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VYCTaHOBIEHO, YTO B MOTOKE BA3KOI'O TEIUIONPOBOIHOIO Ias3a € IONEPEYHBIM
CIBUIOM HapyllaeTcsl JHMHEHHbIM 3akoH ['yka, CBSI3BIBAIOIIMI W3MEHEHHE
JIaBJICHUS] ¢ OTHOCUTENbHON 0O0beMHOHU nedopmarmeit. [lomyuena popmyna mis
MOJyJsi OOBEMHOM yNPYroCcTH, Y4YMTHIBAIOUIAsl JUCCUNALMIO DSHEPrUU MU
termooOMeH. [lokazaHo, YTO aMIUIMTyJa W3MEHEHHS MOy OOBEeMHOM
yIpPYrocTH TPONOPLHUOHANBHA KBaJgpaTy CKOPOCTH IIOTOKa U 0OpaTHO
IIPONOPLIMOHANIEHA aMIUIUTYE U 4acTOTE€ BO3MYILEHUS II0THOCTU. [IpuBoasTcs
PE3yNbTaThl BBIYMCIUTEIBHOTO SKCIICPUMEHTA.

KiroueBble c0Ba: MOy b 00BEMHOMN YIPYTOCTH, BSI3KHH TETJIONPOBOAHBIN ras3.

BBE/JIEHUE

OnHUM U3 OCHOBHBIX (PM3WYECKUX CBOWCTB KUAKOCTEU U Ta30B SIBISETCS CKUMAEMOCTH,
KOTOpasi OMPEJENIeTCs, KaK CIIOCOOHOCTh BEIIECTBA M3MEHSTH CBOW O0BEM MOJ EHCTBUEM
BCECTOPOHHETO AaBJi€HUS. TpajMIIMOHHO CUYUTAETCS, YTO CKMMAEMOCTh T'a30B JOCTATOYHO
TOYHO OIMCHIBACTCS JTMHEWHBIM MPHOIMKEHUEM, COTIACHO KOTOPOMY H3MEHEHHE JaBIICHUS

CBSI3aHO C OTHOCUTENbHON 00beMHOM Aedopmarueii 3akonom ['yka
dp=-E<-=-EZ =g, (1)

rae: p — naeieHue, £ — MOIylb OOBEMHOM YIPYrocTu raza, V,v,p — o0beM, yIeInbHbBIN
00beM, TUIOTHOCTH Ta3a COOTBETCTBEHHO. Moysb 00BbEeMHOW ympyroctd E mpeicTaBiseT
c000# K03 PUITMEHT TPOMOPIIMOHATEHOCTH.

[TomumoO Moy sl YIPYTOCTH ra3a, AJis XapaKTePUCTUKU CKUMAEMOCTH UCHOJIb3YIOT TaKkKe
KOA((PUITMEHT C)KUMAEMOCTH W CKOPOCTh 3BYKa, KOTOPBIC CICAYIOIIUM OOpa3oM CBsI3aHbI
MEXIy CO00M

p=ra’ =2, @)

rae: B — Kod(hGUIHMEHT CKUMACMOCTH, d — CKOPOCTh 3BYKa, P — IJIOTHOCTb.

JluneiiHast 3aBHCHUMOCTh MEXIY H3MEHEHHEM [aBJeHHs W H3MEHeHHeM o0bema
CIpaBe/JIMBa MPU MOCTOSIHCTBE MOAYJS YHNPYrocTd raza. Moyl ynpyroctu MOKOSIIIUXCS
ra3oB 3aBUCHUT OT UX JIaBJICHUS, U MPU MOCTOSHCTBE 3TOTO MapaMmeTpa SBJISETCS MOCTOSHHON
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BenMUUHOM. [lodTOMY MJIsi MOKOSIIMXCSA Ta30B JIMHEWHBIM 3aKOH ['yka MOCTaTOYHO TOYHO
OTIMCBIBAET CBS3h MEXKIY U3MCHECHUEM JaBJICHUS U N3MEHEHHEM O00bheMa.

Ho nns aBmxyierocs moToka BS3KOTO TEIJIOMPOBOAHOTO Ta3a ¢ IMOMEPEYHBIM CABUTOM
9Ta JIMHEWHAas 3aBUCHMOCTh MEXIy W3MCHCHHEM JaBJICHUS M HW3MEHEHHEM o0bheMa
HapyIaeTcs, TaKk KaKk MOMYJb YNPYTrOCTH, KaKk OyaeT IMOKa3aHO, 3aBHCHT OT IPOIIECCOB,
MIPOUCXOISIINX B 3TOM cpelie (CKOPOCTH MOTOKA, YaCTOThl U MHTEHCUBHOCTH BO3MYIIICHHS,
TPaIUEHTOB CKOPOCTH M TEMIIEPATYPHI U IP.).

1. MOJYJIb OFbEMHO! YIIPYTOCTH

B [1] nonyuyena ¢opmyna i CKOpPOCTHM 3ByKa B IIOTOKE BS3KOIO ra3a C YYEeTOM
JMCCUTIAIIMM SHEPTUU U TEIUI0OOMEHa:

) 5 +V -(afgradp—gradp)Jr (k—l)CI)

a” =a,

% 3)
ot
rae a, — aauabaTHOE M M309HTPOIIHOE 3HAYEHHE CKOPOCTH 3BYKa; p,p — JaBJICHUE U

IUIOTHOCTD Tra3a; @ — QyHKIMS, yUUTHIBAIOLIAs IUCCUTIAINIO SHEPTHH U TEII000OMEH

() :ﬁ(ka—Tj+i kaT +i(ka—Tj+
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T — Temneparypa raza; V — BEKTOp CKOPOCTH Ta3a C NPOCKIHMSIMHU U, V, W Ha OCH
NEKapTOBOM CHCTEMBI KOOpJIWHAT X, ), Z COOTBETCTBEHHO; A — Kod(dummeHt
TEIUIONPOBOAHOCTH; 4 — KO3((UIMEHT AMHAMUYECKON BS3KOCTH; ! — Bpems; k —

[0Ka3areib aauadarsl.
Hatinem MotyJib 00BEMHOH yIPYTOCTH, YYUTHIBAS TOJIYYSHHOE BBIPAKEHHUE JUISI CKOPOCTH

3ByKa (3):
\% -(azgradp — gradp)+ (k - I)CD
E=pa’ =pa’ + > .
ot

AHanmu3 BbeIpakeHUs (4) TMOKa3bIBaeT, 4YTO MOIYJb OOBEMHOH YNPYroCTH MOXKHO

MMpEaACTaBUTL B BU/IC

E=Es+En, (5)
rae: Es =pa’ — annabaTHBIN MOJTyJIb 00beMHOMN YIPYTOCTH,
V -\a’gradp— gradp )+ (k-1
En=p (as gradap g;a P ) ( )(D — HenuHEWHas Jo0aBka MOIyJIsl O0OBEMHOM
o

yupyrocrTu, O6y0J'IOBJ'IeHHa$I zmccnnauneﬁ OHEpIrun u TEII00OOMEHOM B IIOTOKE BSI3KOI'O
TCIIOMPOBOJHOIO ra3a C noncpeuYHbIM CABUTOM.

C. C. BopoHkoB
O Moayne ynpyroctu BS3KOro TenJonpoBOAHOIO rasa
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N3 (5) cnemyer, yTo MOAYJIh OOBEMHON YHPYrOCTH C Y4YETOM HEIWHEHHOH 100aBKH
SBJISICTCS JIOKQJIbHOW (DYHKIIMEW MmapaMeTpoB MOTOKA, U3MEHSIONIICHCS OT TOYKH K TOYKE B
noToke. KauecTBeHHBI aHAIW3 3aBUCUMOCTH HEJIMHEHHOW J00aBKH MOIYJsA OOBEMHOM
YIPYTOCTH OT Pa3IMYHBIX (PaKTOPOB MOKA3bIBAET

AT u?> 1

E”l: }\’7 [ S
N

; (6)
rpe: i — XapakTepHbli pasmep, p,,, — aMIUIATYJa BO3MYLICHHs IUIOTHOCTH, © —

KpyroBas 4aCToTa BOSMYIICHUA IIJIOTHOCTH.
To ecTs HenuHeHHas I[O68.BK8. npsaMoO MpONOpHUOHAJIBHA KBAJApaTy CKOPOCTU IIOTOKa U

00paTHO MPONOPLHUOHATIBLHA AMIUIUTY/IE M YaCTOTE BO3MYILIEHUS IJIOTHOCTH.
C yuerom (5) naiinem, coriacHo (1), XapakTep W3MEHEHMs JaBICHUS NPU U3MEHEHUU

IUIOTHOCTH
dp:ES@+En@. (7)
p P

W3 Boeipaxenus (7) ciemayeT, 4yTO B IOTOKE BSA3KOIO Ta3a C IOMNEPEUYHBIM CIBUIOM
HapylIaeTCs JIMHEWHBIA 3aKOH W3MCHEHHUS JaBICHUS B 3aBUCUMOCTH OT W3MEHEHHUs
WIOTHOCTU. Tak Kak HenuHeWHas a00aBka MOAYNs OOBEMHOH YIPYroCTH SIBISETCA
JOKaJbHOM (yHKUMEH mapaMeTpoB TMOTOKA, Majble BO3MYLICHHS IUIOTHOCTH OyayT

IMPUBOAUTH K HCIIPOIIOPIIUMOHAJIbHBIM U3MCHCHUAM HAaBJICHUS.

2. BBIYMCJIUTEJILHBIA SKCITEPUMEHT

[Ipu paccMoTpeHUM pacnpocTpaHeHHs] 3ByKa B IIOTOKE BS3KOIO Trasza MPUHIUI
CYNepHo3UIMK HE TMPUMEHUM, TaK KaK YpaBHEHHUS, ONHUCHIBAIOIIME O3TU MPOLECCHI,
HEeJMHEWHbIe, U OyJeT MPOMCXOAUTH B3aUMOJECHCTBHE OCHOBHOI'O MOTOKA C aKyCTHYECKHUM
nosieM. [loaTomy wucnonp30BaTh MONy4YeHHYIO (opmyny (4) uis onpeneneHus MOIYJs
00BeMHON yIpyroctu 0e3 3HaHUS XapaKTEPUCTHK MOTOKA BA3KOrO ra3a HE MpeACTaBIseTCs
BO3MO>KHBIM.

Jlnst onucanus mporecca pacipoCTpaHEeHUs aKyCTUYECKUX BO3MYILIEHHI B TOTOKE BSI3KOTO
raza MpuBJIeKajach MaTeMaTHdeckas MOJelb, BKJIOYAlollas ypaBHEHHsI HEPa3pbIBHOCTH,
HaBbe-CTokca B IByXMEPHOM MPUOJIMKEHUN, YHEPTUU U COCTOSTHUS [1].

YucnenHoe penieHre cucteMbl quddepeHIanbHbIX YPaBHEHUH B YaCTHBIX MPOU3BOIHBIX
OCYIIECTBIISIOCH MO SBHOM KOHEYHO-PA3HOCTHOW JABYXIIIAroBOW cxeMe bpaunsioBckoi,
onucaHHou B [1].

MonenupoBaics OPOLECC pPACIPOCTPAHEHHs] AKyCTHUECKUX BO3MYIICHHMH B IOTOKE
BA3KOrO rasza (Bo3Ayxa) B IUIOCKOM KaHajie. B kauecTBe HayalbHBIX YCJIOBHH 3a7aBajloch
CTallMOHApHOE JIAaMUHApHOE TEYeHHE C MapaboIMYecKUM paclpeaesieHueM CKOpPOCTeH.
AKycTHYecKoe BO3MYILIEHUE 3a/1aBaJIOCh HA BXOJ/I€ B KaHAJ B BUJIE TAPMOHMYECKOTO CUTHAJIa

C aMIUIMTYyZOW BO3MYILICHWS IUIOTHOCTH p,. . VIcxogHas cucrema — ypaBHEHHMH

(mepaspeiBHOCTH, HaBbe-CTOKCa, SHEPrUUM M COCTOSIHHS) HE COACPKHUT B SIBHOM BHIE
CKOPOCTH 3BYKa, HO OHA YYHTBIBAET CKHUMAEMOCTb M aKyCTMYECKHE BOJHBL [loaTomy,

C. C. BopoHkoB
O Moayne ynpyroctu BS3KOro TenJonpoBOAHOIO rasa
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OTIPEIeIIMB YUCIICHHO YaCTHBIC TPOU3BOIHBIC JABJICHUS TI0 IUIOTHOCTH, MOKHO OyJIeT CYAHTh
0 CHPaBEIJIMBOCTU MOJTy4YeHHON (hopmyiibl (4). Moayiab 00beMHON YIIPYTOCTH OMPEIESIISIICS

o popmyIe
o _ Ap_ pl-p
E:pa2:p_:p_:p—9 8
o Ap  pl-p ®)
rne plLpl, p,p — 3Ha4YeHWsS JIABJICHHWS W TUIOTHOCTH HA Pa3HBIX BPEMEHHBIX CIIOSIX B

(UKCHPOBaHHOM TOYKE KaHaJIa.
Pacuetsl mpoBoauMiHCh B IMIIOCKOM KaHaie. KoiaudecTBO y3710B 1O OCH X (BIOJIb KaHaja)
npuHUManoch 1=51, KoinudecTBO y370B mo ocu y (momepek kanama) j=11. Illar mo

IPOCTPAHCTBEHHOH mepeMenHOM Ax=Ay=107 u. Illar mo Bpemenn At=2x10"c.
AMIUTHTY 12 BO3MYILIEHHS! IIIOTHOCTH BapbHpoBamach B mpegemax p,. =107"..107" KI/MC.
Yacrora 3Byka mpuHuUManach (ocHOBHOM pexum) v =1250 I'm. MakcumanbHas CKOPOCTh
NOTOKA Ha OCH KaHajla MPUHUMANIACh (OCHOBHOM PEXUM) Umax=0,1 M/c, uncno PeiiHonbzaca
IIPY 3TOM paBHO 441.

Ha puc. 1 npuBeneH xapakTepHbI 3aKOH M3MEHEHHsI MOAYJsl 00bEMHOW yNpPYyrocTd B
(UKCHUpPOBaHHBII MOMEHT BPEMEHHU BJI0JIb KaHana BOIM3u cTeHku (j=3). [IpuBenens Moayb

00BEMHOIl YIPYrocTH C Y4YeTOM JUCCUNALMU PHEPrUM M TemiooOMeHa: £E,.,, KOTOpBII
onpenensics o Gopmyie (8), u annabaTHBI MOLYJIb 00BEMHOM yIIPYrocTH Es, 5,, KOTOPBII
ompenensics 1o Qopmyne Es=pa’. AnuabaTHbi MOTyNb OOBEMHON yHpyrocTH

TIPAKTHYECKU TIOCTOSHEH M paseH 1,414-10° ITa. Moayns 06beMHOM yHPYroCTH C y4eToM
JUCCHIAUMU DHEPIUM M TemuooOMeHa E, ;, Ha ONPENENEHHBIX YYacTKaX HpeTepreBacT

pa3pbiBbl. CKauKH TPOUCXOAT OTHOCUTEIBHO aInabaTHOro MOyl OObEMHOMN YIIPYTOCTH.

E Ila

143107

142107
Ei

Esj 5o
— - 141-10

1410

0 10 20 30 40 50
i
Puc. 1. E; 5, — MOyl 00bEMHOH YIIPYrOCTH C YUYETOM JUCCHIIAIINM SHEPTHH U
terooOMeHa, [la; Es, , — aguabatHblil MOLyIb 00BEMHON yHpyrocTH, I1a;

1— HOMCEp y3Jia KOH@‘IHO—pBBHOCTHOﬁ CCTKH II0 OCH X

C. C. BopoHkoB
O Moayne ynpyroctu BS3KOro TenJonpoBOAHOIO rasa
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[TonmyuyeHHbIE pe3yNbTaThl BBIYUCIUTEIBHOTO IKCHEPUMEHTa IO XapaKTepy H3MEHEHHS
Moyt 00beMHOM ynpyroctu (puc. 1) COOTBETCTBYIOT BhIBeACHHOU hopmyiie (4).

Ha puc. 2 npuBeneHa 3aBUCHMOCTD aMILIUTYIbI K3MEHEHUSI MOJTYJIsSi OOBEMHOHN YIIPYTOCTH
AE 0T MakcHMMaJbHOH CKOpOCTH TOTOKa. Kak BHIHO, 3Ta 3aBHCHMOCTh OJH3Ka K
napaboJU4YecKoi, YTO TOATBEP)KIAET KauyeCTBEHHYIO 3aBUCHUMOCTH (6). AmIumTyna
U3MEHEHHsT MOJYJISl YIPYTOCTH OINpeNesuiach Kak pPasHOCTh MEXIY MOIyJIeM OO0bEeMHOU

YHOPYTOCTH M aauabaTHBIM MOAyJeM 00beMHOM ynpyroctu AE o, = Ey 5o — Esy 5o npu 1=30

(cM. puc. 1) ams pa3IUUHBIX MOAETHPYEMBIX PEKHMOB.

3000

2000

AE

1000

Puc. 2. AE — ammuiutyna usMeHeHus: Moyt 00beMHOM ynpyrocti, [1a;
Upax — MaKCHMaJIbHasi CKOPOCTH ITOTOKA Ha OCH KaHaja, M/c

Ha puc. 3 npuBeaeHa 3aBUCUMOCTb aMIUIMTY/Ibl H3MEHEHUSI MOy Il OOBEMHOM yNIPYTOCTH
OT aMIUIUTYJbl BO3MYULICHUS IUIOTHOCTHU. 3aBUCHUMOCTh OOpaTHO mponopuuoHaibHas. C
YMEHBUICHHEM aMIUIMTYJbl BO3MYLIEHHs IUIOTHOCTU AaMIUIMTyJa M3MEHEHUS MOMIYJIs

yHIpPYTrOoCTH BO3pPACTaET.
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Puc. 3. AE — ammuTyna usMmeHeHus MOyJis 00beMHOM yripyroctH, [1a;
Pamp — AMILTHTY/IA BO3MYLICHHS [IOTHOCTH, Kr/M°

C. C. BopoHkoB
O Moayne ynpyroctu BS3KOro TenJonpoBOAHOIO rasa
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Ha puc. 4 npuBeaeHa 3aBUCUMOCTb aMIUTUTY IbI U3MEHEHUSI MOYJIsl 00BEMHON YIIPYrOCTH
OT YacTOThl BO3MYIIEHHUS [JIOTHOCTU. 3aBUCUMOCTh OOPAaTHO MPOMOPILIMOHAIbHAS.
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o

Puc. 4. AE — ammuiutyna usMeHeHus: Moyt 00beMHOM ynpyrocti, [1a;
V — 4acToTa BO3MYLIECHUS IIOTHOCTH, ['11

[TomyueHHbIe pe3yNbTaThl BEIYMCIUTEILHOTO dKCTIEpUMEHTa (puc. 2, 3, 4) MOATBEPKIAIOT
KaueCTBEHHYIO 3aBUCUMOCTH (6), COTJIACHO KOTOPOM HEJIMHEHHAs 00aBKa MOYJII 00BEMHOM
YOPYTOCTH Ta3a MpornoplLroHaibHa KBAAPATy CKOPOCTH MOTOKA U 0OpAaTHO MPOIMOPLHOHAIbHA
aMIUIUTY/I€ U 4YaCTOTE BO3MYUICHHUS IIJIOTHOCTH.

AMIUIUTYa U3MEHEHUS] MOJyJI YIPYTOCTH 3aBHCUT OT CKOPOCTH MOTOKA, aMIUIUTYAbl U
YacTOThI BO3MYILIEHHS U U3MEHSETCS B PUKCUPOBAHHBIM MOMEHT BPEMEHH KaK BJIOJIb KaHAaJa,
TaK ¥ MONepeK — puc. S.

y
M
1 /7 v S
+ - + -
. - + - -
: - + - +
+ - + - .=
LIS 777 77 77 =
1 i 51

Puc. 5. [Inockuit kaHai. i — HOMEp y3J1a KOHEYHO-PA3HOCTHOU CETKH IO OCH X; ] — HOMEDP
y3/1a KOHEYHO-Pa3HOCTHOM CETKH 10 OCH y; «+» — 00JIaCTH B IUIOCKOM KaHaje, B KOTOPBIX B
JTAHHBI MOMEHT BPEMEHH 3Ha4eHHE MOAYJISI 00BbEMHOM ynpyroctu 6oJiblie aanadaTHOro
MOJyJIsl 0ObEMHOM YIIPYTOCTH Ha BEJIMUMHY aMIUIUTY bl U3MEHEHUS MOAYJIsl yIIPYTOCTH,
COOTBETCTBEHHO «—» — 00JIaCTH B IJIOCKOM KaHajie, B KOTOPBIX B IaHHBIA MOMEHT BPEMEHHU
3HA4YE€HUE MOAYJIs yIPYTrOCTH MEHBIIIE aIna0aTHOrO 3HAaYEHUS Ha BEJIMUUHY aMILIUTY bl
HU3MEHEHUsI MOAYJISl yIIPYTOCTH

C. C. BopoHkoB
O Moayne ynpyroctu BS3KOro TenJonpoBOAHOIO rasa
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Ha puc. 6 mpuBeneH xapakTepHBIM 3aKOH HM3MEHEHHS MOIyJsi OOBEMHOH YHpPYyrocTd

nomepek kanana B cedeHuu i=30 B GUKCHUPOBAHHBI MOMEHT BPEMEHHU.

H3menenne Moaynisi oObeMHON yHpyrocTH IoIepek kKaHajia OyJieT MOpoKIaTh, COINIACHO

BbIpaxkeHHIO (7), monepeyHble IpaJueHThI AaBJICHNUS, BbI3bIBAIOIINE BUXPEBbIC ABMXKECHHUS, YTO

HEO0OXOAMMO YUUTBIBATh MPU PACCMOTPEHUH Mepexo/ia K TypOyaeHTHOCTH [2].

E, IIa

2

142107

1415100

1405100

2 4 § 8 10
i
Puc. 6. E| 5, — Mozysib 00beMHO# yIPYTOCTH C Y4ETOM AUCCHIIALME SHEPTHH 1
Temnoodmena, Ia; Es; 5, — annabaruplii Mo1yib 00beMHOM yripyrocTy, Ila;
j — HOMep y3Jla KOHEYHO-Pa3HOCTHON CETKU MO OCH Y

3AKJIIOYEHUE

VY CTaHOBIEHO, YTO B IIOTOKE BA3KOI'O TEILIONPOBOJHOIO r'a3a € MONEPEYHbIM CABUIOM
HapyllaeTcsd JMHEHHBIM 3aKkoH ['yka, CBA3BIBAIOIIMN W3MEHEHHE JaBIICHHS C
OTHOCHUTEIIbHON 00BEMHOM AeOopMaIIHei.

Ilomyuena dopmyna aas Moyt 0ObEMHON YIPYroCTH, YUUTHIBAIOIIAs AUCCUITALIUIO
SHEPIUU U TEIIOOOMEH.

Moaynb 00bEMHOM YHpPYrocTH B MOTOKE BSI3KOTO Ta3a C IMONEPEYHBbIM CIBUIOM B
OIpPECIIEHHBIE MOMEHTBI BPEMEHHU ITPETEPIIEBAET PA3PhIBBI.

Iloka3zaHo, dYTO aMIUIMTyJa U3MEHEHHs MOXyJs  OOBEMHOH  ympyroctu
IPONOPLMOHATIPHA KBaJApaTy CKOPOCTH IIOTOKa M OOpaTHO MpOINOPLUOHAIbHA
aMIUIMTY/I€ U 4YaCTOTE BO3MYLIEHMSI IIJIOTHOCTH.

Monaynb 00BeMHOM YNPYrOCTH M3MEHSIETCSl KaK BJOJb, TaK M MOMEPEK KaHaia, YTo
MOPO’KJIAET MONEPEYHbIE I'PAJUEHTHI 1aBJICHUS, BbI3bIBAIOIME BUXPEBbIE IBUKEHUSI.
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