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ONOPAKLNA 3BYKA HA MEPUOANYECKOM HEOAHOPOOHOW
MOBEPXHOCTW

E. A. Beam>kanuHa, A. B. Tamynunn

PaccMOTpeHO Hak/0HHOe NafeHue 3ByKa Ha HeOoAHOPOAHYH Mopuoamyo-
CKYI0 MOBEpPXHOCTb. PacueTbl, NpoBeAeHHbIe A/I c/y4dasi XKEeCTKOW MOBEPXHO-

CTU CO WEeNeBNANbIMMA KaHaBKaMu, noKasasin, YTo NpmucoejuHeHHasi macca 3aBu-
CUT OT yrna nageHus 3ByKa. HaligeH xapakTtep 3Toi 3aBmcumocTn. OnpeaeneHa
rpaHUYHasi 4acToTa, HauMHass C KOTOpPOM 3Ta 3aBUCUMOCTb MPOSIBNSIETCS,
a TakXXe CTerneHb BAUSAHUS pas3/InYHbIX napameTpoB. MNMoka3aHo, YTo Kputuye-
cKasl 4yactoTa, NMpu KOTOPOM MPUCOEAMHEHHAsi Macca CTPEMUTCS K OGeCKOHeu-
HOCTW, B C/lydyae HAK/IOHHOr0 NajfeHUst NEeXWUT HUXKe, YeM MPU HOPMasIbHOM

najgeHnUn 3ByKa.

HecmoTpsa Mnma LWWPOKOE WMCMOsib30BaHMe HeOoAHOPOAHbIX TMOBEPXHOCTEN B

npakTnuke 60pbObI C LUYMOM, BaXHbliA BOMpoc 06 yr/ioBoM 3aBUCUMOCTU MNPU-
COeIMHEHHOW Maccbl A0 CUX MOP He Obl/1 BbIACHEH; NPW pacyeTax ee nosaraim
He 3aBUCALLEN-OT yrsia nageHus BOJiIHbl. BptoxkeH [1], monb3ysaAcb MeTOAOM,
N3/I00KEHHbIM B paboTax J[eptornHa [2, 3], paccmoTpen HaK/IOHHOe MnajeHune
N/IOCKOW BOJIHbI Ha HEOAHOPOAHYI MEPUOANYECKYID CTPYKTYPY MNPAMOYrosib-
HOro npopusaida, HO NoJsiydeHHass UM CWU-
cTeMa YypaBHEHUN C/0XKHA W TpebdyeTt
YMC/NOBON0  pacyeta A1d  KaxkAoro
KOHKPeTHOro cnydas. [axke Ansa »ecrt-
KOro sKpaHa co LeneBon nepgopavmen
HEBO3MOXXHO BblAe/INTb MNPUCOEANHEH-
Hyl Maccy. Noatomy Hamu 6blna pac-
CMOTpeHa 4YacTHas 3ajadya 0 MNakK/oH-
HOM MaJeHnM 3BYKOBOM BOJIHbI Na
HEeO4HOPOAHYI0 MepuoANYECKYHD CUCTe-
My (cbur. 1) B npennonoXKeHnu, u4To
BHYTPM KaHaBKW  pacnpocTpaHsaeTcs
nyneesas (nopwHesasd) moaa.

[MoCcKONbKY 3BYKOMorsowarwasa cu-
cTemMa  npegnonaraetca 06eCKOHEYHO

NPOTSAXKEHHOI BAO/IbL OCUM Oy W Najato- onr 1 H y

ur. 1. AakK/IOHHOE nageHme rJji10CKon BOJI-
las BO/MHA MI0CKas, O4YEBWAHO, uTO " o mle o ivio  Meproanueckyio
rpaHNYHbIe YC/I0BUSI N BOJIHOBOE YypaB- MOBEPXHOCTH

HEHWNE 6y,£l|yT MHBapnWaHTHblI OTHOCWU-

Te/IbHO MepeHoca BAO/Ib OCU 0oy. TaKum
obpa3om, 3aBUCUMOCTb Nafarullero n paccessHHbIX Mosen ot y oyaet ognHaKo-

BOW, N A/1A 3BYKOBOIo AaB/ieHNA MOXXeM 3anucaTb
p(x,Yy, z)=exp {iky sin0sin gp’' (X, z).

YuntbiBasa nepnoamyHoCTb CUCTEMbI, NO/e B MOSTYNPOCTPaHCTBE z>0 mMoXkeT

ObITb npeagcrtaB/ieHO B BUAE Cyneprnosnuynnm rnioCKMXx BOJ1H
Mn=03

Cl) pi (X, y) =exp(tak+i™M@®)+ Y /[?,exp(ia,x-i",z),

n= —wmw



rae
ao=& sin0 sincp; [?=/csin0sin¢gy,  70=k cos 0

anra0-2 m/b
f (P-a.2)* npn 1r>an,
n | -i(cCn*-I*yh npn I<a,,
R,, — KOMMNNEKCHbIN KO3(h(PULUNEHT paccesHUs BOJSIHbl N-T0 CMNeKTpasibHOro nmno-
psagKa.
1010 BHYTPU V-1 KaHaBKN 3arnunileTca B BUae
(3) pn (*, z)=exp (ial/b) [4 O0exp (ilz) + B 0exp (—ih) ].

N3 rpaHuU4YHOro ycsoBMs Ha [AHe KaHaBKW TMOJ/IydYMM COOTHOLUEHME MexXay
[To n BO:

(4) B«=IAO
72 -k -~
eXx —Z ,
(5) A N T

roe Z2—wvmnegaHy, iHa KaHaBKU, CTEHKU KOTOPOW XECTKMe.
Beenem BenmnuunHy Z0, npeactaBfsalOWy0 co60il OTHOLLEHME AaB/eHUA K
KonebaTeslbHOM CKOPOCTM BO BXOAHOM CEYEHWUW WWENN, T. €. BXOAHOW MMMeaaHL

LLien
(6) ZG&K(1-\~ro) /*(1-T 0).

N3 ycnoBusa HenpepbIBHOCTU AaBfieHUS K KonebaTeslbHOM CKOPOCTU Ha rpa-
HULE, Tae Wesb NepexoanT B MoaynpocTpaHcTBo z >0, MOXKEM HaWTK 3HAUeHue
KO3 (PULIMEHTOB paccessHUS N aMnAnuTyay NMAOCKOW BOJIHbI BHYTPU wenu AQ:

27140V (Z 0 +K)

co

drg,_i] kv
£2c' 15 Zifn

(Zt —nmnenaHy HenepdopmMpPoBaHHOM YacTyU MOBEPXHOCTH),

1+

- 2, 1 vO
(7) g, -Pz-kodo
ttZt+k b [
g Zj 1 vn v _ sin(awl/2)
= -y J1 (1+ /1
() an= -y (1~ )| Z0 JZro+k : ard/2

Kak HeTpyaHO BMAeTb U3 (7), Npyu yMeHbLIEHUN 4acToTbl U yrna nageHus
BO/THbI N1 nmnegaHua Zt, sennunmHa (Z™n+fc), crtodAwas B 3HamMeHarTene,
MOXEeT MPOXOANTb 4Yepe3 MMHUMYM, UYTO MpuBedeT K 0COOEHHOCTAM XapaKTe-
PUCTUK paccesHUsa 1 nornouweHns. YUtobbl BbIACHUTL BOMPOC O NOBeAeHUN MPpU-
COeIMHEHHOW Macchbl, Aa/lbHeWLlee paccMoTpeHue 6yaem BeCTU B Mpennosioxe-
HUW, YTO MOBEPXHOCTb pebpa >kecTkadad (Zi=—<®). Ona atoro cnydas Koag-
hnymneHTbl paccesHUsa 6yayT paBHbI

fl.=1-(2W )/ b +

Rm=-2kvOvnj (-N-Z2Q-f — ).
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B W 4 :

Z ¢ os 0 + 1
C p a B H MW B a 1 (9 ) wn (1 0), ™M 0 X H O B B e C T wu cC p e H wn i M M U e g a H |y H e 0 4 H o p 0o A4 H o i n o -
B € p XHOGCTMW®W , N O0CZKUOINI b K Y M M N e 4 a H Ly O 4 H ODPp O 4 H O W n o B € p X H O C TMH e cCTb H e 4y T O M H O e,

coM’
01

0 0 a0 D

@ *f> \
dur. 2 dur. 3

dur. 2. Yrnoeasa 3aBUCUMOCTb YB=10J1/' Ana pasMyHbIX 3HAYEHU OTHOLLUEHUA Mnepuoaa
peweTkn b K gnmHe BOMHbI nMagaroulero 3syka X 3HayeHUA 2yKa?,aHbl Lmgpamm 0Ko-
N0 KPUBbLIX NPU MOCTOAHHOM OTHoWweHUn d/b= n <p=0

dur. 3. 3aBucumoctb ®M' oT bIX npu pasHbiX yrnax nageHUAa BOJIHbL. KpuBas 1 -
0=0°, 2- =18° 3—=54° 4- =18° 5- 0=54° (BosiHa nopsaaka n = -1 Onsa cny4vaes
4, 5 aBnseTcsa y)ke pacnpoctpaHsawowencs) d/b=0,2, b=0

K a K T 0O X e mw H T e I p a n b H a 1 X a p a K T1Te€e pun c¢cT1TMW®nW Ka, 'y cp e g H a9 w0 W a 4 n 0 K a n b H bl € H e o a4 H o0 -

poagHocTun . T akKwum ™ o6 pasom , nony 4y aewm M M n e A a H y H e o 4 H O DPp oA H 0 I nm o B e€ p X H 0O C T M

w T p M X y 3 H a K a cCy M ™M bl 0 3 H auyaeT, 4y T O C Yy M M U p o B awH N e B e A eTc A n o B C e M 3 H a 4 e -
—
H 1n A ™ II K p oM e II .

n 3 (11) cneppyerT, 4y T o A v d p a Ky un A 3 B Yy K a H a H e o 4 H o p o0 A4 H 0 71 n o B e p X H O CTwn
npwuwoseoawnT K n o s B N € H N A O n o n H MW T e n b HOT OO MW H e p U M 0 H H O T o0 4 n e H a Ygs B bl P a X e -
H 1 un 4 noa M M N e A a H U a H e 04 H O JPp o, a4 H o i n oB ep X H OCTWU ; Yg M 0 X H O npeapcTasBumTob B
0 6 bl 4 H O M B U A e K a K npowunw 3B e[ e H un e K py T romBo it 4y a c T 0 T bl H a n pwuwcoen W HEHHY M a c -
cy . O 7T c w A a n pwunwcoepng n H e H H a1 M a c c a o4 H OT O nepwun onpg a H e oA H O DPp o a4 H oW n oB e p X -
H o Cc T # H a e 4 MW H u u vy 4 N 1N H bl B AN'-H anpaaBnan e H U U p a B H a

M o c kK o N b K Yy MVI YgCOBI‘IaAa}OTCTOHHOCTb}O n o c T O 9 H H O T o

y r n o B bl € X a p a K T e p u ¢ T n K #u A O N O N1 H MW T e n b H O T 0 M H e p 4 nm 0O H H O T O 4 n e H a Yg6y,qu

M H O X w»n T e n sa , T O
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<tM'r COM oO)M"

Oo
dur. 4
®dur. 4. 3HayeHunsa coM' B gonax pc/cos O B 3aBucumoctn ot 0 (kKpuBas J) n oM (Kpu-
Basd £), B TOW >Xe HOPMUPOBKe, HO 6e3 yyeTa 3aBUCUMOCTM MpPUCoeaUHEHHOW maccbl 0T Q

6/X=0,4; d/b=0,5; cp=0

®ur. 5. BnusiHne yrna nosopoTa BOJ/IHbI @ na ®M': KpuBas 1- cp=0; 2-30°; 3 - (p=60°;
b/\=0fi; d/b=0,4. KpuBble 4, 5 cOOTBETCTBYIOT C/ly4yalo, Korga Bosina nopsagka n= -1
pacrnpocTpaHsaeTcs

3KBMBAJIEHTHbI YI/1I0BbIM XapaKTepuctnkam npucoeinHeHHoOM maccbl M. B cuny
3TOro Ha 3BM 0Oblnn paccunTaHbl 6e3pa3mMepHble Be/MMUMHBLI YA 1 HEKOTOPbIE
noslydeHHble pe3ynbTaTbl MpeacTaB/ieHbl B Buae rpadpukos. Ha dwur. 2 npuse-
IeHbl YIrNoBble 3aBUCUMOCTU Y(Q oA pas/iMyHbIX 3HA4YeHN OTHOLLEHWUSA nepuoaa
peleTKN K AJINHEe BOJ/IHbI NajalLlero ssyka X

N3 dur. 2 BUAHO, 4TO yrsioBass 3aBMCUMOCTb MPUCOEAMHEHHOW Maccbl ASiA
ONMWHHBIX BOJIH MpaKTU4YecKn He nposasngertca. Jinwb HaymHaa ¢ &/A~0,3 cTa-
HOBUTCA 3aMeTHbIM Bo3pacTaHue MaccCbl C yBe/IMYEeHMEM Yyrna nageHuna BoJi-
Hbl O.

e Ha cour. 3 npeacraBneHbl 3aBucnMmMoct M oT B X ANnA pas/indHbIX YrnoB
nageHns Bo/Hbl. KaK MOXHO BUAETb, 3aBUCMMOCTb MPUCOEANHEHHOM MaccChl
MNP HaK/OHHOM NMajeHUU 3BYyKa OT/InYaeTcsa OT cydasd HOPMasibHOro nageHus
He TOJ/IbKO KOJ/INYEeCTBEHHO, MO0 U KayeCTBEHHO. 3JTU pa3nnynsa 006YyC/0BJIEHDI
Yr10BOM 3aBUCUMOCTbIO BE/TMUUHBI CTOALWEN B 3HameHaTesnie noA 3HAKOM
cymmbl B (12). lNpwn Bo3pacTtaHUM 4acToTbl Magalwulero 3ByKa ChnekKTpasibHble
KOMIMOHEHTbI paccedaHHOro nond ¢ nd®0 m3 3atyxawuwmnx CTaHOBATCA pacnpo-
CTpaHAKWNMUCA. 3TN U3IMEHEHUA XapaKTepa pacnpocTpaHeHWMA BOJIHbI COnpo-
BOXKAAKTCA Mepexonom yepes Hy/b, T. €. Y* N3 MHUMOW CTAHOBUTCHA AENCT-
BUTE/IbHOW. B 3ToM cnydae 4acTb CBSI3aHHOW 3HEpPrun nonsa rnepexoanT B
AHEPTUK U3NYYEHUA, YTO U NaxoguT CBOE KOJ/INYEeCTBEHHOE Bblpa)keHue B 0CO-
OEHHOCTSAX MOBeAEHNA 4YaCTOTHOWM M YIrJ/IOBOWM XapaKTePUCTUK MpUcoeanHEHHOMN
Maccbl, KOTOopble nadnnakwT npoaBnAatTbca npu blX>0,5. Ecnm e cneposaTtb
NnpeanosiodKeEHUD 0 He3aBUCUMOCTU MPUCOEANHEHHOM MacCbl OT yrjsia nagaeHus
BO/IHbl, TO 3TU 0COGEHHOCTU HYXXHO oXugatb npun b/X>1 [JencTBUTESIbHO,
n3 cur. 3 BUOHO, YTO camMasa BbiCOKasA 4yactoTa /,<p ANA cnekKTpasibHOro nopsagka

n= —1 nonydaetca npu 0=0; c yBennyeHmem yrna nageHma (0=18 wu 54°)
yactoTta /,(p ymMeHbLUaeTCa M TONbKO ASiA 60/1ee BbICOKOro nopsgka (n=-—2)
ana yrnos nageHna 0= 18 n 54° coBnagaeTt co 3HadeHWem /K ana n=—1 npwu
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HOpMa/ibHOM MageHUU 3ByKa. ITO C/eAyeT y4UuTbliBaTb B MNPaKTUKe TYMOry-
LIennsa, NOCKOJIbKY Npu /= /K Ha XapaKTepucTuke 3BYKOMoOrnoweHus o6yaet
nposasn Ao Hynda. Ha dwur. 4 BbluepyeHbl paccUmnTaHHble 3HadeHna aaM' B Oonax
pc/cosO n 3HauyeHUa ®M B ToOn >Ke HOPMUPOBKE, MO pacCMOTPEHHble 6e3 ydeTa
yrn0BOW 3aBUCMMOCTM npucoegmnennon maccbl. Kak BUAHO M3 rpadpuka, owmnob-
Ka n3-3a Hey4yeTa YrJjioBOM 3aBUCMMOCTM MPUCOEAMHEHHOW MacCbl MOXXET Mpu
HeKOTOpbIX yrnax (B gaHHoM cnydae 45°) pocturatb 50%.

Ha dur. 5 nokaszaHo, KaK BAUSAET aHM30TPONMUSA MOBEPXHOCTU, T. €. NpuBe-
NeHbl YyrfoBble 3aBUCMMOCTM oLl onsa oAHOM 4acTOoTbl, NPU pPas3HbIX yrnax «rno-
BOpoTa» BO/IHblI @ V3 3TOro rpagouka BMAHO, YTO MPU YBEIMYEHUN yrna g Kpu-
Tnyecknin yron 0,p, npn Kotopom 7/—+=0, Bo3pacTaeT, T. e. b/X Kak bbl YMEHb-
LLUaeTCcH.

Ha cur. 6 npmBeaeHbl Ko3ahpuUMeHT noraouleHns atr HeoOAHOPOAHOW CTPYK-

TYpPbl U COOTBETCTBYHOLW NN eMy daKkTop dopmbl (?, KOTOpbIN npeactaBndeT
cob0i OTHOWEHMe Ko3hULMEHTA
MOroWeHnsa ¢ YydeToM Aupakunm
QIr K Ko3pnUMeHTy norsoueHuns
6e3 ydeTa, Korga npuHMUMaeTca BO
BHMMaHMe TO/IbKO TpaHcdopmauma
OT LWennm K nepuoay pewetkn. Pes-
KU MnpoBasi Ha YrnoBoM 3aBUCUMO-
CTU  Koa(phdpmumeHTa  noraoweHunsa
BO3HMKAET B KPUTUYECKOM TOUKe
(T. e. KPpUTUYECKOM Yyrne Ans pAad-
HOM 4acToTbl) CMEeKTpasibHOro no-
pagka n=—1. HeyyeT 3TOro gsne-
HUSA, T. €. MPeaAno/IoXKEHMEe 0 He3aBU-
CMMOCTU M 0T yrna nageHus BOJIHbI,
npueeaeTr K 60/IbLUMM OTK/IOHEHUAM
peasibHOro nMorJioleHna OT pacyeT-
HOrO.

Bo3pactaHne @Qaktopa (opMbl
npu yrnax nageHnsa, 67n3KNX K
CKONb3AWMM, o03Ha4daeT, 4TOo npu O 30 60 90
3TUX yrnax nageHuUsa HeogHopoaHas B
MOBEPXHOCTb Morsouwiaetr 3BYK 3- dur. 6. Yrnosasi 3aBUCMMOCTb KoahhULMeHTA
heKTUBHEE CMJIOLIHOr0 MOKPbLITUA  3BYKOMOr/oweHna atr (kpveas 7) u COOT-
N3 TOro >e MaTepuana. ITo AaeT EZ;CTZE;V*OQ'.”-%:OAZGO“’,%’; Cga}"gggi; Og%p:'\(’)'!"ZﬁKZpl/'i
OCHOBaHWA cyuMTaTb, 4YTO, Hanpumep,

B C/lyyae rylinTenen 3ByKa B BO3-
AyxornpoBoaax, rge nornoTuTenn 3ByKa HaxoAATCs B YC/IOBUSIX CKOJIb3SILLLETO

NnageHnd BOJIHbl, BbIrogHEE WNCMNOJ/Ib30BaTb HEOAHOPOAHbLIE TMOBEPXHOCTU, CO-
CTaBJ/1IEHHbIE N3 O6p8.3LI,OB orpaHN4YeHHbIX Pa3MepPOB.
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