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Uccnemyercst oTpakeHHE OT TMOMEPEYHOrO HAIpe3a W MPOXOKICHHUE
MPOJOJIBHOW  BOJIHBI, PACIPOCTPAHSIONICHCS TIO0 OECKOHEYHOMY CTEPIKHIO.
[TosryveHa 3aBUCUMOCTD OTPaXEHHOW BOJHBI OT MTapaMeTpoB Haapesa. [loctaHOBKa
o0paTHOW 3ala4yd TO3BOJIICT ONPEACTUTh KOOPAWHATY Haape3a W MapameTp,
CoJIep XAl ero rIyOuHy U JUTHHY, 110 JaHHBIM MaJaloniel U OTPaKeHHOW BOJIH B
MecTe HAOII0IeHU.

KiroueBpie cioBa: OECKOHEUHBIM CTEep:KEeHb, HaJpe3, MPOJOoJbHAas Oeryias
BOJIHA, OTPAKCHHASI BOJIHA, IPOXOJIAIIAst BOJHA, JUATHOCTHKA.

BBEJIEHUE

B npotskeHHBIX 00BEKTax THMa TPYOONPOBOAHBIX CHUCTEM HE BCE YYAaCTKH MOTYT OBbITH
JOCTYIHBI Ui BHU3YyaJIbHOTO OCMOTpa M HpuOOpHOro auarHoctupoBanus. Ho wu mpu
JOCTYIIHOCTH BU3yaJIbHOTO OCMOTpa HE BO BCEX Ciyd4asX MpEACTaBISIETCS BO3MOXHBIM
OIpEETIEHUE LIEJIOCTHOCTH KOHCTPYKIMH. 3/1€Ch MPEAIAraeTcsi METOAUKA JUArHOCTUPOBAHUS
CTEPIKHEH ¢ TOMOIIBIO 3aMEPOB MApaMeTPOB MPOJOIBbHBIX Oerymux BojH. B ciydae crepxHein
KOHEYHOH NJIMHBI JUIS ONpEeAETICHUS HalU4uus ero Ae(eKTOB MOXKET ObITh HCIOJIb30BAHO
U3MEHEHHE CIIEKTPa COOCTBEHHBIX M3TUOHBIX UIIH MPOJOIBHBIX KoNebanuit [1-6]. B [2] maetcs
pelIeHne 3a1a4y ONpeAeIeHHs IEPEMEHHON TUIOIIAAN MONEPEYHOr0 CEYEHUs OT MPOI0JIBHON
KOOPJIMHATHI TI0 W3BECTHOM 3aBUCHUMOCTH II€PEMEIICHUS] CBOOOTHOrO KOHIA CTEPXKHS OT
4acTOThl BO3MYyILIawome cuibsl. B crathsax [3,4] uccienyrorcs oOpaTHbIE 3aJaddl TEOPHH
TPEIIMH B TBEPIBIX Tenax. PermieHuro oOpaTHBIX 3ajad O MPOAOJIBHBIX OEryIiux BOJIHAX B

CTEP>KHAX KOHEYHOM JJIMHBI IOCBSIIEHBI padoTHI 35, 6].

1. TIOCTAHOBKA 3ATAYN

PaccmaTpuBaeTcs ycTaHOBHUBIIMICA MPOIECC OTPAXXKEHUS OT Haape3a U IMPOXOXKICHUS
MPOJIOJIBHOM ~ OETyIell BOJIHBI, PACHpPOCTPAHSIOMICHCS 1O OECKOHEYHOMY CTEPIKHIO
IJIONIA/IBIO0 MOMEPEYHOro cedeHus F. B Touke ¢ KOOpIMHATOM X. CTEPKEHb MMEET HaApe3
JUTMHOM [ 1 Tutomaapio momnepednoro cedeHus f (puc. 1). Ilpenmonaraercs, 4To monepevHbIin
pa3Mep CTep>KHS U JJUHA HajJpe3a / 3HAYUTEeNIbHO MEHbIIIe JJIMHBI BOJHbI A. He yunThiBaercs
MPOCTPAHCTBEHHOE HAMpPsKEHHO-Ie(OPMUPOBAHHOE COCTOSIHME B 30HE Hazapeza. OHO
CUMTAeTCsi OJHOOCHBIM. B Takoll MOCTaHOBKE OIPEAENSIOTCS OTpakeHHAas M IMPOXOJsiiast
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BOJIHBI 110 W3BECTHBIM IapaMeTpaM Haape3a M ero KoopauHate (mpsmasi 3ajada).
OmnpeneneHue KOOpPAWHAT HaJpe3a W €ro pa3MepoB 10 OTPAKEHHOH BOJHE B TOYKE
HaOJTIOZICHUS TIPEICTABIISIET COOOM OOpaTHYIO 3a1a4y.
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Puc. 1

I[BI/DKGHI/IG OJICMCHTA CTCPIKHA OMMUCBIBACTCA BOJIHOBBIM YPABHCHUCM

2 2
ou _ ,0u » E

;=4 7, 4 = (1
ot ox yo,
r€ U — MPOJOJIbHBIE MEPEMEILIEHHUS PJIEMEHTOB CTEP>KHSA, @ — CKOPOCTb 3ByKa B CTEpIXKHE,
E, p — mMonynb ynpyroctu M miOTHOCTh MaTepuaia CTepPKHs, X — MPOJI0JIbHAsT KOOPAUHATA,
t — Bpems. [IpomonbHBIE TMEepeMeNIeHus, BO30YKIaeMble MCTOYHUKOM, HAXOMASIIUMCS Ha
paccTosTHUM X =—00, 3aJaloTcsl B BUIAE Oerymieldi BOJHBI B CTOPOHY BO3pacTaHUs

KOOpAHUHATHI X.

. w 2ra
u=Usm(a)t—ax), oa=—, L=——, (2)
a w
rae U, @ — aMIUIMTyJa M 49acTOTa MPOJOJIbHOW Oeryiieil BOJIHBL, o — BOJIHOBOE YHCIIO.

Pemenue ypaBuenus (1) amst o6acT pacpoCTpaHeHHUs OTPayKEHHOM BOJIHBI MMEET BH/I:

u, = A4 cos(wt +ax)+ B sin(wt+ax), —o<x<x, 0<7<o0; 3)
a JuIs 00JIacTH pacpOCTPAHEHUS MPOXOAAILEH BOJIHBI 3aIMChIBACTCS:

u, =4, cos(a)t—Otx)JrB2 sin(a)t—ax), x,<x<o, 0<t<oo €))

I'paHn4HBIE YCIIOBHSA B TOUKE X = X, [6]:

o(U +
xX=x, ( ul):auz, u2=U+ul+m—L%, (5)
ox ox T Ox
rmue
wlF
m=—.
Lf
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2. IIPAMAA 3AJAYA

N3 ycnosuii (5) nonydaem

L L .
A1=—Dm(ma s1n2axc—20052axcj,
r Uz
B, :DM[maL cos2ax, +2sin 2axcj, (6)
r 7
2
A =—2p™L g _4p p-—"Y
g (mal) +4r*

ITepeiins k 6e3pa3MepHBIM NEPEMEHHBIM

27wx 27x,
5 - L > gc - L

5 T=wt,

U yuuThiBasg oL = 27, Magaronlyto, OTPaXEHHYIO U MPOXOJISIIYIO BOJHBI IPEACTaBUM B BHJIE

u=Usin(zr-¢),
u = mnzl—il [(—m sin2&, +c0s2&, ) cos (7 + &) +(meos2&, +sin 2§c)sin(r+§)},
u, :%[—mcos(r—éﬁsin(r—f)], E <E<m, 0< <o,

OTpameHHy}o H IPpOXOAAITYHO BOJIHBI MOJKHO IMPEACTABUTL TAKXKC B BUIC

u =kUsin(t+&—@,), —0<E<SE, 0<7<m,
_ msin2§ —cos2g,
mcos2&, +sin2&,

tgp,
u, =kUsin(z-&—y), tgy=m, & <E<w, 0<7<m,

rie KodQpQUIUEHTB! OTpaXXeHHsI k; U NPOXOXKJICHUS k, PaBHBI

k= k= ()
m-+1 m-+1

Yron cnBura ga3 ¢ MeXIy Magaroliei 1 OTPaKCHHON BOJHOW onpeessieTcs mo Gopmyie
P=0,—25. (8)
[Tpu & = 0 ypaBHEHHE IBWKCHUS DIIEMEHTA CTEP)KHS 3aITUCHIBACTCS KaK
u,=kUsin(r—¢,), 0<7<c0.
VYrou capura a3 Mexy nagarouei u npoxoasiiei BOJIHON paBeH
w = arctgm. 9)
Amnamus dopmyi (7)—(9) nokaseiBaet, yTo K03()(HULUEHTHI OTPAXKEHHS k, U MIPOXOKACHUS

k,, a Taxxke yron casura Gas y MexAy NMaJarolled U MPOXOAIledl BOIHOM 3aBUCST TOJIBKO
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OT mapameTpa m. Yroia casura $a3 ¢ Mexay Najamlleidl U OTPaXEHHONW BOJIHAMU 3aBUCUT
KaK OT IapaMeTpa m, TaK ¥ OT MOJIOXKEHUs Hajape3a &, M KOOPAMHATBHI & MecTa IPOBEJCHUS

3amepos. [Ipu m — 0 koadpunuentsr k, >0, k, =1,

_ —cos2¢,
in2&,

CyMmMapHble mepeMelieHust V' asjeMeHTa crepHsS B Touke Haomogenus (<&=0)

v T

OTIPEACIISIOTCS TTO hopMyJie

V=u+u = Usinr+nZ—U1[(—m sin 2&, +cos 2, )cos 7 +(mcos2&, +sin2¢, )sin r},
m’ +
0<7<00

g

V=CUsin(z-6), 0<7<on,

2m’ (14 ¢c082&, )+ 2msin2¢&, +1 o5 m-(msin2& —cos2¢&, ) (10)
1+m’ 8 _m2(1+cos2§C)+msin2§C+l’

rae C — aMIUIMTYJIbl CyMMapHbBIX OTHOCHTEJbHBIX NEpeMelleHuii, 6 — yroua ciasura ¢as B
CYMMapHOi1 BOJIHE.

u,/u uw/u
r m=0.15/7
[ m=0.15/% L m=005/x
0.25 0.25
Il m=0.10/7
F m=0.05/7
0 0
-0.25 / 0.25 \
0 06 12 ox 0 ' 06 12 orx
Puc. 2. 3aBCHMOCTb OTHOCUTENILHOTO Puc. 3 3aBUCUMOCTb OTHOCHUTEIILHOTO
NepeMEIEeHUs 3JIEMEHTa CTEPIKHS MepeMEIICHUS SJIEMEHTa CTEPIKHS
npu £=0, & =27/3 B oTpaxKeHHON npu £=0, & =27 B OTpakKeHHOM
BOJIHE OT 0€3pa3MepHOro BpeMEeHH T BOJIHE OT 0€3pa3MepHOro BpPeMEHH T

Ha puc. 2, 3 npuBoAsTCS 3aBUCUMOCTH OTHOCUTEIBHOIO NIEPEMELLIEHUS JIEMEHTA CTEPHKHS
npu &=0 B oTpakeHHOI BoJHE OT Oe3pa3MepHOro BpeMEHH 7. BUAHO, YTO OTpa)KCHHBIE
BOJIHBI 3aBUCAT OT BEJIMYMHBI U MOJIOKEHUS HajJpe3a B cTepaxHe. Uem Oounblie m, TeM Oosiblie
BEJIMYMHA CHUTHaJa B OTpaxkeHHOW BojHe. C yBeIWYEHMEM IMapaMeTpa m TakKkKe

YBEJIMUMBACTCSL Yroi caBura ¢asz B oTpaxkeHHOW BosiHe. C W3MEHEHHWEM paCIOJIOKEHUS
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Hajape3a &£, TakkKe CyIIECTBEHHO M3MEHSETCs Yron capura (a3 B oTpakeHHOW BosHe. Jlius
koopauHaT & =1 n & =5 KpuBBIE HICHTUYHBIL.
3aBUCHMOCTh KOX((UIMEHTa OTpaKeHHs k, OT HapaMmerpa m HPUBOJUTCS Ha puc. 4.

Bunna nuneliHas 3aBUCUMOCTh KOO GUIIMEHTa OTPAXKEHUS OT Mapamerpa m JIJs €ro MallbIX
3HAUYEHUH.

3aBUCHMMOCTh yIJia cBUra (pa3 B OTPaXEHHOH BOJIHE OT mapameTpa m JUIsl pa3jiuyHbIX
3HaueHui & npuBoaurcs Ha puc. 5. C pocTOoM mapamerpa m MPOUCXOAUT yBEIHMUCHUE yIia

casura ¢as.

ki

0.5
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0 0.1 0.2 m/7r

4 ()
15 = 15 £
Je | e rm=02/x /! i
. L N S g
) 0 i &.=273 [ m=0.1/7 //// | “ /7 : |
~ | ﬁ — | r | v \
05 ] 05 7L L
/ r Y ‘~ r L
i r ) | | a4 | ‘
0 ‘ of - - //// L
=N W AR/ AR
[ —---1" L I ‘ I .
-05p — /: = -0.5[ v T “ //y// : L
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F - | s ! ' /s
-17 - \ L, /m=001/” T e : 7
7/// : . ;//; / //, ‘////
55— ‘ ‘ e e ——— ; -15 e P
0 03 0.6 0.9n,l/7z' 0 0.25 0.5 @/27[
Puc. 5. 3aBucumocts yriia casura a3 B Puc. 6. 3aBucumocTs yriia caura a3 B
OTPaKEHHOU BOJIHE OT m OTpa)XEHHOH BOJIHE OT &,

3aBUCHMOCTB yTIia casura (a3 B OTPaKEHHOM BOJIHE OT mapamerpa &, A PasiIuyuHbIX

3HaueHUN m paerca puc. 6. Buana nepuoauueckas 3aBUCHMOCTb yria casura ¢as B
OTPa’KEHHOH BOJIHE OT IOJIOXKEHHUS Ha/lpe3a.
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3. OBPATHAZ 3AJIAYA

N3 coornowmenuit (7)—(9) ciemyer, 4To 10 U3BECTHBIM KO3 dHULMEHTaM OTpakeHus k, U
HPOXOXKJEHUSL k, MOXKHO ONpPENEIUTh HapaMeTp m:

k Ji-k

m=——- nm =

—— p (11)

[Tapamerp m Taxke ompenensercs NHO yrioy ciaBura (a3 y Mexay mnajamomeil u
IIPOXOJSIIEH BOJHAMU:
m=tgy. (12)

[Tonoxxenne Hagpesa &, onpenensercs 1no Gopmyie

(13)

Ho nannas ¢yHKIMS MHOrO3HauHasi, IO3TOMY MOKHO PEKOMEHJ0BAaTh 3aMephl yrIja CIBUIa
da3 @ Mexay najgarouiel U OTpakKeHHOW BOJIHAMM JJs ABYX 3HaueHuil & . Hampumep, npu

£=0

1
éfc — larctgm
2 m —tg§00

ué =4

¢ = Lorerg L+mig(25+0,)
2 m_tg(2§1+¢1)

Beipaxkenue (10) mns aMImMTyasl CyMMapHbBIX OTHOCHUTEJIBHBIX INEPEMELIEHUH MOKET

OBITh MMPpEACTaBJICHO B BU/IC
2m* (14c0s2& )= C* (1+m* )+ 2msin2& +1=0,

a U3 yCJIOBUS V(r1 ) =0 nmeem

sinz, + m[(—m sin2& +cos 2, )cos 7, +(meos2&, +sin2& )sin, } =0.

Ecmu 3Hauenue AMIUIMTY bl CYMMAPHBIX OTHOCHUTCJIIbHBIX HepeMeH.[eHHﬁ Cmu BCIIMYUHY 7,
(r,=0) onpenenmuts B Touke & =0 1O MOKa3aHWAM MNPUOOpPaA, TO TIONYYHUM CHCTEMY

YPaBHEHUI 1JIs OIpeieNieHNs TapaMeTpa m U MOJIOKEHUs Hajpes3a &
2m* (14c0s2& )= C* (1+m* )+ 2msin2& +1=0,

sinz, +m[(—m sin 2¢, +¢0s2&, )cos 7, +(mcos2&, +sin 2&, )sin rl} =0.

M. A. Unbramos, A. . XaknmoB
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Pemienue 3Toil cuCTEMBbl ypaBHEHHI T'POMO3JIKOE, MO3TOMY 3/eCh HE mpuBoauTcs. Eciu
napamerp m onpenenuts u3 (11) mmm (12), To KoopanHaTa Hagpesza & ONpeNeNseTcs I0

dbopmyne

2
1 : (1-C) .
=—arctgd| m’ (C*=2)+C’ —1+,m’C*(4-C*)+2C* (3-C* ) —~— |(m’+1
¢ ~Lar] (e -2 a-cprac (3-0)- L
U3MeHeHne mapameTpa m ¥ KOOPIAMHATHL Hanpe3a & orT ammautyasl C CyMMapHbIX

nepemenieHuit npu & =0 npuBoAUTCA HA puc. 7a U 7b A pa3NMUYHBIX 3HAYCHU yTiia CABUTa
¢da3 B cymmapHoii BoiHe. A Ha puc. 7¢ u 7d 1ar0TCs 3aBUCUMOCTH 3TUX K€ (DYHKIIMI OT yriia
casura ¢a3 npu & =0 nns pa3nu4HbIX 3HAYEHUIN aMIUTUTYbl CyMMAapHBIX nepemerieHuid. C
POCTOM aMIUIUTYAbl CyMMapHBIX MEPEMEIICHUN MPU OJHOM U TOM K€ 3HAYEHUU yTjia CABUTa
¢a3 B cymMMapHOil BOJIHE NMPOUCXOAUT yBEIUYEHHUE Mapamerpa m (puc. 7a) ¥ yBeIUYCHHE
KoopauHaTh! Hagpe3a & (puc. 7b). Takum oOpas3om, 10 3aMEPEHHBIM 3HAYECHUSM aMILUIUTY bl
C cyMMapHBIX TEpeMelIeHUd M yriaa ciaBura a3 MOXHO OIpENeNUTh MapaMmerp m |
KOOpJHMHATY Hajpes3a & .

T =0.025 [t=—0.030 Sef ]
" | —0.020 ; 7,=—0.001
0.04 0.6 ——
T : —
- —0.001 0.4
—0.020
| 0.2 —
ob , —0.025
I e 1 o -0.030
1 1.02 1.04
a) 1 1.02 b) 1.04 C
" 1.03 S
102 i 1.03
0.6 >

0.03 -

C=1.01 >\\ - A
0.3
f — ] c=1.01
-0.03 -0.02 o -0.01 T1 0.03 0.02 a)Lo_oi ‘ ‘11‘
Puc. 7.
a) 3aBUCHMOCTb ITapameTpa m oT aMIuuTyas! C cyMMapHBIX nepeMerieHuii npu & =0;
b) 3aBUCUMOCTb KOOPIUHATHI Hajipe3a & oT aMmuuTyAbl C cymmapHbIX pu & =0
C) 3aBUCHMOCTD IapaMeTpa m OT yria caBura (a3 B cyMMapHoi BosiHe Tipu & =0
d) 3aBUCUMOCTb KOOPAMHATHI Hajipe3a & OT yria cisura (a3 B cymmapHoii BosHe mpu & =0
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3AKIIIOYEHUE

AHanu3 OTpPaXEHHBIX M CYMMAapHBIX BOJIH II03BOJIIET CJeNaThb BBIBOJ O TOM, 4TO
aMIUTUTY/A U YToJ cBUra (a3 3aBUCST OT BEJIMYMHBI U MTOJIOKEHUS Ha/Ipe3a Ha CTEpIKHE.
Crnenyer OTMETHTb, 4eM OoJjbllie MapaMmerp m, TeMm OoJbllie yroia casura ¢as B

OTpPa)XEHHOH BOJIHE ITPU OJJHOM U TOM Xke€ ¢ .

[Tomyuyena nuHelHas 3aBUCUMOCTb Kod((duIMEeHTa OTpa)keHHsl OT BEIUYMHBI Hajapesa.
JlanHast mMeTtoauka MOXeT ObITh NMpUMEHEHa Ui pa3paboTku Mpubopa Uisl TUArHOCTUKU
JUIMHHBIX CTEPYKHEBBIX CUCTEM.
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