3ToM ciyuae HepaBHOBecHas
cpela CTaHOBUTCS aKyCTHUECKOW aKTHUBHOH M B HeH pa3BHBaeTCs aKyCcTHYecKas HEYCTOMUH-
BOCTb, KOTOpasi CBsi3aHa C MOsIBJEHUEM MOJOKUTENbHON 00paTHON CBSI3U MeXKIY ra3oquHaMH-
YeCKHM BO3MYILlEHHEM W HePaBHOBECHBIM TeIJOBbIAesNeHHeM (Kputepuil PajeeBckoé akycTH-
yecKo# HeyctoiuuBocTtH) [8;10;17;18].

Panee B paborax [1;6;9; 11; 19] uccnenoBanacek JuHeiHas TUHAMHKH 3BYKOBBIX B aKy-
CTUYECKHU aKTUBHOH HEpPaBHOBECHOH cpejie U MOJy4yeHbl AUCIIEPCUOHHbIE YPABHEHUS B pa3J/iny-
HBIX MpUbanKeHUsX. JMHaMHUKA aKyCTHUeCKUX BOJH B MPUOJNMKEHWH KBaipaTHYHOH HeJu-
HEeHHOCTH paccMaTpuBasach B paborax [6;7;19;21] u ObliM M3ydeHBl CTPYKTypa CJa0BIX
yIApHBIX BOJNH W aBTOBOJIHOBBIE HMIMYJIbChl B HepaBHOBeCHOM rase. HesnHeliHasi nuHamuKa
AaKyCTHYECKOH HeyCTOMYMBOCTH U CTPYKTYpa yIApHBIX BOJH HccaenoBaiuck B [12-14] Ha oc-
HOBEe UYHCJIEHHOTO Ta30fMHaMHUYeCKOro MOJAeJUpPOBaHHUs. Dblio o6HapyxKeHO, UTO B IMpolecce
B3aUMOJIEHCTBHS Ta30MHAMHUYECKHUX BO3MYIIEHUH (3BYKOBHIX BOJIH M CJAOBIX yAAPHBIX BOJIH)
C HEPaBHOBECHOW CpeNod MPOUCXOAUT MepecTpoiKa 4acTOThl 3TUX BO3MYlleHUH. Bo3HuKaOT
HOBBIE BOJIHOBBIE CTPYKTYPBI (yIapHO-BOJHOBbIE HMITYJbChI), KOTOPble MPAKTHYECKH He 3a-
BUCSIT OT HayaJbHOH 4acTOThl Bo3MmylleHHH. [loaToMy mocTpoeHHe rpaHULl YCTOHUHUBOCTH U
o0J1acTell 3ampelleHHbIX YaCcTOT fIBJSeTCS aKTya/JbHOW 3ajaueid.

[lenblo paGoThl sABJIsieTCS NeTasbHbIH aHaNW3 AUCIEPCHOHHOI'O ypaBHEHHs, OMUCHIBAIO-
1ero JUHEeHHYIO TUHAMHKY aKyCTHUeCKOH HeycToHuuBocTU. B m. 1 BbiBoauTcs obliee BOJHO-
BOe ypaBHEeHHe M/ JUHEeHHbIX BO3MYIIeHUH B HepaBHOBeCHOM rase. B m. 2 u 3 mpoBoautcs
aHaJIU3 JIMCIIEPCHOHHOIO YypaBHEHHUs, ONpPelessioTCs TPaHHIbl YCTOMUHMBOCTH aKYyCTHUECKHX
BOJIH ¥ 00JIaCTH 3alpelleHHbIX YaCTOT B 3aBUCUMOCTH OT MapaMeTPOB HEPABHOBECHOH CpeJlbl.

1. BosHOBOe ypaBHeHUE U 3aKOH JMCIEPCHU

PaccmoTpuM TOHKHE muiockonapasiesbHblH KaHas, 3al0JHEeHHbIH HEpAaBHOBECHBIM KOJle-
6aTe/bHO-BO30YKAeHHbIM Ta3oM. Ecau niuMHa KaHaja MHOro 6oJibllle ero TOJIIWHBl WU IIH-
PHHBI, TO MOXKHO OI'DaHUYUTBCS OTHOMEPHBIM MPHUOJHKEHHEM U ONUCHIBATH Ta30BOIO CPeNy
yCpeIHEHHBIMH BJIOJIb TMOMEPEeYHBIX KOOPAMHAT KaHajla MapaMeTpamH: IMJOTHOCTbIO O, NaB-
JIeHWeM p, CKOPOCTbIO TedeHMs BIOJb KaHasja u, TepMoaWHaMHueckod T U KojebaTesbHOU
T\, TeMmmepaTypaMH, COOTBETCTBEHHO. BHYTpH KaHaJ/ia Ha ra3 BO3IeHCTByeT UCTOUHUK Harpe-
Ba (), KOTOPHIH YBEJMYHBAET yIEJbHYIO KosebGaTesbHy TeMmmepatypy rasa ey(7y) u Ty. B
mporecce KoJeGaTebHOM pesiakcalli 3a xapakTepHoe BpeMst T(0,7') MPOMCXOMUT Mepekad-
Ka KoJeOaTeJbHOU 3HEPryio rasa B TelJo C yBeJWdYeHHeM TeMmrepatypbl I’ U 1Js CO3NaHHUS
HepaBHOBeCHOro coctostiusi ¢ 1 < T, Heo6XonUMO Hauuue TernaooTBona A. JIuHaMUKY TaKoM
HepaBHOBECHOMU Cpellbl MOXKHO OMUCHIBATb CHUCTEMOH ra30qMHAMHUECKUX yPaBHEHHUH, BKJOYa-
Follel 3aKOHbI COXPAaHEHHsI MacChl, UMITYJIbCa, TEMJIOBOH U KoJebaTenbHOU sHepruit [1; 11; 12].
dta cucTteMa ypaBHEHUH 3aMblKaeTCsl YpaBHEHHEM COCTOSTHUS MIeaJbHOrO rasa ¢ 3aaHHbIMU
3Ha4YeHUSIMH MOKa3aTeJsisi agdadaThl 'y ¥ ra3oBoi moctosiHHod R [12].

B kauecTBe HauaJbHOrO CTALMOHAPHOT'O COCTOSIHUSI PACCMOTPHUM OJHOPOIHYIO MOKOSIILY-
ocst cpeny: {00, Po, To, Qo, Ao, To} = const, ug = 0. M3 ypaBHeHHH GasnaHca TemJoBOH H
KoJsiebaTeibHOU aHepruil [12] B cTallMOHAPHOM COCTOSIHHUH MOJydaeM CJeAYIOllHe COOTHOIe-

Hust: Qo = Ao 1 ey (Tho) — €5(Th) = T0Qo. VI3 mocsentero npu 3ananubix 3Hauenusx Ty, Qo, x_
S
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To 1 0y MosyyaeM BblpaxkeHue AJd KosebaTesnbHOH Temmnepatypbl 1)g:

[ 0expb+S(expb—1)]"

Ty =Tp 0 |In —— X ,
O T S (expl — 1)

(1)

~ 0y T0Qo
rie © = —, 0, — xapakrepucTHueckas KosebaTespHas Temreparypa, S =
T RT,
MepHBIE MapaMeTp, XapaKTepPU3yIIIUH CTerneHb HepaBHOBecHOCTH cpensl. M3 (1) mpu S = 0
nonyuaem 1yo = Ty, a B caydae S > 0 umeem 1y > Tp.
[TpoBoast cTaHmapTHYIO NPOLEAYPY JUHEAPU3ALMHU CHCTEMbI YPaBHEHHH, OMMCBIBAKOIIMX

AJWHAaMHKY HEpaBHOBECHOI'O rasa [12], TO €CTb IpeACTaBJAd BCE ra3oflMHaMHUyYeCKHe BEeJTUUYHNHDBI

— 0e3pas-

B Bune f = fo+ f ¥ orpaHUYHUBAsICh TOJNBKO JHUHEHHBIMU 110 BO3MYIIEHUSM f CJlaraeMbIMH

(|f] < |fol), mosmyuum crenyiomiyio cUCTeMY JIMHEAPU3OBAHHBIX YPABHEHHUE:
do ou
2= = g — 2
o o 8%
——_F — 3
o ., 0% 08, DBi. By , . 0% yoX 0°0
2 e = _ == —= — 0 4
Jev & (A1 — B1)p — (Ay — By)cZ ]
s , (5)
ot To Y100To

rae Ay = v1[Cy + S(tr+ Ar)]; Ay = %[CV—FS(TT—TQ—FAT—AQ)]; By =v1S(Ar — Qr);

y 4 i
By = 71 (Qo—Qr — Ay + Ar); po = (5 Ho1 + }102>; Ho1 ¥ Moz — KO3(OULHEHTbI NepBoi

¥ BTOPOM KHHEMATHUECKOH BSI3KOCTH; Xo = Y1&0/Roo — KO3(p(HULHEHT TeMIepaTypornpoBo-
HOCTH; &g — KOI(D(PUIHMEHT TEIIONPOBOLHOCTH; Y1 = Y — 1; Coo = 1/YPo/00 — BBICOKOYA-

Oln f

CTOTHasl «3aMOPOXKEeHHasl» CKOPOCTb 3BYKa; f, = (81—ng> , f={t,Q,A}; g={0,T}. Ons
0

Oe3pasmepHod BesnuuHbl (), XapaKTepuU3yIOLleHd YIeJbHYI0 TEMJOeMKOCTh KOJebaTesbHbIX
IBUKEHUH MOJIEKYJl B PABHOBECHOM COCTOSIHWH, UMeeM [12]:

1 [0¢€S _ exp 0
Cy=—= e
R(8T>o (exp0 — 1)

Hckaiouast U3 cucTeMbl ypaBHeHHE (2)—(D) BeJHMYMHBI U, P U €y, MOJYUUM B HTO-
re BOJHOBOE ypaBHEHHe, OIMHUCHIBaKOIlee NMHAMHKY MaJibiX BO3MYIIEHHH B HEPaBHOBECHOM
KoJieGaTeIbHO-BO30Y K IEHHOM Ta3e:

0 {82@ 9 8252} B19*0 By, 0%0

ot | o2~ g2 T, Ot2 To Ox2 (6)
N ﬁ{@_éiﬁ_ ﬁ]+ 3_3{%+&~}
X522 9 T Y a2 Mata2| T Mooz ot T 1w o

o~ Jdo . _ 0o .
rnegzg—l—ftoa, Qj:A;-Q—l-TOE,A;:l—FAj,j:{1,2}.
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[Toncrasasist B ypaBHeHHe (6) pelueHre B BHAe MJIOCKOH rapMOHHUECKOH BOJHBI O(t, ) o
x exp{—iwt + ikx} ¢ 4acTOTOH W M KOMIUIEKCHBIM BOJHOBBIM dYdciIoM k = k, + ik;
NOoJy4YUM ypaBHeHHe, ompefiessiollee 3aKOH AWUCIEPCHH JHUHEHHBIX BOJH B HEPAaBHOBECHOM
KoJiebaTeIbHO-BO30YK/IEHHOM Trase:

T/ 1N (1 5\
+{@ [A + 1By — @* (X + )]+ [Bs — @ (1 + x + AT } °— (7)
— @ [@A] +i (B - @%)] =0,

rie BBelleHbl CJeylollne 6e3pasMepHble BeJHUHHB (O = WTo; k = kToCoo; 1 = Mo/ (Toc%) H
X = Xo/(T0c%). YpaBuenue (7) siBnsieTcss OUKBAAPATHBIM MU MMeeT B OOLIEM CJydae YeThbIpe
AHAJUTHYECKHUX pelleHUs] — M0 JBe 3ByKOBBIX M SHTPONMMHMHBIX MOJ KoJeOGaHHH, pacrmpocTpa-
HSAIOIIMXCS B TIPOTHBOINOJIOKHBIX HalNpaBJeHHUAX OT HCTOUHUKA BO3MYIIEHHH.

3akoH aucrepcHy k() MHHEHHBIX BOJIH, ONHCHIBAEMbIX ypaBHeHHeM (7), onpeensercs
3HaYeHHsIMHU TapaMeTpos: Y, [, X, Cy, S, Ty, Tr, Ay, Ar, Qp 1 Qp. OlLileHHM IHana3oHbl 3Ha-
YeHUH 3TUX NapaMeTpoB, NPH KOTOPbIX BO3MOXKHO Pa3BUTHe aKyCTHYeCKOH HeyCTOMYMBOCTH
U NPUMEHHMa paccMaTpuBaeMas mMoieab V T-pesakcalui.

Bo Bcex MopesisiX, ONMUCHIBAWOIIMX KoJseGaTeNbHO-NOCTYNaTeabHy0 penakcanuio (VT-
pe/aKcalMio) 3aBUCMMOCTb BPEMEHM peslaKCalli¥ OT IJOTHOCTH Cpeibl: T oX 0 !, TO ecThb
T, = —1. B peajbHBIX cpellaXx XapaKTepHOe BpeMsl peslaKCallHOHHBIX MPOLECCOB SBJSET-
st caoxkHoi (yHkuueit tTemnepatypsl (7). JlJist KOHKPETHBIX TA30BbIX CMeCeH 3aBHCHMOCTb
T(T') ompenessieTcsi SKCIEPUMEHTANBHO U MOXKET ObITb anmnpoKCHMHpoBaHa (hopmysnod JlaH-
nay — Tennepa [2-5;16;20], a mapamerp Ty MOXKET H3MEHSITbCS B IIMPOKOM [Hama3oHe
3HaueHUH (Hampumep, oT -10 mo 0) B 3aBUCHUMOCTH OT TeMIepaTypbl U COCTaBa ra3oBOH CMe-
cu. B ocHOBHOM, MozesiM KoseOaTenbHOH pesakcaluM CTPOSITCS AJsS MHOTOATOMHBIX MOJIEKY.J
(4aie Bcero AJsi IBYX- M TPEXAaTOMHBIX, pexKe ¢ OOJbLIMM KOJHUECTBOM aTOMOB), a C YUETOM
OTHOATOMHBIX MOJIEKYJl B Fa30BBIX CMECSIX TPHU HOPMaJbHbBIX YCJOBHSIX MOXKHO OFPaHHUYMUTHCS
CIeNYIOUIMMHU 3HaYeHHSIMH ToKa3aTeJ st aguabathl Y ~ 1,2 - 1,5 1 K03(h(HUIHEHTOB BI3KOCTH
¥ TeMIepaTypoNpoBOAHOCTH L ~ X ~ 1076~ 107*. BesnuuuHa ynenbHo# KoneGaTe/bHOH Tern-
JIOEMKOCTH CHJIbHO 3aBHCHT OT OTHOLIEHHUS Oy /T ¥ MOXKET U3MEHSAThCS B IIMPOKOM [Harna3oHe
snauennit Cy ~ 1074 - 1072, CreneHb HepaBHOBECHOCTH Cpelibl S XapaKTepu3yeT OTKJOHeHHe
KoJie6aTe/IbHOH TeMIepaTypbl OT PABHOBECHOH U ITIPH NpPEBBIIIEHUH HEKOTOPOr0 KPUTHYECKOTO
3HAYeHHUs] MOXKET MPHUBOAMTH K BOSHUKHOBEHHIO aKyCTHUECKOH HeycTOHUMBOCTH. [lsisi ompene-
JIEHHOCTH OTpaHHUMMCsl Anana3oHoM S ~ (-5, BHyTPH KOTOPOrO 3aBEIOMO HAXOAWUTCS 3TO
KPUTHUECKOe 3HayeHHe JJI paccMaTpUBaeMblX NapaMeTpoB a30BbIX Cpen.

[Tapametpsl (,, Qr, A, ¥ Ap, onpenessioliye 3aKOHbl HarpeBa M 0XJ1aXKAeHHUS Fa30BBIX
Cpell, TaKKe MOTYT M3MEeHSITCS B LIMPOKOM [Hana3oHe 3HaueHHH. Tak, Hampumep, B MOAEH
ONTHYECKH TOHKOTrO Ta3o0BOro CJ0sl, KOTAa M3J/yudaresbHas CHOCOOHOCTb BellecTBa OIpefe-
JISIeTCSl TEIJIOBBIM TOPMO3HBIM H3JyueHHeM (CBOOGOIHO-CBOOOLHOE H3JyueHHe), uMeeM [15]:
Ao, T) o< 9T, 10 ectb A, = 1, Ay = 0,5. B Mozenn onTHyecku TOACTOTO Ta30BO-
ro cjosi (PyHKIUS OXJIaXKAEHHUS MOXKeT OBITh allpoKCHMHPOBAHA CJeNyIONeH 3aBHCHMOCTbBIO
[15]: A(o,T) ox ko2 T*, rne k(o,T) — Henpo3payHOCThb CJIOS1 B OOLIEM CJyuyae, 3aBUCALILAS
OT TJIOTHOCTH YU TeMIlepaTypsl cpelbl. B ciayyae TOMCOHOBCKOTO paccesiHHsI Ha 3JEeKTPOHax
k = const u cootsercTBenHo A, = —2, Ay = 4. A nna sakona Kpamepca k o< o7~ 7/
umeeM: A, = —3, Ay = 7,5. Eciu paccmarpuBath ¢yHkuuio HarpeBa (Q(p,7’) Kak Harpes
BHELIHUM H3Jy4eHHEM, TO MOXKHO HCIOJb30BaTh aHAJOTHYHble MOJEJNH, PACCMOTPEHHbBIE BBI-
e J/15 oXJaxKIeHHsl. Bo3aMoXHBI U Apyrue (pu3ndeckre MeXaHHW3Mbl HarpeBa M OXJaKJeHHs

ISSN 2587-6325. Maremar. ¢pu3uka u Komnsiotep. mopeaupoBanue. 2024. T. 27. Ne 4 81 #



OHU3UKA W ACTP O H O M A S 1

ra3oBOro CJIosl, BKJiOuasi HarpeB ajektpudyeckuMm u CBU-paspsimom, mjsi KOTOPHIX 3HAYEHHs
napametpoB (),, @7, A, 1 Ap MOryT CHJIBHO BapbHPOBATHCH.

B kauecTBe 6a30BbIX 3HaueHUH Oe3pa3MepHbIX MapaMeTpPOB JUHEHHOW MofesaH BblOepeM
crepytomme: Yy = 1,4, p=x=0,C, =102 S=1,1,=-1, 177 = -2, A\, = A7 =Q, =
= Q7 = 0. Jasnee, eciu sIBHO He yKa3aHbl 3HAUEHHUS] ITHX MapaMeTPOB, TO MPUHUMAKOTCS HX
0a30Bble 3HAUEHHS.

2. AHain3 pelmleHN# AUCIEPCHOHHOTO YpPaBHEHHS

B paccmarpuBaemom caydae fL < 1, ¥ < 1 BIHsIHME BSI3KOCTH M TEINJIOMPOBOJHOCTH Ha
3aKOH JMCIIEPCHH 3BYKOBBIX BOJIH NPeHeOPeKUMO MaJjio U CBOAUTCS, B OCHOBHOM, K yMeHbLIle-
HHIO aKyCTHUecKoro MHkKpeMmeHTa (x = —Fk;) B BBICOKOUACTOTHOH 06/acTH crekTpa @ > 1.
[Tostomy, mosarasi B ypaBHeHuu (7) L = y = 0, mosydum:

s @A, +1i(By — @?)

52 — 22( ) B2 2 _ .
) c*(w)k*, rme ¢ WA +i(B, — o7 (8)

Ecsu 0603HauuTh € = ¢, + 1 C;, TO U3 (8) MOXHO BBIPa3UTb BOJIHOBOE YMCJIO (IJIs1 OTIpe/esIeH-
HOCTH BbIOepeM MOJOXKHUTEJNbHOE HalpaBJeHHe PaclpoCTpaHeHUs BO3MYILEHUHN):

k=——ix, 9)

rie ¢ = ¢, + ¢? /¢, — GespasmepHas (hazoBas CKOPOCTb 3BYKOBHIX BOMH, & = W¢;/(E2 + ¢2)
— 0e3pa3MepHbIH aKyCTHUECKMH HWHKPEeMEHT (aMIJIMTyaa 3BYKOBOH BOJIHBI HapacTaeT IpH
a« > 0). [lns pasmepHBIX 3Ha4eHHH (Pa30BOH CKOPOCTH M aKyCTHUECKOrO MHKPEMEHTa MMeeM:
¢/ =CCe, =&/ (ToCx0)-

[Ipoananuaupyem pellleHHs AHUCIEPCHOHHOrO ypaBHeHHs (8) B HECKOJbKHMX Ipefesb-
HBIX cjyudasx. B BeicokoyacToTHOM mpenesne (@ > 1) mnas ¢$a3oBoH CKOPOCTH MoJyya-

eM lim ¢ (@) = 1 (¢’ = ¢x), @ LI aKYCTHUYECKOTO HHKpeMeHTa HWMeeM lim () =
w—00 w—0o0
A — A
= ——F—— = Qo, T
5 Koo, THE
acooz—;Y—;{V10V+S[Y1<TT+AT>+TQ+AQ]}. (10)

M3 cootHomienus (10) MOXHO ompee/iMTh KPUTHUYECKOE 3HAYEHHsI CTENEeHH HEePAaBHOBECHOCTH
cpenbl Sy, YIOBJIETBOPSIOLIEE YPABHEHHIO Koo (Sy) = 0:

Y1C\/

Sr = .
! Yi(—Ttr — A1) — To — A,

(11)

[lpu S > S (A > A;) 3ByKOBBle BOJIHBI OKa3bIBAlOTCS HEYCTOMUYHMBBHIMH X, > (0. Beipa-
xenue (11) sBasercst 06001IeHHeM Ha Caydyall MPOM3BOJBHBIX 3aKoHOB oxsaxaenus A(o, 1)
KPUTEpHs YCTOHUHMBOCTH 3BYKOBBIX BOJIH, MOJY4YeHHOro paHee B paboTax [6; 19].

[Tockosbky 1o ompenesenuto C, > 0, To mojoxutenpHoe 3HaueHue S; B (11) MoxHO
MOJIYUHTb TOJBKO MPH BBIIOJIHEHHH Yye10BUst V1 (—Tr —Ar) —T,—A, > 0, KoTOpOE M03BOJISIET
ONpelesTh KPUTHUECKOe 3HAUeHHe Tp KaK (DYHKLHIO apaMeTpoB Y, T, A, ¥ Ap:

T, +A
o= — 20 A (12)
y—1 &
.&\
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[Ipy Ty < T 3BYKOBble BOJIHBI MOTYT OBITb HEYCTOHUMBBHI B ciaydae S > Sr, a nas Tp > Ty
aKyCcTHYecKasi HeyCTOMYMBOCTh He BO3HMKAET IMpPH JIIOObIX CKOJIb YTOAHO OOJIbIIMX 3HAUEHHSIX
HePaBHOBECHOCTH cpelbl S.

PaccMoTpuM mpenes HU3KOUACTOTHOrO 3ByKa W < 1 B mpeamosioxkeHud () = const u
A = const, To ectb @, = Qr = A, = Ap = 0 (B = By = 0). B pa6orax [6;19] napsny
¢ BeJIMYMHON ST ObLIK BBeleHBI MapaMeTpbl S;; U Srrr, KOTOpPblE pas3lessitoT 00/1acTH Hepas-
HOBECHOCTH CpeJibl C KaueCTBEHHO Pa3JIMUalIIUMHCS 3aKOHAMH aKYCTHUECKOH TUCIEPCHH.
BhipaxkeHHs! /11 3THX NapaMeTPOB MOXKHO MOJNYYHUTb U3 ypaBHeHHH A{ =0 u A) = 0:

Y +11C
SII = SIII - #

) (13)
—Y1Tr Yl('fg — 1)

[Ipoananusupyem noBeneHHe (pa3oBod CKOPOCTH 3BYKOBBIX BOJH ¢'((D) U aKyCTHUECKOTO
MHKpeMeHTa & () MpH pas/JHUHBIX 3HAYEHHSIX CTENeHH HepaBHOBECHOCTH cpenbl S. U3 pelie-
HUU NUCIepCHOHHOrO ypaBHeHHs (8) B HM3KOYacTOTHOM mpenesne & K 1 npu By = By =0
cremyer:

1) S; < S < S (A >0, Ay >0, Ay > A]) — akyctuueckuil unkpement &(®) o< @?,
a (hasoBast cKOpocTb Mpu @ — 0 uMeeT KoHeuHbIH npexen ¢y = ¢'(0) = \/AJJA] > 1
(oTpuLaTesNbHASA aKYCTHUECKAsi TUCIIEPCHS);

2) S=S11 (Al =0, A} >0) — &(®) x ®*?, ¢'(®) x ®" 2 = o0;
3) Sir < S < S (A <0, A) >0) — a(®) x @, &'() x ™! — o0;
4) S =S (A <0, A =0) — &(®) x @2, &' (@) x @/% = 0;

5) S > Sir (A <0, Ay <0, |Aj| < |A]|]) — akycruueckuii unkpement &x(®) o< @2,
a (asoBasi ckopocTb mpu @ — 0 nMeeT KoHeuHblH mpenen ¢, = +/|A|/|A{] < 1
(momoxkuTeNbHAST aKYCTHYECKAs! JUCIIEPCHSI).

Bunno, uto B cayuae S;; < S < Sy dasoBas CKOPOCTb HH3KOYACTOTHOTO 3BYKa
CTaHOBUTCSl aHOMaJIbHO BBICOKOH M oOpaliaeTcss B 6eCKOHEUHOCTb npu w — (. DTH aHOMaJIb-
Hble GeCKOHeUHble 3HaUeHHUs ¢’ SBJSIOTCS CeACTBHEM He(U3HUHBIX (“PaHTOMHBIX”) pelieHHH
JIMCTIEPCHOHHOTO ypaBHeHHs (8), Jexalmux B 06J1aCTH 3anpelleHHbIX yacToT. [/ BblaeseHus
(pu3nuecKd KOPPeKTHBIX pellleHHH ypaBHeHHs (8) U ompeneseHuss TpaHULL obJsacTeil 3ampe-
IEHHbIX 4acTOT BBeleM HabJlogaeMble XapaKTePUCTUKHM aKyCTHMYECKHMX BOJNH — CPEeIHION
MJIOTHOCTb BOJIHOBOH 3Hepruu L, u ee notoka Fj, a Takke CKOPOCTb [epeHOCa 3HEpPruH B
3BYKOBO# BOJIHE (CKOPOCTb 3BYKa) Cg:

Re(c?)

2 22 3 A2
“C Re@?), F,= =% Re@®), ;= -2 =co s’ (14)

E, = )
2@0 2@0 s RE(E2)

SIis

Jlanee yno6HO MO/b30BaThesi 6€3pa3MEpPHBIMU BEJHYHHAMHU Cs = Cs/Co, Fs = Re(c?), F, =

= Re(c?).

B paccMmaTtpuBaeMoM ciydyae TMOKOSIIIIEHCS Cpelbl ¥ BHIODAHHOTO MOJIOKHTENBHOTO Ha-
MpaBJeHHs] pacnpocTpaHeHusi Boamyluenu# (k, > 0) Benuuunbl Fy v Fy 10/KHBI GbITH M0JIO-
YKHUTEJbHBIMH, UTO MO3BOJISIET CPOPMYJTHUPOBATH AJITOPHUTM BhIAEJIEHHS (PU3HUECKH KOPPEKTHBIX
perienu#t (8):

- eCJM OJIHOBPEMeHHO BhimoJHswTcs yenosus Re(¢?) > 0 u Re(c®) > 0, 1o pewenus
(hU3HUECKH KOPPEKTHbI, U CKOPOCTb MepeHoca SHepru B 3BYKOBOH BoJHE (CKOPOCTb
3ByKa) omnpenensercs no (14);
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- B MPOTHBHOM cJjyuae, Korna Re(¢?) < 0 u/uiu Re(c®) < 0, To nonanaem B o6nacthb
Q(w, S) sanperenHbiX 4acToT («(haHTOMHBIX» PelleHHi), B KOTOPOH 3BYKOBble BOJHEI
pacrpoCTPaHATbCS He MOTYT.

Jlsi (UKCHPOBAHHOTO 3HauyeHWs S HalleM HeoTpHUIaTeJbHble BElUIeCTBEHHbIE KOPHH
ypasuenuii Re(¢?) = 0 u Re(c?) = 0:
T / / - &'OO &go / /
wE:Re\/—AlAQZO, (,UF:RG ﬁi ?—AlAQ 20

MuHMMaNbHBIH U MaKCHUMaJIbHBIH KOPHU (U 0003HAUUM KaK (D min U (O f max, COOTBETCTBEH-
Ho. Torma o6/1acTh 3ampelleHHbIX YacTOT (U, ONpelessieTcsl CJAeNyUHM HepaBeHCTBOM:

Wpmin(S) < @.(5) <max [Wp(S), ®pmax(S)] - (15)

Ha ocHoBe (15) Gblin ompenesieHbl rpaHuLbl 06/1acTell 3ampelieHHbIX 4acTOT Ha MJoC-
KOCTH TapaMeTpoB (,.S) MpH pasiuuHbIX 3HAYEHHSX Y U Tp, MOKazaHHble Ha pucyHke 1. C
yBeJM4eHHeM Y o6sactb {2 omyckaercs rno ocu S M paciiupsietcs o ocd @. [Ipu ymeHbe-
HUU TapameTpa Tp MPOUCXOAUT CxKaTve o6JacTH 3ampellleHHbIX 4acToT (2. [las cpaBHeHHS
Ha pUCYHKe | MokasaHbl Tak:Ke YPOBHH CTeNeHH HepaBHOBeCHOCTH Syr U Sry, KOTOphlE Ie-
pecekatoT o6sacTb () U IeMOHCTPUPYIOT HaJHYHe 3alpelleHHbIX 4acToT W, npu S < Sir u

S > S[][.

SIII

0 \ \ \ \
0 02 04 06 08 1 12 14 16

w

Puc. 1. O6nactu Q (E, < 0 u/umu F, < 0) 3anpeleHHbIX 4acTOT 3BYKOBBIX BOJIH
Ha MJIOCKOCTH mapameTpoB (,S) Mpu pasiHUHBIX 3HAYEHHSX Y H Tr:
Ql —'}/:1,3, TT:—2; QQ —'}/:1,4,TT:—2;
Qs —v=1.31=-3, Q% —v=14, tvr =-3.
Jlnst 30HbI §2; TOKa3aHbl YPOBHH CTENEHH HEPABHOBECHOCTH paBHble Spp u Syrr us (13).

Ha pucyHnke 2 a mokasaHbl 3aBUCHUMOCTH CKOPOCTH 3BYyKa (TlepeHOca 3SHEPTruH) Cs U
(asoBoi cKOpOCTH ¢’ OT YacCTOTHl (U AJISI TPeX 3HAUEHWH CTeleHW HePaBHOBECHOCTH CPEIbl
S = {1,2,4} npu ¢uxcupoBaHHbIX 3HaueHUsiX Y = 1,4 u Tp = —2. C yueTOM 3aTaHHBIX
napametpoB u3 (13) umeem: S;;r ~ 1,25 u Spr ~ 3,5. AHanus coortHoweHus (15) mpu
S = 1 nokasblBaeT OTCYTCTBHE 3allpelleHHbIX YacTOT. B 3TOM ciyuae Xopolio BHAHO, UTO
B 06/1acTH cUsbHOH aucnepcun (@ ~ 0,1-1) cKopocTb 3ByKa Cs OKa3blBaeTCsi MeHblle ¢', a
KOTJla TUCIEePCHsi CTAHOBUTCS HeaHaunTenbHOH (0 < 1 uau @ > 1), 10 ¢; — ¢’. [lpu S = 2
13 (15) monyyaem caenywouiuil nuanason 3amnpelieHHbix yactoT 0 < w, < 0,89, a B cayuae

X
N
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S = 4 umeem nosocy 3anperieHHbix yactot 0,39 < w, < 0,8. U3 pucyHka 2 a BUAHO, 4TO C
NpUO/IHKEHUEM K TPaHHULAM 3allpelleHHOro AMana3oHa 4acToT CKOPOCTb 3BYKa C; MOHOTOHHO
yMeHblIaeTcs: 10 HyJas. O6macTh «(aHTOMHbBIX» pelleHUH 1J5 (a30BOH CKOPOCTH BbljeJieHa
Ha 3TOM PUCYHKe TOUYEYHOH JIMHHEH.

3aBUCHMOCTH aKyCTHYECKOT0 HHKPEMeHTa & OT YacTOTHl C BblJeJEHHBIMH TOYE€UHBIMU
JUHSAMU y4acTKaMM 3alpelleHHBbIX 4acToT («(haHTOMHBIX» pelleHWH) MpeACTaBJeHbl HA pU-
cyHKe 2 b. B mopmenn 6e3 ydyeTa BSI3KOCTH M TelJoNpoBopHOCTH (L = Y = () BHAHO, 4TO Ha
yactotax @ 2 10 akycTHYeCKHH MHKPEMEHT JOCTHTaeT IJATO CO 3HAYEHHEM PABHBIM (oo .

S=1: ¢ 1] S=1 —— i
: - S=2
S S=4
0.8 A L
S -
0.6 4 L
135 e le} (b) i A/A"Af#\é—é
0.4 ] ot
Eo] L - \\
0.5 0.2 4 - oo [
0 T T T 0 == T T T .
0.01 0.1 1 10 100 0.01 0.1 1 10 100
w w

Puc. 2. 3aBUCHMOCTH CKOPOCTH MEpPEHOCA FHEPTHU B 3BYKOBOH BoJHE €, (@), ha30BOH CKOpPOCTH
3ByKa ¢’ (a) ¥ akycTHYeCcKOro MHKpeMmeHTa & (b) OT 4acTOThl (U MPH PA3JHUHBIX 3HAUEHHSIX S.
ToueuHBIMH JUHUSAMU TT0Ka3aHbl HehU3HUHbBIE («(haHTOMHBIE») PEIleHHs], COOTBETCTBYIONIHE
3amnpeleHHbIM yacToTaM Ha pucyHke 1. [TyHKRTHpHO# JuHMeH Ha (b) MOKa3aHO BJIHSHHE BSI3KOCTH
u TensonposonHocTH (L = ¥ = 107%) Ha aKycTHUeCKMil MHKPeMeHT B BBICOKOUACTOTHOH 06/1acTH
criekTpa @ > 1

[IyHKTUPHBIMU JIHHUSIMH Ha 3TOM PUCYHKE MPOAEMOHCTPHPOBAHO BJIHMSIHUE BSI3KOCTH U
TEMNJIOMPOBOJHOCTH Ha HEYCTOMUHMBOCTb 3BYKOBBIX BOJIH, MPHUBOASiIIEe K CTaOUIU3ALMUU aAKY-
CTUUYECKOH HeyCTOMUHMBOCTH B BBICOKOUACTOTHOH 00J1aCTH CIIEKTPa NPU (U > Wpir. 1S KPUTH-
4eCKOU YaCTOTBl Wi U3 MOJHOTO AUCIEPCHOHHOrO ypaBHEHHUSs (7) B MPeanooKeHHH X <K k,
MOX>XHO TIOJTYUHUTb CJIEAYIOIIYIO OLIEHKY:

2 0oy

R (- 1/y) (16)

Wepit ~

3. BausHue HarpeBa U oXJiaxKJIeHUS

[Ipoananusupyem Biusinue 3akoHoB HarpeBa (o, T') u oxnaxnenusi A(p,T'), KoTopble
3ajaloTcsl 3HaueHHsMH napameTpoB (Q,, Q1) u (A, Ar), Ha AUCIEpCHIO 3BYKOBBEIX BOJIH H
aKyCTHUYECKHH WHKpeMeHT. [l/if BBICOKOUACTOTHOrO 3ByKa (0 > 1) 3aKOHBI HarpeBa M OXxJa-
KIEHHs] TIPAKTUUECKH He OKa3blBAalOT HHKAKOrO BJMSIHHSI Ha 3aKOH aucrepcuu ¢ (), U mpu
@ — 00 TOJyYaeM TOT ke mpees s (paszoBod ckopocTh ¢ — 1 (¢’ — ¢o) Kak U B ciiydae
MOCTOSIHCTBA Harpesa W oxJaxaenus. M3 coorowenndt (10)—(12) cienyer, 4yto Ha HeycTO#H-

YMBOCTb 3BYKOBBIX BOJIH B BBICOKOYACTOTHOF 00/IAaCTH CreKTpa 3aKOoHbI Harpesa ((Q,, Q1) He X,
&
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BJIMSIIOT, & 3HAYEHHs BEJHUUH Koo, Sp M Tp JHHEHHBIM 00pa3oM 3aBHUCAT OT MapaMeTpoB
(AQ7 AT)

[Ipoananusupyem noseseHue (Hha3oBOi CKOPOCTH 3BYKOBBIX BOJIH ¢'((D) U aKyCTHUECKOTO
MHKpeMeHTa ®(() NP MPOU3BOJBHBIX 3aKOHAaX HarpeBa ((Q),, Qr) u oxmaxaenus: (A, Ar).
W3 perueHuil 1UcnepcuoHHOro ypaBHeHust (8) B HU3KOUACTOTHOM mpefesie 0 <K 1 cienyert:

1) BiB, > 0 — akyctudeckuii uHkpeMeHT &(®) o< 4 @2, a (aszoBas CKOpOCTb MpH
@ — 0 nMeer KoHeuHbIH mnpefen ¢; = \/Bz/By, u B caydae |Bs| > |B;| nonydaem
OTpPULIATENbHYIO aKyCTHUECKYIO JHUCIEPCHI0 ¢ > 1;

2) BB, <0 — (@) x + @, ¢/(®@) oc @ = oo;

3) BiBy =0 — a(®) ox £ @32, ¢/(®) ox @2 — 0.

BunHo, 4TO ¢ yueTOM 3aKOHOB HarpeBa M OXJaxK[AeHHs BeJWuuHbl Sy U Srrp TEpsioT
CMBICJI, @ B KauecTBe [apaMeTpOB, pasfe/sIolUX 00/1aCTH HePaBHOBECHOCTH Cpefbl C Kadye-
CTBEHHO Pa3/IMYalOLIMMUCS 3aKOHAMH aKyCTHYeCKOH IUCHepCHH, Tellepb BLICTYMAIT K03 (Hu-
uveHTsl By U By. Ilpn B1 By < 0 ¢asoBass cKoOpoCTb HM3KOUACTOTHOIO 3ByKa CTAaHOBHUTCH
aHOMaJIbHO BBICOKOH M obpalaeTcsi B 6eCKOHEYHOCTb NpU 0 — (), YTO SIBJISETCS CJEACTBHEM
He(pU3UUHBIX («(haHTOMHBIX») pelIeHHH NUCIEePCHOHHOTO ypaBHeHHs (8), jexamux B obJa-
CTH 3ampelleHHbIX 4acToT. AHasoruuno paspewas ypasHenus Re(¢?) = 0 u Re(c?) = 0
OTHOCHTEJIbHO YaCcTOT Wg U Wp MOJYyYHM:

©p = — Re {—D +/D? - 43132} i

A}B, — A{B

rne D = (A]{A) — By — By), U3 BoCbMH KOpHeH (U BbIOHpaeM TOJIBKO BELIECTBEHHbIE HEOT-
puLaTesibHble W1 < Wpe < Wp3 < Wpy. B o6wem cayyae nis (UKCUPOBAHHOTO 3HAUEHHUS
S uMeeM J1Be 00/1aCTH 3ampelleHHbIX Y4acToT ((U,):

Wp1 < W, <Mmax [Wpy, Opa), Opz < O, < max [Opg, Dyl - (17)

Ha pucynke 3 mokaszaHbl TpaHHIBI 00/acTed 3ampelleHHBIX 4YacToT {) Ha MJIOCKOCTH
napametpoB (,S) Mpu pasiUuHbIX 3HaueHHssx Tr, A, u Ap, paccunranusie mo (17) mpu
¢ukcupoBanHblx ¥ = 1,4 u @, = Qpr = 0. Obmactu €23 u (s COOTBETCTBYIOT CJy4alo
BBy <0, a Q3 un €y — cayuato B1By; > 0. BunHo, uto 30HH () o mpuxkaTel K ocu Oy
(S) ¥ uMelOT TOJBKO OQHY I'PaHHIy B HHU3KOYacTOTHOH obsactv 0 < @ < 1, koropas npu
S > 1 acUMNTOTUYECKH CTaHOBUTCS mapaJesbHa ocu Oy. [lpu yMmeHblueHUH MapameTpa Tr
MPOUCXOIUT CxKaTHUe 00JIaCTH 3armpelleHHbIX YacToT. Ob/1acTh {23 orpaHUYeHa Kak 10 4acToTe,
TaK ¥ No creneHd HepaBHoBecHoCTH (0,50 < @ < 2,5 u 1 < § < 5). Ilpu ¢dukcupoBanHoM
S 3Ta 30Ha MMeeT OT ABYX OO YeThipeX (B OKPECTHOCTH H3JIOMOB IMPO(HUJIS) TPAHHUHBIX
3HaueHUH 4yacToThl B cooTBeTcTBUHU ¢ (17). C poctom mapamerpa Ap (30Ha §24) MpPOHCXOOUT
OBICTPOE paclIMpeHHe 00JaCTH 3ampelleHHbIX YacTOT M CMellleHHe ee HHXKHEH TpaHHUIbl B
CTOPOHY GOJIBLIMX 3HAUEHHH MapaMeTpoB @ W S, a yBequdyeHHe napamerpa A, yMeHbIIaeT
3TOT 3(eKT. X,
N
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. Wal Qy —=—

Puc. 3. O6sactu €} 3ampelieHHbIX 4aCTOT 3BYKOBBIX BOJIH Ha MJIOCKOCTH MapameTpos (@, S) npu
pa3/IMYHBIX 3HA4YeHUAX Tr, A, u Ar:

Q —1r=-2A,=1ulAr=0,5 0 —1p=—-4A,=1ulAr=0,5
Qg—TT:—4,AQZOHAT:2;Q4—TT:—4,Agzll/IAT:4.
[TyHKTHPHBIMH JIUHSIMH MOKA3aHbl MPAHUIBI YCTOHUMBOCTH (18) — My U D ya.
ToueuHBIMH JIMHHUSIMU TTOKA3aHbI TIPOIOJKEHUS TPAHHUI] YCTOHUHBOCTH (D B 30HY 3alpelleHHBIX
gactoT §2y u ()3

XapakTepHOi 0CO6EHHOCTBIO 30H )1 5 3 ABJSIETCS HAJIHUYHE H3JIOMa NPO(HUIs TPAHULBI B
OIHOH WJIK IBYX TOYKAaX, B KOTOPBIX aKyCTHUYECKUE MHKPEMEHT & obpauiaercsi B Hosib. CooT-
BETCTBEHHO, Yepes3 3TH TOUYKU MPOXOAUT KPpUBasi Wy (S), KOTOpast OMpelessieTcsi U3 pelleHust
ypaBrenusi a(w,S) =0:

BesnnunHa @,(S) — rpaHdLa aKyCTHYECKOH HEYCTOHYHMBOCTH, KOTOpasi pasmessiT 00JacTH
zaTyxaHus a(® < Wy) < 0 u Hapactanus &(W > @y) > 0 3BYKOBBIX BOJH Ha IMJIOCKOCTH
napametpos (@, S).

KayecTBeHHO aHasiorHuHasi KapTHHA pacrpeeseHus: 06/1acTell 3anpeleHHbIX yacToT {2 U
TPaHHUL YCTOHYMBOCTH (U HA IJIOCKOCTH MapameTpoB (W, .S) Hab/rofaeTcss U /s pasiuyHbIX
MozeJsiell HarpeBa (Q(o,T"), HO TO/MIBKO MPH OTPHULIATEJbHBIX 3HAYEHHSIX MapaMeTpoB (,, Qr,
T.K. 9TH NapaMeTpbl BXOAST B BblpaxkeHHUs 1151 K0O3(PULHeHTOB By U By ¢ MPOTHBOMNOJIOXKHBIM
3HAKOM MO0 OTHOIIEHHIO K BeauduHaMm A, u Arp.

Ha pucyHke 4 nmoxasaHbl 3aBUCHMMOCTH CKOPOCTH 3ByKa (MepeHoca 3HEPruu) Cs U aKy-
CTHYECKOrO MHKpPeMeHTa & OT 4acTOThl (0 /IS PA3JHUHBIX 3HAUEHHWH CTeNeHH HepaBHOBeC-
HOCTH cpefbl S, Mofened oxmaxaeHus (A,, Ar) u pemakcauuu (Tr), pacCMOTPEHHBIX ITIPH
TMOCTPOEHHH obJsacTell 3anpelleHHbIX yacToT {2 Ha pucyHke 3. Kpusble 1, 2 u 3 cooTBeTCTBY-
IOT MOJEJISIM C 00JIaCTSIMM 3ampelleHHbIX 4acToT {2y W () NpU ABYX 3HAYeHHSX MapameTpa
S = {1,4}. B 3T0M ciryuae 3ByKOBbIE BOJIHBI C 4ACTOTAMH O < W, (W, = max [0 g1, O p3])
He MOTYT paclpoCTPaHATCS B cpelle, TaK KakK MPU MPUONHKEHHH K TPaHHUIE 3aMpelleHHOro
JMana3oHa 4acToT (V,, CKOPOCTb 3BYKa Cs MOHOTOHHO yMeHbIIaeTcsl f0 Hyas (cMm. puc. 4 a).
CoOTBeTCTBEHHO A/ KpuBbIX 1, 2 u 3 umeem: w,, ~ {0.42,0.97,0.32}. Kpusele 4 u 5
COOTBETCTBYIOT MOJEJH C 00JacTblo 3ampelieHHbIX yactoT §23. [Ipu S = 1 (kpuBas 4) aky-
CTHYeCKHe BOJIHBI MOTYT PAclpOCTPaHATbCS BO BCeM IHana3oHe 4acToT, a B caydae S = 2
(kpuBasi 5) uMeeM moJiocy 3amnpelieHHbx yactot 0,79 < w, < 1,72. Ha pucynke 4 a pis

JeMOHCTpalLM aHOMAJIbHOTO 3aKOHAa AMUCIIEPCHU B 00J1aCTH 3alpellleHHbIX 4acTOT MpHBeleHa X,
&
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3aBUCHMOCTb (pa3oBoil ckopocTH ¢’ (kpuBasi 6). O6sacTb «(haHTOMHBIX» pelleHHH BblieseHa
Ha 3TOM PUCYHKE TOUEUYHOH JIMHHEH.

3aBUCUMOCTH aKyCTHYECKOro MHKPeMeHTa OT 4acTOTbl C BblA€JEeHHbIMU TOUYEUHBIMH JIH-
HHUSMH y4aCTKaMH 3ampelleHHBIX 4acToT («(DaHTOMHBIX» pelleHHil) TpeacTaB/IeHbl HAa PUCYH-
ke 4 b. Ha xpuBbix 1, 4 U 5 MOXKHO BBIAENUTb 00/MAaCTH 3aTyXaHHUS U HapacTaHHs 3BYKOBBIX
BOJIH W ONpelesUTb IPaHULbl aKyCTHYeCKOH HeycTolduBocTH (18), paBHbBIE COOTBETCTBEHHO
Wy ~ {1,0,94,1,15}. OT™MeTHM, 4TO 1Jisi KPUBOH H 3HAUEHHE (U, JEXKUT BHYTPH 3alpelieH-
HOTO HMana3oHa 4yacToT.

0.8 4 (b)

0.01 0.1 1 10 100 0.01 0.1 1 10 100

€l
€l

Puc. 4. 3aBUCHUMOCTH CKOPOCTH 3BYKa C, (@) U aKyCTHUECKOTO HHKpeMeHTa & (b) OT 4acTOThl (U AJIsi
pasJaMuHBIX MozeJsel oxsaaxaeHus (A,, Ar), penakcanuu Tr U 3HaueHHH napamerpa S:
I—Agzl, AT:O,5,TT:—2,S:1;
2—AQ:1, AT:O,5,TT:—2,S:4;

S—Agzl, AT:O,5,TT:—4,S:4;
4—AQZO,AT:2,TT:—4,S:1;
5—AQ:O,AT:2,TT:—4,S:2.

KpuBasi 6 — (hazoBasi ckopocTb ¢’ 1JIsi MOLEJH 5.

TouyeuyHbIMH JUHUSMHU TOKa3aHbl HeuauuHble («(paHTOMHbBIE») PellleHHs], COOTBETCTBYIOLIHE
3ampelleHHbIM 4acToTaM Ha pucyHke 3 (o6sactu {2y 5 3).

M3 npoBeneHHOro aHa/nMsa pelleHUH AMCIEPCHOHHOrO ypaBHeHHs (8) cjenyer, uTo B
caydae Q, = Qr = A, = Ap = 0 aKycTHUecKuil HHKPEMEHT fBJISeTCS MOHOTOHHOH (yHKIIH-
el yactoTel B obsactd @ < 1. OTaMUHBIE OT HyJs 3HAYEHUs MapaMeTpPOB MOJeJseld Harpesa
U OXJIaXK[EHHUS OKa3blBAIOT CHUJIbBHOE BJIMSIHHE Ha BEJHYUHY X, OCOOEHHO B HHM3KOYACTOTHOH
00/1aCTH U TNPUBOAAT K HAPYLIEHHIO YCJIOBUS MOHOTOHHOCTH B okpecTHocTH 0 < w < 1.
AkycTrdeckMi MHKpeMeHT yObiBaeT C yBe/JHueHHeM napameTpoB A, Ag M ¢ yMeHblIeHHeM
(Qp» Qr, npruueM yHKuHs &(D) sIBJASETCS HEMOHOTOHHOH M 3HaKomepeMeHHoH. [TapameTpsl
Q,, Q7 BIUSIOT HA aKyCTHUYECKUH HHKPEMEHT TOJIbKO B HH3KOUaCTOTHOH 00JIaCTH CIEeKTPa, a
napametpel A,, Ay — BOo BceM AMamnasoHe 4acTOT. DTOT pe3y/bTar cjefyeT U3 COOTHOLIEHHH

(10) u (11).

3akaoueHue

CdhopmyarpyeM OCHOBHbIE Pe3yJbTaThl PaOOTHI.

B nuHeliHOM npuUO/IHKEHHUH TOJYUeHbl BOJHOBOE W IHUCIIEPCUOHHOE ypaBHEHHS, OIMHCHI- x_
&
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BaloL{e THHAMUKY aKyCTHUECKHUX BOJIH B HEPABHOBECHOM K0Jie6aTeIbHO-BO30YKIEHHOM Trase.
OTH ypaBHEHHs 3aMHUCaHbl AJs BSI3KOTO TEMJONPOBOAHOIO ra3a U MPOU3BOJBHBIX 3aBHUCHMO-
creil BpemeHu VT-penakcauuu T, QyHKUHH HarpeBa () ¥ oxJaKaeHHsT A OT MJOTHOCTH H
TeMIepaTyphl.

OnpenesieHbl KPUTEPUU AJS BblAeNeHUs] (PU3UYECKH KOPPEKTHBIX pelleHHH AHCIepCH-
OHHOTO ypaBHeHHsl U ob6JsiacTell 3ampelleHHbIX YaCTOT 3BYKOBBIX BOJIH, B KOTOPbIX MJOTHOCTb
BOJIHOBOH 3Hepruu Fg U/W/M CKOPOCTb 3BYKa €4 (CKOPOCTh MepeHoca SHePriUu B aKyCTUYECKOH
BOJIHE) CTAHOBSITCSl OTPULIATEJbHBIMU.

[TokasaHo, uTO AMHAMHKa HEyCTOMYMBBIX 3BYKOBBIX BOJH CHJBHO 3aBUCHT OT CTelle-
HH HepaBHOBECHOCTH cpenbl S W Mojeseit Bpemenu pesakcauuu T(o,T), byHKUHH Harpesa
Q(o0,T) u oxaaxnenusi A(p,T). TlosyueHo, 4TO aHOMAJbHO BBICOKHE 3HAYeHHs (Hha3oBOH
CKOpOCTH 3ByKa mpu @ < 1 okasbBalOTCs JOKAJU30BaHbl B 30HE 3alpelleHHbIX 4acTOT |
COOTBETCTBYIOT «(aHTOMHBIM» (He(DH3WYHBIM) PEeIIeHHsIM IUCIIEPCHOHHOTO ypaBHeHUs. B Mmo-
nensx ¢ (QyHKUMSIMU HarpeBa M OXJaXKIeHHWs, 3aBUCALIMMH OT MJOTHOCTH M TeMIepaTyphl
oJIoca 3arpelleHHbIX 4YacTOT MOXKeT ObITb JIOKaJH30BaHA B HU3KOYACTOTHOH 00/1aCTH CIek-
™a 0 < Wy < Wymax ~ 1 Wk B 06/1acTh 4acToT 0 < Wymin S Wi S Wyopax > 1.

[lonyueHHble B faHHOH paboTe pe3y/abTaTbl MOI'YT OBITb HUCIOJb30BaHbl 1151 TOATOTOBKH
HayaJbHBbIX pacrpeneseHnil ra3ofiuHaMU4YeCcKUX apaMeTpoB, UCIOJb3yeMbIX B BBIUUCIUTE/b-
HBIX 3KCIepUMeHTaX. A TakxKe MO3BOJAT OOBACHUTh 3(P(EKThl MEPEeCTPOUKH YaCcTOThl INpPH
006pa3oBaHUM CHUCTEMBI yIAPHO-BOJHOBBIX UMITYJIbCOB [12].
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LINEAR DYNAMICS OF ACOUSTIC INSTABILITY
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Abstract. The dynamics of small disturbances in a nonequilibrium vibrati-
onally excited gas is considered. The wave and dispersion equations are obtained,
describing the dynamics of acoustic modes in the linear approximation. The
criteria for identifying physically correct solutions of the dispersion equation and
determining the boundaries of the regions of forbidden frequencies of acoustic
waves are formulated. These criteria allow us to exclude from consideration the
regions of non-physical (“phantom”) solutions, in which the phase velocity of
sound can become abnormally high and at certain frequencies turn to infinity.
The dispersion properties of unstable sound waves are studied in detail, estimates
of the increment are obtained, and the stability boundaries and zones of forbidden
frequencies are determined depending on the degree of nonequilibrium of the
medium, models of relaxation, heating and cooling. It is shown that at certain
values of the degree of nonequilibrium of the medium and the dependence of the
relaxation time and the cooling function on temperature and density, sound waves
in a vibrationally excited gas are unstable. In this case, the acoustic increment
reaches its maximum when the period of sound waves T, is comparable with the
relaxation time T, and in the high-frequency region of the spectrum T, < T, due
to viscosity and thermal conductivity, stabilization of acoustic instability occurs.

Key words: nonequilibrium gas, vibrational relaxation, relaxation time,
acoustic instability, speed of sound, forbidden frequencies, heating and cooling.
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