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Nekuuna 1. AneMeHTbl KNHEMaTUKMW.

1.1 BBegeHue.

®Pn3rKy MOXHO HasBaTb Haykon O Hauboriee o6upmx CBOUCTBAxX W 3aKoHaX
ABWKEHUA MaTepuu.

B HacTosilee BpemMs u3BeCTHbl [ABa BuOa MaTepum - BELECTBO (aTOMbl,
Mosnekyrbl, Tera) W nore (rpaBuTaLMOHHOE, 3reKTpoMarHuTHoe); Habrnogaetcs
B3aMMHOE MpeBpalleHre pasriviHbiX BUOOB Matepum (e+Se—>2y, BO3MOXeH obpaTHbIii

npoLiecc).

MaTepua HaxoOMTCsi B HEMNPEPbLIBHOM [OBWKEHWM, MOA4 KOTOPbIM MOHMMAaeTcs
BCSKOE M3MeHeHne BooOwe. [IBWKeHne - HEOTbEMIIEMOE CBOWCTBO MaTepuu, KOTopoe
HEYHMITOXUMO, Kak cama maTtepusi.

MaTtepus cywecTByeT U OBWKETCS B MPOCTPAHCTBE M BO BPEMEHMW, KOTOpble
ABNAKTCA hopMamm ObITUS MaTepUm.

dopm aBwkeHns maTtepum MHoro. [peamet «®usmka» u3ydaeTcs B MNopsigke
YCIOXHEHUST  (pOpM  OBWKEHUss MaTepum W [OefmMTCca  Ha cregywoupe pasgernbl:
MexaHuKa, MOreKyrnspHasi usuKa, 9neKTpudecTBO W MarHeTusMm, onTuka, usmka
aTtoma 1 aTOMHOro agpa.

“Ousmka” — OT rpedeckoro “gpusmc” — npupoda. Tak HasblBarioCb COYMHEHME
ApuctoTensa (3 B. 4O H.3.), cogepxaupe BCe MMEBLLMECS K TOMY BPEMEHWU CBeLEHUs O
npupode (acTpoHoMuM, MeguuuHe, 3emregermn). [lo3gHee, korga 3HaHUs cTanm
obumpHbIMK,  (bu3MKa pasgermMcb  Ha  pag Hayk:  usKKy, xumuio,  Gronoruio,
acTpoHoMuio, reoriormto 1 gp. Cpean HUX pusnka 3aHssra Bedyllee MecTo, T.K. ee
BbIBOObI M 3aKOHbl ABMSOTCA Havbornee obuymu Ans Apyrux Hayk (Hanpumep, 3akOHbl
COXpaHeHus).

OO6bIyHO ntoboe husmyeckoe nccreaoBaHe NMPOXOAUT psif Taros.

MepBbI 3Tan wuccregoBaHuss — HabrnogeHue €BneHWsl, T.e. UCCcregoBaHue
SIBMEHMA B €CTECTBEHHbIX YCIOBUAX €ro NnpoTekaHus (‘SkmBoe cosepuaHue”).

Ha ocHoBe HabrogeHuss CTPOUTCS runoTe3a — HaydHoe MpeanosioKeHne o
npu4mMHe Habrogaemoro siBieHNs U ero CBS3v C ApYruMu.

MCTUHHOCTL rMnoTesbl MPOBEPSieTCs Ha MpakTVKe C MOMOLLBI0 AOMOSHUTESbHbBIX
HabrnogeHnn M cneumanbHO MOCTaBSEHHbIX OMbITOB, 3KCMNEPVMMEHTOB (SKCMEPUMEHT
— 3TO M3Y4EHME SIBMIEHMSA B UCKYCCTBEHHBLIX YCIIOBUSAX €ro NPOTeKaHus).

B cnyyae noateBepXaeHust runotesbl CTPOUTCS Moerb HABJieHUss U Teopwus,
onucbiBarow@a noseneHne moperm. Jliobas dumsmyeckass Teopusi OTHOCUTCA K BMOSHE
onpefeneHHon MoAerm sIBMeHUsi, NMo3TOMY WMMEET BMOJSIHE OnpederneHHble rpaHuLbl
npumeHnmocTn. Hanpumep, mexaHuka HbloTOHa OcHOBaHa Ha ModenM abCcortoTHOro
NPOCTpaHCTBA WM HE3aBMCMMOIO OT Hero abConoTHOro BpeMeHn. OTa moaenb Gbina
3aMeHeHa 0Ooree TOYHOM MOAESNbK €OMHOro MNPOCTPaHCTBa M BPeMeHU (Moaernbho
OWHLWTEeNHa).

[MpaBunbHOCTL Teopun NPOBepPSETCA NPakTUKOW (puandeckas Teopust - cuctema
OCHOBHbIX Maen, obobu@rupx OnbiTHbIE [AaHHbIE U OTpaXaluwmx OOBbEKTMBHLIE
3aKOHOMEPHOCTK NMpUpPoabl).

Borbwoe 3HayeHve wmeeT MeTod umsmdeckux abCcTpakumin (MgearnbHbIA ras,
mMaTtepuanbHas Touka). LLMpoko wucnomb3yloTCAa OCHOBHblE (QOPMbl  YMO3AKIHOYEHNIA:
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aHarmM3 WM CuHTE3, WHOYKUMA W geaykuusa. AHanmM3 — pacufieHeHue; CuHTe3 —
obbeavHeHve; MHOYKUMA — OT YaCTHOro K oblemy; Aedykums — OoT OOLEero K YacTHOMY.

®du3vky nogpasgendroT Ha Tak HasblBaOLLYK KIACCUYECKYD (OU3VKy U duUsuky
KBaHTOBY!O.

Krnaccunyeckon HasblBaeTcs Ta u3nKa, Havano KOTOPOW ObIfio  MOSIOXEHO
Hbl0TOHOM 1 co3fgaHve KOTopou 6bifio 3aBepLlleHo B Havane XX ctoneTtus.

HblOTOHOBCKasi MexaHvKa OKasaroCb HACTOSMbKO MNMo4OTBOPHOW, YTO Y (PM3MKOB
CNoXWrioCb  NpeAcTaBfieHMe O ToM, 4To J1oboe dusnyeckoe SBfIEHWE  MOXHO
OOBACHUTL C MOMOLLBIO HbHOTOHOBCKMX 3aKOHOB.

OpHako Takve brectsiume AOCTWKEHUS OU3MKM Kak OTKpbITUE anekTpoHa (1897r.),
CO3[aHve OrieKTPOHHOW TeopuWn, Teopun OTHOCUTENBbHOCTW, KBAHTOBOW Teopuu
TpeboBarm nepecMoTpa YCTAHOBMBLLMXCS (OU3MYECKUX MOHATUN WM NpeacTaBlieHUN.
Takum o6pa3om, HawM 3HAHUS Ha KaKOOW CTyneHun passBuTUA Hayku OOyCrioBneHbl
MCTOPUYECKN  OOCTUrHYTbIM ~ YPOBHEM  MO3HAaHMA U HEe  MOIyT  CYMATaTbCH
OKOHYaTemnbHbIMKY, MOMHLIMW. OHM MO  HEOOXOAMMOCTU SABMSAKOTCA OTHOCUTESbHBIMU
3HaHUSIMKM, T.e. HYXOAKTCA B AdallbHenweM pasButuM, B JarbHeuwen npoBepke wu
yTOuHeHn. BmecTte € Tem, BCsAKad MOLSMHHO HaydHas Teopusd, HECMOTPS Ha CBOM
OTHOCUTESNBbHOCTb W  HEMOMHOTY, COOEPXUT 3dneMeHTbl abConioTHOro, T.e. MOJSHOro
3HaHWsI, O3HA4YaeT CTyNeHb B MO3HAHMM OOBLEKTMBHOIO Mupa.

Passutne GusvMKn TECHO CBSA3aHO C pasBUTMEM YerioBeYeckoro obuecTtBa, C
NOTPEBHOCTAMN  MpaKkTVKW, C pasBUTMEM MNPOMU3BOAUTENMBbHBLIX cun.  Pusmndeckue
OTKPbITUST MPUMBOAWTM K Pa3BUTUID TEXHWYECKMX HayK, K CO34aHUK0 HOBbIX OTpacren
TEXHVKN (ra3epHad W MoOMynpoBOAHMKOBAs TexHuka). B cBow oyepeab, passButue
TEXHVKN noByxaaeT K passutuio ousvkn, Tpedya paspelleHns usndecknx npobnem,
CBSAA3aHHbIX C AdalbHENWMM TEXHUMECKMM MPOrpeccoM. TexHvka cHabxaeT usnky
HoBbIMYW, Boree coBepLLeHHbIMM NpubopamK, co3fgaBas YCroBUS AN PasBUTUSA HayKW.

Nctopuss passutua usnkKM CBUOETENBCTBYET O TOM, YTO Kaxgdoe ouepenHoe
dyHOaMeHTarnbHOe OTKpbITUE SIBUMOCb HE TONMbKO Gas3on Ans garbHEWWero pasButus
UMBMIM3aLUMM, HO UM UCMOSb30Bariocb A COBEPLUEHCTBOBAHMSA BOEHHOW TEXHVIKW.
[octwkeHnss B ob6ractm pusMkM aTOMHOro sapa npvBenM K CO34aHuo  SAEPHOro
OpYXUS; OTKPbITUE SBMEHUS WHOYLMPOBAHHOIO (BbIHYKOEHHOMO) U3MyYyeHuss cBeTa
aToMaMu nMpuBerio K CO3aHMI0 KBAHTOBbIX reHepaTopOB 3ANEeKTPOMAarHUTHbIX BOSH, T.e.
K CO30aHuMi0 Ja3epHOro Opyxus; sBrieHne uHTepdepeHuMn B TOHKMX MrieHKax
NMOJyIOXXEeHO B OCHOBY CO3aHUA CaMOSeTOB “HeBMOUMOK™M T.A4.

®dur3ndeckme 3aKoHbl BbIpaXaltTCA B BuOE MaTeMaTU4eCKUX COOTHOLLEHWW Mexay
dusmyeckumn BenmuuHamn. o usndeckumn BermYMHamMm MOHMMAT MU3MepsieMble
XapakTepuctuku  (cBomctBa)  uandecknx  OObEeKTOB: NpPeaMeToB,  COCTOSHWUN,
npoueccoB. B u3nkn NpyMeHsItoTCA 7 OCHOBHbIX BENMYMH. AfvHa, BPeMs, Macca,
Temnepartypa, cura ToKa, KOfM4ecTBO BeLUeCTBa, CWla CBeTa; OocCTallbHble BefMYMHbI
NpOV3BOHbIE.

Heobxooumo pasmuyatb cKansgpHble W BEKTOpHble BermuuHbl. CKandpHble
BESIMYMHbI  MOSIHOCTBIO  XapaKTEPU3YITCA  YUCIIEHHbIMM  3HAYEHUAMU U eOuHULEN
M3MEpPEHUS; MOTYT UMETb MONIOXUTENBHOE WM OTpUUATESTbHOE YUCIIEHHOE 3HayeHve
(uckrnoveHe cocTaBrdeT Temnepartypa no wkane KenbBuHa).

BekTopHas BefMYMHA MOSHOCTbID XapaKTepusyeTCs YUCIEHHbIM  3HAYeHVEM,
eavHMLEN u3MepeHns W HanpasreHveM. [ns ykasaHus Ha BEKTOPHbIM XapakTep
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u3mdeckon BemmuMHbl  Hag OOblYHBIM ee 0003HayYeHMeM CTaBUTCA  CTperka.
BektopHaa BenmMuMHa reomMeTpudeckn ulobpaxkaeTcsi BEKTOPOM, T.€. OTPEe3KOM,
UMEOLLMM OnpeaerneHHoe HanpasfieHe 1 O5Hy.

MaTtemaTtmyeckue onepauum Hag BEKTOPHbIMU BENMYMHAMM NMOAYMHSAIOTCA OCOObIM
3aKOHOMEPHOCTSAM.

1.CnoxeHune BEeKTOpoOB

O=0,+0,

a) v, U U, coHanpaBneHbl

S
C

)
C

> > e > v=U +0,

6) 0, n U, HanpasrneHbl NPOTVBOMONOXHO

Ci

O, U _
— 2 . > L=V —U,

B) y, L U,,cnomnb3yeTcsa npasurio naparrerorpaMmma

0,
2.BbluntaHne BeKTOpoOB
- Uy
Ul 5 -~ . R - - .
LU=0U1—02 — 3] L=VU2—U1
— L,
L,
3.NMpousBoagHan BeKkTopa
= - - AT - - AFr dr -1 .
AP ALDG-?  D,=—, OU=lim-—c=>-=" =T
At a0 At dt

A — 3HaK aMeHeHus,

d — 3Hak 6ecKoHeYHO Maroro UaMeHeHus.
4.NMoHATUe nHTerpana.

. - ~-- . S=S+S,+..+S, =pAt+...+ v At = At
S, =uAt, S.=p.A - "
1 Ul 1 2 _UZ t2 e Sn _UnAtn

t
Ecrm n —Bermko, a At - maro, To S :Iudt .
0

t
Mpu v = const S:u_[dt:ut.
0

MpvMepbl MHTErparos: Idt:t, J.Atkdt: A_[t"dt, J.tkdt = , Itdt =,
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1.2 OCHOBHbIe KWHEMaTU4YeCKNe NOHATUA U XapaKTepPUCTUKMN.

MexaHuka u3y4aeT MexaHudeckoe [AOBWKeHWe, KOTopoe SBEeTCA NpoCTeunen
dopmon aswkeHna matepun. OCHOBHas 3ajaya MEXaHvKu - onpeaerneHue MnosioKeHUs
Terna B JoOOM MOMEHT BpEMEHM, €CfM M3BECTHO ero HavarnbHoe norioxeHve. B
3aBMCMMOCTM OT METOAOB peLLeHUs] 3TOM 3aJauv MexaHuKy pasaenstoT Ha 3 YacTu:

1) cTaTuka - y4yeHUe 0 MexaHU4eCKOM paBHOBECUM,;

2) KMHEeMaTUKa - yYeHMe O MeXaHW4YeCKOM ABMXEeHUM 6e3 yyeTa NMPUUUH,
Bbi3bIBalOLWMX 3TO ABUXKEHME;

3) AMHaMMKa — y4YeHMe O MeXaHU4YeCKOM ABWMXKEHUUN C Y4eTOM MPUYUH, ero
BbI3blBaloOLWNX.

MexaHnyeckoe ABWXEHUE - 3TO M3MEHEHVE MONOXEHUs Ten WM KX YacTen B
NpOCTpaHCTBE C TeyeHnem BpeMeHU. OCHOBHbIM OOBLEKTOM U3Y4EHUS B KMHEMATUKE
ABMNAETCA MaTepuanbHaa Touka. [loHaTve “maTepuarnbHaa To4yka” ecTb pusmndeckas
abcTpakuus, Mogernb, KoTopas BBOOAUTCA AN YNPOLUEHUS] ONWUCaHWUA OBVDKEHUSI.

MaTtepmnanbHOM TOYKOM Ha3bIBAKOT TeSo, pasmepamm n GOPMON KOTOPOro MOXHO
npeHebpeyb B YCrOBMAX OAHHOW 3adauw.

3amMeHATb pearnbHoe Teno martepuanbHOM TOYKOW, T.e. 0O6bekToMm, obragarowmm
Maccol, HO He VMeWyM TeoOMeTPUYecKNX pasmMepoB, MOXHO TOMbKO And Tex
ABWKEHV, Korda cnpaBed/mBo npeHebpexeHve pasmepamu, oopmor 1 npoueccamu,
npoucxoasummn BHyTpKU Tera. Ecrm peanbHoe Terno Hemb3s 3amMeHUTb MaTepuanbHOWN
TOYKOW, UCMOMb3YIOT OPYrylo oUsMYecKyto Moaerns — abcomoTHO TBepAoe Teso.

AGcontoTHO TBepAbIM TENOM Ha3blBalOT Terno, AedopMaumsaMm KOTOPOro MOXHO
npeHebpeyb B YCrOBMAX OAHHOW 3adaudw.

B pOenctBuTeNnbHOCTM Xe BCe pealbHble Tera npu BO3AEUCTBUMM Ha  HUX
AedopmMUpyroTCS.

Bce BuObl MexaHW4EeCKMX [ABWKEHUA MOXHO CBECTU K MOCTynaTerlbHOMY U
BpawaTenbHOMY AOBWkeHMsM. MaTtepuanbHass Todka MOXEeT ydacTBOBaTb TOSbKO B
NocTynaTeNbHOM ABWKEHUW, MNPSAMOSMHENHOM WM KPUBOJIMHEMHOM, T.K. FOBOPWUTb O
BpalLEHN TOYKW, HE UMEIOLLEN pa3MepoB, 6eCCMbICIEHHO.

MocTynaTenbHbiM Ha3BamM Takoe [BWKEHVWEe, Mpu KoTopoMm nwbas npsmas,
NnpoBeAeHHas B Tene, OCTaeTcs napasnnensHon camomn cebe (puc.1).

'

Puc. 1 Puc. 2

BpawartenbHblM HasBarm Takoe [OBWKEHME, Mpu KOTOPOM BCE TOYKM Tena
ONUCbIBAOT KOHLIEHTPUYECKME OKPYKHOCTW, LIEHTPbI KOTOPbIX JieXaT Ha OAHOW NpsiMow,
Ha3blBaeMou oCbto BpaweHusa (puc.2). Ocb BpalLeHNs MOXET HaxoauTbCHA BHE Terna.

MpousBorbHOE [OBWKEHVME Tera MOXHO paccMmatpuBaTb Kak — CoOYeTaHve
MOCTYNaTeNbHOro W BpawaTeNbHOro ABWKEHVA. [Ond  onuMcaHvsa  MOMoXeHus U
ABWKEHWs1 Terna Heobxogumo BbiGpaTb cucTemy oTcyeTa.
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Cuctemon oTcyeTa HasblBalOT CBA3AHHYHD C YacaMu CUCTEMY KOOpAWHAT, KeCTKO
CBA3aHHYI0 C HEKOTOPbLIM (OU3MYECKMM TEerloM, HasblBaeMblM TESIOM OTcYeTa.

Ob6blyHO cucTeMa oTcyeTa npeAcTaBrsieT cObON AekapTOBY CUCTEMY KOOpAWHaT,
ANa  MOoSiydeHns KOTOPOM B NpPOCTpaHcTBe BblOMpalT Terno otcyeta O m cTposAT
OTHOCUTESNIbHO HEero TpW B3aUMHO MNepneHauKyrspHble Ocu, OOblYHO OOO3HaYaeMmble
X,Y,Z

B Takom cucteme oTcyeTa rnosioxkeHuwe maTtepuarbHon Toukm M MOXHO 3agaTb

mbo  ee koopauHatammn  M(xy,z), mmbo paguyc-sektopom . Paguyc-Bektop
O[IHO3HAYHO CBSA3aH C KOOpAMHATaMW TOYKM M 3adaeTcs cregylowymMm obpasom:

F=x-i+y-j+z-k, rae i,j,k- eaMHnuHbie BEKTOpbI, HanpaBrieHHbIe BOOMb

oceun KoopauHar.
UucrneHHoe 3HayeHue BeKTopa I onpefesiieTcsl COOTHOLLEeHUeM

r=\x>+y*>+z72-

Ncxopoa us cMMmmMmeTpun peLuaeM017| 3aJayn B KaydeCtBe CUCTEMbl OTCHeTa MOryTt
ObITb TaKXke UCMONb30BaHbI normAapHaa 1 KocoyrosibHad CUCTeMbl KOOpAOuHaT.

ﬂ]’lﬂ onncaHnAa OBWXKEHUA UCNOJIb3YHT MOHATUA: TPAEKTOPUA, NyTb, NepemMeLllieHne,
CKOPOCTb, YCKOpEeHH1e.

Tpaektopua - rwmHWA, onucbiBaemas
y“ TOYKOW B MPOCTPAHCTBE (MPAMOSIMHENHAA W
~AS KpVBOSIMHENHASA ).
r Ecrm  Tpaektopusi  nexutr B OLHOW
- MriOCKOCTK, [OBWKEHWe Has3blBalT MIIOCKUM
r (puc.3).
MyTs S - AnmMHa TpaekTopuW, ckandapHas
ro BenmunHa, [S]=1m.
MNMepemelieHune AF - BEKTOP,
o . COEVHAIWYN  HayarbHOE W KOHEe4YHoe
X

MosioXeHWe  TOYKM U HanpaBfieHHbIW K
Puc. 3 KOHEYHOMY MOSIOXEHMO. [AF ]=1m.
CpeaHasa CKopoCTb NepeMeLLeHns paBHa
OTHOLLEHWIO MnepemMeleHua Ar K uHTepBany BpeMeHum At, 3a KoTopoe 3TOo
nepemMeLleHie npousoLLio:

<5>=i—:, [5]:1%.

Hanpasrenve Bektopa (U) coBmapaeT ¢ HampaBrieHMeM BEKTOpa MepeMeLLeHus

AT .
MrHoBeHHas CKOPOCTb - BEKTOpHaad BeJMdMHa, paBHaA I'IGpBOI?I I'IpOI/l3BO,El,HOIZ
. . 4. AP dF
paavyca-BeKTopa ABWKYLUECS TOukM no Bpemenu: 0 = |im AN :E'
At—0

Mpn At—>0 ymeHblUaeTca pasnmune mexagy Aru AS, AS— | AF | T.€. YUCIEHHOoEe
3HayeHne MrHOBEHHOM CKOPOCTH paBHO I'IepBOIZ I'IpOI/I3BO/:lHOl7I nyTn no BpeMeHu:
| A7 | AS dS

v=l0o |=h m — )
Lo l=lim e =M =

10
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Ans  xapakTepuctvkm ObICTPOTbl U3MEHEHWSI CKOPOCTM BBOAUTCSI  MOHSITUE

YCKOPEHUSI.
CpeoHUM YCKOpPeHMEeM Ha3bliBaloT OTHOLLEHWE W3MEHEHUS CKOPOCTM AU K

WHTepBarny BpeMeHU At, 3a KOTOpoe 3TO U3MEHEHVE MNPOU3OLLIIO:
-\ AD . M
<a>=—, [d]=1%.
At c
HanpasneHve BekTopa <a> coBMajaeT C HanpaBlieHneM BeKTopa Av.

MrHoBeHHOe YCKOpeHue - BEKTOpHas BervyuHa, paBHasi NepBoi NMpPOV3BOAHOM
CKOPOCTV MO BPEMEHU:

. Av dv
=limy =y
. do d¥F
“dr T ar
a=‘ﬁ‘:@=dzs.

dt  dr

Tunbl NPAMOIIMHENHOTO [OBWKEHUS:
a) nepeMeHHOe ABWXEHMUe - ABWKEHME, NPU KOTOPOM U3MEHSIIOTCS KaK CKOPOCTb,
TaK 1 YCKOPEHVe,
_ds

t
v=—, dS =udt, 5=judt,
dt )

t
a:d—u, do = adt, U:Jadt+l)o;
dt 0

0) paBHONEpeMeHHOe ABUXEeHUe — OBWKEHNE C MOCTOSAHHBIM YCKOPEHMEM,
a = const , a>0 - paBHOYCKOpPEHHoOE, a < 0 - paBHO3aMeAneHHoe,

t
U=UO+jadt:uo+at P
0 : L,
at’

vdt = >

t t
S= (l)o + at)dt = _fuodt + Iatdt =yt +
0 0

o t—_—
o —_—

() - v+,
v -l =2aS; S =(v)t. )

B) paBHOMEpPHOE ABMXEHUe — ABWKEHNE C MOCTOSIHHOW CKOPOCThIO,
S

v=const, a=0, S=ut, U=T.

1.3. HopmanbHoe, TaHreHUManbHoOe U NOSIHOE YCKOPEHMUS.

[BwKeHve Terna XxapakTepusyeTCsi CKOPOCTbIO W YCKOPEHVWeM, KOTopble MOryT
M3MEHATbLCA BO BpeMeHu. [lycTb MaTepuanbHas Touka [OBWKETCS MO  MIIOCKON
KPUBOSIMHENHON TPAEKTOPUM C MEPEMEHHON MO BESMHMHE U HanpaBIiEHUMIO CKOPOCTbHO
(puc. 4). Ans xapaKTepuCTUKN CTENEHN KPUBOSMHEWHOCTU BBOAWTCSA MOHATME paguyca
KPUBM3HbI B AHHOW TOYKE TPaEKTOpUN.

11
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Paguycom kpuBM3HbI R TpaekTopuy HasblBalOT paguyC OKPYKHOCTW, KoTopas
CrvBaeTCcs C KPMBOMMHENHOW TpaekTopuei Ha GECKOHEYHO Mariom ee ydacTke.
B paHHOM TOuke TpaekTopun KacaTefbHasi BCerda neprneHaukyrsapHa paguycy
KPUBW3HbI.
MycTb M CKOPOCTb, W YCKOPEHWE
N MEHSIOTCS MO BENIMYMHE W HanpaBlieHUHO.

a - Mbl 3HaeM, YTO YCKOpeHue Teria npw
- do
OBWKEHMM eCTb a=—.
dt

BekTop CKOpOCTH v MO>XHO

NPeAcCTaBUTb  Kak MpOM3BEAEHMEe MOAYrs

Puc. 4 CKOPOCTM © W HEKOTOPOTO  eMHUYHOTO

BekTopa 7 , COHanpaBrieHHOTO C BEKTOPOM

JMHENHOWN CKOPOCTU v, HAMPaBJIEHHOro MO KacaTerbHOM K TpaeKkTopuu.

—

cl
Il

v,
d, ., dvo. dr
e (UT ) = + T n*
dt dt dt
Takum 06pasom, MOSHOE YCKOpPEHWEe MaTepuaribHOM TOYKM MPU KPUBOJSIMHE MHOM
OBWKEHMN MOXHO npenctaButb B BUAE CyMMbl [BYX CllaraemMbliX. I'IepBoe Cllaraemoe

a

-  do.
r=—7T
dt

Bektop a: HanpaereH Mo KacaTeSflbHOM K TpaekTopum W HasblBaeTCs

do

TaHreHuManbHbLIM WM KacaTeNnbHbIM ycKopeHuem. Ero moaynb paseH &, :_dt ,

nostomy &, xapaktepusyeT ObICTPOTY W3MEHEeHVUs CKOPOCTU KPUBOMMHENHOro

OBWKEHNA TOJIbKO MO BEJMHMHE, TaK KakK BEKTOP T He U3MeHsieTCs.

—

CrnepnoBaTenbHO, MOXHO 3aKMouMTb, YTO aA: - TaHreHuuanbHoe YCKOpeHwe,
XapakTepusyeT W3MEHEHWE CKOPOCTM MO BESMYMHE M HanpaBfieHO MO KacaTeslbHOWM K
TpaekTopun.

- dr
BTtopoe cnaraemoe an =U—— HasblBaeTcs HOpPMasribHbIM YyCKOpeHueM. YTo

dt
XapakTtepusyet 3TOT BEKTOpP, Kyaa HanpaBJieH, KaK ero paCC‘-II/ITaTb?
dz
dt’
KOTOprIZ onpepgendetr W3MEHEHME HanpaBJieHUA BEKTOpa

JMHEVHOW CKOPOCTW, TO OH XapaKkTepusyeT W3MeHeHve
CKOPOCTUN KPMBOJSIMHENHOIO ABWPKEHUSI MO HanpaBfieHUIo.

Tak kak BeKTOp dn coHanpaBlieH C BEKTOPOM

Onpepermm BeruuuHy M HanpasrieHve an. PaccmoTpum
Ar YacTHbIX  Cfydan  OBWKEHUA  MaTtepuanbHOM  TOYKM MO
Puc. 5 OKPYXHOCTM paguycoMm R € MNOCTOSSHHOW MO  BermyuHe

12
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ckopocTtblo U (puc.5). CpegHee m3MeHeHue ckopocTu Ha ayre AB oTHecem Kk Touke C,
nexalen nocepegvHe Oyru.

Do

T

:‘u‘:u, a=an, a =0

. . D—Uo , Av
a,=Ilm—-—=Iim—,

At—0 At AtaOAt
Vo +Ab=0, AU=0D—0s,.

an HanpaereHo BOOJSb paguyca R K LLEHTPY OKPYKHOCTW.

AOAB coAKDC: 20 AT =y, _ AT,
v R R

AL .. UAr v, Ar vo U

a =Ilim—=Ilm—==Ilim—=—=—

n

A—0 At A0 RAL RAHOE_ R R’

dn NepneHauKyrsipHO CKOPOCTW, HampaBneHo BAOOSMb paauyca -
KPUBU3HbI TPAEKTOPMM K LEHTPY OKpYXHOCTW. Ero HasbiBaloT

HOpPMarbHbIM, paavanbHbIM nnm LIEHTPOCTPEMUTESTbHBIM anv_a
YCKOpEHMEM.
MorHoe YyckopeHue MaTepuanbHOM TOYKM NPY KPYBOSIMHEHOM Puc. 6

OBWKEHUM XapaKTepusyeT ObICTPOTY M3MEHEHVUS CKOPOCTM Kak Mo
BENMYMHe, TaK M No HanpasfieHno (puc.6).

1.4. YrnoBasi CKOPOCTb U YyrrioBoe yCKopeHue.

MoBOPOT Tera Ha HEKOTOPbIN Yron MOXHO 3adaTb B Buae OTpeska, AnvHa
KOTOpPOro paBHa ¢, a HanpaBfieHWe COBMafaeT C OCblo, BOKPYr KOTOPOM NpOU3BOAMTCS
NnoBOpOT. HanpasreHne noBopoTa U M300pakatoLEero ero oTpeska CBsi3aHO MpaBUoOM
NpaBoro BUHTA.

B wmatemaTuke nokasbiBaeTcs, YTO O4YeHb Marble TMOBOPOTbl  MOXHO
paccMaTpuBaTb Kak BeKTOpbl, 06O03Hayaemble cumBormamMun A wm d@.

HanpaBreHve BekTopa NOBOpOTa CBA3LIBAETCA C

HanpasneHveM BpalweHua Terma;, d¢@ - BekToOp
3MeMeHTapHOro nosopoTa Tena, aBnseTcs
NCeBAOBEKTOPOM, TaK Kak He WMeeT  TOYKU
NPUIOXKEHWS.

Mpn BpawaTenbHOM [OBWKEHWM TBEpOoro Tera
KaXgas Toyka [OBWKETCA MO  OKPYXHOCTW, LEHTp
KOTOpPOM IexuT Ha obuwen ocu BpaweHus (puc. 7).
Mpn atom paguyc-BekTop R, HanpaBreHHbIn OT ocu
BpalLeHNa K TOoYke, NnoBopaynBaeTcs 3a Bpems At Ha
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HEKOTOPbIN yron A¢. [N xapakTepucTvkv Bpaw@aTenbHOro [ABWKEHWS BBOAUTCS

yrrioBasi CKOpOCTb M YITIOBOE YCKOPEHWME.
YrnoBom CKOPOCTbIO Ha3blBAeTCA BEKTOpHAdA BerMdMHa, paBHad nepBOw

NPOM3BOAHONM yria noBopoTa Tera Mo BpeMeHMu:

ST % d(D [ ] pa()

At—0 At dt

Yron B 1 pagvaH — 9TO UeHTparbHbIA yron, AfMHa Oyr KOTOPOro paBHa paguycy
oKkpyxHocTK;, 360 ° =27 pag.

HanpaBrneHve yrroBon CKOPOCTU 3adaeTcsi NpaBUNIOM MPaBOro BUHTA: BEKTOP

YrIIOBOW CKOPOCTM coHanpaBneH ¢ d ¢ , TO eCTb C NoCTynaTerbHbIM OBWKEHUEM BUHTA,

rosioBKa KOTOPOro BpaLwpeTcs B HanpaBfieHUM OBWKEHUS] TOYKU MO OKPYXXHOCTMU.
JInHeHaa CKOpPOCTb TOYKU CBSi3aHa C YriioBOW CKOPOCTbIO:

_IlmA—S_Ilm RAQ =R Ilim A(p_a)R.

At—0 At At—0 At At—0 At

B BekTOpHOM chopme v = [a)R
Ecrm B npouecce BpalleHust yrrioBasi CKOPOCTb W3MEHSIETCs, TO BO3HVKaeT

YrroBoe YCKOpeHue.
YrnoBoe yCKOpeHMe — BEKTOpHasi BefMyMHa, paBHas MNepBoOM NPOU3BOLHOW

YrIOBOW CKOPOCTU MO BPEMEHM:

Ao do ao

mA@_C® 1 1249
At—0 At dt

BekTop yrroBOW CKOPOCTW COHanpaBliEH C BEKTOPOM 3M1EMEHTAPHOIO M3MEHEeHNS

yrrosoi ckopoctn d @, npoucliealero 3a Bpems dt.

—_—

lMpM YCKOPEHHOM [OBWKEHUMM BEKTOp & CoOHanpaBrieH @ (puc. 8), npu

3amMensieHHOM — npoTuBoHanpasneH (puc. 9).

YrnoBoe YycCKOpeHve BO3HMKaAeT B CUCTEME TOSfbKO Toraa, Korga npoucxoamt
M3MEHEeHMe YIrIoBOM CKOPOCTW, TO €CTb KOraa JWHenHasi CKOPOCTb [OBWPKEHUS
M3MEHSIETCA MO BErMYMHE. VI3MeHeHMe e CKOPOCTM MO BEeSMYMHE XapakTepusyet

TaHreHunanbHoe YCKOpeHve.

— 4 -1
w? A_. w1 —
I 0] Aw

— >0 - —<0

w1 At w2 At
/”” g N\\\\ ””— ~~\\\\
’ A ’ \
) { ) ,;
~e. ’,’ \\\\ & ’,’

SN~ ____-- — S~ w____..-”
Puc. 8 Puc. 9

Haigem cBa3b Mexay yrroBbIM U TaHreHUMarbHbIM YCKOPEHUSIMU:
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Re.

Toodt dt dt
N3meHeHne  HanmpaBreHWss  CKOPOCTUM  MPU  KPVBOIMHEMHOM  [BIDKEHWU

a _dl)zd(Ra))sza)=

XapaKTepuayeTCsi HOPMarkbHbIM YCKOPEHVEM an :
v*  w’R?

=w’R

o=
R R

Takum obpasom, CBA3b Mexay FMHENHbIMU U YIIOBbIMU BEMMYMHAMK BblpaXaeTcs

cregylowyMmmn opmMyramu:
2

AS=RAp, v=Rw, a =&k, a, =oR.

Tvinbl BpawaTerbHOro ABWKEHUS

a) nepeMeHHOe — Bpaw@aTerbHOe OBWKEHME, MPU KOTOPOM UBMEHSAKTCA @ U & !

w:d_¢:>d@:cadt:>¢=fa)dt+c=faﬂt+¢o,

dt
dw
g:—:>dw=edt:>a)=f<sdt+c=j(9dt+a)o;
dt
0) paBHOMepeMeHHOe — Bpaw@aTeNnbHOE AOBWKEHWE C MOCTOSIHHLIM YITIOBbIM
YCKOPEHMEM:

2

g=const, =g, +I(a)0 +et)dt =g, +a)0t+6t7,

61:2
W=, + &, ¢:¢0+a)ot+7, a)z—a)o2 =2ap .

B) paBHOMEpHOe — BpallaTelbHOE ABWKEHME C MOCTOSIHHOWM YrIOBOW CKOPOCTbIO:

0, a):ﬂ_
t
PaBHOMepHOe Bpal@aTenbHOe ABWKEHVME MOXHO XapakTepusoBaTb nepuogom T u
4YaCTOTOW BpalleHUs V.
Mepuoa — 310 Bpems, 3a KOTOpPOE Teso coBepLLaeT OAuH MOSHbIA 060poT.

t

w=const, ¢=

T=—, [T] =c.
N

YacTtoTa BpaweHus — 310 uncrio oO60pOTOB COBEPLLAEMbIX 32 €AVHNLY BPEMEHW.
N

v=—, [v]=ct

t

3a oavH obopoT:

S=27R, t=T, @=2rx,
Qo 2

w=—=—=27vVv, L=
t T

f-|-|(/)
N
%
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JNlekumna 2. AmuHaMmunka matepuaribHOU TOUYKMW.

2.1 3akoHbl HbloToHa. OCHOBHOE ypaBHeHUe ANHaAMUKN
nocTynaTesibHOro ABWXEHUS.

[OvHamyka nsyvaeTt OBWKEHME Ten C YYETOM MPUYMH, Bbi3blBAKOLLMX 3TO ABWDKEHME.

OcHOBY AMHAMWUKN COCTaBIIAOT 3aKOHbl HbOTOHA.

I 3akoH. CyuwectByloT uHepumansHble cuctembl otcdeta (MCO), B KOTOpbIX
MaTepuanbHas Todka (Terlo) COXpaHsAeT COCTOSIHME MMOKOA WM  paBHOMEPHOro
NPSIMOSMHEVHOIO OBWKEHMSI, NMOKa BO3AEWCTBME CO CTOPOHbLI OPYruMX Ten He BbiBedeT
€€ 13 3TOro COCTOSIHUSA.

CBOWCTBO Tenia COXpaHsiTb COCTOSIHME MOKOSI UM PABHOMEPHOIO MPSIMOJIMHEHOTO
OBWKEHUS MNpyM  OTCYTCTBMM BO3OEWCTBMSI Ha HEro OpyrMx Ten Ha3biBaeTcd
MHEPTHOCTbLIO.

MCO HasbiBalOT cUCTEMYy OTCYeTa, B KOTOpPOM Tero, CBOOOAHOE OT BHELLHMX
BO3OENCTBUIA, MOKOUTCS UMM ABWKETCS PaBHOMEPHO NMPAMOSIMHENHO.

MHepumanbHOM sIBMSIETCA CUCTEMA OTCYeTa, KOTopasd MOKOUTCA WM ABWKETCS
pPaBHOMEPHO MPSAMOSIMHENHO OTHOCUTENbHO kKakon-mbo NCO.

Cuctema otcyeTa, OBWKyw@sica C yckopeHuwem oTtHocutenbHo NCO, gaensietca
HenHepLumanbHO .

I 3akoH HbloTOHA, HasbiBaeMbll Takke 3aKOHOM WHepuuM, Obln BnepBble
chopmyrmpoBaH Nanuneem. Ero cogepxaHue CBOAUTCA K 2-M YTBEPXKOEHUSIM:

BCe Tena o6ragatoT CBOVCTBOM MHEPTHOCTMU;

cywecteytor NCO.

MpuHUuMn oTHocuTenbHocTU lanunesa: BCe MexXaHUMYECKME SBMEHMA BO BCEX
MCO npoucxogaT OOMHAKOBO, T.€. HMKAKMMWU MeEXaHu4eckumu onbitamu BHyTpu NCO
HEBO3MOXHO YCTaHOBUTb, Mokoutca pAaHHasa WCO wwm  gBwkeTca paBHOMEPHO
NPSIMOSIMHEHO.

MHepumanbHOM C OOMbLIOM TOYHOCTBKD MOXHO CuMTaTb CUCTEMY OTCYeTa, B
Hayane kKoopauHaT KoTopowm Haxogutcs CorHue, a OCM KoopAuHaT HanpasBfeHbl Ha
HenoaBWwkHble OTHocuTeNnbHO CosHua 3Be3gpl.

B OGombwMHCTBE NpakTU4ECKMX 3adad CUCTEMY OTCYETa, XECTKO CBS3aHHY0 C
3emnen, moxHo cumutatb NCO.

M3 onbiTa M3BECTHO, YTO MNPV OAMHAKOBbLIX BO3LEWCTBUSIX pasfmMyHble Tena
HEOAMHAKOBO W3MEHSIOT CBOK CKOPOCTb, T.e. MpuvobpeTaloT pasfnyHbie YCKOPEeHWs,
YCKOPEHME TEen 3aBUCUT OT MX MacCChl.

Macca - mepa WHEPLMOHHbIX MU rpaBUTaALMOHHBbIX CBOWCTB Terla. C nomMoLbto
TOYHbIX 3KCMEPVMMEHTOB YCTAHOBMEHO, YTO WHEpPTHAA W rpaBUTaUMOHHAs Macchl
nponopuvoHaneHbl  Apyr  apyry. Bbibupas eguHuubl  Takum  obpasom,  4TOObI
KO3 ULMEHT MPOMNOPLMNOHANBHOCTM CTan paBHbIM eauHUUe, MOMy4UM, YTO MU=,
NMO3TOMY rOBOPSAT MPOCTO O Macce Tera.

[M]=1kr - macca nnaTUHO-MPUOMEBOrO UWMHOPA, AYAMETP U BbiCOTa KOTOPOro
paBHbl h=d=39mm.

UTtobbl XapakTepusoBaTb [AEWCTBME OOHOrO Tera Ha Apyroe, BBOAAT MOHATUE
CUrnbl.
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Cuna - mepa B3auMoencTBus Tern, B pesyrbTaTe KOTOPOro Tefia U3MeHSAI0T CBOK
CKOpPOCTb Ui AedOpMUPYIOTCS.

Cuna xapakTepusyeTCsl  YMCMEHHbIM  3HAYeHWeM, HarpaBrieHMEM, TOYKOW
npunoxenus. [psimasi, BOOMb KOTOPOW [OEeUCTBYeT Ccwura, HasblBaeTCa JIMHUEWN
aencteua cunbl. OQHOBPEMEHHOE AEVCTBME HA Terl0 HECKOSbKUX CWUM 3KBUBASNEHTHO
OEVCTBMIO OAHOW CWIbl, Ha3blBAEMOM PaBHOAEWUCTBYIOLWEN UNMU pe3ynbTUpyroLLen
CUIOWN 1 PaBHOWN NX FrEOMETPUYECKON CYMME:

n
F=YF.
i—1
Btopon 3akoH HbOTOHaA - OCHOBHOW 3aKOH OWMHAMWKM MOCTYNATeSNlbHOro ABWKEHMA
- OTBEYaeT Ha BOMPOC, KaKk U3MEHAETCHA OBWKEHVWe Tera nog AeVCTBUEM MPUIIOXKEHHbIX
K HEMY Cun.
I 3akoH. YckopeHve  mMaTepuanbHoOM  TOYKM  MPAMO  NPOMNopLUMOHarbHO

AEVCTBYIOLLEN Ha Hee cwure, obpaTHO MpPOMopuUMOHaribHO ee Macce W coBragaeT Mo
HanpaBfeHMI0 C OEVCTBYHOLLEN CUIOWN.

, rae F - paBHOOENCTBYIOLAA Cura.

Q
3 |

Cwury MOXHO BblpasuTb hOpMYIion

F=ma, [F]=lxe-5=1H.
C

1H - 370 cwura, nog OerUCTBMEM KOTOPOW Terlo Maccon 1 Kr nosiydaeT yCKOpeHue
1M/c? B HanpaBreHu OelCTBUSA CUMbI.

BTtopon 3akoH HblOTOHa MOXHO 3anucaTb B ApPYroM Buae, BBeas MNOHATUE
nMnynbca:

p=mo, [pl=lee-2.

C

MmnyrnbCc - BEKTOpHasi BErMYMHA, YMCNEHHO paBHasi NPOWM3BEAEHMIO MaccChbl Terna
Ha ero CKOpOCTb W COHanpaBrieHHas C BEKTOPOM CKOPOCTW.
do _d(ms) dp
dt  dt dt

F=md=m

d -

d—sz - OCHOBHOE ypaBHEeHWe ANHAMUKU NOCTYNaTeNbHOro ABMXEHUA:

CKOPOCTb M3MEHEHMA WMMyrbca MaTepuarbHOM TOYKM paBHA AEUCTBYHOLLEN Ha
Hee cure.

CornacHo 3TOMY 3aKOHY, W3MEHeHWe UMMNyrbca MaTepuaribHOW TOYKM pPaBHO

UMMNYrbCy OEVCTBYIOLWEN Ha Hee CUrbl:
t
dp = Fdt, Ap= j Fdt, Ap = FAt.
t1
Umnynbc cunbl FAt paBeH npousBedeHMO Curbl HA BPEMS ee OENCTBUS.
XapakTep B3anMogencTsus Mexay teramm onpegenserca 3-M 3aKoHOM HbroToHa.
Il 3akoH. [IBe mMaTepuarbHble TOYKM OEWCTBYIOT APYyr Ha Jpyra C curiamu,

paBHbIMM MO BESMYMHE, MPOTUBOMOJSIOXKHBIMA MO HaMnpaBfiEHWO W HanpaBfeHHbIMU
BOOMb NPAMOW, COEAMHSIIOLEN 3TU TOYKM (puc. 1):
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Puc.1

2.2 Buabl B3aumogencteMn. Cunbl ynpyroctu M TPeHUs.

®dr3nyeckMmMn  HasblBalOTCA  B3aVMOAEWCTBUS, MNpMBOOAUME K U3MEHEHUIO
CKOpOCTM Ten. dusmyeckne B3avMOAEUCTBUA OENATCA Ha 2 Tvna: oyHOaMeHTasrbHbIe U
NPOU3BOAHbIE.

dyHOoamMeHTaslbHble B3aMMOOENCTBUS:

1. rpaBuTaLMOHHOE ;

2. 3neKTpPOMarHUTHoe;

3. cunbHoe (spepHoe) - B 100 pa3 Gorble anektpomarHutHoro, B 101° pas
rpaBUTaUMOHHOrO; paauyc aenctemss R ~ 1014m — 10-Owm;

4. cnaboe (B3anMoAencTBUE Jerkux 4acTtul: NENTOHOB, HEMTPUHO W T.M.),

R~10-18m.

OTu B3aMMOOeNCTBMA HasblBaTCHA PyHOAMEHTallbHbIMU MOTOMY, YTO:

a) HM OOHO M3 WX CBOWCTB He OOBbSICHEHO B HacTosiLee BpeMs Ha OocHoBe Gonee
obLmx 3aKOHOB;

0) BCe ocTanbHble B3aMMOOENCTBUS MOryT ObiTb NpeacTaBrfieHbl Kak pesyrnbTaT
dyHOaMeHTasnbHbIX B3aMOLENCTBUN.

B3anmopgencteue Ten Ha pacCToOSHWM OCYLLECTBISIETCA MaTepuaribHbiM 0ObeKTOM
- MOfiEM W MPOUCXOAUT C KOHEYHOM CKOPOCTbIO, paBHOW CKOPOCTU CBETa B BaKyyme c.

NMone - ocobasa ¢opma cywectBoBaHua maTepun. CunoBoe none - obracTb
NPOCTPaHCTBA, B KaXOOW TOYKE KOTOPOW Ha MaTepuarbHylo Yactuly OencTByeT
onpegerneHHaa no BeENMYMHE W HaMpaBfeHUO Cwna, 3aBUCALWAS OT KOOpAMHAT 3TOW
Toukw. [one wrpaeT porb HoCUTENA OaHHOro Buaa B3auMOOEWCTBUS.

B MexaHmdeckmx npoueccax AEWUCTBYIOT PasfMyHble Curbl: YNPyrocth, TPeHus,
TS>KECTW, BEC.

Cuna ynpyroctu - 3TO0 cwla, BO3HMKAOWRAA B Tere npu ynpyron aedopmauum
(MMeeT 3NeKTPOMAarHUTHyO Npupoay).

Ynpyron HasbiBawT gedopmMauuio, MNpu KOTOpOM Terno BOCCTaHaBrmMBaeT
nepBOHavasnbHyl0 opMy U pasmepbl rnocre npekpaweHns OerucTBus aedopmupyrowen
CUIbl.

MnacTtu4yeckon HasbiBaT gecdopmMaunio, NpU KOTOPOW Tero NpUHUMaeT HOBbIE
doopMy 1 pasmepbl Nocre nNpekpaleHns OencTBus AeopMUpyoWen CUrbl.

B peanbHbix Tenax ynpyrve gedopmMaumm Bcerga codeTaroTesi C NnacTUIeCKUMN.

3akoH lyka. Cuna ynpyrocty, BO3HMKalOWRAS B Tere npu ynpyron gedopmaumm,
NponopLMOHanbHa BEeNMYMHe  gedopmMaumMm M HanpaeBfieHa B CTOPOHY,
NPOTUBOMOSIOXHYIO AecdbopMaumu:

F =k
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roe k- JKeCTKOCTb WM KO3(MUUMEHT YNPYrocTW, YUCIIEHHO paBHbLIA cure
YNpyrocTu, BO3HUKAKOLEN MPpU eguHUYHOM aedhopmauum;

X - gedopmaums Tena, YACNEeHHO paBHas abCOMOTHOMY U3MEHEHUIO €ro ASfMHbI.

Cwrbl TpeHVsi BO3HMKAIOT MpUM MNEepPEMELUEHUMM comMpuKacatoumxca Ten (wm umx
yacTten) Opyr OTHOCUTESNbHO [pyra, OHM HanpaBfieHbl MO KacaTeflbHOW K TPyLWMCS
NMOBEPXHOCTSIM U NPOTUBOAENCTBYHOT OTHOCUTESNTlbHOMY CMELLEHMIO 3TUX MOBEPXHOCTEMN.

Cuna TpeHuss BO3HMKAET He TOSIbKO TMPWU CKOSbXXEHUM OOHOW MOBEPXHOCTU
OTHOCUTENBHO APYron, HO U NpW NOMbITKE Bbl3BaTb Takoe CKOSbxeHune. B aTtom cnyyae
OHa Ha3blBAETCH CUIMON TPEHUsI MOKOS.

MakcumarnbHasi curma TPEeHUs TMOKOA U cuia TPEHUA  CKOJSIbXXEHUST  MPSIMO
npornopuUMoHarnbHbl  BefMYMHE CWrbl  HOpMarbHOro  AasreHua Fy, npuwkumMatoLen

TpyLMECH MOBEPXHOCTU APYr K OPYTY:
Fmp = /’lFN ’
rae Y - KoaddUUMEHT TpeHus, BespasmepHas BenmuuHa.
Cunbi TPEHUA UMEIKOT ISNIEKTPOMAarHUTHyO npupoay.

2.3 3akoH BcemupHoro taroteHusa. Cuna tskectm 1 Bec Tena.

Bce Tena B3aumHO nputarMBaltoT Apyr gpyra. 3akoH, KOTOPOMY MOOYMHSETCS 3TO
nputskeHue, 6bln ycTaHoBrieH HblOTOHOM M HOCWUT HasBaHue 3akoHa BcemupHoro
TAroteHnsa. CornacHo 9TOMY 3aKOHY, Cura, C KOTOpPOM [Be MaTepuasribHble TOYKM
NpuUTArMBaloT Apyr Apyra, nNpsiMo NponopuMoHaribHa Npom3BeaeHUo X Macc 1 obpaTtHo
npornopuMoHarnbHa KBagpaTy pacCTosHUA Mexay HumMK (puc.2):

m,m
F=G 12 2 (1)
r
H - n?
roe G=6,67-10-11 ,— - FPaB1TaLVOHHAsA MOCTOsIHHAS.
K2
— E Bnepsblie aKcnepuMmeHTarnsHoe
21
Q'.:_li ____________ 4_9 [OoKa3aTernbCTBO 3aKOHa BCEMUPHOIO TArOTEHUA

AN 3eMHbIX Tem W uucrioBoe onpefereHve C
npoBegeHo aHrmmmckum cusmkom T. KaBeHguwem
Puc.2 (1798 r). Ecrm B (1) noactaButb mi=mz=1kr, r=1m,
TO cura OoKasblBaeTCHa uYucreHHo pasHou G .
Ousnyeckmn cmbicnt G: gBe mMaTepuasrbHble
TOYKM C Maccou no 1kr, Haxogsumecs Ha paccTosHui 1 M Apyr OT Apyra, B3auMHO
npuTarnBaroTca ¢ curion 6,67-10 .

F - rpaButaumoHHas curia wm cura BcemMupHOro TaroteHusi, oHa HanpasreHa
BOOSb NPAMOW, COeAMHSOWEN MaTepuarbHble TOYKW.

Ana onpegeneHuss Cunbl B3avMHOTO MPUTSDKEHUSI Ten KX HYXHO pasbutb Ha
afieMeHTapHble Macchbl, nogcuutatb no gopmyrne (1) curbl NPUTSXXEHUS MexXdy BCeMU
nornapHo  B3ATbIMM  3reMeHTamMu, a 3aTeM reoMeTpudecku WX  CrOXUTb
(NpouHTErpUpoBaTh), YTO ABMAETCS CIOXHON MaTeMaTUYECKON 3afaden.

Ecrm B3aumogencTBylolpe Tena - OOHOPOAHble Lapbl, TakMe BblYUCHEHUS
npuBOaAT K popmyre (1), rae r - pacctosiHie Mexay WX LieHTpamu.
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Cuna TsKecTn - 9T0 cura, No4 AevcTBMEM KOTOpOW TeSio NagaeT Ha NOBEPXHOCTb
nfaHeTbl C YCKOpPEHUEM cBODOOOHOro NageHws.

Puc.3

Ha nomntoce: mg =F; .

Ha akBaTope:

Ecrm He yuuTbiBaTh BpaleHWS MriaHeTbl, TO cwura
TAXECTU coBMafjaeT C CWIOW TATOTEHUs K NraHeTe.
OpHako Ha Terio OevcTBYeT ewg cuia peakuum 3eMHOW
noBepxHOCTW. PaBHOAENCTBYIOLAA OTUX CWUrl  CO3OaéT

HOpMarbHOe YCKOpEeHVWe a,, HanpaBrieHHOE K LEeHTpY
OKPY)XHOCTW, MO KOTOPOMW AOBWKETCA Terio B npouecce ero
cyToyHoro BpaweHus (puc.3). C yd4éTom 3TuX pakTopoB

Ccuna TAXeCTUn YUCIIeHHO paBHa N, HO HanpaBJieHa
NPOTUBOMOJSIOXHO €W BOOSb SIMHUM OTBeca.

FT+N =man.

mg =F, —-me°R,

roe o - YrroBas CKOpOCTb CYTOYHOrO BpalleHust 3emin.
BcreaoctBue BO3OENCTBUA Ha Terio CUibl TSXKECTW Tero OaBUT Ha Oropy wm
pacTarvBaeT noABec, Ha KOTOPOM BUCUT (puc. 4).

mﬁl
.Léi“‘

P

mg

Puc. 4

Bec P - 3710 cuna, ¢ KoTopom
TENo AAaBWUT Ha OMOpy WM pacTarvBaeT

NI I'IO,EI,BG_(}:.
i I N - cuna peakumn onopbi.
BI CornacHo TPETbEMY  3AKOHY
HbloTOHa,

P=-N,wwm P=N .Onpegermmm Bec Terna mMaccon m B pasfiMyHbiX CUTyauUsIX.

1.Teno nokoutcsas WM OBWKETCS PaBHOMEPHO MNPAMOSIMHENHO OTHOCUTENBbHO
NMOBEPXHOCTU 3eMin.

—

s

.mg

2.Terno
3amensieHuem).

OBWKETCS

BepTUKaribHO

N +mg =0,
N =mg,
P =mg.

BBEPX C YyCKOpeHMeM a(wm BHU3 C

N +mg = ma,
N —mg = ma,
N =m(g + a),
m=m(g + a).
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lMeperpyska nokasbiBaeT, BO CKOSIbKO pa3 BeC Tera, ABWKYLLErOCS C YCKOPEHMEM,
borblue Beca HernoABWKHOIO Tera.
_mMg+a) g+a
mg g
Mpumepbl neperpysok:

KaTanyrnbTupoBaHua - o16.
3.Teno pOBwkeTCA BepTMKaNbHO BHU3 C  YCKOPEHMEM

n

npu B3néTe camonéra - 15; y nétyvka B MOMEHT

a (wm BBEpPX C

3amenrneHvem).
N +mg = ma,
N 1 a mg—-N =ma,
N =m(g -a),
mg m=m(g - a).

B aTOM crnydqae BecC ymeHbLUAeTCs Mo CPaBHEHUIO C BECOM HEMOABWKHOIO Tena.
Ecrm a=g, 10 P=0.
HeBecoMoCTb - 3TO COCTOSIHME Terna, Korga ero Bec paBeH Hyro.
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INNekumna 3. Pabota n aHeprusa. 3aKkOHbl COXPaHEeHUA
3HeprMm U nmnyrnbca

3.1 PaboTta n MOoLWHOCTbL

Koroga nog penctBnemM HEKOTOPOW CWrbl Tero COBEpLUaeT MnepemeLleHne, TO
OENCTBME CWbl XapaKTepusyeTCs BEerMYMHOW, KOTOopasi HasblBaeTCs MeXaHW4eCKoMn

paboTomn.
MexaHunyeckasa paboTta - mMepa OEWCTBMSA Cwuibl, B pes3ynbTaTe KOTOPOro Tena

COBEPLIAOT NepeMELLEHME.
Pabota noctosiHHOM curbl. Ecrm Teno ABWKETCS NPSIMOSMHENHO NoA, AEVCTBMEM

MOCTOSIHHOM CUrbl  F, COCTaBMAIOWEN HEKOTOpbLIA Yron o C  HanpasneHiem

E~ nepemMeLleHus S (puc.1), paboTta paBHa NpPou3BEOAEHUO 3TON
@ S -5 CWbl Ha NMepemMeLleHne TOYKM MPUIIOXKEHMS CUMbl M Ha KOCUHYC
FEEE RN yrma o Mexagy Bektopamu Fu S wwm pabota paBHa
Puc. 1 CKandpHoMy npoOuU3BEOEHUMIO BEeKTopa CWrbl Ha  BEKTOop

nepemeweHns: A=F-S=FScosa, [Al=H-mu= /.
1 [Ox - pabota, coBepwaemas cwion B 1H npu nepemeweHu Ha 1m B
HanpaBfeHM OEeNCTBUSA CUSbl.

o T

€CIM o - OCTPbIN yron, a<E, cosa >0, A>O0;
o T

ecrm o - Tyrnown yron, a>E,COSa<O, A<O0;

ecmm a:%, cosa=0, A=0.

—_—

I_::mer_l Emggu § A”zp = FmpS COSmT = _FmpS;
< » A =F_ScosO=F,_S;
mg" Amﬂwc _ O.

Puc. 2

Pa6ota nepemMeHHOM cunbl. YTOOGbI Hawtn paboTy nepemMeHHoOn Ccurbl,
NPOVOEHHbIA MyTb pa3buBadT Ha OOMbLIOE YUCIIO MarblX Y4acTKOB Tak, 4TOObI WX
MOXHO ObIflo cuMTaTb MNPSAMOSIMHEVHbIMKW, a OEWCTBYIOLYO B 0OOM TOYKE AAHHOro
ydacTka CUry - NOCTOSAHHOM.

OnemeHTapHas paboTta (T.e. paboTta Ha 9nemMeHTapHOM YydacTke dS ) paBHa

dA = FdS = FdS cos(F,dS), a Bcsi paboTa nepeMeHHON bl Ha BCeM NyTU S HaxoauTcs
WHTErpvpoBaHvem: A= j FdS .
S
B kayectBe npumepa paboTbl NEpeMeHHoOW curbl paccMoTpum  paboTy,
coBepliaeMylo npu gedopMaumm (pPacTsXeHUM) MPYyXuHbl, MNOOYUHSIOLENCH 3aKOHY
lNyka.
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Froy =—F,., =K
X, X, 2 2
A= [F,, dx= jkxdx_k—xz—k—xl.
%, %, 2 2

2
Ecrm HavanbHas gedopmaums x1=0, To 4 = -

Mpu cxaTum NPYKMHBI COBEpPLUAETCS Takas e paboTa.

Ft F =const F dA

—

Puc. 3

Mpadmyeckoe nsobpaxeHne paboTbl (puc.3).

Ha rpadukax paboTa YiCrneHHO paBHa Mrowaan 3aluTpUXOBaHHBLIX douryp.

[na xapakTepuctukm GbICTPOThI COBEPLLEHMS PaboTbl BBOAAT MNOHATNE MO LLHOCTW.

MowWwHOCTL NOCTOAHHOW CWUNbl YUCIIEHHO paBHa paboTe, COBEPLUAEMON 3TOM
CWION 3a eaVHULY BPEeMEHM.

N Y P S
C

1 BT - 3T0 MOWHOCTL curbl, KoTopasi 3a 1 ¢ coBepuwaeT 1 [k paboTbl.

B crnyyae nepemMeHHON MOLUHOCTU (3a Marsble OAMHAKOBbIE MPOMEXYTKU BPEMEHU
coBepLiaeTcsa pasnmyHasa paboTta) BBOOUTCH MOHATME MIHOBEHHOW MOLLHOCTM:

N=d—A=M=Fucosa=|E~B,
dt dt

- dS
roe v = E_ CKOPOCTb TOYKU MNMPUIOXKEHNA CUIbl.

Takum o6pa30M, MOWHOCTb paBHa CKaliipHOMY npou3BedeHUO CUlbl F Ha

CKOPOCTb 0 TOYKM €€ NPUIOXKEHUS.

dA f
Takkak N=—°,  dA=Ndi, A=|Nd.
0

3.2 3aKOH coXpaHeHus1 umMnyrbca.

MexaHuyecko CUCTEMOW Ha3blBAeTCA COBOKYMNHOCTb Terl, BblAeneHHas ans
pacCMOTPEHMS. Tena, obpasyroume MEXaHNYECKYHO cucTemy, MOryT
B3aMMOOEeNCTBOBATb, Kak Mexay cobon, Tak u C Tenamu, He npuHagsfiexawymmn gaHHOM
cucteme. B cooTBeTCcTBME C  3TUM  Cwrbl, OeWCTBYlOUME Ha Terla CUCTEMBI,

nogpas3gerndarT Ha BHYyTpeHHUE W BHELLHUE.
BHYTpeHHMMM Ha3blBalOTCA CWUIbl, C KOTOPbIMU TEJIa CUCTEMDI B3aMMOﬂ,el7ICTByI'OT

mMexay cobon
BHewHnMn HasbiBalOTCA CWbl, OOYCrNOBNEHHblE BO3AEVUCTBMEM Ten, He

NPUHaAnexalimMx OaHHOW cucteme.
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3aMKHYTOU (UMW U3ONMPOBAHHOMW) Ha3biBAeTCA CUCTEMA TeS, HA KOTOPY He
AEVICTBYIOT BHELLHWE CUIbl.

[Ons  3aMKHYTbIX CUCTEM OKasblBalTCA HEU3MEHHbIMU (COXpaHATCH) Tpu
PU3NYECKUX BEIMMYMHBI: 3HEPIUs, UMMYNbC U MOMEHT umnyrbca. B cootBeTcTBUM C
3TMM VMEKT MeCTO TpW 3aKOHa COXpaHeHWs:
3HEpruM, UMnynbca, MOMEHTa MMNyrnbCca.

PaccmoTpum cuctemy, cocTodAwyto u3 3-X

Ten, UMMYrNbCbl KOTOPbIX P, P,, P; W HA KOTOpble
OEVCTBYIOT ~ BHelWHWe cwrbl  F,F.F,  (puc.
4).CorrmacHo 3 3akoHy HblOTOHa, BHYTpPEHHWE

m
Fo\ / = CWbl MOMApPHO pPaBHbl U MPOTUBOMONOXHO
32
HanpasJieHbl:
F3 F, =—F,,F=-F,,F, =-F;.
PUC 4 3anvwemMm OCHOBHoOE ypaBHEHNE [OUHAMUKU
) aOnda Kaxgoro m3 Teji U CJIOXKUM  TMOYSIeHHO 3TU
ypaBHeHus
dp. — — —
Py _ Fi+Fi+Fis,
qt
d — -
+ p2=F2+F21+F23,
d_t
d — o~
Ps =Fs+Fa+ Faa.
dt

T.0., npom3soaHadA Mo BpeMeHUn unMnyribCca MeXaHU4EeCKON CUCTEMDI paBHa
reomepr-leCKoM CyMM€e BHELUHUX Ccun, ﬂ,GVICTByI-OLLIVIX Ha CUCTEMY.

[N 3aMKHyTOI cucTeMbl D F =0, Z—f =0—> p = const..

3aKkOH coOXpaHeHusi uMnynbca: UMMYNbC 3aMKHYTOM CUCTEMblI MaTtepuasbHbIX
TOYEK OCTaeTCHA NOCTOAHHbIM.

N3 aToro 3akoHa criegyet Hem3bexHOCTb OoTAaum npu cTpenbbe u3 noboro
opyaus. Nyna wm cHapsia B MOMEHT BbICTpera nosfly4atoT UMMYSbC, HanpaBfieHHbIN B
OfHYy CTOpPOHYy, a BMWHTOBKA WWM OpyavMe MofydalT MWMMYNbC, HanpaBreHHbI
NPOTUBOMOSIOXKHO. [na  yMeHblueHMa 3Toro adpdpekta MpUMMEHSIIOT  creumarnbHble
NPOTUBOOTKATHbIE  YCTPOMCTBA, B  KOTOPbIX KMHETUYEcKass 3SHeprus  opyavs
npeBpawgeTca B MOTEHUMASbHYI0 3HEPruio yrnpyron aedopmaumm n BO BHYTPEHHIOH
SHEPruto NPOTMBOOTKATHOrO YCTPOWUCTBA.
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3aKkoH COXpaHeHVst MMMyrbca JeXUT B OCHOBE [ABWKEHWS CydoB (NOABOAHBIX

nofoK) Mpy MOMOLM rpebHbIX Konec UM BUMHTOB M BOJOMETHbIX CYOOBbIX ABUratenei
(Hacoc BcacbiBaeT 3abopTHyl0 Body W oTOpacbiBaeT ee 3a kopmy). [lMpu 3tom
HEKOTOpPOe KONMYecTBO BoAbl OTOpackiBaeTcA Hasafd, yHOCs C CoBoK onpeaeneHHbIN
MMMYNbC, @ CyAHO MpUoGpeTaeT TaKoW Xe MMMYrNbC, HanpaBneHHbIN Bneped. OTOT e
3aKOH NEXUT B OCHOBE PEaKTUBHOIO ABWKEHUS.

B kayecTBe npvmepa paccMoTpym abCOMOTHO HEYMNPYroe coydapeHue Terl.

AGCONITHO Heynpyruin yaap - CTOSKHOBEHWE [BYX Ter, B pe3yrbTaTe KOToporo
Tena oObeavHATCA, OBUrascb pAarblie Kak eauHoe uenoe. lpu TakoMm ydape
MeXxaHU4YecKasi SHeprust YacTUYHO WM MOSHOCTLIO NepexoauT BO BHYTPEHHIOK SHEPruo
coyaapsiloUmxXca Ten, T.e. 3aKOH COXPaHEHUS! SHEPTUN HE BbIMOSHAETCS, BbINOIHAETCA
TOMbKO 3aKOH COXpaHeHVs UMMyrnbca.

S m, L1 3 m, > O(ml+m2)5

. mo, +m,0,
LV =——7-—7—7—.
m, +m,

m,5, + m,5, =(m, +m, )5,

Teopusi abCcomMOTHO ynpyrnx M abComoTHO Heynpyrnx yoapoB MCMOSb3yeTcs B
TEOPEeTMHECKOM MexXaHuKe A pacyeTa HanpsxeHud n gedopmauun, Bbi3BaHHbIX B
Terax ygapHbiMu curiamu. [Npun peleHun MHOrMX 3agad ygapa 4acto onuparoTcs Ha
pesynbTaTbl pa3HOOBOpasHbiX CTEHOOBbLIX MWCMbITaHWA, aHarmaupys u obobupsa  ux.
Teopusa ymapa LWMPOKO WUCMOMb3yeTCs MpuM  pacyeTax B3pbIBHbIX MPOLIECCOB;
npUMeHsieTcsl B (pu3nKe 3reMeHTapHbIX YacTul Mpu pacyeTax CTONKHOBEHWA saep, npu
3axBaTe YacTuy sapaMu 1 B Apyrux npoueccax.

borblwon Bknag B TeOpulo yaapa BHEC poccuickuin akagemuk A.5.3enboosmd,
KoTopbin, paspabaTtbiBad B 30-x rogax usnmdeckne OCHOBbI OANTMCTUKM paKkeT, peLmn
CINOXHYI0 3ajadvy yoapa Tena, fneTeBlero C OOonbLION CKOPOCTbIO MO MOBEPXHOCTU
cpeabl.

3.3 OHeprusa. NoTeHuManbHaaA U KNHETUYECKaA IHeprus.
3aKOH COXpaHEeHUA IHeprun.

Bce BBegeHHble paHee BeSfMYMHBbI XapakTepusoBarM TOMbKO MexaHudeckoe
aswkeHne. OgHako (bopMm OBWKEHUS MaTepun MHOro, NMOCTOSIHHO MPOUCXOAUT Mepexon
OT oaHOM hOpMbl OBWKEHMS K Opyron. Heobxooumo BBECTU (PU3MYECKYID BEMMHMHY,
XapakTepusylolylo [ABWKeHMe maTepum BO Bcex opmax eé CywecTBOBaHus, C
MOMOLLBI KOTOPOW MOXHO ObIfi0 Obl KONMYECTBEHHO CpaBHMBATb pPasinyHbie OOPMbI
ABWKEHUS MaTepun.

OHeprua - mMepa OBWKEHUS matepum BO Bcex €€ dopmax. OCHOBHOE CBOWCTBO
BCEX BWOOB 3HEpPrum - B3auMornpeBpali@eMocTb. 3anac aHepruv, Kotopon obragaet
Teno, onpegenseTca ToOM MakcumarbHoM paboToN, KOTOPYH Terio MOXeT coBeplaThb,
M3pacxofoBaB CBOK ISHEPrMO MOSHOCTbIO. JHEPrust YMCIIEHHO paBHA MaKCUMarbHOM
paboTe, KOTOPYD Terno MOXEeT COBEpPLMTb, U U3MEPSETCHA B TeX Xe eauHuuax, yYto u
paboTa. Npu nepexoae aHeprum M3 O4HOrO BuAA B APYrOWN HYKHO NOACHMTATb 3HE Prutko
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Terna wm cucTembl OO U Mocre nepexoda v B3ATb UX Pa3HOCTb. OTY Pa3HOCTb MPUHATO
HasblBaTb paboton: A=AW .

T. 0., (hmandeckass BenmuMHa, XapakTepuaylo@as CrnocobOHOCTb Tera coBepLiaTb
paboTy, Ha3bIBaeTCHA SHEPTUEN.

MexaHndeckas aHeprus Tera MoxeTt ObiTb OBycroBrieHa MMbo OBWKEHVWEM Tera C
HEKOTOPOW CKOPOCTbIO, MO0 HaxoXXAeHWeM Tera B NOTEHUMaribHOM Mone Cun.

KvuHeTn4yeckas aHeprus.

OHeprusa, koTopon obrajaeTt Terno BCreACTBME CBOEro OBWXKEHVS, HasblBaeTcs
KnHeTudeckon. PaboTta, coBeplieHHass Hag TeroM, paBHa MpupaLLeHMo  ero
KMHETUYeCKon 3SHeprn. Hamgem 3Ty paboTy Ons cryyas, Koraa paBHOOEWNCTBYHOLLAS

BCEX MPUINOXeHHbIX K Terny cun paBHa F .

A:J‘(ﬁ,dg)l
If:mézm@,
dt
v - . o . 2
A:J‘md—u-dszmjdud—szmj‘d :mfudu:mu ,
™ot dt 2
2
A= AW, szm;

PaboTa, coBeplleHHass TefloM 3a CYET KMHETUYECKOW 3HEeprun, paBHa yoblm aTon
SHEpPrum.

NMoTeHunanbHasa aHeprus.

Ecrm B Kakgon Touke NpoCTpaHCTBa Ha Terio BO3OEUCTBYIOT ApYyrue Tera C CUIon,
BEfIMYMHA KOTOPOM MOXeT OblTb pasfmMyHa B pasHbiX TO4vKaX, FOBOPSAT, YTO Tesio
HaxoauTCs B MOSie CWM WM CUIMOBOM rOfie.

Ecrm rmHvn pgenctBusti BCex 9TUMX CU NPOXOOAT Yepe3 OOHY TOYKY - CUIIOBOW
LEHTP noss, - a BENMYMHa CWibl 3aBUCUT TOSIbKO OT PacCTOsiHMA OO0 3TOro LeHTpa, TO
Takne Cwibl Ha3blBalOTCA LUEHTpasibHbiMK, @ Mofe TakuX Cun - LeHTpasbHbIM
(rpaBuUTaLMOHHOE, 3MEKTPUYECKOE MOSie TOYEYHOro 3apsaa).

[Mone NOCTOSIHHBIX BO BPEMEHW CUIN Ha3blBAETCA CTALMOHAPHbBIM.

Mone, B KOTOPOM JWMHWA OEWCTBMSE CUN - NapasnesfbHble  npsvble,
pPacnosioXXeHHble Ha OAMHAaKOBOM PacCTOSIHAM OPYr OT Apyra - O4HOPOAHOe.

Bce cwbl B MexaHMke — NoApas3geriFaloTcs  Ha o KOHCepBaTMBHbIE U
HEeKOHCcepBaTVBHbIE (MM OUCCUMATUBHbBIE).

Cunbl, paboTta KOTOpbIX He 3aBuUCUT OT (POpMbl TpaekTopuu, a onpeaenseTcs
TONMbKO HayasbHbIM UM KOHEYHbIM MOSIOKEHMSIMU Tefla B MPOCTPaHCTBE, HasblBaKTCH
KOHCepBaTUBHbLIMN.

Pabota koOHcepBaTMBHbIX CW1 NO 3aMKHYyTOMYy nyTM paBHa Hymo. Bce
LUeHTpasrbHble CWMbl SIBAAIOTCA KOHCcepBaTVBHbIMWU. Curbl ynpyron aedopmMaumm Takke
ABMSAIOTCA  KOHCepBaTWBHbIMM  curlamn. Ecrm B nore  OeWCTBYIOT  TOSMbKO
KOHCEpBaTUBHbIE CWIbI, MOJSie Ha3biBAeTCA NOTEeHUManbHbIMK (FpaBuUTaALMOHHOE More).

Curbl, paboTa  KOTOpbIX  3aBuCUT  OT  (popmbl  NyTW,  Ha3blBaAKOTCH
HEKOHCEpPBATMBHBbIMU (CUMbl TPEHUS).

MoTeHuManbHOM 3Heprven HasbiBaloT 4YacTb OOLWEeN MexaHM4ecKom 3SHeprum
CUCTEMbI, KOTOpas onpegendeTcd TOMbKO  B3aMMHbIM  pacriofiokeHnem  Ten,
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COCTaBMAKWYX CUCTEMY, W XapakTepoOM Cunl B3aUMOOEWCTBMS MexXdy HUMMW.
MoTeHUManbHaa 3Heprusli - 370 dHeprusi, KOTOpon obragalT Tera WM Yactu Tena
BCrNeACTBME UX B3aMMHOIO PaCMoSioXeHUS.

lMoHATME noTeHUManbHOW 3HEepruM BBOAUTCA cregylouym obpasom. Ecrm Terno
HaxoauTCs B MOTEHUManbHOM rosie cwn (Hanpumep, B rpaBuUTaLMOHHOM rore 3eMmm),
KaXXOoW TOYKEe MOoSfii MOXHO COMOCTaBUTb HEKOTOPY  OYHKLUMIO  (HasblBaemyro
NoTeHUMarnbHOM aHepruen) Tak, Ytobbl paboTta A1z, coBepliaemMass Hag TeroMm curnamu
nons npu ero nepeMeLLeHMn 13 npomsBOSIbHOro NorioXeHna 1 B Opyroe npousBosibHOE
norioxeHve 2, 6birna paBHa yobirm 3TOW OYHKUMM Ha nytm 1—-52:

Wp (l) _Wp (2) = A]_z:
rae W, (1) v W, (2) - 3Ha4yeHus noTeHumanbHON 3HePrM CUCTEMbI B MOJIOXKEHUSX 1

n2.

3anncaHHoe COOTHOLLEHME MO3BOSIIET OnpedesmMrb  3HavyeHue noTeHuuansHom
SHEPIMN C TOYHOCTbK OO0 HEKOTOPOW HEU3BECTHOM apauTMBHOM MOCTOsiHHOW. OpHako,
39TO OOCTOATENMBLCTBO HE MMEET HUKAKOro 3HayeHusl, T.K. BO BCE COOTHOLLEHWUSI BXOOMUT
TOMbKO PasHOCTb MOTEHUMAasbHbIX 3HEPru, COOTBETCTBYIOLMX [OBYM MOSIOXEHUSM
Tena. B kaXgon KOHKpeTHOW 3ajade yCcraBfmMBalOTCH CYUTATb MOTEHLUMAlbHYH 3HEPTU0
KaKkoro-to OnpeferieHHOro rorfioXeHns Tera paBHOWM Hymo, a 3Hepruio  Opyrux
MOJSIOXKEHWN BpaTb MO OTHOLIEHWIO K HyNeBOMY YPOBHIO. KOHKpEeTHbIV BuO doyHKumMm W

3aBMCUT OT XxapaKTepa CUIIOBOro Mnosisi 1 Bblbopa HyneBoro ypoBHS.
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Puc. 5

|_|OCKOJ'Ibe HyﬂeBOVI YPOBEHb BbI6MpaeTCﬂ NPoOn3BOJIbHO, Wp MOXEeT UMETb

oTpyuaTternbHble 3HayeHus. Hanpumep, ecmm nNpuHATE 3@ HyNb  MOTEHUMAsbHYO
SHEPruo Tera, HaxoOsaLEerocs Ha NOBEPXHOCTM 3emsn, TO B Mofe Cun TskecTu BOm3n
3eMHOM MOBEPXHOCTU MOTEHLMarbHas 3HEprus Teria Maccom m, MOAHSATOrO Ha BbICOTY
h Hag nosepxHocTko, paBHa W, = mgh (puc. 5).

A12 :Wpl _WpZ!

A, = mg-r = mg(h1 _hz) = mghl _mghz 1

rae h, —h, - nepemelweHe Tena nog AENCTBUEM CUMbl TSXKECTU;

npu h, =0, W, =mgh .

MoTeHumanbHas aHeprus 3TOro e Terna, fexawero Ha gHe Ambl rrybuHon H,

paBHa
W, =-mgH .
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B paccmoTpeHHOM npumepe pedb Wia O MOTeHUManbHOW 3JHEeprum CUCTEMBI
3emna-Tero.

MoTeHumanbLHon 3HEepruemn MOXeT  obragaTb He TOJIbKO cuctema
B3aMMOLENCTBYIOLWMX Ten, HO OTAENbHO B3sTOEe Tero. B aTom crnyyae noteHumansHas
9HEpPrsa 3aBUCUT OT B3aUMHOIO pPacrofioXeHUs YacTten Tena.

Bblpasvm noTeHumansHyl0 3Hepruio ynpyro AedopmMmMpoBaHHOro Tera.

22 27
A12:Wp2 _Wplv
kx? 5
W_ =— - noTeHuuanbHasi 3Heprus ynpyron gedopmaumn, ecrm NPUHSTb, YTO

p

noTeHumnanbHas aHeprus HeaedOpMMPOBAHHOIO Tera paBHa Hymo; K - KoaduumneHT
ynpyrocTn, x - gecdopmaumsa Tena.

B obuem cnyyae Teno oAHOBPEMEHHO MOXeT obrafjatb M KMHETUYECKOW, U
noTeHuuansHon aHepruaMn. Cymma 9TUX 3HEprur HasblBaeTCs MOSHOM MeXaHU4eCKom
sHepruen Tera: W =W, +W,.

[MonHasi MexaHundecKkas JHeprusi CUCTEMbl paBHA CyMME €€ KUHETUYECKOM W
noTeHuuarnbHon 3Heprun. [lonHas oHeprua cucTtemMbl paBHa CymMMe BCeX BWOOB
3Heprmn, KotopbiMn obragaeTt cucrtema.

3akoH COXpaHeHus 3Heprum - pesyrnbTaT 0606LWeHMA MHOTIUX
aKCnepuMeHTarnbHbIX AdaHHblX. Waea aToro 3akoHa npuHagnexut JIoMOHOCOBY,
M3MOXMBLLEMY 3aKOH COXPaHEHUs MaTepum W OBWKEHWUS, a KOoSMdeCTBEHHasi
dopmMyrmMpoBKa [OdaHa HemMeukum BpadoMm Mawvepom U ecTecTBOUCHbITaTENEM
Fenbmronbuem.

3aKOH COXpaHEeHUs1 MeXaHU4YeCKOM IHepPruu: B Mnosie TONbKO KOHCEPBATMBHBLIX
Cun MNoSHass MeXaHu4eckasi SHeprus OCTaeTcsl MOCTOAHHOW B M30SIMPOBAHHOM CUCTEME
Ten. Hamvmune guccmnatuBHBLIX Cun (Cun TPeHus) NPYBOAMT K Auccunauum (paccesHuio)
SHeprvn, T.e. MpeBpaleHN0 €€ B ApyrvMe Budbl 3HEPrMM W HapyleHWo 3aKkoHa
COXPaHEHUST MEXAHUYECKOWN 3HEPTUM.

3aKOH COXpaHeHUs U npeBpaweHUs MNONIHOM 3HEepPruu:. nofHas 3Heprus
N30/IMPOBAHHON CUCTEMbI €CTb BESMIMYMHA MOCTOSAHHASA.

OHeprns HUKorga He mcyesaeT U He MOSIBIIIETCS BHOBb, a fMlb NpeBpalgeTca 3
OAHOrO BMOA B [JpYyroM B 3KBMBAINEHTHbIX KormdyecTBax. B aTOoM M 3aknoyaeTcs
dumsnyeckasn CYLLHOCTb 3aKoHa coXpaHeHust N npeBpaleHus SHEPIUK:
HEYHUYTOXMMOCTb MaTepum n e€ OBwkeHusa. Hanpumep, npu abCoOMOTHO Heynpyrom
coydapeHnn Ten MEexXaHM4Yeckasi 3HEeprmsi 4YacTUYHO WM MOSHOCTbID MNepexoaunTt BO
BHYTPEHHIOKD 3HEPru0 COYAapsOUMXCA Ten, T.e. 3aKOH COXPaHEHUs MeXaHW4eCKOWm
SHEPrMM He BbINOMHAETCA. A BbINOMHAETCA 3aKOH COXPaHEHUss W MNpPeBpaLLeHUs
SHEpPrmn.
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Nlekumsa 4. IlnHamukKa BpaLlatenbHOro ABNXeHus
TBepAaoro tena

4.1 MOMeHT MHepuum.

MNpn paccmoTpeHun BpalATeNbHOro [OBWKEHMA HeobxoaumoO BBECTU HOBble
dmsmyeckre MoHATUA: MOMEHT MHEePLUN, MOMEHT CUrlbl, MOMEHT UMIyrbCa.
MOMEHT wuHepumMM £BRAETCA MEepon WHEPTHOCTU Teria npu BpalATeNbHOM
ABWKEeHUM Tera.
MoMeHT uHepuuu MaTepuanbHOM TOYKM OTHOCUTENbHO
S S HEMNoABWKHOM OCWU BpalLEeHVA paBeH MPOM3BEOEHMIO €€ MaccChl
; \r\ ) Ha KBafpaT pacCTOsHMA [0 pacCMaTpyBaeMON OCU BpalLeHNS
----- doo-De (puc.1):
J=mr?, [J]=lxe- 2.
Puc. 1 J 3aBuCUT TOMbKO OT Macchl mMaTepuarbHOW TOYKM 1 eé
MOMOXEHNsA OTHOCWUTESIbHO OCW BpalleHWs W He 3aBucuT OT
HarmM4Mss camoro BpaLLeHus.
MoMmeHT wHepumn - ckamAapHas W afduTBHas BerMYMHA, MO3TOMY MOMEHT
MHEpPLMN Terna paBeH CyMMe MOMEHTOB MHepLIMM BCEX ero ToYek:

J :Z‘]i sziﬁ2 .

B cnyyae HenpepbiBHOrO pacnpederneHns maccbl 3Ta CymMMa CBOAUTCS K
VHTEerparny:

J=[r’dm=[r’pdv,
m \Y

roe dm= pdV - macca maroro obbema Terma dV, p — MAOTHOCTb Tera, r -
paccTosiHve oT anemeHnta dV [0 ocu BpalLeHus.

MOMEHT wuHepumn SABMSIETCA aHarioroMm Maccbl Npyv BpawaTesibHOM ABVDKEHWUN.
Uem 6ornblle MOMEHT wWHepuun Terna, TeMm TpyaHee W3MEHWUTb YIIoBYK CKOPOCTb
Bpawaemoro tera. MoOMEHT MHEpUMXU UMEET CMbICIT TOMbKO MPY 3a4aHHOM MOSIOXEHNN
OCu BpalLeHus. beccMbICrieHHO roBOpUTb MPOCTO O “MOMeEHTe uHepumn”. OH 3aBUCUT .

1)OT nosioXkeHnsi ocu BpaLLeHus;

~ 2)oT pacnpedeneHuss Maccbl Tena
—~ O @ OTHOCUTENbHO OCWM  BpalleHWs, T.e. OT
L chopMbl Teria 1 ero pa3mepos.

QKcnepuMeHTarnbHbIM
JoKa3aTernsCTBOM 3TOro ABMAETCA OMbIT CO
CKaTbIBAKOLLMMUCS LINMHOPaMMW.

D, =D,,
ml 20
J, <J,.
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MpousBeas WHTErpupoBaHME AN HEKOTOPbIX OOHOPOAHBIX TEN, MOXHO MOMyYUTb
cregyrowme dopMynbl (OCb BpalleHUs MpOXoauT Yepes LEeHTp Macc Tena).

1.MomeHT wvHepumn oO0pyda (TONUMHOW CTEHOK npeHebperaem) wnM Mnosoro
unnmHgpa:

/‘e\ J:jRdeszjdmszZ.
2.MoOMeHT nHepumm aucka win crrowHoro unrHgpa paguyca R:

L szszjrzdm;

dm= pdV = p27zdrh

R 4
_ 2 _ 3 _ R _1 2 2_1 2
J _Ir p27zfdl‘h-27rph£l‘ dr_z”phT_EPﬂR hR _EmR ,

roe 7R°h=V, p-V=m.
3.MoMeHT uHepumm wapa

4. MOMEHT MHEPLUM CTEpPXKHS

T 12

Ecrm ans Tena uW3BEecCTEH MOMEHT WHEpLUMM OTHOCUTENbHO OCW, NpoXoasilLen
yepe3 LEHTP MacC, TO MOMEHT WHepLMM OTHOCUTENbHO JoGOoN ock, naparrenbHON
nepBow, HaxoauTcs no Teopeme LUTerMHepa: MOMEHT MHeEpUMM Tera OTHOCUTENbHO
NPOU3BOSILHON OCKM paBeH MOMEHTY MHepuMn Jo OTHOCUTENBHO OCKM, NaparriefbHOM

JaHHOM M Npoxodswen 4epe3 LUEeHTp Macc Tena,

L d CrOXXEHHOMY C MpOM3BEAEHMEM MacCbl Tena Ha KBagpaT
: . ‘ 1 PacCTOSHUS MeXay OCSIMU.
O ¢ J=J,+md*, rae d pacctosivue oT ueHtpa macc O [0
Puc.2 ocu BpaweHua (puc. 2).
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LleHTp macc - BoobGpaxaemass Touka, MOSIOXEHVe KOTOPOW Xapakrepusyet
pacnpegeneHve Maccbl faHHoro Terna. LleHTp Macc Terna ABWKETCA TaK e, Kak
Asuranacbk Obl MaTtepuarnbHasi Todka TOW e MacCbl NoA AEVCTBUMEM BCEX BHELLHWUX CWUr,
AENCTBYIOLLMX Ha JaHHOe Tero.

[MoHsATME MOMEHTa uHepuum Obifio BBEOEHO B MEXaHUKY OTEYECTBEHHLIM YYEHbIM
J1. Dunepom B cepeauHe XVIII Beka, U € Tex NOp LLMPOKO UCMOMb3YeTCA NpU peLLeHN
MHOMMX 3ajay OvHaMuKKM TBepaoro Tera. 3HadeHne MOMeHTa uHepuum Heobxoammo
3HaTb Ha nMpakTVKe nMpu pacyeTe pasfMyHbIX BpaALRAKLUKXCA VY3MOB W CUCTEM
(MaxoBukoB, TypbuH, pPOTOPOB arnekTpoasuratenen, rmpockonos). MoMeHT wHepuum
BXOOUT B ypaBHEHUs OBWKeHWs Terna (kopabns, camoneTa, cHapsiga, u T1.n.). Ero
onpedensalrnT, Korda XOTAT  y3HaTb  NapameTpbl  BpawWATenbHOro  ABWKEHUS
reTaTefNlbHOroO annaparta BOKPYr LeHTpa MacC npu OeVCTBMM BHELLHErOo BO3MYLLEHUS
(nopbiBa BeTpa u T.1.).

4.2 MoOMeHT cUunbl.

OgHa ¥ Ta xe cuna MoXeT coobuw@aTb Bpawgalwemycs Terny pasHble YrioBble
YCKOPEHNS B 3aBUCMMOCTM OT €€ HampaBlieHUs W  TOYKM npwioxenuda. [na
XapaKTEPUCTVKMA BpaLLAIoLLEro OENCTBUS CUibl BBOAAT NOHATME MOMEHTA CUbI.

PasmmyaloT  MOMEHT  cwibl  OTHOCUTESbHO
HEMOABWKHON TOYKM W OTHOCUTESNbHO HEMNOABWKHOM
ocn. MomeHTOM curbl  OoTHocuTenbHO Toukn O
(moroca) HasbiBaeTCA BEKTOpHad BermduMHa, paBHas
BEKTOPHOMY  MpOM3BEOEHUIO  paguyc-Bektopa 7,
NpoBeAeHHOro M3 TOYKM O B TOYKY MPUIOXEHUS CUMbl,
Ha BEKTOp Ccurbl: M = [FE|, [M]=1H .

MosicHaoumn 31O onpegeneHne puc. 3
BbIMOSHEH B NpeanosioxeHun, 4to Touka O n BeKTop
F rnexaT B MNMOCKOCTU 4epTexa, Torga Bektop I
TaKke pacrnonaraeTcsa B 3TOW MMOCKOCTW, a BEKTOP

Puc. 3

M1 K Heit n HanpaBreH oT Hac (Kak BEKTOPHOe Npou3BedeHne 2-X BEKTOPOB; Mo

npaBury npaBoro bypas4vika).

Moayrnb MOMEHTa CUrbl YUCIIEHHO paBEH NPOM3BEAEHNIO CUMbl Ha NIeYo:

M =rFsina =rFsin(z—a)=Fl,

roe l=rsin(z—a) - nnedo curbl OTHOcuTernbHO Toudknm O, o - yron mexay
HanpaBrneHsaMn 7 n F, sin(z—a) =sina.

NMne4yo - kpartyanwee pacCTosiHie OT LEHTpa BpaWeHus [0 JMHUM OencTBud
CUIbI.

Bektop MOMeHTa cwnbl coHanpaBfieH C MoCTynaTesNbHbIM OBWKEHWEM MpPaBOro
OypaBuska, €Crm ero pykosiTKy Bpal@Tb MO HanpaBlieHVIO BpaL@oLWEero OencTBus
curbl. MOMEHT cunbl - akcuanbHbI (CBOOOAHBINM) BEKTOP, OH HanpaBfieH BOOSb OCK
BpalLEHVsl, He CBA3aH C onpeaerieHHoNn fMHWen OeWCTBUS, €ro MOXHO NepeHOCUTb B

MPOCTpaHCTBE NaparrefnibHO camomy cebe.
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MOMEHTOM Curbl OTHOCUTENbHO HEMOABWKHOM OCKM Z HasbiBaeTCd npoeKkuus
BekTopa M Ha 3Ty ocb (MpoxoAsuyto 4Yepes Touky O):

Mz = [FIE]Z.

Ecrm Ha Terno Q[OewncTBYIOT HECKONbKO CWI, TO pPe3ynbTUMPYIOLWM MOMEHT CWI
OTHOCUTESNbHO HEMOABWKHOM OCU Z paBeH anrebpandeckon CyMmMe MOMEHTOB BCEX CUN
OTHOCUTENbHO 3TOW OCMW.

Ecrm cuna, npwrioxeHHaa K Teny, He JexuT B

MIIOCKOCTN BpaLleHU4, €€ MOXHO pa3rioxnMtb Ha 2
KOMIOHEHTbI: JieXallyto B [JIOCKOCTU BpalleHuA FT n

neprneHavKyrnspHyto K Hei Fn. Kak BuOHO 13 pucyHka 4, Fn
BpalleHMss He co3gaeT, a npuBoauUT  TOMbKO K
fecdopmauum  Tera; BpaweHue Tera  obycrioBreHo

TONbKO cocTasriaowen F .

OCHOBHOE ypaBHeHVE OVHAMUKN BPaALLATENbHOMO ABWKEHUS.
BbibepemM nNpou3BONbHO HEKOTOPYID TOYKY C

mMaccon m, Ha KoTopylo [JeucTtByeT cwia F,
coobuips Touke yckopenue d, (puc. 5). MNockorbky
BpalleHMe  co3gaeT  TOMbKO  TaHreHumanbHas
COoCTaBrsiloWAs, [Ars  ynpowenus BblBoga  F

HanpasrieHa NepneHavKynsgpHO OCKU BpaLLEeHWS.
B atom cryqae a, =a; =¢f¥;.

Puc. 5

CornacHo BTOpoMy 3akoHy HbioToHa F, =ma, =mer. YMHOXMM 00e 4actu

paBeHCTBa Ha ri.
Fo=mer |xr,
Fr=mer’,
roe F, r, =M, - MOMEHT curbl, JEVCTBYIOLLEN HAa MaTepuarnbHYyl0 TOYKY,

m, 1, = |, - MOMEHT MHepLMM MaTepuansHOM TOUKM.

I
CriepoBaterbHo, M, =J .
[nsi BCero Tena: ZM} =&Y, M=48,

M
M 1)
J

T.e. YrIOBO€ YCKOpPEHMe Tera MpsiMO MPOMOpLMOHANIbHO MOMEHTY OEMCTBYHOLLMX
Ha HEro BHEWHWX Ccui W 0bpaTHO NPOMOPUMOHANIbHO €ro MOMEHTY MHEPLMM.

E=
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YpaBHeHve (1) npencraensieT cobon ypaBHEHVE AVHAMUKMA BpaLLATENbHOrO LBWKEHUS
TBEpPOOro Tera OTHOCUTENbHO HEMOABWKHOM OCKW, WM BTOPOW 3akoH HbtoToHa ans
BpaLLATENbHOrO ABWKEHUS.
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INlekuma 5. 3aKOH coxpaHeHUA MOMEHTa UMnyrbca.

5.1 MomeHT nmMmnynbca.

[Mpn cpaBHEeHWM 3aKOHOB BpaWQATENbHOrO W  MOCTyNaTernbHOro  OBWKEHWUN
ycmaTtpuBaeTtcsd aHanora: m—J, F—->M.

AHarnorom umnyrbca siBneTcd MOMEHT mMmnynbca. [NoHAaTne mMomeHTa umnyrbca
TaKkke MOXHO BBECTM OTHOCUTENbHO  HEMOABWKHOM TOYKM U OTHOCUTESLHO
HEeNnoaABWKHOW OCW.

MomeHT nMnyrnbca MaTepMaanoﬁ TOYKM L OTHOCUTESIbHO HEMOABWKHOM TOYKM

O paBeH BEKTOpHOMY Mpou3BeOeHN0 paguyca-Bektopa I, npoBegeHHoro u3 nomtoca O
K AA@HHOM MaTepuarnbHOW TOYKe, Ha ee UMNyrbC B:

L =[rp]=[rmo].

MomMeHTOM uMNynbca OTHOCUTESbHO HEMOABWKHON OCKM Ha3blBaeTCA MNPOEKuus
BeKTopa L Ha 3Ty OCb.

Ecrm maTepranbHaa Touka Bpaw@eTCa BOKPYr HEMOABWKHOW OCWU, TO €€ MOMEHT

mMmnyrnbca OTHOCUTEJIbHO 3TOM OCU Mo MoAyrno paBeEH
L =mur,

roe mi - macca matepuanbHOW TOYKKW, Ui - €€ NMHEMHasi CKOpOCTb ri - paccTosiHve
00 OCU BpaLLeHus!.
T.K. Ana Bpaw@TensHoro ABWKEHUA v, = a;,

L =mar’ =mrio=J o,
L =30

roe J,=mr’? - MOMEHT WHepUMN MaTepuarnbHOii TOUKM OTHOCUTENbHO OCH

BpaLLEeHus!.
MomeHT nMmnyribCa TBEpAOoro tefla OTHOCUTESIbHO HeHOﬂ,BM)I(HOVI OCHh paBeH CyMmmMe
MOMEHTOB UMMNYITbCOB BCEX €ro TO4eK OTHOCUTESTbHO 3TOWN ocu:
. =YL =Ydo=0YJ =1
) i i i

P L=J®, 1)

—

roe J =ZJi - MOMEHT MHepUuM Terna.

T.0., MOMEHT VMNyrbca TBEPAOro Tera OTHOCUTENbHO
HEMoABWKHOM OCKM BpalleHUs] paBeH MPOU3BEOEHMIO €ro
MOMEHTA MWHEPLUMM OTHOCUTENBHO 3TOM OCU Ha YrrOBYO

Puc.1 CKOPOCTb M COHanpaBfieH C BEKTOPOM YIrflOBOW CKOPOCTU
(pnc.1).
MpoavnddepeHumpyem ypaBHeHve (1) MO BpeMeHU:
L B - dL -
d_L:Jd_a)zjgzm, WM —=M. )
dt dt dt
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YpaBHeHne (2) - ewe ogHa dopma OCHOBHOMO YpaBHEHMA  OMHAMWUKU
BpalLATENbHOTO  ABWKEHUS TBEPAOro Tefla OTHOCUTENIbHO  HEMOABWKHOW  OCHU:
NpoOM3BOAHAS MOMEHTa WMMyrbCca TBEPAOro Tefia OTHOCUTENbHO HEMOABWKHOM OCU
BpaLLeHUs1 paBHAa MOMEHTY BHELLHMX CWIT OTHOCUTENBHO TOW e OCW.

5.2 3aKOH COXpaHeHMA MOMeHTa UMNynbCca.

PaCCMOTpI/IM CUCTemMy, COCTOALYHO KX N Ten, KOTOpPbl€ MOXHO paccMaTpuBaTb Kak
MaTepualibHbl€ TOYKWN.

B obwem Cliydae Ha Kaxgoe Tersio ,D,GVICTB)/I'OT KaK BHEWHUWE, TaK U BHYTPEHHUE
CUINbl CUCTEMBbI.

9L i +M
dt lenewmn Lenymp
+
di, — —
dtN =M N erewn + M N euymp
dLi — — 3
_I:ZMiGHemH +zMi3Hymp ( )
i dt i i
o T.K. BHYTPEHHVWE cCwrbl BCerga rornapHo  pPaBsHbl,
I} NPOTMBOMOJSIOXHbI MO HanpaBfeHWIO W reXxaT BAOSb OAHOWN
' npsmon (puc. 2, ocb O nepneHavKynapHa MroCKOCTH
‘ = > = ° yepTtexa), wux nneus | oavMHaKkoBbl  HE3aBUCUMMO  OT
12 21
pacrnonioxeHus ocu BpaweHus O, MOMEHTbl 3TUX cwun
Puc. 2 OTHOCUTESNIbHO OAHOM M TOW Xe OCW TaK >Xe Bcerga nonapHo

paBHbI n I'IpOTI/IBOI'IOJ'IO)KHbI no Hal'lpaBJ'IeHVIlO, I'IOC-)TOMy
ZMW@ =0.

dl, d—- dL
2= L’:E’

roe L:ZI;- CyMMapHbIi MOMEHT uMMyrbca BCEX Ten CUCTEMbl (MOMEHT
UMnyrbca CUCTEMbI).

Beipaxenue (3) npuHnmaeT Bua;

dL _

E: M@Hem’

T.e. npou3BodHas MOMEHTa UMMyrbCa CUCTEMbl  MartepuarnbHbIX  TO4YeK
OTHOCUTESIbHO KakoW-rmbo HEMOOBWKHOW OCW paBHa CYMMapHOMY MOMEHTY BHELLHWUX
CWI OTHOCUTENBHO TOM e OCMW.

- - dL -
B 4acTHOCTW, ecrm Ons Kakow-TO ocu ZMW =0, e 0 = L = const.

3710 ypaBHEHVE BblpaXa€T 3akKOH COXpPaHeHUsaA MOMeHTa UMMNyJsibCa CUCTEeMbI
MaTepuanbHbIX TO4YeK: MOMEHT uUMNyribCa CUCTEMbl OTHOCUTEJIbHO Kakon-nmbo

HEMOABWKHON OCWM OCTaeTCH MOCTOSAHHLIM, €CIM MOMEHT BHELLHUX CWUI OTHOCUTESIbHO
STOM OCU paBEH HYrHo.
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Ecrm cuctema samkHyta, Y F, =0, M, . =0, L=const, MOMEHT MMMyrbCa

ieneut
3aMKHYTOW CUCTEMbI €CTb BESiM4MHa MOCTOSAHHAS.

Ecrm MOMeHT wumnynbca coxpaHsieTcsl, TO COXpaHAeTCA U MOJoXeHue Ocu
BpalleHns Terna, MOSTOMY Bpalg@roleecs Terno npu OTCYTCTBMM BHELLHUX MOMEHTOB
ycTonyBee HEemnoaBWKHOMO. JTO YYUTbIBAETCH MPU M3rOTOBIIEHUM HAPE3HOro Op YXMWS,
MOCKOSbKY OHO AaeT JIyulylo MpUUENbHOCTb, YeM [MagKOCTBOSMbHOE. BbinyleHHbIN 13
Hapes3HOro opyausi cHapsiai Bpalg@eTcsl BOKPYr CBOEW MPOAOSibHOW OCU U MO3TOMY ero
noreTt ABMAETCS YCTOMYMBbLIM.

3aKoH coxpaHeHusi MOMeHTa mMnynbca 6bin BnepBble copmyrmpoBaH B 1746 1
OTEYECTBEHHbIM ydeHbIM J1.91rnepom.

5.3 'mpockon.

F'MpockonomM HasbiBalOT CUMMETPUYHOE  MaCCMBHOE  OOHOPOAHOE  Terlo,
cnocobHoe BpawaATbCA BOKPYr CBOEN OCU CUMMETPUN C BOMbLLIOM YriOBOW CKOPOCTbLIO.

Bpawgatoumncs rupockon obrnagaet psigoM CBOUCTB.

1. Ecrm rvpockon 3akpensieH Tak, YTO Ha Hero He AEeWCTBYHOT MOMEHTbl BHELLHWUX
cun, TO OH HasbiBaeTcs cBoOoAHbIM. Takon rmpockon obragaeT BaXKHbIM CBOWCTBOM

COXpPaHATb HEM3MEHHBIM HarnpasrieHue MoMmeHTa uMnyrbca L. OCb ypaBHOBELLEHHOTO
rmpockona ¢ 3-Ma  cTeneHsmu cBoboabl CTPEMUTCA  COXPaHUTb B MUPOBOM
NPOCTPaHCTBE CBOE MNepBOHaYarbHOE MOSIoXeHne (CrneacTBMe U3 3aKOHa COXpaHeHus
MOMEHTa UMnyrnsca):

TK Y. M, =0, L=Jo=const.

OTO  CBOWCTBO  MO3BOSFET  MCMOSMb30BaTb  MPOCKOM  Kak  ykasaTtesb
(PUKCMPOBAHHOIO HanpaBlieHNs1 B MPOCTpPaHCTBE. MacCuBHbIE TMPOCKOMbI NMPUMEHSIOTCS
B KayecTBe CTabunmMszatopoB MpsAMOro AencTBus (Hanpumep, cTabunmsatop Kaudku
cynoB). Jlerkne rmpockonbl MCMOSMb3YITCA B KayecTBe CTabunmM3aTtopoB HEMNPSIMOro
AEVCTBUSA; OHM BbIMOSHAIOT POSib YYBCTBUTENIbHOIO 3dreMEHTa, Nepeaarolero curHasbl
ABuraTensaM npuBoda COOTBETCTBYHOLMX pyren. 'MpocKonbl LWMPOKO UCMONb3YOTCA U B
HaBUraLuMoHHbIX Mpubopax (rMpoKoMMachl, FMPOrOPU3OHTbI, yKasaTenm MNOBOPOTOB U
T.N., UX LOCTOMHCTBO - OHM He 3aBUCAT OT MarHuUTHbIX MOSfen); And OpueHTauum B
KOCMMYECKOM MPOCTPAHCTBE KOCMMYECKMX Kopabrew, Ans noadepaHus 3agaHHoOro
HanpaBreHUs ABWKEHUs TPaHCMOPTHbIX CPeacTB (CygHO — aBTOPYNeBOW, camosieT —
aBTONMWIOT U T.M.).

2. [vpockonuyeckun addekT oObHapyxkuBaeTcsi, Korga Ha OCb rupockona
JencTByeT cwia WM napa cwun, cosgarolis
BpaLw@ouyn 3Ty OCb MOMEHT cun (puc. 3).

ad - - -
TK. E:M' dL =Mdt, T.e. HanpaBneHus

0, dL u M coBnagator.

3a Bpems dt MOMeHT uMnynbca rpockona L
NoSy4uT npupaLLeHue dL = Mdt, Torga L'=L +dL
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HanpaeneHue BekTopa L' COBMafaeT C HOBbIM HaNpaBrieHMEM OCM BPaLLEHMS.

["'Mpockonnyeckuin appekT - CBOWCTBO BpaLLaoLerocs rmpockona
noBopayvvBaTbCs noa AewncteveM cun Bokpyr ocu O303, nepneHavKyrnsapHOM TOM OCK
0202, BOKpyr KOTOPOW OH NOBEPHYrcA Obl B OTCYTCTBMN BpaLLEHMS.

Ecrm Bpemss fgencteus  cwbl dt maro, dL - Toxe Mmaro, noaTomy
KpaTKOBpeMEHHOe [OEeNCTBME CUM He TMPUMBOAMT K W3MEHEHMIO OpueHTauum ocu
BpalleHMs  rMpockona B MNPOCTPaHCTBE, [Afid  3TOro  HeobxoaMmo  AnvTerbHoe
BO3OeNCTBME CUMbI.

M'Mpockonuyecknn  adpPeKkT  UCromnb3yeTCd B pasfiMyHbIX  MMPOCKOMNMUYECKNX
HaBUrauMoHHbIX npubopax (rMpokoMnacax, rmporopusoHTax). ['MpokoMmnacbl B OTimMyue
OT KOMMACOB C MarHWTHOM CTPErkKOM He pearvpyeT Ha Hammuve doeppOoMarHUTHbIX
npeamMeToB U Ha ero nokasaHusi He Hy)XXHO BHOCUTb MOMPaBKW HA MarHUTHOE CKIIOHEHVe,
T.e. Yron mexagy MarHutHbIM 1 reorpaduyeckmMm MepuavaHaMmu.

MMpokomnac npeactasndeT cobOW MPOCKOM, OCb KOTOPOro MOXeT CBO60AHO
noBopavMBaTbCs B FOPU3OHTAsNbHOW MMOCKOCTU. oA BMSIHUEM CYTOYHOrO BpaLLeHUA
3emMmmM OCb rvMpoKOoMMnaca YCTaHaBfMBAaETCs B TaKOe MOJSIOXEHWEe, MPU KOTOPOM Yrof
MexXay 3TOM OCbHO U OCbHO BpalLeHns 3eMniM MYHMMareH, T.e. yKasblBaeT Ha CeBep.

3. [peueccua rmpockona - HenpepbiBHbLIA MOBOPOT OCUM TMPOCKOMa BOKPYr
HEKOTOPOM OCU MoA AeWCTBMEM MOCTOSAHHOrO MoOMeHTa cun. [lpeueccust - OBWXKeHWe
OCV BpaLLEHMs1 MO KPYroBOMY KOHycy (pwuc. 4).

Puc. 4 Puc. 5

4, HyTaLl,MFI r’MpocKkomna CTaHOBUTCA 3amMeTHOM nen ymMeHblleHnn e€ero yrnosoﬂ
CKOPOCTMW. I'Ipvl 3TOM OCb rnpeueccupyet He Mo OKPYXKHOCTWU, a ONMUCbIBaeT CJIOXHYHO
LMKNounaHyto  Kpueyto (puc. 5).

5.4 PaboTa 1 KUHeTU4YeCKasa aHeprusa npu
BpawaTesicHOM ABMXEHUMN.

[MycTb 3a Bpemsa dt Terno nosopayvBaeTcs Ha yron do

(puc. 6), npyn aTOM TOoYKa npoxoauT nyTb dS; Npu Manbix
yrmax dS =rde.

MpeanonoxvM 4ns ynpoLLeHust BbiIBoAa, YTo F u dS

coHanpaBreHsl, a =0 u F LF.
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dA = FdS = Frde = Mdg,

4 [
A=[dA=[Mdp = Mg.
0 0

Pabota npmn BpawaTeslbHOM AOBWKEHUMA Tea paBHa npousBedeHno MOMEeHTa

BpaLLAOLLEN CUrbl Ha yron noBopoTa Tera.
OnpeaenMM KMHETUYECKYID SHEpPruio BpalLaloLerocs Tena.

mo? mrie? J.o?
v, =ar, W,;= ';' = ,,260 = ';)

Jio* o o
W= 2 W =22 =5 20 =5

rae J, =m.r.” - MOMEHT MHepLMM MaTepuanbHoMi TOUKY;

2
’

J= ZJi - MOMEHT MHepLMM Tera.
i

Mpumep: kaTawpmcs obpyu.

mo® Jo® mo® mrie mov® mo 2

W, =W, +W, = + = + = + =mo°.

) 2 2 2 2 2
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Nekuunsa 6. AneMeHTbl MeXaHUKU XXUOKOCTEWN.

6.1 [laBreHue XXNAKOCTU U rasa.

Mornekyrnbl rasa, OBUrasCb XaoTUYECKM, MOYTU MM BOOOLLE He CBA3aHbl Mexay
cobon curamu B3aMMOAEWCTBUSA, MO3TOMY OHM ABWKYTCA CBOOOOHO M B pesyrnbTate
COydapeHun CTPEMATCA BO BCE CTOPOHbI, 3aMoSHAS BECb MpefoCTaBlieHHbIM UM 0ObeM,
T.e. 06beM rasa onpegenserca o6bEMOM TOro cocyaa, KoTopbli ra3 3aHUMaeT.

Kak v ras, »xugkoctb npuvHMMaeT dopmy TOro cocyaa, B KOTOPOM HaxoguTcs, HO
cpefHee pacCcTosiHMe Mexdy MOreKyrnaMmm ocTaeTcsl MNpakKTUYecKM MOCTOSAHHbLIM,
NO3TOMY OOBbEM XUOKOCTU MPaKTUYECKM HE MEHSIeTCS.

XOoTs CBOWCTBA XWOKOCTEW U ra3oB BO MHOrOM OTIMYAIKOTCH, B PALE MEXaHNYECKMX
SIBMIEHWA WX MNOBE[EHVe OMUCbIBAeTCA OAMHAKOBbIMU MapameTpaMn U UOEHTUHHLIMM
ypaBHeHusAMU. [loaToMy rugpoaspoMexaHvka - pasgen MexaHVKW, B KOTOPOM
n3ydaeTcs OBWKEHVE XWOKOCTEW M rasoB, MUX B3aumogevncTBrve c obTekaembiMU UMUK
TBEpPAbIMW Tenamu, - UCNoMb3yeT eAuHbIN MOAXOA K U3YHEHWUIO >KUOKOCTEN W rasos.

Ecrm B nNOKOALWYOCH >XUOKOCTb MOMECTUTb  TOHKYHO
R nracTyHky (puc. 1), TO 4acTU XUOKOCTW, Haxoasupecs Mo

E y
\’(S F I F pasHble CTOPOHbl OT Hee, [OEWCTBYIOT Ha MNMacTuMHKY C
F

—

cunamm F, paBHbIMM MO MOAYMHO U HanpaBlieHHbIMU
NepneHaVKyrnspHoO  nriowgake S Hes3aBMCMMO OT  ee

Puc. 1 opueHTauun, T.K. HaJMdme KacaTellbHbiX CWUil NpUBESIO Obl
YacTuubl XMOKOCTU B OBWKEHWE.
[JaBneHue XuAaKoctTn - 3TO (t)I/ISI/I‘-IeCKaFI BeJ/M4MHa, paBHaA OTHOLLUEeHUO

HOpMasibHOM CUrbl, OEUCTBYIOLLEN CO CTOPOHbI XXUOKOCTU Ha HEKOTOpYH mrowadb, K
3TOW Nrowaaun.

p-t, [p]=1iz=117a-

S M

1 lNa paBeH gaBreHuto, cosgaBaemoMy curion 1 H, paBHOMepHO pacnpenesneHHomn
Mo HOpMarbHOW K HEW MOBEPXHOCTM nrowaabto 1m2.

[laBneHve npu paBHOBECUMM XUOKOCTEN noauvvHseTca 3akoHy [lackans:
OAaBlieHMe, OKa3biBAaEMOE BHELLHMMW CUMaMM Ha XMOKOCTb (WM ras), nepegaeTcs no
BCEM HanpasreHuamMm 6e3 M3MeHeHUN.

FmopocTaTtnyeckoe paBrieHMe — [OaBrieHVMe, OKasblBaeMoe CTOSIOOM KUOKOCTM

urm rasa (puc. 2)

]
(a7

) o
1 b
£ [
A

Puc. 2 PHC. 3

39



YnpaBneHune AUCTaHUMOHHOIO 06yYeHUA 1 NOBbILWEHMA KBanupumKaumm

dusmka

p= pgh - r’agpocTtaTndecKkoe naBrieHune.

CornacHo norydYeHHoW dopMmyre, CWla [OaBfEHUS Ha HWKHME CIIOM >KUOKOCTM
OygeT 6orblle, YeM Ha BepxHue (puc. 3), MO3TOMY Ha Terio, NMOrPyXEHHOE B XKUOKOCTb,
AEVCTBYET BblTalrkvBawLwgas cura, onpegensemas 3akoHoMm Apxumena.

Fomn=F-F=p, S— P, S = pghzs _pghls = pgS(h2 - h1) = pgSh = pgV,
Fb’blnl = p[)l(' gVVI()Zp’
F = p9/cgv = mJI('g = Pg/c :

o

3akoH Apxumepa: Ha Terio, MOrPYKEHHOe B XMOKOCTb (WM ras) Oeuctsyer
BblTarkMBalwLWAA Cwra, HanpaBfieHHasi BepTUKarbHO BBEPX W paBHas BECY >XUOKOCTY,
BbITECHEHHOMW TESIOM.

NMoabeMHOM cUNOM HasbliBAOT Pa3HOCTb MeXAy BblTarkuBaroLlen CUoON U CUIon
TSXKECTU:

F .,=F__—mg.

noo 8bim

6.2 YpaBHeHUue Hepa3pbIBHOCTU. YpaBHeHMe bepHynnu.

YpaBHeHUe Hepa3pbIBHOCTU.

MpeanbHaa XuMAKOCTb - 9TO abcTpakTHad XKuMOKoCTb, He obragatowgas
BA3KOCTb0, TEMIONPOBOAHOCTLIO, CMOCOOHOCTBIO K AMEKTPM3aLMN U HAMarHUYMBaHMIO .

Takoe npubrwkeHne AOONYCTUMO ANA MarioBA3KOW XXMOKOCTU. TeyeHve XuOKOCTU
Ha3blBaeTCA CTaLMOHapHbLIM, €CIfiM BEKTOP CKOPOCTM B KaXOOW TOYKEe MPOCTpaHCTBA
OCTaeTCs NOCTOAHHBIM.

- (padmnyeckn AOBWKEHME XUOKOCTEN M30bpaxkaetcsa C
%\BZ. MOMOLLBIO FIMHWA TOKa.
JINHMKM TOKa XMAKOCTU - 3TO JIMHWUKM, B KAXKOOW TOUKE
Puc. 4 KOTOPbIX BEKTOP CKOPOCTM YacTul, >XUOKOCTU HanpassieH
no KacatenbHoun (puc. 4).

JInHum TOoKa NMPOBOAAT TaK, YTOObLI YMCIO JIMHWKW, NPOBEAEHHbIX Yepe3 HEKOTOPYHO
€OVHUYHYIO  MIOWRAAKY, NepneHauKyrnapHylo MOTOKY, ObIfio YUCIIEHHO paBHO WK
NPOMNOPLMOHANIbHO CKOPOCTU XUOKOCTM B JAHHOM MECTe.

YacTb XMOKOCTW, OrpaHudeHHas SIMHUAMU TOKa, HasblBaeTcs TPYOKOW Toka.

T.K. CKOPOCTb YacTuL XXMOKOCTM HanpaBfieHa MO KacaTeNbHOW K CTeHKam TpyoKu
TOKa, 4YacTuubl >KMOKOCTM He BbIXOOAT M3 TPYOKM TOoka, T.e. Tpybka MoOxeT
paccMaTpMBaTbCs KaK eCTKasi KOHCTPYKUusi. TpybKM TOKa MOryT cyXaTbCa WM
pacuMpsATbCA B 3aBUCUMOCTM  OT  CKOPOCTUM KUOKOCTM, XOTS Macca >KUOKOCTMH,
npoTekarowen 4Yepes noboe ceyeHve, NEepneHouKyrsapHoe ee TedeHuo, 3a
onpeneneHHbIN NPOMEXYTOK BpeMeHn ByaeT noCTOSAHHOMN.

T.K. XXMOKOCTb Hecxumaema, 4vepe3 Si1 n S2
v, At v,At nponget 3a At oguHakoBaa mMacca XuakocTu (puc.
5):
L2 Am, = Am,.
Am = pAV = pSvAt,
pS,vAt = pS,v,AtL,
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v,S, =v,S,, US=const - YypaBHEHVE HepaspbiBHOCTU CTpyn WM Teopema

ourepa.

MNpou3BedeHVe CKOPOCTU TEYEHUS HEeCKMMAeMOMW >XMOKOCTM W nrowaau
MoMNepeYHOro ceyYeHns OOHOM W1 TOW ke TPYOKM TOKa NOCTOSIHHO.

Teopema O HepaspbiBHOCTU LLMPOKO MPUMEHSIETCA MpU pacyeTax, CBA3aHHbIX C
nodayen Xugkoro Tornrmea B ABuraterm no tpydam nepemMeHHOro ceyveHus.

YpaBHeHue bepHynnu.

MycTb XUOKOCTb [ABWKETCS B Tofie Curl
TSXKECTM Tak, YTO B [OaHHOM TOYKE MpOCTpaHCTBa
BEerMYMHa W HanpaBleHWe CKOPOCTM XKUOKOCTU
OCTalOTCA  MOCTOSAHHbIMW.  Takoe  TeuyeHue
Ha3blBaeTCA CcTauvoHapHbIM. B ctauumoHapHo
TEKyLe  KMOKOCTU  KPOME  CUIM  TSKECTU

h, h, AENCTBYIOT el W cuibl AaBneHvs. Boloervm B
CTaLMOHApHOM MOTOKE Y4aCTOK TPYOKM TOKa,

T T T T TTTTT T AT OrpaHM4eHHbIN cedeHusMmn S1un S2 (puc.6)
Puc. 6 3a Bpems At aTO0T 06bLEM nepemecTuUTcs

BOOMb TPYyOKM TOKa, npudeM cedeHne Si1
nepemecturcs B noroxexve 1', nporas nyts |, a Sz - B nonoxeHue 2', nponasa nyts |, .

B cuny HepaspbIBHOCTM CTPYW BblAeSieHHble 00beMbl (M UX Macchbl) OOUHAKOBHbI:

V,=V,=V, m=m,=pV.

OHeprnst  Kaxgom YacTuubl >KMOKOCTM CriaraeTtca U3 €€ KMHETUYECKON WU
noTeHuMarbHOW  9SHeprMM B Mofie  Cul 3eMHoro  Tarotenud.  Bcernepcrteue
CTaUMOHAPHOCTN TeyeHus YacTuua, Haxogsuwpsaca 4depe3d At B nmobon u3 Touek
He3aLTPUXOBaAHHOM 4YacTu paccMaTpuBaemMoro obbema, UMeeT TaKyk Xe CKOPOCTb, W,
cneposatenbHo Wk, Kakylo uMMerna 4actuua, HaxoaMBLIAACs B TOM Xe TOYKe B
HayanbHbIN MOMEHT BpeMeHU. [103TOMYy M3MEHEHME 3HEPrUM BCErO paccMaTpvBaEMOro
obbema MOXHO BbIYUCIIUTL Kak pa3HOCTb SHEPrUi 3alUTPUXOBaHHbIX 00bemoB Vi un Ve,

Bo3sbmem ceveHne Tpybku Toka u otpesku |, |, HacTonbko mansimu, 4ToObI BCEM

TOYKaM Kaxaoro M3 3aluTpuxoBaHHbIX 06bemMOB MOXHO ObIfio npunnucaTtb OOHO U TO Xe
3Ha4YeHne CKOpPOCTWU, AaBJieHNA N BbICOTHI. Torga npupaleHmne aHeprum paBHO

2 2
AW = (\Nkz +Wp2) _(\Nk1 +\Npl) = (

Vo pVu
> 2 +pVgh,) —( > : +pVgh,)

B wnoeanbHOWM >XuOKOCTU TpeHue oTcyTcTBYeT, noatoMy AW [OOSDKHO paBHATbCA
paboTe, cOBEpPLUIEHHON Haz BblAeNieHHbIM 06bEMOM CUNaMn AaBreHus:

A=Fl -Fl,

(F, oTpuuaTerbHa, T.K. HanpaBfieHa B  CTOPOHY,  MPOTMBOMOJIOXKHYIO

nepemMeLleHNIO I2).

Fl = p181’ Fz = pzsz'
A= plslll - pzszlz = p1V1 - pzvz = p1V - pzv :V(pl - pz) )
AW = A,

2

V32 Vo
pTZ+pVgh2 _,02 L _ pvgh, =V (p, - p,).
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Cokpatum Ha V 1 neperpynnupyem udreHbl:
2 2
PL,; _PY
2
Ceyenna S1 n S2 6blnm BbIBpaHbl NPOM3BOSBHO, NO3TOMY MOXHO YyTBEPXOAaTb, YTO
B NoboM ceyeHun TpyoKkn Toka

Uz U2
’)22+pghz+|oz=’021 + pgh, + . (1)

Boipaxenue (1) npencraesnsetr cobon ypaBHeHve bepHyrmm. B cTtaumoHapHO
TEeKyLWen maearnbHOM XUAKOCTU BOOSb NOOOM MMHMM TOKa BbinonHseTcs ycrosue (1).

2
- v
[na ropusoHTanbHoOW mMHUM Toka h, =h,, ’OT+ p =const .

+pgh, + p, +pgh, +p, -

YpaBHeHve bBepHyrnmM [OCTaTOMHO  XOPOLWO  BbIMOSHAETCS AN pearbHbIX
XUOKOCTEW, BHYTPEHHEE TPEHWE B KOTOPbIX HE OYeHb BESMKO. YMEHbLLEHWE AaBlieHUs
B TOuYKax, rAe CKOpPOCTb MoToka Oofblie, TMONIOXEHO B OCHOBY YCTpOWCTBA
BOAOCTPYMHOIO Hacoca.

BbiBOAbl 3TOr0 ypaBHEHUs1 YYUTLIBAKOTCS MPUM pacyeTax KOHCTPYKUMA HacOCOB
CMCTEM MoAauM XXMOKOro TonyvBa B ABUraTesm.

6.3 BAskocTb (BHYyTpeHHee TpeHue). JlaMMHapHbIN U
TYPOYNEHTHbIN PEeXUMbl TEYEeHUA XKNOKOCTEMN.

Cwvna BHYTpPeHHero TpeHus.

BA3KOCTbLIO XKMOKOCTEM W Tras3oB Ha3blBAeTCA WX CBOWCTBO OKasblBaTb
COMPOTMBIIEHNE MEPEMELLEHMIO OOHMX CrOEB OTHOCUTESNLHO APYrX.

BaskocTb 00ycroBrneHa BO3HWMKHOBEHMEM CUIT  BHYTPEHHErO TPEHUS Mexay
CIOSIMU  [ABWKYLLMXCA KUOKOCTEN M ra3oB. OTU CWibl HampasfieHbl MO KacaTesflbHOM K
MOBEPXHOCTU Cr0EB, OHW TOPMO3AT 6Goriee ObICTpble CrOM U YCKOPSAKT MeAneHHbIe
(pnc.7).

YpaBHEHVE TMOPOAVMHAMUKA BSA3KOW
XMOKOCTM ObINo yCTaHOBMiEHO HbOTOHOM

Z s

B 1687 r.
E,— S v F= nﬁS - Moaynb  curbl
! —_— Az
Az{ F,— S v+ AV BHYTPEHHEro TpeHusi

Av
'paguneHT ckopocTn A_ MoKasbIBaeT,
Z

, Kak ObICTPO MEHsieTCs CKOpOCTb Mpu
X nepexoae OT CrOSi K CMOK B HanpaBneHnm
Puc. 7 Z,  NEPNeHOVKYNSIPHOM  HamnpaBrieHUo

y LBWKEHUST CIIOEB.

- BA3KOCTb W OMHAMM4eCKad BA3KOCTb,
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H H
—Z-C:Ua-c.
M

[U]ZM—ZZ
L
M-C

KoadbdpuumeHT 1 YUCreHHO paBeH cuie BHYTPEHHEro TPEeHus, OEeUCTBYIOLWEN Ha
eavHuLy nroweau MOBEpPXHOCTU pasferna naparvieflbHO  OBWKYLWXCA CrioeB  npu
rpagueHTe CKopocTu paBHOM 1.

BermmunHa m 3aBUCUT OT MOSEKYSIIPHOrO CTPOEHUsI BELLECTBA M TemMnepaTypsbl:

Y rasoB C poCcTOM TemnepaTtypbl n YBefM4MBaeTCs, T.K. BO3pacTalT CKOPOCTU
OBWKEHNS MONeKyn U ycuwwmBaeTcs WX B3aumopenctsve. B pesynbTaTe Bo3pacTtaet
oOMeH Morekynamum mMexay OBWKYLMMUCHA CroSAMM rasa, KOTopble NepeHOCAT MMMYIbC
OT crosl K croto. [NoaToMy MearneHHbIe Criov YCKOPSAHTCH, a bbICTpble 3aMeasnsatoTes, 1 -
yBenm4MBaeTCS.

Y xugkocTem € poCcTOM  TemnepaTypbl  oOcriabeBaeT  MEeXMOMEKynsipHoe
B3aVMOAENCTBME W yBEMMYMBAETCA PACCTOSHUE MeXOy MOSeKyramu, 1 yMeHbLIaeTCs.

BSA3KOCTb XWOKOCTEN U ra3oB onpesendioT C MOMOLLBK BUCKO3UMETPOB.

OT BefMYMHbI BSA3KOCTM  TOMMMBA  3aBUCUT  CKOPOCTb €ro  TeYeHuss Mo
TpybonpoBoAy, a TaKke BefMdMHa TEMroOTAAYM >KMOKOCTM WM rasa CTeHKam
TpybonpoBoaa, MO3TOMY BSA3KOCTb TOMMMBa W OXaguTenen ydutbiBaeTca  npwu
KOHCTPYMPOBaHMM CUCTEM MOAayuM TOMIMBaA W OXMaXKgarLwmx CUCTEM ABuraTenen.

JTammHapHbIN U TYPOYNEeHTHbIN PEXUMbI TEYEHUS.

B 3aBMCMMOCTM OT CKOpPOCTM MOTOKA TEYEeHMe XMOKOCTU Wrn rasa MoxeT OblTb
NamMUHapHLIM UMM TYpOYINEHTHbIM.

NNamuHapHoe TeuyeHue (OT raT. «JlAMWHA» - MOJSIOCKA) - TeyeHune, NpPu KOTOpPoM
XMOKOCTb WM ra3 nepemeLalTcs CrosMu, napasnneflbHbIMU HanpaBrieHWo TeYeHus,
npuyeM 3TO CrioM He NepemeLmBaloTCa Apyr C APYroMm.

JTamyHapHoe TeuyeHue cTauMoHapHo, 6biBaeT fmbo npu Gorblwon m, Mbo npu
Maroi o.

TypOyneHTHbIM Ha3biBaeTCs TeyeHue, Mpu KOTOPOM B >KMAOKOCTU (WM rase)
obpasyloTca  MHOrOYUCIiEHHbIE  BUXPU  pPasfMyHbIX pasMepoB, BCeACTBME  4ero
AaBrieHne, MroTHOCTb M CKOPOCTb TEYEHUS HEMNPEPbIBHO U3MEHSETCS.

TypOyneHTHOEe TeyeHve HecTauuoHapHO, npeobriagaeT Ha npakTuke.

43



YnpaBneHune AUCTaHUMOHHOIO 06yYeHUA 1 NOBbILWEHMA KBanupumKaumm

dusmka

JNlekumna 7. AnemMeHTbl PeNATUBUCTCKON MEXaHUKMU.

7.1 MpnHUMN OTHOCUTENTILHOCTU U Npeobpa3oBaHua Manunes.

lamren ycTaHOBWM, 4YTO 3aKOHbl MEXaHuKM BO BCEX MHepuMasrbHbIX cUCTeMax
oTcyeta (MCO) mumetoT oamHakosyto dopmy. [ JokasaTernbcTBa 3TOro paccMOTpUM
ase VNCO: ycrioBHO HenoaswkHyto cuctemy K (c koopauHatamu X, Y, z) n cuctemy K'(c

koopauHaTamu X'.y'.,Z'), OBWKYLYHOCS PaBHOMEPHO MPSMOSMHEVHO CO CKOpOCTbio U

oTHocuternbHO ocn OX nepson cuctembl (puc. 1).

Ytk Y4 K B cucteme K' Touka M pgBwkeTcss co
ckopocTbio (' oTHocuterbHo K'. [MonoxeHve
M - Toukm M B K onpegensaioT koopauHaTbl (X,Y,2),
—, B K -(X,y,Z).
o ot of o X Ecrm oTcuyeT BpemMeHn HayaTb C TOro
- e — " » MOMEHTa, korga Hadvana koopguHat O u O
XI
X coBMagator, TO npeobpasoBaHus,
7 7' onucbiBalouye nepexoq ot opgHon UCO «
Puc. 1 APYron, crnegywowme:
Xx=X"+ut
y=y'
' - Nnpeobpa3soBanus Manunes
z1=12
t=t'

B knaccuyeckon MexaHuke npegnosiaraeTcd, YTO XO4 BPEMEHW He 3aBUCUT OT
OTHOCUTESNbHOIO  OBWKEHWS CUCTEMbl OTCYeTa, MO3TOMY K npeobpasoBaHusaM
KoopanHaT nobaBreHo cooTHoleHue t=t'.

3anucaHHble COOTHOLLEHUS] CnpaBeaSMBbl TOSIbKO NpU v <<C.

MpoanddepeHumpyeM KX NO BPEMEHW:

dx dx’ ,
—=—+40 WM U, =U,+V,
dt dt

ﬂ:d_y wm u, u’y,

dt dt

dz dz’

—=— wm u, =u

dt d

MonyyeHHble  TPU  CKansipHble  COOTHOLLEHUSI  SKBMBANEHTHbl  Crieaytolemy
BEKTOPHOMY COOTHOLLEHWIO:

i=Uu"+v,

roe U- ckopocTb ToukM M oTHocuTtenbHO cuctemMbl oTcyeTa K. OTo cooTHoLleHue

npeactaBnseT Ccobon NpaBwWIO CrIOXKEHUS CKOPOCTEM B KIACCUYECKOW MEXaHUKe.
MpoauddepeHumpyem ero no BpeMeHuU:
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di _ dd’

dt dt

T.K. Macca He 3aBUCUT OT CKOPOCTH,
F=maF =maF=F".

,Te.a=4a’.

T.0., oMeBUOHO, 4YTO a, Fu BTOPOW 3aKOH HblOTOHA MHBApWAHTHblI OTHOCUTENBHO

npeobpasoBaHun ammned. MNogobHbIM aHanmM3 MOXHO NMPOBECTU U AN APYrMX 3aKOHOB
MEXaHVKM N NOSyuUTb TaKOW e pe3yrbTarT.

CnepoBaTenbHo, ypaBHEHUsI (MM 3a@KOHbl) MEXaHVKM He  U3MEHSIHOTCS
(vHBapwaHTHbI) Npu nepexoge ot ogHon NCO Kk gpyroMn.

MpyHUMN OTHOCUTENLHOCTU [anunesi: BCe MexaHudeckue SBMeHVs MpoTekarT BO
Bcex MCO oguHakoBoO.

MpakTnyeckn 3TO MPOSIBISIETCA B TOM, YTO HUKAKMMWU MEXAHUYECKMMU OfMblTaMMu,
npoBegeHHsIMN B npegenax gaHHon NCO, HEBO3MOXHO YCTaHOBUTL, MOKOUTCHA AaHHas
NCO nwm gBuxeTcs paBHOMEPHO NPSMOSMHENHO.

7.2 MocTynaTtbl cneuuanbHON TeOPUN OTHOCUTENIBHOCTU.

B krnaccuyeckon mexaHuke npegnosiaranacb OYeBWOHOM HE3aBUCUMOCTb BPEMEHU
OT cucteMbl oTcyeta. OTpaxeHnem 3Toro ABnseTcs 4-e  ypaBHeHVWe B
npeobpasoBanusax [anunesa. OHO oTpaxaeT ugew O TOM, YTO CyWEeCTBYeT eduHoe,
abconoTHoe BpeMsi, He CBA3aHHOE C abCoNOTHLIM NPOCTPAHCTBOM. HbIOTOH cuuTan,
yTO cywecTByeT abCoOMOTHOE NPOCTPAHCTBO U abconoTHoe Bpemsa. ABCOMTHOE
NMPOCTPAHCTBO OMpeaesnanocb MM Kak 6e30THoCUTENbHOE K 4YeMy-Mbo BHeLHeMY
BMECTUMLLE BeLUeW, ocTarleeca Bcerga OAMHAKOBbIM WM HenoAswkHbIM. O BpeMeHu
HbtoTOH nucan: «ABCOMoTHOE, UCTUHHOE WM MaTeMaTuyeckoe Bpemsi camo no cebe m
B CWry CBOEN BHyTPEHHeW npupodbl, TeyeT paBHOMepPHO, 6e30THOCUTESNIbHO K YeMmy-
mBOo BHELLHEMY».

B LOenctBUTENBHOCTU Xe MNPOCTPaAHCTBO M BPEMS HeOTAEeNMMbl OT [ABWKYLLEWCS
mMaTepum W gpyr oT pgpyra. A.QMHWTEMHOM OblfiM NepecMoTpeHbl HbHOTOHOBCKME
npeacTaBfieHMs O MPOCTPAHCTBE N BPEMEHW U 3arioXeHbl OCHOBbLI CreumanbHON Teopum
OTHOCUTENbHOCTU. JTa Teopuss npeactaBnsieT CcobOM COBPEMEHHYID  (hU3NHECKYIO
TEOPU0 MNPOCTPAHCTBEHHO-BPEMEHHbBIX OTHOLLEHUA ABWKYLLEWUCS MaTepuu, B KOTOPOM
npegnoraraeTcs, YTO BpeMs OOHOPOAHO, @ NPOCTPaHCTBO O4HOPOAHO U M3OTPOMHO.

OgHopoAHOCTL BpeMeHU MPOSIBISAETCH B TOM, YTO 3aKOHbl OBWKEHUS 3aMKHYTOM
CUCTEMBbI He 3aBUCAT OT Ha4Yana oTcyeTa BPeMEHMU.

OpgHopoAHOCTL MpPOCTpPaHCTBA MPOSIBSIIETCA B TOM, YTO 3aKOHbl ABWKEHUS
3aMKHYTOM CUCTEMbI HE 3aBUCAT OT Bbibopa noroxeHus Hadarna koopaumHat NCO.

M30TpONHOCTb - OAVHAKOBbIE CBOMCTBA MO Pa3fMiyHbIM HanpaBrieHUsIM.

CneumanbHas Teopus oTHocuterbHocTn  (CTO)  vacto Ha3blBaeTCA
pPeEnATUBUCTCKON Teopuen, a crneuuduyeckue SBrEHUsl, el  OfnucbiBaemble -
PEenATUBUCTCKUMN 3dppekTammn (OHM NPOSABIIAOTCA NMPpU v —>C).

CTO ctana OCHOBOM HOBbIX OTpacriel Haykm U TEXHUKW: (PU3VKN dreMeHTapHbIX
YacTul, YCKOPUTENbHON TEXHWKW, SOEPHON 3HEPreTUKW.

OcHoBon CTO gasnsoTCcs ABa nocTtyrata, COPMYNMPOBaHHble JWHLUTEVHOM B
1905.
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v MpuHUNN OTHOCUTESNIbHOCTH (OVHWTEMH  pacnpocTpaHuin  MPUHLMN
OTHOCUTESNbHOCTU [armures Ha Bce buandeckue sBfieHUs): BCe u3MYEcKMe SBREHUS
Bo Bcex NCO npoTekaldT OOuHAKOBO; WM: BCe (Pu3NdecKue 3aKOoHbl MHBapPWaHTHbI
oTHocuternbHo Bcex NCO.

v TIpUHUMN NOCTOAHCTBA CKOPOCTU CBeTa: CKOPOCTb CBeTa B BakyymMe He
3aBMCUT OT CKOPOCTW ABWKEHMS WUCTOYHMKA CBeTa WM HabnogaTtens, oguHakoBa BO
Bcex MCO u aBnaeTcsa npegeribHomn.

OnbITbl NOKa3bIBaKT, YTO CKOPOCTb JHOObIX YacTuy U Ten, a Takke CKOPOCTb
pacnpocTpaHeHuss NMobbiX B3aUMOOAENCTBUA U CUrHaroB HE MOXET MPEBOCXOAUTb «C».
T.0. CKOpOCTb CBeTa B BakKyyMe HBIIIETCA MaKCuMManbHO BO3MOXHOW B Mpupoae
CKOpPOCTbIO Mepefayn curHasrioB, OOMHAKOBOW MO BCEM HanpasrieHusim Bo Bcex MNCO.
CornacHo Il nocTtynaty, NOCTOSIHCTBO CKOpPOCTM cBeTa - (byHOAaMeHTarbHOe CBOWCTBO
npupoabl, KOTOPOE KOHCTaATUPYETCA Kak OMbITHbIN (haKT.

CTO ycraHoBMa HOBble MNPOCTPAHCTBEHHO-BPEMEHHbIE MPEACTaBlIEHUs, TaKue,
HanpumMep, Kak OTHOCUTENbHOCTb OJMH M MPOMEXYTKOB BPEMEHW, OTHOCUTESNbHOCTb
OAHOBPEMEHHOCTN cobbiTv. 3To K gpyrne crieacteua m3 CTO HaxogaT HagexHoe
SKCNEepUMEHTarnbHoe MNOATBEPXAEHME.

7.3 NpeobpasoBaHusa JlopeHUa u cneacTBUA U3 HUX.

B 19 Beke MakcBenn noabITOXWIT MHOFOYUCIEHHbIE WUCCNEAOBaHUS SBIEHWN
areKTpu4ecTBa, MarHeTmama u CBeta B CBOMX YPaBHEHMAX, KOTOPblE CBOAAT BOEOUHO
Bce 9T saBneHus. OpgHako ypaBHeHuss MakcBenma He Obl/M MHBAPWAHTHDI
OTHOCUTENbHO npeobpasoBaHm [anunes, ux Bug udMeHsanca B aswkywenca CO
OTHOCUTENbHO HenoaBwkHon CO (T.e. B [OBWKYLLEMCA KOCMWUYECKOM Kopabrne
9NEeKTPOMarHUTHble U CBETOBbIE SIBSIEHMS HE TaKue, Kak B HEMoABWKHOM). YpaBHEHUs
MakcBenna nbiTarmMCb BUOOUBMEHSTb M MOATOHATb K TOMY, YTOObl OHM HE OTNMYarmcb
oT npeobpasoBanuin [Mammnesa. OgHako MNOCHE MHOrOYMCIIEHHbIX HeyaaudHbIX MOMbITOK
cTarno SICHO, YTO ypaBHeHs Makcserna npaBuibHbl, a 3arB03aKa B YEM-TO OPYrOM.

Mexgy Tem, JlopeHu 3ameTun, 4YTO Korga OH Aenan B ypaBHeHussx Makceemna
NMOACTaHOBKY:

, X—ut X"+ ot’
X'= —— X=——
1-2 1-2
C C
y'=y =Y
7'=7 71=17' 1)
s s
' C
t'= 2 t= —,
1-2 1-2
C C

TO ¢hopma ypaBHeHuMn MakcBervia nocrie TakoW MOLCTAHOBKW HE M3MeHWracb. OTU
dopmyrbl (1) Tenepb HasbiBaloT npeobpasoBaHuamMu JlopeHua. OHu  umetoT

npoctenumin Bua (1) B TOM criydae, Koraa CXOACTBEHHbIE OCUM AeKapTOBbIX KoopauHat
HenogswkHon (K) un pgewkywenca (K') MCO nomapHo napasnenbHbl, npudem K’
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ABWKETCS OTHocuTeNnbHO K C MOCTOSIHHOM CKOPOCTbHO v Boorb OX, a B KadecTBe
Hayana oTcyeTa BpeMeHn BbibpaH TOT MOMEHT, korga Hadana koopauHaT O n O’ 0benx
CcUcTeM coBMagaoT.

Mpn v <<c npeobpasoBanua (1) nepexogaT B npeobpasoBaHus Manunes (B 3ToM
3aknoyaeTcss CyTb MpuUHUMNA COOTBETCTBUS), KOTOpPblE SBMAKTCSA YacCTHbIM Cliydaem
npeobpasoBanuin (1). CregoBaTeNibHO, Kraccudeckad MexaHuka npefctaBnsieT cobon
YacTHbIN crydan 6ornee obLen Teopun - PENATUBUCTCKON MEXAHUKW.

PenatuBucTckom MEXaHVKOW Ha3blBaeTCA MexXaHuvKa OBWKEHUN C
PENATUBUCTCKMMUN CKOPOCTSIMW, OCHOBaHHaa Ha npeobpasoBaHuax (1) u noctynatax
OuHWrenHa. (relativus - oTHOCUTErbHBIW, raT.).

OVHWTENH NPenosioxur, YTo Bce (MU3MYECKME 3aKOHbl HE AOSPKHbI MEHATbCS OT
npeobpasoBaHun JlopeHua, T.e. ypaBHEHUS!, Bblpaxalowpe 3aKOHbl, JOSDKHbI COXpaHATb
ceoo dopmMmy npu nepexoge ot ogHon WMCO Kk [Opyron, OCYLECTBIIIEMOM B
COOTBETCTBMM C nNpeobpasoBaHusamu (1).

Kak BugHo wu3 (1), npu nepexoge oT K Kk K' uM3MeHsOTCA He TOMbKO
NPOCTPAHCTBEHHbIE KOOPAMHATBLI, HO M COOTBETCTBYIHOLME VM MOMEHTbI BpPEMEHW.
OpHako, mexay NpOCTPaHCTBEHHbIMM KoopauHatamu X'y'.Z' cobbiTua u BpemeHem
ero coepleHuss B npomssorbHon MCO cywectByeT B3aMMOCBSA3b, Tak YTO BEMYMHA

(x)? +(y)* +(z)* —c*(t)’?

He 3aBMCUT OT ckopocTu v cuctembl K', T.e. ognHakoBa Bo Bcex MCO:

(X)2+(y)? +(2')? —=c?(t')* = x* +y* +z* —c*t>.

T.0. Teopuss OJVHWTENHA oOnepupyeTr He C TpexmMepHbiM MPOCTPaAHCTBOM, K
KOTOPOMY MPUCOEOMHAETCA TMOHATME BpEMEeHW, a paccMaTpvBaeT HepaspbliBHO
CBS3aHHble  MPOCTPAHCTBEHHbIE M BPEMEHHbIE  KoopauHaTbl,  obpasyoume
YyeTblpeXMepHoe MPOCTPAHCTBO.

PenATMBUCTCKMI 3aKOH CNOXEHUA CKOPOCTEN.

Hangem 3akoH crioxeHus ckopocten B CTO.

lMyctb MaTepuanbHaad Todka M OBwkeTCA paBHOMEPHO MPSMOSMHEMHO CO

ckopocTblo (' BAosnb ocn O'X’ cuctembl K', kotopas aswketca Baosib OX cuctembl K co

ckopocTbto V. Hangem ckopocTb Toukn M oTHocutenbHo cuctemsl K (puc.1).
C nomouto npeobpasoBaHuin (1) Bblpasum dx u dt:

U
dt’+—-dx’
X"+ odt’ 2
dx:w, dt:%'
N N
C C
L
dx  dx'+odt’ dt’ v u+o 5
u=—= = - = - - PEnATMBUCTCKAA 3aKOH CIOXEHMs
dt , U, v dx v-u
dat'+ —dx" 1+ —-— 1+—
C c” dt c
cKopocTeWn,
X' .
roe —=u'.

dt'
Mpn v<<c u=u+v,
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, c+c 2c
ecrm v=u'=c, u= =—=c.
2 2
1+—
Cc

JKCnepuMeHTanbHoOe  [doKasaTeNbCTBO  HE3aBUCMMOCTM  «C» OT  CKOPOCTWU
ABWKEHUS UCTOYHMKA ObIfio MOSy4eHO NP U3MEPEHUN CKOPOCTU U3MYYEeHUS y-KBaHTOB
BbICOKMX 3HEPruin, BO3HUKAOLWWMX MNPW pacrnage HeuTpasibHbIX MUOHOB, MPOUCXOOALLEM
npu cKkopocTn ux aswkeHua o =0, 99975 c.

OgHOBpPEeMEeHHOCTb COObLITUM B pa3HbIX CUCTEMaX OTCcYeTa.

lMyctb B cucteme K B TOYKax C koopAvHaTaMu X1 U X2 B MOMEHTbl BpeMeHu t1 n t2
npovcxogsat aBa cobbitus. B cucteme K' MM COOTBETCTBYOT X'1 U X2 U MOMEHTDI
BpemeHn t'1 n t'2.

Ecrm cobbita B cucteme K npoucxodsat B OOHOM Touke (X1=x2=X) n ABMAIOTCS
opHoBpemeHHbIMM (t1=t2=t), TO, cornacHo npeobpasoBaHusim JlopeHua,

X
(X

X’=X_—Ut, t’=—cz

2 2

N N—

C c
T.e. 3TM COObITMA  SBMAOTCA  OOHOBPEMEHHBIMW U MPOCTPAHCTBEHHO

coBnagatowmn B nwbon NCO.
Ecrm cobbitvs B cucteme K NpOCTpaHCTBEHHO pas3obLleHbl  (X1#X2), HO

ogHoBpeMeHHbl (t1=t=t), To B cucteme K’

UX,

t——L t—
C

!/ ! ’ !
= X =X, t=t,

UX,

, X —ut , X, —ut - 2
=t

2
' c
e T 7 Ry
v v v v
1-— 1-— 1-— 1-2
C C C C

OHM TaKXke NPOCTPaHCTBEHHO Pa300LLUEHbI U OKa3bIBAKTCA HEOOHOBPEMEHHBLIMMU.
3HaK pasHocTu (t',—t',) onpegenaeTcsa 3HAKOM BblpaxeHus u(X, —X,), MO3TOMY B

1 ’ !/ 1
= X #X,, U #t,

pas3mMyHbIX Todkax cuctembl K' moxeT ObiTb pasHbiM. CrnegoBaTernbHo, B ogHmux CO

nepBoe coObITME MOXeT npegwectsoBaTb BTopoMy, a B Apyrux CO - Haobopor.

CkasaHHOe Bbile OTHOCUTCA JMWb K COObITUAM, MeXdy KOTOpPbIMW OTCYTCTBYET

NPUYMHHO-CINEACTBEHHAA CBA3b. [1PUMMHHO cBA3aHHble coObiTvA HM B ogHom M3 CO He

O6yaoytr ogHoBpemMeHHbiMM 1 BO Bcex NCO

Y1 Y1 npuynHa Oypet npegwecTsoBaTtb
CrneacTBUIO.

Paccmotpum  npumep. [lycte B

. PN N MOMEHT Hayana oTcyeTa BpPeMeHu, koraa

’ ot |\ ) O u O’ coBnagatoT, B TOUKE NPOU3BOAUTCSA

> »  MrHOBEHHas BCrbilka cBeTa. K MomeHTy t

\ \ -/Ct S/ ceeT B K pgocturHeT TOuYek cdhepbl

Z. zi paguycom ct (puc. 2). B cucteme K K

MOMeHTY t'=t cBeT JoCTUrHeT ToYek caepsbl

TOro xe paguyca ct, HO C LEHTPOM B TOUKe

O, Haxogswemnca B 9TO BpeMs Ha

paccTosHmn ot ot Touku O.
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[locTwkeHne CBETOBOW BCMbIWKOW Touek A u B - cobbiTusi, OgHOBpPEMEHHbIE B
cucteme K. B cucteme K' 310 cobbiTva He ogHoBpeMeHHbl. B Touky A, yoanstoLyocs
OT MCTOYHMKA CBETOBOM BCMbILKM - Toukn O’- cBeT nonageTt no3xe, Yem B Touky B,
npubrvkatowyrocs k O'.

OnuTenbHOCTb COOLITUM B pa3HbIX CUCTEMAX OTCYeTa.

Myctb B K' OBa cobbiTA MpoucxodAaT B OAHOW U TOW Xe Todke (X', =X,=X"),

HEeNoABWKHON OTHOcUTENbHO K' B MOMEHTbI Bpemenu t', u t',, Tak 4YTO MPOMEXYTOK

2 3
BPEMEeHM Mexay 3TMKn cobbitnamn 7, =t',—t',.
B cucteme K:

! !

UX UX

t, t+—
r=t,-t = = , Ty <T.

2+ 2 2
t, = C2 b= Cz ' 2 2
-2 -2 \/1—”2 \/1—”2
c c c c

MpoMexXyTok BpeMeHn wmMexay ABYMs CcobblTAMM (AMTENbHOCTL  COBbITUA)
MUHMManeH B Tom MCO, oTHocUTENbHO KOTOopon oba cobbiTva coBepLiatoTCs B OOHOW U
TOW e TOYKe.

Bpewms, navepsemoe no yacam, OBWKyLWMMCHA BMeECTe C [aHHbIM OObEKTOM (T.e.
And  KOTOpbIX X'1=X'2), Has3blBaeTcs COOCTBEHHbIM BpEMEHeM aToro obbekTa.
CobcTBEHHOE BpEMS - MUHMMArbHOE (CamMoe KOPOTKOeE).

T. 0. TeyeHne BpeMeHn M Bce npoueccbl B cucteme K' 3amennsaroTca C TOYKM
3peHns HenoaBWKHOro Habrnogartens, Haxogsuwerocs B cucteme K - pensaTuBUCTCKUIA
appekT 3amennieHuss xoga BpemMeHu. PenatmeBuctckun adpekT 3ameaneHns BpeMeHu
SIBMAETCS COBEPLUEHHO pearbHbiM W 3KCMEPUMEHTANbHO MOATBEPXKOAAETCA Mpu
M3y4EHUM HeCTabWrbHbIX 3neMeHTapHbIX Yactul. lpumep - nonagaHve Ha 3emno p-
ME30HOB, COOCTBEHHOE BPEMS KU3HU KOTOPbIX t0~2-107°c. OHM BO3HUKAOT B BEPXHUX
crnosix atMocdepbl nog AeucTBve KOCMMYECKMX Jyden Ha BbicoTe ~20-30 KM M He

’ !
t, -t T

[O0SDKHbI BblM 6bl gocTuraTb noBepxHocTn 3emmm (S = ot =3-108-2.107°=600 M), v ~C.

T
C TOYKM 3peHnda 3eMHOro Ha6ﬂ|‘OﬂaTeﬂﬂ T= 0 - ero BpemMa Xm3Hn 3Ha4YUTEsIbHO
UZ
1-—%
C
601-|bLLe, Tak 4yTO OH ycneBaeT OOCTUMHYTb
Yt Y’ noBepxHocT 3emmm U 6biTb  3aperMcTpyMpoBaH

3eMHbIMKU npubopamu.
OnuHa Ten B pa3HbiX cUCTEMaXxX oTcYeTa.
PaccmoTpum cTepeHb, pacrnonoXeHHbI BOOSb
X, X, x' OX' n nokosiumiics otHocuternbHo K’ (puc. 3). Ero

O > 12 ] 1 1 1
% aowmHa B K1 |y=x,-x,, rgae Xx,, X, - He
Puc. 3 msMeHsitoupecss BO BpemeHu t' koopauHatbl ero
KOHL|OB.

OTtHocutenbHO K OH OgBwkeTcsl co CKOPOCTbIO V.
ana onpeageneHna ero AfimHol B K HYyXHO OTMETUTb KOOpAuHaTbl €ro KOHUOB X;, X, B

OOVH U TOT XXe MOMEHT BpeMeHu ti=to=t n HaUTN KX pa3HOCTbI| =X, = X{.
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CornacHo npeobpasoBaHui JlopeHua,

X, —ut X, —ut X, —X 1))
Xp=—tee—, X =, | =X, —X =—F—= =l 1-—
v’ v’ ¢
1-— 1-—
C C
CﬂeﬂOBaTeﬂbHO anmHa CTepPXXHA , n3mepeHHada B cucteme OoTCHyeTa,

OTHOCUTESIbHO KOTOPOM OH ABWKETCS, OKasblBaeTCs MeHblle OfMHbl | o, uisaMepeHHon B
cucteme, OTHOCUTENBHO KOTOpow OH nokoutca. B HanpaBnenun ocen OY u OZ ero
pa3mepbl ognHakoBbl Bo Bcex NCO.

T.0. y OBWKYLMXCA Ten ux pasMmepbl B HarnpasBfieHn ABWKEHUS COKpaLATCHA TeEM
borblue, Yem 6osbLie CKOPOCTb ABWKEHUSA (PEeNATUBUCTCKOE COKpalLeHWe OSMHbI).

7.4 OCHOBHOM 3aKOH PensiTMBUCTCKOU OWHaMMKMW.
3aKOH B3aMMOCBSI3U MacCbl U 3HEpPrum.

OVHWTEH O06GHapYXWn, 4YTO KracCUYeckne 3aKOHbl COXPaHeHVst 3Heprm U
MMMyrbca HeCOBMECTUMbI ¢ npeobpasoBaHusiMu JlopeHua. OH NpeanonoXxun, YTo ecrm
BBECTW HOBOE OnpeaerneHne umnyrbca Kak

mo
2

L
1-=
C

TO 3aKOHbl COXpaHeHuss OyayT BbIMNOSHATLCA. Bblv NnpoBeaeHbl MHOrOYUCIEHHbIE
TOYHbIE MPOBEPKN N HOBbIE 3aKOHbI COXPaHEHUS UMMYrNbCa U SHEPrM B (POpMyrMpoBKe
OVHLWITEVHA OKasarmcb CcrpaBeasmBbl.

3aKoH CcOXpaHeHus pPenaTUBUCTCKOrO WUMMyrnbca: PersaTUBUCTCKUA  UMMYIbC
3aMKHYTOW CUCTEMbI HE U3MEHSETCH C TeYEHNEM BPEMEHM.

Ecrm ZF; =0, mo Zﬁ[ = const .

OcHoBHON 3aKOH PENATUBUCTCKON  OUHAMUKW: CKOPOCTb N3MeHeHUs
PENATUBUCTCKOrO UMMNyrbca MaTepuaribHOW TOYKM paBHa cwre, AeUCTBYeT Ha aTy
TOYKY,

dp _

-

MoxHO [pgokasaTb, YTO KMHETMYMECKasi 3JHeprus pensaTUBMUCTCKOM  YacTuubl
BblpaxaeTcs oopmyrion

|

1
2
v
1- 2
c2

E,=mc -1

T.€. NpeAcTaBnsaeT cobol pa3HOCTb OABYX

2
E, __mc -mc? =E-E,.

2
/ 1%
1_C72

BennumHa, onpepensemasi gopmyrion
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nonHasa SHeprus cBOOOAHOW 4YacTuupbl, T.e. YacCTuUbl, HA KOTOPYKD He OEWCTBYHOT
curbl. BenmunHa, onpegensemasi BblpaXXeHuem

E, =mc?,

Nosfy4nria HasBaHWe 3HEePrun 3HepPrust NoKos.

B nornHyto aHeprmio E n aHeprmnio nokosi Eo He BxoAuT MOTeHUManbHaa 3Heprus
Tera BO BHeLHEM CWIOBOM nMorfie; BermdvHa E B pasHbIX cucTemMax oTcyeTa pasfmyHa.
3HayeHns m u Eo He 3aBucaT oT Bbibopa NCO.

mo?

MNpn ckopocTax v <<cC BblpaxeHve ana Ek nepexogut B dopmyny E, =——

[lokaxxem 3TO.
B cootBeTCcTBUM C (hopmyron BuHoma HbloToHa npwm

2
a:U—2<<l (1+a)”:1+na+Ma2+
c 1.2

2 1 2
L =(l—U—) 2 z1+lu—, Toraa
L2 c? 2¢’
1-=%
C
s 102 , 02 mov?
W, =mc (1+§C—2—1):mc Tz

PenatneucTckoe COOTHOLLEHVE MeXOy MONHOWM 3HEeprven U UMnyrbCcoMm:

E =cmic’ +p°.

BaxHenuwmm pesynbtatom CTO aBnaeTcs yHMBepcarbHOe COOTHOLLEHVE MexXay
SHeprvemn nokos Tena u ero maccoi E, =mc?’.

Bcakoe mMameHeHVe Macchbl Terla COMpOBOXAAETCA M3MEHEHWEM 3HEepPrum rnokos u
HaobopoT:

AE, = Amc?.

OTO yTBEPXOEHVE Ha3blBalOT 3aKOHOM B3aMMOCBSAI3U MacCbl U 3HEepPrun. 3aKoH
NOATBEPXOEH 9KCMEPUMEHTarbHO (BblOeNieHne 9SHeprm npu AOepHbIX  peakumsix).
OHeprusi rMokos MOXEeT nepewntn B fobOM Opyror BWO SHEPTrUM U SABIISIETCA B 3TOM
CMbICSIE «pe3epByapoOM» IHEPruM.

Mpumep: NpU aHHrMIALMA YacTuLbl U aHTUYaCcTULbl BCA 3HEPrus Mnokos 4acTul
nepexoaut B 3HEPruo rammMa-KBaHTOB — SHEPIUIO SNEKTPOMArHUTHOro Mosis.

OHeprusi NokKosi, COOTBETCTBYOLAA Macce m=1 r floboro BelecTBa, BblpaxaeTcs
orpomHoi umdpoint: Eo=mc2=1-10-3.9-1016=9.1013 [Ox.

Mbl He 3amMevyaem HammuvMe y Ten cTonb OOrbLUOM 3HEPrMn MOKOSI MOTOMY, YTO
NpakTU4eCckn And BCeX [MpoueccoB, 3a WCKMOYEHWEM SOepHblX, OHa OcTaeTcs
BEIMYMHOMN MOCTOSAHHOMW.

B Teopumn oTHOCUTENBLHOCTM 3akrtodeHa yHOAamMeHTarnbHas CBA3b NPOCTpaHCTBa
W BpPEMEeHU Apyr C ApyroM u aswxkyupmca Ternom. B npeobpasoBanusix JlopeHua
NPOCTPaHCTBO M BPEMS BXOAAT paBHOMPaBHbLIM 06pa3oM, OHU 3aBUCAT ApYr OT Agpyra u
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OT CKOpPOCTU [OBWKEHUA Tella. Mo coBpeMeHHbIM Hay4qHbIM MnpeacTtaBJieHNAM
NPOCTpPaHCTBO U BpeMA obbeaguHaTCA B €OuHbIN I'IpOCTpaHCTBeHHO-BpeMeHHOIZ
KOHTUHYYM.
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INlekuunna 8. CBob6OAHbIE He3aTyXxalLwme n 3atyxawLwme
MeXxaHu4yeckKkue KornebaHua

8.1 NapMoOHMYecKne KonebaHUsa N UX XapaKkTe pPUCTUKM.

Kone6aHuamm Ha3blBalOTCA npoLeccsl, KoTOopble XapakTepusyroTca
onpeferneHHon MOBTOPSIEMOCTbIO BO BpeMeHW, T.e. Kornebanua - nepuognyeckue
M3MEHEHUS] Kakon-rimbo BerMYmHbI.

B 3aBucumocTM OT (puanyeckorm NpUPOAbl  pasnMyaloT  MexaHudeckue W
arneKkTpomarHutHble korebaHms. B 3aBUCMMOCTM OT XapakTepa BO3OEWCTBMS Ha
konebnwouwyoca cuctemy pasmmdaroT cBobogHble (MM coBCTBEHHbIE) KornebaHus,
BbIHY)XOEHHbIE KonebaHus, aBTokonebaHus n napameTtpuyeckme kornedanus.

KornebaHua HasbiBalOTCA NEpUOaNHECKMMM, €CIM 3HAYeHust BCeX U3NYeCKmX
BESIMYMH, U3MEHSAIOLMXCH NpU KonebaHuAX CUCTEMbl, MOBTOPSIOTCA Yepe3 paBHble
NPOMEXYTKM BPEMEHN.

Mepunopa - 370 Bpems, 3a KOTOPOEe coBepLUaeTCca 0OHO MorHoe KornebaHwue:

T=L1, [r]=tc,

N

roe N - uncrno konebaHui 3a Bpems t.

YacTtoTta KOoneb6aHum - 4uCrio MOSHbIX KonebaHui, COBEPLUEHHBbIX 3@ €AVHMLY
BpeMEHN.

N 1
v=—|v|[===1Yy,
L)=2=ry
1 1
T=—, v=—.
1% T
Limknuyeckaa wnu KpyroBasi 4YactoTa - YMCIO MOfHbIX  KorebaHui,
COBEpPLUEHHbIX 3a BpeMs 21 (e4MHUL, BPEMEHN):
2r
w=2rv=—0"1.
T

Mpoctenumm TUNOM KonebaHnn ABMSIOTCH rapMOHM4YecKue KonebaHus, npu
KOTOPbIX MIBMEHEHME BENMYMHBbI MPOUCXOAMUT MO 3aKOHY CUHYca WM KocuHyca (puc.1):
x = Acos(axt + ¢,),
roe x - 3HayeHue U3MEHSAIOLENCA BeSMYUHbI;

4 A=x,,, - aMmnmMTyga konebanun,

4 @, =0 x= Acosax MaKkcumarnbHoe 3HaYeHve M3MeHsloLLencs

BEIYMHbI;
D\ v A P=®L+ P _ dasa koneGaHait B MOMEHT
T

BpemeHu t (yrnoBasi Mepa BpeMeHM);
-4 @0 - HavanbHaa asa, onpegenser
3HayeHne x B HayarbHbIi MOMEHT BPEMEHM Npu

t=0, [qp]zlpaa.

ﬂ
vy S
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KonebaTtenbHas cuctema, coBepLiaoLas rapMoHu4eckmne KonebaHus,
Ha3blBaeTCs rapMOHUYECKUM OCLIIIIATOPOM.
CKOpOCTb 1 YCKOPEHME MPU rapMOHUYECKUX KOSebaHusX:
dx .
L= pra —Aa)sm(a)t + ¢, ), Vpex = Ao,
_do

a_az—szcos(wtﬂoo), a,, = Ao’

max

8.2 CBoG6OAHbIe He3aTyxawlme MexaHuyeckue KoneoaHums.

CBoGoaHbIMM UM COOCTBEHHbLIMM Ha3blBalOTCA  korebaHus, KOTOpble

COBEpLLUAET cUCTEMA OKOJIO MOJSIOXKEHUSI paBHOBECUS MOCSie TOro, Kak OHa Kakum-nmbo
obpa3om Obinia BbiBeAeHa M3 COCTOSIHMA YCTOMHMBOrO paBHOBECUS W MpeacTaBrieHa
camon cebe.

Kak Torbko Teno (Wwwm cuctema) BbIBOAUTCA U3 MOSIOXKEHUS paBHOBECUs, cpasy
Xe MosIBeTCs cwura, CTPEMSILLASACS BO3BpaTUTb TENO B MOSIOXEHWE paBHoBecud. OTa
curna HasblBaeTCs BO3Bpallalolen, OHa BcCerga HampasfieHa K MOSIOXKEHMIO
paBHOBECKS, MPOUCXOXKOEHNE €€ Pas3fNYHO:

a) AN NPYXMHHOMO MasaTHUKA - Curna ynpyrocTtu,

0) 4N MatemMaTM4eckoro MasiTHUKa - COCTaBIAOWRAS CUa TSHXKECTU.

CBoboaHble nrm cobcTBeHHbIE KorebaHnsa - aTo KonebaHue, npovcxoasiume nojg
AenCcTBMEM BO3BpaLLAIOLLEN CUSTbI.

Ecrm B cucteme OTCYTCTBYIOT CWibl TpeHus, konebanusi npoaospkatoTcs
GEeCKOHEYHO [J0ST0 C  MNOCTOSIHHOM aMnimMTygonM UM HasblBalTCs  COBCTBEHHLIMU
He3aTyXxalowummn KosiebaHuamu.

MPYXWHHbLIN MasiITHUK - MaTepuarbHas To4yka MaccoM m, noaBelleHHasd Ha
abComMioTHO YNpyrom HEBECOMOWN MPYXMHE U cOoBepLialowaa Kornebanua nog AevncTBuUeEM
yNpyron Cusibl.

PaccmoTpum  guHamMuKy COBCTBEHHbIX He3aTyxaloupx KonebaHun MpyKUHHOro
MadATHVKa.

F,,=ma -no Il 3akoHy HbtoToHa,

F,, = —kx — no 3akoHy l'yka,

d 2
X
roe k —xecTkoctb, a= el ;
d?x d’x Kk
—kx=m-—0- um —+—x=0
dt d® m
k 5 y
O6o3HauMM — = @,, @,— LUMKIM4eckast Yactota coOBCTBEHHbIX KornebaHun.
m
d’x 5
i +wyx =0 - andpchepeHumnansHoe ypaBHeHNne CBO6OAHLIX He3aTyxaroLWwmnx
Koneb6aHumn.
PelleHnem 3Toro ypaBHeHUs SABMAETCSH BblpaxeHue: x = Acos(ax + ¢,) .
27 m .
=—=2z T —nepuo konebaHui NPYKUHHOMO MasTHUKA.
2
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PaccMoTpuM npespalLeHie SHepriu:
mo? mA’w. . mA’w!
E, = 5 o =sin? (.t + ), Ekmax:TO;
kx> kA? kA2 ma?A?
S R e
k 2 2
TK.  —=w; > k=nao,,
m
mA2 2 ) mA2 2 mA2 2
E=E +E, :Ta)‘)smz(wot+¢0)+Ta)°cosz(a)ot+(po)=Ta)o,
E=E +E, = Exrm = Eprac-

Mpyv  rapMOHMYECKUX KonebGaHuAX MoSfHasi SHeprus CUCTeMbl  OcTaeTcs
MOCTOSIHHOW, MPOMCXOAUT HenpepbiBHbIV nepexoa E, B E 1 Hao6opor.

MatemaTuyeckmn MaaTHUK - MaTepuarnbHas TouKa,
noABeLleHHasi Ha HEBECOMOW HepacTSXXUMOW HUTK (puc.2).
OcHoBHOM 3akOH AavHamukm Bpawehnua (Il 3akoH

HbtoTOHa):
2
S:M, gzd?, J=ml*>, M =-mgsina-I
J dt

3HaK  «MUHYC»  OOycrioBrieH TeM, 4YTO mgsing

aHarormiHa KBasuyrpyron cure, CTPEMSILLENCS BepHyTb
MasiTHUK B NOSIOXKEHWE PaBHOBECS.
d’a  mglsina

a2 miz

d? .

—f+gsma =0.

dt I
OGo3HaUYMM %: ;. Mpn manbix yrmax sina ~ « .

2

dt? +w, =0, a=a,c0s(wt+@,), T= 272\/1.
9

MPYyXvHHBIN 1 MaTeMaTUYECKUA  MAasiTHUKM  SBSISIIOTCA  rapMOHUYECKUMMU
ocuwriaTopamn  (Kak 1 KonebaTternbHbI  KOHTYP). [T@apMOHMYECKMM  OCLUISITOPOM
Ha3blBaeTCsa cucTema, onncbiBaemasi ypaBHEHNEM:

2
(24
—2+a)§0{=0.
dt

X

KonebaHnua rapMOHMYECKOro
AO\ iy ocunnIaTopa ABSIAKOTCA BaXHbIM  MPUMEPOM
"\_ Aoe nepvogudeckoro  OBWDKEHUS n  cnyxart
ﬁ“"n&____ NPUBIIKEHHOM MOAENbI0 BO MHOMMX 3agadvax

0 A _;_,}?}ZZ—> KIacCU4YEeCKON M KBAHTOBOWN (OU3MKNA.
V',V-'*“"-_ t Bo BCAKOW  pearbHOW  cuUCTeMe,
u’ g coBepliaOLIEN  MeXaHndeckue  KorebaHus,
, Puc. 3 BCerga [OeucTBylOT Te WM WHble CWIbl

COMpOTMBIEHNsT (TpeHWe B TOYke MoaBeca,
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COMPOTMBIIEHNE OKpPYXaloLen cpedbl M T.N.), Ha MPeodoSieHne KOTOpbIX cucTema
3aTpauMBaeT 3HEPruio, BCReACTBME YEro pearbHble CBOOOAHblIE MexaHWdeckue
konebaHus Bcerga sIBNAOTCSA 3aTyXaloLWwyMu.

8.3 CBobOoOAHbLIe 3aTyxalolwme MexaHn4eckme KoneodaHus.

3aTtyxawuwme konebaHuAa - 310 KornebaHusa, amnmTyga KOTOpbIX yObiBaeT CO
BpPEMEHEM.

Hangem 3aKOH M3MeHeHUss amMnnmTyapl.
[N NpyXVHHOrO MadTHMKa MacCoW m, coBepLlialowero marnble kKonebaHnusi noa

ﬂ,el)'lCTBVleM yrlpyr017| CUInbl lfynp :—k)_(, Cura TpeHua nponopunoHalsibHa CKOPOCTW:
= - dx
Fmp =—-ro, Fmp = —ra,
rge r- KOS(b(bMU,MGHT conpoTmBIieHNA cpefbl, 3HaK MMUHYC O3Ha4aeT, 4YTo Fmp

BCer[a HanpaerieHa NPOTUBOMOJIOXKHO CKOPOCTW.
CornacHo Il 3akoHy HbtoTOHa ypaBHeHWe ABWWKEeHUA MasiTHUKa uMeeT BUA:
F.., +F,, =ma,

dx d?x
—kX—r—=m——7-H,

dt dt
d’x radx k
— +——+—x=0.
d° mdt m

T k _ 5
O6osHaumm: — =2/, — =,
m m

d’x dx 5
e + ZﬁE +wyx =0— andcdepeHunanoHoe ypaBHeHMEe  CBOOOAHbLIX

3aTyxarwLwmx konedaHun.
PelleHnem 3TOro ypaBHEHUs] SIBIIETCH BblpaXXeHue:

x = Ae” cos(a)t + (po) ,

Foe o=, w; — F —unkmdeckas Yactota cBoBOAHbIX 3aTyxalouyx KorebaHui,
®0 - LUMKInYeckass 4actoTa cBoboHbIX He3aTyxaloLwmx konebaHuin,

B - KOahPULMEHT 3aTyxaHus,

Ao - amnnmTyga B HavasbHbI MOMEHT BpeMeHu (t=0).

A= A,e”” - 3aKOH YBblBaHNS aMMITYabI.

C TeueHvem BpeMeHn amMnmtyaa y6bIBaeT Nno 3KCNoHeHuuMaribHOMY 3aKOHY (pI/IC.

3).
Bpemsi pernakcaumm 7 - 3TO BpeMsl, 3a KOTOpoe aMrnimTyda yMeHbLLaeTcs B €
pas.
AO _ eﬂz‘ _ 1 _ 1 _ l
AOe_’BT_e’ =e, pr=1, =7

Takum o6pa3som, B ecTb BermuuHa, obpaTHasi BpeMeHW perakcauun,

BaxHenwen XapakTepuCTMKON 3aTyxaroLmx konebaHuim ABIeTCS
rorapuMUYECKUA AEKPEMEHT 3aTyxaHust 6.
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Norapudmmyeckum [OeKpPeMeHTOM 3aTyXxaHusi Ha3blBaeTcsi HaTypasbHbIN
norapugm OTHOLLEHWUA ABYX aMNimvTyd, OTIMYaloWLmXcs ApYyr OT Apyra Nno BpeMeHu Ha
nepwvoa:

O:In—AO

—Inef —
o =Ine” =fT.

BbISiCHAM ero pmsndeckuin CmbIC.
X b X A

Q Q,

0 AAAAqﬁfwv R O\AAW» ,
UVVVV t VVV t

Puc. 4

3a Bpem4 penakcauum cuctema ycneet coepumtb N konebaHumi:

T
T T
1 T 1
O=pT ="T=—=—,
T N
Te. 0 - 3T0 BefmuuHa, obpaTHast uucny konebaHuin, B TeveHue KOTOpbIX

aMmnnmMTyga ymeHbllaeTcs B € pas.
[Ana  xapaktepuctukm  KonebaTternbHOM  CUCTEMbI  UCMOSb3YIOT  MOHATUE
AoBpoTHOCTW:

T
SN
Q=5

[obBpoTHOCTL - dmandeckass BermmdMHa, NpPOonopuMoHanbHas 4ducry konebaHun, B
TeuYeHre KOTOpPbIX aMNmMTyaa yMeHbluaeTcst B e pas (puc. 4, Q, >Q,).

8.4 CnoxeHune rapMoHUYECKNX KonebGaHum

Konebrniowgecss Teno MOXeT YdacTBOBaTb B  HECKOSbKMX KorebaTterbHbIX
npoueccax, Torga HeobxoaMMO HauTu pesyrbTupylolee KorebaHve, MHbIMWU CrioBaMMu,
konebaHusi He0BXOAMMO CIIOXUTb.

"apMoHuyeckme konebaHusi n3obpaxatrorcs rpagoun4eckm METOAO0M
BpaLLAIOLLErocsl BEKTOpa aMnimTyabl WM METOOO0M BEKTOPHbIX Avarpamm.

N3o0paxeHne rapmMoHM4eckux konebaHmm rpaduyeckm B BuOe BeKTopa Ha
MrOCKOCTW Ha3blBaeTCsl BEKTOPHOW AvarpammMon (puc. 5).

x = Acos(at + ) ,

roe o - Ha4darbHagd (pasa KonebaHusi.

X
>
v

Xy
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1. CnoxeHue KonebGaHu oQHOro HanpaBleHUs.
x, = A cos(at +a,), X, = Aycos(aX + )
MpeactaBum oba kornebaHWs C MOMOLBIO BEKTOPOB A, u A,. Moctpoum no

npaBuram CrioXeHUs BEKTOPOB pesyrnbTupyrowmn sektop A (puc.6).

X=X1 + X2, x=Acos(at + ) .

Mpn CrnoXeHun 2-x rapMoHMYECKUX KorebaHuin
O[MHAKOBOro HanpasfieHUs W OAMHAKOBOW 4acTOTbl
BO3HMKaET rapMoHudyeckoe korebaHue TOro xe
HarnpaBrieHUa U TOW Xe 4acToThl.

p=r- (a2 - al)

CornacHo TeopemMe KOCUHYCOB:

2 2
= A+ Ay = 2A A, cos|z — (a1 )] =
= A+ A —2A A, cos(a, —ar ),
yr+y, Asing +A4,sna,

l‘qa = = X
X, +x, Acosa, + 4,cosa,

Puc. 6

a)ecm o, — ¢, =2k (k=0,1,2...), A=A + A4, — B dase (puc. 7a);
6)ecm o, —, = 2x+ D)z (k=0,12..), A= A — A4, — B npotmsodase (puc. 76).

x & x i
A e e x(1)
4 x(8) 4
4, \ J%; () 4
0 il 0 4
1 , 4

Pec. 7

Takum oO6pasom, Terno, yvacTByss B [BYX FApMOHMYECKMX KonebaHusax OOHOro
HanpaBlieHMs] U OOMHAKOBOW 4YacTOTbl, COBEPLUAET Takke rapmoHudeckoe kornebaHvie B
TOM >Xe HanpaBfieHMM M C TOW >Xe YacTOTOW, YTO W CKragplBaemble konebaHus.
AmMnmmtyga pesyrnbTvpylowero kornebanua 3aBucut OT pasHoctu a3 (02 - al)

cKragblBaeMblx KofiebaHun.
2. CnoxeHne B3auMHO nepneHANKYNAPHbIX KonebaHuun

Myctb 06a konebaHnst CoBEPLLAKOTCA C OAMHAKOBOW YaCTOTOM:
X = a, cos(at +ar, ),
y = a, cos(awt + a, ).
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Hago wuckmiouMtb BpemMa U cBsA3aTb X C Y. [locrie  MaTeMaTudeckux
Npeobpas3oBaHil NMONMyYNM ypaBHeHWe anmnca:

(i}z {ljz _ 29 o8, — ) =sin2(r, —at, );

a, a, a,a,

a) a,—a, =2k, k=0,1,2,...
2 2
y .0 T A I\
al a‘Z a‘laZ ’

Puc. 8

y= %y —YypaBHeHve npsmon (puc.8);
al

6) o, —a, =(2k + 1)z, k=0,1, 2,...

2 2
a a, a,a,
y = B2y ypaBHeHue npsamon (puc.9);
Puc. 9 &

B) @, — o, =%(2k +1), k=0,1,2,...

y ¢ y X—+l:1— ypaBHeHve arrwmnca (puc.10),

2
2 2
d) al a2

ai
‘69‘{ X Ecrm a =a,, x*+y’=a’ - ypaBHeHue

OoKpykHOCTU (puc.11).

Puc. 10 Puc. 11

3. Ecrm cknagpiBatoTca B3avMHO nepneHAuKynsipHble KonebaHusa ¢ KpaTHbIMU
nepuwogamm, TO  pes3ynbTupylolwee  OBWKEHWe  MpoucXoaut MO CIIOXHbIM
CMMMETPUYHbIM  KPMBbIM, HasblBaemblM durypamu Jluccaxy. Wx Bug 3aBucut OT
COOTHOLLEHMS MEPUOAOB M Pa3HOCTU a3 CKradblBaeMblX KOfiebaHuN.

®urypbl  Jluccaxy HaxoOsT LWMPOKOE MPUMEHEHWE B U3MEPUTESNbHOW TEXHUKe
Npy UccrnegoBaHUM COOTHOLLEHUIA 4aCTOT M pas3HOCTM (ha3s ckragblBaeMblX KonebaHumi.
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INekumnsa 9. BolHyXXAeHHblIe MeXaHUu4YecKne KornebaHus.
Ynpyrue BOJSHbI.

9.1 BbIHyXAeHHble KonebaHusa. Pe3oHaHcC.

BbiHY>XAeHHbIMM Ha3blBalOTCA KofebaHus, KOTopble COBEpPLLATCA B CUCTEME
noa OenUCTBUEM NEePUOAMYECKN U3MEHAIOLIENCH BHELLHEN CUMbl.
[MycTb BHELHAS CWa U3MEHSETCHA MO rapMOHUYECKOMY 3aKOHYy:
F = F cosar .
Kpome BHelHen cwurbl, Ha Konebriouytocs cucteMy OenCTBYeT BO3BpaLLarolas
cura u curia ConpoTMBIIEHMS, NponopUMoHanbHas CKOPOCTU KosiebaHuii:

F+F,,, +F., =M,
2
Focoswt—kx—%r:md—;(,
dt dt
d’x rdx k_ F
— t+t———+—X=—Cosat.
dt mdt m m
k F,
O603HauYnM: L:Zﬁ, —=aw;, *=f,
m m m
d’x dx
?+2ﬁ5+a)§x:fcosa)t— 1)

ancdpdepeHumanbHoe ypaBHeHue BbIHY>XAEHHbIX rapMOHU4YeCKNX
KonebaHumn.

x, BbIHyXOEHHbIEe konebaHus
COBeEpLalTCA C  4acToTOW, paBHOM
yacTtoTte BbIHYXXOaoLLEeN CUIbl.

OKCnepuyMeHTanbHO  YCTAHOBIEHO, 4YTO
CMeleHne x  OTCTaeT B CBOEM
M3MEHEHUM OT  BbIHY)XOAOWENA  CUMbl.
MoxxHo JokasaTb, yTOo peLleHnem
ypaBHeHus (1) aBnseTcs BblpaXeHue

x=Acos(at—y), roe A - amnmtyga

Yeranoenenue BbIHYKAEHHbIX KonebaHwi, y - pasHoCTb
KoTebaHMi Prc 1

da3 konebaHum x n F.

Mpadhmyeckn BbIHYXAEHHbIE KOoneGaHus npencTaBfieHbl Ha puc.1.

Ecrm BblHyKOamoWwAs cuia M3MEHSIeTCsl Mo rapMOHMYECKOMY 3aKOHY, TO M CcaMu
konebaHua OyayT rapmMoHudeckumun. X Yactota paBHa 4YacToTe BbIHYXOAIOLEW CUMbl,
a amnmMTyga nponopuyoHarnbHa aMnimMTyae BbIHYXOAOWEW CUbl.

f 200w
A= 2 2 02 R gy ZZLZ'
\/(a)o —0°) +4f°w W, —w
3aBUCUMOCTb aMmnmMTyabl OT YacCTOTbl BbIHYXOAIOLWEN CUNbl @ MPUBOAUT K TOMY,
4YTO nMPU HEKOTOPOW, OnpedeneHHoM Ans OaHHOW CcucTeMbl 4acToTe, amnmmTtyna
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Jocturaet Makcumyma. Ytobbl HaiTM 3Ty 4acToTy, onpeaermm MakCumMym yHKLN
amnnmTyabl.

4, =0, -2 -0’ Ro+80=0, o -0’ =25
a)pes = Va)g _2ﬂ21
f f f
4 = - = .
! \/(a)(f—a)g+2,6’2)2+4,82(a)§—2,82) \/4ﬂ4+4,6’2a)02—8ﬂ4 28\ o — p?

A4 fBreHve pesKoro BO3pacTaHus
aMnnmTyabl  BbIHYXAEHHbIX konebaHui npwm
NpUONKEHMN  YacTOThbI BbIHy)XOaloLLEeN
cwnbl K cobCTBEHHOM 4acToTe cuctembl (K
pe30HaHCHOW yacToTe) HasblBaeTcH
pe3oHaHcoMm (puc.2).

Puc.2

BbiBOAbI:
1. amnmmtyga BbIHYKOEHHbIX  KONMebGaHuin  npornopumoHasnbHa amnmTtyge
BbIHY)XOaloLen curbl;
2. amnnmMTyaa BbIHYXOEHHbIX KonebaHui obpaTHO mpornopuMoHarnbHa
f

3.npn ® —> 0 A=—;

Wy
4. pn ® —> o A —0;
5.npn B =0 A — oo,

9.2 MNpopgonbHble U NonepeYyHble yrnpyrme BOJSHbI.
MpuHumn MNoureHca.

JTioGoe ynpyroe Teno cocTouT M3 BOMbLUIOrO Yucra 4Yactuy (aToMOB, MOSEKYN),
B3avmoZeuncTeyloupx gpyr ¢ gpyrom. Cwurbl B3avMOAEWCTBUA MPOSABIIAOTCH MpU
M3MEHEHUM PAaCCTOSHUSE MeXdy uvactTuuamu (Npy PacTsXKEHUMM BO3HMKAKOT — CUSbl
MNPUTSKEHUS, MPU CKaTuM — OTTalkMBaHMA) W UMEIOT 3JMEKTPOMArHUTHyK0 npupoay.
Ecrm kakas-rmbo 4yacTuua BHEWHUM BO3AEWCTBMEM BbIBOAUTCSA M3 MOJSIOXKEHMS
paBHOBECKS, TO OHa MOTAHET 3a cobon B TOM Xe HampaBreHuM APYryl yacTtuly, ata
BTOpasi - TPeTb, U BO3MYLUEHME OyOoeT pacnpocTpaHATbCS OT YacTuubl K YacTuue B
cpege C onpederneHHonm CKOpOCTblo, 3aBUCALLEN OT CBOWCTB cpedbl. Ecrm vactuua
Obina caoBuHyTa BBeEpX, TO MO4 [AEWCTBMEM BEPXHWX YacTul, OTTarkuBaloLyx, U
HWKHUX, NPUTATMBAKOLLMX, OHA HAYHET [OBuraTbCs BHU3, MNPOVOET MNOSIOXeHne
paBHOBeCUS, MO WHEpUMM CMeCTUTbCS BHM3 KW T.4., T.e. OygeT coBepuwaTtb
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rapMoHuM4eckoe KornebaternbHoe [OBWKEHME, BblHyXdass K KonebaHusam coceaHio
yactudy, u 1.4. lNoatoMy npu pacnpocTpaHeHMn BO3MYLLEHUS B cCpede BCe 4acTuubl
coBepLaloT kornebaHuss C OAMHAKOBOW 4acCTOTOW, Kaaas OKOJI0 CBOEro MoJioXeHuUs
paBHOBECKS.

lMpouecc pacnpoCTpaHeHUss MexaHudeckux KornebaHui B ynpyrom cpege
Ha3blBaeTCA yNpyron BOSHOW. QTOT Npouecc nepuoandeH BO BPEMEHN U NPOCTPaHCTBE.
Mpn pacnpocTpaHeHun BOSHbI YacTuubl cpefbl He OBWKYTCS BMeCTe C BOJSHOMW, a
KOneobrtoTCcs OKOSIo CBOWUX MOJSIOXKEHUA paBHoBecusi. BmecTte C BOMHOM OT 4acTuubl K
yacTvue cpegpl nepedaeTca JMb COCTOsiHME KorebaTernbHOro ABWKEHUS W ero
aHeprusa. Mo3ToMy OCHOBHOE CBOWCTBO BCEX BOJSHH - MEPEHOC aHeprum 6e3 nepeHoca
BellecTBa.

Pa3nu4yaloT npoaosibHbIe U NonepeyHbie yrpyrue BOsiHbI.

Ynpyras BofiHa Ha3biBaeTCA NPOAOSILHOM, ECIM YacTULbl cpeapl kKonebnoTcs
BOOMb HaMpaBrieHNsl pacnpocTpaHeHns BOSHbI (purc.3).

MpmMepoM npPoLOSfbHOM BOSMHbI MOXET CIy)XUTb BOSHA, BO3HUKAOLWRAS B YNpyrowm
NpyKuHe, HageTon Ha [OfMHHbIA  CTepXeHb, OAWMH KOHeL, KOTOPOW 3aKpersieH
HEMOABWKHO, a OPYron NepMoauHECcKM CXMMAaOT Unn pacTtarmeatoT (puc. 3)

Mpwn pacnpocTpaHeHUn Takou BOSHbl B Cpeae BO3HUKAKOT
D somen - CryleHua 1 paspsixeHus. [NpogoribHble BOSHbI BO3HUKAKT B

T Duemy TBEPAbIX, XUOKMX U ra3oobpasHbiX Tenax, B KOTOPbIX BO3HUKAKOT
ynpyrue gedopmauum nNpu CXatum WM PacTSKEHUN.
Ynpyras BOJfIHa Ha3biBaeTcsA MNoOMepevyHou, ecmm
YacTvubl cpedbl KonebnoTcs nepneHavKyrnspHO HanpasrieHuo
Puc.3 pacnpocTpaHeHuss BomHbl (puic. 4).
Mpumepom nonepeyHbIX R
BOSH MOFYT CMyXWUTb  BOSHbl, BO3HVKalOLUMEe B U sonmi

PE3NHOBOM LLHYpPE, OAWMH KOHEL, KOTOPOro 3akpernreH
HEMoOABWKHO, a [npyroMy coobweHo konebaTenbHoe R
ABwkeHve (puc. 4) Duacmuy

Mpn pacnpocTpaHeHn nonepeYyHon BOSHbI B
ynpyron cpefe obpasyitcs rpebHu 1 BnagvHbl.
MonepeyHass BOMHa BO3MOXHa B cpege, rae
AedopmMmauma casura Bbi3blBaeT ynpyrve Cunbl, T.e. B
TBEpAbIX Terax. Ha rpaHvue pasgena 2-x XMOKOCTEN UM XKUOKOCTU U ra3a BO3HMKaKOT
BOSHbl Ha MOBEPXHOCTWU XXMOKOCTW, OHW BbI3biBAKOTCA MO0 curaMm HaTsKeHus, rmbo
cunamm TSXKECTMW.

Takum 00pa3om, BHYTPU XKMOKOCTU WM rasa BO3HUKAKT TOMbKO NPOAOSbHbIE
BOJSHbI, B TBEPAbIX TEMaX — NPOAOSIbHbIE U NONepeYHbIE.

CKOpoCTb pacnpoCTpaHeHUst BOSH 3aBUCWUT OT YMNpPYyrMx CBOWCTB cpeabl U ee
nrnoTtHocTn. Kak cregyeT m3 TeOpeTM4ecKoro pacCMOTPEHWs, CKOPOCTb MNPOAOSbHbIX
BOJH:

Puc.4

E
v, = /—, roe E - moaynb HOHra, p - nnoTHocTb cpenpl,
e,

CKOPOCTb nornepeyHbIX BOJIH:
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G
v, = /—, roe - G - moayrnb casura.
Jo,

E v
T.K. Onsa TBepabiX BelkecTB — ~ 2,5, -+ ~15,
G v,
T.. CKOPOCTb pacnpoCTpaHeHnss npoAosibHbIX BONH ~B 1,5 pasa 6Gorblie

CKOPOCTM MNOMepeYHbIX.

PacnpocTtpaHasacb OT OOHOro WUCTOYHUKA, 06e BOMHbl MPUXOAST K MPUEMHMKY B
pasHoe Bpems. W3mepsis pasHOCTb BpPEeMEH pacnpoCTpaHeHUs MNPOAOSbHbIX U
NonepeyYHbIX BOSH, MOXHO oOnpeaermrb MeCTO WUCTOYHMKa BOJSH (aTOMHOro B3pbiBa,
3MNUUEHTPa 3eMreTpaceHus U T.4.).

C Opyroun CTOpOHbI, CKOPOCTb PaCMNPOCTPaHEHUS! BOSIH B 3€MHOW KOpe 3aBUCUT OT
nopoa, 3aneraroupx Mexgy UCTOYHWMKOM W MPUEMHMKOM BOJSH. OTO ABMIIETCA OCHOBOW
reogusn4ecknx MeTofoB MWCCredoBaHMA COCTaBa 3€MHOWM KOpbl U MOWUCKA MOSE3HbIX
MCKoMaeMblX.

MpofonbHble BOMHbI, PAcnpoOCTPaHSOLMECH B rasax, XWIKOCTU M TBepablX Terax
N BOCMPUHMMAaEMble YerioBEKOM, Ha3blBaKOTCS 3BYKOBbIMW BOMHaMW. VX yactoTta nexur
B npegenax oT 16 go 20000 Ny, Hwke 16 'y - MHdpa3Byk, Bbiwe 200000y, - yrbTpasByk.

Cokoros C.A., uneH koppecrnoHgeHt AH CCCP, B 1927-28 rr. obHapyxun
CMOCOOHOCTb  YrNbTPa3BYKOBbIX BOSH MNPOHUKATb CKBO3b MeTarrbl W paspabortan
MeToavKy Y3 fedeKkTocKonuM, CKOHCTpyupoBaB nepsbii Y3 reHepaTtop Ha 109 u. B
1945 rogy oH nepBbiM paspaboTtan mMeToa npeobpaszoBaHMA MEXaHWMYECKUX BOSH B
BUOMMblE CBETOBbIE 1 CO3aan YrbTPa3ByKOBOW MUKPOCKOI.

BorHa, pacnpocTpaHssicb OT WUCTOYHMKA KorebaHun, oxBaTbiBaeT BCE HOBbIE U
HOBble 061acTM NPOCTPaHCTBA.

feomeTpuyeckoe MeCTO TOYeK, OO0 KOTOPbIX pacrnpoCTpaHWMCb Korebanus K
AAHHOMY MOMEHTY BpeMeHM t, HasbiBaeTCca (PPOHTOM BOJIHbI.

feomeTpuyeckoe MeCTO TOYeK, Korebrioupxcsa B oavHaKkoBoW dase, HasblBaeTcs
BOJIHOBOW NOBEPXHOCTLHO.

BornHOBbIX NOBEPXHOCTEN MOXHO MNPOBECTU OECKOHEYHO MHOrO, HO WX BuA And
AAHHOW BOJSHbl OAMHaKoB. BorHoBOW POHT npeactaBnsgeTr CcoboM  BOSHOBYHO
NOBEPXHOCTb B AaHHbI MOMEHT BPEMEHMU.

B npuHuune BoMHOBbLIE MOBEPXHOCTM MOTYT ObITb /06O POPMbI, @ B MPOCTENLLEM
Criyyae 9TO COBOKYMHOCTb MapasresfibHbiX MNIIOCKOCTEN WM KOHUEHTpUYEeCcKnx cdep
(puc. 5).

BorHa HasbiBaeTcs NNOCKOWN, ecrv ee OPOHT NpeacTaBrisieT cobom NIOCKOCTb.

— $poHT

EOIHEL

—

Bomossie
NOEEPXHOCTH
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BonHa HasbiBaeTcs cdrepuveckon, ecrm ee POHT npeactaBnseTr cobown
NMOBEPXHOCTb CArepbl.

BomHbl, pacnpocTpaHsioupeca B OOHOPOOHOW M3OTPOMNHOM cpede OT TOYEYHbIX
UCTOYHVKOB, ABMAKOTCA cdepudeckumn. Ha ©Oornblwom pacCTOSHMM OT  MCTOYHMKA
chepuyeckasn BorHa MOXeT paccMaTpmBaTbCs Kak nriockas.

MpuHuun TroWreHca: Kaxgas Todka (POHTA BOMHbI  (T.e.  Kaxaas
kornebnowasaca vactuua cpefpl) SABMSETCA UCTOYHMKOM  BTOPUYHBLIX  ChepriecKmx
BOSH. HoBoe noroxeHne ppoHTa BOMHbI NPeACTaBrsieTcsl orndatolen 3Tux BTOPUYHbBIX
BOJTH.

OTo yTBEpXaeHue Bbickazan B 1690 rogy romnmaHOCKMn ydeHbin [ tonreHc.
CnpaBeammBOCTb €ro MOXHO MPOWTIIOCTPUPOBATL C MOMOLLBIO BOSH Ha MOBEPXHOCTU

as BOObI, KOTOpble UMUTUPYIOT

a1 a2 chepuyeckue BOJHbI,

————————————— a BO3HMKalOLUpe B o0Obeme ynpyrom

e openb.

\\\‘\:‘_'_’:,::':/ aiB1 - PPOHT B MOMEHT t1,
o | a, a2B2 - (OPOHT B MOMEHT t2.

B2 MNeperopoavs NMOBEPXHOCTb

Puc.6 BoObl  Mperpagoi Cc  MarbiM

OTBEPCTUEM M HaMpaBMB Ha Nperpagy MrocKylo BOSHy, yoexxaaemcs, YTo 3a nperpagou
- chepmdeckas BosrHa (puc. 6).

9.3 YpaBHeHMe NJIocKou Geryuien BOSIHbI.

Berywmmm HasbiBaOTCS BOSHbI, KOTOPbIE NEPEHOCHAT B NPOCTPAHCTBE 3HEPTUIO.

Mornyysm ypaBHeHVe Oerylen MrOCKOM BOSHbI, Npegnoriarasi, 4to KorebaHus
HOCAT rapMOHWYECKMMN XapakTep, a ocb Y coBragaeTr C HarnpasrieHnemM
pacnpoCTpaHeHVst BOSHbI.

YpaBHeHue BOSHblI onpefernsieT 3aBUCMMOCTb CMELLEHUSI KOnebrioLwencs vactuupl
cpedbl OT KoopAnHaT N BPEMEHW.
MycTb HekoTopas 4acTtuua cpeabl B (pwuc. 7)

X
< A > HaxoOUTCA Ha pPacCTOAHMM Yy OT  WUCTOYHUKA
B ( \ kKonebaHun, pacnonoxeHHoro B Touke O. B Touke
0 = o O cmelLeHMe YacTuubl OT MOSIOXEHUS paBHOBECUS

.A\ij, npoucxoaut no rapMoOHNYeCKoMY 3aKOHY
x = Acosax,

Puc.7 roe t - Bpemsi, oTcuMTbIBAaEMOE OT Havana
kKonebaHui.

BTouke C x= Acosalt —7), rne 7= - BpPeMsi, 3@ KOTOpoe BorHa oT Touku O
19

aoxoaut Ao Todkm C, Y - ckopocTb pacnpoCTpaHEeHUs! BOSHbI.

X = Acos a)( —Xj - ypaBHeHMe nnockoun 6eryuien BOSHbI.
L

OTO ypaBHeHVe onpedenseTr BerMuMHY CMELLEHMS X  KONMeOmowWwencs TOouKw,
XapakTepusyemomn KoopauHaToMn Y, B N0OOM MOMEHT BpeMeHM t.
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Ecrm nnockas BosnHa pacnpocCTpaHdAeTCA He B MNOJIOKUTENTbHOM HanpaBJieHUN
ocn Y,aB NPOTMBOMOJIOXKHOM HanpasJieHUn, TO

X = Acos a)(t + X}
v

PaccTtosiHne wmexagy Ormkanummmn Toykamu, Konebrioupmuca B - OAMHAKOBOW
d¢ase, Ha3blBaeTCA OSMHON BOJSHbI.

[mHa BOMHbLI - pacCTOsiHME, HA KOTOPOE pacrnpoCTpaHseTCsl BOMHA 3a nepuvopg
konebaHui YacTtuy cpefbl, T.€.

A=0T.
Tk T=2 2129 v=iv, 0=21v,
1% |4
X = Acos[a)t - 27/1”/ yj, x = Acos(wt —ky),
v

27
roe k = 7 - BOJTHOBOE 4MCIT0.

B o6wem cryyae x = Acos(ot —ky+a, ).
\_ﬁ_—J

Gazannockoti 8oubl
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Nekumsa 10. YpaBHeHMe COCTOAAHMA naeanbLHOro rasau
ocHoBHoOe ypaBHeHune MKT

10.1 OCcHOBHbIe NONIOXeHUA U ocHOoBHble noHATMA MKT.

CylwecTBylOT [dBa OCHOBHbIX MeToda oOnucaHua U3MYECKUX HABIMEHUA U
NOCTPOEHNA COOTBETCTBYIOLWX TEOPWNA:

1. MOneKkynapHO-KNHETUYECKUA (CTaTUCTUYECKUN);

2. TepMOaVHAMUYECKUN.

MoneKkynapHO-KMHEeTUYECKUA MeTOoZ[, pacCMaTpuMBaeT CBOWCTBA (OU3NYECKNX
00BHEKTOB Kak CyMMapHbIN pesyrnbTaT AeUCTBUA BCEX MOSIEKY.

[MoBegeHve oOTOEeNbHOM  MOSEKYSbl  aHarmsMpyeTcd Ha  OCHOBE  3aKOHOB
KMacCU4eckoM  MeXaHuKW, W  MOSflydeHHble pe3ynbTaTbl  PacnpoOCTPaHATCA  Ha
COBOKYMHOCTb BOSbLIOrO  4MCria MOJSIeKYn C MOMOLBK CTaTUCTUYECKOrO MeToAaa,
MCMOMb3YIOLLEro 3aKOHbl TEOPUM BEPOATHOCTU. ITO BO3MOXHO, MOCKOSbKY ABWKEHME
KaXxgom MOSeKyrbl XOTA M NPOXOAUT MO 3aKOHaM KraCcCUYECKOM MEeXaHWKKU, HO ABIisieTcs
Crny4yalHbIM, T.K. CKOPOCTM MOJSIEKYNn NMOAYMHAIOTCA 3aKOHaM TeOopun BEPOATHOCTU. Yem
Borblle yacTuy B cUCTEMe, TeM Jydlle COBMaZaloT BbIBOAbI CTATUCTUHECKOW TEOpWMM C
pesyrnbTaTaMmu 3KCNepuMeHTa.

lMpevmywecTBO MeToda - SCHad KapTMHa MexaHusMa paccmaTpuBaemoro
ABMEHUS.

HepoctaTok - BbiBOAbI MK Teopun aBnsitoTCA pes3ynbTaToM ycpeaHeHUs, Mo3ToOMy
ABMAOTCA NPUBTIKEHHBIMMU.

TepmoanHaMnyecKkum MeToa OCHOBLIBAETCA Ha BBEAEHUM MOHATUS SHEpPrun u
paccmaTpvBaeT BCe MPOLECChl C 3HepreTM4ecKOM TOYKM 3PEeHVs, OCHOBbLIBASCb Ha
3aKOHax COXpaHeHUs U NpeBpaLLEHUA 3HEPrn M3 OOHOro Buaa B APYrow.

MornekynapHasa dwusvka - pasgen Quanky, u3yyalolyn CTpoeHne U CBOWCTBA
BeLLeCTBa UCX0OA U3 MOSEKYISPHO-KUHETUYECKON TEOopUN.

Mpea o6 aToMHOM CTpoeHWn BelwecTBa BbiCKa3aHa [peBHerpeyeckum
durnococpom demokputom (400 r go H.2.). Kak HaydyHasa runortesa Teopusi aTommsma
Bospoxgaetca B XVIl Beke u pasBuBaetca B pabotax JlomoHocoBa (18 Bek),
O0BbACHMBLLErO TEMMOBble SABMIEHUA KaK pesyrnbTaT ABWKEHUS MefbYanmx 4YacTuy,
BellecTBa.

OcHoBHble nonoxeHna MKT 0asvpyoTca Ha psge OnbiTHbIX  AaHHLIX WU
HabnogeHun (oudpdyans, BpoyHOBCKOE ABWDKEHME).

1. Bce BelecTBa COCTOAT U3 aTOMOB WM MOJIEKYIT.

2. AToMbI BCeX BELIECTB HaxogaTcs B 6ecnpectaHHOM XaoTUHECKOM OBWDKEHUM.

3. ATOMBbI (MM MOSEKYNbl) BCEX BELLECTB B3aUMOAEWNCTBYIOT MeXay cobon.

Onddy3ma - saBreHnMe NPOHUKHOBEHMS MOSEKY OAHOro BewecTBa Mexay

MOMeKyrnamm Lpyroro npu Ux conpuKoCHOBEHMWN.

BpoyHOBCKOe ABWMXEHME — XaoTudecKoe [ABWKEHWE B3BELLEHHbIX B XXWOKOCTU
WM rase yacTtuLl.

Monekyna - wMmenbuYanwas YacTvua BelecTBa, obrajawowgs BCemMu ero
XMMUYECKUMU cBOMCTBaMU. my~ 10726 kr, d=~ 10710 m.
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MonekynapHasi macca - Mmacca O4HOM MOJSeKysbl, U3MepsieTcs B a.e.M.
Beegem noHATHE MOns BellecTBa.

BELLECTBO mMacca M-Ibl Macca BelecTBa 4YMCNO MOTSeKyn
(a.e.m.) (r)

H2 2 2 6,02-:10%3

C 12 12 6,02-10%

02 32 32 6,02-10%3

CO2 44 44 6,02-10%

1 MOMb - 3TO KONMMYECTBO BELLECTBA, B KOTOPOM COAEPXUTCS CTOMbKO MOJEKYI],
ckomnbKo ux copepxutcs B 12 1 '2C (ocHoBHas eauHvua CU).
Unucno Aeoragpo Na - 3TO uucrio MoOrekys, coaepalyxcs B OOHOM More
no6oro BelecTBa. MornsipHasi Macca - Macca O4HOro MOJs.
3 ke 1
M, =2-107 , N, =6,02-10" —,

! MOJb MOTb

m v
V= o —4uMcrio Morien BelLecTBa,

m
N=N,-v=N, M 4YMCro MOSeKkyn BeLecTBa.

10.2 YpaBHeHMe COCTOSSHUA uaeanbHOro rasa.
OnbITHbIE ra30Bble 3aKOHbI.

B MKT ucnonbaytoT vgeanmsnpoBaHHyl0 MOAesb naearnbHOro rasa.

UpeanbHbIM ras - 370 ras, MOSieKyfbl KOTOPOro MOXHO paccMaTtpuBaTb Kak
MaTepuanbHble TOYKM, a WX B3aMMOLEWCTBME HOCUT Xapaktep abCormoTHO ynpyroro
yoapa. (Mpy HU3KOM p 1 BbICOKOM T pearbHble ra3bl NpubrmkaoTcs K ngeasnbHbIM).

CocTosiHMe HEKOTOpPOW MaccChbl rasa onpefernsetcs Tpems TepMOAVHaAMUYECKUMU
napameTpamu: p,V,T.

[aBnenve rasa npegcrtaBngeT cobon pesynbTaT yaapoB MOJSIEKyn rasa O CTEHKU
cocyna, B KOTOPOM ra3 HaxoauTcs.

[pI=1Ma, [VI= 1m3,

B cootBeTcTBUKM C pelseHnem Xl ["'eHeparnbHOM KOHdepeHUMM No Mepam M Becam
(1960 r.) npumeHsitOT ABe TemnepaTypHble LWKasbl - TepMoanHaMudeckyto (KernbBuHa) u
MexxgyHapoaHyto npaktuieckyto (Llenbcus).

3a 0°C npuHsaTa TemnepaTtypa 3amep3aHus Boapl npu p=1 atm. 3a 0 K npuHaTta
Temnepartypa, Npy KOTOPOW LOSPKHO MPEKPATUTbCS XaoTUYecKoe OBWKEHWE MONEKyr.
AHanmM3 pasnuyHbiX npoueccoB nokasbiBaeT, 4to 0 K HegocTwkmum, XOoTa npubrvwkeHve
K HEMY CKOfb YroaHO GriM3KO BO3MOXHO.

'papyc KenbBuHa paseH rpagycy Llenbcus.

T=1°C+ 273, AT=At.

Mexagy napameTpaMmn rasa CywecTBYeT onpeferieHHass CBs3b, Ha3blBaemas
YpaBHEHMEM  COCTOSIHUA.  YpaBHeEHWe, CBsA3blBalOWEe MapamMeTpbl  COCTOSHUA
uoeanbHOro rasa, HasblBaeTCs YpaBHEHVMEM COCTOSIHUMS uaearnbHOro rasa WM
ypaBHeHveM KranevpoHa:
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PV _ const
1)

[na paHHOM Macchbl maeanbHOro rasa OTHOLUEHME MNPOM3BEAEHUs OaBlieHUs Ha
obbeMm Kk abconoTHON TemnepaType eCTb BefMdMHa NOCTOSIHHAS.

OnpepenMm  3Ha4yeHVe KOHCTaHTbI Ffl_—v Ans onpeferneHHoro  Konmyectsa
noeanbHOro rasa, a UMEHHO And OOHOro Mosis.

CornacHo 3akoHy Asoragpo 1 Monb noboro rasa npu HOpMasbHbIX YCIOBUSX
(TO=273 K, p0=105 Na) nmeet VM= 22,4-10-3 m3.

[ns ogHoro mons

PV _ 1,013-10° ITa-22,4-107% »® | monw _g31 I
T, 273K " mon- K
R= 8,31ﬂ—9’c - MOndpHas rasoBasi NOCTOAHHAA.
MOJlb -
[lna nponsBosrbHOM Macchl rasa
_mo NV _p V_mp
M™ T T M

m .
pVv :MRT — ypaBHeHune MeHpaeneeBa-KnanenpoHa — ypaBHeEHME COCTOSAHMA

naeanLHoro rasa Npov3BOJSIbHON Macchbl.

YpaBHeHne (1) obbeauHseT B cebGe Tpu YacTHbIX Crydasi, TpU SMMIMPUHECKUX
3aKoHa A1 M30MpoLeccoB, T.e. MNPOLIECCOB, MpM KOTOpPbIX OAWMH M3 MNapameTpoB
OCTaeTCs NOCTOAHHBIM.

1. T= const — n3oTepmuyeckn npowecc,

pV,=p,V, wnm pV =const - 3aKOH
Gowns-Mapuwotta: gna gaHHom  maccel P v p
ngeanbHoOro rasa npu T= const npousBeaeHne L
AaBreHMss Ha obbem ecTb  BenmuduHa ‘
NOCTOSIHHAS. 0 T: 0 T: 0 V:
2.'padoukm 3aBUCUMOCTH Mexay Puc. 1
napameTpaMmm COCTOsiHUSt rasa npu T=const
npencraBreHbl Ha puc. 1.
p= const — um3obapHbIM  npouecc,
W ', n_ i \ y
—=—, — = Wm —=const - 3aKkoH [en- ] pt \Y;
A A T P
JTtoccaka: ans gaHHOM Macchbl uaeasrbHOro rasa — —
npu p=const ob6bem npPsAMO NPONOPLMOHANEH R R
abCornoTHOI TemnepaType. T 0 v 0 T
"padvkm 3aBUCUMOCTU mexay Puc. 2
napameTpamMmm COCTOsiHMS rasa npu p=const
npeacTaBrieHbl Ha puc. 2.
3. V=const — Wu30XOpHbIN Mpouecc, vt p D
&=&, &=L um E=const - 3aKoH
Tl TZ pZ T2 T
0 g v 0 68
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Wapna: gna paHHOM Maccbl ugeanbHoro rasa npu V=const paBreHne npaMo
nponopLMoHarnbHO abCconoTHOM TemnepaType.

padukn 3aBUCUMOCTM Mexady napameTpaMmm COCTOAHMA rasa npu  V=const
npeacraBrieHbl Ha puc. 3.

10.3 OcHoBHoe ypaBHeHue MKT naeanbHbIX rasos.

OcHoBHOoe ypaBHeHve MKT cBs3biBaeT mnapameTpbl COCTOSIHMA rasa C
XapakTepucTukaMn OBWKeHUs ero Mornekyrn. [laBreHue rasa Ha CTEeHKM cocyda ecTb
71 creacreve BecumcrieHHbIX

CTONKHOBEHUA  MOSEKyn rasa Cco
LAt CTEeHKaMW. CpegHsas curna,
|:<—> BO3HMKaOLLASA oT COBOKYIMHOIO
.
.

JencTeus BCEX  MOIeKyn rasa,
onpefendeT gaBreHve rasa.
/ S X Mpeactasum cebe cocyn B Buae

/ B L o MPAMOYTONbHOrO  Maparrenenvnena,
K v _mOUF P,

()
~
v

B KOTOPOM COAEPXUTCA wuaeasbHbIN
ra3 (puc.4). Bblucrmm paBreHve
Puc. 4 rasa Ha OJHy W3 CTEeHOK cocyaa
nrowaasio S.

PaccmoTpum  yoap ogHOM  MOSieKyrnbl, KOTopad OO ydapa Asuranacb
nepneHanKynapHo cteHke. CornacHo 3akoHy COXpaHeHUs MMnynbca

f)l = ﬁz + r)c )

myv=-Myo+ p., P, =2My,

APc = Pec — Poc = Pc =2My0— U3MEHEHVe uMMyrbca CTEHKU BCreacTeue yaapa

OZIHOM MOTEKYITbI.

3a Bpema At nnowpakn S OOCTUrHYT TONMbKO T€ MOSEKYrbl, KOTOpPblE 3aKfo4Y€EHbl B
obbeme napannenenunega ¢ ocHoBaHMEM S K BbicOTOM vVAt. HeobxogMmo yunTbiBaTh,
4YTO pearbHO MOSeKyrbl ABWKYTCA K mMrowgake S nog pasHbiMyi  yrimamu. [Ons
YNPOLLEHMS pacyYeTOB XaoTUYECKOe ABWKEHUE MOJSIEKYN 3aMEHsOT ABWKEHVEM BAOSb
TPEX B3aUMHO MEPNEHAVKYNAPHbIX HanpaBfieHWW, TakK 4YTO BAOSb KaXOOro U3 HUX
aswkeTcsa 1/3 monekyn, npudem nosioBuMHa Morekyn (1/6) gBwketcs BAOMb AAHHOMO
HanpaBreHUss B OOQHY CTOPOHY, MOSIOBMHA - B MPOTUBOMOSIOXKHYHO.

N'=an=lnSuAt,
6 6

N
N =~ KOHLEHTPaLWs MOTIeKyr, WX 4MCrio B eankiLe obbema.
3a Bpems At USMEHeHVe VMMYNbCa CTEHKU COCTaBMT
1 1
Ap=N'Ap. = i SvAt2myu = ganUZSAt

Tk SP_g
At
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1 , § .
F =>nmy’S - curna, c KOTOPOW MOSEKyrbl BO3AENCTBYIOT Ha CTEHKY, a AABIEHME,

obycrioBrneHHoe 3TOW CUIon, T.e. JaBrieHve rasa, paBHO

F 1
p=—=>-m,no’. (2)
S 3
Ecrm B ob6beme V copepxutca N MOnekyn, ABWKYLLMXCA CO CKOPOCTSIMU
Uy, U,,..0y, TO LenecoobpasHo paccmaTpusBaTb CPEAHIO KBaOpPaTUYHYIO CKOPOCTb,

XapaKTepusytoLLyld BCH COBOKYMHOCTb MOJIeKyr rasa:

(o) = A ©

YpaBHeHue (2) n ydeTtom (3) npumeT Bua;

p= %mon@“,)z - OCHOBHO€e ypaBHeHve MKT.

2
2 mO <UKB > 2
p:—n-—:—n<80 >,
3 2 3
mO <UK8 >2
rge <&y >= T - cpenHada KNMHeTn4ecKkas SHeprmn4d NnocTynaTesibHOro

OBWKEHVA OLHOM MOJIEKYIbI.

Mockorbky myn = mN _m =p, p=2plv,)".
Vv \Y 3
Bblpasum < g, > 4epe3 napameTpbl rasa. [na 3Toro cornocraBuMMm ypasBHeHUEe
MeHpeneeBa-KnanevpoHa u ypasHeHne MKT.

m
V =—RT,
P M
2
p==-n<g, >,

gn<g0 >:KRT,
\Y

N N
TK V=—, N=—,
N, Vv
cpg =S Y gr =3 NRT__3y¢
2 nv 2 N NV 2
N
\'
rae k _R_ 831 = Ao =1,38-10‘23ﬂ—9fc - noctosiHHas Bonbumana;
N, 602:10° K K

<&, >:§kT.
2

Takum o6Gpasom, aGconoTHas TemnepaTypa ecTb Mepa cpeaHel KUHETUYECKOM

SHEPIN MOJSIEKYIT.
Monyynm el oOHO BblpaxeHue Ona OaBlieHua:

p:zn<g0 >:En-§kT:nkT.
3 2
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JNlekumsa 11. PacnpepeneHna MakcBenna v bonbumaHa.
slBneHus nepeHoca

11.1 3akoH MakcBenna o pacnpegeneHUn MoneKkysn no
cKopocTaAM. XapaKTepHble CKOPOCTU MOJEKYH.

Mornekyrnbl rasa OBWKYTCH XaOTUYECKU N B pesyrbTaTe CTONKHOBEHWW CKOPOCTU UX
MEHSAITCS MO BESMYMHE M HanpaBfieHUO; B rase MMEKTCA MOSEeKyrbl Kak C OYeHb
bornbUumMMK, TaK U C OYEeHb MasrbiMU CKOPOCTAMU. MOXHO MOCTaBUTbL BOMPOC O 4Yucre
MOJIeKyr, CKOPOCTM KOTOPbIX NexaT B UHTepBarne oT v U v+ Av Ofis rasa B COCTOSAHN
TEepMOAMHAMUYECKOrO paBHOBECUA B OTCYTCTBMM BHELLHMX CWMOBbLIX nofen. B atom
Crnyyae ycTaHaBfMBAeTCH HEKOTOpoe CTauMOHapHOE, He MEHSoWEeecss CO BpeMeHeM
pacnpegeneHne MOSeKyn Mo CKOPOCTSAM, KOTOpOe MOOYMHSETCS CTaTUCTUYECKOMY
3aKOHY , TeOpeTndecKn BbiBegeHHOMY MakcBenom.

Uem Gorble obwee yucrnio mornekyn N, Tem Gombliee vmicrnio monekyn AN 6yaet
obragatb CKOPOCTAMM B MHTEpBase OT v U v+ Av; Yem DorblUe MHTepBas CKopocTen
Av, Tem y 6orblwero uucra mosnekyn AN 3HadeHue ckopocTen OygeT nexartb B
ykasaHHoOM uHTepBarne: AN ~ NAv.

Beenem koadhdpuumeHT nponopumoHansHoctn f(v):

AN = f (v)NAv, (1)

roe flu) HasbiBaeTca OyHKUMEN pacnpeferieHus, Kotopas 3aBUCUT OT CKOPOCTU
MOIEeKyn U xapaktepusyeT pacnpeferneHMe MOosieKyr rno CKOPOCTAM.

Ecrm Bug dyHkuvm f (v) M3BECTEH, MOXHO HauTK 4ucrio mornekyn AN, ckopocTu
KOTOpbIX fieXaTt B uHTepearne ot v u v+Av.

C nomoubio METOAOB TeopuM BEPOSATHOCTM M 3aKOHOB cTaTtucTukum Makceemnn B
1860r. TeopeTndeckn nonydun dopmyry, onpegensruyo 4ucrio morekyn AN,

obragaroumx cKopocTaMu B MHTepBarne ot Y go Y +Av,
mev?

3/2
AN = 47:02(2”7:;T] e % NAv, )

3/2  mw?
AN ,( M, T
—=4nv kT e Av - pacnpegenenve MakcBerna nokasbiBaeT, Kakas

AN
aond W obLero yucna MOJieKyn OaHHOro rasa obnagaet CKOPOCTAMU B UHTEpPBAle

OT v Ao v+ Av.
N3 ypasHenm (1) n (2) cnegyet Bua pyHkumm f (v):

3/2 mouz
f (v) :47:02(2:%} e 2T @3)

dyHKUMA pacnpenernieHnss Mosekyrn ngearnbHOro rasa no CKOpoCTSM.
N3 (3) BMOHO, YTO KOHKpeTHbIM BUO (pyHkumm f(v) 3aBucut OoT popga rasa (oT

Maccbl Morekyrnbl m0) 1 Temnepatypbl.
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Haunbornee 4acto 3akoH pacnpeferieHnss Morekyn Mo CKOpPOCTSAM 3anucbiBalT B
BUae:
m 32 my?
dN:N( 0 j e T .4mvido.
27KT
f ()t Mpaduk dyHKUMM f (v) acuMmeTpuyeH
(puc. 1). MNonoxenwve MakcumMmyma
xapakrtepusyeT Hanboree YyacTo
BCTpeYaloLLyocH CKOpPOCTb, KoTopas
Ha3blBaeTcH Havboree BEPOSATHOWN.
: AS CkopocTun, npesbllaOLYyEe LB, BCTPEYaTCH
: Yyalle, YeM MeHbLLME CKOPOCTW.

i

T,>T

AS=f(u)~Au=A?N - pona  obLero

<

v Av )
62 yucra Morekyr, obGragarolmx CKOPOCTSIMU

Puc. 1 B 3TOM uHTEpBane; So6u.= 1.

Takum obpasom, yHkums f (v) yooBrneTBopsieT YCroBMIO HOPMUPOBKM
[f)dv=1.
0

C nosblleHVeM TemrnepaTypbl MakCMMyM pacnpefesieHns caBuraeTca B CTOPOHY
GorbUMX CKOPOCTENW, a KpuBas CTaHOBUTCS Oonee norioron, OAHako MnowRaadb nog
KPMBOW HE U3MeEHsieTCH, T.K. Sobw.= 1.

Hanbornee BeposTHOM Ha3bIBAlOT CKOPOCTb, OfM3KOM K KOTOPOW OKa3biBalOTCS

CKOPOCTM BOMbLLMHCTBA MOJIEKYN AaHHOrO rasa.
[ns eé onpepgeneHuns uccregyem f(v) Ha MakCcUmyMm.

m 2 mgv? om.p -2mev
f'(v)=0, 4 7] —2 2ve AT _p2 e AT |
©) (2;sz]

2kT ’
2 mOUZ =0 — Zk_T
U7 m,
2kT 2kN T \/ZRT
v,=.—",0,= = :
¢ m, myN M

PaHee Oblno nokasaHo, 4To

my(,,) 3
<&, >:°T“, <&, >=—KT,

2
2
my(v,,) (o) - 3kT _ [3RT
2 2 m, M

B MKT wvcnonb3yloT Takke nMOHATME cpegHen apuddMeTUHecKom CKOpOCTU
NoCTyrnaTeNbHOro ABWKEHUA MOSeKyn uaeasnbHoro rasa.
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f ()] ()= 0, + ...+ [0 |

N
CYMMbl MOZYren CKOpPOCTEN BCEX MOSEKyn K
4UCry MOJIEKYN.

8kT \/ﬁ
-
N3 cpaBHeHus BugHO (puc.2), uTO
HaUMEeHbLLEN SABNAETCS LB.

paBHa OTHOLLEHWIO

b, Ofon) 0

Puc. 2

11.2 PacnpepeneHne bonbumaHa.

[Ba dakTtopa - TensrioBoe ABWKEHUE MOJIEKYN U HanmMuue nose TArotTeHus 3emmm
NPUBOASAT ra3 B COCTOSIHME, NMPU KOTOPOM €ro KOHUEHTpauusa u gaBreHue ybbiBatoT C
BbICOTOMW.

Ecrm 6bl He Gbiflo TENMOBOro ABWKEHUA MOSEKyNn atMOCdepPHOro Bo3ayxa, To Bce
OHM cocpegoTounmcb 6bl y noBepxHocTn 3emrm. Ecrm Obl He ObIflo TArOTEHUS, TO
YacTuubl atmocdepbl paccesanmce Obl Mo Bcen BeceneHHon. Hangem 3akoH MamMeHeHus
AaBreHVs C BbICOTOMW.

h 4 [aBnenve cTonba rasa onpepgensaeTcs

dopmynoin P =N
MockombKy C  yBErMYEHMEM  BbICOTbl  JaBrieHue

p—Ap
Ah @ 5 yMeHbLIaeTcs,

Ap =-pgAh,
dp =—-pgdh,
TTTTEEEEEEEEET roe p - MOTHOCTb rasa Ha BbicoTe h.
Puc. 3 Bbipa3um nroTHoCTb p U3 ypaBHeHus MeHgerneeBa-
KranenpoHa
m m pM
V =—RT, =—=—
PV PV T RT
dp=- Mg dh, wwm @:—mdh.
RT p RT

lMpoBegem pacdeT And U30TEPMUYMECKOM aTMocdepbl, cuutas, 4to T=const (He
3aBVCUT OT BbICOTHI); PN h=0 p= p,- HOpmansHoe aTtMocdepHoe AaBrieHVe.

pOI—'°=—mho|h
p{p RT-[’

Inp—Inp __Mgh |n£:_M_gh ﬂze‘%h
i RT Po RT Po ’
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_Mgh
p=p,e R - BapomeTpuieckas copmyra, onpeendeT gaBrieHMe rasa Ha nobow
BbICOTE.
Monyuynum BbipaxeHue Ans KOHUEHTpauuMm MOneKkyn Ha nobow BbicoTe.
p=nkT, p,=n,KT,

Mgh _Mgh
nkT =n,kTeR", n=nee R .

Mgh m,N,gh mggh Wy
RT KN, T KT kT
roe W, =m,gh - noTeHUuansHas aHeprus MoreKkyrbl Ha BbicoTe h.

Tk M=mN,, R=kN,,

Wn

n=n,e  — pacnpegeneHme BorbLuMaHa BO BHELHEM MOTEHUMArbHOM More.

CrepoBaTternbHo, pacrnpeeneHse MOJeKyn Mo BbiCOTE €CTb WX pacrnpenerneHvie
no aHepruaM. BorbumaH gokasan, YTo 3TO pacnpederieHMe crnpaBearMBO He TONbKO B
Crnyyae noTeHUMarnbHOro Moss CUr 3eMHOrO TAFOTEHUS, HO U B NOGOM MoTeHUManbHOM
nosie Cun Ans COBOKYMHOCTM ToObIX OOMHAKOBbLIX Y4acCTUL, HaxoOsLWXCA B COCTOSIHWM
XaoTUYECKOro TEMNnoBOro ABWKEHUS.

N3 pacnpegenenus borbumaHa criegyeT, YTO MOSEKyrbl pacroraralTcs C
OornblLen KOHUEHTpauuen Tam, rae ux noTeHumanbHas 3Heprus MeHblLue.

Pacnpepenenve BorbumaHa - pacnpegeneHue 4Yactul, B NoTeHUManbHOM
CUINOBOM rore.

11.3 CpenHsan gnuHa cBo6oagHOro npo6era Mosnekyin.

BcreacteBue xaOTMYECKOrO TEMNSIOBOrO ABWKEHUS MONEKYrbl rasa HenpepbiBHO
CTarkvMBaltTCA ApPYr C OPYroM, NPOXOAsT CrOXHbIN 3urdaroobpasHbin nyts. Mexay 2-ms
CTOSIKHOBEHUAMWN MOJIEKYSTbl ABWKYTCA PaBHOMEPHO MPSAMOSIMHENHO.

MvH/MarnbHOEe pacCTOAHME, Ha KOTOpOe COMMKalTCA LIEHTPbl 2-X MOMEKyn npu
coygapeHun, HasblBaeTcsl aP(PeKTMBHbIM OuamMeTpoM Morsekynbl d (puc. 4).

BermuvHa o = zd” HasbiBaeTcs ahEKTUBHBIM CeYEHMEM MOTEKYrbl.

Hangpem cpegHee 4ucrio  CTOSKHOBEHWA  MOJEKYrbl
OAHOPOAHOro rasa B efuHULy BpeMeHu <z>0. CTornkHoBeHWe

npou3onaET, €ecrmM  LUeHTpbl  MOsiekyn  cOrmsaTcs  Ha
paccTtosiHie, MeHblee wm paBHoe d. [lNpeanonaraem, 4To

MOJieKyrna nOBwkeTca CO CKOPOCTbHO <U>, a oOcCTallbHble

MOJSIEKYITbI MOKOATCA. Torpa yucrio CTOJIKHOBEHWUA
onpefendeTcss YMCriOM MOJSEKYS, LIeHTPbl KOTOPbIX HAXoOATCs
B 00bEMe, npeacTtasnalowemM cobon UMMHOP C OCHOBaHWEM

o =nd” 1 BLICOTOW, paBHON NyTW, NPOMAEHHOM MOIEKYroi 3a

o 1c, T.e. (v).
B pewnctButenbHOCTM  BCE  MOSEKyrnbl  OBWKYTCH, U
BO3MOXHOCTb  CTOSIKHOBEHMSI 2-X MOJSieKyn onpegensetr ux
omt OTHOCUTErNbHass CKOpoCTb. MOoOXHO rMokasaTb, 4TO ecrm And
CKOpPOCTENM  MOJSIEKYn MNpuUHATO  pacnpegenenve Makcsernna,
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Dy} = (U2
(2) =V =nm?(v,,,) =v2md (o), [2]=a? S22

MSC

[na 60nbUMHCTBA ra3oB NPU HOpMarbHbIX YCOBUAX
(z)=10° -10"c™.
CpepHaa gnuMHa cBobopgHoro npobera - 3T0O cpegHee paccTosHMe, KOTopoe

MPOXOAUT MOSeKyna Mexay OBYMsS rocrefoBaTterbHbiMu coyaapeHusiMu. OHO paBHO
OTHOLLEHUIO MPOWAEHHOTO 3a BPeMsi At MyTW K Y/CIy COyAapeHWn 3a 3TO BPEMS:

LS T | T

(z)at (z) 2md’n’ M
[na GonbUmMHCTBA rasoB Npu HopManbHbIX yeroBuax < | >~107" u.
< | > obpaTHO nponopuMoHasribHa KOHLIEHTPALMN MOJEKYr.

Mockorbky n =£, <|>= kT
KT

Vomd?p
<> _n,
Mpu T =const LS <| > obpaTHO nponopuVoHanbHa AaBneHNHo.
<L > P

11.4 fiBneHmna nepeHoca.

B TepmoavHamMmyeckmx  HEpPaBHOBECHbIX CUCTEMAxX BO3HMKAOT  OCOOble
HeobpaTuMble MPOLECCHI, Ha3blBaeMble SIBIEHUSMU MEpPEHoca, B pesyrbTate KOTOpbIX
NPOVCXOAUT MPOCTPAHCTBEHHBbIM MEPEHOC Macchl, uMnyrnbca, aHeprn. K sBreHuam
nepeHoca OTHOCATCA AUdy3usi, BHYTPEHHEE TpeHne, TenrnonpoBoaHOCTb. B ocHoBe
BCEX 3-X TMNPOLECCOB JEXWUT OOWMH MEXaHM3M - XaoTUYECKOe [ABWKEHVE WU
nepemMeumBaHne MOSeKyrn, MO3TOMY WX 3aKOHOMEPHOCTUM [LOSPKHbl ObiTb MOXOXW, a
KOJNIMYECTBEHHbIE XapaKTEPUCTUKM TECHO CBA3aHbl ApYr C APYroM.

Hapywenve paBHOBECUss MNpVMBOAMT K  BO3HUKHOBEHWIO MPOCTPAHCTBEHHON
HEOAHOPOAHOCTM  KaKOW-iMbo  (pm3nd4ecKkon BenMYMHbI  (MFIOTHOCTK, TemnepaTypbl,
CKOPOCTM YNOPAAOYEHHOTO OBWKEHUS CIIOEB).

[BWkeHne Morekyn BblpaBHMBAEeT 3TW HeogHopoaHocTu. Kaxgass Mornekyna
2

y . My
obriagaet maccow m,, UMNYNbCOM M,» , SHEPren —

fBrneHne nepeHoca B rasax M >XUOKOCTAX COCTOAT B TOM, YTO B 3TWX BelleCcTBax
BO3HMKAEeT YNopsiAOYEHHbIW, HamnpaBfieHHbIM nepeHoc Macchl (auddysus), uMmnyrsca
(BHYTpPEHHEE TpEeHWe), BHYTPEHHEN 3aHeprum (TenrionpoBOAHOCTL). [pu aToM B rasax
HapylaeTcs  MofHas  XaOTW4MHOCTb  ABWKEHWS  MOJSieKYNl UM MaKCBESUIOBCKOe
pacnpegerneHve MorseKyn rno CKOPOCTAM.

Aunddy3men HasbiBaeTCs CamonpousBOSibHOE

p+Ap J2
B3aMMHOEe NPOHMKHOBEHME n nepemMeLleHne
AS MOJIEKYT ABYX CONpPUKacarmLXCcA ra3os, >KVI,EI,KOCTel7I
> WM TBEpPAbIX TEJl.
0 X

PaccmoTpym  9TO  sIBMEHME  BHavane c
MaKpOCKOMMYECKON TOYKM 3peHusi, a 3aTeM C
noavuum MKT.,

AX

Puc. 6 &
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AS nepneHgukynsapHo ocn OX (puc.6). MNMycTb B ABYX TOuKaX, OTCTOALWMX APYr OT
Apyra Ha AX, NAOTHOCTb OTIMYaeTCca Ha Ap.

CornacHo 3akoHy ®wuka, yCTaHOBMEHHOMY 3KCMepuMMeEHTarnbHO, Macca rasa AM,
nepeHocumas 3a Bpems At yepes nrowaaky AS, npsiMo nponopuMoHanbHa BenMvuHe

. A
3TON NrowpakM, BPeEMEHN At U rpaaneHTy NIoTHOCTM Ep:

AM = D22 Asat | @)
AX

A
roe p- NOTHOCTb raasa, Ep - rpagueHT nrioTHOCTKU, T.€e. USMeHeHne MINOTHOCTU Ha

eavHuue OSmHbl B HanpaereHuM Hauvbonee Obictporo e€ Bo3pacTtaHus, D -
KoapbpuumeHT amddysmm.

FpapaueHT (OT naT «gradiens» - wWarawuyn) - Mepa U3MEpPeHUst Kakon-rmbo
PU3NHECKON BENMHYMHBI MPU  MEPEMELLEHMN Ha eavHWLY AfVHbl B HanpasfieHu/

N A
Hanbornee ObicTporo e€ Bo3pacTaHud. Ecrm oTHOWweHue E’O HEernocCTOsAHHO, €ero

. d
crneayet 3aMeHUTb npon3BoaHOU d_p 3Hak «MUHYC» MOKa3blBa€eT, YTO NepeHoC MaccChbl
X

OoCcyuweCTBIIAEeTCA B HanpasJieHAU YGbIBaHI/IFl MIOTHOCTMW.
AM Ke M
p--_M D)= —X 2
Ap K2 5 c
2L ASAt soMeC
AX M M

. 1
CornacHo KuHeTM4eckon Teopum rasoe D = 3 <v><l>.

KoacbdpumumeHT gudpdysmm D 4micrneHHO paBeH Macce BelecTBa, NepeHoCcMMoro B
eVHVLY BpEMEeHN 4epes3 eauHULY MOBEPXHOCTU MpWU rpaguveHte MroTHOCTW, paBHOM
eavHuue. BermumHa D 3aBucuT OT Byaa rasa v YCrioBUW, NPU KOTOPbIX OH HAXOAUTCS.

PaccmoTpum siBrnenve auddysmm ¢ Toukun 3peHns MKT.

[lna npocToTbl paccMOTpuUM ABa OOWHAKOBbLIX B3avMHO MPOHMKaOLWWX rasa, T.e.
Maccbl MOJSeKyn oavHakoBbl. [1py OOMHAKOBLIX YCIOBUAX Y TakMX MOJSEKYrT OOUHAKOBbI
<u> n <1 >. MNnockocTb, KOTOPOW NMPUHAANEXMT nrowRaaka AS, OenuMT CUCTEMY ra3oB Ha

ase obrnactu: lu Il (puc.7).

Beugy  xaoTudHOCTU ABVDKEHUA MORneKyI
cuutaem, 4to 1/3 wux pBwketca Boorb OX, a K
nrowaake AS - 1/6 oT obuwero uucrna morekyn. 3a
Bpems Atuyepes AS u3 | B Il nepenayt N1 monekyn:

P1

L AS N,

X

N, = %nlAS<u>At,

a B obpaTHOM HanpasrieHu/
N, = %nzAs@)At.

YTOYHMM, K Kakmm To4ykam obracten | u |l
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crefgyeT OTHECTM KOHUEHTpauunm Morekyn ni u n2 . Yepes AS npoxogaT Mornekyrbl
TOMBKO M3 TOro MecTa, rAe OHUM UCMbliTarm nocriegHee CTONKHOBEHME, T.e. C
paccTosiHMA, paBHOro < | >.
Onpegermm pasHocTb Mexay udmicriom Mornekyn N1 u N2, npoxogaumx yeped AS
3a At B 060Mx HanpasfieHVsX:
1 <>

AN:NI—NZ :E(nl—nz)AS<U>At |X mox

ANm, = L. Mol =ns) > (0)ASAt =~ L2 P 15 (p)asat =222 <1 (U)AsAt
3 2<I> 3-2<I1> 3 AX

roe Ax=2(I), ANm, =AM - macca rasa, nepelefuasi Yepes AS 3a At.

AM =—1~<u><l>£ASAt. (5)
3 AX
(4) n (5) coBnagatoT, ecrm nonoXxuts D :%-<u> <I>.
2
Mpun HopMarbHbIX ycrioBuax <1 >~107"u, (v) ~10% +10° 2 Dsr10°:1042L
c c

Tk <I >~£, 0 D~ (Tk. (v) He 3aBMCUT OT p) - B paspexeHHbIX rasax
p p

andbdysmsa maeT boicTpee.

Tk (V) ~T, 10 D~ JT.

BHyTpeHHee TpeHue B rasax (BA3KOCTb).
BAskoCTbl0  rasoB  (KMOKOCTEMW) HasblBaeTcs  MX

71 CBOWCTBO OKa3sblBaTb COMPOTUBIEHME NEpEMELLEHNIO

Fi u OOHUX  CrioeB  OTHOCUTENbHO  Opyrux.  fBrieHue

i /7 "~ BSI3KOCTW CBSI3aHO C BO3HWKHOBEHMEM CUI TPEHUS
AZ — “£ =

7 — U+ AU mexay CrnosiMm rasa, nepeMeLLaoLLMNCS

F2 napasrensHo Apyr Apyry C pasiMyHbIMU CKOPOCTSIMW.

0 X' Co ctopoHbl Gornee ObICTPOro cCriost Ha MenaneHHbIN

Puc. 8 AEeVCTBYEeT yckopsiouw@asa cuna Fi, a co CTOPOHbI
' MEASIEHHOro — 3ajepXuBaroLias [=5 (puc. 8). Cunbl

TPEHUS HampaBfieHbl MO KacaTenbHOM K MOBEPXHOCTM CrioeB W  onpenensiTcs
aMnupu4eckon opmyron:

Au As, (©)

Az

F=n

rae m - AMHaMuyeckasi BSI3KOCTb,

Au
E‘ - rpagueHT CKOpoCTH, AS - nrowaab CIios.

dopmyna (6) onpependeT Moaynb ABYX MPOTMBOMOSIOXHO HanpaBlieHHbIX cun Fi
= . u

n F2, C KOTOpPbIMX CrfiOV OEWUCTBYIOT OPYr Ha gpyra, No3TOMy OTHOLLEHWE N TOXe
Z

B6epem no moayrto.
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K2
= , =[la -c=——.
et e
Az
KoappuumeHT 1 4MCrneHHO paBeH cure BHYTPEHHEro TpeHus, OEWCTBYIOLEW Ha
eavHULy nrowean MOBEepXHOCTU pasferna naparveflbHO  OBWKYLWXCS CrioeB  npu

rpagveHTe CKOpPOCTU paBHOM 1.

v=" - . kuHemaTideckas BA3KOCTS.
Yo,

Y ra3oB ¢ pOCTOM TemrepaTypbl AMHAMUYECKas BSA3KOCTb 1 PacTéT.
MKT o0ObsicHAeT BSI3KOCTb NEPEeHOCOM WMMyrbca MOMEKYNn OT OJHOro Cros
Apyromy.
BblgerMM B rase ABa Criosi, ABWKYLMECS C U; W

Z U s us (pvc. 9). Kaxgas Mornekyna oOHOBpPeMEHHO
\ <|> y4acTBYeT B [BYX [ABWKEHNAX:
z
(1) 1) xaoTudeckom ¢ (v) ~10°m/c ;
0 P, . 2) ynopsiAoHEHHOM ¢ U << (v).
Y X CkopoCTb (v) ofuHakoBa [Afi BCEX MOIEKy
Puc. 9

[AHHOTO Cfiosi W pasfMyHa  Ans pasHblX  CIOEB.
Bcreactsre TennoBoro ABWKEHUSI MOSIEKYSbl MEPEXOAST M3 Criosi B Croi. 3a Bpemsi At
yepe3 mrowaaky AS B o6oux HanpaBfieHWsIX NepernéT OAUHAKOBOE KOJMYECTBO
MOMEKyIT:

N :%n<u> ASAL.

[MonaB B Jpyron crion npu coygapeHur, Morsiekyra oToaéTt wm npuobpeTaeT
n3bbITOK uUMNyrnbca, B pesynbTaTe uMMNynbC ObICTPO ABWKYLLErocs crios yobiBaeT, a
Me[JIeHHOro - BOo3pacTtaeT.

Mornekyrnbl, nepeweaume n3 1-ro cros Bo 2-1 3a At nepeHecyT yepe3 AS nMmnynbc

Bl, n3 2-ros 1-1 - 62:
— - 1 - — 1 -
p, =myN -ulzgm0n<u>AS Atui, P, =Em0n<u>AS Atuz.
B pesynbTaTe 4epes nrnowpaky AS 3a At nepeHeceH UMmnyrsc
1
Ap=p,—Pp, =gnm0<u>AS At(u, —u,),

roe nm, =p.

Kaxxgasi Morekyrma, nepecekas AS, NepeHOCUT MMMYMbC, MOMYYEHHbI B MOMEHT
eé rocriefHero CoyaapeHusi C pyroi  MOFeKyriol, npovcleaiero Ha paccrosiium (1)
OT AS, T.e. HaWMeHbllee paccTOsiHMe, Ha KOTOPOM BO3MOXHO BO3HUKHOBEHME
rpagueHTa ckopocTu mexay criosmu, 2(1).

Au U, —u,

Az 20l)
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1 u, —u 1 Au
Ap == p(LYASAt 2—L2(1) == I)- — AS At .
p = Alojasat =2 = 2 plv)(l)- =
MockonbKy
- AB 1 Au
F=—,F== —AS. 7
At F 3p<u><|> Az A (7
N3 cpaBHenua (6) u (7) cnegyeT, 4To
1
7=3p)00)

bornbwoe 3HayeHve UMEeET 3HaHWe BSA3KOCTU rasoB W XWOKOCTEW B TEXHMKE MNpPU
aKCnyaTaumm rygpaBiMdeckMx amopTM3aTOpOB, HACOCOB, TPYOONPOBOOOB.

TennonpoBOAHOCTb ra3os.

ABreHve TennonpoBOOHOCTM BO3HUKAET, €CrM pasfiuyHble Crion rasa uMmeroT
pasHylo TemnepaTypy, T.e. o00ragaloT pasHoW  BHyTpeHHen  3Hepruen. C
MaKpPOCKOMMYECKOMN TOYKM 3PEHUS SBIIEHME TEenronpoBOAHOCTU COCTOUT B MNepeHoce
KonmyecTBa TemnnoTbl OT 6oriee HarpeToro Tefla K MEHEE HarpeTomy.

CorrnacHo aMnMpuyeckomy 3akoHy dypbe

AQ:—;(EASAL

AX

KormyectBo Tenmotel AQ, nepeHocumoe 3a Bpems At yepe3 nrowadb AS,

NPOMNoOpLUMOHanbHO rpaaveHTy TemnepaTtypbl % nrowaan AS v BpemeHu At.

¥ - KO3A(pPULMEHT TennonpoBOAHOCTH
3HaK "MuWHYC " yKasblBaeT Ha TO, YTO TEnsio MEePEHOCUTCS B CTOPOHY YObliBaHWA
Temneparypbl.
AQ )= foe Ao
AT xsat Ko yze Koo
Az M

l:

KoadpdpuumeHT TennonpoBoaHOCTN ¥ - du3nHecKas BermyMHa, YMCIieHHO paBHas
KOrM4eCcTBY TEMSoTbl, MEPEHOCUMOWN 3a eAVHWLY BPeEMEHW Yepe3 eavHuLy nrowaaun
npu rpagveHTe TemnepaTtypbl, paBHOM eavHULE.

C T04kmM 3penna MKT nepeHoc kormyectBa TensoTbl AQ O3Ha4yaeT nepeHoc Yepes
nrowaaky AS  HEKOTOpOro KonmMyecTBa KMHETUMECKOW 3SHeprum  BGecrnopsagoyvHoro
ABWKEHUA MOSEKyr.

Mo aHarnormm ¢ NpeablayumMmn criydasiMmu:

1
z=3 p{v)lic, , rAe ¢, - yaerbHas TenroemMKkocTb rasa npy NOCTOsIHHOM OGbeMe.

79



YnpaBneHune AUCTaHUMOHHOIO 06yYeHUA 1 NOBbILWEHMA KBanupumKaumm

dunsnka
Maxpockonuyeckas Monexyiapuo-xunemuyeckan
Weopus meopus
Hanenue Hepenecennan
Kosguyuenm
rusuneckas Jaxon nepenoca Jaxon nepenoca
nepenocd
seTUHUHA
A 1 1
Tebdysus Macca | AM=-D2Zasar | AM=—— (¥} asar D == (o1
Ax 3 Ax 3
Baytp. Au __ 1 o Au 1
rperme Mvmymec Ap = —!}a ASAr | Ap=-3 Pl }{E>_‘1x ASAr n= Ep{u}{!}
Temmo- Bryrpennas AT 1 AT 1
- AQ=—y— AS-At | AD=— Dep— 77— -AS- A ¥=—piuslic,
NpOBOJHOCTE SHeprHA L = 3’0"""}{ }CI I&Y z 3 p{ }< :"'CI

3Hak «MWHYC» B BbIpaXXeHun Ans Ap yKasblBaeT Ha TO, YTO UMMyrbC nepenaetcsd

HanpaBneHnn yObIBaHUS CKOPOCTM.
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JNlekuna 12. OcHoOBbI TepPMOAUHAMMUKW.

12.1 OCHOBHbI€ MNOHATUA TePMOONHAMMKM.

B otrmuve ot MKT TepmoavHamuvka usydaeT MakpOCKOMNUYECKME CBOWCTBA Ter U
SABJIEHUA NPUPOAbl, HE WHTEPECYACb WX MUKPOCKOMNMYECKOW KapTuHoW. He BBOAA B
paccMOTpeHue aToOMbl U MOSEeKyrbl, He BXOOA B MUKPOCKOMMYECKOE pacCMOTpeHue
npoLieccoB, TepMoaMHaMuKa Nno3BosSieT AenaTth LUesbiv pag BbiIBOAOB OTHOCUTENBHO UX
NnpoTEeKaHus.

B ocHoBe TepmoguHaMVKM IEXUT HECKOSIbKO ddyHOaMeHTarbHbIX 3aKOHOB
(HasblBaeMbIX Havaramu TePMOAMHAMMUKKM), YCTAHOBSIEHHbIX HA OCHOBaHWM 06OOLIEHMA
60MbLLION COBOKYNHOCTU OMbITHBIX (DaKTOB.

[Mooxoast K pacCMOTPEHMIO M3MEHEHUA COCTOSIHUSI BeLeCTBa C PasiMyHbIX TOYEeK
3peHusi, TepmoamHamuka u MKT B3aumHOo pornonHawT gpyr gpyra, obpasysa o
CyLLeCTBY O[HO Lerioe.

TepmoanHamuka - pasgen  ousuku, mygqaroumm  obupe - cBOWCTBA
MaKpPOCKOMMUYECKNX  CUCTEM, HaXOOAWMXCA B  COCTOSHUWMA  TepMoOuHaMUYEeCKOro
paBHOBECKSA, U MPOLECChI nepexoaa Mexay 3TMMU COCTOSTHUSIMW.

TepmogHaMmnyeckMm MeTon OCHOBaH Ha BBEAEHUM TMOHATUS 3HEeprum W
paccMaTpvBaeT MNpoLEeCcChbl C 9HEepreTU4eckom TOYKM 3peHusi, T. €. OCHOBbIBasCb Ha
3aKOHe COXpaHeHus 3Heprn u nNpespalleHnn eé U3 O4HOro Buaa B ApPYrow.

TepmognHammnyeckas cucTemMa - COBOKYMHOCTb Terl, KOTOpble  MOryT
obmeHVBaTbLCA aHEPrMen Opyr ¢ ApyromMm U C BHELLHEW CPenon.

[ns onucanua TepmMoauHaMMYECKOW CUCTEMblI BBOOATCH (PU3MHMECKME BENMYMHDBI,
KOTOpble HasblBalTCA TepMoguHaMUYECKUMW napaMeTpamMu wiv napamMmeTpamu
COCTOSIHMA cuctembl: p,V,T.

duandeckme  BerMHWHbI,  XapakTepusyloupe COCTOSHVE  TepMOAVHaMWYEeCKOMU
CUCTEMBI, Ha3blBaOTCA TEPMOANHAMUYECKMM NapameTpaMu.

[laBrneHveMm HasbiBaeTca wu3ndeckad BerudMHa, YUCIEHHO paBHas cure,
AEVCTBYIOLLEN Ha eauHUly nrowaau noBepxHOCTUM Tena Mo HanpasfieHUo HopMarm K

y Fu H
aTon nosepxHocT: p=—", [p]=— = Ia.
S M
HopmansHoe aTtMocdepHoe aaBrieHve 1aTmM=10° Ma.
AGconroTHasa TeMnepaTtypa - Mepa cpeaHen KUHETUYECKON 3HEPTMN MOJIEKY.

<&, >=§KT, T =t°C +273.

CocTosiHus, B KOTOPbIX HaxoguTtCcA TepMoAuMHaMmUyecKad cuctema, Moryrt ObITb
pas3nnM4HbIMA.

Ecrm ogvH w3 napamMeTpoB B pa3/mdHbIX TOYKax CUCTEMbI HEOOUMHAKOB WU
n3MeHdAeTcaA C TeYeHnem BpemMeHn, TO TaKoe COCToAHMe CUCTeMbl Ha3biBaeTCA
HepaBHOBECHbIM.

Ecrm Bce TepMoaMHaMmM4eECKMEe napamMmeTpbl OCTaAlOTCA MOCTOAHHBIMM BO BCeX
TO4YKaxX CUCTEMbI CKOJIb YrogHO O0JIro, TO TaKoe€ COCTOAHME Ha3biBaeTCA paBHOBECHbIM
nWm CcocToAaHnemMm TepmMmoanHamMm4eCcKoro paBHoBeECUA.
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Mobass  3aMkHyTas cuctema MO UCTEYEHUN  OMNPEdEerieHHOro  BPEMEHU
CaMOMpoOn3BONbHO NepexoanT B paBHOBECHOE COCTOSIHME.

Bcsikoe M3MeHEeHMe COCTOSIHUSI CUCTEMbI, CBSI3aHHOE C M3MEHEHWEM XOTS Obl
ofHOro u3 eé napameTpoB, Ha3biBaeTCs TepMOAMHaAMMUYeCKUM npoueccom. Mpouecc,
B KOTOPOM Kaxgoe nMocreaylolee CcocTosiHne OeckoHeYHo Marno oT/imdaeTcs oT
npegblaylero, T.e. npeactaBnseTr cobor  nocrnefoBaTeNbHOCTb — PABHOBECHBIX
COCTOSIHUIA, Ha3blBaeTCsl PpaBHOBECHbIM.

OueBUOHO, YTO BCE paBHOBECHbIE NPOLECChl NPOTeKaoT BECKOHEYHO MeaSieHHO.

PaBHOBECHbIA npouecc MoOXeT OblTb nNpoBedeH B o0OpaTHOM HampaBneHuw,
npudyeMm cucteMa OyoeT NPOXOAuTb Yepes3 Te XKEe COCTOSIHMS, YTO W Mpu NpsIMOM XoJe,
HO B oOpaTHoW nocriegoBaTenbHOCTU. [M03TOMY paBHOBECHbIE MPOLECCHI Ha3blBalOT
ob6paTuMbIMN.

Mpouecc, NMpu KOTOPOM CUCTEMa MoCre psiga M3MEHEHWA BO3BpalieTcs B
NCXOOHOE COCTOSIHME, Ha3blBaeTCs KPYroBbIM NPOLLECCOM UIU LIUKITOM.

Bce konmyecTBeHHble BbIBOAbI TEPMOAMHAMUKA CTPOrO MPUMEHMMbI TONbKO K
pPaBHOBECHbIM COCTOSIHUSIM 1 0OpaTUMbIM MpoLeccam.

12.2 Yucno cteneHen cBo6OAbI MOMEKYbI.
3aKoOH paBHOMEpPHOro pacnpeaesrieHusa aHeprum
no cteneHsAM cBoboapbl.

Yucno crteneHen cBOGOAbI — YWCIO HE3ABUCUMbIX KOOPAUHAT, MOSHOCTLIO
onpeaensaiupx MosioXXeHWe CUCTEMbl B NpocTpaHcTBe. Morekyrny ogHOaTOMHOro rasa
MOXHO paccMmaTpvBaTb Kak MaTepuarnbHyld TOuKy, Obrajalollyto TpeMsi CTeneHaMU
cBoboabl NoCcTynaTernbHOro ABWPKEHUSI.

Morekyna [OBYXaTOMHOrO rasa — COBOKYMHOCTb [BYX MaTepuasrbHbiX TOYeK
(aTOMOB), >XECTKO CBSI3aHHbIX HededOopMUpyeMOW CBA3bIO; KPOMe Tpex CTeneHewn
ceBoboabl  MOCTynaTeNbHOrO  OBWKEHUS MMeeT ewe [OBe cTeneHn cBoboapl
Bpalwg@aTensHoro aswkeHna (puc. 1).

Tpex- 1 MHOoroaTomMHble Morekyrnbl umetoT 3+3=6 cteneHen csoboab! (puc. 1).

EcTecTBEHHO, YTO XECTKOM CBSA3M MeXdy atoMamu He cywecTtsyeT. [Noatomy ans
pearnbHbIX MOMeKyrn (KpoMe OAHOATOMHbIX) criedyeT yduTbiBaTb W CTeneHu cBobonbl
kornebaTenbHOro ABWKeHUS.

i=i, =3 i=i, +i,=3+2=5 i=i,+i, =3+3=6

Puc. 1
Kak 6bIJ'IO NoKal3aHO paHee, cpeHAA KUHETUHEeCKad 3Heprna nocTtyrnaTerlbHOro
OBWKEHNA MOJEeKylbl paBHa
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<& >=§kT.
2

MockomnbKy Kaxkgasi Moriekyrna Bcerga obragaeTt Tpemsi cTeneHsasmu csobofpl
NOCTyrnaTensHOro OBWKEHUS UM HA OfdHA W3 3TMX CTEMEHeN He MMeeT MpeuMyllecTBa
nepen OPYrMMKW, Ha KaXayld CcTeneHb cBoOOoAbl  MOCTYNaTeNbHOrO  ABWKEHUS
NPUXOOUTCA SHEeprus, paBHas

<g > 1
<g >=—2—==kT.
3 2
T.K. [OBWKEHME MOJEeKyn SBRsSeTca XxaoTudeckum, To rwboe OBWKeHue —
noctynatenbHoe © BpawaTenbHOe - SBNSIeTCA pPaBHOBEPOSTHbIM. W3  3TOro

NPEeAnonoXeHns crneayeT OAvH U3 BaXkHEMLMX 3aKOHOB CTaTUCTUYECKOW (OU3MKM —
3akoH BonbumaHa o paBHOMepHOM pacrpefeneHUn 3HepPrM Nno crTeneHsM ceobofpbl
MOJIEKYIT: HAa KaXKayto cTeneHb cBOOOAbI MOCTYNaTeNbHOrO0 M BpalATENbHOrO ABWKEHUS

MOJIEKYIbI MPUXOAUTCS B CpeaHeM OOMHAKOBas KMHETUMYECKas SHeprusi, paBHas EkT.

Ans pearnbHblX MOJSEKYN Ha Kaxayl KonebaTterbHyio CcTeneHb cBoGoabl
NPMXOOUTCS Kak KMHEeTMYecKasi, Tak U MoTeHUManbHas 3Heprus.

1 1 1
<g >=<g, >:EkT’ NO3TOMY <& >=<g, >+<¢g, >:§kT+EkT =kT.
Takum obpasom, cpeaHsAst KUHeTUYeCcKas 3HepPrus MoreKyrbl

i , y
<&, >=EkT’ roe i —4uerno creneHen ceBobobl MOSEKYIbI.

12.3 BHYTpeHHAA 3Heprua n paboTta rasa npuv pacluMpeHunm.
I 3aKOH TepMOANHAMMUKM.

BHYTpeHHsI 3Heprus TepMOOMHAMWYECKOW CUCTEMbI - SHEPrUst OBWKEHUS W
SHEpPrus B3aMMOAENCTBUS MMUKPOYaCTUL, CUCTEMbI (MOSEKyr, aTOMOB, 3JieKTPOHOB,
agep v T.4.).

T.K. noTeHUManLHaa aHeprvss Morekyn maearnbHOro rasa paBHa Hyro, BHYTPEHHAA
SHeprua ugeanbHOro rasa paBHa CyMMapHOW KWHETUYECKOW 3Heprum BCEX ero
MOJSIEKYIT:

U=<g,>N=_kTN, 2 =L Tpr

2 M 2M

ViamMeHeHVe BHYTPEHHEN 3Heprum:

AU =+ M RAT.
2 M

BHYTPEHHIOO 3HEPTMIO MOXHO M3MEHUTb 2-MS crocobamu:

1) coBepumB paboTy;

2) npu Tennonepenave.

Tennonepepayen HasbiBalOT COBOKYMHOCTb MPOLIECCOB MeXdy Moriekynamum

BELLECTBA, NPUBOASALMX K nepenave aHeprun.
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N3meHeHe BHYTPEHHEW 3HEPrm CUCTEMbl MpU Tenronepenade xapakTepusyeTcs

KormdectBoM TenroTel. Komnu4yecTtBOo TeEnnotbl - Mepa WM3IMEHEeHUA BHYTpeHHeVI
SHEpPrmn npu tenrionepenade.
[QI=/Tx.

Pabota n Tennota ceBasaHbl gpyr ¢ gpyrom. Onbitel Oxoyns n Pobepta Marepa
nokasamm, 4to paboTta u TenroTa nNepexogaT Apyr B gpyra B 93KBMBASIEHTHbIX
kormyectBax. OgHako Tennota M paboTta HepaBHOLEHHbI: paboTa MOXET MOSHOCTbHO
nepevtn B TenroTy, a TensoTa MOSfHOCTbI nepentn B paboTy He MoxeT. [MpuyimHbI
3TOro 06BACHATCA HaYanamMn TepMoaNHaAMUKN.

| 3aKOH TepMoaNHaAMUKW:

AU A Q=AU +A.
DRI KormyectBo Tennotel Q, nepedaHHoe cucteme, uaeT Ha
/ yBermyeHrne eé BHyTpeHHeit oneprm AU 1 cosepuerme
Q cuctemor paboTbl A MPOTMB BHELLHUX cun (puc. 2).
Puc. 2 MNepBoe Havaro TepMOAMHAMMKM MOATBEPXKOAETCA Kak

TeMM OMblTaMW, Ha OCHOBAHWM  KOTOPbIX YCTaHOBIEHa
9KBMBANEHTHOCTb Mexagy Q wum ATak W COBNageHWeM BbIBOOOB W3 HeEro cC
HabnogaembiMn  pbaktamn. OHO  SABMAETCA BbIPaXEHMEM 3aKOHa COXPaHeHUs U
NpPeBpaLLEHUS SHEPTUN.

YCTaHOBMEHME NEpBOro Havana TepMOAMHAMMKMA MO3BONMWIO OOBACHUTL BCe
Heyaayn, CBsA3aHHble C MOMbITKOW CO34aHMs MalwHbl, KoTopas Morra Obl coBepliaTtb
paboTy, He nonyyas 3JHeprMnm u3BHe (Nepnetyym mobwure, WM BeudHbl OBuraTesb
nepsoro poga). lNocne ¢opMyrMpoBKM NEPBOro 3akoHa TEPMOAMHAMMKKM CTano SICHO,
4YTO €C/iM cucTemMa He nosfyydaeT M3BHE Tenra wm apyron aHeprn, 710 Q=0 u AU=0,
nostomy wun A=0.Takum o0Opa3om, co3gaTb BeYHbIM [OBUraTernb MNEpBOro poja
HEBO3MOXHO. JTO YTBEPXKOEHME SIBMSIETCA OAHOM U3 hOPMYrMPOBOK MEPBOro Havasna
TepPMOAVHAMVIKW.

Paborta, coBepwaemass cuctemon npu wuaMeHeHuM obbema, onpegendeTcs
cregyrouymMm obpasom.

MycTb ra3 3akmo4veH B HEKOTOpPOM uumvHape (puc. 3); Hamgem ero paboTy nmpwu
pacLpPEHNN.

OnemeHTapHas pabota Ha nytn dl

. oA = FdI,
p::, roe F - cuna, ¢ KoTopon ras AaBuT Ha NOpLUEHb.
""""" == b= E—ps, sA=psdl=pdy.
d S
Paborta, coBepwaemass CUCTEMOM MPU  KOHEYHOM
Puc. 3 nameHeHm obbéma oTr Vi pgo V2,  Haxogutcs

Vv,
WMHTErpvpoBaHveMm: A = I pdV .
V1
lMpousBegeHHyl0 npy TOM WM WMHOM npouecce paboTy
MOXHO u300pasnTb rpadmyeckm C MNOMOLBH KpUBOW B
KoopauHaTax p,V.
MNpn yBermyeHum obbéma Ha dV coBepwlaemas rasom
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paboTa SA = pdV onpefensercs 3alTpuUxOBaHHOW MroLaabHo.

Moatomy nonHaa paboTta, coBepwiaemass npu pacumpeHu oT Vi go Vz,
onpepernaeTca nrowaablo, orpaHnyeHHon ocbto abeuumce, Kpyeon p = f (V) 1 npssmMbiMu
V=V,unvs=\y,.

Mpwn p=const

Vy
A= [pdV = p(V, -V,) = pAV .

Vi
12.4 TennoeMKoOCTb

MepBble aKcnepyMeHTasrbHble U3MepeHus TennoTbl Oblfm BbiNOMHEHbl B 1750 -
1751 r. B [leTtepbypre [.B. PuxmaHom. MM Obifio yCTaHOBMEHO, YTO KOJMYMECTBO
TennoTel Q, nepedaHHoe Terly WM OTHATOE Yy Hero, MPsIMO MPOMOPLMOHAribHO €ero
Macce 1 U3SMeHeHNIo TemnepaTypbl:

Q =CcmAT.
KoadhpuumeHt NPOMopLMNOHANTbHOCTH nosyyun Ha3BaHve yOoensHomn
TENMOEMKOCTW.
_Q gt
MAT K2 K

YpenbHOM TensoeMKOCTbI BeELECTBA HasblBaeTcs (bI/ISI/I‘-IeCKaFI BeEJSM4nHa,
paBHad KOJmMHECTBY TEMNOThI, HeO6XO£I,VIMOMy ana HarpeeBaHMAa e€OuHULbl MacCcChl

BeLLeCcTBa Ha oauvH rpagyc.
TennoOEéMKOCTbI Kakoro-nmbo Tera HasblBaeTCd BefvyuHa, paBHasi KONM4ecTBy

TenroThl, HGO6XO£I,I/IMOI7I Ona HarpeeaHua 3TOro Tesfia Ha oAuH rpagyc.
Q Lo
Q=C,AT, C,=—, |[c/]=2=.
AT K
MOJ'IFIpHOVI TENNIOEMKOCTb IO BeleCTBa Ha3blBaeTCA BEJMHUHA, paBHaA KOJIMHECTBY
TenrnoThl, HeO6XO£I,I/IMOMy OnA HarpesaHuA 1 mond BewecCTBa Ha 1 rpagyc.
0 Jc
Q=CvAT, C=—, [c]:ﬂ—.
VAT Mmoub - K

Mockonbky

emAT = CVAT, wm cmAT =C %AT,

c=—, C=cM.
M

BennumMHa TennoémMKOCTU 3aBUCUT OT YCIOBUA HarpeBaHus.

PasmmyaoT  TennoéMKOCTM Mpu  MOCTOSIHHOM O6bEMEe UM npu  MOCTOSAHHOM
AaBlieHUM:

cv u Cv mpu V=const,

Cp u Cp mpu p=const.

Hangém cBasb Cv 1 Cp.

Mpn V = const Q=AU,

Q=C, AT —> AU =C,1AT.
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T. k. AU =l2vRAT, C\,vATzéVRAT N ='§R.

Mpn p = const Q=AU +A
Q=C_AT, AU =CWAT, A= pAV,

DV = LRT, pAV =LRAT, A=-'RAT =RAT,
M M M
C VAT =C AT +\RAT  — C, =C, +R - ypaBHeHne Maviepa.

Mockonbky CV= % R,

C,=1R+R='"2R.
2 2
C, i+2
BermuvHa y it N
C, i

npeAcTaBnsieT cobON xapaKTepHy ANA KaXQoro rasa BermduHy, koTopasi 3aBuUCUT
OT YMcrla aTOMOB B MOJIEKYNe ra3a, oHa HasblBaeTcsi koadpduumeHtom MyaccoHa.

. 5
[na ogHoaToMHoOro rasa i =3, y = 3
, 7
ansa AByxaToOMHOIro =95, y= E
. 8 4
ans MHOroaToMHOro i =6, 72525'
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JNlekuna 13. OcHoBbI TepMOANHAMMUKU (MPOAOIIKEHUE).

13.1 NMpumeHeHue I 3aKOHa TepPMOOANHAMMUKM K
unsonpoueccam. AguabaTtHbin npouecc.

Kak 6b1510 paHee yCcTaHOBIEHO,
Q=AU +A Q=CwAT, A=[pdv, AU :%%RAT .

1. U3oxopHbIN npouecc (V=const).
Hunarpamma 3TOro npouecca B koopavHaTax p,V nsobpakaetcs

p npsiMon, naparsvriernibHon ocu opauHat (puc. 1). a3 npu aToMm
2 He coBeplaeT paboTtbl, A=0.
. Q=AU.

0 Bca Tennota, coobupemas rasy, Ma€T Ha YyBENMYEeHVWEe ero

V' BHyTpeHHeii aHeprum.

Puc. 1 m m
Q =MCVAT7 AU =Q =MCVAT .

2.306apHbIN npouecc (p=const, puc. 2).

\7
A= [pdV = p(V, -V,) = pAV,

Vi

Q=AU +A.
B A v, V Wcnonb3yem ypaBHeHne MeHpeneesa-KnanenpoHa:
m m m
V =—RT, pAV =—RAT, A=—RAT.
Puc. 2 p M p M M

T k. p=const, Q =C,vAT,AU :%CVAT.

3.30Tepmnyecknmn npouecc (T=const, puc. 3).

T.k. T =const, AT=0, AU=0, Q=A.

Bca Tennota, coobupemasn rasy, uget Ha coBeplieHne paboTbl MPOTUB BHELLHUX
cwn. Hangem paboTy rasa npu M3oTepMmU4ECKOM pacLLMPEHNN:

Vv,
Vi

P, Vi
CornacHo YPaBHEHMIO MeHpeneeBa-KnanenpoHa,
P m mRT
1 V=—RT, p=—-+r
A M P
| 2 Vo v,
5 . A= MRV M ey = MrrinYe - Mg P,
0 ———J—>V1 Vv, V wM vV M Vi . M P,
Puc. 3 Q=A=TRTINY2_MprpPe,
M Vi M P,
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AovabatHbIM  HasblBaeTcd  Mpouecc, npoucxoasumm B cucteme  6es
TennoobmeHa ¢ BHelHeW cpenon.

Brwmskumn Kk aguabatHbiM  SBMAKOTCA BCe ObICTponpoTekakume MpOoLEecChl,
Hanpumep, ObICTpoe CxaTue WM paclMpeHve, NPoucxoasaume Tak, YTobbl cuctema He
ycrieria obMeHATCs TensioM C BHELLHEN Cpeaow.

ApvabaTtHble npoueccbl MPUMEHAITCA B ABUraTeniax BHYTPEHHEro cropaxus
(pacwmpeHre n cxatue roproYen CMecu B UuivHApax), B XONoAWbHbIX YCTAHOBKaX W
T.N.).

Q=0, AU+A=0, A=-AU — agvabaTHoe pacumpeHue, TemnepaTypa
yMeHbLLIaeTCs.

PaboTa rasa Hag BHELWHUMW TerlamMu COBeEpLUAeTCs 3a cuyeT
€ro BHyTpeHHeln aHeprun. NMpn 3TOM ero BHYTPEHHASA 3Heprust (1

Temnepartypa) YMeHbLLIaeTCcs. T.o,, npwu agnabaTtHom
pacumpeHUn ras oxraxgaeTcs.
AU =—A — apguabatHoe cxatue, Temnepartypa pacTeT,
BHYTPEHHAS 3HEPrusi yBernMuMBaeTcs 3a cyeT paboTbl BHELLHUX
Puc. 4 CWN Haf rasom.

YpaBHeHue aguabaTtHoro npouecca unu ypasHeHue lNyaccoHa:
pV’ =const ,
roe y - nokasatenb aguabatbl v KoadpduumeHT lNyaccora.

OTO Xe ypaBHeHue umeeT gpyrve popmbl 3anmcu:
TV’ =const, T7p*” =const.
[varpamma npouecca Ha3biBaeTcs aguabaTton (puc. 4)

Pabota, coBepwaemas rasom npu aguabatHOM npouecce, BblpaXaeTcs
dopmyrnamu:

V. v, Y~
A="c, @ -T,) wwm A=Phjg %
M -1V,

13.2 TennoBble auratenun, ux Krfpg. Umkn KapHo.

Bce TepmoavMHamundeckMe npouecchl, npoTekatoume B 3aMKHYTOM CUCTEME,
nogpasgenatoumecs Ha obpatMmbie U HeobpaTuMble.

TepmoguHamuyeckun npouecc HasblBaetTcs obpaTtvMmbiM, ecriu, npotekas B
obpaTHOM HanpaBsfieHMn, OH BO3BpalLL@eT CUCTEMY B MCXodHoe cocTosiHve 6e3 3atpar
SHEpPrum.

(ynpyrasi gecbopmauusa Tten, HesaTyxarowme konebaHust).

Bce wusonpouecchl mpgeanbHOro rasa sBnstTcs obpatumbiMu. B npoTUBHOM
Crnyyae npoLuecc HasblBaeTcst HeobpaTUMbIM.

Bce peanbHble npoueccbl HeobpaTuMbl, T.K. MX HeMb3d NpPoOBeCcTM B OBpaTHOM
HanpaBrneHm ©6e3 3aTpaTbl OOMOSHUTENBHOM 3Heprum (pacumpeHue rasa B MNycTOTY,
3aTyxalowme konebaHus, B3pbIB).

Ecrm npsamon HeobGpatumbii npouecc ABC gononHutTb oGpaTHbIM MPOLIECCOM
COA, TO nony4mMm 3aMKHyTbIN MPOLIECC, Ha3blBaeMbli KPYroBbIM UK LIKIIOM (puC. 5).
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prI'OBbIM npoueccoM WM LMKIOM HasblBaeTCa TaKom

P npouecc, npu KOTOPOM cucTeMa nMocre psga  U3MEHeHWN
B BO3BpaLLAETCs B CXOQHOE COCTOSIHME.
D Linkn nsob6paxxaetca 3aMKHYyTON KPUBOW.
C Lmknbl  MoOryt coctodTb Kak u3 obpatumblx, Tak U
V  HeobpaTumbix npoueccoB. Llukn, coctosumim u3 obpaTtMmbix
Puc. 5 MPOLLECCoB, HasbiBaeTcs 06paTUMbIM.

TennoBon paBuratenb - 3TO CUCTEMA, COBEpLUAIOLLAS MHOMOKpPaTHO KpPYroBOW
npouecc (UMKM), MpXM KOTOPOM 3a CYET NOABEAEHHOrO M3BHE Tenna COoBepLUaeTcs
MexaHudeckas pabota. [na atoro Heobxoammo pabouemy BeELECTBY B Hadarne uukna
coobu@aTb HEKOTOpPOE KOMMYECTBO TersoTbl Q1, @ B KOHUE UMK OTHUMATb KONM4EeCTBO
TennoTbl Q2.

MpuHUMN fgencTBMA TENNOBOIro AeMCTBUA NpeacTaBsieH Ha puc. 6.

Paboyee Teno npuvBOOUTCA B  KOHTaKT C
HarpeBaTenem u nofy4aeT OT Hero KOfmM4ecTBO
Q. Tennotel  Qi.  [lpy 9TtOoM  TemnepaTypa rasa

A4

T HarpeBaTesb

S~ A=Q:-Q; noBbllWAETCA, OH acumpsaeTcas W nepemeupet
> 1

Pabouee Teno(rg = ’ P P P Lia
>~ nopLeHb, cosepliast paboty Ai. 3atem pabouee Terno
Q| NPMBOOUTCA B KOHTAKT C XOJIOAWIbHUKOM, OTAAeT emy
LI xonomnbrmk Q2, ras oxmaxgaeTca W CXKUMMaeTcd, nepemelas
nopLeH B 0BpaTHOM HanpaBfieHWM, YTO PaBHOCWUIbHO
Puc. 6 COBEpLLEHMIO Fa30M oTpuuaTenbHon paboTebl A2. lNocrne
YCTaHOBIIEHMS TENoBOro paBHOBECUS c
XOrogurnbHYKOM pabodee Terio BHOBb MPMBOOUTCA B KOHTAKT C HarpeBaTenieMm; LMKI

3aBepLLEH.

KormyectBo nonydyaemoro 3a uumkn Temnna paBHO Q1, a otaaHHoro Q2. Mx pasHocTb
nepeLuna B nosnesHylo paboTy:

Anm. :Q1 _Qz'

PasHble TennoBble MalwmHbl, MOMyYMB OOMHAKOBOE KONMHMECTBO TEnroTbl, MOryT
coBepLaTb pasHyto noniesHyto paboTy. CnocoOHOCTb pasHbiX TEMMOBLIX ABUraTenem
npeBpal@aTb TEMnnoBYKD 3Hepruio B paboTy xapaktepudyeTcss WX KO3DULNEHTOM
nonesHoro gevicteua (KIQ).

KN4 TennoBoro ABuratens Has3blBAeTCA BeNMYMHA, paBHasi OTHOLLEHWUO
COBepliaeMolr 3a UMKN Mofie3Ho paboTbl KO BCEMY KOMMYECTBY TemnmoThl,
Nofly4eHHOMY OT HarpeBaTtens:

A non Ql B Qz

O, o,

Mpn paccmoTpeHun paboTbl TENOBOW MalWMHbl HE Oblfil0 OrOBOPEHO, M3 KaKUX
NPOLECCOB COCTOUT €€ LMK 0bpaTuMbIX Ui HeobpaTUMBbIX.

B cnyyae HeoGpaTMMbIX NPOLIECCOB TONMbKO YacTb pasHocTn Q1-Q2 nepengeT B
nonesHyto paboTy, ocTarmbHas 4YacTb 3JHEpPrMM pacceeTcd B OKpYXatoLem
NPOCTPaHCTBE.

CneposatenbHo, Kl TtennoBon MaumHbl, paboTarolwen Ha obpaTuMbIX LMKMaX,
Bceraa Gomble KIO Takom xe MawwHbl, paboTatowen Ha pearnbHbix (HeobpaTuMbix)
LMKIaxX.
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[na npakTtuyeckux uenen oveHb BaxHO Hautu meton pacudéta KI4 voeansHoun
TENMoBOM MalWHbl, paboTatowen Ha obpaTumMoM uuvKre. Torga, OCHOBLIBAsiCb Ha TOM,
YTO Mp<Mua, MOXHO OyAeT OLEHUTb BO3MOXHOCTb peasribHOM TENSIOBON MaLWHbI.

Kak ObInio ckasaHo, BCE M30MPOLIECCHl ABMAKOTCA 0OpPaTUMbIMU N U3 HUX MOXHO
NOCTPOUTbL WMAearnbHbIN UMK,  [1OCKOMbKY KaXabl  M30MNPOLIECC  XapaKTepusyeTcH
COOTBETCTBYIOLEN pabOTOW, KOTOPYHD C €ro nomouwpio MOXHO coBepuwmTtb, K4
pas3nMYHbIX MOeanbHbIX UMKMIOB pasnndHbl. B TepmoguHamuke mnokasbiBaeTcsl, 4TO
mMakcumanbHbiM  KIMO obrnagaet uukn, COCTaBMEHHbIN M3 ABYX W30TEPM UM ABYX
agnabaTt. OTOT UMK HasbiBaeTcsa uukriom KapHo.

YKasHbln Bblle ONTMMAarbHbIN LMKA OblNl pacCcMOTPEH (OPaHLY3CKUM WHXEHEPOM

Cagn KapHo B 1824r. Bblbop UMEHHO 3TUX
nsonpoueccoB 0O6yCroBrieH Tem, YTO npu
N30TEPMUNYECKOM npouecce BCS
noaBedEéHHas cucteme TensioTa WOET Ha
coBepllieHve paboTbl, a aguabaTudeckoe
V: M3MeHeHve TemnepaTypbl npoucxogut 6e3
Puc. 7 TennoobMeHa C OKpyxaloLeii cpenon, T.e.
6e3 noTepsb.

pA

Kpyrosow npouecc (Uukn), COCTOALMN U3 2-X U30TepM U 2-X agnabaT, Ha3biBaeTcH
uuknom KapHo (puc.7).

a — 6 - N30TepMUYECKoe paclumpeHue.

3a c4YyeT nosfydeHuss rasoMm KormdectBa TernioTbl Q1 ra3  M30TEpPMUYECKU

pacumpsieTcs, nepexoas U3 coctosaHua “a'B  coctosaHve 'B". [lpu atom Bcé Q,
nepexoaut B paboTy A1, nockonbky AU=0.

m V
Q1:A1,A:MRTlInV—2 - paboTta, coBepLUeHHasi rasom npuv U30TEPMUYECKOM
1

pacLMpeHnn.

B—>C - agunabaTtHoe paclimpeHue.

B cocrosHmm "B ‘"HarpeBaTternb YyoupawT u ras, aguabatHo pacumpsisich,
nepexoamt B cocTosHve 'c". [pu aToM paboTa coBepuiaeTcs rasom 3a cyeT yoblsm ero
BHYTPEHHEN 3HEprum, 1 Temnepartypa rasa noHwkaercs Ao T2, Te<Ti.

m

A4, =-AU, 4, :MCV (T,—T,) - paboTa, coBepwaemas rasom npu agnabaTHoM
pacLLMpEHnn.

c—d - u3oTepmMmyecKoe cxartue.

B Touyke 'c" ra3 BBOOAT B KOHTAKT C XOJIOAWbHVKOM. [@s3, u3oTepMuyecku
CXKMMaNAChb, NepexoauT B COCTOsIHME "d" 1 OTAAET XOnoAWrbHWKY KOMMYECTBO TEMMOThI

Q2.

m V.
Q2=A3, 4, :ERTZ In \/_3 - pabota Hag rasoMm nNpu M3OTEPMUYECKOM CxXaTun 3a
4

CYET oTaaum Q2 XornoAUNbHUKY.
d —> a - agnabaTHoe cxaTtue.
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B Touyke "d" xorogwibHWK YybupalrT, W ras3 noa LEeWCTBMEM BHELLHMX CUn
agvabaTHO CxXuMmaeTcs, MoBbiwas npu 3ToOM CcBOK TemnepaTypy Ao Ti. Cuctema
BO3BpaLLAETCs B UCXOQHOE COCTOsIHME "a", LMK 3aBEpLLEH.

—A4, =AU, 4, =%CV (T,-T,) - paGoTa Hag rasom npu agvabaTHOM CxaTum 3a

CYET BHELLHMX CUI.
T.K. ans a,D,I/Ia6aTHbIX npoueccoB cripaBearmBbl COOTHOLLEHUA:

T, (v,
6—>C: —==|-2| ,
T2 V2

T, (v,
d—>a: —1:£—4J :

T2 Vl
cliegoBaTtesibHO,
A A A
v N A

KMQ TtennoBon MauwmHbl, paboTalowen C uaeanbHbIM ra3om Mo uukiy KapHo,
paBeH

Vv

MeT, Inv—2+mCV(T1—T2)—mRT2 n2_Te (1,-1T,)

y _A_AAAA M vV, M M vV, M T,-T,
L) A LA T,
MY,
T -7 T

Takum obpasom, 77,=-‘—2=1--%,

Tl Tl

AHarnM3 norly4eHHOro BblpaXXeHUsi MokasbiBaeT, YTO 4eM Borblle pasHuua Mexay
TemnepatypamMu HarpesaTtens M XxosrogwbHuka, TeMm Bbiwe KINO4. 310 oguH u3 nyten
noBbiweHns KIL peanbHbIX TEMMOBLIX ABUraTenen.

13.3 NoHATHEe 06 3HTPONUMN.
BTopoe Ha4yano TepMoaguHaMUKMW.

PaccmoTpum obpaTumbin npouecc.
N3 ypaBHeHnn ans uukna KapHo crefyeT, 4To

Ql_QZ_Tl_TZ- 1_%_ _E.
Ql B T, ’ o, B Tl’
% _ 5 9 _9,
o I’ (A &

YpaBHeHve (1) o3HayaeT, YTO KONMYECTBO TEMMOThbl, MOSyYeHHOe WNM OTAaHHOoe
npv o6paTMOM MpoLiecce, NPOMNOpLMOHanNbHO Temneparype.

Q

OTHoweHve ? Ha3blBaeTCcd npmBeaeHHbIM KOJIM4ECTBOM TEMIIOThI.

N3 (1) cnepyeT, yto ana obpatmmoro umkna KapHo
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g o_,
LI

YcrnosunmMcb cumutaTtb Q noroxuternbHbIM, KOrga cuctema norrowgeTr Temnso, U

oTpuuaTtesibHblM - KOrga BblaenderT.
QZ - KOJim4eCTBO TeMmnoTbl, OTAaBaeMoe pa6oq|/|M TEJIOM XOoJioAuIbHUKY, NO3TOMY
OHO OoTpuuaTesibHoe. CrepoBaTenbHO, MOXHO 3anucaTb

9,0
LT

T.e. Ans obpatumMoro uukna anrebpawdeckass CymMMa NpUBEOEHHbIX KONMYECTB
TENSOTbl paBHa Hyrito:

o
=_0,
27
wm B guddepeHumansHon dopme:

§§=o. (2)

=0,

NHterpan GepeTcs No 3aMKHYTOMY KOHTYPY, T.K. paccMaTpvBarcs LUMKI - KpyroBoWn
npovecc.

R

T - npuBegeHHOe KONMUECTBO TenrnoTbl, coobuAeMoe Tery Ha BGEeCKOHEYHO
Mariom ydacTke mnpouecca.
N3 paBeHcTBa Hymo MHTerpana (2), B3ATOro no 3aMKHYTOMY KOHTYpY, crieayeT, YTo

noabIHTErpansHoe BblpaXeHue ? eCTb MOSHbIN AndpepeHuman HEKOTOPON (OYHKLIMW,
KOoTopas onpeaendeTca TOMbKO COCTOSIHUEM CUCTEMbI M HE 3aBUCUT OT MyTW, KakKum
cuctema npuuria B 3TO COCTOSIHME.

Takum obpasom,

HC
R _ dS - anemeHTapHas aHTponua, [s| = ﬂ—.
T K
OyHKUMA coCcTOAHMSA, OuddepeHumanoMm KoTopon sBrseTcs ? Ha3blBaeTCs
3HTpoONuen.
M3aMeHeHre aHTponuM npu nepexoae CUCTEMbl U3 COCTOSIHUA 1 B COCTOsIHME 2
2
do
AS=[==.
T

Mpn obpaTtumom npouecce
dQ
AS =¢—=0. 3
f= ©

Mpn HeobpaTmom npouecce AS>0:

n.>n Tl_T2>Ql_QZ 1—T—2>1—% %>T—2 &>&

R Q T T T

as=2 Qg )
T2 Tl
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CooTHoweHuna (3) u (4) MoxHO nNpeacTaBuTb B BUAE HepaBeHcTBa Knayauyca

AS>0,

T.e. BHTPOMNMSI 3aMKHYTOM CUCTEMbI MOXET fmbo Bo3pacTaTb (Npy HeobpaTUMbIX
npoueccax), Jfmbo ocTaBaTbCs MNOCTOsIHHOM (Mpu  oBpaTumbix npoueccax). JTo
03HA4YaEeT, YTO M3MEHEHME SHTPOMMN B 3aMKHYTOW CUCTEME €CTb Mepa HeobpaTuMoCTu
COBepLIaloLKXCS B HEW NMPOLIECCOB.

Camo croBo "sHTponua" nNpoucxoamuT OT rpeyeckoro rraroria  "oHTponuB" -
npeobpasoBaTb, NpeBpaTUTb, W ObINIO NPEAnoXeHO OAHUM K3 OCHOBOMOJSIOXHMKOB
TepmoamHamukn Kraysumycom.

Hanbornee 4étkmn cmbicn aHTponum gan bormbuman B 1877r., BBEeOs B TeOputo

TenrnoTbl cTatucTudeckme npeacrtasrieHnsa. OH  mpunucan  KaxgomMy  COCTOSTHUKO
cuctembl "“TepMogMHaMmnYecKyto BeposTHOCTb" W.

TepmoguHammnyeckas BepoATHOCTb W paBHa KonmMyecTBy CMoco60B, KOTOPbIMMU
MOXHO pearnmsoBaTtb AaHHoe cocTosaHue. W Tem 6Gornblie, yem 6ornee 6ecnopsigoyHbIM
UM HeonpenenéHHbIM SABIAETCA COCTOSHME.

HencteurensHo, ecrm "Mopsaok” MOXHO OCYLLECTBUTb CPaBHUTENbHO HEOBOIb LM
yncrno crnocobos, To " Becnopsiaok” - o4eHb 6O LMM.

HITOPATOE: HAHG OJBIIEH «0ecIopAg0 R

|
W=C{=1, W=CZ=C;] :%:28;

Uem Oosnblle 4Mcrio 3fieMEHTOB B cucteme, TeM Gorbluee 3HadeHve npuHAMaeT

W.

bombumaHom Obiflo nokasaHo, 4to norapudm W cBfi3aH C S crniegyloumm
obpasowm:

S =kInW, rae k - noctossHHaa bornbumaHa.

Mpn Takom nogxoae BO3pacTaHMe SHTPOMMM  O3Ha4aeT, 4YTo cucTema,
npegocTaBneHHas camon cebe, nepexoanT U3 OOHOro COCTosHMA B Apyroe,W KOTOporo
Gormbwe. C TOYKM 3peHUst CTaTUCTUMKM SHTpoNuA sBrseTcss Mepon Gecropsigka B
cucTeme.

T.0. BHTPONMSA 3aMKHYTOW CUCTEMbI HE MOXET YMeHbLaTbCsl, AS > 0

OTO yTBEPXKOEHWE HOCUT Ha3BaHWE BTOPOro 3aKOHa TEPMOAMHAMMUKMU.

Ero moxHo ccopmyrmpoBaTb MO-APYroMy, HO CMbICH OT 3TOrO HE U3MEHMTCS.

HekoTopbie GopMymmpoBKM:

eHEBO3MOXEH CaMOMpPOoM3BOSbHbIN NPOLECC Mnepexoda Tennma OT Tera, MeHee
HarpeToro, K Teny, 6ornee HarpeTomy;

e HEBO3MOXEH MPOLIECC, €OMHCTBEHHbIM pe3yrnbTaToM KOTOporo 6bifio Obl nosHoe
npeBpalleHue Tenna B paborTy;

e HEBO3MOXHO CO3[aTb BEYHbIN ABMraTesni BTOPOro poaa.

B cocTtosiHuM paBHOBECUS JHTPOMMA CUCTEMbI OOCTUraeT MakCuMasrbHOro
3HAYEHMSI.
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CTtpemMnenunsa rnobon cuctemMbl K CaMOMPOM3BOSIbHOMY YBESMHEHMIO 3HTPOMUN,
npvBOAsLEE K BblpaBHMBAHMIO BO BCEX YacTaAX CUCTEMbI TemnepaTypbl, Oblfo
MCMNOSb30BaHO umaeanmMcTamu S co3gaHus Teopumn '‘tenrnoBon cmeptu” BceneHHon.
Mo oaTonm Teopwun, oHTponuss BcerneHHOM B KOHUE KOHUOB [JOSPKHA [LOOCTUrHYyTb
Makcumyma, TemnepaTtypa BO BcCel BceneHHOW [OipkHa BbIPOBHATLCA W BCHAKOE
OBWKeHne maTtepumn - npekpatutbesa. OgHako 3TO He Tak. 3aKkoHbl CTaTUCTUYECKOW
uU3nKK crnpaBensmMBbl And OrPOMHOro, Ho He 6eckoHe4Horo yucna Ten. B 6eckoHeuvHom
BcerneHHOM BO3MOXHbI MPOLECCbI MEHEEe BEpPOsiTHble, NPOTEKalUMe C yMeHbLUEeHVEM
SHTpoONuKW, BCreacTBue 4ero” TenrnoBas cMmepTb "BcerieHHOM He HacTynaeT HuKorga,
OBWKEHNE MaTEpPUN BEYHO U HEYHUHTOXUMO.

Il Hayano TepmoauMHamMuMku (NpuvHUMN HepHcTa): npy mobom M30TEPMUYECKOM
npouecce npu T=0, AS=0, S=So=const, wm (B chopmyrmposke [lnaHka ). npu T=0
3HTpONMA cuctembl paBHa 0.

M3 3ro Havyana criegyeT, YTO HEBO3MOXEH TaKoW MpoLiecc, B pesyrbTaTe KOTOPOro
Terno morno ObiTb oxnaxaeHo go T=0.
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Nekuuna 14. dnekTpocTatnyeckoe norne

AneKkTpuyeckne 3apsigbl, UX CBOMCTBA U Knaccudgpukaums.
3akoH KynoHa.

O NEKTPUYECKUIA 3apsag - husmyeckas BEIMMHMHA,  XapaKTepusyrou@as
MHTEHCUMBHOCTb  3fIeKTPOMarHMTHoro  B3aummopenctema Ten. Cam  no  cebe
SNEKTPUYECKUA 3apsii He CyLEeCTBYET, ero Hocuternem MoxeT ObiTb TONMbKO 4YacTuua
BellecTBa.

OcHOBHbIe CBOUCTBa

1.[1BONCTBEHHOCTb: B NPUPOAE CYLLECTBYIOT 3apsabl ABYX 3HAKOB, OAHOUMEHHbIE
OTTarkMBalTCs, Pa3HOUMEHHbIE MPUTATMBaKOTCA. B cBA3M € 3TMM 3apsiabl YCIIOBHOMO
pasgeneHbl Ha NOSIoXUTESbHbIE M OTpULATESbHbIE.

MonoxutenbHblM Ha3BaH 3apsg, KOTOpbIM oO6nagaeT CTekfsHHaA —narnouyka,
noTepTas o Werk um bymary.

OTpuuatenbHbln - 3apsag, KOTopbiM obragaet sHTapHas wwm  3boHuTOBasd
nanoyka, notepras o MeX Wn LLepCTb.

2.KBaHTOBaHMe: ecrm usmyeckasd BenmMyMHa MPUHMMAET TOSbKO onpeaesieHHble
AVCKPETHbIE 3HAYEHUsi, TOBOPAT, YTO OHa KBaHTyeTcsa (amckpeTtHa). OnbiT nokasbiBaeT,
yto JHOOOM JnEKTpUYECKUA 3apsif KBaHTyeTCHd, T.e. COCTOMUT U3 LUerioro 4ucra
arnemMeHTapHbIX 3apsiaoB:

g = Ne,

roe N =1,2,...uenoe ymcro; e =1,6-10"1°Kn - anemeHTapHbIin 3apsaa.

HavmeHbumM (anemMeHTapHbiM) OoTpuuaTernbHbiM 3apsaomM obriagaeT SnekTPoH,
NOSIOXUTENBHBIM - MPOTOH.

[a]=1Kn

1 KyroH - 3apsig, NPOXOoOAWMA Yepes3 MonepeyHoe cedeHne NMPOBOAHMKA 3a OOHY
CeKyHay, Korga rno npoBOAHMKY MOET MOCTOSAHHbIN TOK CUIOW OOVH amnep.

3.CoxpaHeHue 3apsaa.

OnekTpuyeckne 3apsagbl MOTyT mMcyesaTb M BO3HMKATb BHOBb TOSbKO napamu. B
KaXOon TakoW mnape 3apsiabl paBHbl MO BESMHMHE W MPOTUBOMOSIOXHbLI MO  3HAKY.
Hanpumep, aneKkTpoH M MO3UTPOH MPU BCTPEYE aHHUrUIMpYIOT, T.e. MpeBpalgalTca B
HenTpanbHble y - OOTOHbI, NPM 3TOM ucYye3alT 3apsabpl -€ n +e. B xoge npouecca,
Ha3blBAEMOro poXaeHvem napbl, y - (POTOH, nonagas B Mofe aTOMHOro Sa4pa,
npeBpalieTca B Napy 4acTul SMeKTPOH M MO3UTPOH, NPU 3TOM BO3HMKAKOT 3apsigbl -
n+e.

3aKkoH coxpaHeHus 3apsaa: B U30SMpOBaHHOM cucteme anrebpandeckas cymma
3apsag0B OCTAeTCHA NOCTOSIHHOW BEMMHMHOM MPU BCEX UBMEHEHUAX BHYTPU CUCTEMBI.

M3onmpoBaHHOM Ha3biBaeTCs cUCTeEMa Ten, KoTopas He obMeHvBaeTcs 3apsagamm
C BHelLLHeW cpenomn.

4. AHBapMaHTHOCTb 3apsaga K pasfMyHbiM MHepuMarnbHblM CucTeMam oTcyeTa.

OnbIT nokasbiBaeT, YTO BefMdMHa 3apsiia He 3aBUCUT OT CKOPOCTU OBWKEHUS
3apsbkeHHoro Tera. OguH M TOT Xe 3apsid, M3MEPEHHbIM B pasHblX MHepUMarbHbIX
cucTemMax otyeTa, OAVMHaKOB.
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5.ABOMTUBHOCTL: (= Zn:qi .
i=1

Krnaccudpukauma sapagos.

B 3aBucvMOCTM OT pasMepoB 3apsiKEHHOro Tera 3apsiabl AendT Ha TOoYeYHble U
NPOTSXKEHHbIE.

e TOYeYHbIMM 3apPAAOM Ha3biBAKOT 3aAPSKEHHOE TENo, pa3mMmepamm KOTOPOro MOXHO
npeHebpeyb B YCrOBMAX OAHHOW 3adau.

e[IpoTSXKEHHBIM Ha3blBaeTCs 3apsg Tera, pasMepamMum KOTOPOro B YCIOBUSAX
AaHHOW 3agaun npeHebpeyb Hemb3sA. [poTskeHHble 3apsiabl OenaTCs Ha JIMHEVHble,
NMOBEPXHOCTHbIE N OOBEMHBIE.

Mo cnocobHOoCTM CMewaTbCA OTHOCUTESNBHO MOSIOXKEHUS paBHOBECUs MOA
AEVCTBMEM BHELLHEro 3. Nosns 3apsgbl YCIOBHO AENnAT Ha CBOOOAHblE, CBs3aHHblE U
CTOPOHHME.

CBoGOAHbLIMM Ha3bIBAKOT 3apsiabl, CNOCOOHbIE cBOOOAHO nNepemMelaTbes B Tene
noa OeNCTBMEM BHELLHEro 3s1. Moss.

CBA3aHHbIMM Ha3bIBAKOT 3apsidbl, BXO4sLKME B COCTAB MOJSEKYN AMANEKTPUKOB,
KOTOpble nog OeWcTBME 95. Mofd MOryT JMb CMELWRATbLCA M3 CBOEro MOSIOXEHMS
paBHOBECKS, HO MOKMHYTb MOJSEKYIly HE MOryT.

CTOPOHHUMM Ha3bIBAKOTCA 3apsdbl, HaxOASALWMECS Ha [OUANEKTPUKE, HO He
BXOAsILME B COCTaB €ro MOSieKyn.

3aKkoH, KOTOpPOMY MOOYMHAETCA Cuna B3aMMOOEWNCTBUS TOYEYHbIX 3apsigoB (puc.
1), 6bIN ycTaHOBMEH 3KcnepumeHTansHo B 1785r. KyrioHom.

- _ ‘F12|:‘F21|:F-
F12 ~ ~ F21 3 K o
< > 3akoH NoHa: Ccwla  B3avMogewnctsus OB
oh—17F  TO, y x
HeMNOABWKHbIX TOYEYHbIX 3apsiaoB npPsSIMO
Puc. 1 nponopuMoHansHa 3apsagam, obpaTHO

nponopuMoHarnbHa KBagpaTy PacCTOSHUA MeXay HUMM,
HanpaBsfieHa BOOSb MNPSIMOW, COEOAVHALEN 3apadbl, U 3aBUCUT OT cpedbl, B KOTOpPOM
OHW HaxogATcs.
449
Cdre gt

roe gi, g2 - BefMdvHbl 3apsifoB; I - pacCToAHME Mexay 3apsgamu;

£,=8,85-10"12 Kr?/(H-m?) - anekTpuyeckasi NOCTOsIHHAS;

€ - AMarneKTpudeckass NPOHULAEMOCTb Cpeapl.

------------------- . [uanekTpnyeckaa NpPOHULAEMOCTb BeELUECTBA MOKa3biBaeT, BO
CKOMbKO pa3 cwia B3aMMOAEWCTBMA 3apsgoB B JAHHOM
OVONEeKTpuke MeHblle, 4YeM B Bakyyme, ¢Bakyyma=1, ¢&-
Oe3pasmepHasl BermymHa.

OObACHMM  MpWYMHY  3TOro  ocrabrenus, ansa  Yero
PacCMOTPUM  3apsKEHHbINA LLAPWK, OKPYXEHHbIA OU3NEeKTPUKOM
(puc. 2). MMorne wapuka OpUEHTUMPYET MOSEKYrbl AMANEKTPYKA, U

Puc. 2 Ha MOBEPXHOCTW [OUIMEKTPUKA, MPUMbIKAIOWEN K  LLUAPWKY,
NOSIBMAKOTCA OTpuUaTeNbHblE CBsi3aHHble 3apsabl.
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Mone B moGon Touke AuAnekTpuka OyayT cos3gaBaTb ABE  MPOTUMBOMOJSIOXKHO
3apsikeHHble  cdepbl:  MOBEPXHOCTb  LIApWKa, 3apsikeHHasi  MONOXUTENbHO, U
NPMMbIKaKOLWAS K HEM OTpMUATENbHO 3apsiXXeHHasi NMOBEPXHOCTb AUSNEKTPUKA, NPy 3TOM
13 nons CBOOOAHbIX 3apsiAOB BblYMTAETCH MOfie CBSA3aHHbIX 3apsgoB, U CyMMapHOe
norne Gyget Goree crabbiM, YeM nosie OAHOro Wapa.

14.2 HanpsixkeHHOCTb 3JleKTpocTaTuyeckoro nons. MpuHumn
cynepnosuuum anekTpuyeckux nonen. Motok BekTopact.

Bcakun 3apsag M3aMeHsieT CBOMCTBA OKpY)KaloLero npocTpaHCTBa - CO34aeT B HEM
arneKkTpuyeckoe norse.

OrnekTpuyeckoe rnosie - ogHa M3 ()OPM CYLLECTBOBAHUA MaTepun, OKpyXatoLewn
aneKkTpudeckme 3apsabl. ATO nore nposiBrideT cebsi B TOM, YTO MOMELLEHHbIN B KaKyo-
mMBO ero TOYKY 3NEKTPUYECKUA 3apsi OKasblBaeTCs noa AEUCTBYEM CWSbI.

MpenctaBneHne 06 anekTpudeckoMm none 6bifio BBegeHO B Hayky B 30-x rogax
XIX cTonetna aHrmmmckum ydeHsiMn Manknom dapageem.

CornacHo ®apageto, Kaxabln 3EeKTPUYEeCKUA 3apsi OKPYXKEH CO34aHHbIM UM
SNeKTpU4eckMmM  nornem, Mno3ToOMy TakKOW 3apsg MHOrAa  HasbiBalT  3apsigoM-
UCTOYHUKOM. 3apsd, C MOMOLWbLIO KOTOPOro WUCCreadylT Mnofie 3apsja  WCTOMHMKA,
Ha3blBalOT NPOOHbIM 3apsA0OM.

Ana Toro ytobbl cuna, gencTeylowRAa Ha NPOOHbIN 3apsid, XapakTepusoBana norse
B A@HHOMW TOuKe, NPOOHbIV 3aps OOITKEH OblTb TOYEYHbIM.

Toye4yHbIM 3apsAAOM Ha3bIBAKOT 3apsiKeHHOe Tero, pasmepamMm KOTOPOro MOXHO
npeHebpeyb B YCrOBUAX AAHHOM 3ajaduu, T.e. pa3mepbl KOTOPOro mMasbl Mo CPaBHEHWIO
C paccTosHUsSMU [0 Apyrux Ten, C KOTOpbiIMW OH B3aumopewnctsyeT. [lpy 3TOoM
cobBCTBEHHOE anekTpuyeckoe norne nNpobHoro 3apsiga LOSPKHO ObiTh CTOSMb Maro, YTobbl
OHO He M3MEHANO Morie 3apsiga - UCTOYHUKA. YeM MeHblle pasmep 3apsiKeHHOro Tena
n 4yem crabee ero cobCTBEHHOE MOSie MO CPaABHEHWMIO C MOSieM 3apsda - UCTOYHUKA, TEM
TOYHEE JaHHOEe 3apsihkKeHHOe Terio yOOBMeTBOpSAeT yCroBuo nNpobHoro 3apsaa.

OneKTpuyecKkoe norie pacnpoCTPaHSAETCs B BaKyyMe CO CKOPOCTbHO C= 3-108%.

[Mone HENOABWKHbIX JNEKTPUYECKMX 3apsAO0B - ANIEKTPOCTAaTUYECKOE.

Wccrnegyem ¢ nomoukto npobHoro 3apsga g nose, co3gaBaeMoe HenoaBYDKHLIM
3apsA0OM - UICTOYHMKOM Quer (puc. 3).

Cuna, pevcTtBylow@s Ha MPoOHbIA 3apsia B AaHHOM TO4YKe Mosfsd, 3aBUCUT OT
BenmMunHbl npobHoro 3apsga. Ecrm GpaTth pasnuyHblie npobHble 3apagbl, TO U cuna,
AEVCTBYIOLAS Ha HUX B AAaHHOW Touke nond, 6yaeT pasnmyHown.

— OgHako oOTHOWweHWe cwurbl K BermdmHe npobHoro  3apsiga
F OCTaeTCs MOCTOAHHBbIM W XapakTepusyeT yxe camo nose. 370

@A/ OTHOLLEHME HAa3bIBAETCA HAMNPSAXKEHHOCTbIO JNEKTPUYECKOro Moss B
JaHHON ToYKe.

e Puc. 3
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Hanps)XeHHOCTb 3NeKTPMYECKOro Nons - 9TO BEKTOPHasd BENMYMHa, YUCIeHHO
paBHad cwre, C KOTOPOW nosie AeVCTBYET Ha €AVHWYHBbIN MOSIOXUTESbHBIA NPO6HBIN
3apsa B JaHHOW TOYKe Mofis U coHanpaBrieHHas C 3TOW CUMOW.

HanpshkeHHOCTb  ABMAETCA OCHOBHOW XapaKTepPUCTMKOW Mons U MOSIHOCTbLIO
XapaktepusyeT Mosie B KaXXOoW ero ToYKe no BefMyMHE U HanpaBlieHUIo.

HanpsxxeHHOCTb Nnonsi To4Ye4yHOro 3apsaa.

CornacHo 3akoHy KyroHa

F — quc’mq o

e g
noaTomy

F -
E - — = quchq _ qucm

q dme,lq Admet

CnepoBaTenbHO, HanPSXXEHHOCTb 3MEKTPUYECKOro Mo TOYeYHOro 3apsga g Ha
paccTosiHMM I OT 3TOro 3apsija BbipaxaeTcsi hopmyrion:

=9

Ar e, 1’

OnekTpndeckoe norne ygobHo rpaduyeckm nzobpaxatb C MOMOLLbK KapTuHbI Tak
Ha3bIBaEMbIX CUIMOBbIX JMHWA UMW FIMHUA HaMPSKEHHOCTW.

INlnHnen HanpsXXKeHHOCTU Ha3blBAETCSA IMHUS, KacaTellbHas K KOTOPOMW B KaXdoM
TOYKE COBMaZaeT Mo HaMpPaBIieHVIO C BEKTOPOM HaMPSHKEHHOCTU B 3TOW TOYKE.

NMNHWM HaNPsSKEHHOCTW NOJA, CO34AaBaeMOro HemnoaBWkKHbIMK 3apsigamu (puc. 4, a,
6), BCceraa HauvMHalTCsl U KOHYaTCA Ha 3apsaa X (v B 6ECKOHEYHOCTM) M HUKorda He
GbiBalOT  3aMmkHyTbiMW. bBoree cunbHoe norne wusobpaxaeTca 6Goree  NMAOTHO
PacnosioXeHHbIMW JIMHUSIMU  HanpPsXeHHOCTW. [ycToTa nuHWA BbIGMpaeTcs Tak, 4YToObl
KOSM4ECTBO NHWRA, NPOHM3bIBAIOLWX  eOuHULy ~ MOBEpPXHOCTU  MIOLAAKW,

NepreHOVKYNAPHON K NMMHMAIM, BbIfI0 PaBHO YMCTIEHHOMY 3HaudeHMo Bektopa E. JTuHu
HaNPSXKEHHOCTN HUKOrA4a He nepecekalTcs, T.K. UX nepecevyeHue o3Havano Obl ABa
PasnMYHbIX HampaBreHUs BEKTOpa HaMnpsi>KEHHOCTU MOJi B OAHOM U TOWM e TOYKe, YTO
HEe uMeeT CMbicra.

OpHopogHbIM  HasbliBaeTcs More, B

a) \I/ 6) \/L/ B) + |- KOTOpOM HanpsikeHHOCTb BO BCEX TOYKaxX
— N UMEeeT oOofHy W Ty e BermdiHy W
/T\ e T\ | opuHakoBoe HampasreHve, E =const. B

TakoMm none CWIoBblE TMHAN
Puc. 4 napasnnenbHbl M MNAOTHOCTb WX BCHOAY
OQVHaKOBa, T.e. OHW pPacnosioXkeHbl Ha

OAMHAKOBOM pacCTOsiHuM Apyr OT apyra (puc. 4, B).

MpuHUMN cynepno3uuum.

Ecrm anektpuyeckoe nore B AaHHOM TOYKE CO3[aHO
HECKOJTbKMMMN 3apsigamu, TO HaMNPs>XeHHOCTb
pesyrbTVpylOLEro  Mofd  paBHA  BEKTOPHOW  CyMMe
HanpPsHKEHHOCTEN MONen, CO34aHHbIX KaXdbiM 3apsiaioM B
oTaenbHocT (puc. 5).
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E=YEi,

i=1

E=E +E,.

MpyHUMN cyneprnosvumMmn ABIIIETCA OMbITHbIM (PaKTOM, crpaBearmBbiM BMMOTb [0
OYeHb CUrbHbIX Noren. Mo3ToMy ke 3aKOHY CKIMadblBalOTCHA HE TOMbKO CTaTUYecKue, HO
N BbICTPO MEHSAIOWMECH INIEKTPOMArHUTHbIE MOSis.

BblgermM B BEKTOPHOM Morie E HEKOTOPbIN 06beM, OrpaHUYEHHbI NOBEPXHOCTbIO
S. Pa3obbem 3Ty NOBEPXHOCTb Ha dreMeHTapHble Nrowaakn BenmdmHon dS (puc. 6).

MoxHO BBeCTM B pPacCMOTPeHWe HarnpaBrieHHbIN
SNeMeHT noBepxHoCcTM dS. HanpaBfieHHbIM 3rneMeHTOM
noBepxHOCTM dS HasbiBaeTCs BEKTOpP, [AfMHa KOTOpPOro
paBHa nrowpaau anemeHta dS, a HanpasreHve coBrnagaet
C HanpaBsfieHMem HopMarmM K 3ToMy arnemeHty. [ns
3aMKHYTOW MOBEPXHOCTU OepeTcs BHELWHAS HopMasb K
noBepxHOCTU.  [lockornbky  BbIOOp  HampaBreHus 7
npou3BosieH (YCrOBEH), ero MOXHO HanpaBUTb KaK B OAHY
CTOPOHYy OT MNrowAAKW, Tak M B OPYrylo, dS SBIAETCA He WCTUHHLIM BEKTOPOM, a
NnceB4OBEKTOPOM.

MoTokoM dd,. BEKTOpa HaMPSHKEHHOCTU E 4Yepes dfieMeHTapHylo MoBepXHOCTb

" Puc.6

dS HaabiBaeTCs CKansapHoe Npov3BeaeHue
d®, = (EdS) = EdScosa = E,dS , roe o.- Yron Mexay Bektopamu E U i,

En - npoekuusi £ Ha HanpasrieHe Hopmarmm 7.
MpocymmypoBaB MOTOKM 4Yepe3 BCe IreMeHTapHble MrowaaKkn, Ha KoTopble

-

pas3burnm NoBepxXHOCTb S, MoMyunm MoToK BekTopa £ yepes nosepxHocTb S.

MoTtokom BekTopa £ yepes noBepxHOCTb S HasbiBaeTCSH UHTErpan

@, = [ EdS = [ E,ds; Mﬂ=§%wﬁ
S

[lns 3amMKHyTOM MOBEPXHOCTU @, = ff E dS.
N

_ /
e —S __1—
Qﬁ > = ﬁ
_— E
Pe =0 @, =ES
Puc. 7
MoTok BekTopa - anrebpandeckasi BenmimHa:

ecim
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V4
a<—,cosa>0, @ >0
2 E

V4
a>3,cosa<0, D, <0

[na ogHopoaHoro nona E = const,E, = const (puc. 7),

@, = [E,dS=E S=Ecosa S - (ES).
S

MoTOKy BEKTOpa HaMNPsKEHHOCTM MOXHO [aTb HarfsaHylo FreoMeTpUHeCKyo
WHTeprpeTaumio:  @®.  YMCMEHHO PpaBeH  KONMHMECTBY  JWMHUA  HaMpsSXKEHHOCTW,

nepecekaroupx AOaHHYO NMOBEePXHOCTb.

14.3 Teopema Maycca ona noTtoka BeKTopa E U ee
NnpUMeHeHWe Ans pacyeTa Nosier NPOTAXEHHbIX 3apsaoB B
BaKyyme.

3Haa HanNpsHKEeHHOCTb MOMs  TOYEYHOro 3apsga WM UCMOSfb3ys  MPUHUMN
Cyneprnosuuum, MOXHO paccuuTaTb HaNpPsXXEHHOCTb MOSsA, CO3L4AaHHOIO HECKOSbKUMU
ToYeuHbIMM 3apsgamu. OgHako And NPOTSXKEHHbIX 3apsigoB MPUMEHEHVe npuHuMna
cyrnepnosvuum 3aTpygHutensHo. MeTtog pacyeTta norien, CO3[4aHHbIX MNPOTSXEHHLIMU
3apsgamu, Obin NpeanoxeH HeMeuKuMm ydeHbiM [fayccom B Havane 19 Beka.

Teopema Naycca ansa anekTpocTaTU4ecKoro Nons B Bakyyme.

Paccmotpum norne TtodeyHoro 3apsga q B Bakyyme M Bblumcrimm O yepes

NnoBepxHOCTb cpepbl paanyca ' (puc. 8).

E - @, = i E,dS.
HanpsokeHHOCTb nonss B MobOOM  TOYKE MOBEPXHOCTU
) the . Cbepbl
q 2
E = E = — y S . = 47[ r ’
" Arg,r? cbepa
' D = fE,dS = 4ar? =,
S Are v &
Puc. 8

Tk. @, u/CMEHHO paBeH u4uCry JMHUM BekTopa E,nepecekaloupx oty

NMOBEPXHOCTb, TO, €CfM BMECTO cpepbl B3ATb fMHOOYI0 APYryt0 3aMKHYTYHO MOBEPXHOCTb,
MOTOK OCTaHeTCA TeM Xe, T.K. BCe IWMHWKW, npoxoasume depes3 cdepy, Npoxoaat u
yepea 9Ty MNOBEPXHOCTb. Takum obpas3om, ana obon 3aMKHYTOM MOBEPXHOCTW,
3aknovarwen B cebe ToueyHbIn 3apsaa q

@, =L
&€,
Ecrn BHYTPU 3aMKHyTO|Z NMOBEPXHOCTU HaXxoOATCA N TOoYeuHbIX 3apAanos, TO

COTMAacHO MPUHLMMY CYNeprosuLmm:
ecm q=Y.q;, 10 E=D E,
i i
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nosTomy @, :§End§ :f(ZEijd§:z§Eid§ ZZ %Z%Zqi :
s s S ' 0 01

T.K. Kaablii uHTerpan §Eid§ G
S €o

1
Teopema Naycca ana anekTpoctatyeckoro rors B Bakyyme: &g =—Zqi .
Eg i

[MoTOK BeKkTOpa HaMPsS>KEHHOCTWU JNEeKTPOCTaTUYECKOro Mnofd B Bakyyme 4epes
Mobylo  3aMKHYTYIO MOBEPXHOCTb MPSAMO MNporopuuoHarneH anrebpandeckon cymme
3apsaoB, OXBaTbiBAEMbIX 3TON MOBEPXHOCTLHO.

Cytb MmeTopa Naycca:

e OXBaTblBaTb Y4aCTOK, COAepXawyn 3apsabl, 3aMKHYTOW NMOBEPXHOCTbIO;
e BblpasuTb e Yepes Ty NOBEPXHOCTb;
e BbIpa3nTb CyMMapHbI 3apsg vyepes 1 WM o;
e npuvpaBHATbL P cymMMapHOMY 3apsaay, AeSfleHHOMY Ha €0;
® U3 MOJSIYYEHHOrO0 COOTHOLIEHMS Hawutu E.
NMone 6ecCKOHeYHON paBHOMEPHO 3apsXKEeHHOMN NNTOCKOCTHU.
[MoBepxHOCTHas MMOTHOCTb 3apsgda - uandeckas BervuuMHa, paBHas 3apsagy,
NPMXOOALWEMYCA Ha eavHWLy niowaan paBHOMEPHO 3apsKEHHOW MOBEPXHOCTMU.
a=ﬂ; [a]=1ﬂ2; q=0-S.
S M
Ecrm noBepxHOCTb 3apsieHa HepaBHOMEPHO,
o= d—q, g= IO‘dS )
dsS <
[Mone Takonm NOBEPXHOCTM opHopogHo.  OKpyxvm
3MieMeHT AS 3TOW MOBEPXHOCTM 3aMKHYTOM MOBEPXHOCTbLIO B

opme uwwHgpa (puc. 9). d., =0 - noTok r yepes

\

\o_a\
(b

E
GOKOBYIO MOBEPXHOCTb paBeH Hymo, TK. fwHm £ He
E, nepecekaorT ee.
1
—— @ [ :
- 80 Zq (DE :CDE()L'H = ZEAS
0 : 1 o
D g, = oAS; 2EAS =—0AS = E=—.
Puc.9 & 2¢,
g . Mone 2-x ©GeCKOHEYHbIX pPa3HOMMEHHO
« > 3apsKeHHbIX nnockocten (puc. 10).
B »le——-=-==-- . - = - - —
. CE E—E:+Es, Elz‘Ez,
—_————————— === =
E. (o2 (e
E=2E =2-—=—.
28, &
E MonydeHHbIN  pesyrnbTaT  crnpaBegmB  OSid
MIIOCKOCTEN KOHEYHbIX pa3MepoB, PACCTOSIHME MeXay
5 > KOTOPbIMM Mario Mo CpaBHEHWIO C WX pasMepamu
(koHOeHcaTop).
Puc. 10
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None 6eckoHeYHOro paBHOMEPHO 3apshKEHHOro
uumnuHapa (puc. 11).

0
—_—>

y v

JIlnHenHasa NNOTHOCTb 3apsaa - pusmyeckasl BermymHa,

s

Y/ACIMEHHO paBHas 3apsdy, NPUXoAsWEeMYCs Ha  eauHuLy

(=

N~
r AJMHbI PaBHOMEPHO 3apPSXKEHHOWN HUTW.
Puc. 11
r=ﬂ, [r]—ﬁ, g=rl
| M

Ecrm HuTL 3apsxeHa HepaBHOMEpPHO,

dg 1
=— q=| zdl; = :
T ,IT P gozq

Q. =D, +D,, =0+E2al; D g =7l

6ok

Eoarl=t7] = E=_ % .
& 2rre,

NMone paBHOMepHO 3apsixkeHHOM cepbl paguyca R (puc. 12).

—

@ =E4rr?, > q =c4zR’?

' E 47r? =ia47zR2 = E_"R
l ’

Puc. 12
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Nlekuma 15. NMNoTeHUuMan aneKkTpocTaTM4ecKoro nons.
OnaneKkTpukn B aNeKTpocTaTU4eCKOM rnore.

15.1 PaboTa npu nepemeLleHnn 3apsga B
anekTpoctatMyeckom none. NMNoteHuman. PasHocTtb
noTeHUUanoBs.

B mobon Touke nosis, cos3gaBaemMoro HenoaBwkHbIM 3apsgom q0, Ha 3apsag g
JencTeyeTt cura
_ 4904
 4negy”
Ecrm 3apag q nepemewgeTcss U3 TOYKM 1 B TOYUKY 2,
TO 3Ta cura cosepuaeT pabory.
Pabota npwv 3fieMeHTapHOM nepemeLLeH1mn

dl BblpaxkaeTca popmyrion
dA = (F df) = Fdlcosa = Fdr, rge dr -  npoekuus

dl Ha HanpaBneHve cwurnbl F, T.e. npupaleHue paguyc-
BEKTOp T .
PabGoTa npu nepemelleHnm 13 ToYkM 1 B TOUKY 2:

94, _ 49 {9 _ 4 (_1)
dree,r’ dmee, ) 1t dmeg, \ v

_M(l 1)
W Ameg,\r 1)

M3 nonydeHHOro Bbipa)eHus criegyeT, Yto paboTa B anekTpocTaTU4eCcKOM rMore
He 3aBUCUT OT TPaeKTOpuM MepeMeLleHs 3apsiga, a onpegenseTtcsa  TOoNbKo
NONIoXXEeHUAMU HavanbHon 1 " KOHEeYHON 2 TOYEK. CnepoBaTternbHo,
arieKTpocTaTuyeckoe mnosie ABndeTCa MoTeHuuarnbHbIM, a 3rekTpocTaTudeckme Cuibl -
KOHCEpBaTUBHBIMW.

Teno, Haxogsileeca B MOTeHUManbHOM Morfe cun (a anekTpoctaTtuyeckoe mnorse
ABMSETCA NOTeHUMarnbHbIM), obriagaeT noTeHUManbHOM 3HEeprven, 3a cyeT KOTOpOou
cunamu  nons coBepuwaeTcs  paborta. Kak  M3BECTHO M3  MexaHuky, paboTta
KOHCEpBaTUBHbIX CWUIM COBEPLUAETCS 3a CYeT YObIM noTeHuuanbHon aHeprun. Moatomy
paboTy MOXHO nMPenCcTaBUTb KaK pPasHOCTb MOTEHUMarbHbIX 3HEPrur, KOTOpbIMU
obriagaeT 3apsaa q B HayaneHow (1) 1 KOHeYHoM (2) Toykax:

4, = TdA = rszdr =

n H

A, = 2 BDd__ 2 %4 =W, -W,,, oTKyga crneayeT, 4To MOTeHLUMarnbHas SHeprus
7&95‘0r1 7&990I’2

3apsiga g B nosie 3apsiga ¢, paBHa

W, =4 +C,
Areg ¥
KoTopasi, Kak U B MexaHuke, onpegenseTcs He OOHO3HAa4YHO, a C TOYHOCTbIO OO0
npousBonbHONM noctosHHon C. Ecrm cuutatb, 4TO Npu yganeHum 3apsga ( B
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BeckoHeuHoCTb (I —c0) MoTeHUManbHas 3Heprus obpaiwgetcs B Hyrmb (W, =0), To
C=0.
MNoTeHumnansHas aHeprua 3apsga g B nore 3apsga (, Ha PacCTOAHUM r OT Hero:
Wp — qu ’
Areg ¥
AnA OOQHOMMEHHBIX 3apsdos qd, >0, W, >0,
AN pa3HOMMEHHbIX 3apsiAoB qg, <0, W, <O0.

PasHble 3apsgbl g, Oyayr obragatb B OAHOW M TOW Xe TOYKEe MOSA pasfimyHowm

Wi y

O0HaKo OTHOLEHWe — B AaHHOW TOYKe AnA Bcex 3apaaoB byner
g

OOVHAKOBO W Ha3blBAETCS MOTEHUMANOM 3MIEKTPOCTATUYECKOrO MOMst B AAHHOM TOYKE:

p=r; [p]-2% g
q Kn

[MoTeHuman nons B [JaHHOW TOYKe - 9TO cKanspHas dusmdeckasd BenmMvvHa,
UUCMIEHHO paBHas  MOTEHUManbHOW  3HEeprun, KOTOpon obragaeT  eauHUYHbLIN
MOSOXMTENbHbLI 3aps B AAHHOM TOYKE MOSs.

1 B - 9TO noTeHuuan TOYKU MOSii, B KOTOPOW MOsioXuTenbHbln 3apsag B 1 Kn
obrnagaet noteHunansHon aHepruen 1 k.

lMoTeHuman - aHepreTMdeckasa xapakTepucTuka nosd. YCMOBHO MPUHATO CuYUTaTb
Gornee BbLICOKMM MOTEHUMAn TOW TOYKM MOfsdA, KoTopas Ormke K MOSioXUTENbHOMY
3apsay - UICTOYHMKY MOJs.

MoTeHuman B HEKOTOPOW TO4YKE MOfisl, CO3O0AaHHOrO0 CUCTEMOW 3apsanoB, paBeH
anrebpandecko CcymMme MOTEHUMAnoB MoOfien, CO34aHHbIX KaXabiM 3apsgoM B

SHeprven W,

OTAENMbHOCTY: ecrm 9o =24 % :Z(p,—_
MNMoTeHuman nona To4yeyHoro 3apsiga (, Ha PaccTosHMM r OT Hero (um cdepsbl
paguycoMm r C 3apsaaom g, ):

W_ 94 _ g
0 4dre,-q bdre

¢):

Tk (p:V—V:>W=q(p.
q

B Touke ¢ noTeHuuanom ¢13apsa q obragaeT NoTeHUMarnbHOW 3Hepruen

Wp1 =qo1,

B TOYKE C rnoTeHumanom @z2:

Wp2 =qo2.

PaboTty nepemelleHnss 3apsga u3 TOYKM C MOTEHUMArioM @1 B TOYKY C (2 MOXHO
npeacTaBUTb Kak M3AMEHEHMEe MOTEHUMaNbHON 3HEPrum:

A = Wp1 - Wp2 = qo1 - qo2= q(91-92),

A
o—p,=ANp=U= P Pa3HOCTb NOTEHUMAIOB (HaMpsKeHNe) MeXay TOYKaMM.
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PasHOCTb MOTEHUManoB Mexay OBYMS TOYKaMu JreKTpocTaTUYeckoro nons -
dmsmdeckas BenMuMHa, YMCIeHHO paBHas paboTe Mo nepemeLleHno Npo6HOro 3apsaaa
Mexay 3TUMK TOYKaMMu.

Ecrm 3apag w3 TOYkM C MoTeHuManoMm ¢ yganseTcs Ha GeckOHEeYHOCTb, rae
@, =0,

A

00

A, =qp, me @=—
q

Takum obpas3om, noTeHuMan Mons B [OaHHOM TOYKE YMCHEHHO paBeH paborTe,
COBepLLAaeMon curnammn nons Hag NpPoOHbIM 3apsaaoM Ana yoaneHus ero U3 AaHHOM
TOYKN HA BECKOHEYHOCTb.

1B - noTeHuuMan TakoW TOYKM MOSd, AN MNEepeMeLleHUS B KOTOpPYH U3
BGeckoHeYHOCTM NPOBHOro 3apsiga Heobxoaumo coBepwmTb paboTy 1 k.

15.2 CBA3b MexAay HanpsXeHHOCTbK U MOoTeHLMariom
3NeKTpPOoCTaTUYeCKOro nons.
AKBUNOTEeHUMaSIbHbIe MOBEPXHOCTU.

Kak n3BecTHO M3 MexaHuKkK, ecrim paboTa coBepLiaeTCa 3a CHeT NoTeHuMarnbHOn
aHeprvn, To oHa paeHa yoblm W, :

dA = —dw, 1)
— Onpegervm paboTy B TOM crydae, koraa nepemMelleHne
q//E' dl sapsipa g TaK Maro, 4YTO Ha BCEM €ro NpPOTSXKEHUN
¢ > cwly F MOXHO cuuMTaTb MOCTOSIHHOW MO BEefMYMHE W

S — N
&5/ E, dl HanpaBrieHVo

dA = (Fdl )= q(EdT ) = qE cos - Il = qE,dl, )

roe E, - npoekuuss E Ha Hanpasrienve di.

Tk. Wp =qo, dW, =qde. (3)
Moactasum (2), (3) B (1)
do
-
Takum 06pasom, npoekums E Ha NpoW3BOMbHOE HanpasrieHne | pasHa B3ATON C

gEdl = —-qdp = E, =

obpaTtHbIM 3HaKoM npousBogHOM ¢ no |, T.e. ckopocTu ybbiBaHMA noTeHumana BOOSb

HanpaBreHna [ .

B anekTpocTaTV4eckoM rorie BCeraa CylecTBYeT HanpaBlieHue, BOOMb KOTOPOro
CKOPOCTb M3MeHeHus1 noTeHumana Hauborbswas. Hanpuvmep, B nore ToudeuHoro 3apsaa
9TO paguansHoe HanpasneHue. OBO3HauMM ero 7i.

ml

105



YnpaBneHune AUCTaHUMOHHOIO 06yYeHUA 1 NOBbILWEHMA KBanupumKaumm

dusmka

I= —(;—(0 =—qrade

HanpsikeHHOCTb norst £ paBHa rpafveHTy rnoTeHuuana co 3HaKOM MUHYC.

3HaK MUHYC O3HayaeT, 4YTO BEKTOp £ HanpasBfeH B CTOPOHY YObiBaHUs
noTeHyuana.

[lna ogHopoaHoro nons:

A= (ﬁ) =gElcosa = gEd

A=¢(p -,
E — ¢l _¢2 — E.
d d
Halinem paboTy nepemellenust 3apsga q B HanpaBReHW, nepreHauKYmnspHOM

GEd =d(p, — ;). =

mHam £
dA = (Fdl') = gEdlcose = 0 (T.K. cos90° =0).
C ppyrou CTOpoHbl, dA =—dW, = —qdp,

E

T.e. qdp=0, dp=0 = ¢@=const.
Takvum 06pa3oM, U3MEHeHWe MnoTeHuuana B HanpaBlieHUM,
NepPneHaVKYnapHOM CWIOBbIM JIMHUSIM, PABHO Hymio, T.€. B
9TOM HanpaBfieHuM noTeHumMan He wusMmeHsieTca. B
3MIeKTPUHECKOM TOSie MOXHO MPOBECTUM MOBEPXHOCTb, BCE TOYKM KOTOPOW UMEKT
OAMHAKOBbIN NOTEHLMan.

Boobpaxaemas noBepXHOCTb, BCE TOYKN KOTOPOM UMEKT OOMHAKOBbLIM NOTEHUMan,
Ha3blBaE€TCA 3IKBUNOTEHUMNANILHOMN.

PaboTta nepemelLeHus 3apsga no 3KBUMOTEHUMANLHOW MOBEPXHOCTU paBHa Hyrto,
T.K. @1=@2.

OKBMNOTEHUMAlbHbIE NMOBEPXHOCTM BCerga

© MeprieHavKyrsipHbl  fmHMAM  E. WX yCrioBUrvMcb

npoBoAuUTb Takum o6pasom, 4TOObI A And ABYX
cocegHUx NnoBepxHoCTel Obina oanMHakoBa.

15.3 Ounonb B 3NeKTPUYECKOM norne.
Monspusauusa ANINeKTPUKOB.

ONeKTpn4eckuMm OunosieM HasbiBaeTCd cucTeMa [OBYX OLMHAKOBbIX MO BerMyuHe
Pa3HOMMEHHbIX TOYEYHbIX 3apsiJoB, pPacCTOAHME MeXay KOTOPbIMM  3HAYUTENBHO
MEHbLLE PaCCTOSHUA OO TeX TOYEK, B KOTOPbIX ONpeaensaeTcs nose Avnoss.

Mpsimas, npoxoasupsa vepes oba 3apsaa, HasbiBAeTCA OCbH OUMONS.
Bektop, coeguHaoupin 3apagbl M HanpasfieHHbIN OT OTpuuaTeNbHOro 3apaga K
MOSIOXUTENBHOMY, Ha3blBaeTCs Mre4YoM OMnosis.
[dvnonb XapakrepusyeTca 3NEKTPUYECKNM nnm

_%} _p! @ AUMNONbHBIM MOMEHTOM: f):qf, [f)]le/Z~M
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ONEKTPUYECKMA MOMEHT aunonsa (OMNOSibHbI MOMEHT) - 3TO BEKTOP, YMCIIEHHO

paBHbI NPOU3BELEHWMIO 3apsiga OMNOMA Ha €ero nredo M CoHanpaBfieHHbIA C NievYoM
AVnons.

B opgHopogHOM amekTpuyeckom nofie  Ounonb

> OyoeT noBopadvMBaTbCA M pacnoniaratbCs  BOOSb

/O F cwioBbIX fHWA. Curbl, gencTteytoupe Ha oba 3apsaa,

[ <—@/ paBHbl W NPOTMBOMOJSIOXHO HaMnpaBrfeHbl, Takas napa

CUN MMWb BpawgeT aunosib.

F, =qE,F, =qE,

F=F,.

B HeogHopoaHOM rnosfie curbl UMEIT PasHyto
BESIMYMHY, MO3TOMY Aunofib OygeT He TOoMbKo
BpawATbCs, HO U BTArMBaTbca B obriactb Gornee
CWIbHOrO norsis.

E,>E,,

F. =qE, F,=gE,,

F>F,.

OuanekTtpukamn (13on9TOpamMu) HasbiBalOTCA BeWecTBa, He CrnocobHble
NPOBOAUTb ANEKTPUYECKUA TOK. [MANEeKTpUkn He umetloT cBobOoAHbIX 3apsaaoB. 3apsaabl,
BXOAsLLME B COCTaB MOJEKYS OUAMeKTprKa, Ha3biBaloTCA CBA3aHHbIMW. [loa aencteuem
Nonst OHW MOTYT HEMHOIO CMELATbLCHA W3 CBOWUX MOSIOXKEHUA PaBHOBECUS, HO MOKMHYTb
MOJIEKYSly HE MOTYT.

MorneKkynbl OUaneKkTpyKa 9neKTpU4eckn HeuTparbHbl, T.K. COAepXaT paBHoe
4YUCMO MOSIOXUTESbHBIX U OTpULATENbHbIX 3apAaoB.

[AvaneKkTpuk HasbiBaeTCA HEMOSSIPHbIM, €CIM  3NEeKTPOHbl aTOMOB B €ro
MOJIeKyriax pacrosioXXeHbl CUMMETPUYHO oTHocuTernbHo saep (Hz, Oz, CC1a4). Mpu atom
LUEHTPbI TSXECTU MOSIOXUTESbHBIX 1 OTpyUaTerbHbIX 3apaoB COBMagatoT B OTCYTCTBUE
BHeLLHero anektpudeckoro nond (1=0) n QunonbHbIA MOMEHT MOJSIEKYSbl PaBEH Hyrio.

[AvanekTpuk  HasblBaeTcs  MOMAPHbIM, €CriM  SMEeKTPOHbl  pacnonaratTcs
HECUMMETPUYHO OTHOCUTESNBbHO SA4ep aToMoB, cocTaBrstoupx mornekyny (H20, HCA1,
NH3). B Takux Morekyrnax UeHTpbl TSXeCTU MOSIOXUTENMbHBIX W oTpuuaTesibHbIX
3apsgoB He COBMagaloT, HaXo4sACb, MPAKTMYECKW, Ha MOCTOSIHHOM pacCTosiHum 1 apyr
OT apyra. Takve Mmorekyrnbl 06riagatoT NOCTOSAHHBIM AUNOSIbHBIM MOMEHTOM U MO CBOUM
SMNeKTPUYECKMM CBOWCTBaAM MOAOOHbLI XECTKUM OUNOSIAM.

[lencTBre BHELLHErO 3MEKTPUYECKOro MOMst Ha MOSIIPHY0 MOMEKyry CBOAUTCA B
OCHOBHOM K CTPEMSIEHMIO MOBEPHYTb MOJSEKyry Tak, 4ToObl ee AMNOSbHbI MOMEHT
OpuveHTVpoBarica BAOSMb Nossd. Ha BennumMHy p BHELWHee rorne npakTu4ecku He BrvseT.

B HenonspHom Mornekyrne nog OeUCTBMEM MonA  3fieKTpudeckue  3apsgpl
CMeLlRloTCa OpYyr OTHOCUTENbHO Apyra, MOrekyra npuobpeTtaeT AWMNOSbHbLIA MOMEHT,
BESIMYMHA KOTOPOro NponopuuoHasribHa HamnpsikeHHOCTU noss.

Takum obpas3om, B OTCYTCTBUM BHELLHErO MOMA AWMNOSbHbIE MOMEHTbI MOSEKYI
AvaneKkTpuka nmbo pasBHbl Hymo (y HEMOMAPHbIX), MO0 pacnpeneneHsl B NPOCTPaHCTBE
XaoTmdeckn (y MosspHbiX), TaKk 4YTO CYMMapHbIA OUNOSbHLIA MOMEHT AMANEKTpUKa
paBEH Hyrio.
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Moa [OelcTBMEM BHeLLHEro Monst BCIeACTBME OPUEHTALMM AMMOMbHLIX MOMEHTOB
MOFieKynl  AVONeKTPUK  MOMApu3yeTcsl,  pe3yrbTVPYIOLUMA  AVMOMbHbIA  MOMEHT
OVAINEKTPpUKa CTaHOBUTCA  OTIMHMHBIM  OT  HynA, Ha NOBEPXHOCTU AOUANEKTpUKa
NoABJIAIOTCA CBA3aHHbIE ANIEKTPUHECKME 3apAnbl.

Momsipusaunsi  OvariekTpyka O3HAYaeT, YTO  pe3yrbTUPYIOLMA  AUMOMbHblif
MOMEHT OUANEKTPUKa CTaHOBUTCA OTIIMHHBIM OT HYIA.

B kauectBe BEJIMYNHbI, XapaKTepVI3y}OLLBI7I CTeneHb norAapuaumm OUaneKTpuKa,
€CTeCTBEHHO B3ATb ,D,VIFIOJ'IbeIVI MOMEHT eauHULUbI obbema. Ecrm none nm OVANEeKTPUK
(MﬂM OHU 063) HEOOHOPOOHbLI, CTEeNneHb TnMnoJiipu3aumm B pPa3fmiMyHbIX TOYKaAX 6yﬂeT
pasnuyHa.

BeKTOPOM nonsapu3auummn (nonﬂpM30BaHHOCTbI-O) Ha3biBaeTcd OTHOLUeHVe
AnnoribHOro MOMeHTa Marsioro obbema AV OVAINEeKTpuKa K BeEJIMHMHE 3ITOro obbema

p_P 5] Kra_ Ki

AV

3 2
M M

Takum o6pa3oM, MONAPU3OBAHHOCTL OMpPedenseTcss AvnofbHbIM  MOMEHTOM
eQvHULbl 06beMa OManeKTpyKa.

Y  V30TPOMHbIX OMSNEeKTPUKOB  MobGoro  Tuna  nonsipysoBaHHOCTb  MPSIMO
NpornopLMoHarnbHa HanPsKEHHOCTU MOt B TOW e TOYKe:

—

P=yegE,
roe y - [OuarnekTpudeckas BOCTPUMMYMBOCTb — OMANEKTprKa, ©Oe3pasmepHas,

NOCTOSAHHAA AN OAHHOro AMSNeKTpuKa BerMvvHa.

Mo cnocoBbHOCTM CMewaTbCA OTHOCUTENBLHO MOSIOXKEHNS pPaBHOBECUS MOA4
OEVCTBMEM BHELLHEro 3MeKTPUYEeCKOoro nonst 3apsigbl YCIIOBHO AENAT Ha cBOOOAHbIE U
CBS13aHHbIE.

CBoGOAHbIMM Ha3bIBAKOT 3apsiabl, CNOCOOHbIE cBOOOAHO nNepemMelaTbCcs B Tene
nog [AevVCTBMEM  BHELLHEro 3reKTpuMyeckoro nonst  (BaneHTHble  3NeKTPOHbl B
NPOBOAHMKAX, 3MEKTPOHbI U AbIPKX B MOSYNPOBOAHMKAX).

CBA3aHHbIMM Ha3bIBAKOT 3apsibl, BXOAsAuye B COCTaB MOJEKYN AVANEKTPUKOB,
KOTOpble Mog OENCTBMEM BHELLHETO 3MEKTPMYECKOro MOt MOryT Jilb CMELATbCA U3
CBOETO MOJIOXEHMS] PaBHOBECUS!, HO MOKUHYTb MOJNEKYSly HE MOTYT.

[na ycTaHOBMEHUS  KONMHMECTBEHHbIX 3aKOHOMEPHOCTEWN

o O o _g norndA B OW3NEKTpMKe BHeceM B OJHOPOAHOE BHelHee
+ > - aneKkTpmyeckoe  norse E, nactmdy  u3  OAHOPOLHOro
A OVaneKTpuka; npu  3TOM  AVSNEKTPUK MONApuU3yeTcsl, BHYTPU
+ " - —
+|—! =i OV3rNeKTpUKa BO3HWKaET rnore CBA3aHHbIX 3apagosB E',

G - NOBEPXHOCTHAs MIOTHOCTb CBOBOAHLIX 3apsA0B,

G’ - MOBEPXHOCTHAs MMOTHOCTb CBSA3AHHLIX 3apA/I0B.
E = E, + E' — pesyrbTupyioLiee Mosie BHyTPU AMSIIEKTpUKa,
E=E,-FE

o o 1
E=—-—=—(c-0) 4)

€ & &

F
T.K. No onpegeneHnio ¢ = F" , a F=Eq,
0
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£= EEO q4_ %— nokasblBaeT, BO CKOMbKO pa3s nosie ocrabnserca B OUANEKTPUKE.
E
E-—0_ 9 (5)
& &,
Moactasum (5) B (4)
c o-o, ,
—=————>=S0=8 —&0/,
&, €o
ole—1)
o/=—— -CBA3b G' C G
£
o'e
o= (6)
e—1
Moactasum (6) B (5):
o o'e

=—=——"—"=0"=¢g(e-1)E -cBa3b o'CE.
eg, gle—De

MoxHo gokasatb, YTo P =o', &= y+1.

YcTtaHoBUM CBSI3b o' ¢ P.
MonHbIM  OUMNOSMbHBING  MOMEHT  MMACTUHKKA  OUANeKTpuKa

o’ —o' paBeH
] > p, =PV =Psd,
> S roe S - nnowaap rpaHu NractuHkY, d - ee TonwmHa.
/ C [Opyron CTOpPOHbI, NMAcTUHKY MOXHO paccmaTpuBaTb Kak
q -0 AUnonb, NOMHLIN AWMOMbHBIA MOMEHT KOTOPOro paBeH
> p=qd=0'Sd,

Takum obpasom, PSd =oSd = o' =P, rae S- nnowaab rpatu.

lMoBEpPXHOCTHAst MMOTHOCTb CBSA3aHHbIX 3apsgoOB  paBHa  MONSIPU30BAHHOCTM
avarnekTpuka P.

YcTaHoBMM CBS3b MeXay € U X:

Tk. P=ye,E, o' =¢,(6-1)E, P=0o', 10

reoE=6,(6e-D)E = y=¢-1 ¢e=y+1.

MomMMo oOcHOBHOrO Bektopa E B Teopun anektpudecTsa oOkasbiBaeTcs

—

HeobXOAMMO BBECTU e€le BEKTOp 3NeKTPU4EeCKom mHoykumm D (urm BekTop
CMeLLeHUs).

McTounnkom BekTopa E cryxat cBoBoaHbIe 1 CBA3aHHbIE 3apsiabl.

NcToyHnkom BekTopa D crnyxaT TorbkKo cBOBOAHbIE 3apsibl.
Kak cBszaHbl Mexay cobor B OAHOPOOHOM AMANEKTPUKE 3TW BEKTopa?

Bektop E npeactaBrsieT none cBOBGOAHLIX M CBSA3aHHbIX 3apsioB, BEKTOP D -
TONMbKO Mnorne cBo6OoAHbIX 3apsaoB. 3BecTHO, YTO CBSA3aHHble 3apsiibl BO3HWKAOT M3-
3a norspusauum OuenekTpuka rnorem cBoOOoAHbIX 3apsiaoB. Mone cBs3aHHbIX 3apsifoB
napasrrienbHo Moo  CBOOOAHLIX, HamMpaBfieHO B MPOTMBOMOSIOXKHYIO CTOPOHY W

NPOMOpLMOHaNbHO emMy, noaToMy Bektop E u D B OOHOPOOHOM M W3OTPOMHOM
AVANEKTpUKe [OJSDKHbI ObiTb NaparmenbHbl M NPONOpLMOHanbHbI - APYr APYrY.
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lMockornbky B OOHOPOOHOW cpele C OUANEKTPUYEeCKOW MPOHMLAEMOCTbHO & Morse

cBoboaHbIX 3apsigoB D ocriabnsieTca cpenon B € pas, MOXHO 3anucaTb

- 1 D
E=——,
g, &
1
roe — - KoadpduumeHT nponopumnoHansHocTn B CUL.

0

—

Takum o6pasom, D = &, k.

K
[D]:lM—Z.

Bektopbl E M D B M30TPOMHOM [MANEKTPUKE MaparrefibHbl, HO YWUCMEHHO He
COBMaJaloT, T.e. MMOTHOCTb JIMHWIA pa3Hasi.
BekTop anekTpuyeckon vHOykuMM D paBeH Mpou3BeOEeHU0 CKarsipHOM BenMHMHbI

%0 Ha BeKTOp AMEKTPUHECKON HAMPSHKEHHOCTM.

YcTaHoBUM cBSI3b Mexay E,D,m

- XapakTepusyeT nosie cBOOOAHbIX 3apsa0B;
— XapaKTepuayeT Mnore CBSA3aHHbIX 3apsiaoB;

~N SO

" _xapaktepusyeT nore CBOBOMHbLIX N CBSA3AHHbIX 3apsf0B.

= g6, E = (x +1)E = gxE + §E = P+ gE

D=P+gE

ol
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Jlekumsa 16. NMpoBOOAHUKN B IMEKTPUYECKOM Mnone.

AneKTpoeMKOCTb NPOBOAHUKOB U KOHAEHCATOPOB.

PacnpepeneHne  3apsgoB  Ha  npoBogHuke.  [1poBOAHMK  BO  BHELHEM
3MNEKTPUYECKOM MOse.

Moa croBoM «MNpPOBOAHMK» B (OU3MKE MOHMMAaeTCs npoBofswee Tesro JobblxX
pasvepoB U opMbl, coaepxalwee cBoOOAHble 3apsabl (SNEKTPOHbI UM MOHBI). [na
onpefeneHHocTM B AanbHenwem 6ygem paccmaTtpuBaTb MeTasvbl.

Ecrm npoBoaHuky coobuptb HekoTopbln 3apsag g (puc. 1), TO OH pacnpegernmrcs
Tak, 4TOoObl cobrioganock ycrioBue paBHoBecus (T.K. OOHOUMEHHble  3apsabl
OTTarKMBalTCS, OHX pacnoriaralTcsl Ha NOBEPXHOCTN MPOBOAHUKA).

1.Ecrm 3apsabl NPOBOAHMKA HaxoasTca B
paBHOBECUW, TO paBHOOENCTBYOLAS BCEX  cun,
OENCTBYIOLLMX Ha KaxdblW 3apsif, paBHa Hymio,

F=YFE=o, E-F_o

q

T.e. B 060 TOouKe BHYTpW npoBogHvka E=0.

2.Tk. E=—3—§=0:>¢=const, BO BCeX To4Kax
BHYTPU NPOBOAHMUKA MOTEHLMAs MOCTOSIHEH.

3.lNockornbKky Mpu paBHOBeECUMM 3apsifibl He OBWXKYTCS Puc. 1
Mo MOBEPXHOCTU MPOBOAHMKA, TO pabota no umx
NepeEMELLEHMIO paBHa Hyro:

A= q[((pl _¢2) = O’ D —Q, = O, D=0, = const ,
T.€. NOBEPXHOCTb NPOBOAHUKA ABJIAETCA 3KBV||‘|OTeHL|,V|aanO|7|.

4. T.K. MHUN BEKTOpa E nepneHankyndApHbl 3KBUMNOTEHUMalIbHbIM MNOBEPXHOCTAM,
MHm E nepneHaukyrndApHbol noBepxXHOCTU MPOBOAHMKA.

5.CornacHo Teopeme [Maycca D, = if E,dS =&.
50
Ecrm S - noBepxHOCTb 3apsiKEHHOro NPOBOAHMKA, TO BHYTpU Hee E=0,
D, =&=0:>Zqi =0,
80

T.e. 3apAdbl pacnoriaraloTcs Ha NOBEPXHOCTU MPOBOAHUKA.
6. BblacHuMM, Kak cBsizdaHa MNOBEPXHOCTHas [MMIOTHOCTb 3apsja C  KPUBU3HOW
NMOBEPXHOCTMU.

O
[nsa 3apsikeHHon cdepsbl (puc. 2)
. - 47R?
o= q :GS:JﬂR:oR:oR:(%O(D,
dree R 4nee R 4mee R &,
Puc. 2 & ,¢ = const,oR = const,o ~ %
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MroTHOCTL 3apsfoB onpefersaeTcs KPUBM3HOW MOBEPXHOCTM MPOBOAHMKA: pacTeT
C yBeImyeHeMm MOSIOXUTENBHON KPVBU3HbI
(BbINykrocTn) (puc.3) n ybbiBaeT C yBerMyeHuem g R>r
oTpuuaTensHON KpuBU3HbI  (BOrHytocTn). OcobeHHO g2
Bermka oHa ocTtpue. [lpn 9TOM wumeroLmecd B
BO3QyXe B HebOMbLIOM KONMYecTBe MWOHbl 06omX
3HAKOB M 3MEKTPOHbI PasroHsTCa BOMM3M ocTpus
CWIbHbIM rofieM W yaapssice 006 artombl  rasa,
noHuampyroT mx. Cosgaetca obracTb MPOCTPAHCTBEHHOrO 3apsga, OTKyda WMOHbI TOro
Xe 3Haka, 4To M OCTpue, BbITarkmBaloTCsa rnorieM, yBrekas 3a cobown aTombl rasa. [oTok
aTOMOB M VWOHOB, HamnpaBsfieHHbIN OT OCTPWUSA, CO3daeT BrevatrieHMe «CTeKaHus
3apagoB». [lpu 3TOM OCTpye paspexaetrcd nornajaloluyMnu Ha Hero MoHamMu
NMPOTUBOMOSIOXHONO 3Haka. BosHukarolwee npu 3TOM OWYTUMOE [BWKEeHWe rasa Yy
OCTPUS Ha3bIBAKOT «INEKTPUHECKMM BETPOMY.

MpoBOAHMK BO BHELLHEM 3fiEKTPUYECKOM mnose (puc. 4).

_ E=E0+E', ‘Eo

o, <0,

Puc. 3

-[E} E-E-E'-0.

Eo
_ . ¢ Mpn BHECEHMM He3apsXKEHHOrO MNPOBOAHMKA B
- [
E T aneKkTpuyeckoe none ero 3NEKTPOHDI
¢ = (cBOGOAHbIE 3apsiabl) NPUXOOAT B ABWKEHWE, Ha
NMOBEpPXHOCTU NpoOBOAHMKA NnosIBNsItOTCA
Puc. 4 Puc. 5
NMHOYUMPOBAHHbIE 3apsagbl, none BHYTPU

NPOBOAHMKA pPaBHO Hymno (puc. 4). OTO UCMOSMb3YIOT ANA 3MEKTPOCTaTUHECKON 3aLyThI,
T.e. 3KpaHUPOBKM 3MeKTpo- UM  paguonpubopoB (M YeroBeka) OT  BIMSIHUSA
anekTpocTtatudeckux nonen. [Npubop OKpyxalT NPOBOAALMM 3KPaHOM (CMfOLLHbIM
wm B Buae cetkun) (puc. 5). BHelwHee norne KOMMEHCUpPYeTCs BHYTPU 3KpaHa norem
BO3HUKAIOLLMX Ha €ro NoBEepPXHOCTU WMHAYLIMPOBAHHbLIX 3apsiaoB.

16.2 ANeKTpoeMKOCTb YyeANHEHHOro NpoBoAHMKA.
ANeKTPOeMKOCTb Liapa.

Ecrm 3apag Ha NpoOBOOHMKE YBENMYUTL B HECKOSIbKO pas, MoTeHuman B Kaxaowm
TOYKE MNOJSIA, OKPYXKaloLEero rnpoOBOAHUK, BO3pacCTeT:
p~q p==q c=3 []-X_q¢
C 1) B
ONEKTPOEMKOCTb  MPOBOAHWKA YUCIEHHO paBHa 3apsifly, KOTOPbIN  HYXXHO
COOBUWWTL MPOBOAHMKY OJS11 UBMEHEHWUSI €ro noTeHumMana Ha eavHuuy.
1 ® - eMKOCTb NpPOBOAHWMKA, KOTOPOMY HyXHO coobumtb 3apsag 1 Kn ana
M3MeHeHuss noTeHuyuana Ha 1 B.
EMKOCTb NpOBOAHMKA HE 3aBUCUT OT MeTasuia, U3 KOTOPOro OH M3roTOBIIEH.
EMKOCTb 3aBUCUT OT pasmepoB U PpOpMbl NMPOBOLHMKA, OKpYXaloLen cpedbl U
Harmuma BOM3M OpyrMx NPOBOAHWKOB. B AManekTpuke €MKOCTb YBENMYMBAETCH B €
pas.
Bbluncrmm emMKkocTb Lwapa paguycom R:

c q q C=q-47r5£0R

= , =4ree R
Q v Aree R q ’
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16.3 KoHaeHcaTopbl U UX 3NIEKTPOEMKOCTb.
NocnepoBatenbHoOe M NnapannenbHoe coeAuHeHne
KOHOEeHCaTOpOB.

EMKOCTb yeauHeHHbIX MPOBOAHWKOB HEBerMKa, HO OHa pes3ko Bo3pacTaeT npwu
HamM4YMM  psSaoM  OpYrux NPOBOAHWMKOB, T.K. MOTEHUMan YMeHblaeTcsa 3a cuyeT
NPOTUBOMOSIOXKHO HaMpPaBSiEHHOIO MOSA MHOYLMPOBAHHBIX 3apsaoB.

Ecrm Kk npoBoAHMKY € 3apaaoMm q, moTeHuuanoMm ¢, M emkoctbio C, (puc. 6, a)
MOAHECTM HE3apsKEHHbIW MPoOBOAHUK (puc. 6, 6), TO Ha MNOBEPXHOCTU BTOPOro
NPOBOAHMKA MOSBATCH WMHAOYLUMPOBAHHbIE 3apsbl (3@ CYET CMeLleHUst ero CBOOOAHbIX
3apsigoB B Morie NepBOro npoBoAHUKa). OTU MHOYLMPOBaHHble 3apsabl CO34adyT Ha
NnoBepxHoCTM mnposoAHuka 1 cBoW noteHuuan ¢,, NpU 3TOM @ =@ —@,. [1oCKOrMbKY
3aps4 ( He wu3MeHsieTcd, a noTeHuMan YyMeHbLIaeTcsl, €MKOCTb NpoBoAHMKa 1

yBENMYMBaEeTCs.
a) C,
c, =3,
& %1
6) C, Q=@ —@,, (=const, CZ:L,
o (27!
C,>C,.
OT0 06CTOATENBCTBO MO3BO/MMO CO3A4aTb YCTPOMCTBA -
1 2 KOHOEHCATOpbl, KOTOpble CMOCOOHbI Npu  HEBOMbLIMX
Puc. 6 OTHOCUTESbHO OKPY>KatoLLyIX Ten noTeHumanax

HakanrmBaTb Ha cebe («KOHOeHcupoBaTb») 3ameTHble Mo
BENMYMHEe 3apsgbl.
KoHnpeHcaTop - cuctema u3 OBYX NPOBOOHUKOB, pasfderfieHHbIX AVSNEKTPUKOM,
PacnoOsioXXeHHbIX Ha HebOMbLLIOM pacCTOsiHUM ApYr OT Apyra.
[Mlore cocpedoToOYEeHHO B NPOCTPAHCTBE Mexay MNpPOBOAHUKaMK, KOTOpble
Ha3blBalOTCA ObKNagkammn KoHgeHcaTopa.
KoHoeHcaTopbl pasnmyatoTes:
1. Mo dopme: nrockue, uwmHOpudeckue, cdepundeckue U T.4.;
2.Mo pogy QAvernekTpuyka Mexgy obkrnagkamu:  BO3AywHble, OBymaxHble,
crniogsHble, Kepamuyeckue;
3. lNo BMay eMKOCTW: NOCTOSAHHOW (pucC. 7, a) 1 nepemeHHon (puc. 7, 6) eMKocTw.
EMKOCTbL KOHAEHcaTopa YMCIEHHO paBHa 3apsgy, KOTOpbIn

a) 6) y
4~ .7 _/H/_' HYKHO COOBUWMTL OOHOM U3 OBKMagoK, 4Tobbl pasHOCTb
MOTEHLMANOB MEeXdy HAMU V3MEHUTb Ha eauHULY.
Puc. 7
c=—4 -9
¢»—p, U
OHa 3aBUCUT OT pasMepoB U POpPMbl OBKIa[OK, PACCTOSHWA W OUAMEKTpUKa

mMexay HUMU U He 3aBUCUT OT X MaTepuana.
EmMKocTb nnockoro KOHAOeHcaTopa:
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c=9 goos, UzE-d=Td c=T3%_ &S5 o 5 . nnoupme
U &, o-d d

00kragok, d - paccTtosiHne mexay HUMMW.
EmMKocTb peanbHOro KoHAeHcaTopa onpegensetcsa 3Toh opmyrion Tem
TOYHEe, YeM MeHblle d MO CPaBHEHWMIO C JIMHEWHBIMU pa3mepamMu 0OKaaok.
MapannensHoe coeanHeHue KOHAEHCaTOpPoOB (puc. 8).
@, —p, =U = const,

Gy % q
(0_1‘ + _ '22 C = U = q = CU f
C,| 19, d,; =0, + 0, — MO 3aKOHY CoXpaHeHus1 3apsaa,
+ 1 C,U=CU+CU, = C,=C+C, C,=>C,.
Puc. 8 Ecrm C, =C,=..=C, C,,=CN.

MocrepoBaTensHoe coeauvHeHWe KoHaeHcaTopoB (puc. 9).

q = const
Gl 19 Cowqi c-9 Uzﬂ,
ol - +b - U c
U, 2 U,; =U, +U,,
Puc.9 4 e, 1 1,1 1 1
Co6 Cl CZ , C06 Cl C2 ’ 06 Ci .
Ecrm C, =C,=..=C, C, :%.

16.4 QHeprua aNeKTpocTaTM4ecKoro noss.

A. DHeprus 3apsHKeHHOro NPoBOAHMKA.

Ecrm vmeeTcs 3apsikeHHbI NMPOBOAHUK, TO ero 3apsg (PakTU4ecKu «crienneH»
M3 OOHOMMEHHbIX 3JNEeMEHTapHbIX 3apsidoB, T.e. 3apsbkeHHbl NPOBOAHWK oObragaet
NOSIOXUTENBHOM  MOTEHUMANbHOM 3JHEeprMen B3auUMOLEWCTBUSA 3TUX  3fieMEeHTapHbIX
3apsagoB. Npu coobweHnn 3ToMy MPOBOAHMKY OLHOMMEHHOro ¢ HUM 3apsaga dq (puc.
10), 6yoeT coBeplleHa oTpuuaTenbHas paboTta dA, Ha BeENMUYMHY KOTOPOW BO3pacTeT
noTeHUmManbHas aHeprus npoBOLHMKA:

dA=dq(e, —¢,)=da(0—¢,)=-dq-¢, =—dq- ¢,

? 2 1 @, =@, =0 [A€ ¢ -rNoTeHUMan Ha NoBepXHOCTM MPOBOAHMKA.
q dq dwW =—-dA=dqge.

Puc. 10
Mpn coobLeHn HesapskeHHOMY MPOBOAHUKY 3apsga g ero noTeHumanbHas

3Heprmna ctaHeT paBHOI‘/'I
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q q 1q 2 C 2
B ) L R e 2
!  C Cs 2C 2 2
T.K. C=g - (p=ﬂ, q=Ceop.
1) C

B. QHeprus 3apskeHHOro KoHgeHcaTopa.

MonHasa 3Heprva 3apsiKeHHOro KOHAEeHcaTopa paBHa ToW paboTe, KOTOPYK Hado
coBepuwmTb Ana ero 3apsigkn. byoem sapsikaTb koHOEHcaTop, NEPEHOCs 3apsiKEHHbIe
YacTuubl C OOHOM NfacTuHbl Ha Apyrylo. [lycTb B pesyrnbTaTte Takoro nepeHoca K
KaKkoMy-TO MOMEHTY BPEMEHU NracTuHbl Npvobpernn 3apsaa g, a pasHOCTb NOTEeHUManoB
MeXay HUMW cTarna paBHOM

o, —@, =U, c=4 5 u=1
U C
[ns nepeHoca oyepeaHon nopumm 3apsaga dq Heobxoammo coBepumTb paboTy

dA=da(p, ~p,)=dg-U =dg- .

CregoBaternbHO, NorHasi SHeprusl, 3aTpadveHHasl Ha 3apsaKy KoHgeHcaTopa
ot 0 goq

A__quq_gc

2

Bcsa a1a paboTa nouria Ha yBermyeHue noTeHUMansHOW 3HepPrum:
_g° _cu® qu
"“ocT 2 2
Ob61bLemMHas NNOTHOCTb QHEePrnmn INeKTpocTaTnyecKoro noss.

Bbipasyum SHepruio  3MeKTPUYECKOrO MOJSi  MMOCKOrO  KOHAeHcaTopa Jepes
BEMMYMHbI, XapaKTepusyloLme 3reKTpuieckoe nore:

Cu’ &,S u

1)

W= ; C= ; E=—->U=E-d,
2 d d
242 2 2
W _ &,k d _ &,k Sd _ &,k v, @)
2d 2 2

rae V=S d - obbem, 3aHMMaeMblin NoneM.

MonyyeHHoe BbipaxeHue (2) cnpaBegyMBO ANA KOHAEHcCATOpoB fobon (hopMmbl.
dopmyria (1) cBA3bIBaeT 3HEPruM0 KOHOEHcaTopa C 3apsaoM Ha ero obkragkax,
dopmyrna (2) - ¢ HaNPSXKEHHOCTbLIO NMosis. [Ae e fiokarmsoBaHa 3Heprus, YTo sBdeTcs
HocuTenemMm 9SHeprum - 3apsagbl M none? OTBeT BbiTEKaeT M3 CyLWECTBOBaHUA
9NEKTPOMArHUTHbIX BOJSH, PacnpOCTPaHSAIOWMXCS B MPOCTPaHCTBE OT nepedartyvka K
MPUEMHUMKY W MepeHocAaumMx  dHepruwo.  Bo3MOXHOCTb  Takoro  nepeHoca
CBMOETENbLCTBYET O TOM, YTO SHEPrus fiokanmMsoBaHa B MoSie U NepeHoCUTCH BMeCTe C
HUM. B npegenax anekTpocTaTtvkm 6eCccMbICrieHHO pasaenaTb 3Hepruo 3apsga v nond,
MOCKOSbKY MOCTOSIHHbIE BO BPEMEHM MNofd M obycriaBrmBatouye vx 3apsigbl HE MOryT
cywecteoBaTtb 060cob6rieHHO Apyr OT gpyra.

Ecrm none ogHopoaHO (MSIOCKMA KOHOEHCATop), 3akfoYeHHasi B HeM 3JHeprus
pacnpegenaeTcs B MPOCTPAHCTBE C NMOCTOAHHON MNSIOTHOCTBLIO.

115



YnpaBneHune AUCTaHUMOHHOIO 06yYeHUA 1 NOBbILWEHMA KBanupumKaumm

dusmka

e,E’ egE-E D-E D’
2 2 2 2

w
w= 7 — 00beMHasi NNOTHOCTb HEpPIrmn.
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Nekumna 17. MNOCTOAHHbLIN INEKTPUYECKUN TOK.

17.1Cuna v NNOTHOCTbL TOKa.
AneKTpoaBMXKYLLAA CuUNa U HanpsikeHue.

OneKkTpoauHamuKa - OCHOBHOW pasgen ydeHuss ob anekTpudectBe, B KOTOPOM
paccMmaTpMBalOTCA SBMEHUS M MPOLECCHl, CBA3aHHbIE C ABWKEHVWEM 3MIEKTPUHECKMX
3aps00B UM MaKPOCKOMUYECKUX 3apsiXKEHHbIX Ter.

BaxHenwmm MNOHATUEM SNEKTPOOUHAMUKN SIBISIETCHA MOHATUE JNEKTPUYECKOro
TOKa.

ONEKTPUYECKMM TOKOM HasblBaeTCs YNopsiAoYeHHOEe ABWKEHWe 3reKTpUdecKux
3apsaos.

TOK MOXET Teub B rasax, XuUOKOCTSX U TBepAblX Tenax.

[na BO3HVKHOBEHMS U1 CyECTBOBAHMSI TOKa HeobXoaMMO BbINOSHEHWE 2-X
YCIOBUIA:

1. Harmume B paHHoOM cpede  CcBOOOAOHBLIX  HOcUTENeW TOKa, CrnoCOBHbIX
nepemMewaTbCa B npefernax BCeW cpeabl (HOCUTENAMU TOKa ABMSAKOTCA: B MeTasriax u
NOSyNPOBOAHUKAX — 3MIEKTPOHbI; B AMEKTPONMTax - MOHbl 0OOMX 3HAKOB; B rasax - MOHbI
060uX 3HAKOB W 3NEKTPOHbI);

2. CywecTtBoBaHMe B aHHOW cpefe 3feKTpu4ecKoro noss.

3a HanpaBrieHWe TOKa  YCMOBHO  MPUHUMAKOT  HanpaBlieHWe  [ABWKEHUS
MOSIOXUTENBbHBLIX 3apsaoB.

B oTCcyrcTBMM  QnEeKTpMYEecKoro Mofd BCE HOCUTENM TOKa COBepLLatoT
XaoTnyeckoe TenroBOe [ABWKEHWE, CKOPOCTb KOTOPOro 3aBUCUT OT MacCbl 4YacTul U

TemnepaTtypsl, npu t° ~20°C o, . ~10°-10°, v, . ~10°-10°m/c.
drekTpuyeckoe nosie CoobLAET HOCUTENAM TOKA AOMOSHATENbHYIO CKOPOCTb
YNOPSAOYEHHOTO  ABWKEHUS <o >~10"-10"m/c. [pu BKIOYEHMW MONA  Ha
Xa0TMYECKOEe [BWKEHME HaKMadblBAeTCH YNOPSAOYEHHOE [BWKEHME CO CKOPOCTbIO
<v>. Tak, B MeTamiax, ofeKTpoHbl MPOBOAMMOCTY, He MpeKpawas CBOEro

XaOTU4EeCKOro paBwxeHuda, MearieHHO «CHOCATCA» norfieM BAOOJIb NPOBOAHMKA CO
CKOpPOCTbO <v >, T.€e. OOBOJIbHO MEAJIEHHO. OpHako aTa CKOPOCTb < v > HE UMeeT

HMKAKOro OTHOLLEHMSI K CKOPOCTM pachpOCTpaHeHus Toka BOOMb npoBoaHuka. [lpu
3aMblKaHUM  3IEKTPUYECKOW Uenn BO3HUKAeT HarnpaBrfieHHbI COBWUI  3MEKTPOHOB,
KOTOPbIM BbI3blBAET 3MEKTPOMArHUTHYIO BOJSHY, PachpOCTPaHsSoLWLYOCS BOOMb BCeEN
uenn. CKOpOCTb 3TOW BOSHblI U SABAETCA CKOPOCTbIO pPacrnpoCTpaHeHuss Toka BOOSb
NPOBOAHMKA.

KonmyecTBEHHON XapaKTepuCTVKOW TOKa SBMSETCA Cula Toka - cKanspHas
dusmdeckaa BenMuMHa, paBHasi OTHOLEHWIO 3apsga  dg, npoxoasdwero 4yepes
NnonepeyHoe CeyeHre NPOBOAHMKA 3a Marsbli MPOMEXyTok BpemMenu dt, K BermdmHe
3TOro NpomMexyTKa:

dq
Codt’
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Becb 3apsag, npowenumii 3a BpeMsl t Yepes nonepeyHoe ceyeHvie NPOBOAHMKA,
MOXHO OMnpeaeruTb, B3sB MHTerpart:

q= j]dt.
0

Tok, curma un HanpaBJieHMeE KOTOPOro He M3IMEeHAKTCA CO BpeMeEHEM, Ha3biBa€TCA
NMOCTOSAHHBIM. [15151 NOCTOSAHHOrO TOKa

T.e. cwla MOCTOSHHOIO TOKa YUCIIEHHO paBHa 3apsay, npoxoasuwemy yepes
nonepeyHoe ceyveHvie MPOBOAHMKA 3a eAVHULY BpemeHu. B aTom cnyyae:

q=1t, [1]=1A

1A - cwra TnOCTOSHHOrO TOKa, TeKywero no [AByM OeCKOHEYHO ASMHHBLIM
napasnnesibHblM NPOBOLHMKAM, PacrosfioXeHHbIM B BakKyyMe Ha pacctosiHui 1 M gpyr oT
apyra 1 B3aumopeincTByloumMMm c curion 2-10'H Ha Kkaxgblh MeTp UX  OJMHbI.
Baaumopencteme npoBOOHMKOB OOYCIIOBMEHO MarHUTHbIMKU MOSIIMK, MOPOXAaEMbIMU
3TMMKN TOKaMW.

OneKkTpuiecknn TOK MoxeT OblTb pacnpeferneH no nonepeyHoMy CeveHUo
NPOBOAHMKA HepaBHOMepHO. PacnpefeneHve Toka onpegernisieTca nioTHOCTbIO TOKa:

dl ] A

das, Y
[MNOTHOCTL TOKA YMCIEHHO paBHA OTHOLWEHWIO curbl Toka dl CKBO3b Marsnbii

5.
M

3NEMEHT MOBEPXHOCTW, HOopMarbHbl (T.e. NEpPneHaUKYNsapHbIN) K HanpaBrieHWo
LBDKEHVSI 3apsi[0OB, K BenuduHe dS, nnowaay 3Toro aremMeHTa.

BekTop j coHanpaBneH C BEKTOPOM CpefdHel CKOPOCTM < v > YNopsiA0YEHHOro

ABVKEHUSA MOSNOXUTENbHbIX HOCUTENEWN.
3Has j B KaxOoW Touke MPOBOAHMKA, MOXHO HaiTu | Yepes noboe nonepeyHoe

ceYvyeHne npoBOaHMKA:
I =]jas, .
S

119 NOCTOSIHHOroO TOKa
1
S’

T.e. MMOTHOCTb MOCTOAHHOrO TOKa YMCMEHHO paBHa Cwure ToKa, MPOXOAsiLLEero
yepes3 eavHWLy nrowaaM MonepeyvyHoro CedYeHuss NPOBOAHMKA, NeprneHOUKYIsipHOro
HanpaBfeHMo ToKa.

I=jS,.

Bblpasaym curly M MMAOTHOCTb MOCTOSIHHOrO TOKa 4Yepe3 CPedHI CKOPOCTb
YNopsA40YEHHOrO OBWKEHUS 3apsaoB.
CornacHo onpegenexHuo

j:

=94

t 1)
3apsn, npoxoadummn 3a Bpems t yepes nonepeyvHoe ceyeHne MnpoBOHVKA, paBeH
g=eN, (2)
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roe e = 1,6-10'1°Kn — aneMeHTapHblli 3NeKTPUYECKUiA 3apsa,

N - yucro cBOBOAHBIX 3EKTPOHOB, Mpoledumx 3a Bpemsa t yepes nonepedHoe
CceyeHre NpPOBOAHVKA.

[Ona onpegenena N paccMOTpyM  MNPOBOAHMK  LUWIMHOPWYECKOW OpMbl  C
nrowaablo nonepeyvyHoro cedeHus S (puc. 1) M BblgESMM Ha HEM Y4acTOK OJMHOM
I=<u>t, T.e. | - 9TO NyTb, KOTOPbIA NPOXOAAT 3NEKTPOHbI 3a Bpems t, ABuUradcb nof

OEeVCTBMEM 3rneKkTpudeckoro noms ¢ <o >. Kak

o — BWOIHO W3 pUCYHKA, Te OreKTPOHbl, KOTopble B
—_— ) — e NaHHbIA MOMEHT HaxoOATCA Ha NEeBOM OCHOBaHWM
=<0 o1 LuMrMHapa, Yepes t aonayT 4O NMpaBOro OCHOBaHUS.
CrepoBaTenbHo, 3a BpemMa t 4epe3 npaBoe
Puc. 1 OCHOBaHve nponayT Bce CBOOOAHbIE 3NEKTPOHbI,
coaepalpecst BHYTPW paccmaTpuBaemoro

LuMrvMHapa, T.e.
N=nV=n-1-S=n<ov>tS, (3)

N
roe n= 7 KOHLIEHTpaLWsI 3NEeKTPOHOB,

V =1[-S-o0bbem ummHapa.
MoactaBum (3) > B (2) > B(1):

|:Lr]<+>1:s:|.n<u>s,

. I - -
j=g=en<v> j=en<v>.

A B Ecrm gBa pasHOMMEHHO 3apsiKeHHbIX OO MOTEeHUMarnoB o1 U o2
u} nposogHvka A n B coeavnutb npoBogHukom C, To nog AevncTBvEM
3MIEeKTPUYEeCKOro  Mond  9neKkTpoHbl  OyayT nepemMewaTbCcs B

A B HanpasneHm ACB (T.e. B HanpasrieHum BCA nonget Tok | ) o Tex

I nop, rnoka noteHuuans Todek A u B He cTtaHyT oguHakoBbIMUY, nocrie
4yero TOK npekparturcsa (puc. 2).
O4eBungHO, YTO AN nogaepkaHus B LenM NMOCTOSIHHOrO Toka
Puc. 2 HeobxoaMmo, 4TOOblI MoTeHUMarbl @1 WU @2 HE MEeHsSMCb CO
BPEMEHEM, HECMOTPS Ha TO, YTO KaxOyl CeKyHay onpenerieHHoe
4YUCIIO JSIEKTPOHOB YXOAUT M3 TOYKM A 1 npuxogut B Touky B. [Ona
3TOro HeobxoAMMO MMETb crneuuarnbHoe YCTPOUCTBO - MCTOYHUK TOKAa, BHYTPU KOTOPOro
npoucxoawrno 6bl HenpepbiBHOE pasfgerieHne pasHOMMEHHbIX 3apsgoB WM MepeHoc
oTpuuaTesbHbIX 3apsigoB K MNPOBOOHVKY A, MNOMOXUTENbHBLIX - K MPOBOAHUKY B.
MNpoBoaHukn A n B npn aTOM HasbIBalOTCA MoskOCaMuM UCTOYHUKA TOKa.

MCTOYHMK TOKa - YCTPOWCTBO, BHYTPU KOTOPOro MPOUCXOOUT HernpepbiBHOE
pasgerneHve pasHOMMEHHbIX 3apsaoB M MEPeHOC UX K COOTBETCTBYHOLMM Mostocam
NCTOYHUKA.

O4yeBnaHO, 4TO pasbeduHEeHVWe pasHOUMEHHbIX 3apsdoB  NPOUCXOOUT  Mo4
AENCTBMEM CWUIT HEJNEKTPOCTaTUYECKOro npoucxoxaeHuss (T.K. arekTpocTaTudeckue
CWbl  MPUMBOOAT K COEAMHEHWMIO pPa3HOMMEHHbIX 3apsiaoB). OTW CUnbl  Ha3blBaKOT
CTOPOHHUMW CUIaMMW.
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CTOpOHHME cCUIMbl - 3TO CWIbl HE3NEeKTPOCTATUYECKOrO MPOMUCXOXOEHUS,
OeNCTBYIOLME Ha 3apsiibl BHYTPU WCTOYHMKOB TOKa W MNOAAEpKUBalLYE pPasHOCTb
NoTEeHUMarnoB Mexay nortocamu.

Mpupooa CTOPOHHMX CUM B PasfMYHbIX WUCTOYHMKAX ToKa pasimdHa: B
rarbBaHMYECKUX IJNEMEHTaX 3TM CWUMbl BO3HMKAKOT 33 CYET 3SHEPrMM  XUMUYECKOM
peakumm Mexay areKTpoAaMu U SrieKTPOIMTOM; B 3rieKTpu4eckunx reHepatopax paboTa
CTOPOHHMX CWIT COBEpLLAeTCsl 3a CYeT MEXaHUYECKOW 3HepruM, 3aTpayvBaeMon Ha
BpalleHue poTopa reHepaTopa v T.A.

CTOpoOHHME CUMbl, NEpeMeLLasl SNeKTpUYeckue 3apsidbl, CoBepLialoT paboTy.

dusmyeckass BermuMHa, paBHas paboTe CTOPOHHMX CUIl Mo MNepeMeLLeHUo
€0VHNYHOTO MOJIOXKUTENBHOrO 3apsiia, HasblBaeTcs 3.4.C., OEVCTBYIOLIEN B Lenu unm
Ha ee y4yacTke:

B A LYY
q Kn
OTa paboTa npomsBOOUTCH 3a CYET 3HEPrun, 3aTpayMBaemMon B UCTOYHUKE TOKa,
NMO3TOMY BESMYMHY € Ha3blBalOT 3.4.C. UICTOYHMKA TOKa.
d.4.c. - cKkanApHas BermuvHa. Ecrm B HEKOTOPOM UEenn AEeVCTBYIOT HECKOSbKO
9.40.C., TO OHM MOryT OblTb MOSIOXUTENBbHBIMM W OTpuuaTesbHbIMK, T.e. 3.4.C. -

anrebpandeckas BermumnHa.

R & PaccmoTpum  HekoTopbIM  ydqacTtok  uenm  (puc.  3),
12 o .
(”Il —1 P2 copepxauwit 3.4.C. &,; R - COMPOTUBIEHNE yyacTka, ¢, U ¢, -

PasHOCTb MOTEHLUMANoB MexXay ero KoHUaMmm.
PaGoTa no nepemeleHo 3apsga @ Ha 9TOM ydvacTke

Puc. 3 coBepLaeTCA KaK KylloHOBCKMMU, TakK N CTOPOHHAMU CUINMaMU:
A12 = Ak + Acm .

Kak un3BectHo wu3 ANEeKTPOCTAaTUKN, pa60Ta KYJTOHOBCKUX CUIl Npu nepemMeLleHn1
3apdada M3 TOYKM C noTeHuuarioMm ¢, B TOYKY C noTeHuuariom ¢, onpeaendaeTcd

BblpaxeHueMm A, =q(p, —@,).

A'm
TK. &, = q = A4, =q9&,, Te. A,= q((p1 —(/)2)+q€12.

dusnyeckasi BemmuuHa, paBHasi paboTe, COBepLLAeMON 3MeKTPoCTaTUYECKUMMN W
CTOPOHH/MW CWaMy MpU  NEpPEMELLEHMN  eOVHUYHOTO MOJIOXKUTENBHOrO 3apsga Mo
HEKOTOPOMY Y4acCTKy Lienu, HasblBaeTCs Hanpsi>KeHMEM Ha OaHHOM ydacTKe Lenu:

A
U, =—=.
q

YyacToK uenu, Ha KOTOPOM AEWCTBYIOT CTOPOHHME CWibl, T.e. coAaepxauym 3.4.C.,
Ha3blBaeTCA HEOAHOPOAHbIM.

Up=0i -, +&, HaMpPsDKEHVE Ha HEOJHOPOOHOM YYacTKe Lienw.
YyacToK uenu, Ha KOTOPOM He OEUCTBYIOT CTOPOHHME CWibl, T.€. HE coepKalyn
9.4.C., Ha3biBaeTCca OAHOPOAHbIM.

U,=@ —@,; HanpsbkeHMe Ha OJHOPOAHOM Y4acTKe LEMM paBHO pPasHOCTM

NoTEHUMArioB MeXay ero KoHLamu.
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17.2 3akoH Oma. ConpoTuBneHne nNpoBOAHUKOB.
NocnepoBatenbHoOe M NapannenbHoe
coeiMHeHMe NPOBOAHUKOB.

3akoH Oma ans oAHOPOAHOro yyacTKa uenu.

B 1826 rogy Hemeukun ydyeHbln ['eopr OM 3KCMepUMEHTAlNbHO YCTaHOBWI, 4TO
cura Toka |, Tekywero no ogHopoAHOMY yqacTKy uenu (MeTarnmMyeckomy MPOBOAHMKY)
NPAMO NPOMopLUMOHaribHa HanpsXXeHWo Ha 3TOM y4acTKe:

1
KoadpdpuumeHt  nponopumoHanbHocTM  obo3HavaeTcs 3 a BemmumHa R

Ha3blBaEeTCA ANEKTPUHECKUM COMPOTUBSIEHEM MPOBOLHVMKA.

Cura TOKa Ha OOHOPOAHOM y4acTKe Lenu NpsAMO MporopuvoHaribHa HarnpsKeHUo
Ha 9TOM y4acTKe 1 06paTHO MPOMOpUMOHarbHa ero CoNpOTUBIIEHMIO.

Mockornbky obGe yacTu ypaBHEHUSI OTHOCSATCH KO BCEMY y4acTKy NMPOBOAHMKA, 3TO
COOTHOLLEHVEe HasblBawT 3akoHom Oma B wHTerpanbHon dopme. 3akoH Owma
NO3BONAET YCTAaHOBUTL €4UHULYY 3NeKTPUYECKOro COnpOTUBIIEHNS:

R=Y [R]=15=10M.

I A

1 Om - conpoTuBrieHMe TaKoro MNpPOBOAHMKA, B KOTOPOM Mpwu HanpskeHum 1 B
TeyeT NOCTOSAHHbLIM TOK curion 1A. BermdvHa conpoTuBIieHNs 3aBUCUT OT pasMepoB U
opMbl NMPOBOAHMKA, MaTtepuarna, U3 KOTOPOro OH U3roTOBIEH, M Temnepatypbl. Ond
OZIHOPOAHOIO LUMIMHOPUYECKOro NPOBOAHUKA

I
R= Pg,
roe p - yaenoHoe COnpoTUBIIEHVE BeLUeCTBA.

=OM-M.

RS Om- M’
- -2

YoenbHoe COMpPOTMBIIEHWE YUCIIEHHO pPaBHO COMPOTMBIIEHMIO MNPOBOHMKA
€OVHWYHONW  OfMHbI € MMOWRAbl  MOMEePEeYHOro  CEeYEeHusl, paBHOW  eauHuue,
M3rOTOBSIEHHOrO U3 JAHHOIO BELLECTBA.

OnekTpuyeckoe  COMPOTMBIIEHME  XapakTepusyeT  CMoCOBHOCTb  [AaHHOrO
NPOBOAHVKA  MNPOTUBOAENCTBOBATL  YNOPSLAOYEHHOMY  OBWKEHUMIO  3NEeKTPUYECKMX
3apsa00B.

CoBpemMeHHass KBaHTOBas Teopua OObACHAET 3TO cregyloumm obpasom.
CBoboaHble anekTpoHbl MeTarrioB o6riagaloT BOSHOBLIMM CBOWCTBaMU U BeayT cebs
BHYTPM KpUCTarrmM4eckon peleTkn nogobHo BornHam. Ecrm  kpuctann abconoTHo
MMLLEH MCKaXXEHUN N BCE WMOHblI HEMOABWXKHbI B y3rax peLlueTkn, TO dneKTPOHHasi BOSHa,
dopMUpysACb B ITOM peLLeTke, «npucrnocabrmeBaeTca» K HEW W NpoxXoauT 4epes
peleTKy, Kak Obl «He 3amevasi» ee, Kak 4Yepes MycToe MpPOoCTpaHCTBO. 3aTo nobble
HapyleHns NepuoanYHOCTU peLLeTkM - aedekTbl, npumecK, TensoBble KornebaHus
MOHOB - 4BJIAIOTCA MPUMMHOW pacCesiHUS OMEKTPOHHbIX BOSMH, T.e. W3MEHEeHWs
HanpaBfieHUss WX pacrnpocTpaHeHusi. OTO pacCesdHue YMeHbLIaeT YNopsaA0YEeHHOCTb
ABWKEHUS 3NEKTPOHOB, T.€. BbI3bIBAET 3MIEKTPUYECKOE COMNPOTMBIIEHME.
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OnbIT NoKasbIBaET, 4YTO B nepsom I'IpM6J'IM)KeHVIVI R n p metannos -~ tO.

p=poL+at’), R=R,d+at’),
1 -
roe o= 2—732paa” — TemriepaTypHbl  KO3I(PPUUMEHT  COMPOTUBIIEHUA  OJF
oormbumHcTBa MeTtarrioB. CrnegoBaTenbHo,
p = pyal R=R,aTl
P B 1911 r. romnaHaockmn ydeHbin  KameprumHr-OHHec

obHapyxun, 4to npn T, =415K conpoTvBreHve pTyTu
CKaykoM nagjaetT A0 Hynd. CBepxnpoBOAMMOCTb - 3TO
ABMEHNe, MPU KOTOPOM COMPOTMBIIEHWE psfa MeTasvioB U

CMfaBOB CKaykoM MajaeT [0 Hynms npu  Temnepartype,
Orm3Kon K abCONOTHOMY HyriO.

0o T T Y  KaXOoro - CBEpXMPOBOAHMKA  WMEEeTCcs  CBOS
KpuTudeckasi TemnepatypaT,, Mpu KOTOPOW OH nepexoauTt B

Puc. 4 CBEpXMPOBOJsALLEE COCTOsHME (puc. 4).

ABreHne CBEPXNPOBOAUMOCTU HAXOAUT psif MPVMEHEHUN B Hayke M TEXHVKE, B
YaCTHOCTK, AN CO34aHUA OYEHb CUMbHbLIX MarHUTHbIX MONewn.
3aBucMmocTb R(t) MeTanma  ucnomnb3yeTcs B TepMOMETpax COMPOTMBIIEHWS,

NpeacTaBrsaloLMX CODOOM MEeTarrIM4ecKylo MpoBOSIOKY (Yale BCEro nraTUHOBYHO),
HaMOTaHHY0 Ha crroasHon i apdopoBbLIM Kapkac. Takon TepMoMeTp Mo3BOSieT

mameputb C ToudHOCTbO A0 0,003 K Kkak cBepxHuU3KMe, TaK W CBEPXBbICOKME
Temneparypbl.

NMocnepoBaTtenbHOe coeAMHEeHUe NPOBOAHUKOB (puc. 5):

| = const,
| Ru R, Rs U =U,+U,+..+U,,
e e IR = IR, +..+IR,,
R =R +..+R,.
Puc.5
Ecm R =R,=..=R, =R, 710 R ,=nR.
MapannenbHoe coeanMHeHUe NPOoBOAHUKOB (puc. 6):
U = const,
I R Qs =0, +0, +...+0,,
1
o [T ] Qs _ %y 4
N T t ot t'
e | I
L I, =1 +.+1,
v_uv v
Puc. 6 RI Rl . Rn !
1 1 1
— =t
R, R R,
1 1 1 R, +R, R.R,
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1 n R
Ecm R =R,=..=R, =R, T0 —=—= R =—
00 n
3akoH Oma MOXHO npeacTaButb W B gpyron ¢opme, HasblBaeMou
andodpepeHumnansHoW, T.e. OTHOCALLENCH K KakoW-TO OAHOM TOYKE BHYTPU NMPOBOAHMKA
(a He KO BCeMy NPOBOHMKY).

MockomnbKy  3rekTpuyeckoe rofie  BHYTPU  LUWWMHOPWYECKOrO  MPOBOAHMKA
OOHOPOAHO,

U
=—, U=El,
/
a curia Toka CBsi3aHa C ero MroTHOCTblo, | = jS,
BblpaxeHve | :UE MOXHO NpeacTaBuUTb B BUAE:
JS = EII , J= 1E
L P
s
j= 1 E - 3akoH Oma B audcpepeHumanHon opme:
Yo,

MMOTHOCTE TOoKa B /06O Toyke NpPOBOAHMKA MNPSIMO  NPOMopuuoHaribHa
HaNPSXXEHHOCTN 3MEeKTPUYECKOro nons £ B [JaHHOM TOKe.
3akoH Oma AnA HeOQHOPOAHOrO y4yacTKa uenu.
T.K. AN HEOQHOPOAHOrO y4acTka
U, =0 -0, +é&p,,
]:ﬁ: PPt é,
R12 R12

rae R, - oblee conpoTvBrieHne yvacTka, BKMoYas BHyTPEHHee COMpOTUBIIEHME

3.4.C.
. Ecrwm uenb 3amkHyTa (puc.7), ¢, =¢,, @ —-¢,, R,=R+r,
] | < 5
4 | 1= - 3akoH Oma gnsa 3aMKHYTOW Uenu:
R Y R+r
— cura ToKa B 3aMKHYTOM LUenM MpsAMo nporopuvoHarnbHa
Puc. 7 9.4.C. WCTOYHMKa TOKa W obpaTHO rMporopunoHanbHa cymme

COMNPOTUBIEHNN BHYTPEHHETO W BHELLHETO Y4ACTKOB LIEMW.
Llenb  cogepxuT N OOWHAKOBbLIX  WUCTOYHMKOB  TOKA,  COEAMHEHHbIX
nocrnegoBaTenbHO (puc. 8a) n napannensHo (puc. 86).
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6‘,[’ a) gar || 6)
|
|| _____ | Y N || ““““
R — Il |
— R|—| {
__ne £
" R+nr 1=
R+—
n
Pwuc. 8

17.3 PaboTa n MoWHOCTb TOoKa. 3akoH [xxoynsa-JleHua.

B ornektpudeckom uUenn SHEpPrMs  UCTOYHMKA MpeBpaligeTcs B 3Hepruo
9MeKTPUYECKoro ToKa, Mpu 3TOM B MNOTPebUTEenax 3MNeKTPUYECKON SHeprm TOK
NpPou3BOAUT onpeferneHHylo paboTy. 3Has HanpshkeHue Ha [aHHOM ydyacTke uenn u
Curly TOKa, MOXHO onpefenute 3Ty pabory.

N3 anekTpocTatvkm M3BECTHO, 4TO paboTa npu nepemMelleHnn 3apsga Mexay
TOYKaMM C noTeHumanamm o1 u @2 onpegenaerca dopmyrnon A=dq(e, —@,).

[na ogHopoaHoro ydacTka uemn ¢, —@, =U, q=It, A=1Ut.

2
Tk | :9, U =IR, A:U—t: IRt .
R R
[na 3amKHYTOM Uenn, cogepxalen a.n.c., A= let.

MouwHocTb Toka onpefendeTcs paboTon, COBEPLUIEHHOM 3a eQuHULYY BPEMEHM:
2

A Ut
=~ =JU=—=1IR.
t R

Ecrm TOK npoxoaut no HenoABWKHOMY MPOBOAHUKY U XMMMUYECKUX MpeBpaLLeHnn
B HEM He COBeplLUaeTcs, TO BCcA paboTa TOka MOeT Ha HarpeBaHWe NPOBOAHUKA, T.e.
KOnmMyecTBO TensoTbl Q , BblAensiemoe B NPOBOAHMKE, PaBHO:
U2
Q=IUt :?t =1°Rt, Q= 1°Rt-3akoH [Ixoyna-IleHua.
MocrieagHee COOTHOLWEHWE ObISI0O YCTAHOBSIEHO 3KCMEPUMEHTaNlbHO HE3aBUCUMO
apyr ot gpyra k. [Dxoynem m 3.X. JleHuemM: Komm4ecTBO TensoThl, BblAernsemoe B
NPOBOAHMKE MPU MPOXOXOEHUM MO HEMY MOCTOAHHOrO TOKa, NMPAMO MPOMOpPLMOHAbHO
KBagpaTy Curbl TOKa, CONPOTMBIIEHUIO MPOBOLHMKA W BPEMEHM €0 MPOXOXAEHUS.

17.4 Mpasuna Knpxroca ans pasBeTBNeHHbIX Lenen.

3akoHbl Oma fatoT BO3MOXHOCTb paccuutaTb MpakTUYECKU NOOYI0 CrOXHYHO Lerb,
O[lHAKO HeMNOCPeACTBEHHbIM pacyeT pa3BeTBSfIEHHbIX Lenen CroXeH U ropasgo npole
OCYLLECTBIIAETCA C nomoLlpto 2-X npasun Knpxroda.
MpeactaBum pasBeTBIIEHHYO LeMnb MNOCTOSAHHOrO TOoKa, 0603HayuvMMm Bce ee
3MNeMeHTbl U NPOM3BOSbHLIM 00pa3oM 3agaguM npeanoraraemble HanpaBfieHUss TOKOB.
MepBoe npaBuno Kupxrodga oTHOCUTCS K y3nam uenu.
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Y3nom pasBeTBrEHHON Lieny HasblBaeTCs ToYKa, B KOTOPOW coeauHAoTcs bornee
[ABYX NMPOBOAHMKOB. Y4YacTOK Lienu oT y3ra A0 CredylLwero ysra HasbiBaeTCcs BeTBblO.
[Mockorbky B crydae MOCTOSHHOrO TOKa HWrge B UEenuM He  [JOIDKHbI
HakanmmeBaTbCA 3apsdbl (MHa4Ye TOKM He ocTaBarmcb 6bl MOCTOSAHHLIMM), CyMMa TOKOB,
TEKyLMX K Y3y, OoSpkHa OblTb paBHa CyMMe TOKOB, TEKyUWX OT y3ra (B COOTBETCTBMU
C 3aKOHOM COXpaHeHusi 3apsga).
TOK, TEKyLWN K y3ry, JOrOBOPWIMCb CYUTATb YCIOBHO MOJIOXUTENbHBLIM, OT y3ra -
oTpyuaTernbHbIM.
NMepBoe npaBuno Kupxrodha: anrebpamdeckas cymMma TOKOB, CXOOSALMXCS B

y3ne, paBHa Hyrmo, ZL =0.

MoxHo 3anmncatbe N - 1 HesaBucUMbIX ypaBHeHun ans N yanos uenw.

BTopoe npaBwuro oTHOCUTCHA K JfHOOOMY 3aMKHYTOMY KOHTYPY, BblAESIEHHOMY B
pa3BeTBIIEHHON LEenu.

BbiGepem npousBonbHOE HanpaBreHue obxoga KoHTypa. Bce Toku, HanpasreHve
KOTOpbIX COBMagaeT C HanpaefieHMemM o00xoda, CuYuTaloTCA  MOSIOXUTENBbHBLIMW,
HanpaBreHHble NPOTUBOMOSIOXKHO - oTpuLaTENbHBIMMW. 2.4.c. cuutaeTcs
NOSIOXKMTENBHON, eCrm Npy BbIOpPaHHOM HanpasrieHMn ob6xoda BHYTPU MUCTOYHMKA TOKa
nepexon COBepliaeTcs OT «MUHYca» K «MN/ocy», T.e. B CTOPOHY MOBbILLEHMS
noTeHuuana.

Btopoe npaBuno Kupxrocpa: B mobomM 3aMKHYTOM KOHType, BblAENEHHOM B
pasBeTBrneHHOM Uenu amrebpamdeckas cymMma Npou3BEedEeHWW CWN TOKOB  Ha
COMPOTMBIIEHUST COOTBETCTBYIOLLMX Y4HaCTKOB 3TOr0 KOHTYpa paBHa anrebpandeckomn
cymme a.4.c, > LR =D & .

Mpu pacyeTe uenn ¢ ucnonb3oBaHvem npasun Knpxroa HeobxoaMmo NOMHUTH
cregywoLee.

1. Yucrno ypaBHEHW PaBHO YUCHTY MCKOMbIX BEMMHYMH.

2. na N ysrnoB 3anucbiBaeTcs N-1 ypaBHeHWI, a ocTarbHble - B COOTBETCTBUM CO
BTOPbIM NPaBUSIOM.

3. Toku, Tekywwe K y3ny, NOSOXUTENbHbI, OT y3ra - oTpuuaTterbHbl.

4. LlenecoobpasHo HanpaBreHve obxoga BbiOvpaTb Tak, 4TOObI 6OSbLIMHCTBO
TOKOB ObIfiM NOSIOXUTEMbHBI, T.€. COBMaganm rno HanpaefieHMo € 06X000M KOHTYpa.

5. B ogHon BeTBM OT y3ra [0 y3ra TeveT OAMH TOK.

6. Obxoa nyywe HauynHaTb C y3ra M BEPHYTbCS K 3TOMY XXe Y3nly.

7. KoHTypbl BbibupatoTca Takmm o06pa3om, 4TOObl KaXadbii HOBbLIM  KOHTYP
cogepxan xoTd 6bl OAMH Y4acTOK LenW, He BXOAMBLMIA B yXe pPacCMOTPEHHble
KOHTYPbI.
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