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XXIX MexaynapogHasi ommMmnuana «Tyiimaanga»

Exeromno B mione B cromune Pecniy6mmku Caxa (AxyTus) — ropome AxyTck — mpo-
xomuT MekIyHapogHasl OJIMMINa1a IMKOALHUKOB « TyiiMaana» 1o dusnke, MareMaTnke,
nadopmaruke u xumun. Onmuvnuany opranusyer Munmcreperso obpazosanua PC ()
u Cesepo-Bocrounniii dbenepanbabiii yausepcurer um. M.K. AmmocoBa na 6aze duszuko-
Maremarudeckoro dopyma «Jlenckumii kpait». B pasHbie roapl B oauMnnajie NpUHUMAIA
yJyacTue MKOAbHUKK u3 Azepbaiimkana, Bensruu, Boarapuu, [epmanunn, Kasaxcrana,
Kuras, Keipreiscrana, Mekcuku, Mouronun, Pymbiun, CIITA | Tannanga, Typuuu, @pan-
unn, FOxnoit Kopen u, koneuno, u3 pasubix pernonos Poccun, Bkiaouast Mocky, CankT-
IleTepbypr, Yenssouuck u apyrue ropoga. Takxke B «TyiiMaanes peryasipHO yIaCTBYIOT
wienbl c6opHOI Poccrn u mpu3€psl 3aKII0YNTENHHOTO dTana Becepoccuiicknx ouMITna.

CorytacHO JIefICTBYIOIIEMY ITOJIOXKEHUIO OJIMMIIAAJA 10 (DU3MKEe BKJIIOYaeT B cebsl jBe
JIUTHU: cTapuryio u miuaamyio. K ygacTuio B Mutaiimeit jaure JOMYCKAIOTCS IIKOJIbHUKH,
OKOHUYMBIIIME He Gojiee 9 KJIacCOB CpeHero y4eOHOro 3aBeJIeHHs]; K yIaCTUIO B CTapIIei
JIUTE JIOIYCKAIOTCsI BCE MIKOJbHUKH. 3aJ[a49i CTApIIeil JINTU [0 IIPOrpaMMe M CJIOKHOCTH
COOTBETCTBYIOT MeKAyHApOAHOU (DU3MIECKON OMUMIUAIE, a 3aJaqd MJIAJIIIEH JTUTH —
9 kutaccy Bceepoccuiickoit onummnmaib.

XXIX International olympiad "Tuymaada"

Every year in July in the capital of the Republic of Sakha (Yakutia), the city Yakutsk,
the International School Physics, Mathematics, Informatics and Chemistry Olympiad
«Tuymaada» takes place. The Olympiad is organized by the Republic Sakha’s (Yakutia)
Department of Education and North-Eastern Federal University n.a. M.K. Ammosov
on the base of the physico-mathematical forum «Lensky District». In different years
students from Azerbaijan, Belgium, Bulgaria, China, France, Germany, Kazakhstan,
Kyrgyzstan, Mexico, Mongolia, Romania, South Korea, Thailand, Turkey, the USA
and, of course, from different regions of Russia, including Moscow, Saint-Petersburg,
Chelyabinsk and other cities, took part in the Olympiad. Also members of Russian
national team and prizewinners of final stage of All-Russian Olympiads regularly
participate in «Tuymaadas.

According to current regulations, Physics Olympiad includes two leagues: senior league
and junior league. Schoolchildren are allowed to participate in the junior league, graduated
from no more than 9 classes of a secondary educational institution; all students are eligible
to participate in the senior league. Senior league problems correspond in programm and
difficulty to those of International Physics Olympiad, junior league problems — to those
of 9th class of All-Russian Olympiad.
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Maagmmast jgura

3amauya 1. lleuTp macc 3arpyxkaemoii 1rardopmabl

[Tnardopma maccoit M = 2000 kr u qmunoit L = 80 M nBukercst 6e3 TpeHust
¢ HavaJbHOI ckopocThio vy = 1 M/c. Korma mardopma yxke Ha 3/4 cBOeit JyiuHbL
mpoexaJja 3arpy309HbIil JIIOK, TOT OTKPBLICS U W3 HEr0 HAYAJ CHIIAThCI MeheHD
¢ pacxomoM p = 100 r/c. Haiiure ckopocTh v, (t) I€HTpa Mace CHCTEMBI, COCTOSI-
et u3 mraTdOPMbL U BBICHIIABIIErOCs MEeOHSI, B 3aBUCUMOCTH OT BPEMEHH [OCJIe
OTKPBITHS JIIOKA. [IpuBennTe OTBET B OOINEM BHJIE U JIJIs YKA3AHHBIX THUCJEHHBIX
JIAHHBIX.

3anauya 2. PackpyuynBaHue pe3mHOBOTO KOJbI[a
ToHKOe KOJIBIIO W3 Pe3UHbI MJIOTHOCTHIO p = 1500 kr/m® Hajemm Ha mepra-
BBIY [TUJTHHJIP HEMHOTO DOJIBIIETO JIMaMeTpPa, TaK 9TO KOJBIIO PACTSHYIOCH U B HEM
BO3HUKJIO MexaHn4deckoe Hanpsikenne 1 = 6 klla. Jlo kakoil MakCUMaJIbHON JIHEH-
HOW CKOPOCTH ¥ MOYKHO PACKPYTHUTh KOJIBIIO, Bpallas MAIAHID BOKPYT CBOEil ocu?
Jpyrue Tesa ¢ KOJIBIOM He B3aUMOJIEHCTBYIOT.

3anaya 3. HeomHopoaHbIN ITUAUHID
HeO,ZLHOpO,ZLHbIﬁ OUINHID PaanyCcoM R IIePBOHAYAJIBHO ITOKOUJICS Ha T'OPU30H-
TaJbHON IIJIOCKOCTH, KACasiCh €€ BIOJb CBOEH 0bpasyroleii, BOJIM3N MMOJIOKEHUS
HEYCTOWYMBOTO paBHOBecusi. MakcnMaabHas CKOPOCTh OCH ITUJIHNHIPA B IIPOIECCE
€ro TOCJIEIYIONIEro JIBUKEHUsT COCTaBUIIa vUg. HalauTe 3aBUCMMOCTH CKOPOCTH U
OCH TIMJIUHIPA OT €€ TOPU30HTAJIBHOT'O CMENIEHUS T, & TAKKe MAKCUMAaJIbHOE yCKO-
penwue ag ocu nuauHApa. [[pocKaIb3bIBaHUS U TPEHUS KAIeHUST HET.

3anaua 4. HarpeBanue mapukamu

Bona obmeit TenoémMrocThio C7 HAXOJIUTCA B KAJOPUMETDPE MPHU TEMIIEpaTy-
pe Tp = 20°C. B Bojay 1moovepéiHO MOMEIIAIOT 110 OJHOMY MIApUKY OOIIeil Tero-
émkoctpio Cy = 0,1C7 npu temmeparype T = 80°C, M0KUIAIOTCS yCTAHOBJIEHUST
TEPMOIMHAMUIECKOTO PABHOBECUSI U BBIHUMAIOIOT IMAPUK, [OCJE 9er0 MOBTOPSIIOT
MIPOTIECC C APYTUM TAKUM K€ MapuKOM. [Ipu MOMEIeHnn KAKOTo 0 CYETY IMAPUKa
TeMIreparypa Bofbl epecedér ormerKy 1, = 50°C?7 TenaoéMKocTh KaJopuMeTpa
U TEIJIOBbIE TIOTEPU HE YIUTHIBAMTE.
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3anaua 5. Harpes sjiekTpomocTa

W3 pasHbIX KYyCKOB HUXPOMOBOI IIPOBOJIOKH, IIO-
KPBITON OAVUHAKOBOMN N30JIAI1Ued OTHON U TOH 2Ke TOJI-
MIIAHOM, N3TOTOBU/IN ISATh PE3UCTOPOB, COETUHUIN UX
[0 MOCTOBO# cxeMe (puc. 1) ¥ MOAKIIOUAIN K HCTOY-
HUKY TOCTOSIHHOI'O HAllpsizKeHWsl. B KaXK1oM u3 de-
TBHIPEX ONUCAHHBIX HUXKE OIBITOB HaiiluTe PA3HOCTH
MEXK/Iy MaKCUMAJIbHOW W MUHUMAJIBHOW TEMIEPaTy- Puc. 1
paMu Pe3nCTOPOB, €CIU TEMIEPATYPA MEHTPAJTHHOTO PE3UCTOPA B TOT YK€ MOMEHT
BpeMenu 6bi1a Bhie komaaTHONW Ha ATy = 10 MK. B kadecTBe oTBETA yKAXKNATE
JUCJIEHHBbIE 3HAYEHUsI, OKPYTJIEHHBIE JI0 I1€JI0OT0 YKCJIa MUJLINKE/IbBAHOB.

1. /TmameTpsl BcEX KYCKOB IIPOBOJIOKU OJIMHAKOBBI, & JJIMHBI IIPOITOPIHOHAIBHBI
HOMEpaM Pe3UCTOPOB. V3MepeHue BCeX TeMIepaTyp IIPOU3BOIUTCS Yepe3 MaJioe
BpeMsI [TOCJ/Ie 3aMBIKAHUS TIETIN.

2. JlmameTphl BCEX KYCKOB IIPOBOJIOKH OJWHAKOBBI, a JJINHBI TPOTIOPITAOHAIbHB
HOMEpPaM Pe3UCTOpPOB. V3MepeHne Bcex TeMIepaTyp MPOU3BOANTCS depes 00JIbIoe
BpeMsI [10CJIe 3aMBIKAHUS IIETIH.

3. JIyimHBI BCeX KYCKOB IIPOBOJIOKH OJIUHAKOBBI, a JIMAMETPHI [IPOIOPIIAOHAIbHBL
HOMEpaM Pe3nucTOpoB. V3MepeHme Bcex TeMmepaTyp IIPOU3BOIUTCI UePe3 MAaJioe
BpeMsI [TOCJ/Ie 3aMBIKAHUS TIETIN.

4. JInmHbBL BCeX KyCKOB ITPOBOJIOKHU OJMHAKOBHI, & INAMETPHI TPOTIOPITAOHAIbHBL
HOMEpPaM Pe3UCTOPOB. V3MepeHne Bcex TeMIiepaTyp MPOU3BOANTCS depes 0OJIbIoe
BpeMsI [10CJIe 3aMBIKAHUS IIETIH.

3anauya 6. Kocmuueckuii jryd
JIyd cBeTa OoT aJI€KOi 3B€3bI IPOXOJUT CKBO3b I'a30BO-IIBLIEBYIO TYMAHHOCTD,
[OKa3aTesIh PEJIOMJIEHUST KOTOPOil siBistercst (hbyHKIMEH TOTBKO OT PACCTOSHUS
JI0 TIeHTpa TyMaHHOCTH. Ecsm 661 ipesioMiiernst He HBII0, TO JIyd IPOIIES OBl HA Pac-
crogauu H OT meHTpa TyMaHHOCTH, HO W3-3a MPEJOMJICHUS OH MPOIIET Ha MUHW-
MaJbHOM paccTossanu D oT 9Toro rneraTpa. Haiiaure nokasaresab mIpeoMIeHns ng
B OJmKaiiieil TOUke TPAeKTOPUHU CBETOBOIO JIyda K IEHTPY TYMAHHOCTH.

3amaya 7. OgHopa3oBasi ugeaibHasl JIMH3A

Ha m1ockyto moBepxHOCTD IJIOCKOBBIITYKJIOHN JINH3BI, U3TOTOBJIEHHON U3 CTEKJIa
¢ TOKa3aTesieM IPeJIOMJIEHUS N = 1,5 U pacHosIosKeHHOU B BO3AyXe, MaJaeT BAOIb
HOpMaJIM MapaJsyiesIbHbIA mydoK Jiydeil. Oupenenmre GOPMY BBIMYKJIONH TTOBEPXHO-
CTH JIMH3BI, €CJIN IJIOCKas uMeeT popMy Kpyra paauycoM R = 0,5 M, a Bce mpesioM-
JIEHHBIE JIMH30{1 JIy4U MPOIILIHA Yepe3 OJHY TOYKY F', PACIIOJIOKeHHYIO Ha PacCTOsI-
anu f = 1 M ot Gmmkaitieit Kk Heit Toukn O JuH3BL. B KadecTBe 0TBETa YKAKUTE
rosituay H jinH3bl (MAKCHMAIbHOE PACCTOSHUE OT TOYKH BBIYKJIOH TOBEPXHOCTH
JIO TLJTOCKO ).
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Crapmag jura

3amauya 1. lleuTp macc 3arpyxkaemoii mirardopmbl

[Tnardopma maccoit M = 2000 kr u gmunoit L = 80 M nBmkercst 6e3 TpeHust
¢ Ha"aJIbHOI ckopocTbio vg = 1 M/c. Korma miardopma yxe na 3/4 cBoeit myiuHb
mpoexaJja 3arpy309HbIil JIIOK, TOT OTKPBLICS U W3 HEro HAYAJ CHIIAThCS 1MeOEeHb
¢ pacxonoM p = 100 kr/c. Haiigure ckopocThb v.(t) NEHTpa MACC CUCTEMBI, COCTOSI-
et u3 mraTdOPMbL U BBICHIIABIIErOcs MEeOHSI, B 3aBUCUMOCTH OT BPEMEHH MOCJIe
OTKPBITHS JIIOKa. [IpuBennTe OTBET B OOINEM BHJIE U JIJIsI YKA3AHHBIX IHUCJIEHHBIX
JIAHHBIX.

3anaya 2. PackpyuynBaHue pe3MHOBOTO KOJIbI[A
ToHKOe KOJIBIIO W3 Pe3UHbI MJIOTHOCTHIO p = 1500 kr/mM® Hajenm Ha mepia-
BBIY [TUJTHHIP HEMHOTO OOJIBIIETO AMaMeTpa, TaK 9TO KOJIBIIO0 PACTSHYJIOCh U B HEM
BO3HUKJIO MexaHn4deckoe Hamnpsizkenne 1 = 6 klla. Jlo kakoit MaKCUMAaJIbHOI JTMHEH-
HOW CKOPOCTH ¥ MOYKHO PACKPYTHUTh KOJIBIIO, Bpalas MAIAHAP BOKPYT CBOEH ocu?
Jpyrue Tesa ¢ KOJIBIOM He B3aUMOJIEHCTBYIOT.

3anada 3. HeomHopoaHbIii MUINHID
HeO,ZLHOpO,ZLHbIﬁ OUJINHID PaanyCcoM R IIepBOHAYAJIBHO IMOKOUJICA Ha T'OPU30H-
TaJbHON IIJIOCKOCTH, KACasiCh €€ BIOJb CBOEH 00pasyroleil, BOJIM3U MMOJIOKEHUS
HEYCTOWYMBOTO paBHOBecusi. MakcnMaabHas CKOPOCTH OCH IUJINHIPA B IIPOIECCE
€ro IOCJIeIYIONIErO JBUXKEHUs COCTaBUiIa vg. HaliinTe 3aBUCHMOCTB CKOPOCTH U
OCH ITUJINH]IPA OT €€ FOPU30HTAJIBHOI'O CMeIeHUd T, & TaKXKe MaKCUMaJIbHOE YCKO-
peHue ag ocu mUIUHAPA. [IpocKaIb3bIBaHUS U TPEHUS KaueHUs HET.

3amaua 4. AgunabaTHoe TajieHne TIXKEJIOTO TOPIITHS

Tsi2K€1b1i1 TOPIIEHh HAYMHAET auadaTHOE [MaJIeHie B BEPTUKAILHOM [IAJINHIDE,
3aII0JHEHHOM OJHOATOMHBIM HWJIeaJIbHBIM Ta30M (Ha, mopinHeM BakyyM). OTHome-
HU€e HA4YaJIbHOIN CHUJIBI JIaBJIEHUs T'a3a Ha I[OPIIEHb K CHUJIe TSXKECTH ITOPIIHST SBJIs-
eTcd Majoi BesmanHOi ¢ = 0,01.

1. Onenure ornomenve h = Hpin/Hp MuHEMAIbHONW BBICOTHI Hopnin HOPIIHS
HaJ| JIHOM COCyJa K HadaJbHOIl BbicoTe Hy.

2. Ouennre orHoleHue P = Ppax /Py MakcuMaabHOTO gaBieHust P,y ra3a B 1u-
JINHJIpe K HadaJbHOMY Fp.

3. Onenure orHotterne t = Tiax/To MakCUMaIbHON TeMIepaTypbl Tmax rasa
B MUWIKHIpPE K HadaIbHON Tj.
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3anaua 5. Harpes sjiekTpomocTa

W3 pasHbIX KYyCKOB HUXPOMOBOI IIPOBOJIOKH, IIO-
KPBITON OAVUHAKOBOMN N30JIAI1Ued OTHON U TOH 2Ke TOJI-
MIIAHOM, N3TOTOBU/IN ISATh PE3UCTOPOB, COETUHUIN UX
[0 MOCTOBO# cxeMe (pHc. 2) ¥ MOAKIIOUAIN K HCTOY-
HUKY TOCTOSIHHOI'O HAllpsizKeHWsl. B KaXK1oM u3 de-
TBHIPEX ONUCAHHBIX HUXKE OIBITOB HaiiluTe PA3HOCTH
MEXK/Iy MaKCUMAJIbHOW W MUHUMAJIBHOW TEMIEPaTy- Puc. 2
paMu Pe3nCTOPOB, €CIU TEMIEPATYPA MEHTPAJTHHOTO PE3UCTOPA B TOT YK€ MOMEHT
BpeMenu 6bi1a Bhie komaaTHONW Ha ATy = 10 MK. B kadecTBe oTBETA yKAXKNATE
JUCJIEHHBbIE 3HAYEHUsI, OKPYTJIEHHBIE JI0 I1€JI0OT0 YKCJIa MUJLINKE/IbBAHOB.

1. /TmameTpsl BcEX KYCKOB IIPOBOJIOKU OJIMHAKOBBI, & JJIMHBI IIPOITOPIHOHAIBHBI
HOMEpaM Pe3UCTOPOB. V3MepeHue BCeX TeMIepaTyp IIPOU3BOIUTCS Yepe3 MaJioe
BpeMsI [TOCJ/Ie 3aMBIKAHUS TIETIN.

2. JlmameTphl BCEX KYCKOB IIPOBOJIOKH OJWHAKOBBI, a JJINHBI TPOTIOPITAOHAIbHB
HOMEpPaM Pe3UCTOpPOB. V3MepeHne Bcex TeMIepaTyp MPOU3BOANTCS depes 00JIbIoe
BpeMsI [10CJIe 3aMBIKAHUS IIETIH.

3. JIyimHBI BCeX KYCKOB IIPOBOJIOKH OJIUHAKOBBI, a JIMAMETPHI [IPOIOPIIAOHAIbHBL
HOMEpaM Pe3nucTOpoB. V3MepeHme Bcex TeMmepaTyp IIPOU3BOIUTCI UePe3 MAaJioe
BpeMsI [TOCJ/Ie 3aMBIKAHUS TIETIN.

4. JInmHbBL BCeX KyCKOB ITPOBOJIOKHU OJMHAKOBHI, & INAMETPHI TPOTIOPITAOHAIbHBL
HOMEpPaM Pe3UCTOPOB. V3MepeHne Bcex TeMIiepaTyp MPOU3BOANTCS depes 0OJIbIoe
BpeMsI [10CJIe 3aMBIKAHUS IIETIH.

3anauya 6. Kocmuueckuii jryd
JIyd cBeTa OoT aJI€KOi 3B€3bI IPOXOJUT CKBO3b I'a30BO-IIBLIEBYIO TYMAHHOCTD,
[OKa3aTesIh PEJIOMJIEHUST KOTOPOil siBistercst (hbyHKIMEH TOTBKO OT PACCTOSHUS
JI0 TIeHTpa TyMaHHOCTH. Ecsm 661 ipesioMiiernst He HBII0, TO JIyd IPOIIES OBl HA Pac-
crogauu H OT meHTpa TyMaHHOCTH, HO W3-3a MPEJOMJICHUS OH MPOIIET Ha MUHW-
MaJbHOM paccTossanu D oT 9Toro rneraTpa. Haiiaure nokasaresab mIpeoMIeHns ng
B OJmKaiiieil TOUke TPAeKTOPUHU CBETOBOIO JIyda K IEHTPY TYMAHHOCTH.

3amaya 7. OgHopa3oBasi ugeaibHasl JIMH3A

Ha m1ockyto moBepxHOCTD IJIOCKOBBIITYKJIOHN JINH3BI, U3TOTOBJIEHHON U3 CTEKJIa
¢ TOKa3aTesieM IPeJIOMJIEHUS N = 1,5 U pacHosIosKeHHOU B BO3AyXe, MaJaeT BAOIb
HOpMaJIM MapaJsyiesIbHbIA mydoK Jiydeil. Oupenenmre GOPMY BBIMYKJIONH TTOBEPXHO-
CTH JIMH3BI, €CJIN IJIOCKas uMeeT popMy Kpyra paauycoM R = 0,5 M, a Bce mpesioM-
JIEHHBIE JIMH30{1 JIy4U MPOIILIHA Yepe3 OJHY TOYKY F', PACIIOJIOKeHHYIO Ha PacCTOsI-
anu f = 1 M ot Gmmkaitieit Kk Heit Toukn O JuH3BL. B KadecTBe 0TBETa YKAKUTE
rosituay H jinH3bl (MAKCHMAIbHOE PACCTOSHUE OT TOYKH BBIYKJIOH TOBEPXHOCTH
JIO TLJTOCKO ).
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3anauya 8. IIpoBosiounslii Ky6

Brosab pédep Kyba pa3nmaHbIME CIIOCODAMH ITPOKJIAIBIBAIOT TOHKYTO TPOBOJIOKY
¥ IyCKAIOT 1O Hel TOK. VHIyKTUBHOCTH 3aMKHYTOIO KOHTYPa U3 YeThIPEX pédep,
IPUHAIEKAIUX OHON rpanu, paBHa L4i. HIyKTUBHOCTH 3aMKHYTOTO KOHTYDa
u3 1ectu pédep, TPUHAIEKAINX IBYM CMEKHBIM T'pDaHsM, paBHa Lgo.

1. Haitiure uHAyKTUBHOCTD L¢3 3aMKHYTOTO KOHTYpa U3 MIeCTU PEGEp, IPUHA/I-
JIEZKAITUX TPEM IIOIAPHO CMEXKHUM I'DaHSIM.

2. Haitmure nagykTuBHOCTD Lg3 3aMKHYTOrO KOHTYypa W3 BOCBME PEGEp, mpu-
HaJIJIEKAIUX TPEM I'DAHAM, JBE U3 KOTOPBIX HNapaJslle/IbHBL APYT JIPYTY, & TPEThd
ABJIAETCA CMEXKHON ¢ KaxKA0¥ U3 ABYX JAPYrux.

3. Baosb pébep JBYyX NPOTHUBOMOJIOXKHBIX TDAaHEH MTPOJIOYKEHBI JIBE 3aMKHY-
Thle IPOBOJIOKU. [I0 OHOMY HPOBOJIOYHOMY KOHTYDY HJIET II€DEMEHHBINl TOK CH-
aoit I(t) = Iy coswt. B qpyroii 1poBOJIOYHBI KOHTYD BCTABJIEH UIEAJbHBII MaJIeHb-
kuii BosbrMeTp. Hadinure 3aBucumocts U (t) nmokasaHuii BoJbTMETPA OT BPEMEHHU.
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BosmoxkHbIe peaieHun«d

Muaagmmast jgura

3amauya 1. lleuTp mMacc 3arpyxkaemoii miardopmbl
FOpI/I3OHTaJIbeIe COCTaBJIAIOIINE BCE€X BHEIMHUX CUJI, ,IIeI';ICTByIOH_II/IX Ha CUCTEMY,
paBHBI Hy/II0. B3anMoneiicrBue Mexkay miaTdOpMOil M BBICHIIAIONUMCS TEOHEM
SIBJISIETCST BHYTPEHHUM JIJIsl PACCMATPUBAEMON CHCTEMBI, [TO9TOMY OHO HE MOXKET
[OBJIMSATh HA KOODJUHATY T, IIEHTPA MACC CHCTEMbI. SHAYNT, 3aBUCHMOCTH T (t)
MOKHO MCKATb B OTCYyTCTBHE 9TOTO B3aMMOJIEHCTBHUsI, CIUTAS, UTO MEOEHD BHIBAJIN-
BaeTcs Ha 3eMJTIO, a TaTdopMa eeT ¢ TOCTOSHHONW CKOPOCTHIO:

M-(L/A+vot)+pt-0 L 1+ 4vet/L
"I;c(t): = —_——

=20 .
M+ put 1 T 0N

3aMeTuM, 9TO [P MO/ICTAHOBKE 3HAYEHU B 0011y 10 (DOPMYITY BpeMst ¢ COKPATUIOCH
3a CYET BBINOJIHEHUS COOTHOIIEHUS MEXJy YUCIeHHbIME JaHebiMEH: L = 4Muyg.
B sTom caygae mnardopma c medHeM Oy1eT JBUTAThC, & IEHTP MacC — IMOKOUTHCS.
B obrmem ke ciryguae Hail€M HCKOMYIO CKOPOCTD 9€pe3 TPOU3BOIHY IO KOODINHATHL:

3anauya 2. PackpyuynBaHue pe3MHOBOTO KOJIbI[A

Bpamas nunmeap, MOXKHO C€OODIIATH KOJIBILY N
YCKODeHNe DU HAJIUYANA HEHYJIEBOU CHJIBI TPEHUS, TS —— TS
4910 TpebyeT HeHyJseBo# criibl N HOPMAaJIbHON peak- m

MY TMAINHIpa, AeUCTBYIOMEH Ha Maayio Ayry 2o

pesunoBoro Kouibia (puc. 3). Ilycts R — paauyc

OUIAHAPA, S — IJIOMAIb HONEPEYHOr0 CeYeHNsl Pe-

3UHOBOT'O KI'yTa, 0O6Pa3yIoUIEero KOJIbIo, TOTIa BTO-

poii 3akoH HbioToHA Ij1 paccMaTpUBAaeMON JIyTH,

uMeroIeit Mmaccy m = p-S-2aR, B IpoeKIun Ha Ha-

IIPaBJICHAE TIEHTPOCTPEMATETHHOTO YCKOPEHNUST TIPH- Puc. 3
MeT BHII,

v2

m-E:2~TS-sina—N%2TSa—N.

Maxkcumanbaas ckopocts gocruraercs npu N = 0, OTKyma TOCJ€e MOICTAHOBKHU
BBIPAKEHUSI JIJIT M TOJy9IaeM OTBET:

T
v=4/—=2wm/c
p
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Ilpumeuanue. [Ipemmaraem dmraresisiM MOAyMaTh O BO3MOXKHBIX ITPUINHAX
CXO/ICTBA LOJIy9IEeHHOrO pe3y/braTa ¢ (POPMYJIOi JJIsi CKOPOCTH 3BYKOBOI BOJIHBL.

3anada 3. HeomHopoaHbI MUINHID

1. Bross ocu nuauHIpa He TPOUCXOIUT HUKAKO- Y
T'0 JIBUKEHUS U He JIECTBYIOT HUKAKU€e CUJIbI, TI09TO-
My 3aJlajda CBOAUTCH K ILTOCKOi. [TomecTnm Hagasio
cucrembl koopauaar Oxy (puc. 4) B a1006yI0 TOUKY
OpAMO#, O KOTOPOH B Ha4daJbHBIA MOMEHT Kaca-
JINCh IUJINHJIP U IJIOCKOCTh. Ecjm ObI IIEHTDP Mace
NWJIAHIPA HAXOAWJCA Ha €ro OCH, TO IOJIOXKEHUEe
paBHOBecHUs ObLIO ObI 6€3PA3IMIHBIM, a HE HEYCTOM- N
YUBBIM. 3HAYNAT, LEHTP MACC HAXOOUTCS HA HEKOTO- 7 %
poM paccTosiHuu e > 0 OT OCU NUJIUHPA, IPUIEM Puc. 4
B HaYAJbHBIN MOMEHT PACIIOJIaraJsics HaJl OChIO.

2. Insa pacuéra KUHETHYECKON SHEPrud IUJIUHIPA MBICJIEHHO Pa3s00beéM ero
Ha MHOT'O MAJIEHbKUX KYCOYKOB, 3aHYMEPOBAHHBIX OYKBOI 7:

B =3 ((vew o+ via)? + (v +v0)?) W

IJI€ Ucg U Uey — COOTBETCTBYIOIIHE IIPOEKIIMN CKOPOCTH IEHTPA MACC, Uiy U Ugy —
IPpOEKIN CKOpOCTeﬁ COOTBETCTBYIOIMUX KYCOYKOB MaCCaMM 1M; B CUCTEME IIEHTPA
Mmacc. Packpoem ckobkn B dopmyite (1):

e
E= Z 72(113 + 07 + 203 Vi + 2VeqViz ), (2)
7

IJle MCIIOJb30BAHbI COOTHOIIEHHS v = Vg, + V2, U U = Vg, 405, B cucrenme nenrpa

MacC CyMMAaPHbBIH UMITYJIBC PABEH HYJIIO:
Py = g m;Viz = 0, Dy = E m;vy = 0.
i i
YdauThiBas T COOTHOIIEHUS, IpeobpasyeM Bbipazkenue (2):
Mg o 2
E=) - (Ve +27). (3)
i

Mozxno 6BL10 cpa3y 3ammcaTh 9TO COOTHOIIEHNE, COCTIABINNCH Ha TeopeMy Kénwura.
B cucreMe 1eHTpa Macc IUIMHIP BPAIIAETCS BOKPYT CBOEIl OCH, CJI€I0BATEIbHO,
v; = wr;, TJe w — YIJIOBasi CKOPOCTh, r; — PACCTOSIHAE OT COOTBETCTBYIOIIETO
Kycouka sio ocu. llpmmnap me mpockaib3bpiBaer, nosromy w = v/R. IloxcraBum
dopmyast v; = vr;/R u v, = vr./R B BEIpazkenue (3):

B () () -+
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rie A — KOHCTaHTa, 3aBUCAIIAsT TOJBKO OT PACIPEIETIEHUs] MACC AIAHIPA.

3. ITycTb (0 — yroJ Mexk /1y HAIIPABJIEHUEM Ha IEHTD MACC U BEPTUKAJIBIO (puc. 4).
B mpou3BOJIBHOM TOJIOXKEHUM HM3-32 OTCYTCTBUS IPOCKAJIb3BIBAHUS CIIPABEIJIIBO
cooTHoIIEHNe ¢ = 2/ R (¢ TOYHOCTBIO JI0 HE UTPAOIIETO POJIU CJIArAeMOr0 KPATHO-
ro 27). 13 3aKkoHA COXpaHeHUsl SHEPIUU

E+W = Av® + Mgrcosp = 0+ Mgr = const

BBIPA3UM CKOPOCTb:!

_[Mgr _\/QJ\/Igr ol . T
|v|—\/T(1—c0sg0)— T‘sm§ _vo‘sm(ﬁ)‘.

Ochb mmamHzapa Gymer coBepmaTh Kosebanus Tak, 910 = € [0;27R]. B pasabix
[OJIyTIEPUOJIaX CKOPOCTD OY/IeT UMETh Pa3HbI 3HAK IPU OJIHUAX U TeX ¥Ke T, TO €CTh
3aBUCHUMOCTD v () HEOJHO3HAYHA:

v = $psin (%) , x € [0;27R].

4. 3HaK CKOPOCTH HE CKa3bIBAETCs HA BEJUIMHE MAKCHMAJIBLHOTO YCKOPEHHUSI,
[IOTOMY JIJIsT ONIPEEJIEHHOCTH BBIOEPEM «—+» U BBIPA3UM YCKODEHWE:

2R

o) = & w0 sin(ZEAZ) — sin(5%) _ UO?sin (%) cos (—2””2'}-?’”) N
At At At

~ ;OR—AAQ‘; cos (%) = % sin (%) cos (%) = g sin (%) .

Orcro/la HAX0MM MaKcUMasbHOe ycKoperue ag = vg /(4R).

12 XXIX Meoicoynapodnasn orumnuada <« Tytdmaadas

3agaya 4. HarpeBanue mapukaMu
W3 ypaBHeHUs TeIJIOBOTO DaJiaHCa IIPU MOMENIEHNHN IePBOTO IIIapUKa

Ci(Th —Ty) = Co(T —T)

HaifEéM HOBYIO DABHOBECHYIO TEMIIEPATYDY:

T — CiTo + CT
YT+

D10 BRIPaKEHNE UMEET BIIOJHE OXKUIAEMYT0 (DOPMY CPETHErO B3BEIIEHHOTO (MBI
CTAJKUBAEMCsT C TaKO (POPMOI B CAMBIX PA3HBIX CHATYAIUSAX, HAIIPUMED, aHAJO-
TUYHO HAXOJWTCS CKOPOCTH TeJ MOCTe abCOMIOTHO HEYIPYTroro yaapa, KOOPAWHA-
Ta TEATPa MaCC CUCTEMBI, CDEIHSIST TUIOTHOCTD W T. 1I.), OJHAKO B JAHHON 3aatde
JIJIsE pacdéToB yI00HEe MMepeiiTh OT TEMIIEPATYPhI BOIBI K €6 OTJIUYHUIO OT IIPee/ihb-
HOM (nobaBieHne KaXKI0To MIapuKa IPUOINKAeT TeMepaTypy Bozs K T7).

ITycrs T,, — paBHOBECHAsI TEMIIEPATYPA MOCIE TIOMEINEHNsI N-T0 MIapuKa (OTMe-
TUM, 9TO BBEJEHHOE B YCJIOBUH 33129 0003HadeHme 1 OTIIMIHO BIUCHIBAETCS B ITY
cucremy), AT, =T — T,, — oraudune PaBHOBECHON TEMIEPATYPBI OT IIPEIEIbHOIA,
TOIJa YpaBHEHME TEIJIOBOro H6ajaHCca MOXKHO I[IEPEIINCATh B BUJIE

C1(AT,_1 — AT, = Co(AT, —0),

OTKYyZIa HaXOJUM PEKYDPPEHTHOE COOTHOIICHUE

Gy

AT, = ———
C1+Cs

: ATn—la

TO €CTb I10CJIeJOBATEJIbHOCTD ATn 06pa3yeT TreoOMeTPUYIEeCKYIO IIPOrpecCculo:

4 "
AT, = =——— ] -ATp.
<C1+C2) 0

M ckompbrit HOMED IIapuKa — 3TO HaKWMEHbIIee IeJIOYUCJACHHOE 3HadeHue 1,
Opru KOTOPOM BBIIIOJIHAETCA YCJIOBUE

co\"
(W) (T-Ty) <T —Ty,

KOTOPO€ PaBHOCUJIBLHO HEPABEHCTBY

Takum 06pa3oM, OKOHIATEBHBINA OTBET: 1 = 8.
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3anaua 5. Harpes sjiekTpomocrta

O6osuaunm yepes I, Is, I3, Iy u I5 cuiasl ToO-
KOB, TEKYIUX 9€pe3 COOTBETCTBYIOIINE PE3UCTOPHI,
7 OyleM CYATATH MOJIOKUTEIHHBIMUA HAIPABJICHUSI,
yKa3aHHBbIE HA CXeMe cTpesiodkamu (puc. 5).

U3 hopmMyist J71st YA€ IbHOTO COMTPOTUBIIEHUST CJIE-
JIyeT, 9TO COMPOTHUBJIEHUsI PE3UCTOPOB MPSIMO IIPO-
HOPIUOHAJIBHBL UX JyiuHe (HOMepy pe3ucTopa B 1 u 2
MYHKTaX 3aJ1a91) U 0OPATHO IPONOPIUOHABHBI I1JI0-
g/ ux cedeHns (KBaJpary HOMEpa pe3ucTopa B 3 u 4 myHKTax 3aJ1a4u).

IIpauna Kupxroda a5t 1 1 2 MyHKTOB 33,1891 UMEOT BUJT

11:IQ+I57
Iy + I5 = I,
1-I1+5-Is=4-14,
5. Is+3-I3=2-1I,

OTKY/Ja HaXO/JHUM CBA3U MEKAY CHUJIaMU TOKOB:
I =111, I, =10I5, [I3=5I5, I =4I;. (4)

IIpasuna Kupxroda s 3 u 4 nyHKTOB 33/1a91 UMEIOT BUT

L =1, + I,
Iy + I = I3,
L Iy I
ER- bt
Is Iz Db
Bty g
OTKy/Ia HAXOJMM CBSI3H MEXKJy CHJIAMU TOKOB:
17 72 909 1184
I = —— I, Iy = —— I, I3 = —— I, Li=——-F 1. (5
1 55 5 2 55 5 3 275 5 4 275 5 ( )

Ecnu m3mepenne TteMmepaTyp IPOU3BOIUTCS YePe3 MaJIOe BPeMs IOCTIEe 3aMbl-
KaHug nenu (OyHKTH 1 1 3 3a7a49u), TO MOKHO [PEHEOPedb TEIIONOTEPSME U CUU-
TaTh, YTO BCE BBIJEJIUBIIEECT KOJTUIECTBO TEIJIOTHI HJIET HA HAarPEBaHUE IIPOBOJIOKH,
Macca KOTOPOH 3aBUCHUT JIMHEHHO OT JAuHbl L, U KBaJgpaTudHo oT nuamerpa D,
nosromy npupoct AT, Temmueparypsl pesucropa R, umeer Bu

AT, =k —IZRn
n — R13 " s
L,D?2
e ki3 — ko3dduruent nponoprmoHaabHocTH. C y9éTOM U3BECTHOrO 3HAYE-

uust ATy yI06HO 3aIMCATH 9TOT YK€ PE3YILTAT B BUJIE

ATy _ (In\* B Ls (Ds\*_ (I\* (Ds)' ©)
ATs  \Is Rs L, \D,) \Is D,)
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Ecnu m3mepenme Temmneparyp IPOM3BOIUTCS 4Yepe3 OOJIBIIIOE BPeMs IIOCTe 3a-
MBbIKaHusl 1enu (MyHKTH 2 u 4 3a1a9n), To npesbimenne AT, TeMIepaTypbl pe3u-
cropa R, Haz OKpyKalomeil cpeoil OyIer onpee/rsaThCs PABEHCTBOM MOITHOCTEH
TETJIOBBIJIEIEHUST U TENJI00TIadd, KOTOpas MPOMOPIHOHAIbLHA MJIOMAIA TOBEPXHO-
ctu poBoJioKn (jnHe Ly, u quaverpy Dy) u AT, OTKy/Ia TOJy9aeM BbIParKeHNe

I’R,
AT, = koy - n s
" L,D,
e kog — ko3ddurment nponoprmoHaabHOcTH. C y96TOM U3BECTHOrO 3HAYE-
uust AT yo6HO 3aIMCATH 9TOT YKE PE3YILTAT B BUJIE
AT, (I,\° R, Ls Ds (I,\” (Ds\° o
ATs  \Is Rs L, D, \Is D,)

Takwum 06pazoM, MBI PACCMOTPENHN BIAUSHUE KaXKI0r0 (haKkTOpa Mo OTAETHHOCTH,
a Pe3yJbTAThI UX CBEJIEHUsI BOEINHO IIPECTaBIeHb B Tabi. 1 (nosichenue pacaéra)
u 1abu. 2 (uror pacuéra). HanMeHbImei BO Bcex OmMbITAX OKA3aJach TEMIEPATypa
[IEHTPAJIBHOI'O PE3UCTOPA, IIO3TOMY OKOHYATEIbHBIE OTBETHI UMEIOT BT

max{ATl; ATQ; AT3; AT4} — AT5

OTBerhl ¢ y9€TOM yKa3aHHOTO B ycsoBuu oKpyriaeHus: {1200;1200;833;496}.

Taobauma 1

N | ®opmystst OTHOCUTETHHBIE TTOBBIIIEHUST TEMIIEPATY]D

OIBITA ATy /AT ATy /ATs AT5/ATs ATy /ATs
1| (4)+ (6) 11214 10214 52.14 4214
2 |4+ (M 11%2.13 10%-13 52.13 4%.13
316 | @G E®E-60) -G G-
41 e+ @G @668 -3 3 -®°

Tabuauma 2

N | ©opmyast IIpesbrmennst, MK
OIIBITA ATy | ATy | ATs | ATy
1| (4)+ (6) | 1210 | 1000 | 250 | 160
2 | (4) 4+ (7) | 1210 | 1000 | 250 | 160
3| () + (6) 597 | 669 | 843 | 453
4 1 (5)+ (7 119 | 268 | 506 | 362
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3anaya 6. Kocmuueckuii jryd
PaccmorpuM mpesiomsieHre Jyda B MpOM3BOJIbHOI Touke E Ha paccrosauu R
or nearpa O rymannocru (puc. 6). [lycTb nq u ne — HoKa3aTeaU MPEJOMIICHUS
COOTBETCTBEHHO CHAPYKU U BHYTPU CHEPUUECKON IPAHMILI pas3zea BOJU3U Heé
(B citydae HEIPEPHIBHON 3aBUCUMOCTH HIOKA3aTe sl IPeIoMIeHus oT R 3navenus nq
1 ng 6yayT GECKOHETHO BIM3KY, U3-32 Uero JIyd Gy1eT OTKIIOHSIThCS [IJIABHO, HO HAM
910T (PaKT JaXKe He TOTpebyercsi), Toraa 3akoH CHesuta uMeer BUJ

N1 Sin a; = no sin oo, (8)

r7e a1 U (ig — YIJIBI MAJEeHUs] U TPEJTOMIEHUS COOTBETCTBEHHO.

IIycre £1 u £ — paccTosHHUST OT TEHTPA
TYMaHHOCTH JI0 IIPOIOJIXKEHUS TTAJAIOIIEro JIy-
Ya U J0 IPEJOMJIEHHOIO JIy4a COOTBETCTBEH-
HO, TOI'JIa U3 IPAMOYTOJbHBIX TPEYTOJLHUKOB
CJIEIYIOT COOTHOIIIEHUST

a1

. 4 . 12
sina; = = u sinag = =
R R’
MOCJIE TTOICTAHOBKY KOTOPHIX B 3aKOH MPEJIOM-
Jiernus (8) moJlydaeM MHBAPUAHT

nil1 = nals. Puc. 6

HanomunMm, 910 HHBAPUAHTOM HA3BIBAETCS BhIPaKeHUe, (hOPMATBLHO 3aBHUCSIIIES
OT HECKOJIBKUX MMEPEMEHHBIX, HO (DAKTUYIECKH COXPAHSIIONIEe TOCTOSTHHOE 3HAYUCHIE
[IpY HEKOTOPBIX yCIOBUAX. B TAHHOM Ciiydae OCTAETCs MOCTOSHHBIM TPOU3BEICHIE
oKa3aTeas TPeJOMJIEHUST B HEKOTOPOM TOYKE TPAeKTOPHUM JIyda Ha PACCTOSHUE
OT TIEHTPa TYMAHHOCTHU J0 KacaTeJIbHON K TPAEKTOPHN JTydIa B ITOM TOUKe.

[IpumenuM mosIy4eHHBIN NHBAPUAHT K JBYM TOYKAM — BJIAJU OT TyMaHHOCTU
(B Bakyyme n = 1) U HA MUHMMAJBHOM PACCTOSIHUM OT €€ TIEHTDA:

H
1-H=ng-D, OTKYZIa nOZB.
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3amaya 7. OgHopa3oBasi ugeajibHasl JIMH3A
Yro6bl BCe MAIAOIINE JIY YU TIOCJIE TPOXOK- y
JIeHUsI JIMH3BI TIEPECEKINCh B OMHOM TOUke F, H

Y HUX JIOJI2KHBI GBITH OJJTHAKOBBIE ONITHIECKUE
nnumHbL yTel. BeméM mokaszamuyto Ha puc. 7
cucreMy koopamaar Oxy W 3alUIIeM paBeH-
CTBO ONTUYECKOI JUINHBI IIyTH IPOU3BOIHHOIO
JIyda, TPeJOMUBIIEroCst Ha BBIITYKJION MOBEPX-
HOCTH JIMH3bI B TOYKE C KOOpJIUHATAMHA (T;Y),
U OLITHYECKOH JUTHHBL Iy TH JIy9a, TPOIIEIIero F
BJIOJIb OCH CHMMETDHH JIMH3BL:

Puc. 7
no(H-y)+1-Va?+ (y+ 2=n-H+1-f

OTKY/da II0CJIe YIIPpOIIECHU:A II0JIydaeM KBa/JIpaTHOE€ YPpaBHEHUE

(n? =1y +2f(n—1y—a2=0,

IOJIOZKHUTEJIbHOE (OCIV[bICJ'IGHHoe) pemeHrue KOTOPOro uMeeT BUT

ITpumeuanmne. [Ipegnaraem duraTessiMm caMOCTOSITEBHO MOyMaTh HAJ, CJIe-
JaytommMu Borrpocamu. Kak Ha3bIBaeTcst HallJIeHHAsT HAMHU MaTeMaTudeckas (hopMa
BBIMTYKJIOH TOBEPXHOCTH JINH3BL B ipocTpancTBe? [louemy 0OBITHO HCITOIB3YIOT cde-
pUYecKue JINH3bI, XOTs U3 HAIIEero PEIIeHns CAEeIYeT, 9TO I UIAJTbHOCTH JTUH3bI
MOBEPXHOCTD JIOJIZKHA UMeTh He cdheprudeckyio ¢popmy? [logemy B TeKCTE 331291 MBI
HaMEPEHHO He WCIOJIb30BAJIM TEPMUHBL «(POKYC», «(DOKYCHOE PACCTOSTHUE» U «OTI-
TrdaecKast cuitay ! [lonckaska cofmepKUTcst B Ha3BaHUH 3aa91. (2)
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Crapmag Jjura

3amauya 1. lleuTp macc 3arpyxxkaemoii mrardopmsbl
Cwm. 3aza. 1 mur. jurn.

3amauva 2. Packpy4ynBaHne PEe3MHOBOrO KOJIbIIA
CM. 3ad. 2 MJI. JIATH.

3anaya 3. HeomHopoaHbIii MUAMHID
CM. 3a4. 3 MJI. JIATH.

3amaya 4. AnuabaTHoe IajieHne TSI2KEJIOro IMOPIITHS
IIycre m — macca nopimssi, S — ILIOIIA/Ib [OIEPEYHOrO CeYeHUs! IUJINHIPA,
TOr/Ia 3aKOH COXPAHEHUs] SHEPIUM M yPAaBHEHME anuabaThl ¢ MOCTOsTHHOH ¥ = 5/3
71 OJTHOATOMHOTO T'a3a MMEIOT B,

3 3
§POSHO +mgHy = ipmaxSHmin + mgHmnin,

PO(SHO)’Y = Pmax(SHmin)’y'

I/ICHOJHDByH BBe,ZLéHHbIe B yCJI0BUHA 6e3pa3l\leprIe HCKOMBI€ ITapaMeTPbl 1 U3BECTHOE
saavenue ¢ = PyS/(mg), npeobpasyeM 9TU ypaBHEHHUs K BUAILY

Seph—1)=1-h, (9)
p=h". (10)

IToncranoska Beipazkenus (10) u 3HaveHus 7y B paBeHCTBO (9) HaéT HelMHENHHOE

ypaBHEHUE

Seh 1) =1-h,

KOTOPOE MOZKHO PEITUTh MPUOIMKEHHO, €CJIN yIeCTh, 9T0 h < 1 mpm ¢ < 1, To ecThb
[TOCJIEIHAM BXOXKJIEHUEM h MOXKHO IIpeHeOpedb M HAfTH IEePBbI OTBET:

o\ 3/2
he (=22} ~18-10-2,
243
C nomoripio ypasHenust (10) HaxouM BTOPOii OTBET:
5/2
243
pa (ﬂ) ~ 3,810
3¢

Tpernit orBer HaitnéM u3 ypaBHeHus Menneneesa-Knaneitpona, 3anucas ero yepes
OTHOCHUTETbHBIE TTAPAMETPHI Ta3a:

18 XXIX Meoicoynapodnasn orumnuada <« Tytmaadas

3anada 5. Harpes sjiekTpomocTa
CM. 3ad. 5 MJI. JIATH.

3anauya 6. Kocmuueckuii jtyd
CM. 3ax1. 6 MJI. JIUTH.

3amaya 7. OgHopa3oBasi ugeaibHasl JIMH3A
CM. 3a74. 7 MJI. JIATH.

3anaua 8. IIpoBosiounblii Ky6

O6o3HaunM gepe3 M B3aMMHYIO WHIYKTHUBHOCTD JBYX IIPOBOJIOYHBIX KOHTYPOB,
PACIIOJIOXKEHHBIX BJI0JIb PEOED JIBYX CMEXKHBIX I'paHeil Kyba, a 4epex 1m — B3aNMHYIO
MHJIyKTHUBHOCTbH JIBYX ITPOBOJIOYHBIX KOHTYPOB, PACIIOJIOKEHHBIX BJIOJIb PE0ED IBYX
IPOTHUBOIIOJIOXKHBIX TPaHeil Kyoa.

Ilpumeuanue. B3anvuas WHIYKTUBHOCTD — 3TO KOI(PMUIHEHT ITPOIIOPITHO-
HaJIbHOCTHU MEXKJIy MAarHUTHBIM IIOTOKOM B OJIHOM KOHTYDE U CHJION TOKa B JPYTOM.

Ectb nycturh TOK 10 YeThIpéM pébpaM oJ1HO# rpaHu Kyba, TO MarHUTHBIA I10-
TOK, BXOJSAIHUiA B KyO 4Yepes 3Ty rpaHb, OyIeT paBeH CYMMapHOMY MarHUTHOMY
ITOTOKY, BBIXOMAIIEMY U3 Ky0a Uepe3 deThbIpe CMEXKHBIE FDAHU M OJHY MPOTHBOIO-
JIOXKHYIO, OTKYJa TOJIyIaeM [IEPBOE COOTHOIIEHNE MEXKTY UHIYKTUBHOCTSIMUA:

L41 =4M + m. (11)

Ecrs mycrurs TOK 1o mectu pébpamM JBYX CMEXKHBIX I'paHeil Kyba, TO Mar-
HUTHBIA MMOTOK, BXOJAIIHUI B Ky0O Wepe3 9TOT KOHTYD, OyJIeT paBeH CyMMapHOMY
MarHUTHOMY MOTOKY, BBIXOJSIEMY 13 KyDa uepe3 JeThipe OCTABIINECS TPAaHMU, JIBe
73 KOTOPBIX SIBJISIOTCS CMEXKHBIME C KayKJIOM U3 JByX T'paHeil, 00pa3yIonmxX KOH-
TYD, & KaXKJas U3 ABYX JAPYTUX SBJSIETCS CMEXKHOHM ¢ OJHON m3 rpamHeil, obpa3yio-
X KOHTYD, U IPOTUBOIIOJIOXKHON JIpYIoif, OTKY/1a II0JIydaeM BTOPOe COOTHOIIEHNE
MeXKJy UHIYKTUBHOCTSIMU:

Leo = 2(M + M) + 2(M +m) = 6M + 2m. (12)

Ipumeuanue. MoxKHO TONTYyIUTH TO Ke caMoe cooTHomerne (12) mo-pyromy:
MBICJIEHHO JTOOaBUM J[Ba, TTPOTUBOIIOJIOXKHO HATPABJIEHHBIX TOKA TOHM 2Ke caMoil cu-
Jo#t I Bob 0b1Iero pebpa IByX rpaHeii, 00pa3yolux PacCMaTPUBAEMbI KOHTYD,
TOIJIa €ro MOYKHO Pa30uTh Ha JiBa KOHTYPA, KayKJIbIl U3 KOTOPBIX J00aBJIsIeT Mar-
HUTHBINA TOTOK L4711 depe3 cebst v BRIYUTAET MarHUTHBIN oToK M I wepe3 BTOpOIi
KOHTY], U3 9er0 MOXKHO 3aIliCaTh PABEHCTBO

L52 = 2(L41 — 2]\/[) =6M + Qm,

KOTOpOE COBIAET ¢ cooTHOIeHneM (12) mocse mocTaHoBKH BhipazkeHns (11).
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Pemast ypasrenust (11) u (12) coBMecTHO, HAXO MM B3aUMHBIE WHJIYKTHBHOCTH:

L
M = L41 — %, m = 2L62 - 3L41. (13)

Boipazum kaxxaymo m3 UCKOMBIX WHIyKTuBHOCTEH Lgg m Lgg obomMu mokas3aH-
HBIMU BBIIIE CII0co6aMu (3amacHoil criocob — paJiu HHTepeca u JJisk CAMOIIPOBEPKH ):

Les = 3(2M +m) = 6M + 3m,
Loz = 3(Lay — 2M) = 6M + 3m,
Ls3 =2-3M + (2M +m) = 8M + m,
Lgs = 3Lay — 2M — 2(M +m) = 8M + m.
IMocse nopcranosku coorHomrennit (13) moaygyaeM nepBbie j1Ba OTBETA:
Lgs = 6M +3m = 3Le2 — 3L41,
Lgs =8M +m = 5L4; — 2Lgo.
B Tperpem myHKkTe 3371291 BEIPA3UM MATHUTHBIN MIOTOK 9€pe3 BTOPOU KOHTYD
O =mlI(t) = mlycoswt
7 HafiéM TokazaHus BoJabTMeTpa depe3 DJ1C umykum:

Ult)=¢&= —® = wmlysinwt = w(2Lg2 — 3L41)Io sin wt.

n
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Junior league

Problem 1. Mass center of loading platform
The platform of mass M = 2000 kg and length L = 80 m moves without friction
with initial speed vg = 1 m/s. When the platform had already passed the loading
hatch by 3/4 of its length, it opened and crashed stone began falling of it with
a flow rate of u = 100 kg/s. After hatch opening, find the velocity v.(t) of its mass
center (time dependence) for the system with the platform and falling crushed
stone. Give the answer in general form and for the indicated numerical data.

Problem 2. Unrolling the rubber ring
Thin rubber ring with density p = 1500 kg/m® was placed on a rough cylinder
of a slightly larger diameter, so that the ring was stretched and the mechanical
stress T' = 6 kPa appeared in it. To what maximum linear speed v can the ring be
spun by rotating the cylinder around its axis? Other bodies do not interact with
the ring.

Problem 3. Inhomogeneous cylinder
An inhomogeneous cylinder of radius R was initially resting on a horizontal
plane, touching it along its generatrix, near the position of unstable equilibrium.
The maximum speed of the cylinder axis during its subsequent movement was vy.
Find the dependence of the speed v of the cylinder axis on its horizontal
displacement z, as well as the maximum acceleration ag of the cylinder axis. There
is no slippage or rolling friction.

Problem 4. Heating by balls

Water with total heat capacity C is in the calorimeter at temperature Ty =
= 20°C. There are some number of identical balls with temperature T'= 80°C and
total heat capacity Co = 0.1C7. One ball is placed in the water, the thermodynamic
equilibrium is established, and the ball is taken out, after which the process is
repeated with another similar ball. When placing which ball in number will the
water temperature cross X = 50°C? Heat capacity of the calorimeter and heat
losses should not be taken into account.
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Problem 5. Heating of the electric bridge

From different pieces of nichrome wire, covered
with the same insulation of the same thickness, five
resistors were made, connected them in a bridge
circuit (fig. 8) and connected them to a constant
voltage source. In each of the four experiments
described below, find the difference between the
maximum and minimum temperatures of the Fig. 8
resistors, if the temperature of the central resistor at the same time moment
was higher than the room temperature by AT; = 10 mK. As an answer, indicate
numerical values rounded up to a whole number of millikelvins.

1. Diameters of all pieces of wire are the same, and lengths are proportional to
resistor numbers. All temperatures are measured in small time after the circuit is
closed.

2. Diameters of all pieces of wire are the same, and lengths are proportional to
resistor numbers. All temperatures are measured after long time after the circuit
is closed. o

3. Lengths of all pieces of wire are the same, and diameters are proportional to
resistor numbers. All temperatures are measured in small time after the circuit is
closed.

4. Lengths of all pieces of wire are the same, and diameters are proportional to
resistor numbers. All temperatures are measured after long time after the circuit
is closed.

Problem 6. Cosmic Ray
Light beam from a distant star passes through the gas-dust nebula whose
refractive index is a function only of the distance to the center of nebula. If there
were no refraction, then the ray would pass at a distance H from the center of
nebula, but because of refraction, it passed at the minimum distance D from this
center. Find the refraction index ng at closest point on the path of the light beam
to the center of nebula.

Problem 7. A disposable ideal lens

On the flat surface of a plano-convex lens made of glass with a refractive
index n = 1.5 and placed in air, a parallel beam of rays falls along the normal.
Determine the shape of the convex surface of the lens, if the flat one has the shape
of the disc with radius R = 0.5 m, and all the rays refracted by the lens have
passed through one point F' located at distance f = 1 m from the point O of the
lens closest to it. As an answer, indicate the thickness H of the lens (the maximum
distance from a point on a convex surface to a flat surface).
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Senior league

Problem 1. Mass center of loading platform
The platform of mass M = 2000 kg and length L = 80 m moves without friction
with initial speed vg = 1 m/s. When the platform had already passed the loading
hatch by 3/4 of its length, it opened and crashed stone began falling of it with
a flow rate of u = 100 kg/s. After hatch opening, find the velocity v.(t) of its mass
center (time dependence) for the system with the platform and falling crushed
stone. Give the answer in general form and for the indicated numerical data.

Problem 2. Unrolling the rubber ring
Thin rubber ring with density p = 1500 kg/m® was placed on a rough cylinder
of a slightly larger diameter, so that the ring was stretched and the mechanical
stress T' = 6 kPa appeared in it. To what maximum linear speed v can the ring be
spun by rotating the cylinder around its axis? Other bodies do not interact with
the ring.

Problem 3. Inhomogeneous cylinder
An inhomogeneous cylinder of radius R was initially resting on a horizontal
plane, touching it along its generatrix, near the position of unstable equilibrium.
The maximum speed of the cylinder axis during its subsequent movement was vy.
Find the dependence of the speed v of the cylinder axis on its horizontal
displacement z, as well as the maximum acceleration ag of the cylinder axis. There
is no slippage or rolling friction.

Problem 4. Adiabatic fall of a heavy piston

A heavy piston begins an adiabatic fall in a vertical cylinder filled with a
monatomic ideal gas (vacuum above the piston). The ratio of the initial force of
gas pressure on the piston to the gravity of the piston is a small value ¢ = 0.01.

1. Estimate the ratio h = Hupin/Ho of the minimum height Hy,i, of the piston
above the vessel bottom to the initial height Hy.

2. Estimate the ratio p = Ppax/Po of the maximum gas pressure P,y in the
cylinder to the initial Py.

3. Estimate the ratio ¢ = Tinax/To of the maximum gas temperature Tiax in
the cylinder to the initial Tj.
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Problem 5. Heating of the electric bridge

From different pieces of nichrome wire, covered
with the same insulation of the same thickness, five
resistors were made, connected them in a bridge
circuit (fig. 9) and connected them to a constant
voltage source. In each of the four experiments
described below, find the difference between the
maximum and minimum temperatures of the Fig. 9
resistors, if the temperature of the central resistor at the same time moment
was higher than the room temperature by AT; = 10 mK. As an answer, indicate
numerical values rounded up to a whole number of millikelvins.

1. Diameters of all pieces of wire are the same, and lengths are proportional to
resistor numbers. All temperatures are measured in small time after the circuit is
closed.

2. Diameters of all pieces of wire are the same, and lengths are proportional to
resistor numbers. All temperatures are measured after long time after the circuit
is closed. o

3. Lengths of all pieces of wire are the same, and diameters are proportional to
resistor numbers. All temperatures are measured in small time after the circuit is
closed.

4. Lengths of all pieces of wire are the same, and diameters are proportional to
resistor numbers. All temperatures are measured after long time after the circuit
is closed.

Problem 6. Cosmic Ray
Light beam from a distant star passes through the gas-dust nebula whose
refractive index is a function only of the distance to the center of nebula. If there
were no refraction, then the ray would pass at a distance H from the center of
nebula, but because of refraction, it passed at the minimum distance D from this
center. Find the refraction index ng at closest point on the path of the light beam
to the center of nebula.

Problem 7. A disposable ideal lens

On the flat surface of a plano-convex lens made of glass with a refractive
index n = 1.5 and placed in air, a parallel beam of rays falls along the normal.
Determine the shape of the convex surface of the lens, if the flat one has the shape
of the disc with radius R = 0.5 m, and all the rays refracted by the lens have
passed through one point F' located at distance f = 1 m from the point O of the
lens closest to it. As an answer, indicate the thickness H of the lens (the maximum
distance from a point on a convex surface to a flat surface).
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Problem 8. Wire Cube

Thin wire is laid along the edges of the cube in various ways and current is
passed through it. The inductance of closed circuit with four edges belonging to
one face is equal to L4;. The inductance of a closed-circuit with six edges belonging
to two adjacent faces is equal to Lgo.

1. Find the inductance Lgs of a closed-circuit with six edges belonging to three
pairwise adjacent faces.

2. Find the inductance Lgz of a closed-circuit with eight edges belonging to
three faces, two of which are parallel to each other, and the third is adjacent to
each of the other two.

3. Two closed wires are laid along the edges of two opposite faces. An alternating
current with a power I(t) = Iy coswt flows through one wire circuit. An ideal small
voltmeter is inserted into the other wire loop. Find the time dependence U(t) of
the voltmeter.
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Possible solutions

Junior league

Problem 1. Mass center of loading platform
The horizontal components of all external forces acting on the system are equal
to zero. The interaction between platform and falling crushed stone is internal to
the considered system. So it cannot affect the coordinate z. of the system’s center
of mass. Hence, z.(t) dependence can be found in the absence of this interaction,
assuming that the crushed stone falls to the ground, and the platform moves with
constant speed:

M- (L/A+wvot) +pt-0 L 1+dvot/L

t) = =20
ze(t) M+ pt 1 1+ pt/M o

Note that when substituting the values into the general formula, time ¢ was reduced
due to the completion of the relation between numerical data: uL = 4Mwvg. In that
case, the platform with crushed stone will move, and the center of mass will be at
rest. In general case, we find the desired speed through the coordinate derivative:

Problem 2. Unrolling the rubber ring

By rotating the cylinder, it is possible to N
accelerate the ring in the presence of a non-zero g —
friction force, which requires a non-zero force N IS m Is
of the normal reaction of the cylinder acting on
a small arc 2a of the rubber ring (fig. 10). Let

R be the radius of the cylinder, S — the cross-
sectional area of the rubber band forming the ring.
Then the Newton’s second law for the arc under
consideration, having the mass m = p- S - 2aR, in
projection onto direction of centripetal acceleration Fig. 10

takes the form

,02

m-E:2~TS-sina—N%2TSa—N.

The maximum speed is reached at N = 0, from which, after substitution for m, we

get the answer:
T
v=4/—=2m/s.
P
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Note. We invite readers to think about the possible reasons for the similarity
of the obtained result with the formula for the sound wave velocity.

Problem 3. Inhomogeneous cylinder
1. There is no movement along the axis of the Y
cylinder and no forces act, so it reduce the problem
to a plane one. Let us place the origin of the Oxy
(fig. 11) coordinate system at any point in the
straight line along which the cylinder and the plane
touched at the initial moment. If the center of mass
of the cylinder were on its axis, then the equilibrium
position would be indifferent and not unstable. This O
means that the center of mass is located at some
distance r. > 0 from the axis of the cylinder, and
at the initial moment, it was located above the axis.
2. To calculate the kinetic energy of a cylinder, let’s mentally divide it into
many small pieces, numbered with the letter i:

B =37 5 (e +vi0)” + (g 0)?). (14)

where v¢, and v, — are the corresponding velocity projections of the center of
mass, vy, and v;, — velocities projections of the corresponding pieces with masses
m; in the center-of-mass system. Let’s expand the brackets in the formula (14):

e
E= Z 72(113 + 07 + 20epViz + 2eaViz),s (15)
7

where the relations v = v2, + v2, and v} = v, + v;, are used. In the center of

mass system, the total momentum is zero:
Pe= M =0,  py=>3 muvy =0.
i i
Considering these relations, we transform the expression (15):
E:Z%(vz—kv?). (16)
i

One could immediately write this relation by referring to Koenig’s theorem. In
the center of mass system, the cylinder rotates around its axis, hence, v; = wry,
where w — angular velocity, r; — distance from the corresponding piece to the
axis. The cylinder does not slip, so w = v/R. Substitute the formulas v; = vr;/R
u v, = vr./R into the expression (16):

B () () 4
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where A — constant depending only on the mass distribution of the cylinder.

3. Let ¢ be the angle between the direction to the center of mass and the
vertical (fig. 11). In an arbitrary position, due to the absence of slip, the relation
¢ = x/R can be written (up to an unimportant multiple of 27). From the energy
conservation law

E+W = Av? + Mgrcosp = 0+ Mgr = const

let’s express the speed:

bl = 240 = con) = 2 i = in (57

The axis of the cylinder will oscillate so that = € [0; 27 R]. In different half-cycles,
the speed will have a different sign for the same x, that is, the dependence v(z) is
ambiguous:

v = Fpsin (%) , x € [0;27R].

4. The sign of the speed does not affect the value of the maximum acceleration,
therefore, for certainty, we choose «+» and express the acceleration::

oy = Do SRS siny) _ 2sin () cos (558%)
At At At

~ i (57) = 3 om () () = e ().

Hence, we find the maximum acceleration ag = v3/(4R).

n
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Problem 4. Heating by balls
From the heat balance equation when the first ball is placed

Ci(Ty —Ty) = Co(T —Th)
find the new equilibrium temperature:

ClTO 4+ CT

T =
! Ci+Cs

This expression has the expected form of the weighted average (we come across
this form in a variety of situations, for example, similarly, bodies velocity after an
absolutely inelastic impact is found, coordinate of the center of mass of the system,
average density, etc.). (adding each ball brings the water temperature closer to T).

Let T}, be the equilibrium temperature after placing the n-th ball (note that
the Ty notation introduced in the problem statement fits perfectly into this
system), AT,, = T —T,, — difference between equilibrium temperature and limiting
temperature, then the heat balance equation can be rewritten in the form

C1(AT,_1 — AT,) = Co(AT,, — 0),

from where we find the recurrence relation

4
AT, = AT, _q,
Cy+ Cy 1+ Cs !

i.e. the sequence AT, forms a geometric progression:

— Cl "
sty (50 ) am

The desired number of the ball — is the smallest integer value n, under which
the condition is satisfied

Ch "
<—C1+C2) (T —To) <T -1y,

which is equivalent to the inequality

(T Ty
"7, In2

" (1L G T
@

So the final answer is: n = 8.



Physics. Theoretical competition. Solutions 29

Problem 5. Heating of the electric bridge

Denote by Iy, Is, I3, I and I5 the currents
flowing through the corresponding resistors, and we
will assume that the directions indicated by arrows
(fig. 12) on the diagram are positive.

It follows from the formula for resistivity that the
resistances of resistors are directly proportional to
their length (the number of the resistor in 1 and 2
points of the problem) and are inversely proportional
to their cross-sectional area (to the square of the resistor number at 3 and 4 points
of the problem).

Kirchhoff’s rules for 1 and 2 points of the problem have the form

L =1+ I,
Iy + I5 = I,
1-I1+5-I5 =4- 14,
5. Is+3-I3=2-1I,

where we find the relationship between the forces of the currents:

I =1115, I, = 1015, I3 =515, Iy, = 41I5. (17)
Kirchhoff’s rules for 3 and 4 points of the problem have the form
I = Ir + I,
Iy + I = I,
L Iy I
TER-Re
Is Is I
5y
where we find the relationship between the forces of the currents:
17 72 909 1184
L1 =—— -1 Ih=—— "1 Ii=——-1 Ij=——7-—-1I5. (1
1 55 5 2 55 5 3 275 5 4 275 5 ( 8)

If the temperature measurement is made after a short time after the circuit
is closed (points 1 and 3 of the task), then we can neglect the heat losses and
assume that the entire amount of heat released is used to heat the wire, whose
mass depends linearly on the length L, and quadratically on the diameter D,
therefore, the temperature increase AT, of the resistor R, has the form

I’R
AT, =k n- 7
n 13 LnD%’
where ki3 — coefficient of proportionality. Taking into account the known

value AT}, it is convenient to write the same result in the form

ATy _ (I Ba Ls (Ds\*_ (In\* (Ds\' 19)
ATs  \Is Rs L, \D,) \I D,)
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If the temperature measurement is performed after a long time after the circuit
is closed (paragraphs 2 and 4 of the task), then the AT, excess of the R, resistor
temperature above the environment will be determined by the equality of the heat
release and heat transfer powers, which is proportional to the surface area of the
wire (length L,, and diameter D,,) and AT,,, whence we get the expression

I’R
AT, = koy - 21
n 24 LnDn 9
where koqy — proportionality coefficient. Considering the known value ATj, it is
convenient to write the same result in the form

AT, _ (I\* B Ls Ds _(L)\* (D5’ 20)
ATs  \Is Rs L, D, \Is D, )

Thus, we considered the influence of each factor separately, and the results of
their combination are presented in table 3 (calculation explanation) and table 4

(calculation summary). The temperature of the central resistor turned out to be
the lowest in all the experiments, so the final answers have the form

max{ATl; ATQ; AT3; AT4} — AT5

Answers taking into account the rounding specified in the condition:
{1200; 1200; 833; 496} .

Table 3
N | Experiment Relative temperature exceeding
formulas ATl /AT5 ATQ/AT5 ATg/AT5 AT4/AT5
1| (17) + (19) 11214 10%-14 52.14 4% .14
2 | (17) + (20) 11%2.13 10%-13 52.13 4%.13
2 4 2 4 2 4 2 4
3108 +19) | () () [ FE)-6G) |G G | &) -G)
2 3 2 3 2 3 2 3
4108 +20) | () -G [ E) -6 |G @) | Gs)-G)
Table 4
N | Experiment Exceeding, mK
formulas ATy | ATy | ATz | ATy
1 | (17) + (19) | 1210 | 1000 | 250 | 160
2 | (17) + (20) | 1210 | 1000 | 250 | 160
3 | (18) + (19) 597 | 669 | 843 | 453
4 | (18) + (20) 119 | 268 | 506 | 362
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Problem 6. Cosmic Ray

Consider the ray’s refraction at an arbitrary point E at distance R from the

center O of the nebula (fig. 13). Let n1 and ng be the refractive indices outside and

inside the spherical interface near it, respectively (in case of continuous dependence

of the refractive index on R, the values n; and no will be infinitely close, because

of which the beam will deviate smoothly, but we don’t even need this fact), then
Snell’s law is

n1 sin o = ng sin aa, (21)

where o and as — are the angles of incidence and refraction, respectively.

Let ¢1 and 45 be the distances from the
center of the nebula to the continuation of
the incident ray and to the refracted ray,
respectively,

then, from the right triangles, the next
relations follow

: b q . Ay

sinay = an sinas = —,
after substituting them into the law of
refraction (21) we get the invariant

Fig. 13

’I’Llél = n2€2.

Recall that an invariant formally depends on several variables, but actually
retains a constant value under certain conditions. In that case, the product of the
refractive index at some ray’s trajectory point by the distance from the nebula’s
center to the tangent to the ray trajectory at this point remains constant.

Let us apply the resulting invariant to two points — far from the nebula (in
a vacuum 1 = 1) and at the minimum distance from its center:

H
1-H=mng-D, from where ng = D
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Problem 7. A disposable ideal lens
In order for all incident rays to intersect Y
at one point F' after passing through the lens, H +
they must have the same optical path lengths.
Let us introduce the coordinate system Oxy M
shown on fig. 14 and write the equality of ‘
the optical path length of an arbitrary ray o R z
refracted on the convex surface of the lens at
the point with coordinates (x;y) and the ray’s
optical path length passing along the axis lens F
symmetry: F

ig. 14
n(H—y)+1-V22+ W+ f2=n-H+1 f
whence, after simplification, we get the quadratic equation
(n® =1y +2f(n—1)y—2? =0,

positive (meaningful) solution of which has the form

_f (n+1)z2
y_n+1 < 1+(n—1)f2_1>'

The desired value H — is the value y at the point x = R, from which the answer

follows:
f (n+1)R?
H = 1+4~———-1]=02m.
n+1 +(n—1)f2 0.2 m

Note. We invite readers to think for themselves about the following questions.
What is the name of the mathematical form of the convex surface of a lens found
by us in space? Why are spherical lenses commonly used when our solution implies
that the surface must be non-spherical in order for the lens to be ideal? Why didn’t
we deliberately use the terms «focus», «focal length» and «optical power» in the
text of the problem? It contained the hint in the task name. ©




Physics. Theoretical competition. Solutions 33

Senior league

Problem 1. Mass center of loading platform
Cwm. 3aza. 1 mun. jurn.

Problem 2. Unrolling the rubber ring
CM. 334, 2 MJI. JIATH.

Problem 3. Inhomogeneous cylinder
CuM. 3ad. 3 MJI. JIUTH.

Problem 4. Adiabatic fall of a heavy piston
Let m be the mass of the piston, S — the cross-sectional area of the cylinder.
Then the energy conservation law and the adiabatic equation with constant y = 5/3
for a monatomic gas have the form:

3 3
§POSHO + mgHO - §PmaxSHmin + mgHmin7

PO(SHO)’Y - Pmax(SHmin)’y-

Using the dimensionless desired parameters introduced in the condition and the
known value ¢ = PyS/(mg), we transform these equations to the form

ggo(ph —1)=1—h, (22)

p=nh". (23)

Substituting the expressions (23) and the values of + into the equality (22) we get
following nonlinear equation

gw(h‘”:” —1)=1—h,

which can be solved approximately considering that h < 1 for ¢ < 1, that is the
last occurrence h can be neglected and we can find the first answer:

N\ 3/2
(3¢ ~1,8-1073.
243

Using the equation (23), we find the second answer:

5/2

243

p%( + ‘0> ~3,8.10%
3¢
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We find the third answer from the Mendeleev-Clapeyron equation, writing it in
terms of the relative parameters of the gas:

24 3p

t=ph=
P 30

~ 67,7.

Problem 5. Heating of the electric bridge
CM. 3a4. 5 MJI. JIATH.

Problem 6. Cosmic Ray
CwM. 3aa. 6 MJI. JIArH.

Problem 7. A disposable ideal lens
CM. 3a74. 7 MJI. JIATH.

Problem 8. Wire Cube

We denote through M the mutual inductance of two wire contours located along
the edges of two adjacent faces of the cube, and through m the mutual inductance
of two wire contours located along the edges of two opposite faces of the cube.

Note. Mutual inductance is the coefficient of proportionality between the
magnetic flux in one circuit and the current strength in the other.

There is a current on four edges of one face of the cube, then the magnetic
flux entering the cube through this face will be equal to the total magnetic flux
exiting the cube through four adjacent faces and one opposite, where we get the
first relationship between inductances:

L41 =4M + m. (24)

If the current is passed along six edges of two adjacent faces of the cube, then
the magnetic flux entering the cube through this circuit will be equal to the total
magnetic flux. The magnetic flux exits the cube through the four remaining faces,
two of which are adjacent to each of the two faces that form the contour, and each
of the other two is adjacent to one of the faces that form the contour, and opposite
to the other, from where we get the second relation between the inductances:

Lez = 2(M + M) + 2(M +m) = 6M + 2m. (25)

Note. It is possible to get the same (25) in other way: let us add two oppositely
directed currents with the same force I along the common edge of two faces that
form the considered contour. Then it can be divided into two circuits, each of
which adds the magnetic flux L4 I through itself and subtracts the magnetic flux
M through the second circuit. From here, we can write the equality

L52 = 2(L41 — 2]\/1) =6M + 2m,
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which matches (25) after substitution of (24).
Solving the equations (24) and (25) together, we find the mutual inductances:

L
M = L41 — %, m = 2L62 - 3L41. (26)

Let’s express each of the desired inductances Lgz and Lgs in both ways shown
above (the fallback method — for the sake of interest and for self-testing):

Lgs = 3(2M 4+ m) = 6M + 3m,
Lgs = 3(L41 — 2]\/[) =6M + 3m,
L83:23M+(2A1+m) =8M + m,
Lgz = 3L41 —2M — 2(]\/1 + m) =8M + m.
After substituting the (26) relations, we get the first two answers:
Lgz = 6M + 3m = 3Le2 — 3L41,

L83 =8M +m = 5L41 — 2L52.

In the third paragraph of the problem, we express the magnetic flux through
the second circuit
O =mlI(t) = mlycoswt

and find the readings of the voltmeter through the induction EMF":

Ut)=¢6= —® = wmlysinwt = w(2Le2 — 3L41)Io sin wt.



