


BBEJAEHUE

MHOXXECTBO SIBJICHHI TPUPOJLI OOYCIOBJICHBI Pa3IMYHBIMU KOJeOATeIbHBIMU
nporeccamu. [IIUpoKo M3BECTHBI W M3YYAIOTCS B IIKOJE KOJICOAHUS IIapUKa Ha TOHKOU
HUTHU WK KOJIEOAHUS TPy3a, TOABEIICHHOTO HA MPYKUHE.

B xonebarenpHbIX mporieccax (U3MYECKOE TEJNO JBIKETCSA, OTKIOHSSACH OT
MOJIOKEHUSI PAaBHOBECHS, TO B OAHY, TO B JIPYIyI0 CTOpOHY. B OONBIIMHCTBE Cllydaes,
TaKue JBMKCHUS OTIWYAIOTCS MEPUOANYHOCTHIO. MHBIME ClIOBaMU, UHTEPBAIBI BPEMEHH
MEXIy OCTHKCHHEM Tejla CBOETO KpaWHEro TMOJIOKEHMs, OJWHAKOBBHl W HA3BIBAIOTCS
Nepuoa0M KoyicOaHusl.

K mepuoawdeckum NBMKCHHSAM OTHOCSATCS BEpPTHUKAIBbHBIC KOJICOAHMs IMpeaMera,
IJIABAIOIIETO Ha IMOBEPXHOCTH BOJBI. Takoe Teno, JJIS KPaTKOCTH, MOXHO Ha3bIBaTh
MOILJIABKOM.

Heabro Hacrosmied pabOThI  SABISETCS OKCHEPUMEHTAIBHOE HCCIICOBAHUE
KOJICOaHHH MIJIMHIPUIECKOTO TOTJIaBKa Ha IIOBEPXHOCTH BOJIBI.

3agaum I JOCTYOKECHUS IIENTM OBLITN TTOCTABJICHBI CIICAYIONINE:

1. [IpoBecT TEOpPETUUYECKUM aHANU3 JBHXKEHUS LWIMHIPUYECKOTIO TeEna,
IJIABAIOILETO B BOJE.

2. PazpaboTaTh MeTON SKCHEPUMEHTAILHOTO HCCIEAOBAaHUSI BEPTUKAIBHBIX
KOJIeOaHMil MorIaBKa

3. N3rotoBuTh HEOOX0IMMOE 000PYIOBAHUE AJIS IPOBEACHUS IKCIIEPUMEHTOB.

4. BpIoHUTE CEpUI0 DKCIEPUMEHTOB JUIsl IIOIUIABKOB Pa3HOM MAacChl U
JIAameTpa.

3. CpaBHUTH pe3yJibTaThbl U3MEPEHUN MEepuojaa KoJeOaHW C pe3yJbTaTamMu

TEOPETUYECKOr0 pacyera.



1. Ilepuoauyeckoe IBUKEHHE

[lycTh HekOTOpas MaTepuagbHas TOYKA ABUKETCS OJHOMEPHO IO Ocu X, T.€. BAOJb
OJIHOM TMpsIMON JHMHMM. JIBHJKEHHE TOYKM OyIeT CUUTAThCA MEPUOJMYECKHUM, €Cld
3aBUCUMOCThH KOOPJMHATHI X OT BPEMEHHM ¢ ONUCHIBAETCS TaKOW (HOpMyIIOii:

x=f(0) (D).

Torna nist 11060T0 MOMEHTA BPEMEHH ¢ BBITIOTHSIIETCS PaBEHCTBO:

f@+T) = f(0), (2),

rae 17— nepuoj KosieOaHusl, MOCTOSIHHAS BEIMYHMHA.

[lepuonuueckuM MOXXET ObITh JABW)KEHHE HE TOJBKO BJAOAb MPSMOH, HO W,
HaIpuMep, 1Mo OKPYKHOCTH, TOT/Ia KOOpJIMHATA HE 00513aTeNIbHO OyeT JeKapToBOM (2 wiu
3 yucna, onmpeaeNsIIoNINe PACCTOSHUE TOYKH OT OCEH KOOPAMHAT), OHA MOXKET U3MEPSIThCSI
yIJIOM, 1yT'OH U T.J.

2. TapmoHmyeckue KoJedaHUA

Konebanusi — BaXHBII THUN TEPUOAUYECKOTO JBIDXKCHHS, TIPH KOTOPOM
MaTepuajgbHas TOYKA IBAX/bl IPOXOAUT MOJIOKEHUE PAaBHOBECUS 3a Iepuos 7.
HaunbGonee mpoctoit BuA KojebaHUW — 3TO rapMoHWYeckue Kojebanusa. HMx

0COOEHHOCTh 3aKJIFOYAaeTCS] B TOM, YTO MX YacTOTa 3aBHCHUT OT IapaMEeTPOB CHCTEMEBI, HO
HE 3aBUCHUT OT HAaYaJIbHOH aMILIUTY/IbI.
[Tpu rapMOHMYECKUX KOJICOAHUSAX 3aBUCHUMOCTh KOOPJIUHATHI MaTepUATbLHON TOUYKH
OT BPEMEHH OIpeAeIIeTCs] POPMYIIOH:
x(t) = A cos(ot + @) (3),

rie A — aMImiuTyJa cMelleHus (MakCMMaldbHOE CMEIICHHE TOYKH OT TIOJIOKEHUS
paBHOBECH).

AprymMeHT KocuHyca ®f + o B (yHKIUU Ha3biBaeTcs (as3oil konebaHus. IToO
Oe3pa3MmepHasi BeIWYHWHA, JWHEHHO 3aBUCAIICH OT BpeMeHHU. [locTosiHHAs BeNMWYMHA @
Ha3bIBaETCs HavyaJlbHOM (azoi ((haza MaTepuasbHONW TOYKM B MOMEHT Hauaja KojeOaHui).

DOyHKIMSA KOOPAUHATHI OT BpeMeHH (3) sIBIseTCS MePUOIUNUECKON ¢ 0e3pa3MepHbIM
nepuoaoM 2x. Yacrtota konebaHM  CBs3aHa C mepuoaoM KonebGanuit 7 oOpaTHO
IPOMOPIUOHATIEHON 3aBUCUMOCTBIO:

o =2n/T. (4).



3. BeprukajgbHble KOJIeOaHMS MOIJIABKA

Paccmotpum  Teno, wumeromee QGopMmy, ONM3KYH0 K IWIMHAPUYECKOH, HO
HEOJHOPOJIHOE pacmpeeieHue IIOTHOCTH (HAa OJHOM M3 KOHIIOB TeJla HaXOIUTCS
BKJIIOUYEHHE C OOJIbIIEH IIJIOTHOCTBIO M, KaK CJICJICTBUE, 3HAYUTEIHHOM Maccom).
Hamnpumep, 3TUM TeI0M MOXKET OBITh MPOOKA C MPUKPEITICHHBIM K €€ KOHITY CBUHIIOBBIM
TPy30M.

[Tapametpsl Tena (Macca, pa3Mepsl, (popma), TAKOBBI, UTO TEJIO MOXKET TUIaBaTh Ha
MMOBEPXHOCTH BO/JIbI B BEPTHKAJIBLHOM MOJIOKEHUH, KaK MTOKa3aHo Ha (puc.l).
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Puc.1. IlormiaBok B COCTOSTHUN PaBHOBECHSI.
@) CephI KPYKOK — MACCUBHBIN IPy3UK; CHHSIS JIMHUSI — YPOBEHbD BOJIBI.
6) CWJIbI, ICHCTBYIOIIKME HA TOTUIABOK.

Ha nnaBaroiiiee Teo AEMCTBYIOT JIBE CHJIbL: CHJIA TSXKECTH (CHJIa TpaBUTALIIN) Mg,
HaIlpaBJICHHAs] BHU3, U BhITAJIKKBarolas cuia Apxumena F4, HanpaBieHHas BBEPX.

Cuna TsDKeCTH paBHA mg, TIIe m — Macca IOIUIaBKa, g — YCKOPEHUEe CBOOOIHOTO
naJICHuUs.

Benuuuna cuinbl Apxumena BeIpakaeTcst PopMyIIou:

Fi=Vopog (5),

IZie Po — IJIOTHOCTh BOABI, V)— 00BEM NOTrpy>KeHHOM YacTH norviaBka (puc.l.a).
B cocTositHum paBHOBeCHs] BEKTOpPHAsi CyMMa CHUJIbI TSKECTU Mg W CHIIbl Apxumena
F 4 paBHa HyII0, CJIEIOBATENBHO, TH CHJIBI PABHBI MO BEJIMYMHE:

mg="Vopog (6).

BriBecTH TMOIUTAaBOK W3 TIOJNOXKEHHUS PAaBHOBECHS MOXHO JIOIMOJHUTEIHHBIM
MOTPYKCHUEM WM TIOJHSATHEM BBIIIEC YPOBHS MOTPYKEHUS B PABHOBECHH, CMECTHUB TEJIO
Ha paccrosinue x. PaccMoTpuM norpyxenue tena (puc.2.a).
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Puc.2. Cxema BbIBeZIeHUS NIOTIABKA U3 MOJO0KEHNS PABHOBECHS.

@) 4epHasi CTpeJIKa — CMEIICHHE MOTMJIaBKa BrIyOb BOJIbI (CILJIOLIHAS CHHSISI TUHUS —
HOBBIN YPOBEHB BOJIbl); AF4 — TONOJHUTENBHAS cUila ApXuMena;

0) CWIIbI, IEHCTBYIOIIKE HA MOIJIABOK MOCJE MOTPY>KEHUSI.

[Tpu morpyXeHHU CWiIa TSHKECTH HE W3MEHHUTCS, a cuia ApXuMena BO3pacTeT U
craner paBHoii F4 + AF4. WHbIMH clIOBaMH, K MOIY/IIO CHIBI ApXuMena IT00aBUTCS
BCIIMYMHA

AFA:AVpog:SX pog, (7),

rae S — IUIoIaab MOMEePEYHOTO CEeUEHHUs TMOIUIaBKa, AV = S x JONMOJHUTENBHBIN 00BEM
BOJIbI, BBITECHEHHBIN ITOIIJIABKOM TP IIOTPYKEHUU.

ITocne norpyxeHus cymma Cuil, IEMCTBYIOIINX Ha NOIUIABOK, YK€ HE PaBHA HYJIIO,
BekropHass cymma paBHa JONOJHUTEIBHOM (HECKOMIIEHCHPOBAHHOM) cuie Apxumena
AF4, HanpaBIIECHHOW BEPTHUKAJIbHO BBEpX. 1oOraa, COTNIaCHO BTOPOMY 3akOoHY HbroTOHa,
IIOIUIAaBOK IIOJyYUT YCKOPEHHE @, HANPABICHHOE BBEPX. YPABHEHHE JBWKCHUS
3aIIMChIBAETCS B BUJIE:

ma = AF4 (8).

CnpoenupyeM ypaBHeHHE (8) Ha BEpTHKaIbHYIO OChb X , HampaBICHHYIO BBEpX
(puc.2.6). YuuTbiBasi HaNpaBJICHHS CMEIICHUS IMOIUIaBKA M JIONOJHUTEIBbHON CHIIbI
Apxumea noayuum

ax=-Sxpog/m 9),

1€ ax— NPOEKIINs YCKOPEHUS MOIJIaBKa HAa BEPTUKAJIBHYIO OCb.
Jlerko yOeauTcs, YTO HpU CMEIICHUM TMOIUIaBKa BBEPX €ro YCKOpeHHe OyneT
HaIIpaBJIEHO BHU3 U YPABHEHME JIBHXKEHHSI IPUMET TOT k€ BHJ (9).



3aBUCUMOCTh KOOPJWHATHI TMPOW3BOJIHHOM TOYKM TeNa MO OCH X OIMHUCHIBAETCS
ypaBHEHUEM
x=Acos (ot+ @y (3).
[Ipoekiust CKOPOCTH TOYKHM Ha OCh X paBHA MPOU3BOJIHOM KOOPAMHATHI 3TON TOUYKHU
o BpeMenH (7). OtHomenue nuddhepeHiraioB KOOpIUHATH TOYKA U BPEMEHH BBIPAKEHO
B YpaBHEHUU
Ve=dx/dt = -A ® sin (o t + @) (10).
[Ipoekins yCKOpEeHHsI TOYKU Ha OCh X PaBHA MPOU3BOIHOMN MPOEKIIMA CKOPOCTH Ha
OCh X TI0 BpEMEHHU
A, = dv/dt = dx/dr = -A o’ cos (o t + @o) (11).
Torna, cpaBHuBas ypaBHeHus (6) u (8), mojiydaeM ypaBHEHHE TPOCKIIUHA YCKOPEHUS
TeJa Ha OCh X JIJIi TApMOHUYECKOTO JBUKEHUS
A =-0’x (12).

CrnenoBaTenbHO, ypaBHEHHE JBIIKEHHS TOTMUIaBKa (9) OTHOCUTCS K CIEAYIOIMEMY
o01IeMy THITY:
a,=- X (13),

1€ O - MOJI0KMUTENbHAS TOCTOSHHAS BEIMYMHA.

B o01eii Teopuu kosiebaHuil JoKa3aHo, 4TO ypaBHeHHe Tuna (13) uMeeT pelieHue B
BUJe TapMoHWYecKor (yHkmmu BpemeHH (3). UncrneHHBIC 3HAYCHUS aMIUTUTYIbl 4 U
HadaJIbHOU (Da3bl (g ONIPEACIISIOTCS HAYIBHBIMU YCIIOBUSIMU TIPOIEcca KOJICOaHMIA.

BenuunHa ®» MO CMBICITY MPEACTaBIAET COOON Y4acTOTy KoJeOaHUN U OmpeAeseTcs
bU3NIECKUMU XapaKTEPUCTUKAMH JaHHOW CUCTEMBI.

B nameit cucreme cpapHenue ypaBuenuit (12) u (13) gaét paBeHCTBO

w2 =8Sppg/m (14).
Takum o00pa3om, yacTOTa BEPTHKAIBHBIX KOJICOAHW IOIUTABKA 3aBHCHUT OT €Tro

Macchl U IUIOLIAAM TOMEPEYHOro cedeHus. Torma, coriacHO paBeHCTBY (4), mepuon
KOJieOaHW MOTIJIaBKa BhIpaxaeTcs popMyIioil:

m

T=2n
Spog (15).



4. 3KCHepl/IMeHTaJIbHOC oﬁopyImBaHne

Jis  AKCIEPUMEHTAJbHOTO  HCCIENOBAaHUS  BEPTHKAIbHBIX  KOJEOaHWH  Ha
MOBEPXHOCTHU BOJBI OBLITM M3TOTOBJICHBI MMOTUIABKH U3 IUTACTUKOBBIX TPYOOUEK TUAMETPOM
8 MM 1 6 MM. B 01MH U3 KOHIIOB TPyOKH BCTaBISICS CTAIbHOW IMUIMHIP OMPEICeIICHHOM
JUIUHBL. JluamMeTp UMIMHAPOB YyTh NPEBHIIIAT BHYTPEHHHUM IUaMeTp TPyOOUKH, YTO
NO3BOJISJIO BCTaBUTh LWIMHJIPBL B TPYOOUKHM 3a CYET HEKOTOPOW IJIACTHYECKOMN
nepopMmanuu nuactuka. CranpHble LMIMHAPHI PAa3HOW JJIMHBI, €CTECTBEHHO, HMENU
pasHble Macchl. TakuM 00pa3oM, MbI OJTYYHIIN TOMJIABKY Pa3IMYHbIX Macc m.

[MunuHapsl OBUIM M3rOTOBJEHBI IO HAUIEMY 3aKa3y B HAayYHO-NPOU3BOJICTBEHHOM
ornene HUOTU HHI'Y.

N3rotoBrieHHbIE MOIJIABKU MTOKa3aHbl Ha (puc.3).
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Puc.3. [lonaBku 17151 MPOBEACHUS OTIHITOB 11O BEPTUKAIBHBIM KOJICOAHUSIM.
@) TIOTUTABKH TUAMETPOM 8 MM; 0) MOIJIAaBKU JUAMETPOM 6 MM.



Macchbl cOOpaHHBIX MOIJIABKOB ObUTM W3MEPEHBI B3BEIIMBAHUEM Ha SJIEKTPOHHBIX
Becax (puc.4).
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Puc.4. B3BenmBaHue NOMIaBKOB Ha JIEKTPOHHBIX BECAX.
@) TIOTUTABKH TUAMETPOM 8 MM; 0) TOTIJIABKH TUAMETPOM 6 MM.

Pe3ynbTaThl B3BEIIMBaHUS 3aliCcaHbl B Ta0J. 1.

Ta6numa 1. Maccel MormiaBkoB (B rpaMMax ), UCIIOJIb30BAHHBIX B AKCIIEPUMEHTAX.

Huamerp 8 Mm | 7,0 6,7 5,9 5,5 4.7 4,2
Huamerp 6 MM | 3,9 3,2 2,9 2,3




5. JkcnepuMeHThI U 00CyKACHHUE Pe3yJIbTATOB

LleHTp TSHKECTH MOIJIaBKa CMELIEH K KParo CO BCTABJIEHHBIM CTAJIbHBIM LIUJIMHAPOM.
[Io 3T0ll mMpuUYMHE MOIIABOK B BOJE MO3ULUMOHUPYETCS BEPTHKAIBHO, KAK ITOKA3aHO
CXEMaTHU4HO Ha puc.l u 2.

Konebanusi momiaBkoB OCYIIECTBISIIUCH B CTEKJIIHHOM LWJIMHJIPE, HAIOJTHEHHBIM
BoAOM. O4YeBUAHO, YTO TIIyOMHA MOTPY>KEHHsS IMOIUIaBKa ONpeaessiach €ro Maccou

(puc.5).

J11s BO30Y K IeHUS KOJIeOaHHIA ITOTUIABOK MTOJTHUMAJICS Ha HEKOTOPYIO BBICOTY
OTHOCUTEIHHO MOJI0KEHUSI PABHOBECHSI U CBOOOIHO OTITyCcKaJics (puc.6).



Puc. 6. HauanpHOE 110JI05KEHUE TIOTIJIABKA.

Buneocremka konebanuii npoBoawsiack 1udpoBeiM (oroannapatom CANON
PowerShot SX730 HS, ycTaHOBIEHHOM Ha IITaTUBE.

JI1s KaX70T0 MasTHUKA 3alKMChIBAIOCh HECKOJILKO BUe0(dailioB (00BIYHO OT 3-X
110 5-1).

PackagpupoBanue BumpeohaioB MPOBOAMWIACH C IOMOIIBIO  CTAaHAAPTHOU
nporpaMMsl onlineconverter.com.

N3-3a BA3KOCTH BOABI KOJICOAHMS TIOTNIABKOB OBICTPO 3aTyxanu. OmaHaKo, Mo Kajapam
BUJIe0haliIOB yAaBajlOCh W3MEPHUTHh MEPUOJABl HECKONBKUX KosieOanuid. [l omHOTO
MOIJIaBKa BEIYUCIISUIUCH 3HaUeHus 15 — 20 nepuoos.

JUist Ka)xaoro moruiaBKka ¢ MOMOINbI0 mporpammbl Excel Bbrumcisiinoch cpenHee
CTaTUCTHUYECKOE WM3MEPEHHBIX MEPHOJIOB KojeOaHud 7 M HUX CPEIHEKBaJAPAaTUUHBIN
pazopoc or. Ilo 3amanHOl noBepuTenbHON BeposTHocTH o = 0,95 w KomMyecTBY
u3Mepenuii onpenernsuics kodhdumuent CTbIOACHTa f; W BBIUUCTAIACH ClydaiHas
norpemHocTh nepuona A7c =ty or.

[IpubopHasi MOrpemHOCTh U3MEPEHUs NepHoJa Ompelessiaach 4acTOTOM KaJpoB
BUJICOCHheMKHU 1 Obla B3siToit AT;; = 1/30 cexk.

AGcoitoTHas TOTPeIHOCTh neproia A7 BEIYUCISETCS 10 OOBIYHOMY IIPaBUITY:

AT = (AT () + (AT )? (16)



PCBYJIBTaTBI OKCIICPUMCHTOB C IIOIIIAaBKOM JHUaMCTPOM 8 MM 3amucansl B Ta01.2.

Ta6numa 2. [leproibl BepTUKAIBHBIX KOJIEOaHHM MOIIIABKOB IUAMETPOM 8 MM.

Macca 7.0 6,7 5,9 5,5 4,7 4,2
roruiaBka (T)
Hepuon 0,79 0,73 |0,67 |0,67 [062 0,60
KoJiebaHui (¢)
HorperHocTs 0,087 10,066 |0,072 10,049 |0,096 |0,057
neproja (c)

JIiss OICHKH TOYHOCTH OJKCIEPUMEHTa TIOJIE3HO CPAaBHUTH €ro pPEe3yJbTaThl C
pacueramu niepuojia o ¢opmyne (12). Ha (puc.7) uzoOpaxensl rpa@uku 3aBUCUMOCTH
nepuojaa KojaebaHui 0T MacChI MOTNIABKA THAMETPOM 8 MM.
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Puc.7. CpaBHeHue pe3yJabTaTOB JKCIEPUMEHTAa M pacueTra sl MOIIaBKOB
JUaMETPOM 8§ MM.
[To ropuzoHTaNMM — Macca NMOTUIABKA; IO BEPTHKAIHN — IEPUO]T KOJIeOaHHIA.

Ha (puc.7) nabmiomaeTcst COBIAJCHHE SKCIEPUMEHTAIBHBIX U TEOPETHUECKUX
3Ha4YeHUH Tlepuojia KojaeOaHuil B peienax JOMyCTUMBIX MOTPEIIHOCTEH.

AHaNOTUYHbIE HKCHEPUMEHTHI OBUIM MPOBEACHBI JJS IOIUIABKOB C MEHBIIUM
auaMeTpoM 6 MM. Maccel TMOIUIAaBKOB M pe3yJbTaThl H3MEPEHUs WX MEpUOJIOB
MpeJICTaBJICHbI B Ta0.3.



Tabnuma 3. Ileproapl BEpTUKAIBHBIX KOJICOAHUH TIOTNIABKOB AUAMETPOM 6 MM.

Macca noriaBka (T) 4,0 32 2.9 2.4
ITepuon xonebanuii (c) 0,75 0,67 0,66 0,60
[Torpemnocts neproja (c) 0,033 10,055 |0,074 0,033

CpaBHEHHE pe3yJbTaTOB IKCIIEPUMEHTA C pacueTamu mepuoza no gopmyne (15) B
BUJIE TpauKOB MPUBEAEHO Ha (puc.8).

0,9

T'(c) ® OkcriepumeHT APacuyet

0,8

0,7 * _#
0,6 f

0,5 m (r)

2 2,5 3 3,5 4

Puc.8. CpaBHeHue pe3ynbTaTOB SKCIEPUMEHTAa W pacyera ISl IOIJIaBKa
JIUaMETPOM 6 MM.
[To ropuzoHTaIM — Macca MOIJIaBKa; M0 BEPTUKAIN — IEPUO KoJeOaHU.

Ha (puc.8) mabmtonaercs coBnaieHne dKCIIEPUMEHTAIBHBIX U PACUETHBIX 3HAYCHUN
nepuoja KojaebaHui B rpesenax A0MyCTUMbBIX TOTPEITHOCTEH.

Takum oOpa3zom, Uil MOIUIABKOB Pa3HOM MAcChl U JBYX Pa3IMUHBIX JHAMETPOB
AKCIEPUMEHTANIbHO JI0Ka3aHa CHPaBeJIMBOCTh TEOPETUUECKOTO aHalih3a IMpolecca
BEPTUKAIBHBIX KOJICOAHUH TJIaBaOIIETO Tea.



BriBoabI

W

PaccmMoTpeHa JuHaMHMKa BEpPTHKAJIbHBIX KOJNEOAHWUN Tena, IUIABAIONIETO Ha
MOBEPXHOCTH BOJBI. [lomydeHa 3aBUCUMOCTh TIeproia KojaeOaHui OT MaccChl Tela U
TUTOMIA/IN €T0 TIONIEPEYHOTO CEUCHUSI.

W3roToBieHB! MWIMHAPUYECKHE TIOTIABKH Pa3IMYHOTO TUaMeTpa U MaccChl.
[TpoBeneHa BUIEOCHhEMKa BEPTUKAIBHBIX KOJCOAHUN IMIIMHAPUYECKUX MOTUIABKOB.
C nmnomolIpl0 packagpupoBaHUs BUACO(]ANTOB OBUIM BBIYUCICHB MEPUOABI
KoJie0aHui.

Paccuntanbl mepuoapl koneOaHuii MO TeopeTudeckoit Qopmyie. OOHapyKeHO
COBMAJIEHUE PE3YyJIbTATOB HKCIIEPUMEHTOB U pacU€TOB B Mpe/eiax MOrpeurHoCTeN.
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