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Jlekuunga 7. MexaHun4yeckue

BOJIHbI
Buabl MexaHn4yecknx BosH

Yrnpyrme BOJSIHbl B CTEPXKHAX
BonHoBoe ypaBHeHUEe

[1nockasa rapMoHnyeckasa BosHa
Cdpepunyeckune BOSHbI

ObbeMHaga NNOTHOCTb AHEPIUN BOSTHBDI
BekTtop YMoBa

KorepeHTHble BOMHbI
NHTepdepeHLmns BONH

CToa4agqa BOsiHa.



KTO MHOro roBopuT, TOT Mano AymaeTt
JloceH

Korga 4enoBeK roBOPUT — OH HE
OyMaEeT, a Korga AymaeT He roBopuT
OyvesuOHas ucmuHa



Buabl mexaHun4ecknx BOJSH

* beryuime

» CTOos1vMeE

* [lpooonbHbIE
 [lonepeyHble

* [1nockune

« Chepunyeckune

* LlunnHgpunyeckue
* JInHenHble
 HennHenHoble
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[IpononbHas BoiHa
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[TonepeyHnas BonHa
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YnpyrocTb — CBOUCTBO TEN U cpea
BOCCTaHaBnmMBaTb CBOKO popmy 1 0b6bem (T) nnu
TONIbKO 006beM (XK 1 [') nocne npekpalleHus
OEVNCTBUA BHELLHUX CUIMT UNU OPYTnX

BRABRUET AWM ckas sontHa — npouecc

pacrpocmpaHeHUs
MexaHu4eckux KornebaHuu
(603MmyweHuUU) 8 yripya2ou cpede

OCHOBHbIM c80UCMBOM 8CEX BOJIH,
He3asucuMO Om UX rpupoobl, S8/19€emcs
riepeHoc sHepauu be3 nepeHoca

Vo YoV B VaYaYesaVels)



OnuncaHne BOnHbl ypaBHEHUEM MEPBOW
CTENeHu

PaccMoTpuM As1A IpOCTOTHI paclpoCTPaHEeHWe BO3MYIIEHUS BHOJIb
LINHHOIO HATAHYTOI'O ILIHYPA, C KOTOPBIM COBMecTHM och X. MBI MO-
JKeM IIpeACTaBUTb BO3MYIleHUe { — CMeljeHHe 3JIEMeHTOB HIHypa
U3 NOJIO’KeHUA PaBHOBeCHA — KaK QYHKIMIO KOOPAUHATHL X U Bpe-
meHu t, T. e. £ = f(x,t). JIerko BUAeTH, UYTO PACHpPOCTPaHEHHE BO3MY-
IJeHUA CO CKOPOCTLIO U B IOJOXKHMTEJBHOM HanpaBJIeHHH OcH X
u3obpas3urca TOH ke (PyHKIueRn f, ecau B ee apryMesT X n ¢t Oyayr
BXOAUTH B BUAe KoMObrHamuu (vt — x) uau (t — x/v). [elcTBure)is-
HO, TaKoOe CTPOEeHHe apryMeHTa IOKas3bIBaeT, 4TO 3HAUeHHe (DVHK-
UM [, KOTOpoe 0HA UMeJia B TOYKe X B MOMeHT ¢, 6yAeT B 13 ThbHeu-
lIeM COXpaHAThCA, ecyu vt - x == const. Ho 210 Tax » ecrh, Mocko-
JIbKY MMEHHO HPH 3TOM yciaoBum dx/di = v.

HUraxk, xobaa pyHkus or aprymerrta (vt — x) unn (¢ — x/v) BbI-
pa’kaer pacnpocrTpaHeHMe BO3MYILIEHUA CO CKOPOCTBIO U:

&(x,t) = f{t — x/v).

dunsnka Yyes A.C. 2020 6



JTO VI eCTh YpaBHEHYie BOJHBI, PaCIPOCTPAHAIOIIEHCS B HOJOKUTE-
JIbHOM HanpasBaeHuMM ocu X. BosiHa ke, pacnpocTpaHAKUIAACA B
OTPHIIATEJILHOM HalpaBJeHUHM X, ONUCHIBAETCA YpaBHEeHHEM

&x,t) = f(t + x/v).

Ocobyo ponb cpegH Pas3JMYHBIX BOJH HMI'DaAeT 2aPMOHUYECKAA
60/1HA. BO MHOIrMX OTHOWIEHUAX 3TO HpPOCTellllee BONHOBOE ABHU-
’)KeHUe K ero BBIJeJIEHHOCTH CBA3aHa ¢ 0co0bIMHU CBOMCTBaAMHM rap-
MOHHUYECKHX OCHHUIANATOPOB. YpaBHeHHE rapMOHHYECKOM BOJHEBI
HMeeT BH/J

&x,t) =acos ot - x/v),

& x,t) = acos ot - x/v),

dunsnka Yyes A.C. 2020 7



rge a — aMITHTYAA BOJIHBL, O©® — UHUKJIHYecKad (KPyrosas) 4acTora
Konebanuil yacTul cpegsl (¢71). OTa BoAHA nepHOSUYHA BO BDEMEHU
H [POCTPAHCTBE, MOCKOJLKY caMa (PYHKIHS BepHoAuYEa H ee Ile-
puon paeH 2n. Y3 nepuogHyHOCTH BO BpeMeHH ®wA! = 21 HaX0 UM
At = 2n/w. DTOT TIPOMEXYTOK BpeMEeHN Ha3bIBAIOT nepuodom Koae-
banuu:

T =2n/0.

W3 nepHOANMYHOCTH B NPOCTPAHCTBE 0 AX/v = 2T HaXomuM Ax =
= 2nv/m = vT . PaccrosHue Ax HasdniBawT OAuHOU 80aHbL A. Ta-
KKUM 06pa3oM, OJIHHA BOJIHBI — 3T0 PACCTOAHUE MexXay biavikanimu-
MH TOUKaMH cpejibl, KoneOIounuMucsa ¢ pa3zgocTeio gpas 2n. Opyra-
MM CJI0BaMM, 3TO PACCTOSAHHUeE, HAa KOTOPOe paclpoCTpaHAeTCA BOJIHA
3a BpeMs, paBHOe Iepuogy kosebaruir T

A =T,

dunsnka Yyes A.C. 2020 8



= acos(wt — Rx).

Jre
|

i

rne kB = o/v = 2n/Tv, uiu
k= 2n/\.

BenuuuHy k& Ha3BIBAIOT 60JIHOBbLM HUCIOM.
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PaccTosHue Mexa1y OmpKailmmMN JacTHIIAMII, KOTEOTFOIIIMIICS B OII-
HaAKOBOII (pa3e, Ha3bIBACTCS ONUHOIU GOTHLI )

N =0T
IJIe UV — CKOPOCTh pacIpoCTpaHeHNs BOIHBL, 1 = — — IMepHOJ. V — YacToTa.
v
OT1croza CKOpOCTh pacIpoCTpaHeHII BOTHBI MOKHO HAlTH IO OpMYyIIe:
V= AV.

Feo.uempuueczcoe Mecmo Mmouex, KO.7€5.7T011[HXC'}7 68 0O0lUHAKOBOII 4)036’,
Haszvleaemca 60JIHO6O0M HO6EPXHOCHIbIO. BO.TIHOB}"’IO ITOBEPXHOCTB MOJKHO
ITPOBECTII 4UCpe3 .711'06}"1-0 TOYKY IIPOCTPAHCTBA, OXBAUYCHHYI BOJTHOBBIM IIPO-
neccoM, T.€. BOIIHOBBIX HOBerHOCTeﬁ OeCKOHEeYHOe MHOJKECTBO.

[ baHuya, omoensowas konebowuecs Yacmuubl om Yacmuuy
ewje He Ha4yasuwiux KOI'I%GHmbCFI Ha3bleaemcsi ppoOHMom

GOJTHbLI nanka Yyes A.C. 2020 10



OPOHT BOMHbI pacnpoCTpaHAeTCsa ¢ pa3oBOMN CKOPOCTLHO.

IepBuuHbIi
HCTOYHHK
O

S

Hogoe 1oJioKCHHE

Bonnosoit gpout
BOJIHOBOIO (ppoHTa

PHc.18.23

3aMeTyM, YTO B OTJHYME OT BOJHOBOTO BeKTOpa, (haszonsasd CKoO-
POCTh U He A8Aemcs éexmopom: B J1000M HalpaBJIeHUH, COCTABJIAIO-
II[eEM YI'OJ O ¢ BOJIHOBLIM BEKTOPOM Kk, CKOPOCTE HepeMellleHUs IaH-
HOM (pa3wl paBHa v/cos o > v (a He Vv COS o, KaK J0JKHO ObITh, eCaiu ObI
CKOPOCTb ABJIAJACh BeKTOopoM). VIrHOpUpoBaHMe 3TOr0 00CTOATEJILCT-
Ba HeM30eXXHO NPUBOAMT K Pa3INYHOI'0O poAa HEeAoOpasyMEHUAM.

dunsnka Yyes A.C. 2020 11



MpuHuun NounreHca

I'\‘amaﬂ TOUKa Cpeabl, 10 KOTO])Oﬁ JoHL1a BoJIHa, caMa CTAHOBHTCA HCTOUYHHKOM
BTOPHYHBIX BOJTH.

P poHT BOJIHBI— TO OrHOAKLIASA
(ppoHTOR BTOPUUHBIX BOJIH.

TOUEUHBIIT
HCT OUHIIK &

12



YnpaBsneHue anarpaMmmon n3nyyeHus




[Tnockasa BonHa

He cpucoBbiBaTh

0

k — e6oxnno60u 6exmop:

k = (o/vn =(2n/A)n.

dunsnka Yyes A.C. 2020 14



YpaBHEHME N1IOCKOW BOSIHbI

KonebaHusa B UCTOYHUKE:

Co = acos(cot + a)

KonebaHusi B Npon3BonbHOM
TOYKE Ha OPOHTE BOJHbI:

X §=acos[m(t—£+a’ﬂ
4 \

2 2nv_ ©

C ydyetoM: L =

A Av v
£ =acos(ot—kl+a).

Paccrosinue / MOXKHO BBIPA3UTh Y€Pe3 PaanyC BEKTOP I ¥ BEKTOP HOPMAIH N
nr=rcosa="/.

®usuka Yyes A.C. 2020 15



IToroBoe ypaBHeHUE
¢ =acos(ot —knr + o) = acos((ot ~ kT4 a).

[Tonyuennoe ypaBHEHUE COOTBETCTBYET IJIOCKOIA He3aTyXaloLlei BOJIHE,
pacrpoCTpaHsIOLIEics B cpe/ie B HANpaBlieHUH BOJIHOBOTO BekTOopa k .

Ecin BonHa 3aryxaer, T0 ypaBHEHUE BOJIHBI HEOOXOIUMO
JIONIONHUTE MHOKkHUTeeM exp(—Br).

B nekapToBbIX KOOpANHATAX:

ki =k x + ky+k,z= %cosax + %cosﬁy + 2Tncosy,z

i(x,y,z;t) = acos(o)t k5 —ky-kz+ a).

®usuka Yyes A.C. 2020 16



Oyukuus -£(X,y,z;t) 103BOJISET ONpPEAEISTh OTKIIOHEHUE TOYKH CPe/bl ¢ KOOPAMHATAMHU {X,V,Z}
B MOMEHT BpeMeHHU t. BolHOBOE ypaBHEHUE 1St pacCMaTpUBaEMOro Ciryyas 3aluileTcs Tak

32§ 52§ 52§ 1 52&_,
+ == |
g o T N

| &%
v? ot

2

AE =

rae A — oneparop Jlamnaca.

Bbi800 ypasHeHUsI 8 KOHUe npe3eHmauyuu

®usuka Yyes A.C. 2020 17



ObLlee ogHOMEPHOE BOSNTHOBOE
yYpaBHEHME

E = fi(t — x/v) + f,(t + x/V),

dunsnka Yyes A.C. 2020
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ITpy HAaJIUYMY 3aTVXaAaHUA OMHOMEpHoe
BOJIHOBOE YpaBHEHHe MMeeT BUI
0 @ % o _10%
e G o Y G B g

3
ox* 0x v? ot’
rne y — KOod(pPpUIIHeHT 3aTYXaHUA BOJHEI,

ypaBHeHI/Ie BOJIHbI C 3aTyXaHUeM no amrJintTyge

=a,e " cos(wt —kx).

dunsnka Yyes A.C. 2020 19



Cdepunyeckne n UMnnHgpuyeckme
BOJSIHbI

ypasHeHue cepuueckoil 60JIHbI:

¢ = écosm[i — ﬁj, UIH € = écos(oor — kr)
4 v r

k - ckanap

YusiuHopu4yeckue
80JIHb!I: ;
1 R A !
=— flt—— = ——cos\of — kR
sy el



Yprrme BOJIHbl B CTEPXHAX

\
} C(x+Ax) '

3a BpeM4 { BO3MYIIEHUE NPOXOAUT NyTh [ = cf,



Ax

3akon I'yka. o = Es
)

c — HanpsxeHue (H/m?),
E — mogyae Onra (Ila),
€ = 0¢/0x.

Ao=P



mil=F —} an_‘U{ _Suﬂ'hi"'ﬂ‘f] Sool Xx)

Fasfenum ypaBHeHWe Ha S, AX.  (o6bvem)

a°f Jlx+ﬂs.x']—a[x'j_
ot b x |

Mepeina k npeteny npu A x — 0 . NOMYUMM YPaBHEHKE

a'-' _dg
— — | 3aK0H T'yka: = Es, e € = 0&/0x.
et Ox o ~/
08 _ . 0¢ F&_E &
—q-: = e— N — ——
Torga [ PYE: Ay At Do X

®usuka Yyes A.C. 2020 23



CpaBHuBagd ¢ 06LMM BOJTHOBLIM YpaBHEHNEM
nony4yaem, 4YTo CKOpOCTb NPOAOSIbHOW BOMHbI
B TOHKOM CTEPXXHE

\/f
vV = \Y—.
A I

Cripaska Obuwee oOHOMepHOE BO/THOBOE YypasHEeHuUe

9t 1 0°%

ox v° ot~

o | JYS

dunsnka Yyes A.C. 2020



[1na nonepeyHbIX BOSH Ta Xe doopmyna umeet
BUA:

|G G — Moaynb caBura
RS p - NNOTHOCTb
[1n9 BOMH B
ra3dax:

y - nokasarernb aguabdaTnbl
v=_|y— p — 0aBrieHmne
P O - MMOTHOCTb



ObbeMHas NMOTHOCTb SHEPInK
BOJTHbI

B BOJIHE PABOTA 110 PACTAXKEHUIO CTEPXKHA UJIET HA
VBEJIMYEHUE BHYTPEHHEN SHEPI MU

2

A=IF(x)dx=x J‘xdx-:%'; U = nx?/2.
0 0

[TnoTHOCTbL 3Heprun: W, = U/St
VUUATHIBAA, UTO ¥X = F =08, c = Ec u € = x/I,

2 2 2

dunsnka Yyes A.C. 2020 26




I1;10THOCTHL HLOJIHOM 3HEpPIuu

w=w, +w_  =p £°/2 + Ee°/2.

Ina Tonkoro crep:kHsa E = pv?

—

LA

Toroa: = P
2 I\ Ot O0X

waph?.

CKOpOCTb ABUXEHUA HaCTuy cpenbl MakCMMalsibHa B MOMEHTbI
MaKCUMaJ1bHOIO YrJ10OTHEHNA U Pa3yrnJioTHEHUA Cpebl

(cmoTpuTe AN, Jlpg3eHTaUMIo K Nekumn)

27



IJI rapMOHHYEeCKON BOJHBI § =acos(wi - kx)

w = pa?n? sin(wt — kx).

N3ameHeHnsa 00 beMHbIX NIMOTHOCTEN KNHETUYECKOU U
noTeHUnasribHom aHeprun B beryuien BonHe cCMH@asHbI! !

dunsnka Yyes A.C. 2020 28



[ 1MOTHOCTbL NOTOKa aHeprnn. BekTop
YMoBa

[ToTOK 9Heprun: @ =dwy/dt,

MnoTHocTb notoka aHepr J =dD/ dS

dW =wvdtdScosa =wvdtdsS,.

e6eKxmop Ymosa }: J = wv

i1 rapMOHHAYEeCcKON BOJIHBI V = (0/k)n.

P = lpazcozv. MHTEHCUBHOCTb I =p.
2 BOJIHbI:

dunsnka Yyes A.C. 2020 29



wv - CNpaBennuBeo A4 berylien

I

BOJIHbI /\ A

Nna cynepnosnuuu ] =——0 U
BOJTH:

O - HanpsxeHune (Mnn n3dbITOYHOE
naBneHune);

A
14/ - CKOPOCTb 4acTuL cpenbl (He

CKOPOCTb BOJIH).



KorepeHTHble BOJTHbI

KorepeHTHOCTb BOSMHbI O3HA4aEeT, YTO B
PA3NNYHbIX TOYKaxX BOMHbI OCLUMMIALNN
NPONCXOOAT CUHXPOHHO, TO €CTb Pa3HOCTL a3
MexXay ABYMS TOYKaMM He 3aBUCUT OT BPEMEHMN.

dunsnka Yyes A.C. 2020 31



MHTepdepeHUna BOmH

VIHTepdepeHUna — 3PdEKT (KapTUHA)
B3aMMHOIO YCUEeHUs1 U ocriabneHnst BOSTH Npu
HanoOXXeHUW Apyr Ha gpyra

NHTepdepeHUMoHHaa KapTuHa
KOrepeHTHbIX BOSTH HEMNOABWXXHA B
NPOCTpPAaHCTBE

dunsnka Yyes A.C. 2020 32



[TpnHUMN cynepnosnumm gns BOsH
(Mpn ManbIX BO3MYLLEHUAX)

DTO O03HAYAET, UTO G8CsIKOe BO3MYULeHUe, cyuecmayruiee @ cpeoe,
He Gausiem Ha pacnpocmpanerue 0py2o2o osmyuienust. Kaxdoe 603-
MyuieHue pacnpocmpansiemcst mak, KakK ecju 0ol Opy2ux GO3MYULeHUU
38 cpede He OblIo.
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Cnannep adodekr




[1Tnockaa nonapusaumna BOH

AN

dusmka Yyes A.C. 2020



Kpyrosaga nonapusaumnga BOSH

“‘ 7 W
!AQ‘ 'Z“'p{

T WK
75



Ctog94me BOJIHbI

HammmeM ypaBHeHHS ABYX IUIOCKHX BOJIH, PacIpOCTPAHSIONIIXCS E
NPOTHBOIMOJIOKHBIX HanpaBaeHUIX (HadaabHas daza ¢ =0):

g, = Acos(wf — kx)
&, = Acos(of + kx)
CoXuM ypaBHEHIS I ITpeodpaszyeM no popMyIe CyMMBI KOCHIHYCOB
of — kx + of + kx ot — kx — of — kx
COS ;
2 2
T.K. cos(—a) =cosa, TO MOKHO 3aMicaTh:

E=E, +&, = 2Acos(

E=2Acos®f coskx =2Acoskx cosmf .

27
VuureiBas, 4to k = 7 OIYUUM YPAGHEHUE CHOAUEI 6OTHYI:

. 2T
¢ =2Acos 7.\' COSMf .

£=Acoswt, rtoe 4t — 2‘4(;05(2_”’\.).
A

®usumka Yyes A.C. 2020
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&
B moukax, coe koopouxHamvt y0061€meopAom yciosuwo 2n—=1tnn

4
n=1.2.3 ..} cos(ZnX) =1, cymmapHas aMILTHTY/1a paBHa MaKcHMallb-

k3 ~
HOMY 3HaueHHto: 4 =24, — 310 nyunocmu crosueil BonHbL. Koopounamuor
" 7 i
nyuHocmeu: X _ in}\/z .

v IyYH

=Y

\N-i

e

B mourax, Koopounamuvl Komopuix yO0061emeopAom ycjao6uio

ZR% =+(n +%)7t =9, 1 2;...); cos(%) =0 » cymMMapHas aMILUTHTYyJa

\ * -~
KoneOaHmil paBHa HyTI0 A =0, — 3mo y3aer cmoaueil 6oaHvi. Koopounamui

Lok
.'\'ym =i‘(77+;)5.

—

V37106:

Touxu cpeasl, HaxoAAIIIIEEH B WA, RONeOaHIII He COBEPIIAOT. 38



Ctog4me BOJIHbI

B ctosa4en nonepeyHon BoriHe cABur No goase M3MeHeHUM CKOPOCTU U
aMmnnuTygbl CMeLLeHus (noTeHunanbHOM N KUHETUYECKOU HEPTUN) /2
dunsnka Yyes A.C. 2020
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CpeaHni NOTOK NIIOTHOCTUN SHEPIUN
cTOod4Yen BOJIHbI B NMIOOOM Ce4YEeHUU =
0

. 1=0 t=T/4

dunsnka Yyes A.C. 2020 40



A dekT [lonnepa

Pusnka Yye A.C. 2020



O dpa3oBon 1 rpynnoBow

CKODOCTHAX
® v A®
U:; — ¢azoeas cxopocmo, N =1 — 2PYNNoBas CKOpPOCmy.
B mipe nene BeIpaskeHUE IS TPYIIIOBOM CKOPOCTH:
=22 Tx m=vk

I K 0=V
(oS00 o

dk dk

JTO0 Tak HasplBaeMad ¢opmyna Panes

®usmka Yyes A.C. 2020 42



-

A

S
B>
>

13 s1oit hopMyIbl creayer, UTo 6 ducnepeupyrouieil cpeoe, 6 3ae6lcii-

dv

Mocmil om 3HAKd — ., JPYNNoedaAda CKOpocmbu AMoHcem ObImoL 0oaBLULE U

~

da
MeHblile pazosoil.
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BbIBOA4 BONMHOBOIO YypaBHEHUA AN
MOCKOW rapMOHNYECKOU BOJTHbI

YpaBHeEHWE NMOCKOW BOMHbI B Ha4ane KoopaunHathbl X
=0
c=¢&(0,7)=Acoswf .
X

YTOOBI MPOUTH ITyTh X, HCOOXOINMO BPEMS T = —

c(x, 1) = Acosa(f —1) = Acosoa(t —fj
v

win ¢ = Acosm (1 —ﬁj + @
v

dunsnka Yyes A.C. 2020 44



2m-t oor) P 2T

¢ = ACOS( — =—= - BOJTHOBOE Y1CHO

T Vv Vv A
U ol 2nF
§:Acos2n(L—£j k :9]/1 :—nn - BOJTHOBOU
r A \% A BekTop

0
— - Pa3oBada CKOPOCTb

ObLlee BbipaxeHne ¢ = Acoé(cof — k)

aBaxgbl andodpepeHumpyem no BpeMeHM
N KoopauHaTaMm, ganee noryvyaem:



8

= -’ Acos(wt — kr) = -w’E,

ot?
I §%
C=— % 4y 2
- Of

2 i
g § — —kﬁAcos((x)t —kr) = _kf&

X

2
% S = —k; Acos(ot —kr) =—k&,

. , ,
g—é — —k__zAcos((Dl —kr) = _kzz‘i'

2 |

CoxuM ypaBHCHUS

e, B BE 2 12 12 ;
. g =—(kZ+ki:+kHE=-k"E.
ox° oy oz e T &
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[lonctaBum 3HAYCHHE & U MOIYYHM:
o i 8& 8& k8 (ﬁ
a2 op° T oo
Yurem, uto v=w/k,

OKOHYATCJIBHO ITOJIYYHUM 07151 6OJIHOBO20 VPACHEHUA

ag 0°¢ az; 1 0°€
PV oy* "% vl

2 _
Mcmonesys oneparop Jlammaca V™ =— +

MO>KHO 3arucaTh B BUIC
9
l 0¢
9, 9 =
V- Ot°

VZE =
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OThenbHast npe3eHTauus no
CUHMPA3HOCTU N3MEHEHUU
OBYX QHEprvn B
MeXaHU4YeCKMX BONMHaXx
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