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NPEAUCIOBHUE

Peilene 3amauy cocTaBAsieT HEOTHEMAEMYIO HACTh [MOJIHO-
LIEHHOTO H3YUeHHsA (QU3HKHM Ha JIIoOOM yPOBHE — OT HepBOHa-
YaJIbHOro, WIKO/AbHOrO, BINIOTb O ClNHANbHOrO (PHU3HYECKOro
obpasoBaHusi.

CyauTh O CTeNeHH NOHUMAHHA (U3HYECKHX 3aKOHOB MOMXKHO
110 YMEHHIO CO3HATE/IbHO MX TIPHUMEHATD [UIsl aHAJNH3a KOHKDET-
HBIX (DU3HYECKUX SBJEHWUH, T. €. AAA peuieHHs 3afad. Onbit
npenojaBaHUf MOKAa3biBAET, YTO HAUOOABUIYVIO TPYAHOCTH A/
YUaUHXcsl MPEACTaB/AseT BONPOC «C YEro Hauyartb?», T.e. He
caMo HCNoJAb30BaHHe (DH3HUUYECKHX 3aKOHOB, a HMEHHO BHIGOD,
KaKHe 3aKOHBl M TNOY4eMYy CJAelyeT NPUMEHATh NPH aHaju3e
KaXK[OTO KOHKPETHOTO fIBJEHUS. JTO yMeHHEe BHIGPaTb NyTh
pelleHus 3ajaud, T.e€. YMEHHE OIpeleNHTb, KaKHe HMEHHO
¢uspuecKre 3aKOHBl OINUCHIBAIOT PAacCMATPHBAEMO? SBJEHHE,
KaK pa3 U CBHJETeNbCTBYET O IMIYOOKOM K BCECTOPOHHEM HOHH-
Matnu Qusukd. CKOJbKO pa3 npH npenojaBaHHd HU3UKH H B
IIKOJIe, ¥ B By3e aBTOpaM NPHXOAHJIOCh HaG/MIOAATh, KaK O3Ha-
KomJieHHe OyKBaJbHO C HECKOJbKHMH TEePBHIMH CTPOUKAMHM
MPUBOIUMBIX B 33JaYHHKe DelleHHH [O3BOJAET YUaleMmycs
gosiee UM MeHee YBEpPeHHO MOBeCTH pellieHHe 10 KOHLA Ccamo-
crositesanio. Ho naxe u mocie 3Toro snaunTenabHast 4acTb yda-
U XCS, KAK APABHJO, HE MOXKET OOBACHHTh, TIOYEMY K€ IpHMe-
HeHHe HMEHHO JAaHHOTO (PH3HYECKOro 3aKOoHA NPUBOAMT K NO-
crapaeHHo# uenH. Ilpeogosenno sTux TpyaHOCTEH H NPH3BAHO
NOMOYL TpeasnaraemMoe Tocobue.

Opnako 3T0 He efuUHCTBeHHAas Ledb, KOTOPYIO CTaBHJH
nepen cobol aBropsl. Ilo ux rayGokomy yOeXIeHHIO, AOMKHA
CYUIECTBOBATb M «OBpATHASA CBA3bY MEXKAY pasbupaembiMi
3ajaasamu ¥ (pU3HIECKUMH 3aKoHamu. Karknas safaya po/KHa
JaBaTb IOBOA AJS CePbe3HOTO0 H IJYyOOKOoro, NyCTb HHOrAA
U COBCeM KPAaTKOr'o, pas3roBopa O CYTH (DH3HUECKHX sBJEHHH
H 3aKOHOB.

Msyyaa ¢$u3uKy, ydauipecs HOCTHTalT pas/iH4YHble (QH3H-
YyecKHe 3aKOHBI, OJHH H3 KOTOPBIX OTHOCATCS TOJMBKO K oOlpe-
JeNCHHOMY KPYTY SBJEHHH, HanpuMep MeXaHUUeCKHX, SJCKT-
PHYECKHX, ONTHUECKHX, JpyTHe e ABJsioTcsa (yHAameHTalb-



NPEANCJIOBHE

BEIMY, OOIIMMY A5 BeeX dusuueckux siBnenuii. [as ray6okoro
noHEManusa (U3HKH Heo0XOAHMO YETKOE OCO3HAHHE CTelleHH
OGILOCTH PasAHYHBIX (H3NUECKUX 3aKOHOB, TpaHHL UX HPH-
MEHHMOCTH, HX MecTa B o6uieidl ¢usnyeckod kKapTuHe MHupa.
Bo MHOTHX 3ajayax BCeX Pa3iesioB KHHTH NOKa3sbiBaercs, Kak,
HalipuMep, NPUMEHEHHME 3aKOHA COXpaHEHHUsl SHEPTHH YacTo
nc3BOJIAET DEHINTb 3ajady Hpoile, B3IVISHYThb Ha Hee ¢ GoJee
OOUHX TIO3MLHA H, YTO OCOGEHHO BaXHO, JAeT BO3MOXKHOCTh
HadTH OTBETHI Ha HEKOTOpHE BONPOCH!, Kacaloluecs Tex
ABACHHUH, JJ51 KOTOPHIX HEH3BECTHHI ONHCHIBAIOLWIME HX KOH-
KPETHBIE 3aKOHHI.

Ilpu pemenuyn 3afay HeOOXOZMMO YMEHHE YBEPEHHO IIPH-
MEHSITH 3aKOHBI COXPaHEHHs, HO HAYYHTLCH IpPaBHIBHOMY
IpUMEHEHHIO 3THX 3aKOHOB He TakK npocto. Muorzaa, yeeposan
BC BCEMOT'YUIECTBO (PyHIaMeHTaJbHBIX 3aKOHOB (PM3HKH, ydYa-
Mecs HAYHHAOT NpPUMeHATh MX ¢opmanbHo, Ge3 aHanusa
¢yTH TPOHCXOASIHUX ABJAeHHH. B kHure Ha npHMepe HeEKo-
TOphIX pasbupaeMBbIX 3ajay NOKasaHO, K KaKuM olIMOKam 3To
MoxeT npusectd. B 3ToM oTHOmEHHM OCOGEHHO NOYYMTENbHH
3a4a4H, B KOTODBHIX PAaccMaTpHBAIOTCS CTOJKHOBEHHs YNPYrux
CTEPKHEH.

TakuMm o6pasoM, pelnas (U3HYECKYI0 3aJauy, [ONE€3HO
CTPEMHTBCA HCIOJL30BATh HE KOHKPETHHIE 3aKOHbI, OTHOCS-
myecs K OFpaHHYeHHOMY Kpyry (H3HYecKMX SABJEHHH, a
panbonee obUIHE 32KOHEI, CIIpaBeaJuBLle A5 (GU3HKHN B HEJOM.

Eme 6onee BbicOKas cTeneHb NOHUMaHHA (GH3MKH ONpese-
JfeTcs YMEHHEM HCMOJ/b30BaTh IIPH pelleHHH 3a7ay He TOJALKO
(dbynjaMeHTaJbHble (PU3UUECKHE 3aKOHB, HO H MeTCJ0/]0rHye-
CKYe NPUHLMNEL GU3MKY, TaKHe KaK NPHHLMIBEL NPHYHHHOCTH,
CHMMETPHH, OTHOCHTeJNBHOCTH, 3KBHBAJEHTHOCTH H T, A. Me-
1161b30BaHHE STHX NPHHHUNOB [O3BOJSET B pAle CJydaes
¢pasy KauecTBeHHO IpeicKa3aThb o0WMH Xapakrep paccmar-
pHBAEMOTO $IBJIEHHsl, I[OCJe Yero pelleHue 3ajauyd CBOANTCH
yXe TOJAbKO K YCTAHOBJIEHHIO KONHYECTBEHHBIX COOTHOIUEHHH.
B kauecTBe mpuMepa MOXKHO YyKazaTb Ha HCIO/Mb30BaHHE
NpHILHANA CHMMETPHH B 3ajiauax «MoHeTa HA FOPH30HTANbHOH
nojcTaBKe», «3apsAj BHyTpu nposojauieil chepry, «[IpoBoxa
¥ KJeMMb» H T. J., NIPHHLUUNA OTHOCUTEJLHOCTH — B 33Ja4ax
«Kak onepeauTtsh aBTo0yc?», «B3aumubie NpeBpaillieHHss 37eKT-
poHOB M (POTOHOB» M T. [.

TIponecc pemenust 3ajadyd NOX0X Ha HeGOJbILIOE HCCACHO-
panne. Kak M B HacTosileM HayYHOM HCCICAOBAHMH, 3apaHee
AaJleKo He Bcerja siCHO, KakoH JosKHa ObITh 110C/]€10BaTeb-
HOCTb JEHCTBUM J/isl nonyueHusi pesyabrara. Hukakux yHu-
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BepPCaNbHBIX PEUENTOB AAA 3TOro He cymecrsyer, Heofxo-
JFHMOE YMEHHE INPHXONMT TOJAbLKO B pe3yJbTaTe YNOpHOro
THyAA 0 Mepe HaKOIJIEHHs OfbITa.

Duzuueckuil Mup caoxel, Jlaneko He Bce SIBJACHHS NOAAA-
foTeA KiaaccHpukauun no pasgeiam pusnku. Iostomy nopof we
TAK HPOCTO OTHECTH TY WJH HHYIO 3ajayy K onpeie/IeHioMmy
pasneny. Ho umenHo takue sanaun, Kaxk npaBHJIO, H TIPELCTAR-
JSAT BanboAbIuHIl HHTEPEeC, MOCKOALKY B HHX MOMKHO IIOUYYB-
CTBOBATL €IMHCTBO (DH3HUECKOrO MHPA, YBHIAETh AHAJIOTIHIO
MOKAY COBEPIIEHHO Pa3HBIMH MO cBoel (usHueckoil nprpone
IDJCHUSIME H HafiT OOWHA fA3BIK A1 MX ONHCAHUA.

B npeasnaraemMofl KlHre nojo0Hule 3ajadd oTiHecedb K Off-
peseeHHOMY pasiesy 1o GOpMajabHOMY BHIY HX YCJAOBH:, Ha-
CMOTPS Ha TO, 4TO B NDOLECCe PEIleHUs NPHUXOAUTCS 3aTPATH-
BaTh MaTepuast APYrux pasjesos,

B mpupojuiMelx pemieHuAX 3afad M pasbopax mpuu:
yaeaserca ocofoe BHHMAHHE TeM MOMEHTaM, KOTODBIE JOJiii!
IPUCYTCTBOBATL B MOGOM HCCIEAOBAHH. ITO, BO-MEPELIX
000CHOBAHHLIH BpIOOP HEAJH3aUMH H3YYaeMmoro npoxua”,
130 BMECTO CaMoro SABJEHHSl Mbl BCETA BBLIHYMAEHBl Pac-
CMATPUBATL HEKOTOPYIO YIPOWIEHHYIO MOJE/]Ib, CTPEMACL CO-
XpaHuUTb B Hell camble XapakTepHble, HaHOO/Iee BAXNCHBIE UEHTHI
sieseHsl. Bo-BTOpBIX, 3T0 06A3aTe/qbHOE HCCACROBAHHUE 1iDO-
CTBIX HACTHBIX H TIpeAeIbHBIX CAy4aeB, IS KOTOPBIX OTRET
OYeBUMACH HJH MOMKeT ObIThb [OJy4eH Cpa3y HE3aBHCHMO OT
ofuwero - peimeHua. Od4eHb MOJe3eH TaK:kKe IMOHCK H pasfop
axAJOrH{ ¢ IPYTHMHU 3aja4aMH M SIBJEHUSIMU, a TaKKe cpas-
HeHHe MeTOJOB HX aHaausa.

[Tpu perrenyn 3a7a4 MWHUPOKO HCNOIBb3YIOTCS MPHOIHIKIH-
Hple MeToAul. HacTo HX NpPHUMEHEHHE HEe TOJAbKO ofJaeriaer

elleHye 3a3Jjauy, HO Y IIO3BOJSIET NPEACTABUTH DPE3Y/BLTAT B
Gonee yiao6HOM /A HCCAENOBaHHA BHIe. B HeKoTophlx ciy-
4agx, KOrja mosyyeine Jake NpUOIMKEHHOTO pe3yanrara
CONpSiKEHO ¢ HeOGXOAUMOCTBIO BBIXOZA 34 PAMKH IIPHHATOTO
VPOBHA H3JIOXKEHHSA, HCIOAb3YIOTCA OUEHKH, JAloiiHe KauecT-
BeHHYI0 KapTHHY H 1OpANOK BeanunHel. M, Hakonen, oGpa-
laeTcd BHUMAaHUE HAa BO3MOXKHOCTB PasHLIX IIOJXOJ0B K pe-
IIEHHIO 3aJlauH.

Bce npupegenuble 3/lech 3aaul HCNO/ML30BAMHCh HA YPOKAX
busuki B cnennaqu3HPOBAHHOH ILKOJE-HHTEpHATe IpH Jle-
HUHTPAJICKOM IOCYAapCTBEHHOM YHHBEPCHTETE H B cpeAHef 1iKo-
ne Ne 24 r, Jlemuurpaga. Muorue u3 HHX mOpejnaraiuch
Ha onMMNHajzax LIKOJBHHKOB T'. JIeHHMHIrpaja W Ha CeMHHap-
CKHX 3aHATHAX CO CTYAEHTaMH Ha (PH3HYECKHX (aKyabTeTax




6 TIPEAUCTIOBNE

JIeHHHTpaACKOro FOCYAapCTBEHHOTO YHRBepcHTeTa n Jlennn-
rPajICKOro MeAarorHieCKoro MHCTHTYTA.

Oxkasanoch, UTO HEKOTOPHIE  3aJ44H  MPENCTaBAAlT
onpefeneHHbe TPYAHOCTH Aame AAA CTYAEHTOB-(M3HKOB, He-
CMOTpPS Ha TO, YTO BAS peHieHHs STHX 3aAau, CTPOro ToBOpf,
He Tpebyercs 3HAHMH, BRIXOAALIMX 33 PAMKU WIKOJLHOH Npo-
rpaMMbt Kak 1o (u3nKe, TaKk ¥ M0 MareMaTHke,

Hna Tpetbero usnanus Kumra Oplna wacTHuHo nepepabo-
Tana H AONONHEHA B COOTBEICTBHM C COBPEMEHHLIMH TeleH-
UHMSIMH DasBHTHA METOAOB NPEROAABaHUS (PU3NKH M C YyUeTOM
neficTByloniell nporpaMMbl 110 (H3MKE ANS TOCTYNJIONMX B
BY3bI.

ABropEl HAReTCA, YFO KHHra OKAXKeTCs HOJE3HOR AJisi
V4amiXcs CTapimmMx KAaccoB cpeiHedl IKoAbl, npodeccHo-
HaJbHO-TCXHHYECKHX YYUAULIL M TEXHHKYMOB, a TaKxe LI
npenojasaresiell ¥ CTYACHTOB BY30B.



I. KHHEMATHKA

KunemMaTHKa H3ywaeT «reoMerpuio» ABHMeHHd. UTo Mbl mog 3TUM
yoHHMaeM? «I'eoMeTpHs» ABHMKEHHs — 3TO MaTeMaTHYECKOe OMUCAHHE
JBHXKEHHSA Tea1 0e3 aHasu3a NPHYMH, €ro BL3BIBAOWUX. HApyrumu cio-
paMH, 0e3 BBICHEHHs BOIpPOCA, NOUEMY pacCMaTpHBaeMOe ABHyKEHHE
POUCXOAUT UMEHHO TaK, a He UHAue, YCTAHABIHBAECTCH MAaTEMaTHYCCKOR
COOTHOIIGHHE MEKAY €ro pPa3JUYHBLIMH XapAaKTePHUCTHKAMH, TAaKUMH KaK
nepeMelenne, npodaenubii MyTh, CKOPOCTb, YCKOpEHHE, BpPeMa ABH-
H.eHHUS,

JBiKenne maTepuasbHOd TOYKH BCerja paccMaTpHABaeTCsa B Kakofl -
anbo cucreme orcyera. [losoxenne MaTepuasbHOR TOYKM MOXHO onbe-
NCAHTB, €CAH 3afaTh €e PajgHyC-BEeKTOD 7 MJIH, YTO IKBUBANCGHTHO, TPH
KOODAHHATHl X, Y, 2 — NPOEKLHH PajHYC-BEKTOPA HA OCU JeKapTOBOH
CIICTEMB KOOPAHHAT, JIBHKeHHEe MaTeMaTHYeCKH ONMCAHO IOTHOCTBIO,
eC/IM M3BeCTeH PafHyc-BeKTOp KakK GyHKUHUA BpeMeHH r (f), T.e. H3BeCT-
Hb TPU cKaasipuee dyukuud x (1), y (), 2({). Hanpumep, z1s pasromep-
HOrO JABHXKEHHs, T. €, ABHXEHUA C MOCTOAHHOH CKOPOCTBIO ¥, {yuKUuA
7 {l) nMeeT BUA

r () =ro-1vt, ()
A AJs PaBHOMEPEMENHOro ABHAKEHHS C yCKOpeHueMm @
at?
r(t)=r0+wot—{——2—. 2

B stux dopMmynax £y xapaKTepH3yer HadaJbHOE NOAOKEHUE TOYKH, T. €.
ro=r(Hi—o=r(0), vy — HayanibHadg CKOPOCTH.

[ToguepkueM, 4TO B KHHEMaTHKe YCKODEeHHE CYMTAeTCs 3aZaHuHbiM,
Yeropenne HaXORUTCH AUG0 ONMBITHBIM MyTeM, JHGO PACYETHLIM C MOMO-
HIbIO 3AKOHOB AHHAMUKH, KOr/1a H3BECTHH CHJbI, ONpeleasiomue Xapax-
Tep ABIuKenHus. 3aberas Breped, OTMETHM, uTo ypaBHdetine (1) omuceBaer
ABMMKEHUE MATepUa biioll TOUKH B HHEPUHAABHOH CHCTEME OTCqeTa, eCau
12 TOURY He JAeHCTBYIOT CHJBI (MM BCe JefcTBylomUe CHJIbl ypaBHOBE-
lwuBawTCa), a ypasgenne (2) — ecan AEHCTBYIOUIHE CHUJILI NOCTOSHHBL
B rocaeaneM cayuae ropopar, uTo JBHKCHHE Tesa IPOHCXOAUT B HOCTO-
SRIOM BO BPEMEHH OAHOPOJHOM CHJOBOM moJe. [Ipumepos Takoro moas
MOX T C/IyKUTh HOJAE TATOTEHHS BONH3M TOBEPXHOCTH 3eMJIH NPH yCao-
BHH, 4TO BLiCOTA TeJa Haj NGBEPXHOCTBIO Majj IO CPABHEHHIO C PajHy-
coM 3emsin, Pasymeerca, ABHMXKEHHE TeJa BOJH3H IOBEPXHOCTH 3eMiu
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ONHCHBaETCs YPpaBrenKeM (2) TOIbKO TOTJA, KOIJa MOKHO Be YUHTHBATD
CONPOTHRIIEHHE BO3AYXa.

Hrak, yuruus 7 (f) cogepRuT DOARYI0 undeopMalno o0 KHneMaThxe
ABHMKeHHA TeJa, T. €. OTBET Ha MoBol BONPOC B KMHEMaTHUCCKHUX 3afd-
YaX MOMHO TIOJYYHTh, HCIOAB3YHA TOALKO 3aBHCHMOCTb f (f), Hukaxux
Apyrux ¢H3NYeCKHX 3aKOHOB NPH 3TOM NpHBJIEKaTh He Tpefyercs.
Hanpumep, 3aBHCHMOCTh MTHOBEHIOH CKODPOCTH TOUKM OT BDEMEHH B
OAMOPOAHOM TI0A€e MOXKeT GbiTh To/yyena 3 cooTHowenus (Z) nudepen-
LHpOBanKeM PaAnyc-BEKTOpa MO BPEMEHH W UMEeT BHJ

v(f)=vo}at.

Tipu pewennu 3anau mu 6yieM 3anuchBaTe ypasaenne (2) memo-
CPEACTBEHHO B NPOEKUMAX Ha OCH KoopaHuar. [Ipn nocTosiHHOM YCKO-
PER¥M @ BCErRa MOXHO BHOpaTb CHCTeMY KOOpAMHAT TakuM ofpasowm,
47061 BEXTOPHOE ypasHexue (2) CBOAWJOCh K JABYM CKaJADHBIM: Tak
KaK TPaeKTOPHs, N0 KOTOPO# ABHKETCS TeJNO, N10CKas, TO HYXKHO Npoc-
TO COBMECTHTDb, HaNpPHMep, MJIOCKOCTL X, ¥ € NJAOCKOCTLIO, B KOTOPOH se-
MUT TpaexTopHsa. Torja BeKTopHoe ypaBuenue (2) 3KBABAAEHTHO ABYM
CKaJINPHHIM YDPaBHEHUAM

2 ay1?
x(t)zxo"*'UOxt _}_%__, y(t)::yl)'}‘vol/t’}“—%——- (3)

B yacruocrth, ec1d paccMaTpHBaTh ABHXKEeHHe Teja BOJN3H NoBepX-
HCCTH 3eMJIM NOA AEACTBHEM TOJbKO CUJLI THKECTH, TO ya00HO Hanpa-
BHTb OCb § BEPTHKAJIbHO BBePX. TOra BEKTOD YCKODEHHT HMEET TONbEO
Ofiny OTIMUHYIO OT Hyas TNpoexunio: a,=0, a,=—g, n cucrema (3)
NPRHBMAEET BH] . !

x () =xg-F vyt = xg+ vy COS -1,
2 2
gt _ g 4
¥ ()= Yo+ voyt — 5 =Yg~} vpsing.t — R

rae ¢ — yroj, o6pa3oBaHHbIil BEKTOPOM HauafbHOH CKOPOCTH € rOpH-
sontoM. Muorza yzo6HO nmOMeCTHTh HauaJo KOODAHHAT B HAYAJAbLHYIO
TOMKY TPaekTOPHUH, TOraa xo=y,=0.

ITpr paBHOMEPHOM ZBHMKEHHH MATEPHANLHOH TOMKH NO OKPyKHO-
€T CKOPOCTh H3MEHSAETCS TOABLKO 10 HaNPaBJIeHHIO, OCTaBasACh HEH3MEH-
HOit 10 MOAYMIO. YCKODeHHe NPH 3TOM HanpapJeHo K LeHTPY OKPYKHO-
CTH MHepHeHANKYJAAPHO CKOPOCTH, T. € IO HOPMAIM K TPaexTOpHH, U
pPaBHO 1O MOAYJLIO

a=v*R, (5)
rae R — paanyc okpymxuoctd. DTa e QopMyJa cHPaBelIHBa H NpPH
ABUXEHHH TOYKH C TTOCTOSHHOM 110 MOLYJIO CKOPOCTBIO U 1O NP OH3BOAb-
Holl Kpupojugelinoll TpaekTOpHH. B sTom ciyuae R ectb paguyc KpH-
BH3HBl TPAEKTOPHH B PacCMaTPHBAaeMOH Touke. YCKOpeHue HPH 3TOM
HAaNpPABNEHO K. UEHTPY KPHBH3HH, T. €, IEPNEHAHKYJSPHO CKOPOCTH,



1. TIEPEINPABA 9

RalpaBJeHHoOll Mo KacateabHoll K Tpaexkropun. Ecam e ckopocTh me-
HSETCA 110 MOAYJIO, TO ¥ BEKTOpAa YCKOPEHHS KPOME€ HOPMaJbHOH Co-
cTasaslomeli, xapaemoll tofi xe gopmyaoit (5), GyaeT eie CoCTapaI0O~
uas1, HanpapJaeHHas 0 BEXTOPY CKOPOCTH HJH NPOTHB HEro, B 3aBHCH-
MOCTH OT TOFO, YBEANUHMBAETCH HJH YMEHBIIAETCst CKOPOCTh ABHXKyLledl-
€ MaTepHaIbHON TOUKH.

Peuwenne kuneMaTnuecKoil 3a1a4 CBOANTCH K HCIIOJAb30BaHNIO YKa-
30HHBIX BBIE yPaBHEHHH B KOHKPETHBIX yCA0BHAX, ChOpMYaNPOBAHHEIX
B 3azave. IIpn sToM 6bli0o Gbl HAUBHO MBITATbCS OBJAAAETh KAKHM-TO
«o0mMM METOROM» PelIeHHsl, NPUTOAHBIM AJS BCeX 3ajay; mojobHoro
«o0uIero MerToja» monpocty He cymecrsyer. HaoGopoT, Ha NPUBOARMLIX
NpUMEpPax YHTaTelb MOMKeT yGeiHTbCs, UTO BCerja CYyuiecTByeT HeC-
XKOIbKO Gojiee HJIM MeHee pasnHuaiolMXcs Mexjay cofol moiXxomos K
NCCIEeN0BAHHI0 (DH3NYECKHX sBJIEHHH. :

Pasnne nopxonas HepeiKo OTTEHAIOT HOBHE CTOPOHBI H3y4aeMoro
ABNEHHA, NO3BOJAAA Iyl6Me NDOHHKHYTb B ero QH3HUECKHH CMBICT.
IloatoMy B GonbIiHHCTBE pasbupaeMbiX 3aAad NPHBOANTCH Pa3jHuuLe
BSDHAHTH PelIeHUd.

1. Nepenpasa. Ilpeacrarum cefe pexky ¢ HapajiesbHBIMA
Geperamu, paccrosinue Mexnay koropeiMu [ (puc. 1.1). Cke-
POCTb T€UeHHs NO BCell MIMPHHE peKH OJMHAKOBa M PaBHA .

. C Kaxoii HauMeHblIeH NOCTOSAHHOH CKOPOCTBIO Uy, OTHO-
CHTENBHO BOABI JOJKHA IJbITH JIOAKA, 4TO6b M3 TOYKKR A

e

4 V]
i 2
/ 14

A //-——“—‘_,» v
1

}

;t_,// [/

A

Puc. 1.1. Ckopocry Teuenusi #  Puc. 1.2, CKopocTb J0AKH OTHO-
B MI0GOM MeCTe PEKM ONHAKOBAa  CHTeJbHO Geperos V pasHa cyM-
Me BeKTOPOB # K 0

nonacTh B TCUKY B Ha NpoTUBONOJOXHOM Gepery, Raxojs-
Hlylocs Ha pacCTCsHHMHE § HiKe no tevenno? Ha xakoe muni-
MaJIbHOE PACCTOSIHHE Sy, CHECeT JOJAKY BHHM3 110 TeueHHIO
fipu nepempase Ha Apyroft Geper, eciu MOAYJAb €e CKOpPOCTH
OTHOCHTENIHO BOJBI paBeH U?

A Urtolbl OTBETHTb Ha 3TH BONPOCH!, HyXKHO NPEXKAE BCEro
OTHET/IHBO TNPEACTaBHTh cefe, YTO CKOPOCTh JOAKH OTHOCH-
TeabHO GeperoB V ecTbh BEKTOPHAA CyMMa CKOPOCTH TEUEHHUS #
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Il CKOPOCTH JIOAKH OTHOCHTENbHO BOABl ¥ (puc. 1.2):
V=u-+to. (D

Bygem cudTath, 4TO JOZKA HMEET OTHOCHTEJLHO BOJbI
HeKOTOPYIO HEH3MEHHYIO N0 MOJAYJIO CKOpocTh ¢. Toraa, oT-
NpaBJassich M3 TOUKM A, JOJKA CMOMXKET Ionacth B TOYKYy B
TONBKO B TOM CJyyae, eclii ee CKOPOCTh OTHOCUTEJIbHO 6eperos
V ynracrest nanpaBuTk no npsiMoil AB WM JieBee 3TOH NPSAMOH.
Ecau Hp npy KaxoMm HanpapaeHHH © Mbl He CMOXKeM NOJIYUHThb
B Haya/lbHbIi MOMEHT pPe3yJbTHPYIOLLYIO CKOpOCTh V' BJOAb

B
—p
s
4
/
/
v/
14
’ u
/
7/
—
A
Puc. 1.3. BeGop nanpasaesus Puc. 1.4. K sblyncaennio MHHH-
CKOPOCTH JIOAKH @ Jja mepe- MaJIbHOH CKODOCTH Upin

npasol 3 A B B

npsimoft AB, TO JIOJKY 00s13aT€IBHO CHECET TEUEHHEM HMKE
touky B (puc. 1.3).

Hy:xnoe Ham nanpasieHue sexkTopa V MoXKeT GBHITb 1107Y-
YeHO NpH pasHbIX 3HAYeHHSAX BeKTOpa ¥. CKOPOCTh TEYEHHA o
BO BCeX CJayyasiX HanpaB/jeHa OAHHAKOBO W M300pakaerTcs of-
HUM H TeM e BeKTopoM. CKOpOCTh JIOAKH OTHOCHTENLHO BOAB! ©
MOMKET ObITh Hampas/ieHa no-pasHomy. M3 puc. 1.3 Bugio, uto
3Ta CKOpocTh GymeT HanMeHplueldl B TOM cJjyyae, KOrja CKo-
pOCTb JIOAKH OTHOCHTeJbHO Oepera V Hanpasiaena HMEHHO
no npsmoii AB, a cKopotTh ¥ NepOeHAUKYJIApHa 3Toll NPAMOIl.

_IToT cayuai nokasad Ha puc. 1.4, Y3 nono6us nsobpaKeHusX
NPAMOYTOJABHBIX TPEYTOJIbHHKOB HAXOAUM

Opin/tt = L[V I s2. (2)

OrMeTHM, YTO €CJTH MBI XOTHM TONACTh B TOYKY B, ABHTasACh
€ MHHUMa/JBLHOH BO3MOXHOA CKOPOCTBIO Upi,, TO HAM IIPUIETCS
HATPABUTH HOC JIOAKH INEePHNeHJUKYJIsPHO BbIOpaHHOH Tpaek-
topuu a0Aku AB. JIoaKy 6yier CHOCHTL TeuelieM, U B Pe3y.lh-
taTeé oHa OyAer GokoM npuOAMKATLCA K HamMeueHHOH npean!
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Bosppainaace K puc. 1.3, MBI BHAHM, 4TO A/t NOJYYEHH:
OTBeTa Ha NEePBLHIH BONPOC 3aJaYd HaM NPUUVIOCH NpOoaHa/u-
3HPOBATh TPEYTOJNLHUK, COOTBCTCTBYIOUIHA 3aKOHY CJIOXKEHHS
ckopocteit (1). B 3Tom TpeyroJbHMKe OfHA H3 CTOpOH (4)
Obiia 3ajlaHa 10 MoOAyJJio M Hanpasdenuo. Hanpapaenne
apyrofi croponbl (V) Mpl BEIOpaiy, HCXOAA W3 YCJAOBHA 3a-
nayu — TpeboBaHHs nonacth B Touky B. Torza ass nosyuenns
MHHHMAALHOrO 3HAYCHHA MOAYJHA TpeTbeil CTOPOHH (T) ee
HYXHO ObIJIO HaNpaBUTL NePNEHINKYJSPHO BHIODAHHOMY Ha-
npasJjenuio V.

Smin B

/ v \
4”/ \
——0 n
VA4 U )
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———— a g

Prc. 1.5. BuiGop nanpasienns AJisi epenpaBssl ¢ MUHAMAABHEIM CHOCOM

Anasnornunbie pacCy:KIeHHs MOMXHO HCNOJ/b30BaTb U JAA
OTBeTa Ha BTOPOIl BOHPOC 3ajaud. BeKTOp CKOpOCTH TedeHHUs
# U B 3TOM CJydae 3ajjaH MO MOAYJIO M Hanpasjeduoo. Hro
Kacaercsi BTOPOrO CJiaraeMoro B MNpPaBOH YaCTH BBIpaXKeHus
(1) — cKOpOCTH JIOAKM OTHOCHTENIBHO BOAE ¥, TO 3apaxee
H3BECTEH TOJBKO €e MOJAY/b U, @ HanpaB/leHHe MOXeT ObITb
ao6eiM. Ecsim Hayaso BeKTOpa ¥ COBMECTHTb C KOHIIOM BEK-
topa # (puc. 1.5), To KOHel BEKTOPA ¥ MOXKET JiexKaTh B JIOOOH
TOUKE OKPYIKHOCTH paauyca v. M3 puc. 1.56 cpasy suano,
YTO CHOC JIOLKH TedeHHeM HeHabexeH, ecan v<lu. Eciad xe
CKOpOCTh JIOAKH v 6oJblle CKOPOCTH «, TO NPH JOMKHOM
BLIOOpE HAMPABJEHHS ¥ MOXKHO JAOOHTHCA TOro, YTO CHOCa
BooGie ue 6yret (puc. 1.5a). bouee toro, npu v>u moxio,
nepenpas/nsAch yepe3 peky, NPHUaAHTb K IPOTHBONOIOKHOMY
Gepery B J/il006OM MecCTe BBHIIE MO TeYeHHIO.

Ananus puc. 1.56 nokaspiBaer, yto npH U<« cHoc Oyjer
MHHIIMAJILHBIM, €CJIH CKOPOCTh JIOAKH OTHOCHTE/LHO Geperos V
HalpapaeHa 10 KacaTeqbHOH K OKPY:KHOCTH paaHyca v. Cpas-
HUBas M306paXKEHHBIE HA TOM PHCYHKE NOAOCHBIE TPEYroJb-
HHKH, HaXORHM MHHHMAJBHLIA CHOC JIOAKH Spyy

Smn=LV i2—vfv, v<u. (3)
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[ocmotpute eme pas Ha puc. 1.56 u coobpasure, Kyja
CNefyeT HanpapJsTb HOC JIOLKM TPH nepenpase, YTOOH €¢
CIOC TeYeHHueM OblT MHHHMAJLHBIM. A

2. Kax onepeguts aproGyc? Uemosek Haxogutcs B moJe
1a paccTosHuu [ OT NpAMOMHHEHHOro yuacTtka wmocce. Cnpasa
oT cebst OH 3aMeuaer ABMXKYymuiica mo mocce aBrobyc. B ka-
KOM HanpaB/ieHun clejyeT GexaTb K 1locce, 4Tofbl BbiGeXKaTh
Ha Jiopory Bhepeas aBTobyca
KAaK MOXHO Janiblieé OT Hero?
Ckopocts aBTOOyca U, CKO-
pOCTb YeJIoBEKa U.

A Wuirepec, pasymeercs,
ApeACTaB/IsieT TOJIBKO cayyait
v<d, Tak Kaxk NpH U>>U Yesio-
BeK MozKeT ybexarb OT aBrody-
Pruc. 2.1, bexarp K mocce nyX-  ca.Ha J000e paccrosiHue,

HO He [0 KpaTyaHeMy IyTH LIT06bI Bb[6e){(aTb Ha 1occe
KaK MOM(HO paHblle, Ye/IoBeK
JOUDKeH H30parh Kpatdalmuil nyte. Eciu npu 3ToM OH jaxe
W ycreeT BpiderkaTb Ha iiocce Bnepenyt aBrofyca, TO BCE PABHO
paccrosinye 7o aBrodyca HE 6YJeT MAaKCHMATLHBIM H3 BO3MOXK-
HuiX. B camom jede, ecin Gexxkath He TepHeHAHKYJASAPHO 1occe,
a NojJ HEeKOTOPbIM HeSOJbIIMM YIVIOM o K IepHeHAUKYJIsipy
(puc. 2.1), To MyTh ueJOBEKA HO LIOCCE VBEJIHUHTCH Ha BeJu-
yudy A/, Ho 3a70 OH BHIGEKHT Ha JOPOry Ha pacCTOSHHH d
sesee Toukd B. Ecau BHIGpaTh yrot o J0CTATOYHO MAJBIM, TO
paccrosiHue d MOXKHO clenaTbh Oosblle paccTosiHdst Al B Jo-
6oe yucao pas. Ilostomy, HECMOTPS Ha TO YTO CKOPOCThH YeJso-
BCKA U MeHblle CKOPOCTH aBTODYCA U, OH OKaKETCs Ha Hiocce
Ha GoJibilleM pacCTOAHUK OT aBTobyca, 4eM B Touke B.

B kakoMm jKe HampaB/leHHH cJeqyeT 0exarh UeJOBEKYy?
OxasbiBaercst, YTO Ha 3TOT BONPOC JIETKO OTBETUTh, €CJH Me-
pelTH B APYIYIO CHCTEMY OTCYeTa, B KOTOPOH aBTOGYC MHOKO-
uTCA. JTa CHCTeMa OTCYeTa JBHIKETCS OTHOCHTE/bHO 3eMJIH B
JICBYIO CTOPOHY €O CKOpOCTHIO 4. B faunofi cucremMe Hemnoj-
BHIKHO CTOAIIMHI Ha 3eMJe 4eJOBeK HMeeT CKOPOCThb &, Halpag-
JnedHyo Brnpapo (puc. 2.2). IosHas CKOpPOCTL HeJIOBEKA B
HOBOH cucreMe orcyera V' paBHa BEKTOPHOH CyMMe M H CKO-
POCTH YeJIOBEKA OTHOCHUTENBHO 3eMJIH .

Teneps HerpyAHO coopasuThb, 4YTO 3Ta 3afaya SKBUBA-
JIeHTHA paccMOTPEHHOH BbIIIe 32Ja9e O MHHHMAJLHOM CHOCE
JIOAKH NIDH Nepenpase Ha Apyroi Geper pekd. Tak Kak B pac-
CMaTPHBAEMON CHCTeMe OTcyeTa aBToOyC HeNoJBHMXKEH, TO
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Tpe6oBaHne BHIOEXKATh Ha IJOCCE KAaK MOMKHO JaJblil€ OT aB-
To0yca paBHOCHILHO TPeGOBAHHIO MHHHMAJBHOTO CHOCA JIOAKH
npH neperipaBe uepe3 peky. Ilostomy nckomoe Hanpasgenie
BEKTOpa ¥ onpejeJsiercsl TaKHM XKe [OCTPOeHHeM, KaK i B
npeppiaymeit sapaue (puc. 2.3). Tpaexkrtopust uenoseka B
cHCTeMe OTCHera, The aBTOOyC HeNoABHKeH,— 3710 npsimas AC.
Tpaekrtopust ke B CHCTeME OTCYeTd, CBSI3aHHOH C 3emuiel],—
npaman AD.

7 Vos Smin A L
T Yt T
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Puc. 2.2, Ckopoctb yesio- Puc. 2.3. K naxoxpaenyio Hanpaene-
BEKa B CHCTeMe OTCuera, RUA NBHXKEHUS UeJOBEKa

rae 2BTOGYC HENOABHIKeH

Taxum ofpasom, 6exarb K HIOCCe HYXKHO He N0 Kpardai-
€My NyTH, & NOA YIJIOM o K HeMy, npHyeM

sin a=v/u.

W3 pune. 2.3 Buzno, uTO uenoBEK cMOXeT npubexaTtbh Ha
1mocee paHblue aBTefyca TOJbKO B TOM CJydae, ec/d B HaYajb-
Hbll MOMEHT aBTOOYC HaXOAMTCS OT TOUKHM B Ha paccrosinuy,
He MeHblleM

Smin=1 Vi —v*p.

PaccMoTpenHas 3afaya MOMeET CAYKHTb NPHMEPOM TCro,
KaK ylayHbli BHIOOP CHCTEMBI OTCHETa N03BOJIAET 3HAYUTENLIO
ofsieryuTh pelueHue. A

3. Paauyc kpuBH3Hbl. HaliT pasnyc KDHUBH3HBI LHKIOi-
A B BepXHell TOUKe ee nyru — B Touke A Ha puc. 3.1,

A HaxoxpeHue pagpyca KpHBU3HBL 3aJaHHOH KpHBOH —
370, pasyMeercsi, UHCTO TreoMerpuueckas 3ajna4ya. [Hasa ce
peliieHns JOCTATOYHO 3HaTh ypamneHue Kpusoii. IlosTomy na
NEPBBIA B3TJISL HE SICHO, KAKOe OTHOLIEHHE K (PUSHKe Hmee
NOCTaBJAEHHHHA B 3aja4e BOIPOC.

Onnako WHOTIA TaKue 3a7a4¥ MOXKHO O4YEHb NPOCTO pe-
IIUTE, BOCMOJIB30BABUINCE T€M, UYTO PAJAHYC KPHBH3HBI KPHBOH
BXOJUT B HEKOTOphIE KuHemaThHueckue ¢opmy.npl. OcHosHasd
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jijesl 3aK/IOYAeTCst B TOM, YTO PacCMaTpUBaeMyio reoMeTputie-
CKYI0 KDHBYIO NPEACTaB/SOT KAK TPAEKTOPHIO KaKOro-jubo
JOCTATOYHO NPOCTOr0 MEXAaHHYeCKOro ABHIKEHHA H HCCICAYIOT
3TO JBHXKEHHE METOAaMH KHHEMATHKH. i

LIuKI0MAy MOXKHO paccMaTpuBaTh KakK TPAEKTOPUIO KaKOH-
7160 TOUKH 0Gofa KoJIeca, KOTopoe KaTHics 6e3 MPOCKa/b3bl-
BaHHus no apamoit. Ha puc. 3.2 noxasana HUKJIOHAA, KOTOPYIO

A

Puc. 3.1. Ilukaouga

«BHIUEpYBaeT» ToYKa A, NaXOJHBIIASCA BHU3Y B Hayalb-
upit Momenut. Touka A ONUCHIBAeT AAHHYIO LHKJOHAY He3a-
BUCHMO OT TOTO, KATHTCA JIM KOJIECO PABHOMEPHO MJIH ¢ YCKO-
peHHeM, BaXKHO TOJbKO, YTOOB OHO HE MNPOCKaJab3bIBaJo.

Puc. 3.2. Huknonga xak rpaex-
TOpHUs TOYKH 060Ja KaTAWerocs
KoJjeca

Ilpomwe Bcero paccmoTpeTh, pas3ymeercsd, PaBHOMEpHOe Kaye-
iue xoeca. TaKoe KaueHHe I1071y4aeTCA B Pe3YJ/bTATe CJIOXKeE-
HHA PABHOMEPHOTO BpallleHHsT KoJleca BOKPYT OCH H paBHOMep-
HOIC NOCTYNaTeJbHOro ABHXKEHUA, JHHEHAa CKOPOCTb KOTO-
pOro U paBHAa IPOH3BEJEHHIO YIJIOBOH CKOPOCTH Ha pajHyc
KoJneca r.

Bo Bcex HHEPLHAJABHBIX CHCTEMaX OTCYETa MarepyaJsabHas
TOYKA MMEET OAHO U TO ke yckopeHue. [109TOMy HaXOAHThH ero
MOXKHO B /1000 Takoil cucreme oTcuera. flclo, 4To yckopeHue
ToueK 0001a KoJieca CBA3aHO TOJIbKO ¢ €r0 BpalleHHeM BOKPYT
ocH. [Tostomy yckopense a a0Goil TOUKH 060a HANPABAEHO 110
pagHycy K ULeHTPY KoJeca H ONPelesieTca BbhIpAKeHHeM

a=v¥r. 0]

3HaAUUT, H B BbICIIEH TOYKE LHKJOHABI YCKOPEHHE 3/eMeHTa
oboja Koseca paBHO ©v®/r W HanpasieHo BHH3 (puc. 3.2).
Tenepp paccMoTpuM IBHKEeHHE 3TOH ke TOYKH 060ja Kak
nBHxeHue 1o LukJaonae. CKOpocTh B JI0O0H TOYKE TPAaeKTOPUH
HallpasJela 10 KacaTeJbHOA K Hel; 3HAUMT, B BBICLICH TOUKE
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UHKJIOHJLI CKOPOCTh HanpaB/ieHa FOPH3OHTaNbHO. YCKopelue
€, KaK MBI BBHISSCHHJ/IM, HaNpaBJeHO BEPTHKAaJbHO BHH3, T. €.
nepnenauKy/aspHo ckopoctH. Ilostomy HalifienHoe Bhie yc-
KopeHHe MoKeT OBITh 3aNlHCaHo TaKXKe B BHJE

a=VR, )

rie V — cxopocTh TOUKH 060OHa B €e BEPXHEM MOJOKEHHM,
a R — HCKOMBIH pajavyc KpHBH3HBI LHKJIOHJHL.

Hans naxoxpenus V 6ynem paccyxaarb CJAeayoiluM obpa-
soM. CKopocTb Jto6Goit TOuKH 000a KaTSUIErocsi KoJieca paBHa
BEKTOPHOH CYMME CKOpPOCTH TOCTYNATEJbHOTO ABINKEHHS KO-
Jeca W JHHeHHOH CKOpPOCTH BpauleHHd BOKpyr ocu. [lpu or-
CYTCTBHH IPOCKaJb3bIBAHHUSI 5TH CKOPOCTH PaBHBI N0 MOJYJIO.
B Bepxuneii Touke OHM M HampaBJeHH OJuHAKOBO. [lo3ToMy
V=2v, u, cpaBuuBas ¢opmyast (1) u (2), naxonum

R=4r. (3)

Papuyc KpHBH3HB LHKJIOHAR B BepXIlel TO4Ke paBel yaBO-
eHHOMY JAnameTpy Koaeca. Ecain 6u1 Mpt paccmaTpHBain Kaue-
ilHe KoJeca Kak BpallleHne BOKPYT MIHOBENHOH OCH, COBNAAal0-
el B KaXKIblH MOMEHT ¢ HUXKHell HenoABH:KHOH TOUKOH KoJeca
(puc. 3.2), To Morsio Obl 110Ka3aTbesl, YTO BEPXHSSA TOYKA JBH-
;Keresl 10 OKPYMHOCTH, pajnyc KOTOPOH paBeH JAHAMETPY KO-
ieca. Tax ono u 6bl710 6I, ecai Obl MTHOBEHHAsA OChb Bpalienua O
ocTaBaiach HeNoABHKHOH. Ha camoM sene sta ock nepeme-
LIJAeTCs BMECTE C KOJeCOM, i MMEHHO NO3TOMY paccMaTpHBaeMas
Touka obofa A jABHIKETCS B 3TOT MOMEHT MO OKDYXKHOCTH, pa-
JAHyC KoTopoill paetcs dopmynoil (3). A

4. Maparomuit mau. 3abpouleHibli B Koabllo GackeT6o.b-
KL M4 HAuyHAeT OTBECHO NAJaTh H3 KOP3MHEI 6€3 HaYaNbHOM
ckopocTH. B TOT e MoMeHT H3 Touku, HaxoAslleiicd Ha pac-
CTOSIHWKM | OT KoJbla, B Majaromiuil May 6pocaioT TeHHHCHBIH
vy (puc. 4.1). C Kakoil nHadanbpHOR CKOPOCTbIO 6Bl1 GpOlLeH
TEHHMCHBIH MfY, €CJAH MSAYH CTONKHYJHMChb HA PAacCTOSHHH A
OT KO/bla?

/A B mocTaBjeHHOM BONpOCE MOAPA3yMeBacTest, YTO HYXKHO
Ha#TH BEKTOP HAYa/JbHOH CKOPOCTH TEHHHCHOTO Msya, T.e.
€ro HanpaeJjieHue (yroa o) u MOayas (ve). Eciam pemats 3a-
lagy B HCXOAHOH (/1a260OpaTOpHOIl) cHCTEME OTcYeTa, TO XOL
paccyX)aennit moxer ObiTh CJAEIYIOLNM. 3anuCEBaeM BRIpaxe-
HHS AJis1 nepeMellleHHH oGoMX MsueH 3a Bpems ¢ OT HayaJa
JIBHMKEHHST 0 HX BCTpeuYH, 3aTeM npoelHpyeM MX Ha BepTH-
KajJbHOE W IOPH3OHTaJbHOe HanpasieHHsa (puc. 4.2). B pe-
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3ynbTaTeé NPUXOAUM K CHCTEME YpaBHEHUH

12 . 2
h=%—, H—-h=vosma‘t—%-, )

VE—H? =y, cosa-t.

3nrece H — BhicoTa Kostblia HAJ TOYKO#H GPOCAHHS TEHHHCHOTO
mAYa, a l/lz— H? npencrasasier cofoli pacCTosiHME O KOU/bIA

no ropusontanu (puc. 4.2).

Puc. 4.1, INagaomufi mMay

B cucreme Tpex ypasueHuft (1) uyernipe HeM3BeCTHBIX Be-
JUUHHBL Uy, &, [ H [, TlosTOMy MOKeT rokasarbest, 4TO 3a-
Iaua e uMeeT eJMHCTBeHHOro peurenud. OHAKO 3TO HE Tak.
JeficTBUTENBHO, [OJCTaBAAA A H3 [€PBOro YypaBHEHHA BO
ETOpOE, NoJydaem

H=uv,sin ot (2)

Pa3zenuB noY/eHHO 3TO YypaBHeHHe Ha TpeThbe ypaBHeHHE
cueremel (1), Haxonum BhIpaxKeHue ana tga:

tg o= H) F—H". (3)

Teneps ¢ nomompio puc. 4.2 MOXKHO YBHAETb, YTO Yroda o,
oK KOTOPHIM JOJ/uKHA ObiTh HampaB/eHa HayadbHAf CKOPOCTh
TEHHHCHOrO Msi4a, B JefiICTBHTEbHOCTH COOTBRTCTBYET Hallpas-
JIEHHI0 U3 TOYKM OpocaHusi Ha KoJablo. McruHHOe Hampas-
JleHHe HayaJabHOH CKOpOCTH ¥, Mmokas3aHo Ha puc. 4.3. Urak,
6pocaTb TeHHHCHBIH MY HYXKHO TOYHO B HanpaBsJeHHH KOJbLiA.
Monynb ero HauanbHOM CKOPOCTH MOXKHO HaHTH, NOACTaBJss

=) Ohjg 3 nepBoro ypasHerus cucremsl (1) B ypaBuenue (2).
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YuuteBan, yto H/sin a=[, nonyuaem
v, =1t =1V g/2h. 4)

Ho Bcex aTux npeoOpa3oBaHuifi MOXKHO H30eXKaTb, €CJAH C
CAMOro Hauaja nepefitd B CHCTEMY OTCYeTa, CBSI3aHHYH C
6acKeTOONBHBIM MAYOM, T. €. CBOGOJHO NAJAILYK C YCKO-
pesuem g. B 3Tofl cucTeme orcuera 6acKeTOOJNbHBIA MAY,

|

Puc. 4.2. [Tpoexuns nepemeute- Puc. 4.3. Mcrunnoe wuanpasne-
Huil Msaued HHE BEKTOPa ¥ HaYaJAbHOH CKO-
pocTH

GCTECTBEHHO, HeNOABMKEH, a TeHHHCHBIH JBIDKETCS paslio-
MEPHO H NPSAMOJHHEAHO CO CKOPOCTBIO ¥o. OueBUAHO, YTO 3Ta
CKOpPOCTb ¥, J0/uKHA ObiTh HampasjeHa Ha GacKeTGOMbHEIH
msid. Uepes Bpems ¢=I/v, Msiun cronkHyTca. B nabopatopuoi
cHCTeMe OTcYeTa 3a 5TO BpeMsl GacKeTOOJbHBIA MAY ONYCTHTCSA

Ha pacCToaHue
gt g1\ 5
h’“ 92 - P] o 1 (‘)
OTKYHAA s U, NIOJTYyYaeM NPEXKHEE BhIDAKECHUE (4) Ha npumMepe
3TOH 3aa4YH Mbl BUAHM, YTO B HEKOTOPLIX caydasax yD,OﬁHbIM
OKa3pIBaeTcd MNepexoq B YCKODPEHHO ABHAKYUIVIOCA CHCTEMY
oTCUeTa. A

5. B neas ¢ HaumMeHbuieit Ha4anbHOH cKopocThi. Heod-
XONHMO C NOBEPXHOCTH 3&8MJIM MONAacTh KaMHEM B ILieJb, KOTO-
past pacnoJioykeHa Ha BBICOTE€ A M Ha pacCcTOANHM S IO TOpH-
goutanu. Ilpu Kakofi HauMeHbliefl HayadbHOR CKOPOCTH
Kamisi 3To Bo3MoxkHO? CONpOTHB/eHHEM BO3AyXa NpeHeSpeys.

A Ha nepsolfl B3ras] Kaxercs, YTO Haya/lbHAast CKOPOCTG
KaMisl OyJeT HauMmeHbllell, ecjld BepXHAS TOYKa €ro Tpaek-
TOPUM COBMAjaeT ¢ MHIIEHBIO (puc. 5.1a).

Mowxer GpITh, ¥ BaM Tak Nokasanock? Hamosust sta Ha-
CTO/IKO CHJILHA, YTO NOAOOHOE pelleHHe aHaJoruvnoHd sajnauu



18 I. KHNHEMATHKA

MOXKHO BCTPETHTb B HEKOTOPHIX COJHMAHBIX nocobuAX No pere-
Huo (M3HYecKHX 3azad. Ojnaxo, BaKe He pellas 3apaud,
aerxo ybenutbest, 4to 3T0 HE Tak. [leilicTBuTenpHO, Oynem
MBIC/IEHHO YMEHBILATh BHICOTY, HAa KOTOPOH pacnoaocxena
neab. TIpH 3ToM Touka, KyJa DONAJaeT KameHb, IPOAC/IKaer
COTIacHO TPEANOJOKEHHI0 OCTaBAThCsl BEPXHEH TOUKOH Tpa-
ektopuu (puc. 5.16), B ToM
yuc/ie 0 B NPeAeabHOM CaY-
uae h=0. Ho cosepuleHno
OYeBH/IHO, UTO A1 TOTO YTO-
6bl monactb B UeJIb, HAXO-
AAUYIoCcS Ha 3emJe, J0CTa-
TOYHO MpOCTO  J0OpOCHTH
- Kameilb o uean {puc. 5.16).
~ Hrax, npexnojoxeHne o
o TOM, YTO II&JIb COBMNAJAET ¢
5 TN BbICILIEH TOYKOH TPaeKTOpHH
N NioJieTa KaMHsi, HeBepHo.
5 S Own60o4HOCTH 3TOTO NPEI-
MOJIO}KEHHUS CTAHOBHTCH elle
N GoJiee OueBHAHOW, ecau 3a-
. METHTh, 4TO TpedyeMmas INpH
AN STOM HadajibHasi CKOpPOCTb
\ JIOJACHA BO3pACTaTh [0 Mepe
\ toro, Kak h— 0.
Flpusepennnit  ananus
Puc. 5.1. K Buifopy ontumansnofi  OpeAcTaB/sieT cofoll npuMep
TpaeKTOpHH NPOBePKH pellleHus 3a4auy
npefie/ibHBIM  [IEPEXOAOM K
fosiee mpocTOMy Cay4aio, Korja orper JuGo oueBupeH, jgn6o
MOueT CObIThb JIETKO Haiilied.

M3 npuBejenHoro KauecTBeHHOro aHajk3a MOXKHO CAeNaTh
3aKJIIOUCHHE, YTO UEAb BCErAa NOJKHA HAaXOAUTbCS HA HHCXO-
named Bersu Tpaextopuu (puc. 5.16). Eme pas nHanomunm,
YTO Mbl HIIEM TPAEKTOPHIO C MHHHMAJbHOH HavalbHOH CKo-
pocThiO.

IlpuctynuM K pelueHHIO 3ajadd.

[lycrs kameun OpolleH NOA YIJ1oM ¢ K TOPH3OHTY H nonan
B LeJab. Ero nepeMelieHHst 0O TOPH3ONTAJH S H 110 BePTHKaH h
MOTYT OBbITb 3aMuCaHbl CJAEAYIOMUM 06pasoM:

s=u,cos a-f, h=uv,sin o-l—gt?/2.

N

[lockonepKy Bpemsi moJieTa KaMHsi { Hac He HHTepecyeT, HCKJIO-
UMM €T0 H3 3THX ypaBHeHHil, Beipaxas { u3 nepBoro ypaBHeHUs
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U NOJACTaBJ/IsISI BO BTOpOE, NoJgydyaeMm

h=—stgo——8" (1)
2uvp cos? o
3710 ypaBHEHHE COJIEPAKHUT JiBe HEH3BECTHHIE BEJHUHHBL Up U O
I UMeeT NO03TOMY GECUHC/JIEHHOE MHOMECTBO pelleHHH, 4YTO
COOTBETCTBYET BO3MOXKHOCTH MNONACTb B LEJb GeCKOHEUHBIM
YHCJIOM ¢nocoGoB. M3 sTux peluenuil HaM HYXHO BbIOpaTh TO,
KOTOpOE COOTBETCTBYET MHHHMaJbHOMY 3HAU€HHIO Uo.
[IpsiMoii nyTb pelietus 3Tof 33/ja4l COCTOUT B HAXOXKJIBHUH
U, Kak (PYHKUHMH OT o U3 ypasHeHusi (1) u HccaeioBanHU 3T0H
(YHKIMH Ha 3KCTpeMyM, 4To TpelyeT, OHAKO, NMPHMEHEHHS
seIcilefl MmaTematuky. [lostomy moctynnm HHade, Peminm ypas-
nenue (1) otHOCHTENBHO . Miconb3y sl H3BeCcTHOE COOTHOUICHHE
1/cos? a=1-}-tg? o, 3ameyaem, uro u3 (1) noayyaercs KBajapar-
110e ypaBHEHHe OTHOCHTENbHO tg o

gsttg?a—2uistg o - gs? -+ 208h = 0. 2)

Pemns ero, nonyuum

tga == 'éls' [0 =V vi—g(gs? + 202h)).

Kasanoch Obf, HHHero Xxopollero He Hoaydaercs — rpo-
MO3J{KO2 BbIpaxKeHHe. A Ha camoM Jesie Mbl B JIBYX IUarax or
TBeTa Ha Bonpoc 3ajaud. efictButensHo, pis ig o dusnge-
CKHA CMBIC/ HMEIOT TOJbKO BELIECTBEHHLIE peleHHs, M I10-
3TOMY AMCKPHMHHAHT JOJIKeH ObIThb HEeOTPHIATEJbHBIM:

Uy —2ghuvl—g*s? > 0.
Jlerko yGeauTses, UTO MHHIMANbIIOE 3HAYCHHE U3, IPH KOTOPOM

3TO COOTHOILEHHE CNpPaBe/VIHBO, COOTBETCTBYET CJYy4alo pa-
BeliCTBa; TaKUM ofpasou,

U;Z, min = g (h '}’ Vm) .

(Bropoit KopeHb U}, =g (A —V R*Y s*) ne umeer duznve-
CKOTO CMBIC/IA, TaK KaK KBaJpaT CKOPOCTH €CTh BeJHYHHa
noiokuTeNbHAN.) MTak, noyyennblii HaMH OTBET HMEET BHJ

Yo min = 1/-g (h + th = Sz) . (3)

[Ipoanannanpyem Temepp pellleHHe HECKOJALKO NOAPOCHEE,
Bosspatumen k kBajparuomy ypasuenmo aas {g . [lpu no-
JIOXCHTEIbHOM JUCKPHUMHHAHTE OHO HMeeT JiBa pelleHHs, T. e,
NpH 3a7aHHOM 3HAYEHHH U, KaMeHb MOMET HONacTb B Leb
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no ABYM Da3JHYHEIM TpaekTopusaM. Ilpu otpuunaresnhoM ABCK-
pHUMHHANTE pelenul HeT, T. €. HH NPH KaKoM 3Ha4eHUH yraa o
KaMeHb He [0ONajeT B Le/b NpH 3alaHHOi cKopocTH. [Ipu pas-
HOM HYJI0 JHCKPUMHHAHTE HMeeTCs TOJIbKO OJHO pelleHne
(eMHCTBEHHAA TPaeKTOpHsl moJera KaMus Jo ueau). Mmenno
B 3TOM CJy4ae, Kak MBI BBISICHH/IM, HadaJbHasA CKOPOCTb GyJeT
MHHHUMAJLHOH, a BLipaxeHue Ans {g @ umeer ocoeHHo npo-
CTOH BHA:

06 min :h+l/_hz+sz (4)
£8s s

[lpoBepuM npaBuAbLHOCTL NONYYEHHOTO pesyabTaTa Ipe-
LeJbHEIMH Tlepexojami.

1. Eciu h=0, 10 tg a=1, 1. €. KameHb HYXHO GpoCHTBH
noz yraoMm si/4. XoOpoIIO H3BECTHO, YTO 3TO COOTBETCTBYET
MaKCHMaJbHOH JAJbHOCTH TOJeTa 0 TOPU30HTANU [IPU 3aJaH-
HOH HayaJibHOR CKOpPOCTH, a NPH 3aJaHHOH JaJbHOCTH — MH-
HUMaJBHOH HayalbHOM CKOpOCTH, DTOT caydail yxe ofcyx-
Jajcs BHayaJge,

2. Ecan s— 0, to tg & — oo, a @ — 71/2. JeficTBuTenbno,
KaMeHb cJefiyeT 6pocarh BepTHKAJAbHO BBEPX, H TOJIbKO B 5TOM
cJiyyae MOJOXKeHHe HeJH COBNajaeT ¢ HauBbiCLUeli TOUKOH
TPaeKTOPHH.

Htak, MBl pelunyu INOCTAaBJIEHHYIO 3ajady, NoTpeGoBaB,
yTOGBl KOPHH KBajpaTHOro ypaBHeHus (2) aisn tg o umenn
(bH3UUECKUH CMBIC]I, T. €. OblM BEeCTBEHHLIMH.

PaccMoTpuM Terepb HECKOJNBKO MHOH cocof paccyxAcHHH,
NPUBOASILIAH, €cTecTBeHHO, K TOoMy e peayabrary. [Ipemxne
BCET0 OTMETHM OJIHO OYEBHIHOE OGCTOSATENBCTBO: NIPH 33JaHHOM
PACCTOSIHUY S UeM BhILLIE PACHOIMKEHa Leb, TeM GoJIblle A0J1XK-
Ha OHITb MHHMMAJbHASA HauyajJbHAfA CKOPOCTb KaMHdA, IlosTomy,
BMECTO TOTO YTOGB! HCKaTb MHHHMYM Uy NPH 33JaHHOM A, MOXKHO
HCKaTh MaKCHMyM h HpH 33JaHHOM Uq.

[Tpennosnoxum, uto v, 3agano. Toraa, Bepasus A u3 (2):

tga=

52 gSZ
h=—2_tgtqstga—E
208 & g 205
JIeTKO  HCCJeoBaTh TMOJYYHMBUIMICSH KBaApaTHEIE Tpexusen
OTHOCHTeNIBHO tg oo Ha MaxcumyM. (HanoMuHM, Y4TO MakcHMYM
KBaApaTHOro TpexwieHa y=ax*-+bx+c¢ (a<<0) umeer wmecro
npu x=-—>b/2a u pasen c—b*/4a.) MakcumanLuoe suauenue A
Jocturaercs npu tg a=ui/gs 1 paBHO
v, gs

=g (5)
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U3 () naxoanM MHHHMa7TbHOE 3HAYEHHE HAYAJILHOH CKOPOCTH
v, TIPH 33JaHHOH BLICOTE LIEJIH A, COBNAJAIOMIEE C IOJIYYEHHLIM
paHee. A

6. B uenp 3a creHoil, Mexay le/bi0 M MHHOMETOM, Ha-
XONSIUMMICS HA OJHOH TOPH30HTA/H, PAaCNOJOXKeHa CreHa
BbicoTOH h. Pacctosinne o1 MuHoMeTa /o CTeHB! paBHO a, a OT
credsl o uean b. Onpegenutb MUHUMATbHYIO HAYalbHYIO
CKOPOCTb MHHBI, HE00XO-
JUMYIO JUIsi  TIOpaXKeHus
uenu. Ilog KakuMm yriom
NPH 3TOM CJEIyeT cTpe-
nate?  CONpOTHB/ICHHEM
BO31yXa npeHedpeys.

A Tlonpofyem pasob-
parthcst B 3TOH 3ajave, He
BLIMUCLIBAsl IOKA HUKa-

g

kux gopmya. Pacemorpum & @ 4 z
Bce TpAaeKTOPHH, HpoXo- Puc. 6.1. Tpaekropuu, npoxogsuue
Jsye yepes 1esb, 3a0bIB yepes nesb

Ha BpEMSI O CYIIECTBOBa-

uud crensl. Ha puc. 6.1 Beiiesiena TpaeKTOPHs, COOTBETCTBYIO-
uasi HaWMEHbIeMy SHAYEHHI0 HayalbHOH CKOPOCTH MUHEL.
HanomHuM, UTO 3T0#l TPAEGKTOPHH COOTBETCTBYeT yroa a=45".
HetpyaHo y6eauThesi, YTO HavabHbIe CKOPOCTH, COOTBETCTBYK) -
I[{€ APYTHM TPAEKTOPHAM, MOHOTOHHO BO3PACTaIOT NIPH YAaJe-
HUH 3THX TPaeKTOPHH OT BBAEJNEHHOH KaK BBepX, TaK H BHH3.
[losToMy eciu cTeHa OKaKeTcsl HHKe BbLIIeJIeHHOH TpaekTo-
pHH, TO pelieHHe TPHBHAIbLHO: HUMEHHO 3Ta TPAaeKTOPHS H
YIOBJIETBOpSIET TIOCTABJIEHHBIM ycaoBHAM. Ecin creHa oxa-
JKeTcs BhIIIE, TO HCKOMasi TPaeKTOPHA NPOXOJAMT Yepe3 BepX-
uu#t Kkpa# creHsl. Bor u Bce.

Tenepsr ocraercsi TONLKO 3alucaThb 3TH PacCyKIEHHs] Ha
MaTeMaTH4YeCKOM s3bIKe, T. e. NOJYYHTb BbIpaXKeHHs A1 Bbi-
YHC/IEHHs! HaualbHOH CKOPOCTH Up H YTV & B KAXKIOM M3 STHX
cJIy4aes.

[Tpexkne Bcero nonmyuum ofilee ypaBHEHHE TPaeKTODHI,
NPOXOAAIIMX uepe3 Leab, Kak Mbl yxKe 3HaeM, ypaBHeHHe
TpaeKTOPHH, BBIXOASINMX M3 Hayaja KOOPJHMHAT, HMEeT Buj,

y:xtgo&——gﬂ2 (1 +tg?a). 28]

20{;

[otpeGyem, uTOGBI 5TH TPAEKTOPHH MPOXOMHIH UYepe3 Ue/b.
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Hna storo nonoxkum B (1) y=0 npu x=a-+b:

0=(a+0) tga—LL (1 4 tg2a). @
0

Bripaman us (2) HavaqbHYIO CKOPOCTb Up H MOACTABASS B (1),

MoslydnM ypaBHeHHE TPAeKTOPHH, NPOXOASUIMX Yepe3 IeJib:

yzx(l—————)tga (3)

[TpunaBass o pasunle sHavenusi B npegesnax or 0 go m/2,
nojtyyaeM Bce TPAeKTOpHH, H3oOpaxeHHble Ha pHc. 6.1. Ber-
JieleHHaA TPaeKTopHs moJaydaercs npu tga=1 (a=n/4):

v=+(1—75) @

BuificHuM Tenepb, OPH KAKOM YCJOBHH 3Ta TPAeKTODHSA
npoxoaur Hax creHoit. Hns 3rtoro uafiieM BeICOTY A; TOYKH
TPACKTOPHH NPHU X=a:

a ab
hx*“(‘*m)—m-

Taknm ofpasoMm, eclH BBICOTA CTERBI ki MEHbIIE, UeM fiy,
TO HCKOMas TPaeKTOpHS ONpeneNsercss BuipaxkeHueMm (4),
COOTBETCTRYIOmAsA €f HayalbHas CKODOCTb U, JErKo Haxo-
IuTCca U3 ypaBHenus (2) npu tg a=1:

Vo min = Vg (a-+ b)

310 ecThb O6BIYHOE COOTHOLIEHHE MEKAY HaualAbHON CKOPOCTBIO
¥ MakCUMaJibHOH Ja/NbHOCTBIO N0JeTa MO FOPH3OHTAJH.
OnpenenauM Teneps HCKOMYIO TPaeKTOPHIO, €CJH CTeHA BHI-
me BHZIENeHHOH TpaekTopun: A>h,. Kak yxe ormeuanoch,
B 3TOM CJyyae HYXKHO HaNTH TPAeKTOPHIO, MPOXOAAILYIO Uepes
BepXHHHA Kpa#l CTeHHI, T. e. NONOKUTL B (3) y=h npu x=a:

a
h:d<l ——m) tg@Cl,

otkyna tg a,=~hA(a-+b)/ab. Ypasnenne HCKOMON TpaekTOpHH
II0/Iy4UM, NOJACTABHB HalizeHHoe sHauvenue ig «; B dopmyny

3):
o1 ) 50

OTMeTHM, 4TO A/ OTBETA Ha NOCTABJICHHBIE B 33jaue BO-
[IpOCHL 3TO ypaBHeHue HaM He Tp86yeTCﬂ, HO OHO AaeT BO3MOXK-
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HOCTB 1POCJEANTD, Yepes KaKue TOUKY Muna Jetut K ueau. Jiis
HAXOMJACHHA COOTBETCTBYIOILEH S5TOH TPAeKTOPHMH HAYaJbHOH
CKOPOCTH HYXKIO [OACTaBUTHL NOJYYeHHOe 3uauenue tg o
B ypaBHeHHe (2):

=2 1 (1 9552)").

Hrak, pesioMupysi H3/loKeHHOe, CHOPMYTHPYEM OTBET: €C/H
h<ab/(a-+b), 1o

a=mn/4, h=g(a-+b);
ecan hz=abl/(a+b), 1o

o= arclg <h "»ij) vg:%’ﬂ1 +(h “;”)2].

[Tosnesno u B 3TOM 3ajaue paccMOTperh Npeje/bHbIE Cay-
yau. He GyaeM ocranapiuBaThcsl Ha OTHOCHTEIBHO MAJIOMH-
TepecHbIX CJaydasx, Kak, Hanpumep, a=>b (cteHa mnocpepulie
MEKIY MHHOMETOM H LeJBIO).

becempicsenio nosmarate a=0 uin b=0 npu h7=0, Ho,
IeCOMHEHHO, INIpeACTaB/sgeT HHTepec caydal, koraa & H b
OJHOBPEMEHHO CTpeMsiTest K HyJo (np# h7=0). B sTom npejedin-
HoM caydae TpefyeTcs NPoCcTo nepeGpOCHTh MHUHY Yepes cTeny,
Ortger B 5TOM c/ydac O4eBHJCH! CTPE/ISITh HYAKHO BEPTHKANLHO
BBepX (a=:/2), a HaYyaIbHAas CKOPOCTD U, =V 2gh. Tlokaxewm,
KaK DOJTYyYHTh 3TOT Pe3yJbTaT M3 OTBeTa K 3ajaye. 3]ech, KO-
HEYHO, HYXKHO ofpauwiarscs K cayvawo h>ab/(a+b). Tlonaras
a==b W OIHOBPEMCHHO YCTpeMJIAA HX K HYJIO, NONYyYHM O
—n/2 u

.-
v =& [ab-r L) — £ (@2 4%) — 2gh. &

7. TlpocTpenneaemasi obnacTb. 3E€HUTHOE OpYIHE MOMKET
COOBIIUTL CHAPsAY Havalblyio CKOPOCTb Uy B J0OOM Halpas-
genuu. Tpebyercss HaHTH 30HY MOPAXKEHHH, T. €. paHHUY,
OTASJSAIOULYIO LEJNH, JO KOTOPbIX CHAPAA M3 JAHHOTO OpYyAHs
MOXKET JI0J1eTeTh, OT HeJOCTHMKHMBIX Ueseil. ConpoTHBAEHHEM
BO3AyXa NpeHeOpelb.

A TlonpoGyeM cHayasa BBIAICHHTb, YTO MOXHO CKa3aTtb 00
5TOH rpanuue, ne pemas 3apauyn. Cam (akT cyLleCTBOBAHHS
TAKOH IPaHULBI COMHEHHH He BbI3bIBAET, TAK YTO IIOCTABJICHHBLI
B 3ajaye BONPOC MMeeT CMbICT (KCTaTH, HayuHas pewartb
3ajauy, HHKOTrAa He BpelHO noAyMmarb o6 31om). IToneitaemcst
npencrtaBuTb cebe HCKoMylo rpaHuny. OueBujaHo, 410 oHA
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TpeACTaBasier coboii HeKoTopyo nosepxHocTh. Ecau ueab Ha-
XOAHTCA TOYHO HaJ OPYRHEM, TO CTPenATb HY)KHO BEPTHKANbHO
spepX. CHapsAX npx 3TOM nOAHHMaercst Ha BhicoTy h=1%/2g,
nec/ie Yero HauMHaeT Najarb BHU3, TAK UTO TPaHHLA JOCTH-
JRUMBIX LieJIell nepeceKaer BEPTHKaAb B TOYKE, HAXONSILEHCs
Ha EHICOTe /1.

Puc. 7.1, I'pannua npocTpesnHBaeMoil 06JaacTH

Eenn orpannuuThes nensiMu, HaXOAAIMMHCS Ha FepH3CH-
TaAbHOH IJIOCKOCTH, TO OYEBHIHO, YTO IPaHHIA NPEICTABISET
co60fl OKPYXKHOCTb, pPaaMyc KOTOPOH paBeH MaKCHMAJbHOMN
AAJbHOCTH MO/IeTa CHAPsA KA 110 TOPH3OHTAIH S=U5/g (HAIIOMHNM,
YTO MAKCHMaJbHas JAJbHOCTb MOJETa 10 FOPH30HTANH AOCTH-
raeTcsl MpU yriie BO3BBHINIEHHA CTBOJIA oOpyiua a=mn/4). Sra

Puc. 7.2. Tpannua ssasercs orumbaonieli Aas TpaeKTopuii

OKPYKHOCTb €CTb NepeceyeHHe HCKOMOH NOBEPXHOCTH ¢ [OpH-
30HTaJbHOH TJIOCKOCTBIO (pHC. 7.1). Boofme us cummerpun
MOIKHO CJesaTh BBIBOJ, YTO HCKOMAasi NOBEDPXHOCTb NpPEACTaB-
JI€T Co00¥ MOBEPXHOCTL BpalileHHsl HEKOTOPOI KPHBOH BOKDPYT
BEPTHKaH, NPOXOAslUlell uepe3 opyaue, H 3ajaya CBOLHTCHA K
HaXOXIeHHI0 5TOH KpuBOH. OTMETHM, YTO KPHBAs €CTb OlH-
faolas BceX BOSMOMKHBIX TPaeKTOpHil (puc. 7.2).
Ipuerynum x pemennio 3anauyu. Bribepem cuetemy Koop-
JAUHAT: OpYy/AHe PAcNoNOXHM B Hayajle KOOpPAMHAT, OCh X Ha-
NpaBUM TOPH30HTaJAbHO, OCh y — BePTHKaAbHO, Torza 3asu-



7. TIPOCTPEJIMBAEMAS OBJACTD %5

CHUMOCTb KCOpAHHAT CHapsija OT BPEMEHH HMEET BUJ

2

x(f)=wv,cosa-t, y(t)=vosir1a-t—-—%t—.

HckmounB B3 3THX ypaBHeHHII !, NOIYYHUM YpPaBHEHHE Tpack-
TOpPHH cHapsaa y==f(x):

-2
yzxtgoc—%(l+tg2a). (1)

210 ypasnenne mapaboarl. Kospduunentsl npu x u x? 3aeyu-
CAT OT yrJja &, T. €. NPH Pa3HBIX HanpaBieHUAX Hayalbhod
CKODOCTH TOAYYAIOTCS pasjuunble TpaekTopun. Takum obpa-
30M, JIJaHHO€ YpaBHEHHE OMHCEHIBAET CEMEHCTBO TpaeKTopui
Ipy OAHHX M TeX Ke N0 MOAYJIO, HO Pa3JHYHLIX N0 Halnpas-
JIEHUIO HAya/IbHBEIX CKOPOCTSIX Us.

Ho 3ToMy ke ypaBHEeHHIO MOJKHO NPHAATb H IPYTOH CMBICJ.
Bynem Tenepb paccMaTpuBaTh X M Yy KakK KOOpJAMHATHL. onpe-
JleJICHHO e/, B KOTOPYIO NMOoNajaer cHapsj, ABUTasCh Mo
HekoTopoit Tpaextopuu. Torza npu 3agaHHBIX KOOpAHHATaX
e X 1 y ypasuenue (1) onpenenser yroa, noj KOTOPbIM HYXK-
HO BBLINYCTHTb CHApsAX C HadaibHOH CKOPOCTBIO ¥, AJST TOrO,
gyTo6bl OH NONAJ B 3Ty leib, Pelas 370 KBaApPaTHOE OTHOCH-
TeJbHO tg @ ypaBHeHMe, HaXOIHM

tga = gix[v%:t Vii—glgx -+ 20y)]. (2)

Ecnu ypaBrenne nMeer BelleCTBEHHOE pelleHHe, T. €. IH-
CKpHMHH&HT HEOTlelaTeJIEH.'
Uo—g (gx* - 2v3y) =0, 3)
TO B UeJb 0OONAaCTE MO2KHO. EC.)H/I BCHIECTBEHHEIX peu.le}mﬁ
HeT, T. €.

vp—g (gx® - 203y) <0,

TO B 11€1b NONAacTh HeJb3sl. DTO 3HAYHT, YTO Le]b HAXOAHTCA
3a IpejesaMH HMCKOMOH rpaHHubl. KoopauHaThl LeJaH, paclio-
JIOKEHHOH Ha TpaHHLe, MO/KHLI YJIOBJETBOPATH COOTHOLe-
Huo  vi—g (gx*-+2viy)=0. Brupaxas orcioga y Kak ¢yHk-
LHIO X, NOJYyYaeM ypaBHeHHE IPaHHIBI B SBHOM BHJe:

2 .9
=0 _ &X 4
Y= 2 25 )
Jro ypasuenne napaGoabl ¢ BepwHHO# npu x=0, y=uvi/2g.

KoadduuuenT npu x* oTpuuaTtesneH, T. €. BeTBH napaboJinl Ha-
NpaBJieHb BHH3 M NEPEeceKaloT FOPH3OHTAJNbHYI0 OCh B TOUKAaX
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x=-uv}/g (puc. 7.2). Mrak, noaydyeHHas rpanuina JeficTBH-
TeJIbHO NPOXOAHT Yepe3 TOYKH, KOTOpbIE BHauyaje GbL1H HaMu
YCTaHOBJACHB! M3 3JEMEHTAPHBIX COOOPAMKEHHIH,

Mpr HalIH ceyeHHe rpaHUYHON NOBEPXHOCTH BEPTHKAJIbHOM
IJIOCKOCTBIO, TNPOXOASLICH 4Yepe3 Havano KoopauHar. Bes
NOBEPXHOCTb MOXKeT ObITh N0NyUeHa BpauleHueM 3Tol napabosinl
BOKDYT OCH Y.

B ¢BfI3H ¢ NpUBeJIEHHLIM pellieHNeM CesaeM elie HeCKOAbKO
3amedanui. PaccMoTpuM Kakyo-1H60 TOUKY, HaXOAALLYIOCH
Onuxke rpaHuiel (HanpuMep, Touky A Ha puc. 7.2). das takoit
TOYKH NOJKOpEHHOE BhIpAXKeHUe B hopMyJie (2) NOMOKUTeNbHO,
v, CNeA0BaTeNbHO, Yepe3 Hee NMPOXOAAT JBe TPaeKTOpPHH (npH
3a7aHHOM 3HAUEHHH HaYaJLHON CKOPOCTH), COOTEETCTBYIOI{HE
JBYM BO3MOXHBIM 3HaYeHHSIM yrJia o.

B GannucTHKe OfHA H3 3THX TPaeKTOPHH Ha3blBaeTcs Ha-
CTH/IBION, a Apyras, Kacaromascs TpaHHibl [0 NoNajaHus B
11e1b,— HaBecHolt. Uepes Kaxayo TOUKY, NpHHAAIEKAIYIO
rpa’Huie, MPOXOAHT JIHLIL OAHA TpaekropHs. OTMeTHM, 4YTO
rpanuua spisfercs orubaomell Ags cemeficTBa TpaeKTOpHil
[pH pasJuYHBIX HalpaBJeRHAX HadaJbHOH CKOPOCTH W PUK-
CHPOBAHHOM 3HaYeHUH HayaJbHOH CKOPOCTH V.

[IpuBenem Apyro#t BOSMOXKHLIA MYTh pPELICHHS 3TOH 3ajadH,
CBA3AHHBIA ¢ eule o1HOHN TpakToskoil ypanuenus (1). Pacemor-
pUM UeaTH, HAXOAAIHECH Ha OZHOH BepTHKaJH, OTCTOAeH OT
Opyaua Ha PacCTOSIHHE X, W HalifieM Ha Hell caMyio BLICOKYiO
TOUKY, B KOTODYIO €€ MOMET HONacTb cHapsA. 3JTa TouKa,
OUEBHJHO, NpHHAAME&KHT rpanuue. TakuMm ofpasoM, 3ajaua
CBOMMTCH K HaXOXIEHHIO MAaKCHMyMa y, T. e. NpaBoll dacTty
ypaptenus (1), paccmarpuBaemMoil Kak (yHKLHS yriaa o.
IlpaBasi yacTb ecTh KBaIApATHBIl TPeXY/JeH OTHOCHTEIbHO {g o
U HMeeT MakcHMyM TmpH tg a=uvi/gx. CoOTBeTCTBYyIOLIEE MAK-
CUMYMY 3HadeHue y noay4aeTcs NOACTAHOBKON 3TOro 3HadyeHis
tg o B ypaBHenue (l):

. v __gn
y 2g 203 ’
4TO COBHAJAET C NONYYeHHBIM paHee ypaBHEHHEM rpa-
HuUbl (4). A

8. I'psisb or konec. Tesnera paBHOMEpPHO KaTUTCSt MO TO-
pH3OHTAILHOA MOKpoit jgopore. Ha Kakyio MaKCHMa/lbHYIO
BLICOTY TNOAHUMAIOTCA Kallli BOABI, cpeiBaiouiHecss ¢ o6oja
Koneca?

A Dra 3ajaua Bo MHOroM mnojoGda npegpiayuwum. Camasn
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CyIleCTBEHHAsA OCOGEHHOCTh 3aKMIOYaeTcst, TNOXKanyi, B TOM,
yTo AN €e PELUCHHA HeNb3sl NOMECTHTb HAYalo KOOPJAHHAT B
HCXOAHYIO TOYKY TpPaeKTOpyH KallH, TaK KaK OTPHB Kalesb
fPONCXOANT B PasHBIX TOUKax obofa Koaeca. Cosvectum no-
3TOMY Hayajo KOODAHHAT C LEHT-
pom Koseca, T. e. GyneM paccmar-
pHBaTh JBHXEHHE Kallejlb B CHC-
TeMe OTCYera, CBA3AHHOH ¢ TeJje-
rofi, nBmKyweHca paBHOMEPHO H
npsIMOIHHENHO OTHOCHTENLHO 3eM-
qn. OueBHJHO, YTO MaKCHMaAbHAas
BLICOTA NOILEMA Kalejb 0o Bep-
THKaQJM He 3aBHCHUT OT TOro, pac-

&

CMAaTPHBAaTbh UX ABHIKEHHE B CHCTE- g z
Me OTcHeTa, CBSI3aHHOH C 3eMJel,
WM B CHCTEME OTCYETA, CBA3AHHOH
€ pAaBHOMEPHO [BHXKYMIEHCH N0 > n—
ropusontanu reneroii. Ecam cko- Puc. 8.1. Tpaexropin Ka-

POCTh TeJIETH PABHA Up U KOMECA  pont o triorene oreneta cpg.
He NpoGYKCOBBIBAIOT, TO B BHG- sannOK ¢ Teaerof
paHHO# CHCTeME OTCYeTa CKOPOCTh
JmoBoit Touky ofosa Takxke paBHa Uy, (Hlokaxure nocaennee
yTBepIKIEHHe caMH — 3TO coBceM npocto.) [Tonoxenne moGoit
13 TOYeK, B KOTOPEIX MNPOHCXOANT OTPHIB KaIlyd OT 0604a,
OAHO3HAUHO ONpejesseTcs yrioMm ¢ (puc. 8.1).

Texyuiue KOOpAMHATHL KaIliH, OTOpBaBledcs oT ofoxa
Kojieca B TOUKe, XapaKTepH3yeMOH yrJoM ¢, onpejaensiorcs
€OOTHONIEHU IMH

x(f)=—R cos ¢+, sin @+ ¢, O

y(1)=R sin ¢-+v, cos ¢-I—gt?/2, 2)

JaAa HaXomIeHHsT MAaKCHMAaJbHOH BLICOTHI NOALEMa Kalliu

Ymax HYMKHO TOJACTABHTL B ypaBHenue (2) BpeMsi Moxbema

Kanay f;, KOTOPOe MHpOoHie BCEro HaHTH c/aeAyroluM obpasoM.

B nauBbICIIE TOYUKE TPAEKTOPHH BePTHKabHas COCTAB/AONLLAsI

CKOPOCTH v, 06paliaercs B HyJb: U, =0, cos ¢p—gi;=0, oTkyaa
U,

t= ?“ cos @. (3

Torza MakcuMaJibHasi BBICOTA NMOABEMA KalllH, OTOpBaBluefics
oT ofona B paccMaTpHBaeMOH TOUKe,

2 2
Yo = — g SIN* @+ Rsin ¢ + 5. ()

(B 3TOlt dopMyJie COS ¢ BhIpaxeH uepes sin ¢.)
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M3 (4) BHAHO, 4TO MaKCHMa/bHAS BBICOTA MOAbEMA 32BUCHUT
OT yrJaa @, T.e€., OT TOro, B KaKoHf TOYKE HPOU3OLUE] OTPhIB
Kamu. B Kako#l e Touke HO/KHA OTOPBATbCA Kamis, YTOOBI
MOAHATLCS BhILIE BCeX OCTaNbHBIX? Broipamenue (4) ana Mak-
CHMaJbHON BBLICOTHI HOABEMA MPEACTAB/AACT CO0Oft KBaApaTHbLl
TPeXWIEH OTHOCHTEJbLHO sin ¢ U NPHHHAMAET CROE HanGOJbLIee
3HAYRHHE

hmax :”g—‘?};’}_— (5)

npu sin 9=gR/v;. Kouneuno, 3TOT pe3y/abTaT HMEET CMBICH,
ecad gR <vj, T.e. ecay Telera KaTHTCSl AGCTATOYHO OBICTPO.
B nporusHoM ciyuae, Kak HETpYAHO YOeAHTBCS, HH OJHA U3
OTPBIBAKIIKMXCS Kafesb HEe NOAHHMAeTCs Bbllie BepXhell TOYKU
oboga. JlokaxuTe 3To camoCTOATENLHO.

C nomousio cooTHolenus (1) serko yBuaeTb, 4TO HaijieH-
Hast TOYKa HaUBbICLIETO NO'beMA JEKHUT TOYHO Haj OChIO KOJeca:
noactasasist (3) B (1) u yuurhiBasi, yro sin ¢=gR/v}, nony-
yaem x=0.

OtBer Ha NocTaBJeHHHH B 3ajaye Borpoc — dopmyaa (5)
s HauOOoJBLIEH BBICOTH MOABEMA OTPLIBAIOIUXCA Kaneab —
NONYYEH MyTeM HCCAEROBAHHS HA MAaKCHMYM KBaJPaTHOro
Tpexy/aeHa (4) OTHOCHTEABHO Sin . DTOT pe3yJabTaT MOXKHO
noyyuts U HMHaye, Dyzxem paccyxnaTe caeayiowuM obpasom.
3aduKcupyeM HEKOTOpOe 3HAUEHUE Y.,y U PEIIUM YpaBHeHHE
(4) orHOCHTENBHO Sin @:

. R R\2 , 2glmax
Sln(pl,zz%g—i l/(%) »;—1————gif—z“—. 6)

Up

3Jech VIV @5 U Qg ONPENessioT Te TOYKH 000Aa, OTPHIBAsSICH
0T KOTOPHIX Kaljid JOCTUTAIOT 3aJaHHOH MaKCUMaJbHOH
BLICOTHI, EC/AH BellleCTBEHHBLIX KOpHEH HeT, TO 3afaHHOro
3HAYEHHS Y, He JOCTHIAeT HH OXHA KaljfA. Eciu ectb jBa
PA3/IHYHBIX BELIECTBEHHBIX KOPHA §; U @z, TO 3aJaHHAsl BBICOTA
SIBASIeTCsl MaKCHMalbHOH 151 [BYX Kamedab. 3TO OTIETIHBO
BiHO U3 pHc. 9.4 3anauu 9 npo «moxpoes Kojaeco. HanGobuuei
BLICOTBI H3 BceX Kalesb, KAK BHAHO H3 TOTO K€ DHCYHKa, 10-
CTHI'aeT TOJIbKO oHa Kanad. Crenosarespno, STy HaHGObLIYIO
BHICOTY H,,, MOXKHO HaliTH, norpeboBas, 4ToOB 06a KOpHS
ypaBuenust (6) cauBannch B OJMH: NPHPABHHBAf JHCKPUMHU-
H2HT HYJI0, HOAYyYaeM OTBeT — (opMyay (5).

Urak, nonyyeHo wucuepnplBalolliee pellieHHe 3TOH 3ajgaqw.
Kak u npenpiayliue 3ajayy, Mbl PeIlNIH €e, HCHOAb3Ys ypan-
menus auxkenus (1) u (2), koTopoie AI0T 32aBHCHMOCTL KOOPAH-
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HAT ABWXKYILIErocs Tesa OT BpeMeHH. 3TH YpaBHEHHs COJepKar
BClo WHGpOpMaUHI0 O JBHKEHHH Tejaa. Ho Bo MHorux cayuasx
nonHas undopmaius ObiBaeT He HyxHa, Hanpumep, B o6cyx-
JlaeMoii 3ajjaue Hac COBEpLIEHHO He WHTepPEeCYIOT BpeMeHHEE 3a-
BHCUMOCTH — TpefyeTcsl HalTH JHIIb NOJOXKEHHe TOUKH HaH-
BBICLIIETO NOABEMA KAMJH, 4 MCMEHT BpeMeHH, KOrJia KalJs TaMm
OKa3blBaeTCsl, HHTepeca He mnpeacTtasager. B nonoGHeiX cay-
yafX 4acTO OKasblBaeTcs YAOOHBIM C CaMoOro Hadaja HCKJIO-
YHTb U36LITOYHYIO HHPOPMALHIO, BOCNIONb30BABIINCh 3aKOHAMHU
coxpaneHus. B paccmarpuBaemoll 3ajjaue MOXKHO cpasy mnoay-
4UuTh COOTHOWeEHHe (4) 1/ HauGoJblleH BBICOTHI HOAbEMa Ka-
nejb, ecJad INPUMEHUTb 3aKOH COXpPaHEHHS MeXaHUYeCKoH
sHepruy. [losaras noreHUUaNbHYIO SHEPTUIO KAIJIX HA YPOBHE
OCH KoJieca PaBHOH HYJIO, AJs NOJHOH SHEPTHH KallJlH B TOUKE
OTpHIBa HMeEEM
mug

E,=mgRsing -+ 5

B BhICIIEHi TOYKE TPaeKTOPHH BEPTHKAJbHAs COCTABJAIOMAs
cKopocTH ofpauiaercss B HYJAb. [I0CKOJBKY TrOpH3OHTaNbHAS
COCTaB/IAIONIAA CKOPOCTH HE MEHAETCS, JHEPrusi B BhICIIEH
TOUKE

E2 = MG Ymax - ﬁ.ﬂ;il_"m_z..

Tlpupasnusan E; n E., nonyyaem ¢gopmyay (4). Kak Bugure,
BO MHOTHX 3aJjayaX He BpeJHO NMOJAYMaTh O TOM, HeJb3sd JH
YIPOCTHTL pelleHHe, MCNOAL3YS 3aKOHBl coXpaHeHHs! A

9, Kanau ¢ ppamalomerocs Kosaeca. «Mokpoe» Koseco
pPABHOMEpPHO BpalllaeTCst B BEPTHKAJBHOI IJIOCKOCTH BOKPYT
HenoxBmkHOR ocH. C obola cpuBaiorca Kanau. Hafitu rpa-
HHLLY «CYXOi» ofaacty.

A JIBiXKeHHe OTOPBABIINXCS KaNejab NPOHCXOIMT NOJ JeH-
CTBHEM CHJIBI TSI2KECTH, KOTOpasi BCEM KalJfiM COOGLIAET OIH-
HAKOBOE YCKOpeHue g, STO NO3BOJAET CHAyajla OTBJEULCH OT
HaJIWYUsl TArOTeHHsi. PaccMOTpuM [BMXKEHHE Kalelb, OTOp-
BaBLIMXCST OT ofoja Kojeca B OJHH M TOT e MomeHT. B or-
CYTCTBHE YCKOpeHHsT CBOOOJHOIO MajeHHsI Kallld ABHKYTCA
1o NPAMBEIM JuHESIM, B /11060 MOMeHT BpeMeHH { BCce Kalju
JeaT Ha OKpyxKHoctH pamuyca r (puc. 9.1), ans koroporo
¢ nmomompbio Teopemul Ilndaropa mMoxHoO HamHcaTh

r(t)=R*+(vod)?, (1)

rae R — paguyc KoJaeca, vy — CKOPOCTH TOYEK 06oa.
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Panuyc oKpY:KHOCTH 7 yBeJIHUHBALTCA C TeYEHHEM BPEMEHH,
a NpU HAAUYHH TATOTEHHS BCH 3Ta OKPYXKHOCTb €llle H «ma-
jlaeT» ¢ ycKopenumewm cBoGopHoro najgeHds g. Ecau Hauano
KOOpAHHAT BbLIGPAHO B LEHTPe Kojeca, TO B JIOOOH MOMEHT
BpeMeHH ¢ OpAMHATA LEHTPAa OKPYXKHOCTH paBHa —gt¥/2.

X
5 /ﬁﬁ\
/ é i‘.
Puc. 9.1. B orcyrcraue Puc. 9.2. T'paunua «Mokpoil» ofaactH
TAMECTH KallJIH IBUXKYTCA KakK orubamolias OKpyXHOCTEeH

npAMOJIHHEeHHO

YpaBHeHne «najaomeds OKPYHKHOCTH B ITOH CHCTEME KOOD-

JMHAT HMeeT BHA
x4+ (y-+gt2/2) =r¥(t). )

Ypasuenne (2) ecTb ypaBHEHHE LEJOFO CeMEHCTBA OKPYXK-
HOCTEH: NpHIaBasi { pasHble 3HAYEHM, [10JYy4aeM OKPYHKHOCTH,
Ha KOTOPBbIX HAXOAATCS KAl B Pas/IHYHbIE MOMEHTHI BPeMeHH .
Jlerko coo6pasuTh, YTO HCKOMas TPAHHLA ecThb orufamowas
3TOro cemeHcrBa OKpyKHocteH (puc. 9.2). flcHo, uTO BhICWAn
% TOYKA 3TOH TPaHUIBL JIEKHT
TOYHO Haj ocbld Kouseca. py-
UMY CJIOBaMM, ypaBHeHHE (2)

A

/ / % onpejesaeT BCIO ¢MOKPYIO» 00-
%%// % Jacte (puc. 9.3), u nns pere-
\ HUA 3aJa4d HaM HYXKHO HaiTH
7 ///// rpaHugy samTpngBaHHoii 06-

Puc. 9.3. «Mokpas» obnacts 3a-  JACTH.
LWITPHXOBAHA Dyzaem uckarb 3Ty rpanuny
CJIelyIoU M 06pa3oM. 3aMeTHM,
4TO Kall/li, OTOPBaBUIXeCs OT KoJjieca B OJHH M TOT K& MOMEHT
BPEMEHH, AOCTHrAIOT I'PAHHLBI B PA3HBIE MOMEHTHI BPEMEHH:
rpaHula KacaeTci pasHBIX OKpyxkHocrei. [IpoBens ropH3oH-
TaJdbHYIO NPSMYIO Ha HEKOTOPOM ypoBHe Y, HafijeM Ha Hel
Haubojee yJIasleHHYIO OT OCH Y «MOKPYIO» TOYKY, HE 3aLyMbl-
BaAChb O TOM, KAKOH OKPYMXHOCTH OHA RpUHAAAEKHUT. Alc-
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ncey X TOYKM mepeceuerus JMo60H OKPYXKHOCTH C 3TOil
npsiMoil MOXKHO HAHTH, NOJACTaBHB B YPABHEHHE OKPYHHOCTH
(2) opaunary y=Y u pamuyc r 43 ypasnenns (1)
X2=R+uir—(Y-+gt2/2)2. 3)
Jlerko Bujerb, uTo npaBas uactb (3) ecTb KBaApAaTHBIH
TPEXY/ICH OTHOCHTEJbHO f2:
X2=—g?t*/4-+(v5—gY)t?4- R>—Y?2,
Ero makcuMmasibnoe sHauende
4 2
200
Xt=Rif 2 2, 4
R+ 5 —= (4)

Paspenian (4) otHocHTeAbHO Y, MOJyYuaeM ypaBHeHHE TDaHUIEL
«CyXoi» obJjacTu:

Y & xo &R, G 5)
o 20 211% 2g°

3t10 ypaBHenue napabojibl, BETBH KOTOPOIH HaNpaBJ/eHbl BHUS,
a BepIUWHA HAXONWTCH Ha ocH y Ha Bbicote gR*2v5-+vi/2g.

K4
AN
Prc. 9.4. Tpanuua «Mokpoily o6gactn  Puc. 9.5, T'pannma «Mok-

KaK orubampowman napaboaq — TpaeKTopHH  poily 06JacTH IpU MeaJeH -
Kanenab HOM BpallenHH Kojeca

I'pannua 6ela HaliieHa Kaxk ornGaromas ceMeicTBa OKPYK-
HOCTeH, Ha KOTOPEIX HaXOJM/NCh KallJIH, OTOPBaBUINECS B OfHH
M TOT K€ MOMEHT BpeMeHH. MeXay TeM TpaeKTOpHS KaXmoil
OTIENbHOR Kaniu npeacrab/sdeT co0oif napaGony, H NO3TOMY
nafijiennas rpanuna (5) sBasercs orubaiowei 3THX napatos
(puc. 9.4).

VlaTepecHo OTMETHTB, YTO 3afaud 7 ¥ 8 fABAAIOTCS HacT-
HLIMH caydasamu 3ToH 3ajaun. JelictButensHo, B 3ajaue 8
(pakTHyeckH TpeGoBasoCh HAHTH JMIIb BEPXHIOID TOYKY Tpa-
HHILL «MOKPOH» obaactu: npu X=0

gR? | W}
y = hmax = —2‘1'%- —l'— —2-5.
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3anaua 7 nosaydaercsl H3 3Tod 3ajayH, €CJaH YCTPEMHTh K HYJIO
PAAUYC Kojleca R TpPH HEH3MEHHOH CKOPOCTH U,. ¥ paBHEHue
TPAHUIB! JOCTHXUMBIX Leseft nosydaercs u3 (5), eciu B no-
c/lefHeM NOJOXKHUTh R==0;

—— ____ 2
V= 203 Xt 5 2g

Ilpu pewenun sTo# 3agayd MBI MOJMYA/HBO NpeANonarasiy,
4TO MCKOMAsl TpalHilla NPOXOAUT BHe KoJseca. Kak M B npenpl-
Ayle# 3agave, Jierko yOepuThbCsl, YTO 3TO CHpPABEAAMBO HpH
veaoBHH vi>gR. B nporuBHOM caydae (v5<gR) rpanuua
«MOKpOH» 06/1aCTH B CBOEH BepXHeH 4acTH HPOXOJHT 1O 0604y
Kojeca (nyra OKpPYKHOCTH), & 3aTeM [JIaBHO NEPeXOiHT B
zeTBY napaboanl (puc. 9.5). A



II. THHAMHKA H 3AKOHbI COXPAHEHHA

HunamMuka u3yuaer, KakK NPOHCXOAUT JABUNKEHHE Teda NPH €ro
B3aUMOJEHCTBHH C JADYLHMH TelaMu. BaaumosefictBue OMHCHIBAETCA Ha
SI3BIKe CHJI, RedcTByIOIMX Ha Teio. OCHOBY IMHAaMHKM MaTepHadbHOH
TOYKH COCTABJAAIT TpH 3akoHa HeioToHa. IlepBBIf 3aKOH BLIfe/dseT Te
CUCTEMLI OTCYeTa, B KOTOPbIX YPaBHEHHS AMHAMHKH HMeT HaubGosee
IPOCTOH BHJ,— 3TO TaK Ha3blBaeMbiec HHEpPLUHAJbHbIE CHCTEMH OTCYETa.
Bropoi#t 3sakon HbloTona ycTaHaBAHBAaeT CBA3b MEXIY YCKOpeHHeM, ¢
KOTOPHIM [JBHMKTCH MaTepHaJhHasf TOYKAa B HHepPUMaJbHOH CcHCTeMe
oTcyera, M JefiCTBYOI{MMH Ha Hee cuaaMH. TpeTuii 3akoH cBs3blBaer
MeXay coGoil CHJIbL, ¢ KOTOPHLIMH Teaa ACHCTBYIOT ADPYr Ha Apyra.

B nunaMuke B3aHMOZeHCTBHE Tes CUHTAETCS 33/ aHHBIM: HANPHMEp,
rpaBUMTAlHOHHOE B3aHMOJEHCTBHE MaTepHaibHBIX TOYEK OMMCHLIBACTCA
3aKOHOM TSTOTEHHS, a 3JeKTPOCTaTHYeCKoe B3aHMOAeliCTBHE TOUEYHLIX
3apsfos — 3akoHoM Kysona. Buipamenust List CHJI, BXOAAILHX B 3a-
KOHB Hbi0TOHA, RO/ Hbl GbITh B3STH H3 APYTHX PasgenoB QHIUKH, [Ae
H3yuaercs X HpHpoOAa.

Peurenne AHHaMHYeCKOH 3a71auH clelyeT HAYHHATb C aHa/lu3a BCex
cuJ, JMefiCTBYIOIHX Ha HuTepecyloliiee HAC Teao.

OcTanoBuMCsT HECKOIbKO NMofpofHee Ha TexX BHIAX CHJ, KOTOpue
BCTpeYamTCsa B 3ajauax 3Toro pasjena. I'paBuTaunonnoe B3auMmojeiicr-
BHE Te/l OCYLIECTB.JsIeTCH NOCPEACTBOM CO3/aBaeMBIX HMH noJell TAro-
Tenus. Teno co chepuyecKU-CHMMETPHUHBIM pacnpejenedeM mace (Ha-
IpKMep, 3€MHOIl [ap) co3faeT B OKPYXKaloOUieM MPOCTPAaHCTBE TakKoe
e rpaBHTAllHOHHOE NOJe, KaK H MaTepHaJbHasg TOYKA TAKOH 2e Maccsl,
MoMemenHas B ero LeHTp. B 3azauax O ABHMKEHHH CIYTHHKOB 3eMun
YAOOHO BBIpaxaTb IeHCTBYIOULYIO Ha HHUX CHJAY NpHTAXeHus 3emid
yepes pacCTOSHHE COYTHHKA O LeHTPa 3eMJIH 7, YCKOPeHHe CBOGOAH Oro
najenust § Ha NMOBEPXHOCTH 3eMJIH H ee pajuyc R:

, M

rae G — rpapuTalHOHHAA NOCTOsHHAA, M — Macca 3emad, m — Macca
cnytuuka. Takoit sua gopmyan agas F ypoben Tem, uTo AeficTayiowas
Ha CHYTHHK CHJIA BHIPAKAETCs uepes JIErKO 3allOMUHALIHECST BIUIHH L
5=9,8 m/c? u R=6370 ™. .
Bo Maormx 3afayax NpUXOANTCH PAacCMATPHBATL TPeHHE Ted JApyr
o apyra. [1pu naauuny TpeHus cuay @, € KoTopoil o4O TeNo AelicTByer
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HA Apyroe, yEKOGHO pacCMaTPHBaTh KaK ABe CHJIH (€M. PHCYHOK): CHIY
N, nanpapjiennylo HO HOPMaJH K TOBEDPXHOCTH KOHTAKTa (CHJA HOp-
MaJdbHOTO JaBJEHHs WU CHJIa PEeaKIHH ONOPHI, KoTopas o CBOEH npu-
poje sBisercs ynpyroi cuio#), u cury tpenns Fpg,, HanpasleHnyio
10 KacaTeabHOl. Y100CTBO 3aK/i0RaeTCss B TOM, YTO NPH CKOALMKEHHU
TeJ MOAYJHA 3THX COCTaBJSIONNX ONHOH CHIB @ CBA3aHE MeXAy cofoil

V: / 2 q
A
/ H
PO Cuay Q, ¢ Kgropoﬁ nepoxoparas Ho-
) ! BEPXHOCTb JeilcTBYeT Ha Ten0, YNoOHO
v 4 : npe}lcmbrle(aK CYMMY CHJBI [;:eaxuxm
-— OnopH U cuabl Tpenug F.
f;/o p P Tp
s 2 Z “ ' 7 Z 7

npubamKennsiM 3akonoM Kynoua — AMOHTOIA, YCTaHOBNEHHLIM ONbBIT-
HBIM NyTeM:

Frp=nN. (2)

KoaphauneHt Tpenns cKoabaennd |1 3aBUCHT OT Poja CompHKacao-
uuxcs nopepxnoctel. OObuno nmpenefperawT caaboil 3aBUCHMOCTBIO
CHJILI TPEHKS OT NJoUadH KOHTAKTa U OT OTHOCHTENbHOH CKOPOCTH TeJ.
Jns Tpenus noKos 3aKoH (2) He UMCET MeCTa: CHJIa TPENUA MOKOS MOXeT
H3MeHATBCSA OT HYJfA A0 HEKOTOPOro MakCHMAaJbHOTO 3HAueHUs ; O6LIYHO
HECKOJIbKO TIPEBLIIAONIEr0 CHAY TPEHHS CKOJALXKeHHs AAd 3THX 1o-
Bepxsoctel. [1pu pewenuu 3ajau s NPOCTOTH MaKCHMAa/lbHOE 3Haye-
BHE CUJL TPEHWs NOKOA NPURAMAETCH PaBHbiM pN.

OcHoBlioe ypaBHeHHe AMHAMHUKM — BTopod 3akon HbioTona —
BeKTOpHOEe ypaBHenne. B paccmaTpuBaeMbix 3agavax JeficTByloune
CHJILI 1€3KAT B OAHOI NJOCKOCTH, MOTOMY MOMHO BHIOPATL CHCTEMY KO-
OpANHaT Tak, YTOOE BEKTOPHOE YpaBHEHHE BTOPOro 3aKOHA CBOAMJIOCH
K ABYM CKaJsipHbIM,

IMpumenenne BTOporo # Tpereero 3akonos HeloTona k cHcreme
83aUMOJE/iCTBYIOIHX Tesl NO3BoAsieT cHopMyAHPOBaTh 3aKOH JBHXKE-
HHsl LedTPa Macc CUCTEMB T&J B OY€Hb MPOCTOM BHAE: UEHTP MaccC ABYU-
MeTCd TaK, XaK ABUrajdach OH MarTepHalbHasl TOYKa € Maccoll, paBHOH
CyMMe Macc BCeX TeJi, BXOAANNX B CHCTEMY, NOj AeficTBHEM CHIILI, PaBHOR
BEKTOPHOIN CyMMe BCeX BHEWNHX CHJ, AeiCTBYIOU{RX na Teja paccmar-
puBaeMoli cncreMbl. B uacTHOCTH, OFClOfa CACAYET, 4TO NOL AeficTBHEM
TONLKO BHYTPEHHHX CHJI LEHTP MacC He MOXeT MPHOOPECTH YCKOPEHHUH.

Pewenye AHnaMuYeCKuX 33134 3aCTO 0OJIeTr4aercsi HCHOIL30BaHHEM
32KOBOB COXPAHEHWS DHCPTHM, WMNYJAbca U MoMenTa mmayJsca. Oco-
6enno 3dexTHBILIM SB/ISETCA HCNOAb30BANNE ITUX 3aKOHOB B Te€X Cay-
yanx, KOI'Ra AElCTBYIOHIYE CHJIB HETOCTOSIHHEL H HEMOCPELCTBEHHOE pe-
IIeHHE yPaBHEHUH AHHAMHMKHM C TIOMOLLbIO SJIEMEHTAPHOH MaTeMaTHKH
HEBO3MOXKHO. 3aKOH COXPaHEHUs YHEPIUH IIHPOKO HCAOABIYETCH NMpH
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peuleHHH 3ajay O ABHMKEHMM KOCMHuecKHXx anmaparoB. Kak u B (1),
BHPaXKEHHe I MOTeHIHANbRON SHEPIUH Tesia B MPAaBUTAUHOHHOM HOJ€
3emsu yno6HO 3anucarh yepe3 ycKopenHe ¢BOGOAHOrO MajeHHs HA [10-
BEPXHOCTH 3eMJIH:

GmM__ meR%

r r

En(r)=— 3
B BeipaxenuH (3) noTeHNHATbHAA IHEPFHS CTPEMUTCHA K HYJIIO IPH r—»00,
T. e. MOTEHUHAAbHASA JHEPLHs TArOTEHMs Teka, YAaJNeHHOIOo Ha BecKo-
HEYHOCTh, NPHHsITA PaBHOA HYJIO.

CKOpOCTb CNYTHHKA, ABHXKYUIETOCS 10 KPYrosofi oplute pagnuycoM
r, Has3LIBaeTcs NepBod KocMHyecKoH ckopoctbio. Ee MoxHo Hafitu ¢ no-
MOULbI0 BTOPOro 3akoHa HploTOHa M 3aKOHA BCEMMPHOrO TATGTEHHA:

v=V gRr.
Inst cnyTHHKa, JABMXKylerocs BOJAM3H NOBEpXHOCTH 3eMmJad, nepsas
KOCMHYECKasd CKOPOCTh Uy = V-é?R_= 7,9 km/c.

MunnManbHas CKOpPOCTb, KOTOPYIO HYXHO COODIHTL Tedy, Haxo-
HAUIEMYCH Ha DAacCTOAHHH 7 OT LeHTpa 3eMad, AJas TOro 4Tafel 0HO
YAAAUIOCH HA OECKOHEYHOCTb, HOCHT Ha3BaHHe BTOPOH KocMH4ecKofl
ckopocTH. Ee MOXHO HAATH ¢ HOMOUIbIO 3aKOHA COXDAHCHHs dHEPLHHU:

o=V 2gR%r=V 2u.
Jis Tena, HaXOAHILErocs Ha MOBEPXHOCTH 3eMlH,
vy=Y 2gR =11,2 xm/c.

Teno ynanurca Ha GeCKOHEUHOCTb HE3aBUCHMO OT TOr0;, B KAaKOM
Hanpasjennu coobuieHa eMy BTOPas KOCMHYECKas CKOPOCTh, XOTA TpPa-
eKTOPHHU NPH 3ToM GynyT pa3ubie (HO Bce napabonnueckue!). Ecau coos-
WHTE Tesqly CKOPOCTb GoJblue BTOPOHl KOCMHYECKOH, TO OHO YHATHTCA
no runepbose. Ecim nauanbuasi ckopocTs MeHblIe BTOpoH KocMuue-
cKoil, To TeJO ABHKETCS 1O 3JITHICY, O1HH H3 POKYCOB KOTOPOro cosna-
RaeT ¢ uenTpoM 3emsH. ITO yTBepPAAeHHE HOCHT Ha3BaHUE MEPROro 3a-
koua Kenjepa, KoTopuifl Gui1 OTKpHIT B’ pe3yabTaTe Habuaiofenuil 32
asuxenneM nianer Bokpyr Connua.

[Tpu pewenun 3agay GyAyT HCNONL30BAaThCA TakkKe BTOpol # Tpe-
tu#t 3akonnt Kennepa. Corsacno sropomy 3akony Kensaepa cektopHas
cKOpOCTb CYTHHKa nocTosiwHa. Tperuit sakon Kenaepa yrsepxiaaer,
4TO KBajApaThl NepHoioB o6pameHHst CTyTHHKOB OTHOCATCA Kak KyOnl
GO/IBUIUX TTONYOCeH MX JJIMNTHYECKHX OPOHT.

3akonnl Kensepa MOXKHO BHIBECTH C TOMOIBIO yPABHEHHHE AHHAMHKH
M 3aKOHZ BCEMHDHOrO TATOTEHHUH.

Ilpu pelweHuu 3sagay, B KOTOPHIX BCTpedaerca KojeGareabHoe
ABMMKEHHE, CJASAYET MOMHHTb, YTO MpPH TaDMOHHYECKUX KoaeGaHHAX,
KOrja paBHoOAefCTBYioLlask BCEX CHJ HANpaB/ieHa K NMOMOMXKEHHIO paBHO-
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BECHS M NPONOPLUHCHAIBHA CMCIIEHHIO, KPYTOBasl uacToTa KoneGamni
OTNPEeNeNACTCS COOTHOLIEHHEM

o=V kim,

rie m — Macca Teaa, a R — Ko3(p(QUIHEHT NPONOPLUHOHAALHOCTH MEXKAY
cujioft B cMemenHeM. ITpuMeHen e 5ToH GOPMYJIbl K MaJbiM KoseGaguaM

MaTeMaTHYeCKOro MAfiTHHKA AJMHHOH [ JaeT o= ]/g/l.

t. Henopeuxubiit 6ok, Uepes senoasuxuuii G0k nepe-
KHHYTA HEPacTsKUMas HUTB, K KORLAM KOTOPOIl IPHKPENJIEHb!
rpysel ¢ maccaMd m u M, npudem m<M (puc. 1.1). Hafitu
CHJIY HATSIZKEHHS HUTH TIPH JIBHKEHHH
rpy3oB, npeHeGperasi TpeHHEM, Maccamu
6J10Ka ¥ HHUTH.

A Tlpu  ykasaHHBIX B YCJIOBHH
medf  HJeaNu3auuAx 3ajada, KOHEYHO Ke,

TpHBHaJbHA, Ectn m<&M, To TsXenbii

rpys GyleT majatb NpPaKTHYECKH CBO-

6ofHO, T. €. IIOYTH C YCKOpEeHHeM g.

Ho Torpa B cujay HepacTsKHMOCTH

HHTH JIETKHil rpy3 OyjaeT BBIHYKIEH

Tr TIOAHHUMATBCST C TAKUM K€ YCKOPEHHEM,

%T”’y J1s1 aT0rO HEfiCTBYIOIMASI HA HErO COo CTo-

POHBI HHTH CHJIa JOMXKHA GRITb BIBOE

1 6oablie cuabl TskecTH. IloaroMy cmia

. nartmxenns mutw T=2mg. Tak kak

Pue. 1.1, Coast, A\ o000l Gaoka MOKHO npeheSpedn, To

CTBYIOMIME Ha Tpy3H s .

BO BpeMa ABWXKEHHs ~ CHJA HATSDKEHHs! HMTH OJHMHAKOBa IO
ofe cTopoHbl 6/10Ka.

Pasymeercsi, 3TOT pes3y/bTaT MOXKHO NOJYYHTb M CTPOTO.
PaccmartpuBasi JeficTByiollne Ha Tpysbl CHabl (puc. 1.1) u
UpoenMpys ypaBHeHUS BTOpOro sakona Hrlotona nis Kaxaoro
¥3 IPy30B Ha BepTHKa/bHOE HalpaB/eHHe, INoJyyaem

Mg—T=Ma, (1)

mg—T=—ma. @)

Wickmouas B3 3THX ypaBHeHHH yCKOpeHHE TPY30B @, HaXomuM
2mM

flppy m<«M B 3namenarene MOXKHO npeHeGpeub m HO Cpab-
uennio ¢ M. 3o jgaer T~2mg.

A Tenepb npeanoJoXHM, 4TO, HAYaB pellaTh 3Ty 3ajauy
cTporo M sanucas ypasmenus (1) u (2), Mbl coobpasuin, yro
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npu 3ajanHom ycaoBHH m<EKM yckopeHHe g NPaKTHYECKH
pasuo g. Torja aas Haxoxuenus T MOXKHO MOACTaBUTH 3TO
3HayeHHe yckopeHus a=g B ypaBHeHue (1) mau (2). IToacra-
HOBKa @=g B ypaBHeHWe (2) NeHCTBHTEJNBHO JaeT 3HAYeHHE
T=2mg. A BOT NOACTaHOBKa B ypamuenue (l) npuBoauT K
HeomugaHroMy pesyavtary T=0. B uem xe Ty geno? Bean
ypaBHeHud (1) u (2) TouHble, W CTPOroe pelleHHe BO3MOMKHO
TOJIbKO IIPH HCIOJIb30BAHUM O0OMX 3THX YpaBHEHHH.

DTOT npHMep SPKO HJOCTPHPYET TO OGCTOSITENbCTBO, YTO
B (pH3HMKe NIOHSATHA «Masas BEIMUHHA» H «OO/IbINAs BETHYMIia»
camy Mo cefe GeccMbIc/eHHBI, Ecnn «6oabinasy HAH «Mafasns,
To 00513aTeNbHO JOMKHO ObITh YKA34HO, MO CPABHEHUIO C Y&M,
IloacraBnas npubmipkeHHoe sHadeHue =g B ypasuenus (l)
i (2), MBI BBIDAXKAEM CHJY HATSMKEHUs HUTH T uepes ciry
TAMXKECTH, JEHCTBYIOLLYIO COOTBETCTBEHHO HA TSMKE/IbIH HJIH 113
nerkuii rpys. IlTockonbky cuna T TOro yKe 1NOpsijika BeAHU LB,
4YTO M CHJA THAXKECTH JIETKOro rpysa mg, TO ypaBHeHue (2)
RaeT MpaBH/AbHBIH OTBET,

[loncranoBka a=g B ypaBHenue (1) He NpuBOAHT K .npa-
BUJBHOMY OTBETY, 10O 110 cpaBHEHHIO ¢ 60/1b10H BeIHUHHOl Mg
H HYJb, H 2mg — 3TO NOYTH OAHO H TO ke. UTolbl ypaBHEHME
(1) npuBoAM/J0 K APABHJILHOMY OTBETY, B HEM HYKHO YUeCTb
MaJnoe oTJu4le a oT g.

Hcenoabays nouatue 6oabluoH HJIH MajJoH BeTHYHHBI, HYy»-
HO 00si3aTeqibHO OTAaBaTh cebe OTHET, C ‘YeM 3Ta BeJHUYRHA
cpaBHuBaered. 1 XoTa Bo MHOTHX cay4anx 3TO ABHO He Oropa-
puBaeTcs, Ho Bcerja nojapasymeBaercsi. Tak, Hanpumep, B 510
3ajaue, npeHebperas Mmaccofi 0/0Ka W Maccofl HHUTH, Mbl He
OTOBOPHJIH, MO CPABHEHUIO C YeM MaJibl 9TH BENHYHHBLL. A KcTa-
TH, N0 CPABHEHHIO C YeM? A

2. Heduanueckas 3amada. Teno cOpaceBaeTcsi B BOLY
¢ HEKOTOPOH BBICOTHl 0€3 HauaJbHOH CKODOCTH; MOPH 3TOM
usMepsiercss TVyGUHA ero MOrPYXKeHHA 3a OJHY CeKyuny
ocjIe BXOXK/IEHMA B BOAY. YCTaHOBJAEHO, YTO €CAH HAYasjib-
HYIO0 BBICOTY H3MEHHTb B k pa3, TO rJyOuHA NMOTPYXEHHA H3-
menutces B [ pa3. [IpH KaKuX COOTHOWEHHAX MEXAY &k u [
teso toHeT B Bojge? CompoTuBJAeHHEM BO3AYyXa H BOABI [pe-
He0peyb.

A Jhiobo# hU3HUecKHid npouece npeacras/iser cobof ¢aoxK-
noe sprexue. CocraBisia ycJa0BHE 33JaYd, MEl (DaKTHYECKH
BCErJa yrpollaeM paccMaTpuBaeMsle siBJAeHus, or0pacniBas
HecylLlecTBelHbe, a YacTo, K COXMAJAEHHIO, U CYLISCTBEHHBIE
croponsl. Hanpumep, peluas s3ajayu O ABHXEHHH Tena, Gpo-
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HIEHHOrO NOJ, YIJIOM K FODH30HTY, MEl NpeHe6peraj conpo-
TUBJEHHEM BO3JAyXa.

B paccmarpuBaeMoil 3ajaue I[IpejJaraercsi npexebpeus
elle H conportuBjienueM Boabl. Eciu npeneGperenue compo-
TUBJIEHMEM BO3/yXa 4acTo OHIBACT ONPABAAHHBLIM (OCOOEHHO
NpH MajbiX CKOPOCTSiX), TO INpeHebperarb CONPOTHBJAEHHEM
BOAEL B 5TOH 3ajaye HE/b3A, TAK KaK MOJdydYaeMmple NPH TaKOM
NOAXOJle pe3yAbTaThl HE HMEIOT HMYero OOIIETo ¢ JEHCTBHTENb-
HOCTbIO: OeccMbiCIeHHO Obllo Obl  NIPOBEPATH NOJYYEHHBIH
OTBeT Ha omnbiTe. [leficTBUTENbHO, MBI HE YYUThiBacM (DOHTaH
OpHI3T, TOJHHMAEMBIX TEJIOM NPH YAApe 0 BOAY; pacXoAfilyiocs
0 TIOBEPXHOCTH BOJIHY; BA3KOCTh BOJBI, HE YUHTHIBGEM JBH-
2KeHHE BOJIHI, BBLITECHSIEMON TeJIOM.

U Bce xe Takue «Heu3nuecKHe» 3aJauH HMEIOT NPaBo Ha
CyLleCTBOBaHHe: BO-HepBLIX, Ojlarofaps cBoeli 4eTKoH nocra-
HOBKe (B VCJIOBUM YKa3aHO, ueM npenebpedn) OHH MO3BQJAIT
HayYNTLCS OPHMERATH (PU3NUECKHE 32KOHBl JJ/Is KOJHUECT-
BEHHOTO aHaNH3a WCKYCCTBEHHO YNPOWEHHHIX fBJACHUH; BO-
'BTOpBIX, B HEKOTOPHIX CJIYyYasiX TaKOe pelleHHe MOMET NOoCay-
XXUTb OCHOBOR (HYJEBhIM NprOMKeHueM) Aaa JajbHeHmunx
yTOUHEHHH.

Ho BepHeMmcst k Hauleli «uedusuveckoi» sanaue, Jlaxe npu
TaKUX YNPOLUIEHUSX Ha NepBhil B3rJAJ He $iCHO, C UErQ HauH-
Hate. O6paTHMCsi K BONpPOCY, NOCTABJACHHOMY B 3ajade: Npu
KaKOM YCJIOBHH T€JO TOHET B Bone? Tesio TOHET, eciH ero
macca m 6oJibllie MaCChHl BOIBI 1My TOrO e o6beMa, UTo U TeJo.
Takum ofpascm, TpeGyeTcsl BHIAICHUTL, NPH KAKHX YCJIOBHSX
my/m<<1.

Jpuxenne Tena B BOAC NPOUCXOAWT TNOJ AEHCTBHEM ABYX
NOCTOAHHBIX CHJI: CHJIBI TAMMECTH MG W BBITANKUBAIOWIENR CHIIBL
Apxumena —mog, 4, C/1e10BaTebHO, OyAeT paBHONEPEMEHHEIM
¢ yexopenneM @ = g(1—mo/m). [TockonbKy CKOpOCTh Tena nepe

BXOJOM B BOAY U, =) 2gh, TO NepeMemienne Tejia B BOZE 3a

Bpemsa {
— 2
8 :V.?ght + ( ——%) g—é.

Bo Bropom cayyae, xorpa Teno cOpomieHO ¢ BRICOTHI kh, mepe-
MellleHHe Tesla B BOAE 34 TO e Bpems ¢

s, =V2kght+ ( -—’—le)g—;f.
Ilo ycioBuio sagaun s,/s;=I, T. e.

V Zkgh+ (1 — mo/m) gt /2 1
2kg/ =1, (D
¥V 2gh+ (1 —mo/m) gt/2
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O6osnaunm Ans ypobcrBa (1—mo/m)gt/2 depes x. Teno
OYAET TOHYTb NpH me/m<<l, T.e. npu x>0. 3anuem ypas-
nenue (1), HCMOB3yst BBEJEHHOE 0603HAYEHHE:

V 2kgh + x=1(V 3gh -+ x). 2)

BrIICHMM, NPH KaKOM YCJOBHH KOPEHL 3TOT0 ypaBHEeHHs

x =V 2gh (V' E—1)/(l— 1) nonoxurenen. dieMenTapHbM aHa-
JIH30M MOXHO yOemuTbesi, uro npu k>1 3HaueHue x NOJIOKH-

Teasuo npu [ < V'k, a npu k<<l suauenne x>0 npu [ > V'k.

Taxkum ofpasoM, NOJAy4YeHHBI Pe3y/bTaT MOXHO chopMmy-
JIHpoBarth caefyomum obpasom. Teso 6yaeT TOHYTh B BoZe,
eCc/H NPH YBe/JHYEHHH HadyaJbHOH BBICOTEI B 2 pa3 rayGuHa

NOrpy’keHus 3a NepBYI0 CeKYH1y yBeJIHUMTCH MeHee ueM B /&
pa3. Ecan e ray6uHa norpyxkeHHs 3a NepBYIO CEKYHAY BO3-
pacter Gosee yem B V' k pas, To Tesio 6yieT BCILIBIBATS.

[Tonymaem Tenepb, Kak MOXHO YTOYHUTb pelieHHe 3TOM
3aJ]a4yl, ecJM OTKa3aTbCA OT HEKOTOPBIX H3 CJEJaHHBIX Bhille
yapouwlarolux npejpno/oxkeHnii. OkaspiBaercsi, CPaBHUTENLHO
IIPOCTO MOXKHO YYeCTb JABHKEHHE BOJBI, BHITECHAEMOH TeJOM.

[Ipexje Bcero oTMeTHM, YTO NPH PAaBHOMEPHOM JBUMKEHHHU
TeJa B }KHAKOCTH CONPOTHRJIEHHE, KOTOPOE OKA3bIBAeT KUAKOCTD
€ro IBIKeHHIO, OOYC/OBJEHO CHJaMH Bs3koro TpeHusi. On-
11aKO [pH HepaBHOMEPHOM [BHXKEHMHM KapTHHa OyJleT CyUlecT-
BeHHO HHas1. JlaKe npu IBHKEHHH B UAea bHOH XUAKOCTH cie-
JlyeT yYWThIBaTh, YTO yCKOpeHHE coolulaeTcss He TOJIbKO Tesy,
HO M yacTulaMm caMoH XKHAKOCTH. Kax 3To cKakercsi Ha JBH-
JKeHHH Tena?

UTo6k MOKOUBILEECS TeNO Macchl /71 NPHUBECTH B JIBUIKeHHE
CO CKOPOCTBIO U, HYXHO COBEPUIMTb paGoTy, paBHy mu*/2.
Hs-3a yBiedeHHd XKHAKOCTH, OKPYKAOUIEH TeJO, ee YacTHLbI
IpHOOPETYT CKOPOCTH, NPONOPLHOHAIbHBIE CKOPOCTH Tesa U.
B pesysbrate yB/JeUeHHas TeNOM XHAKOCTb Oyaer obaanatb
KHHETHYECKOH 3HeprueH, MpoNopuUHOHANABHOH U%, /s coobuie-
HHs KOTOpOH nmorpebyerca jononnutenbnas patora. Ilostomy
padota 1o NPUBEJEHHIO B JBUXKeHUe NMOrPYKEeHHOro B XKHAKOCTD
Tesa NPONOPHHOHANbHA U2, HO GoJblue mu?/2. 3anuckiBast 3Ty
paboty B Buje

A=Muv2/2,

rae M>>m, npHXoauM K BBIBOAY, YTO IpH MOTPYXKeHHH Tejaa
B XKHAKOCTb OHO OYJAeT JBHraThCsi NMOA AcHCTBUEM BHELIHMX
CHJ TaK, Kak GyJTo ero macca yBeauuuwiack, JlonosnureasHas,
TaK HaspiBaeMmas IPUCOSAMHEHHAs Macca XapaKTepu3yeT HHepT-
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Hbie CBOHCTBA OKDYXaiollei XUAKOCTH. 3HaueHHe NpUcoeiu-
HEHHOH MAaCChl 3aBHCHT OT MJIOTHOCTH XKHJKOCTH H (GQOPMEI TeJa.

TTocMoTpHM, UTO H3MEHHTCR B pPEINEHHH 3aja4H IPH ydere
npucoefrHeHHoR Macchl, O4eBMANO, YTO yCKOpeHHEe Tesia npu
ero JBHXKEHHH B XHJKOCTH NIOJ AEHCTBHEM CHJLI TSIKECTH mg
M BBITAJKHBAIOLIE! CHJIBL — M1 GYJET paBHO @' = g(m—mo)/M.
MMenno Ha 3Ty BeJHUMHY 3aMEHUTCA  YCKOpeHHe -a=
=g (l—m,/m) B BeIpaxenusax JAJs S; U S; U B ypaBHenuu (1).
Ecan tenepb uepes x 0603HauYuTh g (m—mi )t/2M, To ypabue-
nue (2) 6yjer uMeTh nNpexHul BUA. Tak Kak TeJO TOHET NpH
m>>m,, T0 ¥3 ypaBHeHus (2), KaK H paHblle, HYKHO HalTH
yCaGBHS, NPH KOTOpbIX x=>0.

‘TakuM ofpasoM, yueT NPHCOEAHHEHHOH MacChkl He H3MeHsleT
oTBETa B 3TOH 3ajaye. A

3. Canxu na rope. CKJOH ropel o0pasyer yroj « ¢ Tropu-
acntoMm. Ilog kakmm yraom P (puc. 3.1) ciexyer TsHYTH 3a
BEpEBKY, YTOOB PAaBHOMEPHO TAllUTh CAHKH B IrOPY C HAHMEHb-
wuM ycHanem? KakoBa JOMK-
na GeITh 3Ta cuaar?

ACuHTan CaHKH MaTepHasb-

HOH, TOYKOH, MOXKHO IIPHHATh

»

gy
Puc. 3.1. Tlon xakum yraom f§ cre-  Puc. 3.2, Cunn, jeficteyompe
AyeT TAHYTh 32 BEPEBKY? Ha CaHKH

4YTO BCE JIEHCTBYIOIHE HA CAHKH CHJIbl — U CHJIA TSIKECTH mg,
M CHJ13 PeaKuUH MOBEPXHOCTH FOpPKH Q, H cusia F, ¢ Kotopoii
TSHYT 38 BEPeBKY,— IPHJIOXKEHH B OJIHOH Touke (puc. 3.2).
[Tpn paBHOMEpHOM JBHMEHHH CaHOK BEKTOPHas CyMMa BCeX
JeCTBYIOUUX CHJI paBHa HYJIO:

F+Q-+mg=0. (1)

Hns nccaeposanusi ypasHenusi (1) cnpoemupyem 510 Bek-
TOpHOE DaBEHCTBO HA JBAa B3aUMHO NEPNEHAHKYJASPHEIX Ha-
NPaBJeHHA: BJIO/Ib HAKJIOHHOI IVIOCKOCTH U NePNeHANKY.ISPHO
eit. Tlpn sTOM yutem, uTo nmpoekuus cHAbl @ Ha HampaBaeHHe
HCpMaNH K IJIOCKOCTH €CTh HOpMazibHasi cuaa peaxuuud N,
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a npoexuus @ Ha HanpaBieHHe BAOJL MJAOCKOCTH €CThb CHJA
Tpennsi ckoabkenus F,,. B pesyaprare Bmecro (1) nonyuum

F cos p—F,,—mg sin a=0, 2)
F sin p-4-N—mg cos a=0. 3)

Ina ucenenoBaHns 3aBHCHMOCTH CMabl F oT yraa f ne-
OOXCAUMO MCKJIOYMTDL M3 3THX ypaBHeHu#t N u F,, Tak Kak
OHHM CcaMH 3aBHcaT oT yraa . Ha ocnoBannu 3akona Kysiona —
Amonrona

Fp=pN. 4)

Boipaxaa cany N u3 ypasnenns (3) u noxcrasass B (4),
noJyyaem
Fi,=p (mg cos a—F sin B). (5)

YYHTHIBast 3TO BHIPAKEHHE 1JI51 CHJIBI TPEHUsl, U3 ypaBHEHUs
(2) naxopum
. sin & -1 cos &
F=mg S B psinp (6)

Uncauresb 9TOro BHIDAXKEHHS HE 3aBHCUT OT P, N0O3ITOMY
.eysia F Gyner HauMeHblllel, KOrja 3HaMeHate/lb MaKCHMAaJeH.
[NostomMy GyneM MCKaTb MAaKCHMYM BbipaxeHHs!

f(B)=cos p+p sin p. (7)

Jisi HaxoxpeHHs MaKCHMyMa MOMKHO TNPHPAaBHATH HYJIO
upousBoaHytlo atoil ¢yukuuu: f'(f)=0. Moxno Haiit Mak-
CHMYM M 3jeMeHTapHO, cBead [(B) K oxHoil TpuroHomerpuye-
CKoM (yHKUHH yraa . BeeseM HeKOTOpYIO BeMUHHY @ TaK,
yrobpt tg @ Obl1 paBeH KO(xpHLLHEHTY TpeHus p:

p=tg ¢=sin @/cos ¢. (®)

Takas sameHa BO3MOMXKHA NpPH JIO6OM [, TAK KaK TaHTeHc K3-
MeHsieTcs1 or —oo Jio oo, [loacraBass p u3 coorHolleHHs (8)
B BRIpaxeHKe (7) U NIPRBOAA NPABYIO YacTh K obuieMy 3HameHa-
TeJs10, HoJydaeM
f(B)__cosﬁcos ¢ sinBsian= cos (B—¢) )
cos @ cos ¢

Teneps oueBHAHO, 4YTo BeauuuHa f(B) makcuManbha npu

f=e¢, 1. €. npu
p=arctg p. (10y

Bot nox TakuMm YoM P U creayeT TAHYTh CAHKH 33 BEPEBKY.
Cuna F npu stoM Gyzer naumenblueil, Uto6bl HalTh ee, mop-
ctaBuM B (6) Bblpamenue (8) A/l 4 H yuTeM, 4TO B HHTEpECYIO-
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meM Hac cayuae 9=f. B pesyabraTe nocse npocthix fipeofpa-
30BaHUA noJyYaem

F=mg sin (a+p). (11)

Tpoananusupyem noayueHnniét orser. Ilpexne Bcero or-
MeTHM, YTO NPUBEICHHOE PelIeHHE HMEET CMBICA TOJIbKO TOria,
KOrJa monyuHBilleecs 3HadeHne P Takopo, 4to o--f<n/2.
Ecan a+B>n/2, To, Kaxk BHAHO M3 puc. 3.2, cHia F oTKJo0-
HAaach OBl BAEBO OT BEPTHKAIH H He
Mmorsia OBl TAlMTh CAHKH B Topy. B
npenesbHOM caydae o-+P=mn/2 cuia
F uanpaBieHa BepTHKAJIbHO BBEPX
u, Kax BuaHo u3 copmyast (11),
paBHa 110 MOIYJIO CHJ€ THAXKECTH mg.
JTO 3HAYHT, YTO cHJa I 1pocTo yAep-
JKHBaeT CaHKd Ha Becy, a cHia @
paBHA HYJIO.

Taxum ofpasom, ¢opma orBera
3aBHCHT OT yIJa & H Koa(pHIMeHTa
Puc. 3.3. Tpaduueckoe Tperust . Eemn ad-arctg p<<a/2,
onpenenenne nanmenpmeii 1O OTBET HA MOCTABJIEHHBIE BOMPOCHE

cuinl F jnaercs dopmynamu (10) u (11). B

nporuBHoM cayuae cuaa F jpomkha

GbiTh Hanpas/JeHa BepPTHKAaJbHO BBEPX W PABHA [0 MOAYJIO
cHAe TAXKECTH mg.

Dta 3ajada JONYCKaeT HU3sLIHOE rpauuecKkoe peliieHHe.
Hnst sToro 3ameTuM, yTo $GOpMasbHO BBe/iIeHHAs COOTHOLICHHEM
(8) BevinuuHAa @ MMeeT npocToi GH3HIECKHH CMBIC/: B CHAY 3a-
KoHa KynoHa — AmoHTOHa (4) @ ecTb yros, o6pa3oBaHHBA
CHJIOH peaKUHH onopbl @ ¢ HOPMAJIBLIO K HAKJIOHHOM IJIOCKOCTH
(puc. 3.2). Ilosromy ypaBnenne (l) Jjierko ucciefoBatbh rpa-
(ugecky.

Cuauana ‘#300pa3HM Ha 4epTerke M3BECTHYIO U [0 MOAYAD,
# no HanpasJjeHHO cuny mg (puc. 3.3). Uto Kacaercs caara-
eMoro @, To HaM 3apaHee H3BECTHO TOJbLKO €ro HalpaBJeHHe:
KaK BHAHO u3 puc. 3.2, oHo cocrasiser yroa g=arctg p ¢
HOPMa/blo K HAKJOHHON NJIOCKOCTH, T. €. Yroa G-+@ C BepTH-
kasbio. IlostoMy yepes KoHen BekTOpa mg HPOBORUM TPAMYIO,
COCTaBAAOMYIO Yroa o+¢ ¢ BepTHKanabio. Ha 3Toli npsimofi
OyieM OTKJIafblBaTb CHAY @, coBMelnasi ee Hayasao ¢ KOHLOM
sekTopa mg. lanee B coorBercTBHH ¢ ypaBHendeM (1) ctpoum
cuiy F, xotopas jpomKHA .3aMbIKAaTh TPEYTOJbLHHK CHA, T. €,
COEAMHATh KOHENl BekTopa @ ¢ HayajgoM Bektopa mg. Hs
puc. 3.3 BHAHO, YTO MOAY./b CHbl F Oy/er HauMeHbIINM, KOTa
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ee HanpasjeHHe oOpasyeT HPAMOH yroa ¢ HanpaBleHHEM
Q, T.e. yron o-¢ ¢ TOPH3OHTOM HJIM, APYIHMH CJIOBaMH,
yroJ @=arctg B €O CKJOHOM TOpBHI.

V3 puc. 3.3 BHJHO, YTO 3TO peilleHHe HMEET CMBICJI, TOIbKO
ecau o-tarctg p<<m/2. O6biuHO KODPUUMEHT TPEHHS HeBe-
JIMK, H 3TO YC/IOBUE HE BHINOJHSEICA TOJABKO IPH yriax o,
Gauakux K 7/2. 3HauuT, peiueHne, Bhipamaemoe HOpMYJOi
(10}, MOXKET OKas3aTbCsl HECHPABEJIMBEIM TOABKO TIPH NOLBLEME
Ha OYeHb KPYTYIO ropy.

B saxmouenwe npeanaraeM noAayMmartb Haj BONPOCOM, HO-
uyeMy nepejHue KoJeca JIepEBEHCKOH Tesaerw, K OCH KOTOpoi
IPHKPEIVISIOTCSE Ory106/M, Kak NpaBu/io, MeHbllle 3aJHHX. A

4. Jlecku na nakacHHoi macckoctH. Ha Hakjonuoil njoc-
KOCTH, COCTABJSAIOUIC]l Yrol o C TOPHU3CHTOM, JIEXKaT jBe
Jlockd, opHa ma apyro#i (punc. 4.1). Moxno sn nonobpars
TaKHe 3HAYEeHUsl Macc JOCOK My U My,
K02XDULIHEHTOB TPEHHS JOCOK O NJ10C-
KOCTb W, H APYr O ApYra i, YTOOLI
HUMKHSSA JOCKA BLICKOJIL3HYJIA H3-TIOR
BepXHel? B Haua/bHBIH MOMEHT jOC-
KU TIOKOSTCH.

A Ha nepBoiii B3rygl 310 camasn
oOLIYHan 3ajava. Crnenyer pacemor- pu. 4 TlockH na nak-
perb Bee JAeACTBYIOUINE HA JIOCKH CHJIbI Jontoll NAOCKOCTH
H, Moab3ysick 3akoHamu HeloToHa,

COCTaBHTh YpaBHeHHS BHKeHHs. Pe-

IMB UX, HAHJEM YCKOPEHHS a; W g, B AA5 OTBETA HA NOCTABJICH-
HEl BONIPOC OCTAHETCS: TOTLKO BBIACHHTb, NPH KAKHX YCJIOBHAX
yCKOpeHHe HUXHeR AOCKM a; Ooablie yCKopenust BepxXHeH a,.
Oanaxo, NONHITABIINCE BHINOJHHTL 3TY NIPOTPaMMy, MEI Cpa3y
CTOJKHEMCS ¢ TpyAHocTbio. [l peuienns ypaBHEHHI HYXHO
3HaTh, KaK HanpapJjeHb Bce peHcTByiomue cuabl. Ho xak
HamnpaB/eHbl CHJK TPEHUA JAOCOK APYr O Apyra? 3TO 3aBHCUT
OT UX OTHOCHTEJILHOH CKOPOCTH, T. €. OT TOTO, KaKas H3 JOCOK
cocKanb3biBaet ¢ 60abuimM yckopenueMm. [lonyuaercs 3axkou-
JOBaRHBIA Kpyr: uTo6E!l HAHTH YCKOPEHUA, HAJI0 3HATh HaNpas-
JeHUS CHJ, a 4ToOR! HafiTH HanpaBJeHuns CuJl, TpebyeTcs 3HATh,
KaKoe U3 yckopeHHH Gosbmie. Takoe nonoxeHwe XapakTepHO
IJ1f MBOTHX 3aja4, Tjie yunteiBaercsi Tpedne. KoHeuHo, MOXHO
0C/IeOBATE/IbHO NepeflpaTh BCe MBIC/AIMbIE BapHaHTH M
HCKJI04ath T€ H3 HHX, KOTOPhI€ PHBOJAT K HEJENOMY Pe3yJib-
taty. Ho MoxHO Haiitu nuolt noaxon, YroObl nojoGHBIX npo-
6.1eM He BO3HHKAJO,
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B nanHoO#l 3ajja4e HaM HYXKHO TOJIBKO BBISCHHTDH, BO3MOKHO
NM JIBUXKEHHE HIKHEeH AocKu ¢ 66JbliuM ycKopeHuem. Ilpen-
MIOJIOKHUM, YTO 3TO BO3MOXKHO, T. €, UTO MBI NOJOGpaNH Takue
3HAYEHHst MacC H KO3DPUIMEHTOB TpPEHHS, HpPH KOTOPHIX
a>a,. Toria HampapJjeHue BceX CHJ OIpeJessdercss OJHO-
3HAYHO H YKas3aHo Ha puc. 4.2, rxe F — cusa TpeHHA HUKHeR
JOCKH O HAaKJOHHYIO ILIOCKOCTH, Fy==—F, — CUJIbl TPEHHA

Puc. 4.2, [eficTByouHe CHJIb NPH
YCJAOBMH, YTO HMXKHAS JOCKA BLI-
CKaJb3bIBAET H3-TOA BepXHei

N0COK Apyr o apyra, N — HopMa/nbHas CHJ/a PeaKiHH HAKJ/IOH-
Ho#l mjockoctH, N;=—N, — CHJBl JaBJCHHA JOCOK APYr Ha
npyra, Cocrasisisi ypaBHeHHs] JABHAKeHHs JOCOK H NPOEHHUDYsI
UX HA Hamnpas/jeHHe BJI0Nb HAKJOHHOH ILJIOCKOCTH, TOJyqaeMm

myg sin o—F-—F;=myqy, Mg sin a+Fi=m.a,.

M3 atux ypaBHeHu# cpasy BHIHO, UTO MPH JIOOBIX Maccax
M Ko3pUIHEHTAX TPEHHS

a<<gsino, a,>gsina,

T.e. a;<<a@;. Mpl nonyunnu npoTHBOpeYME: NPH MPEAHoJo-
AEHUH, YTO a,>>a,, U3 ypasHeHHH JAUHAMHKH CJlelyeT, uTo
a<<a.. Tak xaxk ypaBHeHUSl IHHaMHKH Oe3yc/OBHO cIIpaBel-
JIUBBI, NIOJYYEHHOE NPOTHBOPEUUE O3HAYAeT, YTO IPEATONONKE-
HHE O BO3MOMKHOCTH ABHUMKEHHSA HIKHEH JOCKH C 6O/bILHEM YCKO-
peHHeM OLUHOOYHO. A

5. Bycudka Ha Bpawamwinemca crepkie. Ha raagkui
CTepKeHb, PACMOJOMKEHHHIH NOJ YIVIOM ¢ K BEPTHKAJIM, Ha-
caxxeHa OycuHka (puc. 5.1). Crep:eHb Bpaulaercs ¢ YrJjo-
BOH CKOPOCTBIO ® BOKpYI BepTHKaabHOH ocH. Onucarb jsu-
JkeHHe OYCHHKHM N0 CTepxHIO. TpeHHeM Inpededpeys.

A Moxer 14 6YCHHKA NOKOUTbCA OTHOCUTENBHO CTEPIKHSA?
[pennonoknm, 4To MOxKeT, ITO 3HAUUT, YTO CYUIECTBYET TAK4s
TOYKA CTEPKHS (HA DACCTOSIHMH ¢ OT 'OCH BpAlLeHHST — CM.
puc. 5.1), Haxonsick B KOTOPOH OGYCHHKA OTHOCHTE/IBHO CTEPIK-
A NOXOUTCA, T. €. AeACTBYIOILME Ha Hee CHJa TAXKECTH mg
¥ CHJIA peakiud crepxua N cooSWaloT eff ycKopeHue @, paBHoe
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HEHTPOCTPEMHTE/IbHOMY YCKOPEHHIO 3TOH TOUKM CTEpKHA.
H3 pucynka BupHO, 4TO

mg ctg a=ma, 43

OTKyAa cleayeT (Tak Kak a=o0%), uyro r=(g/w?) ctg a. ITo-
MEIIeHHaA B 3Ty TOYKY OYCHHKA MOKOHTCS OTHOCHTENLHO
crepxkHA. Takum o6pa3oMm, moJioKeHHe paBHOBecHs GYCHHKU
Ha BpALAOLIEMCs CTEPIKHE CYILEeCTBYET.

Puc. 5.1. Cuam, peiictyro- Puc. 5.2. Uro6u ynepxarts 6y-
niie Ha HEMOABHIKHYIO OTHO- CHHKY B CMEIEHHOM BBE€DX TNO-
_CHTEJEHO CTePIKHSI OyCHHKY JOXeHHH, Hy:Kua chia F, neiicr-

ByOWasi BHH3 BAOJb CTEPKHA

Byner sm paBHOBecHe yctoiiuuBbIM? Jpyrumu cijoBamu,
Kax Gyner BecTH cebs1 GYCHHKA, €c/d Mo Kakof-an6o NpHYnHe
OHa HEMHOrO CMECTHTCS M3 3TOr'O NoJ0KeHHA? 1A BhIACHEHHS
3TOr0 BOTMPOCA MOCTYIMM CJAEAYIOWNM ofpasoM: cmecTuM Oy-
CHHKY HEMHOrO BBePX [0 CTEDXKHIO H BBLIICHHM, IIPH KakoM
ycaoBHH GycuHKa GyLeT B paBHOBeCHM H B 3TOH HOBOH Touke.
Tonbko ayms cuiamu mg u N 31ech He 0GOHTHCE, TOCKONBKY
npU HANTHYHH TOIBLKO 3THX ABYX CHJ NOJOMXKEHHEe DPaBHOBeCH:
onpezensierci oxpnosnauHo Qopmysaoi (1). Hyxna Tperns
cusa. Tagoft cuioft Morsia 6bl OHITb CUJId TPeHHS GYCHHKH O
CTepKeHb. BBISICHHM, B KaKyi0 CTODOHY OHa JOJxHa ObITh
nanpasJjena (puc. 5.2). MoxyJb u Hanpap/eHHe CHJBL TAXKECTH
He H3MEHHJHCh, HanpaBJeHHEe HOPMaJbHOH CHJIBL peakiiH
crepxxusi N TakKe He M3MenHJoch. [lockoabky ma'>ma,
Heo6xoAuMo, 4ToOB CcH1a TpeHHust Obl1a HampasJeHa BHIH3
no crepxH0. Ho no yci1oBuio 3anauy 370l CHAIEL HET, NO3TOMY
GycHuKa GyJeT CKOJNb3HTh BBEPX MO CTePXKHIO. AHATOrHYHLIMA
paccyXKACHHAMH MOXKHO M0Ka3aTb, YTO NPH HeGO.IBIIOM cMe-
wenny CGycuukd BHH3 oHa OyjeT CKOAbL3UTL BHH3, T. €.
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yIAAATBCH OT NOJOXKEHHS paBHOBecHs. Takum ofpasoM, Nnomao-
JKeHHe paBHOBeCHsT OYCHHKH Ha BpaulalolleMcsl CTep:KHe Oyler
HeyCTOHYHBLIM.

Kakum 6yjaer nosejeHue OYCHHKH IDH HAJHYHH TPEHUS?
[locKonbKy cusa TpeHHs NOKOS MOXKeT H3MEHSThCs OT HYJid
0 HEKOTOPOro MAaKCHMa/bHOTO 3HAU€HUs, H3 NpeblAyLIUX
paccyJaeHui SICHO, YTO JOJI2KEH CYLIeCTBOBATL LeJbIH Y4acToOK
Ha cTepxHe, B J0OOH TOYKe KOTOporo OycHHKa Oyler MHoKo-
UTbCS OTHOCHTEJNBHO cTepxHSA. llpennaraem Bam camocTod-
TeJAbHO HAHTH NOJOMEeHHe TIpaHHL 3TOr0 yyacTkKa I[pH H3-
BecTHOM Kos(duuuente tpenuss. Eciau y Bac BO3HHKHYT 3a-
TPYAHEHHUS, PEKOMEH1yeM 03HaKOMUTbCsl ¢ 3ajaueit 7 «bpycok
11a HaKJOHHOH IJIOCKOCTUY», A

6. MoHeta Ha Tropd3oHTaAbHON noacTtaBke, IloicraBka
¢ Jexaied Ha Hell MOHETOH ABH:KeTCsl [OCTYNaTe/lbHO B ro-
PH3OHTANBLHOH MJOCKOCTH IO OKPYMKHOCTH. PagMyCOM r C yr-
JIOBOH cKopocTbio . KoahpuLHeHT TpeHHs MOHETBI O IMOj-
cTaBKY paseH M. Kakum OyleT ycTaHOBHBIIEeCH JBHKeHHE
MOHETBI?

A VI3 coobpaxKeHHH CHMMETPHH SICHO, YTO YCTaHOBHUBLUEECS
JIBHKEHHE MOHETBl NMPOHCXOAUT IO OKPYXKHOCTH C TOH XKe yr-
JA0BOIl CKOpOCTbio . JleficCTBHTe/IbHO, B TOPH30HTAABHOM
MJIOCKOCTH OTCYTCTBYIOT KaKHe-aH00 (PH3NYECKU BbLIeJeHHbIe
nanpasienusi. [lostoMy, Kakumy Obl HH OBl HayajbHble
yCJIOBHA, NPH YCTAHOBHBIUEMCS JABMXKEHHH TPaeKTOPHS MO-
HeThl 6y/JI€T HpefcTaB/siTh coGOH OKPYKHOCTL B HHEPIHANbHOM
naGopaTopHOH cucreMe orcdera, OT HayajibHBIX YCJAOBHI
3aBUCUT TOJIbKO TOJOXKEHHe LEHTPA 3TOi OKpYxHOCTH. JlioGas
jpyrast MbICJHMasl TPaeKTOpHS TaKHUM CBOHCTBOM — OTCYTCT-
BHEM BblleJeHHBIX HalpasjieHHH — He o6aagaer. Coobpa-
XEeHHs CHMMETPHM MO3BOJIAIT CAeJaTh BLIBOA, YTO H OTHO-
CHTEILHO TNOACTaBKH MOHeTa, ec/JH OHa IPOCKaJb3bIBaer,
TOXe JBHXKETCA N0 OKpy:xHocTd. Tenepb, Koraa MBI npej-
cTaBJsieM cefe XapaxTep JBHJKeHHs MOHETbI B IeJIOM, OC-
T4eTcsl TOJABKO YCTAHOBUTb KOJAWYECTBEHHBIE COOTHOUICHUS
MEXKJY €ro XapaKkTepHCTHKaMH, B YacTHOCTH BBIPas3HTb pa-
JAHYChl OKPYKHOCTEH, BblYepUHBaeMblX MOHETOH B TOH H ApPyroil
CHCTEMAX OTCYeTa, 4epes NPHUBEAEHHBIC B YCJIOBHH JaHHbIE.

B ropusoHtanbHOH NJOCKOCTH Ha MOHETY AeHCTBYeT TOAbKO
cujia TPEHHS CO CTOPOHBl TMOACTaBKH. PaccMorpuM cuauadga
cjyyall, KOra MOHETa JBHXKETCS BMeCTe ¢ NopacTaBkof. Tak
Kak NpH NOCTYNAaTeJbHOM JIBHMKEHHH IMOACTABKH BCE €e TOYKH
IBUXKYTCA MO0 OAMHAKOBBIM OKPYMHOCTAM pajuyca 7, TO H



6. MOHETA HA TOPHU3OHTAJNLBHON INOACTABKE 47

MOHeTa JBHKETCSl 1O TAKOH K€ OKPYXKHOCTH C YCKODEHHEM
%, HanpapJeHHBLIM K ee HeHTpy. Tak Kak 3To YCKOpeHue
coofuiaeTcsi MOHeTe CHJIOH TPEHHs IIOKOst, KOTopasi He MOMKeT
NpeBpllUaTh 3HavYenus Wmg, TO YCTAHOBHBLIEECS -IBUXKEHHE
MOHETH! OYAET MPOHCXOAHTb BMECTE € NMOACTABKOH MpPH YCJAOBHI
0% <pg, T.e. npu @¥/po<l.

[pu snauenusx sroro 6e3pasMepHoOro napametpa 0%/pg > 1
(T.e. npn OGosblleld YrJOBOH CKOPOCTH ®, HAH  GOJibllieM
paauyce r, Uy meHblleM Koa(xpuliieHTe TpeHUs R) Moleta
OyleT NpOCKaJab3LIBATh OTHOCHTE/NLHO MOACTaBKH. B 3Tom

@
Prc. 6.1, Bsaumnoe pacnojoxesHe LN u v
BEKTOPOB cKopocTeli V' MoHeT 4 &
NOACTABKH o v
4

c/yyae LEHTPOCTPEMHTENBHOE YCKOPenue MoHete coofliaer
CHJIA TPEHHUS! CKOJILKEHHA, HanpaB/leHHas B CTOPOHY, npo-
THBOTIOJIONHYIO BEKTOPDY ¥ CKOPOCTH MOHETHI OTHOCHUTEIHLHO
noactaBKd. [Ipyu ABIDKEHHH 10 OKPYMKHOCTH CHJIA OEPeNjH-
KyJasipHa cKopocTh V MONeTel B HHepUHANbHOH cHCTEME OT-
cuera. [losTomy Bektopel V' 1 © B3auMHO NEPHEHIHKYJSIPHBIL.
Cropocts V' mMoHetsl B aabopaTopHOil  cucTeMe  oTcyera
npeAcTaBasteT cofol BEKTOPHYIO CYMMY CKODOCTH MOHETHI ¥
OTHOCHTE/IBHO NOACTABKH H CKOPOCTH # TCOH TOUKM MOJCTABKM,
B KOTOPOH B MaiHBEIi MOMEHT HaXOAMTCS Mouera (XoTs, pasy-
MEeTCs, CKOPOCTH BCeX TOYeK NOACTABKM OAMHAKOBEI [PH ce
[OCTYNATeNbHOM LABHKEHHH):

V=9+u. (1)

Cootnomenne (1) rpapuyecky npoHAMOCTPHPORANO Ha pHc. 6.1,
rie yyTeHa YyKasaHnas OPTOrOHaJLHOCTh BekTopoB V u w.
K3 storo pucyHka BHAHO, YTO NPH NPOCKAJIb3LIBAHUH MOHCTHI
ee cKkopocTk V B safopaTophoil cuCTeMe BCerjia MeHblle CKo-
pOCTH HOACTaBKH u=ws. [lo ycnoBuio BeKTOp B 1OBOpaui-
BaeTCs € YIJOBOH CKOPOCTBIO ®, NO3TOMY H BeCh TPEYTrOJbHHK
ckopoctelt Ha puc. 6.1 Bpallaercs Kax LeJoe, TaK 4TO B3a-
HMHOE pACTOJIOKEHHE BCEeX BEKTOPOB OCTAETCA HeH3MEHHBIM.
DTO 03HAYAET, YTO YION O MEKAY BEKTOPAMHU # M ¥ DaKTHUECKH
xapaKTepu3yer orcraBanue no (ase Bektopa V ckopocTH
MOHETHl OT BEKTOpa ¥ CKOPOCTH NOACTABKH.

Il1s onpepenennss paayuyca R KpYroBoii TPaeKTOPHH MO-
HeTH B A3GOPaTOpPHOM cHcTeMe OTCYETa BOCNONB3YEMCR BTODBIM
sakonoM HbloToHa, T. €. NpUPaBHsieM CHJAY TpPEeHHA CKOJb-
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MeHHUs g NPOU3BENEHHIO MAacCHl /1 MOHETBI HA YCKOpeHue
®R: pg=w?R. Orciopa

R=pglo?, o¥/ug=l. 2)

HHTepecHO OTMETHTB, YTO NPH NPOCKAAb3bIBAHHH MOHETHI
paadyc R TpaeKTOpHH JABHIKEHHS MOHETH HE€ 3aBHCHT OT
panuyca r OKPYKHOCTEH, M0 KOTOPBIM ABHXKYTCS TOUKH NGJ-
craBkd. OpHako paavyc R, Kak BHAHO u3 (2), He IpeBOCXO-
JHT 7 W CTAHOBHTCH pAaBHBIM €MY TOJBKO IPH IpeAeabHOM
3laYeHHH napamerpa ©%/ug=1, Koraa TnpocKa/ib3biBaHie
npeKpaltaercs. :

He npeacraBasieT TpyAa HaliTH H pajuyc 0 OKPYKHOCTH, IO
KOTODOA MOHEeTa JBHKETCH OTHOCHTeIbHO MOACTaBKH. Bce
¢urypupytonie B ¢dopmyae (1) ckopocTH cBsI3aHBl ¢ pajgHy-
"M COOTBETCTBYIOIHMX OKPYMKHOCTEH COOTHOLICHHSMH

V=oR, v=ow0p, u=or, 3)

[TockonbKy TpeyrofbHUK ckopoctefl Ha puc. 6.1 npamMoyronn-
upift, TO ¢ nomoupio TeopeMbl Iludaropa M CoOOTHOLIEHHH
(3) nonydaem

rt=p*4R? orkynaa p=} r*—RE 4
[Toncrapasis ciofla HalifieHHoe 3HaueHHe R u3 (2), Haxoguw
o=rV T—(ug/or)?, o¥r/ug>=1. (5)

Bujno, uto paaumyc p caejia, KOTOPBIl MOHETAa BbIYEPYHBAET
Ha MOJCTABKE, TAKXKe MeHbUIe Pajuyca r TPAeKTOPHH JIBHKEHHUS
IOJICTABKH. ;
CootHolueHue MEKAY P H R Moxker
ObiTb  pasnuuHbiM. Tlpn  «GpicTpom»
IBHKEHHH, KOra 0%/ug> 1, moHera
B HHepUHaJbHOH J1abOpPaTOpHOH cHc-
TeMe OTCYeTa IPAaKTHYCCKH CTOHT Ha
Mmecre (R<«r), a MmojicTaBKa Noji Hed
ONHCHIBAET OKPVIKHOCTH pajuyca r,
TaK uto p~r. Ilpu MeANCeHHOM JIBH-
MeHHH IIOACTABKH, Korja w?r/ug=l,
MOHeTa IIOYTH He OTCTAeT OT IOj-
)iggﬂle-Q‘MEr}’!zigTZPg: Asil- CTABKH, ONHCHIBAs B 71abopaTopHOH
4a 1o1CTaBKe A cucreMe oTCUeTa OKDYKHOCTH NOYTH
TAKOTO Ke papuyca (R=~r), tak uro

p=0.
Ha puc. 6.2 nokasaubl TpaekTOpusl JBHMKEHHS MOHETHI B
na0opaTopHOA CHCTeMe oTcyeTa (OKPYMHOCTb paiuyca R)




7.- BPYCOK HA HAKJIOHHOH ITJIOCKOCTH 49

H CJI2J; KOTOPBIH MOHeTa BBIYCPUUBACT HA MOACTABKE (OKPYK-
HOCTB pajuyca p) 1as ciaydas, kKorja R>p. Ecau mouera B
JabopaTopHoit cHcTeMe OTcueTa JABHXKETCH M0 OKPYMKHOCTH
MPOTHB YAaCOBOH CTPeJNKH, TO OTHOCUTENBHO HOJACTABKH CC
JBHKEHHE TPOMCXOIUT IO YacOBOH CTpesike,

[lpeacraBisier uHTepec paccMoTpeTh (HasOBHI CABUC o
MEXJY IOBHKEHHEeM IOJACTABKH H MOHETHI B PACcCMAaTPUBAEMBIX
NpefeabHEIX cay4asx OGBCTPOTO H MeIJIEHHOTO JBUXKEHUA
nojacraBku. llponenafite 3T0 caMOCTOATEILHO, YUHTHIBAS, UTO,
Kak caeayer us puc. 6.1, cos a=V/u=R/r. a

7. Bpycok Ha HakjaoHHOH macckecTH. Haxnonnaa nioc-
KOCTb, COCTABJSOUIAs] YIOJd & C TOPH3OHTOM, NBHIKETCH IO-
PH30HTAJBHO C YCKOPEHHEM @ B HANpaB/JICHHH, YKa3aHHOM
Ha puc. 7.1. Kax Oyaer asuraThea Jaexaiiufl Ha Heil Gpycok,

Puc. 7.1. HaxaoHHaa IJIOCKOCTs JBH-
HKercsd € 3aJaHHLIM YCKOPEHHEM a

ecan KosduUuenT Tpeaust 6pycka O HAKIOHHYIO MJIOCKOCTh
paBeH u?

A Paccmotpum  cHadala NPOCTEHWIMHA dacTHBIA cayuai,
KOTJia MJIOCKOCTb TIOKOUTCS HJH JIBHKETCS paBHOMEPHO (a=0).
Ilpu stom nosenenue Gpycka ucc/aenyeTcs odeHb npocto. Ecau
p=>tg o, GpyCOK MOKOMTCS HA HAKJIOHHOH MJIOCKOCTH, Mpu
n<tg o OpycOK YCKOPEHHO COCKA/b3blBAeT BHH3.

BrisicHum Tenepb, NpH KakoM YCJIOBHH Opycok 6yaer He-
MOABHKHO JIEXKaTh Ha HAKJIOHHOH IJIOCKOCTH NPH €€ YCKOo-
pendoM ABKenun. OueBHIHO, YTO yCKOpeHue GpycKa npy stom
JOKHO COBNAJATh C YCKOPEeHHeM IIocKocTH. Jist 3toro e-
0b6xoauMo, 4YTOOBl BEKTOpPHAHA CyMMa BCeX CHJ, NeHCTBYIOMIMX
Ha 6pycok, Obi1a paBHAa NPOH3BEJEHHIO €ro Macchl Ha YCKo-
penue a@. Ha Gpycok JeHCTBYIOT CUJIA TSXKECTH mg, CHJIA peak-
UMM HaKJIoHHOH miockocTH N M cusia tpeHus mokos F. Ha-
[OMHHM, YTO CHJIa TPEHUS TIOKOA MOXKET H3MEHATHCA OT Hy.id
JI0O MaKCHMaJIbHOro 3HaueHHd, paBHoro uN. Hanpamnena ona
MOXeT ObITh KaK BBepX, TaK H BHHU3 BJOJb HaKJOHHOH NJo-
cKocTH. EciH ycKopeHHe NUIOCKOCTH @, TAKOBO, UTo mg-+N=
=i@,, TO CUIa TpeHus orcyrcrsyeT: F=0 (puc. 7.2a). 3o,
KOHEYHO, HE 3HAYHT, 4TO JOCKA BAPYT craja raaakof! IIpocro
IpH @=a, OTHOCHTEAbHAdA CKOPOCTb 6pyCcKa M HOOBEPXHOCTH
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paBHA HYJIO H B OTCYTCTBHE CHJIbl TPEHUf, H MOITOMY CH/IA
Tpenus He BosHuKaeT. M3 puc. 7.2a BuaHo, uTo a,—g tg o.

Ec/in yCKOpeHHe HaKJIOHHOH NJIOCKOCTH @ HEMHOTO MeHblle
@y, TO B OTCYTCTBHE TpeHusi, T. €. npu u=0, GpycoK cocKalb-
3uiBasl Obl BHU3; Npu p7=0 BO3HHMKAET cWja TPeHHsl, Halpas-
JIeHHasi BBEPX BJIOJIb HAKJOHNOH ILIOCKOCTH, H Opycok ocra-
ercsi HenoABHMHbIM. Ho NOCKOJbLKY CHJa TpPeHHs M0KOA He

il
F
a,
— mg
o
a &
v
[N
\
/'."
a,
‘S my

¢

Puc. 7.2. Cuamn, aefictsywune Ha GpyCcoK, NpH pPasHHX YCKODEHRAX
HAKJOHHOK NJIOCKOCTH

MOXKET npeBblnaTh pN, TO DPH AOCTATOYHO MaJlOM YCKODEHMH
ILAIOCKOCTH, MEeHbleM HEKOTOPOTo 3HadeHus a;, Opycor Gyner
COCKaAb3biBaTh BHM3, JTO 3H&YEHHE YCKODEHHS @; HaXOAUTCS
U3 YCJOBHS, Y4TO CHJa Tpenus F paBHa cBoeMy MaKcHMaJb-
HOMY 3HauenHio pN K Hanpaejena BBeDPX 1O HaKJOHHOM
naockoct (puc. 7.26). CocTaBuM ypaBHEHHe IBHXeuust 6py-
cka mg-+N-+F=ma; n cnpoennpyeM ero Ha HanpasJjeHHsl
BAOJb HAKJOHHOH NJIOCKOCTH H NO HOpMaJH K Hel:

mg sin a—pN=may cos a,

N—mg cos a=majy sin &, ()
Hekmouas N, nHaxoaum
___sino—pcosa
al_gcosoc+psina' 2)

Hrak, ecnu ycKopeHue NIOCKOCTH a<<ay, OPYCOK COCKaJlb3bi-
BaeT BHU3.
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3ameTuM, 4TO NIpH U>>tg oo ycKopeHHe @; OKasblBaercs
orpuuaTeabHbIM. Kakoit B 31oM cmblca? HanomHum, uto npy
p==tg o 6pycoK He OyJeT COCKalb3biBaTh H NPH a=0 (HaKJioH-
Hasl [IIOCKOCTb HEMOABHMKHA HWJH JIBHIKETCS paBHOMEPHO).
Bpycok He OyjeT cockKanb3elBaTh M npH a<<0, KOrja ycko-
peHHe MVIOCKOCTH HaNpaBJieHo BJEBO, 10 TeX NOp, MOKa MOAY/Ib
yCKOpeHUs He MNpeB3oizeT |@,|. JlelicTBuTeNbHO, ypaBHEHHs
(1) cnpaBemlIHBEL M TOIA4, KOrjJa YCKOpeHHe @; HaIlpaBJ/IeHO
BJIEBO, €CJIH MO/ Qg MOHUMATb €FO MPOEKLHIO HA TOPU30HTAJIb-
HOe HalpaBJieHHe.

Taxum 06pa3oM, Mbl HalUTH yCJIOBHE COCKAJNbL3bIBAHUA Gpy-
cKa mpH JoObIX W H o

sino—p cos o
a<g cos a--psino

[Tyctb Tenepb yCKOpeHHE IJIOCKOCTH @ HEMHOTO GOJIbIie a,.
Torga npu p=0 6pycok nepemeiiasicsi 6b BBEPX BJAOJL MJO-
CKOCTH; NpH U700 BO3HHKAET CH/a TPeHHUsi NIOKOsA, HallpaBJieH -
Hast BHU3 BJOJIb NJIOCKOCTH, H OPYCOK OCTAHETCH HEIOABHIKHBIM
fa maockocTH. C pocTOoM a YBeJIHYHBACTCA M CHJIA TPEHHA, H
KOrja YCKOpeHHe CTaHOBHTCS TaKHM, YTO cHJja TpeHusi F
JIOCTUTAET CBOETO MaKCHMajbHOro 3HaueHus uN, O6pycok
HAaYHHAET CKOJIb3UTh BBepPX. BBIACHHM, IIPH KaKOM YCKO-
peHUH IJIOCKOCTH dp CHJA TPEHHS CTAaHOBHTCA paBHO# pN
(puc. 7.28). Cocrap/sisi, KaK H paHbllle, YDaBHEHHUE JBHKEHHS
6pycka mg-+N-+F=ma, u npoeuupys ero Ha Te e Hanpas-
JieHus:

mg sin a-+pN=ma, cos &, N—mg cos a=ma, sin o,
HaXORUM
sin o cos @
q,— g Snatpcosa

cos oo — . sina

Hrak, ec/iu ycKopeHHe ILIOCKOCTH a™>a,;, GPYCOK CKOJB3HUT
BBepX. 3aMeTuM, 4TO g, NIpH pu=ctg a obpaliaercs B GeCKOHeU-
HOCTb. 3JTO O3Hayaer, 4To MpPH W _=ctg o 6pycok He Gyaer
CKOJIb3HTb BBEPX HH MPH KAKOM YCKOPEHHH NJIOCKOCTH.

CoGupas BMecTe T0o/MyYeHHbIe Pe3ybTaThl, MOXKHO 3alHCaTh
yC/IOBHE HEMOABHXKHOCTH OpycKa Ha HAK/JIOHHOM MJIOCKOCTH:

sino— [ COS o ( g
cos -y sina Sasd

sina-|-pcosa .
cos o.— p sinow’ p<clga;

00, u=>=ctgo. a

8. bpycox Ha nojasMxHOM KauHe. Ha BepxHioil0 yacrs
KnaHHa Macchl M, KOTOpbld MOXeT Ge3 TpeHHsl MepeMellaThCst
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110 FGPH3OHTaNLHOA NOBepXHOCTH (pHc. 8.1), KaanyT Opycok
Macchl 1 H OTOYCKAaT 6e3 HavaJbHOre Toauyka. Kakyio ro-
PH30HTAJBLHYIO CKOPOCTH NpHOOpETaeT KIHH K TOMY MOMEHTY,
Korja 6pyCcoK COCKoJb3HET A0 KoHua? Kakoft yroa ¢ ropu-
30HTOM COCTABJSET BEKTOD CKOPOCTH 6pycKa @, eCan Yroda
NpH OCHOBAHMHM KJaWHA paBeH a? Bricora kiuna pasHa h. Tpe-
HHEeM MexAy GpPYyCKOM M INIOBEDXHOCTBIO KJHHA Tpenedpeub.

m

Puc. 8.1. B navaapupit MOMeHT 6pycOK H
/] KJMH HEMOABHKHBI

4 G 7 %

A Tlpome Bcero oOTBeTUTH HA TOCTABJIEHHBIE BONPOCHI,
HCNOJb3YS 3aKOHBI COXPaHeHUs] UMNYJbca n sHeprud. OfHako
B JaHHOM CJydYae OZHHX 3aKOHOB COXpaHEHHs HEJOCTATOYHO.
HeofGxoauMo ele Henoab30BaTh KHHEMATHUECKYIO CBSA3b MEXAY
CKOPOCTSIMH KJHHA H 6pycKa, BRIPaXk a0l Y0 YCA0BHE TOTO, YTO
IBHmKeHue 6pycKa NPOHCXO/HT HMEHHO MO MOBEPXHOCTH KJIHRA.

O603HauUM TOPH3OHTANBHYIO U BEPTHKAJALHYIO COCTABAAIQ-
e CKopocTd 6PyCKa OTHOCHTEbHO 3eMJU 4epes ¥, U Uy, a

Puc. 8.2. Cxopocts Gpyc-  Puc. 8.3. BekTop cKOpOCTH @ H TpaeKTo-
Ka OTHOCHTEJNBHO KJ/aAHHA  pHs GPycKa  (IYHKTHD) OTHOCHTENLHO
HalnpapleHa BAOJB 10- 3eMJIH

BEPXHOCTH KJKHA

CKOPOCTb KJHHA B ATOT K€ MOMeHT BpemeHH depes —V. [lo-
CKOJILKY NpPH COCKAJB3BIBAHUM OPYCKA KJHH JIBHIKETCHA Ha-
JI€BO, TO TOPH3OHTA/IbHAS COCTABJIAIOMAS CKOPOCTH GpycKa
OTHOCHTEJIbHO KJAHHA paBHa ¥+ V (puc. 8.2). Tloanas cko-
pOCTb 6pycKa OTHOCHTENLHO KJIHHA JO/KHA GHITh HanpasaeHna
BJIOJIb €r0 NMOBEPXHOCTH, MO3TOMY € NOMOlUbIo pue, 8.2 cpasy
HAaXOJHM

v,=W+V) tg a. (N

2T0 H €CTb HCKOMOC KHHeMATHYECKOC COOTHOIUEHHE.
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BexTop ckopoctd 6pycKa OTHOCHTEILHO 3eMJH ¥ 00pasyer
yron f ¢ rOpH3OHTOM, TaHI€HC KOTOPOro paBeH OTHOIIEHHIO
v,/vs (puc. 8.3). ITosTomy ¢ moMoubio cooTHolreRHs (1) umeem

tg p=v,/v,=(1+V/v,) tg . 2)

Beanyunn Uy H V MOKHO cBSI3aTh C IIOMOIbIO YCJAO0BHA
COXpaHeHus FOpHSOHTaJIbHOﬁ COCTaBJAIEH uMnyJ/Jabca CH-
CTEMBI, KOTOPOE BbipaxKaeTr TOT Q)aKT, 4yTo HeHTp MacC CHCTEMEBL
He nepeMeniaeTcss B TIOPH3OHTA/MBHOM HallpaBJACHHU!

mu=MV. 3)

CootHoteHnue (3) nosposser nepenucarb popmyay (2) s tg ff
B BHJE

tg p=(1+m/M)tg a. 4)

Ha puc. 8.3 nyHKTHpPOM INOKasaHa TpaekTopus OpycKa OTHo-
curesibHO 3eMau. Ecinu macca 6pycka MHOrO MeHbHIE Macchl
kiauHa, T.e. m/M<1, 1o u3 Qopmyan (4) nomyuaem Pao.
Tak u 10/KHO GbiTh, HOO B 3TOM INpEASIBHOM CJy4Yae KJHH
npaKTHYeCKH He NPUXOIUT B JBIXKeHHe. B japyrom npejesb-
HoM ciydae m/M>1 yroa PAn/2: Jerkuil KJAuH BHICKAJIbL3bI-
BaeT M3-NOJ TsAxKes0ro 6pycKa, KOTOPHIA NajaeT MpaKTHYECKH
OTBeCcHO. , :

Ocrasioch HalTH TOJIBKO TOPH3OHTAJBHYIO CKOPOCTh KJ/HHA
B MOMEHT, Korja GpyCOK COCKOJIb3HET 10 ero OCHOBaHUs. 3TO
MOXHO CHeJaTh, €CJAH BOCHOJIb30BAaThCH ellle H 3aKOHOM CO-
XpaHenus Mexanugeckod suepruu. Ilockonbky Tpeuue ot-
CYTCTBYET, l€pBOHAYaJbHas MOTeHIHAJbHAsl 3Heprus Bpycka
UENHKOM IIpeBpalliaeTcsi B KHHETHYECKYI0 3Hepruto Gpycka
H KJHHA:

mgh =

m(vi—{—vj) My2
53— g ()
[lofcrasias B 370 ypaBHeHHe CHayaja v, H3 BblpaxkeHus (1),
a 3areM U, M3 3aKoHa COXpaHeHHs uMnyJbca (3), Haxcmum
2gh
Vi= 2 £ 2{pe . (6)
M/m2+-(1+M/m)2tg2a-4-M/m
Paccmorpure camu nonyvaroinuecs U3 GopmyJst (6) Belpamers

B npenesbibix cayyasx m/M<&l u m/M>1 u obbacuute
pesy/abTaThl. A

9. [Hapuks Ha pauHHOi HMTH. Ha ouedb anuHHON HuTH
[OABELUEH ILAPUK MACCHl Mj, K KOTOPOMY HAa HHUTH IJMHHOA [
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NoABEINeH apuK Macc m, (puc. 9.1). Kakyw navanbnyio
CKOPOCTb ¥, B IODH3OHTANbHOM HANPaBJEHHH HYXKHO €O00-
UIUTh HIDKHEMY NIAPHKY, YTOOBI COCAUHAOMIaA WIAPHKH HHTB
OTKJIOHMJIACh O TOPH3OHTAJLHOTO [OJOXKEHHS?
A Kakoe sHaueHue umeeT TO OOGCTOATENBLCTBO, UTO BepX-
BHY IBApHK HOJBEIiEeH Ha OYeHb AJIMHHOH HUTH? DTO 3HAUHT,
| YTO OH ABWKETCS NPAKTHYECKH IO TOPH30I-
! TaJbHOH NpSAMOH, a cama AJMHHAS HHTb OC-
! Taercs BepTHKaJbHOH. Ecau 310 ocosnarh,
TO JajbHeiillee pellieHHe He JOKHO BBI3bI-
BaTh NPUHHHOUABLHBIX 3arpyaHeduil. Bcee
NefCTBYIOUHE HA CHCTeMY BHEWIHHE CHJIbl—
CHJIA HATSDKEHHS! BeDXHEH HUTH W CHJLI

m () TSAMKECTH, ACHCTBYIOLUIHE HA 1NAPHKH,— Han-
paBJeHBl 110 BEPTHKAJH, NOITOMY TOPH3OH-
l TalbHash COCTABJSAIONIAs TOJHOTO HMIYJbca

CUCTEMBI cOXpandercs. B tor mMomeHT, xoraa
ng) U, IHaDHKH OKaXKYTCs Ha OJMHAKOBOH BBICOTE,
; FOPH3OHTAAbHASK COCTABAIONAS U, CKOPOCTH
E:;E-,H(?e-‘- noljlg: BTOPOTO IMapyKa GyJieT paBHa CKOPOCTH Nep-
weume wutw ¢ BOTO IIADHKA. DTO CENYET H3 HEPACTSIHKHMO-
WwapHKaMH cti coepaunsmome ux Hutu. Hoatomy cox-
paHeHne  TOPH3OHTAJbHOH  COCTABJSIOMEH

HMHlebca CHCTEMBI MOXKHO 3anHcatb B BHJAeE
Mmye==(my~+ma)v;. (1)

O603Ra9NB BEPTHKAJNLHYIO COCTABJSHOILYIO CKOPOCTH HHXK-

HEro 1mapuKa 4Ye€pe3 Uy, 3anHIIEM TaKXX€ ypaBHEHNE 3aKoHa
COXpaHEHMS MEXaHWUeCKOoH SHEprHu:

2 ‘

math _ (mtmive | mavy

5 5 5 - mygl. (2)

W3 ypapsenua (2) BHAHO, YTO MHIHMa/JbHOE 3HAYeHHE
CKOPOCTH U, COOTBETCTBYET CJy4Yal0, KOrjia BepTHKajbHas
COCTaBAAIOLIAS U, B HHTEDECYIOUWUH Hac MoMeHT ofpauiaercs
B Hyab: v,=0. IloacTaBasa B (2)

Ur=00mg/(m1+m2)

u3 (1), nonyuaem
Yo min = Vle (I + mz/ml)' (3)
Ecnu HUXEHE 11apUK Iopasfio Jerye BepXHEro, T. €. My

<My, BePXHUI INAPHK OCTAETCH MPAKTHYECKH HENOABHIKHEIM,
B astoM npeaenbHOM caydyae @opMmyra (3) AaeT DpaBMHJbHOE
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3HAYEHMe HAYAJBHOH CKOPOCTH Uy min :Vle, OuYeBHJIHOE
H U3 3JjeMeHTapHBX coobpamxeHuii. Ecaum ke my<m,, T0
HaJHYHe JIErKOro 1apuKa fm; NPaKTHYeCKH HUKAK He CKAasbl-
BaeTcs Ha JBMKEHHM HHUTH C TSDKEJIBIM IIapHKOM i, (CHCTeMa
KaK Obl «HE 3aMeuyaeT» NPUCYTCTBHA Jerkoro wapuka). Ilpu
3TOM COEJUHSAOMIAS IHAPUKY HUTH 3afiMeT TOpH3OHTAJbHOE
NOJIOXKEHHE JIHIIb TOTAa, KOTAd BCA AMHHHASL HHTb OTK/IOHHTCA
[0 TOPH3OHTaJdH, T.e. NpPH vOmin:VQgL, rie L — cym-
MapHas JAnuHa obeux HuTel. fIcHo, uto Qopmysa (3) B aToM
ciydae HellpUMEHHMA, TdK KaK OHa IoJydYeHa B IMpeANoJio-
KEHHY, YTO BEPXHAS HUTb BCE BpeMsi OCTACTCs BEPTHKAJb-
Ho#., A

10. Tlyag npo6usaer wap. I'opusonranrpHo seramas nys
Maccel /M HaCKBO3b NpOOUBaeT NepBOHAYA/ILHO NMOKOUBIIMHCS
wap mMaccel M H BblI€TAeT U3 HEero Co CKOPOCThIo, BABOC MEHb-
mieft mepBoHavasbHo¥M., Kakas 10/ KHHETHUECKOH 3Hepruu
NyJad NPCBPATHIACHE BO BHYTPEHHIOK HEpPTHIO?

A OBbo3HauuM CKOPOCTb NYJH JO CTOMKHOBEHHS C LUApOM
uyepes v, a npuobperaemylo wapom ckopocts uepes V. Ilo
YCJIOBHIO CKOPOCTH HYJIH Ha BbUIETE M3 lapa paBHA u/2, mo-
3TOMY ypaBHEHME€ 3aKOHA COXPaHEeHHs HMIyJbca B NPOEKIHH
HAa TOPHU3OHTAJILHOE Hanpab/eHHe NPHHHUMAET BHM

my=MV-+muv/2. )

M3 sT0r0 ypaBHEHHSl Cpa3y MOXKHO NOJYYHTh NPHOODETaeMyio
1wapoM ckopocts V:
V=muv/2M. 2)

[pupaiuenne BHYTpeHHEH SHEPrHH, T. €. BbALTAIOLMIEECH
fpH HeynpyroM B3aHMOJEHCTBHH NYJH C IApoM KOJHYECTBO
TenAOTE (, MOXHO HaHTH C MOMOIUIbIO 3aKOHA COXpPaHEHHA
SHEPruH:

mu? MVE  m(v/2)?

3 =3 t—p TQ )
Toncrarnsa ciona V us (2), Haxopum
mo? m

Q=" (3_74—). (4)

Tak Kak nayajabHas KHHETHYeCKas 3Heprus nyiu E,=mu?/2,
TO HJst ucKomoro orHowenus Q/E, u3 (4) nonyuaem

&= (3—%) ®)
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Ho MoxHO sn cdurtathb, 4TO NoJaydeHHas QopMyJa Aaer
OTBeT Ha TOCTaBJeHHBII Bompoc? OHA BHIPAMXKAET HCKOMYIO
BeJIHYMHY Yepe3 NpHBeleHHEIE B YCJIOBHH JAHHBIE, HO CTABHTh
TOUKY PaHO, NOJyYeHHbIH pe3yJsabTaT HYXKHO ellle HCCJAeN0BaTh.
OueBujaHo, 4To orHouwenne Q/E, JOMKHO ObITh IOJIOXKHTEb-
HEIM, TIOSTOMY HalpamuBaeTcsi BBIBOJA, 4To dopmyna (5) npu-
menuma npu m/M<C3. Ilycts, nanpumep, orHoueHue m/M=2,
Torna ¢opmyna (5) naer ans Q/E, snauenue 1/4. Kasasoch
6bl, BCE B NOpsAJKe, NOCKOAbKY Q/E, MOAYYMJIOCH HONOKH-
TeJLHLEIM H MEHBIIMM euHuUB. M Tem He meHee 3TOT peayJb-
TaT HE HMeeT CMbICJa [PH NPHBEIEHHBIX B YCJAOBHH 3ajain
AaHHbiX. JedicTBHTeIbHO, mocMoTpuMm Ha ¢opmyay (2). Hs
Hee cJjeiyeT, uro npu m/M=2 ckopocTb V=v: NpOGHTbI
nyJed HacKBO3b IIApP JETHT CO CKOPOCTBIO, BABOE MPEBBIINAIC-
mel ckopocth nyau v/2! Tloayuunach siBHast (GH3MUECKas
GeccMplcinna. YaKe B IIpOllecce pelleHHs Iocae NOoJydeHHs
copmydisl (2) cnenoBasto 6b O6paTHTh BHUMaHHE Ha TO, YTO,
Npo6MB IUIap HACKBO3b, NyJs MOXKET HMETb CKOPOCTb v/2
TOJIKO TIPH BHINOJHEHHH YCJI0BHS v/2>V, T.e. npu

mIM<1. 6)

Tonbko B coBoKynHocTH ¢ ycaoBuem (6) ¢opmyna (5) nmaer
OTBET Ha TNOCTaBJeHHBIH B JaHHOH 3azaye Bonpoc. Teneps
SICHO, YTO B 3aBHUCHMOCTH OT OTHOuIeHus1 Macc m/M Bo BHYT-
DPEHHIOK 3HEPTHI0 MOXeT NPEeBPaTHTLCH OT HOJIOBHHBI (NpH
m—>M) no Tpex uerBepredl (npu m—0) nepBoHauasbHONH Ku-
HeTHYeCKOH 3HepTrHH.

Tenepr noxaymaeM O TOM, HMEET JIH KaKOH-HUGYAL CMBICT
dopmyaa (5) npu 1<m/M <3. Ecan m=M, 10 u3 dopmy.et
(2) cnenyer, yto V=0/2, T. e. 11ap 4 0yJs HMEWT OAUHAKOBYIO
ckopocth, CTONKHYBIIMECA TeJa JIeTAT BMECTE, T. €. NyJs
3acTpeBaer B luape. B 3Tom cayuae rosopsT o6 a6conoTRO
neynpyrom yaape. KoneuHo, He caenyer nyMatb, 4to abco-
JIOTHO HeYNPYTHH yJap BO3MOXKEH TOJbKO npu m=M: 3necob
TaK NOJYYHJAOCh, NMOTOMY 4YTO B YCJOBHH 3ajaHa KOHEYHas
CKOPOCTh, paBHas. v/2, Eciu e BBHINONHSETCS CTPOroe Hepa-
BeHCcTBO 1<<m/M<C3, TO nocsie CTOJKHOBEHHS wiap JeTHT
ENepefu NYJH co CKopocThio V, onpenenasieMoll ¢opMmynoh (2):
v/2<<V<3v/2. Tlpu TakoM HeympyroMm ylape Bo BHYTDEHHIOIO
S5HEpPTHIQ TepeXoAUT RO NOJOBHHEI NEpBOHAYaNLHOH KHHe-
Tuyeckol sHepruu. Haxkowmew, ecim m/M=3, To, Kak BHIHO
u3 (4), @Q=0, . e. Tenao BooGiie He BHIJEJIAETCA: NPH yAape
coXpaHsieTcsl MeXaHHueckas 3Heprus. D10 cayyad abCcoJioT-
HO YHNpyroro ygapa. A
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11. Boickanb3bipalomas pocka, Ha xonue jocku AnvHm L
1 macchl M HaxonuTCsl MajeHbKHR Opycok maccel m (puc. 11.1).
" J1OCKa MOKET CKOJIb3NUTh 6e3 TpeHHs 110 FrOpH30HTANBLHOH NJIGC-
xocTH. Kos(duuuent Tpenus ckoabkeHus G6pycKa o MOBEpPX-
HoCTh JIOCKHM paBeH W. Kakyio ropHsoHTalbHYIO CKOPOCThH U,
HY2KHO TOTYKOM COOCIHTh JCCKE, YTOGBI OHA BBHICKOJIB3HYA U3
noj Gpycka?

A Tlpu cooOleHuH JocKe TOPH30HTANLHONH CKOPOCTH U,
PE3KMM TOAYKOM WIH ypapom 6pycoK He Io/aydaeT HauajbHOH
CKOPOCTH OTHOCHTE/IbHO 3eMJIH, m
TaK KaKk JeACTBYyIOILasi Ha Hero i ] v,
CO CTOPOHLI JOCKH CHJA TPEHHA , [ = 57 //' —at
HE MOXET NPEBOCXOAMTD WG H3A  pyc 1.1, Jlocka MrHOBeRHO
KOPOTKOE BPEMA yAapa HE MOXKET poayuaer HauaJlbHYI® CKoO-
CoobmUTh GPYCKY 3aMETHOro HUM- pocTh Uy
nyabca. Ilocse TojuKa B cucTeMe
oTCYyeTa, CB3AHHON ¢ 3emJel, GPYCOK JABHXKETCS PaBHOYCKO-
PEHHO, a JOCKa — paBHO3aMeJJIEHHO.

Eciu HayaJbHas CKOPOCTb JAOCKH U, HEBEJAMKA, TO MOMXKET
HACTYNHTb TaKOH MOMEHT, KOrja CKODOCTH JOCKH H Opycka
npUMyT OAMHaKoBoe 3HaueHue. B 9T0T MOMEHT npockasb3biBa-
HMe NpeKpamaercs, Jaasblie 06a Tena JBHKYTCS PAaBHOMEPHO C
OIMHAaKOBOH CKOPOCTBIO U KaK OJIHO TeJI0, H JOCKA, pa3yMeercs,
y’Ke He BBLICKOJb3HEeT H3-nof 6pycka. Eciau ke HauanbHas
CKOPOCTb JOCKH ROCTATOYHO BEAHKA, TO CKOPOCTH ROCKH H Gpyc-
Ka MOryT He yCIleTb CPaBHSTbCS 3a TO BpeMs, NOKa GPYCOoK
NPOCKOJIB3UT BJOJB Beell Jockn. B aToMm ciyuae nocka BricKoab-
3HET H3-Nnoj 6pycka.

O6o3nauuM paccTosiHHe, NpoHAeHHOe 6PYCKOM HO JOCKE [0
MOMEHTa TpeBpauleHHsl Npocka/b3biBaHus, yepes s. QueBnano,
YTO NpPH BEINOJNHEHHH HepaBeHCTBAa s< L NocKa He BBICKAaJb3H-
Baer u3-nog Opycka. Ecau 370 HepaBeHCTBO HE BHINOJHSETCS,
TO JOCKa BEICKOJIb3HET H3-NoJ Opycka.

J1a 3a7a4a CAYKHUT HAIVIIAHBIM IPHMEPOM TOTO, HACKOIbKO
npoiuie 1 GLICTPEE MOXKET NPHBOIUTL K OTBETY HCIOJb3CBaHue
3aKOHOB COXPaHEHHS 110 CPaBHEHHIO C HeMOCPeXCTBEHHLIM
NpUMeHeHHeM 3aKOHOB auHamuKku. OKasblBaercsl, 4TQ JAOCTa-
TOYHO BHIIHCATH JBA YPaBHEHHs!, COOTBETCTBYIOIIMX 3aKOHAM
COXpaHeHHsT UMNyJibCa M SHEepPrHH, YTo6hl HeMeAJIeHHO NO.ay-
YHUTb OTBET.

IlocKOIBKY TIO YCIOBHIO MEXAY JAOCKOH M IJIOCKOCTBIO Tpe-
HHUE OTCYTCTBYET, TO HaNpaBJEHHBI TOPH3OHTANLHO MNOJHbIH
UMNYJIbC CHCTEMBI ocTaercs Oe3 H3MeHeHud. TaK Kak moc-
Jie TIpeKpallleHus NpOCKasnb3biBaHHA ofa Teja ABHIKYTCA C
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OJHHAKOBOH CKODOCTBIO U, TO
Mu,=(M-+mv. O

st mpUMeHeHHs 3aKOHA COXPAHEHHsI 3HEPIHH HYXKHO
NpeXkje BCero MojCYUTaTh paboTy CHIT TPEeHHs, AEHCTBYIOULUX
MeXJy OpPYCKOM H JOCKOH. ITd CHJBI PABHBI IO MOAYJ/IO H
IPOTHBOIOJNOKHO Hanpasjensl. Chila Tpenus, JeHCTBYIOLIAs
Ha OPYCOK, pasroHsieT €ro, yBeJHUMBas ero KHHETHUYECKYIO
suepruo. Pa6ora s1oH cuibl uonoxuTenbHa., Cuna Tpenus,

S
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e e B |
| Py e E
Ll 77 7 L 0PI
S1

Puc. 11.2. Tlepememienne T0CKH sy GOJblIE MepeMelieHns GPycKa s, Ha
BEJIHYHHY §

JedcTByIOIAasA Ha AOCKY, TOPMO3HT ee; paboTa 3TOH CHJB OTPH-
yareabta. OYeBHIHO, YTO OTHOCHTE/IBHO 3€MJIH TOYKA NPHJIO-
JKEHHS] CHJIbI TPeHHSsl, NEHCTBYIOHIEH HA JOCKY, COBepIilaer Ie-
peMellieHHe S;, KOTopoe 0oJblle NepeMelleHHs] TOYKH IpHJo-
JKEHHst BTOPOH CHJIbI TPeHHs S Ha BenMYuHy s (puc. 11.2).
[osromy cymmapHas paboTa CHJI TPEHUS OTPHLATENbHA H PAaBHA
—pmgs.

Takum o6pa3oM, ypaBHEHHe 3aKOHA COXPAHEHHS 3HEPIrHH
3aMHCHIBACTCHA B BHJE

(M+muvt Moy

0] 5 — WNgs. @
Boipaxasn v u3 ypaBHeHHs (1) H noxctasass B (2), HaXORUM
1 M

Ecau Bpraucaernoe no gopmyae (3) 3HaueHne s okaxercs 60o/b-
we L, 1o 310 K OyleT o3Hayarb, YTO NPH TAKOH HAYaAJBHOH
CKOPOCTH JOCKH U, OHa BBICKOJIb3HET H3-noj Gpycka. Orcioga
HaxoAuM HeoOXOAHMOE JJISi 3TOro 3HayeHHe Uy:

v, > V 2ugL (1 + m/M). (4)

IauuHee oKaszanoch Obl' pelieHHe, OCHOBAHHOE HAa Hero-
CpEeiCTBEHHOM NpuMeHeHUM 3akoHoB Heiotona. Ilpu Takom
pellleHHH NPEXKIEe BCEro, ONpPeeHB YCKOPEHHs Tes, MPHILIOCH
Onl HamucaThb YPaBHEHHs, BbIpaXaloLiUe 3aBHCHMOCTH OT Bpe-
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MEHH CKOpDOCTeH AOCKHM M OpYCKa OTHOCHTENBHO 3eMAH. IT0
Zano Gbl BO3MOXHOCTE HaHTH MOMEHT BPeMEHH, B KOTOpBI 3TH
CKOPOCTH OKaxyTcsl opuHakoBbIMH. [lecae 3toro, manucas
YpaBHEHMs1, BHIpaKaloOliHe 3aBHCHMOCTb NOJOMEHHHE JOCKH
s; M OpycKa s, oT BpemenH (pHc. 11.2), moxxHo HaliTH To paccTos-
HHE §, Ha KOTOpOe nepeMecTHTCst 6P YCOK OTHOCHTEJIBHO AOCKH K
MOMEHTY TpeKpalleHHa npockanab3niBanus. [lponenasite camu
YKasaHHbIe BHIKJAJKH H YOEIHTECh, YTO OHH NIPHUBOLSAT K TOMY
Xe camoMmy peayabpratry (3). A

12. Hlapuk Ha ctepxkne, HeBecoMulil cTepikeéHDb € MapHKOM
Ha BepXHeM KOHIIe HauHHAeT NajaTb M3 BEPTHKAJbHOIO M0J0-
J)KeHusi 6e3 HadasabHOHR ckopoctd (puc. 12.1). Hmkuuii Konei
CTePXKHA ynupaerca B ycryn. Kako#t yroa
¢ BepTHKaJjbi0 GyJeT cOoCTaBJasTb CKOPOCTb
1IapHKa B MOMEHT Yy/Japa O rOpH3OHTAJbHYIO
IJI0CKOCTh ?

A He crpaHHO M, YTO B YCJOBHA OTCYT-

CTBYIOT KakHe Obl TO HU OBIIO KOJNHYeCTBEH-

HHle JAHHBIE, TAKUE KaK AJUHE -CTEPKHA U

Mmacca mapuka? [laa Havaza npoanaausupy- 7
€M 3ajady C TOYKM 3pEHHst PasMepPHOCTH. pyc 191, Ha-
Haiitn HyxHO yroJ, T. €. BeJHYHHY 6€3Pa3- waawnoe noso-
mepHyio. Ecan OB HCKOMBIA YroJl ¥ 3aBHCEJ  KEHUe CTEPXKHA
OT JIMHEHAHBIX pa3MepoB, TO TOJBKO OT 6e3-

pasmepHoro oTHollehus AByX IjuH. Opnako paccMmartpuBae-
Mast CUCTeMa XapaKTepH3YeTcs Juilib OfHUM TAKHM napamer-
pOM — IJinHOH cTepkHsi. [losToMy ncKOMBIE Yroa e Moxer
3aBHCETH OT JUIHHBL cTepxkHs . I1o TeM Ke cooGpaKeHH M OH He
3aBHCHT M OT MacChl inapHKa. He MOXeT OH 33aBHCETh M OT YCKO-
peHMs CBOGOLHOTO NajeHHs g, W60 pasMepHOCTb g COAEPIKHUT
gpema. TakuMm o6pasoM, pesyabTaT He 3aBHCHT OT CHJLI TH-
JKECTH, XOTA B OTCYTCTBHE CHJIBL TAXKECTH CTEPXeHb BOoGIle
ge najgan 6bl. OTBET JoMKeH BbIPaaThCd HHCAOM, KOTOpoe
e 3aBHCHT OT TOTO, IPON3BOANTCA JiM TaKOH ONBIT HA 3eMmJe,
Jlyse nav mo6Goii xpyroii nJjanere.

Ha npeanbho raajgkoll DOBEPXHOCTH INAPHK H3 HEYCTOHUM-
BOTO NOJOXKEHHSI paBHOBeCHs Najaj Obl BepTHKa/JbHO BHH3, a
KOHEIl CTEP3KHS CKOJib3ui1 Gbl IO NOBEPXHOCTH. YCTYN npenstT-
CTBYET CKOJAbLKEHMIO CTepH# BAeBo. Ecan Ruxnuii komen
HAYHET JIBUTarbcs BNPaBo, TO IAPHK GyIeT najaTh BepTHKab-
HO BHH3, T. €. CKOPOCTh €r0 HanpaBjeHa NO BepTHKaJH.

Mntepecnee cayuail, KOTAA CTepXKeHb HauyMHaeT nalaTh
snpaso. lapux jBuxerca no Ayre oKPYxHOCTH A0 TeX Hop,
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foKa JISHCTBYIOUAA Ha HEro CHJa peakuuy CTepxkHS He o0pa-
gurcsl B HyJb. [lanpHefuree nBHXKEHHE JO yAapa O TOPH3OH-
TaABHYIO IJIOCKOCT NPOMCXOMHUT 1O MapaGoJie, Tak Kak Ha lia-
pHK JeHfcTByeT TOIBKO CHJIa TSAXKECTH.

Hafinem cnauana yron o, KOTOPEIE CTepxeHb 00pasyer ¢
BEPTHKAJBIO B TOT MOMEHT, KOIJla CHJa PeakLHH CTepxHA 06-
pamaercs B HyJb. 3alniuieM
ypaBHEHHE BTOPOTO  3aKOHa
HpioTona B npoexuusax Ha Han-
papjeHue K IEeHTPY OKDYy»-
HocTH (puc. 12.2):

muvi/l=mg cosa (1)
(! — nuua crepxasn). Bxoxs-
wmyw B (1) ckopoctb IapHKa
Ui MOXKHO BBIPA3UTb Yepe3 yron

o C TIOMOUIBIO 3aKOHA COXpalie-
HHUSl SHEprHy:

mgl(l—cos a)=muvi/2. (2)
Puc. 12.2. Tagaomni crepxens IMoxcrasass & u3 (2) B (1), mo-
JIYYUM ypaBHEHHE IJsd onpeje-

JeHusa o, Kotopoe aaeT cos a=2/3. Takum o6pasoM, cBoGoaloe
ABMKEHHE LIapHKa HAYHHAETCsA Ha Bhicote 2{/3 cO CKOPOCTHIO

v, =V 2gl/3. TopusoHTanbHAs MPOEKIUA CKOPOCTH WIAPHKA
v, = v, cosa = (2/3)V 2gl/3 (3)

B JaJbHelleM ocTaeTcsl HeH3MEHHOH.
PaccmorpuM Tenepb MOMEHT yjapa lapHKa O FOpU30HTAb-
HYI0 TJ0ocKocTb, Mony/ib CKOPOCTH @ B 3TOT MOMEHT GYAeT Ta-

KUM €, KaK NpH CBOGOJHOM NajeHHH ¢ Bhicotsl [: v=}2gl.
Hanpas/senne cKoOpocTH MpOLIE BCETO HAUTH, BhHIpAXKas CHHYC
yriaa ¢, ofpa3yeMoro BEKTOPOM CKOPOCTH @ € BEpPTHKAJBIO
(puc. 12.2), Kak oTHOLIeHUe U./v:

sin @ =v, /v =2/3 V' 3=0,385, oTkyaa o=22°40',

Ecnu 6b1 TpeGoBanoch ONpeNesNUTb He TOJALKO Yroa ¢, Ho
elle M CKOPOCTb WJM MeCTO MajeHHsl apHKa Ha IJIOCKOCTb,
10 6BUIO Obl HEOOXOAMMO 3ajath- AAUHY crepxus [, OTMerum,
yTO pasobpaHHas 3ajlada HMeeT MHOTO OOI(ero ¢ IIHPOKO 13-
BECTHOH 3ajiauel 0 COCKa/b3biBaHHHU WAHGH! ¢ noaycdepbl Hau
HONYLUNHHAPA, A
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13. Mepreas netas. HeGoublnoe Teno cKob3UT 6e3 Tpe-
HHSI 110 HAKJOHHOMY 3KeJoGy, KOTODHIH 3aTeM NE€PEXORUT B
KPYroBYIO «MepTBYIO IeT/iio» paguyca R (puc. 13.1). C kakoit
MUHUMAa/JbHOH BHICOTHL /I JOJPKHO CIIyCKaTbcs Teno Ges Ha-
YaJbHOH CKOPOCTH, YTOOBI OHO HE OTOpBAJIOCh OT Kejo0a?

Y i
DN

Puc. 13.1. «Mepreas neras» Puc. 13.2. «MepTBas neras» o
BHIP€30M

KakroBa foJi7kHa GbITb HAYaAbHASI BLICOTA A/ TOTO, UTOBHL TeJI0
CMOTJIO NIPEOJOJIETD «MEPTBYIO METJIO» ¢ CHMMETPHYHO BhIPE3aH-
Hoit Bepxueil yacThio (pHc. 13.2)?

A JIpmkeHue Tesa nof AeHCTBHEM ONHON JUMIL CHJLL T$i-
JKECTH, KaK H3BECTHO, NPOHCXOAUT MO NapaboNuYecKol TpaeK-
Topun. [losTomy st 1BHXKEHHA MO KpyroBoMmy kenoly, pac-
MOJIOKEHHOMY B BEpPTHKAJNBHON
TIJIOCKOCTH, KpOME CHJIBI TSKECTH
Ha TeJNO JOJ/KHBI IEHCTBOBATh H
apyrue cuasl. B oTcytcTBHe Tpe-
HHst TakKoH CHJAOH MOXeT ObiTh
TOJBKO cuia peakiyu N xenoba,
HanpabJeHHasl 00 HOPMAJH K €ro
noBepxHoctH (puc. 13.3}. OueBnz-
HO, YTO TeJO He OTPHIBAETCA OT  Pyc, 13.3. Caabi, aeflcTByio-
:kejo6a, NMoka 3Ta CHJla He paBHa He HA TeI0
Hymo. Ecam Ipoucxogut orphiB
Tesia oT Kes100a, TO B TouKe oTphiBa cuia N obpaiaercs B HyJb.
Tlocsie oTphiBa OT Xenofa IBHKEHHE Teaa NPOHCXOJHT TONLKO
noj AeACTBUEM CHJBI TSKECTH M TeJIO JBHXKETCA 10 napabose.

[MpeanosnoxumM, 4YTO Tes0, HE OTPHIBAACH, HABIKETCS M0
KeJ06y, U BBIMHCJAUM CHAY peakuud N keno6a B OpOH3BOJbL-
HOl TOYKe, IOJOXKEHHE KOTOPOH OINpeAensercs YIIOM o
(puc. 13.3). CocraBuM ypaBHeHHe BTOporo 3akoHa Heiorona
st 9TOH TOUKM:

s

mg + N =ma. ()
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Jlaa maxoxaenus mMonyas cuaer N cnpoelupyeM ypabHenue
(1) na panuanbHoe HanpasseHre. [TocKO/NBKY HOpMaJdbHast co-
CT2BJISOMAsT YCKOpeHHus paBHa v?/R, u3 ypasuenus (1) umeem

mgcosa—,LN:-'—"I—;i, 2)
OTKYJIa
N:mg(i%——cosoc). (3)

B sToM BhIpaKeHHMH CKOPOCTb U TOXe 3aBHCHT OT yIJja d, H ee
HYXKHO HaHTH Jjia onpeleneHus N. DTo MOXHO ciesaTh, HC-
110/1b3yS1 NPOEKLIHI0 ypaBHeHus (1) Ha KacaTesibHoe HalpasJje-
Hue. OJHAKO TaKoH NyThb TpeGyeT YMeHMst HHTErPHPOBATDH.
IlosToMy A/1s1 HAXOKIEHHS CKOPOCTH Yyao0Hee HCIOAb3QBATh
3aKOH COXDaHEHHs Me€XaHH4YeCKOH SHepTHH.

[TockonbKy cuna peakuud xenofa B JMOGOH TOUKe NeprneH-
JUKYJspHa CKOPOCTH Tesa U, Cle/loBaTebHO, paboTel He coBep-
Hraer, NOJHBIH 3amac MeXaHHYecKOH 3HEPTHH OCTAeTCs Heus-
MeHHBIM. B HayaJpHOH TOYKe Teo 06Jafiaet TONbKO NOTEeHIH-
ajqbHofl Hepruelt, pasHol mgh. B paccmarpusaeMofl Touke
MeXaHHYeCcKasl JHePTHs CK/ajblBaeTcsd H3 KHHETHYeCKOH 3Hep-
rHd mv¥/2 M TOTeHUHAJbHOH sHepruu mgR(1--cos a)
(puc. 13.3). Ilostomy

mgh=mv*/2-+-mgR(1-+cos ), )
v?=2gR(h/R-—1-—cos a). (5)

IloacraBnaa HalineHHoe 3HayeHwe cKopocTu B dopmyay (3),
HAXOQUM CHJYy peaklUuu N:

N=mg(2 —;;—-2—3<:osa>. @

OTKYJa

U3 seipaxenus (6) Buano, 4To Hauboablliee 3HayeHue cuia N
uMeeT B HIDKHeH Touke xkesnola, KOTOPOH COOTBETCTBYeT & =1,
cos a=—1:

Niopax =mg (2R/R + 1), N

W3 (7) crenyer, uto cuia, ¢ KOTOPoH Tel0 JaBUT Ha Xesiol B
HHXKHeH TouKe, 6oJblie, YeM CHJa TAXKeCTH mg. ToNsKo B TOM
cTyyae, KOrJa HayajbHasl BblcoTa h PaBHA HYJIO (T.e. Teao
IPOCTO JIEXHT B HIDKHEH TOUKe xkenoba), OHO AaBUT HA XKeJoG
¢ CHJIOf, paBHOH mg.

U3 soipaxenus (6) Takike BuaHO, 4TO cua N MOHOTOHHO
yObIBaeT MO Mepe [I0XbeMa Tesa NO #enoby H JOCTHraer Hau-
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MEHBLINETO 3HAYCHUA B BLICHICH TOYKe, KOTOPOIH COOTBETCTBYET
a=0, cosa=1:

N in = mg (2h/R—5). (8)

Ecsu Teno He oTpeiBaeTcs OT XKeqao0a B BepXHeH TOUKe, TO
OHO He OTOpBETCA M HU B Kakoi apyrofi. [lostomy dopmyaa
(8) no3BosgeT HAHTH TY MHHHMAJbHYKO HauajJbHYIO BBHICOTY
Rnig, NPH KOTOPOI TEJIO COBEPIUAET NOJHBIH 060pPOT, HE OTpPhI-
Basicb or xejnoba. [lonaras B (8) N,;,=0, naxonum

i = BR/2. (9)

PaccMOTpUM TENeph ABMKEHNE Te1a MO TETIE C BHIPE3OM.
Jlns toro yToOBI T€J0 MOI/IO COBEPIUNTH MEPTBYIO NETJION,
B 3TOM cJy4ae HeoGXOAnMO, uTo0bl, COPBABIIKCDH C KPasi BbIpe3a

Puc. 13.4. B paspuiBe «netyu» MeX-
1y ToukamMu A u B teno pBHKeTcA
no napabose

B TouKe A U nposeTes yacTh NYTH No Napaboae nof HeficTBHEM
TOJILKO CHJIBL TSIXKECTH, OHO NONasio 6B Kak pa3 Ha NMPOJOANe-

nue menoba B Touky B (puc. 13.4). JIpuxenne nocie otpeisa
oT Xesjo0a NPOUCXOJMUT N0 3aKOHY

r=ot-+ gl*2, - (10)

€CJIM HAYaJl0 OTCUeTa BpeMeHH ! U NONOKEHUS 7 BEIGPAHLL B MO-
MEHT OTPHIBA W B TOUKe OTphiBa. Tak Kak B Touke oTpeiBa A
CKOPOCTb ¥ HANpaBJEHA N0 KacaTelbHON K Kenofy, To, npoe-
uupys ypasuenne (10) na ropusonTanbHoe (X) U BePTHKAIbHOE
(y) nanpasJjiedus H Tpebys, 4ToObl TPACKTOPHS NPOXOAHJA Ye-
pe3 Touky B (tpaexTtopus I na puc. 13.4), nonyuum

2R sin ¢=v cos ¢ ¢, 0=v sin ¢- t—gt?/2. (1

Haxons ¢ u3 BTOporo ypaBiesus ¥ BOACTABAA B IePBOe, 0JY-
yaem

vi=gR/cos ¢. (12)
HiMeHHO TakoH CKOPOCTBIO AOIKHO 00/1afaTh TeAO B MOMEHT
OTpbiBa, YTOOBI OHO MONA/I0 B TOYKY B,
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Teneps obpaTum BHHMaHHE Ha To, 4To hopmyaa (12) Guia
noJlyueHa TOJbKO H3 KHHeMaTHYECKHX coobpaskeHmil nmpH pac-
CMOTPEHMH CBOGOJHOrO nosera Teaa or Touku A K B, Ilostomy
Heo0XOIUMO NPOBEPUTL, YTO NPH TAKOH CKOPOCTH B ToukKe A
TeJ0 AEHCTBUTE/NBHO CMOXKeT AOHTH A0 Hee, ABUrasch N0 JKeJo-
Gy. IpyruMu cjoBaMH, HYKHO YOeNHThCS, YTO NIPU TAKOH CKO-
POCTH TeI0 OKa3blBaeT JaBJ/eHHe Ha Keqaob, T. e. BHUUC/AseMas
o gopmy.te (3) npu ae=¢ cusna N 6oaniie Hyas. [TogcraBass v?
us (12) B dopmyay (3), nmomyuaem

N=mg(1/cos p—cos ¢).
310 BbIpaXKeHHe HEOTPHLATeNbHO NpH JKGeX ¢ or 0 1o m/2,
KOTOpHIE TOJIBKO U NpeicTaBasioT uHTepec. CKOPOCTB B TOUKE

A ¢Bsi3aHa ¢ HCKOMOH HavasbHOW BBICOTOH /i cooTHomeHueM (5),
B KOTOpPOM, pasyMeercs, yroJ & cjaeayeT 3aMeHHTb Ha @:

v2=2gR(h/R—1—cos ¢). (13)

[lpupasuuBas npaeele YacTu BoipaxkeHu# (12) u (13), Haxo-
AuM

h=RI[1-+cos ¢+1/(2 cos ¢)]. (14)

Dra dopMysa JaeT TO 3HaUYeHHE HAYaJbHOH BBICOTH A, NpH KO-
TOPOM T€J10 IPEOI0JICET MEPTBYIO ITETJII0 C BbIPe30M HMEHHO TaK,
KaK HYXHO,— INOKHHYB keso§ B Touke A, BHOBb KOCHETCSI
ero Kak pa3 B Touke B. Kacanne xxen06a B touke B npoHsoiizer
Ge3 yaapa, Tak KaK CKOPOCTb Tes1a IIPH ABHKEHHH 110 flapabosie
B 3TOH ToYKe OyJeT HalpapjeHa N0 KacaTebHO# K XKeaoby.

Ecau navasnbHas Beicora Gyjer MeHblile, yeM 3HaueHue, Ja-
Baemoe dopmy.ol (14), To, naxe ecay TeNIO JOHAET MO XKes100y
[0 TOYKH A, pajablne oHO NONETHT 1o napabose 2 Ha puc. 13.4 u
yaapurest o xeso6 Hmke Toukn B, Ecau ke Haya/bHas BEICOTA
GyzeT GoJipllle, YeM HYKHO, TO TeJI0 BOOOILE BLIIETUT H3 xKeso6a
yepe3 paspes, ABUTasCh IO mapadone 3.

Hccnmenyem 3aBHCHMOCTb HEOOXOAMMOH HaualbHOM BBICOTHL
h or yrnia ¢, Xapaktepusyiouiero Bbipes. Kax BuaHo n3 ¢op-
Myasl (14), npu ¢=0, T. . Ipu OTCYTCTBHH BhIpe3a, h=5R/2,
4TO COBNAJAeT C MHHHMaJbHOH HayaJabHOH BeICOTOH (9), KO-
Topas Tpefyercs 1Sl NpeojoseHHs 3aMKHyTol neryn. C yBse-
JHUYEHHeM YIJia ¢ HadaJbHas BhicOTa yOBRIBaeT, JOCTUIas MHHU-
myma, pasroro i = (1 +V 2) R, npu 9=mn/4. [deiicrButenHo,
3aBHCAULHE OT ¢ cjaraeMpie B hopmyde (14) cos ¢-+1/(2 cos @)
MOXKHO 3anucaTh B BHJE

ol
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rrie yepes x obosznaueno V' 2 cos @. Ho x4-1/x nmeer MUHHMYM,
paBHBIH ABYM, Npu ¥=1, OTKyAa U NOJYYalTCsi IpHBEJEHHbIE
3HaYeHHs] MHHHMa/JbHOH BBICOTH A W yraa @=n/4. Hpu pajn-
HeflllleM YBeJTHYeHHH YIJIa ¢ BbICOTA /i MOHOTOHHO BO3pacTaeT
H CTpeMHTCSl K GecKOHeuHocTH NpH @ — 1/2 (puc. 13.5). Ipu
@=n/3, KaKk Jerko yOeauThCsi, BHICOTA A cuoBa paBHa S5R/2.
Takum obpasom, ecau Yyroi Belpe3a MeHblie /3, HeoGxo-
JuMasi HauaJibHas BLICOTA MEHblle,
yeM NPH 3aMKHYTOM Kesobe, 4
HHTepecHo OTMETHTB, YTO BBIC-
mas TOYKa TpaekTopuu [ B pas-
pese kesoba (puc. 13.4) npu Jo-
ObIX yIJ1ax @ JEXKUT BhIILe NPOI0JI-
JeHus OKpyxHoctH. [eficrsu- 28
TeJIbHO, MaKCHMaJjbHast BBICOTA
rorbeMa Tej1a Mocse OTpPLIBA B TOU-

!
4
i
ke A paBHa i |
L4 {
vsin?/(2 Zro
©/(2g), ¢ zZEZ Iy
uTO TOCJE MOACTAHOBKHM U® M3 (12)  puc. 13.5. Mpn 0<q<n/3
Jaer HayajeHasg BHICOTA A 1OYTH
R sin? @/(2 cos ¢). HE 3aBHCHT OT yraa @

[Tostomy BeicOTa 3TOM TOUKHM TPAEKTOPHH Haj LEHTPOM OK-
pyxuocta O, Kak BHAHO H3 puc. 13.4, paBHa

. R sin*¢ R 1
H=Rcos¢ +~§-m_ 5 (cosq)—} ———)

10 Bbipaxkenue Gosbiie R npy mo6sbx ¢ or 0 1o n/2. A

14. Cpasanubie wapukd, JIBa OJAMHAKOBBIX MaJICHLKHX
1IApUKA, CBA3AHHBLIX HEPAcTHHUMOH HEBECOMOH HHTHIO /K-
el { (puc. 14.1), nexar Ha r1afikof TOPH3OHTAILHON MOBEPX-
rtocti. OpHoOMy M3 IIAPUKOB COOGIIAIOT CKOPOCTb Vg, HalpaB-
JIGHHYIO BepTHKa/bHO BBepX. Kakofl fo/xua OblTh HavaslbHast

Puc. 14.1. OgnHaKossle WAPHKY CBA- Yy

3aHbl Hepacmmumoﬁ HHUTBIO /

<)
il 7 T

CKOpoCTb HJISi TOro, YTOGbI HHTH BCE BpPeMsi OCTaBasgach Hartl-
HYTOH, a HIKHUH LUAPDHK HE OTPHIBAJICA OT TOPU30HTANLHOMN



66 1. AMHAMHKA M 3AKOHbBI COXPAHREHUS

nosepxnocTu? TpeHneM miapuxa O NOBEPXHOCTb NpeHeGpeyb.
Ilpu HcceflOBaHHH YCJAOBHS OTPHIBA HMMKHErQ INApHKa CHAY
HaTAXEHHA HUTH CYUTATh MAKCHMAJLHOH NpH BEPTHKAJLHOM
NONOKEHHH HHTH.

A Tlpennosoxum, 4To HaYaabHas CKOPOCTb Uy TAKOBA, YTO
3TH YCJOBHSl BBINOJMHEHE!, T. €. NPH IABUXKEHHH HIAPHKOB HUTH
BCe BpeMSA OCTAeTCs1 HATSAHYTOH, a HHXHHUH LIApHK He OTPHIBA-
ercsl oT noeepxHocty. Ilo KakuM TpaeKTOPHAM TOrA ABHKYTCA
wapukK? SICHO, 4TO HHKHHH WAapUK ABHIKETCA NPAMOJHHEHHO,
a BepXHHMH ONUCHIBAET HEKOTOPYIO KpuBYylo (prc. 14.2). Hrolm
BLISICHHTDb, YTO 3TO 3a KpHBas, BOCIOJb3YeMCsl TeM, YTO NpH
BePTHKAJLHOH HAYaJbHOH CKOPOCTH UEHTp MacC IUapuKCB B
OTCYTCTBHE TpellUsi HUXKHETO WIapHKa © NOBEPXHOCTb CTOJA
MOMKET JBHUIaTbCAl TOJAbKO MO BEPTHKAJH.

BBeneM cHcTeMy KOOpAHHAT Tak, YTO OCb X HallpaBJjeHa ro-
pPU3OHTAaNBHO BAONDb HHTH, COSAHHAIOMIEH IIADHKH, a OCb Yy —

BEPTHKAJ/IbHO H IPOXOJINT Yepe3 LeHTp

v macc wapukoB. [Ipu Takom BhiGOpe

ocell HMXKHUH Wapuk 6yJeT ABUraTh-
csl BAOJb OCH x, LeHTp Macc C —
BJIO/Jb QCH Y, & BEpXHUH [HADHK — 1O
KpUBOH, Jexaued B INIOCKOCTH X,
y. HenocpenctBenno mu3 puc. 14.2
BHIHO, 4TO KOOPAMHATHI BEPXHETO
IIapuKa X ¥ Y MOXKHO BLIPa3uTh Ye-
pe3 yroa o, obpasyemblili HaTAHYyTOH

Puc. 14.2. Bepxuuit ma-  HuTHIO C TOPH3OHTOM:
PHK ABHIKETCA NO SJAJHMN-

¢y ¢ noayocamn /2 ul x=(l2) cosa, y=Isina. (1)

%

%\
S &

Eenn u3 3tux coorHomennii HCKMOYUTD Yroa @, TO NONYYHTCH
ypaBHEHHE TPAaeKTOPHH BepXHero luapHka. Pasaenus neppoe
COOTHOIIEHHe Ha [/2, BTOpoe Ha I, BO3BOAS MX B KBajpar W
CKJaajblBasi, HaXonuM

52 ¥
wor Tl &)

310 ypaBHeHue aagunca ¢ noayocsimu 1/2 u l.

Jnsa Toro yTo6el BEISCHHTh, IPH KaKOH HaYadbHOi CKOPOCTH
Uy BHIKEHHE IIAPUKOB 6YE€T UMEHHO TaKHM, HYKHO pacciuTaThb
CUJIY HaTsiKeHHd coepuusiomeldl ux BUTH, CKOPOCTh Uy AOMIKHA
GLITh JOCTATOMHO GOJILIIOH, TAaK YTOOBI CHJ4 HATSXMEHHS HUTH
HH B KaKOH TOUKe TpaeKTopHH He ofpamanacs B HyJab. C apy-
roif CTOPOHE!, 3Ta CKOPOCTb HE LOMXKHA OBITh CAHIIKOM 6ONLIIOH,
100 ec/iy BePTHKAJNbHASA COCTABAAIOMIAA CHJIBI HATSKEHHS HUTH
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NPEBBICHT JEHCTBYIOMYIO HA WWAPHK CHAY TSAKECTH Mg, TO
HHXHUI IIADHK OTOPBETCSI OT MOBEPXHOCTH CTOJa.

[pu nauHOH Haya/MbHOM CKOPOCTH CHJla HaTsKeHUst HUTH T
ocnabeBaeT 1O Mepe MOAbeMa LIapHka. Tak NPOHCXOXHT NO-
TOMY, YTO C NPHGIHKEHHEM K BepXHeH TOUKe TPAeKTOPHUH CKO-
pOCTb BEPXHEro IapHKa YMEHbILIAeTCs, a AefCTBYIOWasl Ha HEro
CHJIA TSIKECTH Hrpaer Bce GOJBUIYIO POJb B HCKPHUBJAEHHH €ro
TPAEKTOPHH, H, C/IEJOBATE/BHO, POJIb CHIIEI HATSKEHHA yMeHb-
ILIAeTCS . H03T0My A7 HaXOXJEHHs HauMeHbluefl HayaJbHoM
CKODOCTH, TIDH KOTOPOH HHUTb €llle OCTAeTCH HATAHYTOM BILIOTS
1o BepxHe#t TOYKH A TPaeKTOPHH, COCTABUM YpaBHEHHE BTO-
poro sakoHa HoloToHa A/s BepXHero liapnka B 3TOH TOuKe.
Tak kak B Touke A ycKopeHHe HaNpaB/ieHO BePTHKANbHO BHH3,
T. €. 0 HOPMalu K TPAEKTOPHH, TO OHO PAaBHO OTHOLICHHIO
KBaJpara CKOPOCTH vy LIaPHKa B 3TOH TOYKE K palmycy KPHBH3-
Hbl Tpaekropuu R. [Tostomy

T+mg=mv}/R. (3)

Hute ocranercsi HaTsiHyTOf, ec/M BhIYMC/AeHHass H3 ypaBHe-
HuA (3) cuna Harskenus T Oyzer nosoxurenbuon: T>0, Msl
BUANM, YTO AJs1 HaxoxkaeHust T HYKHO 3HaTh U; U R.

CKopoOCTb v, Mpolle BCEro HalTH ¢ HOMOLIBIO 3aKOHA COXPa-
HeHHA 3HepTHH. Tak Kak IleHTp Macc IIapHKOB He NepeMeria-
eTCAl M0 FOPH30HTAJH, TO TOPHU3OHTANBEBIE COCTABAIOUIHE CKO-
pocreli 000HX 1WAPHKOB B J060H MOMEHT BDPEMEHH paBHBI MO
MOAYJ/II0 U HalpaBJeHbl B APOTHBOMNOJOXKHEIE cTOpoHEl. [To3ro-
MY B MOMEHT NPOXOXKJEHHS BEPXHUM IUapHKOM HaHBHIiCIIEH
TOYKH TPAeKTOPUH CKOPOCTH OGOHX MIApOB paBHH v;. Tak Kak
B 3TOT MOMENT NOTEHLHANbHAS SHEPTHA paBHA mgl, TO

mv% __2 m01
2

+mgl, (4)

OTKyJa
vi=0%/2—gl. (5)

Tenepb HyKHO HalTH paguyc KPHUBH3IHEL 3JI1UINCAa B Touke A.
JT0 MOKHO CHenaTh Tak Ke, KakK B 3ajaye 3 pasupena «Ku-
HeMaTHKa», [je onpelensaacs Pajuyc KPUBH3HLI IHKJIOHABI.
OcHoBHas HAes 3aKA0YALTCS B TOM, YTO PACCMATPUBAEMYIO KpH-
BYIO NPEACTABJAIOT KaK TPaeKTOPUIO KaKOro-1u00 JOCTaTOYHO
[POCTOTO MEXAHHYECKOrO ABHAKEHHA H HCCACLYIOT 3TO ABHKEIHE
MCTO/laMH KHHEMAaTHKH, NOJAb3YySCh TeM, YTO PafHyC KPHBH3-
HBL BXOJHT B (HopMyJy A HOPMaJbHOH COCTAB/SIOLIEH YCKO-
pedus.
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Bmecto Toro utofhl paccmatpHBaTh JeHCTBUTEIBHOE JBH-
JKeHpne BepXHero 1lapuKa, NPH KOTOPOM Yroa & JOBOJILHO
€JIOX(HBIM 06pa3cM 33aBHCHT OT BpPeMEHH, PacCMOTPHM BCIOMO-
rareabLHoe JBHKEeHHE HeKOTODOH TOUKH 10 3TOMY Ke 3JUIHICY,
CyuTas, 4TO yroj o paBHOMEPHO MEHSETCH CO BPeMeHeM: o=
=ot. JlJis TAKOro BCIIOMOTATeNLHOrO JBHXKeHHs ypasuenua (1)
NpHHUMAIOT BHA

x=(/2) cos 0f, y=Isin ot. (6)

Jndbepenunpys 3TH ypaBHeHNIs 110 BPEMEHH, HAXOJUM TIPOEX-
i1 CKOPOCTH BCNIOMOTaTesIbHOTO IBHXXEHHS Ha OCH KOODAMHAT:

v,=—(0l/2) sin of, v,=ol cos of. (7)

Jndxpepenuupysa no Bpemeny ypasHenus (7), noayyaeMm npoex-
HHH YCKOpEHHS:

ax=—(m2l/2)cos wt, ayr_——(g2l sin of. (8)

PaccMOTpuM TOT MOMEHT, KOTiA TOYKA, COBepIIalolLas BClo-
MOTaTeJbHOe ABHXKEHHE, NPOXOINT depe3 TOYKy A a4IunTH-
yeCcKoi TpaekTopuu Ha puc. 14.2. DToMy MOMEHTY COOTBeT-
creyer of=n/2, n ypasnennsa (7) u (8) paior

vy=—0l/2 , a,=0; v,=0, q,=—0%. )

B Touke A CKOPOCTb BCIIOMOTaTeJbHOrO ABHKEHHs v=0l/2,
a YCKopeHHe Hanpas/IeHo N0 HOPMaJiM K TPAeKTOPHH H PaBHO 110
Moay o a=0%, Tak kKak yckopenne
CBSI3aHO € PaAMyCOM KPHBU3HH Tpa-
exkTopiuH R cooTHolueHneM a==0v%/R,
TO JJISl Pajuyca KPHBH3HBL 3JIMOCA
B Touke A mosyyaem

R=v*a=1/4. (10)

Taknum ofpazom, AYTY 3JJuICa

/7 Z G 1;6JIH3PI TO'-I{‘(H‘A MOXHO paccMaTpi-

aTh KaK YacTb OKPYXKHOCTH PaiHy-

Puc. 14.3. Paauyc kpu- COM /4, IOKa3aHHOH IUTPHXOBOH Jik-
BN3HL 3asMNCa B Toske A Huedl na puc, 14.3.

pasen /4 IoxcraBuM HaiigeHHbe 3HAYEHHS

CKODOCTH JBHKEHHS lUapHka u; u3

depmysbt (9) u panuyca kpusBushbl R u3 (10) B ypaBHehue

BTOporo 3akona Helotona (3). B pesyanrtare pas cuab na-

TAMXKEHUSA HUTH Haiizem

T=2muv;/l—5mg. §3))
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Cuny HarskeHuss HHTH T [pH ee BepPTHKAJbHOM MOJOKE-
HUH MOXKHO HaHiTH H KOpoue, He onpeaeads paguyca KpHBH3HBL
TpaektopuH. Jas 3Toro mocratoyHo cooGpasutb, yro oba wia-
pHUKa yyacTBYIOT B CJIOKHOM ABHKEHHH: JBHIKEHHE [0 OKDYHK-
HOCTH pajuyca [/2 BOKpYr LEHTPA HMTH CKJIaAblBaeTcsl ¢ JIBH-
MeHHeM 3TOro LeHTpa 1o BepTHKaju. Ilostomy yckopenus
IIAPHKOB @i H @, PABHBI CyMMaM YCKODEHHH @; H @,, CBs3aH-
HLIX C JBHXKEHHEM 110 OKDYMKHOCTH, B YCKODEHHA @, LEHTpPa

Y
e —— Y,
o]

2\ a,

Puc. 14.4. YcKopenne Kamjoro H3 IMapuKos
npexcrasiasier co6of CYMMYy YCKOPEHHS @, ce- ]
peaMHBI HHTH H YCKOPeHHA Q1 H @2» CBA3aHHBIX {

C BHXKEHUEM MO OKPYIKHOCTH

a;
Y
ag=‘” —————— /
7777 U e
a

Hatd. [Ipy BepTHKA/IbHOM IONOKEHHH HHUTH BCE 3TH YCKOpe-
HHSl HanpasJiedsl 1o BepTHKany (puc. 14.4). Mogymu yckope-
Huil @) ¥ @; OMHAKOBH U paBHbl v¥/(1/2). Huxuui mapux sce
BPeMsl IBHIKETCS 110 FOPH30HTAJNH, [I0STOMY NIDH BEPTHKAJLHOM
NOJIOXKEHHH HHTH €ro NoJIHOe YCKOpeHHe @, paBHO Hymo. Hs
puc. 14.4 BuRHO, 4TO NpH 3TOM a,=a;=0}/({/2). [Tostomy ycko-
peHHe BepXHero lapHka

ay=a;-Fa,=4v}/1. (12)

3anuceiBas ypasHeHue BToporo 3akoxa Hblotona ais Bepxue-
ro IiapHka

T+mg=may

M NOASTaBJAsAA ciojla yeKopeHue ay u3 dopMyast (12) u ckopocTs.
vy u3 opmysanl (5), MpUXOIUM K npexuemy Bbipaxenunio (11)
IJifl CHJIBI HATSDKEHHS HHUTH.

W3 dopmyast (11) caepyer, 4To cH/ia HATAMXKEHHSA HUTH HE
ofparurca B Hyab (T>0), eciu HayaabHad CKOPOCThL WIAPHKa
Uy VIOBJIETBOPSIET YCJIOBHIO

vi>2,5 gl. (13)
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BhisicHHM Teneph, NPH KaKoM YCJOBHM HIDKHHI IIApHK nhe
6yseT OTPLIBATbCSl OT NOBEPXHOCTH, B HavanbHLIA MOMEHT ha
HENOABMXKHBIN LIADHK JeHCTBYeT CHaa peaKunu [OBEPXHOCTH,
pasuasi mg. Ilps nBHXKeHHM Apyroro mapuxa BBepX, KOria
HUTh 00pa3yeT HEKOTOPHIH Yros ¢ TOPH3OHTOM, 5Ta cuaa yOul-
BaeT, TaK KaK ROSB/AETCH BePTHKa/lbHasg COCTaBJsIIOULa s
CHJIBI HATSXKEHHs! HUTH. JIAs TOro 4To6bl HIapHK 1€ OTOpBaJICs
OT HOBEPXHOCTH, HeoGXOoZMMO, 4TOObl BepPTHKanbHAs COCTAB-
JIALIAA CHJIBI HATSJKEHHs! He J0CTUTrasa Obl 3Ha4eHns, paBHoro
mg, jake NpH BePTHKAJbLHOM NOJOXKeHHH HuTH. Taxkum ofpa-
30M, LIAPHK HE OTOPBETCS, €C/M BBYMCAfEeMOe o (dopMmyne
(11) snauenne T He npesbllaeT mg:

2mui/l—bmg < mg,

OTKYZAa A5l MAKCUMaJIbHOTO AONYCTHMOrO 3HaUeHNs HayaabHOM
CKOpPOCTH TIONyYaem

v < 3¢, (14)

[ToaBenem utorn, Ecam HavanbBasg CKOpOCTL 1apHKa U,
JEXHT B HHTepBaie

2,5g1 < v; < 3gl,

TO HUTh DU ABHXKEHUH 1APHKOB BCe BPeMsI HATHHYTA, a HUXK-
HHit WapHUK CKOJb3UT 0 NOBEPXHOCTH cTosa. BepXHWi mapuk
OnMILeT NOJIOBHHY 3anunca (pyuc. 14.2) u ynapurca o noeepx-
nocte. [lepes ynapom ero cKopocTb MO MOAYJIO paBHA U,
M HallpaBJleHa BePTHKa/JbHO BHM3. Ecau yjnap o noBepXHOCTh
abco/IOTHO yNpYTHiA, TO 3Ta CKOPOCTb K3MEHHT Hanpab/eHue
Ha NPOTHBOMNO/IOKHOE W HIAPHK ONHIUET TY XK€ TPAEKTOPHIO B
o0paTHOM HanpaBleHHH. A

15. Crepxenb ¢ mapuxkamu. Ha npeannno raankoit ropu-
30HTAJIbHOH NOBEPXHOCTH BEPTHUKAJBHO CTOMT TaHTeab, Npej-
cTaBjfAILAad co0Oi 1Ba OJMHAKOBBLIX INAPHKA, COEAMHEHHBIX
HEBECOMBIM CTep:KHeM MVIHHBL [, HHxXHEMY LIAapHKY MTrHOBEHHO
coofLIaloT CKOPOCTH Uy B TOPH3OHTANbHOM HANpaBJeHHH
(puc. 15.1). Ilpu Kakux 3HaueHHAX Uy WAPHK OYJAET CKOJIb3UTh,
He OTPBIBasICh OT IIOCKOCTH? KakoBa GyleT CKOpPOCTh BepXHe-
ro WapHKa B MOMEHT €ro yjapa O FOpH30HTAJBHYIO HOBEPX-
HOCTB?

A Ha sce nocrapieHHBe B YCJIOBHH BONPOCH TOPasjio Jier-
4e OTBETHTb, €CJAH pPACCMATPHUBATh JBH)KEHHE TaHTeJIH B CHc-
TeMe OTCYeTd, IJ€ ee LEeHTP Macc JBHKETCS [0 BEPTHKAJH.
OueBHIHO, YTO TaKasi CHCTEMA OTCUETA JABHKETCH OTHOCHTEJLHO
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a00PATOPHO#H CHCTEMBL OTCYETA € MOCTOSAHHOHA CKOPOCTBLIO Uy/2,
Hanpas/JCHHOH TOPU3OHTANDbHO, U TOXKE ABJSETCH HHEPLHA/b-
1oft. B 3Tof cucTemMe orcueTa CKOPOCTH HIAPHKOB B Haya/bHbif
MOMEHT PaBHBI U,/2 H HafpaB/eHbl FOPH3OHTAJILHO B MPOTHBO-
noaoXHBIE cTopoHs! (puc. 15.2).

BelficHUM, NMpH KaKOM YC/A0BMH HHMXXHHHA LIADUK OTOpBaJ-
cs Obl OT NOBepXHOCTH. SICHO, UTO B STOM CJayYae CH/a peakKuuu
[0OBePXHOCTU paBHa HYJIO, U, CJIEJ0BaTe/NbHO, FAHTE/b Majaer

Puc. 15.1. Hauaabuoe nomo- Puc. 15.2. Ckopocty wapukos B Ha-
XeHue raurtent YajbHBIH MOMEHT B CHCTEMe OTCYeTa,
ABUXKYIIEHACS BIPABO CO CKOPOCTBIO Ug/2

c yckopeHneM cBoGoaHoro nagenus. [TockonbKy rautesn eiue
¥ BpAUIAETCH BOKPYI LEHTPA MACC, TO HHMKHHE IIAPHK HMEeT
CBA3aHHOE € THM BpAlEHHEM IEHTPOCTPEMHTEIbHOE yCKOpPe-
HHE @, lanpaBjeHHOE BBEpX:

g — /2?0

C ) o (0

[lapuk oropBercsl OT MOBepXHOCTH, ecaH a,>>g. B nporuso-
nonoKHoM cayyvae (a,<<g) Wapuk He orphiBaercs. s sroro
€r0 CKOPOCTb JIO/DKHA Y/IOBJETBOPATH YCJIOBHIO

o < 2gl. @)

151 HaXOXKJAeHHs CKOPOCTH BepXHero LiapHKa B MOMEHT
yJlapa MOXHO BOCIIOJb30BATbCSl 32KOHOM COXDAHEHHS 3Hep-
rug. B 3TOT MOMEHT BO BBeJEHHOH CHCTeMe OTCYeTa ero
CKOPOCTb Uy HalpaBJ/ieHa BEPTHKAJAbHO BHH3, 8 CKOPOCTb CKOJb-
SUBILETO MO MOBEPXHOCTH IIaplika ofpalaercs B HYJb
(puc. 15.3). HeiicTBuTe/bHO, B 3TOH CHCTeMe OTCUeTa HelTp
Macc Najaer no BepTHKa u. B MOMeHT najienusi raHTe i Ha 0o-
BEpXHOCTb CTepXKeHb, COENHISIOUW{HH HIapHKH, PachnosioxKeH
rOpPH30HTAIbLHO, HOSTOMY IOPH3OHTAaJIbHBIE COCTABJSIOUHE CKO-
pocTefl BceX ero TOYeK, B TOM YHCJE CEePeNHHBI H KOHLOB, B
MOMEHT [aJieHHsl DaBHBI HYJIO.
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TaknM e0pasoM, 3aK0H COXPaAHEHHs SHEPIMU BO BBEACHHOH
CHCTEME OTCYeTa MOXHO 3anucaTh B BHJE

mvi

T — gl 2 T2 (3)

OTKyJAa

02 = 2gl + v}/2. (4)

B naGopatopnofi cucteMe OTCY€Ta CKOPOCTH U NaJAOULEro
IlapuKa B MOMEHT yjapa OnpejeiisieTcsl BhparkeHHeM

V2 =% 4 (0,/2)* = 2g1 4 30¥/4. (5)

Hanpasnenne stofi ckopocTH, Kak Buano u3 puc. 15.4, cocras-

JISET YTOJ 6 C BePTHKAJbLIO, TAHTEHC KOTOPOFO PaBeH OTHOLIe-
HHIO U/2 K Uy

Toauepknem, uTO yAaauHbil BEIGOP CHCTEMBI OTCUETA NPH
pelueHHy 9TOH 3aJaul JT03BOJIHI OCGOATHCE, N0 CYIIECTBY, BCETO

va/Z vg/Z
& AN \\ NN AMNRSPAENANREN
v -
1 ///

Puc. 15.3. Cropoctn wapnkes B Puc. 15.4, Cxopocrn MapHKOB
MOMEHT NajleHHs ranTeJqu Ha ropu- B JaGopaTopHOR CHCTEME OT-
SOHT2JBHYI0 TJOCKOCTE B TOfl Xe cuera

CHCTEME OTCYETa

OJiHOH NpocToll dopmyJoil (3), BHIpakawuleli 3aKOH cOXpane-
HHA SHEPTHH. A

16. Mapapoxc kKMHeTMueckoil snepru. Mrpymeunnit aBTo-
MOGHJB C TIOJHOCTBIO 3aBeJEHHON NPY)KUHOH MOXET pa3orHarh-
cs1 jo ckopocTH v. [IpeneGperasi notepsMH 5HEPTHH HA TpeHle,
MOMKHO CUHTATh, YTO NOTEHIHAJbHAS SHEPTHS 3aBEeNEHHON Npy-
¥KuHel W nequKoM NpeBpatuiach B KHHETHUECKYIO 3HEPTHIO
urpyumka. PaccMoTpum 3TOT e mporece B IpYro#l HHepIHaib-
HOH CHCTeME OoTcYeTa, KOTOpasi ABHXKETCS CO CKOPOCTBIO U
OTHOCHTEJIbHO 3€MJIH HaBCTPEYy HIPYIIEYHOMY aBTOMOGHJIO.
B sToll cHcTeme OTCYeTa OKOHUATEbHAA CKOPOCTb HIPYIIKH
paeHa 2v, T. €, BABOe OoJibllie, a ee KUHETHYECKas SHepTHs B
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ueThIpe pasa Gonblue, T. €. paBHa 4W. Tak kak B 3TOH cHCTeMe
OTCYETa aBTOMOOMJIb ¢ CAMOro HayaJ/1a HMes KHHETHYECKYIO 3Hep-
ruio W, To B pe3yJbTate pacKpyuyHBaHHA TPYKHUHBL €ro KH-
HeTHYecKasa sHeprus Bo3pocaa Ha 3W, a He na W, Kak B Hc-
XOHOH CHCTeMe oTcyeTa. Mexy TeM NMOTeHLHaNbHAs SHEpPriusl
3aBefieHHOH NPYXKHUHH B 06oux caydasx pasHa W! O6wbscuure
BTOT TNapayioKC.

A Tlapaiokc BO3HHKaeT NMOTOMY, YTO B NPHBEJEHHBIX pac-
CYXAEHHAX HE YUHTHIBaJach KHHETHUeCKasi SHEPrud 3eMau H

Puc, 16.]1. Pasronssics, 3aBojHast Mrpyumka co-

obutaer 3emie He TOALKO ‘HOCTyRaTeNbHOE JBH-

Henne €0 €X0pocThio V, HO M Bpamenyue ¢ yrjo-
BOH CKOPOCTBIO ®

€€ M3MEHEHHE NPU B3aHMOZEHCTBHH KOJIeC HIPYIIKU C JOPOTOH.
Ecay »xe 5T0 u3MeHenHe yyecTbh akKYparTHo, TO HUKAKOro napa-
JloKca BOOOLIE He BO3HHKaeT M 3aKOH COXpaHeHus 3HepriH,
pasyMmeercsi, OKa3biBA€TCH BBHINOJHEHHBIM,

PaccMoTpuM cHauaslla cHCTeMy OTcYeTa, B KOTOpOi 3emJs
HenojBU<HA. B 3Toil cucteMe orcuera Ro pasroHa aBToMOGHJS
NnoJHbI HMRYJbC paBeH Hymo. Ilpn pasrone asromobuist on
npuobperaeT CKOpOCTb v, a 3emas npHoGpeTaeT CKOpocTh V),
nanpaenaennyio npotusononoxkuo (V<<0). [oameili umnyJisc
CHCTEMBI OCTA€TCA HEM3MEHHBIM, NO3TOMY

mu--MV =0, (1)

rae m — Macca Urpywku, M — macca 3eman.

Tax Kak jeficTBylomasi Ha 3eM/II0 CO CTOPOHBI KoJeCc Mr-
PYUIKH CHJIA HE IPOXOUT Yepe3 LeHTP 3emMiIH, TO Kpome IoCcTy-
1aTeNbHOFO IBHIKEHHS CO CKOPOCTBIO V 3emas PHXONHT TAKXKe
¥ BO BpallleHHe C HeKOTOPOH yro/oBoi cKopocThio o (puc. 16.1).
3a6ynem noka o6 SToM BpauleHnH 3eMaH H OyleM CYMTaTh,
yto 3eMast JABHXKETCS TOJNbKO IIOCTYHATEJLHO.

[Ipu packpyunBaHHH NPYXHHEBI €€ IIOTEHUHANbHAsE SHEPTHS
W npespaliaercsi B KHHETHYECKYIO S3HEPTHIO UTPYIIKYU H 3eMJn:

mo?
= B 2)
Buipaxas V u3 ypasnenus (1) u noactapnsa B (2), HaXonum

=2 (1447 )- (3)
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Tak Kak Macca UIpYIIKH m HEU3MEPHMO MeHbINE Macchl 3eMau
(m/M<1), 10, KaK BUAHO H3 POPMYJBbL (3), NPAKTHIECKH BCS
SHEPTHs HPYNKHUHBI NPEBPAllaeTcsi B KMHETHYECKYIO SHEPrHio
HIPYIIKH.

Tenepb paccMOTPUM TOT 2Ke IPOLECC ¢ TOYKU 3peHUsi BTOPOH
CHCTEMbBI OTCUETA, B KOTOPOH CKOPOCTb HIPYLIKH H 3eMJ/IH CHa-
yajia paBHa v. [losHbli HMNYAbC B 3TOM CHCTeME OTCUETA PaBEH
(m+M)v. Tlocne pasroHa CKOpOCTb HIPYIIKH paBHa 2v, a
ckopocth 3eMau ofosHauuM yepes Vy. Ha ocHoBanuH 3aKoHa
COXpaHeHHsl HMIYJIbca

m(20)--MV,=(m-+M)v. (4)
Km{em'{ecxaﬂ SHEprusd HUrpywmky [ocjae pasrota paBHa

m{20)%/2, a kuHetTnyeckas sHeprus 3eman ectb MV1/2. Usme-
HONME TMOJHOH KHHETHYECKO! SHepruH

AE_ (20 . MV1 (ﬂl+2M) v? . )

Bripasum V; u3 ypaBHemm (4) H NOACTaBHM B (5):

AE=3T M \(1——-%)20‘2—02]. 6)

Tlocie npocTelx ajrebpaHuecKUx IpeoSpas’oBaHHil BbIpame-
Hue (6) NpUBOAUTCA K BUAY

AEﬁﬁU—<1+ ) 7)

CpasuuBas npasyio uacte (7) ¢ hopmyaoii (3), BuauM, 4To ¥ B
3TOM CJydae H3MEHEHHe KHHeTHYECKOH 3HeprHH Bcell cHCTeMbl
PaBHO NOTEHUHAJNLHOH 3HEprHH NPYyKuHbL W.

M3menenne KHHETHYECKOH 3HepruM MIpYILIKH IPH pasrome
B 3TO# cHCTeMe OTCUeTa JeiiCTBUTENbHO B TPH pasa 6oJblle, yem
H3MeHEeHHE 5TOH SHEPTHH B CUCTeMe OTCUeTa, CB3aHHOH ¢ 3eM-
Jeff. OxHako Tenepb H3MeHEeHHe KHHETHYECKOH 3HepTHH 3eM/H
TAKOTO K€ NOpAJKa, YTO M H3MEHEHHe 3HePrHH HTPYIIKH, B
OT/IIYHE OT H3MeHEHHs 3HepruH 3eMJi B HCXOAHOH CHCTeMe
orcyera, e OHO ObLIO HUYTOXKHBIM. B HOBOH cucreme ortcuera
KoJeca HIMPYLIKH NMPH pasroHe TOPMO3AT IBHKeHHe 3eMAH, H
ee KHHeTHYeCKas 3Heprust yObIBaeT. ¥ BeJHYeHHe KHHeTHUECKOH
3HEPTHH MTPYIIKH B JTOH CHCTEME OTCYeTa INpPOHUCXOJHUT He
TOJBKO 3a CYET NMOTEHUHUAJLHOH SHEPTUH NPYXKHHBEI, HO H 34
cyeT YMeHbINeHHS KHHETHYECKOH IHEepPrud 3eMJH.

Pazo6panuelit npumep HarysAHO NMOKA3bIBAET, C KaKoH oc-
TOPOXKHOCTBIO HYXHO NOAXOJHTL K BONPOCY O TOM, YTO CYHIECT-
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BEHHO B PACCMaTPUBAECMOM ABJICHHH, 4 YeM MOXKHO NpeHefpeun,
Hcnonb3oBath MO2KHO JIOGYIO CHCTEMY OTCHETA, H MPH TOUHOM
peleHuy 3ajzaun BHIOOP cHCTeMbl oTcyera Gespasnuued. Opna-
KO NpH HAaXOoKIAeHHH NPHOJHIKEHHOTO pellieHHS npeHeGpeme-
HHA, JIONYCTHMBIE B OJHOH CHCTEME OTCYeTa, MOryT OKasarThbed
COBEPIIEHHO HEeNpPHIOAHBLIMH B Apyrofi. Tak, B paccMmorpeniom
NpHUMepe MOXHO OBLIO IpeHebperaTb H3MeHeHHeM KHHETHUeCKOH
SHEepPru 3eMJsH H CUHTATh, YTO H3MEHEHUE SHEPTUH ABTOMOGHIA
pPaBHO SHEPTHH NPYXKHHBEI DU HCHONBL30BAHHH CHCTEMBI OTCYE-
ta, cBA3aHHok ¢ 3emueil. Ecii N01630BaTbC APYro¥ CHCTEMOM
OTCU€Ta, TO U NPH NpHOIMKEHHOM pellleBHH IpeHebperarsb
H3MEHEHHEM KHHETHYecKOl 3Hepruu 3emsd Hesb3s, HECMOTps
Ha TO, UTO H3MEHEHHe CKOPOCTH 3eMJlH, KaK Jierko y6eanThes,
O/l4HAKOBO M B TOH, H B APYroiff cUCTeMe oTcuera.

O6cyzum Termepb, YTO H3MEHHTCS B DaCCYXAEHHSX, €CIH
YUMTHIBATD BbI3bIBAEMOE WUTPYIUKO{ Bpaulenue 3emau. B npa-
BOit yacTd ¢Gopmy.asl (2) KpoMe KHHETHUECKOH SHEprHH NOCTY-
naTenbHOro ABIKeHHs1 3emau OyaeT NPHCYTCTBOBATH ellle H KH-
HeTHYeCcKas dHeprusl BpawleHus 3eMan. Ona GyAeT TaKoro xe
nopsA/iKa BETHYHHB, YTO H KHHETHUECKas SHEPTHA NoCTynaTenb-
Horo ABHkenust 3emau. [losToMy B cHcTeMe oTcueTa, rie 3emid
Obljla HEeNOABHXKHOMH, €0, KaK H SHEepruedl MOCTYNaTeJbHOTo
JBHXKEHHsT 3eM/H, MOXHO IpeHe6pedb M CYHTATh, YTO BCA
NOTeHIHANbHAsl SHEPTUsl NPYIKUHBI [peBpailiaeTcs] B KUHETH-
YeCKYI0 3HEepPruio HUTpYUIKH.

Bo BTOpOI#l cucTeMe oTcyeTa (e CKOPOCTH UTPYIIKH H 3eM-
JIA CHa4yaJla paBHBI U) KHHeTHYecKas SHeprus BpaileHus 3eMmiu
GyZeT TakoH ke, KaK M B NEepPBOH CHCTeMe OTCHeTa, NMOCKOJALKY
npuoOperenHast 3emeil yrioBas CKOpPOCTh ® OJHHAKOBA BO
BCEeX HHepUHAJbHLIX CHeTeMax orcuera. [lostomy, B OTJIHYHE OT
KHHETHUECKOM SHEPrHH MOCTYNATENIBbHOTO JABIMKEHHS 3eMman,
SHeprued BpallleHHs] MOXKHO npeHeOpeub ¥ BO BTOPOH CHCTEME
oTcueTa. A

17. ®aHTaCTHYECKHM KOCMMYECKMH mnpoekT. XOpolo H3-
BECTHO, YTO JJifi COBEPIIEHHS MEKMJIAHETHOro NyTellecTBHA
HAXOAALIEMYCSl HA TOBEPXHOCTH 3eMJN KOCMMYECKOMY Kopab-
JI0 HeoGXOJMMO COOOWIATL Haya/ibHyl ckopocte 11,2 kmfc
(eropasi Kocmuueckas ckopocts). OfHako B ciaydae 3alycxa
KOCMHYECKOTo KopalJisi He ¢ OBEPXHOCTH 3eMJH, a Yepes TyH-
HeJb, MPOPHLITHIH HACKBO3L uUepe3 LeHTP 3emJu, NoJIyyaercs
norpscaioniuii  peaynprat. OKasplBaeTcsl, YTO KOCMUYECKOMY
kopabJio, CBOGOAHO NajawilleMy B TAKOM TYHHeJE, JOCTATCUHO
coOGUIHTL B TOT MOMEHT, KOIJIa OH MPOXOJHT Yepe3 UEeHTp 3eM-
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", JONOJHUTEJNbHYI CKOPOCTh BCEro Juille B 5,8 Km/c, 4TO
cocTaBJsieT auinbk 52 % ot BTOpO#t Kocmuueckol ckopoctu. Tor-
Ja NPH BHIXOJIE H3 TYHHeJIs] OH OYJeT HMeTb CKOPOCTb KaK pas
11,2 Km/c M CMOMNET COBepLIHTh KOCMHYECKOE MyTellecTBHE.
3T0 sHayMT, YTO JJIs 3alyCKa OJHOTO H TOrO XKe Kopabad Ho-
TpeOyeTcsi MeHblLasi pakera M PacXoid TOIIWBa Oyler MeHee
sHayuTeNbHBIM . OGBACHHTD, IOYEMY BO3MOXKEH TAKOH BBIUTPHILI.

A Tpewxie Bcero BLISICHHM,, KAKYIO CKOPOCTb NPHOOPETET pa-
Kera npd CBOGOJHOM NajfieHHH CKBO3b TYHHEb 10 LEHTpa 3em-
JIH. 3TO MOXKHO ClIef1aTh C MOMOLLBIO 3aKOHA COXPAHEHHS SHep-
THH, TOJbKO CHAYANA HYXKHO BRISICHUTD, KaK Pa3/IHIaloOTCs MEXK-
1y coboli aHaueHust nmeﬁunanbﬂon sHeprui ua noaep‘mocm
3emad ¥ B ee LEHTpe.

Bynem cumrath, yto 3emss npeicTaBafeT coboH CnJoLL-
HO¥M OAHOPOAHHE wiap. BeiAcHuM, Kak AEHCTBYIOMAs HA TeJ0

A

Puc. 17.1. Cujia TsK€eCTH B TOUKE Puc. 17.2. Cuast Tarorenud,

A paBua cujie NPHUTSIKEHUST K JefcTByloufHe Ha Maccy m Co

3alUTPHUXOBAHHON YACTH 3eMHOrO CTOPOHBl YYAaCTKOB my H My,
wapa yPABHOBEILHBAIOTCS

CHJIA TSKECTH 3aBUCHT OT €ro noJoxkeHHsi B TyHHese. Oue-
BHJHO, UTO B LeHTpe 3eMJIH 5Ta CHJIa paBHA HYJO. ITO HEmoc-
PEACTBEHHO CJeAyeT M3 CHMMETPHH KapTunbl. Hafitn cuny 1s-
HECTH B MPOH3BOJLHON TOYKE MOKHO TOYHO TAKHM XK€ CIOCO-
60M, KAKHM ONpEAeNseTCs] HaNPSXKEeHHOCTb 3JeKTPOocTaTHye-
CKOr'O HOJIS1 BHYTPH paBHOMEpHO 3aps:KeHHOTO Ilapa.
PazofbeM MBICAEHHO 3eMHOH 1Aap Ha TOHKHE chepHUecKue
KoHuentpuueckue caou (puc. 17.1). Tlo mpunuuny cynepro-
3UIHUHA MOJHAR CHJA, JeHCTBYIOIIAA Ha TeJo B TyHHeJe, paBHa
BEKTODHOH CyMMe CHJ, NefACTBYIOI{HX HA HETO CO CTOPOHEHI
OT[eJbHBIX ¢J10eB. Jlerko yGefuTsCs B TOM, 4TO CHJA TAroTe-
HHS, IEHCTBYIOWAS CO CTOPOHE! JMIOOOro €0 Ha TENO, HAXONs -
leecss BHyTPH 3TOrO CJ0si, paBHA HYJO. DTO CPasy BHIHO U3
IOCTPOEHHs, NOKasaHHoro Ha puc. 17.2. Yacru o6orouku ¢
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MacCaMM iy U 1, NPUTSATUBAIOT TEJIO MAacChl /11 ¢ CHJIaMH, Npo-
NOPUHOHAJIBHEIMY 3THM MaccaM H 06paTHo NpPONOPUHOHANBHEL-
MH .KBajpaTaM pacCTOSIHMH ri U ry. Ho camu maccel m; H ma,
KaK BHAHO H3 PHCYHKa, NPONOPIUOHAJbHBI KBajgparaM cOOT-
BETCTBYIOUIHX paccTosiHui. B pesyibrate CHabl TAroTeHHS,
JeHCTBYIOLLHE CO CTOPOHBI BHIIEJICHHBIX YYaCTKOB ChpepHuecKoro
CJ10s1, YPaBHOBELIMBAIOTCH, YTO M JOKA3BIBAET CIENaHHOE YT-
Bepikaenue. MIMeHHO TakHM pacCyXJeHHeM OTCYTCTBHE CHJIbI
TATOTEHHS BHYTPU cepHUecKoil 000J04KH ObIIO YCTAHOBJEHO
emie HuioToHOM.

Taxum o6pasom, Ha Te/10 B TyHHese B Touke A (puc. 17.1)
JEHCTBYET CHJIA TAKECTH TOJBKO CO CTOPOHBI 3alUTPUXOBAHHOTO
mapa, Ha IOBEPXHOCTH KOTOPOro Haxoautcs 370 Teno. Tak Kax

AF
mg b
!
i
|
]
Nt
/) I - .
'
Puc. 17.3. 3aBucuMocts cH- £ :/17 7
A8 TAKECTH W noTenunann- ImgRAiEn P
HOH SHEPIMH OT PacCTOAHHA 2 ;
O HEHTPa 3eMJH |
{
I
mgk '
2 {
I
]
aJ 7 >

Macca 3amITPHXOBAHHOIO 11apa NPONOPUUOHANbHA KyGy €eroc
paamyca r, a Cusia TATOTeHHs NPONOPLHOHAJIBHA Macce (7. €.
r*} H B TO Xe BpeMsi OOpaTHO NPONOPLHOHAJNLHA KBaJpary
paguyca, TO 3Ta cuia NPONOPHHOHANBHA pajdycy liapa:
Foor. Tak Kak Ha noBepXHOCTH 3eMaH NpH r==R cuja Taxe-
CTH paBHA Mg, TO Ha NPOH3BOJbLHOM PAacCTOSTHUH 7 OT LEeHTpa
npH r <R nmeem

F(ry=mgr/R. 1)

Tlpu r>R cnna ts:KecTH yOriBaeT 0GPATHO NMPONOPUHOHANLHO
KBaJpaTy paccTosHHUs; rpahuKk 3aBHCHMOCTH CHJIBI TSKECTH
OT r NMoKasaH Ha puc. 17.3.

Tenepn nerko HaliTH BeIpaxKeHHe AJ15 NOTEHUHANLHO HEp-
rHY Tesla, HaXofslerocs B TyHHene. /st 5Toro MeIC/IEHHO NOA-
HHMEM TeJI0 U3 lieHTpa 3eMJI Ha PacCTOsiHHE 7, epeMelias ero
paBHomepHO, O4eBHHO, YTO JJI51 3TOTO BHEIUHSAS CHA B KaKJo#
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TOUKe foKHA ObITh paBHA cuie Taxectd F(r) 4 OpoOTHBONO-
JOXUO HanpablieHa, Pa6ora 3TOH CHJLI, DaBHAS [JIOWALH
3alUTPUXOBAHHOTO TpeyroabHuka mgri/2R, onpegenser u3-
meHeHue NoTeHLUHaAbHOl sHeprun AE:
__mgr®
AE"‘—QE' ]

O0bl4HO MOTEHUHANBHYIO 3HEPTHIO MPHHHMAIOT paBHO#H
1yJI0, KOTAa TeA0 HAXOAMTCsi HAa GecKoHeYHo 60.blioM pac-
CTOstHHK OT 3eMaH (Kak, Hanpumep, B ropmyde (3) H3 BBeACHUA
K 3TOMY pasfeny). B aToit 3anave ynoGHo NPHHATL HOTEHUHANb-
HYIO 3HEpTHIO PABHO{ HYJIO, KOTAA T€10 HAXOAHUTCA B LeHTpe
3emsu. Toraa ¢ nomouso Gopmyast (2) HaligeM, 410 Opu r <R

r2
Eq(r) =" (3)
Ha noBepxHocTH 3eMJaH NOTEHIHANbHET SHEPrHs [PH 3TOM
Gyner paBHa mgR/2, a Ha GeCKOHeUHO GOMNBILIOM PACCTOSIHUH
ot 3emaun 3mgR/2. Tpadux 3aBHCHMOCTH MOTEHIHANBHOM
IHEPTHH OT 7. TaKKe I0KasaH Ha puc. 17.3.

Gopmyna (3) no3BoJsieT HalTH CKOPOCTH PAKeThl U B LIeHTpe
3emaun npu cBOGOAHOM najeHHH ¢ mnoBepxHocTH. [Ipupasuu-
BAs [OTEHHHANbHYIO SHEPIUIO HA MOBEPXHOCTH MER/2 Kuneru-
YecKol SHEpPrHH pakerbl B uentpe 3eman mu/2, nonaydyaem

v=VgR. (4)

Bumtio, 4to 3Ta cKopocTs paBHA MEPBOH KOCMHYECKOH CKOpPO-
CTH AJIS CNIYTHHKA, JBUXKYIIETOCs BOAH3H NOBEPXHOCTH 3eMin
(v,=7,9 rM/c).

Teneps NpeAnoJOXHM, YTO B TOT MOMEHT, KOFAa paketa
fipoJjeTaeT uepe3 UEHTp 3eMJ, cpabaTbiBalOT ABHTATeNH, KO-
TOpBIE H3MeHAIT ee ckopocth HAa Av. Torpa, nomneres K 0o-
BepXHOCTH 3eMJM, Ha BbIXOJE M3 TYHHEJsl pakera Oyner of-
JiajlaTh CKOPOCTHIO U;, KOTOpas HAXOAHTCS C MOMOILLIO 3aKOHA
COXpaHeHHs JHEPrHH:

m(v—;—Av)zz m;ﬁ + ng ] 5)

[Torpe6yem, ytobe! v, Gul1a paBia BTOPOH KOCMHUYECKOH CKO-

poct vy =V 2gR. Toria a1 HEOGXOZHMOTrO npHpaleHus
ckopocTH Av u3 ypaseenus (5) noc/ie MOJCTAHOBKH B HEro

v=V gR, peiuas KBajipaTHOe ypaBHeHHe, NOJYdaeM

Av=V gR(—1 +=V'3). (6)
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B3aB KOpeHb €O 3HaKoM ILHOC, MOJay4Yaem sHayenue Ay=
=(V'3—1)V gR=5,8 xm/c. Bropoii Kopehs COOTBETCTBYET
H3MEHEHHIO Hanpap/JeHus CKODOCTH PAaKeTHl B pesyJabrare
cpabaTniBanua ABuraresiell Ha NPOTHBONOJOXKHOE (T. €. TOp-
MOKEHHIO C MOCJEAVIOUIHM Pa3TOHOM) H He NPEJCTaB/IsAEeT BHTe-
peca B paccMarpuBaeMoM NpHMepe.

EcrecTBeHHO 3aiymMaTbecsl Hal BONPOCOM, 34 CYET ero noay-
YaeTCA TAKOH «BHIUTPBILY B 3HEPTHH NPH MCHOML3OBAHHM TYH-
neas. Ilpn cropannu TonanBa B ABHTaTeNsiX PaKeThl Onpepe-
JIeHHas 4acTb ero BHYTPeHHell SHepruu npeBpaliaercsi B Kuie-
THYECKVIO HEpruio pakeTbl ¥ BbIOpOIIEHHBIX raszoB. Ecau Jio
cpabaTelBanusi ABuraresell pakera Oblia HENOABIXKHA Ha I10-
BEPXHOCTH 3eMJH, TO B CHAY 3aKOHa COXPaHEHHA HMNYJibca
HeKoTopas (M HeMmasas!) J0.1s BBEICBOOOXKAAIOLIEHCA JHEPTHH
06s13aTeJIbHO NepelieT B KHHETHUECKYIO 3HEPruio rasos. Ecau
e JABUTaTesH cpabaThiBAlOT B TOT MOMEHT, KOTJa paKeTa yiKe
HMeET HEKOTOPYIO CKOpPOCTh, TO IepeAaBaemast razaM JoJis Ku-
HETHYECKOH SHepruu MoxeT ObITb MeHblIe. Hanpumep, ecan npu
JBIJKEHHH B TYHHeJIe CKOPOCTh UCTEUEHHS Fa30B U3 COMJIA ABH-
rarenss paxkeThl OyAeT paBHA CKODOCTH PaKeThl OTHOCHTEJIBHO
3eMJ1H, TO CKOPOCTh BbIGPOLIEHHBIX I'a30B OTHOCHTENLHO 3eMJIH
6yner paBHa HYJMO. IIpyrHMH CJI0BaMH, B CHCTeME OTCYeTa,
cBA3aHHOH ¢ 3eMJel, BLIOpOLLEEHLIE rasbl BooGlue He O6YayT
00J1a/1aTh KUHETHYECKOH IHEpruedl, H BCA BHICBOOOKAAOMANACA
MexaHudeckas SHepTHs LEJAHKOM «JlocTaercs» paxere. Pakete
XK€ AOCTaHeTCst M KWUHeTHUecKas 3HEPrHs TOIHBA, KOTOPOH
oHo o6Jjajfano A0 cpabaTblBaHUs jBUrartenefl.

Hutepecro oTMeTHTh, 4YTO CBOOOAHOE NAJEHHE DAaKeThl B
TYHHeJIe NpeiAcTaBasieT cofoll rapMoHHUecKoe KoJjiefanue oKomno
LIEHTpa 3eMJH, NpH KOTOPOM pakKeTa IPOJeTaeT yepes 3eMHOH
Iiap Mo JHaMeTpy OT OAHOTO Kpad TyHHeas a0 Apyroro. Tak
NPOUCXOAUT MOTOMY, YTO AEHCTBYIOILAsl B TYHHEJE CHJIa TsKe-
CTH HallpaB/jeHa K UeHTpY 3eM/IH i NPOINOPLUHOHA/AbHA PaccTos -
Huio o Hero. C nomouibio (opmydnl (1) Jerko HaiTH nepHog
Takux KoneGauuii. [Tockonbky uactora @=} g/R, To nepuon
T=2n/0=2n )/ Rlg, uro coBnajaer ¢ nepHoioM oBpatienns
CNyTHHKA IO HU3KOH KpYyroBoil opbure.

Pazymeercs, ocyliuecTBleHie OMHCAHHOTO 31€Ch (PAHTACTH-
YeCKOr0 KOCMHYECKOTO MPOEKTa JIEXKHUT 38 [peAeJaMi TeXHH-
YeCKHX BO3MoOxkHOcTeH. Hu NpopriTh Takof TyHHeJbL uepes
HeHTp 3eMiM, HH OTKayaTb U3 HEro BO3AYX, YTO COBEPLIEHHO
HeOOXOZHMO JJA TOro, YToObl CBOGOJHOE MajeHHe pakeThl B
HeM RPOHCXOANI0 Ge3 CONPOTHBJIEHHA, KOHEUHO, HEBO3MOXKHO.
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Ho cama uzges ucrnosnb3oBaTh MoJjie TArOTeHH A/151 SKOHOMHH TOH=
JIHBAa KOCMHMYECKHX Kopalseil, HeCOMHEHHO, IpeicTaB/dAeT Hil-
tepec. Hanpumep, B KocMHYECKOM NYTELECTBUH 34 Tpejessl
Co/tHeqHOH CHCTEMBl MOXKHO HCII0Jb30BaTh MOJE TATOTEHUS OA-
HOH M3 TsXKeNblX NJIaHeT /A NPeABAPHUTENLHOTO pasroHa H
BKJIOYATh JABHUraTeqn Kopabas /s COOBIEHUA HeoOXOoAUMOro
HUMOYAbCA BOJIM3YM 3TOH NJaHETH. A

18. HameHenue opGutel. B pesy/braTe TpeHUs B BepXHHX
cnosix atmocdepbl MeXaHHUeCKas SHEepPrusi CHYTHHKA 3emiu
3a MHOTO BHTKOB yMeHblnaack Ha 2 % . Op6ura cnyTHHKA 1pH
9TOM KakK 6blia, TAaK H OCTajgach

£y .
Kpyrosod. Kak usmenuancs napa-
METpBl OPOUTBI: paguyc r, CKO-
, pocTh v, nepuox obpawenus T7?
: £l A B cucteme oTcyera, CBSI3aH-
g rrdr Holi ¢ 3emsiedl, MexaHHyecKas sHep-
Folf ar " rus CHyTHHKA E ecth cymma ero
£ Foir KHHETHYECKOH SHEeprHu H IOTeH-

LHAJbHOH 3Hepruu B32aHMOJCHCT-
BuA ¢ 3emneit (R — paauyc 3em-
Jau):

N

Tak Kak opbura CnyTHHKa Kpyro-
Puc. 18.1. 3agucumocts ku- Bad, TO €ro CKOPOCTb NOCTOSIHHA H

HETHYECKON, MOTeHUHaNbHOH  ¢Bf3aHa C pajnycom opﬁyn*b] COOT-
U MOJIHOM 3MEPTHH CHYTHAKA  ponrapmav
3emun OT paauyca opGHTH
vi=gR2/r, @)
C nomotpio (2) Bepakenue 11 3Hepruu cnytiuka (1) moxno
NpeacTaBuTb B BHUAL
mgR? . mgR? mgR?
E(r)=—"8% 4+ 5= T (3)

2r 2r

[Mpouasocrpupyem cootHowenue (3) rpadudeckn. Ha
puc. 18.1 mokasaHa 3aBHCHMOCTb NOTE€HLHAIbHOH, KUHETHYE-
CKOIf # MOJIHOH 3HepTHi COYTHHKA OT pajHyca r KPYrosoi op-
6utbl. M3 pucynka BHJIHO, YTO YBEJIHYEHHE MeXaHHYECKOH
3HEPrHH CNYTHHKA NPHBOAWT K YBEJHUEHHIO pajHyca OpOHTHL.
ITockoabKy npu HalueM BhIGOpe Hayajla oTcueTa MOoTeHIHAAbHOIM
3HEPTHU TNOJHAsi SHEPrHs CHYTHHKA Bcerja OTpHLATe/LHA,
OTHOCHTE/NbHOE H3MeHeHHe 3Heprud AE/E nofoXUTEeNbHO ApU
ee ymenbinennu (AE<C0). Tak Kak mo ycsioBuiO NMoOJHAs SHep-




18. UBMEHEHHWE OPBMTDI 8t

rusa yMeHbinuAach Ha 2 %, To AE/E no/oxuTenbHo H PaBHO
0,02. CoorHowenue (3) nO3BOJISET CBA3aTh H3MEHEHHE 3HEP-
THH CMYTHHKA C M3MEHEHueM pajuyca opOutst Ar:

[IpaBywo wacTb 3Toro BuipaweHust npu Ar/r<&l npubnaukeHHO
MOXKHO 3allHCaTb TaK:

I mgR* - | mgR? Ar\ Ar
—Taem T (- F) =0 (1-F). ©

Cpasnusas (4) u (5), nonyuaem

E—|~AE:E< —9}), e M85 _ 502

Pajguyc op6uthbl Takike ymenbliniacs Ha 2 %.

MaMmenenne CKOPOCTH COYTHHKA NPH H3MEHEHUH OPOHUTHI
JIETKO BHIPA3HUTH Yepe3 H3MeHeHHe pajuyca OpOHTH C MOMOLLbIO
cooTHoleHusa (2):

(v-+Av)2=gR¥(r+Ar). (6)

[Tockonbky Av/vl, NneByw 4acTb 3TOFO COOTHOUIEHHA MPH-
OJIMKEHHO MOXKHO 3allucaTbh B BHIE

Av\2 Av
2 (l —l"‘T) zvz(l—'—QT).
IIpeoGpaszoBas npaByio Yacth hopMyssl (6) Tak e, Kak H IpH
nepexoze ot (4) k (5), noayunm
o Av\ _ gR? Ar
o (142 ) == (1= %),

r

OTKyJa, yuuTthiBast (2), Haxogum
Av Ar  AE

Cxopoctb criyTHHKA yBeauuuaacs Ha 1 % . O6parute BHEMaHHe,
4TO c/1aGoe TOPMOKEHHE CHYTHHKA B BEPXHHX CJI0SIX aTMocdepsl
TIPHUBOJUT K YBe/IHYEHHUIO €ro CKOpocTH!

Ocranock HaliTH u3MeHeHHe nepHoAa obpameHus. 1o ner-
Ko caenatb, 3Has Ar/r u Av/v, NOCKOJABKY NEepuUOR CBA3aH C
paguycoM OpSHTbI M CKOPOCTBIO CHYTHHKA COOTHOLICHHEM
T=2nr/v. 3amucbiBasi 3HAYeHHE MepHOja OGpauleHUs NPH U3-
MEHUBLIUXCA paguyce OpOUTBL H CKOPOCTH CHYTHHKA:

T 4 AT =2n (r + Ar)/(v + Av),
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1 npeo6pa3sys NpaByio 4acTb NOACGHO TOMY, KaK 3TO AeNaJ0Ch

BLHILIE,
r(i4Ar/ry ( ﬂ_Av
TR e e - T)
HaxOAHM
AT Ar Av 3AE
T = g = 0,03

Tlepuon ofpawenns ymenbiunacs na 3 %. A

19. Sneprus cnyrhuxa. CiyTHHK ofpaiiaercss BOKpyr 3em-
JIM 0 Kpyroeo#l opburte pajuycas. B xakoii mponopuuu co-
o0leHHas eMy NPH 3alyCKe SHEeprus pacnpeleunach MeXAy
DPHPALIEHUAMH TOTEHUHAJbHOH M KHHETHYECKOH 3Hepruii?
A KHHeTHYeCKyIo 3Hepruio cnyTHHKA mu?/2, ABHXKYLIerocs
10 Kpyropoii opbute, y100HO BEIPA3HTh Yepes pajiuyc OpOHTHL r:

E.=mgR*/2r. )

Haxozsich Ha noBepxHOCTH 3e€MJH, CHYTHHK yKe 06/1aAaeT
noTeHuHanbHol sHepruell. Ecin, kKak o6plyHO, BHIGpaTh HAYaJ/0
OTCY€TAa NOTEHUHAJbHOH 3HEpPrHU Ha GEeCKOHEYHOCTH, NOTeH-
LajbHasg SHeprHs CNYTHHKA HA IIOBEDPXHOCTH 3eMJH

Eq(R)=—mgR,
a noTeHlMaJjbHasi 3HeprHA Ha opOute

E(ry=—mgR?*/r.
CnenoBatesnbHO, PH BHIBOAE CIYTHHKA HA opbuTy emy Oblia
coofLieHa MOTEHIHAaNbHAS SHEPIusl

E,=E (r)—E.(R)=mgR (1—R/r). 2)
Cocrasassi orHowenue (1) u (2), HaXonum
E/JE,=2 (r—R)/R.

Ho r — R paBHo Bhicote op6uthl [ Haj NOBepXHOCTBIO 3€M/IH.

Hrax,
E./E.=2HIR,

T. €. OTHOUIEHHE COOOMIEHHOH MOTEHLHANLHOH 3SHEepPruu K
COOOIEHHON KHHETHYEeCKO!N INPONOPLHOHANBHO BbicoTe OpOH-
THl. A

20. Bosspamenue ¢ opbursl. Kocmuuyeckuit xopab.abp ABH-
JKeTCs o KpyroBo# op6ure. [lis nepexosia Ha TPAGKTOPHIO IPH-
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3eMAeHUA Kopab/mo CooGWAOT JONMONHUTENBHYI CKOPOCTH
Av BK/IOUEHHEM TOPMO3HOTO JBHMFaTessi HA KOPOTKOE Bpems.
Paccmorpers 1Ba criocofa nepexoia Ha TPaeKTOPHIO MpU3emiie-
nusi: 1) JONOMHUTeNIbHAST CKOPOCTL COOGLIACTCS B HANPABJICHUH,
POTHBONOJIOKHOM OpGHTANBHON CKOPOCTH; 2) HOMONHUTENbHAS
CKOPOCTb COO0LLAeTCA BEPTHKANBHO BHU3, T. €. B HalpaBae-
uin Ha nentp 3eman. Kaxoit cnoco6 phiroanee snepretnuecku?
Hccnenopath Takxke npejedib-
Helft caydaft BosppaueHus ¢/
HH3KOH Kpyrosod opOHTHI, BbI-
coTa KOTOPOH h Hax noBepXHOC-
ThtO 3eMJ/H MHOTO MEHbIIe pa-
auyca 3eman R (A<R).

ACoobieHHe J0N0HUTRb:
HOH ckopocTH Av  nepeBopHT
KOpad/b ¢ KPYroBOil opOUTHL HA
sanuntndeckyw. Oaua u3 ¢o-
KYCOB 3JJ4HICA, B COOTBETCTBHHU
¢ nepeeiM 3akoHom Kenaepa,
naxoautcs B ueHrpe 3eman.Ilpu
J000M u3 CHOCOBOB Nepexopa
Ha TpPaeKTOPHUIO M[pH3eMJAeHUA
JONOJHNTEAbHAS CKOpocTh Oy-
JIET HAUMEHbLIeH, ecau S{IJIHHC Puc. 20.1. BosmoxHbie Tpaek-
TOJLKO KacaeTcsd 3€MHOM IM0-  ropuu CcHHXKEHHA C KPYropoi
BEP XHOCTH (Tquee — IpaHuiibl  opOUTH B TOYKY A Ha moBepx-
NJOTHBIX  CJOEB  aTMocdephl), HOCTH
a He nepecekaer ee. B camoMm
Jieie, MPH TAKOM YCJOBHH TpebyeTcs HauMeHbliiee <«HCKaxe-
uuey nepeoHayaibhoil Kpyrosoil TpaekTopuu. Ha puc. 20.1
BLIOpaHHAs TOYKA npusemienus o0o3HaueHa Gyksoit A. Ota
TOYKA ABJIAETCS MepureeM 3/THNTHUECKOR TPAEKTOPHHU CIIYCKA.

ITpu nepeom cnocofe BKAIOUEHHE ABHIATE/IS H3MEHSIET TO/Mb-
KO MOAY/b, HO He ianpapjeHue ckopocTH. ITosTomy B TOUKe,
riae cpabaTblBaeT TOPMO3HOH JBHraTe/ib, B HCXOAHAA KPYroBas,
U NOJYYHBILAACH JJIMNTHUECKAs TPAeKTOPHs CHYCKa HMeloT
ofL1YIO KacaTenbHYIo, HanpaBaeHHYI0 BAO/Ab BEKTOPA CKOPOCTH.
I'nsans va puc. 20.1, HerpyaHo coo6pas3uTh, YTO 3Ta TOYKA siB-
JIeTCs anoreeM 3JIMITHYEeCKOl TPAaeKTOPHH M, CJeI0BATe/Nb-
HO, JIEXKHUT Ha NPOJO/IKEHHH TPAMOH, NPOXOAsiell depes ne-
purefi (Touky A) u weHtp 3emiau.

[Tpu Bropom crniocofe ponoaHuTeNbHAast ckopoctb Av €ool-
IaeTcs B HaMpaBJeHHH, MEPNeHJUKYJAsIPHOM KPYroBoH op-
OuTe, H, C/IEAOBATE/bHO, IPU ITOM H3MEHSeTCH Kak MOAYJD,

-~

- -
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T&K W HanpabaeHneé op6HTaIbHOH CKOPOCTH. 3T0 03HAYAeT, U4TO
S/JINITHYECKAs TPAGKTOPHS CMYCKA NePeCceKaeT KPYroBylo
OpOHTY B TOUKE, Ile cpalaTbiBaeT TOPMO3HOH ABUraTe b (TOY-
ka C Ha puc. 2. 1).

s onpepeneHus Heo6XOQMMOH JONOJHHTENBLHOA CKOPO-
¢t Au B KaXKIOM H3 3THX CJyuaeB BOCNOJb3yeMCs 3aKOHOM
COXpaHEHHSl SHEPr¥H U BTOPHIM 3aKoHoM KenJepa, corJjacHo
KOTODOMY TIPH ABHXKEHHH 10 OopOHTEe CeKTOpHAast CKOPOCTh He-
¥3MeHHa. Y paBHeHMsl, BEIpAXKaIOIHe 3TH 3aKOHbI, /IS [1epBOro
cnocoba MOJXKHO 3alIHMCaTh B BHIE

e o
nt R " mgR, (1)

ro= Rv,, 2)

rae v=v,—Av; — cKopocTh B anoree (B Touke B puc. 20.1),
Uy — CKOPOCTb Ha KpPYyroBod opbure, r — pajauyc Kpyropo#h
OpOHTHI, ¥; — CKOpPOCTBb B TouKe npusemaenus A. [loxcrasass
v; 13 (2) B (1) ¥ neperpynnupoOBLIBas YJEHBI, NOJYYHM

r2 2¢gR? r
02(1_R2> 285 <1“T>' 3)
PaccmatpuBas B JieBoli yacTH ypaBHeHHs (3) pa3sHOCTb KBajpa-

t0B (1—r?R?) kak npoussenenne (1-4-r/R)(1—r/R) u cokpa-
1128 NpaBylo H JeBylo yactu Ha (1—r/R), nonyyaem

T VI+sR’

YuuTeiBas, 41O l/ng/r €CTh CKOpPOCTH KOpabJss Ha KPYropoii
opbuTe Uy, U NOACTaBNAT U=0,—Av;, HAXOIUM

Aulzv(,(l—]/%). “4)

B cayuae Hu3koil Kpyrosoit op6uth (F<KR) 3Ty TOUHYIO hop-
MYJY MOXHO NpHOIMAKEHHO 3anucarth B 6ojee NPOCTOM BuJe.
IlpeoGpasyem Kopenb B npaBoil uacTH (4), NOACTaBAsAST BMECTO 1
cymmy panuyca 3eman R ¥ BHICOTHI KpYroBoH opOuThl A

r=R )

1
V T+7/R ]/l—}-(R-l-h 1/ 2+WR ~ YVTxrRR
h
~ 1+h/4R"’1_‘4W'
TloacTaBaas 3T0 Bhipaxkenue B QopMmyay (4), nonyuaem

Av,xUM/AR. (5)
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[epefiieM K HAXOXKASHHIO JOMONHHTENbHOR CKOPOCTH Ay,
[px BTOpPOM crocobe repeXoja Ha TPACKTOPHIO NPH3eMJeHHA.
[pexne Bcero 3aMeruM, YTO NpH COOOUWIEHHH KopabJio A0NoJ-
HUTEILHON CKOPOCTH B HanpaB/eHHH HA LEHTP 3eMIu ero cek-
TOPHAs CKOPOCTH HE H3MEHseTcs, NOo3ToMYy B J/o0of TOoYKe
SMMNTHYECKON TPAEKTOPUH CIYCKa CeKTOpHAA CKOPOCTh OY-
JieT TaKoH Ke, KaK M Ha TePBOHAYa/bHOH KPYroBoH opGuTe,
T. e, paBHOH ru,. 3aNHIEM 3TO yC/IOBHe IJI TOYKH NPH3eMJie-
HUA A, CKOPOCTb B KOTOPOH OGO3HAUHM Yepes Uj:

rvozsz- (6)
Bwmecte ¢ YpaBHEHHEM 3aKOHA COXPAaHEHHA SHEPTHH

P 2 5
m (UO‘QI'AUZ)__ mgrRz = mgz —mgR (7

MOAYYaeM CHCTEMY YDABHEHHH OTHOCHTEJBHO HEH3BECTHBIX.
v: 4 Avy. B ypaBHeHun (7) yuTeHo, YTO IONOJIHHTENbHAs CKO-.
pocTb Av, NepneHAHKYASAPHA CKOPOCTH HA KPYroBoi opbure H
KBaJpaT pe3yJbTUPYIOUIEH CKOPOCTH ONpejessercs No Teope-
me Tludaropa (puc. 20.1). IloxcraBasis v, U3 (6) B ypaBueHue
(7), yunTHIBast, YTO CKOPOCTb HAa KPYroBoi opGute vO=VgR2/r,
H BBIpaXKasi yepes v, Nocse/Hee caaraeMoe B nipasoii yacta (7),
nosyyaeMm

r? r
V3 -+ Avi— 207 = vﬁ—é—z--——?v%—

R ’
OTKy/a
Av,%:v%(-l%—Q%—H). 8)
Takum oGpasom,
r
Av‘,:vo(—R—-—-l). 9
[ToacraBnas B aty Gopmyay r=R-h, noaydaem
Av,=vi/R. (10)

CpapnuBas ¢dopmyast (5) u (10), HaxonuM, YTO MPH UCHO/AL3O-
BAaHHH TIEPBOro clocoba nepexoia Ha TPaeKTOPHIO NpHU3eMJe-
HHUA ¢ HH3KOH KPyroBoil opbuthl (A<R) HeoOxoaumasi jormoJ-
HHTeNbHAs cKopocTb Av B 4 pasa MeHble.

CxopocTb B TOUKe A, KOTOPYIO HEOGXOAHMO HOTACHTh I
OCYILECTBJICHHS] MATKOH [I0CaAKH, NPH HCIOJb30BAHHH NIEPBOrO
cnocoba MeHblle. DTO HENOCPEJCTBEHHO CJEAYET M3 3aKOHA
COXpaHeHHs SHePTHH NpPH CPaBHEHHH 3THX cnocoboB. Heicr-
BUTE/IbHO, TAK KAK U3MEHEHHS MOTCHLHUAJIbHOH 3HEpruu oju-
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HaKOBH NpH 06OKMX cnocofax CnycKa, TO KHHETHYECKAd IHep-
rus B Touke A Go/ibllie B TOM Ciydae, B KOTOPOM OHa Gousblne
cpasy nocje cpabaTblBaHHsi TOPMO3HOro JBuraressi. Taknm
o0pasoM, H C 3TOH TOYKH 3peHHsl NepPBHIH cnocol sBJasercs
NpeAnoYTHTENLHBIM. DBoJjiee BHICOKAs CKOpPOCTh BXOja B NJOT-
HLIE CJION aTMocdephbl, XapakTepHas AJs BTOPOTo crnocofa,

npennpaBiasaeT Cojee KECTKHe

1773 V4
“ K‘i?ff"’z TpeGOBaHMsI K TEIJIO3AMUTHOMY
IR/ 4 akpaHy Kopabas. [Ipenmymecr-

Ba nepBoro crocofa CTaHOBATCA

1 P
| / 4 COBCEM OYEBHIHBEIMH, €CJIH Peyb
Wb /%;ﬁ HJET O NMocajke Ha JIHIIEeHHYIO
0¥ ””’” aTMocgepsl I1aHeTy (Hanpumep,
Ha JIyny), Tie CKOpOCTb nepes
nocajxkoll no/KHA GBITH nora-
sy / LIeHA JBHTATe/eM. '
d B kaxofi Touke Kpyropoi
] OpOUTH HOJKEH cPaboTaTh TOP-
r MO3HO# JiIBUTaTeNab, YTOOLI NpH-
N 3eMJIeHHEe [IPOM30LIIO B 3a72H-
v Hoit Touke A? [1pu nepsoM crio-
cofe CHHXKEHHS 9Ta TOUKA, Kak
Mbl BHJIE/IH, JEKHUT HA NPSMOH,

v F npoxonsiiel yepes Touky A u

Puc. 20.2. K pacuery toukm UEHTP 3eMan (Touka B Ha puc.

cpaGatmpanna topmossoro asu-  20.1). A Kak npu BTOpOM CHO-

rarejs cob6e? Ha puc. 20.1 touxa C,

' rpe cpabateiBaeT JIBUraTedlb,

pacrosoKeHa Ha NpsAMOH, Npoxojsulell 4yepes LEHTP 3eMau H

obpasyiomeil npsaMoi yroJa ¢ paauycoM 3eMJIH, IPOBeLeHHEIM B

touky A. W 570 1eRCTBUTENBbHO TaK. Y6eRUTLCA B 3TOM MOXKHO,
HanpuMep, CJACAYIOUIUM 00pa3oM.

Pacemorpum tpeyroibiuk COO" na puc. 20.2, KoTopslil no-
ayuaercsi, ecan touky C coepuHHTb € (OKycaMH 3JJHNTHYE-
ckoit Tpaektopun O n O'. CorsnacHo nepBoMy 3akoHy Kernse-
pa dokyc O coBnajaer ¢ neHTpoM 3eMaH. BeaHCANM CTOPOHH
$ U d 3TOTO TPEYroNbHHUKA, HCIOJIb3ys CBOMCTBA SJIIHIITHYE-
CKO#l OpGHTH, M0 KOTOPOIt JBHMETC Kopabab nocae cpaba-
TeiBaHUs1 jsuratend. [lpu sToM okaxkercs, uTo di-r?==s?
T. e. ansa Tpeyroabhuka COQ’ cnpasefnuBa tTeopema [Indaro-
pa, H, CAeJOBATENbHO, OH NPSMOYIOJbLHEI.

CropoHna d, kak BuaHo u3 puc. 20.2, paBua pasHoctd r' H

d=r'—R. (11)
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Cymma paccTosihuét oT mo6oH TOUKH 3//Hnca A0 GOKYCOB €CTh
nocTOsIHHAA IJs BaHHOTO 3Jsunca BennyuHa. [lpupaBuusas
CYMMBE! paccTosiHu# 10 (okycoB oT Touek C u E, nonydaem

str=r'+R,
OTKYAa
s=r'-+R—r. (12)
Takum o6paszom, Jyia HaXOxAeHHst d U S HYXKHO BBIIUC/AHMTH
r’, T.e. paccronHue OT LEHTPa 3eMJIH [0 aHolI>f 3JJi:.: H4ye-
CKOM OPGHTBL. DTO MOXKHO CAENATh, UCIOIb3YS 34 10H COX aHe-
HUA JHEPTHU U NOCTOSHCTBO CEKTOPHON CKOPOCTH. ¥ )UPALIH-
Bas 3TH BeJAu4HHBL B Toukax C u E, nonyyaem
rog=r'v’, (13)
m(vg+ Avs)  mgR*  mv'?  mgR? 14
2 - - - T . ( )

r 2 r

[MoxcraBum B ypasaenue (14) v n3 (13), Av, u3 (9) u 3amenum,
KaK M paublie, gR? Ha vjr. B pesyibTate nosyuum

r 2 r 2
(7=1)=(1=%)" (19)
Jro KBAJpaTHOE ypaBHeHue iis r’ umeeT aa Kopus. Ogu# Ko-
peHb r'=R cooTBeTCTBYeT MNepureio opGuThl, T.e. Touke A.
10T KOpeHb MOSABJSETCA NMOTOMY, YTO TpaBas yacTb ypaBHe-
Hus (13) uMeeT ofMHAKOBLIA BUA H A anores, W JJisi nepures,

a ypasHenye (14) cnpapemjuBo A1 BCeX TOYEK TPaCKTOPHH.
Bropo# Kopeub

r'=Rr/(2R—r) (16)

COOTBETCTBYET HCKOMOMY PacCTOSIHHIO JI0 amores.

Teneprs octaercs TOMbKO MOACTABHTL 7° u3 (16) B dopmysl
(1) u (12) u yGeputbes, yto d2+-r2==s?,

Casins na puc. 20.1, nerko cooGpasuTh, UTO JJIS HU3KOH
KpyroBoit OpOHTHI, KOrja SAJHNTHYECKHE TPAEKTOPHH CIYCKA
MaJo OTJAHYaloTCst OT KPYroBoil, BO3BpauleHHE Ha 3eMJio 10
nepeoMy CHoco0y 3aHHMAaerT HPHOIH3UTETHHO MOJOBHHY 06O-
pota BOKpYr 3em/iH, a MO BTOPOMY CIOCOGY — 4YeTBepTh.

B saxmoueHHe ciesaeMm cJaejyioliee zameyanue. Ilpu Ha-
X0XKACHNH 106aBOYHON CKOpocTH Avu, MBI B3SIJIH TOJbKO MOJO-
JKHTeNbHBIA KopeHb ypaBHeHus (8). A umeeT au Ppu3HYeCKHH
CMbiC/I OTPHLATEJAbHBIH KOpPeHb 3TOr0 YpaBHEHHUS

Avy=—v,(r/[R—1)? (17)
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3HaK MURYC mepe]l 3THM BhHIPAXXEHHEM MEXKET 03HAUYaTh TONbLKO
TO; 4TO 3Ta JI0GaBOYHAs CKOPOCTh HanpasjeHa He K LEHTPY
3demay, a B NPOTHBONOJOKHOM HAalpaBJeHUH — OT LEHTPa
3eman. Kakas npu stoM noayuurcs tpaektopua? Mmeer Jiu
OHa Kakoe-nmu60 OTHOLIEHHME K pellaemoil 3ajaye, T.e. K Ha-
XOMJAEHHIO TPACKTOPHM CHUIKEHHS?

Bsarasnem eme pas Ha puc. 20.1. Danunc, COOTBETCTBYIOLL KT
BTOPOMY criocoly CHHMKEHNA, NePECcEeKaeTcs ¢ HCXORHO# Kpyro-

U,
< Puc. 20.3. Cunxenne kopa6-

A B To4KY A BO3MOMKHO

npH COOGLIEHNH €My B TOUKe

D nMnyabca, HanpaBJeHHOrO
OT HeHTpa 3eMaH

Boit op6uTofi Kopab.ia aBaxbl: B Toukax C n D. s cummerpun
PUCYHKA ICHO, YTO MOAYJIH CKOPOCTEH Ha 3JUIMITHYECKOH op-
6ute B Toukax C u D onuHakoBel. Ecau pas/ioXHTh CKOPOCTH
B 3THX TOYKAX HA COCTABASIOLIHE MO ABYM B3aHMHO Ilephei-
JMKYJSIDHBIM Hanpap/jeHHAM — BIO/b KPYroBOH  TpaekTo-
PHH H BJOJb HanpaBJeHHs Ha LEHTp 3eMaH,— TO, KaK SICHO
u3 puc, 20.3, COOTBETCTBYIOLIME COCTABJSIOUINE CKOPOCTH OyAyT
ojiMHaKoBHl 110 MoAy. 0. [TosToMy eciiu KopalJio B TOT MOMEHT,
KOrja OH MPOXOJHT Yeped TOUKY D KpYropoit OpGHTHI, coob-
IWTh N106aBOYHYIO CKOpPOCTh Av,, HalpaBJEHHYIO MO pajuycy
OT LeHTpa 3emiu (T. e. BePTHKA/JbHO BBEpX!), TO Kopabib cna-
yasa Gyjer yAaATbCs OT 3eMJH N0 3JUIHNTHYECKOH TPAEKTO-
PHH, HO IOTOM, ABHrasick 1O HeH, BCe PaBHO NPHJET B TOY-
Ky A.
YpaBuetue (8) nmeer KopeHb (17), COOTBETCTBYIOWHE STOMY
cy4aw. 310 ¥ He YAHBHTEJNbHO: KAaK 3aKOH COXDaHEHHs 3Hep-
“ruu (7), TaK M 33aKOH NOCTORHCTBA CEKTOPHOH cKopoctu (6)
BMEIOT OMH H TOT Xe BUJ He3aBHCHMO OT TOrO, HallpaBJjeHa Jiu
AoBaBounasi CKOPocTh Av, K UEHTPY HJH OT LEHTpa 3emJH.
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B caydae Hu3Koit KpyroBoi op6uThl Bo3Bpauienye Ha 3em-
JI0 MO TAaKOMY HeoOHMHOMY cnocofy 3saiimMer, Kak STO BMJHO
u3 puc. 20.3, npuC/nsHTe/IbHO TPH YETBEPTH 060POTa BOKPYT
3emau. A

21. Mereopur. Ha Kaxoii yron nsmenntcs Hanpasaenue
CKOPOCTH NPOJIETAIONIEr0 MHMO 3eMJ/IM MeTeopHTa Ioj jefict-
BHEM 3eMHOro nputskeHusn? CKOpocTh METEOPHTA HA GOMBIIOM
paccTosiHUK OT 3eMJi Uy, NPHIEIBLHOE paccTosiHue [.

A KayecTBEHHO XapaKTep 3aBHCHMOCTH YI/ia OTKJIOHEHWUS
METEOPHTa OT CKOPOCTH U, H NPHIEJIbHOrO PacCcTosIHUA [, T. €.
paccTosHuA OT LeHTpa 3eM-
J4, Ha KOTOPOM mpoJeTe
6ut meTeopHuT, ecin Obl He
Obly10- 3€MHOI0 NPHTAXKEHUA
(puc. 21.1), moxHO ycTaHO-
BUTb Cpa3y: INpH 3afaHHOM
CKOPOCTH Uy 3TOT YFOJ TeM
Mmenble, yem Goablue [. 310
ACHO, TaK KakK Ha NpoJeTaio-
KA Ha 6osBLIOM paccTosn-
HHH MeTeopuT ocJabeBaio-
lee ¢ paccTosHHeM 3eMHoe
NpUTSAAEHHe BAHsAET caao.
Ilpu3agannoM [ yroa oTkzo-
HEHUSI TeM MEHblle, YeM
Goabllie CKOPOCTb ¥U,. B ca-

MOM Jiesie, TpH  GoJbllol Puc. 21.1. TI'unepGosnyeckas Tpa-

CKOPOCTH  BpEMA  NPOJE-  egropus nomera MereopuTa BE.IH-
Ta MaJo H CHJA 3eMHOro 31 3eMJn

TATOTEHHS] HE YCMEBaeT BhI-
3BaTh 3a4METHOTO HCKPHBJEHHS TPaeKTOPHH  METEOpHTa.
Jig nosydeHHs] KOJHYECTBEHHOrO Pe3yJibTaTta HEoGXOIHMO
HCTIOAL30BaTh HEKOTOpHE CBOHCTBA THIEPOOJIMYECKOH Tpaek-
TOPMH, [0 KOTODOH JBHXKETCS! METEODHT, eCJH OH NPHXOINT K
3emae u3 GeckoneyHoctd. I'mnep6ojia — 3TO reoMeTpHYECKOe
MECTO TOYEK, Pa3HOCTb PACCTOSIHUH JO KOTOPHIX OT ABYX 3a-
Jlanueix Touek O m O', HasbiBaeMbIX (OKYCaMH, IOCTOsSIHHA:
ri—ry=const (puc. 21.1). Onun u3 Porycos runepGosnt O coB-
najaeT ¢ LeHTpoM 3eMsH, BTOpoil ¢okyc O’ JeXuT Ha NpsIMOH,
npoxojsdueil depes ueHtp 3eMan H OamkafAwWyio K LEHTPY
Touky A Tpaektopuu. Ha Geckoneyno 60JbIIHX pACCTOSHUAX
or 3emMan Kak OpH NPHOJIMKEHHH, TaK U NpPH yAajdeHHn CKo-
pocTh METeopuTa HanpaBjJeHa [0 acuMNToTaM TrHiepOoJkl,
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T. €. 3ajla4a COCTOMT B HAXOXKJEHUU yria 0 Mexay acuMnToTa-
M. Touka nepeceyeHHs1 aCHMITOT JIEXKHT NOCPEAHHE MEXAY (o-
KycamH.
[NpupasusieM pasnoctn paccrosiHuit or ¢okycos O u 0’
10 GecKoHeyHO ypanennol touxky (O'B ua puc. 21.1) u go 6.1m-
xKafwed K nenrpy 3emun touku (A Ha puc. 21.1). M3 tpeyrossb-
unka O0'B Haxoamm
’ ’ 21
0'B=2/tg (6/2), 00 = Y]

Pasrocts paccrosuuit or GokycoB 1o Touku A paBHa
AO0'—A0=(00"—A0)—AO0.

O6o3nayum yepe3 r paccrosuue AOQ or nentpa 3emaun fo 6au-
Kafwel Touku tpaektopuu. Tenepb yc/aoBHE paBEHCTBA pPas-
HOCTH DacCTOSIHHH /0 BHIOpAHHBIX TOYEK MOXHO 3anucarb B
BHJE

Tlepenocst 2r B neByI0 4acTb, BO3BOJAst 00€ YacTH B KBajgpar H
HCTIOABL3YST TOxAecTBO 1/cos? a=1-tg?a, noayuaem

tg (02 =" (1)

[Tpu safanHoM NpHHENTLHOM paccTOAHHM [ paccrosHue r
10 Gaumxafiie#l K UEHTPY 3eMJH TOYKH TPAEKTOPHH 3aBUCHT
OT CKOpOCTH ¥, Ha BGeckoHeUHOCTH. [1/1st TOro 4To6hl HCKIIIOUUTE

r u3 dopmyJst (1), Bocrmosb3yeMcs 3aKOHOM COXPaHEHHUS 3Hep-
THH

mvy  mv*  mgR®

o =Ty T @)

(v — ckopocTh Mereoputa B Touke A, R — panuyc 3emian) u
BTOpHIM 3aKoHOM Kensepa, KOTOpHIl NpH ABHXKEHHH B IEHT-
pPajibHOM MNOJIe CNIPABEATMB M /it PA3OMKHYTHIX TPaeKTOpHii:

lv, = rv. (3)

IIpaBast uacTh 3TOr0 PaBEHCTBA OYEBHIHA, NMOCKOJILKY B 6./H-
xaftme#t K 3emsie Touxke TpaekTopHH A BEKTOP CKOPOCTH 0
MepneHAUKYIsiper paxuycy 3emau. Jlepas wacTe 3artoro pa-
BEHCTBA CTAHOBUTCS OUeBUIHOM, €C/IH IOCMOTpeTh Ha puc.21.2.

M3 3akona coxpanernius sHepru# (2) u ¢opmyast (3) Jjerxo
HaXOAHM

(—r?)/r = 2gR/[uw;,
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yto necae moActaHoBku B (1) npaer
tg (8/2) = gR*/lv}. (4)

dra GopMysa peniaer NOCTABICHHYIO 3a4ayy: onpenesisieT yroJ
OTKJIOHEHHSI METEOpPHTa B 3aBHCHMOCTH OT TPHUEJBLHOTO pac-
CTOAHNA M CKOPOCTH Ha GecKoHewHOCTH. Yroa 6/2 moHoTONHO
BoapactaeT oT 0 10 7/2 npu yMmeHbLIEHHE NPOH3BejeHns [vf
or oo fo (0, 4TO corsiacyercs ¢ npHBeeH-
HbIMH BBILlE KaYECTBEHHBIMH COOGpaxKe-
HHSIMH.

[lpu pemenHn 3ajaud MBl [peano-
narany, 4YTo TPAEKTOPHS METEOpHTa He
3ajeBaeT 3emai0. ¥YpasHeHus (2) u (3)
HO3BOJISIIOT HAHTH YCJ0BHE, KOTOPOMY
HOJ/DKHBl  YJIOBJIETBOPATb  NPHLE/IBLHOE
paccrosHne [ M CKOPOCTb MeTeopuTa
Ha GeCKOHEYHOCTH Vg, YTOGBI 3TO JefiCT-
BuTenbHO 6pI0 Tak. [lomaras B atux
ypaBHEHHAX MHHHMAaJbHOE pacCTOsIHHEe
r JO leHTpa 3eM/IH DAaBHEIM pajuHycy
3emsu R ¥ HCKJIOYas M3 HHX U, HAXOJUM

losa = RV T+ 2gR/%;.
HpH MEHBIIHX 3HAUYEHHUAX NPpHIEJTBHOTO

PACCTOSIHUS] METEOPHT YIAJIET Ha 3eMJi0.

PaccmotpuM  HekoTopble  uactHple PHC. 21.2. Tlpnmese-
HHE BTOPOro 3aKoxa
cayvaH.

Kenaepa x runep6onn-
1. HauGoxbluee 3HayeHue yraa or- yeckoii op6ure

KNoHeHua 0, noayugaercs us (4) npu

HauMeHbIleM BO3MOXKHOM (TIpH 3aJlaHHOH CKOPOCTH U,) 3HaUe-
HMH  NPULEJLHOIO  PacCTOSIHMS [, BhIpaxenHe AJasd
KOTOPOr0 MOXKHO MepenHcaTb HeCKOJbKO HHaue, BOCNOJb30-
BaBIIUCh TeM, YTO 2gR paBHO KBajApaTy BTOPOH KOCMHUECKOH
CKOpPOCTH ;!

Lnin= RV T+ (v/0,)¢

(lpin ® Opaxy COOTBETCTBYIOT TPACKTOPHH, HOYTH Kacaloleics
semHoro wiapa). Taxum ofpa3som,

(v11/v9)?
T — ., 5
2V T+ (on/vg)? ©)

Ecan ckopocth Ha GeCKOHEUHOCTH MaJja Mo CPABHEHHIO €O BTO-
POH KOCMHYECKOH CKOPOCTBIO: U,<€U;;, TO B 3HameHaTese (D)

emax =2 arctg
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[10Jl KOPHEM MOXHO NpeHeOpeub eAHHHLEH!
Opax =~ 2 arctg (v,1/20,),

T. €. Oy, = & IpH Uy/v; — 0: Npu Ma/joff HayalbHOH CKO-
POCTH M Hal/eKalleM BbIbOpe ee HalpapBJeHHA (T. €. TAKOM,
YTOObI METEOPHT BCE-TaKi Npouies] MHMO 3eMJH) HanpaBiaeHHe
CKOPOCTH MeTeopHTa Ilocse obsera 3emild U3~
MEHHTCS] NPAKTHYECKH HA NPOTHBOMNOJONKHOE.

2. Yron orkJaOHeHHA MeTeopuTa Oyjer
MaJj, Kak BHAHO M3 (4), npH BHINOJHEHHH
HepaBeHctBa gR?/Ivikl. B stoM cayyae B
(4) TanreHc MOXHO 3aMEHUTH €r0 ApPTyMeH-
TOM:

0 =~ 2gR?¥/lv2. 6)

[IpaBast yactp 3TOro BRIpAXKEHUS NPEACTABJIA-
er coGoH OTHOIIeHHe abCOJIOTHOH BeJIMYHHBL
NOTEHUHAJBHON 3HEPrHH METeopHTa Ha pac-
crostHud ot nentpa 3emau mgR?*/ ! n ero Ku-
HETHYECKOH SHepruu Ha GeCKOHeYHOCTH muj/2.
HutepecHo OTMETHTD, YTO NPUGIHKEHHBIH
pesyabtaT (6) AnA OTK/JIOHEHHA Ha MaJjbld
yroJl ¢ TOYHOCTbIO AO YHCJIOBOTO MHOKHTE/IS
AOpsAKa CIHHHLB MOXKHO IOJYYHTb COBep-
p HIeHHo 3JeMeHTapHO. PaccMOTpuM OTHOCS-
ne. 21.3. K Bol- o
acrenmo Maro- WHACA K STOMY caydaio prc. 21.3. I'py6o
o yraa oTKAOHe- MOXKHO CUHTATh, UTO B3aHMOJCHCTBHE METeo-
HHsL  MeTeODHTA  puTa ¢ 3eMJeH CYIIeCTBEHHO TOJNBKO Ha G-
' xKafuem K 3eMje ydyacTke TpaexTopuu AB
IJIUHON Topsifika [ Jpyrue yuacTKH MOYTH
OpAMOJIHHEHHb, TAK KaK TaM CHJAa 3eMHOTO NPHTAKEHUS
[paKTHYECKH IapasjejbHa CKOpocTH Mereopura. B pac-
CMaTPHBAEMOM JBHXKEHHH MOZLYJb CKODOCTH NPAKTHUECKH
HE U3MeHsIeTCs U NPOJOKHTENbHOCTD JIEHCTBHS CHJIBI 3€MHOIO
TATOTEHHS HAa METEOPUT MOXKHO TNpPHHATh paBHOH Afxl/v,.
Cuny npubauKeHHO MOXKHO NOJNOKHTH paBHolt mgR?*[*. Ta-
KiM 06pas3oM, NpHpalleHne UMMy bca MeTeopuTa Ap B Hanpas-
JIeHVH, TePUueHAHKYJISPHOM HaNpaB/ICHHIO ero ABHKEHHS, CO-
CTaBJIsIeT 10 MOPSIAKY BeJHYMHBI

Ap=FAt=mgR v,.
Ortcioia Aas1 yraa oTKioHeHus O JeTKo NMoayYuTh

2
p o mu v
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22, Paccessnpe ©@-4acTHU. O-4acTUlla, JeTeBlIas CO CKO-
POCTBIO Uy, YNPYrO pacceuBaeTcsl Ha HEMOABMXKHOM sijipe M
u3MeHsieT HanpaBienue asikenus Ha 90°. Onpepenuts cxo-
pocTh siipa nocse yaapa.

A CToJKHOBEHHE 0.-4acTHLB C SIIPOM MOXKHO paccMartpi-
BaTh Kak aGCoMOTHO ynpyru#i yAap, IPH KOTOPOM BHIIOJHS-
10TCST 3aKOHBI COXpaHeHHst 3HepPTHH ¥ uMmnyabca, Ilyete m u

//ill \\
N
\\
\\\
Puc. 22.1. Coxpanenne nMNyJanca npu V744 RS
paccesHYH G-9acTHNH Ha NpsMoil yroa S, 0
HENOABHIKHLEIM SAPOM ¢

i
]
i
i
i
1 7
vl 4
M — Macchl o-uacTHLB ¥ 5pa, a @ B V — UX CKOPOCTH Noc/e
CTOJIKHOBEHUA . Tor,lla 3aKOHbLI COXpaHEeHHsl SHEPTrHH ¥ HMNYJlb-
Ca 3anucniBalTCd B BHIE
muy __mo? | MV? (1)
2 T2 2
my,=mv+ MV. (2)

PaBeHcTBY (2) COOTBETCTBYeT mapaJ/iienorpaMM HMRYJLCOB Ha
puc. 22.1. Tak Kak no ycJOBHIO a-4acTHLA paccesjack Ha 90°,
TO TPEYTroJbHHKH Ha 3TOM PHCYHKe mpsiMoyroJbHeie. Hanpas-
JIeHHe JBHXKEHMs siIpa [oCAe yAapa cOCTaB/SeT HeKOTOpHI
yroll ¢ C NEePBOHAYAJBLHLIM HATpABJIEHUEM JIBHXKEHHs o-yac-
tanst. M3 puc. 22.1 BugHo, uTO

tg ¢=v/v,. 3)

Jaist HaxoKIeHUs! CKOPOCTH Q-4aCTHIBI 1 siApa nocae yaapa
NpUMEHHM K NPAMOYroJbHOMY TpPEYTOJBHHKY Ha puc, 22.1
teopemy [ludaropa:

M2V2 = m? (v§ -+ v?). 4)

Tloacrapass orciona V2 B ypaBHeHue 3aKOHA COXpaHeHUs SHep-
run (1), nmoayusaem

M—m
V= 0(2) 7\4_-*-_171- . (5)
[loxcraenas 310 3HayeHue v? B PaBeHCTBO (4), HaXORUM
2m?2
Vim0 (6)

M{MFm) "
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Beipaxenue (3) nas tg ¢ ¢ yuerom (5) npunumaer BHA

M—m

tgo= ]/m ()
N3 popmyant (5) unu (7) BHAHO, YTO PACCEAHUE 04-4aCTHUD!
na 90° mpH CTOJNKHOBEHHMH C HENOJABHXKHBIM SIAPOM BO3MOMKHO
TOJMbKO B TOM CJydYae, KOrjla ee Macca MeHblle MacCel ajpa:
m<<M. ¥Ycnoue 3afayy He MOXKET OLITb BBLIIOJIHEHO, €CJH Oi-
YACTHLLL PACCEMBAIOTCS HA fAApax BOJOpOJA, AeHTepus, Tpu-

TUSA HJIW TeNHA.
HecMoTpst Ha TO 4TO pacCMOTPEHHBI NMPOLIECC MBI HA3BIBAEM
yliapoM, B JICHCTBUTENbHOCTH O0-HACTHIA MOXKET U He TPHXONUTH

Puc. 22.2. I'mnepGosndyeckue Tpack-
TOPHH O-YaCTHI B KYJOHOBCKOM moJe

& aapa

B HENOCPEACTBEHHOE COMPHKOCHOBEHHE C SAPOM. Ha naneraio-
LLYIO 0-4ACTHILY CO CTOPOHBI AAPA AEACTBYET KYJIOHOBCKAs CHJIA
OTTAJKUBAaHHS, TAK YTO TPAEKTOPHH C-4aCTHLHI IPEACTAaBAsIET
coboit mnepﬁoﬂy (puc. 22.2). Bamke Bcero a-yacTuiia NOAXOLHUT
K f/Ipy TNPH LEHTPaJbHOM yIape, B pe3ysbTaTe KOTOPOrO OHA
paccenBaercsl HasafA. Jas TOro 4ToGHl OLEHHTL 10 NOPARKY
BeJIMYMHLl HauMeHblllee pPacCTOSTHHUE ry, HAa KOTOPOE a-4acTHUA
MoMeT npuGIAH3HTBCA K AApy, OYAEM CYHTATh, YTO SAJPO OCTa-
ercsl HENOJABHKHBIM, H NPUPABHAEM MePBOHAYAJIBHYIO KUHETH-
YECKYIO SHEPIHIO Q-YaCTHIBl K NOTeHIHANLHOH SHePIHH CHCTe-
Mbl B MOMEHT OCTAHOBKH O -4aCTHIBL:

mv%___ 1 2Ze 8
2 4ne, ry ! (6)

rjae Ze — sapaj aapa. Ecan cKOpOCTh HA/IeTAIOWEH o-4acTHILb!
TAKOBA, YTO BLIYHUCACHHOE MO opMyJe {8) anauenue r, oKaxKer-
cs1 Gouiblie pasmepa fapa R= 1071 cmM, To B 1poLiecce CTOIKHO-
BEHHUSI C SIAPOM Ha O -4acTUIy AEHCTBYET TO/ILKO KYJIOHOBCKAs
cuJja, a KOpPOTKOACHUCTBYIOWIHE fAJEPHbIE CHJIBI HE HIPAIOT HH-
KaKOH pOJIH.
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Ecan B dopmyae (8) nonoxuTL o paBHBIM PajiHycy AeHCT-
BHA SAEPHBIX cuil RA21071% M, TO MOXKHO OLIEHUTH MAaKCHMAJb-
HYIO CKOPOCTh (WJIM SHEPTHIO) c-4acTHHBI, NIPH KOTOPOH OHA
elle yNpyro paccemBaercs Ha siipe, HE H3MEHssl ero BHYTpeH-
Hero cocrosHus, Tak, npu Z nopaaka 80 (y 3o0s10Ta, HCHOABL3O-
BaBllerocss B onwtax Pesepdopra, Z=79) sta cKopocTh €O-
craBasier npumepHo 10° m/c. TIpu sroM Giiarojaps ToMy, 4To
CUNBI KYJOHOBCKOrO B3aUMOLEHCTBHS SABJISIOTCH NOTEHIHANb-
HbIMH, M€XaHHYecKas 3Heprus CHCTEMH! coxpausercsi. B pe-
3yJpTaTe Mojeab alCo/MIOTHOrO YNpyroro yjapa ajeKBaTHO
ONHCHIBAET paccesiHHe, XOTA yJapa B MeXaHHYECKOM CMbICJe
He HPOUCXONHT.

Kuuernueckyio sHepruio, npuobperaeMyto- sapoM NpH pac-
CeAHHH Q-YacTHIBl HA NPAMOH yroa, ucnonanays dopmyay (6),
MOKHO 32IIHCaTb B BHJE

MV?  mvg  2m
2 2 Mim- ©)

OGpatum BHHUMaHHE Ha TO, YTO NepeiaBaeMas Py NPH CTOJ-
KHOBEHHH 3HEpPrHsl COCTaBJsfeT HUYTOKHYH YacTh HepBoHa-
YaJbHOH 3HEPTHU Q-JacTHLEI, €C/JH ero Macca MHoro Gosblie
Macchl G-4acTHUbl: M3>m. 2DTOT BHIBOA, NOJYUYEHHBIE And
YACTHOTO CJay4yas paccessHHsl Ha NPSAMOH yroJ, ocraercs crpa-
BEJVIHBLIM H B OOIIeM cJydYae paccesHus Ha JioGble YIJIHI.

[Tpu nonyuenuu coorHolleHus: (9) HCNONB30BAMHCH TOJLKO
3aKOHB! coXpaHeHHUs. [103TOMy BBIBOX O TOM, YTO Jierkas gac-
THIA NPU YOPYIOM CTOJAKHOBEHHH C TSKENOH YacTHLIEH MOXKeT
nepefaTh €if AUIb HE3HAYHTENBHYIO YaCTh CBOEH KUHETHYECKOH
SHEepPTHH, $fBJAAETCSl YEHBEPCAJbHLIM M TPHMEHHM, B 4acT-
HOCTH, K YOPYIHM CTOJIKHOBEHHAM 3SJEKTPOHOB € HOHaMH H
HEHTpAJbHBIMH aToOMaMu B MJasMe. JTO NPHBOAHT K HHTepec-
HBIM OCODEHHOCTSIM B CBOHCTBAaX MJ1a3MEI.

Paccmorpum, Hanpumep, TakoiH ONBIT: B MJIa3My BIPLICKH-
BaeTcsl NYYOK GBICTPHIX 3/MeKTpoHOB. [loce TOro Kak 3/eKTpo-
HBI NMYy4YKa HCOBITAIOT XOTS1 Gbi MO OJHOMY CTOJKHOBEHHIO €
MOHAMH WJM aTOMaMH, HalpaBJeHHEIH XapakTep J[ABHxenns
3JIEKTPOHOB OyJeT HOJHOCThIO yrpaued. [Iponsofizer nomnas
XA0TH3aLUA paclpefeseHus 3NEKTPOHOB 10 HaNpaBAEHNo
ckopocTH. Ho Kax bl 3JIEKTPOH JIOMKEH UCTEITATh CYeHb MHO-
IO CTOJNIKHOBEHHH C TAXKeJbIMH YaCTHLAMH, NpeXKIe YeM npo-
H30fileT BLIpABHHBAHHE CPEIHHX 3HAueHUH KHHETHYECKHX
SHEPTHH JIETKHX H TKeJBIX YacTHL. B pesy/bTate B TeueHne
JIOBOJILHO GOJILILOTO NPOMEXKYTKA BPEMERH 2/EKTPOHEI H HOMB
B n/asMme GyAyT HAaXOAWTbCA KakK Obl NpH PasHBIX Temnepary-
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pax. XoTs 3JEeKTPOHBl M HOHBI HAXOISTCS B OJHOM H TOM IKe
06beMe; MOJHOCTbIO MepemelliaHbl U Bce BPEMsi CTaNKUBAIOTCH
IPYT C IPYroM, OHU BeAyT ce0s Kak JBe pasHbie, [IOYTH H30J/1U-
poBaHHbIE APYT OT Jpyra TepMOJHHaMHYECKHe CHCTEMBI, MEX-
Iy KOTOPbIMH MOYTH HET TeljooOMmeHa! A

23. Croaknosenue mapa c kaudom. [llap maccwl m, Jeres-
IA# FOPHU3OHTANLHO CO CKOPOCTbIO ¥, Iocje a0COMIIOTHO Yii-
pyroro ynapa o HaKJIOHHYIO HOBEPXHOCTb KJHHA OTCKaKHBa-
eT BepTHKa/JbHO BBepX (puc. 23.1). Knun macct M crout ua
IVIAJIKOA TOPH3OHTAJLHON NOBEPXHOCTH H IIOCJAE YAapa CKOJb-
3UT O 3TOH nosepxHoctd. Ha Kakymo BBICOTY NOACKOYHT Iuap?

i
{
{
I

Puc. 23.1. Ygap mapa 0 HaKJIGHHYIO
% MOBEPXHOCTh KIAMHA
|
ST (L Ll

A BricoTa h nogbeMa wapa HajJi TOUKOH, B KOTOPO# TPOHUC-
XOIHT YyHap, onpereasieTcss BePTUKAJLHOH CKOPOCTBIO Uy,
npucObperaeMoil WIapoM B pesyJbTaTe yaapa:

h=v}/2g.

[TostoMy pemleHHe 3ajaui CBOJHMTCA K HaXOMJIEHUIO 3TOH CKO-
pocTH ;.

PaccmoTpuM cHauaja npefesbHBI caydai, Korga macca
KJAHHA MHOTO Boblue Macchl mwapa: M»>m. flcHo, 4to MaccHs-
HbIHl KJAHH [IPAaKTHYECKH HE C/BHHETCS ¢ MecTa NpH yAape Jer-
KOro 1apa, T.€. KJAMH MOXHO CYMTaThb CKPEILIEHHBIM C TOpH-
" 30HTaNBHON IOBepXHOCTblO. UToOH Inap AEHCTBHTEJNBHO OT-
CKOYHJ BBBePX, HaK/JIOHHAsI TPaHb KJIHHA B 3TOM CJiyyae JOJIK-
Ha 00pa3oBbIBaTh yroJ i/4 ¢ ropusontoM. Tak KakK Mo yca10BHIO
yrap 1apa o KJAuH a6CcoIOTHO yNpyrHil, CKOPOCTh Iuapa H3Me-
HSI®TCSA TOJBKO [0 HANpaB/eHHIO, OCTABAsChb HEH3MEHHOH Mo
moay.o: vy =v. CrefoBartebio, h=v%2g.

A uto OyzeT, ec/iH Macca KJAMHA CpaBHMMA € MaccoH 1mapar

[lonpofyeM npuMeHHTb 3aKOHBI COXDaHEHHSI HMIYyJbCa H
SHEPTHHU, CYUTasA, YTO NPH YAape B3auMojeHCTBHe 1Iapa ¢
KJHHOM M B3aHMOfeficTBUe K/JAMHA C FOPH30HTA/JIbHOH IOBepX-
HOCTHIO TPOMCXOAAT MTHOBEHHO H oHoBpemenHo. [lo ycnoBuio
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MeXAy KIHHOM H MOBEPXHOCTBIO, HA KOTOPOH OH JIEKHT, Tpe-
Hue orcyTcTByeT. [103TOMY NPOEKUHS 3aKOHA COXPAHEHHS HM-
IyJbCa HA FOPU3OHTAIBLHOE HATPABJeHNE SANUCHIBAETCS] B BHIE

muv=MV, (H

rie  V — ropusoHtasbHasi COCTABJAIONWAs CKOPOCTH KJAHHA
nocste yaapa. Jas Toro 4toGbl 3anucats NPOEKLHIO 3aKOHA
COXpaHEeHHs1 HMMYJbCA HA BepTHKAALHOE HANPAB/JAEHHE, HYKHO
VY€CTh, YTO [IPU y/ape KJAHH B3aHMOAEHCTBYET C NIOBEPXHOCTLIO,
T.€e. ¢ 3emaen:

muy=(M+M3z)V. @)

B stom BblpaxeHHH V; — BepTHKAJAbHAA CKOPOCTH KJHHA H
Semsn nocse yaapa, My — Macca 3eman,

K ypastenusam (1) u (2) nob6aBuM 3aKOH COXpaHeHusi Hep-
rYd NpUH yIpyroMm yuape:

me® _ moi  MV® (MAM3) Vi :
I H B 2 ' (%)

[Tocsienuum ciaraevbIM B 1paBof 4acTd ypasHeHusi (3), KoTo-
pOe COAEPKHT KHHETHYECKYIO SHepruio 3eMmau, npuobpereH-
HYIO B Pe3y/abTare yaapa, MOXHO NpeHe6peub H3-3a GOJLLUOMN
maccel 3emad, Yrtofst yGeauTbesa B 3TOM, BBIPA3HM CKOPOCTH
V, u3 ypasnenus (2) n noacrasum B (3). Toraa nocaenuuii usien
B (3) mpuHHMaeT BUI

(M-%Mg)Vf . mv% m 4
2 =T M¥M; e (4)

Tak kak orHowenne m/(M-4-M3)<l, 10, KaK BugHO M3 (4),
nepefapaeMasl 3eM/e KHHETHYeCKas 3SHeprHa npeHefpekumo
MaJja. :

Bripaskass Tenepb rOPH3OHTANbHYIO CKOpPOCTb KauHa V
u3 ypaBHenHsa (1) u noxcraBasia B ypaBHeHHe (3), B KOTOpPOM
orépollieH MOCMAeAHHHA UJ/eH, HaXOAHM HHTEPeCYIoYio Hac
BepTHKaJIbHYIO CKOPOCTb llapa Mocje yiaapa vug:

, M—m

=g (5)

Mel nony4u/in OTBET, KOTOPBIH BBINIAAHT BHOJHE G/aromosyd-
HO: HAOpHMep, OH YAOBJETBOPSET MNpeAeqbHOMY Caydailo 3a-
KpeljleRHoro K/auHa (m<&M), obcyxaaBlemycs Bobie, MMeH-
HO TaKOe pelleHHe 5TOH 3aJa4d MOXKHO BCTPETHTb BO MHOTHX
PYKOBOACTBAX M 3aJaYHUKaX.

Ho Bexs MOXKHO paccyxjaaTb U HHade. Pemasn sagauy, mbl
NPeANONOKHUIAN, YTO IPOHCXOANT TOALKO OJHH YAap — yAaap

14

e
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mapa o KJHH, Jexawnil Ha 3emje. Mexay TeM B cTONKHOBe-
HHM YYaCTBYIOT TPH Teja: wap, KIHH U 3emaa. MoxHo am Ha
CaMOM JieJie CYHTATh, YTO DNPOHUCXOIHT OJMH YAap, WIH HeoO-
XOAHMO MOCJEA0BaTENIbHC pPAacCMOTPeTh COYAapeHHe lapa ¢
KJWHOM M KJHHa ¢ 3emieii?

Uto6sl yGeguTbcsd B TOM, YTO H TAKOE NPEAIIONOKEHHE BO3-
MOKHO, BCIIOMHHM IIpHMep APYTOro yNnpyroro CTOJKHOBERMS,
B KOTOPOM TaKKe Y4YacTBYIOT TPH TeJa: Ha JJIHHHBIX HHTsX

Puc. 23.2. Tlpu ynpyrom yaape cpeAHHfi mwap ocrtaercss Ha MecTe

OJMHAKOBOH JJIMHBI IOJBEIeHBI TPH OJHHAKOBBIX KOCTAHBIX
mapa, conpukacamomuxcs Apyr ¢ apyrom. Oaun u3 Kpaluux
1LIapOB  OTKJIOHSIOT Ha HEeKOTOPHIH yroad H  OTNYCKaloT
(puc. 23.2q). OxasbiBaercs, 4TO NOC/Je yaapa OTCKAKHBaeT
TOJILKO OJMH 1Hap, BUCAIME C APYroro xpas, a CpeiHmi 1ap
octaercss Ha Mecre (puc. 23.26). Pesyabrar 3TOro onnita roeo-
pUT O TOM, YTO IPOHCXOAAILEE CTOJKHOBEHHE HEJb3sl PaccMart-
pUBAThb KaK OIMH YyAap OTKJIOHEHHOTO ILapa C CHCTeMOH JABYX
HENOJBMAKHO BHCAIKX 1WapoB. YToOe OGBACHUTL ONBIT, He-
00XOAHMO paccMOTpeTh [Ba NOCJAEA0BATEILHO NPOUCXOASIIHX
YAPYTHX COYIapeHHs — OTKJOHeHHOrO luapa C LeHTPaibHbIM,
a 3areM HEHTpAJbHOrO LIapa CO BTOPHIM KpaHHUM.

IIpu ynpyrom JoGoBOM yJape IIapoOB OJHHAKOEOH Macchl
HaJsleTalomKH 11ap OCTaHaBJMBaeTCsl, a TOKOUBLIHHCS ap NpH-
o0peraeT CKOpOCTb, pPaBHYI0 CKOPOCTM HaJIeTaBILEro Iuapa.
Eenu npeanosnoXuTb, 4TO yAap IPOUCXOAHT MTHOBEHHO, TO
cpa3y noc/e NepBOro yjaapa LEHTPaJsbHBIA IHap yaKe HMeer
€KOPOCTb, HO €lle He YCIIeJl CMECTHTBCSI U3 TOrO TOJOKEHHS, B
KOTOPOM Haxofujcs 10 yiapa. B ciaepyromuii MOMEHT Npomc-
XOMHT YAAp LEHTPadbHOTO liapa €O BTOPHIM KpaiHuM. B pe-
3yJibTaTe 3TOro yjapa HEHTPaabHBIA 1Uap OCTAHABJMBAETCS, a
Kpadnuil map npuobpeTaeT TaKylo e CKOPOCThb, H 3aTEM €ro
HUTH OTKJ/IOHSETCH OT BEPTHKAJH.

Ecan Xe cunTaTth, 4TO nepBLIf 1Iap CTaJAKHBAETCS C CHCTE-
MOl H3 ABYX HENOIBHXKHBLIX WIApOB (KakK OBl CKPENJeHHHIX
APYT € Apyrom), To B pe3yJbTaTe TaKoro yjapa 3TH jABa Liapa
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JOJIZKHBL ObH OBl OTCKOYHTD C OJHHAKOBOH cxopocThio. Ho Ha
OIILITE 3TOrO He NPOHUCXOJHT.

Hrax, naxe ecau 1mapsl BUCAT BIJIOTHYIO APYT K APYLY, HX
B3aNMOJEHCTBHE HYXKHO paccMaTpHBaTb KakK IOCHEH0BATE/IE-
HOCTb OTAEJBHBIX COYIapeHHH APYT C ADYIOM.

PesyapraT onblta ¢ Tpema lIapaMH HeJMb3s, pasyMmeercs,
6e30roBOPOYHO NMEPEHOCHTb Ha pPaccMaTPHBAEMOE CTOJIKHOBEHHE
uiapa ¢ KJIHHOM H IJOCKOCTBIO, TaK KaK M YCJOBHS ONBITA, H
B3aHMOJleiCTBYOIHE Tevla 3jech Apyrue. OfHaKo H 33eChb MOK-
HO 1nonpofoBaTh PacCMOTPETh [Ba I0C/IEA0BATENbHBIX CTOMKHO-
BeHHs: LIapa ¢ KJAHHOM H KJanHa ¢ 3emsief. [1pu sToM 3anich
3aKOHOB COXPaHEHHS HECKOJIbKO H3MeHMTcA. YpasHeHue (1),
BhIpaXKalolllee COXpPaHeHHe TOPH3OHTANLHOH COCTaBJsIONel
HMIyJbca, ocTaercd 6e3 H3MEHEeHHs H B TOM CJydae, KOr4a Mbl
paccMmarpuBaeM TOJbKO NEPBOE CTOJNKHOBEHHE — LIapa ¢ KJH-
Hom. Ho ypaBuenue (2) 1,151 BepTHKA/JIBHOH COCTABJAIOILEH UM-
nynbca JO/KHO ObITb 3aMEHEHO APYTHM, TaK KakK Nocjae nep-
BOTO yJapa ABIDKETCH TOJNBKO K/HMH, & He KJHH BMecTe ¢ JeMm-
Jen:

mu=MVj. 6)

3aKOH COXpaHEHHA JHEPTHH JJis NepBOro yAapa 3amullercs B
BUJE

my® mvl

3 + (7)

Buipaxasi V u3z ypasreuusi (1), V, ns ypasHenus (6) u nos-
craBass B (7), nmoaydaem

(v2+vl) .

Ui =72 H . (8)
Buano, uro snayeHue BEPTHKAJBHOH CKOPOCTH OTCKOYHB-
Hiero Iiapa vy, jaBaemoe Boipa:xkenueM (8), MeHbLUe 3HaueHust
v, u3 npexHero oreera (5). 10 H MOHATHO, HOO TENEPh KAUH
noc/ie EPBOro yAapa HMEeT KHHETHYECKYIO 3HEPTHIO, CBSI3aH-
HYI0 HEe TOMBKO C ero JBMMXEHHeM N0 FOPH3OHTaJ/IH, HO H MO
BepTukanu. KoneuHo, npuobpers BePTHKAJLHYH COCTaB/IA-
YO CKOPOCTH B pe3yabTaTe NepBOro ylapa, KJIHH He ycle-
BAaeT MepeMeCTHTHCS N0 BePTHKaMH, TaK KaK Cpasy XKe npouc-
XOJHUT BTOPOE CTOJKHOBeHHE — KauHa ¢ 3emaeil. Tak xak no
YCJAOBHIO TIOC/E CTOJIKHOBEHHS KJAHH CKOJIb3HT IO rOpH3ofTa-
Jiu (a He MOJCKaKUBAeT BBEPX), TO €ro CTOIKHOBeHHe ¢ 3emael
cJefyeT CUHTaTh HeynpyruM. BepTHKasbHAs CKOPOCTh KJHHA
racuTcsi NPH 3ITOM CTOJKHOBEHMH, a COOTBETCTBYIOHIAS YACThb
KMHETHYECKOH 3HEPruM KJ/HHA NPEBPAWiaeTcs B TEILIO.
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Ecau 6ut yiaap kiuHa o 3emo Obul aGCOMIOTHO YIPYFuM,
TO BEPTHKAJIbHAS COCTABJISIOIASt CKOPOCTH KJiMHA V4 usmenusa
6l cBOe HANpaBJeHHE HA NPOTUBONOJOXKHOE H KJIHH NOACKO-
yn,1 Obl BBEPX HA HEKOTOPYIO BLICOTY BCJIEH 34 LLAPOM.

3naueHHe CKOPOCTH OTCKOUMBILIEro Iiapa v; H3 (8) Takke
VIOBJETBOPSIET NpefesbHOMY caydaiwo m<&M, xorpa uv,=v.
Takoe penense 3Tof 3a7]auy TOME BCTPEYAETCS B HEKOTOPEIX
sajaynukax. CpaBuuBas orsersl (D) u (8), MBI BHIHM, YTO 0O
uX opme TPYLHO OTAATh LpeAnoYTeHHe Kakomy-Aubo U3 npu-
BejieHHBIX peiieHuil. [eficTBuTesibHO, 00a OHH yJOBJAETBOPSIOT
npenebHoMy yeaosuio m<&M. ObpatiM BHHMaHHE Ha TO, YTO
kak dopmyaa (5), Tak u Gopmyaa (8) HMEIOT cMBICT TOJILKO NPH
m<<M, T.e. XOIla Macca KJauHa GoJblie, YeM Macca luapa.
310 o3Hauaer, 4ro npu M<m l1ap He MOXKET OTCKOYHTb OT
KJauHa BeprukKaspHo BEepX. [103ToMy H ycJoBue 3ajaun Oyrer
HENPOTHBOPEUUBLIM, TOJILKO €c/H Hiap Jerye KJ/uHa.

DTOT BHIBOJ CBA3dH C TEM, 4TO B O0IIEM caydae IpH ynpyroM
CTOJIKHOBEHHH JBHXKYIIEroCs Tela C HEHOJBMMKHBIM H3MEHe-
HMe HanpaBJieRHsl JBHXKEHHs HAJIETAIero Teja B Pe3yJbTaTeé
yjapa Moxer ObITb JIOOBHIM TOJbKO TOTAA, KOrja Macca HaJje-
TaIoilero Tesla MeHbllle MacChl «MuUllIeHH». Ecan xe Macca «cHa-
pRaa» m GOJBILIE, UeM Macca «MHIIeHH» M, To «cHapsaly He
MOAKET OTKJ/JOHHUTLCS Ha YroJi, [PEBBIUAIOIHA @ .., KOTOPHIA
HaXOAUTCA M3 COOTHOHIEHHS

SIN Py = M/m.

[lpn M<Tm s7oT npeje/bHBIH yroa Bcerja MeHblie /2.

Hrax, cama ¢opma OTBETOB HE JaeT BO3MOXKHOCTH BHIGPATH
B3 HHX NpaBwibHb. COOTBETCTBHE NpEAEJbHBIM CAydasiM —
9TC HEeOo0XOJMMOE YCJOBHE NPaBHJIBHOCTH OTBETa, HO, pasy-
MeeTCs, HejocTaToyHoe. MoKHO nonmpo6oBaTh MOCTaBHTH 10-
GOJHHTENbHbE BONPOCKH, OTBET HA KOTOPHIE HOMOT Ghl BHIOpPAThH
npaBuJbHOe pelleHHe. Hanpuwmep, sneck MOXHO 3ajaTh Bon-
poc, Kakof yroi o JO/KHA COCTaBAATL HAKJIOHHAs TpPaHb
KJHHA € COPH3OHTAMbHOH, 4TOOBI IUap AEHCTBUTEILHC OTCKO-
YUJ BEPTHKAJNBHO BBEDX.

[locTpoum BeKTOp HM3MEHEHHS HMIIYJbCa IIApa IPH CTOJK--
HoBennu Ap=mv,—mo (puc. 23.3). 10 H3MEHCHHE HMIYJ/bCa-
BHI3BIBAETCH CHJOH, AEHCTBYIOWEH Ha HIAp CO CTOPOHH Ha-
KJIOHHO! rpaHd KjauHa. ITockKoJbKy yzap ynpyruii u Tpenme
OTCYTCTBYeT, TO 3Ta cHJa 063aTeJbHO HalpaB/aeHa NepueHiy-
KyJsipHO noBepXHOCTH KJuHa. Temeps us puc. 23.3 cpasy
BUAHO, uYTo tg a=v/v;. Tak Kak v, <v, To a>n/4, rje snak
paBeHCTBa COOTBETCTBYET NpEAe/bHOMY CJY4aio.
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3nayeHue U; B NPUBEAEHHBIX JBYX PELICHUAX 3ajaud HOJY-
YHJIOCh PAa3HBIM, NMO3TOMY pasHeiM 6yaer u yroa o. OpHako
npejejbHoe 3HadeHue o npu m<KM B ofoMX ciayuasx Onu-
HAaKOBO, U MbI OIISITh HE MOXKEM
OTJATb IpEeANoUTEHHE OXHOMY
H3 OTBETOB.

Tak kako#i Ke orBer Bce-
TaKH MpaBu/bHLIE? UTo6H pa-
306paTteCs B 3TOM, NPHIETCS
BHHUMATeJbHO [POAHANH3HPO- A\

BaTb yCJOBUA IIPUMEHUMOCTH

TeX JONYIIeHUH, KOTopbie Oblii Puc. 23.3. K Bbluuciaenuio yraa
CHeNaHbl NPHU PElleHHH 3aJa4H. HAKJIOHA rpaHH KiHHa
IList 370T0 HEOGXOAUMO TOPA3H0

r1y0:e BHHKHYTb B MEXaHH3M HEPTETHUECKHX NpeBpauleHHi
IpH YOPYTHX cToJKHOBeHuAX. [103TOMY cHaua/a B HEeCKOALKHX
Crefyiomux 3azayax OyAyT paccMOTpeHbl Gojee  [pocThie
NPUMEpHI, a 3aTeM Mbl BepHeMCA K NO0CTABJIEHHOMY BONPOCY. &

24. lantennnocTs ypapa. OUeHMTh BpeMa YOPyroro yaapa
TBEPABLIX TeJ, paccMaTpPHBasi CTOJKHOBEHME CTEPXHs, Ha/leTa-
IOIEr0 TOPLOM HA HENOABHKHYIO HeAeOPMHPYEMYIO CTEHKY
(puc. 24.1).

U

—_—

Puc. 24.1. CroJIKHOBeHHE CTEPIKHS CO
CTEeHKOH

A B npexbiayimed 3ajgadye Mbl CYHTAJNH, YTO YOPYLHA yiaap
TBEPABIX Tes NPOUCXOAHT MrHoseHHO. Ho cosepiuenno ouesup-
HO, YTO 3TO TPeAnoJoXKeHHe aBagercs uieanusauuesi. Cronk-
HOBEHHE peasibHBIX Tesl BCErja 3aHHMAET KOHEUHBIH NPOMexKy-
TOK BpeMeHH T. B camom jene, eciu Obl H3MeHEHHE MMIYJbCA
TeJla OPH CTOJIKHOBEHHH IIPOMCXOJHJ/IO MTHOBEHHO, TO cuJa
B3aHMOICHCTBUS TeJl NpH yAape Gblia Obl GeCKOHeYHO 60JbIION,
yero, ecTecTBeHHO, He ObiBaeT. OT yero ke MOMXET 3aBHCETb
IJIUTEILHOCTD CTOIKHOBEHHS? JlonycTuM, 4TO MBI paccMarpu-
BaeM OTpa){eHHe YIPYToro Teja OT HeAePOPMUPYEMOH CTEHKH.
[1pu cronkHOBenHH KHHETHYeCKasd SHEPTHs TeJa B TeUeHHe nep-
BOH MOJOBHHBI CTOJNKHOBEHHsI NpPEBpAILAeTCs B IIOTEHIHA/b-
Hyi0 3uepruio ynpyroii nedopmauun tena. B Teyenue Bropo#
NOJMOBHHBI NPOHCXOAUT 00paTHOE NpeBpallieHHe SHEepruy Je-
dopMalHy B KHHETHUECKYIO JHEPrHl0 OTCKaKHBAIOILEro TeJa.
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[TosToMy OUEBHAHO, YTO yNpyrHe CBOHCTBA TeJa MrpalT onpe-
AeNeHHYIO POJIb IPH CTOJAKHOBEHHH.

Htak, MOXHO OXHAATL, YTO AJIHTENLHOCTb YAAPa 3ABHCHT
or mopyaa IOuHra marepuana Ttefa £, €ro MIOTHOCTH P H €ro
reoMeTpHUYECKHX pasMepoB. BO3MOXHO, UTO AMHTENLHOCTE YAA-
pa T 3aBHCHT M OT CKOPOCTH U, C KOTOPOH TeJO HajeTaer Ha
nperpaay.

HerpyaHo y6epuTbes, 4TO OLEHATH BPeMsSi CTOJNKHOBEHHUS C
NOMOLIBIO OJHHX TOJIbKO CoOBpaxeHH# pasMepHOCTH HE yAacT-
cs. JleficTBHTEABHO, €CIH JlaXKe B3ATb B KAYECTBE HAJNETalOLLero
TeJsa ap, pasMepbl KOTOPOro XapakKTepH3YIOTCH TOJAbKO OfHHM
napamerpoM — pajuycoMm R, TO U3 BeauuuH £, p, R H U MOXK-
10 COCTABUTE GecuHC/IeHHOe MHOMXKEeCTBO BhIpaKeHHH, HMEIoUHX
pa3MEPHOCTb BpeMEHH:

_ o s
rae f— npousBoabHas (YHKUMS Ge3pasMepHOH BeJHYHHEL
pv?/E. TIoToMy A151 HAXOXKAEHHA T HEOOXOAUMO AUHAMUYECKOE
paccmorpenne. [lpome BCero Takoe paccMOTpeHHE IPOBECTH
AJid T€J1a, HMEIINEro Q)OpMy JAJMHHHOTO CTEP2KHA.

ey
T
a | T, fos }
Hith
-t
1
s I ‘L‘}ﬂ»k Puc. 24.2. PacnpocTpaHenne BOJXHB ynpy-
nnl roit Jepopmauuu B CTepiKHE NPH YAape o
creHKy. PPOHT BOHB LeOPMALHH IBIKETCA
ul,w CO CKOPOCTHIO 3BYKa U
6 U U=
i} 2
l——u-—-—-—> 7
;
14 u 420 ;

Iyctb crepaxenb, ABHXKYIMHACA €O CKOPOCTBIO U, HajeTaer
TOPUOM Ha HENOABHXHYIO cTeHKY. Ilpu cCOnpHKOocHOBeHHH
TOPLEBOTO CEYEHHSI CTEPXKHA CO CTEHKOH CKOPOCTH JIeXKamuX
B 3TOM CEYEHMM YacCTHI CTEPXKH# MIHOBEHHO o6palalTcs B
Hyab. B crenyiomuil MOMEHT BpeMeHM OCTaHABJAMBAIOTCS Yac-
THMLbI, PAaCloJOKEHHbIE B COCEAHEM CEYEHHM, H T. Jl. YYacToK
CTEpPKHSA, YaCTHIbI KOTOPOro K JAHHOMY MOMEHTY VXK€ ocTa-
HOBRJINCb, HAaXOAWTCA B JedopMBpoBanHoM cocrosinuu, Ipy-
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"UME CJIOBAMH, B 3TOT MOMEHT BPeMeHH JedopMHPOBAHHOI OKa-
35IBAGTCS TA YaCTh CTEPKHA, 0 KOTOPOH JOLULIA BOIHA YIIPYroi
achopMally, paclnpocTpaHAIoWasacad MO CTEPKHIO OT MeCTa
KOHTAKTa C Iperpajodl. Jta BoaHa JAedopMalHH pacnpocTpa-
HAETCSH MO CTepiKHIO CO CKOPOCTBIO 3BYKa u. Ecan cunrats, uto
CTEPKEHb MpHlIeJ B CONPHKOCHOBEHHE CO CTEHKOH B MOMEHT
ppemenn (=0, ToO B MOMEHT BpeMeHH ! J/HHA CXKAaToOH 4YacTH
CTep:KHs paBHA uf. JTa YacTb CTep:XHA Ha puc. 24.2a samTpu-
XoBaHa. B He3alITpHUXOBAHHOM YaCTH CTEP)KHS CKOPOCTH BCEX
ero 4acTHI TIO-NPeKHeMY PaBHBL U, a B C2KaToll (3aIUTpUXOBall-
110i1) YacTH CTEPXKHS BCE YACTHLBI NTOKOATCS.

IlepBr1il 3Tan nporecca CTONKHOBEHHS CTEPIKHS CO CTEHKO#
3AKOHYHTCS B TOT MOMEHT, KOIAd BECh CTep:KeHb OKAKeTCs Jie-
(OPMHPOBAHHBIM, & CKOPOCTH BCeX €ro 4acTHIL o6paTsaTca B
nyae (puc. 24.26). B 3ToT MOMEHT KHHeTHYEeCKasl SHepPTHa Haje-
TAWOIIETO CTEPXKHA LEJHUKOM MpPEBpalllaeTcsi B NOTERIHAAbHYIO
aHepruto ynpyroii aepopmainun. Cpasy mnoc/ie 3TOro HauuHa-
erc BTOPOI 5Tal CTOJNKHOBEHHs, NPH KOTOPOM CTepXkeHb BO3-
Bpauiaercss B Hele)OPMHPOBAHHOE COCTOsIHME., JTOT Ipoliece
HaYHHAeTcs! y cBOGOAHOro KOHUA CTEPKHS H, PACIPOCTPAHASICH
MO CTEPIKHIO CO CKOPOCTBIO 3BYKa, NOCTeNEeHHO Npub/iKaercs
k nperpaxe. Ha puc. 24.2¢ crep:keHb NOKaszaH B TOT MOMEHT,
KOrja He3alTPUXOBAaHHAS YacTb Yxe He JepOpMHPOBaHA W
BCE ee YacTHIbI MMEIOT CKOPOCTh U, HAlIpaBJEHHYIO BJAEBO. 34-
WITPHXOBAHHBEIA Y9acTOK TO-NIpexHeMy jiehOpMHPOBAH, U CKO-
POCTH BCEX €0 YacTHIL paBHBI HYJIO.

Komel Broporo aTana CTOJKHOBEHHS HACTYIUT B TOT MOMEHT,
KOrjJa Bech CTePKeHb OKAMKeTcsl HenepOPMUPOBAHHEIM, 4 Bee
YacTHLB CTEPXKHA NPHOOPETYT CKOPOCTh ¥, HaNPaBACHHYO
1IPOTHBONOJIOKHO CKOPOCTH CTEPKHA 10 yiaapa. B sToT moment
npasbiil KOHE! CTEPMXKHA OTIedAeTcsa OT Iperpaibl: Hepedopmiu-
POBAHHBL1 CTEpKeHb OTCKAKHBAET OT CTEHKH M ABHIKETCA B NPO-
TUBOIOJIOKHYIO CTOPOHY C INpexHeHd MO MOLY/I0 CKOPOCTLIO
(puc. 24.22). Dueprua ynpyrof AepopmauHH CTePKHA OpH
5TOM LEJIHKOM NEPEXCAUT 00paTHO B KHHETHYECKYIO SHEepPrHiO.

M3 u3n10KeHHOro fCHO, 4TO JAJHMTENLHOCTb CTOJIKHOBEHHA T
paBHa BpeMeHH NPOXOxAeHHA (poHTa BOMHLI yupyrofl pedop-
MalUH [0 CTepPAKHIO TyJa U o0paTHO:

=2y, @)

rae | — AJuHA CTepXKHA.

OnpenesquTh CKOPOCTH 3BYKa B CTEPHHE U MOMHO C/ICAYIO-
M obpasom. PaccMoTpuM cTepMeHb B MOMEHT BpeMeHH ¢
(puc. 24.2a), korja Bosna JeopMauHu pacnpocTpaHsercs BJe-
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Bo. Jlnuna pedopMHPOBaHHON YacTH CTEPIKHA B STOT MOMEHT
paena ut. Ilo otHowenmo Kk HeleOpPMHPOBAHAOMY COCTOSIHHIO
3Ta YacTh YKOPOTHJACh HA BEJHYHHY Uf, PABHYIO PACCTOAHUIO,
NpoNIeHHOMY K 3TOMY MOMEHTY eile HeaehopMHPOBaHHOH
yacThio cTepxkHs. [TosToMy OTHOCHTeNbHAs JedopManus 3TOH
uacTH cTepxHs pasna v/u. Ha ocnoBanuu sakona I'yka

v 1 F 3)
u E S
rae S — nJoiajib NONEPeYHOro ceueHusl CTepxKHs, [ — cuaa,
JeHCTBYlomasi Ha CTepiKeHL CO CTOPOHBI CTeHKU, £ — MOAYJb
IOnra. IockoabKy oTHOCHTeAbHAs aedopMauus v/u OfUHAKOBA
BO BCE MOMEHTHI BpEMEHH, NOKA CTepkKeHb HAXOAUTCS B KOHTAK-
Te ¢ nperpajiol, To, KaK BHAHO H3 QopMyasl (3), cuaa F no-
crosiiHa, JIs HaXxoxAeHUs 3TOH CHMJBI NIPUMEHHMM 3aKOH CO-
XpaHeHHsi MMMY/bCa K OCTAHOBHBILEHCS yacTH cTepxuda. o
KOHTAKTa C NPerpajoi paccMarpHBaeMast 4acTh CTEPXKHs HMeaa
umnyJasc pSul-v, a B MOMEHT Bpe-

' l MeHH [ ee HMIyJbC paBeH Nyao.
Z IosTomy
o> v, 0 pSut-v=Ft, )
471 Z IMoxcrasnsa orciona cuny F B Qop-
e 2 Myay (3), nonyyaem
i T 22 —
AR T u=VEp. )
: Tenepb BbipazKeline 151 BPEMEHH T

Pue. 24.3. Jebopmanus  CTOJKHOBEHHA CTeDHHS €O CTEHKOH
CTEPMHA  NpU ynape o (2) npHHHMaeT BHJ

CTEHKY —
v=21V p/E. (6)

Bpems CTOJKHOBEHHsI T MOXKHC HalTH H MHaye, BOCIOJb30-
BABILHCH AJ1S1 3TOTO 3aKOHOM coxpanenns sHeprun. [lepen croa-
KHOBEHHEM CTepXKeHb HelehopMHPOBAH H BCS €r0 SHeprus —
3TC KHHETHYeCcKast SHEPTHs MOCTYNATebHOr0 ABMKEHUSA Mmu?/2,
Cnyctsa BpeMsi T/2 ¢ Hauaja CTOJKHOBEHHS CKOPOCTH BCEX €r0
UaCTHILL, KaK Mbl BUAE/H, 00PaIlaloTCcs B HYJb, @ BECh CTePXKEeHD
oxasblBaeTcs jlepopMupoBanubM (puc. 24.26). IlinHa crepxus
yMeHblIMJach Ha BeandnHy Al no cpaBreHHIO ¢ ero Hejedop-
MUPOBAHHBIM coCTOAHHeM (puc. 24.3). B sToT MOMeHT Bes aHep-
B CTEPIKHA — 3TO 3Heprus ero ynpyroi jpedopmaunu. 3ty
31EePrHic MOXKHO 3anucarb B Buge k(Al)¥2, rpe k — xosddu-
HMEHT NPONCPUMOHAABHOCTH MEXAY CHJACH H JedopManHen:

~

F=kAl, JroT KO3dhULKEHT ¢ NoMOLLbIO 3aKoHa ['yKa BEpaxka-
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eTcs uepes Moayab I0nra £ u pasmepnl crepxus:
k=ES/I. (7

Maxkcyumanbnan pedopmauuss Al paBHa TOMY PacCTosHHIO, Ha
KOTOPOE INepeMeIaloTCs1 YaCTHHBl JIEBOTO KOHNA CTEePXKHA 3a
Bpemsi /2 (puc. 24.3). Tak Kak 3TH 4acTHLBI ABUraJHCh €O
CKOPOCTBIO U, TO

Al=v1/2, (8)

IlpupaBHiBaeM KMHETHYECKYIO SHEPTHIO CTEPKHSA JIO yaapa
¥ TIOTEHUHAJbHYIO 3HEPruio neopMaliu. YUHTBIBAS, UTO Mac-
ca crepxua m=pSI, n ucnoab3ys cootHowenus (7) u (8),
N0JYyYaeM

et ES ()
2 T2 2/
OTKyJa A1 T CHOBa noJayyaeMm dopmyay (6). 310 Bpems cTonk-
HOBEeHHA oOfBMHO odeHb Mano. Hanpumep, s crajbHoro
crepxkus (E=2-101 [la, p=7,8-10% kr/m®) aauncit 28 cm
BeigHcaeHne no gopmyae (6) paer t=1074 c.

Cuay F, IeiCTBYIOILYIO Ha CTEHKY BO BpeMsl ylapa, MOXKHO
Ha#TH, NOJCTABJAA CKOPOCTb 3BYKA B CTepxkKue (5) B dopmy-
ay (4):

F=Sv)/ pE. %)

BujaHo, 4T0 cHaa, RefiCTBYIOIAA Ha CTERKY, NPONOpLUHORAJbHA
CKOpOCTH CTepXKHA nepex yaapoM. Ho nis npuMeHRUMOCTH Npy-
BEJIGHHOrO0 pelleHus Heo0XOoZuMo, 4YTOGbl MeXaHHYeCKOe Ha-
npsmeHne cTepxkHs [/S He npeBocxoanso npejena ynpyrocri
MaTepuana, H3 KOTOPOrO H3rOTOBJIEH cTepxeHb. Hanpumep,
AJsl CTaly Ipesies ynpyTOCTH

(F/S)ax = 4-10% Ia.

[TosToMy MaKcHManbHasi CKCPOCTh U CTAALHOTO CTEPXKHS, HpH
KOTOpPOH €ro coyjapenue ¢ Nperpajoi Bce elle MOXKHO CYUTAThb
yIIpyTHM, OKa3blBaeTcs corsacHo dopmyae (9) pasnoir 10 m/c.
=T0 CCOTBETCTBYET CKOPOCTH CBOGOAHOrO NajeHUs Teja C BhI-
COTBI ECEro JHIb 5 M. ¥YKaxkeM 1JIs1 CpaBHEHHsI, YTO CKOpOCTb
aByKa B ¢ranu u=>5000 mM/c, T. e. v<ku.

BpeMsi CTOIKHOBEHHS CTEP:KHSA C HENOIBHKHOH Hperpanoi
(B OT/IHYHE OT CHJBI) OKAa3ajoch HE 3aBHCALLHM OT CKOPOCTH
cTepxHsi. JTOT pe3yJabTar, OAHAKO, HE SIBJSETCS YHUBEpCa/lb-
HbiM, a CBSI3aH €O crnenuduyecKoi QOpMOIl paccMaTpHBaEMOro
tena. Hanpumep, 11a ynpyroro wiapa BpeMs CTOJIKHOBEHHs €O
CTEHKO!l 3aBUCHT OT €To CKOpocTH. JlMHaMHYECKOE paccmorpe-
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HUE 3TOro cJjaydas okaswiaercsi OoJiee ciaoxHbiM. CBsI3aHo 3To
¢ TeM, YTO W IVIOUIAJib CONPHUKOCHOBEHHA Hed)OpPMHPOBAHHOIO
wapa €o CTeHKOH, H JeficTBylOWast Ha WIap CHUJla B npouecce
CTOJNKHOBEHHUSI HE OCTalOTCA MOCTOSHHLIMH. A

25. CTONKHOBEHHE ABYX crepxHeil. Pemlenue npeauinymieif
3a7a4d MOXKHO HCNOJAb30BATL H J/ HaXOKAEHHs HNIHUTe/b-
HOCTH [MDOZO/BHOTO COYAAPEHUA JBYX OJMHAKOBBIX yNpyrux
CTepKHeil.

A PaccmotpuM, HanpuMep, caydad, Korja ;uanx(yuumc;{ co
CKOPOCTLIO U CTEPXKEHb HaJleTaeT Ha HeMOABHKHBIA. B cucreme

cyeT e He[oIBHIKEell
/2 )2 orcyera, T )i}

l—» - LEHTP MacC CHCTEMBI CTepPIHK-
l i I l Hell, OHH ABHXKYTCST HABCTpe-

4y JpYr APYry ¢ OJHUHAKO-
Puc. 25.1. CroakHosenue .asyx ~BPIMH HO MOIYJIO CKOpOCTS-
ONMHAKOBLIX cTepxHeit B cucteme MH 0/2 (puc. 25.1). Tlpm
OTCYEeTa, CBA32HHON C LEHTPOM MacC  CTOJKHOBEHHH OOIIHH LEeHTp

Mace CTep:HeH HAXOQuTCH B
TOM CEYEHHH, TAE OHH ColpHKacaTcs. Tak Kak 3TOT LEeHTp
MacC HENOABHXKEH, TO AJAA KaXAOro CTePXKHS I[POLECC CTOJK-
HOBEHHA NPOHCXOJHT TOYHO TaK Ke, KaK U IIPH YyJape O He-
NOABHKHYIO CTeHKY. KapTuhy pacnpocTpaHeHHsA BOJH yIpy-
roft fepopMalHd B CTEPKHSX M PACIPOCTPAHEHHS CKOpOCTed
YACTHL, CTEDXKHEH B pa3Hble MOMEHTHl BPEMEHHM MOXKHO MOJy-
4YuTb, €CJAM NPHDPHCOBATb K puc. 24.2 npejpyiyniell 3amaun
NpaBylo YacThb, ABASIOULYIOCA €ro 3epPKajJbHLIM OTpakKeHHeM B
IJIOCKOCTH CTeHKH. DTo MOoKasaHo Ha puc. 25.2. BuaHo, urto
noc/ie CTONKHOBEHHs1 B CHCTeMe LEHTPAa Macc CTEPXKHH OYAYT
JABUrATbC B NIPOTHBONO.IOKHBIX HANPABAEHUSX C OAHHAKOBLI-
MH [0 MOIYJIO CKOPOCTAMH 0/2, mpuueM gepopMauud B HUX
OynyT OTCYTCTBOBATD.

Js Toro 9To0sl MONAYUHTL 3TY XKe KapTHHY B ﬂa6oparopuou
cHcTeMe 0TCYeTa, HeoBXOAMMO K CKOPOCTAM BCEX YacTHIl IPH-
GaBUTH CKOPOCTH LEHTpa Macc v/2. B pesysbrare pis Tex e
MOMEHTOB BpeMEeHH, YTO M Ha pHc. 25.2, monyvaercst KapTuta,
n3obpaxenHas Ha puc. 25.3. Kax u B ciyyae MrHOBEHHOrO yja-
pa, HAMETAIOIHI CTePXKEeHb OCTAHABANBAETCH, 4 HENOJBHKHbI
IO yAapa cTepxeHb NPHXOAUT B ABHKEHHE CO CKOPOCTBIO U.

Hecko/bKo clioxkHee OOCTOMT [eJI0 B CJydae NpoaoabHOro
coylapeHus ABYX CTepxHeH pasHOH JHHBI. K MomeHTy oTcKo-
Ka MOJIHOCTbI0 H30aBHTHCA OT JehopMaLHH YCIeeT ToJbKO GOo-
Jiee KOpDOTKHMH cTepKeHb. TaK Kak BTOpOil crepKeHb HayHeT
cBo0OAHOE ABHMAKEHHE [IOC/IE OTCKOKA elile YaCTHYHO AedopMH-
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POBaHHBIM, TO AaJbllie B HeM GYAYT NPOHCXOXHTH NPOJONbHEIE
ynpyrue Kose6anus. YacTh MEXaHHUECKOH SHEPTHU CHCTEMEI
OKarKeTCs CBSI3aHHOH ¢ 3THMH KoseGaHusiMu. BeaeacTsue BHYT-
pEHHEro TPeHHs Ko/ieGaHus NOCTENEHHO 3aTYXHYT, U B Pe3yJib-
TaTe MOJHAA MeXaHuyecKasi SHEpPrHsl CTEPXKHEH mnocje ynrapa
OKaxKeTcss MeHbe, ueM Jo yjaapa. A MexXay Tem yaap Obin
abcoJlloTHO yNpyTaM!

PaccMOTpHM Tenephb COyJapeHHE CTepXKHeH PasHOH JIMHEI
Gousee noapo6uo. Ilycts, Hanpumep, CTepAKIH U3rOTOBEHB! U3

§
1

| [ L =0
1
R A umn ez R 22
74 1]

[N 2==:= MR

iz ezl o7z A il vzl el
| '
| ]
i
L=z il 2z | v=0 || —>0 ]
}
Puc. 25.2. Pacnpoctpanenue Puc. 25.3. To xe B maGoparop-
poad ynpyrofi jaepopMauuu H HOI CHCTEeMe orcueia

pacnpejiesede CKOpocTeR uwac-

TUIl TPU CTOAKHOBEHMH OAMHA-

KOBLIX CTEpIKHell B cCHCTeMe LenT-
pa Macc

OJ{HOTO M TOTO XKe MaTepHaJ/a H HMEIOT OAHHAKOBOE NonepeyHoe
ceueHHe, HO OfMH M3 HUX BJBOE JJHHHEE PYroro.

Hpoueucc COyZAapeHHs 3THX CTepxneii ynobno paccmarpn-
BaTh B TOfl CHCTeME 0TCUeTa, FI€ OHH ABHKYTCS C OJHHAKOBBIMH
[0 MOAYJIO CKOPOCTSIMH HaBCTpeuy Apyr Apyry (puc. 25.4).

7] 14
————- e
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Puc, 25.4. CTONKHOBeHHE cTepxnel pa3HoH JJIHHB

HerpyaHo coo6pasiTh, YTO HaualbHas CTajus CTOJKHOBEHH:
U B 9TOM cayyae 6YAET NPOUCXOJNTh TOYHO TaK XK€, KaK H pH
COY/apeHHH OpMHAKOBHX crepxuedl (puc. 25.5a). Jeiictsu-
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TeJIbHO, B MOMEHT CONPHKOCHOBEHHS TODLOB CTEPXKHEl B KaxK-
oM U3 HHX HayMHAeT pachpocTpaHATbCA BOJAHA YNPYro# je-
dopmauut. Te TOUKH cTepikHeH, JO KOTODHIX (PPOHT BOJHBL
IedbopManyy emie He J0LIes, HUYeTrO «HE 3HAIOT» O TOM, 4TO yXKe
HayajJoch CTOJIKHOBEHHE, H NPOJO/IKAIOT JABUIaThCs TaK ke,
KaK M J0 Hayaja croikHoBeHus. [losTomy pasnuuue B pamHax
CTEPiKHEH HAaYHeT NPOSAB/ATHCHA TOJIBKO TOrja, KOrJa BOJHA
CXKATHSI JIOCTHTHET KOHL& KODOTKOro crepKHa (puc. 26.56).
B anunHOM CcTepiKne BOJMHA CKaTHA ycneeT JOHTH NPH 3TOM
TOJIBKO [0 €ro CepeinHHI.

Hauyunas ¢ sToro momenta, NpOHECCHl B CTEPKHAX OyAyT
pas/iuuatbesi. Tak Kak NPU PaclpoCTPAHEHHH YIPYPHX BOJH
B3aUMOJIEHCTBYIOT MEXJAY COOOH TOJBKO COCEJHHE y4acTKii
cpefbl, TO B JJTHHHOM CTepXKHE BOJIHA CXKATHS H Jagbiuie Oyjer
NPOAOJIKATh PACIPOCTPAHATLCA B TOM K€ HalpaB/eHUH, a
KOPOTKHMH CTepKeHb HayuHaeT BO3BpallaTeCA B HeledopMHPO-
BaHHoe cocrosinue (puc. 25.58). I10T mpouecc HauumHaerlcd y
CBOGOAHOrO (/IeBOro) KOHUA KOPOTKOIO CTePXHS H NOCTENEHHO
npubaHKaeTcs K MecTy KOHTaKTa cTepxkHeH. Bce wactuub B
ocsoGoauBnIeMcst OT AepopMallH yyacTKe KOPOTKOI'O CTePKHHA
ABMIKYTCST HA/JEeBO C OJHHAKOBOH CKOPOCTDIO U.

B ToT MOMeHT, KOT[a BOJIHA CXKATHA JOCTUTAET CBOGOAHOIO
(npaBoro) KOHIA JAJAWHHOrO CTEPXKHA, KOPOTKHUH crepiKeHb
OKA3bIBaeTCsl NOJMHOCTBIO HerepopMUPOBaHHLIM (pHC. 25.5¢),
[TIpn 3TOM CKOpPOCTH BCeX TOYEeK IJIMHHOIO CTEDXKHS DPABHBL
HYJI0, @ CKOPOCTH BCEX TOYEK KODOTKOI'O CTEPXKHfA pPAaBHbL ¥
# Hanpap/ieHb! BJIEBO. B 3TOT MOMEHT Bce YIIpyrue Nnpoiecch B
KOPOTKOM CTepXKHe 3aKaHYMBAIOTCs, 8 B JJIHHHOM HAUHHAeTCH
{ipollecc BO3BpalleHUs B HEALHOPMHPOBAHHOE COCTOsIHIE, DTOT
rpciece pasBHBaercsl ¢ 00OHX KOHLOB CTEPXHS, TaK KaK B3a-
UMOJeCTBHE MEKIY AJHHHBIM CTeDXKHEM H KOPOTKHM, OCBO-
GoauBIINMCS OT JedhopMaluH, OTCyTCTBYeT. HacTHUb ANMHHOIO
CTEPKHA B OCBOOOXKAAIOWUXCA OT AedopMaulyn yyacTKax BOJIH-
31 €r0 KpPaeB HMeIT CKOPOCTH U, HallpaBJeHHbe TaK, KaK oKa-
3aHO Ha puc. 25.5,0. CrepxHU Bee €lle HAXOAATCS B KOHTAKTe,
HO y2Ke He JeACTBYIOT Apyr Ha apyra. CuJsl B3auMOAEHCTBUS
MEXK Y CTEPKHAMH OTCYTCTBYIOT, IOTOMY YTO COMPUKACAIOLLHE-
€l YYacTKH cTepxKHeH yxKe He JedhOpMUDOBaHBI, HO CTEPHKHU
elle He PazbejHHSIOTCA, TaK KaK 3TH HX YHACTKH HMEIT Ofi-
HaKOBHIE cKopocTH. Hpyrumu c/oBaMmu, coylapeHHe CTepiK-
Hell Ha 3TOM 3aKaH4uBaeTcs, XOTS1 OHH ellle HEKOTOpoe Bpems
GyAayT CONpHKAacarses.

Takum obpasoM, IJUTENBHOCTb B3aHMOAEHCTBUA CTEpIHel
{Ipd CTOJNKHOBeHHH paBHa 2//u, rge | — fNUHA KOPOTKOrO
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cTepxHsl, @ U — cKopocTh 3BYKa. Herpyano waiitu n Bpewms,
B TeYeHHe KOTOPOTo CTepKHH CONPHKAcaloTCs APYr C APYroM.
Ii1s 3TOro paccMOTPHM JaibHEHUINE NPOUECCHl, MPOUCXOAfA-
liMe B AJMHHOM CTEpXKHe.
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Puc. 25.5. Pacnpoctpanenue Bosin ynpyrofi leQopMauln 0 pacnpejieie-

JiHE CKOpOCTEli uacTHU [pH CTONKHOBEHKH CTepKHedd pasHoOl AJMuH.

CrkaTHe cTepiHell NMOK43aHO BEPTHKANLHBIMH INTPHXAMH, & pacriaxe-

1€ — FOPH3OHTANLHBIMH. VlaMeHenne ANHHEL cTepaHell Npu UX aedpop-
Malli{ He IOKa3aHo

B ToT MOMEHT, Korja AJIHHHBIA CTep)KeHb HOJHOCTBIO OC-
BOGCAHTCS OT fepopMaliiiH, CKOPOCTH BCEX ero 4acTHI c/ieBa of
cepeIHBl CTEP2KHA OYIYT HalpABJIEHB! BJEBC, @ CKOPOCTH BCEX
YaCTHL NpaBoil MOJOBHHBI CTEPIKHAA — BIPaBO (pHC. 25.5¢).
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[TosromMy B ofe CTOPOHBL OT cepefliHbl CTEPXKHS HAYHET paclpo-
cTpaHATBCA BOJHA pacTsixkenus (puc. 25.5x¢). B pacrauyrtoit
YacTH CTEPHKHS, KOTOpas Ha 9TOM PHCYHKe 3alITPHXOBAaHa, CKO-
POCTH YaCTHIL CTEPXKHS pPAapHbl HYJIO, a BHE ITOH YacTH Io-
TIPEXKHEMY PAaBHBI U,

Korza BosiHa pacTsKeHusl JOCTHIHET KOHIOB CTepXKHf,
CKOpOCTH BCeX €ro yacTuiy obpaTsarcsi B Hyab (puc. 25.53).
C 3Toro MOMEHTa KOpPOTKHI CTepkeHb NepecTaHeT Kacarbcs
JIEBOTO KOHIA JUIMHHOTO cTepxkHst. TakuM o0pa3oM, ¢ MOMeHTA
npekpalleHus B3aHMOJEHCTBHA CTepxkHEH 10 HX pasjefeHus
MPOXOANT eule BpeMmsi, paBroe 2[/u. TTo3ToMy moauoe BpeMst
npeGblBaHUsl CTepXKHE B KOHTaKkTe pasHo 4//u.

Hanpnie pactAHYTHIA AJIUHHBIA CTep:KeHb ONATL HauHHaeT
ocsoBoxaarbest oT gedopMaumu (puc. 25.54), u T. a. Takue
yepenyIoWHecs BOJNHBI CKATHS U pacTsX»eHHs MOXKHO paccMmar-
pHBaTH KaK NPOJOJbHBEIE KoJeGaHHsl CTEPIKHS, NMPH KOTOPLIX
B BLIOpaHHOH CHCTeme OTCYeTa ero cepeiHHa CTOHT Ha mecte. [lo
CTOJIKHOBEHHSA CTePKHH 001a7a/MH TOJNbKO KHHETHYECKOHR 3Hep-
ruefl mocrynarejbHoro jABHKeHHdA. [locse CTONKHOBEHHS KH-
HETHYECKas SHEPrHsi KOPOTKOTO CTEpXKHS Takasl e, KaK H Jio
CTOIKHOBEHHUS], TaK KaK M3MEHW/IOCh TOABKO HampasJieHue
CKOpPOCTH cTepxHA, KuHeTHueckas >Heprusi MOCTYNareJqbHOro
IBHXEHHS JIHHHOTO CTEPXKHA [ocje CTONKHOBEHHS paBHa
HYJO, TaK KAaK OH KaK IeJ0€ MOKOHTCS, D10 3HAYHT, 4TO
SHepris BOSHHKUINX B CTEpxKHE KoneGauuii paBHa ero nepso-
HAYyaJbHOH KHHETHYECKOH HHEpPrHH.

_Takum o6pasom, MoJeL abCoMOTHO ynpyroro yiapa mare-
pHANBHLIX TOYEK, B KOTOPOH MPHHHMAETCH, YTO KMHETHUECKAs
SHepPrus CTAJKUBAMOLULHXCS TeJl COXPAHAETCS, OKAa3bIBAeTCs
COBEpIICHHO HENPUMEHHMOH B CJydyae CTOJKHOBEHHs! YIPYTHX
cTepxHEH pasHol uauHbl. B caMoMm pese, paccmaTpHBas CTEPX-
HU KaK MaTepuasbHble TOYKH C MaccaMH 1 U 2m U NPUMEHSIH K
UX CTOIKHOBEHHIO 3aKOHBI COXPAHEHHS SHEPTHH H HMITyJbca,
MBI NOJAYYHJIH OBI, YTO TOYKA MACCHI #11 [IOCJIE CTOJNKHOBEH ST IBU-~
ranach 6bl Haa1€BO CO CKOPOCThIO 50/3, a TOYKa Macchl 2 —
HAlPaBO CO CKOPOCTHIO v/3. A

26. CronkHoBeHue Tpex cTepkHed. Pasofpawnuniii npumep
CTO/IKHOBEHHS JBYX CTEPMKHEH, OAHH U3 KOTOPHIX BABOS JJIHK-
Hee JpYroro, I[03BOJIAET JIEFKO BHIACHUTb, KAaK MNPOUCXOAHT
CTOJIKHOBEHHE TPeX OAUHAKOBBIX CTEpKHell.

A Bynem c4HTaTh, 4TO AJIHHHBIN CTEPIKEHb B OpeiplayLieM
npumepe Ha CaMOM JieJie COCTABJIEH U3 IBYX OLUHAKOBBIX KOPOT-
kux crepxHedl (2 u 3 Ha puc. 26.1). OrMerum npexie BCero,
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YTO JO TeX MOp MOKAa B JJHHHOM CTepXHE DacnpocTpaHsercs
TOJILKO BOJHA cxkatus (puc. 25.5a — e npeapiayniero npu-
Mepa) TOT GakKT, YTO OH COCTOHT H3 JABYX OTAENbHBIX KYCKOB,
He Mrpaer HUKAaKOH pPonH B NPOHCXOASIIMX Npoueccax.
SlcHo, 4TO B3amMozieHcTBHE cTepXKHell 2 M 3 HaumHaeTcs
B TOT MOMEHT, KOTJa BOJHA CXKaTUfA, PacnpoCTPaHANCh Mo
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Puc. 26.1. CroJKnoBeHie TpeX ONMHAKOBHIX CTepxiuel

cTepIHI0 2, JOCTHraeT €ro rpaHHuUbl Co CTepXKHeM J. D10 npo-
MCXOAMT CHYCTA NPOMEXKYTOK BpemeHu [/u mocie nawasna
CTOJIKHOBeHUSA cTepxHed I u 2. CnycTd elle NPOMERYTOK
BpeMenu l/u B3anMojieficTBHe crepaHell [ W 2 mpekpaiaercs,
a crepxHell 2 v 3 — npojosKaeTcs. PacCMOTPHM TOT MOMEHT,
KOTJia JAJIHHHEBIH CTepIKEeHb, OCBOOOMKAAACh OT CKATUA, OKa3bi-
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Puc. 26.2. Pacnpepejedne CKOpPOCTeH 4acTHI[ CTEpXKHeldl nocjae Toro,
KaK CTEPXHH OCBOGOAM/IUCHL OT AedopManun

Baerca Helie(pOPMHPOBAHHEIM. ITOMY MOMEHTY COOTBETCTBYET
puc. 25.5¢ npenpinyniero npuMepa. B sToT MOMeHT ckopocTH
BCEX YACTHL[ CTEPXKHs 2 HATpaBJeHH BJEBO, a CTEPXKHA 3 —
BnpaBo (pHc. 26.2a). Tak KaK 5TH CTEPXKHH HE COCJHHEHH! JAPYT
¢ JIpyroM, TO HHKAKOH BOJIHbl PAaCTSIKEHHS, DPa3yMeercs,
HE BO3HHKAET: CTepKHH 2 ¥ 3 NPOCTO yAAAAI0TCA APYT OT ApY-
ra. Ilpu atom crepxuu I 1 2 ocTalotest B KOHTAKTE APYT C Apy-
I'OM, TaK KaK ABHXYTCS C OJHHAKOBBIMH CKOPOCTAMH HaJeBo
(puc. 26.26). Paspenenne crepxuedl 2 1 3 NPOMCXOAUT CNyCTH
NPOMEXYTOK BpeMeHd 2//u nocie Hayana X B3aHMOJEHCTBUS,
T, €. CnycTd BpeMma {/u nocje NpekpauleHHs B3aHMOJEHCTBHSA
crepxuel I u 2.

W3 cpasuenua puc. 26.1 u 26.26 BuAHO, U4TO pe3yJbTar
CTOJKHOBEHHA CBOAMTCA K TOMY, YTO KpafiHue ctepxHd I U 3
H3MEHHAY - HAPaBAeHNA CBOHX CKOpPOCTEH HAa NPOTHBONOJOXK-
HbIE, 8 CKOPOCTh CPEAHEro cTepkua 2 ocTanach 0e3 u3MEHsHUs.
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Kunernyeckasi 3HePrUs MOCTYIATENbHOTO JABHKEHUS CTEPIKHEM
NpH TAKOM TPOHHOM CTOJIKHOBEHHH OCTaeTcs 06€3 H3MEHEHHs.
Huxakux KoseGaHHH Iocje OKOHYAHHSA COYJapeHHs B CTEpHK-
HAX He npoucxomut. IlosToMy s PACCMOTPEHHOTO CTOJKHO-
BEHUS NPUMEHMMa MOJE/b ABYX MOC/eJ0BaTeJbHBIX abco/oT-
HO YIOPYTHX CTOJKHOBEHHUi: cHauaJ/a MepBoro Tesa CO BTOPbLIM,
a 3areM BTOPOTO C TPETbHM.

BrisicuuM tenepb, Kak OyAeT BBIMVIAAETb 3TO CTOJKHOBEHHE
B TO# CHCTeME OTCY€eTa, B KOTOPOH CoNnpHKacalouyecs CTepKuu 2
n 8 mokosaTes, a crepxensb / Hajseraer Ha Hux. s nepexopa B
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Puc. 26.3. Crepxxeun I naneraeT Ha NoKosiuiHecs cTepxHuy 2 u 3

TAKYIO CHCTEMY OTCYeTa HYMKHO K CKOPOCTAM BCeX Tes npuda-
BHTb OJHY H TY JK€ CKOPOCTb 0, HanpasjeHHyio snpaso. C no-
motubio puc, 26.1 1 26.26 BuauM, YTO B 3TOH CHCTEME OTCYETa
10 yAapa crepxeHb / JBHKETCS CO CKOPOCTbIO 20, a CTEP:KHHU
2 u 3 noxoares (puc. 26.3a). Iloce yaapa noxositca CTepHH
I n 2, a crepxeHb 3 [BHIKETCA CO CKOPOCTBIO 20 Hanpaso
(puc. 26.36).

[lpusepeHHbl NOAPOGHBIA aHAIU3 CTOJNKHOBEHHUS TpeX OAHU-
HAKOBBLIX CTep:KHEH I103BOJIAET MOHATh Pe3y.JbTaT YIOMHHAB-
IIerocs BblIE ONbITa € OTCKOKAMH MOJBELIEHHbIX HAa HHUTAX
yApyrux wmapos (puc. 23.2.)

M3 pazobpaHHBIX IPUMEPOB ACHO, YTO COYAAPEHHA HECKOJIb-
KHX YIPYTHX Te/1 HYXXHO pacCMaTpHBaTh KaK NOC/ENOBATENb-
HOCTb OT/EAbHbIX CTO/NKHOBeHUHA. [ TOro 4to6bl NpUMEHATh K
3TUM CTOJMKHOBEHHAM YNPYLHX TeJl MOAeJb aGCOMIOTHO YApY-
roro yaapa, Hy»HO ObITh YBePEHHBIM B TOM, YTO [0CJE NpeKpa-
IEHKS CTOJKHOBEHHS B TeJaX He NPOUCXOAMT KosebaHuii, &

27. Ynpyruii wap n creHka, B 3agaue 24 yxe orMeuasioch,
YTO CTOJIKHOBEHHE llapa ¢ HeaepopMHpyeMOH CTeHKOH npouc-
XOJIUT HE COBCEM TaK, KaK CTOJKHOBEHHE CTEPKHS CO CTEHKOM.
I'naBHast npuuuHa pasiauuus 3aK/II0YaeTCss B TOM, YTO B NpO-
Lecce CoyAapeHust maomaip o0/1acTd KOHTAKTa liapa Co CTeH-
KO He ocTaerci MOCTOSIHHOM.
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D10 pas/HuHe NPOSIBJAETCS JAXE B CTATHYECKOM cAydae,
KOT/l2 yNpYyroe TeJo NMPUMKHMAETCs K HeAepopMupyemoi cTene
NOCTOAHHON BHem el cuioft. ledopmanns crepxus, nonepey-
HOE CeyeHHe KOTOPOro ONMHAKOBO MO BCEH JJuHe, GyjeT npu
3TOM OJHOPOAHOH, M NOTeHIUMA/bHAS SHEPTHs YIPyTroi fedop-
Malui OyJIeT PaBHOMEPHO paclpeleseHa 1o BCceMy ofbenmy
CTepXKHA.

[Ipu craruueckoil Aeopmanun wapa, IPHKATOTO K CTEHKE,
XapakTep pacnpeiesienus jepopMauuu OyieT COBCEM HHDBIM.
Hedopmauua MarepuaJa
mapa yxe He Oyjger oj-
HODOJHOH. Haubosee
CHJIBHO OYAyT JedopMmi-
poBaHbI YYacTKH Iuapa
BOaH3H  cTeHKH. Uewm
Jajblle OT CTeHKH, TeM
meHbuieft Oyner nedop-
manus. IIpu 3TOM OKa3bi-
Baercsd, uTO JAedopMmauus
3(peKTHBHO  NPOHUKAET
B LIap Ha CPABHUTEBHO ’

HEOOJILLIYIO TAYOHHY U Puc. 27.1. Tlpyxunst pasuot xect-
OXBaTHIBAET TOJILKO HEKO- KoerH

TOPYIO 4acTh luapa, 00b-

eM KOTOpoH maa 1o cpaBHCHHIO C 00BEMOM BCEro wapa. [lo-
TeHlMaNbHasT 3Heprus pepopMauHu OyIeT CocpeloToYeHa B
Majo# 00JacTH 1lapa, HENOCPEACTBEHHO NpPHMbIKatomel K
CTEHKE.

[Tousith Takoit xapakrep AepopMalMH LWapa U pacnpesene-
HHS MOTEHLHAJIbHOM 3HEPTHU 110 ero 00beMy MOXHO, paccmar-
puUBasi CXKaThe ABYX I0C/EA0BATeIbHO COEIMHEHHBIX IpYIKHI
pastoit xectkoctH (puc. 27.1). Ilycts KecTkoCTh mepBoit npy-
YKUHBI paBHA Ry, BTOPOH — kz. [IpyXHABI CKUMaIOTCS cuioit F,
KOTOpAasi TMpH 110C/e10BaTe/IbHOM COeIMHEHHH IPYXHUH B 1060M
cedyeHyy ofnHaxoBa. [lehopMallu NMPYXKHUH X; M Xz CBA3AHLI C
CcHAOR F 1 KO3pDHUHEHTAMH &y H Z2 OOLIYHLIME COOTHOLICHH MU

F=k1x1, F=Fksx2. (1)

TloTeHuHaNbHbBIE SHEPTUH AePOPMHPOBAHHLIX fIPYKUH MPONOP-
LUMOHAJBHBEL KBajpataM HX AedopMauui:

byl kol
WI:: 12xl ’ sz 22)52 . (2)
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Hs cootHottenuit (1) caexgyer, uto redopMauu npyKuH obpat-
HO TPONOPLHOHAJbLHBL HX KecTKocTaM. [loatomy ans oTHoiue-
nus suepruft Wi u W ¢ nomomsio (2) Haxoaum

Wl/W2:k2/k1. (3)

ANANRNANUURNRANNNNANN

Buano, 4T0 ApPH NOC/EAOBATE]LHOM COEJIHHEHHH NPYXKHMH 3a-
laceHHas KaxJo# NpYyKHHOH 3Heprus oOpaTHO NpPOMNOPUHO-
HaJbHA €€ XKECTKOCTH: YeM MfArue npyxuHa, T1eM OOabluas
yacTh SHEPTHH IehopMalMH NPYXKHH cocpefoTodeHa B Hel. B
. TpeAeNbHOM CJy4ae, KOTa  Kect-
— KOCTb OJIHOH M3 NPYXHH CTPEMHTCA
K DecxoneuHoctd (T. €. ee MOXKHO
cuuTarh abGCcoJIOTHO TBEpPIBIM, HeJe-
opMHpYEMBIM TEJIOM), BCS NOTEH-
\ IMaJbHas 3Heprua aedopmanui oxa-
3bIBACTCA COCPEAOTOUEHHOH B ApYy-

oA ApyXHHE.
Puc. 27.2. KauecrBennas Ipouece CTOJKHOBCHNA Mapa ¢
wogeas  crorkhopenns HeLEPOPMUDYEMOH CTEHKOH MOXKHO
wapa co CTenkol npeacTaBuTh cebe caelyonyiM obpa-
3oM. CHavasa 1ap Kacaercsl CTeHKH
B OJAHOH TOuKe, 3aTeM Mo Mmepe fedopmauuH mapa objactb
KOHTAKT4 yBeJnunBaercs. A 3T0 03HAYAET, UTO HCIILITHIBAIOILYIO
aedopMalMio HacTbh Hlapa KauyecTBEHHO MOXKHO PacCMATPUBATh
KaK ynpyryio IDYXKHHY, MEeCTKOCTb KOTOPOH BO3DacTaeT ¢ yge-
JIMEHHEM CKATHHA. ITO YCJAOBHO MOKAa3aHo Ha pHe. 27.2,
dueprusi jepopmauud O6YReT B OCHOBHOM COCpeJOTOYEHa B
TOH YacTH MNPYXHHBEL, KOTOpas HMEeT HAaHMEHBIUYI0 2KecT-
KOCTb M HCIBITBIBAET HauGo/bluyio pedopMmaiyio, T.e. B Ma-
JIOH 4acTy llapa, HENOCPEACTBEHHO NPUMBIKAIOWEH K CTeHKe.
OnucanHas Bblilie KauecTBeHHas KapTuHa AeopMauun mapa
03HAYAET, YTO NPH H3Y4YEHHH CTOJIKHOBEHHA YNPYIHe CBONCTBa
apa MOXHO CYHTaTb COCPENOTOYEHHBIMHM BOJIM3H TOYKH KOH-
TaKTa (B NpyxHHe Ha puc. 27.2). Tak kak Macca 310l aedopmu-
pYyeMOH 4acTH MaJia 110 CPABHEHHUIO C MAcCOH BCETo iuapa, To €e
RehopMaLMIo MOXKHO CYMTATh KBasUCTATHUECKOH (Kak y npy-
JKHHBI, BOBCE JIHHIEHHOf Macchl), a MHepTHbIE CBORCTBA miapa
MOKHO pacCMaTpHBaTh, CUHTAad, YTO BCS MAcca LI1apa cocpejo-
TOYE€Ha B €ro ueHtpe. B oTaHuMe OT ynpyroro crep:kus, A4s
KOTOPOTO HYKHO GbIIO CYHTATh, YTO YOPYIHE H HHEPTHLIE CBOH-
CTBA PaBHOMEPHO pacnpejiefieHbl No BceMy 00LeMy, 37€Ch MbI
MOJKEM € XOPOLIeH TOUHOCTLIO PACCMATPUBAThL YIPYTHi Wap Kak
TOYEYHYIO MACCY, NPHUKPENJEHHYIO K HEBECOMOH MNpPYXHHE C
nepeMeHHOH IKECTKOCTLIO.
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M3 Takoit Mozesnn cpasy CTaHOBUTCSL $ICHO, YTO JJIHTE/b-
HOCThL CTOJNKHOBEHHS 11apa CO CTEHKOH 3aBHCHT OT CKOpOCTH
mapa nepes yaapoM. Ilpu manoft ckopoctH aeopmanus mana u
3aTparuBaeT TOJNBKO YUACTOK «NPYXKHHED C MaJIOH KeCTKOCTHIO.
ITepHon KoseGanHil MACCHBHOTO lApa Ha TAKOH NPYXKHHE pe-
JWK, T03TOMY Bpemsa CTOAKHOBenust Oyner OoJbiium. Yem
GosibIle 3Ta CKOPOCTh, TeM 00Jiee KeCTKHE YUaCTKH «ITPYXKHHBD
BCTYNAIOT B Pa0OTy M TeM MEHbLLIHM OKa3biBAETCH BPEMS CTOMK-
HOBEHUH.

[IpH cTOIKHOBEHHH 1Iapa CO CTeHKOH, KaK Mbl BHIHM, AJH-
TeJbHOCTh ONpEle/IfeTcs COBCeM APYTHMH INIPOLECCaMH, Yem
NpH CTONKHOBEHHH CTEPXKHA €O cTeHKoil. Tam 3ta jautesn-
HOCTL olpejensnach BpeMeHeM MpOXOXIeHHs 3ByKa BAOJD
CTep:KHA, a 37ech OHA CBsI3aHA C NePHOIOM KoseDaHHui 1apa Ha
npy:KHHe nepeMeHHOH XKeCTKOCTH, NPHYEM 3Ta JKECTKOCTb MaJna
npu HebosbwIHX cKOpocTAX. [103TOMY I/IMTENBHOCTD CTOMAKHO-
BeHHA 175 L1apa 3HAYMTEIbHO OoJblue, yeM J/d CTepKHA H3
TOTO K€ MaTepHa/ja H HMeoIero JJIHHY, DaBHYIO AHAMETPY
wapa.

Bo Bcex paccyKI€HHAX Mbl AJAA HPOCTOTBI CYUTAIH CTEHY
wefedopymupyemort. HeTpyaHno coofpa3uth, UTO BCe KauecTBeH-
Hble BBIBOJBI OCTAIOTCS CIPABEAJIHBBIMH M TOrJA, KOTAA CTEHA
cjfenaHa M3 ynpyroro marepHasia, cBOIICTBAa KOTOPOTO O/JIM3KH
K CBOfICTBaM MaTepHaJa mapa. Paszniuue B popie NOBEPXHOCTH
1apa W CTeHKH BOJM3H TOUKH CONPHKOCHOBEHHS MPHBOJUT K
TOMY, YTO NIPH HE CJAUINKOM OOJBIIOH CKOPOCTH 11apa AehopMH-
PYeTCs TOJMBKO 11ap, a MOBEPXHOCTb CTEHKH MPaKTHYECKH OCTa-
ercs njockofi. Jledhopmaunsa cTeHKH OyJeT CYUIeCTBEHHA TOJb-
KO B TOM CJy4ae, KOIJa KeCTKCCTh MaTepHaJsa CTeHKH (MOAYJIb
¥Oura) sHaunTesbHO MeHbLIE KECTKOCTH IUapa.

Tenepb MBI MOXKeM BepHYTbCA K 3ajaue 23 O CTOJIKHOBEHHH
1apa ¢ KJAHHOM, JIeKallluM HAa FOPU30HTAABHOMH NIOBEPXHOCTH, U
06CY/HTb BONPOC O TOM, KAKOMY H3 PacCMOTPEHHBIX TaM peuie-
HUH c/elyeT OTAaTh NpeAnoyTeHue. $YCHO, Y4TO €IHHOrO OTBeTa
ObiTb He MOXET: BCe 3aBHCHT OT TAKHX CBOHCTB yYaCTBYIOUWIUX B
CTOIKHOBEHHH T€J, O KOTOPbIX HHYEro HE FOBOPHTCS B yCJO-
BHU 347a4H. ‘

Ecnu AMHTEILHOCTD CTOMKHOBEHHS LIapa ¢ KJAHHOM 3HauH-
TeN610 NPEBLILACT BpPeMs PAacNPOCTPaHEHHS BOJHBL YNpPYro#
Jebopmauni o KJAHHY, TO MOMHO CYHTATh, YTO JeHCTBHE 11apa
HA KJAMH GYIeT KBa3HCTATHUSCKHM, KaK €C/IH Obl [a HAK/JOHHYO
rpailb KjauHa AeHCTBOBaJ/a MOCTOsIHHAsA CHJa. B atoM cayusae
MpABHJBULIM SBJAACTCS NpeAcTaB/leHHe 06 OJHOM ypape —
yAape wapa ¢ CHCTEMOH, cocTonled H3 KJMHA U IOBEPXHOCTH,
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Ha Kotopoil on Jsexut. ClenoBare/bHO, CIPaBeRINBO NepBOE
peinenye 3ajzaud. Tak Oyjer, HanpuMep, Toraa, KOrja mect-
KOCTh MartepHaja KAHHa Goablie HJM TOTO e NOPALKa, YTO
¥ MarepHaJa liapa, a HX pasMepbl CPaBHUMBI MEXAY Co0OIl.

EcJii e XKeCTKOCTb MaTeplaja KIHHA 3HAYHTE/NbHO MeHb-
e, ueM Lapa, TO MOXKeT 0OKa3aTbCA, YTO BpeMs pacnpocTpaHe-
BYA BOJHLL RedopMalMH N0 KJAHHY Oyger OoJbplue, ueM AJHU-
TeJLHOCTh COYAapenus 1apa ¢ KIRHOM. B atoM ciyyae 6amke
K JeHcTBUTENLHOCTH OyAeT npeicTaB/ieHne o MOCJEA0BATEN]b-
HOCTH JIBYX COyJZapeHHMi — ilapa ¢ KJIMHOM M KJAMHA ¢ TOJ-
craBKoil. OgHaKo CJefyeT NOMHUTb, YTO B 3TOM cJyuyae 9acThb
nepBOHAYATLHON KHHETHUYECKOH SHEDIUM lIapa MOXKET NpeBpa-
TUTLCA B HEPTHIO YIPYIHX KoJeOaHUH KAMHA. A

28, ®y160abHBI My, CKOJIBLKO BPeMEHH IJUTCA CTOJKHO-
Benue (yT6OMBHOTO MsYa co crenkoi? C Kakoil CHIOH MAY
JIaBUT Ha CTEHKY?

A ByneM /s NPOCTOTH CYHTATB, YTO MSIY JIETHT NEPHeHH-
KyJSPHO [oBepXHOCTH ctenku. [Ipn ynape o cTenky msu ae-

dopmupyerca. [lpn He caumkom 60ablioH

CKOPOCTH Msua JedopMaliii HEBeJMKH H

MO’KHO CYHMTaTb, YTO He Kacamollasics CTeHKH

YaCTh MOBEPXHOCTH Msua Mo-NpexHeMy cge-

puyeckas, a MecTo CONPHKOCHOBEHHA CTaHO-

BHTCS TJIOCKHM, Kak NokasaHo Ha puc. 28.1.

Kaxkue cusipt Z€ACTBYIOT Ha MAY BO Bpems

yaapa? Ho yaapa neficTBoBaBiine Ha MAY CH-

Puc. 28.1. Jie. JIbI ATMOC(HEPHOrO AdBJieHHsl yPABHOBELIMBAJIN

gopMaurs Msua APYT Jpyra. B npouecce ynapa 3To yike He

npu cToAXHOBE-  1aK. [leficTBUTE/BHO, CHayajsa MY Kacaercs

HMH CO CTEHKOH  oreygy B OMHOH TOUKE, 3aT€M OT 3TOH TOUKH

0o6/acTb KOHTaKTa pacHiHpsercst B Kpyr.

Ilpu 5TOM BO3AYX M3 2a30pa BHITECHSeTCsi HAPYXKY. B pe3yJsb-

TaTe NOSIBJISIETCS] HECKOMIIEHCHPOBAHHAR CHJA JaBJeHUA aTMOoC-

(pepHOTO BO3yXa, HaNpaBJeHHas K CTeHKe W paBHas NMpoH3Be-

IeHHio atMochepHOro naBjaeHHs p, Ha IJOUaAb 00JacTi KOH-
takta S (pHc. 28.2).

JlaBsieHue Bo3ayXa p BHYTDH MAYa BO BPeMsl yJapa MCMKHO.
CYHTATb BO BCEX TOUKAX OJMHAKOBBIM, KaK W NPH CTaTHIECKOR
dedopmannn. IlostoMy BO3AYX BHYTPH Ms4a JaBHT Ha YacTb
060JI04KH, CONPHKACAOILYIOCs CO CTeHKOH, ¢ CHJIOH, paBHON
pS. C 1akoil xe no MORYJIC, HO [POTHBONOJICKHO Hanpas-
JeHHOH CUJIOH JiefiCTBYeT Ha 3Ty 4YacTh OCGOJOYKH Mfiya R
czeHKa.
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Wrax, nonnas cuna, AeficTByiolas Ha Ms4 NpH yaape, Ha-
1paBJieHa OT CTeHKH H paBHa (p—p,)S. [lromans o6aactH KOH-
TaKTa MAYa CO CTEHKOH S Jierko HalTH ¢ nomoueio puc. 28.3.
O0603HaynM pajuyc Mada yepe3 R, paauyc kpyra — obJactu
KOHTAKTa CO CTEHKOH — uyepes r, a AehopMaluio Msua yepes x.
Toraa no Teopeme ITudaropa

r=VR—(R—x)?: =V 2Rx—x-. (1)
IToatomy nyowans o6J14CTH KOHTAKTAa
S=nrt=2nRx (1—x/2R). 2

HyxHo /M yYuTHIBATL H3MEHEHHE JaBJeHHsI BO3AyXa B Msi-
ye npu ero aepopmauun? OTHOCHTENbHOE yMeHbilleHHe ofbema
Msa4a AV/V oxasbiBaercst BeJHYHHOMN

2 /R)2. T1
2y \ / nopaaka (x/R)% Tlostomy ecsiH Mkl,
~ cudTas gepopMauui0 MsAdYa x MaJjof
[I0 CPaBHEHHIO ¢ €ro pajuycoM
7 7 -
TN W
TN i
- 1
i
L e |
28 oS —ﬂ«—
Puc. 28.2. K unaxoxienuwo Puc. 28.3. K onpegesnenuio pas-
CHJI, ueﬁcrayxoumx HAa MAY mepa ofJsacTH KOHT%I(T& MAYa Co
npu yaape CTeHKOH’

R (x&R), Oynem npu BhluuCIeHHH TUomanu S B (2) orGpackl-
BaTb MaJoe MO CPAaBHEHHIO ¢ eAHHHIelH craraemoe x/2R, 1o
HYXHO TeM Gosee npeHebpeds H3MEHEHHEM JlaBJEHHs, NPONOP-
uxoHaJ bHEIM (x/R)?.

Takum ofpasom, monxas cuaa F, jaefcTByiomas Ha MY
BO Bpems yjapa, NponopuHoHa/bHa JedopMauud Msya x:

F=(p—po)S=20R (p—p))x=kx. ®

JlBuKenue HEHTpa MsiYa npH AEHCTBUH TaKOH CHABL JOJ/IKHO
npeacTaBasTh COGOH TapMOHHYECKOE KoJebaHWe C 4acTOTOM,
onpe;lenﬂemoﬁ COOTHOUIRHHEM
k 2nR (p—
0 = — = {p—po) , (4)

m m

rae m — macca msda. Tak kak fedopmauus Mmaya npu yjape
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O CTEHKY MOXKET NpPeiCTaB/siTh cOO0H TOIBKO CHKATHE, KOTGpOe
He CMEHSETCA €ro pPacTsKeHHeM (TaK Kak MAY NPOCTO OTCKaKH-
BaeT OT CTEHKH), TO 3TO «KosieGaHHe» NPOJOMKAETCST TOJBKO B
TeyeHue noJoBHHB nepuopa T. Takum o6pasoMm, aAauTelnb-
HOCTb yJlapa MsiYa O CTEHKY

T n m

BpeMsi cToskHOBeHHs (yTOONBHOTO MsS4Ya CO CTEHKOH TeM
MeHplle, yeM OoJblue JaBJjenne BO3AyXa p BHYTPH MsAua, HO
e 3aBHCHT OT CKOPOCTH Msiua nepel YEapoMm v,. Maxcumasb-
Has CcuJa, ¢ KOTOPOH Msi4 IEHCTBYET Ha CTEHKY, pasyMeercs,
3aBUCHT OT CKOPOCTH MsiYa. B MomenT Haubo.biuell AehopMatu
MAua BCA €T0 KMHETHYeCKasl SHEPrUs NPEeBpailaeTcs B NOTEH-
LMaJABLHYIO 3Hepruio Jedopmanuu:

muo . kxh (6)

2 2 "

OTciofia MOXKHO HaliTH MaKCHMaJbHYIO Ae(OpMallHIo Msda X

— —
0=V Fu=V Ry (7)

riae k NOACTaBJIEHO H3 cooTHoWweHHS (4).

IlpuBesem uncnosble oueHkH. ITycte Macca Maga m=~0,4 kr,
paauyc R=0,15M, a jaBjeHue BO3AyXa B MfAYE NPEBHILACT
atMoc(epHoe Ha OjHy artMocdepy: p—p,=1 ammM=1,013-10°%
fa. TlopcraBasis ati JaHdble B (opMyJay (b), noayuaem T~
~6,4-107? ¢. JaurtejqbHocTh CTOJKHOBEHHSI OKa3ajlachb MeHee
COTOl AONH ceKyHIbl. UToOb OLEHUTH AedopMalyio Msiua npH
yJape, HYXHO 3alaTh €lI€ ero CKopocTb nepel yiapoMm. Cun-
Tast ee paBHO# npumepHo 15 M/c, ¢ noMorbio dhopmyisl (7) Ha-
XOIMM, YTO MAakcHMaJjpHas JedopMalls X, COCTABJAET NPH-
MmepHo 3 cM. MakcumaJ/ibHoe 3Hauenne CHJbI, JeHACTBYIOmEH Ha
CTEHKY B MOMEHT OCTAHOBKHM Mf4a, PaBHO, B COOTBETCTBHH C
dopmyaoii (3), 2800 H. a

29. OTpamenne oT cTeHkH. [Io7 KaKuM YrJjoM OTCKakHBaer
(hyT6ONBHBIA MAY OT CTEHKH?

A 3agava, pasyMeercs, TPHBHAJLHAs, €CJIH CYHTATh, UTO
yaap aGCoMOTHO YNPYruil, a CTeHKa W MAY HIealbHO IVIafKHe,
Torpa Tpenne MexJay MAYOM H NOBEPXHOCTBIO CTEHKH OTCYT-
CTBYET H YroJ oTpaxenus f pasen yray najeHus « (puc. 29.1).
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CoBceM uHaue 0GCTOUT /10, €CJH MAY H CTEHKA IHCPOXOBA-
ThIE, TAK 4TO npenelperatb TpEeHHeM yxe Heab3s. OAHAKO H
B 3TOM CJyyae JIerkKo HailTH yroJl OTpaxKeHHs, ecjii H3BeCTel
KO3(pDULHEHT TPEHUS | Msiua O NOBEPXHOCTL CTEHKIL

Bynem paccyxpaars craefyomum obpasom. PasniokuM Bek-
TOP CKOPOCTH NOCTYINATeJNpHOTO JBHUKEHHs MfAdya JO yaapa o
Ha JiBe COCTaBJAIOHIME: U, HANPABJICHHYIO TEPNEHAUKYAAPHO
MOBEPXHOCTH CTEHKH, H ¥, , HANPaBJEHHYIO BJOJb IIOBEPXHOC-
T {puc. 29.2). O603HAYNM COOTBETCTBYIOMIUE CKOPOCTH Msiua
nocJie 0TcKOKa yepe3 o', u ¥ [lepnenuxy1apHas coOCTaB/I0-

11asg CKOPOCTH Msiua NpPH yAape O CTEHKY MEHsIET CBOE Hampas-
JICHHE HA NPOTUBONOJIOKHOE, OCTARANACH v’
HEHU3MEHHOH 110 MoayJio. [1apasesbHas +
e COCTaB/siomas CKOpOCTH, BoOOmE
roBOPA, H3MEHSETCS MO MOAYJO.

v’

177\, SR,
Puc. 29.1. OrckoK Ms- Puc. 29.2. Pazioxenme
4a OT CTeHKH Ha COCTaBJSIONIHE CKOPOC-

TH Ms4Ya 40 H MOCJe yAap a

Yrobs! yGeauTbcs B 3TOM, PACCMOTPUM CHJIBI, IeHCTBYIOUME
ia MAY CO CTOPOHBI CTEHKH NpH YAaape (puc. 29.3). Hanpasnen-
Has N0 HOPMAJH K cTetike cuna N — 370 cuna —Can
yNpyroctd, BO3HHKaoILAsg NpH HedopMauuu a;ﬁ\
msua.  Hedopmanuio XOPOIIO  HAKAYAHHOTO AN
Msiua MOXKHO CHUHTATBL YIPYrof, noc/ie yaapa LY
Ms4 BOCCTaHaBaiBaeT Colo hopmy. Ilostomy . 1 \3
sHeprus ynpyro# aedopMaunud mfAya focse U=
yaapa cHoBa nepeilieT B KHHETHUECKYIO _
SHepTHIO. Puc. 29.3. Ci-

» b, JeHCTBYIO-

Jlpyrump  c0BamH, 4acTb KHHETHYECKOH e pa may o
3HeprMH Msda, CBsI3aHHAs C €ro ABHXKEHHeM  speMs yaapa
Mo HOPMAJIH K CTeHKE, OCTaeTcs HeH3MEeHHOH.

Mameneuue cocTap/siomell CKOPOCTH, Napas/iefsHolt 1no-
BepXHOCTHU, IPOUCXOAMT NOA AeACTBHEM CHJIB TPeHHA. DTa CHAA
HanpasAeHa B CTOPOHY, [POTHBONOJOKHYIO CKOPOCTH TOYEK
N0BEPXHOCTH M52 B MECTE CONPHUKOCHOBEHUS CO CTeHKOH. Ecnu
MY A0 yAapa He BPaljajcs, TO CKOPOCTH ITHX TOYCK paBHbl

e
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Oy, ¥ JAeliCTBHE CHJB! TPEHUS NPUBOAHT K YMEHbLICHHIO MCAY-
a8 @,. DT0 3HAUUT, YTO YroJ OTpaxenus P meHblle yrJja na-
Ienna o. ViMenno ator cayuali ¥ H306paxen Ha puc. 29.1 n
29.2. Cusla TpeRHA MOIKET U YBEJHYHBATb 3HAYEHHE U, €CJIH
10 ylapa O CTeHKy Msiy Bpauiancs B HalpaB/leHHH, YKa3aHHOM
Ha puc. 29.4, [1pu nocratouHo GHICTPOM BpauleHun Mada (o B>

7 / [y pep,
QT el Ty
t |
8 : h Yy
7
)}
2 ) , 2 i
! t
, 12 »l &y
vy 011 l'
i )
¥
]
}
1
¢ ) \ |
Yt v L/ ]
Prc. 29.4. Cxopocrn Msiua 20 H Puc. 29.5. K BHYHC/IEHHIO yraa
nocjae yaapa npH BpaLleHHH Ha- orpa menns
JETAIOWEro Msiva MO YacoBOH
cTpedke

v, ) Kacaiouiyecsl CTEHKH TOUKHM MAua HMEICT CKOPOCTH, Ha-
npaBneHHble BJEBO, CHJa TPEeHHA HanpabJieHa BIpaBO W 3Ha-
ueHue v, Bo3pactaer. B sToM cayuae yros orpakeHHs 6oaciie
yraa najeHus.

Paccmorpum nogpo6uo cayuyafi, Korka mMsag Jo yjlapa He
BpaiaeTcsi. byneM takxke cYMTaTh, YTO CKOPOCTH TOYEK MAYa,
Kacalomyuxes CTeHKH, He o0pamalorcs B Hysb: B TEUCHHE yaapa
npocKkasb3bipaHue He npexpawaerca. Cuga N (puc. 28.3)
EG3HHKAeT B MOMEHT CONPHKOCHOBEHMS Msiua CO CTEHKOH, 3a-
TEM pacrer, ROCTHras HaHOOJBIUero 3HayeHyuss B MOMEHT Mak-
cuManbHOK gedopMauMu MAua, a sarem yOblBaeT 1o wyas. Cu-
N2 TPEHHsI CKOJIbXKEHHA F, B TEUEHHE y1apa TaKkKe He OCTAeTCs]
noctTofHHod. B Jmo6oit MoMeHT Bpemenu monyau cua Foon N
CBf3aHbl 3aKOHOM KyJ/ona — AMoHTOHa:

F,,=uN. (1)

TlostoMy B Teuenme BCEro yjapa nojHas cuna @Q, ¢ KOTCpoH
DOBEPXHOCTh CTEHKM JEHCTBYET Ha Msu, H3MeHsiercs N0 MOLY-
/o, HO OCTaeTcsi HEH3MEHHOH No HanpapjaeHnuio, obpasys
yrodi y ¢ HopMaJblo K ctenke. Kak Buaso 13 puc. 29.3, ig y=
= . IT0 [03BONAET BAHTH YIoJ OTpamenus Maya P.



29. OTPAKEHUE OT CTEHKHU 121

Ha ocnosanun Broporo 3akona Helotona usmenenue um-
nyJbca MAda NpH yjape o ctedky Ap coBnajaer mo HanpasJfe-
uuio ¢ cusofi Q. C nomotueo puc. 29.2 NoCTPOUM BEKTOp H3Me-
HEnus umnyJasca Ap=m (v'—v) (puc. 29.5). Iror BekroOp, TaK
e Kak H BeKTop @ Ha puc. 29.3, ofpasyer yroa y ¢ HopMaJblo
K ctenke. Henocpencteento H3 puc. 29.5 Bujno, 9ro

vy =vy—2u, tgy. 2)
Hens ofe wacTn 3TOrO paBeHCTBA Ha ¥; H YUMTHIBAfA, YTO
vy /v, =tga, vy /v, =1lgP, a tgy=p, noayuaem

tgp=tga—2p. 3)

M3 nonyyennoft ¢opmyJbl BHAHO, YTO NPH MajblX Yrjax
najenns, Koraa tg a<2 u, pesyJantat repsaer cMuica. C 4eM 3To
¢Bsi3anc? ®opmyaa (3) BbiBeieHa B NPEJNOJNOKEHHH, YTO [IPO-
CKaJb3bIBAHNE MfAuYa HE NpeKpamaloch B TeYeHHe BCero Bpe-
MEHH €ro KoHTakTa co crehkoll. OJHaKo NpH MaJjblX yriaax na-
JeHMg NPOCKaL3bIBAHHE MsAda MOXKET NPeKpPaTHThCS paHblne,
ueM OH OTJAEJIUTCS OT CTEHKH. 3TO CBSI32HO C TeM, 4TO CHJIA Tpe-
HUST CKOJIbXEHHsl, HalpaBJ/eHHasi NPOTUBONOJONKHO ¥y, He
TOJBKO TOPMO3UT MOCTyNateJbHOe ABHXKEHHe Msdya, HO H BhI-
3HIBAeT €ro BpAllEHUE N0 YaCOBOIi CTpeJKe, TaK KaK TOYKa NMpH-
JIOKEHUS CHJIBI TPEHHS He COBNajaeT ¢ UeHTpoM Msasa. llpo-
CKaJjlb3blBaHUE NpeKpaliaercss B TOT MOMEHT, KOrja CBa3aHHag
C BpallleHHeM CKOPOCTh HHMMKHEH TOYKHM MAYa CpaBHsAercs Mo
MOAYJI0 ¢ NapasiesibHOR NMOBEPXHOCTH COCTABJIAILIEH CKOpo-
CTH LEHTpa MfAYa.

Cayuaii, Korza B npolecce CTOAKHOBEHHS CO CTEHKOHM Npo-
CKaJb3blBaHUE Msua Npekpaiiaercs, 6oee cioxKeH BJsi Hece-
IOBauusl, TaK Kak tpeOyeT NPHBJCUCHHUS YPaBHEHUS, ONUCLI-
B2IOLIETO BpauiatesbHoe apHkKeHue. IlpH 3ToM oxasbiBaercs,
UTO OTBET, aBaeMbiil GopMy 0l (3), CTRHOBUTCS HENIPHMEHHMBIM
Jia2Ke NPH yIJie NaJeHHa &, TAHIeHC KOTOPOTO HeCKOMBKO GoJlb-
e 2 p. Tounslfi pacuer jaer AlA NPERENbHOTO Yr/a NajeHus
tg a=>bpu.

OTcKOUMBIINEA OT LIEPOXOCBATOH CTEHKH MAY 00s3aTe]bHO
Gyner Bpauwatbes, Jaxe eclH J0 yAapa OH He BpamaJjcs. Ku-
TETHYECKasl SHEPrHs 3TOrO BPAHIEHHNA BO3HHKAET 33 CYET YMEHDL-
lUEHHS] KHHETHUYECKON 3HEPTHH IOCTYNAaTeJbHOIO IBHIKENHS.
Hekoropas yacTb MeXaHWuyeCKoH 3Hepruu Msda NpH yjape ne-
PEXOJUT B TeILIO.

Herpvauo cooBpasuth, 4to JaBaemoe opmynoil (3) 3ua-
yeHMe yIJla OTpaKeHHs P cnpaBejJiuBoO U B TOM CJyyae, KOTAa
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1O yhapa MfAY Bpaulancs NPOTHB 4acoBO# crpesiku. He npen-
CTaBasieT TPyJAA HAHTH Yrosl OTpakKeHMsl M TOrja, Korja o
y/iapa Mstd Bpauasics no yacosoit crpeske. Ecau a1o Bpaiuenie
JOCTAaTOYHO OBICTPOE, TAK YTO NPOCKA/Abh3bIBAHHE MsiYa HE fpe-
Kpaiaercsi B TedeHue yjapa, To, PacCyxjaas Tak ke, Kak M
Npy MOJyYeHHH Bhipamenus (3), HaXOAUM

tg p=tg a-+2p. )

B 3TOM c/ydae KMHeTHYeCKAst IHEPLUs MOCTYNATeJbHOrO ABH-
JKeHHs MsYa B DPe3y/bTaTe yAapa O CTeHKY YBeJHYHBACTCH.
Sro ypejuuenHe, KakK H BbiIEJEHHE TelJa BO BpeMs ynapa,
NPOMCXOIMT 32 CYET KHUHETHYECKOH 3IepIUH BpalleHHA. A
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Craruka psyvaer papuobecie Tel. B nHepunaibHol cHcTeMe oTcue-
Ta TBEPJOE TEJO HAXOAHTCS B PABHOBECHH, €CJAH BEKTOPHAsl CyMMa Bcex
REHCTBYIONIHX Ha TeJIO CHJI H BEKTOPHA CYMMa MOMEHTOB 3THX CHJA pas-
HEl ByJi0. IIpH BhINOJIHEHHH NTEPBOrO YCJIOBHSI PaBHO HYJIO yCKOpenne
HeHTpa Macc Tena. IIpH BLINONHEHMH BTOPOrQ YCJIOBHSI OTCYTCTBYeT
yriosoe yckopeuue Bpauienus. I103ToMy eCaM B HayaJbHbld MOMeEHT
T€J10 MOKOUJIOCh, TO 0HO OyJeT ocTaBaThes B NOKOE H Jaliblie.

Bo Bcex 3apauax 3TOro pasjesna paccMaTpUBAIOTCS CPABHHUTEIbHO
NPOCTEIE CHCTEMEI, B KOTOPLIX BCe AEHCTBYIOUHE CHJbI JEXKaT B ORHOH

naockoctTH. B 3ToM cllyyae BE€KTODHOE yCJOBHE ZFI:O CBOAHUTCA K
)

ABYM CKaJsgpHbIM:
Zfo:oa ZFIUZO)
i i

€CJin PaCHoONOXHUTE OCH X H y B NJIOCKOCTH AeHCTBHS CHJI.

Jisi NJIOCKOH CHCTEMBI CHJI MOMEHThI BC€X CHJI HanpaBJieHn Nep-
NEeHAUKYJAPHO NJIOCKOCTH, B KOTOPOH J/€XaT CHJB (€CAH MOMEHTH
paccMaTPHBAIOTCA OTHOCHTEJNLHO TOYKH, J€Xame#d B 3ToH Xe NMI0oCKo-
crn). [ToaToMy BEKTOPHOE yC0OBHEe AJSI MOMEHTOB CHJ CBOJAHTCS K ORHO-
MY CKaAfPHOMY: B NOJIOXKEHHH paBHOBeCHH anre6paHuecKas CyMMa Mo-
MeHTOB BCeX IelCTBYIOUMX Ha TeJO0 CHJ paBHa HyJ0. ([Ipu 3TOM MoMen-
Tel, CTPEMsLIHECH INOBEPHYThL TeJO 110 4acoBofi cTpesnke, GepyTcs ¢
ORHUM 3HAKOM, IDOTHB YaCOBOH CTPEJKH — C IPOTHBONOA0XKHLM.) Bri-
60p TOYKH, OTHOCHTEJIbHO KOTOPOH paccMaTpHBAIOTCH MOMEHTH CHJl,
APOM3BOJUTCA HCKJIOUHTEJILHO H3 COOOpaKeHuil yzoOcTBa: ypaBHeHHe
MomenToB OyieT TeM npouge, yem Gojbiie cHix 6y AYT MMETb PaBHbLIE HYJIO
moMenTH, HanoMHHM, YTo MOZYJIb MOMeHTa CHJIbl F OTHOCHTEIbHO TOYKH
O paBen NpoH3BeJleHHI0O MOAYJAA cHabl F Ha paccTosiHHE OT Touku O
RO JIMHHH JIeHCTBHA CHMJEHL

- PaBHoBecHe GLiBaeT yCTORYHBLIM, HeyCTORUNBLIM H (€3Da3JHUHEIM.
PapnoBecHe yCTOHYHBO, €C/IH NPU MAABIX CMEIEHUAX Tella U3 HON0XKe-
HHs PABHOBECHS BO3HHKAIOUIHE NIPH 3TOM CHJb CTPEMATCH BEPHYTh €ro
00parso, H HeyCTOHYHBO, €CJH CUJB YBOJAAT €ro AaJblUe OT 10JCKEHUs
paBnoBecHs. Ecan jXe NPH MaablX CMellleHHAX JEHCTBYIOLLHE Ha Teso
CHJIBL 1 UX MOMEHTHl NO-TIPEeXHEMYy YPaBHOBEIIHBAIOTCA, TO pasHOBeEClE
6e3p a3anunoe.
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VcroliuHBOMY PaBHOBECHIO COOTBETCTBYET MHHHMYM MOTEHUHA/b-
HOfl 3HEPrHU TeNa IO OTHOMEHHIO K ee 3HAYCHHAM B COCeAHHX MOJOKe-
HUAX Teqa. 3TUM cBOHCTBOM yacTo YA0GHO NOJL30BaTLCHA NPH OTHICKA-
HHH TIOJIOXKEHHUS PaBHOBECHd M MCCIeJOBAaHMH XapaKTepa paBHO-
Becusi, Bo MHOTHX 3ajlayax CTaTHKH, KaK H B APYIHX pa3jenax QU3HKH,
4acTo OKa3plBaeTcd BecbMa 5QdeKTHBHLIM HCNOIb30BaKHE 3aKOHA CO-
XpaHeHusi 3HEPTHH.

1. Jlecthuua y crTeHxH. JlecTHyuua NpHUC/IOHEHa K HaKJOH-
Hoil cTeHKe, obpasyioueil yron P ¢ BepTHKajdbHO (puc. 1.1).
Ilpu kakom KoaphUUUEHTE TPEHHA JECTHHLBI O CTeHKY BO3-
MOMKHO PaBHOBECHE Jiaxe B TOM c/ydae, KOrla 104 HAealbHO
A Kui?

Puc. 1.1. Jlectuuua y na- Puec. 1.2. B orcyrcrBue TpeHHS O
KJAOHHON CTeHKH N0J1 TaKOe PaBHOBECHE HEBO3MOXKHO

A Tlpexie Bcero OTMETHM, YTO JIECTHHIA, IPHC/IOHEHHAA K
BePTHKAJ/BHOH cTenke, BooOWE HE MOXKET HaXOAUTbCH B pab-
HOBeCHH, €CJIH HeT TpPEHHA O MOJ,— OHa 06fA3aTeJbHO Coc-
KOJIb3HET Mo creHke, HoJee Toro, ec/u Kak crneiyer noayMarhs,
TO MOXHO [J0Ka3aTh, 4TO BePXHHI KOHEHU JIECTHHUbI IPH TAKOM
COCKaNb3bIBaHNA 00513aTE/IbHO OTIAEJIHTCH OT CTEHKH paHbile,
yeM JIeCTHHLA oKaxercs Ha [oay.

HeBo3MOXHOCTE paBHOBECHA Y BEpPTHKaJbHOH CTEHKH HA
TJ1aAKOM MONY MOXHO cpas3y YBHAETb, €CAH B3IJISHYTh Ha
puc. 1.2: HopMaJsbHasa cuja peakuuu creHku N, ofd3aresbHO
JOJIKHa ObITh OTVIHYHA OT HyJs, HOO HHaye He OYyZAeT ypaBHO-
BelieH MOMEHT CHJIBI TAXKECTH /mg OTHOCHTEJNBHO TOYKH A; HO
cama cuJia V2 MoxkeT OhITb ypaBHOBeLIeHa TOALKO TOPH30HTANb-
HO HanpaBJIeHHO!N CHJIO TpPeHHA O NOJ.

A BOT paBHOBeCcHe y HAKJ/OHHO HIEPOXOBATONl CTEHKH BO3-
MOMXKHO M Ha HAeaJbHO rJ1aakoM noay. OfHaKo /s 3TOro Ko3agp-
(UUHEHT TPEHHs JECTHHULI O CTEHKY JOJKeH OhlTh [0CTaTOYHO
Gospwum. [Tocmorpum Ha puc. 1.3. TlockoabKy cuasl mg u
N HanpasJ/IeHbl BEPTHKAJIbHO, TO B PAaBHOBECHH I'OPU30HTAJ/b-
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Hule cocraBasiomue cuasl Ne ¥ Fo, JOKHBI GHITh paBHbi:
Nacos B=F,, sin f. 1)

Cuna tpenua noxos F,, MakciMa/ibHa Ha NOPOre NPOCKab-
3blBaHMS, Korja ee 3Hauenne paBHo WN:. Y3 dopmyan (1)
B 3TOM CJly4ae HaXOAUM

p=ctg f. @

Qopmysa (2) naeT MHUHHMaJbHOE 3HAaueHHe KoahdulMeHTa
TPEHMS W, OPH KOTOPOM BO3MOXKHO PABHOBECHE Y HAKJOHHOM
CTEHKH ¢ yraoM B B orcyTcTBHE Tpenus o noJd. [lpu arom sect-
HHlA KakK Obl LenJasfercs 3a L1epoxo-
BaTYyIO0 CTE€HKY, XOTf APYTHM KOHLOM
0Ha, KOHEYHO, JaBUT Ha I'MajKui NoJ.

Kcrary, nouemy Mbl Tak yBepeHHO
TOBOPHM, 4YTO COOTHOLUEHHE (2) —
3T0 M €CTb - YCJIOBHE pPaBHOBECHA?
Beap Mel €mie He BBISICHHJHM, UTO IPH
35TOM OyIYyT YpaBHOBEUIEHHl M BEPTH-
KaJbHble COCTABJAIOLLIHE BCeX JLefcT-
BylomHx cua. Iloxymafite nan stum
caMu. B KoHeuHOM cuete Bce 0Obsic-
Haercs TeM, YTo B ycJobue (1) nuxa-
KHe apyrue cuianl, kpome N2 u Fo,
HE BXOAAT.

O6patuM BHHUMaHHE HA TO, YTO g
yC/IOBHE DPABHOBECHS JECTHHUBL HE pyc 13 B pasmopecnn
3aBHCHT HH OT TOI'O, HACKOJbKO HA-  papHojelicTBylOWasg cua
KJIOHEHA caMma JIECTHHLA, HU OT Toro, Na M Figpuanpaniena pep-
B KaKOM MeCTe IPHJIOXKEHA CHJa Ts- THKAILHO
JKeCTH nig W KaKOBO €e 3HauyeHHe.

510 03HAYaeT, yTO JecTHHUA OyJeT B PaBHOBECHH H B TOM CJy-
uge, Korja Ha Heil B Ji0GOM MeCTe CTOHT u€JIOBEK.

H nocnepnee. Ycesopue (2), Kak JierKO BUJIETh, COBNALAET ¢
XOPCILC H3BECTHBIM YCJOBHEM paBHOBECHS TeJia Ha HAKJIGHKG!
IIOCKOCTH. HaKJIOHEHHYIO HA YroJa P CTEHKY MOMKHO PaccMaT-
DUBaThb KaK IJIOCKOCTb, KOTopasi ofpasyer yroa a=m/2—f ¢
TOPU30HTOM, U ycJoBHe (2) 3anuchiBaercs B Bule p=tg a. Kax
110-RaILIEMY, TO NPOCTO COBMNaJeHHE HJAH B 3TOM €CTb ONpeje-
JIEHHEIl (pU3HYecKHuil CMBICA? A

2. 3axaunuBanune. [locmotpure Ha puc. 2.1. Onupao-
1ascs Ha JOCKY TsKesas 0ajika MOXKET TOBOpPayHBaThCs B Liap-
Hupe A BOKpYr ropusoHTassHoil ocd. Kakyio ropu3onTaibHyio
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CHJIy HYIKHO NPUJOXKHTL K J0CKe, 4TOOBI BLIAEPHYTH €e BJEBO?
pnpaBo? M3BectHel Bce BeJIMUHHBI, yKasaHHele Ha puc. 2.1

A PaceMoTpUM npexkae BCero ASHCTBYIOMUE CHIIBL.

Ha Gasxy neficTBYIOT CHJa TAXKECTH mg, HoOpMasbHas cCHJa
peakuuu Jocku N, CHJIa TPEHHS CO CTOPOHHI 10CkH F, Hanpas-
JielIHasl B CTOPOHY IBM2KeHUs JOCKH, M CHJIa PeaKIy mapHupa.

HanpasJenue nocJjeaneil cuJst 3apa-
Hee He M3BECTHO, HO OHO U He INoHa-
nobuTcd, Tak Kak Mbl OyJeM paccmar-
pHUBaTh MOMEHTHl CHJ, AEHCTBYIOWMX
Ha 6asKy, OTHOCHTE/]BHO OCH Bpallle-
Husa. Toraa ycjoBue paBHOBeCHS
MOMEHTOB JeHCTBYIOILUX Ha 6ajKy
CHJI MMEET BHJ

—"%gisinﬁ—N sin B4 Feosp=0. (1)

3HaK NJI0C COOTBETCTBYET ABUIKEHHUIO
JOCKH BJeBO (pHC. 2.2a), 3HAK MH-
Puc. 2.1. Taxenas 6anxka HYC — JABHXKEHHIO BIIPaBo (puc. 2.26).
wapHHPpHO 3akpenneda B Cujibl, JeHCTBYMOIIHE Ha JIOCKY, H30-
Touke 4 GpakeHsl Ha puc. 2.2, Tie m,g— CcHia
TsKecTH, Fi — CHJIa TPEHHS HOCKH O
noJ1, T — BHeIHsIs CUJIA, C KOTOPO# MBI TAHEM (3Ta cuiia Gyjier
HaHMeHbIIel, ec/ii oCKa ABMKeTcsh paBHOMepHO). Ha ochoBa-
HHH BTOPOTO 3aKOHA HbioToHa B 3TOM C/ydae HMeem

T—F—F,=0, @
Nl—mlg-——N=0. (3)

Bun ypasuenu#i (2) u (3) He 3aBHCHT OT TOrO, B KaKyio CTOPOHY
JBIXKETCS JIOCKA.
Ha ocuoBanuu 3akoHa Kysona — AmoHTtoHa

F=uN, Fi=pN;. 4)

C noMowpio nepsoro u3 cootHomenuil (4) u ypasuenus (1)
onpepensieM F u N, Tenepb cTraHOBHTCH COBEPIIEHHO MOHST-
HBIM, MOYEMY MOXKHO OBLIO OIPAHHYUTHCS TOJABKO YpaBHEHHEM
MOMEHTOB CHJI, AeHCTBYIOMHX Ha OaJKy: HO YCJIOBHIO 32Ja4H
HAC MHTEPeCcyer TOJBKO JIBUKEHHE NOCKH, a ee B3anMopelcTaue
¢ GasKoi onHceiBaeTcs AByMa culamu F u N, KOTopble yaaercs
ONpeASAUTb U3 HanHcaHHBIX cooTHoweHud. Hrak,

N = sin B mg
T sinfpgfpcosp 2°
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Hna naxoxnenns cuisl T HYXKHO NOACTaBHThL B ypaBHEHHE
(2) BmMecTo F u Fy nx Boipaxkenus (4). I[lpu stom N, Bopaxkaercs
u3 cootHouenus (3) uepes cuny N, Kotopasa yxe Haiijena.
[IpopenaB Bce 310, MOJyyaem

— fatp _mg
T—_p'lmlg—l—l;{:pctgﬁ 2" (5)
HanomHuM, 9T0 BepXHUHl 3HaK COOTBETCTBYET JABHXKEHHIO JOC-
KH BJIEBO, HIXKHUH — Brpaso. OQHaKo BTOPOH c/yyalt — ABH-
JKeHue BNpapo — TpefyeT JONONHUTESbHOTO UCCAEAOBAHUA, HO

% Z

a &
N , N
i/
, Ll/mal|F 7 gl ! )
77 “ 777, Tl 777777
mg £ Imy
N N
Puc. 2.2. Cuapl, gelicTByouie NPy ABHXEHHH JLOCKH BJieBO (@) 4 BApa-
BO (6)

npu pctg =1 snamenateanp Apobu obpaniaercs B HYJb; NpH
atoM T—oco. A wuro, ecau p ctg f=> 1? Herpyano coo6pa-
3HTh, UTO eCH p cig P crpemMuTCod K e HUIE CO CTOPOHBI MeHb-
IIMX 3HaueHul, HeoOxonumasl cuja T HeorpaHHYEHHO BO3pac-
Taer, ¥ NpH p ctg P=1 nponcxoant sakaunusanre. CoBepiiesHo
OYEBHMJHO, YTO €CJH Tenepb yBeJuuutbh MU HAH cig B, utobbl
p ctg P crano Gosbiie eMHHIBI, TO JOCKa TeM Gosee ocTaHercs
pa mecte. [lostomy npaBr/bHBIE OTBET NPH ABUKEHHH NOCKH
BIPABO BLHITJASAHT TaK:

T=p1m1g+—l—-_%%, ecan petgf < 1.

[Tpu p ctg B>>1 mocky BHITAUIUTE BNPABO HE YAAeTcCd.
TTonpobyem 0OBACHHTL «HA NaJbliax», FIOYEMY BO BTOPOM
clyuyae TIPOMCXOAHT 3aKJHHUBaHue, T. €. HeorpaHUueHHOe
BO3paCTaHHE CHJIbl TPEHUR NPH cTpemaeHuH 1 ctg P K eannune
CO CTOPOHBI MeHbIHX 3HayeHuH. CpaBHUM 3HaueHus cuinl T,
Heo6X0JMMOH Al BHITATHBAHNA JIOCKH B NEPBOM M BTOPOM cJly-
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yasax. Bo BTOpOM cayyae, KaK BUAHO U3 (opMyJibl (5), HYXKHA
Gosblias cuaa. [ouemy? Moment cuJisl TpeHHsA F OTHOCHTENbHO
OCH B 3TOM CJlydae HanpasJeH Tak, YTO NPHBOAHT K YyBesHue-
1o cibl N U, Kak C/IeJCTBHE U3 3TOr0, K YBEJIHUEHHIO CaMOil
cusiet Tpenus F. Cusia Tpennst Kax Obl <yBeTHIHBAET cama cebsiv.

PewniB 3agauy, Mbl OOBIYHO YBEpEHBI, HTO 3KCIEPHMEHT
MOATBEPAHT NOJNyUEHHHE BHIBOALL, B KpaiHHeM ciaydae OyayT
HECKOJIbKO HapyIIeHbl KOMHYECTBEHHbIE COOTHOIICHHS, €C/y B
npouecce pelleHns MPHINIOCh yeM-To MpeHefpeub. Ecan ke
HCUO/b3yeMble TPUBIHKEHHST OKAKYTCHA CJHILKOM TDYOsIMH,

Puc. 2.3. Cxema ycrpofictBa TOpMO30B 3aiHHX (@) U nepegHux (6) Kojec
aBTOMOGH/ISA

TO Pe3y/bTAT SKCIEPHMEHTA MOXKET KaYeCTBEHHO OTJ/IHYATHCS
ot npeickazanuil. Hanpumep, B 3T0il 3aj1aue Mul npenedperasnu
BO3MOXHOCTBIO JfehopMalMy 6alKH H LOCKH W HE YUHTHIBAJH
32BHCHMOCTb KO3(DUIHEHTA TPEHUS CKOJILXKEHHA OT CKOPOCTH,
YTO MOXET O0Ka3aTbCs BeCcbMa CYIIECTBEHHBIM B YCJOBHUSIX,
O6H3KHX K 3aK/JIHHUBAHHUIO; B YaCTHOCTH, 0ajKa MOXKeT CJo-
Mathes Npexje, 4eMm NPOU3OHAET 3aK/JIWHMUBAHUE, WJH HAYATH
NOJCKAKHBATh. :
OnHako Jaxke TakHe akajeMHuyecKue 3ajaudl NpefCTaBAsioT
HHTEpeC, HeCMOTPs Ha cBOH adcTpakTHHIA Xapakrep. B Ko-
HEYHOM CYeTEe MBI HE MOKEM PACCMATPHBATh HCUEPIILIBAIOILHM 0F-
pa3oM Jaxe camble NPOCTHIE SIBJEHHS 1IPHUPOALl ~— BCET]A MpH-
XOAUTCA 4TO-TO ynpowath. Ho BaxkHo, yToObl BEIGpaHHas yii-
pOLIEHHAs MOJE/Ib COXpaHANa OCHOBHBIE YepTHl SABJEHHA.
Pasfupaemasi 3ajaua noMoraer Jydile MOHATL JeACTBHE
TOPMO3HEIX KOJIOJOK aBtoMobuas. Ha puc. 2.3 noxazaHo ycrt-
poficTBO TOpPMO30B 3aAHHMX (a) M nepeaHux (6) Kosaec. [Ipu
HAXKATHH Ha Mejasdb TOPMO3a BO3pacTaer JAaBJCHHE B TOPMO3-
neix nuauHapax C u Konoaxd A u B npHKMMalOTesl K BHYTPEH-
HHM TOBEPXHOCTAM TOPMO3HOro GapafaHa, BpallaOUIErocs
'BMECTE C KOJIecOM. JIerKo NOHATH, YTO NOBeeHHe KOMOAKH B y
33JHUX KOJIEC aHaJOTHYHO NEPBOMY cjaydalo pasobpaHHO# 3a-
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nagH, nosefeHue Komogku A — Bropomy cayuyaio. Cuna 1pe-
nus, JeHcTBYIOasg Ha TopMosHoft 6apabaH co CTOPOHBI KOJOR-
ku A, 60JbILe, YeM CO CTOPOHBI KOJIOAKH B, XOTs BHeiiHee npit-
AUMAOILEE YCHIHE OJMHAKOBO IMs 00eHX KoJlonoK. Komroaxa
A obnamaer «camoropmossuumy AeficrereM. HeGoabiioe uame-
HeHHe KOHCTPYKUHH TOPMO3a, NoKasaHHoe na puc. 2.3 6, apu-
BOMHT K TOMY, UTO yiKe o6e KOJOAKH 00/1aJaioT caMoTOpMOo3 -
muM geficteueM., MMeHHO Tak yCTPOEHBI TOPMO3a MepeiHH¥
Koqec. A Kak BBl AyMaere, [OYEMY NEpeNHHE K0/1eCa HYIKHO
TOPMO3HTL CHJbHEE 3a1HHX? A

3. Papuosecue B vamike. ['anxnil oRHOPOAHBIHA CTRpIKEHD
aHel 2L onupaercss Ha Kpafl rJaiKof HENOABUXKHOH MOJY-
chepuyeckoit yamku pagmyca R {(puc. 3.1). Kaxoit yron o

Puc. 3.1. Crepxenp HaxoguiCcs Puc. 3.2. Cuam, pgeficteytomue
B raaakofi noaycgeprueckoil ila CTePIKEeHb B NOJOMEHHH PaB-
gamKe HOBecHs

00pasyer CTepHkeHb C TOPH3OHTOM B MOJMOMKEHUH paBHOBECHS?
Tpennem npenedpeus.

A Ha crepxedn JeHCTBYIOT TPU CHJBL CHJA THKECTH mg,
NPUJIOKEHHAA B CEPE/HHE CTEPXKHA, H CH/bl PeaklHH YallKu
N; u N:. Tax xak tpeune OTCYTCTBYET, CHIIA N, refictBytomas
Ha KOHeLl CTepIKH#, ynupawmuilcsd B Yaulky, HajipaBieHa nep-
NEeHAUKYJISIPHO [IOBEPXHOCTH YalllKH, T. €. II0 pPajdycy; cuna
N: npunoxeHa K CTepKHIO CO CTOPOHSLL Kpasi 4allKH H Hanpas-
JieHa NepneniuKyaspHo crepxuio (puc. 3.2). ITonpobyiite 065~
SCHHUTbL CaMH, TOMeMY.

Ecan crepenb HaXOAUTCS B TOJOKEHHH paBHOBECHS, TO
JIMUHY, N0 KOTOPBIM JAeHCTBYIOT 3TH TPH CHJBL, [EPECceraioTcH
B 01HOH Touke (touke A). JleficTBHTE/NBHO, PACCMOTPUM TOUKY
nepeceyeHHa JHHUHA NeHCTBUSA KAKUX-AHOO ABYX CHJ, HalpH-
mep N; u N, U COCTABUM YCJAOBHE DABEHCTBA HYJIO CYMMBI MO-
MEHTOB BCEX CUJ OTHOCHTEJNBbHO 9TOH TOYKH. Momentsl cun Ny
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1 N2 OTHOCHTEILHO TOUKH Nepeceuentsn UX Hanpapiennil paBHbl
HYJIO, IO3TOMY H MOMEHT TpeThell CUJILl Mg TakKe A0/IKEH GbiTh
paBeH HYMO, T. €. JIHHUS ReHCTBHA CHJBL Mg NPOXOAUT depes
3TY e TOUKY. JToro (hakTa AOCTATOUHO AJA HAXOKACHHS N10Ji0-
XeHusl paBHOBecHs crepxkusl. M3 snemeHTapHBIX reomerpu-
YeCKUX coofpaKeHHil JICFKO HaHTH BCE YIJIH, YKa3aHHble Ha
puc. 3.2,

Teneps MOXHO CCCTaBUTL ypaBHeHHe ANsl Kakoh-HHOyAb
TPUroHOMETpHUECKOH (YHKUMN HcKoMore yraa o. Haxons n3
npsMoyrospHoro Tpeyroabhnka ABC xopay BC=2R cos «
M YYHTBIBAfl, YTO TOYKA NPHIOIKEHHS] CHJLI TSMECTH JEKHT
gocpennte CTEPXKHS, NOJyYaeMm

x==2R cosa—L, (1

Hanee, paccmaTpnBasi paanyce OC Kak CymMMy JBYX OTpe3KOB,
Ha KOTOPbHIE €r0 JENUT JHHHA REHCTBUS CHABl THAXKECTH mg, Ra-
XOJIM
: R=R sin {(n/2—2a}+x cos &. 2)

[Moncrasass (1) B (2), nonyyaem nocjie npocThX npeoGpasosa-
HUfl KBaJlpaTHOE ypaBHEHUE Mg COS O

4R cos? a—L cos o—2R=0. 3

[TockonbKy yroa o JeXHT B epPBOH YeTBEPTH, (PH3NYECKHi
CMBICJI HMEET TONLKO OJMH KOPeHb ypaBuenus (3), n6o BTopoil
KOpeHb OTpHUATEJEH:

cosa = (L 4+ V L* 32R?)/SR. (4)
TaK KaK COS ¢ He npeBmmaeT e1HHUIBL, TO
L+VTI*+32R* <8R, orkyra L<2R.

CMBICST 3TOTO YCNIOBHSI OUEBHAEH: €CJH AJHHA crepxkusi 21
NPEBLILAET YABOCHHBLIA AMAMETP YamKH, TO UEHTP THKECTH
CTEPXKHs1 BLIXOJAUT 3a Kpail 4allkd H CTepKeHb BLIBAJHBAETCS
13 Hee. Ecau L=2R, crep@eHDh PacnojiodeH TOPH3OHTAJbLHO
(e=0) u onupaercs Ha vawIKy B OAHONH Touke C.

Ecay cTepiens CIHIIKOM KOPOTKHHA, TO OH COCKOJb3HeT
BUYTPb wawku. HafizeM MunuManbhyo AJIHNY CTEPKHA, TpH
KOTOPOH eine BO3MOMKHO OMHCAHHGE B YCJACEHH paBHOBECHE,
T. €. CTEPIKEHD elle ONHpaeTcs Ha Kpail Yaliki CBOHM NpPaBbLINM
KoHnoM (x==L):

2R cosay=2L. (5)

[IpepencHelll yroa o, npH KOTOPOM CTEPIKEHbL €lle He Co-
CKa/Ib3bIBa€T BHYTPb YallKH, OHOBPEMEHHO ¢ (5) MOJKEH YAOB-
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JIETBOPATh TaKiKe ycnoBuio pasHosecus (4). [loacrasass (4)
B (5), HAXOJAUM /I MHHUMAJLHOHR JUIMHBLI CTEPIKHS:

L=RV23.

CootBercTByIOLH# 3TOH MHHHMaJbHOH JINIMHE CTEpIKHA Tpe-
JeNbHBIR YrOJl Oy YAOBJETBOPAET YCAOBHIO

Cos oy = Vm
Hrak, ecan 1/HHa CTEPXKHS YAOBNETBOPSIET YCJIOBHUIO
RV2/83< L<2R,

TO PABHOBECHE BO3MOXKHO, H YTOJI & [IPH PABHOBECHH OTpenesisi-
ercst dopmysoit (4). Dosee feTalbHbBIM HCCJIENOBAHUEM MOMKHO
10Ka3aTth, YTO TO PABHOBECHE YCTOHUYHBO, €C/iH, pasymeercs,
B touke C cTepXKeHb HE ONWPACTCS O YalIKy TOUHO CBOHM
KOHLOM.

Jlerko coofpa3sutb, 4TO €C/IH CTep:KeHb KOpoue JuHaMerpa
vamiky (L<CR), TO CyuiecTByeT ApYroe NoJOXKeHHe yCToAYuBO-
TO paBHOBECHS, KOTA CTepPKelb JCKUT FOPU3OHTANLHO BHYTPH
HalIKH. A

4, MaaTHHK ¢ TpeHHeM. K HmxueMy KOHLY JIerkKoro
CTepIKHsI JJMHBL [ NPHKPEeNnJieH rpy3 Maccsl m, a K BepXHeMy
KOHIlYy —— Jierkasl HHJAHHADHYECKas BTYJKa C BHYTPEHHHUM
paauycoMm R. BTyJka HajeTa ¢ 3a30pOM Ha
HENOABHIKHYIO KPYIVIYIO TFOPH3OHTANBHYIO
ocb (puc. 4.1). Ilpy Kakux 3HaueHusx
yriia OTKJIOHEHHH ¢ OT BePTHKaJH 3TOT
MasiTHUK MO€T HAXOIHTbCH B pPaBHOBe-
CHH, ecau KO (pOhULHEHT TPEHHUA MEXAy
BHYTpeHHEH NOBEPXHOCTBIO BTYJIKH H OChIO
paseH w?

A CoBepIeHHO OYeBHAHO, TG B OTCYT-
CTBHE TPEHMS MEKILY OCblo H BTYJKOH Ma-
ATHHK MOKET HaXONMTLCA B DABHOBECHM p . 4y pronys
TOJILKO B BEPTHKAJIbHOM NOJOKEHHN. A BOT  yagrunka magera
IPH HAJWYMH TPEHUsl B OCH PABHOBECHE Ha HeMOXBHIKHYIO
MasiTHHKAa BO3MOXIHO B /10OOM OTKJIOHEH- och
HOM OT BePTHKAJH [OJOXKEHHH B mpeje-
Nax HEKOTOPOro HeGOJBIIOro CeKTopa — TaK HasbiBaeMmoi
00J1aCTH 3aCTOA.

PaccmotpuM, KaxuM o6pasoM JeHCTBYIOIME Ha MasTHUK
CHJIBI MOTYT OGCCHEUHTb €ro paBHOBECHE B OTK/JIOHEHHOM OT
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BepTUKANM noJoXkenun. Ha MaaTHUK JHeHCTBYIOT BCErC TpH
CUJIEI: Ha TPY3, NPHKPENJEHHbIH K HUKHeMy KOHLY, AeHCTBYET
cuJa THAKECTH Mg, a Ha BTYJKY CO CTOPOHBl OCH B TCUKE HX
COTIPHKOCHOBEHNS REHCTBYIOT HOpMaabHAf CHJAA PEaKUHI OCH
N, nanpapJeHHas 1o pajxycy, i cuia tpeaus F ., nanpasnen-
nas no KacatejbHoi (puc. 4.2). JloBOJILHO GY4EBMIHO, UTO TCU-
Ka A, Toe conpuxacaiorcst OCh M BTYJKa, CMeUieHa H3 EepX-
HETO NOJOKEHUSI B TY e CTOPOHY, KYAA OTKJCHEH MasTHHK,
1O ee TOYHOE NOJOXeH e 3apanee He n3pecTHo. g TOro ytobLl

l
gy my
Puc. 4.2, Cuna peakunn ocu Nn Puc. 4.3. Llentp Mmace rpyaa Jne-
cnaa tpenua Fpp peficteyior na JKAT Ha BEPTHKaJAHN, Npoxoasied
BTYJIKY MasTHHKa B TOUKe ee U€pes TOYKY CCNPHKOCHOBCHUS
CCNPUKCCHOBEHHS C OCBIO BTYJKH C GCBIO

npaBHABHO K300pasuth cHibl N M F Ha gepTexe, HYXHO
CC0o0pasHTh, TAS HMEHHO HaXOJHTCA TOYKa CONpPHKOCHOBEHMS
BTYJIKH H OCH,

31O JIETKO CAeN1aTh, €CJIH BCMOMHHUTH CJeJCTBHE, BEITEKAIO-
fil€e M3 YPABHEHHSA MOMEHTOB: IIPH PABHOBECHH TeJa HOX jefi-
CTBMEM TpPEX CHJ JHHHH, HO KOTOPLIM JEHCTBYIOT 3TH CHJIBI,
nepecexanTcs B OfHOH TodKe. Torja cpasy CTaHOBHTCS fCHC,
UYTO TOYKa A JEXKHUT Ha nepeceyeHHU BEPTHKaJ H, MpoXoasiuei
uepes NEeHTP Mace TPy3a, ¢ BHYTPEHHE! MOBEPXHOCTBIO BTYJAKH
(puc. 4.3). A 310, B CBOWO Ouepeipb, O3HAUAET, UTO HAKE NPH
CKOJIb YTOMHO 60JbLIOM KO3(DQHULIEHTEe TPEHHS B OCH HEBO3-
MOXXHO PaBHOBECHE MAafTHHKE, €CJIH LEHTp MacC rpysa m cMe-
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uled BOPaBO MK BJEBO HA paccTosiHue, GoJbuiee paanyca
BTYJKH R.

MakcuMasibHOMY OTKJIOHEHH!O MasiTHHKA OT BepTHKadl
COOTBETCTBYET HaHOOJblIEe BO3MOKHOE 3HAUCHHE CHJIBI TPEHUS
nokos1. Cyuras 310 HanboOJblIee 3HAUEHHE DABHEIM CHJE Tpe-
HYS CKOJIbXKEHHS, IOY4HM, UTO B PABHOBECHH NP MAKCHMAL
HO JOMYCTHMOM OTKJIOHGHHH OT BepPTHKAJU

Fo,=uN. (H

Tak Kak B paBHOBeCHM BexkTOpHas cymma F., N Hanpas/eiia
BepTUKAJBEO BBepX (pHc. 4.3), TO

tga=F /N=p. 2)

Tenepb nerko HaliTH yroJt ¢, COOTBETCTBYIOULHF MAKCHMAIDb-
HOMY OTKJOHeHHIO MasATHHKA. s 3TOr0 BRIpasuM orpe3ok OB
(puc. 4.3) uepes yriel & ¥ @:

(I-+R) sin ¢g=R sin a,
OTKYJa, YYUTEIBAS COOTHOUICHUE (2), HAXORHUM

iR u o
Sl = T¥R VTT—Mé . (3
OfparuTte BHHMaHHe, YTO NpEAEAbHBIH YroJ ONpeagsfaeTcs
TOJBKO 3HAUeHHEM KO3(PHIHEHTA TPEHHSA U pasMepaMH CTepx-
Hfl H BTYJIKM Y He 3aBHCHT OT Macchl rpy3a.

[loay4yeHHbl OTBET YAOBJETBOPAET YIIOMHHABIIHMCS BbILIE
npeneyabHbiM caydaaM. [Ipu p—0 npenenbHLli yroa ¢ Takixe
CTpeMHTC K HYJIO, T. €. B OTCYTCTBHE TPEHHS paBHOBeCHE
BO3MOKHO TOJNBLKO HPH BEPTHKAJILHOM MOJIOKEHHH MaATHHKA.

[pu p—co MHONKUTEL W/J T-Fp® crpemuTcs K eAHHHIE, H
¢dopmyaia (3) npHHEMACT BUJ
({+R) sin ¢=R. (4)
O1cioia BUAHO, UTO NPH —-00 MaKCUMaJabHO BO3MOIKHOE OTKJIO-
wegne rpysa snpaso OB crtpemurcst X R.
Ec/iu OTKJIOHHTH MASITHHK Ha yros 60Jblle NpelelbHOro
B OTIYCTHTh, TO, COBEPIUMB HECKOJMBKO KoJieOaHHl ¢ yOuIBaio-
Liell aMIIHTY A0, MAATHHK OCTAHOBHUTCSA IJe-TO BHYTPH odJac-
T# 3actosi. OCTAHOBKA MasiTHUKA MOXKET MPOH30HTH B m0boit
Touke 06/1aCTH 32CTOS1 B 3aBUCHMOCTH OT HAayaJbHBIKX YCJIOBHH.
HHTepecHO OTMETHTD, YTO NPH HAJINYHH TPEHHS B OCH MaAT-
HUK MOMXET HaXOAHTbCA B PABHOBECHH H B EPEBEPHYTOM I10Ji0-
MCHUH, KOTJA TPY3 /M PAacnoJoxeH Bome ocd. B orcyrcraue
TpEHHUsT paBHOBeECHe NePeBepHyTOro MAATHHKA BO3MOXKHO TO/b-




134 III. CTATHKA

KO NPH CTPOTO BEPTHKAILHOM NOJOKEHRNY ¥ SBAKETCS HEYCTOl-
yHBLIM., PaccMOTPHTE PAaBHOBCCHE NEPEBEPIYTOro MasiTHHKA
CaMOCTOSNTEALHO M yOEAMTECh, YTO MNPEAEJbHO JONYCTHMBI
YroJi OTKJOHEHHA OT BepTiKa/li JAeTCs TeM e BbipaxeHHem

3). a

5. Baok ¢ Tpenmem B ocu. B ciucreme, rNoxasanHod na
puc. 5.1, nerxuii 610K ¢ BHEmINM PaiHycoM R W BHYTPEHEUM
PAamycoM 7 HafeT Ha HENOABHXHYIO LHJIHHADHUECKYIO OChb.

Kosddpuument rtpenns Gaoka o NOBEPXHOCTb OCH papeil M.
TlpH KakuX yraax o s1a cuc-

TEMA MOJKET HAXOAUTBHCR B
PABHOBECHM, €CJH Tpenue
MEKY TPy3aMH H HaKJIOHIibi~
MH  IJIOCKOCTSIMH  OTCYTCT-
Byer?

A QOueBHIHO, 4TO 1IPH OT-
CYTCTBHHU TPEHNUs B OCH 61052
Puc. 5.1. Pasnosecie 6aoka ¢ tpe- ~ CHJ/IBI HATAMKEHUA COEANNSIO-

HHEM B OCH INEHN rpy3sl HHTH OAHHAKOBb

no ofe cropouus or 6Joka,

H NO3TOMY TaKaa CHCTEMa MOMET HaXOAMThCH B PABHOBECHH

TOJILKO TOTJ, KOTJid Olla CTPOro CHUMMETPRUHA, T. €. yron a
pabeH /4.

Ecaii e B och 610Ka ecTb Cyxoe TpeHHe, TO CHJBI HaTsaxe-
HMA HUTA crpaBa # cieBa or 6J0Ka Moryt ObiTb Pas/HuHbLl i
CYUIECTBYET LieNlast 06/1acTh 3HAUeHUi yryia o BOAN3M o=m/4,
B Dpejesiax KOTOPOH BO3MO:KHO papHoBecie. IIpH sTOM MBI,
pasyMeercs, CUHTAeM, 4TO MEXIY HHUTbo H OJAOKOM Tpeline
BEMMKO, TAK 9TO HHTb HE MOMKET IPOCKa/b3bBATh.

Jaa HaxomaeHHs rpaHui 00JacTH DaBHOBECHS DPAacCMOT-
pumMm cuJawl, nefictByioniue Ha 640K, Tak Kak TpeHHe Mexay
rpysaMM ¥ INJIOCKOCTAMH OTCYTCTBYET, TO NPH paBHOBeCHH
CHAZ NaTsDKeHHsl HETH ¢ieBa oF O0Ka paBHa mg sin o, a cnpa-
Ba mgcosc. KimeHHO ¢ TakuMM cuiaamMu HUTB U JeficTByer
Ha OJI0K, Kak 1i0KasaHo Ha puc. 5.2. OtMetuM cpasy xe, 4TC
FOPHU3CHTANBHLIE COCTABJRIOIINE 3THX CHJ 110 MOAYJIO DABHDI
mg sin @ cos & (110CMOTpHTE BHUMATENbHO HA PHC. 5.2) H ypas-
HOBeWHBAOT APYyT Apyra. JlosToMy BekTopHas cyMMma CUJ Ha-
TRKEUUA HUTH, JEACTBYIOIMX HA GJOK, HanpaBjieHa BepTH-
Kaabto BHM3. MoayJb 3T0i paBHOAEHCTBYIOWEH CHJLI PaBeH,
Kak BH/HO H3 TOTO e pHuc. 5.2,

mg sin?a+mg costa=ing.
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Kpowme cun natsaxenus uutelr, Ha G0k neficTByeT cHAa pe-
aKIUH OcH ), KOTODPYIO, KaK OOBIUHO, yNoOHO NpeiCTaBHTb B
BHJIE BEKTOPHOI CYMMB! HOPMAJ/IbHOH CHJIB peakiiun N H CHJbI
Tpenus F,,, Hanpap/eHHOA MO KacateJpHOH K BHYTPEHHEN
nosepxioctd 6noka. OGe 3TH CUJBl NPHJOKEHB B Touke A,

my cosot g Coscl

mysing,
4 ~

mg
!
7

Puc. 5.2. Cuael, geficTsyomue Ha GNOK CO CTOPOHB HUTH

r/ie 610K conpuKacaercs ¢ ocuto (puc. 5.3). Bynem nas onpene-
JEHHOCTH CYHTATb, 4TO YroJ o.>>m/4; Torsa cuia tpeHus Fp,
- IpH PaBHOBECHH CHCTEMbl HanpabJjena Bnpaso. Moayib cuasl
TpeHusl NOKOSl MOXKeT H3Me-
HATBCS OT HyJasa (npu o=
=1/4) 710 MaKCHMAaJbHOTO
3HaUeHHd, KOTOpOe Mbl 6y 1eM
cyntath paseiM uUN. 210
MaKCHMaJbHOe 3HauYeHHe CU-
Jia Tpenus 6yaeT NPpUHUMATD
pH yrje o, COOTBETCTBYIO-
1eM TpaHule HHTepecyrome
Hac o0JacTH, TAe BO3MOMXHO
paBHOBecHe.

[Tonoxxenue Tourn A Ka-

canusi GJ0Ka € OCbIO' OYAM  Puc. 5.3. Cuant N1 Fyp neitcTsy-
XapaxkTepu3oBatk YIrJoOM ﬁ 10T Ha 60K B Touke A, rae 60K
(pHC. 53)7 KOTOprﬁ Oépa- COMpHKacaercd C OChbiO
3yeT ¢ BePTHKAJbIO PajHYC,
NpOBEIEHHBIA B TOYKY KacaHHs. IJTOT YroJl MOXHO HailTH,
YUMTHIBAfA, YTO CHJa @ ypaBHOBEIIMBAET BEKTOPHYID CYMMY
AGHCTBYIOIWIHX Ha OJIOK CHJ1 HATS:KEHHs] HHUTH, T. €. PABHA mg
H HanpaBJeHa BepTHKasApHO BBepX. IlpupaBrHuBas moryau
rOpU3OHTA/BHBIX cocTaBasomux cuan N u F,, nmeeMm

N sin B=pN cos B, (1)

tg p=p. (@)
O6parum BHHMaHHE, UTO COOTHOLIEHHE (2) COBMAJAET C YCIOBH-
€M DaBHOBecHs TeJia Ha HAKJOHHOH NJIOCKOCTH, ofpasyrouie

OTKYJA
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yros B ¢ ropusoHToM. Kak no-paueMy, 970 ¢a1yyaiinoe copnaje-
HHE WIH €My MOXKHO TpPHIAATL ONpPeACICHHBIH (H3HYECKuil
CMEBICI?
Tenepb nerko Haifti IeficTBYIOILYIO Ha GJIOK CHJY TPEHHI.
Tak kax moayab cuibl @ paBeH mg, To, KakK BUAHO H3 puc. 5.3,
F.,=mgsin f. (3)
Bripaxas cunyc yria f§ yepea TaHreHe M yUHTHIBas COOTHCILe-
Hie (2), BepaXkenue AJsS CHJABl TPEHHS MOMHO Tepemycarb B

BHje

= g L . 4

FTP lnb ]/-1‘}‘,“42 ( )

Jaa naxomaeHus npelebHOTO yraa ¢, NPH KOTOPOM eme

BOIMOXKHO PABHOBECHE CHCTEMBI, HalHILIEM YCJIOBHE ypasHOBe-

WHBAHHS MOMEHTOB CKJ, JeHcTBylOmMX Ha 6aok. Tax xax

nNeyy CHJ HATSAKeHHs HHTH OTHOCHTeNbHO Toukn O paBnmnl

BHelIHEeMY pajuycy 6i0Ka R, a nje4o Cusibl TPEHUA PaBuo
BHYTpenHeMy paauycy 6aoka r (puc. 5.3), T0

mg (sina—cos a)R=F 1. (5)

Toacrapass B ypasieHue (5) suadenne CHJIBL TpeHus u3 (4)

¥ BO3BOJs O0€ YACTH STOr0 YPAaBHEHUA B KBajpaT, I1oC/e npoc-

TLIX npeoGpa3oBaHuil HAXOAHM

. r\2z2 p? -
sm?oc:l—(—R—> TRz €}

[Tpn p=0, ¥T0 COOTBETCTBYET OTCYTCTBHIO TPEHHA B OCH,

(opmyaa (6) paer sin 2a=1, 1. e. a=n/4. Ilpn p70 npasan

4acTh B BRIpameHun (6)mens-

RSy ile eAHHKOBL, IOITOMY Ypag-

/—/—/—ﬁ—z Henne (6) ajaa o umeer B
R 7+p2

sinJmd
H
|

e npoMexyTke or O 1o /2 npa

, ' KODHA 0 H ¢y, PACTOICKEH-

! ! HBIX CHMMETDHYHO OTHOCH-
i .. TeJbHO 3HaYeHHA a=x/4

oy £ e 2 @ (puc.5.4). KopeHb oy, MeHb-
4 “ wmui ©/4, [DOSBHACH Kak

Puc. 5.4. O6aacTs yrios a, npi JHWHWA [OpU  BO3BeJeHHi

KOTOPLIX BO3MOXHO DaBHOBECHE, or-  YPaBHEHUA (5) B KBajapar.

paBiiyena 3BAYELMGMH Oy B Ay OﬂHaKO, HQCMQTPH Ha CTQJI5

«HEe3aKOHHOE» nosiBneHue,

OH ¥WMeeT QUIHYECKHH CMBIC, ONpelesisia BMeCTe ¢ A, BCIO GO-

JIacTh 3HAYEHHH YIVIOB &, B KOTOPOH CHCTEMA MOZKET HAXOAUTLCH
B pasHopecHH, [Tonymaiite camu, nouemy Tak HOJYYaeTCsH,
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Moro 65l nOKa3ateCs, YT0 NPU r=R 314 3a7a4a COOTBETIT-
BYeT C/1y4aro, KOrja Ipyssl COSQHHEHBl HHUTHIO, NEPEeKHHYTOIl
Yepes HEeNOABIKHBIA LWJIHHAD, NpHYeM Kosh)ULHEHT TPeHus
HHTH O NOBEPXHOCTb HMIUHApa paBeH W. OJHAKO 3TO He TaK.
Bce feqo B ToM, 4TO B paccMaTpUBaeMoll 3ajade Kacatine BHYT-
PEHHEro HWIHHAPA HPOUCXOAHT TOJNLKO B OJHOH Touke A,
B TO BpeMs KaK rubKasi HUTb NPHJEraeT K LWIHHAPY 1o BCel
Ayre. Jrot caydai GyieT paccMOTpeH B 3ajaye 8. 4

6. Ycrofiumso sm pamHomecwe? OjHopoanas JocKa Ha-
XOITCS] B PABHOBECHH B NPSIMOM JABYTPAHHCM YTJIE C [VIaJAKHMH
crenkamy. Ha puc. 6.1 nsobpaxkeHo ceuenue 3Toro yraa nJjoc-

Puc. 6.1. Cunmpl, nefictpylomue Puc. 6.2. [lepememenne uentpa
Ha JIOCKY B JIBYyTDaHHOM yrje ¢ TSIZKECTH NPH H3MEHEHHH ToJo-
TJA8IKHMH CTEHKaMHu JKEHHSl JOCKH

KOCTBIO, nepnenaukyasproil pebpy. Kak pacnosoxena jgoc-
Ka? YCTOHYHMBO JU ee paBHOBeCHE?

A TlocKoIbKY TpEeHHE OTCYTCTBYET, TO HA JIOCKY JEHCTBYIOT
TPH CHJBL CHaa TSKecTH P u Jse CHJABl peakuuu oncp N, u
N, Hanpap/jeHHble NMEepNEHAUKYAAPHO TpaHAM Yraa. Kak yxe
GLIJIO BBHISICHEHO B 3ajade 3, B MOJOMKEHHH DABHOBECHS TOX
NeHCTBHEM TOJBKO TPeX CHJ JHHHMH HX JeHCTBHS NEpecexaloT-
¢s1 B OIHOH TouKe (prc. 6:1). M3 3TOr0c pucyHka Jerke BHAETb,
KaK MOXHO MOCTPOEHHEM HalTH MOJIOKEHHEe JOCKH B PABHOBE-
cuu. [TpoBoaus BepTHKaIb Yepe3 BEpPIUMHY YIVIA H OTKJIajsl-
BAEM Ha Hell OT BEpIUHMHBI OTPE30K, papHbIH MJIHHE JockH. M3
KOHIl@a 2TOro OTpe3Ka ONycKaeM MNEepHeHAUKY/IAPLl Ha TpaHu
yraa. Tlonoxkenne DOCKH B PABHOBECHH COBIIANAET CO BTOPOH
ANAroHaAblo MOJIYYHBIHErccst npsaMoyroapHuka. Herpyano
yOeRUTBCST, YTO YIOJ, KOTOPHIl o6pasyer JocKa C OJHOH u3
rpaHeli yraa, paBeH yray o, o6pazyeMoMmy JpPYTOH Tpaiblo
yraa ¢ TOPH3CHTOM.

B ycrofiynEoM NOJOXEHMH PaBHOBECHA MNOTEHIHAAbHAS
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SHEPrUsl MHHMMAJbHA, B HeycToHUHBOM — Makcumanbha. Ilo-
3TOMY JJIS1 BBISICHEHHst Xapakiepa paBHOBeCHsA JOCTATOYHO
paccMOTpeTh, KaK H3MEeHsIeTCs BBICOTA LEHTPa TAXKCECTH JOCKH
DU MasblX CMEMIeHUsAX ee M3 MOJNOKEeHHs paBHoBecus. Ecuu
nepemMellath AOCKY TaK, YTOOBL KOHILB! €€ CKOML3NU/IH [0 TPaHaM
VIJ1a, TO €8 UEHTP TAKECTH MepeMeuractcst Mo Ayre OKpyXKHO-
CTH, LEHTP KOTOPOH COBMNajaeT ¢ BepILHOA yr/aa, a pajuyc pa-
BEH T1OJIOBHHE JJIMHBI OCKH (pHc. 6.2). B camoM jene, Kak Buj-
10 W3 3TOrO PUCYHKA, PACCTOSTHUE OT BEPLUHHLL yraa 0 [eHTpa
TAKECTH JIOCKH He 3@BHCHT OT NOJIOKEHHS JOCKH U PABHO NMOJO-
BHHE ee JJUHHI.

B rnonoxeHuH paBHOBECHS PaAHyC, COGIHHAIOMMA BepUIH-
Iy yrJia ¢ LeHTPOM THXKECTH JOCKH, PACTIONOXKEeH BePTHRAIBLHO,
03TOMY TIPH CMELEHUH JOCKH €e MOoTeHI{HAIbHAS SHEPTHA YObl-
Baer. PaBHoBecue HeycroftuuBo. C/ayua#HO OTKJIOHMBIUHCE,
JIOCKA COCKOJIB3HET Ha OAHY H3 rpaHed yraa. A

7. Bpesna B Kky3ose, I'py3oBUK 3arpyxed OAHHAKOBBIMH
raagkHMu GpeBHaMH. 3aeXaB B KiOBET, OH HAKPCHHJCA HA
onuu GopT, Tak 4YTO IHO Ky30Ba 00pa3oBajo ¢ I'OPH3OHTOM
yroa 0. Ky208B pasrpysunu, u B
HEM OCTaJIOCh TOJILKO TPH Open-
Ha (puc. 7.1). C kaxoi#l cuioi
F ny>Ho noaneperb KpaiiHee
OpeBHO 3, uTOGH! GpeBHa He pac-
KaTHaHch? Tpenuem npeues-
peusb. '
\— 5 A Tlonoxkenne 6peBeH, yKa-
- : ' 3aHHOE Ha pHC. 7.l, BO3MOXKHO
Puc. 7.1. Bpepua B naksonsom TOJBKO, ecan yroa 0<<C30°. B

Ky3oBe NPOTHBHOM CJydae HampagJje-

HHE CHJIBI THKECTH BEpXHEro

OpeBHa 2 MpOHJET JieBee TOYKH OMOPBI O HHKHee GpeBHO [ u
OpeBHO 2 ckaruTcs Ha 6OpT.

[Ipu pewmenun 3Toff 3afauu NOMbITaeMcsl M3GEKATb YTOMH-
TEJLHOr0 pacCMOTPEHHS BCeX JeHCTBYIOIMX CHJ M BOCHOJb-
3yemca 3aKOHOM cOXpaHeHHs sHepruH. Ecam cucrema Gpeser
HaXOAUTCA B pPaBHOBECHH, TO pafoTa BHEWIHEeH cuABl F npu
MBICJIEHHOM GECKOHEUIO MaJIOM MeJIeHHOM NepeMelieHH: Kpail-
Hero 6pesHa 3 onpezesisieT M3MeHEeHHe NOTEHIHaJbHOH HEp-
ruu OpeBeH, Tak KaK TPEHHE OTCYTCTBYET, a HOPMaJbHBIE CHJIBL
peakuuu paGoThl HE COBEpIAIOT.

«['eomerpHsiy mepemelneHusl GpeseH noxkasaHa Ha puc. 7.2a,
KOTOpPbI# J1A YAOOCTBa HOBEPHYT HA yroa 0 1o 4acoBoh cTpel-
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ke, Ha Takoil xe yroj noBopaunBaeTrcsi HanpaB/ieHHE CHJE!
TSIXECTH,

Tpeyronbrukyn Ha puc. 7.26 cOeIMHSIIOT UEHTpLl Gpesed
10 H nocse nepeMerienua. Jlo nepemerenns TpEYronbHUK Ghisi
PaBHOCTOPOHHHM CO CTOPOHOH, paBHON AuaMmeTpy OpeBeH a.
[Tocne nmepememennst 6peBeR TPEYroJbHHK CTaHOBHTCS PaBHO-
0cZipeHHEIM, OOKOBbIe CTOPOHBI €r0 NO-HPEXKHEMY PpaBHBI a,
OCHOBaHME YyBeqnuuBaercd Ha 2Ax, a BbICOTa H3MEHsETCS Ha
Ay. B camom pene, 6peBno I nexuT Ha MecTe, GpeBHo 3 nepeme-

dz

|2tz |

Puc. 7.2. Ilepemeujenne 1EHTPOB OpeBeH NPH WX PaCKaTLIBAHHM

maercst #a 2Ax BRosb Ana Ky3oBa, a GpeBHO 2 mepeMelaercs
ua Ax Bjoab jua u Ha Ay nepneHAMKYAsSipHO Y.

YyuTeiBasi, YTO HaNpaB/JEHHE CHJB TAMECTH COCTaBJIsAET
yron 0 ¢ oceo y (puc. 7.2a), u3MeHEHHE NOTEHIMAIbHON
5Hepruu GpeBeH MOXNKHO 3aMHCATH B BHJE

AE,=mg cos 0-Ay--mg sin 0-Ax-+mg sin 0-2 Ax.

{lepBrie JBa caaraeMblX JAOT H3MEHEHHE NOTEHUHANLHON 3Hep-
ruu Gpesna 2, a Tperbe caaraemoe — Gpesna 3. Ilpn Taxom
nepeMelienuy  BHelllHsis cusia F o coepmaer pabory AA=
=—F-2Ax. Ha ocHoBanuH 3aK0Ha COXPAHEHHS SHEPTHH HMEeM

—F.2 Ax=mg cos 0-Ay-+mg sin 0-3 Ax. (H

Jns naxompenns cuabl F HYMKHO HaHTH CBSI3b MEXIY Me-
pememenusiMd Ax u Ay, Ilpoume Bcero sto cienath, BHPa3uB
HX uepe3 uaMeHeHue Aa yraa o. B cucreme Koopaunar, noka-
3aHHOH Ha puc, 7.2a, KOOpAHHATHL BEPIIMH TPEYrOJbHHKA JO
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nepemenenuss OpeBeH paBHBL
X==g cos o, y=a sin o, (2)

ITocsie nepemenienus
x+Ax=a cos (@-+Aa), y+Ay=a sin (@-Ax). 3)

Vcnonesys dopmyspl Aaa cuHyca M KOCHHYCZ CYMMBL JIBYX
VIJIOB M yYHTHIBAS, YTO NPH Majsix Aa 3Hauenus cos Aaxl,
sin AamrAc, ¢ nomoibio Buipaxeuni (2) u (3) naxomum

Ax=—aqa sin a-Aa, Ay=a cos «-Aa, “)

[Toncranass (4) B coorHomenue {1}, noayuaem Beipaxenue s
et £

F——— (cosGctga—3sin ).

YTOn O 3/IeCh CELYET NONIOKHTL PABHBIM 60°, TaKk Kak HYKIHO
ONPENSNHTL CUAY [, He MO3BOJSIOLY0 OpeBlaM pacKaThBaTh-
¢, Iosromy

F= mg ( VIA cos 0—3 sin@). (5)

IIpoananusupyem nosaydeunsift orer. Lcil yron Hak/oHa

Ky30Ba JiexuT B uutepBate 0 < 0 < arctg (1/3 V 3), To cuna
F>0, 1. e, 6peBHa JeACTBUTENBHO HYXXHO YIEPKHUBATHL: €CJH
cuay F y6parts, To 6pesna packatsres. [pu 0, = arctg (1/3)°3)
cuna F obpamaerca B Hynab. Ilpn takom yrae O; OpeBHa He
packartsarcsl, Jaxe ecad HX He mopnupats. Ecnu 6,<C0<C30°,
TO cusa £ coraacHo gopmyJe (5) oTpHIIaTe1bHA. JTO 03HAYAET,
yTo GpeBHa He pacKaraTcs, jJaxe ecju OpeBHO 3 BHITATHBATH
BAOAbL JTHZ Ky30Ba ¢ cHJoH, MmeHblieH |F|. Takum oGpasom,
0, npeacrasaser cofoil HaUMEHBIIUN YI0a, NPH KOTOpOM Gpes-
Ha HE pacKaThBAlOTCS B OTCYTCTBHE YAePKHBAIOWIEH CHJBL
F. A

8. Kanar Ha tymGe. [lpn npuvaaupaHu¥d K HPHCTAHH
MOXKHO OCTAHOBHTL JIBIIKEHHE JaKe O4eHb OOJbIIOrO CYyIHA,
1e mpuiarasd JJs 3TOrTO OObIiuX yCHAnil. Dpomendmit ¢
napoxoja Ha NpuUCTAaHb KaHarT 060payHBAOT HECKOJAbKO pas
BOKPYT TyMOBI, H TOT/la OKa3biBaeica AOCTATOYHBIM NPHIIOKHTH
K CBOGOJHOMY KOHIY -KaHata COBCeM HeQGOJbIIoe YCHiue,
4TOOBl NPOCKANB3LIBAICIUA M0 TyMmOe KaHaT OCTaHOBHJ H
yaepKaa orpoMHmii mapoxox. Paccuutarb, BO CKOJIBKO pas
JeHcTBYIOIAs HA NAapOXCi CO CTOPOHB KaHaTa CHJa MPeBocXo-
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INT NPHAOKEHHOe K cBOGOJHOMY KOHLY KaHAaTa yCuJMe, ecan
KaHaT TPHKALL ¢6epHYT BOKPYL TymOBl, a KO(xpHIlNEHT Tpe-
HHs Kanara o Tym0y paBeH W.

A OrpomHBIA BBIHTPBII B CHJIE JCCTHTAETCs 37ech BJ1aroia-
PA TPEHHIO BUTKOB KaHaTa O NOBEPXHOCTh TyMOB. PacecMoTpum
neGosbinoit anemMenT Al BHTKA KaHaTa Ha TymGe, xapakiepil-
syemblit yraom Aa (puc. 8.1). Ha stor aaemeHt co cropons co-
CeJIHUX Y4YaCTKOB KaH&ATA JEHCTBYIOT VIPYTHE CHJALI HaTsKe-
uug, pasiple T u T--AT 1 nanpab/ieHHBE 110 KacaTeIbHEIM K

'
H
!

I
~ -
—— -
~¥.

Punc. 8.1. Ha saement kanata Al co  Pnc. 8.2, K BhuHciaennio Hop-
CTOPOHK COCEIHMX YQaCTKOB jeficT- MaJbHOH CHJAb peakunn AN
BYIOT CHJB, paBHbie 1O Moaydaio 7T

n T--AT

NOEEPXHOCTH TYMOBl HAa KCHUAX BbljleslenHOro yuactxa. Mure-
pecyloiee Hac pasninuie moay.aeil sTux cua AT ofGycioBaero
JefiCTBHEM Ha 3TOT 3/]eMeHT CHJ/Bl TPEHHs CKoabkeHus AF, .
PaproefcTBYIOMAS CHJI HATSKEHHA HMEET TaKKe COCTaBJIA-
1y, HaNpaBJEHHYIO N0 PajHyCy K LEHTPY TyMOHl. IJTa COC-
TABJAOWASA YPABHOBEIINBAGTCA HOPMAJBHOH K 3JeMeHTy Al
cuoofl peakuun tymM6el AN. Kak BuAHO M3 DOCTpoeHHs Ha
puc. 8.2, B KOTGPOM YYTEHO, YTO I/ MaJjCro 3JeMeHTa BHT-
ka Al ornomenne AT/T<1, monyab cuisl AN npuGaIHKeHHO
pagen

AN=T Ac. H

Mogyab cumsl TpeHus cKoibxkenust AF  cBsizaH ¢ MOJyJeM
HOPMaJIbHOH CHJE peakunn AN, Kak oOLIYHO, COOTHOINCHHEM

AF,,=pAN. 2)

Moacrasass ciosa AN n3 gopmyant (1) u yuntsiBas, uto AF, =
=AT, nonyuaem

AT=pTAx. (3)

Bynem tenepb paccMaTpHBath CHAY HaTsxkeHHs Kanata T

Kak Qynknuwo yraa o, Torpa, nepexoas B Belpaxenuu (3) x
npeieny npn Ac—0 M yunTHBAasg, 4YTO Npeles OTHOIIEHHS
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AT/Ao npu Aa—0 ects T'() — 1ponsBomHasi OT (GYHKIIHH
T(x) no ¢, noayuum jfuddepedunanbioe ypapHeHHe

T'(@)=pT(@). )

Takoe ypaBHeHMe, B KOTOPOM IPOH3BO/HAS OT MCKOMOH QYHK-
MW TNpOHOpUHOHA/AbHA camoil (QYHKUMH, KaK H3BECTHO H3
IUKOALHOTO KypCa MaTeMaTUKH, UMeeT pelieHue

T (o) = Cen, )

Kar Buano us camoro peiuenusi, nocrosinnas C uMeeT CMBICT
CHABI HaTsiKeHWUs Kanata T, npu o=0, T. e. ycuaus, APHUIOC-
KEHHOTo K cBoOOAHOMY KoHUY KaHaTa. [lostomy

T (o) =T e, (6)

Mz 371010 BRIpaxKelus BHAHO, UTO OTHOIIEHUE CHJIBI HATSKe-
nust T(@,) HA OAHOM KOHIE KaHaTta (T.e. NpH o=e,} K cuje
nataxeHds Ty Ha APYyroM KOHIlE, paBHOE eh% He 3aBHCHT HH
OT auaMeTpa, HH OT TOJLUMHBI KaHaTa, a ONpeAe/sieTcs TONbKO
KO3PPHIMEHTOM TPEHHS |4 H YUCJIOM 000POTOB 7=, /2.

DKcnoHeHIHaNbHAas QYyHKUTS

euOC‘ — e?.ﬂfﬂ,ﬂ

pacter ouenb GeIcTpO. I1pu LeabIX 7 3TO NpPOCTO reoMerpuyec-
Kas [nporpeccusl co 3HameHateneM e’™. Hanpumep, aawme
npu u, pasuoM scero 0,1, nocse opHoro ofopora (n=1) cuna
HaTSKEHUs KaHaTa BO3DACTAET B 2 Mare®3x] 87 pasa, a
1ocae Tpex o6opoToB — B e 36,565 pasa.

Caeayer OTMETHTb, UTO. OIIHCAHHBIA crnocob mnpeobpaszoba-
HUS CHJBL ABASETCH CYWECTBEHHO HEOOPATHMBIM, B OTJIHYUE OT
POCTHIX MeXallu3MOB, TAKHX KaK pbl4ar, BOPOT, Tajd H T. II.
TTosromy Taxum cnoco0OM MOXKHO TOJNLKO OCTAHABMHBATH HJIH
yAepxuBars KopabJib, HO HE/Ab3A, HANpHMep, MNOATATHBATL
ero K Gepery. OnHako ecay NpHUBECTH TyMOy BO BpalleHHE ¢
IOMOLLLIO ABHIaTe/f, TO ONHCAHHLIM CHOCODOM MOMXHO HOATH-
TuBath Kopabiib K Oepery. JleGeaku, B KOTOPBIX HCNIOJAb3YeTCH
10T npuHUHN (Ka0ecTaHbl), IUMPOKO pACIpPOCTPAHEHBI BO
dhitote. a
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OcHoBHON 3aKOM CHAPOCTATHKU — 5T0 3akon llackass, coriacHo
KOTOPOMY B COCTOSSHRW DaBHOBCCHA AABJAEHNE p B MHAKOCTH (HJIH rasec)
HE 3aBHCUT QT OPHEHTANHK TNJAOWAAKH, H3 KOTOPYIO OHO AeficTByeT.

Ecau gecxnMaemas MUAKOCTb HAXOANTCH B OAHOPOIHOM IOJE Tii-
KeCTH, TO HapocTaTHyeckoe Aasienmue na rayGnne b paeno pgh, rie
© — HJIOTHOCTE MuAKoerH. Hanuune obycaoBjenHHoro nojgeMm TsKeCTH
FUAPOCTATHYECKOrO RABACHHS NMPHBOAMT K TOMY, UTO Ha NOrpPyXeHHOe
B MUAKOCTL (WM Ta3) TeJo felCTBYeT BLITaJKUBalollas cuiaa, 3Ta Cuia
HalipaBjena BEPTHKaJAbHO BBEPX, a €€ MOAYJbL paBed Becy XHJIKOCTH,
0o0beM KOTOPOil COBOAA4CT € obeMOM HOTPYyKenHol B MHAKOCTL YacTH
Tesa. B 3ToM 3aksouaeTcs 33KOH ApXHMeja.

Ilpn craunonapHoM ABMXKEHHH JKMAKOCTH, KOTLd JUHHUH TOKA He
MEHAITCA CO BDEMEHEeM M COBIAJAIOT C TPAEKTOPHAMH YaCTUL KUAKO-
CTH, uepe3 Jro6oe nonepedHoe ceucHie NOTOKA B €IMHHIY BpeMesH npo-
XOAHT QIHO B TO XK€ KOJANYeCTBO Xujkoctu, g necykuMaeMod XKHAAKO-
CTH 3TO YC/NOBHE BLIPAXAETCid YPABHEHHCM HEPa3puiBIlOCTH!

0381 = S, i

rae 8y n S, — naowapn ceuenndl, a v; 1 v, — CKOPOCTH XHAKOCTH B
3THX CCUCHMSX.

Ecan npu asuxenuun MUAKOCTH MOXKHO npexebpeun CHIAMM BA3-
KOCTH, TO TaKylo MMUAKOCTE Na3wBaloT HieaneHoid. Jlas uaeansnofi
JKHAKOCTH BHTTONIHAETCSI 33KOH COXPAHCHHs MEXAHHUECKOH 3HEPruH,
MaremMaTnueckyM BbipaKeHHeM 3TOro 3aKoHa fBJfeIC ypaBHEHHE
Depunyaan:

p-+pgh 3 pv/2=const. 2
Cymma caaraemuix, GUrypHpyiomiMX B JIeBoil 4acTH ypaBHeHHdA, HMe-
eT OAHO H TO XK€ 3HAYEHHME BAOJbL JHHUH TOKa. Brcora A B j06oi Touke
OTCYHTLIBAETES OT OJHOTO YPOBHS, YCJAOBHO NPUHATOrO 3a Hynaesofi.
TIp# ABMIKenMH TEBEPAOFO Telda B JMMAKOCTH (WIN ra3e) Ha Teao
LefCTRy€eT CHJia CONMPOTHBJAEHHMA. DTa CHJA 3aBHCHT OT MHOTMX Hapa-
MeTpoB, TaKHX, Kak CKOpPOCTh JBHJKeHHs, pasMepn u dopma Teda,
NJOTHOETh JKUAKOCTH, ee Bs3kocTb., OTHOCHTeAbHAst POJb  3THX
RapaMerpOB MCHSI€TCA B 3aBHCHMOCTH OT CKODOCTH JBHXKEHHA Teda B
Kuaxocti. Ilpu neGonbwIHX CKOPOCTSX 2Ta cnsa o6ycaoOBIA€eHa B OCHOB-
HOM Bf3KOCTBbIO XUAKOCTH. B 2ToM ciyuae cuja CONpPOTHBJIEHHA NPO-
NOPUHOHAAbHA CKOPOCTU Tead.
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1. Mepesepuytas Bopouxa. [lepeBepuyrad Taxenas KOHH-
tecKas BODOHKA IIOCTABJIEHA HA POBHYI0 TOPU3OHTAJNBHYIO
11OBEPXHOCTh, MOKPLITYIO JHcTOBOH pesunoll (puc. 1.1). ¥Y3koe
OTBEPCTHE BOPOHKH 3aKaHUMBAETCA TOHKOH TPYOKOH, depes
KOTOPYIO BUYTPh BOPOHKH MOMKHO HannpaTh BOAY. Oxasanoch,
4TO BOJA HauyuaeT BLITEKATh H3-NOJ BOPOHKH, KOTAa BBICOTA
YDPOBH;T BOJbl B TPYOKE CTAHOBHTCA PaB-
noii h. OnpenenuTs Maccy BOPOHKH 1,
ecad IUIOMAJL CEeUeHHH ee LIHPOKOro
OTBEPCTHSA PaBHA S, a BLICOTA BOPOHKH
pasna H.

A Tlpekpe Bcero mogymaenm, nodemy
BOJa BOOOIE MOMKET BBITEKATb H3-MOF,
PODGHKH. Benb BopoHKa ILIOTHO CTOHT
[a pesylie U HUKaKHX Liesefi TaMm Her,
Yrobhl BOJa HAuasa BHITEKATh, BOPOHKA

SomssdmaTeaoemy  IOMKHA NPUNoAHAThes . Kaxas ke cuaa
Prc. 1.1, Mpu sucore €€ IPHIOAHUMAET? llenous TOM, YTO CHJIEL
yposis fi Boga mauwm. AABICHHS BOIBIB KaXIOH TOYKE MOBEPX-
HACT BLITEKaTs M3-fog  1IOCTH BOPOHKH HaNPAaBJaeHkl 10 HOPMaiu

BOPOHKY K Hefl H [0ITOMY HMECIOT BepTHKAaJb-

VIO cocTapaswiLylo. Pesyastupyiolian

STHX CWJI, KaK SICHO N3 CHMMETPHH BOPOHKH, HalpaBJ/eHa Bep-

THKaJbHO BBepX. [Ipu HekoTOpOM YpOBHE BOJABI B TpPYGKe

9Ta pe3ybTHPYIOWLAs CH/Ia AABJCHUA MOJKET OKa3aThCs J0CTa-
TOYHOH A5 TOro, YTOGEL MPHIOIHATL BOPOHKY.

- Henocpeacrsennoe BoluHCAeH#e CHABL JaBJCHHS Tpebyer
NpHMeHeHHsl HHTerpHposanus., Bo-nepsbix, AaBjeHHe BO/iBI
OyleT pasHbIM JUIA PA3HBIX FOPH3OHTAMbLHBIX CJ0ER, HA KOTOPHIE
MOXKHO pa30uTb IIOBEPXHOCTH BOPOHKH, BO-BTOPHIX, GYAYT pas-
HBIMH ILIOIMAAH 3THX cjoeB. [losromy ynoGHee He BBIMHC-
JSATh 3TY CHAY «B J100», a BOCNO/IL30BATBCS ADYIHMH COOGpa-
KEHUAMH, OCHOBAHHEBIME HA OCOOGHHOCTAX THAPOCTATHYECKOTO
JABJACHUA XKIJLKOCTH.

[IpencraBumM cefe, 4YTO BOPOHKA BMeCTe€ C HAJUTOH B Iee
BOZOH cToMT HA Becax. OyeBHIHO, UTO NMOKA3aHHSI BECOB onpe-
NeJAITCS CYMMOH Macc BOPOHKM M HaJlMTOH B Hee depes
TPYO6KY BOAb. B TOT MOMEHT, KOU/la BOJAAa HAUMHAET BHITEKAThH
H3-NCJ BOPOHKH, HUXKHHH Kpall BOPOHKH NEpecTaeT AABUTHL lla
[OJCTABKY. A 3TO 3HAYHUT, TG B 3TOT MOMEHT BCA CHJA, AEH-
CTBYIOLIAS HA YALIKY BeCOB,— 3TO CHJIA JABJEHUS ¢Toa0a BOJHI
BoicoToft h Ha mowazs S. Mtak, B MOMEHT OTphIBA

mg-+pgV=pghS, H
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rae p —~— IIOTHOCTE BOJLI, a V — o0LeM BOAB B BODOHKE H
TpyOKe.

Ecan tpybra ToHKas, TO OGbEMOM 3aHOJHEHHOH BOIOH
YacTH TPYOKH MOXKHO npedefpeub 1o cpaBHEHHUIO ¢ 06bEMOM ca-
voft BopoukH. B srom cayuae V=HS/3, u us ypasuenusn (1)
HAXOAHM

m=pS {(h—H/3). 2)

Wz ¢opmy.ast (2) BuAHO, MEKIY NPOYHM, YTO BOPOHKA AC-
BOJBLHO THIKENas: ee Macca 0oJiee UeM BJBOE MpPeBLILIZeT Maccy
BOJIBI B 00beMe BOpoHKH. Eciun Obl BOPOIKA HMeIa MAcCy, MEHDL-
niyio yeM 20S/H/3, TO NMpu HanHBA-
HHH BOJAb yepe3 TpyOKYy BOpPOHKA
oTOpBaJaach OGbl OT INOJCTABKH €Lie
Jio TOTO, Kak BOja 3aloJqHuIa BCHO
BOPOHKY.

Hcnonb3osaHublll  31ech MpHeM
no3BoJsieT 000ATHCH 63 HenocpeacT-
BEHHOTO BBIYHCJCHHS CUJBL JaBhe-
HUSl JKUAKOCTH Ha TIOBEPXHOCTL Téj1a
H MOXKeT OKa3aTbCs MNOJE3HbIM HpH
pelueHuyd APYrHX THAPOCTATHYECKHX — 775
3alay, OCOOGHHO B TeX CAYYAAX, ppe. 1.2, 3agauy Moo
KOUa TeJO UMEET MOBEPXHOCTDL CJIOK-  pemlth TakkKe H afl BO-
Hol opMel. ¥Ypasuenne (1) ocraercst pouku Goaee  cA0KAOk
CMPaBeTHBbLIM H B TOM CJiyuae, KOraa opmi
BOpOHKA HMeeT foJiee C0KHYIO (op-

My, HanpuMep, Takyw, Kax Ha puc. 1.2. J/s HaxoxnieHus
MACCH BOPOHKH HYXKHO TOJbKO 3HATH COBEM ee BHyTpeHHeil
YaACcTH. A

2. Hnapawuipe wapol. Jlpa napa 0JMHAKOBOrO pasmepa,
OJMH JIErKUH, a JApyroif TaAXesbldl, NPHKPENJeHbl K TOHKOMY
CTEPHHIO, MPHYEM THNSEJBIH K CepeJHHE CTePKHs, a JIeFKHH K
ORHOMY H3 ero KOoHUOB. [Ipu norpy:xenun B BORY B HETJYOOKOM
MecTe CBOGOAHBIH KOHEU CTePKHS ONUPAETCs O JHO, CTepHKeHb
pacrosiaraeTcs HaKJOHHO M M3 BOAB! BHICTYNAeT TOJbKO YacCTb
JIErKOTO Hiapa, npudeM OTHOIeHHEe o0beMa BLICTYIatoliel 4acTy
K 00BeMy Bcero miapa pasHo n (puc. 2.1). Byzer jiu sra cuctema
IJ1aBaTh UJIH OHA YTOHET, €CJIH €€ ONYCTUTh B BOJY Ha IMyBoKoM
secte? Maccy cTepikHsI CUHTATDh ApEHeOPERHMO MAJOH.

A Tlpu nepBoM YTGHUM YCJOBHS 3aJjaud MOMKET I0KA3aTh-
¢f, YTO APHBeASHHBIX JAHHBIX HEJOCTATOYHO [/l OTBETa HA
[IOCTaBJEHHDLIH BONPOC: BEAb HE YKas3aHbl HU OGBEM, HH Macca
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nlapeB, KOTOpLIE }1606XOBI/EMI)I AN HAXOH(ACHHA COOTHOLIEHHMA
Mex Ny CHJION THXKECTH M BLITAJKHBAIOUIHMH CHJIAMH, O}lEiaKO
3TC BHEYarieHue 06MahunRo. BCe, 4TO HYXKHO WJiA pCLUCHHA

Puc. 2.1, Tlorpyxennnil B BOAY CTEDKCHD
C lIapaMn CNHpaercss O AHO

3ajauy, B YCJAOBHH 3alalio, B OCTACTCH TONBKO Coo0pasuThb,
KaK 9THM BOCHOJIL30BATHCH.

TloBenenne cucteMbl Ha TTY60KOH BOJAE ONPEAL/ISETCS TeM,
Y716 GosiblIe: AEHCTBYIOLLME 1A 1APbI CHJIbE TAYKECTH WK BbITAJ -
KWBaoLLe CHJBI, OfMHAaKOBLIE A JIEFTKCIO B TAKEJIO0FO0 IapeB.

F(t-n}

Puc. 2.2. PaBnonecue cuere-
Mbl Ha MEAKOH BOAe

STO MOXKHO BBIICHHTb, PACCMATPHBAs ONUCAHHOE B YCJIOBHH 3a-
Jayy paBHOBECHE CTEPHHS ¢ HIAPAMHU HA MENKOBOJLE,

Ha puc. 2.2 nokasanbl jeficTBywoulie Ha CHCTEMY CHJIBI.
Yepes F ofosnayena BuiTafikuBaiouwlasi cuja, aefcTByOMman
Ha HOJHOCTBY) NMOrpyKeHHBIH wap. Tak Kak Jerkuii umap no-
TpYIKEH B BORY YaCTHUHO, TO JAEHCTBYIOLLASA HA 11€r0 BLITAIKHBA-
omas cuj1a, NPonopllMoHanbHAf o0beMy €ro MOrpYKeHHOH
qact, pasa F(l—n). TTocKoJbKY CHJIbI TAXKECTH mg U m, g
1 ofe BLITAJIKHBAIOULHE CUJbL HANPABJEHEL MO BEPTHKAIH, TO
H JeHCTBYIOINAS Ha KOHEL, CTep:KHS cHJla peakilny aHa @ Taxke
Ranpasjeda BepTHKaAbHO. PaccmarpuBas ypaBHedne MOMeH-
TOB CHJl OTHOCHTEJBHO HEHTpaA TSKEIOrO uapa, HNojydaem
LISt CHJIB!L peaKLHU JHA BHIparKeHHe

Q=F(l—n)—m,g.

Tenepsb, y4uTHIBAsI, YTO BEKTOPHAS CyMMa BceX AEHCTBYIO-
IIX CWJI B PABHOBECHH paBHa HYJIO, MOXKHO CBA3ATh BBITANKH-
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BAOUWYI0 CHJY C IleflCTBYXOLU,I’IMH Ha Iapel CHAAMH THAXKECTU
mg u n;g.

mg-Fmg=F-+2F(l—n)—m,g=F(3—2n)—m,g. n

Ha ray6oxoM MecTe MakcUMa/bHOE 3Ha4CHHe BHTAJKHBAIO-
tiell cu/pl GYAET JOCTUTATHCS TPH NOMHOM NOTPYKEHHH 0G0HX
wapos. B atom cayyae ona pasua 2F. Ecau 2F okamercs
foibliie TIOHOH CHJBL TFAMKECTH, TO CTepkeHb C miapamu Oyner
[1/1aBaTb B BEPTUKA/ILHOM IOJOXKEHUU H HAXONALIMHCS BBEPXY
JIerKuil map OyJaer YacTHYHO BHICTYnaTh M3 Bojwsl. Mrak, ycao-
pue nJaaBaHis Ha IIyGOKOH BojAe HMeeT BHJ

mg-+-mg<2F unn F(3—2n)—m,g<2F, (2)
OTKYAA
1—2n<<m,g/F.

Kasanocs 6o, 370 HepaBeHCTBO He npuOJHKAeT Hac K OT-
BETY, NOCKOJ/IbKY B NPABOH YaCTH CTOAT HE 33/laHHBIE B YCACIHU
cuast mg u F. Ho B ero npasoll 4acTH CTOHT HOJIOKHTEabHAs!
BeJMYHHA, TIOITOMY OHO BO BCAKOM Cayuae OYAET BbHIIOJHEHO,
ecau norpeboBarh, uTobsl Gul1o 1—2n<0. Htak, cucreMma Oy-
JIeT N1aBaTh Ha NJIYGOKO# Boje, ecau n>1/2, T. e, ecsin ferkuii
HIap HA MEJIKOBOJLE BLICTYIAET U3 BOABL He MeHee YyeM HalloJo-
BHHY .

OZHAKO HACKOJIbKO XOpoUl NosyueHHHH oTBeT? O4eBHIHO,
4TO HaHJeHO TOJIbKO JOCTATOYHOE YCJAOBHE, H B ACHCTBUTE/b-
HOCTH cucTeMa 6yer, BooOule roBopsi, 1naBaTh H IPH MEHBUIHX
snauenuax n. Hanpumep, ecan m,g/F=1/5, To cucrema ne
yronet npu n>0,4. Ilo ycioBHio 3ajauy OZMH 1Uap JIerKHil,
a ipyrofl — TAKeAbd, T. €. m,g<mg. OueBHAHO, 9TO 3HaYeHHE
mg JEeXHT B uHTepBaje F<{mg<(2F, unaue cucrema au€o
naabaJga 6bl, He Kacasch AHa, U Ha MEeJKOBOAbE, JHGO TOHY.IA.
ITosTomy mug/F<l u ucTHHHOE MHHHMAJbHOE 3HAYEHHe 1,
pu KOTOPOM CHCTeMa He yToHeT (00si3aTe/ibHO MeHbiuee 1/2),
TeM GJIHKE K HAHISHHOMY 3HaYeHui0 n=1/2, yeM MeHbllU€e OTHO-
wenue mg/F. A

3. 3namenuran 3agauya. B GaccefiHe maasaer Jopka. Kax
1I3MeHHTCS YPOBEHb BOJBI B Hacceiine, ec/iu U3 JOAKH B Gacceiin
OpocHTb KaMeHb? HTo npousoiiier ¢ ypoBHeM Bojabl B 0acceii-
He, ec/IH B JHHINE JIOAKH NPOJIeIaTh OTBEPCTHE H JIOJKA HAyHeT
norpyxartbca? Eciau ypoBeHb BOAbl B 6accefiHe NpH 3TOM name-
HHTCA, TO B KaKO{i MOMEHT HauHeycsl U3MeHeHue?

A Ecnu KameHb U3 J0OJKH BHIOPOCHTH Ha Geper Gacceiina,
TO YPOBeHb BOAb B GacceilHe MOHU3UTCA. ITO NPOUCKOAUT NO-
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TOMY, UTO JIOAKa CTAHOBUHTCS JI€rye, OHa ECNJBIBAET U 00beM Bhi-
TECHsIeMOH €10 BOJbl YMEHbIIEETCA .,

¥ poBelb BOAbl B Gaccefiie TOHHBUTCS H B TOM Cayuae, KOria
KaMeHb BoiOpachiBaloT B GacceiflH, XOTd NOHH/KEHHE YDPOEHJ
Tenepb 6yAET HECKOJbKO MeHblle. B camoM Jiesie, Koraa KaMeHb
JACKHT Ha JIHe, BhiTecHsemblii WM 00LeM BOALI paBeH oObeMY
xanmus, Floka xe oH Haxoausacs B JOAKE, JOJKa BLITECHsJIA
JACIICAHUTEbHBI 00BeM BOZEI, Macca KOTOpOro fblia paBHa
macce KaMmHs. Tak Kak IJOTHOCTh KamHsl GOJblie IJIOTHOCTH
EOJB!, TO 3TOT 00beM Gonblile 00beMa caMoro Kamiis.

A 4TO ecnu u3 JoAKH B GaccefiH BLIGPOCHTH JepeBsHHBIA
npeamer, Hanpumep OpeBHo? LEcsu OpeBHo BriGpacriBaercs
Ha Oeper, TO TOrja HeT HUKaKOH NPHHLHNHAaJLHOH pasHHUELI
€O cJydaeM, KOria BhLIOpachlBAeTCsl KaMeHb: YPOBEHb BOJH B
facceitne nonusurcs. CopceM apyroe neso, Koria OpeBHO Bhi-
fpackiBaloT B BoAy. B 3TOM cayuae ypoBelb BOABI B Gacceiiie
OCTaHeTCsl NPEKHUM, XOTH JOJKa, KOHEUHO, [IeCKOJbKO BCIJLL-
reT. Beib 6peBHO mJaBaeT Ha MOBEPXHOCTH H, 3HAUHT, BBITEC-
HSACT TAKOH e 00beM BOAB, KakoH paHblle (T.e. 2o Bhbpa-
criBaHyst GpeBHa) AONOJHUTENbHO BHITECHSIIA JIOAKA.

Wrak, ecan BHIOpOIIEHHBIH U3 JOAKH B BOLY NpeAaMeT HJa-
BaE€T, TO YPOBeHb BoIbI B facceiile ocTaercsl (e3 M3MEHeHHS.
Ec/1 e peAMeT TOHET B BOJE, TO YPOBEHbL BOJBI IOBHKaeTCs,

K 3TuM ke BLIBOJAM MOKHO NPHHATH U NPOLIE, ec/id NpeacTa-
BUTL cebe, 4To Bech OaccefiH cTOHT Ha BecaX. UTo OBl MHE HM
BhiGpachiBald U3 JIOJAKH B BOAY, IIOKa3aHHsl BECOB, KOHEYHO,
ne uaMmenatesi. [Tosromy ecqau BeIGpOlIEHHBbIE U3 JOAKHU Ipei-
METH! NJ1aBaIOT HA NOBEPXHOCTH, TO CHJIA JABJAEHHS BOJABLI HA JHO
facceilHa He JNOJIAKHA M3MEHUTbCS. A 3TO BO3MO:KHO TOJIBLKO
TOrJa, KOr'jla ypOBeHb BOJABl OCTAHETCS MPEXKHHM.

Ecau xe BLIOpOmIGHHEI MpeaMeT ONYCTHJCS Ha RHO 0ac-
cefina, To JeHcTByOWAas Ha AHO OacceliHa cuila onpenessercs
He TOJABKO THEPOCTATHYECKHUM JABJIEHHEM BOJAbI, HO H JCHCT-
EHeM caMoro npeiaMera., TaK Kak NOJHAs CHJa JOKHA OC-
TaTbCa NPERKHEH, TO CU/a L2BJeHUS BOABI Ha JHO A0IKHA YMEHb-
mureesl. [ToareMy ypoBeHb BOJABI B faccefiHe NOHUIUTCA.

Teneps, Korna Mbel pasofpannuch ¢ NEPBBIM BOTIPOCOM, He
BOCTaBWT GOJIBILONO TPYJA OTBETHTh HA BONpOC, BYAET JIH H3Me-
HAThCSl YPOBEHL BOAB B Gaccelile, eC/IH B AHHULIE JIOAKH NpoJe-
J1aTh OTBepcTue. ByneM CUHTaTh, YTO 3anoJHeHle JOAKH BOAOH
yepe3 OTBEPCTHE INPOHCXOIHT MeIJIeHHO, HeGOJBLUINMH TNOop-
U¥sAMH, TaK YTO NIOKA JOAKA HE YTOHET, OHA B KayKJbll MOMEHT
HAXOAUTCSA B PABHOBECHH Ha NoBepxHocTH Boniul. [loka Jjoaka
HAXOAHTCA HA NJaBy, YPOBeHb BOJALI B GacceiiHe He MEHFeTCs .
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OfbeM NOrpyxKeHHOH YacTH JIOAKH YBEJIHYHBASTCs POBHO Ha
CTOJIBKO, CKOBKO BOJBI ([0 0GBEMY) BOILIO B JIOAKY. B HEKo-
TOPBIH MOMCHT, HaOpaB ONpEJE/NeHHOe KOMHUGCTBO BOJbI, JIOA-
KA yKe He CMOXKET OCTaBAThCA B PABHOBECHH HA NJaBy ¥ Hay-
HET morpyxatrbes Ha AHO. C 3TOro MOMEHTa H NPOH3OHAET mo-
HUKEHHE VPOBHA BOAL! B Gacceiine.

3ra 3ajadya 3HAMEHHUTA TeM, YTO IPHU NOILITKE Cpa3y OTBe-
THTb Ha MOCTABJCHHLIE BOMNPOCHI HHTYMIHUS YacTo IOABOAHT,
TAK YTO JAXKe HEKOTOPbie OUeHb M3BeCTHbIE (U3UKH JAABAIU
HEMpPaBUJIbHEIE OTBETHL, A

4. Peakuus ebiTekawuieidl cTpyw. B GOKOBOH cTeHKe Iui-
POKOro cocyjla MMEeTcsl OTBEepCTde, 3aKphitoe NMpoOKGH (pHC.
4.1). Ha#itu peakTHBHYIO cHJY, KoTopas OYAeT CTPEMHTHCS

—— e e |
S A

B B s e AY

Puc. 4.1. Cocyn c orsep- Puc. 4.2. O6neM ocsoBoxpawlesica

cTHeM B OOKOBOH cTemnke 4aCTH COCYAa paBeH 00beMy BbITEKam0-

el XKHIKOCTH

CABUHYTb COCYL € MeCTa, ec/qy BHIHYTh npobky. Ilnoinane ce-
YeHHUS OTBEPCTHS PaBHA S, a BBICOTA YPOBHS BOJBI HAJ OTBEPCTH-
eM paBHa h.

A Tloka orBepcTe cocyla 3aKphITo npoGKof, cHuaa, cTpe-
MsALadAcs BLITOJNKHYTb NIPOOKY, ONpEAesieTcss THAPOCTaTHYeC-
KHUM JaB/JIeHHEM cTos10a BOJHI BEICOTOH A U paBHa pghsS.

Ecau npoSKy yaAaiIHTe H3 OTBEPCTHSI, TO MOXKHO AYyMAaTh,
YTO CHJIBI A4BJEHHS BOABI Ha CTEHKH COCYAa GYAYyT B3aHMHO
ypaBHOBELUHBATLCS BCIOAY, 32 HCKJIOYEHHEM YUacTKa, Jiekalie-
ro TOYHO HaNPOTHB NPOOKH H HMeLero Ty e Iomams S,
yto u orBepcrue. [lostomy, Kazanock 6bl, peaxTHBHAs CHJA,
CTpeMSIafCs CABHHYTL COCYA, JAOMXKHA ObITh TaKoH Ke, KaK H
cusa THAPOCTATHYECKOTO AABJACHHS Ha 3TOT Y4acTok, T. €.

F=pghS. 1)

OjpHako Takofl BeIBOJ, OBl Obl CJAHIIKOM NOCHELIHLIM. Benb
BCe-TAKH 3JieCh MBI HMeeM JeN0 C JBHKVIIeHCS MHJKOCTHIO,
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BLITE€KAIOUIEH CTPYyeil U3 OTBEpPCTHA, H COBEPIICHHO He OUEBHAHO,
YTO BCE MOXKHO OOBACHHTH TMAPOCTATHYECKHMH 3@KOHOMEDHOC-
tamu, W pefictBuresibno, nonpoGoBar NpoBecTH AHHAMHYECKOE
paceMOTPEHHE, MBI MOJYYHM JJIST PEaKTHBHON CHJARl NpYTroH
pesyawtat. [lpu aunamuyeckoM nojxole JAEHCTBYIOUIYIO HA
COCYJL PEaKTHBHYIO CHJY HYXKHO NPHPaBHATb HMIYJbCY, YHO-
CHMOMY BBLITEKAIOHICH cTpyel BOAH 34 eAMHMLY BpeMenu. Bobi-
YHCANM 3Ty CUJAY,

bByjeM cuntath, 4TO CKOPOCTh MCTEYEHHS BOABI OJIMHAKOBA
10 BceMy ceueHlno otBepcTusi. Ecau Booy B cocyie MOXKHO
CcYuTarb HAEaJbHOH MKHUJAKOCTbIO, TO 3TO AEHCTBHTEJLHO Tak M
CKOPOCTh MOXCHO HaHTH ¢ NOMOILbIO 3aKOHA COXPAHEHHs MeXa-
nuueckod sneprui. B HauanbHOM COCTOAHMH BOAA B COCYAE
HEMOJABIDKHA H €6 YPOBeHb HAXOAUTCH 1A BHICOTE /i Hajl OTBEP-
creM. CnycTs HeGoJIbHICH NPOMEXKYTOK BPEMEHH YDOBEHb
BOJLI B COCYJle HEMHOrO NMOHH3UTCH, TAK KaK 4acTb 2KUJIKOCTH
BBIfIJIET 3 OTBEPCTHS B BHJE CTPYHU CO CKOPOCTLIO U (puc. 4.2).
Tax Kak XUAKOCTL HeCkHMaeMa, To o0beM OCBOOCAUBLIEHCS
yactn cocyra AV paeen ofbemy BeiTekumiell anakoctd. Ecun
COCYJl AOCTATOUHO 1UHPOKHH, TO MOXHO CYUHTaTb, YTO YPOBEHb
BOJBI B COCYA€ OMyCKaeTcsl NOYTH C HYJEBOH cKopoctelo. B
3TOM CJyuae 3aKOH COXPaHEHHs] IHEPTUH 3aNHCLIBAETCA B BHAEL

pAVgh=pAVv?¥2, 2)
OTKYAQ
vi=2gh.

Jta dopmyna Obia ycraHoBaeHa Toppuueany.

Teneps MOXXHO HAHTH MMNYJBC, YHOCHMEIN BOJOH B €HHU-
uy BpeMeHH. Tak Kak Macca BOJBI, BLITEKAIOLIEH 33 CAHHHLLY
BpEeMEHH, paBHa PSy, TO YHOCUMEIH 3TOI MAccol WMNYJLC paBen
pSv?, TloacTtaBass ciolla HaiijiellHoe 3HaueHHe CKOPOCTH CTPYH,
foJ1yuaeM BbIpaxKeHHe J1sl PeaKTHBHOH CHJALI

F=2pghS. (3)

Hafiiennas #3 JQuBAMMYECKOrO pacCMOTPEHHsI pPeaKTHBHAA
cusia (3) okasbiBaercsl BABoe GoJblie, YeM FHAPOCTATHYECKAA
cuna aaBaeHusi ua npo6ky (1).

Kakomy xe pesyabTaTy cJjeayer OTAATh NPeAlioUTeHnHe?
[TocKOMbKY HPH JMHAMHUECKOM PAaCCMOTPEHHH Mbl OMHPAJIHCh
1a (pyHjaMeHTalbHble 3aKOHBL COXPAHCINA SHEPTHH H UMITYJib-
ca, TO Takoll noaxox spasercsa Gosee ctporum. M tem ne menee
pesyJbTaT CpaBeJNB JajeKo He Beerja. DbiBaor caydaw,
KOrja NnpaBuJeH Kak pa3 orser (l).
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Bee neno sgect B opMe CTPYH MHEKOCTH, BEITEKaioLieH
u3 orsepcrust, EcTecTBEHHO, YTO 3Ta ¢opMa 3aBHCHT OT KOH-
CTPYKIIUM OTBEpCTHA W MJIOWIA[b CEUCHHA CTPYyH HE BCeraa
COBNAJAET € IJIOUIAJIBIO caMoro oTBepcetua. Hanpumep, B cay-
vae, NoKazaHHoM Ha pHc. 4.3, rie mHAMHApHUecKas TPyOKa
BCTABJEHA BHYTPb COCYAA, YACTHIbI XHAKOCTH BOJIH3H Kpaen
TPYGKH HMEIOT CKOPOCTH B IIONEPEYHLIX HAaNpaBAeHUAX, 4YTO
NPUBOJNT K CKATHIO CTPYH B TaKoM orBepcTHH. Berony O3y

T GG / , 7
Puc. 4.3. Cxarue crpyu s Puc. 4.4. B 1py6ke Taxoit dopmel
Tpy6Ke, BCTaB/AeHHOH B COCY R CHaTHs CTPYH HE HPOHCXOJHT

CTEHOK C€OCYyJa CKOPOCTh JBHMKEHHA KUAKOCTH B 3TOM ciydae
npene6peKUMO Masa M aBJeHHe HA CTEHKH COCYAa Be3jle paBHO
rugpoctatuyeckoMy. Ho 310 Kak pa3 u o3HavaeT, UTo /sl peak-
THBHOH CHJIBI OPH HCTEYEHHH M3 TAaKOIO OTBEPCTHs ClpaBei-
aus peayastar (l).

Hukakoro mpoTuBopeunst ¢ IHHAMHYECKHM pPacCMOTPEHHEM
3/lecb, pasymeercs, HeT. [TocKOJBKY CTPYA B OTBEPCTHH CKH-
Maercsl, To B ¢dopmyJe (3) noa S Hano NOHMMATL He TJIOULAAb
OTBEpPCTUSA, & MJIOMAh CeUEHHS CTPYH, KOTOpas J/Isl OTBEPCTHS
TaKOH KOHCTPYKIKH GY/eT B [iBa pa3a MeHbIIe IJIOIIaAl CaMoro
orBepcrus. [louepkHeM, uTo IJIOIWALb CEYEHHA CTPYH B dop-
myidie (3) HyxHO BhIGHPATh B TOM MecTe, T'Ie CTpys yxe chopMu-
poBaJjach M CKOPOCTH BCeX YACTHI XHIKOCTH OJHHAKOBHI [iQ
MOAYJIO ¥ HanpabJjeHHio. To/bKO IS TAKOro CeYeHHst CTPYH
M MOKHO NPHMEHATb 32KOHBI COXPaHEHHA SHEPTHH H UMIYJIbCA
B TOM BH[€, B KAKOM OHH 3alHCaHbl B COOTHOWIeHHX (2) U (3).

A BOT I/ KOHCTPYKUMH OTBEPCTHSA, BOKA3aHHOH HA pHC.
4.4, cnpaBejJiMB pe3yabraT, BhipaxaeMblil dopmyaoii (3), B
KoTopoil S paBHa nJowaau oTsepcTHs. B camom fene, MHHHH
TOKAa B OTBEPCTHH Mepej HCTEUEHHeM MOCTeNeHHO MEeHsIT Ha-
NpaB/eHNe HA napannenbHoe ocH TPyOKH. B pesysbrate mio-
majp ceyeHHs BHITEKaloUlell CTPYH paBHa MJIOUIAJH OTBEpPCTH:A
TpyOKM M CKaTud CcTpPyd He npoucxoaut. Henpumenumocrnb
IHAPOCTATHYECKOrO PACCMOTPEHUS B 3TOM CJiydae CBsI3aHa C TeM,
4TO CKOPOCTb MHUAKOCTU ¥ GOKOBOH CTeHKH BOJIM3H BXoJa B TpYyO-
Ky HE paBHA HYJMO.
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Jns Bcex ocTanbHBIX KOHCTPYKUHMHA OTBEpPCTHSA, HANpHUMEp
Juia nsobpamennoll Ha puc. 4.1, cKkaTHe CTpyH HMeeT Ipome-
¥ YTOYHOE 3HAYEHHE MeX Ay NpeAebHEIMU CYYasMH, N0Ka3aH-
ibIMi Ha puc. 4.3 u puc. 4.4. PeakTuBHas cusia BRIpaxaercs
dopmyacH (3), B Kotopyw B KauecTBe S JOLKHA NOACTaBAATL-
CA IJIOWAJb CEYEHHS CTPYH, COOTBETCTBYIOLIAA KOIKPETHOH
KOICTPYKUMH OTBEpPCTHS. A

5. Hcteuenne ¢ nocrosuncl cxkopectuio. Cocyl, HMMeomuil
Kpan BOJU3Y JHA, 3anoJHsieTcss BONOH, MOCJE Yero NJOTHO
3aKpriBaerca npoGKeii, CKBO3h KOTOPYIO NMPOXOIUT OTKPHITas
¢ 00oMX KoHuos Tpy6ka (puc. 5.1). C Kaxoll CKopocTbio Gyner
BbITEKaTh BOJA H3 COCYZa, €CJH OTKPHITh KpaH?

P I Y A A A e
Pne. 5.1. Tpy6xa, npoxondman Puc. 5.2, Tlpy naoTHOM 3aRpH-
yepe3 npobKy, OTKPhLITZ € 060HX BaHHM NPOOKH YPOBEHb BOAH B
KOHIIOB Tpy6GKe MojHHMaercs

A Korza MH 3akpslBaeM COCYR npobKo#l, TO Bona, pasyme-
eTcsl, BXOAUT B TPpYyOKYy, TaK UTO YPOBEHb BOIH B COCYIE M B
Tpy6Kre oannaxoB. Ilocie toro kKax npoGka mepexpoer orsep-
CTHE B TOpJe COCY/Ja, YPOBEHDL BOJAEI B TPYOKe CTAHET JaKe He-
CKOJBKO BBINE, 4eM B cocyle (puc. 5.2), u JaBJieHHe OCTaR-
merocsa 107 npoSkol Bo3nyXa 6yaer 6oapiIe aTMOC(PEPHOro Ha
BeJINUHHY JaBjenns cToaba BOJBL, BbICOTA /] KOTOPOro paBHa
Pa3HOCTH ypoBHEH B TPyOKe H B COCYAE.

Tenepr orkpoem kpaH. CKOpPOCTb HCTEUEHMST H3 OTBEPCTIisl
KpaHa ONpeJessieTcss IHIAPOCTATHYECKHM JaBJeHHeM BOAHl Ha
VpOBlI€ KpaHa.

310 AaBaeHHe B J000H MOMEHT DaBHO JaBJEHHIO crTonba
BOAH BEICOTOH OT YpOBHSI KpaHa A0 YPOBH# BOABI B TpyOxe,
TaK Kak BepXHUH KoHel| TpyGKH OTKPHIT. [loaToMy B HauaabHEI
MOMEHT CKOPOCTB HCTeUeHHs] HauoJbluas. ¥ POBEHb BOAH B
TpyOke 6yJeT NOCTENEHHO MOHHXKATLCHA, NMOKA HE JOCTHUIHET
HiKHero koxua tpy6ku. Ilpn stoM ypoBeHb Boanl B cocyjie
DCHU3HTCS HACTOIbKO He3HAUHTeNbHO, YTO €0 MOXKHO C4il-
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TATh NPAKTUHECKM HEHM3MEHHEIM. B camom pese, jzaBjenne
BO3AYXa 10 NPOOKCH HM3MEHNTCS NPH ONYCKaHWH YPOBHA BO-
IB! B Tpy6Ke Kak pa3 Ha BEJHYHHY JABJEHHS BBITEKILIETO H3
TpyCKu cronéa BOARl. A 3TO COCTaBJfET HHUTOXKHYIO Y&CTD
ATMOC(EPHOrO JaBJelns, KOTOpee 3IKBHBAJIEHTHO JaBJEHHIO
npiGIH3HTENLHO JECATH METPOB BOASHOIO CTOA6a.

Tlocsie TorO Kak ypOBCHL BOJBI B TPYGKE JOCTHTHET e HUMXK-
1eTo Koula, JajbHefillee HcTeyeHHe BOABI M3 KpaHa GyJer
ofisi3aTenbHO  CONPOBOXKAATHCH  [OHHU-
JKEHHEeM YPOBHA BOJBL B CAMOM COCYJE.
ITpu 3TOM W3 HIKHEro KOHUA TpyGKi
B COCYA OYAYT NpOCKaKHBaTh NY3bIPH
BO3yXa U3 aTMOC(epHl, 3aI0AHASA OCBO-
Soncparciiicss ofbem noj  NpobKoi
{puc. 5.3). Bospyxa Oyner BXOIHTDH
[OGHO CTOJBbKO, CKOMBKO HYXHO A4
TOTO, YTOOb! JaBJEHHE BOALI B COCYAC HA ol rmz. o “’7>7
YpOBHE HIDKHETO KOHLLa TPYOKH Bee Bpe- L
M$ PaBHAIOCH aTMOChEpHOMY, HecmoTps L #¢- 5:3. Tlpu nereve-

HHUH BOIBI BC31y X BXO-
Ha TIOHHMKEHHE YPOBHs BOABI B COCYAE. jur B cocys wepes
B pesynbrare rHAPOCTATHYECKOE JaBJe- Tpy6XY
1€ Ha YPOBHe KpaHa GyleT ocTaBaThCs
11eN3MEHHBIM U PaBHEIM pgh, r7e i — pacCTOSTHHE IO BEPTHKAIU
OT KpaHa 0 HHKHEro KoHIa Tpy6xH. [loatoMy H cKopocTs he-
TeyeHUs U3 KpaHa OyJer NOCTOAHHOH M paBHOH V 2gh.

Tax Gyzer 1pojOKATECS 0 TeX NMOp, NOKa YPOBEHb BOAH B
COCYAE He ONMYCTHTCS O HHKHero KoHua Tpy6ku. Ilpn pank-
HefllerM HCTEUERHH BOABL €2 CKOPOCTb OYAET YMEHbINATHCH,
KaK W NpH BHTEKAHHH H3 OTKDPBITOrO COCYAA.

Paccmotpennblii npufop npenctaeisier coboll OFHH M3
NpocTefilllX MeXaHWYeCKHX Pery/siTopoB. [IOCTOSIHCTBO CKo-
POCTH HCTEYeHUsl NOJJNEePIKHBAETCS] B HEM aBTOMaTHUYeCKH GJaa-
rofaps HaNU¥KI0 OTPHIATEIBHOH oOpaTHOH CBA3M, KOTOpas
¢6s3aTeNbHO NPHCYTCTBYET B JIOOBIX CaMOperyJHpyIOIHXCs
yCTpOHCTBAX.,

B nasHoM cayuae A8 NMOCTOSIHCTBA CKOPOCTH HCTeYEeHHs
1e0BXCANMO NIOAZIEPKAHHE HEH3MEHHOrO YPOBHS BOAHI B TPYG-
Ke, a HMEHHO Y €€ HIKHero Kpas. PacCMOTPHM,YTO IPOU30Ti LT,
€CJIM 3TOT YPOBEHb HeMHOro maMeHwurcst. Ilycth, Hampumep, ¢
CuepelHBIM NTy3blpeM B COCY/J BOfijieT HEMHOrO 60JIbIIe BO3ZYyXa,
ueM HYHHO, TaK YTO YPOBE€Hb BOJH B TpYOKe UyTh-YyTh NOBHI-
curea. Torga, Kak Mbl BUAEJM BHiLE, BoAA OyJAeT BHIIHBATHCSH
NpaKTHueCKH TOMBKO H3 TPYOKH, U NOKa YPOBEHb €€ CHOBA H3
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JOAJIET IO HUXKHEro Kpasi TpyOKH, HU OAMH My3bIpb BO3JYyXa HE
CMOET JI0NacTh BHYTPb COCYJAA.

210 npocToe aBTOMATHYECKOE YCTPOHCTBO MJISi MOAAEpHKA-
1Ml HOCTOSTHHOH CKOPOCTH HCTEUEHUst SIBJASIETCS] B TO XKe BpeMsA
HCKAIOHHTENbHO HaIEXKHbIM, Ge30TKa3HbIM B pafoTe uMeHHO 6/1a-~
rojaps CBoell mpocToTe. A

6. Mmppasanuecknii yaap. Ha puc. 6.1 noxkasaHa mopenn
BofonpoBoga. V3 NOOHATOrO Ha HEKOTOPYIO BHICOTY /i pe3epBy-
apa, WTPaoLIero posib BOJOHANOPHOH GaliHu, BHIXOAUT Maru-
cTpaibHas Tpy6a moctostHoro cewenus S u agaunw [ Ora 1py-

£ -

Puc. 6.1. B stofi Mo-

IenH BOZOINPOBOAA

TOJIHAS JJIHHA MArHCT-

panbtHoli TpyObl pab-
Ha [

6a 3aKaHyMBaercsl y3kofl 3arHyTOH BBepx TpyOKo#H ceueHus Sy
¢ KPaHOM, TIPH OTKPHIBAHHH KOTOPOrO M3 TPYOKH ObeT QOHTAH.
C kaxoft ¢ckopocTbio GbeT Boja M3 GOHTaHA U HA KaKYi0O MAKCH-
MaJIbHYIO BRICOTY OHA nofnnMaercs? C Kako# CKOPOCTbIO JABH-
}KeTcs BOJA B MarucTpaJjibHOHi Tpy6e M KaKOBO TaM JaBJIeHHE?
Kaxoe nassenne GyieT B MarMcTpasabHOH TpyOe NpH MIHOBEH-
HOM TepeKpbiBaHUM KpaHa? Kak Oyjer 3aBuCeTb OT BpeMeHu
JlaBJICHHE B TOM CJy4ae, KOTAa KpaH 3aKPhIBaeTcs NOCTENEHHO
3 TeYeHHUe TIPOMENXYTKA BPEMEHH T?

A Ilpu pewenud atoil 3ajgaun O6yaeM CUHTATh BOAY HAeAb-
HO# JKHAKOCTBIO, T. €. OyAeM npeHefperarts €€ BSI3KOCTbIO.
B stoM ciydae mosiHas MexaHHUeCKasi IHEPTHS KHUAKOCTH COX-
pausieTcs, U 178 OTIHCAHUSA ee IBHKEHUA MOXKHO HCHO/b30BaTh
ypaBHeHHe DepHyJIIM, KOTOPOe H BBLIPAXKAET 3aKOH COXpaHe-
HHA SHEPTHH AJs ABHXKYILEHCA UAeanbHOU KUAKoCcTH. [1pu cTa-
LHOHAPHOM TEUEHHH TO YPAaBHEHHE MMEeT BHJ

p-+pgh-+pv*/2=const, M
rpe p — JaBJieHHe, KOTOpOE€ MOKa3blBaeT HeHOlIBH)KHbIﬁ OTHO~
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CHTENLHO MUAKOCTH MaHOMETpP, (— INIOTHOCTb KHAKOCTH,
U — CKOPCCTb JKHAKOCTH B JAAHHOH TO4YKe H A — BbICOTA TOf
TOUKH Haj UeKOTOPLIM ypopHeM. Ypabnenue (1) ropopHt o
TOM, 4YTO CyMMa TpeX CJaraeMbiX B JIEBOH YACTH MMEeT OJHO H
TO € 3HAUCHHE HE3aBHCHUMO OT TOTO, B KAKOH TOYKE OHa BBIUMC-
asercs, Jas ypo6erBa Mbl B JanphefinieM He OygeM sBHO
BBIIINCLIBATL OAHHAKOBCE BO BCEX TOYKax arMocepHoe AapJie-
HHE po, noHuMast noj p B (1) npesniende AaBJeHHsT B KUJI-
KOCTH Haj aTMOC(EpHEIM.

TTpeanoaoxim, 4to Kpal OTKPHIT H yCTaHOBHJlOCb CTalHUo-
HapHoe TeyeHHe XKUAKOCTH. JsMeHnenuem ypoBHs BOJKI B pesep-
Byape GyjeM npenebperath, CUnTas ero 06eM 40CTaTO4HO 60/1b-
wuM. Torpa ypashenne Bepryanu (1) nospoJisier OTBETHTH HA
BCe OTHOCSIHMECS K TOMY CJyyalo Bonpockl. CKOPOCTb CTPYH Uy,
Oplomeli M3 (OHTaHUYMKA, OnNpelesisieTcsi TOALKO BBICOTOH
YPOBHS BOAB! /i B pe3epByape Haj OTBEpCTHEM TPYOKH:

Uy = VQEE (2)

10 uspectHas gopmyJsa Toppuuesnu, KOTopast MOKeT GbITh
MoJly4eHa KaKk HEMOCPEJCTBEHHO M3 3aKOHA COXPaHEHHA 3Hep-
THY, TaK H U3 ypaBHeHna Depuysnn, eciu npupaBHATL JNeBhie
yacti (1), sanucanuble JJIsi To4KH A Ha YypOBHE BOAHI B pezep-
Byape, rjie CKOPOCTb IPAKTHYECKH PABHA HYJIO, H /151 TOUKH B,
Haxopsmuecss B OTBEPCTHH TPYOKH:

pgh = pui/2.

Boineratoniie 13 OTBEPCTHA CO  CKOPOCTHIO Ul———VQgh
4acTHUBI BOALI MOTYT MOJHSITHCA [0 YPOBHSI BOABI B pesepBya-
pe, €CcaHl B OTBEPCTHH TPYOKH MX CKOPOCTh HalpasJjeHa BepTH-
KaJIbHO BBEpX.

CKOpOCTL ABIKEHNS BOABl U B Maructpa/bHol Tpyde Jerko
HaWTH, YUMTLIBAs HECIKHMAEMOCTh JKHUJAKOCTH H HCNOJL3Ys
ypaBHeHHE HEDa3PLIBHOCTH!

SU:SIUh (3)

OTKYJa C yuyeToM (2) nmeem
v=0,8,/S =V 2gh S,/S. (4)

Ecau §;«S, T0 cKOpoCTh BOALI B MarHCTpasibHOR TpyGe MHOrO
MEeHbIle CKODOCTH CTpyH, Obiomeli H3 orBepcTHsi. OTMETHM,
YTO CKOPOCTh U OAMHAKOBA B JO0OM MeCTe MarucTpafibHoi
TPpyGEl, KaK HEMOCPEICTBEHHO MEPEeJ KPaHOM, T2K U B Hauaje
TpyOHl Cpa3y nocJje pesepByapa. A BOT JaBJieHHe p BOZbI B Ma-
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THCTPANBHON TpyGe OyAer pasHbIM Ha pasuoill Buicote. Tak Kak
CKODOCTL BOABL B TpyOe yiKe H3BeCTHA, TO HAfTH JaBjeHue
MOHKHO ¢ DOMOCUIBIO YpaBHeHHA Beprnyaiy.

BosbMmem npousBo/ibHyio 104Ky C B TpyGe, HAXOASMLYIOCSH Ha
peicote H. Toraa, npupasuuBas nespie yacta (1) ana touek C
# A, noayqam

p--ogH +pv*/2=pgh. ©)
Orciona pJid jaBienus BOABL p Ha BeICOTE H HMeeM
p=pg (h—H)—pv*/2. ©)

Us Qopmyast (6) BuiHO, YTO AaBJEHHE BOAL B TPYGe MEHRBLIZ
I'HAPOCTATHYECKOTO, T. €. TOro, Koropoe Obijio Obl NPH 3aKpbi-
TOM KpaHe, Ha Bemuuuiy pv¥/2. Hem Gobite CKOPOCTL BOMLL B
MarucTpanbHOil Tpybe, TeM MeHblle B Hel AapjeHue. 210 OT-
JHUYUE [ABJEHHs BOAB OT THAPOCTATHYECKOrO IPOSIBJSETCH
yKe B caMOM HauaJjie TpyObl, TaM, [€ OHa BBIXOAHT 3 pe3epsy-
apa; CKOPOCTh BO/JLI B 3TOM MECTe CKauKoM BO3pPacTaer OT HyJid,
a JaBJEHIe TAKIKe CKaUKOM NMajaet.

JaBnenne BOjibI B MarucTpaibHOH TpySe meper KpaHoM,
TaMm, rae H=0,

p=pgh(l —8/8?). 7

10 BBIpAXKeHHe noJydaercs u3 Gopmy.st (6) NpH NOACTAHOBKE
B Hee 3HaYeHHs cKopocTu v u3 (4). VI3 dopmyant (7) Bugdo, uto
OT/IHYHE JaBJEHHS p OT THAPOCTATHYECKOIO ONPEIe/IAeTcs Co-
OTHOLICHHEM MEKAY NJOWANAMH CeyeHHH MArMCTpaibHON Tpy-
6o S U oTBEpCTHA B TpYOKe S;. UeM MeHblue pacxoj BOJEI, TeM
GJ/iKe 3HAUCHHE JABJCHHS K THAPOCTATHYECKOMY..

Tenepn paccmorpum, 4TO TPOHCXOAHT B TPYOE npu mepe-
KPbIBAHMH Kpada. BHayane mpefnosokHM, 4TO OTBEPCTHE B
KpaHe MepeKxpLIBaeTCs MIrHOBEHHO. B 3TOM c/y4ae NpOHCXOAUT
TAK Has3bBaeMblil ruApaBAMYECKHi yAap, NPpH KOTOPOM JaB/ICHHS
pe3Ko Bo3pacTaert,

JBukymasnca no Tpybe KHAKOCTL 06/1alaeT HMIYJbCOM,
[lpn MrHOBeHHOM nepexpblBAHMM Kpaha BOAA B TPYOE BBIHYX-
heHa 3aTtopMo3uThes. AOCOMOTHO HeCKHMaeMasi KHAKOCTb
OCTaHOBHJACh Gbl MPU 3TOM BcA cpa3y. A 310, B CBOIO Ouepe/ib,
npHBeJo Ol K GeCKOHEYHO GoJBIION CHJIe NaBjeHHUs HA nperpa-
ny. Tlostomy npencrasncHue o6 aGcoMOTHO HECXKHMAEMOH KA~
KOCTH B TaKHX YCJOBHAX HeIPHMEHHMO.

BrisicHHM, Kak - NPOHCXOJIHT TOPMOMKEHHE KHIKOCTH [UpH
ydyere ee cxiuMaeMocTH. Teneph NpH BHE3anmHOM IOABJCHHYU
nperpajsl XKHAKOCTb OCTAHABJIMBAETCH MOCTENEHHO, TAK 4TO 3a
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serotopoe Bpemst A 0cTaHOBHTCA TOJBKO Ta €€ YacTb, 10 KOTO-
poft ycnmeer JCHTH BOJHA CXKATHA, PachHpocTpaHsiollascs B
JKIAKOCTH OT 3aKPHLITOT0 KpaHa HaBCIPeuy TOTOKY, Lcan je-
(GOPMaUMAMH CTEHOK TpYOB! IDH [OBLILIEHHH JaBJEHHs MOMKHO
npenedpeyb, TO BOJIHA CXKATHSA PaCHPOCTPAHAETCA CO CKOPOCThIO,
PaBHO{ CKOPOCTH 3BYKa 4 B BOJE.

Cuay F, refictBylomlylo Ha 3ac/JOHKY MPHOBEHHO nepe-
KPBLITOrO Kpana, MOMKHO PacCiHTaTb € MOMOLIBIO 3aKOHA COX-
panenHa HMnyJanpca. Tak Kak 10 NepekpuiBaHHs KpaHa Boja
HMeJa CKOPOCTb ¥, TO HMAOYJLC OCTAHOBMBIUGHCHA 3a BpeMs
At onsl Obla1 pasel pSu Afv. [TosTomy

F Al=pSultv, @

OTKYJa J7isi BO3HHKAIOWEro NPH IHAPABJHUECKOM YAape JAonod-
HHTENLHOTO RaBnenns py,=F/S nonyyaem

Py, = puv.

Pasywmeercs, B cuay 3akona [lackana (KHAKOCTB-TO OCTa-
HOBUJAch!) TaKkoe JaBJeHHe JIEHCTBYET M Ha 3aCJOHKY KpaHa,
¥ Ha CTEHKH MarucTpabHoil TpyObl. ¥ Besanuenne 1aBJaeHHS IPH
THAPaBAUUYECKOM YJape MOXKET BO MHOTO Pa3 NpeBblLaTh Be-
JMUUHY  PUY2, XapaKkTepu3yIOULyIo coraacHo dopmyae (6)
VYMeHBILEHHe JaBJCHHUS NPH CTALHOHAPHOM JBUKEHHH XKHIKOC-
TH. B caMoM jgeae, CKOpOCTb 2ByKa B BOIE ¢, paBHasl NpH-
mepuo 1,5 kM/c, sHauuteabHo GoJblile, YeM CKOPOCTb BOAH B
Tpy0e v, Kotopas OOBIYHO [ie MpPEeBHIIAET HEeCKOJbKHX AeCAT-
¥OB METPOB B CEKYHAY. BosHUKIIee NpH MPHOBEHHOM NEPEKpL-
BaHMHU KpaHa jaB/eHHe GyJeT CYyLIecTBOBATh J0 TeX IOp, HOKa
P&CTPOCTPAHAIOLLAACT CO CKOPCCThIO 3BYKA BOJIHA CXKATHA He
LOCTHI'HET pe3epByapa M OT HeTO He npHIeT ofpaThas Boaua,
cHUMalomasa CkaTHe BOABI B MardcTpaspHOil Tpyde.

[NepeiiieM k caydaio, KOrAa KpaH NepeKpLIBaeTCsl IMGCTe-
NeHHO, B TCueHUe BpeMeHH 1. Tenepp pofaBouyHoe AarJjeHue
r'i[paB/JIHUECKOTO YAapa BO3HHKAST HE CKaukoM, a Oyaer ha-
pactath IOCTeNeHHO. 3jhech OYAyT NOJAyYaThCst pasHbIEe pe-
3yJbTaThi B 3aBHCHMOCTH OT COOTHOLICHHS MEKAY BPEMEHeM ¥
i BDEMEHEM pAaCNpOCTPAHEHHS BOJHE! CXKATHSI BOJLI MO BCell
JL11HE MarHCTPaJpHOfl TPYOHL.

PacemoTpiy cHavasa GecRoHSUHO JHHRYI0O MAaTHCTPAABHYIO
TpyGy, NepeKpLIBAHHE KOTOPOM NPOHCXOAMT 3a BpeMa T. Ho-
NYCTHM JJ151 MPOCTOTE], YTO MJIOMIAJb OTBEPCTHS KpaHa YMEHb-
laeTcd TaK, 4To JABJEHHE HAPACTaeT CO BPEMEHeM M0 JHHeli-
HoMy 3axony (puc. 6.2). K xkonuy npoMexyTka BpeMeHH T,
KOT/1a OTBEPCTHE B KpaHe OKa:KeTCs NMOJHOCTHIO NEPEKPHITEIM i
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CKOpOCTb BOAHI B TPYGe 0OpaTHTCA B HYJb, JaBJeHue HAPAB-
AHYECKOTO YJapa JOCTHTHET MaKCHMAJIbHOTO 3HAa4eHMsa, paB-
IO TOMY XKe CaMOMy 3HAYeHHIO PuU, 10 KOTOPOro JaBJ/eHHe
pospacraer ckaukoMm npu t=0. [lostomy B npomexyrtke (<
< t< T JaBJeHUe npU THAPABIUYECKOM yaape OyJerT MEHATHCA
110 3aKOHY

Py (8) = puvtfv. )

Bce 310, KGHEuHO, cnpaBej/HBO, €CJAH PACcXOj[ BoAbl 32
BpeMsl T uepe3 3aKpbiBaeMblil KpaH GyJET 3HAUHTEILbHO MEHbLIE
o0beMa BOABI B TpyGe, OCTAHABJMBAKLIEHCA 3a 3TO KE BpeMA.
A pacxonom BOZB MOXKHO NpeHeOpedb npu v<u, B 4eM JIErKo
yOeuThCs C MOMOIIbIO YpaBHEHUS Hepa3phIBHOCTH (3).

Fyg
0 S
i Prc. 6.2, Tlpu wmMeanesHom nepe-
! KPHIBAHHH KPaHA aBJIEHHE HADAB-
PUUL -~~~ ! : JHYECKOTO YAAPa B MarHCTPaJbHOI
i 1 Tpy6e HapacTaeT MOCTENEHHO
i |
| i
1 i
g F A4 z

BrisicHuM Teneps, N0 Kakoro 3HaueHus OyJAeT HapacTaTh
IaBaeHHe B TpyGe koHeyHo# anuubl [, Kak TO/NbKO KpaH HadH-
I12I0T NEPEKPHIBaTh, 00pa3yoleecs ¥ KpaHa NOBbilleHHe 1aB-
JIeHHA PACNpOCTPAHSeTCsl NPOTUB TEUEHHS MKHAKOCTH M Hepes
BpeMsi [/u pocturaer pesepsyapa. 3jech JAaBjeHue Najaer,
OJ/IHAKO XKUAKOCTb Y KpaHa OCTaeTcsl CXKaToOH, 1OKa JO Hee He
IOHZET OT pe3epByapa o6paTHAasd BOJHA, CHHMAWOLAA CKaTHEC
BOABI. DTa BOJNHA TAKMKE PACNPOCTPAHSIETCS €O CKOPOCTHIO
3BYKa B BOJE U, U ee (POHT JOCTHIAET KPaHa COYCTHA NPOMEKY-
TOK BpemeHu T=2[/u nocne nadaha 3akpbiBauusa kpaua. [lo-
stomy apn T pasjeHue y KpaHa ycreeT BBIPACTH JO MAKCH-
MaJBHOrO 3HAUGHUS puU, KaK K B Beckoneynol tpy6e. Ecau xe
KpaH 3aKpBIBAETCH HACTOJIBLKO MeAJieHHO, 4To T>7, 10, Kak
BUAHO U3 (opMyJasl (9), MaKCHMAa/ApHOE 3HAYeHHE JaBJCHUS
IIPH THAPABJHUECKOM yJAape MeHbile Quv:

Pya=puoT [t =2pvl/T. (10

Peskoe noswiuenue nasieHust B TpyGonpoBoje mpu GHICT-
pOM 3aKpblBaHHH KpaHa MOMKeT BbI3BAaTb Pa3phiB CTEHOK TPYO
1 uX nospexaenve. ®opmyna (10) nokaspiBaer, KakuM cro-
co00M MOMKHO CHHM3HTL BO3HHKaIOUlee IPU THAPABIHICCKOM
ylape AapjieHHe. DTOr0 MOXKHO A0GUTBCA JIHOO YBeNHYEeHUEM
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BpeMeHH NepeXpLIEanns T, Mo yMeHslueHuem aomnu TpyCu /,
nojgepxennoll ypapam. Jlns storo K Markctpadbiicmy Tpy6o-
HPOBOAY NPUCOEAHHAIOT OTBETBJEHHS B BHJE BOAANLIX KOJOHII
UJIH NHEBMAaTHYECKUX pe3epByapoB.

OcHOBBI TEOPHM THAPABJAHYECKOFO YAAPa GBI 3a/0XEHLI
BRjaclinMes pycckuM yueneM H. E. DKykoeckum. a

7. I'mppapanyeckuit Tapan. B Monenn BojompoBoja, KoTo-
pas €bula pacCMOTpeHa B npeabAyuicl 3ajiaue, MarucTpasbyas
TpyGa B KCHUE N€PeA KpanoM HMeET BePTHKAJbHBIH OTPOCTOK

Iﬂv%? *

S el

e - — o

Pue. 7.1. Hpn psuxe-
HUM BOABI B Marucr- p
paabuoil 1pybe ypo- ‘u

BeHb BOABI B MaHOMeT-
pHueckoii Tpy6Ke HiKe f
ypoBus B pe3epayape !

=

g J

7

B BUJE TOHKO Anunnoil Tpy6xu (puc. 7.1). Ha xakom yposie
YCTAHOBUTCS Boja B 5TOH TPYOKE HPH 3aKpHITOM Kpane H npu
OTKpbITOM? UYTO ByneT NpOHCXOANTL B OTPOCTKE NPH 3aKPhiBa-
HUH KPaHa Ha KOHLE Marucrpanu? »

A Tloxka kpan 3aKpHIT, BOJAOHANOPHHH pe3epByap W BepTH-
KaJAbHblil OTPOCTOXK NPEACTaBAsOT co00H NPocTo coodarome-
cst cocyipl. T109TOMY BOA@ B HEM YCTAHOBHTCS HA TOM Ke CAMOM
ypoBHE A, YTO W B pesepByape.

ITpu oTkpHiTOM Kpane Boja B MarucTpajbHoil tpy6e aBH-
METCH CO CKOPOCTBIO U, KOTOPas ONpesiesisieTest pacXooM BOALT,
T, €. TEM, HACKOJILKO OTKPLIT KpaH. ITa CKOPOCTb MOKET H3-
MEHATHLCS] OT HYJIS A0 MAKCHMaJbLHOTO 3HA4YeHHsl, KOTOPCE Omn-
pepensiercss Qopmyaoll (4) npenwaymel 3agaun. [lassiedne p
B MarucTpaljuioil tpybe, Kax OLIO BEIACHEHO B NpeAbAylne
3ajaue, OyAeT B TOM CJyuae MEHbIe THAPOCTATHUECKOro 1lia
BeJMUKHY PUH2:

p=pgh—pv*/2. (1
\HOCKOJley HHXKHEE OTBEPCTHE OTPOCTKA napaeNLHO Jii-

HUSAM TOKa BOAEI B MaructTpanphoit Tpyfe, TO ero MOXKHO pac-
CMaTpuBaTh KaK OOBIKHOBEHHYIO MAaHOMETPHYECKYIO TPYOKY,
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ReICOTA €TOI0A BOABI B KOTOPOI A; KaK pa3 COOTBETCTBYET JaB-
JeHHIO p HA € HUIKHEM KOHIE:

p=pghs. @
Cpapungas coorgomenus (1) u (2), BUAUM, YTO NPH OTKPH-
TOM Kpaie YPOBEHb BOAM B TOHKOM BEPTHKAJbHOH TpyOKe
DACHO/IOMEH HMZe YDOBHA BOJALI B PE3epByape Ha BEAHYHHY
002 {puc. 7.1).
Brisicunm Tenepnb, uto OyAeT NPOHCXOAUTbL B OTPOCTKE NpH
sarpeBanny Kpana. Kak Mbl BUAEIH, B 3TOM CJy4ae MPOHCXO-
JUT THAPABANYECKHH yJap M JaBieHHe BOAB B MarucTpaibHOH
Tpyfe pesko noswimnaercs. Ecau cuuraTh, UTO KpaH nepexpsi-
BaeT TpyOy MIHOBEHHO (TOUHEE, BpeMs MepeKpLIBAHUA T MEHb-
wie 20/u, rae | — pjMHA MarucrpainpHOH TPYOHI, a U — CKO-
POCTb 3BYKa B BOJE), TO JaBJeHHE MOJCKAKUBAET HA BEJIMUHHY
ptv. DTO MO3BOJSET OLUEHUTb, 11a KAKYI0 BLICOTY Mz MOXeT
NOJHATECA YPOBEHL BOAB B TOHKOH TpyOKe:

puv=pghse, 3

orkyaa he=uv/g. TlomuepkueM, 49TO NPHBEJRHHAT OUEHKA
CnpaBel/iBa TOJbKO B TOM C/ydae, KOIAa MomepeuHoe ceueHHe
OTPOCTKA MHOI'O MeHbLIE CeUeHHsi Marucrpasonoil TpySel. Ilpu

Puc. 7.2. Ilpn saxpul-

BaHHM  KpaHa BOja

MOJXHHMAETCA B BEpX-
il 6ak

e

3TOM PacXof BOAL! yepe3 OTPOCTOK BO BPeMfA T'HAPaB/IHYECKOro
yAapa OyJer npeHefpexuMo MaJji, 1 HO3TOMY TaKoe YCTPOHCTEO
HE CMOXKET CJYKHMTb BOAAHOH KOJMIOHHOH, cMsirdamoues rujapas-
JIHYeCKHH ynap.

Hononuurte/pHoe MOBLIUEHNE YPOBHA BONL HA BEJHUUHY
h: MOXeT OKasaTbCsi BeChbMA 3HAYUTEJNbHLIM, HAMHOLO IPEBOC-
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XOAUM YPOBEHb BOALL B pesepsyape h. [Tostomy nomoGHoe
“YCTPORCTBO MOXKHO KCIIOJb30BATh /IS MOAAYd BOALI HA GOJib-
wyto BeicoTy (puc. 7.2). Takoil «ru/paBanyeckuii Tapady 6yjier
paboTaTh OTJE/NbHBIMH HUMNYJbCAMH, NMOIHHMAs KaXKIBIA pas B
BepXHUH 0aK HEKOTOPYIO MOPIHIO BOABL. Y Be/JHYEHHE IIOTeH-
HHAJLHON ‘SHEPIUH NOJHMMAaeMOl BOABI NPOHCXOAUT 34eCh 3a
CYeT KHHETHYeCKOH 3Hepruyd BOAbl B MaruCTpassHON Tpybe,
KOTOpasi OCTaHaBJHBaercs INpPH NepeKpeiBaHHH KpaHna. Odge-
BHJIHO, HYTO TPOM3BOAMTENBHOCTH THAPAB/JIMYECKOrO Tapaka
TEM MEHbIUE, 4eM OoJbllie BLICOTA, HA KOTOPYIO OH MOAHUMA2er
BORLY. A

8. Ycravomuemieecs mnajeHue B xKuakocTH. JlBa miapa
OJMHAKOBOI'0O pas3Mepa, HO pasHON MacChl My H e CBSI3aHE
HHTBIO, JJIMHA KOTOpPOH MHoro GoJibiie HX paauycos. Ilpu
MOMELIeHHH B JKHAKOCTb cHCTeMa
3THX 1uapoB ToHeT. Kakosa Oymer
CHJIA HATSDKEHHs coeuHsioel mia-
pbl HUTH TNPH HX  yCTAHOBHBILEMCS
NajeHnd B JKUJAKOCTH? T L

A B yciioBuu 3ajauy npubeieto

CMUIIKOM MaJo JaHHbIX aas 1oro, _ __ _ Y7
4TOGbI MOJIHOCTHIO OMUCATH NBHMEHHe ¥/
mapoB B xuAKOcTH. Hanpuwmep, ans

HAXOXKJEHHs CKOPOCTH yCTaHoBuBWe- — — 47 = 7
rocs TNafeHHs Jaxe OIHOTO INapa, p

" HYKHO ObLTO Obl, KpOMe Macchl uapa, - . F: -

3HATh €ro pasMep, NJOTHOCTb XKHI-
KOCTH M 3aBHCHMOCTE CHJIBI CONPOTHB- .. ‘%- - -
Jnenusi or ckopoctd. Torpa, npupas-
HAIB HYJI0 BEKTOPHVYIO CYMMY CHJIB
TAXKECTH, TIOJMHOH CHJIBI JIaBJIeHHS
KHAKOCTH U CHJIBl ee CONPOTHRJEHHUS,
MOXHO ObLIO Obi ONpefesuTb CKO- Puc. 8.1, Crast, nefictny-
POCTb  YCTAHOBHBIMETOCS MANCHHS.  |oiie pa cpssaHube wia-
A TaK - €IJHHCTBEHHOe, 4YTO MOKHO PHIIIPY HX YCTAHOBUBINEM-
CKa3aTb, 3TO TO, YTO CKOPOCTb YCTA- €A ABHMKEHHU B HKHIKOCTH
HOBHBILEI'OCS NIaJleHKs TSAKe0ro 1a-
pa Oyzer Gojblue uyeM Jerkoro. Tem GoJiee Mbl HE MOXKEM
3leChb ONPEAeNHTb CKOPOCTh MAACHHSI CBS3aHHBIX LIAPOB, TaK
KaK B YC/JOBMH 3aJlaHbl TOJbKO HX Macchl.

Ho Bot onpenennuts cu/Iy HaTsKEeHHA CBSI3BIBAIOMLER 1IADHI
HUTH OKa3biBaeTcsi BO3MOXHBIM. I asanock Obl, M 3jeCb He
obofiTuch Ge3 3HAHHA CHJIBL CONPOTUBJACHU, HO BCE JEJI0 B TOM,

mg
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YTO NPH COBMECTHOM JIBHKEHMH STHX CBA3AHHBEIX LIapoB C OH-
HAKOBOH CKOPOCTBIO JEHCTBYIOMIME HA HUX CHJBI CONPOTHBJE-
HMs OAMHAKOBHL. Jlas Toro 4ytoObl TaKO€ YCTAHOBJIEHHE CKOPO-
CTH nafileHus JeHCTBUTEJNbHO NPOM30ULIO, HYMKHO JHLIbL, YTOOLI
CHJIa CONPOTHBJEHHUS POC/a C YBEJHYCHHEM CKOPOCTH, IIpHYeEM
6e3pasJiMuHO, 110 KaKOMy HMMEHHO 3aKOHY — JIMHEHHO, KBaj-
paTHYHO H T. L.

CoBeplieRHo SICHO, 4TO NPH JoOblX HAYAJbHBIX YCJOBHAX
COCAMHAKOIIAA IIApPLl HHTb TMOCJe YCTAHOBJIEHMS ABHKEHHSH
PAacTOJIOKHTCS BEPTHKAJBHO, TaK 4To OoJiee TAXKe b Iap OKa-
Ketcsi BHU3Y. IlosToMy HeficTByIOmHE HA HMIAPHl CHJB! HATANKE-
uust HUTH T, KaK U CHJIBI TSDKECTH M, ¢ U fMag, BHITAJKHBAOIIUE
cHabl 4 ¥ CHJIBI CONPOTHBJEHHA [, HANPABJEHb! 10 BEPTHKAI
(puc. 8.1). Yc/ioBHE paBHOMEDHOrO JBHIKEHHA HHXKHETO MIapa
uMeeT BHJ

mg—T—F,—F_ =0. O
Ananornuio Ais BepXHeEro mapa
mg+T—F,—F . =0. (2
Buiunraa ypaenenue (2) u3 ypasuenus (1), nonyuaem
T = (my—m=)g/2. (3)

Jlerko cooGpasutb, YTO CHJ1A HATAMEHHS HUTH OyJeT Tako#
e H DPH yCTAHOBHBLIEMCS MpOLEcce BCIIBIBAHUS, €CIH CBSi-
3aHHBIC LIapbl JieTye BOABL. A

9. TopmoxeHnue B BA3KOH MBAKOCTH. llBHraTenn kKopaGan
6LlJ1 OCTABOBJIEH B TOT MOMEHT, KOLJia CKOPOCTh Kopal.s Gbia
paBHa v,. Kakoil nyTb H 32 Kakoe BpeMs npoiger kopabis no
NOJIHOA OCTAHOBKH, ec/n ahdeKTHBHAA Macca kopabis (BKJio-
yalomasi NPUCOeAMHEHHYI0 Maccy — CM. 3afady 2 pazjena «u-
HAMHKA M 3aKOHLI COXPAHEHHUSY) paBHa 71, a CHJA CONPOTHRJE-
HHUS NPONOPLUHOHANLHA CKOPOCTH: F==—Fkv?

A Cuna conpoTHBJIEHHS NP JBHIKEHHH TBEPJOro Tesa B
JKUAKOCTH TPONOPHHOHAJBHA CKOPOCTH Tela B TOM CJyudae,
KOTZia CONPOTHBJEHHE ABHIKEHHI0 00YCJIOB/ICHO IIAaBHBIM 06pa-
30M BSI3KOCTBIO JKHJAKOCTH. DTO HMeeT MeCTO NPU CPaBHUTEBLHO
1e0OBINX CKOPOCTAX Tesla OTHOCHTENBHO XujkoctH, Kozd-
(UIHEHT NPONOPUHOHANLHOCTH k MEXAY CUJIOH CONPOTHBEHNA
H CKOPOCTBIO B 3TOM CJlyyae 3aBHCHT OT (DOPMBI Tesla U IpOoIop-
UHOHAJIEH BSI3KOCTH MKHAKOCTH M JHHEHHBIM DasMepaM Tesa B
HanpaBJeuun ABuKenHd. B Januofi 3ajaue Kos(puuUeHT R
UMCET 3aJaHICe 3HaueHue,
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Mpl paccMaTpuBaeM ABHIKEHHE KOpabasi TOALKO Noi Ael-
CTBHEM CHJBl CONPOTHBJIEHHS., B COOTBETCTBHM €O BTOPBIM
3akoHoM HploToHa umeem

ma=-—kv. 1)

Paccmatpupan 310 ABMIKeHue 3a NOCTATOYHO MaJlbiil NpOMExy-
TOK BpeMeuH Af, MOXHO NpPEJCTaBHTb CKOPOCTb H YCKOPEHHE .
Kopab/s B BuAe oTHOWeHHI v=Ax/At, a=Av/A¢. Torma ypas-
uenne (1) MoxHo nepenucats B BHJE

mAv/At=—kAxIAL, @

Cokpamas ofe yacTH paBeHCTBa (2) HA OJHY U Ty HKe BeJHUHHY
Al, nosryuaem COOTHOILIIEHHE, CBS3LIBAIOILEE H3MEHEHHE CKOpo-
ctil Kopafist Av ¢ u3MeHeHHEM ero noJokeHHst Ax 3a TOT me
CaMblil IPOMEKYTOK BpeMeHHU:

k
Av=—— Ax. (3

TlockoneKy k/m ectb moctosinHas BeJHuHHA (OHA HE 3aBHUCHT
HY OT NOJIOMKEHHsI KopabJs, HY OT BPEMEHH), TO COOTHOLIEHHE
(3) cnipaBen/IHBO He TOMBLKO IS MaJblX NPOMEXKYTKOB BpeMeHu
Af, HO H LAfl MOOLIX GOJBLIUX NPOMEXKYTKOB. [ToatoMy 3aBu-
CUMOCTh CKOPOCTH KOpalJ/si U OT ero NOJIOKEHHs, XapaKTepu-
3yeMOr0 KOODAMHATOH X, BbIpAXKaerca JHHEAHON (yHKuued

v(¥)=0,— 2 . )

Ona nokasasa na puc. 9.1. B Hauanpublit MOMeHT, Korfa x=0,
CKOpOCTb Kopabas paeHa v,. Koraa xopabsb npoiifier Becs
nyth [ JO OCTAHOBKH, €ro CKOpPOCTb OOpaTuTCcst B HyJb. [lyTs
[ MoxHO HaiiTH, noaaras B (4) v=0:

1=" v, (5)

A Kak MeHsieTcs CKOPOCTb KOpaOJ/s ¢ TEUCHHEM BPeMeHM?
Ha 3T10T BONpOC MOXHO OTBETHTb, €c/IM B yPaBHEHHE BTOPOro
3akoHa Heworona (1) nojacTaBHTh YCKOPEHHE @ KaK NPOM3BOA-
HYI0 CKOPOCTH MO BpeMeHH:

mdvldt=—kv. (6)
Sro nuddepeniuanpHoe ypaBHenue as GyHKuMH v (f), cornac-

HO KOTOpoMy mnpoussojHast dv/di nponopuuoHajbHa CcaMmoi
¢yuknud, PelleHHe Takoro ypaBHEHHA NPEACTaBJser coboi
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SKCTIOHEHIHAJBHYI0 (QYHKIHIO
k
v(t)=Cexp (—;n-t). (7)

TlccTosnnas C paBHa 3HAYEHHIO CKOPOCTH B Haya/lbHbll MOMEHT
npu t=0. Tlosromy

v(t):vwxp(—%t). )

Tpadux s10fi GyHKUMH NOKA3aH Ha PHUC. 9.2. CxopocTh KO-
paGna y6mBaer cHayaqia OpICTPO, a 3aTeM BCe MELJICHHEE M
MeLJIEHHee, aCHMNTOTHYeCKH NPHOIMKAACh K 3HAUCHHIO v=0.

g dz 1z 7 v t
Puc. 9.1. "3aBHCHMOCTbh CROpOC- Puc. 9.2. Ckopocrb Kopabia
T4 Kopabas OT ero NoJOKenns Kak GYHKIMS BpeMedn

CTporo roBopsi, CKOPOCTb OGPATHTCA B HYJb TOILKO CHYCTA
GeCKOHEUHO GOMBIIOH NPOMEXYTOK BpemenH. OIHAKO NOYTH
BCSl 9TAa «GECKOHEUHOCThY NMPUXORUTCHA HA «LOTHIUBAHHEY CKO-
poCTH A0 HyJ1si. OCHOBHOE ee H3MeHEHNE NPOUCXOJHT 38 KOHEH-
“Wblil TPOMEXKYTOK BpeMeHH. Takue 3KCHOHEHUHANLHO 3aTyXd-
JOlLMe TIPOLECCH, KOTOPHIE (POPMaibHO NPOACAKAIOTCA GecKo-
HeyHo ‘JOJro, YacTo BeTpewaiorcsi B ¢usnke. Hanpumep, 1o
TAKOMY 3aKOHY [IDOMCXOJIHT sIB/IEHHE PaJHOAKTHBHOrO pacnaja.
dxpeKTHBHYIO JJIHTEBHOCTD NPOUecca SKCNOHEHHANBIOTO
3aTyXaHHA NPHHATO XapDAKTEPH30BATL BPEMEHEM, B TEUCHNE
KOTOPOTo 3aTyXaloN1as BEJIHYHHA YMEHbIIAeTCs: B ONpeALAeHROe
yHcao pas, Hanpumep B JBa pasa (mepHOX noJaypacnana).
O6bHO B dU3HKE BBOLAT BpeMs T, B TeUEHHE KOTOPOro NPOHC-
XOJHT yMeHbleHHe 3aTyXaiomel BeJH4YHHb B € pas. Hmenno
3T0 BpeMs T YCJOBHO Ha3blBAIOT JIMTEIbHOCTBIO npouecca.
B 5TOM CMbICJE BpeMs JBHXKeHHA KopaG/is T, KaK BHAHO 13
¢opmyasl (8), paBHO m/k. s ero HaxoXJAEHUA HYXKHO NPOCTO
IPUPABHSTH TOKa3aTe/b SKCIOHEHTHl MUHYC €HHHLE.
3aBHCHMOCTb TOJIOKEHHS KOpabast oT BpeMeHH X (f) MOx-
HO HalTH W3 COOTHOINEHHA (4), €CJH TOACTABHTE B HErC CKO-
pOCTb KaK (QYHKIHIO BpEMEHH H3 QOpMY.ibl (8). YuutuiBas, 410



9. TOPMOXEHHUE B BSI3KOH JXHULKOCTH 165

coraacHo (5) mu,/k==1, mnonyuaem
r k
x(t)::{{l——exp(——zt)]. )

I'paduk stoil HyHKUUH MNOKa3aH Ha pHC. 9.3. Xors AsHKeHue
Kopa6Jisi ¥ NPOHCXOAHT GECKOHEUHO H0JTO, MpOHAEHHBIH WM
nyTs | oKa3biBaeTcst KOHeWHbIM. OCHOBHYIO 4acTb STOrO NyTd
KOpabJib MPOXOAHT 33 Bpema T.

B 5T0it 3ajaue ObLT PacCMOTPEH NMpUMEp, Korja nsuxerue
NIPOMCXOAMAO TOJLKO TMOA ACHCTBUEM CUJEL CONPOTHBJCHHS.
HMuorpa npuxoputest pac- 20t
cMaTpUBaTh CJaydad, Koraa =
KpOMe CHJIBl CONPOTHBJICHHSA ¢

JEACTBYIOT 4 ApYrHe CHJIBL. !
Hanpumep, MOXHO peluathb g

! &=¢|7-exn(-
3ajaqy O pasroHe Kopabis f—-t~ [ exp(-4/ 7)]

ol leHicTBHEM IOCTOSHHOH
CUJILL TATH IpeOHbIX BHHTOB
pH yueTe CONPOTHBJEHMA
sonsl. Ilpu aTom BpeMs pas-
roa Kopalnas ¢OpMaNLHO
Gyner GeckoneunbiM. OnHako & 2 3
1S MOMEHTOB BPEMEHH I3>T  pyc 9.3, Koopauuata Kopabas KAk
MO HO CUHTATh, YTO NPOLECC GYHKUHA BpEMeHH
pasroHa KopalJisi 3aKOHYHI- ‘
¢l M OH JIBUXKETCSl € IIOCTOSIHHOH CKOPOCTLIO U, 3HayeHlie
KOTOpOH Ofpeje/isieTcsl M3 YCJIOBHA DPABEHCTBA CHJBI TATU U
cuabl conpotheiaents. Ho anuTesbHocTb pasrona T He 3aBHCHT
OT CHJIBl TSITH M ONpEIe/sieTcss TeMH XKe [apaverpaMu m u k,
uTo W B pa3obpanuoM npumepe: T=m/k. A




V. MOJIEKYJIZPHAAL ®U3HKA H TEPMORHHAMHKA

Duanyeckve CBolcTBA CHCTEM, COCTOSIMHX M3 OOABIIOrO HHCAR
YacTHIL (ATOMOB ¥ MOJIEKYJ), COCTABASAIOT IPEAMET H3YUEHUS MOJIEKYAR P~
HOK QH3HKM K TepMOAHHAMHKH. JII06asi MaKPOCKONMYECKasA CHCTEMa CO-
JAEPHUT OrpoMHOE yncao yactHi. Hanpumep, Beero 1 cM® Bosayxa npn
HOPMaJbHEIX YCIOBHAX COZEPIKHMT 2,7-10'9 mosexya. I[Tostomy cosep-~
ILEHHO OYEBHJHO, YTO NMPHMEHEHHE 3aKOHOB HHHAMHKH 1Jd HaXoxje-
HHSl MEKPOCKONHYECKHX Xap aKTePHCTHK TaKOH CHCTeMbI, T. €. KOOPAHHAT
M CKopocTeil BCex MOJIEKyJ, coBepuieHHo GecnepcnekTHsno. Ho Takas
LeTaibHas unGOpMaLHs O paccMaTPUBaeMoOil CHCTeMe HaM M He HYJKBa.

Mg oreera Ha oueHb MHOrHe BONPOCH JOCTaTO4HO 3HATL HE NOBeE-
LeHHEe OTACHBHBIX MOJEKYJ, a TOILKO MAaKPOCKOIHYECKHEe Hapamerphl,
XapaKTepusyioune cocroanye scefl cucrempl. Takumy napamerpamu ss-
nAI0TCst, Hanpumep, o0BeM CHCTeMbl, ee Macca, nouanas sueprus. Ecan
CHCTEMA HAXOZMTCS B COCTOSHMH PaBHOBECHS, TO OHA XapaKTepuayercs
ellle M TaKWMH llapaMeTpaMH, KaK JaBJeHHE H TeMnepaTypa. JHayenue
MaKDOCKONHUECKHX lapaMeTpPOB OnpejiessieTcsi He NMoBejeHHeM OTZeNb-~
HBIX MOJIEKYJI, a CPEIHHM Pe3yJbTaToM, K KOTOPOMY NPHBOAHUT HX COBO~
KYyHOe JBHXKEHHE, T. €, CPEAHHMU 3HAYCHHAMH MHKPOCKOMHUECKHX
napameTpos.

3ajaua MOJIERYJ/SIDHO-KHHETHUeCKOH  TeOopHH  (CTaTHCTHUeCKOl
MEX2HHKH) COCTOHT B TOM, YTO6HL! YCTaHOBHTbL CBf3b MAaKPOCKONHYECKHX
NapaMeTPOB CHCTEMbl CO CPERHHMH 3HAYeHHSAMH MHKDOCKONHYECKHX
BeJMYHH H 1aTh CILOCOO BLIYMCHAEHUsI STRX CPEIHUX 3HAYEHHH Ha OCHOBE
332KOHOB JBIDKeHHS OTAe/ibHBIX 4actHu. Tax, nanpuMep, Aas OAHOro
MOJAS HAEAJbHOrO ra3a MOMEKYNAPHO-KMHETHUECKAsl TEOPHSI yCTaRaBAN-
BaeT CBSI3h MEX/Iy IIPOH3BeleHNeM JIBY X MAKPOCKOMHUECKHX NapaMeTpos
rasa — JaBJEHHS P H MOAAPHOro obbema Vy — M CPERHHM 3HAUEHHEM
(E) muxpockonuyeckoro napamerpa F — KHHETHUECKOH SHEPTMH Xao-
THYECKOFO TENJIOBOTO JABHKEeHHs OJHOA MOJeKYy/bl:

qu=§<E> Ny, ()

rae N — nocrosunas Aporaipo.

Hcropuuecku caouics W Apyroif NOAX0L K M3YuUEHHIO CHCTEM,
COCTOAULHX U3 GOIBMWIOrG 4uCJaa 4aCTHL, B KOTOPOM YCTallOBJeHNeE CBs-
3ell MeXIy Pa3IMUHEIMH MaKDOCKCHHYEeCKHMH [1apaMeTpaMu npOoH3BO-
JHTCS ONBITHLIM NyTeM, Hanpumep, AJas OAHOro MOJIA HACATLHOIQ rasa
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Ha ONLITE yCTAHOBJAEHA CAeAyiOllast CBA3b MeXAy TPeMsT MaKpOCKOMU-
YeCKHMH MapaMeTpaM¥ — [asJieHHeM, MOJADHBIM O6HEMOM H TepMOjH-
HaMHYecKOfl TeMIlepaTypoit rasa:

qu =RT, ]

rae R — rasosas nocrosunas. Takolt sMnupuyeckHit mogxcn xapakre-
PeH /I TePMOAHHAMHKH.

B ocHoBe TepMOAHHAMUKH JI€KAT HECKOAbKO YCTAHOBJIEHHLIX HA
onuiTe (hyHAaMeHTaNbHBIX (HINYECKHX 3aKoHOB. [TepBuili 3aKon Tepmo-
JUMHAMHKH npeicraBiaseT coboll ofo6LIeHHEIH 3aKOH COXDAaHEHUd JHep-
TUH: 3HEPTHS MaKPOCKOMHYECKOH# CHCTeMbl MOXeET ObITh M3MeieHa KakK
B pe3y/bTaTe paboThl BHELIHHX CHJA, TaK M HDH COODLICHHH Ter/IOTH.
Eciu cunTaTh MeXaHH4eCKyl0 3HePrHUIO CHUCTEMEl HEU3MEHHOH}, TOo nep-
Boll 3aKOH TEPMOJHHaMHKH YTBEPXKAAer, 4TO H3MeHeuHe BHyTpeunc
sueprun cdcreMsl AU npu nepexoae M3 OZHOrO COCTOSIHHA B Apyroe
paBHO cymme pa6oTol BHewHUX cuad AA’ 1 mepejaHHOTO CHCTeMe KOJH-
qectBa Temaors AQ:

AU=AA"4+AQ. 3)

Bropoit 3aKoH TepMOAHHAMHKH CBA3aH ¢ HEOOPAaTHMOCTBIO peasdb-
HbIX MPOUECCOB B MAKPOCKOMHYECKUX CHCTeMaX U yKa3hiBaeT HanpaBAe-
HHE BO3MOXHEIX SHEPTreTHUECKHX RpespamenHil.

B pamkax tepMOAMHAMHKHM He packpuiBaercs rayGoxkuil ¢usnue-
CKHI CMBICI MAaKPOCKONHYECKHX NapaMeTpoB CHCTeMBl, T. €. HX CBA3bL
€O CpeIHHMMH 3HAyYeHHAMU MHKPOCKONHyecKHX napamerpos. Oguako
HMEHHO 6sarogaps 3ToMy 00CTOsiTeILCTBY OCHOBHLIE 3aKOHBI TEPMOAH-
HAMHKH, YCTAHOBJEHHble HA OHbITe, OTAHYATC 6OMbWIOH OGIIHOCTHIO
¥ HPUMEHHMbl KO BCeM MaKPOCKONHYECKHM CHCTeMaM HE3aBHCUMO OT
oco6eHHOCTell UX BHYTPEHHER CTPYKTYphL.

Hau6osnee moauble npejcTaBjieHudss o cBolicTBax cucTem Goabuoro
4UC/A YACTHIL R3eT COBMECTHOE HCIOJ/Ib30BAHHE TEPMOAHHAMHKM H CT4-
THCTHuecKol Mexanuku. Hanpumep, cpasnenne dpopmya (1) u (2) aaer
BO3MOXHOCTb YCTAHOBHTb (H3HYECKHH CMBICA MaKPOCKOMRYECKOro na-
paMeTpa — TepMoxHHaMuyeckod Temneparypu T:

_ R

=

a TaK¥Ke NOYyYHTh YROGHOS BLip aXKeHHe AJIs JaBACHUS HALAABHOLO ra3a
p=nkT, n=NyV,.

3

Takum of6pa3oM, AaBieHHe HAAJNBHOCO ra3a ONPEAEAACTCH CPeRIHUM
YMCAOM YaCTHIL B €iHHUHE 00heMa 1 U TePMOLHHAMHYECKOH Temmepa-
Typofi.

Jlns MHOrMX 3ajay mepsbli 3aKOH TePMOAMHAMHUKH YR00HO 3a0H-
caTb B HECKOJIBLKO OTVIMYHON OT Bhipaxenus (3) dopme:

AQ=AU+AA
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— coobliLeHHoe CHCTEME KOJNH4eCTBO Temaothl AQ paBHO CymMMe H3Me-
nenns BuyTpennedl sneprun AU u paGornl AA, coBeplienHolf cucremoi
(A4 — pa6oTa, KOTOPYIO COBEpPUIAIOT CHJH, IPHJOXEHHEE CO CTOPOHK
paccmarpuBaeMoll cucreMusl K BHemrsHM Tertam). Mcropuueckn nepsnid
3aKOH TEPMOAMHAMUKU Ol BIEpBbie cHOPMYJAHPOBAH HMEHHO B TaKOM
BHJE.

I. HMcnopuensntii prytHoiii Gapomerp. B TpyOKy pTyTHOro
fapoMeTpa nonaJ nyseipexk Bo3xyxa. B pesyibrarte npu Heko-
TOPOM aTMOC(EpHOM JABJIEHHH p, W Temnepatype T, BelcoTa
cTonGa prytd B TpyOKe yMEHBIIHJACh H CTasza paBHof H;.
Yemy paBHO aTMOCepHOe AaBJeHHE, €Can
npu temnepatype T Boicota cronba pTyTH
oxasanack paBHod H? Tpyb6ka umeer
NpaBHIBHYIO UWJIMHIDHUECKYIO (GOpPMY, H
paccTosiHye OT YPOBHS PTYTH B YallKe [0
3anasiHHOTO KOHLA TPYOKH paBHO L.

A B nencnopueHHOM pTyTHOM Bapomer-
pe B 3alasiHHOHN TPYOKe Hal PTYTHIO B «TOP-
pHUeJIIHEBO TNYCTOTE» BO3LyXa HeT, a
eCTh TOJbKO HACHLIUEHHBIE Mapbl PTYTH,
JlaBN€HHEe KOTOPbIX NpPH OOLIYHBLIX TeMmne-
patypax upenebpexxumo Mano. Ilostomy
€ro He NPHHUMAIOT BO BHHMAHHE IpH H3-
MeperHsix aTtMocdepHoro Aasnenus. Mnoe
Ieno, ecay B 6apoMmeTp TOHAajaeT Nysbl-
Puc. 1.1. Awmoc. Pek Bosnyxa. laBneHue Bospyxa B TpyGke
(peproe  fnamnenre YK€ HEJb3S] HC YUYUTHIBATD. Ho 5310 BOBCE
paBHO CyMMe JRaB- He 3HAUYHT, YTO Takol GapoMmeTp He npH-
Jeuts BOBAYXAa B ronen psisi M3MEPEHMS aTMOC(EPHOro AaB-
Tpy6Ke ¥ ruapo-
cratmueckoro gap- VIeHHA. [loctatoyHo opMH pas M3MEPHTH
nenug  pPTyTHOro  BLICOTY CTO0a PTYTH B HEM NPH H3BECTHHIX

cronba atMOcepHOM JaBleHHH U TeMmIleparype,
uyTo0Bl NOAYYHTH GOpMYay AR Olpefene-
HUSl MCTMHHOFO aTMocepHOro AaBJeHHS 1O €ro MOKasaHuAM.

Ecan npu atMocdepHOM 1aBJeHUH p, BHICOTA PTYTHOTO CTOJ-
6a pasua M, (puc. 1.1), 1o naBnrenue p, paBHO CyMMe JABRJEHH:
BC3yXa B TpYOKe Hal PTYTLIO p; M THAPOCTATHYECKOTO hasje-
Hus crosnba prytH Bhicotoft M. Ecau namepaTh JaBjeHue Bo3-
Jyxa, Kax 1 rHAPOCTaTHYeCKOe AaBJEHNE, NIPAMO B MHJIHMET-
pax pTyTHoro ¢r1oaba, 10

po=pi+H,.. (1)

Touno Takoe e COOTHOIIEHHE MOXKHO HAmUcaTh M AJs H3Me-
PYIeMOTC aTMOCepHOrO JABJICHUS P,q, B CAyYae, KOrja Moxa-
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3aHNe HCNOpPUEHHOro GapoMeTpa paBHO H:
Parmn=P+ H, (2)

T/ie p — JaBJIeEHE BO3AyXa B TpyOKe HaX PTYTHHIM CTOAGOM BLI-
cotoit H. Teneps, cuntas Bo3LyX B TpYOKe HieaJbHLIM rasoM,
MOXKHO BOCIOJIb30BAThCA YpaBHEHHEM ero coctosinng. Tak kak
Macca nonasllero B TpyOKy BO3AyXa B JaJibHeEHIleM yxe He
MEeHsIeTCs, a ceyeHHe TPYyOKU OJUHAKOBO 1O Beell ee njuHe, TO
prll—Hy) _p(L—H) 3)
T, T
Toacrasaaa B cootHowenHe (3) 3HaueHue p, U3 ypasnenus (1),
HaXoJHM

L—H; T .
p_(po Hl) L—H Ty~ (4)
dopmyana (4) naer nonpasKy, KOTOPYIO, KaK BHIHO M3 ypaBHe-
HHA (2}, HyXKHO NPHOABHTHL K NoKasaHusM GapoMerpa H, uro-
6Bl NOJTYYHTL HCTHHHOE 3HaYeHHE aTMOCQEPHOTO AaBIEHUS P,
Qopmyay Ass pacyera p,., YA0OHO 3anHcath B BHAE

T L—Hy
paw=H+7—7 C, e C=(p—Hy)=—. (5)

HucsoBoe 35ayeHHe nocTostHuol C MoXeT GhiTh Pa3 H HABCETAd
BbIyKCEHO 3apaHee. [Ipu6opoM MOXKHO NOJb30BATBCS, TOABKO
Tenepb A19 HaXOXKAEHHA aTMOCGEpPHOTo JaBJICHUS HYKEH ele
U TEPMOMETD. A

2. BakyymHniit Hacoe. Hmeerca cocyn o6wemom V u nopiu-
HeBo#l Hacoc ¢ oobeMoM Kamephl V' (puc. 2.1). CkobKO Kaua-
Huil HYXKHO cjelath, 4YTOOH AaB-
JeHHe B COCYJle YMEHbLIHJIOCh

’
ot p 1o p' ? ATMocdepHoe 1aBneHne R
paBHo p,. Mamenennem remnepary- —ﬁ— Vg 14
pyt npenedpeub. __]

A Mtl, €CTeCTBEHHO, CUUTAEM,
9TO HayaJdbHOe JaBJEHHE p He
TPEBOCXONMT HapYXHOro JjapJje- Puc. 2.1. Cxema mopuneso-
HHS p,, VHAue MOXHO CHayaja To Bakyymhoro Hacoca
NPOCTO BBLITYCTHTh M3JHIIEK rasa.

D1y 3ajauy MOXKHO PEINTh, HCNOAb3Ys 3aKoH bBoiaa —
Mapnotta, X0T B NPOLECCE OTKAYKH Macca rasa B coCyae H3-
mensiercs. JeHCTBUTENBHO, PACCMOTPHM MNEPBHIH XOA NMOPIUHS
BJIEBO; TIPH 3TOM KJanan A 3akphT, Kjaanad B OTKPHT H ras
M3 cocyla BXOJHMT B Kamepy Hacoca. [laBienue rasa ymenbuia-
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ercs OT NePBOHAYATbHOTO 3HAYEHHS IO HEKOTOPOTO py. ITOCKOJIb-
Ky npoliecc M30TepMHUYECKHH M Macca rasa IpH 9TOM He MeHs-
eTCsl, MOXKHO BOCIOJIb30BaThesl 3aKoHoM bBo#siga — Mapuorra:

pV=p(V-+V"). (1)

TTpu oGpatHOM XOAe MOPIMHA KhaanaH B 3akpbiBaercs, H
BO3AYX M3 KaMmepbl Hacoca BHITAJIKHBAETCS HApYXKy uepes Kja-
nau A. [lpu Bropom xofe

s MOPILHSI BJIEBO BCE NOBTOPA-
ercA TOYHO TAaK Ke, TOJMbKO
IasJjieHre B Hayajle Xoja B
cocyxe pasHo p,. O6o3Hauas
JlaBjileHHe B KOHHE BTOPOTO

4 X0la uepe3 pi, HMEEM
piV=pa(V-+V').
o
Y IloacraBasisi ciopa py M3
Y > YPaBHEHHS (1), Haxopuum
14 2

Puc. 2.2. 3aBUCUMOCTH AaBJeHUS B Pa=Dp <m7) .
OTKAa4YHBAae€MOM COCYAE OT yHuCJla Ka-

daHui Hacoca Paccyxjasi panblue Ta-

KuM ke 00pa3oM, HETPYRHO
yBefuTbhCs, YTO MOCJE 1 XONO0B NOPLIHA JaBjeHHe B cocyne Oy-
JIeT PaBHO

174 n
Pn=p (m) . @)
o dopmysne (2) onpenensercs unca0 Ka4anuil n, HeobXo-
IMMOe s TOro, YToOLl MOHU3HTH JaBJ/IeHHe B COCYHe AO 3Haue-
wua p,=p’:

Ig (p'/p)
g [V/ (V-4 Vi

HurepecHo NocTpouTh rpaduk 3aBHCHMOCTH JABJCHHS B
£OCYJE OT 4YHC/JAa KadaHuit n. 31o ectb rpaduk nokasarentod
Ppynkuun ¢ ocHoBanuem V/(V4-V' )<<l (puc. 2.2). O6pature
BHHMaHHe, YTO JaBJeHHe ¢ KaX/blM IIaroM yMeHbIIaercs Ha
BCe MEeHblIee H MeHbliee 3HaueHue. [Toaymaiite, Kak NOCTYNUTS,
eciy Tpedyemoe KOHeuHoe JaBJieHHe p’ He COBAANAET HH C Of-
MM 3HAYeHHeM p,, onpeaenseMsiM GopMyJIoh (2).

CornacHo dopmyJie (2) no Mepe OTKAauKH JaBJeHVe BO3AyXa
B cocyJie yObIBaeT M Ipm HOCTAaTOYHO DOJBbINOM YUCJE KayaHH
n MoxkeT OLiTh clieJlaHo CKOMb YTroAHO MaauM., OaHaKko B Jei-
CIBHTE/BHOCTH HH OXMH HACOC HE MOXET OTKadars BO3AYX H3

n=
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cocynia NOJNHOETBIO, TaK, YTOOb! JaBJEHHE B HeM 06pATHJIOCH B
nysb. s Kaxaoro Hacoca CYILECTBYET HEKOTOPOE MHHIN-
MaJbHOE JaBJ€HME p.;., HUXKE KOTOPOTO OH HE MOMKET LaTh
paspexensne. [Ipnynna 3T0r0 — CyLIECTBOBAHHE BPEIHBIX NPO-
CTpaHCTB, Heujea/ibHad pabora KjaanaHoB u T. n. Hanpuwmep,
KOrJa MopuleHb Hacoca ABHKETCS BIPABO, BRITAJKHBAsT BO3AYX
H3 KaMepbl B atMocdepy, MeXAy MOPIUHEM H KJaHaHOM HEM3-
G€XKHO OCTAEeTCHA NYCTh JAXKe OYEHb MaJIeHbKHI, HO KOHEYHbIi
obvem AV. ITostomy He Bech BO3IYX U3 KaMmepbl GY/ET BHITOMK-
HYT B aTMOCdepy. D10 U 3amMe4eT OTKauKy ¥ B KOHUE KOHIOB
NPHBOAMT K TOMY, 4TO IPH HEKOTOPOM JABJEHHU B COCYJE HACOC
BoOOIEe Hayunaer pabotaTh BXOJOCTYIO. [leficTBHTENABHO, NpH
JaBJICHUY B COCYJe p.;, BO3AYX, C2KaTblil OT NEPBOHAYAILHOTO
obbeMa Kamepbl V' no ofbvema AV, Gyner uMerth jaB/eHHE He
BLIIIE aTMOC(EPHOTO p, H HE CMOXKeT BLIATH Hapyxy. Urak, ansa
onpeje/IeH|s NPeAeabHOr0 AaBJIeHHUS, 00YCJAOBIEHHOIO CyLecT-
BOBaHHeM BpPEeJHOrO IPOCTPAHCTBA, MOXKHO HanucaTh YCJOBHE

PrinV " = po AV, OTRYRA Py, = po AV/V". (3)

Hasi nonyuenuss GoJbIIMX padpexeHuii OObIYHO HCIOJL-
3YIOT HECKOJbKO HacocoB, COCAMHEHHBIX TNOCJEAOBATEbLHO.
Hacoc xaxpoll nocaenyoueil cTyneHd OTKauHBAaeT BO3AYX He
B drMocdepy, a B 00beM, H3 KOTOPOrO BO3AYX OTKAUMBAETCH
HACOCOM MNpeAbIAYINeli CTyneHH. A

3. Koae6anus nepmna. Pacno/oxeHHbll TOpH3OHTaALHO
UMJANHADHYCCKHI COCYJ, 3aNOJHEHHBI HealbHbIM rasoM, pas-
JleJIeH [OpIIHEM, KOTOPLIH MOXKeT ABHratbes 0e3 Tpeunus.
B paBHOBecHH noplIeHb HaXOAUTCA NocpeanHe LMauHApa. [lpu
MaJHX CMEUWEeHNAX H3 MOJOKEHHs pPaBHOBECHS NOpUIEHL CO-
Bepwaer Kosebanusi. Ha#Th 3aBHCHMOCTb 4acTOTHI 3THX KO-
JgebaHuil OT TEMNEPATYPBI, CUMTAfA NPOUECC H30TEPMHUECKHM.

A B nojoxenuy paBHOBECHA JaBJIEHHe p Ha NOpLUEHb cJe-
Ba M cnpaBa oAnHakoBo. [locko/LKy 00LEM rasa c/eBa H crpaba
OANHAKoB, a Temnepatypa T noctosinHa, U3 ypasnenus Men-
neneeBa — Knanefipona

pV=vRT 4y

ClIeflyeT, 4TO KOJIMYECTRBO ra3a v OAMHAKOBO N0 00e CTOPOHbLL OT
nopiuns. OTMeTHM, 4YTO XHMHUYECKHH C€OCTaB Ta30B MOXeET
ObITb pas/JIHyHbIM.

[TycTs nOpILIEHb CMECTHJCH H3 TNOJOXKEHHd PABHOBECHS,
HanpHMEp BJIEBO, HAa Manylo BeAHUHHY X, Tak uto SxKV, rae
S — naowags nopwst (puc. 3.1). Ilockodbky Temuepatypa
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N0 YCJIOBUIO HE MEHSIETCs, TO
{(p+Ap ) (V—Sx)= (p—Ap2)(V+Sx).
PackpbiB CKOGKH H NPUBe/s NOAOOHbE Y/IEHBI, MOJYIHM
(Api+Ap)V— (Api—Ap2)Sx=2pSx.

BTOPOB cjaraeMoe cJjesa MHOTO MEHbLIe I€pBOro He TOJLKO
110TOMY, 4TO SJC<<V, HO ¥ BCJEACTBHE TOr0, YTO MHOXHTEJIEM

[}
H
3]
,0+Aﬁ v p-4z, Puc. 3.1. Vamenenue pnasjieHus MPH
5” “ CMemenyH TNOPIIHA M3 PABHOBECHOrO
H MOJOMCHUA
Li
b

npu V cTout cymma ABYX GIH3KUX BeHUHH Apy H Ap2, a MHO-
XuTteseM npu Sx — HX pasHocTb. [IpeneGperasi BTOpbIM Cara-
eMbIM, MoJayyaeM

2p8
Apy+ Ap, =T x
PesysbTupytoniast cuna, AefCTBYOIAs HA NOPUICHb, paBHa

Foe— 2pS?
174

3uak MHHYC 03HAYaeT, YTC CHJA HalpaBJeHa B CTOPOHY, MpO-
THROMOJOKHYIO HANPABJCHHIO CMEEHUs TNOpHIHA, T.€. K
nosioxKeHuio paBHosecHs. [loa jeficTBHeM CHJBI, MPOIOPIUO-
HaJLHOM CMeLIeHHIO, MopuleHb Maccoit M Oyner coBepuiaToh
rapMOHHYeCKHe Kosie6aHus ¢ 4acToToll @, OmnpeenseMod co-
QTHOLIEHHUEM :

X.

0=2pSHVM. @

[lpu peluennH 3ajayn Mbl MOJYAIHBO NPEANOJATaNH, UTO Mac-
ca rasa MHOTO MEHblIE MacChl HOPIIHS, TAK YTO KHHETHYECKOH
sHepruefl MaKpOCKONHYECKOro ABHMKEHHs Trasa upu Koneda-
HHAX MOPIIHA MOXKHO Mpenefpeds 110 CPaBHEHUIO C KHHETHYE-
ckoit snepruefl nopiunsa. Ilogymaiite, rie HCMOAB30BAHO 3TO yC-
JOBHE.

Bepasus p u3 ypaBHenust Menneneesa — Kaaneiipoua (1),
NONYy4YHM

2vRS?
= v T 3

Taxum o6pazom, wactora Konedanuil NopLIHs NPONOPHHOHANb-
ua V' T, ubo kosdppuuuent npu T B Qopmy.e (3) HE 32BUCHT O

2



4. TIOFUIEHDb B 3AKPBHITOM UMJHHIPE 173

TEMNEPATYPH, €CJAH I[peHe6peyb TeNJIOBLIM  PacliHpeHHeM
cocyna.

[TonymaiiTe Tenepn, Kakue YCJIOBHA JOJKHBI BBIIONHATECS,
ytobbl mpouecc AeHCTBHTENbHO Obl H30Tepmuueckum. Jlaz
TOTO 4TOOBL TEMNEpaTypa rasa B npouecce KoNeGaHuil He H3Me-
HsJach, HeoOXOAMM XOpOIUUH TENJOBOH KOHTAaKT ¢ GOJbIUHM
TENJIOBEIM pe3epByapoM — TEPMOCTATOM, HMEIOUIHM NOCTOSH-
Hyl0 TemnepaTtypy. UTo 3HauuT XOPOIUMH TENNOBOH KOMTAKT?
OTO 3HAUMT, YTO BpeMs YCTAHOBJICHHSI TEPMOIHHAMHYECKOTO
paBHOBECHA MEXKIY ra3oM B COCYJA€ H TEPMOCTATOM JCJIKHO
6LITb MHOI'O MEHbILIE NepHoja Koaebanuil nopuiss. Torga MOXHO
CUMTaTh, YTO I'a3 B Ka)KAbIll MOMEHT HMEET Ty XKe TeMNepaTypy,
yto ¥ repmocrar. Ecan, HaoBopot, nepruoA KoJefaHui oxaxer-
€5l MHOTC MEHbIIIE BpEMEHH YCTaHOBJEHHA TepMOAHHAMHUECKOTO
paBHOBECHS MEXKIY ra3oM H TePMOCTATOM, TO MOMKHO CUMTATh,
4TO KoJieSaHHs MOPUIHSA NPOHCXOAAT NpaKTHYeCKH Ge3 oGmena
TEII0TOH € TEPMOCTATOM. B 3TOM calyuae 1pouecc MOKHO CYHTaTh
annaGaTUuecKHM, HECMOTpPS HA OTCYTCTBHE TEIJIOBOH H30J8ilNH
cocyia ¢ nopuinem. OkasblBaeTcd, YTO 3aBHCHMOCTb HaCTOThI
xogeGanufi OT TemMnepaTypsl NpH 3TOM OYIeT TaxkoH Ke, Kax M
B_M30TEPMHYECKOM CJyuae, TOJABKO KO3(OUUHEHT B (popmy.e
(3) YMHOMKHTCA Ha UMCAO, 6OJILIIEE EAHHUIEL. Y BEHUEHHE dac-
TOTH KosieGaHui npu azmaéamquKOM npouecce MOXHO GObsic-
HUTh, CPaBHHBas p—V-AnarpaMMel H30TEPMHUYECKOrO U ajua-
6aTHIeCKOrO NPOLECCOB HAEaJbHOrO rasa.

OTMeTHM, YTO INPHBEIEHHOE pelleHHe B 060OHX cJaydasx
HMeeT CMBIC/I, TOJIbKO €C/IH BPeMSl YCTAHOBJIEHHS TeIJOBGIO
PaBHOBECHS! B CaMOM rase MHOroO MeHblUe IepHoia KoJeGaHui
NOPIHES, TaK KaK B NPOTHBHOM CJyyae BOOGIIE TEPAIOT CMBICSH
TaKHe paBHOBECHLI® MaKPOCKOIIHYeCKHe XapaKTepPHCTHKH Trasa,
KaK LaBJeHMe ¥ Temneparypa. Hpyrumu cjoBami, 1O OTHO-
WEHHIO K CaMoMy rasy npouecc JoJsKeH ObITh KBasucTaThye-
CKHM. A

4. HopireHb B 3aKkpLITOM WWIHHAPE. B BepTHKasbHOM
3aKPHITOM LUWJHIJApPE HMeeTcs [MOpmIeHL, KOTOPHIA MOMKET
nepemewatecs 6e3 tpenns (puc. 4.1). Ilo obe cropornl or
NOpIIHSA HAXOIATCA OAMHAKOBBIE MAacChl OJAHOrO H TOTO K€
raza. [lpu rtemneparype T, OAIHAKOBOH BO BCEM IUIHHJpE,
cOLeM BepXHEH 4acTH B A1 pas fosblie, yeM o0beM HInKHEH.
Kakuum 6yner orHoiueHue 3THX ¢GBeMOB, €C/IM NOBBICHTBH TeM-
neparypy o 3Hauenus T7?

A Ha npuvepe 370 33824 MOXKHO YBHIETb, KaK BaXKHO
yMEThb BbIPa3HTb B BiJie ypaBHEHH} Te YCJAOBHA, NP KOTOPHIX
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IPOUCXOANT ONHCAHHBIN B 3ajiade Mpolecc, HO KOTOPhIE He yKa-
3aHBl IBHO B YCJ/IOBUH 3ajaul.

ITepBbiil BONPOC, KOTOPHIH BO3HHKAET,— HYXKHO JIH YYHTHI-
BaTh MaccCy TNMOPLIHSI, O KOTOPOH HUYErO He CKa3aHo B YCJOBHHU.
Ecan Gul macca NOpIuHs paBHSLIACh HYJIO, TO NPH JA000f TeM-
nepatype NOpiIEHb B paBHOBeCUH pacnosarascs Obl nocpeau-

He, YToOB! JaBJeHHe rasa Ha Hero ¢ ofeHx
ERIEEE CTOpOH OblL10 OAHHAKOBLIM. Ilostomy ecsn
RNV n=1, To Macca NOPIIHS paBHA UYJIO H OTHO-
menye o0beMOB, PaBHOE €HHUIE, He H3Me-
Hsiercs IpY H3MEHEHHH TeMIICpPaTypHl.

Ilpu n>1 macca NopluHs He paBHa HYJIO.
B sToM cayuae B paBHOBECHH JEHCTBYMOLIAS
Ha MOplIeHb CHJIA TAXKECTH YPaBHOBEIIHBAeTC s
cujiaMu JiaBJeHHusi rasa CHH3y H cBepxy. [lo-
Puc. 4.1. [looGe  310My pasHOCTb JABJEHHH Ta3a B HUXKHEH H B
SR, é})"é‘_ BepXHE YaCTAX LUJIHHAPA HMEeT OJHO H TO
A — onnmako. JKE 3HaueHue npu Joboi Temnepatype. Takum
BLiC Macesl o1o-  O0PA30M, Mb! NIPHXOJHUM K MEPBOMY ypaBHe-
ro H TOro Me  [HIO, OTPaXKAIOWEMY YCJIO0BHE MEeXaHHYECKOro

Tasa pPaBHOBeCHS MOPIUHA B HAYAJTBHOM H KOHEY-

HoM coctosinusx. Ofo3Hauyas AaBaeHHe rasa

Haf M Nold NHopliHeM npu Temneparype T uepe3 p; H p,, a
upu rtemneparype T uepes p; U p,, ¥MeeMm

Py—P1==Ps— py- M

Euie 0fHO ypaBHeHHe [OJYYaeTCsl H3 TOrO YCJIOBHS, 4TO
npu JMo6OM NOJOKEHHH TNOPIUHA INOJHBIH 00BEM LWJIHHAPA,
3aHUMaeMblfl TasaMH, UMEeT OJHO H TO K€ 3HAYCHHE, TAK KakK
TEMJIOBLIM PACIIMPEHUEM CTEHOK, KOHeYHO, MOXKHO NpeHebpeun:

rae Vi u V, — o0bemel BepxHe#l U HHXKHEH vyacte#l HHJIHBAPA
npu temneparype T, a V; u V; — npu temneparype 7.

INoguepkHeM eme pas, yto ypashenus (1) u (2) onuceiBaor
T€ YCJI0BHSA, KOTOPbIE HE OIOBOPEHEI B 337]a4e sIBHO, HO KOTOphIe
06A3aTeNIbHO HYXKHO YYHTHIBATB IIPH €€ pelleHHH.

K ypaBuenusam (1) u (2) crepyer ewe 106aBuTb ypaBHEHHsA
COCTOSIHHS Ta3a No obe cTOpoHK! nopiHs. Tak Kak u B Hayadb-
HOM, ¥ B KOHCUHOM COCTOAHHMAX KO/IHMYECTBA rasa B oGeHX
4acTAX COcyja OJMHAKOBBEL U I'a3 UMEET OAUHAKOBYIO TeMmImepa-

TYpy, TO
pVi=pV, pVi=pV,. (3)
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[To ycnoBuio 3anaun ornowenne V,/V,=n. [Nostomy ynobuo
BBECTH BEJHYHHY X, PABHYIO OTHOLIEHHIO 06HEMOB B KOHEYHOM
cocroanuu (x=V{/V;). Tenepp ¢ nomowpio ypasuenuii (3)
noJyyaeMm

Polpr=1,  p/pi=2x. (4)

Hcnonsaysi o6o3nayenus AJsl BeJIHYHH 1 U X H COOTHOLLEHHS
(4), nepenuwem ypapHeHus (1) u (2) B TakoM Buje, 4TOOLI
OHH COJep:Ka/H TOMBKO Te€ BENHUHHBI, KOTOPble OTHOCATCA K
rasy Haj MNOpIUHEM:

pn—D=pis—1), Vi(1+3)=Vi(1+1). ©

Tenepp neTpyaHo coobpasnTb, 4T0 A9 JaNbHEAHIEro pelenis
11€/1eCO00Pa3sH0  NEepPeMHOXKMTL [OUseHHO ypaBHenus (5):

pVin—n {1+ )=pVi—1 (145). @

JleficteutennHo, ¢urypupywoumne B ypaBieHuu (6) npouspeje-
HiA JABJEHHS! rasa Ha ero o0beM BbIPAXKAIOTCA € IIOMOILBIO
ypaBHEHHA COCTOSIHHS Yepe3 ero TeMneparypy:

Vi pVi
=t (7)

Tlostomy ypaBliense (6) MOXKHO nepenucaTb B BHJE

T n*—1  x%—1

T n x ®)

B JieBoit yactu 3TOrO ypaBHeHHs CTOAT BEJAHYMHLE, 3ajaH-
Hble B YCJOBMH 3ajayH, T. €. Mbl NOAYYiJIH KBaApaTHOE YpaB-
HEHHE OTHOCHTEJbHO HCKOMOH Besnuunnl x. Jlaxke He pemas
3TOr0 YpaBHEHHS, MOXHO YBHJETb, YTO OHO MNPaBHJILHO ONM-
CLHIBA€T OYEBHJHBIE TpejenbHsle cayyan. Ilpu n=1, uro co-
OTBETCTBYET HEBECOMOMY mNOpIIHIO, U3 (8) mosaydaerca x=1,
KakK M J10o/KHO ObiTh. [lpn npoussosbHoM A>=>1 u npu T'—»o0
BeJMYMHAa x—1: NpM oueHb BHICOKON TemnepaType jAaBjienus
rasoB B O0EHX 4acTAX LUMJIHMHAPA HACTONLKO BEMHKH, 4TO,
HECMOTPs Ha ACHCTBYIOILYIO Ha NIOPIUCHD CHIY TAKECTH, OOBEMDI
rasoB Haj M NOA NOpLIHEM MPAKTUYECKH OAHHAKOBEI.

MoxkHO yOenuTbest, YTO (PU3NYECKHMIT CMBICJ UMEET TOJbKO
OJHH M3 KOpliei ypasHenus (8), Tak Kak BTOPOH nosyuaercs
OTPHLATEIbHbIM:

n?—1

- T
— 2 _
x=a+Va+1, rae Q=375
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KeraTti, ¢ yeM CBA3aHO [OSiBREHUE JIMINHETG OTPHLATENBHOrO
KOpHA? A

5. Ynciao monekyn B armocdiepe, OUeHHTb YHCJIO MoJe-
KyJ BO31YyXa B 3&MHO#l aTMmocthepe,

A B ycnosuu 3ajaun HeT HuKaKux AanublX, CiiefoBaresnbHo,
[0ApasyMeBaeTcs, 4TO YHCJIO MOJEKY/] Bo3lyxa B arMocdepe
HYXHO BBIPa3uTb 4epe3 KakKHe-TO XOPOLIO M3BeCTHHE Xapax-
TepHCTHKU atMocdepnl. UTo e HAM HM3BECTHO O 3eMHOH aTMo-
cepe? [Ipexe Bcero AasjeHHe BO3AYXa BONH3H MOBEPXHOCTH
3eMad Ha YpoBHE MOpst, paBHoe B cpeaneM 760 mm pT. cT. [Ipak-
THYECKH BCs aTMocdepa COCTOUT H3 MOJMEKYJ a3oTa U K-
cropoja, TpWYeM CpeRHss MoJsipHas Macca Bo3jyxa p=
=0,029 Kr/Moib, N03TOMY eCiH Obl Mbl 3HaJH MAaccy arMo-
CEpRI, TO JETKO MoK Obl ONPEAEIUTb YHCIO MOJEKYJ B Held.

A Kak oueHutb maccy artmocthepnl? «CHH3Y» arMoctepa
orpaiuyeHa INOBEPXHOCTbIO 3eMJlH, CpefHHE pajuyc KOTo-
poit pased 6400 kM. UYTo MOXKHO CUMTAThb «BepXHEH» I'PaHH-
weii atmochepnt? las/enne po3ayxa yOsiBaeT ¢ BHICOTOH #, Ha-
npumep, Ha BelcoTe abbpyca (5,6 KM) coCTaBAseT JHIIG
OJIOBHHY JRaBJEHHS Ha YPOBHE MopdA, T. e, KOHUSHTPAUHA
MOJIEKYJT y¥Ke B J(Ba pasa MeHbine, OTciofa, KOHEYHO, He cJe-
AyeT fielaTh BBHIBOA, 4TO Ha BABOE GOJIbIUEH BBICOTE MOJIEKYN
BO3/yXa HeT BoBCe. KaK WM3BecTHO, COBpPEMEHHBIE CaMOJeTHl,
UCnoJb3yIOUNe MOXBEMHYIO CHJAY KPbLId, MOTYT JeTarh Ha
soicore 30 KM. 3HayuT, TaMm eme AOCTaTOYHO Bo3zyxa. Ho sor
CHYTHHK, JIeTAIOUWH{ Ha BblcoTe HemHoruMm Gojee 200 Ku,
NPAKTHYECKH He HCILITHIBAET CONPOTHB/IEHHA BO3AyXa, T. €.
BCH Macca aTMocdephl cocpeioToYeHa HHXKe,

[TocMoTpuM, Kak MeHsieTcs YycKopeHHe cBOGOJAHOTO Iaje-
[N g B 33BHCHMOCTH OT BRICOTHI B NpeienaX aTMocdephl:

‘ GM, g 2h
e =gt = ~e(1—x ). g=¢0). ()

B srofi dopmyne Mz — macca 3emsin, G -— rpaBHTaLUHOHHAS
[OCTOSAHHAS .

[TockonbKy BbicoTra atmocdeps!, KaK Mbl BBISICHUIH, CO-
CTABJsET HECKONLKO JeCSITKOB KHJIOMETPOB, YTO MHOIO MEHbIiR
pagiyca 3emau R, TO U3MEHEHHe g Ha MPOTAXEeHnH atMochepht,
Kak BuaHO u3 (1), He npeBocxoaut 2 %, M NpH OLEHKAX YCKO-
peine cBOGOAHOrO MNAaJEHUS MOXHO CYHTATbL I[1OCTOSHHBIM,
Hosromy naBjienue Bosayxa p, Ha yPOBHE MOPs YHCAEHHO PABHO
pecy cronfa BO3AyXa C €AMHHYHBIM ocHOBaHueM: P=Mg, rue
M -- macca BO3JyXa B 3TOM cTOJ0e,
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Tlonuyo maccy atmocdepnt M, noayuum., ymuowcss V una
WIomagh MOBePXHOCTH 3eMau S=4nR?:

P
Mo :‘E 4“R2.

Pasgenus M, na cpegHiol0 MOIAAPHYIO MacCy BO3RYXa W, HOJY-
YyaeM YHC/I0 MOsieH, coflepxaulMxcsd B 3eMHO  aTmocdepe,
H TOTAA TOJHOE HHCAO MOJEKYJI

N ZoN, =2E0Y, @
L ng

rie N, — nocrosinHass ABoraapo. Bbipasus Bce BXOAAlHe B

(opMy1y (2) BeMYHHBl B KaKOH-JIHGO OFHOH CHCTEME eJHHULL,

noayaum N 104,

Wrak, 4T0o0bl NOACYUTATL YHCJAO MOJIEKYT BO3AYXA B 3eMHOI
atMocdepe, JOCTAaTOYHO 3HATh JULIb AABJIEHHE BO3AYXa Ha
YPOBHE MOpPS, MOJSIPHYIO Maccy BO3AyXa, pajuyc 3emau u
YCKOp&HHe cBOOOAHOTO NajeHHs g y ee MoBepxHocTH. B orser
HE BXOAMT BHICOTA aTMOC(ePhl, BAKHO JIHIIbL, YTOOKI OHA Oblia
MaJja no cpaBHeHHIO ¢ paguycom 3emuau. CoBeplieHHO Hecy-
[ECTBEHHOA OKasasnach TeMmnepaTypa BO3LyXa M ee pachpee-
JIeHNe B 3eMHOH aTMocdepe.

[Ipn peweHHu 310fl 3aKa4H MBI BOCMO/Ib30BATUCH TEM, YTO
TOJIIIMHA atMocdephl Masna 10 CPaBHEHHIO C pagHycoM 3emiH.
IT10T (PAaKT XOPOWIO H3BRCTEH, HO OCTAeTCH BONPOC, HOYEMY
3TO TaK, nodemy 3emuas atMocdepa YCTPOEHAa HMEHHO TaKHM
o6pazom? Urobel OTBETHTb Ha ITOT BONPOC, HYXKHO 3HATH, KaK
KOHIIEHTpAlUa MOJIEKYJ BO3AYyXa 3aBHCHT OT BBHICOTHI.

Pacnpezenenne MOJIeKYJ BO3AYyXa IO BLICOTE JErko HafiTu,
ecJl MPeANOJIOKUTL, YTO aTMocdepa HAXOAHTCS B COCTOSTHHH
TePMOJMHAMHYECKOTO PaBHOBECHS, T. €. TeMIepaTypa BO21Y-
xa T B HeH Bciolly oAnHakoBa. Tak Kak JaBjeHue rasa p CBs-
3aHO C €ro KOHUeHTpauuel n cootHolleHHeM p=nkT, 10O npu
MOCTOSIHHOH TemnepaType 3aBHCUMOCTb KOHIEHTpAaUHHU H [AB-
JIEHHs OT BBICOTHl OAMHAKOBA. [103TOMY MOMXKHO HCKATh 3aBHCH-
MOCTb JABJIEHHS BO3/1yXa OT BBICOTHI. BHIAENHM MBICEHHO TOpH-
30HTAJIbHBIH C10# BO3AYXA HA BRICOTE /1 C MJIONIAAbI0 OCHOBAHHS
S, rommuuHa KoToporo Ak Masa HacTOAbKO, 9TOOBI JIOTHOCTH
BO3/yXa p B Npejesax 3TOro CJ0A MOXHO OBLIO CYHTATH IHO-
CcTOAHHOA. B TO e BpeMs ToN#HA BBHIACNECHHOTO CJOST AONK-
fa ObITh TAKOH, YTOOB BHYTPH 3TOr0 CJOs ObLIO NOCTATOYHO
MHOTO MOJIEKYJ H MOXHO ObLIO OBl TOBOPUTH O NPOH3BOLUMOM
UMy JaBsaeHHd. K 3ToMy cj0i0 BO3LYXa MOXKHO NPUMEHHTH
yCJOBHE MEXaHHYECKOrO paBHOBECHS, CYMTAsA, 4YTO ACHCTBYH)-
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a8 Ha Hero CMJ/a TSXKeCTH YPaBHOBELIHBAETCsS CHJAMH JaBJje-
HHSi HAa BepXHee W HHXKHEe OCHOBaHHs CO CTOPOHBI COCEJHHX
caoeB (puc. 5.1). Ecai o603naunTh AaB/ieHHe BO3JyXa Ha BBICO-

Te A uepes p, a Ha BbicoTe h-+AA

% e ) yepe3 p+Ap, TO ycaOBHE PaBHO-
) e BECHSl 3alMILETCA B BHJE
ol pS—(p+Ap)S—pgS Ah=0,  (3)
l [ ._ OTKYyJa
ﬁ+dj 3 — Ap=-—pg Ah. 4)
. Bxopsamyw B Qopmyay (4)

IVIOTHOCTb BO3JyXa P MOXHO Bbl-
pa3uTh uepe3 JNABJEHHE C IIOMO-
b0 ypaBHeHHA MeHpeneeBa —
Lok . Kananefipona:
g o
P=r7 - 5

Pune. 5.1, Cuamnl,  jeiiciByio-

IIHe Ha MBICJAEHHO BLIJE]eH- i
Wbl cvoli rasa B noae ts- |JOACTaBAsIA P M3 (5) B ypasHe-

KecrH nue (4) M nepexois B HeM K mpe-
aeny Ah—0, nonyuaem nmudipe-
peﬂunanbﬂoe ypaBHenue ans Gynkuuu  plh):
dp ng
&= " RT P ()
Mbl onsaTh BCTpeUaeMCcs ¢ ypaBHEHHEM, B KOTOPOM NPOH3BOAHAY

MCKOMOM (YHKIHI RponopliHOHAaJbHA caMoil ¢gyHKuuH. Pe-
IHEHHEM STOTO YPaBHEHUS SBJSETCS IKCIIOHEHTA

p(h)=Cexp(——1%gTh). (7)

[Tocrosinnas C onpenejsiercsi M3 YCJOBHA, YTO JAaBJEHHE Ha
HyaeBoli BbicoTe h=0 paBHO HOPMaJbLHOMY AaTMOCHEPHOMY
HABACHHIO pq:

p()=poexp (—HEh). ®)

I'pabuk sroii (dynkuunm npuseseH Ha puc. 5.2.

Topcrasasas B ¢dopMyay (8) smavenns u=0,029 xr/moun,
2=9,8 M/c?, R=8,31 JLx/(moab-K), T=300 K, y6exxnaemcs,
YTO HMeIolasd pasMepHOCTh AAuHBl BelnuuHa RT/pg pasna
8,8 kM. Ha Taxoli Bhicote paBienne yGoiBaer B e=2,72 pasa.
D10 03HauaeT, YTO Xapaxkrepibii maciuTal H3MEHEHNs JaBJeiIHs1
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WJIH KOHLHTpPaLHH C BLICOTOJ cocrasaser mpumepHo 10 km,
Ha puicote 100 kM pasaenue Bosiyxa cornacHo dopmysae (8)
y:Ke npaxTHdecku papBHo HyJwo. Mrak, arMmocpepa Seman —
3TO TOHeHbKass 000J0YKa BOKDYI 3€MHOIO Iiapa.

©opmyna (8) ocraercsi cnpaBeIMBOH H B TOM cCJyuae,
KOrjla ras HaxoJUTCH B 3aKPBITOM COCYJe, IIOMEIIEHHOM B
ofHOpoaHoe noae TskecTH. HeficTBuTesnsHo, npyu BelBoge op-
Myabl (8) TO o6cTOsITENLCTBO, YTO arMochepa Npeicrabser
Cc000H ra3 B OTKPBHITOM cocyle 0e3 «KDBLILKH» CBEPXY, HUKAK
He ucnovsib3oBasock. [Ipumensas ¢popmyny (8) K rasy B 3aKPhITOM
cocyie, cJIefyeT CUHTATh, YTO p, NPeAcTaBaseT cobokt AaBienue
rasa Ha JAHO cocyna. [asie-
HUe e Ha KpbIUKY OyleT, KaK 7
BHAHO H3 (8), MeHbIUEe HeM p,, /%
TaK UTO Pa3HOCTb CHJ ABJIEHHSA
Ha JAHO M Ha KPBULKY [HAHHAPH-
YECKOro COCY/A Kak pa3 paBHa
Becy rasa B cocyje.

[TomBoas wnror, MOXKHO CKa-
3aTh, YTO XOTA jAaBjeHue raza ¢ #
OGYCJIOBJIEHO YlapaMH XaOTH-  pyc 53, 3aBHCHMOCTb  jamJie-
YeCKU NBIKYIIMXCA MOJICKYJ1, B HHsA rasa OT BBICOTH B OZHOPOA-
OTKpPHITOM cocyle (B atMocde- HOM TOJIE TSXKEeCTH
pe) OHO ONpenensieTcsi BecoM
cronba rasa. Iloje TsxkecTH B 3TOM cayuae Hrpaer poab Toft
«KPBILKH», KOTOPAst He JAeT BO3MOMKHOCTH a3y pacrnpocrpa-
HUTbCA 1O BCEMY IIPEJOCTaBICHHOMY eMy oGbeMy. A

6. TopmoxeHHe CNyTHHKA B BEPXHHX CJAOAX aTMOCHepsl.
Pemasi 3ajauy 06 H3MeHEHHH NapamMeTpOB OPGHTHI CHYTHHKA
npY €ro TOPMOXKEHHH B BEPXHHUX CJI0AX aTMOC(ePHI, Mbl He pac-
CMaTPUBa/H CaMOr0 MeXaHH3Ma TOPMOXKEHHS, IIOCKOJIbKY CBA-
3aHHas ¢ 5THM NPOLIECCOM NMOTePsT MeXaHHUeCKOH SHeprHH 662
3ajaHa B YCJIOBHH 33jauH. B 3TOM NpuMepe Mbl PaccMOTpPHM
" (PU3HYECKYIO NIPUYUHY TOPMOKEHHS CIYTHHKA H CBSIIKEM [OTePH
sHEPrud ¢ napamerpamy atmocdepnl. byzem nia onpenenes-
HOCTH CYHTATH, YTO CIyTHHK ABHIKETCH 110 KPYToBO# opSHTe Ha
BeicoTe =200 KM, TI'ie¢ IJIOTHOCTb aTtMOCQepBl P COCTABASET
npumepHo 3+107° kr/m®. OueHHM CHIY TPeHUs, AACTBYIOULYIO
Ha CNYTHHK, IJIOU13/b HONEPEYHOro CeyeHuss Kotoporo S=1 m?,
a macca M=10% xr.

A Kak HyxHO paccMaTpHUBaTh TOPMOXKEHHE CHYTHUKA B aT-
moctepe? Crefyer JIH CUHTATb, YTO JBHKEHHUE CIYTHHKA MPO-
HCXOJHT B CIVIOLIHOH Cpeje, MK 2Ke B3aHMOARHCTBHE CIIYTHHKA
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¢ arMocdepoll HYXKHO ONIHUCHLIBATh KaX Pe3yJbTat GoJbIIoro Yuc-
J1a OTJAEJbHBIX YIAPOB MOJEKYJ BO3LyXa?

IIpu ABHKEHHU TBEPAOrQ Te€J1A B CIIOWHCH cpeie BOIU3U
NOBEPXHOCTH Tes1a o6pasyercs Tak HaspBaeMblil NOrpaHHYHbIR
Clofi, B KOTOPOM HEKOTOphble CBOHCTBA Cpejwl, Takue, Kak,
HanpHuMep, CKOPOCTH IBHKEHHH YacTHL CPeJbl, OTJAHYAIOTCS OT
CBOHCTB BJlajJu OT TeJa, TJAe Cpela OCTAeTCs HEBO3SMYLIEHHOH.
Teno HpH cBOEM ABMIKEHHH VBJICKAET YACTHUBI CpeJbl, HaXo-
Jsilpecs B npelesax NOrpaHudyHoro cjosi, Pasmepnl Takoro
NOTPAHHYHOTO C€J0A CPaBHHMBI C pasMepaMi C€aMmoro TeJa.
Korpa cnpapepiBo Takoe NpelcTaBjeHne?

MousiexyJel cpeanl B CBOGM XaOTHYECKOM TENJIOBOM IBHXKe-
HHMM Bce BpeMs CTaJlKHBaTCA APYr ¢ apyrom. Ecau cpeanee
paccTosHHE, NPOXOLHMOE MOJeKYJOoH MexAy ABYMdA HOCJeNo-
BaTe/NbHBIMH CTOJIKHOBEHUSIMH, 3HAYUTENLHO MEHbLIE DAa3MepoB
Tea, TO MOXMHO HCHOJNL30BATh NpPEACTABJAEHHE O CILVIOMIHON
cpese M rOBOPHTb 06 06pasoBaHMK NOrPAHHYHOrO €105 BOJIN3Y
JLBHKYIIETOCH TeJsa.

~ Ecan xe cpemnsis annna csofoanoro npogera MOJIEKYJl
cpeabLl IPEBOCXOMUT PasMepH TeJsid, TO HHKaKOro IIOrpaHHYHoro
¢J1051 He ofpasyercsi: KamjAas CTOAKHYBIIAACA C TeJOM MoJe-
KyJAa YyCIeBaeT JO CJACAVIOUIECIO CTOJKHOBEHHS ¢ APYTHMH
MOJIEKYJ/iaMH HacTOMBKO NATEKO YVAAJMUTLCA OT TeJda, YTO YikKe
Goqblie He HCNLITBIBAET C €ro CTOPOHBI HHKAKOTO BJIMSHHUSA.
JpyrnMy cioBamH, ABHIKYLIEECS TeJI0 CTaIKHBaeTCA € Moaje-
KyJaMd, KOTOpBlE A0 3TOr0 CTOJKHOBEHHS €lie HHYEro «He
3Haju» o0 3TOM Tene, T. e, COBEPLIANM TaKoe ABMIKEHUE, KOTo-
poe XapakTepHO A1 PaBHOBECHOIO COCTOAHHSA CPelbl B OTCYT-
¢TBHE ABHXKYyIIErocs tesa. B 5ToM cayuae TOpMOXEHHE TeJa B
¢pele ecTb pe3yJbTar yAapoB OTAEJbHBIX MOJEKYJ.

Hraxk, Beifop TOro HJIM HHOFO IpPEACTaBJaeHHs 0 QPH3HUECKOM
MEXaHH3Me TOPMOXEHHA CIyTHHMKA B atMocdepe onpeaeasercs
COOTHOUIEHHEM MeXAY €ro pasMepaMmH u CpeiHed AJHHOH CEo-
Gomxoro npobera MosaeKya Bosfyxa. OLUEHUM CpeIHIOI0 AJHHY
¢BoGosiHoro nmpotbera. s npocToTsl 6ysemM CUHTATb MOJIEKYJILI
FO3yXa WiapHKaMH ¢ auameTpoM d. BosbMeM NpoH3BOABHYIO
MoJieRyny A u 6yneM CYMTaThb, YTO OHA JBHXETCS B Hanpap-
JeHHKM, YKaszaHHOM cTpenkofl Ha puc. 6.1, a Bce ocTadbHbe
MOJAEKYABl BO3JyXa HemoABHKHHEL. V3 3TOoro pucyHka BujHO,
YTO paccMarpuBaeMasi MoJekyda A CTOAKHeTCs ¢ Apyroi
MOJIEKYJ0H B TOJIbKO B TOM Cayuae, KOTAa LEeHTp ApYroi Mone-
RyJasl B OKakeTcst BHYTPH UMJAMHApPA, PajinyC KOTOPOTo papel
JHaMeTpy MoJiekyJbl d.

BoseMenm AJMHHY 3TOrO UHJAMHAPA paBHOH cpeadel Jjauue
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csoGonnoro npoGera A. Torma, oueBnano, B o6neM& TAKOTO
LMIMHAPA B CPeAHeM HAXOAUTCS TOJNBKO OJHA MOJEKYJa BO3-
nyxa. Ilostomy

nnd~1, (1)

rie n — KOHUEHTpaius, T. €. CpelHee YUCI0 MOJEKYJa B elu-
nune obvema. O6paruM BHUMaHHE, UTO CpefHsAs JJIHHA CBO-
floaHOTO npofera A He 3aBHCHUT OT CKOPOCTH MOJIEKYJ, T. €.
OT TeMmmepaTypsl, a olpeje-
JIASTCS TOJBKO pasMepamu
MOJIEKYJ] H HX KOHIEHTDa-
HeH.

Haiinem pauny cBoGon-
HOro npofera MoJieKya BO3-
Ayxa Ha Bbicote 200 Ku,
rie [JIOTHOCTH atMocdeps
p=3-10"* gr/m®, Cumraem
CPelIoI0 MOJAPHYIO Maccy
Bozayxa p=0,029 kr/moap, Puc. 6.1. K ouenxe cpenneir anu-
a JuaMeTp MoaeKyasl d~ HBl CBOGOAHOro npo6era MoJexyx
~3-10-1 M. [TrotHOCTL P
paBHA NPOH3BEJEHHI0 KOHLEHTPAUHH 1 Ha MacCy OAHOH Mo.1e-
KyJIBl 7, KOTOpash CBA3aHa C MOJAPHONH Maccolf | M MOCTOAH-
iofi ABoragpo N, coorHourennem m=p/N,. [lostomy ¢ ne-
mowpto (1) momydaem

WA= 60 M. 2)

~ ndin T nd?pN,4

JlauHa cBoGojHOro mnpoGera MOJAEKYJABl BO3[IyXa OKasaJlach
B TakUX yc/joBuax nopsajgka 100 M. 3to Bo MHOro pas mpesoc-
XOMMT Da3Mepbl CNyTHHKA, IO3TOMY DPAacCYHTHIBATb TOPMONKE-
HHe B TaKoil paspexkeHHOH aTMocdepe creayer, paccMaTpHBas
OT/Ie/IbHBIE YJaphl MOJIEKYJI.

PeaysibTar OrpoMHOro 4Mc/Aa YAapOB XaOTHYECKH ABHKY-
UXCS MOJIEKYJ BO3ZyXa O MOBEPXHOCTb IBHXKYIIETOCH Tesa,
KOTOPHle TIPUBONAT K €ro TOPMOXKEHHIO, MOXKET GbITh OHHCAH
NnyTeM BBEAEHHT HENpepHBHO ASHCTBYIOIEH HA 3TO TEJO CHJbL
TpeHus. 3aBHCHMOCTb 3TOH CHJBI OT CKOPOCTH Tena Gyzer pas-
JUYHOH TIPH Pa3HBIX COOTHOLIEHHAX MEXKAY CKOPOCThIO Tesia V
{4 cpeiHeH CKOPOCTbIO XaOTHYECKOTO ABHIMKEHUS MOJEKYJ BO3-
nyxa (v).

IIpn MeNJIEHHOM [BIMKEHHH TeJa 4Yepe3 HenoABHMKHEIH
BO3AYX, Korja V<& (v), npu HaXOXKIEHHH 3TOH CHJBI MOMKHO
paccyXaarb TaK Xe, KaK H NPH NOACYeTe JABJEHHUA MOJCKYH
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rasa Ha cTeHKy cocyja. Ilpn stoM caemyer yuuTHIBaTh, 4to
MOJIEKYJIbI, ABHXKYHIHECS HABCTpeYy Tesly, CTANKHBAIOTCH €
HUM Yalle 4 [IPH KaxIOM yJAape B CpelHEM [epefaioT eMy
OObIUHA MMIYJALC, 4eM MOJIEKYJbI, KOTOPble JOrOHAIT TeNO.
B pesysbrarte naBieHuHe BO3AyXa Ha NepejHIO0 CTEHKY Teja
OKaskiBaeTcsi OoJibllie, yeM Ha 3aAni00. AKKypaTHHIH aHaju3
C YUeTOM paclpefeseHHs MOJEKYJ N0 CKOPOCTAM NOKasblBaer,

S}

~<O>

J Vo v

Puc. 6.2. Pacnpenesiense MOJIeKyJ1 10 IPOEKIUH CKOPOCTH X TEILIOBOrO
JABMIKEHHS Ha HanpaBJeHHe CKODOCTH Tela

YTO CHJIa TPEHHsI B 3TOM cJllyyae NpOIIOPUHOHANBHA NEPBOH
CTENeHN cKopocTH Tesa. Ecau xe ckopocts Tena V snauntedin-
HO GoJblie CpefHEH CKOPOCTH TENJOBOrO ABHMEHHS MOJEKY.
BO3/yXa, TO 3aBHCHMOCTb CHJIBI TPEHUS OT CKOPOCTH Tejia
6yAeT coBceM HHOH.

Ha puc. 6.2 nokasano pacnpejesnende MOJAEKYJ BO3LyXa o
NIpOEKIHH CKOPOCTH HX TENJOBOrO JBHXCHHSA Ha BblJeJeHHoe
HanpasleHHe — HanpabJjeHnue ABuxeHus Tena. lllupuna storo
«KOJIOKOJIa» N0 MOPAIAKY BeJIMYHHBl paBHA CpeAHell TemJoroH
ckopoctd Mojiekya (v). Ilpu V> {v) touka, uzobpaxaioias
CKOPOCTh Tesia, JIEXKHT Ha 3TOM rpaduke HANEKO 33 NpeiesaMu
«KOJIOKOJ1ay, T. €. Ha PAcCTOSHMM OT Hayasla KOOPAUHAT, MHOTO
GosbllieM WHPHHEL «KOJIOKOa». [loaTomy npu pacuete aeficTBus
BO3AYyXa Ha ABUKYILEECH ¢ TakoH GOJILILIOH CKOPOCTbIO TeJOo
MOXHO COBCEM HpeHe0peub TEIIOBLIM JBHXXEHHEM MOJEKYJI
BO3/lyXa H CYUTATh, YTO TEJIO HAJETAET Ha HENOJABHXKHBIE MOJie-
Kyuni, Bee B3anMopeficTBie ¢ BO3)iyXOM NPOMCXOAHT TOJBKO Ha
nepefHed NOBEpXHOCTH TeJja.

Jlast HaxoxJeHHA ZReACTBYIOWEH HA TeJao CHJBL yaolHee
CUMTATh, YTO, HAOGOPOT, TEJIO HOKOUTCH, 2 Ha HEr0o HaJjeraer
NOTOK MOJIEKYJ, B KOTOPOM BCE€ MOJIEKYJIbl UMEIOT ORUHAKOBYIO
CKOpOCTh, PaBHYIO cKopoctu Tesa V. Ecian nosepxnocts tena
nepneHAuKyAapHa HAnPaBJCHHIO HAJETAIOLUleTo NOTOKAa, TO
npu abcoMmQTHO YNPYIOM yiape Ka)kias MoJeKyJa nepejaer
teny umnyasc 2mV (puc. 6.3). Uncso takux yaapo o nepej-
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HIOIO TIOBEPXHOCTH TeJa MoK S 32 eMHUILY BpeMEHH paBHO
4HCAY MOJIEKYJ BO3AyXa, HaXOAAUWUXCA B LWJIHHADE C MJO-
1axso ocHoBanuss S u Beicoroit V (puc. 6.3), Tt.e. nVS.
TlosTomy noauast cHia, AeHCTByloMmas Ha TeJo, paBHa

F=9mnV*S=20V?S. (3)

Takum ofpasoM, npu V> (v) cuna COnpoTHBAGHUS NPONOp-
LUOHANBHA KBAJPaTy CKOPOCTH Tea. [lpu ABHXKenuu cnyTHHKA
10 OKOJIO3eMHOA KPYroBoil OpOGHTE €ro CKOPOCTh COCTaBJISIeT
npuGAU3HTEILHO 8 KM/C. 3710 3HAYHTEABbHO GOJbINE cpefHeit
TEMJIOBOH CKOPOCTH MOJEKY./ BO3iyXa, KOTOpas IpH Temmepa-
type T nopsijka HeCKOJIbKHX COT Ke/JbBHHOB, XaPAKTEPHOH A5
atMochepbl Ha BbicoTe 0K0a10 200 KM, COCTaBAsieT [PHMEpHO

> =V ET/m<10® m/c. TlosroMy AR HAXOKAEHHSI CHALI

CONPOTHBJACHHSA HYXHO N0JIb30BATb- P

ca Qopmysqosi (3). Iloacrasass B (___Oj,
Hee JlanHple H3  YCJIOBUSE 3ajjauH, !
nmonyuaem F~0,4 H. Taxasa cuna & O '
coofujaeT CNYyTHAKY Macco#t 1 T yc- ) !
Kopenue a=4-107*% w/c2, i

[Tpu noayyenuu popmyasl (3) Mel -
CUMTaNM, YTO YAap MOJEKYJ O 1no- 4
BEPXHOCTH CNYTHHKA aGCOJIOTHO yil-
pyruii. Ecau cuwtath 3TOT yjap Egﬁ J?i‘; Eeazl‘*a“;ﬂ:ﬂm
HeyNpYTHM, TO CH/Ia TOPMOMKEHUS MMZK},M;“ goguyia”"";:
Gyzrer sasoe Menbiue. IIpu neympy- CTOAKHOBEHNHH C TEAOM
roM ynape ¢opmMa NOBEpXHOCTH CNYT-

HHKAa He BJHAET Ha CHJY, a onpeleisercd MAOUAABIO OO-
flepeyHoro ceueHHst S.

HurepecHo 0TMETHTD, YTO /sl CIYTHHKA, HMeEIOLIEro Gopmy
11apa, CHJa CONPOTHBJEHHA HE 32BHCHT OT TOrO, YNPYro HAu
HeYNPYro CTAJKHBAIOTCA C €0 MOBEPXHOCTHIO MOJIEKYJbl BO3-
AyXxa.

[Monydennoe BbIpaxkeHHe IAA CH/BLI CONMPOTHBJCHHS (3)
JlaeT BO3MOXKHOCTb HAHTH OTHOCHTEJIbHOE YMEHblIeHHe MeXxa-
nuteckoll sueprun AE/E 3a ofuH 006OpOT CHYTHHKa BOKpYr
3eman. [Torepsa smeprun 3a omun odopor AE onperensercs
paboTof CHJBL TOPMOMKEHHA:

AE=—F -2n(R+H), “)

rie R — paguyc 3emnun. CKOpocTh CnyTHHKA Ha KpPYrosoi
opfOHTe BBICOTHI A ONpese/seTcss COOTHOWEHHEeM

R2 .
vi= Rg+h ‘ (%)
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HOCKOJIbe MeéxanuuyeckKkaa 3Heprus CIOyTHHKA

. MgR?
E=—smtn ©)
to ana AE/E mnomyuaem
AE S
S =87 (R+1). ()

Hcnonbays nannbie 3ajauy, ¢ HOMoOINbio (GopMyar (7)
MOXHO yOeiNThbCs, UTC yMeHbILEHHe SHepTHH, HanphMep, Ha
2 % npousofizer npu6ausuresbHo 3a 40 060pOTOB BOKPYT
3emnu. A

7. Taa B cocyae ¢ neperopopkoil. Cocysl ¢ paspexeHHBIM
TasoM pasjiesieH Ha JB€ YacTH TOHKOMH NeperopoiKoi, B KoTopei
UMEETCsl OTBEpPCTHE, PasMep KOTOPOro Maja IO CpPaBHEHHIO €O
cpenHell aauHoi cBoGoxnoro npotera (puc. 7.1). Halitu otio-

.

7 7 Pac. 7.1. MoaekyJasl rasa MOryr npo-
7 X.) 2 XOJATb Yepe3 OTBepPCTHE B NePeropojike
cocyza

“ g R

[leHHe KOHIECHTPALHY rasa B pa3HBIX YacTsX COCYAa, €CIH B
oHoil U3 HUX NOAAepKHBaeTcs TeMneparypa Ty, B apyroil T,

A bByzmem cyurtaTh, YTO ras B cocyle HieanbHBIH, T. €. €r0
MOJIEKYJIE B32HMOJEHCTBYIOT MeXKIY cOGOH TOTbKO NPH CTOJK-
Hopenusx. [lo yc/joBHIO 3aflaun ras paspekeH HACTOJNLKO, UTO
cpelnns LJIMHa cBOOOJHOro npofera MOJEKYJ MEXIY CTOJK-
HOBEHHAMH MHoro 6oJblie pa3MepoB OTBepCTHA. B atom cay-
yae MOJIEKYJIbl CBOGOLHO NMPOXOASIT Yepes OTBEPCTHE, TPHUYEM
Kaxjas MOJIeKYJa IIPUXOLUT B APYTYIO MOJOBHHY COCYJAa C TOH
JKe aHepruef, KoTopo# oHa obJsajana xo sroro. CpefHsas aHep-
THA MOJieKyJ NPH TEPMOAHHAMHYECKOM PaBHOBECHH Olpeneas-
ercs Temneparypoi. [TostoMy nepexox MotleKyJ1 U3 OIHOH 4acTh
cocyaa B APYIYIO RO/KEH [PHBOAHTL K BLIDAaBHHBAHHIO TeM-
nepaTyp.

FoBopute 006 onpejesieHHOR TeMmneparype rasa Kamzof
4acTH COCYZa MOXKHO TOJIBKO B TOM CJIy4ae, KOTJa OTBepCcTHE B
neperopojiKe JAOCTaTOYHO MajeHbKoe, TAK 4YTO YCTAHOBJEHHE
TepMOAHHAMHYECKOIO paBHOBECHS B KaMAOH YacTH cocyha
IIPOUCXOMHT Topasfo GHICTpee, YeM BHIpABHHBAHHE TeMIi€pa-
Typ 3THX yacted,
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CKONBKC JXe MOJMCKY/ NPOXOAUT B €MHUIY BPEMEHH Hepel
OTBEPCTHE M3 OAHOH TOJOBHHEI cocyia B Apyryio? Herpyaxo
cooGpasuTb, 4TO CpejHee YHCJAO TaKMX MoJjekyn N mnponop-
1MIOHAJILHO KOHIEHTPALHH /2 U CPelHel CKOpocTH (U) MoseKya
B TOH TOJIOBHHE COCYJa, H3 KOTOPOH OHH NEPEXOJAT, a TaKKe

naomain oTrBepcTHa S:
N=Cn(v)S. 1

[1s BeUHC/EeHHS YHCJAOBOro 3HaueHHs ‘6e3pasMepHOro Kosd-
¢uunenta C HYXHO 3HAThb 3aKOH Pacnpejie/leHHST MOJIEKYJ 1o
HanpasseHnsaM ckopocTH. OfHaKo IS pelueHHs SToH 3ajaun
snauenne C Ham He norpebyercs.

B crauHoHapHOM COCTOSIHHH IOJIHOE YHCJAO MOJEKYJ B
KaXJ0i TNOJOBHHE cOCcyla He MeHsiercst co BpemedeM. Ilo-
STOMY CpeJHee YHCJIO MOJIEKYJI, ’
NPOXOAAUIMX Yepes OTBepCcTHE
cJeBa HalpaBO M ClpaBa HaJe-
BO, JIO/DKHO OBITb OJMHAKOBBIM.
Orcioza ¢ NOMOILbIO COOTHOMIE-
uua (1) nomyuaem

13 {v1) =no(Vs). @)

Cpennne CKOPOCTH MOJIEKYJ B
Kak 0l HOJIOBHHE IPOMNOPIIHO-
HalbHEl KBaJApaTHOMY KOPHIO
M3 COOTBETCTBYIOLIEH Temnepa-
typel. TlosTomMy u3 paBeHCTBA

(2) naxonum ) Puc. 7.2, Tlpu narperoft cnmpa-
nin, =V T T (3) am n3 cocyna HenpeprBHO BrIXO-
IAT NY3HPLKH BO3AYXa

B ropsueil wactu cocyja KoH-
LieHTpalnst Mosekya Menbluie. OXHAaKO JaB/JeHHe rasa Tam
Gosple, YeM B XOJOAHOH YacTH. YUHWTHIBasg, YTO J4BJEHHe
BEIpaxcaercs qopmyJolt p=nkT, ¢ nomompio paBeHCTBa (3)
noJyyaeM /s OTHOLICHMS JABJIEHUH B pasHbIX IOJIOBHHAX
cceyaa
ppy= VTyT, (4)
PaccmoTpennsle B 37Ol 3ajaye 3aKOHOMEPHOCTH, CBsI3aH-
HBIE C NPOXOXKIEHHEM MOJIEKYJ ras3a 4Yepes oTBepCTHE, COenH-
HSIOIEE COCYABl C PasHOi TeMIiepaTypoH, MO3BOJAT 0ObsC-
HHUTL CJAEAYIOLME . NpOCcTOH, HO oueHb 3(PPeKTHEI  ONBIT.
Kepamuuecknit cocyj ¢ TNOPHCTBIMH CTEHKAaMH OIyCKaercs
OTKPHITHIM KOHHOM B Boay (puc. 7.2). BHyTpH cocya HaxonuTcs
Cn¥panip, NPH NPONYCKaHMH TOKa Yepes KOTOPYIO MOMHO Ha-
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FpeBaTh HaXOAAWH#ACA B cocyae Bo3ayX. llpu Br/oUeHHH criy-
panH TeMmIeparypa BO3AyXa MOBBIUAETCS, OH paclUHpAeTcs K
HaYMHAET BLIXOJMTb MY3HIPSMH H3 HAXOAALIErocs HoJ BOAOH
orBepcTHaA cocyna. IIpw AOCTHKEHUH CTaliMOHAPHOIO COCTOS-
HHS, KOTJa HOABOAUMAS CMHPAJbIO TEIJIOTA CTAHET PaBHOH Teln-
JIOTE, OTAaBaeMOl IOBEPXHOCTBHIO COCY/Jia B OKPYKAKILYIO Cpe-
Jly, B COCYyZe YCTaHOBUTCH onpejesieHHas TeMneparypa. Kasa-
Jgoch OB, 4TO NPH 3TOM BHIXOJ NY3blped BO3AyXa MOJKEH
npexpatuTecsa. Tak 6pl H UPOH30LIIO, €cn Obl CTEHKH COCyAa
ObIM HENMPOHHMLAEMBIMH J/151 MOJeEKyJa BO3AyXa, Hampumep
CTEKJIAHHBIMH HJH MeTalJHIeCKHUMH.

Ho ecnn cTeHKH cocyna MOpUCThbie, TO NMY3BIPbKKM BO3AYXa
GyAyT BBIXOJUTH BCe BpeMs, Jaxe TOTAa, KOrja TeMmneparypa
BO3AYyXa B COCYje nepecraHer noBuliuateca! B ueMm ke 3aech
Jeno?

Temneparypa BO3&yXa BHYTPH HOPHCTOTO COCYAA Bhlle,
yeM cHapyXH, B arMocdepe. [laBrenne ke BO3AyXa TaM H Tam
NpaKTHYeCKH OJHHAKOBO: BHYTPH cOocyJla OHO GoJblie aTMo-
chepHOro BCETO Ha HECKOJIbKO CAHTHMETPOB BOASIHOro cToa6a,
uTQ COOTBETCTBYET TIy0HHe MOrPyXeHHs OTBEPCTHA COCYAa
roa Boiy. Hepes Mopel B CTeHKAX COCYAa POHCXOHHT Herpe-
poIBHBI 0OMeH MOJIEKYJaMH MeXIy BO3LYXOM BHYTPH cocyja
¥ B atMocdepe, Tak XK€ KaK 3T0O NPOHCXOJUT B COCYIe C OTBep-
cTHEM B [eperopojke, pacCMOTPEHHBIM B JAHHOH 3ajaue,
B 3aMKHYTOM coCy/le B CTALMOHADHOM COCTOSAHHH YUC/IO MOJe-
KyJ, OPOXOJSLIMX Yepe3 oTBepcTHe B 06€ CTOPOHBI, OHHAKOBO.
B pesynbrare, Kak BHAHO u3 QopMy.anl (3), B yacTax cocyna
YCTAHABJAHBAIHCh TAKHE KOHUEGHTpAaUuH, YTO [POH3BeAeiue
KOHUEHTPAaLXH Ha KOPeHb H3 TePMOAMHAMHYECKON TeMmnepa-

Typel Gbiio oauHakoso: nV T==const.

B paccmaTpuBaeMOM cayyae OAHHAKOBBIMH IO 00e CTOPOHB
NopucToll neperopofkH OYAYT AaBjeHHst Bo3ayxa. Tak kak
p=nkT, to Tenepp nT=const. Ho 310 03nauaer, 410 NOTOKH
MOJIEKYJl BO3JyXa 4Yepe3 Mopb B CTeHKax H3 arMochepbl B
cocyr u ofparHo HeoAHHAKOBHI. Kako#l xe us Hux Gosplue?
Tak Kak IIOTOK MOJEKYJ [pONOpLUUOHA/EH [POHU3BELEHHIO

nV T B TO# uacTH, OTKyA2 OH HJET, TO NpPH BHINOJHEHHM yC-
aosust nT=const on 6yner Gonblue OTTyAa, e TemmepaTtypa
HIKe. 71O U JaeT ofbACHEHHe ONHCAHHOMY ONBITY: IIOTOK BO3-
AyXa uepe3 nopsl BHYTPb cocyna Goablie, yeM Hapyxy. B pe-
3yJbTarte B CTALMOHAPHOM COCTOSHHU BXOAAIHA Yepe3 NOphI
B cocyl H30bITOYHBIH BO3AYX HArpesaercs, pacllUpsieTcs H
BBIXOLUT B BHJE NYy3bIpedl 4yepe3 OTBepCTHE, A
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8. Paspenenne wmsoronos. Ilpoxoxiense rasa uepes no-
PHCTYIO TIeperopojKy TIpd JOCTaTOYHO HHU3KOM JABJIEHHH,
Korja CpeJHHH JuaMeTp nop MaJa II0 CPaBHEHUIO C JJIHHOH
cBOGOJHOrO npofera MOJIEKYJ, MOXET ObITh HCHO/Ib30BAaHO
JUIs pasjelieHHs u3oTonoB. s sT0ro rasoo6pasHoe XHMH-
YecKoe COeJHHEHHEe 5JEMEHTAa, COJIepPIKALIEr0 ecTeCTBeHHYIO
CMech H30TONOB (Hanpumep, wecTUGTOPHCTHH ypaH, coaep-
xKamuit Monexkyan 28UF u 228UF ), nponyckaetcst yepes gueii-
KY, YCTPOHCTBO Koropoll moxasaHo Ha puc. 8.1. B rase, npo-
HWIe/IEM Yepe3 IOPHCTYIO NMeperopofky, YBEIHYHMBAETCH Npo-
LEHTHOE CcOJepxaHue Jerkoro uzorona. Ilpomenmuii ras

g
™

T

Puc. 8.1. Cxema suelikd KacKaja pasjeseHHst ¥30Tonos: A — Ha BXox
NOCTYNAeT CMeCh H30TONOB; B — oborauienHas JerkHM H30TOIIOM CMECh,
npomweAmas Hyepe3 NOPHCTYIO NEPErOPOAKY, MORAETCA HA BXOA CJEAYIO-
mefi crynenn kKackajia; C — o0OralenHasi TAMeEJBLM H30TONOM CMeECh
BO3BpalllaeTcsl Ha BXOJ fiYeHKH IPeIbAyliero Kackaja

HeNpepLIBHO OTKAYUBAETCS M MOJAETCS B CJAEAYIOIYIO AYElKY.
3roT npouecc NOBTOpAeTcss MHOTOKpaTHO. CKOABKO LHKJOB
HEoOXOJMMO NIPOBECTH, 4YTOOLI OTHOLIEHHE KOHLEHTpPAaLHUH Jer-
KOTO H TAK€JIOr0 H30TONOB yBeJAN4HTb B 10 pas, ecsiu MoasipHbie
Macchl COEJIHHEHHH JIETKOI0 H TSXK€/I0TO H30TONOB PABHEL COOT:
BETCTBEHHO [; H [ig?

A TlockonbKy B KamJoH suelike NPOMIEAUIMI uepes nopu-
CTYH0 NEPEeropojxy ra3 HENpPepHBHO OTKAYHBAaeTcsi HAacOoCcoM,
MOKHO CUMTAaTh, UTO €r0 KOHUEHTpauus (T. €. YHCJO MOJIEKYJI B
eIuHuLEe o0beMa) 3a MEPEropofKod NpeHe6peXHMo MaJja Mo
CpaBHEHUIO ¢ KOHUEHTPaluel Ha BXoje B aueliky. [Tostomy rnipu
pacyetax MOXHO npenebpedb O6paTHBIM TNIOTOKOM MOJIEKYJ H
CYUTaTh, YTO I'a3 NPOXOJHUT Yepe3 NOPhLl B NEPEropojiKe TOJNbKO
B OJHOM HanpaBJeHHH.

Yycno mosiekyJ, NPOXOAAILINX 32 €IHHUIY BpeMeHH uepes
KaXJ0oe OTBEpCTHE B I[IOPHCTOH NEPEropoike, nNpoNopLio-
Ha/bHO KOHUEHTpaIuy MOJeKyJ nepejll Neperopoikof u cpex-
HeHl CKOPOCTH HX XaOTHYECKOro TellJIOBOrO ABMXKeHHA, Tax
K&K ra3 npeicrtaBiasieT co0oil CMECh MOJEKYJ, COAePHALIHX
pA3HbIE M30TONE!, MOKHO, KaK M B Dpelpliylledl 3ajaue, Ha-
nucarh BhlpameHne Aaa ukcea N, w N, nmpolenuunx uepes
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[eperopoiKy 3a eMHHILY BpPeMeHH MOJeKyJI:
N1~n1<01>, N2~n2<vz), (1)

re Ay U Ny — KOHIEHTPAIMU JETKOTO U TSKEJIOro H30TONOB
nepea neperopoiroit, a {v;) u {v;) — CpeJHUe CKOPOCTH HX
TEIVIOBOrO JBHKeHHst. OTHOIIEHHE KOHUEHTPALUHH MOJIEKY.J1
rasa Kajoro M3oTona noc/e NPOXOXKASHHA Yepe3 OfHY fAyed-
Ky paBHO

Ny — o

V= Ny nylvgd ° @)

Ecsu 66l cpeiHHE CKOPOCTH TENJIOBOFO ABHXKEHHUSI MOJMEKYI,
CONEpKALHX pPAasHble H30TONBI, ObLIH OAHHAKOBBI, TO, Kak
BHAHO H3 GOpMYJbl (2), OTHONIEHHe KOHUEHTPAlUHH JIErKoro
M TSKEJIOr0 H30TOHOB OBIIO OBl TAKHM K€, KaK H 10 Nepero-
ponku. OXHAKO M3-3a Pa3nuyusa Macc pa3HEIX H30TONOB Tell-
JIOBbIE CKOPOCTH MOJIEKYJ C JIETKMMH H TAMKEJbIMH H30TOMaMH
OKAa3bLIBAIOTCS1 PA3HBIMH, XOTS CPEAHHE KHHETHUYECKHE SHEPTHH
TeéX W JAPYTHX MOJIEKYJ OZUHAKOBBI H COOTBETCTBYIOT TeMIlepa-
Type cmecit, Tak Kaxk cpeiHAA CKOPOCTb TEMJIOBOrO JBHKEHHS
NpONOPILHOHAIbHA KODHIO H3 OTHOLICHUSI TEPMOAHHAMUYECKOL
TemIepaTypsl K Macce MOJeKyJbl:

<U> ~ VT—/’n—v (3)

TO y MOJIEKY.1 JIETKOTO H30TONa 3Ta CKOPOCTL GOJbILE, H NOC/e
IPOXOXAECHHS Yepe3 NEepPeropoiky COAep:KaHHe JerKOro H3o-
TONa B CMecH yBesuyuBaercsi. Ma coornomenus (2) npu ydere
(3) caemyer, uto

M/ M _Piq/ B (4)

VW=7 =

3 my ng ui*

Ha Bxome Bo BTOpYIO siuefiKy OTHOILEHWHE KOHIEHTparu
JIETKOro H TSIKE/IOro H30TOMOB B CMECH PAaBHO YK€ HE fl,/M,, a
Y7 ne pi'

[TosTomy moc/ie NPOXOXKACHHS BTOPOI SAYeHKH OTHOMIEHHE KOU-
UeHTpauun OyneT paBHO
. T\
1/ P2 EL( &) 5
2=V T m/ ()

JIerko BuAeTh, YTO NOC/IE NPOXOKIAEHHST £ fYeeK OTHOLICHUE

KOHUEHTpauui vy, Bbipaxaercs ¢opMyJ/Ioi

T\ kR
n=p(V'8) ©
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Ecau MBI XoTHM, YTOOBI Y OblIO GOJIblIE, YeM Ni/n,, B
10 pas, 710, KaK BHAHO H3 (6), HEOOXOAHMOE YHCJIO AYEEK
1 2

k= — = .
gV pe/i g (pa/pa) ")

H3-3a Ma0ro pasjauyns B MacCax MOJEKYJ C DasHBIMH H30-
TOMAMH NIPHXOJHUTCH NPOBOAHTB GOJLIIOEC UHEJIO LUHKJIOB 060-
ramenns. Tax, Hanpumep, A1a LIECTHPTOPHCTOrO ypaHa co
cmechlo msotonos 20U wm ®8U quin yBeAMUYEHMS OTHOILIEHHS
konuenrpauuil B 10 pas TpeGyercss CORIMHHTL NOCTEN0BATENE-
Ho okojo 540 syeek,.

B sakiioueHHe OTMETHM, 4TO B KaxK/IOH s4efike mo mepe
NPOXOXKACHHA a3a Yyepes MOPHCTYIO NEPEropoiKy COAepiKanue
TSKEIOrO H30TOMd B CMECH, HaXOAAWEHCST Ilepel Neperopos-
Kofi, JO/KHO OblI0 6Bl yBETHYHBATLCH. A 3TO, B CBOIO ouepe/p,
NPUBOLKAO 6Bl K TOMY, UTO YBEAUYHBAJIOCH OBl YHCJIO NPOXCAA-
LMX yepe3 NeperopoiKy MoJEKY.I ¢ TAXKeabIM H30TONOM. B pe-
aysapTate S(OOEKTHBHOCTD pabOThl sYEHKH CHHXKaJack Okl
Urobbl 3TOr0 HE NPOHCXOANIIO, HYXKHO OOHOBJISITL CMECh nepej
NeperopoaKoi, He JoNnycKas HakalIuBaHus rasa, oforamero-
ro TsKeJIbIM H30TONOM. [lostoMy OOOramieHHBIH THMKEJbIM
1130TONIOM Ta3 OTKAYHBAETCS H HANPABJAETCS Ha BXOA NPeAbIAY-
wiefi cTyneHH Kackaja (puc. 8.1).

OnucaHHBIH crloco0 npuMeHAeTCsl A PaslefeHHs H30TC-
NOB ypaHa B KPYNHBIX TNpPOMBILJIEHHBIX Macwrabax. Mnes
sToro Merofa Owwia npemioxena Paneem eme B 1896 r. 4

8. Cocyn [Iswoapa. CixurKeHHble Ta3bl XPaHAT B COCYJaX
Hbioapa, KOTOpBiE NpPEACTaB/asloT co0Of CTERJSHHBIE  HJIH
METAMINYeCKne KOJOB ¢ JABOAHBIMH CTeHKamu (puc. 9.1).
13 npoctpaHcTBa MeXAy CTeHKaMM OTKayaH BO3AYX, UYTO
PHEOJNT K YMEHBIICHKIO HX TeljonposoxHoctd. Tak kax
.BECh BO3RYX BBIKAUATh HEBO3MOMKHO, TG OCTABHINECH MOJEKYJiti
GyAyT NepeHOCHTh TeNJOTYy OT OKpYKaioliell cpeisl K cojep-
;KuMoMy cocyza [Jploapa. 3ra ocTatodHas TENJIONPOBOAHOCTH
CTEHOK MPUBOJHT K TOMY, YTO HAXOASILMACS B COCYAe CHHMKEN-
UL Ta3 HenpeprlBHO ucnapsercs. [IpH 3anonHeHHH cocyia
Jpicapa xHIKHAM a30TOM, TeMIlepaTypa KHICHHA KOTOPOTO Npil
HOPMaJbHOM aTMOCepHOM JaBieHuu paBHa 77,3 K, okasa:
JGCh, YTO 3a eNHHHILY BPEMEHU ucnapuaach Macca M, azora.
Kaxkas Macca rasa ucnapuTcs M3 3TOrO XKe COCYJa 3a eAHHHLY
EPEMEHH, €CJIH €T0 3alI0THHTD JKHAKHM BOAOPOJOM, TEMNIeparypa
kuneHus: goroporo paeHa 20,4 K? Temneparypa oKpymak-
weil cpeis! B ofoux cayuasx pasHa 300 K,
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4 TlepeHoc Tem/IOTHI NPOHCXOIHT NPU TAKUX OTKJIOHEHHSAX
OT COCTOSIHMA TEPMOJHHAMHYECKOrO PABHOBECHS, KOTAA pa3Jiny-
HbIE YACTH CHCTEMbBI HMEIOT pasnyio TeMuepartypy. Ilpu ofbuHbIX
YCJIOBUAX MEXAaHM3M TeIVIONPOBOAHOCTH TFasa 3aKJ/louaercst
B CJASAYIOIEM: MOJEKYJbl U3 0onee «ropsueds obaacTu B pe-
8yJbTaTe XAOTHYECKOTO MBIDKEHHUS IEepeMelialoTes [o BCeM
HANpPaB/IeHUSIM H, CTAJTKHBAsICh ¢ MoJe-
KyJaaM#d 3 G6ojee «XOJOAHBIX» ofsaac-
Telf, mepejalT UM YacTh CBoeil 3Heprui.
Kaxnaa wmosexyna MOXKeT NepeHecTH
«H30BITOK» TENJIOBOH 3Hepruil Ha pac-
CTOAAHHE NOPAJNKa CPeAHEH JIHHLI CBO-
fonmoro mpoGera A. IlostoMy nosHbié
IIOTOK TEMJIOTHl OT yuacTKa ¢ 6osiee Bbl-
COKOl TeMInepaTypofl K yuacTky c GoJiee
HH3KOH TeMnepaTypol NponopuHoHaieH
KOHIIEHTPALHH MOJEKYJI 1 H HX cpef-
Heli asuHe cBoBonHoro mnpobera.

Kaxast 13 BeJUYHH 7 H A 3aBHCHT
OT AaBJeHHs], NPH KOTOPOM HAXONHTCS
ras. Ho ux npouspeienHe He 3aBUCHT

Puc. 9.1. ¥YcrpoiicTBO
cocyaa [bloapa OT HaBJ/icHHA. B camom JeJqe, BCIIOMHuUTE

3ajauy 6 O TODMOXKEHHMH CNYTHHKA B
BepXHUX CJ0AX armocdepbi, rae obCyXKaanoch, OT Hero 3a-
BHCHT CPeIHAS AJHHA cBoGoJHOro mpobera mosexya. Tam 6buio
NOJIYYEHO COOTHOILLIEHHE

nioz1, (hH

Benuyuna o=nd? (d — AuaMeTp MOJEKYJbl) OT AABJCHHA HE
sapucur. [To3ToMy He 3aBHCHT OT LaBJIeHUst M NPOU3Belelue
nk, XOTsl KOHIEHTPANUS MOJEKYJ] f MPONOopUHOHalbHa AaBJie-
HHIO.

Takum ofpazoMm, npu OOBMHEIX VCJIOBUAX TeMJIONPOBOJK-
HOCTh Ta3a He 3aBHCHT OT JlaBJeHusi, U060 Bce OcTa/bHbie Be-
JIMYHHE, BXOJAsILIHE B BBIpaxKeHHE JA IIOTOKa TemnoTsl (pas-
HOCTh TEMIIEPaTyp, IVIOILaJAb CTEHOK H DPacCTOSTHHE MEeXIy
HUMH), TaKXKe He 3aBHCHAT OT JaBJEHHS.

Tak saueMm e B cocyaax [lploapa OTKayHBalOT BO3AYX H3
NPOCTPaHCTBA MEXY cTeHKamu? Bce /1eJ10 B TOM, UTO IpH OYeHb
HU3KOM JaB/JMeHHM rasa, Korga mIHHa cBoOOJHOrO mnpoGera
MOJIEKYJ OKasbiBaeTcs OOJsblie PACcCTOSHHA MEXIY CTeHKamH,
MEXaHH3M TelJIONPOBOAHOCTH CTAHOBHTCA APYTHM: MOMEKY.Ibl
raza CcBOOOJHO HPOJIETAIOT OT OJHOM CTeHKH A0 APYrof,
1€ CTafIKnBaACh APYr ¢ APYroM, U MepeHOCAT «HU3OLITOK» 3Hep-
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I'HH HeNOCPeACTBEHHO OT CTEHKH K cTeHke, Temepsh Tensonpo-
BOJIHOCTh He 3aBHCHUT OT JJINHBI CBOGOJHOTO ipo6era MoJieKy.1 —
BAXHO JHIUb, YTOOLI OHA INpeBhlllaza pPaccTosHue [ MexKay
JBOMHBIMH CTeHKaMH cocyla. Tak Kak NOTOK TEMJOTHl, pasy-
MEeTcsi, H B 3TOM CJyyae NPONOPIHOHANEH KOHUEHTpAlMH Mo-
JeKyJl, TO 4eM HHXKe J@BJeHHe OCTaBLIEroCad MEXAY CTeHKaMH
BO3lyXa, TeM MeHblle OYIeT ero TemIONPOBOLHOCTS.,

Hast Toro 4tolbl OLEHHTb NOTOK TeIJIOTHI OT HADYMKHOH
crenxu cocyaa Jlpoapa K xononuoll BUyTpenHelh cTenke, Gyaem
CYMTATh, 4TO KaxJasd MOJeKyJa BO3AyXa, IOKHIAas# CTEHKY
cocyjzia, UMeeT 3HEPTHI0, COOTBETCTBYIOLLYIO TeMNepaType 3Toi
crekd. CTanKuBasich € JAPYroil CTEHKOH, MOJEKYJa HEJIHKOM
nepejiaeT eil cBOW HeprHio. IlpyruMu c/J10BaMH, MBI CYUTAEEM,
YTO B3aHMOJCHCTBHE MOJIEKYJ CO CTEHKOH HOCHT XapakTep
neynpyroro yaapa. Ecau 661 yaap MOJIEKYJ O CTEHKY Ol a6-
COJIIOTHO YIIPYTHM, TO MOJIEKYJIBl ra3a BOOOIIE HE NepeHOCHJIH
Obl Temna.

DyneM cuutaTh, YTO HAPYKHAA CTEHKA COCYAA UMEET TeM-
neparypy T, paBHYIO TeMnepaType OKDYXKAWOWICH Cpeanl.
Haxopsimuiicst B cocyae ploapa cxkMmKeHHBIR ras Bce Bpewms
[IOHEMHOT'Y BBIKHIIA€T, MO3TOMY, HECMOTPS Ha HENpepbIBHLIHA
TIOJIBOA TEILIOTHI, eT0 TeMnepaTypa ocTaercst HeusmeHno#l, Iop-
AbIIKO cocyAa [bioapa mepXKHTCS OTKDHITHIM, YTOOH HCHA-
puBlIKiicss ra3 Mor cBOGOJHO BHIXOAHTb B aTMOChepy — B
IPOTHBHOM cJy4ae cOCyl HENpeMEeHHO B3OPBETCS BCJCJCTBHE
HenpepbIBHOTO pocTa Aa/ienus. Takum ofpasoM, Temnepartypa
BHYTPEHHEH CTEHKH paBHa TeMmnepaTtype KHneHHa 7'y CKHKeH-
Horo rasa npu armocdepHOM JaBJEHHH.

[ToTox 3HEpruu, NEPEeHOCHMBIH MOJEKYJAaMH BO3AyXa Of
ropsdefi CTEHKH K XOJIOZHOHN, NPONOPLUHOHAJEH SHEPLHH YJe-
Taloulefl Monexkynel (T. €. Temuepatrype ropsaueli crenku T,)
11 YHCJTY MOJIEKYJT 2, NOKHAIOMMX FOPAYYIO CTEHKY 3a eRHHHLY
ppemeny. CKOIBKO Xe MOJEKYJ TOKHIAT TOPAYYIo CTEHKY?
OueBHJIHO, CTOJABKO e, CKOJbKO NPUIETAET K Hell OT XOJ0AHGH
creHKH, YUCI0 TaKHX MOJEKYJ OPONOPUHOHANAbHO KOHIEHT-
pauuH MOJIEKYJ, HMEIOMIHX TeMNeparypy XONOAHOH cTeHkH T,
H HX cpeiHed CKOPOCTH {U;):

z2~11,{0,). 2)

[TosTOMy DOTOK 3HEPLUM OT ropsiyeil CTEHKH K XOJOIHOH Hpo-
niopunonaner npoussepennio Tz~ Ton,(v,). ABanornuno, no-
TOK JHEPTHH, NEPEHOCHMBIH MOJEKY/JIaMH OT XOJOMHOH CTeHKI
K ropsuefi, nponopuuoHajen npousBefenuio 7Tz~ Ty {vy).
ChenoBaTeablo, NOTOK TENACTH ( OT ropsiyefi CTeHKH K XQJ0A-



192 V. MOJMEKYJSIPHAA . SUSHKA U TEPMOIOVWHAMHMKA

HOHM, paBHBIA PA3HOCTH BCTPEYHBIX MOTOKOB SHEPTHH, NPONOP-
HHOHA/NEH PasHOCTH TeMNepaTyp, KOHLUEHTPAUHH U cpeaHedl
CKOPOCTH MOJICKYJI:

Q~(T o—T5) ny(vy). 3)

KaxoBa e KoHIEHTpauusi 7; «XOJOIHBIX» MOJIEKY/1 BO3-
JyXa B NPOCTPAHCTBE MeXAy CTeHKamH? Ecju 0003HAYHTbL
yepes 11, KOHUEHTPAIHIO «TOPAYHX» MOJIEKYJ, T. €. TeX, KOTophe

HOKHHYJIH HAPYXKHYIO CTEHKY, TO CYyMMa -1, paBHA NOJHOH
KOHUEHTpAIHH BO3AYXa N MeXKJY CTeHKaMH!

n=n,-+n,. ()

Kak yxe orMeyasnock, K ropsiueff CTeHKe NpUJeTaeT B eAUHULY
BPeMEHH CTOJbKO e MOJeKYyJ, CKOJbKO U K XxoJopuo#, Ilo-
3TOMY

n1<vl>=no<vo>. (5)

Tak kak cpeanss cKopocTb NPONOPIUHOHAILHA KOPHIO M3 Tep-
MOJHHAMHYeCKOH TemnepaTypnl, TO M3 paBeHCTBA (5) uMeeM

fy = 13 <0 (<0> = 1, V T4/ Ty, (6)
[Moncrasnasa n, B coorHowenue (4), HaxoauMm

0

n
MV T,

Teneps BoipakeHue (3) A1 MOTOKA TEILIOTH MOXKHO HepernHcarh
B BHAE

Q~ (To—Ti)——”lf—T—/iwn VIT.(VTo—VT). ©)

3a cuer 3TOro NMOTOKA TEMJIOTH 32 eJHHUILY BPEMEHH HCapAeTCs
Macca CKHXEeHHOro raza My, paBHasi OTHOIWEHHIO @ K yaenbHOi
Tem10Te napoobpasoBanus A;:

My~ 2V TV To—V T, ©

Touno Taxoe ke BhIpakeHHe GYAET CNpaBefIHBO H B TOM ClY-
yae, Koraa cocyx [bioapa 3anosHeH APYTHM CHKHMKEHHBIM ra-:
30M, Y KOTOPOTO TeMmIlepatypa KuIeHust paBHa T, a yaeabHas
Tem10Ta napooGpasopaHusi paBHa A,. Bce onyuieHtbie B dop-
myse (9) KoahpuIHeHTs MPONOPLHOHANLHOCTH e 3aBHCAT OT
TOro, KakoH HMeHHO ra3 Haxonutcsl B cocyze. [lostomy ans
OTHOLWIGHHSI MAacC pasHBIX ra3oB, HCHAPAIOWUXCA 33 €IUHHLY
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BPEMEHH H3 OJHOrO M TOro ke cocyia [etoapa, MOAYYHM
My A /Ty VT3~V Ty
MR VT YT, VT,
[ToxcraBisin ciofa 3HAYCHUS YOEAbHOH TENIOTHL NapooGpaso-
Banus Boopoaa A,=4,5-10% [Lxx/kr, asota A;=2,0-10% Ik/kr
u ux Temnepatrypsl kunenua T,=204 K, T,=77,3 K, uaiinem
l’V[z/Mle,SLL.

[Tonyyusocs, 4TO N0 Macce BOAOPOJ BBIKHIAET H3 COCYynaA
Jbtoapa measeHHee a3oTa, XOTsA TeMIEPATypa KUIEHUs BO-
zopona Humke. OJHAKO CO CKOpPOCThIO BBLIKHIIaHHs 110 0GBEMY
sce ofcrour HHaue. IlioTHOETH KHUIAKOrO BOAOpPONA paBHA
npumepro 0,07 r/cm?®, asora 0,8 r/cm®, nostoMy A/st OTHO-
LueHns o0BEMOB MCHAPHBIUHXCA Bojgopoaa V, u asora V,
nosyyaeM Vo/V,=3,89, T.e. BOZOpPON BBIKMNAET MPHOJIU3H-
TeJbHO B 4 pasa OwICTpee asora.

U3 dopmyner (9) BHAHO, 4TO Macca HCNAPSIOHIErocs rasa
NPONOPLUHOHAILHA KOHLUCHTPALHH # OCTABLIETOCsS MEXKIY CTeH-
kamu cocyaa Jlploapa Bosayxa. [lostomy tensionsonsuus
6yJeT TeM Jydlle, 4eM 3TOro Bo3ayXa MeHblie, OGLIIHO COCYABI
Huioapa OTKauuBaloOT RO BhHICOKOro Bakyyma (1073—107% mm
PT. €T.). DTO COOTBETCTBYET KOHLEHTPALUH OCTABILErOCs BO3-
ayxa n=p/kTy~1011—10 cm~% [Ipu TaKUX KOHUEHTPaLUSAX
I/uHa cBOBOAHOro mpobera OyleT COCTaBAATh, KAK BHIHO M3
-cootHoweHus (1), Beainuuny nopsiika A= 1/(nnd?)~10—10°% cm.
Paccrosinie MexAy ABOHHBIMH CcTeHKaMH [ 0ObMHO PaBHO He-
CKOMBKHM MuJauMerpam. [losTomy Inpu TakoM JaB/ieHHHU
OCTaBLIErocsl BO3AyXa cCpejHAs AjauHa cBobojHOro npoGera
3HAYUTRJILHO IIPEBBIIAET pACCTOSIHUE MEXKAY CTeHKaMu H
1MEXaHH3M TEMIONPOBOJHOCTH HMEHHO TAKofl, KakoH paccMoTt-
ped B 3ajage.

[Tpu paBIeHHH BO3AYXa MeXAY cTeHKaMH nopsijika 1072 Mm
pT. CT. JJHHA CBODOAHOrO pobera CTAHOBUTCH CPABHHMOM ¢
pacCcTOAHKEM Mexay cTeHKamu. [1o3TOMy OTKadKa A0 Takoro
i 60/IbUIeTO AABJAEHUS BOOOUIE JUIIEHA CMBICAA, NOCKOALKY
B TaKHX YCJAOBHAX TEIJIONPOBOAHOCTh BO3AYyXa He 3aBHCHUT OT
JABMEHUA.

[ToBepxHOCTH cTEHOK COCYAa, OOPa3yiOWUX BaKYyyMHOE
HPOCTPAHCTBO, OOLIYHO MOKPLIBAIOTCH TOHKHM cJoeM cepefpa,
uTO0Bl YMEHBIUHTb JIYUHCTHIA TelJooOMeH MEXAY CTeHKamH.
ITosToMy B ZaHHOH 3a/7a4€ Mbl HE YUHTBIBAJAHN JYYUCTYIO COCTAR-
JIHOIIYIO TEIJIOROIO [10TOKA,

Cocynsl [si0oapa HCNOAL3YIOTCH H AJ XpPAHEHHS BeLlecTB
npu remneparype 6o0/ice BBICOKOH, YeM TeMIeparypa OKpyMHKa-

(10)
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wiliefi cpensl. PaenpocrpanenHpie B GLITY TepMOChE NPEACTaB-
JsioT coBol cTex/siHHbIE cocyabl [bloapa, sakJicuenHbie B
METaINHYECKYI0O MM IJ1aCTMacCOBYI0 OGOJIOUKY AR 3aUlUTLI
OT TMOBPEXJEHUH. A

10. TeanoeMKocTh MaecaacHoroe rasa. Opun Moab wieas-
HOTO rasa HarpeBalT NPU TAKHX YCIOBUAX, YTO [ABJAEHHE
rasa [ponopLHOHAIbHO €ero o0beMY:

p=aV,

Tie o — nocrosithad, (3xech MoaapHbIH o0beM raza o6o3Ha-
uen yepes V, a ne V), uytobbl He 3arpomMoxjaTb (GOPMYJLL.)
Haiinute tensoeMKocTh Taza B 3ToM lipouecce. [lompobyiite
NpUAyMaTh YCTPOHCTBO, B KOTOPOM AaBJieHHe raza 1 3aHHMae-
Mbiii UM o6beM 6piu Obl CBA3aHBL TAKHM COOTHOILIEHUEM.

A TensoeMKOCTb HAeaNbHOTO Fa3a (Kak ¥ mobof Lpyroi
(H3HYECKOH CcHCTeMbl) fABJAfeTCH (U3nYecKo# BeMUUHOM, Xa-
paKTepuayiolell He CTONbKO CaMy CHCTEMY, CKOJbKO NpOuC-
XOAAMIMEA B HeH npoiece,

BenoMHHM nepBLIH 3aKOH TEPMOJUHAMHKH — 33aKOH CO-
XpaHeHHs SHEPTHU JJist NPOIIeCCOB, CBA3AHHLIX ¢ TEIIONepeaa-

yel:
AQ=AU-+AA (I

— COO0IIeHHOe CHCTeMe KOJHYecTBO TelloTel AQ onpenenser
H3MEHEHHe BHYTPEHHEH SHeprum CHCTeMbl AU u coBepiieHHYIO
npu 3ToM cucrteMoil paGory AA. PaccmarpuBaemas Hamu
CHCTEMAa — HJeaJbHBI Ta3, ero BHYTPEHHSST 3JHEprus He
3aBHCHT OT 3aHHMAeMOro uM oGbeMa H ONpesessieTcsl TOJbKO
temiiepatypoii. Ilostomy npu JoboM crocobe HarpeBaHus
rasa Ha AT ero BHyTpeHHAS 3HEpPrHUsl H3MEHAETCS1 HA OJHY U
Ty Xe BeJHYuHY. A BOT coBepiuaeMmasi ra3oM paGora NpH TOM
Moxker ObiTh pasauuHofi. Hampumep, npu HarpeBaHmu Inpu
nocTosiHHOM ofbeMme ras Boofie He coBepinaer paboThl, a NpH
HATpeBaHuH [PH MOCTOSHHOM AaBJACHHH COBepluaeMasi ra3om
pabota AA=pAV. B pesysbrare, KaK BUAHO H3 YPaBHEHHS
(1), temroemkocth rasa C=AQ/AT oxaselBaercsi pasiMYHOHN B
3aBHCHMOCTH OT TOTO, [IPY KaKHX YCJAOBMSIX MNPOUCXOANT €ro
narpesanie. B nepsoM cJyuae TelJOSMKOCTb OAHOTO MOJs
oboznauaercas C, H jAaercs QopMmyJoH

Cy,=AU/AT. (2)
Bo BropoM ciydae TeNnJoeMKOCTb 0003nauaercs €,, M € nomo-
b0 ypapuenns (1) mis nee nonyvaered Bbxpameﬂne
C,=Cy+pAV/AT.
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N3 ypaBueuus cOCTOSIHUSI OAHOLO MOJA HACAIBHOIO rasa
pV=RT npu nocToAHHOM JaBAeHHH Haxoaum pAV=RAT.
Tenepb A1A TENJOEMKOCTH CP OJIHOTO MOJS HJeaJbHOro rasa
noJsy4yaem

B ofmem cayuae 1/ HaXOXKACHHS TeIIOEMKOCTH rasa
HYXKHO YMeTb BBIUHC/IATbL PaGoTy, COBEPLIAEMYId Ta3oM npu
MPOH3BOJILHOM TpOLECCE,

Kak e BuluMCAHTH paboTy, cOBepliaeMylo rasoM, Korja
€ro /JlaBJieHHe He OCTAeTCs NOCTOSTHHBIM, a CBSI3aHO ¢ OGheMoM
cootromenneM p=al? OueBuaHO, 4TO padoTa TaKkKe BbIpPA-
)aercsi cootnonienneM A4 =pAV, Ho TOJLKO NP NOCTOAHHOM
nasnedun AV wmorsio ObiTh JOGBIM, a B DPaccMaTpUBaeMOM
cnyuae AV HyXHO BBIOHPATh HACTOABKO MaJbiM, YTCOB MOXKHO
OblI0 npeHeGpeyb U3MEHEHHEM JaBJaeHust Ap npu pacliupeHuut
raza na AV. Tenepw Hyxuo cBsizath pAV npu manom usme-
HeHHH o0beMa ¢ H3MereHueM Temueparypsl. Jlas storo Boc-
NoJb3yeMesl YpaBHEHHEM COCTOSIHHS

pV=RT. @)
[lyers npu u3veHeHnH temnepatypsl rasa Ha AT ero o6bem

usmenuscs na AV, a japaenne — Ha Ap. IDTH U3MEHEHHUS CBsl-
3aHBl MexJy coboil Osaropaps ypaBHEHHIO COCTOAHMA:

(p+Ap) (V-+AV)=R (T+AT). (3)
Boiyuras Boipaxkenne (4) us (b) u npenebperas MaJbiM 4JIEHOM
ApAV, nonyuaem
pAV+VAp=RAT. 6)
B paccmaTtpuBaemMom npoiecce, KOrAa JaBjenue rasa mnpoop-
uuonanbHo ero obvemy, umeem Ap=aAV. Ilostomy
VAp=aVAV=pAV, )
[Moxcrasaas VAp us Boipaxesnus (7) B (6), Haxopum
AAd=p AV=RAT/2.
C nomoupto ypasuenns (1) HaxoauMm Tenn0emMKOCTb ra3a B 3TOM
nporecce:
C=Cy+R/2
Benovunas ceasb Cyy u €, naBaemyio (popmyiioi (3), sameyaen,
uro C MOXKHO HNPEACTaBHTHL B BHJIE
C=(Cy+Cp)2.
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OtMeTHM, 4TO B Tpex pacCMOTPEHHBIX HaMM TpoLeccax
(narpesaHHe Tra3a NpH NOCTOSTHHOM O0DbemMe, NpH NOCTOSHHOM
JIaBAEHNN | NpH p=aV) TeniceMKOeCTb rasa 0CTaeTCs NOCTOsIH-
HO/ Ha BceM MPOTSXKEHHM Mpollecca.

Tenepp nopymaem, Kak MpakTHYECKHM MOXKHO OCYHIECTBHTL
YCTPOHCTBO, B KOTOPOM JaBJeHHE€ Fasa MponopiuoiajibHo
3annMaeMoMy o6heMy. JT0, HaNpHMep, MOXET GhiTb COCYA C
nopinneM. IlocrasuM ero BeptHkaapHo. Has Toro 4ToObl Ha-
rpeBaHie rasa NPOMCXOAHJIO IIPH NOCTOSHHOM o0bLEME, Nop-
IIeHb HYXKHO 3akpenutb. (1 HarpeBanus OpH NOCTOSAHHCM
JABJAEHUN MOXHO MOJOXHUTb Ha Nopullellb NMOCTOSHHBIA TPy3.
B untepecyioineM Hac ciayyae MOMKHO NONBLITATHCS TNOANEPeTh

T Z ] T [

Puc. 10.1. YerpolicTBo, B KoOTO- Puc. 10.2. K BrnGopy napa-
POM haBJieHHe rasa Moxer GHTh MeTpoB yCI1poficTBa, B KOTO-
NPONOPUHOHAALHO €ro o6Lemy pomM p=aV

nepmenb ynpyrod npyxunoii (puc. 10.1), nockonabky Beaen-
crBue 3akoHa I'yka JeficTBymollasi Ha NOpIIEHb €O CTOPOHH
NPYXHHBE cHJIa OYAeT JHHEHHO 3aBHCETh OT €ro CMelleHus.

Kak mnosnobparb mnapamerphl 3TOr0 YCTPOHCTBA, UTOOH
BBINOJIHAJIOCH cooTHoILeHHe p=aV? IIpu V=0, koraa nopumenn
JEeXHUT Ha AHe (puc. 10.2), naBrenne rasa nojx nopuiHeM J0o/MKHO
OblTh PABHO HYJIIO, NOTOMY CHJA TSKECTH mg, AeHCTBYIOmMAs
Ha NOpPHIEHb, H CHJIa aTMocepHOro BaB/eHHs P oS (S — miomaas
NOpUIHA) ROMKHBL YPaBHOBEIIHBATHLCA CHJIOH pacTsKenns
NPYXKHHBL:

mg-+pS=k(I—l,). 8)

3pech k — JKeCTKOCTb NMPYXKHHEI, [y — ee JJHHa B CBOGOAHOM
coctosnun. Mrak, HyXHO nopo6path Takyilo NPYyXHHY, YTOOLI
cooTHowenne (8) BemoJaHagaoch. Ilpoepum, Gyzer au npu
5TOM J4BJIEHHE Ta3a p NPONOPUUOHAILHO ero obvemMy V npu
Dpou3BOJbLHOM INoJokenun nopwna (puc. 10.1). Hanumem
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YCROBHE PABHOBECHA MOPLIHA:
mg+peS=k (I—l,—x)-+pS.

Orciopa ¢ yuerom pasencrsa (8) noayuvaem

kx k
p::—S—:—S—Z—V.

[TonpoGyiite npupymarb Jpyrue ycrpoiictsal A

11. YcraHosaenue pasHosecHs. B pacriosoxentiom ro-
pU3OHTAILHO LHAHHApe (puc. 11.1) caeBa OT 3aKpenvied-
HOrO MOPUINS HAXOAWTCS WAeaIbHLIA a3, B NpaBoil Yacru
puannapa — BakyyM. uanpap Tenaouszonuposan of  OK-
py»Kaiolieii CPeilbl, a PYXHNA, PacloIoKeRHAs MEXAY MOPLI-
{teM M CTEHKOH, HAXOAUTCH
nepBoHava/ibHO B Heaedop-
MHPOBAHHOM COCTOAHHI,
[Topuienb OCBOGOKAZIOT, H
nocJe yCTaHOBJeHHsi paBHO-
pecusi ofbem, 3anuMaeMuifi
rasou, yBeauHyuBaeTcs BBoe,
Kax W3MeHMJIHCL [PH 3TOM
TemmepaTypa H AaBJeHHe ra-
32? Temoemkoctamu Lu- Puc. 11.1. Cocyx ¢ rasom renjo-
JMiiipa, NOPHIHS H TPYKH- H30AKPOBAK OT OKpYKatoulel cpeul
HBI MpeHe6peys.

A [lo yeniopmio 3ajady Braqase NpyXKuia HAXOMUTCA B He-
12hOPMHPOBAHHOM COCTOSIHIH M CUJla AAB/CHHA rasa Ha fop-
ileHb yPABHOBEIUHBAETCH YNOPOM, YAEPKHBAIOLHM [ODIICHD.
Koraa ynop y6upaioT, NOPLIEHb (0] JefICTBHEM AABICHHUS Iasd
nepemelaeTcss BIpPaBo H CHUMaeT NPYXHHY. [To uunepuuu
[OpLIEHb NPOCKAKHBAET MO/N0KEHNe DABHOBECHA, H cKarTast
Npy)KMHA [OC/Je OCTAHOBKY TONKAET €ro o6patHo. B cucreme
BOSHMKAIOT KONEGAHHs, KOTOphle BCAEACTBHE TpEHHS I0CTe-
MeHHo 3aTyXaioT, H [OPHIeHb OCTAHABIHBAETCA B NOJOKEHHH
pasroBecusi. B HauaibHOM COCTOSIHMM BCSl SHEPIHA paccMar-
pHUBAeMOii CHCTEMBl COCTOS1a TOABKO H3 BHYTPEHHEH 3Hepruu
rasa, nGo nopuensb Gl HENOJBHKEH, a NpYXKHHa HE Jeopmi-
noBaHA. B KOHEYHOM COCTOSIHHY DHEPIHA CHCTEMb CKIARLIBA-
ercsi M3 BHYTPEHHeH sHePruu rasa H NOTeHLHAALHON SHEPTuu
CATOR OpYMuHBl, B mpouecce YCTAHOBJEHH DABHOBECHH
POUCXOM/IH MHOFOKDATHBIE [IPEBPAILCHHS SHEPIHH U3 OHOTO
BHIA B ApYIHe: BHYTPeHIsAs SHEPrHs rasa yaCTHYHO npespama-
Jlach B KHHETHYECKYIO SHEPTHIO MAKPCGCKONHYECKOIO ABHMKEHNNA
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Ta3a B LUWIHUAPE BCJEJ 34 NOPUIHEM, B KHHETHYECKYIO SHEp-
THIO TIODILIHS, [OTEHHHAJAbHYIO 3SHEPrul Re(opMHPOBAHNONH
NPYXHHB ¥ ofparHo.

B npouecce koseGanuil BCACACTBHE TPEHHsI MeXaHuWyecKas
sHeprus NpeBpatlanachk B TeNa0TY, T. €. BO BHYTPEHHIO SHED-
rmo rasa. Mamenenuem BHyTpeHHeH 3HEPTHH NOPLIHA, CTECHOK
cocyja H NPYKHHBl MOXKHO NpeHeOpeus, TAK KakK 110 yCJICBHIO
3aJlayd HX TeIJIOEMKOCTb Masia 110 CPaBHEHHIO C TEILI0EMKOCThIO
rasa. Ha ocHoBaHHMH nepBOro 3axkoHa TePMOJAHHAMHKH MOMKHO
yTBepKIaTh, YTO IOJHAA JHEPUHHA CHCTEMBl B peayJbTare
BCEX STHX MPOLECCOB HE M3MEHH/Iach, TaK KaK TENJ000MeH ¢
OKpYaWOWEel cpelloil OTCYTCTBOBAL H CHCTEMa HE COBepIlala
mMexaHuueckol paloTbl Haj BHEHIHMMH TeNaMH.

" CoxpaHeHHEe NOJHOH 2HEPrHM CUCTEMBI BLIPAKAETCH COOT-
NoOIIeHHEM

AU+ 0, (1)

TAE BTOPOE CJaraeMoe ecTh MOTEHUHANbHAS SHEPTHA TPYXRHUBLL
JKECTKOCTH &, C2KATOH Ha BEJHUHHY X, a H3MEHeHHe BHYTpPeHHeH
IHEepPrii HAeafbHOro ra3a fnpH H3MEHEHHH €ro TeMuepaTrypbl
or T, po Ty pasHO

AU =~Cy (T,—T)), (@)

rie v=m/j — KONMYeCTBO rasa B muauHape, a C, — moanap-
nas TeNJIOEMKOCTh HeaJbHOro rasa NpH NMOCTOSHHOM ofbheMe.

B nonoxenuy paBHOBecHs CHJA JaBJIEHHS ra3a Ha NOpIIeHb
naomagn S ypaBHOBEIIHBAETCS] CHJIOH peakuiH CXKaToid npy-
HUHBE:

paS=kx. (3)

Cwmemenne NOpUIHA X OYEBHAHBIM 06pa3oM CBA3AHO € H3Me-
Hennem obvema rasa or V, jo Vi

x:(VZ—Vl)/S. (4)

IloacTaBns B ypaBHenue Gananca snepruu (1) Bbipaxenus (2)
u (4), nonyuum

VCV(TI"—Tz):k(Vz'_Vl)Z/QSZ- (5)
I/ICHOJIbSyﬂ YpaBHEHHE COCTOsTHHA HAea/bHOI'O rasa
pV=vRT, (6)

ELIPA3UM JaBJICHME rasa p, B YCJOBHH MCXaHHYECKOTO paBHO-
Becls nopwHa (3) uepes KOlLCUHBIE 3HAYEHHs TEMIEPATYPhI
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1 00beMa, & CMCIMCHHE MOPIIHS X — C HOMOIBIG GopMYyJst (4):
’\’RTQ _ k (Vg—vl)

V2 - SZ (7)

Pasnenus nounenHo Boipaxenus (5) u (7), nodayuum
2CV T[ . Vl .
Flm—t) =17 (®)

an 3afaHHOM OTHOILEHHUH HA4aJbHOTO U KOHEUHOro 06HEeMOB

raza ¢opmyaa (8) naet BO3MOXKHOCTH ONpPeAENUTH OTHOUIEHHE
Temmneparyp:

R Vy
=l (172 ) ©
3HAR OTHOIIEHHE OOBEMOB M TEMOepaTyp, MOXHO C HOMOLUILI)
ypaguenusa coctosthust {6) HAfTH OTHOIeHHe J1aBJeHH:
P1 R ( Vi 1 3\ Vs 1
L P N (0,43 T B DL 0
px  2Cy \ 'V /+ Vi (10)
Io:koabKy aast HAeanabHOro ojxoaromuoro rasa C,=3R/2,

a 10 YCJOBHIO 33124y KOHEUHbIH 06BheM BABoe GoJiblie Hauajib-
Horo, To ¢ nomousio Gopmya (9) u (10) Haxomum

Tz/T1=6¢/7, pz/p]_:'g/?-

TTonyuennsle popmyabl (9) u (10) nonesno npoeputh Aaa
fipefenbHOro cayyasi, Koraa orser odeBHieH. Ecan xecTkocts
HPYXHUHBL £—-00, TO a3 He CMOMKeT CABHHYTb HOPUIEHb C MECTa,
¥, ciefoBatesbHo, o0beM, TeMIepaTtypa M jJaBjaeHue rasa octa-
HyTca 6Ge3 uaMeHeHusi. B srom cayuae V,=V,, u dopmyast
(9) u (10), xak u nonaraercs, pawT T,=T1 U p.=p;. A

12. HamepeHne oTHoweHud TenjioemkoctTell. [lag skcne-
PUMEHTANLHOr0 ONpeje/IeH|sl OTHOIICHHS TEIJIOEMKOCTEH rasa
IIPH [OCTOSIHHOM JAaBJCHMH H NDH INOCTOAHHOM o0beMe y=
=C,/Cy MOXHO NpHMEHHTH cjexylowufi meron. Hekoropoe
KONHYECTBO rasa v, HayaJbHble 00beM M AaBieHHe KOTOPOro
pasHbl V H p, Harpepaercs ABAX(Ab! NPH NMOMOLIM 3JeKTpHYe-
CKOfl CIHpajid, yepe3 KOTOPYIO NPONYCKAOT TOK B TeUEeHHE
OJIHOTO H TOTO }Ke BpeMeld: CHaua/ a npu nocTostHHoM obbeme V,
NpUYeM KOHEYHOe JaBJAEHHE PaBHO py, 3aTeM NPH NMOCTOSHHOM
JAaBJEHUM p W3 TOrO K€ HAYaJblOro COCTOSHHSA, NpPHYEM KO-
HEeYHBLIH 00BbeM OKasniBaeTcsl paBHbIM V,. Kax no stum pauubim
paccuuTaTh OTHOLIEHHE Y?

A TlocKobKY 3/1€KTPHYECKHI HarpeBaTesnb B OOOUX CJay-
4yasgx paboraer OJMHAKOBOE BPEMS, TO H NOABOJAMMOE K rasy
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KOJMYECTBO TeloThl Oyjger oinHakoBbiM: AQ,=AQ,. Bynem
CYNTaTb, 4TO YC/AOBHA 3KCIEpHMEHTa 06GeCleyHBaT OTCYTCT-
Eie Tenjoo0MeHa rasa ¢ OKpy:Kaiowel cpenofi, T. e. cocyn
c'ra3zoM aanabatdeckn uzonnposaH. 1103ToMy MOXKHO HaNHCATDb

AQ,=vCyAT,,  AQ,=vC,AT,, (1)

rae Cy u C, — monspHbie TEMNOEMKOCTH HCCJE1yeMoro rasa
npH NOCTOSIHHOM OOBEME H NPH NOCTOSIHHOM JaBJeHuu, a AT
1 AT, — H3MeHEHHs] TeMnepaTypsl, rasa B NEPBOM M BTOPOM
cayuasnx. Tax kak AQ,=AQ,, To u3 gopmya (1) aasa y=C,/Cy,
najiyyaem

v=AT/AT,. 2)

[lockonbKy B OnHChIBAEMOM 3KCIEPHUMEHTE H3MepsioTIcs he
TeMRepaTypa, a ofbeM n JaBJEHHE ra3a, TO H3MEHEHHE TeM-
niepaTypel CJAeAyeT BhIpa3uTh 4epe3 u3MeHeHue o6beMa M JaB-
aenuda. Jlag Toro ytoBH clenaTh 3T0, HYXHO BOCMOJNbL30OBATLCS
ypaBHEHHEM COCTOSIHHA,

«Dopmyaa (2) cnpaBennuBa 41a ai060ro rasa, He o6s13atent -
Ho upeanbHoro, ITosTomy ecsau Obl Mbl MOTJH H3MEPSTH C
JIOCTATOYHON TOYHOCTBIO M3MEHEHHE TeMneparyphi, To no dop-
myJie (2) Mbl Obl HelOCPEACTBEHHO HAXOJHJAH OTHOWIEHHE Ten-
JoeMKocTell peanbHoro rasa. OJHAaKO H3MepATb U3MEHEHNe
Temieparypel rasa TPYAHO, TaK Kak TaKoe usMmepenie tpefyer
3HAYHTE/ILHOTO BPEMCHU, TOKA TePMOMETP OPHAET B TelJOBOe
paBHOBecie ¢ razoM. A 3T0, B CBOI0 ouepeib, HAK/aJLIBACT
JKeCTKHe TpebOBaHMSl HA CTEMEHb TEMJIOM3OJNALHH Trasa of
okpyxatomweft cpeapl. [lpn nsmeperun usmeHeHus obbema
M JlaBJeHHA Tra3a Takue TpeboBanua He BosHukaror. Ho 3a
yno6CTBO 1M3MEPEHHIl NPUXOAHTHCA IJIATHTh TEM, UTO TEREPh
HeoOXOJMMO 3HaTh YypaBHEHHe COCTOAHHA rasa.

Ecan ycaoBus onbiTa TaKOBLI, YTO ras ¢ AOCTAaTOYHON TOY-
HOCTbIO MOMKHO CUHTaTh HJEaJbHBIM, TO MCKHO BOCHO/IL3G-
BaThca ypaBHeHHeM MenpeneeBa — Kianefipona

pV=vRT. 3)
Toraa B nepBom cyuae, npu HarpeBaHUH ra3a npH NOCTOAHHOM
ofteme V, nmeem
(pr—p)V=vRAT;. (4)
Bo BTOopoM cayuae, IpM HarpeBaHHWH TPH HOCTOSIHHOM JAaE-
JeHnu p, M3 (3) umeeMm
p(Ve—V)=vRAT,. (®)
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Brpaxan AT, u AT, u3 pasencts (4) u (5) u noacrapaas ux
3HaueHNs B COOTHOWEHHE (2), HAXOAUM
Cr _(pi—=pV _ piip—1

T e—— - A
Oy TPV V) T VoV ()

13. Hcreuenuwe rasa wu3 oveepcta.  Kakyio ckopocthb
BMeeT CTPYA Iasa, BHIPHIBAIOWIEroCs U3 HeOOJbIIOrO OTBEPCTHA
B cTeHKe 6aJioHa co CxEareiM rasoM (puc. 13.1)? Temuepa-
Typa M LaBJaeHHe rasa B 0OaajoHe HMEOT 3naueHuna T wu p.

A Ecan pasMep OTBEPCTHR 3HAUHTENbHO NPEBHILACT AJUIY
ceofoanoro npobera Moseky.a rasa B 6allIoHE, TO HCTeueHhe
rasa MOXHO paccMarpusarh Kak
MaKpocKonuueckui norok. OrpaHu-
YBMCSl JIOCTATOYHO MaJjbIM  [IpOMe-
MYTKOM BpeMEHH, TaKHM, YTODOHI
JlaBJieHKe U TeMnepaTypy rasa B 6aj-
JIOHE MOXKHO GbIIO CUHTATh HEH3MEH- 7p
neivi.  Toria mpouece HCTEYEHHA o o proo oo
rasa u3 Ga/jloHa MOMKHO DaCCMaTPH- g4 43 orseperus B Gan-
BaTb KaKk CTALHOHapHBIH, NpHYEM none
TPAeKTOPHH JHOOLIX MBICJIEHHO Bbl-

JIeJIEHHBIX J]EMEHTOB rasa COBNaJaloT C JUHHAMH ToKa. Ecau
npene6peyb TAHTEHUHAIbHBIMH CHJIAMH BA3KOCTH MEXKAY €6-
celHMH 3/JeMEeHTaMH NOTOKa rasa, uUTo BIOJIHE Onpapjano
L paccMaTpHBaeMOro fpouecca, TO 1158 H3YYeHHs JBHKEHHs:
rasa MOXHO BOCIIOJIb30BaTLCH 3AKOHOM COXPAHEHHSA SHEPTHH.

Uz

G RA NIRRT
e NN
SESINRY

0000000200224 NN

41,

Puc. 13.2. ITpu craunoHapHOM TeUeHHH 3HEPriid Ta3a MeXay CeueHusin
I’ n 2 (noKa3aHHOrO ABOHHOI IUTPHXOBKOI1) He MeHsieTcs CO BpeMeneM

BujiesnM B cTaLMOHApHOM [OTOKE Ta3a ONpPeieNeHHYIC
TpyOKy Toka (puc. 13.2). B s3T0#i Tpy6Ke paccMOTpHM rasz,
HaXOASHIHACA B HEKOTOPHI MOMEHT BPEMEHH MEXKAY CeUeHHIMH
I u 2. 3a npomexyToK BpeMeHH Af 3TOT ras nepeiijier B 110BCE
nojgoxenue Mexay ceyenusamu I’ u 2'. Ilpuverum K sTOMY
BHJAEJIEHHOMY Ta3y NepBhl 3aKOH TepMOJMHAMHKH — 33KOH
coxpaneHus sHeprun. OcoGeHHOCTRIO paccMaTpHBAEMOro npo-
necca sIBJAAETCA TO, YTO Y BBLACJEHHOH YacTH ra3a MeHAeTc:
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e TONILKO BHYTpEHUSA 3Hepruda U/, HO M KUHETHYECKas SHep-
TH MaKPOCKOMHYeCcKoro Hanpapjensoro apixenus £, [los-
HO® M3MeHEeHHe 3HePLUM raza olpele/aeTcs BHELIHUM BOo3jel -
cTBHEM Ha Hero:

AU+AE, =AQ-AA’, (1

rre AQ) — cooBuieHHoe BLENEHHOMY Ta3y KOJMHYecTBO TenJo-
Tot, @ AA’ — paGora, cosepieHHAan NEHCTBYIOILMMH Ha Ia3
BHELIHUMH CHJIaMH 3a Bpems Af. B paccmatpuBaeMoM sBJeHHH
OBICTPOTO WCTEYEHUS W3 OTBEPCTUS NPOLECC, NPOUCXOARLLMHA
¢ BBLIACJCHHON YacThlO rasa, MOXKHO CUUTATh aiuabGaTHUECKHM,
T. €. tonoxATs B (1) AQ=0. Pazymeercs, Henb3s yTBepxAaTH,
4TO TENJA00OMEell ¢ COCEIHUMH yuacTKamu Boobme oTCyTcTBYyeT,
peab andabartuyeckofl obojoukn ner! OpHako B cTpye rasa
paboTta, coBepluaeMasl COCEAHMMH YYaCTKaM! NPH «I1POTaJKH-
BaHUU» BLIACJAEHHOH 4acTH rasa BiO.b TPYOKH TOKAa, ropasfo
Sosbliie, uem AQ, 1 NO3TOMY TeNI000MEHOM MOKHO TIpeHehpeys.

[Ipu Bulaucaennu pa6otel AA’ ciaegyeT yuecTn, 4To jgeil-
CTBYIOIHE HA BHACACHHYIO 4acTb ra3a CHUJBL JJaBJACHHSI  CO
CTOPOHBI COCEJAHHX YYAaCTKOB B CeUeHHH [ HallpaBJIeHHl BAOAb
flepeMelueHtsl H NPOTHBOIIONOXKHO fepeMelelnio B ceueHun 2
{puc. 13.2). [Tostomy BoIpakenne aast pabotsl AA’ npu nepe-
Meleni ra3a 3a Bpemsa Al umeer BHJ

AA'*——plAvl—pgAVg, (2)

PAG Py U pp — JaBJeHHst rasa B ceuenusix I u 2, AV; — obbeu
4acTH TPYGKH TOKa Mexay cedenusamu I u 1', a AV, — mexny
ceueHusimu 2 H 2°.

B paBHOBecHOH TepMOJAHHAMUYECKOH CHCTEME MaKpOCKO-
nuyecKue rnapameTpH!, Takue Kak temneparypa T u jaBjenue
p, MMEIOT OJHO U TO XKe 3HaUeHHe BO Bcex Toukax. B mortoke
raza, B OTJIHYHe OT PABHOBECHOH CHCTEMBl, 3HAUEHHUS ITHX
1apamMeTpoB MEHSIOTCA OT TOUKM K TO4YKe, TaK YTO MOXKHO
FOBOPHTH TOJBKO O JIOK&JBHOM TePMOAHHAMHYECKOM PaBHO-
BECHY B OTIeAbHBIX yacTsx nortoxa. Ho # Takoe onucauue
APHMEHNMO TOJIBKO B TEX CJy4asiX, KOrja CKOPOCTh MaKPOCKO-
[IMYeCKOro NBMIKEHHS ras3a BOCTATOYHO MEJICHHO MEHAETCH
B MPOCTPAHCTBE M BO BpemeHu. bygewm cuurarh, yto 370 ye-
noBie Bbinoaneno. Torpa xasjeHue H TeMmnepaTypa rasa meus-
10TCS BAOJIb TPYOKH TOKa Ha puc. 13.2, HO 3HaUeHHs 3TUX Ha-
paMeTpoB B INpeAetax MafiblX 3JeMEHTOB, HallpHMep MEeXAY
ceyeHusmu [ u I’ uay 2 y 2', MOKHO CUHTATh HEH3MEHUBIMU
H CBA3@HHBIMUM MeXAy co00fl ypaBHEHHCM COCTOSIHHA.
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C nomMointbio ypasnenus eoctosuus padory AA’ B (2) moxio
BHIPA3WTh ¥epe3 TeMHepaTyphl rasa B cevenmsax I/ um 2. Cun-
Tan, 4to 3a Bpems Af wepes KaxJIoe ceyenne TPYyOKH TOKA
APOXOAMT KOJHYECTBO Tas3a v, uMeeM

AV, =vRT;, PZAVz:VRTz,
¥ Breipaxkenue (2) ApHHHMAaeT BHA
AA"=vR(T,—T,). 3)

Hepeiinem Tenepp K BEMHCJEHHIO H3MEHEHUS SHEPTHH rasa
AU u AE,. Tak Kak BHYTPeHHSIS1 IHEPTHS MACAJIBLHOrO rasa
3aBHCHT TOABKO OT TEMIEPATYPHl, TO NPH NPOXOKJEHHH KOJIH-
YeeTBA Ta3a v BHYTPEHHsSE SHEPTHst BbIACAEHHON YacTH M3Me-
HHTCH HA BEAHYHHY

AU = VCV (Tz— Tl)! (4)

rae C, — MOJAApHAsA TEMIOEMKOCTb NPH MOCTOSHHOM OfBeMe.
Mamenenne KHHETHUECKOH SHepTun

AE, = vp (v —12)/2, (9)

FAE 1L — MOJISIpDHas Macca rasa, v; U U, — CKOPOCTH CTPYH B
ceyennnx I u 2. )

Hopctapasa cootnouenus (3) — (5) B ypaBHeHMe 3aKoHa
coxpauenus sneprud (1) H cokpamas Ha v, nosyyaem

Cy+R)(T,—T)+p (vi—v})/2=0. (6)

ITockonbKy ceuenusi / u 2 6bliM BbIOpaHbl HPOH3BOALHO, TO
u3 cootHolenus (6) cnenyer, uro seanduua (C, +R)T-+pv?/2
HMEET OJHO H TO XKe 3Hauellie BJO/AL BCefl JIHHHU TOKa. YuH-
teiBasi, uto Cy+R=C,, rie C, — MOAsIpHAs TENIO0EMKOCTb
IpH HOCTOSIHHOM [IaBJIEHHH, MOXHO HaIUCaTh

C,T 4 w?/2 = const. (7)

JroMy YpaBHEHHIO MOXHO DPHAATH BRI, aHAROTHUHLBIN
ypaBueHHI0O bepHyaau B ruiposuHaMike MICAJBHOH MXMJ-
koety. [isi sTOoro pasgenuM ypasHenne (7) NOWIEHHO Ha
MosisipHBlil obvem V. YuutmBas, uro RT/V,=p, a p/V, eetnp
[VIOTHOCTD Tas3a p, HMeeM

p+eeyT -+ pv?/2 = const, (8)

rpe ¢,=C,/p — ynenpnas rtensjoemkoctb rasa. llepBriit M
TpeTuil 4jeHkl B JIEBOH YacTH 3TOro YpaBHEHHA COBINAJAIOT C
COCTBETCTBYIOUIHMH UJenamMy B ypaBienuu bepuyann. B ypas-
Heny (8) orcyrTeTByeT ujen pgh, Bblpaxcaloumii NJOTHOCTD
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NOTCHIHATLHON SHEePrHY rasa (H/u XKHAKOCTH) B N0Jie TAKECTH.
3T CBA34HO TOJbLKO C TeM, YTO B ypaBHeHHHU (1) He yuuTwhiRa-
JOCh M3MEHeHHe I[IOTeHUHA/LHOH 3HepPruH, TaK Kak CTpyil
npeanoJjarajiack ropusontasabhoil, HosoiM no cpasmenuio ¢
ypaeiienneM bepHuysiu siBasiercs BTOpoill U/eH B ypaBHEHHH
{8), KOTOPBI# BLIpaKaeT MJIOTHOCTb BHYTPEHHEH SHepruu rasa.
B neckumaeMmMoll MHIKOCTH NJOTHOCTb BHYTDEHHeH SHepruu
HEHU3MEHHA, W €8 He HYXKHO YYMTLIBaTb B ypaBHeHHMH OanaHca
3Hepruu.

Coornowenne (7) no3BoasieT BLIPA3HTb CKOPOCTb CTPYH
rasa, BbITCKAKOWIEH H3 OTBepCTHs1 B 6ajioHe, Hepe3 H3MEHeHHUe
temrepatypel rasa. Tak kak BHyTpu Ga/jsioHa CKOPOCThL Ha-
PABJEHHOrO JABHXXEHHA MPAKTHYECKH DpaBHA HYJIO, TO

CpT = CpTl + HU%/2$ . (9)

OTKYJia IJsl CKOPOCTH CTPYH U; Toaydaem
2
v = I/ECP(T‘”TI)' (10)

Jna BeMucaenna ckopoctH ctpyu no Qopmyae (10) HyxHO
3HaTb TeMmnepartypy 7, rasa B crpye. Ee moxHo HafiTh ¢ no-
MOUIBIO YpaBHeHus aguadatuueckoro npouecca. llpu mereue-
HHH Ta3a B BAKyyM CKOPOCTb CTPYH U,,c MOMKHO OLEHHTb,
nosnarag B Gopmyse (10) T,=0. Taxkas oueuka pasymHa,
100 NpPHU pacIuMPeHHH B BAKYyM JAaBjAeHHE rasa B CTpye najaer
A0 HYJAS H, CACLOBATE/AbHO, AOKHA NPUOAMKATLCA K HYJO

it ero reMmneparypa:
2
Uyar R 1/F c,T. (11

OrMeTHM, YTO KHHETHYeCKasl 3Heprusi HAlPAB/JAeHHOro JBH-
© JKEHHsl ra3a B CTPye BO3HHKAET 3a cyeT BHYTPeHHeH dHeprud,
T. e, IHEprHH XAOTHYECKOro TEeILIOBOIO IBHMCEHHS MOJEKY./
raza B OajsoHe. CKOPOCTh HCTEUEHHUs! ONpejedsiercs TeMnepa-
TYypofl M He 3aBHCHUT OT JAasJeHusi. HesaBucuMOCTB CKOPOCTH
HCTedeHHst OT AABJACHUS CBA3aHA C TeM, YTO BHYTPEHHSIS 3Hep-
TUR UEAJbHOrQ rasa 3aBHCUT TONBKO OT TeMIepaTypsl,
Dopmyse (11) mokHO npugars Gosee YIAOOHBIH BHA, €c/u
pbipasuts C, uepes y=C,/Cy u razosyio mnocrosinuyio R:

C
C, :—C% Cy=7v(C,—R),

orkynra C,=Ry/(y—1). B pesyabrare Bmecto (11) moxno
r
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Vg = }/u 2R (1%

Tlonyyeunele GOpMyabl AN CKOPGCTH HCTEYCHHS TO3BOJSI -
10T Cejath CPABHHTEILHYIO CUEHKY Ppa3/jiM4YHbIX BHJOB TOI-
JMBa MAs pakeTHHX asurarejed. Hus nodyuenns Goapuinx
cKopocTefl HcTEYeHHs Ta30B M3 CONJa ABHTATeNs NpPeANOuTH-
TejbHee roprouee, Koropce 00/1aj1aeT BLICOKOH TENJAOTOH cropa-
nua (41a noaydenus Gosbliux temnepatyp T B Kamepe cro-
pamlsi) H o6pasyer NPOAYKTHI CrOPaHHs € MaJoi MOJIsipHOA
Mmaccoli. A

Hanncarh

14. 3anosHerne ©TKauaHHOrO cocypa. TennoH3oaUpOBaM-
HHH COCYA ¢ BHYTpeHHHM ofbemMoM V oOTKauaH 10 ray6okoro
Bakyyma. OKpyxaiowuil Bo3nyx Hmeer Ttemneparypy T, 1
paBJeyue py. B HEKOTOPHLIA MOMEHT OTKPBIBAeTCsl KPaH M 1po-
MNCXOAXT GRICTPOE 3aMOJHEHHe cocyla aTMOC(epHBIM BO3JLYXOM.
Kakyio remnepatypy T 6yI€T uMeTh BO3JYX B COCYJE NOCJE €ro
3anoJHeH s ?

A Tlouemy BooOle NpH 3aNOJHEHHH cocyAa aTtMmocdep-
HbIM BO3JYXOM JOMXKHA U3MEHMThCA ero temneparypa? Urobu
pasobpatbcst B 3TOM, HYXKHO DAaccMOTPeTh IHEpPreTHYecKHe
npeBpauleHns, NPOUCXOAALLME MPH 3anojHeHHH cocypa. Ilpu
OTKpHIBaHHH KpaHa KaKas-To TOpLHs BO3AyXa «3aTajKHBa-
eTcsy B cOCYJ aTMOC(epHBIM JaB/eHHeM. 3TO 3HAYHT, UTO HaJ
BOHIEJNINM B COCYJ BO3AyXOM CHJIaMhi atMochepHOro faB/enus
coBepluaercs HeKotopasi pa6ora. baarojapsa sroit paGore Bpbl-
BAIOIIMICA B COCYJ BO3JAYX NpHOOpeTaeT KHHETHYECKYIO 3HEp-
THIO HalpaBJgeHHOTO MAKPOCKOIIHYECKOTO JBIKEHHS — BO3LYX
B cocyl BXoauT cTpyeii. IIpu BcTpeue co cTeHKaMHu cocyaa M ¢
y’Ke MONABIIHM B COCYJl BO3AYXOM CTPYS MeHsieT HanpaBieHHe,
ocnabeBaer M B KOHLE KOHIOB HCYe3aeT coBceM. [Ipu atoMm
KUHEeTHYeCKasl SHEPTUsi VIOPsNOUEHHOro JBMKEHHS BO3AYXa
B CTpYye NpeBpallaeTcss BO BHYTPEHHIOIO SHEPTHIO, T. €. B 3Hep-
IO XAOTHYECKOTO TeIJIOBOTO JBHIKEHHA €ro MOJIeKy.I.

Bce 310 NPOHCXOAUT HACTOABKO OLICTPO, YTO TEIJIOOOMEHOM
BXOASALIEr0 B COCYA BO3AyXa € BO3AYXOM B aTMocdepe MoXKHO
npeHe6peub. ITo3TOMY NPHMEHHTEIBHO K DaccMaTPHBAEMOMY
npoleccy TepBuiil 3aKOH TePMOAHHAMHUKH HMeeT BHIL: pabora A
cua armocdepHOro JaBneHusi Haj BOWENIIHM B COCY[ BO3AYXCOM
paBHA M3MEHEHHIO BHYTpeHHell SHepruy 3TOoro Bo3ayxa AU:

A=AU. (1)
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Kax ke noacuurath 31y paboty? Ilpouie Bcero ajisi 31oro
HOCTYNHUTh caeayiolum obpasom. [lpeacraBum ceGe, 4TO HAll
OTKAyaHHbI COCYJ HAXOAWTCH BHYTPH OOJbLIOTO UHJIHHADA
¢ noxswxkHbM mopiiuiem (puc. 14.1). Hasnenue u remneparypa
BO3AyXa BHYTPH GOJBLIOTO UM/IHIApPA TakHe ke, KaK H B aT-
mocepe. Tak Kak nps 3anoJHeHHH OTKAaYaHHOIO COCYAA BO3-
JYXOM JaBleHHe H TeMIepaTypa BO3AyXa B OKpYyMKaioiew
cocya aTMocdepe ocTarTes
HeH3MEeHHBIMH, TO NPOLECCY
3ano/HeHHs] cocyja Hna puc.
14.1 cooTBeTCTBYeT mepe-
Mell[eHHe TIOPIIHA  BIPaBo
NpH NOCTOSTHHOM JAaBJEHHH
Po. Illpu stoM JeficTBYIO-
mas c¢jeBa  Ha  nopuehb
o ~ cuja  coBepiiaer  paGory
Puc. 14.1‘. [Ipn saroanensy Bo3- poVo, TR V, — yMeHbiie-
AYyXOM OTKayaHHOTO COCyjJaa CHBI
arMocepsoro Aapaemisi cosepua-  HAC ofpeMa BHYTPH  HH-

0T paboTy, pasuyio pyV, autiapa. llockoasky 3Hep-

I'HSl He BOIUENUICTO B COCYH
BO31YXa BHYTPH UMJIMHApA OCTAeTCHd HEH3MEHHOH, TO 374
cosepiueHHas [PH mepeMeilleHHH nopunsg pabora pasHa
pabore, copepliaeMoil cujaMy aTmocdepHoro AaB/JeHHS MpPH
43aTaJAKUBaHUN» BO3AYyXa B COCYA.

O6parHte BHUMAaHHE Ha TO, YTO NPHBEIEHHOE 3/I€Ch BBIYMC-
Jefte paoTel Npi NepeMelend BO3AyXa OTIHYACTCA OT Bbi-
YUCACHHS, PACCMOTPENHOrO B npeapiaymed sagade. O0bscHs -
ercl 5TO pasjiuyuue TeM, YTo B NpeipLlyilel 3ajaye HAC HHTeE-
pecoBasia pafoTa, coBepilaeMasi Hajy OTALAbHON NMOPHUEHd ABH-
JKYUIErocs rasa, B TO BpeMs Kak 3/[eCh Mbl HAXOJHM CYMMapHYIo
paboTy BHELINHX CHJ1 HAJ BCeM BOLUEINM B COCYX BO3LYXOM.

Usmenenue Buytpenueii sneprui AU TOro BO3AYyXa, KOTO-
pBIT IGI1AT B COCYJL, BLIPAXKAETCA TOJBKO Yepes M3MEHEHHE ero
TEMIePATYPBL, CAH CYHTATb BO3AYX HAaJbHBIM Ta30oM:

AU =~C, (T —T,), (2)

rie C, — moJApHas TelJIoeMKocTh Bo3nyxa. Kovnuectso
BOIIELIEr0 B COCY/l BO3AYXA V MOMXKHO BHIPA3UTh € HMOMOLIHIO
ypasuenns cocrosHusi. Tak Kax B OTKayalHbIA COCYJ BOILIO
POBHO CTOJLKO BO3/YyXa, CKOJAbKO BHITeCHHJA H3 LHJIHHAPA
uepeMecTupiudics nopwenb (puc. 14.1), To MOKHO HamucaTh

pov():"VRTo. (3)

Teneps Bbiparkenue (2) JjiA U3MEHEHHst BHYTPEHHEH SHEPrHH

Ll
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AU nepenuebiBaeTesi B BUHAE

v
AU = ’j,g,rz Cy(T—T,). ()

Hpupammaaﬂ, B COOTBETCTBHU C NE€PBBIM 3AKOQHOM TEPMOAYK -

namuxn (I), uamMeHenue BHyTpeHIIeH sHepruy (4) caBepluennoi
pabore A=p,V,, Haxoaum

Cy(T—To)=RT,,
OTKYA@ U7 KOHCYHOIl Temneparypul Besgyxa B cocyae T no-

Jiyyaem
T=T,(1+R/Cy). (5)

Tak kak cymma C,+R paBHa MOJSIDHOH TEMJIOEMKOCTH NpH
NoCTostHHOM Aabiiennn C,, TO BhIpaXenHe (5) MOXHO nepennu-
caTb B BHje

T =T Cp/Cy=7T,. (6)

Temneparypa 3anoJHUBLICTO OTKAayaHHBIH COCYA BO3ayXxa
OKa3biBaeTCs BblIe TeMIepaTypbl Bo3ayxa B atmocdepe. Or-
METHM, UTO Pe3yJbTaT He 3aBUCHT HHM OT o0BeMa cocyla, HH OT
NaBjieHust Bo3Ayxa B atmoctepe. TeMmnepaTypa Bosgyxa B cocyne
He 3aBHCHT TakKe H OT Toro, OYEeT JH 3alQJHEeHHe coCyaa
NPOMCXOAUTh [0 KOHIIA, MOKAa AABJIEHHE BO3AYXa B HEM He
cpaBusieTcsl ¢ armocepHsIM, HJIH Ke KpaH OyaeT NepeKkphiT
panblue. [leficTBHTE/bHO, BCE IPHBeCHHEIe B PellIeHHH PacCy-
JIeHHs CTIPaBeJIHBLI H B TOM C/1y4ae, KOrJa KOHEYHOE JaBJjeHHe
BO3JyXa B COCYJle MEeHblle aTMocheploro.

YBeanueHne TeMnepaTyphl NpH 3aMoJHEHWn cocyla, pac-
cyuThiBaeMoe no ¢opmyae (6), OKasblBaeTcs BecbMa 3RayM-
TedbHBIM. Tak kKaxk Aas Bo3ayxa y=1,4, To Haxoasuinica
NpH KOMHATHOH TeMmmepatype BO3LYX JOJKEH HarpeBaTbest Ha
coTHH KeJabBUHOB, OHako Ha6.110aTh Ha ONLITE TAKOe G0JbIHOE
TIOBBILIEHHE TEMIIEPATYPHl 3aTPYAHUTEILHO. [leso B TOM, 4TO B
TeyeHHe NMPOMEKYTKA BpeMeHU, Heo0XOMUMOro AJsl H3Mepenus
TEMITEpPATYpPh BO3AyXa, OyJeT yCTanaBJAHBAThCSA TEPMOAHHAMH -
YyecKoe PABHOBECHE HE TOJILKO MEKIY BO3AYXOM B COCYJE H
TEPMOMETPOM, HO W MEMXKAY BO3AYXOM H CTeHKamH cocyaa. Ho
TEIUIOEMKOCTb COCYAA MpH pemieHHH 3ajJa4d B PAcyeT He NpH-
numajaach. [Tosromy ¢opmysa (6) cnpaBeiaHBa TONABKO A0 TEX
1op, MoKa BO3AYX B cocyje He ycneeT NpHHTH B TEpMOJHHAMI -
YyecKOoe pPAaBHOBECHE €O CTCHKAMH. A

15. Kpyreeoit nponecc. TlosnomutespHyro nau oTpHua-
TebHYI0 PaboTy coBepulaer HAeaJbHEIH Tra3 MNpU KPYroBoM
npouecce, mOKazanHoM Ha puc. [5.1?
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A Pabora, copepuiaemasi ra3oM B PaBHOBECHOM fipouecce
npu HeGoJbIIOM H3MeneHHH ero ofbema AV, paBHa npoussese-
o pAV. Tlostomy paccMaTpHBaTh COBEPILAEMYIO rasoM pa-
6oty yao0Ho ¢ nomompto pV-auarpamm. Ha puc. 15.2 nokasatt
HEKOTOPBIH KPyroBoii npoiiece, B KOTOPOM a3 M3 cocTosinus [
[EPEXOANUT B COCTOSIHME 2, a 3aTeM BO3BPALIAETCH B HCXOAHOE
COCTOSIHHE MO JAPYTOMYy OYTH, T. €. C IOMOLLbIO APYroro pas-
HOBECHOTO npouecca. ¥ A0GCTBO HCNOJb30Batus pV-puarpamu

7
7

e, .
. E 7
\ 4

N

a T Vi v
Puc. 15.1. Ha VT-puarpamume Puc. 15.2. Ha pV-anarpamme
KpyroBolt mnpouecc HIET B Hal- pabora rasa usobpaxaercs co-
paBJEHMU  NPOTHB  4acoBOH oTBeTCTBYOMEH AAOMAnBI0

CTPeIKH

32KJLOYACTCS B TOM, YTO COBEpiliaemMasi ra3oM paboTa uzobpaxa-
eTcd Ha HUX ILIOIIAJBIO, OTPAHMYEHHOH IpadHKOM CCOTBETCT-
ByioUlero mpouecca. Hanpumep, npH pacliMpeHHM rasa U3
CocTOsiHUSL | B COCTOSIHME 2 OH COBepllaeT MOJOKHTENbHYIO
pabory, KoTopas paBHA IJIOWAAH KPHBOAHHEHHON TpamneuuH,
MI0Ka3aHHOH BepTHKAJbHLIMH WTpHXamMH Ha puc. 15.2. Ilpu
CKATUU ra3a U3 coCTOAHUA 2 B COCTOsAHHE [ NOJIOKUTENLHYIO
paboTy COBEpLIAIOT CKUMAIOUIME ra3 BHEHIHHE CUJIB, T. €. cam
ras coBepllaer OTpuLATebHYI0 pabory, Koropas paBHa MO
MOAY/MO IIOWAAH KPHBOJMHERHON Tpaneudu, NOKa3aHHOH HA
ITOM PHUCYHKE TOPH3OHTAMNbHBIMH IITPHXAMH.

[lonnast paGora, cosepiuaemass razoM nOpd KpPyroBoM Ipo-
fecce, paBHa 1o MOAYJIO MJOWAJAH Ha pV-juarpaMme, orpanu-
ueHHOHA IpadukoM 31Oro npouecca. Kak sicHO H3 npeablay-
wero, 3Ta paGoTa MNOJOKHTENBHA, €CJAM KPYroBOH mpoiecc
COBEPLIAETCs] B HANpaBJ/EHHH 0 YacOBOH CTpPEJKe, W OTpHUa-
TeJblia, €CJAH KPYIOBOH NMpOLECC COBepIIaeTcA NPOTHB 4acoBOH
CTpeJIKH.

Hoist Toro yTo0sl ¢pa3y OTBETHTH Ha NOCTABJEHHBIA B 3aate
BOMNPOC, HYXKHO H300pa3uTh yKasaHHbH Ha puc. 15.1 npouecc
Ha pV-pnarpamme. Ha yyactke /—2 temneparypa rasa nosbl-
1aeTCH NPH HEM3MEHHOM o0LeMe. IT0 H30XOPMYECKHi npo-
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uecc, Korophlift Ha pV-anarpamme H3obpaKaercs BepTHKANb-
HHIM OTPE3KOM, HanpasJseHubiM BBepx (puc. 15.3). Ha yuacrke
2—3 raz pacwupsiercsi npu HeHsMEHHOH Temueparype. 310
H30TEPMUUECKUA mpouecc H Ha pV-auarpaMmme oH M300pai-
eTcs orpe3kom runepboast 2—3. Hakoweu, yyactok 3—/ Ha
puc. 15.1 coorBercTeyer u3odapHUECKOMY NpoLECCy, TAK Kak
saeck 00beM rasza NPONOPLUOHAJIeH TEPMOAHHAMHYCCKOH TeMiie-
patype (310 Cpasy BMAHO M3 ypaBHeHUs coctosinusi pV=vRT}.
V4
z

Puc. 15.3. Ha pV-anarpamme paccmarpHsae-
ML KPYroBOH mpouecc cosepiaercst 8 Haf-
paB/JEHHH IO 4acoBOH CTpesnxe

g 14
Ha pV-anarpavve M300apHyYeCKOMY CKATHIO Ta3a COOTBETCT-
BYeT OTPe30K TIOPH3OHTA/IBHOH npAMOH 3—/, HanpaBJeHHbI
HAJEBO.

Takum o0pa3oM, paccmMaTpuBaeMOMy KPyroBOMY MNpOLECCY
ta pV-imarpaMMe COOTBETCTBYET Hanpas/eHue ofxofga Mo
qacoBOH CTpesike. 3HAYUT, a3 COBEpLIaeT MOJOKHTRJAbHYIO
pabory. A

16. Hckycerpennntit nep. CKoJIbKO 3HEPTrHH HYXKHO 3aTpa-
TUTh, YTOOLL 1 Kr BoALl, B3aATOl npH 0 °C, npeBpatuth B JAeA?
Temmnepatypa oxpyxKatouiefi cpeast pashia 20 °C,

A Ecnu rtemneparypa oxpyxatome#r cpesbt Boiue 0 °C,
TO 3aMOPO3HTb BOALY MOXKIO C [IOMOLLBIO XONO[H/IbHOH MaLUHHBL.
[lpunuunuanpias cxeMa XOJOAMJbHONH MAIUHHBL NIPEACTABJSALT
cobolt OOpalleHHYIO CXeMy TenjoBoil MaminHbl. B Tensosoil
MallgHe padoueMy Teay TnepefaeTcsl HEKOTOPOe KOJAHYECTBO
TENJIOTH Q; OT HarpeBaTeJ]sl — pe3epByapa ¢ NOCTOSHHOA TeM-
neparypoit Ty. B pesyabrare npoucxopsiunx ¢ paGouuM teioM
NpOLLeCCOB HEKOTOPAs YacThb 3TOH TEIJIOTHl NPEBpALlaeTcs B
pafory A, a ocranbHas TENIOTA HEPEaeTcs XOJOAHIbHUKY —
pesepByapy ¢ Gosee HM3KOH Temnepatypoi T2. CxemaTHuecKu
pabora TelJIoBOIf MalUHHbLI Mokasana ua puc. 16.1.

Kosgduuenr nonestoro peficreus (KII4) Tens1osoit Maiiu-
HBI 1] €CTh OTHOMIEHHE cOoBepilaeMol 3a HUKJ padotsl A K noay-
YyaeMoMy OT Harpepartefsl KOJAHYeCTBY TeIJIOTEL @Qi:

n=— A__Q—Q ()
Q1 Q. -
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Fienn remnioBass Maumina paboraer oBpaTHMO, T. €. NO LHKAY
IKkapue, 16, B CGOTBETCTBHA CO BTODHIM 3AKOHOM TePMOAHHAMU-
wu, ee KI1JL saBneut TobKo O TemMnepartyp Harpepartens M Xo-
NOJBNbHIKA:

= = e = . 2
T T, )
B xonop1abHol ManinEe Bee APOUECCH IIPOUCXOAAT B 06paT-

HiOM HanpasJieHud (puc. 16.2). 3a cueT coBeplienysi Mexannye-
CKOF pabOThl HEKOTOPOE KOJHYECTBO TENJOTH Q2 OTHUMaeTCs OT

LHaepebuineit Lypgyud pesentyay
7

Aadoueey
1RGN

Xaradunsran Awrodneid peseptyap
Pue. 16.1. Ilpunusnnainsnas Pue. 16.2. Tipunnunuanvhas
exeMa TEHJOBOH MatiHHH CXeMa XOJIOAMJIBbHOH MallMHbl

pesepByapa ¢ Gonee Huakoil temnepatypoii T:. Ilpu stom pe-
sepeyapy ¢ GoJee BBICOKOH Temieparypoit 7Ty mnepepaercs
KOJIHYECTBO TEMJIOTH @y, paBHoe cymme A-+Q2. Ecan xo10a1ab-
pas MamuHa paGoraer oOpaTHMO, T. €. €8 MOXHO HCMOJb30-
BaTh W KaK TEMJOBYIO MalHHY, TO JJisi Hee TaKiKe ClpaBef-
JIHBO CceoOoTHOMEHHe (2).

Fpu ncnosb3oBaitil X0I0ANBHOA MAIIHHbL 1J15 3aMOPaXKH-
BalMsi BOABI poJib pe3epeyapa c 6oJiee BRICOKOH Temneparypoil
T, urpaer OKpy:KaloUMi BO3AyX, a po/ip pe3epByapa ¢ HU3KOI
temnepaTtypoit Te — 3aMopa:kuBaemasi Boja. Temneparypa
BOJABL OCTAETCS HEH3MEHHOH, [OKa BCS OHA HE IIPEBPAaTHTCH B
JIeJl, HECMOTPS Ha TO YTO Y Hee oTHUMaeTcs TenJsora. [na toro
ytofbl 3amoposute npu O °C maccy BOABL M1, OT Hee HYXKHO
OTHATH KOJIHUECTBO TENJIOTH Qa=Mhm, Iie A — yaeanHas Tenao-
Ta maaBsaeHus Japga npu 0 °C.

3amensna B ccorHowendd (2) Q na A-+Q: ¥ noacTasafng
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BMECTO (J2 mpOH3BejelHe Am, NONyYHM
A T,—T,
A—{‘?\.ﬂl - Tl ’ (3)

A=hm (T/To—1). ()

KI1[ tensoBo#l MalIMHBL TEM BBILIE, Y€M GOJBLIE OTHOIHEHHE
T\/Ts. Uem Goabllle 3T0 OTHOLIEHHE, TeM OOJbLUAS 4aCThb i10-
JyYeHnofl OT Harpeparte/s TENAOTH Npespariaercs B padoTy.
Y X0J0auALHOA MalIMHBI BCE HA00OPOT: 3¢XpeKTHBHOCTH o€
pafoThl TeM BhILIE, YeM MeHbuie otHouexue T/72. Kax Buano
w3 gopmy.sl (4), pabota A, KOTOPYIO HYKHO COBEPILHTL, YTGOLI
OTHATH ¥ XOJ0ZHOIO Telda OAHO H TO XK€ KOJHUECTBO TeMJIOThH
Am, TeM MmeHplue, ueMm O.aMKe K eaupuue ornowenue T1/T..
Taxum ofpasoM, uyeM OiaMxKe TeMmepaTypa OKpYKalouLero
Bo3yxa K 0 °C, TeM MeHbIIe SHeprHH Tpedyercs 445 3aMopaxii-
sanua 1 kv Boxet. [Ipu 20 °C BoipaxeHne B ckoOkax B popmyJie
{4) pasuo 293/273—1=~0,073. Yienbsasi temiora nJaBJEHHs
avaa A upu 0 °C paBna 3,34 10> [Lx/kr. Ilostomy nss 3amo-
paxuBanug | Kr BoARl notpedyercst coBeplIMTbL padoty A=
=2,4-10¢ k.

[loayuennana dopmyaa (4) cnpaseasusa  AJast oOpaTHMOf
XOJONANALHON MAIUHHBL H, CJ€0BATeNbHO, ONpeesaseT MHIIH-
MabIYIO SHEPTHIO, KOTOpasd HeofxoauMa I/1d 3aMopaKHBaHKsA
soanl. Jhiobag peasbHas X0J01HAbHAA MawHHa pafoTaer He-
ofpaTHMO H TO3TOMY notpefyer OOJAbLIMX 3aTpaT 3IHECPTHH.
Dr0T BHIBOJ OCHOBAIl Ha BTOPOM 3aKOHE TEPMOAMHAMUKH H He
3aBUCHT OT TOTO, KAKOE HMEHHO YCTPOHCTBO HCMOAB3YETCS AJSI
3aMOpPAKHBAHHA BOJIBL. 4

OTKyNa

17. Juuamuyeckoe oromneHue. PaszobpauHuifi B Hpeyni-
AyuIe#H 3ajaue NPHHUHA padoThl XOJA0AHILHOH MALLIHHBL HO3BO-
AsieT NOHsITL WS IHMHAMHYECKOTO OTONJEHHs!, BLICKA3aHHYIO
Tomcorom B 1852 r. Dra uaes 3aROUALTCS B CJAENYIOUEM.
Tensora, noJaydYeHHas! NPH CKHIAHHA TOMIMBA, UCHOJIb3YETCH
He AJA HerocpeJCTBEHHOro 060rpeBayts OTalJIHBAeMOr0O TIOMe-
WEeHisI, a HANPABJACTCHA B TENJIOBYIO MAIUWHY JJS NOJYUYEHHs
mexaHuueckoil patotsl. C noMoiIbIo noaydedHoll paboTs NpHBo-
AUTCS B JHCTBHE XOJOAMALHAR MaIUWHA, KOTOPasl OTHUMAaeT
TEMJIOTY OT OKPYJKAIOIEH CPEIbl M OT/AaeT €¢ BOJE B OTONHTE b+
Hoft cucreme. B ueM npeumymiecTBa TAKOro AMHAMHYECKOTO
OTOMNJIRHUS ?

A Ecau HMeeTcsl HCTOUHHK SHEPrHH, C MOMOIIBID KOTOPOro
MOKIIO NOJYYHTb MEXaHHUeCKyio paGoty A, To npu Henocpes-
CTBEHHOM OTONJIEHHH KOJHYECTBO TENAOTH Q, MOCTynamouee B
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OTONMNTENILHYIO cucTeMy, pasHo 3Tofi padore: Q,=A. Hanpu-
Mep, B OOHYHBIX 3JIEKTPOHATPEBaTeNbHHIX MpHOOpax BCs MOT-
peGasemas 3AeKTPOIHEpTHA, T. €. paboTa 3/CKTPHUECKOTO
TOXd, lipeBpaillaeTcss B TEIJIOTY. .
Ecan ke 3Ty paboTy MCNOb30BATh /i IIPUBEJERHUS B A€ii-
CTBHE XOJOJANJBHOH MallHHH, TO, KaK MBI BUIEIH B Npelblly-
e 3ajaue, NoJyuaeMasl HarpeBaeMbIM TeJoM Temaora @
Gyner 60.Jblie, ueM CcoBepllaeMasn

ar o paGora' A: Q>A. TIlyctb Temne-
! paTypa BOJbl B CHCTEME OTOIJE-
: Husa pasHa T, a reMmmeparypa
-_ OKpYJKamoUell oTanJuBaeMoe No-
{ MenieHpue Cpeibl, HanpuMep rpyH-
| TOBOH BOIB! WJIM BOIBl B peke,
Af—=p=mmme e - pasua T2, npuueM T.<T,. Torna,
B COOTBETCTBHH ¢ dopmyJsont (2)

<
o -
3~

npeaLyiel 3a1auH, NoJydaeMoe
OTONNTENbHOH CHCTEMON KOJHYECT-
Puc. 17.1. 3aBncumoctp ten-  BO TEIMIOTHI
JIOTH, TNOCTynamouleil B 0TO- T, 1
! : = = (1
IuTEALHYW0 cHCTEMY, oT ee (@ ATI-—T2 A T—TT; (1

TeMITePaTypLl

Ipaduk saBucumocty @, OT TeMnepaTypel OTONMTEIbLHON CH-
cremnt Ty, Bhipaxaemoli dopmyoit (1), npusegen Ha puc. 17.1.
Buano, uto yeM MeHblIE OTJIHYAETCs TEMIIEPATypa OTONHTEN b~
Hoit cHetemil Ty OT TeMmneparypsl OKpyxKawmeid cpepsl T,
TeM OOJILIIMA BBLIMTPHIL JaeT Takad CHCTEMA MO CPaBHEHHIO
C HENOCPeACTBEHHLIM NpeBpaiieHyeM patotnl B Tensory. [lpn
oueHb 001bHIOH pasHoctH Temneparyp T: W T2, Korja oTHO-
wenne To/T <], AnHamHuecKkass CHCTEMa OTONJEHHS,  Kak
BUAHO U3 puc. 17.1, He naer saMeTHBIX npeuMmyiectB: Q—A.

B nnHaMmuueckol cucreme oTonjeHusi paGota A nosayuaercs
C NOMOMULBIO TEINJIOBOHl MallMHBEl, B KOTOPOH Harpemate/b, HMe-
o Temnepatypy T, noaydaer TenoTy Q 3a cuer CKHUTaHWs
tonansa. bygnem cunrare, uto ata temneparypa T BbHIIE TeM-
nepatypsi oronutenHol cucremst Ty: T>T,. B kauectse xo-
NOAMJBHHMKA TEMJOBOH MaIIMHEL MOMXHO HCIOJ530BaTh JHGO
OKPYXKaIOMYIo0 cpeay, JH00 BoAy B caMOH OTONHTENbHOH CHeTe-
Me. B mepeoM ciyuae TeMnepatypa XOJOAHJbHWKA paBHa Ta,
BO BTOpOM — Ty. PaccMOTpUM KaKaBli U3 3THX CJy4yaeB OT-
JENBHO.

Haunem ¢ nepsoro cayuas. C nomowsio dopmyast gaa KITJ
TeNJNOBOA MALUHHH BhIPa3uM paboTy A uepes noJyuaemoe Harpe-
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BateaeM MpH CHHMAaHHK TONJAHBA KOJHYECTBO TEMNOTH Q
A T—T,
Qe T
OTKY 1A
T—T

Tensora, oTraBaeMasi XOJOAUABHUKY TENJIOBOfl MAIUMHBL, YXO-
JIUT B OKPY2KAIOLLYIO CPELly H He HCNOAb3yercd [/ OTOIJIEHHU.
[Tosromy Bcsl Tensora @y, NoJstydaemas
OTONMTEJNBHOH cuCTeMOH B paccmart- /7/"5”5’";1”"/’"

pHBaeMOM  cJyuae, 06ycJ/I0B/IeHa
JeHCTBHEeM XOJIOAUJIbHOM  MAalIMHBL. q
//aepe;i’ame/w L=<l N
0/
IGnUITE 508
cuemena OmonumensHas L A
7z cucrema i
Y “

Dipyscagan cosde Ty Cryse ”/”7“.‘”"" qreda
2o
Puc, 17.2. CxeMa THHAMHYECKOTO Puc. 17.3. B Takoit cxeme
OTOIJIEHH S, B KOTOP O XOM0 UMb+ XOJORHABHUKOM  TEMJOBOH
HHUKOM TENJIOBOA MAalIMHBI ABJIA- MaWHHBL CJAYHHUT BOLA OTOMHU-
eTCsl OKpyXKalouiasi cpejga Te/JbHOH CUCTEMbLI

[loacraBnasa Buipaxkenue (2) B dopmyay (1), Haxonum

Ty T—Ty o 1—TyT
QI"—Q_T"T'I___T2 '—‘Q I—Ty/T1 " (3)

Cxema JeHCTBHS TaKGCH CHCTEMbl JAHHAMHYECKOIO OTOIICHUA
nokasaHa Ha puc. 17.2.

Tepepb nocMOTpPHM, YTO NOJAYYAETCs BO BTOPOM CJayuae,
KOTJa B KAauyecTBe XOJ/OAUJbHMKA TENJOBOH MAalllMHbI HCMOJb-
3yeTcs BOAA B OTONHTEJbLHOIN cucteme. Beipaxenne a719 paboTsl,
nojay4yaemMoii B pesy.apbrare AeHCTBUA TenJ/OBOH MauUIMHBI,
Jaetcs no-npexHeMy (popmydoit (2), B KOTOPYIO Tenepb BMeCTO
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Ts caepyer NofeTaBUThL Temneparypy Ty OGosnauasn Ty paboty
ucpes A’, umeem
, T—T
A'=Q— L. 4)

B pacemarpuBaemom ciyuae OTOHNMTENbHAS CHCTEMA NOAYYAET
TEIUIOTY KaK B pe3yJbrare AefCTBHS XOJOAUJLHOH MallMHbI,
TaK ¥ HeNOCPEeACTBEHHOQ OT TENJOBOH MAIUHBL, A/ KOTOPOH
OTONKTE/bHAS CHCTEMA SIBJISIETCS XOJOAUABHHKOM (pHc. 17.3).
Tennora Q;, nonyuaemasi 3a cueT XOJOAUNBHOA MAalUMHHI, Aa-
ercs apmysoit (1), econ B Hée BMecto A 10AcTaBuTh paboty
A’, nasaemyio BoipaxenueM (4):

. ATy T—T;
QIZQ_T‘I—TI—:_—&' (5)

Tennora , nosyyaemasi OTONUTENbHOH CHCTEMOI OT TENNOBOH
MaMHel, JIEFKO HaXOAUTCS € NOMOLIbIO Bhipaxkenns mist KI1J1:
Q—Q' _T-T,

Qe — r 7

OTKyza
Q=Q1L. (6)

Ilonnoe kosmuectBO TenmaoTH (], MOCTYyHawiEee B QTORUTENb-
HYIO CHCTEMY, paBHO cymme @ u Q':
ool (T=T: 4 T, T—T, 7
1“QT<T1_T2+ ):Q—T‘" Ti—Ty" ( )

CpaBnubas gopmyansl (7) u (3), BuauM, 4ro ofa crocoBa
JIH11aMHUYECKOTO OTOIJIEHMS JalOT OfMHAKOBEIH pe3yJbTar,
Ecan BaymMaTeCsl, TO HHYETO YAHBHTEILHOTO B 3TOM HET: XOTH
Bo BTopoM cayuae KIIJ[ TemsoBofi MammHbl HHXE, 4YeM B
IIE€PBOM cJydae, M, CJe0BATENbHO, A5 JeHCTBHA XO0JA0AMIbHON
MallHHBl [OoJy4aeTcss MeHbiuas paora, 3aTO OTONHTENbLHAs
CHCTEMA NOJYYaeT JOMOJHHTENBHYIO TEMJIOTY HENOCPEACTBEHHO
OT TENJOBOH MAalIHHKL.

O6patuM BHHMaHME Ha TO, 4TO BO BCEX pacuerax M pac-
CYAJIEHHAX MBI CUHTAJH NPOLECCH B TEIVIOBOH H B XOJIOAH/b-
HOH MammHMHaX OGpaTHMbIMH: HCIIONb30BaHHLIE (HOPMYJLI A
KITL cnpaBesiuBel TOMBKO AAsA o6paTumblx Mamud. [lo-
CKOJIbKY BCe pealibHble MaWMHBI B OoJbinell HJAM Megbllel
CTeteHn HeoOpaTHMbL, TO Ha NPaKTHKe BTOPOil cilocol fuHA-
MHYECKOIO OTONJIERHSA OKa3piBaercsi 6o/nee MpeanouTHTEIbHLIM.
B camom jesie; B 370M cnocobe MeHbIee KOoJHYeCTBO NOMYYCH-
HOM OT pesepByapa ¢ camoH BRICOKOH Temneparypoit T suepruu
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UCTIBITHIBAET ABOAHBIC OPEBpameHna: U3 TeRJACTH B paGoty, 3a-
TCM CHOBA B TENNOTY. IlostoMy M noTepH u3-3a HeoGpPaTHMOCTH
B 3TOM CJ/iy4yae MeHblie. 310 OCOOEHHO SICHO B MpPEAE/LHOM
cayyae oyedn Hu3koro KITI peasinHofl TensioBo#t Mamidub: pa-
6ota A NpH 3TOM NpeHeGpeKHMO Majd, W B NEPBOM CAydALS
{puc. 17.2) Bca tenjora Q nepefiieT B OKPYKAIOWYIO CPEAY, B
TO BpeMsl KaK BO BTOPOM CJhAydae
(puc. 17.3) oma nonajaer B OTOMH- Hagpesamens
TEABHYIO CHCTEMY. A
B rtom, uro B ofoux cnocobax
peasH3auHi THHAMHYECKOTO OTOMJe-
HUSL NPU O0PaTHMBIX MpOLEccax 0To-
IUTeIbHAA CHCTEMA II0JIyYaer OAlIo
U TO e KOJHUECTBO TemJoThl
{popmy st (E’)) n (7)), moxuo yGe- T
IHTbCA BOOOWE (e3 BCAKUX pacye- cuemene 2 \A47
TOB, €CJIH BOCIOJIB30BATLCS  BTOPBIM 7
3AKOHOM TepMOAMHAMHKH B opMy- Vi
aupoke Kuaysuyca: HEBO3MOXKHO )
OCYLeCTBHTH TaKoH Mnpouecc, eaun- /)
CTBEHHBIM Pe3YJbTaTOM  KOTOPOTO
Gb1a1 Obl nepexo]l TersoThl 0T MeHee
garperoro teqa kK 0oJiee Harpetomy.
JAs RoKasaTesbeTBA NPEAROJIOKHM
[POTHBHOE: TYCTh, HaflpuMmep, nep-
Bblil CHOCO0 JAMHAMHYECKOTO OTOMJIE-  pyuc. 17.4. [poueccs »
Husa 3hpeKTHBHEE, T. €. NPH OJHOM  ofpamensofi cHCTeMe KH-
H TOM K€ KOJHMYecTBe TenJsoTsl (), HaMUUeCKOTo OTOMJICHHH
NOJTy4eHOM OT pe3epByapa ¢ camofl
BBICOKOH Temiiepatypo#l T, oTonuTe1bHas cucTeMa ¢ TeMiepary-
po#i Ty moayuyaer GoJiblile TENAOTH, YeM IPH BTOPOM crnocobe:

Q> QL (8)

OfpaTtnm Bce NpoueccH, HAywHe OPpH BTopoM crocobe. Cxe-
MaTHUIECKH 3TO OKaszaHo Ha puc. 17.4. Teneps Mamwnna MeXAY
peaepByapamu ¢ temneparypamu 7y #H T's paboraer Kak Tem/o-
Bast, U noaydaemas B Heit pafora A’ npmBomuT B jeficTBue
XOJOANABHYIO MAlIHHY MEXAY pesepByapaMi ¢ TeMmepatypamu
T n T,. B peayabTate OTORUTEIbHAST CHCTEMA OTJAeT TEHAOTY
Qi=Q’-+Q1, a pesepByap ¢ camoil Bbicokofl Temneparypoft T
nojyyaer Ttemaory Q.

Tenepb BO3bMEM IEPBYIO CHCTEMY AMHAMHYRCKOTO OTO{lfe-
nust (puc. 17.2) n obpawennyio sropyio (puc. 17.4) u 3actaBum
nx paboTaTe OJHOBPEMEHHO MEKAY OJHHMH H TeMH Ke TpeMs

iw/szzsz 125 RO ]
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TENMOBHIMH pesepByapamu. B pedyabrate Takol COBMeCTHOH
paGoThl Topaunit pesepsyap c Temneparypoit T oraaer u noay-
yaeT OLHO M TO K€ KOJHUYECTBO TENJIOTH Q, T. €. HUKAKHX N3-
MEHEHHH € HMM He RpOoUCXOAHT. OTONHTENbHA CHCTEMA BCJEN-
CcTBUE CAenaHHoro npepnoJsoxenusa (8 npoayuaer 6oJblue
TeNJIOTH, YeM OTA4eT, i B HTOTE M0JYy4aeT TeilJIOTY OT OKPYKa-
womedt cpefpl. Takum o6pasoM, eAHHCTBEHHBIM De3YJbTATOM
COBMECTHOIO JefiCcTBHS JIBVX CUCTEM $IBJISETCS NePeXOj TenJ10ThH
OT OKDYKaIoILed CPesibl B OTORH-
4 TEJABHYIO CHCTEMY, T. €. OT MeHee
Harperoro TeJa K Oojee Har-
peroMy. A 3TO NPOTHBOPEYHT
BTOPOMY 3aKOHY TEpMOAMHAaM-
ukH. CrepoBarte/bHO, CcHeAaH-
HOE npeanoaoxkeHie (8) newep-

HO.

CoBepluIEHHO  aHAJOFHIHO
7~ MOXHO JIOKasaTb, UTO npH 0b-
7 paTHMBIX Npoleccax npOTHBO-
Pic. 17.5. 3aBncumocTh Temno-  [OJOXKHOE NPEANOJNOKEHHE O
Thi, NOCTYNIAIONER B OTONHTENb-  Gonpiefi S¢eKTHBHOCTH BTO-
HYI0 CHCTEMY, OT €e TeMIepaty-
pl Ty npH AnHaMuueckom oron- POTO  CIOCO0a AMHAMHYECKOro

JeHHH OTONJIEHHS TaKxke NPHBOAUT K

NPOTHBOPEUHIO CO BTODHIM 3a-

KOHOM TepMOJMHAMMKH. 3HauHT, o6a cnocofa OAHHAKOEO
s¢ipeKTHBHB: Q,=Q7. _

Hceaenyem ~3aBHCHMOCTb NOJYyYaeMOH OTOMUTENBHON cH-
CTeMONl TemJoThl (; OT COOTHOILEHHS MEXIY Temnepartypami
narpesatesst T, oronurTeqbHOH cHcTeMbl 7y M OKpyKaiomieil
cpeapt Te. Ipaduk 3apucumocts @ or Ty, Boipaxaemoli ¢op-
MyJaofi (3), mokasaH Ha puc. 17.5. [lockoabKy Temmeparypa
OTONHUTE/bHOR cHcTeMbl 7; HHXKe TemIepaTyphl HarpeBatels
T u BbliIe TEMOEPATYPHl OKpY:Kawomen cpeapl Te, TOo rpadux @,
pacniosioxern Mmexay rtoukamu T2 u T nHa ocu abcuycc.

W3 sroro rpaduka BUAHO, YTO NPH 3aZAHHBIX 3HAYCHHAX
TeMnepaTypsl okpyxatowei cpeapt T2 1 narpesatens T auna-
MHUecKasi cHcTeMa Oyner Tem Oogee sadypexTHBHa, ueM Banie
TeMilepaTypa B OTOIMTEJNbHOH CHCTEME K TeMIepaType OKpy-
JKalomel cpefibl. B 3THX yCJOBHAX TENJOTa, NOCTyNawlias B
OTOIIHTEJbHYIO CHCTEMY, 3HAUHMTEJNLHO MNpPEBHILAET TENJOTY,
TIONYUEHHYIO NIPH CXKHUTaHUM TomauBa. Ecau xe temneparypa
narpeBartesss T He3HayuTeNLHO TIPEBHILLAET TEMilepaTypy B
OTONUTENLHOH CHCTEME, TO HCHOJIbL30BaHHME JAUHAMHYECKOH
cucTeMbl He Jaer npeumyuiects: Q;—Q npu T.—T.

}
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Hcnonb3oBanye AHHAMHYECKOTO OTCIJIEHHS SKOHOMHUYECKH
nesecoofpasiHo TOTAA, KOrja Pacxolbl HAa €ro CoopyXeHue H
SKCRJyaTalllo KOMIEHCHPYIOTCS CTOMMOCTBIO CIKOHOMJIEHHOTO
TONJINBA.

HurepecHo OTMETHTb, 4TO AHHAMHUECKOE OTOMJEHHE MOIKeT
aefictBoBath U npu T'<<Ty, T. e. Korja Tpebyercsl Nepenarts
TeJy TEIVIOTY OT Harpemartessi, TeMmneparypa Koroporo 7
MeHbILle Temneparypsl T HarpeBaemoro tefa. OUeBHAHO, 4TO
AJid 3TOTO MOXKHO, HaNpHMEpP, BOCHOAb30BATHCA CXEMOH,
npuBeAeHHOR Ha puc. 17.4, B KoTOopoifl caelyeT TOMEHSTb
MECTaMH HarpeBaTe/b H OTONMTENbHYIO CHCTEMY. A

18. Mepeceuenne usotepmbl H asuabarn. Moxer Ju cy-
IIeCTBOBATL TAaKOE BEUIeCTBO, KOTOpPOE MOMKHO MNepeBeetH
¥3 HEKOTOPOTO HavaJbHOTO COCTOSIHHSI B OJAHO M TO JK€ KOHey-
HOE COCTOsIHME K aAHabaTHYeCKH, H H30TePMHUECKH?

A Cpasy 4CHO, 4TO MJeasbHblH a3 He MOXET CJAYXHTb
NpUMEPOM TakKoro BemiectBa. JeficTBHTeNbHO, BHYTpEHHAS
3HEPrua HLeaJbHOTO ra3a — 3TO KHHETHUECKas SHEPTHA XaoTH-
YECKOTO ABMIKEHHS €r0o MOJEKYJ, KOTOpas 3aBHCHT TOJIbKO OT
TeMnepatypel rasa. Ilpn asuabatiyeckoM npouecce Tenaoos-
MEH € BHeWHEH cpelod OTCYTCTBYeT H, BCJEJACTBHE NEpPBOro
3aKOoHa TEPMOAMHAMHKH, paloTa MOXeT COBEpPHIATbCSI TOJALKO
3a cuer BHyTpenneil snepruu. [lostomy, Hanpumep, npHu pac-
LIMpEHHH BHYTPEHHAN 3IHEPTHA JOMKHA YObIBATb, 4YTO AJ%
HCANLHOTO Ta3a O03HAYAeT YMEHbLICHHE ero TeMrepaTypul.
HNrak, npu apnabatHaeckoM npouecce hjleasbHbId ra3 HUKOTAS
lie NpUIET B COCTOAHNE C TOH Ke Temiepatypoi.

OnHaxo H3MeHeHHe TemMnepatypbl B aiHabaTHUECKOM Rpo-
llecce C BELIECTBOM, MEXKIY MOJIEKYJaMH KOTOPOrO CYIIECTBYET
B3aHMozeficTBHe, MOXKeT M ne .GhiTh TakuM npoctshiM. Ilycrs,
HanpuMep, TNOTeHHHANLHAS 3Heprust B3aHMOACHCTBUA TaKoBa,
YTO B CHJIbHO CXKAaTOM COCTOSIHMH, KOTZa DacCTOSAHHS MEXAy
MOJEKYJaMH MaJibl, NpeobsaajaloT CHJbl OTTAJKHBAHUA, & NpPH
pACIIMPEHHH, T. €. YBEJIMUEHHH 3THX PAacCTOSIHUH, HAUYMHAIOT
npeofaafarh CHJBl NpUTs:KeHHA. Torja, Kasajock Obl, MOXeT
CTyYHTBCA TaK, 4TO MNpH aidabaTHUECKOM pAaCLIMPEHUH CH-
CTEMBl M3 CHJBHO CXKaTOUO COCTOSIHHS YMEHbIIEHHE NOTeHIH-
albHOA 3HEPrUYM B3aMMOJeHCTBHS MOJEKYJ OOeCNeYnT He
TOJBKO COBeplleHHe paboThl, HO M YBEJHYEHHE KHHETHYECKOH
SHEPruH XaOTHYECKOro ABIKEHHHA, T. €. yBeJHdeHHe Temmepa-
typul. [lpn naspHefimeM pacmupeHuy, Korja OTTaJKHBaline
MEXIY MOJEKYJaMH CMEHHTCSl NPHTSKEHHeM, NOoTeHuHasbHas
SHEeprusi B3aHMOJAEHCTBMSA MOJIEKYJ HAYHET YBeJUUHBATLCS.
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Teueps Takoe yBeJqueHHe MOTEHUHANbHOA JHEPrHH, KaK H
coBepileHne paGoThl TPH PacliMPeHuH, OyACT NPOHCXOIHTH
TOJILKO 33 CYET KHHETHYECKOH! SHEPTHH Xa0THUECKOro ABHKEH U
MOJIEKYJI. A 3TO 3HAYMT, YTO TeMMeparypa cicTeMel OyieT yOul-
BATh ¥ MOXKET IPUHATH TO 3HAYEHHEe, KOTOPOE OHA HMMesaa /o
H1auaaa paclIdpeHus.

Taxum ofpasom, ¢ TOYKH 3PEHHS MOJIEKYJIsIPHO-KHHETH-
YecKOl TEOPHM Ha NEepBbIH B3LJIAJ HE BHJHO, NOYEMY BEIECTBO
C TaKUMH CBOHMCTBAMH He MOrJo Gbl cyuiecTBoBath. OAHAKO
MOXKHO Cpa3y MoKasaTh, YTO C TOYKH 3peHud oOWHX 3aKOHOB

A 7 V4

4 e a 14
Puc. 18.1. HMaorepma u apnabara Puc. 18.2. Uuka Ttemiosoit ma-
THMOTETHYECKOrO BEUIeCTBA UIMHBL ¢ pabouHM TeJOM H3 [H-

noTeTHuecKoro peuecraa

TEPMOAHHAMHKH CYLIECTBOBAHNE TAKOTO BelIECTBA HEBO3MOXKHO.
JT0 JIETKO J0Ka3aTh, PacCyXkjpas OT NPOTHBHOIO.

ITpeanonoxumM, 4TO TAKOE BEIECTRBO CYIECTBYET, T. €. M3
1AYaJbHOr0 COCTOAHHMSt | MOMKHO OpUIATH B HEKOTOpOe Co-
cTosiHHE 2 ¢ TOH Xe TeMuepaTypoH Kak no usorepme T ==const,
TaK W no aauabare Q=0 (puc. 18.1).

Moxer noxasatecsi, yTO Takoil X0 aaHabaTel NPOTHBOPE-
YNT ONHCAHHOH BBILIE MOACJH I'MIOTETHYECKOTO BellleCTBa, Y KO-
TOPOro npH agHabaTHYeCKOM pPacliMpEHHH TeMmiepatypa cHa-
4ana BO3pacTaer, a 3areM yMeHbiiaercsa. Benp za puc. 18.1 B
COOTBETCTBHH € PAacCMOTPEHHOH MOJeNLI0 NMPH OAHOM H TOM
ke oOpeme GoJiee BHICOKMM TeMIepaTypaM COOTBETCTBYIOT
MeHblIHe jaBjenus. HanoMmHHM, OAHAKO, 4TO peup Hjer He
06 ugealbHOM rase, a O THNOTETHYECKOM BeLlecTBe, ypas-
HCHKE COCTOSIHHSI KOTOPOTO MOXKET ObITb OUEHb CJAOMKKHBIM.

 BeuiecTBoO ¢ TakMMH CBOHCTBAMH MOXKHO HCNOJIB30BATh B
KauecTBe pafouero tesa B TEMJIOBOH MalluHe, PafouyHil UHKJ
KOTOPOH COCTOHT H3 H30TePMHUECKOTO pacIiMpeHus OT COCTOs-
uust I o cocrosinusa 2 u aguabatHyeckoro cxartua (puc. 18.2).
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Bo BpeMs M30TepMHYECKOTO paciuupenns pabouee Te10 noJy-
yaeT TENJIOTY OT OKpyxaiomieilt cpeapl. [lpn agmabariiyeckom
CHaTHH TenJoobMeH OTCYTCTBYeT. 3a BeCh LMK/ MalinHa
COBEpUIdeT [ONMOXKHTEIbHYI paboTy, paBHyl IJIOWAAH, OF-
panuueHHof uHKJAOM Ha p—V-nunarpamme. K KOHUYy uuxjia
pabouee Te/ O BO3BpAINAETCS B HCXOJHOE COCTOSIHHE H, CHEf0-
BAT€NbHO, BHYTPEHHSS SHEPrHs NPHHHMAET CBOE NepBOHa-
yasbHoe 3nadenue. [lo3ToMy Ha OCHOBAHHMH NEPBOTO 3aKOHA
TEPMOAMHAMUKH MOXHO YTBEPXKJAaTh, UTO BCHA M[OJYUYEHHAR
CHCTEMOH 3a HHKJA TelVIoTa LEJUKOM IpeBpatujiach B paboty.
Takas MmamuHa npeacraBhaser co00f BeUHbI JBHUrare/lb BTO-
poro pofa. CymecTBOBaHHE TAKOH MallHHBI 3al1PLIeH0 BTOPbIM
33KOHOM TePMOAHHAMMKH, KOTOpHIA B dopmysnposke Tomcona
HMEET BHJA: HEBO3MOXKHO CO3JaTh IIEPHOAHYECKH JAefiCTBYIOMYIO
TERJIOBYIO MalUIHHY, KOTOpas BCIO HOJYYEHHYIO TemJOTy LEJH-
koM npespawana 6p1 B pabory.

Hrax, Mbl MOJYYWJH TIPOTHBOPEUHE CO BTOPHIM 33KOHOM
TePMOJAUHAMHKH. 3HAUYUT, BELIECTBO C TAKUMM CBOHCTBAMHM HC
CYLIECTBYET.

B paccy:kaeHusx Mbl npeanoJarajy, 4YTo c€oeJMHSIoman
coctosing 1 n 2 m3orepma JeXKUT Ha p—V-1uarpamme Bhllle
aauabarbl M TPH H30TCPMHUECKOM paClHipeHHH Halle TUno-
TETHYECKOE BELIECTBO NOAYUAeT TEIVIOTY. ECJH BpPeLIoJ0KUTS,
yTO aAnabara JIeXKUT BblHIe H30TEPMBl, HJAH YTO HPH H30TEPMH-
YECKOM paciilpeHHn FHIOTETHYECKOE BeLileCTRO OTAAET TENJIOTY,
WIH U TO U APYTOe BMECTE, TO aHAJOT HUHBIMH PACCYHACHHUAMH
MOXHO Y6eAUThCH, YTO BO BCEX 3TUX CAydasx Ml Oyjiem IpH-
XOJMTb K NpPOTHBOpedMto JH6O co BTophiM, JHOO jaike C nep-
BHIM 33KOLUOM TCPMOAMHAMMUKH. A

- 19, Japaenne paaxHoro eo3nyxa. JIBa cocyia obwveMom
V=107 xaxAblil HanoJHEHbl CYXHM BO3AYXOM [IpH JAaBje-
uu p,=1 arM H rtemnepatype f,=0°C. B nepsriii BROAAT
m;==3 T BOJAbI, BO BTOPOH mz=15 r U HACpPeBAIOT COCYIH JO
remnepatypbt (=100 °C. Onpeaeinth JAaBJ€HHE BJAXKHOTO
BO3AyXa NPH 3T0ff TeMRepaType B KaxKAOM cOCYJe.

A Bpepennasi B cocyl Boja HCIapsercs, H JiaB/eHHe B CO-
CYAe cornacHo 3axkony JlanpToHa CTAHOBUTCA PaBHBIM CyMME
NapuMalbHBIX JaBJeHHI BO3AyXa H NApOB BO/HL

[apunanbnoe naBieHHe BoafyXa p B 0OOMX COCYAaxX OfH-
HAKOBO K JIErKO HAXOOHMTCA ¢ moMmowpio 3akoda Hlapas, tak
KaK narpesanue HeU3MeHHOH MacChl BO3AYXa NPOHCXOMHT NpH
ocToANHOM o6beMe (uB0 TENJIOBBIM paciuupenyeM cocyla
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MOXKHO NpeHebpeyn):
p=poTIT,=1 atm-373 K/273 K=1,37 atmm.

Tenepb onpepeauM napumasbiuoe JAaBAeHHE p; BOIASHOLO
napa B nepsoM cocyge npu 100 °C. Jas storo Bocnonbayemcs
ypabHenuem Mengeneesa — Kuaaneiipona

1
Pi=v - RT. (1)

ToxcraBaas B (1) uuchoBbie 3uaueHuss Bcex peauyun (K=
=0,082 atm-a/ (Mo -°C), u=0,018 &kr/moJn), Haxoaum p,==
=={},51 arm<Cl at™. [TosHoe naBnenue B nepsom cocyjie p-+p =
=1,88 atm.
[oacuuras Takum ke 06pa3oM napiHaibHOE JaBJeHUE BOIs-
HOrO napa BO BTGPOM COCYJe, NoayuuM p:=2,65 atM>1 atm.
Hrak, kasasnoch Obl, MOJIHOE JlaB/eHHe BO BTOPOM COCYIe

pt-p2=3,92 at™.

Ho ue 6yzem Toponutses. Iloaymaem, Moxer au AaBaeHue
Bogsasoro napa npu 100 °C 6uth Gosbute 1 atm. Benommum,
4TO npH KaBjeHuu 1 at Boaa kunut npu 100 °C . Oro suauur,
4TO J4BJICHHE HACBHILIEHHOTO BOASIHOTO Hapa paBHO 1 atM npH
1900 °C. Hpyrumu c/0BaMH, JaBJjeHHe BOJASHOrO Mapa npu
100 °C npu Ha/iMuuK cBOGOIHON HOBEPXHOCTH KUIKOCTH HHKOT-
Ja He moxer npesbimiath | atMm. IlosTomy Bo BrOpOM cocyre
BOJAA UCNApUaach He MOJHOCTBIO, Hap OyAeT HACHLUNEHHBIM U
ero rnapuuajeHoe fapienie paHo 1 at™. [lonnoe aaB/enue B
sToM cocyle p+1 atm=2,37 am.

[Togymaiite Tenepb, Kak MOXKHO NOACUHUTATH MACCY HeHCMA-
puBLIeACH BOABI BO BTOPOM COCYJE.

[Ipu petuenny 3Toil 3aiaui 451 HAXOKAEHHUS JaBJEHHS BOJS-
HOTO Mapa Mal HCHOJb30Ba/jiH 3aKoH Menjeneesa — Kaamnefi-
poHa — ypaBHEHHE COCTOSIHUSI MAea/IbHOrO raza. IJTO0 MOKUO
eAath JJIS JOCTATOYHO Pa3peKEHHOro [1apa  He3aBHCHMO
OT TOrO, sIBJAAETCs JHd OH HachlmeHHbM Had Her. OZHAKO co-
JiepaKaHHe 3aKOHA B 3THX ABYX CJyuasiX COBEpPILIEHHO Pa3/HyHo.
Ecny nap faszek OT HachleNnHs, TO, HCMOAbL3YS ypaBHEHHE
(1), Mbl HAXOAMM JA2BJIEHHE MAapa, KOTOPOE OKa3bIBAETCS BEChMA
GauskuM K nadmonaemoMy Ha oneite. (15 HachimieHHOro f1apa
HCIO/IB30BAHHE 3TOTC YPABHEHUA [LJIA HAXOMACHHUS [ABJMCHHUA
ODPHUBOAMT, Kak Mbl TOJILKO 4TO BHAEJH, K abcypay. OaHaxo
370 HE O3HAuaer, yro 3aKoH HeBeped. Ec/u Boluuc/ientos no
ypasuenuio (1) faBjenne BOAAHOrO mapa okasbiBaercs GOJLHIE,
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ueM J2BJCHYE HaCBULEHHOTO Napa npH JaHHOH TeMmnepatype,
TO BTO O3HAYAeT, UTO Ha CaMOM Jesie Macca fapa MeHblle TOf,
KOTOPYIO Mbl TOACTAaBAAJM B ypaBHeElle,— YacTb BeINECTBA
Haxoautcs B wuaxoil dase. Iloacrasaas B popmyay (1) nas-
JieH¥i€ HaCHILEHHOrC napa, B3fToe 13 TabJil, MOMXHO M3 Hee
HallTH MacCy HachILIEHHOTO napa, cozepskaulerocst B ooreme V
npun temnepartype T.

Takum obpagom, npumensia ypabuHeHne Menjeneea —
Knanefiposa kK napaM, HY/KHO BCe BpeMsi HMeTb [OJ PYKoH
TaGAMLY 3aBHCHMOCTH JaBJIEHHS HACHIIIEHHOrO Napa OT TeM-
1eparypel, T. €. 3aBHCHUMOCCTH TeMiiepaTyphl KHIEHHS OT JaB-
JIEHHS .

Tenephb Bb Ge3 Tpyja cMOXeTe OTBETHTL HA IOCTaBJEHHHH
JIONOMHHUTENBHLI  BORPOC — ONpEAeaNTh Maccy Heucnapub-
weics BOJ BO BTOpOM cCocyle. 4

20. X upkoctb B Kanmuiape, BepTHKanbHyI0 KaNWIAPHYIO
TpyOKY C BHYTPEHHUM pajlyCoOM 7 ONYCKAOT HHAKHUM KOHLOM B
MHUAKOCTb € NOBEPXHOCTHBIM HATMXEHHEM O H IJIOTHOCTBIO {.
JKYMAKOCTb NOJHCCTHIO CMavylHBaeT MOBEPXHOCTb Kanujaaapa.
Kakoe KOJHYeCTBO TENJOTHl BHIJIEJNHTCS B NpoOLECce NoAbeMa
FULKOCTH?

A Tlouemy Beoofule 1pH NMOALEME KUAKOCTH B Kamujjsipe
JOJIXHO NPONCXOMUTH BbiieseHne Tenaotsi? Iloa Beinenennem
TENJIOTH MOHHMAIOT HeoOpaTHMOoe MpeBpalleHHe MeXaHNIeCKoil,
3JEKTPHUECKON H JAPYTHX BHJOB 3HEPTHH B SHEPIHIO XaoTHye-
CKOro TeIVIOBOrO JBHXKEHHs MoJaekyna. B sroit dpase, no
CYIIECTBY, YK€ COAEPKHUTCH OTBET HA NOCTABJEHHbIHI BONpPOC:
HayaJpHOE COCTOSTHHE CHCTEMBI, KOrja HHXKHHA KOHel Kanua-
J5ipa NpHIEa B CONPHKOCHOBEHNE C XKHUAKOCTBIO,— 3TO HepaB-
HOBeCHOE COCTOAHME, U3 KOTOPOTO CHCTEMAa CaMONpPOH3BOJbHO.
NepexoIuT B KOHEUHOe PAaBHOBECHOE COCTOSHHE, NMPHYeM 3TOT
nepexoi coBepliaeTcs HeoOpaTHMBIM 00pa3oM, € BhIAEJICHHEM
TENJIOTHI.

Urofel HaliTH KOJIMYECTBO BLIAeJsOLeHcs TEIIOTH, pac-
CMOTPUM JeTa/]M 3Toro HeofpaTHMoro npomnecca. B koneunom
COCTOSAIHHH CTOJ0 JKHAKOCTH TIOKOUTCS, MOAHSBIIHCH Ha BHICOTY
h, KOTODYIO MOXKHO ONpeaeJHuTb M3 YCJAOBHS MEXaHWUeCcKOoro
paBnoBecHd. [eiictByioian Ha cT010 KUAKOCTH CHJIA TSIKECTH
P, paBHaf no Moaymo nrihpg, ypaBHOBEIUHBAETCS JeHCT-
BYIOLLEH BEPTHKAJNLHO BBEPX CHJOH F MOBEPXHOCTHOrO HATH-
JKEeHUs1, IPHAOKENHON K CTOIOHKY KHAKOCTH 10 BepXHell KoJlb-
1eBOH TPAHHUE CONPHKCCHOBEHHS JKMUAKOCTH ¢ BHYTpEHHEH
NCBEPXHOCTLIO  Kanuaaspa. Jawna sToff rpanuunl papna
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2ar, nostoMy F=2rro. INpupaBuuBag P u F, Haxogum
h=20/pgr. h

Hentp macc sroro croafa Maccod m=mnrhp HAXOHHUTCHA
na peicoTe h/2 Hai NOBEPXHOCTHIO XKUAKOCTH B cocyne. [Tostomy
€ro  MOTEHUHANBHAS SHEPTUs

E,=mgh/2=2n0%pg. 2)

Pabota A cuan TOBEPXHOCTHOTO HATAXKEHHUS, COBeplilaeMas
NpH TOABEME XKHAKOCTH Ha BBICOTY A, paBHA

A=F h=4no%pg. 3)

Bunio, uro sta paboTa CHJAbl NMOBEPXHOCTHOrO HATANKEHHA
foJiblUe, ueM {loTeHIHaAbHAA SHEpTHs cTosba KuaxoctH. Ode-
BUJHO, 4TO H30BITOK paboThl M paBeH HCKOMOMY KOJIHYECTBY
BhUieaUBLIefica TemJoTH Q:

Q=A—E =2ne%pg. 4)

HurepecHo oT™MeTHTB, YTO NpU cBOOOAHOM HOALEME, KOTAA
HUKAKHE JIPYTHe CUJBI, KPOME CHJ TAXKECTH H NOBEPXHOCTHOTO
HATHAKEHUS, He JeACTBYIOT, KOJIUYECTBO BhLACAUBILIEHCS Teno-
THl pPABHO POBHO NOJIOBHHE PabOTH CHJIBI TOBEPXHOCTHOTO HATA-
Keuus. [IpH TakoM noxwseme pa3orHaHHAs CUAAMH NOBEPXHOCT-
HOTO HATSAMEHHS JKHAKOCTb «IIPOCKAKUBAET» IO HHEPUUH
[OJIOPKEHHE PaBHOBECHSA. B OTCYTCTBHE TPEHHS KUAKOCTb B Ka-
nuAaApe  copepluasa Obl HesaTyXxawluue KoJAeOaHHS OKOJO
CpPEJHEerOo NOJOKeHHs /1, MOJHUMAaACh HA MAKCHMA/TbHYIO BBICOTY |
2h. PeanpHo, Zame IPH HUYTOXKHOH BA3KOCTH MUJIKOCTH, 3TH
KOJieBGaAHUA NOCTENeHHO 3aTyXaloT, YTO CONMPOBOKIACTCH BhIJE-
JenueM tenaotsl. Ilpu AocTaTo4HO GOMBLION BA3KOCTH KOJe-
Oatinsl BOOOULE HE BO3HUKAIOT: HA BLICOTE /i CKOPOCTh HHAKOCTH
yaKe YMEeHbIIaeTcsl A0 HyJs.

KoniuecTBO BoIEISOEHACS TEMNIOTEl MOKHO CAENATh MEHb-
e H jaxe Boobme cfesaTh PABHLIM HYJIO, eCaAH 00eCneynTsh
yCAOBUA A OGpPaTHMOTO flepexoia B KOHEYHOe COCTOsIHHE.
Has sToro cTo0MK JKHIKOCTH B TeyeHHe BCEro npoiecca
NoABEMAa JOJMKEeH HAXOAHTBLCS B COCTOSHHW PaBHOBECHH, T. €.
KpoMe CHJIbl TSKECTH M CHJBI [TOBEPXHOCTHOTO HATSKEHHT K
HEMY HYMKHO MNPHJIONKHTb elle JNONOJHHTENbHYIO BHELIHIOH
cuny. OGpatuMblii  Nepexo] B PaBHOBECHOE KOHEUHOE COCTOM-
HHe BO3MOMKEH TOJBbKO TOr[a, KOTAA pacCMaTpUBaeMas CHCTEMA
coBepiiaeT paboTy HaX BHELUHUMH Tenamu. Kcraty, nogymaiire,
KaKyio JOTIOJHUTEIBHYIO BHEILHIOW CHAY CAEAYET NPHAOKHTb K
CTOJNOUKY KHAKOCTH B KaxKAbll MOMEHT €ro nojnema, yTodnl 1e
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PONCXORUNIO BHiENEHH TenaoTe? Kakyio paGory coBepunt
IIPH 3TOM CHETEMA HAJ{ BHEIIHWMH TeJaMH?

Jlaxe nosy4ynB OTBETH HA 3TH BOMPOCH, CTOHUT elle 3aj1y-
MaTbes H HaJ TeM, 3a CUET 3anaca Kakoi SHepruy coBepHiaeTcs
paborta cHJIaMH NOBEPXHOCTHOTO HATSIKEHHS H Kak OOBSICHHTH
TOT (paKT, YTO B KOHEYHOM COCTOSIHIH YCTOHUMBOrO paBHOBECHS
NoTentHaJbHas HEPrus oKasbiBaeTcs 6GoJiblile, yeM B HCXO[-
HeM HepaBHOBecHoM cocrtosinuy. leno B TOM, 4TO Hapsay €
NoTeHHUAALHONR 2Heprueil B roJe TAMXECTH paccMaTpuBaeMas

Pue. 20.1. K BoluMc/IenMio NOBEP XHOCTHON 3HEPTHH XKHJKOCTY

CHCTEMa XapaKTEePU3YyeTCs emle H TaK Ha3biBaeMoil MOBEPXHOCT-
Hofi speprueil. [loBepxHocTHAd 3HEPrus NPoOHOPHHOHANBHA
nrowagy S cBOGOAHOH NOBEPXHOCTH KHAKOCTH:

Wnoa =0aS. (5)

10 BLIpAXKEHNE MOXKHO NOJYYHTHL, OpuUpaBHHBas pabory, co-
BEpHIAEMYIO BHEIIHHMH CHJIAMH TIPH yBEJHUEHHH IMIOWAAH 1O-
BEPXHOCTH TOPH30HTaNbHOHA nJeHku (puc. 20.1), npupamennio
NIOBEPXHOCTHOH 3HEPrUm:

F.x=20lx=AW

Ilpu mepemelnenun nepemsiuky Ha puc. 20.1 miomais cBoGOA-
HOHl NMOBEPXHOCTH KHUAKOCTH Bo3pacraer Ha AS=2/x, TaK Kax
nseHKa Mumeer 4se cBoboiubie noBepxHocTH. Ilockoapky pac-
CMaTpHBaeMoe MeAJEHHOE H3MEHEHHE NMOBEPXHOCTH, NPH KOTO-
pOM B KaXKJABIHE MOMEHT UMEeTCs paBHOBECHE CILT, SIBJIAETCHA
06paTHMbIM, TO NOBEPXHOCTHYIO 3HEPTHIO MOXKHO CUHTATL [O-
TeHI{HATbHOH.

Eeni B cHCTeME MOXKET M3MEHATLCS TOABKO NOBEPXHOCTHAS
SHEPrHs, TO COCTOSIHUIO YCTOHYUBOrO PaBHOBECHST COOTBETCT-
ByeT MUHUMYM NJomanu cBoGoAHOll nopepxHocts. Hanpumep,
KanJu B cBOOONHOM Mal€HUU HMET chepHyeckyw GopMy, TaK
Kak npu sajlangoMm obneme LrapooGpasnas ¢opMa obecnedn-
BACT HAUMEHbILYIO MOBEPXHOCTD.

[lo cyTtH Aesta noBepXHoCcTHAS SHEPTHST XKUAKOCTH CBR3aNa €
pasanuMeM B NMOTEHUHAJILHOH SHEPIUH B3aHMOJACICTBHS MOJE-

nos-
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KYJR XUAKOCTH, HAXOAALUXCA B 00beM€ H B [OBEPXHOCTHOM
caoe. B pacuere Ha OfHY MOJeKyJy 3ta SHeprus OoJblle B
TIOBEPXHOCTHOM cJjioe, 4eM B rayfuHe »xuaxoctd. [lostomy
yBeJnyeHHe cBoO0AHON NOBepXHOCTH, KOTAA YaCThb MOJEKYJ H3
ofibema NepexojuT B NOBEPXIIOCTHHI ¢/I0f, TpeSyer cosepiie-
HEA padoThl BHEILHUMH CHJAAMH.

Ho npu noaseme xuaxoctd B Kanuaiasape ee csobofHas no-

BepXHOCTb NPAKTHYECKH HE H3MeHsieTcs. 3HayuT, HEe H3Me-
HACTCSl M CBsI3aHHAA CO cBODOJAHON MOBEPXHOCTHIO MOBEPXHOCT-
nas sueprus. OfHAKO NpH NOABEME B Kanwjaspe yBeJHuHBa-
€TCfl MOBEPXHOCTb CONPHKOCHOBEHHS MKUJAKOCTH €O CTEKJ/JOM
KanuaiapHolt TpyOku. EcAM XKHAKOCTH CMAYUBAET [OBEPX-
HOCTh TBEPJAOrO Te€Ja, T. €. CaMONPOU3BOJLHO PACTEKAeTCs MO
Hell, TO 3TO 3HAYUT, YTO SHEPrHUs MOJEKYJ YKMAKOCTH B Horpa-
HUYHOM C€JIO€ H3-3a B3aUMOACHCTBUS C MOJEKYJaMH TBEPLOro
TeJla MEHblle, YeM JHEPrusi HX BHYTpH Kuakocru. Ilostomy
YBEJIMUEHYE NOBEPXHOCTH CONPUKOCHOBEHHUS CO CTEHKaMH NpH-
BOJIUT K OOMIEMY YMEHBIIEHHIO [TOTEH YA HON SHepT HY B3aHMO-
NeACTBUST MOJeKys. B pesy/abrate Takoe yBeaHYEHHE [IOBEPX-
HOCTH CONPHUKOCHOBEHHUST, B OTJMYKE OT YBeJdHUEHHsI CBOOOAHOM
NOBEPXHOCTH, COMPOBOXKAAGTCS COBEpPIIEHNEM NOJOXKHTEAbHOM
paGoThl CHJIAMM IIOBEPXHOCTHOTO  HATSIIKEHUS.
- Hrax, yBeauueHHe [OTEHUHAJBHOH 3HEPTHH cTOJM0A
KUAKOCTH NpPH €ro NoAbeMe B KallUAJaspe, a TaKXKe BblAeJEHHE
TEIJIOTHl INPOHUCKOASIT 3a CYET YMEHbIUeHHs MOTEHUHAJBHON
SHEPTHH B3aHMOJEHCTBUSI MOJIEKYJ [IpH Nepexofe HX U3 IJy-
OHHBl KUAKOCTH B TIPaHHuaHUil €O cMayuBaeMoii MOBEPXHO-
CThIO CJIOH. A

21. Japaenne napa HajJ HCKPHBACHHON NOBEPXHOCTHIO,
Kax BaHsAeT KpHBH3HA IOBEPXHOCTH KUJIKOCTH Ha JaBJeHNe
ee HACBHIIEHHOro napa?

A JlaB/ieHne HacblEHHOrO Napa, T. €. apa, HaXxoAslerocA
B COCTOAHMHM TEDPMOAMHAMHYECKOTO DAaBHOBECHH CO CBOeil
XKHUJAKOCTBIO, 3aBUCHT OT (OPMBl NOBEPXHOCTH MKHAKOCTH: HaJ
BOTHYTOH NMOBEPXHOCTBIO J4BJIEHHE Napa HHUXKE, a Hal BbIYK-
Jof — BhIIIe, yeM Hal mJockoil. [na HaXOMIEHHS 3aBUCH-
MOCTH JaBJeHUsS f1apa OT KPHUBHU3HBI IIOBEPXHOCTH MKHAKOCTH
PaccMOTPUM SIBJIEHHE MOAHATHA (UM ONYCKAHHA) KHAKOCTH B
OTKPHITOM € JBYX KOHIOB TOHKOH KanuaapHoit TpyClouke,
OJIHHM KOHIIOM MOTPYKeHHOH B XKHUAKOCTh. [1ycTh 1IpoCcTpaHCTBO
HaJ XHUAKOCTbIO OTPAHHUYEHO H IIOTOMY, TocJe YCTaHOBJICHUA
DABHOBECHSI B CHCTEME, 3alOJHEHO HACHIIEHHBIM [apoM.
‘OrpaHuyuMest NpeebHLIMH CAYYAsAMM NOJHOTO CMAYUBAHUS
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(a) u noJsiHoro HecMauMBaHHSA (0) KHJKOCTBIO CTEHOK KaliHJ-
aspa (puc. 21.1). B cayyae @ MEHMCK MUIKOCTH BOTHYTHIH H
NPOHCXOAUT NOAHATHE MUAKOCTH, B CJlyuae 6 — MEHHCK Bb-
NyKALIA H NPOMCXOJUT onycKaHue xuakoctu. Ilockonbky aas-
neHHe napa yOblBaeT C BBICOTOH, TO fICHO, 4TO 1A} NOAHAB-
eficst JKUAKOCTLIO OHO Gy €T MEeHblle, 8 Haj ONyCTUBIledcs —
Hosplle, yeM Haj NJCCKOHR NOBEPXHOCTLIO XKHUAKOCTH B COCYIE.
ConocrtaBasns 316 ¢ (HOpMOH MEHHCKA KHAKCCTH B KaNUNAApe B
00OUX C/JyuasX, NPHUXOIHM K Bbi-
BOLY, YTO JaBJeHHE HACBILIEHHOTO .
napa Haj BOTHYTOfi 1OBepXHOC- | * °
Tbi0 MMJAKOCTH MEHbILE, a Hall Bhl- | -
nyxaoft — 6osbuie, UeM Haj njaoc-
KO#. DTOT pe3yJsibTaT CnpaBei/IHB
He TOMLKO JISt MHIKOCTH B Ka-
nuApe, HO H A JoGOH HCK-
pUBJIEHHOM NMOBEPXHOCTH KHAKOC- |
TH, HANpUMep AJI4 Kam/id. o IS e

O6patuM BHHMaHHE HaA pOJb
CHJBl THXKECTH B paccMaTpHBae- Puc. 21.1. B noxe Taxecid
MOM rpuMepe. B orcyrcTme 4P B SaKpiTom cocyus mo-

Her HaxoAHuibCa B paBlioBe-
CHJTBL THXKECTH [JABJEHHE M8POB  (yy ¢ yyacTKaMH MOBEDXHOC-
JOJIZKHO ObITH OJIHHAKOBLIM HA JIO- TH KHAKOCTH, UMeULHMH
6ol BBICOTE, H [OITOMY Hap OAHO- Pa3HYl0 KPHBHIHY
BpEMEHHO HE MOXKET HaXONHThCS B
paBHOBECHHU C y4acTKaMH MKHAKOCTH, HMEIOLHMH PasHyio Kpu-
BU3HY ToBepxHoct. HanpoTHB, B roJsie TsxeCTH, TA€ JaBJje-
HHE Napa 3aBHCHT OT BBICOTH, OH MOXKET ORHOBDEMEHHO Ha-
XOAMTHCH B PaBHOBECHH M C NJOCKOH, H C BbINYKJIOH, H €
BOFHYTOH MOBEpXHOCTHIO. MeHHo Tak M OOCTOMT JesIo B
paccMaTpHBAaeMOM npHMepe. '

HafizeM KOJMYeCTBEHHYIO 3aBUCHMOCTD 1aBJIeHHs] HACBIICH-
HOrO napa OT KPHBH3Hbl NOBepXHOCTH Kunkoctd. Ecan h
eCTh BHICOTA MOAHATHA XKHAKOCTH B Kanuaaspe (puc. 21.1),
10 yObLIL AABJASHHs HACHILEHHOrO Napa Ha TaKOH BHICOTE
Ap=p,gh, TAe 0, — IJIOTHOCTb HACBHILEHHOTO Mnapa [p#
nanHofi temneparype. C ApYrod CTOPOHBI, BBICOTA MOAHATHS
WHUJAKOCTH MOXKeT ObiTh BHIpAKEHa 4epes NOBepPXHOCTHOE HATA-
eHHe O, MJOTHOCTb MHIKOCTH P M paauyc TpyGOukH r (KO-
TOpHIl NPH MOJHOM CMAYMBAHHH COBINAjdeT C PaaHyCoOM Kpi-
BH3HBI MEHHCKA XKEAKOCTH). J/a 3TOr0 HyXKHO NPHPABHATH BEC
cTOMGHKA YKHAKOCTH B KaNHJLIApe, PABHBIH Trihpg, YAepiKH-
BalOlIeH ero cu/e MOBepXHOCTHOTO HaTskenHusa 2mro. Otciona
uaxonnM h=20/(prg). Tloacrasaas sto 3Hauenue h 8 Ap, Haxo-
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JMM, 4TO B YCJOBHAX TEPMOAMHAMHYECKOTO PaBHOBECHS JaB-
JIeHWe HACHILEHHOrO Hapa Haj BOTHYTOH CQEPHUYECKOH no-
BEPXHOCTBIO pajiyca r MeHbllle, YyeM Haj IJIOCKOH, Ha BeJ-
YHHY
=20 Pn (1
rp

Ipu BEINyK/I0# chepruecKod NOBEPXHOCTH 3Ta Xe (popmy-
Jia ollpeJie/isieT MOBHILIEHHE JAaB/JA€HHs] HACHILEHHOrO Mapa no
CPaBHEHHIO ¢ €ro JaBjeHHEM HajJ NJOCKOH IOBePXHOCTbIO,
®opmysna (1) He CONEPHKHUT YCKOPEHHS CBOGOLHOIO NajeHus g,
i 310 He cayuyaiiHo. CBA3b JAaBJEHHA HACHIIEHHOrO mapa ¢
KPUBH3HOH MOBEPXHOCTH KHAKOCTH OOYCJIOBJEHa JHUIb HO-
BEepXHOCTHBIM HaTaxeHHeM. Posb CHJIBI TSKECTH, Kak yxe
OTMEYAJIOCh BHIIIE, CBORUTCA TOJLKO K TOMY, UTOGH 06€Cney uTh
paBHOBecHe Napa OJHOBPEMEHHO C YYacTKaMH [TOBEPXHOCTH
JKUAKOCTH, HMEOIUMH DAasHYI0 KPHBH3HY.

3aBHCHUMOCTBIO JABJIEHHS HACHIUICHHOrO Mapa OT KPHBH3HEBL
NOBEPXHOCTH JKHAKOCTH BO MHOTHX cJydasiX, KOIja r He
CJIMIIKOM MaJso, MOXHO npeneOpeunb. B camom nene, us ¢opmy-
Jbt (1) caenpyer, 4To Aake A/sl OYEHD MACHbKHX Kaleab BOAw,
paguyc Kotopuix cocraBaser 107% cM, naBieHHe HACBILEHHOIO
napa Boapacraer Bcero Jauuwb Ha 10 %. Ho nns ManeHbkux
Kanenb KHJAKOCTH 3Ta 3aBHCHMOCTb MOXKET HIpaTh CYIIect-
BeHHYI0 posab. Hanpumep, npeacrasum ceGe nap, colepKauiui
Gosbllioe YHCJAO Kamesdb KHAKOCTH Pa3/IHYHBIX pPa3MepoB.
Mozker oKasarbcsl, 4TO N0 OTHOINEHHIO K OOJbIINM KaIlIsIM nap
6yJlleT nepeHachlILEHHHIM (T. €. ero Jasjenne 6ofblue, 4em B
COCTOSIHUM DABHOBECHSI NIPH TOH 2Ke TeMmreparype), B TO EpeMs
KaK [0 OTHOINEHHIO K MA/JI€HbKUM Kall/IsiM Nap elie He HachlleH,
Torna Bo3HHKaeT NOTOK Napa OT NMOBEPXHOCTH MAJbIX KaneJb
K GonblIMM, T. €. XHAKOCTB, MCHApAioMascs ¢ MaJeHbKHX
Kanenb, 6yJeT KOHAGHCHPOBATbCA Ha OOJIBLINX, H, CJEJ0Ba-
TenbHo, OHH OYAYT pacTH 3a cueT ManabiX, Takum o6pasom,
COCTOSIHHE CHCTEMEBI, B KOTOPOM Ha OJHOIl BEICOTE OJHOBpE-
MEHHO HMEIOTCS M MJIOCKAas NOBEPXHOCTH MUAKOCTH, H OTAC/b-
Hble KaljlH, He sBJSeTCs paBHOBECHBIM, HOO B PaBHOBECHU JlaB-
JIeHHe HaCHIIEeHHEIX NapoB HAa OAHOH BLICOTE JOIKHO ObiThb
OAHHaKOBO, ‘

O6parM BHHMaHHWe, 4TO NpH BbIBofe ¢opmyant (1) mior-
HOCTh HACHIINEHHOTO napa P, CYMTa/jack He 3aBHCAHIEH OT
BeicoThl. OfiHAaKO IIPH OYeHb MaJoM pajuyce Kanuaasipa Bhi-
coTa NOAHATHS MHJKOCTH CTAaHOBHTCS HACTOJbKO OOMBILON,
YTO 3TO NPEANONIOKEHHe MOXKET OKa3aTbCd CJAHUIKOM Fpy6biM,
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OueBuaHO, YTO B 3TOM CaAy4Yae JJsl JAaBJeHHs] HACHILEHHBIX
H4POB HYKHO BOCHOJADL30BAThC 0apoMeTpHUYECKOH (opMyJioi,
B KOTOPOIl yYYHTBIBACTCA 3aBHCHMOCTb INIOTHOCTH OT BBI-
COTBI:

p=pyexp | — 'Z§h> : (2)

37ech m — Macca MOJEKYJbl tiapa, B — noctosituas Bousbi-
mana, T — tepMoaHHamuyecKasi Temnepartypa. M3 dopmyssl
{(2) BURHO, UTO p, mpejcTaBisieT cofoll AaBJICHHE HACHIUIECHHLIX
napos npu A=0, T. e. HaJ IJIOCKOH [IOBEPXHOCTbLIO 2KH/KOCTH,

[ToacraBnas B ¢opmyay (2) HalizeHHoe BbllIE 3Haye-
HHE BBICOTHI MObEMA MHAKOCTH B Kanuaispe h=20/(prg), ua-
XO[UM

p=poe><p(—~;2}%’,)- (3)

Jra dopMysaa onpeneaseT jasjeHHe HaCHIUEHHBIX Napos,
HAXOAALKXCSA B pPABHOBECHM C. BOTHYTOH [NOBEPXHOCTBIO
KuAKOcTH. B c/lyyae BBIMYK/IOH [OBEPXHOCTH YKUAKOCTH, Haj
KOTOpO#l JaBjAeHHe HACBHILEHHbIX [apoB Ooablie, 4eM Haf
[JIOCKOH MOBepXHOCTbio, dopMmyaa Ajaa AaBIeHHs OTIHYAETCH
0T (3) TONIBKO 3HAKOM B [10KA3aTeJe 3KCIOHEHTHI:
2m

P= Py XD (4)
Bnepeole a1t Gopmyasl Obiin nosyuensl B. Tomconom (Kens-
BHHOM).

[pu ne cJAHMIIKOM MasblX 3HAUEHUSX PAAHYCA KPUEH3IHBL
[I0OBEPXHOCTH 7, KOrja NMoKasaTejib 3KCNOHEHTHI B (3) Hau (4)
MaJ [0 CPABHEHHIO ¢ eIMHHULECH, 3TH (OPMYJbl, pa3yMeercs,’
LPHBOAAT K TOMY »Ke pe3yJbpTary, 4to H gopmyna (1). Urodnt
[10Ka3aTh 310, BOCIIO/IL3YeMCsH TeM, YTO A5 SKCIIOHEHIHA/IbHOH
dyHKUHE e npu MadeiXx X (x<€l) enpaseaauBa npubanKeHHasn
dopmyna e'=~1-+x, B pesyabrarte uis yOblin HaBiaeHua Ap=
=py—p HaJd BOTHYTOH [OBEPXHOCTbIO C IOMOLLBIO (DOPMYJIBL
(3) noayuaem

"

2mo
(9

AP=P0W-

[IpuMeHsis K HACBILEHHOMY napy ypaBHEHHEe COCTOAHMA Hie-
aabHoro rasa p==nkT W YUUTHIBAA, YTO [IPOU3BEASHHE KOHLEHT-
pailuy MOJIeKYJ mapa ' Ha Maccy MOJeKy/abl m PaBHO NJIOT-
HOCTH mapa p,, yoOexjpaémcs, uyro ¢opMmysna (5) cosnapaer
¢ Bolpaxkenuem (1).
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VIHTEepecHO OLEHUTH, NpH KaKHX 3HAYEHHAX pajuyca KpHu-
BHZHEL Kalesb /5 HaXOXKAeHHsS AaBJAEHHA HachIUEHHOro napa
cjenyer BMecTo mpoctod ¢opmydas (1) ucnoab3oBath Gonee
TouHylo ¢opmyay (4). OueBHAHO, YTO TakKas HEOOXOIHMOCTb
BC3HUMKAeT, KOTJa NoKa3aTe b 3KCTIOHeRTHl B (4) npubJuxkaercs
K eanHuge. Orcoofa A8 pajuyca Kanjad NOJyYaeM OLEHKY

r < 2mo/(kTp). (6)
Hanpumep, 115 BOIw, y Kotopoli 6=72 aun/cm, m=3-10"%r,

npn T=300 K nosysaem r=10-7 cm. [lpu Takom pamuyce
Kaneab QopmyJaoi (1) nonb3oBaTbesl YXKe HEab3A. A
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OnHuM U3 CCHOBHBIX 33KOHOB MPHPOAD!, YCTAHOBJ/ICHHBIX: ObITHAIM
MyTeM, sBARETCH 3aKOH COXPaHeius 31eKTPHYECKOoro 3apsaaa. B usonu-
pOBaHHOH cHCTeMe, uTO Gl B Hell HH NPOUCXOAHIIO, MTOMHLIH HHEKTPHYE~
cKMl 3apsaj, T. e. anrefpaudeckast CyMMma NMOJOMKHUTEILHOrO H OTPHUA-
TE/bHOTO 3aPANCB, OCTAETCH MOCTOAHHBIM,

B3aumozeficraue 5J0eKTPHYECKUX 3aPHA08, HAXOALIHXCH B IOKOE,
onucuiBaeTes sakonoM Kynmona. DToT 3aKOH ycTaHas/lIuBaeT 34aBHCHMOCTh
CHJIbL B3AaHMOAEHCTBHA ABYX TOUEUHLIX 3aP5J0B B BAKYYyMe OT #X BeAu-
YHH @y M g, M paccTosuus r Mexay numu. B Memayuaponuolt cucreme
equuuy (CH) sakon umeer pujg

Pl 0122 ()
4ney r?
rjie & — 3JeKTpHuecKas NMOCTOAHHAdA.

DJIeKTPHUECKHE 3apspl HANLAAIOT OKPYIKAIOMEe UX IPOCTPAHCTBO
ocoGbiMH H3UUECKHMH CBOMCTBAMH — CO31AI0T 3JEKTPHUYECKOe {02,
BaaumopedcTBre 34eK1PHYECKUX 3aPALCB OCY(ECTBIRETCA [OCPLACTBOM
CO3MABAEMBIX MU OoJel

IMone, cozgamaemoe HENOABHIKHBIMH 3apsfaMi, He Medsiercs co
BpEeMEeHeM U HasbiBaerca 3JeK1pocTardueckum CH/IOBOR XxapaKTepHCTH-
KOl 3JeKTPOCTATHYECKOro MOJifA fBJAAETCA HanpsKenHocts E, pasuad
OTHOUWIRHHIO cujinl, aeficTBywwell Ha npebubifl 3apad. kK npobuomy 3a-
paay. [Tone, cosgasaemoe yelMHeHHBIM TOYUHLIM 34PAAOM ¢4, ABAALTCA
cpepUYEcKH CHMMETIPHUHBIM; MOLYJb €r0 HANpPSIKEHHOCTH C MOMOULLO
sakona KyJona (1) MOXKHO npeACTaBHTL B BHe

E=

L Lo 2
dne, 12 (
DuepreTAyecKoll XxapaKTePHCTHKOH 3/1EK{POCTaTHYECKOrO MOJAA 48-
NASTCA NOTeHUHMAN P, pasuslfl OTHOWEHHIO PaGoTsl, cCoBepuiaeMoi cHaa-
Md 3JeKTPHYECKOro 11047 PR aepeMeulendd npobHoro 3apaja M3 Rad-
HOM TOUKH MO B HEKOTOPYIO TOYKY, MOTEHUHAN KOTOPOfl MPHHAT pas-
HBIM HYJI0, K poSuomy 3apaly. QHIHGECKHH CMbICT HMEET TOJIbKO Pas-
HOCTb [1OTEHIIMAJ0B MeX/y PaccMaTpuBaeMbIMU TOUKAMH, @ HE aGCOM0T-
Hble 3HayeHHa noveHuHanoB rouek. CymecTsoBalie MOTEHUHANTA KAaK
3HEPreTHYeCKOH XApaKTePHCTHKY TOYKH MMO/8 CBR3AHO C TeM, 4To pado-
Ta CUJI NOJA [pH NepeMelleHHd 3apaAa He 34BUCHT QT GopMil TPaeKTO~
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PUH, a onpejcasieTcst NOJOMKEeHHeM HaualbHON u KoHeuilolf Touek. [Toag,
ubJlajalollne TakUM CBONCTBOM, 11a3LIBAIOTCH MOTEHUHAIbHLIMH.

[Tpr paccMoTpelnHn /1eKTPOCTATHYECKOTO 10/ TOYEYHOT O 3apAAa
yA06HO B KaueCTBE TOUKH C HYyJeBbM NoTeHilHanoM BuOpaTh Geckoneu-
1o yaanennyto touky. Torpa Bbipaxenue A1a NoreniuHanga TOYKH, OT-
crosuiell Ha paccTosiuMe r OT 3apf/ia, HMeeT BUJ

_ 1 q .
(P—4ﬂ80 T‘ (3)

SaexTpHyecKHe Rous rpaduueckn H306paxawor JAH60 € HOMOUbIO
JMBRA HaNPAMEHHOCTH, JAH060 ¢ MOMOIbI0 SKBHIOTEHUHAIbHLIX NTOBep X~
noctedt. JIHHNH RanpsiXKEHHOCTH NEPHEHIHKYJISIPHB HOBEPXHOCTHM
FOCTOSHHOTO ITOTEHLHAJA, NO3TOMY, MMesl OAHY H3 3THX KapTHH, Mbl
MOIKEM TNTOCTPOUTH APYTYIO.

SnekTpHUEcKHe MOAS YAOBJAETBOPAIOT NPHHIUNY CyHeplo3uIHu:
3A€KTPHUECKOE TTOJI€ CHCTEMbE 3apPSIA0B ABASAETCS CYMMON NMoaeil oTaensb-
HHIX 3apsi0B. HanpsiAKeHHOCTh HOJIs, CO3/laB4€MOr0 HECKOJIbKHUMH 3ap s~
aM¥, paBHa BEKTOPHON CyMMe HallpSXKEHHOCTeHl moJeH, co3jaBaeMbiX
KaXuM 3apsfoM B OTAeAbHOeTH. [loTeHuman npousBOAbHOH TOUKH
noss HECKOJBLKHX 3apsiJoB pasen ajrebpaHdeckoil cymme norennHa-
JIOB, CO3/laBaeMbIX B 3TOM TOMKe KaXXAwiM 3apsifioM. ITpu 3ToM Touka my-
JIEBOro NoTeHuHana puibupaerca obwed AJas BCexX 3apsajoB.

CymecTByeT elme OfMH 3aKOH, 3KBHBaJeuTHuff 3akony Kyusona,
KOTOPbIH MOJKET C PABHBLIM YCNE€XOM CYHTATHCA OCHOBHBIM 34KOHOM 3JIEKT-
poCTaTHYECKOro B3auMmofelicTeua. ITo Teopema [aycca. DkBHBaseHT-
HocTs Teopemul [aycca u sakona Kynona ocHoBana Ha ofpartnoil npo-
AOPUHOHANbIIOCTH CHJIbBL B32HMOAEHCTBHA ABYX TOYE{HbLIX 3apajoB
KBajipaTy paccTOsiHHf H Ha HpHHWLHNE cyneprnosunuH. Teopema Taycca
nppMeHnMa K J000My NOTERUHAJILHOMY 11010, rje LefCTBYeT 3akon
o0paTHbBIX KBAAPATOB, HAalPHMeP K I'PaBUTALHOHHOMY.

Teopema I'aycca dopmyaupyerca ciepyiomum o6pasoM: B BaKyy-
"Me noTok N HanpsXKeHHOCTH 3JeKTpHueckoro nods E uepes mwobyio
BOOGP 2JKAEMYIO 3AMKHYTYIO TIOBEPXHOCTb OTPEAEISETCS NOAHBIM 3apa-
AOM ¢, HaXOASILLMMCH BHYTPH 5TOH NOBEPXHOCTH:

A N == q/e,.

Bo mMnorux sapauax 3Toro pasgesa paccMaTpUBAIOTCH NPOBOJHNKH,
HAXOAfAINECS B SAEKTpHYeCKoM mnote. B craruyeckoM cocTosumy na-
NP AXKEHHOCTL 3JEKTPHYECKOro MOJsA BRYTPH IPOBOJRHKA PaBHA HYJIO,
M pCe ero TOYKM HMeloT OAHHAKOBHE NoTeHuMatn. CBoBOAHBIE 3aps Ll
pacnoNoXens 1a NOBEPXHOCTA NMPOBOAHMKA. Bue npoBognuxa s6ansu
€FO rPAaHHUL! JIMHHH HaNpAXCHHOCTH NePHeHAHKYASPHB NOBEPXHOCTH,
a HANPAKEHHOCTL NOJIR CBA3aHA C IVIOTHOCTHIO 3aPAJOB O HA NOBEPX-
HOCTH CAERYIOLIAM COOTHOLIEHHEM, BHITEKalOLIHM H3 Teopemnl [aycca:

E=o0/¢,, 4
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EMKOCTL yeAHHeIHOr0 NPOBOAHHKA Ol PEXCAAETCA TOALKO €ro Gpop-
MOH M pa3MepaMH H H3MePseTcs OTHOIIeHHeM cooGL aeMoro npoBOAHHKY
3apsja Ag K NPOHCXOJsieMy MPH 3TOM H3MEHEHWIO MOTeHlUHaaa 1po-
BOAHHKA AQ.

EmKoCTh cHCTeMBI ABYX NPOBOAUHKOB, 3aPAKEHHBIX PABHLMY 110
MOAYJ/IO PasHOHMEHHBIMH 3apsijaMM (KOHJIEHCATOp), OUpeeAsercss OT-
HOIIEHHEM 3apA1a OJHOrO MTPOBOAHHKA K PA3HOCTI MOTEHIHANOB MEXIY
HUM ¥ ADYFHM MPOBOAHHMKOM H 3aBHCHT TOJNBKO OT pasmepoB, GopMbl U
B3aUMHOrO Pacno/oXKeHHs TPOBOAHHKOB. HanprMep, eMKOCTh NAOCKOr o
KOHJEHCATOpa ¢ DJAACTHHAMH IIJIOWAABIO S H C paccTosiieM d Mexay
HOMH B BaKyyMe

&S

c=202 ®)

3apsxeHHblH Kompencartop obsagaer sueprueft. Ecau 3apag kou-
JeHcaTopa papeH ¢, a Pa3HOCTb [TOTEHNMANOB MEXAy naactuuamn U,
TO ero Heprus

w—dU _CUt _ gt ©
2 2 2C °

JHepruio 3apsKeHHOr0 KOHAEHCAaTOpPa MOXHO pacCMaTpuBaTh JuGO
KaK 9HEepPrHI0 B3aHMOMEHCTBHA 3apsi[oB, COCPEAOTOYEHHHIX Ha ero of-
KnajKax, A#60 KaK IHePruio CO3AaBaeMOro 3THMH 3apAAaMH IMeKTPH-
4ecKOro noas. B pamKkax 3/71eKTpocTaTHKH 06a 3TH NpeACTaBJeHHs IKBU-
BaJeHTHbl, [1pu H3yueHHH nepeMeHHbIX BO BpeMeHH noJsell (371eKTp omar-
HHTHBIE BOJIHB) MOXKHO YCTaHOBHTb, UYTO B [eHCTBHTEABHOCTH 3HEPrUs
cocpegoToueHa B roJe.

Berpaxcenne aas HEPrHH MJIOCKOTO KoHAeHcaTopa (6), eciu ee
paccMaTpHBATh KAK 3HEPTHIO 3aKAYEHHOIO0 MeKY OGKMATKAMU 3JTeKT-
POCTAaTHYECKOro NoJs, HMeeT BHJ

2
W/:..——S"b; v, )
rie V=_58d — ob6bem, 3anumaenmntit noneM. Kosdbduuuent npu V umeer
cMbICT 06BbeMHOH HJIOTHOCTH 3HEPTHH 3JEKTPOCTaTHUeCKOro nous.

Ecnu npocTpancTBo Mexjgy 0OKJagKaMH TMJIOCKOrO KOHAEHCATOPa
3aN0JHEHO JUIIEKTPHKOM C MPOHUIAEMOCTHIO &, EMKOCTh KOHAHCATOPA
yBeJIHYHBAETCH B € Pa3:

_egS .
C= T @)

Buipaxenue RIS 3HEPTHH SICKTPHUECKOro NOAA B KHIAEKTPUKE,
Kax caepyetr u3 dopmya (6) u (8), MoxeT 6bTb 3aHCAHO B BHAEL
W EBEV ©)
2
B st0ofl Qopmyae £ — HanpsIKEHHOCTb 3/MEKTPHYECKOro NHOAA B AH-
3JICKTPHKE.
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1. 3apaa sHyTpH nposoasuieli cdepul. Toueuynwf sapan g
rOMellleH BHYTPb TOHKOCTEHHOTO APOBOJSIIEr0 Hiapa pajnyca
R u Haxonutcsl Ha paccrosiuuu [ ot ero nenrpa. Kakue sapsjpt
GyayT MHAYIUPOBAHB HA BHYTPEHHEH M HAPYXHOH NOBEPXHO-
CTAX 1apa H KakoBa GyleT KapTHHA 3JEKTPHYECKOro NoJs B
ABYX cayuasx: 1) map saszemjeH, 2) iuap H30JIMpOBaH M He
3apaKeH?

A Paccmotpum cHauana mepBolii cayyadi. Merasmyeckui
Wap 3a3eMjeH, T. €. CoeludeH NPOBOJHHKOM ¢ 3emael —
NPOBOASLINM TEJNOM OTPOMHBIX pasMepoB. [loTenuuan 3emin
NPAKTHYECKH HEe MEHSEeTCsi, HeCMOTPA Ha TO, YTO IpPH TaKoM

Puc. 1.1. Ecau inap sasemaen, Puc. 1.2, Daekrpuueckoe noae s
TO 3JEKTDHYECKOe TioJe €CThb NOJIOCTH NPOBOJAHHKA He 3aBUCHT
TOALKO BHYTPH Hero OT TOFO, YTO HAXOAHTCH BOKPYr

COeNMHENHN KaKOH-TO 3apaj MOr NepeiTH ¢ wapa Ha 3emaio
wau HaoBopoT. Ecau npuuate norenunan GeCKOHEYHO yaaneH-
HOM TOUKHM DaBHBIM HYJIO, TO NMOTEHLUHAd 3eMJH H, CJeoBa-
-TeIbHO, COENHHEHHOTO ¢ HeH MeTa/JIHYecKoro Inapa TaKxe
GyneT paBeH HymoO. B camom zeJse, BCJeACTBHE OrPOMHBIX o
CpaBHEHHIO C IIAPOM pasMepoB 3eMJH MOKHO CYHTATH, HTO
oHa NPOCTHpaercsl A0 GeCKOHEUHOCTH.

B Toaile CTEHOK METa/JIHYECKOro miapa, Kak U B Je6CM
TIPOBOJHKHKE B COCTOSHHH DPaBHOBECHRA, 3JIEKTPHYECKOE NGJje
orcytcTByeT. Her ero 1 B okpyxamolueM 11ap NpocTpaHcTBe
(puc. 1.1). B camom jpene, HUYEro He H3MEHHTCS, €CaM MLl
GyZeM CYuTaTh, YTO BCE 3TO IPOCTPAHCTBC 3aI10MHEHO TPOBOA-
uykoM (puc. 1.2). [lostomy Ha HapyXHOI NOBEPXHOCTH 3a3eMm-
JIEHHOTO METaJ/IHUYECKOTO Iapa 3JEKTPHUECKOro 3apsija HerT.

Hajinem sapsi, WHAYUHPOBAHHBIE Ha BHYTPEHHEH NoBepX-
HOCTH MeTaqunyeckoro wapa. [lonpo6yem cnauasna ynpocThts
3a7auy: TOMECTUM TOUYEYHbIH. 3apad ¢ B IeHTp cdeprl (370
vacTHHE cayuait). HMs cummerpuu copepimieHHC ficHO, 4TO
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MHAYUUPOBAHHLIA 3apsjJ pacHpeiesiHTCsl N0 BHYTpeHHeH no-
BePXHOCTH 11apa pasHoMepHO. [lo NpHHLENY CyneprosHiuil
3JE€KTPHYECKoe TloJie BHe cdephl ecTh cymMa noJelf, co3papae-
MBIX TOYEYHBIM 3apsiiOM ¢ H HHIYUHPOB2HHEIM 3apsjioM ¢ .
Tak kak BHe Wapa 3TH NOJAd KOMNEHCHPYIOT ADYT JApyra, TO
g'=--g, T. e. Ha BHYTpeHHel NOBEpXHOCTH wLiapa HHAYIH-
pyeTcs paBHBIH [0 MOAYJIO 3apsifi POTHBONIONOKHOIO 3HAKA.

[Togymaem, uto Gyner, eciu 3apai ¢ HaXOAWTCA B NPOU3-
BOJIbHOA TOYKE BHYTPH mapa. Jlerko coobpasurtb, 4TO MH-
AYUHPOBAHHBI 3apaj ¢’ He 3aBHCUT OT PACNONOKEHUS 3aPAAA
¢ BHYTPH 1uapa, T. €. ot paccrosuus [. Ilpu nepememenun
3apsAja g BHYTPH 11apa GyAeT MeHSThCS JIHLIb paclpefesneHne
WMHAYLUPOBAHHOIO 3aPsIAA H& BHYTPEHHEH TIOBEPXHOCTH MIapa.

lockoneky mone B oGO TOUKe BHe cdepsl OTCYTCTBYET,
MOXKHO YTBEPKAATh, YTO CHCTEMA 3apsiIOB ¢ M ¢’ 3JEKTPOHEli-
TpaibHa: ¢ =—¢q. (3ameruM, 4TO oOpaTHOE YTBepiKleHue
HEeBepHO: U3 HEeHTPAaJbHOCTH CHCTEMBL HE CJEAYeT, YTO CO3AaBae-
MOE ¢I0 1T0JIe PAaBHO HYJI0; B KaYecTBe NpHMEPa TaKOH CHCTEMEI
MOKHO [PHBECTH IHNOJb.) '

JTOT pe3yabTarT CTAaHOBHTCH OCOGEHHO OUYEBHMAHLIM, €CJH
ROCNOJIb30BaTLCA KAapTHHOH JUHUI HanpsikenHocTH. Kak us-
BECTHO, JIHHHM HaNPSXKEHHOCTH 3JIEKTPOCTATHYECKOIO NOJ4
BCErJla HaUHMHAIOTCA Ha I[IONIOKHUTE/IBHBIX 3apsijaX H OKaHYH-
BalOTCHl HA OTPHLATEJNBHBIX ¥ YHC/I0 JHHUA HANPAKEHHOCTH OfI-
1103HaYHO CBf3aHO C BeJUYHHON 3apsia. BHe chepsl noas uer,
T. €. HeT JIHHUA HaNpAXKEeHHOCTH. [IpyriMi c/10BaMH, B JaHHOM
¢lydae BCce JIMHMM HanpsDKEHHOCTH HAYMHAIOTCH ¥ OKaH-
YHBAKOTCS Ha 3apAjaX ¢ H ¢, OTKYJa cpasy cJelyeT, YTo noJ-
noiil sapan g+q =0. v

"Ecan 3apsn g nomenieH B LeHTpe miapa, TO KapTHHA JHHUH
HAlPsKEHHOCTH CHMMETPHYHA: OHHM MpeACTaBAd0T cobol pa-
AMaJbHble TIpsAMBlE, KdK U B CAyYae YeAHHEHHOrO TOYEeUHOro
sapsja. KapruHa JIHHMH HanpAXeHHOCTH 3JE€KTPHYECKOrs
noJis BHYTPHU 1Iapa NPH CMELUEHHOM M3 NEHTpa 3apsaje g Oyier
caoxHee, B6au3n TodeyHOro 3apsiia oHa, pasyMeercs, OCTa-
HeTcss 1HoYTH 6e3 H3MEHEHHH, ojHaKo no Mepe YRaJeHHS OT
sapaja JMHUH HANPsKEHHOCTH HCKPUBAAIOTCA, TAK YTO K BHYT-
peHHeH 110BepPXHOCTH 1apa OHH MOAXOAAT ItOJ NPAMBIM YIJIOM
(puc. 1.1). TTosTomy rycrora JIHHMH HaNPsKEHHOCTH H, cJe-
JIOBATeNbHO, IIOBEPXHOCTHAA IJIOTHOCT:  HHAYUHPOBAHHBIX
3apsanoB 6yayT HanGoALIIHMHY B TOH TOUKE BHYTPEHHEH NoBepx-
HOCTH 1lapa, KoTopas pacnoJoxena Giike BCEro K 3apajy ¢.

IlepeiineM KO BTOpPOMY cJydalo, KOria TOHKOCTEHHBIA MeTai-
JNYeCKUH ap u3oaupoBan. Tenepb 3jeKTpuYecKoe Llore eCib
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xak BHyTpM, Tak ¥ BHe mapa (puc. 1.3). B roaume crexoxk,
T. €. B [IPOBOAHHUKE, NOJE, KOHEYHO, OTCYTCTBYET.

Haunem omsTh ¢ NPOCTOrO YACTHOrO CJaydas: sapsi ¢ pac-
noJjoxen B UeHTpe 1apa. K3 cUMMETPHH sICHO, YTO HHAYLHH-
pOBAHHDIE 3apsibl Ha BHYTpeHHel W BHEIIHCH MOBEPXHOCTAX
uapa pacnpeneseHb paBHO-
mepuo. [fockoabky noas B
TO/MIUHE CTEHOK 11apa Her,
HHIYIUPOBAHHBEIE HA BHYT-
penHell 1MOBEPXHOCTH 3apaf
g1 paBed —g. 3apsi (», Ha-
XOIsIMICST  HA HapyxHOI
IIOBEPXHOCTH 1apa, [oJd
BHYTpH HEro He CO3[aer.
Ha  saekTpoHedTpabHOCTH
NPOBOAALLETO LIapa CJAEAYET,
YTO §,=-—q;=q. Takum o6-
pasoM, NOTEHIMA/] BHE Iua-

pa paBel —— - T.e. co3-
Puc. 1.3. Ecan wap wu3onuposan, dney 1 .
10 3JIeKTPUYECKOe 110J1e eCcTb H cHa-  AdBaeMoe  3ToH  CHCTeMOU
pyxH 3/1eKTPHUYECKOe IIOJe COBila-
Jaer ¢ I107eM TOYeYHOTO

3apsaja, paclofoKeHHOTo B LEHTpPE Iapa.

[pu cmenienuy 3apaga g U3 ueHTpa chepbl, Kak U B mpe-
IBIAYLIEM C/Iyyae, H3MEHseTcs pachpesiesieHHe 3apsiia ¢; Ha
BHYTpeHHeH IIOBEPXHOCTH Iuapa, MpuueM Tak, 4ToObl 1oje B
TOJLLE CTEHOK Hiapa OCTABaJ0Ch paBHbIM HYJIO. [Tose B nosioctu
BHYTPpH Ilapa IIPH 9TOM, KOHEYHO, MeHFeTCsI, HO HHAYLHpO-
BAHHBI 3apAJ ¢; OCTAGTCA HOPEKHUM. 3apsi/ Ha BHelHeH
MOBEPXHOCTH ¢,=¢ TO-IPEeKHEMY paciipejie/led pABHOMEPHO U
noss BHYTpH cdepbl He co3faer. Taxum ofpasom, mose
BHE 11apa HE 34aBHCHT OT PACHOJIOXKEHUs 3apsaja ¢ BHYTPH
Hero.

OTMeTHM, 4TO €CJAH U30JUDOBAHHBIA Iap ObL1 3apsiKeH
€lle 10 BHECEHHsI B HEro 3apsiia ¢, TO 3TOT U3OBITOUHBIH 3apaj
@, KaK Jerko coo0pasuTb, OCTAHEeTCsl PaBHOMEPHO pachipene-
JIHHBIM N0 HapYKHON MOBEPXHOCTH, TaK YTO MOJIHBIA 3apsij
3TOH noBepxHocTH OyAer pased g-+Q. BuyTpu mapa kapruna

pacpefeqeHus O H UHAYUMPOBAHHLIX 3apsIOB OCTAHETCA
6e3 H3MEHEHHH. A

2. 3apap mexay nasyms chepamu. Toueunsi#t 3apan ¢
UAXOAUTCSA MEXAY ABYMs 3a3EMJ/ICHHBIMU TNPOBOASAIIMMH KOH-
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LIEHTPHYECKHMH c(hepaMH C pafiiycaMH @ M b Ha pacCTOAHUH r
or nenrpa (a<<r<<b) (puc. 2.1). Haiitn unaynupopanuele Ha
cgepax 3apsaibl.

A Ecan uuratens pasobpancsi B NpeAblAyLIeH 3apaue, To
€My COBEpILEHHO SCHO, 4TO 3JEKTPHUECKOE IOJE €CTh TOJbLKO
B HPOCTpalCTBe MeXAY cdepamu, U NOITOMY HOJHEI 3apaj
CHCTeMbl paBeH HYJIIO:

q+qa+qb20' (1)

Bropoe ypapHeHHe A1 HAaXOKJACHHA HEH3BECTHHIX 3apAJOB
Gz M §, MOXHO MNONYYHTDH, 3aIIUCHIBAsH BHIPAXKEHHA AJS NOTEH-
nuajia B uenrpe-cohep. KorneuHo, nores-
I{ajJ BO BCEX TOYKAX BHYTPH MaJIOH
cepbl OIHMHAKOB H DaBEH HOTEHUUuANY
3em/id, HO Mbl BBIOHpaeM JJs COCTAB-
JIeHUs] YpaBHeHHs] HMCHHO Lentp cde-
pbl, MOCKONLKY BCe HHAYLHPOBAHHEIE
Ha KaxIoH cdepe 3apsibl HaXOLATCH
OT 5TOH TOUKH Ha ORMHAKOBBIX pac-
crosHusX a u b. B coorBercTBHH C
IIPUHIIMOOM CYNEPRO3UIMH TOTEHLNAN
B LEHTPe cep paBeH CyMMe NOTeHIHa- l;;‘c- 2.1.  Toueunnis
0B NONefl, CO3NABACMBIX 3ADAIOM §  enmmwri mpowors.
¥ MHAYLHPOBAaHHBIMH Ha c{epax 3a- MH cdepamu
panamu. PaccmoTpuM, Hanpumep, noJje,

co3paBaeMmoe 3apsaamu Masol cdepnl. Pasbupas nHAynuposan-
HHIH Ha HeH 3apsl g, Ha Majble 4acTH Ag;, KOTOpPHIE MOXHO
CYNTaTh TOUEYHLIMH 3apsilaMH, HOJyYaeM sl NOTeHUuala B
HeHTpe cepsl BbIpaKenHe

1 Aq, _
47, Z a 4maa2 4 = 4na a 2)

i

3ameyartesbHO, YTO TaK0e NPOCTOE BhHIpaXeHne AJs NoTeHuuana
NOJAYYaeTcsl HeCMOTPA Ha TO, 4TO CO3AAIOIHE SJEKTPHYECKOe
noJie 3apsifibl pacnpefiefieHbl Ha cpepe nepaBHoMepHO. Bosee
TOro, A8 HAXOXKICHHS NOTEHLIHasa B LEHTPe cepel M He
HYM¥HO 3HaTh, KaK HMEHHO pachpeleseHbl HHAYNUDOBaHHEE
3apsjbl.

AnajsiornuHoe BHIpAXKEHHE MOMXHO NOJYYHMTb JJs NOTeH-
1HaJaa, CO3JAaBAaEMOT0 B LEHTpe cdep 3apsaioM ¢,, HHAYLHPO-
BaHHLIM Ha BHeed cdepe. Teneps NErko nanncars BhIpaXe-
ie AN NOJHOrO MOTEHLHala B LEHTPE Cdep, CO34aBaeMoro
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DCeMH 3apsjlaMi. Hpupammsaﬂ ero HyJ/aio, noayydacm

U (9 9 9\ _
41ig, <7+—5—+T>_0' )
Pewas cuctemy ypasuennii (1) n (3), Haxonum
b— b r—
GW=—07575 BT 97 &

Kax w cnefoBajo OxuaaTh, 3HaKH HHAYUHPOBAHHBIX 2apAAOD
1pOTHBONOJIOK UL 3HAKY 3apaja ¢. Ecam B 3THX (opmysax
NOJOMUTD Paauyc BHyTpenHell chepbl @ paBHBIM HYJAIO, TO Mbl
npuxoAuM K OpepiAyied 3ajaue O TOUEYHOM 3apsile BHYTPH
4. nposonamed chepor. [Ipu aToM, Kak BHIHO
2 = H3 (4)r qa_o» qy=—4q.
Ecnu yctpemutb K GeCKOHEUHOCTH pa-
auyc BrewHedl cepst b, TO Mbl NPHXOLHM
K 3ajaye o TOYeyHoM 3apajfe BOIH3M NPO-
7z Boaswedl chepnt paguyca a. Ilepsasa w3
dopmyn (4) B 3TOM caydae jpaer HHAyUU-
pOBaHHBIH Ha cdepe 3apsii:

Ga=—q—. (5)

[Ipn HeorpaHHYEHHOM NPHOIIKEHHH 3a-
pAja ¢ K BHelHe#t [NOBEPXHOCTH cephl,
_[ 4 _[ T. & [pH r—a, HHAYUHPOBAHHHIH 3apsij
BCE MEHblle H MeHble OT/IHYaeTcs 10 Mo-
Puc. 2.2, Touewnnit  gy/10 OT IOAHOCHMOrO K cipepe 3apsja gq.
34pAA g Mexcy Gec- Kak BBl aymaere, KakoH CMBIC] HMeeT
KOHEYHBLIMH fIPOBO-
RAUHMH  niockoc- B PACCMATPHBAEMOM NPENETbHOM ciyyae
TAMH b—o0 3apan g, B dopmyae (4)?
Hcnoabsya pelnenue 3ToH 3a1a4u, MOX-
HO HAHTH HHAYUHPOBAaHHbE 3apsiibl B TOM CJydae, KOrja To-
YeHHBIH 3apA) ¢ HaXOAUTCH MEXAY ABYMS NapasielbHbIMH
GeCKOHEUHBIMH NPOBOAAIHMYU INIOCKOCTAMHU (puc. 2.2). dasn
ITOr0 HYMKHO YCTPEMHTh K GecKOHEYHOCTH PajHychl ofeux
cep, cOXpaHss HEeH3MEHHBIMH PAaccTOsiHHE MeXJY HUMH H
noIOKeHHe 3apsAja ¢ OTHOCHTeNbHO NOBEpXHOCTeH cdep:
a—>co, b—oo, b—ag=const=d,+d,. Bbimosnsa agkyparuo
fipefe/IbHEIH Nepexof, HaXOLuM

g

%

- bt o o

- ds dy -
‘71——4m’ q,= qd Id; (0)

[Tpu CHMMETPHYHOM DacrO/OKEHHH 3apsja ¢ MeXAY IJIOCKO-
CTAMH gy =(3=—(/2.
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Pasymeerca, MOXKIIO NOHUCKaTh APYTOH, He3aBHCHMBIA NYTh
pemenns. B camom gene, mJocKOCTh «npoules, yeM cdepa.
3anaua ¢ IVIOCKOCTAMH SIBJISETCS NpeJesibHbIM, GoJsee nipo-
CTHIM CJyyaeMm 3ajaur co cdepamu, IlostoMy ecrectsento
npHAyMath Ajs Hee 060Jiee TpPOCTOE HE3aBHCHMOE pelleHHe,
KOTOPOE MOXKHO ObL10 OBl HCTIO/1b30BATh JJI1 NPOBEPKH PelIenys!
3anaun co cepami.

Dynem paccyxaarh caeayownum obpazom. Hro npousciizer,
ecau 3apsil ¢ TEPEMeCTHTh B APYryio TOYKY nJockoctH A
(puc. 2.2)y? OueBUIHO, HTO H3MEHHUTCS TOJIBKO paclpejenenue
VHJYLMPOBAHHEIX Ha MJIOCKOCTAX 3aPA0B, CaMM e 3apsibl ¢,
M ¢, OCTAHYTCSl HPEXHUMH: MHAYLHPOBAHHBIE 3aPSAB NPOCTO
TIepeMeIlialoTCsl BMecTe ¢ 3apAloM ¢. Ecin 1oMecTHTE Ha 3Toi
JIIOCKOCTH HECKOJBKO TOUEYHBIX 3apAAOB, TO BCJAEJICTBUE NPHH-
1MNa CYMeprno3ulyH Kax bl 3apsii HHAYUHPYET Ha MJIOCKO-
CTAX Takye 3apaipl, Kak cecjad Obl OH Obl1 ofauH. [Tostomy
€cay Hac HHTepecyeT He pacnpejeseHHe HHAYIHPOBaHHBIX
3apsjlOB, a TOAbKO HX BEJHYMHA, TO 3apsAj ¢ MOXHO paB-
HOMepHO «pa3masaTb» No Beelt naockocty A. Ot 3t0r0 HHAY-
HUPOBaHHBIE 3apsibl HE H3MEHATCA, a 3ajaya CTaHOBHICH
coBceM npocroii, H0o nose Teneps oaHopoaHo. Hanpsoken-
HOCTb TIONA ¢JeBa OT 3Tofl TiockocTH E;=q,/€,S (S — nae-
maib NJAcTHH), ClpaBa OT Hee E,;=q,/e,S, Tak Kak uuay-
1IMPOBAHHBIE HA BHYTPEHHHX NOBEPXHOCTAX [JACTHH 3apsilki
g; M @: B 3TOM cay4ae pacnpene/ensl paBHoMepHO. [TocKo/IbKY
Pa3HOCTh NOTEHIMAJNOB MEXIY WIOCKOCTHIO A M KakAachH u3
DJacTHH oiHa U Ta XKe, 10 Ed,=F,d,, OTKyJla HeMepJeHlio
CJNEAVET, YTO )

fqld] :Chdz- ' (7)

Crapy:Xu NJaCTHH NoAsA HeT, HBAYUHPOBAaHHBE 3apsijnl
HAXOAATCS TOJABKO HAa BHYTPEHHHX TNOBEPXHOCTAX NJACTHH,
M Ha ocHoBaHMH Teopembl [aycca MOXKHO YTBEpKAaTh, HTO

g1+q2+q=0. (8

Pemas coemectHo ypasuenns (7) u (8), noayyaeMm oOTBET -—
dopmyan (6).
He Bcerpa. pasymyuo. cBOauTh 3ajaiy K npeisiiymei! a

3. 3apamenraa noaycdepa. [loBepxHocTb noaycpeprye-
CKOW Hamy pamnyca R ¢ TOHKUMH CTEHKaMd 3apsikena ¢
nocrosihioil miotHocTsio. OnpefesnTh NOTEHUHAA B KaXAOH
TOUKE NOBEPXHOCTH, KOTOpas cTAHyAa Obl Hally, Kak «Koxa
ra Oapabane».
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A Ha nepBuiil B3risk 33/a4a KameTcsl JOBOJbIO CA0MKHOH,
I’csiu BuIOpaTh HA HHTEPeCYIoWell Hac NOBepXHoCTH [IPOH3BOJID-
HYIO TOUKY, TO PACCTOSIHHE OT Hee J0 PasHbIX TOYeK 3apsAMel-
Hoft noaycdepsl 6YAST HEOAHHAKOBEIM: Brie4aT1eHHe TAKOe, YTO
e oBoliTHch Ge3 momoiy Bhiclieft Martemaruku. Ho He Oyaem
toponutees!  OkxaspiBaercs, 347ady MOKUO DeLIMTh  Gueilh
POCTO, HCHOIB3YS NPUHUUII CYNEPIO3HUNM 3IeKTPHUYCCKHX
li0JI€H M COOOPAKEHHS CHMMETPHH.

PaccMoTpuM CHAYasa PaBHOMEDHO 3aPAXKEHIYIO 110 10BepX-
HOCTH (xpepy Kak mbl 3HaeM, 3. 1eKTPHUECKOE 110J1¢ BHYTpH lee
orcytrereyer. C Apyrofl CTOPOHBI,
rose BHYTPH CPEpPH MOMXKHO pac-
CMaTpPUBATb KaK CYINepPro3HLHIO
noaefi 1Byx noaycgep. Pacemor-
PHM 3JIEKTPHYECKOE 110JIe, CO3Aa-
BaeMoe 3aps1aMH BEPXUEIl H HHMK-
Hell nosaycdep B IJIOCKOCTH HX
COMPHKOCHOBEHHS . Bbx6epeM fpo-
H3BOJBHYIO TOUKY A Ha 3TOH 1moe-
KoctH (puc. 3.1) W nposeneM yepes
Hee BepTHKAJIbHYIO  [JOCKOCTE,
NepneHAHKY. I PHYI0 JUaMeTpy
chepel BC, Ha KOTOPOM JIEKHUT
Puc. 3.1. Hanpsaxenuocts touka A, Pasnaa nytio Hanps-
snekTpuueckoro nons £pap- KEHHOCTb  SIEKTPHYECKOTO MO
HOMEDHO 3apsiKenHo#d noay- CPepPH B 3TOH TOYKe ABJIAETCH
ceps B Touke A nepneniu-  BeKTOPHOH CYMMOH HAINPSIKEHHOC-

Kyaspua Auamerpy BC TeH NOJel, co3jaBaeMblX OTAE/b-
HBIMH 3J€MEHTaMH BepXHeH H HIK-

neit nonycoep. Kax Jerko yOGeanThes, paBia HYJO BEKTOPHAR
cymma HanpsaseHHocted £, u E,, co3gaBaeMslX yyactkamu S; o
S,. Ydacrok S; Hmkuei nonyCQ)epr, CHMMETPHYHBIA y4acTKy S.z
OTHOCHTEJILHO IJIOCKOCTH CONPHKOCHOBEHHUS noJycdep, cosnaer
B TO4Ke A HanpspKeHHocTs moas F, Takyio, 4TO BEKTOPHAs
cymma E; 1 E; nepnenjuKkyaspHa MIOCKOCTH COMPHKOCHOBEH A
noaycgep. IlocKoabKy A/ Kaxporo sJjeMeHTa Si c/jeBa or
BePTHKANBHON IIJIOCKOCTH BCerja HalAeTcss COOTBETCTBYIOUUH
3/71eMeHT S, cIpaBa OT 3TOH INIOCKOCTHM, SICHO, 4TO MOJHAaH
HANPSAKEHHOCTL MOJs, co3faBaeMast B Touke A Bcell HinKHER
noaycgepoii (T. e. NOJYKPYIVIOH dauleil), nepneHAHKYJ/sIpHA
MJIOCKOCTH  CONPHKOCHOBeHUfl (T. €. BooOpa)caeMoll Mosepx-
HOCTH, KOTOpad CTACUBAET dawly, KakK «Koxa Ha Oapabauey).

Touka A Gbl1a BHIGpaHa COBEPIIEHHO [POU3BOMBHO, MO3TO-
My CKasaHHOe CNpaBeAuBO JJis BCEX -TOYEK UHTEpecywolefi
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HAC NOBEPXHOCTH. Ecnn HanpazKeHNoCTb NOJis MNEPHNEeHANKY-
JisipHa NOBEPXHOCTH B Jaoboit ee TOUKE, TO NOBEPXHOCTb 3K-
BHNOTECHN YA/ IbHAA. Hpome BCEro BBIYHCJAUTL MOTEHLUAJ 3TOI
ITOBEPXHOCTH B TOYKE, Jlen(ameﬁ Ha OCH CHMMETPHH Yally. 3rta
TOYKa paBHO OTCTOUT OT MNOBECPXHOCTH YalUH H O NPHHUUANY
Cyneprnosuuun €e noTeHiHall

1 ¢ 1 2nR% _ oR

P=Tne, R " dme, R~ 265 °

Eme npome MOXHO pellHTb 3Ty 3ajady, paccMarpHBas He
HaNpAXKEHHOCTL 00/, @ [OTeHIUa/]l B NPOU3BOJLHOH TOUKe
Ha HHTepecyoouell Hac nopepxHocTH. OnATe pPacCMOTPHM
BCIIOMOraTe/bHYI0 324a4y: HalileM norenuuan @, HOoas, co-
3JlaBaeMoro paBHOMEpHO 3apsxennoli chepoit., OH oxuHakoB
BO BCEX TOYKAX BHYTPH chepsl u pased oR/e,.

C zpyrofl cTopoHb!, 110 NPUHLUHIY CYNepnO3ULHUU Ol PaBeH
CyMMe NOTEHLHAN0B, CO3AaBaeMblX AByMs noaycdepamu. Hs
CUMMETPHH $fCHO, 4YTO B J1100OH TOYKe HHTepecylollell Hac
NOBEPXHOCTH IIOTEHLNAJBl 3JeKTPHYECKOro MoJist, CO3/1aBaeMOTO
BepXHel W HHxHel nonychepamu, paBHbl. [loatoMy norenuuan
noJisi, CO34aBaeMOro OJAHOH 3apsiKEHHOH NoJaycdepod BO BCeX
TOYKaX 5TOH NOBEPXHOCTH, OJHHAKOB H PaBeH ¢==0,/2=0R/2¢,.

Tonymatite caMoCTOATENbHO, KaK HAUTH NOTeHUHAaA B OGO

TOYKE TJIOCKOCTH «KOXKH», €CJIH €€ HPOJAOMKHTL 3a IIpeleLl
yamin. A

4. Jlunosb y nposojsueil cTeHkH. IByxaromHas MoJeky-
J1a, COCTOALAl M3 aTOMOB pPa3JMUHLIX JEMEHTOB H, CJelo-
BateqbHO, 00/1aJa0la% HECHMMETPUYHBIM pacnpeleseHHeM
3A€KTPOHHON NAOTHOCTH, Hanpumep xjaopucteifi sBogopos HCI,
HpeACTaBaAseT COOOH 3JeKTPOHEATPaJbHYIO B LIEJIOM CHCTEMY,
Yy KOTOPOH IIOJIOKEHHUS LEHTPOB [OJOXKHTEIbHOIO H OTpHHA-
TeIbHOTO 3apsiJioB He COBMAAAlOT B mpocTpaHcTBe. B nmepsom
npubaHKeHNH TaKylo TNOASAPHYIO MOJEKYJy MOXHO paccMar-
pUBaTb KaK COBOKYNHOCTb JABYX TOYEUHBLIX Da3HOHMEHHBIX,
OJIMHAKOBBIX MO MOAYJIO 3apfifoB ¢ U —¢, OTCTOSIHUX APYT
OT IPYyra Ha HEKOTopoe paccTOsiHHe [, DTa CHCTEMA 3apsAOB
Ha3bBIBAeTCsl 3JEKTpHYECKHM jaunoseM. Kax Takas nosnspHas
MOJIEKYJla B3aUMOJEHCTBYET C NPOBOAALIEH CTEHKOH cocypa?

A Tak kak pasmepbl MOJIEKYJ MaJjibl, TO CTEHKH COCYld €
Xopoulell TOYHOCTBIO MOXKHO cHMTaTh NockuMu. [lostomy ans
HAXOXAEHUS CHJbl, ACHCTBYIONIEH HA MOJEKYJY €O CTOPOHHI
CTECHKH, MOXHO PaccMOTpeTh 3ajayy O B3aUMOACHCTBUM JHIIO-
a3 ¢ OGecKOHEYHOH# MPOBOASAWIEH NJIOCKOCTBIO,
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CuJipl B3anMoAeHCTBHS JUIT0JS CO CTEHKOH BO3HUKAIOT BCASH-
CTBHE TOTO, YTO 3aPSALL JUIIONS HHAYUHDYIOT 3aPA/bl Ha NPOBO-
JAUlel MOBEpXHOCTH CTeHKH. B3auMmojeficTBHe Aunojs ¢ Ta-
KUMH HUHIYIHPOBAHHBEIMH 3apAJaMu — 3TO H €CTb .B3auMonel-
CTBUE C NPOBOAALLEH cTeHKOH. [l HAXMKAEHUA JEACTBYIOWEH
Ha JHUIOJAb CHJABI YACGHO BOCNOAL30BATHLCS TAK Ha3bIBAEMbIM
METOAOM TEKTPHYeCKuX H3oGpakeHuil. CyIHOCTH 5TOFO METOA4
polie BCero NPOXIIIOCTPHPOBATh Ha NpHMEpe B3BAHMOAEHCTBHS
OJIHOTO TOYEYHOro 3apsifa ¢ npoBoasiwef crenkoi. Ilocne
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Puc. 4.1. Toueunsit Puc. 4.2. CneBa OF CreHKH 3JCKTPHU-
-3apax BOAM3M npoBoO- YeCKOe I0Jie UHAYUHMPOBAHHBIX Ha Hed
AAWed CTeHKH 3apAJloB 3KBUBAJMGHTHO NOJIO 3apAga —§

5TOr0 B3aHMOASHCTBHE JHNOJA €O CTeHKOH MOXKHO Gyaer Haltu
C NMOMOIIBIO TPHHIHUNA CYNepro3HLHHN.

Boisicium, KakuMm GyAeT JeKTpHYECKOe Moje, ecad ha
paccTOAHHH r OT GOJBIIOrO KycKa MeTas1a ¢ IVIOCKOH rpaHu-
(el rmomecTuth ToueyHblt 3apsax g (puc. 4.1). Ilpexje scero
SICHO, YTO B TOJIU[E MeTa/ja 3JeKTpU4YecKoro noasa ner: E=0.
Ocraercs HaliTH nOJe B JIEBOM NOJYNPOCTPAHCTBE, COAEPHKA-
weM sapsaf g. Tak Kak Ha NMOBEPXHOCTH NMPOBOAHHKA MHAYILH-
pytoTcs 3apsjbl, TO HOJHOE IoJe cJieBa NpeicTaBaser coboi

CyMMy MOJIeH 3apaja ¢ U MHAYUHPOBAHHBIX 3apsaoB. Kak ke
" HaliTu nosie HHAYLUPOBAHHBIX 3apsAfoB? PaBHoe HyMo mose B
NpaBoM MOJAYNPOCTPAHCTBE TOXKE MOXKHO PacCMATpUBATh Kak
cymMMy noJsiefi 3apsiia ¢ H MHAYLUHPOBAHHBLIX HA IOBEPXHOCTH
meta/sia 3apsifoB. [loaroMy sicHO, 4TO MoJie HHAYLHPOBAHHBIX
3apsJ0B COPaBa OT TPAaHULLI 3KBHBAJEHTHO NOJIO OXHOrO TOYed -
HOTO 3apsifia —¢, NOMELIEHHOTO B TY XK€ TOUKY, TJié HaXOAUTCA
sapaf ¢. Ho none HHAyuupoBaHHBIX 3apsij0B CHMMETPHUYHO



4. AUOOJB ¥ MPOBOASUIEN CTEHKH 241

OTHOCHTE/ISHO IJIOCKOH rpaHuus! meranna. [Tostomy caeBa or
IpaHHIB OHO 3KBHBAJEHTHO IIOJIO TOYEUHOro 3apsja —q,
PACHONOKEHHOrO CIPaBa OT MJOCKOCTH pasjefta CHMMETPHUIIO
sapsany q (puc. 4.2).

Hrak, cuaa, neficTByromas Ha TOYRUHBIH 3apsa ¢ cO CTO-
POHBI HHAYLUPOBAHHBIX Ha MNOBEPXHOCTH MeTa/lsa 3apsjos,
paBHa TOH cuJje, ¢ KOTOPOH AeficTBOBas Obl Ha HEro 3apsji
~—¢, PacnofoxeHHbIHA 0 APYTYIO CTOPOHY OT IPAHULBL MeTalia
CHMMETpH‘IHO sap;my q:

2
:.4.1_._‘7_73__ (1)
ey (2r)

Ara cuja, pasyMeeTcsl, HaNpaBJeHa K CTeHKe, TaK Kak 3apfk q
HCOBITLIBAET NPHTSXKEHHe CO CTOPOHBI HHAYUMPOBAHHBX 3apd-
JOB TMPOTHBONONOXKHOIO 3HaKa.

[Tepeiizem Temepb K PacCMOTPEHHIO AUNOJAfA BOJMH3M MpO-
BoAsULeH cTeHKH. B 3TOM cayuae KaKAwIf H3 3apsjoB AHIONA
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Pic. 4.3. HefictBHe  HHAYUHPO- Puc. 4.4. Cuan, geficryougne2
BAHHBIX HA CTEHKe 32pA40B 3KBHU- Ha 3apAAB ZRUOAA

BaJIEHTHO AeACTBHIO AUNOJA-
H306parKedus

HE3aBHCHMO BbI3bIBAeT IIOBJICHHE HA CTEHKE HHAYIHPOBAHIEIX
3apsA0B, 110J€ KOTOPHIX MOXKHO PACCMaTPHBATh Tak, KakK OblLIo
onucaHo Bbilie. B pesysbrare J€fAcTBUE MHAYHHDOBAHHBIX 32-
pAfoB Ha AMNO/bL 3KBHBAJIEHTHO JEHCTBHIO HAa HEro JABYX T0-
YyeqHBIX 3apsAJOB, KaXIbld H3 KOTOPHIX ABJASETCA «H300pame-
HuHeM» OJHOIO H3 3apsfoB aunonas (puc. 4.3).

[ycTb, HampuMep, och MOJIEKYJbl ODHEHTHPOBaHAa Napan-
JenbHo creHke cocyna. Ha puc, 4.4 nokasaHel cuabl, jefict-
ByIOLMe Ha 3apsjbl IUIOJNA CO CTOPOHBI JHNOJS-U306pame-
uus. M3 3Toro pucyHka cpasy BHAHO, YTO B3auMojeficrsue
HHIOIST CO CTEHKOH HOCHT XapaKTep NPHTSIKEHHS, TaK Kak
cHUABl OTTaJIKMBaHua Fy H F,, BO-NEPBbIX, MEHbIIE CHJ MDH-
tamenuss Fy v F, (paccTosnHna MeXJAY OAHOHUMEHHEIMH 3aps-
namu Gosbllle, 4YeM MeXAy pPa3HOUMEHHBIMH) H, BO-BTOPbIX,
[anpas/eHb! [0OJ HEKOTOPBIM yraoMm O,
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Haiinem pesyasTHpYIOLLYIO CHAY Dputaxenusn. PaBHopeil-
CTBYIOWAsT CHJI NpuTsKenns F; n F, Hanpas/ieHa K CTeHKe H
pasHa 10 MORYMO

1 2¢®
dng, (2r)?° )

Monyab Kaxpaoh u3 cua orranknpanus F; u F, Raercs Buipa-
KEHHEM
1 q*
dre, Q@2+ (3)

[ockoneKy 5TH cuABl HanpasaeHbl noj yraoM 0 (puc. 4.4),
TO MX pPaBHOAEHCTBYMOIAS paBHA

1 2q¢% 1 24% 2r
Ty O E O T e e E v @

Bynem cuntarb, uTO paccrosiiue | Mexay sapsjamu, ofpa-
3VIOUMMH JHIOJb, MaJ0 N0 CPABHEHHIO C PACCTOAHHEM 7 JO
crenku. Torza otHoulenue [/r<l, 1 paBHOAEHCTBYIOWLYIO CHAY
OTTAKHBAHUA YAOOHO BLIPA3UTH 4Yeped MaJblil Ge3pasMepHbit
napametp y=(//2r)*. Bmecro Bepaxenus (4) npu sTOM MMeeM

. 2
ey BT VTS ®)
) YV +v

B Bhipaxennn (5) cnagana BoCnOJAb3yeMcsi NPHOIHKENHOMN

dopmy.ioi Viftyal +—é—y, a 3areM, NEPEMHOXUB 3HaMe-

HATeau ABYX MOCJeARUX Apobel,~— npubiuxennoli dopmysioi

1/(1 +%v> zl—;—y. B pesyjibrare pisi cHAbl OTTalKuBa-
nust BMecto (5) noaydHm

1 q* 3
e 2oy (1 -7 7). ©)

[Monuas cuna F B3auMoAeHCTBUA AMNOMS CO CTEHKOR NpeacTaB-
Jser coboii paBHOAEHCTBYIONYIO CUAl NPHUTAKEHHA (2) W cua
oTTankusanua (6):
1 347
T 4ne, (2,)2V~ %

TloacraBnas ciopa y=(l/2r)* v BBOAS AMINO/bHLIA MOMEHT
p=gl, nojsydaem

b 3p?

T dney @2r)*° ®)



5. QNEKTPUUYECKOE TIONE JHITOJS 243

O6partuM BHHMAlIME Ha TO, YTO XQTA Kax/blil M3 3apsjon
JIMTIONA B3aHMOJEHCTBYET cO CTeHKOH ¢ CHJIOH, ofpatHo mpo-
HOPUHOHAABHONH KBajpaTy pPACCTOSIHHS JO CTEHKH, NOJHAs
CHJI4 B3aUMOJCHCTBHA JAUNOAA CO CTCHKOH YOBIBAET C paccrosi-
HHeM TOopasjlo OhicTpee — 06pAaTHO NPONOPLHOHAILHO YeTBep-
TO# cTeneHy. Xapaxktep 3aBUCHMOCTH HCC/I€1yeMOH CHJbl B3a-
MMOACHCTBHS OT PACCTOAHHS A0 CTEHKH HE 3aBHCHT OT OpH-
eHranun annoas, YUtobbl yGelnThess B 9TOM, MOKIO paccMmor-
peTs cay4ai, Korja ochb AMMOMS MeprneHAHKYIApHA CTeHKe,
Pacuer OyleT eme npowe, Tak Kak BCe 4eTblpe CHJIbL Teneph
Hanpas/IeHsl 10 OAHOM npsiMod. Cnaa B3aUMOJCHCTBHSA B 3TOM
cJ/lyyae okasblBaeTcsl B ABa pa3a 0oJible, ueM JJst JHIOJs, fa-
panneabHoro crenke. Ilopyepkiiem eine pas, 4To BO BCexX cay-
yagx CH/AA HOCHT XapakTep NPUTSUKEHHSI HECMOTPS Ha To,
4TO B UEJ0M JAUNOJL NpeAcTaB/aseT coBOH 3JeKTpoHeATpash-
HYK) CHCTEMY. A

5. JnexTpuyeckoe noge aunoad. PacemoTpers asekTpH-
yeckoe [oje, co3jlaBaeMoe JAHIOJAeM, T. €. JBYMSI OJUHAKO-
BLIMU [0 MOAYJIO DPA3HOHMEHHBIMH 3apfjaMH ¢ H ——(, HAXO-
JASIIMMHCST Ha paccTosiHuy [ Apyr oT apyra. Halitu norenuuan
H HAUPSKEHHOCTb 3TOrO {10418 Ha PACCTOSHUH r, GOJBIIOM [0
CpaBHeHWI0 ¢ pa3MepoM aunoas [,

A DrekTpudeckoe JAeHCTBHE 3aDAKEHHOIO Tesa Ha PaceTos -
HuH, GOJBLIOM MO CPABHEHHIO C €ro pasMepaMH, OlpeeIseTcst
noJIHLIM 3apsioM atoro Tena Q. Uem jajbiie or Tena, tem
MEHbILIE OT.THYAETCA CO3JaBaeMOe MM 3JeKTPHYECKOe NoJe ot
1017 TOYEUHOro 3apsaad: 370 noje 06.1a71aeT chepHUECKOH CHM-
merpHeli, ero notenuuan yOblBaeT ¢ paccTosiHHeM Kak 1/r,
a HanpsAXKeHHoCTh — Kak 1/r2,

Ecnp ke Tes0 B nenoM 3/1eKTPHYECKH HEHTPAJbHO, T. €,
€ro MOJHBI 3apsan Q paseH HYJIO, TO 3TO BOBCE HE 03HAYACT,
4TO OHO COBCEM He CO3JaeT JIeKTPpH4Yeckoro nossd. Kaxk met
Bujeqd B NpedblAymiefl 3ajade, HeHTPajbHas MoJekyJaa,
ofaanaomas JIUNONbHBIM MOMEHTOM, BbI3BIBAET MOSBJCHHUE
HHAYUHPOBAHHLIX 3apsioB Ha METANJIMYECKOH MOBEPXHOCTH.
3HaAUKT, JMNOJb CO3JAeT 3JIeKTpHYecKoe mose. Paccuutaem
310 nosie. PaccmaTpnBast ero Kak Cyneplo3ulyio MoJel touey-
HbIX 3apsiioB ¢ U —¢, BbIpa)KeHHe JAJA [MOTeHUHANa ¢ B
Touke A, oOTrcrosimiefl OT 3apsioB ¢ H —§ HA pPACCTOSHUSI
ry u ry (puc. 5.1), MoxHO 3anucats B BHAE

1 1 LN 1 q(ra—ry)
kol k)

1) - 4T[80 riry
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JLEnonb NPHHATO XapaKTepPH30BaTh AMNOJLHBIM MOMen-
TOM £, MOAYJib KOTOPOro paBeH NPOH3BEAEHHUIO g/, a HampasJie-
Hiie BIGHDPAGTCS BIOJL OCH JUIOAA OT OTPHUATENLHOTO 3apsla
K nonmkuTeangoMy. JIas onncatns nosst Ha 60/bIIOM paccTosi-
4 HEM OT qunos ya06HO BMec-
" TO pacCTOAHHN ry M r, BBECTH

paccrosinne r OT IEHTpa AUINoO-

Jas u yroa 0 Mexny BEKTOpOM

JMIOJBHOTO MOMEHTA H Hanpas-

JIEHHEM Ha TOUKY HabJojeHus

(puc. 5.1). Kak Buago u3 puc.

5.1, npu Ur<«l pasHocThb pac-

CTOSHUH ro—r; MOMHO 3anu-

caTb B BHJE

ro—ri~1cos 0. (2)

Puc. 5.1. K puiunciennwonoren- DB TOM K€ NPUOIMAKEHHH Npo-

wHata KUNoas B Toyke A H3BeleHMe 17, B 3HAMeHaTeje

dopmyasl (1) MOXKHO 3aMeHMTH

na r2. B pesyavTare ¢opmyna (1) ass noreHnmasa ¢ npu-
HUUMACT BUJ

¢ 1 glcos@G 1 P 050 (3)

YT 4me rf 7 4ne, st

B cranuie or noTeHunasa [OJA TCYCUHOTO 3apsja, yObIBaio-
WEeroc Kak 1/r, noTeHuuas 3JeKTPHYEcKoro nojs AuNojas yGhi-
RaeT ¢ paccrosHyueM Oblicrpee — xak 1/r2. Paaymeercsi, nose
Iunons He o6ianaer cdepHyeckodl CHMMeTpHel, Mo3TOMY €ero
NOTeKIHAJ 3aBUCHT HE TOJIbKO OT PAacCTOsiHds r, HO M OT Ha-
npaBJeHHA Ha TOUKY HAOJIONCHUS, XapaKTepH3yeMoro yriom 6.,
TIpu BRIUMCACHHM HanNPsUKEHIIOCTH noaAst B Touke A MoxHO,
KaK W NIPH BBIYHCJICEHHH TMOTEHIMAJga, WCXOAHTb H3 TOro, yYTo
noae JHIOAS eCTh CYNePNOo3HLUHA NoJell TOYedHbIX 3apsioB
g1 —q. IlosToMy RanpsikeHHOCTb noasi E paBHa BEKTOPHOM
cymMMe Hanpstkennocteit £, u E_, co3paBaeMblX 3THMH 3apsi-
ramu (puc. 5.2a). Moayan 3THX HanpspkennocTell 1aioTes) Bhi-
pamenuamn
1
4ne,

E,= E

1 (4)

= e T \
dney 13

e

Vinrepecyromuil Hac pesyabTHpyOuwni Bektop E  yaoGno
NPEIACTABHTh KakK CYMMY IBYX B3aHMHO NepIeHIHKYJSPHBIX
COCTaBJAIIMMNX, OLHA H3 KOTOPLIX, E,, HanpagJseia BLONL pa-
JMYC-BEKTOPA r, XapaKkTePH3YIOWETo noJoKeHnde Touky A ©r-
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HOCHT@/IBHO LEHTpa AuNoas, a apyras, Ey, nepneHJuKyasapHa
efi (puc. 5.26).

Ha Gosbiinx paccTosHUAX OT aunoas, gorza l/r<l, pek-
tTopbl E, n E_ HanpasjeHs! IIOYTH B NPOTHBOIOJOXKHbBIE CTO-
POHBI (YTOJ1 MEKAY HUMH OTJIHUAETCS OT 7T Ha MaJYIO BeTHYHHY
0) u Mano ominyaloTesi o Moaymo (puc. 5.26). Iostomy nipu
Haxoxaennu E,, KaK BHAHO H3 pHC. 5.2, HYXHO YYHTBHIBATDL

Puc. 5.2, Hanpsixennocte noaa Aunons E MOXHO NPeICTaBHTL Kak
cymmy sekiopos E, u E_ (a) unn Kak cymmy Bektopos E, u E, (6)

pasnnuue BextopoB E . v E_ Mo MOAYMO, HO MOXHO Nperes-
peds TeM, YTO OHH Hampas/eHbl He CTPOro B [1POTHBOMNONOKKHbBIE
cropoHsl, HaoGopot, npu seiuucienns Ey MoxHO npeHeGpeus
pazinuyneM BexktTopoB E;, u E_ no MOAY/IO, HO HYXHO 06s3a-
TEJbHO YYecTb HX HeKoJHHeapHocThb, Takum ofpaszoM, s
[, MOXHO Hanucarb

E ~ 1 (i__‘l_)__ 1 q(f1+f2)(f2~—’1). (5)

r~ _—
T dney \ A B 4mey (ryra)®

YyuthiBas, 4to I/r<l, MOXKHO 3aMeHHTb B 3HaMeHare/e 3TOro
BOIPAKEHHS 17y HA r?, a B YHCJAHTENR CYMMY 747, Ha 2r,
pasHocTb ry—r; Ha l cos 0. B pesy/abrare nosyuaem
1 2
2P cos 0. (6)

P 4quey rd
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[Tpu Bruciennu Ly, yauTeiBas, yto yroa 6 man, MOXKHO
Hanucath

Eo%E_,_é. (7)

ITpu nofictanoBke ciofa 3nauennst £, us dopmyant (4) Moxuo
r. 3amenuts Ha r. Jlas pesmunnot O, Kak BHAHO U3 puc, 5.26,
MoxHO Hanucath d=¢[ sin 0/r. B peayabrate Bmipakenne (7)
IPUHUMAET BHA

Ey = Ly sin. 8)
Dopmyasl (6) 1 (8) no3sBossOT NpeicTaBHTb cebe KapTuny
JPHNHA HANPSKEHHOCTH SJEKTPHUECKOro noas aunonsi. B Tou-
Kax, JeXaiux Ha ocH AunoJs (rae yroa 0 paBeH HYJIO HAH
n), Eg=0, u, cjaejoBaTes]bHO, Hanps-
e JKEHHOCTh HalipaBJieHa BJOJIb 3TOH OCH.
W3 ¢opmyanl (6) BUAHO, 4TO €€ Hanpas-
/ JIeHHe COBMAJAeT C HAIDaBJCHUEM AH-
HONBHOIO MOMeHTa p Kak npu 6=0,
@ @ tak W npu O=mn. leficTBUTENBHO, MpH
9=n E, oTpumartenbHo, HO CaeLyeT
VYHTBIBATh, YTO DPAafHYC-BEKTOp 7, Ha
KOTOpbIA npoenupyercss Bektop E, Han-
paBjaeH B CTOPOHY, NPOTHBONOJIOKHYI)
Puc. 5.3. Kaptuua au- BEKTOPYy p. Bo Bcex Toukax MJOCKOCTH,
uni Haﬂpﬂmeméocm NePHeHAUKYASAPHON OCH JHNOJS W Npo-
"m%’;' l;):r::gfgﬁ:ljﬂ ‘”‘(;’T XOASILEH yepes ero cepeiuuy, BAJs Ko-
Hero TopelX 0=mn/2, paanaibHas cocTas-
aswowan E, obpamaerca B Hyab. Han-
PSIKEHHOCTh NOJS B STHX TOUKAX NEPIeHAHKYJISAPHA IJ10C-
KOCTH M RanpaB/]eHa B CTOPOHY, NPOTHBONOJCKHYIO Hanpas-
JIEHHIO AHNOJILHOTO MOMeHTa p. JIMHUH HanpSXKEeHHOCTH RIS
PACCTOsIHUE, O0OJbIIUX 10 CPABHEHHIO C pa3MepaMis ZHNOAS,
CXeMaTUYeCKH MOoKa3aHH Ha puc. 5.3. B npocrpancree kapr-
Ha JHHUH HAOPSAXKEHHOCTH CHMMETPHYHA OTHOCHTEIbHO OCH
AUNOJ .
®opmyanl (6) u (8) AN HANPSIKEHHOCTH NOJST MOXKHO IO-
JYYUTH U HHaue, HCHONb3ys HaHJEeHHOE BhILIE BhHIpAXKEHHE
ana noreHnmana (3). A 3Toro Bocnosb3yeMmMcsi TeM, 4To
OpPOEKiMS HANPSKEHHOCTH HOAA Ha Jwoboe HanpapjaeHue
E, cBsi3ana ¢ uaMeHeHHeM NoTenuHana Ag npu liepemelleHnu
TOUKHM BAOJbL 5TOr0 HanpaBi€HUA Ha paccrosihne AS COOTHO-
HIeHHEM

s = —AQ/As. 9
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Jas naxoxjaenus L, HY)XHO COBepPIUHTD [epeMelleHue BAOJb
pajuyc-seKTopa, T. e. noaoxutb B (9) As pasueim Ar. Bobiunc-
JsAst ¢ nomombio hopmyast (3) npenen otuowenus Ag/Ar npu
Ar—0, noayuaem ans E, seipaxenue (6). CoBepuenno anano-
THYHO A1 HaxoxJeHus Ey HYKHO COBepIUHTb HepeMelleHue
As nepueHIHKYJAAPHO pajuyc-
BEXTOPY # B HANPAaBJEHUH BO3-
pacranust yraa 0. I[lpu stom, kak
BUAHO u3 puc. 5.4, As=rA0, u
BHIYUCJIEHUE

4s

¢ novolubio Gopmyasl (3) mpuBo-
JUT K Bhipaxenuo (8). i
Qopuyasl (6) u (8) Baxub |
NOTOMY, 4YTO OHH ONpPEIEIAT
sJeKTpHUECKOE nNojde Ha Goap-  PHC. 5.4. Knaxomuenio caa-
31 MOAYJIsl mepeMenienus As
IOM  PACCTOSHHH  HE  TOJbKO ¢ H3Menewnem yraa 0
IJs1 HACTOSILIEro JHIOAR, T. e,
ABYX TOYEYHBIX PAa3HOUMEHHBIX
3apAfoB ¢ H -—¢, HO H AJS J00OH 3/]eKTPHYECKH HeHATpasib-
HOH CHCTEMB! 3apSILOB, Y KOTOPOfl LEHTPHI MOJIOKHTENbHBIX U
OTpHLATEJNbHBIX 3apsifloB He coBhnajailoT. TakuMm ofpasom,
ec/li TEeJO CO CJOXKHBIM paciipejieieHHeM 3apsjia, IoJHas Be-
JYYAHA KOTOPOro paBHa @, Ha 10CTATOUHO GOJIBIIOM PaccTOs-
HHM KAXKeTcst NPOCTO TOUEUHBIM 3apsijioM, TO npu Q=0 Takoe
Teso 6yIeT yKe NOXOXe Ha Junonb. JIpyruMu ciaoBamu, AJs
HeHTPATLHOIO B LIEJIOM Tes1a MOXKHO MOJ00PATh JHIIOND C TAKUM
MOMEHTOM f, YTO CO3/aBaEMOE 3THM JuNoJeM Ha GoJbliioM
PACCTOSIHHH 3JeKTPHYecKoe noje OYAET NPAKTHUECKH 3IKBU-
BAJIEHTHO TOJIIO TeJ1a CO CJIOMKHBIM pacipeleneHueM 3apsja. A

6. BaaumoneiicTBue gunonei. IMeioTcss aBa aunoss ¢ Mo-
MEeHTaMH p, U P, HaXOAAWKecs Ha GONBLILOM PACCTOSTHHH APYT
ot apyra (puc. 6.1). Jlunons p; 3akpemyied Tak, YTO €ro OCb
coctaBasier yroa 9; ¢ npAMol, COeAMHAIIEH LeHTPHl -
nosefi. Junonb p, Moxker, nojo6HO MAarCHMTHOH CTpeliKe,
cBOGOAHO MOBOPAYUBATLCS BOKPYT OCH, [EePHEHAHKYJISAPHOH
nockocTH yeprexa. Ilox kakum yraom 0, YCTaHOBUTCA OCh
BTOPOrO JHMNOJST B PABHOBECHH?

A DTOT NPHMEP 48T BO3MOXKHOCTH [POHJ/LIIOCTPHPOBATH
npuMenense GopMya IIA  HANPsUKEHHOCTH 3JEKTPUYECKOro
nosaa AunoJis, MOJY4YEHHBLIX B MpeAblAyLeH 3ajaue.
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DJEeKTPHUECKOE 110J1€ OKa3biBaeT HAa JHMIOJb OPHEHTHPYIO-
1iee neilcreue. Jlerko cooGpasuTh, YTO AJS AHIONSA, KOTOpBIH
MOKeT CBOOGIHO NOBOPAuyMBATLCSl BOKPYr OCH, B PABHOBECHH
IUNOABHEIT MOMEHT HampapjeH BOJb HANPAXKEHHOCTH BHeLI-
HEro 3JEeKTPHYECKOTo 110/5. B JanHOM cayuae aJs AHMIOJAs p,
BHEHIHUM SBJISIETCS 3JIEKTPHUECKOE MOJE, CO3JaBAaeMOE IHTIO-
nem py. TlosroMy Js naxoxpenusi yraa 0O: HYXHO HaliTH

/;/\/91
7

Puc. 6.1. CoGonnnifi AUNONbL Py OPHEHTHPYETCH BAONB HANPAXKEHHOCTH
noas Ej, CO31aBaeMOro 3aKpenyieBHEIM JHIOJEM Py

HanpaBJieHHe HaNpsKEeHHOCTH 3JieKTpHyecKoro nodsi Eq, co3-
JlaBaeMOro AHNOJIEM p; B TOM MeECTe, TJIeé HaXOAHTCH JUNO/Ab p,.
Kax Bupno u3 pue. 6.1,

tg 8, = Eg/E,,. (1

BocnoabsoBaBmncs s Eg u E,, dopmynamu (8) u (6) npe-
AbAYHICH 3a4a4d, NOJYYUM

tg 0:=0,5 tg 6,. )

OTmeTHM, 4TO OnpenensieMoe COOTHOIIEHHeM (2) 3Hauehne 0.
He 3aBHCHT HH OT MOAYJS JMIIONLHOTO MOMEHTa py, HH OT
paccTOsIHHA Mexay aunoasMmu. I'paduuyeckoe peiieHne ypas-
nenna (2) nokaszaHo Ha puc. 6.2. Iaa mo6oro 3aganHoro sua-
venns €, nmaxoaum na rpaduxe 3nauenue tg 6, (Touxka A).
YMeHBIIHB B COOTBETCTBHM C YpaBHeHHeM (2) opAHHATY BiBoe
(touka B), HaxoauMm 3Hadenue yraa 0.

[Ipn paBHOM Hy. 0 3Hayenuu 0, yroa O3 Takxe pasen uy-
N0, T. €. BTOPOH JHNOJb YCTAHABIHBAeTCA B TOM XK€ HallpaB-
aenun. Ecau yron 0,=n/2, 1. e. nepBhlil AHNO/b 3aKpenJen 1104
NPAMBIM YIJIOM K JIMHMH, COCJHHSIOMIEH HEHTpPLl AunoJei, To
BTOpOH (CBOGOLHBI) IMMNOMb TaKXKe YCTaHOBHTCS NOJ NPSAMEIM
YyIJOM K 3TOH npsiMOf, HO €ro JMIOJbHBIE MOMEHT pa: Gyner
HanpaeJ/JeH B CTOPOHY, NPOTHBOMNOJIOKHYIO HanpasJeHHIO -
I0BHOTO MOMeHTa p;. Xotd (opMyaa (2) K aToMy cayuaw
HENOCPEACTBEHHO HENpPUMEHHMA, 3TOT PEe3yJbTAT MOMKHO G-
AYYUTh NPEAENbHBIM [€PEXOAOM, NOCTENEHHO NPHOJHIKAA Yroa
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0, x m/2. Pasymeercs, 310 cpa3y BHIHO M M3 KapTHHBI JHHHI
HanpsikeHHOCTH AMINONA Ha puc. 5.3.

[Tonoxenne paBHOBECUSA AHUNIGNSA P, NOKa3aHHoe Ha puc.6.1,
ABASIETCAl YCTOHUMBBIM: IIPH OTKJIOHEHHSIX OpHEHTALUH JAWI0-
Jifl OT paBHOBECHOrO 3HauenHs O

o 136
NOSABJIAETCH MOMEHT CHJI, KOTODHIH :
CTPEMHTCA [IOBEPHYTb AMNIONL B
noJjoxeHue pasHoBecusi. Kpome p _—

:

}

}

i
5TOTO MNOJIOKEHHS  PaBHOBECHA %
€CTb €Il OJHO, B KOTOPOM AH- | B
nOJb f2 HANPABJEH B NPOTHBONO- !
JoxHyto cropory. Ho sto nosno- ™!
JKeHue DpaBHOBECHS] HEeyCTOHYMBO. |

Vlcnoan3ys npuBejeHHOe Bhie |
pelleHHe 3ajauy, MOXKHO JIeTKo |
BHISICHHTB, Kak OyjaeTr BecTH cebs '
JAUNOJb, KOTOprﬁ MOXer cBoOOJAHO Puc. 6.2. K rpaduueckomMy
NOBOPAaYHBATBLCS BOKPYT HEMOA-  Peineniio ypaBHenHs tg0,=
BHXXHOH OCH, €C1H OH HaXOAHTCS =0,5 tg 0
0K0JI0 npoBojsulell crenkH. Kak
O6biI0 NOKasaHo B 3ajaue 4, JeificTBHE HA AUNOJb MHIAVUHPO-
BAHHBIX HA NPOBOJAMIEH NOBEPXHOCTH 3apPSL0B SKBHBAJIEHTHO
LEHCTBHIO aunons-nzobpaxenus (puc. 4.3).
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Puc. 6.3, [Tonoxenns papnopecns AHNOJAA p BOJKR3IY NPOBOASLLEH CTElKN

Hunonas Ha ocn GyJer HaxXOAMTBCH B PaBHOBECHH OKOJIO
NPOBOAAILEH NNOCKOCTH, KOMJa €ro JUNOJbHBIH MOMEHT p
nn6o napaJnene, JH60 NepneHAUKyJasapeH cTeHke (pHc. 6.3).
Jlerko y6eiuThbCsi, YTO B PAaBHOBECHH JHMNOJbHBIH MOMEHT P
MoXeT ObITb HalpaBJeH He TOJbKO TaK, Kak MOoKa3aHo Ha
pyuc. 6.3, HO ¥ B IPOTHBOMNOJIOKHYIO CTOPOHY.

BrisicunM, 6yAyT JIH 3TH NOJOKEHUS PaBHOBECHS YCTORUH-
BrMH. Ecau Obl JAHNG/L-H306paxkenHe Obll 3axkpeieH, TO
PaBHOBECHE [HNOJA Py NpoBoAsinell cTeHKH Obljio Ob yCTOMH-
YuBLIM Kak B cJyyae g, Tak M B ciydae 6 Ha puc, 6.3. Onnako
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JUNONb-H300pAKEHHe Ha CAMOM JieJie He 3aKpelJieH: MpH
OTKJIOHEHHY [UIIOJSI HA OCH OT PABHOBECHOTO NOJOMKEHHS JH-
NoNb-1H300paXkKeHHe TaKkKe noBopauusaerca. B pesyantare
IIONIOXKEHHE DABHOBECHs, MOKazaHHoe na pHc. 6.3a, okasbl-
BAeTCsl YCTOHUMBLIM, a Ha pHC. 6.36 — HeyCTONYHBBIM.
UroObl y6eauThCst B 3TOM, PAaccMOTPHM OTKJAOHEHHE [H-
NoJH p OT NOJOXEeHHs paBHOBECUs, NOKasalHoro Ha puc. 6,3a

. (puc. 6.4a). Ilycts aunons

p nosepuyacad Ha yroa 0.

P Torna, oueBMAHO, AUIO/bL-

,_’?,,/"\9 4 uzofpaxenne p’ OOBEPHET-
”

cs1 Ha TakoH ke yroa O B

/ NPOTHBONOJIOKHYIO CTOPOHY.
Tlpu 3TOM HampsKEHHOCTH
; snektpuueckoro mnoas E,
CO31aBaeMOr0 HHIAYLUHPOBAH-
HLIMH Ha CTeHKe 3apsiiami,

{ i o
| OyzZer Tako# e, Kak U Ham-
\6 -

PSIKEHHOCTh [0 HHOOJSA-
uzobpaxenus. -Kaxk BHAHO
u3 ypasHeHHA (2), yroJa O,
NOA  KOTOPBIM  HallpaBJieH
BeKTOp HanpsiKensoctu F,
Puc. 6.4, K Boiicnensio ycToituy- Gyzer meHblle, yem yros

BOCTH MOJOMEHHil paBHOBECHS IH- (puc. 6.4a). Ilpu Mmasbix
noas p, noKasaHHbX ga pHc. 6.3 OTKJ/IOHEHHsIX OT paBHOBe-

cust, Korma tg 00, wus3
ypaBHeuus (2):BHIHO, 9TO 92~9/2 Tak Kax JHIIOb P CTPEMUT-
csl ODPHEHTHPOBATHCA MO Hanpasieuuwio sekropa £, To Bo3nu-
KAWIMH TPH OTKJIOHEHHH MOMEHT cHuj OyJeT BO3BpaliaTh
AUMNOJL B TOJIOXKEHMe paBHOBecust. Flrak, 3t0 moJaoxkenue
paBHOBeCHA AeACTBUTENLHO YCTOHUHBO.

A BoT B cayyae 6 Majoe OTKJOHEHHE AUNOJs p OT M0JO-
JKCHHMst PAaBHOBECHS BBLI3OBET, KaK BMAHO M3 pHc. 6.46, noss-
JISHHE MOMEHTA CHJI, YBOASIIErO AHIO/L eule AAJblIe OT 3TOro
1010KEHHA PaBHOBECHS.

Ho cux nop AJst OTBETa Ha NOCTABJEHHBIE BONDPOCH HaM
JIOCTATOYHO ObIJIO PACCMATPHBATH TONLKO BPAIAIOUIUHA MOMEHT
cus, AeHCTBYIOWHX Ha AHTOAL. Ho Bo MHOTHUX CIyYasix BAMHO
3HATL pe3yJbTHPYIOULYIO CHJAY, JeHCTBYIONIYIO Ha JHNOAbL B
sJeKTpHIecKOoM noJse, OYeBHAHO, 4YTO B OAHOPOAHOM NOJE 3Ta
cuJjia paBHa Hy 0. st Toro 9robsl Takas CHJIa CyUlecTBOBagA,
nosie JOJIKHO OblTo HeopsopoiHuM. Hanpumep, B 3ajaue 4
ObLJIO MOKA3aHO, YTO HA JUMOMb, HaXOAAUMIACS Y NpoOBOAALILH
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IOBEPXHOCTH, AEfCTBYET cH/a, NIPHTATUBAIONAS €rO K NOBEPX-
HocTH. Jta cuia o6yc/0BJeHa HEOZHOPOAHBIM 3JEKTPHUECKHM
noneM HHAYIHPOBaHHBIX 3apsfoB. IlockonbKy, Kak Mul BH-
JeJid, NoJe HHAYUMPOBAHHBIX 3apSJ0B 3KBHBAJIEHTHO TM0JI0
Junoss-u300paykeHus, TO HallJleHHasi TaMm cuia (PakTHYECKH
BhIpaX<ae€T CHJAY B3anMofAefcTBHs JBYX Aunojed. Chnexyer
TOJILKO YUMTHIBATh, YTO CHJIA B3aMMOJCHCTBUS MEXIY peaih-
HBIM JIHIIOJeM M JAWIoseM-H306paxieHHeM BCerja HMeer Xapax-
Tep NPUTSKEHHs,, B TO BpeMsl KaK JBa peajbHBIX JUNOAA
B 3aBHCHMOCTH OT UX B32HMHOH OpHEHTALUH MOTYT KaK NpH-
TATHBATLCA, TAK H OTTankuBaTheA. Ho npu moboi opuenra-
1KY Junoned cuia B3auMoJefictBUst 00paTHO NPONOPLHOHANb-
Ha YeTBEpTOH CTelneHH pacCTOSHHA Mexly HHMH. A Kakoil
Oynaer cuia, JelicTByIoWlasi Ha JIMIOJb, HaXOAAMKACA B 1ose
TOUEYHOTO 3apajar? A

7. Annoas M ToueuHwlit 3apapa. Haiitu cuny, jeficTByio-
HIYI0 Ha AHNOJE C MOMEHTOM P B 3JEKTPHUYCCKOM IOJie, CO3Ja-
BaeMOM TOUYEYHBIM 3apsfioM Q.

Pue. 7.1. Cuiibl B3aUMOACHCTBAA RHNONSA U TOYEUHOTO 3apsilia B cayuae,
KOTjia Toueunbiil 3apsai Q pacnosoxeH Ha OCH ANNONR P

& BmecTo TOro uTOGH! HCKATh CHJY, AEHCTBYIOLLYIO Ha AH-
NOfb CO CTOPOHBI TOUEUHOrO 3apaja, MOXHO HaHTH Cuay,
JEHCTBYIOUYI0 Ha TOYEUHBIH 3apsj CO CTOPOHBI AHUIIONS, BOC-
NI0AL3CBABIINCE A5 3TOro dopmysiamu (6) u (8) sazaun 5 pan
HANPMKEHHOCTH 3JICKTPHYECKOro nods aunoas. Has wnenop-
BHMHLIX 3apsila B JIHNOJs B CHJAY TpeThbero 3akoHa Hrlortona
STH CHJBL paBHBE 10 MOAymo: |Fi|=|Fz|=F.

PaccmoTtpuM cHauaJjla cayyal, Korjia obpasyiouye aunods
3apsifibl ¢ ¥ —¢ W TOYeYHBbIH 3apsaj Q pacnosoxeHbl Ha OAHOM
npamoit (puc. 7.1). B 3TOM ciyyae HanpsXeHHOCTL NOMS AM-
1OJ15 B TOH TOUKe, Tl pacnosoXeH 3apan @, 6yzer onpejnensrs-
cn dopmyiam (6) 1 (8) 3agaun 5, ecaH B HEX RBONOXKUTL 0=0.
Toraa E¢=0, T. €. HanpsaXeHHOCTh HaNpaBJeHa BAOJb JUHHUH,
COEANHAIOWEH 3apAbl, a ee MOAY/b AaeTcst Gopmynoi (6) ans
E, npun 6=0:

1 2p
= Tmeg 19 ° )
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Orciopia ana Monyas cuisl [, pefictByromeft Ha 3apsp @,
a C/IS/I0BATENBHO, H HA JHUNOJDL, TNOJAydYaeM
1 2piQ]
Fi{Q{E: ine, 3 (2)
Dosuukuopenue cuasl Fy, JeHCTBYIOWER HA AUNOAL, B 3TOM
caydae OOYC/IOBIGHO TeM, 4TO 0Opasymoulie AUNo/b 3apsiibl
g M —¢ HAXONATCH HA PAa3HBIX PACCTOSHHAX OT TOYEHHOTO

zapana Q (puc. 7.1), H, cnenoBaTe bHO, JEHCTBYIOLLHE HA HHX
cuiipl oTAnuatotea no mMoaymo. M3 pue. 7.1 Buano, 4to pefi-

Y4
9’? 4 q Puc .7.2, Tlpu TakoM pacionomeHUH
SRR &, T R S -~ [JH{I0JA M TOYeYHOro 3apaja CHJbL
ux B3aumoxefctus £y u F,y e nan-

paBJIexbl BLOJbL OAHOH NpsMoil

CTBYIOUHE Ha AM{I0b H Ha Todeuubld 3apaj cuasl Fy v F, Ha-
npasJ/ieHbl BIOb OXUOH ¥ TOf XKe NPAMOH (pasymeeTcsi, B Npo-
THBOIOJ/IOKHBIE CTOPOHLI).

Dosee nHTepeced cayuafl, KOraa och JIHMIOJst - NepneHau-
KyJipHa npsaMol, coepnssowell unons u 3apsi Q {puc. 7.2).
Temeps Aas onperesieHus HanpAXKEHHOCTH CO3NABAEMOTO AH-
[OJeM JICKTPHIECKOr0 110J151 B TOM MECTE, I'JIe HAXOAHTCS 3apsif
Q, reobxoxaumo B Qopmyaax (6) u {(8) sagaud b noaokuth 0=
=n/2. Torga E,=0H, cieqosaTe/bHO, HanpAKEeHHOCTD noJisi E
neprneHAUKyApHA JIAHHH, COSMHHSIOWER TOoueuHblH 3apax Q
C UEHTPOM AHnoJsa. Moayap HanpsKEHHOCTH onpelessercs
¢popmyaoit (8) ana Eg npu 6=n/2:

. 1 p
E= dne, 79 ° (3)
Orciofia caienyer, yrto cuna Fa, feftctyomasn Ha sapan Q, Tak-
JKe MepneHAHKYJ/AspHa JIMHHA, COSNHHAOWEN AUNOL U 3apsi
(puc. 7.2), a ee moay.n
F=|QIE=g 2121 (4)

dne, 13

Takasi ke M0 MOAY/M:0 H (IPOTHBOMOJOMHAA [0 HAUPABJIEHHIO
cuna Fy peifictByer Ha aunojs p (puc. 7.2).

BosnukHosenue cuiabl Fy, AeficTByOe#i HA AHNOJL, JErKO
MOHATb, €CJAH YY€CTb, YTO OAHHAKOBBIE MO MOAYJO cusbl F,
u F_, jeiictByromue Ha ofpasyowue JUN0Ab 3apajbl ¢ U—y,
11afpaBJ/IeHbl MO HEKOTOPHIM YIJIOM & K JIHHHM, COCAMHSIOLE
UeHTP AMNoaa ¢ 3apagom Q (puc. 7.3).
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Pesyaptupyomas (T. €. BeKropuas cymma) cua F, u F_
npencrabseT cobolt cuay Fi, AefCTBYIOULYIO HAa BeCh JHIOND.
Touno tak ke Jierko noHsTh, MouYeMy JeHCTBYlOWAs HA 3apaj
Q cuna F, HanpasJeHa Tax, Kak NOKa3aHo Ha puc. 7.2: F, —
370 paBHogeficTByomas cua F, u F., ¢ KOTOPHIMH JEHCTBYIOT
na sapsin Q@ obpasyiouue AHNOAb 3apsaapl ¢ ¥ —¢q (puc. 7.3).
Bce 3To He BBI3HIBAET COMHEHUI.

Oanako B 1Le/oM KapTHHa B3anMojefcTBHA 3apaga Q o
AunoJast p, NOKasaHHAasi Ha puc. 7.2, Ha MepBHIfl B3M/ISAA BH-
TJAJAT JOBOJILHO CTPAHHO: XOTA CHJbl Fy 1 F2 paBHbl N0 MO-
JyJMO U NPOTHBOIOJOKHE! 0 HANPAaBJEHHIO, OHH HE Hanpas-
JeHbl BIOJb TPAMOH, COeAMHSAIONIEH B3aHMOJEHCTBYIONIHE

Puc. 7.3. Cuaa F; — pesyabtupyiomas cua F . u F_, cuna Fg — paBno-
aehicrytomasn cua Fy n P

tena. Ilosromy cunel Fy u F2 ofpasyor napy cui. Pesysbru-

pywoiias napel cua Fy+Fa paBHa HYJMO, T. €. yCKOpeHue 1o-

CTYNaTebHOTO JIBHXKEHHS Y PaccMaTpUBaeMOH CHCTEMBI OTCYT-

creyer. OHAKO BpAUIAIOMINA MOMEHT Napbl CHJ OTJIHYEH OT
uyJs u HaxoiuTcsl no c¢opmyJe
1

M=Fr= 2121 (5)

ne, i

Kaszanoch Gbl, 1oJ KEHCTBHEM 3TOr0 BPAMIAIONIEr0 MOMEHTa
paccMarpuBaeMasl CUCTeMa JOJ/DKHAa COBEpILaTh YCKOpeHHoe
BpailleHre N0 yacoeofi crpeske. Ho sToro He moxer ObITh, Tak
kag cuasl Fy u F: — BHYTpeHHHE H, CJeJlOBaTesbHO, HE Mo-
I'yT M3MEHHTb NOJHOrO MOMEHTa HMNyJanca cucremul. Hamnuo
ABHEI  DapajioKkc.

Hukakoro napajokca, pasymeercs, He BO3HHKAeT, €CJH
paccMaTpuBaTh IHMOOJb HE KaK HEYTO Lesioe, a KaK COBOKyI-
HOCTb JIBYX TOUYEUHBIX 3apajioB ¢ u —¢ (puc. 7.3). B stoum
cnyyae CHJbl B3aMMOJEHCTBHA KaKAOH Napbl TOUEUHBIX 3apsi-
LOB HanpaBJeHH BAOJDbL JHHHH, COCAHHAIOIEN 3TH 3apajibl, U
BpailldioUIuX MOMEHTOB HE CO3Jal0T. A Kak OGBACHHTL 3TOT
napanocKe, €CIH JUNOJL paccMaTpPHBATL KaK Lejaoe, 4TO BpH-
BOJHT K KapThue B3aNMOACIICTBHA, NOKa3aHHOH Ha puc. 7.2?
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TlpH TAKOM MOAXONE NAPAJOKC BO3HUKAET MOTOMY, YTO B pac-
CyX(€HHAX He Obll yY4TeH MOMEHT CHJ, ACHCTBYIOWMX HA AU-
nosb P, NOMEIGHHBIA B MOJe TOUEYHOTo 3apsapga @, T. e. He
VUITHIBATOCH Pa3/iiuue MeX]Iy pesy/abTHpYoWell M pasio-
neHCTBYIOULIEH CHJIAMH.

Hs puc. 7.3 Buauno, uro Aeficteue cun F, n F_ Ha Q00D
K2K HeJ0e CBOAHTCA HE TOJLKO K pesy abtupyoiuefl cune Fy,
HO €Ul H K HEKOTOPOMY BPaHIalomieMy MOMEHTY, KOTOPBIH cTpe-
MHTCS TOBEPHYTH JHIIOMb NPOTHB HacOBOH crpeku. Jpyrumn
C/IOBAMH, CUIBL F, M F_ He/b3s 3aMEHHTh OAROH PaBHOAEHCT-
pytoweft Fi, B oTindne oT cud F, u F., IefiCTBYIOUHX Ha 34-
psui Q. TIpH BbIMHCJEHHY BPAULAIONIEr0 MOMEHTA MOMKHO CUH-
Tath cuan F, u F_ napansebHblMH H pacCMaTpuBath UX KaK
napy cun. B pesyabTaTe AJf BEeJMYMHBL AGACTBYIOWIEr0 Ha
IMIOIb MOMEHTa cHa M, mosayuaem

1 ql@ ! rle]
My=F.l= 4ney,  r? I 4ne, 2 (6)

Taxum o0pasoM, Ha CHCTEMY B LEJOM, COCTOSILIYIO M3 JH-
N0/l H TOYEYHOro 3apsiia, ACHCTBYIOT BA NPOTHBOMNOJOKHO
HanpaBJ/JeHHbIX BPALAIOIIMX MOMEHTA, BEJHUYMHA KOTOPHIX,

VEANN £ Puc. 7.4. Cuapl B3anu-
< ” MOAEHICTBHA HHUNOMA U
TOYSUHOro 3apnafa ApH
IPOH3BOJBLHOH OpHEeH-
TAUHY RUIONS

1

- 3

KaK o B3 gopmya (5) u (6), otunakosa. [ToyTOMY BOHBIA
BpalAOIIl MOMEHT paBeH HyJuo.

Ilps npou3Bo/IbHOH OpHEHTAMH [MIOJS, KOJA €ro och
opasyer yroa O c nHanpabjenueM Ha ToueuHblii 3apsi Q,
3ila4eHsa 00EHX COCTABAAIOUX HANPKEHHOCTH [0S JUI0
E, n E; oTIMYHBI OT HY/d, TaK 4TO [OJHLI BEKTOP Hanps-
weHHoctH E HanpaB/eH Tak, Kak nokasaHo Ha puc. 7.4. Beno-
MUHAd pelieHne sajaun 6, Jerko coo6pasutb, 4to yroa Ba,
110/L KOTOPHIM HanpaBJiena cuia Fa, IeHCTBYIOIAR HA TOYEdHbIH
sapsj, Q, onpeiensieTcsi ypaBHEHHeM

tg 02=0,5 tg 6. N
Moayas cunet F, nerko nafitn, yuntsisan, uro Eg v E, na-
NpaBJEHL! NOA NPAMBIM YIVIOM APYT K ApYTY:

F=|QIE=|QIVEI+ E3= ‘P'Q'Vms(:osze 8)




8. PABPE3AHHBIN 3APS)KEHHBIM IIAP 255

Tagkas xe no MOJY /O, HO NPOTHBONOJOKHO HanpaBJenHas CH-
aa F, neiictByer na nunosb p (puc. 7.4). Cuant F; u F2 ofpa-
3YIOT napy, BpallaiomMi MOMEHT KOTOPOH OT/HYeH OT ByJ.
Kaxk ¥ B pasofpaHHOM BblIE cJayuyae, STOT MOMEHT KOMNEHCH-
pyeTcsi BpalIAIONMM MOMEHTOM, JHefiCTBYIOIUM Ha JHNOJb.

Kax Buano u3 gopmyanl (8), neficTByionlan Ha AMHOAb CHJIA
OT/IMYHA OT HYJA MpH J000H opuentauuu punoss. Ona Mak-
cumasbia npu 0=0 u O=n ¥ muuuMaJbHA npu O=mn/2.

Cuia B3aUMOJEHCTBHA JUNOAST U TOUCUHOro 3apsajia ob-
pPaTHO NPONOPUMOHAJNBHA TPETbEH CTENEHH PACCTOSHHSA MEHAY
HMMH, T. €. yObIBaeT ¢ paccTosiHueM ObICTpee, ueM CHJa B3au-
MOJEACTBHSI TOUEYHBIX 3apsjoB. Cuja B3aUMOACHCTBHS JBYX
JMnoJelt, Kak Mbl BHIeJAH B 3ajjaue 4, y6uipaer ele OpicTpee —
ofpaTHO MNpONOPLHOHAJILHO YETBEpTOH CTeNeHH paccros-
HHA.

lcnonb3ya pesyabTathl 3TOH 3aJaud, MOXKHO OOBSICHHTHL
BO3HHMKHOBEHHE CHJI, JeACTBYIOINMX Ha He3apsiKeHHBIR Ju-
3/A€KTPUK B HEOAHOPOJHOM 3JeKTpuueckoM mnouse. Kaxawpid
pJjemMeHT o0beMa JAHJEKTPHKA MOXKHO paccMaTpHBAThL KakK
JMIOJb, JHIOJBHEIE MOMEHT KOTOPOTO HalpaBJeH BJOJbL Ha-
NPSKEHHOCTH BJACKTPHYECKOTO TOAsA. B HEOAHOPOAHOM Hose
Ha OPUEHTHPOBAHHBIH TaKMM 00paloM AHNOAbL GyjeT JieHcTBO-
BaTh CWJa, HanpasJeHHad B Ty CTOPOHY, TJe Hanps:kei-
HOoCTh noJist Gossbiue. JIpyruMu cjoBamy, AHNOJb BTATHBAETCHA
B obsacTh 6oJiee cHJIbHOTO noJs. OTMeTHM BO H36eRanHe Hejpo-
pasyMeHuH, 4To Ha pHC. 7.1 M300paxeH IPOTHBONOJOXKHELA
cAyuail, KOrja AMNOJbL OPHEHTHPOBaH HE MO MOJIO, & NPOTHB
ero ¥ BhITaJKHBaercd n3 00/acTH cuabHOro noJsi. Takasn
OpHEeNTal}s COOTBETCTBYET HEYCTOHUHBOMY PABHOBECHIO LHHO-
Asi. JIunoAbHBIA MOMEHT, BO3SHHKAIOWHI B H30TPONHOM M-
5/€KTPUKE MpPH MOMELIeHHH €ro B 3JeKTPHYECKoe [10J€, BCeraa
OpHEHTHPOBAH O MOJIO, H NOITOMY JHIJIEKTPHK BTATHBAETCH
B 00M1acTb CHJBHOrO ROJs. A

8. Paspe3sansblit 3apsixeHHbIH wap, 3apsiKeHuulll MeTaJ-
JHUeCKHH wap pajguyca R pa3pe3aH Ha ABE 4YacTH MJCCKO-
CTbiO, IPOXOAsLIeHl Ha PAaCCTOAHKHM h OT UeHTpa mapa (puc. 8.1).
C Kakoil CHJIOH OTTaJKHMBAIOTCA APYT OT Apyra 3TH 4YacTu?
[Toanwtit 3apsaj mapa paeen Q.

A Byznem ans onpefeseHHOCTH CUHTaTh, YTO INAp 3apaikeH
NONOKHTEILHO. 3apaj MeTa/lIMYecKoro apa Q npH oTcyTCT-
BUM NOBGAM30CTH APYTHX 3apsKEHHEIX MJH HE3apsKEHHBIX Te
6yleT paBHOMEPHO pacnpejeseH o €ro noBepxHoctd. [pu
3TOM I10BEPXHOCTHAA MJIOTHOCTb 3apfAja O OAHHAKOBa BO BCeX
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TOUKaX MW paBHaA
o=Q/(4R?). (1)

M3 cuMMeTpuH OYEeBHAHO, 4TO 3JeKTpocTatnHueckas cusia AF,
JefcTByOIIAn Ha KaxAblf Madbift asnement AS 3apsiked-
HOHl MOBEPXHOCTH, HANPaBjeHA MO HOPMA/IH K NOBEPXHOCTH
(puc. 8.2). Kak naiita 31y cuay? [{s 3T0ro MOXHO HaiiTH Ha-
OPSKEHHOCTb  3JIEKTPHUECKOTO [MOJis, CO3[4ABaeMOro B TOM

Puc. 8.1. 3apsikeHuuiii MeTan - Puc. 8.2. 3Daektpocrartuueckan
qecKuil Iiap paspe3an Ha JBe cuia AF B xaxA0oH TOoYKe Had-
4acTH pasieHa 10 HOPMAJU K IO-

BEP XHOCTH

MecTe, T'lé HAXORAUTCH BbIAEJCHHBIA 3/1€MEHT noBepxuoctd AS,
BCEH OCTAJbHOW YacTblo 3apAXKEHHOro uiapa.

HanpsikenHoCTh 3/MEKTPHUECKOTO TOJS BHE 3apSKEHHOrO
1apa coBMNazaeT C MOJeM TOUEUHOrO 3apsijia TAKOH IKe BeJHYH-
Hbl, TMOMelneHHoro B leHTp mapa. ITostomy HemocpencTBeHHO
y MOBEPXHOCTH HIapa MOAYJb HAMNPSKEHHOCTH

Ex=p 22, )

Cor/1acHO NPUHLHUNY CYNEPNO3HLUMH 3TO HOJMEe MOXKHO paccMar-
pHBAaTh KaK BEKTOPHYIO CyMMy NoJeil, CO3laBaeMblX BblIe/eH-
HbIM 37E€MEHTOM NOBEPXHOCTH Iapa AS wu Bcell oCTanbLHOM
yacTbio apa. Tak KakK HAC HHTEPeCcyeT HamNpAXKEeHHOCTh NoJs
HENOCPEJICTBEHHO y JIOBEDXHOCTH 1Apa, TO BhIJEJICHHLIH 3Je-
MeHT AS MOXKHO CUHTaTh IJIOCKMM H TPH BBIYHCJIEHMH CO37a-
BAaeMOI'0 HM TI0JIl BOCHOJIb30BATECSA BbIpa:KeHHEeM AJSl Hanps-
JKEHHOCTH TOJIsi pPAaBHOMEPHO 3apsiKeHHOll naockocTH. Kak
'H3BECTHO, 3TO fI0JIe CYUIECTBYET No o0e CTOPOHHL OT MJAOCKOCTH
(puc. 8.3), U MOAYNb €ro HANDPAMKEHHOCTH

E1=0/230. (3)

BuyTpu 1uapa BIJIOTH O CaMOH €ro MOBEPXHOCTH Pe3yJ/bTH-
pylowan HanpsKeHHOCTh MO/ PaBHA HYJO, 3HAYHT, BHYTPH
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mwapa BOMI3K aaementa AS noJie 3TOro s/iemenra, Hanpapnen-
HO@ BHYTpb HIapa, KOMIEHCHPYETCH II0JIeM, CO3JaBaeMbiM BCEH
OCTA/MIBHON 4acThio 1apa. Takum odpasoM, B MeCTe pacnofo-
JKeHHS BhleseHHOro asemerta AS Bes ocTaspHAas uacTe 3a-
PAKEHHOTO 11apa co3jaer eKTpuyeckoe noae £,, sanpasaeu-
HOE HapyXy, NPUYeM MOAYJb HANDSKEHHOCTH L Takme on-
pefensiercs cooTHowenuem (3). CHapyxu a10 noae £, umeer
OJAMHAKOBOE HaNpaBJeHHe C MOJeM, CO3/aBacMbIM 3JeMeHTOM
AS, ¥, cKJanbIBanch ¢ HUM, JaeT NCJAHoe NMoJe, HanpaKeHHoCTh
KOTOPOro BABOE 0oJbllie M ONpefensercst Bbipamennem (2).

L AN

F
Pic. 8.3. Daekrpu- Puc. 8.4. K unaxoxpe-
yecKoe rojse 3aps- HHIO CHJIBI JABJEHHA,
¥EUHOH MJIOCKOCTH neficrpytowest Ha OT-

pe3anHyio 4acTb W1apa

Cuna, neficTBywomas Ha saemedtT AS, paBHa NPOH3BENCHUIO
3apfAa 3TOro sjeMeHTa ¢ AS Ha HAUPANKENHOCTb HOJA 2=
=0/2¢,:

AF =-2_AS. )

Cuna, JpeficTBywulasi HA eJAMHHUY MJIOWAAH [OBEPXHOCTH 10
HOpMaJIU K Hell, npeacTaBanetr coboll AaBJjenue p, I/ KOTOPOro
B COOTBETCTBHH ¢ QopMmynoil (4) umeem

p = AF/AS = 0%2¢,. (5)

Jna uaxomknenus paBHojelficTBywoued F cHI 3Jekrpocta-
THYECKOTO AABJCHHS, JNeHCTBYIONHX, HANpPHMeEp, Ha BEPXHIOW
YacTh Lapa, MOXKHO NPeACTABUTH cefe KEeCTKYIo nojyi oo-
JIOUKY, MMEIOUIYI0 TOYHO Takylo xke Qopmy (puc. 8.4). Ecan
BHYTPU TaKoH oOBOJIOUKH HaXOJUTCA ra3 MNOJ JAaBjeHueM p,
TO CHJIA JAABJ/ICHHS 3TOTO rasa Ha «KPHIIKY» O00JOUKH COBMA-
Jlaer ¢ HaTepecymouielt ac cuaoil F. Ho cosepluenHo oueBnaHo,
UTO TOYHO TaKaf K€ [0 MOJAYJ/IO cHJIa AEHCTBYET Ha «JHO»
5TO# KecTKol obosoukH. [lostomy F=pS§, rae S=mn (R*—h?) —
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niomanb «ana. TakuM oGpasom,
2 h2
sz3=§8;n1%2(1~7ﬁ). (6)

[NonctaBasas ciofa 3HaueHye NOBEPXHOCTHOH NJOTHOCTH 3apsAna
¢ u3 (1), noayuaem

1 Q2 h2
F= s (1= %) (7)

Cuna orrajknBanys yacteli mapa Gyzer HanGoJblled, KOTAa
map paspesad no puamerpy (h=0). OGpaTrM BHUMaHHe HaA TO,
YTO B OTBET BXOAHT KBajpaT MOJIHOTO 3apaja wapa Q. 310
O3HayaeT, YTO B3aUMOAEHCTBHE YacTell pas3pe3aHHOro iuapa
BCErja HOCHT XapakTep OTTAJNKMBAHHS, HE3aBHCHMO OT TOTO,
3apAKeH [ap NOJOKHTETbHO HJAH OTPHLATEJLHO, KaK 3TO
OQUEBHJHO H° M3 KaueCcTBEHHbIX (H3MYeCKHX CcOOBDarKeHuH.

JlaBnienne p MOXKHO HaHTH H HHaUe, HCNOJAB3Y S 3aKOH COXPa-
enus sHepruf. IlpeanosoxumM, 4rto pajiuyc mapa ypeauuuJcs
Ha Manyio Besinuudy Ar. Tlpm 3TOM 37eKTpoCcTATHUCCKHE CHJILI
coBepuiat pa6oty, pasuyio p AV, rze AV — ypeanuenne oObe-
Ma wapa. Jra pabota COBEpIUAETCs 3a CHET SJEeKTpOocTaTHye-
CKOll SHEPruH. DAEKTPOCTATHHECKYIO SHEPrHI0 3apsAKeHHOro
1japa MOKHO PACCMATPHBATh KaK IHEPIHIO CO3JaBAeMOro MM
noan. Ilpu yBeinueHuH pajuyca 1apa 3JeKTpocTaTHyeckas
SHePrus yOLIBaer, TaK KaK yMeHblaerc o6beM, 3aHHMaeMblii
nojeM. JTO YMEHbIUIeHHE 3HEPruH paBHO INPOM3BENEHHIO
0o0BEMHOR MJIOTHOCTH 3JAEKTPOCTAaTHYeCKOl sHepruy W=
=g, £?/2 Ha yBesnnuenne o6rvema wapa AV. [IpupaBuuBas pa-
60Ty BJEKTPOCTATHUECKHX CHA YMEHBUIEHUIO SHEPTUH

pav = 2E2Y ®)

1 noacTaBass ciofia E=o/e, u3 GopMyJsl (2), Haxomum p=
=0%/28y, YTO COBNAJ2ET C NOJYYEHHBIM paHee BbiparkeHHeM
(5). A

9. Tlapapokc anexTpocTaTHueckoH sHepruu. JIBa opuna--
KOBHIX MeTaJVIHYECKMX IUapHMKa pajguyca R Haxondatcd Ha
GO/ILIIOM N0 CPABHEHUIO € WX Pa3MepaMH PACCTOAHHM # APYT
or ppyra. OnuMu M3 WIapUKOB WMeeT 3apaj ¢, Apyroil He 3a-
psiked. HIapuxu coefuHAIOT HA HEKOTOPOE BPEMs MPOBOAIH-
KOM HHYTOXKHO MaJol €MKOCTH, B pe3y/bTaTe 4Yero 3apm
g PacnpenieNifieTcsl MeXAY HHMH NOPOBHY: ¢;=¢2=¢/2. Tenepn
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ofa 1mapuKa 3apsiKeHbl M SHEPTUA HX B3AUMOACHCTBHA

g 1 qg 1 g?
W_’41wo r T dmey 4r° M

OOB%CHUATL BO3HUKAOMMA NAPANOKC: KO COSAMHEHMS OAMH
U3 [IAPHKOB He Obl] 3aDsiKeH, U, CJAEROBATeILHO, SHEpPTus
HX B3auMoOJeHcTBHA Oblia paBHa HyJ/0. Ilocne coepuuenus
IIapDHKOB, KaK BUAHO H3 (QopMyJbl (1), sHeprus Hx B3aumo-
JeACTBHS cTajla MOJIOKHUTENbHOH, T. €. yBeanuuaack. OTkyaa
B3fANaCh 3TA 3UEPTHA?

A W3 3akoHa coxpaHeHH? 3HEPTHH CAeHYyeT, 4TO 3AEKTpPo-
CTaTHYeCKasl SHePTHs IUAPHKOB MOI/a TOJNbKO YMEHBIIHThCS.
B camow nene, nprM COCAMHEHHH I[IAPHKOB H MepeTeKaHuu
3apsja B COEIMHUTEIbHOM NMPOBOAHHKE BhIAEIAETCH TemJ/ioTa.
[Ipu coeaMHEHHH MOr/a HPOCKOYUTH MCKpa, YTO HEH30KHO
CBA3aHO C MpPEBpalieHNeM 3JeKTPHUECKONl 3HeprHH B JApyrue
BH/BI BHEPIHH. BosHHKalOmee npoTHBOPEUHE ¢ 3aKOHOM COXpa-
HeHHUs SHEPTHH MOMKET 03HAYaTh TOJAbKO TO, YTO B NPHBEACH-
HbIX B YCJIOBHH 33/1aUl PAaCcCYXKJICHHSIX YTO-TO He yyTeHo. Yro
e HMMEHHO?

Heno B TOM, 4TO 3HEPrHs B3aUMOJCHCTBHS 3apsKEHHBIX
TeJ — 3TO elle He BCS JMEKTPOCTATHUeCKas sHeprus. IHep-
rua B3auMofeficTeUA, Bulpakaemasi dopmynoi (1), pasua pa-
00Te BHEIUHHX CHJI TpH cOAMKEHUH 3apsiKeHHBIX TeJ Hu3 bec-
KOHEYHOCTH JI0 paccTosinda r Mexay numu. Ho sta dopmyna
He YUHTHIBAET 3IHEPTHIO 3JAEKTPOCTATHUECKOTO B3auMOJeficT-
BHA OTAENBHBIX YACTEH KaxKAOTO M3 3apSKEHHBIX Tes MEMIY
cofolf, TAK Ha3bIBAEMYI0 COOCTBEHHYIO 3HEPrHIO 3ap AMKEHHBIX
tes. CofcTBeHHasi SHEPTHs 3apsKEHHOTO Teja paBHA pabore
BHEIIHHX CHJ, KOTOpasi COBepIIaeTCA NPH coOCLIEHHH Teny
INEKTPHYECKOTO 3apsana. Kaxk naiiTy 3Ty snepruo?

PaccMoTpHM yejliHeHHoe 3apsikeHHoe Teso. Ero coberBeH-
Has HEPTHs He 3aBHCHUT OT TOTO, KAKHUM CIIOCOOOM OHO ObliO
sapaxeno. [losToMy paccMOTPHM TaKofl IIpoLecc 3apsiiKy,
JUJI KOTOPOTO Jierue BCEr0 COCYUTAaTh paGoTy BHEIIHHX CHL
[TycTe dapsi/ NepenocUTCs Ha TeJlo HACTONBKO MaBIMH [1OPLH -
Mi Ag’, 4TO BIHSIHHEM NOJIS MAJOro 3apsia Ha paclpejesiene
yIKe CcoobmenHoro Teay 3apsiia MoKHO npenefpeus. Toraa
pabora AA, copepliaemast Ipy nepememenns Ag' u3 6eckoney-
HOCTH Ha TeJO, paBHA NPOH3BEJEHHIO NEPEHOCHMOro 3apsja
Aq’ na motenuman tena ¢'. [Notenuuan METANIHIECKOTO Tesia B
JIO50f MOMEHT CBsI3aH C HAXOAAUMMCS HA HeM 3apsaioM ¢
coornouenneM ¢'=q'/C, rae C — eMKOCTb yeAHHEHHOro Tesa.
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ostomy anst paGotet AA nonyuaem

!A !

M =gy =I7. @

Cymmupys paGotsl AA no nepenocy Bcex nopumit aapaga Ag’,

NOKa 3apsjl Teja He cTaner papeH ¢, noayuaem Ajs ccOCTRen-
HOH SHEPTHUR BblpakeHHe

-4 3

Wl’— 20 ¢ ( )

EMKOCTL YeIHHEHHOTO MeTa lJIMueckoro mwapa paauyca R pap-

Ha 4ne R, no3TOMY COGCTBEHHAS! SHEPTUA TAKOTG Iapa, NMEKe-
mero 3apsaj g, AAeTCs BhpakeHHeM

1 q?
1= m R (4)
BosppatimMca Tenepb K paccMaTpHBaeMOMY TIZPaJGKCY.
B HayalbHOM COCTOSIHHH, KOTAA 3HEPrHs B3aUMOIEHCTEUSA
1HaPHKOB paBHa HYJIO, CHCTEMA BCe-TaKH 00/1a1aeT 3NeKTPOCTa-
THYECKOH 3Hepruefi, Kotopas paBHa COOCTBEHHOH 3HEPTHH
3apaMEHHOro mapuka. Dra sueprua Jaerca ¢opmyJqoil (4).
B Kolle4HOM COCTORHHH, M0C/Ie COSAHHEHHS HaPHKOB, 3JEKTPO-
CTaTHYECKAs! 3HEPryA CHCTEMbl CKJIAALIBAETCST M3 JHEPTHU HX
B3aHMOJEHCTBHSA, BhipakaeMod dopmyaoit (1), ¥ coGcTBEHHBIX
SHEePTHH KaXAoro H3 apuxoB. [ToCKOABKY MapHKH HaXONATCS
Ha 60/IbILOM pacCcTOAHHM APYT OT APYra, TO MOXKHO CYNTATb,
YTO 3apsiipl pacnpefesieHnl Ha HHX paBHOMEPHO. 3TO 3HAuMT,
UTO COOCTBEHHAS! SHEPTHA KaXJOTO U3 HHX ONpeiessieTcs Ta-
KHM JKe BHIpAXKEeHHEM, KaK H /4 YeJHHEHHOro uapa. 3apainl
IIAPHKOB Tenepb PaBHb ¢/2, MO3TOMY A5 MOJIHOIT 3JEeKTpoCTa-
THYECKOH JHEPTHH CHCTeMb! B KGHEYHOM COCTOAHHH HMEEM
W9 1 (4/2)2J‘_ L2 1 171(_1__1__1_> )
drey 2R ' 4me, A4Ar 4ng, 4 :

Cpapuusas Bbipaxenus (4) n (5), BUAMM, 4TO NOJHAA 3AEKTPO-
CTaTHYeCKAA IHEPTHs CUCTEMBl B pe3yJbTaTe COSIMHEHHs iia-
PMKOB YMEHBIIHJaCh:

W,__u(/'__:_l_._f_ 11 > 0 6)
1 dneg 4 \ R r i

1aK Kak r>R. Pasnocts W;—W'’ paBna Komnuectsy a/extpo-

CTATHYECKON 3HEPruM, KoTopas Nepelnsa B Apyrue BUIL! SHep-

FUH NPH COEAMHEHMH I1NAPHKOB.
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Hrtak, nojiHas 3JeKTPOCTATHUECKAS JHEPTHS CHCTEMBI 3a-
PAMKEHHDIX TeJ CKJAaJblBAETCS H3 UX COOCTBEHHBIX SHepTHil U
3uepTUN MX B3aumopeHcTaus. Takoe pasGuenue snepruu cra-
HOBUTCA OCOOCHHO HArJIAJHBIM, €CJAH 3JeKTPOCTATHUECKYIO
SHEPTHIO CHCTEMBI PACCMATPHBATL KAK YHEPIHIO 3ACKTPHUECKOrO
noas. [lo mpuHUMOy CynepnosHuHH 3JeKTpHyeckoe nose £
CHCTEMBI JIBYX TeJs C 3apsifaMy ¢, H ¢z PAaBHO BEKTOPHOH CyM-
me nmoaedd £y U £2, CO3AABAEMBIX KAXKIbIM M3 TeJ B OTAEABHO-
ctu. Ob6peMHAs NJIOTHOCTD SHEPTHH 3JEKTPHUECKOro MoJis,
IIPONOPUHOHAJbEAR KBAAPaTy HanpsKeHHOCTH, pacnajaercs
Ha TPU cjlaraéMelX B COOTBETCTBHH C BbIpa*KeHUEM :

Et=(E,+ E)*=E} + E} 4 2(E;- E,). (7

Ilepseie 1iBa cilaraeMbix B IPABOH HACTH COOTBETCTBYIOT OOLeM-
HO# IVIOTHOCTH COOCTBEHHBIX SHEPTHH 3apsiioB g; M ¢z, a Tpe-
THE C/JaraeMoe COOTBETCTBYET SHEpPruM B3anMOAEHCTBHA 3THX
3apsafioB APYr ¢ ApyroM. VIMEHHO 3Ta yacTb MOJHOH 3JEKTPO-
CTATHYECKON 3HepTHH cHCTeMbl M jaercst gopmyJoft (1). Ecau
Obl, pelias 3aauy O COSNHHEHUH [IapUKOB, MBI C CAMOT'0 Ha4a/1a
paccMaTpUBaiH  3JIEKTPOCTATHUCCKYIO 3IHEPrHI0 CHCTEMBI Kak
IHEPrHI0 3JeKTPHUECKOro NOJist, TO Mapajokca Booblle Hie BO3-
HUKJIO Obl.

[Toneenem wurorn. Cucreme 3apsKeHHBIX TeJ MOKHO MO-
CTABUTb B COOTBETCTBHE JHOO NOJNHYI 3SHEPTHIO — IHEPrHio
3MIEKTPHUECKOr0 [0JA, AHO0 IHAPTHIO B3aUMOJCHCTBHA TN,
KaxkoMy u3 3THX cnocoG0B OTAATh NPEANOYTEHHE NPH PEleHH N
KOHKPETHBIX 3ajau?

[Tpu Bcex BO3MOXKHBIX [NEpEMEIeHHAX 3apsKeHHBIX Ted,
2CJIM paclpesiesieine 3apfaA0B HAa HUX He MeHdsiercd, cOOCTBEi-
HAs IHEPrHs 3TUX Tea ocTaercss HenameHHoH. Ilostomy npu
TAKUX [epeMelleHHsIX H3MEeHeHHe OJHOH 3JeKTPOCTaTHYeCKOl
SHSPrHH PABHO H3MEHEHHMIO SHepriu B3aumoefictsua. Tak xax
BO BCeX (DH3HUECKHX SIBJCHHSAX CYIIECTBEHHO HMEHHO H3MeHe-
HHe JHEPTHY CHCTEMBI, TO NOCTOSIHHAA 4acTb — COOCTBEHHAanR
2Heprus — MoxeT ObiTb oTOpomeHa. MIMEHHO B STOM CMBiCae
c/lellyer [OHMMATh YacTo BCTPeUAoeecs YTBEPKAeHHE 0F
SKBUBAJIEHTHOCTH 3HEPIHH B3aUMOJSHCTBHSA 3apsijlOB U SHEPruu
C0O3/12BACMOTO HMH TOJA.

[Tpencrapnenne 3/71eKTPOCTATHUECKOA SHEPTHH KAK JHEPTHH
B3aUMONEHCTBHA 33P5A0B OCOBEHHO YAOOHO B TEX cayyanx,
KOIia B PACCMATPHUBAEMYIO CHCTEMY BXOAAT TOUEYHEIE 3apAiil.
Ieno B ToM, 4TO cOSCTBEHHAS SHEPTHST HCTHHHO TOUEYHOro 3a-
psana OeckoHeuyHa. 310 BHAHO, Hanpumep, U3 dopmyasl (4),
€c/id B Hejfl, coXpaHsst 3apal ¢ HeH3MEHHBIM, YCTPEMUTD pajnyc
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mapa R x nymo. C zpyroii cTopoHs, 970 OecKoHeUNoe 3Haye-
Hue COOCTBEHHOH 3HePruy TOYEUHOro 3apsjia OCTaeTcsl CTPOro
HEH3MEHHBIM NPH JOOBIX ero rnepeMemeHHs X, H ero MOXKHO OT-
OpocuTh LPH BHMMCJIEHHH H3MeHeHHs 3Heprud. Takum obpa-
30M, TO 0OCTOATENbCTBO, UTO Hopmysa (1) He COAEPHHT €06-
CTBEHHOII SHEPTHH 3apAJIOB, ABJSCTCH €€ JOCTOHHCTBOM, a8 BOBCE
He HepocratkoM, @opmyJa, coiepixkaimas COOCTBEHHYIO 3HEp-
TMIO, V15l CUCTEMBI, B KOTOPOH €CcTb TOYewHble 3apsiibl, 6klia Opl
JIHHIEHA cMBICJA,

B otauumpe 0T TOYEYHBIX 3apsijoB, COOCTBEHHAs 3HEPTrus
NPOBOAAIMX Tes He ocTaercst HeuamenHol. OHa MOXeT H3me-
HUThCSH, HampuMep, TPH NepeTeKaHuu 3apsaja C OJHOTO npo-
BOIHHKA Ha APYrofi, KaK 3T0 ObLIO BBISICHEHO B Da300paHHON
3ajaue, CoGCTBEHHAs SHEPTHA NPOBOJHHKA MOXKET H3MEHUTHCSH
¥ OPOCTO NIPH B3aHMHOM NEPEMEILEHHH BXOISLIUX B CHCTEMY
e, JledcrsuTenbHO, COGCTBEHHAAl 3HEPTHA He3apA:mKEeHHOro
IPOBOJHHKA PaBHA HYJIO, €clH ROGJIH30CTH HET APYTHX 3apd-
KeHHuIX Te]1. Ho npu npuGiauxennH K NPOBOIHHKY TOYEUHOro
3apsja ¢ Ha NOBEPXHOCTH NPOBOJHHKA BO3HHKAIOT HHAYUHPO-
BaHHble 3apAjbl. XOTA NOJHBIH 3apsA] M30IHPOBaHHOIO NPO-
BOJHHKZ paBeH HYJ/O, NepepacrpeneseHde 3apsifoB Ha €ro
NOBEPXHOCTH TIPHBOJUT K TNOABNACHUIO 3JEKTPHYECKOrO MOJf,
C03/aBaeMOro 5THMH HHIAYUHPOBaHHLIMH 3apsjaMH. 370 noJje
obnajaer sHepruefl, ¥ NO3TOMY COGCTBEHHAS SHEPTHs NPOBOA-
HHKa yXKe OTJIRYHA OT HYJs.

PasyMeetcs, BbIBOJ O TOM, 4TO COGCTBEHHAA SHEPFHS NpPO-
BOJHHKOB He OCTaeTcsl TOCTOSHHOH NPU M3MEHEHUH B3aUMHOTO
pacloJIOKeHHsI WJH BEJIHYHHBE 3apAJ0B OKDPYXMAWHX TeJ,
CNpaBelUB H JJISl NPOBOIHHMKOB, MOJHBIA 3apfl KOTOPHIX
OTJIMYEH OT HYJIS, TAK KaK U B 3TOM CJ1yYae NPOUCXOANT fepe-
pacnpejenenue 3apsAAOB N0 NMOBEPXHOCTH NPOBOJHHKOB. A

10. 3apaxennsie kanan xuakoctd. Kax G0 BhIICHEHO
B 3amaue 21 paspena «Mosekyaspuas (H3HKa», paBHOBECHE
Kaneab KUJAKOCTH €O CBOMM HACBHIIEHHBIM I1apOM ABJISeTCH
HeYCTOAYHBLIM: GOJIbIUIHE KallH pacTyT 3a CYET HUCNAapeHus
ManeHbKHX, B pesyabTare BCA XUIAKOCTH B 3aKDBITOM cOCy[e
B OTCYTCTBHE I10JIs] TAMKECTH JOKHA cobpaThcs B OJHY Kamlio,
TaK UTO JaB/ieHHe HACBHEEHHOTO napa GVAET COOTBETCTBOBATH
KpuBHu3ge ee noBepxHocTH. (PasyMeercs, npu Hanuuuu noss
THIKECTH KHAKOCTh COOEpeTcs Ha AHe cOCy/]a U €e NOBEPXHOCTh
fyner nJaockoii.) ONHAKO ManeHbKHE 3apsiKEHHble Kanju
JM3JEKTPHYECKOH JKHAKOCTH BeAyT ce0s nHaue: B 3aKpPbITOM
COCYZE, COJCPXKAIEM MHUJAKOCTL M €€ HAChUIEHHBIN nap, 3TH
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Kalli PacTyT, MOKa He AOCTHLHYT ONPERJNEHHOro pasmepa.
Kak o6bScHHTL 3TO siBJIeHUe?

A B sanaue 21 paspena «MonekyaspHas (pusuka» GbiIO
NOKa3aHo, YTO JAB/JCHHEe HACBIIEHHBIX NaDPOB p CBA3AHO C pa-
JUYCOM KPHUBH3HBI ¢ BBINYKJ/OH [OBEPXHOCTH YKHUJIKOCTH COOT-
HOUIEHHEM

2me
P=P0eXP o (1)

rje p, — JaBjeHHe [aCBIUEHHOr0 Mapa B cJjydyae IJIOCKO#
[OBEPXHOCTH KUIKOCTH. JTO 3HAYHT, 4TO Gjaronapsa nosepx-
HOCTHOMY HATSXKEHHIO B JKHUAKOCTH Nap, HAXONAUMICH B paB-
HOBeCHHM C Kamjed pajuyca r, OyAeT nepechbiieHHBIM /st
XHAKOCTH, HMEIOIEH IIJIOCKYIO IOBEPXHOCTh. B pesyabTare, Kak
MBI BHJEJH, Ha ILIOCKOI NOBEPXHOCTH
MKUAKOCTH NMPOUCXOAHT KOHACHCALMA U
nap CTaHOBHTCA HEHACHIEHHBIM /IS
KaleJb, 4TO INPHBOJHT K HX HCHape-
Huto. Uem Goablie Ko3GpHUHEHT Io-
BEpXHOCTHOT'O HATSKEHUS O U YeM MEHb-
e pajuyc Kaneab, TeM OblcTpee uper
TAKOH Mpolecc,
Paccmorpum Teneps, uto 6yner npo-
HCXOAMTb B TOM Cayuae, Korja kamas LDue 10.1. K pacuery
o YMEHbIIEHHUST IACKTPO-
uMeer sieKTpudeckui 3apaf. Hanpu-  Crarugeckoii  smepruu
Mep, Kalas 06pa3OBaﬂaCb Ha HOHE, npn yReARYEHHH pa-
TAK YTO MOXKHO CHHUTATh, UTO B €€ [EHT- AHYCAa  3apSKEeHHOH
pe HaxoaHTCs ToueuHbiH sapan ¢. C cos- Kamu
JaBaEMbIM 3THM HOHOM 3JIEKTPHUUECKHM
NoJIEM CBfI3aHO JIONOJHHTEILHOE 3J1eKTPOCTaTHYECKOe JaB-
Jenue p’. laa HaxoxIeHHS ITOTO HABJAEHHA OyleM pac-
CYyXKJAAThb caefylomum ofpasoM. [1ycTb Kalljisgi HeMHOro yBe-
JHYHNACh B pasMepax, Tak 4TO H3MeHeHHe ee o0beMa paBHO
AV (puc. 10.1). Ilpu 3TOM 3JeKTpOCTATUYECKHE CHJBL CO-
pepiiaioT pabory, pasHyw p’AV. Dra pabora cosepuiaercs
34 CUET SHEPTHH JIEKTPOCTATHYECKOro MOJA KalJjad, KoTopas
yYMeHbLIASTCA NPH YBeNHUeHMH paanyca Kamiu. Jo pacrmpe-
HUS Kan/Jgi 31eprus a/AeKTPHYeCKoro nojs B cjoe obbeMom AV
N
2
KOT/I2 3TOT CJIOH 3aNOJHUIACHA AUIEKTPUKOM C TPOHULAEMOCThIO
€, HANPSAXKEHHOCTb [10JIs1 B HEM YMEHbIIHJIAch B & pas, a 3Hep-
rust 10/, B COOTBETCTBUHH ¢ (opMyJoii (9) H3 BBEJEHHS K 3TO-
MY pasfeny, TakXkKe YyMeHbLIH/ach B € pa3 M craja paBHOH

na puc. 10.1 6blna paBHa AV. Tlocae paclunpeHus Kaniu,
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e,E2 AV o
lg-T.HpnpaBHHBaﬁ paboTy CHJA 3JEKTPUUECKOro fos
yOLITY €r0 3HePrud, NOAyYuM

paBE (1), ®

B sroit hopmyae E npencrasaser cofoi HAlPAKEHHOCTb MEKT-
PHYECKOTrO NOasi, KOTOPoe CYLIecTBOBaNO B cioe AV no pacin-
penus xannd, Hasuuuwe ranau, T. €. wapocOpasHoro ORHO-
POJIHOTO JH3JIEKTPHKA, OKPYKAWWIEro ToYeuHbIH 3apsaj, He
napymaer chepHyeckoil CHMMETPHM 3JIEKTPHUYECKOro MoJs.
Ilestomy, npumenss Teopemy [aycca, yGexaaemcs, 4To noJe
CHApYXM Kallli COBNAJaeT ¢ NOJEM TOYEYHOro 3apaja:
1 g

E= dneg 12 3)
ToacraBass 310 3Havenne £ B popMyay (2), nonyyaem c/1enyio-
uiee BhIpaXKeHHe J1s JONOJHUTENbHOTO 3/J€KTPOCTaTHYECKOrO
JaB/ennn:

r__ & q? 1
pr= 2(43:80)274— (1“‘8') . )

370 paBjeHne Kak Obl «pacnupaers Kanao H3HYTPH, H NOITOMY
€ro nefcTBHe MOXHO pacCMaTpHBaTh KaK yMeHBLIeHHe CTATH-
BAIOWEro KanJjo NOBEPXHOCTHOro HaTsxkeHus. JlaBieHue xuu-
KOCTH BHYTPH KamiH, oOYCJOBJEHHOE NOBEPXHOCTHHIM HaTs-
JKEHHeM, AaeTcs BBIPaKEHHEM

p=20jr. 3)

[Tpu Bannuny 3apAna g AaBJeHHE BHYTPH KalJH YMEHLUIAETCS
Ha BEJHUMHY p’ U CTAHOBHTCH paBHBIM p,—p’. [TosTomy yio6RO
BBeCTH 3(xpeKTHBHOE 3HAYECHHe TOBEPXHOCTHOIO HATSIKEHHd
0,5 TAK, UTOOH JaBJeHUE BHYTPH 3apsuKeHHOH Kamiu p,—p’
NO-IPEeXHeMY Bbipaxkaaock Qopmyncit (5):

pl"_p, = QGa(b/r‘ (6)
Ioncrapass clona avayenust p’ u p; 13 popmya (4) u (5), nony-
yaeMm
g0 1 1 o
R (e e o TN

rjie MHEOMHTEAb Npn 1/r® BO BropoM cJaraeMoM Jiast yao6cTsa
0003HaYEH Yyepes a.

Hns Toro 4Tto6hl yuecTh BJAHSHME H3MEHEHMS HOBEPXHOCT-
HOTO HATSXKeHHsT Ha JaBJeHue HaCHRUEHHBIX NapoB BOJHSH
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3apaKEnHol Kanau, caeayer B dopmyae (1) samenuts 6 na
0,4. Toraa ¢ nomouieio ¢opMyJbl (7) HaXOAHUM

2
D= Dy €Xp {ﬁ%(%-%)}. (8)

Jlna uccienoBanMs 3aBUCHMOCTH JaB/JeHHs HachUIEHHHIX TNa-
OB OT pajuyca 3apsKeHHOH KallJiH YIOGHO NpeiBapHTEJBLHO
npojorapugMupoBaTh BeIpaxkeHue (8):

1n%=;2%(1___°i>, 9)

Y nesapsxenuol kanau a=0, T.e. B dopmyJe (9) B npasoil
HacTH OCTAeTCH TOJAbKO Nepsoe caaraemoe. COOTBETCTBYIONINI
eMy FpadHK 3aBUCHMOCTH In (p/p,) OT r nokasan na puc. 10.2

In-
Zy
~&.
Puc. 10.2. lapaenne napos,
HaXOAAUMXCA B PaBHOBECHH
C 3apaXeHHOR Kamjeil »XHA- Ob—fr——=== >
KOCTH pajHyca r 4
lll
-l
IIN 74
]
1
]
i
i

(TOHKas JuHuA). 3TOT rpaduk HarjasAHO OTpaxaer HEyCTok-
¥HBOCTh He3apstKeHHBIX Kanejb XKUIAKOCTH B Napax, Haxops-
IIHXCA B PABHOBECHH C IVIOCKOH NOBEPXHOCTBIO: NMPH JIO6CM
pajamyce KallJll TaKoH 1ap st Kanjy SBAA€TCH HeHACHLULEHHEIM.
[ostomy Hesaps:kennast gamia ucnapsercs. HrpuxoBoii -
Hued Ha 3ToM ke puc. 10.2 nokasan rpapuk BTOpoOro caarae-
moro B opmyJie (9). I'paduk sasucumoctn In (p/p,) ot r Aas sa-
PSKEHHOH KallIH IMONyYaercsl CJIOXKEHHEM 3THX KPHBHIX H
nokazaH XHpHOH suHueft Ha puc. 10.2. M3 srtoro rpaduxa
BHJAHO, YTO 3aBHCHMOCTh JaBJEHHS HAaCHIIEHHBIX NapoB OT
pajuyca KPHBH3HEL N1PY HaJHYHH 3ap5iaa CTAHOBHTCH HEMOHO-
tonHO#. IIpH HeKoTOpOM 3HAYEHHH Pajuyca Kalllu r=r,, TaM,
rie rpauK nepecekaer ocb adcuucc, AaBAeHHe HacHIIEHHOro
napa p A1 3apsAXKeHHON KalJi OKa3blBaeTCsl TAKUM e, Kak
1 JaBjeHne p, I MJICCKOH NOBEPXHOCTH He3apsiKeHHOH XKHUA-
KOCTH. DTO 3HAYUT, YTO 3apsi:KEHHEIE KanJH TakKoro paamepa
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O6yyT HAXOAUTHCA B PABHOBECHH C I1apOM, JaBACHHE KOTOPOTO
paBHO p,. UM oka3blBaercs, 4TO 3T0 paBHoBecHE OYAET yCTOH-
YHBBIM.

B cavmom pese, mycth Kamisi, HMeOWas pPajpHyc r,, He-
MHOro yMeHbllusaach B pasmepax. Ms rpapuka Ha puc. 10.2
BH/HO, YTO JABJEHUE HACLILEHHOro fapa AJs Hee NpH 3TOM
CTAHET MEHbIIe YeM p,. A 3TO 3HAUYHUT, 4TO OKPYKAwOWHH Kall-
JIIO T1ap ¢ JIaBJCHHEM p, CTAHET JJIsi Hee [epechileHHsiM. Takott
nepecullieHdbA nap 6y/JAeT KOHAEHCHPOBATbCA Ha Kaije, T. e.
Kanas 6yzer pacti. Ecau npeAnonoXuTb, YTO Kamnas paguy-
Ca ro HEMHOTO YBeJHYHJIACh, TO MOXKHO yOeJHTHCA, YTO OKPY-
JKAOMWHKE Kanmo nap ¢ AaBjJeHHeM p, CTaHeT I Hee HeHAChl-
wenHsM. Haunercs ucnapenune, H Kamvis OyAeT YMEHBIFTBCHA
B pa3Mepax. :

Pasofpansblil IpuMep RO3BOJAET MOHATH MPHHIHUI JeHCT-
BUst Kameph! Bunbcona. Ilposieraromas uyepes kamepy 3apsi-
MKEeHHAfA 4acTylia OCTaB/seT Ha CBOeM NYTH MHOXKECTBO HOHOB,
HAa KOTOpHLIX HeMeATeHHO MNPOHCXOAUT KOHIEHCALHUS MNapoB H
o0pasytotcsl 3apsiKeHHble KAarI¥ KUAKOCTH, ECJaH map B Ka-
Mepe BuibcoHa HaCHILEHHBIH, TO 3TH KAIIM PACTYT, ITOKA HX
pazvyc He JOCTHrHET 3HaueHus r,. HeszapsKeHHbIE Kamau Ma-
JIEHLKOro paauyca GpicTpo Ol Henapsaaucs. baarogapst tomy,
UTO KANJIM 3apsiKeHBl, OCTaBjsieMplil NPoJeTeBIIH dYacTHYeH
ciel B kamepe BuibcoHa coxpassercss NPOAOKHTE/NbHOE
BpeMms,

OnHaKo ecay Mbl OLlEHUM pasMep 3apsKEHHBIX Kalesb r,
MPY KOTOPOM OHHM MOT'YT HaXOJHThCS! B PARHOBECHU C 11apOM B
kamepe Busbcona, To o0HApY:KHM, YTO ITOT pa3Mep CJMII-
KOM MaJa /11 TOro, 4ToOBl 3TH KanJ/ad Oblid BHUAHLL. [ledicTsH-
TeNbHO, YTOObl HAHTU 3HAUEHHE r,, HYXKHO NPUPABHATH HYIIO
BhIpaXeHue B ckoOKax B dopmyae (9). B pesyasrTare naxopum

3 /e 18 7 I

’0’:]/7:71/?&?5.‘(1’?)' (10)
Tlo stofi hopmysie MOXHO HAalUTH, YTO, HANPUMED, /S Kanesb
Bonp! (=81, 0=72 aun/cM), 0OPa30BABUIHXCS HA OJHOKPATHO
sapaxenunlx HoHax (¢=1,6-10"1 Ka), ryex10"7cm. 3r0
3HaueHUe MeHbllle JJIMHBL BOJHBI BHAHNMOIO CBETA, MOITOMY Ta-
KUe KanJu HeJb3sl YBUAETH JaxKe B CaMblf COBEPIUSHHBIA MUKPO-
ckon. Tak nouemy e TYMaHHLIA TPeK B Kamepe Busbcona ot-
YeTJHBO BHJACH JajKe HEBOOPYIKEHHLIM Tiasom? Bcee peno B
TOM, YTO B Kamepe BuabcOHA HCIO/BL3YeTCS MEPecHIieHHbIH
Tap, KOTOPLIH HAXOAHTCSt B MeTacTabHsbHOM cocTostHuu, [1ycTh
JaB/ieHHe 3TOro Mapa PaBHO p=>p,, YUeMYy COOTBETCTBYET OpH-
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sonTanbhas npaMas I Ha puc. 10.3. IIpu nosBaenuu B TakoMm
nape He3apsXKeHHBIX Kalleslb, PasMeP KOTOPHIX MeHbIIE KPH-
THYECKoro sHaueHus ry (puc. 10.3), Konaencauus napa Ha HuX
npoucxXoauTs He OVJeT, TaK KaK 110 OTHOMIEHHIO K TaKuM
KalIAM OH fBJfETCA HeHAchllleHHbM. VIMenno stim u ofbsic-
HAETCS BO3MOXKHOCTb CYIIECTBOBAHHS Napa B mepechlilleHHOM
COCTOIHMY, M60 €ro KOHJEHCAUHsA MOXKET HauyarbCs TOJBKO

nZ
& &
r
Z
Puc. 10.3. Ecau pasaenue 7
NEePeCHIEHHOrO 11apa [ocTa- ; !
TOUHO BEAMKO (npsiMas 2), To 20 7 7

3apaXeHHple Kanau OyayT
pacTH HEOTPaHHYEHHO

NpH NOSIBJEHHH CPABHHUTENbHO OOJbIUMX HE3apPAXKEHHBIX Ka-
nejb, pajuyc KOTopex Gosibie r;. Ho 3a cueT TenaoBbX Gpayk-
TyauMi TakHe 6oablLIe KalJi He BO3HHKAIOT.

CoBcem HHaue 0OCTOUT [EJO C 3apsiKEHHBIMH KallJIAMH,
Tak Kak naBjeHue NepechlieHHOroO napa p,; B Kamepe 6oJblie
Peo, TO HX POCT OYAET NPOUCXOAMTbL HE O 3HAYEHHSA 7o, & JIO
60JbLIEr0 3HAYCHHUS rp, NPM KOTOPOM Iap B Kamepe Busbcona
CTaHeT HaCHIEHHBIM JJisi 3apsikeHHol Kamau (puc. 10.3).
Ecsin ke naBjeHne NEPECHIEHHOro Napa B KaMepe HacTO/bKO
BEJIHMKO, YTO COOTBETCTBYyIOWLast emy npamas 2 Ha puc. 103
Booflie He Nepecekaer rpaduk 3aBHCHMOCTH JaBJCHHS HaCH-
IIeHHOTO mapa /sl 3apsiKeHHOH Kallld, TO POCT 3apsXKeH-
HOM Kaniu GYJeT NPOHCXOAUTb HEOorpaHuYeHHO. 3apsKeHHbe
KanJH JOCTUIalT BUJMMBIX PasMepoB H 00pasylor cjej npo-
JIETeBIIEH YacTHUBL. A

11. CoequHeHHe KOHJEHCATOPOB, PaccMOTpHM CXeMy coe-
JAUHEHHS KOHJEHCATopoB, nokasannyilo Ha puc. 11.1. Tpe-
fyeTcss HAHTH HaUpspKeHHe Ha KaKIOM KOHJeHCaTtope.

A Pasnanunble coejyHEHHs] KOHJEHCATOPOB OuUeHb YacTo
ECTPEYalOTCsl B pajHoTexHuuyecknx cxemax. Ecam konpencaro-
phI coelHHEHB! MeXly cofoil napa/ienbHo, TO HalpsKeHHsa Ha
HUX OJMHAKOBBLI, a 3apsJbl KOHJAEHCATOPOB [PONOPIUHOHAJBHbI
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X eMKocTsM. I1py nocnenosatebHOM COSIHHEHH KOHIEHCATO-
DOB CyMMa Halpsi’KeHuH Ha OT/IebHBIX KOHJAHCATOpax paBHa
OPHAOKEHHOMY Hanpsikenmo., Hanpsokenne Ha KamKIoM KOH-
NeHcaTope MOAHO HalTH M3 YCJIOBHSA, YTO COCJHHCUHBIE MEKAY
cofoft 00K/IafKH COCEAHHX KOHJEHCATOPOB 00pasyioT H30JH-
POBAIHGIH, 3JeKTponefTpanbubil B UeoM, nposoauuk. Ilo-
ITOMY 3apsiibl BCEX KOHJAEHCATOPOB OAHHAaKoBbl. Hanpumep,

& 4 & .
e —=o U
—={
J U U
& £, ST
L 1P !
Pruc. 11.1. Paspersneunoe coe- Puc. 11.2. Coepuneanpie MexXay
AWHEHHE KOHJIEHCATCpPOoB cofoft 00KAAAKH KOHAEHCATODPOB

B L{e/iOM 3AeKTPCHEATP A bHb

NP HOCJCAOBATE/BIICOM COSAMHEHHU JBYX KOHJEHCATOPDOB
(prc. 11.2) ykasanusie ycnopHs NPHUBOLAT K PaBeHCTBAM

Ul—{—Ug:U, 01U1:CZU2- (1)
peﬂlaﬂ 3Ty CHCTEMY ypaBHeHHf{, HAX0IUM
e C2 . Cl
Ui=Ugrer Ue=Uzze: )

HanpsixeHusi Ha [OCAE0BATEIbHO COEAMHEHHBIX KOHJEHCATO-
pax oGpaTHO NPONOPIUHOHAILHBI HX eMKOCTAM.

Opniako HHOTAA BCTPEUAIOTCS TAKUE COSHHEHHUs] KOHJEeHCa-
TOPOB, KOTOPBIE HE CBOAATCA K COBOKYIHOCTH NapaJsliejbHBbIX
1 [10C/IeJ0BaTeNbHBIX coefluHeHnil, KKaKk pas ¢ TakuM IpHMEPOM
0a3BETBJAEHHON LENH Mbl CTANKHBAeMCs B YCAOBUH 3TOH 3a1a-
uy, Kakum o6pasom HalHTH HanpsukeHHA HA KOHACHCATOpax
B 3TOM CJy4ae?

ITonpoGyem cocrasuTh HeoOxoiumble ypasnenus. IIpexae
GCEero OTMETHM, UTO 3HAKH 3apsAAa KawKAOH NAACTHHBI KOHAeH-
catopoB C; # C, MOXKHO YKa3aTbh Cpa3y: COeAHHEHHas ¢ MOJI0-
COM HCTOYHMKA OOK/alKa KoHJeHcaTopa OyjieT HMEeTb 3apsj
TOrO K€ 3HaKa, YTO W COOTBETCTBYIOMKHA MOMIOC. A BOT C KOH-
neHcatopom Cy Jesio ofCTOMT clOXKHee, HOO OlHA U3 ero os-
KJAa00K, KaK BHEHO u3 puc. 11.1, coennnena 0AHOBpEMEHHO U ¢
[OJIOAKHTENBHBIM TTOJIOCOM ORHOTO HCTOYHUKA, H ¢ OTPHIIATENh-
HBIM TOJIEOCOM Apyroro. [TosToMy cpasy ykasath 3HaK 3apsija
9Toll 06KJaJKH HEBO3MOXKHO. SICHO nulIb, YTO 3apsj 310l 06-
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KJIALKH MOMKET OHITb ¥ NCJOKUTEIBHBIM, H OTPHIATEIbHLIM
B 3aBHCHMOCTH OT TOTO, KaKas Pa3HOCTL MOTeHUHAJI0B YCTalic-
BHJIACH Obl MEXKAY TouKaMu A n B B OTCYTCTBHE KOHIEHCATOPA
C;3. Ho 1010 He TepaTh BpeMd Ha BHISICHEHHE HTOrO BONPOCa,
a NpOCTO NPEANOJONKHTL, YTO 3apajl 5TOH OOKJaAKM HMEET
onpeje/IeHHBIA 31aK, HanpuMep NOJOXKHUTEIBHEIR, T. €. 3HAKH
3apsajoB BceX OOKJaZoK Takue,

KaK nokasaHo Ha puc. 11.3. Ecaun *éqi A _‘52. 4

i t

MBL He yrajajdq 3Haka sapsjia, To
13 1IPaBUJILHO COCTABJEHHBIX YpaB- .U
e } F PR A 2]
nenuil pas Hanpsxenus U, noay- T
UNTCH He HOJMKHTe bHoe, a Of- b }}’[2
pinaTe/bpHOE 3Hauelle. —= 3 —iT
I

Tenepb MOXHO Hanicars ypas-
HeHud, CBA3LIBAOUIHE HAlpsKe- e .
" nug Ha Kougencaropax ¢ JIC nc- géfe'ﬂelulﬂ'gﬁ giﬁ?ﬁg Omsa‘gfé‘_
TCYHHKOB. paCCMOTpHM, HanpH- TH CXEMbl DaBeH HYJd '
Mep, Pa3HOCTh MOTEHUMAJIOB MEXN:-
Ay rtoukamH D n £ ua puc. 11.3. C onno#i cropount, s1a paz-
HOCTb noTeHnuaaos pasua cymme IAC &,-1+&., ¢ apyroi —
cymMe Hanpspkeunfl Ha kouzeHcatopax Cy; u C,. Ilostomy

Ul‘}'Uz:éJ1+é)2' (3)

TouHO TaK e nanpskeHue Mexxkay todkamu A u F, ¢ oano#
croponsl, pasuo 3JIC &y, ¢ Apyrofl — cyMme HanpsakeHRi
wa kongeHcatopax Cy u Cy:

Ul"]“Us:éjl- (4)

JByX nanucanHHbIX ypaBhenuit (3) u (4) HeOCTATOYHO AJA OI-
peieieHHua TpeX HeHsBecTHbIX Hanpsbkeau#t Uy, U, n U,
[TosToMy HYXKHO HanucaThb eiie OAHO ypasHeHue. Ecan mur
nonLiTaeMesi, pacCyxaas TaKk e, Kak U paHblle, pacCMOTpeTs
pazHocTh NOTEHIHAZOB MexkAy Toukamu D u A, To npuaeMm K
VYDaBHEHHIO

U,—Uy, =8, (5)

OnuaKo JIETKO BUAETH, UTO 3TO YPABHEHHE He IOMOKEeT B onpe-
JileleH N HeH3BeCTHEIX, TaK KaK OHO 4BJAETCH CJAeICTBHEM ABYX
BanucaHHbIX paHee YpaBHEHHHA: BLUHTAA NOYJIEHHNO YDaBHEHBE
(4) u3 (3), noaysaem ypasnenue (5).

Tperne He3aBHCHMOE ypaBHeHHE MOXKIIO NOJIYYHTh TaK XKe,
KAK H B CJAydYae MOC/AEI0RAaTeIbHOTO0 COeAHHEHHS KOHAEHCATC-
POB, YUMTHIBAs YCJOBHE 3JCKTPOHEHTPAJLHOCTH COCAHHEHHBIX
mex 1y co00il 00K/1a40K KOHREHCATOPOB, He UMEIOLIMX KOHTaKTa
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€ TOJMIOCAMH HCTOMHMKOB. DTa 3JICKTPONEeHATpanbHas cHCTEMA
o0K/IaJIoK 0GBEJleHa 1ITPUX0BOH JHHUell Ha puc. 11.3. B orvu-
4yye OT cydas NOoC/ef0BATe/IbHOrO COSAHHEHHA KOHICHCATOPOB,
3TO yCJIOBHE NPHBOJMT He K PaBEHCTBY WX 3apsjoB, a K TpeGo-
BAHUIO pPaBEHCTBA Hy/Mo ajre6paddeckod CyMMmbl 3apsjioB
yKa3aHHbIX OOKJIafoK:

CIUI—C2U2—63U3:0. (6)

Ypasuenue (6) nMecte ¢ JioObiMi ABYMst 13 ypaBienuit (3), (4)
n (5) ofpasyer cucremy /st HaXojueHHsi HeHsBecTHHIX Uy,
Us u U;. Boipasum, nanpumep, U; us ypasueuus (6):
CU;—CyU,;
U3: 1 IC3 2V 2 , (7)
u noicrasuM B (4):
U1 (1 + C-I/C3)—~U3C'2/C3 :@91~ (8)

Tenepb MoxHO ypasuenue (3} yMHOMKHTH {IOYJACHHO HA OTHO-
uienue C,/Cy u caokuth ¢ ypasueHneM (8). B pesysaprate
{{AXORUM

A& FED Ca+E1Cs
Vi=trare )

Doipaxenue piast Uy MOXKHO Teneph HANKHCATh CPA3Y, NOAB3YACH
CUMMETDHEH CXeMbl H MeHAA B BblpaxeHuu (9) uupexcol 1 u 2
MECTAMMU :

c C
U2: ((gltﬁf)czjc(faz 3 . (10)

Te, KTO COMHEBAIOTCA B 3aKOHHOCTH TAaKOH OMepayuu, Moryt
noacraButb M3 (9) nafifenHoe 3xHadeHue U; B ypasHeHue (8)
u Boigucauth U,. [asa onpegenenusa U, snavenus U, u U, u3
(9) u (10) ny:xuo noAcraBuTb B Buipaxeuue (7):
U3: glé)l——_C?.’(?Z . (11)
1+ Ca+Cs

OrmeruM npexje Bcero, yto 3dagenus Uy u U, noayuaiorca
MOTOKHTEIbHBIMH NpH MobbiX 3naveHuax DC u emkocren
KOHAEHCATOPOB, JTO 3HAYUT, YTO 3HAKH 3apsloB OOKJA0K
koHgencaTopoB Cy H C, JeHCTBUTEIBLHO BCErA TaKHe, KAK YKa-
3ano Ha puc. 11.3, 3nauenne U;, kak BHAHO u3 dopmyJst (11),
MOXKeT OBITb M TOJOXKHTENbHBIM, M OTpHIATEeNbHbIM. Ecau
C161>C:85, 10 Us>0 M 3HAKH 3apsjoB OOKAAN0K KOHJEH-
caropa C; O6yAyT TaKUMU, KaK NoKasano Ha puc. 11.3. Ecau ke
C161<<C:&», 10 U,y<<0. J10 0O3HAUAET, YTO MONSKPHOCTb Ha-
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npsikenust Ha Konjencartope C; OyA€T NPOTHBONOJIOKHOH YKa-
sannol Ha puc. 11.3. Bennuuna xe 37oro nanpsxkenus jaer-
csl MOJyJieM fipaBo#l 4YacTH Bbipaxenus (11).

Iloneso npoBepHTb NPABUIBHOCTb HOJYYEHHHIX Pe3yib-
TATOB B OYEBHJHBIX NPEJEIbHBIX M YacTHHIX cayuasix. Bo-nep-
BbIX, B CHMMETPHUYHOI cXeMme, KOTAA &1=&, U C;=C,, nanps-
wenue U, mexay ToukaMid A u B 10/KHO OBITE PaBHO HYJIO, 3
Hanpsukenuss Uy u U, noakHb! ObITh OAHHAKOBEIMH H PaBHBIMH

S i
Uys
i 2 R
|
AN P I
Puc. 11.4. Taxo#t BHA npunuMa- Puc. 11.5. Cayuait Cg—o0 “co-
€T npuBefiennas Ha puc. 11.1 cxe- OTBETCTBYET COEAHHEHHWI0 TOYEK
Ma npn C3=0 A u B npoBognnkoM

IJAC ucrounnka &. Buano, uto dopmyast (9) — (11) npuso-
JST B 3TOM CJy4yae HUMEHHO K TAKOMY De3yJbTary,

Bo-sropnix, npu C3;=0, 4T0 COOTBETCTBYET OTCYTCTBHIO 3TO-
rO KOHJEHCATOpPA, Mbl MMEEM MOCJIEeJ0BATEJbHOE COeIHHEHHE
kougencatopos Cy u C, (puc. 11.4). ®opmyast (9) u (10) npn
C,=0 COBNaJAOT ¢ BLIpAKEHNAMHU (2), ecAK B HHUX NOA NPHIO-
XEHHbIM Hanpsikenuem U nonumartb cymmy &:+&5. Popmy-
aa (11) npu Cy=0 naer sHayeHHe HANPSIKEHHS MEXKJLY TOYKa-
mu A u B B cxeme na puc. 11.4:

C —Cofa
Uyp=G61=0e6n (12)

Haxowuel, ciayyaii Cy — 00 COOTBETCTBYET COEJMHEHUIO TO-
yexk A u B nposoxnukoM (pHc. 11.5). Tlpu 31OM Happsaxkenue
Ha KaxioM Koujencarope pasio JJIC Toro ucrounuka, napasn-
JeabHO ¢ KOTopeiM OH coemuten: U;=&1, U.=& . Hmenno
570 1 noayuaerca us gopmya (9) u (10), Tak xak npu Cs — oo
B YHCJAHUTENAX M 3HAMEHATeJNsX 3THX (opMyJ MOXKHO NpeHes-
peub caaraeMeiMu, He cogepxautimu C,. Hanpsikenne Us,
kKax Buano u3 (11), npu sroM cTpemurcsi K HYJZi0. A

12. Tepekaouenkss B nenu ¢ Koupencatopamu., Cobpana
3JIeKTpUUECKan Ielb, CXemMa KOTOpOil mokasaHa Ha pHuc. 12.1.
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[Tpy KAKUX 3HAUEHHSAX TAPAMETPOB EMEHTOB LENH MepeK.o-
YeHHE KJIOUa W3 NOJOGKEHHA A B nonoxenue B He npuseser
K HU3MEHEHHIO HANPAREHHd Ha Komnjeucarope Cy?
A Mckeomoe yclloBHE MOMKHO HOJAYYHTL, OPHPABHUBAS
HPANEHNS Ha KOHJRHCATOPE NPH COOUX NONOKEHHAX K/oua.
oA K30 HAXOIWICH B MOJOMKEHHH A, cxema cosnagaer ¢
‘al_.u«,iorpcmxo.\x B npefsywel sagade, u manpsogeuue Uy
JAeTCA NOoJYUenHol TaM Gopmyioi
at j‘f? (9). Ecnu e KM0Y HaXOJMTCH B
1 ] nosoKennu B, To pacyer Hanpsike-

—

A Hua U, Bulmoansercss aJemeHTap-
( ——————3% HO, U060 TenepnL CocgUHeHHLIE Ha-
0. === paasenntto  kougencaropsl Cs; H
) C; NOAKMIONAIOTCS OCAEN0BATE b=
Ve, Ho Komjencatopy Ci.
Puc. 12.1. [lepexsiiouenue Omuaxo s1y sazauy MO}E‘f‘HO pe-
w1osa Kz noaowenwa A p  WHTD, HE IPOBOAA AETANBHOTO pac-
noioxete B uera. JleficTBuTebHO, MPENNOI0-
HUM, YTO HANpseuue U, Ha KO-
noucarope C; HS MEHSIRTCA NPH MEepek/icYsHHM Kaoka H3 A
8 5. B stoM caygae npH oOOHX MOJOKENHAX KJo4a cnpa-
BOJIHBO  PABEHCTRO

Uit U= 8,1 6, 0

113 KOTOPOrO CJAGAYeT, YTO [PH [ePeKTOUEiiHH He MSHercs
n panpsoxenne U, Ha BTopoM KoileHcaTope, a 3HAUMUT, He Me-
HAOTCS 1 3apAjAbl Ha ofowx Kouaencaropax. Ho toraa ue pon-
¥CHI MEHATHCST H 3aPa] TPETLEro KOIUJeHcaropa, Tak Kak aJ-
refpatyeckass CyMMa 3apsJoB Ha TpexX COSMHEHHBIX MEXAy
coB0il OBKJIATKAX KOHISHCATOPOB paslia Hy.i0. C/ieioBaTess-
HO, HC u3MeHHTCst HanpmxeHne U, na TperbeM KoljeHcaTope
Ho nocie nepexmouecuns Us=U,, Tax Kak Teneph KOHjeH-
catopht C; u C; COCAHHCHDBI NapalIeabHO. 3HAUNT, U A0 nepe-
kmouenus U,=U,, a 370 BO3MOKHO, TOABKO €CAU NOTEHIHAK]
ToueK A u B OJUHAKOBBI, T. €. ecau &,=0. A

13. Emkccrp Gartapen wonpencatopes. JhoGylo coBoxyi-
HOCTh KOHJEHCATOPOB, COCAHHEHHBIX B 0arapeio, MOXKHO 3aMme-
HYTL OJHHM 3KBHBaJeHTHBIM KoHieHcatopom. Ecau Bce xoH-
JeHCcaTopsl CORRNHANL! NapaliebHo, TO eMKOCTb GaTapeH pas-
HA CYMMe eMKOCTeH OTAe/IbHBIX KOHIeHCATopoB. Ec/u Konjed-
CaToOPLl COGAMHEHBl MOC/e/I0BATENBHO, TO eMKOCTh fatapen C,
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HAXOAUTCA Mo (opmyane
1 1
1

rie C; — eMKOCTH OTA&7bHBIX KOHISHCATOPOB.
PaccMoTpum cXeMy coejHHERHs OAHHAKOBBIX KOHIEHCATO-
noB eMkoctd C B Gatapero, nokaszanuyo Ha puc. 13.1. Kouust
{laTapes KOHZeHCATOPOB NPHCOEfHHEHBl K HCTOUHHKY MOCTO-
suHoro nanpsbkenus U/, Ilyers Bhnavane kmod K samKHYT.
B aroM cayuae (akTHYECKH HMeeTCsi JBAa [MCCAE0BATeNbHO
COSIMHEHHBIX KOHACHCATOPA, TAK KAaK CRENHUA KOHIeHCaTop

o [/ o

Puc. 13.1. [pn pasmpikanum kawoua K Gara-
(e W3 JBYX N10CIE10BATCABLHO COCAHHCHHBIX

c ¢ ¢
KOHIEHCATOPpOs InheppalunaeTcs 8 68T3{)€i0 us
Tpex KOHAeHcaTopos
K

3AMKHYT HakopoTko. EMKocTe Tako#l 6atapeH B COOTBETCTBHM
¢ dopmyJoit (1) pasna C/2. Pasomxuem kJou K. Teneps no-
nyyusace Gartapes U3 TPeX NO0C/JAe10BATEIbHO COEIHHEHHbIX
KOHJEHCATOPOB, EMKOCTb KOTOPOIl, €C/H BOCINO/Ib30BaThCs (op-
mynol (1), pomxua Owith paBHa C/3.

C Apyro# cTOpOHBI, pasMBIKAHHE KJIOUA B JAEKTpOCTATHUE-
CKOM cjiyyae (T. €. paspels Heny [pH PaBHOBECHH 3apsiOB) HE
MOMET APHBECTH HH K H3MEHEHMAM MOTeHHHAJOB TOYEK LenH,
HY K NepepacnpeneeniaM sJaeKTpHYeCKHX 3apsjos, [Tosromy
3apAj ¢ KpaliHHX KOHJeHcaTopos (T. e. 3apag GaTtapen) ocra-
rerca HewaMmennblM. He H3MenuTes W HanpsKeHue Ha Oarapee
koHzAeHcaropos U. Ho 3T0 03Hayaer, 4TO He MU3MEHMTCA M eM-
kocth Gatapen C,==C/2, TaK Kak oHAa cBfi3aHa ¢ 3apsjoM Gara-
ped ¢ m HanpsukeHuem Ha Helt U cootHowennem ¢g=C,U.
OfBsiCHUTE BO3HUKIUEE IPOTHBOpeYHe,

A TlporuBopeune 00BACHALTCH TEM, UTO PA3MBIKAHHE KJIO-
ua K B MpUBENEHHOH cXeMe Hesab3sl paccMaTpHBaThb KaK COenu-
HeHHE KOHJAEHCAaTOpoB B HOByio Oartapeio. O eMKocTH Gatape
KOHJIEHCATOPOB KakK O BeJIHUHHE, KOTOPasd 34BHCHT TOJNBKO OT
TOr0, KaKHe B35iTbl KOHAGHCATOPH H KAK OHH COCIHHEHB! MEMNKAY
cofoll, MOXKHO TFOBOPHUTL B TOM ¢Jydae, KOrja 3TH KOHJEHCaTo-
pLl COeNMHAIOTCA B OaTapeio B HE3APAKEHHOM COCTOSTHHH H
TOIBKO 3areM 6aTapes NPHCOeIUHSETCA K HCTOYHHKY HAmps-
xkenud. [lIpu 3TOM yCIOBHHM MOXKHO paccyuTaTb €MKOCTb 0ara-
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peun, rJsjin TONBKO Ha ajeKTpHUecKyio cxeMy. Ecau Xke npu
coepuilenny B 0aTapeio KakHe-TO N3 KOHAEHCATOPOB YiKe
3apsuKeHbl, TO eMKOCTh Gatapen, BooOwle rosops, Oyzier 3aei-
CeTh HE TOALKO OT BUJA OKOHYATEJNbHOH 3/MeKTPHUECKON CXEMDI,
HO 1 OT HCTOPHH ee CO34aHHs, T. €. OT TOH N0CJe]0BaTeILHOCTH,
B KOTOPOH COEJHHAINCH B 6aTapeio NpeaBapUTEILHO 3apsikeH-
Hble KOHJeHcarophi. B Takux ycno-
BHAX UCIIOJAb30BAHHE NOHATHA EMKOC-
TH HPUMEHHUTENBHO KO Bcel Garapee
KOHJEHCATOPOB BOOOLIE HELEIeC00-
6pasHo.

tOUc;

e,

{ \
- — |_
‘Il 7 ‘ZI:Il q q': q

Puc. 13.2. O6senennasn
HITPHXOBOA JIHHHWeH H30-

ITosicnuM ckasaHHOe Ha npuMepe
CXeMbl, NPUBEIEHHOH B YCIOBHH 3a-
Jauyn (puc. 13.1). Ecan Tpu xougeH-
caTopa COeIHHAIOTCH NMOCJAEL0BATENb-

JHPOBAHHAR YaCTb CXEMH

ocTaercss  3JeKTpOoHelT-

panbHO# Npu 3apanke 6a-
TapeH KOHJEHCaTopoB

HO, a 3aTeM Takas 6arapes NOAKJIO-
yaeTcsl K HCTOYHHKY MHTaHHUA, TO Ha
o6KJ1aJIkaX BceX KOHIECHCATOPOB BO3-
HHKAIOT OJIMHAKOBBIE M0 MOAYJI H
NPOTHBONOJIOXKHbBIE NO 3HAKY 3apfAjbl, TaK YTO Kax7ias WU30-
JIHPOBAHHAS OT HCTOYHHKA 4acThb CXEMBI (Hanpumep, oGBeJeH-
Hasl INTPUXOBOH JuHuel Ha puc. 13.2) ocraercs B ueIOM
S)EKTPOHEHTPAJbHOA. B 5TOM cayuae, yuHThIBasl, YTO Hanpsi-
JKeHHe HCTOYHHKa PaBHO CyMMe HalpsKeHWH Ha OTA/IbHBIX
KonjeHcatopax, HeMeljeHHO npuxoiuMm K opmyse (1) aas
eMKOoCcTH 6atapeu.

Fcid B 3TOH cXeMe€ Tenepb COeAUHHTH OOKJIaAKH CPEJHEro
KOHJeHcaTopa, T. e, 3aMKHYTb k¥ K (puc. 13.3), To cpeanuii
KOHJEHCATOp pas3psiiuTCcH, a IOTeH-
HHaJbl Touek A H B CTaHyT OAMHa-
KoBbiMH. [lpm 3TOM cCoxpanuTCs
, 3JIeKTPOHEHTPAJIbIIOCTE  OOBEAEHHOM
‘Irﬂ*‘l:# 84 (Fﬁ HITPHXOBOH JIMHHEH YacTH CXeMBbl,

| | “ ' I{ KOTOpas U30JHPOBaHa OT HCTOUNIHKaA
] HAOpsXeHus. 3TO 3HAUYHT, YTO TNoC-
Je 3aMplKaHus Kiawoda K pacnpeje-

——— e —

Puc 13.3. [Ipu 3aMbiKaHHH

Kmoya K cpepunit KoH-

AeHcarop  paspsiKaercs.

3apsan Garapen xonpenca-

TOPOB §{ NPH 3TOM BO3pac-
Taer

JileHHe 3apsAloB B Nosy4quBlielcs Ga-
Tapee U3 JABYX NOCIEA0BATENbHO COe-
JHHEHHBIX KOHJeHCaTopoB OyaeT Ta-
KMM e, KaK M IIPH COeHHEHUH ABVX
HesapsiKeHHbIX KOHJIEHCATOPOB C NOC-
JEIYIOUIUM ITOACOeJAHHEHHeM K HC-

Tounuky. llostomy ¢opmyaa (1) x1a emkoctn 6atapen ABYX
KOHAECHCATOPOB M B 3TOM C/yyae NpHMEHHMA.
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Jlerko BUJETH, UTO HE TOJABKO PACCMOTPEHHOE 3[eCh, HO H
BooOuIe /000 3aMBIKAHME BHYTPH 3apsKeHHOH GaTaped Koi-
JIEHCATOPOB OCTABJSET 3/EKTPOHEATPAIBHBLIMU BCe BHYTPEHHHE
yacT Garapeu, npeicraBisioniue co60f H30MUPOBAHHBIH NpPO-
poauuK. [TosToMy B TakHX ciayuadXx GopMmyJsl JJ158 eMKOCTH 6a-
Tapeu OCTaloTCst ClpaBe/IuBbIMU. Pazymeercs, nocie 3amblka-
nua Garapes COAEPKHUT YKe MEHbIlee YHC/JI0 KOHJAEHCATOPOB.

A BOT pasphlB TAKOro BHYTPEHHEro INPOBOJHHKA Ha ABE
1acTH MOXKET NPUBECTH K MOABJEHHIO BHYTpH Oatapeu KOHZAeH-
CaTOpOB H30JHPOBAHHBIX YacTell ¢ OTJIHYHBIM OT HYJS [OJHLIM
3apsigoM. DTO XOpPOLIO BHJIHO HA NPHBEJEHHOM B YCJOBUH 3a-
nauy npusmepe. Ilpu pasmbikanuu kioua K (puc, 13.1) Huka-
KHUX 3apsj 0B Ha IJIACTHHAX CPEIHEro KOHJEHCATOpa HOSIBHTL-
¢sl He MOMKET, a 3apsjpl Ha NJIACTHHAX KpaHHHX KOHJEHCATOPOB
ocratorca npexHuMH. [losTomy pasmbikanue Kaioua K npuso-
JHUT K TOMY, UTO eJMHBIH 3JEKTPOHEHTpasbHBIH B LeJA0M NpO-
BOJHUK, COAEPKABIIMA BHYTPEHHHE NJACTHHBI KpaWHHX KOH-
JieHcaTopoB, NpeBpaltaeTcs B ABa 3apsKEHHBIX POBOAHHKA
C PABHBIMIL 110 MOAYJAIO U NPOTHBONOJIMKHBIMU [10 3HAKY 3apd-
namu. K rtakoll cucteme dopmyna (1) ais eMmkoctu Oarapeu
HenpuMeHHMa.

PaccMoTpuM Tenepp NPOLECCHl, TPOUCXOASIIHE [IPH 3aMBI-
KaHHH KJII04a, ¢ SHEpreTHUeCcKoH TOUKH 3penusi. Ilpu samblka-
nud Kiaouya K B cxeme, uaobpaxenHoii Ha puc. 13.3, Kpome
HeATpaiu3allly 3apAj0oB Ha o0K/1alKax CPeNHEro KOHJEHCaTo-
pa MPOHCXOAHT TaKKe YBeJHUYeHHEe 3apsija Ha o6Kialkax Kpafi-
HUX KOH/JEHCATOPOB, T. &, yBeJHuUeHHe 3apsila Gartapeu. llpu
3TOM, HECMOTPS Ha TO 4TO 3/€KTPOCTaTHUEeCKas] SHEPTHS CPej-
HEro KOHJeHcaTopa MNpeBpaiaeTcs B JPYrue BUABI, SHEPrus
Bcell faraped KOHAEHCATOPOB YBEeJHUHBAETCA 3a CyeT padoThi
UCTOUHHKA HanpsukeHus. M cosepinaeMass HCTOUHMKOM pabora
Syner BABOe OoJblie, HeM YBEIHYEHHE 3JEKTPOCTATHYECKOM
sHepruy  Garapen KOH/eHCaTOPOB.

JHepreTuyeckue cooOpaKeHHs INO3BOJSIOT ¢JeJaTh BHIBOJ
0 TOM, 4TO Jitofoe 3aMblKaHHe BHYTPH 6aTapeH KOHJIEHCATOPOR,
MOJI0GHOE PACCMOTPEHHOMY 3aKODAUHBAHHIO CDEJHEr0 KOHJeH-
caTropa, NPHBOJUT K yBeJIHUEHHIO eMKocTH Gatapeu. [IpH noka-
3aTe/ILCTBE ITOTO YTBEPXKIAEHHA [/ NPOCTOTHI PacCMOTPHM
cayuyail, Korjga 3apsuxeHnHas Gatapes KOHJIEHCATOPOB OTCOEMH-
Hena OT HCTOUHHKOB. Ilpm coenyiHeHHH NPOBOJHUKOM JBYX
TOYEK, HMEIOLHX pa3Hble MOTEHNHAJbl, NPOH3OIJET nepepac-
npeje/eHHe 3apsiioB, KOTOpOe BCerja CONMPOBOXKAAeTcH Tipe-
BpaLIeHHeM 3JIeKTPOCTATHUECKOM 3HEeprHK B ApyrHe BHAbl, Tak
KaKk 3apsaj Garaped OCTaeTcst HEH3MEHHBIM, TO YMEHbLUEeHUE
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suepruy 6araped, Kak BuaHo u3 dopmyas W=¢%2C, ozHauaer
yBeauueline ee emkocTy. Hanpumep, npn zambikanuu kmoua K
B cXeme, NoKa3aHHoH Ha puc. 13.4, emKocTh 6arapen, Kak Jer-
KO NPOBEPHTHL NPAMBIM PacyeToM, YBEJHYHBAETCS, eCqaM NOTEeH-
unanst Touek A u B B 3apsKeHHOH

n_ 4l farapee KOHAEHCATOPOB ObLIM pasz-
JuuHbl. EMKocTh Garapen He n3Me-
ngeTcs JHib B TOM cJydae, e€chu

K €MKOCTh KOHJIEHCATODOB YJIOBJIETEC-
l pser yeaosuo C,/Cy=C,/C,. A
6 8 g 14. 3HepreTHuecKne NpeBpalLeH ks

Puc. 13.4. Tlpn samuika-
HHM KJI04a eMKoCTh 6aTa-
peH KOHLEHCATOPOB HE MO~

B KOHMJACHCATOPE. [liacruna us au-
3JIEKTpPHKa ¢ HNPOHULAEMOCTbIC €
3aHuMaceT BCE NPOCTPAHCTBO MexXny

HMET YMEHBIHTHLCA of0KJaJKaMH IJIOCKOTO KOHJAEHCAaTo-

pa, paccTosiHMe MeX1y KOTOpbiMH
pasno d (puc. 14.1). KonjeHcaTop coefuHeH ¢ HCTOYHHKOM
nocrosrporo Hanpsikenus U. JIH3JeKTpuuecKyro naactuny
BLITATHBAIOT N3 KOHjeHcartopa. Kak HYXHO H3MeHHTh pac-
CTOAHHE MeXAy OOKJajxkaMH, YToObl SHEPTHA KOHJIEHcaTopa

JK
Puc. 14.1. dusnexrpuyeckas naac-
X 6 THIE 3aMOJHSIET BCe NPOCIPAHETBO
,(__/ﬁz / Te y Mexay e6kaalkaMH JIOCKOro Koi-
7 7 o AeHcaropa

nprHAJa NepBOoHauaJbLHOe 3HaueHHe? PaccmoTpers jABa cay-
yasi: 1) nmepes BHITATHBAHHEM [J1aCTHHBI KOHJEHCATOD OTCOe-
JMHAIOT OT HUCTOYHHKA Hanpsukedud; 2) kmoy K ocraercs
BCE BPEMsI 3aMKHYTHIM.

A PaccmoTpHM BHayaje NepBBIH cyyail, KOTAA mMepej TeM,
KaK BBIHYTb TJACTUHY, KOHAEHCATOP OTCOEAHHSIOT OT HCTOY-
HyKa, 310 3HAYMT, YTO B JNadbHefleM 3apsiabl HA NJIaCTHHAX
KOHICHCATOpA OCTOTCH HEH3MEHHBIMH. HOSTOMy a5 sHeprur
konjeHcaropa W B 310M cay4ae yAo6HO BOCHO/NB30BATHCH BhI-
paxkeHneMm

_ g
W=

(H

Ilocsie BRITATHBANNS JIMSJAEKTPUYECKONR NJIACTHHLI €MKOCTh
KOHJicHCATOpa, 0YEBHAHO, YMEHDILAETCS B € pas, Vi3 dopmy.n
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(1) BuOHO, UTO 3HEPrHsSI KOHAGHCATOPA NPU STOM BO3PACTAET B
e pas: W' =eW. UeMm oObsicHSIETCs YBeJHYCHHE 3JI€KTPOCTATH-
YeCKOH SHEpruM KoHpeHcaropa? Tak Kak HCTOUHHK HampsiKe-
HHA OTKJIOYEH, TO eHHCTBEHHON NPHYHHOH YBEeJIWYEHHA 3HED-
ruu MoxeT OplTh padoTa, coBepllaeMasi BHEIIHUMHU CHJIAMHU [IpH
BRITATHBANUN [JH3JeKTpHueckoH mmactuusl, OTcioja Hemerx-
JIEHHO BBITEKAeT, YTO HA AHMSIeKTPUYECKYIO ILIACTUHY, BBITSTH~
BaeMyi0 M3 KOHJEHCATOPa, CO CTOPOHBI 3JEKTPHUECKOrO MOJN
JRHCTBYET Cilla, KOTOpas CTPEMHUTCS BTAHYTb IJIACTHHY OG-
parHo. IMenHo ¢ npeoponenueM 3Tofl BTATMBAIOEH CHJIBI H
CBA32HO COBEpLICHHE paboTHl, NDHBOAALLEE K YBEJHUCHHIO
3HEPTHM KOHJEHCaTopa. ,

Urtobkl 5HEprHsa KoHJeHcaTopa npuodpena MpexHee 3Haye-
HME NMPH HEN3MEHHOM 3apsje Ha ero MJIacTuHaxX, HYXKHO, Kak
BHIHO M3 GopMyJint (1), 4TGB! eMKOCTL KOHJEHCATOpA NPHHANA
MePBOHAYAJbHOE 3HAUEHHEe B OTCYTCTBHE JHIJEKTPHYECKOH
NJAaCTHHBEI. JTOTO MOMKHO JOOHTHCS, YMEHBIIAA PacCcTOAHHE
MexAYy ofksankamu. [IoCKOAbKY eMKOCTh IJIOCKOTO KOHJEH-
caropa o0paTHO NPOMOPLHOHA/JNbHA DACCTOSTHHIO MEKAY €ro
00KJaJKaM#, TO HOBO® PaccTOsiHHe dy JOTKHO ObITh B 8 Pas
Menble craporo: d;=d/e.

To, 4To A1 yMeHbIIEHHs] SHEPTHU KOHJEHCATOPA IJIaCTHHbL
TOMKHBL COJMMBUTLCH, MOKHO YBUIETh H H3 3aKOHA COXPAHEHHS
aueprul. [las ymeHbleHus: CBOell SHEPTHI CHCTEMA A0J/UKHA CO-
BEpUINTb MOJOXKHTEIbHYIO pabOTy HajJ BHELIHNMH TeJaMH,
T. €. NPUTATUBAICIIHECS APYT K APYTY PA3HOMMEHHO 3apsikKeH-
Hbte OOKJajKH KOHAeHcaTopa AO/KHEL cOausntbes, [IpH sTOM
HAJ BHELIHHMY TejlaMM copepluaercst pabora, Tak Kax JJIA pas-
HOMEPHOTO IepeMeleHns o0KMa0K CHJIL HX B3aHMHOIO MpY-
TSDKEHHS JOMKHBI OBITL ypaBHOBEIeHH BHEHIHHMH CHJAaMH,

[lepefizem xo Bropomy cayuato. [Ipu samrHyToM Kioye K
BCE BpEMsl OCTAETCs] HEH3MEHHBIM HaIpslKeHHe Ha KOHAEHCaTo-
pe, Temepb 1/ 3HeprUH KoOHJeHcaTtopa GoJjee YROOHBIM fB-
JIE€TCA  BEIpaXKeHHe

2
=, @)
Tak xKak npu BLITATHBAHHM JHIJIEKTPHYECKOH IJNACTHHEL €M-
KOCTb KOHJEHCaTOpa YMEHbIAETCH B € pPa3, TO BO CTOJLKO &
pas yMEHBIIAETCSl IHEPTUs KOoHJAeHcaTopa. Kak MOKHO 06bAC.
HUTh YMEHBbILIEHHE 3HepPTHH KOHJeHcatopa? Benb npu BHITATH-
BAaHHH AH3NEKTPHUECKOH NJIACTHHBI BHEIIHHE CHJBI COBEPILAIOT
MONIOKHTENbHYIO paboTy, ¥ YHEPTHSI CUCTEMBl NIPH ITOM JOJK-~
na Bospacrath. OHa M JEHCTBHTENBHO BO3DACTAeT, HO TOJIBKO
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CHCTEMA B 5TOM CJy4Yae KPOMe KOHJAEHCATOpa COJEPIMHT elle
H HCTOYHUK HanpsukeHus. UTO NpoucxoauT B UCTOUHHKE NPH
BHITATHBAHNHM NJVIACTHHBLI? 3apfaj KOHJEHcAaTopa NpH YMEHb-
HIEHHH €T0 eMKOCTH TaKKe yMenblaercs. Jlostomy B npolecce
BLITSICMBAHUA MJAACTHHBl HCTOYHHK COBEPIIAET OTPHUATEJbHYIO
pabory, W60 ymeHblueHue 3aPsiia KOHJIEHCATOpa CONPOBOXK-
IaeTcs MNPOXOKJACHHEM 3apsaja uepe3 HCTOYHHK B OGPATHOM
nanpasjedyd, Ecay HCTOYHMK NHTaHUA INpeAcTaBaseT Co6oi
aKKyMYJITOp, TO OH MNPH 3TOM 3apsiKaercs.

Hcnonp3yss 3akoH cOXpaHEHHS! SHEpPruH, MOMHO HaliTy,
Kakylo paboTy COBEPLIAIOT BHEIIHHE CHJbl NIPH BLITATHBAHHM
nyactusbl. [Ipekie Bcero nokakeM, 4To B LielH, rje KOHJEH-
CaTOp NPHCOEIAHHEH K MCTOYHHMKY NMHUTaHHMs, paboTa HCTOUHHKA
paBHa YABOGHHOMY H3MEHCHHIO SHepPTHM KOHJHCATOpd NpH
MoBLIX DPOUCXOAANMX npoueccax. Ecau 3apsi KoHJeHcaTopa
uamMeHusca Ha Ag, To, KaK cjenyeT H3 (opMyJabl AJA SHEPrHH
Konjencaropa W, 3anucaHHOH B BHJE

5]
H3MEHCHUE 3HEPrUH KoHJieHCaTropa
aw =27 (4)

Hcrounnk nuranus npH NpoXOxAEHHN uyepe3 Hero 3apsaaa Ag
cosepuiaer pabory A,..=AqU. Tlostomy

A, =20W. (5)
Tenepp MOXHO COCTaBHTh ypaBHEHHe 6alaHca SHEPTHH A

paccMaTpHBAeMOro B 3ajiaue nponecca W HaiTH paboTry BHell-
uux cua A:

A4 A, =AW. (6)
Hcnoneays coortHowenue (5), orciofa HaxoiuMm
A=—AW, 7

TMockonEKY sHeprust KoHpjeHcatopa ymenbluaercs: (AW<<0),
BHEIIHHE CHJBI COBEPINAIOT NOJOXHTENbHYIO pabory (A>>0),

OtBer Ha NOCTaBJEHHBIA B YCJOBHH 3aJ]ayd BONPOC BHAEH
yxke u3 opMyasr (2): ytofel SHePrus KOHJAEHCATOpa NPUHAJA
npekHee 3HaueHWe, T. e, YBEJIHYHJach B & pas, HEOOXOZHMO
VBEJMUHTh €MKOCTh KOHJEHCATopa Toke B & pas. [li1a sroro
paccTosinie MeXAy NJIaCTHHAMM, TaK e KaK B IEPBOM CJy-
uae, HYXKHO YMEHLIIMTH B € pa3. Ho, B orinuKe or nepsoro
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caygas, rhe npu cOMMKEHHH 00KIAA0K SHeprus KOHAeHcaTopa
yObiBa/sia, 3/ecb oHa Bo3pacraer. M 3To mpoucxomur HeeMorps
HA TO, 4TO NpH COIMKEHHH OOKNAJOoK KOHAEHCATOPa, KaK M B
nepBoM clyuae, cOBeplIAeTcst MOJOKHTeAbHas paora Han
BHEIIHUMH TesaMH. BroimosmHenue 3aKoHa coXpaHeHHS HEPTHH
OKasblBaeTCsd BO3MOXKHBIM 6/1arogaps TOMY, YTO HCTOMHHK Ha-
NpAXKEeHUs cCoBeplIaeT npu cOMHXKEHUH 0OKIaL0K KOHAeHCAaTopa
[OJIOKHUTENBHYIO paboTy, KOoTopast o0ecneynBaeT U yBeJHYEHHE
SHEpruM KOHJeHcaTopa, M coBepileHHe paboThl HAJ BHELIHHMH
TEJIaMH.

To, 4TO Ha BHITATHBAEMYIO U3 KOHIeHcaTropa AHJIeKTpHye-
CKYIO IJIACTHIY AefiCTBYeT cHsa, CTpeMsllascs BTAHYThb ee 00-
paTHo, Mbl YBHJEIH H3 3IHepPreTHYecKux coobpakenuit. Ho
KaK OOBACHHTb MEXAHH3M BO3HHKHOBeHHs 3TOH cHJbl? Jlu-
JMEKTPHUECKass IJIaCTHHAa B LeJIOM  3JeKTPOHeHTpaJsbHa.
B ssexTpuueckoM Tose KamAbli 37eMeHT o0beMa IJacTHHBI
CTAHOBUTCS NOJAOGHBIM JHIIOMNK, OPHEHTHDPOBAHHOMY BHOJb
nonsi, B Tex mecrax, rie aneKTpHYECKOE 10J€ OAHOPOAHO, Nek-
CTBYIOHIHE HA TaKHe AHIOIH CHJIBI paBHB! Hyso. CHIA OTIHYHA
OT HYJA TOJIBLKO TaM, Ije 3/JIeKTPHUYeCKoe MoJe HeOJHOPOIHO.
[Tosromy, NOKa AU3IEKTpHYECKAdA TMIACTHHA HEJHKOM HAXOJHT-
csi BHYTPH KOHJAEHCATOpA, I 3JeKTPHIECKOe 110/1e OJHOPOAHO,
neficTByIoIas Ha Hee cuja paBra Hymo. Ho Kak toasko yacte
NJIaCTHHBl OKA3bIBAETCS BBLIABHHYTOH H3 KOHJeHcaTopa B 00-
JlacTpb, TJE NoJe HEeOAHOPOIHO, Ha AMIOJH 3TOH YacTH NJIACTH-
HBL JIEfiCTBYIOT CHJIBI, HAMPaBJEHHBIE TYA, TAE HAIPSKEHHOCTD
nons Goable, T.e. BHYTPb KOHAGHcaropa. Takum o0paszoM,
(pusuuecKas NpUUHHA NMOSIBJICHHS BTATHBAIOWEH CHJIbl 06YCI0B-
JieHa HeoAHOPOJHOCTBIO 3JIEKTPHUECKOTO HOJsl BOJIH3H KpaeB
NJAacTHHBL KOHJIEHCATOpa. A
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Pacuer sjekTpHYeCKMX Helell NMOCTOSHHONO TOKA OCHOBAH Ha M-
noabL3oBaniy 3akona OMa. s oBZHOPOAHOTC yuacTKa Lemn 3akon Oma
BLIpaX<aeT CBSI3b MEXAY CHJOH ToKa i, Hanmpsixennem U u conpoTusie-
nneM R:

U
I=7%.

YacTe 32144 5TOTO pasjena NOCBAWEHA PACUeTy SMEKTPHUECKHX
Benei, He CBOAAUIMXCA K COBOKYITHOCTH NOCJA€A0BATENIbHO H Napanienb-
HO COEeIHHEHHBIX IPOBOAHHKOB, B Taknx 3ajayax oyeHb 4acTo yuyet
CYMMETPHH paccMaTpUBaeMoll CXeMbl 3HauuTeJbHO ofJieryaer ee pacuer.,

Das 3amkHyTOR uemu, cogepxauielt ncrounnk Toxka ¢ DJC & u
BHYTpEHIUM CONpOTHBRAeHueM 7, 3akon OMa HMeeT BHJ

= ~§— .
R--r

Ecan yyacTOK LenH, K KOHILAM KOTOPOro NMpHJAOKEHO HalpsiKenne
U, copepxut verounuk DJC, To cHla TOKa HaXOAUTCH C NOMOIEBLIO 3aKO~
na Oma 1/ HEOAHOPOLHOro yuyacCTKa LEMnH:

U+&

= Rir

Iloa manpsxennem U na paccmMaTpHBaeMOM Y4YaCTKe IIOHMMaercs
pPasHoCTh Q;—@,, rie @ — HOTeHNHaN TOH TOYKY, OT KOTOpoil Teuer
TOK, a @y — NOTEHUHAJA TOYKH, B HaNpPaBJACHHHU KOTOpOﬁ TEYET TOK.
DIC & B srolt popmysie Gepercs €O SHAKOM ILIIOC, €CJH TOK BHYTPH
MCTOYHUKA HAlPaB.ieH OT OTPHLATENBHOTO NOII0CA K MOMOKUTEABHOMY,
¥ CO 3HAKOM MHHYC B IIDOTHBOIOJOXKHOM ciyuyae. Hanpaﬁﬂemie TCKA
npu sToM BubHpaercs Npon3BoasHO. EcaM B pe3ysabTate pacuera no
9Tol (GopMyJe TOK OKaXKercsi OTPHLATENbHEIM, TO 3TO 03HAYaeT, YTO B
NefiCTBHTRJILHOCTH OH T€YeT B CTOPOHY, NPOTUBONQICKHYIO BHOpauHo-
My HarnpagJeHHo.

Ilpu nporekanuu Toxa J IO y4acTKy, X KOHIAM KOTOPOIO NpH-
Jdoxeno Hanpsaxenne U, sa BpeMa Af Ha 3TOM YyuacTKe 3JIEKTPUYECKIM
noJsieM copepuiaercs paGora

AA=TUAL,
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B pesyabTare CCBeplleHHs 5TOH paGoTel B paccMarpHBaEMOM ydacTke
LenH BHACAHETCH TENJoTa, onpepensemas 3akonoM Jxoyaa — Jlenna:

AQ = I?RAt,

rape K — conpoTHBJeHNe yyacTKa.

ITpy M3MEHEHHHM MaTrHHTHOIO NOTOKA Yepe3 NMOBEPXHOCTb, OTPaHi-
YeHHYI KOHMTYPOM, B 3ToM KOHType Bo3nukaeT I[IC muayknum, 3na-
yenue KOTOPoil CorsacHo 3akony dapajes nPONOPUHOHAALHO CKOPOCTH
W3MEeITensi MarHUTHOTO TIOTOKA:

__AD
=%
3nax Muuyc B 9708 opMyJtie COOTBETCTBYeT npaBuay Jlenua, onpene-
JISIOLLEMY HalpaBjiente HHAYKILIOHHOr O ToKA.

Pacuer sjeKTPUYECKUX Leflefil NepeMEHHOrO TOKa OCHOBaH Ha TOM,
YTO NPH BKJIOYEHNH B CETh C CHHYCONAAJbHEM HalpsiJKeHHeM COnpoTHB-
nenusi R, MHIYKTHBHOCTH L M sjexTpHyeckoli eMkoctn C TOK B Lenu
TakXe SBJAAETCS CHRYCOHJAAJbHBHIM. AMIIHTYAHblE 3HAYeHHA ToKa /g
CBA3aHBl C aMNJIMTYAHBIME 3HAYEHUSIMH HOLABAeMOr0 Ha 3TH 3J1EeMEeHTL!
Hanpsaxenna Uy COOTHOMEHHSIMH

log= ——, ]0='%2—, o= UgwC.

Ha akTuBHOM CONpOTHBJEHMH HaNpsXeHHe COBNagaeT no dase ¢
TOKOM, Ha HHAYKTHBHOCTH HanpsiKeHyle onepexaer TOK Nno ¢ase na
1/2, Ha €MKOCTH — OTCTa€eT OT ToKa Ha /2.

B nocaenoBateibHON LNy MepeMEHHOr0 TOKa, cojepiKainel co-
npetuBiaenne R, eMKocTs C M HHAYKTHBHOCTb L, MEXAY NMPHI0KEHHBIM
HanpsaKeHHeM M TOKOM cyliecTByer cABHT no ¢ase. Ecam mpumomxen-
Hoe HanpsKeHHe paercs BhipaxenueM U= U, cos of, To TOX B LenH
pasen I=1], cos(wf—q),Irne amniauTysHoe 3HayeHue ToKa J, ¥ caBur
no ¢z3e ¢ onpepensiorcs GopMyTaMu

] — Yo tg(p._u)L—l/ooC
T VR @L—1jeC)? R

i, Tipoeoga M kKaemmbl. lMmeloTcs n KjaemM, Kaxpas u3
KOTOPBIX COEJHHEHa €O BCEMH OCTANbHBIMU KJIEMMaMH OfH-
HAKOBBIMHM DPOBOJHHMKaMM conporueieHueM R. Haiitu conpo-
TUBJAEHHE MEXKAY MOOLIMH ABYMS KJIEMMaMH,

A Tlpexje Bcero n3 CUMMETPHH CXeMEI SICHO, 4TO CONPOTUB-
JIEHKHEe OJHHAKOBO MEXJYy JII0OO0H Napol KiemM.

Paccmorpum  Benomorarennnylo cxemy (puc. 1.1). Ilse
ka1e€MMbl A W B coelHEHBI APYr ¢ APYTOM NPOBOAHKKOM CO-
BpOTHBIEHNEM R, a ocTanpHble n1—2 KJEeMMBI COGRMHEHEHl C



989 Vil. BNEKTPMUECKHM TOK

knemvaMi A 4 B TAKHMH Ke POBOAHUKAMH CONPOTHBJ/IEHHEM R,
HO HE COEJHHeHBl JPYr C APYroM.

B sTo#t cxeme Mexnay kjaemmamu A u B napansessHO
BKJIIOUEHBI COMpOTHBJIeHHe R W n—2 conporusieHuil no 2R.
TTosroMy nosHoe conpoTtuBienne R 4, MeKAYy Kiaemmamu A u B
BBIYHC/SIETCA N0 (opmysie

1 1

n—2 2R
T =R VR o Rup=

PR

W3 cuMMeTpuH cxeMbl, H300paKeHHOH Ha pHCYHKe, BUAHO,
YTO eCJIH MEX/Y KiaemMami A 1 B co3naTh HEKOTOPYIO PasilocTs
MOTEHIHA/IOB, TO NOTEHUHA-
Jbl OCTAJbHBIX A—2 KJ/eMM
OynyT paBHBI MeXAy coboil.

CoennHuM Temepb IMpo-
BOAHHKAMH COHPOTHB/CHHEM
R kaxnayio H3 n—2 Kiemm
CO BCEMH OCTaJbHbIMH. B
3TUX NPOBOJHHKAX TOKA He
6yxer, M, CJ€I0BaTeNbHO,
CONMPOTHUBJEHHE R4 p MEXAY

Puc. I.1. Dxpusanentas cxema LoMMAMH A u B npu stom
MAs pacuera conpormpaenns mex- He H3meHutcs. Ho mony-
Ay 6ol mapoit Kaemm yyBlIasicd B pe3yJjbrare Ta-

KOro COENHHEHHS! CXeMa COB-
nafaer ¢ TOH, O KOTOPOH TOBOPHTCH B YCJOBHHU 3ajauH, TAK
KaK B 3TOH cXeMe Kaxjast KJeMMa COeJHHEeHa CO BCEMY 0CTa/b-
HBIMH NIPOBOJAHHKAMH CONPOTHBJEHHeM R.

Hrak, HCKOMOe conpoTHBieHHe MEXIY JMoObIMH ABYMA
K/J1eMMaMH paBHo 2R/n. OfpaTuM BHUMaHNE, HACKOJbLKO Npo-
CTBIM OKa3blBAE€TCs pELIeHHe 3TOH 3ajauH MPH HCNOJb30BAHUH
coofpaxkeHH#i cuMmeTpuH, KoHeuHo, yralaTb BHJ OTBeTa He-
TPYZAHO, €CJH PaccMOTpeTh IOCJIeA0BATENLHO MPOCThie JErko
paccYHThIBaEMBIE YACTHBIE CAyYal Aas n, paBHbX 2, 3 u 4. Ho
JoKasark, UTO yrajanuas qopmyaa, Rap=2R/n, cnpasesnuBa
npu aob0M Yucae KJAeMM f1, He TakK-To Jerko. B 1o xe camoe
BpeMsl, YJIOBHB COBCEM He OUEBHJAHYIO HA NEPBLIH B3IVISA CHM-
METPHIO TOH CXeMbl, MBI BUAHM, YTO pacyeT oOmierc cjaydvas

OKa3blBaeTCs HE CJIOKHEE, ueM NpPH TPeX COSAHMHEHHBIX KJ/eMm-
Max. A

2. Uamepenne conporusnenus B cxeme, Ha puc., 2.1 mo-
KasaHa YacTb CXeMBbl, COCTOSILIEH M3 HEH3BECTHBIX COMNPOTHB-
aeuuit, Kak, umesa oMMerp H coeAMHHTe/bHbIE NPOBOJA, MOXK-
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110 U3MEPUTDL CONPOTHBAEHHE R, HE paspeiBasi HY OJIHOTO KOil-
TaKTa CXEMbI?

A Tlo yenioBHIO 3ajiaun Heb3s1 PasphiBaTh HHKAKHX COEAM-
HeHWi B 3TOH LEnH, HO MOXHO COEAHHATb NPOBOAAMH JIOObIe
TOUKH, T. €. 3aKOPayHBaTH He-
KoTopule yuacTkH, Hcnoansys
NpoBOAA, HCXOAHYIO  CXeMY
BCEria MOXKHO NPHBECTH K BH-
Jiy, MOKazaHHOMY Ha puc. 2.2.

Cxema, wusofpaxenHas Ha
puc. 2.1, npuBOZUTCA K TAKOMY

a_foe F g
A E= D

Puc. 2.1. Yuactok passerbied- Puc. 2.2. K TakoMy BuLy MoxHO
HOil UeNH, coAepXKalefi HCKOMOE  NPHBECTH CXeMy, II0Ka3aHHY0 Ha
conpoTHBaeHHe R, puc. 2.1, ¢ IOMOIMLbIO AONOIHHTEAL-

HBIX NPOBOJOB

BHJy, €CJH COeAMHHTb Hakoporko Touku A, B n C. Torza
poab Ry na puc. 2.2 6yAyT HrpaTh napasjiesbHO COeIHHEHHbe
conporussennst I, 2 u 3 (puc. 2.1), a poab R, urpaer conpo-
THBJIEHHE BCell OCTaJbHOH pasBeTBJAEHHOH LENM MEXJYy TOYKa-
mu C u D, Herpyzauo coobpasntsb, 4To B 0o0LIEM Cayyae cxemy,
H300pakeuHyo Ha puc. 2.2, U3 NPOH3BOJbLHOH, coAepKallel
R, MOXKHO TIO/1yYHTb, COeJHHAA HAaKOPOTKO MeXKJy co0oH KOH-
Ubl BCEX PE3HCTOPOB, MOJKJIOYEHHLIX K HCKOMOMY € OJHOI CTO-
ponnl. (Ecim B cxeme eCTb CONPOTHBJIEHHSI, NapajiielbHble
R, 10 onperenutb R,, He NpPOM3BOAA pasbeJMHEHHH, HEBO3-
MOXHO: MOXKHO JIHIIB ONPEJEsIHTh OOlIee CONPOTHB/IEHHE BCEX
PE3UCTOPOB, BKJ/IOUEHHBLIX HapamjielbHo R,.)

Tenepr naxoxnenue R, He npeacTaB/sieT HUKAKOTO TPYAA.
[Tpoussenem caepyouiie TPH H3MEpPEHHUs.

1. 3akopauuBaem Touku E u D H BK/II0YaEM OMMETP MEXAY
Toukamn A u D. DKBHBaJeHTHash CcXeMa NpPHBEJEHA Ha
puc. 2.3a. Ilokasanue ommerpa ry ceasano ¢ Ry u R: cootT-
HOWIEHHEM

1 1 1

2. 3axopauyBaeM Touku A u E Ha puc. 2.2. Ommerp, Kak

H paHblie, BKJIOYEH MeXAy toukaMin A u D, DKBUBaJEHTHAs!
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cxema u3oOpaxena ua puc. 2.36. [lokasanue ommerpa fra
cBs3ano ¢ R, u R coorHowenuem

1
R +R2 T @)

3. 3axopaqusaem Toukd A 1 D. OmmeTp BRJOUAEM MEHAY
toyxamu £ u D (puc. 2.38). Ilokasauue ommerpa ry B 3TOM
R

{ Ra: R:c'
ﬁz r—vifﬁ Rg /?f
L L
! 7o) | (o)
—® @O 5—®

Puc. 2.3. [Ins onpejfenesus Tpex HEH3BECTHBIX CONPOTHBIECHUN B CXeMe
Ha pHC, 2.2 yA06HO APOU3BECTH H3MEPCHIA, NPRIBAPHTEIHHO 3aKOPOTUB
Toukn E u D (a), A u £ (6), A uD (s)

caydae NOAYHHACTCA COOTHOUICHHIO

1 1 1
R Pk (3)

CklagpIBas NOYNEHHO ypaBHeHus (2) u {3) u BLluMTas ypas-
newue (1), monyuaem

3. Conporusaenne uenouku. Hafitu couportuBieHue me-
noukH, cocrosmed u3 N 3penses (puc. 3.1). ComporusieHue
KaxJ0ro pesucropa pasHo R.

3
[ S— )

o—{}

|
T
|
|
!
:
[

—{ 1

Puc. 3.1. LUTpuxosuMH ARHHAMH I10Ka3aHbl OTAEAbHHE OAHHAKOBLIE
3BEHbLS LEeNOYKH

!
!
!
{
|
|
|
i

A Henonpsyembie B pelieHHH O0O3HAYEHHS MOKA3aHbl Ha
puc. 3.2. Ilpumenns HecKoAbKO pa3 3akoH Oma Afs ydacTka
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UenRH, HETPYAHO NOJYYHTb COOTHOIUEHHN

Un:2];1R+Un—i’ (i>
Un—lzgln—lR_l_Un-Z’ (2)
Un—i:(ln-]n—l)R' (3)

Briupras n3 ypaesenns (1) ypasHenne (2) H mcnonbsys
ccoTHowenne (3), noJiyuaem

Un—4Un—i+ U:1—2:0' (4)

Jlanee, npupasuuBas wanpsixenne U, _y Ha yuacTke ad cymme
HalpsixeHn# Ha yuactkax ab, bc u cd, nmeem

(In_ln—l) R :::1n-1R -+ (]n—l__]n—?) R+ ]n—1R1

CTKY a4
ln—_’4‘ln—1k}‘]n—2::0' (5)

Vickomoe CONpoTHBJICHUHE RN onpenesneTCss COOTHOMICHHEM
RN: UN/]N'

2
—

Iﬂ a In—i ¢ Iﬂ~2

Puc. 3.2. OGo3nayenns TOKOB M HanpsiKeHWl B OTAEJbHBIX YUacTKax
uenoyku M3 N 3penbes

[Tonyuennsle GopMyJbl (4) u (5) HOCAT Ha3BaHME PeKyp-
PEHTHBIX COOTHOMIEKHH, H60 CHH JIalOT BO3MOKHOCTh HaHTH TOK
¥ HanpsKeHHe JJsi A-TO 3BEHA LENOYKH, €CJIH H3BEeCTHBI 3TH
BeJIMUMHBL A5 ABYX NpeibliyLiuX 3BeHbeB. llpumem Tok [,
B NepBOM 3BeHE menouku 3a eauuuuy: /,=1. Torpa U,=3R.
Tenepp A9 BTOPOro 3BeHA € NOMOWIBIO CX€MBI Ha puc. 3.2
werpynno Hafitu [.=4, U:=11R. [{anee toxu u nanpsxenus
20 BCeX MOCASAVIOWIHX 3BEHbAX MOXKHO HAXOAUTh, NOCJEAOBA-
TeBHO [PHMEHSIS peKyppeHTHHe cootHowenus (4} u (5).
Hesbsg san naiity ofuiyio GopMyay, Kotopas aana 6bl BO3MOK-
NOoCTL Cpa3y HaunucaTe BHpaxKenwe Jjasa Hanpsaxenus U, 1
Toxa [, B n-M 3BeHe? OkasbiBaetcst, MGKHO. [115 3TOrC HY:KnNo
HaliTH QYHKLHIO [€J0ro apryMeHTa A, KOoTopas yAOBJCTECP A
Gel ypaBuenuio (4) nau ().
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IMonpoOyem uckarb pewenue ypasHenus (4) B suge U,=
=x". IloAcraBasa 3ty Qpynkumio B (4), nojyyaem KBaaparHoe
ypasuenne mis x: x*—4x+1=0. Kopuu ero x, ,=2+} 3.
Tak kak ypaBuenue (4) nunefinoe, eMy YIOBJIETBOpSET JoGas
¢dynkuus BHAA

U,=Axt+ A=A, (24 V3)" +A4,(2—V3)", (6)

rie A: ¥ A: — npousBosibhble noctosinube. Peinenue (6)
ypaBHeHMs1 (4) COAepXKHUT JBE€ NOCTOSHHBIE, MOCKOJbKY 3TO
YpaBHEHHE KaK pPeKypPEeHTHOE COOTHOLIEHHE ONpeiefsieT 3Ha-
venue U, no AByM npenmectByowum 3Havenusm U,_y u U, _,.

I'lockonbKy ypaBuenue (5) HMeeT TOUHO TaKOH ke BHJ, KaK
u (4), ero peimenue CcoBepilieHHO aHajoruyHo (6):

J,=B, (24 V3)" +B,(2—V3)". ™

Kakum 06pa3soM MOXKHO HaHTH B8HAYeHHs TOCTOSHHBIX A
u B B Belpaxkenusx (6) u (7)? OueBuaHo, YTO BhpaxeHHs (6) H
(7) mo/mxHBL FaBaTh NPaBUJLHBEIE 3HAYCHUS I/ YIKe H3BECTHBIX
HampsKEHHH U TOKOB B NEPBOM M BO BTOPOM 3BeHbAX. st
nepporo 3sena (n=1) U;=3R, I,=1, nostomy

A;(2+V'3)+4,(2—V3)=3R,
B,(2+V3)+B,2—V3)=1.

CoBepuienHo aHasoOru4no /1 BTOPOro 3seHa (n=2), rae U:.=
=11R, I.=4, umeem

A (2+V3)+4,2-V3)=1IR,
B(2+V3)*+B,(2—V3)*=4.

W3 peipaxenuii (8) u (9) onpeaensiiotcs 3HAYEHHS IOCTOSHHBIX
Al, Az, Bl, Bs:

(8)

)

RV3H Vs—l_
2V'3 V3 (10)
BZQV 323—2—75:.

Bwmecto Toro wrofel HcnoJb3oBath ypaBuenus (9), MoxHO
BBeCTH (POPMA/IbHO «HYJICBOE» 3BEHO H € IIOMOIbIO PeKyppeHT-
Holx cootHomwenuit (4) u (8) wahitw U,=R, [,=0.

Ecau Barasgnyth Ha cxeMmy, H300paxeHHyi0 Ha puc. 3.2,
MOXKHO YOEIHTBCH, 4YTO 3TH BeJHYHHB HMEOT (DH3HYECKHH
emeiesi: Uy 1 7y cyTh HanpsiKeHHe W TOK AJisi HECYLUeCTBYio-
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LIETO «HYJEBOTO» 3BeHAa. Torfa ANf YNpOweHHs anreGpel npu
HaXOMJAeHHUH noctossHHBX A ¥ B BMmecto (9) MOXKHO HCNOJb-
30BaTh COOTBETCTBYIOLIME COOTHOIIEHWS! JJisi HYJEBOro 3BEHa:

A1+A2:R, BI+B2:0-

Wrak, aas conpoTursienus nenouky U3 N 3BEHLEB, YUHTHIBad

dopmyant (10), noayuaem

Ry=Un _ pW/Er) 4V + (V35— (@-¥3)" (11)
N Iw e+VII——V3)" '

C nomowiplo 5108 (GOpMYJIbl HETPYHO HalTH CONPOTHBJIEHHE
HENOUYKH ¢ GecKOHEUHBM YWCJOM 3BeHbeB. [lJifi 3TOro HyXKHO

R
AO—th ———t
R Roo R
o—L1 o -,
R

Pue. 3.3, OSxkpusaienrtnas Puc. 3.4. Kakoe "conpoTHBjenue
cxema AJA HeNnoykH ¢ Gecko- R, cnepyer NOACOEXMHHTH K KOH-
HEYHBIM YHCJIOM OJHHAKOBbIX 1Ly 1enoykH, ytoGH ee CONpOTHBJIE-

3BCHLEB HHE HE 3aBUCEN0 OT 4UC/Ha 3BEHBLCB?

' COBEpPIIHTH npefenbHblil nepexon N —» co. Ilpome Bcero 3to
ciiesaTh, pasfesiB NOYJNEHHO YHC/UTENb K 3HAMEHaTelb Ha

(2 + 1 3)". Brophie cilaraempie B uucaHTeNe H 3HAMEHATENE
nocje STOr0 OYAYT COAEPIKATh MHOMKHTENDb

(2-—V§>N
\2+V3/’

KOTOPBIH cTpeMHuTCA K Hy/o npu N — oo. B ‘pesyanprare Ans
conpoTuBaenusi R OecKOHEYHOH UENOYKH NOJydaeM

R.,=R(V3+1). (12)

Conporusjenue GeCKOHEYHOH LENOYKH MOXKHO PaccyHTaTh
H HE3aBHCHMO, NpHUYEM 3TO CAeJaTh npome, 4yeM HalTH conpo-
THUBJ/EHHE LENOYKH C KOHEYHBIM YHC/IOM 3BeHbeB. Maest Taxoro
peIUEHUsT 3aKJI0YaeTcsl B TOM, 4TO J00aBJeHHE ele OfHOro
3BeHa K HauaJy GeCKOHeUYHOfl LENOYKH He MOXKEeT U3MEHHThH €e
conpotusaense. Ho B sTom cayuae Mbl cpasy nosyuaem SKBIH-
BaJIEHTHYIO CXeMy, H300pakeHHYI0 Ha pHUC. 3.3, MpHUEM cOonpo-
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THBJIeHHMEe Mexny Toukamu A H B taxxke pasuo R, C ppyrofi
CTOPOHBI, CONPOTHBJCHHE MEKAY 3THMH TOUKAMH JIETKO BEIpa-
3HTh 4epe3 3HAUEHHs CONPOTHBJCHHH, BXOAAWMX B Lenb, H300-
DaWMEHHYIO HA pHC. 3.3. B pesynbTate 1ojyyaem

R, =2R+ o= (1)

Peuran 310 KBajgpatioe OTHOCHTENLHO HCKOMOTO CONMPOTHBJE-
Hiin R_ ypaBHeHHe, BHOBb HAaXOJHM 3HayeHHE, AaBaeMoe (op-
myJoi (12). Bropoit kopeHb ypasHeHus (13) oTpunarened u ne
nMmeeT (PU3HYECKOro CMbICJA.

Teneps BuisicHuM eine oaut Bonpoc. Kakoe conporupienie
R, HYXHO NPHCOEJHHHTH K KOHUY LEIOYKH, COAepXameH Ko-
HeYHOe YHC/I0 3BeHbeB (pHC. 3.4), LIS TOro, 4TOOH! CONPOTHBJIE-
HHE MOJNYYUBIUEHCH LEMOYKH HE 3aBHCENO OT HHC/Ja 3BEHbLEB?
Otser Ha 3TOT BONPOC HAM (PAKTHYECKH Y2Ke H3BECTEH: K KOHLY
LENOUKH HYXKHO [PHCOSAHHMUTb CONpPOTHBJeHHE R,, paBHOS
R_. B camoM jese, B 5TOM cJyuae BCA HNOJyUHBHIAACA CXeMa
OyjAeT 3KBHUBa/JIeHTHA OCCKOHEYHOH LENouKe, CONPOTHBJEHHE
KOTOpO#1, Kak Myl BhiAcHuan, papuo R, =R (V' 3+1). py-
FUMH CJIOBaMH, NMOACOEAHHEHHE R K KOHLY HENOYKH 9KBUBA-
JIEHTHO J0GaB/EeHHI0 KOHEYHOrO YMCJa 3BEHLEB K Hayajy Gec-

. KOHEYHOH LENOYKH. A

4. INlouemy He MeHsieTcs noxadadue amnepmerpa? Bce
XOpOIIO 3HAIOT, YTO €CJIH M3MEHSATb CONPOTUBJIEHHE, BKJIOYEH-
KOS B Llenb (HampHMep, NepeMelmatb JBHMKOK peocTara), To

| 1

&2 R 6717 Puc. 4.l Tpu m3menenuu Ccolpo-
THBJEHHA R; MoKasaHie aMmepMer-

% pa He MCeHACTCH

Ry

TOK B UenH Meuserca. OpHako HpH H3MeHeHHH R; B cxeMe,
npusejendofl Ha puc. 4.1, nokasanue aMnepMerpa He MeHser-
ca. B yem 1yT nesio? [lpu KakoMm YCJIOBHH 3TO BO3SMOMKHO?

A He 6yzem noka puINHCHIBaTh HUKAKHX qopmya. Ha no-
CTABJIEHHBIH BONPOC MOXKHO OTBETHTH, [1POCTO BHUMATENbHO IO~
cMOTpeB Ha cxemy. Lcau uepes Gartapeio &; TOK He HJET, TO
H3MEHEHHE CONMPOTHBJ/IEHHS Ry HU Ha 4TO MOBJIHATH HE MOXeET,
B TOM YHCJe Y Ha [OKa3aHHA amnepmerpa. [Ipu orcyrerBhu
TOKa uepes Ry u &, 6arapes &, aMmnepMerp H CONMPOTUBJIEHHS
R (akruueckn o0pasyioT Hepas3BeTBJAECHHYHO [10C/E/I0BATE N b-
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Hyio nenb. Mrak, ocraercs BHISICHHTb, HOPH KAKOM YCJ/OBUH
OTCYTCTBYET TOK B OTBETBJEHHH, cofepKaueM &, 1 R,. [Tpume-
HAS K 3TOMY ydacTKy 3akoH OMa sl HEOZHOPOJHOIrO yyacTKa
I[eTH, JIerKO YOeAUThCs, YTO TOK PaBeH HYJIO, KOTAA HanpsiKe-
une Ha R pasno D[C Garapen &, (U=4&,). Tak kak npu 31om

R @1
U-—IR——-TQ‘_T_?I‘R,

TO HCKOMOE YCJOBHE €CTbh
R
6= &1 g7 (1)

DTOMY YCJOBHIO MOMKHO YAOBJETBOPHTb NpH &,<<&;. Orme-
THM, 4YTO [IPH 3TOM R; MOXKET MEHSIThCA B Npejesax OT HyJsd 10
feckoneytgoct. OzHako (1) He ecTb eHCTBEHHO BO3MOXKHOE
ycaosue. Hanpumep, ecau r,>»>R H r,>>r;, TO TOK B OTBETBJe-
HHY, conepxaieM &, H Ry, Man Mo cCpaBHEHHIO C TOKOM 4epes
aMnepMeTp npH moOoM 3HadeHHH R, U MO3TOMY [PAaKTHYeCKh
He BJHfET Ha [OKa3aHUs amiepMmeTpa. Bosmoxubsl u apyrue
ycioBusa. [lonpofByiite naifity ux! a

5. Euie ogHa uenb ¢ peocratom. CoGpaHa 1enb, NOKA3AH-
nasg Ha puc. 5.1. [lpH KakoM yCJOBHH H3MEHeHHEe CONpPOTHB-
JieHHs R, He BJAUSieT HA NoKasaHHe amnepmerpa? R, MeHsercs
B JIIOOLIX npelesax.

Puc. 5.1. MoKeT 11 noKasaHHe aMilepMer- ¢ Ry R
pa HE H3MEHATHCH HPH H3MEHeHHH compo- E==T
TuBaenus Ry? iRy e

A Ha nepBolil B3rJsii MOXKET NOKA3aThCs, YTO 3TOTO BOOG-
ue He MoxeT ObiTh, TaK Kak Ry-+R, v R coepuuenst napads-
JeJAbHO M H3MeHeHHe R; o0s3aTeNibHO NPUBOAHT K H3MEHEHUIO
Toka uepe3 amnepmetp. OJHAKO 3TO JIMLIb HA NEPBBIA BarJsg.
BosMOKHBL c/yyaH, KOTjJa 310 He Tak. Bo-nepBwix, eciu R, >
>R, 1o npu mobom R; OTBeTBJICHNEM TOKA B y4acCTOK, COIep-
wamuit Ry 1 R,, MOKHO npeHe6peds 110 CPAaBHEHHIO C TOKOM ye-
pes amnepmerp. Ecam conporus/ienye R B BHYTpeHHEe Conpo-
THBJIGHHE aMIlepMerpa paBHbl HYJIO, BeChb TOK, HE Pa3BeTBJIsA-
fIChb, MJET uepe3 aMnepMeTp M €ro 3HaueHHe He 3aBHCHT OT Ry.
M, Bo-BTOPLIX, Haubo/ee HHTEPECHLIH CJaydal: eCJH BHYTpEH-
Hee comnporupaeHue 6arapen r==0, To yUaCTKH IlellH, CoIepIKa-
mue peocrat Ry u amnepMerp, BoobLie HUKAK HE BJAHSIOT APYr
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Ha Apyra. DTOT CayyaH COOTBETCTBYET NapassielbHOMY BKJIO-
YEHHIO HAarpy30K B CeTb C NOCTOHHHBLIM Hanpsxexnem. [Ipak-
THYECKH PaBEHCTBO HYJHO BHYTPEHHETO CONPOTHBJCHHA HCTOU-
HHKa 03HAYyaeT, YTO OHO LOJIKHO ObITH Majo IO CPaBHEHHIO C
COHDOTHBJICHHEM KaxJ0oH H3 NapalJeNpHbIX BeTBeH. A

6. Mctounuk nocrosunoro Toka. HMcTouHHK TOKa HMmeer
OIIC & n BHYyTpenuee conpoTHBIenue r. Mcenenopats ycsoBus
paboThl TAKOrO HCTOYHMKA: HaHTH 3aBHCHMOCTb HaNpsRKEHUA
Ha Harpysxe U, noJsnoit momuoctd P, nosesno#t mowHoctH P,
u KILL n oT co3paBaeMoro HCTOUHHKOM TOKa 1.

Puc. 6.1. ¥Ycnopna paboThl HCTOUHMKA TOKa onpe-
JIeJISIOTCH CONPOTHBJAEHHEM Harpysxkn R

L

R

A DJIeKTpHUECKasl LeNb, COJAEPKalas HCTOYHHK TOKa M Ha-
TPY3Ky, CONPOTHBIEHHE R KOTOPOH MOXKHO M3MEHATDH, NOKa3a-
Ha na puc. 6.1. Tox B uenu [/ onpejensercs 3akoHom Oma

1:?§7. (1)

TIpu vamenenuu cOnpoTHBJIEHHS HarpysxkH R or €eckoueu-
HOCTH (PasoMKHYTasi Lenb) AO HyJaa (KOPOTKOe 3aMblKanue
MCTOUHHKA) CHJIa TOKZ U3MEHACTCH OT HYJis IO MAaKCHMAbHOro
snauenun [,, paBaoro &/r. Hanpsixkenue Ha 3axuMmax HCTOY-
unka U, pasuoe D[IC & npu pasomkHyTOH Leny, NpH Haji-
upy TOKa B uLenun [ onpejensiercsi BhIpamKeHHeM

U=&—Ir. (2)

Eeau B npapoit wactd BhinecTd DHC & 32 CKOGKM M yuecTs,
YTO ' OTHOIIEHHE &/r PABHO TOKY KOPOTKOrO 3aMblKaHusa [,
10 opmyaa (2) nNpHHHMaeT BHJ

U=&(1—I/,). 3)
3aBlCHMOCTb HaNPSAXKEHHS BO BHEIIHEH LeNmH OT TOKa H306pa-
JKaeTCA NPSIMOA JuHKNEH Ha prc. 6.2.

Iosnas momnocte P, pasBnBaemas HCTOYHHKOM, papHa
npoussefeno IJC & Ha cmay Toka [:

P=§I. (4)
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TTonesnas moigHocTs P, BbigeJsIOWAsCA HA HATpy3Ke, paBHa
[POU3BEJCHIIO HANpAXeHHs BO BHewHed uenu U na cuiy
toxa [. Ecnu gna nanpshkenus U pocnosib3oBathesi QopMmy-
Jofi (2), TO MoJie3Hast MOIHOCTb P, NOAYYHTCS KaK PasHOCTb
MEKAY MOJHON MOUIHOCTBIO P M MOWHOCTBLIO TENJOBLIX INOTEPH
Ha BHYTPEHHEM COMNPOTUBJIE-
HHH HCTOYHMKA:

P,=Ul =& —I*. (5)

Ecnn ke aass U BOCROMIB30-
Batbesl hopumynol (3), To BhIpa-
JKeHHe s N0JAE3HOH MOILHOCTH -~
P, MOXHO 3anucaTh U B TaKOM g Ly A

BHJE: 8, e
Pn;éjl (1—"1/10) (6) P=Er

Kax Buano us gopmy.sl (4), nodt-
Has pa3BrBaeMas HCTOYHMKOM !
MOIILHOCTb P NPONOPLUHOHAIBHE &/ /4t-—— 2= 4=611-1/1p)
toky B uenn I. Ee rpabuk AT TN
u3ofpaxaerca NpAMOH JIMHHeH T

na puc. 6.2. I'papuk mnonesHoi &
mowHocTH P, KaK Cjaeayer u3
¢popmy st (5) uix (6), npeacras-
JaeT cobGoii mnapabonay, BeTBH
KOTOpPO#  HanpaBJ/ieHbl  BHU3
(puc. 6.2). Dra napaboaa ne-
pecekaer ocb abCciHcC B TOYKAX
=0 u I=1I,: nonesnas Mou-
HOCTB 00paaeTcs B HY/Ib KaK  Puc, 6.2, 3asucumocts Hanpd-
MpH OTCYTCTBHH TOKa (PasoMK- Xeuna U, nonuodi P u nomesuoi
HyTas Lemb), TaK M NpH Kopot-  Fa MomuoCTeR “ue[figﬂ 1 or To-
KOM 3aMbIKaHHH, KOrja Bcsl

pasBHBaeMasi HCTOYHHKOM MOIL(-

HocTe P BhEJsieTcst B BHAE TENJIOTH Ha €ro BHYTPEHHeM Co-
npotHBJAeHHH. BepmHHa napa6osbl, COOTBETCTBYIOIAA MAKCH-
MaJ/(bHOH MOJIE3HOH MOIIHOCTH, PACHOJIOXKeHa TOCPENUHe MeXK-
ny toukamu /=0 u I=1,. Makcuma/pHOe 3Ha4YEHHE NOJIE3HOH
MOIWLHOCTH, aocTHraemoe npu [=1,/2, Kak BHAHO U3 HOpMY-
abl (6), pasno &//2, T. e. NO/NOBHHE MOMHOH MOILHOCTH, pa3-
BUBAEMOH MCTOYHHKOM IpH NaHHOH cHJe TOKa. Bropas noJo-
BHHAa Pa3BHBAEMOM MOUIHOCTH MNPH 3TOM OECHOJNE3HO PacXo-
JyeTcsl Ha HarpeBaHHe HCTOYHMKA. JIerko BHIETb (Hampumep,
u3 ¢opmyast (1)), 4ro nonesHas MOUIHOCTb MAaKCUMAJbHA,

U=8{1-1/1,)
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KOTJid CONPOTHBJIEHNE HAarpy3ku R paBHO BHYTPEHHEMY CO-
NPOTHBJIEHHIO HCTOYHHKA.

KITIL ucTouHHKa, paBubfl OTHOILEHMIO TOJE3HOR MCLiHO-
cti P, K nosnoll P, MOXHO HalTH ¢ nomoubio Gopmya (4)
u (6):

n=Py P =1—1/I, (7)

T'padux 3asucumoctu KIT 1 ot Toxka B nenu / nokasan na
puc. 6.2.

W3 npusenenusix nHa puc. 6.2 rpadukos BHAHO, 4TO TpeGo-
BaHUSl TOJNYYeHUS] HanOOoJblIEH NOJE3HOH MOWHOCTH W Hau-
Gosivluero KIT[ mportuBopeuat Apyr Apyry: npH HanGoabmiei
nonesnoft Momuoctn KI1JA cocrasasier Bcero 50 %. Urobu
KIT/ 6bl1 6JH30K K eIHHHUE, TOK B IeNH AOJKeH ObiTh Mad,
HO NIPH 3TOM CTPEMUTCA K HYJ/IO MOJE3Hasd MOLIHOCTG.

JIro6y1o nosie3nyio MOWHOCTE Py, MEHBIIYIO MAKCHMAJbLHOH,
MOXKHO NOJYYHTb NPH ABYX 3HaueHUsIX TOKa B menu: [y U Jo.
U3 puc. 6.2 BUAHO, UTO MpPEANOUTHTEJbHEE MOAYYaTb 3TY
MOIITHOCTb TIPH MeHbIlleM 3HAYeHHH TOKa B Lenu I, Tak Kak
KII1l ucToudnka npuH 3TOM BHILE. 4

7. MocnenopaTensHoe coegUHEHHe HCTOYHHKOB Toka. Co-
GpaHa nenp, cxema rotopoil nana Ha puc. 7.1. 21C nepsoro
nerounuka &; Goanme 3JIC BTOPOro &2. BoabTmeTp Hiealb-
HblA, TPHYEM HYJbL €ro pacnosioxen nocpejuse iwkansl. [ipn

$s +g,_. ?’2.;.6%.

!

K R
Puc. 7.1. Ilpu samkuyToMm Kiatoue K Puc. 7.2. B s10#t uenn ncrou-
crpesika BONIBTMETPa MOXeT OTKJIO- Bk ¢ DIC &, neperaouen
HHTECH KaK B OIHY,TaK H B APYyryio Ha DPOTHBONOJOXHYIO HO-
CTOPOHY B 3aBHCHMOCTH OT 3HaUeHH i JSPHOCTE MO CPABHEHMIO C
3/C ¥ conpoTHBieHHi puc. 7.1

Pa3oMKHYTOM KJlOue CTpesiKa BOJbTMETPa OTKJOHSETCH BJIEBO.
[Ipn o7HMX 3HAYEHUSX NAPAMETPOB CXEMbI CTPEJIKA NOCJE 3a-
MBIKAHHS! KJ/I04a OTKJIOHSIETCS BJIEBO, a IPH APYTHX — BIPABO.
A6cO/IOTHOE 3HAUEHHE HafNpSIKEHHsI, MOKA3BIBAEMOIO BOJbBT-
MeTPOM, H3BECTHO H B 000MX CAyYasixX onnHakoBo. UTo nokaxer
BOILTMETP M Kyla OTKJOHHTCA €ro CTpeNKa B KaIOM H3
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STUX CJIy4aeB, €C/AH BTOPOH HCTOUHHMK MEPEK/OYHTH, Kak
NOKasaHo Ha puc. 7.2°7
A WneanbHbifi BOIbTMETD, BKJIOUEHHBIH B 3JEKTPHUECKYIO
IeNb, MOKasbiBaeT HaNpsKeHHe, PaBHOE PAa3HOCTH MOTeilia-
JIOB MEXAY TOYKaMM nojkJouenust npubopa. O6osuauum nn-
TEHIMAJB! STHX TOYEK Ha IEPBOH CXeMme Yepes ¢y ¥ ¢, [1a BTC-
poit — uepe3 @, U ¢,. as cokpameHns sanucu esegem (/=
=@2—@, # U'=¢,—¢p;. Tox B cxeme ua puc. 7.1 naercs
thopmynoit
631 _[" 632 (1\
rH—r;—,—R )

C npyrofi cTopoHsl, HCNOAL3YS 3aKoH OMa A/ HEOLIIOPOI-

HOTO yuacTtka uenu, cogepxauero JIC &, ang Toro xe ToKa
I MOXHO HanucaTh BBIpAaKeHHE

| — @21 (‘31 U+t &y )

. {
T r *

[IpupaBusem npaBuie dacTn Bblpaxenud (1) u (2):

ri4-r:+R ri u"

CoBeplLeHHO aHAJOTHYHO JIA CXeMbl, H300pameHHOH Ha
puc. 7.2, noayyaem

Ei—&: _U+&i (4)
ri4+r3+R re H
[Nonesns nounenno (3) u (4), Haxomum
é)l"‘*‘é)Z: U+ & )
E1—&: U+&t’
OTKYysa
,=((5’1—<§2)U—-2(31(5’2 ()
&1+ & ) !

@opMasbHO OTBeT noJsyueH. I1pn ero noayueHuH Mol HuKag
HE HMCHOJB30BaJM YKa3aHHs, B KaKYl0 CTOPOHY OTKJOHSETCH
CTpesKa BOJLTMETpA, H NOKa HE SICHO, KaK BOCIHOJ/b20BATHCS
3THM OTBETOM B KaXJOM KOHKDETHOM CJiydae: Mbl He 3Haem,
KakoH 3HAaK B KaKJOM M3 paccMaTpHBAaeMBIX C/AYYaeB HYMKHO
npunucath Hanpsikenuio U.

[Tpu pa3oMKHYTOM KJtoye, Korja TOK B Lenu Ha puc. 7.1
OTCYTCTBYET, MOTEHIMAJ @y O0JbIIe, 9eM @2, T. €. U=@2— <
<<0. Tlo ycaoBHIO 327a4d NPH 3TOM CTPENKA BOJLTMETPA OT-
KJOHSIETCS BJIEBO, DTHM YCTaHAB/HBAETCSl CBAA3b MEXKAY Ha-
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npaBJleHneM OTK/JIOHEHHR CTpeJKH BOJLTMETPA H 3HAKOM Ha-
npsixkenus U: npu oTkJoHesnu cTpenku npubopa saeso U<<0,
npu ortkaouenuu Brapaso {/>>0. Ilostomy B nepsoM cJayuae,
KOria CTpesKxa BOJIbTMETPA OTKJIOHAETCA BaeBo, B gopmyay (6)
IIOACTABASETCS OTPULlaTe/bHOE 3HaYeHue Hanpsikenus U, no-
Ka3aHHOTO BOJMLTMETPOM, @ BO BTODOM cJydae {(crpeska or-
KJIOHSIETCS BIIPABO) — TOJOXHTENbHOE. TaknM ke obpasoM yc-
TaHABJHBAETCHA HANpPABJACHHE OTKJOHEHHS CTPEJKH BOJBTMET-
pa B cxeme Ha puc. 7.2: ecau 3Hauenue {/', BBIUHC/IgEMOE HO
dopMyie (6), OKaKeTcs OTPHULATEILHBIM, CTPEJKa BOJLTMETPA
GyJeT OTK/JOHSITbCS BJIEBO, €CJU MNOJOKHTENbHBIM ~— BIPaBo.

Jlerxo BuJeTH, 4TO B CXeMe Ha puc. 7.2 cTpesika BOJLTMETpA
BCerfia OYNeT OTKAOHSITbCA B Ty 2Ke CTOPOHY, YTO M IIpYU pa-
30MKHYTOM KJOUE, HE3aBHCHMO OT TOTO, B KaKYI0 CTOPOHY OHa
OTKJIOHAJIach B cXeMe Ha puc. 7.1. IeficrBHTENBHO, TaK Kak
& >&,, TO Hanpas/eHHe TOKa B cXeMme Ha puc. 7.1 onpeze-
JAfETCH MCTOUHHKOM &3 H ¢;>¢;, T.e. U'<<0. 3ro moxHO
YBIJIETL M HeNocpencTBeHHO u3 dopmy.st (6). B cayuae U<0
3TOT (aKkT O4eBHAeH, B cay4dae U>>0 tpebyercs Gosee zetadn-
noe ucesaenoBapye. IlpeanaraeM Bam NpOBECTH €ro CaMocTosi-
TeJIbHO, TOJABKO CHAYaJsla JOuMTAalTe 0 KOHIA pelleHHe 3aauu.

[loaymaem Tenepb, 4to (H3HYECKH O3HAYAIOT Pa3HbE Ha-
npaBAeHHs OTKJIOHEHHS CTPENIKH BOJBLTMETDA B CXeMe Ha
puc. 7.1, Obpartumca k dopmyae (2). Kax Mbl TOJIBKO ¥TO Bhi-
ACHUJIH, BXOAAIIEE B Hee HanpsaxeHue U orprUATE/bHO, €CJH
OTKJIOHEHHE CTPEJIKH BOJIBTMETPA NPOHCXOAHUT B Ty e CTOPO-
HY, YTO W ODH PasOMKHYTOM KJOUe, KOrjia TOKa B LIenH Her.
B 3TOM cayYae, Kak BHAHO H3 (2), TOK B UENH MEHbIle TOKa KO-
POTKOTO 3aMbIKaHMA AJfl HCTOUHHKA & [<<ly=&1/r1. D10
03Havy4eT, Y70 UCTOUHHK TOKA paboTaeT HOPMAJbHO, BBIENSAS
MOII(HOCTh HE TOMBKO HA CBOEM BHYTPEHHEM CONPOTHBJIEHHH 7y,
HO M BO BHelUHe# Lenu Ha Harpyske R.

Ec/in OTKJIOHEHHe CTPEJIKH BOJBTMETpA I[PU 3aMEIKAHHH
KJHOUA NPOHCXONUT B NPOTHBONOJOKHYIO CTOPOHY, To U0, 1
13 (2) BUAHO, YTO TOK B 1enu GoJbille TOKa KOPOTROIO 3aMBIK4-
una Herounnka /4. DTO 3HAYMT, YTO MCTOYHHK &; paboraer
«HEHOPMaJbHO»: BHIIE/IAIONIAsCA Ha ero BHYTPEHHEM CONpOTHB-
JICHHH MOUIHOCTh [TPEBOCXOAUT €TI0 BO3MOMXKHOCTH, T. €. MaKCH-
MalbHYI0 MOHIHOCTb, KOTODPYIO OH BOOOHIE MOMET Da3BHTh.
[TosTOoMy, €cay 5TOT UCTOUHUK YOpaTh, TOK B LienH BO3PaCTeT.

.He cnenyer Ge3ayMHO COCAMHATH ROCJIELOBATENBHO HCTOY-
guKy Tokal HHoraa sto MOXeT NPHBECTH K pe3yabTarty, npsiMo
NPOTHBONOJCXKHOMY xenaeMoMy. Heemortps ua To, uto npu
NOC/IeI0BATENLHOM COEANHEHNH RCTOuHHKOB ToKa DJIC Gatapen



8. TAPAJIJIEJIbHOE COEAHWHEHHE HWCTOYHHKOB TOKA 295

BCerjia YBeJHYMBAETCs, CHJIA TOKA B LENH MOXET H YMEHbIUHTb-
Cd, €C/M TPH STOM CJHMUIKOM CHJBHO BO3PacTaer BHYTPeHHee
conpotuBaeHue 6arapen. [Ipexae yem 106aBaaTh B 1oc/e10Ba-
Te/IbHYI0 6aTapeio eme OAMH HCTOUHHK TOKA, CJAENYeT yOemHTh-
Csl, YTO TOK €r0 KOPOTKOTO 3aMbIKAHHS IPEBOCXOAUT CHJY TOKA
B LENH JO MOJACOEAHHEHHS] 3TOrO HCTOYHHKA,

A xax npaxTHYECKH OGHADYXHTb TaKOH HCTOYHHK-¢I1apa-
3HT» B LeNH, nuTaeMoil Gatapeell MoC/AeNOBATENbHO COEAHHEH-
HBIX 3JIeMEHTOB?

1 nocnennee. Ecnu Gypere nposoputh anasus Qopmy.st
(6), TO AOCTATOYHO MOHATL, UTO [IPH MOJOKHTEJILHOM 3HAYCHHU
Hanpsxenua U oHO He MoxeT mpeBbliath &, OTcioga He-
MeNIeHHO caenyer, uro U'<C0, T. e. H B 3TOM c/yuae cTpexa
BOJILTMETPA OTKJ/OHAETCH BJEBO. A

8. TapaanenbHoe cOoepHHEHUE UCTOYHHKOB Toka. [Ba ma-
pajjie/ibHO COEJMHEHHBIX HCTOYHHKA Toka ¢ JJIC &, u &,
H BHYTPEHHHMH CONPOTHBJAEGHHSAMH f; U ra BKJIOYEHH Ha Ha-
IPYy3Ky, CONPOTHBJ/IEHHE R KOTOPOil MOXKHO H3MeHSATh (puc. 8.1).

gy &% T
= I

62 Iz 24 -{—2—62| r?

— () 2

5 Ve

R R
Puc. 8.1. Conporusaente R no- Puc. 8.2. K pacuery toxoes
ZoOpaHO TaK, 4YTO TOK yepes B UeNH [0 MpaBUIaM
aMIepMeTp OTCYTCTBYeT Kapxroda

JMAC nepsoro ucrounuka &, Gosbure AC sroporo: &,>48,.
Oxa3blBaercs, 4TO IPH HEKOTOPOM 3HAUYCHHH CONPOTHBAeHHst B
TOK uepe3 ammepMerp OrcyTcTByeT. B KakoM Hanpasjexusu
nofiier TOK uepe3 BTOPOH HCTOYHHK, €CJAH COIPOTHBJICHHE
HATPY3KH R: yBeJHUUTb; yMEHLIUHThH?

A HauGonee npsiMofi, XoTa u He caMbif NpOCTOR cnocob
pelientst TOH 3ajauyl COCTOMT B mMpumeHeHuu npasua Kupx-
ropa K paccmMaTpuBaeMOH pasBerB/JeHHOH wuenu. O6o3nadum
TOKH B HEDa3BETBJIEHHBIX y4aCTKax uenH yepe3 [y, /, u 3aga-
JMM HM HanpaBjieHHs, KaK yKa3zaHo Ha puc. 8.2.

Corsaco mnepBoMy npaBujay Kupxroda, BhIpaxamomemy
3aKOH COXpaHeHHs 3apsja, aireGpaHyeckas CymMma TOKOB B
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ysJie paBHa HYJIO:
1i-+1,—1=0. 1)

CornacHo BTOpoMy npasuny Kupxroda, BLITEKalOmeMmy H3
3akoHa OMa /sl HEOXHOPOAHOTO yYacTKa Lely, B JoGoM 3aMK-
HyTOM KOHTYpe ajarefpauyecKas CyMMa TDOU3BEIEHHH TOKOB
Ha CONPOTHBJIEHUS] COOTBETCTBYIOUIMX YYaCTKOB paBHa aJjre6-
pandeckoit cymme IJIC, BcTpewaomuxcsd npu o6xone 3TOrO
KOHTYpa. Bri6upasi KOHTYpHI, COAepaKallHe ONHH H3 HCTOYHH-
KOB TOKa M COMPOTHBJEHHE HarpyskH, lojiydaem

Iyt IR=&;, Ir,+IR=§, 2)

Peinlas cucremy ypashenuit (1) u (2), MOXKHO HalTH TOKH BO
Bcex yuactkax. [na oTBera Ha NOCTaBJIeHHBIE BOIPOCH AO-
CTATCYHO MMETh BbIpakeHHe s TOKa [, uepes BTOPOH HCTOU-
HHK!

. ((92 (f1+R)'—£1R
l= R(riFra)+nr’ (3)

Tox uepe3 amnepmerp GyJeT OTCYTCTBOBATb, KOIJia YHCJAHTE/b

Bripaykenna (3) oGpamaercs B HyJb. K3 31010 yeaorusa maxo-

JMM TO 3HAY€HHE CONpPOTHBJEHUS HATPY3KH R, NpH KOTOPOM
NOKa3aHHe aMIepMeTpa paBHO HYJIO:

R=r &2 _ 4

e )

Tox /, uepe3 BTOPOH HCTOYHHK AEHCTBUTEAbHO OYLET WATH
B YKasaHHOM Ha puc. 8.2 HanpaB/ieHUH, €C/H UHCTHTENb B BBI-
paxennu (3) NOJOKHTENEH, T. €. NPH BLIIOJHEHNH YCJIOBHS

R<n «5’112632' (5)

Ecan conpotusnenue Harpyski R yAOBJAETBOpsieT NPOTHBO-
IDJACKHOMY LIEPaBEHCTBY, TO YHC/HTeIb B BhpaxkeHHH (3)
CYpHUATENEH, H TOK [, yepe3 BTOPOil HCTOYHHK B JeHCTBUTEb-
HGCTH HAET B obpatuyio cropony. Mrak, mpH yMmeHbleHHH
cONPOTHBMEHUS R OT 3HaueHus (4) TOK yepe3 BTOPOH MCTOUHMK
€yLeT MATH TaK, KaK yKasaHo Ha puc. 8.2, a npu yBejuue-
HUY — B MPOTHBONOJOXHYIO CTOPOHY.

(EpaTuM BHMMAHHE Ha TO, YTO NPUMEHEHHEId HaMH Qop-
MaJBNWH MyTh pemleHus 3ajaun ¢ nomombio npasua Kupx-
ro(hy nH3BOJIAET NOJYYHTh BEPHBI OTBET, HE BHHKAs B (usuue-
CKHH CMBIC] NOJIYUeHHOTO pe3yJ/pTata. B camom nene, Mb noka
HE MQWeV OTBETHTh Ha BONPOC, NIOYEMY YBEJHUEHHE CONPOTHE-
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JieHHsl HATDY3KH NPHBOIHT K NOSBJEHHIO TOKa /, MMERHO B
yKaszaHHoM HanpaBJenuy. [lonbiTka OTBeTHTH Ha NOJAOGHBIH
BOTIPOC PHBEJIET HAC K JApYroMy, MeHee gopmaipHOMy crnocoby
pemienns 3afaqu. [Ipexje Bcero 3aMeTHM, 4to NpH OTCYTCTBHU
TOKA 4Yepe3 BTOPOH HCTOUYHHK TOK CYIIECTBYET TOJBLKO B OJHCH
HepasBeTBJAeHHON nenH, comepxkauieli DJAC & U conporus.e-
nue Harpysku R (puc. 8.3). Bropoii

HCTOMHHK TPH 3TOM MOXHO OTKJIO- i’{lfz
YuTh, H B OCTaBUIEHCA LENH HHYero V7
ne usmenntcsi. Cuay toka I MOXKHO &, =
nalithi Ha ocHoBaHHMHM 3akoHa Oma r7~——:;~|'l—_ ————— Ji]
AJIS Hepa3sBeTBJEHHOH 1Lenu: - g J‘g_l
. (6)
+ry R

. Puc. 8.3. Ecau 10K vepes
C Apyro# CTOpOHBI, NPH OTCYTCTEMH  pyopoii werounnk oTCyTCT-

TOKA yepe3 BTOPOH HCTOUHHK HANPS-  ByeT, TO IpH €0 OTKAIO-
#enne U Ha ero 3axuMax paBHo JJIC  venun ToK B oCTanbHoil
sToro MctounuHka &;. [Tostomy, mnc- 94CTH LENU HE MeHaelca
noJjn3yst 3akoH Oma 1as OmHOpOX-

HOTO yyacTKa UMM, COAEPHKAallero Harpysky R, umeem

I=U/R=&,R. )

TlpupaBHuBas npasble yactu dpopmya (6) u (7), noayuaem s
CONPOTHBJIEHHS HATPY3KH R, NIPH KOTOPOM TOK Yepe3 HCTOYHUK
¢ IC &, ue uger, npexHee Belpaxenue (4). 1o Belpaxkenue
HMEET CMBICJI TOJBKO NpH &1>>&,, YTO €CTECTBEHHO, TaK KaK
nanpsixenne U Ha 3axuMax paBoTaioulero nepBoro HCTOUHMKA
sceraa wmenbie ero JIUC &.

PaccMoTpuM Temepb, Kak OyJeT MeHATbCS HaNpsKeHHe
MeX1y TouKaMH A 1 B npH U3MEHEHHH conpoTHBeHus R, ecau
BTOPO# HCTOUHHK OTCYTCTBYeT. [IpH yMeHbIeHHH R TOK B ueni
BO3pacTaeT H, CJEOBATEbHO, HaNpPsXKeHHE Ha 3aXHMaX
uctounuka ¢ [AC &y (r. e. mMexny toukamu A u B) ymeHb-
waercs. JTO0 HanpsikeHHe cTaHoBHTCA MeHbile IDJC &,
[03TOMY TpPH MNOXKJIIOYEHHH BTOPOrO MCTOYHHKA TOK 4Yepe3s
Hero MOMJeT Tak, Kak MoKasaHo Ha puc. 8.2. B atom cayuae
BTOPO#H HCTOYHMK Gyner paGoraTb HOPMaJbHO, T. €. OTAABATH
5HEPTHIO BO BHEIUHIOIO LENb, H 3Ta SHEPrHus OYJeT BHIAeAATLCS!
Ha Harpyske.

AHaNOrHYHBIMH PacCyXKIEHHSMH MOXHO YOeauThCs, uTO
NpH YBEJHYEHHH CONPOTHUBJIEHHS HArpy3KH HaNpsKeHHE Mex-
1y ToukaMH A M B ysesnuuBaercsi, T. €. CTaHOBUTCS GOJb-
me &, IlostoMy NpH NOAK/IIOYEHHH BTOPOrO HMCTOYHHKA TOK
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yepe3 Hero MOHJeT B HANPaBJEHUH, NPOTHBOMOMOKHOM YKa3aH-
nomy Ha puc. 8.2. B stoM cayuae BTOPOH MCTOUHMK HE OTHAET
31EPTHIO BO BHEIIHIO LeMk, a CaM NoTpebaseT SHepruio ot nep-
BOro HCTOYHHKA.

Takum o6pasom, npH napasenbHOM COEJMHEHHH HCTOUHU-
KOB ToKa ¢ pasubiMu DJC cymecTByeT NpelelbHOe 3HAYEHHE
CONpPOTUBJIEHHs HArpy3Ky, onpejensemoe hopmyoh (4). Ecan
CONPOTUBJIEHNE HArPy3KH OKaxkercs GOJbLIE NPEIeNLHOro, TO
HCIOJIb30BaHKE BTOPOrO HCTOUHHKA BOOOIIE HEUeaecooGpasto:
€ro MOAK/HOYEHHe NPHBOAHT K YMEHLIICHHIO TOKA yepe3 Ha-

TPY3KYy. A

9. Batapes u3 otMHaKOBbLIX anemenToB. HekoTopoe yucio n
ONHHAKOBHIX HeTOuHUKOB ToKa ¢ DJIC & H BHYTPEHHHUM cOnmpo-
TUBJIEHHEM 7 COEJHHEHB! apa/ebHO H MOAKJIOUEHbl K BHEI-
Hefi Harpyske. Bo cKO/IbKO pas yMEHDBIIHTCH TOK B HArpyske,

P €CJIH OJMH H3 3JIEMEHTOB, 00pasyomux
s GaTapeio, no OLIKOGKE BKJIOYHTL B NpO-
THBONOJIOXKHOH TOIAPHOCTH (pHc. 9.1)?
A Korza Bce HCTOYHHKH TOKA COBJIH-
e Hensl npasuabHO, JJIC Gatapen pasua
4| 1, ér |g OIC oxuoro ssementa &, a BHyTpeHHee
!
!
E

conpotusJ/enue pasHo r/n. IlostoMy TOK

1 uepe3 HarpysKy CONpOTHRJeHueM R on-

V,! -4 pelessieTcst BblpaeHHeM
& I, J=-6 )
R4-r/n
1
e D1oT pe3yabTaT MONY4aeTCA cpasy, ec-

Puc. 9.1. Barapes wz °\4 YUECTb CHMMETDHIO paccMmartpHBaemMoi
OAMHAKOBHX Siemen. CXEMBI: BCE HCTOYHHKH TOKA HAXOAATCH
108 B OfIMHAKOBBEIX YCJOBHAX, C/EA0BATENb-
HO, TOKH B HHX ONMHAKOBHL M B A
pa3 MeHbllle TOKa B Harpyske. Ec/HM Xe NepeK/IOYHTHL
NOJIAPHOCTE OJHOrO H3 MCTOUHHKOB (puc. 9.1), To cuMMerpus
nponajaer M, pooblue roBopsi, BO3HHKAET HeODXOANMOCTh B
NpUMEHEHHY NpaBW/ pacuera pas3BeTBJeHHBIX Lenelt. Opuaxo
B JAHHOM C/lyyae MOXHO He JeHCTBOBAaTh MO CTAHAAPTHHIM
pelientam, a npocto BHpasHTb Hanpaxenue U,p Mexay tou-
Kamu A 1 B (puc. 9.1) kak pasnocts Mexay DJIC ucroununka
TOKA H HANPSKeHHEM BHYTPH HEro A/ «NPaBHALHO» M «He-
[PABH/IBHO» BK/TIOYEHHBIX 3JIEMEHTOB:

E—Ir=—[E—I,]. @)
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OrserBasiomuiics B Harpysky Tok /' paBeH cymMMe TOKOB B
«[IPABHJbHO» BKJIOYEHHBIX 3JeMeHTax (n—1)/, sa BriueTOM
TOKa /, uepes «HenpaBHJbHO» BKJIOYEHHBIH 3JIEMEHT:

I'=(—1)1,—I. 3)

Bripaxasn orciofa /, H noxctaeias B (2), NPUXOAMM K pa-
BEHCTBY

Linr—1'r=2§. 4)

C npyro#l CTOpOHBI, HANPSKEHHEe MEXKAY TOUKaMH A u B —
3TO HanpfXKeHHe Ha Harpyske R, nostoMmy

&—1ir=IR. (5)
Pewsasi cucremy ypassennil (4) u (5), noayuaem
I'=— f’r (1 —2/m). 6)

CpasunBas (6) ¢ (1), Haxopum
1'/11=1-2/n. (7)

B uacthoctd, npu n=2 toK ['=0, 4TO OUEBHAHO H3 3JEMEeH-
TapHbIX COOOpaKEHUTt; fIpH =4 TOK B Harpy3ke yMeHbiiaeTcs
BABOE. ’

3aMedaTenpHO, 4TO MOJYUEHHBIH pe3ynbraT (7) He 3aBHCHT
nu ot SJIC OTHENbHBIX 3JIEMEHTOB H HX BHYTPEHHHX COIPOTHB-
A€HU, HY OT CONPOTHBJEHHSA HATPY3KH. DTO HABOAUT HA MBIC/Ib,
YTO AOJ/DKEH CYIIECTBOBaTh APYroH, 6osee npocToil cnocolb pe-
HIeHAs 3aJayH.

[Ipexne Bcero OTMETHM, YTO NPH NEPEK/OYEHHH MOJSPHO-
CTH OJHOrO H3 3JIEMEHTOB BHYTpEHHEE COMPOTHBJIEHHE Bcel
Garapen OCTaeTcsl NPEKHHUM, a H3MEHHTLCS MOXKET TOJBKO ee
DJC. IOtH KauecTBeHHble coobpakeHus, pasyMeercs, NOA-
TBEPIKHAAIOTCA Q)opmynon (6), u3 xompox"{ cpasy BHJHO 3Haue-
niue IJIC nonyuusieiics Garapen: & =& (1 —2/n). 3anava
Teneph 3ak/uaeTcss B TOM, YTOObH HE3@BHCHMO OT IPHBEJEH-
HOFO pelleHHs HaHTH BILC Oataped ¢ OAHMM HENPaBHJBHO
BRJIOUEHHBIM 3JIEMEHTOM.

3ameHuM Bce A—!1 «IpaBUJIBHO? BKJAIOYEHHBIX 3JIEMEHTOB
ornuMm ¢ DJIC & w BuyTpeHHHM conpotusaenuem r/(n—1).
Toraa sKBHBaJieHTHast cxema Bcell GaTapeH NPHHHMMAeT BHI,
nokasaunnwii Ha puc. 9.2. ITlockonapky DIC Garapen pasHa
HanpsXKEHHIO HA PA3OMKHYTHIX nomocax A u B, 10 ocraercs
TOJbKO HAaWTH Hanpsienue Mexay Toukamu A u B B cxeme
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na puc. 9.2. 310 HanpsKeHHe MOKHO 3amicarb B BHIE
(63'=UAB=§——]I‘/(I1——1), (8)

rae ToK /, UHPKYJHpyOWH#A B Uend, NpefcTaBJeHHOf Ha
puc. 9.2, pasen

26
I= r+rj(n—1)" ©)
[ToxcraBnas I u3 (9) B gopmyay (8), nosmydaem
& =& (1—2/n). (10)

HOCKOJIbe NpH NEPEKMIOYEHNH MNOJAPHOCTH OJAHOTO M3 3Jie-
MEHTOB IOJHOE COMNPOTHBJIGHHE LENH C HaFPYSKOﬁ HE MeHsier-
¢4, TO TOK B Harpy3ke H3MEHsIeTcss BO CTOJBKO K€ pas, BO

Puc. 9.2. DxsHuBastenTHas cxeMa Gartaped U3 n
A 3JeMeHTOB, H306paxenHoft ua pHc. 9.1

cxopko namensietcst JIC. EcrectBenHo, 4To M BTOPO# cnocod
peleHnsl NMPHUBOANT K TOMY e DesyabTaTy. A

10. JaekTpogBHraTEAb NOCTOAHHOrO TOKA. DJIEKTPOJABHIA-
TeNb, SKOPb KOTOPOTO HMEET CONpOTHBJEHHe R, BKJIIOYEH B
ceTb MOCTOSIHHOrO Toka ¢ Hanpsikenuem U. Ilpu atom rpys
Maccoii m NOJHHUMAETCA CO CKOPOCTLIO Uy TOCPEICTBOM HEBECO-
MOH HUTH, HAMOTAHHOH HA och ABHrarensa. C Kakoil CKOPOCTHIO
v, 6yleT onyckatbCsi 3TOT XK€ rpPy3, e€CM BO BHEILHeH Lemu
npou3ofiieT 3aMblKaHWE, B Pe3yJsbTaTe KOTOPOro OGMOTKA
AKOpsSl OKaXkeTcs 3aKOPOYCHHOH? SIKOpPb 3JeKTpojpBurares
HAXOAHUTCS B MArHHTHOM I10Ji€, CO3JaBA€MOM MOCTOSHHBIM Mar-
nuroM. TpeHuemM B NOMUMOHHKAX npexebpeus.

A Tlpexne Bcero noaymaeM, nogemy BOOGIIE YCTAHABJIM-
BARTCS1 KAKafu-TO OMNpeJesieHHas CKOpOCTb clycka. Bein ecau
POCTO OTK/MOYHTH ABHMIATE/b OT CETH, TO MPH OTCYTCTBHH Tpe-
HHS B MOALIMIHHKAX IPy3 GyJeT PaCKpydyHBarth AKOPb H omyc-
KaTbCs PABHOYCKOPEHHO. Y CKOPEHHe, KOHeYHOo, OylerT MeHbiua
YCKOpeHHs1 cBOGOAHOrO MaA€HUdA, €CAH SKOPhL JABHraTens of-
JlaiaeT 3aMeTHLIM MOMEHTOM HHepuuu. [IBHraresb, Kak Mbl BU-
JUM, 31€Chb BOOOIE HH MPH HYeM, ero SIKopb — 370 HPOCTO
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pacKpydYnBaeMulil ONYyCKalomuMmca rpysom MaxoBHK. Onnako
B paccMaTpPHBAaeMOM B 3ajaue cJyuae 3JeKTPHYCeCKas LeNb OKa-
3HIBAETCS 3AMKHYTOH, HO TaK, YTO HAlPAIKEHHe Ha JBHIATeNb
He NoJiaeTcs, U B pe3yabTaTe NPH ONYCKaHHH Ipy3a oH paboTaer
KaK 3aMKHYTbIi HAKOPOTKO TeHepaTop HOCTOSHHOro ToKa. Ilpu
BDAILIEHUH AKOPpS B MArHUTHOM I10JIe B €ro 0OMOTKE HIET TOK.
CKOpPOCTB ONyCKaHHs Tpy3a Tenepb O6yAET YBeJTHUHBATHCA TOMb-
KO 10 TeX 0op, NoKa NeHCTBYIOWHH Ha AKOPhL IBHTraTess CO
CTOPOHBI TPY3a MEXaHHYEeCKHH MOMEHT He OyleT ypaBHOBelIeH
MOMEHTOM CHJI, AGHACTBYIOIHX HA AKOPb ¢ TOKOM CO CTOPOHML
MarHHTHOFO TIOJI  HHAYKTOpA.

Tak Kak MOMEHT MeXaHU4YeCKHX CHJ, JeHCTBYIOIWMX ha
SIKOPb, OJWHAKOB KakK (DM PABHOMEDHOM NOALEME, TaK H IpH
paBHOMEDHOM ciiycke (rpy3 OAHH M TOT e}, a MACHHTHOE NoJie
HHAYKTOPA CUHTAETCA TOCTOSTHHBIM (N0 YCJOBMIO 3aNdauyd CHO
co37aeTcs MOCTOAHHBIM MArHHTOM), TO H TOK B LENH sKOpA
fiyZeT OAHHAKOBBIM NPH YCTANOBHBIINXCS MOAEEME H CIYCKe,
NOCKOJBKY CiJa, AEfICTBYICIAA HA NPOBOXHHK C TOKOM B Mar-
ITHTHOM 110J1€, IPCNOpUHoNansia Toky. O6035aunM TOK B IKope
N0W ycTaHoBHBLUeMcs Apmwennn uepe3 /. Halita ero moxmno,
BOCNOJB30BaBIINCh 33KOHOM COXPAaNCHUS IHEPTHH NpPU NCHE-
eme rpysa: norpefisemas or ceTH momHocTh /U uier na pa-
rpeBanne oOMOTKH fAKOpA U Ha noased rpysa. O6osnauvas
MeXaNHYECKYI0 MOUOCTh, DPa3BUBACMYIO LBHIATCJIEM, uepes
P,, MOMXeM Hanucathb

JU=I*R+P,. (1)
Peiiag 370 ypaBHeHHe, Haxoliu
——
=Y Y P @
IR = iRz R
HO‘%QM}/ e HOJ};’U.HJZOCI: Asa 3fauenua TCK?.? B yCJ‘:CE}’a‘.l
5448494 3alallnl Macca pr33 n CKOpOCTb Cro noumema, T. €.
\(X]aKTH‘{eCKH 3aiana MeXanHnwuecrasag MOUIIICCTD, passHBa Madl
JEBTaTesIeM:

D, =mguvy. {3)

Ho oAy ¥ Ty K€ MEXaHUHYECKYIO MOIHOCTh, MEHBIIYIO MaKcH-
MaTRHCH, KOTOPYIO MOMET Pa3BHTh LBHraTesb NMPH 3a]a1NoM
nanpsxenny U, MOKHO NCAVHIHTb [IPH JABYX 3HAUCHHAX TOKa B
nkepe. B camom jere, noctponM ¢ nomombio dopyyant (1)
rpadiK 3aBUCHMCCTH Mexaniyeckoft momuocTy Py, oT cnin
Toka B axope nexratena (puc. 10.1). Dror rpaduk npen-
cTaBafger cobofl mapaGoay, BETBH KOTOpOH HanpaBJeHbl BIH3
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1l TepecekaroT ock adcuuce B Touykax /=0 u /=U/R. Ileppas
TOYKA COOTBETCTBYET PEKHMY XOJOCTOrO X044, T. €. BPAlIeHHIO
AKOPA MOTOpa Ges BHeiuHefi MexaHudeckoft Harpysku. [lpu
stoM 3/IC MUAYKUHHE B OGMOTKE SIKOPST KOMNEHCHPYET NpHJIo-
eHnoe Hanpsikenue U, M TOK orTcyTcTByeT. BTOpas Touka
(I=U/R) coorBetcTByeT 3aTOPMOKEHHOMY BHEIUHHM YCHJIHEM
HeBpalanueMycs  fKo-

s pio, Korza DJIC HEAYKIHMH
YT === B ero o0MOTKE OTCYTCT-
Byer. [lpu 3TOM MexaHH-
yecKas MOLIHOCTb JBHIa-

L ey S . TE/Ifi, OYEBHAHO, pAaBHA
i ! Hy/mo, B BcA notpedise-
0T J] oR 7 Mas OT CEeTH MOLIHOCTA

/ 2

uAeT Ha Harpepanue 006-
Puc. 10.1. 3aBucuMocts passupaemoii MOTKH fAKops. Bepunua
SJACKTPOJABHTATENCM MeXaHuuyecKoi napaéoﬂb[ COOTBeTCTByeT
MOLLHOCTH OT BEJAHYHHLI TOKA MaKCHMaJIbHOﬁ MeXaHHU-
YEeCKOH MOIIIHOCTH ABHra-

TesIA, KOTOpas, Kak HeTpyAHO ybeauthesi, paBHa U?/4R,
M3 puc. 10.1 BuaHO, uTo J0B0e 3HaueHHE MEXaHUYECKOH
MouHoCTH P,=mgu,, meHbwee U?/4R, MOKHO NOJYUdTh OPH
IBYX 3HaUeHHAX ToOKa [{ 1 [.. KaxKAOMY 13 9THX 3HaueHui TOKa

Puc. 10.2. Oana ¥ Ta XKe MexaHdyecKas MOUHOCTb Py, = Mgy, MOKer
OniTh MONyUeHA NPH ABY X 3HAYEHHUAX YrjiOBOH CKOPOCTH AKOPH

COOTBETCTBYET ONpeAefeHHOe 3HAYeHHE MOMEHTZ BHEMWHEH CH-
Jbl, JeficTByioilell Ha sikopb Auraredns. Ilockobky 3Ta cusa
paBHA CHJe TSKECTH mg, ACHCTBYIOUIEH HA TNONHHUMaeMBbil
rpy3, TO KaX/JOMYy 3HAYEHHIO MEXAaHHYECKOr'0 MOMEHTa COOTBeT-
CTBYeT OlipeliefieHHbIHl pajuyc OCH, Ha KOTOPYIO HAMATLIBACTCA
uuth (puc. 10.2a cooTBeTCTBYET MEHBILEMY 3HAYCHUIO MEXAHH-
YECKOTQ MOMEHTa U, CJefAOBaTe/bHO, TOKYy [;, puc. 10.26 —
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TOKy [,). B nepBom cayuae Ta xe camast MexaHuueckas MOLI-
HOCTh JBHrateNs mgu, NOJYUYaeTcsl NPH MEHbIUEM pajuyce H
GoJibluel yr/0BO# CKOPOCTH BPALIEHHS SKOPs, YeM BO BTOPOM
cnydae. IlepBhift cayuall, OYeBHJHO, COOTBETCTBYyeT GoJee
BbicokoMy KIIJL motopa. XoTfl AaHHBIX 3ajaul, CTPOrO FOBO-
ps, HEJOCTATOYHO /ISl TOrO, YTOOB OTAATH NPENNOYTEHHE TOMY
HJIM IPYrOMY 3HAUEHHIO TOKA, HO €C/H NPeANoJIOoKHUTh, YTO NpH
NoJAbEME Tpy3a JABHTaTe]b paboTa/l B «NPAaBUILHOMY PEXHME,
TO H3 KopHeii /, u [, cienyer BoOpAaTh MEHBIUUH.

Kak Mbl BBIICHMJIH, TakoH ke TOK Oyjaer nporekatb B 06-
MOTKE IKODS1 H NPH YCTalUOBHBIUEMCS CNycKe rpysa. BocnoJb-
3yeMcsl 3aKOHOM coxpaHenHsi sHeprud. Ilockosbky Tenepb
MOTOp npeicTaBaseT cob0i 3aMKBYTHII HAKOPOTKO TFeHEpaTop
NOCTOAHHOIO TOKA, YOBIAL TNOTeHLUHAALHOH 3HepruM rpysa
paBHa KOJIHYECTBY TENJIOTHI, BBIEIAIOMErocs B 06MOTKE KOpA:

mgu, =I*R. “4)

3HaueHne ycTaHOBHBHIEHCS CKOPOCTH CNyCKa ¥, NOJYyYaercs
OTCIO7a NOCJe NOACTAHOBKY 3HaueHHs cHAbl ToKa [ u3 dopmy-
Jul {2), B KOTOpO# MexaHuuecKasi MOWHOCTh P,, pa3BHUBaemas
MOTOPOM TNIPU TIOABEME TPY3a, NOJCTABJEHA 3 COOTHOIEHA  (3):

I2R 4mgRuy |*
vl:—”-l-é— 4ng [ l/ ——-‘—‘*—:l . (5)

JI106ONEITHO OTMETHTh, YTO CyMMa CKOpoOCTedl MOAbeMa
i CRYCKAa paBHa CKOPOCTH XOJAOCTOTO XOJa Uy, T. €. CKOPOCTH
nopbeMa HuTH 6e3 rpysa.
Urobbl yOeAHTLCA B 3TOM, BCMOMHHMM, 4TO BO3HHKalOWas
B obmorke sikops DC uHAYKUMN &; NPONOPLYOHAJBHA CKO-
POETH BpALIEHHS] SIKOPSl, T. €. CKOPOCTH ABHXKEHHSA HHUTH U,
HAMOTAHHOH Ha OCh:
&1 =kuv. (6)

Vicnoan3ys Buipaxenue (6), 3anumem ypaBHerus 3akona Oma
Al TPEX DEeXMMOB paGoThl ABHraTess — NpH NOABEME I'Py3a,
DpH CHIYCKE Ipy3a € KOPOTKO3aMKHYTHIM $IKODEM H Ha X0Jo-

CTOM XOZYy:

U—koy =IR, ko, =IR, U—ko,=D0. (7)
Brrunuras BTOPOE U TpPETbe YypaBHEHKWA H3 NEPBOro, Nnojydaem
Up -+ Uy =0, A (8

11. KonpeneaTopsl B uenu ¢ TOkoM. PaccMoTpuM cxemy,
nokasaunyio Ha puc. 11.1. K BXOAHBIM KneMMaM NpHJCKEHO
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gocTosHHoe manpskenue (. Onpene/uTb HaNDAXKEHUS Ha
KOHJEHcAaTopax, paccMaTpHBas UCTHIPE BO3MOMKHBIX MOJOXKEe-
nus kouefl Ky u K»: 1) o6a kmouya pasoMRHYTH; 2) Kaod Ky
saMkiyT, K pasoMkryT; 3) ofa Kjroua 3aMKHYTH; 4) Kaou K,
pa3oMKHYT, K2 — 3aMKHYT.

A Tlpoadaiu3npyes MocaefoBaTe/IbHO Bee derthipe cydas.

1. Korjga o6a kjwoua pa3oMKHYTBl, HHKAKOrO TOKa HM B
OIHOM Yy4YacTKe LIENH HeT. 3a/laua B 3TOM CJydae YHCTO DJIEKT-
pocrTaTHyeckasi: JBa IOCJENOBATeNbHO COCNAMHEHHBIX KOHJEH-
€aTopa MoJKJ:0YEHbl K HCTOUHHKY NOCTOSIHHOTO Hanpsixenns U.

o U o —o0 f o-

"

? IUZ 6',
[—+— ——

| S — T
Ay R, R, R,
Pre. 11.1. Hanpaxenus na gou- Puc. 11.2. Tako# Bug nmpunuma-
seuncatopax Cypu Cy 3aBucAT OT eT cxema, Korja kJwou K,; 3aMK-
mojoxeuus Kmioueli Ky u K, HYT, a Ky pa3oMKHYT

[Toyromy Hanpsxenna Ha Kojerncatopax U; u U: B 3TOM ci1y-
uae ONPLJASHSIOTCS U3 CHCTEMBl yPaBHEHHH

U1+U2:U, C]U1:C2U2. (1)

[TepBoe M3 3THX ypaBHeHH OYEBHAHO, a BTOPOE OTpamaer
PABSHCTBO 3apAJ0B MOCJAEI0BATE/NHHO COCAHHEHHBLIX KOHJEHCA-
topoB. Pemas cucremy (1), naxomnm
CQ 7 Cl

2. Bo propom cayuae, Korja KJiou K; 3aMkHyT, a K2 pa-
30MKHYT, CXe€Ma NpHHNMaeT BUA, NOKasaHuell Ha puc. 11.2,
B Takefl Uenu yepes noc/jeA0BaTe/1bHO COEIMHEHHBIE CONPOTUR-
geaust Ry M Re Huer Tox, a A5 KOUAEHCATOPOB BCE OCTAETCH
ax JKe, KaK ¥ B NepBOM cAydae, Taxk Kak Hanpsukenue U no
yCaIOBHIO HeusMenno. Hpyruamu cjoBaMH, B Takofl cxeme mo-
cJefoBaTeNbHLIE IENOYKH KOHAEHCATOPOB M CONPOTHBJSHH
HEe32BHCHMO, Napa/ieqsbHO APYT APYTY HOAKMOUEHH K CeTH
C NOCTOSAHHEIM Hanpsixenuem U.

Ecau sanpsikegne U He NMOANEPKUBAETCA HEM3MEHHLIM, a
HCTOYHUK NpeAcTapiaser colol, Hanpumep, akKyMyJAsaTOp C
OJIC & ¥ BHYTPEHHUM CONPOTHBJ/ISHHEM r, TO NOAK/IOYEHHE
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HENOYKH CONPOTHB/ACHHH R; H R2 M BO3HHKHOBeHHE TOKa [=
=@&/(R,+R2-t-r) npHBOAAT K YMEHBIICHHIO HANPSIKEHHSI, MPH-
JIOXKEHHOTO K LIEMOYKe KOHJAeHCATOpoB. B 3ToM ciyuae omo
oyzer paBgo He JDJIC wucrounuka, a

& (Ri+Ry)
Dopmyarl (2) s HanpsKeHHH Ha KOHIEHCATOpAaX OCTAIOTCH
B cuJIe, TOJIbKO 04 U ciieflyer NOHUMATD BEJHUHHY, 1aBaemylo
coOTHOWeHUeM (3).

3. Korza ofa kJoua 3aMKHYTHI, KOHAEHCATOPHl HEML3A
CYUTATL COGAMHEHHBIMH MnocJjenoBaTenbHo. JlelcTBHTENBHO,
B 3TOM CJlydae CXeMy MOXXHO Npef-
CTaBJSATH TaK, KaK MOKa3aHo Ha
puc. 11.3. Kaxawifi xouaesncartop
COeflMHEeH TapannesbHO CO «CBOHM» | e
CONMPOTUBJIEHHEM, U TIO3TOMY 3ap bl —”— —
KOH/ICHCATOPOB YK€ He paBHbI JApYr
Ipyry. Hanps:xenue Ha KaxioMm
KOHJEHCATOPE PAaBHO HANDSIKEHHIO
Ha COOTBETCTBYIOMIEM CONPOTHUBJE-
nuu. Tax kak comporussnenus R, Puc. 11.3. Koraa o6a kiio-
U R: coenpHedbl MeXay coboft moc- %8 SaMKHyTH,  Kaxiew

KOHAeHCcaTo COeqHHEeH
JeloBaTeIbHO, TOK Yepe3 HHX OJu- napamlenbﬂ% CO «CBOMMY

-0 [ ©

HakoB u Hanpsukenus U, u Us COMPOTUBEHHEM
YIOBJETBOPSIIOT CHCTEME YPaBHEHUI:
U1+U2 U U/Uz Rl/Rz (4)
Pemas sty cucremy, nosayyaem
R
U= UR + R, UVo=Ugzrr R1+Rz ()

Ecau u B 3TOM caydae Hesb3a NpeHeOpPeratb BHYTPEHHUM CO-
fIPOTHBJIEHHEM HCTOYHHKA, To nox U B dopmynax (5) caenyer
IOHUMAaTh HANDsUKEeHHe HA BHEUIHEM Y4YacTKe Lenu, JaBaeMoe
seipaxeHHeM (3).

4. Koraa ka4 K, pazoMkHyT, ToKa B ieny Het. Ecau kiwou
K, npu 3TOM 3aMKHYT, TO HampsixeHHe Ha KoHIeHcatope C,
paBHo Hymo. CsefoBaTesbHO, HanpsKeHUe Ha KOHJeHcaTope
€, paBHO HaNpsKEHHIO HCTOYHHKA nuTanus U.

OrMeTHM, YTO MNOJyyeHHHle OTBeThl CIPaBEeIJIHBBL TOrja,
KOrJa BCE MEePeXOoldHbfe MPOHecCH B LEMH YikKe 3aKOHUHJIHCE.
Henocpencrenuo nocie samblKaHHA (HAH Pa3MBIKAHHS) KJO-
yelf NMPOHCXOAMT fepesapajKka KOHIRHCATODPOB, YTO 3aHHMAET
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HEKOTOPHIH NPOMEKYTOK BpeMeHH. LJIHTeNbHOCTH 5TOTO Npo-
MEKYTKa 3aBHCHUT OT 3HaueHH# CONPOTHBJCHHHA H eMKoc-
TeH.

Ipu pewennu 37oil 3aKaym CYHTANOCE, YTO BCE KOHAEHCATO-
PBI OBLTH He 3apsiKeHbl JI0 NOAKJIIOUEHHST HCTOYHHKA B KaXJ10M
H3 PAacCMOTPEHHHIX CJyyaeB. DTO YCJOBHE MOXET OKa3aThes
HEBBINOJHEHHBIM TPH [10CJAE10BATeIbHOM NIepexone OT OJHOro
ciydas K Jpyromy Ges oTkJ/ioueHus ncrouHHKa. Hanpumep,
npd nepexone or cayuad 4 K caydaiwo | nyrem pasMblKanus
xmoda K, koujencarop C, kaK Obla, TaK U OCTaHETCS He3aps-
JKeHHBIM, HEeCMOTpSl Ha TO, YTO NPH 3TOM MOJNYydaercs cxema
¢ NOCJeKOBaTeNbHO COEAHMHEHHBIMH KoHAeHcatopamy. Hanps-
JKeHHe Ha JiepBOM KOHJeHcarope ocraercsi paBHbiM {/, a Ha
BropoM — HyJ1o. CpaBHHTE STOT pe3yJbTar C peliCHHeM 3a-
aaun’ 13 paspena «DneKTpocTaTHKa». A

12. Cxema ¢ «namsatblo» . Ha BXoje uenM, noKasaHHOH
Ha puc. 12.1, nogpepxuBaercs nocrosHHoe Haupsxenue U.
CHauana Bce KJOUM Pa3sOMKHYTHI, KOHIEHCATOPHl HE 3apae-
Hbl. Kakne ManuRyJsUHH ¢ KO-
4aMu U JBHXKKOM peocrarta R HYXK-
HO fipoussecty, 4T00b: 1) Haupd--
JKeHWe Ha KoHpeHcarope C; pas-
Haaoch U M naMnouka HpH 5ToM
ropena; 2) HanpsiK€HUe HA KOH-
nencatope C, pasusjock U wn
JlaMnoYKa TOKe ropesa’?

A 3amkueM BHauase kJcu K.
Puc. 12.1. 3mextpuueckas  Jlas Toro 4tolbl NaMAOYKa rope-

CXeMa ¢ «NaMAaThIo aa, kmou K, JlojxeH ObiTh 3aMK-

HyT. 3amMkHeM ero. B artom cay-
yae HaNpMKEHUs Ha KOHAEHCATOPAX OTJIMYHBI OT HYJA U B
CyMMe DaBHBI NPHJIOKEHHOMY Hanpsikenuo U. MsMenuts sti
HAAPSIKEHUA MOXKHO, TONbKO 3aMKHYB KJiou /K,. 3aMKuem
u ero. Ecau Tenepn, nepeapuras ABHIKOK, CAesaTh CONPOTHRIIE-
H}€ peocTara paBHBIM HYJIIO, TO Bce Hanpsuxkenue U Oyner npu-
JIOXEHO K Jamnouke, Hanpsikenue Ha KoHAeHCaTOope C, TakxKe
craner paBHeiM U, a nanpsxeHnue Ha KoHzencarope C; ofpa-
THICA B HYJb: MH peanusopaiy curyauuio 2). Tenepb MoxHO
PA3OMKHYTb KoY K, H BepHYTb ABHKOK PEOCTara B NPEXHee
nojoxenne. [Ipn sToM HanmpsikeHHe Ha KomuzeHcatope C, oc-
Tanercs paeHuM U, Ha C; — paBHBIM HYJI0, a JaMIIOYKa Npo-
J0J3Kaer ropeTb. XOTA TENePb COCTOSHHUE KJIOUeH Takoe XKe,
KakK # RO 3amblKanus K., HO Hanps:xeHHs Ha KOHIEHCATopax

Uv ~K
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unble, JIpyruMu c10BaMH, CHCTEMa «HOMHHT» CBOIO NPeABICTO-
pHIO.

O6parum BHUMaHHE HA TO, YTO NMPH BBIGPAHHOH [1OCIENOBA-
TEJNILHOCTH MAHHIYJSLHE ¢ KJAI0YaMH HANpPSIKEHHEe Ha KOHJEeH-
catope C; HeBO3MOXHO cjenaTb paBHeiM U. Hyxkno uckato
HHYIO [0C/Je0BaTe/qbHOCTs Manunyasuuit. IlonpoGyem nocae
saMbiKauua Kmovda K 3aMKHYTb He K104 K, KaK paHblue, a
kmou K, Tlpu sTOM Hanps:keHue Ha KoHAeHcaTtope C; cTamer
pasubivM U, Ha C, — paBHBIM HYJTi0, a JaMIoyka, pasyMeercs,
ropetb He 6yaer. Tenepb pasoMkHeM Kaou K., NpH 3TOM Ha-
npsKeHUs Ha KOHJEHcaTopax He usmenarcsa. Ecan 3areM 3amk-
HyTb KMo4 Ky, TO JlaMIIOYKa 3aropuresi, U Gyler peaqu3oBaHa
curyauusa 1).

Takum o6pasoM, B 00OHX PAaCCMOTPEHHBIX CAy4asiX KoHey-
HbIE [TOJIOXKEHHS BCeX KJIOYel W JBHMKKA PeocTara OXHHAKOBBI,
JIaMIIOYKa TOPHUT, HO pacipeeseHHst HANPSIKEHUH Ha KOHHEH-
caTopax JuaMerpajbHO [POTHBOMOOXKHBI. ITH HANpPSIKEHUst
3aBUCAT OT [PeAIlecTBOBABIIEH HOC/ICN0BATEIbHOCTH NePeKio-
yeHUHd. A

13. Tlepexonnpie mnpoOUEcCH B HENH € KOHAEHCATOPOM.
CKo/IbKO BpeMeHH OYZET 3apsKaThcsl KOHAeHcaTop emkoctd C,
€CJ/IH €ro MOJK/IOYHTb Yepe3 CONPOTHB/IECHHe R K HCTOYHHKY
nocroaHnoro Hanpsxenusa U, (puc. 13.1)?

K R R
 pammea |
{ — ! L+ = |
' + {9
Puc. 13.1. Kouaencarop C 3a- Puc. 13.2. Tlpr TtakoMm smGope
pAMaerca 4yepe3 CONPOTHBJe- HANPaBJACHUT TOKA €ro 3Ha4eHHe
Hue R OT HCTOYHHKA HOCTOAH- I cBAi3aHO C 3apAJAOM Bepxueir
Horo Hanpaxenus U, MJIACTHHD § COOT/HO[UEHH@M I=
=dgldt

A Tlpu sambikanu# Kmoua K (puc. 13.1) B uenu Bo3HHKaer
TOK U KOHJEHcAaTop HaduHaer 3apsxartbcd. [lo Mepe ysenuue-
HHS HAMpPsiKEHUs Ha KOHAGHCATOPE TOK B lenH y6uiBaer, [po-
Hece 3apsiAKH KOHAeHcaropa OyjaeT NMPOHUCXORHTL RO TeX nop,
110Ka HanpsxeHHe HA KOHJeHcarope He CTaHeT DaBHLIM Ha-
npsikeHuo ucrouduka U,. Ilocsie HakonsieHus Ha maacTHHax
KOHJeHcaTopa HeoO0XoAHMoro AJsA 3toro 3apsana g,=CU, Tok
B UeMH NpPEeKPATHUTCA, T.e. NEPEXOAHBIE MPOUECCH B LeNU
3aKoHYaTCA.
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OGo3nauuM 3apsijl BepXHeil NJACTHHBI KOHJEHCATOpa uepes

g. B npouecce 3apsjaxn xoujaeHncaropa g uamengerca. CKopocTs

M3MEHEHHs 3apsja BepXHed miacTHHBL dg/di onpejenser cuiy
ToKa I B uenu:

I =dg/dt. 8}

®opmyna (1) cooreercTByeT TakoMy BbIOODY HanpaBJaeiusi
TOKa, KOTOpOe YKasaHo Ha puc. 13.2: nosoxkuTesbHOe 3Haye-
nye Toka B ¢opmy.se (1) cooTBeTCTBYeT BO3pacTaHUiO 3apsija
BepXHeH m/acTHHBL KOHZAEHcatopa, T.e. [OJ0XKHTEIbHOMY
SHAYEHHIO TNpPOU3BOAHOH dgl/di.

B paccmatprBaemoll nociefoBaTeabHOH Leny cymMma Ha-
npsukeHuii Ha conpotHBaennn Up n kKonjencatope U, paBHa
npujaokeHHoMy Hanpsbkennio U,. Tak kak HanpsikeHHe Ha
conporuBiennn Up paBno npousseenHio. Toka I Ha conpo-
TURJAEHHE R, TO

IR+ Ug=U,. 2)

ToacraBasg ciona 2navenne Toxa / yepes CKOPOCTb N3MEHEHUs
sapaja KonjeHcatopa u3 ypasuenMs (1} M yuuTbIBasi, uTo Ha-
npsxkerne U, Ba Konzencarope B JucGoll MOMEHT paBHO ¢/C,
noayyaem

R¥ 4 v, 3)

2ro ndidepennnanbuoe ypashenne i GyHKuHH ¢({) onpeje-
nAeT 3aBHCHMOCTb 3apfaja KoujeHcatopa or Bpemenu. Ero
yaoGHO nepenncaTb B HECKOJBbKO HHOM BHIE, YYHTHIBAS, YTO
npuioKenHoe Hanpaxenue U, paBHO OTHOILEHHIO CKOHYATE -
Horo 3apsiia KomjpeHcatopa ¢, K ero emxoctn C: U,=¢q,/C.
Toraa Bmecto (3) noay4yum

dg/dt=(g,—q)/RC. “)

3To ypaBHEHHe JIeTKO NPHBECTH K XOPOUIO H3BECTHOMY BiAY,
€CJM BMECTO 3apsijla NJIAaCTHHBI § BBECTH APYTYIO HEH3BECTHYIO
BeJIUMHY Q, XapaKTepU3yIOLLYI0, HACKOIBKO 3apsil NJaCTHHEL
B JiaHHbI MOMEHT ¢ OT/IHYACTCS1 OT OKOHYATEJNbLHOTO 3apsijia ¢o:

=go0. )

s onpegeaenust (5) caepyer, uto dgldi=—dQ/dl. Ilostomy

ypasHenue (4) noce 3amenbl (5) NPHHHMART BHA
dQ/dt=—Q/RC. (€6}

)

YpaBHenue (6) o3nayaeT, YTO CKOPOCTh H3MEHEHUS HEROCTA0-
lero 3apsaaa (Q nponopuloHajbHa caMomy. 3HaueHHio Q. Pe-
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LIeHHEeM TaKoro ypaBHenus aBaA€TCA IKCIIOHEHI HAJAbHAA (I)YHK-

09581
Q(t)=A exp(—t/RC). (7)

[MocTosiAnylo A MOXHO HaHTH M3 HAYANBHBIX YCAOBHIL,
Tak KaK B HAuaJbHLIH MOMEHT BpeMeHH =0 KOHJEHcATCp HE
aapsukeH (g==0), T0, Kak BHAHO H3 (opmyJasl (5), Hezoctrawo-
1M 3apsan Q mpu 3ToM paBeH ¢o. TakuMm o0pasom, MOCTOAHHAS

4
240N
V]
\\\ 7=9; [/—e:cp(—t/r/ )
Ao
€ S~ 2= gpemp(-1f)
7 7 ¢

Puc, 13.3. Ipaduk navenenun 3apajga KoHAeHcaTopa

A B ypaBHeHuu (7) paBHa OKOHYATE/NBHOMY 3apsIly KOHJEH-
caropa (.

[paduk 3aBrcumocT# Q(f) NOKasaH WTPHXOBOH JNUHHEH HA
puc. 13.3. 3 gopmyst (7) BuAHO, 410 npousseneHue RC pas-
HO TOMY NPOMEXYTKY BPeMeHH T, B TedeHHEe KOTOPOro 3HaYeHue
Q(¢) ymeHbluaeTcs B e pas:

Q(v)=qile, T=RC. ®

3aBHCHMOCTb 3apsAa KOHAEHCATOPA ¢ OT BpeMeHH A5 pac-
CMAaTPHBAEMOTO Npoiecca noaydaercs us dopmydst (5) nocne
[OJACTaHOBKH B Hee Bbipaxenusa aias Q(f) us (7)1

q (=g, {1 —exp (—t/7}}. 9
Ipadux ¢ (f), nokasanubifi Ha pHc. 13.3, MOKHO MOCTPOHUTD
KaK pPa3HOCTb MEX1Y NOCTOSHHBLIM 3HAYEHHEM OKOHYATeNbHOro
3apsna g, ¥ rpaduxom 3asucumocts Q (f). Hafinenuan sasucu-
MOCTb 3apsiia KoHaeHcaTropa oT BpemeHH (9) Mo3BoJfeT Jerxo
HAHTH TOK B LEENH NPHU 3apsiike KOHAeHcaTopa B 000t MOMEHT
spement. Tak Kax coriacHo dopmy.e (1) TOK ecTs npoussos-
naa dg/dt, To ¢ novoupsio (9) HaxomuMm

1= exp (———i-)—-:%"—exp (—-%) (10)

[Ipu 3apsizxe KOHASHCATOpPA TOK MAKCHMAJICH B HAYa/lbHBIA
MOMEHT (IpH 3aMbIKaHHH KJIOYa) M B Ja/JbHEHIIEM SKCIOHEH-



310 V11, SJIEKTPHUYECKHH TOK

RHAJLHO YOBIBaeT co BpemeHeM. Ero rpapuK uMeeT TakoH xe
BUI, Kak u rpaduk Q(f) na puc. 13.3.

CoBepiiieHHO aHAJOTHUHO MOMKHO pacCMOTDETb NPOLECcCh
nNpH paspslKe KoHjJeHcatopa uepes conporubsdenue. Ilycts
B HaYaJbHBEIH MOMEHT BpeMeHH KoHAeHcartop emkoctu C 3apsi-
xeH Jio Hanpsxenus U,, T. e. umeet 3apsip q,=CU,. [Ipu 3a-
MBIKaHHH KJio4a B Lend BO3HUKAET TOK, KOTOPHIH Yy6LiBaeT
110 Mepe paspsija Konuencaropa (puc. 13.4). Ecan no-npexunemy

+_J£ Puc. 13.4. Tlpu rakom sh6ope Hanpasie-

2 4 @  HHA TOKa €ro snayenHe / CBA3aHO C 3apA-
— JZOM BepXHeHl IJAaCTHHB § COOTHOLIERMEM
T I=—dg/dt

nojJi ¢ NOHUMAaTh 3apAj BepXHeill NJacTHHH KOHAEHCATopa, TO
Bbi6paHHOMY Ha puc. 13.4 HanpaBieHHIO TOKA COOTBETCTBYET
BLIpaXKE€HHE

=—dgldt, | 1)

TaK Kax NpH NOJOXHTENbHOM 3HAaY€HUH TOKa I 3apsn BepxHed
naacTubl yOuBaeT, T. €. dg/di<<0. [TockosibKy B /1060H MOMEHT
BpeMEHH HanpsyxkeHnne Ha koupencarope U,=¢q/C paBHO ua-
npsixeHHio Ha conpotuaenn Up=IR, TOo ¢ noMoumpio BHI-
pamenns (11) nmeem

d i

&= (12)

CooTBeTCTBYIOIEE HAIIMM HAyaJbHBIM  YCAOBHSM pelLeHHE
3TOFO0 YPaBHEHHA HMeeT BUX

g (f)=geexp(—t/t), 7=RC, (13)

nockonbkKy npu =0 3apaj kKoHjeHcatopa paBeH (¢,.
Taxoil e 5KCHOHEHIHAJbHLI XapakTep UMeeT U 3aBUCH-
MOCTh OT BPEMEHH TOKa B HENH NpH paspsaje KoHJeHcaTopa:

I({)= —%:%exp(—%):-’é—” exp (——%) (14)

Kaxk BMAHO M3 MOJNYUEHHBIX pemenuil, U Dpouecc 3apsjKu
KOHJIEHCATOPa, H NPOoUecc paspsaiKH, CTPOTO rOBOPs, HPOAOJ-
»)aiorcsl 6ecKoneuno gosro. He, Kak 1 Bo Becex nonoGHBIX npo-
Leccax, BPEMEHHAS 3aBHCHMOCTb KOTOPBIX OMNHCHLIBAETCS 3IKC-
[OHEHTOH ¢ OTPHUATEJNLHBIM NOKa3artejeM, OCHOBHOE H3MEHe-
HHE paccMaTpHBAeMO# BEJMYMHE! (B JAHHOM cJaydae -— 3apsja
KOHZIEHCATOPa WAM TOKa B LeNH) NPOUCXOAHT 33 KOHEYHBIA
[POMEXKYTOK BPEMEHH, M JHWh OCTAIOWEECA CPABHUTEJBHO
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HeGoNbIIOE ee H3MeHeHHe TpeOyeT OECKOHEYHOIO BPEMEHH.
ITapamerpoM, XapaKTePH3YIOLIUM ATHTEIBHOCT TAaKOro IPo-
necca, sBJseTCS BeJHYHHA

1=RC.

3a NpoMexKyTOK BpPeMeHH T paccMarpHBaeMasl BeHYHHA H3Me-
HsieTcl B exv2,72 pasa.

Ecau uHTepecoBaTbCsl BpeMeHEM, B TeUeHHe KOTOPOro Mpo-
H30MJET NaMeHeHune B J/oboe (CKOJMb yrogHo GOMbIIOE, HO KO-
HeYHOe) UHCJI0 pas, TO 3To BpeMs OyleT OTJIHYAThCS OT T
TOJIbKO YHCJIOBBIM MHOXKHTeNEM (M MpPH 3TOM CPaBHHUTENbHO
neboaswiuM), Hanpumep, Bpemsi, no npoLIeCTBHH KOTOPOro Ha
IJIACTHHAX PA3PAKAOUIErocss KOHIEHCATOPA OCTAHETCS TOABKO
0/HA THICAYHAS YacTh I[EePBOHAYa/JbHOTO 3apsid, PaBHO TX
X3 In 10=T7t.

B so60#i peasbHOH cHeTeMe INepeXOoIHBIH NMpOLece Mpoxo-
JKaeTcsl B TEeYeHHe KOHEYHOro (a He GecKOHeyHO GOJIbLIOro)
TIpOMEXKYTKA BPEMEHH, TaK KAaK TOBOPHTbL O TAKOM Ipolecce
MMeeT CMBICJ TOJIbKO JIO TeX Top, NMOKa paccMaTpHBaeMasi BeJid-
YHHA He YMEeHBLIHTCS [0 3HayeHHs, COOTBETCTBYIOUIErO YPOB-
HIO TelJIOBHIX (AYKTyaUH# B cHCTEMe.

B npuseseHHOM pelIeHHH 3a7aud MOJYAJHBO NpeANoJara-
Jioch, 4TO MTHOBEHHOE 3HAYeHye TOKa OJHO M TO Xe B JoGoM
MecTe 3JeKTPHYeCKOH UeNnH, COefHHAIIEH OOK/NalKH KOHIAEH-
catopa, a 3/JEeKTPHYEecKoe IoJe KOHAEHCATOpa TaKoe e, Kak
B 3/IEKTPOCTATHKe NPH TeX XKe 3apajax Ha obkaaaxax. Tak
MOMHO CYHTaTh, €CJH PaCNpOCTPaHEHHE 3NeKTPHYECKHX B3a-
HUMOJEHCTBUH NPOHCXOAUT NpPaKTHYECKH MTHoBeHHO. ITockosn-
Ky Ha caMoM jieJie pacpocTpaHeHHe 3JeKTPOMArHHUTHOrO NoJist
[IPOUCXOIUT ¢ KOHEYHOHR CKOPOCTBIO {CO CKOPOCTHIO CBeTa L), TO
RApefnoNoKeHHe 0 MTHOBEHHOCTH Oy/ieT BIIOJHEe ONpaBAaHHBIM,
ec/Ii BpeMa pAaclpocTPaHeHHA NOJA BAOJAb LEMH Majo Io
cpaBHEHHIO ¢ T. B Tak#X c1yyasgx roBopsT, 4TO ABICHHS B 3/1€K-
TPHUECKOH LENH HOCAT KBa3HUCTALHMOHapHBIE xapaktep. Ecau
AJUHY Ueny 0003HaYUTh uepes [, To yc/I0BHEe KBa3HCTALHOHAp-
HOCTH [POLECCOB NPH 3apsike HAH pa3psiKe KOHIEHCATOPOB
UMeeT BHJ

llcZLt=RC.

Paccmorpenssie B 3Tof 3ajjaue NPOLECCH MO3BONAIOT O0bAC-
HWTG, KakK [NpoHcxoguT mupeoGpasosanue RC-uenouxkoi
(puc. 13.5) mopaBaeMoro Ha ee BXOJA NePeMEHHOro HampsiKe-
HHA B BHJE II0C/EJ0BATENLHOCTH NPSIMOYTOBHMX HMIY/ILCOB,
Hayano xaxmoro npsaMoyronsHoro ummnyansca (puc. 13.6) coor-
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BETCTBYET NOJAKJIIOYEHHIO K BXOIHBIM KJeMMaM HeNH HCTOYHHKA
nocTOsIHIGro Hanpsaxenuss U, Ha BpeMsl, PaBHOE J/IHTEIBHOCTH
wmnyanca T. Tlpu stom coraaceo ¢opmyne (10) B uenu cxay-
KOM BO3HHKA€T TOK, KOTODBIl IOCTeNeHHO YMEHBIIAETCS IO
Mepe TOro, KaK KOHJEHCATOp 3apamaerca.

Ecau Bpemsi 3apsiiku KoHJeHcaTtopa T=RC MHOT0 MeHbLie
JJIETENBHOCTH T10/1aBAEMOT0 HA BXOJ IPSAMOYIOJbHOIO HMIYJIb-
ca T, TOo TOK 3apsiK¥ NMPEKpPaTHICA paHbIIE, YeM 3aKOHUHTCH
NPAMOYroibHLI UMNyJbc. B MoMenT npuxona sagsero ¢pponra

Uy

ot J__L . |
O N NT
[ e

Upx R Uy G l\l ’\‘ =T
Puc. 13.5. Cxema RC- Puc. 13.6. 32aBHCHMOCTbL OT BpeMenn
LeNnouKH BHIXOAHOTO HanpsXKeHus Ha RC-

HENOYKE INPH NOJaUe Ha €€ BXOA
NPAMOYTOJBHLIX HMIYJLCOB

NpSAMOYTOJBHOTO HMIy/Jbca NojaBaeMoe Ha BXOA UENCYKH
HanpsiKEeHHe CKaukoM obpamaercs B Hyab. PakTHYeCKH 5T0
03HayaeT, YTo IPOHCXOAHT KOPOTKOE 3aMblKaHH€ BXOJHBIX
kJemm cxeMmbl, Iens, conepxkamas R u C, CTAHOBUTCA KOPOTKO-
2aMKHYTOH, H KOHJAEHCATOD Da3pPsKaerIcsl Yepes CONPOTHBJE-
nue R. Hanpas/eHHe ToKa NpH paspslike NPOTHBOMOJIOKHO
HanpapJeHHI0 TOKa npH 3apajke. [lostomy BLIXopHOe HANpS-
»eHHe Ha CONPOTHBJECHHH R MMeeT NPOTHBONOJIOKHEE NOJsIpP-
HOCTH NPH 3apsifKe M paspsjike (puc. 13.6). MmMnysasce! BEIXoa-
HOTO HanpsKeHus NpH T< 7T HMEIOT OJWHAKOBYIO BEJHUHHY H
IIpH NOJOXKHTEAbHOH, H NPH OTPHLATENbHON NOJSPHOCTH, Tak
KaK KOHJAEHCATOp yCNieBaeT 3apainThesi A0 Hanpsekenus U, n
TOK 4epe3 CONpOTHBJIeHHE R, Kak caexnyeT u3 ¢opmya (10) u
(14), onuHakoB B OOOHX cayuasX.

Ecnu Bpema 3apaakH KoHAeHcaTopa t Gojblie ATHTEIbHO-
CTH NPSIMOYTOJIbHOTO UMIIyJabca T, TO KOHAGHCATOP K MOMEHTY
nprxoja 3afHero (ppoHTAa He YCHERaeT 3apSiAHTbCA A0 Hamps-
wennsa U, I'paduk BLIXOZAHOTO HanpsxeHHS1 HA CONPOTHBJE-
Huu R 1215 3TOrO cywas Takxke noxasad Ha puc. 13.6. Buxoa-
Hple HMNYJAbChl OTPHLATELHOH NOJSAPHOCTH Teneph MeHblue,
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TaK KakK TOK IPH paspsijke KOHICHCATOpPA MEHBIIE, YeM TIpH
sapsake, Orciopa cieayer, yTo npu Tt (opma BBIXOAHOrO
nanpsxenus Ha RC-ienoyke JHIIb HE3HAUHTENLHO OTJAHYAETCH
OT BXOJiHOTO, NoKa {<&Kt. [Ipu NpubamKeHHH ¢ K T HMIYJbCH
OTPHIATEbHON MOMAPHOCTH IIOCTENEHHO PacTyT, a HMIYJLCHE
HOJIOKUTE/bHOA NONAPHOCTH YOLIBaloT. B KOHIE KOHLOB npu
{>>T TOJIOXKUTe/BHbIe H OTPHLATEAbHBIE HMIYJIbCh CPABHSIIOTCS
HO BeJIHYHHE M NOCTOSIHHAS COCTABJSIONasi BBHIXOAHOIO Ha-
npsokeHns o6paturcss B HYJb.

dopmMa BHIXOAHOTO HanpskeHns Ha RC-nenouke Booflie He
oTnyaercsd oT (opMBI BXOTHOIO B TOM CJydae, KOTJa BXOAHOE
HanpsKeHHe CHHYCOMAAJbHO 3aBHCHT OT BpeMmeHH. Pasymeer-
csi, aMIIATYA2 M (as3a BHIXOJAHOrO HaNpsKeHUsl GYAYT UHBIMHU,
ueM y BXOJHOrO, HO 3aBHCHMOCTb OT BpeMeHH GyJIeT MO-Npex-
neMy cunyconganbhofi. CoxpaHeHHe ¢OpMBI HaNpPSIKEHHS,
B OTJHYHE OT PACCMOTPEHHOrO Bbille CIy4as NPSAMOYTOJbHBIX
MMIYJbCOB, AN CHHYCOHAAJBHOTO HanpsKeHHsi OYIET BHI-
NOJMHATLCS TNPH JOOBIX COOTHOIEHHAX Mexay T=RC H nepu-
OJOM TIOJABAEMOrO HANPSKEHHS. A

14. Pe30HaHC B NOCAEA0BATENLHON LIENH EPEMEHHOTO TOKa.
Ha nocreposaTesibHO COeIUHEHHBIE pPe3HCTOpP R, KOHJeHca-
Top C ¥ KaTylukKy HHAyKTHBHOCTH L (puc. 14.1) nojnaercs
nepeMeHHoe cHHyconjadbHoe HanpsuxeHne U(f)=U,cos of,
npuyeM YacToTy « MOXKHO H3MEHATb, HE MEHAA AMIIUTYIH
nanpsikedna U,. Oxa3aioch, 4T0 NpPH YacToTax ®; H @,
CHJIa TOKA B HENH OJHHAKOBA H PaBHA MOJIOBHHE MAKCHMAJbHO
BO3MOKHOTO 3Havenusl. [Ipu Kakoii yacrore ®, JOCTHraercs
MaKCHMaJbloe 3HaueHHe ToKa?

A AMIINTYAA TepeMeHHOro TOKa B paccMarpusaeMoil uenu
onpeesifeTcss COOTHOLICHHEM

S — (1)
V REF(oL—T/wC)?

ITpu duxcupoBanublx napamerpax nenu R, L u C u sanan-
HOM aMnUINTYje BHellHero Hanpsuxenus U, 3Ta ¢opMyna naer
3aBHCHMOCTb aMIIUTYZRBEL TOKA B LENH OT YaCTOTHl NPHJIOKEL-
HOrO HANPSIKEHHs @, JTa 3a3HCHMOCTH MMEET XOpPOIIO H3BECT-
nbii BUJ pesonaHncHoi Kpusoi (puc. 14.2). Ilpu Hu3kux yacro-
tax (©0=~0) HanHuMe KOHAEHCATOPA NPAKTHYECKH SKBHBAJIEHTHG
pPaspeIBY B LUENMH H TOK OTCYTCTBYeT. [IpM BBICOKHX YacToTax
(® — o0) CONpOTHBJIEHHE KOHAEHCATOPA CTPEMHUTCA K HYJIO, HO
3aTO HeOrpaHUYeHHO BO3PAaCcTaeT COMPOTHBJEHHE KATYUIKH HH-
JYKTHBHOCTH, U TOK CHOBa CTPEMHTCHA K HYJ0, MaKkcuMmanbHce

¢ =
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3HAUCHHE AaMIUIMTY[Bl TOKa, Kak BHAHO u3 dopmyanl (1),
HOCTHTAETCA HA 4acTOTe M4, NPH KOTOPOH BEIpaMceHue B CKOO-
Kax oOpaimaercsi B HyJb:

o, = 1/V LC. (2)
B stom cAy4yae HHAYKTHBHOE H E€MKOCTHOE COIIPOTHBJCHUS

paBHBL APYT APYTy M B Led UMEET MECTO pe30HaHC HalpsiKe-
uuit. [Ipy =0, TOK B IENH 3aBHCHT TOJIBKO OT AKTHBHOTO

g
U R ———,
/A i
{
Uft)
. ¥ !
i
|
; I
R L ¢ 11 -
7 W Wy, @
Puc. 14.1. IlocnepoBatenbnasd Puc. 14.2. 3asucHmocTb aMAH-
uens, IMEPEMEHHOr0 ToKa TYAB TOKa OT 4acTOTH ®

conpotuBIeHua R, ero amniHryia pasHa Uy/R, a casur no
(ase MEXKJy TOKOM H NPHJIONKCHHBIM HANPSIKEHHEM OTCYTCT-
BYET.

Dopmyaa (2) naBana Gl OTBET HA BONPOC 3aJayH, ecau OBl
Oulad U3BecTHB HHAyKTHBHOCTH L u emkocts €. Oanako no

NN

1
1
I
|
1
~Wy 0y 7 @y wy %

/

-

Puc. 14.3. Ypaenenue (3) umeeT eue U A8a OTPUKATENLHHX KOPHA

YC/IOBUIO 3a/aYi HYMKHO BBIPA3UTh Mo U€Pe3 YaCTOTH M U @,
MpU KOTOPHIX aMIINTYAA TOKA BABOE MeHblle MaKCHMAIBHORM.
Hs puc. 14.2 BUAHO, YTO YACTOTA g JIEKHUT MEKAY O U ©,, a
caMH ®; U Oy TeM OJHKe APYr K APYry, YeM OcTpee pe3oHaHc-
Hasi KpuBas.

Jna HaxOXKAeHHs PE30HAHCHOH YaCTOTH (M, NOCTYHHM CJe-
Aytouim obpasom. Kak Buano u3 puc. 14.2, yactoisi o; ¥ 0,
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SIBJSIOTCST KOPHSIMH ypDaBHEHHS
Vo Yo

2R T Y R wL—Tjal) | )

TNIOCKOJbKY OHH ONpeJeJIfioTCs TOYKAMH NepecedeHHs Npsmoil
1,=U/2R u pesonanchoii kpusoii (1). OTMerum, 4T0 Kpome
HMEIOIHX (PH3NYECKHE CMBIC HOJNIOXKHUTEIBHEIX KOPHEHR @) H 0,
ypaBHeHHe (3) UMeeT OTPHLATeNbHbe KOPHH — 7 H —@,, TaK
KaK NpaBas 4actb (3) sIBJAAETCA YEeTHOH (yHKUHeH nepeMenHoH
o (puc. 14.3). Bospoasa (3) B KBajpar, nojydaem

(0L—1/0C)—3R2=0. @)

Ymuoxkan (4) Ha ©2C?® u 3aMeHss COTJacHO (2) nmpousBenenne
LC na l/oi, noayuaem
0*— 0§ (2 4 3R2C?%0}) 0* + wf = 0. (5)

Ypapuenue (5) OGHKBafpatHoe M, CHEJOBATENBHO, HMeeT
yerbipe KOpHsA. CTOJBKO e KOPHEH HMeNo HCXONHOe ypaBHe-
nue (3). [TockoabKy npu BO3BeJeHHH ypaBHeHHUs (3) B KBajpat
Mbl He MOI/IH TOTEPsATh KOpPHEH, TO KOPHH ypaBHeHus (5)
coBnajaior ¢ KopHsaMH ypasHenus (3). Ilo Teopeme Bunera
cBOGOAHBIH uneH ypaBHeHHs (5) paBeH NPOM3BEAEHHIO €ro Kop-
neli: owlwi=o0!, oTKyza o, =l/o31co2.

O6parum BHUMaHHE HA TO, 4TO JJIfl CNPABEMIHBOCTH TOJY-
YeHHOFO OTBETa HYXKHO JIHHIb, YTOOBI MPH YaCTOTAX W=; H
W=, 3HaUYeHHUs1 TOKa B lenu Owuin Obl onunakoBbl. CoBcem
He 006s3aTe/qbHO, YTOOBl OHM COCTABJSJIH HMEHHO IIOJOBHHY
MAaKCHMaJIbHOrO 3HaueHus. B camom jese, ecnu npu yacrorax
@, H ©, 3HAaUeHHS TOKA B 7 Pa3 MEeHbIIE €ro MaKCHMasbHOTO
3HAYEHUs, TO B JIeBOH yacTH ypaBHenus (3) U /2R nyxHo 3a-
menutb na Uy /nR. Jlerko y6eanThes, 4TO CBOGONHBIA el
©} B YPaBHEHHHU (D) HE H3MEHHTCS, TIOITOMY COTVIACHO TeopeMme

Buera no-npexuemy o, =V 0,0,. A

15. dasospamarens. K Toukam A H B cXeMbl, nokasaH-
Hoit Ha puc. 15.1, nopaercs unanpaxenne U,p=U cos of.
Kakoe HanpsikeHue cCyinecTByeT Mexny Toikamp £ n D?
[Tpn KakoM yc/OBHH aMIIMTYJHOE 3HAuU€HHe 3TOrQ HalpsKe-
nus cosnagaer ¢ U,? Kakum npu sTom 6yAer caBur ¢as Mexay
HanpskeRuaMn Uup u Upgy?

A Jlna pemenusi 5ToM 3alaun YAOOHO NPHMEHHTH METOR
BEKTOPHBLIX AuarpamMm. [Ipu 3TOM MHTepecylomue Hac BeJHY HHEL
MOTYT GRITh HaBJ€Hb! H3 RarJajHbIX TeOMeTPHUECKHX coobpa-
KEHHH,
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[TocTpouM BEKTOPHYIO juarpaMmy HanpsiKeHuil Ha Bcex
saemenrax cxemol, PacemorpuM yuactoxk AEB. Tlockonsky
conporusnenne R; ¥ eMrocTs C; coequHEHD! NOCAELOBATE/ILHO,
TO BexTophl, nsofpaxaiomue nanpserenuss Up u Ug , nep-
MeHANKYASPHBl APYT APYTY, a HX cyMMa H300paxKaer npu-
nAoxennoe HaupsikeHHe U, p. [Ipn BoiGpaHHOM Hanpas/eHUH
BPAWIEHHs BEKTOPOB NPOTHB YACOBOH CTPEIKH BEKTOPHAA JHa-
rpaMMa 3THX HanpsuKeHWdl nokasaHa Ha puc. 15.2. Onuimem

Puc. 15.1. K Toukam A n B no- Puc. 15.2. Bexrtopuas pguar-
JAeTCsl CHHYCOMAaJbHO® Hampsi- paMMa HalpsiKeHHH A5l y4acT-
Kegde ka wenu AEB

OKOJIO TIPSMOYTOJABHOTO TPEyroNbHHKA, ofpasoBalHoro BEKTO-
pavn Uy, Uy, u U,, oxpyxuocts, I'unorenysa U, aBaser-
Csl 1MaMeTPOM 3TOH OKPYKHOCTH. Tenepb NoCTPOHM BEKTOPHI,
nsobpaxaiouine Hanpsikennst Up, u Uc,. Onu Takke B3auMHO
NEpHeHANKYAAPHBI, U HX cyMMa paBHa Bektopy U,, usofpa-
KawomeMy npuaoxkennoe Hanpsikerue U ,g. g Toro uroGer
B JajbHefiiieM Obli0 ynoGHee HAXOLHUTL HHTEPECYIOMEE HAC
HanpsxeHue Mexay Toukamu £ u D, GyneM npu noctpoeHuu
BEKTOPHO! AMarpaMMbi YUHTHIBATB [1OCAENOBATENLHOCTE COR/IHU-
Hequst aneMeHToB C # R B KaxjaoM nJuede cxemel. [lonnas Bek-
TOpPHAsl JAuarpamMma HanpsiKeHu#H usoOpaxesa Ha pwuc. 15.3.
Teneppb Jerko coo0pasuTh, 4TO HaTpKEHHe MEKAY TOYKaMH
E u D, 1. e. pasHOCTb HaupsikeHuit Ug, u Ue,, H300pasuTes
sextopom Uy, KOTOPLIH paciiosioxeH 1O APYrod AuaroHaau
yeTHpexyroipHuka Hanpsixennfi. Ero Hanpasnenwe onpepe-
JIIETCST TeM, YTO MBI HA30BEM HATIPSIKEHHEM MEXAY TOYKaMu E
u D: pasnocts Up —U; uan Ug,—Up . YKasanHoe Ha
puc. 15.3 HanpaBaeHue STOI‘O BeKTOPA COOTBETCTBYET TNEPBOM
BO3MOXHOCTH. Torjga MrHOBeHHOe 3HaueHye HanpsixkeHus Ug,
OYyAeT OMUCHIBATLCS BHIPAXKEHHEM

Upgp = Ugcos (ot + ¢), )]
rae yroa ¢ (puc. 15.3) moxer H3MeHATbCA oT 0 fo 7.
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Vi3 reomerpuyecknx coofpakeHHil O4eBHAHO, UTO aMIIUTY -
Hoe 3HAyeHHe 3TOro HanpsDKeHHs He MOXeT ObiTh 6GoJblue
U,. Ono pasno U, Toabko Torja, Korja sexkrop U, NpoXoaut
NO AHAMEeTPy OKpYy:KHOCTH. B 3aTOoM ciyyae 4eThipeXyrodbhuk
HanpsiKeHHH npeBpalaerca B NPSMOYToJbHUK, U HHTEpeECyic-
mui Hac caBHT no dase ¢ mexay Ugp n U4y Bapoe Goncme
cABMra no ¢ase MeXJy NPUIOKEHHBIM HanpskeHneM U,, n

Puc. 15.3. Hanpsaxenue Puc. 15.4. Uro6n aMnantyja Bbl-
Ugp,— Ug, Mexpy Toukamy XOXHOIO HANpsKEHHA MEXAy Tou-
E u D u3obpaxaercss BeKTO- KamMu £ n D 6Gbuia paBHa aMIVIHTY Je
’ n 2 X K-

pom Us PHJIOXKEHHOro HaNpsKeHHd, Be

10p U, #OAXKEH HPOXOAUTHL 4Yepes
HEHTP OKPYXHOCTH

HanpAXCHUAMH Ha CONpOTUBJEHHSX Ry H R, (puc. 15.4).
Yron @/2 nerko HaXOAMTCS H3 TEOMETPHUECKHX COOOpamMeHui:

tg (9/2) = Uoc,/UoR‘ =Uyc,/Uor, (2)

Tak Kax B NOCNeA0BAaTeNbHO COEJMHEHHBLIX YYacTKax Lenu
TOKH CAHHAKOBEI, TO COOTHOIIEHUS (2) NepenuchlBaroTCs B BUjE

tg (9/2)=1/(0CiR)=1/(0C3R,). 3)

M3 cootHowenus (3) Berrekaer, uro U, paBno U, npu Bbi-
noanenut yeaosus C;R,=C,R,, a ¢ABHT 10 (ase ¢, BXOASLINI
B opmyay (1), B 3TOM cyyae ONpeAeIserTcs ¢ NOMOIbIO BLi-
pakeHus JLJs TaHreHca JABOHHOTO yrJa:

g ¢ — 2tg (¢/2) _ 20C1 R
1—tg2(p/2) (0C1R1)2—1°

Ilpu paBencTBe €MKOCTHBIX M OMHUECKHX CONPOTHBJEHHII,
1. e. npn l/oC=R, cisur pas mexay Hanpskenusmu U,z
u Upgp cocraBaser /2.

Paccmorpennas cxema npexcTaBiasieT coGoi NpuMep npo-
cTefimiero Qasobpailarens, €cJIM HCIOAb30BATh IlepeMeHHHE
€MKOCTH H CCIPOTHUBJICHHS. A
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16. TpancthopmaTop ¢ cepaeunnxom. [Ipu BKIOUenUHn nep-
DHYHOH OOMOTKY TpaHchopMaTOpa C 3aMKHYTBIM CepiedHHKOM
B ceTh ¢ Hanpaxennem U;=100 B Ha pasoMKHyTO! BTOpHUHOI
00MOTKe, HMeIolel B iBa paza (n=2) 6oJblllee UUCJIO BHTKOB,
nanpsimenyie U,=197 B. Kaxoe Haupsxenue 6yJer Ha pasoM-
KHYTOH BTOPHYHOH OOMOTKE, €CJH BOCIOJb30BAThCS Cep ey HH-
KOM TOTO K€ Pa3Mepa, HO U3 MaTepHaJsa c MarHHTHOH NpoHHiae-
mocTbio B k=10 pas Menbliue, 4eM B nepBoM cayuae? Pacces-
HHe MarHUTHOTO NOTOKA U NOTEPH B CepedHUKe He YUHTHIBATG.

A DBypnem B fasbHefilueM, KaK U B YCJI0BHH 33/1a4H, 6yKBaMH
U, u U, o6o3Hauarb aMIINTYAHBIE (MM JEHCTBYIOIHE) 3HAYE-
HUS COOTBETCTBYIOIIHX HalpsKeHHi,

IIpuBoauMoe HHKe peleHHe CIPaBelJHBO I PeXKUMA «XO0-
JIOCTOrO X071a», KOrja BTOpHUHAasd oOMOTKAa TpaHchopmaropa
pasomknyTta. Hanpsixenue U, Ha pasoMKHYTOH BTOPHYHOH 06-
MoTKe B nepBoM cnyyae menbine yem nl; =200 B.ITockonbky
paccesiHusi MarHHTHOTO TOTOKAa H MOTEPb B CEPACUHHKE MO
YC/IOBHIO 3aJaUH HeT, TO Pa3/JHYHE 3TO BbI3BAHO NaJEeHHEM Ha-
HPsUKeHHsi Ha aKTUBHOM CONPOTHBJIECHHH NEPBHYHOH OGMOTKH.
Hanps:xenue Ha HHAYKTHBHOM CONPOTHRJICHMH Ry MepBHYHOMN
OBMOTKY onepexaer no (ase Ha #/2 TOK H, CAENOBATEJLHO,
HATPsSI)KEHHe Ha aKTHBHOM cONpOTHBAeHHMH. [lostomy ana
MOAHOro HanpsiKeHus (/; Ha NepBHUYHOH OOMOTKE, KAaK SICHO
M3 BEKTOPHOI AHarpamMmbl, MOXKHO HalHCATDb

U=V TR T i (1)

Pasymeercsa, nenocpeicrtsenHo nameputs Up u Up no
OTAS/IBHOCTH HeJb3sl, TaK KaK NepPBHYHAs OOMOTKA He eCTb
roc/Ief0BaTe/IbHO COeAHHEHHBIe HHAYKTHBHOCTD L H akTHBHOE
conporusieHe R: Kaxaplii 3/1eMeHT oOMOTKH oBJajaer oguo-
BPEMEHHO M WHAYKTHBHOCTBIO, M CONPOTHUBJEHHEM. ITO Tak
HasblBaeMasl Iienb ¢ pacnpejeneHnbiMu napamerpamu, Ho npn
pacuere MOXKHO 3aMEHHTL peaJbHyIo 0OMOTKY Ha Lenb ¢ cocpe-
JIOTOYEHHBIMH TIapaMeTpaMH — KaTYIIKY WHAYKTHBHOCTH H CO-
[POTHBJIEHHE, COEJHHEHHble NOCAeNOBaTeNbHO, NOCKOABKY ye-
pes KaxIblil 3/1eMEHT HCXONHOH Lelu WAET OAUH M TOT XKe TOK,

Hanps:xkenue Ha HHAYKTHBHOM CONPOTHBJIEHHH INepBHYHOI
obMoTkH ne Monymo paBHo DJIC caMOMHAYKUHH &, BO3HHKA-
I0IIeR B nepsHYHOA 06MOTKE, HO MPOTHBONOAOXKHO eif 1o (ase,
Hanpsxenne U, Ha pasoMKHYTOH BTOPHUHON OBMOTKe DasHO
posuukatomelt B Heft DJIC nnaykunu &',. [Nockoasky & u &,
cBAsansl cootHolenuem & /& i=n, 10

Uy=nU,. 2
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Hrak, nanpsaxesue Ha pasOMKHYTOH BTOPHMHOI OOMOTKE
onpefiensercsl He NOJHBIM HaNps:KeHHEM HA NEPBHUHOHA 0OMOT-
Ke, a JIMIib €ro HHAYKTHBHOK cocrapafoowen. [Tockoabky u3
cooTHomenus (1) cneayer, 4rto

Urp Ry 1

= Prarvem————— e, 3
Ur  VRiT R VIFRR)? ©)

TO
nlj

AT

3aMeHa CcepJicYHHKa NPHBOAHT K H3MEHEHHIO HHIAYKTHBHOIO
CONPOTHBJEHHS! NePBUYHON oOMoTKH. MHAYKTHBHOE conmpoTHB-
JneHHe Ry NponopuHOHaJbHO MarHHTHOH NPOHHLAEMOCTH Mare-
pHa/ia CepaeuHHKAa, MO3TOMY

R,/Ry =k, (5)

rie Ry — MHAYKTHBHOE CONPOTHBICHHE NEPBHYHON OOMOTKI
HOCle 3aMeHBl CepleYyHHKa,

Yuuteisaa dopmyay (5), ¢ nomolnblo BhlpaKeHHs (4) Ha-
npaxenne U, Ha BTopHYHOIl 06MOTKe 110CJ/i€ 3aMeHRI Cep/IeuHNKA
MOXHO 3aNHcaTh B BHIE

U,

4)

, nl, nlUjg
Ui G~ VTR R ©
Uz cootnomennii (2) u (3) Bupno, utO
(RIR)=(UyU,—1=(nUyU,)>*—1. (7)
IlopcraBnas (7) B coornHomenue (6), HaXoxHM
U; ik )

T VTR WO 1]

Hcnonpsys 3ajannbie B YCJIOBAM 3HAUEHHMs BXOASIMUX B dop-
myay (8) Benuuun, nonydaem U,;=100

Wrak, nHanpsaxenne Ha pasoMKHYTOH BTOPHYHOH 0O6MOTKe
oKasajsoch PaBHBIM NOJAHHOMY Ha NEePBHYHYI0O OOMOTKY, He-
CMOTpS- Ha TO 4TO YHCJIO BHTKOB BO BTODHUHOH OOMOTKe B ;Ba
pasa Gonblue. PaccMOTpeHHBI NpHMep MOKa3biBaeT 3HAUEHHe
cepAeYHHKa ¢ 0OJbUIOH MAarHATHOH NPOHHLIAEMOCTRIO: IJ1s1 HOp-
ManpHOH paboThl TpaHchopmaropa HeOGXOAUMO, UYTOGH aK-
THBHOE CONMpPOTHBJEHHEe R nepBuuHOi OOMOTKH OELIO MaJio Mo
CPaBHEHHIO C €€ HHAYKTHBHEIM conpoTuBienneM Rp(R<R ).

Ilpu BHINOJIHEHHH 3TOTO YC/IOBHS HHAYKTHBHAS COCTABJAN-
wasl HanpspkeHna 6yzer 61H3Ka K NOAaBaeMOMY Ha NEPBHYHYIO
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oOMoTKy Hanpsizxensio U;. ¥ Takoro Tpancdopmaropa Ha Xo-
sgocrom xoay U,~nlU;. DTH HanpsiKeHHs HAXOASTCS NOYTH
B nporuBodaze. Baarogaps GoJIbHIOMY HHAYKTHBHOMY COMpO-
THBACHHIO IEPBUIHON 0OMOTKY TpaHCPoOpMaTOpa ¢ CepHAeYHHKOM
TOK B Heli IPU PA3OMKHYTOH BTOPHYHOM L€ MaJ1, HECMOTPA Ha
TO YTO AKTHBHOE CONPOTHBJEHHE MNEePBHYHOH OGMOTKH MAaJo.
Ecnu ke Tako#l TpaHchopmMaTop BKIIOUHTD B CETH MOCTOSTHHOTO
TOKa, TJe UI'paeT PoJib TOJHKO aKTHBHOE CONPOTHB/IEHHE R, TO
TOK B IepPBUYHOH OOMOTKE JOCTHPHET OTPOMHOrO 3HAYEeHUH
H TpaHchopMaTOp CrOpHT. A

17. TpaHcgopmaTop €O cnoxubiM cepgednukom. CepaeuHHk
TpaHchopMaropa BMeeT CUMMETPUYHYIO GOopMY, TOKA3aHHYIC HA
puc. 17.1. JleBas oOGMoTKa HMeeT My BHUTKOB, NpaBas — 71,

BHTKOB. Korja X JeBofi oOMOTKe
A npuaoxKeHo Hanpspgenue Uy, Ha-
npsiKeHHe Ha pa30MKHYTOH NpaBoit

I
1
i
|
g [ = o6MoTKe OKasbiBaercst paBHeM U,
1 | 24—
{
|
|
I

- Kakum 6yner nanpsi:keHue Ha pa-

30MKHYTO# JeBOfl OOMOTKe, ec/H

TO Ke Hanpsixkenune U; nojarb Ha

A npaByilo 06MOTKY? CyHTaTh, YTO

Prc. 17.1. Tpaucpopmatop MATHHTHBIH TIOTOK, CO3JiaBaembii

CO CHOXKHBIM cepgeunnkoM  TOKOM B Jo0oi H3 OOMOTOK, He
BBIXOAUT M3 cepAeYHHUKA.

A Ecan 6l cepleunux TpaHchopMaropa HE HUMea paspert-
BJIEHHH, MArHHTHBIH MOTOK, IPOHH3BIBAIOIHH KaXAyl0 H3
00MOTOK, Obls1 66l OAHHAKOB. Ecjan NpH 5TOM aKkTHBHEIE CONpPO-
THUBJIEHHA OOMOTOK MaJjibl IO CPaBHEHHIO ¢ MHAYKTHBHBIMH, TO
y Takoro TpancdopMmaTopa Ha XOJOCTOM XOAY OTHOLICHUE Ha-
npsuKeHuil Ha OOMOTKAX PaBHAJNOCH Obl OTHOLIEHUIO YHUCEJ BHT-
KOB:

LA

Uy U, ~n./n;. 1)

EcTecTBEHHO, UTO B 3TOM CJyyae He norpeGoBanock OLI 3aja-
Bath Hanpsikenue U, Ha npasoil obMotke, a nanpsixkenue U
Ha JeBoH OOMOTKe TpH Mojaue Ha npaByio Hanpsaxkenua U,
omnpenensysock Gbl opmyJIoi

U=U1n,/n2. (2)

Yem orauuaercs paGorta TpaHchopmaropa, Korga B cepred-
HUKe NPOHCXOAUT pasBeTBJAeHUe MarHuTHOro mnoroka? Cosep-
LIEHHO SICHO, 4TO coorHomeHnue (1) yxe He GyAeT cnpaBeinBo,
nockonsky IDIC, unayuupyemass B oJHOM BHTKe, Oyjer pas-
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anynofl B npaso#f H neBoft o6Morkax. [pegnonokum, aro mar-
- HUTHBIN  noToK @y, ‘co3jaBaeMblii TOKOM B JeBOH OOMOTKE,
pasBeTBJseTCs TaK, YTO CKBO3b MPaBYI0 OOMOTKY MPOXOKHT
notok M,=kWD;. Kosdpuuuent k<l 3aBUCHT OT KOHCTPYKUHH
ceplednnka. Takum e xoapbuuuentom k csssaunt u DAC
HHAYKUHMHY B OTAGNbHBIX BUTKaX JEBOH U MNpPaBoil OOGMOTOK:
&2=k&i. Tlostromy nanpsixenus U, u U, nponopuuonan-
tisle IJC B oT7€1LHOM BUTKE H UHC/IY BHTKOB B OOMOTKeE, CBfl-
3aHBl COOTHOLIEHHEM

Uz‘—:kUlnz/ﬂ[. (3)

OG6patnM BHHMaHHE HAa TO, YTO 3TO COOTHOLUICHHE MO3BOJSIET
HafiTH KOID(pHLHEHT & JiejleHHSI MarHHTHOrO MOTOKA IO 3ajati-
HbIM 3HAUEHHsIM My, n, U Uy, U,. ViHTepecHo ormeruth, 4TO
BhIXOAHOE HanpskeHHe U; Moxer GbITb MeHbIUE NMOZABAEMOrO
ranpskenus Uy faxe upd n,>>n;, Tak Kak k<<l.

[TycTe Teneps Hanpskenue U; mofaercs Ha OpaByio 06MOT-
Ky TpaHcdopmaTopa ¢ YHCJOM BHTKOB ;. Tak Kak cepjeuHUK
CUMMeTPHUYeH OTHOCUTENbHO cpenneit quuuu AA (puc. 17.1},
TO pa3BeTBJEHHE MACHHTHOrO [OTOKA, CO3/aBaeMOro TOKOM
B NpaBo#l 06MOTKe, OYAET ONPEREe/IsiThCA TeM XKe KOod(pdHIIUeH-
ToM k. [losTomMy B paccmaTpuBaemoM ciaydyae Hanpsikenue U
Ha pa3oMKHYTOH JeBoH OOMOTKe cBsi3aHO ¢ Hanps:keHueM Uy,
nojJaBaeMbIM HA NPaBylo OOMOTKY, COOTHOIICHHEM, AHAJIOTHY-
HBIM (3):

U=kU1n1/n2. ’ (4)

Bxomamuii cioga Heu3BeCTHHIA KOppULHEHAT £ MOKHO
HCKJIIOYHTB, BOCHOIb30BaBUINCE hopMyaod (3). [Tpu stom Heko-
MOe HanpsKeHHe OKaxeTCs BLIpa)KEHHBIM He 4epe3 [ojaBae-
moe Hanpsixenue Uy, a yepes Hanpsxkenue U,, cymecrByiouee
Ha pa3oMKHYTOH npaBoit 0OMOTKe B ciydae, korja U; nogaercsi
Ha JIeByi0 OOMOTKY:

U=U,(n/ns)*. )

Pasymeercsi, gopmyne (2), cnpaBefansoit A Tpanchop-
MaTopa C Hepa3BeTB/IEHHBIM CepAeYHHKOM, MOXKHO IIPHAAThL Ta-
KO Ke BUJ, ec1d Beipa3utb Uj uepes U, c noMousio popmy -
aet (1), Onnako Tam 310 Jesarb GeceMbICJAeHHO, NOCKOMbKY U,
He fABJSIETCH HEe3aBHCHMON BeHYHHOH, HOO BBIPAXKAETCH TOJb-
Ko uepes U; ¥ OTHOIIEHUE YHCE]T BUTKOB B oOMOTKax. B tpauc-
dopmaTope ¢ pas3BeTBJEHHBIM cepjedinkoM U, 32BHCHT eile
H OT KO3(hhHLUHEHTa & feseHHss MarHHTHOrO NOTOKa. Y6patb
3TOT KO3(pQHUUUEHT H3 OKOHYaTeqbHOH (opmynst (5) yaanocs
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IIEHOM TOFO, UTO HCKOMOE HANpsiKEHHe BLIPAKEHO He yepes
nofaBaemMoe Hanpsixenune Uy, a uepes Hampsikenue U,. Tak
Kak Hanpsikenve Uy He BXogut B oTBeT (5), €ro MoxHO Gbl10 OB
He 3a1aBaTb M B YCJOBHHM 33J1a4H, OTMETHB TOJbLKO, YTO OHO
OJMHAKOBO B OGOHX cJAyYasix. A

18. Crpanubtit BoabT™Merp. Ha xene3nnlil cepleunuK TpaHc-
¢opmaropa (puc. 18.1) Bmecro BTOpHUHOH OOMOTKHM HafeTo
poBojsilee KoAbUO conporusienneM R. K Toukam A u B

: | X
(:‘ = 4 \/_;’X,
= /\Q VAN '§ -
:) A === K \Z
) /&'m
Puc. 18.1. IlpoBojaiiee Kajablo Puc. 18.2. 3amxHyras uenb H3
Ha cepieunyKe TpanchopMaropa OAWHAKOBLIX HCTOUHHKOB TOKa

STOro KOJblia, OTCTOSAILMM APYT OT Apyra Ha 1/3 nJHHBl KOJIb-
na, NoKAoYeH uaeanvuuii BoaptMerp. IAC nuaykuun, Haso-
IMMas B TPOBOASIIEM Koablle, paBHa &. UTo noKaxer BOJbT-
meTp?

A Hsmensiiomuiicss co BpeMeHeM MarHHTHEIH MOTOK B cep-
IeYHHKe IIOPOXKIAeT BHUXPEBOE 3JIEKTPHYECKOe IMoJe, JIMHUK
HanpPsKEHHOCTH KOTOPOTO MNPEeIACTaBJsIIoT co0oil OKPYIKHOCTH,
CUMMETPHUYHO OXBaThIBaiolye cepiaeyHuk. [Ipu cumMerpuuHom
., PAcTIONIOKEHNH KOJIBIA CTOPOHEHE CHJIBI BO BCEX €r0 YYacTKax
onunakoesl ¥ DJIC HHAYKIWM B JIOOOM yuacTKe KOJbLA Npo-
noplMoHanbHa AIMHe yyacTKa, B uactHocTd, Ha yyacTke AB
SNC unnykund Sap=/3é, a Ha yuactke BCA Spc =
=2/,&. [TosToMy MOXKer NOKasaTbCsl, YTO JaHHAsS 3ajxaya K-
BHBAJIEHTHA XOpOLIO H3BECTHOH 3ajaye O [OCTENOBATEIbHO
COPJIMHEHHBIX B 3aMKHYTYIO LENb OXMHAKOBBIX HCTOYHMKAX
Toka (puc, 18.2). Jlerko nokasaTb, UTO HanpsDKeHHe MEXAY
JOOLIMH IByMSI TOMKaMH TaKOH HeNW paBHO HYyJ0. B camom
Jene, npuMeHsas 3akoH Oma Iy ydacTKa HEOJHOPOJHOH Lienu
FD, cojepialiero n 3JEMEHTOB, HMEEM

[= Yrptng (1)
nr
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C npyro#t cTOpoHbI, npuMeHsst 3akoH OMa KO Bceli 3aMKHYTOR
LeoH U3 n-Fm JIeMeHTOB, MOJAyUyaeM

_tmé& &
I=gmr = @)

Cpasuusas (1) u (2), BumuM, uto Ugp=0. Ecan k Toukam F
¥ D NOAK/IIOYHTE BOJBTMETD, €T0 NOoKa3aHue 6yAeT paBHO HYJIO.
Jaxe ecnu Touku F u D COEHHUTH HAKOPOTKO, B LENH HUYEFO
He M3MEHHTCS M TOK 4Yepe3 IepeMBIYKYy He MOoijeT.

Kasasnoce 651, 1 B paccmarpuBaemolt 3ajaye o NOJK/IOUEHHH
BOJITMETPA K TouKaM A 1 B npoBOJAsIIero KO1blA, 0XBAThIBAIO-
ero cepiaeuHuK TpaHchopMaTopa, Mbl MOJNYyYUM HYJEBOE 1O-
Ka3aHHe BOJbLTMETPA, TaK KaK M 3/]eCh HalpsiKeHHe MeXAay

4 4
= Ned \7,
A A
B 8
I I
I> a LA 1)

Puc, 18.3. sa cnocoba MOAKJIIOYEHUS BOJILTMETpPa K ToykaM A u B

MOGHIMHM IBYMSI TOYKAMH KOJbLA paBHO HYJ0. OfHako ecan
IPOBECTH TAaKOe U3MEpeHHE, TO Pe3yJbTaT ONbITa OGYAeT yAH-
BUTEJIH: MaJo TOrO, YTO BOJBTMETP NOKAXKET He HYJb, HO €ro
noKasaHusi etiie OYAyT 3aBHCETb OT TOrO, KaK DAaCIOJIOMKEHb
pOBOJa, COENHHAIOMHIE BOILTMETD ¢ ToukamH A u B, orHocH-
TeJILHO CepjeuHuKa TpaHcdopmaropa (puc. 18.3).

Jeno B ToM, YTO B cXeMe C HCTOYHHKAaMH ToKa (puc. 18.2)
Lelb CaMoTo BOJIBTMETPA HHKAKOH POJIM HE UTPAer, Toraa Kak
B paccMaTpuBaeMoM caydyae (puc. 18.3) BOJALTMETDP ¢ MOABOAS-
ILUMH NPOBOJAaMHU o0pas3yeT KOHTYpP, B KOTOPOM Takke HabJio-
JaCTCA siBJIeHHe 3JEeKTPOMAarHUTHOH HHJAYKIIUH,

Kax H3BecTHO, I[OKa3aHHE BOJBTMETPA IPONOPLHOHATBHO
TIPOTEKAIOIIEMY Uepe3 Hero TOKY: KOTJa TOK Yepe3 BOJIbTMETp
paBeH [, DNoxasbiBaeMoe MM Hanpsikenue U, paBHo IR,
rge R, — BHyTpeHHee CONPOTHBJEHHE BoOJbTMeTpa, UTo0H
BbISICHUTH, KaKHM OyJeT NOoKa3aHHe BOJbTMETPA NPH HOAKJIO-
YeHHH ero no nepsoMy crnocoGy (puc. 18.3a), npumeHuM K 3aMk-
HYTOMY KOHTYPY, COAepKalleMy Y4YacToK Kosabua AB, coenu-
HUTE/bHBIE MPOBOJA U BOJABTMETP, BTOpoe npaBusio Kupxroda.
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IlockonbKy paccMaTpuBaeMblfi KOHTYP He OXBaThlBaeT cepleu-
nuka, 1o JJIC wHAYKUKY B HeM paBHa Hymwo. B pesysabrate
ypameune, nosyyaioueecss npu 06X0A€ ITOrO KOHTYpa, HMeeT
BHJ

IRAB——IBRB:O’ (3)

rie I — TOk B Koablie, ToK I MOXHO cYHUTATh OJMHAKOBHIM BO
BCEX y4acTKaX KO/bLA, TAK KaK MO YCJOBHIO BOABTMETD HJe-
a/lbHBI, U, CJIeJOBATENBHO, TOKOM, OTBETBJASICHIUMCS B BOJIbLT-
MeTp, MO}KHO npeneGpeyb 110 CPABHEHHIO C TOKOM B KOJbLE.
B nandoM cayuae 310 03HauaeT, 4TO ero conporusjenue R,
Muioro 6osbiue conpotTuBaentsa R Koabua. [TockobKY A5 BCero
KOJbla CHpaBenBO

a conportupienne R,p ydactka AB cocraBisieT oaHy TpeTb
conpoTuBJenus R xoabna, 10 H3 (3) nogayyaem

UBZIBRB':l/séJ' (5)

Wtak, norazanue BOJbTMeTpa AEHCTBHTENBHO OTJIMYHO OT
HYJIfl, XOTsl OH HOJAK/MIOUEeH K TOUKaM KOJblIa, HanpsamxeHne
MeXy KOTOPLIMH paBHO HyMo. Tak ODPOHCXOAHT MOTOMY,YTO
B JAHHOM CJyyae W B NMOABOASINUIX NPOBOJAX AEHCTBYIOT CTO-
poHHue cHjbl. PasyMeercs, ToT e pe3yabTatr (5) MOXHO Io-
AYYHTb, paccMaTpupas JpYrofi 3aMKHYTHIH KOHTYp, COAEpiKa-
w1t BOJILTMETD € NOJBOAAIIMMH HPOBOJaMH M ydacTok BCA
Koabla (puc. 18.3a). Takofi KOHTYp OXBAaThIBaeT CepeYHHK,
v jeiictByromas B HeM JDJIC uHuykuuu pasua &. YpasHenne,
noJyuamiieecss nNpu O6XORE 3TOrG KOHTYpa, HMEeT BHJ

IRpc s+ 1R, =&. (©)
Nockoabky IRge =1-%,R="%,&, To n3 (6) cnoBa noayuaem
UBZIBRBZI/SéD' (7)

CoBeplueHHO aHAJOTHUHO MOMXKHO HaHTH [OKa3biBaeMoe
BOJILTMETPOM HaNpsKEHHEe NPH NOJKMIOYEHHH €ro K TOYKam
A u B no stropomy cnoceGy (puc. 18.36). 3AC unpyxkuuu B
KOHTYDeE, COJEpIKAIlleM BOJLTMETP ¢ NPOBOJAMM H y4acToK AR
Koabla, paBHa &. IlostoMy ypaBHenne npu obxone 31070
KOHTYpPa MMeeT BHJ

Mockonvky IRsp=1- 1/3R—1/sé° TO 118 NOKa3aHus BOJbT-
merpa monyuaem U,=I R =?/;&. Takoit ke pesyabrar 1o-
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JIYYHTCH, €CIH BOCIO/IL30BATLCA KOHTYPOM, COAEPKAIULUM
yuactok BCA, B xotopom D/AC uHAYKUUH paBHA HYJIO.

Takum ofpa3om, nokasaHHs BOJBTMETPA JEHCTBUTE/ILHO
OKa3bIBAIOTCA PasHLIMH B ciyuasdx a 4 6 Ha puc. 18,3, Hécmotps
Ha TO YTO OH MOZK/IOYAETCA K OJHHM H TeM Ke TouKaM. ¥ POk,
KOTOpPBIH MOXHO BBIHECTH H3 3TOH 3aJayH, 3aK/0YaeTCs B TOM,
YTO OTHOCHTHCH K aHaJOTHAM B QU3HKe CJAeAyeT C U3BeCTHOM
ocTopoxHOcThI0. cnoab3oBanue aHanoruft npuHocHT 6oJb-
HIYyIo TOJIb3Y, HO H30exKaTb MOABOJAHBIX KaMHEH NMpPH 3TOM MOX-
HO JIMIIb TIPH JOCTaTOYHO IMYyOOKOM MOHHMaHHH paccMarpHsae-
MOro (PH3HYeCKOro sBJeHHS. AHAJIOrHS HUKOTAa He O3Hayaer
TOKJAECTBEHHOCTH, IOCKO/BKY JaXe B O4eHb IOXOXKHX fIBJeE-
HHAIX pasHOH (U3HYeCKOH NpHpOABl BCerja HMEIOTCH CBOU
OCOGeHHOCTH. A '

19. JunepreTnueckne npespauienus B resepatope. Ilpuuuua,
BLI3bIBAIOWIAA JBHKEHUE 3apsiloB B 0OMOTKAX 3/EKTPOreHepa-
Topa,— 310 cusia Jlopenua. Oguako cuna Jlopenua Hanpas.ne-
Ha NepHeHAHKYJ/SIPHO CKOPOCTH 3apSi0B U IOTOMY PaGoThl He

B .
. 'l g ® ® o g
o v £ < F
= JKV AN
|
R N

Puc. 19.1. Tlposoxnux  Puc.19.2.Ckopocrs  Puc. 19.3. Cuia Jlo-
anuHoB [ gBUKercs ¢ moc- V' ABMKeHHs 3apa- penua Fy pabna
TOAHHOH  CKOPOCTBIO @  JI0B OTHOCHTENLHO  CyMMe CHJbl Amme-
nepmeHAHKY/IAPHO JHHH- JabopaTopHoft cHc- pa Fa M CTOponHed
aM HEIyKuuH B TeMBl OTCYeTa cunnt Fepop

copepuiaer. Kakum ke o6pasoM B reHepartope NPOHCXOIUT
npeobpasoBaHHe MEXaHHYecKOH SHEPrHH B 3JEKTPHYECKYIO?

A PaccMoTpuM AJIS IPOCTOTHL JIHHEHHYIO MOJe/b reHepa-
TOpa, CYUTAst, UTO NPOBOAHUK AMHHbI [ IPHBOIANTCS B ABHIKEHHE
¢ MOCTOSTHHOH CKOPOCTBIO U NMEePNeHANKYIAPHO JHHUAM HHIAYK-
uuu B ommopomHoro MarHutHoro moas (puc. 19.1). Bynem
cuuTaTh, 4TO BeKTOp B Hanpassen Ha Hac. [lpu pasuomep-
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HOM JBHXKEHNH NPOBOAHHMKA JiefcTByIONas Ha Hero BHEHIBAS
cura F ypaBHoBewnBaercs cusoil Amnepa

FA—':“]BI, (1)

BO3HHKAWIIER pH NoABjieHHH ToKa I B UenH, T. €. NpH Noj-
K/OYEHHH Harpyskd K TIeHeparopy.

CylilecTBOBaHHEe TOKA B LeMH O0YC/IOBACHO HalpaBJ€HHbIM
JBH)KEHHEM 3apsfioB, BXOAALIMX B COCTAB NPOBOAHMKOB. [lin
yAoOcTBa paccyxenufi 6yneM CUHTaTh 3TH 3apAfbl g NOJ0XKH-
TEALHBIMH, @ HX NIOJHOE YHCJIO B pacCMaTpHBaeMOM [IPOBOJHHKE
0603HauuM depe3 N. ITH 3apsbt ABUKYTCA BJO/b IPOBOAHUKA
¢ HEKOTOPOHl HOCTOSIHHOM CKOpOCTHIO # (CKopoCThio Apefida).
ITockosbKy caM [pPOBOJHHK IepeMellaeTc co CKOPOCThio ¥,
TO CKOpOCTh V JBUXKEHHS 3apsijioB OTHOCUTEJBHO JabopaTop-
HOH cucTeMbl OTCUeTa paBHa BEKTOPHOH CyMMe CKOpOCTeH v U #
(puc. 19.2) u nanpasaeda noA yrJoM o K CKOPOCTH ¥ IPOBOJ-
Huka, npuyem sin a=u/V. Otciofa sicHo, uto U cuaa Jlopen-
ua Fp, gefcTByOWas Ha 3apaabl NEPREHAHKYJISIPHO HX CKOpPO-
¢t# V, HampaB/ieHa He BJOJb NPOBOZHHKA, a4 MOJ yIJIOM O
K HeMmy (puc. 19.3), a ee Mony.b BHYHCJ/AETCA N0 ¢opMy.e

[lepnenauky/asipHas NpPOBOJHHKY COCTaBJsiomas cujn Jlo-
penua, medcTByloume#d na Bce N 3apsjioB,— 3TO H eCThb CUJa
Awvnepa F,, nefictBywomas Ha npoOBOJHUK C TOKOM B MariuT-
HOM noOJe:

Fy=NFpsina=Ng¢VBsina. (3)
Moxcrasnns ciona sin a=u/V, noanyuaem
Fy=NquB. (4)

Jlerko BHIETD, YTO 3TO BHIpaKeHue coBlaiaer ¢ gopmynaoi (1).
B camom pene, nyctb 3apan Ng npoxoinT BCO AMUHY [ TPOBOA-
HHKa 3a Bpems £, Torna u=I/t, a Ng/t — s10 10K I, T. €. npa-
Bast yacth B {4) pasua [IB.

PaGora BHewHe# cusasl F 3a paccmaTpuBaeMoe BpeMms |
JIAeTCsl  BEIPAXKCHHEM

Ap=Fvi=NquBut. (5)
Tak kax ut=Il, 10
Ap=NquBl. (6)

[MoacuntaeM Tenepb paGoTy CTOPOHHHUX CHJI, COBEpLIAEMYIO
IpH nepeMellleHnu 3apaja Ng BRo.b NPOBOAHHKA 3a BpeMms f.
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B upeasbHOM reHepatope (npH OTCYTCTBHH NOTEPb) HMEHHO
Takas pa0oTa COBepILIAeTCst BO BHEIIHeH 1eNH, T, €, B Harpy3ke
redepatopa. OHa paBHa paGoTe, COBEPILAEMOH COCTaBJAIOLLEH
cuJjbl JlopeHiia, HanpasJeHHO# BIOJb NpoBoAHHKa (puc. 19.3):

Acrop =NgVB cosa-l=NquBl. N

CpasauBasi npaBble yactu B dopmysaax (6) u (7), suaum, 4To
pa6oTa BHEWHUX cHA Ap, 00eCHEUUBAIOUMX [OepeMelerne
[POBOJHHKA, paBHa paboTe CTOPOHHUX CHA Apop, HPHBOAS-
IHX K JBHJKEHHIO 3apsjoB B HEM.

- K nonyuyenHomy pesynabTaTy MOXKHO NPHHTH cpasy, He
NPOBOJA CTOMb MOAPOOHLIX BHUHUCAECHUH, B camom jene, cuay
Jlopenna Fj, pelcTBYIOIYIO CO CTOPOHE MATHHTHOTO TOJSI Ha
JBHXKYINMICS B NPOBOXHKKE 3apsif, MOXKHO Pa3JOXKHTb Ha ABe
COCTABJAAIOWIMX: cuny Awmnepa F,, NMepneHfHKyAsPHYIO NPO-
BOAHHKY, H CTOPOHHIOI cHAY F.,,, HaNpaBJeHHYIO BAOJD
nposojHuKa (prc. 19.3). VimeHHo 3Ta CTODOHHAA CHJIA BBHI3bI-
BaeT pa3/iesIeHne 3apsI0B BHYTPH FéHeparopa N AB/SRTCS NPHU-
yuHoii Bo3HuKHOBeHHa IJIC. Pabora cuaml Jlopenuna pasHa
HYJIO, TOCKOJbKY 3Ta CHJA NepHneHAuKy/aAsipHa CKOPOCTH.
[TosTomy paBHa HyJIO cymMmapHas paGoTa cuiabl Amiepa H cTo-
pOHHEHA CHJIBL:

AA+’ACTop=Of T. €. Acropz_“AA-

Ho cuna Amnepa paBHa o MOAY/0 M MPOTHBOIOJIOKHA MO Ha-
NpaBJIeHHIO BHEIHEH cHJIe, IPHIOXKEHHOH K npoBoauuky. Ilo-
stomy pafoTa BHeWIHeH CHJBl A,,..,=—Aa. Orciona cienyer,
yTO pafoTa CTOPOHHHX CHJI, peasu3yioilascsa B Harpy3Ke, paB-
Ha pafoTe BHEWIHUX CHJ, NPUBOAALIMX B JBHXKEHHE POTOP
reHeparopa.

[MoxBoasi MTOr, MOXKHO CKa3aTb, 4TO PoJb cubl Jlopetia
B 3JIEKTpOreHepaTope 3akJ/ouaercs B NpeobpasoBaHHH MeXa-
HUYECKOH BSHEprHH B 3JEKTPHUECKYIO. 4

20. Pamka, najgaiomas B MarHuTHoM mose. IIpaMoyro.n-
Hafd MeTa/J/Ifueckas paMKa HaXOAHTCA MeXKIy MOoJIocaMu
37€KTPOMArHATA, CO3JAKIIEr0 IIOCTOSHHOE OXHOPOAHOE Mar-
yuTHOE [0Je HHAYKUMM B, HanpaBJeHHOE T'OPH30HTANbHO
(puc. 20.1). B HexoTOphIi MOMEHT paMKy OTIYCKAaiOT, H OHA
HauuHaer mafatb. Onucath JaJbHedINee IBUKEHHE DPaMKH.,
CyutaTh, YTO MAUHHTHOE IIOJIe CYHIECTBYET TOJLKO MEXAY
NOMIOCAMH  3JIEKTPOMATHUTA.

A Tlpexje Bcero OTMETHM, YTO PA3OMKHYTas pamKa, B KO-
TOPO#H TOK HATH HE MOXKeET, najana Obl TAK ke, KaK ¥ B OTCYTCT-
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BY€ MAaTHHTHOTO NOJIs, T. €. C NOCTOAHHBIM YeKopeHneM cBoGos-
noro najenns g. To ke camoe GyeT NPOHCXOAUTDL U C 3aMKHY-
Tl PaMKO# JI0 TeX Nop, NMOKa OHa LeJHKOM HaXOAHTCS MEXIY
NOMOCAaMH MarsuTa, T. €. B 06/1aCTH OAHOPOAHOTO MarHUTHOTO
7015, B camom Jzese, B 5TOM C/1yvae MarHMTHEIA [OTOK yepes
PaMKy HE H3MeHsieTcss LPH ee TNOCTYNATeJbHOM JBIMKEeHHH,

14
—
g e e e F
il
~7
4
/ 4 $®i T ]
7
§ /. S -
=0 lv
‘Pae. 20.1. Merannnyeckas pam- Puc. 20.2. IlpH nosBaeHHH MH-
Ka Taji2eT B MarHHTHOM MNoJe LYKILHOHHOTO TOKa / BO3BNKAeET

cusaa Awmnepa F

MHAYKIHORHULIA TOK B Hefl He BOSHHKAET H HHKAKUX CHJ, KpoMme
CHJIBI TFAKECTH, HA PaMKy He JeHCTBYET.

" Ho Bce namenuTcsl, Kak TOJBKO HIKHAA CTOPOHA PaMKH
BBIJET 3a npejiessl MOJIOCOB MarHura, T. €. 06/1acTH, Tie cy-
uecTByeT Marunthoe noge (puc. 20.2). Teneps npu ABMKEHRH
DaMKH TPOHH3LIBAIOUNIMI €e MarHuTHbI NOTOK yOBIBaeT U B
‘paMKe Teyer HHAYKUHMOHHBIA TOK. B pe3yapraTe Ha BepXHIOIO
TOPH3OHTAJLHYIO CTOPOHY PaMKH, HAXOASIIYIOCS B MArHUTHOM
noJse, AeiicTByer cuja Amnepa F. Jra ciaa, B COOTBETCTBHH
¢ mpasuaoM JleHna Aas MHAYKUMOHHOTO TOKa, HamNpabJeHa
BBEDX, T.€. CTPEMHTCS YMEHLIIUTb BHEIIHee BO3JEHCTBHE,
NpUBOAALIEE K MOSIBJACHHIO MHAYKLUOHHOIO TOKA. YCKOpenne
paMKi yxe He GyaeT paBHO g. Cuaul Amnepa, HelicTBylomue
la OOKOBble (BePTHK&JbHLIE) CTOPOHBI PAMKH, HANpaBJi€HH B
NPOTHBONOJIOKHBIE CTOPOHBl M HE OKAa3HIBAIOT BJHAHHA Ha €€
JBHKEHHE.

[TockoabKy feficTBYIOMas Ha BEPXHIO CTOPONY PAMKH CHAia
Awmnepa F paeuna IBl (I — pnuna 3TOH CTOPOHH), TO ypaBHe-
nue BToporo 3axkoHa Helotona A5 najaonmeli paMKH HMEET BHJL

mdv/dt=mg—IBl. (1)

3necs m — macca pamku. Muayknnoussift Tok [ 3aBucuT OT
conporuraenus pamku R u 9AC unpykunwu &;. IAC nunyk-



20. PAMKA, TIAHAIOUIASI B MAFHUTHOM TOJE 3929

MM - PaBHA CKOPOCTH WM3MEHEHMS MAarHWTHOTO TNOTOKA uepes
pamKky:
& ;= Bly, )
NOTOMY ,
I=Blv/R. (3)

[loacTaBins MHAYKUHOHHEIA TOK (3) B ypaBHEHHE BTOPOre
3axona Hblotona (1), nonyyaem
: dv B2
T £— mR v. )

Ecau x TOMYy MOMEHTY, KOTJa HHMKHfISI CTOPOHA pPaMKH
BHIXORMT M3 MarHMTHOTO MOJf, CKOPOCTb DAMKH HEBEJIHKA,.
TaK YTO NEPBOE caaraeMoe B npasol yactu (4) 6oJbile BTOPOro,
TO paMKa IPOLOJ/IKAET PASrOHATLCS, XOTH M C MEHBIIHMM YCKO-
penneM. ECn Ke paMKa yiKe Pa3orHajach HacTO/bKO, HTO
BTOpOE cJjaraemoe 0OOJiblu€ NEpPBOro, TO OHAa HAYHHAET TOPMO-
3UTHCA. , ' , _

YpaBHeHne (4) MMeeT Taxkofl e BHJ, KaK H ypaBHeHlle,
ONHCHIBAIOILICE PA3rOH KopabJas MNMOA JeficTBHEM NOCTOAHHON
TATH BUHTOB NPH yYeTe CUJIBl CONPOTHBJEHNS, NPONOPLHOHAb-
HOH CKOPOCTH Kopab.s (cM., HanpuMmep, 3aaa4y 9 pasgena «Me-
XaHHKa xujxocrei»). ToyHO Takoe Ke ypaBHEHHE ONHCHIBAET
¥ TIpOLecC NajeHHs TAXKEJOro LapHka B BA3KOH XKHAKocTH. Bo
BCeX CJyyasdX CKOPOCTb TeJa HM3MeHseTcsa IO TexX nop, IoKa
CHJ1a CONPOTHBJIEHHS HE CPABHAETCS MO MOAYJIO C NOCTOSHHOM
BHELIHeH CHJIOH.

DTo 3HayeHHe CKOPOCTH ¥, COOTBETCTBYIOILIEE YCTAHOBHB-
wWeMycs ABHKEHHIO, JETKO HafiTH ¢ noMouipio (4), JAaxke ne pe-
mas sroro audpepeHuHanbHoro ypasuenus. IlpH ycranoBHB-
uieMcsi JBMKEHUH dv/dt=0, n 118 CKOpOCTH ¥,, NPHPABHMBASA
HYJMO NpaBylo 4acTh (4), noayyaem

v;=mgR/B*P2. ©)

CKOPOCTh YCTAHOBHBLIETOCS] NAJCHKst Uy MOXKHO HalTH H M3
IHEPTeTHYCCKUX cooOpaxeHnii, He npuberag K ypaBHEHHAM
nsuxenus. [Ipu najeHud paMKH € NMOCTOSTHHOH CKOPOCTBIO ee
KHHETHYECKasi SHEPrHs OCcTaeTcsl HEH3MEeHHOH, NOTeHlHaJbHas
SHEPTUS yMEeHbLIAeTCH, M IJI03TOMY BBLIAEJSIOWAsSCA B paMke
JUKOYJIeBa TenJoTa paBHA YOBIIM €€ NOTeHUHAJbHOH 3Heprunu
B HOJE THAKECTH:

I’R=mgv;. (6)
Tloxcrasaias cioa 3Hauenne HHAYKUHOHHOrO TOKa / u3 GopMy-
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76t (3), NPHXOOHM K NpexieMy 3HAYCHHIO U;, BBIPaKEHHOMY
topumyaoit (5).

CKO/ILKO BpEMEHH MPOHCXOAHT NPOLECC YCTAHOBJEHMS?
Yeneer m pamMka npuoGpecTH 3HAUCHUE CKOPOCTH Uy, NOKa
ee BEPXHAsS CTOPOHA BCE €l HAaXOAHTCs B MAarHHTHOM none?
Yrolbl OTBETHTD Ha 3TH BONPOCH!, HYXKHO PelUTh YpaBueHHe (4).
C peimeHueM ypaBHEHHA TAaKOTO BHAA Mbl YIKe BCTPEUAJIHCH
B 3ajiaue 13, rae peus 1ja o npouecce 3apALKH KoHJeHcaropa.
IIpexne Bcero, yuuThiBas cooTHOWEHHE (D), mepenuiueM ypas-
uneune (4) B Gosee ymoGHOM BHAE:

dv/dt=—(@v—uv,)/x, (7)

Te MCNOMb30BAHO 0003HaYeHHe
1=mR/B*. (8)

Tak kak MpousBOJHBIE 0 BPEMEHH OT U H (V—Uu,) COBMNajaioT,
TO ypasHeHHe (7) TOBODHT O TOM, YTO CKOPOCTb H3MEHEHUs
BeIMYHHBI U—U; NPONOPLMOHAJbHA CaMOH 5TOR Be/IHUHHE.
[losTomy pemenne ypaBueHHs (7) uMEET BHJ

v—v,=C exp (—/7). )

M3 dopmyasl (9) BuAHO, UTO 3HAYeHHe mocrosHHoH C paBHO
OT/IHYMIO HAYAJBHON CKOPOCTH U=U, npHu =0 OT CKOpPOCTH yC-
TAHOBMBIIErocs ABMKEHUA pamky v C=v,—v;. Buauo takxe,
YTO OT/IMUHE MTHOBEHHOH CKOPOCTH OT YCTAHOBUBLICHCS] U—U,
3aTyXaeT CO BPEMeHeM 3KCIOHEHLUHAJLHO C XapaKTepHbIM
BpeMEHeM T, OfpejessieMbIM COOTHOIueHHeM (8).

Taknm 06pa3oMm, 3aBHCHMOCTE CKOPOCTH OT BPEMEHH C TOrO
MOMEHTA, K4K HAa paMKy HauyMHaeT JeficTBOBaThb cusia Awmnepa,
COrJIacHO BhIpaxenuio (9) umeer BHJ

v (f)=(vo—0,)exp (— /1)t vy. (10)

D10 BBIpAKEHHE /A CKOPOCTH CIIPABEINHBO, pasymeercs,
TOJILKO JIO TOTO MOMEHTa, IIOKAa BEpXHss CTOPOHA paMKu He
BBIIJIET 32 Mpe/lesibl MarHuTHOro noJst (puc. 20.2).

I'paduxu ckopoctH pamMku nokasansl Ha puc. 20.3. Bepx-
Hufl rpadHK COOTBETCTBYET CJyYalo, KOrja K MOMEHTY HnosiB-
Jennst cunmel Amnepa (£=0) CKOpPOCTb paMKH U, MEHbILE mpe-
JenbHOro 3HaveHust v;. Huxnuil rpadmk — caygaw, Koraa
Uo>V;. HaxnoHHble npsaMoJMHEAHbIe yYacTKH TpaduKOB Ipu
t<Z0 cooTBeTCTBYIOT CBOOOIHOMY NAJEHHIO PAMKH [0 HOsBJE-
HHA cHJIB AMnepa. PaccTosiHHe, KOTOpoe MPOXOAHT pamKa 3a
XapaKTepHoe BpeMs YCTaHOBJGHHS T, PABHO NJOWIAAH, 3a-
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LITPHXOBAaHHOH Ha 3THX rpadukax. JIias ouenxn MOXKHO cuM-
TaTh, YTO MO NOPAAKY BEJIHYHMHB! 3Ta MJIOIAAL paBHa v;T. Ecuu
AJMHA BEPTHKAJLHOH CTOPOHB PAMKH {; MHOTO MEHbIIE 3TOro
PACcCTOSIHUA UyT, TO HH O KAKOM YCTAHOBJICHHH CKOPOCTH PaMKH
TOBOPHTDb HE NpHXoAuTcA. [ ycTaHOBJIEHHS CKOPOCTH HEOO-
XOAHMO BBIIOJIHEHHE HepaBeHCTBa

llzvlr.:g(%)z. (1N

TosbKo npH BBHINOJHEHHH 3TOTO YCJOBHSE MAarHHTHOE MoJe
3aMETHO CKAasblBaETCH Ha JBMKEHUH paMkH. MHTtepecHO oTme-
THTb, YTO K 3TOMY YCJIOBHIO MOXKHO NPHIATH M3 IpPYyTHX, Gojee
HarJgapHelX  coobpaxenuit. B
caMOM jJeJsie, MarHHTHOE 1oJie ”/"71»
MOXKET CYLIECTBEHHO NOBJHATh Y
Ha JIBUXKEHHE pPAaMKH TOJbKO
B TOM CJly4yae, KOrja InpH CBO- Y
60aHOM NaJeHHH 32 BpeMs ycTa- Ry 1 >
HOBJICHHS T paMKa mIpoluia Gbl 12
paccTosiHHe, MeHbllee ee Bep-
THKaNBHOTO pasMepa ly: [y = gt2. P D
[ToxcraBnsas cioja 3HadeHHe T /
u3 QopmyJel (8), NpHXOAMM /
onaTh K ycaosuio (11).

Ilpu pemenuHH 3aiauyH Mbl g 7 ¢
CYHTANH, YTO 06s1acTb, B KOTO-  p.. 903 Cxopocts  pami
pol CyWECTBYET MaTHUTHOE N0~ crpemurcs K onpenesgeHHOMY
Je, UMEET PpEe3KYI0 TpPaHHIy 3HAYEHHIO Ui HE3aBHCHMO OT Be-
(puc. 20.1, 20.2). iMenHo caie-  AMuNnb HAualbHON CKOPOCTH vy
CTBHEM 3TOrO TPEANOJIONKEHHSA
SIBJSIETCA CYILIECTBOBAHHE H3/JOMOB Ha rpaduKkax CKOPOCTH
npu t=0 (puc. 20.3). Taxk kak y /Mmo6oro peaJbHOrO MarHuTa
criajaHie MarTHUTHOTO TO0Ja TPOHCXOAUT TOCTENeHHO, TO B
JICHCTBHTE/IBHOCTH JIBHIKEHHIO DaMKH COOTBETCTBYIOT I'padukH
CO CTIAKEHHBIMHM H3JIOMaMH.

ITpu pemennu 3afayd Mbl HE YYHTEIBAJIHM H CAMOHHAYKLHIO
najaomed pamky, OGaarojapsi KOTOPoH HHAYKIMOHHBIM TOK,
CTPOTO TOBOPSI, He PaBeH 3HAYEHHMIO, JaBaeMOMy (HopMyJIoH (3).
ItuM apdekToM JAeHCTBUTENBHO MOXHO npeHefpeyb, Korja
BHellIHee MargHTHoe noJje B MHOro GoJbllle MarHUTHOTO NOJs,
CO3/aBAEMOTO CaMHM MHAYKUMOHHEIM TOKOM. A

21. Ilepexoanbie mpouecchl B 3nekTpoasHratene. Kax rnpo-
HCXOAMT yCTAHOBJIEHHE IIOCTOAHHOM CKODOCTH BpaIECHHS SIKO-
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pA ANCKTPOABUrATENA [10C/e BKJ/IOUYEHHS €ro B CeTh C [OCTOAH-
HbIM HalpsiKeHHeM?

A DneKTpoABHraTeTb NOCTOSHHOTO TOKA — 3T0 LOBOJIBHO
CJIOXKHOE YCTPOHCTBO, XOTA NPHHLHKI ero ACHCTBHS OYeHb IPOCT.
On ocHOBaH Ha TOM, Y4TO Ha HaXOAMWMHCA BO BHeLIHEM Mar-
HHUTHOM TIOJe NPOBOAHMK C TOKOM JeficTByer cujia Ammepa.
[losTOMy noHATL NPOHCXOASIIIHE B 3JIEKTPOABHIATE/e NPOLECCh
MOXHO, paccMaTpuBasi €ro mHpocTeflllylo MOAeab, KOTOpas

(R S N N S|
=
-c/A I [1 | /4 | \ I Puc. 21.1. Jlunefinasg mo-
V7 1 4 F=51‘T AeJb  3JEKTPOABHraTeNs
+p 4 HA MOCTOSHHOFO TOKa C He3a-
/ T T T BUCHUMBIM BO3GYMKACHUEM
— v
7

BBITJISAMT caeqylomum obpasom (puc. 21.1). Ilo rnaakum ro-
pPU3OHTA/BHBIM MapaJsiesibHbiM KOHTAKTHBIM TIHHAM MOXKeET 6e3
TPEHNst TiepeMelliaTbCsl MeTaTMUeCKH CTepXKeHb, 3JeKTPH-
YyecKoe CONMPOTHBJEHHE Koroporo pasHo R. Bcea cucrema
NOMENEHa B OAHOPOAHO® MAarHUTHOE NOJE, HEAYKIHA B KOTO-
poro HampaBJeHa NEPNeHAMKYJsSpHO MJIOCKOCTH, 00pa3oBaH-
HO muHamMy. K KOHIIaM HINH MPHJ/IOKEHO MOCTOSIHHOE Halps-
aenne U. Ilpn npoxokAeHMH TOKA Ha CTepXeHb ACHCTBYeT
ciuna Ammepa F, Kotopasi MOXKET BbI3BATh €ro nepemelieH#e
no wHHaM. B TakoM yCTpOACTBE MOABHIKHBIH CTEpXKeHb f1B-
JIAETCA aHAJIOroM SAIKOPS 3JEKTPOJBHIraTe/s, TaK Kak NpH ero
nepeMellenHn MoXeT GbIThb coBeplieHa pafoTa Haj BHELIHHMH
TeJIaMH.

. D10 XKe yCcTPOHCTBO MOKET CJAYKHTh H MOAGJIBIO reHeparopa
MIOCTOSIHHOT'O TOKA, €CJIH He NOJABATh HANpPsKEHHe Ha LIMHBI,
a ¢ NOMOLIBIO BHEIIHEH CHJIBI NPHBECTH CTepIKeHb B JBHKEHHE.
Takasa Mojesp HATVIAJAHO NOKA3bIBAET, NOYEMY 3/IEKTPOABHra-
TeJM TOCTOSIHHOTO TOKa 00JaAaloT CBOHCTBOM OGPaTHMOCTH.

Ilpouecc ycraHOBJIEHHS MOCTOSHHOH CKOPOCTH JBHMKEHHS
STKOPS AJAS TAKOTO 3JEKTPOABUraTe/Ns, paGoTAIOMETO B PeKHME
rerepaTopa, yxe Obl1 paccMOTpeH B MNpefbinyuiefl 3agaue.
B paso6pannom TaM npumMepe (pamka, Najaioias B MarHETHOM
IOJIE) POJib NOCTOSHHOH BHEIIHEH CHJIBI, NPUBOAAIEH SKOPb
B JIBUXKEHHE, HrpaJjia CUJa TAKECTH, a POJ/ib BHelllHell Harpy3KH
U BHYTPEHHET'O CONPOTHBJEHHS I'€HEpaTopa Mrpasio COMpPOTHR-
nenne pamkH. Tak kak BHEWUHAs Harpyska reseparopa H o6-
MOTKA €ro aKops 00pasyoT Noc/JAeJ0BATEALHYIO 3/IEKTPHUECKYIO
lieNlb, TO NPOLECCH! YCTAHOBJECHHA B HATPYXKEHHOM reHEpaTope
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A B KOPOTKO3aMKHYTOM HHUEM NPHHUMIHAJBLHO HE OTJIHYAIOTCA .
PasnpiM OyJer TOJBKO XapaKTEPHOE BpeMsi YCTAaHOBJHHS T,
TAK KaK OHO 3aBHCHT OT MOJHOrO CONpPOTHBJIEHHS 1EIH.

3aveueHHas aHaJoOTHS ¢ NpeiblAyinel 3ajaueil MoO3BOASET
Cpa3y HaMEeTHTb NYTh I/ aHAJH3a paccMaTpHBaeMOH MOZENH
B pexuUMe 3JeKTpoiBuratesns. JsA 3TOro HymxKHO Hanmucatb
ypasHeline, onpejeasioniee CHAY TOKA B 1eNH, ¥ ypapHeHne
apuzkenus crepxkufa. Tak kak DAC uuayKuuu nponopruoHaib-
na cKopoctH crepxua: &,=Bl (puc. 21.1), T0

IR=U—Bl. 1)
0O6031ayuM AeHCTBYIOMIYIO HA CTEPXKEHb BHEUIHIOI CHJY Yepes
Fy (puc. 21.1). Tax xax cuna Amnepa F=]BIl, 10 ypapnenne
BTOpOro 3akona Hbiotona A1 CTEPIKHSA MacChl /M 3aNHChIBACTCS
B BHJe

mdv/dt=1Bl—F,. (2}

DT0 ypaBHEHHe [OC/€ NOACTAHOBKH B Ero 3Ha4€HUs TOKA U3
ypaBuenus (1} npunnMaer Bup

do 1 UBI B2
TR

Bripaxkenne B KpyranlX cKoOKax B MpaBOH YaCTH 3TOTO ypas-
HeHHsl TNOJOXKHUTEJIbHO, €CJH pAaccMaTpPHBaeMoe YCTPOHCTBO
paGoraer B pexume 3jekTpoABUrarens. B camom jese, oTHOLle-
pue U/R jaer MakcpuMa/bHOe 3HA4YE€HHE TOKAa B ULEMNH, KOrja
cTepKeHb HenojsrkeH; nosromy (U/R) Bl paBHO MaKkcHMaJb-
1O BO3MOKHOMY 3Hauenuio cuast Awmnepa. Buemmss cuaa
HE ACJIKHA MpPEBOCXOAUTH 3TOrO 3HaY€HUd, TAK KaK B NIPCTHB-
HOM cJayuyae ycrpoiictBo OyneT paboraTh KaKk TeHepaTop.
3nayenue CKODOCTH CTepXKHA U; B YCTAHOBHBULIEMCA PEXKH-~
me, Koraa dv/di=0, MOXKHO HaliTH, NPHPABHUBAS HYJIO NPABYIO
yactb YypaBuenus (3):
1 RF .
01:§T<U——BT1>. (4)
Pasymeercs, 370 3HayeHHEe U; MOXKHO HANTH M H3 SHEPreTH-
YECKHX Ccoo6paxeHHi, aHaJOTHYHO TOMY, KaK 3TO JeJanoch
B NpeAbAyIed 3ajaue uin B 3afade 10, rie paccmarpuBadcs
yCTaHOBHUBIINHCSA pexXuMm paboTHl JBHraress.
Has uceneporanus nepexofHOro npouecca B paccMatpHgae-
MOl CHCTEME HYKHO pemHTh ypaBHenue (3). C NOMOUIBIO BHI-
pakeHus (4) nas vy nepenuuIeM 3TO ypaBHEHHE B 6oJlee KOM-

NaKTHOM BUJE
' dv/dt=—(v—uv,)/7, (5)
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rle HCMOAL30BAaHO 0003HAYEHHE

R
T= - (6)

DBynem cunTaTh, YTO B MOMEHT BKJIOYEHHS B CETh AKOPHL MOTOPA
ool Henonpiken: v (0)=0. Pewenne ypasuenusn (5), yAosae-
TBOPSIIOIIEE TAKOMY HAuaJbHOMY YCJOBHIO, 3alHINeTcsi B BHIE

t

v(t)—_—vl[l—-exp (——;)]. (M

Tpadux cxopoctu crepxusi nokasan Ha puc. 21.2. [antesn-
HocTh mpornecca (7) YCTaHOBJEHHA CKOPOCTH U; XapakTepu3y-
ercsl BpeMeHeM T, BblpamkaeMbiM dopmyaofi (6).
[losnyuenubie pe3yabTaThi, ONKMCHIBAOLINE IPOLECC YCTAHOB-
JIEHUsT, CHpPaBeNJuBBl NPH MOGOH HOMYCTHMOH MEXaHHYECKOH
HArpy3Ke ABUraTe/isl, B TOM YUCJ/e H AT X0JI0CTOrO X0Aa, KOTO-
oY) poMy cooteercTByer F;=0. B aTom

v __ cJyyae yCTaHOBHBIIeeCH 3HAYeHUE
! cxopocti u;=U/BI, a 3aBHCHMOCTb
! CKOPOCTH OT BpeMeHH Aaerca (op-
P ! MYJIOH
qo T F 7 U t
W v(t)z-g—l-[l——exp<——?)]. 8)
Kenocmed zod
| Ecan noacraBuTs ckopoctb U () B
f/Z 7 > ypaBuerue (1), T0 MOXKHO NOJYHHTB
3aBHCHMOCTbL OT BpeMeHH moTpelJise-
YA Yapywef  MOTO IBHPATeNEM TOKA. B pexume
\;\__ XOJIOCTOTO XOa 3Ta 3aBHCHMOCTh
. ———
g I HMeeT BUJ

g 2 7

U ¢
I(f)=—%ex (——). 9
Puc. 21.2. VYcranosaenwne ( ) R P T ( )
CKOPOCTH SKOPSt M TOKa B

sKope B pexnmax xonoc- 1 padHK TOKa INOKasad Ha puc. 21.2.

TOro XoAa M npu Mexawu- B HayaNbHBIE MOMEHT UpPH Heroj-

ueckoit narpyske Fy BWJKHOM SIKOPE TOK MAKCHMAaJeH M

pasen U/R. 3atem mo Mepe pasroua

AKOPA TOK 3KCIIOHEHIIHAJbHO YMeHbliaercss 1o Hy.ast. Toumo

TAK K€ 3aBHCHT OT BPEeMEHH H norpeb/aseMast MOLIHOCTD
P=UI(%).

Ipu Br/moueHuH B ceTh ABHraTeNs C MEXaHHYECKOH Harpys-
Ko#t (POsib KOTOPOH, B YaCTHOCTH, MOXKET HI'PATh AaxkKe TPEHHE
B NOJIMMHUKAX) MAKCHUMaJbHOE 3HAYEHHE TOKA B HAYaJbHBIM
MOMEHT OyJeT TaKMM K€, KaK M JJsl XOJOCTOrO XOAa, W pas-
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M U/R. 3ateM no Mepe pasroHa sikopsi TOK yGbIBaer, 1o
CTPEMHUTCH HE K HYJIO, a K OIpelesieHHOMY 3HaueHuwo [y, Ko-
TOpOE JIETKO HaHTH M3 TOTO yCJOBMS, YTO B YCTaHOBHBILEMCH
pexnme cuia Amnepa /B! ypaBHOBELIMBaeT BHELUHIOW CH-
ay Fp:

[1:-F1/Bl. (10)

I'padux TokKa B 3TOM cJyuae Takxke nokasaH Ha puc. 21.2,

OrmeruM, 4TO CKaukooOpasHoe BO3HUKHOBEHHE TOKA INpH
BKJIIOUEHHH JBHUraTessl O6YC/A0BJEHO TEM, YTO Mbl MOJHOCTHIO
npeHeOperu caMolHAyKuMel sikopa. Ilpu yuere camomuayk-
LIHH TOK NpH BKJIOuUeHHH OYJET Hapacrtath IOCTENEHHO, HO
ILJUTENbHOCTh HapacTanua OOBIYHO MaJja MO CPaBHEHHIO ¢
paccMaTpHUBAEMBIM NPOLECCOM YCTAHOBJEHHR BpaIIEHHS AKO-
pA. BansHue caMOMHAYKIMH Ha 3TOT [Ipollecc YCTaHOBJE-
HHMsl, KaK MNpaBWJIO, HE3HA4YHTEJbHO, TaK KaK B 3JeEKTpo-
JBHraTejie ¢ HE3aBUCHMBIM BO3OYXI€HHeM BHeIIHee MAarHHuT-
Hoe noJie MHOro 6oJiblie MArHUTHOTO 10Jid, CO3AaBaeMOro
TOKOM B fAKOpe. A

22, Jlvop B ajeKkTpuueckoi uenH. B uenp, npepHasHaueH-
HYI0O AASl 3apsAJKH  KOHAeHcatopa (puc. 22.1), BKJ/IOuYeH

Puc. 22.1. Cxema Ans 3apsaiAKH KOHAEHCATO- l

pa, cozepxamasa AHOA

mon /. BonpramnepHas xapaKTepHCTHKa JAMOAA 110KasaHa
Ha puc. 22.2. Kaxoe KOJMYECTBO TEMJOTHl BBIEJHTCS Ha
conpoTHBJAeHHH R W Ha AuOle MNocje 3aMblKaius Kaoua K B
nipoliecce 3apsiAKM KOHAeHcaropa?

A 3avem BOOOIIE HYXKHO BKJIOYATh JUOA B HeNb AJ1s 3apsjl-
KM KOHZeHcatopa? Hexoropble BUIBI KOHZEHCATOPOB, B YacT-
HOCTH 3JIEKTPONUTHYECKHE, TPEOYIOT BIOJHE ONpeie/eHHON
HOJISIPHOCTH NOAABaeMOr0 Ha HHX HaNpskeHHs. B npoTHBHOM
cjydae OHM TOPOCTO MOTYT BHIATH H3 cTpofl. XapaKTepHoii
uepTol JAHOAA $sIBASIETCS €ro OAHOCTOPOHHSIS NPOBOAHUMOCTE.
[ToatoMy BKJOYEHHE AMOZA B LeNb, I0KAa3aHHYIO Ha pHC, 22.1,
npefoXpaHsieT KOHAEHCATOP OT NOBPEXACHHSA Jaxke B TOM CJy-
yae, eC/H Ha BXOJ Uenu OyJeT MojaHO HanpsAmKeHHe NPOTHBO-
NOJ0XKHOA noasapHocTH. [Ipn 3TOM TOK B LENHM He NOHAET H
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HUKAKOHA TeNJOTHl Ha CONMpPOTHB/IEHHH R, pasymeercsi, He Bbl-
AeJIHTCA.

Ec/iH nopaBaemoe Ha Bxon nanpsixenne U, numeer tpebye-
MYIO MOJISIPHOCTb, TO NPH 3aMBIKaHUH KJoya K TOK B uenu
B HayaJbHBIl MOMEHT MaKCHMaJseH, a 3aTeM [0 Mepe 3apsiiku
KOH/IeHCaTopa MOCTENEHHO crajaer A0 HyJas. Utobwl paccyu-
TaTh BBIACJSAIOMYIOCS Ha CONMPOTUBJIEHHH TENJIOTY HENOoCpPencT-
senHo ¢ moMmouwpio 3akoHa [Dxoyas — Jlenna, Heob6xonumo
HalTH 3aBUCHMOCTD 3aPALHOTO TOKA OT BpeMeHH. OHako 31010
MOKHO H30€KaThb, €C/ld BOCNOJ/IL30BaThCA 3AKOHOM COXpaHenus
SHEPTHH. .

Ilycrs B npouecce 3apAJKH KOHAEHCATOPa MO LENH NPouIe
HEKOTOpLIH 3apan g. CoBepuleHHAs NPH 3TOM BHELIHUM HCTOU-
HHUKOM Hanpspkenus padora

A=Uy. )

Tak kaxk 3apsax KOHACHCATOpa Tenepb paseH g, TO sanaceu-
Hast B KOHJEHCATOPE 3HEprus

2
W= -2 (2)

Ha ocHoBanuu 3akoHa COXPaHEHHs 3HEPTHHM MOXKHO YTBepK-
NaTh, YTO BBIJEJIMBIIASICA Ha CONPOTHBJeHNH R K anoge [ ten-
sota @ paBHa pasHocTH Mexny paboroft A, coBepLIeHHOH
BHELIHHM HCTOUHHKOM, H 3Heprueii W, samaceHHOH KoHJeHCa-

TOPOM:
Q=A—-W. 3)

Jas nodyuennsi orBeTa Ha MOCTABJEHHBI BONPOC OCTAETCS
BBISICHUTD, KAKOH HMEHHO 3apsil g NpOHIeJ M0 UeNH U KaK Bbi-
JeNUBLIAACA TIpH 3TOM TenJjora @ pacrpenenusaach MExIy co-
nporusiendeM R u auogoMm /.

Tlonuwifi 3apsan ¢, OpOIleNmHA N0 Heny, Ha#TH Jerko,
100 B KOHIE KOHIIOB HanpsixKeHue Ha KoHgeHcarope U, craner
paBHBIM EPHJIOXKEHHOMY Hanpsikenuio U,

g=CU.,. 4)

TloacraBnas 3nauenue g U3 GopmyJasl (4) B COOTHOUIEHHS
(1) u (2), nast HOJMHOTO KOJHUYECTBA TEMJIOTH @, BhIEHBIIEHCH
1ia CONPOTHBJEHHH H JAHOJE, HoJydaeM

CU}

He TaK INpPOCTO OGCTOHT JI€JI0 C BBISICHEHHEM TOro, Kakast
4aCTbh TENJIOThI QR BblA€/IHU/IAaCh HAa COMPOTHBJICHHU, a KaKas
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yacth Qg — Ha fuone. [IpuunHa 3TOro 3aK/II04aCTCA B CIOMKHOM
BUfie BOJILT-aMNEpPHOH XapaKTepHCTHKH JAHOLA, H3 KOTOPOH
BHAHO, YTO CONPOTHBJEHWE KHOJA OYEHb CHJBLHO 3ABUCUT OT
3HAYECHHST NPHJIOKEHHOrO K HeMYy HanpsxkeHHs., UroOwl paso-
OpaTtbCcsi B 3TOM BOMpPOCE, 3aMEHHMM CHaua/a PeasibHYIO BOJbT-
aMAEPHYIO XapaKTepPHCTHKY AMOIA, MOKa3aHHYIO Ha puc. 22.2,

e
v
0 7 a4 7
Puc. 22.2. Boasr-am- Puc. 22.3. Hpeanusuposannas
fepHast XapaKTepucTH- BO/ILT-aMIepHas XapaKTepHcTH-
Ka JHoJa Ka fHona

uAcaU3UPOBAHHOR  XapaKTePHCTUKOH, H300paskeHHOH Ha
puc. 22.3.

B ornnuave ot peasnpHOf XapakTepHCTHKHM Juoxa, Gylem
CU¥TaTh, YTO CONMPOTHBJEHHE AMOJA B 3allOPHOM HaNpaBJ/eHHH
CcTpeMHTCA K GecKOHEYHOCTH (T. €. 0GPAaTHBI TOK paBeH HYJIO).
Bynem Taxxe cuuTaTh, YTO CONPOTHBJEHHE AHOAA B IPONYCK-
HOM HanpapJeHun GecKOHeuHO, TOKa NPUJIOKEHHOE Hampsixe-
HHe He JIOCTHTHET HEKOTOpOro 3HaveHusi Uy, mocse yero comnpo-
THBJEHHE CKAaYKOM YMEHBLIACTC RO HEKOTOPOro 3HAYeHHs .
DaKTHYECKH 3TO 03HAYaeT 3aMeHy KPYTO B3MLIBAIOLIETO BBepX
y4acTKa peasbHOH BOJLT-aMIEpHOH XapaKTePUCTHKU TNPsMOi
Ha pHc. 22.3. Kak xe BpiGpaTh 3navyenne U;, HauuHas ¢ KOTO-
pOro CONPOTHBJEHHE [HOAA MOXKHO CUHTATh NOCTOSHHBIM,
W 4eMYy PABHO 3TO NOCTOsIHHOe 3HaveHHe r? Tox B uenu npu 3a-
MBIKaHUM KJI0Ya He MOXeT NpeBbinath 3HadeHHs Uy/R. Ilo-
ITOMY YUacTOK BOJbT-aMIepPHOH XapaKTepHCTHKH AHOda, pac-
foJI0xKeH b Bhille ToukH /=U,/R na puc. 22.2, BooGue ue
HMeeT OTHOMICHHsl K paccMaTpuBaeMoil 3apade. Mbl cuHTaem,
Y10 conpotuB/aenne R u npujoxkenHoe Hanpsxkenue U, Tako-
BBl, UTO 3TA TOYKA NPHXOAUTCA HA KPYTOH IOYTH MPAMOJH-
HeAHBIA yUacTOK BOJLT-AMNEPHONH XapaxkTepPHCTHKH, KakK no-
KazaHoO Ha pHC. 22.4. 3aMeHsIeM 3TOT Y4acTOK NPAMOH JHHuel
M IPOJOJIKAEM ee [0 NepeceyeHts ¢ ochio adciuce. 21y npAMyio
n GyJeM paccMaTpHBATh KaK HJEaJH3HPOBAHHYIO BOJLT-aMIIep-
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HYi0 XapakTepucTHKy anoja. Toraa nanpsikenne U; cooTBeTCT-
BYET TOYKE nepeceyeHus NOCTPOCHHOH NPpaAMOK ¢ ocklo abeumcc,
a ee HaKJIOH XapaKTepH3yeT CONpOTHBJEHHE AHOAA r NPH Ha-
NpsKEeHHAX, npeBblwalomux U;. YpaBHenne 3TOH npsMOR

[=Y=U (6)

r

Ilpu Takoil MAeanu3upoBaHHOH BOJbLT-aMNEepHOH XapakTe-
pHCTHKe AHOAA 3apsAAvbll TOK oOpauiaercs B HYJb yXKe TOTAE,

Vs 7= UPZ/, 7
!
/ Pue. 22.4. K Bubopy na-
[/ﬂ/'47 “““““ 7 pamerpos U; U r Hpeann-
anpopannofi XapakTepuc-

! THRH pHopa. Jlas cpaBye-
/ HMSI NOKa3aHa BOJbT-aM-
/ nepHasg XapaKTepHCTHKA
CONPOTHBJIEHHS R(I=

/R)

N

Y
R
===/ -

KOTJla HanpsKeHHe HAa KOHJEHCATOpe AOCTHIHET SHAueHHA
Uo—U;. TlostoMy K MOMEHTy npeKpamenus ToKa B Lenu
3apajl Konjemcaropa Oymer paseH C(U—U,), a ero
sneprusa pasHa C (U,—U,)¥2.

Tax Kax Tox B 1lenH CYECTBYET TOMbKO NPH HaNPAKEHUAX
Ha Auofie, 66ablHx yeMm U;, T0 «pafoTaeT» TOMBKO HAKJIOHHBIN
YYaCTOK MAeaJH3HPOBAHHOH BOJBT-aMNEPHOH XapaKTePHUCTHKH.
Ho ypasuense stolf npsamoll (6) cootBercTByeT 3akony Oma

!+ +:LU/

- Puc, 22.5. 3kBHBaJeHT-

u HAS CXeMa «HAeaaH3npo-

- I¢ r BAHHOrO» AHOJa NPH Hal-
paxenns U> Uy

JJis1 HEOZHOPOJHOTO YYacTKa lenH, NoKasaHHOH Ha puc. 22.5,
¢ JJAC ncrounnxa U;<<U. TlosToMy MBI MOMEM CYHTaTh, 4TO
B UeNny A/ 3apsfiKH KOHJEHCATopa BMECTO JHOAA BKJIOYEHO
OMHYECKOe COIIPOTHBJIEHHE r HOC/IeNOBaTe/IbHO ¢ R, a npuJo-
YKEHHOe Hanpskenue paBHo U,—U; (puc. 22.6). Ilpy npoxox-
Jennu no takoi uenH sapsra C(U—U,;) sKBUBaJIEHTHHH HC-
tounnkK ¢ IJC U—U, cosepuaer paory C(U,—U,)?. Beun-
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Tasg W3 3TOf paboThl 3aMacerHyld KOHAEHCATOPOM 3HEPrHio
C(U,—Uy)%2, nonydaem temtory Q', BBUIENHBIIYIOCH Ha
000HX CONpOTHBJEHUSIX R u r:

Qr — C (UO’Q_ Ul)z . (7)

TlockonbKy comporuB/ennst R U r COeAMHEHH TOC/EAOBA-
TeJIbHO, TO BBHIIEASIOIASCA Ha KaXJOM M3 HUX TemJora Ipo-
NOPIHOHA/NbHA conpoTuBJjenHio. [lostoMy mias Temsotsl (g,
BblAeAsAOmeHics Ha conpoTtuBaenud R, ¢ nomoinsio (7) noay-
yaeMm

r R C(Uy—Uy? R
QR:Q R+f: ( 92 1) R+r. (8)

Ecan r<R, TO NOYTH BCs Temiota Q' BLIAEAASTCA Ha CONPOTHBR-
Jenun R.

B feficTBHTE/ILHOCTH, KaK Y¥Ke OTMeUaJsIOCh BOHIIIE, TOK B
uenu o6pamrca B HYJIbL TOJbKO TOTZA, KOrja HallpAxXKEHHEe Ha

Puc. 22.6. Cxema, 3KBHBaJeHTHas l r Iy
puc. 22.1, ectH IHOX MMeeT HJCAAH3UPO- l/a'lf, =
BAHHYIO BOJIbT-aMIIEPHYI0 Xap aKTePUCTHKY T R

{1

Kouziencarope cpasusiercst ¢ U,. Tlpu atom npoxoxkzenuio fo-
MOJTHUTEIBHOTO 3apsiJa COOTBETCTBYST MOJOTHH Haya/bHBIA
y4YaCcTOK peaJbHOH BOJbT-aMIEPHOH XapaKTepHCTHKH AMOAA.
Tak Kak CONPOTHBJIEHME 1HOJA HA 3TOM IIOJIOTOM Y4YacTKe
O4YeHb BEJIMKO, TO OOJBILIAS 4acTh TENJIOTH, CBS3aHHOH ¢ MPo-
XOXKJeHHEM JONOJHHTE/IBHOIO 3apsla, BbieJasieTcd Ha JHOJE,
a He Ha CONpOTHBJEHHH R,

HMrak, BeZeasiomasics Ha cONpOTHBJIEHHH R Temnota Qp
naetcsl soipakenueM (8) (usm (7), ecau r<&R). Tennory @,
BBLIEJSIOULYIOCS Ha JIMOJe B TEYeHHEe BCEro mpouecca 3apsiku
KOH/IEHCATOpa, MOXKHO HAHTH KaK PasHOCTb MEXAY TeIoTol Q,
aaBaeMoit dopmynoit (5), H Tersotot Qp. A
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Konebatenbunle sajreniss MOTYT HMETh COBEPLICHHO Pa3nyio pusnye-
CKYI0 TIPHPOAY, OJLHAKO, HECMOTPs Ha 3TO, OHN YacTO 06/1aJal0T 061 HMY
UEPTAaMH M Jaxe NOAYHHAIOTCH OJMHAKOBHIM 3aKonoMepHocTsaM. OOumuit
NOAXOA K M3YUeHHNIo KoseGanuil B pasHulX GU3HYECKHX CHCTEMax MO3BO-
JsieT BCIEACTBHE YHHBEPCANTbHOCTH 33KOHOB: KOJIe6aTelbHbIX NPONeccon
€ €fINNOH TOUKH 3peHUd paccCMaTPHBATb MeXaHHYeCKHe, 3JEeKTPOMaPHHT-
uble ¥ Apyrue xonebauus.

Kpome kaaccupurainny no ¢pu3nueckoll mpHpoje npoHeccos, Koje-
6anns MOXHO KAACCHOHUMPOBATL M MO JPYFrHM TPH3HAKAM, HalpHMEp
1o crnocofy ux Bo3GyKAEeHHR UM IO HX KHHEMaTHKe, T. €, 10 XapaKTepy
3aBHCHMOCTH H3MeHsOWeHCss BeIHYHHb OT BpeMenu. Ilpu xiaccudpuxa-
uuR KoJle6Ganuii Mo cnocoby BO36YXAEHHS Pa3/jHyaloT COOCTBEHHBIE, BLI-
NYXKJennsle, napaMerpuueckue H aBToKosebannsi. Co6CTBEHHBIE KOJe-~
6anKs BO3HHKAIOT B TOM CJy4Yae, KOTKAa (H3HYECKas CHCTEMA BHIBOANTCA
N3 COCTOAHKSA YCTOHYHBOro paBHOBECHS M 3aTeM NpPejoCTaBJseTCs caMol
ceGe. BuiHyXKIeHHble Koje6aHHS BO3HHKAIOT B CHCTeMe NDH HaJHUMM
NepHOAMYECKOr0 BHEWHEro Bo3felcTBHs. ABTokoneGanHs MOryT npo-
NCXOJNATh B HeJHHeRHLIX CHCTeMaX ¢ o6pariuoil CBsi3blo, COAepXKamlhx
NCTOUHHK 3Hepruu. llapamerphueckye kojaeb6aHHs BO3HHKAIOT, KOrja
B CHCTeMe KaKoH-AH60 M3 XapaKTepH3YIOUIHX ee apaMeTpOB HepPHORH-
yeCKH H3MeHseTCs co BpeMeneM. [IpuMepoM napameTpuyeckoro Bo36yx-
LeHHR KoJe6aHMH MOryT CayXHTh Kaueaqd: DacKauyHBasi HX, YeJOBeK
npucejaeT M BLIIPSIMASET HOTH, TEPUOJHYECKH H3MEHSf NOJOXKeHHe
nenTpa Mace Kaueseli OTHOCHTEIBHO OCH NOJABECA.

Ilpn KaaccHGHKaUHA ¢ TOUKH 3pEHHs] KHHEMATHKH Pa3/iHyaloT ne-
pHoANYeCcKHe M HermepHogHueckHe KodeGauus. Cpeau nepHOLHUECKUX
Koae0annil 0COGEHHO BaXHYIO POJb HIrPaOT rapMOHHYECKHe, HJIH CH-
HycoRJaNbHbIe, KoNeGaHus, NPH KOTOPLIX ONUCHBAIOast CHCTEMY BElH-
YHHA MEHSEeTCs CO BPEMEHEM IO 3aKOHY

x (¢) = A cos (of +9). (1)

Benuuuna A HOCHMT Ha3BaHMe aMIIMTYAL Kosnebauuil, a of-+¢ —

ux Qaspl. 3navenne Qaspl Koiebannit npu (=0, T. e, BEJUUUHY @, Ha-

3BIBAOT HauadbHOW ¢aszoil. KpyroBas, WM nuKAMYeCcKas, 4aCToTa ©
cBA3ana ¢ nepuojoM Koaebauuit T cooTHoOlIeHKeM

T =2n/0. 2)
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CofcTBeHHble KoeGadusi B KOHCEPBATHBHBIX CHCTeMax GYAyT rap-
MOHHYECKHMU, KOIAa OHW OnucHBawTed auddepenunansusiM ypasue-
HUEM BHIA

£-4-wix =0, 3

PewenneM Takoro ypasHeHHs siBAseTcs QyHKUHst X (f), naBaemas
poipaxcenteM (1) npu =0, Taxum oOpa3om, KospdHUHEHT Npu X B
ypasueHun (3) onpegensier KBaJpaT 4acTOThl COOCTBEHHBIX KoseGanuil
®p. 3HaueHHE ®, HE 3aBHCHT OT HAYANBHHIX yCAOBHH, 8 OMpeAensercs
TOMBKO cBOHCTBaMH caMoit kosneGareabroil cucremsl. OT HagaNbHBIX yc-
JIOBHH' 8aBHCAT aMiauTyxa A M HauaabHas dasa .

YCTaHOBHBIUHECST BbIHYXJCHHBIE KOJe6aHHS BCErJa HMEIOT ‘“Tako#
e nepHoA, 4TO H BbI3bIBalollee HX BHelinee BosjeficTBue. Ecau sro
BO3JleliCTBHE ABJIACTCA CHHYCOMAAMbHBIM, TO M BBIHYXKJeHHEIE Kojeba-
Hust 6yAyT FapMOHHUYRCKUMHM, T. €. 6yAyT onHceBaThes dopmynodt (1),
B KOTOPOH TeNeph © PaBHA 4acTOTe BHEUIHEro BO3AeHCTBHA., AMMINTY N2
A w cpBur no Gase ¢ A YCTAHOBHBIUHMXCH BHIHYMK/IGHHBIX Kose§auuit
e 3aBHCAT OT HaualdbHBIX YCJIOBHH, a ONpejestioTcs aMIIMTY Ao# Buetr-
Her'o BO3A€HCTBHA M COOTHOIIEHHEM MeXKAY €ro 4acTOTOH ® H 4acToTOH
Wy co6CTBeHHBIX KoneGaHuil, KOTOPbIE BO3MOXKHBI B PacCMaTpHBaeMoii
cucreMe. 3aBHCUMOCTb A OT ® HOCHT HEMONOTOHHBIH xapakrtep. Peskoe
yBeJIHUEeHHEe aMIJIUTY/Bl BHIHYXIEHHBIX KojeGaunufl npH npudnumeﬂnu
® K )y HOCHT Ha3BaHHe Pe30HAHCA.

‘Bosnbl mpepcraBisiioT coGoft mpouecc pacnpocTpaHeHHs Koaeda-
uul. HecMotpst Ha pasnnuunylo QH3HYECKYi0 NPHPOAY, BOJHBI JIOGOro
THNA — MeXaHHueCKHe, 3JeKTPOMAFHUTHLIE H ApPyrHe — HMelT MHOro
oSuero H MOAYMHSIOTCA aHaJOTHYHBIM 3aKOHOMepHoCTsM. Bouaxa, B03-
6yxjaeMas HCTOYHHKOM, COBEPLIAIOIIHM rapMOHHYECKoe KoneGauue,
HasKBAETCH MOHOXPOMAaTHYecKof.

IlycTb KoneGaHHsA B HEKOTOPOH TOUWKe MPOHCXOAAT MO 3aKOHY

x ()= A cos of. @

Toraa npu pacnpocTpakeHHH BOJHBI OT 3TOH TOYKM BJOJNb HEKOTOPOrO
HanpaBJeHHs Kojxe0aHHs B TOYKE, OTCTOsimlell Ha PAacCTOAHMH 2, MPO-
HCXOAAT C HEKOTOPHIM 3alasjbiBAHUEM, ONpeieideMblM BpeMeneM npo-
XOXJeHUA BOJIHON 5TOro paccTOsHHS:

x(t, 2)=Acos w ({ —z/u). ()

3nech 4 — CKOPOCTh PAcHpoCTPaHeHH BOJHB. AMIJIHTYAa Konebamuui
A B NJIOCKOH BOMHE BCIOAY OAHHAKOBA, a B chepHuecKol BoJHe y6biBaer
cOpaTHO MPONOPUHOHAALHO PACCTOSHHIO OT LEHTPA BOJHEL.

[Tpn opHOBpemMeHHOM PpacnpoOCTpaHEHHH HECKOJbKHX BOJH OHH
HPOCTO HaKJaABIBAalOTCs OfHA HA IPYFyK, He HCKaxas APYL. Apyra.
HesaBHCHMOCTE PacCHpPOCTPAHEHHA HECKOJLKHX BOJH HOCHT HasBanue
NPHHLHMIA CYNePHO3ULHH. EC/IH 3TH BOMHBI CO3AAIOTCA KOrepeHTHBIMH
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NCTOYHHKAMH, TO NPH HX HalOXEHHH BO3HHKaET ycTofuHBas MHTEpde-
PCHIMOHHAA KapTHHA, B KOTOPOH B HEKOTOPhIX TOYKaxX KouaeGanus npu
CJIOXKECHUH YyCH/IHMBAIOT APYT ApYyra, a B APYyrux, naoGopor, ocaabasior.

1. MoHeTa Ha BHGpupywwei nopctaBke. [opuzoHTaJbHas
NJIOIAIKa MOXKET COBepHiaTh TapMOHMYECKHe KoJeGanus ¢ ya-
cTotoft @ nHbO B TOPH30HTA/ILHOM, Au60 B BEPTHKAJbHOM Ha-
npasjenun. [lpu kaxoit amnauryje xonebanuil Monera GyJleT
CMENIAThCsl OTHOCHTENBHO MOJACTaBKH?

A PaccMOTpHM CHavasta BepTHKAJbHBIE Kone6amm nog-
cTaBkH. IIpy KakoM yc/oBHHM MoHerta §yJeT ABHUTAThCsl BMECTE
¢ noacraBkoi? Ha moHery neficTByIOT CHJIA TAXKECTH M CHJa
peaklMH NOJACTaBKH, KOTOpas Moxet OLITh HanpasJeHa TONLKO
BBepX. Iloka cHaa peakuuu He oOpaTHTCA B HYJb, MOHETa
Oyner IBHraThecsl BMECTE C NOJCTABKOH. ¥ CJIOBHE OTPEIBA MOHe-
Thl OT NMOACTABKH — OfpallieHne B HyJIb CHJB peakuuu. Mrax,
MoHeTa 6yJieT OTPLIBATLCH OT NOJACTABKH JIHIIb TOTAA, KOTJa yC-
KOpeHHe MNOoACTaBKM 6yJeT HanpaBJeHO BHH3 W MPEBBICHT MO
MOAYJMIO YCKOpeHHe CBOGOAHOrO MNajeHHs g.

Ilyetb B MoMmeHT BpemenH {=(0 nojacTaBKa HauuHaeT IBH-
ratbCa BBEPX M €€ BepTHKAaJbHAash KOOPJHHATA M3MECHSETCH MO
3aKOHY

y({)=B sin wt. (1)
Ilpn sTOM BepTHKa/bHAsl NMPOEKLMs YCKOPEHHS
ay(f)=—aw?B sin of. @)

Uro6bl HafiTH MOMEHT BPEMEHH f;, KOTAa NPOH30MJET OTPHIB
MOHETHI, HYXKHO MNOJOXHTb ay(t;)=—g:

©%B sin wt;=g. (3)

I'paciyeckoe pellieHue 3T0ro ypaBHeHHA MOKa3aHo Ha puc. 1.1,
st Toro uto0Bl ypaBHeHHE HMEJIO peliedue, T. €, AeHCTBHTeNb-
HO NPOHUCXOAHJ OTPHIB MOHETHl OT NOJCTaBKH, JOJKHO BLINOJI-
HATBCH ycaoBHE @iB>>g. [lostoMy MuHMMaJbHAs aMIJUTYIA
BepTHKaJbHLIX KoOJe0aHuH, NMPH KOTOPOH MOHETa OTAeISeTcsH
OT TNOJCTaBKH, Jaercs ¢dopmyoi

Blin = glo. (4)

Uem Boilie gactota KoJeOaHMH, TeM MEHbLIE 3Ta aMIJAMTYJA.
OTpriB MOHETHI NPOMCXOAHT, KAaK BHAHO u3 puc. 1.1, npu
JIBHXXEHUH [OJCTaBKH BBEPX OT CPEJHErc MOJOKEHHS, KOTJa ee
CKOPOCTb YMeHbluaercs. VIHTepeCHO OTMETHTB, YTO NOJOXKeHHe
Y1 TOUKH OTPLIBA NPH 3aJIaHHOM YacToTe © HE 3aBHCHT OT aM-
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nAUTyAel Kosnehanuil noAcTaBKH. B camoM jene, NHOACTaBJSIS
3 (3) sin ofi=g/w*B B (1), HaxoguM y,=g/wd.

Jo mMoMeHTa BpemeHH f; MOJACTABKA M MOHETA JBHIKYTCA
Bmecte. Haunnas ¢ MomeHTa f; TpadHK HBHMIKCHHS MOHETH
npejcTasisier cobolt mapaboay, KOTOpasi HMeeT B TOuKe t
o0lLLyI0 KacaTeJbHYIO C CHHYCOHAOM.

Ilpn ropusoHTaAbHBIX KOJie0AHHSAX INOACTABKH JBHMKEHHE
MOHEeTLL onpenessiercs: IeilcTByIOell Ha Hee CUJIOH TPeHud.

9
81 _

Puc. 1.1. MoMeHT OTpLIBA N
MOHETHl TNpH BEPTHKA/b- Y
HbIX  KOJeGaHUAX HOJ-
CTaBKH \/ \

[Toka yckopeHue MOACTABKH HE MPEBBLILUAET MO MOJLYJ0 MaKCH-
MaJIbHOrO YCKOpEHHs [\g, KOTOPOE MOXET COOOIIHTb MOHeTe
CHJIa TpPeHHs, MOHETa JABHMKETCS BMECTe ¢ noacraBkoil. Ecun
YCKOpEHHEe MOACTABKH B KAKOM-TO MOMEHT BPEMEHH MPEBBLICHT
3TO NpeJeNbHOe 3HAueHue, MoHera OyJeT CKOJMb3UTh WO HOA-
cTaBKe. ¥YpaEHeHHus I 3TOTO CJydasi aHAJOTHYHBEl yPaBHeHH-
sv (1) v (Q):

x ()=A sin of, a(f)=—0w24 sin wf. (5)

MunuManbHas aMmJHTYAa, NPH KOTOPOH MoHeTra GyJer CKOJ/b-
3UTh [0 MOACTABKE, HAXOAUTCA H3 YCJIOBHS

0 Apin =pPg, OTKYAA Apy, = ng/o®. (6)

EcrectBeHHO, 4TO 3Ta aMILIHTYJa TeM MEHbIUe, 4YeM MeHbLUIe
KO3(pUIMEHT TPEHHS.

OtMmeruM, uTo B 3ajadax MOAOGHOrO poja INPeACTaBJsieT
HHTEPEC He TOJNbLKO BBEISICHEHHE YCJOBUH, TPH KOTOPHIX MOHETa
OTpPBIBAETCS OT HOACTABKH HJHM CMEIIAETCS OTHOCHTENBHO Hee,
HO M HCCJIefoBaHMe XapaKTepa fajbHeflero IBiKeHsT MOHeThl
KaK NPH BEPTHKAaJbHBIX, TaK H NMPH TOPU3OHTAJBHBIX KoJebHa-
HUAX MOACTaBKH. JT0 Jaxe foJiee MHTepecHasi, HO H BMeECTE C
TeM OoJiee TpyAHasA 3ajaya. A

2, JipuxeHHe MOHeTH Ha BHGpUpyromei noxcraske. Kaxk
BBLITJIAZIMT FPadUK CKOPOCTH MOHETHI, Jiexallefi HAa MOJACTaBKe,
KOTOpas COBEPINAET TOPHU3OHTaJIbHBEIE TapMOHHUYECKHe KoJeba-
HHST C YacTOTOH o M ammautyioi A?
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A Kax 6bl110 BEISICHEHO B npefblayuiel 3ajaye; Npy BHNOA-
nennyn ycaosuad w?A<{ug MoHera OyJeT ABMIaThCs BMECTE €
noactaBkoi. IIpyu sToM rpaduk CKOPOCTH MOHETH! COBIAAAeT ¢
rpaduKOM CKOPOCTH IIOACTaBKH H MpelcTaB/ser co00H KOCHHY-
conlly U.(f)=wA cos wf, nokasannyo Ha puc. 2.16. Ilostomy
MHTEPECEH TOJBKO NPOTHBONOJIOKHBIH caydall w2A>>pg, Korza
MOHETA CMEIIAETC OTHOCHTEJNLHO TNOACTABKH.

Ha puc. 2.la npusesien rpaduk yCKOpeHHs IIO,ZLCTaBKH
ay(f)=—w?A sin of, Ha KOTOpPOM yKasaHbl o6JacTH, rie Mo-
AY/ib 3TOTO YCKOPEHHSl He NPEeBOCXOAUT 3HAYeHHs ug, T. €.

L

Puc. 2.1. Ha nntepsanax o, 3 B #, {5 MOHETa ZBHXETCA BMECTE C NOA-
CTaBKoii

MaKCHMaJbHOro YCKOPeHHsl, KOTOPOEe CHJIA TPEHHs MOXKET Coo6-
IHUTH MOHeTe. FIMEHHO B 3TH HHTEpPBA/bl BPEMEHH (MHTEPBaJLI
«3axBaTta») MOHeTa MorJia Obl ABUTATLCS BMECTE € NOACTaBKOI.

Tlycts mo momenta #; (puc. 2.1) MOHeTa ABMIKETCS BMecTe
€ NOJACTaBKOH. B MOMEHT #; NPOHCXOJHT «CPBIB» MOHETHI, H Tpe-
HHE TMOKOsl 3aMeHsieTCsl TpPeHHeM CKoJbKeHus. Tak Kak cusa
TPEHHS CKOJbKEHHA INOCTOSHHA, TO JajbHeHIlee IBHXKeHue
MOHETHl B MHeplHa/lbHOl chcTeMe orcdera (T. e. B JaBoparop-
HOHl cHCTeMe OTCueTa, a HE OTHOCHTEJBbHO NOACTaBKH) NPOHCXO-
IHT C IOCTOSHHEIM yCKopeHueM. [JosTomy rpaduk ckopoctn
MOHETH, HaYHHAasl ¢ MOMEHTa #;, npejcTaBJjsier cobolt npsamyio
JIMHHIO, HAKJIOH KOTOPOH ONDEAENseTCsl CHJIOH TpeHHsA CKOJb-
senus., Ecan cuntatsd, YTO 37 CHJIA paBHa MAaKCHMaJbHOMH cHJe
TpeHHs MOKOsl, TO AaHHAs NMPsAMasl Kacaercsi CHHYCOMIB B MO-
MEHT «CphiBay 1.

Xapakrep AanbHeHIIero ABHXKEHHS MOHETH 3aBHCHT OT
TOFO, B KAKOH MOMEHT BPEMEHH €€ CKOPOCTb CHOBA CTaHeT pap-
HOM CKOPOCTH NOJACTaBKH. Ec/M 3TO cayuutes B Npefenax HH-
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TepBaJa «3aXBaTa», HANpHMEpP B MOMEHT Iz (puc. 2.1), 10 B TE-
yeHHe NPOMEKYTKA OT f» IO FPAHHILI HHTEPBANa «3aXBaTay Iy
MOHETa ABHIKETCA BMecTe ¢ NOJACTaBKOA. B MoMeHT #; CHOBa
NPOHCXOAUT «CpbBIB®, H ,U,aJIbHE]?IH]Qe JBHKEHHUE OISITh HpOHCXO-
JAT ¢ TaKUM Ke NO MOAYJIO YCKODEHHEM, HO HanpapJeHHbIM
B NPOTHBONOJNOKHYIO CTOPOHY. B MOMEHT #; CKODOCTH MOHETHI
¥ NOACTABKM ONATL CPABHMBAIOTCS, M OHM JABHXKYTCA BMECTE
JI0 OUEPEHOrO «CPHIBa», NPOHCXOANIEro B MOMEHT #;. Jlanbiue

oy

,”9
0

n/lg 9

Uy

1e /4
0

Punc. 2.2. Monera Bce BpeMs NPOCKaJb3b/BAET OTHOCHTEJNLHO MOACTABRY

BCe MOBTOpseTCH CcHayaja. TakuM 06pa3oM, rpauk CKOpoCTH
MOHETH NPEACTaBAsET COOOH «mHay», COCTOAIYIO U3 OTPE3KOB
CHHYCOMA M NpfAMbIX JuHH# (puc. 2.16).

Tenepb paccMOTpPUM CaTydalt, KOrjia CKOPOCTH MOHETHI ¥ MOA-
CTABKH CPABHMBAIOTCA 3a NpPEJe/aMd CJEAYIOIETo HHTEPBaJld
@axsata» (puc. 2.2). Tpaduk CKOPOCTH MOHETHI Tenepb Gyjer
COCTOSATh H3 TPAMOJUHEHHBIX OTPE3KOB, HAK/IOH KOTOPHIX,
paBHBHIH YCKOPEHHIO MOHETHl g, ONpeNeseTcs CHJIOH TpeHHus
cKoJbXKeHHs. H3/oMbl HA 3TOM rpadHKe COOTBETCTBYIOT MOMEH-
taM M3MEHEHHS HaNpPaB/JeHHs CHJLI TPeHUs. IJTO NPOHCXOAUT
npH H3MEHEHHsX HANPABJEHUsS OTHOCHTEJIBHOH CKOPOCTH, T. €.
npu Nepeceyenut NPSIMBIX C CHHYCOHIOH rpapuka CKOpOCTH
NOACTABKH. BhicOTa 3y6LOB TaKOH «HHJBIY, T. €. MAKCHMalb-
HOoe 3HAaUeHHE CKOPOCTH MOHETHI Up,,, PABHO NPOUSBEAECHHIO
yaKkJOHa Mg Ha YETBEPTh mNepHoja KojeOaHui MNOACTAaBKU:

Umax = MgT/4 = “Hg/Q‘D

MTak, BOBMOXHB TPH pekuMa ABHXKEHHS MOHETH Ha BUO-
pupyiolLeil TIOACTABKE B 3aBHCHMOCTH OT 3HaueHHs Oespasmep-
Horo napamerpa ®?A/ug. Kak Mbl BHACTH, NpH 02A/pg<l
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MoHeTa OyJleT ABHUTAThCSl BMECTe ¢ MOACTaBKOH. [1pH 3HayeHHsX
3TOr0 mapaMerpa, NPeBOCXOAANIHX €AHHHIY, TOALKO YacTb
nepuoja MoHera 6yJeT ABUraThCsl BMECTe ¢ moactaBkoil. Tako#
peXHM JBHXKEHHS OCYIECTBJsieTcsl, MOKa napamerp o*A/ug
He ROoCTHTrHET 3HaueHHs V' 1+ n¥/4. Utobbl y6eIuThCs B 3TOM,
JGCTaTOYHO c006pasHTh, YTO IEPeXold K TPeTbeMy DexHMy,
IIPH KOTOPOM MOHeTa BCE BpeMs NpPOCKa/b3bIBAET OTHOCHTE/bIIO
HO/JCTABKH, NMPOHCXOIHT TOTAA, KOrja NPOH3BEAEHHE HAKJOHA
NpsAMOH Mg Ha I0JIOBHHY nepioia T/2 paBHO yABOEGHHOMY 3HA-
UCHHI0 CKOPOCTH MOACTABKH B MOMEHT CphiBa:

ngn/o=204 cos wt;.

Toxcrasass ciofa cos ot; =V 1T—sintet, =V 1T—(ng/0?A)?,
HAaXOJUM Npeae/bHOe 3HaueHHe HHTEPECYIOEro Hac napaMeTpa:

o A/ug =V 1+ n¥/4.

Buano, 4To mepexof OT OXHOrO pexHMa JBHKCHHS K APYTOMY
BO3MOXKEH IPH yBeJHYeHHH JHOO 44aCTOTHl, JHOO aMILIHTYHAB!
KoaeOanuii A, JHGO NPH YMEHbUIEHHH KOI(XpHIHEHTA TPEHUA
n. A -

3. KOMOHHHpOBAHHBIN MasTHUK. PaccMOTpHM MasiTHEHK,

usobpaxennslii Ha puc. 3.1. Jlerkuil crepxens AAMHL [ NoA-

BelleH Ha ocu B Touke A rtakum obpa-

A 30M, 9TO OH MOXKET JIBHTrathbcs B IJIOC-
AN,

KocTd 4eptexa. K rpysy maccel m Ha

KOHIE CTepXKHs NPHKPEnJeHsl OAHHA-

KOBLIE NIPYXKHHB! JKECTKOCTH R, pacno-

JIOXKEHHBIE TOPH3OHTAJLHO B 3TOH XKe

) nJaockocTd.  Jlpyrue KOHIB MPYXKHH

3aKpernJiensl HenoaBHxkHO. Haitu vac-

TOTY MaJblX COGCTBEHHBIX KOJeGaHHi

TAKOrO MasiTHHKA B OTCYTCTBHE TPEHUS.

M Maccamu cTepKHA H NIPYXKHH MpeHe6-
*  peusb.

1
I $ | S 1 A Ecan 6B NpY:KHHBEL OTCYTCTBOBA-
i~ >T€ >
JId, TO paccmaTpuBaeMas CHCTeMa Npej-
Puc. 3.1. Konebanust  crapngma Gel cOGOM OOBIUHEIN MaTeMa-
TaKOro MasiTHUKa obyc- o o
foBieni kak cwioy THYECKHHA MasiTHHK, COBEPILIAIOMHMH KO-
TAMECTH, TaK ¥ cuaa- Je0aHusi B noje tsxkectd. Yactora cob-
MH ympyrocra CTBEHHBIX KoJsle0aHHH TaKOro MasiTHMKA
®); 3aBHCHT OT YCKOpeHHsi cBOGOAHOro
NaJieHusl ¢ M OT JUIHHLL crepxus [

wi=g/l. (1)
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[Vhed

Haofopor, B OTCYTCTBHE CHJIBI TSKECTH AAHHAA CHCTEMA
npespamaercss B OObIYHBI DPYXKHHHBIH MasiTHHK, Yy KOTOPOTO
Macca m KoJaeOeTCs rOPUIOHTANBHO OKOJIO CBOEFO NOAOKEHNH
pasnoBecHs noj AedctBHeM ynpyrux cui. Tak Kak Ha Teno
JEeHCTBYIOT ABC NPYXKUUBI, TO BbipaXkenHe AAs YacTOTHl COG-

CTBEHHLIX' KoJleOaHHil TAaKOTO HPYMHUHHOTO MasiTHHKA HMeeT
BHZ

03=2k/m. 2)

Herpyano nonyuuth BHPaXKEHHE AJIS YACTOTH COGCTBEHHBIX
KoseGannil paccMaTpHBAeMOro KOMOHHHPOBAHHOTO MasiTHHKA,
. KOTJla Ha €ro ABWXXEHHE BJIMSIIOT H CHJIA TAMXKECTH, U ynpyrue
CHJB 1epOPMHUPOBAHHBIX NPYKHUH.
Hasa atoro, Kax OGBIUHO, HYKHO A
paceMOTpPEeTh CHJBI, JEHCTBYOIHE
Ha BbIBeJEHHBIl K3 PaBHOBECHOTO
[OJIOKEHHS! MasiTHHK, H HanucaTthb
ypaBHeHHE BTOPOTO 3axoHa Hbio-
TOHA.

Hyere rpy3 cMemed H3 noJjo-
JKeHHs PpABHOBECHH BIpaBO Ha
paccrosune x (puc. 3.2). B stom
MI0JIOXXEHHH HA TPy3 B TOPH3OH-
TaJbHOM HampaB/eHHH JAeHCTBYIOT
nBe cuapl Fyu F;, HanpaBJIeHHbIE |
K NOJOXKEHHIO paBHOBecHA. CHJja
Fy ofycnosneHa JelicTBHeM noJd st@ | s-@
TsxKecTH. Ecai OTK/IOHEHHE X MaJlo [€ T
N0 CPABHEHMIO C LJIMHON MaSITHUKA  Pyc. 3.2, K phiukcaenHio ci,
[(ix|l), TO ANA NPOEKLUHMH 3TOH RelicTBYIOWMX Ha CMElCHHbIH
CHJpl HAa OCh X CHPaBELJMBO NpH- K3 NOJOKEHNA paBhODECHH
GJnMEHHOe BHIpaKeHHE Tpys

Fi=—mgx/l. 3)

Cuaa F, npejcTtapifeT coboii pPaBHONEHCTBYIOILYIO CHJI,
JEHCTBYIOIMX HA T'PY3 CO CTOPOHBI npyXKuH. IIpH ykasaHHoM
Ha pHuc. 3.2 BbIfope HanpaBJeHHS OCH X NPOEKLHs CHJBI, AeH-
CTBYIOIIEH Ha TPY3 B NOJOXEHHH DaBHOBECHS CO CTOPOHMI
npaBod NPYKHHBI, paBHA k(s—s,), DA€ S, — AJHHA Henedop-
MHPOBAHHOH MPYKHUHBEI, a §-— PacCTOHHE MEXJy KOHHAMU
npy:KHHBI IPH PABHOBECHOM NMOJIOKEHHH Ipy3a. Ecin s>s,, 1. €.
NpYXHHa pacTsiHyTa, TO 3Ta CHJa HampaBjeHa BOPaBO, €C/n
npy)KHHa cxKata (s<(s,) — To BJeBO. [1poexuus cuibl, AeHCT-
BYIOLIEH Ha Ipy3 B NOJIOXKEHHH PaBHOBECHS CO CTOPOHbI JIEBOH

i
&

1
!
]
f
]
>}
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npyXuHH, paBHa —k(s—s,). Koraa rpys cmemen u3 pasHo-
Becusa Ha x (puc. 3.2), TO CO CTOPOHBI IIPaBOH NMpPYKHHBL Jeii-
CTBYeT CHJId, MPOEKUMS KOTOPOH paBHa k(s—x—s,), a €O CTO-
pOHBI /1€BOI —k (s+-x—s,). [o3TOMY npoekuust paBHOASHCTBYIO-
ueit cuabl F, paBHa HX cymme

Fa=Fk (s—x—58,)—k (s4-x—s8,) =—2kx. #

Ormertum, uto cana F, HanpaB/ieHa BCerja K MOJIOXKEHHIO paB-
HOBECHS H HE 3aBHCHT OT TOTO, PACTSAHYTH! HJH CHKATH P yKUHGI
IpH PAaBHOBECHOM MNOJOXKEHHH Ipy3a.

C yueroM Bhipaxennit (3) U (4) ypaBHEHHE BTOPOrO 3aKOHA
Helorona sanuceiBaercs B BHIE

ma=—mgx/l—2kx. (5)

OGo3HauuM, Kak 3TO OOBIYHO NPHHATO, YCKOPEHHe a, paBHOE

BTOpPOH POH3BOJHON CMeuieHHus x Mo BpemeHH, yepes x. Toraa
ypaBHeHHe (5) MOKHO [epenucath caefyouum obpasom:

X+ (g/l + 2k/m) x =0. (6)

Urak, BTOpo# 3akon HbloTOHA 115 paccMaTpHBaeMoil CHCTEMbI
RPUBOJUT K AHpdepeHHHalbHOMY YPaBHEHHIO TaPMOHHYECKHX
Koqiedanuf, KBaApar 4acTOThl KOTOPbIX ®§ paBeH Kod(pulHeH-
Ty 0pu Xt

02=g/l4-2k/m. )

CpaBuuBast 3Ty popmyJay c¢ Boipaxkenusamu (1) u (2), yoex-
JlaeMcsl, 9TO KBaJpaT YacToThl COOCTBEHHBIX KosieGanuil KoMOH-
HHDOBAHHOTO MAasiTHUKa PAaBeH CyMMe KBaJpaTOB YacTOT @y
M ®2, KOTOpbIe ABJSIOTCH YacTOTaMH COGCTBEHHBIX KoJebGaHHi
MasiTHUKA [pU JAeHCTBHH KaXJof M3 NPHUMH, BHI3BLIBAIOUHX
Kosie0auus, B OTJE/NbHOCTH:

of = 0] 4 0}. (8)

IMTonmeuenHoe cBoiicTBO sBJIsiETCST JOBOJIBHO OOIIMM AJIs
KoJjiedaTe/ibHBIX NPOLECCOB Pa3HOH MPUPOILL: ecin KakKasi-iu6o
¢u3nueckasl BeIMUMHA MOXKET COBEpIIaTh COOCTBEHHBIE Koseba-
HHS NOJL AeACTBHEM HECKOJbKHX HPHUYMH, TO NPH OJHOBDEMEH-
HOM IeHCTBUH 3THX NPHYMH 4acToTa KoJeGaHuil yIOBJETBOpSieT
npasuay (8).

TMonyuenustit pesyabrat (7) uau (8), pasymeercs, yAOBJeT-
BODSIET MpPEAEJBLHBIM CJIYUanaM, KOTAA HJIM KECTKOCTb NPYHHUH,
W CHJIA TSIZKECTH CTPeMSITCs K HyJ 0. VinTtepecen npenesbHbii
ciydal, KOTZa HEOTPAHHYEHHO BO3pacTaeT JJMHA CTePKHA /.
[Ipu {— oo MBI IPHXOANM K TAKOMY JKe pe3yJ/bTaTy, Kak H OpH
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g-> (. PoJb cTepXHS B 9TOM c/yyae CBOAMTCA JHIUb K TOMY,
4yTOOL NOAAEPKMBATL TPY3, coBepllalomuil Konebanusa noj
JEHCTBHEM NPYXKHH. A

4. HecummeTpHunblii MASTHHK. Y TaKoro ke, Kak H B npe-
AbIAYIeit 3ajaue, MaATHHKA BMECTO NPYKHH C ONHOH CTOPOHE!
K Irpysy npuxpenJiena riaGkas pe3HHKa, nposiBadioomas ynpy-
THE CBONCTBA TOJILKO HpM pactsxeHuu (puc. 4.1). Korna ma-
ATHHK PacnosiodeH BEPTHKAJILHO, pe3HHKa He HaTanyTa. CMme-
IEHME TPy3a BOpPABO NPHBOAUT K PACTAMKEHHIO PE3HHKH, KO-
TOpOe yROoBJAETBOpAeT 3akoHy ['yka: F=—rFfyx. [lpu cMeuleHuK

@<

VU

TN
) 1
.’/
e
T g @
Puc. 4.1, Ilpn BepTHKaAbLHOM Puc. 4.2, Tlpu oTKIoHeHUM Ma-
NOJIOXKEHNH MadATHHKA pe3nHKa ATHUKA BJIEBO Pe3NHKa He BJHI-
He pacTAHyTa €T Ha €ro ABHXKeHNUe

rpysa BJCBO PE3WHKA NpocTto nposucaer. Hality nepuox co6-
CTBEHHBIX KOJe0aHHH TaKOro HECUMMETPHUHOTO MasTHHKA.
A TlpHu OTKJIOHEHHH MasiTHHKA BNPABO PE3HHKA pacTAruBa-
eTcsl H JBHMIKEHHE Ipy3a HPOHCXOAHT IO TAKOMY XKe 3aKoHuy,
Kak M JABMKeHMe KOMOMHHDOBAaHHOTO MasTHHMKa B 3ajaue l.
EauncTBeHHOE OTJHYHE COCTOMT B TOM, YTO BMECTO ABYX Npy-
MHUH Tenepb uMeercst ToJbko oAHa. [lostomy npu x>0

ma=—mgx/l—kx (x=>0). 8))

BBoxst 4151 YCKOPeHHs @ 0003HAYeHHE X, NEPENHILEM 3TO YpaB-
HeHue B BHJE

x+ox=0 (x>0), (2)
rje 4actora coGCTBeHHBIX KoJjebauni o, onpejesisiercs CooT-
HOIIeHHEeM

oi=g/l+k/m. 3

W3 ypasnenns (2) caenyer, uto ABHKEHHE TPy3a NPOHCXO-
JIWT 10 TAKOMY K€ 3aKOHY, KaK M MPH FapMOHHUECKOM KoJeba-
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MK ¢ 4acToTofl ®,, nmoka x>0, MOCKOJbKY CHJA YIPYTOCTH
—hx JeHCTByeT HA IPY3 TOJbLKO O T€X NOpP, NOKA MaATHHK OT-
KJIOHeH BnpaBo. Kak TONLKO MasiTHHK NMPOHJET 4epe3 IMoJoxKe-
HHUE PABHOBECHS W HaYHET OTKJOHATHCS BJIEBO, JEHCTBHE pe-
3UHKH NPEKPamaeTcsd ¥ MasiTHUK ABHXKETCS TaK Xke, Kak H npu
cBOOOJHOM KOJie6aHHH B 1oJje Tsukectd (pHe. 2.2). duddepen-
LHa/JIbHOE YpaBHEHHE TAKOrO JBUXKEHHS HMEeT BUJ,

x4+olx=0 (x<0), rre ol=g/l 4)

Takum oGpasom, monHas KapTHHA JBHMXKEHHS MasTHHKA C
PE3UHKOH He ONHUChIBACTCS OAHUM AHdxpepeHUHaJbHbIM YypaB-
nenreM. Kaxaplit pas B MOMEHT NPOXOXKJCHHS MasTHUKOM IO~
JIOXKEHUS] PABHOBECHS NIl ONMCAHUSA TOCJAELYIOMIET0 ABHKEHHSA

()
A
0 7 ,}
/) P A
I iy e
- )

Puc. 4.3. 3awmrpuxoBarubie GUTypsl, OorpaHHYEHHbIE rpadHKOM 3aBH-
CHMOCTH X (f), reoMeTPUUYCCKH NMONOGHBL

HYXKHO TEepexoJUTh OT ONHOTO YPaBHEHHS K JPYLOMy — OT
ypaBHenus (2) K ypaBHEHUIO (4), €cAM TPy3 IPOXOJHUT Yepes
HOJIOXKEHHe PaBHOBECHA ClIpaBa HaJeBO, U OT ypaBHeHus (4)
K ypaBHeHuio (2) — ecsau cJieBa Hanpaso.

[lepuox T, B Teyenue KOTOPOTO OCYUIECTBJAETCS MOJ-
HBIfl IMKJ JBHXEHHUS PpAacCMaTpHBAeMOTO HECHMMETPHYHOTO
MasTHYKA, CKJIajbiBaeTCs H3 JABYX HOJYNEPHOLOB, COOTBET-
CTBYIOLIMX TapMOHMYECKHM KOJeOAHHAM C UacToTaMH o,
H O

T=n (1/0,+1/0y). )

HurepecHo cpaBHHUTB MeXKAY co00OH MaKCHMAaJbHBIE OTKJOHE-
HUA MasTHHKA [PH €ro CMEUleHHAX BIPABO H BJERO OT MOJO-
JKEHHS paBHOBecHs. D10 MOKHO clesaTh, HampuMmep, NOCTPOUB
rpa@uK 3aBHCHUMOCTH CMelIeHHS Tpys3a OT BpeMeHH. [lyctb
B HayaJbHbLIA MOMEHT BpeMeHH f=0 rpys CmMmeleH BIpPaBo OT
NOJIOXKEHHs] paBHOBeCHS HA paccrosinue A, u ortnymen 6e3
Hava/JpHOA cKopoctd. Iloka rpys He AOCTHUTHET NOJNOXKEHHS



4. HECMMMETPHUYHDBIA MASITHUK 351

paBHoBeCHs, TpaduK ero ABHXKEHHs1 GyleT npeacTaBasTh co6oil
YacTb KOCHHYCOMABI, COOTBETCTBYIOLIEH pELIEHHIO ypaBHEHM:
(2) (puc. 4.3):

x(=Acosm,f (O<i<nl2a,). (6)

Tlocne npoxoxzeHNs NOJNOXKEHHs paBHOBECHS, T. €. npH x<<0,
rpaduk JBHIKeHHs1 OyJeT NpeiacTaBasATb COCOH YacTe Apyroil
KOCHHYCOM/BI, COOTBETCTBYIOIEH pelleHHI0 ypaBHeHHS (4).
OTa KOCHHYCOHJA HMeeT, KakK Mbl BhIACHUJIH, APYrof NepHoz H,
pasymeetcs, Apyrywo amniantyny A;. OpHaxo B TOYKaX, rie
STH KOCHHYCOWJBI CMEHAIOT APYr ApYyra, OHH HMEIOT ofimyo
KacarenpHyio (puc. 4.3). B camoM jese, Hak/JOH KacaTeJbHOi
Ha rpaHKe 3aBHCHMOCTH X (f) onpezesser CKOpoCTh Tesa, Ko-
TOpasd B MOMEHT MNpPOXOXKIEHHS NOJOXKEHHS paBHOBECHA He
MeHseTcsl. Takue KOCHHYCOMIBI I'€OMETPHUYECKH NOLOGHBI (CM.
3alUTPUXOBAHHLIE YYACTKH Ha pHcC. 4.3), NO3TOMY OTHOLIEHHE
HX aMOJHTYyJ PaBHO OTHOWIEHHIO COOTBETCTBYIOLIHX HOJdYyIe-
pHOJIOB:

Al/A0=0)0/0)1-. (7)

Orciofa nocje NOACTAHOBKH 3HAYEHHH YacTOT ®, M @y NOJYy-
yaem

A= AV T Eijmg. (8)

K coordomeHuo (7) MOXHO NPHATH H H3 SHEPTeTHUECKHX
cooépamemm [Tonnas mexanuueckas 3Heprus paccMaTpupae-
MO CHCTEMbl COXPAHSIETCsi, H B TOYKAX OCTAHOBKM, Ie OT-
KJOHEHHSl MasgTHHKa MaKCHMaJbHEL, OHAa COBIaJaeT ¢ NOTEH-
nuanpholt. [losTomy 3Hauenus HOTeHIJ,HaJIbHOﬁ SHEPTHH B
KpallHHX TOUKaX OJMHAKOBH. Tak Kak JeHcTByOIas CHJa
NPONOPUHOHAJbHA CMENIEHHIO, TO [IOTeHIHabHAs SHEPTHs Po-
nopuuoHa/NbHa KBanparty cmeureHus. KosapdbuuuenT nponopuy-
OHaJIBHOCTH ONpejenser KBaapar 4actorsl KoneGanui. [Tostomy
BEIpayKeHHe AJs NOTeHUHAJbHOH 3Hepruu L) MOXHO 3anHcath
B BHJE

w2x2
E,=15 9)
[loguepkHem, YTO AaHHGE BHIpAXKEHHE CIPABEAJIHBO KakK NpH
OTKJIOHEHHH TIpy3a BJIEBO, KOIJld NOTEHUHAJbHASE SHEPrus —
3TO HEPTHSl TPy3a B NOJE TANKECTH, TAK H NPH OTKJIOHEHHH
BNPAaBO, KOrJa [OTEHLHAJbHAs SHEPrHsl CHCTEMBl CKJaIbiBa-
eTCsi U3 SHEPrHH Tpys3a B NOJE TAKECTH M MOTEHNHANbHON
SHEPTHH pacTAHyToH pesHHku. Pasymeercsi, B dopmyay (9)
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B KaX@/[0M CJyyae CJIEeAYeT MOACTaBHTb COOTBETCTBYIOMIEE 3HAa-
YeHHEe YacTOThl ®, HJAH ®;. EC/IH Tenepb npupaBHATL 3HAYSHUA
MOTEHUHANLHOM HEPTHH B KpaWHUX TOYKAX c/eBa M chpaBa:
mw; A __ maiAs
DA A
TO HeMeJJICHHO NMPUXOAMM K HPEXHEMY cooTHoueHuio (8). A

5. KonebaTejbHsIA KOHTYP C MCTOMHHKOM TOKa H  ero
mexaHuyeckass aagorusi. Mcrounnk ¢ DJC & u HyJ/eBbiM
BHYTPEHHHM CONpPOTHBJCHHEM COENHHEH IOC/IeN0BaTe/bHO C
KaTYIIKOH MHAYKTHBHOCTH W KOHJACH-
caropoM (puc. 5.1). B HayaJbHbLHA
MOMEHT BpEMEHH KOHJEHCATOD " HE
sapsxen. HalTH 3aBHCHMOCTE OT
BpEeMEHH HaflpsKEeHUA Ha KOHJEHCa-
TOpe nocje 3aMblKaHufA Kmouda K.
B Kakoli MexaHHUYECKOH cHCTeMe
npouecc kKosaeGannit Oyjper adajoru-
Puc. 5.1. KoneSaresuuh E(e)iinx;tl)jgéannm B paccMaTpHBaeMOM
KOHTYpP, COAepKauHy{ HC- i

TOYHMK IHTAHUR A Hzyuenne npoueccos, MPOHC-

XOAAWIMX B paccMaTpUBAaEMOM KOH-
TYPE, eCTeCTBEHHO HauaTb C COCTABJEHHMA YDaBHEHUS HJiA
TOKa B Takofl uenu. Bee sieMeHTH LMW COEAMHEHHI NOCJe-
ROBaTeJbHO, 103TOMY CHJla TOKA BO BCEX €€ y4acTKaxX B JaHHBIH
MOMEHT BPEMEHM OAMHAKOBA, a CyMMa Hanpsi’KeHHH Ha BCex
anementax pasua DJC. Tak Kak N0 yclOBHIO BHYTpeHHEe
CONIPOTHB/IEHHE HCTOUHHKA TOKA PaBHO HYJO, TO

Up+Uc=8, (b
rae U, — HanpsmxeHHe Ha KovjJeHcatope, Uy — Hanpsxenue
Ha KaTyUIKe WHAYKTHBHOCTH.

Hanpsixenne Ha KopjeHcatope U, CBfi3aHO C 3apsiioM g
ero BepxHeH MJMACTHHEI H ero eMKocTbio C COOTHOWEeHHeM
U.=¢/C. Hanps:xeHnne Ha HHAYKTHBHOCTH B JII0GO# MOMeEHT
BpeMeHH pPaBHO 1[0 MOAYJI0 H NPOTHBOHOJNOXHO MO 3HAKy
DIC camonnpykuuu, nosromy Up=L dl/dt. Tox B uenu I,
KaK BHMAHO M3 puC. 5.1, paBeH CKOpPOCTH H3MEHEHHs 3apsija
BepXHEH NJacTHHB KOHmeHcatopa: [==dg/dt. TlogcraBasns Tox
B BLIpaXkeHHe J19 HANPSIKEHHA Ha KaTyllke u oGo3Hayas
DTOPYIO NPOU3BOAHYIO 3apsifia KOHAEHCATOpPA ¢ MO BpeMeHu
yepes ¢, mepenuuem ypasaesde (1):

Lj+q/C=8. @
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BBonst ofosnauenne oij=1/LC, 3amuuem ypasuenue (2) B
BUe “
g+ oig=2&/L. (3)

D10 ypaBHeHHe OTIHYaeTcs OT AupdepeHnuasbHoro ypas-
HEHHST CBOGOJHBIX TapMOHHYECKHX KOJeBaHHH ¢ 4acTOTOfl
®, TOJbKO TEM, 4YTO B €ro I1paBOfl YacTH BMECTO HYJ CTOUT
nocrosinHas Beanunna &/L. Ero moxno npusects x ypabne-
HHIO TaPMOHHYECKHX KoJeGanui, €c/u chenaTh NpoCcTyio 3a-

MEHY
7=Q+&/Lwj. €

Tak kak ¢=Q, TO B pesyabTaTe TaKoHl 3aMeHbl npasas
yacTb B ypaBHeHMM (3) nponajaer, ¥ OHO NPHHUMAET BHJ

Q+wQ=0. (5)

Bupuo, 4T0 370 AEHCTBHTE/NIBHO YpaBHEHHE CBOOONHBIX TAPMO-
HUYECKHX KOJeOaHUH ¢ 4acTOTOH ®,, HO TOJBKO Teneph Be/u-
4YHHOH, coBepliaiollell CHHYCOMJAAJbHBIE KoJeGaHusi, fABJs-
ercsl HE 3apsAj MJACTHHBL ¢, a BBEIEHHAS COOTHOIeHueM (4)

BeIHYHHa Q:
Q (H)=Q, cos (w,f+a). (6)

[Tocrosinuble Q, M & JOMKHBL ONPEAEIATLCS H3 HAYaJbHBIX YC-
JIOBUH.

Tenepb Jerko HANKCATh BbIPANKEHUE AJIs HHTEPECYIOWEH Hac
BEJHUHHBL ¢ {f). YuHTHIBas, YTO BTOpOE cJaraeMoe B npaBoil
gact cooTHomenus (4) pasno C&, ana 3apsajga KoujaeHcaropa
g () ¢ nomoup (6) nonyuaem

q (=0, cos (w,t+a}+Cé. (N
Mo yc/0BHIO 3ajiaul B Haya/bHBIH MOMEHT BpeMeHH =0 KoH-
JIeHCATOP HE 3apsiKEeH, a KJI04 PAa3OMKHYT, T. €. TOKa B LElH
ger. [losToMy COOTBETCTBYIOILHE paccMaTpHBaeMOH sajaye
HauaJbHBIE YCJAOBHS HMMEIOT BUJ

q(0)=0, I(0)=0. ©)
Yrolbl BLIGpaTh MOCTOAHHBIE Q, H C, YIOBJETBOPAIOMIHE Ha-

yabHEIM yCJaoBHAM (8), HY:MHO CHaydasia HalTH € MOMOILLIO
(7) BbipaeHue I1s1 TOKa B uemH [:

I (t)y=dg/dt=—Q,®, sin (0 -+-a). ()]

[onarast B opmynax (9) u (7) £=0 u y4uthiBas Hayajklible
ycaoBua (8), mosyd4aem ypaBHEHHS JJIs HAaXOXKJAeHHA Q, n o

Qocosa+C&E =0, —Qu,sina=0. (10)
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M3 nepsoro coorxowenus (10) suano, uro Q,540. Torma us
BTODOTO COOTHOLICHHS cJlelyeT, uTo sin a={(, T. €. HAYaJbHYIO
a3y koJjeOannii & MOXKHO NOJIOKHTL paBHOH HyJ0. [ToacTas-
aas a=0 B nepsoe cootHoweHnue (10), naxozum Q,=—Cé¢&.
Hrak, yjoB/eTBopamoLiee HavyaJbHBIM ycJaoBuaM (8) peluenue
ypaBHerHst (3) uMeeT BHJ

g (1) =C& (1 —cos w,t). (11)

OueBHJHO, YTO TAKOH Ke BHJ HMEET ¥ 3aBHCHMOCTb OT BpEMeHH
Halipsikenusi Ha Koupeucartope U (f)=q/C.

I'paduxu s3aBucuMocTH 3apsiia KOHJAEHCATOpa M TOKa OT
BpPEMEHH IOKa3aHbl Ba pHc. b.2. M3 sroro rpaduka BHAHO,
o1t) 41O 3apsii KOHAEHCATOpPA COBEp-
s _ mlaeT rapMOHHUYecKoe KoJeba-
\ HHe OKoJo 3Hauenua ¢=C¢&,
O FmefmommaaNemeafoees\-  COOTBETCTBYIOILEIO 3apPsAy, KO-
TOpBIE uMeT OB KOHOeHca-

0 > TOp B PAacCMATPHUBAEMOH wLenu

%) (puc. 5.1) B cocTOAHAHN paBHOBE-

cua. Kone6anus 3apsija npouc-

Vi XOAAT MEXAy 3HaueHHUAMU ¢=0
z

\/ \., u ¢g=2C&, Tak 4YT0 3HAK 3a-

psAja  KaxJoH MJAaCTHHEL He
Pue. 5.2. 3aBucuMocTs 3apaga Mensiercsi. KoJseGanus Toka, B
Konjencaropa H TOKa B LEIH OT o
BpeMenH OTJINYHe OT KoJebaHuil 3apsijia,
IIPOHCXOAAT OKOJO 3HAUCHHSH
/=0. MaxcumanbHOe HanpsXeHHe Ha KOHJEHCATOPE PABHO
yapoennoit IIC wucrounuka: Ug,,,=28.

MoxeT BOSHUKHYTh BONPOC, .KAK 3TO BOOOIIE HCTOYHHK
¢ JJIC & moxer 3apAluTh KOHJAEHCATOP 1O HANPSAKEHMs,
paBHOro 2&. 10 OOLACHACTCH HaJHuMeM KaTylUK¥ MHAYKTHB-
HOCTH B Uenu sapsajaku: jefctsue DJIC caMOWHAYKIHH NPHBO-
LMT K TOMY, 4TO TOK B IENM HE MOXET o6paTHTbCS B HYJb B
TOT MOMEHT, KOTJA HalpsIKeHHE Ha KOHJEHCATOpe JOCTHraeT
snavenust, pasHoro JJAC MCTOUHHKA, U KOHAEHCATOP NPOKO.I-
JKaeT 3apsKaThesl.

[Tepexonsa K oOCYXIEHHI0O MEXAHHUECKON CHCTEMBI, aHaJo-
THYHOH PACCMOTPEHHOH 3JEKTPHUecKOH LEeMM, HANOMHHM, YTO
KO/1e0aTeIbHOMY KOHTYPY, COAEpIKalleMy HHAYKTHBHOCTL M
eMKOCTh, MOXHO IOCTaBHTb B COOTBETCTBHE MPYKHHHBII Ma-
sTHUK. TTIpH 3TOM 3apsiA KOHAGHCATOPA aHAJOTHYEH CMEMICHHIO
rpy3a, a TOK B KOHTYype — CKOPOCTH JIBUKEHHUS Tpy3a. Yupy-
rast IPY2KHHA sIBASIETCs aHAJOrOM KOHJEHCATOPa, a ABHKYILAs-
Csi Macca — aHAJIOroM KaTyWIKH HHAYKTHBHOCTH.
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Ho B paccmoTpennoll nenms Kpome KOHACHCATOpA M KaTylii-
KH HHAYKTHUBHOCTH €CTb €Ilie ORAHH 3JICMEHT — HCTOYHHK IH-
tauusi. DBuaarogaps MCTOUHMKY B TaKOH IIeMH CTAHOBMTCSH
BO3MOKHBIM BO3HHMKHOBEHHME KOJeOaHUH Jlaxe B TOM CJytae,
KOTJa B Haua/bHbIH MOMEHT M 3apal KOHAEHCATOpa, U TOK B
Lend paBHbl HYJMO.

[TockonbKy B 3JEKTPHUECKOH LienH B HaudaJdbHBIA MOMCHT
BPEMEHH 3apsj KOHJAEHCATOPA U TOK paBHBl HYJHO, TO B MeXa-
HUYECKOM aHAJore 3TOH CXeMbl B HayaJb-
HBIL MOMEHT pY’KHHA JOMKHA ObITb Hefe-
(hopMHPOBaHA, a TPY3 AOJKEH NOKOHTHCS,
Ocraetcsi TOJALKO NPUAYMAaTh, YTO MOXKET

Z

g
BBIMOJHUTL POJb UCTOYHHKA TOKA B Mexa-
HUUYECKOH cHCTEMe: MeXaHMyecKHMH aHaJor
UCTOYHHKA JIOJ’KeH NPHBECTH CHCTEMY B -40
nBmKeHue 6e3 HayaJbHOro TOJNUKa H JOJ- -
JKeH [POf0/KaTh ACHCTBOBATh W JaJfblie B myk
npouecce KoseGaHui. 2mgtk

Herpynso coofpasutb, 4to 3Ty pOAbL B z
MEXAHUYECKOH CHCTEME MOXKET CHIrPaTb Puc. 5.3. B nauads-
OJie TSDKECTH, €CJIH NPYKUHHBIA MAasTHHK ~ Hbl# MOMEHT Dpy-
pacno/IOKHTb BEPTHKANBHO,  NOANEperh AMie a“eﬂﬂfq’oaf)“fl‘:_j
rpy3 TMOACTaBKOM Tak, 4TOOB NpYXKHHA ggﬂBmH, p}io,are;ﬂ
6uia nezedopmupoBaHa (pHc. 5.3), a 3a- noxcraBky BHULEp-
TeM pe3Ko BbIAEpHYTb mnoacraBky. Coc- THBAIOT
TABHM YpaBHEHHE JABHMKEHHS JJIf- TAKOrO
MasiTHUKa. HanpaBum och x BePTHKAJbHO BHH3 ¥ OyJAeM OTCUH-
THIBATH CMEIEHHE TPy3a X OT HAYaJbHOTO NOJIOXMEHHA, B
KOTOpPOM mNpyxuHa HemehopMupoBana. Torpga npoekuust ch-
Jibl, ICACTBYIOIIEH HA TPY3 CO CTOPOHBI MPYXUHB, paBHa —kX.
Tak KaK Ha rpy3 JeHCTByeT ele W CHJA TSKeCTH, TO ypap-
HeHHe BTOpPOro 3akoHa HbioTOHA HMMeeT BHJ

ma=mg—rkx. (12)

O6o3Hauas yCKOpeHHe MPYXHHBI, T. €. BTOPYIO [POH3BONHYIO

CMellleHyd 110 BPEMEHH, Yepes X u BBojsi o003HaueHue wj=rk/m,
. mepenumeM ypasHeHue (12):

X+ wix=g. (13

Mbl BHAMM, 4TO NpolEcCH B MeXaHHUYECKOH CHCTEME H B
pPacCMOTPEHHOH BBIIE 3JIEKTPUYECKOH LeNnd ONHCHIBAIOTCH
ouHaKoBbIMH ypaBHeHHsamu (13) u (3). OxuHakoBeIMH 6YIyT

M HayaJbHblE YCJIOBHA: OTCYTCTBHIO 3apsija KOHJeHcatopa I
TOKa B Haua/bHblii MOMEHT BPEMEHH B 3/EKTPHUECKOH Lenu
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(cooTnowenHs (8)) COOTBETCTBYIOT PaBHbIE HYJIO CMEILEHHE Ipy-
34 ¥l €ro CKOPOCTb B MOMEHT BLILJIEPrHBaHHS TNOACTABKU:

x(0)=0, v(0)=0. (14)

Taknm o6pasoM, paccMatpHBaeMas MEXaHHYecKas CHCTeMa
JefiCTBUTENbHO TpeficTaBiasieT COOOH aHa/Ior 3JIeKTPHUYECKCH
€N, ¥ BCE CONOCTaBJsieMble B HUX JAPYr APYrY BeJHYHHLI
U3MEHAIOTCA CO BPeMeHeM [0 OJAHHAKOBOMY 3akoHy. [lostomy
cMmenienne rpysa x (f) naercs dopmyaiok (11), B KOTOPYIO TOABKO
BMecTO BesaHuHHbl CE HYXHO MOACTABHUTH €€ aHAJOor B MeXaHM-
veckoit cHereMe. V3 conocrasienus ypasmenuit (3) u (13)
fICHO, YTO BEJHYHHY &/L cjenyer samMeHUTh HaA g, a BeJHUHHY
SC=&/ Lo} — Ha g/oi=mglk:

x(t) =Z£ (1— cos yl). (15)

I'papux saBHcuMocTH x (f) H3oGpaxaercss teM ke puc. 5.2.
Buano, uro xonebGanus rpysa HPOUCXOAAT OKOJO 3HAUEHHs
x==mg/k, COOTBETCTBYIOLIETO cTatuueckofi aedopmaiuu npy-
YKHHBI N0 TSDKECTBIO TPy3a, T. €. OKOJIO NOJOXKEHHs paBHOBe-
CH$t CHCTEMBl B 1IOJIE TAXKECTH.

WurtepecHo paccMOTperh 3HepreTHuyeckHe npeBpalieHHs,
NPOHCXOAAIHE TIPH KoJebaHHRX B JAHHOH 3JEKTPHUECKOH
rend W B IIOCTaBJEHHOH el B COOTBETCTBHE MeXaHHYECKOl
cuctreme. Jlo 3aMbiKaHHsA Kio4a, 10OKa 3apsji KOHJEHcaropa
M TOK B KaTYIUKe HHAYKTHBHOCTH pPaBHBl HYJIIO, 3JEKTpHye-
CKoe [oJie B KOHAEHCATOpe U Mar{UTHOE M0J€ B KaTyIlUKe oT-
CYTCTBYIOT, T. €. PaBHbI HYJ/IO COOTBETCTBYIOLIHE HM SHEPIHH.
Touno Tak Xe 0 BBUIEPTHBAHHSA MOJCTABKH B MEXaHHYECKOM
clcTeMe ynpyras NOTEHLHAJJbHAA 3HEPTHA NPYXKUHB U KHHe-
THYeCKasi 3Heprus rpysa paBHbl HYJo. [locse BuepruBanus
MOJACTABKH TPY3 NOJ ACHCTBHEM CHJbI TAXKECTH YCTPEMJSIeTCH
BHH3, NpHobperas CKOPOCTb H KHHETHYECKYIo 3Hepruio. Ogp-
HOBpPEMEHHO pacter jJedopMalusa NpyKUHBI H CBSI3aHHAs C Hell
ynpyras noresHudajbHan sneprns. [locse npoxoxaeHus noso-
)KEHHS paBHOBeCHs Xx=/ng/k CKOpOCTb M KHHETHYeCKas 3Hep-
rud rpys3a HauuHalOT yOblBaTh, M B KpalHeH HIDKHEH Touke
x==2mg/k KnHeTHueCKas SHePTHA obpamiaercs B HyJ/b. Ynpyras
NOTCHUMAMbHAS SHEPTHS NPYKHUHBL £, =kx?/2 NOCTHTAeT B 3T0T
MOMeHT nauGoJbiuero 3Hauenus E,=2m?g?k. Becb 3T10T 3anac
ynpyro#l 3Hepruu npyxuHa nprobpesa 3a cuer paboTbl CHJL
TAXKeCTH. B camoM jese, mpH ONYCKAaHUM TPy3a €ro MOTEHIH-
anpbHasi SHEPTHsI B I1I0J1€ TAXKECTH YMeHbIIHJIach Kak pas Ha
Takylo ke Beaudnny mg-2mglk. B Teuenue cienyomeii no-
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JIOBUHBL MEPHOIA MPOHCXOAMT OOpaTHOE MpeBpaleHHe NMOTEH-
LHMaJbHOH SHEPTUH ynpyro# AedopMalMu NPYKHUHBI B IIOTeH-
LHAJbHYIO SHEPTHIO Tpy3a B IOJ€ TSXKECTH.

CoBepieHHO aHaJOrHYHLIE NPEBPAICHHS 3HEPTHH NPOHC-
XOAAT M B 3JEKTpUUeCKOH Lend. B Teyenne nepBoil moJIOBHHLE
neproga 3a cder pabOTBl, COBEpIHAEMOH HCTOUYHHKOM TOKa,
MOABJISICTCA SHEPTUA MATHHTHOTO NOJS KaTYILUKH H 3JEKTpH-
4ECKOTO MOJIS KOHAEHCATOpa, NPHUEM K KOHIYy 3TOTO NpoMe-
KYTKa BpEMeHH BCSl 3Ta SHEPTHS OKa3bIBAETCA COCPEOTOYEH-
HOH B KOHJelcarope. B TeueHne BTOPOI MOJOBHHBI [EpPHONA

9)

Puc. 5.4. B uenu c conporus-
NeHHeM KoneGanus 3apsga KoH- (&
AEHCATOPA BaTyXaloT

o]

MPOHCXOAAT OOpaTHbIE MPEBPAaLleHHsT SHEPTHH, H BCHA 3He
rHs BO3BpalaeTcss B HCTOYHHK TOKa. OUeBMAHO, YTO 3TO BO3-
MOXHO TOJBKO ITOTOMY, YTO BHYTPEHHEE CONPOTHBJEHHE HC-
TOYHMKA paBHO HyMo. JpyruMm cJ0BaMH, BCE NPOUECCH B
HCTOUHHKE OOPaTHMBI H NPOXOXK/IEHHE 3apsja 4epe3 Hero pe
CBsI3aHO C BbIAGJEHNEM TenJa.

Onuako mo6oit peasbHbIE HCTOUHHK TOKA (KaK, BIpoYeM, H
KATYIIKA HHAYKTHBHOCTH C COEIMHMTEJbHBIMH [POBOLAMH)
ofJsiafiaeT conpoTuB/eHHeM. [103TOMy IPH NPOHCXOASNIMAX 1PO-
ileccax HeH30eXHO BHIAENSETCS TemJIoTa M 3HePreTHUECKHe
npespamenus HeoGpatumbl. Konebauus B JEHCTBHTENbHOCTH
GynyT 3aryXaomumu (pHC. 5.4), TaK 4TO B KOHIE KOHIOB Ha-
fpsKeHHEe HA KOHJIEHCATODE CTAHET PABHBLIM OMAC HcTOUHMKA.

B peanbHo#t MexaHHYeCKOH cHCTeMe BCerfa HPHUCYTCTBYET
tpenue. [1oaToMy H 37ech HEM306€XKHO BLIAEICHHE TENNOTH, T. €.
[peBpalieHns MEXaHHUECKOH 3HEePrHH TaKikKe HeoGpaTHMBbL,
Konebaunsi 6yAyT 3aTyXaloOWUMH, U IPY3 B KOHLE KOHLOB yC-
TAHOBUTCA B MOMOXEHUH paBHOBecHs x=mglk. A

6. Hdeoiinoii maatuuk. Touka nojBeca A nBoiiHOro Masrt-
HHKA COBEpIlaeT rapMOHHYECKHE KoJebaHHsA ¢ MaJjoH amniu-
TyJ0¥ B TOPH30HTaIbHOM Hanpas/enun (puc. 6.1). dauna nuxk-
HeH HUTH paBHa [, Macca HHXKHero IUapHKa paBHam, BepXHe-
ro — M. Kagunm Jo/mked ObITb NepHOA KOJEeOaHHH TOYKH
noapeca A, uToOGH BepXHss HUTL BCE BpeMsa ocTaBaJjach Bep-
THKAJIBHOH ?
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A PaccMOTPHM CHCTEMY WApHKOB m ¥ M, COeIHHEHHBX
nuTLio AJuHE [ JonycTuM, Mbl nofo6paau Takoi nepHoR KoJe-
Gaunit T Touru mogseca A, 4ro nNpH KoseGaHusX HaLlero ABOM-
HOrO MasiTHUKA BepXHsif HUTb BCE BPeMs OCTAaETCs BEPTHKaJIb-
HOM., DTO 3HAYMT, YTO BCE BHEIIHUE CUJbI, JEHCTBYIOULHE Ha
BLIIEJIEHHYIO CHCTEMY, a HMEHHO CHJIBE TAXKEeCTH ¥ CHJIA HaTsiKe-
HHsl BEpXHEH HUTH, HanpaBJieHb! N0 BepTHKann. O1ciofa caeny-
€T, 4TO LEeHTP MacC CUCTEMbl HE NepeMelaeTcs B ropH30HTalb-
HOM HanpaBJeHHH. JIpyrumu cJoBaMH, wapsl B MOOOH MOMEHT
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Puc. 6.1. Touxa noxseca A co- Puc. 6.2. Ecan BepXHAS HHUTL

BEpHIAGT TapPMOHHYECKHE KOJE-

6auua ¢ Tako# uwacToTOH, 4TO

BEDXHAA HHTb BC€ BpeMs OCTa-
€TCSl BEPTHKAJNbHOH

NpH KoJeGaHHSIX OCTaercs Bep-

THKaJbHOH, TO IHEHTP Macc wa-

poB B He mepeMenaercsl IO ro-
pH3OHTAIH

BpEMeHH IBHXKYTCS B [POTHBONOJOXKHBLIX HaNpaBJeHHAX, a
OTHOWIEHHE HX YCKOPEHHH OGPATHO NPONOPIHOHANLHO OTHO-
IIEHHIO Macc:

a/as=M/m. 6]

C apyroii CTOpOHBI, HENOCPEACTBEHHO W3 PHC. 6.2 BHAHO, uTO
a/as=s/ (I—s). (2)

Cpasuugas (1) u (2), Haxouum
!

s:_1+m/M' (3)

[TonbiTaemca Tenepb npeacraBuTh cebe, yTO 3T0 3a KoseGa-
HUA. YCKODEHHs O0OMM INapaM CCOOIAeT TOpH3OHTAbHAs
COCTaBJAOLAA CHJIBL HATAXKEHUS HMKHeH HHTH. [Iockogbky
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TouKa B (UeHTp Macc mapoB) MO TOPHU3OHTANH He NepeMelna-
ercsl, ABHXKEHHE HMIKHEro Llapa NpHONHKEHHO MOMKHO Mpej-
CTaBHTb cefe Kak cBOGOAHBIE KOMeOAHHA MaTeMaTHYECKOrO Ma-
ATHHKA AJAHHOH s. Crporo rosops, Touka B copepmiaer nepe-
MCIIEHHS MO BePTHKAaJNH, OAHAKO NPH HeOOJBIIOH AMIIUTYAE
KO/MeOAHHS MasiTHAKA STH IIepeMelleHHsl CTOJMb MaJbl, 4TO HE
BJHSIIOT HA HepHOA KosaeOaHHH.

Ileproa kosebanHuii MATEMATHUECKOrO MAasiTHHKA JJIHHOI §

pasen T =2l s/g. TloactaBnas cioga s u3 GopMynst (3),
1O/ayyaeM

I
T=2x l/g(l—[—m/M) :

3ameTHM, 4TO TOYHO TaKHe Ke KoJIeGAHHS LIapOB MONKHO
NOJY4YHTb, €CJH BepXHHH LIAp He NOABELINBAThL HA HHTH, a Ha-
CaJUThb Ha TVIAAKUH TOPH3OHTAJBHBIH CTEpPXEHb, MO KOTOPOMY
OH MOXeT CKOJIb3UTh 6e3 Tpenns. Cua peakUiH TAaKOTO CTeP K-
Hfl HalnpaBJeHA Bce BpPeMs BEPTHKA/bHO BBEPX H BHIMOJHSIET
Ty K€ pPOoJb, 4YTO M CHJa HATSXKeHUs BepXHeH BePTHKaAbHOM
HHTH,— NOAAEPKHUBACT BEPXHHUH LUAp HA OLHOM H TOM Xe ypon-
He, He coofuas eMy HHKaKOro TODH30HTAaJBHOrO YCKOpe-
Hua. O1C0a sCHO, YTO OTBET HE 3aBHCHT OT AJIMHBI BEDXHEH
HUTH. ~

HurepecHo oT™MeTHTD, YTO paccMaTpHBaeMble HaMU KoJseba-
HHA 3TOH CHCTeMBbl IUApOB He SABJAIOTCH BBIHYXIEHHBIMU:
IpH OTCYTCTBHHM TPEHHs 3TO €CTb CBOOOJHBIE HE3aTyXamollue
KoseGaunsi. Cully HaTSXKEHUS BEDXHEH HUTH HeJIb3sl PACCMAT-
pUBaTh KaK «BBIHYKAAIOILYIO», TAK Kak, OyAyYH NepHeHIUKY-
JAPHOH nepeMeileHHio, 3Ta CHjaa paboThl HE COBeplIaer, T. e.
HEPrUsA K CHCTeME He [OABOIHTCA. A

7. Yacw Ha paamupbtx minypax, Yacel maccolt M umeior
MAasiTHHK B BHJAE HEBECOMOTO CTEepPXHS IJMHHOA [ ¢ ToueuHol
Maccolt m Ha Kodle. Kak H3MeHHTCH XOJ 3THX 4acoB, €CJH HX
[OJBECHTh HA [JHHHBIX NapanenbHblX mHypax (puc. 7.1)?

A Tlonsertednbie Ha IIHYPax dYackl, B OTJHYHE OT 4Yacos,
3aKpenyieHHbIX Ha CTeHe, MOJyYaloT BO3MOMXHOCTb pacKauu-
Batbesi. Ecain MIHYpHI napaJsiyiesibHbl, IBHKEHHE KOPIyca 4acoBs
OyJeT NpU TaKHX PACKAaYHBAHHSAX [OCTYNATENbHBIM. JTO 03HA-
YaeT, 4TO BCe TOYKH KOpPIyCa 9acoB, B TOM YHC/E H LEHTP Mace
Kophyca, H TOYKa MOABECA MAsiTHHKA, ABHKYTCA OAHHAKOBO.

[Ipennosoxum, YTO aMmIJHTYAa packadyuBaHHSl 4acoB J0-
CTATOYHO MaJia, TaK 4TOOL MOXKHO OBIJIO CUHTATh LIHYPH! BCE
BpeMsi BepTHKaAbHbIMH. Toria, Kax u B npeAplaymiell sajage,
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BCE JIEHCTBYIOIME HA paccMaTpHBAEMYO CHCTEMY — 4achi C
MasiTHHKOM — BHEHIHWEe CHJIBl HalpaBJeHsl 10 BEpTHKAJH, 1o,
KpOMe CMJI HaTAMKEHHs WIHYPOB, JEHCTBYIOT TOJIBKO CHJBI TS-
JKECTH KOpIyca YacoB M MasfTHHMKA. 3HAUMT, LEHTP Macc Beeh
CHCTEMBI TI0 TOPH3OHTAJH TlepeMeniatbcs He OYIET.

Tenepb sicHo, uTo KOJMeGaHHA MasiTHHKA K KOpHyCa YacoB
OyayT NPOUCXOAUTL C OIMHAKOBOH 4acToTOH M B mpoTHBodase,
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Puc. 7.1. Yacw 1na Puc. 7.2, Cmemenne rpys3a MafgTHUKa U
IJAWHHBIX LIHypax KOprnyca yacoB NpH KoJeGaHHaX

TaK, 4TOObl LLEHTP Macc BCe BPEMS OCTaBaJCH Ha OAHOH BEpTH-
kanu. Ilpn sTom cmewenue s; (puc. 7.2) rpysa MasTHHKa U
CMEIIeHHE Sz KOpPNyca 4acoB (B TOM uMCJe U TOYKH HOABeca
MasiTHHKa) Oy4yT OOpaTHO NpPONOPLHOHAJbHEI HX MaccaM:

si/52= (M—m)/m. 1)

U3 dopmyant (1) Buano, uto npu m<«<M Oyaer s:<&sy, T. €. am-
NJHTYA pacKauWBaHHH KOPIyca MHOIO MEHBIIE aMIJIHTY bl
xosie6aHuil MaaTHUMKA. [lostomy npu m<€M mHypH 6yAyT oc-
TABaThCSl NPAKTHUECKH BEPTHKAJbLHLIMH YK€ TOTJa, KOrja Mx
JUIMHA MOpAJKa NJHHBL MasTHHKA,

[lpuBeneHnbe paccyKAEHHS NOKa3bIBAIOT, YTO AJSA HAXOXK-
IeHVS mepHoia KosneGaHWi paccMaTpHBaeMON CHCTEMbl MOMKHO
HETOCPEeJICTBEHHO BOCIOJB30BATLCS Pe3yJbTATOM pelleHHs 34-
naud 6, 3aMEHHB TaM, KOHEYHO, MacCy BepXHero rpysa M
na maccy kopnyca M—m:

T'=2n V g11+m/l<M—m>1 =2n Vé‘( —%)’ 2

Ofo3nauan uepez T, nepuoji KoJjeGaHuii MasiTHHKA IJAMHOH [
B HenopBHKHBIX yacax (T,= 2n} 1/g) u yuuthiBas yc/oBHe




8. COBCTBEHHLIE KOJNEBAHKA [ABOWHOTO MASTHUKA 361

m/IM<«1, d¢opmyae (2) MOXKHO NpHIaTh BHJ
m
T:To(l-——m). 3)

IMoneemennsie Ha WHypax wacel O6yayt cnemuts. HMurepecno
OTMETHTb, YTO OTHOCHTEJbHOE H3MEHEHHE mepuoja

He 33aBHCHT OT JJIHMHLI MasATHHKa. Ecan, Hanpnmep, M=>5 kr,
m=200 r, To yMeHblleHye nepHoja cocraniner 2 % W 3a CyTku
NOABEIIEHHbIE Ha WIHYpPaX 4ackl YHAYT BHepe]y NOUTH HA G-
yaca. A

8. CoGcTRenHble KosebGaBMs1 ABOWHOrO MasTHHKA. Y ABOM-
11070 MasiTHHKA TOYKa MOABEca HeNOABHKHA. MaaTHHK BbIBeAeH
U3 PaBHOBECHA TaKUM 00pasoM, YTO NIPH €ro jaJjbHeleM CBo-
GoAHOM ABHIKEHHH KaKIblH M3 IIaPHKOB COBEpILAET FapMCHH-
yeckoe KoJaebanue. KakoBa uyactora TakMx KoseGannfi M ka-
KM 06pa3soM HX MOXHO BO3OYIHTb?

A Ecan IBOHHOH MasiTHMK BbIBECTH H3 DaBHOBECHs Mpo-
M3BOJbLHLIM 00pa3oM H NpeJocTaBUTL caMOMy cebe, TO KaXKblil
M3 WapukoB Oyjer, Boolile roBOpPsi, COBEPIIATb JAOBOJLHO
CJ0MHOE JBHIKEHHE, B KOTOPOM TPYIHO YJOBHTb Kakyl-jiuio
3akoHoMepHOCTh. OJHAKO NPH HEKOTOPHIX HAYajbHBIX YCJOBH-
fX JBHXKEHHE MasfTHHKa OKa3blBaeTCs OdYeHb NPOCTBIM: ©6a
1IapHKa COBEPIIAIOT YHCTO TapMolHyecKoe KoJebaHne ¢ OLHOil
¥ TO{i 7K€ yacToToi, MpHuYeM aMNAUTY AL H dassl 3TUX Kosebauuli
HaXolsTCsl BO BIIOJIHE ONpPEJEJEHHOM COOTHOIIERHH JPYT C
apyroM. Taxume THNB ABHIKeHHUS! HA3BIBAIOTCS HOPMAaJbHBIMH
KosneGauHsaMH CHCTEMBl MJIH €e MOJaMH,

CymecTBYIOT ONpeJeJNeHHbe METOAR HAaXOXKAEHHS HOpMab-
HbiX KoseGaHui. Ho Bo MHOTHX ciydYasX HX MOXHO NpPOCTO
yrajaTtb, OCHOBBHIBAfICb HA CHMMETPHM paccMaTpHBaeMOH cHC-
TeMEl. ECAM cuuTaTh, 4YTO KoJebaHus JBOHHOTO MasiTHHKA
MOTYT IPOHCXOAHTD HE TOJBKO B IJIOCKOCTH YepTexa Ha puc. 6.1,
HO 1 B NIEPNEHJNKYJAPHON IJIOCKOCTH, TO MOMKHO Cpasy cool-
pasuTb, YTO paccMaTpuBaemas cuctema 00JanaeT OCeBOH CUM-
MeTpHeH, NMPHYEM OCbIO CHMMETPHH SIBJETCS BepTHKaJb, Ipo-
XOJfAIasl yepe3 TOUKY TojBeca.

Uto6El NOHATH, KaK NOAMEYCHHAR 0CeBAA CHMMETPUS CHCTe-
MBI MOX(ET IIOMOYb B HAXOXJIEHHH HOpMaJbHHIX KoJebaHn#,
ofpatHMcs cHavana K 6oJee npocToMy npuMepy OObIKHOBEHHC-
ro MaTeMaTH4YeCcKoro MasaTHuKa. [Ipyu Manplx aMnJanTyjaax KoJje-
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6auusi TAKOTO MasATHHKA SIBJISIIOTCS TapMOHHYECKHMH, XOpOIIo
H3BECTHO, YTO TapMOHHUeCKHe KoJeGaHHs MasiTHHKa B OIpe-
Je/IEHHOH TJIOCKOCTH MOMKHO paccMaTpPUBaTh KaK HNPOEKIHIO
Ha 3Ty IJIOCKOCTb TAKOTO IBHKEHHUS, IPH KOTOPOM HHTh MasiT-
IIMKa OMHCBHIBAaeT Kpyroeoil xonyc (puc. 8.1). Takum obpasom,
rapMoHH9ecKoe KoJjebaTesqbHOe ABMMKEHHE MOMKHO NpPEACTABHTD
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Puc. 8.1. ITpoeunpys kpyrosoe ABHKe- Puc. 8.2. BosMoxHoe
HHE MaATHHKA Ha BePTHKAJIbHYIO II0C- KPyroBoe  JBHIKEeHHE
KOCTh, TNOJyYyaeM TapMOHHYECKOe KO- NBOMHOrO MafTHHKA

seGanue

Kak MPOEKUHKIO HEKOTOPOro KPYrOBOTO ABHKEHHS, [OITOMY
HaXOXJEHHEe HOPMAJbHBIX KOJe6aHUH B CHCTEME C OCEBOI
CHMMeTpHed MOXHO CBECTH K HAXOK/ACHHUIO BO3MOXKHBIX KPYro-
BLIX JIBHXKEHUH B 3TOH CHCTEME.

Kakue e Kpyrosble ABHKEHHS BO3MOXKHBI y JBOHHOT»
MasITHUKA?

Jlerko cooGpasuth (MJM JlaKe <«HAILyNaTh» SKCHEpHMEeH-
TaJbHO, UrPas C TAKUM ABOIHBIM MaSTHHKOM), YTO BO3MOXKHOE
KDYroBOe JBHKEHHE BHIIVIIAUT TaK, KaK IOKa3aHo Ha puc. 8.2
UIAPUKY ABHXKYTCH PABHOMEPHO H CHHXPOHHO N0 OKPYHHOCTAM,
JIeXKAUIHM B TOPH30HTANBHBIX MJIOCKOCTAX, TaK YTO HHTH,
KOTOpbIE B Kam/blii MOMEHT HAXOAATCS B ONHOH BePTHKAILHON
NJIGCKOCTH, ONHUCHBAIOT KOHHUYECKHE MOBEPXHOCTH.

Tenepb HeTpYAHO BafiTH YIJIOBYIO CKOPGCTh © H COOTHOLIE-
HIE MEXKAY YrJIaMH oy U Oz, KOTOPbIE HHUTU 00pa3yloT ¢ Bep-
THKaablo. i 3TOoro HyXHO NPHMEHHTb BTOPOH 3akoH Hbto-
TOHA K ABHIKEHHIO KaXKJIOro U3 IapHkoB. Dyjem A8 npocToTh
CYHTATb, UTO MAaCChl IAPHKOB PABHLI, 2 BEPXHASA M HUKHASA
HUTH UMEIOT oauHakoByo AMUHY [. Ha puc. 8.3 noxasaun! nefi-
CTBYIOIIHE CHJBl. B cryyae Ma/biX yrioB, KOTOPBIH HAC TOJb-
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KO H MHTEPECYeT, CHJIA HaTAXKeHUss HHKHel uutH Ty mpakTHue-
CKM He OTJIHYaeTcs OT mg, a CHJa HaTsKeHUs BepXHeil HHUTH
T2 — ot 2mg. Kak BuaHO u3 puc. 8.3, npoekius eficTByromen
Ha HIDKHUHA mapuk cuasl T; Ha ropHsoH-
TaJpHOe HanpaBjaeHue pasHa Tsin o~
~mg ;. AHATOTHYHO TPOEKUus CUJI Ha-
TAXKEHUA HHTEH, NeHCTBYIOIIMX Ha BepXx-
HHI mapHk, paBHa 7T sin o,—7 sin o=
~mg (2o:—a,;). ITloatomy ypaBHenus
BTOpOro 3akoHa HploToHA 1715 KaXAOTO U3
IIapUKOB B NPOCKUHH HA pajMajbHOE Ha-
NpaBJeHHe HMEIOT BHJ

mory=mgoy, mo*r:=mg@Qos—ay). (1)
C nomouwipio puc. 8.3 panuychl OKpyMKHOC-

1€l r1 H ra, 1O KOTOPBIM JABHIKYTCS IIapH-
KH, JIETKO CBA3aTh C YIVIAMH G H Og!

re=los, r1=l(a1+az). (2)

[Toacrasnasa ry u r2 B ypapHenua (1) u g
BBOAA OOO3HaueHHE

Puc. 8.3. Cuan,

o} = g/, (3) medicThymomue  mHa
. IIapUKH B LBOHHOM
noayuyuM CHCTEMY YypaBHEHHH 1) onpe- MasfATHHKe

NeJIEHHS Oy ¥ Ola:

(@*—o0f) a; + o'a, =0, ojo;+ (0®—208)o,=0. (4)

Cpasy BHJAHO, 4YTO CHCTEMa ypaBHeHuit (4) umeer peurenue
o, =0 1 a2=0, KOTOPOE COOTBETCTBYET MAfATHMKY B TOJONKe-
HuM paBHoBecHs1. Ho 3ta cucreMa uMeer ¥ HEHYJIEBbIE pelleHH s,
[ pX HaXOXKJAEHHS HCKJIOUHM, HaNIDUMEp, Otz U3 THX YpaB-
nennit. Torsa aas @y noJyuuM ypasHeHue

[(@*— ) (0*— 20f) — vjow?] a; =0. (5)

QOueBHAHO, YTO HEHYJEBOE pelleHue o,=0 MOXKeT CYIIEeCTBO-
BaTh TOJBKO TOI'a, KOrAa PaBHO HYJIO BHIpaXKeHHE B KBajpar-
ubx cKoGkax. [IpHBoas B Hem nojoOHBle YJEHB!, 3aNHILeM 3TO
yCJIOBHE B BHJAE

o*—4oio® + 20; = 0. (6)

Vpasuenue (6), sBAsOLICECS YCIOBHEM CYIICCTBOBAHHS HEHY-
JIeBLIX pelleHHH cHCTeMbl ypaBHEHUN (4), onpeje/ser YacToThH
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BO3MOMKHBIX KDYTOBBIX JBHMKEHUH [BOHHOIO MasiTHHKA
of . =03 (2 V2). ()
Mpr BuiEM, YTO KpyroBble ABHXKEHHS JBOMHONO MasTHHKA
MOFYT IIPOMCXOAHTh C ABYMsSI pasHbIMH yacToTamH. [asi toro
4TOOL! HAHTH COOTHOUIEHHE YIJIOB Gy H 2, COOTBETCTBYIOLLEE
KQOXKAOMY U3 3TUX JIBHKEHHH, HYKHO NOJACTA-
BUTh MO OYepeny HaliieHHble 3HAYEHUs vac-
TOT B ofHo M3 YypasHenuh (4). IlogcraBum
cHaya/da, HampHMep, B [ePBOE U3 YpaBHEHHMIT
{4) xopenb w*=o}=0}(2—V 2). Tlocne
NpHBeJeHUs TNOZOOHBIX WIEHOB MOJydYaeM

ajo,=V2  (0*=aj(2—V2). (8

Ecau 6l MBI NOACTaBUJH KOPEHb ®3 BO BTO-
poe M3 ypaBHeHHH (4), TO mnoayuuan Obl
TOYHO TAKOE JKe 3HAaueHHe OTHOIIEHHS &t;/0lz,
Taxum o6pasoMm, ypasHenus (4) 1aioT BO3MOXK-
HOCTb ONpENe/HTb He CaMH YIJIbI Oy H Qa, 4
TOJMBKO COOTHOILIEHHE MEXKAY HUMH. DTO O3Ha-
yaeT, YTO KPYroBoe JBHKEHHE JBOHHOIO Ma-
Puc. 8.4. Hpy- #ATHHKA € JAHHOH 4YaCTOTOH BO3MOXKHO HpHU
ro¢ BOSMOKHOE  nasyplX 3HAUCHMAX pAacTBopa KoHyca (HO,
ﬁi??ezgirﬁﬁg pafyn;eercn, C olipeageJiecHHbIM COOTHOIIEHHEM
: Qly/Re).

Tenepsb noacraBuM B NepBoe H3 ypaBuenui (4) Apyro#t ko-

peHb 0 =@} =} (2 + V2). pusens nonoGuere weHbl, A/
OTHOLICHUS YIJIOB OTKJOHEHHS HHTEH MOJydYHM

oy foy=—V 2 (0r=0(2 1 V2)). 9)

3HaK MHHYC B 3TOM OTHOLIEHHH MOXKeT 03HayaTh TOJIBKO TO, YTO
npH KPYroBOM JBH:KEHUM ABOMHOTO MasTHMKA HHTH OTKJOHE-
Hbl OT BEPTHKaJH B IPOTHBONOJOXKHEBIE CTOPOHBI. Takoe nBH-
KeHue nokasano Ha puc. 8.4. O TOM, 4TO OHO BO3MOKHO, TOXKE
MOXKHO OBIJIO JOTafaThCs 3apauee.

Takum o6pa3oM, NBOAHOH MasiTHHK MOMXET COBEpIIAaTh ABa
BHJa KPYTOBbIX ABHKEHHH: IBHXKEHHE C MEHbIUEeH 4acToToi W
IPOHCXOAUT TAaK, KaK M0Ka3aHO Ha pHc. 8.2, a JBMKeHUE ¢
GosbIeli 9acToTofl @, — Kak I0KasaHo Ha puc. 8.4. Kaxkaomy
JIBHXKEHHIO COOTBETCTBYET ONpesieJeHHasi KOHUTYypalusl HUTEIl.
Bee 310 Jerko Haba0faTh Ha OIBITE.

KaxknoMy BHAY KPYroOBbIX ABMKEHHI JBOKHOrO MasiTHHKA
COOTBEICTBYET CBOE HOpMaJbHOe KoJeGanue. [poeunpys xpy-
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roBoe JIBMXXEHHE Ha BEPTHKANBbHYIO NJIOCKOCTb, MBI MOJyYaeM
KapTHHY COOTBETCTBYIOLUIErO HOPMaJbHOrO KoaeGaHufl. Jlerko
BHIETh, YTO NPH HOPMaNbHOM KOJEGaHHH ABOHHOTO MasTHHKA

€ 4acTOTON ® = @, ]/Q—V 2=0,77Tw, HABHKEHHE ILAPHKOB
NPOUCXONUT B OJUH2KOBOH (hade, IPHUYEM OTHOUIEHVE KX aMILIH-
TYA, Kak cienyer u3 ¢opmya (2), paBHO

rrs=1+4ajoa,=1+V2=241.
[pu HopmasbHOM KoJeGaHHH € Y4aCTOTOH o = @, ]/2 +V 2
=1,85 @, WwWapHKH coBepulalOT KoJieGanua B NpOTHBOGAE3E, a
OTHOIUEHNE HX aMIJIUTY] PaBHO

[rir,|=V2—1=0,41.

Y IBOHHOrO MafTHHKA C Pa3JHYHBIMH JJIHHAMH BepXHel u
HMKHEH HHTEHl ¥ pAas/MYHBIMM MaccaMH LIaPHKOB YacTOTh
HOPMAJbHBIX KoJe0aHHi H OTHOWEHHMS aMIMUTYA KoJebaHnuii
1WApUKOB OYAYT MHBIMHM, HO Kau€CTBEHHO BCS KapTHHA HOp-
MaJbHBIX KOoaeOaHHH ocTaeTcs NpexkHed.

Urobpl BO36YAHTE HOpMaJbHbe KoseGaHnsa ABOAHOTO MasiT- -
HHMKA, MOXHO, HaNpHMep, OTKJOHHTb HHUTH OT BEPTHKAH Ha
YOQBL G U Oz, YIOBJETBOPAIOUIHE cOOTHOWEHHAM (8) uau (9), u
OTIYCTHTb IU2PHKH OJHOBPEMEHHO (€3 HayaJbHOro TOJIYKA.
Ho nopmaJsbubeie KosieGaHHs Ha ONbITE MOXHO BO3OYAHTH H
MHaye, HCOOAb3ys sBJeHHE pe3oHaHca. Il1s 3TOro MOXKHO,
B3SBUINCH 38 HHTH BOJH3H TOUKH NIOJBECA, OCTOPOKHO PACKaUK-
BaTh ee ¢ yacToToH, 6JH3KOH K HacToTe O/IOr0 U3 HOPMAJbHEIX
KoseGaHuil, AMNAHTYAa COOTBETCTBYIOIIErO HOPMAaJILHOI'O KO-
ne6anys GBICTPO HapacTaer, €CJIM Mbl HONAJaeM B PE30OHAHC. 4

9. BuHyxasHHble KoneGaHug. Touka mojBeca MareMmaT-
4eCKOro MasiTHHKA JVIMHOM [ IBHXKETCs N0j JeHCTBHEM BHELIHedH
CWIbl B TOPH30HTaJbHOM HampaBJeHWH No 3akony x ()=
=x, sin of. Hailtu ycraHoBuBIIMeCcA BLIHYXAEHHBIE KoJjeba-
uHs MasiTHHKA.

A 3ajaya coCTOMT B HAXOXKICHHH YCTAHOBUBLIHXCS BBHIHYX-
JeHHbIX KoJsieGanufl mastHuka. [1pu HaXOXKAEHHH BHIHYKJEH-
HHIX KoJeOaHuil 6yneM npene6peratb TPeHHEM, OAHAKO Heol-
XOAUMO OTUETJIHBO IpeACTaBAATh cebe, 4TO YCTAHOBJICHHE KoJle-
GaHMil NPUHLOUNHANBHO BO3MOXHO JIMHIb NPH HAJIMYHM 3aTy-
xanusi. C oJHOH CTOpOHBI, Mbl cofMpaeMcs pewlaTbh 3ajavy
fie3 yueTa CHJ TPEHHst, a ¢ ApYro# CTOPOHEH], KaK TOJbLKO 4TO
OTMEYCHO, CHJbl TPEHHA HEOOXOAHMbL.
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Byner nu nonydenuoe pemenne umerb cmblea? Jla, Oyzer,
HO TOJIBKO OHO GY/ieT ONUCHIBATL JBHMKEHHE MasATHHKA C MaJbIM
3aTyXaHHEeM CIyCT JOCTATouHO OOJBIIOH MPOMEXYTOK Bpe-
MEeHH HOCJIe TOFO, KaK TOUKA MOJBeca NpUBeJeHa B JBHKEHHE.
CnoBa «JOCTaTOYHO OOJBIIOA MPOMEKYTOK BPEMEHH» O3Ha-
YalT 31€Ch, UTO, HECMOTPS HA MaJjioe 3aTyXaHHe, NepPexOIHbIH
[IPOLECC YK€ 3aKOHUHJICH.

l
%,
7 X Vi V%
Puc. 9.1. Ilpu cBoBogubix KoJe- Puc. 9.2. Tlpn o>wy HUXHHE
GaHuAX MasTHUKA juuHo#t L . KOHell MasiTHHKa ¥ TOYKa Noj-
ToyKka B coBepmiaeT TapMOHH- Beca JBHMXKyTCR B mporHBodase
yeckKoe KoJgefaHMe € YacTOTOH
w=Vg/L

U3 ycaoBus 3ajauu Ham. H3BECTHBL aMIVINTYZA X, U KpPyro-
Bast yacTtora © KoJeGaHHH TOUKM nojseca. OYeBUIHO, YTO BLI-
HYXAeHHBEle KosebaHHsa OYAYT NMPOMCXCHHTL C TOil Ke camo#
4acTOTOH ®, B TO BpeMsl KaK 4acToTa CBOGOAHBIX KojeGaHuil

5TOro MaaTHUKA @, =V g/l. OcHOBHAA WJes pelleHHsT 3aKJo-
yaercad B TOM, YTOOH NPEACTABUTL BHIHYXKAEHHBIE KoOJae0amwust
JAHHOTO MAasTHHKA Kak cBOJOJIHbIe Ko/1eDaHHs HEKOTOPOro
npyroro Mastupka. OYeBHAHO, UTO JJIMHA 3TOTO MasgTHHKA L
JC/KHA onpenensiThess u3 yeaosusi o =V g/L. 3xech moryt
BCTPETUTHLCS pasHble CJAyYaH: YacToTa ® MOXKeT ObiTh MeHbliie,
GoJibllile M paBHA COSCTBEHHOHM 4acToTe cBOGOAHBIX KoJefa-
Hilfl JaHHOrO MaTeMaTHYECKOro MasiTHHKA.

Paccvorpum cHauana cayuaft o<<w,, T. €. 4actroTa KoJeha-
HUHA TOYKH NOZABECA MEHbIUE YacTOThl CBOGOAHBLIX KoJMeGanuil,
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B stom caydae pruna L BooGpaxcaemMoro MasiTHHKA 6oJblue
uem [ (puc. 9.1). ITockoabKy paccMaTpHBAIOTCS MaJible KogeGa-
HHsl, MOXKHO CYUHTaTh, YTO HIKHHI KOHell A MaATHUKA JBHXKET-
¢s1 no npaMoif — ocb X Ha pucynke, Ec/iy ABM:KeHHE TOUKH A
NPOHCXOIHT IO 3aKOHY X (f)=X, sin wf, To, Kak cpasy BHIHO
U3 PHCYHKa, TOuka B, HaxXoAdUlasca Ha PACCTOARHUH [ OT HHXK-
HEro KOHIA, COBepllaeT JBHKEHHE BAOJb OCH X [0 3aKOHY
x (f)=x, sin ©f, coBNajamoLIeMy ¢ 3aaHHBIM JIBIKEHHEM TOYKH
nozpeca. Tenepp HeTpyIHO MNpeicTaBuTh cefe, YTO €CJaH B
KayecTBe TOYKH B B3fATb TOUKY [OJBeca MAsITHHKA {, TO ABH-
JKEHHE €ro HHIKHEro Xonua OyAeT TaKuUM XKe, KakK u y Boobpa-
xaemoro maaTHuka L. JlpyruMu cjoBamu, ecid  «OTpesarby»
y MasTHHKa JIHHOH L BepxHio 4acTb, HO obecneynTb MpH
STOM BHEIIHHMH CUJIaMK ABHXKEHUE TOYKM B N0 Takomy ke
34KOHY, KaK U Ip# CBOGOAHBIX KoJefaHHAX MasTHHKA JJIHHOH
L, To Mbl [0o1yYyuMm HHTepecyloUlHll Hac MasTHHK NJIMHBI [,
TOYKa MOABECA KOTOPOro coBepiiaeT 3ajanHoe aBmkenue, Oue-
BHJHO, YTO ABHXKEHHE HMKHEH 4acTH MaATHUKA NPH 3TOM He
H3MEHHTCS, -

Takum o0pa3oM, BBIHYKACHHOE KO/efaHHe POHCXOAHT B
TOH XKe (ase, YTO H ABHXKEHHE TOUKH NOABECA, a aMIJIUTYAy
3T0r0 KoJe6anus X, MOXHO ONpeje/JHTb U3 OYeBHAHBIX I'€QMET-
pUYeCKHX cooOpamennii:’

2
Xo=1x, Lil = Xy

5 .
W5 — w?

3jech Mbl NOACTABHJH BHIPAXKEHHs! LS AJIUH MasiTHHKOB depe3
ux dacrotsl, O6paTHM BHHMaHHe HA TO, YTO IPH CTPEMJEHHH
4acTOTH KOJieGaHUi TOUKH 110J{BeCa K YacToTe CBOGOAHBIX KOJe-
GaHud MasTHHKAa aMIJINTYJa €ro BBIHYXK/JEHHBIX KoJeGaHni
HEOrpaHHYEHHO BO3pAacTaeT, T. €. HACTynaeT pesonaHc. BOau-
3 pe3oHaHca MOJYYEHHOE HAaMH pelleHHe HeNpHMEHHMO, Tak
KaK, BO-NEPBBIX, MBI HCXORAWJH H3 NPEANOJOMEHHS MaaOCTH
KojieBaHHH H, BO-BTOPHIX, BOJIM3YM DE30HAHCA HEMb3A [peHe-
Gperats 3aTyxaHueM, HGO TOJIBKO MPH Y4YeTe 3aTyXaHHA aM-
IAUTYA4 B PE30HAHCE MOJYYaeTCA KOHEUHOH.

B ciyuae w>0, pnuHa BoobGpakaeMoro MasTHuka L<</
(puc. 9.2). Paccyxkpas aHaqoOrM4HO NpeAbIAYHIEMY CJayYao,
JIETKO HPHUHTH K BRIBOAY, YTO ABHXKEHHE HHXHErO KOHIA MasAT-
Huka [ (touka A Ha puc. 9.2) npoOHCXOIUT B IPOTHBO(A3E C ABH-
JKEHMEM TOUKH mojseca B. AMnantyAa BRIHYXKIEHHBIX Koaeha-
HU JIETKO ONpejeaneTcs K3 TIeOMEeTPHYeCKHX coobpaxke-
HUH.
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[TpuBeneM OKOHUATENbHBIH PE3yJbTAT: BbIHYKAECHHbIE KO-
NeGaHust MasiTHHKA OIUCHIBAIOTCH YpaBHEHHEM

X()=X, sin(ot+q),

rne

2

XoW
22 mpu 0 <y,

0 mpu o <o, X gy — w2

@ = 0= 2

= -_—_ w X
mompH ©> Oy, R npr 0>,

®?—

Ha puc. 9.3 npuBejieHa 3aBUCHMOCTb aMILIATYABl BBIHYXK-
JEHHBIX KoJeGaHM#l OT 4acTOThl JBHKCHHSI TOUKH INOJBEca.
I(pnsaﬂ 1 COOTBETCTBYET H[EaTH3UPOBAHHOMY C/Iyyalo, Korja

saryxaHue otcyrereyer. Ilpu
e ®—-@, 3Ta KpUBasl IOKasblBaeT
CTpeMJIEHHE aMIIUTYAbl  BBbI-
HYXJIERHBIX KoJeGaHuH K 6ec-
KOHEYHOCTH B YCJ/JOBHUSIX Pe30-
HaHca. Ecou 66l 3aTyXaHue yuH-
ThIBaJOCH, TO BMECTO KPHBOH
1 monyymaace Obl Kpupas 2.
il [Ipu 5ToM MakKCHMyM aMILIUTY-

g Wy @ JAbl BBIHYKIEHHHIX KoJeGaHui
Puc. 9.3. Awnmutysa pumyw. OXASHIBAETCH KOHEUHBIM H IIDH-
ReublX KoneGamuii npu peso- XOAHTCS HA YAacTOTY, HECKOJbKO
HaHCe TeM Membile, yeM GoJnme MEHBIIYIO YacTOThL ®, CBOGOJ-

3aTyxaHue HBIX Kosebanuil. CABHT 4aCTOTHI

TeM GoJbllle, yeM OGoJbllle 3a-

tyxanue. C pOCTOM 3aTyXaHHsi yMeHbLIAETCS AMIUIHTY/A

BLIHYKJEHHBIX KoJebauul. Ilpu w—oco ammiauryja koneGa-

HUH CTPEMHTCA K HYJ/IO JaXKe TOrja, KOrga HeT 3aTyXaHHus.

[Ipr ®=0, 4TO COOTBETCTBYET CTATHYECKOMY CMENIEHHIO TOY-

KU [MoJBeca Ha pacCTOsHHUE X,, HIKHHUI KOHEll MasiTHHKA cMe-

1aeTC H3 MPEXKHEro MOJOXKEHHS Ha TaKylo e BeJHYUHY
X, A

10. YcnokoeHHe koaeGaHmi. DJeKTPOABHIaTeNh YCTAHOB-
JeH Ha TMOJACTAaBKE, KOTOpas NojBelieHa Ha HepacTSHKHMbIX
Hutax Jannsl [ (puc. 10.1). Porop ero Bpamaercst ¢ 4acToToH .
IlenTp mMacc poropa jJBuraressi He HAXOAHTCH HA e€ro OCH, II09TO0-
My NOACTABKA PAaCKAYMBAETCHA B FOPH3OHTAILHOM HANPABJEHHH.
/151 ycTpaHeHHS 3THX HeXeJsaTeNbHBIX KoJaeSaHHH NOACTABKH
MOXKHO IIOCTYNHUTH cJaefylowuM obpazom. [Toasecum psjgom c
f104CTaBKOH IPy3 Macchl m U COEAHHUM ero ¢ NoACTaBKOH ynpy-
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rofi npyxuuof (puc. 10.2). Toraa npu onpexneaeHHo KeCTKOC-
T MPYKHUHLI & TIOACTABKA C ABUTaTeseM OyjeT HenoJABHXKHA, a
rpys Oyzer coBepiiath KoJjeGaHus. [louemy Tak npoMCXOAMT
U KakKOH JROJKHa ObIThb KECTKOCTb IPYKHHBI kP

A JonycTuM, YTO HAM YARJA0Ch NOACOPATEL TAKYIO IPYKUHY:
MofcTaBKa C JBHraTe/1eM OCTAeTCS HEeNOJABMKHOH, HECMOTpA Ha
TO YTo POTOpP ABHrarens Bpamaercsd. [lonpobyeMm BBISICHHTH,
HpU KaKHX YCJOBHAX 3TO BO3MOXKHO. IloacTraBka HenoaBmKHa,
3HAYUT, Bce JEHCTBYIOILME HA Hee CHJLI ypaBHoBemlieHsl, Ka-
_KHe JKe CHJBl JEHCTBYIOT Ha IMOJCTaBKY?

NNNANANNANNN NN NAANNAN N
JA A
w
Puc. 10.1. IToacraska ¢ Puc. 10.2. Ycnoxoenue Koneanni mo-
3/1eKTPOABHIaTeNeM  [OJ- Topa ¢ HecGaJlaHCHPOBAHHBIM POTOPOM
BellleHa Ha HUTHAX C NOMOIbI0 KOMOMHHPOBAHHOTO MasiT-
HHKa

[lpu Bpainenun poropa ero UeHTp Macc, He Jexamuf Ha
OCH, ABHKETCA [0 OKPYHHOCTH, 3TO 3HAUUT, YTO ACHCTBYIOWAN
Ha POTOP CHJ1A B KAXK/bIH MOMEHT BpeMeHH HanpasJjeHa K UeHT-
Py OKPYXKHOCTH, T. €. NpeAcTaB/]sieT coboll MOCTOAHHBLIA 1O
MOAYJII0 BEKTOP, Bpauiamiiuiicad ¢ yacrotoil o, Jra cuaa F,
COIVIACHO BTOPOMY 3aKOHY HbloTOHAa paBHa NPOM3BENCHHIO
macchl poropa M Ha LEHTPOCTPEMHTE/NbHOE YCKOPEHHE w?r:

Fo=Muw?r, (1)

rie r — paccrosHMe OT OCH A0 LeHTpa macc poropa. Beptu-
KaJibHasl NPOEKUHS AeHCTBYIOWEH HAa POTOP CHJIBI H3MEHSETCs
€O BpeMeHeM [0 TapMOHHYECKOMY 3aKOHY:

F\(fYy=F, sin of, 2)

baaronapa 3TOH cuiie NEPUOAMUECKU C YaCTOTOH ® H3MEHseTcs
cuJia HaTsKeHHsl HuTeH, Ha KOTOPLIX MOJBElleHa NOJACTaBKa.
Ecau amnautyja stoff cuant F, He NpeBOCXOAMT AeHcTBYomed
HA ABHrartesb ¢ NMOACTABKOH CHJEI THXKeCTH Mg, TO HHTH Bce
BpeMA OCTANTCSl HATAHYTHIMH. TakKum o0pasom, NOJACTaBKa
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HEe coBeplIaeT NePeMeIleHHH N0 BePTHKAJIN, €C/IH, KaK BHJHO U3
dopmyabst (1), BBINOJHEHO YCJOBHE
My g
2~ 1S

o < Sf (3)

BhIsICHUM Tenepb, NPH KAKOM YCJOBUH NOACTABKA C ABHra-

TejeM He OYJET COBeplIaTh M IOPH3OHTAJIbHBIX NepeMelmenyi.

TFopu3oHTaabHAsA NpoeKnus AeHCTBYIOEH HAa POTOP CHJBI TaK-
JKe H3MeHseTcs 110 TapMOHHYECKOMY 3aKOHY!:

Fy(©)=F, cos wt, 4)

CornacHo Tperbemy 3akoHy HrbloToHa paBHas no Monaymo H
[IPOTUBOTIOJIOKHAA [0 HAaNpaB/JEHHIO CHJAA JEHACTBYET €O CTO-
POHBI POTOpA Ha CTATOD ABHraTeJs U NoActaBky, Mmenuno 6naro-
Japa 3TOH CHHYCOMJAJBHOH cuJle MOACTaBKa M coseprnasa Obt
rOpH30HTANbHEIE KoJeGaHnus B OTCYTCTBUE IPy3a M1 ¢ IPYKHUHOM,
OueBHJHO, YTO €C/JIH B KAXKABIH MOMEHT BpeMeHH AeHcTBYyIOLLAA
Ha NOJCTaBKY CO CTOPOHBI AeOPMHPOBAHHOH NPYXKHUHLI CHJA
GyneT ypaBHOBEWIHBATh CHUJY, AEHCTBYHOIYIO CO CTOPOHHl po-
TOpa, Te NOACTaBKa c JABHratejem OyJeT HENOABHXKHA,

Takum obpaszoM, AeACTBYIOIAS Ha NOACTABKY CO CTOPOHLI
NPYKHHBEI CHJIa AO/MKHA ObITh paBHA cuie Fy(f), BHlpaxaemon
dopmysoii (4), T. €. AOMKHA CUHYCOHAAJIbHO 3aBHCETh OT Bpe-
MEHH ¢ TOH Ke caMoil yacToroll ®. Tak Kak ynpyras cuaa npy-
YKHHBI NPONOPLHOHA/IbHA ee JjedopMaldd, T. €. CMEIIEHHIO
rpysa m M3 noaoxeHus pasHoBecus (puc, 10.2), To xBHKEHHE
rpysa m JAOMKHO NPEACTaBAfATh COOOH rapMOHHYecKoe KoJe-
Ganue ¢ ToH xe yacToToll ®. [TockoABKY MoAacTaBKa ¢ ABUTraTe-
JIeM HpPH 5TOM HENOABIXHA, TO CHO, YTO YaCTOTA ® JO/IKHA
OBITh 4acTOTOH COOCTBEHHBIX KOJe6aHHi KOMOGHHHPOBAHHOIO
MasiTHHKaA ¢ npyxuHoH. Takoil MasiTHUK OBl paccMOTpeH B 3a-
nage 3 storo paszena. Tak Kak tenepb K rpysy /m npuKpen/esa
0JiHa NIPY>KHHA, a He ABE, TO BEIpaXKeHHe AJ15 YaCTOThl COGCTBEH -
HBIX KoJieGaHuil HMeeT BHJ

o?=g/l-+kim. (5)

Orcioza onpejensercs XKecTKOCTb NPYXKUHBL, HEOOXONAUMGH A5
yCIIOKOeHHs KoJieGaHHH NOACTaBKH ¢ ABHraTes1eM, SKOPb KOTO-
poro Bpamaercs ¢ KPYroBoH 4acTOTOH !

k=m(w*—g/l)=m(0*—oj). (6)
W3 at0it hopMynBl BUAHO, YTO JOGHTBCH YCNOKOEHHS Kosqeba-

HHHA NOJACTaBKH TaKHM CcHocobOM MOXKHO TOJNBKO TOTAd, KOrjia
KpyroBas 4acToTa potopa GoJblile JaCTOTH ® CBOGOAHLIX KO-
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Jefanuil MaTeMaTHYeCKOro MasTHHKA JauHO# [. Jdaa ycnoko-
eHHsl HH3KOYACTOTHBIX KOJAeGaHHH, Korja o<w,, NPHLLIOCH
Obl TIOABELINBATL TPY3 /M HA HUTH OConabmiel AAMHEL.

Wrak, npu Bpaienun Hec6alaHCHPOBAHHOTO poTOpa IOJ-
CTABKA C JBHUrares]eM HenoJBHUKHA, a NPHCOSAUHEHHBIA K Hel
MasiTHHK COBepilaeT rapMoHHYyeckue kojeGanusd. Jlerko uaii-
TH aMOaaTyay aTHX Kojsebauuit, Kak BHIHO H3 dopMmyssl (4),
aMIIUTYRA KOJeOaHHi x, ONpele/sercs H3 YCIOBHA kx,=F,.
IMoxcrasass ciona F, u3 dopmyasl (1) u & u3 (6), HaxoguM

M 1

xozf’?m ((1)? 0)0). (7)
Amnauryay koneGaHUi Tpysa x, Bcerga MOXKHO CHE/IATh J0-
CTATOYHO MaJIoil MyTeM YBeaHuyeHHsl Macchl rpy3a m. OnpHako
yBeqHyeHHe Macchl norpebyer, Kak BuAiHO M3 dopmyasl (6),
YBEJNYEHHS KECTKOCTH NPYXKHHBL &,

Mp! BbISCHUJH, UTO MPH IPaBHJIBLHOM NOAGOpE KECTKOCTH
NPYKHHBL JeACTBHTENIBHO BO3MOXKHO TaKoe JBHUMKEHHE pac-
CMOTPEHHOH CHCTEMBI, IPU KOTOPOM NOJCTABKA C ABHraTesieM
penonsmxHa. OgHaKO ocTaeTcs BONPOC O TOM, GYAET JIH CUCTeMa
cama NPUXOIUTh B TaKOe COCTOSAHHE I[10C/Ie BKJIOUEHHS NBMIa-
tens. OTBET Ha TOT BONPOC MOJOXKHUTeNbHBIH, Obuied yepToit
BBIHYKIEHHBIX KOJe0aHull, NPOHCXONALIHX TOX JeHCTBHEM
NepHOMYECKOH BHEIIHRH CHJIBL, SIBJISIETCH TO, YTO CIIYCTS HEKO-
TOpoe BpeMs Iloc/]e Hayasja AeHCTBHA BHELIHEH CHJIbl CHCTEMA
TIOJIHOCTBIO «3a0bIBaeT» CBOE HavyaJ/JbHOe cocTossHue. B moboi pe-
aJbHOR cHcTeMe, rje coOCTBeHHBIE KoJe0aHHs 3aTyXaloT, Bhl-
HYKIEHHble KoJeDaHus nMpuoGpeTaroT CTallMoHapHEI XapakTep
M He 3aBHCAT OT HayajbHBIX ycsoBHil. HauasnbHble ycaoBus
NPOSIBJASIOTCS TOJABKO B II€PHOL YCTAHOBJEHHS KoJeGaHui,
KOTODPBIH OOBIYHO HAa3BLIBAIOT NEePEXOJHBIM MPOLECCOM,

OTmernM, 4TO NPH HAJAUYUM 32TYXaHHs YCIIOKOEHUEe KoJje-
fauull MOJACTABKH C IBUraTe/jeMm, CTPOro roBopst, He Gyjaer af-
coumoTHbIM. YUTOOBl KosefaHHA BCIOMOTaTe/qbHOTO MAATHHKA
NPH HAAUYUK B HEM TPEHHS HPOHCXONMJIH C HEH3MEHHOH am-
TVINTY20i, K HeMy RO/KHA MOABOAMTHCS 3HEPrHf. A 3TO BO3-
MOYKHO TOJBKO TOJA, KOrAa NOJACTABKA C JBUraTesNeM BCe-TaKi
coBepiIasT KoJaeGaHus ¢ HeBOJbIUOH aMMIATYNOM.

Paccmorpennslfl B 3T0# 3a1aue crnocod YCIOKOEHNS BBIHY XK -
JIEHHBIX KOse§aHHH HIMPOKO NPUMEHSAETCS B TEXHHKE H HAa3hl-
BacTCHd JUHAMHUECKHM JeMIpHpOBAHUEM. A

11. Hecunyconpanvhnie konedaHus. B njockuil xoujeHca-
TOp C pasmepamu 00KIaA0K [; X [, H pacCTOSTHHEM MEXKIY HIMHU d
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({>d, 1:>d) nojHoCThIO BCTaBJAEHA AM3JEKTPHYECKas mJjac-
THHA MacChl M C NPOHHIAEMOCTBIO &, KaK pas 3aloaHsolmasn
Bech 06bEM Mexay oOkiaaxkamu. Ha xonaencarope nopaepxu-
BaeTcsl MOCTOsIHHOe Hanpsukenue U, HuanekrpHueckas niac-
THHA BBIABUrAETCS BJOJbL CTOPOHBl MJHHOH [; HA paccTosnue
X, u ornyckaercd. [Ipene6perasi TpeHueM, HalTH 3aBUCHMOCTb
CMelUeHHsl TIaCTHHBI OT BpemeHH x(f).

A YTo6bl BEISICHUTE, 110 KAKOMY 3aKOHY OyJeT MPOUCXOANTE
JBHKEHHE [JIACTHHBI, NpeXJe Bcero HeoGXOAHMO HAHTH Bbl-
pakeHue AJs CUJBI, JeHcTBYIONEH HA Hee cO CTOPOHBI 3JIEKTPH-
JecKOro NoJs TNJOCKOIOo KOHJEHCATopa, COeJAHHEHHOro C HC-
TOYHHKOM HocTOsiHHOro nanpsixeuus U. Ilyers nuactuHa an-
3JIEKTPHKA BBIJIBUHYTA HA PAcCTOSHHE X 3a NPEAENBI KOHJIEH-
catopa (puc. 11.1) u maxoaurcsi B paBHOBeCHH NOJ JIEHCTBHEM

Puc. 11.1. K naxoxnenuo cuisl Fyy, BTACHBAIOWEN AH3NEKTPHUECKYIO
NJaCTHHY NIpH HEH3MEHHOM HaupsukenHu U mexay oOK/IafKaMH KOH-
jJeHcaropa

cuabl F,,, nefictByomell co CTOPOHHL 3/1€KTPHUECKOTO NOJA, M
paBHOH el mo Moayaio BuewHed cuan F. Jlonyctum, uto pu-
5JIEKTPHK BJABHHYJICS B OPOCTPAHCTBO MeXAy OOKJaiKaMu Ha
seanuuny Ax, VM3 zakoHa cOXpaHeHHsl 3HEPTrHH CJEAYeT, YTo
coBepleHHasi IPH 3TOM HCTOYHHKOM HanpsxeHus pabota A,
paBHa CyMMe H3MeHeHHs 3Hepruu Koujencaropa AW, n me-
XaHWyecKoi paGoThl, coBepuleHHOA cunofl F,; Hald BHELIHHMH
TeNaMu:

A, =AW 4 F  Ax. (1)

Ecsin sapsill KOHJEHcAaTopa U3MEHMJCS [IPU 3TOM HA BEJMYRHY
Ag, To ¥3MeHeHHMe 3HEPTHM KOHIEHcaTopa

HCT

AW, =22 )

HCTOUBMK HanpsokeHnsi NpH 3TOM COBEpILHJ paboTy
A, =UAq. (3)
Ioncrasnss AW, n A, us (2) u (3) B ypasuenue (1), nonyyaem
FoAx="47 )

2
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IT0 COOTHOUIEHHE MO3BOJISET HafiTu cuay F, ., HeHCTBYIOULYIO
HA JIU3JMEKTPHYECKYIO NUIACTHHY CO CTODOHBI 3/1€KTPHYECKOTO
noJisl KOHAeHcaTopa. VameHenue 3apsaia KoHgeHcaTopa Ag npu
BABUIAHHH HJIAaCTHHBE MOXKHO 3anucate B Buie Ag=UAC.
Hamenenne emkoctu KoHjencatopa AC npu BABHTAHUMH NAACTHU-
BBl HA Ax MOXHO HAHTH, €CJH paccMaTpPUBaTbh KOHAEHCATOP C
YaCTHYHO BABHHYTOH ITACTHHOH KaK ABa COeAMHEHHBIX mapaJ-
JI/IbHO KOHJAEHCATOPA, OJHH H3 KOTOPBIX 3alOJHEH AHIIEKTPH-
rom, a japyro#i — ner. Torma npocToil pacueT TPHUBOAMT K
pesyJbrary

AC: €y (6—;1) lgAX ] (5)

[ToncraBnas n3ameHeHde 3apsiia Ag B ypaBHenue (4), Haxo-
UM, 970

gy (e—1) 1, U2
Fo=28- 0G0 (6)

TakuM oGpasoM, ec/u MexIy OOKJafKaMH KOHAEHCATOpAa MOJ-
JIEPXKUBAGTCH TOCTOSTHHOE HANpsiKEHHe, TO JeHCTBYOINAS Ha
JIU3JEKTPUK CHJIa He 3aBHCHT OT AJIMHBI BRICTYTINAROWIEH U3 KOH-
JEHCATOPA YACTH. JTa CHJIA BTATHBAET JAHIJNEKTPHK B NIPOCTPaH-
CTBO MEKAY OOK/IaJKaMH.

Teneps sierko coo6pasuThb, YTO BLIABHHYTAS NJACTHHA 6yaeT
nof jeAcTBHEM IOCTOSIHHOH cuJBl F,, ABHraTbCsi pPaBHOYCKO-
peHHO ¢ yCKopeHHeM a==F,;/m, NoKa He NOCTHUIHET MOJOKeHH
pasnoBecHs. Jloc/e TOro Kak njaacTuHa MPOCKOYUT MO HHEPL(HH
[IONIOKEHHE DaBHOBECHS ¥ BBIABHHETCA M3 KOHJAEHcATopa ¢
APYTOH CTOPOHBI, HaNpaBJeHHe YCKOPEeHHS H3MEHUTCS Ha Mpo-
TUBOIOJIOKHOE, TAK KAK H3MEHHUTCS HaNpaBJeHue BTATHBaIOeH
cuasl, B pesyabrare sactuHa OyaeT coBepinaTh Kosebanus,
KOTOpbIe, OAHAKO, He OYAYT rapmonnyeckumu. I'paduk cmele-
HUSA B 3aBHCHMOCTH OT BpeMeHH x(f) COCTONT U3 OTPe3KOB Nnapa-
Goa+(puc. 11.2). Tak, Hanpumep, B TeyeHHe NMepBOIN YETBEPTH
nepuoia TakHX KoaebaHui, T. e, npu 0<li<<T/4,

x(t)=x,—al?/2, (7)
rie
Fax & (e—1DLU?
&=y = 2md ’ 8)
AMniuTyAa TakMx KosaebGaHuil, Kak BHAHO H3 puc. 11.2, cos-
niajaer ¢ HauaJbHbIM CMeIeHHeM IJIaCTHHBL X, H3 [OJI0KEHHUS

pasuoBecus, ITo ncreuennn nepBoil yeTBepTH nepuoga KoseGa-
uuil x (£) B JIeBOH YacTH cOOTHOIIEHH (7) o0pailaeTcsl B HY/Ib,
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[Tosromy pas mosHoro nepuoga xoaneGanuit T moayyaem
T =4V 2x,/a. 9)

Buaro, 4TO NEpHOJ 3TUX HECHHYCOHJAJLHLIX KoOJeGaHuH 3d-
BHCUT OT aMIVIUTYIBl X,.

Ecnu rpaduk 3aBHCHMOCTH CMEILEHHSA NJACTHHBI KOHJEH-
caTopa OT BPEMeHH ellle XOTb KaK-TO HallOMHHAeT KOCHHYCOUAY,
TO rpadMK CKOPOCTH yXKe COBEpIUEHHO HE ITOXOX Ha TO, YTO
JIOJDKHO OBITH IPU TapMOHMYECKUX KoJaebanusix. IToCKOAbLKY

v
Ly

[
Puc. 11.2. I'paduky cMente-
HHUS H CKOPOCTH NIPH KoJeba-
HHAX IUJEKTPHUECKON naac-
THHbH B KOHJEHCaTope
t

YCKOpEHHEe IJIACTHHBI MOCTOSIHHO MO MOJYJIIO H TOJBKO CKad-
KOM MEHSIET HalpaB/leHHe Ha NPOTHBOINONOXKHOE B MOMEHTbI
NPOXOK/EHHs! TAACTHHOH MOJIOKEHHA PaBHOBECHS, TO rpaduk
ckopocTH ¥ (f) mpejcTaBiasier COBOH «INHAY», NMOKa3aHHYI Ha
puc. 11.2. A :

12. Kosaebanns obpyya. K HeBecoMoMmy oBpydy pajuycom
R, pacno/ioxeHHOMY BEPTHKaJbHO, NPUKpeIJieHa MaTepHa/b-
nad Touka mMacchl m. O6pydu MOXKeT KaTHThesl 6€3 NPOCKAJb3L! -
BalHA MO TOPH3OHTAJbHON MJIOCKOCTH, Ecan BeiBeCTH o6py4
13 TOJOKEHNS PABHOBeCHA TaK, 4yToObl IuaMeTp ofpyua, npo-
XOASHI[MH yepe3 MaTepHaJbHYIO TOUKY, 06pasoBas He6oJbliof
yroa @, ¢ BepTHraabio (pHc. 12.1), u OTNyCcTHTEL Ge3 ToJuKa,
TO BOSHHKHYT Kojebanus, KakoB nepunon sTux koneGaHuil?

A Ecoi 06pyy HaXOAUTCA B ITOJIOKEHHH YCTOHYHBOLO PABHO-
BeCHsl, TO NPHKpenJeHHas K HEMY MaTepHasibHasl TOYKA 3aHU-
MaeT camoe HHXHee noJsoxkeHue. Korja o6pyu kKarturcsa 6es
NpoCKaNb3bIBAHHA, 3Ta TOUKA JBMKETCA No LukJaouge, [Toay-
4UM TIpPeXJEe BCEro ypaBHEHHE 3TOI IIHKJIOHARL,
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BoibepeM HayaJo KOOPAMHAT B TNOJNOKEHHH DPABHOBE:HS
_ MaTepua/abuol ToukH. «[JpokatuMy obpyy MO OCH X TaK, 4YTO
JHaMeTp, NPOXOAAIUUA uepes TOUKY #1, 06pa3yer ¢ BePTHKAJBIO -
yroa ¢ (puc. 12.2). Beipa3um KoOpAHHATH ¥ H ¥ WHTEpecyoeH
Hac TOYKH uyepes yroa ¢, Ilpu kauennu 6e3 NMpocKadbL3LIBAHHS

Puc. 12.1. TIpa OTKJIOHEHHUH H2 MOJO- Puc. 12.2. K BwuiBORy

JKEHHS DPaBHOBECUA HeBeCOMBIt o6pyu ypaBHEeHUS HHMKJIOH DL

¢ ToueyHoH Maccoli m Oymer coBep- Hauna ayru AB papua
aTh KoJaebaHus oTpe3ky OB

navea ayru AB=R¢ paBHa aauHa otpeska OB. Iloaromy
HernocpeacTBeHHO M3 puc. 12.2 BuaHO, yTO

x=R (p—sin ¢), y=R (1—cos ). 0y

TIpu manuix KoneSanusx o6pyua, Koraa yroa e<l, hopmy-
asl (1) moxuO ynpoctutb. Ilis sTOro 3ameHnM sin ¢ Ha o,
TOrja BBHIpaXKEHHE I/ COS ¢ MONKHO 3amucaTb B BHJE

cose=V1—siroxV I—¢ ~1—¢¥2.
Tenepp ypasnenus (1) nepenuchiBaioTcs c/IeAYIOIIUM 06pas3oM:
x=0, y=Rq?/2. (2)

M3 3TUX COOTHOLIEHHH c/eAyeT, YTO NPH MaJbiX KoaeGalusx
o0pyya 3aKpellJIeHHas HAa HeM TOUKAa JIBIMMKETCH MPAKTHUECKH
N0 BEPTHKAMN.

Hajitu 3aKoH IBHKEHUA MAaTEPHANbHOH TOYKH 110 U3BECTHOM
TPAaeKTOPHH MOXKHO, BooOlle HE paccMaTpHBas AeHCTBYIOu(HE
CUJIBI, a HCIOMB3yst TOJNLKO 3aKOH coXpaHeHHs sHepruu. Tak
KaK [IpH MaJsblX yriax ¢ TOYKa JBHKETCS MO BepTHKa u, ee
KWHeTHYeCKad SHeprus pasHa my*/2. Cunras NMOTEHUHANbHYIO
HEpPTHIO DABHOH HYJ/ 50 B TOJOKCHHH PaBHOBECHS, 3anuuleM
3aKOH COXPAHCHHA BSHEPTHH B BH/E

my?

5— -~ mgy = const. (3
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IpoandpepenunupyemM 3T0 ypaBHEHHe 110 BPEMEHH:
myy + mgy =0. (4)

Taxg kak Y HE paBHO HYJI0 TOXAECTBEHHO, TO H3 3TOTO COOT-
HOIIeHUA 1IOCJe COKpauieHust Ha my NoayyaeM

y-+g=0. (5)
3T0 ypaBHEHWE TOBOPHT O TOM, YTO YCKODEHHE MaTepHasibioil
TOYKH BCE BPEMs HANIPABJIEHO BEPTHKAJILHO BHH3, IOCTOSHHO 110
- MOZYJI0 H PABHO YCKOPEHHIO CBO-
4 GoxHoro najeHus. 3HayuT, NpH

MaJblX KoJjebaHHAX HEBecoMoro

0 ofpyua NpUKpenJICHHas K HeMy

s 7 MarepuanbHas TOYKa JABIKETCSH

=gt TaK 2Ke, KaKk [Ip4 cBOGOAHOM Naje-

” HHH B noJje TaxecTH. Kaxawii pas

YN y=4,- > B MOMEHT IIDOXOXJECHHS 4epe3 Io-
(7

JIOX{EHKHE DPaBHOBECHS Hanpasae-
HMe JBMIKEHHS] TOYKH H3MEHAeTCs
Ha TPOTHBONOJOXKHOE, T. €, Glid
Beger ce0st Tak Ke, Kak ynpyrui
CTaJbHON 1IApHK, MOJCKAKHEAK-
IWHHA B NO0Je TAXKECTH Hajl ropm-
30HTaJbHOH MpPaMOPHOH NJHTOM,

Teneps sierko Hanucarh ypas-
HEHNsl, BHIPAKAIOIIHe 3aBHCUMOCTD
CKOPOCTH H KGODJMHATHI TOYKH GT
BpEMEHH 115 TIepBOR 4YeTBepTH
nepuoga gonebanud T. Tak kak

coraacho (5) y=-—g, TO

=

N
Sh

774

S
L

I\ 7

]
T

Puc. 12.3. I'padurn ckopoc-

TH ¥ BePTHKAJNbHOrO CMelle- . 12
HHA MaccH /m M yIJja OTKJO- !/(t) = —gi, Y (t) =,l/o‘—%— (6)
HeHHs] @ NP Malbix KoueGa-

HUAX o6pyua O <t <T/).

31eck y, — BHICOTA, HA KOTOPOH HaXOMM/IACh Macca /11 B BayaJib-
HBI MOMEHT, KOrjia o6pyy4 OBl OTKJICHEH OT TIOJIOKEHHS PABHO-
BeCHsi Ha yroa ¢, 4 oTAymieH Ge3 TOMUKa.

I'padukn 3aBHCUMOCTH CKOPOCTH H KOOPIHHATHL i OT BpeMe-
HH ToKa3aHel Ha puc. 12.3. Morao 6b nOKasaTbCsA Ha NMepBbIi
B3TJISJI, YTO NEepHOA KosneGaHUil BABOE MEHblIe YKa3aHHOTO Ha
3THX rpadukax. Ilepnon neficTBurenbHO Obl1 OBl BABOE MEHbL-
e, eciu OB peub LA O NojcKaknpawomeMm 1mapHke. Ho nas
ofpyua 310 He TaK, MO0 NepHoj KoJaebaHus 3JeCh OBpejes-
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eTcsi BpeMeHeM IIOJIHOIO LIMKJIa H3MEeHEHHsl Yria ¢, KOTOPHIH
COCTOMT U3 OTKJOHEHHH 06pyYya Kak B OAHY CTOPOHY, TaK H B
IPYryl. 310 0coGeHHO OTYETJIHBO BHIHO M3 rpaduka 3aBHCH-
MOCTH yrja OTKJOHEHUS OT BpPeMeHM, KOTOPLil I0Ka3aH Ha
ToM ke puc. 12.3. '

T'pauk 3aBUCHMOCTH @(f) COCTOHT U3 NOJIOBHHOK 3JI/THIICOB,
B 4eM MOXKHO yGeIuThbCs, NOJACTABUBE BO BTOPYIO M3 QoOpMYJ]
(6) xoopauHATY Y, BIpaXKEHHYIO Uepe3 yroa ¢ ¢ NOoMOUbIC COo-
otHowenus (2):

@ () =i —gt*R. (7)

21y (QopMyay MOXHO lepenHcatb B BHIE
(pz + t2 1 8
o TRaE Tl ®)

B Hell nerko y3naTb ypaBHEHHE JJMICA HA NAOCKOCTH £, ¢.
Tlosyocu 3TOro 3JJMnca pasHHL @, V' Rig u ¢,. Kak BugHo u3
rpajuka 3aBHCHMOCTH ¢{f), IO1YOCH @, V' R/g paBua YeTBepTH
nepuona kKonebauuit ofpyua 7/4. Takoe ke 3HaueHue nis 7/4
MOXKHO, pasyMmeercsl, NOJYYHTb H M3 ypaBHenus (6).

Taxum ofpasoM, nepuoj koseGanuil obpyua

T =4q, V R/g. ©)

Tlonuepkuem, uTO jaxke MaJble KoJjef0auHsi TaKOH CHCTEMB! He
AIBJAOTCA TaPMOHHYECKHUMHU H UX NEPHOJ 32BHCHT OT aMILAUTY-
I @y, A

13. Boannt Bo Bpamawniemcs xoabue. KoJsbleBoli pesy-
HOBBIH KI'YT PACKpy4eH BOKPYT OCH, NEPNEHIUKYJAPHONA mIoc-
Kocth Kogabua (puc. 13.1). JlnneiiHasm CKOpOCTb 3JeMEHTOB
»ryra paBHa v. C KakKoH CKOpOCThbio GyIYT paclnpocTpaHsIThCs
[O TaKOMY KOJIbLY NofepeyHsle BOJHBI MAalOH aMIIHTYAbI?

A Ynpyras nonepedsasi BoJMHa B THOKOM PE3HHOBOM XKTIyTe
MOXKeT paclpoCTPaHATLCA TOJBKO B C1yYae, €CJIH 3TOT MKIyT
paranyt. [lpensapurtespHoe HaTsikeHHe HEOOXOIMMO MOTOMY,
YTO HEHATAHYTBLIH XI'YT, B OTIHYHE OT TBEPAOrO TeJa, o61ajaer
YIPYTOCTBIO TOJNLKO MO OTHOUIeHWI0 K Je(OPMalMH pacTaxe-
HUA, HO He cXaTusd. B paccMarpruBaeMOM NpPHMEpE CHJIA HaTs-
JKEHMS KOJBUEBOTO XryTta ofycjorjena ero Bpamenuem. Haii-
JEM 3Ty CUJAY HaTsKEHHs.

BoigenuM MbiCJICHHO Ha BPauAIOMEMCsi XKIYyTe SJeMeNnT
Al, xapakrepusyemei Maaem yraom 8 (puc. 13.2). Cunwet F
n F,, peficTBylomue Ha BLIAENEHHBI 3JEMEHT CO CTOPOHLI CO-
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CeJHUX Y4acTKOB, HalpaBJieHbl HO KacaTeIbHOH K OKPYKHOCTH.
Monynb s1HX CH1 F — 3TO U eCThb MHTepecyluias Hac CHJa
HaTsikenus xryrta. PasnogeiicrBytomas cua Fy u F, coobiaer
BBIZE/IEHHOMY 3JIEMEHTY KI'yTa LIEHTPOCTPEMHTENbHOE YCKOpe-
nue v¥R. Macca Bre/eHHoro ajeMenra pasHa pSA/=pSRO,

&

1
T~ 4
L o
U )
Puc. 13.1. Pe3unoBoe KOJABIO Puc. 13.2. K BBHIUHCICHHIO CHJIBL
Bpamaercs BOKDYL BepTHKaslh- HaTsKeHHS "BpaH(alouerocs pe-
HOR ocH 3HHOBOIO XryTta

rie p — IUVIOTHOCTb DPEe3HHBI, S ~— M/IOWAAb NOMNEPEeYHOro ce-
yenust :Kryra. [1os3ToMy Ha OCHOBaHHH BTOPOro 3akona Hptoto-
Ha HMeeM

FO=pSROv¥/R, )
“OTKyAa
F=pSuv2, (2)

[IpeAnonoxHM TENeps, 4TO [0 3TOMY KOJBLY PACnpoCcTpaHs-
ercsi ynpyras BOJHA, B KOTOPOH CMelUCHHE 3JEMEHTOB KIyTa
[IPOUCXOJUT B HANPABJIEHHH, NEPNEHAUKYIAPHOM DaBHOBECHOH
njockoctd XKryrta. Ilycrs sta BOAHA pacnpocTpaHsieTcs, Ha-
nIpuMep, B TY JKe CTOPOHY, B KaKylo Bpamaercs Koablo. st
TOro 4ToOBl HalTH CKOPOCTb pacnpocTpaHeHus 3TOH BOJHBI B
KryTe ¢, NOCTYNUM caenyrolum obpasom. [lepeiinem B HOByMO
cucreMy orcyera K, B KOTOpPOil B HEKOTODBHIH MOMEHT BpeMeHH
OKaXKeTcs HENOABHIKHBIM ONpejesieHHb BBIIENEHHBIA rop6
BosiHbl (puc. 13.3). SlcHo, uTO 3Ta CHCTeMa OTCYETa ABHIKETCS
pPABHOMEPHO CO CKOPOCTBIO U-+U B HaNpaBJeHHH KacaTeJbHOM
K OKPYXKHOCTH, 0oBpasyeMoH BpallaloliuMcs KryToM. Brije-
JenHblfl rop6 6yger B 3TOH CHCTEME OTCYeTa HEeNOABWKEH B
TOT MOMEHT, KOT/Ia €r0 CKOPOCTb OKaXKeTcd NMapaJsiiiesbHON CKO-
POCTH BBEIEHHON cHcTeMBl oTcyera, B stor mMoMeHT ropf Gyner
BRITVIAMETh 34aCTHIBIUMM, a BEUECTBO KryTa OYIeT CKOJIb-
3UTb BJl0Jb 3aCThIBIIErO ropba co CKOPOCThIO 4 Ha/leBo (puc,
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13.4). Tlockoabky HOBas CHCTEMA OTCYeTa ABJISETCH HMHEPIU-
aJbHOW, B Hefl Takke clpaBe/iuB BTopol 3akoH HbioToHA,
Tlpumenum ero X JABIDKEHUIO 371€MEHTa XKI'yTa, NPOXOIALIETO
yepes BEPLUHHY rop6a., STOT 3JIEMEHT ABHKETCS CO CKOPOCTLIO
U 10 yre OKPYKHOCTH HEKOTOPOro pajuyca r, KoTopas JemHT
B BePTHKAJbHOH NJIOCKOCTH H IIOKa3aHa IUTPUXOBOH JHHHEH
Ha pHc. 13.4. TIpoekuuss ypaBHeHHs BTOporo 3akoHa Hewotona

Puc. 13.3. B Hexoropuili Mo- Pune. 13.4. B srofi cucreme or-
MEHT BpeMeHH rop6, OCeryumui cgeTa BeUleCTBO JXKryTta Oexur
O XryTy, OYAeT UelopBHKEH qepes BePWHHY 3aCTHIBIIErO rop-
BO BCIIOMOTaTeJIbLHOH CHCTEME OT- 6a Co CKOPOCTBIO 4

cyera K

Ha BEPTHKAJNBLHOE HANIPaBJCHUE NPU NBUXKEHUHU 110 3TOH OKPVIK-
HOCTH 3anHuChIBACTCA B BHAE

Fo=pSrour. 3)

Orciofia A9 KBaapara CKOPOCTH PacnpoCcTpaHeHus nonepeyHol
BOJIHBI 110 XKTYTY HMeeM

u=FlpS. )

$IcHO, YTO Takoe e BHpaXeHue At CKOPOCTH BOJHEL Oyper
CRPaBEeI/IUBO U B CJayYae NPSMOJHUHEAHOTO KIyTa, HaTsKeHne
KOTOPOTO CO3Jia€TCsl BHEUIHUMM CHJAaMH.

Ifoacrasisst B popmyny (4) BhIpaKeHHe AJsS CHJIBI HATSXKe-
HUs F yepes CKOpOCThb BPALIAIOMIETOCS XKI'yTa U U3 (2), HaxoanM,
yT0 y=v. [IpYrUMH CJOBaMH, CKOPOCTb IIONEpPeYHBIX BOJH
OTHOCHTEJIBHO XI'yTa, CUAa HATsKEHHS KOTOPOTO 06YC/IOB/1Ba-
eTCd ero BpalleHHeM, COBMajaer ¢ JHHeHAHOH CKOpPOCTbIO Bpa-
menns xryta. Ilostomy Bosnbl, Korophie GeryT B TY Xe CT0-
POHY, KyJa BpaWAeTCs XKFYT, NBHXKYTCA OTHOCHTENILHO HENoA-
BIZKHOTO Hab/IofaTensl co CKOpocThio 2v, a BOJHEI, Geryue
HABCTPeUY BPAUIEHHIO KFYTa, KAKYTCA TAKOMY Ha6Jiofarenio
HENOJABMAKHBIMH, A
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14. 'BoaGyxpaenue Boan B crpyHe. KoHeu HartsauyToit yn-
pyroft CTpyHBl HPHBOAHTCA B IapMOHHYECKOe KoJebGaresbHoe
JBIIKEHHe C aMIIUTY A0 A o 4acTOTOH ® C MOMOWIBIO YCTPOMHCT-
Ba, CXema KOTOPOTo NoKasada Ha puc. 14.1. Kakyo MomHocTs
pa3BuBaeT ABUTATe/b, NPHBOLALME ero B asmxeHue? Bo yto
npeBpaliaeTcss 3aTpaueHHas 3Heprus? Uro npoucxoaut Ha
IpYroM KOHIIE CTPYHEI? Kakum o6pa3oM MOXKHO AOCHTLCS TOTO,
yToObl TAM HE NPOMCXOAWJIO OTPAKEHHUST BOJHBI?

Puc. 14.1. Koney crpyHBl Puc. 14.2. Co cTopoHnl <CTepXHf Ha
BPUBOZUTCS B ABHKEHHe KOHEll CTPYHB geiicTByer cujia F
¢ [apMOHMYECKOMY 3a-

KOHY

A Jlas toro 4yToOb! ONKCATh BHIHYKAEHHOE JBIKEHUE CTPY-
Hbl, BBEJEM OCH KOODJHMHAT X H 2 TaK, KaK IOKa3aHO Ha DHC.
14.2: ocb z coBnazaer ¢ paBHOBECHBLIM IOJIOKEHHEM CTPYHEI, a
OCb X HalpaBJ/ieHa BJOJb CTEPXKH, [IPHBOIALLEr0 KOHEL CTP YHEL
B IBuxKeHue, BriGepeM Hauaso orcyeTa BpeMeHH Tak, 4TOOHI
CMel[eHHe JIEBOr0 KOHI[@ CTPYHBI AaBajoCh BbipaxKeHHeM

x ()=A4 cos of. (1)

Beinyxaenubie KosneGaHus JEBOrO KOHUA CTPYHBI NPHBO-
IAT K NOSIBJIEHHIO B CTPYHE YIPYroi BOJHBI, pacnpocTpaHsio-
weiica HanpaBo BoJb ocd 2. CKOPOCTh ¢ TAaKOH BOJHBI, Kak
6blJ10 BRISICHEHO B MpeABIyIeld 3ajade, 3aBUCHT OT MpeiBapu-
TEJNLHOH CHJIBI HATSDKEHHS CTPYHBI F,, TVIOTHOCTH MaTtepHaja
CTPYHB! P M TUIOHUIA/H €e MONEepEeyHOro cedeHHs S:

u?=F,/pS. ©)

Ilpu pacnpocTpaHeHHH BOJHEI NONEPEYHOE cMelleHne x b0
TOYKH CTPYHBI, HMeWLed B PABHOBECHH KOOPAWHATY Z, IIOBTO-
psieT JBHXXEHHE JIEBOTO KOHIA CHYCTSl IPOMEKYTOK BpPEMEHU
z/u, Kotopsiil TpeGyercs A1 TOTO, YTOOBI BOJIHA PAclpOCTPaHH-
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Jiach Ha paccTosiHue 2:
x(z, )=x(0, t—=2/u)=A cos © ({—2/u). 3)

Jnd Toro yrobbl HaiiTi Pa3BMB2EMYIO IBHTATE1eM MOIHOCTD,
HYXKHO 3HaTh cuay F, ¢ KOTOpOH cTep:eHb AEHCTBYET Ha Je-
BbIA KOHew cTpyHul. CTpyHa JeficTBYeT HA CTEPKEHb ¢ PaBHOH
N0 MOAYJIO H NPOTHBONOJOXHOH 10 HANPABJIEHHIO CHJIOH Fy
(puc. 14.2). ns rubkoil CTPYHBI, NpOABJIAOMWER ynpyrue
CBOHiCTBA TOJABKO MNpPH JedopMauHyd pacTAXKEHHs, CHJaa Ha-
TSKEHHUS B OGO To4Ke HallpapJeHa 1o KacartenbHo# . [Tostomy
JeficTBylolas Ha crep:keHb cuia F; Hanpap/jeHa NOL YIJIOM o
K OCH 2, TAHr€HC KOTOpOro, Kak BUAHO U3 puc. 14.2, paBeH npo-
U3BOAHON dx/dz npu z=0:

tga:Aﬂsinm(t-—i>
u

u

=A 2 sinot. (4)
2=0 u

Tlpu pacnpocTpareryun BoJIHBL B CTPYHE Kaxahifl ee sie-
MEHT NepeMenaeTcss TONMLKO NONEpeK paBHOBECHOIO NOJOMKe-
Aug cTpyHel. [Jo3TOMY ropusonTajbHas NPOeKIUs CHJBI HATH-
JKEHUS CTPYHBI OCTAETCS HEMSMEHHOMH ¥ PaBHOM N0 MOAYJNIO T1pej-
BapuTeNLHON cuse HaTsxeHus F, B MoGoll MOMeHT BpeMeHu H
B Mo6oM MecTe CTPYHBI, B TOM UHCJE U Ha ee jieBoM KoHie, Or-
CloJla cJejpyer, YTO BEPTHKAJbHAA MPOEKUHA CHJbl F, paBras
—Ftg a (puc. 14.2), usaMeHsieTcsi CO BpEMEHEM IO FapMOHu-
HECKOMY 3aKOHY:

F,(t)=—F,A 2 sinot. (5)

CKopocTh ABHXKEHHSI JIEBOTO KOHUA CTPYHBI paBHa NPOM3-
BOJHON TI0 BpPEMEHHM OT cMeileHus x(f), AaBaeMoro GopmyJoi

():

v, =x=— Ao sinof. (6)

MrHoBeHHOe 3Hau€HMe pPa3BHBAEMOH JBHUIATEJEM MOILHOCTH
P paBHO cKaJsipHOMY NpPOH3BEACHHIO JeHCTBYIOLIEH HAa JEBHIH
KoHel cTpyHel chabl F Ha ero cKopocTh @:

P=F. 9=Fp,=FA%simaot. (7)
xXTx u

Buano, yTO pa3BuBaeMasi IBHraTeJeM MOLIHOCTb HCHBITH-
BaeT KoseGaHus OT HYJISl IO MAKCHMAJ/IbHOIrO 3Ha4eHHs, paBHOTO
F,A%@%/u. Cpennee 3HAaYEHNHE MOIMHOCTH JETKO HalTH, ecau
BRIPASUTL BXoamiMi B Qopmyay (7) KBaipar chHyca depes
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KOCHHYC JBOHHOTO yraa:

sin of = - (1 —cos 20f). )

[pu ycpeiHeHHH 10 BpeMeHH BTopoe caaraemoe B (8) ucuesaer,
1 BHIpaXKeHHe Jia cpejHell MomHOCTH <P) IpHHHMaeT BHJ

3
Py =g F AP 2. (9

TMoncraBasisi ciojla 3HAYCHHE CHJbI HaTAKCHUSA CTPYHBL Fo H3

¢dopmyant (2), Beipakerne s (P> MOXKHO 3amucaTh CJIeAYiO-
UM 06pasoM:

<P> =%pSm2A2u. (10)

3arpayeHHasd Ha BO30YKAeHHE KoJeOaHHH JeBoro KoHua
CTPYHBI 3HEpPrus, pasymeercs, He HcyesaeT 6eccienHo, a Ie-
peHOCHTCSl BOJIHOH BAOJB CTPYHEL. 3TO OTYETVIHBO BHAHO H3
tdopmyast (10), B KOTOpo#i paBas 4acTb KAK pas paBHa [OTOKY
sHEpruy, NepeHocuMol BoJHOH. B camom nese, ecanm paccmo-
TPETh KHHETHHYECKYIO W NOTEHIHAJbHYI0 SHEPIHH HEKOTOpOro
3JieMeHTa CTPYHBl JIUHBL Al TP NPOXOKIACHHH BOJHBI, TO
MOXHO YOEIHTBCSI, UTO CpeHee 3HaueHHe HX CYMMBI PaBHO
pS®2A2A[/2. 3a enununy BpeMeHH BOJHA pacnpoCTPaHSETcs
na paccrostue Al, yucaeHHO paBHOe ee CKOPOCTH 4., [To3ToMy
npasas 4actb ¢opmyabl (10) npeicrasiaser cofoft sHepruio,
NEePEHOCHMYIO BOJHOH yepe3 Jio0oe cedeHHe CTPYHBI 3a €1H-
HULY BpEMEHH.

Ecnu crpyHa mnpoctHpaercsi Hampaso A0 GECKOHEMHOCTH,
TO 3HEPTHS IePEHOCHTCST BOMHOH TOJNBKO B OJHOM HampaBJe-
Hug. EcJH TpH 3TOM JAMCCHIALHA MeXaHHYeCKOH SHepruH,
NPUBOAALIAS K 3aTyXaHHIO KoJeOaHu#, npeHebpexuMo mana,
TO CpeAHHUl MOTOK 3Hepruu B JOOOM MeCTe OAHHAKOB.

B orpanuueHHOl cTpyHe XapaKTep pacnpocTpaHeHHS JHEp-
rud GyHer pa3nuyHBIM B 3aBHCHMOCTH OT YCJOBHIH Ha APYroMm
KOHIe cTpYHHL. Ecan, Hanpumep, BTOpoil KOHELL CTP YHBI 3aKpen-
JIeH, TO CTPYHA He MOXKeT NepelaTh HEepPTHIO CTeHKE, TaK Kak
NOCJEJHSIsI TOUKA CTPYHBl HEMOABHKHA, JHEPTHS BOJIHBI LEIH-
KOM OTpakaercs Hasajl OT 3aKpellJleHHOTo KOHuIa. B pesy.b-
TaTe B CTpyHe o0pasyercs cTosiyasi BOJiHA, B KOTOPOIl SHEprHst
He TMEPEHOCHTCS1 4epe3 y3JoBble TOYKH, TAe aMIJIHTYHA KoJe-
Ganuil paBHa Hy/MO. MOXKHO 0Ka3aTh, UTO B 3TOM CJay4ae cpeji-
HAS MOIIHOCTb ABHTaTe/isl, BO30YXKAAIOUIEr0 TAKYK CTOAUYIO
BOJIHY, paBHa HYJIIO: CKOJILKO SHEPTHH B TCUCHHE Mepuoja KoJe-
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6aHuil OBUraTe]b OTJAeT CTPYHE, CTOABKO K€ H TNOJAyYaeT or
nee o6patHo.

Ho MoXHO Ha Ipyrom KOHIE CTPYHBI CO3JATh U TaKHE YCJ0-
BHSI, MTO BOJHa He OGYAET OTPAXaTbCsAd H BCS NepeHOCHMAast
¢io sHeprus Oyjmer nepelaBarbcs HEKOTOPOMY YCTDOHCTBY.
Yro e JOIKHO NpencTaBisiTh coGoit Takoe ycTpoictso? Ilas
TOTO 4TOOH! Ha HPaBOM KOHILE CTPYHBI JIUHOM [ HE TIPOHCXOAUI0
OTpaxkeHHs BOJHBI, HYKHO, YTOOb YCJIOBHA B NOCJAEAHEH TOUKe -

Lt l ,"""\
\ + /
G

\
Ny

Puc. 14.3. Otpaxenus BoJHB Ha NpaBOM KOHHE HE NpPOH3Oiler, €Can
IeHCTRYOmAs CO CTOPOHB! INTOKA Ha KOHeW CTPYHH cuaa Fy Oyaer
TaKoH e, KaK H CO CTODOHB OTPE€3aHHOH HacTH CTPYHH

CTpYHBI ObLIH Obl TAKMMH K€, KaK M B GECKOHEHHOH CTpyHe.
Hpyrumu croBaMH, ecld «yOpaTby NPOJOJKEHHE CTPYHHI, TO
CMeIeHHe H CKOPOCTh Moc/eHeHd TOUKH JO/KHEL OCTaThCs Ta-
kumyu xe, Jas atoro cuna F,, peficTByolas Ha ROCHAENHION
TOYKY CTPYHBI CO CTOPOHH YCTPOHCTBA, AOJKHAa OHITH TaKoil
e, KaK U CO CTOPOHEI «OTPE3aHHOIM» YacTH GECKOHEYHOH cTpy-
HH (puc. 14.3).

Ipu naxoxneHuu cHibl Fy MOXKHO IOCTYNAaTh TaK XKe, Kax
A TIPH HaxoxjeHnH cubl F Ha JieBoM KoHUE cTpyHBI, Tanrenuc
yraa B (puc. 14.3) paser npousBonHoil dx/dz npu z=I:

O . 2 0, l
th:A—JsxncL)(t———u—) =A —u-smco(t-—-;). (11)
Tak KaK ropusoHTaJbHas NPOEKUHA cHJb F, paBHa npeaBapH-

TEJLHCH CHJIe HaTSXeHHs! CTPYHH F,, TO BepTHKaJbHas Mpo-
exuus cuiel F,, paBras F tg f, naerca BmipaxeHuem

Fo.=F,A %sinm(t—-iu). (12)

=1

Jlerko sameTuTh, YTO 3T CHJAa B KaXKJblH MOMEHT BpeMeHH
NPONOPLHOHAIBHA CKOPOCTH U, NPABOr0 KOHIA CTPYHBI, ITy
CKOPOCTb MOXKHO BBIYMCJUTL € IIOMOWLbIO BhIpaxeHua (3),
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NpesBapUTeILHO [OJNOKHUB B HeM 2z2={:
. . {
v,=x(l, t)= —Aosine (t———;). (13)

Cpasuusas QopmyJs! (12) u (13), Bugum, uto cusa F,, Kotopas
JefcTBYeT Ha NpaBblfl KOHeL CTPYHBI CO CTOPOHBI YCTPOHCTBA,
0fecneyHBaIoLIero Mor/olleHHe BOHb, 10/KHA OBITh Mponop-
LHOHA/JbHA CKOPOCTH KpalHeH TOUKH CTPYHBI U

F2X=F002/u. (14)

Tpe6Gyemoe ycTPOHCTBO MOXKHO OCYIIECTBHTL, HCIOJB3YH
CHJY CONPOTUBJICHHS INpPH JABHXKEHHH Teja B BSI3KOH cpefe,
KoTopast mpH HeQO/IBIINX CKOPOCTSIX NPONOpUMOHANLHA CKO-
pocru. BosbMem, Hanpumep, JieTKufl IUTOK ¢ NOpIIHEM MpeHe-
OpeKUMO MAJIOH Macchl, KOTOPHIH MOXET NepeiBHraTbcsl Bep-
THKaJbHO B LUJAMHJpE, 3allOJHEHHOM BSA3KOH ¥KHJKOCTBIO
(puc. 14.3). Ilpu sTOM BA3KOCTb MHAKOCTH H pasMep MOPUIHS
HYXXHO NMOAOGPAaTh TakKuM o0pas3oM, yToObl KO3(DPHLHEHT mpo-
[IOPLHOHANBHOCTH MEXAY CHJIOH CONPOTHBJIEHHA H CKOPOCTLIO
6b11 GBI KaK pa3s TakHUM, Kakoi Tpebyetcs gopmy.aoit (14), T. e.
Fu.

[Iprx wucnonb30BaHMM TAKOrO YCTPOHCTBA BCSA SHEPrHUs,
nepegaBaeMasl CTpyHe Ha ee JIeBOM KOHIe, OYAeT NpeBpauaThes
B TEIJIOTY NpH JBIDKEHHH MOPLIHA B BA3KOH XKUAKOCTH. Takum
ofpa3oMm, pacCMOTpeHHas cHCTeMa (DAKTHYECKH MNPefCTaBJ/Isier
coboff MeXaHWuecKHH BOJIHOBO/J C COIVIACOBAHHOH HArpyskoft
Ha NPaBOM KOHIE, C MOMOLIbIO KOTOPOTO SHEPTHsS MOXKeT nepe-
IaBaThCsl M3 OJHOTO MecTa B Jpyroe.

AuanoruyHpiM 0o6pasoM MOXHO [epejaBaTh 3HEPrHi0 H3
OIHOTO MECTA B APYroe H ¢ MOMOUIBIO 3JEKTPOMATHHTHEIX BOJIH.
JAg COOTBeTCTBYWOIIHX JHHUH Mepelaud WM BOJHOBOAOB
Tpefyercss Nojabuparth HArpy3Ky Tak, 4ToOH oHa Oblia coraa-
COBaHA ¢ BOJHOBOJOM, T. €. YTOOB HE NPOHCXOAUIO OTpame-
HHS BOJIHBI OT €ro KOHIA. A

15. HanpasseHnoe uajyyeHHe pagMoBOJIH. AHTEHHB LIHPO-
KOReIlaTeJbHbIX PaJHOCTaHIHA [OPEJCTAB/ISIOT cobol BepTH-
KaJbHbIE MayThl, KOTOPhE B TOPU30HTANBHOM IJIOCKOCTH, T. €,
BAOJIb 3E€MHOH MOBEPXHOCTH, H3JYyYarwT OJHHAKOBO [0 BCeM
HanpasseHusiM. Mcnosb3ys HECKOJIbKO TaKHX aHTeHH, pafo-
TaloWKX OT OJHOrO NepelaTuHKa, H3JAyYeHHEe DaAMOCTAHUHH
MOMKHO CJeJaTh HampaB/JeHHHM. Kak Hano pacrlonoXuTh [Be
AHTEHHB B TOpOfie, paCTAHYBILIEMCA Y3KOH MOJAOCOH BHOJA
Gepera Mops1, 4To0bl YMEHLIIHTh $eCro/1e3H0e H3J/IYUEeHHE PafHo-
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BOJH KaK B CTOPOHY MOpPS$1, TaK U.B CTOPOHY HEHACEJECHHOH MeCT-
Hocru? )

A dopmupoBaHue HaNpaBIEHHOrO H3JMYYCHUS PaAUOBOH
NPOUCXOAUT Onarojapsl asjeHno uHrepdepenunn. Ecau ects
JIBA KOTEDEHTHBIX HCTOYHHUKA S U Sq, H3AYUAOLHX BOJHEI O/1U-
HAKOBO [0 BCeM HanpaBJeHHsM, TO KosnebaHus, NPUXOAsiue
B HEKOTODPYIO TOuKy P, 6yAyT yCHAMBATh UM ocAabnsaTe Apyr
Ipyra OPH CI0KEeHUW B 3aBHCHMOCTU OT PA3HOCTH XOfa BOJH

¥z
) |k
d

% %*

5 5
Puc. 15.1. [Ipn KOorepeHTHBX HCTOUHH- Puc. 15.2. K Bhuncje-
Kax Sy # S, HHTEHCUBHOCTH KogeGaunit HUI0 Pa3HOCTH XOAa BOJH
B TOYKe P 3aBHCHT OT pa3HOCTH X0Aa AJA  YRAJEHHOH TOuKH

BOJIH 'y— 7y HaGa0AeHAA

ri—rs (puc. 15.1). Bysem an1a npocToTsl CYHTATh, YTO HCTOY-
HHKH OJMHAKOBHI H H3/1y4aioT B OfHHaKOBO# (ase. Ecau Touka
Hab/iofieHUst P HaxoAHTCA JajleKO OT HUCTOYHHKOB, TaK 4YTO
paccrodHue or P 10 MoB0ro U3 HUX MHOro QoJblie paccTosi-
HUS d MEXKAY HCTOYHHKAMH, TO aMIIMTYJAbl DPUXOAAIHX B P
KOe0aHHH MOXHO CUHTATh OJMHAKOBBIMH, a NpPH MOACYETE
Pa3HOCTH X0/ HalpaBJAeHHS 7 H r; MOXKHO CUHMTaTh napajeb-
ubiMu (puc. 15.2). Toraa pasHocTs xofa A BIpaxaercsl yepes
yroa 0, xapakTepusyiolmuii HampapieHue Ha TOuKy Hab.ioe-
Husl P:

A=d sin 0. (1)

Slcno, yto npu 0=0 n O=n, T.e. B HanpaB/JeHHAX, NepHeCH-
JIHKYJIAPHBIX JIHHHH, COeNHHSIOMEH MCTOYHHKH, H3JYUYeHHE
OyIeT MaKkcuMaJabHbIM. B HanpaBseHHsX, A1s KOTODHIX pase
HOCTb XOZia A paBHa MOJIOBHHE JJIHMHBL BOJHBL A (HJH JIOGOMY
HEYeTHOMY UHCJIY NOJAYBOJH), H3JydeHHe BooOlle He NMpOHCXO-
aut. s pajMocTaHUMA CYHIECTBOBAHHE TAKMX «MEPTBLIX»
HanpaBJeHHH, KOHEUHO e, HeXKenaTeJbHO. A 3TO O3HAYaeT,
yT0 paccrosHue d MeXKAY aHTeHHaMH AOMKHO GbITh MEHbLIE
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NOJIOBYHB ANMWHEL BOJHHL. Ecan pacerosnye d JHmb HEMHOTO
MeHble A/2, To B HanpaBJeHHsX BIOJb JHHHH, COeAHHSIOUEN
aHTeHHbI, H3/MyUeHHe TIOYTH He NPOUCXOMHT, TaK Kak B JoOylo
TOYKY Ha 3TOH JIMHMH 3JEKTPOMAarHHTHHE KoJefaHHA OT aH-
TEHHB! NPHXOAAT NOYTH B mpoTuBogase. Ecay 310 paccrosnue
YMEHBIIATL W Jafblie, TO H3JyueHHE B STHX HampaBIeHHAX
OyJieT yBEJIMUMBATBHCH, TAK KaK pas-
HOCTh (a3 koneGaHuil GyJeT yMEHb-
HIaThCA.

Takum o0pasoM, I/is TOrO YTOGHI
HanpaBHTb H3JyUYEHHE paJlOCTaHIK}
NPEHMYIIECTBEHHO BJOJbL HaceJeH-
Horo Gepera MOpf, aHTEHHBI HYKHO
pacno/ioXuTh Ha RNPAMOH, NepreH-
IHKyJsipHOR GeperoBoi suuuu. Pac-
CTOSIHHE MEXKLY aHTeHHAMH JOJ/LKHO
ObITb MeHblle A/2 U BHIOUPAThCH H3
Tpe6oBaHusl, 4TOOB HHTEHCHBHOCTH
U3JyueHtst B NepPNeHAUKYAAPHOM Ge-
pery HanpaBJeHHH Obl1a HE MEHbHIe
ONpefeeHHOTO 3HAYeHM A, HANpUMep,
utobut oHa coctaBasaa 10 % ot unren-
CHBHOCTH H3JyuYeHHUS BAoJb Oepera.
Puc. 15.3. Hanpasaenus HeprAHO coo6pa3mb, 4YTO C IO-
MAKCHMAJILHOrO  H3AYUE-  yignpio TAKUX AHTEHH MOXKHO CKOH-
HMst MOBEPHYTHI HZ HEKO-

Topwii yroa 0, ecam ko- UEHTPHDOBATH H3JyYeHHe B HYXKHBIX
AeGauus B aHTenHe S, HANPABJEHHAX H B TOM CJyUae, KOTAA
oreraioT MO ¢pase oT KO- TOPOJ PaclOJOKEH Y3KOH [0J0CON
neGannit B antemne Si  pnonp Gepera 3atuBa, YIJOM BJAIO-

meroca B cymy (puc. 15.3). Hasa
3TOTO JOCTATOYHO TOJMBKO 3aMETHTh, YTO MAKCHMYM H3JIYYeHHS
ABYX aHTEHH 6yJer HanpaBJeH He NEePHeHAHKYJSPHO COENH-
HAOLER MX JHHUH, a NOA HeKoTophiM yruoM 0 (puc. 15.2),
ecnn xonebaHusa B aHTCHHAX NPOUCXOAAT ¢ NOCTOAHHLIM CABY-
roM no daze 8. HaupapjeHnne MakCUManbHOTO H3JyYeHHs B
3TOM cJiydyae ONPeAeUTCS H3 YCJIOBHS, UTO BHOCHMAsl aHTEHHa-
MH NepBOHada/lbHasfA Pa3HOCTh (a3 § KOMNEHCHPYEIXs 3amas-
IbIBaHHeM OJHOH M3 BOJH NPH NPOXOXKJAEHHH €10 «IHIUHEro»
paccrosinust A (puc. 15.2). Ecau, nanpumep, KoseGanus B aH-
TeHHe S2 OTCTAOT OT KosleGanuit B S; 1o ¢ase ua §, 10 yroa 0
HAXOAUTCA M3 (QOpMYJIBLl

2% 4sin0=3, )
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TaK KaK HMEHHO B 3TOM HaNpaB/JeHHH BOJIHH OT Sg H Sa pacupo-
CTPAHAIOTC B OJMHAKOBOH (ase M NpPH CJIOKEHUH YCHIHBAIOT
Apyr Apyra. Pasymeercs, MakCHMaJjibHasi HHTEHCHBHOCTb M3-
Jyuenus Oyjer HaOOAATbCA B ABYX HanpaBleHHsAX, o6pasyio-
IUX Yron O ¢ mepneHAHKYIAPOM K JHHHH, COENHHSIOUIEH ail-
TEHHB, KaK MoKa3aHo Ha pHc. 15.3.

st yMmeHblueHust 1oJH O€CHONE3HO HaJdydaeMoli pajauo-
CTaHOMEH SHepruH LenecoobpasHo JOOHTLCS HanpaBJIEHHOrO
H3/JYYEHUS] DAjHOBOJMH HE TOJbKO B FOPU3OHTA/NbHOH, HO U
B BePTHKaJbHOH mJockoctd. PopmupoBanHe y3KoH jpuarpam-
Mbl HANpaBJEHHOCTH, «OPHKATOH» K 3eMHOH NOBEPXHOCTH,
CPaBHHTEJABHO 1NPOCTO obecleuuBaeTcst B AUalia3oHe MeIpo-
BhX H Gonde KOPOTKHX BOAH (TeseBuaeHue, Y KB-pajuone-
ulanue). Bubpatopsl nepejaiolied aHTeHHB PacriosaraioT Ha
BepTHKaJbHOH MayTe B HECKOJIbKO PSJIOB ADPYr Haji APYroM,
TaK 4ToGbl PacCTOSHHE MeXAY HHMH [0 BEPTHKaMU Gblio
MeHblle JMHBL BoJiHbl. KoneGanusa BO Bcex BuOpartopax
BO30yx/aloTcs B OfHHaKoBOH (Qase. Ilpowe Bcero HoGuThCA
3TOro, HCNOMAb3ySl Kabesud OAMHAKOBOH JJIMHB s [OABOJA
SHEPTHH OT TreHepaTopa KO BceM BuOpartopaM. eKTpoMar-
HUTHbIE BOJIHBl OT BCeX BHOPATOPCB TaKOH «MHOTO3TaXKHOM»
aHTEHHH B pe3yJbTare HHTep(PEepeHHUH YCHJAHBAIOT HpyT
Apyra, ecjii OHH PaclpOCTPAHSAIOTCS B TOPH3OHTANBHOM Ha-
npasieHHi. BoJiHbl, pacnpocTpaHsiolHecs BO BceX JAPYTHX
HanpaBJ/IeHUAX, T. €. OTKACHMIOIHECS BBEPX H BHH3 OT IO-
PH30HTaNH, racAT Apyr Apyra. XapakTtep YIJ0BOro pacrnpe-
AeJieHUs] M3JyUeHHS TAKOH AHTEHHbl JIErKO IOHATh MO aHa-
JOTHH ¢ 3ajayel O ANQPAKOHH NJOCKOH BOJHBI, NPOXOAA-
e yepes uiesb: 4YeM GoJibilie pasMep LIEIH IO CPAaBHEHKIO
C AAMHOI BOAHH, TEM MeHbIe YIVIOBOH Pasbpoc npomeauei
yepes Llenb BoaHH. Kak B Aymaere, noyeMmy paccTosiine
[0 BEPTHKAJH MEXAY COCCAHHMH BHOPATOpaMH AOAKHO GbITh
MeHbllie AJHUHBI BOJHBI? A



IX. ONNITHKA

B OnTHKe W3ynaeTca pacRpoCTPaHEHHE H D3AHMOLEACTEAE C BelLeCT-
BOM KOPOTKMX 5JEKTDOMAarHHTHHX BOJH, AJHHA KOTOPHIX COCTaBJferT
rpumepro 10-2—10-7 M. BuyTpn sTol cnexTpanbnoll obaacru neknt
CPaBHMTENBHO Y3KNH yuacTok aaux Boan or 400 zo 760 uM, coorsercr-
BYICHII BYIHMOMY CBETY, HEOCPEJCTBEHIIO BOCIPHHHMAEMOMY YeJoBe-
YeCKHM Ina3oM. B onTHueckuil Ananason, Kpome BEAMNMOTO CBETa, BRIIO-
YaloT Takke HHPpaxpacroe u yJibTpadHONETOBOE H3JAYYERHS, TaK Kak
MeAIy BHMH HeT NPHHIHNOHAJbHOrO (u3nueckoro pasanyud. Ilostomy

' rpanBIE ONTHYECKOPO AKANa30Ha JOCTATOYHO YCIOBHH, H IO CYWLECTBY
OB ONPERSISIOTCH TOABKO HCIONbL3YEMBIMH CHOCOGAMH NOAyueuus i
PEruCTPalliy SJeKTPOMATHHTHHX BOJH.

B ocnoBe BoAHOBON TeopuH cBeTa JeKHT npuupun ofirenca, nos-
BONAIOWLI 110 H3BECTHOMY IOJOXKEHHIO BOJHOBOI'O (PPOHTA B AaHHMEL
MOMCHT BPEMEHH HalTH €ro NOJOXeHHS B NMOCAELYIOLIHE MOMERTH Bpe-
menn. Tlo npunuuny Tiofirenca Kaxpas Touka BOJAHOBOTO dpoHTa fB-
NfeTC MCTOYHMKOM BTOPHUHBIX chepHueckux soaH. Orubaiomas no-
BEPXHOCTh 3THX BTOPHYHHIX BOJHOBLIX IOBEPXHOCTEH JaeT moJoxenune
$poHTa BONHL B MOCAEAYIOWHH MOMEHT BPEMEHHU,

BosnoBasi TeopHa cBeTa 103BO/sieT OOBACHHTL TaKkHe sBJIEHHMH,
Ka2x nnrepdepesuus v audparuns. Jas nabmoneuns ycrofiunsoll xap-
THHbl NHTePQEPEHI NN HCTOYHHKH CBETa AOJKHDBI OLITh KOTepeHTHEIMH,
T. €. CO3/laBaeMble HMH BOJIHBI LOJIKHH NPHXOXHTb B TOUKY HaGaiojenus
‘¢ mocTostHHON pasHocThio (a3. Jlo6uThea HeuameHHOH pasnocTn ¢as
ABYX BOJIH OT He3aBHCHMEIX HeJla3epHHIX HCTOYHHKOB CBETa HEBO3MOXK-
no. IlosToMy nns noayueHus HHTeppepeHUMOHHOA KapTHHH CBeT OT
OJHOIO MCTOYHHKa OOBLIMHO pa3fensioT Ha ABa NyyKa, a 3aTeM mocie
NPOXOXIEHHUS HMH PasHbIX NyTell BHOBbL CBORAT ux BmecTe. Judpakuu-
OHHbIE SIBJEHNS, BO3HHKAIOUHe NPH NPOXOXKAEHHA CBeTa yepe3 OTBep-
CTHS WJM Nperpajbl, NOJAY4aoT 06bsiCHEHHEe IPH PACCMOTPEHHH HHTep-
¢yepeHIMN KOrepeHTHEIX BTOPHYHBIX BOJIH, MOCTPOEHHBIX 1O NPHHUHUAY
T'ofirenca.

IMpurnun Iofirenca no3ponser yCTaHOBUTE 3aKOHH, ONHCHBAMLINe
NOBEACHHE CBETOBOH BOJHB! Ha PPaHHIE Pa3fesa ABYX HPO3PauHbIX cpej,.
B npHOAMKeHHH IeOMETPHUECKOH ONTHKH JJs 3aJaHus IOJNONKEHUs
BOJHOBHX TIOBEPXHOCTEl MOXHO BBECTH JYUHM, T. €. JHUHHH, Nepnesau-
KyJspHbIE BOJNHOBLIM NOBepXHOCTAM. JIyuHu cBeTa XapaKkTepiu3yloT Ha-
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npasJaenue pacnpocTpanenis soansi. Burekawouine us npunuuna Coi-
reHCa MPaBH/IA HAXOMACHHS Jyded A3 orpaKexHHoll H [1peoMJenoff
BOJIH OPeCcTaBAAIOT cofoit XOpolio H3BECTHLI 3aKOHb reoMerpHyeckoil
ONTHKH.

OcHoBHblE 3aKOHBI FeOMeTPHUECKOH ONTHKH — 3aKOH NPAMOIHuEH-

HOro pacnpoCTPaHEHHsI CBeTa B OAHOPOJHOR Cpefe, 3aKOHbI OTPameHius
H IIPEJIOMJIEHHST CBETa HA IPAHULE ABYX CPeX — MOryT GulTh MOMyUeHl
u ¢ noMmoiupio npunnuna Pepma. CornacHo 3ToMy NPHHUKIY AefiCTBH-
TeJIbHBI# MYTh JIyua CBETa €CThb Y Th, A/ NPOXOXKAEHUA KOTOPOTO. CBETY
Tpe6yerca 3KCTPeMalbpoe (KaK IMPaBUNO, MHHHMAAbHOE) BpeMs no
CPaBHEHHIO C JIOOLIM APYrHM G/IH3KUM K AeACTBHTEALHOMY MBICTHMLIM
nyTeM MEXAY TeMH e Toukamu. XoTd TakKas opMynnpoBKa NPHHLHKAA
depMa H He BIOJHE TOYHA, OHA AOCTAaTOYHAa AJg MOHHMAaHHA paccMmar-
pHBaeMbIX HHXE MPHMePOB.
- TlockoabKy CKOpoCTb CBETa B Cpeie C IoKa3aTeieM NpeJOoMJIeHUA
n pasua ¢/n, upunuun Gepma MOXHO chHOPMYIHPOBATH KaK TPpeGoBanue
MHHHMAJILHOCTH ONTHYECKOR AJHHBI Jiyua NPH DaCHPOCTPaHEHHH CBeTa
Mexay ABYyMA 3ajaHubiMH Toukamu. ITof onTHueckoil anuno# Jyda mo-
HAMaeTCA TPOH3BeJeHHE MOKa3aTessi NPEIOMACHHS CPEAM HA AMHHY
ayuya, B neognopojuofl cpege onruueckas AJHHA Jyua CKJIajbiBaeTcs
M3 ONTHYCCKUX A/MUH HA OTASAbHLIX YUaCTKaX, KOTOPLIE MOXHO CYUTaTh
ofnopoansiMH. Hcnonssosanne npuuuuna depma mossoasier paccMor-
peTb HEKOTOpble 3ajlayH ¢ HeCKOJbKO HHOM TOUKH 3peHHH, ueM NpPU He-
NoCpefCTBEHHOM NPHMEHEHHH 3aKOHOB OTPaXeHNs M npeaomaenus. Ha-
npumep, NpH paccmorperuu dokycupyolelf oNTHYECKOR CHCTEMb BMe-
CTO IpUMEHEHHA 3aKOHA NPeJOMJIeHHs CBeTa Ha HCKPHBJIEHHOR NOBepX-
HOCTH MOXHO NPOCTO NMOTPeGOBaTH PABEHCTBA ONTHYECKHX JJHH BCeX
¢doxycupyeMeX Jdyded.

1. Cexcraur u karador. JIpa n10CKHX 3epKasia obOpasyioT
JByrpanubiil yros e, Ha onno u3 3epkasn napaer ayy, Jexauiui
B IVIOCKOCTH, NepHeHAUKYJsipHOH pebpy yraa. Onpenenuts

Puc. 1.1. MMagatomuit ayy, Hcnoiras
oTpaxeHde OT ABYX 3epKaj, H3Me-
HAeT HampaBJeHHe Ha yroa P

yroJ OTKJIOHEHH$ Jiyya B OT nepBoHaya/JbHOrO HanpasJeHus
nocse oTpakeHusa or oboux sepkaJ. XOA Jydyell mokasad Ha
puc. 1.1.
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4 TlyeTs yron nafienus siyda Ha NE€pBOE 3€PKANO PaBeH y, a
Ha Bropoe — §. OueBupno, uto yros f§ Kax BHEWHHH yroa
TPeYyroJbhika, odpasoBannoro aydamu, pasen 2 (y+-8). C npy-
roil cTopoHel, y-+0=a, motoMy 4YTO KaK yros o, TaK W YIJbl
v-+0 nonoansor yron o go n. Ilostomy P=2c. Camoe nnrte-
pecHoe, YTO 3TOT YroJ He 3aBHCHT OT yIya majeHHs Jyda Ha
sepkanol MMeHHO 3TO CBOMACTBO M 11O3BOJIMIO HCROMBL3OBATH
TAKyl0 CHCTEMY 3epKa/l B HaBHTaUMOHHOM npubope, Ha3biBae-
MOM CeKCTaHTOM. CEeKCTaHTOM H3MEpPSIIOT BbICOTY CBeTHJa Hal
TOPU3OHTOM, T. €. YroJ f MexAy HanpaBleHHSIMH HA TOPH3OHT

*

\\\

Puc. 1.2. Ilpununnuanbhas CXeMa CeKCTaHTa

H Ha 3Be3ny (puc. 1.2). [enaerca 310 B HeGaaronpUsTHBIX
yCJOBHSIX, HANpHMep Ha kavawomefica nany6e kopabas. Ilpu-
60p MOXKHO Jlep:KaTh TPSICYIHMHUCS! PYKaMH, OPH 3TOM BaM<HO
TOJBLKO TOUHO 3auKCHpoBaTh yroa o. OpHO H3 3epKaj nony-
npo3paynoe. Habmonaa ckBo3b HEro JMHHIO FOPU3OHTA, U3Me-
HEHHEM YIJ1a O COBMEILAIOT ¢ Hell BHAMMOE B 3TOM 3epKaJe H3006-
paxkenue cpetusia (puc. 1.2). 3atem 3HaueHue yrJaa o CUHTHI-
BaeTcsl cO WiKaJuael npubopa.

O6paTtuM BHMMaHHE Ha YacCTHBIA cJaydal, Korja 3epkaJsa
oOpasyior Mexay coboil npamoli yroa. Torga P=n u napaiw-
LKA Jiyy B pe3yJsbTaTe ABYX OTPaKEHUH OBOpayuBaeT B 06-
paTHoM Hanpasjenuu (puc. 1.3). Hanomaum, uto 310 cnpasej-
JIHBO TOJBKO B TOM CJydae, KOTAa HaJalomHH Ayd J€XHT B
IJIOCKOCTH, NEPNEHAHKYNAPHO#M pebpy ABYIPAHHOIO YIJa MEXK-
Ly 3epKaJami.

A MOXKHO JM cllenaTh YCTPOHCTBO, B KOTOPOM [MaJaIOLIHi
Jy4 ApH JoOLIX YCJOBHAX OTpaxaJcs Obl Ha3al? OrasblBaeTcs,
9TO JJIsl STOrO AOCTAaTOYHO AOOGABHTHL K JIBYM 3epKaJjaM TpeThbe,
pacnoJioXKMB €ro TakuM o0pa3oM, 4ToOB! MJIOCKOCTH BCEX TpeX
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3epKatt ObLIH B3aUMHO NePHEHAHKYAAPHH, TOAOGHO KOOpIAH-
HATHBHIM [JOCKOCTSIM JIeKapToBoH cuctembl (puc. 1.4). Ilpu
TIPOH3BOJILHOH OpHEHTALUHH MNajaloIEero Jyya oOH, HCNHITaB
OTpaXeHHe OT KaXKAOro H3 3epKaJ, OyXeT pacnpoCTpaHsTbCs

’

v b

s

Puc. 1.3. Jlyw, nexamuit s Puc. 1.4. Boruyras sueiika ®3

NJOCKOCTH uepTexa, OTpaKaer- TPeX NAOCKH X B32HMHO MEPICH-
cs Haszaj, ecaH 3epkana ofpa- JUKYJASPHBIX 3epKaj ofpasyer
3YIOT RPpSEMOA yrox YroaKoBBIA OTpakaTtedn

TOYHO B 0OpaTHOM HalpaBNACHUH. YOeQUThCH B STOM COBCEM
HecsoxkHO. Ha puc. 1.5a mTpUXOBKOH NOKasaHBl MJIOCKOCTB
3¢pKaja H IIOCKOCTH NajCHHR JAydYa. Buawo, 4to mpoekimu

M
7
N
5
8 &

Puc. 1.5. [Tpoekuusi Nagaioumero ¥ OTPaXKeHHOro Jyuel HA MAOCKOCTb
3epKa/ia BHTMALHT TaK, Kak MOKa3aHO Ha PHC. 6, 2 IPOEKIUHA HA HJ0C-
KOCTb Q — KaK Ha pHC. 6.

a

Najalinero ¥ OTPa’KeHHOro Aydel Ha MJIOCKOCTb 3epKaja Ha-
NpaBJACHHl BAOAb OBHOH M Toit ke npsmoit MN (puc. 1.56).
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TIpoexknun stux JAyuell Ha moOyl0 NJACCKOCTL ), Nepneniukry-
JAPHYIO 3epKany, o0pasyloT paBHbE YIJIb -C NEepHeHRHKYJ/s-
poM K sepkany (puc. 1.56). Orciopa caenyer, uto npu oOTpa-
JKEHMH Jy4yeH OT TpPex B3aHMHO NEepPNeHAHKYJSPHBIX 3epKaa
NPoexKnHs Jy4Yed Ha MJOCKOCTb JIOGOrO M3 TpeX 3epKaJ Bhl-
TR AMT TAK, Kak fokasano Ha puc. 1.6. Ho pas npoekuus ayua
Ha MoOyI0 U3 KOODAHHATHHIX MJOCKOCTEH MEHSIeT HampaBJeHue

v
7
g
7
Z
TS 7z
Punc. 1.6. B touxe O ayw orpa- Puc. 1.7. Tlapaomuii na npos-
HKaeTc OT TpeThero sepkala, payHblii MIapHK ¢ =2 JyyY noc-
AeHAUETe B NIOCKOCTH yepreKa Jie OTPaXMEeRNA HanpaBjien TOYHO

Hasax

Ha NPOTHBONOJOXHOE, TO H caM Jyy B pe3yJbTaTe Tpex or-
pakeHHi TNOBOpAauUMBAET TOYNO Ha3aj. TaKoe ycTpoACTBO Ha-
3bIBAETCS YTOKOBbIM OTpaXkKaTeneM HJH KaTadoToM M IHPOKO
IPHMEHAETCA Ha NpPaKTHKE.

YronkoBrle oTpaxaresay 4acTo BHINOJHAIOT B BUAE Cpe3an-
" HOTO YIJla CTeKJsHHOro KyGHKa, T. €. PaBHOCTOPOHHEH Tpex-
rpannoil nupaMnis. DokoBrie TpaHM Takoro kybGuka Jenalor
3¢pKa/bHbIMH. YTONKOBBE OTPAKATEJH HCHOJb3YIOTCA BMECTO
3cpKaj B JlasepHBIX pPe2oHATOpax H B JajbHomepax. Mx npe-
MMYLIECTBO B TOM, YTO OHH He TpeCyloT loctHpoBKH. Cnel-
AJIbHBIE YTOJIKOBBIE OTpaxaTeNd ObIIM JOCTaBACHHl Ha Jlyny
¥ HCNONb30OBAHBL A/ TOUHOrO H3MEpEeHHsi PacCTOSHHS HO Hee
¢ HOMOLIbIO JasepHoro usnyyenud. IlorpemHocte HsMepenus
cocraBuaa Beero Juus 0,1 M.

HauGoJaee pacnpoctpanenHoe NpuMEHEHHE XaTabOTOB —-
9TO KpacHble OTpakaTe/]H CBeTa, YCTAHABJMBAeMble Ha aBTO-
MOOHZIAX, BeJOCHNEIAX U JOPOXHBIX 3Hakax. Takoil kata-
(poT npexcrtas/iseT co6OH MO3aMKY H3 3epKaJbHBIX YIJIOB.

HurtepecHo oTMETHTb, YTO TAKHMM XK€ CBOHCTBOM OTpPaXKath
najaouuil noa aobeM YryioM CBET TOYHO B 0OpaTHOM Hanpas-
JeHHH oOsajaeT ONTHYECKHH = 3JE€MEeHT, u300paKeHHbIH Ha
puc. 1.7. On npexcraBasier coGof WIAPHK H3 NPO3PAYHOro
Marepuaga ¢ noxKasateieM IpesoMJenuss n=2 u ¢ nocepeGpen-
Holi 3amueil noeepxHocThio. HerpynHo nokasats, uto moGoi
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JyY, NPOXOAALIMA BHYTPH IIapHKa HE CJAHIIKOM JafNeko OT
NEeHATpa, NocJe OTpaXeHHsA Ha 3ajHedl NOBEPXHOCTH BHIBAET
n3 mappka B oOpaTHOM HanpaBJieHHH. DTO CBOMCTBO HMCHOJL-
3Y10T TP M3TOTOBJIEHHH CBETOOTpaXKalonielt Kpacku ans Jo-
POKHBEIX 3HAKOB: B €€ COCTaB BBOASIT MEJIKHE CTEKJAHHKIE 1La-
PHKH. A

2. Conneunniit saiiuuk. Ecam nyckaTb cosneuHbli sallunk
€ MOMOIBIO MJOCKOTO 3e€pKaja NPpAMoyrosbHoll GOpMH, TO Ha
6mpkHel creHe (opma CBETNIONO NATHA NOBTOPSET GOPMY 3€p-
Kaza, a Ha JaJieKoll CTEHE NATHO HMEET JIHITHIECKYIO PopMy .
TTouemy? -

A 3epkano orpanuunBaer (nogo6HO Auadparme) nyyox
NajaloiX Ha Hero NPAMOAHHEHHBIX COJHEYHBIX Jyduel H u3-
MEHRET BX nanpasneune. Mamenenue nanpasnenus ayueil npu

d
‘XN | dnt

N
N

Puc, 2.1, dopma conneynoro safiuuka, Koraa CTeHa pacnonoxesa 6aus-
KO OT OTBEpPCTH#A

HX OTPaXKEHWH HE HrpaeT NPHHUMNHAJBLHOH POJH B BOHPOCE O
topme obpasylolerocs Ha CT€HE OCBELIeHHOTOo nATHA. Tloatomy
JOCTaTOYHO PaccMOTPeTh OTpaHHueHHe IyYKa COJNHEYHBIX JyueH
CTBEPCTHEM TAKOHM Ke (GOpPMBI M pa3MepoB, Kak H 3epKaJo.
Onucannoe B yCJOBHH 3aJayH sIBiEHHE OGLSICHACTCH TEM,
yto ceeT oT CoJiHIa 06pasyeT Ha CTeHe H30OpaXeHte OTBEPCTHS,
KOT/Ja CT€HA HaXoAuTCH GJM3KO, U jaeT H3oOpazKeHHe HCTOYHHU-
Ka, KOTJa cTeHa Jajeko. PaccMotpum noxpoGHo oba cayuyas.
1. Crena pacnonoxeHa GJH3KO K OTBEPCTHIO (HJH K 3epKa-
ay). B nepsoM npubanxenuu CoJiHIE MOXKHO CUHTATh TOYEY-
HuIM HeTouHukoM S (puc. 2.1). Torza ocBeinenHoe NATHO npex-
cTaBaser cofod HEeRTpaJbHYIO [POEKIHIO OTBEPCTHS HA MAOC-
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xocTb cTeHH. LleHTp mpoekuun S pacnonoXen oueHb AAJeKo,
MO3TOMY BCe JIy9H NPaKTHYECKH NapajsenbHsl. Ecsd npu stom
MJIOCKOCTH 3KPaHa C OTBEDCTHEM H CTeHHl Napasjie/bHbl, TO
(opMa ¥ pa3mep oCBenleHHOTO NATHA dy COBNAAAIOT ¢ POPMOH H
pa3vepoM otBepctus d: d,=d.

[Tycth cHagasa 5KpaH ¢ OTBEPCTHEM M CTEHa NEPeneHju-
KyJsipHbl Hanpasieguio Jyuyedt (puc. 2.1). Ecin HakJIOHHTD
HI0PMaJib K IJIOCKOCTH 3KpaHa ¢ OTBEPCTHEM Ha yrod f§ OTHOCH-
TebHO Hanpabdaedus Ha COJIHIE, TO PasMep CBET/IONO MATHA B
COOTBETCTBYIOLIEM HaMpPaBJieHHH YMEHbIAeTcH:

d,=d cos P.
Ecnu e HaKNOHUTb HOpPMaJb K CTEHe Ha yToa y, TO pasmep
NSITHA YBEJHYHBACTCA:

dy=d/cos y.
[Ipy TaKHX HAKJOHAX CBET/IOE MATHO HA CTEHE HMeeT hopmy
NPAMOYro/bHUKA. ECIH OXHOBPEMEHHO HAKJOHHTb 3KpaH M

CTeHy OTHOCHTEJNbHO HampaBJAeHus Jydell B PasHBIX IJIOCKOC-
TSIX, TO CBETJIOe NATHO GyAeT UMeTh popMy NapaJiesorpamma.

Y |

A ] 4 ~ al,
| |t ]

Puc. 2.2. K onpegse/eHuio MmMAPHHBL NOJYyTEHH

B neficTBUTe/IBHOCTH M3-3a KOHEUHOCTH YIVIOBOTO JHaMeTpa
Comina (¢&0,01) rpaHHiBl TEHH Ha CTEHE OT KPaeB OTBEPCTHUSI
B 3KpaHe OyAayT pasmbiTel. OUeBHAHO, YTO NOJYYEHHBIC BhIIE
pe3y/bTaThl CHpaBeJJIMBBI, KOTAA HIHPHHA HOJYTEHH MHOIO
MeHbIlle pa3MepoB CBETVIOrO HfiTHA (T. €. Pa3MepoB 3epKana).
Hlnpuua noayrenu d' =al, rje L — paccTosinue OT OTBEPCTHSA
Ao creunt (puc. 2.2). Urak, $opMa coJHEYHOr0 3aiHyHKa 6o-
BTOpsieT (opMy 3epKaaa npu yeaopun al<d. Tak kak a=x0,01,
TO paccMaTpPHBaEMOe YCJOBHE NPHBHMAET BHE

Lg100 d.

Ipn d~10 cm 3to aaer L<10 M.

2. Crena pacno/io:keHa AaJjeKO OT OTBEPCTHSA (OT 3epKaja).
Tenepp B mepBoM NpPHOGJIHKEHHH OTBEpPCTHE B 3KpaHE MOXKHO
cudTaTh TOYeYHbIM. Ero dopma He Hrpaert posiH, H Bee onpeaeasn-
eTcs KOHedHbIM yrJyioBbiM pa3mepom Condua. OcBerienHoe nst-
HO Ha CTeHE — 3TO Kak Obl H3obpaxenue ConHla B Kamepe-
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obckype. OHO npeacrasisiet cofol ceueHue TNOCKOCTHIO CTEHE!
KPYroBOTO KOHYCa COJIHEHHbIX Jy4el ¢ BEepIUMHON B OTBEPCTHH
1 YIJIOM o [IPH BepIlKHEe, PaBHBIM YIJIOBOMY Auamerpy Cosxna
(puc. 2.3). Ecaip crena neprneHAHKYJsipHA OCH KOHyca Jyueil,
TO CBETJIOE IIITHO NpeACTaBJsfeT coG0H Kpyr nuamerpom d,=
=oL. Ilpu HaK/IOHE cCTeHB Ha YTOJ Y 9TOT KPYr NpeBpauaercs
B 3JJHNC ¢ GOMBINOH OCHIO

de=d,/cos y=alL/cos y.

C yBesnHueHueM pasMepoB OTBEpCTHSA (T. €. 3epKaJa) ocBe-
IIEHHOCTb NATHA BoO3pacTaer (3afiuuK CTaHOBHUTCH spye), HO

Puc, 2.3. ®opma safiunka, KOrja €TeHa ajJeKo OT OTBEPCTHS

OHAHOBDEMEHHO €r0 Kpas CTaHoBsitcs Oosiee pasMeITEiMH. Oue-
BHJHO, YTO 3TO pasMbITHE NOPAJKa Pa3MepPOB OTBEpPCTHA d.
Taknmm o06pa3oM, COMHEUHHH 3aH4YMK HMEET 3SJJHOTHYECKYIO
(nan Kpyrayiwo) topmy, ecan d<d;=al, 1. e. npu L>>100d.

M3 npuBeieHHOTO pelleHus sICHO, 4To 6e3pa3MepHEIM Mapa-
merpoM I', KotopbiM onpejessiercsi GopMa CONHEUHOro 3aHUHKa,
ABJISIETCST OTHOLIEHHE yrJyoBoro anamerpa CoJaHIa @ X YrJIOBO-
My pasMepy 3epKana, T. €. K yIJy €, [0J KOTOPbIM OHO BHAHO,
OT CTeHLI:

I'=a/e=alld.

ITpn Tkl peannsyercss nepBwil M3 PAacCMOTPEHHHIX CJYydaes,
npu I'’>1 — BrOpO#.

[lpoBeneHHOE paccMOTPEHHE LEJHKOM OCHOBLIBAJIOCH HA
3aKOHE T'eOMETPUYECKOH ONTHKH O MPSIMOJHHEHHOM pacopocTt-
paHeHHH cBeTta. VcuepnbiBamuiee pelieHue NOJKHO YUHTHBATh
JuppakuioHHbe 3()EKTL, KOTOPLIE IPOABJAIOTCA B OTKJOHE-
HUH OT 3aKOHa MPAMOJHHEHHOrO PacnpoCTPAaHEHHs CBETa NPU
ero MPOXOXKAEHHH CKBO3b OTBEPCTHE B IKpaHe. ¥YT0J ¢ AuPpax-
HHOHHOIO OTKJOHEHHs CBeTa IO NOPSJAKY BEJHYMHEI papell
OTHOILEHHIO JJINHEI CBETOBOfl BOJHEI A K pasMepy OTBepCTHs d:

@=Md
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(roapoOxee 06 stoM cM. B 3anaue «PoxycHpoBKa doToannapa-
tar). JIudpakunotHsie 5pheKTs He BIHIOT Ha (GOPMY COJIHEM-
HOT'O 3aflYHKa, eCJH YroJ ¢ MaJ [0 CPABHEHHIO C YIJIOBbIM pa3-
vepoM Conxua o

Md<o.

Cuntast Ax5-10"7 M, a=0,01, naxonum, 4T0 AUDPaKUHOHHBIE
3(heKTH He CYLeCTBEHHD!, €C/IH pasMep d 3epKana npesbiiaet
5:1075 M. A

3. Mpenomnenne csera B cTexknsiHHOM kaune, Cser najaer
10 HOpMAaJIK HA TPaHb CTEKASAHHOLO K/AHMHA C MaJjblM YIJIOM Y
npu Bepumuue (puc. 3.1). Ha
Kako# yron NOBEpHYTCS JAyuH
NPeIOMNCHHOTO KAHHOM ~CBeta
npy MOBOPOTE NAajaoIHUX JY-
yell Ha He0OJbLION YroJ o BOK-
pyr pe6pa KaHHa?

A OtBeT HAa MNOCTaBAEHHBIH
BOIPOC MOXKHO MOJNYYUTh, MO-
CleOBaTe/bHO NpPHMEHsst 3a-
KOH TNpPEeJOMJEHHsl CBeTa Ha
IUIOCKOH rpanuie pasjena ABYX
Puc. 3.1. lMpenomnense nyueti s cpen. Tak Kak no ycJOBHIO Bce

CTeKJISTHHOM K/HHe (bHI‘ypprIOIiLHe B 3ajjaue YrJbl

. MaJjlbl, TO HX €HHYCHl B 3aKOHE
MPEJIOMIEHHST MOKHO 3aMEHUTb CAMHMH YTJIaMH, BbIPQMKEHHbI-
M# B paaHanHoit mepe. Jlyud, nmajaiouiue HopMaabHO Ha nepes-
HIOI0 TpaHb KJ/MHA, HCMLITHIBAIOT MpeJIOMJEHHE TOMILKO HA
3ajHeli TpaHM, yroJ nNajeHus Ha KOTOPYIO paBeH NpeoMJisi-
omeMy yray y kauna (puc. 3.2). Ecau yroa nosopora atux
Ayueli 0603HAYHTL uepe3 €, TO

n sin y=sin (e+y), (N
OTKYAA JJIfi ManbiX 3HAYCHHH YIVIOB Y U & CJegyer
nyxet+y, 1.6 ex (n—I1)y. 2

Jlyun, nanamomipe Ha NepejHiold rpaHb HAKJIOHHO (MOX YrJom
@), HCTBITHIBAIOT NPENOMJCHUE Ha OOeHX rpaHsix KinuHa (puc.
3.2). Ha nepenueft rpanu

sin a=n sin 1, (3)

OTKY/la yroJ Npe/oMAeHHs Ha mepejuedt rpaun Y~ a/n. Ha



3. NPEJIOMJIEHHE CBETA B CTEKJISHHOM KJHHE a97

aa,lmeﬁ rpa}m KJAWHA BLHIOJJMHAETCA COOTHOLUEHHE
n sin ($+y)=sin (¢-+7y),
OTKYAa
n(+y) =~ o+, o

T. €. yroJl npenoMJieBHa Ha 3ajHed rpauu onp-- (n—1)y.
YuuThiBasi, 410 BCJACACTBHE (3) np=a, HMeeM

¢ =~ a-+(n—1)y. )

YT0J1 NOBOPOTA NPEJOMJEHHEIX Jyueil, Kak BURHO H3 pHC. 3.2,
paBeH pa3HOCTH YIJIOB ¢ M &:

Pp—e R Q.

Taxnum ofpa3oM, npesoMmiennblii Jyd NOBOPaYHBAETCH Ha TaKei
JK€ yrod, 410 H RajaloluA,

Prc. 3.2. K onpegenenno yria nosopora ayua

QDaKkTHUECKH OTBET Ha NOCTaBJEHHHIR B YCJOBHH 3alauu
BOTPOC COREPIKHTCA YyxKe B dopMmyJe (5), NOCKOMbKY PasHOCTh
p—0, KaK BUJHO U3 pHC. 3.2, AZeT YroJ OTKJIOHEHHS Jiyuell oT
HX MEepBOHAYAJNLHOrO HANpaB/ICHHA NPH NPOXOKICHHH CBETa
yepe3 KauH. M3 (B) caepyer, uto ¢p—a= (n—1)y, 1. €. npu
MaJbIX YrJ1ax yroJ OTKJOHEHHS He 3aBUCHUT OT yIJa NajeHHq .

Yron oTKJCHEHHs ¢—0i, BoipaxkaeMblit gopmynol (5), Mox-
HO HafiTH 6e3 HCNOJb30BaHls 3aKOHA NPEJOMJSHHSA, €CJaH BoC-
NoJb30BaThC npuHnunoM Iofirenca nian npuHuunom Q@epma.
Ha puc. 3.3 WTPUXOBEIMH JIMHHAMH I10Ka3aHbl MOJOXKEHUs
BOJIHOBBIX MOBEPXHOCTEH AJA Najaollell U OTKJIOHEHHOH KJiH-
HOM NJocKHX BOJH. IloBopor BoAHOBOTO (hpoHTa 06YCJHOBIEH
yMeHbllerneM (a3oBOH CKOPOCTH CBETa B CTEKJE B 7. pas.
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Bpemsi mpoxoxpaeHust ceera Ha yuactke CFD paBHO BpeMeHH
na yuactke AB. [TostoMy JO/MKHE GHITH PaBHBl ONTHYECKHE
IJIHHBL 3THX Y4aCTKOB:

_ |CF|+n |FD|=]ABI. (6)

BonHoBo#t $poHT OTKJIOHEHHOH BOJHHL O0pasyer yroJd @ ¢ mne-
pexnueil rpanbio kanHa. [lostomy ¢ 3agHedi rpanbio oH o6pasyer
!

/ '

Puc. 3.3. [ToBopoOT BOMHO-
Boro (ppoHTa nNpH NpeaoM-
JIeHHY cBeTa B KAHue

yron ¢-+y. Teneps ¢ nmomowpio puc. 3.3 coorHowenue (6)
MOXHO MNepenucatb B BHAE

Lo+nLy=L (p+7y) (3pece L=|AF|=~|AD})),
OTKyAa cpasdy caeayer dopmyna (5). A

4. PenTreHoBcKOe HM3nyueHHe B MeauuuHe, l3BecTHO, 4TO
B TKaHAX OpraHu3Ma BHIMMBIH CBeT NOTJOIIAeTCsl Tropasjo
c/1abee, 4eM peHTreHOBCKoe uayueHue. [Touemy ke B MeaUHHE
JU1 AHAarHOCTHKH HMCIOJb3YIOT HMEHHO PeHTI'eHOBCKOE H3Jyue-
HHE, a He H3JlydeHHe BHAMMOH 06JiacTH CleKTpa? .

A B yc/IOBUH CKA3&HO JIHLIb O TOM, YTO PEHTIEHOBCKOE H3Jiy-
YeHHe B Y€JOBEYECKOM OpPraHH3Me IOTJ/IOLIAeTCs CHJbHee, 4eM
BUAUMBIH cBeT. M ecsi 6Bl BO3MOXKHOCTE «IIPOCBEYHBATLY Olpe-
Jles1/1ach TOJIbKO NOIVIOUICHHEM, TO PEHTIEHOBCKOE H3JYYeHHe
He JaBaJso Obl HHKAKHX NPeHMYIIECTB 10 CPABHEHHIO C BHAUMEIM,
3HAyuT, Jesa0 He TOJbKO B CTereHH MOTVIOUIEHHS U3JyYeHUsd, a
e[e H B KaKHX-TO APYTHX OCOBEHHOCTAX €0 PACIpOCTPAHEHHA
B opranu3me, C ueM e MOI'yT ObITb CBA3AHBL 3TH OCOOHHOCTH ?

[Ipexxae Bcero BCIOMHHM, 4YTO OpPraHH3M Mpe/CTaBJIAET
co00H HEeOAHOPOAYIO CPefly U3 rPaHudalUX APYT C APYTOM TKa-
Hell ¢ Pa3HbLIMH ONTHYECKHMH cBoficTBamu. Ias pacnpoctpa-
HEHMS BHAMMOTO CBETa 5TH HEOJHOPOAHOCTH OKa3blBAIOTCA
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upe3BhYafiHO cymectBeHHBMH. MX posib MOXKHO NOHSTH Ha
npocTefinieM npuMepe: Mbl XOpOILO BHAHM PLIGOK B akBapHyMme
CKBO3b TOJILY YUCTOH BOJBI, ONHAKO HHYETO HE BHJAHM B TYCTOM
TYMaHe, COCTOSALIEM H3 MEJKHX KamesJeK CTO/b XK€ YHCTOH H
Npo3padHod BOJAB, B3BEILUEHHKX B COBEPLIEHHO NPO3PAUYHOM
Bosayxe. [louemy?

Mbi BUAMM npejMeT, €CJH BHIXOASUIMH H3 HEKOTOpOH ero
TOYKM NMyYyOK CBETa NONajaeT B Hall IJa3, H B pe3yJbTare Ha
cetyatke dopMupyercsa usobpaxenue sTol Touku. Ho ecsu Ha
NYTH TaKOro NydykKa BCTPEYaeTcsi KanesbKa TyMaHa, TO BeCb
najlaloluil Ha Hee CBeT B pe3yJbTaTe OTPaXKeHHA H HpesiomJe-
HHSl Ha €€ NOBEPXHOCTH H3MEHAET HanpapJeHHe pacnpocTpa-
HEHHSA B YXOAMT U3 Nyuyka. Ecau Takux Kanesap Ha NyTH Ny4ka
BCTPETHTCA JOCTaTOYHO MHOTO, TO OHH NEPEKPOIOT Bech MYYOK,
TaK YTO Ha ceTyaTke IJa3a He cMoxeT ofpasoBarbes M306pa-
JKeHHe DaHHoH TOYKH npeimera. B rsaz Oyzer nonajartb JHIBb
paccesHHbIl KaneJbkaM# TyMaHa CBET, KOTOphIH He cnocoGeH
obpa3oBartb H3o0paxenue npeaMera. Taxkold paccesiHHBHi CBET
JJist TJla3a yxKe He fIBJASeTCA CHrHaJioM, a CO3JaeT JHIUb IYMO-
BOH oH.

JIerko OHEHHUTL TO paccTosiHHe [, Ha KOTOPOM MBI €lie B cO-
CTOIHHH Da3JnyaTh NpejMeThl B Tymane. byaem ajs npocToThl -
CYHTATb BCE Kane/bKH TyMaHa OJMHAKOBbIMY IIAPpUKAMH PaiHy-
ca R. OueBHaHO, 4TO LMAHHAPHYECKHI NYYOK CBETA TAKOTO XK€
papuyca R cMmoxeT GeclpensiTCTBEHHO pPacnpoCTpaHsITLCs RO
TeX NOp, NOKa He BCTPETHT KalJjio TyMaKa Ha cBoeM nyTu. [lo-
3TOMY 17151 OLLEHKH PaCCTOSHUS [ MOXKHO CUMTaTh, 4TO B 00BEME
IHANHAPA paatycoM R u AnHHOH [ 10/12KHBa HAXOAUTLCS B Cpel-
HeM OJiHa Kanesbka TyMmaHa. [IpH KoHUeHTpauuu KaneJek
rymaHa, paBHOfl 7, 3TO YCJOBHE NPHBOJAMT K PaBEHCTBY

nnR3l=1, otkypa [=1/(nR?n).

O1MeTuM, YTO B JIeHCTBHTEIBLHOCTH HHTEHCUBHOCTE CBETOBOIO
MyYKa NPH €ro pacnpocTPaHEHUH B TyMaHe yObIBaeT ¢ paccros-
HHeM [0 3KCNIOHEeHUMaAbHOMY 3aKoHy. boJlee akkypaTnas ouen-
Ka MOKa3blBaeT, 4TO HaHJeHHOEe 3HaueHue [ — 3TO pacCTosHue,
Ha KOTODOM HHTEHCHBHOCTb NyuKa cBeTa yObIBaeT B € pas.

Takum oBpasoM, npH pacnpocTpaHeHHH CBETa B cJabo no-
rJIoLAIoLIeH HeOJHOPOLHOH cpejie ocnalneHne CBETOBOIO NyyKa
B YCJOBMSAX JOCTATOYHO BBICOKOH KOHLEHTPAUUH HECXHOPOAIIO-
CTell onpejeseTca He CTOMBLKO MOrJIOEHHEM, CKOMBKO pacces-
HHEeM Ha HEOAHOPOAHOCTAX. Pagymeercsi, 370 paccesHue CyuecT-
BEHHO JIMIIb TOTJa, KOr/la I0KA3aTeJb IPEIOMJICHUS H3MEHSACTCH
Ha rpaHuile HEOAHOPOAHOCTE!H, B yacTHOCTH, B TYMaHe BUAWMBIH



400 1X. OIITHKA

cBeT paccensaercs 3(xpeKTHBHO MOTOMY, YTO NOKA3aTe]b- pe-
JIOMJIEHHS KaTle/Ib 3aMETHO OTJHYaeTcs OT [0Ka3aTe/sl NpesoM-
JICHHA BO3AyXa.

Opranusm 4esnoBeKa COCTOHT HE H3 KareJb, HO OJaropaps
UANHYHIO MHOTOYMCJICHHBIX HEOAHOPOZHOCTEH KauyecTBeHHaR
KapTHHA pPaclpOCTPAHEHHs BHIAMMOIO CBETa B HEM BLITJIAAHT
TaK e, KaK B TyMaHe, U060 NOKa3aTesHd Npe/oMJIeHHS pas3/y--
HbIX TKaHeH OpraHMaMa OT/IHYAIOTCA APYr OT Apyra.

CoepiienHo HHaye OOGCTOMT J€JIO € pacnpocTpaHeHHEM
PCUTIEeHOBCKOTO HaJyuenus. [IpHYHHA 3TOTO 3aK/OYACTCA B
. TOM, YTO NOKa3aTe/b NPEOMJIEHHS PEHTIeHOBCKOTO H3AYNEHHA:
BO BCEX BElIeCTBAX MPAKTHUECKH HE OTJIHYAeTCs OT AHMHHMIHL.
[losTOMy PEHTIEHOBCKOE M3JiyueHHe B OpraHu3Me pacrnpoctpa-
HseTcs NPSMOJMHEAHO, HE pacceHBasich M Kak Obl HE 3ameyas
BCeX BHYTPEHHHX PAHUL, MEXK]Y pasindHbMH Tkansamu. Tewne-
BbIC H300pa’KE€HHSI KOCTeH M BHYTPEHHHX OPraHOB BO3HHKAIOT
Osarofaps pasiHYHOMY NOTVIOWIEHHIO PEHTIEHOBCKOTO H3Jy4e-
HHSl B KOCTAX M MATKHX TKaHAX OpraHH3Ma.

OnHako: CKBO3b OOJBINYIO TOMLY CPEAbl PEHTICHOBCKOMY
M3JIyUeHHIO He APOOMTHCS H3-32 MOIJVIOMEHHS, HECMOTPA Ha
OTCYTCTBHE paccesinua. Hanpumep, ucnyckaemoe HebGecHbIMH
o0beKTaMH H3JyyeHHe B BHAMMON obaacTH cnekTpa cBOGOAHO
HOCTHT'@€T MOBEPXHOCTH 3€MJH, NPOXOAA CKBO3b BCIO TOJHHY
ONHOPOAHOH aTtMocdeprl (pa3ymeercd, €C/JIM HeT TyMmMaHa HaH
006J1aK0B), HO PEHTreHOBCKOE H3/y4YeHHE MOJHOCTBIO NOIJIOma-
ercs' B armocdepe. [oaroMy peHTtrenoBcKas acTpoOHOMHUS cTaja
BO3MOXHOH TOJILKO NMPH BBIHECEHHH PEHTTEHOBCKUX TEJICCKOIOB
3a npejessl - aTMOCQEphl. A

5. H3oGpaxenue o6bemMHbXx npeaveToB., C HOMOUIBIO TOH-
KOl JIHH3BI NOJyuaeTcs H300paxkenHe OO0BEMHOro MpenMera,
nHanpumep KyOuka. Moxer JH o6beMHOE H300paXKeHHE 3TOro
npeaMera OblTb FEOMETPHUYECKH MOJOOHBIM CAMOMY MpeIMeTy
(t. e. TOXKe OBITH KyOUKOM)?

A Ha nepsblif B3rJisi1 MOXKET TOKA3aThCs, 9TO TAK H JOJIAKHO
OLITb, NMOCKOJBKY H300paKeHHe BCErha NOXOXe Ha MPeAMeT.
Ongako ec/in Mbl monpodyeM CTpPOro noKasaTb, 9TO OTHOIIEHHE
NOMepeuHbiX H NPONOJbHBIX PasMepoB y H300pakeHHs Takoe
e, KaK H y NpeAMeTa, To YBHAMM, YTO JeJo OOCTOMT AaJjeKo
HE TaK MPOCTO.

KosnyecTBEHHBIA MOAXOA K PEILICHHIO 3TOH 3ajayd OCHOBaH
1 MCNOMB30BaHUM (DOPMYJAR TOHKOH JNH3L
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Droit hopmynie yaoO6HO NpPHAATH HECKOJbKO MHOH BHI, BBOAS
ofo3HayeHue p AAA PacCTOAHUA OT MpeAMera A0 NEPeHero
(hokyca JHH3BL U ¢ AN PACCTOSIHUSA OT 3aJHEro oKyca H0 u3o-
opamenns (puc. 5.1):

p=d—F, g=[—F. 2)

[oacrapasa seanunnst d u f us dopmya (2) 8-ypasuemme (1),
nocje [POCTBIX NpeoOpasoBaHUH MOJYyUHM

pg=F2. @)

Takoli BUJ COOTHOILEHHS AJS1 TOHKOH IMH3H. HaskizasToRHop-
wmyaoii HbloTtona.

Puc. 5.1. K BriBoay dopmyast HeioToHa ajs TOHKOA JHH3LL

O6o3HaYnM MONEPeyHbN ¥ NMPOAOJLHEIA pa3Mepsl npeamera
yepe3 y H X, a COOTBETCTBYIOUIME PasMephl H300pakeHHs —
yepes Y u X (puc. 5.2). UtoGbl BHISICHUTb BONPOC O F€OMETPH-
YecKOM TOJZOOHH OGBLEMHOTO TpeAMeTa U ero u300paKeHU:,

g-X
fe—
A I ]
i g;
P 4 ) . e
! 2
L, 4 M
t e
f e ]
e
Puc. 5.2. K BblYHCACHHIO OMEPeYHOro H NPOAOJABHOIO yBeJAHYEHH TOI-
KO# JIMH3bL

BBEJIEM HAPSIAY C MONEePeYHbIM JIHHEAHBIM YBEJIHYEHHEM JHH3BI
I'=Y/y (puc. 5.2) TaKxke NPOROJILHOE YBEJHYEHHE 7Y, PABHOS
OTHOILEHHIO NPOJOMBbHBIX Pa3MepoB H306DaXKeHHsl W mpeamera:

v=X/x. 4

[Monepeunoe yBesnuuenue JuH3bl [' MOXKHO BBIpasHThL yepes
E3€JEHHBIE BEJHUHHBI p H ¢, XapPaKTEPH3YIOLIHE [O0JIOXKenue
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npeaMeTa M H300paXKeHHsi OTHOCHTEJNBHO (POKYCOB JIHH3BI:
Y [ _F+g
P = e— = e ——— 5
y d F+p ©)
[loncraBass crofa GPoKycHOe paccTosHne JHH3B F 13 GopMy bl
Hbiorona (3), noayuaem

r=Vaip. (6)

J1s Toro 4toGbl MONYYHTb BhIpaXK€HHE AJs NPOAOBHOrO
yBEJIMUEHHs y, npuMeHuM (opmyay Heiotona x Touke npei-
ME€Ta, I0Ka3aHHOH KOHIIOM TOPH30HTA/JbHOH CTPENKM Ha
puc. 5.2:

(p+x) (g—X)=F". 7

PackpriBaeM cko6kn B siepoit wactn Beipaxenus (7). Toraa,
yunthiBas dopmyay (3), noaysaem

xg—pX—xX=0. 8)

[IpeanonoxumM, uro xX Majd no CPaBHEHHIO C KaXKIbIM U3 OC-
TaJbHBIX ABYX UJ/IEHOB B cooTHowenuH (8). B stom cayuae u3
(8) BuITEKaer, 4TO

X/x==qlp. 9)

Urobul orépowiedtoe cnaraemoe xX B (8) 610 MaJo No cpas-
HEHHIO CO BTOPHIM 4JeHOM pX, HYKHO, 4T0OOb NPOROJbLHBIH
pasmep npeaMera x Obl1 MaJl NO CPABHEHHIO C PACCTOSIHHEM p
oT npeamera o ¢okyca: x<&p. Ecau ato ycjoBre BhIIONHEHO,
1o u3 (9) BuzHO, yro U X<&g. Orciona sicuo, uto use xX B (8)
OyIeT MaJ H [0 CPaBHEHHIO C [I€PBHIM CJaraeMbiM.

Takum oOpasoM, Korja NpPONOJMbLHBIR pa3Mep npeimera x
MaJl MO CPaBHEHMIO C PacCTOAHHEM p A0 (okyca, NpOJOAbHOE
yBeJIHYeHHe JIHH3H Y, B COOTBETCTBUH ¢ QopmyJiol (4), naercs
Bbipaxenuem (9):

v=a/p. (10)

CpasuuBas dopmyan (6) u (10), BrAHM, YTO NPOIOJBHOE
yBeJIHYeHHe TOHKOH JIHH3Bl paBHO KBajpary IONEPEYHOro
yBeJIHYEHHS:

p=F2. (11)

Orcioga caenyer, uto H3obpaskenne OyIeT TIeoMeTpHYECKH
nojo6HbIM NIpeIMETY TOJIbKO TOTAa, Korja y=I"=1. [las coxpa-
HEHHSl T€OMETPUUECKOro NoAc0HA npexmer o6s3atesbHO ROJI-
eH H3obpaxarbess B HaTypaJbHYIO BeJHuMHY. Bo Bcex
OCTa/bHBIX CJAyYasix TeoMeTpHYecCKOoro nopodus He Oyaer.
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HTak, ecny Mbl XOTHM € IOMOIIBIO TOHKOH JIMH3B! NOJIYYUTh
n300paxKeHne ofbEMHOr0 NpeJMeTa, eOMETPHYECKH MOA0GiIce
caMoMy TIpeMeTY, TO NPOAOJBHbIE Pa3MepHl NPEAMETa JOLKHH
OBITb MaJbl 0O CPAaBHEHHIO C (JOKYCHBIM DACCTOSTHHEM JHI3L,
a NMOMeCTHTb €ro HYKHO Ha ABOHHOM (OKYCHOM PacCTOSIHHH
OT JIHH3BI. A

6. PoxycupoBka nyyka napaanensHeix gyudeit. Paccmorpurs
napassienbHblii NYy4OK MOHOXpoMaTHueckuX Jayueh. Ecam wma
NyTH TAKOro MyuKa MOCTABHTb COGHPAIOILYIO JIHH3Y €O cdepit-
YeCKHMH IGBEPXHOCTSMH, TO, KaK H3BECTHO, BCE JyYu cobepyT-
cs1 B ONHOH TOUKE, Ha3biBaeMOH (OKy-

coM. OfHAKO 3TO BEPHO JIHIb VA y3- ‘yﬁ
KOro fiyuyka, T. €. AJs Ayuefi, He CJaHil- / %/
KOM CHJBHO OTCTOSHIMX OT ONTHUYECKOH
ocH. Iro 3HAYHT, YTO LUHPHHA NIy4YKa
JOJKHA OblTh MaJia 1o CPaBHEHHIO C /
pajHycOM KPHBH3HBI MPEJOMJISIIOUHX i
—
—— &
V) z
—— ]
Puc. 6.1. Cdepuueckan abep- Puc. 6.2. K Haxompgenuio
pauus OGHIKHOBCHHON AUH3B dopMsl  mpesoMasiomeil

MoBEp XHOCTH, KoTopas $o-
KYCHDYET NYy40K napaJs-
JeABHBIX Ayuedt

nosepxuocTell AHH3BL. [ WHPOKHX NYYKOB HUMEET MecTo
cihepHueckas abeppauus, T. e. <lajeKHe» Jy4H Nepecexkaior
ONTHYECKYID oCb He B (okyce (puc. 6.1).

A uenb3s au BHOpaTh GOPMY NPEJIOMASIOIHX OBEPXHOC-
Tel AHH3bI TAKHM 00pasoM, uToOnl chepudeckas abeppailusi
BOOOIE OTCYTCTBOBAJA, T. €. MNYYOK HapalelbHBIX Jyded
no6oi WHPHHLL cobupancs Ol B OJHOA TOYKE?

A Jlna penienusi 3ToH 3ajaud  yHOGHO BOCHOAB30BATHCA
npuauunoM Pepma. [lpeasapute/bHo peiiHM BCAOMOTATE/bHYIO
sajjayy. BreisicHuM, kaxofl pomkHa OHTL opMa APesoMASAIO-
niefl TMOBEpXHOCTH, pasie/siioued JABE OJHOPOJHLIE Cpemsl C
I0Ka3aTe/saAMH NpeJoMaeHus n,=1 u 7, 4T00bl NapaJsienbHbIH
OyYOK Jydedl HocJIe npesoMJieHHs cobpascsd B OJHOH TOUKe.
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N3 coobpamennii cummerpun acHo, 4to 310 6yAET NOBEPXHOCTL
BpAHICHHA BOKPYT OCH cMMMeTpuu nyuka. Ilostomy nocrarouno
UCKaTh CEUEHHe 3TOH NOBEPXHOCTH OCEBOH IJIOCKOCTBIO (PHC.
6.2). TlockoapKy y Becex Jsyueil Ha ocu x (asa ORHMHAKOBA,
ONTHYECKA JJIMHA Jyvell oT ocH x 10 (oKyca, JEXAUEero Ha
3alAHHOM pacctosHuu F, nomxna ObiTb OHA M Ta XKe.
PaccMoTpuM ueHTpanpHBIl Jyd ¥ J1y4, NPOXOAAIAH Ha
DPOH3BONLHOM PaccTofiHHM X OT och. JJja HHX HMmeeM

Fn=y+4nV F—ypr++~

D10 u ecTh ypaBHEHME MCKOMOH MOBEPXHOCTH.

[lpeo6pasyem 3T0 COOTHOLIEHHE, YTOOH BHISICHHTBL (POpPMY
NOJYUYCHHCH NOBEPXHOCTH. YeAUMHSST KBAEPaTHbHI KOPEHL W
BO3BOAs, o0e yacTy paBeHCTBA B KBajapat, noayyaeMm

(Fn—y)2=n*l(F—y)*+x2l.

Tlocne necsioXHLIX npeoBpasoBanuil 3T0 ypaBHERNE IPHUBOARTCS
K BHAY
(y—b)?
a2 {" e 1, (l)

rpe

n—1 n
e=FY - e b=Fig @< (2)
Ypassienune (1) — 370 ypaBnenHe 3JJHNC2, H30GPaKEHHOTO Ha
puc. 6.3, a u b — Manas H GoJbluas NOJAYOCH 3TOTO 3JAAHMICA.

Kax H3BECTHO, 3JIMIC — 3TO TEOMETPHYECKOE MECTO TO-
uex, CyMMa pacCTOSIHMA 0 KOTOPHIX OT ABYX 3aJlaHHBIX TOYEK,
Ha3bIBaEMBIX GOKYCcaMH, OJHHAKOBA. J1a CyMMa paBHa 60JbLIO
ocu aaaunca 2b. MoXBHO yGeIHTLCS, 4TO TOYKa NepeceyenHs
BeeX Jydel (Pokyc nyuxa Jayueil) coBnajaer ¢ JaJbHUM (OKY-
COM 3JJIHICa. DTO COBCEM HECJOXKHO, Tpefyercs JHiiL BHINOJ-
HHTL TpOCThle aJjreGpandeckue npeobpasoBaHud.

Mrak, Mbl Hamau copmy npesoMisiomell NOBEPXHOCTH,
VAOBJETBOPSIOIEH MOCTaBNACHHOMY YCJIOBHIO: BCe Hajawoliye
Ha Hee mnapa/JiesibHEIM NYYKOM JIydd COGHpAloTcsi B OJIHOM
touxe. OJHAKO TaKo# NapaJ/JeNpHbIl NMYyYOK He MOXKeET OHTb
CKOJb YTOAHO IUMPOKHM: NPH 3aJaHHOM PacCTOSTHHH F IIMpHHA
nyuka d He MOXeT, Kak BHJHO H3 (opmyJn (2), npeBblnaTh

SHauCHne
n—1
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Teneps nopymaem, Kak ¢ NOMOHIBIO TAKOH NpeoMAastowme
TIOBEPXHOCTH MOXKHO CO3JaTh JHH3Y, CBOGOAHYIO OT chepuyec-
KO# aGeppaiyy juis napajienbHoro nyyxa jayuefi. Ouesuauo,
4TO BTOPAA NPEIOMJSIOUAs NOBEPXHOCTb TAKOH JIHMH3BI HOJIK-
Ha OBITh NEepneHAMKy/AsipHA BCEM CXOAAMIUMCA JyudaM; Tax
KaK TOJbLKO B 3TOM C/y4ae OHa HE U3MEHUT HX HalPaBJ/EHU:

4

H o

Puc. 6.3. ITyyox mapasjenbubix Puc. 6.4. Bropas nosepxuoctbp

Jydeii nocle npeoMJeHHA Ha OKYCHPYIOWeH JIHH3H HOJIKHA

MOBEPXHOCTH 3JNHNCOMAA Bpa- ObiTh 49acTbio ceprl, mepnenpu-

WEeHHS coGuq;;aeTc;x B JaJibHEM KyJsIpHOfl Jyuam
oOKyce

M Bce JyYH mo-npekHemMy OyAyT nepecekartsbcsi B OJHOH ToY-
ke F. Takoli noBepXxHOCTBIO ABJAAETCS chepa ¢ LEHTPOM B TQY-
ke F. Uro6bl NONyYHTh JHH3Y MaKCHMAJbHOTO AHAMETpPA NpU
3aJaHHOM paccTofuHu F, paguyc R KPUBH3HLI e BHyTpeHHel
MOBEPXHOCTH CJIEAYET BbLIOMPAaTh paBHbIM 6OJbLIOH no.nyocu
samunca b (puc. 6.4).

Jo cnx nop MoJManHBO DpeANOJNarajoch, 4YTO MOKA3aTeb
npesoMaenus n>1, T. e. Bepxuas cpeia Ha puc. 6.2 onrtuue-
cky GoJjee maOTHAdA.

OnHaKO ecK NOA CHMBOJIOM A N[OHUMATH OTHOCHUTEJbHBIN
I0KAa3aTeJb NPeJNoMJIeHHs BepXHel .cpelibl OTHOCHTENbHO HHX-
Hefl, TO MMEET CMBICJI PACCMOTPETh H NPOTHBONOJOKHLIA ciaygai
n<<l, xoraa napaJjiebHblii Iy4YOK Jy4el HCIBITHIBAeT NPEeIoM-
JieHHe npu nepexoje u3 OoJiee IJIOTHOH B MEeHee NJOTHYIO
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cpeny. IlockolbKy npu BEHIBOAEC ypaBHEHHS DpeJJOMJAAIOMEN
TIOBEPXHOCTH YC/IOBHE n>1 He MCNOJAL30BaJIOCh, TO H B CaAY-
yae n<<l ypaBHeHue HCKOMOH IpaHHUBH NO-NIPEXKHEMY JaeTca
dopmyaoit (1), Ho Tonbko mpH n<<l, Kak BHAHO H3 (2),
a*<<0. B arom cayuae Beipaxenune (1) npeacraiser coboH
ypaBHeHue runep6osisl, u300pakeHHol Ha pHc. 6.5.

Uto6el ¢ HOMOLIBIO TAaKOR NpesoMJfAlEed HOBEPXHOCTH

CO3/aTh JIMH3Y, B KayeCTBE BTOPOH NpeJoMJAIONIEH 1OBEpXHO-
CTH C/leRyeT BuIOpaTh I[JIOCKOCTB

4 B HIKHEH cpejie, nepreHauKyJap-

Hyro ocH nyuxa. Paccrosnme ot
BTOH MJOCKOCTH JIO BEpiIHHH
npeOMASIOIER NOBEpXHOCTH Bbl-
6upaercss B 3aBHCHMOCTH OT TOTO,
KaKOTO JIHaMeTpa MBI XOTHM HMETb
nun3y. OrpanHyeHuit Ha pasmep
< nuametpa Temephb HET (LUTPHXOBasl

npsamas Ha puc. 6.5).

Kasamnoce ©6bl, Ham yAaaoCh
NOCTPOHTH HJeaNbHYIO JHH3Y, IO
Puc. 6.5. Tlpn n<1 doky- KpalHeii mepe s MOHOXpOMa-
capyloman  mapanmemvmgy ~ THUECKHX Jyued. Onnako Takas
Ny4oK TNOBEpXHOCT> npeg- JIMH32 COBEPIIEHHO HENPHIOAHA
CTapisieT cofofi  rumep6o- A TOJy4YeHHA H300pakeHud 2a-

JIOHJ Bpallenus »ke GECKOHEYHO YJaNeHHBIX npej-

MeroB. B camoMm Jene, B OJHOH

TOUKE NEPeceKarTcs TONbKO Jy4YM, HapaJjefbHble OCH CHM-

METpHH TakoH JHH3bl. [lyuykd napa/jniefbHBIX Jydel, HaAKJO-

HEHHBIE K ONTHYECKOH OCH JIMH3BI, HE [1epeceKalnTcs B OJHOM
TOYKE. A

.

R\\

o o e

AN
N

7. YepeHkopckoe wu3anyyenue. [IpH paBHOMEpPHOM JBHXKe-
HMH 3JIEKTPOHA B CPeie CO CKOPOCTLIO, NPEBHILAIOHIER CKO-
pocTb CBeTa B LaHHOH cpefe, HaO/0JaeTcsl TaK Ha3blBaeMuIi
sgepext Babusopa — Uepenkosa. OH 3akfA0yaeTcs B TOM, 4TO
2JIEKTPOH CBOUM I10JIEM KOT€PEHTHO BO3MYLIAET MOJIEKYJEl HJH
aTOMBI Cpefbl, Garojaps YeMy OHH CTAHOBATCH MCTOYHHKaMH
CBETOBLIX BOJIH, DACHPOCTPAHSIOLIUXCA B ONpeJeJeHHOM Ha-
npasBnenuu. Ilosp3ysick npunuunoMm IiofireRca, oupezennte,
B KaKOM HallpaBJICHHH PACIpPOCTPAHACTCA H3JyUYeHHE,

A B cpepe ¢ nokasarenem npesoMJeHHsi n>>l cBeToBhe
BOJIHBl PAacHpOCTPAHSIOTCH €O CKOPOCThIO U==¢/n, KOTOpas
MEHbIIE CKOPOCTH CBETAa B BaKyyMe,

Jns HaxomAeHHs HAnNpaBAeHHs PacnpocTpaHeHHs YepeH-
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KOBCKOTO H3JlyyeHUs! HEOOXOANMO B KaKO#-TO MOMEHT BpeMeHH
ONpPEee/UTh MOJIOKEHHe (PPOHTA CBETOBOH BOJMHLI, BO3GyXJac-
MOl 3/1eKTpOHOM npu ero jAswxennu. Ha puc. 7.1 usoGpaxe-
Ha NpPAMOJHHEAHAs TPAEKTOPHA DPABHOMEPHOrO JABHIKCHHA
3JeKTpoHa B cpeje. KaxIylo TOUKY TPaeKTOPHH 3JEKTPOHA
MOXHO pacCMaTpUBaTb Kak HCTOUHHMK CepHuUecKOR CBEeTOBOI
BOJIHBEI, pacnpocTtpansoniefica co ckopocteio v. Ilycts A, B
H C — TOYKH TPAGKTOPHH, B KOTOPBIX HAXOIMJCH 3SJEKTPOH
yepe3 MOC/IeHOBaTe/bHLIC DaBHBIC NPOMEKYTKH BpemenH Af.

Puc. 7.1. Tloctpoenne 1o
npuygnuny I'iofirenca ¢ponra
BOJHB, H3/1ydaeMOll 3/1eKTpo- o # N
HOM, CKOPOCTB  KOTOPOro W g ¢
Goaplue CKOPOCTH CBeTa B

JaHHO# cpefe

B TOT MOMeHT BpeMeHH, KOTAA 3JIeKTPOH HAXOAHJICS B TOUKe B,
$POHT BOAHBI, BO3GYHKACHHOH HM B TouKe A, npeACTaBaas co6o#
cdhepy, pamuyc kKoropoit vAf MeHblle paccTostHust A B, NOCKOJb-
Ky CKOPOCTh 3JIeKTPOHA U,, 6oJpllle CKOPOCTH CBeTa U B Cpeje.
B ToT MOMeHT, KOTAA 3JeKTpoH mnomanaer B Touky C, ¢poHT
BOJIHBI, BO30OYXKIeHHOH HM B Touke B, ecth cdepa pagHuyca
vAf, a dpouT BOJIHBL, BO3OyxAeHHOHA B Touke A,— cdepa BABOe
Goabiniero paauyca. s nocTpoenust GppoHTa BOJIHBI YEPEHKOB-
CKOTO M3JyUeHHS B TOT MOMEHT, KOTAa 3JIeKTPOH HAXOAHTCH
B Touke C, no npunuuny [ofirenca caepyer HaliTH orHOA0IHYIO
(hpOHTOB BCEX BOJIH, BO30YXKJCHHBIX 3JEKTPOHOM B IpEAIIeCT-
BylomHe MoMeHTH BpeMenu. M3 puc. 7.1 cpasy BujHO, uTO 3Ta
orubarouias npeacTapiaser coboil OBEPXHOCTb KPYroBOTO KO-
Hyca, Ochb KOTOPOrO COBNAJlAeT C TPaeKTOPHEH 3/1eKTPoHa, Bep-
IMHA HaxoauTcst B Toyke C, a yrod ¢ Mmexiy obpasyioinei
KOHYCa U €ro OChI0 ONPEAe/IsieTcs] COOTHOILeHHEM

sin @ =v/v,,.

TTocKOJBLKY JIyYd CBeTa NepNeHAHKYJSAPHH (DPOHTY BOJHEI,
YepeHKOBCKO® H3JIYYeHHE pacnpoctpassercsi noj yriom 0
K HalpaBJIeHUIO ABHKEAUS 3JeKkTpoHa (puc. 7.2):

cos 8 = sin ¢ =v/v,,. (h

Mbt noCTPOMAH (PPOHT BOJIHBI AJiA TOTO MOMEHTa BpeMeliy,
KOTAa 3/eKTPOH Haxoaurca B Todke C. C TeuenneM Bpemenu
BepIIMHA KOHYyca, COBNAJAloNiafd C IMOJIOKEHHEM 3JEKTPOHa,
HepeMelaeTCsi BMECTE C HHM CO CKOPOCTBIO U,,. [IpueMHuK
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WaNyuenus, HaxoAsmuiies B KakoW-11060 TOYKe D (puc. 7.2),
sa(UKCHPYET OTACJBHYIO BCIBILUKY CBET2 B TOT MOMEHT, KOra
(PPOHT BOJIHbBI YEPEHKOBCKOTO M3JIYYEHHs1 NPOHAET uepes. 3Ty

TouKy. Ha sToM npuHumkne pa-
%\ D GOTAIOT YEPEHKOBCKHE CUETUUKH
3apsKeHHLIX YacTHL, WHPOKO
HCTIONb3yeMbie B AAepHOH u-
3HKe.

VintepecHo OTMETHTb, 4TO
yCJIOBHE 4epEHKOBCKOrO HaJjy-
yenust (1) cnpaselHBO AN
J0GOTO - «CBEPXCBETOBOTO»  HC-
TOUHHKa, a He TOJbKO AJs 3a-
pAMEHHOH YacTHIBl, ABHXKY-
wedics Co CKOPOCThIO, GoJibineil
CKOPOCTH CBeTa B AaHHOH cpe-
Puc. 7.2. Yepenxonckoe many- Ae. Hanpumep, eciu Ha nuoc-
yenne acnpoctpaHserca moA  KYIO TpaHHLY pasjeja ABYX.
yrioM U K RanpanlCHBIO ABH-  cpej MajfiaeT NOJ HEKOTOPHIM

JKeNNa SJACKTPOHA -
: , yrJaoM o 1JI0CKasi CBETOBas
BOJIHA (pHuc. 7.3), TO JIHHHUA ne-
peceuenns BOJHOBOTO (DPOHTA ¢ rpaHmieil pasjaesa ABHXKeTCs
BLOJb IPaHHIbl CO CKOPOCTHIO '

v'=0,/sin &>, 2)

rae v;=c/n; — $a3oBas CKOpPOCTb cBeTa B nepBofl Cpeze.
PaccmartpuBas 8Ty ABHXYLLYIOCS €O CKOPOCTbIO U'>>U; JHHHIO

!
}
|

@ %

LG

! 7 [

!

1 </

vdz : [

p=0/ty )
Puc, 7.3. Jlugus nepeceyenus Puc. 7.4. Hanpasiaenus ortpa-
¢ponta BOMHB! C rpaHunell pas- JKEHHOH H NPEJOMJICHHOH BOJH
heaa JABYX Cpeldl JABHIKETCH COo MOXXHO NOJY4YHTh, HCOOAL3Y A YC-
CKOpoCThIO v, Goabmedl ueM v JIOBHE 4epEeHKOBCKOT 0 H3/TY4eHH

KaK CBEPXCBETOBOH HCTOYHMK H NpHMEHss K NepBoil cpeae ye-
JIOBHE YEPEHKOBCKOro masyuenus (1), HaxofuM cpasy Hanpas-
JIeHMe OTpaxenHoH BoJnbl P (puc. 7.4):

sin p;=cos 0,=v,/v". 3)



7. YEPEHKOBCKOE H3JiVYEHUE 400

TMoncraBass B (3) cKopoCTb NBMMKEHHS MCTOUHHKA U’ M3 (2),
nojyyaeM, yro sin p,;=sin a, uau f;=o. 310 XOpOWO H3BECT-
HLIA 3aKOH OTpaMeHus CBeTa Ha NJOCKOH Tpamuue.

Tenepp npuMenum ycsoBHe uepeHKOBCKOro usJjyuenus (1)
KO BTOpO#i cpene, Tae (a3oBas CKOPOCTb CBeTa Us=c/fs:

sin Pz=cos 0:=vs/V". RC)

Ecnn v'<<vs, ycnioBHe (4) He BEIIONHAETCS HH NPH KaKOM 3Ha-
uennn Os, T. €. cBET BO BTOPOH Cpejie PacnpoCTPaHATLCA HE
MOMET: DTO COOTBETCTBYET XOPOLIO H3BECTHOMY cayyan no-
HOrO OTPaXKCHHf CBETa OT ONTHYECKH MEHee MJOTHOH cpenn
M MMEEeT MeCTo NpH v,/sin a<lvs, T. €. BpH A, sin a>ns. Ecan
U'>>U2, TO yCJOBHE YEPEHKOBCKOrO M3NydyeHHsi (4) RaeT Ham
HanpaB/ieHne TNpPEJOMJCHHOH CBETOBOH BOJIHBEI, pacnpocTpa-
naomeics Bo BTOpoi# cpexe: :

. Vg . n \
smﬁ,=-§sma=;& sina. (53

Taxum o6pa3oM, Mbi BHAMM, 4TO OOBIMHBIE 32KOHH OTpaKe-
HUS1 ¥ TIPEIOMJIEHHS CBETA Ha MJIOCKO# IpaHHLE COBNAjaioT ¢
YCJIOBHEM YEPEHKOBCKOIO H3JIY4eHHS, H B 3TOM CMEIC/IE MOXKHO
CKasaTh, HTO YCNOBHE H3IYUEHHS CBEPXCBETOBOrO ncmtmnxa
H3BECTHO YK€ HECKOJIbKO CTOJIETHIH. '

PaccMOoTpuUM Tenmeph, 4YeM K€ YePEHKOBCKOEe Hanyuyenue
OT/IMYaeTCsl OT APYTHX BHIOB CBEUEHMSf, BHI3bIBAEMBIX JBHKY-
mefics B BelleCTBE 3apskeHHOH wactHued. Ilpu JBuXKenun
3JIEKTPOHA CKBO3b BELIECTBO €ro B3aMMONCHCTBHE C aTOMaMy
BelecTBa NPHUBOAMT K TOMY, YTO YacThb SHEPTHH 3JIEKTPOHA
MOMKET NepeflaBaThCsl aTOMaM, BEI3BIBAf MX HOHH3ALMI0 MY
BO30YKIEHHEe ¢ NOCJeNyIOWHM BhicBeunBanueM. OAHAKO <310
HE eCTh UepeHKOBCKOe H3/ydyeHue, MO0 OHO HEKOrepeHTHO.
Takoe H3MyYeHHE BO3MOXKHO H NPU CKOPOCTH 3JEKTPOHA Melib-
wei, yeM ¢asoBas CKOpocTb cBeta B cpeje. Hrobw sicHee npen-
CTaBHTb cebe OCOOEHHOCTH YEPEHKOBCKOrO H3JyueHHs, pac-
cMOTPHM caeyioui npumep. [Ipencrasum cefe, 4To 3JEKTPOH
€O 3HAYNTE/JBbHOH CKOPOCTBIO IBHIKETCA [O OCH TNYCTOTEJIOro
KaHaJa, NPOJeNaHHOro B BEIECTBE, TAK YTO OH HE MCIBITHIBAET
HENOCPEJCTBEHHEIX CTOJKHOBEHHH ¢ artomMaMu BeplectBa, Oka-
3bIBA€TCA, OfHAKO, YTO €CJH AHaMeTp KaHa/la 3HaYyHTEJbHO
MeHbIIE JUIBHLL BOJHB CBETd, TO BCE K€ HMEET MEeCTO BO3Myiile-
HHe cpelbl JCKTPOMATHHTHBIM NOJEM 3JeKTpoHa, NpPHBOAA-
1ee OpH U, ;>>V K NOT€PE IHEPrHH JEKTPOHOM B BHAE CBETOBO-
ro H3JYY4eHHSi CKBO3b IOBEPXHOCTL KaHasa. Ilpu sTom, ecan
cpefia ABJNAETCS BIIOJIHE NPO3payHoH, NOTOK Hanydenus Oec-
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TPensiTCTBEHHO HNPOXOAHMT yepe3 Hee. MMeHHO 31O H3nyuedue
¥ TIpeCTaB/IsgeT co0OH B uMCTOM BHAE H3syyeHue Uepeukosa.
Msnydyaemas sHeprus, KOHEUHO, 3aMMCTBYETCHA H3 3HEPTHUH
JBHAKYIIETOCH 3JIEKTPOHA, CKOPOCTh KOTOPOTO NPH 3TOM AOJK-
Ha ymenbliuatecsi. Ho camo no cefe yepeHKOBCKOE H3JIyueHue
OTHIOAL HE CBSI3AHO C TOPMOKEHHEM 3JIEKTPOHA, N0 OHO JOJ/IK-
HO HMeTh MECTO W TpPH paBHOMEPHOM IBHXEHHH 3JIEKTPOHA CO
CKOPOCThIO U,,>V. KoHEYyHO, TaKOe PaBHOMEPHOE JBHMKEHHE
BCJIEICTBHE NOTEPh SHEPTHH Ha H3JIyYEHHE HE MOXKET ObTh ABH-
JKeHHeM TO HHepUHH H TpebyeT AJs CBOEro MOAAEpIKaHUs
NOCTOAHHONA BHEUIHEH CHJIBL. A

8. dokycuposka dotoannapata. OOGBeKTHB (oToannapa-
Ta CO3HAeT AeHCTBHTENILHOE H3o0pakenue OECKOHEYHO yja-
JICHHOH TOYKH, KOTOpoe JIeXKHT B (oKaJbHOH mJockoctH. [o-
sToMy npu QotorpadbupoBaHKH YAAJEHHBIX NPEIMETOB CBETO-
YYBCTBUTE/IbHEIA CJI0M MJIaCTHHKHM HJH IJIEHKH COBMEAETCsi
¢ ¢oranbHoil njockocthio. On-
perenuts HauboJbliee AONYyC-
THMOE CMeIlleHHE CBETOYYBCTBH-
TeJBHOrO ¢J10A H3 (oKaabHOH
IIOCKOCTH OOBLEKTHBA, NIPH KO-
TOPOM elle He IPOHCXOHHT
YXYALIeHHs1 KauecTBa H3o6pa-

Puc. 8.1, Tlpu cMewenu HeHAA,
. 8.1, HHH mJac-
THHKM H3 POKAJIbHOH NMJIOCKOCTH A Byjem cuutars, 4tO B

oOneKTHBA . maoSpamemne To- OODBEKTHBE (oTOANmapara yct-
YeYHOTO HCTOYHHKA pa3MmiBaer- PaHCHbI BCE a6eppaunn. Ecau

€ B KPyrjioe MATHO OBl CBET pacHpoCTPaHAJICsH CTPO-
IO 1O 3aKOHaM FeOMeTPHUECKOH
ONTHKH, TO MapajJenbHbLIH HydYoK JydyeH oT GECKOHEUHO yAa-
JIEHHOT'O TQUEYHOro HCTOYHHKA cobHpajics Obl B (okyce 06b-
extuBa (puc. 8.1). Ecsim niacTHHKY pacnoJioXHTb TaK, uTO
CBETOYYBCTBHTE/bHBIA CI0H GyAeT JieXarh HE TOYHO B JOKA/b-
HO# NJIOCKOCTH, 8 OKAXKeTCs CMEIEHHBIM H3 HEee B TY WJH ApY-
T'YIO CTOPOHY Ha BEJAHYHHY Ax, TO Ha NJaCTHHKE BMECTO TOYKH
nosyunTcs H3o0parkeHHe B BuJe Kpyxka. Juamerp storo
KPYyXKa @, KaK BMJIHO H3 pHc. 8.1, onpefesisiercsi COOTHOLe-
HHeM

D

3necb D ects RUaMeTp OTBEPCTHS B AuadparMe WM AHaMerp
onipaBbl OOBEKTHBA NPU MOJHOCTBIO OTKPHITOH AHadparme.
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B6aM3H TOUKH NepeceueHus nyduka Jyuedl HCKpHUBJeHHE
BOJIHOBOH NIOBEPXHOCTH CTAHOBHTCS HACTONBLKO CYUIECTBEHHBIM,
YTO YCJIOBUSI IPUMEHUMOCTH TEOMETPHYECKO ONTUKH 3aBEAOMO
He BLINOMHSIOTCA. 1105TOMY CBETOBOH NOTOK HeAb3si cobpath
B OANY TOUKY B (okyce ofbekTHBa. Kax e BHIJIAAAT H30-
GpaxeHne GeCKOHEYHO yJAAaJNEHHOro TOYEUHOro HCTOYHHKa B
(OXaIbHOMN JIOCKOCTH 00BeKTHBA (oTOANNaparar

UTo6E! MOJYUHTD NIPEACTAB/IEHHE 00 ITOM, PACCMOTPHM A3
nPOCTOTHl AM(PPAKUHIO NJIOCKOH BOJHEI NMPH NPOXOXICHHH €€
yepe3 wieJb € Napa/eJbHBIMH NPAMBIMH KpasiMH (puc. 8.2).

| &l o
- T y
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Puc. 8.2. K pacuery pasmepoB AWQpPaKuHOHHOR XapTHHBL

[TocTaBuM Tnocje wienu cobupatomyio Juu3y. Ilo mpunnuny
Tofirenca Kaxjas Touxa (ppoHTa CBETOBOH BOJIHB! B HIEJIH AB-
AsieTcsl NCTOUHHKOM HOBBIX KoJieOaHui, pacnpocTpaHAomMXCs
fo BCeM HanpasJeHusM. B kaxaoH Touke (GOKaJbHOH MJIOCKO-
CTH JWH3B COGUPAIOTCA T€ JIyYH, KOTOphle AO JIHH3BI Oblin
napajespust Mexny coGoli. [ToatoMy Al HAXOXKACHHA JH-
(ppaKIMOHHON KapTHHBI B HOKaNbHON MAOCKOCTH JHH3BL HYX-
HO PaccMOTPETb HHTEPHEPEHIUIO Pa3/MUHbIX NApaJebHbIX
MeXJy cO0OH Iy4KOB JIyueH.

Bce syuW, HAyIlHE NapajjelpHO NEPBOHAYANbHOMY Ha-
NpaB/eHHo, MMEIOT OJAMHAKOBYO (asy, NOSTOMy B HEHTpe
JM(paKIKOHHON KapTHHbL (TOYKka A Ha pHC. 8.2) Gyzer Mak-
CHMYM OCBELIEHHOCTH. PaccMOTPHM Jy4H, COCTaBJAIOMAC
yroJ ¢ C IepBOHaya/bHBIM HANpaBJICHHEM. Ecad pasHOCTL
Xofia Kpaiinux Jydeii A paBHa JJHHE BOJINBI CBETA A, TO B pe-
gyabTate HHTEpdEpeHUHH B Touke B IpOH30HIeT B3aHMHOE
rawenyre KosieOanuil. JIeficTBHTENLHO, M KaxIO0ro 3JIeMeHTa
(ppOHTA BOJIHEL 0 B BEPXHEH [0JIOBHHE LIE/H (puc. 8.2) naiiner-
Cs51 OTCTOAWIKI OT Hero Ha D/2 TaKOH e 3JEMEHT O' B HIXKHeH
NOJIOBHMHE LIeJM, ¥ PA3HOCTh XOA@ JIyueH OT 3ITHX 3JIEMEHTOB
paBna A/2. B pesysbTate HHTEPPRPEHUUH STH JYUH Facat Apyr
apyra. Kak Bnaso u3 puc. 8.2, COOTBETCTBYIOWMA UM YFOJ
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audpakiuu
@:1=A/D=MAD. (2)

Jlyuu, audparuposangsie nox yriamu ot 0 1o ¢4, cobupaiotcs
B $HOKaNbHOH NJIOCKOCTH MEXAY Toukamu A # B u smie ya-
CTHYHO racfT Apyr apyra. Eciu yuyecTb HHTepdepeduuio Jay-
uelf, audparupoBaHubIX MOA YI/1aMmd, OOABLIAMH 4eM ¢y, TO
pacyer noxasbiBaeT, YTO PacnpejieleHHe HHTEHCHBHOCTH cBera
Ha 3KpaHe HMeeT BHJ, H3o0pakenHnt#t Ha puc. 8.3. Ocseuen-
HOCTb 9KpaHa B nepBoM 60KOBOM MAKCHMyMe COCTaBJIsieT MeHee

7k

—27’/ 7 4 g Zo Jp @

Puc. 8.3. Pacnpepenenne ocBemeHHOCTH Ha 3KpaHe OpH pudpakuuu
NJIOCKOH BOJIHBL HA LUETH

5 % oT OCBEWEHHOCTH B TJIABHOM MaKCHMyMe. DT0 O3Hayaer,
YTO MOYTH BECh CBETOBOH NOTOK, NPOLICANIHH 4yepes miedb, pac-
NpOCTpaHsieTcss B HHTepBaJe YIrJIoB OT —; A0 ¢;. M3obpaxe-
HUe GECKOHEUHO YHAJEHHOTO TOYeYHOTO HCTOYHHKA B (hOKasb-
HO{ [JIOCKOCTH JIMH3BI OKashiBACTCH DPasMBITHIM B INOJIOCKY,
nepneHAuKyasipuyto kpasm ueau, Ulupuua stoft nosocku

b=2Fp,=2%F. 3)

PaccMoTtpende Angpakuuyd Ha KPYrjoM OTBEPCTHH AHaMET-
pom D moxa3biBaeT, 4TO H306paxeHue 6eCKOHEYHO yJa/leHHOro
TOYSYHOTO HCTOYHHKA pa3MblBaeTcs B KPYIJoe NMATHO, JHAMeTp
KOTOpOro onpezensiercs Tofl xe gopmyJol (3) ¢ ZONONHHTENb-
HBIM YHCJIOBBIM Ko3adpuuueHToM, GJIH3KHM K eAuHHue. Taxum
ofpasoM, B ¢oroannapare H3oOpaxkeHue GECKOHEUHO yAadeH-
HOrO TOYEYHOT'O HCTOYHHUKA npejcTaBiser coGoi AH(paKIHOH-
HBIl KPYXKOK, JHaMeTp Kotoporo b cornacuo copmyae (3)
TeM OoJbllie, YeM MEHbLUE JUamerTp OTBepCTHA B Auadparme
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obrvektnBa. OOBEKTHBH GOMbLIOrO AuaMetpa (NPH YCJIOBUH,
‘yT0 abeppauny yCTpaHeHH!) JaloT H3obpaxenye Gosiee BHICOKO-
_TO KauecTBa.

Jlapaembiit’ q)opMleon (3) nuamerp AMPPAKUHOHHOTO NATHA
ABJsieTCA A4 JAHHOro OGHEKTHBA HAMMEHbIUMM NPHHUMOH-
4JbHO BO3MOKHBIM H300pamenneM TOYEYHOrO HCTOYHHKA. [lo-
3TOMY OeCCMBICIEHHO CTPEMHTHCSl COBMECTHTb IIACTHHKY C
(POKaJbHON NJIOCKOCTBIO OGBEKTHBA HACTOJLKO TOYHO, YTOOLI
 AnamMeTp NsATHAa @ B NPHOMIKEHUH TeOMETPHUECKOH ONTHKH,
jaBaemblii ¢opmynoft (1), okasasncs MeHbllle, YeM paamep
Inppaknuonoro nstHa b. IlpupaBuHBas npaBble YacTH B
¢dopmyaax (1) u (3), naxoaum JOMYCTHMYIO HOrPEILHOCTh yCTa-
HOBKM (OTONJACTHHKH

Ax=2A(F/D)2. ()

Hanpumep, 1719 ¢oroannapata ¢ OTHOCHTENBHEIM OTBEPCTHEM
D/F, paBuniv 1 : 3,5, xapaktepHoe 3naueHue Ax oxasbiBaercs
nopagka 107% M. Ilpn GoJabluel norpemiHocTH He 6yner noJ-
HOCTBIO HCHOJb30BaHa paspeliaomas cnocoGHOCTb OOBEKTHRA.

OrmeTuM, 4TO perueHHe 5ToH 3aAauy NO3BOJSET JIETKO Npo-
anajau3upoBath Bonpoc O raybuHe pe3kocTtH. IlocKoabKy H3-3a
ANQPaKUHOHHBIX 3(QEKTOB pasMep H300paxenus Jaasexci
TOYKH HE 3aBHCHT OT IOJIOXKEHHs NJIACTHHKH B npeiesax oT-
pe3ka Ax, pasaemoro dopmyJoil (4), TO ORHHAKOBO PE3KNMHK
HA CHHUMKe BBIHJYT He TOJbKO GECKOHEUHO YJajeHHLIE INpea-
METHl, HO U NIPEMETHI, PacCTORHHE d A0 KOTOPLIX YAOBJETEOpA-
€T COOTHOILEHHIO

1 1 1
Tt FrE =T ()

YunthBas, uto Ax<F, oTcioaa Jerko NOJYYHTD
=F2/Ax, (6)

TlopcraBassa Ax u3 ¢opmyasl (4), HaxoIuM TO paccrosuue d,
HauuHasi OT KOTOPOro M JI0 GECKOHEUHOCTH BCE NpeIMETH! BhIfi-
YT HA CHUMKE OJHHAKOBO PE3KHMH, eCJH NJacTHHKA Haxo-
JnTcst B (DOKaJbHOH NJOCKOCTH OGBEKTHBA!

d=D?2A. (7)

TlocMoTpHM Teneph, YTO MOJYUYHTCSH, €CJIH NOMECTHTh NJja-
CTHHKY He B (OKaNbHOH IJOCKOCTH, 2 Ha PACCTOSHHH Ax
panbiue ot wee (puc. 8.1). GueBHAHO, UTO TOTZ HA MJACTHHKE
H[€aJIbHO Pe3KHUMH B NPHGIHMEHHH IeOMETPUYECKOH ONTHKM
BLIIIYT H306paK€eHHs TEX MpelMeToB, KOTOpPhiE HAXOAATCSI
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na paccroaunu d or obbpekrusa. VsoGpamenuss GecKoneyno
VAAJCHHLIX TOYEK H TOYEK, HAXOHSIIUXCA HA PacCTOAHUU d/2,
OynyTt mpejacTaB/ATh cofofl Kpyxky AuamerpoM a. [lostomy
MBI TIOJYYHM HA CHHMKE OJIHHAKOBO Pe3KHe U306pakeHHUs Bcex
NpEIMETOB, KOTOPhIE PacHoJOMKeHbl OT OECKOHEUHOCTH J0 pac-
CTOSIHHA, BIBOE MeHbIuero d.

Hs dopmyast (7) BHAHO, 4TO IAyOHHA PE3KOCTH 3aBHCHT OT
TOTO, HACKOJLKO CHJILHO 3aguabparMHpoBaH OOBLEKTHB (OTO-
annapara. Yem menbue puamerp D orBepcTHs JHadparMsl,
TeM OGoJbilie rayOuHa peskoctd. Ho, yBeauuuBasi rayOuuy
pesKocTH, IHapparMHpOBaHME NPHUBOAHT K YXYALICHHIO pe3-
KOCTH M300pa’keHHsl TE€X NpPEAMETOB, Ha KOTOphle cOKyCHPO-
BaH OOBEKTHB: H3 (opMyJbl (3) BUAHO, YTO NPU FTOM YBEJHUH-
BaeTCsl pasmep NHGPAKLHOHHOIO NsitHa b. A

5. donapu Ha pasHoM paccTosHHH. [opsuue yauuHbie
(oHapH B BUJE MOAOUHBIX IAPOB KaXKyTCHA OJHHAKOBO APKHMH
¢ paccroauus 20 1 40 M. Kak 310 06BACHHTH?

A Yro 3HauuT, yto B OOOMX caydasx (GOHApH Kaxyrtcs
OfiMHaKOBO ApKuMH? llpexkie Bcero HYXHO BBISICHHTb, 4YeM
onpenesnsierca CyOBCKTHBHOE OmyLieHHE apKocTH. OYeBHIHO,
9T0 3pUTEJbHOE OLLYLIEHHe 3aBHCHT OT PAa3MEPOB H300paXKeHHUs -
Ha CeTyaTke IJa3a H OT OCBCUIEHHOCTH 3TOTO H300parKeHus.
A BOT OLLYLIEHHE SPKOCTH MOBEPXHOCTH OT pa3Mepos H3o0pa-
JeHHsl 3TOfl NMOBEPXHOCTH Ha ceryaTke He 3aBHCHT. [Ipome
BCero B 3TOM yOeUTbCA Ha OMBITe, 3aKphlBas YacTb CBETALICH-
csl noBepxHoctH (poHaps. Omyiuenne SpKOCTH OT ocramoiiefics
OTKpPHITON yacTH (oHaps NPH ITOM He MEHseTCs.

Hrak, cyObeKTHBHOE OILYIIEHHE SPKOCTH HE 3aBHCHT OT
pasMepoB H3o0paxeHus: GoHAPsl, CO3LABAEMOT0O XPYCTAJHKOM
Ha ceTyaTKe IJ/a3a, a OIPEASNseICs TOJbKO €T0 OCBEILEHHO-
ctoio. [lonpoOyeM BLISICHHTb, NOYEMY OCBELIEHHOCTb H300pa-
¥EeHHs1 OJMHAKOBHIX (oHapell, pacmoOJOMEHHBIX Ha pasHBIX
paccTosiHuax, OyZeT OAMHAKOBOH.

Ha Goapummx paccrosnuax nopsaka 20—40 M doHaps
pazuyca 20-—30 cM npu pacyere co3faBaeMOH MM OCBELIEHHO-
CTH MOBEPXHOCTH XpycTajHkKa (MJH TNONAJAIOUIEro B IJas
CBETOBOTO MOTOKA) MOXKHO CYUUTATH TOYEUHBIM HCTOUHMKOM CBe-
Ta, HECMOTPSl Ha TO YTO €ro M3oOpaxeHHe Ha ceTyaTKe rjasa
uMeeT KoHeuHble pasmepnl. [lo3ToMy co3naBaeMas TakuM (oHa-
peM OCBeIEHHOCTb [OBEPXHOCTH yObIBaeT 00PaTHO NPONOPUHO-
HaMbuO KBazapaty paccrosHHsA. CiefoBaresbHo, OT (oHaps,
HAXOAALIETOCA Ha paccTosiHEU 40 M, najanouyd Ha NOoBepX-
HOCTb 3pauka CBETOBOH NOTOK B yeThipe pas3a MeHbiie, ueM oT
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oHaps Ha paccrosHnu 20 M. JIMuelnbll pasmep n3o0paxenis
(QoHapa Ha cetdaTKe NpH paccrosiunu 40 M B jBa pasa, a nio-
AaAb €ro H300paxeHus — B YeThlpe pasa MeHblle, YeM HpH
paccrosHud 20 M. Takum o6pa3oM, yMeHbHIEHHE NOMafalole-
rc B FJia3 CBETOBOTO MOTOKa OT (oxaps NPONOPHUOHANBHO
YMEHBILEHHIO MJIOLafH y4acTKa CeTYaTKH IJlasa, Ha KOTOPYIo
3TOT HIOTOK NONajdeT, ¥ OCBEUICHHOCTb M300paXKeHHs He 3aBU-
CHT OT pacctofaHus o doHapsa. Pazymeercs, 3T0 CHpaBeAIHBO
JHIIb NPH OTCYTCTBHH HOTJIOMEHHS HJAM PpaccesHHs CBeTa;
B MPOTHUBHOM cJly4yae, HallpuMep B JbIMy, B TyMaHe, CO3/aBae-
Mas (oHApeM OCBEWEHHOCTh 3pauka yOuiBaer OblcTpee, ueM
mIomany, H3o0paxeHua Ha ceruatke. IIpu stoM Ha Goabluem
paccTosiHuH (GOHApb BBITJAAIUT GOJIEE TYCKJIBIM.

Tenepp noaymaeMm, uTO H3MEHMTCS, €CJH MEI OyjeM pac-
cMaTtpuBaTh (GoHapb B GHHOKJIb. MOXHO €006pasHTh, 4TO OC-
BelIeHHOCTb H300paKeHHs NPOTKEHHOro GhoHapsd npu Hab.o-
JIeHUH B 6HHOKJb He MOXKeT ObITb Go.Iblie, UeM NPH HaGMOLeHHH
HEBOOPYKEHHBIM TIJa3oM. B camcM jpese, OHHOK/Ib KOH-
cTpyupyercs Takum obpasoM, YTO BMecTe ¢ IjlasoM Habmona-
TeJis1 OH 00pa3yeT eIHHYIO ONTHYECKYIO CHCTEMY, B KOTOpOH
BECh MNONajalomuid B OOBEKTHB CBETOBOH MOTOK NPOXOAHT B
rna3. Ilpn stomM naomazss n3obpakeHuss Ha ceTyaTke TJasa
YBEJIHYHBACTCS BO CTOJbKO K€ pa3, Kak ¥ NONaJaioliMil B
rJias cBETOBOH NMOTOK. B pesyJsipTate npu npeneGpexeHuu nore-
pAMH CBeTa B ONTHUYECKOH cucteMe OHHOKJS OCBELIEHHCCThb
H300pa)KEHUS] Ha CeTYATKE OCTaHeTCs HEeH3MEHHOH, U (oHapb
Oyaet B OUHOKJb Ka3aTbCsl B JYYIUEM CJAydae TaKUM XKe APKHM,
Kak u Ge3 6HHOKA.

Ho coscem Inpyroe neno, ecin Mbl 6yieM paccMaTpHBAaTh
B GMHOKJIL HJ/IH TEJEeCKON 3Be3lly. 3Be3jibl HaCTOAbKO YAaJeHH!
OT Hac, 4TO, HECMOTPS Ha HX THTAHTCKHE pa3Mepbl, YIJIOBbE
pasmephl OYTH BCEX 3BE3J OueHb Mansl. [losTomy H3obpaxenne
3Be3/lbl HA CeTYaTKe IJa3a NPH pacCMATpPUBAHUH €€ Jaxe B
caMblfi GOJIBLION TEJECKONl HEOTJIHYHMO OT H300pa’KeHHs HC-
THHHO TOY€YHOrO HCTOYHHMKa cBera. [pyrumu cJoBaMH, 3TO
naoOpaxenue npeacraBiafer cofoi ANPPaKLUMOHHBIA KPYXKOK.
Paamep 3Toro Kpyxka He 3aBHCHT OT TOFO, HaOJ/IOfaerca Ji
3B€3Jd B TeJECKON ¢ NPaBHAbHO NMOAOOPAHHLIM OKYJAPOM HJH
HENOCPEICTBEHHO HEBOOPYKEHHBIM ry1a3oM. Ho cBeToBoit noToK
OT 3BE3Jbl M, CJIEJOBATEJIbHO, OCBEIIEHHOCTh ee H300paXkenus
NpH HCNOJIL30BAHHH TEJNECKONa BO CTOJbKO pas GoJblue, uem
NpH HEBOODYMKEHHOM IJlase, BO CKOJbKO pa3 MJOLaAb OTBep-
ctis o0beKTHBa Oospiue nJjomanu 3pauka. Ilostomy B Tene-
CKON 3Be3jnl Kaxyrca Oojiee spKHMH. B Teneckonm MeXHO
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VBHJETh OYeHb cJabbie 3Be3Jlbl, BOOOMWIE HEBUAUMbIE HEBOODY-
MKEHHBIM TJ1a30M.

BoJiee Toro, B TENECKON 3BE3/bI MOXKHO YBHIETD AaXKe JHEM.
910 oObACHAETCA TEM, uYTO 3Be3[a B TEAeCKOlNe KakeTcs GoJiee
APKOH, B TO BpeMs Kak (JOH OCTAETCA TAKHM JKE, MOCKOALKY
MoBoH  yuacTok Hefa npeicTaBisAeT CcoOOH MPOTSKEHHbIA
HCTOYHUK CBeTa. A .

10. MepcnexTusa Ha dQorocHumke. Kak HyxHO paccmar-
pHBath (Qororpaduio, YTOOB NONYUHTDH NpaBHJBLHOE [POCT-
pAHCTBEHHOE BreyaT/eHHe C HEHCKAXKEHHOH NepCreKTHBOH?

¥ig
s A
17
. . [ %
{ il
I
e |
i F
{
A 8 !
\Ls L/
T st SN A
i r\**s:‘\\\'ﬂ {
1 |
N [ A
1 [ =
i f S bes |
L T e -
el T D e o e e
Doz
CHUMOK
Puc. 10.1. Toayyenne npasuiabHOil ePCIEKTUBL DU PACCMAT) ABAHUH
(oToCHHMKA

A Hannuue y Qortoannapara onpesiesieHHOH IJyOHHBI pes3-
KOCTH TI03BOJISIET HA OXHOM IMJIOCKOM (POTOCHHMKE IOMY4YHTh
OTYET/IHBOE H300pakeHHe NpeJMeTOB, HaXOAAIUXCS Ha pas-
HBIX pacCTOAHMAX oOT oOnekTHBa. Ilnockue H3oGpaxenus
NPOCTPAHCTBEHHO MNPOTSIKEHHBIX NPEIMETOB BCErAa NepenaoT
OlIpEJIe/ICHHYI0 TeOMETPHYECKYIO NepCNEeKTHBY, T. €. Ompeje-
JEHHOE COOTHOLICHHE MEXAY pa3MEepoM H paclosoXKeHHeM
NPEMETOB, HAXOAAWMXCSA Ha PasJHYHOM YyJaleHHH oT (oro-
annapara.

[Ipu dopmupOBAHHU MAOCKOr0 H30Gpamkendust Ha doTonaa-
CTHHKE OODBEKTHB OCYIUECTBJASET IEHTPA/IbHYIO MPOEKIIUIO
npeameros (puc. 10.1a). Llentp Tako#t npoekuun O Haxoautcs
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1

B cepenHe O0BEKTHBA, NMOCKOMBbKY NMPOXOASIMHE Yepe3 (eHTp
JIMH3BL JIYYH HE OTKJIOHAIOTCA. B pesynbrate H306pamenue
Gosee ynanennoro npeamera A Gyner uMeTb Ha (OTOCHHMKE
MEHbIUHH pasMep, yeM H300paKeHHE TAKOro Ke 10 pasmepy,
HO Gonee OausKoro npeamera B,

O0bluno npu  ¢otorpadupPoBaHUU NJAACTHHKA HAXOAHTCA
noYTH B (POKAJBHOA MJIOCKOCTH OObeKTHBA. s moayueinn
NpAaBUJIBLHOTO MPOCTPAHCTBEHHOIO NpPEACTABJAGHHS NpU pac-
cMaTpUBaHMH (OTOCHHMKA HYKHO, YTOGHI BUIMMBIE TJIA30M
yrJIOBbie pasMepbl H300parkeHHH npeaMeroB ObLIH Obl TAKHMH
e, KaK Y NPH HeNnocpeACTBEHHOM HalJIOAECHHH ITHX MpeamMe-
toB. Ec/in paccmaTtpusarth (DOTOCHHMOK, MOMewiast I/a3 Touio
B Ty e TOYKy, rje Obi1 pacnosnoxe oGbeKTHB, ITO YCJIOBHE
Oyzer BeimoaHeHo: u3 puc. 10.16 fcHO, 4To MBI GyneM BUACTD
TpeaMeTHl Ha H300paXeHUH [OJ TAKHMH Ke YrJaaMu, KakK H npu
HEMOCPEACTBEHHOM HX HAG/MOJEHUH M3 TOH TOUKH, TAe HaXo-
AUJCA 00BeKTUB (DOTOANNAPATA MPU ChEMKE,

Hrak, cMoTpeTb Ha CHHMOK CJIeIyeT OLHHM IJ1a3oM, noMe-
@as ero Ha PacCTOAHWH, PABHOM (HOKYCHOMY pPacCTOSHHIO
obwekrusa. Torna cororpadus OyIeT NPOH3BOAUTL €CTECT-
BEHHOE NPOCTpAHCTBEHHOE Bregatnenue. [lpu oxycHelX pac-
CTOSIHMAX 25 cM u GoJlee 3TO JIETKO OCYILIECTBHTh. ¥ pacnpoct-
paHeHHHX MajogopMaTHsiXx GoToRaMep (POKYCHOE paccTosiiiie
3HAYUTE/IbHO MEHBIUE H COCTaBJIsieT OOLIYHO OK0JIO b cM. B s1um
cjydae NpM paccMaTpuBaHup cJafiloB ciaefyeT BOCHOJL3C-
BaThCA JYIOH (AHACKONOM), TOTAA M 3JeCh COXPaHHTCA pa-
BUJILHOS paccTOHUE MeXAy ryiasoM M usolpaxenueMm. [lpu
pPacCMATPUBAHMK A-KPAaTHO YBEJHYEHHBIX [0 CPaBHEHHIO o
HeraTuBOM (OTOCHHMKOB IJ/i COXPaHeHUsl €CTeCTBEHHON nep-
CHeKTHBBl DacCcTOsIHHE MEXKAY IJa30M H CHHMKOM JOJLKIO
Ouith B n pa3 Gojbuie (OKYCHOTO pPaccTOsiHMS OOBeKTHRa.
B Gonbuioff ayaMTOpUH, HampuMep B KHHO3a/e, 5T0 YyCJOnHe
BHIIOJIHACTCA JMIUb AJA HEMHOTHX MeCT.

[Tpu paccmaTpuBaHHU ORHUM IJ1a30M C HENPABUJILHOrO pac-
crosinua QoTtorpadus AAeT NPOCTPAHCTBEHHOE BICUATICHHE,
HO ¢ MCKa)Ke€HHO! mepcnektHRoil. [Ipu canmmkom GAH3KOM pac-
CTOSIHMM TJyOuHa cHHMKa OyJeT KasaTecsi yMEHDIIeHHOH, a
npH  CAUIUKOM GOJIbILIOM — YBEJHYEHHOH. ITO HCKamene
nepcnextBpl nosicaser puc. 10.2. Bo Bcex Tpex chayuasix ¢
pasHBIX pacCTOSIHUI paccMaTpHBaeTcs OAHH H TOT XKe CHHMOK,
HOSTOMY TOJIOKeHue moObIX TOueK H300pameHus, Hanpumep
touek A’ u B’, cooTBeTCTBYIOMINX BepiuvHaM (oHaped, ojiHa-
koBo, Pmc. 10.2a cooTBETCTBYeT NPaBUJLHOMY [OJOKEHNO
rsiasa H, CJeloBaTe/bHO, HeHCKaKeHHOH nepcnexruse. [lpu
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paccMaTpUBaHHM CHHMKa € MeHnIero paccrosuug (puc. 10.26)
DMCTAHIHS MeXAYy (QOHapsMH Kaxerca ymenblenrofl. Ilpn
paccMaTpHBaHuK ¢ Gosbllero paccroauus (puc. 10.26) KapTtu-
Ha KameTcsl pacTaHyToll B rayGHuy.

MckaxeHue nponosibHOH nepeneKTHBE 0coGeHHO Gpocaercs
B Jia3a NpH HAOGMONEHHN B 3pUTEJBLHYIO TPYOY HIH OHHOKJb.
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Puc. 10.2, Mckaxenne nepcneKTHBH NpH HENPaBHALHOM INOJOXEHHH
rnasa

Xota B OHHOK/b MBI BHAHM 00BEMHOe H3o0pakeHHe, B ra1yGu-
HY BCE NpeJMeThHl M PAacCTOSHUSA KaXKYTCS HaM YKOPOYEHHBIMH.
OO6peKTHB 3pHTENBHON TPYOH! CO3/aeT B (hOKAJbHOH MJIOCKOCTH
IeficTBHTENbHOE H300paieHHe, KOTOpOe 3aTeM paccMaTpHBa-
etcsl IJ1asoM yeped okyasp. OKyJaap OPH 5TOM AGHCTBYET Kak
Jyna, nospoJas npubAHSHTH IJa3 K H30OpaKeHHIo U TeM ca-
MBbIM yBe/an9YHBaa yroJ spenns. Ho yBennuenne yriia spenus,
Kax BHAHO u3 pHec. 10.26, NpHBOAHT K KaXKYIEMYCs YMEHbIlie-
Huio TyGuHEL. Bujets B Tpy6y HEHCKaXeHHYIO NEPCOEKTHBY
MOXHO TOJIbKO TOTJa, KOTAa TpyOa He H3MEHHeT yroJ 3peHus,
Ho 310 coorBeTcTBYeT yBeauueHHIO, paBHOMY enuHuue. Ecan
aputeabHas Tpy6a Laer yBeJqHMUCHHE, TO HCKaXKeHHE NepCreK-
THBL!I HeH30exHO,

Eme Gontulee BneyaTieHHE NPOH3BOAHMT OOGPATHBIH ONEIT.
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Ecan cmorperh B GHHOK/b MM TPYOy, HanpaBHB HAa MPEAMET
He OOBEKTUB, a OKYJApP, TO NPOTHKEHHOCTb NpeAMeTa B TJy-
OnHy HaM xaxercs 3a0aBHO YBE/IHYCHHOH., A

11. TNonoxenne apadparmsl ¥ nepcnekTHBa, B dortoanna-
parax AuapparMa nomeinaercs OOBIMHO MEXKAY JHH3AMH Ofb-
extyBa. YUTto M3MeHHTCs Ha (OTOCHHMKAX, ecau auadparmy
NOMeIaTh Ha pasHbIX PAaCCTOSIHHAX B MPOMEXKYTKE MEXILY
00beKTHBOM B doTonIacTHHKOA? Paccmorpers ciiyuall Makpo-
ChEMKH, KOrZa H300pa)Ke€HHUsi [PEAMETOB MNOJYyYaloTCsl NOYTH
B HATypaJbHYIO BeJHYHHY.

A Tlpexze Bcero oGpaTHM BHHMaHue Ha TO, YTO VA NOJY-
yeHyd H300paxKeHus B HATypa/bHYIO BeJHUHHY ¢oTOannapar

Puc. 111, Ilyukn nyuedr, ¢opmu-
pylomHux H3ofpaxeHdHe B KaMmepe-
o6GCcKype

JOJUKeH [laBaTb BO3MOXKHOCTh JE/aTb pPacCTOSIHHE MEXAy
00BEKTHBOM M (OTONNACTHHKONH PaBHLIM YABOEHHOMY (OKycC-
HoMy paccrosiHuio F. Torzaa, nomemas npenmertsl nepen ¢orto-
anmapaToM HAa paccTOSHUAX nopaika 2F, Mbl NONYYHM Iia
¢$hoTOMIACTHHKE HX pe3koe u3obpamkenne. Ilpn atoM, Kak mu
BHAeNM B 3ajaue 8, rnyOuHa pe3koctH OyneT TeM Gosblue, uem
MeHbIle JuaMeTp OTBepcTHs B jauadparme. K Takomy BmiBOAY
MBI TIPHILIY, CYHTas, YTO M300pa’keHHIO TOYKH COOTBEICTBYET
MEeCTO HauboJbIIEro CyKEHUs CBETOBOTO nydka, NpHYeM 3TO
CyKEHHe onpelensercs AUGPaKUHOHHBIMH 3dderTaMu.

Dro npejcraBieHHe O GOPMHPOBAHHU H300paxeHUH SBJs-
erca ofwenpuHAthiM. OJHAaKO OTHIOAb He Bcerza u3oGpaxe-
HUSA, XOPOIUO BOCMPHHHUMAEMble HAIUHM TIJ1a30M, TOXKIECTBEH-
Hbl OYeHbL peskHM H3o6paxkeHHsM. BcnoMHHM XOTs OB O TOM,
UYTO OYeHb YaCTO COBEPINEHHO OTYETIMBOH BOCIPUHHMAeTCs
KapTHHa, HapHCOBaHHAs XYNOKHHKOM KPYIHBIMH IpYyObIMU
maskamMH. To e OTHOCHTICA M K NOJYYEeHHIO M300parKeHHH B
HEKOTOPHX ONTHYECKHX YCTPOHCTBAxX, HANPHMED B Kamepe-
obekype (puc. 11.1). B nelr n3oGpa:kenuem cpeTauiedcs TOUKH
ABNAETCA MNsITHO, ofpas3soBaHHOE XOTA H Y3KHM, HO Pacxojs-
muMess nydykoM., Takum o0pasoM, KauecTBO H300paxenus
[IPOCTPAHCTBEHHOA KapTHHH HAa NJIOCKOM (DOTOCHHMKE OMpeje-
Jsiercsi HE TOJBbKO IMYOHHOH pPesKOCTH, OOYCJIOB/JICHHOH AHp-
PaKkUHOHHBIMU fIBJCHHAMH, HO M yKa3aHHOH MCHXOJIOTHYECKOH
0COOEHHOCTBIO Hamero 3peHus. [lostomy B Ja/bHEHNIEM Mbl
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OyleM CYHTaTb, YTO NPH JOCTAaTOYHO CHJALHOM AHadparMupo-
BaHRH NOJYYaloTCsl XOpOIIHE H300paXeHHs HAaXOAAIMXCH Ha
pasHblX PACCTOSHUAX NpPeAMETOB H B TOM cJaydae, Korja $oTo-
1JIACTHHKA HE COBNAajaeT ¢ MoJOXKeHHeM HX H3o0paxkeHHs, no-
CTPOEHHOTO IO 3aKOHAaM reomeTpuyeckoll ontuky (puc. 11.2q).

Teneps MoxHO pasoGpaTtbesi B TOM, Kak OyJeT BAHATH Ha
XapakTep [ONYyYaeMblX (OTOCHHMKOB MOJIOXKeHHEe auadparmpl

Luagpagm

&

Puc. 11.2, IlepcnekinBa Ba (OTOCHUMKE ONpene/sercs noJ0XXeHHeM or-
paHHYMBAIOWEH CBETOBLIE NYYKH JuadparMu: @ — HeHCKaXXeHAas nep-
criex1upa; 6 — fEpPCHeKTHBAa HA CHHUMKE Hcue3aeT, KOrja jauadparma
H4XOLKTCA B (OKYCe; 8 — nepcnekTHBa o6pauleHHas, KOraa gnadparma
yAaJneHa oT o0beKTUBa Ha paccrosnte Goablue GOKYCHOro

¢ MaJlblM OTBEPCTHEM, BBILEJSAIONEH Y3KHE NYYKH, HeOOXOIUMbIE
115 (POPMHPOBAHMA YETKHX u3oOpamennii. B ToM cayuae, Kor-
jpa muadparma pacrnosioxeHa BOAH3KW OOGBEKTHBA (Hanpumep,
MEKAY €ro JuH3aMH), Bce (QOPMHPYIOMHE IJIOCKOe H3obparke-
1Me YSKHE NYYKH CBeTa IlepeceKkalorcsi B O0BeKTHBE (pHC.
11.2qa). B pesyJibTate Ha CHUMKe H300paxeHue GIH3KHX K O0b-
€KTHBY npeaMeToB B 6yaer KpynHee, uem H3oOparkeHHe TAKHX
e npeameroB A, HO pacnofoxeHHmx jpanbiue. Pororpadud
CyZeT AaBaTb NPaBHJLHOE NPOCTPAHCTBEHHOE BIEYAT/]CHHE O
HEHCKAXCHHOH NEePCHEKTHBOH, T. e, npeamerhl Ha dotorpaduu
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GYAYT BHIHBI MOJ TEMH K€ YrJaMH, YTO H [pPH HeloCPeNCTBEH-
HoM HabaionenHH ¢ Mmecta QororpadupoBanusi. Pasymeercs,
Tak Oyler TOJbKO B TOM CJydYae, KOrZa Mbl paccMarpHBacM
CHHMOK NpPaBHJBHO, T. €., KaK ObLIO NOKa3aHO B mpeiblayiuedt
3ajaue, OAHHM TJ1a30M C PACCTOSIHUS, PABHOTO PACCTOSIHHUIO OT
0OBEKTHBA 1O MJIACTHHKH NMpPH (HOTOrpadhHpoOBaHUH.

Ilycrs Teneps nmadparma nomemiaercss BGIM3H QoKyca
ofvexktuBa (puc. 11.26). Uepes dokyc npoxoist TOJNbKO Te
JIY4H, KOTOpble JO oOBEKTHBA LM NApai/ieipHO rJaBHOH on-
TuaecKoi ocu. [lostomy B opMmupoBanHu H3oGpaxeHus: GyAyT
yUacTBOBaTb TOMBKO T€ BLIDE3AHHHIE AMadparMoil y3kue nyu-
KH, OCH KOTODHIX 10 OOLEKTHBA NapaJjie/ibHbl [JIaBHOM ONTH-
seckoft ocu. Us puc. 11.26 BuaHo, 4T0 NpH 3TOM H30GpaKenus
OJMHAKOBHIX npeaMeToB A u B, HaXoAAWMXCH HA pasHHIX
paccTofHuAX, GYAYT HMETb OAMHAKOBLE pa3meprl. [TepenekTu-
Ba HA CHUMKE HCUE3aE€T, H BCE NPEAMETH KaXKyTCA HaXOAALH-
MHCA Ha OAHHAKOBOM PAacCTOSAHHH.

Ewe neobniuHee caydal, Korda Aunadparma momelaercs
nosanu Qokyca, 61mxKe K dporonnacraake (puc. 11.2g). Teneps,
KaK sICHO H3 29TOrO PHCYHKa, 4€pes OTBepcTHe Auadparmul
NPOXOAAT TONLKO T€ JIyuH, KOTODPHIE AO JIHH3BI MOXHO OBLIO
CUMTATbH BHILIEAMHMH H3 AeHCTBHTEJIbHOIO H300paeHus or-
BepcTHAl AHacdparMel, co3jaBaeMoro ofseKTHBOM. PaccMatph-
Bas Ha PHCYHKE BhIpE3aeMble JHapparmofl yskHe DYUYKH, Bbl-
XoAsiHe U3 npeiMeToB A u B, MoxHO y6exuThCs, UTO pasmep
n3obpaxenus yhanensoro npeamera A Oyper Goabine, uem
pasMep Gnuskoro npelimera B. [lepcnextuBa Ha cHUMKe Oyjner
ofpaieHyos, T. €. NPeIMeTH, Haxojdudecs Aajpie, 6yayt
Ka3aTbCA PacrloJIoKeHHEIMH 6anxel

Hrak, nonoxeHnue orpaHHYHBaIOmed CBETOBLIE MYYKH AHa-
¢parmel pemraoliuM 06pasoM BJAHAET HA [EPCHEKTHBY HOJy-
YAIOWErocs Ha CHAMKe H3o0paxenus. [lo Mepe nepelBHKeHHA
InadparMsl oT 06BeKTHBA K (hoTON/IacTHHKE IyIyGHHA mepenex-
THBLI TIOCTENEHHO yOhIBaeT, Hcue3as COBCEM MPH COBNAJEHHH
OTBEPCTHS1 AHagparMel ¢ QoKycoM. 3areM MepCrHeKTHBA MOsB-
JAReTCA BHOBB, HO yiXe ofpaumeHnasi. ,

TlonuepkneM BO H36eXaHue Helopa3yMeHMH, 4TO CAe/aH-
Hbl€ BBIIE BBIBOJBI O XapaKTepe NepcrnekTHBEI Ha (OTOCHHMKE
CHpaBeANUBLl TONLKO NPH HaJMuuu juadparMel ¢ MajbiM OT-
pepctieM. Ecayl yBeNMYHTH JAHAMETP OTBEPCTHs, TO HY4KH
CTaHYT WHPOKUMH, H B NJOCKOCTH (QOTOMIACTHHKH MH He
[OJYIHUM YETKOro H300parKeHHMs HAXOAAMIMXCA HA pPasHuIX
paccTosiHuAX npeameros. HUro xe Kacaercsa H306pakeHH# npej-
METOB, NOCTPOEGHHBIX MO 3aKOHAM ICOMETPHYECKOH ONTHKH
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(T. . KaK TOYEK NEpeceueHns COOTBETCTBYIOWMX Jyued), TO
X NOJIOXKEHHE W pasMephl He SaBHCAT, pasyMeeTcs, HH OT
IuaMeTpa OTBepcTHs B auadparme, HH OT ee PACIOJIOKEHHSA.

W3 puc. 11.26 BunHo, yro Gaaronaps amnadparme B Gopmu-
poBanHn M300paxeHus Kakod-nnGo TOUKM npeamera yuact-
BYeT TOJbKO MaJsiasi 4acTh OBepXHOCTH anusbl. Jlas Toro arobnt
na $OTONJNaCTHHKE NONYYHINCh H300pamenua KpalHHX ToueK
npeaMera, peobX0AuMO, 4TOOK COOTBETCTBYIOLINE MM CBETOBHIE
NYYKR NPOILJIH uepe3 nuu3y. Vs pucynka BupHO, 4TO ANSL 3TO-
rO pasMmep JHH3H A0/XKeH OblTb GOJbIUE pasmepa npeiMera. A

12. Boigepxka npn dotorpaduposannu. [Ings nonydyenus
penpoLyKund Goaplioe noJoTHO ¢otorpadupyercs cHauvana
LeJHKOM, T. €. OOMHM NJIaHOM, a 3aTeM [IpH TeX XKe YCJOBHAX
u TeM ke QotoannapaToM gotorpadHpyloTCa OTAENbHBIE AeTAH
B HaTypaJbHYyIO BelHYHHY. Kak cJefyeT H3MEHHTH BHIZEPIKKY
NpH N3MeHeHHH Maciurabar?

A JIns npaBHABHOTO BOCIDOHM3BENEHHS nonyronos npu
doTorpadupoBanNY AN KaXKAOro copta GOTONNEHKH Tpefyerca

Puc. 12.1. Tlonanato-
wmui g2 ngomans AS’
CBETOBOR MOTOK  OT
aneMenta AS pacnpo-
CTPAHSETCA B TEAECHOM
yrae Q=o/d?

ofiecneynTb ONpeNe]eHHylo sKcnosuuuio. Jpyrumu cioBami,
Ha KaXAbll Kalp (OTONJIEHKH JOJKHO NONAacTh B CpeiHeM
ONHO H TO ¥e KOJHYeCTBO cBeToBOH skepruu. ITostomy mpous-
BEJICHHE OCBEIEHHOCTH M300pa’KeHHs Ha TNJIEHKE Ha Bpems
SKCTIO3HIMH AOKHO OBITh HEH3MEHHBIM.

Vcxona u3 aToro ycaoBusi, Jerko HalTH, Kak Cleiyer u3-
MCHHTb BBIACPIKKY NPH H3MeHeHHH MaciuTaba. BriGepeM me-
KOTOPKI aaeMeHT QoTorpadupyemoro nosotHa AS, HacTONLKO
MaJlblil, YTOOB! PH HAXO0KIAECHHH HCXONSILETO OT HEero CBeTOBO-
ro notoka A® 3ToT JeMEHT MOKHO OBbLJIO CUMTATh TOUYEYHLIM
HCTOYHMKOM cBera. Torja NOTOK CBETOBO! SHEPTHH OT TAKOro
seMenTa, NajalomKHd Ha OTKPHITOE AHAadparMoii OTBepCTHe
o0BeKTHEA (oToannapara, NpPONOPLHOHANEH NJCIUARH 3TOrO
snemeHTa AS u TesecHoMy yray €, B KOTOPOM OH pacnpocTpa-
usiercs (puc. 12.1). TenecHuit yron © uamepsiercs OTHOLIEHH-
€M NJIOLLAJH OTBEPCTHSA B OOBEKTHBE O K KBaJApaTy PacCTOsIHUs
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or o0weKTHBa 10 Qotorpapupyemoro nosotHa d. ITostomy

g
AD ~ QAS:-d—ZAS. (hH
OnpezneneyHas 4acTb 3TOTO CBETOBOTO MOTOKA MONAHAET Ha
naomaae AS’ GOTOMIEHKH, 3aHHMAEMYIO H306paXKEHHEM 3Jle-
Mmenta nosotHa AS. OcranbHas (Kak TpaBHJO, HeGoJbllas)
YacTh STOr0 MOTOKA TePSIETCs] H3-3a OTPAXKEHHS U HOIVIOUIEHHS

Puc. 12.2. Ornowenne
naomaner AS u AS’ 450
pPaBHO KBaJpaTy OTHO- A
weHns paccrosinfiii d

uf

]
] 1
cBeTa B CTeKsaX oObexTHBa. Tak Kak ocseumennocTs E nsobpa-
JKEHHs paBHa OTHOLIEHHIO CBETOBOTO MOTOKA K NJOWIALH, Ha
KOTOpYIO OH NajiaeT, TO

AD g AS

A T E RS (2)
OtHowenHe nuowaau npeavera AS K nJowmann ero H3obpaxe-
uia AS’ paBHO KBajpaTy OTHOIIEHHS paccrosuus d OT npex-
MeTa J0 00BbeKTHBA (poToanmapara K paccToAHHIO [ o o6BeKTH-
Ba Jio H3obpaxenusa (puc. 12.2):

ASIAS =¥, | @)

TloncraBnss 310 cooTmowmenue B (2), yGexpaeMcsi, 9TO oCBe-
LIEHROCTh H306paikeHHA Ha (POTONMJIEHKE NPONOPUHOHAJbHA
IJIOAAM OTBEPCTHS OOBEKTHBA O H 06paTHO NPONOPLHUOHAJBHA
KBaJipaTy pacCTOsHHA OT OOBEKTHBA A0 (DOTOMJIEHKH:

E~alfz. 4)

[pu ¢ororpadupoBanun NoJoTHA O6IIUM NJIAHOM paccTosiue f
NPaKTHUECKH PaBHO (OKYCHOMY pacCTOAHHIO OOBeKTHBA F.
Ilpu ¢ororpadupoBannu JeTajeli KapTHHB B HaTypafbHYIO
BEJIMYHHY NJEHKa AOKHA HAaXOJHTbCA HA yJIBOEHHOM (OKyc-
HOM paccTosiHuH OT obbekTuBa: f==2F, B pesyserare, rax
BHJHO H3 (4), OCBEUIEHHOCTh H300paKeHHS Ha (OTOIIEHKE
YMEHDBIINTCS B 4YeThHIPe pasa, €C/H, KOHEUHO, IPH Tepexole K
¢ororpadgupoBaHHIO feTajeil OCBELIEHHOCTh MOJOTHA H M1J0-
1aJp OTBEPCTHA Juadparmsl 00LEKTUBA O OCTAIOTCH NPEKHUMH,
IT0 03HaYaeT, UTO BHIAEPXKKY HY:KHO YB&IHYHTb B 4eTLIpE pa-
3a. EcJiH :Ke Mbl XOTHM BbIep:KKY OCTABUTh MpPEXHEH, TO, Oue-
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BIAHO, HYXKHO IJIOHIaAk OTBEPCTHSA O YBEJHYHUTD B 4ETBIPE pasa,
T. €, YBEJHYNTb BABOE OTHOCHTE/JbHOE OTBEPCTHE OOBeKTUBA. A

13. HHTepdepeHuusa cBera OT MPOTSKEHHOr0 HCTOWHHKA.
[lnockonapansenbnas CTeK/asHuAsh [IACTHHKA TOMUMHOR d
¢ 1fnokasartejieM MpPEJOMJACHHA # OCBEWAETCs MOHOXPOMATH-
UeCKHM CBETOM ¢ JAJHMHOH
BOJIHBl A OT NPOTSAKEHHOTO
ucrounnka. [losaau mnac-
THHKH DAacloJIoeHa JHH3a
¢ (POKYCHBIM paccTosiHuem F
(puc. 13.1). Kaxoit BHA ume-
eT HHTeppepeHIHOHHASA Kap-
Puc. 13.1. Cxema ana mabmosenns THHR, Koropas Oyner Ha-
uiTepdeperuE OT HPOTAKEHHOTO 60iaThes Ha 3Kpaue, ecniu

HCTOUHHKa cBeTa ero pacroJsoXHUTh B (pOKasb-
HOA 0/0CKOCTH JIMH3BI?

A Paso0beM MBIC/IEHHO NPOTSIKEHHB HCTOYHMK CBETa HA
OTAS/BHBIC MaJble 3/EMEHTH, KaKABH H3 KOTOPBIX MOXKHO
CYHTATh TOYEYHBIM HCTOYHHKOM. Bce 3TH HCTOUHHKH H3Jyya-
0T CBET OAHON H TOM € J/HMHBI BOJNHBI A, HO HE3ABUCHMO APYT
ot apyra. IlostoMy oHH HeKOrepeHTHBl MEXAY coCOi.

Puc, 13.2. Hutepdepenuns csera B Touke 4 06ycioBaexa AYUoM, Bb-
HIELIHM H3 TOUEYROIO HCTOYHHKA S mog yriom 6

Kamapifi snemMeHTapHBIA HCTOYHHK CBeTa S H3Jy4aer coe-
PHYECKYIO BOJIHY, T. €. HCIYCKAeT JyYH CBETa MO BCEM Hampas-
aenuam (puc. 13.2). Ilocse npoxoMmueHHs: yepes MJIACTHHKY
M JIMH3Y 3TH JIy4H NONAjaloT B pa3HbIe TOYKH 3KpaHa. Pac-
CMOTDHM ORHH M3 3THX Jiydel, cocraB/siomuil yroa 6 ¢ raas-
HOI ONTHYECKOH OChI0 JIMH3bI. B pesysbpTaTe MHOTrOKpAaTHBIX
OTpaKEHHH Ha IPAHAX MJIACTHHKH STOT Jy4 pasiensiercs, Kak
BUAHO M3 puC. 13.2, Ha nocJ/eLOBaTeJbHOCTH MapalliesbHbiX
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MeXAy cobo#t Jsydeft. AMIJNTYIABI COOTBETCTBYIOIMX STHM
JlyyaMm BOJIH OblcTpO yObiBatoT. Bee 3TH siyun mocse npoxoxie-
HUS yepe3 JHH3y cODHPAIOTCS B OHOM U Tol ke Touke A (do-
Ka/bHOH MJOCKOCTH. DTa Touka A HAXOXUTCS HA PACCTOSIHHHU X
OT rsaasHoro Qokyca JHH3H O, KOTOpOE, KaK JErko BiJETb
u3 puc. 13.2, naercs BHIpaxenueMm

x=Ftg 0. (1)

Tax Kak Bce 3TH Jy4d BO3HHKJH H3 ORHOTO Jy4a, TO OHH KO-
repeHTHBl MeXAy co00# M, NPHXOAS B TouKy A, HHTEpdepHpy-
10T, B 3aBHcuMOCTH OT pasHoc- p
TH XOJA MeX]Y JiyuyaMu B TOUKe # 7
A 6yner wabGmopatbes JHGO =z 1|5
ycusienue, 6o ocjab/enue oc- = £
BeweHHOocTH. [TocKoMBRY yeJo- o ?9\\
BHf YCHJEHHA WJIH ocJjabie- \
HUs KoJleGaHuil ONMHAKOBH IS 7
BCEX Tap COCeAHuX Jayueit, Ans
ONpefeNeHNsl NOJOXKEHHA Mak-
CHMYMOB H MHHHMYMOB HHTEp-
(epeHUHOHHON KapTHHBI JOCTaTOYHO PAacCMOTPETh ZBa COCEN-
HUX Jy4a.

C nomompio pue. 13.3 HerpyAHO yGeauThCs, YTO Pa3HOCTD
X0fia MOxKeT OBITh paccuHTaHa cneny}oumM ofpasom:

=(BC+4CD)n—BE = —2d tg 0, sin 0, (2)

Purc. 13.3. K pacyery pasnocty
X0J3 HHTep(eDHPYIOmMHX Jayued

[/ICI'[OJIb3yH 34aKOH IIPCJIOMJIEHHA CBE€TAa HAa TPAaHHLE BO3AYX —
CTEKJIO

sin 0==n sin 6y, 3)
BHIpa3uM pasHocTh Xoda A B dopmyJe (2) uepes yroa Oy
A= 2nd (cos - —1tg0;sin ei) = 2nd cos 0. ()

W3 suipaxkenus ,(4) BuAHO, uTO AJs JAHHON IJOCKOmnapas-
Jie/IbHOM NVIACTHHKH Pa3HOCTb X04a A 3aBHCHT TOJIBKO OT yrJaa
0, win, B cusy cooTHOmeHHus (3), ToabKO oT yraa 0, obpasye-
MOro Jy4OM ¢ IJIaBHOH ONTHYECKOH ochio. lloguepkueM, dto
3Ta pPAa3HOCTh XOHA HE 3aBHCHT OT MOJIOXKEHHH TOYEUHOTo
yucrouHuka S.

B Tex Toukax sKpaHa, rjie pa3HocTb Xona A paBHa LeJsoMy
9HCJY JIHH BOJH, OyeT MAKCHMYM OCBEILEHHOCTH, a TJe I0Jy-
uenoMy -— MUHHMyM. Tak Kak A 3aBHcHT TOJBKO OT yraa 9,
TO 3TH MaKCHUMyMbl H MHHHMYMbI GyAyT pacnoJ/iaratbcs Ha
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KOUICHTPHYECKHX OKPYIKHOCTAX, LEHTP KOTOPHIX JIEXKHT B
Touxe O.

Uro xe 6yzper Habmiofathcs HA 3KpaHe B GOKANBHOH 110-
CKOCTH JIHH3HL OT ONHOTO 3JEMEHTapHOro Hcrounuka S? B or-
CYTCTBHE CTEKJSHHOH MJIACTHHKH BCE Jy4H H3 S, NPOXOASLIHC

Puc. 13.4. B orcyrcrBHe IJIocKonapasennHOf NMJIACTHHKH TOYEUHBIH
HcrouHduK S JaeT cBelyioe NATHO Ha 3KpaHe B (POKaALHOH IVIOCKOCTH
JHH3H

yepes JIMH3Y, CO3MAI0T B COOTBETCTBHH G 3aKOHAMH [EOMETpH-
yecKOil ONTHKH M300pa’keHne HCTOUHMKA S B HEKOTOPOH Touke
S’ (puc. 13.4). Ha skpane B (oKaJbHOH IJIOCKOCTH JIMH3HI

o
Puc. 13.5. [lpn nanuuun miaoc- Puc. 13.6. Hanoxenne uutepde-
KonapaJiaenpHol NJIACTHHKH DEHUHOHHLIX KapTHH OT JBYX
cperiioe MATHO HA 9KPaue uape- TOUGUHBIX HCTOYHHKOB
34H0 HHTeDp(EPeHUHOHHEMH 110~

a0caMu

npu 3TOM OYJET OCBEWUEHHOE NATHO, PasMephl KOTOPOro orpa-
HHYEHB KpaHHHMH Jy4YaMH, NPOXOAALUMH Yepe3 JuH3y. [Ipn
HaJIHYHH [VIaCTHHKH 3TO OATHO OYJET NPOpEe3aHo CBETJIBIMH H
TEMHBIMH HHTEPGhEPEHUHOHHBIMH [0J0OCAMH, KOTOPHie, KaK MEI
YK€ BEIICHHJIH, NPEACTaBJAIOT COOOH OKPYKHOCTH ¢ LIEHTPOM
B touke O (puc. 13.5). Papuychl cBeT/IBIX KOJell, COOTBETCT-
BYIOIUX YCJOBHIO A=FkMA, JIETKO BHIYHCJAHTB € TOMOILBIO (op-
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mya (4) u (1). Dt paguyce He 8aBHCAT OT MOJONKEHHA 3Je-
MEHTapHOro TOYEYHOI'o HCTOUHHKA S.

Tenepp HETPYIHO BEIAICHHTB, KAK GyJET BHINIANETH HONHas
unTepdepeHlHONHAs KapTHHA, CO3/aBAeMas BCEM NPOTHHCH-
HBIM HCTOYHHKOM cBeta. OHa nOJydaercs B pesynabTate HaJo-
KEHHA MHTeP(EPEHIMOHHLIX KapTHH OT OTAC/BHBIX 3JeMeH-
TapHBIX HCTOYHHKOB. [IATHA OT OTAENbHHIX HCTOYHMKOB pac-
nojiaraoTCsd ‘B Pa3HBIX MecTaXx 3KpaHa, YacTHYHO Hajarasch
1.pyr Ha apyra (puc. 13.6). CymecTBeHHO TO, 4TO HHTEpdepeH-
IHOHHEIE KOJbLA HA 3THX NATHaX, Kax ObLIO NOKA3aHO, UMEIOT
oyl nedtp O W ofmHaKoBHE paguycel. [TostomMy npu Haso-
KEeHHH ofpasyeTcs ofwas cucremMa HHTepGhEpeHIHOHHBIX KO-
Jel. B pesysabTare nonHas uarepdepeHiHoHHas KapTHHA npe-
craBJjfer CO0OH COBOKYNHOCTb UEpeAYIOMHXCH CBETJBIX W H
TEMHBIX OKDYKHOCTEH, UEHTP KOTOPHIX HAXONHTCH Ha IJIaBHOH
ONTHYECKOH OCH JIMH3BL

U3 npusejeHHOro pellenus sicHO, 9T0 MHTEpdEpPeHIHOnHbIE
KapTHHE B (DOKaJIbHOH NJOCKOCTH JIMH3BL OT MNPOTAMXKEHHOrO
MOHOXPOMAaTHYECKOro HCTOUHHMKA CBETa H OT TOYEUHOIo MCTOY-
HUKAa Sy, HAXOAMIETOCA Ha FJIaBHOH ONTHUYeCKOH ocH (pHC.
13.2), npuHLENHAALHO HE OTAMYAlOTCA APYF oT Apyra. Oriu-
uie TOJABKO B TOM, YTO NPOTSXKEHHBIA HCTOYHMK jaer Gosblie
CBeTL, 4eM €ro OTAEJbHBII aJeMeHT S,, H ero HHTephepeHuH-
OHHas KapTHHA 3aHMMaeT GOJbIIYIO MJIOWALbL HA 3KpaHe.

B 3ak/MoueHHe OTMETHM, YTO AHAJOTHYHYIO HHTepdepeH-
UHOHHYIO KAapTHHY MOXHO HabmozaTe M B OTPAXKEHHOM OT
NJI0CKONapaNJe/bHOH IVIaCTHHKH CBETE. A
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MexaHHKa TeopHH OTHOCHTENBHOCTH OIHCHIBAET ABHIKEHHE Tel

B Tex CAyuYasx, Korja HX CKOPOCTh CPAaBHHMA CO CKOPOCTbIO CBeTa,
B penaTHBHCTCKON MeXaHHKe Macca 3aBHCHT OT CKOPOCTH:

mg

. (1)

V 103/t

3xech mg — Macca IOKOs, T. 6. Macca B TOJ CHCTeMe 01Cyera, Tje Teno
nokoutes, MMenno sTa BenHunHa W NMOHHUMaeTCd NOJ Maccodl B Hepead-
THBHCTCKOH MeXxanuke.
ViMnynbe gacTiiinl p CBA3aH ¢ €8 CKOPOCTBIO © COOTHOEHMEM
mov

p=m‘0=?—._:—W;. 2)

mz=

OJHHM 43 CaMbiX $aMeyaTelbHHX BHBOJOB TEODHH OTHOCHTENbHO-
CTd $IBJSIETCH SAaKOH 9KBHBAJEHTHOCTH MACCHl M HEPIHH, BHIPaMaeMulil
suamenuToll Qopmysnol dinwrelina

m(,c’l
Vieas @

Cornacio 3ToMy 32KOHY J000e H3MEHEHH® SHEPIHH CHCTEMEl COIP OBOXK-~
AaeTcd MPONOPUHOHAVLHBIM H3MeHeHHeM @8 Maccd. Hanpumep, pasor-
HauHas 4acTHua HMeeT GOMbWyd Maccy, 9eM HemoABHXKHas, Harperoe
Teno — GOALUIYIO MAcCy, GeM XONOJHOS, CKaTad NPYKHHA == 8OMb=
wyio Maccy, ueM Hecxarad. M3 Qopmyan (3) ciegyer, uto B peasrtu-
BHCTCKOR MexaHHKe mokosuteecs Teqo obuagaer suepruell Eg==myc?,
KoTopas HassiBaeTcs 3Hepruefi moxos.

Vi3 Boipaxenuii (2) u (3) caexyer dopmysa, cBA3LIBAIOWAT MEXKAY
coGoli 9HEPTHI0O H HMIOYJAbC PeJATHUBHCTCKOH CHCTEMBI:

3 p3c? = miet. @

E=me=

O6paTuM BHHMAaHME HA TO, YTO B NPaBoid 9acTd (4) CTOUT BeJHYHHA, He
3apucallad or BuGopa cucreMmpl orcuera. [losTomy, xoTda Kaxjioce H3
c/J1araeMeIX B JIEBOH yacTH HMeeT pa3Hoe 3HayeHHEe B Pa3JHUHBIX HHEp-
UMATbHBIX CHCTEMaX OTCuUeTa, BCH JIeBasd YacTh He 3aBUCHT oT BHOopa
CHCTEMBl OTCYeTa, T, €. NpeAcTaBiaseT coGofi pelATHBUCTCKHH HHBapH-
anT. JJs yaAbTpapeiATHBACTCKHX QacTHll, T, €, TaKHX, Y KOTOPHIX 9Hep~
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rug E Muoro Gosbille 5HepruHM NOKod myc?, cootnomenne (4) MoOXHO
npubanxeHuo nepenucats B sufe E=pc.

Ecnn npu onucanun pensTHBHCTCKHUX siBJEHUIl B 3aKoHax QU3HKH
NOSBJSAETCH YHHBepCalbHasi MOCTOAHHasn ¢==2,998.101¢ cM/c *), koro-
pas npexcrannsieT CoBoil MaKCHMaJbHYIO CKOPOCTh pacHpoCTpaHeHust
B3aHMOZEHCTBHH ~ CKOPOCTh CBeTa B BaKyyMe, TO DM ONUCAHUH siBJe-
HHA MHKpOMHpa NosBJAsIeTCs enle ojHa (yHJaMeHTajbHas KOHCT4HTa
h — nocrosunas I[lnawka. Ee snauenue pasuo 6,62:10-2% gpr.c.

Ha6miopaempie Ha onbiTe KopNyCKyJAdpHHE CBOHCTBA CBETa NpH-
BOISIT K TMPEICTABJIEHHIO O TOM, UTO BJeKTPOMarHHTHOE H3JIyUeHHe MOXK-~
HO paccMaTpHBaThk KaK noTok doroHos. CoraacHo KBaHTOBOH TeopuH
sHeprus ¢oToHa NpONOPLHOHAALHA 4aCTOTé COOTBETCTBYIOULETO H3JY-
uenusa u paerca Qpopmyaod ITaanka

E=hv, (5)

ITockonbky $OTOH HE CyIeCTBYeT B COCTONHMH NOKOMA, TO €ro Macca
NOKOS My PaBHA HYJIO, a mmym:c B ¢4y cooTHowennk (4) u (5) Raerca
BhIpaXeHHeM

p=hv/a. 6

DyHIaMeHTAJbHEIM 8aKOHOM (H3HKH MHKDOMHPA ABJASIOTCA COOT-
HomeHHs Keonpepenennocteil efizenGepra, KOTophe CBA3LIBAIOT MEXKAY
cofoll HeonpejeaeHHOCTH B 3HAUEHHAX KaKOH-1M60 KOOPAHHATH yacTu-
LW X M COOTBETCTBYIOLIEH INpPOGKUHH MMIYJABCE P, B OJHH M TOT Xe
MOMEHT BpeMeHH:

AxiApy=h. (7)

HeBo3MOXHOCTb NIPHOHCATh MHKPOYACTHIE OJHOBPEMEHHO TOYHbLIE
SHauyeHHUs KOOPAKHATHI H COOTBETCTBYiOIled NPOEKLUH HMIYJbCa CBs-
3ana ¢ DposBJeHueM JBOACTBEHHON KOpPIYCKYJApPHO-BOJHOBOH NPHpo-
Abl MHKPOOGBEKTOB, BoNHOBHI® CBOHCTB2 MHKPOOGBEKTOB XapakTepH3y-
10TCA TaK HaswmBaeMofl piuHofl Boaun fe-Bpofing A, xoropas oﬂpamo
NpONOPLHOHANbHA BMIYJIBCY YACTHLH:

KopnyckyaspHo-BONHOBOA AyaiHsM SaKJ04aeTcs B TOM, 4TO JMiolaa
yacTuua — §OTCH, 3MEKTPOH, NPOTOH, aTOM H T, A.— 06J1aJaeT NoTeH-
HadbHOH BO3MOMXHOCTRIO IIPOABIATE ¥ KOPHYCKYJAAPHEE, H BOJIHOBLIE
CBOIHCTBA, HO HH B OLHOM $BJEHHH OHH HHKOTLa He HPOABJIALCICH
CAHOBPEMEHHO,

1. Npusnun ornocurencuocTH. Llapuk maccel m Ea HUTH
IMHOH [ BHCHT HENOBHKHO B OJHOPOJHOM IOJIE THXKECTH
HANPSKEHHOCTH @, B HexkoTopbli MOMEHT BpEMEHH TOUKa
NOZBECA HaYHHAET ABHMIaThCsl B FOPH3OHTANILHOM HalpaBJeHUH

¥) B sToM pasjele Hcnoabayerca cHcrema efunny CI'CI,
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¢ nocTosHHOHA ckopocTteio ¥ (puc. 1.1). Kak npu stom Gyner
JIBUraTbCs IIApHUK?

A Ycnosue 3Toft 3aiaul cueHb NPOCTOE, OHAKO HA NEPBLIH
B3IJISIZ COBEPIUEHHO He fICHO, Kak K He#l mopcrynutecs. C of-
HOH CTOPOHBI, OYEBHJAHO, UTC NBHIKEHHE TaKoH MeXaHHYECKOH
CHCTEMB! NOLYHHAETCS 3aKOHAM KJiaccHyeckoit mexanuku Helo-
ToHa. C ApYro#l CTOPOHBI, HENOHATHO, KaK 3TH 3aKOHBI MOXHO
3/€Cb NPHMEHUTD,

IMoackaskoli K HAaXOXKIEHHIO MYTH pelueHus 3Tof 8ajaun
MOXKET MNOCHYXKHTb TO OOCTOSATENBCTBO, YTO OHA HOMENIEHA B

v v=0

i

Puc. 1.1. B nexkoropuifi MoOMeHT Puc. 1.2, B cHcreMe otcuera,

TOYKa mOojBeca OPHBOAHTCH B
LBUXKEHHE ¢ TNOCTOSHHOH CKO-
pocThiO ©

rAe TOYKa nojBeca HENOABHUIKHA,
Hrap#¥k B HayaJIbHBIHE MOMEHT
HMeeT CKOpOoCTh — T

pasnene «PensTuBHCTCKas H KBaHTOBas ¢usuka». To, urto
KBaHTOBas ¢$H3HKA 3/eCb HH NPH YeM, COMHEHUH He BBLI3LIBaeT,
NOITOMY OCTaercsi BBISICHHTb, KaKOE€ OTHOLIEHHE MOXET HMETh
9T1a 3a7aya, B KOTOPOH paccMaTpHBaeTCsl ABHXKEHHE C 3aBEJOMO
HEPEJNATHBUCTCKHMH CKOPOCTSIMH, K TEOPHH OTHOCHUTENLHOCTH.
OkaspiBaercs, 4T0 H K TEODHH OTHOCHTE/NBHOCTH 3Ta 3ajaua
TOKE OTHOLIEHHSI He umeer. Ho BOT IpUMHUHUN OTHOCHTENbHO-
CTH, Jexauui B OCHOBE 3TOH TEOPHH, NPHYEM B CBOEH KJsaccH-
ueckolt dopme, chopmynHpoBaHHBIH eme ['anuneem, uMmeer K
3TOH 3ajaue camMoe HenocpeAcTBeHHoe oTHowenHe. Ero me-
NO/Mb30BaHHE TI03BOJISIET CPa3y CBECTH 3Ty 3ajauy K Jpyrof,
XOpOWIO U3BECTHOH.

CorJlacHO NpHHUOUNY OTHOCHTEeJNbHOCTH lanmiess 3aKowbl,
ONHCHIBAIOLLME MEXAHWUECKHE ABJEHHS, BO BCEX HHEPLUHAIbHBIX
CHCTEMaxX oTcyeTa OAMHAKoBHl. [Ipn permienuu aanHOR 3ajzaun
yI06HO NepedTH B CHCTEMY OTCYeTa, B KOTOPOH TOYKa NOABeCa
HenofBukHa, Tak Kak B MCXOAHOH (nabopatophofi) cucTeMe
OTCUeTAa TOYKA NOABeCa JABHKETCA C MOCTOSSHHOH CKOPOCTBIO
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9, TO HOBAsl CUCTEMa OTCUeTA TAKXKe ABJACTCS HHEpIHaJbHOM.
OnHako B 3TOH cHCTeME NBHMEHHE IIapHKa Ha HHTH BBITJIALUT
yIKe JOBOJBHO MPOCTO: TOYKA IIOJBECA HHTH BCE BPEMS HElo-
JIBIDKHA, a CAMOMY II2pMKy B HauyaJbHLIH MOMEHT BpeMenH
coofmaercss CKOPOCTb —@, HANpaBJCHHAR M0 TOPH3OHTAIH
nanpaso (puc. 1.2). Pasymeercs, 1 B HOBOH CHCTeME OTCuETa
Ha LIapHK TOXe JIEHCTBYET NoJe TATOTEHHs HANPSKEHHOCTH g.

B cucreme otcuera, CBA3AHHOH ¢ TOWYKOH noxseca, jalib-
Hefliiee xBHXKeHHEe luapuHka GyAET NPOHCXOIMTb MO-PasHOMYy
B 3aBHCHMOCTH OT €r0 HauaJbHOH cKopocTH. [lpu meboablioi
HayaJbHOE CKOpOCTH CHcTeMa Oyjer BecTH cefs KaK MareMa-
THYECKUH MasTHHK, COBEPIIAIOMIMH MaJible MOYTH rapMOHHYe-
cKne KosebaHusi BOJH3H BEPTUKA/ILHONO NOJOMEHHS PaBHO-
BecHs:

¢ (=9, sin wt. (1)

YactoTa  paBHa wacTote COOCTBRHHMIX KOJeGaHuii MaTeMaTu-
YeCKOro MasiTHHKa MLJIHHBL [: w?=g/l. BriGop HavalbHOMN (asnl
KoneGauuit B ypaBHeHuu (1) coorBeTrcTByeT TOMY, UTO NpH
t=0 MaATHHK PacloJOXKeH BepTHKaNbHO H ¢=0. AMnauryna
KoJIeOaHHH @, TaKXkKe HAaXOAMTCA H3 HayaJbHBIX ycaoBuil., Tak
KaK coraiacHo ¢opmyse (1) yrJaoBas CKOpPOCTb MasTHHKA @
paBHa

@ (f) = 0@, cos of, 2

TO JIMHEHHAst CKOPOCTh lIapHKa npu =0 paBHa w@,l. [Tpupas-
HVUBasl €€ HAYaJbHOH CKOPOCTH U, HAXOAHM YIJIOBYIO aMIJIWTYy-
Iy @

po=v/wl. (3)

Taxkoe rapmonnyeckoe Kose6aTejbHOE JABIAKEHHE MasiTHUKA
NPOHCXOJUT TOJLKO NMPH HeOOJbLIOH aMIAHTYAE @K1, T. €.,
Kak BHJHO U3 GopMyJHl (3), NpH

vgol =V gl

Ecni HavaJabHas CKOPOCTb U He O4€Hb MaJa, T. €. He YAOB-
JIETBOPSIET NPHBEJEHHOMY HEPaBEeHCTBY, TO KoMeGaHHA MasiT-
HHKa GYAyT NPOMCXOAHTb ¢ GOJBLIOH aMIIATYROH H YiKe he
Gyayt rapmonuueckumu. Ho amnaurtyna kKosnebaHuil, pasyme-
eTCsi, He MOXKEeT NpeBHaTh 3HaueHHs @o=mn/2. [Ipu Takoi
aMIIUTYIe IUAPHK B KPaWHHX MOJOKEHUAX NOAHHMAETCs 10
YPOBHS TOUKH NojJBeca. DTOMY COOTBETCTBYET, KaK Jerko ybe-
IUTHCS € TIOMOIIBIO 32KOHa COXpaHEHHs SHEPTHH, 3Hayeniie

HauaJbHOI CkopocTH U=} 2gl. Ec/u e Haua/ibHas CKOPOCTh
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‘Gosibuie 3TOTO 3HAUEHHst, TO LIAPHK MOJHHMETCA BBIIE TOUYKH
nojBeca, ONHAKO OH Oy[eT ABHTATHCH [0 OKPYMKHOCTH TOJBKO
ZO TeX Mop, NOKa CHMA HATSUKEHHS HWTH HEe O0OpaTHICH B HYJIb.
Hauunas ¢ 370H Toukd, rubKasi HHTL He BJHSET Ha ABUKEHHEe
LIaDHKa, ¥ OH JBHKETCS CBOCOAHO B NO/e TSAXKECTH No napado-
Jie, TOKa HHTh CHOBA HE BBLITSHETCS HA BCIO AJIHHY.
¥YrJ/I0Bo€ 11010KEHHe TOYKH @y, B KOTODPOI cHJla HATAKEHUA
HHMTH OOpaiiaerca B HYJb, Jerko HaliTH ¢ MOMOIbI0 3aKOHA
COXPAHEHNA PHEPTHH M NPOCKUHMH YPABHEHHs BTOPOTO 3aKOHA
Heiotona Ha Hanpas/ieHne HUTH, NOAras B HEM CH/Y HATAME-
#nst waTH T paBHoil mymo. M3 puc. 1.3
’\"/ © BHJHO, YTO 5TH YPaBHEHHs 3allHChIBAIOTCH
crenyiouM obpasom:

A m gl (1 —cosg) + 24, ()
i mg cos (— @) = mv?/l. (5)
t
! / [oncrasaas v u3 ypasuenns (5) B (4), na-
/ /! XOIUM
: v iy 5
! P cosqol-—-—g-( —Er)' 6)

N
Pm 1.3. K Haxox- ITockonbKy mIapuK MOAHHMACTCHA ~ BBIILE
Resifiio Toukm, B ko- TOUKH NOJBECA TOJBKO -NpH v>2gl, 10
Topoli Harskenue JaBaemoe dopmyJoit (6) 3HayeHHe COS @y
unti T ofpamaer-  orpuuartespho. Ma dopmyast (6) BuaHo, uto
¢ B HyJb yeMm GoJibllle HAaUaJgbHAs CKOPOCTb lUapHKa
v, TeM Oauxe yroa @; K m. Hakouwen, ec/u
v2=8gl, T0 c0s p;=—1 ¥ CHJIa HATAKEHUA HHUTH oOpaIiaercs
B HY./b, KOIJia LIADUK TIPH IBHXKEHUH IO OKPYIKHOCTH OKa3bi-
BaeTCsl TOYHO HAJ TOYKOH NojBeca. $ICHO, YTO NPH. TaKOM H
Tem OoJee npu GOIBHINX 3HAYEHHSX HAya/bHOH CKOPOCTH Lla-
puKk GyJIeT coBeplaTbh NOJHLIE 06OPOTHL 0 OKPYIKHOCTH, BCE
BpeMsl HaTsruBas HHTS.

JBiXKeHne apuKa B HCXOIHOH JabopaTOpHO# CHCTeMe
otcdeTa, TAe €ro TOYKA [OiBeca NPUBCACHA B paBHOMEpHOE
ABI:KEHHE CO CKODPOCTBI) ¥, IOJIyYaercsi B pe3yJbTare CJoXKe-
HHs ONHCAHHOTO BHILIE ABHAKEHHs BO BCIIOMOraTeNbHOH cHCTe-
Me OTCHETA U PABHOMEPHOTO JABWKEHHS CO CKOPOCTbIO .

Pago6panHblii npuMep HarJsjHO NOKAa3blBaeT CJeAyouiee:
HECMOTPS Ha TO, YTO 3aKOHB! JBHXKEHHs BO BCeX HHEPLHaJ/bHBIX
CHCTeMAX OTCYeTa OJUHAKOBBI, NPH pelleHAH KOHKPeTHOH 3aja-
UH OJHA M3 ITHX CHCTEM MOMET OKas3aThCd ropasfo yaoOuee,
YeM OCTa/IbHble. ¥ JAYHOS NPUMEHCHHE NPUHLHNA OTHOCHTE/be
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HOCTH MOXKET NPEBPATUTH CAOKHYIO Ha NepBbI B3IJIAA 334auy
B MOYTH OUEBUIHVIO. A

2, Boa0yxpenue atoma npu croakdosenud. Haumeupinas
sHeprusl Bo3OyxIeHHst atoMa requst paeua 21,12 3B. Bas-
MOXKHO JIH BO30YXKIACHHE HENOABHKHOIO AaToMa [eJMsl P
CTOJIKHOBEHHH C INIPOTOHOM, obnazamomuM sHepruefi 24 3B?
C 9JIEKTPOHOM TaKOIH K€ SHEpPTHH?

A Ecan sxeprusi Hajeraloue 4acTHUBI HeROCTATOYHA IS
BO30YyK/JCHHST aTOMa, TO €€ CTOJKHOBEHHE € ATOMOM SIBJASTCS
abCoOMOTHO YIPYTHM, TaK KaK BHYTDEHHEE COCTOSHHE atoMa
U3MEHHTLCH He MOxeT. Ilpn Bo3Oy:KAEHMH MJIM HOHM3AIHH
aToMa B pesyJqpTaTe ylapa HasleTawiell 4acTHUH CTONKHOBE-
HUE YIKE HE ABJAACTCH YOPYTHM, TaK KaK YacTh KHHETHUECKOIl
3HEPIHH [PEBPAWACTCS BO BHYTPCHHIOW dHepTHio BO3Dyx leH-
HOTO aToMa MJ/H 3aTPAYyHBACTCs HA COoBeplLieHne paloThl MOHU-
3aUuM, T. €. HA yAajeHue JeKTpPOHA M3 atoMma. Beaeactsue
3aKOHA COXPAaHEHHs HMNYJbCa BCA KHHETHUYECKAd 3HEPrus
HA/MeTAIOWEH YaCTHUBl He MOMET NMOHTH Ha BO3OYKACHHE HJH
HOHM3aLMIO aToMa, XOTA TaKOH MpOLECC H He HPOTHBODPCUUI
Obl 32KOHY COXpaHEHHS 3HEePIHH.

Kakas xe makcuMmaJbHast J0/s NEepBOHAYA/IbHONH KHLETH-
UeCKOH 3HEPI'HMH MOXKeT OBIThb MCIOJB30BAaHA ISl BO3OYKACHUA
aroma? Ha stoT Bonmpoc JIerkKo OTBETHTb, €CJH MCHOJbB30BATH
3aKOHBI COXPAHEHHS 3HEPTHH H HMITyJbca JJIS NPOLEcca CTOMK-
HOBEHMA HaJeTAIOLIeH YacTHLB! C HEBO3OYKICHHBIM aTOMOM.
Sneprus Bo3dyxaenns W npeacrasaser coboll H3MEHEHHE BHYT-
peHHeil SHePIUH aToMa fIPH Nepexoje U3 OCHOBHOTO COCTOAHHSI
B BO30YXKIEHHOE. DHEPrUs HajeTalouwiel yacTHubl — 3TO €e
KHHETHYECKast SHEePrusi mu*/2, rie ¢ — CKOPOCTL YaCTHIL! HO
CTOIKHOBEHHSI.

He nepBotit B3ras4 Morao Obl MOKAa3atThes, YTO A/ BO3Gy K-
JeHus aToMa HaHGoJiee 61aTONpHsITEH cy4ail, Koria B PesyJib-
TaTe yjAapa HaJeraiouas 4acTHIA OCTaHaB/MBaercs, Nepefa-
Basi aTOMY BCIO CBCIO 3HEPTHI0. OfHAKO HA caMOM Jie/le OKAa3bi-
BAEeTCsI, YTO B STOM CJyd4ae KHHETHYeCKas SHepPrusa CHCTEMb
noce ylapa He OyZAeT HauMeHbiueH. Bo BHYTPEHHIOK 3HEPIHIO
aroMa MepexoiuT HauGOJ/bllasi YacTb KHHETHUCCKOH SHEprHH
YACTHLE], €CJH NOCAe CTOJNKHOBEHHMS aToM H HaJeTeBIUast 4ac-
THia JBIKYTCA ¢ OAUHAKOBOH CKOPOCTBIO, HECMOTPA Ha TO, 410
KaKyio-TO J0J0 CBOefi KHHETHYECKOH SHEPTHH HaJ/eTalomas
YACTHUA OpPH 3TOM COXpaHser.

[Tpowe Bcero B 3TOM yOeauThCs, paccMaTpuBas IPOLECC
BO30YK/leHHA aTOMa B CHCTEME OTCHETa, B KOTOPOH HENOABUMKEH
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LIEHTP Macc aroMa H HaJjeTaollell yacTHIel. Takasd cucrTema
orcuerTa TakKe aBasercs HHephwaapnoii. CorsiacHO NpuHIK-
[y OTHOCHTEJLHOCTH 3aKOHBI, ONHChIBaioWiue Jofeie ¢uande-
cKHe SIBJEHHS, OJUHAKOBBL BO BCEX HHEPUHAJbHBIX CHCTEMAX
orcuera. [losromy BO BBeeHHOH cHcTeMe, KaK M B MCXOAHOI,
TaK¥e BBIIOIHAIOTCS 3aKOHB! COXPAHEHHUA SHEPIHH U HMOYJb-
ca. IToJIHBI HMITYJILC B 3TOH CHCTEME OTCYETa PaBeH HYJIO, NG-
5TOMY HOCJE CTOJKHOBEHHS MOT'YT OCTaHOBHTBCS ofa Tesa —
1 aToM, ¥ vactuua. Ecau ofa Tena AefCTBUTENbHO OCTaHORSIT-
csl, TO BO BHYTPEHHIOIO 3HEPTUI0 aToma lepeilleT BCA NepBo-
HasanpHasl KUHeTHuecKas sueprusa. Ho HenozBHKHBIE B CH-
cTeMe LEHTPa MacC aTOM H YacTHLA HMEOT OfHHAKOBYIO CKO-
pocTs B MCXOJZHOH Ja00opaTopHOH CHCTeMe OoTcyeTa. 3HAuuT,
npupauleHue BHYTpeHHel 3HepruH atoma Oyzer HaubOAbILIHM
B TOM cJiyuae, KOrja Moc/e CTOJNKHOBEHHS H aTOM, H HaJjeTeB-
j1asi YacTHLA HMElOT OAMHAKOBYIO cKopocTh. VmeHHO TaKce
CTOJIKHOBEHHE M Ha3blBaeTcs abCOJIOTHO HEYNPYTHM YAAPOM,
XOTSl YaCTHUBI [I0CJE CTOJNKHOBEHHS! He OOBEeAUHAIOTCS B OJHO
TeJIO, @ ABHIKYTCA HE3aBHCHMO.

3anuineM 3aKOHB! COXpaHeHHs 3HEPTHH M HMMNyJbca, pac-
cMaTpuBan 3TOT Hanbosee GNArONPHATHHIA 1A BO3OYXKACHRA
aroma cayyafi. O6o3nauuM Maccy atoma depe3 M, a CKOpOCTb
aToMa M 4acTHUBI nocje yaapa depes V. Toraa

my=(M-+m)V, (1

__2_ (m+M) Vi W ©)

Mel vicnoab3yeM 3fiech HEpeNATHBHCTCKHE BOPMYJE], TaK Kak
NpY MHTEpecYIOmHUX Hac sHepruax nopsajka 20 3B u anexrpow,
1 TeM 6oslee TPOTOH ABHIKYTCS CO CKODOCTbIO, MHOTO MEHbLIel
CKOPOCTH CBeTa.

Ipu 3apandofi snepruy Bo3byxaenns W ypasuenus (1) u
(2) onpenessnlOT HANMEHBIIYIO CKOPOCTh HAJIETAIOLIEH YacTHUB
U M, C/ICLOBATENbHO, HAUMEHbLIYIO SHEPTHIO mU%/2, NpH KOTO-
poit BO3MOXKHO BO3fyxzaenue atoma. Breipaxas V u3 (1)
noactasasns B (2), HaXoRUM

=(1+5)w. 3)

W3 or0ro COOTHOIIECHHS BUAHO, YTO YeM JIeT4e HajeTaronias
4aCTHILA, TEM MEHbIIE ee SHeprusi, NOCTaTOYHas Ans BO36YK-
Jennsi aroma. Hanpumep, npu Bo36YXKIEeHHH aToMa HaJjeTaio-
MM 3EKTPOHOM (1< M) MpaKTHYECKH ROCTATOUHO, 4TOOLI €ro
syeprus Obila paBHa sueprun BosbyxaeHus W. Ecaum xe
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atoM reqing Bo30yXKJaeTcsl HaJeTalolHM NPOTOHOM (mayM/4),
TO, KaK BUAHO M3 dopMyJbl (3), KHHETHYECKAs 3HEPTHA NPOTO-
Ha Jo.aXHa ObiTh B 1,25 pasza GoJblue suepruu Bo3OYHKACHHSA.
Iostomy s/ekTpoH ¢ sneprueid 24 3B MoxkeT BO3GYIHTL aTom
Teans (HO MOMKET PaccesiThCsl H YIPYTo, 3aKOHBEl COXpaHeHHs
SHEPTHU M UMIYJIbCa JONYCKAIOT M TaKOH nponecc!), B TO BpemMs
KdK IPOTOH C TakKOH sHepruen oba3ateqpHo OyAET pacceHsats-
cA ynpyro.

PaccMOoTpeHHBIA NpHMED NO3BOJAET NOHATH, HOYEMY INDH
BO3HHKHOBEHUH CaMOCTOSITE/LHOTO Tas30BOTO paspsiia onpe-
AQJISIICLLYIO DOJib B HOHH3ALMH CTOIKHOBEHHSIMH HIPAIOT HMeH-
HO 3/IEKTPOHbLI, & He TAMKEJble HOHbl, XOTS MOCJEAHHE TOKE
YCKOPSAIOTCS 3JEKTPHYECKHM NOJIeM. A

»

3. B3aumnbie npespaiieHus 3JekTpoHoB H ¢oToHOB. Bos-
MOXKHO JiM H3JYYEHHE M MOIJIOLIEHHE CBeTa CBOGO/HBIM 3NCKT-
poroM? MoxeT s cBoGOAHbIH (POTOH, OOMANAIOMUH JOCTATOY-
HOH SHeprHeH, NpeBPATHTLCA B JEKTPOH-NO3UTPOHHYIO apy?

A Moxer Ju cBOGOAHBIA 3JEKTpPOH H3JyuaTbh cBeT? Ha
IEpBbLI B3rJsfl KaxeTcsl, YTOo HCIyCcKaHue (oToHa CBOGOIHO
ABMKYILHMCS 3JCKTPOHOM HE NPOTHROPEYUT 3aKOHAM Coxpa-
HeHHS SHePTHH H UMIyJeca. JleficTBHTeNbHO, HHYTO, Ka3a/10Ch
6bl, He MelllaeT 3JeKTPOHY, ABHXKYIIEMYCSl C HEKOTOPOH CKopo-
CTBIO U, YMEHBUIHTh CBOI0 CKOPOCTb, NEpElaB HCIYCKaeMOMYy
(oToHy yacTb CBOEro HMNYJbCA H KHHETHUECKOH 3HEPrHH.
OpHako, 3anucaB 3aKOHBl COXPAHEHUA SHEPrUU H HMIIYJbCa
AJA 3TOTO Npolecca, Mbl YBHAMM, YTO OLHOBPEMEHHO YAOBJET-
BOPHUTb ITHM 3aKOHaM HeposmoxKHo. Ilpoue Bcero B 3TOM yoe-
JUTBCSl, BOCIIOJb30BABLIHCh SKBHBAJCHTHOCTBIO Pa3/IMUHbIX
HHEPUHAJBHBIX CHCTEM OTCYeTa: BO BCeX HHEPLHaJbHLIX CHCTE-
MaX 0TCYeTa Bce (pU3HYeCKHe 3aKOHBl OJMHAKOBH. [lo3TOMY 1t0-
CTAaTOYHO JA0Ka3aTh HEBO3MOXHOCTb H3JyueHHsl (oToHa CBO-
OoRHbBIM 3/EKTPOHOM B KakKOH-HHOYAb OAHOH HHepUHaJbHOH
cucTeMe oTcuera. -

PaccMoTpaM cHCTEMY OTcYyeTa, B KOTOPOH 3JEKTPOH Heno-
ABUXKEH. DHeprus 3JCeKTPOHA B ITOH CHCTEME A0 H3Jyyeuus

(poToHa

o =ML, (1)

[Mocne uanyuenusi GoTOHA BCJACACTBHE 3aKOHA COXPAHEHHA HM-
IyJabca JEKTPOH NpuoGpeTaer HEKOTOPYH® CKOPOCTH U, H
SHEPTHsl CHCTEMBI 3JIEKTPOH IJIOC (OTOH AAETCH BbIPAMKEHHEM

moc?
E=mmer b by, (2)
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rje v — 3Heprun Mcnyuessoro gortona. CpaBHEERaA GopMYJIEl
(1} 12 (2), BHAMM, 4TO YJICBJETBOPHTb 32KOHY COXPaHEHUs 3HED-
MU HEBO3MOX1O, H00 £ peerga Gosniue E,.

BayMmaBuiuch B npHBeJeHHbIE PAcCyKIeHHS, Jerko coobpa-
3HUTL, YTO CBOOOJAHBIN 3JIEKTPOH HE MOMET HE TOJbKO H3JY-
uaTh, HO U pBorsomarh cser. Urtobnl B 3TOM yOeauThbes, LOCTa-
TOUYHO TPOCTO [IPOYHTATH NPHBEACHHbIE GOPMYJBl B 06paTHOM
NOpaAKe: COOTHOIIeHHE (2) JaeT SHePrmd CHCTEMBI 3JEKTPOH
1310¢ GOTOH 70 TNOTJIOUIEHHS B CHCTEME OTCHETa, IJIe CyMMapHbii
MMIYJIBC VIEKTpOHA M (POTOHA paEeH HyJ0, a COOTHOLUEHHE
(1) — 3HEpPTHIO moc/ie NMOTJOLEeHHsT PoToHa.

Pa3ymeercsi, NpHUBEJEHHBIE PACCYXK/IEHHS CIPaBeNBLI
TONBLKO AJ151 3J1€MEHTAPHBIX Y4CTHIL H HEMPUMEHUMbL K CJOMHBIM
00veKTaM, COCTOAMIMM U3 HECKOJbKHX 3JEMEHTAapHBIX YacThLL,
nHanpuMep K aromMaM K MogekyJas. CBoGOAHO ABHXKYIHECA
4TOMbl HAH MOJIEKYJBl MOTYT H34ydYaTth H IOIIOWATH!

Vlenyckats uaM  norjowarh (JOTOHEl 3JEKTPOH MOMKET
TOJNBKO TOrJla, KOTAZ OH JBMIKETCH C YCKCpeHueM, Halpumep
npoJeraer B6AM3H AIPa U B3aHMONEHCTBYET C ero 2JeKTpHue-
CKHM TOJIEM. :

Firak, Mbl y6eRuinch, 4TO (GOTOH HE MOXKeT [IPOCTO NCIJIo-
1arses cBOBOAHEIM 3JeKTpoHOM. Ho BOT Hcwe3aHyTh npH B3au-
MGACHCTBHH CO CBOOGONHEIM 3JCKTPOHOM, NOPOAMB IIPH 3TOM
SJeKTPOH-NIG3UTPOHHYIO Iapy, oH MoxeT. [la1s 3Toro doToH
JCJKeH, KouewHo, obuajarh Jocraroudoll snepruefi. Kaxof
JXe HMEHHO?

[Ipexje Bcero oTMeTHM, YTO mpeBpaulenne gorona (ramma-
KEZ2HTa) B 3JCKTPOH-TIO3NTPOHHYIO Napy BO3MOCXKHO TOJNBKC B
HOPUCYTCTBHH KaxcH-1u60 yacTHupl. bes Taxofl yacTuuwl 3TOT
npouecc BOCOLIE HEBO3MOMKEH B CHJIY 3aKOHA COXPaHEHMH
wanyasca. JeACTBHTENbHO, NPEANONOKHM, YTO 3TO NPOH3C-
110, T. €. o6pa3oBaJjach JEKTPOH-NO3UTpoHHAsA napa. Beerya
CYLIeCTBYET TaKas CHCTeMa OTCyeTa, B KOTOPOH LEHTp Macc
3/JEKTPOHA H MO3UTPOHA HENOARHIKEH, T. €. MMOJHBI HMOYJLC
ofpaszopaBllelicd nape pased HyJ/mo. Torja B 3Tofi cucreme
oTCYeTa JO/KEH OBITb PaBeH HYJO W uMnyJabc (OTOHE, NOPO-
aueiero a1y napy. Ho a1o HeBo3MozkHO, TaKk Kax HE CyLiecTBY-
€T TakoH CHcTeMbl oTcuera, B KOTOpoH (oToH noxroutcs. llc-
3TOMY (POTOH MOXKET NPEBPATHTLCH B HEKTPOH-NO3UTPOHHYIO
Hapy TOJNbKO B NPHUCYTCTBHH 4acTHIB!, KOTOpasd <«IpHHHMAaer
Ha cebsi» ero UMIYAbC.

Jierko coofpasnTh, 4T0 HEOOXOAMMASA 1A POKIEHUS NEPLI
eneprus (ortona Gyjer TeM MeHbmue, dem GoJbue Macca M
UACTHIM, YHOCAWIEH BMNydabe ¢hotora. B camom jene, uem mac-
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CHBHEE 3Ta YaCTHIA, TeM MEHLIUIYIO KHHETHYECKYIO 3SHEpIHIo
oHa mpu 3ToM npuobperaer. [Ipu m/M<1 3T0# KuHEeTHYECKOH
3Hepruell MoxkHO BooOwe npeHebpedn. Ecan ofpasosasiunecs
3/IEKTPOH ¥ [O3UTPOH NOKOSTCH, TO HX 3Heprusi Oyaer nau-
Melibllefl U3 BCeX BO3MOMHBIX U PABHOH HEPTHH IIOKOA CHCTe-
Mbl 2mc?. TlosToMy HammeHbllas 3HEPTHs (HOTOHA, NP KOTO-
pofi BooOOmE BO3MOXKHO O0OpPa30BAHHE [apbl, ONpPEIENACTCA
H3 COOTHO!IEHHS

hv=2mc*. (3)

Jra sHeprua HOCHT nasBauiie noporosoil. Ilojcrasisa crona
3HAUEHHE MAcChl 10KOs aMeKkTpoHa 71,==0,91 -107%7 r n ¢ropo-
ctd cBera ¢=2,998 -10%° cm/c, HAXOAUM, YTO IOPOTOBAA SHEPT s
00pa30BaHusl 3/eKTPOH-II03HTPOHHON napu cocrasaser 1,63 X
X 10-¢5pr =1,02-10° 3B. Juuna Boansl ramma-KBanTa, of./a-
Faioiero taxkofl sHeprueit, A=c/v=he/(2m*)=1,2 -1071° cpr==
=0,012 A. Taxune (OTOHBI BCTPEYAIOTCH B KOCMHUECKOM H3JY-
YeHHM W BO3HHMKAIOT MPH TOPMOMKEHMH B BemeCTBe OBICTPHIX
3apAMEHHBIX YaCTHL,, PA3OTHAHHBIX HA MOLIHBIX YCKODHTEJsX.

Teneps Mpl MO:KeM HalTH 3HEPrylo, KOTOPOH joskeH 0O-
nagate GOTOH, AJisl TOro 4TO0bl MOIJIO NPOHM30OHTH pOXKAeLHE
3/1eKTPOH-TIO3UTPOHHON napsl BOAU3H MOKOSILETOCH 3/1EKTPO-
na. bBynem paccyxiate caelyomum obpasom. [lepefizem b
CHCTEMY OTCYETa, B KOTOPOH IOKOHWTCS LEHTP MacC BCeX Tpex
4aCTHIl — HCXOJIHOTO 3JeKTpoHa H ofbpasoBaBuieficss 3/eKT-
POH-NIO3UTPOHHOH napel. Pasymeercs, camd 4acTHUBl MOTYT
np# 3TOM ABHraThesi. B 3TOH cuCTeMe OTcyeTa noJHas SHeprus
GyneT HauMeHbLIeH, ecsd Bce TPH YacTHubl noxosites. Mmenno
Takofl cayuall ¥ COOTBETCTBYET HaWMEHbIIEH 3HEePTruH (oTOHaE,
Heo0XOAUMOH /15 POKAEHMs napbl BOAH3M 3jekTpoHa. [Ipu
3TOM Mbl NpeHefperaeM >Hepruefl KyJIOHOBCKOTO B3aHMOjeficT-
BHUS 3JEKTPOHOB M LO3HTPOHA, KOTODAst, KAK M 3HEPTHA CBA3M
3JEKTPOHOB B aTOMax, 10 NOPSIAKY BEJHUMHBI COCTAB/AET He-
CKOJIbKO 31eKTPOH-BOJILT.

Bosppamasch Tenepb B JaGOPaTOPHYIO CHCTEMY oOTcuera,
Mbl BHJMM, YTO MOCJE POMKACHHA Napbl BCe TPH YACTHUDBI JOJXK-
Hbl JBUraThca ¢ OAHHAKOBOH ckopocTbio. IIocKoabKky macca y
3THUX YacTHIL OAHHAKOBA, TO 6YAYT OAMHAKOBLIMH H HX HMIYJb-
cul. BeselcTBre 3aKoda COXPAaHEHHMA HMIYJbCA 3TO 0O3HAYAET,
4TO MOAHBIA HMUYJIbC, KOTOPBHIM OB/1agand (pOTOH H 3AeKTPOH
[0 DOXKIEHHA Napel, pacnpeie/uTCcs [OPOBHY MEXAy TpeMs
nacTHoamH. Ecau 1o poxaeHus maphl 3J€KTPOH B Jaboparop-
HO!l CHCTEME OTCueTd [OKOHTCH, TO [0OC/E DOKASHHS Haphl
HMIYJbC KAMAOH uacTUUpl p pPaBed OAHOH TPeTH HMROyJbca
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¢dorona hvlc:
p=hv/3c. )

Wicnonbayd pensiTABUCTCK YO (GOPMYJTY, BEIPAXKAIOLLYIO SHEp-
THI0 YACTHLBl Y€pe3 ee UMIYJbC, yOexAaeMcs, 4TO H SHEPrus
BCeX TpeX YacTHU OJAMHAKOBA H paBHA

E= Vp“‘c2 4+ mict = V(hv/S)z -+ mact. (5)

Tenepnb octaercsi TONBLKO BOCNOJB30BATLCH 3aKOHOM COXpa-
Henus sHepruu. Jlo poxzenus napsl SHeprus B JabopaTtophoi
CHCTEME OTCYeTa — 3TO 3HepPrHs (JOTOHA AV M HEPIHA NOKOS
3/71eKTpOHA mc®. [locae poxXAeHHA Naphl 3HEPrus paBHa yTpo-
€HHOMY 3HAUEHHIO 3HePrHH Kaxpao# yactuubl. [lostomy

hv + moct = 3 V (Av/3)* + mic*. (6)

Bossensn ofe yacTd 3TOrO paBeHCTBA B KBaApaT M NPHBOAS
niofo6HbIe UYJICHEl, HaXOJAHM 3HayeHHe fiv NOpPOroBofi suepruu
pOxAeHHs napel BOJIH3HM NOKOSIIErocs 3JEKTPOHA:

hv=4my?. 7N

O6paThM BHHMaHHe Ha TO, HYTO 3Td IHEPIHA BJABOE NPEBbI-
[aeT 3HayeHHe NOPOroBOH 3Hepruu (oToHa 1A POXKLEHHA
3JEKTPOH-TIO3UTPOHHOR naphl BOJM3M MACCHBHOH 4aCTHUbL,
nanpuMep BOJIH3U SIApPA TAKEJOTO 3JMEMEHTA. 3HAUHT, TOJNEKO
[HOJIOBHHA SHEPTHH (OTOHA NPH POXKAEHHU Napsl BOJIH3U NOKOA-
erocsl 3JEeKTPOHA IpeBpaliaeTcss B HEPril0 NOKost ofpaso-
BaBIUMXCA vacThi. [pyras nojsoBuHa Heu30EXKHO NpeBpaiua-
€1Cs5l B KHHETHUECKYIO SHEPTHIO. DTO CBSA3AHO C HEOOXOANMOCTEW
00eCneYUTh BLINOAHEHHE 3aKOHA COXPAHEHHA HMIYyJbca. A

4, 3ddext Honaepa. Hutatenn HaBepHAKa 3ameyas, Kak
MEHSIeTCsl BHICOT4 3ByKa TyJLKa JIOKOMOTHBA, KOIjJa I0€3]l
DPOHOCHTCS MHMO. BBICOKHH TOH TyAKa NpHOJMKAIOErOCs
noesfia CTaHOBHTCHA 3aMeTHO 0onee HH3KHM, KaK TOJBKO HC-
TOUHHK 3BYyKa NPOMYHTCA MHMO M HauHHaeT yJlajfaThcsl. Takoe
W3MEHEHHE 9acTOThl BOCIPHHNMAEMOrO CHTHAaJa NPH ABUXKEHUH
WCTOYHHKA 3BYKa (M4 NPHEMHHKA) HOCHT Ha3BaHHE $BACHHS
Honnepa. 10 gB/reHne HMEET MECTO H B ONTHKE! ABMXYLIUiiCA
aTOM H3J1yyaeT CBET APYroH 4acTOTH MO CPaBHEHHIO C HENOA-
BIWKHBIM. OKaseiBaeTcs, 4TO 3TO THNHYHO BOJHOBOE SiBJIEHHE
MOMKET ObiTh IIPABHJBLHO OOBACHEHO ¢ TOYKH 3PEHHS NpelcTaB-
NieliNf O CBETE KaK O COBOKYIIHOCTH CBETOBBIX KBaHTOB — (HOTO-
1ioB. Onupasick Ha 3TH NpPEACTaBJieHUS, NOKAXKHTE, YTO NPH
MEANCHEOM ABHIKEHHM H3/YYAIOLEro aToMa (CKOPOCTb aToMa
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(=}

U MHOTO MeHbIlIE CKOPOCTH cBeTa C) OTHOCHTENbHOE H3MEHEeHHEe
YaCTOTbl H3Jy4aeMoro UM CBeTa Av/v JAaeTCsl COOTHOLUECHHEM

~AV—V :—z— cos 0,
rie 0 — yroa MexjAy Hanpap/eHHeM IBHIKEHMs aToMa H Ha-
npaBJAeHHeM HClycKaeMoro (oToHa.

A TlocKo/bKY Mbl HHYETO HE 3HAEM O MEXaHH3ME U3/TYYeHH s
CBETa aToMaMi, HaM OCTAeTCs TOJNBKO HONpoGoBaTh NPUMEHUTD
K aKTy HCIycKaHHs (OTOHA JABHIKYIIHMCS aTOMOM 3aKOHbI
COXPANEHHSI SHEPTHY M UMIyaAbca. «3aKpemienubiily Heno-

//\\\
G P

Puc. 4.1. Vimnynbc atoma 10 usnyyenus p paBen BeKTOPHOH CymMme uu-
nyJisca Py locae H3AYUYeHHS H HMIy/bca OTOHA Py

JBHIKHBIA aTOM HCIyCKaeT GOTOH ¢ aHepruell Av NpH nepexone
aTtoMa H3 OJHOIO CTallMOHAPHOIO COCTOsIHMsI B Apyroe. Pas-
HOCTb HEDTHIl 3THX CTAUMOHAPHBIX COCTOSIHHHA He 3aBHCUT OT
TOTr'O, MOKOHUTCSI ATOM WJIH JIBHIKETCH.

ITpu ucnyckanuu GoroHa CBOGOLHO ABHXKYLIHMCH aTOMOM
UMIYJALC aTOMa H3MEHSAeTCS, NOCKOJIbKY HCHYINEHHBIA (oToH
obnafaer umnysascoM. C/efoBaTelbHO, KHHETHUECKAs! JHEPTHUsA
aToMa TaKXe MEHSeTCA, ¥ 3Heprus ¢oroHa Av', HCNYMEHHOro
ABMIKYLHMCS aTOMOM, OTJIHYAeTcsl OT AV BCAEJACTBUE H3MeHe-
HUS KHHCTHYECKON 3HEpruy aroma.

Ha ocHOBaHHH 3aKOHA COXPaHEHHS 3HEPruy

’ p* Pf
hV ——hv=%—-27n—, (1)
rie p — MMNYJbC aTOMAa MACCHl m A0 HCHyCKaHua dortoua,
p1 — TOCJE HCIYCKaHuA.

Hauasbublit 1 KOHEYHBIH HMOYJbCE 3TOMA MOMHO CBA3ATL
C HMOYJBCOM HCHYCKAeMoro (oToHa p, C [OMOWIBIO 32KOHA
coxpaHeHusi uMuyJnca (puc. 4.1):

p=pi+Py (2
[lepeHocs p, B paBexcTBe (2) B JEBYIO HaCTb, BO3BOAA NOJY-
YeHHOe DPABEHCTBO B KBAJAPAT H YUHTBHIBAsA, UTO HMIY/BC GOTOHA
KpafiHe MaJjl [0 CPABHEHHIO C HMIY/bCOM H3JYYAIOWEro aTtoMa,

[oJy4aem ‘
p*—2ppy cos O & pi, )
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C nomompio (3) cootnoienne (1) MOXKHO Nepenucatbh B BHJE

hv' —hv= ;Z- pecosh. 4)

Kax samicaTh BHpaXenne Ala nMmioyiabca (OToHa py?
Tax Kax uMRyJibe 3JeKTPOMATHHTHOIO NOJA CBA3aH C 3HeprueH
noas W coornomenuem W=pc, a 5Heprus ucnymensoro ¢oro-
Ha paBHa hv', TO HMDyJbC 3TOrO (JOTOHA €CTh

Po= hV'/C. (5)

Ionpcrapasa (5) B (4) 1 yuuTthiBas, 4to p/m €CTh CKOPCCTh
JABMMEHHMA U H3JYHaIOWEero aToMa, HaXO[HM

U
vy = ~ cos 0,

OTKy/a
vr=___l__._xv<1+—:-cose> (6)

1—Y cos 0
¢

¢ TOYHOCTBIO 0 WJIEHOB nopsjika v/c. Us sroit pepmyan caeny-
€T PUBEAEHHOE B YCJIOBHH COOTHOLUIEHHUE

Av v
rhalry cos0.

O0paTiM Tenepb BHHMAaHHE Ha caeayiouee o6CToATeNMbCTRO.
Ecau B dopmyae, onpeRensiomed CABHI 4acTOTH, NOJOMXKNHTh
v==0, To noayuaerca Av=0. OsHayaer Jin 370, YTO CBET, H3.1y-
yaeMbiil cBOGOAHBIM HENOJABHKHBIM &TOMOM, HMEET TaKylo e
YaCTOTY, KaK M CBET, H3/yyaeMmblii «3aKpenyeHHbIM» aToOMOM?
Jla)ke M3 HHTYHTHBHEIX COOOpaK€HHH $ICHO, YTO TaK OHITH HE
MOMET H3-3a sIBJICHHA OTJAuM: 3aKOH COXPaHEHHS UMNYJabca
tpebyer, 4To0Ll B pesy/bTaTe H3JyuyeHHA (POTOHA CBOGOAHEI
aTOM NpHLUE] B ABHXKeHue. B noayuedHoll Beiue npuGamken-
Hoit QopMysie sBJCHHE OTJaul HE YUTEHO, TaK Kak NpH ee
EbIBOJE, nepexoas oT (2) x (3), Mbl npeHeGperatn HMIYJbCOM
(;0TOHA, CYHTasA €ro MaJbiM N0 CPaBHEHHIO C HMIYJ/IBCOM H3Jy-
vatouero atoma. [losromy B okoHYatennHo#i dopMysie Heanb3s
nodarare =0, TaK KaK NpPHBEIEHHOE DEIICHHE CIPaBENJIMBO
TOABKO [IPH BHINOJHEHHH YCI0BHA Av/cgmv. Ecau ke pac-
cMaTpHBaTh H3JyueHNe CBeTa HeNOJBHKHLIM aTOMOM, TO HMEH-
HO SIBJEHME OTAauM onpelensieT H3MEHeHHE YacTOThL.

Casur 4acTOThl, OOYCJIOBJCHHBIN SIBJEHHEM OTAAuH, JIETKO
H4lTH C OOMOIbIO 3aKOHOB COXPAHEHHA SHEPTUH H UMNYJbLCA.
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3anuem ypasuerus (1) u (2) ans caysas p=0:

9
R . n . hv'
hv hv = S 0= P e
HO)ICTEBJIHH RMIYJAbLC O0TJa4yu py U3 BTOPOro paBeHCTBA B nep-
BO€, HaxoAuM
Av hv'
VT B (7)

Taxum 06pa3oM, OTHOCHTELHEIA CJBUT YACTOTHL H3-3a SABJEHUSA
OTAauN onpeje/sfiercss OTHOWIEHNEeM 3Hepruu (JOTOHa K 3HEPrHU
NOKOsi H3ayyaromero aroma. [l1s raMma-KBaHTOB, H3JIyYaeMbiX
ATOMHBIMH f/lpaMH, TaKOH CIBHI OKasblBAeTCH CYUIECTBEHHHIM.
B ontuueckoM Auanasone Av/vl u gopmyay (7) MOXHO TLe-
penucarb B BUJE

Av hv
VT T Dmet e
Hanpuwmep, aasa auruil cepun banomepa B cnexkTpe aroma Bo-
aopopa Av/iv~10-e,

Pasymeercs, siBjeHH€ OTA2YM MOXKHO YY€CThb M IPH H3J1Y-
ueHHM cBeTa ABHAyWuMCs atoMoM. Las atoro npu nepexcpe
0T GopMyJH (2) K (3) HYHKHO COXpaHUTH CaraeMoe, COaepxa-
wee KBajpaT uMnyanca doroua. OxonyatesbHOEe BHIpaXseHne
/1t OTHOCHTeJBHOTO CABHIa 4acToThl, KpoMe (v/c) cos 6, Gyner
conepxKath wieH /iv’'/(2me?), KoTophil CTAHOBHTCS TVIaBHBIM 11
v=0.

Jo cux nop Mbl paccMaTpUBaJH HEpPeJRTHBHCTCKHA cayuail,
KOrja H3JyYalomuH aroM JABHLAJCS CO CKOPOCTBIO U, MHOTO
MeHbLUe CKOpOCTH cBeta ¢. MiHTepecHO BHISSCHHTL, KaKuM 6yaer
cobycaoBaennbli addektoM [onsiepa CABHT YacTOTH, €CJH
n3ayyarels ABUIKETCR C GOJBIIOR CKOPOCTBIO, CPAaBHUMOH €O
CKOPOCTBIO cB€Ta ¢. JTO MOXKHO CAEIaTb, €C/U HCIOJb30BaTh
JJisi 3HEPTHU H HMINYJbCa H3JY4aloUlero aToMa TOYHbLIE pesaTh-
EXCICKHe BhipameHus. OJQHAKQ NpoLie paccMOTPeTh APYroi
NpHUMep — aHHHMTHJSIHIO 3JEKTPOH-NO3HUTPOHHOH Inapul, COo-
LPOBOKAAIOILYIOCA H3JYUeHHEM JBYX raMMa-KBauTOB. AHalH3
5TOr0 NMpHMepa AAcT BOSMOXKHOCTb OTBETHTb H Ha HHTEPEeCylo-
MR Hac BOIpOC. ‘

[lycte nepea aumuuruasuuell OTHOCHTEIbHAfg CKOPOCTD
37eKTPOHA W NMO3HUTPOHA Mana, T. €. MOXKHO CUMTATb, YTO GHH
o6a nokosarca. Tak Kak HMIyJbC BCell CHCTEMbl JO aHHMIH-
JISIUMH paBeH HYJI0, TO OH OCTAHETCH PaBHLIM HYJIO H HOoCjIe
HaJyyeHHua. D10 3HAa4UMT, YTO o6pa3ocBaBIIKECS! NPH anHHIHJs-
U¥H (OTOHBI . JETAT B NPOTHBONOJOKHLIE CTOPOHEI H HMEICT
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pasiible [0 MOAYJMIO UMIYJbCH Av/C u, CleicBaTebHO, OJHHA-
KOBYiO 4acToty v. ITa 4acToTa cpa3y HaxXOMUTCS C IIOMOUIBIO
3aKOHA COXPAHEHHS JHEPTHH: NPHPABHHBAS 3HEPTHIO (POTOHA
SHEPTHHU [IOKOA 3J1eKTPOHA M MO3UTPOHA,

2hv=2m,C?,

v=mc*/h. 8)

CoOTBETCTBYIOIIAs 3TOMY H3JIYUYEHMIO AJAHHA BOJAHBL A=c/v,
BesiefictBue (8), paBHa A/m,¢ M HAsHIBARTCS KOMNTOHOBCKOH
IJHHOA BOJIHBEI 9JIEKTPGHA.

Tenepb paccMOTPHM 3TOT XK€ NPOUECC AHHUIHIAUNY IJICKT-
poua H NMO3HTPOHA C TOYKM 3PEHHSA APYTOH CHCTEMBI OTCYeTa,
OTHOCHTEJIBHO KOTODOH 3JI€KTPOH-NO3UTPOHHAs IHapa mnepes
aHuMTUAALNed IBHKETCS CO CKopocThio ¥. Hanpasaense ¢xo-
poctH ¢ BbiOepeM Tak, yToOBl OHO COBIAJAJO C HAlpaBJEHHEM
pacnpocTpaHeHHsi OAHOrO M3 HcnyuleHHbx dotoHoB. OGo3Ha-
YUM depe3 vy 4acToTy (oTOla, H3/1YyuaeMOro «BIepely», a uepes
Vs — M3J]y4aeMoro «Hasajl». Toraa B 3To#l cucteme orcuera
33KOH COXPaHeHHsl HMIYJbCa B INPOEKUMH Ha HampasAeHHe
JABIDKEHUS AHHHUTWJHDYIOMEH llaphl DOPHHUMAET BHJ

noJayyaem

E’i_ vy 2myv (9)
¢ e Vieee

[lpu auuUrHASUMH [OMHAS DEJATHBUCTCKAS 3SHEPLHS faphi
npespaulaeTcsa B 3Hepruio uaayyenus. Iloatomy sakon coxpa-
HeHHUS SHEPTUH 3alHCBIBATCS B BHJE

2mgc?
hv +hV R ——————i 10
L 2 Vl-—vzlcz ( )
Y3 cucremst ypaeuenuit (9) u (10) nerko HalTH YacTOTHl Vv,
H va. YMHoXHB 06e gacTh (9) Ha ¢ U CJOKUB C ypaBHEHHEM
(10}, naxonum v,:

tgc? l/c—l—v . 1/0-{—0
N = el 270 =v
1 h c—v c—uv * (1
3Aech HCNOJBL30BAHO Beipaxkenue (8) AAA wactoTsl v (HOTOHA,
H3/1y44€MOr0 NPH AHHUTUAALMM HENOABHXKHOA mapsi., Auano-

rdyHo, BHYMTAst U3 ypaBHeHus (9) ypasuenue (10), Haxoaum
Val

Vars=
vy=v jJr;’. (12)

lonydennsie opmynnr (11) 1 (12) u xaoT Bhipaxkeuue s
upoAonbHOro sdpexra Jonaepa B peATHBHCTICKOM Caydae,
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Hacrorta v, (DOTOHA, U3JAYUaeMOro 110 HANPABJICHHIO IBHKEHHs,
OKasbIBAeTCsl BhIlE, A YACTOTA V2 (DOTOHA, H3JYUAEMOTO DPOTHB
JBHKEHHA,— HHXKE, 4€M 4acToTa (hOTOHA, HCIYCKAEMOro He-
NOABHKHBIM H3J1ydaTeseM.

Jlerko BHAeTb, 4To npH v/c<] dopmyant (11) u (12) naior
OOBIYHOE BBHIpAXKEHHE A5 HEPeJNsSTHBHCTCKOro adxpekra Mon-
aepa. s 3TOro IOMHOXKHM YHCJAMTEIb M 3HAMEHATENb 110J-
KOpeHHoro BhlpaxeHua B QopmyJie (11) Ha c+-v. IlpeneGperan
3aTeM B 3HaMeHarTesie BeJHYMHOH U? 110 CPABHEHHIO ¢ €%, Moay-

yaem
v =W V%{——T%v(l—k%), (13)

1
yTO coBnajaer ¢ hopmyJoi (6) mpu 0=0. Ananornuso, popmy-
71a (12) npu v/ck 1 naer Bolpaxkenue, coBnajalomee ¢ GopMynoil
(6), ecai B nocaeHeil nosoXKHTL B=g.

Bo Bcex paccyxzeHHAX Mbl O 9acTOTOH MOJIYANUBO NOJ-
pasyMeBaJsli 4acTOTy H3JIyYeHHS, PErHCTPHPYEMOrO HENOABHIK-
HBIM B JaHHOI cucTeMe oTcuera npHeMHHKoM. M3menenue yac-
TOTHl NPOMCXOJAHJIO TOJbKO 3a CHET JBHXKEHHS HCTOUYHHKA.
Ha camom pnene B cayuae 3J€KTPOMArHMTHOTO H3JyueHusd,
pacnpocTpaHsIoUIErocss B BaKyyme, Bce NOJAy4eHHble QOpMYJILL
OCTAlOTCS CNPaBEJIHBBIMH U NPH ABHMKEHHH NDHEMHHKA M3Jy-
YeRys, TOJALKO B 9TOM Caiydae NOA ¥ C/EAyeT [OHUMAaTb OTHO-
CHTE/BHYIO CKODOCTb — CKOPOCTb HCTOYHHKZ OTHOCHTEAbLHO
npHeMHHKa. A

5. ®ortonnni napyc. Ha nenozpuxnoe HaeanbHoe naoc-
KO€ 3epKaJslo MacChl 7 HOPMaJbHO K €r0 NOBEPXHOCTH Nafaer
nJjocKas ceetoBas BoJiHa. Iloj neficTBHeM CHJBI CBETOBOTO JaB-
JieHHsl 3epKaJio NPHXOAHT B ABixenue. ONpefe/uTb KOHEURYIO
CKOpOCTb 3epKasja H 3HEpPruio OTpaXKeHHOH OT HEro BOJHHI,
ecJH sHeprusl najawoiel BoJHB paBHa W,.

A Ha nporsikenuH Bcell KHHIH Mbl MHOTO pa3 yOerKaa/HCh,
YTO OYEHb MHOTHE 3aAaui MOXKHO pPeIlHThb, HE BHUKAsA B AeTa/H
NPOHCXOASIUX (bu3uuecKnx siBjaexuii. Jlas oTBera Ha MHOrue
BONPOCH JOCTaTOYHO TOJBKO NPEACTaBHUTb OOULYI0O KapTHliy
paccMaTpUBAEMHIX SIBJAEHUIH ¥ NPaBMJALHO NPHMEHHTb NOAXO-
Asie QyHAaMeHTalbHbIE 3aKOHb coxpaHeHusi. Tak u B 51001
3ajave. ToyHOe JHHAMHYECKOE pelieHHe 3Jechb CONPAXKEHO
¢ GOJbIIMMH TPYAHOCTSMH. B camoM aene, SHEPTHA OTPaXKeH-
HO# OT 3epKaJa BOJHbI 3aBHCHT OT TOrO, KaK JBHXKETCS 3epKa-
JIO, a 3aKOH ABMXXEHHS 3epKaja OnpeAc/IReTcsl €ro B3anMo-
JeicTBHEM CO CBeTOBOH BO/HOH. OAHAKO COBEPHICHHO SCHO,
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YTO, HE3aBHCHMO OT MeXaHH3Ma B3aHMOJEHCTBHA 3JEKTpoMar-
HUTHOH BOJHBL C 3€PKajOM, JOJIKHLI BBIIONHATLCA 3aKOHBI
COXDaHEHHs SHEPTMU U HMIYJibca, IOCKOJAbKY paccMaTpHBae-
Mas CHCTeMa — 3€pKaJsio H CBEeToBas BOJIHA — fBJAAETCA 3aMi-
uyTtof. Mcnoab3oBaHue 3THX 3aKOHOB NaeT BO3MOMKHOCTb 0e3
TPYA4 PelIHTh 3Ty 3a1adyy Jaxke ¢ YUeroM PeJISTHBHCTCKHX
5(hhexToB, KOT/a CTAHOBHTCA CYLIECTBEHHOH 3aBHCHMOCTb Mac-
CH IBHKYIIEIOCA T€Ja OT €ro CKOpPOCTH.

[IpucrynuM K penieHuio 3ajadu. OHeprus najaomedl Ha
'38PKAO CBETOBOH BOJHBI paBHa W,, a SHEPTrHI0 OTparKeHHO
Bojusl ofo3naunM depes W,. Brauaje 3epka/o II0KOHTCS.
Torxa 3aKoH COXpaHeHHA 3HEPrHHM MOXKHO 3allHcaTh B BHJE

Wy -+ myct =W, -+ (1)

]/-1»—02/62 )

Tak Kaxk 5Heprus JMeKTpoMarHuTHoro noas W cessaua c ero
MMITYJILCOM p COOTHOLICHHEM

p=Wie, 2
TO 3aKOH COXpaHeHHs HMIyJbcCa IPpUHUMACT BU]
W 4 myv
Rl LA NS —_— (3)
¢ ¢ V 1—u¥ct

3Hax MHHYC B [epBOM uJieHe 11paBofl yactd dopmyJst (3) coor-
BETCTBYET TOMY, YTO OTP@KEHHAA OT 3epKa/ia BOJIHA ABHKETCH
B OJPATHOM HaNpaB/CHHH. 11 HCKJIOUEHHA 3HePruu otpa-
xeuuolt BosiHBl W, ymMHOXHM 00e uyactu paBenctBa (3) Ha ¢
1 cioxkuM nousterHo ¢ (1). Toraa nmonyunm

m(,c

2W,+ myct = Viee oy (I +v/e). 4
[poctiMu  npeobpasopanusmyu Bolpamenue (4) MOXKHO npu-

BECTH K BHAY
cto oW, \ 2

c——v—'(l-{—mocz) ) ()
OFC!OILEI [OJY4YHUM BbIpAXKECHUEC IJIs1 KOHEYHOH CKODOCTH 3epKa-
Jia v \
(14-2Wy/mec?)2 —1

S AT ©

Tenepn nafimem snepruio otpaxenunoét BoJHBI W,. [las
3TOrO BEIYTEM U3 Bbipamenus (1) paseucrso (3), yMHOXKeHHOE
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Ha C:

myct = 2W ; -+ myc? 1;/ z:r: , 7

OTKyJa € noMouplo (5) JIETKG HaXOAMM 3HEPruI OTPaxKenuoi
poannl Wi:
7/ WO
V= Trow e - )

MnTepecHo OTMETHTb, YTO SHEPFUsi OTpaMeHHOH BOJLHH He
MOET NPeBbllliaTh NOJOBHHBl 3HEPTHHU IOKOs 3epKaja, KakoH
6n1 Gosplioll Hu Oblia dHeprHst majawomeil BosaHbl, JleficTeu-
TeNBHO, Npenebperas efnHuUeH B 3Hamenatese (8), MBI TONILKO
YBEJUUUM NPABYIO 4acTb, HO3ITOMY

W myc?

‘V1<’2-"“—":

W o/mgc? 2

Taxkum o0pasoM, uem 6oJiplile SHEPTHA Najaouiell BOJHE,
TeM 66Jiblllasi YacTb 3TOH 3HEPIHH nepejaercs 3epkaay. [lpu
Woemo® Npakriyecky BCA 3HEPTHS BOJHBI NEpelaercs 3ep-
kaay. Orpakaercs TOJBKO MaJjaf YacTb 3HEPTHH, paBHa:,
Kak Mbl TOJIbKO YTO BHJENH, /2. TloquepkneM ewe pas, uto
BTOT Pe3yJbTaT MHI NOJYYHJH, COBEPILEHHO HE BHHKAs B Me-
XaHM3M B3aHMOJCHCTBHSA 3JICKTPOMAUHHTHOH BOJIHBEI C BELIECT-
EOM, M3 KOTOpOro cieiano sepkanol

Murepecno orMeTuTh APYrofl npeiesbHbli cayual, Korgza
3neprus Najawilell BOJHB MHOIO MeEHbLIE 3HEPTHH NCKOA
zepKana: Woim? B 2T0M HepessTHBHCTCKOM cjiydae op-
myJsl (6) 1 (8) MOXHO YIPOCTHTL. B 3HaMenaTesie BhIpamenus
(6} MOXKHO BTODHIM CJaraeMbiM B cKOOKax npenefpeys HO cpas-
HEHHIO C eIMHMUEH, a4 B Yuc/IHTeNe NpH BO3BEACHHH CKOOKH
B KBaQJPaT CJEAYET COXPaHHTh YABOEHHOE NPOU3BEieHHe, hio
€IMHHIL B3aHMHO yHuuTOMaloTcsl. B pesyJbrarte noayuaem

Vicac2W o/tigc?. )]

Taxk xax npu x<1 copaBepiusa npubnmkensas ¢opmyna

(i+x)"'~l—x, 10 Bbipaxenue (8) npu W, &Lmy?* MOxuO

HPUBECTH K BHAY
AV
W,

S

Wo— W, _12W,
Wo 7 myet

(10}

13 3TUX COOTHOMIEHHHA BUJHO, UTO B 3TOM CJydyae BOJIHA N0YTH
LEJHKOM OTP2IKaeTCs OT 3epkana, nepejapas eMy JHIIb HKY-
TOXKHYIO uacTb cpoeli anepruy. [lostomy «poToHHLIE napycy
moeT OblTh 3hEeKTHBHBIM TOJLKO TOTJAA, KOrja SHeprus na-
Jaroiiedl Ha HEro BOJULl CPaBHMMA C €ro 2HEprueil NQKoa. A
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6. PotoafipexT u penrTreHopckoe Haayuenue. Ha mapux
3JIEKTPOMETPA NAAET PEHTIEHOBCKOE H3JAyUYeHHe. YTO OTKJO-
HEHHS CTPEJKH Mepecraetr H3MeHATbCs, KOTjJa PasHoCTh 110-
TEHIMANOB MKAY LIAPHKOM JEKTPOMETPA H 3eMJiefl JIOCTHIaeT
auayedns U=8 kB. Kaxosa AjnHa BOJHBI NAJAIOLIETO PEHT-
refoBCKOrO M3JAyYeHHs? Kakoe Hanpstkenue V nojago Ha
3JIeKTPOJLl PEHTIEHOBCKOA TPYOKH?

A Tlpexne Bcero BBIACHHM, OTKyZAa Oepercd 3apsij Ha Lia-
puKe 3jektpomeTpa. Ecail saexrtpoMetp npeiBapHTeqbHO HE
Oyl 3apsizKeH, TO eAHHCTBeHHAS TPUYHHA I0ABNEHHS 32D 0B —
¢oTo3dxpeKT, BHI3BIBAEMBI!l PEHTICHOBCKHM H3JayueHuem. [lpu
BLIOHBAHHH 3JeKTPOHOB WiapUK HPHOOpA 3apsiKaeTcs NOJIOHKH-
TesipHO. OMHAKO ¢ POCTOM 3apsja Ha [apHKe yBeNHIHBAKOLILe-
Cs1 3JIEKTPUYECKOE II0JIe He AAeT BHIOHTHIM 3JeKTPOHAM BO3MOXS -
HCCTH yJeTeTh, €CJHM HX KHMHeTHuecKasl HepTus Hej0CTaTOYHO
Beauka. C yueToM TODMO3AMEro JIeficTBUA BO3HHUKAWILErO
3/EKTPRYECKOro MNoJs ypaBHenne JfHLUTedHA, T.e€. 3aKOH
COXPAHEHHA SHEPruH A/ 3/7eMeHTapHOro axrta Qoroaddexra,
3anUierca B BHAE

hv:A—{—#—keU. ()

B stom Bulpaxkednu A — pabota BBIXOHA 3JEKTPOHA H3 Mate-
puaja IuapHKa 3JEKTPOMeTpd, U — CKOPOCTh BBIIETEBINEro
3/1eKTPOHA Ha GOILLIOM PacCTOAHUH OT wwapuka, U — pasHocts
fIOTEHIHAJOBR MEXKIY ILADUKOM 3/EKTpPOMETpa U 3emJiel, e —
afCOMIOTHAS BeJHYHHA 3apsfa 3JEKTPOHA.

Ouepnpano, 4YTO yBeJHUEHHE 3apsija Wapuka Oyaer mnpo-
JoaKartecs AO T€X MOP, MOKA ero HOTEHUHAT He JOCTHIHET
TAKOI'O 3HAYCHHSA, IPH KOTOPOM BCE BLIGHTBIE 3JIEKTPOHBI OYAYT
BO3BpaWAThest Ha 3/exktpomerp. Jpyrumu caosamu, U B npa-
BOH 4acTH ypaBHeHus (1) ZOCTHraeT MaKCHMAaJbHOIO 3HAYEHUS,
KOr'Zla CKOpPOCTb BBIGHTOIO 3JIEKTPOHA U HA GECKOHEYHOCTH 00-
pauaeTcs B HYJb.

Takum o6pasoM, npH 3afaHHOH 4acTOTe v PEHTFEHOBCKOIo
H3JlyueHHs YCTAHOBHBLIeecs 3naueHue HanpsukeHus U Ha
3/1eKTPOMETPE ONpefenseTcs COOTHOLIEHUEM

hv=A+¢U. @)

U3 ypasueuns (2) mul mMorqiu Obl onpefesHTh 4acToTy Na-
JAIOMWErO PEHTIEHOBCKOrO HU3JYUYEHHH [0 U3BECTHOMY HANps-
xenmo U, ecan 6u Ml 3uanau pabory Buixoaa A. Opuako B
YCJOBHH 3ajayM He YKa3aHO, M3 KakKoro marepuasa cjlenau
WAapHK 3/eKTPOMETpa, HO COBEPIIEHHO ACHO, YTO OH METa/lIH-
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yeckKHH. XapakTepHoe 3HaueHHe PabOThl BLIXOA@ JEKTPCHOB
H3 META/I0B COCTABJIAET HECKOJABKO 3JEKTPOH-BOJLT (Ha-
npuMep, Aas cepebpa 4,7 3B). Mexay tem sajannoe anauenue
HANPSXKEHHS Ha 3JEKTpoMeTpe paeHO 8 KB, T. €. BTopoil 4sen
B NpaBod uYacTW ypaBHeHHA (2) NPUMEPHO Ha TPU NOpPsAKa
Gosbimie nepBoro. [103ToMy MOKHO HpeHeGpedsn pesnuuaod A
10 cpasnenuio ¢ el. B pesyabrare nonyuaem

hv=el, (3)

OTKyZla AJs JJIMHBL BOJHBl DPEHTT€HOBCKOFO H3JYUeHHA A
HaXOAMM

A=c/v=chleU.

[ToacTaBaas yucC/OBbE 3HAYEHHHA, noayyaeM A=z1,5-10710 v=
=(,15 HM. Pasymeercsi, 416 310 €cTb I'paHHYHOE, HaHMEHbLIee
BO3MOXKHOE 3HAueHWe AJMHBl BORHBL. [IpH 3TOM B cnexTtpe
PEHTIeHOBCKOro H3JAYUYEHHs MOIYT IPHCYTCTBOBATh H OOJblIHE
JJMHBL BOJIH, Dpudem J000H HHTEHCHBHOCTH.

It otBeTa Ha BTOPOIl BONpOC 3afaud OCTAETCH BBISICHMTD,
KaKHM JIO/DKHO OblTh HamnpsiKenue Ha 37EKTPOAAX PEHTIeHOB-
cKoil TpyOKH Jisi TOrO, YTOObl HallleHHAas HaAMH AJIHHA BOJKbI
A Obla OBl nHanMeHbllell B H3JydaeMOM CHeKTpe.

PenrtreHoBckoe ussnyueHne ObIBAET NBYX THIIOB — XapaKTe-
PHCTHYECKOE H TOPMO3HOe. XapakTepHCTHYECKOE H3Jydenne
BO3HHKaeT NpH Nepexofax IJACKTPOHOB MEXAY TayboKumu
YPOBHSIMH SHEPrUH aTOMa NpH BO3DYXKAeHWU NOCAERHErO B pe-
3yJAbTaTE CTOJIKHOBEHHA C OLICTPBIM 3aekTpoHoM. Kak u ontu-
yecKoe H3NYUueHHe OTAeNbHBIX AaTOMOB, XapaKTepHCTHUYECKOe
PEHTIeHOBCKOE H3/YyYERHe COCTOMT U3 OTAGAbHBIX JHCKPETHBIX
JUHMH, NPHYEM LJ51 KaXJ0TO XUMHYECKOro 3JIeMEHTa XapakTe-
pen ¢Boii Habop nuuufi. TopMO3HOE DEHTreHOBCKOE H3JyueHne
MCIYCKAEeTCsl CaMUMH HaJeTaloulMMH 3JeKTPOHAMHU IIPH HX 3a-
MEAJNEHMH B BeElECTBE AHTHKATOAA PEHTreHOBCKOH TpYyOKH.
3710 H3JayyeHHe, B OTJHUYME OT XapaKTEPHCTHYECKOro, HMeEer
HenpepuiBHLIA cnekTp. PaccmMarpuBas ajieMeHTapHBI aKT TOp-
MOSHOFO U3JyueHHs, MOXKHO YOEAHTBCS, YTO CIHJOIIHOH CHEKTP
FIMEeT KOPOTKOBOJIHOBYIO I'Panuly Ay, ¥ CBA34Th €€ C YCKOpAIo-
MM Hanpsikendem V Ha peHTreHoBCKoH TpyOke.

Kak Mol Bujein, cBOOGOAHBIH DaBHOMEPHO IBHXYHIHHCS
5JEKTPOH He Hu3nyuaer. [1o3toMy peHTreHOBCKOE H3JIYUEHHE
BO3HHKAET TOJbLKO IIPH B3AHMOAEHCTBHH PA30THAHHOIO 3JIEKT-
pOHA € BEIECTBOM aHTHKaTOAa. Eclu cuHTaTh, YTO [PU 3TOM
BCSl KHHETHYECKas SHEPrHf 3JEKTPOHA MOXKET NEJUKOM Mpe-
BpaTHTbCs B M3JAYYE€HHE, TO IPAHHYHYIO YaCTOTY Ve MOMKHO
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OlIpeJIeHTh CPasy U3 COOTHOLICHHS
hvy=eV. (4)

3nece eV — paGora, coBepiieHHAR RPH PAsTOHE SJMEKTPOHA
CHJIAMH YCKOPAIOILEro 3JeKTPHYECKOro I0Js PEHTIeHOBCKCH
TP yOKH.

OnHaxo npUMeHeHue OAHOrO JMIIb 32KOHa COXPaHeHHA

HEPrUM MOXKET MPHBECTH K MOJYYEHHIO HENPaBHJbHBIX 3HA-

yeiuH [OPOTOBBIX BE/IMUMH, TaK KaK TAKOE 3IHEPreTHYECKoe
npesBpauieHle MOXKET OKa3aTbCsl HECOBMECTHMBIM C 3aKOHOM
coXpaHenus umnyabca. C nofoOHbIM NPHMEPOM MBI yIKe BCTpe-
yainch B 3ajade 3 NPH PAcCMOTPEHMH POXKJICHHA (DOTOHOM
371K TPOH-TIO3UTPOHHOM naphl BOMM3H NOKOAIIETOCa 3JIeKTPOHA,
{TosToMy /st ONPEAEIEHHs] KOPOTKOROJIHOBOH IPaHUIbl IO~
HOro CHEKTPa TOPMO3HOrO PEHTIEHOBCKOrO H3JYYeHHsT CIeyer,
¢TPOro roBOPSA, MPHMEHUTL K 3/IEMEHTAPHOMY aKTy Kak 3aKou
COXDAHEHUS SHEepPTHH, TaK H 3aKOH COXpaHEHHS HMIyJbCa.

Henycxkanne peHTreHOBCKOro (oTOHa MOMET IPOH30HTH,
KOIAa 3JIEKTPOH NpoJeraeT BOMU3H KAKOr0-1HGO spa Benect-
BA aHTHKATOJAA, HCIBIThIBAS AEHCTBHE CHALHOIO 3JICKTPHYECKO-
ro noJjs. B 3ToM caydae 3JeKTPOH MOMKET IepefaTth 4acTb CBOE-
ro HMOyJbca SAPY, YTO OOECHEYUT COXpaHeHHe NOJHOM 3Hep-
THR UM HMIyJbCa Beef cuctembl. TlocKOMbKY Macca siipa MHOTO
fosibllle MacChl 3/1€KTPOHA, TO B 3/EMEHTADHOM AKTE B3aUMO-
JERCTBHS € 3JEKTPOHOM, [PH KOTOPOM POXKIAETCS] PeHTreHOB-
cKuil OTOH, FAPO MOXKET «IIPHHATHL Ha cebsi» MmoOOH UMNYJbC,
NPAKTHYECKH He NOJYYHB NPH 3TOM HHKakoil suepruu. [loato-
MY S3KOHY COXpaHeHus] UMMyJabca He OGYAeT NPOTHBOPEUYHTH
npolece, NPH KOTOPOM HaJeTaloWKH 3/1CKTPOH OCTAHABIHBACT-
cfl, PacxoAys BCIO CBOIO KHHETHUECKYIO IHEPTHIO TOJNbKO Ha

13/1y4enne QoToHa. VIMeHHO STOMY Dpoueccy M COOTBETCTBYeT
ypaeueme 4).

B pacCyAeHHAX HCNOJb30BaJOCh TOLKO TO OGCTOATENL-
CTBO, YTO Macca HaJeTaIomero 3JeKTPOHA MHOIO MEHbLIE MACCH
siapa. Kakoe UMEHHO AP0 yYacTBYET B NpOLECCe — 3HAYeHKs
He umeer. [JosToMy BepxHSA rpaHMUA YacTOTBl TOPMO3HOI'Q
H3JIY4eHHs] Vo He 3aBHCHT OT MarepHaJja antukartoja. Tak kax
ilpU H3Jy4YeHHH (POTOHA € 3Heprued Av, 3/JEKTPOH Mepeiaer
eMy BCIO CBOIO SHEPTHIO, TO COBEPLUEHHO 5ICHO, YTO NP AAHHOM
yCKOpAIOIEeM HanpskeHMH V Ha TpyOKe yactoTa M Xapakre-
DHCTHYECKOrO H3JAYYEHHS HE MOMKeT ObTh OoJblie 3HAYEHHS
vy, ONPefeseMoro ypasHenuem (4).

Teneps /11 OTBET2 Ha BTOPOH BONMPOC 3aJaud  HYXHO
TOJIbKO CpaBHHTL opmyJsl (3) u (4). Tlockonbky ycTaHOBHB-
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Ileecd 3HAYEHHE PA3HOCTH NOTeHHasoB U Mexay LapuKoM
/1eKTPOMETPA H 3emeil npH HOTOIPPeKTe OnpeneAeTca umeli-
HO Bepxueil rpanunefi 4acToT NajAOWEro PEHTrEHOBCKOrO
H3JIyUYeHHusl, To YCKOp#iouiee HanpsKenne Ha PEHTIeHOBCKOIH
Tpy6ke V xak pas pasuo U, 1. ¢. 8 KB. A

7. Yaxuii saexTponusiit nywox. g yMmeHbineHus pas-
MepoB IiTHA Ha 3Kpase 3/1eKTPOHHO-/IY4eBOA TPYOKH MOKKHO
[IoCJIe KATOAA HA HEKOTOPOM PaccTOfiIHHHM [ APYT OT Apyra Iio-
CTaBUTH ABe Auadparmpl ¢ OTBEPCTHAMH (puc. 7.1). TTokaxure,

L

12

5
- %
14

Puc. 7.1. lna yMeHpIueHHs pa3Mepa NATHZ Ha IKPAHE MOMKHO HCUOAL-
30BaTh ABe AHadparmbl ¢ OTBEPCTHAMH

yro A/sl BTOPOrO OTBEPCTHA CYIIECTBYET CHTHMAJIbHBIH AHa-
MEeTp, COOTBETCTBYIONWH HaHMEHbLIEMY pasMepy nsTHa Ha
‘IKpaHe.

A Tlocie NPOXOKIEHHsI YCKODPAIOWEro NPOMEXYyTKa, Ha
KOTOPHIl 1O7aHO NOCTOSHHOE HampsiKeHHe V, S/IEKTPOHH B
TPYOKE ABIKYTCH PAaBHOMEPHO, C MPAKTHUCCKH OJMHAKOBLIMH
0 MOAYJIO HMIY/bCAaMH p, ONPEAe/AeMbIMH H3 COOTHOLICHH:

pH2m=eV. ()

JList KHHETHYECKON 3HEPTUH 3/EKTPOHOB 3/eCh HCIIOIL30BAHO
HePEATUBHCTCKO® BLIPAXKEHHE, [OCKO/IbKY HA MPAKTHKE LpH
YCKOPSIOMHUX HANPSXKEHHAX NOPALKA 10 XB saekTpoHsl pas-
TOHSUOTCS O CKOPOCTH, He npesbimawmiei 0,2 ckopocTH cBeTa.
Pe/ISiTUBHCTCKHE NIOMNPABKH COCTABJISIOT MPH 3TOM Beero 2 %.

ByneM ciayasia cuMTath 3JeKTPOH KJIACCHYECKOH yacTHuedl,
IBIKEHHE KOTODOil onuchipaercs 3akonamu Hpiotona. Ilycers
OTBEPCTHE B NEPBOH AuadparMe HAcCTONLKO Majo, 4T0 ero
MOMKHO CUHTATH TOYEYHBIM. B 9TOM cayyae AHaMeTp NATHA HA
skpane TPyOKH GyNeT TeM MeHbLUe, YeM MEHbIlEe OTBEPCTHE
Bo BrOpo#l Amadparme. B camoMm Aene, 3JEKTPOHBI B myuke
ABIKYTCH NPAMOJMHHENHO, H U3 PHC. 7.2 BHIHO, 4TO yIJ/I10B0#
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pasmep nsitHa © onpezeaserca COOTHOLICHHEM
0=d/l, 2)

ra¢ d — AuaMeTp OTBEPCTHA BO BTOpOH AMadparme. Iloatomy
ACHO, 4TO €CJM Obl 3JEKTPOHBI AeHCTBHTENLHO BesH cebsa Kak
KJacCHYecKHe 4YaCTHLBl, TO pasMep MNATHA Ha 3Kpaune TpyOKH
MOKHO OBLIO 6bl cllefaTh CKOJb YIOAHO Majeiv. Ho B jedicr-
BUTENBHOCTH 3TO He Tak. Ecau He-
OrpaHUYEHHO yMEHbIIATh JUHaMeTp
OTBepCTHSl BO BTOpO#l Auadparme, 10
KJ1aCCHUeCKHE MpeACTaBJ/ens o JABH-
JKEHHH 3JIEKTPOHA 10 olpeje/eHHON
TPAeKTOPHUH PAHO MAH 103AHO OKa-
! KyTcst nenpuMeHHMeiMH. Kak onpe-
JIeJINTh, ¢ KaKOrO MOMEHTa B pac-
Puc. 7.2. Yraosofi pas- CMaTpHBAeMOil CHCTEME Ha4YHYT Npo-
Mep myuxa O samucur or SIBJATHCS KBAHTOBBIE 3aKOHOMEpHOC-
mxameTpadOTBepcmﬁ BO TH KM K KakuM I[OCJAEACTBHAM IJs
BTOpOHl puadparme pasmepa NaTHa Ha 3KpaHe 3TO MpH-
BEAET?

Ot1Bet Ha 3TOT BONPOC MOXKHO IOJYUYHTL € MOMOIILIO COOT-
HOLIeHU} HeompejenedHocTell I'efisenfepra, KOTophle ycTaHaB-
JIBAIOT Mpejiesibl NPHMEHHMOCTH KJAcCHYeCKOro crocofa onu-
cauua. Ec/aH 3J€KTPOH NpoLleN uepe3 OTBepPCTHE BO BTOPOH
Juadparme, TO HEONPEAEJCHHOCTL B 311aUCHHH €r0 KOOPAHHATHI
B Hanpas/eHHH NONEpeK nyyka Ax onpelensiercs pasMepom
otBepeTHa d:

Ax=d. ’ 3
B cuay cooTHomieHHsi HEONpENEIEHHOCTEN NpH NPOXOKACHHH
yepes 3TO OTBEPCTHE SJEKTPOH NPUOOPETACT HEKOHTPOJUpYe-
MBIl HMNyJbC Ap,, NepHeHAUKYJIAPHbIH OCH NyYKa:

Ap ~h/Ax=~hid. 4)

B pesyanTate nocjae HPOXOXKACHHS AHabparMel NosBAACTCA
HEONPEeAeNeHHOCTs B  HaNpap/JeHHH JIBIDKEHHS 3J€KTPOHa,
00ycAOBAEHHAs AeACTBHEM KBAHTOBLIX 3aKoHoMepHocTel. Jlas
XapaKTePHCTHKH 3TOH HEONpEeNe]EHHOCTH YyAOOHO BBECTH YroJi
0., COTVIACHO COOTHOLICHMIO

Ap, _ h
R (5)

Takum o6pa3oM, Kak BUAHO H3 GopMyJnl (5), 61arofaps KBau-
TOBHIM 3(eKTaM [PH YMEHbIUEHHH JIuaMeTpa oOTBepcTHs d
IPOHCXOANT pacHINpEeHNe Ny4Ka i, KaK CICICTBHE, yBeIHYCHHE
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pasmepa nsaTHa Ha skpane TpyOky. CUEBHAHO, YTO YMEHBILIAThL
oTBepcTHE B Axadparme cJeLyeT TOJNbKO J0 TeX NOop, NMOKa [as-
MbITHE Tiyyka 0., He CpaBHAETCS] C €ro YrJoBHIM pasMepoM
0, onpeaeaseMblM KJ1aCCHYECKHMH TPAEKTODHSIMH 3JEKTPOLOB:
0,,=0. Mcnoapsys coornowenus (5) u (2), u3 31010 yesiaosusa
onpeje/seM ONTHMAJbHBI pasmep OTBEPCTHS BO BTOPOH jua-
¢dparme:
d~V hip. (6)
Ecan cpenatsh AMaMeTp OTBEPCTHA MEHbLIE 3TOH BeJWUHHLI,
TO JAHAZMETDP NATHA YBEMUUUTCH BCJAEACTBHE KBAHTOBBIX 3(-
(pexTos.
K pesyastaty, Brlpaxaemomy Gopmyaoi (6), MOXKHO HpHii-
TH ¥ APYIHM TYTEM, HE HCIOAL3YS COOTHOWIEHUS Heompeaesc-
Hocrell [Nefizendepra. JleficTBHe KBaHTOBHIX 3aKOHOMEPHOCTEl
POSAIBJSIETCS B TOM, UTO 3JIEKTPOH 00.1aJaeT BOJHOBLIMH CBOH-
CTBaMH, KOTOpHIE NPUBOAAT K JAUGPAKIHOHHBIM SABJEHHSIM,
Jauna BOJIHEL A, COOTBETICTBYIOLICH 3JE€KTPOHY, 3aBHCUT OT
€ro UMNyJnsca H ONpeje]sieTcst COOTHOeHHeM Ae-Bpoftaa:

).=hlp. (7)

s TOro 4rolel BOCNONL30OBATLCA 3THM COOTHOLICHHEM L
OTBETa Ha BONPOC 3ajaud, HYXKHO NDEXJE BCero coolpasurh,
410 KJ/IACCHYECKOMY NPEJCTaBJCHHI0 O JABHIKEHHH 3JIEKTPOHOB
IO ONpEJeJeHHLIM TPAEKTOPHAM COOTBETCTBYeT HpuO/IMKeHue
reoMeTPHYECKO! ONTHKH, B KOTOPOM ONHCAHHE PAacnpoCTpake-
HUsl BOJIH TIPOM3BOAHTCS C MOMOIILIO MOHATHA Jydelt. Kopo-
ye — KJaCCHYeCKHM TPaeKTOPHAM COOTBETCTBYIOT JyuH. B pac-
CMATPUBAEMOM  ONBLITE  TNIPAMOJHHEAHOMY  KJACCHYECKOMY
HBMIKEHHIO 3JEKTPOHOB MEXIY AHapparMaMi ¥ 9KPaHoOM COOT-
BETCTBYET NY4YOK NPAMOJHHeHHbIX Jyded. B sTOM npubimixe-
HHMH - 4eM MeHbLIE pa3Mep OTBEPCTHA, TeM MeHbile pa3sMep
nsiTHA Ha 3KpaHe, B MOJHOM COOTBETCTBHH ¢ (OPMYJOH (2).
Ho yveHbluenue pasmepa OTBePCTHA B KOHLE KOHLOB NpHBEJCT
K RpoABJEHHIO ANGPAKUHOHHBIX sBJjeHuB. Juppaxnuonune
ABJeHUA B J060M mpubope HAI0T OTKJOHEHHS OT IeoMerpuue-
CKOro 3aKOHA pacrnpocTpaHeHus Jyded Ha YIVIBL OOPAJLKA
OTHOLIEHHS JAJHHBL BOJMHBI K pasMepy npenarcrBHdA. [lostomy
XapakTepHblit yraosoit pasmep 6., AHPPAaKLUHOHHOrO paciy-
peHHs OPH NPOXOMIAEHHU BOJHBI 4epe3 OTBEDCTHE AHAMETPOM
d onpejg/ifeTca COOTHOUIEHHEM

GBOJK:A/d' (8)

Ecau nopcTaBuTh Cloja Ae0POHJICBCKYIO ANHHY BOJHEL 3JEKTPO-
Ha u3 ¢opmyasl (7), TO AJfA YIJIOBOTO pacliMPEHHs Oy4YKa
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34 CueT NPOSIRJICHHUS KBEAHTOBLIX 3PQeKTOB NOJYUYHTCH Npexnee
suipaxenue (5).

{Ipueenes uUCJACBLIE CUEHKH JJf ONTHMAJNBHOTO pasmepa
oTEEpCTHA BO BTOpoH auagparme. IlpH ycxopsawoouieMm Hanps-
yeenny V=10 kB uMnyJsc 3JeKTpoHA COCTABJACT, KakK cJje-
pver u3 dopmyast (1), p=5,4-1071¢ r.cm/c. Ilpumem paccros-
nye mexay Auadparmamiu [/ paBHniM 1 cm. Toraa corsacHo dop-
myJie (6) 1151 ONTHMAJBHOrO AnaMeTpa noayuaeM d=3,5-10"%cm.
PPasmep nstHa D Ha 3KpaHe, OTCTOfEM OT AHadparMel Ha
pacciosiuue L, Boiuncisercs, Kak BUAHO M3 puc. 7.1, no ¢op-
Myse :

D=10=%1L

w npu L==50 cM ne npeeocxoput 2-1072% cm.

TlpaktHuecky AOGUBATHCSH NONYYEHHS MATHA CTOJE MAsioro
pasmepa Her Heobxoaumocti. IlosTomy pasmep oTBepcTHS B
anadbparme MOXHO fentath Gosblie. TlpH 3TOM KRaHTOBHE 3¢-
()CKTEl B JBHKEHHH 2JIEKTPOHOB NPOABJSTECA He ByayT, B X
TPAeKTOPHH MOXKHO PacCYHTHIBATh MO 3aKOHaM KJACCHYECKOH
MEXAHHKH.

Kax scHO U3 DPUBEJCHHOTO pEUIEHHs 3TOH 3/auH, Harisjl-
1;0€ NpeJICTaBIeHNe O MPaHRLAX NPHMEHHMOCTH KJaCCHUECKOro
OTHCAHHS JIBHAKEHHS 4YacTHI[ MOXHO [OJYYHTb, OUEHHBas
COOTBETCTBYIOMIYI0O UM JLAHIY Boaubl je-Bpoias. B paccmor-
[E€HHOM TpHMepe coraacHo gopMmyae (7) 5Ta IJHHA BROJHH
£==107% cM. Tlpu 6ONbIINX 3HEPrUAX 3JEKTPOHOB Aebpoines-
(Kasi JJIHHA BOJHLI OyJer elle MEHbIe, H HX JBLMEHHE B MaK-
[POCKONHYECKHX INpHO0Opax MOXKHO OIHCBIBATH KJACCHYECKH.
tlanpumep, B Kamepe BujbcoHa CJell 3apAXKEHHOH YaCTHLbI
jipejcTaBaser co0ofl Lenouky BOASHBIX Kalendb, KamKaas jna-
merpoM oxoso 1078 cMm. B atnx ycioBHAX, Korja nonepeunas
KOOpAMHATA NpOJeTaloniell HacTHIibl 3a4aeTCA HMEHHO C TaKoil
Neonpeae/eHHOCThI0, €€ MOMHO paccMaTpuBaTh KAaK KJacCH-
YECKYI0 YacTHLY, ABHXKYIIYIOCS 1O TPAeKTOpHH. A

8. ATOM BOXOPOJA H CCOTHOIIEHHS HEONPeLENeHHOCTEM,
IlpumeHenne COOTHOLIEHHH HeONpeJeJeHHOCTEH K IBHKERKIO
5JIeKTPOHA B aTOMe NOKa3blBaeT, YTO KJACCHYECKOe ONHCaHue
3/€Ch HENPHIOAHO M HEOOXOIMMO HCHOJb30B&TH KBAHTORLIE
saKonbl. COOTHOLIEHHS HEOHNpPeAeNeHHOCTeH NPELCTaBASIOT CO-
Cofi pyHIaMeHTa/bHOE ONOKEHNe KBAHTOBOH TEODHH, KOTOpoe
1€ TOJbKO YCTaHaBJAHBaeT I'PaBHLBL! NPHMEHHMOCTH KJaCcCH-
YECKHX NPEACTABJAEHHH, HO W NO3BOJART HCCIEL0BATh CEORCTBA
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KBAHTOBbIX cHcTeM. PaccmoTpure aroM BOAOPOAA, HOJb-
3ysACh 3TUMH COOTHOIIEHHsAMH. OLeHHTe pa3Mep aToMa H sHep-
THI0 CBSA3H 3/JEKTPOHA B OCHOBHOM COCTOSIHHH (T. €. 3HEPrHI0
HOHHU3aLHH).

A st otBeTa Ha MOCTABJCHHBIC BONPGCH ACHCTBHTENLHO
JIOCTATOYHO HCHOJBL30OBATh COOTHCLUEHHE HEeolIpellesleHHOCTeH
I'eftzen6epra, CBs3bIBAIOLIEE HEONPEJEJEHHOCTH 3HAYEHUH KO-
OpPAHHATHEL 3JCKTPOHA M COOTBETCTBYIOWIEH NPOEKUHH €ro uM-
nyJbca:

Ax Ap ~h. (1)

[Tpu sToM MOKHO OfoliTHCH 03 AeTaNbLHON TEOPHUH, OCHOBBIBA-
schb JHIUb Ha IJanerapHo#l monenn atoma Pesepdoppa. Co-
TJIACHO 3TOH MOAENH 3JeKTPOH JBHIKETCH [0 OpOHTE BOKPYT
siApa, M ero HMIYJbC HalpaBJeH 110 KacaTejlbHOH K TpaeKkTo-
puu. [TosTomMy 3a Mepy HEONpPeAesNEHHOCTH MONOXMEHHS 3/eKT-
poHa ecTeCTBEHHO B3ATh AJMHY OpOHTH 21tr, a 3a MEpPy Heonpe-
JeJIEHHOCTH HMIyJAbca ~— caM HMIYJAbG 3JAEKTPOHA p. 370
3HAUYHUT, Y4TO [Js1 3JIEKTPOHA B aTtoMe cOoOTHowweHHe (1) MOHO
3anucath B BHAE

2nr spach,
WJd, BBOAS BMECTO /i BEeJIHUHHY fi=h/2n, Tak:
r-p~h. 2

OcHOBHOE COCTOAHME aTOMa — 3TO COCTOAHHE C HAHMEHb-
et BO3MOXKHOH sHeprueil, B afepHoll Mojeau 3Heprust atoma
E BKOYaeT KHHETHYECKYIO IHEPLHIO 3jeKTpoHa p*2m u no-
Tem;uam;ﬂyxo SHEPrUI0 B3aUMOACHCTBHA 3JEKTPOHA ¢ ANPOM
—e?r:

pZ o2
=om T (3)

B7 ksaccHueCKOH TEOpHU HMNYJBLC 3JEKTPOHA NP 3aJaHHOM
panuyce opOHTHL r onpefesisieTcss ¢ NOMOINBI0 BTOPOro 3aKoHa
HboioTona:

mudlr=e*/r2, 4)

Bolpaxas oTcioja 3Hauyedue p=mr 4 NOACTABAAA €ro B (3),
noJyyaem

=-—g?/2r, 6)]
Kak BUAHO H3 3TOffl (pOpMyJsl, SHEPrUsi aToMa DaBHA HYJIO,

KOI'Aa 3JEKTPOH HAXOJuTcs Ha opOute GecKoHeuHO OO0JIBILCro
pajuyca, H CTPeMHTCA K OecKOHe4HO OOJbLIOMY OTpPHIlaTe/b-
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HOMY 3HAUEHHIO, KOTZa 3JeKTpOH npubanmxaercs K siapy. Ta-
KHM 06pa3oM, SHEPrUs CBASH 3/IeKTPOHA paBHA HYJIO B HepBOM
cJyyae U GECKOHEUHO BeJIHKa BO BTOPOM. JT0 3HAUMT, UTO KAac-
cHueckasa MexaHuKa BoOOIIE HE B COCTOSIHHM OOBSCHUTh, NOYe-
MY aTOM HMEEeT onpefe/ieHHblfi KOHEUHHI pa3Mep U oupe/ieseH-
HYI0 SHEPTHIO CBSI3Y.

Ho B MuKpoMupe Bropoifi 3akoH HeiootoHa mecnpapensus.
Kak BUAHO U3 COOTHOLICHMS HeonpeaeneHHocted (2), npu
VMEHBIIEHHH pajHyca atoMa r HMIYJAbC JEKTPOHA p pacteT
Kak l/r, T. e. He TaK, KaK eMy OPEANHCHIBAET BTOPOIl 3aKOH
HutotoHa (4), a Oblctpee. B pesysbraTe npH yMEHbLIEHUH r
KHHeTHYeCKas 3Heprus pacrter OwnicTpee, ueM yOhIBaer HOTEH-
1HaNbHAasA, TaK 4To npH r—>0 NONHAast SHEPrHA aToMa, JaBaeMas
(hopmyJsiolt (3), HeorpaHnueHHo Bo3pactaer. Orciona cpasy
SICHO, YTO 3JCKTPOH He MOXKEeT YHacTh Ha SAPO M aToM JAOJIKEH
HMETb KOHEeYHbH pasMep. UTo6bl OHEeHHTb pasMep U SHEPrHIo
aToMa B OCHOBHOM COCTOSIHHM, MOXHO HAHTH MHHHMYM Bbipa-
skeuns (3), BHIpa3uB B HeM p (WJH 7) C ROMOILBIO COOTHOLUEHHS
(2):

p:__€p
Ex g - (6)
[IpupaBuuBasi HyJMO NPOM3BOAHYIO NPABOH YacTH no p, Ha-
XOJHM TO 3HAYE€HHE UMIYJIbCa Py, IPH KOTOPOM IIOJIHASL SHEp-
riisi MHHHMaJbHa:

Po = m‘?z/ﬁ- )

Kak BHEHO H3 COOTHOUIEHHs (2), COOTBETCTBYIOLIEE TAKOMY HM-
fyJ/bey 3HaYE€HHE pajHyca

ro=h*me*=0,53-10"* cm. (8)

[ToacTapaasa 5TH 3HAYEHHUR 'y U py B GopMyay (3) (unu 3naue-
Hue po B gopmyay (6)), HAXORUM SHEPTHIO aTOMa B OCHOBHOM
COCTOS HHH

Ey= — me*/2k* = — 13,53 sB. (9)

Taxnm o6pa3oM, s TOro YTOOB HOHHSHPOBATb aTOM BOZOPO-
Jla, neobxonumMa sueprus 13,53 3B.

ITo cMBICAYy pemieHHs MOXHO OblIO OXHJATh IOJydYeHHs
Jullb PaBHJBHOTO NopAjaka Beanuud. OfHako HaBJeHHbE
BRIDQ)KEHMSA M pajHyca atoMa ro W Hepruu E, coBnajawot
CO 3HAuCHHIMH, KOTOPHE AA€T MORENbL aTOMa BOAOPOJA MO
Dopy, B OCHOBE KOTODOH JIEXHT HJAEA KBaHTOBZHHS MOMEHTA
HMIYJbCa 3JEKTPOHA. Kak Mbl BHAUM, pasMep aToMa H 3Hep-
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THIO CBA3H 3/IEKTPOHA MOXKHO ONpelesuTh, He Ipuferas K
npaBujaM KBaHTOBAHHsl, a MCMOAL3YA TOJABKO COOTHOLICHHE
neonpese/ieHHoctell. CoBNAj@lHI0 NOJAYYEHHBIX BBIE TPH-
OIHMKCHHEIX OLEHOK C TOYHBIMH 3HAYCHUAMH COOTBETCTBYIOLU{HMX
BeJIHYHH He CJIeAYeT NPHAaBaTh CJAMINKOM GOJBILOTO 3HAYEHHH,
BaxkHo JHllb, 4TO COOTHOLIEHUE HEOPEACIeHHOCTEH 103BOAseT
HalTH NPaBUJILHBIA NMopAAOK 3THX Benuuud. Ilpy stom ocuos-
HOE COCTOsIHHE aTOMa ONPEAENseTcss KOMIPOMHCCOM, MPH KOTO-
pOM TNOJIHAS FHEPTHS UMeeT HaHMEeHbIee BO3MOKHOE 3HAUCHHE,
JOMYCKAaeMoe COOTHOLUCHUSIMHI HeomnpeAeJeHHocTel.

OTMeTHM, YTO PACCMOTPEHHBIf B 3TOH 3ajaue MNOAXOH, OC-
HOBAHHLI Ha COOTHOLIEHMAX HECNPENEL/eHHOCTeH, BaeT BHYT-
PEeHHE HeNpOTHBOPEUHBYIO KAPTHHY CTPYKTYyphl atoma. B or-
Jauyue oT teopuu Hopa, 3TOT NOAXOA, B 4aCTHOCTH, JaeT BO3-
MOKHOCTb MOHATH, NOYeMy aTOM BOJOPOJA B OCHOBHOM COCTOS -
UM o6JaanaeT chepuyeckoll cuMMeTpuet. A

9, ATOMHOE $SAPO M COOTHOMIEHUS HeoNnpeleaeHHOCTEH,
N3 onpitoB Pesepdopna no paccesiHHIO o-4aCTHIL H3BECTHO,
9TO aTOMHOE SApO HMeeT auaMerp nopsigjka 10712—-10-1% cm.
Cuurtas, YTO PO COCTOMT H3 HYKJOHOB (T. €. NPOTOHOB if
HEeATPOHOB), OLEHHTb C IIOMOUIBIO COOTHOLIGHWS HeonpeseseH-
HOCTeil SHePTHIO CBSI3M HYKJIOHA B AADE, T. €. YACJbHYO 3uep-
THIO CBSA3H.

A 3ra 3ajaga BO MHOI'OM N0OX0XKa Ha npeauiayiyio. Ofgaako
IPH KCNOJb30BAHUH COOTHOLIGHHSI HEOIpefeseHHOCTeH 37ech
NOSiBATCS OTJIMYMSA, CBA3aHHbIE C TEM, YTO HaM HeH3BecTei|
XapaKkTep CHJ, YAEPKUBAIOWUX HYKJOHH B siape. Ilpyrumu
CJIOBaMH, HEH3BecTHA 3aBHCHMOCTR IIOTEHUMAJbHOH 3Hepruy
HYKJ/IOHA OT ero MoJIOXKeHHUs BHYTpH sApa. [loatoMy ecau ansn
aToMa MOXHO OblIO ONpPEAeNIUTE H €ro pasMep, H 3Hepruwn
CBSI3W 3JIEKTPOHA, TO AJs A/pa HCHOJb30BaHHE COOTHOIUEHHH
HeoIlpeIe/IeHHOCTel NO3BOJIAT TOJAbKO CBfA3aTh MexAy colofi
aHAJOTHYHLIE BEJHUHHEL,

Byrem cuuTtarth, 9TO HYKJOH HAXOJHTCA THAE-TO BHYTpH
spa, T. €. HeOlpefleleHHOCTb €ro MNOJIOXKeHHA XapaKTepu3y-
eTcsi pasvepaMu siapa. Toria COOTHOIUEHHE HEONpPeAe/IeHHO-
cTell JaeT CAeAYIILYI0 OUEHKY AJs HMIOYJibca HYKJIOHA:

p = hiry, M

rie ro — paauyc sjapa. CoOTBETCTBYIOLEE TAKOMY HMIYJALCY
3HAUeHHe CKOPOCTH HyKJAOHa Macchl M=1,7-10"% r mpy
pajguyce appa ry~1071% cM COCTaBJAET HECKOABKO AECATHIX
JoJell ckopoct ceera. [1oaToMy npH OUEHKAX HYKAOH MOXHO
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CYHMTaTh HepeadaTHBHCTCKHM. Takum oGpasoM, KuHETHYeCKas
speprua E, vyx/aona macchl M B anpe A0/mKHA OHITb NOPsAAKa
%2

.._—_2_2_ A ——
Ey =5~ 5y 10 MB. @

[TocKOJIbKY HYKJIOH B 51p€ HaXOJUTCA B CBA3aHHOM COCTOSIIIMH,
10 abCOMOTHO? 3HAUEHHE er0 MOTeHUHAJbHOH SHEpTHH JOJXKHO
oertb Gosbiie 10 MaB. Takum ofpasom, riybuna noTeHuuasb-
HOH fIMBI, B KOTOpOH JBHXETcs HYKJOH B siipe, BO BCAKOM
c/ydae He MOXKeT ObiTb MeHblle 3Toro 3aHaueHus. [y6una stoil
LOTEHIHAALHON fIMBL Aaer TpyGylo OUEHKY 3HEPrHH CBs3M Ha
OfiliH HYKJIOH.

TNonyyennaa oLEHKAa XOPOLIO COIVIACYeTCst ¢ dKCIepHMen-
TaJbHHM 3HAYEHUEM YACNPHOH IHEpPruy CBs3H, HalijeHBbLM
13 Macc-CIeKTPOMETPHYECKHX M3Mepenuil, Koropoe Aasi GoJb-
lnHCTBa Afep paBHO 8 MaB/uykaon.

Aneprus B 10 MaB cocraaser Bcero 1 % oT aHeprun nokos
nykaoHa Mc*~1 I'sB. IlostoMy AefiCTBHTE/NbHO MOMHO CUH-
TaTb, YTO SJPO COCTOMT H3 OTHEJLHBIX HYKJOHOB, 5HEprHs
CBSI31 KOTOPHIX Majla 110 CPaBHEHHIO C HX SHepruefl moxos.

FluTepecHo OTMETHTb, YTO TE XK€ JOBOAH!, OCHOBAHHBIE Ha
COOTHOILEHHUAX HEONpeLeJIieHHOCTeH, NOKA3bIBAIOT, UTO B COCTAB
s/pa He MOTYT, Hapsly ¢ NPOTOHaMM, BXOAHMTL 3JEKTPOHBI,
K2K 3T0 NPENoNaranoch B OHOH U3 paHHHX MOJeJ/el aTOMHOTO
s/pa, CYIECTBOBABILE! 0 OTKpLITHA Hefitpona. B camom neae,
€CJiH 3/IeKTPOH JIOKaAH30Bal B 06/1aCTH PasMEPOM NOPALKA 1 ¢~
2210718 ¢M, T0O, KaK MOXHO yO€AHNTLCS ¢ DOMOIIBIO COOTHOLLE-
pus (1), on OyIer yJAbTpapeJsiTHBUCTCKUM. /sl OUEHKH €ro
5HEPTHH MOXHO BOCMOJb30BaTbCs BhipakeHuem E,=pc, uto
naer E,~0,2 I'sB. 210 orpomMHOe 3HauenHe 3HEPTHH 3JEKTPO-
HA COBEPIIEHHO HECOBMECTHMO C XapaKTepKbiM 3HaueHHeM SHep-
ruy CBA3Y A1pa B pacyeTe HA ORHY Y2CTHLY, PABHLIM NIPHMEPHO
8 MsB, ne rosopst yxe o toM, yto 0,2 I'sB — 310 B 400 pas
GeJiblile, YyeM SHEPrus NOKOR 3JACKTPOHA, COCTABJSIOUIAn BCEro
0,5 MsB. a

10. MpuHuun skBuBanentTHoctd. llapuk macem m noa-
BeLieH BHYTDM NYCTOH LHCTEPHbl Ha HEBECOMOH HHTH JANHKCH
[ {puc. 10.1). B navanbupti MOMeHT {=( LUCTEpHA HAYMHAET
IBUTaTbCA B TOPH3OHTAJNBHOM HaNPaBACHWH C NOCTOSHHBM
ycxopenuem a@. Kakoe ABHxeHHe OyIer NpH TOM COBEPLaTb
wapnk? UTo u3MeHntcs, €Cay LUCTEPHY HpeABAPHTEABHO 3a-
NOJNHUTL BOJCH?
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A Jra 3ajada OYeHb HANOMHHAET NEPBYIO 3afady 3TCro
pasziena, B KOTOPOH TOYKA NMOABECA MAATHHKA HauMHaJa JIBU-
raThCsi C TOCTOSIHHOH CKOPOCTbIO M Tpe0OBa/IOCh ONpENenHTh
nanbHefilllee 7BIKeHHe MaaTHHKA. Kak Mbl Buenu, Gaaronaps
IPRHUMIY OTHOCHTENLHOCTH pelIeHHE 38744l 3HAYHTENBHO
obJeryanoch IPH NEPexojie B CHCTEMY OTCYeTa, CBS3aHHYIO ¢
TOYKOH mnojseca. 31ech THpPHH- a
UMN OTHOCHTEJNLHOCTH HaM He e
NOMOXeT, TOCKOJbKY TaKas
cHCTEMA OTCUETA H3-3a YCKOpel-
HOroO JBMXXEHHS TOYKH NOABeca

He siBafercs HHepluHanabHO#. H 4
TeM He MeHee H B JaHHOJ 3ajaye §

1IepeXOojl B HOBYIO CHCTEMY OT- ”
cuera, TJe TOYKa MoJBECa He- @_@
NOJBHIKHA, O0ErUaeT pelienue.

Ilpy 5TOM HYXKHO BOCNO/IB3O-  pyc 10.1. Lucrepna naumnaer
BaTbCsl ONHUM H3 CaMblX (YH-  gBuraTbcsi ¢ NOCTOSHHEM yCKo-
JAMEHTANbHBIX 33aKOHOB HpH- pennem @

pOMbl, TAK HA3blBAEMBbIM NPHH-

LHIIOM SKBHBAJEHTHOCTH, KOTODBI JIEXKHT B OCHOBE pensT-
BUCTCKOH TEODHH TSITOTEHHSA.

HUroGbt cQopMyIHPOBATE NPUHLKN 3KBUBAJEHTHOCTH, pac-
CMOTPHM CJELYIOUHHA MBICACHHBIA 3KcnepuMeHT. Ilyers 3a-
Kphitasi Jabopatopus, Hanpumep kabuHa Judra, ABHKeTC
C NOCTOSIHHBIM YCKOPEHHEM @ OTHOCHTE/IBHO KaKOH-11G0 unep-
1MaJbHOA CHCTeMB! OTCYeTa B 00JACTH NPOCTPAHCTBA, THe
OTCYTCTBYET TIOJI€ TATOTeHHsA. Toraa Bce cBoGomHLIE Tesa B
Jangpre, KOTOPHIE OTHOCHTEJNbHO HHEDLHAJNLHOA CHCTEMBI He
UMEIOT YCKOpeHHs, GYAYyT OTHOCUTENbHO JudTa HMETb OAUHa-
KoBOe ycKopenne —a. Haronsmuiica B 3akpbirom andre na-
6/mojare/b, KOTOPHIA HE HMEET BO3MOXHOCTH <BBIIVIIHYTD
HapyXy», MO NOBEAEHHIO 3THX TeJ HE CMOXET PelUHThb, ABHKET-
¢l 1 JIHQT ¢ YyCKOPeHneM @ /M OH NOKOHTCA B OJHOPOZHOM
NOJE TAXKECTH, HANPSIKEHHOCTh KOTOPOTO g paBHa —&. B ca-
MOM JeJie, OpH AeHCTBHH TAKOro NOJS TSXKECTH BCe CBOGONHbBIE
TeJa B NOKosimemcs Jaudre GYAYT ABHratbCs € OJMHAKCBLIM
YCKOpEeHHEM g=-—@. '

Takas 3KBUBAJEHTHOCTb NOJIS TSXKECTH M YCKOPEHHOTO
JBUXKEHHR CHCTEMBbI OTCUETa CIIPaBejaHBa JJIsl JIOOBIX MeXaHH-
UeCKHX fBJEHHH: BCE MEeXaHHYecKkue siBJEHHS] B JABHXKYILEMCS
¢ yCKopeHueM JudTe NPOUCXOAAT TOUHO TaK XK€, KaK W B He-
NOJABHKHOM JHOTE, HO HaXxojswmeMmcsa B noje taxectH. Chop-
MyJAHPOBaB 39TOT NpPHHUMN, DiiHwTefiH DPacAPOCTPaHHJ ero,
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TaK K€ KaK H NPHHUHII OTHOCHTEJIBHOCTH, HE TOJIbKO Ha Mexa-
HHYECKHE ABJIEHHS, HO ¥ Ha Bce dU3HYECKHE SBJIeHHs BOOOIE.

Ilpuvenenue npPHUIHNA 5KBHBAJEHTHOCTH II03BOJAET YII-
POCTHTb PACCMOTPEHHE MHOTHX (DU3HYECKHX HABJICHUH, a Hally
3ajady BOOOLUIE HpeBpaliiaeT B TPHBHAJbHYIO. Bmecto TOro
qrofsl paccMaTpuBaTh YCKOPEHHO MABHKYILYHOCS UUCTEPHY,

N
o
o
R4
~ Puc. 10.2. B cHcreme oTcuera, Pauc. 10.3. MaaTuuk copepmaer
CBA3AHHOH C LUCTepHOH, AEHCT- KoneGanus C aMIJUTYROR @&,
ByeT >pQeKTUBHOL ToJie TAXKeC- OK0JAO HanpasJeHH#A, 3agasae-
TH g3 MOIrO BEKTODOM g3

6yzeM CuUHTaTh, YTO OHA HENOABHMKHA, HO HA BCce Teda B Hel
JefiCTBYeT JONMOJHHTEILHOE TpPABHTALHOHHOE [OJe gy=-—(@
(puc. 10.2). D10 noJe, CKIaAbIBASACh C HCTHHHBIM HOJIEM TAMKEC-
i 3eman, Aaet 3PeKTHBHOE M0JE TAKECTH, HANPSKEHHOCTH

— KOTOPOro g:=g-+g1=g—a. Bexrop

/ X : y &2 OTKJIOHEH OT HCTHHHOH BepTHKAJH
/\g

/// A Ha yroJ a,, TAHIre€HC KOTOPOro prpe-
A ACAAETCA COOTHOLICHUEM

T, tg a,=alg. (1)

NPAKCHHOCTD SW HBHOTO NGAA
Puc. 10.4. B samoauesn- Hanp KT este 11
w0l Bojoli urcTepue mer- TAKECTH HAXOAUTCA no Teopeme [Tu-
Kifl WapHK 3aHHMaer we- (AToOpa:
eBEPHYTOE NOJGKEHHE s
pesepay g2=Vg2+az_ (2)

dlciio, Y4TO B MONOXEHHH PABHOBECHSl HHTb MasATHHKA HAlPAB-
JieHa BJOJIb BEKTOPA @'s. B Haua/bHblil MOMEHT, KOTAA LHCTEpHA
HAYMHACT [JBHIATbCA C YCKOPEHHEM @, LIaPUK HENOABHXKEH, a
HHTL BepTHKa/bHA, T. €. MasATHHK OTKJOHEH OT HOBOIO NOJO-
(eHusl PABHOBECHs HA yroa o, BJaeBo (puc. 10.3). Ilostomy
MasiTHUK B NyCTOH HMHcTepHe OYyJAeT cOBepilaTb OTHOCHTENbHO
HOBOT'O TIOJIOXKEHHs1 PaBHOBeCHfl Kose0aHus ¢ YIJIOBOH aMijiy-
TYHON &g, Ecau yCKOpeHnHe LMCTEPHBI 4 MaJO N[O CPABHEHHIO
C yCKOpeHHeM CBOGOAHOTO NajeHHs g, TO aMIMTyHa Koaeda-
HHH Mana d konefaHua GyAyT rapMOHHYECKHMH. ¥ TOJ OTKJO-
HEHUA OT HOBOTQ NOJIOKEHHA PaBHOBeCHA o (f) OYJET 1pH 3TOM
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H3MEHSATBCS] CO BPEMEHEM II0 3aKOHY
a (f)=—0t, cos of, 3)

rje 4acTtoTa o HPH MaJOH aMIVIHTYJE OIpelessieTcs COOTHO-
LIeHHEeM

gl +at o
m2=%3=—‘f-¥li—z§<i+-2-°>. @)
Ilpn Hanuuun tpenua 3TH KoJeGaHHs NOCTENEHHO 3aTYXHYT,
H MasTHHK OCTAHOBUTCSH B HOBOM I[OJIO)KEHHH PAaBHOBECHS.

Hcnonp3ysi NpUHUMI 5SKBUBAJEHTHOCTH, JIETKO OTBETHTH
H Ha BONPOC O TOM, Kak OyjeT Bectd ceba MasiTHHK B LIUCTEpHe,
3anoJHeHHol BojoH. Ma-3a 60/blIOf BSA3KOCTH KoseGaHus
NpeKpaTaATCs NPAKTHUECKH Cpa3y, U MasiTHUK OCTAHOBHTCS ‘B
NOJOXEHHY paBHOBecHsi. EcCaH NJOTHOCTE lIapHKa odbiue,
YyeM MJOTHOCTb BOJBI, TO IMOJIOXKEHHE PABHOBECHA MasTHHKA
OyjeT TakUM xe, Kak M B nycrofl LucrepHe. Ecan Xe njor-
HOCTb HIapHKa MEHbIe, YeM IJIOTHOCTh BOALI, TO YFOJ OTKJIO-
HEHHSl HMTH B IOJIOZKEHHH pPABHOBECHA OTJHUYAETCA Ha M.
[Ipu 3anojHeHUH UUCTEPHH! BOJAOH IMAPHK BCIVIBIBET IOA REH-
CTBHEM apXHUMEJOBON CHMJIBI, HanpaBJeHHOH IPOTHBOIOJOXKHO
cune Tskectd. IIpH JBMIKEHHH LMETEDHBI € YCKOpEUHeM ¢
apXUMEROBA CH/I2 HaOpaBjeHa NPOTHBOROJNONHO BEKTOPY g
(puc. 10.4). A
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KHHEMATHKA . . . . . . v v v v v v s s e e e e e
1. Mepenpasa (9). 2. Kak onepeauts aBrobyc? (12). 3. Pa-
auyc xpusususl (13). 4. Tlaparomuit may (15). 5. B peas ¢
HauMeHbiiell HauaabHO# cKopocThio (17). 6. B nens 3a cre-
woft (21). 7. IlpocrpennBaemass obaactb (23). 8. I'pssp or
Koaec (26). 9. Kanau ¢ Bpamalomerocst xoJseca (29).

JAunaMuka ¥ 3aKOHBI COXPAHEHHA . . . . . . .+ . + o« .
1. Henoasuxkubfi 640k (36). 2. Hedusuueckas sanaua (37).
3. Canku ua rope (40). 4. JIoCKH Ha HaKJOHHOH MJIOCKOCTH
(43). 5. Dycuuka Ha Bpauaiomemcs cTepxHe (44). 6. Moue-
T4 Ha ropusoHTa/tbHoll nojgcraeke (46). 7. Bpycok Ha Ha-
knoHHofl niockocTH (49). 8. Dpycok Ha NOABHIKHOM KiMHE
(51). 9. Wapuxyu Ha aauduolt wutw (53). 10. [lyas mpobu-
paeT map (55). 11. Brickanb3mBalomwas pocka (57). 12. Illa-
pug Ha crepxie (59). 13. MeprBas neras (61). 14. Cpssan-
Hole wapuxy (65). 15. Crepxenb ¢ wapuxamu (70). 16. [a-
pafoxc KunHerHueckoHl 3Hepruu (72). 17. ®anracTHueckuit
rocmuyueckuit mpoekt (75). 18. Hamenenne op6utet (80).
19. 3neprus cnytuuka (82). 20. Bosspamenue c op6urst (82).
21. Mereopur (89). 22. Paccesnne a-uactun (93). 23. Croak-
HoBenue wapa ¢ kJaHHoM (96). 24. Haurenbsoctb yapa
(101). 25. CrosnkHoBenue asyx crepxueit (166). 26, Croakuo-
Bexue Tpex crepxHed (110), 27, Ynpyrufi wap ucrenka (112).
28. Oyr6onpublii Mau (116). 29. Orpaxenue or creuxu (118).

1. Jlectauua y cTenKH (124). 2. 3akaunuBaune (125). 3. Pas-
HoBecHe B uawke (129). 4. Maareuk ¢ Tpenuem (131). 5. Buek
¢ tpenueM B ocu (134). 6. YcroituuBo au paBHosecue? (137).
7. BpesHa B ky3oge (138). 8, Kanar na tymbe (140).

IV. Mexauuka xupgkoctefl . . . . . . . . . . . ..

1. IepeBepuyTas BopoHKa (144). 2. [1nasatomue wapws (145).
3. 3unamenutas 3agaua (147). 4. Peakuus sbitexawouieil ctpyu
(149). 5. Hcreuenue ¢ mocroannoli ckopoctoio (1562). 6. 'nx-
pasiauueckuit yaap (154). 7. I'uapaBanuecknit tapau (159).
8. YcranoBuBuleeca nagenne B xupkoctd (161). 9. Topmone-
gHe B BA3KO# mupkoctu (162).
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143
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V. Meaexkyasphas ¢n3nka » TepMojMhammxa . . , , . . . , 166
1. Hcnopuennnfi pryTHoHl Gapomerp (168). 2. Barkyymumii
nacoc (169). 3. KoneGauus nopmusa (171). 4. INopwens B 3a-
kpbiToM unHAuHApe (173). 5. Umcno moiekysn B aTtmocdepe
(176). 6. TopMoXeHHe CHYTHUKA B BEPXHUX C10AX aTMocheph
(179). 7. T'as B cocyne ¢ neperopozkoft (184). 8. Paspenenue
usotonos (187). 9. Cocyn wioapa (189). 10. Tennoemxocts
npeanpnoro rasa (194). 11. Ycrauosnenne pasHopecus (197).
12. Viamepenne oruomenus temnoemrocrefl (199). 13. Ucre-
uenMe rasa u3 oreepctus (201). 14. 3anoaHeEne OTKaYaHHOrO
cocyna (205). 15. Kpyrosoifi nponecc (207). 16. Mckycerpen-
Helll gep (209). 17. OdrurHamuueckoe oronsenue (2i1). 18, ITe-
peceueHHe K30TepMBl H aiuabatii (217). 19. HaBnenune piaax-
Horo Bosayxa (219). 20. J)Kuakocts B Kanuaaspe (221).
21. JlaBJIeHHe napa Hal HCKPHBJIEHHOR NOBepXHOCTBIO (224).

V1L

Snempocmmxa .. e e e o229

. 3apsj BHYTpHU I‘lpOBOH,ﬂLLLEH C(pepbl (232) 2. 3apsana mexay
llByMﬁ chepamu (234). 3. 3apsmennas noaycdepa (237).
4. Junoab y nposoasimelt creskn (239). 5. 3Saexrpuueckoe
none punoas (243). 6. BaaumopeiictBue aumoveir (247).
7. Hunonp u Toueunwlft 3apax (251). 8. Paspesannmil 3sa-
paXeHHBH Wwap (255). 9. [Tapaaokc snekTpocTaTHuecKol anep-
ruu (258). 10. 3apsxenHBle Kaman XKuixocTH (262). 11. Co-
efuHeHKe KOHZeHcaTopoB (267). 12. IlepeknioueHHs B lenH
¢ xoujencaropamyu (271). 13. Emkocre Garapen koujeHca-
TopoB (272). 14. DuepreTHyecKHe NpeBpallleHHs] B KOHJIEHCa-
Tope (276).

VIL. 3nextpuueckuii Tox . . 280
1. IIpoBona u xaeMMmul (281). ‘2. I/Imepeﬂne COHpOTHBJXeHHH B
cxeme (282). 3. Conporunienne nenouku (284). 4. IMoyemy ne
MelisieTcs NoKasaHHe amnepnmerpa? (288). 5. Eme onna uens ¢
peocraroM (289). 6. Mcrounnk nocrosinnoro toka (290). 7. Io-
cJeZOBaTeILHOE COCAUHENHE HCTOUHMKOB Toka (292). 8. Ila-
palielbHOe COeJHMeHNe HCTOUHHKOB ToKa (295). 9. Barapes
H3 OBHHAKOBHIX 3ieMeHTOB (298). 10. duekrpoaBurarens no-
crosuHoro Toxa (300). 11. KonJzeHcaTopsl B UeNH C TOKOM
(303). 12. Cxema c «naMaThio» (306). 13. [Tepexopnne npo-
necch B lieny ¢ xouxercatopoM (307). 14. Pezonanc B nocie-
JIoBaTeaLHOIt nenu nepemerHoro toxa (313). 15. Pasoppama-
Teap  (315). 16. Tpanchopmarop ¢ cepaeunnkoM (318).
17. TpaunchopmaTop €O CHOKHBIM cepieuHHKOM (320).
18. Crpaunmiit BoabtMerp (322). 19. Sueprernueckue npe-
Bpamesus B redeparope (325). 20. Pamka, nagawuas B mMar-
HUTHOM mnoae (327). 21. Ilepexciuble HPOUECCH B 3JEKTPO-
guratene (331). 22. Jduox B anexrtpuueckoi nenu (335).

VIill. KoneGanua u BOJHBL . . . . . . . . e e ... 340
1. MoneTa Ha BHGpUpYIOleli NOACTaBKE (342) ‘9. JBuxKenne
MOHeTHl Ha BuSpupymoomeit nogcraske (343). 3. Kombuunpo-
BaHHHI MasiTHHK (346). 4. HecummerpuuHuit MasThuk (349).

5. KoneGaTeapHBIH KOHTYpD C MCTOUHUKOM TOKAa M ero Mexa-
uuueckas avanorus (352). 6. IIschnci maatunx (357). 7. Ua-
cul Ha AAuENbX wHypax (359). 8. Co6crnennnie Koaebanns
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ABoiiHoro mastTHHKa (361). 9. BomymAeHHHe KoAeGaHHI
(365). 10. Ycnoxoenue roseSannit (368). 11. Hecunyconpain-
nvie koebanus (371). 12. KoneGanus odpyua (374). 13. Boa-
1Bl BO Bpamaiomemcs xoaele (377). 14. Bo3byxaenue BoAH B
C};pYHe (380). 15. Hanpaenenunoe wu3jayueHHe PaAHOBOAH
(384).

OUTHKZ . v v v 0 v v v v e e e e e e e e e e
1. Cekcraut u ratagor (389). 2. Conneunniit 3afyHk (393).
3. Tlpenomaenne cBeTa B CTeXAsIHHOM KJauHe (396). 4. Penrt-
renoBcKoe HaJAyyeHue B Meauuuue {398). 5. Msofpaxenue
o0beMHuBIX NpeametoB (400). 6. PoKycHpoBKa nyykKa Napad-
genabupx ayuelt (403). 7. Uepenxomckoe u3iyuenne {406).
8. ®oxycHposka oroannapata (410). 9. Ponapu na pasuoMm
paccrosuun (414). 10. IlepcmekTHBa Ha doTocHUMKe {418).
11, TMonoxenue Auapparmsi M nepcnekTtuBa (419). 12, Bu-
nLepxka npH Qororpaduposanun (422). 13. HMutepdepennus
cBeTa OT MPOTSKEHHOTO HCTOYHHKa (424).

. Pengrupucrckas ¥ kpanTOBad $pH3MKA . ., . . . . . . . .

1. IMpunuan otuocurensnocTH (429). 2. Boabyxkaenue aroma
npH CTOAKHOBeHHH (433). 3. BaamMiunie npespamenns aeky-
potuos K QoroHos (435). 4. Iddext Honaepa (438). 5. ®orou-
Bptt mapyc {443). 6. ®oro3dPeRT H PeHTreHOBCKOEe HIAYYe-
nue (446). 7. Yskuill anexTponnsfl nyuox (449). 8. Atom Bo-
KOPOZA H COOTHOUeHHN HeompereaexHocredl (452). 9. Arom-
HOe A4PO H COOTHOMIEHK A HeonpeaeaenHocTeli {455). 10, Tpus-
1M 3KkBHBaAeHTHOCTH (456).
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