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OpuruHan-mMakeT JaHHOTO W3/aHUS SABIAETCS COOCTBEHHOCTBIO H3JaTeibcTBa «BbIciias IIKOJa», U €ro
penpoaynupoBaHue (BOCIIPOU3BEICHKE) JTIOOBIM CIIOCOO0M 03 COTJIacHsi U3/1aTeNIbCTBA 3alperiaeTcs.

IIpeaucnoBue

VY4aebHoe mocoOue HamucaHO B COOTBETCTBHHU C JICHCTBYIOIIEH MporpaMmoil Kypca (pU3MKH 0.1 WHKEHEPHO-
TEXHUYECKHUX CIIELUAIBbHOCTEH BBICHIMX Y4YeOHBIX 3aBEACHUH M NpEJIHA3HAYEHO AJIS CTYAECHTOB BBICIINX
TEXHUYECKUX Y4EOHBIX 3aBEICHHI JTHEBHOW (POPMbI O0yYEHHS C OTPaHUYEHHBIM YUCIOM YacoB 1O (u3HKe,
C BO3MOKHOCTBIO €0 UCII0JIb30BaHUs Ha BeUepHel U 3a04HO0M (popmax o0yUyeHHUS.

HeGonpmiolt 00beM y4eOHOro mocoOus JOCTUTHYT C IOMOIIBIO TINATEIHHOTO OTOOpa U JIAKOHUYHOTO
U3JI0’KEHUS MaTepraa.

Kuura cocrout u3 cemu uacteil. B mepBoil yacTu JaHO CHCTEMAaTHYECKOE M3JI0KEHHE (PU3NYECKUX OCHOB
KJIACCUYECKOM MEXaHMKHM, a TaKXKe pPACCMOTPEHbl JJIEMEHTHl CIeLUalbHONH (YacTHOW) TeopHH
OTHOCUTEIIFHOCTH. BTopas yacTh MOCBSIIEHA OCHOBAM MOJICKYJSIpHOH (DM3WKM W TepMOAWHAMHKH. B
TPETbEW YaCTH M3Y4arOTCsl DJIEKTPOCTATUKA, IOCTOSHHBIA IEKTPUYECKUH TOK M JIEKTpoMarHeTusMm. B
YeTBEpTOM 4YacTH, IOCBSILEHHOM MW3JI0KEHUI0O TEOpUU KoJeOaHUMM W  BOJIM, MEXaHUYECKHE U
3JIEKTPOMAarHUTHbIE KoJeOaHHsl pacCMaTpUBAIOTCS MapajlIesbHO, YKa3bIBAKOTCS UX CXOJCTBA U Pa3IMyUs U
CpaBHUBAIOTCS (PU3HUECKHUE MPOLIECCHI, TPOUCXOIAIINE TPU COOTBETCTBYIOINX KoneOaHusx. B maroii yactu
PacCMOTPEHBI AIIEMEHTHI T€OMETPUYECKON U JIEKTPOHHOM ONTHUKH, BOJIHOBAs ONITHKA U KBAHTOBAs NPUpPOAA
u3nyyenus. Lllecras yacTh MocBslIEHA 3JIEMEHTaM KBAaHTOBOM (PU3MKU aTOMOB, MOJIEKYJ U TBEPAbIX Teil. B
CeJIbMOM 4aCTH U3JIaratoTCsl 3JIEMEHThI (PU3UKHU ATOMHOTI'O S1pa U JIEMEHTAPHbBIX YaCTHLI.

W3noxxenne wMatepuana Bexercs 03 TIPOMO3JIKMX MaTEeMaTHMYECKHUX BBIKJIAJOK, JIOJDKHOE BHHMMAaHHE
oOpamiaercss Ha (U3UYECKYIO CYTh SIBJICHUH M OINMKCBHIBAIOLUIMX MX IMOHATMH M 3aKOHOB, a TaKkKe Ha
MIPEEMCTBEHHOCTh COBPEMEHHOW M Kiacchueckoi ¢msuku. Bce Omorpaduveckue TaHHbIE MPUBEICHBI 110
kHure 0. A. Xpamona «Dusuxu» (M.: Hayka, 1983).

Jliis 0003HaueHUs] BEKTOPHBIX BEIMUYMH Ha BCEX PUCYHKax M B TEKCTE MCIIOJIb30BAH IMOJYKUPHBIA mpudr, 3a
UCKJIIOYEHHEM BEIMYUH, O00O3HAUEHHBIX I'PEUYECKUMHU OyKBaMM, KOTOpPbIE IO TEXHUYECKMM MpPUYHMHAM
HaOpaHbl B TEKCTE CBETJIBIM IIPUPTOM CO CTPEIIKOM.

ABTOp BBIpaXaeT IIyO0OKYI0 NMPU3HATEIBHOCTh KOJIJIETaM U YUTATENsIM, YbH 100pOXKeTaTeNIbHbIe 3aMeUaHusl U
MO’KEJIaHMsI CIIOCOOCTBOBANIM YIIYUILIEHUIO KHUTH. Sl ocoOeHHO npu3HaTtenbHa npodeccopy KacwsiHoBy B. A.
3a peleH3upoBaHKe MOCOOUs U clIelaHHbIE UM 3aMEUaHusl.

ABTop Oyzaer OmarojapeH 3a 3aMeyaHUs M COBEThbl MO yhyunieHuto nocoOus. IIpockba HampaBisTe MX B
u3naTenbeTBo «Boicmias mkona» mo aapecy: 101430, Mocksa, I'CII-4, Hernunnas yi., 1. 29/14.

Asmop

BBenenune

IIpenmer ¢pu3nkm u ee CBA3b C APYTUMH HAYKaMHU

Oxpy>karoluii Bac MHUp, BCE CYLIECTBYIOIIEE BOKPYT Bac U 0OOHApyKMBaeMOe HaMU MOCPEICTBOM OIIYIICHUN
MIpe/ICTaBIsIeT cOO0M MaTepuio.

HeorbemiembIM CBOMCTBOM Marepud U (OpPMOIH ee CyIIeCTBOBaHMS SIBISETCS JABIKEHHE. J[BUKeHHE B
IIUPOKOM CMBICTIE CIIOBa — 9TO BCEBO3MOXKHBIE M3MEHEHHsI MaTepUH — OT MPOCTOTO MEPEMEIICHUs 10
CJIO’KHEHIIINX MPOIIECCOB MBIIIIJICHHUSI.

PazHooOpa3Hbie GOpMBI ABIKEHHS MATePHH HM3YYAIOTCS Pa3IMYHBIMH HAayKaMH, B TOM YHCIE€ W (PU3UKOM.
IIpenmer ¢u3uku, Kak, BIpoyeM, U JOOOH HAyKH, MOKET OBITh PACKPHIT TOJBKO 110 MEPE €ro JIeTalbHOIro
n3N0XKeHus. JlaTh cTporoe onpeaeneHne npeaMera GU3NKU JOBOIBHO CIIOKHO, TIOTOMY YTO TPAHUIIBI MEXTY
GU3MKOM M PSJIOM CMEXHBIX JAUCLUIUIMH YCIOBHBL. Ha naHHON cTanuu pa3BUTHUA HENb3sS COXPAHUTh
orpesiesieHue (PU3UKH TOTBKO KaK HAyKH O MPUPOJIE.

Axanemuk A. @. Nodde (1880—1960; poccuiickuit ¢usuk)* onpenenuna GpU3NKY Kak HAyKy, U3YHarOLIYIO
o0Iye CBOWCTBA M 3aKOHBI JIBMDKEHHUS BEIIECTBAa W MOJs. B HacTosmiee Bpems OOUIETIPH3HAHO, YTO BEC
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B3aUMOJICHCTBUS OCYILIECTBISIOTCS TOCPEICTBOM MOJIEH, HAlpUMEP TPABUTALIMOHHBIX, JIEKTPOMArHUTHBIX,
nosielt simepHbIX cui. I[lonme Hapsigy c BelecTBOM SIBISiETCS OAHOM M3 (DOPM CYIIECTBOBAHHS MaTEPHUU.
HepaspeiBHast cBsi3b MOJS U BEIIECTBA, a TAKXKE PA3IMYUE B MX CBOWCTBAaX OyIyT pacCMOTPEHBI MO Mepe
U3Y4EHHUs Kypca.

* Bce maHHbIe TIPUBEICHBI 0 Onorpaduueckomy cripaBounuky 0. A. Xpamosa «®usuku» (M.: Hayka, 1983).

dusnka — Hayka 0 HanboJjee MPOCThIX U BMecCTe C TeM Haubosiee oOmmX (popMax ABMXKEHUS MAaTEpPUU U UX
B3aMMHBIX MpeBpanieHusx. M3ydaembie GU3NKON (OpPMBI IBIKEHHUS MaTepuu (MEXaHWYecKas, TeIuioBas U
Ip.) HPUCYTCTBYIOT BO BCEX BBICIIMX M 0Oojiee CIOXKHBIX (OpMax IBMXKEHUS MaTepun (XMMHUYECKHX,
ouosornuyeckux u ap.). [lostomy onm, Oynyun Hambosiee MPOCTHIMHU, SBISIOTCS B TO e BpeMsi Hamboiee
obmuMu popMamu ABMKEHHMs Marepud. Bbicmne u Oosiee ciiokHble (OPMBI JBUXKEHUS MaTepuud —
IIpeIMET U3yUeHUs APYTUuX HayK (XUMHUHU, OMOJIOTUH U Ap.).

@du3nKa TECHO CBsA3aHA C €CTECTBEHHbIMHM HayKaMu. DTa TecHeWas cBs3b (U3UKU C JAPYTMMHU OTpacisiMU
€CTeCTBO3HaHUs, Kak oTmeyan axaaemuk C. M. BaswioB (1891—1955; poccuiickuii ¢puzuk u
OOIIECTBEHHBIN J1esTeNb), IpUBeIa K TOMY, 4To (pu3Mka riryOodalIMMU KOPHSAMHU BpOCia B aCTPOHOMHMIO,
reOJIOTHIO, XUMHIO, OMOJIOTHIO M JIpYTMe eCTECTBEHHbIE HAayKH. B pesynbrare 00OpazoBayicsi psii HOBBIX
CMEXHBIX TUCLMIUIMH, TAKUX, KaK acTpopu3uKa, 0Mou3nKa u zp.

®u3uKa TECHO CBA3aHA M C TEXHUKOW, TPUYEM 3TA CBSI3b UMEET ABYCTOPOHHUM XapakTep. Pusuka BeIpocia 13
noTpeOHOCTel TeXHUKH (Pa3BUTHE MEXaHUKU y JIPEBHUX TPEKOB, Halpumep, ObUIO BBI3BAHO 3aIpOCaMu
CTPOUTENBLHON U BOEHHOM TEXHUKH TOTO BPEMEHM), U TEXHUKA, B CBOIO OUYEPE/Ib, ONPE/CIIAET HAlPaBICHUE
¢bu3nyecKkux ucciaeoBaHul (Harmpumep, B CBOE BpeMsl 33j1aya CO3JaHMs Hanbosiee SKOHOMUYHBIX TEIIOBBIX
IBUTaTeNel BpI3Baja OypHOE pa3BUTHE TepMOIUHAMUKH). C IPYroi CTOPOHBI, OT pa3BUTHUS (PU3UKH 3aBUCHT
TEXHUYECKUH YpoBeHb npous3BojcTBa. Pusuka — 06a3a U1 CO3JaHUS HOBBIX OTpaciedl TEeXHUKHU
(3MeKTpOHHAs TEXHUKA, ZIepHasl TEXHUKA U Jp.).

BypHbIii Temn pa3BuUTHs (U3UKHU, pacTyIUE CBSI3U €€ ¢ TEXHUKOH YKa3bIBalOT HAa 3HAYMTENBHYIO POJb Kypca
¢bu3uKy BO BTy3e: 3TO pyHIaMEHTalIbHAs 0a3a Ui TEOPETHYECKON MOATOTOBKH HHKEHEPa, 0€3 KOTOPOii ero
ycCIIelIHas 1eATeIbHOCTh HEBO3MOKHA.

Enunuust gusnyeckux BeJTMYNH

OCHOBHBIM METOJIOM HCCIIEIOBaHUS B (PU3MKE SBISETCS OMNUT — OCHOBAHHOE Ha MPAKTHUKE YyBCTBEHHO-
HMIUPHYECKOE MMO3HAHHE OOBEKTUBHOW JEHCTBUTENBLHOCTH, T. €. HAaOIIOJIEeHHE MCCIEeIyeMbIX SBJICHUN B
TOYHO YYUTBHIBAEMBIX YCIOBUAX, MO3BOJSIONIMX CIEAUTh 32 XOJOM SIBICHUH M MHOTOKpPaTHO
BOCIIPOU3BOJUTH €r0 MIPH MOBTOPEHUH 3THUX YCIOBHH.

Jis  OOBSICHEHMSI JKCHEPUMEHTANbHBIX (DAKTOB  BBLABUTAIOTCA TUIOTE3bl. I'MIoTe3a — 3TO HaydyHOe
MPENOI0KEeHNE, BbIIBUTaeMoe [l O0BbSICHEHUSI KaKOT0-JIM00 sIBIEHUS U TpeOyroliee MPOBEPKH Ha OIBITE U
TEOPETUYECKOr0 0OOCHOBAHMUSI JIJIsl TOTO, YTOOBI CTaTh JOCTOBEPHON Hay4YHOI TEOpUEH.

B pesynprare 000O0IIEHHS SKCHEPUMEHTANbHBIX (DAaKTOB, a TakKXKe pe3yJbTaToOB JESITEIbHOCTH JIIOJCH
YCTaHABIIMBAIOTCS (pr3MUecKkre 3aKOHbI — YCTOWYUBBIE OBTOPSIONINECS OOBEKTUBHbBIE 3aKOHOMEPHOCTH,
cymiecTBymomue B npupoze. Hanbonee BaxHbIE 3aKOHBI YCTaHABIMBAIOT CBA3b MEXIY (U3NYECKHUMU
BEJIMYMHAMU, JJI1 4ero HeoOXOAMMO 3TH BEIMYUHBI M3MepATh. M3Mepenue (usmueckoil BEIMUMHBI €CTh
JIeiCTBUE, BBIMOJHSAEMOE C IOMOIIBIO CPEACTB M3MEPEHMH sl HAXOXKACHUS 3HAaYeHUs (PU3NUECKOU
BEJIMYMHBI B NPUHATHIX eAUHMIAX. EquHMIbl QU3NYECKHX BEIMYMH MOXHO BBIOpaTh MPOU3BOJIBHO, HO
TOTJa BO3HUKHYT TPYIHOCTH NpU HX cpaBHeHHH. [loaTomy IenecooOpa3HO BBECTH CHUCTEMY €IWHHUII,
OXBAaTBIBAIONIYIO €AMHUIIBI BCeX (PU3MUECKUX BEIUYHH.

JU1st OCTPOSHUSI CUCTEMBI €IMHUIL] IIPOU3BOIBHO BBIOMPAIOT €MHHUIIBI IS HECKOJIBKUX HE 3aBUCAILIMX JPYT OT
apyra QpU3MYecKuX BeNUYHH. DTH €IWHUIBI Ha3bIBAIOTCS OCHOBHBIMHU. OcTajbHbIE € BEIMUYMHBI U HX
€IMHULBI BBIBOJATCS M3 3aKOHOB, CBA3BIBAIOIIMX OTH BEIMYMHBI U UX E€AMHULBI C OCHOBHBIMH. OHH
Ha3bIBAIOTCS MPOU3BOIHBIMU.

B nacrosimee Bpemst oOsi3arenbHa K NMPUMEHEHHIO B HAY4HOM, a Takxke B yueOHOU nuteparype Cucrema
WnrtepnannonansHas (CH), xoTopasi CTpPOMTCS Ha CEMH OCHOBHBIX €IHMHHUIAX — METpP, KHJIOTpamm,
CEKYyH/Ia, aMIIep, KEIbBUH, MOJIb, KaHJIENA — U ABYX JOMOJHUTEIBHBIX — PaJuaH U CTEpanaH.

Mertp (M) — UIMHA yTH, TPOXOAUMOIO CBETOM B BakyyMme 3a 1/299792458 c.

Kusiorpamm (kr) — macca, paBHasi Macce MEXJyHapOAHOTO MPOTOTUIA KWiIorpamma (IJIaTHHOUPHIANEBOTO
IUATUHIPA, XpaHserocs B MexayHnapoaanom 0ropo mep u BecoB B Cespe, 0mu3 [lapuka).
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CekyHpaa (c) — Bpems, paBHoe 9192631770 nepuonaM H3JIydyeHUs, COOTBETCTBYIOLIETO NEPEXONY MEKIY
JIBYMSI CBEPXTOHKHMHU YPOBHSIMH OCHOBHOT'O COCTOSIHUS aToma 11e3usi-133.

Amnep (A) — cuna HEU3MEHSIOIIEroCsd TOKA, KOTOPBIM MpU MPOXOXKIAEHUM 10 JBYM NapauleIbHbIM
MPSIMOJIMHEHHBIM TMPOBOJHUKAM OECKOHEYHOM [UIMHBI M HHUYTOXKHO MAajoro IIONEpPEeYHOro CeYeHMs,
pacrojOoKEHHBIM B BAKyyME Ha PacCTOSHHUU | M OAMH OT APYroro, co3gacT MeXAY 3TUMM IPOBOJHUKAMU
CUJTy, PaBHYIO 210" H Ha Kax bl METp JITUHBI.

KeabBun (K) — 1/273,16 yacTh TepMOIMHAMHYECKON TEMIIEPATYPhl TPOMHOW TOYKH BOJIBI.

Moub (MOJB) — KOJMYECTBO BEILECTBA CHUCTEMbI, COJAEpXAIIEH CTOJBKO K€ CTPYKTYPHBIX 3JIEMEHTOB,
CKOJIBKO aTOMOB COAEP>KUTCS B HYKJIUE 2¢ maccoit 0,012 xr.
Kanpena (xq) — cuia cBera B 33JaHHOM HAIlPaBJICHUU HCTOYHUKA, UCIYCKAIOIIET0O MOHOXPOMATHYECKOE

usnydenne gactotoit 540-10% Iy, sHepreTHyecKas CHia CBeTa KOTOPOTO B 3TOM HATPABICHHH COCTABIISET
1/683 Bt/cp.

Panman (pag) — yroa Mexzy IByMs paguycaMH OKPYKHOCTH, AJIMHA AYTH MEXY KOTOPIMU PaBHA PATUYCY.

CrepaguaH (cp) — TEJIECHBIH YroJl C BEPIIMHON B IIEHTpE C(epbl, BBHIPE3AIOUIN HAa MOBEPXHOCTU CQepsl
IUIOIA/b, PABHYIO IJIOLIA/IU KBaJpaTa CO CTOPOHOU, paBHOW paguycy cdepsl.

Jlnist yCTaHOBIJIGHUS MTPOU3BOIHBIX €MHUII HCIIOJB3YIOT (PM3UYECKHE 3aKOHBI, CBS3BIBAIOLINE UX C OCHOBHBIMH
enuHUIamMu. Hanpumep, u3 GpopMylibl paBHOMEPHOTO MPSMOJIMHEHHOro ABMKeHHs V=S/t (S — npoiiieHHbIN
myTh, { — BpeMsi) MPOM3BOAHAS €AUHUIIA CKOPOCTH MOJTydaeTcsi paBHOU 1 M/c.

1 ®PUSNYECKHUE OCHOBbI MEXAHUKH

I'maBa 1 DjaeMeHTHI KHHEMATUKH

§ 1. Mopenu B Mexanuke. Cucrema orcuera. TpaekTopus, 1JMHA IyTH, BEeKTOP NepeMeleHnst

Mexanuka — 4YacTh (PU3HKH, KOTOpas M3y4aeT 3aKOHOMEPHOCTH MEXaHHYECKOTO JBHIKCHHUS W TPUYHHBI,
BBI3BIBAIOLINE WM U3MEHSIOIINE 9TO IBIKEHHE. MexaHn4YecKoe IBHKEHHe — ITO U3MEHEHUE C TEYEHUEM
BPEMEHHU B3aUMHOI'0 PACIIOJIOKEHUS TEN UIIM UX YacTeH.

Pa3BuTne Mexanuku kak Hayku HaunHaercs ¢ 111 B. 10 H. 3., Kora qpeBHerpeueckuil yuenslit Apxumen (287—
212 10 H. 3.) chopMyIHPOBAT 3aKOH PABHOBECHSI phlYara M 3aKOHBI PABHOBECHS TUTaBaloUINX Tel. OCHOBHBIE
3aKOHbl MEXaHHMKH YCTAHOBJICHBI WUTAIbSIHCKUM (u3ukoM u actpoHomoM ['. Iamuneem (1564—1642) n
OKOHYATEIBbHO CHOPMYIUPOBAHBI aHIIIMHCKUM yueHbIM . HetoTonoMm (1643—1727).

Mexanuka ['annies—HBpBIOTOHA Ha3bIBACTCS KJIACCHYECKON MEXaHMKOM. B Hell U3y4yaroTcs 3aKOHBI IBUKCHUS
MAaKpOCKOIIMYECKUX Te€J, CKOPOCTH KOTOPBIX Majbl II0 CPaBHEHUIO CO CKOPOCTBIO CBETA C B BaKyyMe.
3aKOHBI JIBUKEHHS MaKpOCKOIMYECKHX TE€I CO CKOPOCTSIMH, CPaBHHMBIMH CO CKOPOCTBIO C, MU3y4daroTcCs
PEeJATHBUCTCKONM  MEXaHHMKOH, OCHOBAHHOM Ha  CHEHHUAJBHON TEOPHMHM  OTHOCHTEJBHOCTH,
chopmynupoBanHoit A. DiHmTeiiHoM (1879—1955). Jlns ommcanusi ABMXKEHUS MUKPOCKOIIMYECKUX Tell
(oTHenbHbIE aTOMBI M 3JE€MEHTApHbIE YACTHUIbI) 3aKOHBI KJIACCUYECKOW MEXAHWKH HENPUMEHMMbI — OHU
3aMEHAIOTCS 3aKOHAMHY KHTOBOH MEXaHUKH.

B mnepBoil wactu Hamiero kypca Mbl OyneMm u3ydyaThb MexaHuky [anunes—HploToHa, T.e. paccMaTpuBarth
IBUKEHHE MaKPOCKOIINYECKUX TEJI CO CKOPOCTSIMH, 3HAUUTEIBHO MEHBIIMMHU CKOPOCTH ¢. B Kilaccuueckoin
MeXaHHMKe OOIIeTpUHATa KOHILIENLHUS IPOCTPAaHCTBA W BpeMeHH, pa3pabortanHas . HeloroHom wu
rOCIIOACTBOBaBIIAs B ecrecTBO3HaHUM Ha nporTsukeHuu XVII—XIX BB. Mexanuka ['anmunes—Hbrorona
paccMaTpuBaeT MPOCTPAHCTBO U BpeMsl KaKk OOBbEKTHUBHBIE (POPMBI CYILIECTBOBAHUS MaTE€pPHH, HO B OTPHIBE
APYT OT Apyra U OT JBUKEHHS MaT€PHAIIbHBIX TEJI, YTO COOTBETCTBOBAJIO YPOBHIO 3HAHUIN TOTO BPEMEHH.

MexaHuka JienuTces Ha Tpu paszjena: [) KuHeMaTHKy; 2) TMHaMUKY; 3) CTaTUKY.

Kunemaruka nzyuyaer JBH)KEHHUE T, HE pacCcMaTpuBasi IPUYHUHBI, KOTOPBIE 3TO JABM)KEHHE 00yCIOBIUBAIOT.

JIuHAMHUKAa W3y4aeT 3aKOHBI IBUYKEHUS TeJll U MPUYUHbI, KOTOPHIE BBI3BIBAIOT UM U3MEHSIOT TO JABH)KEHHUE.

CraTnka u3y4yaeT 3aKOHbI PABHOBECHUSI CUCTEMBI TeJl. ECIIM N3BECTHBI 3aKOHBI IBUKEHUS TEJI, TO U3 HUX MOXKHO
YCTaHOBUTH U 3aKOHBI paBHOBecHs. [103TOMy 3aKOHBI CTaTUKU OTIEIBHO OT 3aKOHOB JMHAMUKH (pU3MKa HE
paccMmarpuBaer.

MexaHuKka JiJIs1 ONIMCAHUS JBM)KEHUS TEJ B 3aBUCHMOCTH OT YCJIOBHM KOHKPETHBIX 3a]a4 HUCIIOJIb3YEeT pa3Hble
@uszuueckue mooenu. Ilpocreilmieil Monenplo SBISETCS MaTepHaJbHasi TOYKa — Tello, obiajaaroiiee
Maccoi, pasMepaMu KOTOpPOro B JJaHHOM 3ajade MOXHO IpeHeOpeub. [loHATHe MaTepuanbHONM TOUKU —
a0CTpakTHOE, HO €ro BBEAECHHE 00JerdaeTr pelleHue MpakTHYeckux 3aaad. Hampumep, msyuas IBHXKEHHE
I1aHeT o opoutam Bokpyr CoiHIIa, MOKHO MPUHATH UX 3a MaT€PUATIbHBIE TOUKH.
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[Tpon3BoIbHOE MaKPOCKONMMYECKOE TeN0 WM CUCTEMY TEl MOXKHO MBICIIEHHO pa30uTh Ha Maible
B3aMMO/ICICTBYIONINE MEXAY COOOM YacTH, Kakaas M3 KOTOpPbIX paccMaTpUBaeTCsi Kak MaTepHalibHas
Touka. Torma wu3ydeHHE MABWXKEHHUS INPOM3BOJIBHOM CHUCTEMBI TEJI CBOAMTCA K H3YYEHHMIO CHUCTEMBI
MarepualbHBIX TOYEK. B MexaHMKe CHayana M3y4aroT JIBH)KEHHE OJHOW MaTepUallbHOM TOYKH, a 3aTeM
NEPEXOAT K U3YUECHUIO IBUKEHUS CUCTEMbI MAaTEPHAIIbHBIX TOUEK.

[Ton Bo3nelicTBUEM Tell ApYT HA Apyra Tejaa MOryT 1eOpMUpPOBATHCS, T. €. U3MEHATH CBOIO (hOPMY U pa3Mephl.
[TosToMy B MeXaHMKE BBOAMTCS €Ile OJHA MOJENb — AOCONIOTHO TBEPJIOE TEJO. AOCOIIOTHO TBEPABIM
TEJIOM Ha3bIBACTCSl TEJIO, KOTOPOE HU NPU KAKUX YCIOBHSIX HE MOXET nehopMHpOBATHCS U IMPH BCEX
YCIIOBUSIX PACCTOSTHUE MEX]Y IBYMs TOUKaMH (WM TOYHEE MEXKIY IBYMS YaCTUILIAMU) 3TOTO TeJIa OCTAETCS
ITOCTOSIHHBIM.

JIrob6oe aBM>KEHHE TBEPJOrO TEJla MOYKHO IPEJICTaBUTh KaK KOMOMHAIMIO MOCTYNATENbHOIO U BPALATEILHOTO
neuxenuit. [loctynaTenbHoe ABMXKEHHUE — 3TO ABMXKEHUE, IPU KOTOPOM JIt00asi mpsiMasi, >KeCTKO CBSI3aHHAS
C JIBIKYILIMMCS TEJIOM, OCTaeTCsl NapajulebHOW CBOEMY IEpBOHAYaIbHOMY IOJOKEHUIO. BpamarensHoe
JNBUKEHHUE — 3TO JBUYKEHHUE, IIPY KOTOPOM BCE TOUKH TeJla ABUKYTCS M0 OKPYXKHOCTSM, LIEHTPBI KOTOPBIX
JIe)KaT Ha OJJTHOM U TOM e MPSIMOU, Ha3bIBAEMOU OCBIO BPALLECHHUS.

JIBrKeHure Tel MPOUCXOAUT B MPOCTPAHCTBE U BO BpeMeHHU. [loaTomy niia onucaHusi IBUKEHUSI MaTEpUAIBHON
TOYKH HaJ0 3HaTh, B KAKUX MECTaxX MPOCTPAHCTBA 3Ta TOYKA HAXOJWJIACh U B KAKUE MOMEHTHI BpEMEHH OHA
MIPOXOAMNIIA TO WJIK NHOE TIOJIOKEHHE.

[TonoxxeHne MmaTepuanbHOW TOUKHM OMNPEIENAETCS IO OTHOUIEHHIO K KaKOMy-JIMOO Jpyromy, MPOU3BOJIBHO
BBIOpAaHHOMY TeIy, Ha3bIBAEMOMY TelloM oTcueTa. C HUM CBSI3bIBA€TCA CUCTEMa OTCUETa — COBOKYITHOCTD
CUCTEMBbl KOOpAMHAT M YacoB, CBSI3aHHBIX C TEJIOM OTcuera. B 1ekapToBoi cucTtemMe KOOpAMUHAT,
UCIOJNIb3YeMO HanboJee 4acTo, MOJI0KeHHE TOUKH A B TaHHBIM MOMEHT BPEMEHHU MO OTHOIIEHUIO K JTOH
CUCTEME XapaKTEpU3YeTCs] TpeMs KOOpAUHATaMM X, Y U Z WIH PaJuycOM-BEKTOPOM I, MPOBEACHHBIM M3
Hayala CHCTeMbI KOOPAUHAT B JAHHYIO TOUKY (puc. 1).

[Ipu aBM>KEeHUH MaTEepUAIbHON TOUKU €€ KOOPAMHATHI C TEUEHHUEM BpEMEHU U3MEHsIoTCs. B obieM cioyuae ee
JBUKEHUE ONPENEIISAETCS CKAIIPHBIMU YPAaBHEHUSMU

x=x(1), y=y@®), z=z(), (1.1)

SKBUBAJICHTHBIMU BEKTOPHOMY YPaBHEHUIO

r=r(t). (1.2)

VYpauenust (1.1) u coorBercTBeHHO (1.2) Ha3bIBAIOTCS KHHEMATHYECKMMH YPaBHEHUSIMU JBUKCHUS
MaTepHaIbHOI TOYKH.

Yucno He3aBUCUMBIX KOOPAMHAT, ITOJIHOCTBIO ONPEAEIAIONIUX IT0JI0KEHUE TOYKU B IPOCTPAHCTBE, HA3bIBACTCS
YHCJIOM cTeneHeil cBodoabl. Ecnu MaTepuanbHast TOuka CBOOOHO JIBUXKETCSI B IPOCTPAHCTBE, TO, KaK yxkKe
ObUIO CKa3aHO, OHa 00Ja/aeT TpeMsl CTENEeHsIMH CBOOOB! (KOOPAUHATHI X, ¥ U Z), €CJIM OHA JIBUXKETCS IO
HEKOTOpPOM MOBEPXHOCTH, TO JIBYMSI CTENEHSMU CBOOOJABI, €CIM BJOJb HEKOTOPOW JIMHHUH, TO OJHOU
CTEIEHbIO CBOOO/IBI.

Prc. 1

@ UT0 HasuiBaercs MartepmanbHoil Touko#W? Mo-
YoMy B MOXAHWK® BBOAAT TaKYio MOAens?

@ YTo TaKkoe cucrema orcyera?

@ Y710 Takoe BexTop nepemeueHnA? Becerpna nu
MOlyNb BEKTOPA NEepPeMOlleHNs PABEeH O0Tpes-
Ky MyTH, NPOAJGHHOMY TOUKOA? ‘

@ Kaxoe [ABWXEHMO HA3bLIBAGTCH NoCTynaresib-
HbiM? BpawarTenbHbLIM? :

Uckmiouas t B ypaBHeHusx (1.1) u (1.2), monyuuM ypaBHEHHE TPACKTOPUU JBUKEHHS MaTepUANbHON TOYKH.
TpaexTopusi 1BHKEHUS MaTepUaIbHOW TOYKHM — JIMHMS, ONUCBIBAEMasi ATOM TOYKOW B MpOCTpaHCTBE. B
3aBHUCHUMOCTH OT ()OpPMBI TPACKTOPUU JIBUKEHUE MOXKET OBITh MPSMOJUHENHBIM TN KPUBOJIMHENWHBIM.

PaccMoTpuM JIBHKEHHE MaTepUanibHOM TOUYKM BOJIb MPOU3BOJIBHOM Tpaekropuu (puc. 2). OTcuer BpeMeHH
HAaYHeM C MOMEHTa, KOrjJa TOuYKa Haxoquwiach B TojokeHuu A. JlnuHa ywacTka TpaekTtopuu AB,
IIPOMJEHHOIO0 MaTepHaJIbHON TOUKON ¢ MOMEHTa Hayaja OTCUeTa BPEMEHM, Ha3bIBACTCA AJTHHOM MyTH AS U
SIBISICTCS cKaApHou pynukyuei BpeMeHu: AS = As(t). Bexmop Ar = r — Iy, IPOBEJACHHBIA U3 HAYAIBHOTO
MOJIOXKEHUS JBIDKYILEHCS TOYKM B IOJIOKEHHWE €€ B JaHHBI MOMEHT BpeMeHHU (IpHpalleHHue paauyca-
BEKTOPA TOYKH 3@ paCCMaTPUBAEMBII IPOMEKYTOK BPEMEHH ), HA3bIBAETCSI MePeMelleHHEeM.
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HpI/I HpHMOJ’IHHGfIHOM ABMIKCHUMU BCKTOpP MNCPCMCHICHHA COBMAAACT C€ COOTBCTCTBYIOIIMM YYAaCTKOM
TPAEKTOPUHU M MOJYJIb TIEpEeMENIeHUs |Al| paBeH MPOHICHHOMY ITYTH AS.

§ 2. Ckopocthb
JUid XapakTepUCTUKU JBW)KCHMSI MATEPUAIIBHOM TOYKM BBOJUTCS BEKTOPHAs BEIMYHMHA — CKOPOCTb,
KOTOPOH onpeziensieTcs Kak Obicmpoma ABWKEHHS, TaK U €r0 Hanpaesiienue B TaHHBIA MOMEHT BPEMEHHU.
ITycte MaTepuanbHas TOYKA JBHUXKETCA MO KaKOW-TMOO KPUBOJMHEMHOW TPaeKTOpPUU TakK, YTO B MOMEHT
BpeMEHH t el COOTBETCTBYET paauyc-BeKTOp lo (puc. 3). B TeueHne Manoro npomexyTka BpemeHu At Touka
IpoieT myTh AS U MOIYYUT 3JEeMEHTapHOe (0ECKOHEUHO Majloe) nepemenieHue Ar.
BekTopom cpeaHeil ckopocTH <V> Ha3bIBa€TCsl OTHOIICHHE INpHUpameHus Al paguyca-BeKTOpa TOYKU K
IIPOMEXKYTKY BpeMeHHU At:
Ar
=% 2.1)
HanpasiieHue BekTOpa cpeiHel CKOPOCTH COBIAJAET C HanpasieHueM Arl. IIpu HeorpaHMYEeHHOM YMEHBIICHUH
At cpenHssA CKOPOCTh CTPEMUTCS K IIPEAECIBHOMY 3HAUYEHUIO, KOTOPOE HA3bIBAETCSI MTHOBEHHOH CKOPOCTHIO
V:

A4S g <v>

ar

To

Puc. 2 Puc. 3
MrHoBeHHasi CKOPOCTb V, TAKMM 00pa3oM, €CTh BEKTOpHasl BEIMYMHA, paBHasi IEPBOI MPOM3BOIHON paauyca-
BEKTOpa JABIDKYIIEWCS TOYKM MO BpeMeHW. Tak Kak cekyllas B IpeJese COBMaJaeT ¢ KacaTellbHOH, TO
BEKTOpP CKOPOCTH V HaIlpaBJieH MO0 KacaTeIbHOM K TPaeKTOpUU B CTOpOHY JBMxkeHus (puc. 3). Ilo mepe
yMeHblleHus At myTe AS Bce Oounbliie OyAeT npuodaukarbes K |Ar|, m03ToMy MOJ1yJIb MTHOBEHHON CKOPOCTH

Ar

Yim |Ar| i As ds
Ar—-0 A' -

A= At A0 At - dt.

y=|vl=

Takum o0pa3om, MOyJIb MTHOBEHHON CKOPOCTH paBeH MEepPBOI MPOU3BOAHON MYTH 110 BPEMEHHU:

ds
vV = -
dt (2.2)

[Ipy HepaBHOMEPHOM ABMAKEHMH — MOJYJIb MTHOBEHHOM CKOPOCTH C TEUEHHEM BpPEMEHHM H3MeHseTcs. B
JAHHOM CJIy4ae TIOJIb3YIOTCS CKAJIAPHOW BeNWYHMHOW (V) — cpelHell CKOPOCTHI0O HEPABHOMEPHOTO
JBUKEHUS:

As
v) = —,
) Ar

U3 puc. 3 BeITeKaeT, 4To (V)> |(V)], Tak Kak AS > |Ar|, ¥ TOIBKO B ClTy4ae MPSMOJIMHEHHOTO ABHKCHUS

As = |Ar|.
Ecnu Beipaxkenue ds = vdt (cMm. hopmyiy (2.2)) mpoOHMHTErpUPOBaTh 10 BPEMEHH B Ipenenax oT t 1o t + At, To
HalJIeM JUIMHY IIyTH, IPOMACHHOIO TOYKOM 3a BpeMs At:

1+A1
s= [ vde

, (2.3)



B ciayuae paBHOMEpPHOro JIBM:KeHHsI YHCIOBOE 3HAUYE€HHWE MIHOBEHHOH CKOpPOCTH IIOCTOSIHHO; TOTJa
BBIpakeHue (2.3) mpuMeT BUT
1+ AL
s=v [-dr = vAr
t
JlnvHa myTH, IpONMIEHHOIO TOUYKOU 3a IIPOMEXYTOK BPEMEHH OT ty 110 to, JaeTcst MHTErpaiom
1

2
s = [v(t)dt.

4

§ 3. YckopeHnue 4 ero cocraBJisiiomme

B cnyuae HepaBHOMEPHOIO IBUKEHUS BaKHO 3HATh, KaK ObICTPO M3MEHSETCS CKOPOCTh C TEUYEHUEM BPEMEHHU.
@u3ndecKol BEIMUYMHON, XapaKTEPU3YIOLIEH ObICTPOTY U3MEHEHUSI CKOPOCTHU 1O MOAYJIK0 U HAalpaBJIEHHUIO,
ABJIACTCSL yCKOPEHHe.

PaccmoTpuM miiockoe ABMIKEHHE, T.€. IBHKECHHE, IIPU KOTOPOM BCE YYaCTKM TPACKTOPUM TOYKH JIEKAT B
onHOM miockoctd. IlycTh BEKTOp Vv 3amaeT CKOpOCTb TOYKM A4 B MOMEHT BpemeHu t. 3a Bpems At
JBIDKYILAsICSl TOUKA Iepellyia B [0JI0KeHHe B 1 npruodpena cKopocTb, OTIIMYHYIO OT V Kak [0 MOAYJI0, TaK
Y HaNpaBJIEHUIO U paBHYIO V1 =V + Av. [lepeHecem BeKTOp Vi B TOUKY A U HaiizieM AV (puc. 4).

CpenHuM yCKOpeHHMEM HEPaBHOMEPHOIO IBMXKCHMsI B MHTepBase oT t no t + At HaspiBaeTcsd BEKTOpHas
BEJIMYMHA, paBHAsl OTHOUICHUIO U3MEHEHUS CKOPOCTU AV K MHTEpBally BpeMeHH At

Av
a) = —,
()] Al
MrHoBeHHBIM YyCKOpeHHeM a (YCKOpEeHHEM) MaTepuajbHOW TOYKHM B MOMEHT BpeMeHH t Oyner mpenen
CPEIHETO YCKOPEHHUS:

Av dv
= lim = lim — = —.
. Ar-s0 <‘>. A0 At dt

Taxum 00pa3oM, yCKOpEHHE & eCTh BEKTOPHAsI BEJTMYMHA, PaBHAsS TIEPBOM IPOM3BOIHON CKOPOCTH 110 BPEMEHH.
Paznoxxum BexTop AV Ha nBe coctaBisitomue. st 3Toro u3 touku A (puc. 4) mo HampaBlIEHUIO CKOPOCTH V

_—

omnoxuM Bektop AD, mo moaymo paBHbIM Vi. OueBuaHO, yto BekTop CD, paBHBIE AV_, ompexaenser

T

U3MEHEHHE CKOPOCTH 3a BpeMs At no moodymo: AV, =V, —V . Bropas xe coctaBistomas AV, BekTopa AV

XapaKTEepU3yeT U3MEHEHHE CKOPOCTH 3a BpeMs At no nanpaesnenuro.
TaHreHuuaJbHast COCTABJISIONIASA YCKOPEHUS
Y U
A0 At a0 At de
T. €. paBHA MEPBO MPOU3BOAHON MO BPEMEHH OT MOJIYJS CKOPOCTH, OMpEIeNss TeM CaMbIM OBICTPOTY
W3MEHEHUSI CKOPOCTH 11O MOJTYJIIO.
Haiinem BTOpYI0 COCTaBISIIONIYIO YCKOpeHUs. JomycTuM, 4To TOYKa B AOCTATOYHO OJM3Ka K TOUKE A, TO3TOMY
AS MOXHO CYUTATh AYTOM OKPYKHOCTH HEKOTOPOTO pajauyca I, Majlo OTiauJaromieics ot xopasl AB. Toraa

u3 nogo6us TpeyroiapaukoB A0B u EAD cnenyer AVp/AB = vi/r, Ho Tak kak AB = VAL, To

Av, vy

Ao
B npenene npu At — 0 nonyuum v, - V.



Puc. 4

© Dath onpefeneHnn BeKTOPOB cpegHel cKopo-
CTH W CPOAHEro YCKOPeHMA, MFHOBEHHOA CKO-
POCTH W MFHOBOHHOIO YCKOpeHnsi. KakoBbi Mx
HANPaBneHus?

@ YT0 XApaxTepnsyeTr TRHIeHLMANbLHARA coCTas-
NAKLEAEA YCKOPSHMAT HOPMANBHAA COCTaBNA-
10Wan yckopeuna? Kakosbl Kx Mogynu?

© BO3MOXHBI NM ABMIXGHNSA, NPH KOTOPbLIX OTCYT-
CTBYOT HOPMANbHO® YCKOPeHWe? TaHreHLu-

0 ansHoe yckopenne? lpuseaute npnmepsi.

ITockonbky V, — V, yroa EAD ctpemutcs k Hymo, a Tak kKak TpeyroiabHuk EAD paBHOOGeqpeHHBIH, TO yroia

ADE mexny V u AV, ctpemutcs k npsmomy. CinenoBarensHo, ipu At — 0 BEKTOpBI AVp U V OKa3bIBarOTCS
B3aMMHO MEPHEHIUKYISPHBIMUA. TaX Kak BEKTOP CKOPOCTH HAIpaBJeH M0 KacaTeIbHOW K TPaeKTOPUHU, TO
BEKTOp AVj, NEpPHEHIUKYJSIPHBIA BEKTOPY CKOPOCTH, HAIIpaBIE€H K LEHTPY €€ KpHUBU3HBL Bropas
COCTaBJIAIOLIAs YCKOPEHMUs, paBHas

Ha3bIBACTCSl HOPMAJILHOI COCTABJISIONIEH YCKOPEHHUs ¥ HAIIPaBJICHA 10 HOPMAJIM K TPACKTOPHUHU K LICHTPY €€
KPUBU3HBI (II03TOMY €€ Ha3bIBAIOT TAK)KE IEHTPOCTPEMHTEIbHBIM YCKOPEHHEM).

IMotHoe yckopeHHMe Tena €CTh IeOMETpHYEecKas CyMMa TAaHTCHIMAJIbHOW M HOPMAJIbHOM COCTABIISIFOIMX
(puc.5):

dv
I='d—t=ﬂ‘+l,.

Urtax, maneenyuanrvuas COCTAaBISIONIAs YCKOPEHHS XapaKTEPU3YeT Oblcmpomy u3MeHeHus CKOpOCmU No
MmoOyno (HampaBlieHa MO KacaTeNbHOH K TpPAaeKTOPUH), & HOPMAIbHAA COCTABISIONIAs YCKOPEHHS —
Ovicmpomy usMeHeHusi CKOpocmu no Hanpasienuio (HanpasjieHa K HEHTPY KPUBU3HBI TPACKTOPHN ).

B 3aBHCHMMOCTM OT TaHICHUMAIBHONH ¥ HOPMAIbHON COCTaBJISIONIMX YCKOPCHHUS JBHXKCHHE MOXKHO
KJIacCH(PHUIMPOBATH CICAYIOMINM 00pa3oM:

1) a, =0, an = 0 — npssMoNMHEHOE PaBHOMEPHOE JIBIKCHUE;

2) a_=a=const, a,= 0 — mpsiMONTMHEHOE paBHOIIEpEMEHHOE JIBIKeHUE. [Ipu TakoM BHIE TBHKECHUS

Av vy
At —-t

a,=a

Ecnun navaneHbpiit MoMeHT BpeMenu 13=0, a HavanbHas CKOPOCTh V1=V, TO, 0003Ha4uB {,=t u Vo=V, noayuum
a=(—-v,)/t, otkyna

v = yy+at.

[TpounrerpupoBaB 3Ty GopMyny B mpezenax OT HYJS 70 NMPOU3BOJIBHOIO MOMEHTa BpeMeHHM t, Haiinem, uTo
JUIMHA YT, TPOIIEHHOr0 TOUYKOM, B CIIy4ae paBHOIIEPEMEHHOIO JBUKCHHUS

t t
s = fvdt = [(wo+andt = vor+ar?/2;
0 0

Pac. §

® YTo HasbiBaeTCA YrnoBoll CXOPOCTLIO? YImo-
BbLIM yckopeHnem? Kak onpegensioTcR mx Ha-
NPaBneHnA?

@ Kaxopa CBA3b M@XAly NNHeAHLIMN W YITOBbLIMYN
BONVMYUHEMAT?

3) a, = f(t), an= 0 — npsiMonMHelHOE IBIKEHUE C IEPEMEHHBIM YCKOPEHUEM;
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4) a_ =0, a, = const. [Ipu a_ =0 ckopoCTh MO MOIYIIIO HE U3MEHSETCS, a U3MEHsETCS 110 HarpasieHuto. U3

(hopMyIIbI an=VIr CIIETyeT, YTO PalnyCc KPUBU3HBI IOJDKEH OBITH MOCTOSHHBIM. CJIeI0BaTEbHO, JBUKCHHE
110 OKPY>KHOCTH SIBJISIETCS PABHOMEPHBIM;

5) a, =0, a, # 0 — paBHOMEepHOE KPHBOJIMHEIHHOE J[BIKCHUE;
6) a_ =const, a, # 0 — kpuBoIMHEIIHOE paBHONIEPEMEHHOE JIBU)KCHHE;

7) a_ = f(t), a, # 0 — kpuBOIMHEHHOE IBIKXEHHE C IEPEMEHHBIM YCKOPCHUEM.

§ 4. YriioBasi cKopocThb M YIJIOBO€ YCKOpPeHHe

Paccmotpum TBepaoe Teno, KOTOpoe BpalaeTcss BOKPYT HEMOJABIKHOUM ocu. Torma oTAenbHBIE TOYKH JTOTO
Tena OyIyT ONMMCHIBATH OKPYKHOCTH PAa3HBIX PaIMyCOB, IIEHTPHI KOTOPBIX JIeXkKAT Ha ocH BpamieHus. [lycth
HEKOTOpasi TOYKa ABUXKETCS MO OKpPYXKHOCTH paauyca R (puc. 6). Ee monoxxeHue uepe3 MpoOMEKYTOK
BpemeHu At 3agamum yriiom A @ . DineMeHTapHble (0ECKOHEYHO Majible) TIOBOPOTHI MOXKHO PaccMaTpUBaTh

Kak BeKTOpbl (OHM 0003Ha4awTcs A@ win O¢@). Moayab BekTopa (¢ paBeH yrily MOBOpPOTa, a €ro

HaIlpaBJICHUE COBIIAJAET C HAIPABICHUEM IOCTYIATEIbHOIO JBM)KCHHUS OCTPHUS BUHTA, I'OJOBKA KOTOPOIO
BpaLIAcTCs B HAIPABICHUH JBUKEHUS TOYKU I10 OKPYKHOCTH, T.€. IIOJAYUHACTCA NMPABUJIy IIPAaBOro BUHTA
(puc.6). BekTopbl, HampaBieHUS KOTOPBIX CBA3BIBAIOTCS C HANpaBICHUEM BpAIIECHUs, Ha3bIBAIOTCSA
NCEBAOBEKTOPAMH WIM AKCHAJBHBIMH BEKTOPAMHM. OTH BEKTOPHl HE MMEIOT OIPEIEIICHHBIX TOYEK
MIPUJIOXKEHHUS: OHU MOT'YT OTKJIJbIBAThCS U3 JTHOOON TOUKU OCH BpAILCHHUS.

YT1J10BOi1 CKOPOCTBIO HAa3bIBACTCS BEKTOPHAs BEJIMUMHA, paBHAs [IEPBOM IPOU3BOJHOM yIila IOBOPOTA Teja 10
BPEMEHU:

Ag d¢

@
A0 At dt’

BeKTop w HallpaBJICH BAOJIb OCHU BpalICHUS IO IIPpAaBUIIYy IIPAaBOr0O BHUHTA, T.C. TAK XK€, KaK U BCKTOP dQ)

(puc.7). PasmepHOCTH yritoBoi ckopoctu dim o=T", a ce equnnna — pajua B cekyHny (pazn/c).
Jlunelinast CKOpoCTh TOUKH (CM. pHC. 6)

As RA A
v=lim — = lim-—¢=Rliml==Rw,
a0 At Ao At a0 At
T. €
v = oR.
P \
M‘ 4o
R
As
Pumc. 6 Puc. 7
B BexTOpHOM BHIE POpMYITy ISl TUHEHHONW CKOPOCTH MOXHO HAamMcaTh KaKk BEKTOPHOE MPOU3BEICHHE:

v = [@R].

o\
[Ipu 5TOM MOZYJIb BEKTOPHOTO IPOU3BEAECHUS, 10 ONPEJAECICHUIO, PaBEH wRsin (@ R), a manpasnenue copnajgaer
C HalpaBJIeHUEM MOCTYNATEIbHOIO ABMKEHHSI TPABOTO BUHTA IPHU €r0 BPALIeHUH 0T @ K R.
Ecnmu (@ = const, To BpamieHre paBHOMEPHOE M €ro MOXHO XapaKTepHu30BaTh NMEePUOJOM BpalleHuss | —
BpEMEHEM, 32 KOTOpOE TOYKA COBEPIIAET OJMH IOJHBIH 000poT, T.€. MOBOpaunBaeTcs Ha yrou 2m. Tak kak
poMeKyTKY BpeMeHH At = T coorBeTcTBYeT A@ =27, TO @ = 271/T, OTKYyma

T = 2n/o.

Yucao MOIHBIX 060pOTOB, COBCPHIACMBIX TCJIOM IIPHU PABHOMEPHOM €ro ABUKCHUU 110 OKPYKHOCTHU, B CAUHHUIY
BPEMCHH HA3bIBACTCA qacTOTOM BpalicHusA:
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n = 1/T = w/@2=n),
OTKyJa
© = 27n.
VYTJI0BBIM YCKOpEHHEM Ha3bIBaeTCsS BEKTOpHAs BEIWYMHA, paBHAs MIEPBOM MPOU3BOIHOM YIIIOBOW CKOPOCTH IO
BpPEMCHH:
5> da
==
[Ipu BpamieHuu Teaa BOKPYT HEMOABM)KHOW OCH BEKTOP YIJIOBOT'O YCKOPEHHMS HAIpaBJIEH BJIOJIb OCH BpaICHUS
B CTOPOHY BEKTOpPA AJIEMEHTAPHOTO MPUPAILICHHS YTIIOBOM CKOpPOCTH. [Ipy yCKOPEHHOM JIBUKCHHH BEKTOP
£ COHAmpaBJIeH BEKTOPY @ (puc.8), mpH 3aMeIJICHHOM — IPOTHUBOHAIPABICH eMy (puc.9).

dv
a=—,v=wRHu
TaHFCHI_[I/IaJ'IBHaH COCTaBJIAIOIIAas YCKOPCHUA de
d(wR) do
= = R— = Re.
dr dr |
HOpMaHBHaH COCTaBJIArOIIass YCKOPCHUA
v?  o’R? 2R
= e—— = ——— == ()
"=“R-R
w, w
jw 7
i‘.‘.’)g F(”
dt W,
wq Prs SN
n N
R TN \ )
/ \ P
{ , S
N\ /
, \\~__’/ €
Puc. 8 Prc. 9

Takum 00pa3zom, CBSI3b MEXAY JIMHEHHBIMU (JJMHA MYTH S, MPOWJIEHHOTO TOYKOW MO AYre OKPYKHOCTH
paguyca R, nuHeiHas CKOpPOCTb V, TaHICHLUAIbHOE YCKOPEHHE & , HOPMalbHOE YCKOpeHHE a,) U

YIJIOBBIMU BEJIMYMHAMHU (YroJl TOBOPOTa (9, YIJOBas CKOPOCTh (, YIJIOBOE YCKOPEHUE €) BhIpakaeTcs
CIIeAYIOIIHUMU (GOPMYITAMHU:
s=Rp, v =Rw, a = Re, a, = &*R.
B ciy4yae paBHOIIEpEeMEHHOTO IBUYKEHHSI TOYKH IO OKPYKHOCTH (€=CONSt)
o=oytet, 0=t e
rZie Oy — HadalbHas yTrIIOBast CKOPOCTb.
3agaun

1.1. 3aBHCHMOCTb MPOIIEHHOTO TEJIOM IYTH OT BPEMEHH 33J]aeTCsl ypaBHEHHEM S=A+ Bt+Ct?+Dt> (C=0,1 m/c?,
D=0,03 M/C3). Ompenenuth: 1) BpeMs moclie Havajla JABHKEHUS, Yepe3 KOTOpOE YCKOpEHUe a Tena Oyner
paBHO 2 m/c?; 2) cpelnHee yCKopeHue (@) Tena 3a 3TOT MpOoMexyToK Bpemenu. [1) 10 ¢; 2) 1,1 M/c?]

1.2. IIpeneOperasi cONpOTUBICHUEM BO31yXa, ONMPEAEIUTh Yo, MOJ KOTOPHIM TelI0 OpOIIEHO K TOPU30HTY,
€CIIi MaKCUMalbHas BBICOTA MOAbEMa Tella paBHa 1/4 nanbHOCTH ero mosera. [45°]

1.3. Koneco panuycom R=0,1 M Bpamiaercs Tak, 4TO 3aBUCUMOCTbH YIJIOBOM CKOPOCTH OT BPEMEHHU 33JaeTcs
ypaBHenneM o = 2At + 5Bt* (A = 2 pan/c® u B = 1 pag/c®). Onpeaenurs MoiHOe YCKOPEHHe Todek 060/a
KoJsieca yepe3 t=1 ¢ mocie Havyasa BpameHust ¥ YUciIo 000pOTOB, CIEIAHHBIX KOJIECOM 3a 3TO Bpems. [a=8,5
m/c?; N=0,48]

1.4. HopmanbHOE YCKOpPEHHME TOYKH, JBHXKYIIEHCS MO0 OKPYKHOCTH pajuycoM r=4 M, 3aJaeTcsi ypaBHEHUEM
an=A+Bt+Ct2 (4=1 M/CZ, B=6 M/c3, C=3 M/CA). Onpenenuts: 1) TaHTEHITMAIBHOE YCKOPEHUE TOYKH; 2) TyTh,
NpoiiIeHHBI TOYKOM 3a Bpems t1= 5 ¢ mocje Hauyana JIBHXKEHHUS; 3) MOJHOE YCKOpPEHHE Ui MOMEHTa
Bpemenn t=1 c. [1) 6 m/c%; 2) 85 m; 3) 6,32 m/c?]

1.5. YacroTa BpalieHus Kojeca IpU paBHO3aMEIJIEHHOM JABMKeHUH 3a t=1 mun ymensmnnacs ot 300 go 180
MuH *. Onpenenuts: 1) yrioBoe ycKOpeHHe Kolieca; 2) UHCIIOo TONHBIX 000pPOTOB, CHCMAHHBIX KONECOM 3a
sT0 Bpems. [1) 0,21 paz[/cz; 2) 240]
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1.6. Tuck pannycom R=10 cm BpamaeTcst BOKpyr HENOJBMKHOM OCH TaK, YTO 3aBUCHUMOCTH YIJla IIOBOPOTa
paauyca JUCKa OT BPEMEHH 3aJaeTCsl ypaBHEHHUEM (|)=A+Bt+Ct2+Dt3 (B=1 pan/c, C=1 paz[/cz, D=1 paz[/ca).
Onpenenuth 1711 TOYEK Ha 0004€ Kojieca K KOHILy BTOpPOMl CEKyHIbl TOcCje Hauyana JABWKEHHus: 1)
TaHTCHLUAIBHOE YCKOPEHHE a_; 2) HOPMaJIbHOE YCKOPEHUE ap; 3) mosiHoe yckopenue a. [1) 1,4 m/c%; 2) 28,9

M/c%; 3) 28,9 m/c?]

I'naBa 2 I[I/IHaMI/IKa MaTepHaJIbHOﬁ TOYKH H MOCTYNNATEJIBbHOT0 ABUKCHUS TBEPAOI'o T€J1Aa

§ 5. IlepBbiii 3akoH HeloTona. Macca. Cuaia

JluHamMMKa SIBJISI€TCSI OCHOBHBIM DAa3/eliOM MEXaHUKHM, B €€ OCHOBE JieXaT Tpu 3akoHa HbroToHa,
chopmynupoBanHbie UM B 1687 r. 3akoHbl HpIOTOHA WIpalOT HMCKIIOUUTEIBHYIO POJIb B MEXaHUKE H
SBIIIOTCS (KaK W BCe (PU3MUYECKUE 3aKOHBI) OOOOIICHHEM PEe3yJIbTaTOB OTPOMHOTO YEJIOBEYECKOTO OIIBITA.
Wx paccMaTpuBaIOT Kak cucmemy 83auUMoC8A3aHHbIX 3aKOHO8 U OTIBITHOW MTPOBEPKE MOJIBEPTalOT HE KaXKIbIN
OTJENIbHBIN 3aKOH, a BCIO CUCTEMY B LIEJIOM.

IlepBblii 3axkon HblOTOHA: 6cAkas mamepuanvuas mouyka (meno) coxpausem COCMOSHUe NOKOs UNU
PABHOMEPHO20 NPAMOIUHEUHO20 O8UJCEHUSL 00 meX NOp, NOKA 6030elcmaue cO CHOpPOHbL Opyux mejl He
3acmasum ee uzmeHums 95mo cocmosnue. CTpeMJIeHHE Tella COXPaHATh COCTOSHUE TIOKOS WIIU
PABHOMEPHOTO NPSIMOJIMHENHOTO IBUKEHHS Ha3bIBACTCS HHEPTHOCTHIO. [103TOMY 1nepBbIil 3akoH HproToHa
HA3BIBAIOT TAKXKE 3AKOHOM HWHEPIUH.

MexaHuueckoe JIBUKEHHE OTHOCHUTEIBHO, M €ro XapakTep 3aBUCUT OT CHCTeMbl oTcuera. llepBbiii 3akoH
HproToHa BBINONHSIETCS HE BO BCSAKOM CHCTEME OTCUeTa, a T€ CHUCTEMbI, 110 OTHOILIEHUIO K KOTOPHIM OH
BBITIOJIHAETCS, HA3bIBAIOTCS HMHEPUUAJBHBIMH CHCTeMaMHu oTcdera. MHepuuanbHON cuctemoill orcyera
SBJIIETCS TaKas CUCTEMa OTCUeTa, OTHOCUTEIILHO KOTOPO MaTepuaibHasi TOUKa, C80000HASL OM BHEUHUX
8030eticmeuil, JIMOO TTOKOUTCS, JINOO JBIIKETCS PAaBHOMEPHO U MPSIMOJMHEWHO. [lepasuiil 3axon Hviomona
ymeepacoaem cyuecmeosanie UHePYUAIbHbIX CUCTeM Omcyema.

OnBITHBIM ITYTEM YCTaHOBJIEHO, YTO MHEPLHUAIBLHOW MOKHO CUUTATh T'€JIUOLIEHTPUUECKYIO (3BE€3/IHYI0) CUCTEMY
oTcyeTa (Ha4ajao KOOpauHAT HaxoauTcs B IieHTpe CoIHIA, a OCH MPOBEIaHbl B HAPABICHUH ONPEIeIEHHBIX
3Be3n). Cucrema oOTcueTa, CBs3aHHAs C 3emiieil, CTPOTO TOBOps, HEHMHEpIHadbHA, OIHAKO 3S(P(EKTHI,
00yCJIOBJIEHHBIE €€ HEeMHEePLUAIbHOCThIO (3eMils BpalaeTcss BOKpYr coOCTBEHHOM ocu u Bokpyr CoinHua),
IIPU pELICeHUN MHOTHUX 3a/1a4 MPeHeOpeKMMO MaJlbl, U B 3TUX CIyYasiX €€ MOKHO CUUTATh HHEPLHAIBHOM.

W3 onbITa U3BECTHO, YTO MPHU OJMHAKOBBIX BO3ACHCTBUSAX pa3IMUHbIE T€JIa HEOJUHAKOBO M3MEHSIOT CKOPOCTh
CBOETO JIBWJKEHUS, T.€., HHBIMHM CIIOBaMH, MPUOOPETAIOT pa3InYHbIE YCKOPEHUsS. YCKOpEHHE 3aBUCUT HE
TOJIBKO OT BETMYMHBI BO3ACHCTBHUSI, HO U OT CBOMCTB CaMoro Tena (0T ero Macchl).

Macca Ttena — (¢usnueckas BeIWYMHA, SBIAIOIIAACA OJHOM U3 OCHOBHBIX XapaKTEPUCTUK MaTepHH,
omnpezessionias e¢ WHEepPIMOHHbIC (MHEPTHAsi Macca) W TPaBUTAIlMOHHBIC (rPABUTANMOHHASI Macca)
cBoiicTBa. B HacTosiee BpemMs MOXKHO CUMTaTh JOKAa3aHHBIM, YTO MHEPTHAs M T'PAaBUTALMOHHAs MacChbl
paBHBI IPYT APYTY (C TOUHOCTHIO, HE MEHBIIIEH 10" ux 3HaveHus).

UtoOBI OmuChIBaTH BO3JCHCTBUSA, yIIOMHUHAaeMble B TepBoM 3akoHe HproToHa, BBOAAT moHsTHE cuiibl. [lof
JeWCTBUEM CHII Tella JINOO U3MEHSIOT CKOPOCTh JBM)KEHUS, T. €. MPUOOPETAIOT YCKOPEHUs (IMHAMHUYECKOe
MpOsIBIIEHUE CcUJl), JUO0 AePOPMHUPYIOTCS, T. €. H3MEHSAIOT CBOIO (GopMy M pa3Mepsl (CTaTHYECKOe
MposIBIEHUE CHII). B  KaxXApli MOMEHT BpEeMEHH CHIIAa XapaKTepU3yeTCs YHCIOBBIM 3HAYEHUEM,
HalpaBJICHUEM B NPOCTPAHCTBE U TOYKON mpuiokeHus. MrTak, cumiaa — 3TO BEKTOpHas BEJIUYUHA,
SIBJISIFOLIASICA MEPOM MEXaHMUYECKOrOo BO3JEHCTBHS HA TEJIO CO CTOPOHBI JAPYTHX TEN WU TMOJeH, B
pe3ylbTaTe KOTOPOro TEJIO MPUOOpPETaeT YCKOPEHUE HITM N3MEHSET CBOIO (POPMY U pa3MepHl.

§ 6. Bropoii 3axon HsroTona

Bropoii 3akoH HeloToHa — 0CHOBHOU 3aK0H OUHAMUKYU NOCMYNAMENbHO20 08UdCeHUs — OTBEYaeT Ha BOMPOC,
KaK M3MEHSIETCS MEXaHUYECKOE ABM)KCHHE MATepUATbHON TOYKH (Tesa) MOJA JACHCTBHEM MPUIIOKEHHBIX K
HEH CHuil.

Ecnu paccMoTperh AeiicTBHE pazMUYHBIX CHJ Ha OJHO WM TO K€ TENO, TO OKa3bIBaeTCS, YTO YCKOpPEHUE,
PHOOpEeTaeMOoe TEJIOM, BCET/Ia MPSMO IPOTIOPITHOHATBHO PABHOICHCTBYIOMIEH MPUIOKEHHBIX CHIT:

a ~ F (m = const). (6.1)

[Ipu meiicTBUM OJHOW U TOM e CHIIBI HA TeJa ¢ Pa3HBIMU MacCaMH UX YCKOPEHHs OKA3bIBAIOTCS Pa3IMYHBIMHU,

a IMCHHO
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a ~1/m (F = const). (6.2)
Ucnions3ys BeipakeHus (6.1) u (6.2) U y4uThIBasi, 4TO CUJIa M YCKOPEHHE—BEIUYUHBI BEKTOPHBIC, MOKEM
3amucarb
a=kF/m. (6.3)
CootHomienue (6.3) BbIpaxkaeT BTOpOil 3akoH HpioTOHA: yckopeHue, MproOpeTaeMoe MaTepUatbHON TOUYKON
(TemoM), MPOMOPLHMOHANIBHO BBI3BIBAIOLIEH €ro CHiie, COBMNAJAeT C HEK M0 HAMpaBlICHUI0 U OOpaTHO
IIPOIOPLIMOHAJIBHO MAacCe MaTeEpUaIbHON TOUKH (Tema).
B CU xoaddunuent npornopuronansHocTi K= 1. Torma
a = F/m,
WIH
Fem=m (6.4)
dt
YuuThIBas, 4TO Macca MaTepualbHON TOYKH (Tea) B KJIACCMUYECKOW MEXaHUKE €CTh BEJIMYMHA MOCTOSHHAs, B
BbIpakeHUH (6.4) ee MO’KHO BHECTH 110 3HAK IPOU3BOAHOM:

_4 (6.5)
F= dt(mv)
BeKTopHaH BCJIIMYMHA
p = mv, (6.6)

YHCJICHHO paBHAs MPOM3BEACHUIO MAacChl MaTepUAILHOW TOYKH HAa €€ CKOPOCTh M HMMEIOIIAs HAaIpaBIICHHUE
CKOPOCTH, Ha3bIBACTCSl HUMITYJILCOM (KOJIHYE€CTBOM JIBHKEHHsI) TOW MaTepHaaIbHOU TOYKH.
[Toacrasmss (6.6) B (6.5), moyunm

d 6.7
- (6.7)
dr
D10 BbIpakeHHe — 0OoJiee o0mas GopMyJHMpoBKa BTOPOro 3akoHa HbHOTOHA: CKOPOCTH M3MEHEHUS

UMITyJIbCA MAaTE€pUaIbHOM TOYKM paBHA JIeHCTBYOIlEed Ha Hee cuie. Boipaxkenue (6.7) Ha3bIBaeTcs
YPABHEHHEM JABHKEHHS MATEPHAJIbHON TOYKH.

Enununa cunst B CU — neloton (H): 1 H — cuna, xoropast macce 1 kr cooOmaer yckopenue 1 M/c? B

HaMpaBJICHUU IEUCTBHUS CUJIbL:
1H=1 kr-m/c>.

Bropoii 3akon HproTOHa cripaBeyIMB TOJBKO B MHEPLMAIBHBIX cucTemax orcyera. [lepseiit 3akoH HeroToHa
MOXHO TIOJIYYUTh W3 BTOPOro. J(eWCTBUTENBHO, B Clydae pPaBEHCTBA HYJIO PABHOJCUCTBYIONICH cui (TIpu
OTCYTCTBHM BO3JICUCTBUS Ha TEJIO CO CTOPOHBI JIPYrHX Ted) yckopeHue (cMm. (6.3)) Takxke paBHO HYIIIO.
Onnako nepswiii 3axon Hviomona paccMaTpuBaeTCs Kak camocmosimenvHulil 3akoH (a HE Kak CIEJCTBUE
BTOPOTO 3aKOHA), TaK KaKk MMEHHO OH YTBEPXkJAeT CYIIECTBOBAHME HWHEPIHAIBHBIX CHCTEM OTCYETa, B
KOTOPBIX TOJBKO U BHITIOJHSETCS ypaBHEeHUE (6.7).

Parc. 10

@ Kakan cncTema oTcyeTa Ha3biBAGTCA MHepYH-
anbHo#? MoieMy cmcreMa oTcuyeTa, CBA3aH-
uag ¢ 3emneit, cTporo roBops, HeMHepLHaNb-
Ha

@ Y7o Taxoe cnna? Kax ee MOXXHO oxapaKTepu-
3oBarL?

@ FansetcA nv nepebift 3akoH HbioToHa cnepct-
8neMm BTOporo 3akoHa? NMovemy?

B mexaHuke Oosbloe 3HaYeHHE MMEET NMPUHLIMI He3aBUCHMOCTH JIeHCTBHS CWJI: €CIIM HAa MaTepHalIbHYIO
TOUYKY JAEHCTBYET OJJHOBPEMEHHO HECKOJBKO CHJI, TO KaXKIash U3 3TUX CHJI COOOIIaeT MaTepualbHON TOUKe
YCKOpPEHHE COIJIaCHO BTOpOMY 3akoHy HbiloToHa, kak Oyaro apyrux cui He Obuio. CoriacHo 3TOMY
MIPUHIIMITY, CHJIBI U YCKOPEHHSI MOXKHO pa3jiaraTh Ha COCTaBJISIONINE, UCIOIb30BaHUE KOTOPHIX MPUBOAUT K
CYIIECTBEHHOMY YIPOLIEHHIO perieHus 3aaa4y. Hampumep, Ha puc. 10 neiictBytommas cuna F=ma paznoxena
Ha JBa KOMIIOHEHTa: TaHTeHUHUaNbHYI0 cuily F., (HampaBiieHa [0 KacaTelbHOM K TPAaeKTOPHH) H
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dv
HOpMallbHYIO cuily Fp (HampaBieHa 1o HOPMaH K LIEHTPY KpUBH3HBI). VICIIOAb3Yys BBIpaXKEHUS a_ = E U

2

\"
a = E , a TAKXE V = Ra), MOKHO 3aIliucCaThb:

n

F, = ma, = mv*/|R = mw*R.
Ecimu Ha MaTepualbHYI0 TOYKY JCHCTBYET OJHOBPEMEHHO HECKOJIBKO CHJI, TO, COIJIACHO MPHHIIHAITY
HE3aBUCHUMOCTH JICHCTBUS CUJI, 11011 F Bo BTopoM 3akoHe HpI0TOHA TOHUMAIOT PE3YJIbTUPYIOIIYIO CHITY.

§ 7. Tpernii 3axkon HproToHa

BiaumopeiicTBue Mexay MaTepHalbHBIMH TOYKaMH (TelIaMM) ONpeAessieTcss TpeTbUM 3aKkoHOM HblooToHa:
BCSAKOE JCHCTBHE MAaTEPHAIbHBIX TOYCK (TEN) APYr Ha JApyra HOCUT XapakTep B3aMMOJCHCTBUS; CHIIBI, C
KOTOPBIMH JICHCTBYIOT APYT Ha Apyra MaTepuagbHble TOYKH, BCETJIa PABHBI 10 MOIYJIIO, IPOTUBOIOJIOXKHO
HAIPABJIEHBI U ACHUCTBYIOT BOJIb IPSAMOM, COEAUHAIOLIEN 3TU TOUKH:

Fio =—Fa, (7.1)

riae Fip — cuna, neiicTByrommas Ha IepBYIO MaTepUaIbHYIO TOUYKY CO CTOPOHBI BTOPOIA;

F21 — cuna, geiicTByromas Ha BTOPYIO MAaT€pUAIbHYIO TOUKY CO CTOPOHBI MEPBON. DTU CHIIBI HMPUIIOKEHBI K
Ppasublv MaTepUATIbHBIM TOUKaM (TeJlaM), BCEr/ia IeUCTBYIOT napamu M SIBIISIIOTCSI CUIIAMH 0OHOU NPUPOObI.
Tperuit 3akon Hpl0TOHA MO3BOJISET OCYLIECTBUTH MEPEXO]] OT JUHAMHUKH OMOelbHOU MAaTepUAIbHON TOUYKU K
JTUHAMHUKE Clucmembl MATEePUATbHBIX TOYCK. JTO CIEAYET U3 TOTO, YTO M JIJISl CHCTEMBI MaTePUATBHBIX TOYCK

B3aMMO/ICIICTBIE CBOJUTCS K CHJIaM MapHOTO B3aUMOICHCTBUS MEXK/1y MaTepUAIbHBIMU TOYKAMHU.

§ 8. Cuuibl Tpenus

OOcyxnmast 10 CUX MOp CHIIBI, MBI HE MHTEPECOBAIUCH MX MPOHCXOkaeHHeM. OHAKO B MEXaHUKE MBI OyaeM
paccMaTpuBaTh pa3iuyHbIEC CUJIbL: TPEHUS, YIIPYTOCTH, TATOTCHHUSL.

W3 onpiTa M3BECTHO, UYTO BCSIKOE TEJO, ABMXKYLIEECS 110 TOPU3OHTAJIBHOW MOBEPXHOCTU APYroro Tena, Hpu
OTCYTCTBUM JIEMCTBHSI Ha HErO JAPYTUX CUJI C TEUEHHWEM BPEMEHM 3aMeJUIsieT CBOE JABUKEHUE U B KOHIIE
KOHIIOB OCTAHaBIIMBAETCS. DTO MOKHO OOBSCHUTH CYIIECTBOBAHUEM CHMJIbI TPEHHUSl, KOTOPAsl MPEMATCTBYET
CKOJIBJKEHUIO COIIPUKACAIOIIUXCS TEJ APYr OTHOCUTENBHO Apyra. CHIIbI TPEHUS 3aBUCAT OT OTHOCUTEIbHBIX
ckopocTei Tesn. Cuibl TpeHUs: MOTYT OBbITh pa3HOM MPHUPO/BI, HO B Pe3yJbTaTe UX NEHCTBUS MEXaHUYECKast
9HEPrus BCETa MPEBPAIAETCs BO BHYTPEHHIOK DHEPIHIO COITPUKACAOIINXCS TEI.

PaznuuaroT BHemHee (cyxoe) U BHyTpeHHee (KHIAKOE WM BA3KOE) TpeHHe. BHeIIHMM TpeHHeM Ha3bIBaeTCs
TPEHHME, BO3HMKAIOIIEE B IUIOCKOCTH KAacaHMs JIBYX CONPHKACAIOIIMXCSA TEJI IMPU HX OTHOCHTEIBHOM
nepemenieHu. Ecnu conpukacaromuecs: Tejla HEMOABUKHBI APYT OTHOCUTENIBHO ApYyra, TOBOPSAT O TPEHUH
IIOKOSI, €CJIM K€ MPOUCXOAUT OTHOCUTEIBHOE MEPEMEIIEHUE 3TUX TEJl, TO B 3aBUCUMOCTH OT XapakTepa MX
OTHOCHUTEJILHOTO JIBUKEHUS TOBOPAT O TPEHUH CKOJIbKeHHUSs, KaueHHUs WIH BepYeHus .

BHyTpeHHMM TpeHHMeM Ha3bIBAaCTCSI TPEHHME MEXAY YacTsAMU OJHOTO M TOrO JK€ Teja, HallpUMep MEXIY
Pa3IMYHBIMH CJIOSIMU KUJAKOCTH WJIM Ta3a, CKOPOCTH KOTOPBIX MEHSIIOTCS OT CJIosl K clioto. B oTiinume ot
BHEIIHETO TPEHUsS 3/1€Ch OTCYTCTBYET TpEHHE MOKOsA. EciM Tena CKOJIB3SAT OTHOCUTEIBHO IPYr Apyra U
paszienieHbl MPOCIONKON BSI3KOM JKHUIKOCTU (CMa3KH), TO TPEHHE MPOUCXOIUT B CJIO€ CMazku. B Takom
cllydae TOBOpSAT O THAPOJAMHAMMYECKOM TPEeHHMH (CIOM CMa3KM JOCTaTOYHO TOJCTBIH) M TI'PAaHUYHOM
TpeHUH (TOJIIIMHA CMA304HOM Ipocioiiku ~0,1 MKM U MeHbIIE).

O6cyauM HEKOTOpble 3aKOHOMEPHOCTH BHEIIHEro TPEeHHs. DTO TpeHHue OOYCIOBIEHO IIEPOXOBATOCTHIO
COIIPUKACAIOUINXCSl MOBEPXHOCTEH; B CiIydae >K€ OYeHb IJIAJIKUX IOBEPXHOCTEH TpeHHe OOYCIOBIIEHO
CHJIaMU MEXMOJIEKYJISIPHOTO MPUTSIKEHUS.

PaccmoTpum nexaree Ha MmiaockocTu Teno (puc. 11), kK KoTopoMy MpuiIokKeHa ropu3oHTanbHas cuia F. Teno
OpuAeT B [JBWKEHHWE JMIIb TOTAA, KOTAa HpUIoKeHHas cuia F Oyaer Oonbmie cuitbl TpeHUS Fop.
Opaniy3ckue ¢pusuku . AMonTOH (1663—1705) 1 L. Kymnon (1736—1806) OnBITHEIM MyTeM YCTaHOBHIIN
CIENYIONIMI 3aKOH: CHJIA TPEHHs CKOJbkeHus Fr, mpormopruonanbHa cuiie N HOPMaJbHOTO JABIECHHUS, €
KOTOPO OZHO TEJIO IEHUCTBYET HA IPYTroe:

Fip=fN,
rae f — koadduimeHT TpeHus CKONIbKEHUs, 3aBUCAIINN OT CBOMCTB CONPHKACAIOIINXCS IIOBEPXHOCTEH.
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Haiinem 3Hadyenue koadduimenta TpeHus. Eciam Teno HaxoauTcs Ha HAKIOHHOW IJIOCKOCTH C YIJIOM
HakJIoOHA o (puc.12), To OHO MPUXOJIUT B JBMKEHHE, TOJIBKO KOTJa TaHTeHI[MalIbHas cocTaistonias F cumbl
TsokecTH P Gonbmie cuiel TpeHus Frp. CiaenoBaTenbHO, B MPENEIbHOM Clydae (Ha4aao CKOJbKEHHs Tella)
F=F.p. umu Psin ap = f N = f P cos o, oTkyna

f= tgop.

Taxum 06pa3zoM, k03(pPUIMEHT TpeHUs: paBeH TAaHIEHCY YyIJa Oy, TP KOTOPOM HAUMHAETCS CKOJIbKEHHE Tela
10 HAKJIOHHOW IIJIOCKOCTH.

J1ji riaikux MOBEPXHOCTEH OMPEEIICHHYIO POJIb HAUMHAET UTPATh MEKMOJIEKYIApHOE NpuTsHkenue. s Hux
IIPUMEHSIETCS 3aKOH TPEHHUS CKOJIbKeHUs!

FTp = f HCT (N + Spo),

rze po — 100aBOYHOE JaBJeHUE, 00YCIOBICHHOE CHIIAMH MEKMOJIEKYISIPHOTO NPUTSHKEHUS, KOTOpbIe ObICTPO
YMEHBILAIOTCA C YBEIMUYECHHUEM PACCTOSIHHMS MEXAY YacTUIAMH; S — IUIONIAJb KOHTAKTa MEXIy TelaMH;
fyuer — MCTHHHBIN KOAPPUIIMEHT TPEHUS CKOJIBKECHHUS.

Tpenue wurpaer Oounblyl0 poJib B MPUPOJE M TEXHHUKE. bmaromapss TpeHUIO IBUXKETCS TPaHCIOPT,
yIep>KUBACTCS 3a0UTHII B CTEHY TBO3/1b U T. 1.

B HekoTopbIX ciydasix CHJIbI TPEHHs OKa3bIBAIOT BPEIHOE JEHCTBHE U IMOSTOMY UX Haa0 yMeHbIIaTh. Jlis
ATOTO Ha TPYIIMECS IMOBEPXHOCTH HAHOCAT CMa3Ky (CHiia TpEeHHsS YMEHbIaeTcss mpumepHo B 10 pa3z),
KOTOpasi 3aloJIHAET HEPOBHOCTH MEXAY 3THUMH IMOBEPXHOCTSIMH U PACIIONAraeTcsi TOHKUM CIOEM MEXIy
HUMHU TaK, YTO MOBEPXHOCTU KakK Obl IEPECTAOT KacaThbCsl IPYT JIpYyra, a CKOJIb3AT APYT OTHOCUTENIBHO Jpyra
OTJENbHBIE CIOU >KUIKOCTH. TakuMm 00pa3oM, BHEIIHEE TPEHUE TBEPABIX TEJ 3aMEHSETCS 3HAUYUTEIbHO
MEHBIIIUM BHYTPEHHUM TPEHUEM KHIKOCTH.

e e ‘P

Prc. 11 Pac. 12
PanukansHBIM cIOCOOOM YMEHBIIICHUS CHIIBI TPEHHUS SBIISETCS 3aMEHAa TPEHUS CKOJIBbKEHHSI TPEHUEM KadeHHUsI
(apvKoBBIE M POJMKOBBIE MOAIMIMIHUKK W T. A.). Cuila TpeHUs KaueHus OIpejaessieTcs MO 3aKOHY,
ycTraHoBieHHOMY KyrnoHowm:
Frp=fi N/r, (8.1)
rae I — paanyc Katsmerocs tena; f, — xoaddunment tpenus kaueHus, uMeroiuii pasmeprocts dim f, =L. 13
(8.1) cmemyer, 4TO cUJia TPEHHS KauyeHUsI 0OpAaTHO MPOMOPIIMOHATBFHA PAANYCY KaTAIIErocs Tena.

§ 9. 3akoH coxpanenus ummyJbca. LlenTp mace

Jlnist BBIBOJIA 3aKOHA COXPAHCHUS UMITYJIbCA PACCMOTPUM HEKOTOpPbIE MOHATHS. COBOKYITHOCTh MaTepPHATBHBIX
Touek (Ted), pacCMaTpUBAacMbIX KaK €IHHOE II€J0€, Ha3bIBAcTCS MeXaHH4decKoi cucremoid. CHibl
B3aMMOJICHCTBHSI MEXKIy MaTepHaJbHBIMH TOYKAMH MEXAHMUYECKOW CHUCTEMbl HA3bIBAIOTCA —
BHyTpeHHMMH. CHIIBI, C KOTOPBIMH Ha MaTepUalbHbIE TOYKH CHCTEMBI JCHCTBYIOT BHEIIHHE TeJa,
HA3bIBAIOTCS BHEIIHHMMH. MexaHW4yecKas CHUCTeMa TeJl, Ha KOTOPYI He JEHCTBYIOT BHEUIHHE CHJIBI,
HA3bIBACTCS 3aMKHYTOM (MM M30JMPOBaHHOI). ECTi MbI IMeeM MEXaHHUYECKYIO CHCTEMY, COCTOSIIYIO U3
MHOTHX TeJ, TO, COTJIACHO TPETheMy 3aKOoHY HbIOTOHA, CHITBI, ACHCTBYIONIUE MEXKTY 3TUMHU TEIaMH, OyIyT
PaBHBI ¥ TPOTHUBOITOJIOKHO HAMPaBJIEHBI, T. €. TCOMETPUUECKas CyMMa BHYTPEHHHUX CHJI paBHA HYIIIO.

PaccMOTpUM MEXaHHUYECKYIO CHCTEMY, COCTOSIIYIO M3 N Tel, Macca U CKOPOCTh KOTOPBIX COOTBETCTBEHHO
paBHBI Mi, My,.... My, U Vi, Va,.., Vi Iycte F,F,...,F, — paBHOume#cTByromrie BHYTPEHHHUX CHII,
AEHCTBYIOIMX Ha Kaxkpoe w3 »tux ten, a F,F,,..,F,— paBHOxelcTByrome BHENIHUX CHII. 3amuiIeM
BTOpO# 3ak0H HbIOTOHA 7151 KaXKI0TO U3 N TEJI MEXaHUYECKOW CUCTEMBI:
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d ’
a(ml"l) =F, + F,

d .

o (myv;) = F; + F,,

d .

Y (my,) =F, + F,
CxJtagpiBasi MOWICHHO 3TH YPABHEHHS, TTOJTydaeM

d . . .
a—;(m.v. +mv;+ .. +my)=F, +F,+ .. +F, +F+F+ . +F,
Ho tak kak reoOMETpHUYCCKasa CyMMa BHYTPCHHHUX CHUJI MEXaHUYECKON CUCTEMEI IO TPETHEMY 3aKOHY Hrrotona

paBHa HYJIO, TO

d
o mv+mva+..+mvw)=F+F+ .. +F,

'@ B yem saxniovaercs NPpYHUMN He3aBNCHMOCTH @ KaxoBa (byanueckan CyWHOCTL TPeHHA? B vem
nAeicTenA cnn? OTNIHYMe CyXOro TPeHMA OF Xxuakoro? Kakue
BHAL BHeLHero (cyxoro) TpeHnsa Bu sHaete?

HJIN

d
'a!: =F+F+ . +F, (91)

n
raic p= Z my; — I/IMHyHBC cucreMnl. Takum 06p330M, IMpOU3BOJHAs 110 BpCMCHHU OT I/IMHyJ_Hpca MexaHquCKOﬁ
im}
CHUCTCMBbI paBHa FGOMeTpI/IIIeCKOﬁ CyMMe BHCIIHUX CHUII, ﬂeﬁCTByIOIHI/IX Ha CI/ICTeMy.

B cirydqae oTCyTCTBUS BHEMIHMX CHJI (PACCMATPUBAEM 3AMKHYTYIO CUCTEMY)

dP n n
2oy =0, T.e p= = const.
& :§ p (my) T.C. P E:l my; = cons

Ilocnennee BbIpaXEHUE U SBISAETCS 3aKOHOM COXPAHEHHSI MMITYJbCA: UMIYJIbC 3aMKHYTOH CHCTEMBI
COXpaHsIeTCs, T. €. HE U3MEHSIETCS C TCYEHUEM BPEMEHH.

3aKOH COXpaHEHHs HUMIIyJbCa CIPaBEUIMB HE TOJIBKO B KJIACCHUECKOW (M3MKE, XOTS OH U IOJIy4eH Kak
cleCTBUE 3aKOHOB Hbl0TOHA. DKCIIEpUMEHTHI JOKAa3bIBalOT, YTO OH BBINOIHIETCS U JUISl 3AMKHYTBIX CHUCTEM
MHUKpOYACTHUI] (OHU MOAYMHSIOTCS 3aKOHAM KBAHTOBOM MEXaHUKH). DTOT 3aKOH HOCHUT YHHBEpCAJIbHBIN
XapakTep, T. €. 3aKOH COXPaHEHUsI UMITYJIbCA — YHOAMEHMANbHbLU 3AKOH NPUPOODL.

3aKOH COXPAaHEHUs MMILYJIbCA SIBJISIETCS CIEACTBUEM OIPEAEIEHHOTO CBOWCTBA CHMMETPUU MPOCTPAHCTBA —
ero oAHOpoAHOCTH. OIHOPOAHOCTH MPOCTPAHCTBA 3aKJII0YAETCS B TOM, YTO IIPU MapajieIbHOM IepeHoce
B TPOCTPAHCTBE 3aMKHYTOM CHCTEMBI T€J Kak IeJoro ee (hu3MyYeckre CBOWCTBA M 3aKOHBI JBUKEHHS He
U3MEHSIIOTCS,, UHBIMH CJIOBaMH, HE 3aBUCAT OT BHIOOpa IMOJOXKEHHS Hauyanda KOOPAWHAT WHEpLUaIbHOU
CHCTEMBI OTCYETA.

Otmetum, uto, coriacHo (9.1), UMIyIbC COXpaHSAETCS U AJI HE3aMKHYTOM CHCTEMBI, €ClIi T€OMeTpuYecKas
CyMMa BCEX BHEIIHUX CHUJI paBHA HYIJIIO.

B mexanuke [Nanunes—HpIoTOHa M3-32 HE3aBUCUMOCTH MacChl OT CKOPOCTH UMITYJIBC CUCTEMBI MOXKET OBITh
BBIp@)XEH dYepe3 CKOpocTh ee LeHTpa Macc. LleHTpoM Mace (WM LEHTPOM HHEPUUH) CUCTEMBI
MaTepUaIbHBIX TOYEK Ha3bIBaeTCs BooOpaxkaeMas Touka C, TIOJOKEHHE KOTOPOW XapaKTEPHU3YeT
pacnpezesieHne Macchl 3TOM cUcTeMbl. Ee pannyc-BeKTOp paBeH

n
Z mr
im1
Ic=—",
m

re M U [ — COOTBETCTBEHHO Macca W paJinyc-BEKTOp I-i MaTepHaabHON TOYKH; N — YUCIIO MaTepHAIbHBIX
n

TOYEK B CUCTEME; m= Y. m;- —Macca cucteMbl. CKOpOCTb LIEHTPa Macc
imy
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n
y‘lI/ITBIBaH, qTo pl =mjVvj, a z Pi €CThb UMIIYJILC P CUCTEMBI, MOKHO HallKucaTh
i=1

P =mvc (9.2)
T. €. IMITYJIbC CUCTEMBI PaBEH IIPOU3BENCHUIO MACChl CUCTEMBI HA CKOPOCTb €€ LIEHTPa Macc.
IToncraBus BeipaxkeHue (9.2) B ypaBHenue (9.1), nonyuum
dve

mi; = Fl + Fz "l" . + F,,, (93)

T. €. LEHTP MacC CUCTEMBbI JIBHIKETCSl KaK MaTepHalibHas TOUKa, B KOTOPOM COCPe0TOUEHA Macca BCEil CUCTEMBI
U Ha KOTOPYIO JCHCTBYET CHJIa, paBHAs I€OMETPUYECKOW CyMMeE BCEX BHEIIHHUX CHJI, MPHJIOKEHHBIX K
cucteme. Beipakenue (9.3) mpencraBisieT co00ii 3aK0H ABHKEHHsI IEHTPa Macc.

B cootBetctBu ¢ (9.2) 13 3aKk0oHa COXpaHEHUS UMITYJIbCA BBITEKAET, UYTO YeHmp MACC 3AMKHYMOU CUCTNEMbL

JUOO 08UICEMCS NPAMOTUHEUHO U PABHOMEPHO, TUOO OCNAEMCsl HeNOOBUNICHBIM.

§ 10. YpaBHeHuUe ABH:KEeHHS TeJIa MePeMEHHOI MacChl

JIBU>KEHHE HEKOTOPBIX TEJl COMPOBOKIAETCS U3MEHEHHEM MX MAacChl, HAIPUMEP Macca pakeThl YMEHbIIAETCS
BCJIEJICTBHE UCTEUEHUS I'a30B, 00Pa3yIOIIUXCsl [IPU CrOPaHUM TOIIUBA, U T. II.

BriBenieM ypaBHEHME JBUKEHHS Tejla MEPEMEHHONW Macchl Ha MpUMepe ABUKEHMs pakeTbl. Eciin B MOMEHT
BpeMeHH t Macca pakeTbl M, a ee CKOpPOCTh V, TO MO ucTeueHnu BpemeHu dt ee macca ymeHbumutest Ha dm u
craHeT paBHOW m — dM, a CKOpPOCTh CTaHET paBHOU V + dV. V3MeHEeHHe MMIyJIbCa CUCTEMBI 32 OTPE30K
BpeMenu dt

dp=[m—dm(v+ dv) + dm(v + w)} — mv,

IJIe U — CKOPOCTb UCTEUEHUS I'a30B OTHOCUTENBHO pakeThl. Toraa

dp = mdv + udm

(yuwmn, ytro dmdv — MaJiblif BBICIIETO MOpPSIKAa MAJOCTH MO CPaBHEHHIO C OCTajdbHbIMHK). Eciu Ha cuctemy
JCUCTBYIOT BHEIIHKE cuiibl, To dp=Fdt, moatomy
Fdt = mdv + udm,
W
mE _F o (10.1)
dt dt

Bropoe cnaraemoe B mpaBoii yactu (10.1) Ha3pIBatOT peakTHUBHOI cujoii Fp. Ecnu U mpoTHBOMONOXKEH V 10
HaIIpaBJICHUIO, TO PAKETa YCKOPSETCS, a €CJIM COBMANAET € V, TO TOPMO3HUTCH.

Taxum 00pa3om, MbI IOJyYH/IM yPABHEHHE ABHKEHHUS TeJIa MePEeMEHHON MacChl

ma =F + F, (10.2)

KOTOpOe BriepBbie ObUT0 BhiBeeHO V. B. Memepckum (1859—1935).

Wnes npuMeHeHus: peakTUBHOM CHIIBI JIsl CO3JaHUs JIETaTeIbHbIX anmnapaTroB Bbicka3biBasiack B 1881 r. H. WM.
Kubanpunuem (1854—1881). K. 3. Iluonkosckuii (1857—1935) B 1903 r. onmyOnaukoBan cTaThio, T/IE
MPEAJIONKIIT TEOPUIO BUKEHHUS PAKETHI U OCHOBBI TEOPHUH KUIKOCTHOTO peakTUBHOrO aBurarens. [loatomy
€ro CYMTAKOT OCHOBATEJIEM OTEYECTBEHHONM KOCMOHABTHKH.

@ YTo Has3biBAGTCA MexaHud4ecko#i cuctemoii? @ Kakum csolicTBOM npocTpaHcTea o6yciiosnu-

Kakne cucreMbl ABNAIOTCA 3aMKHYTbIMU? SB- BHOTCA CNpaBefnvBOCTL 38KOHA COXPaHEHWA

naetcAa NW BceneHHas 3aMKHYTOA cuUCTeMoi#? nMnynbca?

Nouemy? @ YTO Ha3bLIBAGTCA LEHTPOM MacC CMCTeMbl Ma-
@ B yeM 38KkMOY4EBTCA 38KOH COXPAHOHHA MM- TEPHANDbHbLIX TO4EK? Kak ABMXKETCA UEeHTp

nynsca? B xaknx cncremax OH BbINONHAGTCA? MECC 38MKHYTO! CHCTeMbI?

MoyeMy OH ABNRETCA (bYHABMEHTANbLHLIM 3a-
KOHOM NpHUpoAbI?

IIpumenum ypaBHeHue (10.1) k OBMKEHMIO pakeThl, HA KOTOPYHO HE AECMCTBYIOT HUKAKWUE BHEIIHHE CHJIBI.
[Tonarast F=0 u cuuTas, 4TO CKOPOCTh BHIOPACHIBAEMBIX I'a30B OTHOCHTENILHO PAKeThl MOCTOSHHA (pakeTra
JBUKETCA MPSIMOJIUHEINHO), TOIYyYUM
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OTKyJ1a
dm
Y = —-uJ.——= —ulnm+ C.
m

3HaueHHe MOCTOSHHOW MHTerpupoBaHusi C ONpenesiuM U3 Ha4yaJbHbIX YCJIOBHUW. ECiiM B HayanbHBIII MOMEHT
BPEMEHH CKOPOCTh PAaKEThl paBHA HYIIIO, a €€ CTapToBast Macca My, To C = U In(mg). CaenoBaTemnbHO,

v =u In (mg/m). (10.3)

D710 cooTHoIIeHHE Ha3biBaeTcs popmyaoii LlmosakoBckoro. OHa nokassiBaeT, 4yTo: 1) yeM OOJblle KOHEUHAs!
Macca pakeThl m, TeM OoJiblie JOJKHA OBITh CTapTOBask Macca pakeTbl Mp; 2) yem OoJblIe CKOPOCTh
MCTEYCHUS U TA30B, TEM OOJIBIIIE MOXKET OBITh KOHEYHAs Macca MPHU JAHHON CTapTOBON Macce PaKeThl.

Boeipakenus (10.2) u (10.3) momydeHbl a1 HEPEIATUBUCTCKUX JIBHXKCHUH, T. €. JUIsl CIIy4aeB, KOT1a CKOPOCTH V
Y U MaJIbl IO CPAaBHEHHIO CO CKOPOCTBIO C PaCpOCTPaHEHUsI CBETA B BaKyyMe.

3agaun

2.1. Ilo HaKJIOHHOM IUIOCKOCTH C YIJIOM HakKJIOHa a K TOPU30HTY, paBHbIM 30°, cKoyb3UT Teno. OnpenenuTsb
CKOpPOCTh TeJla B KOHIIE TPEThe CEKYHJbl OT Hayayla CKOJNbKeHUs, eciu Koddduuuent tpenus 0,15. [10,9
M/c]

2.2. Camorner onwuchiBaeT neriato HecrepoBa pamuycom 80 m. KakoBa momkHa ObITh HaMMEHBIIAs CKOPOCTH
camoJieTa, 9ToOBI JICTYMK HE OTOPBAJICS OT CHJICHbBS B BEpXHEH yactu retim? [28 m/c]

2.3. boK yKperuieH Ha BeplIMHE JIBYX HAKJIIOHHBIX IUIOCKOCTEH, COCTABIIAIOMIUX C TOPU30HTOM YTkl o = 30° 1
[=45°. T'upu paBHOI Maccel (M=M,=2 KI') COSANHCHBI HUTHIO, IEPEKUHYTON depe3 Onok. Cunrtas HUTh U
OJI0K HEBECOMBIMH, ITPUHKMAasi KO3()OUIIMEHTHI TPEHUS THPbh O HAKJIOHHBIC TUIOCKOCTH paBHbIMU f1=f,=f=0,1
u mnpeHeOperas TpeHHEM B OJIOKE, ONpPENENHTh: 1) yCKOpeHHe, ¢ KOTOPBIM JABIKYTCS THpHU; 2) CHILY
naTsokennst muti. [1) 0,24 m/c?; 2) 12 H]

2.4. Ha xene3H00pOXKHOU maTdopMe yCTaHOBIICHA 0€30TKAaTHAS MYIIKa, U3 KOTOPO MPOU3BOIUTCS BBICTPEI
BJIOJIb MOJIOTHA MOJ yriioM a=45° k ropu3oHTy. Macca miargopmsl ¢ mymkod M=20 T, macca cHapsaa
m=10 kr, k03GGHUIHEHT TPEHUS MKy KoJiecamu maatdopmbl u penbeamu f = 0,002. OnpenenuTh CKOPOCThH
CHapsga, €ciaud  1ociae  BbIcTpena  miargopMa — OTKaTWiack  Ha  pacCTosiHME  S=3 M.

[Vo=M /2 fgs /(mcosa)=970m/c]
2.5. Ha karepe maccoif M=5 T HaXOAUTCSI BOJIOMET, .BBIOPACHIBAIOIINN (=25 KI/C BOJIBI CO CKOPOCTBIO U=7 M/C
OTHOCHUTENbHO KaTepa Hazajl. [IpeneOperas conpoTHBIEHUEM JIBUKEHUIO KaTepa, ONpPENenTh: 1) CKOPOCTh

KaTepa uepe3 3 MUH IMOCIIe Havayua JBIKCHHUS; 2) MpeIelibHO BO3MOXKHYIO CKOpOCTh Katepa. [1) v=u (1—
expt™ = 4,15 m/c; 2) 7 m/c]

I'maBa 3 Pabora u 3Heprus

§11. DHeprus, padéora, MOIIHOCTH

OHeprus — yHUBepcallbHas Mepa pa3iIndHbIX GopM ABMKEeHMs U B3auMoaencTBud. C pa3nuuHbIMH (opMaMu
JIBUKCHHMSI MaTepUU  CBSI3BIBAIOT  pa3jMuHble  (QOPMBI  JHEPTrUU:  MEXAHUYECKYI0, TEIIOBYIO,
AJIEKTPOMArHUTHYIO, SIZIEPHYIO U Op. B omgHux sBneHusx Qopma ABMKEHUS MaTEepUU HE HU3MEHSAETCA
(Hampumep, Topsiuee TEeNO HAarpeBaeT XOJOIHOE), B JIPYTUX — MEpPexXoAuT B UHYI0 (opmy (Hampumep, B
pe3yibpTaTe TPEHUsS MEXaHWYECKOE JBIDKCHHE TMpeBpaimaercs B TerioBoe). OHAKO CYIMECTBEHHO, YTO BO
BCEX CIIydasx DHEprusi, OTAaHHAs (B TOM MAM MHOHN (GopMe) OJHUM TElIOM APYroMmy Tely, paBHA SHEPTHH,
MOJTYYEHHOU MOCTIETHUM TEJIOM.

N3meHeHne MeXaHMYeCKOro ABWKEHHUs Tella BBI3BIBACTCS CUJIAaMHU, JIEMCTBYIOIIMMHU HAa HErO0 CO CTOPOHBI
apyrux  Tel.  YToObl  KOJMYECTBEHHO  XapaKTEPH30BaTh TMpOIecC OOMEHa DSHEpPrueil  Mexmy
B3aUMO/ICHCTBYIOIIMMU TEIAMH, B MEXAHUKE BBOJUTCS MOHATHE PAadOThI CHJIBI.

Ecnu Teno pBuxkercs npsamonunerino W Ha HETO JACHCTBYET NOCTOSIHHAas cwia F, KoTopas coOCTaBisgeT
HEKOTOPBIN YroJ ¢ ¢ HalpaBlIeHUEM MepeMEeIeHHs, TO padoTa 3TOM CHIIBI paBHA MPOU3BEICHUIO TIPOEKIIUU
cwibl Fs Ha HanpaBnenue nepemerenus (Fs= FCOSa), yMHOKEHHOI Ha MepeMeleHrue TOYKU TPUI0KEHUS
CHJIBI:

A = F,s = Fscosa. (11.1)

B obmiem ciiydae cuina MOXKET U3MEHSTHCS KaK 10 MOJYJIIO, TaK U 10 HalpaBlIeHUIo, TodToMy Gopmymoit (11.1)
MOJIb30BaThCs HENb3s. Ecim, omHaKo, pacCMOTpeTh aiieMeHTapHoe mepemernenue dr, To cuiny F MoxHO
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CUMUTATh IIOCTOSIHHOM, a ABM)KEHHUE TOUKH €€ NMPUWIOKEHNUS — IPSIMOJIMHENHBIM. JJIeMeHTapHOM padoToii
cuiibl F Ha nepemerienuu dr Ha3bIBaeTCs cKalApHas BETUUUHA
dA4 = Fdr = Fcosa ds = F,ds,
rae o — yrou mMexnay Bekropamu F u dr; ds = |dr| — smemenraphubiii myTh; Fs — mpoekims Bekropa F Ha
Bektop dr (puc. 13).
PaboTa cuibl Ha yd4acTke TPAaeKTOPUM OT TOYKHM 1 10 TOYKM 2 paBHA anredpanyeckod CyMMe 3JIEMEHTApPHbIX
paboT Ha OT/AEIBHBIX OECKOHEUHO MAJIBIX YYAaCTKAX IMyTH. DTa CyMMa MPUBOIUTCS K HHTET ATy

2 2
A = { Fdscosa = | F, ds. (11.2)
1 1

Parc. 13

-

@ B YoM pasznuune Mexay NOHATHAMA 3HEPruv
n pa6otbi?
@ Kak Hafitn pa6ory nepemerHol cunut?

JInist BBIYMCIICHUSI 3TOTO MHTETpaja HaJ0 3HATh 3aBUCHUMOCTH CHIBI Fs, OT myTu S Bmomb Tpaektopuu 1—2.
[Tyctp 3Ta 3aBUCHMOCTH TpencTaBieHa rpadpudecku (puc. 14), Torna uckomas pabora A onpenensercs Ha
rpaduKe IUIOIAABI0 3alITpUXxoBaHHOW ¢(urypsl. Eciu, Hampumep, TeIO IBMXKETCS MPSMOJIMHEWHO, CHIa
F=const u a=const, To nosyunum

2 2
A = [ Fdscosa = Fcosafds = Fscosa,
1 ' 1

rje S — NpONJeHHBIN TeoM MyTh (cM. Takke hopmyiy (11.1)).

N3 dpopmymer (11.1) cnenyer, uro npu o < 7/2 paboTa CHIIBI TIOJIOKUTEIBHA, B 3TOM cllydae cocTaBisttomas Fs
COBITIAIA€T MO HAINPABICHUIO C BEKTOPOM CKOPOCTH ABMXKeHHS V (cM. puc. 13). Ecom o > m/2, To pabora
cuibl oTpunarensHa. [Ipu o = m/2 (cuna HampaBiieHa NEPHEHIUKYISPHO MEpEeMEIleHHI0) paboTa CHIIbI
paBHa HYJIIO.

Enununa padotsl — mekoyasn (x): 1 Ik — pabota, coBepmiaemas cunoit 1 H va mytu 1 m (1 x=1 H - m).

YroObl 0XapaKTepH30BaTh CKOPOCTh COBEPLICHUS pPaOOTHI, BBOJAT MOHATHE MOLIHOCTH

d4
N = TS (11.3)
3a Bpems dt cuma F coseprraer paboty FAr, u MOIIHOCTb, pa3BUBaeMasi 3TOW CHIION, B JaHHBIH MOMEHT
BpEMEHU
N= 'Et—' = FV,

T. €. paBHa CKaJSIPHOMY MPOM3BEACHUIO BEKTOPA CHJIBI HAa BEKTOP CKOPOCTH, C KOTOPOHW JBHXKETCS TOUYKA
NPUIIOKEHUs 3TOH critbl; N — BeNUYMHA CKANAPHASL.

Enunnna momuocty — BarT (BT): 1 BT — MoutHocTh, pu KoTOpoii 3a Bpemst | ¢ coBepiiaercs padora 1 [Ix

(1 Br=1 IOx/c).

§ 12. Kunernyeckasi M NOTEHUMAJIbHAS JHEPTrUH

Kunernueckasi JHeprusi MEXaHUIECKOH CUCTEMBI — ATO HEPTUSI MEXaHWYECKOTO JIBIKEHHS STON CHCTEMBI.

Cuna F, peiicTBys Ha TMOKofIIeecs TeIO M BbI3bIBas €ro JABIKEHHE, COBeplIaeT paboTy, a >Heprus
JIBIDKYIIIETOCSI TeJIa BO3PACTAaeT HAa BEIMUUHY 3aTpavyeHHON paboThl. Takum obpa3om, padota dA cuiel F Ha
IyTH, KOTOPBIM TEJIO MpOIUIO 3a BpeMs Bo3pacTaHus ckopoctd oT 0 10 v, HIET Ha YBEIUYCHHE
KHHETHYeCKOoM sHepruu dT Tena, T. €.

dA4 = dT.

. dv
Hcnonb3ys BTOpoi 3ak0oH HbIOTOHA F=m — U YMHOXas Ha nepemerineHue dr moayyaem
dr

Fdr=m(—i!dr=dA.
de
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Pac. 14

dA

N\

® Kakyio paGoTy coBepiiaet paBHOAeHCTBYIO-
wWas BCex Cun, NPUIOXEHHLIX K Teny, pasHo-

s MEpPHO OBW)XYILEeMYCA MO OKPYXHOCTH?
@ Yro Taxoe MowHOCTL? BuiBegute ee dopmyny.

Taxk xak v=9di to dA = mv dv=mvdv=dT, otkyna
t

v
T = | mvdv = mv?/2.
n

Taxum 06p330M, TEJI0 MacCoM T, IBHOKYIIEECs CO CKOPOCTBIO V, 06J1az[aeT KUHETHYCCKOM BHGPFHeﬁ

T = mv?/2. (12.1)

N3 ¢opmynst (12.1) BUAHO, YTO KUHETUYECKAs YHEPIUs 3aBUCUT TOJIBKO OT MAcChl M CKOPOCTH Tena, T. €.
KMHETHYECKasi SHEPTHsl CUCTEMbI €CTh (DYHKIIUS COCTOSHUS €€ ABHIKEHHUSL.

[Tpu BeIBOEe opmymnsl (12.1) mpeamonaranock, 4TO JABHKEHHE PAaCCMAaTPHBAETCS B MHEPIMAIBLHON CHCTEME
OTCYeTa, TaK KaKk MHaye Helb3sd Obulo Obl HMCIIONB30BaTh 3aKOHbl HbioTOHA. B pa3HbIX MHEpIMaIbHBIX
CUCTEMAax OTCYETa, NBUKYLIUXCS JPYr OTHOCUTEIBHO JIpyra, CKOpPOCTb T€la, a CJEeI0BaTeIbHO, U €ro
KMHETHYEeCKasi Heprusi OyayT HEOAMHAKOBBL. Takum oOpa3oM, KHHETUYECKas SHEPIrus 3aBUCUT OT BBIOOpPA
CUCTEMBI OTCYETA.

IToreHnnanbHasi JHepPrusi — MeEXaHMUYECKas DSHEPIUs CHCTEMBI TeEJ, ONpelessieMas HMX B3aUMHBIM
PacroJI0KEHUEM U XapaKTEPOM CUJI B3aUMOJIEUCTBUS MEX/1Y HUMH.

ITycth B3auMozeHCTBHE TEd OCYLIECTBISAETCS MOCPEACTBOM CHIIOBBIX MOJEH (Hampumep, MOJs YNpPYrux Cuil,
I10JI1 TPAaBUTALIMOHHBIX CUJI), XapaKTEPU3YIOLIUXCS TEM, UTO paboTa, coBepiaeMas AeMCTBYIOIMMHU CUIIaMU
IIPYU NEPEMEILECHNUN TENNa U3 OJHOTO IOJIOKEHUS B IPYroe, He 3aBUCHUT OT TOTO, IO KaKOW TPAaeKTOPUU ITO
IIEPEMEIIEHUE IPOU30ILIO, a 3aBUCUT TOJBKO OT HAYaJIbHOIO M KOHEYHOro NoJokeHui. Takue mnoss
Ha3bIBAIOTCS MOTEHIUAJbHBIMH, a CHJIbI, JICHCTBYIOLIME B HUX, — KOHCepBATUBHBbIMH. Eciu xe pabora,
COBEpIIaeMasl CUJION, 3aBUCUT OT TPAEKTOPHUM NEPEMEILIEHUS TENA U3 OJHOW TOYKH B APYTyIO, TO Takas cuia
Ha3bIBACTCS] AMCCUIIATHBHOI; €€ MPUMEPOM SIBIISIETCSI CUJIa TPEHUS.

Teno, HaxoCh B NOTEHIMATIBHOM TOJI€ CUJI, 001agaeT noTeHuuanbHoi sHeprueit I1. PaGora koHcepBaTUBHBIX
CHJI TIPH 3JIeMEHTapHOM (OECKOHEUYHO MaJloM) M3MEHEHMHM KOH(UIypaluu CUCTEMbl paBHa MPUPALLEHUIO
NOTEHIMAJIbHOM HSHEpPIruu, B3SITOMY CO 3HAKOM MHHYC, TaK Kak paboTa coBepuiaeTrcs 3a cyeT YObUIH
MMOTEHIMAIbHOW JHEPIUH:

d4 = — dIL (12.2)

PabGora dA BbIpaxkaeTcsi Kak CKalsipHOEe Tpou3BeneHue cuibl F Ha mepemenieHne dr u Beipaxenue (12.2)

MO>KHO 3aIluCaTh B BUJIE
Fdr = — dIl (12.3)

CnenoBarenbHo, ecnu u3BectHa (yHkuus II(r), To u3 gopmynst (12.3) moxHo Haiitu cuiy F nmo moaymio u
HaIIPaBJICHUIO.

[ToTennuanpHas sHEPTUst MOXKET OBITH onpeneneHa ucxoas us (12.3) kak

II=—-(Fdr + C,
rae C — TOCTOSIHHAST WHTETPUPOBAHMs, T. €. TMOTCHIMAbHAS JHEPIUsl OMPENeNAeTCs C TOYHOCTBHIO [0
HEKOTOPOH MPOU3BOJIBHOM MOCTOSHHOM. JTO, OJJHAKO, HE OTpakaeTcsi Ha (PU3MUYECKHUX 3aKOHaX, TaK Kak B
HUX BXOJMT WJIHM Pa3HOCTh MOTCHIMAIBHBIX SHEPTUIl B JBYX IMOJOXCHUSIX TeNa, WIK Mpou3BoaHas 1 mo
KoopauHaTaM. [103TOMy MOTEHIIMATIBHYIO SHEPTHIO Tella B KAKOM-TO OMPEAEICHHOM TOJI0KEHHH CUUTAIOT
paBHOW HyNI0 (BBIOMpAOT HYJCBOH ypOBEHb OTCUETA), a ODHEPrHI0 Telda B JAPYIHX IMOJOKECHHUIX
OTCUHUTHIBAIOT OTHOCHTEIHEHO HYJIEBOTO YPOBHsL. J{J1s1 KOHCEPBAaTHBHBIX CHIT

o . _om o
R A A M N P
WM B BEKTOPHOM BHJIE
F= - gadll, (12.4)

rIe
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a1l orl o
grad Il = —i+ —j+—k (12.5)
ox oy 0z
(i, J, K — enuHWYHBIE BEKTOPHI KOOPAMHATHBIX ocel). Bekrop, ompenensemblii BbipakeHuem (12.5),

Ha3bIBAETCS IPAAMEHTOM cKaJsipa 1.
Jlns Hero Hapsimy ¢ obo3naueHuem grad I1 mpumensiercs Takke obo3nHauenue VII. V («nabna») o3Hayaer
CHUMBOJIMYECKUI BEKTOpP, Ha3bIBacMblil onepatopoM I'aMuiabToHa* 1in HaJIa-omepaTopoM:

) 2 )
%, 9..9 12.6
" axi-u-ayj+azk. (12.6)

* Y. FamunbToH (1805—1865) — mpaHackuii MaTeMaTHK U (U3UK.

Konkpernsiii Bug ¢ynkiuu I1 3aBUcHT OT XapakTepa cuiaoBoro mois. Hampumep, moTeHUMambHas dHEPIUs

TeJla MacCoil 7, MOTHATOrO Ha BBICOTY N HaJl MOBEPXHOCTHIO 3EMITH, paBHA
IT = mgh, (12.7)

rae BbicOTa N OTCUMTBIBaE€TCS OT HyleBOro ypoBHs, it kortoporo IIp=0. Beipaxkenue (12.7) BbITEKaeT
HETOCPEJCTBEHHO U3 TOT0, YTO MOTEHIMAIbHASL SHEPTHs paBHA pabOTe CHIIBI TSHKECTH MPH MAJACHUU Tela ¢
BBICOTBI N Ha MOBEPXHOCTH 3eMTH.

Tak xak Ha4ano oTcyera BEIOMPAETCS MPOU3BOIBHO, TO MOTEHIIMAIBHAS SHEPTHSI MOXKET UMETh OTPUIIATEIHLHOE
3HAYEHUE (KUHemuyeckas sSHepeus ecez0a noaodcumenvra!). Ecniu NpUHATH 32 HyNIb NOTEHUUATbHYIO
SHEPTHUIO TeJa, JIeKAIIEro Ha MOBEPXHOCTH 3eMJIH, TO MOTCHIMAIbHAS SHEPTUS TeJa, HAXOISAIET0Cs Ha JTHE
mraxtel (rryouna h' ), [I= —mgh'.

Haiinem mnoTeHnmanbHyro SHepruio ynpyroaehopmupoBaHHoro tena (npyxkunsl). Cuima  ynpyroctu
MPOIOpLMOHANIbHA AeQOopMaIlHH:

Fypp = — kx,

rae Fy ynp — Tpoexnust cuiibl ympyroctd Ha och Xx; K — ko3dpuumeHT ynpyroctu (mis mpyXKuHbB —
7KECTKOCTD), a 3HaK MHHYC YKa3bIBacT, 4TO Fy yp HallpaBiieHa B CTOPOHY, IPOTUBOIOJIOXKHYIO Ae(opMauu
X.

I[Io Tperbemy 3akoHy HploToHa, nedopMmupyromas cuia paBHa 1O MOAYIKO CHJIE YIPYrocTd H
IIPOTUBOIIOJIOKHO €1 HAIPABJICHA, T. €.

Fy < — Fyyp = kx.

DnemenrtapHas padorta dA, coBepraemas cuioit Fy mpu 6eckoHeuHo Manoit aedopmarmu dX, paBHa

dA=F,dx=kxdx,

a moJiHas pabora

A= [kxde = kP2
' 0

UJEeT Ha YBEJIWYEHHE MOTEHLUMAIbHOW DSHEPrUM MNpYKUHbI. Takum o00pa3oM, MOTEHIMalbHAs >SHEPTUs
yIpyroaepopMUpoBaHHOTO Tea

I = kx*f2.
[ToTeHnnanbHas SHEPTUS CUCTEMBI SIBISETCA (YHKIHEH COCTOSIHHS cUcTeMbl. OHa 3aBHCHT TOJBKO OT
KOH(UTYpAIIU CUCTEMBI U €€ TTOJIOKEHUS 10 OTHOIICHHUIO K BHEIIIHUM TEJIaM.
[MosHas MexaHUYeCKasi JHEPIrUs CUCTEMbI — DHEPIUs MEXAHUYECKOTO IBUKEHHS U B3aUMOJICUCTBUS:
E=T+11,
T. €. paBHa CyMM€ KMHETUYECKON ¥ OTEHIUAIBHOM SHEPTUA.

§ 13. 3akoH coxpaHeHUsI FHEPTUHU

3aKOH COXpaHEHHs] PHEPruu — pe3yibTaT 00OOIIEHUS MHOTMX SKCIEPUMEHTAJIbHBIX JaHHBIX. Maes sToro
3akoHa npuHamnexutr M. B. JlomonocoBy (1711—1765), u3noxuBiieMy 3akOH COXpaHEHHUsS MaTepuu U
JIBMDKEHUS], @ KOJMYECTBEHHAas: (OPMYJIMPOBKA 3aKOHA COXPAHEHHs SHEpruu jJaHa HeMelKuM BpauoMm HO.
Maitepom (1814—1878) u nemenkum ecrectBoucibiTatesieM I . ['enmsmronbiiem (1821—1894).

PaccmoTpuM cuctemy mMaTepuanbHbIX TOYEK MaccaMu My, My,..., Mp, IABUKYIIUXCS CO CKOPOCTIAMH V1, Va,..., Vp.
[lycte F/, F,,..., F, — paBHOzeHCTBYIONIIE BHYTPEHHUX KOHCEPBAaTUBHBIX CHJI, ISWCTBYIOLIMX Ha KAXKIYIO

3 »TUX Touek, a Fi, Fy, ..., Fy — paBHOAEHUCTBYIOIIME BHEIIHUX CUJI, KOTOPBIE TaKXe OyaeM CuuTaTh
KOHCepBaTUBHBIMU. Kpome Toro, Oyaem cuuTarh, YTO Ha MaTepUalIbHBIE TOYKU JIEHCTBYIOT €Il U BHEIIHHE
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HCKOHCCPBATHUBHLIC CUJIBI; paBHOﬂeﬁCTByIOIHHC O9THUX CHII, ﬂeﬁCTBYIOHlHX Ha KaXXIAYI0 U3 MAaTCpHUAJIbHBIX

TOYCK, 0003HaYUM f]_, f2, vy fn. HpI/I V<<C MacChbl MaTe€pUaIbHBIX TOYCK IIOCTOSHHBI U YPaBHECHUSA BTOPOTO
3akoHa HproTOHA HJ1 3THX TOYEK CJIICOYIOUINE:
dv, .
m,:g =F, +F +1,
dV2

— =F,+F + 0,
mzdt 2 2 2

dv,

mnd—t =F;, + F, + 1,
JIBurasicb 1OJ JCHCTBHEM CHJI, TOYKH CHCTEMbI 3a HHTEpBan BpeMeHH Ot coBepImarOT mMepeMeIeHus,
cooTBeTCcTBeHHO paBHbie dry, dry, ..., dfh. YMHOXHM KaXKa0€ U3 YpaBHEHHUI CKAISIPHO HA COOTBETCTBYIOIIICE

nepeMeIeHue 1, yauThiBas, uro dri==v; dt, moxyuum

my (vdvy) — (F, + F,)dry, = f,dry,
my (v2dvy) — (F, + F)dr, = fdr,,

my, (v,,dv,.) - (F; + Fn) dl‘,, = f,,dl','.

@ [afite onpepgenenws n BbiBeguTe opMynsl @ Yem oGYCNOBNEHO M3IMEHEHWe NOoTeHUWan.L-
1A U3BOCTHLIX BaM BUAOB MexaHWU4ecko#h HOW SHeprnu?
SHOprun. . @ HeobxoanMo Ny ychoBue SaMKHYTOCTH CHCTe-
@ Kakosa cBa3b MeXay CHNoi n NOTeHLUanbHOMA Mbl ANA BLINONHEHNA 3BKOHA COXPAHEBHWA Mme-
3Heprnen? XAHWYECKOH 3HeprMu?

Cn0uB 3TH YpaBHEHHUS, IOJTyYUM

i m; (vidv) — i (F’, + F)dr; = i f;dr;. (131)

iml il ]
[TepBrrit unen neBoi yactu paBeHctsa (13.1)

i m; (vidv)) = 2": d(mp?/2) = dT,

i= i=1

n

rae dT — mpupalnieHue KUHETHYeCKOil dHepruu cucTeMsl. Bropoil wien Y, (Fi+F)dr paBeH 3JIeMEHTapHOM
im1

paboTe BHYTPEHHMX M BHEUIHUX KOHCEPBATUBHBIX CHJI, B3STOM CO 3HAKOM MHUHYC, T. €. paBeH

AIIEMEHTapHOMY ITPUPAILECHUIO MoTeHIanbHOoM sHepruu dI1 cucremsr (cm. (12.2)).
[IpaBas yactb paBeHcTBa (13.1) 3agaeT paboTy BHEIIHUX HEKOHCEPBATUBHBIX CHJI, IEHCTBYIOIIUX HA CUCTEMY.
Taxum oOpaszoM, uMeeM
d (T+1I) = d4. (13.2)
[Tpu nepexoxe cucteMsl U3 cocTosiHUs 1 B Kakoe-11bo cocrostHue 2
2

J.d (T+I1) = Ay,
1
T. €. U3MEHEHHUE MOJHOW MEXaHMYECKON PHEPIMM CHCTEMBI IpU NEPEXOJE U3 OAHOIO COCTOSHMS B APYroe
paBHO paboTe, COBEPUICHHOW MpU STOM BHEIIHMMU HEKOHCEPBAaTHBHBIMU cujamMH. Eciu BHelIHHe
HEKOHCEPBATHUBHBIE CUIIBI OTCYTCTBYIOT, TO U3 (13.2) cnenyer, uro
d (T+IT)=0,
OTKyZa
T+ II = E = const, (13.3)
T. €. TIOJIHAs MEXaHWYeCKas DHEPrusi CUCTEMBbI COXpaHseTcs MocTossHHOW. Bwipaxenue (13.3) mpencrarmiser
co00li 3aKOH COXpaHeHHe MeXaHU4YeCKOil JHEPTruM: B CUCTEME TeJ, MEKAY KOTOPBIMH JAEHCTBYIOT TOJIBKO
KOHCEPBAaTUBHbBIE CHUJIbI, [TOJIHAS MEXaHUYECKasi SHEPTHsI COXPAHSIETCS, T. €. HE U3MEHSIETCS CO BpEMEHEM.
MexaHHYeCKHue CHUCTEMbI, Ha Tela KOTOPBIX JACHCTBYIOT TOJBKO KOHCEPBATHUBHBIE CHIIBI (BHYTPEHHHE H
BHEIIHHUE), HA3bIBAIOTCSI KOHCEPBATHBHBIMHU CHCTeMaMH. 3aKOH COXPaHEHHUs MEXaHWYEeCKOW 3HEepruu
MO>KHO C(OPMYIMPOBAThH TaK: B KOHCEPBATHUBHBIX CUCTEMaX MOJHAsi MEXaHUYeCKasi SHEPTusi COXpaHsIeTCs.
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3aKOH COXpaHEHUs] MEXAaHUYECKOW 3HEPrHU CBA3aH C 00HOpOOHOCMbIO 8pemery. OIHOPOIHOCTh BPEMEHH
IPOSIBIISIETCS. B TOM, 4YTO (DPU3MYECKHE 3aKOHbl MHBAPHMAHTHBI OTHOCUTEIBHO BbIOOpa Hayajga OTCUeTa
BpemeHu. Hanpumep, mpu cBOOOJHOM MaJeHUU Tella B MOJIE CUJI TSHXKECTH €ro CKOPOCTh U MPOWICHHBIH MyTh
3aBUCAT JIMILIb OT HAYaJIbHOM CKOPOCTH U NMPOJOJDKUTEIBHOCTH CBOOOJAHOTO MaJICHUs Tejla U HE 3aBUCST OT
TOr0, KOTJa TeJIO HayaJlo NalaTh.

CymecTByeT eue OJUH BHJ CUCTEM — JUCCUIIATHBHBIE CHCTEMBbI, B KOTOPBIX MEXaHHYECKas SHEprus
MOCTENICHHO YMEHBIIIAETCS 3a CUET MpeoOpa3oBaHMs B JApyrue (HeMexaHudeckue) (OopMbl SHEPTHU. DTOT
npolece MOoNydrs Ha3BaHWE AUCCHNANUU (WiH paccesiHusi) dHeprun. CTporo roBopsi, BCe CHCTEMBbI B
IIPUPOJIE SABISAIOTCS JUCCUIIATUBHBIMH.

B KOHCepBaTHBHBIX CHCTEMax IOJHAs MEXAaHWYeCKas SHEprus OCTAETCS MOCTOSHHOW. MOryT mpoMCXOIuTh
JIMIB MPEBPAIICHUS] KHHETHYECKOW YHEPIUU B MOTEHIMATBHYIO U OOPAaTHO B SKBHBAJEHTHBIX KOJIMYECTBAX
TaK, 4TO IOJHAsl SHEPrusl OCTaeTCs HEU3MEHHOH. DTOT 3aKOH HE €CTh MPOCTO 3aKOH KOAUUECBEHHO20
COXPAHEHHUs SHEPrUM, a 3aKOH COXPAHEHUS W IPEBPAIICHUS SHEPTUH, BBIPAKAIOLIUN U KAYECMBEHHYIO
CTOPOHY B3aMMHOI'O IPEBPALICHUs pa3IM4YHBIX (OPM JABHXKEHMS JIpYr B JApyra. 3aKOH COXpaHEHUs U
IPEBPAIEHUs] SHEPIUU — @DYHOAMEHMANbHLII 3AKOH Npupoobl, OH CIPAaBEUIUB KaK JUIl CUCTEM
MaKpOCKOIMYECKHUX TeJl, TaK U JUIsl CHCTEM MHUKpPOTEIL.

B cucreme, B KOTOpOW [JEHCTBYIOT TaK)K€ HEKOHCEPBATHBHBIE CHJIbl, HAlpUMEp CHJIbI TPEHMS, IOJHAs
MeXaHU4YecKasi SHEeprusi cucreMbl He coxpansercs. CieqoBaTeslbHO, B 3THX CIIydasX 3aKOH COXpaHEHHUs
MEXaHMUYECKON »Hepruu HecnpaBeuuB. OJHAKO MPU «MCYE3HOBEHUU» MEXAHWYECKOW SHEPIrUu BCeraa
BO3HUKAECT SKBHMBAJEHTHOE KOJIMYECTBO SHEPIUU JApPYroro Buia. Takum o0pa3zoMm, oxepeus Huxoz20a He
ucuezaem u He NOAGIAEMCS 6HOBb, OHA IUWb NPEEPaAwjaemcs u3 00HO20 euda 6 opyeou. B stoMm u
3aKJIIOYAeTCsl  husuueckas CcywHOCmb 3aKOHA COXPAHEHHs M MPEBPAIEHUs SHEPrMM — CYLIHOCTb
HEYHUUYTOKUMOCTU MaTEPUU U €€ IBUKEHUS.

§ 14. I'pa¢mueckom npeacraBjieHne SHEPrun

Bo MHormx 3agauax paccMaTpuBaeTCsi OJHOMEpPHOE J[BHXKEHHE Teja, MOTEHLIMalbHas 3HEPrusi KOTOpPOro
ABISIeTCA (YHKUMEH JHIIb OJHOW TepeMeHHOoW (Hampumep, KoopauHaTel x), T. €. II=II (x). I'padux
3aBUCUMOCTH NOTCHLMAIBHON HEPTUU OT HEKOTOPOTO apryMEHTa Ha3bIBaeTCs NMOTEHIUATbHOH KPUBOIA.
AHanu3 NOTEHUUAIbHBIX KPUBBIX [T03BOJISIET ONPECIINTh XapaKTep JIBUKEHUS Tela.

bynem paccMarpuBaTh TOJBKO KOHCEPBATUBHBIE CUCTEMBI, T. €. CUCTEMBI, B KOTOPBIX B3aUMHBIE NIPEBPALLEHUS
MEXaHMYECKON 3HEpPruu B Apyrue BUAbl OTCYTCTBYIOT. Toraa crpaBelIMB 3aKOH COXpPAaHEHHUS SHEPIUU B
¢dopme (13.3). PaccmoTpum rpaudeckoe npeacTaBieHne NOTEHIUATbHOM SHEPTHH IS Tella B OJTHOPOTHOM
0JI€ TSHKECTHU U JUI yIPYTroAe(OpMUPOBAHHOIO Tea.

[ToTeHIManbHAast SHEPTUs Tella MACCOM m, TIOAHATOrO Ha BBICOTY N Hajl MOBEpXHOCTHIO 3emiH, cornacHo (12.7),

IT (h)=mgh. I'padux nannoii 3aBucumoctu I1 = TI(h) — mnpsmas nUHUS, TPOXOJSIIAs Yepe3 HavaIo
KOOpauHAT (puc. 15), yroa HakjIoHa KOTOpO#i K ocu h Tem Oosbine, yeM Ooibllie mMacca Tela (Tak Kak
tga=mQ).

[Tycte mosHasi 3Heprus Tena paBHa E (ee rpaduk — mpsmas, napamienbHas ocu h). Ha Beicote h Terno

o0JazjaeT noTeHIMaIbHOM sHeprueil I1, koTopas onpesaesnseTcss OTpe3KOM BEPTHKAIH, 3aKITIOUEHHBIM MEXIY
toukorr h Ha ocm abcmucc u rpaduxom II(h). EctectBeHHO, uTO KMHETHuecKas dHeprus I 3agaercs
opauHaroit mexay rpadukom I1(h) u ropusonTansHoil npsmoit EE. U3 puc. 15 caenyer, uro ecinu h=hpmay,
to 7=0 u I[I=E=mghpa, T. €. MOTEHIMAIbHAS SHEPTHsI CTAHOBUTCS MAKCHMAIbHOW W paBHOW IOJHOM
JHEPIHUH.
W3 npuBeneHHOr0 rpaduka MOKHO HAWTH CKOPOCTh Tella Ha BhIcOTe N:
T=E-T1I, 1 e mv?2 = mghy, — mgh,

v = /28 (huax — h).

3aBUCHUMOCTh TOTEHIMAIBHON SHEPruM ymnpyroil nedopmanuu M=kx*/2 ot nepopManuu X HMMeEET BUJI
napabossl (puc. 16), rae rpaduk 3aaaHHOM MMOJNHON SHEPrUM Tena £ — mpsiMasi, napajenbHas ocu abcuuce
x, a 3HaueHusa I u Il ompenpensAroTcs Tak ke, kak Ha puc. 15. 13 puc. 16 cnenyer, 4To ¢ BO3pacTaHuEM
nedopMaruy x MOTeHLIHAIbHAS SHEPTus Tella BO3pacTaeT, a KHHeTHYecKas — yMeHbIIaeTcs. AGcIucca Xmax
oTnpesieNsieT MaKCHUMajlbHO BO3MOXHYIO Je(QOpMalUIO0 pACTSDKEHUS Tela, a —Xmax — MAaKCHMalbHO

OTKYy/1a

BO3MOXHYIO JieopMaIiio cxatus tena. Eciu x = xmax, T0 T=0 u [I=E=K x;ax /2, T. e. mOTEHIMAIbHAS
SHEPTHUsI CTAHOBUTCSI MAaKCUMAJIbHOM U PABHOM MOJIHOM SHEPTHH.
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n Pac. 15

® B yem 3axnioqaeTcs 38KOH COXpaHeHRUA Mexa-
Huyeckoh aveprun? Jns Kakux CHCTeM OH Bbi-

\\

] nonHaAerca?
n 1 ® B yem pnanveckan CyuHOCTb 3BKOHA COXpa-
o JI HEHWA W npespailyeHnA dHeprwu? Mouemy oH
— ABNAETCA (PYHAAMEHTANbHLIM 38KOHOM NpK-
h hmax h poabI?

N3 anammza rpaduka Ha puc. 16 BBITEKaeT, 4TO MPH TOJHON SHEPTHUU Tella, PaBHOW FE, TEIO HE MOXKET
CMECTHUTBCS MPABEE Xmax U JIEBEE —Xmax, TAK KaK KHHETUYECKAs] SHEPTUsSl HE MOXKET ObITh OTPULIATEIIHLHOM H,
CJIeIOBATEIbHO, MOTEHIMAIbHAS JHEpPrHsl HE MOXKET ObIThb OoJibllie MOJHOW SHEpruu. B Takom cimyuae
TOBOPST, YTO TEJIO HAXOAUTCS B MOTEHUHAJIBHOM IMe C KOOPJAUHATAMH — Xmax < X < Xmax-

B o0meM ciydae moTeHIMaIbHAS KPUBAasi MOXXET MMETh JOBOJBHO CJIOXKHBIM BHJI, HAIIPUMEP C HECKOJIbKUMU
YepeAylomuMucss MakcuMymamMu W MuHuMymamu (puc. 17). Ilpoanamusupyem 5Ty NOTEHIHAIbHYIO
kpuByto. Ecnu E — 3aiaHHas ojiHas SHEPrusl YacTUIIbI, TO YaCTHIIA MOXET HAXOJUTHCS TOJBKO TaM, T/e
II(x) < E, 1. e. B obmactax | u lll. ITlepexoauts u3 o6aactu | B 11l 1 06paTHO yacTHIla HE MOXKET, TaK KakK €i
MPEISITCTBYET MOTeHHUANbHBIA O0apbep CDG, mmprHa KOTOPOro paBHAa HWHTEPBATY 3HAYCHUHN X, TPH
kotopeix E < II, a ero Beicota ompezaensercss pasHOCTBIO [lm.x—E. st Toro urobsl wactuia cmoria
MIPEOJI0IETh NMOTEHUUANbHBIN Oapbep, €l HeoOXOaUMO COOOUIUTH JOIMOJHUTENbHYIO SHEPrui0, pPaBHYIO
BBICOTE Oapbepa WM MpeBblmaoiyl0 ee. B obmactu | vactuna ¢ monHo# »sHeprueit £ oka3bpiBaeTcs
«3anepToii» B moTeHImanbHou sime ABC 1 coBepIliaeT KojieOaHusi MEeXIAy TOUKaMU C KOOPJIMHATAMHU XA U XC.

B touke B ¢ koopauHaTo# xp (puc. 17) moTeHuuanbHas SHEPTUs YaCTHIIbl MUHUMalIbHA. Tak Kak JeicTByromas

on .
Ha yactuny cuia (cm. § 12) Fe= ™ (IT — ¢yHK1IMA TOIBKO OJHOM KOOPIMHATHI), a YCIOBUE MUHMUMYMa

MOTEHIIMAJIbHON SHEPTUU 5;=0, T0 B Touke B —Fy = 0. [Ipu cMerneHnn 9acTHIIBI U3 TIOJIOKEHUS Xo (M BIICBO

W BIPAaBO) OHA WCHBITHIBAET JEHCTBUE BO3BpAIIAIONICH CHIJIBI, IMO3TOMY TIOJIOKEHHUE X SBIISICTCS
THOJIO)KEHUEM YCTOHYHBOIO PABHOBECHsI. YKa3aHHbBIC YCIOBUS BBIMOIHSAIOTCS M Ul TOUYKH Xy (1 [max).

O,[[HaKO 9Ta TOYKa COOTBCTCTBYCT IOJIOKCHHUIO HCyCTOﬁ‘IHBOFO PaBHOBECUHA, TaK KaK IIPpU CMCIICHUH
YaCcTHUIIbI U3 ITOJIOXKCHUA Xé MOSABJIACTCA CUJIa, CTpEMAIIAACA YIAJIUTh €€ OT 3TOT'O IMOJIOKCHUS.

§ 15. Yaap a6co/110THO yNIPYruX U HEYNPYrux Teja

[IpumepoM npHMEHEHHs 3aKOHOB COXPAHEHHUs MMITYJIbCa M DHEPrHMM IpU PELIeHUH pealbHOU (pu3mueckoi
3aJ1auM SBIJISETCS yJaap aOCOMIOTHO YIPYTHX U HEYIPYIHX Tell.

Yaap (unu coyaapeHme)—>3TO CTOJKHOBEHHE JBYX WM Oojiee Tel, MPH KOTOPOM B3aMMOJACHCTBHUE JTUTCS
OoueHb KopoTkoe Bpems. Ilomumo yaapoB B MpsIMOM CMBICIE 3TOTO CJIOBa (CTOJIKHOBEHMSI aTOMOB WIIU
OMJUIMApIHBIX IIAPOB) CIOJIa MOKHO OTHECTH M TaKHe, Kak yJap 4YelloBeKa O 3€MJII0 MPH MPBDKKE ¢ TpaMBast
U T. 1. Cuiibl B3aUMOAEMCTBUS MEX/ly CTAIKUBAIOLUIUMHUCS TEJIaMU (YOapHbie WA MCHOBEHHbIE CUlbl) CTOIb
BEJIMKH, YTO BHEIIHUMH CHUJIaMU, IEHCTBYIOIIMMHU Ha HUX, MOXKHO NpeHeOpedb. DTO MO3BOJIIET CUCTEMY Tell
B MpOIECCE UX COYAAapeHUs MPUOIMKEHHO paccMaTpUBaTh KaK 3aMKHYTYIO CHCTEMY U NPUMEHSTh K Hel
3aKOHBI COXPAHEHUS.

04 Puc. 16

@ UTO TaK0® NOTEeHLUMANBLHAA AMAa? NOTeHYWanb-
Huift Gapbep?

© Kaxue 3aKNOMeHWA O XapaxTepe ABMXEeHWA
TN MOXHO CABNATL N3 AHANUSA NOTeHUMaNL-
HbiX KPHBbIX?

@ Kax oxapaxtepn3osath NONOGXEHHA YCTOA4H-
BOTO M HEYCTOH4YNBOro paBHoBecKHA? B uem nx

“Xmay Xmax ¥ pasnnune?

Tena Bo Bpemst yaapa npeteprieBatoT aedopmarnuio. CyIIHOCTh yaapa 3aK/I04aeTcsl B TOM, YTO KHHETHYECKast
SHEPTHsI OTHOCUTEILHOTO JBIDKCHUS COYIApPSIFONIUXCS TEI Ha KOPOTKOE BpeMs MPeoOpa3yeTcsi B SHEPTHIO

\

! ,

{ ,
| T
¥
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|

|
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ynpyroii nepopmanuu. Bo Bpems ymapa HMeeT MeECTO IepepaclpenesieHHe DSHEPruu  MExXIy
coyaapsitoumucs Tenamu. HabmioaeHus: moka3bpIBaloT, YTO OTHOCHUTEIbHAsI CKOPOCTh TeJ MOcje yAapa He
JOCTHTAeT CBOETO MPEXKHETo 3HAUEHUs. DTO OOBACHIETCSA TE€M, YTO HET MJICAIbHO YIPYTUX Tell U UIeaIbHO
TNIAJIKUX TOBEpXHOCTEH. OTHOIIEHNE HOPMAIbHBIX COCTABIISIFOIIMX OTHOCHTEIBHOM CKOPOCTH TeJ IMOCIe U
7la yaapa Ha3bIBaeTcsl KO3(p(puIHeHTOM BOCCTAHOBJICHHA €.

=V v,

Ecin nnst crankuaromuxcst Ten €=0, To Takue Tejla Ha3bIBAalOTCA A0COJIOTHO HEyNpYrumu, eciau =1 —
a0cooTHO ynpyrumu. Ha npaxtuke ais Bcex ten 0 < € < 1 (mampumep, i CTalubHbIX mapoB €~0,56, s
mapoB M3 CiIoHOBOWM koctu €~0,89, mis cBuHma €x~0). OgHAKO B HEKOTOPBIX Cydasx Tela MOXKHO C
0O0JIBIION CTENEHBI0 TOYHOCTU paccMaTpuBaTh JHOO Kak aOCONIIOTHO yHpyrue, OO Kak aOCOIIOTHO
HEyIpyTue.

[Ipsimas, npoxojnsmias depe3 TOUKY CONPUKOCHOBEHHUS Tell M HOpPMallbHas K IOBEPXHOCTH UX
CONMPUKOCHOBEHUS, HA3bIBACTCA JMHHMEH yaapa. Yaap Ha3bIBacTCsl WEHTPaJbHBIM, €CIUM Teja 10 yaapa
IBUKYTCS BAOJb MPSAMOM, MpOXOIsliedl yepe3 WX LEHTphl Macc. Mbl OynemM paccMaTpuBaTh TOJBKO
yenmpanbHvle aDCOIIOTHO YIIPYrUue U aOCOIIOTHO HEYNIPYTHE yIaphl.

AOCOJIIOTHO yNpPYruii yaap — CTOJIKHOBEHHE JBYX TeJl, B pe3ylbTareé KOTOpOro B 000uX
B3aMIMOJICHCTBYIONINX TeJaX HE OCTAeTCS HUKAKUX jaeopMarnuii U BCS KMHETHUYECKAs YHEPTHUS, KOTOPOM
obnananu Tena A0 yaapa, Mocje yaapa CHOBA MPEBPAIaeTCsl B KHHETUUYECKYIO SHEPTUI0 (IOTYEPKHEM, UTO
3TO UOEANUZUPOBAHHBIU CIYUALL).

Jlis aOCoONIOTHO YHOPYroro yjaapa BBIIONHSIOTCS 3aKOH COXPAHEHHS HMMIYJIbCa U 3aKOH COXpPaHEHUs
KUHETHUYECKON SHEPIUMU.

O0603HaYNM CKOPOCTH IIAPOB MaccaMy /1 U My 10 yaapa yepes Vi U Vo, mocne yaapa—uepes V; u V), (puc.
18). B ciydyae mpsAMOro LEHTpaIbHOTO yJapa BEKTOPHI CKOPOCTEW IMIApOB 0 M TOCIE yaapa Jiexar Ha
MPSIMOM JIMHUM, COCTUHSIIONIEH MX HEHTPHI. [IpoeKIuu BEKTOPOB CKOPOCTH HA ATY JIMHUIO PaBHBI MOAYJISIM
ckopocTeil. X HampaBiieHus ydTeM 3HaKaMH: MOJIOXKHUTENbHOE 3HAYCHHE MPUIHILIEM JIBHXKEHUIO BIIPABO,
OTPHUIIATENTH-HOC — JBM)KCHHIO BIIEBO.

My

My
~E3>4—-0 vyt ——-
my m
2
B

Pac. 17 Pac. 18

[Ipu ykazaHHBIX AOMYIIEHUSX 3aKOHBI COXPaHEHUSI UMEIOT BU]L
mv; + mv; = mlv', + mzv',, (151)
mw?  mwl mpl mp?
> > 2t (15.2)
[IpousBenst cOOTBETCTBYIOIIHE MTpeoOpa3oBanus B BeipaxkeHusx (15.1) u (15.2), momyuum
m (v — v)) = my (vy — vy), (15.3)
m @} = o)) = m 0} - vd, (15.4)
OTKYyJa
v+ v =1+ v (15.5)
Pemas ypasnenus (15.3) u (15.5), naxoaum
v, = (m1 — my)v; + 2myv, (15.6)

m 4+ m .
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vlz _ (my — m)vs + 2’”1”1. (157)
m + m
Pazbepem HECKOIBKO MPUMEPOB.
1. ITpu v,=0
v'l = T szh (15 8)
m; + my !
. 2m,
vV, = m‘vl. (159)

[Tpoanamm3upyem BoipakeHus (15.8) B (15.9) mis aAByx mapoB pa3InyHBIX MaCC:

a) my=my. Ecnu BTOpO# map 1o yaapa Bucen HenoaBuxHO (Vo=0) (puc. 19), To mocie ynapa 0CTaHOBUTCS
nepssblit map (V; =0), a Bropoii OyaeT JBUraThCsl ¢ TOW K€ CKOPOCTBIO U B TOM K€ HAIPaBJICHUH, B KOTOPOM
ABUTAJICS NEPBBIH map 10 yaapa (V, =V,);

6) mi1>my. IlepBblil map MpPoOIOIDKAET BUraThCsl B TOM K€ HaIlPaBJIICHHWH, KaK U JO yaapa, HO C MEHbIIei
ckopocThio (V; <V1). CKOpOCTh BTOPOTO IIapa Iocie yaapa OoJiblle, 4eM CKOPOCTH IEpBOrO IOCHe yrapa
(vy>Vv;) (puc. 20);

B) mi<my. HampaBneHue ABMKEHMsI TEPBOTrO Miapa MpH yaape H3MEHsSeTCS—Inap OTCKAaKMBAeT OOpaTHO.
Bropoii map ABUXKETCS B Ty K€ CTOPOHY, B KOTOPYIO ABUTAJICS NEPBBIA IIAp 10 yaapa, HO ¢ MEHbIIEH
CKOPOCTBIO, T. €. V, <V1 (puc. 21);

r) m2>>my (HaupuMep, CTOJIKHOBEHHE Iapa co creHoi). 3 ypaBuenuit (15.8) u (15.9) cnenyer, uro v, = -V,
V; z2m1v1/m2z0.

m;
m
-G’-—bv — o ~
A 1 K —O—>{—Jwr ——
my e m, m,
: 1
v, 00 e-w,--@—w;-— <8~y
vV
Prc. 19 Pac. 20 _ Prc. 2]
2. llpu m1=my BeIpaxenus (15.6) u (15.7) Oynyt umeth BUI
vi=1v, v;=u,
T. €. IIapbl paBHOM Macchl «OOMEHUBAIOTCS» CKOPOCTSIMH.
AGCO/IIOTHO HEYNPYrHil yaap — CTOJKHOBEHHE JIByX Tel, B pe3yjibTaTe KOTOPOro Teiaa OO0BbEeIUHSIOTCS,

JIBUTASCh Jajibllle Kak eAuHoe Ienoe. [IpogeMOHCTpHUpOoBaTh aOCONIOTHO HEYNPYTHAd yAap MOXHO C
MTOMOIIIBIO MIAPOB U3 MIIACTHIINHA (TJIUHBI), IBUKYIIUXCS HABCTPEedy APYT Apyry (puc. 22).

Ecim maccel mapoB mi U mp, X CKOPOCTH JIO yaapa Vi U Vy, TO, UCTIONB3YS 3aKOH COXPAHCHUS MMITYJIbCa,
MOJKHO 3amucaTh

myv; + myv, = (m + my) v,
r7e V — CKOpOCTh ABM)KECHHUS IapoB Tocie yaapa. Torma
O\ i (15.10)
m+m

Eciu mrapel ABMXKYTCS HaBCTpEdy JAPYT IPYTY, TO OHU BMECTE OYAyT MPOJIOJDKATh IBUTATHCS B Ty CTOPOHY, B
KOTOPYIO JBUTAJNCS ImIap, oOJajaromuii OONbIIMM HUMIYJILCOM. B 4YacTHOM ciydae, €clid MacChl IIapoB
paBHBbI (m1=my), TO

v= (v + vo)/2.

BhIACHUM, KaK M3MEHSETCsl KHHETHYecKash YHEpPrys MIapoB NPHU LEHTPAJbHOM abCOMIOTHO HEYNPYroM y/ape.
Tak kak B nponecce CoyaapCHusda MmapoB MCKIAY HHUMU HeﬁCTByIOT CHJIBI, 3aBHUCAINIMEC HEC OT CaMUX
neopMaIii, a OT MX CKOPOCTEH, TO MBI HIMEEM JIENIO C CHIIAMH, ITOJ00HBIMH CHJIaM TPEHUS], TI09TOMY 3aKOH
COXpPAaHCHUA MEXaHHYEeCKOU OHCPIrunu HC OOJIKCH CO6HIOI[3TLC${. BCJ‘IC,[[CTBI/IC l[e(I)OpMaLII/II/I IMPOUCXOIUT
«TI0Teps» KMHETHYECKOi YHEpPryH, Mepele/el B TeNNIoBYI0 WK Apyrue GOpMbI JHEPTHH. DTy «IIOTEPIOY
MOKHO OIIPEACIUTD 110 Pa3HOCTH KHHETHYECKOHU OHCEPTHUU TCII 40 U NIOCJIC yaapa:
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Ucnonszys (15.10), nonydaem

mym;
= (0 — v)
2(m 4+ my)
Ecnu ynapsiemoe Teno ObU10 epBOHAYAIBEHO HENOIBMKHO (V2=0), TO

2
mpw m my
po B gp_ M mvi
my + my m 4+ m 2

My Pac. 22

M
—@—>vf Vzﬁe'- ® Yem ornnuaerca abCoONIOTHO yNpyruih yaap or

) a6conioTHO Heynpyroro?
Mmy+m, @ Kax onpegenntb CKOpOCTV TeNn Nocne LeHTpa-
nbHoro a6conioTHO ynpyroro yaapa? Cnefcr-
- V—— BMOM KaKWX SRKOHOB ABNAICTCA 3TH BbLIPBXKO-
HUA? .

Korga my>>m; (Macca HEMOABMXKHOTO Tejla OYeHb OoJibllas), TO V<<V]; U MOYTH BCS KMHETHYECKAas dHEPrus
TeJa MpH yAape NepexoauT B Ipyrue Gpopmsel sHepruu. [loatomy, Hanpumep, AJis MONTYYSHUS 3HAUUTEIHHON
nedopManuy HaKOBAIBHS JIOJDKHA OBITH MacCHBHEE MoJoTKa. HaobopoT, nmpu 3a0MBaHWU TBO3AEH B CTEHY
Macca MOJIOTKAa JOJDKHA OBITh ropas3mo Oomblieit (Mp>>Mmy), Torma VAV; M MPAKTUYECKH BCS SHEPIUs
3aTpayrBaeTCsl Ha BO3MOXKHO OOJIbIIee MepeMEIIeHUE TBO3/IS, @ He Ha OCTaTOYHYIO J1e(hOpMaIiio CTEHBI.

AOGCONIOTHO HEYNPYTWil ygap — MpUMEp TOro, KaKk MPOUCXOTUT «IIOTEepsS» MEXaHWYECKOW SHEPTUU TOJ
NEHCTBUEM ITUCCUIIATUBHBIX CHJL.

3agaun

3.1. Ompenenuts: 1) paboTy NOJHATHA TPy3a MO HAKIOHHOW TUIOCKOCTH; 2) CPEIHIOI M 3) MaKCHMalbHYIO
MOIIIHOCTH MOABEMHOT0 YCTPONCTBA, eciu Macca rpy3a 10 Kr, AJiMHa HAKJIOHHOM IUIOCKOCTH 2 M, YTOJ €€
HaKJIOHA K TOpu30HTY 45°, koadduuuent tpenus 0,1 u Bpems noasema 2 c. [1) 173 JIx; 2) 86 BT; 3) 173
BT]

3.2. C Gamram BBICOTOH 35 M TOPU30HTAILHO OporieH kameHb Maccoi 0,3 kr. [IpeHeOperas conpoTUBICHHEM
BO3/yXa, OMpPEIeNnTh: 1) CKOPOCTh, C KOTOPOW OpollleH KaMeHb, eclii uepe3 1 ¢ mocie Havajga JIBUKEHUS
ero kuuernyeckas sHeprus 60 /x: 2) noTeHIHaIbHYIO0 3HEPTHUIO KaMHs yepe3 1 ¢ mocie Havana JIBUKEHUSI.
[1) 17,4 m/c; 2) 88,6 JIx]

3.3. IIpenebperas TpeHHEM, ONpPENEIUTh HAUMEHBIIYIO BBICOTY, ¢ KOTOPOW JIOJKHA CKAaThIBaThCs TEJIEkKKaA C
YeJI0BEKOM I10 XKeJlo0y, mepexoasdiemMy B nemito paanycoMm 10 M, yToObl OHA cliealia MOJHYIO METI0 U He
BhITIAJIa U3 Kenoba. [25 M|

3.4. Tlynsa maccoit M=10 T, JeTeBmas TOPU30HTATHHO CO CKOPOCTHIO V=500 M/c, TomagaeT B OaJTUCTUICCKHIA
MasTHUK JUIHHOHM |=1 M u maccoit M=5 kr u 3actpeBaeT B HeM. ONpeaenuTh yrojl OTKIOHCHUS] MasSTHHKA.
[18°30"]

3.5. 3aBUCHMOCTb MOTEHLMAIBHOM >HEPrUM YacTHUIIBl B IIEHTPAJIHHOM CHJIOBOM II0JIE OT PACCTOSHUS I 10

[EHTpa MOJsl 3amaetcsi BeipaxeHuem I1 (1) = rﬁz—g, rne A u B — TMOJNOXUTEIbHBIE MOCTOSIHHBIE.
Onpenenuts 3Ha4eHHE g, COOTBETCTBYIOIIEE PABHOBECHOMY IOJOKEHUIO YacCTHUIBL. SBiseTcs M 3TO
MOJIOKEHHE TIOJI0KEHHEM YCTOHYMBOTO paBHOBecus? [Fo=2A/B]

3.6. IIpu neHTpasbHOM abCOMIOTHO YNPYTOM yAape IBHXKYIIEECs TEJIO MacCo mi yaapsieTcs O MOKosIieecs
TEJ0 Maccoil My, B pe3ysbTare 4ero CKOpocTh MEepPBOro Tejla yMmeHblaeTcs B N=1,5 pa3a. Onpenenuts: 1)
OTHOIIEHHE Mi/My; 2) KUHETUYECKYI0 SHEpruto 7, BTOPOro Teja, €CU IMepBOHAYalIbHAs KHHETHYECKas
sueprus nepsoro tena T1=1000 J[x. [1) 5; 2) 555 JIx]

3.7. Teno maccoil m1=4 Kr IBHXKETCS CO CKOPOCTBIO Vi=3 M/C M yAapsieTcs O HENOJBI)KHOE TeJO TaKOH ke
Maccel. CuuTas yaap LHEHTPAJIbHBIM M HEYNPYTUM, ONPEAeUTh KOJIMYECTBO TEIUIOTHI, BbIACTUBIIEECS MPU

yaape. [9 JIx]
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I'nasa 4 Mexanuka TBepAOro reja

§ 16. MoMeHT MHepUHMH

[Ipu W3ydeHUHM BpaIICHUS TBEPIBIX TEI OYyAEM IOJIB30BATHCS MOHATHEM MOMEHTa HWHEpHud. MoMeHTOM
WHEPIMHU CHUCTEMBI (Tejla) OTHOCUTEIBHO JAHHOW OCH Ha3bIBaeTCs (U3MYECKas BEIMYMHA, paBHAS CymMMe
MPOM3BEACHNN MaccC J1 MaTEPUAIbHBIX TOYCK CHCTEMbI Ha KBaJpaThl UX PACCTOSHHM 10 paccMaTpHUBACMOM
ocu:

n
J=Y mr!
im]
B citydae HerpepbsIBHOTO pacipe/ieieHUs] MacC 3Ta CyMMa CBOJUTCS K MHTErpaly
J=[rdm,

r7le MHTETPUPOBAHKME TPOM3BOJUTCS 1O BCeMy 00beMy Tena. BemuumHa ' B 3TOM citydae ecTh (yHKIHS
MOJIOYKCHHSI TOYKH C KOOPAMHATAMH X, Y, Z.

B kauecTBe mpumepa HaiijieM MOMEHT HHEPILIUH OJHOPOJIHOTO CILIONIHOTO IUIMH/pa BRICOTON h n paanycom R
OTHOCUTENILHO €ro reomerpuueckod ocu (puc. 23). Pa3o0beM UMIMHAP Ha OTACIbHBIC IOJIbIC
KOHIIEHTPHYCCKHE IIUIMHAPBI OCCKOHEUHO MajIoi TOMIKHBI df ¢ BHYTPEHHUM PaKyCcoM I' U BHEITHUM F+dr.
MOMEHT HHEpLHH KaXI0ro mojoro muinHmpa dJ=r’dm (rak kax dr<<r, To cumTaeMm, 4T0 PacCTOSHHE BCEX
TOYEK IUJIMHAPA OT OCH PaBHO I), Tae dM — macca BCEro 3JIeMEHTAPHOTO HUIIMHAPA; ero oobvem 2nrhdr.
Eciu p—mnornocts Marepuana, to dm=2rnrhpdr u dJ=27hpr’dr. Torgqa MOMEHT WMHEPLUM CILUIOLIHOIO
[UIAHAPA

.
J = [dJ = 2nhp [ Pdr = '/;zhR*p,
0

HO TaK KaK 7RN — 00beM mumHIpa, To ero Macca M=7Rhp, a MOMEHT HHepLHH
J=1/,mR?

Ecnu n3BecTeH MOMEHT MHEpPLMH Tejla OTHOCUTENIBHO OCH, IMPOXOASIIEH uepe3 ero HEHTP Macc, TO MOMEHT
WMHEPIMH OTHOCHTEIBHO JIIO00H Ipyroil mapauuienbHoil ocu onpenaensercss Teopemoii LllTeiinepa: MmomeHT
MHEepUUH Tesla J OTHOCUTEIbHO NPOU3BOJIBHOM OCH PaBeH MOMEHTY €ro MHepuuu JC OTHOCHUTENIBHO
napajIeJIbHOM ocu, Ipoxojsuiel uepe3 HeHTp mace C Tena, CJI0KEHHOMY ¢ IIPOU3BEJCHUEM MAacChl m Tella
Ha KBaJpaT PacCTOSTHUS @ MEXIY OCAMH:

J=Jc+ma®. (16.1)

B 3axmroueHue mnpuBeneM 3HAUEHHS MOMEHTOB MHepuUuHu (Tabu. 1) A HEKOTOpHIX Ten (Tejla CUMTAIoTCS
OJTHOPOJHBIMH, /1 — Macca Teja).

Ta6auma 1
- MowmenT
Teno HNonoxeane oca

Ilonuit Tomxocremmnili mumEgp! Och caMMerprR mR*
pamaycom R

Conomnol wammaap wm gack pa-|  To xe ‘ 1/,mR?
maycoM R

ITpsmoit Toxad crepxess pmm-| Och nepneHgHKyNSpEA CTEPAHIO 11amP
goit [ . OPOXOIHT YEPe3 ero cepemuHy

Ipsmoit Toxmit crepxems am-| OChb NepHCH/EXYNSPHA CTEPXHIO 1smP
Hol / IPOXOIMT 9epe3 ero KOHEll

Map pamaycom R OCh NPOXOIET Yepe3 NEHTP Iuaps 2/smR2

Pac. 23

@ Yro Takoe MOMEHT HHepLuum Tena?
@ Kaxosa ponb MoMeHTa MHepuwu BO Bpauja-
TONLHOM [BWXEHNUN?
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§ 17. Kuneruueckasi JHeprusi BpalleHust

Paccmotpum abcomoTHO TBepaoe Teno (cM. § 1), Bpararomieecs OKOJIO HEMOABIKHON OCH Z, MPOXOJISIICH
yepe3 Hero (puc. 24). MpICIIEHHO pa300beM ATO TEJIO Ha MaJICHbKHE 0OBEMBI C JIEMEHTAPHBIMH MaccaMu
mi, my,..., My, HAXOSIIKUECS Ha PACCTOSIHUMU [1, I7,..., Iy OT OCH.

[Ipu BpalieHuu TBEPAOTO Tela OTHOCUTEILHO HEIMOJBIKHOM OCH OTHEJIbHBIE €ro 3JeMEHTapHble 00BEMBI
Maccam¥ M; OMHUIIYT OKPYKHOCTH PA3IMUHBIX PAIUyCOB I, © HIMCIOT pa3IUYHbIE JIMHEHHBIE cKopocTH Vi. Ho
TaKk Kak Mbl paccMaTpuBaeM aOCONIOTHO TBEPAOE TENO, TO YIJIOBask CKOPOCTh BpallleHUs STUX O0BHEMOB
OJINHAKOBA:!

w = m/rl = vz/r; = o = 1),./7',.. (171)

KuHeTn4yeckyro 2HEprHi0 BPAIAOIIETroCs Tea HailieM KaKk CyMMY KHHETHUECKUX YHEPTUH €ro AJIeMEHTaPHBIX
00BEMOB:

2 2 2
mvl  myv} myv}
Ty = + + o+
" 2 2’
W
" muy?
Tw= 12 2

Hcnonw3ys Beipaxkenue (17.1), monyuaem
n 2 2 n 2
m; 2 (1)) 2
Tw= Y ri=5 Lmri=—r
i1 i=1
riae J;, — MOMEHT WHEPIUH Tejla OTHOCHTEIBHO OCH Z. TakuM 00pa3oM, KWHETHYESCKAst SHEPTHsI BPAIAOIIEroCcs

TCl1a

Ty = J;0?/2. (17.2)

N3 cpaBuenus ¢opmynsl (17.2) ¢ BelpaxenueMm (12.1) myis KUHETHYECKOH HSHEPrHU Tejia JABIKYLIETOCS
nocrymarensHo (T=MV?/2), crieyer, 4To MOMEHT HHEPLIUH — Mepd UHEPMHOCMU Melld TIPH BPALATeTbHOM
neuxeHnnu. @opmyna (17.2) cripaBeanuBa Ajis T€Jla BpaIllaloOLIErocss BOKPYTr HEMOABUKHON OCH.

B cnydae miockoro ABMKEHMs Tela, HapUMep LMIMHJIPA, CKaTHIBAIOIIEIOCS C HAKJIOHHOW IUIOCKOCTH 0e3
CKOJIbJKEHUS, DHEPIUs IBUKEHMSI CKJIAJbIBAETCS W3 SHEPrUU IOCTYNATEIbHOIO JBUKEHHUS U HSHEPTrUU
BpALLCHUS:

ro e + chz,
2 2

rre M — macca Kardmierocs Tena; Ve — CKOPOCTh IIEHTpa Macc Tena; JC — MOMEHT MHEpLUMH Tela

OTHOCHUTEJIBHO OCH, IIPOXOIAIIEHN Uepe3 ero LEHTP MAcC; @ — YIJIOBasi CKOPOCTH TEJa.

Puc. 24

©® BuiBegurte copMyny ANA MOMEHTa WHepuwn
ofpy4a.

® Chopmynupyiite n nosichute veopemy UWrei-
Hepa.

@ Kaxosa ¢hopMyna AnR KWHeTNHecKon 3Heprnu
Tena, BPALLAIOWErocA BOKPYr HENOLBUXHOM
OCH, W KaK ee BbiBecTn?

§ 18. MomeHT cuiibl. YpaBHeHHE IMHAMHUKH BPAIIATEIbHOI0 IBUKEHUsS] TBEPAOIo TeJia

MoMeHTOM cHJIbl F OTHOCHTEJBLHO HeNMOABMKHOW ToukH O Has3piBaeTcs (U3MYECKas BEJIMYUHA,
orpejensieMass BEKTOPHBIM TPOU3BEICHUEM paJnyca-BeKTopa I, MPOBEACHHOTO W3 TOYKU O B TOUKY A
MPUIIOKEHUS CUJTbl, Ha cuity F (puc. 25):

M = [rF]

3nece M — ncegdogexmop, €ro HalpaBJICHWE COBIAJACT C HANpaBICHUEM IOCTYNATEILHOTO JIBUKCHHS

MIPaBOTO BUHTA MIPH €ro BpaiieHuu ot I kK F. Moayias MOMeHTa CHUITBI
M = Frsina = Fl, (18.1)
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rae o— yron Mexay I'u F; r sina = | — kparyaiiniee paccTosiHUE MEXIy JTMHUCH NEHCTBUS CHIIBI M TOYKOM
O — my1e40 CHJIBL.

MoMeHTOM CWJIBI OTHOCHTEJbHO HENMOJABUKHOW OCHM Z Ha3blBaeTCsl ckanapHas BenuuuHa M; , paBHas
IIPOEKLIMU Ha 3Ty OChb BEKTOpa M MOMEHTa CHJIbI, OIIPEIEIEHHOIO OTHOCUTENIBHO MPOU3BOIBHON TOUKU O
JTaHHOM ocH Z (puc. 26). 3HaueHre MOMEHTa M, He 3aBUCUT OT BHIOOpA MOJI0KEeHUS TOUKU O Ha OCH Z.

Eciu ochb z coBnagaer ¢ HampaBieHHMEM BeKTopa M, TO MOMEHT CHibl NPEACTABISAETCS B BHUAE BEKTOPA,
COBIAJAIOLIETO C OCBIO:

M; = [rF]..

Haiinem Bbipaskenue st pa®oTel npu Bpamienuu tena (puc. 27). Ilyctes cuna F npunoxkena B Touke B,
HaxOJSIIENCs OT OCU Z HA PACCTOSHUHU I, 0L — YToJI MEXAy HallpaBJICHUEM CHIIbI U paJuyCOM-BEKTOPOM I.
Tak xak Teno abCoMOTHO TBEpAOE, TO padoTa TON CHIIBI paBHA paboTe, 3aTpauyeHHON Ha MOBOPOT BCETO
tena. [Ipu moBopoTe Tena Ha OECKOHEYHO Mallblid yroy d ToYka MPHIOKEHUS B MPOXOmuT myTh dS=rde u
paboTa paBHa IPOU3BEICHUIO TPOEKIIMH CUJIbl HA HAMIPABJICHUE CMEIICHUS Ha BEIMYUHY CMEIICHHUS:

dA = Fsinarde. (18.2)

Mz

o

”’”////////AW///‘//////////// g
3D A

Pac. 25 Pac. 26
VYuursiBas (18.1), Moxxem 3anucarb
d4 = M;do,
rae Frsin oo = FI =M; — MOMEHT cuiibl OTHOCHTENLHO OcH Z. Takum 00pa3om, paboTa MpH BpaIllEHUH Teja
paBHa MPOU3BEACHNUIO MOMEHTA JIeUCTBYIOIEH CUJIBbI HAa YToJl MOBOPOTA.
PabGora mpm BpameHuum Tena uAET HAa yBEIWYEHHE €ro KuHeTHdeckod osHeprum: OA=dT, =HO

“0? d d
dT=d (J"” )=szdw, nostromy M,do = J,cd @, nim M, E? = J,0 d—a:
VYuuThIBast, 4TO a,:.i_q’, MoJIyJaem
t
- d
M, = J,——a—) = J;e. (18.3)

dt
VYpasuenue (18.3) npeacrasnser coboli ypaBHeHHe JHUHAMHUKHM BPalIATeJbHOI0 IBMKEHUS] TBEPAOro Tesa
OTHOCHUTEJIEHO HETOBIKHON OCH.
MOo’HO MMOKa3aTh, YTO €CJIM OCh Z COBMAJAAET C IMIaBHOM ochio uHepuuu (cM. § 20), mpoxoasiielt yepes3 LHEeHTp
Macc, TO IMEET MECTO BEKTOPHOE PaBEHCTBO
M=JZ (18.4)

rjae J — riaBHbIA MOMEHT MHEPLIUHU Tesla (MOMEHT MHEPLUUU OTHOCUTEIBHO TJIaBHOM OCH).

§ 19. MomMeHT HMIYJIbCA M 32AKOH TO COXpPaHEHUs!

HpI/I CpaBHCHHHU 3aKOHOB BPAIIATCIIBHOTO U IMOCTYMATCIBHOTO JBIDKEHUI MpOCMATPUBACTCA aHAJIOTUSA MCKAY
HUMH, TOJIBKO BO BpallaTCJIbHOM JABMXCHUHU BMCCTO CHIIBI «BBICTYIIACT» €€ MOMCHT, POJIb MACChl «UTPACT»
MOMCHT HMHCPIHH. Kakas xe BenmnunHa 6yneT AHAJIOIOM HUMITYyJIbCa tena? Ero sBiaseTcs MOMEHT HUMITYyJIbCa
TE€JIa OTHOCHUTECIIBHO OCH.

MomeHTOM UMIyJbCa (KO.]'II/I‘-leCTBa IIBI/I)KQHI/IH) MaTepHaHLHOﬁ TOYKU A OTHOCHTEJILHO HeNOABHKHOM
ToukM O HaA3BIBAETCS (1)I/ISI/ILI€CKa$[ BCJIIMYHHA, ONIpEACIICMasad BEKTOPHBIM IIPOU3BCACHUCM
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L =1[p] =[r, mv],

rae I — paanyc-BEKTOp, MPOBEAEHHBIN U3 Toukd O B TOUKy A, pP=MV — UMIyJIbC MaT€pUAIbHON TOUKH (puC.
28); L — ncesoosexmop, ero HampaBlIEHHEC COBIQJAcT C HAIMPaBICHHEM IOCTYMATCIIHOTO IBUKECHUS
MPaBOTO BUHTA IPHU €T0 BPALICHUH OT I K P.

Monynb BEKTOpa MOMEHTa UMITYJIbCa

L = rpsina = myrsin a = pl,

I oL — YroJI MeKAy BeKTopamu I u p, | — rutedo Bekropa p otHOcHTENbHO ToUKH O.

MoMEHTOM HMIIYJIbCA OTHOCHTEJbHO HENMOABUKHON OCH Z HAa3bIBaeTCs CKalsApHas BenuuuMHa L, paBHas
MIPOEKIIMU Ha ATY OCh BEKTOPa MOMEHTA HUMITYJIbCa, ONPEAEICHHOIO0 OTHOCUTEIHHO MPOU3BOIBHON TOUKH O
JTaHHOM ocu. MOMeHT ummyibca L, He 3aBUCUT OT moyioxkeHust Touku O Ha OcH Z.

Prc. 27

@ HTO HASLIBAGTCH MOMEHTOM CHITbl OTHOGHTENb-
HO HenoAsyXHOR TOMKN? OTHOCHTENbLHO Heno-
ABWXHOK ocu? Kax onpefensieTcR Hanpasne-
HWEe MOMOHTA CHNbi?

@ BoiBegure n chopMmynupyiite ypasHeHue fiu-
HAMWKHA BpaILaTenbHOrO ABMXEGHWA TBepaoro
Tena.

IIpu BpameHuH aOCOMIOTHO TBEPAOIrO Tejla BOKPYr HEMOABMKHOW OCH Z Kaxjaas OTIeNbHas TOodkKa Teja
JBUXKETCS 110 OKPYXHOCTU IMOCTOSIHHOTO pajauyca [ ¢ HEKOTOpOil cKOpocThio Vi . CKOpOCTh Vi U UMILYJIbC
M;Vi MEPIEHIUKYIAPHBI 3TOMY PAaiHyCy, T. C. paauycC SABIAETCA III€4OM BekTopa M;Vi . Ilooromy moxem
3aIMcaTh, YTO MOMEHT UMITYJIbCa OTAEIbHON YaCTHUILbl PAaBEH

Lz = mu;r, (19_1)

W HaIIPaBJICH I10 OCU B CTOPOHY, OIIPCACIIAICMYIO IIPABUIJIOM IIPABOT'O BUHTA.
Monet HMITYJIbCA TBEPAOI0 T€JIA OTHOCUTCIILHO OCH €CTh CyMMa MOMCHTOB MMITYJIbCa OTACIIBbHBIX YaCTHII:

L= Z mu;r;.

im]
Hcnons3ys popmyny (17.1) vi= ari, noxydum
L, = i mrio =0 mr} = Jo,
im] jm=1

L =Jo (19.2)

Takum O6p330M, MOMCHT HMITYJIbCa TBEPAOTO TCJIa OTHOCUTCIIBHO OCH pPAaBCH HNPOU3BCACHUIO MOMCHTA

MHEPIIMU TeJla OTHOCHTEIIFHO TOH e OCH Ha YIJIOBYIO CKopocTh. [Ipoantdepenumpyem ypaBaenue (19.2)
10 BPEMEHHU:

dL, do
e J—=Je=M,
dr tde +8
T. €
dL,
& F

OTO0 BhIpaXKeHHEe — elle 0/JHa (opMa ypaBHeHHMs AMHAMHKHM BPALIATEJbHOIO JABUKEHHMS TBEPAOro Teja
OTHOCHUTEJIBHO HEIOJBHKHOM OCH: IPOU3BOJHAS MOMEHTa HMMIIYJIbCa TBEPAOIO TEJIa OTHOCHUTEIBHO OCU
PaBHAa MOMEHTY CHJI OTHOCHUTEJIBHO TOM 7K€ OCH.
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Puc. 28

@ YTO TaKoe MOMEHT MMNynbca MarepuanbHo#
TO4KKH? TBepaoro Tena? Kax onpefenseTca Ha-

NG5 7. NpABNeHNe BEKTOPa MOMEHTa WMNynLca?
. ////////////// o Bp’;ieu 3aKNIo4YaeTcA (uanveckan CywHocTb
¢ a % 38KOHA COXPBHEHWA MOMeHTa uMnynbca?
O T~ B kakux cucremax OH BbinonHaetca? [puse-

AVTe NpUMepbI.
MoxHo IMOKa3aTb, YTO UMECT MCCTO BEKTOPHOC PaBCHCTBO

dL
— =M.
dt (19.3)
. dL
B 3aMKHYTOH cuCTEME MOMEHT BHEIIHHUX CUJI M=0 & —&=0, OTKYyJa
L = const. (19.4)

Beipaxkenue (19.4) mpencraBisier co0OW 3aKOH COXPaHEHHsI MOMEHTAa WMITYJILCA: MOMEHT HMITYJIbCa
3aMKHYTOUW CHCTEMBI COXPAHSETCS, T. €. HE U3MEHSCTCS C TCUCHUEM BPEMCHH.

3aKOH COXpaHEHHsI MOMEHTa UMIYJIbca — (OYHOAMEHmMAnbHblil 3aKOoH npupoosl. OH CBSI3aH CO CBOWCTBOM
CHMMETPUU TIPOCTPAHCTBA — €T0 U30MPONHOCMbIO, T. €. C HHBAPHAHTHOCTHIO (PH3MUECKUX 3aKOHOB
OTHOCHUTEIIFHO BBIOOpAa HAIlpaBJICHUS OCEd KOOPIMHAT CUCTEMbI OTcYeTa (OTHOCHTEIBHO MOBOPOTA
3aMKHYTOM CHCTEMBI B IIPOCTPAHCTBE HA JIFO00H yrour).

[TpogeMoOHCTpHUPOBATh 3aKOH COXPAHCHHS MOMEHTA HMMITYJbCAa MOXHO C TIOMOIIbI CKaMbH JKYKOBCKOTO.
[TycTh 4enoBek, CHIANIUMN HA CKaMbe, KOTOopas 0e3 TpeHHsI BpamlaeTcsl BOKPYT BEPTHKAIBHON OCH, U
Jep KAy B BBITSHYTBIX pyKax rantenu (puc. 29), mpuBelieH BO BpalllEHUE C YTIIOBOM CKOPOCThIO 1. Eciu
YeJIOBEK MPWKMET TaHTeNd K cebe, TO MOMEHT WHEPIHH CHCTEMbl YMEHBIIUTCS. [lOCKOIBKY MOMEHT
BHEIIIHUX CHJI PaBEH HYJIIO, MOMEHT UMIYJbCa CHCTEMBI COXPAHSCTCS M YIJIOBask CKOPOCTh BPALICHUS
BO3pacTaeT. AHAJOTUYHO, THMHACT BO BpPeMs MPbDKKA Yepe3 TOJIOBY MOHKUMAET K TYJIIOBUILY PYKU U HOTH,
9TOOBI YMEHBIIUTH CBOM MOMEHT WHEPIIMH U YBEIIMIUTH TEM CaMBIM YTIIOBYIO CKOPOCTh BPAIICHUSI.

ConoctaBUM OCHOBHBIC BETUYHMHBI U YPABHEHUS, OMPEICIIAIONINE BpaAIlleHHE Tella BOKPYT HEMOABIKHOM OCH U
€ro MOCTyIaTeIbHOE ABMKEHHUE (Ta0. 2).

Tabnuua 2
IMTocrynarennRoe npuxenne BpamarensHOe JBAXCHEC
Macca m MoMeRT HEEpIEA J
-
Ckopocrb dr - do
v=— ‘VrioBas cKOpocTh W = ——
de dt
Ycxopenne dv - do
a=— Vrinosoe yckopernme £ =—
dt dt
Cuma F MomerT crnt M, am M
TlocrynarensHoe ABEACHAC BpamareibHOe BAXCERE
Nmvurysme p=nmv MoOMeRT EMITYJILCA L,=J,0
OCHOBHOE YDRBHEHHE RHHAMHBKH F=ma; Oca0BHOE ypaBHEHRE JHHAMWKH M,=Jz;
dp dL
Fa=— \ M=—
dt de
Pa6ora dA=F,ds | PabGota dd=M,de
KuneTHYeCKAN 3HEPrus mv?2 KHBeTHUCCKAR SHEPrEN Jaw?f2
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Puc. 29

'-71 Co1 = JZCOQ

J >J,
W, <w,

@ Kakum CBOWCTBOM CHMMETPUM NpocTpaHcTea
o6ycrnosnnBaeTca CnpaBefnmMBOCTb  3aKOHA
COXpPAHEeHNWA MOMeHTa uMnynhca?

@ ConocraBbTe OCHOBHbIE YPABHEHWS QWHEMKKK
nocrynaTensHoro W BpalaTenbHOro ABNXKe-
HW}, NPOKOMMEHTHPOBAB WX AaHANOrMIo.

§ 20. CoOoanbie ocu. 'mpockon

Jlnist TOro 4To0bl COXPAaHUTH MOJIOXKEHWE OCH BPALICHHUS TBEPAOIO Tela C TCUCHHEM BPEMEHH HEH3MEHHBIM,
UCIOJIB3YIOT MOAIIUITHUKY, B KOTOPBIX OHA yAepxuBaeTcs. OQHAKO CYIIECTBYIOT TaKM€ OCH BpallleHUs Te,
KOTOPBIE HE M3MEHSIOT CBOCH OPMEHTALMU B MPOCTPAHCTBE O€3 JCHCTBHS HAa Hee BHEIIHUX CHII. DTH OCH
HA3BIBAIOTCS CBOOOAHBIMHU OCSIMU (MJIM OCSIMH CBOOOJHOr0 Bpaimenus). MO>XHO J10Ka3aTh, YTO B JTIOOOM
TeJIe CYIIECTBYIOT TPHU B3aHMMHO NEPIECHAMKYISIPHBIE OCH, MPOXOAAIINE Yepe3 IEHTP MAacc Tella, KOTOpbIe
MOTYT CIY’KUTh CBOOOJHBIMU OCSIMH (OHU Ha3bIBAIOTCS TJIABHBIMH OCAMM WHepuum Tena). Hampuwmep,
IJIaBHBIE OCH WHEPLUUU OJHOPOTHOTO MPSIMOYTOJBHOTO Mapajulesienuiea MPOXOAiT dYepe3 LEHTPHI
MPOTUBOMOJNOXKHBIX rpaHeil (puc. 30). s oZHOPOIHOrO IMWIMHAPA OJHOW W3 TJABHBIX OCEH HMHEPLUU
SBIIAETCS €r0 T€OMETpHUYECKass OCb, a B KadyeCTBE OCTAJbHBIX OCE MOTYT OBITh JIBE€ JIOOBIE B3aMMHO
NEPIEHINKYIIPHBIE  OCH, TPOBEJCHHBIE 4Yepe3 IEeHTP Macc B IJIOCKOCTH, MEPIEeHAUKYISIPHON
reOMETPUUYECKON OocH HHUIWHApA. [TaBHBIMH OCAMHU HMHEpPIUHM IIapa SBISIOTCA JIOObIE TPU B3aHUMHO
NEPIIEHANKYIISIPHBIE OCH, TPOXO/AIIIE Yepe3 IICHTP Macc.

Jlyisg ycTOMYMBOCTH BpallleHus: OOJIbIIOEe 3HAYEHHE MMEET, Kakash UMEHHO M3 CBOOOJHBIX OCEH CIYKHUT OChIO
BpAICHHS TeJIa.

Mo>xHO MOKa3aTh, YTO BpaIlleHHE BOKPYT TNIaBHBIX Ocel ¢ HAMOONBIINM U HAUMEHBIIIMM MOMEHTAMU MHEPIHH
OKa3bIBACTCS YCTOMYMBEHIM, a BPAIllEHHE OKOJIO OCH CO CPEIHMM MOMEHTOM — HEYCTOWYMBBIM. Tak, eciu
oJIOPOCUTH TeI0, UMerolee (popMy mapaisenenunesia, IpuBeast ero 0JJHOBPEMEHHO BO BpallleHHe, TO OHO,
nazgasi, OyJieT yCTOMYUBO BpamaThcs BOKpyT ocei 1 u 2 (puc. 30).

Ecnu, Hanmpumep, manodky MOJBECUTh 3a OJUH KOHEIl HUTH, a JPYrod KOHEll, 3aKpeIUICHHBIA K IIMUHIEIIO
[EHTPOOESIKHOW MAIIMHBI, IPUBECTH B OBICTPOE BpaIICHUE, TO MMajJ04YKa Oy/IeT BpalaTbcsi B TOPU30HTATEHON
IUIOCKOCTH OKOJIO BEPTHUKAJIBHOM OCH, EPIEHIUKYIIPHON OCH MaJOYKH M MPOXOJALIEH uepe3 ee cepeluHy
(puc. 31). D10 M ecThb OCh CBOOOJHOIO BpAallEHUS (MOMEHT HMHEPIMH IMPH 3TOM IMOJIOKEHUU NaIOYKU
MakcUMaibHbIN). Eciu Teneps manouky, Bpalaroniyrocs BOKPYT CBOOOTHOM OCH, OCBOOOTUTH OT BHEIIHUX
CBsi3el (aKKypaTHO CHSTh BEPXHUH KOHEI] HUTH C KPIOYKa HIMHUHIENS), TO TOJOXEHHWE OCH BpAIICHUS B
MPOCTPAHCTBE B TEUEHUE HEKOTOPOro BpeMeHU coxpansiercsa. CBOMCTBO CBOOOAHBIX OCEH COXPaHSITh CBOE
MOJIOKEHHE B TPOCTPAHCTBE IIMPOKO TPUMEHSETCS B TexHHKe. Hamboriee WMHTEPECHB B JTOM IUIaHE
THPOCKONBI — MAacCCUBHbBIE OJJTHOPOJIHBIE TeJIa, BpalIaloIIuecs ¢ OONBIION YyTI0BOH CKOPOCTHIO OKOJIO CBOEH
OCH CHMMETPHH, SBIISIFOIIEHCS CBOOOTHOM OCHIO.

Jmin

Jmux

Puc. 30 Pac. 31
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PaccmoTpuM ofHY M3 pa3HOBUAHOCTEM T'MPOCKOIIOB — TUPOCKON Ha KapJaHOBOM mojsece (puc. 32).
JluckooOpa3Hoe Temo — THPOCKON — 3akKperyieH0o Ha ocu AA, KOTopas MOXET BpamaTbCsi BOKPYT
MEPIEHIUKYIISIPHON €l TOPU30HTAIILHON OCH BB, KOTOpasi, B CBOIO 04epe/lb, MOKET II0BOPAYUBATLCS BOKPYT
BepTukasibHOM ocu DD. Bce Ttpu ocu mepecekarorcs B oaHoOM Touke C, SIBISIOMIEHCS IICHTPOM Macc
TUPOCKONA W OCTAIOLIECICS HENOABM)XHOM, a OChb T'MPOCKONA MOXKET IPUHATH JII000€ HAINpaBICHHUE B
npoctpanctBe. CuilaMd TpeHHs B MOAIIMITHUKAX BCEX TpeX Oced U MOMEHTOM HMITYyJbca KOJIell
npeHedperaem.

Tak kak TpeHHe B MOALIMITHHKAX Majo, TO, IOKa THPOCKON HEMOABUKEH, €ro OCH MOXKHO NpUIaTh Jt000e
Hanpasienue. Eciu HauaTh TUpOCKOI OBICTPO Bpamiath (Hampumep, ¢ MOMOIIbI0 HAMOTAaHHOW Ha OCh
BEPEBOUYKH) U IOBOPAUMBATH €0 MOJICTABKY, TO OCh TUPOCKOINA COXPAHSIET CBOE MOJIOKEHHE B TPOCTPAHCTBE
HEM3MEHHOH. DTO MOXKHO OOBSCHUTH C IOMOIIIbI0O OCHOBHOT'O 3aKOHA TMHAMHKH BPAIAaTeIbHOTO JIBMKEHUSL.
J71 cBOOGOTHO BpAILIAOILIETOCsl TUPOCKOMNA CHJIa TSHXKECTH HE MOKET U3MEHHUTh OPHUEHTALIUIO €ro CBOOOAHOM
OCH, TaK KaK 3Ta CHJIa MPUJIOXKEHa K IEeHTpy Mmacc (1eHTp BpamieHus C COBMajaeT ¢ LEHTPOM Macc), a
MOMEHT CHJIBI TSDKECTH OTHOCUTENIBHO 3aKpPEIICHHOTO LEHTPa MacC paBeH HyJ0. MOMEHTOM CUJI TpeHUus
MBI Takxe npeHeOperaeM. [103ToMy €ciii MOMEHT BHEIIHUX CHJI OTHOCUTEIBHO €0 3aKpEIJIEHHOrO IIEHTpa
Macc paBeH HyI0, TO, Kak cieayeT u3 ypaBHeHus (19.3), L = const. T. e. MOMEHT UMIyJbca THPOCKONA
COXpaHsIET CBOIO BEJIMUYMHY U HaIlpaBJIeHHE B NpocTpaHcTBe. Clie10BaTeIbHO, BMECTE C HUM COXPAHSIET CBOE
MOJIOKEHHE B IPOCTPAHCTBE M OCh THPOCKOTIA.

UToO0BI OCh TUPOCKOTA U3MEHUJIA CBOE HAINPABIICHUE B MPOCTPAHCTBE, HEOOX0uMO, coraacHo (19.3), ornuune
OT HYJI1 MOMEHTA BHEITHUX Ccujl. Eciy MOMEHT BHEIIHUX CHUJI, MPUJIOKEHHBIX K BPALIAIOIIEMYCSsl THPOCKOILY,
OTHOCHUTEJILHO €ro ILIEHTpa MacC OTJIMYEH OT HyJd, TO HaONroAaeTcs sBJIEHUE, IOJy4YUBIIEE Ha3BaHUE
rupockonunyeckoro 3ggexra. OHO COCTOUT B TOM, UTO MO ACHCTBHEM Hapbl cuil F, IpuUIoKeHHOH K ocu
BpalllaloLEerocss TMpocKomna, och rupockona (puc. 33) noBopaunBaercs BOKpyr npsamoit O30z, a HE BOKPYT
npsimoit 0,0, , Kak 3TO Kazayock Obl ecTecTBeHHBIM Ha mepBbiid B3 (0101 u 0,0, nexar B MI0CKOCTH
yeprexa, a 0303 u cuiibl F nepneHauKymsipHbl ei).

Pmc. 32 Prc. 33

I'mpockonmueckui 3¢¢pekr oObsicHAeTCs cienyromuM odpazoM. MomenT M mapsl cun F HampaBneH BIoJib
npsmoit 0,05. 3a Bpems: dt MomeHT umMmynbca L rupockomna nomy4ut npupainenne dL=Mdt (nanpasnenue
dL coBmagaer c¢ HampaBieHueM M) u ctaHeT paBHbiM L'=L+dL. HampaBnenue Bektopa L' coBmamaer c
HOBBIM HAIIPaBJICHHEM OCH BpallleHUs TMpockona. Takum oOpa3oM, OCh BpAIIEHUs THPOCKONA MOBEPHETCS
BOKpyT npsiMoil O303. Eciin BpeMsi AeMCTBUS CHIIBI MaJIO, TO, XOTS MOMEHT CUJI M UM BENIMK, U3MEHEHHE
MoMeHTa umiyibca dL rupockorna Oyaer Takxke BecbMa MajbiM. [109TOMy KpaTKOBpEMEHHOE JIeHCTBHE CUIT
MPaKTUYECKH HE MPUBOJUT K U3MEHEHHUIO OPHEHTALlMK OCH BpaIlleHUs TMpPOCKONa B mpocTpaHcTse. s ee
U3MEHEHHUS CIeyeT IPUKIAIbIBaTh CUJIbI B TEYEHHUE JUINTEIBHOIO BPEMEHH.

Ecnu ock rupockoria 3akperieHa NoAMUITHUKAMU, TO BCIEACTBHE THPOCKONNYECKOro 3(ppeKTa BOZHUKAIOT TaK
Ha3bIBAEMbIE TMPOCKONMUYECKHE CHJIbI, ACHCTBYIOLIME HA ONOPHI, B KOTOPBIX BpAIaeTCsi OChb I'MPOCKOIA.
Ux  peiictBue  HEOOXOIUMO  YYUTHIBaTh  MPU  KOHCTPYHPOBAaHUHM  YCTPOMCTB,  COJEpIKaIIUX
OBICTPOBpAIAIOIINECS MACCUBHBIE COCTaBHBbIE YaCTH. | MPOCKOMMYECKHE CHUJIBI UMEIOT CMBICI TOJIBKO BO
BpaIIaroIENCss CHCTEME OTCUETA U SBJISIIOTCS YACTHBIM CIIy9aeM KOPHUOJIMCOBOM CHITBI HHEPIHH (CM. § 27).

['mpockonbl NPUMEHSIOTCS B Pa3IMYHBIX TI'MPOCKOIMMYECKHMX HABUTALMOHHBIX MpHOOpax (rupokommac,
TUPOTOPU3OHT U T. [1.). [lpyroe BaxkHOe IpUMEHEHNE IMPOCKONOB — IMOAJIep KaHNe 3aJaHHOTO HAIIPaBJICHUS
JIBMDKEHUS] TPAHCIIOPTHBIX CPEJICTB, HAIpUMEp CyJHa (aBTOpYJeBOW) U camojieTa (aBTonwior) u T. A. [Ipu
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BCSAKOM OTKIIOHEHMH OT Kypca BCJEICTBHE KAaKWX-TO BO3JCWUCTBUI (BOJIHBI, TIOphIBA BETpa W T. J.)
MOJIOKEHHE OCH THPOCKOINa B MPOCTpaHCTBe coxpansercs. (CienoBaTelbHO, OCh T'MPOCKONAa BMECTE C
paMaMy KapJaHOBa IOJIBECa MOBOPAYMBAETCS OTHOCUTEIBHO ABMXKYIIErocs ycrpoiictBa. [loBopor pam
KapJaHOBa IMOJBECAa C MOMOIIBIO OMPENIEICHHBIX MPUCIIOCOOICHUN BKIIOYAET PYJIU YIpPaBIEHUS, KOTOphIE
BO3BPAILAIOT IBMXKEHHE K 33JJTaHHOMY KYypCY.

Brnepssie rupockomn npuMeneH (ppaniy3ckuM puznkom XK. dyko (1819—1868) mist nokazaTenbCTBa BpalieHUs
3emutu.

§ 21. ledpopmaunu TBEpPAOIo TEJIA

PaccmaTpuBasi MexaHUKY TBEpJOTO Teja, MbI MOJb30BAIKNCH MOHATHEM a0CONOTHO TBepaoro tena. OHaKo B
npupojie aOCOJTIOTHO TBEPABIX TE HET, TaK KaK BCE PEAJIbHBIC TeNa IMOJ ACHCTBUEM CHUJI U3MEHSIOT CBOIO
dhopmy U pa3Mepsl, T. €. dehopmupyomcsi.

Jdedopmanusi Ha3bIBACTCS YNPYIOM, €CIM I0CIE NPEKPALICHUS JACHUCTBHS BHEIIHUX CUJI TEJIIO NPUHUMAET
nepBoHavalbHble pazMepsl 1 Gopmy. dedopmanumn, KOTopble COXpaHSIOTCS B Tele MOCE MpeKpalleHus
NEWCTBUSL BHEIIHUX CHJI, HA3bIBAIOTCA MJIACTHYECKHMHU (WM OCcTATOYHbIMHU). Jlehopmarnuu peanbHOTO
TeJa BCErJa IJIACTUYECKHE, TAK KaK OHM IIOCJIE MPEKPALLEHUS AEMCTBUS BHEIIHUX CHJI HUKOI'/IA TIOJTHOCTBIO
He ucye3aroT. OJJHAKO €CIM OCTAaTOUYHbIE Ae(opMalyi MaJlbl, TO UMM MOKHO IIpEHEOpeUYb U paccMaTpuBaTh
ynpyrue aegopmaiuu, 4To Mbl U OyeM Jenath.

B Teopum ympyroctu 1oka3bIBaeTCs, YTO BCE BHIBI JAeopmanuii (pacTsiKeHHWE WM CXKaTHe, CIIBHT, W3THO,
Kpy4€HHUE) MOTYT ObITh CBEACHBI K OJJHOBPEMEHHO MPOUCXOISAIINM Ae(POopMaLisIM PACTIKEHHUS UIH CHKATUS
U C/IBUTA.

PaccMOTpUM OIHOPOHBIN CTEPXKEHb JIMHOW | M TUIoNaapio momepedHoro ceveHust S (puc. 34), K KOHIaM
KOTOPOTO TPUJIOKEHBI HalpaBlICHHbIC BIOJIb ero ocu cwibl F1 u Fy (F1=F,=F), B pe3ynbrarte yero anuna
CTepKHsI MeHsieTcs Ha BeanuuHy Al. EctecTBeHHO, 4TO mpH pacTsbkeHUH Al MOMOKHUTENBHO, a IPH CHKATUN
OTPULIATEIIBHO.

Cuna, neificTByrolas Ha eIMHUIY [JI0La/I1 TOIIEPEYHOI0 CEUEHHU S, HA3bIBACTCSI HANIPSIZKEHUEeM:

o= FIS. (21.1)

Ecnun cuna HampaBieHa MO HOPMalId K IOBEPXHOCTH, HAIPSKEHUE HA3bIBAECTCS HOPMAJIBbHBIM, €CIIU K€ I10
KacaTelbHON K MOBEPXHOCTU — TAHTeHIIHAJbHBIM.

KonnyecTBeHHON Mepoii, XapakTepU3yoLel cTeneHb AeQOopMaliu, UCHBITBIBAEMONW TEJIOM, SBIISETCS €ro
oTHOcuTeldbHasA Jedopmaumsa. Tak, OTHOCUTENbHOE M3MEHEHHE JJIUHBI CTEp)KHA (IIPOJOJIbHAs
nedopmarus)

e = AL (21.2)
OTHOCHUTCIIBHOC ITOIIECPEUHOC PACTANKCHUC (C)KaTI/Ie)
e = Adl/d,

rae d — muaMeTp CTepIKHSL.
Jledbopmaruu € U €' Bcerja UMEIOT pas3Hble 3HakH (npu pacTskeHnu Al monoxkwurenbHo, & Ad OTpHIIATENBHO,
npu cxkatuu Al orpuniatensHo, @ Ad momokuTensHO). M3 onbITa BEITEKaeT B3aUMOCBSI3h € U €'
g = — pue,
r7ie L — MOJIOKHUTETbHBIA KOA((OUILIMEHT, 3aBUCSIINI OT CBOMCTB MaTepHala U Ha3blBaeMbIi KO3 (PuHeHTOM
ITyaccona®.
Anrnuiickuii usuk P. T'yk (1635—1703) skcnepuMeHTaJIbHO YCTAHOBWJI, YTO JJIsi MajblX JAedopmaruii
OTHOCUTENILHOE YJUTMHEHUE € U HANPSHKEHHUE G MPSMO MPOMOPLHMOHAIIBHEI APYT APYTY:
o=Ek, (21.3)
rae Ko3QGUIMEHT TponopIiuoHansHOCTH £ HaszpiBaeTcst Moayiem HOura**. M3 Beipakenus (21.3) BugHO, 4TO

moayJb FOHra onpenensercs HanpsDKeHUEM, BBI3BIBAIOIINM OTHOCUTEIIBHOE Y/UTMHEHNE, paBHOE SIMHUIIE.
U3 popmymn (21.2), (21.3) u (21.1) BeITEKAET, UTO

_Al_a_ F
C=TTEES
NJIn
ES

F=—Al = kAl
/ (21.4)

rae k—kodpuuuent ynpyroctu. Bripaxenue (21.4) taxke 3amaer 3akoH ['yka, COTJIaCHO KOTOpOMY
YIUIMHEHHUE CTePXKHsI IIPH yIpyroi aedopMaiyy MponopuuoHaIbHO ASHCTBYIONIEH Ha CTEPKEHb CUJIE.
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* C. Ilyaccon (1781—1840) — ¢paHIy3CKuii yYeHBIH.
** T, YOur (1773—1829) — aHIIHICKUI yYEHBIH.

Aﬁ Prc. 34

L @ Y10 Taxoe ceBoGoAHbIe OCK (rNaBHbIe 0CH HHep-
Lnn)? Kakne M3 HUX ABNAIOTCR YCTOAYMBLIMK?
@ 410 Takoe rMpockon? Kakosbl €ro OCHOBHbie
cBoitcTBa?
(+at @ Cchopmynnpyitte 3axkoH 'yka. Korga oH cnpa-
BeAnNuB?
@ [aite ofbACHeHNe AUArpaMMbi HANPSIKeHW
¢ (g). Yro Takoe npegensl NPONOPLNOHANBLHO-
CTH, yNpyroctn n NpoNHOCTH?
VFZ @ Kakos thuanyeckuit cmbicn mogyns KOHra?

Jlebopmaru TBEpABIX TEJ MOAYMHSIOTCS 3aKoHY ['yka 10 u3BecTHOro npesena. CBsa3b Mexay nedopmarueid u
HANpsDKEHUEM TPENICTaBISIeTCST B BUJAC JUAarpaMMbl HAMPSOKCHHWH, Ka4eCTBEHHBIM XOJ KOTOPOH MBI
PacCMOTPHM JUIsI METAJINYECKOro oopasua (puc. 35). 13 pucyHKa BHIHO, YTO JIMHEHHAS 3aBUCUMOCTD G (€),
ycTaHOBJIEHHas] ['yKOM, BBINMONHSETCS JIMIIL B OYECHb Y3KUX Tpeleliax 10 TaK Ha3plBaeMOro Mpeaesia
MPONOPIUHOHAILHOCTH (Gy). [Ipu nanpHEHeM yBeIMUCHUH HANPSHDKCHHS AehopManus eiie ynpyras (XoTs
3aBHUCHUMOCTh G(€) yKe HeJIMHeHHa) W 10 mpeaeja ymnpyroctu (cy) OCTaToyHble aedopMaiuu He
BO3HUKAIOT. 3a TMpenejoM YIOPyrocTH B Telie BO3HUKAIOT OCTAaTOYHBIC jAeopMmanuu U Tpaduk,
OMKCHIBAIOIIMH BO3BpAIlICHHE Tejla B IEPBOHAYAIBLHOE COCTOSHHE IOCIIC TPEKpAIleHHs ICHCTBUS CHUJIBI,
n3o0pasutcsa He kpuBoit BO, a mapamiensHoit eif — CF. Hanpsbkenue, mpu KOTOPOM TOSIBISIETCS] 3aMETHAS
octarounas aedopmarus (=0,2%), Ha3piBacTCs mpeneaoM Tekydectu (o) — Touka C Ha KpuBoOil. B
obnactu CD nedopmarus Bo3pactaeT 0e3 yBEeNWYEHHs HAMpPsDKEHUS, T. €. TeNo Kak Obl «TeueT». JTa
00JIacTh Ha3bIBACTCS 00J1ACTHI0O TeKY4YecTH (WK 00JIACThI0 IUIACTHYeCKUX Aedopmaumii). MaTtepuaisi,
JUIS KOTOPBIX 00JIACTh TEKy4eCTH 3HAUMTEIbHA, HA3bIBAIOTCS BSISKMMM, JJI1 KOTOPBIX K€ OHA MPAKTHYECKU
OTCYTCTBYeT — XpynkuMmu. [Ipu nanpHeiimem pactsokeHuu (3a Touky D) mpoucxomuT paspylieHue Tea.
MaxkcuManbHOE HamnpsbKEHUE, BO3HHUKAIOIIEE B Telle 0 pa3pyIlIeHUs, HAa3bIBACTCS MpeaesioM NMPOYHOCTH
(op).

JlnarpaMMa HamnpspDKEHUH JUIsl peajbHbIX TBEPABIX TEJI 3aBUCUT OT Pa3IUYHBIX (akTopoB. OIHO M TO XKe
TBEPAOE TEJIO MOXET MNPH KPAaTKOBPEMEHHOM JCHCTBHHM CHJI TIPOSBIATH CeOsl Kak XpYyIKoe, a TpH
JUTUTEIBHBIX, HO CIA0bIX CHJIaX SBISETCS TEKYYHM.

BbraucnuM MOTCHIMATBHYIO DHEPTHIO  YIPYTOPACTSHYTOro (C)KATOro) CTEpXKHs, KOTOpas paBHa pabore,
COBEpIIIaeMOl BHEIIHUMHU CUJIAMHU TIPH ehOpMaInu:

]
—_————l

e — -

N

Al
Il = 4 = | Fdx,
0
raic x — a0COJIIOTHOE YAJIIMHCHUEC CTCPIKHA, USMCHAIOIICCCA B IIPOLCCCC I[e(l)OpMaHI/II/I or 0 a0 Al. Cormacno

3akony I'yka (21.4), F=kx=ESx/I. ITosTomy

M
= [E5 cax = LES (o
= —_— XX = - — ,
l 21/
0
T. €. HOTEeHIMaIbHAs SHEPTUS YIPYTOPACTIHYTOI'O CTEP>KHS MPONOPLHUOHATIbHA KBaApaTy AepopManuu (AI)Z.

0F 0
Puc. 35 Pac. 36
Hedopmaruio ciBura mpoie BCEro OCYHIECTBUTh, €CIHM B3STh OPYCOK, UMEIOLUl (opMy MpsSMOYrojJbHOTO
napajuiefienunena, u NpuiokuTh Kk Hemy cuiy F,, (puc. 36), kacaTelnbHYIO0 K €ro MOBEPXHOCTH (HMXKHSA
qyacTh OpycKa 3aKkperieHa HeMmoABMKHO). OTHocuTenbHast 1epopMalivs CABUTa onpezensercs u3 GopMyIibl
tgy = As/h,
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riae AS — aOCOJIOTHBIN CIBUT TTApaJUICIIBHBIX CIIOEB Tella OTHOCUTENBHO Jpyr aApyra; h — paccrosiHue
MEXY CIOSIMH (JI7IS1 MaJIbIX yIIIoB tgy~y).
3apaumn

4.1. C omgHOrO ypOBHS HAKJIOHHOW IIJIOCKOCTH OJHOBPEMEHHO HAYMHAIOT CKATHIBAThCA 0€3 CKOJIbKECHHUS
CIUIOIIHBIE LWJIMHAP U IIAp OAMHAKOBBIX MAacC M OJMHAKOBBIX paauycoB. Ompenenuts: 1) oTHOIIEHHE
CKOpOCTEH IMIMH/IpA U [Iapa Ha JaHHOM YpPOBHE; 2) UX OTHOILIEHHE B JTAaHHBII MOMEHT BpemeHHU. [1) 14/15;
2) 14/15]

4.2. K 0601y 0JHOPOIHOTO CIUIONIHOTO AMCKa paauycoM R=0,5 M mpuiiokeHa OCTOsSTHHAs KacaTelbHas Cuiia
F=100 H. IIpu Bpamenuu nucka Ha HETO IEHCTBYET MOMEHT cui TpeHus M=2 H-Mm. Onpenenuts Maccy m
JIMCKA, €CJIM U3BECTHO, YTO €T0 YIJIOBOE YCKOPEHHUE B MOCTOSAHHO U paBHO 12 paz[/cz. [32 kr]

4.3. Yepe3 HENMOJABMXHBIA OJOK B BUAE OJHOPOIHOTO CIUIOMIHOTO IMJIMHApPA Maccod M=1 Kr mepekuHyTa
HEBecoMasl HUTh, K KOHIIAM KOTOpPOM MpHKperieHbl Tena MaccamMu Mi=1 kr u my=2 xr. [IpeneOperas
TPEHHEM B OCH 0JIOKa, OIPE/IeNUTh: 1) yCKOpeHue rpy3oB; 2) oTHowmeHus 7»/T1 cui HaTsbKkeHus HutH. [1) 2,8
m/c?; 2) 1,11]

4.4. CKOPOCTh BpAIICHHMS KOJNECA, MOMEHT HHEPIHH KOTOPOTO 2 KI-M°, BPAIIAIOMIErocs MPH TOPMOKEHHH
paBHO3aMEeIJIEHHO, 3a BpeMs t=1 muH ymeHsmuiaachk ot N1=300 MHH o n,=180 MUH . Omnpenenuts: 1)
VIJIOBOE YCKOPEHHE € Kojieca; 2) MOMEHT M CHIlbl TOpMOXKeHUs; 3) paboTy cmiibl Topmokenus. [1) 0,21
pan/c?; 2) 0,42 H-m; 3) 630 1]

4.5. YenoBek maccoir M=80 Kr, CTOAIIMA HA Kparw TOpH3OHTAIbHOW Tutatrgopmbl Maccod M=100 kr,
BpalIaIOIEHCs IO HHEPIIMU BOKPYT HEMOABUKHOW BEPTUKAIBHON OCU ¢ yacToTor Ni=10 MI/IHil, MEPEXOIUT
K ee neHtpy. Cuurtas miargopMmy KpyriblM OJHOPOAHBIM JIMCKOM, a 4YellOBEKa —TOYEHYHOM Maccoii,
OIIPEJIeNIUTh, C KaKOi 4acTOTO# Ny OyaeT Toraa Bpamarbes miatdopma. [26 MI/IHil]

4.6. OnpenenuTs OTHOCUTEIBHOE YAJUHEHUE aTIOMUHUEBOTO CTEPIKHSI, €CJIH MPHU €ro pacTsHKEHUH 3aTpadeHa
pabora 62,1 Jlx. JlnuHa crepkHS 2 M, IUIOMAAb IONEPEYHOro cedeHus | MM, monynap IOura pns

amomunus E=69 I'Tla. [Al/lI=,/2A/(ESI) =0,03]

I'maBa 5 Tsarorenune. 1eMeHTbI TEOPHHU OIS

§ 22. 3akonbl Kenuiepa. 3aKkoH BCeMUPHOI0 TATOTEHUS!

Eme B rmy0okoil 1peBHOCTH ObUIO 3aMEYEHO, YTO B OTIMYME OT 3BE3J, KOTOPhIE HEM3MEHHO COXPaHSIOT CBOE
B3alMHOE€ pAaCIOJOKEHUE B TNPOCTPAHCTBE B TEUEHUE CTOJETHM, IUIAHETHI OIMUCBHIBAIOT CPEIU 3BE3[
clloKHeWue TpaekTopuu. i oObsICHEHHS NEeTIe00pa3HOTo IBUKEHUS TUIAHET JPEBHETPEUECKUN YUeHbIN
K. ITTonomeii (II B. H. 3.), cunTas 3eMiIt0 pacnoiloKeHHON B LIeHTpe BeeneHHoM|, MpeanonoKul, 4to Kaxkaas
U3 TUIaHET JBUXKETCS M0 MajJoMy Kpyry (3MULHKKITY), LIEHTP KOTOPOTO0 pPaBHOMEPHO JABUKETCA MO OOJIBIIOMY
Kpyry, B LEHTpPE KOTOpPOTO HaxOOUTCs 3emid. JTa KOHLENIMs IMoJIydyusaa Ha3BaHUE MTOJIOMeeBOM
reolleHTPU4eCKoil cucTeMbl MUpA.

B navane XVI B. noasckum actpoHomom H. Konepaukom (1473—1543) o60cHOBaHa reHOLEeHTPHYECKast
cucreMa (cM. § 5), COTJIaCHO KOTOPOM JABUKEHUSI HEOSCHBIX TN OOBSCHSIOTCS IBIXKEHHEM 3eMIIH (a TakkKe
apyrux 1uiaHeT) Bokpyr CojHIA M CyTOYHBIM BpamieHuem 3emiau. Teopus u Habmoaenus KomepHuka
BOCIPUHHUMAJIHNCh KaK 3aHUMaTeNbHas (paHTasusl.

K nauvany XVII cronetust 607bIIMHCTBO YUEHBIX YO€AUIOCh, OIHAKO, B CIIPABEUIMBOCTH T€IMOLEHTPHUUECKON
cucrembl wmupa. W. Kemmep (1571—1630), o6paGoTraB ¥ YTOYHUB pe3yNbTaThl MHOTOYUCIEHHBIX
HaOmoeHuit narckoro actpoHoma T. bpare (1546—1601), n3moxuin 3aK0HbI ABUKEHHS TJIAHET:

1. Kaxxas nianeTa IBUXKETCS 110 3IUIUIICY, B OJHOM U3 (POKYycoB KoToporo Haxoautcs CosHIe.

2. Paguyc-BEKTOp IJIAaHETHI 32 PABHBIE IPOMEKYTKH BPEMEHH OIMCBIBAET OJIMHAKOBBIE IIOMIAH.

3. KBazapatel mepnonoB oOparieHusi mianeT BOKpyr CoJHIIA OTHOCSTCS Kak KyObl OOJNBIINX TOJIYOCEH WX
opOowuT.

Bnocnenctsuu U. HeloToH, u3yyas qBUkKEHHE HEOECHBIX TEJ, HA OCHOBAaHMM 3aKOHOB Keruiepa M OCHOBHBIX
3aKOHOB JMHAMHUKH OTKPBUI BCEOOIIMH 3aKOH BCEMHMPHOIO TSATOTEHHS: MEXIYy JIOOBIMU JBYMs
MaTepuaIbHbIMU TOYKAMH JCHCTBYET CHJIa B3aUMHOIO TMPUTSHKEHHs, MPSAMO MPONOpPLUOHATbHAS
MPOU3BEACHUIO MAcC ATUX To4eK (M1 U my) U 0OpaTHO MPONOPLUOHATBHAS KBAAPaTy PACCTOSHUS MEXITY
Himu (r2):

F = Gmmy/r*. (22.1)
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DTa cuila Ha3bIBaeTCs IPABUTAIMOHHON (WM CHJI0I BCEMHMPHOro TAroreHus). Cuibl TSITOTEHUs BCEraa
SBJIAIOTCS. CUJIAMU TIPUTSDKEHUS U HampaBleHbl BAOJIb MPSMOM, MPOXOASIIEH yepe3 B3auMOJICHCTBYIOIINE
tena. Koaddunment nponopruronanbHOCTH G Ha3bIBa€TCS PABUTANMOHHON MOCTOSIHHOI.

3aKOH BCEMHUPHOTO TATOTEHHUS YCTAHOBJICH JUISl T€J, MIPUHUMAEMbIX 32 MaTepualbHbIe TOYKH, T. €. IS TaKUX
T€Jl, pa3Mepbl KOTOPBIX Majbl [0 CPaBHEHUIO C pAcCTOSHMEM MEXIy HUMH. Ecium ke pa3mepbl
B3aMMO/ICHCTBYIONIUX TeJl CPABHUMBI C PACCTOSIHUEM MEXAY HUMH, TO 3TU Tejla HaJlo pa30UTh Ha TOUCUHbIE
9JIEMEHTBI, MOACYUTATh MO ¢Gopmyae (22.1) cuiabpl NPUTSDKEHHS MEXKIY BCEMH IMOMAPHO B3STHIMU
AJIEMEHTaMHU, a 3aT€M IeOMETPUUYECKH UX CIOKUTh (IPOUHTEIPUPOBATH), YTO SBJSETCS JOBOJIBHO CIONKHON
MaTeMaTU4YeCKOU 3a1a4ueil.

BriepBbie SKCIIepUMEHTANBHOE JOKA3aTENIbCTBO 3aKOHA BCEMHUPHOTO TATOTEHHUS IJI 3€MHBIX TeJ, a TaKxKe
YHCIIOBOE ONpeICICHNE TPAaBUTAMOHHON ocTossHHONW G mpoBeneHo anriuiickuM ¢usukom I'. KaBenaumem
(1731—1810). IlpuanmmuanbHas cxema ombiTa KaBeHAWIa, NPUMEHHUBIIETO KPYTHJIbHBIE BeChI,
npeacTaBieHa Ha puc. 37. Jlerkoe KOpOMBICIO A ¢ ABYMsl OJMHAKOBBIMU IIapuKaMu macco M=729 r
MOJIBEIIICHO Ha ynpyroil HUTU B. Ha kopomebicie C yKpenseHbl Ha TOM K€ BhICOT€ MAaCCUBHBIE IIapbl MACCOM
M=158 kr. [loBopaunBas kopoMbiciio C BOKpPYr BEPTHKAIBHONH OCH, MO’KHO U3MEHATH PACCTOSTHUE MEXIY
mapamu ¢ Maccamu m u M. Ilon geiicTBueM mapbl CHJI, MPUIOKEHHBIX K IIapaM 71 CO CTOPOHBI IIapoB M,
KOPOMBICIIO 4 TMOBOpPAaYMBAETCS B TOPU3OHTAIBHOM IJIOCKOCTH, 3aKpyduBas HUTh B 710 TeX NHOp, MOKa
MOMEHT CHJI YINPYrOCTH HE YpPaBHOBECHT MOMEHTAa CHJI TATOTEHHUsS. 3Has YIpyrue CBOWCTBA HUTH, IO
U3MEPEHHOMY YIJly NOBOPOTAa MOYKHO HAaWTH BO3HMKAIOIIME CHJIBI NMPUTSKEHMS, a TaK KaK Macchl 1IapoB
U3BECTHBI, TO M BBIYUCIUTH 3HaUeHue G.

Puc. 37

@ Kak onpefensercr rpaBuTauynoHHan NOCTOAH-
HAA U KAKoB ee (hN3n4ecKnih cmuicn?

@ Ha xaxoil BbicoTe Hajg nnaHevoi yckopexwne
cB060{HOTO NAJEeHNWA BABOe MeHblle, YeM Ha
€@ NOBepPXHOCTH?

3nauyenue G, mpuBoAMMOE B TaOiMLAX (yHAAMEHTAIBHBIX (U3NYECKUX MOCTOSHHBIX, IPUHUMAETCS PaBHBIM
6,6720-10711 H-M/KFZ, T. €. JIBa TOUYEUHBIX TeJla MacCoh Mo | Kr KakKaoe, HaxoAsIuecs Ha PacCTOSHUN 1 M
IpYr OT ApPYyra, NPUTATUBAIOTCS C CUIIOU 6,6720-10 ™ H. Ouenp manas Benuunua G MOKA3BIBACT, UTO CHIIA
I'PaBUTALIMOHHOTO B3aMMOAECHCTBHS MOXKET ObITh 3HAUUTEIBHOM TOJIBKO B CiTydae OOJIBIIMX Macc.

§ 23. Cuaa Ta:xectu u Bec. HeBecomocTh

Ha mo6oe Teno, pacnosnokeHHoe BOJU3M MOBEPXHOCTH 3€MJIH, JEHCTBYET cuiia TaroteHus F, mox BiusiHueM
KOTOPOHM M B COTJIaCHU CO BTOPBIM 3aKOHOM HbIOTOHA TEIO HauHET JBUTAThCS C YCKOPEHHUEM CBOOOJHOTO
nagenus g. Takum o0pa3om, B cUCTEME OTCUeTa, CBSI3aHHOM ¢ 3eMilell, Ha BCAKOE TEeJI0 Maccoi m JIEHCTBYET
cuia

P = mg,

HazbIBacMasi CHJIOM THKEeCTH.

CornacHo (yHIaMeHTanbHOMY (PU3NUYECKOMY 3aKOHY — 00001eHHOMY 3akoHy I'annJies, Bce Tena B OTHOM U
TOM JK€ I0JIE TATOTEHHUS MaJal0T C OJMHAKOBBIM yckopeHueM. CleqoBaTelbHO, B JAaHHOM MECTe 3eMIH
yCKOpeHue cBOOOIHOTO MaJeHUs OJMHAKOBO JJIs BeeX Tei. OHO u3MeHseTcs: BOIM3HM MOBEPXHOCTH 3eMIIH C
mUpoTOH B mpenenax ot 9,780 m/c? Ha skBarope 10 9,832 M/c? Ha momrocax. JTo 00yCJIOBJIEHO CYyTOYHBIM
BpallleHHeM 3€MJIM BOKPYI CBOE€W OCH, C OIHOH CTOpPOHBI, M CIUIIOCHYTOCTBIO 3€MJIM — C JpYrou
(3KBaTOpHAIBHBIA U TOJSPHBIN paauychl 3eMiIM paBHBl cOOTBeTCTBEHHO 6378 m 6357 km). Tak kax
pasnuure 3HaueHW § HEBEIMKO, YCKOpPEHHE CBOOOIHOrO MaJeHHsI, KOTOPOE HUCIOIb3YETCsl MPU peIIeHUH
MIPAKTUYECKUX 3a/1a4, IPUHUMAETCS paBHbIM 9,81 m/c?.

Ecnmu mnpeneOpedb CyTOUHBIM BpalleHHEeM 3€MJIM BOKPYr CBO€H OCH, TO cHJa TSOKECTH W CUJia
IPaBUTALMOHHOTO TATOTEHUS PaBHbBI MEKIYy COOO:

P = mg = F = GmM/R?,

rne M — macca 3emin; R — paccrosiHMe MexXy TeIoM U IeHTpoM 3emid. JTta ¢opMmyna JaHa Juisd ciaydas,
KOT'/Ia TeJIO HaXOAUTCS Ha MOBEPXHOCTH 3E€MITH.

[TycTb Teno pacmosokeHo Ha BricoTe h oT moBepxHOCTH 3emin, Rg — paauyc 3emiu, Torna
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P = GmM/(Ry + h)%,

T. €. CHJIA TSHKECTH € yIaJCHUEM OT IIOBEPXHOCTH 3€MIIA YMEHBILIAETCS.

B ¢usuke npumeHseTcs Takxke MOHATHE Beca Tena. Becom Tena Ha3bpIBalOT CHITY, ¢ KOTOPOM TEJIO BCIEACTBHE
TATOTEHMS K 3emiie AeHCTBYEeT Ha ONopy (MM HOJBEC), YAEPKHUBAIOILYIO TEJI0 OT CBOOOIHOrO najaeHus. Bec
TeJla IPOSBIIIETCS TOJIBKO B TOM CJIydae, €CIIM TEJIO JBUKETCS ¢ YCKOPEHHUEM, OTINYHBIM OT , T. €. KOrja Ha
TEJ0 KPOME CHJIBI TSDKECTH JEHCTBYIOT Ipyrue cuibl. COCTOsSIHUE Tena, P KOTOPOM OHO JIBHIKETCS TOJIBKO
IO/, IEUCTBUEM CHIIBI TSKECTH, HA3BIBAETCSL COCTOSIHUEM HEBECOMOCTH.

Taxum obpazom, cuna masxcecmu Oelicmeyem ece2od, a ec MPOSABISIETCS MOIbKO B TOM CIydae, Ko20a Ha TeJlo
Kpome CUlbl msadcecmu Oelcmeyiom ewe opyaue Cuibl, BCIEACTBUE YEro TENO JBIKETCS C YCKOPEHHEM a,
OTIUYHBIM OT (. Eciim Teno ABmXKeTcs B IOJIE TATOTEHUS 3€MIIM C YCKOPEHUEM a#(], TO K 3TOMY TeEIy
IPUJIOKEHA JONOJIHUTENbHAs cuiia N, yJ0BIETBOPSIIONIAs YCIOBUIO

N + P = ma.
Torna Bec Tena
P=—-N=P—ma=mg—ma=m(g — a),

T. €. €CJIN TeJIO MIOKOUTCS WIN ABUXKETCS MPSIMOJIMHENHO U paBHOMEpHO, To a=0 u P'=mg. Eciu Teno ceo600no
08UdICEMCsl 6 Nojle MmA2omenUs TI0 JTI000N TPaeKTOPUU U B JII0OOOM HampasiieHnu, To a=g u P'=0, T. e. Teno
Oyzner HeBecoMbIM. Hampumep, HEBECOMBIMHU SIBIISIOTCSA Tea, HaXOIALIMECS B KOCMHUYECKUX KOpalisX,
CBOOO/IHO JIBMIKYILUXCS B KOCMOCE.

§ 24. [los1e TATOTEHNUSI U TO HANIPSIZKEHHOCTh

3akoH Tiarotenus HploToHa omnpenenseT 3aBUCUMOCTb CHJIBI TSATOTEHHUS OT MacC B3aWMOJCHUCTBYIOIIUX TEN H
pacCTodHruA MCXKAY HHUMH, HO HC IIOKAa3bIBACT, KAK OCYHICCTBJIACTCA ITO BSaHMOHCﬁCTBHC. Tarorenue
MPUHAJICKUAT K 0c000# rpymme B3auMojaencTBUid. CHIIbI TATOTEHUS, HAmpuMep, HE 3aBUCAT OT TOTO, B
KaKOM cpejie B3aMMOCHCTBYIONINE Tela HAXOAATCS. TATOTCHHE CYIIECTBYET U B BaKyyMe.

['paBUTaIIMOHHOE B3aUMOJICHCTBUE MEXKAY TElaMU OCYILECTBISIETCS C TOMOIIbIO MOJS TATOTEHHS, WU
rPABUTALMOHHOIO MOJIA. JTO TOJIE MOPOXKIAETCS TelaMHu U sABJISETCS (POPMOM CYIIECTBOBAHUS MATEPUH.
OcHOBHOE CBOWCTBO MOJISI TSATOTSHHSI 3aKJIFOUAETCS B TOM, YTO HAa BCSIKOE TEJIO MAaCCOW 71, BHECEHHOE B ATO
ToJie, ISUCTBYET CHJIa TATOTCHUS, T. €.

F = mg. (24.1)

BekTop § He 3aBUCHUT OT M W HA3BIBACTCSA HAMPSIKCHHOCTHIO TIOJNS TATOTEHUs. HanpskeHHOCTH MOJIs
TATOTEHUS] OTPEACISETCS CUJION, NEHCTBYIOMIEH CO CTOPOHBI MOJI HAa MaTepHaIbHYIO TOUKY €IMHUYHOU
MAacChl, W COBMNAQJAeT MO HANPaBJICHHUIO C JCUCTBYIOIIEH cuioi. HanpsikeHHOCTh ecTh cunosas
xapakmepucmurxa 1OJIsI TArOTCHUS.

[Tosle TATOTEHWs HA3BIBACTCS OJAHOPOAHBIM, €CIM €ro HANpPSOKEHHOCTh BO BCEX TOYKAX OJMHAKOBA, H
HEeHTPAJIbHBIM, €CJTH BO BCEX TOUYKAX IMOJISI BEKTOPHI HANIPSKEHHOCTH HAIPABJICHBI BAOJb MPSMBIX, KOTOPBIE
MEPECEKAIOTCS B OJHOU TOUKE (A), HenooBudiCHOU 1O OTHOIICHUIO K KAaKOW-THOO MHEPIHAIBHOW CHCTEME
otcueta (puc. 38).

g rpaduyeckoro U300pa’keHUsi CHIIOBOTO IOJSI UCIIONB3YIOTCA CUNOBble NUHUU (TUHUU HANPAHCEHHOCTU).
CunoBble TUHUM BBIOMPAIOTCS TaK, YTO BEKTOp HAIPSHKEHHOCTH TIOJI HAMpaBJeH MO KacaTelbHOW K
CUJIOBOM JIMHUH.

§ 25. PaGora B nouie tsarorenus. [loreHumnan noJisi TAroTreHus

Omnpenenum paboTy, COBEpIIAEMYIO CHUJIAMH TOJISI TATOTCHUS MIPH MEPEMEIICHUH B HEM MaTepUAIbHON TOYKH
Maccoi m. Berauciaum, HanmpuMep, Kakyro HaJlo 3aTPaTHTh PadOTy IS yIAJICHHS Tella MacCol m OT 3eMIIH.
Ha paccrostanu R (puc. 39) Ha m1aHHOE Teno NeiCTBYeT cuiia

F = GmM/R>.
[Tpu nepemereHnu 3TOrO Teaa Ha paccrosiHue R coBepiaercst pabora
4 = - ™M
R (25.1)
3HaK MHUHYC TIOSIBJIICTCS TIOTOMY, YTO CHJIA U TIEpEMEIICHHE B JTAHHOM  CJIy9ae TPOTHUBOIMOJOXKHBI IO
HampasneHuto (puc. 39).
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9% Puc. 38
g
X / @ 1o Takoe sec rena? B uem oTnuuue seca Tena
, OT cunbi TAXECTH? Kak 06bACHUTL BO3HUKHOBE-
P HWe HEeBECOMOCTH Npu cBO6oAHOM NaneHun?
.9.—’__;1*4_& @ YTO TaKOe HaNPAXBHHOCTb NONA TATOTEHHUA?
® Kakoe none TAroT@HWR Ha3LIBABTCA OfiHOpOA-
HbIM? LeHTPanbHLIM?
@ Kakne BennumHbi BBOARTCA QANA XapaKrepu-
o CTUKM NONA TAFOTOHUA W KAKOBA CBA3b MeXAY
HitMN?
Ecnu Teno nepemerats ¢ paccrosaus Ry 1o Ry, To pabora
Ry Ry
mM GM G
A= |dd=~ |G—dR=m|— - —} (25.2)
R Ry R
R Ry

N3 dopmyner (25.2) BeITEKaeT, 4TO 3arpadcHHas paboTa B IOJIE TATOTCHUS HE 3aBUCHT OT TPACKTOPHUHU
MepEeMEILEHHs, a ONPEIENIACTCS JIUIIb HAYalbHBIM M KOHEYHBIM MOJIOKEHUSIMU TEJA, T. €. CUIbl MALOMEHUs.
JCUCTBUTEIILHO KOHCEPBAMUBHDIL, & NOJe MALOMEHUS A61semcsi nomeHyuaibHoim (cM. § 12).

CornmacHo ¢opmyiie (12.2), pabora, coBepmiacMas KOHCEPBAaTHBHBIMH CHJIAMH, paBHAa HW3MEHEHUIO
MOTEHIMATLHON SHEPTUH CUCTEMBI, B3ITOMY CO 3HAKOM MUHYC, T. €.

A= —All = — (I, ~II;)=IT, - IL,.
N3 popmymnsl (25.2) nonydaem
I, ~-Il,= —m (GM/R, —GM/Ry). (25.3)

Tak xak B (hopMysIbl BXOJUT TOJBKO PAa3HOCTh MOTEHIIMAIBHBIX SHEPTHH B IBYX COCTOSHHSIX, TO JUIA YA0OCTBa

NPUHUMAIOT MOTCHIUAIBHYIO HEPTUI0 Mpu Ry—>oc0 paBHOW HYIHO (Rlimo [1,=0). Torna (25.3) 3anumiercs B
2

Buje [1;= —-GMM/R;. Tak kak rnepBast Touka OblIa BRIOpaHa MPOU3BOJIBHO, TO
II = — GmMJR.
Bennuuna
@=II/m,

ABIIACTCSL SHEPeemu4ecKou Xapakmepucmuxkou TN TATOTEHHs M Has3biBaeTcsi noreHuuaioM. Ilorenmman
NnoJIsl TATOTeHUsl ¢ — CKaJsipHas BEJIMYMHA, OlpenesseMasl MOTEHIMaTbHOM SHepruen Teia eIUHUYHOU
Macchl B JJAHHOM TOYKeE IMOJIs WJIM paboToil Mo mepeMeneH!o eJMHUYHON Macchl U3 JaHHOH TOYKHU MOJIs B
6eckoHeyHOCTh. Takum 00pa3oM, HOTEHIMAI MOJIs TATOTEHUs, CO3/1aBaeMOro TeJIOM Maccoil M, paBeH

¢=—GM|R, (25.4)

rae R — paccrosiHue oT 3TOro Tena A0 paccMaTpUBaeMOM TOUKH.

U3 dopmynsl (25.4) BBITEKaeT, 4TO TE€OMETPUUYECKOE MECTO TOYEK C OJMHAKOBBIM IMOTEHIIMAIOM O0Opa3yer
chepuyeckyto moBepxHOcTh (R=const). Takue MOBEPXHOCTH, JUIsI KOTOPBIX TOTEHIIHMAI TOCTOSHEH,
Ha3bIBAIOTCS IKBUMOTECHIIHAJIbHBIMHU.

PaccMOTpuM B3aUMOCBSI3b MEXAY TMOTCHIMAIOM (@) TONsS TATOTEHHS W €ro HampsbkeHHocteio (g). U3
BeIpakeHu# (25.1) u (25.4) cnenyer, uto sneMeHTapHas pabota dA, coBepiiaeMasi CHJIaMH TIOJIS IPU MajioM
NepeMeIeHUH Tela MacCoil m, paBHa

d4 = — mde.

Pac. 39

@ Mouemy TAXenoe Teno He napaer GbicTpee
nerxoro? Mokaxnre, 4ro CUNbl TRATOTEHNA KOH-
CepBaTHBHbI.

@ Yemy paBHO MAKCHMANBLHO® SHAYEOHNO NOTEH-
UManbHof 3HePrun CHUCTOMbI M3 f1BYX Ten, Ha-
XOQAWMNXCS B NONe TATOTeHWA?

C apyroii ctopousl, dA=Fd| (dl — snemenrtaproe nmepemerienune). YuutsiBas (24.1), momydaem, uto dA=mgdl,
T. e. mg0l= —md ¢, nm
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Bemnunna do/dl xapaktepusyer u3MeHeHHe MOTEHIMAIa Ha SAUHUIY [UIMHBI B HAIPABJICHUU MEPEMEIICHUS
B TI0JIE TATOTCHUSI. MOXKHO MOKa3aTh, 4YTO
g=—grado, (25.5)
op . dp. ¢
rje ugrad¢=;’; i+5; j+32-k — rpagueHT ckaisapa ¢ (cm. (12.5)). 3nak Munyc B popmyie (25.5) mokasbiBaer,
YTO BEKTOP HANPSHKEHHOCTU J HAPABJICH 8 CMOpOHY YObi6anus IOTSHIHATIA.
B kadecTBe 4acTHOTO npuUMepa, UCXO/s U3 MPEACTABICHUN TEOPUU TATOTEHHSI, PACCMOTPUM MOTCHIIUAIBHYIO
SHEPTUIO TeJIa, HAXOIAIIErocs Ha BbicoTe N OTHOCHTENILHO 3eMITH:

= GmM ( Gm __GmMh
: Ry + h R Ry (Ry+h)
rae Ro — panuyc 3emiu. Tak kak
P = GmM|/R} u g = P/m = GM/R}, (25.6)

TO, yunuThIBas ycinoBue h<<R,, momyuaem
I1 = mGMh/R} = mgh.
Takum oOpa3om, Mbl BeiBenu (popmyiy, coBnanaroniyo ¢ (12.7), koTopasi HOCTyIHpPOBaach paHblIIe.

§ 26. Kocmuueckune cKopocTH

Jlis 3ammycka pakeT B KOCMUYECKOE MPOCTPAHCTBO HAJI0 B 3aBUCUMOCTH OT TIOCTABIICHHBIX IIeJIel COO0IaTh UM
OInpe/IelIeHHbIE HaYalbHbIE CKOPOCTH, HA3bIBAEMbIE KOCMUYECKHUMH.

IlepBoii KocMuUYecKkoi (WM KPYroBOi) CKOPOCTHIO Vi HAa3bIBAIOT TAKYI0 MHHUMAIBHYIO CKOPOCTh, KOTOPYIO
HaJ0 COOOIIUTH TETy, YTOOBI OHO MOIJIO ABUTATHCSA BOKPYT 3eMIIU 10 KPYroBoi opOuTe, T. €. MPEeBPATUTHCS
B UCKYCCTBEHHBIN CIIyTHUK 3eMiiu. Ha criyTHUK, IBUKYIIMIICS IO KPYrOBOM opOUTEe paanycoM I, JeHCTBYET
CHJIa TATOTEHUS 3eMJIH, COOOIIAI0IIas eMy HOPMallbHOE YCKOPEHUE Vf /r. Tlo BropoMy 3akoHy HbroTOHAa,

GmM/r* = mvi/r.

Eciu cryTHUK JBUKETCS BOJIM3M MOBEPXHOCTH 3eMin, Torja F~Ry (paauyc 3emn) u g=GM/R{ (cm. (25.6)),

MOATOMY y IMMOBEPXHOCTH 3eMJIU
v = +/gRy = 7,9 xm/c.

[TepBoii KOCMUYECKOW CKOPOCTH HEIOCTATOYHO JJSi TOTO, YTOOBI TEO MOTJO BBIUTH M3 cdepbl 3eMHOTO
nputsbkeHus. HeoOxoaumast 1711 3TOro CKOpOCTh Ha3bIBAETCsl BTOPOU KocMuyeckoil. Bropoi kocMuueckoi
(v MapadoJMYecKoii) CKOPOCTbIO Vo HAa3bIBAIOT Ty HAUMEHBIIYIO CKOPOCTh, KOTOPYIO HAaI0 COOOIIMTH
Temy, 4TOObI OHO MOTJIO MPEOAOJETh MPUTSHKEHUE 3eMITU U TIPEBPATUTHCS B CyTHUK COJHIA, T. €. YTOOBI
ero opbura B moJie TATOTeHH 3eMiiH cTana napabdonuueckoil. 1 Toro 4roOsl Temo (mpu OTCYTCTBUU CO-
MPOTHUBJICHHUS CPE/Ibl) MOTJIO TPEOJIOJIETh 3€MHOE TMPUTHKEHHE M YWTH B KOCMHUYECKOE MPOCTPAHCTBO,
He00X0IMMO, YTOOBI €ro KHHEeTHYecKasi SHeprus Obljla paBHA paboTe, COBepIIaeMON IPOTUB CHIT TATOTEHUS:

o

mv3 mM
. —JG 5 dr = GmMJR,

Ry
OTKyza
v; = /28Ry = 11,2 xm/c.

Tperbeii KOcMHYECKOH CKOPOCTBIO V3 HAa3bIBAIOT CKOPOCTh, KOTOPYIO HEOOXOJMMO COOOLIUTH TNy Ha 3emMIe,
yTOOBl OHO MOKHMHYJIO Tpenensl ConHeuHoil cucTteMbl, mnpeonosieB mnputTsxkeHnue Connua. Tperss
KoCcMHYecKasi CKopocThb V3=16,7 km/c. CoollieHne TeaaM TakuxX OONBIIMX HaYalbHBIX CKOPOCTEH SBISETCS
CJIIOKHOM TexHUYecKou 3amaueid. Ee mepBoe Teopernueckoe ocmbicienne Hayato K. O. [{lHOnkOBCKUM, UM
ObuIa BBIBEJICHA YK€ paccMOTpeHHast Hamu Gopmyna (10.3), mo3Bossronas pacCyuThIBaTh CKOPOCTh PaKeT.

Bnepsrie kocmuueckme ckopoctu Obutn  gocturHytel B CCCP: mepBas — mpu  3amycke TEpBOTO
UCKYCCTBEHHOIO0 cHyTHHKa 3emuu B 1957 r., BrOpas — mnpu 3amycke pakersl B 1959 r. Ilocne
ucropuueckoro nosiera 0. A. IN'arapuna B 1961 r. HaunHaetcs 6ypHOe pa3BUTHE KOCMOHABTUKH.

§ 27. HeuHepuuajibHble cucTeMbl 0TCYeTa. CHIIbI MHEPUUHU

Kak YK€ OTMCUAJIOCH (CM. § 5, 6), 3aKkoHbl HBIOTOHA BBINOJHSAIOTCS TOJBKO B HHCPHOUAJIBHBIX CHUCTCMAX
orcueta. CHCTEMBI OTCUCTa, ABWIKXYIIHUECA OTHOCHUTCIBHO I/IHepHI/IaJ'IBHOI\/’I CUCTEMBI C YCKOPCHHEM,
Ha3BIBAOTCSI HEMHEPUHUAJIbHBIMH. B HCUHCPIUAIIbHBIX CUCTCMAX 3aKOHBI HLIOTOHa, BOO6H.I€ TOBOpA, YKC
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HecrpaBeUIMBbl. OJHAKO 3aKOHbl JIMHAMHUKKA MOXHO TMPUMEHATh W JUJII HHUX, €CIId KpOME Cul,
00yCIIOBJICHHBIX BO3JCHCTBHEM TeN APYr Ha JApyra, BBECTH B PACCMOTpPEHHE CHJIBI 0cO00OTO pojra — Tak
Ha3bIBaeMbl€ CHJIbI HHEPIUH.

Ecnu yuecTh cuibl MHEpIuu, TO BTOpoil 3akoH HploToHa OyneT cmpaBeniuB Ajs 000 CHUCTEMbl OTCYUETa!
IIPOM3BE/ICHNE MACChl Tejla Ha YCKOPEHUE B pacCMaTpUBAaEMOM CHUCTEME OTCUETa PaBHO CyMME BCEX CHUII,
NEHCTBYIONUX Ha JaHHOE Teo (BKItouYas U cuiibl uHepiuu). Cuibl uHepuuu Fuy Mpu 3TOM NOIKHBI OBITH
TaKMMH, YTOOBI BMeCTE ¢ cujamu F, 00yCIIOBICHHBIMU BO3CHCTBHEM TE APYr Ha Apyra, OHU COOOMIAIH
TeJly yCKOpeHHe a', KaKUM OHO 00J1aJ]aeT B HEMHEPIMAIbHBIX CUCTEMax OTCYETa, T. €.

ma' = F + Fy (27.1)

Tak kak F=ma (a — yckopeH#ue Teja B HHEPLUAIbHON CHCTEME 0TCYETa), TO

ma' = ma + F,.

Cuiibl uHEpUMH OOYCIIOBJIEHBI YCKOPEHHBIM JIBHJKEHHEM CHCTEMbI OTCUYETa OTHOCHUTEIIBHO H3MEpPSeMOid
CUCTEMBI, IOATOMY B OOIIEM Cllydae HY>KHO YUUTBIBATh CIEAYIOLIUE CIIy4au MPOSIBICHUS 3TUX CUIT: 1) ChIIbI
WHEPUUU TMpPU YCKOPEHHOM TOCTYNATEJIbHOM JBMXKEHHM CHUCTEMBI OTCUeTa; 2) CWIbl HHEPIHH,
NEMCTBYIOIIUE HA TEJIO, MOKOSIIEECs BO BPAILIAIOILIEHCS CUCTEME OTCYETa; 3) CHIIbI MHEPLIUHU, JEHCTBYIOLINE
Ha TeJl0, IBUKYIIEECs BO BPAIIAIOILIEHCS CUCTEME OTCUETA.

PaccmoTrpum 311 citydau.

1. Cuibl MHEPUMH NPUH YCKOPEHHOM MOCTYNATEILHOM JBHKEHHH CHCTeMbI 0TcueTa. [IycTh Ha Tenmexke K
MITAaTUBY HAa HUTH MojBelIeH mapuk maccoil m (puc. 40). Iloka Tenexka MOKOUTCS WM JBUKETCA
PaBHOMEPHO U MPSIMOJIMHEWHO, HUTh, YACPKUBAOIIAs IAPUK, 3aHUMAET BEPTUKAIBHOE TOJIOKEHHUE U CHIIa
TSOKECTH P ypaBHOBeMBAETCs CUloN peakuuu HuTh T.

® Puc. 40
T
o |
B ] F F,
\d& -
m @ Kakune TpaexTopumn QBVKEHUA NMEIOT CNYTHH
P KM, NoNny4Ynsilne NepByio M BTOPYIO KOCMHUYeC-

Kue cxopoctn?
W @ Kak Bbi4MCNAIOTCA nepeas n BTOpas KOCMM-
4 7 4YecKHe cKopocTn?

Ecnu Tenexky mpuBecTH B MOCTYNATEIbHOE ABMKEHHE C YCKOPEHHEM ap, TO HUTh HAUYHET OTKJIOHSTHCS OT
BEPTHKAIM Ha3a/J IO TAKOTO yIJia o, MoKa pe3yapTupytomias cuna F=P+T He o0ecrneuyuT yckopeHue mapuka,
paBHOe ag. Takum o0Opa3om, pe3ynbTHpyIolas cuiia F HanmpaBiieHa B CTOPOHY YCKOPEHUS TEJIEKKH ag U JUIS
YCTAaHOBMBIIIETOCS JBHMXKCHHUS INapuka (IMIapHK TEreph JBUXKETCS BMECTE C TEICIKKOW C YCKOPEHHEM ap)
paBHa F=mgtga=may, oTKyaa

tga = ag/g,

T. €. YTOJI OTKJIOHEHUSI HUTH OT BEPTUKAJIU TeM OOJIbIIIE, YeM OOJIbIIE YCKOPEHUE TEJIEKKH.

OTHOCHUTENBHO CHCTEMBI OTCYETA, CBA3AHHOM C YCKOPEHHO NBMXKYIICHCS TENEKKOH, IIapUK MOKOUTCS, YTO
BO3MOXKHO, eciii cwia F ypaBHOBemmBaeTcs paBHON M MPOTHBOMOJOKHO HampaBieHHOW eil cumoit Fy,
KOTOpasi SIBJIIETCA HUYEM HMHBIM, KaK CWJIOW MHEPLUMH, TaK KAK Ha IIAPUK HHUKAKUE APYTHe CHIIbl HE
neiicrBytot. Takum oO6paszom,

Fu = — mao. (27.2)

[IposiBneHue CuI MHEPIUU TPHU TOCTYMATEIBHOM IBWKCHHHM HAOJIOAAeTCS B IOBCETHEBHBIX SIBICHUSX.
Hanpumep, xorjga moes3n HaOMpaeT CKOPOCTh, TO MACCaXKUp, CUIALIMI MO X0y IMoe3fja, Moj JAeHCTBUEM
CWJIBI MHEPIIMH TMPIKAMAETCs K CIHUHKE CUIeHbsI. HaoOopoT, mpu TOPMOKEHHWU TOE€3/la CHIla HHEPIUU
HalmpaslieHa B MPOTHUBOMNOJIOKHYIO CTOPOHY M MAacCaXUp YHaJISeTcs OT CIHMHKHM cuaeHbi. OcoOeHHO 3Tu
CWJIBl 3aMETHBI TPU BHE3AIHOM TOPMOXEHUM Tnoe3na. Cuiibl MHEpLUUU MPOSBISAIOTCS B NEperpys3kax,
KOTOpbI€ BOHUKAIOT MPH 3aITyCKe U TOPMOXKEHUH KOCMHUYECKHX KOpaOiei.

2. Cujbl MHEpUMH, JeliCTBYIOLME HA TeJ10, IOKOosIIIeecsl BO Bpaljalouieiicsa cucreme orcyera. [lycts nuck
PaBHOMEPHO BPAIIIAETCS C YIIIOBOW CKOPOCTBIO @ (@=CONSt) BOKPYT BEPTHUKAIBHOM OCH, MPOXOIAINEH yepes
ero ueHtp. Ha nucke, Ha pa3HBIX pacCTOSHUSX OT OCH BpAallleHHs, YCTAHOBJIEHBbl MasTHUKU (Ha HUTAX
MOJABEIIEHBI MApUKU Maccoil M). Ilpu BpallleHMH MasTHUKOB BMECTE C JUCKOM IIAPUKH OTKJIOHSIIOTCA OT
BEPTUKAIA Ha HEKOTOPBINA yroi (puc. 41).

B unHepnmanbHOW cucTeMe OTCuU€Ta, CBSI3aHHOM, HAlpuUMeEp, C MOMEIIEHUEM, I/I€ YCTAHOBJIEH JUCK, IIApUK
PaBHOMEPHO BpallaeTcs M0 OKPYKHOCTH paanycoM R (paccTosiHue OT LeHTpa Bpallalollerocs mapuka o0
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ocu BpaiueHusi). CienoBaTenpHO, Ha HEro JEHCTBYEeT cCuia, paBHas F=m 'R u HallpaBJICHHAs
NEPIEHIUKYJIAPHO OCH BpalleHus aucka. OHa sBisieTcs paBHOACHCTBYIOLIEH CUibl TsDKeCTH P M cuisl
HaTspkenus auta T: F=P+T. Korna amxenune mapuka yctaHoBUTCS, TO F=mgtga=m 'R, OTKyZa

tga=w*R/g,

T. €. YIJIbl OTKJIOHEHHS] HUTeH MasTHUKOB OyayT TeM 0oJjblie, yeM Ooublne paccTossHue R OoT meHTpa mapuka
710 OCH BpAIICHUSI TUCKA U 4eM OOJIbIIIe YTI0Basi CKOPOCTh BPAIICHUS .

OTHOCHUTENBHO CHCTEMBI OTCYETA, CBA3AHHOM C BpalAlOIIUMMCS JUCKOM, IIAPUK MOKOUTCS, YTO BO3MOXHO,
ecnu cuiia F ypaBHOBemmMBaeTcs: paBHOM M MPOTHUBOIIOIOKHO HAaNIPaBICHHOU el cuiont F, koTopas siBisercs
HUYEM HHBIM, KaK CWJIONM MHEpIUH, TaK KaK Ha IIapUK HUKaKHe Ipyrue cuibl He aekcTByroT. Cuna Fy,
Ha3bIBacMasi HEHTPOOEKHOM CHJI0M MHEePLMM, HAIPaABJICHA 10 FOPU3OHTAIM OT OCH BpALICHMs IUCKA U
paBHa

Fll = - mm’R. (273)

Purc. 41

@ Korga »n no4emy Heo6XoqnMo paccMaTpuBaTtb
CHNbt MHepyun?

@ YTO TaKoe CHMNbl nHepunn? Yem OHK OTIMYAIOT-
CA OT CHI, AeACTBYIOLNX B MHEPLMNANbHbIX CH-
creMax orcyera?

JleiicTBHIO TIEHTPOOEKHBIX CHJI MHEPLHHU MOABEPrat0TCsl, HAPUMEDP, MACCAKUPBI B IBIXKYILEMCSI TPAHCIIOPTE
Ha TOBOPOTaX, JICTYMKU TPH BBIIOIHEHUH (UTYpP BBICHIETO MHJIOTAXa; HEHTPOOESKHBIC CHIIBI MHEPIHU
HCIOJIL3YIOTCS BO BCEX LEHTPOOEKHBIX MEXaHM3Max: Hacocax, cernaparopax M T. 1., T€ OHH JOCTUTaioT
OrpOMHBIX 3HaYeHHU. [Ipu mpoekTHpoBaHMM OBICTPO BpAIIAIOUIMXCS AeTaneld MamuH (POTOPOB, BUHTOB
CaMoJIeTOB M T. J.) NPUHUMAIOTCS CHEIHaIbHbIE MEphl JJIs YPaBHOBEUIMBAHUS LEHTPOOEKHBIX CHII
WHEPIUH.

W3 dopmynsl (27.3) BbITEKAET, UTO HEHTPOOEKHAS CUJIa MHEPLUH, ACUCTBYIONIAs HAa Tella BO BPAILAIOIINXCS
CHUCTEMax OTCYETa B HAIIPaBJICHUU Paguyca OT OCU BPALLEHUS, 3aBUCUT OT YIJIOBOM CKOPOCTU BPALIEHUS @
CHCTEMBl OTCYeTa M paauyca R, HO He 3aBHCHUT OT CKOpPOCTH TeJl OTHOCHTEIbHO BPALIAIOIIUXCS CHCTEM
orcyera. CreaoBaTeiabHO, HEHTPOOEKHAs CUJIa MHEPIIMH IEHCTBYET BO BpAILAIOLUXCSl CUCTEMaX OTCYeTa Ha
BCE TeJla, yJaJleHHbIE OT OCH BpAIllEeHUs] Ha KOHEYHOE PACCTOSHUE, HE3aBUCUMO OT TOTO, MOKOSTCS JIM OHU B
TOW cuctemMe (Kak Mbl MPEANoiarald 10 CHUX TOp) WM JBHXKYTCS OTHOCHTEIBHO HEe C KaKOH-TO
CKOPOCTBIO.

3. Cuibl MHEpI UM, TeHCTBYIOIIHE HA TeJN0, ABHKYIIeecsl BO Bpamjammeiics cucreme orcyera. [lycts
IIAPUK MAaccod M JIBUXKETCS C MOCTOSHHOM CKOPOCTBIO V' BIOJb Pajuyca PaBHOMEPHO BPAIAIONIETOCs
mucka (V'= coast, w =const, V'L®). Ecniu auck He Bpamiaercsi, TO MIapHK, HAPABJICHHBIA BIOJb paauyca,
JBIDKETCSI TI0 PaJUaIbHOW TPSIMOM W TIOMAaJaeT B TOUYKY A, €ClM K€ JIUCK TPUBECTH BO BpallleHHE B
HaMpPaBIIEHUH, YKa3aHHOM CTPEJIKOM, TO mapukK KaTuTcs mo kpuBoit OB (puc. 42, a), mpuyeM ero cKkopocTts V'
OTHOCHUTEJNIbHO JMCKa U3MEHSET CBOE HaIlpaBJIeHHE. DTO BO3MOKHO JIMIIb TOTJA, €CJIM Ha IIApUK JeHCTBYeT
cuJia, MepreHAUKYISIpHast CKOPOCTH V'

Jlyis Toro 4yToOBI 3aCTaBUTH LIAPUK KAaTUTHCS IO BpallaloIIEeMYCsl AUCKY BJIOJIb Pajinyca, UCIOJIb3YEM JKECTKO
YKpEIUIEHHBI BJOJb pajnyca JUCKA CTEP)KE€Hb, HA KOTOPOM IIAPHK ABIKETCS 0€3 TPEeHHs paBHOMEPHO U
MPSIMOJIMHENHO co cKopocThio V' (puc. 42, 6). Ilpyu OTKIOHEHHHU MIapHKa CTEp)KEHb NEHCTBYET Ha HEro ¢
HeKoTopoil cuioit F. OTHOCHTENbHO JMCKa (BpalllalomIelcsi CHCTEMBbl OTCYETa) IIAPHK JIBHXKETCS
PaBHOMEPHO U MPSIMOJIMHEHHO, YTO MOXKHO OOBSCHUTH TEM, YTO ciia F ypaBHOBEIIMBAETCS MPHUIIOKEHHOM K
HIAPUKY CUIION MHepIMH Fy, IepneHIuKyIIpHOM CKOpocTH V'. DTa cuila Ha3bIBAeTCs KOPHOJIMCOBOM CHIIOM
UHEpPIHH.

MoxHo nokasats, uto cuna Kopuonuca™*

Fg = 2n[v' @) (27.4)

* T'. Kopuonuc (1792—1843) — ¢paniuy3ckuit GU3HK 1 HHKEHED.

Bekrop Fy nepnenukynsapeH BeKTopaM CKOPOCTH V' TeJla ¥ YIJIOBOM CKOPOCTH BpallleHHsI @ CUCTEMBI OTCUETa
B COOTBETCTBUU C IIPAaBUJIOM IIPABOI'O BUHTA.
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Cuna Kopuonuca neiicTByeT TOJBKO Ha Teja, IBHKYILIHUECS OTHOCUTEIBHO BPAIIAIOIIEHCS CUCTEMBI OTCUETA,

HarpuMep OTHOCHTENbHO 3emMid. [1oaToMy nmeficTBHEM ATHX CHIT OOBSCHSETCS Psii HAOJII0JaeMbIX Ha 3emIie
aBJIeHUu. Tak, eciu Teno IBUKETCS B CEBEPHOM IOJIyIIApUH Ha ceBep (puc. 43), To AEHCTBYIOIIAsl HA HETO
cwia Kopuonmca, kak 3To cinenyer w3 BblpakeHus (27.4), OyAeT HampaBiieHa BIPaBO IO OTHOIICHUIO K
HAIPABJICHUIO IBUKEHMSI, T. €. TEJI0 HECKOJIBKO OTKJIOHUTCS Ha BOCTOK. Eciu Teno qBukeTcs Ha Ior, TO CHila
Kopuonuca takke aelicTByeT BIPaBO, €CIM CMOTPETh 110 HAMPABICHHUIO JBMXKEHHUS, T. €. TEJIO OTKIOHUTCA
Ha 3anaj. [losToMy B ceBepHOM mousymapun Habmomaercss 6osee CHIIbHOE MOAMBIBAaHHE MPAaBBIX Oeperos
PEK; MpaBble PeJIbChl KEIE3HOIOPOXKHBIX ITYTEHl MO JABMKEHUIO U3HAIIKMBAIOTCS ObICTpEe, YeM JIEBhIE, U T. 1.
AHaJOrM4HO MOYKHO TOKa3aTh, YTO B KXKHOM HoJrymapuu cuiia Kopuonuca, geiicTByromas Ha ABHXKYIIHECS
Tena, OyJeT HalpaBieHa BJIEBO 110 OTHOIICHUIO K HAIIPABJICHUIO TBUKCHHUSL.

Puc. 42

bnarogaps cune Kopuonuca nagaromue Ha oBEpXHOCTb 3€MIIM TeJla OTKJIOHSIOTCS K BOCTOKY (Ha mupote 60°
3TO OTKJIOHEHHUE JOJDKHO cocTaBisTh | oM mpu mageHuu ¢ BeicoThl 100 m). C cunoit Kopuonuca cBsizaHo
noBeqieHne MasTHIKa DyKo, SIBUBIIEECS B CBOE BpEeMsI OJTHUM M3 JIOKA3aTeNbCTB BpamieHus 3emin. Eciu Ob1
3TOW CUJIBl HE OBLIO, TO IMJIOCKOCTh KOJEeOaHUI Kayaromierocs BOJU3M TMOBEPXHOCTH 3eMJIM MasTHHKA
ocraBajach Obl HEU3MEHHOU (OTHOCUTENbHO 3emin). JlelicTBue ke cun Kopuonuca npuBOAUT K BpaIlEHUIO
IJIOCKOCTH KOJIeOaHH BOKPYT BEPTUKAILHOTO HAMPABICHHUS.

PackpsiBas conepxanue Fyy, B popmyse (27.1), moaydyuM 0CHOBHOM 3aKOH JMHAMUKH /1JI51 HEUHEPUHAJIbHBIX
CHCTEM OTCYeTA!

ma' =F + F; + Fy + Fy,

rJIe CHJIbI HHEPIIMH 3a1atoTcs popmynamu (27.2) — (27.4).

OOpatum elie pa3 BHUMaHUE Ha TO, YTO CUJIbI UHEPYUU 8bI3b18AIOMCS HE B3aUMOJCHCTBUEM TEJl, & YCKOPEHHbIM
ogudicenuem cucmemsl omcuema. [103ToMy OHU HE TTOAYUHSIOTCS TPETheMy 3akoHYy HpI0TOHA, Tak Kak eciu
Ha Kakoe-nmubo Teno JEWCTBYET CHila HMHEpPLUUU, TO HE CYIIECTBYET NPOTHUBOJEHCTBYIOIIEH CHJIBI,
MPUJIOKEHHON K JIaHHOMY Teny. J[Ba OCHOBHBIX MOJIOKEHUS MEXaHUKH, COTJIaCHO KOTOPBIM YCKOpPEHHE
BCEI/la BBI3BIBAETCS CWJIOM, a CHJIa BCErJa OOYyCIIOBJIEHA B3aMMOJCHCTBHEM MEXIy TelaMH, B CHUCTeMax
OTCUeTa, ABUKYIIUXCS C YCKOPEHUEM, OJHOBPEMEHHO HE BBIMTOIHIIOTCA.

Jliist mo60T0 U3 Tell, HAaXOAIIMXCS B HEMHEPIIMAIbHOW CHCTEME OTCUYETa, CUIIBI HHEPIIMH SIBJISIOTCS BHEIIIHUMU;
CJIeI0BATEIbHO, 3/IECh HET 3AMKHYTBIX CUCTEM. DTO 03HAYAET, UTO B HEMHEPLUAIbHBIX CUCTEMAaxX OTCUETA HE
BBITIOJIHSIFOTCS 3aKOHBI COXPAHEHHUS MMITYJIbCA, DHEPTUM U MOMEHTa UMIyJbca. Takum o0pa3oM, CHIIBI
WHEPLUHU JEUCTBYIOT TOJIbKO B HEMHEPIMAIBHBIX CUCTEMAX. B MHEpLMANBHBIX CUCTEMAaX OTCUETA TAKUX CHJI
HE CYIIECTBYET.

BozHukaet Bompoc 0 «peagbHOCTH» WU «(DUKTHBHOCTHY» CUJI HHEPIIMU. B HBIOTOHOBCKON MeXaHHUKE, COTTIACHO
KOTOpPOW Cuja €CTh pPE3yJbTaT B3aUMOJACHCTBUS TeJ, Ha CHJIBI HHEPIMH MOXHO CMOTPETh Kak Ha
«DUKTUBHBIE», «MCYE3AIONIUE» B WHEPHHUATBHBIX CHUCTeMaX oTcuera. OJHAKO BO3MOXKHA W JIpyras UX
WHTEpIpeTanus. Tak Kak B3aUMOJCUCTBHUS TEJl OCYIIECTBIIIOTCS MOCPEICTBOM CHJIOBBIX TOJIEH, TO CHIIBI
WHEPLUUU pPACCMATPUBAIOTCA KaK BO3JEHUCTBHS, KOTOPBHIM IOABEPralOTCs Tela CO CTOPOHBI KaKHUX-TO
peaNbHBIX CHJIOBBIX TIOJIEW, W TOTJa HMX MOXKHO CYUTaTh «peaJbHbIMH». He3aBucumo o1 TOTO,
paccMaTpuBaIOTCS JIM CHJIBI MHEPIHH B KadyecTBE «(DUKTHBHBIX» I «PEalTbHBIX», MHOTHE SIBICHHS, O
KOTOPBIX YIIOMHUHAJIOCHh B HACTOSIIIEM maparpade, 0ObsICHIIOTCS C TOMOIIBIO CUIT MHEPITHH.

Cuiibl UHEPIMH, ICUCTBYIONINE HA TEJIa B HEMHEPIIUAIBHOW CUCTEME OTCUYETa, IPOIOPIIMOHATIBHBI UX MaccaM U
MPU TIPOYUX PABHBIX YCIOBUSX COOOIIAIOT STUM TeJaM OJMHAKOBBIE yCKOpeHHs. [loaToMy B «moie cui
WHEPLUU» 3TH TeJa ABUXYTCS COBEPUIEHHO OJIMHAKOBO, €CJIA TOJbKO OJMHAKOBBI HayalbHbIE YCIOBUs. TeM
K€ CBOMCTBOM 00JIaJ]at0T TeJla, HAXOAAIIUECS MO IEHCTBUEM CUJT TIOJIS TSATOTEHHUSL.

[Ipu HEKOTOPBIX YCIOBUAX CHJIBI MHEPLIMH U CHIIBI TATOTEHUSI HEBO3MOXKHO pazinuuTh. Hanpumep, nBuxeHue
T B PAaBHOYCKOPEHHOM JHU(TE MPOUCXOTUT TOYHO TaK K€, KaK U B HEMOJBIKHOM JHU(TE, BUCSIIEM B
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OJTHOPOJIHOM T0JIe TsKeCcTH. Hukakol SKCIeprMEHT, BBINOJIHEHHBIH BHYTPU TU(Ta, HE MOXKET OTIACIUTh
OJHOPOJHOE I10JIE€ TATOTEHHS OT OJHOPOIHOIO IOJIsSI CUJI MHEPLUU.

w Prc. 43

® Kax HanpasneHb yeHTpobexHan Cwna nHepLuw
u cana Kopnonnca? Korga onn NpOARNAIOTCA?

@ B cesepHOM nonyiiapun NPOUIBOAUTCA Bbi-
cTpen BAoNk MepKavaHa Ha cesep. Kak cka-
JK@TCA Ha [BM)XOHMW cHapRga CyTouHoe epa-
ujeHne 3emnn? .

@ Copmynupy#Te n NOSICHNTe NPUHUNN 3KBKUBA-
NeHTHOCTH DAHWTeRHa.

AHanorusi MeXIy CWIAMH TSATOTCHHUS W CHJIAMU WHEPIHMH JISKUT B OCHOBE MPHUHIIMIIA SKBUBAICHTHOCTH
IPaBUTALMOHHBIX CUJI M CUJI MHEPUUU (TIPUHIUIA SKBUBAJICHTHOCTH DHWHINTEIHA): BCce PU3NUECKUE SIBICHUS
B I0JIC TATOTEHUS MPOUCXOAIT COBEPIICHHO TaK e, KaK U B COOTBETCTBYIOIIEM TIOJIE CHJI MHEPIIUHU, €CIIU
HAMPSKEHHOCTH 000UX TM0JIeH B COOTBETCTBYIOIIMX TOYKAX MPOCTPAHCTBA COBMAIAIOT, a IPOYME HavyaIbHbIe
YCIIOBUSL JUIsI PacCMaTPHUBAGMBIX TeJ OJIWHAKOBBL. DTOT MPHHIIMIT SBISETCS OCHOBOH 0OIIeH Teopuu
OTHOCHUTEIbHOCTH.

3aoauu

5.1. JIBa 0oAMHAKOBBIX OJHOPOIHBIX IIapa M3 OJMHAKOBOTO MaTepuaia, COMPHUKACAACh IPYr C IPYIroM,
npuTsIruBatoTcs. OnpenenuTh, Kak U3MEHUTCS CHIa IPUTSHKCHHUS, €CJIM MAcCy IIapOB YBEITUYHTH B N=4 pasa.
[Bozpacrer B 6,35 paza]

5.2. IlmoTHOCTH BelIECTBa HEKOTOPOM MIApOOOpa3HOW IUIAHETHI COCTABISET 3 r/em®. KakuM 1OIKeH GbiTh
nepuoj; oOpallleHus MIaHeThl BOKPYT COOCTBEHHOW OCH, YTOOBI HAa 3KBaTope Teja ObLIM HEBECOMBIMH?

[7=./37/(Gp) =1,9 4]

5.3. OnpenenuTb, B Kako Touke (cuuTas OT 3eMiIM) Ha NPSAMOH, coeAuHsromeil neHTpsl 3emiuu u JIyHsl,
HaIpsDKEHHOCTh MOJISL TATOTEHHs! paBHA Hymo. PaccrosHue mexny nentpamu 3emuid U JIyHsl paBHO R,
macca 3emun B 81 pa3 6osbiie maccsl JIyasr. [0,9 R]

5.4. JIBa OIMHAKOBBIX OJIHOPOJAHBIX IlIapa W3 OJIMHAKOBOIO MarepHaja CONPUKACAIOTCS APYTr C JIPYTOM.
Onpenenurts, Kak U3MEHUTCS NTOTCHIMAIBHAS HEPTUS UX TPABUTALIMOHHOTO B3aMMOJEHCTBUS, €CIIM MacCy
11apOB YBEJIUYUTH B YeThIpe pa3a. [Bospacter B 14,6 paza]

5.5. /IBa cmyTHMKa OJJMHAaKOBOM MaccChl JBMXKYTCSI BOKPYT 3eMJIM IO KpYroBbIM opOuTam paanycoB Ri u Ra.
Omnpenenutsb: 1) OTHOIIEHHE TONHBIX dHepruil cyTHUKOB (E31/Ej); 2) oTHOIIEHHE WX MOMEHTOB MMITYJIbCA

(L1/L2). [1) Ro/Ry; 2) /R, /R, ]

5.6. Baron xaTuTcs BI0OJIb TOPU30HTAIBHOTO yyacTKa qoporu. Cua Tpenus coctanisieT 20% ot Beca Barona. K
MOTOJIKY BaroHa Ha HUTH MoBelleH mapuk Maccoi 10 r. Onpenenuts: 1) cuiy, 1eHCTBYIOUIYIO HA HUTD; 2)
YToJI OTKJIOHEHUs1 HUTH oT BepTukanu. [1) 0,10 H; 2) 11°35"]

5.7. Teno maccoit 1,5 kr, nagas cBOOOAHO B T€UEHHE 5 C, MOMAAAET Ha 3eMJII0 B TOUKY € reorpaduieckon

mupoTon ¢=45°. YuuThiBas BpalieHue 3eMiId, HapucOBaTh U OMPEEIIUTh BCE CUIIbI, IEHCTBYIOLIUE HA TEJO
B MOMEHT ero mnajienus Ha 3emumto. [1) 14,7 H; 2) 35,7 H; 3) 7,57 mH]

I'maBa 6 DJ1eMeHTBI MeXaHUKH KUIKOCTEH

§ 28. /laBjieHHe B 5KMIKOCTH U rase

Monekynbl ra3a, coBepiuas 0ecropsI0ouHOe, Xa0THUEeCKOe JBUKEHHNE, HE CBSI3aHbl WM BechbMa cIabo CBSI3aHBI
CHJIaMH B3aUMOJICHCTBUS, MOITOMY OHHU JBUXKYTCS CBOOOJHO M B PE3ylbTaTe COYAAPEHU CTpeMsaTcs
pas3ieTeTbcs BO BCE CTOPOHBI, 3aM0JIHSS BECh MTPEIOCTABIEHHBIN UM 00beM, T. €. 00BEM ra3a ompejensercs
00BEMOM TOTO COCY/a, KOTOPBIH ra3 3aHNMAeT.

KunkocTs xe, UMest OTIpeICICHHBIA 00beM, TPUHUMAET (OPMY TOTO COCY/Ia, B KOTOPHI oHa 3akimoueHa. Ho B
KUIKOCTAX B OTJIMUME OT Ta30B CPEIHEE pACCTOSTHUE MEXAY MOJEKYJIaMU OCTaeTCs MPaKTUYECKH
MTOCTOSTHHBIM, ITOATOMY KHUIKOCTh 00J1a7aeT MPAaKTHIECKH HEU3MEHHBIM 00BEMOM.



45

ChoiicrBa XHAKOCTECH ¥ ra3oB BO MHOTOM OTJ/IHYAIOTCS, OQHAKO B PAAE MCXaHHIECKHX
ABJICHUM MX MIOBEJCHHE ONMpECIINCTCY OJHEAKOBHMHE IAPAMECTPAMHE H HACHTHYHLIMA YDaBHE-
musME. [TosToMy rupoaspoMexaBmks — pa3fe/ MEXaHHKH, H3YJalONEi paBHOBECHE H ABH-
XCHHE XHJIKOCTCH K ras’oB, HX B3aBMOAciicTsEe Mexny cobol m o6TexaeMuME HMH TBEp-
IBIMH TCJIAMH, — HCHONB3YCT edunbiil no0x0) K H3YUCHHIO XEAXOCTEH B ra3os.

B Mexamuke ¢ Gonpmoll CTENCHEIO TOYHOCTH XHAKOCTH H TA3KW PaCCMATPHBAIOTCHS Kak
CIIONIELIC, HENPEPHBHO PACHPCAC/ICHARIC B 3aHATOH MMA YacTh mpocTpascrsa. IlnoTHOCTD
XC TA30B OT [ABJICHHA 3aBHCHT CymecTBCHEO. M3 omuTa H3BECTHO, 9TO CEKHAMAEMOCTHIO
XHAKOCTH M Ta3a BO MHOIHX 3aJJa9aX MOXHO NpcHEOpeds M MONB3OBATLCH CAMHLIM NOHSTH-
€M BeCKNMReMOl MMIKOCTE — XHIKOCTH, IUIOTHOCTD KOTOPOi BCIOQy OQHHAKOBA H HE
H3MCHSCTCH CO BPCMCHCM.

Ecim B noxosimyiocs XHAKOCTh INOMECTHTh TOHKYIO IUIACTHHKY, TO YacTH XHIKOCTH,
HAXOJSIIMECS IO Pa3HEIe CTOPOHH OT Hee, GyayT melicTBOBaTL HA KAX[EIA ee leMeHT AS
¢ canama AF, xoTOpHC HE3aBECHMO OT TOTO, KaK IUIACTHHEKAR OPHCHTHPOBaHA, GynyT paBHE
[0 MOAYJIIO ¥ HANPABJICHK NCPOCHIUKYISPHO Mromanke AS, Tax Kax HAIAYAE KACATCILHRLIX
CHJI IpHBEIO Ohl YACTHIUN XHAKOCTH B. ABHXcHHEE (puc. 44).

dusudeckas BENHYHHA, OHpeeieMad HOPMAJILHOH CHIIOH, ncHCTByIONICH CO CTOPOHK
XHKOCTH Ha €IHHHIY [UTOLIA/IH, HA3KIBACTCA AABJICHEEM P XHIKOCTH:

p = AFJAS.

Enununa naBnenuss — mackanab (Ila): 1 Ila paBeHn naBnenuto, cozgaBaemomy cuiiod 1 H, paBHOMepHO
pacrnpeieIeHHOM MO0 HOpMaJIbHOM K HEeW MOBEPXHOCTH IO b0 | M (1 IMa=1 H/MZ).

JlaBneHue npu paBHOBECHH KHAKOCTEH (Ta3oB) momuuHsaercs 3akoHy Ilackansa™: naBnenue B 1r000M Mecte

MOKOSALIEHCS KUAKOCTH OJUHAKOBO 10 BOEM HAIPABIICHUSM, IPUUYEM JaBJICHUE OJIMHAKOBO MEpPEAaeTcs Mo

BCEMY O6’beMy, 3aHATOMY HOKOHH_ICI‘/'ICH KHUIKOCTBIO.
* B. Ilackans (1623—1662) — dpaHIy3cKuii yuaeHbIH.

PaCCMOTpI/IM, KaK BJIMSICT BEC XHUIAKOCTHU Ha pacnpez[eﬂeHHe aBJICHUSA BHyTpI/I HOKOSIHIGﬁCSI HGC)KI/IMaeMOﬁ
KUIKOCTH. HpI/I PAaBHOBCCHH KHUAKOCTU IABJICHUC I10 T'OPU3OHTAJIM BCEraa OJMHAKOBO, MHAYC HEC OBUIO OBI
paBHOBecus. [1oaToMy CBOOOHAS TTOBEPXHOCTh MOKOSIICHCS >KUIKOCTH BCEr/ia TOPU3OHTANbHA BIAIH OT
CTCHOK COCyla. Ecimn KHUIKOCTh HECXKHMMacMa, TO €€ INIOTHOCTb HC 3aBHCHUT OT AAaBJICHHA. Torz[a IIpu
MOTIEPEYHOM CCUEHHHM S CTos0a JKHUIAKOCTH, ero Bbicote h m tutotHocTn p Bec P=pgSh, a naBnenue Ha
HNUKHEC OCHOBAHUC

p = P[|S = pgSh/S = pgh, (28.1)

T. €. JaBJICHUE U3MEHAECTCS TUHEHHO C BEICOTOM. I[aBJ'ICHI/Ie pgh Ha3BIBACTCA TMAPOCTATHYECCKUM JaBJICHUEM.

Puc. 44
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@ Yto Takoe pasneHne B xuaxoctn? [aene-
HUe — BENNMYNHA BOKTOPHAR MNM CKanApHana?
KaxoBa efjuHnya pnasnexms B CU?

® Cdhopmyrmpyiite n noscHute 3akoHb! flackans
n Apxumepga.

@ Y70 Ha3bLIBAIOT NUHKUeHh Toka? TpyOKo#k Toka?

Cornacao ¢opmyne (28.1), cuia mgaBieHUS HA HUKHHUE CIOM XKUIKOCTH OyneT OOJbIle, YeM Ha BEpXHHE,
MOSTOMY Ha TeJlo, OTPY)KEHHOE B JKHIKOCTb, JCHCTBYET CHJA, OmpenessieMas 3aKOHOM ApXuMmena: Ha
TEJO, TMOTPYKEHHOE B XKHUJIKOCTb (ra3), NEHCTBYeT CO CTOPOHBI 3TOM JKMAKOCTH HAalpaBlIeHHas BBEPX
BBITAJIKMBAIOIIASI CUJIa, paBHAs! BECY BHITECHEHHOM TEJIOM KUAKOCTH (Ta3a):

Fa=PgV,
TrZie p — IJIOTHOCTH KUAKOCTH, V— 00BEM MOTPYKEHHOTO B KHIKOCTh Tela.
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§ 29. YpaBHeHHe Hepa3pbIBHOCTH

JIBM>KEHHE JKUKOCTEH HAa3bIBACTCS TeYeHUEeM, a COBOKYITHOCTh YACTHUIL JIBIKYIIEHCS KUIKOCTH — MOTOKOM.
I'padmyecku ABMKEHUE XKHUIKOCTEH M300pakaeTcsl C TOMOIIBIO JJHHUIH TOKA, KOTOPBIC TPOBOIATCS TaK, UYTO
KacaTelbHbIE K HUM COBIAJAIOT MO HAIMPABJICHUIO C BEKTOPOM CKOPOCTH KHUAKOCTH B COOTBETCTBYIOIIMX
TOYKax mpoctpaHcTBa (puc. 45). JIMHUM TOKa TPOBOAATCS TaK, YTOOBI T'yCTOTa WX, XapaKTeph3yemas
OTHONICHWEM YHCJIa JUHUH K TUTOIIAIN TEepIeHANKYIIPHON UM TUIOMIAKH, Yepe3 KOTOPYI0 OHH MPOXOIST,
Oblma Oouibllie TaMm, Tne OOJBIINE CKOPOCTh TEYCHHS JKUIKOCTH, W MEHBIIE TaM, TAE€ XHUIKOCTh TEUET
MemnieHHee. Takum o0pa3om, Mo KapTUHE JTMHUNA TOKa MOKHO CYJIUTh O HAMPaBICHUH U MOJyJie CKOPOCTH B
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pasHBIX TOYKAX MPOCTPAHCTBA, T. €. MOYKHO OIPEICIIUTh COCTOSHHUE JBHKCHUS KUIKOCTH. JIMHUU TOKa B
XKHUJIKOCTH MOXKHO «IIPOSIBUTBY», HAIIPUMEP, ITOJMEIIIAB B Hee KaKHe-THO0 3aMETHBIC B3BEIIICHHBIC YACTHIIBI.
YacTh JKUAKOCTH, OTPAHUYCHHYIO JTMHUSIMHU TOKA, Ha3bIBAIOT TPYOKOW Toka. TeueHHe )HUIKOCTH HA3bIBACTCS
YCTAHOBHBIIMMCS (WJIH CTAIMOHAPHBIM), eCiii (popMa M pacrosIoKeHHe JIUHUN TOKa, a TaK)Ke 3HAYCHHS
CKOpOCTEN B KaXKJI0M €€ TOYKE CO BPEMEHEM HE U3MEHSFOTCSL.
Paccmotpum kakyro-nmubo TpyOKy Toka. BeiOepeM /iBa ee ceueHus S; M Sy, MepHeHAMKY/ISPHBIC HAITPABICHUIO
ckopoctu (puc. 46).
3a Bpems At yepe3 cedeHuwe S MPOXOJUT 00BEM KHUAKOCTH SVAL; ciemoBarenbHO, 3a 1 ¢ yepe3 S; mpouaeT
00BEM KHJIKOCTH S1V1, TIE Vi — CKOPOCTh TEUCHUS KHUJIKOCTH B MecTe ceueHus S;. Uepes ceuenune Sy 3a 1 ¢
MPOUIET O00BEM JKUIKOCTH SyVp, TE Vo — CKOPOCTh TCUCHHUS KHUJIKOCTH B MECTe CeueHus Sp. 37ech
MPEIOIaraeTcs, YTO CKOPOCTh JKUIAKOCTH B CEUEHUH MMOCTOSHHA. ECiM *KHMIKOCTh HEC:KUMaeMa (p=Const),
TO Uepe3 CeueHue Sy MpoiIeT Takoi ke 00BEM JKUIKOCTH, KaK M 4epe3 ceueHue Sy, T. €.
Siv; = S,v; = const. (29. 1)

CrnemoBaTeNnbHO, MPOU3BEACHUE CKOPOCTH TCUCHHSI HECXKMMACMOU JKHUIKOCTH Ha TIONEPEYHOe CeUeHUEe TPYOKH
TOKa €CTh BEJIMUMHA MMOCTOSHHAA 1715 JaHHOU TpyOKku Toka. CooTHomieHue (29.1) Ha3piBaeTcs ypaBHeHUEM
HEePa3pPbLIBHOCTH JIJIS1 HEC)KMMAEMOM JKUJIKOCTH.

v v Sy
S
—i V2
Pac. 45 Prc. 46

§ 30. YpaBHenue bepHy/uin u cieacTBus U3 HEro

BbienuM B cTallMOHapHO TEKyLIeW HJeaIbHOM JKUAKOCTH (usuueckas abcmpaxyus, T. €. BooOpaxkaemas
’KHUJKOCTh, B KOTOPOH OTCYTCTBYIOT CHJIBI BHYTPEHHETO TPEHNUs) TPYOKY TOKA, OTPAaHUYEHHYIO CEUCHUSAMH Sq
u Sy, 0 KOTOPOH ClIeBa HANpaBoO TedeT XKUAKOCTh (puc. 47). IlycTts B MecTe ceueHHs S; CKOPOCTh TEUEHMs
V1, JaBJI€HHE P1 M BBICOTA, HA KOTOPOH 3TO CEYEHHE PACIIONOKEHO, Ni. AHAIOrMYHO, B MeCTe CeYeHHs S;
CKOpPOCTh TEUCHUS Vp, JaBJICHUE P2 M BBICOTA cedeHHs Np. 3a Maiblii MPOMEKYTOK BpeMEHH At KHIKOCTh
IepeMeIIaeTcs OT CeUSHHs Sy K CEUeHUI0 S;, 0T S,k S .

CoryacHO 3aKOHY COXpaHEHUs SHEpPruM, M3MeHeHue NoiaHo sHeprunm Er—E; mpeanvHOl Hecxkumaemoil
KHUJIKOCTH JIOJDKHO OBITh PABHO pa0d0OTe 4 BHEIIHUX CHJI IO NEPEMEIEHUIO MAaCChl M KUAKOCTH:

E2 — El = A, (301)

rie E; u E; — mosHble sHEpTrum KUIKOCTH Maccoil M B MecTax ceueHHi S n Sy COOTBETCTBEHHO.

C npyroii cropoHsl, A — 3T0 paboTa, coBepIIacMasi IpU NEPEMELICHUH BCel KUIKOCTH, 3aKIII0OYEHHON MeX1y
CeUSHHMSIMU S1 U Sy, 32 paccMaTpUBaeMbIil MBI TIPOMEXYTOK BpeMeHH At. Iyt mepeHeceHust Macchl M OT
S170 S, KHAKOCTH JTOJDKHA NEpeMeCTHThCs Ha pacctosiaue |1=viAt n ot S; no S, — Ha paccrosHue 1,=VoAt.

Otmerum, uto |1 1 |, HACTONBKO Mallbl, YTO BCEM TOYKaM 00bEMOB, 3aKpallleHHbIX Ha pUC. 47, MPUITHCHIBAIOT
MOCTOSTHHBIE 3HAYEHUsT CKOPOCTH V, AaBlcHHs p U BoICOTHI h. Clie10BaTeNbHO,
A=Fql; + Fsly, (302)
rae F1=p1S; m Fo,= — p2S; (orpumarensHa, Tak Kak HaIlpaBJIeHa B CTOPOHY, IMPOTHUBOIOJIOXKHYIO TEUYCHHUIO

KUIKOCTH; pUC. 47).
[Tonnasie sueprum E; m E, OynyT ckimagpiBaThCsi W3 KWHETUYECKOW W TMOTEHIIMAIBHOW DHEPrHUi Macchl M

KUJKOCTH:

2

E = — + mgh,
(30.3)

2
mv}

Ey, = — + mgh,
2 : (30.4)



47
[Moacrasnss (30.3) u (30.4) B (30.1) u npupaBuusas (30.1) u (30.2), nonyuum
2 2

UL | mghi + pSwAL = T2 4 mghy + pySuAt
" 1+ pomal = — mgn; + pav Al

Puc. 47

@ Yr0o XxapaKTepHO AR YCTaHOBMBLLErOCA Teue-
HNA XuakKocTn?
@ KaxkoB (M3nyeckuih CMbiCn YpaBHEHNA Hepas-

h
2 PbIBHOCTY® NA HEC)KNMAaOMON XXUAKOCTN U KaK
i ero BbiBecTh ?
TILIIL 21077757777 AL, 74 7 @ BoiBegure ypaBHeHune BepHynnu.

CornacHo ypaBHEHHIO HEPA3PBIBHOCTH I HEC)KHUMAEMOU KuIKocTH (29.1), 00beM, 3aHIMAEMBIi )KHJIKOCTBIO,
OCTaeTCs MOCTOSIHHBIM, T. €.

AV = Siv)At = SwArL
Pa3znenuB Beipaxkenue (30.5) va AV, nonyunm
pvi pv}
- tegh+ =7 + pgh; + py,

rac p — IMJIOTHOCTD XUIAKOCTH. Ho Tak xak cedeHus BI)I6I/IpaJII/ICI> IMPOU3BOJIBHO, TO MOXXEM 3allCaTb
2

v
%- + pgh + p = const.

(30.6)
Bripaxkenue (30.6) BeiBeeHo mBeiapckum ¢pusukom . bepuymu (1700—1782; onybnukoBano B 1738 r.) u
Ha3biBaeTCs ypaBHeHueM bepmysum. Kak BUIHO W3 ero BbIBOJA, ypaBHEHUE BepHym — BhIpakeHHE

3aKOHA COXPAHEHUs PHEPIMHM NPUMEHUTENbHO K YCTAHOBHUBIIEMYCS TEUEHHIO MJ€ANbHOM KUIKOCTH. OHO
XOPOIIO BBIIOJIHIETCS U JUIS PealbHbIX )KUJIKOCTEH, BHYyTPEHHEE TPEHUE KOTOPHIX HE OUYEHb BEJTUKO.

Benuunna p B popmyite (30.6) Ha3pIBaeTCs CTATHYECKHM JaBJIeHHEM (JIaBIICHUE JKUIKOCTH HA MOBEPXHOCTH
06TEKaEMOr0 €10 Tea), BETHIHHA V-/2 — IHHAMHYeCKHM aaBienneM. Kak yxe yKasslBaIoCh BEIIIE (CM.
§ 28), BemuunHa pgh mpeacTaBiseT co00i ruApoCcTaATHYECKOE TaBJIeHHE.

Jlnst ropuzoHTansHoM TpyOku Toka (h1 =hy) Beipakenue (30.6) mpuHUMAET BUJ

2
Ll 4+ p = const,
2 (30.7)

re p+pv2/2 Ha3kIBACTCS MOJHBIM JABICHHEM.

N3 ypaBHenus bepuymmu (30.7) ans ropuszoHTanbHON TpyOKM TOKa M ypaBHEHHUs Hepa3pblBHOCTH (29.1)
CIIEIy€eT, YTO MPHU TEUEHUU KHUJKOCTHU MO0 TOPU30HTAIBHON TpyOe, NMEIOIIEH pa3IMuHble CEYEHHs], CKOPOCTh
KHMJIKOCTH OOJIbIlIE B MECTaX CYXEHMs, a CTaTUYeCKOoe JaBlieHue Oosiblie B OoJyiee MIHUPOKUX MecTax, T. €.
TaM, I71€ CKOPOCTb MEHbIIE. DTO MOXKHO MPOJAEMOHCTPUPOBATh, YCTAHOBUB BJIOJIb TPYOBI psiJl MAHOMETPOB
(puc. 48). B cooTBeTcTBUU C ypaBHEHHEM bepHyIIIM ONBIT MOKa3bIBAaET, YUTO B MAHOMETPHUUYECKON TpyOke B,
MIPUKPETNIEHHON K y3KOH 4acTu TpyObl, ypOBEHb KHJIKOCTH HUXKE, YeM B MaHOMeTpudeckux Tpyokax 4 u C,
MPUKPEIUIEHHBIX K HIMPOKOH YacTH TPYOBI.

Tak kak AMHAMHUYECKOE J[aBJIEHUE CBSA3aHO CO CKOPOCTHIO JABIM)KEHHUS JKUAKOCTH (ra3a), TO ypaBHEHHUE
bepHyninu mo3BosseT U3MEpATh CKOPOCTh MOTOKA KUAKOCTU. st aToro mpumensercss tpyoka Iluro —
[Ipannaras (puc. 49). Ilpubop cocTOUT U3 IBYX U30THYTHIX MO MPSIMBIM YIJIOM TPYOOK, IPOTHUBOIOIOKHBIE
KOHIIBI KOTOPBIX TNpHCOeNWHEHBI K MaHoMmeTpy. C momompio OAHOM u3 TpyOOK H3MepsieTcs IOJIHOe
naBieHue (pg), C MOMOIIBIO APYTo — cTatudeckoe (p). MaHOMETpOM U3MEPSIIOT PA3HOCTh JaBJICHUM:

Po — P = pogh, (30.8)

Prc. 48

@ Kak B NOToKe Xuaxocrtu H3MepuTb craruyec-
Koe [asneHne? [uHaMuueckoe [aBnexne?
AoNnHoe pasnexune?
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r€ po — IUIOTHOCTh JKUJAKOCTH B MaHoMerpe. C Apyroi CTOpPOHBI, COIJIaCHO YypaBHEHUIO bepHyiu,
Pa3HOCTH MOJIHOTO U CTATUYECKOIO JABJICHUN paBHA JUHAMUYECKOMY JIaBJICHUIO:
Po—p = pv’/2. (30.9)

N3 dpopmymn (30.8) u (30.9) momydaem HCKOMYIO CKOPOCTb ITOTOKA KUIAKOCTH:

v = +/2pugh/p.

YMeEHbIIIEHUE CTaTUYECKOTO JABJICHUS B TOUKAX, IJI€ CKOPOCTh MOTOKA 0OJIbIIE, TTOJI0KEHO B OCHOBY paOOThI
BojocTpyiiHoro Hacoca (puc. 50). Ctpys Boabl mojaeTcsi B TPYOKy, OTKPBITYIO B aTMocdepy, Tak 4TO
JIABJICHUE HA BBIXOJIe M3 TPYOKM paBHO aTMochepHOMy. B TpyOke MMeeTcsi CyKeHHe, M0 KOTOPOMY BOJa
Teder ¢ Oousbliell ckopocThlo. B 3TOM MecTte gaBieHue MeHblne aTMochepHoro. ITO JaBieHUE
YCTaHABIIMBACTCS U B OTKAYaHHOM COCYJle, KOTOPBIM CBSI3aH ¢ TPYOKOH uepe3 pa3phiB, UMEIOIIMICST B €€
y3Koi yacTu. Bo3myX yBiekaercs BbITEKAromeld ¢ OONBINONW CKOPOCTHIO BOAOW M3 Y3KOTO KOHIA. Takum
00pa3oM MOXKHO OTKauMBaTh BO3MyX U3 cocyna a0 aasienus 100 mm pt. cT. (1 mm pT. cT. =133,32 [1a).

VYpaBHenue bepHyu ucnonb3yeTcst A HAXOXKACHUS CKOPOCTH HCTEUEHUS KHUAKOCTU 4epe3 OTBEpPCTHE B
CTEHKE WJIU JHE cocyna. PaccMOTpUM IMWIMHAPUYECKUN COCY]T C )KUIKOCThIO, B OOKOBOM CTEHKE KOTOPOTO
Ha HEKOTOPOH ITyOMHE HIKE YPOBHS KUJKOCTH UMEETCsl MalleHbKoe oTBepcTHe (puc. 51).

PaccmoTpum j1Ba cedenus (Ha ypoBHe Ny CBOOOHOM MOBEPXHOCTH JKUIKOCTH B COCY/IE M Ha ypoBHE Ny BeIX01a

€€ u3 OTBepCTI/Iﬂ) W HallMIeM YPaBHCHUC BepHlenH:

2 2

pv pv

—-2' + pghy + p, = ——22 + pghy + pa.

Tax KaKk JaBJEHUS p; U pp B KHUIAKOCTH HA YPOBHAX MEPBOTO M BTOPOTO CEYEHHH PaBHBI aTMOCHEPHOMY, T. €.

P1=p2, TO ypaBHEeHUE OYJET UMETh BUJ
2 2

Dy =24 gn
D) g 2 gn
W3 ypaBHeHwust Hepa3pbiBHOCTH (29.1) cienyer, uto Vo/Vi=S1/S,, tie S1 u S; — 1uromaam monepeuHsix CCUCHMM

cocyaa u orBepctus. Ecinu $1>>S;, mo unenom Vf /2 MOkHO IpeHEeOpeYh U
vl =2g(h — h) = 2gh,

v = 2gh.
DTO BBIpaKEHUE MOTY4YUiI0 Ha3Banue popmynsl Toppuaenim.™

* 9. Toppuuesu (1608—1647) — urtanbstHCKUiT QU3UK U MATEMATHK.

Pa~P=Pogh

Boaa-+so3aayx
Puc. 49 Puc. 50

§ 31. Bazkocthb (BHyTpeHHee TpeHue). JIaMuHapHbINA U TypOyJIeHTHBIN PeKUMBbI Te4eHHUS KUIAKOCTe

Bsi3kocTh (BHYTpeHHee TpeHHE) — OTO CBOMCTBO PEAIbHBIX JKHUIKOCTEH OKa3bIBaTh COMPOTHBIICHUE
MEPEMEIICHUIO OJHOM YaCTH KHIKOCTU OTHOCUTENBHO Apyrou. [Ipu mepeMenieHnn oJHUX CI0EB peabHON
YKUAJIKOCTH OTHOCUTEIIBHO IPYTHX BO3ZHUKAKOT CUIIBI BHYTPEHHErO TPEHUS, HAIIPABJIECHHBIE 110 KACATEIbHON K
MOBEPXHOCTU CJ0€B. JleHMCTBHE 3THX CHJI TPOSIBISAETCS B TOM, UYTO CO CTOPOHBI CJIOS, ABWKYILETOCS
ObICTpee, Ha CIIOW, IBMXKYIIMICS MeaneHHee, NeHCTByeT yckopsitomias cuia. Co CTOpPOHBI K€ Closl,
JBUKYIIETOCs] MEJICHHEE, Ha CJIOM, IBMXKYIIHICS ObIcTpee, IeiicTByeT TOpMO3sIIas cuja.
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Cuna BHyTpeHHero TpeHust F Tem Oonblie, ueM Ooubllie paccMaTpuBaeMasi IO TTOBEPXHOCTH CIOS S
(puc. 52), ¥ 3aBUCHT OT TOTO, HACKOJIBKO OBICTPO MEHSETCSI CKOPOCTh TEUEHUS KUIAKOCTH TIPH MEPEX0JIe OT
cnost Kk cinoro. Ha pucyHke mpencrtaBiieHbl JBa CJIOSl, OTCTOSIIME APYr OT Jpyra Ha pacCTOSHUU AX U
JBHKYIIKECS €O ckopocTsiMu Vi U V. Ilpu 3tom Vi—Vy=Av. HanpaBieHue, B KOTOPOM OTCUUTBHIBAETCS

PAcCTOSTHUE MEXKY CIOSIMH, nepneHOUKyIsApHO CKOPOCTU TEUYEHHs CloeB. BenuumHa ﬂ MOKAa3hkIBACT, KaK
Ax

OBICTPO MEHSIETCS CKOPOCTHb IPH TEPEeXOie OT CJIOA K CIOK B HAMpaBICHUU X, TNMEPHEHIUKYISIPHOM
HaIlpaBJICHUIO JABUKEHUS CJIOCB, U HA3bIBACTCS I'PAAMEHTOM CKOpocTH. Takum oOpa3oMm, MOAYJb CHUIIbI
BHYTPEHHETO TPEHUS

Av

F=
= "iax

S;

(31.1)

rae Ko3pGUIUEHT MPONOPLUUOHAIBHOCTH £, 3aBUCSIIUNA OT IPUPOJIBI KUAKOCTH, HA3bIBACTCA JUHAMHUYECKOMH
BSI3KOCTBIO (WM IIPOCTO BABKOCTHIO).

Enununna Bsaskoctn — mackanb-cexkyHaa (I1a-c): 1 Ila-c paBeH nuHaMHYeCKOM BSA3KOCTH CPEIbl, B KOTOPOU MpHU
JaMUHApHOM TEYEHMHM U TpaJMeHTE CKOPOCTH C MonyleM, paBHbIM 1 M/c Ha 1 M, BO3HHKaeT cuia
BHyTpeHHero TpeHus 1 H Ha 1 M2 noBepxHocTu Kacanus cioes (1 ITa-c= 1 H-C/Mz).

‘I%—”

%
g
?
7
?
g
7z

Puc. 51 Prc. 52

YeMm Oouibliie BA3KOCTh, TEM CHUIIbHEE )KMIKOCTb OTIMYAETCSA OT MJICAIbHOM, TEM OOJbIINE CUIIbl BHYTPEHHETO
TPEHUs] B HEH BO3HMKAIOT. BSA3KOCTH 3aBUCUT OT TEMIIEPATYphl, IPUYEM XapaKTep 3TOH 3aBUCUMOCTH JJIs
KHUJIKOCTEH M ra30B pasindeH (JUIsl KHUIKOCTeH 77 ¢ yBEJIMUEHHEM TEeMIIepaTypbl YMEHBIIAETCs, y ra3os,
HAao0OpOT, YBEIMYUBAETCS), YTO YKa3blBaeT Ha pa3iMylMe B HUX MEXAaHHW3MOB BHYTPEHHEIO TpPEHHUS.
Oco0eHHO CUJIBHO OT TeMIEepaTyphbl 3aBUCUT BA3KOCTh Macels. Hampumep, BS3KOCTh KaCTOPOBOTO Maciia B
unTepBasie 18—40°C nagaer B uetslpe paza. Poccuiickuit ¢pusuk I1. JI. Kanuna (1894—1984; Hobenesckas
npemust 1978 r.) oTkpeln, uto npu Temmepatype 2,17 K xuakuil renuil mepexoauT B CBEpXTEKydee
COCTOSIHME, B KOTOPOM €T0 BSI3KOCTh PaBHA HYJIIO.

CyIiecTByeT JiBa pexXuMa TeUCHUs KuaKocTer. TeueHne Ha3bIBaeTCs JJAaMHHAPHBIM (CJIOMCTBIM), SCITH BIIOJIb
MTOTOKA Ka)KJbI BBIACIECHHBIM TOHKUH CJIOM CKOJIB3UT OTHOCUTENBHO COCETHUX, HE IEPEMELINBASCH C HUMH,
U TypOyJeHTHBIM (BHXPEBBIM), €CIIM BJOJIb TOTOKA MPOUCXOJUT HMHTCHCHBHOE BHXpEOOpa3oBaHHE U
MepeMeNTuBaHuE JKUIKOCTH (Ta3a).

JlamuHapHOe TeueHue KUAKOCTH HAONIOAAeTCs MpU HEOOJBIIMX CKOPOCTAX €€ JBMKEHMs. BHemHwuil cioif
KHJIKOCTH, MPUMBIKAIOIUN K IMOBEPXHOCTH TPYObI, B KOTOPOHl OHa TeueT, M3-3a CHJI MOJEKYJSPHOTO
CIETJIEHUS MIPWJIUIIAET K HEW U OCTaeTcs HeMOABMKHBIM. CKOPOCTH MOCIENYIOMIMX CI0EB TeM OOJIbIIe, YeM
OoJbllle UX PAcCTOSHUE JI0 MMOBEPXHOCTU TPYOBI, M HAaUOOJIBIIEH CKOPOCTHIO OOJIaZaeT CIOW, ABMKYLIUICS
BJIOJTb OCH TPYOBI.

IIpu  TypOy/leHTHOM  TEYEHMM  4YacTUIBl KMJIKOCTH  MPHUOOPETAlOT  COCTABIISAIOLIME  CKOpOCTEid,
MEPIEeHIUKYJIIPHbIE TEYEHHIO, IMOAITOMY OHM MOTYT MHEPEeXOIuTh M3 OJHOro cjos B apyroi. CkopocTh
YaCTHUI[ KUJAKOCTH OBICTPO BO3pacTaeT Mo Mepe yJaleHHs OT MOBEPXHOCTH TPYObI, 3aTE€M H3MEHsETCS
JIOBOJIbHO HE3HAYMTeNbHO. TaK KaK YacTHIIbl >KMJIKOCTH IMEpPeXOJST U3 OJHOro CJlos B APYrod, To HX
CKOpPOCTH B Pa3JIMYHBIX CJIOSAX Majio OTiIn4arTcs. M3-3a GOJBIIOro rpagueHTa CKOPOCTEH y MOBEPXHOCTH
TpYOB!I OOBIYHO MPOUCXOAUT 00pa30BaHUE BUXPEH.

[Ipodwmib ycpeaHEHHOW CKOpPOCTH TMpH TYpOYJIEHTHOM Te4eHMH B TpyOax (puc. 53) oTauvaercss oOT
napaloyinyeckoro npoduis Npu JaMUHAPHOM TeueHuUu Ooiiee ObICTPHIM BO3PACTAHHEM CKOPOCTH Y CTEHOK
TpyObl M MeEHbIIEH KpUBHU3HOM B ULEHTPAJIbHOW YacTH TEYEHHUs. XapakTep TEUYeHHUs 3aBHCUT OT
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0e3pa3MepHOil BEIMUYWHBI, Ha3biBacMOd 4YHcJaoM PeitHonbaca (O. Peiinonmpac (1842—1912) —
AHTJIMACKUHN yUEHBIN):

_owd_ @ d

===

rae v = n/p—KuHeMaTH4ecKasi BS3KOCTb; p—IUIOTHOCTh KHIKOCTH; <V>—CpEIHss MO CEUYCHHIO TPYOBI
CKOPOCTB XUAKOCTH; d — XapaKTepHBIN JIMHEHHBII pa3Mep, HalpUMep AUaMeTp TpyObl.

IIpu manpix 3HaueHHAX uuncia PeliHonblaca (ReS1000) HAOMIOJAETCSl JJAMUHApPHOE TEUYEHHUE, IEPEXO] OT
JIAMHHAPHOTO TEYEHHs K TypOYIEHTHOMY HPOMCXOIMT B 0ONACTH 1000SRe<2000, a npu Re=2300 (s
IIaJKuX TpyO) TeueHne—TtypOynentHoe. Ecim uumcno PeliHonbaca OAMHAKOBO, TO PEXHUM TEUCHHS
Pa3IMYHBIX KHUAKOCTEH (ra3oB) B TpyOax pa3HbIX CEUEHUN OJIMHAKOB.

Re

Vimax =2<v> Vimax = $,23<v> Pac. 53

= — @ YT0 TaKoe rpagMeHT ckopocTu?
= @ Kakos husnyecknit cmbicn KoadhdnumneHTa an-
Mamunaproe TypGynentHoe HAMWHBCKOW BA3KOCTH?

§ 32. MeToabl onpenejieHus1 BA3KOCTH

1. Metron Crokca.* DTOT METOA OMNpPEACNCHUS BSI3KOCTH OCHOBAaH Ha HM3MEPEHHM CKOPOCTH MEIJICHHO
JIBUOKYIIUXCS B KHUIKOCTH HEOONBIINX Tel chepruiaeckoit (hOpMEI.
* JIx. Crokce (1819—1903) — anrnuiickuii GU3MK U MATEMATHK.

Ha mapuk, magaronuii B ®UAKOCTH BEPTUKAIBLHO BHU3, ACUCTBYIOT TPU CHUJIBL: CHJIA TAKECTH P=4/37zr3pg (0 —
IUIOTHOCTh LIapuKa), cuia Apxumena P=4/37zr3p'g (0 — TIOTHOCTH KMIKOCTH) M CHJIA CONPOTHUBIICHHUSI,
smnupuuecku ycranosieHHas J[x. Ctokcom: F=67znrv, roe r — paamyc mapuka, V — ero ckopocts. [lpu
PaBHOMEPHOM JIBUKEHHH LIapUKa

P=Fy, + F wim *nr'pg = */1xr’p’g + 6myrv,

OTKyJ1a

o= 2(p - o) gr’ _
9

N3mepuB CKOpOCTh paBHOMEPHOTO JIBUKEHUS IIAPUKA, MOYKHO ONPEJEINUTD BA3KOCTh KUIAKOCTH (ras3a).

2. Metoa Ilyaszeitasi.* DTOT METOJ OCHOBaH Ha JIAMUHAPHOM TEYEHUM >KMJIKOCTH B TOHKOM KalWJUIApE.
PaccmoTpum kanusutsap paguycoM R u mmmHo# |. B jKMIKOCTH MBICICHHO BBIICIMM IMJIHHAPHYSCKUI CIIOM
pamuycoMm I u tommuHoi dr (puc. 54). Cuna Buytpentero tpenus (cM. (31.1)), neiicTByroras Ha OOKOBYIO
MTOBEPXHOCTb ITOTO CJIO4,

dv dv
F=—-—n—dS = — n2nrl—,
dr . dr
rae dS — 6OKOB3.}I MOBCPXHOCTh HUIMHAPUYCCKOTO CJIOSA; 3HAK MHUHYC O3HA4YacCT, YTO IIPHU BO3pACTAHUHN

paanyca CKOPOCTb YMCHBIIACTCA.
* XK. Ilyaseitns (1799—1868) — dpaniy3ckuii Gpusronor u GUsMK.

I[J'IH YCTAHOBHUBLICTOCA TCUCHUSA KUIAKOCTU CHJIa BHYTPCHHCI'O TPCHU, HeﬁCTByIOIHaﬂ Ha 60KOByIO
HOBEPXHOCTD IWIMHIPA, YPABHOBEIINBAETCS CHIION JABJIEHHs, IEHCTBYIONIEH HAa €r0 OCHOBAHHE:
—-r]'21trld—v = Apnrt, dv = — A rdr.
dr 29l
Tlocne HHTCTpHUPOBAHUA, T10J1arad, 4To y CTCHOK HMCET MCCTO IMPUIIMITIAHUC KUIAKOCTHU, T. €. CKOPOCTb Ha
PaccTOsHUM R OT OCH paBHA HYIIIO, OJTydaeM
Ap

—_— RZ__ 2‘
v 4711( )
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] .
e Puc. 54

k " @ Kaxoe TedeHWe XMAKOCTH Ha3biBaeTCA namu-
HapHbLIM? TYpOyneHTHbIM? YTo xapakrepusyer
yucno Pedxonbaca?
@ MNoscHnTe (C BbIBOAOM) NPAKTHHECKOe npume-
HeHwe meropnos Crokca u yasedns.
OTCIOI[a BUAHO, 4YTO CKOPOCTH 4YacCTHIL XUAKOCTH PaCIHpPCACIAIOTCA IIO IIa aGOJII/I‘IGCKOM 3aKOHY, IIpHYEM
Yy Yy
BepIIMHa apabosIbl JISKUT Ha OCH TPYOBI (CM. Takke puc. 53).
3a Bpems t U3 TpyOBI BBITEUET )KUIKOCTh, 00bEM KOTOPOii
21:Apt? (R? 34 nApt [r’R’ r‘]l aR*Apt
r -_r r = ——0rF e — e
4"1 0 0 8']1

Yy

2 4

£

R
V= fut2ardr =
0

OTKy,Z[a BA3KOCTH
nR*Ap¢
"= "sm

§ 33. /IBu:xeHue TeJ B :KUAKOCTSAX M ra3ax

OI[HOI>'I U3 BaKHEUIIHNX 3aaa4 aspo- U TUAPpOJAUHAMUKU ABJIACTCA UCCIICA0BAHUC IBUKCHHA TBEPABLIX TCII B ra3c
U JKUJKOCTH, B YAaCTHOCTH M3Y4YCHHE TEX CHJI, C KOTOPBIMH Cpeia JACHCTBYET Ha JBIXKYIIEeCs Teno. JTa
npobaema mpuodpena 0coOEHHO OOIBIIOE 3HAUEHHUE B CBSA3H C OYPHBIM Pa3BUTHEM aBHAIMU U YBEITUYCHUEM
CKOPOCTH JIBUKCHHS MOPCKHUX CYIIOB.

Ha Teno, nBuxyiieecs: B )HUIKOCTH WM ra3e, JACHCTBYIOT JIBE€ CUIIbI (PaBHOACHUCTBYIOIIYIO MX 0003HauuM R),
onHa u3 KoTophix (Ry) HampaBiieHa B CTOPOHY, POTUBOIOIOKHYIO IBUKCHHIO Tela (B CTOPOHY MOTOKA), —
JI000BOE compoTHBJIeHHE, a BTopad (Ry) meprnenaukynaspHa 5TOMY HANPaBICHUI0 — NOAbEMHAasi CHJIA
(puc. 55).

Ecmu teio CUMMCTPUYHO U €T0 OCb CUMMCTPHUHU COBIIAAACT C HAIIPABJICHUEM CKOPOCTH, TO HAa HETO HeﬁCTByeT
TOJIEKO T0OOBOE COMPOTUBJICHHE, MOABEMHAs JKE CHJIa B 3TOM CIIy4yae paBHa Hyl0. MOXXHO JI0Ka3aTh, 4YTO B
UOeanbHoU JHcuOKocmu PABHOMEPHOE JBMIKEHHWE MPOUCXOAUT 0e3 1000BOoro compoTuBieHus. Ecmu
paccMOTpPeTh JBIKEHHUE IIMIMHIPA B TAKOH KUIKOCTH (pHUC. 56), TO KapTHUHA TUHUI TOKa CHMMETPUYHA KaK
OTHOCHUTEINILHO MPSMOH, MPOXOJIAIIel Yyepe3 TOUuku 4 U B, Tak M1 OTHOCUTENBHO MPSIMOM, POXOJIAIIEl Yepe3
touku C u D, T. c. pe3yapTHpyIomIas cuia JaBieHHs Ha TIOBEPXHOCTh HWJIMHIpa OyIeT paBHa HYITIO.

Pac. 55

@ KaxoBbi NPUUUHLI BO3HWKHOBEHWA noGoBoro
CONPOTMBINEHWs Tena, ABMKYL{erocA B XHKO-
cTH? MoXeT nNn oHO GbiTb PaBHbLIM HyMo?

® Kaxk 06BACHNTL BO3HNMKHOBEHWE MNOABEMHOM
cunbl (cM. puc, 55)?

WNuaue oOCTOMT 1eno MpH JBHKEHUU Tel B BS3KOM KUAKOCTH (0COOEHHO TpU YBEIMYEHHH CKOPOCTHU
oOtekanus). BenencrBue BsS3KOCTH cpeipl B 00JacTH, MpUIIETalONIeld K MOBEPXHOCTH Tena, oOpasyercs
IIOTPaHUYHBIN CJIOM YaCTHILI, ABUKYIINXCS C MEHBIIMMH CKOPOCTAMHU. B pe3ynbraTe TOpMO3SIIEro JeHCTBUS
3TOr0 CJ0S BO3HUKAET BpallleHWE YacCTUI[ M JBUKEHHE >XUAKOCTH B IOTPAHMYHOM CJIO€ CTAaHOBUTCS
BUXpeBbIM. Ecniu Teno He umeeT o0TekaeMoil ¢popMbl (HET MJIaBHO yTOHYAIOMIEHCS XBOCTOBOM YacTH), TO
MOTPAHUYHBIN CJION JKUJKOCTH OTPBIBAETCS OT MOBEPXHOCTH TeNa. 3a T€JIOM BO3HUKAET TEUEHHUE KHUAKOCTU
(ra3a), HampaBJIEHHOE MPOTUBOIOJIOKHO HaberaromemMy noToky. OTOpBaBIIMICS MOrpaHUYHBINA CIIOH, cClie-
Iys 32 9TUM TeUeHUEM, 00pazyeT BUXPH, BpalllatollIuecs B IPOTUBOIOJIOKHBIE CTOPOHBI (puc. 57).

Jlo6oBo€ cCOnMpOTHBIIEHHE 3aBUCUT OT (POPMBI T€JIa U €r0 MOJIOKEHUS] OTHOCUTENBHO MOTOKA, YTO YUYUTHIBACTCS
6e3pa3mepHbIM ko3 duienTom conpotusieHus Cy, ONpeAeasieMbIM IKCIIEPUMEHTATIBHO:
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R, =CZ s,
2 (33.1)
r7ie p — IUIOTHOCTh CpeAbl; V — CKOPOCTh ABMKEHUS Tela; S — HauOoJIbIIee MONepeyHOe CeueHue Tena.
CocraBusiromyro Ry MOXHO 3HAYMTEIBHO YMEHBIIUTH, NOJO0OpaB TEJIO TakoiW (OpPMBI, KOTOpas He
CHOCOOCTBYET 00Pa30BAHUIO 3aBUXPEHUSI.
[oxbemuas cuia MOKET ObITh Onpenesnena GopmyInoi, ananorunon (33.1):
pv?
Y2
riae C, — 0e3pa3MepHblil KOAPOULIUEHT MOABEMHON CHUJIBL.
Jlnst kpbuia camosieta TpeOyercst 00JbIas MO JbeMHas CHJIa MIPH MajoM JIOOOBOM CONPOTHBIICHHUH (3TO YCIOBHE
BBITIOJTHSETCS MPU MAJIBIX YIJIAX aTaAKM o (YTOJI K OTOKY); cM. puc. 55). Kpbuio Tem Jiydie yJoBIeTBOpSIET
3TOMY ycloBuUIO, 4eM Oonbmie BenuunHa K=C,/Cy Ha3plBaeMas KadyecTBOM KpbLIa. boibiiue 3aciyru B
KOHCTPYUPOBAaHHH TpeOyeMoro mpoduist KpbUla ¥ M3YYEHUH BIIMSHUS T€OMETPUYECKON (OpMBI Tena Ha
KOd(pPUIMEHT MOIBEMHON CHIIBI MPUHAISKAT «OTIHy pycckoit aBuarum» H. E. JXKykoBckomy (1847—
1921).

R, = s,

Pac. 56
3agaun
6.1. TonbIii skenesusiit map (o =7,87 r/cm’) Becur B Bozayxe 5 H, a B Boze (0 = 1 r/em®) — 3 H. IlpeneGperas
BBITAIKHBAIOIIEH CHIION BO3/yXa, ONPEIEINTh 00heM BHYTPEHHEH moocTH mapa. [139 cu’]
6.2. bax muMHAPHUEcKoil GOPMBI IUIOMABI0 ocHOBaHuS S = 1 M? i o6bemMoM V = 3 M° 3amonHeH BOJIOIL.
[Tpenebperast BA3KOCTHIO BOJIBI, ONIPENENUTh BpeMs t, HeoOXoaumMoe Uisi OIyCTOIIeHUsT Oaka, eclii Ha JTHe
6aka 0GPa30BATOCH KPYIIIOE OTBEPCTHE ILIOMAnBI0 S =10 eM?.

1 28V
[l=—' —=13 uuu]
Sy I'4

6.3. Comio oHTaHa, MAIONIET0 BEPTUKAIBHYIO CTPYIO BhICOTOM H = 5 M, uMeer popmy yceueHHOTO KOHYyca,
cyxarorerocst BBepx. Jluamerp HukHero ceuerus di = 6 cm, Bepxuero — d; = 2 cM. Boicora comna h = 1 m.
[IpeneOperast CONPOTUBICHUEM BO3/1yXa B CTPYE M CONPOTUBIIEHUEM B COIUIE, OIPEICIINUTh: 1) pacxoa BOJIbI
B | c, momaBaemoit ¢oHTaHOM; 2) pa3HOCTb Ap JaBIEHUS B HUKHEM CEYEHUH M aTMOC(HEPHOTO JaBJICHUS.
IInotHocTs Bombl p =1 r/em®. [1) /2gH 7z d%/4 = 3,1 x 107 m%/c; 2) Ap = pgh + pgH (1- d;/d; =58,3 Ila]

6.4. Ha ropu30oHTaIbHOW MOBEPXHOCTH CTOUT IIMIIMHIAPUYECKUN COCYZ, B OOKOBOW MOBEPXHOCTU KOTOPOTO
umeetcs otBeperue. [lonepeyHoe ceueHne OTBEPCTUS 3HAYUTEILHO MEHBIIIE MOMEPEYHOr0 CEUYEHUsI CaMOro
cocyna. OTBepcTHE paCIOIOKEHO Ha paccTosHHHM N; = 64 CM HW)KE YpOBHSI BOIBI B COCYHE, KOTOPBII
MOJIICPKUBACTCS TOCTOSHHBIM, U Ha paccTostHuu hy =25 cM ot nHa cocyna. [IpeneOperas BA3KOCTBIO BOJIBI,
OTIpEIeNTUTh, HA KAKOM PAacCTOSTHUU 10 TOPU30OHTAIM OT COCY/la a1aeT Ha MOBEPXHOCTh CTPYS, BbITEKAIOLIast
u3 otBepctus. [80 cMm]

6.5. B mmpokom cocyze, HaOJHEHHOM TIHUIEPUHOM (IUIOTHOCTh p =1,2 F/CMs), MaJaeT C yCTaHOBUBIIEHCSA
CKOPOCTBIO 5 CM/C CTeKISHHBIA mapuk (o' = 2,7 r/em’) mmamerpom 1 mm. Ompenennts IHHAMHYECKYTO
BSI3KOCTh ruiepuHa. [ 1,6 Ia-c]

6.6. B 60KOBYO TTOBEPxHOCTL HMIMHIAPHIECKOTO COCY/Ia, YCTAHOBJICHHOTO Ha CTOJIE, BCTaBJIEH Ha BBICOTE hy =5

CM OT €ro JIHa KalWUIAp BHYTPEHHUM AuaMeTpoM d =2 MM u JuHOM | = 1 cm. B cocyne nogaepkuBaercs

NOCTOSAHHBIA YPOBEHb MAIIMHHOTO Macia (MI0THOCTh p = 0,9 r/cM® 1 IEHAMAYECKAs BA3KOCTH ;= 0,1 [Ta-c) Ha

BbIcOTE h, = 80 cM BbIe Kanuisgpa. OnpenennTs, Ha KAKOM PacCTOSHMM 110 TOPU3OHTAIM OT KOHIA Kaluuisgpa

NaJaeT Ha MOBEPXHOCTH CTOJA CTPYS Macja, BLITEKAIOLIas U3 OTBEPCTHUS. ls=d* ph/2gh)((32in)=8,9 cm]
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6.7. Onpenenuth HaMOONBIIYIO CKOPOCTh, KOTOPYIO MOXKET MpUOOpecTd CBOOOJHO MAgaIoNINil B BO3IyXe

(0=1,29 F/CM3) cTanpHOM mapuk (0 = 9 F/CM3) maccoid m = 20 r. Koadpduuuent C, npunsats paBHbM 0,5.
[94 cm/c]

I'naBa 7 JJjieMeHTBI ClIeUAIbHON (YACTHOM) TEOPUH OTHOCUTEIbHOCTH

§ 34. IlpeoOpa3zoBanus I'anniiess. MexaHu4ecCKUuii MPUHIIMII OTHOCUTEIBLHOCTH

B knaccuuecxoii mexanuke CIpaBelyIUB MeXaHHYECKHIl TNPUHUOMI OTHOCUTEJIbHOCTH (MPUHIMII
oTHocuTeabHOCTH ["asiuiest): 3aKOHBI IMHAMUKY OJMHAKOBHI BO BCEX MHEPLUAIBHBIX CUCTEMaX OTCYETA.
Jliist ero moka3aTenbCTBAa PACCMOTPUM JIBE CHCTEMBI OTCUETa: HHEPIMaIbHYI0 cucTeMy K (¢ KOOpJIMHATAMH X, ),
Z), KOTOPYI YCIOBHO OylIeM CuUuTaTh HemnojaBWkHOW, W cucremy K' (¢ koopaumnaramm X', ', Z'),
JBIGKYITYIOCS OTHOCUTEIHHO K paBHOMEPHO U MPSIMOJIMHEHHO CO CKOPOCThIO U (U=coNnst). OTcueT BpeMeHH
HAaYHEM C MOMEHTA, KOTJa Hayajia KOOPJAMHAT 00EUX CHCTEM COBMAJAIOT. [IyCcTh B MPOU3BOJIBHBI MOMEHT
BpeMeHHU t pacmoyioKeHHE 3TUX CUCTEM JAPYT OTHOCHTEIIBHO Apyra UMEET BHJ, W300pakKeHHBIA Ha pHC. 58.
Ckopoctb u Hanpasiena Baoib OO', paguyc-Bekrop, nposeneHHsii u3 O B O, ro=ut.

HaiineM cBsi3b MeXy KOOpAMHATAMHU ITPOU3BOJIBHOM TOUKH 4 B 00enx cucrteMax. 13 puc. 58 BuaHO, 4TO

r=r+r=r+u. (341)
VYpauenue (34.1) MOXHO 3amycaTh B MPOCKIIUAX HA OCH KOOPJAWHAT:
x=x"4+ut, y=y +u, z =2+ ut. (34.2)

VYpasuenus (34.1) u (34.2) HOocAT Ha3BaHKUE MpPeodOpa3oBaHuii koopauHat [anues.

B wactHOoM ciydae, korga cuctema K' IBHIKETCS CO CKOPOCTBIO T BJIOJIb MOJIOKUTEIBHOTO HAMPABICHUS OCH X
cucteMbl K (B HayaJdbHBII MOMEHT BpPEMEHHM OCH KOOPJMHAT COBIIAQJAIOT), MPEeoOpa3oBaHUs KOOPIWHAT
lanunest umMeroT BUJ

x=x"+9vt, y=y, z=12.
B kiaccuyeckoil MexaHUKE IMpENAINoyiaraeTcs, YTO XOJ BPEMEHH HE 3aBUCHUT OT OTHOCHUTEIBHOTO JBUKCHHS
CHUCTEM OTCUETa, T. €. K mpeodpazoBanusimM (34.2) MOKHO 100aBUTH €IIIE OJTHO YPAaBHEHHE:
t=1' (34.3)
3anucaHHbIe COOTHOIICHHUS CIIPABEIMBHI JIUIIb B CIydae KIAaCCHUYECKON MeXxaHuku (U<<c), a MpU CKOPOCTSX,
CpPaBHHMBIX CO CKOpPOCTBIO cCBeTa, mpeoOpa3oBaHus [ammmes 3ameHsitorcs  Oojee  oOmMIMMU
npeoOpaszoBanusmu Jlopenua* (§ 36).
* X. Jlopentr (1853—1928) — uupepnanackuii GU3MK-TEOPETHUK.

ITponuddepennnponan Beipaskenue (34.1) nmo Bpemenu (¢ yuerom (34.3)), moayduM ypaBHEHHE

v=v+tu, (34.4)
KOTOpOE MPEACTaBISAET COOOH MPABUIIO CJI0KEHHS CKOPOCTeil B KiaccuyecKoii MexaHHKe.
Yckopenue B cucteMe orcuera K

Takum oOpazoMm, yckopeHue Touku 4 B cuctemax orcuera K u K', ABMXKYIIUXCS OPYr OTHOCHUTENBHO Jpyra

PaBHOMEPHO U MPSMOJIUHEHHO, OJMHAKOBO:
a=a. (34.5)

CrnenoBatenbHO, €ClIM Ha TOUKY A apyrue Tena He AeictByioT (a=0), To, cormacHo (34.5), u a'=0, T. e. cucrema
K' sBnsercs wHepruaabHOM (TOYKA IBIKETCS OTHOCHUTEIBHO HEE PABHOMEPHO M MPSMOJIMHEHHO WIIH
TTOKOUTCH).

Takum o6pa3zom, wu3 cootHomeHus (34.5) BBITEKAaET TOATBEPKICHUE MEXaHUUYECKOTO IPUHIIMITA
OTHOCUTEILHOCTH: YPAaBHEHHS JMHAMHUKU TPU MEPEXO0Je OT OAHOM MHEPUHUATBHOM CHUCTEMBI OTCYETa K
JIPYTO HE U3MEHSFOTCS, T. €. SIBJISIOTCS HHBAPHAHTHBIMM TI0 OTHOIIIEHUIO K TIPE0OPa30BaHUAM KOOPIUHAT.
lanuneit oOpaTuyn BHUMaHHE, YTO HHUKAKUMH MEXaHWYECKMMHU OIBITAMU, TPOBEACHHBIMU B JAHHOM
WHEPIMAIBHON CHCTEME OTCUeTa, HENb3s yYCTAHOBHUTH, MOKOWUTCS JIM OHA WJIM JIBHXKETCS PAaBHOMEPHO W
npsMonuHeitHo. HanpumMep, cuis B KaroTe KOpaduist, TBUXKYIIETOCS PABHOMEPHO U MPSIMOIUHEIHO, MBI HE
MOYEM OTPEEIUTh, TOKOUTCS KOPaOJIh WIIA IBUXKETCS, HE BHITIISIHYB B OKHO.
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Pac. 58

@ B yem ¢manyeckan CyuHOCTb MEXEHNYECKOTO
NPUHUMNA OTHOCHTONLHOCTH?

@ B yem 3axmouaeTcs NpaBuno CNOXeHMA CKO-
pocTeit B KNaccM4ecKoi MexaHnke?

@ KaxoBb! NpuunHbl BO3HMKHOBEHWA chieynant-
HO# TeOpHN OTHOCHTeNbLHOCTH?

§ 35. HocTyaaTel cnenuaabHOM (4YACTHOMH) TEOPUH OTHOCUTEJIBLHOCTH

Knaccuueckas mexanuka HproToHa IMPCKPACHO OIMUCBIBACT IABMIKCHUC MAKPOTCJ, ABWKYIIHUXCA C MaJIbIMU

ckopoctamu  (V<<c). OmgHako B KoOHIe XIX B. BBIICHWJIOCh, YTO BBIBOJbI KJIACCHYECKOW MEXaHHUKHU
MPOTUBOPEYAT HEKOTOPHIM OIBITHBIM JAHHBIM, B YAaCTHOCTH TMPU U3YYCHUU JBUKCHHS OBICTPBIX
3apsSOHKEHHBIX YACTHI] OKAa3aJI0Ch, YTO MX JBUKCHHE HE MOJYMHSETCS 3aKOHAM MeXaHWKH. Jlanee BO3HMKIU
3aTPyAHEHUS TIPH TMOMBITKAX MPUMEHUTh MeXaHUKy HbIoTOHA K 00BSICHEHUIO paciipocTpaneHus ceeta. Ecnu
WUCTOYHUK M TPUEMHUK CBETa JBUXKYTCS JAPYr OTHOCHUTEIBHO Jpyra paBHOMEPHO M MPSIMOJIMHEHHO, TO,
COIJIACHO KJIACCHUYECKON MEXaHUKE, U3MEpPEHHasi CKOPOCTh JIOJKHA 3aBUCETh OT OTHOCHUTEIBHON CKOPOCTU
WX JBWKCHHSA. AMepukaHckuii ¢usuk A. Maiikenscon (1852—1913) B 1881 r., a 3arem B 1887 T.
copmectHo ¢ E. Mopnu (amepukanckuii ¢usuk, 1838—1923) mertanics oOHApYXHUTh JIBUKCHHE 3eMIH
OTHOCHUTENBHO dupa (3¢upHBIA BeTep) — onbIT MaiikeabcoHa — MopJm, puMeHss uHTepdepomeTp,
Ha3BaHHBIN BIOCTENCTBUH HHTepdepomerpom Maiikenbcona (cm. § 175). OOHapyuTh PUPHBINA BeTep
MaiikenbCOHY HE YAalloCh, KakK, BIPOYEM, HE YAAJOCh €ro OOHAPYKUTh U B JIPYTMX MHOTOYHCIEHHBIX
onbiTax. ONBITHl «YMPSIMO» MOKAa3bIBAJIM, YTO CKOPOCTH CBETa B JBYX JBIKYIIMXCS JAPYT OTHOCHTEIBHO
Jpyra CUCTeMax paBHBL. ITO MPOTUBOPEUUIIO IIPABUITY CIOKEHHUS CKOPOCTEH KIIACCUYECKONH MEXaHUKHU.

OnHOBpeMEHHO OBLIO MOKa3aHO MPOTHBOPEUYME MEXKIY KIIACCHUYECKOW Teopued W ypaBHeHUsMH (cMm. § 139)

Jx. K. Makcemra (anrmmiickuii ¢usuk, 1831—1879), nexxamuMu B OCHOBE TOHMMAaHHUS CBETa Kak
3JIEKTPOMATHUTHOMN BOJIHBI.

ZL]'IH OOBSICHEHHS ITHX U HCEKOTOPBIX APYIrUX OIBITHBIX JAHHBIX HCO6XOI[I/IMO OBLIO CO31aTb HOBYIO MCXAHUKY,

KOoTopasi, OOBSICHSS 3TU (DaKThI, cojeprkana Obl HbIOTOHOBCKYIO MEXaHUKY Kak INpeAeNbHBbIM ciaydail nmis
MaJIbIX ckopoctelt (V<<c). D10 U yzaanock caenarb A. DUHIITEHHY, KOTOPBINA MPHILEN K BEIBOJY O TOM, YTO
MHUPOBOTo 3¢pupa — 0co00i cpesibl, KOTOpast MOrjia Obl ObITh MPUHSATA B KaUECTBE a0COIIOTHOM CUCTEMBI, —
He cymecTByeT. CyliecTBOBaHHE TIOCTOSIHHONW CKOPOCTH PAacIpOCTPaHEHMsI CBETA B BaKyyMe€ HAXOJIMJIOCH B
COIJIaCHHM C ypaBHEHUsIMH MakcBea.

Takum oOpazom, A. DUHIUTEHH 3al0XKHUT OCHOBBI CIIEHHAJIBHOW TEOPHMH OTHOCUTEJBHOCTH. DTa TEOpuUs

MIpe/ICTaBIsieT co00M COBpEMEHHYI0 (PU3MYECKYI0 TEOPHUIO NMPOCTPAHCTBA U BPEMEHHU, B KOTOPOM, Kak U B
KJIAaCCUYECKOM HBIOTOHOBCKOM MeXaHuKe, Ipeanojaraercs, 4YTo BpeMms ojfHopogHo (cM. § 13), a
MPOCTPAHCTBO OAHOPOAHO (cM. § 9) u u3oTponHo (cM. § 19). CnenuanbHas TEOPUS OTHOCUTEIBHOCTH YacTO
Ha3bIBAETCS TAKXKE PeJSITUBUCTCKON TeopHeii, a crienupuuecKue sBICHUS, OMUCHIBAEMbIE 3TOM TeOopHUei,
— PEJATHBUCTCKUMH dPPeKkTamu.

B ocHoBe crieninanbHOM T€OpUU OTHOCUTENLHOCTH JISXKAT MOCTYJIaThl JifHIITeHA, chOopMyTUpOBaHHbBIE UM B

I

1905 r.

IIpUHUMN OTHOCHTEJBHOCTH: HHUKAKUE ONBITHI (MEXaHWYECKUE, OJJIEKTPUUYECKUE, ONTHUYECKHE),
MPOBEACHHBIC BHYTPH JAHHOW WHEPIUAIBHOM CHCTEMBI OTCUETA, HE Jal0T BO3MOXXHOCTH OOHAPYKHUTh,
MOKOWTCA JIM 3Ta CHCTEMa WM JIBWXKETCS PaBHOMEPHO U TMPSMOJIMHENHHO; 6ce 3aKOHbl Npupoosbl
UHEAPUAHMHBL TIO OTHOILLIEHUIO K NIEPEXOAY OT OJTHOW MHEPIMAJIBHONW CUCTEMBI OTCYETA K IPYTOM.

II. HpHHHHH HHBAPHUAHTHOCTH CKOPOCTH CBETA: CKOpocmb ceema 6 6aKyyme HE 3aBUCUT OT CKOPOCTH

JABHOKCHHUS UCTOYHHKA CBETA UJIN Ha6J'IIOI[aTeJ'I$I U 00UHAKOBA 80 6CEX UHEPUUATIbHBIX cucmemax omcdenia.

[lepBsiit mocTynaT DUHIITENWHA, SBISASACH 0000IIEHNEM MEXaHMYECKOTO MPUHIMIA OTHOCUTeNbHOCTH ["anmuies

Ha nobble gbuaultecmte npoyeccsl, YrBEpiKAaCT, TAKUM 06pa30M, 4qTo (I)I/ISI/ILICCKI/IG 3aKOHbI UHBApPUAHTHEI 11O
OTHOIICHHUIO K BI)I60py HHepHHaﬂBHOﬁ CUCTEMBI OTCYETA, a4 YPaBHCHH:, ONHWCBIBAIOIIMUE O3THU 3aKOHBI,
OJNHAaKOBBI IIO0 (bopMe BO BCCX HHCPHUAIBHBIX CHUCTEMAX OTCYUCTA. CornacHo O9TOMY IIOCTYJIaTy, BCC
HHECPpHOUATIBHBIC CHCTEMbI OTCUYCTA COBCPHICHHO pPAaBHONpaBHBI, T. €. ABJICHHA (MeXaHI/I‘IeCKI/Ie,
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NEKTPOAMHAMUYECKUE, ONTUYECKHME M JIp.) BO BCEX MHEPLHUAIBHBIX CUCTEMAX OTCUETa IMPOTEKAIOT
OJIMHAKOBO.

CornacHo BTOpOMY HOCTYJIaTy DUHIITEHHA, NOCMOAHCIBO CKOPOCMU c8ema — QYHOAMEHMANlbHOe CEOUCEO
npupoobl, KOTOPOE KOHCTATUPYETCsl KAK ONBITHBIHN (haKT.

CriennanbHasi TEOpUSl OTHOCUTEIBHOCTH MIOTpeOOBaIa 0TKa3a OT IPUBBIYHBIX MIPEICTABICHUI O IPOCTPAHCTBE
U BPEMEHHU, NPUHATHIX B KJIACCUYECKON MEXaHUKE, [IOCKOJbKY OHU IMPOTUBOPEUMIIM PUHLIUITY TOCTOSHCTBA
ckopocTH cBeta. [loTepsiio cMbIC He TOIBKO a0COIOTHOE POCTPAHCTBO, HO ¥ aOCOIIOTHOE BpEMSL.

IToctynatsl DiHIITEHHA U Teopus, IOCTPOEHHAs HA UX OCHOBE, YCTAHOBWJIM HOBBIHM B3IJISA HA MHP U HOBBIE
IIPOCTPAHCTBEHHO-BPEMEHHBIE IIPE/CTABICHMS, TaKWe, HalpuMep, KaK OTHOCUTENbHOCTh JUIMH U
IIPOMEKYTKOB BPEMEHH, OTHOCUTEIBHOCTh OJHOBPEMEHHOCTH COOBITHMH. ODTH W Jpyrue CileICTBUS U3
Teopun OWHIITEMHA HAXOJAT HAAEKHOE HKCIEPUMEHTAJIbHOE IIOATBEPXKIEHUE, SIBIISISICH TEM CaMbIM
000CHOBaHUEM IOCTYJIATOB DWHIITEHA — 00OCHOBaHUEM CIELUAIBHOM TEOPUH OTHOCUTEIBHOCTH.

§ 36. [IpeoopasoBanus Jlopenua

AHanu3 sBJIEHUN B HWHEPUMAIbHBIX CHUCTEMAxX OTCYETa, IPOBENEHHBIM A. OHWHIITEHHOM Ha OCHOBE
chOpMYyIUPOBAHHBIX UM IIOCTYJATOB, TOKa3al, 4YTO KJaccuueckue mpeoOpasoBanus [ anumes
HECOBMECTMMBI C HUMH M, CIEJOBAaTEIbHO, JOJDKHBI OBITh  3aMEHEHBl IPeoOpa3OBAHUIMM,
YIOBJIETBOPSIIOLMMH MOCTYJIATaM TEOPUH OTHOCUTEIBHOCTH.

JUJ1s UIUTIOCTpaluy ATOTO BBIBOJIa PACCMOTPHM JIBE MHEPLUAIbHBIE CUCTEMbI 0TcYeTa: K (C KOOpAMHATAaMU X, ),
Z) u K’ (c xoopauHatamu x', y', z'), IBIKYIIYIOCS OTHOCUTEIbHO K (BIOJIB OCH X) CO CKOPOCTBIO V = CONst
(puc. 59). Ilycte B HavanpHbId MOMEHT Bpemenu t=t'=0, korma nauyama xoopmunatr O u O' coBmajaroT,
U3Ny4aeTcsi CBETOBOM uMmynbc. CorjaacHO BTOpPOMY MOCTynaTy ODWHILITEHHA, CKOPOCTh CBETa B 00eHX
cUCTEeMax OJIHA M Ta ke W paBHa c. [loaToMy ecnu 3a Bpems t B cucteMe K cUrHal JOMAET 10 HEKOTOPOM
ToukHu A (puc. 59), npoias paccTossHuE

x = Ct, (36.1)
TO B cucteMe K’ KoopMHaTa CBETOBOTO UMITYJIbCa B MOMEHT JOCTHIKEHHUS TOUKH A
x'=ct" (36.2)

rie t' — Bpems IpOXOXKJICHHS CBETOBOTO UMITYJIbca OT Havyalla KOOPAUHAT 0 ToYku 4 B cucteme K'. Beruuras
(36.1) u3 (36.2), monyuaem

x'—x=c(t'-1t).
Tak kak x' # x (cucrema K' nepemeriaercs o OTHOUIEHHIO K cucteme K), To
t'#t,

T. €. OTCUET BpeMeHHU B cuctemax K n K' paznuueH — omcuem epemeHu umeem omuocumenbHuli xapakmep (B
KJIACCMYECKON (PU3MKE CUMUTAETCS, YTO BPEMsSl BO BCEX MHEPLMAIBHBIX CHUCTEMaX OTCYETa TeUET OJAMHAKOBO,
T. e. t=t).

DOWHIITEHNH MoKa3all, 4YTO B TEOPUU OTHOCUTEILHOCTH Kilaccudeckue npeoOpa3zoBanus ["anunes, onuchiBaronme
Iepexo/l OT OAHON MHEPLUAIBHON CUCTEMBI OTCUETA K APYTOi:

K- K K - K
x' =x— v, x=x + v,
y = y=y,
Z' =z, z =17z,
t =t t=1t,

3aMEHSIOTCS npeoOpazoBaHusMU JIOpeHIa, YIOBJIETBOPSIONIMMHU MoOCTyjaaTaM OWHIITEHHa ((hopMyIbl
IIPEJCTaBIEHBI JUIs CiIydas, Koraa K' IBUKETCs OTHOCUTENBEHO K CO CKOPOCTBIO V B/IOJIb OCH X)).

Ot npeobpazoBanus npeanoxensl Jlopennem B 1904 r., eme 10 NOSBICHUS TEOPUH OTHOCUTENBHOCTH, Kak
peoOpa3oBaHus, OTHOCUTEIHHO KOTOPBIX ypaBHeHUs: MakcBema (cM. § 139) nuHBapuaHTHBI.

IIpeodpa3oBanus JlopeHna nMeroT BUj
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K=K K -K
, x—vt x' + ot

X = e X = ———,

J1 - B J1 - B
y =y, y=1y.,
2=z, 2= 2 (36.3)
, 1= vx/c? ' - ' + vx'/c®

V- F% Vi-p°

B=v/e.

W3 cpaBHEHMS MPUBEICHHBIX YPAaBHEHUN BBITEKAET, YTO OHU CUMMETPUYHBI U OTIUYAIOTCS JIUIIb 3HAKOM MpPU
V. DTO OYEBHJIHO, TaK KaK €CIIU CKOPOCTh JIBUXKEHUS cucTeMbl K' OTHOCHTENbHO cucTembl K paBHa V, TO
CKOpOCTb JIBUKeHUs K oTHOcUTENnbHO K’ paBHa —V.

13 npeobpazoBanuii JIopeHIia BHITEKAET TAKXKE, YTO MPH MAIBIX CKOPOCTSAX (IO CPAaBHEHHIO CO CKOPOCTHIO C),
T. €. Korga fA<<l, oHHM TepexoJsIT B KIACCHYECKHe mpeoOpazoBaHus [ammies (B 3TOM 3aKIO4YacTcs CyTh
NPUHIHUIIA COOTBETCTBHSA), KOTOPbIC SBISIOTCS, CIENIOBATEIBHO, MPEACIBbHBIM CIydaeM MpeoOpa3oBaHHMA
Jlopenma. [Ipu v>cC Beipaxenus (36.3) mis x, t, x', t' TepsaroT duzndeckuii CMbICT (CTAHOBSATCS MHUMBIMU).
OT0 HaXOAUTCSA, B CBOIO OYEPE/b, B COOTBETCTBUHU C TEM, YTO JIBUKEHHE CO CKOPOCTHIO, OONIbIIEH CKOPOCTH
pacripoCcTpaHeHus CBETa B BAKyyMe, HEBO3MOXKHO.

N3 npeobpazoBanuii JlopeHua cienyeT 04eHb BaXKHBIA BBIBOJ O TOM, YTO KaK PacCTOSIHUE, TaK U IIPOMEXKYTOK
BPEMEHH MEX]y ABYMsI COOBITUSIMH MEHSIOTCS MIPH MEPEX0/ie OT OJHOM MHEpLHATIbHONW CUCTEMBI OTCUYETa K
JpYyToi, B TO BpeMs Kak B paMKax MpeoOpa3oBaHuil [ anuies 3TH BEIMYHHBI CYUTAINCH aOCOTIOTHBIMH, HE
U3MEHSIOIIMMUCSA TIPU TEpexojie OT CHUCTeMbl K cucteMe. Kpome Toro, kak MpOCTpaHCTBEHHbIE, TaK U
BpeMeHHble IpeoOpasoBanust (cM. (36.3)) He ABIAIOTCS HE3aBUCUMBIMU, IIOCKOJIBKY B  3aKOH
npeoOpa3oBaHus KOOPJAMHAT BXOJUT BpeMsi, a B 3aKOH MpeoOpa3oBaHUS BPEMEHU — IMPOCTPAHCTBEHHBIC
KOOpJMHATBI, T. €. YCTAHABJIMBACTCS B3aMMOCBS3b NPOCTPAHCTBA M BpeMeHHU. Takum oOpa3zom, Teopus
DHHIITeHa OmepupyeT HE C TPEXMEPHBIM IPOCTPAHCTBOM, K KOTOPOMY IPUCOEIUHSETCS TMOHATHE
BPEMEHM, a paccMaTpuUBAaeT HEPa3pbIBHO CBSI3aHHbIE MPOCTPAHCTBEHHBIE M BpPEMEHHBIE KOOPAMHATHI,
00pa3ymollre 4YeThIPeXMEPHOE MPOCTPAHCTBO-BPEMSI.

Pac. 59

@ B 4em 3aKnio4aloTCs OCHOBHLI® NOCTYNAaTbI
cneynansHOA TEOPHUH OTHOCHTeNbHOCTH?

@ 3aBMCHT NN OT CKOPOCTU ABMIKEOHWA CUCTOMbI
OTCHeTA CKOPOCTb TeNna? CKopocTb caeta?

@ 3anmuute M NPOKOMMEHTHPY#Te npeobpaso-
BaHuA flopeHya. Npu KaKux YCNoBHAX OHM ne-
pexogAT B npeofpasosaHus Tanunen?

§ 37. CaencrBus u3 npeodpasoBanuii Jlopenua
1. OnHOBpeMEHHOCTH COOBITHI B Pa3HBIX cucTeMax orcuera. [1ycth B cucteme K B TOUKax ¢ KOOPJIUHATAMH
X1 ¥ X2 B MOMEHTHI BpeMeHHU 11 u tp mpoucxoasT nBa coObitus. B cucteme K' UM COOTBETCTBYIOT KOOPAMHATHI
X; # X, W MOMEHTHI BpeMeHu t, u t,. Ecitu cobbimus 6 cucmeme K npoucxoosam 6 0onoi mouke (X1 =xz) u
sensiomes oonospemennvimu (11 =t2), To, cormacHo nmpeodbpaszosanusm Jlopenta (36.3),
x‘l = x‘z’ "l = ';’
T. € omu coobimus AGIAOMCA O0OHOBPEMEHHLIMU U HNPOCMPAHCMBEHHO COBNAOAIOWUMU OAs  NI000U
UHepYUATbHOU cUCmeMbl Omcyema.
Ecnu cobvimus 6 cucmeme K npocmpancmeenno pazodujenvt (x1 # X2), Ho o0Hoepemennvl (t1 = 1), mo 6
cucmeme K', cornacHo npeodpazoanusim Jlopenna (36.3),
. x — vt , X3 — vt
X, =, X =

1-p% 1- g7
gl el
1 J—l_——pi’ 2 \/l——ﬂz,

X # Xy 1 #

I
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Takum o6pa30M, B cucrteme K' ot COGBITI/ISI, ocmaeasacb npocmpaHcmeeHHo pa306u4€HHblMu, oKasvlearomcs

U HeoOHOBpemenHbiMU. 3HAK pa3sHOCTH t, —t; ompenensercs 3HAKOM BBIpaKeHUS V (X1 — X2), HOATOMY B
Pa3IMYHBIX TOYKaX CHCTEeMbI oTcyera K’ (IpH pas3HBIX V) pa3sHOCTh t, —t, OyAeT pa3nuyHOH 10 BeNWYMHE U

MOXET OTIMYaThCs MO 3HaKy. CienoBaTenbHO, B OJHUX CHCTEMax OTCUETa MEPBOE COOBITHE MOXKET
Mpe/IIeCTBOBATh BTOPOMY, B TO BpeMs Kak B JPYTUX CHCTEMax OTCYeTa, Hao0OpOT, BTOpOE COOBITHE
npenuiecTByer neppomMy. CkazaHHOE, OJHAKO, HE OTHOCUTCSI K HPUYMHHO-CJIEICTBEHHBIM COOBITHSM, TaK
KaK MOXXHO I10Ka3aTh, YTO MOPSAOK CIIEJOBAHUS MPUYMHHO-CIEICTBEHHBIX COOBITHII OJMHAKOB BO BCEX
MHEPLHAIbHBIX CUCTEMAaX OTCYUETA.

2. JIMTeIbHOCTH COOBITHII B Pa3sHBLIX cHCTeMax oTcuyera. ITycTh B HEKOTOPOH TOUYKe (C KOOPAMHATON X),
MOKOAIICHCS OTHOCHUTENBHO CUCTeMbl K, TNPOUCXOAUT COOBITHE, UIMTEIBHOCTH KOTOPOTO (Pa3sHOCTb
MOKa3aHU{ 4acoB B KOHILIE U Hayane coObIiTusl) 7 = tp — ty, TIe uHAEKChl | ¥ 2 COOTBETCTBYIOT Hayaly U
KOHITY COOBITHA. J{TUTETBHOCTH 3TOTO ke COOBITHS B cucteme K’

v=1,-1, (37.1)
pUYEeM Havaly M KOHILYy COOBITHS, coriacHo (36.3), COOTBETCTBYIOT

;- L —uvx/c? . b= vx/c?
S Vi-E T S (37.2)
[Moacrasnss (37.2) B (37.1), monyyaem

T =(n - )1 =B,
v = T/-\/l - ﬂz. (373)

N3 cootnomenus (37.3) BbITEKaET, 4TO 7<7', T. €. OIUMENbHOCHb COObIMUS, NPOUCX00SAULE20 8 HEKOMOPOl
moyKe, HAUMEHbUA 8 MOU UHEPYUATbHOU Cucmeme Omcuemda, OMHOCUMENIbHO KOMOPOU 3ma mouKa
HenoosudIcHAa. ITOT PE3yJIbTaT MOXKET OBITH €IIe UCTOJIKOBAH CISAYIONIMM 00pa3oM: HHTEpPBAlI BpEMEHH 7,
OTCUMTAHHBIA MO 4yacaM B cucteMe K', ¢ Touku 3peHus Habmomarens B cucteMe K, MpOAOHKHUTEIbHEE
UHTEpBaJla 7, OTCUMTAHHOro 1Mo ero uyacam. CleqoBaTEeNbHO, UYaACbl, OBUNCYWUECS OMHOCUMENbHO
UHepYUATbHOU cucmeMbl omcdema, uoym meodleHHee NOKOSUWUXCS 4acog, T. €. XOJl YaCOB 3aMeJUIsIeTCs B
CHUCTEME OTCYETa, OTHOCUTEIBbHO KOTOPOM 4Yachl ABHKYTCS. Ha OCHOBAHMM OTHOCHUTEIBHOCTH TOHSATHI
«HETIOJIBIKHAS) U «IBIKYIASCS» CUCTEMBI COOTHOIIEHUs st 7 U 7 obpatumsl. U3 (37.3) cnenyer, 4to
3aMeUICHHE XOJa 4YacOB CTAHOBUTCS 3aMETHBIM JIMIIb TP CKOPOCTSX, OJNU3KHX K CKOPOCTH
pacmpocTpaHEeHHs CBETa B BaKyyMe.

B cBsa3u ¢ oOHapyKeHHEM pENITUBUCTCKOTO 3 (deKkTa 3aMeIeHUs XOJa YacoB B CBOE BpEMs BO3HHKIIA
npobiieMa «mapajokca 4acoB» (MHOT/Ia paccMaTpUBAeTCsl KaK «IapajiokCc ONM3HENOB»), BbI3BaBIIAs
MHOTOYHCJICHHBIE TUCKyccuH. [IpeacraBum cebe, 9TO OCymIecTBiIsSeTcs (PAHTACTUYCCKHH KOCMHYCCKHIA
MOJIET K 3Be3/e, Haxofsmmecs Ha paccTostHUE 500 CBETOBBIX JIET (pacCTOsiHKE, HAa KOTOPOE CBET OT 3BE3/bI

U1

710 3emmu 10xomuT 3a 500 7eT), co CKOpOCThIo, 6IM3KOi K cKopocTH cieta (4/1— £ =0,001). TTo 3eMHBIM

gacaM IOJIET OO0 3BC3AbI H O6paTHO IpOAJIUTCA 1000 JICT, B TO BpEM:A KaK I CUCTCEMBbI K0p8.6.]'[$[ )51
KOCMOHABTa B HEM TAKOC€ K€ MIYTCIICCTBUC 3aiiMeT Bcero 1 roa. Takum o6pa30M, KOCMOHABT BO3BPATUTCHA

Ha 3emmio B 1/4/1— 3% pa3 Goiee MONOBIM, UeM ero GpaT-6Im3Hel, OcTaBIIMiicsS Ha 3eMie. DTo sBICHNE,

MOJIyYMBIIEE HA3BaHUE MapaJoKca 0JM3HeNo0B, B ACHCTBUTEILHOCTH Napagokca Ht coaepkuTt. [eno B Tom,
YTO TPUHIUIN OTHOCUTEIHLHOCTH YTBEPXKJIAET PABHOMPABHOCTh HE BCSIKHX CHCTEM OTCUETa, a TOJBKO
WHEPIHUATbHBIX. HempaBUIIBHOCTh PacCyXkICHUS COCTOMT B TOM, YTO CHCTEMBI OTCUE€Ta, CBS3aHHBIE C
ONM3HENaMy, HE DKBUBAJCHTHBI: 3€MHAas CHCTeMa HWHEpIHalIbHA, a KopaOelnpbHas — HEWHEPIHAJIbHA,
MO3TOMY K HUM IPHUHIIUAI OTHOCUTENEHOCTH HEMTPUMEHUM.

PenstuBuctckuii 3ddext 3amensieHus xXoaa YacoB SIBISETCS COBEPIICHHO PEATbHBIM H  MOTYYHIT
AKCIIEPUMEHTATLHOE MOATBEPKACHUE MPU U3YUYCHUU HECTAOWIBHBIX, CAMOIPOU3BOIBHO PacMalaloluXcs
AJIEMEHTAPHBIX YACTHI] B OMBITAaX C T-Me30HaMu. CpeiHee BpeMsl )KU3HH MOKOSIINXCs T-ME30HOB (IO yacam,
JBIDKYIIIUMCSI BMECTE C HUMH) T ~ 2,210 ¢. CrienoBaresbHO, T-ME30HSL, oOpazyromuecs B BEPXHUX CIIOSX
atMocdepsl (Ha BeicoTe ~30 KM) M IBIKYIIHECS CO CKOPOCThIO, OJU3KOM K CKOPOCTH ¢, TOJDKHBI ObUTH OBI
MPOXOJIUTh PACCTOSHUS ¢7T = 6,6 M, T. €. HE MOIJIH OBl JOCTUTATh 3€MHOI MOBEPXHOCTH, YTO MPOTHBOPEUUT
nercTBUTeNnbHOCTU. OOBACHACTCS ITO PENATUBUCTCKUM I (HEKTOM 3aMe UICHUS X0/1a BPEMEHHU: JUIsl 3 MHOT'O
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HaOMIONaTeNs CPOK JKM3HM m-Me3oHa 7 = 7 +/1— %, a myTs 3TuX wacTun B atmMochepe V7 = [T =

ped \J1- % . Tak kak S ~1, To VI'>>Cr.
3. lnuHa Te B Pa3sHBIX CHCTEMAX OTCYeTa. PacCMOTPUM CTEp)KeHb, PACIOJIOKCHHBIH BIONb OCH X' H
HOKOSIIHUICS OTHOCUTENBHO cucteMbl K'. J[nuna crepkus B cucteme K' Oyznet |y =X, — X[, rae X, U X, —

HE M3MEHsoLMecs co BpeMeHeM t' KOOpJMHAThl Hayala U KOHLA CTepKHs, a MHJeKC 0 MOoKa3bIBaeT, uTo B
cucreme orcuera K' crepxeHb nokoutcs. Onpenenum JUIMHY 3TOro CTEpKHs B cucteMe K, OTHOCHUTEIbHO
KOTOPOM OH JIBUXKETCS CO CKOPOCTHIO V. [l 3TOro He00X0JMMO U3MEPUTh KOOPAMHATHI €r0 KOHIIOB X1 U X2 B
cucreMe K 6 ooun u mom dce momenm gpemenu t. VIX pasHocts | = x — X1 ¥ onpenenser UIMHY CTEp)KHS B

cucteme K. Ucnonw3ys nmpeodpazoBanus Jlopernna (36.3), monyuum
, Xy — vt X — vt X, — X

ly=x) — x, = - = ,
RV N

bo = iN1-F. (37.4)

Taxkum 00pazom, AIMHA CTEPXKHS, U3MEPEHHAasi B CUCTEME, OTHOCUTEIIBHO KOTOPOIl OH JIBUXKETCS, OKa3bIBACTCS
MEHBIIE JJIUHBI, U3MEPEHHON B CHCTEME, OTHOCUTEIBHO KOTOPOH CTEpEeHb MOKOMTCS. Eciau crepikeHb
nokoutcs B cucreMe K, To, onpeaensis ero AnuHy B cucteMme K', OmsTh-Taku MPHUIEM K BbIpaKeHUIO (37.4).

W3 Belpaxkenus (37.4) cienyer, 4TO JUHEHHBIA pa3Mep Telna, ABMXKYLIETOCS OTHOCUTENbHO HHEPLMAIBHOU

CUCTCMbI OTCYCTA, YMCHLUIACTCA B HAIIPABJICHUU IBUXCHUSA B 1—ﬂ2 pa3, T. €. TaKk Ha3bIBaCMOC

JIOPEHIIEBO COKPAIlleHUEe JIMHBI mem Oobute, wem oabuie CKopocms osudicenusi. I3 BTOpOTo U TPEThero
ypaBHeHu# npeodpazoBanuii Jlopenua (36.3) cnexyer, 4yTo
YVi=W=Nn-—-n B Lh—zi=5-1z

T. €. nonepeunvie pazmepvbl Mmeild He 3a8UCAM Om CKOPOCMU €20 OBUICEHUs U OOUHAKOBbl 80 BCeX
UHepyuanibHulX cucmemax omcyema. Takum o06pazom, IuHeliHble pasmepvl meid HAudoIbUiue 6 Mol
UHEPpYUATbHOLU cucmeme omciema, OMHOCUMENbHO KOMOPOU meio NOKOUMCHL.

4. PeasiTHBHCTCKHII 3aKOH CJ10:KeHUsI ckopocTeil. PaccMoTpuM JBM>KeHHE MaTepuaibHOW TOYKU B CUCTEME
K', B cBOIO ouepenb NBMKYIIEHCS OTHOCHTENBHO CUCTEMBI K cO CKOpOCThiO V. OmpenenuM CKOPOCTh 3TOU
xe Touku B cucteMe K. Ecnu B cucreme K JBUKEHHE TOUYKU B KaXKJbli MOMEHT BpeMeHH U onpeznensiercs
KOOpJMHATAMH X, V, Z, a B cucteMe K' B MOMEHT BpeMeHnu t' — koopauHaTtamu x', ', Z', T0

dx dy dz ,od T, dy . d7

=an uy=a; uz=anux=-d~t—l, u’=-a-;-;, uxz.d—?

MIPEJICTaBISIOT COO0M COOTBETCTBEHHO MPOEKIIMU Ha OCH X, V, Z U X', J', z' BEKTOpa CKOPOCTH pacCMaTpuBaeMOi
Touku oTHocutenbHO cucteM K u K'. CornacHo npeoOpazoBanusm Jloperia (36.3),

dx' 4+ vdt’ dt’ + vdx'/c?
dx = ————, dy=dy’, dz=4dz', dt = —-—————/——
1-p 1 - p
[TpousBenst COOTBETCTBYIONINE MPEOOPA3OBAHKs, MOJNYYaEM PEIATHBUCTCKHI 32KOH CJIOKEHHsI CKOPOCTeid
CHETMAILHOW TEOPUH OTHOCUTEIILHOCTH

Uy

K'-K K-X'

u, +v u, = T
il 1 — vu,/c?
Al ., _w-F (37.5)
71 4+ v e 71— vuyfc?

‘ - A2
uy = i‘i__v‘f TP

+vu,fc T ond v

Ecnu MarepuanpHas TOUKa JBUKETCS MApPAJUIENbHO OCH X, TO CKOPOCTb ¥ OTHOCUTENBHO CUCTEMBI K COBIIAAAET
C Uy, @ CKOpOcTh #' oTHOCUTENFHO K’ — ¢ U, . Toraa 3akoH CIIOKEHUsI CKOPOCTEH TIPHMET BH
W+ u—v

“E1T vu'/c?’ W= 1 — vufc?
(37.6)
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Jlerko yO0eauThCs B TOM, YTO €CJIM CKOPOCTH V, #' M u MaJlbl 10 CPABHEHHUIO CO CKOPOCTHIO €, TO (POPMYIIBI

(37.5) u (37.6) mepexoasaT B 3aKOH CIIOKEHHS CKOPOCTEH B Kilaccuueckoi mexaHuke (cm. (34.4)). Takum
00pa3oM, 3aKOHBI PEISITUBHCTCKONW MEXaHUKHU B MPEACILHOM CIIydae JUIsl MaIbIX CKOPOCTeH (TI0 cpaBHEHUIO
CO CKOPOCTBIO PAaCIPOCTPAHECHUS CBETa B BaKyyMe) MEPEXOIAT B 3aKOHBI KIACCHYECKOW (PU3HMKH, KOTOpas,
CJICAOBATCIIbHO, ABJIACTCA YaCTHBIM CJIy4YacM MCXaHUKHU OHHIITEHHA JJ11 MaJIbIX CKOpOCTCﬁ.

PensTUBUCTCKUN 3aKOH CJIOKEHHSI CKOPOCTEW MOJYUHSAETCS BTOPOMY MOCTynaTy OWHInTeHHa (cM. § 35).

c+v

1+cvfc
YTO IIPH U = ¢ CKOPOCTh U' TaK)Ke paBHA C). ITOT PE3yIbTaT CBHACTEILCTBYET O TOM, YTO PEIATUBUCTCKUM
3aKOH CJIOKEHUSI CKOPOCTEH HAXOAUTCS B COTJIACUM C MOCTYyJaTaMu DUHINITEIHA.

JleiictButensHO, ecnu U' = C, To popmyna (37.6) mpumer Buj #= =c¢ (aHAJOTUYHO MOXHO IOKa3aTh,

HOKa)KeM TAaKXEC, YTO CCJIM CKJIAaAbIBACMBIC CKOPOCTHU CKOJIb YIOJHO ONM3KU K CKOpOCTH ¢, TO HX

pe3yabTHPYIONIAsi CKOPOCTh BCET/la MEHbIIE MM paBHA c¢. B KauecTBe mpuMepa pacCMOTPUM IPEIEITbHBIN
ciydaii U' = V = ¢. [locne moacranoBku B hopmyiy (37.6) monydnm u = c¢. Takum 006pa3om, IpH CIIOKEHUN
JHOOBIX CKOPOCTEW pe3yiabTaT HEe MOXKET NMPEBBICUTh CKOPOCTH CBeTa ¢ B Bakyyme. Ckopocmb ceéema 6
8aKyyme ecmv HpeoeibHAsi CKOPOCHb, KOTOPYIO HEBO3MOXKHO IMpPEBBICHTh. CKOPOCTh CBETa B KaKOW-THOO
cpene, paBHas c¢/n (N — aOCOJIOTHBIA MOKa3aTedb MPEIOMIICHHS CpPEbl), MPEACIbHON BEIMYUHON HE
sBisieTcs (moapoOuee cM. § 189).

§ 38. UnTepBaa Mmexkay coOOBITUAMU

Hp606paBOBaHI/I5{ HopeHua U CICACTBUA U3 HHUX IIPUBOAAT K BbIBOAY 00 OTHOCHTEIILHOCTH JJIMH H

MIPOMEKYTKOB BPEMEHM, 3HAYEHUE KOTOPBIX B PA3JIMYHBIX CHCTEMAax OTcYeTa pa3Hoc. B To ke Bpems
OTHOCUTEJIbHBIN  XapakTep JUIMH M HPOMEXKYTKOB BPEMEHM B TEOPUM OWHINTEHHA O3HAYaET
OTHOCHUTEIILHOCTh OT/ICIbHBIX KOMIIOHCHTOB KaKOW-TO pealbHON (PU3NICCKON BEITMYMHBI, HE 3aBUCSIIEH OT
CHUCTEMBI OTCYETa, T. €. SABIAIOIICHCS UHBAPUAHMHOU TIO OTHOIICHHIO K MpPeoOpa3oBaHUsSIM KoopauHat. B
YETBIPEXMEPHOM TMPOCTPAHCTBE DUHIITEIHA, B KOTOPOM KaXKI0€ COOBITHE XapaKTEPHU3YETCs YETHIPhMS
KOOpIUHATaMu (X, y, Z, t), Takoil pusndeckoil BETUUUHOMN SBISIETCS HHTEPBAJ MEXTY ABYMSI COOBITHSIMHU:

sz = V& (=0 —(—x) - 01—y —(@—z), (38.1)

2 2 2
rae v 2=x1)*+@2=y)* +(z2—2)*=h2 — paccrosHue Mexk 1y TOUKAMH TPEXMEPHOTO MPOCTPAHCTBA, B KOTOPHIX

9TU coOBITHS TTpou3oNLTU. BBens obo3Hauenue typ = tp — tg, momyunm

Si2 = /Eth—1%

HOKa)KeM, 4YTO HUHTEpBATI MCKAY ABYM COOBITUSIMHA OIMHAKOB BO BCCX HMHCPUHAIBHBIX CUCTEMAax OTCYUECTA.

O603HauuB At =ty — t1, AX = Xo— X1, Ay = Yo — Y1 U AZ = Zp— 73, BeIpaxkenue (38.1) MOXKHO 3amucarh B BUIE
st = (AN —(Ax)* - (Ay)* — (A7)

©® Kako# BbiBOA O NPOCTPAHCTBE W BpeMeHW MOX- @ pn Kakoll CKOPOCTH ABNMXKEHWA PeNATHBNCTC-

HO CenaTsL Ha ocHoBe npecBpasosanui flopen- KO@ COKpalWeHne ANWHbLI ABUXYWErocA Tena
ya? cocTasmut 25%7?
@ OpHoBpeMmentbl nit CobuiTia B cucteme K, ecni @ B 4eM COCTONT «Napagoxc GnnaHeuoB» # KaK
B cCucTeme K OHM NPOMCXOOAT B OQHOR TOYKe ©ro paspeilunTb?
W OQHOBPOMOHHLI? B CUCTBM® K COOLITUA pa3ct- @ B yem 3aKNIONAETCA PenATUBMCTCKMA 3aKOH
WeHLl, HO oaHoapemeHHb? O6OCHOBATL OTBeT. CNOXeHNA cxopocTeid? Kak nokasarth, 4TO OH
@ Kakne CnefcTBuA BbLITEKAIOT M3 CneunanuHom HaXOAUTCA B cornacum ¢ nocrynaramm JHHW-
TEOPUN OTHOCHTENBLHOCTH ANA Pa3sMepos Ten TeAHa?

¥ ANUTEeNbLHOCTH COBLITNIA 8 PA3HLIX cHCTeMax
orcuera? O6ocHOBaTL OTBeT.

WuTepBan Mex1y TeMu ke cOObITHSIMU B cucteMe K' paBeH

(s19* = 2 (Ar)*—(Ax)* - (Ay)* —(AZ). (38.2)
Cormacno mpeoOpazoBanusim Jlopenta (36.3),
papr DX Ay = Az pp o Ar—vAxc?

1-p° V1§

IToncraBuB 3t 3HaueHuss B (38.2), mocie dJIeMEHTapHBIX MpeoOpa3oBaHUN  MOJYYHUM, UTO

(1 =* (A~ (Ax)* - (Ay)*—(A2)%, 7. €.

G =s fz-
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O0600m1ast moy4eHHbIE Pe3yIbTaThl, MOKHO CIEJIaTh BBIBOJ, YTO WHTEPBA, ONMpEAEsis MPOCTPAHCTBEHHO-
BPEMEHHbIE COOTHOILIEHUS MEXAYy COOBITUSMHM, SBISETCS HWHBAPHAHTOM IMIPH Tepexoje OT OAHOMU
MHEpLMAIBbHOW CUCTEMBI OTcueTa K JApyroi. MHBapMaHTHOCTh MHTEpBaja O3HAYaeT, YTO, HECMOTPS Ha
OTHOCHUTENILHOCTh JIJIMH M MPOMEXYTKOB BPEMEHH, Te€UEHHE COOBITUN HOCUT OOBEKTHBHBIA XapakTep U He
3aBUCHUT OT CUCTEMBI OTCUETA.

Teopust OTHOCUTEIBHOCTH, TaKHMM 00pa3oM, cPopMyaupoBaia HOBOE IPEACTABICHUE O MPOCTPAHCTBE U
BpeMeHH. [IpocTpaHCTBEHHO-BPEMEHHBIE OTHOILEHUS SIBISAIOTCA HE aOCONIOTHBIMU BEIMYMHAMU, Kak
yTBepKaana mexaHuka [amunes — HproToHa, a oTHocuTenbHbIMU. ClieZJOBaTeIbHO, MPEACTABICHUS 00
aOCOJIOTHOM TPOCTPAHCTBE W BPEMEHH SIBISIOTCS HECOCTOSATENbHBIMU. Kpome TOro, MHBapMaHTHOCTb
WHTEpBaJla MEXKAY JABYMS COOBITUSMU CBUAETEIHCTBYET O TOM, YTO IPOCTPAHCTBO U BPEeMs OpPraHHYECKU
CBsI3aHBl MEXIy c000i M 00pa3yloT eauHyr0 (GOpMYy CYIIECTBOBAHHMS MAaTepUU — IPOCTPAHCTBO-BPEMS.
[IpocTpaHCTBO 1 BpeMs HE CYIIECTBYIOT BHE MaT€PUU U HE3aBUCUMO OT Hee.

JlanpHeliee pa3BUTHE TEOPUM OTHOCUTENBHOCTH (00IIasi TeOpUsi OTHOCHTEJBHOCTH, WIM TeOpHs
TATOTEHHUs]) TI0Ka3ajo, YTO CBOMCTBA MPOCTPAHCTBA-BPEMEHU B JaHHOW OO0JAacTH ONpeAeNsoTCs
JNEHCTBYIOIMMU B HEM noisMu TaroreHus. [Ipum mnepexoje K KOCMMUYECKMM MacliTabaM TIeoMeTpus
MIPOCTPAHCTBA-BPEMEHH HE SIBJISIETCS €BKJIMI0BOM (T. €. HE 3aBHUCAILEH OT pa3MepoB 00J1acTH NMPOCTPAHCTBA-
BPEMEHM), a MU3MEHSAETCS OT OAHOM 00JIaCTHM K APYroil B 3aBUCHMOCTH OT KOHILIEHTpPAIMM Macc B 3THUX
00J1acTIX U UX ABM)KCHUS.

§ 39. OcHOBHOI1 3aKOH PeJSITHBUCTCKONH TUHAMMKH MATEPUAIBLHON TOUYKH
Macca ABIKYIIMXCS peisimusUCmcKuX YacTHI] 3aBUCUT OT UX CKOPOCTH:

my
m= 2,32
vi-vie (39.1)
rame My — Macca IMOKOSA 4YacTullbl, T. €. Macca, HN3MCPCHHAA B TOU I/IHepHHaJIBHOﬁ CHUCTEME OTCUCTAa,

OTHOCHUTCJIIBHO KOTOpOﬁ JacTHULla HAXOAUTCS B IIOKOC; ¢ — CKOPOCTb CBE€TA B BAKYYMEC; 7 — MacCCa YaCTULIbL
B CUCTEMCEC OTCUECTA, OTHOCUTCIIBHO KOTOpOfI OHA ABMIXKCTCS CO CKOPOCTBIO V. CHGI{OBaTeJH)HO, Macca OJHOH H
TOM K€ YaCTHUIIbI pasiindHa B pa3HbIX HHCPUUAJIbHBIX CUCTEMAX OTCUCTA.

@ Kak onpegiennetcs wHrepsan Mexay cobbith- @ Kaxkoid Buj nmeeT OCHOBHOA 38KOH penAaTh-

AamMn? flokasatb, 4TO OH ABNAGTCA WHBapWan- BACTCKO# gWHAMMKM? Yem OH oTnuuvaeTca oF
TOM NpK nNepexone OTf OAHOR MHepuManbHON OCHOBHOFO 38KOH& HbIOTOHOBCKOHA MexaHukn?
cucTeMbl oTcHeTa K Qpyrod. @ B yem saxmoyaeTcs 3aKOH COXpaHeHus pena-

THBNCTCKOrO MMNynbca?

N3 mpuninuna oTHOCHUTENBHOCTH DWHIITEHHA (cM. § 35), yTBEp)KIAIONIEro MHBAPHAHTHOCTH BCEX 3aKOHOB
IPUPOABI TPU INEPEXOJe OT OJHOM MHEPIHMAIBHOM CHCTEMBl OTCUETa K JAPYroM, CIENYEeT YCIOBHE
WHBAapUAHTHOCTH YpaBHEHHH (U3NYECKUX 3aKOHOB OTHOCUTENbHO NpeoOpa3zoBaHuil Jlopenua. OcHOBHOM
3aKOH JuHaMuKu HproToHa

dp d

“a " a™

OKa3bIBACTCS TAaK)Ke MHBAPUAHTHBIM IO OTHOIICHHUIO K MpeoOpa3zoBanusM JIopeHiia, eciau B HEM CIipaBa CTOUT
MPOU3BOHAS [10 BPEMEHU OM PeNimUGUCCKO20 UMNYIbCA.
OCHOBHOM 3aKOH PeJSTUBUCTCKON TMHAMUKHM MAaTEPUAIBHON TOUYKU UMEET BUJ]

o 3‘1’(71—%; v)’ (39.2)

Nnin
F-2
dt (39.3)
rac
mgv

p=mv=

V1-=vc? (39.4)

— PeJSTUBHCTCKHIl MMIYJIbC MaTEPUAIBHON TOUKH.

OtmetuMm, uTo ypaBHeHue (39.3) BHelIHE COBMAlaeT C OCHOBHBIM YpaBHEHHEM HbIOTOHOBCKOM MeXaHUKHU (6.7).
OnHako (U3MYECKUH CMBICT €ro JAPYroi: ClipaBa CTOMT NMPOU3BOAHASI MO BPEMEHU OM PerimusuUcmcKo2o
umnynvca, onpenensemoro (opmynoit (39.4). Takum o6pazom, ypaBHeHue (39.2) WHBapHAHTHO IO
OTHOIIEHMIO K IpeoOpa3oBaHusaM JlopeHIa u, cl1e10BaTeIbHO, YAOBIETBOPSET IPUHIUITY OTHOCUTEIEHOCTH
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DiinmTeitHa. CrneayeT yYuThIBaTh, YTO HA UMITYIILC, HU CHJIA HE SIBISIOTCS WHBAPUAHTHBIMU BETHUYNHAMMU.
Bonee Toro, B 00111eM citydae ycKOpeHUE HE COBMAAAET MO HAMPABJICHUIO C CUIIOH.

B cuny oonopoonocmu npocmpancmea (cm. § 9) B PENATUBUCTCKON MEXaHUKE BBIMONHIECTCS 3aKOH
COXpaHeHMs PeJATHBHCTCKOI0 MMITYJIbCA: PENIITUBUCTCKUNA UMITYJIbC 3aMKHYTOM CHUCTEMBI COXpaHseTcs,
T. €. He HU3MEHseTcs C TeYeHHWeM BpeMeHH. YacTo BooOIIEe HE OroBapuBaIOT, YTO PACCMATPUBAIOT
PENATUBUCTCKUM HMMITYJIbC, TaK KaK €CJIM Teja JABMXKYTCS CO CKOpPOCTSIMH, OJIM3KMUMU K ¢, TO MOKHO
MCIOJIB30BATh TOJBKO PEISITUBUCTCKOE BHIPAXKEHUE JUISI UMITYJIbCA.

Ananmuz popmyn (39.1), (39.4) u (39.2) mokas3sIBaeT, YTO MPH CKOPOCTSAX, 3HAYUTEILHO MEHBIIIMX CKOPOCTH C,
ypaBHeHue (39.2) mepexoauT B OCHOBHOM 3akoH (cM. (6.5)) knaccuueckod mexaHuku. CreaoBaTesbHO,
YCIIOBUEM IMPUMEHHUMOCTH 3aKOHOB KJIACCUYECKOW (HbIOTOHOBCKOM) MEXaHHMKH SIBIISIETCS ycioBUe V<<C.
3aKOHBI KJIACCUYECKON MEXaHUKU TOJTYYal0TCsl KaK CIEJACTBUE TEOPHUH OTHOCHUTEIBHOCTHU JUISl MPEACTBHOTO
ciydas V<<C (dhopMaibHO Mepexo] OCYIIECTBIAETCS MPU c—>»0). TakuM 00pa3oM, Kraccuueckas Mexanuxka
— MO MEeXaHUKa MaKpomel, O8UNCYUWUXCA C MANbIMU ckopocmamu (TI0 CPAaBHEHUIO CO CKOPOCTHIO CBETA B
BaKyyMe).

DKCrepuMEHTAIbHOE J0Ka3aTeNbCTBO 3aBUCHMOCTH Macchl OT cKOpocTH (39.1) sBisieTcss moaTBep:KIeHUEM
CTIPaBEAJIMBOCTH CIIELUAIBHON TEOPUH OTHOCUTENbHOCTH. B nanpuelimem (cM. § 116) Oyner nmokaszaHo, 4To
Ha OCHOBAHHUH 3TOM 3aBUCUMOCTHU IIPOU3BOISATCS pacueThl YCKOpUTETICH.

§ 40. 3axkoH B3aMMOCBSI3M MacChl U JHePIruu

HaiineM KHHETHYECKYIO SHEPTHIO PEISITUBUCTCKON yacTullbl. Panbiie (§ 12) Obu10 moka3zaHo, 4ToO MpUpalieHue
KHMHETUYECKOW PHEPrMM MaTepHAIbHOM TOUKHM Ha DJIEMEHTapHOM MEpEeMEIleHWH paBHO paboTe CHUIbl Ha
3TOM NEPEMELICHUU:

dT = d4 wm dT = Fdr. (40.1)

VYuauteiBas, uto dr = Vv dt, u moacrasus B (40.1) Beipaxenue (39.2), monydaem

d myy ) < mgy )
dT = — | ———=)Vvdt = vd | ——— .
dr (\/1 — v¥/c? Y ' 1 — v¥c?

[TpeoOpa3oBaB JaHHOE BBIpAKEHHE C y4eTOM TOro, 4to VAV = vdv, u dpopmysisl (39.1), mpumeM K BEIPOKEHUIO

mec? )
dT = d | ————— |=c*dm,
(‘/1 — v¥c?

T. €. IpHUPALICHUC KAHETHYICCKOU OHCPTHUH YaCTHULBI TPOIIOPIHUOHAIIBHO IMMPUPAINCHHUIO €€ MACCHI.

Tak kak KMHeETHYeCKas SHEprus MOKOSIIEHCs YacTHIbI paBHA HYJIO, a €€ Macca paBHa Macce IOKos Mo, To,
npouHTerpuposas (40.2), noayuum

(40.2)

T = (m - mo)c’, (403)

HJIM KUHETUYCCKasd SOHEPIruAd peHﬂTHBHCTCKOﬁ JaCTUIIbl UMECT BU

T = <——\/1—lv’/c’_l)' (40.4)

Boipakenue (40.4) npu cKOPOCTSX V«C MEPEXOIUT B KIACCUYECKOE:
T = mpw?/2
o2 ‘

(pasnaras B pan (1—v?c?) =1 _,% Stgate npu V<<C, MpaBOMEpHO MpeHeOpeub YIeHaMU BTOPOro MopsiiKa

MaJIOCTH).

A. DiHmTelH o0000mmn nonoxenue (40.2), TPeANoNoXKMUB, UYTO OHO CIHPAaBEJIMBO HE TOJBKO JUIA
KMHETUYECKOM SHEPruM YacTHIIbl, HO M JJIs MOJHOM >HEpruH, a UMEHHO JII000€ M3MEHEHHE Macchl AM
COIPOBOXAAETCS U3MEHEHNEM TIOJTHOW SHEPTUH YaCTHIIbI,

AE = & Am. (40.5)

Otcroga A. DUHIITEHH MpHILe] K YHUBEPCAIbHON 3aBUCUMOCTH MEX/1y TMOJHOW sHeprueil Tena £ u ero macco
m:

moc?

1—v?/c? (40.6)

VYpasuenue (40.6), paBHo kak u (40.5), BepakaeT pyHOameHmanbhvili 3aKOH NpUpoobl — 3aKOH B3aUMOCBSI3H
(MPONMOPUMOHAILHOCTH) MACChI M JHEPIHM: TI0JHAs YHEPIHsI CUCTEMBI paBHA IIPOU3BEACHUIO €€ MAcChl Ha
KBaJIpaT CKOPOCTH cBeTa B Bakyyme. OTMETHM, YTO B MOJIHYKO SHEpruio F He BXOAMT MOTEHIHAJIbHAS
SHEPrus Tella BO BHEIIHEM CHIJIOBOM IIOJIE.

E=me =
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3axoH (40.6) MmoxHO, yunThIBas BelpakeHue (40.3), 3anucarb B BUJE
E=myc*+T,

@ Kak BbIpaxaeTca KMHeTMMecKan 3Heprva 8 pe- @ ChopMmynupyiite ¥ 3anUILIKTE 38KOH B3aNMO-
NATUBHCTCKOA MexaHuke? [pu xakom ycnoeuu CBR3W MACCH M aHeprun. B wem ero puanyec-
pensTMBucTcKan Gopmyna Ana KMHETUYEeCKOR Kas cywHocTb? NpuBeanTe NpuMepbl ero ake-
JHOPrUM NEpexoauT B KNaccu4eckyio opmyny? NepuMeHTanbLHOro NoATBepIKACHNA.

OTKyJIa CIIeAyeT, uTo mokosieecs Teno (T=0) Takxe obnagaet sHeprucit
Ey=moc?,

Ha3bIBACMOU IHEPruer Mokosi. B Ki1acCcM4ecKol MEXaHUKe SHEprus MOoKos Ey HE YYUTHIBACTCS, CUMTAsL, YTO
nipu V=0 3Heprus MoKosIIerocs Teiaa paBHa HyJIo.

B cuny oonopoonocmu epemernu (cM. § 13) B peATUBUCTCKON MEXaHUKE, KaK U B KIIACCUYECKOM, BBITIOTHICTCS
3aKOH COXpPAHeHMs YHEPIruu: TOJHAs SHEPrusl 3aMKHYTOM CHUCTEMbI COXpaHSETCs, T. €. He U3MEHSETCS C
TEYEHHEM BPEMEHHU.

N3 dopmyn (40.6) u (39.4) Halinem peNITUBUCTCKOE COOTHOIICHUE MEXTY IOJIHON JSHEPTrUed U MMITYIIbCOM
YaCTHULIBL:

E = m*c* = m¥k* + p*c®, E = /mic* + p*c (40.7)
BosBpamasice k ypaBHeHuto (40.6), OTMETUM e€Ile pa3, YTO OHO HMEET YHugepcaivHuvlll xapakmep. OHO
MPUMEHUMO KO BoeM (hopMaM SHEPTHH, T. €. MOXKHO YTBEP)KIaTh, YTO C SHEPTUCH, KaKOH ObI ()OPMBI OHA HH
ObliIa, CBsI3aHA Macca

m=E|c* (40.8)

1, Ha000POT, CO BCAKOU Maccoil cBsazana 3Heprus (40.6).

UroObl OXapaKTepu30BaTh MPOYHOCTh CBSI3M M YCTOMUMBOCTH CHCTEMbI KaKUX-THOO 4YacTHIl (HampuMmep,
ATOMHOTO SiIpa KaK CHUCTEMBI U3 MMPOTOHOB U HEUTPOHOB), BBOJAT MOHATHE SHEPTUU CBSI3U. JHEPrUs CBSI3HU
cUcTeMbI paBHa paboTe, KOTOPYIO HEOOXOIUMO 3aTPaTUTh, UTOOBI Pa3NIOKUTh ATy CUCTEMY Ha COCTAaBHBIE
4acTH (Hampumep, aTOMHOE SI/IpO — Ha MPOTOHBI U HEUTPOHBI). DHEPTHUs CBSI3U CUCTEMBI

"
E, = Zmo,cz — My,
i=1 (40.9)

r1ie My — Macca MOKOs I-if YacTHUIIBI B CBOOOTHOM COCTOSTHHH; My — Macca MOKOsi CHCTEMBI, COCTOSIIECH U3 7
YacTHII.

3aK0H B3aMMOCBSI3H (MPOMOPIMOHAIBHOCTH) MAacChl M DHEPTUM OJIECTSIIE MOATBEPKACH DKCIEPUMEHTOM O
BBIJICJICHUH DHEPTUM TPU TPOTEKAHWU SAEPHBIX peakiuid. OH IIMPOKO HCIONB3YeTCs HJisi pacuera
SHEPreTHYecKUX dPPEKTOB MPH SACPHBIX PEAKIHIX U MPEBPAIICHUSIX JIEMEHTAPHBIX YaCTHII.

PaccmarpuBasi BBIBO/IBI CIIEIMANIBHON TEOPUM OTHOCHTEIBHOCTH, BUJIMM, YTO OHA, KaK, BIPOYEM, U JHOOBIC
KpPYIHBIE OTKPBITHUSA, MOTpedOBaja MEepecMOTpa MHOTHX YCTAaHOBUBIIUXCS M CTaBUIMX MPHUBBIYHBIMU
npeacTaBieHuid. Macca Tejia He 0CTaeTCsl MOCTOSHHOM BEJIMYMHOM, a 3aBUCUT OT CKOPOCTH TEJa; JJIMHA TEJ
U IIUTENBHOCTh COOBITHI HE SBISAIOTCS aOCOTIOTHBIMU BEIMYMHAMH, @ HOCAT OTHOCHUTEIBHBIA XapakTep;
HaKOHEIl, Macca M DHEPTUs OKa3aJHCh CBA3AaHHBIMH JIPYT C JIPYrOM, XOTS OHM M SBIISIIOTCS KaueCTBEHHO
pa3IMYHBIMU CBOMCTBAMU MAaTEPUHU.

OCHOBHOU BBIBOJI TEOPUH OTHOCHUTEIBHOCTH CBOJUTCS K TOMY, YTO TMPOCTPAHCTBO U BPEMsI OPTaHUUYECKH
B3aMMOCBSI3aHbl M 00pa3yloT €IUHYI0 (OpPMY CYIIECTBOBAHUS MAaT€PUU — MPOCTPAHCTBO-BpeMs. TONbKO
MMOATOMY MPOCTPAHCTBEHHO-BPEMEHHOW MHTEPBAJ MEXIY JBYMS COOBITHSIMU SIBISIETCSI AOCOTIOTHBIM, B TO
BpeMsl KaK MPOCTPAHCTBEHHBIE W BPEMEHHBI2€ MPOMEKYTKH MEXKIY 3TUMHU COOBITUSMU OTHOCHTEIHHBI.
CrnenoBatenbHO, BBITEKAIONIME U3 TpeoOpazoBaHuii JlopeHIa CleACTBUS SBISIOTCS BBIPAKEHHUEM
00BEKTHUBHO CYIIECTBYIOIIUX MPOCTPAHCTBEHHO-BPEMEHHBI2X COOTHOIICHHUH JIBIKYIIIEHCS MaTEpPHH.

3apaun

7.1. OnpenenuTh COOCTBEHHYIO NJIWUHY CTEPKHS (IIMHY, M3MEPEHHYIO B CHCTEME, OTHOCHUTEIBHO KOTOPOM
CTepKEHb TMOKOUTCS), €CIH B JTAaOOpPaTOpHOW CUCTeMe (CHCTeMe OTCYeTa, CBA3aHHOW C M3MEPUTETHHBIMU
npubopammu) ero ckopocts V= 0,8 ¢, ;nuHa | = 1 M 1 yros Mexay HUM U HampaBJIeHHEM ABHKeHus 6= 30°.

2
lo=1 (1—';--2 sin? 9) (1-v2/c?)=1,53 w)

7.2. CoOCTBEHHOE BpeMSI JKM3HM 4acTHILI oTiimdaerca Ha 1,5% OT BpeMeHHU XU3HU 110 HEIOIBIHKHBIM dacaM.
b

Onpenenuts £ = Vl/c. [0,172]
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7.3. Teno, Macca MOKOst KOTOPOTo 2 KT, ABMXKETCs co ckopocThio 200 Mwm/c B cucteme K', mepemermaromieiics
OTHOCUTENBHO cHucTeMbl K co ckopocthio 200 Mwm/c. Ompenenutb: 1) CKOpOCTh Tella OTHOCHTEIHHO
cuctemsl K;; 2) ero maccy B 3Toit cucteme. [1) 277 Mm/c; 2) 5,2 xr]

7.4. Bocnonb30BaBUINCH T€M, YTO UHTEpPBal — WHBAapUAHTHAs BEJIMYMHA [0 OTHOUICHUIO K IPE0Opa30BaHUSIM
KOOpJMHAT, ONPEAEIUTh PACCTOSIHUE, KOTOPOE IPOJIETEN T-ME30H C MOMEHTA POXKIAECHMSI 10 pacnana, eciiu
BpEMSI €r0 )KH3HU B 3TOM cUcTeMe oTcuera At = 5 MKC, a COOCTBEHHOE BpeMsl KHU3HU (BpeMsi, OTCUUTAHHOE
110 YacaMm, JBHKYIIUMCS BMecTe ¢ TesioM) Aty =2,2 mkc. [1,35 kMm]

7.5. Onpenenutsb CKOPOCTh, MPU KOTOPOH PEISTUBUCTCKUNA MUMITYJIC YACTHUIIBI MPEBBIIIAECT €€ HbIOTOHOBCKHUIA
UMIYJbC B TSTh pa3. [0,98 c]

7.6. OnpenenuTh CKOPOCTh, MOIYYCHHYIO 3JIEKTPOHOM, €CIIM OH MPOILE] YCKOPSIOUIYI0 pa3HOCTh OTEHIIUAJIOB
1,2 MaB. [2,86 Mwm/c]

7.77. OnpenenuTs peaITUBUCTCKUNA UMITYJIBC SJIEKTPOHA, KMHETHYECKask dHeprusi kotoporo 1 I1B. [5,34-10719
H-c]

2 OCHOBBI MOJIEKYJISAPHOW ®U3UKU U TEPMOJIUHAMUKHA

I'naBa 8 MoJiekyJISpHO-KMHETHYECKAS TEOPUS U/1eaIbHBIX ra30B

§ 41. CraTucTyecKuii 1 TePMOAUHAMMYECKUH MeTobl. ONBbITHbIE 3aKOHBI H/1€AJILHOIO0 Ir'a3a

CratucTuyeckuii W TepMOAMHAMMYECKHMH MeTOAbl HccaeloBaHMsA. MonekyniapHas ¢u3nka u
TEPMOJMHAMHUKA — pa3/ieiabl (PU3MKHU, B KOTOPBIX H3Y4alOTCSI MAaKPOCKONMYeCKHe Mpouecchl B Telax,
CBSI3aHHBIE C OTPOMHBIM YHCJIOM COZIEPXKAIIMUXCS B TelaX aTroMOB M MoJIeKyN. [[nst uccienoBaHust 3THX
IIPOLIECCOB IIPUMEHSIOT JBa KAa4€CTBEHHO PA3JIMYHBIX M B3aWMHO JONOJHSIOMMUX APYr Apyra MeToja:
CTATHCTHYECKHIT (MOJIEKYJISPHO-KMHETHYECKNii) 1 TepMoanHamu4ueckuii. [IepBblil JIeKUT B OCHOBE
MOJIEKYJISIPHOM (PU3HKH, BTOPOH — TEPMOAMHAMHUKH.

Monekyasipaasi ¢pusuka — paszgen (QU3MKHM, H3ydarolluii CTPOEHHE U CBOMCTBAa BEIECTBA HCXOAS U3
MOJIEKYJIIPHO-KMHETUYECKUX IPEACTABICHUN, OCHOBBIBAIOIIMXCA HAa TOM, YTO BCE TeEJla COCTOST W3
MOJIEKYJI, HAXOJAIIMXCS B HEIPEPBIBHOM Xa0THYECKOM JABHKEHHUH.

Nnest 00 aTOMHOM CTPOCHHMH BEIIECTBA BBICKA3aHa JpeBHETpedeckuM ¢unocopom Jlemokpurom (460—370 mo
H. 3.). ATOMHCTHKa BO3poxaaeTcs BHOBb juiib B XVII B. u pazBuBaercs B padorax M. B. JlomoHocOBa,
B3TJISbl KOTOPOTO Ha CTPOEHUE BELIECTBA M TEIUIOBbIE SIBJIEHMsI ObUIM OJM3KH K cOBpeMeHHbIM. CTporoe
pa3BUTHE MOJIEKYIIPHON TeOpUH OTHOCUTCS K cepeanHe XIX B. u cBA3aHO ¢ paboTaMu HEMENKOro (pu3MKa
P. Knay3uyca (1822—1888), /I)x. Makcemna u JI. bonbumana.

ITporecchl, n3yyaemble MOJEKYISPHOW (PU3MKOH, SIBIAIOTCSA PE3yNbTaTOM COBOKYIHOTO JI€HCTBHS OTPOMHOIO
yyciia MOJIEKYJI. 3aKOHbl IOBEACHHUS OrPOMHOIO 4YHCJIAa MOJIEKYJd, SBJASCh CTATUCTHUYECKUMU
3aKOHOMEPHOCTSMH, U3YYaIOTCS C IOMOIIBIO CTATHCTHYECKOI0 MeTo4a. JDTOT METOJ] OCHOBAaH HA TOM, YTO
CBOMCTBA MAaKpOCKOIIMYECKOW CHCTEMBI B KOHEYHOM CUETE ONPEAEIAIOTCS CBOMCTBAMHU YACTHL] CHUCTEMBI,
0COOEHHOCTSIMHM X JIBWXKEHHUS U YCpeOHeHHbIMU 3HAYCHUSIMU JUHAMUYECKUX XapaKTePUCTUK ATUX YACTHIL
(ckopoctu, sHepruu U T. 1.). Hampumep, TemmepaTypa Tesa OIpeneisieTcsl CKOPOCTbIO XaOTHUYECKOTO
JBIDKEHUSI €r0 MOJIEKYJ, HO TaKk Kak B JIFOOOH MOMEHT BPEMEHHM pa3Hble MOJIEKYJbl HUMEIOT pa3ziIHNyuHbIe
CKOPOCTH, TO OHa MOXET OBITh BbIpaXK€Ha TOJIbKO Yepe3 CpeHEee 3HAUEHUE CKOPOCTH JIBUKEHHS MOJIEKYII.
Henb3st roBopuTh 0 Temneparype oaHOH MoiieKyJibl. TakuM o0pa3oM, MaKpOCKOITMUECKUE XapaKTePUCTHKH
TeJ UMEIOT (PU3NYECKHUM CMBICH JIUIIb B Clly4ae OOJBIIOr0o YKCa MOJIEKYII.

TepmonmHamuka — pasfgen (QU3UKM, U3y4YalOIMA OO0IIMEe CBOMCTBAa MAaKpPOCKOIUYECKHUX CHCTEM,
HaxOJSIINUXCA B COCTOSHHM TEPMOJMHAMMYECKOTO PAaBHOBECHs, W IPOLECCHl MEPEXoJa MEXIy 3THUMH
cocTosiHUAMHU. TepmMoauHaMuKa HE paccMaTpUBacT MMKPOIIPOLIECCHI, KOTOPBIE JIeKAaT B OCHOBE JTHX
MPEBpPAICHUH. DTUM TEPMOJAMHAMMYECKMH METOJ OTJIMYAETCS OT CTaTUCTUYECKOro. TepmoanHaMuka
6a3upyeTcst Ha JABYX Hadaiax — (YHIAMEHTAIbHBIX 3aKOHAX, YCTAHOBJIEHHBIX B pe3yibTare 00001IeHHs
OTIBITHBIX JTAHHBIX.

OO6nacte mpUMEHEHHUsS TEPMOJUHAMUKH 3HAYUTEIBHO IUpPE, YeM MOJEKYISPHO-KMHETHYECKOH Teopuu, nbo
HEeT Takux obyacteil PU3MKKM U XMMHH, B KOTOPHIX HEJNb3sl OBLJIO ObI MOJIb30BAThCSI TEPMOAMHAMUYECKUM
MetonoM. OpHako, ¢ JApyrod CTOPOHBI, TEPMOJMHAMHUYECKUH METOJ HECKOJIbKO OTlpaHUYEH:
TEpPMOJMHAMHUKA HUYErO0 HE TOBOPUT O MHUKPOCKOIIMYECKOM CTPOCHHMH BEIIECTBA, O MEXAaHU3ME SIBICHUH, a
JUIIb YCTaHABJIMBAET CBS3M MEXJIYy MAaKpPOCKOIIMYECKMMHU CBOMCTBaMM BeliecTBa. MosekylspHo-
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KHHETUYEeCKasi TeOpUs M TePMOJMHAMHKA B3aMMHO JOTIOJHSIOT IPYT Apyra, oOpa3ys eIuHOe IIeNoe, HO
OTJINYASACh Pa3IMYHBIMU METOJAMU UCCIIETOBAHMUSI.
TepmoauHaMUKa UMEET JEJIO C TEPMOAUHAMHYECKOH CHCTEMOIl — COBOKYITHOCTBIO MaKPOCKOIMUYECKUX TET,
KOTOpBIE B3aMMOJICHCTBYIOT U OOMEHUBAIOTCS DHEPrueil Kak MexIy coOOH, Tak M C JPYTUMHU TelaMu

(BuemHelt  cpemoif). OcHOBa  TEPMOJMHAMMYECKOTO  METOJa —  ONPEIEICHUE  COCTOSHUS
TEpMOJUHAMHUYECKOW cucTeMbl. COCTOSIHHE CHUCTEMBI 33JacTCs TePMOAMHAMHUYECKHMH MapaMeTpaMu
(mapameTpaM#u COCTOSIHUSI) — COBOKYITHOCTBIO (DH3UYECKMX BEIWYMH, XapaKTEPU3YIONIUX CBOWMCTBA

TepMOJMHAMHUECKOW cucteMbl. OOBIYHO B KauyecTBE IapaMeTPOB COCTOSIHUS BBIOMPAIOT TeMIeparypy,
JABJICHUE U yJIETIbHBIN 00BEM.

Temnepatypa — 0J1HO U3 OCHOBHBIX MOHSTUMN, UTPAIOLIUX BAKHYIO POJIb HE TOJIBKO B TEPMOJMHAMUKE, HO U B
¢uszuke B 1nenoMm. Temmeparypa — ¢u3uyeckas BeIMYMHA, XapaKTEPHU3YIOLIash COCTOSHHE
TEPMOJIMHAMHUYECKOTO0 PaBHOBECUS MAaKpOCKONMYECKOH cucreMbl. B coorBerctBum ¢ pemenueM XI
I'enepanbHOl KOH(pepeHMH 0 MepaM 1 BecaMm (1960) B HacTosIee BpeMsi MOXKHO IPUMEHSTH TOJIBKO JIBE
TeMIIepaTypHbIE LIKaJIbl — TEPMOAMHAMUYECKYI0 1 MesKAyHAPOAHYI0 NPAKTHYECKYI0, IPaJyHpPOBaHHbIE
cooTBeTcTBEHHO B KenbBHHAX (K) u B rpagycax Lenscus (°C). B MexnyHapoaHoil IpaKkTHYeCKOH HIKaJje
TeMmrepaTypa 3amMep3aHusi U KUICHHUS BOJbl MPU JaBICHUH 1,013-10° Ila coorserctBenno 0 u 100°C
(pemepHbIE TOYKH).

TepmoauHamMuyeckasi TeMmepaTypHasl IIKajga OINpEAENseTcs O OAHOM pENepHOW TOUKe, B KauyecTBe
KOTOpOHM B3siTa TPOMHasi TOYKAa BOAbI (TeMmIeparypa, Ipy KOTOPOH JieA, BOJa U HACHILEHHBIN Map MpH
naBineHus 609 Ila HaxondTcs B TEpMOJMHAMHYECKOM paBHOBecHM). TemmepaTypa ATOH TOYKH 11O
TepMoauHamMuueckoi mkane paBHa 273,16 K (touno). I'pamyc Llenbcust paBeH KenbBuHY. B
TEPMOJMHAMHUYECKOH IIKaJle TeMIlepaTrypa 3amep3anust BoJsl paBHa 273,15 K (ipu ToM ke JaBieHUH, YTO U
B Mex1lyHapOHOM MPaKTUYECKOHN IIKase), HO3TOMY, 110 ONPEIEICHUI0, TEPMOIMHAMHUYECKas TeMIepaTypa
U TeMIiepaTypa no MexyHapoJHO! NPAKTUYECKOM IKaJIEe CBSI3aHbl COOTHOIIEHUEM

T=27315+t.

Temneparypa T = 0 K Ha3biBaeTCsi HyJ1eM KeJbBMH. AHAU3 Pa3UYHBIX MPOIECCOB MokasbiBaeT, uro 0 K
HEIOCTHKHUM, XOTsI IPUOIMKEHHE K HEMY CKOJIb YTOJHO OJIM3KO BO3MOKHO.

YaeabHbli 00beM V — 3T0 00beM eAMHMIIBI Macchl. Korja Teno ogHOpoHO, T. €. €ro IJI0OTHOCTh p = CONSt, TO
v=V/m=1/p. Tak kak NmpH MOCTOSHHON Macce YAEIbHbIi 00BEM MPOMOPLHUOHANEH 00IIEeMy 00bEMY, TO
MaKpOCKOIUYECKHE CBOMCTBA OJTHOPOAHOIO TEJIa MOKHO XapaKTepHU30BaTh 00bEMOM TeJa.

[TapameTpbl COCTOSIHUSI CUCTEMbI MOTYT M3MEHAThCS. JIro0oe M3MeHeHHe B TepMOJUMHAMHUYECKOM cHcTeme,
CBSI3aHHOE C H3MEHEHMEM XOTs Obl OJHOrO0 M3 €€ TEePMOJMHAMUYECKHX IapaMEeTpOB, Ha3bIBAETCS
TEPMOJAMHAMHMYCCKHM MponeccoM. MakpocKonmuuyecKass CUCTEMAa HAXOIUTCA B TEPMOJAMHAMHYECKOM
PAaBHOBECHH, €CIM €€ COCTOSHHE C TEUEHHWEM BPEMEHM HE MeHseTcs (TMpeirojaraercsi, 4To BHEIIHHE
YCJIOBHS pacCMaTpUBaeMOil CUCTEMBI IIPH 3TOM HE U3MEHSIOTCS).

B MonekynspHO-KHHETUYECKON TEOPUU MOJIb3YIOTCS UOeaIU3UPOBAHHOL MOOEIbI0 UAeATbHOI0 ra3a, COrjiacHO
KOTOPOW CYUTAIOT, YTO:

1) co6cTBEHHBIN 00BbEM MOJIEKYJ ra3a NPeHeOpeKMMO Maj 110 CPAaBHEHHUIO ¢ 00bEMOM COCY/Ia;

2) MeX1y MOJIEKYJIaMH T'a3a OTCYTCTBYIOT CHJIbI B3aUMOJICHCTBUS;

3) CTOJIKHOBEHHMSI MOJIEKYJI ra3a MKy COOOM M CO CTEHKaMH cocyia abCOJIIOTHO yIIpyTHe.

Mopenb ueanbHOro ra3a MOXKHO MCIIOJIb30BaTh MPH M3YYEHHM pEalIbHbIX I'a30B, TaK KaK OHM B YCIOBHSIX,
ONMM3KHUX K HOpPMAaJIbHBIM (HAlpUMep, KUCIOPOJ M TelIHid), a TakKe MPU HU3KUX JIABJICHUS» M BBICOKHX
TeMIeparypax OJM3KH 1O CBOMM CBOMCTBaM K wuAeadbHOMY Ta3y. Kpome Ttoro, BHecs mNOmpaBkw,
YUYUTBHIBAIOIINE COOCTBEHHBII 00BbEM MOJIEKYII ra3a U JICHCTBYIOIINE MOJIEKYJISIPHbIE CHITbI, MOKHO TeperTH
K TEOpUHU PEaJbHBIX ra30B.

PaccMOTpuM 3aKOHBI, ONMCHIBAIOLINE ITOBECHUE UCAIBHBIX I'a30B.

3akon boitas—MapuorTa®: 1715 1aHHOIN Macchl ra3a MpH MOCTOSHHOM TeMIiepaType Mpou3BeeHUE JaBICHUS
rasa Ha ero 00beM eCTh BeJTMUMHA MTOCTOSTHHAS:

_m Ve _
Ay = MRTzln o Qx (41.1)

* P. Boiiip (1627—1691)—anrmuiickuii yaensiit; 3. Mapuotr (1620—1684) — ¢paniy3ckuii husuxk.

Kpunas, n3o0paxaromas 3aBUCUMOCTh MEXy BeIMYMHAMHU p U V, XapaKTepHU3YIOLUIMMU CBOIMCTBA BEIECTBA
IIpU TIOCTOSIHHON TemIiepaType, Ha3blBaeTCsi M30TepMoiil. V30TepMbl mpenctaBisioT co0oil rumepOoibl,
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pacroyio)keHHbIe Ha rpaduke TeM BBINIE, YEM BBILIE TEMIIEPaTypa, MPH KOTOPOH MPOUCXOAUT IMPOLECC
(puc. 60).

3akonsl Ieii-JIloccaka™: 1) oObeM gaHHONW Macchl raza MpH MOCTOSHHOM JABJICHUM W3MEHSETCS JTUHEWHO C
TeMIepaTypou:

(41.2)
2) naBiieHHE JAHHON Macchl ra3a MpH MOCTOSIHHOM 00beMe U3MEHSIeTCS IMHEHHO C TeMIepaTypoii:

(41.3)

* K. Teii-JTroccak (1778—1850) — dhpaHIy3CKHii YIeHBIN.

B stux ypaBHeHusx t — rtemmneparypa mo mkane Llenscus, po u Vo — maBnenue u oovem npu 0°C,
kodpdurnment o = 1/273,15 K™

IIpouece, mnpoTeKarOIMA MpH TIOCTOSHHOM JIABJICHWHW, Ha3biBaeTCsl m300apHbiM. Ha saumarpamme B
koopauHaTtax V, t (puc. 61) sToT mpouecc u3zoOpaxaercs NpsiMol, HaszbiBaeMol u300apoii. IIpouecc,
MPOTEKAIOIIUH P MIOCTOSTHHOM 00beMe, Ha3bIBaeTCsl M30XOPHBIM. Ha nuarpamme B KoopJuHATax p, ¢ (puc.
62) oH n300paxxkaercs NpsiIMOM, Ha3pIBAEMON M30XOPOH.

N3 (41.2) u (41.3) cnemyer, 4To u300apbl M H30XOpbl TMEPECEKAIOT OCh TeMIepaTyp B TOUKE
t=—1/a=-273,15°C, onpexaensiemoit u3 ycinopus 1+at = 0. Eciau mepeHecTd Hayaio oTcyeTa B 3Ty TOUKY, TO
MPOUCXOAUT nepexon K mkaie KenbBuna (puc. 62), oTkyna

Beoxs B ¢opmynsl (41.2) u (41.3) TepMoaMHaAMHUECKylO Temreparypy, 3akoHam ['eii-Jlroccaka MoOKHO
npuaath 6osiee yno0HbIN BUA:

(41.4)

(41.5)
A€ UHACKCHI 1 u 2 oTHOCSTCH K IMPOU3BOJIbHBIM COCTOAHUAM, JIC)KAIIUM Ha O,Z[HOI>'I H306ape HJIM U30X0peE.
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3akoH ABoragpo*: Moy JIOOBIX Ta30B MPU OJMHAKOBBIX TEMIIEpaType W JTABICHUU 3aHHUMAIOT OJMHAKOBBIC
o0beMsl. [Ipr HOpMaNTBHBIX YCIOBUAX ATOT 00BbeM paBeH 22,41 :10°% M®/moub.

* A. Aorazpo (1776—1856) — urambssHCKHI QUMK U XUMUK.

[To onpenenenuto, B 0JHOM MOJIE PA3JIMYHBIX BEIIECTB COACPIKUTCSA OJHO U TO K€ YUCIO MOJIEKYJI, Ha3bIBAEMOE
MOCTOSIHHOM ABOrajpo:
Na=6,022"10* mom"1.
3akon /lanbTOHA*: JaBIEHUE CMECU HJCATBHBIX T'a30B PaBHO CyMMeE MAPIUANBHBIX AABICHUU Pi1, P2 ,..., Pn
BXOJSIINX B HEE a30B:
p=p+pr+ ..+ pu
IMapuuanbHoe NaBjleHHe — JaBlIEHUE, KOTOPOE MPOU3BOIMI OBl Ta3, BXOISIUIMI B COCTaB T'a30BOM CMECH,
ecyiy Obl OH OJIMH 3aHUMaJ 00beM, PaBHBIN 00BEMY CMECH MPH TOH K€ TeMIepaType.

* JIx. Janbron (1766—1844) — anrnuiickuii XUMUK U QUK.

§ 42. YpaBuenune Kunaneiipona — MenesneeBa

Kak yxe yka3pIBalloch, COCTOSIHHE HEKOTOPOW MAacChl ra3a OIpeAessieTcsl TpeMs TepMOAMHAMHYECKHUMHU
napaMeTpamu: JaBiieHueM p, oobeMoM V u temmneparypoi 7. Mexay 3TUMM MapaMEeTpaMu CYLIECTBYET
orpezieNieHHas CBsI3b, Ha3bIBacMasi ypaBHEHHEM COCTOSTHHS, KOTOPOE B 0011IeM BUE AETCs BBIPAXKEHUEM

SV, T)=0,

TJIe KOKIasi U3 TICPEMEHHBIX SBISCTCS (PYHKIUEH ABYX APYTHUX.

Opanny3ckuit puzuk u umxenep b. Knaneiipon (1799—1864) BbiBen ypaBHEHHE COCTOSIHUS UACATBHOTO Ta3a,
o0benuHuB 3aKoHbl boitss — Mapuotra u I'eii-JIroccaka. [Tycts HekoTOpas Macca raza 3aHuMaer oobeM Vi,
UMeeT JIaBJIeHHE pi U HAXOIWTCS TMpH TeMieparype Ti. DTa e macca rasa B JPYroM IPOU3BOJIBLHOM
COCTOSTHMM XapaKTepH3yeTcs mapamerpamu pp, Vo, T, (puc. 63). Ilepexon u3 coctossaus 1 B cocTosiHue 2
OCYIIECTBIIAETCSA B BHIC IBYX IMpoiieccoB: 1) uzorepmudeckoro (u3otepma 1-1'), 2) uzoxoproro (u3o0xopa
1'-2).

Puc. 62
V,=const

V, ~const @ fovyeMy TepmoanHaMu4ecknit U craTcTMyec-
Kni  (MONeKynAapHO-KMHeTUHeCKNH) MeTogbl
NCCNeROBaHNA MBKPOCKONNYECKHX CUCTeM Ka-
HYOCTBEHHO Pa3NINYHbI W B3ANMHO [JONONHAIOT
ApYr Aapyra?

- @ YTo TaKoe TepMogMHaMuueckne napameTpbi?

Tt 7 LT Kakne TepmopuHamuyeckme napamervpbl Bam

'

M3BECTHLI?
® Kak o6uacHuTh 3akoH bBoins — MapuworTa

C TOYKW 3DEHMA MONEKYNAPHO-KNHETHHECKON
Teopun?

B cootBercTBuU ¢ 3akoHamu boiins — Mapuotra (41.1) u I'eit-JTroccaka (41.5) 3anumem:

Vi = piVa (42.1)
p_T
n T (42.2)
Hckmouns u3 ypasHenui (42.1) u (42.2) p; nmonydum
A
n I

Tak kak coctostHust 1 1 2 ObUTH BBIOpAHBI TPOU3BOJIBLHO, TO IS TAHHON Macchl ra3a BeinuuuHa PV/T ocraercs
IIOCTOSIHHOM, T. €.
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pV|/T = B = const.
(42.3)

Bripaxkenue (42.3) sBisietcs ypaBHeHueMm Kianeiipona, B KoTopoMm B — ra3oBasi TOCTOSIHHAS, pa3iuyHas 0s
DPA3HBIX 2A308.

Pycckmit yuensnii [I. 1. MenneneeB (1834—1907) o6beaunun ypaBHenue Knanelipona ¢ 3akoHOM ABOTajapo,
OTHecsl ypaBHeHUE (42.3) K OJJHOMY MOJIIO, HCIIOIH30BaB MOJISIPHBIN 00beM Vi, CormacHo 3akoHy ABOTaipo,
IpU OAMHAKOBBIX p M 1 MONM BCEX Tra3oB 3aHMMAIOT OJMHAKOBBIM MOJSIpHBIM 00beM Vi, MO3TOMY
nocTosinHast B Oyer oounakogotl 015 cex 2azos. ITa 00IIast isl BCEX Ta30B MOCTOSIHHASE 0003HaYaeTcst R u
Ha3bIBACTCSI MOJISIPHOM ra30BOM MOCTOSAHHOM. YPaBHEHUIO

PVn = RT (42.9)

YIOBJETBOPSICT JIMIIb HUJCAIBHBI Ta3, U OHO SBISETCS YPABHEHHEM COCTOSIHMSI H/IeaJIbHOI0 rasa,
Ha3bIBa€MbIM Takke ypaBHeHHeM Kiianeiipona — MenjgeJieeBa.

UwucoBoe 3HaYeHUE MOJISIPHOM Ta30BOM MOCTOSIHHOW ompeneauM u3 GopMyiibl (42.4), ronaras, 4To MOJIb Tra3a
HaxOJIUTCS MPU HOPMAJBHBIX YCIOBUSX (po= 1,013-105 Ila, Tg=273,15 K, Vm=22,41-10_3 M3/MOJIB)I R=8,31
JIx/(monb-K).

Ot ypaBHeHus (42.4) nns Moyl Tra3a MOXHO Mepetu K ypaBHeHuto Knanmeilpona — MenneneeBa ais
MPOU3BOJILHON Macchl ra3za. Eciy mpu HEKOTOPBIX 3aJlaHHBIX JIaBIICHUH M TEMIIEpaType OJWH MOJIb rasa
3aHUMaeT MOJISIPHBIN 00beM Vi, TO IIPU TEX ke yCIOBHIX Macca m rasza 3aiimeTr o0vem V= (m/M)Vy, tne M
— MOJIIpHasi Macca (Macca OJIHOr0 MOJISI BeliecTBa). EauHuiia MosisipHO#l Macchl — KWJIOTPaMM Ha MOJIb
(xr/monb). YpaBaenue Knaneiipona — MeHeneeBa 11 Macchl 7 rasa

pV = - RT = wRT,
M (42.5)

rac v =m/M — Ko0JIN4eCTBO BeleCTBA.

Pac. 63

® Kaknmu '3aKOHaMH ONKUCbIBAIOTCA n3obapHbie
N N30XOPHbLIe NpPoLecchi?

@ Kakoa husnyeckui CMbICH NOCTOAHHOR Asorag-
po? uucna Nlowmunara?

® Mpn  HEeKOTOPLIX 3HAYeHWAX TemnepaTypbl
N [OaBNeHNs a30T KONMYecTBOM BellecTBa
1 monb 3anumaetr o6vem 20 n. Kakoit o6bem
npN 3TUX XKe YCNOBHAX 3aAMeT BOQOPOL KONU-
YecTBOM BeujecTBa 1 MONbL?

YacTo moib3yroTCs HECKOJBKO MHOM (hOpPMON ypaBHEHHUS COCTOSHHS HJICAIbHOTO Ta3a, BBOIS NMOCTOSIHHYIO
boabnMana:

k=R/Nx=1,38-10"2* Ix/K.
Hcxons u3 aToro ypaBHeHue coctosiuus (42.4) 3anuiiem B BUIE
P = RT|Vy = KNpAT|Vy = nkT,
rae Na/Vm = N — KOHIEHTpanusi MOJEKyl (YUCIO MOJIEKYJd B eAuHHuIle oObema). Takum obOpasom, u3
YpaBHCHHUS

p = nkT (42.6)
CJIE1yeT, YTO JIaBJICHHE MJCAIBHOrO ras3a Ipu JaHHOW TeMIlepaType IpsMO NMPONOPLUHOHAIBHO KOHUEHTPAIMU
€ro MOJICKYII (I/IJ'II/I IINIOTHOCTHU T a3a). HpI/I OJWHAKOBBIX TEMIICPATYPC U HAaBJICHUU BCC T'a3bl COACPIKAT B
CINHHUIIC o0BeMa OAVHAKOBOC YHCIIO MOJICKYII. Yucino MOJICKYJ, COACpKAIINUXCA B 1 M3 raza Ipu
HOPMAJIbHbIX YC106UAX, HA3BIBACTCA YU CJI0M JIOI[IMI/IIIT&*:
NL = po/(kTy) = 2,68-10*% M3,

* W, JTommunr (1821—1895) — aBcTpHiicKuii XUMHK U HH3HK.

§ 43. OcHOBHOE ypaBHeHHE MOJICKYJISIPHO-KHHETHYECKOI TEOPHUH H1eaJbHBIX Ira30B

I[J'IH BbBIBOJIa OCHOBHOI'O YpPaBHCHUA MOHCKyHSIpHO-KI/IHCTH‘{CCKOI‘;I TCOpHUU pacCMOTPUM OHHO&TOMHBIﬁ
I/I)]eaJ'IBHI)II\/II ras. Hpe)IHOJ'IO)KI/IM, dTO MOJICKYJIBI Ta3a JBWKYTCA XaOTHYECKH, YHUCIO0 B3aMMHBIX
CTOJIKHOBEHMI MCKAY MOJICKYJIaMU ra3a HpeHe6pe)KI/IMO MaJio IO CPaBHCHUIO C YUCIIOM YyHapOB O CTCHKU
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cocy/ia, a CoOyAapeHusi MOJIEKYJI CO CTEHKaMHU COCy/a aOCONIOTHO ympyrue. BoiaenuM Ha CTEHKE cocyaa
HEKOTOPYIO JJEMEHTapHylo Iiomanky AS (puc. 64) W BBIUHCIMM JaBJICHHE, OKa3blBAEMOE Ha JTY
momaaky. [lpu kaxxaoM coynapeHUu MOJICKYJIa, ABMKYIIAACS MEPIICHINKYIISIPHO TIOMIAIKE, MepeaeT ei
UMIYIIBC MgV — (— MgV) = 2MgV, TJe My — Macca MOJICKYJIbI, V — €€ CKOpOCTh. 3a Bpemst At romaaku AS
JOCTHTHYT TOJIBKO T€ MOJIEKYJIbI, KOTOPHIE 3aKJIFOYCHBI B 00BbEME ITUIMHAPA ¢ OCHOBAaHUEM AS U BBICOTOM
VAL (puc. 64). Hucimo 3Tux MOeKys paBHO NASVAL (N — KOHIIEHTpaIUs MOJIEKYII).

Heo0OxommuMo, 0JJHaKO, YIUTHIBATh, YTO PeaTbHO MOJICKYJIBI IBMKYTCS K TUTOMIAIKEe AS MO/ pa3HBIMU yIIaMH H
UMEIOT Pa3JMYHbIE CKOPOCTH, NPUYEM CKOPOCTh MOJEKYT NpH KaXKIOM coydapeHuu MeHsercs. s
YOPOIIEHUS PAcYeTOB XaOTHYECKOE JBMKEHUE MOJICKYJ 3aMEHSIOT JIBHDKCHHEM BJOJb TPEX B3aUMHO
MEPICHINKYIISIPHBIX HANIPABICHUH, TaK YTO B JTF0OOH MOMEHT BPEMEHH BJOJIb KKJOTO M3 HUX JIBUKETCS s
MOJICKYJI, TIPUYEM TIOJIOBUHA MOJICKYII Y6 nBwkercs Bmons mamHOrO HaIpaBjICHUs B OJHY CTOPOHY,
MOJIOBUHA — B TMPOTUBOMNOJOXKHYI. Torma dHciao yaapoB MOJIEKYJ, MABMXKYIIMXCS B 33aJaHHOM
HalpaBJieHWH, O IUIomanky AS Oyxer 1/GnASVAt. [Ipy CTOJIKHOBEHMHM C IUIOIIAJKON A3TU MOJICKYJIbI
nepeaanyT € UMIyJIbC

AP=2mg}[nASvAt="/,nmw*ASA:.
Torna maBieHue raza, 0ka3plBaEMOE MM Ha CTEHKY COCY/a,
p=AP/(AIAS)=’/3 nmovz.‘ (431)

Ecnu raz B oobeme V comepxut N Monekyln, IBUKYIIUXCS CO CKOPOCTSAMHU Vi, V2, ..., VN, TO LieJIecooOpa3Ho

paccMaTpuBaTh CPEIHIOI0 KBAIPATHYIO CKOPOCTH

1 N
(V)= I_VZ ”3'
jm]

(43.2)
XapaKTepU3YIOIYI0 BCIO COBOKYITHOCTb MOJIEKYJI Ta3a.
VYpasuenue (43.1) c yuerom (43.2) npumer BUJ
p="[3nmg (va)*. (43_3)

Bripaxkenue (43.3) Ha3bIBacTCSl OCHOBHBIM YPaBHEHHEM MOJIEKYJISIPHO-KHUHETHYECKOIl TeOpHH HIealbHbIX
ra3oB. TOuHBI pacyeT C y4eToM JABMKEHHMsS MOJIEKYJ IO BCEBO3MOXKHBIM HAIPABICHUSAM JaeT Ty XKe

opmyury.
VYuauteias, uto N =N/ V, mony4uum

pV="[3Nmy (ve,)?, (43.4)
WIH
V= 2 N my <vn>2 =2 E,
PV="/3 — /3 (43.5)

rne £ — cymMMmapHast KHHETHYECKasi SJHEPTHUsl IIOCTYNATEIbHOTO IBUKESHHUS BCEX MOJIEKYJ rasa.
Tak kak macca raza m=Nmg, To ypaBHeHHE (43.4) MOXKHO IIepenucarh B BUJIE
pV="/ym{va)’.

Jlnst ogHOro mostst raza m=M (M — MomnsipHast Macca), o3TOMY

PVu="/3 M (v)?,
rne Vi — MomsipHblii o0beM. C apyroii ctopoHsl, o ypaBHeHuio Kmaneiipona — Menneneesa, pVn=RT.

Takum o6pazom,
RT=1/3 M {vy)?,

Prc. 64

@ B 4eM 3aKnio4aeTCcs MONEKYNAPHO-KHHeTHYeC-
KO® TONKoBaHWe AABNeHUN ra3a? TepMognHa-
MU4ECKO# TeMnepaTypbi?

® B yem copfepxaHne M KaxKosa Uenb BbiBOAa
OCHOBHOTO YPABHEHWA MONeKYNAPHO-KNHeTH-
4ecKko#l Teopnu rasos?

OTKYyJ1a
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ART
(V)= M
(43.6)
Takx kak M=moNy,, Tie mo — Macca ogHoM MoJieKyibl, @ No — mocrosiHHas ABorazpo, To u3 ypaBHeHus (43.6)

clIeyeT, 4To
oo [3RT  [3kT
V) = = T
. moN mg (43.7)

rae k=R/Nj, — mocrosinHas bombiimana. OTcrofa Haiijgem, YTO NP KOMHATHOM TEMIIEpaType MOJICKYJIbI
KHCIIOpOJIa UMEIOT CPEIAHIOI0 KBaapaTudHyto ckopocth 480 m/c, Bogopoaa — 1900 m/c. [Ipu temmeparype
YKHUJIKOTO TNl T€ K€ CKOpoCcTH OynyT cooTBeTcTBeHHO 40 11 160 M/c.

CpenHsisi KHHETHUYECKast YHEPT S TIOCTYATEIBHOTO ABMKCHUS OJTHON MOJICKYJIBI HEAIbHOTO Ta3a

(&) = EIN = my{va)*2 = 3[,kT (43.8)
(ucronp3oBasi popmynel (43.5) u (43.7)) mpomopipioHaTbHA TEPMOAMHAMHUYECKON TEMIepaType W 3aBHCHT
TONbKO OT Hee. M3 astoro ypaBHeHus ciexayer, uto npu 1=0 <gp>=0, 1. e. mpu 0K mpekpamraercs
MIOCTYNATENbHOE JIBUKEHUE MOJIEKYJ rasa, a CleJ0BaTelbHO, €ro JaBJIeHHE paBHO HYJ0. TakuM oOpa3om,
TepMOJUHAMHUYECKass TeMIlepaTrypa SBISETCS MEpOW CpelHed KUHETHYECKOW SHEPruu MOCTYNaTeIbHOIro
JIBYOKCHHSI MOJICKYJI HJeanbHOro rasza, u ¢opmyna (43.8) packpblBaeT MOJEKYJISPHO-KHHETUYECKOES
TOJIKOBAaHHUE TEMIIEPATYPHI.

§ 44. 3axon MakcBeJsia 0 pacnpeaejeHUH MOJIEKYJ H1€aJTbHOI0 ra3a o CKOpOCTsIM U SJHEPTrUAM
TEMJI0BOT0 IBHKEHHS

IIpy BBIBOZE OCHOBHOI'O YPaBHEHHs MOJIEKYJISAPHO-KMHETUYECKOM TEOPUM MOJIEKYJIaM 3aJaBajid pa3IM4HbIC
CKOPOCTH. B pe3ynbpTaTe MHOTOKPAaTHBIX COYAAPEHUN CKOPOCTh KAKI0M MOJIEKYJIBI U3MEHSETCS 110 MOAYIIIO
1 HanpasjieHu10. OQHAKO M3-3a XaOTHMYECKOIO ABM)KEHUS MOJIEKYJ BCE HANPABJICHMSI IBUKEHUS SBISAIOTCS
PaBHOBEPOSITHBIMH, T. €. B IIOOOM HAIIPABJICHUH B CPEIHEM ABIIKETCS OJIMHAKOBOE YMCIIO MOJICKYIL.

ITo MoneKynsipHO-KMHETUYECKON Teopuu, Kak Obl HU MU3MEHSUIUCh CKOPOCTH MOJIEKYN IPH CTOJKHOBEHUSX,
CPEIHsIsl KBapaTU4HAsI CKOPOCTh MOJIEKYJ MACCOU Mg B Ta3e, HAXOASAIIEMCS B COCTOSIHUM PAaBHOBECHS IPH

T= const. ocraeTcst MOCTOSIHHOM ¥ PaBHOU {Vxs) =/ 3kT/my.

DTO O0OBSICHSAETCS TEM, YTO B Tra3e, HaXOASIIEMCS B COCTOSHUHM PaBHOBECHS, YCTAaHABIHMBAETCS HEKOTOPOE
CTal[MOHAPHOE, HE MCHSIONICECS] CO BPEMEHEM paclpeleliCcHHe MOJICKYT MO CKOPOCTSIM, KOTOpOe
MIOJTYMHSIETCSI BITOJIHE OIPEAEICHHOMY CTaTHCTHYECKOMY 3aKOHY. JTOT 3aKOH TEOPETHYECKH BbIBeleH JIK.
Maxkcaemiom.

[Ipu BBIBOJE 3aKOHA pacCTpeNeNeHHs MOJIEKYJ IO CKOpOCTsSM MakcBe/uT mpearoarali, yTo ra3 COCTOHUT H3
o4eHb Oospmoro 4mcina N TOXISCTBEHHBIX MOJICKYJ, HAXOMSAIIUXCS B COCTOSHHU OECIOpSIOYHOTO
TETJIOBOTO JBMKEHUS TIPH OIMHAKOBOW Temneparype. [Ipeanonaranocs Takxke, 4TO CHIOBBIC TIOJIS Ha ra3 He
NEUCTBYIOT.

3akoH MakcBemia onmceiBaeTcsi HekoTopod Qynkiwedt f(V), HaspiBaeMoil ¢yHKIHeH pacnpeneaeHus
MOJIEKYJI 1O cKopocTsM. Eciiu pa3OuTh Auamna3oH CKOPOCTEH MOJICKYJI Ha Malibie MHTepBaJibl, paBHbIe dV,
TO Ha KaXIbl HWHTEpBAl CKOPOCTU OyAET MPUXOAUThCS Hekoropoe umcio monekyn dN(V), umeromux
CKOpOCTh, 3aKJIIOUYEHHYI0 B 3TOM HHTepBasie. ®ynkuus f(v) ompemesnser OTHOCHTEIBHOE YUCIIO MOJIEKYIT
dN(V)/N, ckopocTn KOTOpBIX JIe)KaT B MHTEpBaie OT V 10 V+dv, T. e.

dN (v)/N=f(v)dv,

OTKyZa
dN(v)

@)=,

[lpumeHnsiss mMeTonsl Teopuu BeposTHOcTed. MakcBemn Hamen ¢yHkiuio f(v) — 3akon o pacmpenenens
MOJIEKYJ HA€AJIBbHOI0 Ia3a 1o CKOPOCTAM:
my \
f@) = 4n( ) v? exp[—mov?/2k ).
2mkT, (44.1)

U3 (44.1) BUAHO, 4TO KOHKPETHBIN BUJ (DYHKIIUU 3aBUCUT OT poja raza (0T Macchl MOJIEKYJIbI) M OT IapameTpa
cocTosiHus (OT Temneparypsl 7).
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I'paduk pynxuun (44.1) npuBeseH Ha puc. 65. Tak KaK MpH BO3PACTAHHE V MHOXHTETHb eXp[-mMov?/(2KT)]
YMEHBIIAETCS OBICTPEE, YeM PACTeT MHOXKHTENb V2, To (yHKmus f(V), HAYMHASCH OT HYJS, JOCTHraeT
MaKCHMyMa IpH Vg, U 3aT€M aCHMOTOTHYECKH CTPEMUTCs K HYII0. KpuBas HecuMMeTpUYHa OTHOCHUTEIBHO
VB.
OtnocutenbHoe yncino Moiiekysn dN(V)/N, ckopocTu KOTOPBIX JiexKaT B MHTEpBajie OT V 10 V+dV, HaXOIUTCs Kak
IUTOIIA b 3aLITPUXOBAHHON IOJIOCKU Ha puc. 65. [lnomanp, orpaHudeHHas KpUBOH pacHpeieIeHust U OChI0
a0ciucc, paBHa eMHUIE. DTO 03HayaeT, yTo GpyHkuwus f(V) y1oBieTBOpseT yCI0BUIO HOPMHUPOBKH

?f(v) dv=1.
0

CKopoCTh, TIpU KOTOpPOW (YHKIHUS pactpelesieHHs] MOJICKYJ HIICAIbHOTO Ta3a MO CKOPOCTSAM MaKCHMajbHa,
Ha3bIBaeTCs HauboJee BEPOSTHOH CKOPOCTHIO. 3HaUCHHE HAamOOJee BEPOSTHON CKOPOCTH MOXKHO HAWTH
npoauddepeHupopaB  BolpakeHue (44.1) (MOCTOSHHBIE MHOXHUTEIM OIyCKaeM) II0 apryMeHry V,
MPUPABHSB PE3y/IbTAT HYJIIO M UCIOJIB3Ys YCIOBUE ISl MaKcuMyMa BeipaskeHus f(v):

d 2
o (Wrexp[—mov*/QkT))) = 20| 1- exp[—mov?/(2kT)]=0.

mov
2kT

3HaueHus V=0 1 V=00 COOTBETCTBYIOT MUHUMYyMaM BbIpakeHus (44.1), a 3HaueHue V, IpU KOTOPOM BBIpAXKEHHE
B CKOOKaxX CTAaHOBUTCS paBHBIM HYIIIO, U €CTh HCKOMasi Hanbosiee BEpOsiTHAs CKOPOCTh Vg!

v, = /2kTjmo = /2RT/M. (44.2)

f Puc. 65

v
a5 =300

4 @ Kaxos c¢usnyeckuin cmbicn QyHKUWK pacnpeae-
NEeHWs1 MONEKYN NO CKOPOCTAM? MO SHBPTUAM?
av v @ Kak, 3Han dyHKUWio pacnpefienelns Monexyn
NO CKOpPOCTHM, NepeinTy K hyHKUHK pacnpeje-
%o <v> <We> TIBHNS N0 3HEPTUIM?

N3 dopmynsr (44.2) crnemyer, 4TO TpPH MOBBIIIEHUH TEMIIEPATypbl MaKCUMyM (YHKIIMH pacripeieeHus
MOJIEKYJI TI0 CKOPOCTSIM (pHUC. 66) cMeCTUTCS BIIPaBO (3HaYeHUE Hau0oJiee BEPOATHON CKOPOCTH CTAHOBUTCS
6onpie). OgHAKo IUIONMIAAb, OTPAaHHYEHHAs KPHBOW, OCTAETCS HEM3MEHHOW, MOATOMY IMPHU TMOBBIINICHUU
TEMIICPATYPHBI KpHBas paCrpCaciCHus MOJICKYJI I10 CKOPOCTIAM 6y,I[CT pacTAruBaTbCAa U IMOHUKATHCH.

CpeaHsisi CKOPOCTb MOJIEKYJIbI <V> (cpefHssa apudMeTHYecKasi CKOPOCTh) onpezensercs no Gopmyse
o

1 -]
(v)=—]~—’j‘ vdN (v)=§ of (v)dv.
0 0

[Moacrasnss ciona f(v) u uaTerpupys, monydaem
() =/8kT(rmo) = /8RT/(xM). (44.3)
CkopocTH, XapakTepu3yIolIHe COCTOSIHME ras3a: 1) Hambomee BeposiTHAs w,=+/2RT/M, 2) cpenHss

(v)=+/8RT/(xM)=1,13v,; 3) cpemHss KBaupaTU4yHAs {(¥n)=+/3RT/M=122v, (puc. 65). Ucxoms wu3
pacrpeelieHusT MOJIEKYIT IT0 CKOPOCTSIM

]
dN (v)=N"4n (__ml) vze—lmv’/Okn dv,

2nkT, (44.4)

MOYXHO HAalTH pacnpeieieHue MOJISKYIT ra3a 1o 3Ha4YeHUsIM KHHETHYeCKOoi sHepruu €. Jliis aToro nepeiiiemM ot
o v 2 —
TIiepeMeHHO} V K epeMenHoit e=Mov-/2. TloxcTaus B (44.4) v=./2&/m, u dv=(2m,&) "'* de, momyuaum

dN (e)=£ *D) " e 4o Nf (6) de,

Nz
rae dN(&) — umcino MoseKys, UMEIOIIUX KHHETHYECKYIO SHEPTHIO MOCTYNATSILHOTO IBU)KEHUS, 3aKITIOUCHHYTO
B MHTEpBaJe OT £J10 £+ de.
Takum oOpa3om, (PyHKIMS pacnpeaesieHusi MOJIEKYJI 10 YHEPTHsIM TEIIOBOI0 ABHKEHUSI
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F @) =— (1) M e 8ED,

2
Vn
CpenHsist KHHETHUYECKask SHEPT U <&> MOJIEKYJIbl U/1€albHOIO ra3a

(ey=] of @de=—r ()2 [ ™D go =3,
0

Vn o

T. €. OJIYYUJIN Pe3yNIbTaT, COBMAAAIONINi ¢ hopmyoi (43.8).

f <1, Pac. 66

@ Kak onpegensietca Hanbonee BEPOATHARA CKO-
POCTL? CPEARHARA CKOPOCTL?

® Bo cxonbko pa3s M KkaK NM3IMEHWTCA CPeaHAR
CKOPOCTL AIBH)XKEHMA MOMeKyn Npu nepexoge
OT Kucnopoaa K BOJOPOAY?

<w

§ 45. bapomerpuyeckas popmy.a. Pacnpenenenne boabumana

[Ipy BBIBOJIC OCHOBHOTO YpPAaBHEHHS MOJICKYJISPHO-KUHETUYCCKOH TEOPUU Ta30B M MaKCBEJUIOBCKOTO
pacrpeeieHus MOJICKYJ MO0 CKOPOCTSIM TPEAINoJarajoch, 4TO Ha MOJIEKYJIbI Ta3a BHEIIHUE CHIIBI HE
JCUCTBYIOT, TIOATOMY MOJIEKYJIbI PABHOMEPHO pachpesesieHbl o 00beMy. OHAKO MOJICKYJIBI JTF0OO0T0 Tra3a
HAXOJATCS B OTEHIIMATIBHOM I10JIE TATOTCHUs 3eMin. TSAroTeHue, ¢ OJHOM CTOPOHBI, U TEIJIOBOE IBUKCHUE
MOJICKYJT — C JIPYTOM, PUBOJAT K HEKOTOPOMY CTAIlAOHAPHOMY COCTOSTHHIO ra3a, IPU KOTOPOM JaBJICHHE
rasa c BbICOTOI yObIBaET.

BeiBeneM 3aKkOH W3MEHEHHsI JaBJICHUS C BBICOTOHM, IMpelmojarasi, 4To TII0J€ TATOTCHUS OJHOPOIHO,
TeMIepaTypa MOCTOSIHHA W Macca BCEX MOJICKYJ oiuHakoBa. Eciu armocdepHoe aaBiieHHE Ha BbicoTe h
paBHO p (puc. 67), To Ha Beicote h+dh ono pasuo p+dp (mpu dh>0 dp<0, Tak Kak gaBIeHHE C BBICOTOM
yObiBaeT). PasHocTh naBieHuit p u p+dp paBHa Becy rasa, 3aKJI04YEHHOr0 B 00beMe IyinHapa BeicoToi dh ¢
OCHOBaHHUEM ILIoma b0 1 M*:

p—(p+dp)=pgdh,

rae p — IUIOTHOCTH Ta3a Ha Beicote h (dh Hacrombko Mano, 9TO MpW U3MEHEHHWH BBICOTHI B 3TOM IpeEjeIie

TUTOTHOCTb T'a3a MOXKHO CYMTATh MOCTOSTHHOM). Clie10BaTeIbHO,
dp=—pgdh. (45.1)
Bocrosp30BaBIIMCh ypaBHEHHEM COCTOSHUS uaeanbHoro raza pV=(m/M) RT (m — macca raza, M — MousipHas
Macca rasa), HaxoJIuM, 4TO
p=m|V=pM|(RT).
[ToncraBuB 310 BeIpaskeHue B (45.1), momyunm
dp= —K pdh, mm d_p_ —Eg dh.
RT 4 RT
C usmeHeHneM BbICOTHI OT Wy 710 hy naBieHne u3mMensercs ot p; 110 p; (puc. 67), T. e.
d P2 Mg

4
Lt | on In 2= — 27 ()
P

2005
¢~ s (- h)/RT)

P2=p ' (45.2)

Beipaxkenue (45.2) nHasbiBaeTcs OapoMerpuueckoil ¢opmyJioii. OHa mO3BONSET HaWTH aTMoc(epHoe

JaBJIEHHE B 3aBHCHUMOCTH OT BBICOTHI WJIM, W3MEPUB JaBlIEHHWE, HAWTH BBICOTY: Tak Kak BBICOTHI

0003HaYar0TCs OTHOCUTENBHO YPOBHS MOps, TJ€ JIaBJICHUE CUUTAETCs HOPMAJIbHBIM, TO BhIpaxeHue (45.2)
MOJKET OBITh 3alIMCAaHO B BUJIE

—Mgh/(RT)
P=pot ’ (45.3)
i p — JaBJIEHUE Ha BbIicoTe h.
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[Mpubop st ompeneneHWs BBICOTHI HAJ 3E€MHOM TOBEPXHOCTHIO HA3BIBACTCS BBICOTOMEPOM (WU
aabTUMeTpoMm). Ero pabora ocHoBaHa Ha ucnonb3oBanuu Gopmynsl (45.3). U3 aroit popmynel crnenyer,
YTO JaBJIEHUE C BBICOTOHN yOBIBaeT TEM OBICTpEE, UeM TsDKEIee ras.
bapomerpuueckyro dopmyny (45.3) MoxHO TpeoOpa3oBaTh, €CIM BOCIIOJIB30BATHCS BBIpAKCHHEM (42.6)
p=nKT:

—Mghj(R
n=nge Mghi( 77’

rze N — KOHIEHTpaIus MOJICKY/I Ha BbicoTe h, Ny — To ke, Ha BhicoTe h=0. Tak kak M=mgNa (Na — mocTosHHas
ABorazpo, my — Macca oHOI MoJieKyiibl), 8 R=KNa, TO

—moghi(kT)
n=ny¢ J (45.4)
rac mogh=H — [NOTCHOUAJIbHAA 3HepI‘I/I$I MOHeKy.]ILI B I10JIC€ TATOTCHUA, T. €.
~TINkT)
R=myec . (45.5)

Bripaxxenue (45.5) Ha3piBaeTcsl pacnpeaeenueM bosbuMaHa st BHEITHETO MOTEHIIMAILHOTO TTouist. M3 BeTo
CIIEJIyeT, YTO TPU MOCTOSHHOW TEeMIIepaType IJIOTHOCTh raza OoJbIe TaM, IJe MEHbIIE MOTCHIIUATbHAS
SHEPTHs €ro MOJIEKYJI.

Ecnm gacTuiel uMeroT 0IMHAKOBYIO MacCy UM HaXOASTCS B COCTOSIHUM XaOTHYECKOTO TEIJIOBOTO JIBHXKECHHS, TO
pacnpenenenue bonbumana (45.5) cnpaBeqiuBO B JI0OOOM BHEIIHEM MOTEHIIUAJIBLHOM I10JIe, @ HE TOJBKO B
I10JI€ CHJI TSKECTH.

§ 46. CpenHee 4MCJI10 CTOJIKHOBEHUH M CPEAHAA JJIMHA CBOOOJHOIO NPodera MoJieKy.J1

Morekysbl Ta3a, HaX0/ACh B COCTOSSHUM Xa0TUYECKOI'O IBUYKEHMSI, HEMPEPHIBHO CTAJIKUBAIOTCS APYT C IPYTOM.
Mexy AByMs MOCIEIOBATEIBHBIMA CTOJKHOBEHHSIMH MOJICKYJIbI MPOXOSIT HEKOTOPBIA MyTh |, KOTOpHIi
Ha3bIBAETCs WIMHON cBOOOAHOr0 mpodera. B obOmem ciydyae JuiMHa MyTH MEXAY HOCIEI0BATEIbHBIMU
CTOJIKHOBEHHUSIMM pa3IM4yHa, HO TaK KaK Mbl HMeeM JI€JI0 C OTPOMHBIM YHCIIOM MOJIEKYJI U OHM HaXOASTCS B
0ecCropsI0YHOM JBHKCHUH, TO MOKHO TOBOPUTH O CPe/IHeil IInHe CBOOOHOr0 Mpodera MojekyJ <|>.

MuHMMaNbHOE PACCTOSHUE, HA KOTOPOE COMMXKAIOTCS MPU CTOJIKHOBEHHM LIEHTPHI IBYX MOJIEKYJI, Ha3bIBAECTCS
3¢ peKTHBHBIM THaMeTPOM MoJieKyJibl d (puc. 68). OH 3aBUCUT OT CKOPOCTH CTAIKHBAIOIIUXCS MOJICKYII,
T. €. OT TEMIIEPaTyphl Ta3a (HECKOJIBKO YMEHBILAETCS C POCTOM TEMIIEPaTyphI).

Tak kak 3a 1 ¢ MoJieKy/a MPOXOAUT B CPETHEM IyTh, PaBHBIN CpeaHEN apu(MeTHIeCKOl CKOPOCTH <V>, U €CIIH
<7Z> — CpeJHee YUCIIO CTOJKHOBEHMUH, UCIBITHIBAEMBIX OJHONW MOJIEKYJION rasa 3a 1 ¢, To cpeaHss JIMHa
cBOOOTHOTO TIpodera

B =L{v)/<2).

h

[T d

7 7. (Ll g

Pac. 67 : Pac. 68

Jlist onpesieNieHnss <Z> NpeJICTaBUM ce0e MOJIEKYITy B BUJIE IIapHKa auaMeTpoM O, KoTopas JABHKETCSA Cpeau
JAPYTUX «3ACTHIBIIKX» MOJIEKY/. DTa MOJIEKYJA CTOJIKHETCS TOJIBKO C TEMH MOJIEKYJIAMH, [[EHTPHI KOTOPHIX
HaXOJATCS HAa PaCCTOSHUSX, PABHBIX MM MEHBIIUX d, T. €. JIE)KAT BHYTPH «JIOMAHOT0» IHJIMHAPA PaInyCcOM
d (puc. 69).

CpejiHee YUCII0 CTOJKHOBEHHH 3a 1 ¢ paBHO YKMCITy MOJIEKYJI B 00bEME JIOMAHOT0» IIMIMH/IPA:

{(z>=nV,
r7ie n — KOHLEHTpauus Mojekyn, V = ad? <v> <v> — CpenHssl CKOPOCTh MOJIEKYJIbl WU ITYTh, MPOHJEHHBIM
ero 3a 1 ¢). Takum oOpazom, cpeiHee YHCJIO0 CTOJIKHOBEHU I
{2)=nnd* (v).
PacueTsl moka3pIBarOT, YTO NMPHU y4ETE ABUKEHHUS IPYTUX MOJIEKYJ
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{2y =+/27d% (v).

Torna cpennsist amuHa cBoOOIHOTO ITpodera

D =1/(/2xn),

T. €. <I> oOpaTHO mpoMopIHOHATbHA KOHIIEHTpalu N mMosiekyd. C Apyroi cropousl, u3 (42.6) cieayer, 4To

IIpU NIOCTOSIHHOM TeMIiepaTrype N MponopLyoHaibHa JaBiaeHuto p. CieaoBarenbHo,

§ 47. OnbITHOE 000CHOBAHME MOJIEKYJISPHO-KMHETHYECKON TEOPpHH

PaCCMOTpI/IM HCKOTOPLIC SBJICHUA, SKCIICPUMCHTAJIBHO IMOATBCPKAAOIIUC OCHOBHBLIC ITOJIOKCHHA W BBIBO/bL

MOJIEKYJISIPHO-KUHETHUECKON TEOPHH.

1. BpoynoBckoe aBuxkenue. lllornannckuii 6oranuk P. Bpoyn (1773—1858), Habmogas mo MUKPOCKOIIOM

B3BECh I[BETOYHOM MbUIBLIBI B BOJAE, OOHAPYKWJ, YTO YACTHUIbl MbUIBLILI OXKUBJICHHO U OECIOPSI0YHO
JIBUTAIIUCh, TO BPAIasCh, TO MEPEMEIIAsCh C MECTa Ha MECTO, MOJOOHO MBUITMHKAM B COJHEYHOM ITy4e.
BrniocnencTBum okaszanock, 4TO MOAOOHOE CIOXKHOE 3Ur3arooOpa3HOE JIBHYKEHUE XapaKTEPHO IS JIFOOBIX
YaCTHI[ MaJIbIX pa3MepoB (=] MKM), B3BEIICHHBIX B ra3e WM XKUJIKOCTU. IHTEHCUBHOCTH 3TOTO JBUKEHUS,
HA3bIBAEMOT0 OPOYHOBCKHM, TOBBIIIAETCS C POCTOM TeMIIEpaTyphbl CPEbl, C YMEHBIICHUEM BA3KOCTH U
pa3MepoB YacTuil (HE3aBUCUMO OT UX XUMHUUYECKOW mpupoisl). [Ipuunna OpOyHOBCKOTO IBUKEHHS JIOJITO
ocraBajiach HesicHOU. JIumb uepe3 80 net mocie obHapyxkeHus 3Toro 3¢ dexra emy ObUIO JaHO OOBSICHEHUE:
OpOYHOBCKOE JIBI)KEHHE B3BEIICHHBIX YaCTHII BBI3BIBACTCS yJapaMH MOJICKYJ CPEIlbl, B KOTOPOW YaCTHIIBI
B3BEIICHBI. Tak Kak MOJEKYINbl JIBUXKYTCS XaOTHUYECKU, TO OPOYHOBCKHE YACTHIBI MOJYYaIOT TOIYKH C
pa3HBIX CTOPOH, MOATOMY M COBEPIIAIOT JBIKEHUE CTOJIb NpuuyuiuBoi (opmel. Takum obOpasowm,
OpOYHOBCKOE JIBIDKEHHUE SIBIISICTCS TOJATBEPKICHUEM BBIBOJOB MOJEKYJISAPHO-KUHETHUECKONH TEOPHUH O
Xa0THYECKOM (TEIJIOBOM) IBUKEHUU aTOMOB U MOJICKYJI.

Pac. 69

@ B uem cyTe pacnpepenenns Bonwymana?

@ 3aBuCHT Nu cpepHaa AnuHa caoboaHoro npobe-
ra MofneKyn ot Temneparypbl rasa? Nouemy?

@ Kak nameHnTcA cpefHas AnwHa cBOGORHOro
npo6era MONexyn ¢ yBenMuyeHneM HaBneHnA?

OnpiT ITepHa. [lepBoe AKCIEpUMEHTATBHOE ONMPENAEIEHUE CKOPOCTEN MOJEKYJ BBINOJHEHO HEMEIIKUM
¢uzuxom O. lteprom (1888—1970). Ero ombIThl MO3BOIWIM TaKXKE OLIEHUTH PACIPEEIeHUe MOJIEKY 10
ckopocTsiM. Cxema ycraHoBku IlltepHa npeacrasinena Ha puc. 70. B1onab ocu BHYTpEHHEro IMWJIMHIpPA C
IIeNbl0 HaTSHYyTa IJIATHHOBAas MPOBOJIOKA, MOKPHITas ClI0eM cepedpa, KOoTopas HarpeBaeTcss TOKOM MpH
OoTKauaHHOM Bo3ayxe. [Ipu HarpeBanuu cepeOpo wucmapsiercsi. ATOMbI cepeOpa, BbuIeTas 4yepe3 LIelb,
MOMAa/Ial0T Ha BHYTPEHHIOIO MOBEPXHOCTh BTOPOrO IMWJIMHJpPA, AaBas uzodpaxenue menu O. Eciu npubop
MIPUBECTH BO BpallleHUE BOKPYT OOIIEH OCH IMJIMHIPOB, TO aTOMBI cepedpa OCsIyT HEe MPOTUB WIENH, a
cMecTATCs OT Touku O Ha HEKOTOpoe paccTosiHue S. Vi3o0paskeHue 1enu noiaydaercst pa3MbITeiM. Mccnenys
TOJILIUHY OCAXAEHHOIO CJIOS, MOXKHO OLIEHHUTh pACIpe/eleHHe MOJIEKYJ IO CKOpPOCTSIM, KOTOpOe
COOTBETCTBYET MaKCBEJUIOBCKOMY PacIpeeNICHUIO.

3Has paanycCel HMJIIMHAPOB, X YITIOBYHO CKOPOCTH BpAallICHM, 4 TAKXKE U3MEPsId S, MOXKHO BBIYHUCIIHUTL CKOPOCTh

JIBUKEHHSI aTOMOB cepeOpa Mpu JaHHOW TeMIlepaType MPOBOJOKH. Pe3ynbTaThl OMbITa MOKa3ald, YTO
CpeIHsisi CKOPOCTh aTOMOB cepedpa OiM3Ka K TOW, KOTopas cleAyeT U3 MaKCBEIOBCKOIO pacrpeiesieHus
MOJIEKYJI ITO CKOPOCTSIM.

OnpiT JlaMmMepT. DTOT OMBIT TO3BOJSET 00JIee TOYHO OMPENEITUTh 3aKOH DPACTPEIEICHUS MOJIEKYJ IO
ckopoctsiM. (CxemMa BakyyMHOW YCTaHOBKM TpuBeleHa Ha puc. 71. MonekylsapHbIi My4OK,
c(hOpPMHUPOBAHHBIA HWCTOYHHKOM, TPOXOJS 4Yepe3 IIeNb, MOMagaeT B MPUEMHUK. MEXIy HCTOYHUKOM H
MPUEMHUKOM TOMEIIAIOT JBa JUCKa C MPOPE3sMH, 3aKpeIUICHHBIX Ha oOmie ocu. [Ipu HemoaBHKHBIX
AUCKaxX MOJICKYJIBI JOCTUTAIOT IMIPUEMHUKA, ITIPOXOAA 4EPE3 MPOPE3U B obonx JAUCKax. Ecam och IIPHUBECTHU BO
BpALLIEHUE, TO TPUEMHHUKA JOCTUTHYT TOJBKO TE€ MPOLIEAIINE TPOPE3b B IIEPBOM JUCKE MOJIEKYJIBI, KOTOPBIE
3aTpadrBalOT Ui podera Mexay AUCKaMHU BpeMs, paBHOE MM KpaTHOE BpeMeHH 00opoTa nucka. Jpyrue
K€ MOJIEKYJIbI 3aJEP>KUBAIOTCA BTOPBIM JUCKOM. MEHsS yIJIOBYIO CKOPOCTH BpALEHUsI JUCKOB U U3MEPSs
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YKUCJIO0 MOJIEKYJ, IONAJAIUX B IMPUEMHHMK, MOYKHO BBISIBUTH 3aKOH pacCHpElesICHUs] MOJIEKYJ I10
CKOPOCTSIM. DTOT OIIBIT TaK)Ke MOATBEPIUII CIPABENIUBOCTH MAKCBEIJIOBCKOTO paclpeaeseH!s] MOJIEKYI IO
CKOpPOCTSIM.

4. OnbITHOE ompe/esieHre MOCTOTHHON ABoraapo. Bocnonb30BaBIIUCh UACEH paclpeeICHUs] MOJIEKY 1O
BbicoTe (cM. (opmyny (45.4)), ¢panmysckuit yuensnii XK. Ileppen (1870—1942) skcnepuMeHTaIBHO
OTpeAeNuy 3HaueHue MOCTOSIHHOW ABoraapo. Mccneays moa MHUKPOCKOIIOM OpOYHOBCKOE JIBUXKEHUE, OH
yOeauicsi, 4To OpOYHOBCKHE YACTHIIBI PAacTIpEeAessIIOTCS IO BBICOTE MOJOOHO MOJIEKYJIaM Traza B IIOJe
tarorenus. [lpuMeHnB Kk HUM OOJIBIIMAHOBCKOE pacIipe/iesieHHe, MOKHO 3aIUCaTh

~(m—my) ghi(k
n=nge (m—m1) gh)( 7),

rJle m—Macca YacTHIbl, /71—Macca BBITECHEHHOW €10 KHUJKOCTH; m=4/37z'r3p, m1=4/37zr3p1 (r — pamuyc
YaCTHIIbI, P — IUIOTHOCTh YACTHIIbI, 0] — IUIOTHOCTD KHIKOCTH).
Ecnu Ny 1 N; — KOHIEHTpAIKK YacTHIl Ha YpoBHsX Ny u Ny, @ K=R/Np, To
__3RTIn(u/n)
A anr o= p) g (a—hy)

UcTounux

Puc. 70 Puc. 71
3nauenue Na, momyuaemoe u3 pabot XK. IleppeHa, cOOTBETCTBOBAIO 3HAYCHHSIM, IMOJYYCHHBIM B APYTUX
OTIBITAX, YTO MOJTBEPKIACT MPUMEHUMOCTh K OPOYHOBCKMM YacTHIaM pacnpenencHus (45.4).

§ 48. SIB1enus nepeHoca B TepMOAMHAMHYECKH HEPABHOBECHBIX CHCTEMAax

B TepmoamHamMuuecku HEPaBHOBECHBIX CHCTEMax BO3HUKAIOT 0COOBIE HeoOpamuMble TPOIIECCHI, Ha3bIBAEMbIE
SIBJICHUSIMU TI€PEHOCA, B PE3YJIbTaTe KOTOPHIX MPOUCXOIUT MIPOCTPAHCTBEHHBIN MMEPEHOC YHEPTUU, MACCHI,
uMmnynsca. K sBIeHUSM MepeHoca OTHOCITCS TeMJIoNMPOBOAHOCTHL (0OYCIOBIIEHA NEPeHOCOM 3Hepaull),
aug¢y3us (00yCIOBICHA nepeHOoCoM Maccul) U BHyTpPeHHee TpeHue (00YCIOBICHO nepeHOCOM UMNYIbCA).
J171s IPOCTOTHI OTPAaHUUUMCS OOHOMEPHbIMU SBICHUSIME TiepeHoca. CucreMy oTcueTa BhIOEpeM Tak, YTOOBI
0Ch X ObIJIa OpUEHTHPOBAHA B HAIIPABICHUH TIEPEHOCA.

1. TennonpoBoaHoCcTh. Eciii B 0/1HO 00acTu ra3a cpeHss KHHETHYeCKas SHEPTUs MOJIEKY OOJbIIe, YeM B
Z[perI\/'I, TO C TCUHCHUCM BPCMCHHU BCICACTBUC IMOCTOAHHBIX CTOJIKHOBEHHH MOJICKYJT IMMPOUCXOJUT IMPOLECC
BBIPABHUBAHMS CPEJHUX KWHETHYECKUX DHEPruil MOJIEKYNd, T. €., WHBIMH CIIOBaMH, BBbIpAaBHHUBAaHHE
TeMIIeparyp.

[Tepenoc snepruu B hopme TEIUIOTHI MOAYUHSIETCS 3aKOHY Dypbe:

i ).dT
E= —A"T,

dx (48.1)
rac jE — INIOTHOCTDb TEIJIOBOI'0 IMOTOKAa — BCJIIMYHMHA, OHpCI[eJBIeMaﬂ 3HeereI>'I, HepeHOCHMOﬁ B (bOpMe

TEIUIOTBl 68 eOuHUuyy 6pemMeHUu uYepes eOUHUYHyr0 NIoWaoKy, TEpHeHIUuKyIIpHyl0 Ocu X, A —
T y

TeIJIONPOBOIHOCTb, Vi TPaIMeHT TEeMIEPaTyphl, PaBHbIM CKOPOCTU HU3MEHEHHUS TEeMIIEpaTypbl Ha
X

€IMHULY JUIMHBl X B HAIpPaBJIECHUU HOPMAIM K 3TOM IIowm@aake. 3HAK MHHYC IIOKa3bIBaeT, 4TO IpHU
TEIUJIONMPOBOAHOCTH SHEPTHsl NEPESHOCUTCS] B HANPABJICHHH YOBIBAHHS TEMIIEPATYpPhI (MOITOMY 3HAKH jg H

dT
—_— = HpOTI/IBOHOJ'IO)KHBI). TCHHOHPOBOI[HOCTB A UYHCIICHHO paBHa INJIIOTHOCTU TCIUIOBOI'O IIOTOKA IIpU

dx
rpajiuEHTE TEMIIEPATYPhI, PABHOM €IUHULIE.
Mo>XHO ITOKa3aTh, 4TO
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A=f3cpp (o)D),
(48.2)

TIe Cy — YOenbHas Meni0emKoCmb 2a3d npu NOCMOSAHHOM 06beme (KOIMMIECTBO TEIUIOTHI, HEOOXOANMOe /IS
HarpeBanus | kr raza Ha 1 K npu nocrosnHoMm o0beme), p — IUIOTHOCTH rasza, <V> — CpeIHsIsl CKOPOCTb
TEIUIOBOTO JABMKEHHSI MOJIEKYJI, <I> — cpenusist ynHa cBOOOHOTO mpobera.

2. Indys3us. SAsnenue quddy3un 3aKir09aeTcs B TOM, YTO IPOUCXOAUT CaMOIIPOU3BOJILHOE IIPOHUKHOBCHNE
U MEpEeMEUIMBaHUE YaCTHI[ JIBYX COINPUKACAIOLIMXCS T'a30B, )KUIKOCTEH M JaKe TBEPABIX Tell; TUPPy3ust
CBOAMTCS K OOMEHY MAacC YacTHI[ 3THUX TeJl, BOSHUKAeT M IMPOMOJDKACTCS, MOKA CYIIECTBYET TPAIHEHT
IUIOTHOCTH. BO BpeMst cTaHOBIJICHHS MOJICKYJIIPHO-KMHETHYECKOI TeOpHH 10 Bonpocy auddy3un Bo3HUKIN
npotuBopeuns. Tak Kak MOJEKYJIbI JBIKYTCSI C OTPOMHBIMH CKOPOCTSIMH, AU (y3Hs TODKHA TPOUCXOUTh
o4eHb ObICTpO. Ecim e OTKpBITh B KOMHATE COCYJ| C Maxy4WM BEIIECCTBOM, TO 3allaX PaclpoCTPaHSCTCS
JIOBOJBHO MemineHHo. OJHAKO NPOTHUBOpEYHs 31ech HeT. MOJeKynbl NpH aTMOC(EepHOM JaBICHUU
o0JIajafoT MaJol JJIMHOW CBOOOJHOrO MpoOera M, CTAIKUBAsICh C JIPYTMMH MOJIEKYJIaMH, B OCHOBHOM
«CTOSIT» Ha MECTE.

SIBnenue muddy3un Ui XAMHUYECKU OHOPOTHOTO r'a3a NOAYUHsIETCs 3aKoHy DyKka:

. de
= (48.3)
I1e jm — MJIOTHOCTh MOTOKA MAacchl — BEIIMYMHA, ONpeaessieMas Maccoil BemecTBa, U yHIUpyoOLIero 6
eOUHUY)y BpeMeHU uYepe3 eOUHUYHYIO Nniowaoky, TepHeHauKylsapHyio ocu x, D — nuddysus

(xo3ppunment auddys3un), do/dX — rpagueHT MWIOTHOCTH, PABHBIA CKOPOCTH M3MEHEHUS IUIOTHOCTH Ha
eIMHMILYy JJIMHBI X B HANpaBJICHHH HOPMAJIM K J3TOW IUIOMIAJIKE. 3HAK MUHYC ITOKa3bIBAET, YTO MEPEHOC
Macchl TIPOUCXOUT B HAINPABJICHUH yOBIBAHHS IUIOTHOCTH (TI03TOMY 3HAKH Jyn U dpo/dX MPOTHUBOIOIOXKHBI).
Hupdy3us D ymciaeHHO paBHA IUIOTHOCTH MOTOKA MAacChl NPU TPaJUCHTE IUIOTHOCTH, PABHOM CIWHHUIIC.
CornacHo KHHETUYECKO# TEOpHH Ta30B,

D=[3{w) (D). (48.4)

3. BuyrpenHee TpeHue (BI3KOCTh). MexaHW3M BO3HUKHOBEHHUS BHYTPEHHETO TPEHHS MEXKTY MapauIeIbHBIMH
CIIOSIMU Ta3a (KHUAKOCTH), NBIKYIIUMUCS C PA3TUYHBIMU CKOPOCTSIMH, 3aKJIFOUAeTCS B TOM, YTO H3-3a
Xa0THYCCKOI'0 TCIUIOBOTO JABMIKCHHA NPOUCXOOIUT obOMeH MOJICKYJIaMH MCXKAY CI0AMH, B PE3YJIbTATC YCTO
UMITYJIBC CTIOS, ABIDKYIIETOCS OBICTpee, YMEHBIIAeTCsl, IBIKYIIEroCs MeIJeHHee — YBEIHMYMBACTCS, UTO
MIPUBOUT K TOPMOKEHHIO CIIOS, TBUXKYIIETOCS OBICTPEE, U YCKOPEHUIO CIIOS, IBHXKYIIIETOCS MEJJICHHEE.

CornacHo ¢opmyne (31.1), cuna BHYTpEHHETO TPEHUS MEXKAY IBYMs CIOSMHU Tra3a (KUIKOCTH) MOAYUHSETCS
3akony HbloTOHA!

dv
F=n|—|S§,
dx (48.5)
rjae 1 — JAUHAMUYeCcKas BA3KOCTh (BSI3KOCTH), dv/dx — TPaIMeHT CKOPOCTH, MOKA3BIBAIOIMIMKA OBICTPOTY

W3MEHEHUS CKOPOCTH B HAIPaBJICHUU X, NEPIEHINKYISIPHOM HAMpaBICHUIO [BWIKEHUS CJIOEB, S —
TJI01A]Th, HA KOTOPYIO JAeicTBYeT cuia F.

B3anmoneicTerue AByX CIIOEB COIJIACHO BTOPOMY 3aKOHY HbIOTOHA MOKHO paccmaTpuBaTh Kak MpOLECC, PU
KOTOPOM OT OJIHOTO CJIOA K APYroMy B €AWHHUILY BPEMEHU MEPENacTCs UMITYJIbC, IO MOMIYJII0 PaBHBIN
neiictytomieit cune. Torna Beipaxenue (48.5) MOKHO MPEACTaBUTH B BUJIE

dv

dx’ (48.6)

r1e jp — IMJIOTHOCTH MOTOKA HMITYJIbCA — BEIMYMHA, OIpesernseMas MOJIHBIM UMITYIbCOM, TIEPEHOCHMBIM B
€MHUILy BPEMEHH B TIOJOXKUTEIbHOM HAaNpaBJIE€HUM OCH X Yepe3 EAUHUYHYK IUIOMIAJIKY,

jp'_' -n

\'
NEPINCHAUKYIIAPHYIO OCH X, d_ — I'paiUCHT CKOPOCTHU. 3HaK MHHYC YKa3bIBACT, UTO UMITYJILC IICPCHOCUTCA
X

. dv
B HaHpaBHCHI/II/I y6LIBaHI/I}I CKOpOCTI/I (HOBTOMy 3HAKH jp nu d_ HpOTI/IBOHOJ'IO)KHBI).
X

JlunamMuyeckasi BI3KOCTh 77 YUCJICHHO paBHA IJIOTHOCTH MOTOKA UMITYJIbCa TIPU TPATUEHTE CKOPOCTH, PABHOM
eMHUIIE; OHA BBIYUCIISETCS IO popMyIie
n=1/3p<{v)<D. (48.7)
N3 comocraBnenus ¢opmyn (48.1), (48.3) u (48.6), ommchIBAIOUIMX SBJICHUS IEpeHOCA, CIEAYyeT, 4TO
3aKOHOMEPHOCTH BCEX SIBJICHUN MEPEHOCA CXOIHBI MEXKTY CO00M. DT 3aKOHBI OBUIM YCTAHOBIICHBI 3a0JITO
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710 TOTO, KaK OHU ObUIM 00OCHOBAHBI M BHIBEJCHBI U3 MOJICKYJISIPHO-KMHETUYECKOM TEOpUH, ITO3BOJIMBIICH
YCTaHOBHUTH, YTO BHELIHEE CXOJCTBO X MATEMaTUYECKUX BBIPAKEHUN 00YCIOBICHO OOIIHOCTHIO JIEXKAILIETO
B OCHOBE SIBJICHUH TEIUIOMPOBOAHOCTH, AU((Y3uu W BHYTPEHHETO TPEHUS MOJIEKYISIPHOTO MEXaHHU3Ma
MepeMEeLIMBaHUS MOJIEKYJI B IIPOLIECCE UX XAO0TUUECKOTO ABMKEHUS U CTOIKHOBEHUHN APYT C IPYTOM.

Paccmorpennsie 3akoHbl @ypre, Puka u HbplOTOHA HE BCKPBIBAIOT MOJIEKYJISIPHO-KMHETHYECKOIO CMBbICIIA
kodpurmentoB A, D u 7. Beipakenus st ko3hUIMEHTOB MEpEeHOCAa BBIBOASATCS W3 KUHETHUYECKOU
teopur. OHHM 3amucaHbl 0€3 BBIBOJA, TaK KaK CTPOroe pPAacCMOTPEHHE SBIEHUN MEpeHoca JIOBOJBHO
rPOMO3JIKO, a KauyeCcTBeHHOoe — He umeer cmbiciaa. Dopmyner (48.2), (48.4) u (48.7) cBs3bIBAIOT
K03 (ULIMEHTHI IEPeHOca U XapaKTEPUCTUKU TEIUIOBOTO IBUMKEHHS MOJEeKyl. M3 3Tux ¢hopMyl BBITEKAIOT
MPOCTHIE 3aBHCUMOCTU Mexay A, D u #:

n=pD,
A(ney)=1.
I/ICHOJILBYSI 9THU q)OpMyJIBI, MOXHO I10 HaﬁHeHHBIM M3 OIIbITa OAHUM BCIIMYMHAM onpeneJme I[pyrl/le.

§ 48. Bakyym u MeTo1bI €ro mojiydyenusi. CBoiicTBa yjabTpapa3pesKeHHbIX Ia30B

Ecnu u3 cocyna oTkauumBarh ra3, TO MO MEpe MOHIKEHHUS JABJICHUS YHCIO CTOJIKHOBEHHM MOJIEKYNI JPYT C
IPYyroM YMEHBIIAETCs, YTO NMPUBOAUT K YBEIMYCHHIO WX JUIMHBI cBOOomHOTO mpobera. [Ipu mocrarodno
00JIBIIOM Pa3peKEHUU CTOJIKHOBEHHUS MEXIY MOJEKYJIaMU OTHOCHUTENBHO PEIKU, IOATOMY OCHOBHYIO POJIb
UTPAIOT CTOJKHOBEHHUS MOJIEKYJ CO CTEHKaMHu cocyla. BakyyMoMm Ha3bIBaeTCsi COCTOSIHHE rasa, IpH
KOTOPOM CpeHss UIMHa CBOOOJHOro mpobera <I> cpaBHMMa WM OOJbIE XapaKTEPHOrO JIMHEHHOIO
pa3mepa d cocyna, B KOTOpOM Ta3 HaxoauTcs. B 3aBucumoctu ot cootHomieHus <I> u d paznuuaror HU3KHMii
(<I> << d), cpeanunii (<I> < d), Bbicoknii (<I> > d) u cBepxBbIcokmii (<I> >> d) Bakyym. ['a3 B cocrostHun
BBICOKOT'O BaKyyMa Ha3bIBAETCs YJAbTpPapa3pe:KeHHbIM.

Bompocel co3nanus BakyymMa HMEIOT OOJNIBIIIOE 3HAYEHHE B TEXHUKE, TaK Kak, HalmpuMep, BO MHOTHX
COBPEMEHHBIX JJICKTPOHHBIX MPUOOPAX HCHOJIB3YIOTCS DIEKTPOHHBIE ITyYKH, (OPMHPOBAHHE KOTOPBIX
BO3MOXXHO JIMIIb B YCIOBUSAX Bakyyma. J[JIsl moyueHus pa3NUYHbIX CTETEeHEH pa3peKeHUs MPUMEHSIOTCS
BaKyyMHbIe Hacocbl. B Hacrosiee BpeMs NMPUMEHSIOTCS BaKyyMHBIE HACOCHI, TO3BOJISIONINE TOTYYUTh
npenBapuTenbHoe paspexenue (popBakyym) no ~0,13 Ila, a Takke BakyyMHBIE HACOCHI U JIaODOpaTOpHBIE
MPUCTIOCOOICHHMSI, MO3BOJISIONINE MONYyYuTh AaBienue a0 13,3 mxlla — 1,33 nlla (107" —10" mm pr. cr1.).

[TpuHumn paboThl (OpBaKyyMHOrO Hacoca MpeACTaBlieH Ha puc. 72. BHYTpH IWIMHIPUYECKON MOJOCTH
KOpITyca BpallaeTcsl SKCIEHTPUYHO HacakeHHBIM nunuHap. JBe jomactu 1 u 1', BcTaBieHHble B paspes
[WIMHAPA ¥ pa3ABUTaeMbIe TIPYKHUHOHN 2, pa3eisiFoT MPOCTPAHCTBO MEXY HMJIMHIAPOM U CTEHKOW TIOJIOCTH
Ha JBe yacTH. ['a3 U3 0TKauMBaeMOro cocyja MmocTymnaer B 00JacTh 3, MO Mepe MOBOPAYMBAHUS IIUIMHIPA
Jonacth 1 OTXOAWT, MPOCTPAHCTBO 3 YBEIMYMBACTCS M ra3 3acachiBaeTcs yepes Tpyoky 4. [Ipu nanpHeiimem
BpallleHUH JiomacTh 1' OTKIII0YaeT MpOCTPaHCTBO 3 OT TPYOKU 4 M HAUMHAET BHITECHSATH T'a3 yepe3 KiamaH 5
Hapyxy. Beck mporiecc HEMPepbIBHO MOBTOPSIETCSI.

Parc. 72

4
t
3
@ B yem cywHocTb aBneHni nepeHoca? Kakossl
OHM M NPK KaKNX YCIIOBMAX BO3IHMKAIOT?
@ OO6bsicHMTe (hU3NYECKYl0 CYLWHOCTb 3aKOHOB
Pypbe, duka, HuioToHa.
@ KakoB MexaHM3aM TennonpoBOAHOCTH yNnuTpa-

pa3peXeHHbIX ra3os?

J1714 mostydeHus BBICOKOTO BaKyyMa NpuMeHsoTcs Au¢¢y3noHHbIe Hacockl (pabouee BElecTBO — PTYTh WIH
Maciio), KOTOpble He CHOCOOHBI OTKauMBaTh Ta3 W3 COCYIOB HauyMHas ¢ aTMOC(EpPHOro JAaBJIEHUS, HO
CIIOCOOHBI  CO37aBaTh J00ABOYHYIO PA3HOCTh JIaBJIICHWM, TIOITOMY WX YHOTPEOISIOT BMECTE C
¢dopBakyyMHBIMH Hacocamu. PaccMoTpum cxemy geiictBus auddy3noHHoro Hacoca (puc. 73). B komnbe
PTYTh HarpeBaeTcs, Hapbl PTYTH, MOJHUMAsCh MO TPyOKe 1, BBIPBIBAIOTCS M3 coruia 2 ¢ OOJbIION
CKOPOCTBIO, yBIIEKas 32 cO00I MOJIEKYIbI T'a3a U3 OTKAYMBAEMOT0 cocy/ia (B HEM CO3/aH MpeABAPUTEIbHBIN
BaKyyM). OTH Taphl, MOMajaas 3aTeéM B «BOASHYIO PyOaliKy», KOHJIESHCHPYIOTCS M CTEKalOT OOpaTHO B
pe3epByap, a 3aXBadCHHBIM ra3 BBIXOJUT B IMPOCTPAHCTBO (uepe3 TpyOKy 3), B KOTOPOM YK€ CO3JaH
¢opBakyym. Eciau npuMeHSTh MHOTIOCTYNEHYaThle HAcoChl  (HECKOJBKO  COIUI  PACIIOJIOKEHbI
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MOCJIEIOBATEIbHO), TO PEaJbHO NPH XOPOIIMX VYIUIOTHEHUAX MOXXHO C TOMOIIBIO HHUX MOJYYHUTh
paspexxeHue 10 107" Mm pT. CT.

Jns  pganbHEHIIero TMOHWKEHUsS JIaBJICHUS NPUMEHSIOTCS TakK Ha3bIBa€Mble  «IOBYLIKM». Mexay
¢ G y3nOHHBIM HACOCOM U OTKaUYMBAaE€MbIM O0OBEKTOM PacIoiaratoT CHelHalbHO U30THYTOE KOoyeHo (1 mwiu
2) COCTUHUTENIBHON TpPyOKH (JOBYIIKY), KOTOPYIO OXJIAXKIAIOT XUAKUM a3otoMm (puc. 74). Ilpu Ttakoit
TEeMIlepaType mapbl PTYTH (Macja) BHIMOPAXXHBAIOTCA W JABJIEHHE B OTKAYMBAEMOM COCYJAE MOHUXKAETCS
npuOIM3UTENbHO Ha 1—2 mopsiaka. OnucaHHbIC JIOBYIIKA HA3bIBAIOT OXJIAKIAEMbIMH;, MOKHO TTPUMCHSITh
TaK)Xke HeoXJiaxaaeMble JoBYIKH. CrieruaibHoe pabodee BEIIeCTBO (HAlIpUMED, allFOMOTelb) MOMEIaloT
B OJIMH U3 OTPOCTKOB COCAMHHUTEIHHOU TPyOKa BOJIM3H OTKAUMBAEMOTO 00BEKTa, KOTOPOE MOICPIKUBACTCS
npu Temieparype 300°C. Ilpu HO0CTHKEHUH BBICOKOI'O BaKyyma aJlOMOTeNIb OXJIXIAeTCs 10 KOMHATHOM
TEeMIIepaTypbl, IPU KOTOPOM OH HAYMHAET MOTJIONIATh UMEIOLIUECs B cucTeMe mapbl. [IpenmyinecTBo 3Tux
JIOBYIIEK COCTOHUT B TOM, YTO C MX MOMOUIbIO B OTKAUYMBAEMbIX O0BEKTAaX MOXKHO MOJJEPKUBATH BHICOKUMN
BAKyYyM YK€ IOCJIE€ HEMOCPEICTBEHHOM OTKAYKH B TEUCHUE JJAXKE HECKOJIBKUX CYTOK.

OcTaHOBHMMCS Ha HEKOTOPBIX CBOMCTBAX YJIbTPAPA3PEKEHHBIX T'a30B. Tak Kak B COCTOSIHUM YJIbTPapa3peKeHUs
MOJIEKYJIBI TPAKTUYECKHU IPYr C JIPYroM HE CTaJKHBAIOTCS, TO Ta3 B 3TOM COCTOSHHMHM HE 00Jiagaer
BHYTPEHHUM TpeHUEeM. OTCyTCTBHE COYAApPEHH MEXIy MOJIEKYJIAMH Pa3peKEHHOTO rasa OTpaKaercs
TaK)Ke Ha MEXaHHM3ME TEIIONPOBOTHOCTU. ECIM Tipu OOBIYHBIX JABICHUSX MEPEHOC YHEPTUU MOJICKYJIaMU
MIPOU3BOJUTCS «dcTaeToit», TO MpU YIbTpapa3peKEHUU KaKJIas MOJEKyla cama JOJDKHA TEePEeHECTH
SHEPTUI0 OT OJHOM CTEHKH COCyla K JAPYrou. SIBieHune yMEHbIIEHHs TEIJIONPOBOAHOCTH BaKkyyma IpHU
MOHMKEHUU JIABJIICHUS HCIIOJIb3YETCS Ha IMPAKTHKE JJIA CO3JaHus TEeIUIoBOM u3oisuuu. Hanpumep, nis
YMCHBIIICHUS TEIJIOOOMEHA MEXKIy TEIIOM M OKPYXAIOMIeW Cpeqoi Telo MOoMemaroT B cocyn Jlproapa*,
MMEIOIINI JIBOMHBIE CTEHKH, MEXJY KOTOPBIMM HAaxXOIUTCS Pa3pekKEHHbIA BO3AYX, TEILIONPOBOIHOCTb
KOTOPOTro OYeHb Maja.

* 1T dproap (1842—1923) — aHrnuiickuii XUMUK U QU3HK.

Buicouuit Barkyym

<)
Puc. 73 Puc. 74

PaccmoTpum nBa cocyna 1 u 2, moamepkuBaeMbIX COOTBETCTBEHHO INMpH Temrieparypax 11 u T (puc. 75) u
COEIMHEHHBIX MeXJy coOoil TpyOkoil. Ecnm mnmHa cBOOOAHOrO mpoOera MOJIEKYNI TOpa3lo MeEHbIe
JAMaMeTpa COoeNMHHUTENbHONW TpyOku (<I> << d), To cranuoHapHOE COCTOSHME ra3a XapaKTepHU3yeTcs
PaBEeHCTBOM JaBJIeHUH B 00oux cocyaax (P1 = p2). CTaunoHapHOe ke COCTOSIHUE YIbTpapa3pekeHHOro ra3a
(<I> >> d), Haxopsmerocs B IByX cocyaax, COCAMHEHHBIX TPYOKOW, BO3MOXKHO JIUIIb B TOM Cliy4ae, KOraa
BCTPEYHBIE ITIOTOKU YaCTUL], [IEPEMEILIAIOIINUXCSA U3 OJJHOTO COCYa B APYrOW, OMHAKOBSI, T. €.

m (v = m{v),

rge np U np — KOHICHTPAIlMM MOJICKYJ B odoux cocylax, <Vi> M <Vp> — CpeOHHE CKOPOCTH MOJCKYIIL.
VuauteiBast, uto N = p/(KT) u (v)=+/8RT/(xM), u3 yciosus (49.1) nonyuaem
plpy = /Ti/Ty, (49.2)

T. €. B YCIOBUSAX BBICOKOIO BaKyymMa BBIDAaBHHMBAHMS JaBJICHUM HE NpPOUCXOoAWUT. EciM B OTKayaHHBIN
CTEKJITHHBIA OayioH (pBe. 76) Ha MPYXHHY 1 HacaguTh CIIOJSHOW JIUCTOYEK 2, OJHA CTOPOHA KOTOPOTO
3aUEpHEHA, W OCBELIaTh €ro, TO BO3HUKHET pPAa3sHOCTb TEMIIEpATyp MEXJy CBETJION U 3a4epHEHHOMU
MOBEPXHOCTAMU JHcTOuKa. W3 BbpaxkeHus (49.2) cienyer, 4To B JaHHOM cllydyae pa3HbIM OyaeT u
JaBJIEHHE, T. €. MOJIEKYJbl OT 3aU€pPHEHHON MOBEPXHOCTH OYIYT OTTAJKUBATHCS ¢ OOJBIIEH CHIION, YeM OT
CBETJION, B pe3ysbTaTe 4Yero JHMCTOYEK OTKJIOHUTCS. DTO SBJICHHE HA3bIBACTCS PaJIMOMeTPHUYECKHM
apdexTom. Ha paguomerpruyeckoM 3¢pexre OCHOBAHO IEHCTBHE PAIHOMETPHYECKOT0 MAHOMETPA.

3agaun
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8.1. HauepTuTh 11 00BSICHUTD TpadUKH U30TEPMHUIECKOT0 U H300apHOTO MPOIIECCOB B KoopauHaTax pu V, p u
T,TuV.

8.2. B cocyne npu temmeparype t = 20°C u manenuu p = 0,2 Mlla comepkutcs cMeCh Ta30B — KHCIOpPO/Ia
Maccoit m; =16 r u azota maccor My =21 r. OnpeaenuTpb MWIOTHOCTh CMecH. [2.5 KF/M3]

8.3. Ompenenuth Hanboiee BEPOSATHYIO CKOPOCTh MOJICKYJ rasa, INIOTHOCTh KoToporo npu aaeineHuu 40 klla
cocrasisier 0,38 Kr/m°. [478 m/c]

8.4. Hcmomb3ys 3aKOH O pacupeleieHHd MOJIEKYT HJCAIbHOTO Ta3a IO CKOPOCTSM, HAaWTH 3aKOH,

BBIPAKAOIIHIA pacpeieieHie MOJICKYJT 0 OTHOCUTENIbHBIM cKopocTsaM u (U = Vivg). [ f(U) = N u’]

8.5. Bocmonp30BaBIIMNCh 3aKOHOM paclpesesieHuss HIealbHOro Ta3a MO OTHOCHUTENBHBIM CKOPOCTSM (CM.
3amaqy 8.4), ompeneNuTh, Kakasl I0JIsI MOJICKYJ KUCIOpo/a, Haxoasmerocs mpu temmepatype t = 0°C, umeer
ckopoctu oT 100 mo 110 m/c. [0,4]

8.6. Ha kxakoil BbICOTE IUIOTHOCTH BO3/lyXa B [IBa pa3a MEHbIIIE, YEM €r0 IUIOTHOCTh Ha ypoBHE Mopsi? CunuTaTs,
YTO TEMIIepaTypa Bo3ayxa Be3je oauHakoBa u paBHa 273 K. [5,5 kM|

8.7. OnpenenuTb CPeIHIO MPOAOIDKUTEIHLHOCTh CBOOOAHOTO Mpodera MoJIeKyJsl BOJOpOia IPpU TEMIIEpaType
300 K u naBnenuu 5 klla. DddexTuBHbIN qUaMeTp MOJeKyI MpuHATH paBHBIM 0,28 HM. [170 HC]

8.8. Koaddunmentsr mudy3un U BHYTPEHHETO TPEHHUS MPH HEKOTOPHIX YCIOBUSX PAaBHBI COOTBETCTBEHHO

1,@21074 M2/c u 8,5 Mklla-c. OnpenenuTs KOHUEHTPALMIO MOJIEKYJ BO3/1yXa IIPU 3TUX YCIOBUSAX. [1,25-1024
M ]

K Hacocy

1

Tl Tz 1

Pac. 75 Prc. 76

I'naBa 9 OcHOBBI TEPMOAUHAMUKH

§ 50. Yuciio creneneii cBo00AbI MOJIEKY.Ibl. 3AaKOH PABHOMEPHOI'0 pacnpeie/ieHusi JHEPIruu N0 CTeNeHAM
CBO0OBI MOJIEKY.JI

BaxkHoil XapakTepuCTUKON TEPMOJAMHAMUYECKON CHCTEMBI SBIISETCS €€ BHYTPeHHss dJHeprusa U — sHeprus
Xa0THUYECKOTO (TETJIOBOT0) ABM)KEHUSI MUKPOYACTHI] CUCTEMbI (MOJIEKYII, AaTOMOB, 3JIEKTPOHOB, sJIEp U T. [I.)
U DHEprusi B3auMOJIEHCTBUS 3TUX YacTull. M3 3TOr0 omnpeneneHus cieayeT, YTO K BHYTpPEHHEH 3HEpruM He
OTHOCSITCSI KHUHETHUYECKAsl SHEPTUsI JBUKEHHSI CUCTEMBI KaK LEJIOT0 U MTOTEHLIMAIbHAsl SHEPTUS CUCTEMBI BO
BHEUTHUX MOJISAX.

BHyTpeHHSssS 3HEprusi — 00HO3HaAUHAA (YHKYUS TEPMOJUHAMUYECKOTO COCTOSIHUSI CHUCTEMBI, T. €. B KaXIOM
COCTOSIHMM cucTeMa 00J1aZaeT BIIOJIHE OIpe/Ie]IeHHON BHYTPEHHEW dHeprueil (oHa He 3aBUCHUT OT TOrO, Kak
cucTeMa MpHUIljia B JaHHOE COCTOSIHME). DTO 03HAUYAET, YTO MPU MEPEX0/Ie CUCTEMBI U3 OJTHOTO COCTOSHUS B
Jpyroe W3MEHEHHE BHYTPEHHEW YHEprUH ONpeAessieTcs] TOJbKO Pa3HOCThIO 3HAUEHUN BHYTPEHHEH SHEpruu
9TUX COCTOSIHUH U HE 3aBHCUT OT IIyTH IIEPEXO/A.

B § 1 6bu10 BBEIeHO MOHATHE YHCIIA CTENIEHEH CBOOObI: 3TO YUCIIO HE3aBUCUMBIX EPEMEHHBIX (KOOpIUHAT),
IIOJIHOCTBIO ONPEAEIIAIONINX TOJ0KEHUE CUCTEMBI B IIPOCTPAHCTBE. B psiie 3a1au MoJIEKyTy OJJHOATOMHOIO
ra3a (puc. 77, a) paccMaTpUBaIOT Kak MaTepUAbHYIO TOYKY, KOTOPOH MPHUITUCHIBAIOT TPU CTETICHH CBOOOIBI
MOCTYMATENBLHOTO ABMKEHUs. [Ipu 3TOM 3HEpruto BpamareabHOro ABMKEHHUS MOXKHO He YUuThIBaTh (I — 0,
J=mr’> 0, T,,=Ja/2-0).

B knaccuueckoil MexaHHKE MOJIEKyja JBYXaTOMHOIO raza B NEpPBOM HPHUOJIMKEHHWH paccMaTpUBaeTCs Kak
COBOKYITHOCTb JIBYX MaT€pHUalbHbBIX TOUYEK, )KECTKO CBA3aHHBIX HeJehopMHUpyeMoii cBs3bIo (puc. 77, 6). Ota
CHUCTeMa KpOME€ TpeX CTeneHedl cBOOOIbl MOCTYNaTEeIbHOTO JIBU)KEHUS MMEET ellle JIBe CTENEeHH CBOOOIbI
BpalaTeIbHOro JBHXEeHUA. BpaleHne BOKpyr TpeTbel ocu (OcH, IpoXosiiel yepe3 06a aToMa) JIMIIEHO
cMbicia. TakuM 00pa3oM, JBYXaTOMHBIN ra3 o0iajgaeT MAThi0 cTeneHsMu cBoOozbl (I = 5). Tpexaromuas
(puc. 77, s) M MHOroaToMHas HEJIWHEHHBIE MOJIEKYJIbl HMMEIOT IIECTh CTENeHeH CBOOOAbI: TpHU
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MOCTYMATENbHBIX W TPHU BpallaTelIbHbIX. ECTECTBEHHO, 4YTO J>KECTKOW CBSI3M MEXAY aToOMaMH He
cyumiectByeT. [loaTomMy nansi peanbHbIX MOJIEKYJT HEOOXOAUMO YYHMTHIBATh TakKK€ CTEHEHH CBOOOJbI
K0J1e0aTeIbHOTO JBUKCHHUS.
HezaBucumo ot obiiero ymcna cTeneHeil cBo0OIbI MOJIEKYJ TPU CTENEHU CBOOOABI BCErna MocTynaTelbHbIe.
Hu ogHa M3 mocTymaTeNbHBIX CTEIEHEH CBOOOJBI HE MMEET MPEUMYIIECTBA MEepel IPYyruMH, TT0ITOMY Ha
KKJIYIO U3 HUX MIPUXOJUTCS B CPEAHEM OJIMHAKOBAs YHEPTus, paBHas 1/3 3naueHus <&> B (43.8):

B knaccuueckoll cratuctTuueckoi (hpuzMke BBHIBOOUTCA 3aKOH BojibiMaHa 0 paBHOMepHOM pacnpefiesieHuU
JHEPIHHU MO CTeNeHS M CBOOOABI MOJIEKYJ: JUIsl CTATUCTUYECKOW CHUCTEMBI, HaXOASIEHCS B COCTOSHUU
TEPMOJIMHAMHUYECKOTO0 PaBHOBECHUS, HA KaKIYIO IOCTYNATENbHYI0 M BpalaTEIbHYIO CTENEHHU CBOOOJIBI
NPUXOJUTCS B CpPEIHEM KHUHETHYecKas dHeprusi, paBHas KT/2, a Ha Kaxayl KoJieOaTeIbHYIO CTEICHb
cB00OIbI — B cpeHeM dHeprusi, paBHas KT. KosebarenpHas cTeneHp «o01anaeT» BaBoe Ooblieil sHeprueit
IIOTOMY, YTO Ha Hee IPUXOJUTCA HE TOJbKO KHMHETHMYECKas 3HEprus (Kak B cilydae IOCTYNATEIbHOIO U
BpalaTeJIbHOIO JABMXKEHHMI), HO UM IOTCHLMANbHas, NPUYEM CpPEIHHME 3HAYCHUsS KHUHETHUYECKOH H
MOTEHLIMAJIbHON SHEPTUIl OANMHAKOBBI. TakuM 00pa3oM, CpeaHss SFHEPTUS MOJIEKYJIbI

i
(& = 3 kT,

rje i — cyMMma 4Kciia NOCTYNaTelbHbIX, YUCIIa BPAIATEIbHbIX B YBOCHHOIO YKCiIa KOJIeOATEIbHBIX CTEHCHEH

cBOOO/IbI MOJIEKYJIBI:
i = fngor + lapam + 2dsones:

B kitaccuyeckoil Teopuu paccMaTpUBAIOT MOJICKYIIBI € JKECTKOM CBSI3bIO MEXKILy aTOMaMH; JJIsl HUX | COBIagaeT
C YHCJIOM CTETIeHEeH CBOOO/IbI MOJIEKYJIBL.

Tak kak B njeanbHOM Ta3e B3auMHas ITOTCHIMAIbHAS SHEPTHs MOJIEKYJ PaBHA HYIIO (MOJICKYJIBI MEXTy COO0M
HE B3aMMOJICHCTBYIOT), TO BHYTPEHHSS SHEPIHsl, OTHECEHHAs K OJHOMY MOJIIO Ta3a, OyneT paBHa cymMMme
KUHETU4eCKuX dHepruil Na MoJeKyi:

i i
Un = — kTN, = — RT.
277 2 (50.1)

BHYTpeHHHH SHEPTUA I HpOHBBOJ’ILHOﬁ MacCChI m ras3sa.

v="Lprr—-yvigr
M2 2

rae M — MoJiapHasi Macca, Vv — KOJMYECTBO BEIIECTBA.

§ 51. IlepBoe Ha4aJ10 TEPMOAMHAMUKHA

PaccMOTpuM TepMOIMHAMUYECKYIO CHUCTEMY, JUISI KOTOPOW MEXaHWYecKas DSHEprusi He H3MEHsercs, a
M3MEHSIETCS JINIIH €€ BHYTPEHHSISI DHEPTUsl. BHYTpEHHSIS SHEPTHs CHCTEMbI MOJKET H3MEHSATHCS B pe3yIbTaTe
Pa3IUYHBIX MPOLECCOB, HAIIPUMEP COBEPIICHUS HaJl CUCTEMOW paboThl WM cooOmeHus eif TermaoThl. Tak,
BJIBUTAs MOPIICHb B IWJIMHIP, B KOTOPOM HAaXOAMTCS Tra3, Mbl C)KMMAaeM JTOT Ta3, B pe3yJbTaTe Yero ero
TeMIepaTypa IMOBBIIIACTCS, T. €. TeM CaMbIM H3MeHseTcs (YBEIMUYMBAeTCs) BHYTpEHHss sHeprus rasza. C
JPYroi CTOPOHBI, TEMIIEPATYpPy ra3a M €ro BHYTPEHHIOK SHEPTHIO0 MOXKHO YBEIHYHTH 32 CYET COOOUICHHS
€My HEKOTOPOIrO KOJMYECTBAa TEIJIOTHI — DSHEPruM, IepelaHHOW CHCTeME BHEIIHUMM TellaMH IyTeM
Terioo0MeHa (mporecc 0OMEeHa BHYTPEHHUMU HEPTUSIMU ITPH KOHTAKTE TEJ ¢ Pa3HBIMHU TEMIIEPATypaMu).

Takum 00pa3oM, MOKHO TOBOPHTH O OBYX (OpMax Tepenadyd dHEPTHd OT OJHUX Tell K APyruM: pabore u
TEIUIoTe. DHEPIus MEXaHUYECKOTO JIBUKEHUS MOXKET MPEBPAIIAThCSl B SHEPTUIO TEIUIOBOTO JBWXKEHUS, U
HaoOopoT. [lpm ATHX mpeBpameHusx coOMromaeTcs 3aKOH COXPAHEHUS W TPEBpAIeHHs] SHEPTrHH;
NPUMEHUTETIBHO K TEPMOJMHAMMYECKHM HpolleccaM JTHM 3aKOHOM M SIBJISETCS IE€pBOE HAyajo
TEPMOJMHAMHKH, YCTAHOBIICHHOE B Pe3yJIbTaTe 000OIIEHISI MHOTOBEKOBBIX OITBITHBIX TaHHBIX.
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Pac. 77

® B uem cyTb sakoHa HonbymaHa o paBHopacn-
pefienexnn aHeprMM NO CTONeHAM CBO6OAbLI
monexyn? '
@ Nouemy xonebSartensHan crenekt ceoboab 06-
napaer sgeoe Gonuwed sHeprved,, 48M NOCTy-
a) 6) 8) narenbHan N BpauiaTensHan?

JlonycTuM, 4TO HEKOTOpas cucreMa (ra3, 3aKJIOUEHHBbIH B IIWIMHAP IOJ MOpPIIHEM), oOnajnas BHYTPEHHEH
sHeprueit Uj, noaydyumiaa HEKOTOpOE KOJMYECTBO TeIIoThl Q M, mepeilis B HOBOE COCTOSHUE,
XapakTepu3yromieecss BHyTpeHHel sHepruei Up, coBepiimia paboty 4 HajJ BHEIIHEW CpeAoi, T. €. IPOTUB
BHEIIHUX cuil. KoIu4ecTBO TEIUIOTHI CUMTAETCS IOJIOKUTEIBbHBIM, KOTJa OHO IOJBOAMTCA K CHCTEME, a
paboTa — TMOJOKHUTENHHOM, KOT/Ia CUCTEMa COBEpPIIAET €€ MPOTUB BHEITHUX chjl. OTMBIT OKa3bIBAET, YTO B
COOTBETCTBUM C 3aKOHOM COXPAHEHMs SHEPruM IpH JII0OOM crocobe Iepexoja CUCTEMbl U3 IEPBOro
COCTOSIHUSI BO BTOpO€ M3MeHeHHe BHyTpeHHel sneprun AU=U,—U; OyaeT o1nHaKOBBIM M paBHBIM Pa3HOCTH
MEXy KOJIMYECTBOM TEIUIOTHI Q, MOIy4YeHHBIM CHCTEMOM, U paboTON A, COBEPIIEHHON CHCTEMOW MPOTHB
BHEUIHUX CHUJL:

AU=Q—4,
WIH
O=AU+A. (51.1)

VYpasuenue (51.1) BopakacT nepBoe HA4YAJI0 TEPMOJIMHAMMKH: TEIJIOTa, cooOIaeMasi CHCTEME, PACXOAyeTCsI
Ha U3MCHCHHUE €€ BHYTPEHHEH dHEPrHH M Ha COBEPIICHUE €0 Pa0OTHI IPOTUB BHEITHUX CUJI. BBIpakeHUE
(51.1) B tuddepennmansuoit popme Oynetr uMETh BUA

dQ=dU+d4,
U B 6oJiee KOppeKkTHoM popme

5Q=dU+54, (51.2)

rae dU — OeckoOHEYHO Majioe U3MCHEHHE BHYTPCHHEH SHEPTHU CUCTEMbI, OA — dlieMeHTapHas pabora, &Q —
OECKOHEYHO Majoe KOJIMYECTBO TEIUIOThL. B 3TOM BhipaxkeHnn dU siBiseTcs moaHbIM auddepeHunanom, a
04 u & TakOBBIMH HE SBISAIOTCA. B manmpHeiimeM OyaeM HWCIONB30BaTh 3allMCh TIEPBOTO Hadaa
TepMoauHamMuKu B ¢popme (51.2).

N3 popmymnsl (51.1) cnenyet, uro B CH KOAMUYECTBO TEIUIOTHI BBIPAXKAETCS B TEX )K€ €IUHMIIAX, 4TO paboTa U
SHEprus, T. €. B JKOyisx (Jx).

Ecnn cucrema nepnoauyecKky BO3BpAIIAETCS B IEPBOHAYAIBHOE COCTOSHHUE, TO MU3MEHEHHUE €€ BHYTPEHHEU
sHepruu AU=0. Torna, coriacHo nepBomMy Hadyaily TEpMOJUHAMUKH,

A=0,

T. €. BeYHbIil ABUTaTeJIb NEPBOIr0 PoAa — MEPUOINYECKH JIEHCTBYIOIINN IBUraTelb, KOTOPbIN coBepIial Obl
005b1IyI0 PaboTy, YeM COOOIIEHHAast eMy M3BHE SHEPTrHsi, — HEBO3MOKEH (0/1Ha U3 (POPMYIMPOBOK MIEPBOTO
Hayajia TepMOJIMHAMUKH).

§ 52. PaGora raza npu u3mMeHeHHH ero odbema
JInisi pacCMOTpPEHUsS] KOHKPETHBIX MPOIIECCOB HaiieM B OOIEeM BHUJIE BHEIIHIOW paboTy, COBEPIIAEMYIO ra3oM
[IpH U3MEHEHHUHU €ro 00bemMa. PaccMoTpuM, HanmpuMep, Ta3, HaXOIAIIHICS MO/T IIOPIITHEM B IIMIIHHAPHYECKOM
cocyne (puc. 78). Ecnu ra3, pacmmpsisich, epeiBUracT mopiieHb Ha OeCKOHeuHO Maiioe pacctosiaue dl, To
MIPOM3BOJUT HAJl HUM paboTy
0A=Fdl=pSdl=pdV,

rae S — mioraas mopuras, Sdl=dV— usmenenne oobeMa cuctembl. TakuM 00pazom,
oA=pdV. (52.1)

[Tonayro paboTy A, coBepiaeMyro razoM Mpyu U3MEHEHHH ero oobema oT Vi 10 Vy, HalileM HHTeTpUPOBAaHUEM
bopmyisl (52.1):

V2
A= { pav. (52.2)

4]
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Pe3ynbprar MHTErpHpOBaHUS OMPEIEIIICTCS XapaKTEPOM 3aBUCHMOCTH MEXKIY JaBIEHHEM U 00BEMOM rasa.
Haiinennoe mst paboTel BeIpakeHHe (52.2) crpaBeUIMBO TPH JIOOBIX H3MEHEHHSIX OOBbeMa TBEPIBIX,
KHUJIKUX U Ta3000pa3HBIX TEll.

[Tpou3BeeHHYIO TIPU TOM WJIM HHOM TIpoIiecce padoTy MOKHO M300pa3uTh rpadudecku ¢ IMOMOIIbIO KPHBOH B
koopauHatax p, V. [lycTh M3MEHEHHE NaBlIeHUS ra3a MpH e€ro paclIMpeHun U300paxkaeTcs KPUBOUW Ha pHC.
79. Ipu yBenuuenun oobema Ha dV coBepinaemas razom pabora pasua pdV, m. e. onpenenseTcs IOMaab0
NOJIOCKHM ¢ ocHoBaHueM 0V, 3amtpuxoBaHHOW Ha pucyHke. [loaTomy mosHas pabora, coBepiiacMasi ra3oM
npu pacmmpeHur ot oobema Vi 10 o0bema Vo, ompenenseTcs Imionaablo, OrpaHnYCHHON OChIO abcIuce,
kpuBoit p=f(V) u npsimbivMu Vi 1 V.

I'paduueckn MOXKHO HM300pakaTh TOJIBKO pABHOBECHBIC TMPOLECCHI — MPOLECCHI, COCTOSIIUE W3
MOCIIE0BATEIHFHOCTH PABHOBECHBIX COCTOSHUI. OHU MPOTEKAIOT TaK, YTO U3MEHEHHE TEPMOJIUMHAMUICCKUX
napaMeTpoB 3a KOHEYHBIH INPOMEXKYTOK BpEeMEHH OECKOHEYHO Mallo. Bce peanvuvie npoyeccol
HepasHogecHbl (OHU TIPOTEKAIOT ¢ KOHEYHOM CKOPOCTHIO), HO B PsAJIE CIy4aeB HEPABHOBECHOCTHIO PeaIbHBIX
MPOIIECCOB MOKHO TpeHeOpeus (4eM MeUICHHEE MPOIeCcC MPOTEKaeT, TeM OH OJIMKe K paBHOBECHOMY). B
JaIbHEUIIIEM pacCMaTpPUBaEMBbIC MTPOIIECCHI Oy/IEM CUUTATh PABHOBECHBIMH.

§ 53. TemnnoemkocTh

YiaeibHas TeNMJIOEMKOCTh BelleCTBA — BEJIMYMHA, PaBHas KOJUYECTBY TEMJIOThl, HEOOXOIUMOMY [UIs
HarpeBanus | kr BenjectBa Ha | K:
_ %0
€= mdr’

Envnuna ynensHOU TeII0eMKOCTH — JKOYIh Ha Kuiiorpamm-kenbBuH (x/(xr - K)).
MoasipHasi Ten10eMKOCTb—BEJIMYMHA, PaBHAs KOJUYECTBY TEIIOThI, HEOOXOAMMOMY Ui HarpeBaHus 1
MoJb BemecTsa Ha 1 K:

Ca = —=., (53.1)

rae vV=m/M—KoJu4ecTBO BellecTBa.
Enunniia MonspHO# TEMIOEMKOCTH — JIKOYIIb Ha MOJIb-KenbBUH ([x/(Moub - K)).
VY nenpHast TEMIOEMKOCTh ¢ CBsi3aHa ¢ MOJISIpHOU Crn, COOTHOIIIEHUEM
Cn = cM, (53.2)
rae M — MonsipHas Macca BELEeCTBa.
Pa3nuyaroT TemnoeMKocTH MpU MOCTOSHHOM O00beMe U TOCTOSTHHOM JaBJICHHH, €CJIH B MPOIECCE HArpEeBaHUS
BEIIECTBa €ro 00bEM WIIH JJABICHHUE TTOIJICPKUBACTCS TTIOCTOSTHHBIM.

av

Prc. 78 Prc. 79
3anuiieM BbIpaKeHHE MEPBOro Havana TepMoauHaMuku (51.2) ansg 1 monb raza ¢ yuerom ¢gopmyin (52.1) u
(53.1):
CudT = dUy + pdVy,. (53.3)
Ecnu ra3 HarpeBaeTcss Mpu NOCTOSHHOM oObeMe, TO paboTa BHEIIHUX CHJ paBHa Hymo (cm. (52.1)) u
coob1aemas Ta3y U3BHE TEIUIOTa BAET TOJBKO Ha YBEJIMUEHUE €r0 BHYTPEHHEH SHEpruu:
¢y = m

dr’ (53.4)
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T. €. MOJIApHAasl TEIJIOEMKOCTbh Ia3a MpH NoCcTOSHHOM oObeMe Cy paBHA U3MEHEHMIO BHYTpPEHHEH 3Hepruu |

MOJIb ra3a Mpu NoBbleHnu ero temmnepatypsl Ha 1 K. Cornacno popmyne (50.1), dUm=-; RdT, Torna

Cv = iR[2. (53.5)
Ecnu ra3 marpeBaercs rpu nNOCTOSIHHOM JIaBJICHUH, TO BbIpaxkeHHe (53.3) MOKHO 3amucaTh B BUJIE
dU, pdV,

C, = —= ]
r dT+ daT

dy,
y‘-II/ITBIBaSI, qTo T; HC 3aBUCHUT OT BHJa IIpoueccca (BHYTpeHHSISI SHEPTUA UACAIBHOIO rada HC 3aBUCUT HU OT

p, HU OoT V, a ompexaensercs aumb Temiepatypoit 7) u Bcerma paBHa Cy (cM. (53.4)), u nuddeperupys
ypaBHeHue Knaneiipona — Menneneesa pVn=RT (42.4) o T (p=const), mosyuaem

C,=Cy+R (53.6)

Beipaxkenne (53.6) HaseiBaeTcs ypaBHeHMem Maiiepa; oHo nokasbiBaeT, 4ro C, Bceraa Gombmie Cy Ha
BEJIMYMHY MOJIAPHOM TIa30BOM IOCTOSIHHOM. OJTO OOBACHAETCA TEM, UYTO IpPHU HArpeBaHUU Trasza npu
NOCMOSIHHOM OasjieHuu TpedyeTcsl elle NOMOIHUTEIbHOE KOJIWYECTBO TEIJIOTHI HA COBEpILIECHHE PadOThI
paciidpeHusi Tra3a, TaK KaK IIOCTOSHCTBO JaBJIEHUs OOecleuyuBaeTcsl yBeJIWueHueM oObeMa rasa.
Hcnonw3oBas (53.5), Beipaxenue (53.6) MOKHO 3amucaTh B BUJIE

C, = i*2p
2 (53.7)

[Tpu paccMOTpeHHH TEPMOIUHAMUYECKHIX MTPOLIECCOB BAKHO 3HATH XapaKTEPHOE /ISl KayKAO0ro ra3a OTHOIICHUE
Cp kK Cy:

y = Cp/Cy = (i + 2)/i. (53.8)

N3 dopmyn (53.5) u (53.7) crnenyer, 4TO MOJIAPHBIE TEILIOEMKOCTU OIPENEISIOTCS JUIIb YUCIOM CTENeHEH
cBOOOABI M HE 3aBUCAT OT TEMIIEpaTypbl. OJTO YTBEPKICHHE MOJEKYJIIPHO-KHHETUUYECKONH Teopuu
CIOpaBeJIMBO B JOBOJIbHO IIMPOKOM HHTEpBaJ€ TEMIIEpaTyp JHIIb JUIsi OJHOATOMHBIX Tra3oB. YK€ y
JIBYXaTOMHBIX TIa30B YMCJIO CTENeHed CBOOOAbI, MPOSBISAIONIEECS B TEIJIOEMKOCTH, 3aBUCUT OT
TeMreparypsl. Moliekyna AByXaTOMHOTO ra3a o0iagaeT TpeMs MOCTyNaTelbHbIMU, ABYMS BpallaTelbHbIMU
1 OJTHOM KoJieOaTenbHON CTETIEeHIMH CBOOO/IBI.

Ilo 3akomy PABHOMEDHOTO PaCHpENIENCHHs SHEPIUH 10 CTENeHM cBoOoabl (cM. § 50), A KOMHATHBIX
temrnepatyp Cy = '/; R. 13 ka4ecTBEHHOW IKCIIEPUMEHTAIBHON 3aBUCUMOCTH MOJIIPHO# TeruioeMkocTu Cy
Bostopozia (puc. 80) cinenyert, uto Cy 3aBUCHUT OT TeMIIEpaTyphl: pu HU3KoI Temnepatype (=50 K) Cy =/, R,
npu komHaTHOH — Cy = °/;R (BMecTo pacuetHbIX '/;R) U mpu odeHb BbICOKOH — CV="/; R. D10 MOXKHO
OOBSICHUTb, MPENIOJIOKHUB, YTO MPU HHU3KUX TEMIEpaTypax HaONI0AAaeTCs TOJIbKO IOCTYHNATEIbHOE
JBMDKEHUE MOJIEKYJI, IIPU KOMHATHBIX — JOOABJISETCS UX BpPAIlEHUE, a IPU BBICOKUX — K 3TUM JIByM BHJaM
JBUKEHMSI 10OaBISAIOTCA elle KojeOaHus MOJIEKYII.

PacxoxxaeHne TeopuM M OKCHEpUMEHTa HETPYAHO OOBACHUTH. Jleno B TOM, UYTO NpU BBIYMCICHUU
TEIJIOEMKOCTH HAJ0 YYWUTHIBaThb KBAaHTOBAHWE DHEPIMM BpallleHUs U KoJeOaHWH MoJIeKys (BO3MOXKHBI HE
mro0ble BpallaTenbHble M KOJeOaTelbHbIe SHEPrHM, a JHUIb ONpEeAESICHHbIN JAUCKPETHBIM psjl 3HAuYEHU
sHepruil). Eciu sHeprus TeniaoBoro IBMKEHHS HEIOCTaTOYHA, HAlpUMep, Ui BO30YXIeHUs KojeOaHul, To
3TH KojeOaHHs HE BHOCIT CBOEr0 BKJIaJa B TEIJIOEMKOCTh (COOTBETCTBYIOLIAS CTENEHb CBOOOJBI
«3aMOpaXUBaeTCs» — K HEW HEMPHUMEHUM 3aKOH paBHOPACIIPENIETICHUs SHEPTUun). DTUM OOBSACHSAETCS, YTO
TEIIOEMKOCTb MOJIS IBYXaTOMHOTO Ta3a — BOJOPOa — IIPH KOMHATHOI TeMmrepaType paBHa /> R BMecTo
I;R.  AHamOrMYHO MOXHO OOBSCHHTH yMCHBIICHHE TEIUIOGMKOCTH TIPH HH3KOH TeMIIepaType
(«3aMOpaKMBAIOTCS» BpalllaTeNbHbIE CTENEeHU CBOOOJIBI) M yBEIMUYEHHE NPH BBICOKOW («BO30YXKIAIOTCS»
Kosie0aTeNnbHbIe CTETIEHNU CBOOOIbI).

§ 54. IlpuMeHeHne ePBOro Ha4YaJIa TEPMOJAMHAMMKH K M30IIpoLeccam

Cpenu paBHOBECHBIX MPOIECCOB, MPOMCXOIAIIMX C TEPMOJAWHAMHUYECKUMHM CHCTEMaMHM, BBIIEISAIOTCS
HU30MPOUECCHI, ITPU KOTOPBIX OAWH U3 OCHOBHBIX MaAPaMETPOB COCTOAHUSA COXPAHACTCA IMOCTOSHHBIM.
H3oxopublii mpouece (V=const). /luarpamma storo mporecca (H30Xopa) B KoopAuHaTax p, V m300pakaercs
npsIMOii, TTapayiennsHol ocu opauHar (puc. 81), rae mporecc 1—2 ecTh n30xopHOe HarpeBanue, a 1—3 —
M30X0pHOE oxyaxaeHue. [Ipu n30XopHOM mpoliecce ra3 He coBepIuaeT paboThl HaJl BHEIIHUMHU TeJaMH, T. €.
8A = pdV = 0.
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Kaxk yxke yka3bsiBanoch B § 53, u3 nepBoro Hauana TepmoauHaMuku (AQ=dU+0A) it n30X0pHOTo mporiecca
CIIEYET, UTO BCA TEIIOTa, coodIaemas ra3y, uaeT Ha yBeJIMUYEeHUE ero BHYTPEHHEH SHEePruu:
50=dU.
Cornacno dopmyie (53.4),
dU,=CpdT.
Toraa 1uig npou3BOJIBLHON Macchl ra3a MoJayuYuM

o
60=dU=— CydT.
¢ M7 (54.1)

Prc. 80

% O

@ Y70 TaKkoe BHYTPONHAR 3HEpPrna WReanbHoro
rasa? B pesynbrare KaKmx nNpoyeccos Moxer
M3MOHATLCA BHYTPBHHARA 3HOPIMA CHCTEMBIT

@ 710 TaKoe TennoemkocTb rasa? Kaxaa ns ren-
n%uxocten — Cywnn C, — Gonbiue n nove-
)

L 1 1 - @ Kax obusacHuTh TeMneparypHylo 3aBUCHMOCTb

0 50 300 . o000 T MONAPHORA TeNNOEMKOCTH BoAopoaa?

M3006apublii mpouece (p=const). uarpamma 3Toro mnpoiiecca (n300apa) B KoOpauHaTax p, V nzoOpakaeTcs
npsiMoid, mapasuiensHoit ocu V. Ilpu uzo0apHOM mporiecce padora raza (cM. (52.2)) npu yBenudeHus oobema
ot Vi 1o V; paBHa

»

N Nlw Ny

bl

4]
A= pdV=p("—V))
" (54.2)

U ONpeneNseTcs IO b0 3alITPUXOBAHHOTO NpsMOyroibHuKa (puc. 82). Ecnm ucnosib3oBaTh ypaBHEHHE
(42.5) Knaneiipona — MeHnpeneeBa it BRIOpAaHHBIX HAMH JABYX COCTOSIHUM, TO

m m
pVy = 2RI, PV = ﬂ_lRTb
OTKYy/1a
mR
V=V, = — — (Th,-TY).
V= (T:—-Th).
Torna Beipaxenue (54.2) nyis paboThl H300apHOTO pacIIUPEHUS TPUMET BUJ
m
A = — R(Ih-T)).
7 (T:-10)

(54.3)

N3 sToro BhIpaskeHHs BHITEKACT (GPU3UUCCKUN CMbIC MONAPHOU 2a3060u nocmosnunou R: ecnu T, —T1=1 K, 10
s 1 monb raza R=A, 1. e. R uncnenno paBHa padote n300apHOTo pacmMpeHuss 1| Moib UIEaIbHOTO Ta3a

pu HarpeBanuu ero Ha 1 K.
B u3o006apHom nporiecce npu cOOOLIEHUN Ta3y MacCOU 7 KOJITMYECTBA TEIIOTHI

ag=jﬁl C,dT
€ro BHYTPEHHSISI YHEPTUS BO3PACTaeT Ha BeNWUYuHy (cornacHo ¢opmyre (53.4))
dv=% CydT.

[Tpu 5TOM ra3 coBepiIuT paboTy, onpeaensieMyro BeipaxxkeHueM (54.3).
H3orepmuuecknii npouecc (T=const). Kak yxe ykaspiBamoch § 41, H30TEpMHUECKUI MPOILIECC OMUCHIBACTCS

3aKoHOM boiis—Mapuorra:

pV=const.
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/

Prc. 81 . Pac. 82
Jlmarpamma 3TOro mpoiecca (M30TepmMa) B KoopauHaTax p, V mpencrasisier coboit runepboiry (cM. puc. 60),
PacrojoKEHHYIO Ha AarpaMMe T€M BbIIIe, YeM BbIIIE TEMIIEpaTypa, IpU KOTOPOM MPOUCXOIUT MpoIiecce.
Ucxons u3z Beipaxkenuii (52.2) u (42.5) Haitnem paboTy H30TEPMUUYECKOTO PACIIUPEHUS ra3a:

¢
v m dvV m Vz m ¥4
A= dV= | — RT —=— RTIn —=— RThh —.
,!: P f MoV MM
4]

Tak kak IIpHu T=const BHYTPCHHAA SQHCPIUA UACAIBHOTO I'a3a HC U3MCHSICTCS:
m
dU = — CydT = 0
M t4

TO U3 MepBOro Havana repmMoauHaMuku (AQ=dU+JA) cinemyerT, 9To i M30TEPMHUUYECKOTO Ipoliecca
50 = 44,
T. €. BCE KOJIMYECTBO TEILIOTHI, COOOIIaeMOe Ta3y, pPacXoyeTcsi Ha COBEPIIEHUE UM PaOOThI IIPOTUB BHEITHUX

CHJI:
m p_ m V2
Q=A=— RTIn ==— RTIn —.
Mo Mo (54.4)
CHGILOB&TGHLHO, JIA TOro qTO0BI IIpru paClIMpCHUU rasa TEMIICpaTypa HC IOHMXKAJACbh, K Irady B TCUCHUHC
HU30TCPpMHUYCCKOT0 IIponecca H606XOI[I/IMO HoABOAUTh KOJIHMYCCTBO TCIIJIOTHI, 3KBHBAJICHTHOC BHEIIIHEN

paboTe pacIIMpeHus.

@ Yemy paBHa paboTa n3068pHOrO PACLINPOHWA
:A?(n: WAGANLHOTO rA3a NPN HArpeBaHWW Ha

@ Harpesaevcs win OXnaxpaercR WaeanuHulit
r&3, 8CNN OH pACIINPRBTCA NPH NOCTOANHOM
AABNEeHNN? .

@ Temneparypa rasa B UANWHAPE MOCTOAHHA.
3annunTe Ha OCHOBO NepBOro HaYana TepMo-
AVHAMNKN COOTHOLIOHHE MeXAy COOCIOHHbIM
xoalmecnou TennoTel W coBepileHHoR pabo-
TOh.

@ a3 nepexopnT n3 OQHOTO M TOTO Xe Hauanb- -

HOro COCTORAHNA 1 B OfHO ¥ TO XK@ KOHe4Hoe
COCTORNHHE 2 B PE3yNbTaTe CNegylowmx npo-
yeccos: a) usorepmuieckoro; 6) usobapHoro;

B) W3OXOPHOro. PaccMOTpes 3Ty NPoUecChl
rpadmyeckn, NOKasaTh: 1) B kakom fnpouyecce
paloTa paclumpeHnsi MaxcHManbha; 2) xorga
rasy cooBuaeTcs MakCMManbHoe KONM4ecTBo
TONNOTHI.

® [as nepexoanT NS OAHOTO W TOrO KO Havank-
HOTO COCTORHMA 7 B OHO M TO Xe KOHeYHOe
COCTORHWEe 2 B pesynbtare Cnejyiownx npo-
yeccos: a) nso6apHoro npouyecca; 6) nocnego-
BATENbLHBIX W3OXOPHOFD ¥ M30TEePMUHECKOro
npoyeccos. PaccMOTpNTe 3TR Nepexoasl rpa-
nyeckn. O/UHAKOBL ‘N PEINHYHB B 060MX
cnyyasX: 1) nameHeHne BHyTpeHHel aHeprun?
2) sarpa4eHHOe KONU4ecTso TennoThi?

§ 55. Annadaruyeckuii npouecc. [loauTponHslii npouecce

AnadaTHYeCKUM Ha3bIBACTCS MPOIIECC, IPU KOTOPOM OTCYTCTBYET Teriooomer (dQ=0) Mexy cucreMoi u
oKpyXkatomel cpemoir. K ammabaTudeckuM TporeccaM MOKHO OTHECTH BCE OBICTPONPOTEKAIONINe
nporeccel. Hampumep, agmabaTudeckuM MPOIECCOM MOXKHO CUYMTATh MPOIECC PACIpPOCTpaHEHHUs 3ByKa B
cpene, Tak Kak CKOPOCTh paclpOCTPaHEHHs] 3BYKOBOW BOJIHBI HAaCTOJBKO BEJMKa, YTO OOMEH 3Heprueut
MEX1y BOJIHOM M Cpefiol MPOU30UTH He ycreBaeT. AanabaTH4ecKue MpoIecChl IPUMEHSIOTCS B IBUTATENSIX
BHYTPEHHETO CropaHus (paciiupeHue U cxKaTUe TOPIOYEH CMECH B IUIIMHPAX ), B XOJOIUIBHBIX YCTAaHOBKAX
UT. 1.

W13 nepBoro Havana repmoanHaMuku (AQ=dU+A) s aqnabaTHIECKOro mpoIecca CleayeT, 9To

04 = —dU, (55.1)

T. €. BHENTHSS paboTa COBEPIAETCA 3a CUET U3MEHEHUS BHYTPEHHEH YHEPTUN CUCTEMBI.

Ucnone3ys Beipaxenwus (52.1) u (53.4), st npou3BOIBHOM Macchl ra3a nepenuiieM ypapHenue (55.1) B Buze
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m
dV = — — CpdT.
p M 14

(55.2)

m
[MpomuddepennnpoBaB ypaBHEHHUE COCTOSHUS I UACATBHOTO ra3a pV:A-l RT, nonyuum

m
dV + Vdp = — RdAT.
pa¥V + vVdp M

(55.3)
Nckmounm u3 (55.2) u (55.3) remneparypy 7.
pdV + Vdp R C,—Cy
T pav T o T o

Paznenus nepemennsle u yuntsiBast, 4ro Cp/Cy=y (cM. (53.8)), Haligem
dp/p = — ydV}V.

WuTerpupyst 93T0 ypaBHEHHE B Ipejaenax OT Pi JO Pz U COOTBETCTBEHHO OT Vi 10 V», a 3areM MOTeHIUpYH,

MIPHUJIEM K BBIPAKEHHUIO

plpy = (V\/VY), wma p Vi=p, V3.
Tax xak coctosinus 1 u 2 BBIOpaHbl MPOU3BOJIEHO, TO MOXKHO 3aMHUCATh
pV’ = const. (55.4)

[TosrydeHHOE BBIpAKCHHE ©CTh YPaBHEHHE aTHA0ATHYECKOro MPOIlecca, HA3hIBACMOE TAKXKEC YpaBHEHHEM

IIyaccona.

s mepexona xk nepemeHasiM 7, V umm P, T uckimounm u3 (55.4) ¢ momonipio ypaBHenus Knmaneiipona —
Menneneesa

v="_RT
P M
COOTBETCTBEHHO JIaBJICHUE WU 00BEM:
TV' ™' =const, (55.5)
T’Pl—’=const. (55 6)
Beipakenust (55.4) — (55.6) mpencraBisioT €000 ypaBHEHHS aauabaTHYEcKOro mporecca. B atux
ypaBHEHHUsX Oe3pa3zmepHas BenuuuHa (cM. (53.8) u (53.2))
Yy = C'/Cy = c’/Cy = (i+2)fi (557)

Ha3bIBaeTCs MoKa3aTesieM aanadatel (Wi ko3¢ puuuentom Ilyaccona). s onnoaromusix razoB (Ne, He u
1p.), JAOCTaTOYHO XOPOIIO YAOBJICTBOPSIONIMX YCIOBHIO HacaibHOCTH, 1=3, y=1,67. Jins AByXaTOMHBIX
razoB (H2, N2, O2 u gp.) i=5, j)=1,4. 3HaueHus » BbuKCIeHHbIe MO (opmyne (55.7), xopoimo
MOJITBEPKIAIOTCS IKCTIEPUMEHTOM.

JnarpamMma agmabaTUdecKoro mpoiiecca (aamadara) B KoopauHaTax p, V uzobpaxaercs runepoosioi (puc. §83).
Ha pucynke BuaHO, uto aguadara (pV”'= const) 6omee kpyta, uem uzotepma (pV = const). Dto oOwsicHsIETCS
TE€M, YTO MpH aauabaTHUecKoM cxkaTuu 1—3 yBenuyeHHe JaBlIEHUS Ta3a OOYCIOBIEHO HE TOJBKO
YMEHBIICHUEM ero 00beMa, KaK PU N30TEPMUIECKOM CIKATHH, HO U IMOBBIIICHUEM TEMIIEpaTypHI.

Beruucnum paboTy, coBepiiaeMyro razoM B aguadaTHueckoM mpoliecce. 3anuieM ypaBHeHnue (55.1) B Buze

m
04 = — — CpdT.
M 4

Ecnm ra3z agmabarndecku pacmmpsercst oT oobema Vi 10 V, TO ero temneparypa yMeHbIIaeTcst ot 11 10 To u
paboTa pacmmpeHus uaeaabHOro ra3a

4 ”c ? ar="cCuT - Ty
= =—Cyp = — Cp(ly — 12).
Mo M (55.8)
[Ipumensiss Te ke NpueMbl, 4TO U MpH BbIBoAE Gopmyinbl (55.5), Belpaxenue (55.8) mis paboTel mpH
annabaTUyeckoM paclIipeHUH MOXKHO ITPeoOpa3oBaTh K BUILY

A2V (Y LRT L vy
y—1 V) »—-1M Va

m
rae i V1=A—{ RTy,
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Pabora, coBepiraemas ra3oM npu aguabaTHYecKOM pacuimpeHun 1—2 (ompenensercs IUIOMIAAbIO,
3aIITPUXOBAHHOW Ha puc. 83), MEHBIIE, YeM MPH H30TEPMUUYECKOM. ITO OOBSICHACTCS TEM, UYTO TIPH
annabaTH4eckoM paCUIMPEHUH MNPOMCXOTUT OXJIAXKACHUE ra3a, TOr/la Kak NpPH H30TEPMHUYECKOM —
TEeMIIEPATypa MOAAEPIKUBAETCS IIOCTOSIHHOM 33 CYET IPUTOKA N3BHE SKBUBAJICHTHOI'O KOJUYECTBA TEIUIOTHI.
PaccMmoTpenHble M30XOpHBIN, M300apHBIN, M30TEPMHUCCKUI M aquabaTHMYECKHi IMPOIECCHl UMEIOT OOIIYIo
O0COOEHHOCTh — OHM IPOUCXOJAT MpPH IOCTOSSHHOM TeIUIoeMKOCTH. B mepBbIX JBYX mpoueccax
TEIUIOEMKOCTH COOTBETCTBEHHO paBHbI Cy u Cp, B m30TepMuueckoM nporecce (dT=0) TeruioeMkocTs paBHa
+o0, B aguabaTrueckoM (HQ=0) TemnoeMKocTh paBHa HyJt0. IIpolecc, B KOTOPOM TEINIOEMKOCTh OCTAeTCs
IIOCTOSIHHOM, HA3bIBACTCS MOJHUTPOIHbBIM.

P4 Puc. 83

@ Modemy agualara Gonee KpyTa, 4eM usotepma?

@ Kax M3MeHMTCA Temnepatypa rasa npu €ro
annabaTnyecKkoM cxaTmmn?

@ lMokasarene nonwtponsl n>1. Harpesaercs
mm? oXnaxaaeTcs WAeAnbHbiA ra3 npy cxa-
TN

Hcxons W3 mepBOoro Havajia TEPMOJWHAMHKHM TPU YCIOBHU IMOCTOSHCTBA TeruioeMkocTH (C=const) mMoxxHO
BBIBECTHU YPaBHCHHE ITOJIUTPOIIbI:

pV’l = cdnst, (559)
rae n=(C—Cy)/(C—Cy)—mnokazarens noiutponsl. OueBugno, uro npu C=0, n=y, u3 (55.9) momyuaercs
ypaBHeHue aguabdarsl; npu C = oo, N = 1 — ypaBHeHue uzorepmsl; npu C=Cp, N=0 —ypaBHeHne U3006apsl,

npu C=Cy, N=to0 — ypaBHEHHE H30XOpbl. TakuM 00pa30M, BCE PACCMOTPEHHBIE MPOLIECCHI SBISIOTCS
YACTHBIMH CITy4asiMU TIOJUTPOITHOTO IpoLiecca.

§ 56. Kpyrogoii npouecc (uuk.ia). OdpaTuMbie 1 HeOOpPaTHMBbIE POIECCHI

KpyroBbiM npoueccom (Wiv IMKJIOM) HAa3bIBA€TCS ITPOIECC, NMPH KOTOPOM CHUCTEMa, MPOUIS 4epe3 psin
COCTOSIHUH, BO3Bpallaercs B ucxoaHoe. Ha quarpaMme mporeccoB LUK H300paxaeTcsl 3aMKHYTON KpUBOM
(puc. 84). Iluki, coBepiiaeMblii WCATBHBIM I'a30M, MOXKHO pa30MTh Ha mporecchl pacumpenus (1—2) u
ckarust (2—1) raza. Pabora pacumpenus (ompenessiercs miomansio ¢urypsr 1a2V,Vil) momoxurenbHa
(dv>0), pabora cxatus (ompenensercs Iomanabo ¢Guryper  2b1ViV,2) otpumarensra  (dV<O0).
CnenoBarenbHo, paloTa, coBeplIaeMass Tra3oM 3a LUKJ, ONpeAesseTcs IUIONabl0, OXBaThIBAeMOM

3aMKHYTOM KpuBOHW. Eciin 3a MK coBepIaeTcst moJIoKUTENbHas paboTa AZf pdV >0 (1K1 mpoTeKaeT 1mo

YacCOBOM CTpEJIKE), TO OH Ha3bIBaeTCs MpPSIMbIM (puc. 84, a), ecnu 3a UK COBEPINAETCS OTpUIlATEIbHAS
pabota A=§ pdV <0 (UMK MpOTEKaeT MPOTHUB YACOBOM CTPEJIKH), TO OH Ha3bIBaeTCsi 00paTHbIM (puc. 84, ).

[IpssMoli LMKJI HCTIONB3YETCS B mMeniogvlx Oeueamensx — TEPUOJUYECKH JEUCTBYIOIIMX JIBUraTelsX,
COBEpILIAIOIINX paboTy 3a CUeT MOJIyYeHHON M3BHE TEIIOThl. OOpaTHBIN IIMKII UCTIONB3YETCS B X0J100UNbHbBIX
Mawunax — MEePUOJNYECKH AEMCTBYIOUINX YCTaHOBKAX, B KOTOPBIX 3a CUET padOThl BHEUIHUX CHJI TEIJIOTa
MIEPEHOCUTCS K TelTy ¢ 00jIee BEICOKOW TeMIepaTypoil.

B pesynbTare KpyroBoro mporecca CUCTEMa BO3BpAIIA€TCs B UCXOJIHOE COCTOSTHUE U, CIIEI0BATENbHO, MTOJIHOE
WU3MEHEHNE BHYTPEHHEN PHEPrUM ra3a paBHO Hyito. [loaromy nepsBoe Hauano tepmoauHaMmuku (51.1) mus
KpYyroBOTro Ipolecca

Q=AU+A=A, (56.1)

T. €. paboTa, coBeplIaeMas 3a IMKJI, paBHAa KOJMYECTBY IOJIYYEHHOM M3BHE TEIIOTh.. OJIHAKO B pe3ysbTaTe
KpYTOBOI'O IIPOLECCa CUCTEMA MOKET TEIJIOTY KaK I10JIy4aTh, TaK U OTAABaTh, IO3TOMY
0=0,-0,,
rae Qi — KOJMYECTBO TEIUIOTHI, TIOJYYEHHOE CHCTeMOW, Q2 — KOJIHMYECTBO TEIUIOTHI, OTJAHHOE CHCTEMOM.
ITosToMy TepMu4YecKuil KO3 (PUIUEHT 0/1€3HOI0 AeHCTBHA /I KPYTroBOro npouecca
Q-0 . &

A
"=——-—=————=1 .

a9 O ) (56.2)
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a) P4 6 P“ Puc. 84

@ Npoaxannsupyiite NpsimoA n oOpPaTHLIA UNK-
nwl.

© YoM OTAnYAITCR ofpaTMbie ¥ HeoGpaTuMmbuie
npouyeccui? Noyemy Bce peansHbie npoyecchl
HeOoOpaTHMbI?

TepMoarHaMUYECKUH TIPOIECC HA3BIBACTCS 0OPATUMBIM, €CIIM OH MOXET IMPOUCXOJIUThH KaK B IPSIMOM, TaK U B
0o0paTHOM HampaBlIE€HUH, IPUUYEM €CJIM TaKOH MPOIECC MPOUCXOAUT CHaYaja B MPSMOM, a 3aTeM B 00paTHOM
HAIpaBJICHUU U CHCTEMa BO3BPAIACTCS B HICXOHOE COCTOSIHUE, TO B OKPY’KAIOIIEH cpela U B 3TOM CUCTEME
HE MPOUCXOJUT HUKAKUX M3MeHeHu#. Beskuil mpoiece, He yIOBICTBOPSIOUINI 3TUM YCIOBUSM, SIBISETCS
HEeOOPATHUMBIM.

JIro60ii paBHOBECHBIH Tpo1iecc ABIAeTcs o0paTuMbIM. OOPaTUMOCTH PABHOBECHOTO MpoIiecca, MPOUCXOAIIETO
B CHCTEME, CIeAyeT M3 TOro, 4Yro ce Jr0oe NPOMEKYTOYHOE COCTOSHHUE €CThb COCTOSIHHE
TEPMOJUHAMHYECKOTO PaBHOBECHS; JJISi HEro «0e3pa3iuyHO», UAET MPOLecC B MPSMOM WM OOpaTHOM
HanpaBJICHWU. PeallbHbIE MPOIECCH  COMPOBOXKIAIOTCS — JUCCUTIAIMEH SHepruu (U3-3a  TPCHWS,
TEIUIONPOBOIHOCTH | T. J.), KOTOpast HaMu He o0cyxpaaerca. Obpamumvie npoyeccvl — Mo UOearu3ayusl
peanbHuiX npoyeccog. VIX paccMOTpeHHE Ba)XHO IO ABYM NMPHYMHAM: |) MHOTHE MPOIECCH B MPUPOJIE H
TEXHHUKE MPAKTUYECKH O00paTHUMBbI; 2) 0OpaTUMbIE MPOILECCHI SBISIOTCA HanOoliee SKOHOMUYHBIMU; UMEIOT
MaKCHUMAJbHBIA TEPMUYCCKUN KOIDPHUIMEHT TOJIE3HOTO JEHCTBHUS, 4YTO TO3BOJSET YKa3aTh MyTH
MOBBILIEHUS K. I1. JI. PEalIbHbIX TEIUIOBBIX ABUTATENCH.

§ 57. 3HTpOHHH, €€ CTATUCTHYECCKOC TOJIKOBAHHUE U CBA3b C TepMOHHHaMI/I‘leCKOﬁ BEPOATHOCTHIO

[Tonsatue »aTponuu BBeneHo B 1865 r. P. Knaysmycom. [y BbIICHEHHS (DU3MYECKOTO COJEPKAHUS ITOTO
MOHATHUSL PAacCMaTPUBAIOT OTHOILEHHE TEIoThl Q, MONyuYeHHON TeloM B M30TEPMUYECKOM Hpolecce, K
Temneparype 7 TemJI00TIAI0IIEro Teja, Ha3bIBaeMOe MPHBeJIeHHbIM KOJIHYeCTBOM TeII0ThI.

[TpuBeneHHOE KOIMYECTBO TEIUIOTHI, COO0IaeMoe Telly Ha OECKOHEYHO MaJloM ydacTKe Iporecca, paBHO o&Q/T.
Crporuii TeOpeTH4ecKUii aHaIN3 MOKa3bIBAeT, YTO MPUBEACHHOE KOJMUYECTBO TEIUIOTHI, COOOIIaeMoe Telly B
J1060M 0OpAMUMOM KPY208OM npoyecce, PAaBHO HYIIIO:

§%2.0
T (57.1)
W3 paBenctBa Hymto uHTerpaia (57.1), B3ITOr0 Mo 3aMKHYTOMY KOHTYpY, CIEAYyeT, YTO MOJBIHTErpaibHOe
BeIpakenne AQ/T ects monublid auddepeHian HEeKOTOPOi (YHKIMH, KOTOpas OIMPEACIseTCs TOIBKO
COCTOSIHHEM CHCTEMBI U HE 3aBUCHUT OT IyTH, KAKMM CHCTEMa MPHUIILJIa B 3TO COCTOsTHUE. Takum 0O6pazom,

o

% _as.
T (57.2)

Dynryus cocmosinusi, TAPPepeHnnanoM KoTopoi seisercs SQ/T, HazpiBaeTCsl IHTPONHUEH 1 0003HaYaeTCs S.

N3 ¢popmyisl (57.1) cnepyet, 4To Ui 06pamumulx npoyeccos U3MEHEHUE SHTPOINU

AS=0. (57.3)
B TepMoamHamMuKe TOKa3bIBACTCS, YTO IHTPOIUS CUCTEMBI, COBEPIIAIOIICH HeoOpamumblii Yyuki, BO3PACTAET:
AS>0. (57. 4)

Bripaxxenust (57.3) u (57.4) OTHOCSTCS TOJNBKO K 3AMKHYMbIM CUCHEMAM, €CIIA ke CUCTeMa OOMEHHBAETCS
TEIJIOTOM C BHEIIHEW CPEeIoil, TO €€ SHTPOMHS MOXKET BecTH cedst mo0biM 00pasom. CooTHomeHus (57.3) u
(57.4) moxHO TpeACTaBUTH B BUJIe HepaBeHcTBa Kitay3uyca

AS5>0, (57.5)
T. €. OHMPONUs 3AMKHYMOU cUcmembl MOXET 1ub0 8o3pacmams (B Clydae HEOOPATUMBIX MPOIECCOB), 1UOO
ocmasamuvcsi nocmosiniou (B citydae 00paTHMBIX MPOIECCOB).
Ecnmu cucrema coBepliiaeT paBHOBECHBIM IMEPEXOJ U3 COCTOSIHUS 1 B cocTtosiHME 2, TO, coriacHo (57.2),
HU3MEHCHUEC DHTPOIINHU
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2 2
5Q (dU+s4
AS| =SS = | — = | —,
‘l 2 2 1 J’T J. T

1 1 (57.6)
r7Ie TOJBIHTETPAJbHOE BBIPAXKEHHE W TMPEIesibl HMHTETPUPOBAHUSA OINPEACNAIOTCS 4Yepe3 BeIHYHHBI,
XapaKTepHU3yIoIIUe uccliieyemslil mpoiecc. @opmyna (57.6) onpenesnsieT SHTPOIHUIO JUIIb ¢ TOYHOCTHIO J10
aooumusHotl nocmosiHHou. OU3NIECKU CMBICI UMEET HE caMa YHTPOIIHS, & PA3HOCTh YHTPOIHUH.

Ucxonss u3 Beipaxkenus (57.6), HaliileM W3MEHEHUE JHTPONUU B IMpolleccax HJACAIbHOro rasza. Tak Kak

m m dv
dU=-— CydT, 6A=pdV=— RT —, TO
M v P %% v

. n V2
m dT m dav
AS11=85—Sj=—Cy | — +—R | —,

1225 32—0) v T+ v

T 4]

503041

m T, V2

AS,;=8;—8=—{Cyln — + Rln —
14202 IM(V T|+ Vl),

(57.7)

T. €. U3MEHEHHEe PHTponuu AS; ,, HIEATBLHOTO Ta3a MPH Mepexojie ero u3 cocTosHus 1 B cocrosiHue 2 He
3aeucum om euoa npoyecca nepexooa 1—»2.

Tak xak s aguabatuaeckoro mporecca dQ = 0, To AS = 0 u, ciienoBarenbHO, S=CONSt, T. €. aduabamuueckuil
obpamumulii  npoyecc TPOTEKACT HpuU HOCMOAHHOU SHmponuu. 1l0ATOMY €ro 4YacTo Ha3bIBAOT
HU303HTPONUITHBIM mpoueccom. M3 popmyier (57.7) ciaemyer, uto npu uzorepmudeckom mpoiecce (T1= To)

As=" Rin 22,
M Vi
npu uzoxopHoM mporecce (Vi = Vs)
as=" e B2
M T,

OHTponHs 001a1aeT CBOHCTBOM A0OUMUBHOCMU: SHMPONUS CUCTEMbl PAGHA CYyMMe IHMPONUL meJ, 6X00AUUX
6 cucmemy. CBOWCTBOM aJIMTUBHOCTH OOJIAJAI0T TAaKXKe BHYTPEHHSS DHEPrusi, Macca, 00beM (Temreparypa
Y JJaBJICHUE TaKUM CBOMCTBOM HE 00JIa/IatoT).

bonee riayOGokuii CMBICT SHTPONHH BCKPBHIBACTCSA B CTATHCTUYECKOW (DU3MKE: DHTPOMHS CBS3BIBACTCS C
TEPMOJUHAMHYECKOH BEPOSTHOCTHIO COCTOSHUS CcHCTEMBbl. TepmoamHammuyeckass BeposiTHOCTH W
COCTOSIHUSI CUCTEMBI — 3TO YUCIO CHOCO0O08, KOTOPHIMH MOXKET OBITh PeaTn30BaHO JAHHOE COCTOSHUE
MaKpPOCKOITMYECKON CHCTEMBI, HJIM YHCII0O MHKPOCOCTOSHUH, OCYIIECTBISIIONINX JaHHOE MaKpPOCOCTOSHHE
(mo ompenenenuto, W21, T. e. TepMoAMHAMHUYECKasE BEPOSITHOCTh HE €CTh BEPOSATHOCTh B MAaTEMaTHUYECKOM
cmbicie (mocnenusis < 11)).

Cornacuo bonbivany (1872), snmponus CUCTEMBI U MePMOOUHAMUYECKAS. 8EPOSIMHOCHb CBSI3aHBI MEXIY
co0oii creayromuM 00pazom:

S=kin W, (57.8)

rine K — mocrosauas bBombiivana. Takum 00pa3oM, OSHTPOMHS OMNpEAENseTCs JorapugMoM ducia
MUKPOCOCTOSIHUH, C TIOMOIIBI0O KOTOPBIX MOXET OBITh pealM30BaHO JaHHOE MaKpPOCOCTOSHHE.
CnenoBaTenbHO, AHTPOINHUS  MOXKET  pAacCMATPUBATBCS  KAK  Mepa  6epOsmHOCHU  COCTOSHUS
TepMoarHAMU4eckoil cuctembl. @opmyna boneiimMana (57.8) mo3BOJsSET AaTh JHTPONUHU  CIIEAYIOIIEE
cmamucmuyeckoe TOIKOBAHUE: SHMPONUsL AGIAEMC MEPOll HeynopsaooueHnocmu cucmemsl. B camom perne,
4geM OOJIbIIIE YHCIO0 MHUKPOCOCTOSHUN, PEATH3YIONIUX JAHHOE MaKpPOCOCTOsSTHUE, TeM OoJibiie SHTponus. B
COCTOSIHUM paBHOBECHSI — Haunboyiee BEPOATHOTO COCTOSIHHSI CHCTEMBI — YHCIO MHUKPOCOCTOSHUMN
MaKCUMaJIbHO, TP 3TOM MaKCHUMaJIbHAa WU DHTPOIIHUA.

Tak xak peanbHbIE MPOIECCHl HEOOPATUMBI, TO MOKHO YTBEPKIaTh, YTO BCE MPOILIECCHl B 3aMKHYTOH cucTeMe
B€AYT K YBCIMYCHHIO €€ OHTPOIIMU — MNPHHIOUII BO3paCTaHUA ISHTPOIIMH. HpI/I CTAaTUCTUYCCKOM
TOJIKOBAaHWM SHTPOMHMM 3TO O3HAYAET, YTO IMPOIECChl B 3aMKHYTOHM CHUCTEME HUAYT B HAaIMpPaBICHUU
YBCIIUUCHUA 4YHCIIa MHKpOCOCTOfIHHfI, HWHBIMH CJIOBAMH, OT MCHEC BECPOATHBIX COCTOSIHUKM K Ooliee
BEPOSITHBIM, JIO T€X MOP MOKA BEPOATHOCTh COCTOSIHUS HE CTAHET MAKCUMAJIbHOM.
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ConocraBnsisi Belpaxkenust (57.5) u (57.8), BUOAUM, UTO SHTPONMS U TEPMOJUHAMUYECKAsT BEPOATHOCTH
COCTOSIHMM 3aMKHYTOM CHCTEMBI MOTYT JHOO BoO3pacTaTh (B cllydae HEOOpaTUMBIX IPOIECCOB), JHOO
0CTaBaThCsl TOCTOSTHHBIMU (B ClTydae 0OpaTUMBIX ITPOLIECCOB).

OTmeTHM, OJHAKO, YTO 3TU YTBEPXKACHUS UMEIOT MECTO JAJISi CUCTEM, COCTOSIIUX M3 OYEHb OOJBIIOro YKcia
YacTHIl, HO MOTYT HApYyIIaThCS B CHCTEMax C MajbIM YHUCJIOM 4YacTHIl. J[JIs «ManmbIx» CHCTEM MOTYT
HaOmonaTecs (QIIyKTyaluu, T. €. SHTPONHSI U TePMOJUHAMHYECKass BEPOSTHOCTh COCTOSHHUN 3aMKHYTOU
CHUCTEMBl Ha ONPEICICHHOM OTpe3Ke BpPEMEHHM MOTYT YyObIBaTh, a HE BO3pacTaTh, WM OCTaBaThCS
MTOCTOSIHHBIMH.

§ 58. Bropoe HauyaJjio TepMOAUHAMMKH

[lepBoe Hauano TEPMOAMHAMHKH, BBIpa)kash 3aKOH COXPAHEHUS M TPEBPAIICHUS SHEPTHH, HE IO3BOJISET
YCTaHOBUTH HAINpaBJICHHE MPOTEKAHUSI TEPMOJIMHAMUYECKUX IpoleccoB. KpoMe Toro, MoXHO MpeCTaBUTh
MHOYECTBO IPOLIECCOB, HE MPOTHBOPEYAIIMX NEPBOMY Hayaly, B KOTOPBIX DHEPrUsl COXpaHseTcs, a B
NpPUPOIE OHU HEe ocylecTBisAoTca. [losBneHMe BTOPOro Havajla TEPMOAMHAMHMKH CBS3aHO C
HEOOXOMMOCTBIO JIaTh OTBET Ha BOMPOC, KaKWe IMPOLECCHl B MPUPOJE BO3MOXHBI, a Kakue HeT. Bropoe
HAYaJo TEPMOJUHAMUKY OINPEAEseT HallpaBiIeHHEe MPOTEKAHNUS TEPMOIMHAMUYECKUX IPOLIECCOB.

Hcnonp3ys moHstTHe 3HTponMu U HepaBeHcTBO Kiaysuyca (cMm. § 57), BTOpoe Hayajo TepMOJAMHAMHMKH
MOXKHO c(OopMyIHpOBaTh Kak 3aKOH BO3PACTAHUSI IHTPONMHU 3aMKHYTOM CHUCTEMBI MPU HEOOPATUMBIX
rporeccax: 000t HeoOpamumMbvlil. Npoyecc 8 3aMKHYMOU cucmeme HpOUcxXooum makx, 4mo SHMPONnus
cucmemvl npu SMOM 803pacmaen.

@ Bo3amoxeu nu npouecc, npu KoTopoM Tennota, @ faiTe NoOHATHE IHTPoNuM (Onpegenexve, pas-

B3ATAA OT HarpesaTens, NONHOCTLIO Npeobpa- MEpHOCTb M MATEMATHHECKO®e BbiPaKEeHNEe FHT-
ayetcs B paGoTy? . ponuu ANA pasnuYHbIX NPOLEcCOoB).

@ B Kaxom HanpaaneHun MoXeT MIMEeHATLCH 3HT- @ Wsobpasnte B cucteme koopawHat T, S w3o-
ponun ;auxny-roﬁ CUCTEMbI? HE3aMKHYTOW Ch- TepMuyecknit n agnabarnyeckuit npoyeccsl.
cTembl

MoxHo aate 6os1ee KpaTkyro (GOpMyIUPOBKY BTOPOIro Hayajla TEPMOJUHAMUKHU: 8 NPOYeccax, NPOUCX00Auux 6
3aMKHYMOU cucmeme, SHMpPonus He yovieaem. 311€Ch CYLIECTBEHHO, YTO Pedb MJIET O 3aMKHYTBIX CHCTEMaX,
TaK Kak B HE3aMKHYTBIX CHCTEMax SHTPONHS MOXKET BecTH ceOs JtoObIM 0Opa3oM (yObIBaTh, BO3pacTaTh,
ocTaBarbCsi NOCTOsIHHOW). Kpome Toro, ormerum emie pas3, 4TO SHTPOIMUS OCTAeTCsl IOCTOSHHOM B
3aMKHYTOH cuCTeMe TOJBbKO IMpH oOpaTuMbIX mpoueccax. [Ipy HeoOpaTUMBIX Mpolieccax B 3aMKHYTOMH
CHCTEME SHTPOIHS BCEr1a BO3pacTaert.

®opmyna bonbumana (57.8) mo3BonseT OOBSCHUTH IMOCTYJUPYEMOE BTOPHIM HadyajJoM TEPMOAMHAMUKHU
BO3pACTaHWE PHTPONUM B 3aMKHYTOH CHUCTEME IpU HEOOpaTHMBIX MPOLECCaX: 603paAcmanue 3HmMponuu
O3HAyaeT IepexoJl CUCTEMbl U3 MeHee eposammuvlx 6 Oonee 6eposmmuvie COCTOSHUA. TakuMm oOpazom,
(dopmyna bonabiiMaHa 103BOJISET AAaTh CTATUCTUYECKOE TOJIKOBAHUE BTOPOro Hayajga TepMoauHamMuku. OHoO,
SBJISISICH CTATUCTUYECKUM 3aKOHOM, OIHCBIBAET 3aKOHOMEPHOCTH Xa0THYECKOTO JIBUKEHHUS OOJIBIIOrO YHcia
YaCTHUII, COCTABJISIOUINX 3aMKHYTYIO CUCTEMY.

VYkaxeM elie 1Be GOpMYyIUPOBKH BTOPOTO Hadyaja TEPMOJAUHAMUKY:

1) mo KeabBHHY: Hego3MOdMCeH Kpy2os8ou npoyecc, eOUHCMEEHHbIM Ppe3yIbmanmom KOmopoco A6N[emcs
npespaujenue menjiomol, NOJYYEHHOU OM HA2Pe8amels, 8 IKBUSAIEHMHYIO el pabomy,

2) mo Knay3mycy: Heo3modicen Kpyeogoi npoyecc, eOUHCMEEHHbIM Pe3VIbMAamom KOMopo2o A6JsAemcs
nepeoava meniomol OmM Menee Hazpemozo meua K Oojee Hazpemomy.

MOXHO [OBOJIBHO TMPOCTO J0Ka3aTh (MPEAOCTaBUM H3TO YHUTATENI0) 3KBUBAJECHTHOCTH (OPMYIUPOBOK
KensBuna u Knaysuyca. Kpome Toro, nokasaHo, 4to eciy B 3aMKHYTOH CHCTEME ITPOBECTH BOOOparkaeMblit
MpoLecc, NMPOTUBOpEYAlINii BTOPOMY Hadally TepMoauHaMuku B (opmynupoBke Krnaysuyca, TOo oOH
COIIPOBOKAAETCSl YMEHBIIEHHEM OJHTPOMUU. DTO K€ JIOKA3bIBa€T HSKBUBAJIEHTHOCTH (HOPMYITHPOBKHU
Knaysuyca (a cnemoBatenbHo, W KenbBuHA) W cTaTuCTUYECKOW (HOPMYIHMPOBKH, COTJIACHO KOTOPOH
SHTPOIHUS 3aMKHYTOW CUCTEMBI HE MOXKET YOBIBATh.

B cepeaune XIX B. Bo3HMKIa mpoOjema Tak Ha3blBaeMoOWl TemJoBoil cmepTu Bceenennoii. PaccmarpuBas
Bcenennyro Kak 3aMKHYTYIO CHCTEMY M NPUMEHSSA K HEH BTOpOE Kadano TepMoAuHaMukH, Kiaysuyc cen
€ro cojepKaHue K YTBEPKJIEHUIO, UTO SHTponus BeeaeHHON T0oKHA TOCTUTHYTH CBOETO MakCUMyMa. JTO
O3HAYaeT, 4TO CO BpeMeHeM Bce (POpMBbI IBUKEHHUS JOJDKHBI IEPEHTH B TEIJIOBYIO. [lepexo ke TeIIoThl OT
rOpsSiYMX TeJ K XOJOJHBIM NMPUBEAET K TOMY, UTO TemIepaTypa Bcex Tell Bo BceneHHol cpaBHsieTcs, T. €.
HACTYIUT IIOJHOE TEIUIOBOE DPABHOBECHE M BCE IpOLIECCHl BO BcelneHHOM NpekparsaTcs — HACTYIHUT
TerioBas cMepTh BceenenHoil. OmuOOYHOCTH BBIBOJA O TEIJIOBOM CMEPTH 3aKJIOYaeTcsl B TOM, YTO
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GCCCMBICJIGHHO NOPpUMCHATE BTOPOC HAYaJI0 TCPMOAWHAMHUKHU K HC3aMKHYTBIM CHCTCMaM, HAIIpUMCP K
TaKoi 0e3rpaHuYHON U OECKOHEYHO Pa3BUBAIOIICHCS cHUCTeMe, Kak BeenenHnast.
HepBHe JABa Ha4dajla TCPMOAHMHAMUKHU AT HCIOCTATOYHO CBC,Z[CHI/Iﬁ 0 MNOBCACHHUH TCPMOJUHAMUYCCKUX
cucreM npu Hyne KenbBuna. OHU JONONHSIOTCS TPeTHUM HA4YAJI0M TePMOAUHAMHUKA, WM TeopeMoi

HepHCTa* — Il1anka: OHmMponust 6cex mejnl 6 COCMOAHUU PABHOBECUA CMpeMUumcs K HYA no mepe
I’lpu6ﬂu.?fC€Hu}Z memnepamypbsl K HYJ110 Kenveuna:

lim § = 0.

T—-0

*B. @. I'. Heprer (1864—1941) — HeMenkuit pU3HK U XHMHK.

Tax xak SHTpOMUS ONpeAeseTCs C TOYHOCTHIO 10 aJTUTUBHOM MOCTOSHHOM, TO 3Ty MOCTOSHHYIO YI0OHO B3STh
paBHOM Hymt0. OTMETUM, OJHAKO, YTO 3TO INPOU3BOJIBHOE JOIYIIEHUE, IOCKOJIbKY 3HTPOIHS IO CBOEH
CyuwHoCcmuy BCETAa OMPENENAeTcs C TOYHOCTBIO N0 aJJUTUBHON mocTosHHON. M3 Teopembl Hepucra —
ITnanka cnenyer, uyro TemnoeMkoctu C, n Cy ipu 0 K paBHBI HyII1O.

§ 59. TenuioBbIe ABUTATEIN U X010AMJIbHbIe MaIMHBI. [lukia KapHo u ero k. m. 1. 1/ uaeajJbHOro raza

W3 GpopMyarpoBKH BTOPOTO Havasla TEPMOJIUHAMUKY 110 KenbBHHY ClieyeT, YTO BeUHbIi IBUIaTe)Ib BTOPOT0
pola — MEpPHOANYECKH JEHCTBYIOIINI JBHUTaTelb, COBEPIIAIONINIA pabOTy 3a CUET OXJIAKICHHS OJHOTO
UCTOYHHMKA TEIUIOTBI, — HEBO3MOXCEH. /IS MIUIIOCTpalMu 3TOrO IOJIOXKEHUS PAaCCMOTPUM pPadoTy
TCIIJIOBOI'O ABHUIATCIISA (I/ICTOpI/I‘-IGCKI/I BTOpPOC HadYajl0 TCPMOAMHAMHWKH M BO3HHKIIO M3 aHaIn3a pa6OTI)I
TETUIOBBIX JIBUTATENCH).

[lpyuHuMn npelcTBUSA TEMJIOBOrO JBUraTens mnpuBefeH Ha puc. 85. OT Tepmocrara®™ c 0Oosiee BBICOKOU
TemrepaTypoil 71, Ha3bIBaEMOro HarpeBaTeseM, 3a IUKJI OTHUMAETCS KOJIMYECTBO TEIIoThl Qi, a
TepMocTaTy ¢ Oosiee HHU3KOW TemmepaTypoil 72, Ha3bIBAEMOMY XOJOAWJIBLHMKOM, 32 IIHKJI IepelacTcs
KOJIMYECTBO TEIIOTH Qy, pu 3TOM coBepiaercs padbora 4 = Q1 — Qa.

>X<TepMOZ[I/IHaMI/I‘ICCI(ZUI CHUCTEMaA, KOTOPAsA MOXKCT 00MEHHUBATHCS TEIUIOTOH ¢ TelaMu 6e3 H3MEHEHHS TCMIICPATYPHI.

UtoObl TepMHUECKHI KOI(P(GUIIMEHT II0JE3HOTO JACHCTBUSA TerioBoro aurarens (56.2) Obur paBeH |1,
HE00X0auMO BhIMIONTHEHHE ycioBus Qp = 0, T. €. TEMJIOBOH ABHraTelb JOKEH UMETh OJUH HCTOYHUK
TEIUIOTHI, & ATO HEBO3MOXHO. TaX, dpanmysckuii ¢pusuk u umxenep H. JI. C. Kapuo (1796 — 1832)
MOKa3aj, 4YTo AJii paboThl TEIJIOBOIO JABHUraresis HeoOXOJMMO HE MEHee JBYX HCTOYHHMKOB TEIUIOTHI C
Pa3IMYHBIMH TEMIepaTypaMu, MHa4Ye 3TO MPOTUBOPEUNIIO Obl BTOPOMY Hayally TEPMOJINHAMHUKHU.

JlBurarenb BTOpOro pona, Oy/ib OH BO3MOKEH, ObLJI Obl IPAKTHUECKU BEUHBIM. OXJIaXAeHUEe, HAIPUMED, BOJIbI
OKeaHOB Ha 1° nano Okl OrpoMHYI0 SHeprut0. Macca BoJibl B MI/IZI)OBOM okeaHe cocTasiser mpumepro 108 T,
IIPH OXJIAXIEHUH KOTOpOoi Ha 1° Beiienmiocs Ob1 mpumepHo 10 * JIK TemIoTHI, 4TO SKBHBATCHTHO ITOJTHOMY
cxuranmo 10 1 yros. JKeme3sHOTOpOKHBIH COCTAB, HATPYKEHHBIH STHM KONMYECTBOM YIJIS, PACTSHYICS
Obl Ha paccTOsIHUE 10* km, uro NpUOIU3UTENBHO COBNAaeT ¢ pazmepamMu CoaHeuHOH cucTteMbl!

XonogunbHan
MauuHa

Tennoeoin
AsuraTens

Prc. 85 Puc. 86
[Iporiecc, oOpaTHBIN TPOUCXOAIIEMY B TEIJIOBOM JIBUTaTelle, WCIOJB3YETCS B XOJIOAWIBLHOW MaIlWHE,
MIPUHIIMIT JEHCTBUS KOTOPOM mpejcTaBieH Ha puc. 86. CucremMoii 3a UKIJI OT TepMocTaTta ¢ 0ojiee HU3KOU
TeMmreparypoil 7> OTHUMaeTcs KOJMWYEeCTBO TeroThl Qp W oTmaercs TepMmocTaTy ¢ 0Ooyiee BBICOKOM
temrieparypoii 71 kommdectBo TemioTel Qi. s kpyroBoro mporecca, coriacHo (56.1), Q=A, Ho, mo
yenoBuio, Q = Q2 — Q1 <0, moaToMy A<0 u Q2 — Q1 = —A4, mm Q1 = Q2 + A, T. €. KOIHUECTBO TEIIOTHI Q1,
OTJTAHHOE CHUCTEMOW WCTOYHHMKY TEIUIOTHI TpH OoJiee BBICOKOHM Temriieparype T1 OOJIbIIE KOJUYECTBA
TeIIoThl Qp, MOMYYEHHOTO OT MCTOYHHMKA TEIJIOTHI MpH OoJjiee HU3KOH TeMmmeparype T,, Ha BETUYHUHY
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paboThl, coBepIIeHHON Hax cuctemol. ClenoBaTeNbHO, Oe3 cogepuieHus pabomvl Helb3si OmoOUpamy
Meniomy om MeHee HA2Pemo20 meida u omoagams ee Oojee Hazpemomy. ITO YTBEPKIEHUE €CTh HE UTO
MHOE, KaK BTOPOE HAYaJl0 TePMOJUHAMUKHU B hopMynupoBke Kimaysuyca.

Opnako BTOpOe Hayallo TEPMOJUHAMHUKHU HE CJIEyeT MPEICTaBIsATh TaK, YTO OHO COBCEM 3allpellaeT Mepexo]
TEIUIOTHI OT MEHEEe HarpeToro teia K Oosiee HarperoMmy. Beap MMEHHO Takoil Mepexoj OCYIIECTBISICTCS B
XOJOMMWIbHOM MamuHe. Ho mpu 3TOM Hajgo MOMHHUTb, YTO BHEIIHHME CHJIbI COBEpIIAIOT paboTy HaJ
CUCTEMOH, T. €. 3TOT MEePEXO0/1 HEe SBISETCS IUHCTBEHHBIM PE3yJILTATOM IIPOIIecca.

OcHoOBbIBasiCh Ha BTOPOM Hayalle TepMOAMHAMHUKHU, KapHO BbIBEN TEOpeMy, HOCSIIYIO TEHepb €ro UMs: U3 BCEX
MEPUOINYCCKH JCHCTBYIONIMX TEIUIOBBIX MAIIMH, MMEIOIIMX OIMHAKOBBIC TeMIieparypsl HarpeBarenei (T1)
1 XOJIOAMIBHUKOB (T2), HAMOONBIIMM K. 1. JI. 00JIaal0T 0OpaTUMbIe MAITUHBI; TIPH 3TOM K. II. JI. 0OpaTUMBIX
MaIlliH, paboTaOIMKX NPU OJMHAKOBBIX TeMieparypax HarpeBaresneil (T1) u xomoaunbHUKOB (T2), paBHBI
Ipyr ApPYry W HE 3aBUCIAT OT HpuUpojbl pabodero Tena (Tena, COBEPUIAIOIIETO KPYroBOW Mpolecc U
O0OMEHUBAIOIIETOCS YHEPTUEH C IPYTHMH TEJIaMH), a ONPEACTSIOTCS TOJIBKO TeMIIepaTypamMu HarpeBaTelis u
XOJIOTUIbHHKA.

KapHo Teopernyecku MNpoaHATM3HPOBAI OOpaTHMbI HAMOOIEe SKOHOMHYHBIA IHKI, COCTOSIIUNA W3 JBYX
n30TepM M IBYX anauadar. Ero HaspiBaoT mukiaom Kapno. Paccmorpum npsvot: yuxn Kapao, B KOTOpOM B
KauecTBe pad0oYero Teiia UCTIOIb3YeTCs UCAIbHBIN a3, 3aKJIIFOUEHHBIA B COCY/I C TTOJIBHKHBIM ITOPITHEM.

[ukn Kapuo uzo0OpaxeH Ha puc. 87, rae M30TEpPMHUECKUE PACUIMPEHUE U CXKATHE 33aJaHbl COOTBETCTBEHHO
KpuBbiMU 1—2 u 3—4, a agmabaTWyecKkue paclIupeHue W cxarue — KpuBbiMu 2—3 u 4—1. Ilpu
nzoTepmMuueckom mporecce U=const, mostomy, coriacHo (54.4), KonMuecTBO TEIIOThl Qp, MOTyuYeHHOE
ra3oM OT HarpeBaressi, paBHO paboTe pacIupeHus A1, COBEpIIACMON ra30M IMPH NEPEXoJIe U3 COCTOSTHMS 1
B COCTOSTHUE 2:

Ay = "':;RTlln‘:;z = Q.

! (59.1)

[Ipu apgmabGaThyeckoM paciIupeHHH 2—3 TEIJIO0OMEH C OKpY)KalIleld cpeloll OTCYTCTBYeT M pabota
pacimpenus A3 COBEPIIACTCS 3a CUET U3MEHEHHUs BHYTpeHHel sHepruu (cM. (55.1) u (55.8)):

m
Ap = — 'A—{Cv(Tz—Tx)-

o) ; Pac. 87

@ Npeacrasns yukn KapHo Ha guarpamme p, V
rpaduyeckKy, YyKaxurte, xaxod nnowansLo
onpepenserca: 1) pa6ota, coBepweHHan Hap
rasom; 2) pa6ora, COBepWEHHAR CaMHM pac-
P) 3 WNPAIOWWMCA Ta3oMm.

* 2 @ MNpepcrasbTe rpaduyeckn ynkn KapHo s nepe-

v MeHHbix T, S.

KonnuectBo Temnorsl Qz, OTHaHHOE ra3oM XOJOAMIBHUKY TPH H30TEPMHYECKOM CXKATHH, PaBHO pabore
cxatust Aza.

Aznabarsl

_nm Vo _ _
Ay = MRTzln o Qx (59.2)

PaGora agnadbaTnyeckoro cxxatus
m
Ay = — ﬁCV(TI_TZ) = — An.

Pabora, coBeprraemast B pe3ysibTaTe KpyroBoro mporiecca,
A=Ap+Apn+Au+Ag=01+An—0r—Ap=01—0
1, KaK MOKHO TI0Ka3aTh, ONPeIeIseTCsl TUIOMIA IbI0, 3allITPHX0oBaHHON Ha puc. 87. Tepmudeckuii K. . 1. IIUKIIA
Kapno, cornacno (56.2),
n = A/Q = (Q:1—-0Q)/Or-
[Tpumenus ypaBaenue (55.5) ans anuabat 2—3 u 4—1, nomyuum
Tvi=ny,  mvlT'=mvlT
OTKyZa
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Vz/V1 = VJ/V4- (593)
[Toacrasmnss (59.1) u (59.2) B popmymy (56.2) u yuaurtsiBas (59.3), nomydaem
B Y RN Y AL
-0 M ' v, M Y V, T.-T,
=== - 7 = (59.4)
: — RTyIn > :
M Vi

T. €. qisa nukia KapHo K. M. JA. JEHCTBUTENIBHO OIPEACNICTCS TOJBKO TEMIepaTypamMHu HarpeBareis M
XOJIOIMIbHUKA. J[7s1 ero moBbIIIEHHS HEOOXOJMMO YBEIUYMBATh PA3HOCTh TEeMIlepaTyp HarpeBaTelisi U
xononunbHuka. Hanpumep, npu T1 = 400 K u T, = 300 K r = 0,25. Ecnu xe TemnepaTypy HarpeBareins
noBbicuTh Ha 100 K, a temneparypy xonoaunbHuka noHusuth Ha 50 K, to n = 0,5. K. . 1. Bcskoro
pEaIbHOTO TEIUIOBOTO JIBUTATENsl M3-32 TPEHHS M HEU30€XKHBIX TEIUIOBBIX MOTEph TOpa3/lo MEHbIIE
BBIYMCIICHHOTO 715 ITuKIia KapHo.

Obpamuwiti yuxn KapHO MOJOXKEH B OCHOBY ACMCTBHS TEMJOBBIX HACOCOB. B oTinuMe OT XONOAMIIBHBIX
MallMH TEIUIOBBIE HACOCHI JOJDKHBI KaK MOXKHO OOJbBINE TETUIOBOW JHEPTrUU OTIaBaTh TOpSYeMy TeEIy,
HampUMep CHCTeMe OTOIUIeHUs. YacTh 3TOM 3Hepruu oTOMpaeTcs OT OKpY’Karoueil cpepl ¢ 6oIee HU3KOM
TEMIIEPATypoOl, a YacTh — IIOJIy4aeTCs 3a CYET MEXaHWYEeCKOW paboThl, MPOW3BOIUMOM, HAIpUMED,
KOMITPECCOPOM.

Teopema KapHo mociyxuia OCHOBAaHHMEM JUIsl YCTAHOBJICHUS TE€PMOAMHAMMYECKON IIKAJbI TeMIepartyp.
CpaBHuB JIeByIO U IIpaByto yactu popmyssl (59.4), noaydum

/Ty =05/Qs, (59.5)

T. €. I CpaBHEHUs1 Temriepatyp 71 u T, ABYX Tesl HEOOXOIMMO OCYIIECTBUTH oOpaTumbii nukia Kapho, B
KOTOPOM OJTHO TE€JIO UCIOJIB3YETCs B KaUYeCTBE HarpeBaTelis, Apyroe — xonoauiabHuka. 13 paBeHctsa (59.5)
BHUJIHO, YTO OTHOIIICHHE TEMIIEPATyp TEJ PAaBHO OTHOIICHUIO OTJAHHOTO B 3TOM IIMKJIE KOJIMYECTBA TEIUIOTHI
k nonydyenHomy. CornacHo teopeme KapHo, xuMudeckuii coctaB pabodero Tesia He BIUSET HA Pe3yIbTaThl
CpaBHEHUs TEMIIEpaTyp, MOITOMY Takas TEPMOJIMHAMHYECKAs IIIKaJa HE CBs3aHa CO CBOMCTBAMHU KaKOT'O-TO
OTIpEICNIEHHOTO0 TepMoOMeTpudeckoro Tena. OTMETHM, 4YTO MPaKTHYECKH TakuM o00pa3oM CpaBHHBATh
TEeMIIEpaTyphl TPYIHO, TAaK KaK peasibHbIe TEPMOJAMHAMUYECKHE MPOIECCHI, KaK yX€ YKa3bIBAIOCH, SIBIISIOTCS
HEOOpPAaTUMBIMH.

3anaun

9.1. Azot maccoil 1 kr Haxoautces npu Temmnepatype 280 K. Onpenenuts: 1) BHYTPEHHIOIO SHEPTUIO0 MOJIEKYJ
a30Ta; 2) CPeAHIOI KUHETHYECKYI0 SHEPTUI0 BpallaTeIbHOrO ABMKEHHsS MOJIEKYN a3oTa. l'a3 cuuraTth
uneansHbM. [1) 208 k/Ix; 2) 83,1 kx|

9.2. OmnpenenuTe yIeNbHbIE TEIIOEMKOCTH Cy U Cp, HEKOTOPOrO JBYXaTOMHOIO Ia3a, €CIHM INIOTHOCTH TOTO
ra3a npu HOpMaJbHbBIX yclI0BUsAX 1,43 Kr/M°. [ev=6600x/(xr - K), cp= 910 dx/(xr - K)]

9.3. Bogopon maccoit m = 20 r Obw1 Harper Ha AT = 100 K npu nocrossHHoM aasnenuu. Onpenenuts: 1)
KOJINYECTBO TEIUIOTHl Q, mepenaHHoe rasy; 2) npupaiieHue AU BHyTpeHHeW sHepruu rasza; 3) paboty A
pacmupenus. [1) 29,3 kJx; 2) 20,9 k/Ix; 3) 8,4 xJx]

9.4. Kucnopon oobemoM 2 51 Haxonutcs nox gasineHueM 1 MIla. OnpenenuTs, Kakoe KOJIMYECTBO TEIIOTHI
HE00XO0/AUMO COOOILIUTH Ta3y, YTOOBI YBEIUYHUTh €ro JIaBJICHUE BJIBOE B pe3yjbTaTe M30XOPHOTO Ipolecca.
[5 xIx]

9.5. Hexoropsiii ra3 maccor 2 kr Haxoautcs npu temmneparype 300 K u non nasnenumem 0,5 Mlla. B
pe3ylbTaTe M30TEPMHUUECKOro CHKaThs JaBJIEHHE Ta3a yBEJIWYWIOCh B TpU pasza. Pabora, 3aTpaueHHas Ha
cxkarue, A = —1,37 xJlx. Onpenenuts: 1) Kakoii 3To Ta3; 2) MepBOHAYANBHBINA yIeIbHBIAH 00beM rasza. [1)
renuit; 2) 1,25 m/kr]

9.6. JIByxaTOMHBII HJealbHbIN ra3 3aHuMaer ooveM V1= 1 n u Haxoautcs mon naeineHuem p; = 0,1 MIla.
[Tocne anuabaThueckoro ckatus ra3 Xxapakrtepuszyercss oobemoM V; U naBieHueM Py. B pesynbrare
MOCJIEAYIOLIETO N30XOPHOIO IIPOLEcca ra3 0XJIAXAAaeTcsl A0 IEPBOHAYAIbHON TEMIIEPATyphl, a €r0 JaBJICHUE
p3= 0,2 MIla. Onpenenuts: 1) 00vem Vy, 2) naBnenue py. [Ipeacrasuts 3tu npoueccel rpapudecku. [1) 0,5
1; 2) 0,26 MIla]

9.7. VineanbHblil Ta3 KOJIMYECTBOM BeLIECTBA V = 2 MOJb CHaudajga M300apHO Harpeiu Tak, 4YTO €ro oobeM
YBEJIMUWICA B 1 = 2 pa3a, a 3aT€M U30XOpPHO OXJIAJWIN TaK, YTO JABJIEHUE I'a3a YMEHBIIUIIOCH B 1 = 2 pasa.
OmpenenuTth NMpupamieHne SHTPONH B X0JI€ yKa3aHHBIX mporieccoB. [11,5 Ix/K]
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9.8. TemuoBast mMamuHa, coBepiias oOpaTumblii 1k KapHo, 3a onuH mukia cosepmaer padoty 1 x/Dx.
Temneparypa narpeBarens 400 K, a xonogunsauka 300 K. Onpenenuts: 1) K. 1. 1. MaIIMHBL, 2) KOJIHYECTBO
TEIUIOThl, MOJIYy4aeMO€ MAIIMHOW OT HarpeBareis 3a LUK, 3) KOJWYECTBO TEIUIOTHI, OTAABacMOeE
XOJIOMMIBHUKY 32 HUKIL. [1) 25%; 2) 4 xJIx; 3) 3 x/[x]
9.9. UneanpHslii Ta3 coBepmaet nuki KapHo, Tepmuyeckuii K. 1. 1. Kotoporo paseH 0,3. Onpenenuts paboty
M30TEPMUYECKOTO CXKATHUS ra3a, eCiik padoTa u3orepmMuueckoro pacmuperus cocrapisier 300 Ix.[-210/1x]

I'naBa 10 PeanbHble ra3bpl, ;)KUAKOCTH U TBEP/ble TeJia

§ 60. Cuabl u MOTCHIHHAJIbHAS SJHEPIUA MEKMOJICKYJISIPHOT'O B3aMMOJeiCcTBHSA

Mozenb uaeanbHOro ras3a, UCIoJib3yeMasi B MOJIEKYJIIPHO-KMHETUUECKON TEOPUH T'a30B, 103BOJISIET ONUCHIBATD
MOBE/ICHHUE Pa3pEKEHHBIX PEAbHBIX ra30B MPU JIOCTATOUYHO BBHICOKUX TeMIIepaTypax U HU3KUX JIaBICHIDKX.
IIpu BbIBOAE YpaBHEHHS COCTOSHUS UACAIBHOIO raza pasMepaMy MOJIEKYJ M UX B3aUMOJEHUCTBHUEM JAPYT C
npyrom npeneOperatot. IloBbllieHrne gaBieHUs MPUBOAUT K YMEHBIICHUIO CPEIHErO PACCTOSHUS MEXKIY
MOJIEKYJIAMH, TIO9TOMY HEOOXOJIMMO YYUTHIBATh O0HEM MOJIEKYI M B3aMMOJICHCTBUE MEXIYy HUMHU. TaK, B 1
M° Ta3a [PH HOPMAJIBHBIX YCIOBHSX coxepxures 2,68-10% mornekys, 3anuMaromux oGbeM mpumepso 107
M (paauyc MOJIEKYJbl IPUMEPHO 10710 M), KOTOPBIM II0 CpaBHEHHIO ¢ oOBbemoMm raza (1 M3) MOXHO
npeneopeus. [Ipu naBnenun 500 Mlla (1 atm = 101,3 kIIa) 06beM MOJIEKYT COCTABUT YK€ MOJIOBHHY BCETO
oobema raza. Takum 00pazoMm, NMpH BBHICOKHX JABICHHUAX M HHU3KHX TEMIIEpaTypax yKazaHHash MOEIb
UJealIbHOTO ra3a HeMPUro/IHa.

[Ipu paccMoTpeHHH peajibHBIX I'a30B — TI'a30B, CBOICTBa KOTOPBIX 3aBUCST OT B3aMMOJEMCTBHS MOJIEKYJ,
HAaJI0 YYUTHIBATh CHJIbI MEKMOJIEKYJISIPHOr0 B3aumMoaeicTBusi. OHU MPOSIBISIIOTCA HA PACCTOSHUAX < 10°°
M U OBICTPO YOBIBAIOT NPU YBETUYEHUM PACCTOSIHHUS MEXAYy MOJIeKylnamu. Takue CUibl Ha3bIBAOTCS
KOPOTKO/1eiiCTBYIOILIMMH.

B XX B., m0 Mepe pa3BUTHS MPEACTABICHUI O CTPOCHHH aTOMa M KBAaHTOBOI MEXaHHMKH, ObUIO BBIICHEHO, YTO
MEX/1y MOJIEKYJaMH BEIECTBA OJHOBPEMEHHO JICHCTBYIOT CHJIbI NPHUTSIZKEHUS] M CHJIbI OTTAJKHBAHUS.
Ha puc. 88, a mpuBeneHa kauecTBEHHas 3aBUCHMOCTb CHUJI MEXKMOJICKYJISPHOTO B3aMMOJICHCTBHS OT
paccTosiHus I' MeXIy MosieKyiaamu, rae F, u F; — cooTBeTCTBEHHO CHIIbI OTTAJIKUBAHUS U NPUTSKEHUS, a F
— ux pe3ynapTupytomias. Cuiabl OTTaTKUBAHUS CYUTAIOTCS NOI0NCUMENbHBIMU, & CUJIBI B3AUMHOTO MPUTSHKE-
HUS — OMPUYAMeIbHbIMU.

al F \F Puc. 88
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To . > ® Kaxos xpuTepunil pasnuyHbiX arperarHbix coc-
- TORHNA BewecTea? .
@ JanMLUNTe W MNPOAHANWIMpYHTe YypasHeHHe
Baw-fep-Baansca gns Mons rasa; ANA npous-
Prmin BONLHOTO KONNYECTBA BOWECTRA.

Ha paccrostauu r=rg pesyastupytomias cwia F = 0, T.e. CHIIBI TPUTSDKEHUS U OTTAJIKHMBAHKS YPaBHOBEIIUBAIOT
apyr npyra. Takum o00pa3oMm, pacCTOosHHE [g COOTBETCTBYET PAaBHOBECHOMY PACCTOSHUIO MEXIY
MOJIEKYJIaMH, Ha KOTOPOM OBl OHHM HAaXOJWINCh B OTCYTCTBHE TEIUIOBOTO IBWXeHHS. [lpm r < Iy
npeobianaroT cuibl ortankuBanus (F>0), mpu r > ro — cuisl nputskenus (F<0). Ha paccrosnusix r > 10°°
M MEKMOJICKY/ISIPHBIE CHITbI B3AUMOIECHCTBHS TPAKTHUYECKH OTCYTCTBYIOT (F—0).
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OnemeHTapHas padota oA cuibl F npu yBenuueHNH paccTOSHUS MEXITy MoJieKyaaMu Ha dr coBepiiaercs 3a

CUCT YMCHBIIICHU A B3aMMHOM HOTGHHH&HBHOﬁ SHCPruu MOJICKYII, T. €.
6A=Fdr= —dIL (60.1)

N3 aHann3a KauyeCTBEHHON 3aBUCUMOCTH MOTEHIMAIBHOW SHEPrUU B3aUMOJACUCTBUS MOJIEKYJ OT PAaCCTOSHUS
MeXay HUMHU (puc. 88, 6) ClelyeT, 4TO €CIU MOJIEKYJIbl HaxOASTCs APYr OT Jpyra Ha pacCTOSHUM, HA
KOTOPOM MEKMOJIEKY/ISIPHBIE CHIIBI B3aMMOJAEHCTBHS He AeUCTBYIOT (r—o0), To I1=0. Ilpu mocrenennom
COMKEHUH MOJICKYT MEXIy, HAMH MOsBIsIOTCS cuibl nputrsokenus (F<0), koropeie coBepmiaroT
noJokuTenbHyt0 padory (0OA=Fdr > 0). Toraa, coriacto (60.1), moTeHIMaTbHAS SHEPTUS B3aMMO/ICHCTBHS
YMEHbBIIACTCS, TOCTUrasi MUHUMyMa 1ipu = ro. [Ipu r < ryp ¢ ymeHbineHuem I cuiibl ottanikuBanus (F>0)
pPE3KO BO3pacTalOT M COBepliacMas HPOTHB HuX pabora otpunareabHa (OA=Fdr<0). [MorenuumanbHas
SHEPIHsl HAYMHAET TOXKE PE3KO BO3PAcTaTb U CTAHOBUTCS ITOJIOKUTEIbHOW. M3 NaHHOW NOTEHLMAIBHON
KpUBOM CJeayeT, YTO CHCTeMa W3 JABYX B3aMMOJICHCTBYIOIIMX MOJIEKYJI B COCTOSHUHM YCTOWYMBOIO
paBHOBecHs (I' = Ip) 001a1aeT MUHIMAIILHOM MOTCHIIMATLHON SHEPTUEH.

KpurepueMm pa3inuHbIX arperaTHbIX COCTOSIHUM BEILECTBA SBIISETCS COOTHOLIEHUE MEXAY BelnuyuHaMu [lmin 1
KT. Ilnin — HauMeHbIIas MOTEHIMAIbHAS SHEPTUsl B3aMMOJCHCTBUS MOJCKYJI — OIpeIeseT padoTy,
KOTOPYIO HYXXHO COBEPIIUTH MHPOTHUB CHJI MPUTSDKEHUS JUIS TOTO, YTOOBI Pa3beAUHHUTH MOJIEKYJIbI,
HaxoJIMecs B paBHoBecuu (= rp); KT ompezessieT yIBOCHHYIO CPEIHIOK SHEPIHIO, MPUXOIAIIYIOCS Ha
OJIHY CTENEHb CBOOO/IbI XAOTUUYECKOTO (TEIJIOBOT0) IBHXKEHUS MOJIEKYIL.

Ecmu Tlyin<<kT, TO BemecTBO HaXOAUTCS B Ta3000pa3HOM COCTOSIHMM, TaK KaK WHTEHCHBHOE TEILUIOBOE
JIBUKCHHE MOJIEKYJ TMPENSTCTBYET COCIUHEHHUIO MOJEKYN, CONM3HMBIIMXCS JO PacCTosHHS g, T. €.
BEPOSITHOCTh 00pa30BaHMs arperaroB M3 MOJEKyn goctaroyHo mana. Eciam [Imin™>>KT, To BemiecTBO
HaxOJIUTCS B TBEPJOM COCTOSIHMM, TaK KaK MOJIEKYJIbI, IPUTATUBAACH APYT K IPYTy, HE MOTYT YAQJIUTHCS Ha
3HAYUTENIbHBIE PACCTOSHUS U KOJEOIIIOTCA OKOJIO TOJI0KEHUI paBHOBECHS, ONIPEAEIIIEMOr0 PacCTOSIHUEM .
Ecau IiyinaKT, TO BEIIECTBO HAXOAUTCS B KUIAKOM COCTOSTHHHU, TaK KaK B Pe3yJIbTaTe TEIUIOBOTO JBHKECHHUS
MOJIEKYJIbl IIEpPEMEUIAOTCSl B MPOCTPAHCTBE, OOMEHMBAsICh MECTaMH, HO HE pacXoJsCh Ha PacCTOSHHUE,
MpeBbIIIAoIIee Ip.

Takum o00pa3zoMm, J1000€ BEIIECTBO B 3aBHCHUMOCTH OT TEMIEPAaTypbl MOKET HAXOAUTHCS B ra3z000pa3HOM,
XKUJKOM WJIM TBEPJOM arperaTHOM COCTOSIHMM, IPHUYEM TeMIeparypa Nepexoia U3 OJHOI0 arperaTHoro
COCTOSIHUSI B Ipyroe 3aBUCUT OT 3HaueHUs [Imin, 114 nanHoro BemectBa. Hanpumep, y nHepTHBIX Ta30B [Imin
Majo, a y METaJJIOB BEIMKO, MOITOMY MpH OOBIYHBIX (KOMHATHBIX) TEMIEpaTypax OHHM HaXOASTCA
COOTBETCTBEHHO B Ia3000pa3HOM U TBEPJOM COCTOSHUSX.

§ 61. YpaBHenue Ban-nep-Baanbca

Kak yxe ykaspiBamoch B § 60, mnsi pealbHBIX Ta30B HEOOXOAMMO YYHMTHIBATH pa3Mepbl MOJEKYT U HX
B3aUMOJICHCTBUE JPYr € JpyroM, IMO3TOMY MOJEIb HJEaIbHOTrO raza W ypaBHeHue Kirameipona —
MenpeneeBa (42.4) pVn=RT (mn1st Mons rasza), OMHUCHIBAIOIEE HICANBHBIA Ta3, Uil peallbHBIX Ta30B
HETIIPHUTOJTHBI.

YuurtbiBas COOCTBEHHBIH 00BEM MOJIEKYT M CHIIBI MEKMOJICKYJISIPHOTO B3aUMOJACUCTBUS, TOMAHACKUN (QHU3UK
N. Ban-gep-Baansc (1837—1923) BbiBen ypaBHEHHE COCTOSIHUS pealibHOro rasa. Ban-nep-Baanscom B
ypaBHeHue Knaneiipona — MeHzeneeBa BBeJCHbBI BE MOMPABKHU.

1. Yuer coGcTBEHHOro0 o0bemMa MoOJIeKyJ. Hammume cui OTTaJKMBAaHUS, KOTOPBIE MPOTHBOACHCTBYIOT
MPOHUKHOBEHHUIO B 3aHATHIA MOJIEKYJIOW OOBEM IPYTMX MOJEKYJ, CBOAWTCA K TOMY, 4TO (haKTHUECKUU
CBOOOIHBIN 00BEM, B KOTOPOM MOT'YT JBHTaThCsl MOJIEKYJIBI PeaabHOro rasa, oymaer He Vm, a Vin — b, e b
— 00beM, 3aHUMAEMbIi CAMUMH MOJIEKYJIaMHU.

O6beM b pasen yuemesepennomy cobcmeennomy obvemy monexyn. Eciu, HanpuMep, B COCylIe HaXOAATCS JBE
MOJIEKYJIBI, TO LEHTP JIFOOO0N U3 HUX HE MOXKET MPUOIH3UTHCS K IEHTPY APYTrod MOJEKYIbl Ha PacCTOsSHUE,
MeHbllee auametpa O Mosiekynabl. DTO O03HA4YaeT, 4YTO Uil IICHTPOB OOCHX MOJIEKYJ OKa3bIBACTCS
HEJIOCTYIHBIM cepuieckuii o0beM paauyca d, T. €. 00beM, paBHBIH BOCBMH O0BbEMaM MOJICKYJIbl WM
YUeTBEpPEHHOMY 00BEMY MOJIEKYJIBI B pacuyeTe Ha OJTHY MOJICKYIY.

2. YyeT npuTsZKeHUs MoJIeKyJ1. JleiicTBHe CHIT MPUTSHKEHUS Ta3a MPUBOIUT K MOSBICHUIO TOMOTHUTEIHLHOTO
JABJICHUS Ha Ta3, HA3pIBAEMOr0 BHYTPEHHUM JHaBiicHHeM. [1o BerauciennsM Bau-nep-Baanbca, BHyTpeHHEE
JaBJieHHe 00paTHO MPOMOPIIMOHATIFHO KBaApaTy MOJISIPHOTO 00beMa, T. €.

P =aVy, (61.1)
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rae a — nocrosiHHas Ban-nep-Baanbca, xapakrepu3syromas CHIIbl MEKMOJIEKYIISIPHOTO IPUTSDKEHUS, Vi —
MOJISIPHBIA 00BEM.
BBoas sTH mompaBku, MonydyuM ypaBHeHue Bau-aep-Baanbca 0 mons caza (ypaBHeHHE COCTOSTHHSA
peajibHbIX I'a30B):

Jl1st MpOM3BOJIBHOTO KOJIMYECTBa BemiecTBa V raza (V=m/M) ¢ yaerom toro, uro V=VVp, ypaBHenue Ban-mep-
Baanbca nmpumer Bujg

2
(p + %) (%, - b) = RT, wm (p + v3a/V¥)(V — vb) = vRT,

rJe THONPaBKH a M D — MOCTOSHHBIC ISl KaXIOro Ta3a BEJIMYMHBI, OIpPEACISCMbIe OIBITHBIM IyTeM
(3anuchiBaloTCs ypaBHeHUs1 BaH-nep-Baanbca nis 1ByX M3BECTHBIX U3 OIBITa COCTOSIHUM ra3za M pelarTcs
OTHOCHTEIILHO a 1 D).

IIpn BeIBOZE ypaBHeHMs Ban-nep-Baanbca cheman wenblii psify YIPOILNEHMM, IIOITOMY OHO TakyKe BecbMa
NpUOIIMKEHHOE, XOTd M Jydule (OCOOCHHO Ul HECHJIBHO CXKATbIX ra3oB) COIJIACYETCS C OIBITOM, YeM
YPAaBHEHUE COCTOSHMS UICAIBHOIO rasa.

VYpaBHenue Ban-nep-Baanbca He eIMHCTBEHHOE ypaBHEHME, OINHMCHIBAIOIIEE peanbHble ra3pl. CylecTBYOT U
JIPYTH€ YpaBHEHHUsI, HEKOTOPBIE U3 HUX JaX€ TOYHEE ONMCHIBAIOT pEalbHbIEC I'a3bl, HO HE PACCMATPUBAIOTCS
U3-3a UX CII0)KHOCTH.

§ 62. U3otepmbl Ban-nep-Baanabca n ux anaaus

JUia uccienoBaHusl MOBEACHUS pEAlbHOIO ra3a paccMOTpUM H30TepMbl BaHn-nep-Baanbca — Kpubble
3aBUCUMOCTH p OT Vi IpH 3agaHHbIX 7, ompexesseMble ypaBHeHHeM Ban-nep-Baanbca (61.2) mist mons
raza. OTH KpUBbIE (paccMaTpUBAIOTCA Ui YETHIPEX PA3JIMYHBIX TeMIleparyp; puc. 89) UMET J0BOJIBHO
cBoeoOpa3Hblil xapakrep. [Ipu Boicokux Temmeparypax (T > T) u3oTepMa peajbHOro ra3za OTIMYaeTcs OT
M30TEPMBI HJICAUTHHOTO I'a3a TOJBKO HEKOTOPBIM UCKaKEHHEM e€ (POpPMBI, 0CTaBasiCh MOHOTOHHO CITa/Iaf0IIeH
kpuBoi. [Ipu HekoTOpO#t TemnepaType T Ha H30TepMe UMEETCs JIMIIb O/lHA TOUKa neperuda K.

Ora u30TepMa Ha3bIBAaCTCSI KPHUTHYECKOM, COOTBETCTBYIOLIAs €l Temmeparypa Ty — KpUTUYECKOM
TeMIepaTypoil; Touka neperruba K Ha3bIBaeTCs KPUTUYECKOM TOYKOW; B ATOM TOYKE KacaTelbHas K Heil
napajuieabHa ocu adciucc. COOTBETCTBYIOIIUE ATOM TOUKe 00beM Vi, U JaBjleHHe py HA3bIBAIOTCS TAKKE
kputuyeckuMu. CocTOosiHME C KpUTHYECKUMH mapaMeTpaMu (Pgx, Vi, Tx) Ha3bIBaeTcs KPUTHYECKUM
cocrosinueM. [Ipu Huzkux temneparypax (7 < Ty ) U30TepMBbl UMEIOT BOJIHOOOPA3HBIA Y4acTOK, CHayaja
MOHOTOHHO OITYCKasiCh BHU3, 3aT€M MOHOTOHHO IMOJHUMAsCh BBEPX U CHOBA MOHOTOHHO OITyCKasCh.

Jliig mosicHeHMsI XapakTepa U30TepM npeoldpa3yem ypaBHeHue Ban-nep-Baansca (61.2) k Buny

y _ 2 b =
PV — (RT + pb) Vo + aVm — ab = 0. (62.1)

VYpaBuenue (62.1) mpu 3agaHHBIX p U T SBIAETCS ypaBHEHHEM TpPETbEH CTENEeHU OTHOCUTENbHO Vi,
CJIEIOBATEIbHO, OHO MOXET MMETh JINOO TpU BEIECTBEHHBIX KOpHS, JMOO OJMH BEIIECTBEHHBIM M JBa
MHHUMBIX, NpUYeM (PU3MUECKUI CMBICI HUMEIOT JIMIIb BEUIECTBEHHBIE MOJIOXKHUTENbHbIE KOpHU. [TosTomy
MIEPBOMY CJIy4ar0 COOTBETCTBYIOT MU30TE€PMbI NPU HU3KUX TeMmIepaTypax (Tpu 3HaueHus oobema raza Vi, Vs
1 V3 0TBeUaroT (CUMBOJI «My» IS IPOCTOTHI OMYCKAeM) OJHOMY 3HAUCHHUIO JABJICHHS p1), BTOPOMY CIyYar0
— W30TEPMBI IIPU BBICOKHX TEMIIEpaTypax.

PaccmarpuBas pa3nudHbie y9acTKu H30TepMbl ipu 1<T (puc. 90), Buaum, 9yTo Ha ydactkax 1—3 u 5—7 npu
yMeHbIIeHuu obvema Vi, JaBieHHe p BO3pacTaeT, 4To ecTecTBeHHo. Ha ydactke 3—5 ckaTHe BelecTBa
MPUBOANT K YMCHBIICHHWIO JABJIICHUS; MPAKTHKA XK€ IMOKA3bIBa€T, YTO TAKHE COCTOSHUS B INPUPOJAC HE
ocyuecTBistoTcs. Hannune yyactka 3—5 03HavaeT, 4yTo IpU MOCTETIEHHOM M3MEHEHHU 00beMa BElECTBO
HE MOJKET OCTaBaThCsl BCE BpeMs B BHUJE OJHOPOIHON Cpelbl; B HEKOTOPBI MOMEHT JOJDKHO HACTYIHTH
CKauKooOpa3HOe M3MEHEHHE COCTOSIHMS M paclaj BeliecTBa Ha JBe ¢asbl. Takum o0pa3oM, MCTUHHAA
n3oTepMa OyneT UMeTh BUJI JIoMaHoW JnHNH (—6—2—1. YacTh 6—7 oTBe4aeT ra3000pa3sHOMY COCTOSHUIO,
a yactb 2—1 — kuaKoMy. B cOCTOSHUSAX, COOTBETCTBYIOIIUX TOPHU30OHTATBHOMY YYacTKy M30T€pMbl 6—2,
Ha0JII0JaeTCsl paBHOBECHE KUIKON U razoo0pa3Hoi (a3 BemiecTBa. BemecTBo B ra3000pa3HOM COCTOSIHUH
IpU TeMIlepaType HUKe KPUTUYECKON Ha3bIBaeTCs MapoM, a IMap, HaXOMAAILIMKCS B PaBHOBECHH CO CBOEH
KHUJIKOCTBIO, HA3bIBACTCSI HACHIIIIEHHBIM.
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PA Puc. 89

[ ] Heu?omnuamcu peanbHbié ra3si OT ngeans-
HbiX

-~ @ KaKoB CMbiCIT NONPaBoK NpK BLIBORE YPasHe-

i

1

:

7 A HnA Ban-gep-Baansca?

JlanHble BBIBOJBI, CIENYIOLIME W3 aHaidu3a ypaBHeHUs Bau-nep-Baanbca, ObUIM NOATBEP>KIEHBI OINBITAMU
upnanackoro yuyenoro T. Duuproca (1813—1885), n3yuaBiero H30TepMHUIECKOE CIKAaTHE YTIIEKUCIIOTO Tasa.
Otnuune sKcnepuMeHTAIbHBIX (DHApIoCc) U Teopernueckux (Ban-nmep-Baanbc) uzorepm 3akirouaercss B
TOM, 4TO IIPEBPAICHUIO T'a3a B KUAKOCTh B IEPBOM CIIy4ae COOTBETCTBYIOT FOPHU30HTAIBHBIE YUaCTKH, a BO
BTOPOM — BOJIHOOOpa3HBbIE.

J11s HaX 0k ACHUS KPUTHYECKHUX MTapaMeTPOB MOJACTaBUM WX 3HAUYCHUsA B ypaBHeHUe (62.1) B 3anuiieM

p.V"—(RT,+p.b) V2+aV—ab=0 (622)

(cHMBOJT «M» U1 MIPOCTOTHI oIryckaeM). IIockosibKy B KpUTHYECKOH TOUKE BCE TPU KOPHS COBMAJAIOT U PAaBHBI
Vi ypaBHEHHE TPUBOJIUTCS K BUILY

1 t
¥ I
| [}
1 1
"

P (V=V)*=0, (62.3)
170051
PV =3pV V2 +3p V2V —p,V,=0.
Tax kak ypaBHeHHs (62.2) u (62.3) TOXIACCTBEHHBI, TO B HUX JIOJDKHBI OBITh PaBHBI U KOA()(HUIIUECHTHI MpHU

HEU3BECTHBIX COOTBETCTBYIOIINX cTereHei. [loaToMy MOXKHO 3amucarth
PVi=ab, 3p,Vi=a, 3p.V;=RT:+p.b. (62.4)

Pemras nony4yeHHble ypaBHEHUs, HalieM
Ve=3b, pr=a/(27b%), T,=8a/(2TRb).

Ecnu wepes kpaifHHe TOYKH TOPU3OHTAIBHBIX YYaCTKOB CEMEHCTBAa M30TEPM MPOBECTH JIMHUIO, TO TIOIYIHUTCS
KOJIOKOJI00Opa3Hasi kpuBas (puc. 91), orpanuunBaronias o0yacTb ABYX(a3HbIX COCTOSHUM BelecTBa. JTa
KpUBas M KpUTHYECKass H30TepMa JeNAT auarpammy p,Vm TOA W30TepMONM Ha TpH 0O0JacTH: TOA
KOJIOKOJI00Opa3HOW KpHUBOHM pacriosiaraercst 001acTh ABYX(a3HBIX COCTOSHUM (KHMIKOCTh M HACBIIIEHHBIN
nap), cjaeBa OT Hee HaXOAUTCS 00JIaCTh JKUAKOTO COCTOSIHUS, a clipaBa — 00JyacTh napa. [lap oriamuaercs ot
OCTaJIbHBIX Ta3000pa3HbIX COCTOSHHUM TeM, 4TO NPHU H30TEPMHUYECKOM CKaTHM IpEeTepreBaeT Mpolecc
CKmKeHus. ['a3 e mpu Temreparype BbIIIe KPUTHIECKOW HE MOXKET OBITh MPEBPAIICH B KHUIKOCTb HH TPH
KaKOM JIaBJICHUH.

CpaBHuBas uzotepMmy Ban-nep-Baanbca ¢ m3zorepmoil DHuproca (BepxHss KpuBas Ha puc. 92), BUAUM, YTO
HOCTeIHSS UMEET MPSIMOJIMHEHHBIN y4acTOK 2—06, COOTBETCTBYIOIINN JBYX(a3HbIM COCTOSIHUSM BEIIECTBA.
[IpaBaa, mpyu HEKOTOPBIX YCIOBHSIX MOTYT OBITh pEAIM30BaHBI COCTOSHHUS, N300pakaeMble y9acTKaMH BaH-
JIep-BaaIbCOBON M30TEPMBI 5—6 1 2—3. DTH HEyCTOHYHMBBIC COCTOSHUS HA3BIBAIOTCS METACTAOMILHBIMH.
VYyactok 2—3 wn300pakaeT Meperperyr0 KHUAKOCTb, 5—6 — mepecbilleHHbIH mnap. O6e ¢a3bl
OTPaHUYEHHO yCTOWYHBHI.

d )

Prc. 90 Pac. 91
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[Tpu mocTaTOYHO HU3KUX TeMIIepaTypax U30TepMa mepecekaer ock Vi, mepexoast B 00J1acTh OTPUIIATEIbHBIX
NnaBiIeHUW (HIWKHSS KpuBas Ha puc. 92). BemecTBo moj OTpHUIlATEIbHBIM JABICHHEM HAXOAHWTCS B
COCTOSIHUM pacTsikeHusl. [Ipu HEKOTOPBIX YCIOBHSIX TaKHE COCTOSHUS TaKKe peaau3yroTcs. YdyacTtok 8—9
Ha HIDKHEH U30TEepPME COOTBETCTBYET MeperpeToi sKuaKocT, ydacTok 9—10 — pacTsiHyTO# KHIKOCTH.

§ 63. BHyTpeHHsIsl JHePIrusl peajibHOr0 ra3a

BHyTpeHHs 3HEprus peanbHOro raza CKJIaApIBacTCid M3 KUHETUYECKOM 3HEPIMM TEIJIOBOIO JIBUKEHUS €ro
MOJIEKYJI (OmpeensieT BHYTPEHHIO YHEPTUIO HIeaIbHOTO Ta3a, paBHyto CyT; cM. § 53) U MOTEeHIIUATBLHON
SHEPTUU MEKMOJIEKYISIPHOTO B3auMozeicTBus. [loTeHnnanbHas >HEpPrusi peasbHOro raza o0ycIOBJIEHA
TOJIBKO CHJIaMH MPUTSKEHUST MEXAy MoJieKyinamu. Hamugue cuil NpuTsHKeHUs MPUBOAUT K BOZHUKHOBEHUIO
BHYTPEHHETO JaBJlieHus Ha ras (cm. (61.1)):

P=a/V2.

PaGora, koTopas 3arpaunBaeTcs s MPEOJOJICHUS CHII IPUTSHKEHUSI, IEHCTBYIOIIMX MEX1y MOJIEKYJIaMU rasa,

KaK M3BECTHO M3 MEXAHHKH, UJCT HA YBEIUUCHUC MOTCHIMAIBHON YHEPIUU CHCTEMBI, T. €. 04=p dVip=/4I],

1781041 61'I=—Va—2 dV, oTKyna

m

= —a/Vy,

(mocTosIHHAsE MHTETPUPOBAHUS MPUHATA PABHOM HYJIO). 3HAK MHHYC O3HA4yaeT, 4YTO MOJICKYJIIPHBIC CHIIbI,
CO3Jal0lMe BHYTPEHHEE JIaBJICHUE p', ABISIOTCS cuiamMu npurspkeHus (cm. § 60). YuuteiBas o0a
cllaraeMbIX, MOJIYYUM, YTO BHYTPEHHSS SJHEPTHs MOJISI pEAJIbHOTO Ta3a

Un=CyT—alV, (63.1)
pacTeT C MOBBIIEHUEM TEMIIEPaTyphl U YBEJIMUEHUEM 00beMa.

Prc. 92

A}

—— @ Modyemy neperperTas XNAKOCTb U NEPecbIlLeH-
2 HLIf Nap ABNAIOTCA METACTAOUNLHLIMK COCTOR-
HUAMK?

Ecnu ra3 pacmupsercs 6e3 TerniaooOMeHa ¢ okpyxaroleii cpenoit (aquadatuueckuil npouecc, T. €. JQ=0) u He
coBeplIaeT BHEIIHEe padoThl (pacmupeHne raza B BakyyM, T. €. 04=0), To Ha OCHOBaHMU IEPBOro Hayaia
tepmoauHamMukn (R = (Uy—U;)+ 6A) [Monyuum, 4to

U,=U,. (63.2)

CrnenoBarenbHO, MpH aAMa0aTHYECKOM pacIIUpEeHU 0e3 COBEpIICHHs BHEIIHEH paboThl BHYTPEHHSST SHEPTHUs
rasa He U3MEHseTCs.

PaBencTBo (63.2) dhopMalibHO CIIpaBEIIMBO KaK I UACAIBHOTO, TaK M ISl PEAIbHOTO Ta30B, HO (PU3UUYECKUIA
CMBICII €r0 JUIsI 000MX CIIy4yaeB COBEpPILICHHO paziuueH. [y uaeanbHoro rasa paBeHctBo Ui;=U, o3Hauaer
paBeHcTBo Temmnepatyp (T1=T2), T. e. mpu aguabaTHUECKOM paCIIMPEHUH HIEabHOTO ra3a B BaKyyM €ro
Temreparypa He u3MeHnsiercs. s peaqbHOro ra3a u3 paBeHcTBa (63.2), yunuThIBasi, 4TO JJIs MOJIS ra3a

U,=CyT\—alV,, Uy=CyIr—alV,, (63.3)

afl 1
TI—T2=_ ——
Cy\V, V.

Tak kak V> Vi, To T1 > T>, T. €. peanbHbIN Ta3 TpH aanadaTUYECKOM PACIIMPEHUH B BaKyyM OXJIQKIA€TCH.
[Tpu aguabaTuyeckoM CXKaTHH B BAKyyM peajibHBIN ra3 HarpeBaeTcs.

noJiy4aeM
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§ 64. Ddpdext d:x0yass — Tomcona

Ecnu muneanbHbIi ra3 aquabaTuyecku paclIupseTcss U COBEPIIAET MPH 3TOM paboTy, TO OH OXJIAXKIACTCS, TaK
Kak pa0oTa B JIaHHOM CJIy4ae COBEPIIAETCS 3a CUYET ero BHyTpeHHel sHepruu (cMm. § 55). ITomoOHBIi
IIPOLIECC, HO C peaJbHbIM Ta30M — aanadaTHMYecKOE€ pACIIUPEHHE PEAbHOTO Ta3a C COBEPLICHUEM
BHEIIHUMH CHJIAMH TIOJIOKUTEIbHON paboThl—ocymecTBuin anrnuiickue ¢usuku Jx. Txoyns (1818—
1889) u V. Tomcon (nopxa Kenbpun, 1824—1907).

Paccmorpum  addext [Ixoyns — Tomcona. Ha puc. 93 mnpencraBieHa cxema uUX oOnbita. B
TEIUIOM30JMPOBAHHON TpPyOKE C TMOPUCTON TEPEropoaKONl HAXOAATCSA JBa IOPIIHS, KOTOPHIE MOTYT
nepemematbest 0e3 Tpenus. [lycTh cHavana ciieBa OT MepPeropoAku ras mnoj nopirHeM 1 HaxoauTcs mox
JaBJICHUEM p1, 3aHUMAET 00beM V1 mpu Temnepatype 71, a cpaBa ra3 OTCYTCTBYET (IIOPIICHb 2 IPUIBUHYT
Kk neperoponke). Ilocie mpoxokiaeHuss ra3a uepe3 IMOPUCTYIO MEPEeropoAKy B TpaBOM YacTH ras
XapaKTepU3yeTcsl mapaMeTpamMu py, Vo, To. JlaBneHus Py U Pz MOIICPKUBAIOTCS MOCTOSHHBIME (P1>>P2).

Tak kak pacuipeHue raza MpoUCXOAUT Oe3 TerI000MeHa ¢ OKpy)Kawluel cpenoil (aaumadaTH4ecKH), TO Ha
OCHOBAHUU IEPBOI0 Hayauaa TEPMOJUHAMUKU

5Q=(Uy—Uy)+84=0. (64.1)

Pac. 93

e Ll Ll Ll

@ Mpn agnabaTvieckomM pacluMpeHKnu rasa B Ba-
KYYM €ro BHYTPEHHAR 3HOPINR He W3MEeHAeTCA.
Kak W3IMBHWTCA TeMfneparypa, ecnu ras wge-:
anbHLIA? peanbHuIf?

@ Kaxosa cyTh agexkra [hxoyna -— TomcoHa?

(LILIII7 1741111 1P IS I IS A1 Korga oH nonoxwtenexn? orpuuareneH?

Bremnss pabota, coBepiiaemasi ra3oM, COCTOUT W3 TIOJOXHTEIbHOW pabOThl MpPU JBW)KEHUHM TOPIIHS 2
(A2=p2V2) w orpunarensHol mnpu aBwkeHHH mopimHs 1 (Aj=piVi), T. e. OA=A,—A;. TloxacraBuss
BBIpXEHUS 11 paboT B hopmyny (64.1), moxydaem

Ui+pVi=U+pVa. (64.2)

Takum oOpazom, B omnbite Jxoyins — TomcoHa coxpansercs (ocraercs HemaMeHHo#) BenuuuHa U+pV. Ona
ABIAeTCS QYHKIIUEH COCTOSIHUS U HA3bIBACTCS IHTAIbIIMEIA.

Panu npocroTsl paccmotpum / mons raza. [loacrasnss B popmyny (64.2) Beipaxenue (63.3) u paccuuTaHHbIE
u3 ypaBHeHus Ban-nep-Baanbca (61.2) 3Hauenus pi1Ve u p2Vo (CHMBOI «My OMATH OMYCKAaeM) U MPOU3BOS
3JIeMEHTapHbIe peoOpa3zoBaHus, MOIydaeM

2a (1/V;=1/V1)=b (p,—py) ab (1/V3 — [V}

Cy+R Cvr+R ) (64.3)

N3 Beipaxkenus (64.3) cnemyet, uTo 3HaK pasHOCTH (To—T1) 3aBUCUT OT TOTO, Kakas W3 MomnpaBok Ban-mep-
Baanbca urpaer 60nbmyto pois. [IpoananusupyeM naHHOE BBIpaXEHHE, CAETaB JOMYyIICHHE, YTO Pr<<p; U
Vo>>Vq:

1) a ~ 0 — He yuuThIBaeM CHJIBI TPUTSDKCHHS MEXIYy MOJICKYJIaMH, a YYUTHIBAEM JIMIIb pa3Mepbl CaMuX
MoJekys. Torma

Tz—T|=

—b(Pz—Pl)>

h=Tim—Cc "R

0,

T. €. Ta3 B JIAHHOM CJIy4yae HarpeBaercs;

2) b ~ 0 — He yuuThIBacM pa3MepoB MOJIEKYJ, a YUYUTHIBACM JIUIIb CHIIbI MPUTSHKEHUS MEXIY MOJIEKYIaMu.
Torna

2a(1/V,—1}V;
Q-1 1)< 0

-1~
2 ! Cyv+R

T. €. a3 B JAHHOM ClIy4ae OXJIaKJaeTcs;
3) yuutbiBaeM o6e nonpaBku. [loncTaBuB B BeipakeHue (64.3) BeIUMCIIeHHOE U3 ypaBHeHUs Ban-nep-Baanbca
(61.2) 3nauenue p1, uMeeM
2a + bRT, ba ab bRT, 2a
i Vi —b + vi v _h-b V1' (64.4)
Cv+ R Cv+ R Cr+ R
T. €. 3HaK Pa3HOCTH TEMIIEpaTyp 3aBUCUT OT 3HAYCHHUI Ha4YaIbHOTO 00beMa V1 M HadaJIbHOU TeMIiepaTyphl 7.

Tz—ng
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V3MeHeHHMe TeMmIepaTypbl pealbHOTO Ta3a B pe3ysibTaTe €ro aauadaTHYecKOro paclIupeHus, WU, Kak
TOBOPST, aAuA0GATHYECKOr0 [pPOCCeTHPOBAHHUSI — MEJICHHOTO MPOXOXKJIEHUS ra3a Ioj JAeWCTBUEM
nepenaza JaBJICHHUS CKBO3b Jpocceb (HAapUMep, MOPUCTYIO MEperopojky), HasbiBaercs 3(PpgexTomM
Jxoyns—Tomcona. Dpdexr xoyns — TomcoHa NMPUHATO HA3BIBATh MOJIOKMTEJIbHBIM, €CIIH Ta3 B
nporiecce apoccenupoBanus oxaaxaaercs (AT<0), u oTpuIaTeIbHBIM, eciiu Ta3 HarpeBaercs (AT > 0).

B 3aBucuMOCTH OT yCIOBHH APOCCENUMPOBAHUS IJsl OJHOTO M TOro ke raza s¢pdexr Lxoyms — Tomcona
MOKET OBITh KaK MOJOXHUTEIbHBIM, TaK M OTPULATENIBbHBIM. Temmeparypa, mpu KOTOPOH (IUIsl JaHHOTO
TaBJICHHs) TPOMCXOIUT M3MeHeHHe 3Haka s¢dexrta xoynst — TomcoHa, Ha3pIBaeTCsl TeMIepaTypoii
uHBepcuu. Ee 3aBucuMocTh OT 00beMa OJy4yuM, NPUPaBHAB BeIpaxeHnue (64.4) Hy:to:

- % (l - %) (64.5)

Kpugas, onpenensemas ypaBuenuem (64.5), — KpuBasi HHBepCHMH — TpuBeacHa Ha puc. 94. O6nacTp BbIlIe
3TOW KPUBOM COOTBETCTBYET oTpulatenbHoMy 3 dexty [koyns — ToMcoHa, HUXKE — MOJIOKUTEIHHOMY.
OTtmerum, 4YTo mpu OONBIIMX TMEpenagax JaBICHUS Ha Jpoccelie TemIeparypa Tra3a H3MEHseTCs
3HauuTenpHo. Tak, npu npoccenupoBanuu ot 20 ma 0,1 MIla u HavanbHO# Temmeparype 17° C Bo3ayx
oxnaxnaercs Ha 35° C.

O¢dexr xoyns — TomcoHa o0ycioOBIeH OTKIOHEHHEM Ta3a OT HIeadbHOCTH. B camoMm gene, s Mouis
uaeanbHoro raza pVnm=RT7, noatomy Bbipaxkenue (64.2) npumer BU
CyvTi+ RT=CyT2+ RT;,

OTKyJa cieayeT, uto 71 = To.

§ 65. C:kmikeHue razon

[IpeBpartenue n000ro raza B KUAKOCTb — CIKMKEHHe Ira3a — BO3MOXKHO JIMIIb IPU TEMIEPAType HUXKE
kputudeckoil (cM. § 62). IIpu paHHUX MOMBITKAX CKMIKEHHS ra30B OKa3ajloch, 4To HekoTopsie rasbl (Cl,
COy, NH3) nerko CXKmKanuch U30TEPMUYCCKUM CxKaTHEM, a meiblid psan ra3oB (Oz, Na, Hy, He) cxmkenuto
He noanaBaics. [logo6uble HeynauHble TonbITKU 00bsicHUA J. Y. Mennenees, Moka3aBIInii, YTO CXKIDKEHUE
3THX Ta30B MPOU3BOAMUIIOCH IPU TEMIIEpaType, 00Jbllell KpUTUUECKOH, U TIO3TOMY 3apaHee ObLII0 00peueHo
Ha HeyAaudy. BmocnencTBuu ynanoch MOJMYYUTHh KUIKUNW KUCIOPOJ, a30T M BOJAOPOI (MX KPUTHYECKHE
TeMIiepaTypbl paBHbl cooTBeTcTBeHHO 154,4, 126,1 u 33 K), a B 1908 r. mupepnanackuii ¢usux I
Kamepmuur-Onnec (1853—1926) noOuicst CKMKEHUS TeHs, UMEIOIIET0 CaMyl HHU3KYI KPUTHYECKYIO
temrepatrypy (5,3 K).

JUId CKMKEHUs Ta30B yalle NMPUMEHSIIOTCS J1Ba MPOMBIIIJIEHHBIX METO/A, B OCHOBE KOTOPBIX MCIIOJIB3YETCS
160 3¢pdext JHxoynsi—TomcoHa, MO0 OXIaKIEHHE ra3a Ipyu COBEPLICHUH UM PabOThI.

CxeMa OJJHOHM M3 yCTAaHOBOK, B KOTOPOH ucnomib3yercs 3¢ ¢ext xoyni—Tomcona, — mammubl JInnge* —
npeacTaBieHa Ha puc. 95. Boznyx B komnpeccope (K) c:xkumaercst 10 JaBieHUs B IECATKH MeETarnackaib 1
OXJaXKJaeTcs B XonoauibHUKE (X) 10 TeMIEpaTypbl HUKE TEMIIEpaTypbl HHBEPCUH, B PE3YIbTATE YErO MPHU
JTaNTbHENIIEM paclIMPEeHUU Ta3a HaOII0JaeTCs MOM0KUTEIbHbIN dhdexT Jxoyns — TomcoHa (oxaxaeHue
rasa IpH ero pacuIMpeHuH). 3aTeM CXKaTblil BO3JlyX MPOXOAUT MO BHYTpeHHel TpyOe TeruiooomenHuka (TO)
U Iponyckaercs yepes poccens ([lp), mpu 3TOM OH CUJIBHO paclIupsieTcs U oxXJiaxaaercs. PacmypuBmmiics
BO3/yX BHOBB 3aCaChIBA€TCS MO BHEIIHEH TpyOe TemIoOOMEHHUKA, OXJaXKAas BTOPYIO MOPIUIO CKATOTrO
BO3/lyXa, TEKYIIEro Mo BHyTpeHHel TpyOe. Tak kak Kakaas cieayrouas mopuusi Bo3ayxa MpeaBapuTeIbHO
OXJIaXJIaeTcs, a 3aTeM IPOILyCKaeTcs uepe3 JApoccenb, TO TeMIepaTypa IMOHMKaeTcs Bce Oonblie. B
pe3yibpTare 6—8-4acoBOTO IHKIIA YacTh Bo3ayXa (=5%), oXJaxaasch 10 TeMIEpaTyphl HIKEe KPUTHIECKOH,
CKIDKaeTcsl M mocTymnaet B AbtoapoBckuii cocyn (HIC) (cm. § 49), a ocranbHas ero 4acTh BO3BpAIIAETCs B
TEMI000MEHHUK.

* K. Jlurpe (1842—1934) — Hemenkuit GU3UK 1 HHKXCHED.

Prc. '94 Pac. 95
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Bropoii MeTo CKIKEHHs Ta30B OCHOBAH Ha OXJIXKICHUU Ta3a MpU COBEPIIEHUN UM paboThl. CikaThli ras,
MOCTyIasi B TIOPITHEBYIO MAaIlMHY (JeTaaep), pacuiupsieTcss W COBEpIIaeT MpPH ATOM paboTy IO
NEPEABIKEHUIO TOPLIHA. [aK Kak paboTa coBepIIaeTcss 3a CYeT BHYTPEHHEH HSHepruu rasza, TO €ro
TEeMIIepaTypa MpU ITOM IMOHUKAETCS.

Axanemuk I1. JI. Kanuna npeuioxuil BMECTO A€TaHiepa NIPUMEHATh TypOoaeTaniep, B KOTOPOM I'a3, CoKaThIi
Bcero jumb 10 500—600 xlla, oxmnaxkmaercs, coBepiias pabOTy MO BpaIICHUIO TYpOUHBI. DTOT METOJ
ycnemHo npuMeHeH Kamuned [uisi CKWKEHUs Tenus, NPeJBapUTEIbHOE OXJIAXAEHUE KOTOPOIo
MIPOU3BOJMIIOCH KUJIKUM a30TOM. COBpEeMEHHbIE MOIIHBIE XOJOIMIbHBIE YCTaHOBKM pabOTaloOT 1o
MPUHIUITY TYpOOeTanaepa.

§ 66. CBoiicTBa :xuaKocTeil. [IoBepXHOCTHOE HATSIKEHH e

KuakocTs sBIsIETCS arperaTHbIM COCTOSIHHEM BEIIECTBA, IPOMEKYTOYHBIM MEXAY ra3000pa3HbIM U TBEPABIM,
MOSTOMY OHa OO0JIaZlaeT CBOMCTBaMHU Kak Ta3000pa3HbIX, TaK M TBEpABIX BemlecTB. JKUAKOCTH, 1MOI00HO
TBEPAbIM TelaM, 00NaJaroT OMpeesieHHBIM O00bEMOM, a MOJAOOHO razaM, MPUHUMAIOT (OpMy cocynaa, B
KOTOpOM OHHM Haxomarcs (cM. § 28). Momnekynbl ra3a MpakTUYECKH HE CBSI3aHBI MEXKIY COOOW CHIIaMu
MEXMOJIEKYJIIPHOTO B3aUMOJICUCTBUS, U B JAHHOM CIIy4ae CPEAHsIsl JHEPIHsl TEIJIOBOTO IBUKEHUS MOJIEKYJT
rasa ropaszno OoJblle CpeaHe NMOTEHIMAIbHON SHEpPruu, OOYCIIOBIEHHOW CHJIAMH TPUTSDKEHUS MEXITY
HuMu (cMm. § 60), mOATOMYy MOJNEKyNnbl Tra3a pas3lieTaloTCs B pasHble CTOPOHBI M Tra3 3aHHUMaeT
MPEIOCTABIICHHBIA eMy 00beM. B TBEpIBIX M JKUIKUX TellaX CHJIBI MPHUTSHKESHUS MEXITY MOJICKYIaMH ykKe
CYUIECTBEHHBI M YACPKUBAIOT MOJIEKYIJIbI Ha OMpEeAeNIEHHOM PAacCTOSHUU APYr OT Apyra. B stom cimyuae
CpelHss JHEPrusi XAOTHUECKOro (TEIUIOBOTO) IBM)KEHHUS MOJIEKYJ MEHBIIE CpelHEeH MOTEeHIHMaIbHON
SHEPruH, OOYCIOBIECHHOW CHUJIAMH MEXKMOJICEKYJISIPHOTO B3aMMOJCHCTBUS, M €€ HEIOCTaTO4YHO s
MPEONOJICHUS] CUJI TPHUTSHKCHUS MEXIY MOJEKYJIaMH, IOITOMY TBEpIble Tella W IKHUIKOCTH HMEIOT
orpeieNieHHbIH 00BeM.

PeHTreHOCTpYKTYpHBII aHaNU3 JKUAKOCTEH TI0Ka3ajl, 4YTO XapakTep pAacIlOJIOKEHUS YaCTHUIl >KUAKOCTH
MIPOMEXKYTOUEH MEX]y ra3oM M TBEpAbIM TeJoM. B razax MoleKkylbl IBUXKYTCS XaOTHYHO, MOATOMY HET
HUKAaKOM 3aKOHOMEPHOCTH B WX B3aMMHOM pacnojoxeHud. Jlius TBepAbIX Ten HaOIoJaeTcss Tak
HA3bIBAEMBIA OalbHULl NOPAOOK 6 PACIOJIIOKEHUHM YacTUIl, T. €. UX YIOPSJIOYEHHOE PAacloiIOXKeHHE,
MOBTOpsIONIeeCs Ha OONBIIUX PACCTOSHHUAX. B KHUIKOCTSX MMEET MECTO TaK Ha3bIBAEMBIH O1UMCHULL
nopsi0OK B PACTOJOKEHUU 4YacTHIl, T. €. HX YHOPSAAOYEHHOE pacIHoJIOKEeHHE, IOBTOPSIOIIeecs Ha
PacCTOSHUSAX, CPABHUMBIX C MEKATOMHBIMH.

Teopust KUAKOCTH 10 HACTOAIIETO BpPEMEHU IMOJHOCTHIO HE pa3BuTa. PaszpaboTka psga mpoOiem B
WCCTIEIOBAHUM CIIOKHBIX CBOMCTB XKUAKOCTH mpuHaminexut 5. WM. @penkemo (1894—1952). Temmosoe
JIBUKCHHE B JKUIKOCTH OH OOBSCHSI TEM, YTO KaXK[as MOJEeKyla B TEYEHHE HEKOTOPOTO BPEMEHU
KOJICOJIETCSI OKOJIO OIPENIEIICHHOTO MOJIOKEHHSI PABHOBECHSI, MOCTE YEero CKaYKOM MEPEeXOAUT B HOBOE
MIOJIOKEHHE, OTCTOSIIEE OT UCXOJHOTO HA PACCTOSTHUU TMOPSIKA MEKAaTOMHOTO. TakuM 00pa3oM, MOJIEKYIIBI
KHUJKOCTH JIOBOJIbHO MEJUICHHO TMEpPEMEIIaloTCs Mo BCeH Macce >KUIKOCTH U AUGdy3us MPOUCXOIUT
ropasio MeuieHHee, 4eM B ra3ax. C TIOBBIIIEHHEM TEMIEpaTypbl >KUAKOCTH YacTOTa KoJeOaTelbHOTO
JIBUKEHUSI PE3KO YBENUYHMBAETCS, BO3pAcTaeT MOJBIKHOCTh MOJIEKYJ, YTO, B CBOIO OYepelb, SBIAETCS
MPUYNHON YMEHBIICHUS BI3KOCTH KUIKOCTH.

Ha kaxxayro MoNeKymny KUIKOCTH CO CTOPOHBI OKPYKAIOIIUX MOJIEKYI IEHCTBYIOT CHIIBI IPUTSKEHUS, OBICTPO
yObIBaroue ¢ paccrosiuueM (cM. puc. 88); cienoBaTelbHO, HAaYMHAs C HEKOTOPOTO MHHUMAIHHOTO
PACCTOSIHHS CHIAMH TIPUTSKEHIS MEKTy MOIEKYIaMH MOXHO IIpeHebpedb. 1o paccrosiHue (mopsiaka 107
M) Ha3bIBACTCS PAJMyCOM MOJIEKYJISIPHOTO JeicTBHS I', a chepa paamyca I — cepoii MoJIeKyYJISIPHOTO
ACMCTBUA.

Breimenum BHYTpH KUIKOCTH KaKyro-Tu00 Moiekyny A (puc. 96) u mpoBeaem BOKpyr Hee cepy paamyca [I.
JlocTaTOYHO, COTJIACHO OMpEAENEHUI0, Y4eCTh JEHCTBHE Ha JAaHHYI MOJIEKYITY TOJBKO TE€X MOJEKYI,
KOTOpBbIC HAaXOMATCS BHYTPH chepbl MOJCKyJIsapHOro jaeucTBus. CHiIbl, ¢ KOTOPBIMH 3TH MOJICKYITBI
JEHCTBYIOT Ha MOJEKYNy A, HampaBleHbl B pa3Hble CTOPOHBI U B CPEAHEM CKOMIIEHCHPOBAHBI, MOITOMY
pe3yIabTHPYIOIIas CHIIa, NEHCTBYIOIIAs HAa MOJEKYJTy BHYTPH JKHUAKOCTH CO CTOPOHBI JAPYTHX MOJICKYII,
paBHa Hymto. MlHaue 00CTOUT /€0, €CIM MOJIEKyJIa, HallpuMep MOJIeKya B, pacmoioKeHa OT TOBEPXHOCTH
Ha pPAacCTOSHWW, MeHbIIeM I. B naHHOM ciydae cdepa MOJNEKYISpHOTO JEHCTBHS JIMIIb YaCTHYHO
pacmosoKeHa BHYTPH KUAKOCTU. Tak Kak KOHIIEHTPAIUs MOJICKYN B PACIIONIOKEHHOM HaJ| JKHUJIKOCTBIO ra3e
Majia TI0 CPaBHCHHIO C WX KOHIICHTpAIMed B JKUIKOCTH, TO PaBHOACHCTBYIOMAs CHJ F, MPUIOKEHHBIX K
KKJOW MOJIEKyJie TOBEpXHOCTHOTO CJIOS, HE paBHA HYII0 W HAmpaBieHa BHYTPh >KUIKOCTH. Takum
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o0pa3oM, pe3ylbTUPYIOLIHE CHIIBI BCEX MOJIEKYJ IOBEPXHOCTHOTO CJIOS OKAa3bIBAIOT Ha IKHMJKOCTb
JIaBJICHHE, Ha3bIBAEMOE MOJIEKY/JISIPHBIM (WM BHYTPEHHMM). MoJIeKylIsipHOE J1aBJI€HUE HE JIEHCTBYET Ha
TEJO, TMOMEIIEHHOE B XHJKOCTb, TaK KaK OHO OOYCJIOBIEHO CHJIaMHM, ICHCTBYIOIIUMH TOJBKO MEXIY
MOJIEKYJIaMH CaMOH >KHUIKOCTH.

CymMmapHasi 3Heprus 4acTHl] KHUJIKOCTU CKJIAJbIBACTCS U3 SHEPIMH MX XAOTUYECKOTO (TEMJI0BOI0) JBUKEHUS U
NOTEHIMAJIBHOM  3HEpPruM, OOYyCIOBICHHOM cHiIaMH  MEXMOJIEKYJIIpHOro  B3aumojeicrtusa. s
NepeMEeIeHUs] MOJIEKYJIbl U3 TIIyOMHBI KHJIKOCTH B TOBEPXHOCTHBIA CIIOM Hamo 3aTpaTuth padory. OTa
pa0oTa coBepIaeTcs 3a CUeT KMHETUYECKON SHEPru MOJIEKYJ M UJET Ha YBEJIWYEHUE MX MOTEHLHATbHOU
sHepruu. [loATOMY MOJNEKYyNIbl MOBEPXHOCTHOTO CJIOS KHUAKOCTH OO0JaNaloT OOJbIICH MOTCHIUATHHON
SHEprueH, YeM MOJIEKYJIbl BHYTPH KUIKOCTH. DTa JONOJHUTEIbHAS SHEPI U, KOTOPOI 001a1at0T MOJIEKYJIbI
B IIOBEPXHOCTHOM CJIO€ >KMJIKOCTH, Ha3blBacMas IOBEPXHOCTHOM IHEPrHEH, MPONOpLUOHAIbHA ILIOLIAIN
ciost AS:

AE=0AS, (66.1)

IZle 0 — MOBEPXHOCTHOE HATSKEHUE.

Tak kak paBHOBECHOE COCTOSIHUE XapaKTEPU3yeTCs MUHUMYMOM IOTEHLIUAIBbHONW SHEPIHH, TO KHUJIKOCTh IIPU
OTCYTCTBHHM BHEIIHUX CWJI OyJIeT MpUHUMATh Takyio (opmy, 4TOOBI NpH 3aJlaHHOM O0BEME OHa MMena
MUHUMAJIbHYIO MOBEPXHOCTh, T. €. (Gopmy mapa. HaOmronas Menpuaiiiive KamneiabKd, B3BEIIECHHBIE B
BO3/yX€, MOXEM BHJIETh, YTO OHH JEHCTBUTEIILHO UMEIOT (POPMY IIAPHKOB, HO HECKOJIBKO UCKAKEHHYIO H3-
3a AEUCTBUS CUJI 3€MHOIO TATOTeHHs. B yciaoBusx HeBecoMOCTH Karuisd J1t000H XKHUIKOCTH (HE3aBHCHMO OT
ee pa3MepoB) UMeeT cheprudecKyro GopMy, 4TO JOKA3aHO IKCIIEPUMEHTAIHLHO HA KOCMHUYECKUX KOPaOIIsiX.

Wtak, ycloBHEM YCTOMUMBOIO PaBHOBECHs >KUAKOCTH SIBJISETCS MUHUMYM HOBEPXHOCTHOH 3HEpruu. ITo
O3HAYaeT, YTO KHUJIKOCTh MPHU 3aJaHHOM 00bEeMe JJOJKHA UMETh HAMMEHBIIYIO TUIOMIAlh TOBEPXHOCTH, T. €.
AKHJIKOCTb CTPEMMTCSI COKPAaTUTh IUIONIAAb CBOOOAHOM MOBEPXHOCTU. B 3TOM cityyae mOBEpXHOCTHBIN CIIOH
AKHUJIKOCTU MOKHO YIOJOOUTh PACTAHYTON YNPYTroil MIE€HKE, B KOTOPOH AEHCTBYIOT CHJIbI HATSKEHUSI.

PaccMoTpuM moBEepXHOCTh KHUIKOCTU (puc. 97), OrpaHUYEeHHYIO0 3aMKHYThIM KOHTYpoM. Iloj neiictBueM cuin
MIOBEPXHOCTHOT'O HATsDKEHUS (HAIIPaBJIEHBI 110 KacaTeIbHOM K MOBEPXHOCTH YKUJIKOCTH M NEPIIEHIUKYISIPHO
y4acTKy KOHTYpPa, Ha KOTOPbIIl OHU JIEWCTBYIOT) TOBEPXHOCTD JKUAKOCTH COKPATUIACh U pacCMaTpUBaeMbli
KOHTYp IEpPEMECTUJICS B IIOJIO)KEHHE, OTMEUYEHHOE CBETJIO-CepbiM LBETOM. CHibl, IEHCTBYIOIIME CO
CTOPOHBI BBIJICIEHHOT'O Y4acTKa Ha IPaHUYAIINE C HUM Y4acTKH, COBEpLIatOT paboTy

Ad=fAlAx,

rae f — cuia moBepXHOCTHOTO HATSDKCHUS, ISUCTBYIOIAs HA  CAMHUIYY JUIMHBI KOHTYpa TOBEPXHOCTH
KHUJKOCTH.

U3 puc. 97 BuaHO, uto AlAX = AS, 1. e.

AA=fAS. (66.2)
Ota paboTa coBeplIaeTcs 3a CYET YMEHbBIICHUS TIOBEPXHOCTHOM dHEpruuy, T. €.

AA=AE. (66.3)
W3 cpaBHeHus BeipakeHuit (66.1) — (66.3) BugHO, 4TO

o=f, (66.4)

T. €. MOBEPXHOCTHOE HATSKEHMe O PaBHO CHJIE MMOBEPXHOCTHOTO HATSDKEHUS, MPUXOSMICHCS HAa eIUHUILY
JUITMHBI KOHTYpPa, OTPaHUYMBAIOIIET0 MOBEPXHOCTh. ENMHUIIA TOBEPXHOCTHOTO HATSDKEHUSI — HbIOMOH HA
memp (H/m) unu dorcoyns na keadpammwiii memp (I[)K/MZ) (cm. (66.4) u (66.1)). BoibmIMHCTBO KUIKOCTEH
npu temneparype 300 K mMeeT MOBEpXHOCTHOE HATSKEHUE IOpsIKa 102-10" H/m. IToBepxHOCTHOE
HATsDKEHHE C TIOBBIICHHEM TEMIIEpaTyphl YMEHBIIACTCS, TaK KaK yBEIHMYMBAIOTCS CPEIHHE PACCTOSHHS
MEXy MOJIEKYJIaMH KHJIKOCTH.

[ToBepXHOCTHOE HATSIKEHHE CYIIECTBEHHBIM OOpa30M 3aBHCHUT OT INPHUMECEH, MMEIOUINXCS B JKUAKOCTSX.
BemectBa, ocna0nsione MOBEPXHOCTHOE HATSXKEHME IKUJIKOCTH, HA3bIBAIOTCA NMOBEPXHOCTHO-
akTHBHBIMH. Hanboiree M3BECTHBIM MOBEPXHOCTHO-aKTUBHBIM BEIIECTBOM IO OTHOIIIEHHIO X BOJIE SIBIISICTCS
MbLT0. OHO CHJIBHO YMEHBIIAET €€ NOBEPXHOCTHOE HATSKEHHUE (IIPUMEPHO C 7,5 10% 10 4,5 * 1072 H/wm).
[ToBepXHOCTHO-aKTUBHBIMU BEIIECTBAMH, TOHIKAIONIMMH TTOBEPXHOCTHOE HATSDKEHHE BOJBI, SIBIISIOTCS
TaKXe CIUPTHL, 3PUPHL, HEYTH U JIp.

CymiecTByIOT BemiecTBa (caxap, COJIb), KOTOPBIE YBEIMYMBAIOT TIOBEPXHOCTHOE HATSIKEHHUE >KHIKOCTH
Omarosapst TOMy, 4YTO UX MOJIEKYJIBl B3aUMOJICHCTBYIOT C MOJIEKYJaMH KHJIKOCTH CUJIbHEE, YeM MOJIEKYJIbI
KHUAKOCTH Mexay coOoil. Hampumep, ecam moconuTh MBUIBHBIA PacTBOp, TO B IOBEPXHOCTHBIN CION
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KHUJIKOCTU BBITAJIKUBACTCA MOJICKYJI MbLIa 60JII:IJ.I€, 4ycM B HpCCHOﬁ BOJC. B MBIHOBapeHHOﬁ TCXHHUKC
MBIJIO «BBICATIMBACTCS» 3TUM CIIOCOOOM M3 pacTBOpa.
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§ 67. CmaunBanue

W3 mpaKTUKH U3BECTHO, YTO KAIUIs BOJbI PACTEKAETCS Ha CTEKJIE U MPHUHUMAET (popMy, H300paKeHHYIO Ha PHC.
98, B TO BpeMsi Kak PTYTh Ha TOM e MOBEPXHOCTU MPEBpAIAeTCA B HECKOJBKO CIUTIOCHYTYIO Karuio (puc.
99). B nepBoM ciydae roBOpSIT, YTO JKMJKOCTb cMauueéaem TBEPAYIO IMOBEPXHOCTb, BO BTOPOM — He
cmayueaem ee. (CMauuBaHUE 3aBUCUT OT XapakTepa CHJ, JCHCTBYIOLIMX MEXAY MOJEKyJIaMu
MOBEPXHOCTHBIX CJIOEB CONpPUKAcAIOMMXcs cpel. s cMaunBaromeil JKUAKOCTH CHITBI IPUTSKECHUS MEXKIY
MOJIEKYJIaMH KHJIKOCTH U TBEPJOTO Tesa OoJbllle, Y4eM MEXKIY MOJEKYJIaMU CaMOM >KUIKOCTH, U KHUIKOCTh
CTPEMUTCS YBEIIMYUTH MMOBEPXHOCTh COMMPUKOCHOBEHUS C TBEPABIM TeJIOM. JJIsT HECMadMBAIOICH KUJIKOCTH
CHJIBI TIPUTSHKEHUS MEXKAY MOJIEKYJIaMU JKUJIKOCTH M TBEPJIOrO Tella MEHBIIE, YeM MEeXAY MOJIEKYJIaMH
KHUJIKOCTH, ¥ JKUIKOCTh CTPEMHUTCSI YMECHBIIIUTH TTIOBEPXHOCTh CBOETO COMIPUKOCHOBEHHS C TBEP/IBIM TEIIOM.

K nunum compukocHoBeHus Tpex cpei (Touka O ecTh ee MepeceyeHHe C ITOCKOCThIO YepTeka) MPUII0KEHBI
TPU CHJIBI TIOBEPXHOCTHOTO HATSDKEHHUS, KOTOpPBIC HAIpPABJICHBI IO KacaTelIbHOW BHYTPHh IMOBEPXHOCTU
COMPUKOCHOBEHMSI COOTBETCTBYIOIIUX IBYX cpel (puc. 98 u 99). DTu cuibl, OTHECEHHBIE K eounuye Onunbl
JUHUHM COTMPUKOCHOBECHHS, PAaBHBI COOTBETCTBYIOIINM IMOBEPXHOCTHBIM HATSDKCHUSM G12, O13, O23. YTOI 6
MEXIYy KacaTelIbHBIMH K ITOBEPXHOCTH >KUJKOCTH M TBEPAOrO Telia HA3bIBACTCS KPAEBBIM YIJIOM.
YcnoBueM paBHOBecHS Karuiu (puc. 98) sBisieTcss paBeHCTBO HYIIO CYMMBI MIPOEKIIHIA CHIJI TOBEPXHOCTHOTO
HaTSKEHMsI Ha HalpaBlieHUE KacaTeJIbHOM K MOBEPXHOCTH TBEPJAOIO Tela, T. €.

—onn+ 013+ 0p3c088=0,
OTKyZa
cos 0= (013—012)/023. (67.1)

N3 ycnoBus (67.1) BeITEKaeT, 4TO KpaeBOil yroyl MOXKET OBITh OCTPHIM WJIU TYIBIM B 3aBUCUMOCTH OT 3HAYCHU I
013 U o12. Eciii 613 > G142, To €C0SO > 0 1 yron G—octpslii (puc. 98), T. €. )KUIKOCTh CMauyUBaET TBEPIYIO
noBepxHocTb. Eciu 613 < 612, T0o €0SH < 0 u yron € — tynoii (puc. 99), T. €. )KUAKOCTh HE CMAuUBaeT
TBEpAYIO MoBepxHOCTh. KpaeBoii yroun ynoBieTBopsieT ycnosuio (67.1), eciu

lo13 — o1al/os € 1. (67.2)

Ecimu ycnoBue (67.2) HEe BBITIONHSAETCS, TO KarUulsl XUJAKOCTH 2 HH TPH KaKUX 3HAYCHUSAX 6 HE MOXKET
HaxOJIUThCS B paBHOBECUU. Eciii 613> G2 + G23, TO KUAKOCTh PACTEKAETCS MO MOBEPXHOCTH TBEPIOTO TENa,
MOKPBIBasi €ro TOHKOW TUICHKOW (HampuMep, KepOCHH Ha TOBEPXHOCTH CTEKIa), —HMEEeT MECTO MOJIHOe
cMaunBanme (B manHoM ciydae 6= 0). Eciu 612> 013 + G23, TO )KUAKOCTH CTATHBAETCS B MIAPOBYIO KAILIIO,
B Ipejelic uMesl ¢ Hel JIMIIb OJHY TOYKY COIPUKOCHOBCHHS (HAIpUMEp, KAl BOJBI HAa TMOBEPXHOCTH
napauHa), — UMEEeT MECTO NMOJTHOe HecMaYuBaHue (B TaHHOM ciydae 6 = T).

CMauynBaHWe ¥ HECMAaYMBAHUE SIBIISIFOTCS TIOHATHSAMH OTHOCHUTEIBHBIMH, T. €. XKUJAKOCTh, CMAYHBAIOIIAS OHY
TBEPAYI0 TOBEPXHOCTh, HE CMauWMBaeT Apyryw. Hampumep, Bojga cMadyWBaeT CTEKIO, HO HE CMayMBacT
napadvH; pTyTh HE CMAauYUBAET CTEKJIO, HO CMAUYUBAET YUCTHIE TTIOBEPXHOCTH METAIIOB.
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Pac. 98 ' Puc. 99

SIBnennss cMauMBaHUA YW HECMAYUBAHUS HMMEIOT OOJIBIIOE 3HAYEHHE B TEXHUKE. HaHpI/IMep, B MCTOIC
¢dnoTaunoHHOro oboramieHust pyabl (OTAEIEHHE pyJbl OT IYCTOM MOPOABI) €€, MEJKO pa3ApoOJIEHHYIO,
B30ANTHIBAIOT B KUAKOCTH, CMAuMBaIOLIEH MYCTYIO MOPOJY M HE cMauuBaroleil pyny. Uepes 3Ty cmech
IIpOAyBaeTcs BO3IYyX, a 3aTeM OHa oTcTauBaercs. lIpm 3TOM CMOYEHHBIE JKUAKOCTBIO YAaCTHUIBI MTOPOJIBI
OITYCKAarOTCd Ha AHO, a KPYIIMHKHW MUHCPAJIOB «IIPUIHUIIAIOT» K IIY3BIPbKAM BO3AYyXa W BCIUIBIBAIOT Ha
IIOBEPXHOCTh KUAKOCTH. [Ipu MexaHuueckoll 00paOOTKe METaIJIOB MX CMauyuBalOT CIELUAIbHBIMU
KHUJIKOCTSMH, 9TO 00JIETYAET M YCKOpSEeT 00paboTKy.

§ 68. /laB/1eHue M0 HCKPUBJICHHON MOBEPXHOCTHIO )KUAKOCTH

Eciy nmoBepXHOCTh KHAKOCTU HE IJIOCKasl, a MCKPUBJIEHHAs, TO OHA OKAa3bIBAE€T HA >KUIKOCTb U30bIMOUHOE
(0obasounoe) OasneHue. ITO JAaBleHUE, OOYCIOBJICHHOE CHJIAMU IIOBEPXHOCTHOTO HATSDKEHUS, IS
BBIIYKJION MOBEPXHOCTH IOJIOKUTEIBHO, @ JIJIs1 BOTHYTOM MOBEPXHOCTH — OTPULIATEIBHO.

Jliia pacyera M30BITOUHOTO JABJICHUS MPEINONIOKHUM, YTO CBOOOIHAS MOBEPXHOCThH KUAKOCTU HUMEET GopMy
cdeprl paguyca R, OT KOTOpOH MBICICHHO OTCEYEH IIApOBOW CErMEHT, ONMPAIOIIUIICS Ha OKPYKHOCTh
pamuyca r=Rsina (puc. 100). Ha kax/apiii 06CKOHEYHO MaJIbIid JIEMEHT JUTHHBI Al 3TOr0 KOHTYpa JAeHCTBYET
cHJia TMOBEpXHOCTHOTO HaTsbkeHuss AF = o Al, kacarenbHas k noBepxHoctd cdepsl. Pasnoxus AF Ha nBa
koMmroHeHTa (AF1 u AF2), BunuM, uto reomerpuyeckas cymma cuil AF; paBHa Hy/I0, Tak Kak 3T CHJIbI Ha
MIPOTUBOMOJIOKHBIX CTOPOHAX KOHTYpa HampaBlieHbl B 0OpaTHBIE CTOPOHBI M B3aMMHO YPAaBHOBEIIMBAIOTCS.
[ToaTomMy paBHOAEHCTBYIOLIAs CHJI MIOBEPXHOCTHOI'O HATSKEHUS, IEUCTBYIOLIUX Ha BBIPE3aHHBIM CErMEHT,
HampaBlieHA MEPHEeHIUKYISIPHO TUIOCKOCTH CEUEHHUs BHYTPb >KUJIKOCTH U paBHa alreOpanveckoil cymme

cocTaBisromux AFq:

o or or
= = ) AFsina = —=—Y Al = —2nr.
F = Y AF, = Y AFsina ZGAIR RZ il

2
Pazngenus 9Ty CHJIY Ha NJIOIIaAb OCHOBAHMS CErMCHTA TI™, BBIYHMCIUM HM30BITOYHOE JaBJICHHUC Ha XUJKOCTD,
CO31aBacMoO€ CHUJIaMHU ITOBCPXHOCTHOT'O HATSKCHUS U O6y'CJ'IOBJ'IeHHOC KpHBHSHOfI TTOBEPXHOCTHU:

S Rn* R (68.1)
Ecan IMOBEPXHOCTh KUJAKOCTU BOTHYTAsA, TO MOXHO JOKa3aTbhb, YTO PC3YJIbTHUPYIOMIAA CHUJIA IMOBEPXHOCTHOI'O
HaTsOKCHUS HallpaBJICHA U3 )KUAKOCTU U paBHA
Ap=—20/R. (68.2)
CHGHOB&TGHLHO, JAaBJICHUC BHYTPH JKUIAKOCTH IIOJ BOl"HyTOfI MOBCPXHOCTBIO MCHBIIIC, YEM B I'a3¢, Ha BCJIIMYUHY
Ap.

Puc. 100

@ lNouemy y Bcex Bei|ecTs OBEPXHOCTHOE HATA-
JKOHNO YMEHLLIAGTCA C TeMnepaTypoi?

® Yro npeficraBnAioT coBoil NMOBEPXHOCTHO-aK-
TNBHbIO BoLjecTBa?

@opmynbl (68.1) u (68.2) aBisAOTCS YacTHBIM citydaeM ¢opmynsl Jlamnaca,® onpenenstomieid U30bITOUHOE
JaBJIeHHE Il IPOU3BOJIBLHON MOBEPXHOCTH JKUAKOCTH JIBOSKON KPUBU3HBI:
Ap=0o(1/R+1/Ry), (68.3)
rne R1 m Ry — paamychl KpHBH3HBI IBYX JIIOOBIX B3aUMHO TEPHEHIUKYISPHBIX HOPMAIBHBIX CEYCHHU
MOBEPXHOCTU KHJKOCTH B JailHOM Touke. Pamuyc KpUBU3HBI IOJIOKUTENCH, €CIU LEHTP KPUBU3HBI

4F  4F, AF, 4F
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COOTBCTCTBYIOLICTO CCUCHUA HAXOAUTCA BHYTPHU XKUAKOCTH, U OTPULATCIICH, CCJIU LCHTP KPUBU3HLI
HaxoauTCsa BHC X KUJIKOCTH.

*I1. Jlarumac (1749—1827) — ¢dpaHIy3cKuii y4eHbIH.

st chepuyeckort uckpuiaeHHOM moBepxHOcTH (R1=R»=R) BeIpakenue (68.3) mepexomut B (68.1), mus
mHApudeckoit (R1=R u Ry=00) — u30bITOYHOE NaBICHUE
Ap=a (1/R+1/0)=0/R.
B cinydae mockoit moBepxHocTH (R1=R2=00) CHJIBI MOBEPXHOCTHOTO HATSXKEHUS M30BITOUHOTO JABIICHUS HE
CO3/1aI0T.

§ 69. KannyisipHble siBJIeHUS

Ecnu momecTuTh y3Kyr0 TPyOKY (Kamuuasip) OJHUM KOHIIOM B KHJIKOCTb, HAJUTYIO B IIMPOKHHA COCYM, TO
BCJIC/ICTBUE CMayMBaHUS WJIM HECMayMBaHUS >KHJKOCTBIO CTEHOK KalWuigpa KPUBU3HA IOBEPXHOCTU
KHUJIKOCTH B KaNWUISIPEe CTAHOBUTCS 3HAUMTENbHOW. EcCiM XKHUIKOCTH CMauumBaeT MaTepuall TpyOKH, TO
BHYTPU €€ IMOBEPXHOCTb >KUIKOCTH — MEHHUCK — HUMEET BOTHYTYIO (OpMy, €CliM HEe CMauyuBaeT —
BbINYyKIyIO (puc. 101).

[Tox BOTHYTOM MOBEPXHOCTHIO KUAKOCTU MOSIBUTCS OTPHUIATENIbHOE N30BITOYHOE JaBICHUE, OMPEesieMoe Mo
dbopmyie (68.2). Hanwuue 3TOoro naBieHUs MPUBOIUT K TOMY, YTO JKUIKOCTh B KAIMMJUISIPE MOJTHUMACTCS,
TaK Kak IOJ IUIOCKOM MOBEPXHOCTHIO KUAKOCTU B IIUPOKOM COCY/I€ M30BITOYHOTO JaBieHus HeT. Eciu xe
KHUJIKOCTh HE CMAauMBaeT CTCHKH KalWULIpa, TO TOJOXKHTEIbHOE W30BITOYHOE JABJICHUE IPHUBEICT K
OIYCKaHUIO KHJKOCTU B Kamujuisipe. SIBjeHHEe M3MEHEHUs BBICOTHI YPOBHS KHAKOCTH B KaMMIUIApax
HA3bIBACTCS KANMMJJISPHOCTBIO. J)KUIKOCTh B KAaMUIAPE MOJAHUMACTCS WM OMyCKAETCsl Ha TaKylO BBICOTY
h, mpu KoTOpO# nmaBiieHHE CTOJOA >KUAKOCTH (THAPOCTATHYECKOe aaBjieHHe) ogh ypaBHOBEIINBACTCS
M30BITOYHBIM JIaBIIEHUEM AP, T. €.

20/R=pgh,
r7ie p — IUIOTHOCTD KHUJKOCTH, § — YCKOpPEHHE CBOOOTHOTO TIaICHHUSL.
Ecmu r — panuyc kanwuisipa, @ — kpaeBoii yroi, To u3 puc. 101 cnenyer, uro (20 cosé)/r = pgh, otkyna
h= (20 cos 8)/(pgh). (69.1)

B cooTBercTBHM C TeM, YTO CMa4MBAOMIAs KHIKOCTh 1O KAaMWUIAPY IMOJHUMAETCS, a HECMayMBarOIIas—
omyckaetcsi, u3 hopmynsl (69.1) npu <42 (coS@>0) nonyunM MOJIOKUTENbHBIC 3HaUeHUs N, a npu 6> 72
(cos6<0) — orpunarenbubie. 13 Beipaxkenus (69.1) BUAHO TakkKe, YTO BBICOTA TOMHSATHS (OIyCKaHUS)
KHUJIKOCTH B Kammusipe oOpaTHO NPONOPIMOHATIbHA €ro paguycy. B TOHKMX Kamwuispax >KHIKOCTb
MOTHUMAETCs TOCTAaTOYHO BbIcOKO. Tak, mpu monHoMm cmaumBanuu (6=0) Boga (p =1000 KF/MS, o = 0,073
H/m) B kanmsipe muametpom 10 MKM moiHUMaeTCs Ha BbicoTy h =3 M.

Prc. 101

o Mpy Kakom ycnoBum XngKoCTb CMauneaer
TBEpAoOe Teno? He cMayuBaeT?

@ OT 4ero 3aBMCHT BbICOTA NOAHATHA CMauusa-
ouei XUAQKoOCTU B Kanunnape?

Kanunnsipueie siBiieHus urparoT OOJIBLIYIO pOJib B MpUpOAa U TexHuke. Hampumep, BrarooOMeH B Mo4Be U B
pacTEeHUsAX OCYLIECTBIISETCSA 3a CYET IMOAHATUSA BOABI IO TOHYAWIIUM Kamwuiapam. Ha kamwuisspHocTH
OCHOBAHO JIeHiCTBUE (PUTHIIEH, BOUTHIBAHUE BJIaru OETOHOM U T. 1.

§ 70. TBepabie Tesqa. MOHO- ¥ OJTMKPHUCTAILIBI

Teepapie Tenma (KpUCTAUIBI) XapaKTEPU3YIOTCS HAJIMYMEM 3HAUUTENBHBIX CHJI  MEXKMOJICKYISIPHOTO
B3aUMOJICHCTBUS U COXPAHSIOT TOCTOSHHBIMUA HE TOJIBKO CBOW 00BeM, HO W popMy. Kpucramisl umeror
MPaBIWIbHYI0 TEOMETPHUYECKYI0 (opMy, KOTOpas, Kak IOKa3ald PEHTTeHOTpaduyecKue WCCIIEIOBAHUS
HeMmenkoro ¢musmuka-teopetuka M. Jlays (1879—1960), sBnsercs pe3ynbTaToM YIOPSIOYEHHOTO
pacmooKeHusT 4acTull (aTOMOB, MOJIEKYJ, MOHOB), COCTaBJSIOMMX Kpuctami. CTpyKTypa, OIS KOTOpPOM
XapaKTepHO PETyJISpHOE PACIOIOKEHUE YACTHI[ C TMEPHOIMISCKON MOBTOPSAEMOCTRIO B TPEX W3MEPEHHSX,
HA3BIBACTCS KPHUCTAJIMYecKol pemieTkoii. Touky, B KOTOPBIX PACIOJIOKEHBI YaCTHUIBI, a TOUYHEE —
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CpeTHUE DPABHOBECHBIC TOJIOKEHHUS, OKOJI0 KOTOPBIX YACTHIIBI COBEPIIAIOT KOJeOaHWs, HA3bIBAIOTCS
y3JIaMH KPHCTALJIHYECKOI pelleTKH.

Kpucrannuueckue Tena MOXHO pa3leiuTh Ha JBE TPYNINbl: MOHOKPUCTAUIBI U MOJMKPUCTAJUIBL
MoHokpucTa/lJibl — TBEpJble Tella, YACTHIBl KOTOPBIX O0pa3yloT €IWHYI0 KPUCTAUTMUECKYIO PELIETKY.
Kpucrannudeckasi CTpyKTypa MOHOKPHUCTAJUIOB OOHAPYKHBAETCS MO UX BHEMIHEH (GopMe. XOTS BHEUIHSS
dbopMa MOHOKPHCTAJJIOB OJHOTO THUIIA MOXKET OBITh Pa3IMYHOM, HO YIJIBI MEXIY COOTBETCTBYIOLIUMHU
IpaHsMU Y HUX OCTAIOTCS MOCTOSHHBIMH. DTO 3aKOH MOCTOSIHCTBA YIVIOB, chopmynupoBaHHbld M. B.
JlomonocoBbIM. OH caenan BaKHbIN BBIBOJ, UTO MpaBUiIbHAS (popMa KPUCTAUIOB CBsI3aHA C 3aKOHOMEPHBIM
pasMeIIeHHEeM YacTHIl, 00pa3yIoInX KpUCTaUl. MOHOKpHUCTAIIIAMU SIBJISIOTCS OOJIBITMHCTBO MHUHEPAJIOB.
OpHako KpymHbIE TPUPOJIHBIE MOHOKPHUCTAJIBI BCTPEYAIOTCS I0BOJIBHO PEIKO (HAarpumep, jej, moBapeHHas
COJIb, MCHAHJACKUM mimar). B Hacrosiiee BpemMsi MHOTME MOHOKPHUCTAJLIbI BBIPALIUBAIOTCS MCKYCCTBEHHO.
VYcnoBus pocTa KPYMHBIX MOHOKPHCTAJUIOB (YUCTBIA PacTBOp, MEUIEHHOE OXJIaXKICHHE U T. [I.) 4acTO He
BBIICP)KHBAIOTCS, MMOATOMY OOJBIIMHCTBO TBEPIBIX T UMEET MEIKOKPHUCTATMYECKYIO CTPYKTYpY, T. €.
COCTOHT U3 MHOXECTBa 0ECIOPSAI0YHO OPUEHTUPOBAHHBIX MEIKUX KPUCTAIIIMYECKHUX 3epeH. Takue TBepabie
TeJa Ha3bIBAIOTCS MOJUKPUCTAIIIAMU (MHOTHE TOPHBIE MIOPO/IbI, METAJLIBI U CILIABHI).

XapakTepHoil 0COOEHHOCTbI0 MOHOKPHUCTAJIIOB SIBIISIETCS. UX AHU30TPOMHOCTD, T. €. 3aBUCUMOCTb (PU3UYECKUX
CBONCTB — YINPYTUX, MEXaHUUYECKHX, TEIUIOBBIX, JJICKTPUUYECKUX, MArHUTHBIX, ONTUYECKHUX — OT
HampaBlieHUs. AHU30TPONHS MOHOKPHCTAUIOB OOBSCHSETCS TEeM, YTO B KPUCTAIMYECKOW peleTKe
Pa3IMYHO YMCIIO YACTHUI, MPUXOASIINUXCSA HA OJIMHAKOBBIC O JJIMHE, HO Pa3HbIE MO0 HAMPABICHUIO OTPE3KH
(puc. 102), T. e. IIIOTHOCTh PACIIONIOKEHHS YACTHI] KPUCTATMYECKON PELIETKU MO Pa3HbIM HaNpaBICHUSIM
HEOJAMHAKOBA, YTO W TMPUBOJUT K PA3IUYUI0 CBOWCTB KpHUCTaUla BIOJb JTHUX HampaBieHui. B
MOJIMKPUCTAIITIAX AaHU30TPOIUS HAONIOAAeTCs TOJBKO IS OTHENbHBIX MENKHX KpPUCTAITMKOB, HO HX
pasiuyHas OpUEHTALMS IPUBOJIUT K TOMY, YTO CBOMCTBA MOJUKPUCTAJIIA 110 BCEM HANPABICHUSM B CPEIHEM
OJIMHAKOBBI.

Prc. 102

@ 70 TaKoe yanbi KPMCTANNWYECKOR pelleTkKn?

® B 4yem 3aKkno4aeTcR GHKIOTPONHOCTL MOHO-
xpucrannos?

@ YT0 TaKoe KanunnNAPHOCTL? .

@ YoM OTMMAIOTCA MOHOKPHUCTANNb OT NONKK-
pucrannos?

@ Kak MOXXHO KnaccuuunpoBaTs KPUCTANNbI?

O ¢ O @ O @ ©
©O ¢ O @ O @ O

§ 71. Tunbl KPUCTAIVINYECKUX TBEPABIX TeJl

CymecTByeT 1Ba Npu3HaKa Ui KJIacCU(PUKALMU KpUCTAIOB: 1) Kpuctamnorpaduueckuid; 2) puznyeckuit
(mpupoja 4acTHlLl, PACIONOKEHHBIX B y3/1aX KPUCTAIUIMUECKOHN PEIIETKH, U XapaKTEP CUJI B3aUMOJECHCTBUS
MEXy HUMH).

1. Kpucramnorpaguyeckuii NpU3HAK KPHUCTAJLIOB. B JaHHOM ciydyae BakHAa TOJIBKO MPOCTPAHCTBEHHAs
NEPUOJUYHOCTh B PACHOJIOKEHUU YACTHI], ITO3TOMY MOXXHO OTBII€YbCS OT MX BHYTPEHHEH CTPYKTYpBHI,
paccMaTpuBasi YaCTULIBI KaK TEOMETPUUYECKUE TOUKH.

Kpucrannuueckast pemerka MokeT 00JajaTh  pa3au4HbBIME  BuAamMu  cuMMmeTpud. Cummerpus
KPHCTAVIMYECKOI peleTKH — ee CBOWCTBO COBMEUIATHCS C COOOM MpU HEKOTOPHIX MPOCTPAHCTBEHHBIX
NepeMeIeHUIX, HalpUMep MapajljieNIbHbIX NEpEeHocax, MOBOPOTaX, OTPAKEHUIX WM UX KOMOMHALUAX U T.
n. Kpucrammmyeckoil pemerke, Kak Iokazan pycckuii kpuctamiorpad E. C. ®demopos (1853—1919),
npucymu 230 koMOMHAUN 3JIEMEHTOB CUMMETPHUH, WK 230 pa3InyHbBIX NPOCTPAHCTBEHHBIX IPYIII.

C nepeHOoCHOI CUMMETpPHUEN B TPEXMEPHOM IIPOCTPAHCTBE CBSI3BIBAIOT IOHATHE TPEXMEPHOM MEPUOANYECKON
CTPYKTYpbl — NPOCTPAHCTBEHHOM pelleTKHU, WiK pemieTku bpasi, npencraBieHne o KOTOpoil BBEAEHO
¢bpanmysckum kpuctamiorpadom O. bpass (1811—1863). Besikas npocTpaHCTBEHHAS pelIeTKa MOXKET OBbITh
COCTaBJIeHa TOBTOPEHHUEM B TPEX PA3IUYHBIX HAMPABICHHUSIX OJHOTO M TOTO K€ CTPYKTYPHOIO 3JIeMEHTa —
3JIeMeHTapHOH siveilku. Bcero cymectByer 14 TunoB pemerok bpass, pasnuuaromuxcs IO BHIY
nepeHocHo cummMerpur. OHM pachpeleNsioTcss MO0 CeMU KpHCTaiorpaguyecKkuM cucTeMam, WU
CHHIOHUSIM, TIPEACTaBICHHBIM B TMOpsAKEe Bo3pacTamoomeil cummerpun B Tabn. 3. Jlnga onucanus
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AJIEMEHTAPHBIX SYEEK TOJB3YIOTCS KPUCTAIOTpaQUUECKUMH OCSIMU KOOPIWHAT, KOTOPBIE MPOBOMIST
napajuieIbHO pedpaM >JIEMEHTApHOM sSUYeHKH, a HadaJio KOOPAWHAT BBHIOMPAIOT B JICBOM YIJIy TEpEIHEH
TpaHd  DJIEMEHTApHON sSuelku. DIEeMEeHTapHas KpucCTaJulndecKas s4Yeika TMpelcTaBisieT  coOoil
napaJuiesieuIe 1, IOCTPOCHHBIH Ha pebpax a, b, ¢ ¢ yrmamu o, B u y mexxay pedpamu (tab:. 3). Bennunner
a,bucwua, 1y HA3BIBAIOTCS apaMeTpaMK JIEMEHTAPHOMN SYSHKH M OJTHO3HAYHO €€ ONPE/ICIISIOT.
@usnyeckuii NMPU3HAK KPHUCTAIOB. B 3aBucuMocTH OT poja 4YacTUL, PACHOJOKEHHBIX B Yy3Jax
KPUCTAJUIMYECKON PELIETKH, U XapaKTepa CUJI B3aUMOJICHCTBUSA MEXY HUMU KPUCTAJUIbI PA3AEISIIOTCA HA
YeThIPE TUIIA: HOHHBIE, AaTOMHBIE, METAININYECKUE, MOJIEKYJISIPHBIE.

Honnbie KPHUCTAJJIbI. B y3j1ax KpHCT&J’IJ’IH‘ICCKOﬁ PEIICTKKU  pacCliojararoTca IMoOYE€PEaAHO HMOHBI

MIPOTUBOMOJIOKHOTO 3HaKa. TUIMUYHBIMA MOHHBIMH KpPUCTAUIAMU SIBISIOTCS OOJBIIMHCTBO TATOUIHBIX
coenunenunii menounsix MetamuioB (NaCl, CsCl, KBr u T. 1.), a Takke OKCHIOB Pa3IMYHBIX SIIEMCHTOB
(MgO, CaO u 1. a.). CTpyKTYphl peuieToK NBYX HamOojee XapakrTepHbIXx MOHHBIX KpuctauioB — NaCl
(peureTka mpeacTaBiIseT cOO0M BE 0JIMHAKOBBIE TPAHEIICHTPUPOBAHHbIE KyOUYECKUE PELIETKHU, BIOKEHHbBIE
JIPYT B Apyra; B y31aX OJHOH U3 3THX PelleTok HaxoasTcs uonsl Na', B ysnax apyroit — uonst CIY) u CsCl
(xyOuyeckasi 00beMHO IIEHTPUPOBAHHAS PELIETKA — B IIEHTPE KAXKIOW 2JIEMEHTApHOM PEIIeTKH HaXOIUTCS
MOH) — TMoka3aHbl Ha puc. 103. Cunbl B3aUMOJEHCTBUS MEXJIYy HOHAaMU SIBISIOTCS B OCHOBHOM
ANEKTPOCTATUYECKUMHU (KYyTOHOBCKMMH). CBSI3b, OOYCIOBIEHHAS KYJIOHOBCKUMHU CHJIAMU MPHUTSKEHUS
MEXIy Pa3HOMMEHHO 3apsKEHHBIMH HMOHAMHU, HA3bIBACTCS MOHHOM (WM reTepomoJisipHoii). B monHOi
pelIeTKe Helb3s BBIICTUTh OTACNbHbBIE MOJIEKYIIbl: KPUCTAILT IPEACTABISIET COO0M Kak Obl OIHY TUTAHTCKYIO
MOJIEKYILY.

Prc. 103

Na* —ﬂ--—(

@ YT0 TaKOoe WOHHAaA CBA3L? KOBANEHTHAR
CcBA3bL?

@ Kakne Tvnbt Kpucrannorpagmnyecknx cucrem
BaMm M3BECTHbI?

Tabnuma 3



107

Kpacranno- [Xapaxtepncraxa Qopma
rpadEuecxas | snemenTapHOl aneMeaTapHOd
cacreMa meelixn uelizn

Tpaxms- avibvic,
Bas aufﬁ#y
Moso- avhbke,
KINHBAN amfm90° sy
Pombr- avhbekc,
JECKAS A oy = 90°
Terparo- ambeke, I sty |
BLUIHHAN ¢-ﬂ-7-m° 271 20
-
o )=t
c 1,7
a
Pom6oan- a=h=c, _
(pnec:u am facy %90° =7
TPErOBAIIb- a /70
HAS) ‘ g #=7
a
Fexcaro- a=bykec, e — =
HANBBAN a=f=90° -+ !
y=60° il
Clady __J
’ a
Ky6muec- a=b=c, ~——=2
== -mo //l 27
xas a=f=y _T__r :
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ATOMHBIE KpPHCTALIbL. B y3/lax KpPUCTAUIMYECKONM pEIIETKH pacloJlaraloTcsd HEHUTpaJIbHBIE AaTOMBI,
YIEP)KUBAIOIIHMECS B Y3JIaX PEUIETKH TOMEONOJSAPHBIMH, WIH KOBAJECHTHBIMHM, CBSI3SIMH KBAaHTOBO-
MEXaHMYECKOTO MPOUCX0XKIeHU (Y COCETHUX aTOMOB OOOOIIECTBIEHBI BaJICHTHBIE 3JIEKTPOHbI, HAMEHEE
CBSI3aHHBIE C aTOMOM). ATOMHBIMHM KpHUCTAJIJIaMU SIBJIIIOTCS aidMa3 U rpaduT (ABa pa3IUyYHBIX COCTOSHUS
yriaepoaa), HEKOTOphle Heopranmdyeckue coeamnenus (ZnS, BeO w T. 1.), a TakkKe THUIHYHBIC
HOJYIIPOBOHUKH — repManuii Ge u kpemuuit Si. CTpyKTypa penieTky aiMasa rnpuBeeHa Ha puc. 104, rae
KOKIbIH aTOM yIJIepo/ia OKPYXKEH 4YeThIpbMS TAaKUMH JK€ aTOMaMH, KOTOpbIE pacHojlararoTcsi Ha
OJIMHAKOBBIX PACCTOSIHUAX OT HETO B BEPIIMHAX TETPA3IPOB.

BaneHnTHble CBA3M OCYLIECTBISIOTCS MapaMu 3JIEKTPOHOB, JBHXKYIIUXCS MO OpOMTaM, OXBaThIBAIOLIMM 00a
aToMa, U HOCAT HalpaBJIEHHBIH XapaKTep: KOBAJEHTHbIE CHUJIbl HANpaBl€Hbl OT I[EHTPAIbHOIO aroMa K
BEpLIMHAM TeTpasapa. B ormnmume or rpadura pemerka anMasza HE COAEPKUT IUIOCKUX CIIOEB, UYTO He
MO3BOJISIET CABUTATh OTJIEIbHBIEC YYACTKU KPUCTAJUIA, IO3TOMY ajIMa3 SIBJISIETCS IPOYHBIM COETUHEHUEM.

Mertannnueckue KpucTaluipl. B y3max KpHUCTaNIMYECKOW PEIIETKH pacIojaratoTcsl IMOJOKUTEIIBHBIE HOHBI
Metaina. I[lpu oOGpa3oBaHMM KPUCTAJUIMYECKON PEIIETKU BAJIEHTHBIE JJIEKTPOHBI, CPABHUTEIHHO CJIabo
CBSI3aHHBIE C ATOMaMH, OTAEISAIOTCSA OT ATOMOB U KOJUIEKTUBU3UPYIOTCS: OHU YK€ NPUHAAIEKAT HE OJHOMY
aToMy, KaK B CiIydae MOHHOM CBsI3U, M HE Mape COCEJHUX aTOMOB, KaK B CIyyae TOMEOIONISIPHOM CBsI3H, a
BCEMY KpHUCTaJUy B 1esioM. TakuM 00pa3oM, B MeTaJUIax MEXIY IMOJIOKUTEIbHBIMU MOHAMHU XaOTUYECKH,
0I00HO MOJIEKYJIaM Ta3a, IBUXKYTCS «CBOOOIHBIE) ANEKTPOHBI, HAIMYNE KOTOPHIX 00€CTIeUnBAET XOPOLIYIO
NEKTPONPOBOJIHOCTh METANIOB. Tak Kak METAJUIMYECKas CBA3b HE MMEET HAIPaBICHHOIO JAEHCTBUS H
MOJIO)KUTEIbHBIE MOHBI PEUIETKH OJIMHAKOBBI IO CBOMCTBaM, TO METAJIbl JOJKHBI MUMETh CHUMMETPHIO
BBICOKOTO  mopsiaka. JIeWCTBUTENbHO, OOJBIIMHCTBO METAUIOB HMMEIOT KyOHMYecKyr0 00BEeMHO
uentpupoBannyro (Li, Na, K, Rb, Cs) u kybuueckyto rpanenenrpupoBannyo (Cu, Ag, Pt, Au) pemerku.
Yaie BCcero MeTauibl BCTPEYAOTCS B BUAE NTOJIMKPUCTAIIIOB.
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MoJiekyJsipHble KPHCTALIBI. B y31aXx KpUCTAINIMYECKOM PEIIETKU pPAaclojiaraloTcs HEUTpabHbIE
MOJIEKYJIbl BEIIECTBA, CHJIBI B3aUMOACHCTBHS MEXTy KOTOPHIMU 00YCIIOBIIEHBI HE3HAUNUTEIbHBIM B3aMHBIM
CMELICHUEM DJIEKTPOHOB B DJEKTPOHHBIX OOOJOYKaX aTOMOB. JTa CHJIBI Ha3bIBAIOTCS BaH-AEp-
BaaJbCOBBIMHU, TaK KaK OHU HMEIOT Ty € HPUPONY, UYTO U CHJIbl MPUTSHKCHUS MEXIY MOJIEKYJIaMu,
OPUBOAAIIMMH K OTKJIOHEHUIO Ta30B OT HJCATbHOCTH. MOJEKYISIPHBIMH KPUCTAUIAMH  SBIISIOTCS,
Hampumep, OOJBIIMHCTBO OPraHUYECKUX coequHEeHUil (mapaduH, cnupT, pe3suHa U T. 1.), UHEPTHBIE Ta3bl
(Ne, Ar, Kr, Xe) u razet CO2, Oz, N2 B TBEpJIOM COCTOSHHUH, JIe]], a TAK)KE KpUCTa/LIbI Opoma Bry, nona ls.
Ban-aep-BaanbCcoBbI CUITBI JOBOJBHO ci1a0ble, TO3TOMY MOJIEKYJISIPHBIE KPUCTAJIBI JIETKO Je(OPMUPYIOTCS.

B HEKOTOpBIX TBEpABIX TelaxX OJHOBPEMEHHO MOXKET OCYIIECTBISATHCS HECKOJIBKO BUIOB CBs3U. [Ipumepom
MOXET CIYyXHTh TrpaduT (rekcaroHanbHas pemietka). Pemerka rpadura (puc. 105) cocrout u3 psga
napajyieNIbHBIX TUIOCKOCTEH, B KOTOPBIX AaTOMBI YIJIEpOJa PAacHOJOXKEHbl B BEPIIMHAX IPaBHIBHBIX
IIECTUYTOJILHUKOB. PaccTosiHue Mexay MmiIockocTssMu 0oJiee YeM B JIBa pasa MPEBBIIIAET PACCTOSIHUE MEXKIY
aToMaMM MIECTHYTOJbHUKA. [IOocKHe clioM CBS3aHBI APYr C JAPYroM BaH-AEp-BaalbCOBBIMU CHJaMH. B
mpenenax ciiosi TPU BaJICHTHBIX 3JIEKTPOHA KaKJOro aToMa yriepoaa oOpa3yloT KOBaJEHTHYIO CBS3b C
COCEIHUMH aTOMaMH YIJIepo/ia, a YeTBEPTHIA 3JIEKTPOH, OCTABAsICh «CBOOOTHBIMY, KOJIJICKTUBU3UPYETCS, HO
HE BO BCEH pelIeTke, Kak B cllydae METaJlJIOB, a B Ipejieax 0AHoro cios. Takum oOpa3oM, B JAHHOM cllyyae
OCYIIECTBIISIOTCS TPU BU/Ia CBS3H: TOMEOTIOJISIPHAS. M METAJIIMUECKasi — B Ipeeiax OJHOTO CJI0s; BaH-/Iep-
BaajgbCOBA — MEXIY CIOSAMH. DTUM OOBACHSETCA MATKOCTh TpaduTa, TaK KaK €ro CJIOH MOTYT CKOJB3UTh
APYyT OTHOCUTEIBHO ApYTa.

Paznuune B CTpoeHMM KPUCTAIUTMYECKUX PEIIETOK ABYX Pa3sHOBHIHOCTEW yriepoja — rpadura u aiMaza —
OOBSICHACT paszinuue B MX (U3NUECKUX CBOMCTBAX: MITKOCTH rpaduTa W TBEPAOCTh aiMmasa; rpagur —
MIPOBOJHUK JIEKTPUYECTBA, aliMa3 — JUAIIEKTPUK (HET CBOOOIHBIX SJIEKTPOHOB) U T. [I.
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Pac. 104 : Pac. 105

PacnonoxeHne aToMOB B KPHUCTAJUIaX XapaKTEPHU3YETCS TAKXKE KOOPAMHALUMOHHBIM YHCJIOM — YHUCIOM
OMDKafIINX OJHOTHITHBIX C JAHHBIM aTOMOM COCEIHMX aTOMOB B KPHCTAJNIMYECKOM perieTke Uil MOJIEKYI
B MOJIEKYJISIPHBIX KpUCTajU1aX. s MOAeNbHOTro M300pakeHUs KPUCTAIUIMUECKUX CTPYKTYp M3 aTOMOB U
HMOHOB IOJB3YIOTCA CUCTEMOM IJIOTHOM YNAaKOBKM IIapoB. PaccmarpuBas NpOCTEHIIMM Ciay4yall ILUIOTHOU
YIaKOBKM IIAPOB OJMHAKOBOTO pajuyca Ha IUIOCKOCTH, MPUXOAUM K JBYM CIIOCO0aM MX pPAaCIOJIOKEHUS
(puc. 106, a, 6). IlpaBas ynakoBka sBisieTcs 6ojee IIOTHOM, Tak Kak MPH PaBHOM YHCIIE LIApOB IJIOIA/b
poMmOa co CTOpOHOM, paBHOM CTOpPOHE KBajpaTa, MEHbIIE IUIOMAAu KBajapaTa. Kak BUIHO M3 pHCYHKA,
pasiMuue B YIAKOBKaX CBOJUTCA K pa3IMYUI0 KOOPAMHALMOHHBIX 4YHUCEN: B JIEBOM YIIAKOBKE
KOOpJIMHAIIMOHHOE 4YHUCIO paBHO 4, B MmpaBoil — 6, T. €. uyeM IUIOTHEe YNaKOBKa, TeM OoJblie
KOOPAMHALIMOHHOE YHCIIO.

PaccmoTrpuMm, npy Kakux yclOBUSAX IUIOTHAs YIAKOBKA IIAPOB B MPOCTPAHCTBE MOXKET COOTBETCTBOBATH TOU
WM UHOU KPUCTAJUIMYECKOU CTPYKTYpE, NIPUBOAUMON paHee. HauHeM CTpOUTBH PELIETKY CO CJIOs IIapoB,
npescTaBieHHbIX Ha puc. 106, 6. Jlns ynpolieHus JalbHEHIINX pacCykI€HUH CIIPOeUupyeM IIEHTPHI IIapoB
Ha TUIOCKOCTh, Ha KOTOPOH OHM JIeKaT, 0003HauMB UX OenbiMu Kpyxkkamu (puc. 107). Ha 3Ty ke miockocTsb
CIIPOCHIMPYEM IIEHTPHI MPOCBETOB MEXKIY IIapaMu, KOTOpble 00o3Ha4deHbl Ha puc. 107 COOTBETCTBEHHO
YEepHBIMH KpPYXXKaMH U KpecTHKamH. J[1000i MIOTHOYIMakoBaHHBIN c0i OyaeM Ha3blBaTh clIoeM A, eciu
LIEHTPBI €ro IIapOB PACIOJIOKEHBI HAJ[ CEPhIMU KPYXKKAMH, CJIOEM B — eclM HaJl KPaCHbIMH KPYXKKAMH,
cioeM C — ecnu Hax Kpectukamu. Haj crmoeM A4 ynouM BTOPOM MJIOTHOYNAKOBAaHHBIN CIIOW Tak, YTOOBI
KaKIBIA [Iap 3TOrO cJosl JieKajd Ha TpeX Iapax MEepBOro cios. DTO MOXKHO CHAelaTh ABOSIKO: B3STh B
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KauecTBe BTOporo cios nubo B, mubo C. Tperuit crnoit MOKHO ONSATH YIOXKHTH ABOSKO U T. 1. Urak,
IJIOTHYIO YIAKOBKY MOXHO ONUCaTh Kak nocienoBaredbHOCTh ABCBAC..., B KOTOPOH HE MOTYT CTOATh
PSAIOM CJIOM, 0003HAUYEHHBIC OJIMHAKOBBIMH OYKBaMHU.

W3 MHOXecTBa BO3MOKHBIX KOMOMHAIIMM B KpUCTa/uiorpaduu peaibHOe 3HaYCHHE UMEIOT JBa THIA YIAKOBKHU:
1) nByxcinoitHast ynakoBka ABABAB... — rekcaroHaibHas IUIOTHOyNaKOBaHHas cTpykrypa (puc. 108); 2)
TpexcionHas ynakoBka ABCABC... — KyOuueckas rpaHelieHTpupoBaHHas cTpykTypa (puc. 109). B ob6enx
pelIeTkax KOOpAMHALIMOHHOE YMCIIO PaBHO 12 M INIOTHOCTh YIIaKOBKH OJJMHAKOBA — aTOMbI 3aHUMaIOT 74%
obmiero o0bema Kpuctauia. KoopauHAaIMOHHOE YHCIO, COOTBETCTBYIOIIEE KyOMdeckol 0O0bEeMHO
LIEHTPUPOBAHHOM pelIeTKe, paBHO §, pemeTke anMasa (cM. puc. 104) pasuo 4.

Kpome nByx- M TpexXCIOWHBIX YIAKOBOK MOXHO IIOCTPOUTH MHOTOCIOWHBIE C OOJBIIMM MEPHOJOM
IIOBTOPSIEMOCTH OJUHAKOBBIX cioeB, Hanpumep ABCBACABCBAC... — 1iecTuciolHas YIaKOBKa.
CymectByeT Moaudukaius kapouaa SiC ¢ mepromgom moBTopsieMoct 6, 15 u 243 cros.

Ecnu kpuctain mocTpoeH M3 aTOMOB pa3jUYHBIX 3JIEMEHTOB, TO €r0 MOXXHO IPEICTaBUTh B BHUJE IUIOTHOU
YVIaKOBKM IIApOB pa3HbIX pa3mepoB. Ha puc. 110 mpuBeaeHo MojenbHOE H300pa)KeHHE KpHCTauia
noBapeHHo# comu. KpynHble nonsl xyopa (r=181 mM) o0pa3yioT MIOTHYIO TPEXCIOWHYIO YHNAKOBKY, Y
KOTOpOi1 OOJIbILINE MYCTOTHI 3aIIOJHEHBI MEHBIIMUMHU 110 pa3Mepy noHamu Hatpus (r=98 nm). Kaxasiii non
Na okpysxeH mectbio nonamu Cl u, Haob6opot, kaxaplii noH Cl — mmectpio noHamu Na.

§ 72. ledexThl B KpHCTA/LIIAX

Paccmotpennsie B § 71 uaeanbHble KPUCTAIIIMYECKUE CTPYKTYPBI CYIIECTBYIOT JIUIIb B OUY€Hb MaJIbIX 00BbeMax
peanbHBIX KPUCTAJUIOB, B KOTOPBIX BCErJa UMEIOTCS OTKIOHEHUS OT YIOPSAOYEHHOI'O PACIOIOKEHUS
YacTHUI[ B y3JlaX PELIECTKH, Ha3bIBacMble AeeKTaMu KpucTajaaudecko pewmerku. [ledextsl aemarcs Ha
MAaKpOCKONMYeCKUe, BOZHUKAIOIIME B Ipoliecce 00pa3oBaHMsl U pocTa KPUCTAIIOB (HApUMep, TPEIIHHBI,
MOpbl, HHOPOJHBIE  MAaKpOCKOMHMYECKHE  BKIIOUEHHUS), U  MHUKPOCKOIHUYECKHE, OOYCIOBICHHbIE
MHUKPOCKOIIMYECKUMHU OTKJIOHEHUSMH OT IIEPUOJIUYHOCTH.

MuxkpoaeeKkTbl [eniITCs Ha TOYeYHble U JHHeiHble. ToueuHble OeQeKThl OBIBAIOT TpeX THUIOB: 1)
BaKaHCMM — OTCYTCTBHE aToMa B y3JIe KpUCTauTMueckoil pemetku (puc. 111, a@); 2) mexmaoy3eabHbIi
aTOM — aTOM, BHEJIPUBILIUIICS B MEX/I0y3€IbHOE MPOCTPaHCTBO (puc. 111, 6); 3) mpuMecHBbIit aTOM — aToM
npuMecH, Ju00 3aMellaloluii aTOM OCHOBHOTO BEIECTBA B KPHUCTAJUIMYECKOH perieTke (mpumMech
3ameleHus, puc. 111, g), 1nb60 BHEAPUBIIMNCST B MEXI0Y3€IbHOE NMPOCTPAHCTBO (MPHUMeCh BHeIPEeHMHs,
puc. 111, 6; TOTBKO B MEXIOY3JIHMH BMECTO aTOMa OCHOBHOTO BEIIECTBA PACIOJIAaraeTCsi aTOM MPUMECH).
Toueunsle AedeKTh HApYLIAIOT JUIIL OJMKHUN MOPAIOK B KpUCTaIaX, HE 3aTparuBasi AajJbHEro MOopsIKa,
— B 3TOM COCTOMUT MX XapaKTepHast 0COOEHHOCTb.

Jlunelinple nedekTbl HapylIaloT AadbHUM mopsaok. Kak cieayer M3 OINBITOB, MEXaHWYECKUE CBOMCTBA
KPUCTAJIJIOB B 3HAUMUTEIbHOW CTENEHU OMpENeNsioTcs JepeKkTaMu oco0oro BUJa — JAUCIOKAIUSIMHU.
Jucaokanmu — nuHelHble Ae(eKThl, Hapylalolie IPaBUiIbHOE Yepe0BaHUE aTOMHBIX MJIOCKOCTEH.
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Pac. 108 Prc. 109

Puc. 110

Jlucnokanuu ObIBalOT KpaeBble U BHHTOBBIe. Eciii 0/lHa M3 aTOMHBIX IUIOCKOCTEH OOpBIBAETCSI BHYTPU
KpHUCTaJljia, TO Kpail 3TOoil MIoCcKoCTH o0pa3yer kpaeByro nuciokanuio (puc. 112, a). B cayyae BUHTOBOIA
nuciokanuu (puc. 112, 0) HU oJHA M3 aTOMHBIX IUIOCKOCTEN BHYTPHM KpHUCTalljia HE OOpbIBaeTCs, a caMu
IUIOCKOCTH JIMIIb TPUOIHU3UTENBHO MapalljieIbHbl U CMBIKAIOTCA JPYr C APYTOM TakK, 4TO (haKTUUYECKH
KPHUCTAJI COCTOUT U3 OJHOM aTOMHOM MJIIOCKOCTH, U30THYTOM 110 BUHTOBOM MOBEPXHOCTH.

I[InoTHOCTH, AUcHOKAUME (YMCTO [UCIOKALMNA, NPUXOASIIMXCS HA EIUHUIYYy IUIOMAAU TOBEPXHOCTH
KpUCTaJIJIa) JUIsl COBEPLUIEHHBIX MOHOKPHCTAJUIOB COCTAaBJISET 102 — 10° em?, s n1e(OpMUPOBAHHBIX
KPHUCTAJZIOB — 10 — 10" oM Jlucinokanmuu HUKOTJA HE OOPBIBAIOTCSA, OHU JMOO BBIXOIAT Ha
MIOBEPXHOCTh, JHOO pPA3BETBISIIOTCS, MO3TOMY B pEaJbHOM KpHUCTaUIE O0pa3yloTcs IIJIOCKUE WIH
MIPOCTPAHCTBEHHBIE CETKU AMUCIOKalUi. JlMCIOKaluM U UX JABWKEHHE MOXHO HaONI0laTh C MOMOIIbIO
AJNIEKTPOHHOTO MMKpPOCKOIA, a TakKe METOJOM H30MpaTeNbHOr0 TpPaBJIE€HUSI — B MECTax BbIXOJa
JMCIOKALMKM Ha TOBEPXHOCTh BO3HMKAIOT SIMKM TpaBlieHUs (MHTEHCUBHOE pa3pylLIeHHE KpUCTaJla MOJ
JEMCTBUEM peareHTa), «IpOosBISIOLINE» AUCIOKAIUH.

Hannuue nedexToB B KpHUCTANIMYECKOH CTPYKType BIHMSET Ha CBOWCTBA KPUCTAIOB, aHAIM3 KOTOPBIX
MIPOBEJIEM HIDKE.

§ 73. Ten10eMKOCTH TBEPABIX TeJl

B kauectBe Mozenu TBEpAOro Tejla PACCMOTPUM MPABWIBHO MOCTPOCHHYIO KPUCTAUIMYECKYIO PEIIETKY, B
y371aX KOTOPOM 4acTHUIlbI (aATOMBI, HOHBI, MOJIEKYJIbI), IPUHUMAEMBIEC 32 MaTepHUAIbHBIE TOYKH, KOJIEOIIOTCS
OKOJIO CBOMX IMOJIOKEHHM DPABHOBECUSI — Y3JIOB PEUIETKM — B TPEX B3aMMHO NEPIEHAUKYISPHBIX
HampaBieHusAx. TakuM 00pa3oM, KaKIO0M COCTaBJSIIONIEH KPUCTAUIMYECKYIO PEIIETKY YacTHUIIe
MPUMHCHIBAETCS TPH KOJEeOATENbHBIX CTEMEHH CBOOOMBI, KaXKAas M3 KOTOPBIX, COTJIACHO 3aKOHY
paBHOpPACIIPECIICHHS YHEPTHH 0 CTETeHsIM CBO00 B! (cM. § 50), oOmamaer sueprueii KT.

BuyTpenHsis sHeprus MoJisi TBEpA0ro Telna

Un=3NakT=3RT,

rae Na — moctosiaHast ABoranpo; Nak=R (R — monspHas rasoBas mocTosHHas). MoisspHas TEIJIOEMKOCTb

TBEPJOTO TeNa

du,,
Cy = — = 3R = 25 [x/(mons"K),
YT (73.1)

T. €. MOJIIpHas (aTOMHaﬂ) TCINIOCMKOCTb Xumudecku npocmaslx mejl B KpUCTAIININICCKOM
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COCTOSIHUM OJMHaKoBa (paBHa 3R) ¥ HE 3aBHCUT OT TEMIIEpaTypbl. DTOT 3aKOH ObUI SMIIUPUYECKH TOTYy4YeH
¢dpanmysckumu yaeHsiMu 1. Qromorrom (1785—1838) u JI. IItu (1791—1820) 1 HOCUT Ha3BaHHUE 3aKOHA
Jononra u IlTu.

Ecnu TBepioe Teno sBisieTcss xumuyeckuM coenuHenueM (Hanpumep, NaCl), To umcio yactuil B Moje He
pPaBHO MOCTOSIHHOM ABOTapo, a paBHO NN4, Te N — uncio atomoB B Mosiekysie (st NaCl uucino yacTuil B
moiie paBHO 2Na, Tak, B ogaoMm Moisie NaCl comepxurcs Na atomoB Na u Na atromoB Cl). Takum o6pasom,
MOJISIpHAs! TETNIOEMKOCTb MBepObIX XUMUYECKUX COEOUHEHU

Cy=3nR=25n [Ix/(Monsb’K),

T. €. paBHa CyMME aTOMHBIX TEIUIOEMKOCTEH 3JIEMEHTOB, COCTABIIAIOIINX 3TO COSAMHEHHUE.

Kak moka3zpiBatoT onbITHBIE AaHHBIE (Ta0i. 4), s MHOTHX BemlecTB 3akoH J[rononra u Ity BeImONIHSIETCS C
JOBOJIBHO XOPOIIMM MpHUOIMKeHHeM, XoTsa Hekotopsle BemiectBa (C, Be, B) umeroT 3HaunTenbHbIC
OTKJIOHEHHMSI OT BBIYMCIICHHBIX TeTIoeMKocTel. Kpome Toro, Tak ke Kak 1 B ciydae ra3oB (cM. § 53), onbIThI
M0 M3MEPEHUI0 TEINIOEMKOCTH TBEPABIX TeNl MpH HU3KUX TemIepaTypax IOKa3ald, 4TO OHa 3aBUCHT OT
temrepatypsl (puc. 113). BOau3u Hynst KeIbBUH TEIIOEMKOCTb TeJl MPOMOPIMOHATbHA T°, U TONBKO npu
JOCTATOYHO BBICOKHX TEMIIepaTypax, XapaKTepHBIX AJISl KaXJI0ro BEIIeCTBA, BIMONHsIETCS ycioBue (73.1).
AnMas, HarpuMep, UMEET TeIUI0eMKOCTh, paBHYIO 3R mpul800 K! Oxnako 0752 GONBIIMHCTBA TBEPIBIX TENT
KOMHATHas TeMIiepaTypa SBJISETCS YK€ JOCTATOYHO BBHICOKOH.

Tabnuna 4
Bemgecno C, Ix/(Mom°K)
Teopermuec- | Dxcnepamen-
XO¢ 3HAYC- TATLHEOE
HHAC JHAYCHHC
Amomunnit Al 25 25,5
Ammas C 25 59
Beprymait Be 25 15,6
Bop B 25 13,5
XKeneso Fe 25 26,8
Cepebpo Ag 25 25,6
NaCl 50 50,6
AgCl 50 50,9
CaCl, 75 76,2

PacxoseHre ONBITHBIX U TEOPETUUECKUX 3HAUYEHUHN TEIUIOEMKOCTEH, BBIYMCIIEHHBIX Ha OCHOBE KJIACCHYECKOMN
TEOpUH, OOBSICHUIIN, UCXO/IA U3 KBAHTOBOM TEOPHH TerioeMKocTel, A. DiiHmrelH u I1. [lebaii.

§ 74. Ucnapenue, cy0mumanus, IJIaBJIeHHe U KpUCTALIM3anusA. AMOpgHbIe Tea

Kak B XHMIKOCTSX, TaKk M B TBEPABIX TeJaX BCErJa MMEETCS HEKOTOPOE YMCIO MOJIEKYJ, SHEPIUs KOTOPBIX
JOCTaTOYHA JJIsi MPEOAOJICHUS MPUTSKEHHUS] K JAPYTUM MOJIEKyJIaM U KOTOpbIe CIIOCOOHBI OTOPBAThHCS OT
MOBEPXHOCTU JKUAKOCTH WJIM TBEPIOTO TENA U NEPEHTH B OKPYKAIOLIEE UX MPOCTPAHCTBO. DTOT MPOLECC
JUIS JKAJKOCTH Ha3blBaeTCd McnapeHueM (WM Mapoodpa3oBaHMeM), JJis TBEPAbIX Tel — cyOJaumManuei
(W11 BO3TOHKOI).

al 7

Pac. 112
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Hcnapenue >kuAKocTedl HIET Tpu JIIOOOW TeMmepaType, HO €ro HWHTEHCUBHOCTh C MOBBIIICHUEM
TeMIepaTypsl BozpacraeT. Hapsny ¢ mporeccoM McrmapeHus: NPOUCXOAUT KOMIIEHCUPYIOIIMHM €0 IPOLECC
KOH/ICHCAIlUM T1apa B XUAKOCTb. EciiM 4Mcio MOJIeKyN, MOKMIAIOIUX >KUJIKOCTh 33 €IMHUIYY BPEMEHU
4yepe3 eAMHMILY ITOBEPXHOCTH, PABHO YUCIY MOJEKYJ, NMEPEXOAIIMX U3 Mapa B XKUAKOCTb, TO HACTYNAET
AUHAMHYECKOe paBHOBeCHMe MEXIy IIpoleccamMu HcrnapeHuss U KonzaeHcauuu. Ilap, Haxoxpsmuiics B
PaBHOBECHH CO CBOEH *MJIKOCThIO, HA3bIBAETCS HACBILIEHHBIM (CM. TaKxe § 62).

Jlnst OOJBIIMHCTBA TBEPHABIX TEJI MPOLECC CyOMMMaluy MpHU OOBIYHBIX TEMIIepaTypax HE3HAYUTENECH WU
JaBJICHHE IIapa HaJ MIOBEPXHOCTHIO TBEPAOIO TEJIa MAJO; OHO IOBBIIIACTCS C MOBBIIIEHUEM TEMIIEPATYPBHI.
WHTeHCHBHO CyOIMMUPYIOT Takue BEIIECTBa, Kak HapTanuH, kamdopa, uTo 0OHAPYKUBAETCSA MO PE3KOMY,
CBOHCTBEHHOMY MM 3amnaxy. OcoOe€HHO MHTEHCHBHO CyOnIMManusi IMPOUCXOAUT B BaKyyMe€ — 3THM
MOJIB3YIOTCS JJISt M3TOTOBJICHUS 3epKail. M3BecTHBIN IpuMep CyOIMManuu — MpeBpalieHue Jibja B map —
MOKpO€ 0eJibe BBICBIXAeT Ha MOPO3€.

Ecnu TBepmoe Teno HarpeBarb, TO €r0 GHYMpeHHss dHepeus (CKIaJbIBacTCs U3 YHEPTrUH KoJIeOaHUH 4acTull B
y3J1ax PEUIeTKH M 3HEPruM B3auMOJCHCTBUS 3THX 4acTul) Bo3pacTaeT. llpu NoBbIIEHUMH TemIiepaTrypsl
aMIUINTyZa KoyieOaHUIl 4YacTHIl YBEJIMYMBAETCS [0 TEX IIOp, IMOKAa KpPUCTAJUIMYECKas peuieTka He
paspyurcs, — TBepaoe Teno miasurcs. Ha puc. 114, a uzodpaxkena npumepHas 3asucumocts T (Q), rue Q
— KOJINYECTBO TEIUIOTHI, I0Jy4aeMOo€e TeJI0M MpH MaBieHuu. [1o Mepe cooOuieHus TBEpAOMy TeIly TEIUIOThI
ero TemIeparypa MOBBIIIACTCS, a IPU TeMIIepaType MIaBJIeHUs |, HAUMHAETCS Iepexo/ Tejaa U3 TBEpIOro
cocTosiHMS B Jkujkoe. Temmeparypa T,; OocTaercs MOCTOSIHHOM 110 Te€X IOp, MOKA BECh KPUCTALI HE
pacIUIaBUTCS, M TOJIBKO TOTJa TEMIIEPATypa KUAKOCTH BHOBb HAYHET IOBBIIIATHCA.

HarpeBanue TBepnoro tena a0 Ty, €l1e HE NEPEBOJUT €r0 B JKUIKOE COCTOSHUE, NOCKOJIbKY 3HEPIUs YacCTHII
BEIIECTBA JI0JKHA OBITh JOCTATOYHOM JUIsl pa3pylleH s KpUCTAJUIMYECKOH pelieTky. B npouecce miaBneHus
TEIUIOTa, coOo0laeMas BEIIECTBY, HAET Ha COBEpIICHUE DPAOOTHI MO Pa3pyLICHHIO KPUCTALINYECKOU
PELIETKH, a MO3TOMY T, = CONSt 0 pacIulaBiIeHMs BCEro KpucTajulia. 3aTeM I0JIBOAMMAs TEIUIoTa MouaeT
ONSTH-TAKW Ha YBEJIWYEHUE DSHEPruM YacTHI] XUAKOCTU M €€ TeMIlepaTypa HA4HET IOBBIIIATHCS.
KonnyecTBo TemioTsl, HEOOX0AUMOE AJIsl pacIylaBieHusl 1 K BELIeCTBa, HA3bIBACTCS yAeAbHOM Tel10Toi
IJIABJICHUS.

c ’ Pumc. 113

IR

1 l ) . - @ Kax nonyuntn 3axon [hononra n Mrn vMcxopa
200 400 600 800 T,K U3 KNACCHYECKOH TEOPHH TONNOBMKOCTH?

Ecim sxuaKocTh oXiTakaaTh, TO MPoIlece MpoTekaeT B 00paTHOM HampasiieHud (puc. 114, 6; Q' — konmmuecTBo
TEIUIOTHI, OT/IaBaeMOE TEJIOM MpU KPHCTAIIM3AIMK): CHayaja TeMIIepaTypa KUAKOCTH MOHIKAETCA, 3aTeM
IpU TOCTOSHHOM TeMIleparype, paBHOM T;, HAYMHACTCS KPUCTAJUIM3alUs, ITIOCIE €€ 3aBEpIICHUS
TeMmIepaTrypa KpucTajula Ha4HeT MOHMXKaTbes. [ KpUCTalNIM3aliM BelecTBa HEOOXO0UMO HaJIMYMe TaK
Ha3bIBAEMBIX LEHTPOB KPUCTALUIM3ANMU — KPUCTAJUIMUECKUX 3apOJIblllel, KOTOPBIMU MOTYT OBITH HE
TOJIKO KPUCTAJUIMKM 00pa3yrollerocs BEIIeCTBa, HO U MPUMECH, a TaKXke IbUIb, caxa U T. 1. OTCyTCTBHUE
LEHTPOB KPHUCTAUIM3AlMM B YHCTOM JKUAKOCTU 3aTpylHSAET 00pa3oBaHWE MHUKPOCKOMMYECKUX KpH-
CTAJUIMKOB, W BEILECTBO, OCTaBasCh B JKUIKOM COCTOSHUM, OXJAXIAETCsl 1O TEMIEpaTyphl, MEHbILIEH
TEMIIEpaTyphl KPUCTAIIU3ALUHU, [IPH ITOM 00pa3yeTcsl mepeox/akIeHHas KUAKOCTh (Ha puc. 114, 6 el
COOTBETCTBYET IITPpUXOBasi KpuBast). [Ipu cuiibHOM MepeoxIakAeHUN HauuHAETCsl CIIOHTaHHOE 00pa3oBaHue
LEHTPOB KPUCTAJUTM3ALMH U BEIIECTBO KPUCTAIITU3YETCS IOBOJILHO OBICTPO.

OOBIUHO TepeoXaKICHUEe PACIUIaBa MPOUCXOAUT OT AOJed 10 JEeCATKOB IpajaycoB, HO I psijia BEIIEeCTB
MOJKET JJOCTUTaTh COTEH IpadycoB. M3-3a 00bII0i BA3KOCTH CUIIBHO MEPEOXJIaXkACHHbIE )KUIKOCTH TEPSIOT
TEKy4eCTb, COXpaHssi, KaKk B TBepAble Tena, CBO (opMy. DTH Tena MOJYyYMWIM Ha3zBaHHE aMOPGHBIX
TBePABIX TeJ; K HUM OTHOCSITCSI CMOJIbI, M€X, CYpryd, CTEKI0. AMOp(QHBIE Tela, SBISSICh, TAKUM 00pa3oM,
NIEPEOXJIAXKIEHHBIMH KHUJIKOCTSIMHU, H30TPOIHBI, T. €. UX CBOICTBA BO BCEX HAIPABIEHUAX OJUHAKOBBIL; JJIS
HUX, KaK U JUIs KUJKOCTEH, XapaKTepeH OnudiCHUll, NOpsi00K B PACHONIOKEHNN YaCTHI]; B HUX B OTJINYHE OT
KHMJIKOCTEH MOJBMKHOCTh YAaCTHIl JOBOJBHO Mayia. OcOOEHHOCThIO aMOP(HBIX TEN SIBIISIETCS OTCYTCTBHE Y
HUX ONPEJEJICHHON TOYKM IUIABJIEHUS, T. €. HEBO3MOXKHO YKa3aTh ONPEIECJICHHYIO TeMIepaTypy, BbIIIe
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KOTOPOU MOXHO OBLIIO ObI KOHCTATUPOBATH KHUJIKOE COCTOSIHUE, a HIKEe — TBepaoe. 3 ombiTa n3BeCTHO,
YTO B aMOP(HBIX TeJaX CO BpEMEHEM MOKET HabJI0aThCs MpOIlece KPUCTAIUTM3AIMH, HAIPUMEP B CTEKJIe
MOSIBJIAIIOTCS.  KPUCTAUIMKU; OHO, TEpsii MPO3pavyHOCTh, HAYMHAET MYTHETh U TMpeBpaliarbcsi B
MOJINKPUCTAIITNYECKOE TEJIO.

B nocnegnee Bpems IWIMPOKOE pACIPOCTPAaHEHHWE B HAPOJHOM XO3SMCTBE MOJIYYWIM MOJHMEpPbl —
OpraHuyeckue amopQHbie Teja, MOJEKYJbl KOTOPBIX COCTOST U3 OOJBIIOrO YKCia OAMHAKOBBIX JIMHHBIX
MOJIEKYJIIPHBIX 1IETIOYEK, COSAUHEHHBIX XMMHUYECKUMHU (BAJICHTHBIMU) CBs3siMU. K momumepam OTHOCSTCS
KaK €CTECTBEHHbIE (Kpaxmall, OesloK, KaydyK, KJIeT4aTKa U JIp.), TaK U UCKYCCTBEHHbIE (TIacTMacca, pe3rHa,
IIOJINCTUPOJI, JIaBCAaH, KallpOH M Jp.) opraHuuyeckue BemiecTBa. [lonmumepam mNpuCyIIM HPOYHOCTh U
AIACTUYHOCTH; HEKOTOPbIE IOJIMMEPhl BBLACPKHUBAIOT pacTshkeHue, B 5—10 pa3 mnpeblliaromiee HX
MEPBOHAYANILHYIO JJIMHY. DTO OOBSCHSETCS TEeM, YTO JJIMHHBIC MOJICKYJSpHBIC IEMOYKA MOTYT TpH
nepopmaiuu  IMO0 CBOpPAuMBATBCA B IUJIOTHbIE KIYOKH, JIMOO BBITSATUBATHCA B MPSMBIE JIMHUU.
DacTUYHOCTD MOJIMMEPOB IIPOSABIIAETCS TOJIBKO B OIPENEICHHOM HMHTEpPBaje TEMIIEpPATyp, HUKE KOTOPOIro
OHU CTAHOBSTCSI TBEPABIMU M XPYNKHMH, @ BBIIIE — IJACTUYHBIMHU. XOTS CHHTETHUECKUX MOJIMMEPHBIX
MaTEpUajoB CO3JaHO OYE€Hb MHOIO (MCKYCCTBEHHBIE BOJIOKHA, 3aMEHUTEIN KOXH, CTPOMUTEIbHBIE
MaTepuaibl, 3aMEHUTENIM METAJUIOB U JIp.), HO TEOPHs MOJIUMEPOB IO HACTOSIIEr0 BPEMEHH IMOJHOCTHIO HE
paspaborana. Ee pa3BuTHe ompenensieTcsi 3armpocaMH COBPEMEHHOW TEXHUKH, TpeOyromeld CcuHTe3a
MOJIMMEPOB C 3apaHee 3a/laHHbIMH CBOHMCTBAMH.
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§ 75. ®a3zoBbie nepexoasnl I u Il pona

da30ii Ha3pIBACTCA TEPMOJUHAMUYECKH PAaBHOBECHOE COCTOSIHME BEIECTBA, OTJIMYAroIIeecs Mo (hU3HUEeCKUM
CBOMCTBaM OT JPYrMX BO3MOKHBIX PAaBHOBECHBIX COCTOSHUI TOro ke BemiectBa. Ecnm, Hampumep, B
3aKpBITOM COCYZ€ HaxOJIUTCS BOJAA, TO 3Ta CHUCTEMa SBISETCS oOeyxghasnou: xuakas ¢aza — BoOJa;
razoo0pasHasi ¢aza — cMech BO3/AyXa C BOJSHBIMH Hapamu. Eciu B Boly OpOCHTH KYCOYKH JIbJa, TO 1Ta
CHUCTeMa CTaHeT Tpex(a3Hoi, B KOTOpoll jen sBiserca TBepaol ¢azoi. Yacto mnonstue «daza»
yIOTPEOISIETCSI B CMBICIIE arperaTHOr0 COCTOSTHUS, OJHAKO HAJ0 YYUTHIBATh, YTO OHO IHUPE, YEM TOHATHE
«arperaTHOe COCTOsSIHHE». B mpeaenax OJHOrO arperaTHOro COCTOSHUSI BELIECTBO MOXET HaXOAMTHCS B
HECKOJNbKUX (pa3ax, OTAUYAIOIIMXCS TO CBOMM CBOWMCTBaM, COCTaBy W CTpOeHHIO (Jie[l, Hampumep,
BCTpEYAeTCs B MATU Pa3NudHbIX Moaudukanusx — ¢azax). [lepexon BemecTBa u3 oaHON (a3sl B IPYryro
— (ha3oBblil mepexoa — Bceraa CBA3aH ¢ KaUeCTBEHHBIMM M3MEHEHUSIMU CBOMCTB BellecTBa. [Ipumepom
¢dazoBoro mnepexofa MOTYT CIYXUTb HM3MEHEHMsI arperaTHOro COCTOSIHMSI BEIECTBAa WJIU IEpPeXobl,
CBSI3aHHBIE C W3MEHEHMSIMU B COCTaBe, CTPOCHMM M CBOMCTBAaX BelllecTBa (HampUMep, Mepexon
KPUCTAJUTMYECKOTO BEIIECTBA U3 OJJHON MOIU(HUKAIINN B IPYTYIO).

Paznuuator ¢dazoBble mepexoabl AByX ponaoB. Pa3oBbiii mepexon I poma (Hampumep, IIIaBiIEHUE,
KpUCTAIIM3alusl U T. J.) COMNPOBOXAAETCS MOTJIOLIEHUEM WM BBIJEICHUEM TEIUIOTh, Ha3bIBaeMOM
TemaoToii  (¢asosoro mepexoma. PazoBple mepexoabl [ poxa XapakTepU3yHOTCS IOCTOSHCTBOM
TEMIIEPATypbl, U3MEHEHUSAMHU YHTPONHUU U 00beMa. OOBbSCHEHNE S3TOMY MOXHO JaTh CIEIYIOIIUM 00pa3oM.
Hanpumep, mpu miaBleHUH TeNy HYXHO COOOIIUTH HEKOTOPOE KOJMYECTBO TEIUIOTHI, YTOOBI BHI3BATH
paspylieHre KpucTajuinueckoi pemerky. [logBoaumMas npu miaBjaeHUH TEIJIOTa UIET HE HAa HarpeB Telna, a
Ha pa3pblB MEXKAaTOMHBIX CBSI3€H, MOATOMY IUIABJIIEHUE MPOTEKAET MpPU IOCTOSTHHOM Temneparype. B
MONOOHBIX Tepexojax — U3 OoJjee YHNOPSIOYEHHOTO KPHUCTAJUIMYECKOTO COCTOSIHMSI B MEHee
YIIOPSAJIOYEHHOE KHJIKOE COCTOSHHE — CTENEeHb OecropsKa YBEIWYMBAeTCs, T. €., COIJACHO BTOPOMY
Hayajly TEPMOJMHAMHUKH, 3TOT MpPOIECC CBsI3aH C BO3pacTaHWEM HSHTponuH cucteMbl. Eciau mepexon
MIPOMCXOJUT B OOpaTHOM HaIlpaBlIeHUH (KpUCTaUIN3alKs), TO CUCTEMA TEIUIOTY BbIAETSIET.
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da3oBble Nepexo/ibl, HE CBS3aHHbIC C TOTJIOUICHUEM WJIHM BBIIEICHUEM TEIUIOTHI U M3MEHEHHEM 00beMa,

HazbIBalOTCs (pa30BbIMHU nepexogamu |l poma. Dty nepexo/pl XapaKTepU3yIOTCsl TOCTOSHCTBOM o0bema U
SHTPOIUHU, HO CKAaYKOOOpa3HbIM M3MEHEHHEM TeruioeMKocTH. OOmas TpakToBka (ha3oBeIx nepexonon Il
poma mpemnoxkeHa akagemukoM JI. JI. Jlammay (1908—1968). CormacHo 5TO¥ TpakToBKe, (a30BbIe
nepexonbl Il pona cBA3aHbl ¢ M3MEHEHHEM CHMMETPHM: BBIIIE TOUKM IEpEXOAa CHCTEMA, KaK IPaBUIIO,
oOnanaer Ooyiee BHICOKOM CMMMeETpUEW, ueM HIbKe TOUkHM nepexopaa. Ilpumepamu daszoBbix nmepexonos Il
poa SBISIOTCS: Mepexo]i peppOMarHUTHHIX BEIIECTB (Kele3a, HUKENS) MPHU ONpPENEICHHBIX JABICHUHU B
TEMIIEpaType B MapaMarHUTHOE COCTOSIHHME; MEPEX0]l METaNIOB U HEKOTOPBIX CIUIaBOB IPHU TEMIIEparype,
omu3koii k 0 K, B cBepXIpoBosIIee COCTOSHUE, XapaKTepU3yeMoe CKauKoOOpa3HBIM YMEHBIIEHHEM
ANEKTPUYECKOTO CONPOTHUBIICHUS O HYJS; IMpeBpalieHne OObBIKHOBEHHOTO >KUAKOro renus (remus I) mpu
7=2.,9 K B apyryto xunkyro moaupukanuto (renuit 1), o6magaromnyro cBOHCTBAMU CBEPXTEKYUECTH.

§ 76. Ilnarpamma cocrosinusi. TpoiiHasi TOUKa

Ecnu cucrema siBisieTcss OIHOKOMIIOHEHTHOH, T. €. COCTOALIEH U3 XUMUYECKU OJHOPOJIHOTO BELIECTBA WM €TI0
COCJIMHEHMS, TO TIOHATHE (Pa3bl COBMAIACT C MOHATHEM arperatHoro coctostaus. CormacHo § 60, oHO U TO
K€ BEILLECTBO B 3aBHCHMOCTU OT COOTHOUIEHHS MEXIY YABOCHHOHN CpeIHEW sHepruei, npuxoisiencs Ha
OJIHy CTENEHb CBOOOJbI XAOTHYECKOI'O (TEIJIOBOIO) JBUKEHUS MOJEKYJ, U HaUMEHbIIEH MOTEHIUAIbHON
SHepruei B3auMoJIeHCTBUS MOJIEKYI MOKET HaXOAUThCS B OJJHOM M3 TPEX arperaTHbIX COCTOSHUI: TBEPIIOM,
AKHUJKOM WM ra3000pa3HOM. DTO COOTHOIIEHUE, B CBOIO OYEPE/Ib, ONPEAEIAETCS BHEIITHUMU YCIOBUSAMU —
Temneparypoil u gasineHueM. CiieoBaTenbHO, (pa30Bble MPEBPAILCHUS TAKXKE ONPeAEISIOTCS U3MEHEHUIMU
TEMIIEPATyphl U JIaBJICHUS.

Jlist HarasAHoro u300paxkeHus (a3oBbIX MPEBpAIIEHU UCMONb3yeTcs auarpamma coctosHus (puc. 115), Ha
KOTOpOl B KoopauHatax p,7 3ajaercs 3aBHCUMOCTb MEXIy TemIepaTypoi (a3oBoro mnepexona Hu
nasinenueM B Buae kpuBbix ucnapenus (KW), mnaenenus (KII) u cybnumanuu (KC), pazgensromux mose
auarpamMmbl Ha Tpu 00JacTH, COOTBETCTBYIOIIME yciioBUsAM cyuiecTBoBaHus TBepaoi (TT), wuaxoir (OK) u
razoo0paszHoit (I') ¢a3. KpuBbele Ha quarpamMme Ha3bIBalOTCSI KPUBBIMH (Da30BOr0 PaBHOBeCHs, KaKaas
TOYKa Ha HUX COOTBETCTBYET YCJIOBHUSM PaBHOBECHS IBYX cocymecTByronmx ¢a3z: KII — TBepmoro temna u
xunkoctu, KM—xuakocru u raza, KC—rtBepnoro tena u rasa.

Touka, B KOTOpOI1 IiepecekaroTcst ITH KPUBbIE U KOTOpas, CIEI0BATEIIbHO, ONPEEIISET YCIOBUS (TeMIIepaTypy
T'p M COOTBETCTBYIOLIEE €l PABHOBECHOE JABJIEHUE Prp) OJHOBPEMEHHOIO PABHOBECHOIO COCYIIECTBOBAHMS
Tpex (ha3 BellecTBa, Ha3bIBA€TCS TPOIHOM TOUKOI. Kax/10e BelecTBo MMEET TOJIBLKO OJIHY TPOMHYIO TOUKY.
Tpoiinas Touka BoJbl cOOTBETCTBYET Temmneparype 273,16 K (wium temneparype 0,01°C no mkane Llenscus)
U SIBJIAETCSI OCHOBHOM PETEPHOM TOYKOMW ISl HIOCTPOCHUS TEPMOJMHAMUYECKON TEMITEPATYPHOH IIKaJIBI.

TepmoauHaMuka gaeT METOJ pacuera KpUBOM paBHOBecHs ABYX (a3 ofHOro M Toro e BemecTBa. CoriacHoO

ypaBHennio Knaneiipona — Kiay3uyca, npousBojHas OT PaBHOBECHOTO JABJICHHS IO TeMIeparype
paBHa

dp L

aT T (,-WV (76.1)

rae L — remnora ¢asosoro nepexona, (Vo—V1) — u3MeHeHne o0beMa BEIlecTBa MPU MepPeXojIe ero u3 MepBoil
(a3sl BO BTOpYt0, 17— Temmeparypa nepexoa (Iporecc u30TePMUUECKUi).

VYpaBuenue Knaneiipona — Knay3zuyca no3BosisieT onpeaeinTh HaKJIOHbI KpUBBIX paBHOBecHs. [Tockonbky L 1
T ONOXKUTENHHBI, HAKJIOH 3a1aeTcs 3HakoM Vo—Vi . [lpu ucnapeHun )KUAKOCTeH U CyOIMMaIui TBEPAbIX
Tell 0o0beM BellecTBa BCETAa BO3pacTaeT, ModTomy, coriacHo (76.1), dp/dT>0; cnenoBarenbHO, B 3THX
mporeccax TOBBIIIEHHE TEMIIEPaTyphl MPUBOIUT K YBEJIWYCHUIO NaBJICHHS, U Hao0opoT. [Ipu ruraBneHnn
OONIBIIMHCTBA BEUIECTB OOBEM, Kak MpaBHJO, Bo3pacraer, T. €. dp/dT>0; cinemoBatenbHO, yBeIHuYeHUE
JaBJICHUS MIPUBOJUT K MOBBILIEHUIO Temnepatypsl miasiaeHus (crutourHas KIT va puc. 115). [lng HekoTophix
xe BeriectB (H20, Ge, uyryH u nip.) o0beM xuakoii (a3bl MeHbIlle o0beMa TBepaoi ¢assl, T. €. dp/dT<0;
CIIEZIOBATENIFHO, YBEIMYCHUE JaBIICHHUS COMPOBOXKIACTCS TOHIKCHHEM TEMIIepaTypbl ITUIaBJICHUS
(wTpuxoBas JInHUA Ha puc. 115).
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JluarpaMma COCTOSIHUSA, CTPOSIIAsICS HA OCHOBE KCIIEPUMEHTAIbHBIX JAHHBIX, MO3BOJSET CYIUTh, B KaKOM
COCTOSIHMM HaxOJUTCsl TaHHOE BEIIECTBO MPHU OINpeAeTeHHBIX p U 1, a Takxke Kakue (pa3oBble Mepexobl
OyIyT MPOMCXOAMUTH MIPH TOM WJIM MHOM Mpoiiecce. Hampumep, mpu ycIoBUsSX, COOTBETCTBYIOMUX TOouke 1
(puc. 116), BemecTBO HAXOAWUTCS B TBEPJAOM COCTOSHUH, TOYKE 2 — B ra3o00pa3HOM, a TOYKE 3 —
OJIHOBPEMEHHO B KUJKOM U ra3000pa3HOM COCTOSIHUSX. JlomycTHM, 4TO BEIIECTBO B TBEPJOM COCTOSIHUH,
COOTBETCTBYIOIIEM Touke 4, MojaBepraerca M300apHOMY HarpeBaHUI0, U300paKEHHOMY Ha Juarpamme
COCTOSIHUSI TOPU3OHTAIBHON MTPUXOBOW mpsimoii 4—5—6. M3 pucyHKa BHIHO, YTO HpU TEMIEpaType,
COOTBETCTBYIOIIEH TOUYKE 5, BEIIECTBO IUIABUTCA, MPH Oojee BBICOKON TemIepaType, COOTBETCTBYOIEH
TOYke 6, — HAYMHAET MpeBpamaThcs B ra3. EcoM jke BEIIeCTBO HAXOIUTCS B TBEPAOM COCTOSIHHIH,
COOTBETCTBYIOIIEM TOYKe 7, TO MNpPU H300apHOM HarpeBaHuu (IITpUXOBas mpsiMas [—=8) KPUCTAII
mpeBpamiacTces B ra3 MUHYS KUAKYI0 (asy. Eciau BemecTBo HaXOMUTCS B COCTOSHHH, COOTBETCTBYIOIIEM
Touke 9, TO mpu M30TEpMHYECKOM CxkaTuu (mTpuxoBas mpsMas 9—10) oHO mpoiimeT cienyole TpH
COCTOSIHUSL: Ta3 — KUAKOCTh — KPUCTAIIIMYECKOE COCTOSIHUE.

Ha nmuarpamme cocrostnuii (cM. puc. 115 u 116) BugHO, 9TO KpHBas UCAPEHUS 3aKaHYMBACTCS B KPUTHUYECKON
touke K. [loaTOMy BO3MOXKEH HenpepuléHblil IEPEXO]] BELIECTBA U3 KUAKOTO COCTOSHUS B Ta3000pazHOE U
0o0paTHO B 00X0J] KpUTHUICCKON TOYKH, O€3 rmepecedeHus KpuBoi ucnapenus (nepexon 11—12 na puc. 116),
T. €. TAKOH MEePexo/], KOTOPBIA HE COMPOBOXKAAETCS (Ha30BBIMH IPEBPALICHUSIMU. DTO BO3MOXKHO Oyaroaapst
TOMY, YTO pa3jIMuue MEXIY Ia30M M KHIKOCTBIO SIBJSETCS YHUCTO KOJUYECTBEHHBIM (00a 3TH COCTOSIHUS,
HampuMep, SIBISIOTCS M30TPONHbIMH). [lepexon ke KpUCTAIIIMYECKOTO COCTOSHUS (XapakTepHu3yercs
AQHU30TPOMNHMEH) B JKHAKOE WIM Tra3000pa3HOE MOXKET OBITh TOJBKO CKauyKOOOpa3HbIM (B pe3ysbTare
($azoBoro nepexona), MO3TOMY KpHBBIC IJIABICHHS U CyOIUMAIIMM HE MOTYT OOpBIBAThCA, KaK 3TO MMEET
MECTO Il KPUBOM HMCHapeHUsi B KpUTHUUECKOW Touke. KpuBas miaBieHUs yXOAUT B OECKOHEYHOCTH, a
KpHuBas CyOnuManuu uaet B Touky, rae p=0 u T=0 K.

Puc. 116

@ UTO MOXHO «BLIMHTATL» U3 AWAIPAMMBI COCTOR-
HWA, WCNOnbsyemol ans musoSpaxenus daso-
T BbiX NPOBPALIGHUA?

3apaun

10.1. Yruekucnsiid Ta3 Maccoir m=1 kr Haxoautes npu Temreparype 290 K B cocyne BMecTtumocThio 20 1.
Onpenenuth AaBleHHME rasa, eciau: 1) ra3 peanpHbI; 2) ra3 uaeanbHbll. OOBSCHUTH pa3iavyue B
pesyabrarax. [lonmpaBku a u b mpuHATE paBHBIMU cOOTBeTCTBEHHO 0,365 H-m*moms? i 4,3-10°° M*/mous. [1)
2,44 MIla; 2) 2,76 MIla]

10.2. Kucnopon, cojaepkanivii KOJUYECTBO BemeCTBAa V=2 MoJIb, 3aHUMaeT oo0beM Vi= 1 . Onpenenutsb
n3MeHeHne AT TeMrepaTypbl KUCIIOpO/ia, €CIIM OH aauadaTHYECKH pacIIupseTcs B BakyyM 70 oobema Vo=10
1. [TonpaBky a npunaAThk pasHoi 0,136 H-m*/mons?. [—11,8K]

10.3. TToka3arp, uto 3¢dekt Jxoymst — ToMcoHa Bcerzia OTPHIIATEICH, €CITU JIPOCCEIUPYETCs ra3, CHIIAMU
MPUTSKEHUS. MOJIEKYJI KOTOPOT'O MOYKHO TIpeHeOpeyb.
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10.4. Cuuras mpornecc 00pa3oBaHMsi MBUIBHOTO MY3bIpS M30TEPMUUYECKUM, ONPEACTUTH paboTy A, KOTOPYIO
HAJI0 COBEPIIKNTh, YTOOBI YBENUYUTH ero auamerp oT ;=2 cMm g0 U,=6 cMm. [ToBepXHOCTHOE HATSHKCHUE G
MBUTHHOTO pacTBopa npuHATh paBHEIM 40 MH/M. [0,8 M]Ix]

10.5. Bozaymisbiit my3sipek quamerpom d=0,02 MM HaxoauTcs Ha riryouHe h=20 cMm 1o/ moBEpXHOCTHIO BOIBI.
Onpenenuth naBleHHE BO3JyXa B 3TOM IHy3bIpbKe. ATMOC(PEpHOE aBJICEHHUE MPUHATH HOPMAIBHBIM.
[ToBepxHOCTHOE HATsHKEHHUE BOJBI G = 73 MH/M, a ee mmoTHOCTH p=1 r/em® [118 kIla]

10.6. BepTukanbHbIli OTKPBITHIA KaNMUIAP BHYTPSHHHUM auamerpoMm O=3 MM OmyIIeH B COCYA C PTYThIO.
Onpenenuts paanyc KpUBU3HBI PTYTHOTO MEHHCKA B KAIIUJUISIPE, €CIIM PA3HOCTh YPOBHEW PTYTH B COCYAE U
B Karmusipe Ah=3,7 mm. IlmotHocts pryTn p=13,6 r/em’, a noBepXHOCTHOE HaTsDkeHue ¢ = 0,5 H/Mm. [2MM]

10.7. Jlns HarpeBaHUs METALTHYECKOTo mapuka maccoit 25 r ot 10 1o 30°C 3aTpaTuim KOJIMYECTBO TEIUIOTHI,
paBHoe 117 JIx. OnpenenuTs TEIIOEMKOCTh IIapuka u3 3akoHa [lrononra u Iltm u marepuan mapuxa.
[M~107 kr/momb; cepebpo]

3 JIEKTPUHYECTBO U 3JIEKTPOMATI'HETU3M

I'naBa 11 DuekTpocraTuka

§ 77. 3ak0oH coOXpaHeHHUsI JIEKTPUYECKOr0 3apsiaa

Eme B rimy0Gokoil ApeBHOCTH OBLIO H3BECTHO, YTO SHTApb, MOTEPTHIM O IIEPCTh, MPUTATUBACT JIETKHUE
npenMeThel. AHrumiickuit Bpau JxunpOepTt (koHerm XVI B.) Ha3Bay Tena, CIOCOOHBIC IMOCIIEC HATHPAHUS
INPUTATUBATH JIETKHE HPEAMEThl, Ha’IeKTpu30BaHHbIMU. Ceifuac Mbl TOBOpUM, YTO Tejda HpPU 3TOM
npuoOpeTaloT 3JIeKTpUYecKue 3apsabl. HecMoTpss Ha orpoMHoe pa3HOOOpa3ue BEIIECTB B IPHUPO/E,
CYIIECTBYET TOJIBKO 08a Muna 3J1eKmpudeckux 3aps006: 3apsijibl, MOA00HbIE BO3HHUKAIOIIUM Ha CTEKIE,
MOTEPTOM O KOXKY (WX Ha3BAIU NOJIONCUMENbHbIMU), W 3aPAbl, MOJO0OHBIE BO3HUKAIOUIMM Ha >00HHUTE,
MOTEPTOM O MeX (MX Ha3Balll ompuyamenbHbiMi), OJHOUMEHHBIE 3apsiibl IPYT OT JpYyra OTTAaJIKUBAIOTCS,
pPa3sHOMMEHHBIE — MPUTATUBAIOTCSI.

OnpitHeiM - nyTeMm  (1910—1914) amepukanckuii  ¢uzuxk P. Mwummuken (1868—1953) mnoxkasan, uto
AIIEKTPUUYECKUI 3apsl AUCKPETEH, T. €. 3apsil JII0O0Tro TeJla COCTABIISIET 1EI0e KPAaTHOE OT 3JIEMEHTAPHOI0
ymekTpHueckoro 3apsaa e (e=1,6-10"° Ki). daexrpon (Me=9,11-10" xr) u mporon (mp= 1,67-10% xr)
SIBJISIOTCSI COOTBETCTBEHHO HOCUTEINISIMHU 3JIEMEHTAPHBIX OTPULIATENILHOTO U MOJIOKUTETBHOTO 3aPsJIOB.

Bce Tena B mpupojie CioCOOHBI AJIEKTPU30BATHCS, T. €. MPHOOPETATh ANEKTPHUECKUI 3aps/l. DIEKTPH3AIUS Tel
MOJKET OCYIIECTBIATHCS PA3IMYHBIMU CIIOCOOAMHU: COIPUKOCHOBEHHEM (TPEHHEM), 3JIEKTPOCTATHUECKOM
uHaykuuen (em. § 92) u T. 1. Bedkuil mpouecc 3apsykeHusl CBOAUTCS K pa3/IeIeHHUIO 3apsA0B, IPU KOTOPOM
Ha OJHOM W3 Ted (WM YacTU Teja) MOSABISAETCS HM30bITOK IMOJIOKUTENBHOIO 3apsijia, a Ha JApYyroM (Win
Jpyroil yactu Tena) — M30BITOK OTpULIATENbHOrO 3apsana. ObIee KOJIWYECTBO 3apsiioB 0OOMX 3HAKOB,
COZIEp KALIMXCS B TEJIaX, HE U3MEHSIETCS: 3TU 3apsA/ibl TOJIBKO IepepactpeAesTIOTCs MKy TelaMu.

N3 0000m1IeHNsT OTBITHBIX JaHHBIX OBUT YCTAHOBIEH (DYHOUMEHMANbHBIU 3aKOH NPUPOObI, YKCTIEPUMEHTAIBHO
noaTBepkAeHHbIH B 1843 r. anrnmiickum ¢usukom M. @apaneem (1791—1867), — 3aKkoH coxpaHeHHsI
3apsijaa: anreOpandeckas CyMMa DSJIEKTPUYECKHX 3apsAIoB JF000I 3aMKHYTOH CHCTEMBI (CHCTEMBI, HE
oOMeHMBaIOLIeHca 3apsAaMu C BHEIIHUMM TelaMH) OCTaeTCs HEM3MEHHOM, Kakue Obl Mpolecchl HU
MIPOUCXO/IUIIN BHYTPHU ITOH CUCTEMBI.

DneKTpuYecKuil 3aps]l — BEJIMYMHA PEIATUBUCTCKU MHBAPHAHTHAs, T. €. HE 3aBUCHT OT CHUCTEMbI OTCUeTa, a
3HAYHT, HE 3aBUCUT OT TOTO, JABIIKETCS ATOT 3PS/l WITH TOKOUTCS.

B 3aBUCHMMOCTM OT KOHLIEHTpAlMM CBOOOJHBIX 3apsiiOB Tela JAEIATCS Ha MPOBOJHUKH, IMIJIEKTPUKU U
noiynpoBoqHUKH. [IpOBOAHMKH — Tena, B KOTOPBIX AJIEKTPHUECKUH 3apsii MOXET TepeMemaThcs Mo
BceMy ero o0wbemy. IIpoBOJHMKH NendTcs Ha JABE Ipynmbl: 1) MPOBOAHMKHU MepBOro poaa (MeTamibl) —
MEPEHOC B HUX 3aps0B (CBOOOIHBIX JJIEKTPOHOB) HE COMPOBOXKIAACTCS XUMHUSCKUMH MPEBPALICHUSIMH; 2)
NPOBOJAHUKH BTOPOro poja (HampuMmep, pacilIaBIEHHBIE COJHM, PACTBOPBI KUCIOT) — MEPEHOC B HUX
3apsioB (MTOJIOKUTETBHBIX W OTPUIATETHHBIX MOHOB) BEAET K XUMHYECKAM H3MEHEHUsM. JIMaJjekTpuku
(HampuMep, CTEKJIO, IJIACTMAacChl) — TeJld, B KOTOPBIX MPAKTHMYECKH OTCYTCTBYIOT CBOOOJHBIE 3apsijibl.
MoaynpoBoanuku (HampuMmep, TePMaHUH, KPEMHHI) 3aHUMAIOT TPOMEKYTOYHOE TIOJOKECHHUE MEXIY
MIPOBOJIHUKAMH U TUDJIEKTPUKAMHU. YKa3aHHOE JIeJIEHUE TeJl SIBJISIETCS BECbMa YCIIOBHBIM, OJHAKO OOJIbIIIOE
pa3nnyrie B HUX KOHIIEHTPAIUi CBOOOIHBIX 3apsI0B OOYCIOBIMBAET OTPOMHBIC KAUE€CTBEHHBIC Pa3INuus B
UX MOBEJICHUU U OIPAB/BIBACT IO3TOMY JI€JICHUE TeJ Ha IPOBOJHHUKH, JUIIEKTPUKU U MOIYIPOBOIHUKY.
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Enunanna snexTpudeckoro 3apsaa (Mpou3BOJHAS €AMHMIIA, TAK KaK OMPEACNIeTCsS 4epe3 €IUHUILY CHIIBI
Toka) — KyJ0H (Kir) — snextpuyeckuii 3apsiji, MPOXOASAIINA Yepe3 MOMepeuHOe CEUeHUE MTPOBOTHUKA TIPH
cuie Toka 1 A 3a Bpems 1 c.

§ 78. 3akon KyJiona

3aK0H B3aUMOJICUCTBUS HENOOBUIICHBIX MOUEYHbIX HICKTPUIECKUX 3apsaaoB ycraHosieH B 1785 r. L. Kymonom
C MOMOIIbIO KPYTUIILHBIX BECOB, MOJOOHBIX TEM, KOTOphIe (cM. § 22) ucnoas3oBaiiuch I'. KaBenauiem s
oTpe/ieNieHUs] TPAaBUTAIMOHHON MOCTOSIHHOM (paHee 3TOT 3akoH Obl1 OoTKphIT ['. KaBenauiieM, oJlHako ero
pabota ocraBanack Hem3BecTHOH Oosiee 100 ner). TouyeuHbIM Ha3BIBACTCS 3apsi, COCPEIOTOUYCHHBIH Ha
Tese, JUHEHHBIE pa3Mepbl KOTOPOro MPEHEOPEKUMO Majbl MO0 CPABHEHHIO C PACCTOSIHHEM [0 APYTUX
3apsOKEHHBIX TEJl, C KOTOPhIMM OH B3auMojencTByeT. [loHsATHE TOYeyHOro 3apsja, Kak U MaTepUaIbHOMI
TOYKH, ABIIACTCS Qusuueckol abcmpaxyueu.

3akon Kyiona: cwia B3aumonelictBus F  Mexay AByMsl HENOJBMXKHBIMH TOYEUHBIMU  3apsijlaMu,
HaXOJSIIUMHUCS 8 8aKyyme, MpoINopLUoHaIbHA 3apsiaaM Qi u Q2 u 00paTHO MpoNMOpLUMOHANIbHA KBaApaTy
pacCTOSIHUS I' MKy HUMHU:

11 Qi
F=k ———,
r2
rie K — k03¢ uimeHT npornoproHaIbHOCTH, 3aBUCSIIHIA OT BHIOOPA CUCTEMBI SIUHHII.
Cuna F HampaBiieHa 1o mpsiMoii, coeiMHsIIoLIei B3aMMOACHCTBYIOIINE 3apsiibl, T. €. SIBISICTCS LIEHTPAIBHOM, U
coorBercTByeT nputshkeHnio (F<0) B ciiyyae pasHoMMeHHBIX 3apsioB u ortankuBanuio (F>0) B ciyuae
OJJTHOMMEHHBIX 3aps70B. DTa CHja Ha3bIBacTCs KYJIOHOBCKOI cmioi. B BektopHoli ¢opme 3akoH Kynona

HMEET BUI

Fia=k 20 EZ.
o (78.1)
rne Fi; — cuna, pelictByromnnas Ha 3apsn Qi co ctoponsl 3apsiga Qz, iz — paanyc-BEKTOpP, COCAMHSIONIUMA
3apsin Q; ¢ 3apsimom Qy, I = |rio| (puc. 117). Ha 3apsin Q2 co croponsl 3apsiaa Q; meiictByer cuna Fa; = —F).
B CU ko3 duririeHT mponoprimoHaaIbHOCTH PAaBCH
k=1/(4ne).
Torna 3akon Kynona 3anuimercs B OKOHYaTEIIbHOM BUJIE:

dneg 1 (78.2)

F, ke K, Pac. 117 |
———— > @ B 4Yem 3aKNIOHAETCA 38KOH COXPAHEHWNA 3aPA-

a>0 @>0 Aa? MNpuseanTe npuMepst NPOABNEHNA 38KOHA.
BennunHa €p Ha3bIBaeTCS DSJIEKTPUYECKOW TMOCTOSIHHOM; OHA OTHOCUTCA K YHCITY qbyl-t()aMeHmaﬂbelx

usuueckux nocmosiHHbIX ¥ paBHA
e=885"10"12 Kn?/(H M%), wm g=8,85-10"12 ®/um, (78.3)

rae papan (©) — equHuIa dIeKTpUYecKoi emkocTH (cMm. § 93). Torna
1/(4n2g)=9"10° »/D.

§ 79. Daexkrpocraruyeckoe noJie. HanpsizkeHHOCTb 3JIEKTPOCTATHYECKOTO MOJIS

Eciu B mpocTpaHCcTBO, OKpysKarollee 3JIeKTPUYECKUi 3apsl, BHECTH APYroil 3apsii, TO Ha Hero Oyner
JEMCTBOBATh KYJIOHOBCKAas CWJIa; 3HAUUT, B IPOCTPAHCTBE, OKPYKAIOLIEM DJIEKTPUUYECKUE 3apsiibl,
CYLIECTBYET cHJI0BOe moJje. CorjiacHO Mpe/ICTaBICHUsIM COBPEMEHHOMN (PU3MKH, M0JIe peaibHO CYIIECTBYET
U HapsAy C BEIIECTBOM SBIAETCS OJHOM M3 (OpM CYyIIECTBOBAHHUS MaTe€pHM, IMOCPEICTBOM KOTOPOIO
OCYILIECTBIISIOTCS ONpeeNIEHHbIE B3aUMOJICHCTBUS MEXIY MaKpPOCKONMMYECKUMHU TENaMU WM YacTHUIIAMU,
BXO/ISIIIIMMH B COCTaB BellecTBA. B JaHHOM citydae TOBOPSAT 00 JEKTPUUYECKOM I10JIe — I0JIe, TOCPEICTBOM
KOTOpPOTO B3aUMOJIEHCTBYIOT 3JIEKTpUUYecKUe 3apsabl. Mbl OyneM paccMaTpuBaTh 3JEKTPUUYECKHE IO,
KOTOpBIE CO3JAI0TCs HEMOABMKHBIMU 3JIEKTPUUYECKUMH 3apsAaMH U Ha3bIBAIOTCS JJIEKTPOCTATHYCCKUMH.

Jl511 0OHapyKEeHUS U ONBITHOIO UCCIIEI0BAHUS IEKTPOCTATUYECKOTO MOJISl UCTIONB3YETCS NPOOHbILL MOYEYHbILLL
NONONCUMENbHLILL 3apsA0 — TAKOM 3apsl], KOTOpPBIH HE HCKaXKaeT HccienyeMoe Tmojie (He BBI3BIBACT
nepepacnpeeNie sl 3apsaoB, co3gammux mone). Ecim B mone, cozmaBaemoe 3apsgoM Q, MOMECTHTH
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poOHbIi 3apsia Qp, TO Ha HEro AeCTBYeT cuia F, pa3nudHas B pa3HBIX TOYKAX OIS, KOTOPasi, COTJIAaCHO
3akony Kysona (78.2), mpomopiinonanbaa npooHomy 3apsaay Qo. [Tostomy otnomenune F/Qq He 3aBHCHT OT
Qo 1 XapakTepu3yeT EKTPOCTATUIECKOE MOJIe B TOM TOUKE, T/Ie TPOOHBIN 3apsi HAXOAUTCS. JTa BEIMYUHA
HA3bIBACTCS HANIPSKEHHOCTHIO U SIBJISIETCS CUTOBOU XAPAKMEPUCMUKOL 2IeKMPOCMAMUYECKO20 NOJIA.

HanpsizkeHHOCTBH JIEKTPOCTATHYECKOT0 MOJIA B JAHHOW TOYKE €CTh (pr3Mdueckasi BEIMYMHA, ONpeaesieMast
CHUJION, IEHCTBYIOIIEH Ha TPOOHBIN € IMHUYHBIN TIOJIOKUTEIIbHBIN 3apsi]l, TOMEIICHHBIN B 3Ty TOUYKY TOJIS:
E = F/Qo. (79.1)
Kak cinenyet u3 dopmyn (79.1) u (78.1), HanIpsXKEHHOCTH TOJII TOYEYHOTO 3apsi/ia B BAKyyMe
1 Or 1 @
=—=2_umE=—=
dregr? r 4ne, r? (79.2)
Hamnpasnenue BexkTopa E coBmamaer ¢ HampaBlIeHHMEM CHIIBI, JEHCTBYIOIIEH Ha IOJIOKUTENbHBIA 3apsa. Ecinu
TI0JIE CO3/1aeTCs MOJOKUTENbHBIM 3apsiioM, TO BeKTop E HampaBieH Boyb paanyca-BeKTOpa OT 3apsia BO
BHEITHEE TMPOCTPAHCTBO (OTTAJKMBAHHWE MPOOHOTO TIOJOKHUTEIBHOTO 3apsja); €CIU IMOoJie CO3JacTcs

OTpHUIIATEIBLHBIM 3aps0M, TO BeKTop E HampasiieH k 3apsaay (puc. 118).

°_ A E Puc. 118
= T Ome————— ——
Q
@ e ® 3anmunte, chopMynmnpyite n o6bACHUTE 3a-
KOH KynoHa.

N3 dhopmyier (79.1) cnenyeT, 9TO eIUHUIA HAIPSDKEHHOCTH 3JIEKTPOCTATUYECKOTO TI0JISI — HBIOTOH HA KYJIOH
(H/Ku): 1 H/Kin — HanpsiKeHHOCTh TaKOro MoJis, KOTOpoe Ha TodyeuHslii 3apsan 1 K aeiictByet ¢ cunoit B 1
H; 1 H/Kn= 1 B/Mm, rie B (BosbT) — equHUIA MOTSHITHAIA JIEKTPOCTATHISCKOTO 1Mo (cM. § 84).

I'padmyecku sneKTpocTaTUYecKoe Mojie H300pakaloT C MOMOILIBI0 JHHUH HANPSKEHHOCTH — JIMHUH,
KacaTelbHbIe K KOTOPHIM B KaXK/10ll TOYKE COBMajarT ¢ HampasieHueMm Bektopa E (puc. 119). Jlunusam
HANPSKEHHOCTH TMPUIUCHIBACTCS HAIpaBJICHHUE, COBIAAAIOIIEe C HAMPaBICHUEM BEKTOpA HAIMPSHKEHHOCTH.
Tak xak B KaXJ0i JaHHOW TOYKE MPOCTPAHCTBA BEKTOP HAIPSHKEHHOCTH MMEET JIUIIbL OJJHO HaIlpaBJICHUE,
TO JIMHUW HaNpsHKEHHOCTH HUKOTIa He mepecekarorcsa. /s OXHOPOAHOro moJs (Koraa BEKTOp
HANPSHKEHHOCTH B JI000M TOYKE TOCTOSHEH 10 BEJIUYMHE ¥ HANpPaBICHUIO) JIMHUM HANpPSKCHHOCTH
napajuieNlbHbl  BEKTOpY HampsbKeHHOCTH. Eciam mone co3maercs TOYEYHBIM  3apsiioM, TO JIMHUHU
HaIPsHKEHHOCTH — paJiuaibHbIe TPsIMbIE, BBIXOAIINE U3 3apsia, €Ciau OH TmoyiokuTeneH (puc. 120, a), u
BXOJAIINE B HEro, eciau 3apsan otpunareneH (puc. 120, 6). BceneactBue OOJBIION HAMMISIHOCTH
rpaduyeckuii crocod MmpecTaBiIeHUs! 3JIEKTPOCTATHUECKOTO OIS IIUPOKO MPUMEHSIETCS B AJIEKTPOTEXHUKE.

UToOBl C MOMOIIBI0 JTUHUI HAMPSKEHHOCTH MOXHO OBLIO XapaKTepH30BaTh HE TOJNBKO HAmpaBlieHHWE, HO U
3HAYEHUE HANPSHKEHHOCTH 3JIEKTPOCTATUYECKOrO IIOJS, YCIOBWJINCH NPOBOAMTH HMX C ONpEAesIEHHOM
ryctoroil (cM. puc. 119): uymcno nWHUI HaNpsHKEHHOCTH, MPOHU3BIBAOIINX EIWHUIYYy TUIOHIaad
MOBEPXHOCTH, TEPIECHANKYISIPHYIO JMHHUSIM HAINpPsHDKEHHOCTH, JIOJDKHO OBITH PaBHO MOAYNIO BekTopa E.
Toraa yKciI0 MUHUE HATPSHKEHHOCTH, MIPOHU3BIBAIOIINX 3JIEMEHTApHYIO IUIommaaky dS, HopMmaiab N KOTOPOi
obpasyet yroa a ¢ BektopoMm E, pasuo E dS cosa = EndS, rne E,—mnpoekius Bektopa E Ha HOpMaib N K
wromazake dS (puc. 121). Bennunna

d®g=E,dS=EdS

Ha3bIBACTCS MOTOKOM BEKTOpPa HANpPsi:KEHHOCTH uepe3 momanky dS. 3mecs dS = dSn — BekTop, MoyIIb
KOTOporo paBeH dS, a HampaBlieHHE COBMAJAeT C HANpaBICHWEM HOPMalM N K IUIOmagke. Bwioop
HampaBlieHUs1 BeKTopa N (a ciemoBaTelbHO, U dS) yclOBEH, Tak KaK €ro MOXHO HAlpaBUTh B JTIOOYIO
cTopoHy. EnuHnIa moTOKa BEKTOpa HAPSYKEHHOCTH 3JIEKTPOCTATHUYECKOTo 1ot — 1 B-m.

J171s TpOM3BONBLHOM 3aMKHYTOM MOBEPXHOCTH S TOTOK BekTopa E CKBO3b 3Ty MOBEPXHOCTH

®p=§ E,dS=§EdS,
s s (79.3)
rJie HHTerpan Oepercs 1o 3aMKHyTo# noBepxHocTH S. [ToTok BekTopa E siBisiercs: aneebpauneckoil 6eiutuuHol:
3aBUCUT HE TOJbKO OT KoH(urypauuu nois E, Ho u or BbiOOpa HampaBieHus N. {7 3aMKHYTBIX
HOBCpXHOCTeﬁ 3a MOJOXKUTCIBbHOC HaHpaBHCHI/Ie HOpMaHI/I HpI/IHI/IMaCTCH BHEULHASL HOpMAlb, T. €. HOpMaHB,
HaIpaBlieHHas Hapy»Ky 00J1acTH, OXBaThIBAEMON TOBEPXHOCTHIO.
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aj 6)

Pac. 119 Prc. 120

B ucropun paszButus (Gu3MKM MMena MecTo Oopb0a ABYX TEOpWil: HadbHOACHCTBUS W Onm3koaencTBus. B
TEOpPUU [JAJbHOJCHCTBUS IPUHUMACTCSA, YTO DJIEKTPUYECKHUE SBJICHUS ONPEHCIAIOTCS MIHOBEHHBIM
B3aUMOJEHCTBUEM 3apaJoB Ha JIOObIX paccTosiHuAX. CorimacHo Teopuu OJIM3KOJeiicTBHSA, Bce
IEKTPUYECKUE SIBICHUS ONPEACHAIOTCd HM3MEHCHMSAMM II0JE€H 3apsioB, IPUYEM OTH H3MEHEHUs
pacIpoCTpPaHsAIOTCS B IPOCTPAHCTBE OT TOYKM K TOYKE C KOHEYHOM CKOpOCThIO. [IpMMEHMTENBHO K
JIEKTPOCTATUYECKUM TOJSIM 00€ TEOpUM Jal0T OJUHAKOBBIE PE3yNbTaThl, XOPOLIO COIJacyloIIHUecs C
onbIToM. Ilepexon ke K SIBIEHUSM, OOYCIOBJIEHHBIM JBM)KEHHUEM 3JIEKTPUUYECKUX 3apsAA0B, MPUBOAUT K
HECOCTOSITEJIBHOCTH  TEOPUU  JAIBHONEHUCTBUS, IIO9TOMY COBPEMEHHOW TEOpPHUEH  B3aUMOIEHCTBUSA
3apSKEHHBIX YaCTHIL SIBIACTCS meopust O1U3K00etucmsus.

§ 80. lIpyHUUN cynepno3uIMH JIeKTpocTaTHYecKuX nojei. Ilose gunoss

PaccmoTpuMm MeToz ompeneneHus MOIYJsl M HalpaBJICHUS BeKTopa HampspkeHHocTH E B Kaxmoil Touke
ANEKTPOCTATUYECKOTO TTOJISI, CO3aBAEMOT0 CUCTEMON HEMOIBIKHBIX 3apsiioB Q1, Qo, ..., Qn.

OnbIT TMOKa3bIBa€T, YTO K KYJOHOBCKHMM CHJIaM MPUMEHHM pPACCMOTPEHHBIH B MEXaHUKE MPUHIIMIT
HE3aBUCHUMOCTH JeHCTBUS clil (CM. § 6), T. €. pe3ypTupyromas cuia F, geficTByromas co CTOpOHbI TOJIsSI Ha
npoOHbIi 3apsan Qp, paBHA BEKTOPHOW cymMme CHJ Fi, NMPHIIOKEHHBIX K HEMY CO CTOPOHBI KKIOTO U3
3apsnoB Q;:

n
F=Y F.
i=1 (80.1)

Cornmacuo (79.1), F = QE u Fi = QgEi, rne E—mnanpsbkeHHOCTh pesynbTupyromero momns, a E; —

HaIpPsHKEHHOCTH TOJIs1, CO37aBAEMOTO 3apsIOM Qi."HOI[CTaBJ'ISISI nocyenHue BeipakeHus B (80.1), momyqaem

E=Y E.
i=1 (80.2)

®opmyna (80.2) BeIpaXkaeT NPUHLUMI CYNePHO3UIMHU (HAJ0KEHHS) 3JIeKTPOCTATHYECKHX M0JIeid, COrIacHO
KOTOPOMY HAaINpsDKEHHOCTh E  pesynbpTupyromero mojs, CO3/aBaéMOro CHUCTEMOH 3apsiioB, paBHA
2eoMempuiecKkol cymme HANPSHKEHHOCTEN IMOJIEH, CO34aBacMbIX B JAHHOM TOYKE KaXKIbIM W3 3apsioB B
OTAEIbHOCTH.

[TpuHIMT CyNeprno3uMK MO3BOJSET PACCUUTATh AIIEKTPOCTATUYECKUE TOJIS JII0OOW CHCTEMBl HETOJBHKHBIX
3aps70B, MOCKOJIbKY €CJIH 3apsiibl HE TOYEUHbIE, TO UX MOYKHO BCErJa CBECTH K COBOKYIMHOCTH TOYEUHBIX
3aps0B.

Prc. 121

@ Kakue nona Ha3biBaloT 3N6KTPOCTATUMECKUMNUT?

@ UYto Takoe HanpsxexwHocts E anexrpocrarm-
4eckoro nonA?

@ Kakoso HanpasneHue BeKTopa Hanps)KeHHOCTH
E? EguHuya HanpsaxeHnHoctn 8 CU?

[TpuHIMN CymMepno3uIuy TPUMEHHM U pacueTa dJIEKTPOCTATHUECKOTO IOJIS AJIEKTPUYECKOTO JIUTIONS.
DJIeKTPUYECKHIl JAUNOJIb — CHCTEMa JBYX paBHBIX 1O MOAYJIO Pa3HOMMEHHBIX TOUYEYHBIX 3apsIioB
(+Q,—Q), paccrosiaue | MexTy KOTOPBIMU 3HAYMTEIHEHO MEHBIIE PACCTOSHHUS J0 PACCMAaTPHBAEMBIX TOYEK
noyig. Bekrop, HampaBiieHHBIM 1O ocu aumnons (IpsMoOM, mpoxoxsmied uepe3 o0a 3apsijaa) oOT
OTPULIATENIFHOTO 3apsijia K MOJO0XKHUTEIbHOMY M paBHBI PAaCCTOSHHIO MEXKIYy HUMH, Ha3bIBaeTCS IJIEYOM
aumnous 1. Bekrop
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p=IQI1, (80.3)

COBIAJAIONINIA TI0 HAMPABICHHUIO C TUICUOM [HUIOJII M PaBHBIA mpousBeaeHHio 3apsga |Q| na mwredo |,
Ha3bIBACTCS JIEKTPUYECKUM MOMEHTOM AUIOJIS WU AUNOJbHBIM MOMEHTOM (puc. 122).

CornacHo npuHIuny cynepno3uiuu (80.2), HanpsHKEHHOCTH E 1Mojis AUmosis B MpOU3BOJILHON TOUKE

E=E,+E_,

rae E+ u E. — HanpshkeHHOCTH 1MOJel, CO3/1aBaeéMbIX COOTBETCTBEHHO MOJIOKHUTEIBHBIM U OTPULIATEIbHBIM
3apsaamu. Bocnosbp3oBaBUInCch 3TON GOpMYIIOii, paccuuTaeM HaNps>KEHHOCTH MOJIS B IPOU3BOJILHOM TOUYKE
Ha MPOJIOJDKEHUH OCHU JUIOJIA U Ha IEPIEHAUKYIISIPE K CEpEUHE €ro OCH.

1. Hanpsiz>keHHOCTh MOJIsi HA MPOAOJIKEHUH ocH aumnoJsi B Touke 4 (puc. 123). Kak BuAHO M3 pUCYHKA,
HaIPSHKEHHOCTH MOJIsL TUIOJIA B TOUKE A HampasjeHa Mo OCH AUMOJS U IO MOYJII0 paBHA

E«=E, —E_.

O0603HaYUB pacCcTOSHUE OT TOYKU A 10 CepearHBI OCH JMIIONS 4epe3 I, Ha ocHOBaHUU (opmyisl (79.2) ans

BaKyyMa MOXHO 3aIliCaTh

A

1 [ 0 0 ]_ Q CHID*=C—12)
—41wo =12 (@+12)? —41!80 =12 r+1/2)*

CoruacHo onpeneneHuto aumods, |/2<<r, mosromy
1 20/ 1 2p
dneg P Angg r*
2. HanpsizkeHHOCTD MOJISl HA NEePHeHINKYJIsipe, BOCCTABJIEHHOM K OCH M3 €ro CepelIHHbl, B TOUYKe B (puc.

123). Touka B paBHOY/JaJIeHa OT 3aps/I0B, I03TOMY
1 g 1 9
" ameo (M) + 1A dmey () (80.4)
rje I' — paccTosiHue OT TOYKU B 10 cepeuHBbl mieda Aunoss. M3 nogodust paBHOOEIPEHHBIX TPEYTOJIbHUKOB,
OIUPAIOLIUXCSA Ha IuIedo Aumnoiis ¥ Bektop Eg, momyuum
Ep l 1

E+=E-

OTKyJa

Ez=E,lr" (80.5)

Prc. 122 :

P o LI’f(t;tm;an(oe notok sektopa E? Epunnya ero
B

[ToncraBus B Beipaxkenue (80.5) 3nauenue (80.4), momyunm
19 1 p
" e O
Bektop Ep mMeeT HampaBlIeHHWE, TTPOTHUBOIIOJIOKHOE BEKTOPY 3JIEKTPHUYECKOTO MOMEHTA JIHIIONS (BEKTOp P
HaMpaBlieH OT OTPUIATENILHOTO 3apsi/ia K MOJIOKUTETHbHOMY).

§ 81. Teopema I'aycca aJsi 3JIEKTPOCTATHYECKOTO MOJIS1 B BAKYyMe

Brruucnenne HanpspDKEHHOCTH TOJST CUCTEMBI DJIEKTPUUYECKHUX 3aps/IOB C MTOMOIIBIO MTPUHITUIA CYTIEPIIO3UIITNH
AIEKTPOCTATUUECKHUX IMOJIEH MOYKHO 3HAYUTEIBHO YIPOCTUTb, UCIIONb3Ysl BBIBEJEHHYI0 HEMELKUM yUEHBIM
K. Tayccom (1777—1855) Teopemy, ONpeAensionIyl0 MOTOK BEKTOpa HAMPSIKEHHOCTH DJIEKTPUYECKOTO
TOJIsI CKBO3b MPOU3BOJIbHYIO 3aMKHYTYIO TOBEPXHOCTb.

B coorBerctBUEM ¢ dopmynoi (79.3) MOTOK BEKTOpa HAMPSIKEHHOCTH CKBO3b C(HEPUUYECKYIO TOBEPXHOCTH
paauyca I, OXBaTBIBAIOIYIO TOYECUHBIH 3apsan Q, Haxonsmuuiics B ee ieHTpe (puc. 124), paBeH

o5=§ Eds=—2_ 422
5 4neyr? &

OTOT pe3ynbTaT CIpaBeUIUB VISl 3aMKHYTOW MOBEPXHOCTU JIF0O0H (GopMbl. JIeHCTBUTEIBHO, €CITH OKPY>KUTh
chepy (puc. 124) npou3BONBHON 3aMKHYTOH TOBEPXHOCTBIO, TO KaXKAas IUHUS HaNpPsHKEHHOCTH,
MpOHU3bIBatoMmas chepy, IpOUIET U CKBO3b 3TY MOBEPXHOCTD.

Ecnu 3amkHyTass mOBEpXHOCTh MPOU3BOJIBHON (DOpMBI OXBaThIBaeT 3apsina (puc. 125), To mpu mepecedyeHuun
0001 BBIOpAHHOM JIMHWW HAIPSKEHHOCTH C MOBEPXHOCTHIO OHA TO BXOJUT B HEE, TO BHIXOIUT U3 HEE.
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HeuetrHnoe uwmcio HCpCCG‘-IGHI/Iﬁ INpU BBIYUCICHUMU TIOTOKA B KOHCYHOM CUCTC CBOAUTCA K OJHOMY
MNEPECCUCHUIO, TaK KaK IMOTOK CYHHTACTCA IIOJOXUTCIIBHBIM, C€CJIIM JIMHUW HAIPsSXKXCHHOCTHU BBIXOIAT U3
MOBCPXHOCTHU, U OTPULATCIIBHBIM JJI1 HHHHﬁ, BXOOAIIUX B IMOBCPXHOCTD. Ecnu 3aMKHYTasi HOBCPXHOCTH HEC
OXBATbIBACT 3apAaaad, TO IIOTOK CKBO3b HEC PAaBCH HYJIIO, TadK KaK YUCJIO JIMHAR HaIIpAKCHHOCTH, BXOIAIIUX B
IMOBCPXHOCTH, paBHO YHUCITY JIMHHUHA HAIpsPKCHHOCTHU, BBIXOAAIIHNX U3 HEC.

Prc. 123

@ JdnexTpuyecku# AMNOMbL NOMOLWEeH BHYTPb 3a-
MKHYTOW noBepxHocTn. Kakoe notok O@f
C€KBO3b 3Ty NOBepxHOCTL? Moyemy?

@ MNMonb3ayACb NPMHUMNOM Cynepnoanumn, Haign-
Te B none AByX TOYe4HbiX 3apAfoB +Q K
+2(Q, HaXOAAWMUXCR Ha paccTorHun I apyr oF
APYra, TOUKY, Fie HaNpAXXeHHOCTL NONA paBHa
Hynio.

@ Yemy PpaBHO OTHOLWEHN® HAaNPA XEeHHOCTeR

J E. 3NeKTPHHECKUX Noned B Touke A4, nexalled Ha

i NPOAONIKEHNN OCH AUMNONA, U B To4Ke B, nexa-
wei Ha nepneHanKynsipe, nNpoxoasuiem Yepes
cepeanHy O och atoro gunonsa, ecnn OAd=

=0B?

VE‘ @ B 4em 3axknioyaercs (usnHecknit cmbicn Te-

opembl "aycca GNA 3NeKTPOCTATMHeCKOoro no-

JE, ns B BaKyyme? .

Takum 00pa3om, Ui MOBEPXHOCTH JIF000H (POPMBI, €CIIM OHA 3aMKHYTa W 3aKI0YaeT B ceOs TOUSUHBIN 3apsi
Q, morok Bektopa E Oyner paBen Q/eo, T. €.

®z=§ EdS=§ E, dS=0/e,.
S s

(81.1)

3HaK [MOTOKa COBIIAIaeT CO 3HAKOM 3apsina Q.

Paccmotpum 00mumii ciiydail TpOM3BOJIBHONM MOBEPXHOCTH, OKpYXKaromiei N 3apsmoB. B cooTBercTBUU C
npuHumnom cynepno3unuu (80.2) HanpsbkeHHOCTh E mosisi, co3paBaeMoro BceMu 3apsiamu, paBHa CyMMe
HAIpsHKEHHOCTEH Ej mosteid, co3aBaeMbIX KaXIbIM 3apsiioM B OTAeIbHOCTH: EmY K. TTosTomy

i

Oz=$ EdS=§ (L E)dS=Y § K. ds.
s s i [
Cornacho (81.1), kax/blif U3 HHTETPAIOB, CTOSIIUI 1TO/T 3HAKOM CyMMBI, paBeH Qj/€p. CiemoBarenbHo,

1 n
§EdS=§ E.ds=- Y Q.
5 s 80 jui (81.2)
®opmyna (81.2) BeipaxaeT TeopeMy I'aycca Ajsl 371eKTPOCTATHYECKOTO MOJIsI B BaKyyMe: IOTOK BEKTOpa
HaNpsHKEHHOCTU 3JIEKTPOCTaTHYECKOTO MOJI 6 8aKyyMe CKBO3b MPOM3BOJBHYIO 3aMKHYTYIO MOBEPXHOCTb
paBeH anreOpanyeckod CymMMe 3aKIIOYEHHBIX BHYTPH 3TOW MOBEPXHOCTH 3apsiioB, JEJICHHOM Ha €. OJTa
TeopeMa BbIBeJIeHa MaTeMaTUYeCKH Ul BEKTOPHOTO MO JIto0OH MpUPOAbI pycCKUM MateMaTukoMm M. B.
Octporpaackum (1801—1862), a 3areM HE3aBUCUMO OT HEr0 NMPUMEHHUTEIBHO K 3JIEKTPOCTaTUYECKOMY
nosiro — K. INayccom.
B obmem cinydae snekTpUyecKue 3apsapl MOTYT OBITH «pa3Ma3aHbl» ¢ HEKOTOPOH OOBEMHOM MIIOTHOCTHIO
p=dQ/dV, pa3nu4HOi B pa3HBIX MeCTaX MPOCTpaHCTBA. Toraa cyMMapHbIi 3apsij, 3aKIIOUCHHBIH BHYTPH
3aMKHYTOH MOBEPXHOCTH S, 0XBAThIBAIOLIEH HEKOTOPBIH 00beM V,

Z Qi=I pdV.
T ¢ (81.3)
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Puc. 124 Puc. 125

Hcnons3ys popmyny (81.3), reopemy ['aycca (81.2) MoxkHO 3anmucarh Tak:

§EdS=§E,.dS=l f pav.
s s &y

§ 82. [Ipumenenune Teopembl I'aycca k pacueTy HEKOTOPBIX 3JIEKTPOCTATHYECKHUX I10JIeil B BAKyyMe

1. [To1e paBHOMEPHO 3apsKeHHOI 0eCKOHEYHOI MI0CKOCTH. beckoneuHas rmmockocTs (puc. 126) 3apsbkeHa

C TOCTOSIHHOH MOBEPXHOCTHOH MI0THOCTBIO +0 (0=dQ/dS — 3apsin, npuxojsIMiics HA EAMHUILY
MOBEPXHOCTH). JINHUN HAPSDKEHHOCTH MEPIEHANKYIISIPHBI pacCMaTpUBaeMOM MIJIOCKOCTH U HANIPABJIEHbI OT
Hee B 00e CTOpoHBI. B kadecTBe 3aMKHYTOM MOBEPXHOCTH MBICICHHO MOCTPOUM IIMUIMHIpP, OCHOBAHUS
KOTOPOTro TMapajuieJbHbl 3apsHKEHHOM IUIOCKOCTH, a OCh TMEpIeHAUKyJspHa eil. Tak kak oOpasyromiue
HWIMHIpa TapauielbHbl JTUHUSAM HaNpsHKeHHOCTH (coSo=0), TO MOTOK BEKTOpa HAMpPSHKEHHOCTH CKBO3b
6OKOBy10 MOBCPXHOCTh HUWJIMHAPA PAaBCH HYJIIIO, a MOJHBIA TTOTOK CKBO3b HUJIMHAP paB€H CYMMC ITOTOKOB
CKBO3b €ro OCHOBaHMs (TUIOIIAU OCHOBAHMI PaBHBI U AJsl OCHOBaHMs E, coBmagaer ¢ E), T. €. paBeH 2ES.
3apsi, 3aKIF0UYEHHBIA BHYTPH MTOCTPOSHHON IMJIMHIPUYECKON MMOBEPXHOCTH, paBeH 6S. CoryiacHO Teopeme
I"aycca (81.2), 2ES=06S/¢gp, oTkyna

E=0/(22). (82.1)

N3 popmynel (82.1) BeITeKaeT, uTo £ HE 3aBUCUT OT JJIUHBI [IWIMH/PA, T. €. HANPSHKEHHOCTH TOJIS Ha JIFOOBIX

2.

pacCTOSIHUAX OJMHAKOBA [0 MOAYIK, WHBIMH CIIOBAMH, IIOJIE PAaBHOMEPHO 3apsKEHHOM ILIOCKOCTH
0OHOPOOHO.

IToJie ABYX 0ecKOHeYHBIX MapajielbHbIX PA3HOMMEHHO 3apsKeHHBIX IuIockocTteil (puc. 127). Ilycts
IIJIOCKOCTH 3apsKEHbl PABHOMEPHO Pa3HOMMEHHBIMU 3aps/laMH C IOBEPXHOCTHBIMM IUIOTHOCTSIMH + G U —G.
[lTone Takux IUIOCKOCTEN HAWAEM KakK CYNEPHO3UIUIO TOJIEH, CO3JaBacMbIX KaXXIOW M3 IUIOCKOCTEH B
ornenbHOCTH. Ha pucyHke BepXHHME CTPENKHM COOTBETCTBYIOT IIOJK0 OT ITOJIOKUTEIBHO 3apsyKEHHOU
IJIOCKOCTH, HUKHUE — OT OTpHLIATeIbHON TUIOoCKOCTH. CiieBa M cripaBa OT IUIOCKOCTEH IMOJI BBIUUTAIOTCS
(TMHUY HAMPSHKEHHOCTH HAIIPaBIICHBI HABCTPEUY APYT APYTY), MOATOMY 37eCh HampshbkeHHOCTh nonst E=0. B
obmactu mexay miockoctsmu E = Er + E- (E+ u E_ onpenmensitorcss mo ¢opmyne (82.1)), mostomy
pe3yAbTUPYIOLLAs HANIPSYKEHHOCTD

E=ofeq. (82.2)

Takum o00pazom, pe3yIbTHPYIONIAs HAMPSDKEHHOCTb TOJISI B 00JIACTH MEXAY IUIOCKOCTSIMH OIHMCHIBACTCS

bopmyoii (82.2), a BHE 00beMa, OTPaHUYEHHOTO MJIOCKOCTSMH, paBHA HYJIIO.

¢ +G -6
++— :
> —t— =L
< :E' £ 2517 E. .
1) o i
) + ] E
o - =2
| E. 26, E.
—] + > =
—teeee] o

Prc. 126 Puc. 127
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3. IloJie paBHOMEpPHO 3apsiKeHHOI cepuyeckoii moBepxHoctu. Cheprueckas moBEpxXHOCTH paanyca R ¢
oOmmm 3apsaoM Q 3apshkeHa paBHOMEPHO € MOBEPXHOCTHOM IUIOTHOCTHIO +G. brnarogaps paBHoMepHOMY
pacnpesieNieHuIo 3apsijia Mo MOBEPXHOCTH MOJie, co3JaBaeMoe UM, oOsagaeT chepruuecKkoi cHUMMeTpHei.
[ToaToMy TMHUH HANPSHKCHHOCTH HAmpaBJeHbl paguanbHo (puc. 128). [loctpoum MeicieHHO chepy paamyca
I', UMEIOIIYIO OOIIMI LIEHTP ¢ 3apshkeHHOU chepoil. Ecnu r>R,ro BHyTpb MOBEpXHOCTH MONAAAaET BECh 3apsij

Q, co3naromuii paccMaTpuBaeMoe rosne, u, o Teopeme I'aycca (81.2), 4ar’E =Q/&,, oTkyna

1 o
=3 (3R
o (82.3)

IIpu r>R momne yObIBaeT ¢ paccTOsSHHEM I TIO TaKOMy € 3aKOHY, KaK y TOYE4YHOro 3apsaa. I'paduk
3aBUCUMOCTH E oT I mpuBeseH Ha puc. 129. Eciu r'<R, To 3aMKHyTasi IOBEPXHOCTh HE COJEPKUT BHYTPHU
3apsi/ioB, IOATOMY BHYTPH PaBHOMEPHO 3apsDKEHHON C(epruiecKoil TOBEPXHOCTH HIIEKTPOCTATUIECKOE 110JIe
orcyrctByeT (E=0).

4. Tlone o0beMHO 3apsixeHHOro mapa. lllap pagmyca R ¢ oOmmMm 3apsaom Q 3apsikeH paBHOMEPHO C

y d y
00BEeMHOI#1 TIOTHOCTRIO p (p = d_\? — 3apsil, TPUXOIALINIICS HA AUHUILY O0beMa). YUUThIBask COOOpakeHUS

cumMMmeTpuu (CM. M. 3), MOKHO MOKa3aTh, YTO Ui HANPSHKEHHOCTH TMOJIS BHE Iapa MOJYyYUTCS TOT Ke
pe3yibTaT, 4To U B mpeabiaymeM ciaydae (cMm. (82.3)). BHyTpu ke mapa HanmpspDKeHHOCTH MOl Oyzer

npyras. Cdepa panuyca I'<R oxBaThIBaeT 3apsi Q=37 p . [loatomy, cornacuo teopeme ["aycca (81.2),

Am’E=Q' /g, = Am‘ﬁp/go. Y4uThIBas, UTO O = Q/(%ﬂR3) , IoJIy4aeM

r
4nzg B (82.4)
Taxkum 06pa3oM, HaNPsHKEHHOCTH MOJIs1 BHE PABHOMEPHO 3apsKEHHOTO 11apa onuckiBaercs popmysoi (82.3), a
BHYTPH €0 M3MEHSETCS JIMHEHHO C PacCTOsIHUEM I' coriacHO BeIpaxkeHuto (82.4). ['paduk 3aBucumoctu £
OT I 1711 pAaCCMOTPEHHOTIO ciy4as npuBeaeH Ha puc. 130.

A

~Y

Pac. 128 Pac. 129

5. Tlosie paBHOMEPHO 3apSAKEHHOT0 0ECKOHEYHOro MUIUHAPA (HUTH). becKoHeuHbIN MUIMHAP paguyca R
Lo d y
(puc. 131) 3apskeH paBHOMEPHO C JIMHEWHOH MJIOTHOCTHIO T (T = d_\? — 3apsAl, NPUXOIAIIMNCA Ha

enuHuIy AnuHbl). V3 cooOpakeHuil CUMMETpUH CIeAYeT, YTO JIMHUKM HANpsHXKEHHOCTH OYAyT HaIrpaBlieHBI
10 paanycaM KPYrOBbIX CEYEHHH LUJIUHAPA C OAVMHAKOBOM I'yCTOTOM BO BCE CTOPOHBI OTHOCHUTEIBHO OCH
LUIUHApPAa. B KadecTBe 3aMKHYTOM IOBEPXHOCTU MBICICHHO IOCTPOMM KOAKCHAIBHBIM C 3aps’KEHHBIM
UIHHIP paauyca I u BbicoToi |. [ToTok BekTopa E CKBO3b TOPIBI KOAKCHATHHOTO IMJIHH/PA PABEH HYIIIO
(TOpIIBI TapasIeNBHBI JIMHUSAM HAINPsDKEHHOCTH), @ CKBO3b OOKOBYIO IOBEpXHOCTH paBeH 2 zrlE. T1o Teopeme

Iaycca (81.2), mpu r>R 2rlE = d/&, otkyna

E 1 >R
=——= (r2R).
3 )

e " (82.5)
Ecnu r<R, To 3amMKHyTasi MOBEPXHOCTH 3aps/I0B BHYTPH HE COJIEPKUT, MOATOMY B 3TOM obnactu E=0. Takum
00pa3oM, HampsHKEHHOCTh I0JII BHE PAaBHOMEPHO 3apsHKEHHOr0 OECKOHEYHOIo LWJIMHIpPA OMpeaeiseTcs
BbIpakeHHEM (82.5), BHYTpH K€ €ro MoJie OTCYTCTBYET.
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§ 83. Llnpkyasinusi BeKTOPa HANPSIZKEHHOCTH 3JIEKTPOCTATHYECKOI0 T0JIsI

Ecnu B »nekTpocTaTMdeckoM moje TodeyHoro 3apsga Q w3 Touku 1 B TOUKy 2 BIOJB MPOU3BOJIBHOM
Tpaektopuu (puc. 132) mepemermaercs Apyroi TodeuHbld 3apsa Qp, TO cuia, NMPUIOKEHHAs K 3apsny,
coBepiiaet pabory. Pabora cuibl F Ha anemenTapHom nepemerienuu dl paBHa

1
dA=Fdl=Fdlcoso=— gg—o dlcosa.
4mey 1

Taxk kak d/cosa=dr, To

Pabota npu nepemenienun 3apsga Qo u3 Touku 1 B Touky 2
L

an=Taa 22 [ L (00 00)
" dmeg | P Ameg \ 1y r
f) (83.1)
HE 3aBHUCHUT OT TPAEKTOPHMHU HEPEMEILIEHUS, & ONPEAENAETCS TOILKO MOJ0KEHUAMH HAaYallbHOM 1 M KOHe4YHOH 2
TOYCK. CHCI[OBaTeHBHO, QJICKTPOCTATUYCCKOEC IIOJIE TOYUCYHOI'0 3apsaaa sABIACTCA NOTCHHUAJIBbHBIM, a

ANEKTPOCTATUYECKUE CUJIBI — KOHCepPBaTUBHBIMHU (cM. § 12).

E‘} ]

~

p>0 |

Pac. 130 Puc. 131

U3 dopmyner (83.1) cmemyer, uro paboTta, coBepiiaemas NpHU TMEPEMEIICHUU SJIEKTPUYECKOTO 3apsaa BO

BHEITHEM 3JICKTPOCTATHYECKOM TI0JIE 10 JIF0OOMY 3aMKHYTOMY TTyTH L, paBHa HYyIIO, T.€.
§ d4=o.
L (83.2)

Ecniu B kadecTBe 3apsiga, MEPEHOCHMOTO B JJIEKTPOCTATUYECKOM TOJ€, B3ATh EAMHHYHBIA TOYCYHBIN
MOJIOKUTEIBHBIN 3apsi/, TO deMeHTapHast padota cui mmojist Ha mytu dl pasua E dl = E,dl, rae E, = Ecosa —
npoekius Bektopa E Ha HampaBineHue siaemMeHTapHOro mnepemenieHus. Torma ¢opmyny (83.2) MOXKHO
3amMcath B BUE

$EdI=§ Edl
L L (83.3)

WNuterpan §Edl-=§E,dI=0. Ha3bIBACTCSl WHUPKYJALNHEd BeKTopa HanpsikeHHOcTH. (CrenoBaTenbHoO,
L L

UPKYISIUS BEKTOpa HAMPSHKEHHOCTH 3JEKTPOCTATHYECKOTrO TOJS BAONH JHOOOT0 3aMKHYTOTO KOHTYpa
paBHa Hymt0. CunoBoe mosie, o0namaromiee cBoicTBOM (83.3), Ha3pIBaeTCs MOTEHIMAIBHBIM. 3 oOpammenust
B HYJIb IUPKYISAUU BekTopa E criemyer, 4To IMHUM HAMPSKEHHOCTH AJIEKTPOCTATUYECKOTO OISl HE MOTYT
OBITH 3aMKHYTBIMHU, OHU HAYWMHAIOTCA W KOHYAKOTCA Ha 3apsdaaax (COOTBGTCTB@HHO Ha MMOJIOKUTCIBbHBIX HUJIIN
OTPUIATENHHBIX ) WITH K€ YXOJIAT B OECKOHEYHOCTb.

®opmyma (83.3) cpaBemIiBa TOJBKO JJIA SJIEKTPOCTATHIECKOTO ToJs. B manpHeimem OyaeT mokasaHo, 4To
JUIS TIONSL JBMOKYIIMXCA 3apsiioB ycioBue (83.3) He BBIMONHSETCS (IS HEro LHUPKYISALUS BEKTOpa
HaIpPSHKEHHOCTH OTIUYHA OT HYJIA).
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§ 84. IloTeHuMaJI JIEKTPOCTATHYECKOTO MOJISI

Teno, Haxoxdmeecs B MOTEHIMAIBHOM II0JIE CHII (@ 3JEKTPOCTATHYECKOE IOJIE SIBISIETCS MOTEHLIMAIBHBIM),
o0JaziaeT MOTCHIIMAIIBHON SHEPTHEH, 3a CUET KOTOPOW CHJIaMH TOJIsi coBepiraercst padota (cm. § 12). Kax
u3BecTHO (cMm. (12.2)), paboTa KOHCEPBATUBHBIX CHJI COBEPIIACTCS 32 CUET YOBUIM MOTCHIIMATLHOW SHEPTUH.
[Toatromy pabory (83.1) cun 5SIEKTPOCTAaTUYECKOrO TMOJS MOMKHO MPEJICTaBUTh KaK pPa3HOCTh
MOTEHIMAJIBLHBIX SHEPTHH, KOTOPHIMU 00J1aaeT TOUCUHBIH 3apsa] Qo B HAYaIbHON M KOHEYHOW TOYKAX MOJIS

3apsna Q:

1 000 1 Q0o
Ap=—- 220220 _p _u,
S T dne 1 =, (84.1)
Prc. 132

@ Yro TaKkoe nuHeliHaA, NOBEPXHOCTHEN, O0LeM-
Has NNOTHOCTH 3apafoB?

@ Kak gokasats, 4TO aNeKYPoCTaru4yeckoe none
ABNABTCA NOTEHLMANBbHBIM?

® Y10 HasbiBaeTcA UMPKYNAUMed BEeKTOpa Ha-

NPAXOHHOCTN?
OTKYZa CJIEAYCT, UTO NOTCHIHUAJIbHAA SHEPTHUA 3apsaa QQ B 1oJIe 3apsgaiaa Q paBHa
1
v-—=©2%, ¢

r
Omna, KaK U B MEXaHUKE, ONPEIEISICTCS] HEOAHO3HAYHO, & C TOYHOCTHIO /10 TPOoU3BOIbHOM nocTtosinHoN C. Ecnu
CUUTATh, YTO MPH yIAJCHUHU 3apsiia B OCCKOHEUHOCTh (F—»00) MOTEHIHAIbHAS SHEPTHs 00paIaeTcs B HyJb
(U=0), ro C=0 u noTteHuuanbHas sHeprus 3apsua Qp, Haxoasmerocs B moje 3apsaa Q Ha pacCTOSHUU T OT
HEero, paBHa

dneg 1 (84.2)

Hnsa omgHouMeHHBIX 3apsaoB QoQ>0 u moTeHIUManbHas SHEPrus WX B3aUMOACUCTBHS (OTTAIKUBAHUS)
MOJIOKHUTEIbHA, JUIS Pa3HOMMEHHBIX 3apsanoB QuQ<0 u moTeHHWambHAs SHEPTHS WX B3aUMOJCHCTBUS
(IpuUTSKEHHS) OTpUIIATENbHA.

Ecimu mome cozmaercst cucteMoit N TouedHbIX 3apsanaoB Qi, Qa, ..., Qn, TO paboTa IIEKTPOCTATHUSCKUX CHII,
coBepiraemas Hal 3apsaoMm Qp, paBHa anreOpandeckoil cymme pabOT CHil, OOYCIOBICHHBIX Ka)IbIM U3
3apsA70B B OoTHeabHOCTH. [loaTomy moTteHmmansHas sHeprust U 3apsma Qp, HaxXoIsAmIerocss B 3TOM IOJIE,
paBHA CyMMe OTEHIIUANbHBIX SHepruil Uj, Kax10ro U3 3apsiioB:

n

o O
U=Y U=Q, o
jm] jm1 FTEN (843)
N3 dopmyn (84.2) u (84.3) BeiTekaer, yro ortHoireHue U/Qp He 3aBUCHT OT Qp M SBISETCS TOATOMY
9Hepeemu4ecKoll XapaKmepucmuKol 1eKmpocmamuiecko2o noJs, Ha3pIBaeMOH MTOTEHIINAIOM:
o=U/Qo (84.4)

IMoTeHnmnan ¢ B KakoH-IMOO TOYKE DIEKTPOCTATHUECKOTO MO eCTh (hU3MYecKasl BEIMUWHA, OmpeseseMas
MOTEHIIUATBLHON YHEPTHEH eMUHUYHOTO TOJIOKUTENBHOTO 3apsiaa, TOMEIEHHOTO B 3Ty TOUKY.
N3 popmyin (84.4) u (84.2) cinemyeT, 4TO MMOTSHIIHAT ITOJIS, CO3/]TaBAEMOT0 TOUYCUHBIM 3apsaoM Q, paBeH
_Le
4meo 7 (84.5)
Pabora, coBepiaemast cenaMu dJIEKTPOCTATUYECKOTO MO IpU nepemenienuu 3apsaa Qo u3 Touku 1 B Touky 2
(cm. (84.1), (84.4), (84.5)), MOXeT OBITH TIPEICTABIICHA KaK
An=U—U=Q (01— ¢2), (84.6)
T. €. paBHa IMPOW3BEICHHUIO TIEPEMENIAeMOTO 3apsijia Ha pPa3HOCTh MOTEHIMAJIOB B HAYaJIbHOH M KOHEUHOU
Toukax. Pa3HOCTH MOTEHUMAJIOB JBYX TOUeK 1 U 2 B DIIEKTPOCTATUYECKOM IIOJIE€ OMpenesieTcss paboTou,



126
COBEpIIAEMOM CHUJIAMU TOJIS, NMPH MEPEMEIICHUH €IUHHUYHOTO MOJOKUTENBHOrO 3apsiia U3 Touku 1 B
TOYKY 2.
Pabota cui monst mpu nepemertiennu 3apsaaa Qo U3 Touku 1 B TOUKy 2 MOXKET OBbITh 3alicaHa TaKXe B BUJIE

2
A= I Qo EdL_,
(84.7)
[Tpupasuss (84.6) u (84.7), npuaeM K BBIpAKEHUIO ,Z[J'IH paBHOCTI/I MTOTEHIUAJIOB:

¢1_¢2—5 Edl= 5 E’dl
1 1 (84.8)

r7ie UHTETPUPOBAHHE MOKHO IMPOU3BOJIUTH BJOJIb JIIOOON JTUHUM, COCIUHSIONIEH HadallbHYI0 U KOHEUHYIO
TOYKH, TaK KaK padoTa CHJI AJIEKTPOCTATHUYECKOTO OISl HE 3aBUCHT OT TPACKTOPUH TIEPEMEIICHHUS.

Ecnu mepememars 3apsin Qo M3 MpOM3BONBHOM TOYKHM 3a MpEeNbl MoJif, T. €. B OECKOHEYHOCTb, TIe, MO
YCIIOBUIO, TIOTEHIIUAJ PaBEH HYJIO, TO paboTa CHII AJIEKTPOCTATUYECKOTO IMOJIsl, coraacHo (84.6), A.=Qoe,
OTKyZa

¢=Awo/Qo. (84.9)

Takum oOpa3oM, mnoTreHuMaJ — Qu3nyeckas BeNWYHMHA, ompezenseMas paboOTOW MO IepeMEeIICHUIO
€AMHUYHOTO TOJOKUTEIBHOTO 3apsija MpU yIaJeHUU €ro U3 JAHHOM TOYKU TOJisi B OECKOHEYHOCTh. JTa
paboTta ymucieHHO paBHa paboTe, coBeplIaeMON BHEIIHUMHU CHIIAMHU (IIPOTUB CHJI 3JIEKTPOCTATHYECKOIO
TI0JIsT) 110 TIEPEMENICHHUIO €AMHUYHOTO MOJI0KUTEIBLHOTO 3aps/ia 3 0ECKOHEUYHOCTH B JAHHYIO TOUKY ITOJIS.

W3 Beipakenus (84.4) ciemyet, 4To eAuHMIA MOTeHIMaNa — BOJAbT (B): 1 B ecTp moTeHIman takoit TOuku
noJis, B Kotopoit 3apsa B 1 K obnamaer morenmumansuoit sHeprueit 1 [k (1 B = 1 [x/Kin). YuuteiBas
pa3MepHOCTh BOJIbT4, MOXHO IIOKa3aTh, 4YTO BBeIeHHas B § 79 eouHuIa HANPSHKEHHOCTH
AEKTPOCTATUYECKOTO MOJIst ieicTBUTEeNbHO paBHa 1 B/m: 1 H/Kn=1 H-m/(Kit-m)=1 [x/(Kit-m)=1 B/m.

N3 popmyi (84.3) u (84.4) BeITEKAET, YTO €CIIU TOJIE CO3/ACTCS HECKOJBKUMU 3apsaaMu, TO TTOTCHIIHAIT TOJIS
CUCTEMBI 3apsI/10B PABEH aeeOpauieckol CyMMe IOTEHIIUAJIOB I0JIEH BCEX ATUX 3apsA0B:

¢= i <Pi=—1— i _Q“

§ 85. HanpsskeHHOCTHh KaK I'PaJiMeHT MOTEHINAIA. DKBUIIOTEHIMAJIbHBIC IIOBEPXHOCTH

HaﬁHeM B3aUMOCBA3b MCKAY HANPSAKCHHOCTBHO JSJICKTPOCTATUYCCKOIO II0JIA, HBHHIOH.[CIZCH €ro Cunosoul
xapaKmepucmuKOﬁ, U IIOTCHIIUAJIOM — 3H€p2€mu’~l€CK01:l xapakmepucmukod noJiA.

Pabora mo NEpEMECUICHU IO eOUHUYH020 TOYEYHOT'O MOJI0KUTEIHLHOTO 3apsaa U3 OI[HOfI TOYKH IIOJIA B APYTI'YIO
BJIOJIb OCH X TIPH YCJIIOBHH, YTO TOYKH PACIHOJI0XKEHBI OECKOHEUHO OJIM3KO IPYT K APYry U Xo—X;=0X, paBHa
Ede. Ta xe pa60Ta paBHa (01—(p2:d ®. HpI/IpaBHHB 00a BBIPAXKCHUA, MOKEM 3aIlNCaATh

b
ox (85.1)

r7Ie CUMBOJI YaCTHOM TMPOW3BOJTHOW MOAYEPKUBAET, YTO AU(PGEepEeHIIMPOBAHUE MPOU3ZBOIUTCA TOJIBKO O X.

HOBTOpI/IB AHAJIOTUYHBIC pACCYKACHUSA I ocent yn Z, MOXEM HauTH BCKTOp E:
(2121120,
ox 0Oy o0z

rae |, j, K— equHuYHbIe BEKTOPHI KOOPIMHATHBIX OCEH X, ), Z.

@ [aite onpenenerus noteHyvana naHHon Tou- @ lNpuBegure rpacwkn  3asucuMocTen E@r)
KW 3N18KTPUHECKOro NONA U pa3HOCTH NOTEHL K- ¥ @(r) ANA paBHOMEPHO 3aps XeHHOR chephn-
anob AByXx Tovek nonA. Kakosbl nX egnHuybi? 4yeckoR nosepxHocTn. [aite nx o6bscHeHne

n 060CHOBaHNe.

U3 onpenenenus rpaguenta (12.4) u (12.6) cnexyer, 4to
E=—grad ¢, ung E=—Vo, (85.2)
T. €. HanpspKeHHOCTh E 1o paBHA rpaiMeHTy MOTEHITMAIa CO 3HAKOM MUHYC. 3HAK MUHYC OTNPEACISIETCS TEM,
4TO BEKTOp HampsbkeHHOCTH E moJis HanpaBieH B cmopoHy yovleéanusi IOTESHITHATIA.
st rpadmyueckoro n300pakeHUsT pacrupeereHus] MOTSHIMAIa JIEKTPOCTATUUECKOTO TOJs, KaK U B Cydae
moJis TAroTeHust (cM. § 25), MONb3yIOTCS IKBUNOTEHIIHAIbLHBIMI MOBEPXHOCTSIMU — MOBEPXHOCTSIMHU, BO
BCEX TOYKAX KOTOPBIX MOTCHIINAN (» UMEET OJTHO U TO YK€ 3HaUEHHE.
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1 0
Ecnm mosie co3gaeTcst TOUeuHBIM 3apsioM, TO €ro MOTeHIHa, cortacHo (84.5), ¢=-— —. Takum oOpa3zom,

47e, r
OKBUIIOTECHIIMAIILHLIE ITOBEPXHOCTH B JAHHOM CIy4ae — KOHIEHTPUUECKUE C(bepbl. C nmpyroit CTOpOHHI,
JIMHUM HaIpsHKEHHOCTH B Cllydae TOYEYHOro 3apsiia — paaualibHble mpsiMble. ClienoBaTelbHO, JUHUU

HAIPSDKEHHOCTH B CIy4ae TOUEYHOTO 3aps/ia nepneHOUuKyIsApHbl SKBUIIOTEHIUAIBHBIM [IOBEPXHOCTSIM.

JIuHUM HANPSDKEHHOCTU 6ce20a HOPMANbHbl K IKBUIIOTEHIIMAJIbHBIM TOBEPXHOCTSAM. JlefcTBUTENBHO, BCE
TOYKHA HKBUIOTEHIMAJIHHONH TOBEPXHOCTH HMEIOT OJWHAKOBBIM IOTEHIMAN, MO3TOMY paboTa 110
MEepPEeMEeLICHUIO 3apsiia BJOJIb OSTOM IOBEPXHOCTH paBHA HYNIO, T. €. 3JEKTPOCTATHYECKHE CHIIbI,
NEUCTBYIOIIME Ha 3apsl, 6cec0d HAINPABJIECHBI 10 HOPMAISIM K OSKBUIIOTEHLUAIbHBIM ITOBEPXHOCTSIM.
CnenoBarenbHo, BekTop E 6cecda nHopmanen x sxeunomenyuanvHviM no8epXHOCMAM, a MOITOMY JIMHUU
BekTopa E OpTOroHanbHbl ’TUM ITOBEPXHOCTSIM.

DOKBUIOTEHIIUAIBHBIX MOBEPXHOCTEH BOKPYT KaXJIOTO 3apsja U KaXKIOW CUCTEMBI 3aps0B MOXKHO MPOBECTH
OecuncieHHoe MHOXeCTBO. OJHAKO WX OOBIYHO MPOBOIAT TaK, YTOOBI Pa3HOCTH MOTCHLIUAIOB MEXIY
JMOOBIMU JIByMSI COCETHUMHU SKBHUIOTEHIMAIBHBIMU TOBEPXHOCTAMHU OBLUIM OJMHAKOBHL. Torma rycrora
SKBUIIOTEHIMAJIBHBIX IOBEPXHOCTEH HAIVISIIHO XapaKTEpU3yeT HAINpPSIKEHHOCTh IOJS B Pa3HbIX TOUYKaX.
Tam, rie 3TH MOBEPXHOCTH PACIOTIOKEHBI T'YIIe, HAPSHKEHHOCTD MOJIst OOJIbIIIE.

Wtak, 3Hasg pacrnoioXeHUe JUHUI HaNpsHKEHHOCTH 3JEKTPOCTATHUECKOTO TMOJs, MOXHO IOCTPOUTH
SKBUIIOTEHIMANIbHBIE TTOBEPXHOCTH W, HA00OPOT, MO HM3BECTHOMY PACIIOIONKEHHIO SKBHUIIOTEHIIMATIbHBIX
MIOBEPXHOCTEN MOKHO OIIPEJEIUTh B KaXKI0M TOUKE MOl MOJYJIb M HAllpaBJIeHUE HAapsKEHHOCTH mouid. Ha
puc. 133 s npuMepa moka3aH BUJ JMHUNA HAMPsDKEHHOCTH (IUITPUXOBBIC JTMHHUM) U SKBUIIOTEHIIMATBHBIX
MOBEPXHOCTEH (CIUIOIIHBIE JMHUM) IOJIEH IOJOKUTEIBHOIO TOYEHHOIo 3apsiaa (a) U 3apsHKEHHOIo
METATTNYECKOT0 IUINH/IPA, UMEIOIIEro Ha OAHOM KOHIIE BBICTYII, @ HA IPYT'OM — BIAIUHY (0).

Puc. 133

@ Kakopa CBA3b MeXAY HANPsXXEHHOCTLIO W No-
TeHuuanoM? BbiBeauTe ee n obbacHuTe. Ka-
KOB (IN3NYECKHi A CMBICTT ITUX NOHATHA?

§ 86. BoiunciieHue pa3HOCTH NOTEHIUAJIOB M0 HANPSAKEHHOCTH MOJIS

YcrtanoBneHHas B § 85 CBSi3b MEXKAY HAMPsDKEHHOCTHIO TOJNS M TOTEHIMAIOM IMO3BOJISIET MO HM3BECTHOU
HAIPs>KCHHOCTH ITOJIA HauTH PA3HOCTD MOTCHIUATIOB MEXKAY ABYMA MIPONU3BOJIbHBIMH TOYKAMH I3TOI'O ITOJIA.
1. Tlosie paBHOMepHO 3apsixKeHHOW 0OeCKOHeYHOIl MJI0CKOCTH onpexaensercs dopmynoit (82.1): E=c/(2¢p),

rle G — TOBEPXHOCTHAs IUIOTHOCTH 3apsia. Pa3HOCTh MOTEHIMATIOB MEXIY TOYKAMH, JEKAIIUMHU Ha
PacCTOSHUAX X1 U X2 OT IJIOCKOCTH, paBHa (Mcnonb3yeM popmyay (85.1))
x2

| Edx J'adx 0( )

—_— == Py —_— =— (X7—X1).

? 'szl 2 X]
x{

2. Ilone aBYX 0€CKOHEYHBIX NAPAJLIEIbHBIX PAa3HOMMEHHO 3aps:KEHHBIX NJIOCKOCTeH orpenensiercs
dbopmyion (82.2); E=cley, TI¢ 6 — TMOBEPXHOCTHAS TUIOTHOCTH 3apsijia. PasHOCTh MOTCHIMATIOB MEKIY
IUIOCKOCTSIMH, PACCTOSIHUE MY KOTOpbiMU paBHO d (cM. popmyiy (85.1)), paBHa

d

d ag -2
o1—oy=] de=I—dx=— d.
g

0 & (86.1)
0
3. [losie paBHOMEPHO 3apsKeHHOM cepuyeckoii moBepxHocTH paanyca R ¢ oomumMm 3apsaom Q sue chepsl
(r> R) Beruucnsiercs mno (82.3): E=L_Q;, Pa3HOCTh MOTEHIMATIOB MEXIY ABYMsI TOUKAMH, JEXKAIIUMH Ha
4neg r

paccTosiHUAX I ¥ 2 OT neHTpa cdepsl (1 >R, r,>R, r,>ry), paBna
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n

r2 1 0 Q /1 1
¢1—¢2= | Edr = ;—“‘;d'=—“(———)-
; mort | dmg\n

n
Ecnu npuHATH M=r U =00, TO MOTEHIHANT IOJIs BHE c(hepruecKoil MOBEPXHOCTH, coriacHo ¢opmyie (86.2),
3a]1aeTCsl BBIPAKEHHEM

(86.2)

1 Q
¢~41wo r
(cp. ¢ dopmymoii (84.5)). Buyrpu chepruyeckoii mOBEPXHOCTH MOTSHITMAT BCIOAY OJMHAKOB U PaBeH

Q
¢=m-

I'padux 3aBUCHMOCTH @ OT I IpUBECH Ha puc. 134.

4. Tlonie 00BbEMHO 3apsizKEHHOro mapa paauyca R ¢ obmmMm 3apsaom Q eue mapa (F>R) BbIUHCISETCS IO
dopmyiie (82.3), mO3TOMY Pa3HOCTh MOTEHIIMAIOB MEXKIAY IBYMS TOUKAMH, JISKAITUMH Ha PACCTOSHUSAX I U
r, ot mentpa mapa (r, > R, r; > R, r, > ry), onpenensercss ¢popmynoit (86.2). B iar060it Touke, jexkaiei
@Hympu 1apa Ha paccTossHuM I' oT ero 1entpa (I'<R), HanmpsHKEHHOCTH OIpeessieTcs: BeipaxeHueM (82.4):
E=;.1& % r. CiemoBarenbHO, pa3HOCTh TOTCHIIMAIOB MEXIY ABYMSI TOYKAMH, JICKAIIUMHU HA PACCTOSIHUSIX

r, u r, or nenrpa mapa (r, <R, r, <R, r,>r/), paBHa

r
Y
(pl—(p2=fEdr= (r’;——r’f).
’; 8negR3

5. [Tos1e paBHOMEPHO 3apsI’KEHHOT0 HeCKOHEeYHOro IUJINHAPA paanyca R, 3apsHKeHHOTO C JIMHEHHOM

o 1 =
IUIOTHOCTBIO T, gHe umiuHapa (r>R) ompenenserca ¢opmymoii (82.5): B CrnenoBaTenbHO, pa3HOCTb
neg r

IOTEHILIMATIOB MEXIY IBYMS TOUYKAMM, JIKAIIUMU HA PACCTOSHUAX 1 M I'2 OT OCH 3apsKEHHOTO LIAJIMHIPA
(ri>R, r2>R, r2>ry), paBua
n
n [3 T n
o —pr=| Edr=~2-— —= E——ln—.
e neg J v 2mzp 1y (86.3)

r

§ 87. Tunb1 qpudsiekTpukoB. [lonsapusanus AMIIEKTPHKOB

JIM31eKTpUK (Kak M BCSKOE BEIECTBO) COCTOUT M3 aTOMOB M MOJIeKYJ. Tak Kak MOJIOKUTENbHBIN 3apsa Bcex
S7Iep MOJIEKYJIBl PAaBEH CYMMapHOMY 3apsiay 3JEKTPOHOB, TO MOJIEKYJIa B I[EJIOM ICKTPHUUECKH HEHTpabHa.
Ecnu 3aMeHHUTD MOJIOKUTETbHBIE 3aps/Ibl AP MOJIEKYJI CyMMAapHBIM 3apsaoM + Q, HaXOoAsIUMCs B LIEHTpe
«TSHKECTH TIOJIOKHUTEIBHBIX 3apsI/IOB, a 3aps]] BCEX JEKTPOHOB — CYMMAapHBIM OTPHUILATEILHBIM 3apsIOM
— Q, HaXOAAUIMMCS B LICHTPE «TSKECTU» OTPULIATEIbHBIX 3aps/10B, TO MOJIEKYJIY MOXKHO pacCMaTpUBATh Kak
ANEKTPUYECKUH IUIIOINB C DJIEKTPUUYECKUM MOMEHTOM, orpeaensieMbiM popmynoi (80.3).

[Tepyto rpynmny andnaekTpukoB (N2, Ha, Oz, CO2, CHy, ...) COCTaBISIOT BelIECTBA, MOJIECKYIIBI KOTOPBIX HMEIOT
CHMMETPUYHOE CTPOCHHE, T. €. ILEHTPBl «TSHKECTU» TMOJOXKHUTEIbHBIX W OTPUIATEIbHBIX 3apsiIoB B
OTCYTCTBHE BHEIIHETO AJIEKTPUUYECKOTO MOJISI COBNAAIOT U, CIE0BATENbHO, TUIOIBHBII MOMEHT MOJIEKYJIbI
P paBeH Hy0. MoJeKyJIbl TAKUX TUDJIEKTPUKOB HA3BIBAIOTCS HENMOJASAPHbIMU. [0/ HelicTBHEM BHEIIHETO
AJIEKTPUUYECKOTO TIOJII 3apsiibl HEMOJSPHBIX MOJIEKYJ CMELIAloTCs B IPOTUBOINOJIOXKHBIE CTOPOHBI
(TTOJTOKUTENBHBIC TIO TIOJF0, OTPHUIIATEIBHBIE TPOTHB I0JIST) M MOJIEKYJIa IPUOOPETAET AUIOILHBIA MOMEHT.

P . Pac. 134 .

N

@ Yemy pasHa pa6oTa No nepemMeileHno 3apAaa
BAONb IKBUNOTEHUMANDBHOA NOBEPXHOCTH?

Bropyto rpynny nusnexrpukos (H2O, NHs, SO,, CO,...) COCTaBISIOT BEMIECTBA, MOJIEKYJIBI KOTOPHIX HMEIOT
ACHMMETPUYHOE CTPOCHHE, T. €. HEHTPBI «TSDKECTH» TIIOJIOKUTEIBHBIX W OTPUIATEIBHBIX 3apsiOB HE
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coBmnaaawT. Takum 00pa3oM, 3TH MOJICKYJIbI B OTCYTCTBHE BHEIIHETO AJICKTPHUECKOTO IMOJIs 0013 at0T
JMIIOJBHBIM MOMEHTOM. MOJIEKYJIbI TaKuX IUAJICKTPUKOB HA3bIBAIOTCS MOJSIPHBIMH. [Ipu oTCcyTCTBHM
BHEIIIHETO T0JIs, OJHAKO, TUIOJbHBIC MOMEHTBI TMOJIAPHBIX MOJICKYJ BCJCICTBHE TCILUIOBOTO JIBUXKCHUS
OPHEHTHPOBAHbI B MPOCTPAHCTBE XAOTHYHO M UX PE3YIbTUPYIOLIMA MOMEHT paBeH HyI0. Eciau Takoit
JM3JICKTPUK MOMECTHTh BO BHEIIHEE IOJIC, TO CHJIBI TOr0 MOJS OyIyT CTPEMHUTHCS MOBEPHYTH AMITONN
BJIOJIb TIOJISI ¥ BO3HUKAET OTJIUYHBIN OT HYJIS PE3YJIbTHPYIOIINHA MOMEHT.

Tperpto rpymmy awdnektpukoB (NaCl, KCI, KBr, ...) cocraBisioT BemiecTtBa, MOJEKYJIbl KOTOPHIX HMEIOT
HOHHOE cTpoeHue. MOHHbIe KPUCTAILIBI MPEACTABISAIOT COOO0M MPOCTPAHCTBEHHBIE PEIICTKH C MPABUIbHBIM
YepeIOBaHMEM HMOHOB Pa3HbIX 3HAKOB. B 3THX KpHCTa/iaX HENb3s BBIACIUTH OTICIbHBIC MOJICKYJIBI, a
paccMarpuBaTh MX MOXKHO KaK CHCTEMY JBYX BIBHHYTBHIX OJHAa B JPYrYI0 HOHHBIX HoOjpemeTok. [Ipu
HAJIOKCHUM HA HOHHBIA KPHCTAI JJICKTPHYECKOTO TOJsI MPOUCXOMUT HEKoTopas aedopmainus
KPUCTAJUIMYECKONW PEIIETKH MM OTHOCHTEIILHOE CMEIIECHHE MOJPEIIETOK, MPUBOASIICEe K BOSHUKHOBEHHIO
JIMIIOJIbHBIX MOMCHTOB.

Takum 00pa3oM, BHECEHHE BCEX TPEX TPYII AUIICKTPUKOB BO BHEIIHEE JICKTPHUUECKOE IMOJIE MPHUBOAUT K
BO3HUKHOBEHHUIO OTJIMYHOIO OT HYJS PE3YJbTUPYIOIIETO AJICKTPHUYSCKONO0 MOMEHTA JUAJICKTPHUKA, WIIH,
UHBIMH CJIOBAaMH, K TOJIAPU3ALMKM JUdJIeKTprKa. IloJisipu3anmei TU3JIEKTPUKA HA3bIBACTCS IPOIECC
OPHCHTAI[MM JIAIOJCH WM MOSIBJICHUS I10J] BO3JACHCTBHEM BHEIIHETO  DJIEKTPUYCCKOTO  IMOJIS
OPHEHTHPOBAHHBIX I10 MOJIFO TUITOJICH.

COOTBETCTBEHHO TPEM TPYIIIaM AUIJICKTPUKOB pa3IMyaroT TPH BUA MOJAPU3ALINU:

JJIeKTPOHHAsI, WIA Je(OpMANMOHHAN, WOJSIPU3ALNMS MIJICKTPUKA C HEMOJSAPHBIMH MOJICKYJIaMH,
3aKJII0YAMONIAsACS B BO3HUKHOBCHHH Yy AaTOMOB HHAYIMPOBAHHOTO JHUIIOJHHOIO MOMEHTa 3a CYeT
nedopMaiuu IEKTPOHHBIX OPOHT;

OpPMEHTAIMOHHAN, WIH JUIOJbHasl, TOJAPU3AUMS JUIJICKTPUKA C  TOJSAPHBIMH  MOJICKYJIaMH,
3aKJIFOYAOIIAsCS B OPUCHTAIIMH MMEIOIIUXCS TUIMOJBLHBIX MOMEHTOB MOJIEKYJI IO TOt0. EcTecTBeHHO, 4TO
TEIUIOBOE JBM)KCHUE TPEIATCTBYET IMOJIHOM OPHEHTAIIMHA MOJIEKYJI, HO B PE3yJIbTaTe COBMECTHOTO JICHCTBHSI
000ux (HaKTOPOB (IIEKTPUIECKOE IMOJI€ U TEIJIOBOE ABHIKCHHE) BO3HUKAET MPEUMYIIIECTBCHHAS OPUCHTAIIHSI
JIMITOJIBHBIX MOMEHTOB MOJICKYJI IO IOJIF0. DTa OPUEHTAIUS TeM CHJIbHEE, 4eM OOJIbIIEe HAIPSHKCHHOCTD
AIIEKTPUYECKOTO TOJIS M HUXKE TEMIIePaTypa;

HOHHASl MOJSAPU3AIUS TUDJICKTPUKOB C HOHHBIMH KPUCTAUTMYECKUMHU PEHICTKAMHU, 3aKIIIOYaroIascs B
CMCUICHUU TIOJPEIICTKA TIOJOKHUTEIBHBIX HOHOB BJOJIb IOJIs, & OTPHULATENBHBIX — TPOTHUB TIOJS,
MIPUBOJISIIEM K BOSHUKHOBEHHUIO JHUITOJLHBIX MOMEHTOB.

§ 88. IloasipuzoBanHOCTL. HanpsiZkeHHOCTH MOJIA B JUIJICKTPHKE

[Ipy momemieHNH AMINEKTPHKA BO BHEIIHEE 3IEKTPUUYECKOE I0JIE€ OH MOJspU3yeTcs, T. €. NMpHoOpeTaer
OTJIMYHBIN OT HyJIS JUIMOJNBHBIA MOMEHT Pr=3,P» TJ€ Pi — IUMOJIBHBI MOMEHT OJHON MOJEKYJBI. st
i

KOJIMYECTBEHHOIO0 OIMCAHMS MOJIAPU3alUU  JUAJIEKTPUKA IOJIB3YIOTCS BEKTOPHOM BEJIMYMHOW —

NOJISIPU30BAHHOCTB 0, OTIPEIENAEMON KaK AUMOIbHBIA MOMEHT €IMHULIBI 00beMa AUAIEKTPHUKA!

P=py/V=3, pi/V.
i (88.1)

W3 onblTa cinenyer, 4To A OONBIIOro Kiacca JUAJIEKTPUKOB (32 UCKIIIOYEHUEM CETHETORIEKTPUKOB, cM. § 91)
MOJISIPU30BAaHHOCTH P nuHElHO 3aBucuT oT HanpsbkeHHOCTH ntosid E. Eciim nuanexktpuk nzorponssiii u E He
CJIMIIKOM BEJIUKO, TO

P=axF, (88.2)

rne { — AUdJIeKTpUYecKasi BOCHPUMMYHMBOCTh BelleCTBA, XapaKTEpU3yollas CBOMCTBA TUAIIEKTPUKA; { —
BeIMYMHA Oe3pazMepHasi; mpuToM Bcerga { > 0 u ans GONBIIMHCTBA UAJIEKTPUKOB (TBEPABIX U JKUIKHX )
COCTaBJISIET HECKOJIBKO SIUHHMII (XOTSI, HApuMep, Ui ciiupta {~25, st Boasl {=80).

JU1 yCTaHOBIIEHHS KOJIMYECTBEHHBIX 3aKOHOMEPHOCTEN IOJISI B AUDJIEKTPUKE BHECEM B OJHOPOJIHOE BHEIIHEE
anektpuyeckoe noje Eg (co3maercs nBymMsS 0€CKOHEUHBIMHU MapalljieIbHBIMU PA3HOMMEHHO 3apsKEHHBIMU
TUIOCKOCTSIMH) TUTACTUHKY M3 OJHOPOIHOTO JUAJIEKTPHKA, PACIIONOXKUB €€ TaK, Kak IMoKa3aHo Ha puc. 135.
[Ton neiicTBUEM MOJIS TUANIEKTPUK MOJISPUZYETCS, T. €. MPOUCXOJUT CMEIICHHUE 3apsJI0B: MOJIOKUTEIbHbIE
CMEILAITCA 10 II0JI0, OTPULIATENbHbIE — TMPOTHUB MOJsA. B pesynpraTte 3TOro Ha MpaBOW T'paHU
IUAJIEKTPUKA, OOpAIlEHHOI0 K OTPHULATEIBHOW IUIOCKOCTH, OyJAeT M30BITOK IOJO0XKHUTEIBHOIO 3apsiaa ¢
MOBEPXHOCTHOM IMJIOTHOCTBIO +0', Ha JIEBOM — OTPHIIATEILHOTO 3apsja ¢ MOBEPXHOCTHOM MIIOTHOCTHIO —C'.
OTH HECKOMIIEHCHPOBAHHBIE 3aps/ibl, MOSBJSIIOIIMECS B PE3yJabTaTe MOSIPU3ALUN  JIUIIEKTPUKA,
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Ha3bIBAIOTCS CBA3AHHBIMH. TaK KaK MX MOBEPXHOCTHAS IUNIOTHOCTb C' MEHBIIIE IJIOTHOCTH O CBOOOIHBIX
3apsAI0B IUIOCKOCTEW, TO HE Bce noje E KoMIEHCHpyEeTCs IOJIeM 3apsAloB JUICKTPUKA: 4acTb JIMHUU
HaAMpPsDKEHHOCTH MPOUIET CKBO3b JUAJIEKTPUK, Jpyras ke 4acTh — OOpPBIBAETCS Ha CBSI3aHHBIX 3apsiiax.
CnenoBarenbHO, MOJSIpU3aLMS AUAJIEKTPUKA BbI3BIBAET YMEHBIIEHHE B HEM IIOJI IO CPABHEHMIO C
MepBOHAYalIbHBIM BHEIIHUM NojieM. BHe nuanextpuka E=E,.

Takum o00pa3oMm, TOSABICHHE CBS3aHHBIX 3apsAJOB NPUBOJUT K BO3HUKHOBEHHIO JIOMOJHUTEIHHOTO
anekTpuyeckoro moisi E' (mons, co3maBaemMoro cesazanmbiMu 3apaiaMu), KOTOPOE HAaIpaBICHO IMPOTUB
BHemHero noiist Eg (monsi, coznaBaemMoro c60600HbuimMu 3apsiiaMu) U ocinabisier ero. PesynpTupyroniee mnose
BHYTpH JUIJICKTPHUKA

E=E,—E'

[Tone E'=0'lg (mone, co3nanHoe JAByMs OSCKOHEUHBIMH 3apsHKEHHBIMH IDIOCKOCTSIMU; cM. Gopmyny (82.2)),

MO3TOMY
E=Ey—a’[eg. (88.3)

OrmpenenuM MOBEPXHOCTHYIO TIOTHOCTH CBSI3aHHBIX 3apsaaoB o. [lo (88.1), mosHBIA AUMOJBHBIE MOMEHT
IUTACTUHKH audsiekTpuka Py =PV = PSd, rne S — mutomanp rpanu miactuHku, d — ee tommuba. C apyroit
CTOPOHBI, MOJHBIN JUMOIBHBIA MOMEHT, coriacHo (80.3), paBeH NPOU3BEICHUIO CBSI3aHHOTO 3aps/ia KaXKIou
rpanu Q' =¢' S Ha pacctosHEe d Mex Iy HUMH, T. €. py = ¢ Sd. Takum ob6pazom, PSd= ¢’ Sd, unu

o'=P, (88.4)
T. €. NIOBEPXHOCTHAs IUIOTHOCTh CBSI3aHHBIX 3apsfoB o paBHa mnosspuzoBaHHocTu P. IloactaBus B (88.3)
BbIpaxkeHus (88.4) u (88.2), nonyuum

E=E,—&E,
OTKY/1a HaNpsHDKEHHOCTD Pe3yIbTUPYIOIIETO MOl BHYTPU IUAJICKTPUKA paBHA
E=Eo/(1+ &)=Ey/e (88.5)
+0 ~o’ +6' ~6 Puc. 135

@ 4710 TaKoe NONAPHU3IOBAHHOCTL?

- @ Y70 nokasbiBaer AWINEKTpuHecKas NpoHWa-
eMOCTb Cpefbi?

© BoiBegnte CBA3b MeXAY AN3NEKTPUYECKHMK
BOCMPHHMUYMBOCTLIO BEIECTBA W NPOHNLaeMOo-
CTblo cpefbt.

® B 4em paannune NoOnspu3alnK QUINEKTPHKOB
C NONAPHLIMM N HEMNOMAPHLIMKA MoneKynamu?

- @ Onpepjennte, 4emy paBHa [AW3NexTpu4eckas

NPOHKLAEMOCTb MpK NocTpoeHnu puc. 135.

|
]+ ] ]+ +

be3pa3mepHas BennumnHa
e=l+e& (88.6)
Ha3bIBACTCS AMIIEKTPUUYECKO NpoHMunaeMocTbio cpeabl. CpaBuHuBas (88.5) u (88.6), Buamm, 4TO €
MOKAa3bIBAET, BO CKOJBKO pa3 MoJie OCNadAeTCsl TUAIEKTPUKOM, U XapaKTepU3yeT KOJTUIECTBEHHO CBOMCTBO
JTURJIEKTPUKA TIOJIIPH30BATHCS B AJICKTPHUECKOM ITOJIE.

§ 88. DuexrTpuueckoe cmemenne. Teopeme I'aycca 11 31eKTPOCTATHYECKOT0 MOJISI B IUIJIEKTPUKE

HarnpsikeHHOCTh 3J€KTPOCTaTUUECKOro MoJisf, coriacHo (88.5), 3aBUCUT OT CBOMCTB Cpelbl: B OJHOPOJHOM
M30TPONHON Cpelie HaMpsHKEeHHOCTh moyst £ oOpaTHO mpomnopuuoHanbHa €. Bektop HampspkenHoctH E,
Mepexo/id Yepe3 TpaHully AUAJIEKTPUKOB, IPETepreBaeT CKaukooOpa3Hoe U3MEHEHUE, CO3/1aBasi TEM CaMbIM
HEyJ00CTBa MpH pacueTax »HIIEKTpOCTaThdyeckux mosier. IlosTomy okaszamock HEOOXOAMMBIM MOMHUMO
BEKTOpa HaIpPsDKEHHOCTH XapaKTepU30BaTh IMOJIE €Il BEKTOPOM JIEKTPHYECKOro cMelleHHsl, KOTOPbIi
TUIS DIIEKTPUYECKU U30TPOITHON CPEJIBL, IO ONPEIEIICHUIO, PABEH

D=¢xE. (89.1)
Ucnions3ys hopmynst (88.6) u (88.2), BEKTOP dMEKTPUUECKOTO CMEIIIEHUS MOYKHO BBIPAa3UTh KaK
D=eoE+P. (89.2)

Enununa snekTpruueckoro cMelieHusi — KyJIOH Ha METp B KBajpaTe (KH/MZ).
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PaccmoTpuM, ¢ 4eM MOKHO CBSI3aTh BEKTOP 3JIEKTPUUYECKOr0 cMelleHus. CBs3aHHbIE 3apsiibl MOSIBIISIIOTCS B
IUAJIEKTPUKE NPU HAIMYUM BHEIIHErO 3JIEKTPOCTATUYECKOTO OIS, CO3aBaeMOro CHCTEMON CBOOOTHBIX
AJIEKTPUUYECKUX 3apsoB, T. €. B JUAJIEKTPUKE Ha 3JIEKTPOCTATHUYECKOE I0Jie CBOOOJHBIX 3apsioB
HaKJIaJbpIBa€TCsl JOINOJHUTEIbHOE I10JIe CBA3AHHBIX 3apaloB. Pezyremupyloujee none B IUAIIEKTPUKE
OIMCHIBAETCSI BEKTOPOM HampsbkeHHocTH E, n moromy OH 3aBUCUT OT CBOMCTB auanekTpuka. Bexktopom D
OIMCBIBACTCS IEKTPOCTATUYECKOE I0JIE, CO3JaBaeMoe c80000HbiMU 3apsoamu. CBS3aHHBIE 3apsiibl, BO3-
HUKAIOIIME B TUAJIEKTPHUKE, MOTYT BBI3BATh, OJTHAKO, IIEpepacIpeieieHue CBOOOTHBIX 3aps/I0B, CO3IAIOIINX
nose. ITostomy Bektop D XapakrepusyeT 31eKTpOoCTaTUUECKOE T0JI€, CO3/1aBAEMOE C80000HbIMU 3aPA0aMU
(T. e. B BaKkyyMe€), HO IpU TaKOM HX paclpeieiieHUH B IPOCTPAHCTBE, KAKOE UMEETCS npu HAIUYUU
OusIeKmpuKa.

Amnanornyno, kak u mnoie E, mone D wuzoOpaxaercs ¢ MOMOLIBIO JIMHUH 3JIEKTPUYECKOr0 CMeIleHus,
HalpaBJIeHUE U T'yCTOTa KOTOPBIX OINpPENENIAIOTCS TOYHO TaK K€, KaK M JUIsl JMHUN HAIpPSDKEHHOCTH (CM.
§79).

Jlunuu eexmopa E mocym nauunamscs u 3akanyueamvcs na a00bix 3apsaoax — c60000HbIX U CEAZAHHBIX, 8 MO
gpems kak aunuu eéekmopa D — monvko na c60600nvix 3apsioax. UYepes obiactu mouis, TA€ HAXOMSITCS
CBSI3aHHbIE 3aps/bl, TUHUU BekTopa D mpoxoasT He npephiBasch.

JUi1st IpOU3BOIBHOM 3aMKHYMOU TIOBEPXHOCTH S IOTOK BEeKTOpa D CKBO3b 3Ty HOBEPXHOCTH

®p=$DdS=§ D,ds,
N §

rne D, — npoekiust Bektopa D Ha HOpMais N k moiomaake dS.
Teopema I'aycca /17151 3JIeKTPOCTATHYECKOTO 1OJISI B UIJIEKTPHKe:
n
§Dds=¢ p,ds=Y 0,
M M 1 (893)

T. €. IOTOK BEKTOpa CMELIEHMSI JIEKTPOCTATUYECKOTO MOJIS B IUAIEKTPUKE CKBO3b MPOU3BOJIBHYIO 3aMKHYTYIO
IIOBEPXHOCTh paBeH alreOpandyeckoil CyMMe 3aKJIFOUEHHBIX BHYTPH JTOH IOBEPXHOCTH C80000HbLIX
ANEKTPUYECKHX 3apsAnoB. B Takoit ¢popme Teopema ["aycca cripaBeayuBa uis 37€KTPOCTATHUECKOTO MOJIS KaK
U1 OMHOPOJHOM U U30TPOITHOM, TaK U JJIs1 HEOJHOPOIHON M aHU30TPOITHON Cpel.

Jns Bakyyma D, = gE, (¢ =1), Torna notok BekTopa HamnpspkeHHOCTH E CKBO3b MPOU3BOJIBHYIO 3aMKHYTYIO
MOBEPXHOCTH (cp. ¢ (81.2)) paBen

§ uE.dS= 3 Q.
s 1

i=

Tak kak wcrounukamu moist E B cpene ABIAIOTCS Kak CBOOOJHBIC, TaK U CBSI3aHHBIE 3apsibl, TO TEOPEMY
l"aycca (81.2) nns mons E B camom o0111eM BUJIE MOYKHO 3alUcaTh Kak

] k
§ eEdS=§ &0EadS=Y Qi+ Y Qs
S S

jm=] jm=1

n k
rac Z Q‘ H Z Qin — COOTBCTCTBECHHO anre6paI/IquKI/Ie CYMMBI CBO60)IHBIX U CBA3AaHHBIX 3ap5[)10B,
=1 i=1

OXBaTbIBACMBbIX 3aMKHYTOﬁ IMOBCPXHOCTBIO S. OI[HaKO oTa Q)opMyﬂa HeIIpuemiieMa sl OIMMCaHus 110JI1 EB
AUDJICKTPUKE, TaK KaK OHa BBIPpAKaACT CBOMCTBA HeU3BeCcTHOro noist E 4Cpe3 CBA3AHHBIC 3apAbl, KOTOPLIC, B
CBOIO OYCpCIb, OIPCACIIAOTCA HM IXKC. 910 CIIC pa3 AOKa3bIBACT I_IGJ'IGCOO6pa3HOCTB BBCACHHUA BCKTOpPA
QJICKTPHUYCCKOT'0 CMCIICHU.

§ 90. YcnoBus Ha rpaHuIe pa3jesia AByX AUIJICKTPHYECKHX cpel

Paccmotpum cBsizb Mexay Bekropamu E u D Ha rpaHuie pasgena JABYX OJHOPOIHBIX HM30TPOITHBIX
JIMAJIEKTPUKOB  (IMAJIEKTPUYECKUE TMPOHHUIIAEMOCTH KOTOPBIX €1 M €2) NPU OMCYMCMEUU HA 2panuye
€60000HbIX 3aps1008. TlocTporM BOJW3M TPaHUILI pa3jelia AUIECKTPUKOB 1 W 2 HEOONBIIONW 3aMKHYTBIN
npssMoyronbHbIi KoHTYp ABCDA munbl |, opueHTHpOBaB €ro Tak, Kak mokasaHo Ha puc. 136. CoryiacHo
teopeme (83.3) o mupkymsinuu Bexktopa E,

Edl=0,

ABCDA
OTKyZa

Eol—Eql=0
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(3Haxu unTerpanoB 1o AB u CD pasHble, Tak KaK MyTH WHTETPUPOBAHUS MPOTHUBOMOIOXKHBI, & HHTETPAJIBI
o yuactkam BC u DA HuatoxHO Maibl). [ToaTomy

Ey=E,. (90.1)

Puc. 136

® Kax onpegensercA BeKTOop aNneKTPHYecKoro
B cMmetennn? Yro oH xapaktepnsyer?
> @ Cdhopmynupyiite reopemy Faycca ans anext-
f POCTATHMOCKOTO NONSA B ANINOKTPHKE.
_ — —_— — — — ® BuiBegnte n npoxomMeHTHpY#ATe ycnoswa ans
- . — — — sextopos E n D Ha rpanuye pasfena Asyx
AN3INeKTPU4EecKHX cpepn.

3amenus, coriacHo (89.1), npoeknuu Bektopa E npoexuusamu Bektopa D, neneHHbIMU Ha €og, TOTYyYUM

Du_a
Do & (90.2)
Ha rpanwuiie pazaena nByx IuaiaeKTpukoB (puc. 137) mocTpoum mpsMor MUIUHAP HUYTOXHO MAajlOM BBICOTHI,
OJTHO OCHOBAaHHE KOTOPOTO HAXOJHUTCS B MEPBOM IUAJICKTPUKE, Apyroe — BO BTOpoM. OcHoBaHus AS

HACTOJIBKO Mallbl, YTO B Mpeenax Kaxaoro u3 Hux sektop D ogunakoB. CormnacHo teopeme ["aycca (89.3),
D AS—D, AS=0
(HOpMau N U N' K OCHOBAaHUAM LIWJIMH]Ipa HAMPABIICHBI TPOTUBOIOIOKHO). [ToaTOMY

D =Dra. (90.3)
3amenus, coriacHo (89.1), npoekiuu BekTopa D npoeknusmu Bexkropa E, yMHOKEHHBIMU Ha €€, MOITYYUM

Enl 173

Ea & (90.4)

Takum oOpa3om, TpH MEpexoje Yepe3 TpaHHIly paslena JBYX AUIECKTPUYCCKHX CpeJl TaHTCHITMAJIbHAS
cocrassttoias Bektopa E (E;) u HopMmanbHas cocrapisitorias Bektopa D (D) H3MEHSIOTCS HepephIBHO (He
NpeTepreBaloT CKauka), a HopMaibHas cocrasistomias Bekropa E (E,) u TaHreHnuanbHas cOCTaBIIAIOIIAN
BekTopa D (D,) npereprneBaroT ckavok.

N3 ycmosuit (90.1) — (90.4) mnst cocrasnsomux BektopoB E u D crnenyer, 4ro JTUHUM 3TUX BEKTOPOB
MCIIBITBIBAIOT M3JIOM (TIperomMitstiotest). Hafiem cBs3b Mexty yriiamu o u o (Ha puc. 138 £1>¢;). CoriacHo
(90.1) u (90.4), Ep, = Eaq u gEnp = &En. Pasnoxum Bexktopsl E1 m E; y rpanunsl pasnena Ha
TaHTeHIIMAJbHbIE U HOpMallbHbIE cocTaBisomue. 13 puc. 138 cnexyer, uto

Eg__‘_z_2=Er2/En2
tgoy Eq/Ey

N
; Puc. 137 Puc. 138
VY4auThIBas 3alMCaHHBIC BBIIIE YCIOBHS, MOJYYUM 3aKOH MPETOMJICHUS JTUHUIA HanpsokeHHocTH E (a 3HauuT, u
TUHUN cMmenienus D)

tga; &

tgay g
Orta (1)OpMyHa IIOKA3bIBACT, YTO, BXOJA B OIUIJICKTPHUK C OonbIIeH JIUAJIEKTPUYECKON TPOHUIIAEMOCTBIO, TUHUU
EuD YIAJISIFOTCST OT HOPMAaJIH.
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§ 91. CerneroajieKTpuKH

CerHerodjieKTPUKH — JUDJICKTPUKH, OOJIAAIONINE B ONMPEACICHHOM HHTEPBAJIEC TEMIIEpPATyp CIIOHTAHHOU
(caMOnpOM3BOJIBHOM) TMOJISIPU3OBAHHOCTBIO, T. €. TOJSPU30BAHHOCTHIO B OTCYTCTBHE BHEIIHETO
aneKkTpuyeckoro mnoisid. K cerHeTosnekTpukaMm OTHOCATCS, HalpuMep, JeTaibHO u3yudeHHble . B.
KypuaroBsim (1903—1960) u I1. I1. Ko6eko (1897—1954) cerneroBa coinbs NaKC4H;O6 « 4H,0 (o1 Hee u
MOJYYHIIM CBOC HAa3BAaHHME CETHETOAIICKTPUKH) U TuTaHat Oapust BaTiOs.

[Ipu OTCYTCTBHHM BHEILIHETO 3JEKTPUUECKOTO OISl CETHETORIEKTPUK MPECTaBIIsAeT cOO0N Kak Obl MO3aUKy U3
AOMEHOB — o0J1acTell ¢ pa3IMYHbBIMU HAPABICHUSMH MOJSIPU30BAHHOCTH. DTO CXEMATHUECKH [10Ka3aHO Ha
npuMepe TMTanara 6apus (puc. 139), rae crpenku u 3Haku O, @ ykasbiBaioT Harmpasiaenue Bekropa P. Tak
KaK B CMEXHBIX JIOMEHaX 3TH HAlpaBJICHUs Pa3IMYHbI, TO B LI€JIOM TUMOJIbHBI MOMEHT JAUAJIEKTPUKA paBEeH
Hymo. [Ipy BHECEHHWH CErHETO?JIEKTpUKAa BO BHEILIHEE MOJIE MPOUCXOIUT MEPEOPUEHTALUS UIMOIBHBIX
MOMEHTOB JIOMEHOB [0 TMOJI0, a BO3HUKILIEE MPU 3TOM CyMMapHOE 3JEKTPUUECKOE IOJIe JOMEHOB Oyner
MOAJICPKUBATh UX HEKOTOPYIO OPUEHTALMIO M MOCE MpEeKpalleHus IeUcTBUs BHeEmIHero mnoist. [loatomy
CETHETORJICKTPUKM HMMEIOT AaHOMAJIbHO OONbIIKME 3HAYCHHS] [UAIEKTPUYECKOM MpoHULaeMocTH (Asis
CETHETOBOM COJIH, HAIIPUMED, 8max~104)-

CerHeToneKTpuYeCcKUue CBOMCTBA CHIILHO 3aBUCAT OT TemrepaTypsbl. i KaXI0T0 CErHETOANEKTPUKA UMEETCs
OIIpeJieNIeHHasl TeMIepaTypa, BBIIIE KOTOPOW €ro HEOOBIYHBIE CBOWCTBA HCYE3al0T W OH CTAHOBUTCA
OOBIUHBIM JAMAJIEKTPUKOM. JTa TeMIeparypa Ha3bpiBaeTcs Toukoil Kiwopu (B uects (panirysckoro dusuka
IIeepa Kropu (1859—1906)). Kak mnpaBmio, CErHETOANEKTPUKA HUMEIOT TOJIBKO OAHY Touky Kropu;
HCKIIFOYCHHE COCTaBIIAIOT JIMIIL cerHeToBa coib (—18 u +24°C) u u3zomopdHbIe ¢ HEw coeauHeHus. B
CETHETO3JIEKTpUKax BOMM3M Touku Kropu HaOmronaercs Takke pe3Koe BO3pacTaHUE TEMJIOEMKOCTH
BemlecTBa. IIpeBpallieHrie CErHETORIEKTPUKOB B OOBIYHBIN JIMAJNIEKTPUK, Mpoucxoismee B Touke Kropu,
compoBoxaaercs (azoBeim niepexoaom Il pona (cm. § 75).

JIusneKTpudeckasl TMPOHHMIIAEMOCTh € (@ CIeIOBaTeNbHO, M JIUAJIEKTPUYECKAs BOCIPHUMYHMBOCTD  {)
CETHETORJIEKTPUKOB 3aBUCUT OT HampsbkeHHOCcTH E mons B BemiecTBe, a s APYTrUX AUSJIEKTPUKOB 3TU
BEJIMYUHBI SIBJISIOTCS XapaKTEPUCTUKAMH BEIIECTBA.

Jns  cerHeTosnekTpukoB ¢opmyna (88.2) He cobOmomaercss; s HHUX CBS3b MEXAY BEKTOpaMu
nossipusoBanHoctu (P) u Hanpsokennoctu (E) werunetinas v 3aBucut ot 3HavyeHuit E B npemectByomme
MOMEHTBl BpeMeHU. B cerHerosnekTpukax HaOdr0faeTcsl sIBJAeHHE IHIJIEKTPUYeCKOro TrucTepe3nca
(«3amaznpiBanus»). Kak Buano u3 puc. 140, ¢ yBennueHueM HalpsDKEHHOCTH £ BHEIIHErO 3JIEKTPUYECKOIO
NOJIS TIOJISIPU30BAaHHOCTh P pacTeT, JocTUras HachleHus (kpuBas 1). YMeHblieHue P ¢ yMeHbLICHHEM E
MIPOUCXOJUT 1O KPUBOH 2, U pu E=0 CETHETOANIEKTPUK COXPAHSET OCTATOYHYIO MOJISIPU30BAHHOCTDH Py,
T.€. CETHETORJIEKTPUK OCTAETCS IMOJIIPU30BAHHBIM B OTCYTCTBHE BHEIIHEIO 3JIEKTPHUUECKOro mojst. UToObl
YHUUTOXKUTHh OCTaTOYHYIO TIOJISIPU30BAHHOCTb, HAJ0 MPUIOKHUTH DJIEKTPUUECKOe Tojie 00paTHOro
HarpaBieHus: (—E,). Bennunna E; Ha3pIBaeTCS KOIPUUTHBHOM CHIIO# (OT J1aT. COErCitio — ynepxuBaHue).
Ecmu nanee E u3MeHsTh, TO P U3MEHSETCS IO KPUBOH 3 MeTJIM rucTepe3nca.

VIHTeHCUBHOMY H3YyUEHHMIO CETHETOAIEKTPUKOB MOCIYXWUJIO OTKpbITHE akajnemMukoM b. M. Bymom (1903—
1985) aHOManbHBIX OUAIEKTPUYECKHX CBOWMCTB TUTaHaTa Oapus. TutaHar Gapus H3-3a €ro XUMHUYECKOU
YCTOMYMBOCTH U BBICOKOM MEXaHMUYECKOHN MPOYHOCTH, & TAK)KE M3-32 COXPAHEHHUS CErHETORIEKTPUYECKUX
CBOMCTB B IIMPOKOM TEMIEPAaTypHOM HHTEpBaje Haulesl OOJbIIOe HAayYHO-TEXHUYECKOE NPUMEHEHUE
(HampuMmep, B KayecTBEe T'€HepaTopa U NPHEMHHKA YIbTPa3BYKOBBIX BOJIM). B Hacrosiiee BpeMsi M3BECTHO
0ojee COTHH CETHETORJIEKTPUKOB, HE CUMTas WX TBEpAbIX pacTBOpPOB. CErHeTod’NIeKTPUKU IITUPOKO
NPUMEHSIOTCS TAaKK€ B KAayecTBE MaTepUANIOB, O0JIAAAIOMMX OOJBIIMMH 3HAUYEHUSMH € (HampuMmep, B
KOHJIEHCATOPax).

CrnenyeT ynoOMSHYTb €II€ O NMbe303JeKTPUKAX — KPUCTAUINYECKUX BEIIECTBAX, B KOTOPBIX MPHU CXKATHH WIH
PacTSDKEHUU B ONPEEIICHHBIX HAIPABJICHUSAX BO3HUKAET JIEKTPUUECKAsl MOJSIPU3ALNS JaXKe B OTCYTCTBUE
BHEIIHETO 3JIEKTpudecKkoro mnojis (nmpsiMmoii nbe3o3pgexr). Habmonaercss u o0paTHblil nbe3odppext —
MOSIBICHHE MEXaHHMYecKOoW JedopManuu 1ojx JACHCTBHEM JIIEKTPUYECKOTOo TOJsA. Y  HEKOTOPBIX
MIbE€30AJIEKTPUKOB PEIIEeTKA IOJIOKUTEIbHBIX HOHOB B COCTOSHUM TEPMOJAMHAMUYECKOTO pPaBHOBECHUS
CMEILIEHA OTHOCUTEJIBHO PELIETKH OTPULATENbHBIX HOHOB, B pPE3yJbTAaTe€ YEro OHU OKa3bIBAKOTCS
MOJIAPU30BAaHHBIMU  J1ake ©O€3 BHEIIHEro JJIEKTPUYECKOro Tmojisd. Takue KpUCTAJUIbl Ha3bIBAIOTCSA
NUpodIeKTpukamMu. FElie CcymecTBylOT 3JIeKTpeTbl — JUIEKTPUKH, JUIMTEIBHO COXPAHSAIOIINE
MOJIAPU30BAaHHOE COCTOSIHME IOCJE CHSATUS BHEIIHEro 3JIEKTPUYECKOro Mouisl (dJIEeKTPUYEecKHe aHajloru
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IIOCTOSITHHBIX MaFHI/ITOB). Ot TpyIIbl BEHICCTB HAXOAAT IHUPOKOC MPUMCHCHUC B TCXHUKC U 6I:ITOBI>IX
YCTpOMCTBAX.

§ 92. [IpoBOAHMKHM B 3J1€KTPOCTATUYECKOM 110JIe

Ecnn moMecTuTh MPOBOJHUK BO BHEIIHEE S3JEKTPOCTATUYECKOE I0JI€ WM €ro 3apsiiuTh, TO Ha 3apsibl
MIPOBOAHMKA OYAET 1eHCTBOBATh AJIEKTPOCTATUYECKOE T0JI€, B PE3y/IbTaTe Yero OHU HAUHYT MepeMeIaThCs.
[lepememienue 3apsiioB (TOK) NPOAODKAETCA JO TEX IOp, IMOKa HE YCTAaHOBUTCS PaBHOBECHOE
pacnpeziesieHue 3apsaoB, P KOTOPOM IJIEKTPOCTATUYECKOE 10JI€ BHYTPH MPOBOIHUKA 00pAIIAETCs B HYJb.
DTO0 MPOUCXOIUT B TCUCHUE OYCHH KOPOTKOTO BpeMeHH. B camMom niesie, eciu Obl moJie He OBLJIO PaBHO HYIIIO,
TO B NMPOBOJHUKE BO3ZHUKIIO OBl YIOPSIIOYEHHOE JIBHXKEHUE 3aps/ioB 0e3 3aTpaThl SHEPTUH OT BHEIIHETrO
WMCTOYHHKA, YTO MPOTUBOPEUHUT 3aKOHY COXpaHEHUs 3Hepruu. MTak, Halps»KEHHOCTh MOJIsl BO BCEX TOUYKAX
BHYTpH IPOBOJIHUKA paBHA HYJIIO:

E=0.

OTtcyTcTBUE TOJIE BHYTPU MPOBOJAHUKA O3HAYAET, COMIAcHO (85.2), 4TO MOTEHIMal BO BCEX TOYKAX BHYTPHU
MPOBOJIHUKA MOCTOSHEH (¢ = CONSt), T. €. MOBEPXHOCTh MPOBOJHHUKA B JICKTPOCTATUUECKOM IOJIC SIBIISCTCS
skeunomenyuanvrou (cMm. § 85). OTcroga ke clieayeT, YTO BEKTOp HAMPSHKEHHOCTHU TOJS HAa BHEIIHEH
MMOBEPXHOCTU MPOBOJIHUKA HAMPABIICH 110 HOPMAJIU K KaXKJ0M TOYKE ero moBepxHoctu. Eciu Ol 3T0 OBLIO
HE TakK, TO MO/ JIEHCTBUEM KacaTellbHOI cocTaBistonieit E 3apsapl Hayany Obl 10 TOBEPXHOCTH MPOBOIHUKA
IepPEMEIATHCS, YTO, B CBOKO OYEPE/Ib, IPOTUBOPEUNIIO Obl PABHOBECHOMY PACHpE/IEIICHUIO 3aps/I0B.

my

4 7
@%* ey . /
INNNERRS, |

Prc. 139 Puc. 140

Ecnu npoBoJHUKY COOOLIUTH HEKOTOPBIH 3apsa] Q, TO HECKOMIIEHCUPOBAHHbIE 3apsi/Ibl PACHIOIATAIOTCS MOAbKO
Ha nogepxHocmu TPOBOJHUKA. OTO CIIEyeT HENOCPEICTBEHHO u3 Teopembl ['aycca (89.3), cormacHo
KOTOpOH 3apsin Q, HaXoAALIMiicS BHYTPH IPOBOJHUKA B HEKOTOPOM 00bEME, OTpaHUUYEHHOM MTPOU3BOJIHON
3aMKHYTOU ITOBEPXHOCTBIO, PABEH

0=§Dds=¢ D,ds=o,
s s

TaK KakK BO BceX TOUYKax BHyTpu nmoBepxHoctu D=0.

Hatinem B3auMOCBSI3b MEXIy HANPsHKEHHOCTHIO E TMOJIST BOMW3M MOBEPXHOCTH 3apsSHKCHHOTO MPOBOJHHUKA H
MOBEPXHOCTHOM IJIOTHOCTBIO G 3apsA0B Ha €ro moBepxHocTU. J[ns 3Toro mpumeHuM Teopemy l[aycca k
OECKOHEYHO MalloMy LUIMHIPY C OCHOBaHUSIMH AS, mepeceKaroneMy TpaHuIly TPOBOJIHUK — JTUINIEKTPHUK.
Ocp mumHapa opueHTHpoBaHa BAojib BekTopa E (puc. 141). [ToTok BekTOpa 3JIEKTPUUECKOTO CMEIICHUS
4yepe3 BHYTPEHHIOK YacTh [MUIMHAPUYECKON MOBEPXHOCTH PaBEH HYIIO, TaK Kak BHYTpH mpoBoaHuka E; (a
crefoBaTenbHo, ¥ D) paBeH HYy/I0, MO3TOMY MOTOK BeKTOpa D CKBO3b 3aMKHYTYIO HHJIHHIPUYECKYIO
MOBEPXHOCTh OMPEJENIAETCS TOIBLKO MOTOKOM CKBO3b Hapy)XHOE OCHOBaHHWE IuMHApa. CoriacHo Teopeme
I'aycca (89.3), stor motok (DAS) paBern cymme 3apsaoB (Q=o0AS), OXBaTbIBa€MbIX MOBEPXHOCTHIO:
DAS=0AS T.e.

D=¢ (92.1)

WITH

E=o/(z0z), (92.2)

II€ € — AUDIIEKTPUYECKask IPOHULIAEMOCTD CPEbI, OKPYKAIOIIEH ITPOBOJIHUK.

Takum 00pa3oM, HampsHKEHHOCTb AJIEKTPOCTATHMYECKOTO MOJS y MOBEPXHOCTH INPOBOJHUKA ONpeaesseTcs
MOBEPXHOCTHOM MJIOTHOCTHIO 3apsA0B. MOXHO MoKa3aTk, 4TO cooTHoIeHue (92.2) 3agaeT Hanps>)KEHHOCTh
3JIEKTPOCTATUYECKOTO MOJIs BOJIM3K OBEPXHOCTHU MPOBOAHUKA 170001 (hopMbl.
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Ecnu BO BHelIHee 3JEKTPOCTATHUECKOE I10JI€ BHECTH HEUTPAJbHBIA MPOBOJHHMK, TO CBOOOIHBIC 3apsiibl

(271€KTPOHBI, MOHBI) OyIyT MEepeMENIaThCs: MON0KUTENIbHbIE — I10 IOJII0, OTPULATEIbHbIE — MPOTUB OIS
(puc. 142, a). Ha ogqHOM KOHIIE MPOBOAHHMKA OyIET CKAIUIMBATHCS M30BITOK MOJOKUTEIBHOTO 3apsa, Ha
IpyroM — H30BITOK OTPULATEIBHOr0. OTU 3apsAlbl Ha3bIBAIOTCS MHAYHHMPOBaHHbIMHU. IIpouecc Oyner
IIPOUCXOJUTH /10 TEX IOp, MOKA HAIPSHKEHHOCTH I0JIsI BHYTPHU MPOBOJHUKA HE CTAHET PaBHOM HYJIO, a
JIMHUU HaNpsHKEeHHOCTH BHE IMPOBOJHHMKA — IEPIEHAUKYIAPHBIMU €ro noBepxHoctu (puc. 142, 6). Takum
o0pa3oMm, HEHTpalbHBI NMPOBOJAHUK, BHECEHHBIH B IJIEKTPOCTATUYECKOE IOJIE, Pa3pbhIBAE€T 4YacTh JMHUUN
HaIpPsDKEHHOCTH; OHM 3aKAHYMBAIOTCSA HA OTPULATENIBHBIX MHAYLIMPOBAHHBIX 3apsAJaX U BHOBb HAUMHAIOTCS
Ha MOJIOXKUTEIbHBIX. VHIyllMpOoBaHHbBIE 3aps/bl PACIPEIEIISIOTCS HAa BHEIIHEW MOBEPXHOCTU IPOBOJAHMKA.
SIBneHne nepepacnpeneseHus IOBEPXHOCTHBIX 3apsI0B HAa IIPOBOJHUKE BO BHEIIHEM 3JIEKTPOCTaTUYECKOM
I10JI€ Ha3bIBAETCS JJIEKTPOCTATHYECKON HHIAYKIIUEH.

a

Prc. 141 Puc. 142

U3 puc. 142, 6 ciegyer, YTO MHAYLIMPOBAHHBIE 3apsi/ibl MOSABISIOTCS HA IPOBOJIHUKE BCIEICTBUE CMeujeHus ux
[0/l JEWCTBUEM MOJS, T. €. G SABIAETCS MOBEPXHOCTHOW IUIOTHOCTBIO CMELIEHHBIX 3apanoB. Ilo (92.1),
AJIEKTpHUECKOe cMenieHre D BOIM3M pOBOJHUKA YHCICHHO PABHO MTOBEPXHOCTHOM TUIOTHOCTH CMETIEHHBIX
3apsoB. [loaromy BekTop D nmonyuus Ha3BaHHE BEKTOpaA 3IEKTPUUECKOTO CMEILEHUS.

Tak Kak B COCTOSHUHM PAaBHOBECHS BHYTPH MPOBOJHHKA 3apsiibl OTCYTCTBYIOT, TO CO3/JaHHE BHYTPU HETO
IIOJIOCTH HE MOBJUSACT Ha KOH(UIYpALMIO PACIONIOKEHUS 3apsS0B U TEM CaMbIM Ha 3JIEKTPOCTATHYECKOE
nosie. CrnenoBaTrenbHO, BHYTPH IIOJIOCTH Mojie OyJdeT OTCYTCTBOBaTh. Eciam Temepb 3TOT NPOBOJHMK C
MOJIOCTBIO 333€MJIMTh, TO HOTEHIMA] BO BCEX TOUYKAX IMOJIOCTU OYAET HYJEBBIM, T. €. IOJIOCTh MOJHOCTBIO
M30JIMPOBaHA OT BJIHMSIHHUS BHEUTHHUX AJIEKTPOCTATUYECKHUX TMoJiei. Ha 7ToM OCHOBaHa 3J1eKTpOCTaTHYeCKAas
3al0MTa — DKPaHUPOBaHME TeJl, HANpUMEpP W3MEpPUTENbHBIX MPUOOPOB, OT BIMSHHUA BHEIIHUX
AJIEKTPOCTATUYECKUX ToJeiH. BMeCTO CIJIONIHOTO MPOBOTHHUKA ISl 3alIUTHI MOXET OBITh HCIOJIh30BaHA
rycras MeTaJUIMyecKas CeTKa, KOTopasi, KCTaTH, sBiseTcss 3((EeKTUBHOW NpPHU HAIMYMKU HE TOJIBKO
MOCTOSTHHBIX, HO M TIEPEMEHHBIX JJIEKTPUIECKHUX TTOJIEH.

CBoiicTBO 3aps70B pacrosiaraTbcs Ha BHEIIHEH MOBEpXHOCTH MPOBOJHMKA HCIONB3YyeTcs A YCTPOWCTBA
3JIEKTPOCTATHYECKHX FeHEPATOPOB, ITPETHAZHAUYCHHBIX I HAKOTIICHUST OOJIBIINX 3apsI/IOB U JOCTIKEHHS
Pa3HOCTH MOTEHIIMAIOB B HECKOJbKO MWJUIMOHOB BOJIBT. DJIEKTPOCTATHUECKUN T'€HEpaTop, N300pEeTEHHBbIH
amepukaHckuM ¢uszukoM P. Ban-ge-I'paagom (1901—1967), coctoutr u3 mapooOpa3HOro IOJIOTO
npoBogHuka 1 (puc. 143), ykpemsieHHoro Ha wuzonAropax 2. JIBwkymiascs 3aMKHyTas JeHTa 3 U3
MPOPE3MHEHHON TKaHHW 3apshKAaeTcsl OT HMCTOYHUKA HANpsHDKEHHS C TIOMOIIBI0 CHCTEMBI OCTpHEB 4,
COEJIMHEHHBIX C OJTHUM U3 MOJIIOCOB HCTOYHMKA, BTOPOM MOJIIOC KOTOPOIO 3a3eMJIEH. 3a3eMIIeHHAas IJIacCTUHA
5 ycuimBaeT cTeKkaHHe 3apsJ0B C OCTPHUEB Ha JIEHTY. [lpyras cucremMa ocTpueB 6 CHUMAET 3apsiibl C JICHTHI U
nepeaaeT uX MOJOMY IIapy, M OHU MEpPEeXOIsiT Ha €ro BHELIHIOI0 MOBEPXHOCTh. TakuM oOpaszoMm, cdepe
mepenaeTcsi MOCTENIEHHO OONBIION 3apsd M YAAaeTcs IOCTHYh PA3HOCTH MOTEHIHAIOB B HECKOJIBKO
MWJIJTHOHOB BOJIBT. DJIEKTPOCTATMUECKHE T'€HEPaTOphl NMPUMEHSIOTCS B BBICOKOBOJBTHBIX YCKOPHUTENSX
3apsDKEHHBIX YacTHII, @ TAK)XKE B CITA0O0OTOYHOHN BHICOKOBOJIIETHOW TEXHUKE.
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+ Puc. 143

@ KakoBbi HanpsXeHHOCTb # foTeHuKan nons,
a TaK)xe pacnpejieneHne 3apros BHYTPHA 1 Ha
NoBEPXHOCTH 38PRIXEHHOro nposoaxKKa?

@ Ha 1em ocHoBaHa 3NEKTPOCTATMHECKAR 3auin-

7 Ta?

SIIIIIIIIIIIITE. TOELT I PP IILIIIIIL L.

P R R il

§ 93. DulekTpHYecKasi eMKOCTDb YeJMHEHHOT0 IPOBOHMKA

PaccmoTpuM yearMHeHHBIM NMPOBOAHHUK, T. €. POBOJHUK, KOTOPBIA YJIaJleH OT IPYTrUX IPOBOJAHUKOB, TEI U
3apsnoB. Ero morenmuan, cormacHo (84.5), mpsiMo mpornopLMOHalIeH 3apsiay npoBogHuka. M3 ombiTa
CJIeIyeT, YTO pa3Hble MPOBOJHUKH, OYIydd OAMHAKOBO 3apSKEHHBIMHM, UMEIOT Pa3UYHbIC MOTEHIIAATIBI.
[ToaToMy 11 yeIMHEHHOTIO IPOBOJIHUKA MOKHO 3aIlMCaTh

Q0=Cop.

Bennuuny

C=0/p (93 1)

Ha3bIBAIOT IJIEKTPOEMKOCTbIO (MM MPOCTO €MKOCTbIO) YEIWHEHHOTO NMPOBOJHMKA. EMKOCTh yeTUHEHHOTO
IIPOBOJIHUKA OIpENeNAeTCsl 3aps/ioM, COOOLIEHHE KOTOPOro MPOBOJHUKY M3MEHSET €ro MOTEeHIHal Ha
eIHUILY.

EMKOCTh IpOBOJHHMKA 3aBUCUT OT €ro pa3MepoB U (OpMbI, HO HE 3aBUCUT OT MaTepHaja, arperaTHoro
COCTOSIHUS, ()OPMBI M Pa3MEPOB IOJIOCTEH BHYTPU IMPOBOJHUKA. DTO CBS3aHO C TEM, YTO M30BITOUHBIC
3apsi/ibl pacnpeiessitoTCs Ha BHEIIHEH TOBEPXHOCTU MIPOBOIHUKA. EMKOCTh HE 3aBUCUT TaK)Ke HU OT 3apsija
MIPOBOJIHUKA, HU OT €T0 MOTEHIINAIA.

Enununa snekrpoemkoctu — ¢apag (P): 1 @ — eMKOCTb TaKOro YeIMHEHHOTO NMPOBOAHMKA, MOTEHIIHANT
KoToporo u3MeHsercs Ha 1 B ipu coobmennu emy 3apsina 1 Ko

CornacHo (84.5), moTeHIMan YeAMHEHHOTO Imapa paauyca R, Haxonsimerocs B OJHOPOTHOM cpele c
TMRJICKTPUIECKOH MMPOHUIIAEMOCTRIO €, PAaBEH

1 e
i oK
Hcnone3ys popmyiy (93.1), mosmydum, 4To €eMKOCTh IIapa
C=4negeR. (93.2)

Otcrona cneayet, 4to eMKocThio 1 @ o6nanan Obl yeIUHEHHBIM 11ap, HaXOAIIMICS B BaKyyMe M MMEIOLIMHA
pamnyc R=C/(4neo)~9-10° km, uro mpumepro B 1400 pa3 Gobe pagnyca 3eMid (3I1EKTPOEMKOCTh 3eMITH
C~0,7 m®). CnenoBarenbHo, papaj — oueHb OoJblIasi BEIUYMHA, MIOITOMY Ha MPAKTUKE HCHOJIb3YHOTCS
JoJbHbIE eAuHuIBl - MuuMdapan (MP), mukpodapan (Mkd), nHanopapan (Hd), nukodapan (nd). U3
dbopMmynibl (93.2) BeITEKAaeT TakKe, YTO €IUHUIA DJIEKTPUUYECKON MOCTOSAHHON €9 — (apan Ha metp (D/m)
(cMm. (78.3)).

§ 94. Konnencaropsl

Kak BumHO u3 § 93, s Toro 4roObl MPOBOAHMK 00J1a7an OOJBIION €MKOCThIO, OH JOJDKEH MMETh OYEHb
Oompiue pasmepbl. Ha mpakTuke, olHaKo, HEOOXOAWMBI YCTPOWCTBa, 00JIaIalOIINE CIOCOOHOCTBIO TIPH
MaJIbIX pa3Mepax M HeOOIBIINX OTHOCUTENILHO OKPYKAIOIIMX TeJl MOTeHIMaIaX HAKaIUIMBAaTh 3HAYUTENbHbIC
[0 BEJIMYUHE 3apsijibl, UHBIMU CJIOBaMH, 00JajaTh OOJBLIOW €MKOCThIO. ODTH YCTpPOMCTBA MOIYYHIN
Ha3BaHUE KOHAEHCATOPOB.

Ecnmu k 3apspkeHHOMY TPOBOJHHKY MPHUOJIDKATh APYrHe Tella, TO Ha HUX BO3HUKAIOT WHAYIIMPOBAHHBIC (HA
MIPOBOJIHUKE) UJIM CBSI3aHHbIC (HA JAMAJIEKTPUKE) 3apsibl, IpudyeM ONvkallIMMU K HaBoasduieMmy 3apsny Q
OyAyT 3apsbl MPOTHUBOIOJOKHOTO 3HAaKa. DTHU 3apsijibl, €CTECTBEHHO, OCIAOJSIOT IOJe, CO3/1aBaeMoe

3apsaoM Q, T. €. MOHMXKAIOT MOTEHIMAT MPOBOJAHHMKA, YTO MPUBOAUT (cM. (93.1)) K MOBBIIMICHUIO €ro
AIEKTPOEMKOCTH.
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Konnencarop cocTouT M3 IBYX NPOBOJHUKOB (OOKJIAIOK), pa3AeieHHBIX IUAJICKTpUKOM. Ha eMKocTb
KOHJIEHCATOpa He JJOJKHBI OKa3bIBaTh BIMSHUS OKPYXKAIOIIUE Tela, HIOITOMY IPOBOIHUKAM MPUAAIOT TAKYIO
¢dopmy, 4TOOBI MOJIE, CO3/1aBaeMOE HAKAIUIMBAEMBIMU 3apsA/iaMH, ObUIO COCPEIOTOUYEHO B Y3KOM 3a30pe
MeXy OOKJIaJIKaMU KOHJIEHCATopa. DTOMY YCJIOBHUIO YIOBIETBOPSIOT (cM. § 82): 1) ABe MIOCKUE MIIACTUHBL;
2) 1Ba KOAKCHAJbHBIX IUIUHIAPA; 3) 1Be KOHLEHTpuueckue chepsl. [loaTomy B 3aBUCUMOCTH OT (HOPMBI
00KJIaJI0K KOHJIEHCATOPBI AEISATCA Ha IVI0CKHe, IMJINHAPUYecKHe U chepuyecKme.

Tak kak mosne cocpeOTOYEHO BHYTPU KOHJAEHCATOpa, TO JIMHUM HANpPsDKEHHOCTH HAYMHAIOTCS HA OJHOU
O0KJaJKe M KOHYAIOTCS Ha JIPYroM, MO3TOMY CBOOOAHBIE 3apsi/ibl, BO3HUKAIOUIME HAa Pa3HbIX OOKIaJKax,
SBJIAIOTCSI PaBHBIMM 110 MOJYJIIO Pa3HOMMEHHBIMU 3apsiaiaMu. [0 eMKOCTBI0O KOHIEHCATOPA TIOHUMAETCs
¢u3nyeckas BeNMYMHA, PaBHAs OTHOLICHHMIO 3apsaa Q, HAKOIUIEHHONO B KOHJAEHCATOpe, K Pa3HOCTH
MTOTEHIIUAJIOB ((P1 —(P2) MEXKIY €T0 OOKIIaIKAMH:

C=0/(p1—9)- (94.1)

PaccuntaeM eMKOCTb MJIOCKOIO KOHIEHCATOPA, COCTOSIILEr0 U3 ABYX MapajlIebHbIX METAINIMYECKUX IJIACTHH
IUIOMIAABI0 S KaK/as, pacloIOKEHHBIX Ha paccTossHuU d Ipyr OT Apyra ¥ uMerommx 3apsasl +Q u —Q.
Ecnu paccrosiHue Mexay IJIaCTUHAMM Majlo 10 CPAaBHEHHUIO C UX JIMHEHHBIMU pa3MepaMH, TO KpaeBbIMU
s dexTaMu MOXKHO NpeHeOpedb U 1oJie MeKAY OOKJIaJIKaMU CUUTaTh OAHOPOAHBIM. Ero MOXHO paccunuTarh
ucnonb3yst popmyner (86.1) u (94.1). Ilpu Hamuumm AUSICKTPHKA MEXAY OOKIaJIKaMH pPa3HOCTh
MOTEHIIMAJIOB MEX Ay HUMH, corjacHo (86.1),

@1— @2=0d/(ee), (94.2)
rae € — JUIJIeKTpUYecKas MpoHuIaeMocTb. Torma u3 dopmyisl (94.1), 3amenss Q=oS, ¢ yuetom (94.2)
MIOJTYYMM BBIPaXKEHHE JIJIsl eMKOCTH TUIOCKOTO KOHJIEHCATOpa:
C=¢eS/d. (94.3)

JIitst ompeseseHuss EMKOCTH IHIMHAPUYIECKOTO KOHICHCATOPa, COCTOSIIEr0 M3 JIBYX IMOJBIX KOAKCHAIIbHBIX
[IWIKHIPOB C pamuycamu fp u rp (fz > r1), BCTABICHHBIX OJHMH B JAPYroii, OmsATh NpeHebperas KpaeBbIMU
3(1)(1)6KT3MI/I, CuuTacM I10JiI€ paguaJlbHO-CUMMCTPHUYHBIM M COCPCAOTOUYCHHBIM MCKAY HUIUHAPUYCCKUMU
oOKkIanKkamMu. Pa3sHOCTh MOTCHIMATIOB MEXKAy OOKIaAKaMu BbUHCIHM 1m0 ¢opmyne (86.3) mwis moss
PaBHOMEPHO 3apsKEHHOTO0 OECKOHEYHOTO LMWIIMHIIPA ¢ TUHEHHOH ToTHOCTBI0 T =Q/| (—nnuHa o0kinanox).
[py HATHMYHK JUAICKTPUKA MEXKITY OOKIaKaMH Pa3HOCTh MOTCHIHAIOB

T rn Q@ r
m_‘h“zneoelnr_l_zneoallnj' (94.4)
IToncraBus (94.4) B (94.1), nony4uM BeIpakeHUE JUIsl EMKOCTH IIMJIMHAPHUYECKOTO KOH/IEH caTopa:
C=2megel/In (ryfr)). (94_ 5)

Jlnia onpezeneHus eMKOCTH c(hepuiecKoro KOHAEHCATOpa, COCTOSILEr0 U3 JIBYX KOHLEHTPUUYECKUX OOKIAJIOK,
pas3zieneHHbIX c(hepUUECKUM CII0EM TUAJIEKTPUKA, UCHOIb3yeM (popmyiy (86.2) U1 pa3HOCTH NMOTEHIIUAIOB
MEKIY ABYMS TOYKAMH, JICKAIIMMHU HA PACCTOSHUAX I1 U I (2 > 1) OT IEHTpa 3apshKeHHOU chepuieckoi
NoBepXHOCTU. [Ipy HanM4YMK JUAIEKTPUKA MEKAY O0KIaJKaMi pa3HOCTh MMOTEHLIUAIOB

WQ (1 lx)
o1~pr=—— (===}
4 nor (94.6)

C=4nege —2,
r—n

Ecimm d=r,—ri<<ri, To ry, = ri = ru C=4naoar2/d. Tak xax 4nr? —IuTomanas chepruueckor OOKIIATKH, TO
noxydaem Qopmyrny (94.3). Takum oOpa3zoM, Ipu MajoOd BEIMYMHE 3a30pa MO CPaBHEHHIO C PaIuyCcoM
chepsl BBIpAXEHUS T €MKOCTH C(EpHUecKOro a IUIOCKOTO KOHIEHCATOPOB COBIIAJAIOT. DTOT BBIBOJ
CIIpaBeVIMB M JUIS IWIMHAPHYECKOTO KOHJAEHCATOpa: NpPU MajoM 3a30pe MEXAy UWIMHAPAMHU 10
CpaBHEHUIO ¢ UX paguycamu B Gpopmyie (94.5) In (r2/r1) MOXHO pa3noXKUTh B PSiJl, OTPAHUIHBASACH TOJHKO
YJICHOM NIEPBOTO TopsiaKa. B pe3ynbrare onsars npuxoaum K popmyse (94.3).

N3 dopmyn (94.3), (94.5) u (94.7) BbITeKaeT, 4TO EMKOCTb KOHJEHCATOpPOB 000N (OpPMBI MHPSIMO
NPOTMOPIOHATIbHA TUDJICKTPHYECKON MPOHUIIAEMOCTH JUAIIEKTPUKA, 3ATIOHSIOUIETO MPOCTPAHCTBO MEXTY
obkankamu. [loaToMy IprMeHEHHE B Ka4eCTBE MPOCIOWKH CErHETOAIEKTPUKOB 3HAUNTEIILHO YBEIINIHBACT
€MKOCTh KOHJICHCATOPOB.

KoHgeHcaTopbl XapakTepU3yIOTCS NMPOOMBHBLIM HANPSIKEHMEM — Pa3HOCTHIO [OTCHIHAIOB MEXIy
OOKJIaZIkKaMu KOHJIEHCAaTOpa, NMPU KOTOPOIl MPOUCXOMUT MPOOOH — DICKTPHUYECKHU pas3psa 4depe3 CIoi

[Toncrasus (94.6) B (94.1), nonyuum




138
IUDJIEKTPUKAa B KOHJeHcatope. lIpoOWBHOE HampspKeHUE 3aBUCUT OT (DOpPMBI OOKJIAOK, CBOWCTB
JTUAJICKTPUKA U €r0 TOJIIIUHEI.

Jlyis yBenwueHuss eMKOCTH U BapbUPOBAHUS €€ BO3MOXKHBIX 3HAUCHHUU KOHJEHCATOPHI COCIUHSIOT B OaTapew,
MIPU ATOM HCIIOIB3YETCS UX MapauIeIbHOE U TIOCIEI0BATEIIbHOE COSAMHEHUS.

1. IIapajutenbHOE coequHeHHe KOHAeHCATOPOB (puc. 144). ¥V mapamienbHO COEAMHEHHBIX KOHJIEHCATOPOB
Pa3HOCTh TOTEHIIMAJIOB Ha OOKJIaJKax KOHICHCATOPOB OJIMHAKOBA M paBHA @ — ¢s. Ecim eMKoCTH
otnenbHbIX KoHeHcaTopoB C1, Cy, ..., Cy, TO, cornacHo (94.1), ux 3apsbl paBHbBI

Q1=C, (¢4—®5),
0:=C, (p4—o»),
0n=Cy (pa—op),
a 3aps 6aTaper KOHJICHCATOPOB
n
g=Y 0:=(Ci+Cy+..+C,) (94— p).
i=] .
[TonHas emkocTh OaTapen
n
C=0/ps—0a)=Ci+C3+..+C,= ) C,
i ]

T. €. TIPU MapauIeTbHOM COCIMHEHUH KOHJICHCATOPOB OHA paBHA CyMME €MKOCTEH OTACNIbHBIX KOHJEHCATOPOB.
2. IlocaenoBaTejibHOEe cOedMHeHHe KOHAeHCAaTOpPOB (puc. 145). YV mocnenoBaTtenbHO COCIUHEHHBIX
KOHJIEHCATOPOB 3apsi/ibl BCeX OOKJIAIOK PaBHBI IO MOAYJIIO, & Pa3HOCTh MOTEHIIMAIOB HA 3a)KMUMax OaTapeun
n
Ap=1Y, Ag,
i=1

rJie Uis JI'000ro U3 paccMatpuBaeMbix KoHaeHcatopoB Ag, = Q/Ci. C mpyroii CTOPOHBI,

n

Ap=0/C=Q } (1/C),

i=1

I Puc. 144
Cn

| |

A 8 @ Tpn oanHaxoBbIX KOHAeHcaTopa OfiMH pa3 co-
o——-l I-C——-o efiHeHbl nocnegoBaTenbHo, [ApYroi — na-
2 pannenbHo. Bo cXonbko pa3 u KOrga eMKocTb

+- Garapewn 6ypet 6onbuie?
® MoXxer nn anekTpocTaTuka OTBeTWTL Ha BON-
1| poc: rqe NoKann3oBaHa 3Heprus U 4To ABNREeT-
1) CR ee HocuTenem — 3apsaab unu none? Move-

+- My?

OTKyJa
1/c=3%, Q/C),

o]
T. €. TIPU TMOCJIEIOBATENTFHOM COEIUHEHHH KOHJIEHCATOPOB CYMMHUPYIOTCS BEIWYMHBI, OOpaTHBIE €MKOCTSIM.
Taxum o6pa3om, Ipu .OCIEA0BATENBHOM COETUHEHNH KOHIEHCATOPOB pe3yabTUpYytoas eMkocTh C Beerna

MEHBIIIE HaNMEHBIIIEH CMKOCTH, HCHOﬂb3yeMOﬁ B 6aTapee.

§ 95. DHeprus cucTemMbl 3apsA/10B, YeAMHEHHOT0 IPOBOAHUKA U KOHIEHCATOpAa. DHeprus
JIEKTPOCTATHYECKOT0 OJIf

1. DHeprusi cucreMbl HENMOJABUKHBIX TOYEYHBIX 3apsii0B. DJEKTPOCTATHYECKHE CHUJIbI B3aUMOJCHCTBUSA
KOHCEpBaTUBHBI (CM. § 83); criejoBaTenbHO, CUCTEMA 3apsiIoB 00a1aeT MOTeHIUATLHOM sHepruel. Haiinem
MOTCHIIMAIBHYIO SHEPTUI0 CHCTEMBI JIBYX HEIOABM)KHBIX TOYCUYHBIX 3apsanoB Qi m Qp, Haxomsmuxcs Ha
paccrossHuu I Apyr oT Apyra. Kaxkapsli U3 3THX 3apsgoB B IOJIE JPYroro o0iagaeT MOTEHIHUAIbHOU
sHeprueit (cM. (84.2) u (84.5)):

W=, Wi=0:01,

T7Ie @12 U (1 — COOTBETCTBEHHO MOTEHIIUAJBI, CO3/1aBaeMble 3apsiioM Qp B TOuke HaxoxaAeHUs 3apsana Qi u
3apsaoM Q; B Touke HaxoxkaeHus 3apsaa Qp. CormacHo (84.5),

1 O 1 o
Pp=——— H @n=——""-—,
4rey r 4ney r

nostomy Wi =W =Wnu
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W=0012=0:011="/2 (Q1012+ Q202

Jlo6aBnsisi K cUCTeMe M3 JIBYX 3apsA0B MocienoBarenbHo 3apsaabl Qs, Qu, ... , MOXXHO yOEIUTHCS B TOM, YTO B
cilyyae N HEMOJBUKHBIX 3aps/I0B SHEPTHUsl B3aUMOAEHCTBUS CUCTEMbI TOUEUHBIX 3apsiI0B paBHA
) n
W= 1/2 Z Qi(ob
i=1 (95.1)

r1ie (@ — TMOTEHIKAJ, CO3/[aBaeMblil B TOM TOUKE, I/Ie HaXoauTcs 3aps Qi, BCeMH 3apsiiaMu, Kpome I-To.

2. DHeprusi 3apsi’KEeHHOT0 YeJIMHEHHOro NMPOBOAHUKA. [lycTh MMeeTcs yeIWHEHHBIH MPOBOJHUK, 3apsi,
€MKOCTh ¥ MOTEHIIHAJI KOTOPOTO COOTBETCTBEHHO paBHbI Q, C, @. YBenuuuM 3apsij 3TOro MPOBOJHUKA HA
dQ. s sToro Heobxomumo nepenectu 3apsa dQ U3 OECKOHEYHOCTH Ha YeMHCHHBIN MPOBOIHHUK, 3aTPATUB
Ha 3TO paboTy, paBHYIO

dA=e@dQ=Cepdo.

sp Puc. 145
4, M, | 4 A
@ BuiBegnute cdopmynsi ANA 3HEPrMA 3apAXeN-
___, }__, _ '__ HOTO KOHAeHCaTopa, Bbipaxana ee 4Hepes 3a-
*C’ +C_ +(‘ - *C‘ pAR Ha o6xnagxkax xowgeHcaropa U 4epes Ha-
1 2 “3 1

NPAXeHHOCTb NONA.
UToOB! 3apsSANTH TEJIO OT HYJIEBOTO MOTEHITHANIA 0 ¢, HEOOXOJIUMO COBEPIIUTH PabOTy
A=} Codop=Co?/2.
0 (95.2)
DHeprusi 3apsHKEHHOTO MPOBOJHMKA paBHA TOM paboTe, KOTOPYIO HEOOXOIUMO COBEPIIUTH, YTOOBI 3apsAUTh
3TOT MPOBOJHHUK:
W=Co’2=09/2=0"/(2C). (95.3)
®opmyiy (95.3) MOXKHO MOTYYUTH M U3 TOTO, YTO TMOTEHIIMAJ MTPOBOJIHUKA BO BCEX €ro TOYKAX OJIMHAKOB, TaK
KaK MOBEPXHOCTh MPOBOJAHHKA SBISICTCS IKBUIIOTeHIIMANbHOM. [lonaras moTeHnunan npoBOAHUKA PABHBIM @,
u3 (95.1) naitnem

W='9 ¥ Qi=00/2,

i1

L]
rae Q=Y. Q- - 3apsi/i IPOBOHHUKA.
|
3. DHeprusi 3apsiZKeHHOr0 KoHAeHcaTopa. Kak Bcskuil 3apsokKeHHBIM NMPOBOJHHK, KOHJEHCATOp objanaeT

SHEPTUEH, KOTOpas B COOTBETCTBUH ¢ popMmyoi (95.3) paBHa
W=C (Ap)*/2=QAg/2=0?/(20), (95.4)
rne Q — 3apsag koHmeHcatopa, C — €ro eMKocTh, A@ — pPa3’HOCTh NMOTEHIIMAIOB MEXIY OOKJIaJKaMH
KOHJICHCATOopA.
Wcnonb3ys Beipaxkenune (95.4), MOXHO HaWTH MeXaHHYECKYH (MOHIEPOMOTOPHYIO) CHIIy, C KOTOPOWi
IJIACTUHBI KOHAEHCATOpa MPUTATUBAIOT APYr apyra. s 9TOro mpearnoyiokUM, YTO PACCTOSIHHE X MEXITY
IUTACTUHAMHU MEHSIETCs, Harnpumep, Ha BeauuuHy dX. Toraa meiicTByromias cuia coBepiiaer padbory dA=Fdx

BCJICJICTBHE YMEHBIIICHUS TIOTEHIIMATIBHOM 3Hepruu cuctembl FAX = — dW, oTkyna
daw
F=——0.
dx (95.5)
[ToncraBuB B (95.4) Beipaxenue (94.3), monyuum
g ¢
=—= X.
2C 2eeS (95.6)

[TpousBoas nuddepennupoBanne mpyu KOHKPETHOM 3HaYeHUU dHepTur (cM. (95.5) u (95.6)), HalizeM HCKOMYIO
CHUITY:
LA
dx 2e0eS
IJIe 3HaK MHHYC YKa3bIBa€T, UTO CHJIA F SIBIISIETCS CHUIION NIPUTSHKEHUS.
4. DHeprus 3j1eKTpocTaTHYecKoro moJisi. [Ipeodpazyem Gopmyny (95.4), Bepaxaroniyro dHEPruio MIOCKOTO
KOHJICHCATOpa TOCPEJACTBOM 3apsiIoB M IOTCHIIMAJIOB, BOCIOJIB30BABIINCH BBIPAKCHHEM JJII E€MKOCTH

iockoro kouaeHcaropa (C=ge&S/d) u pa3HOCTH MOTEHITMAIOB MeX Ty ero ookiankamu (A@g=Ed. Torma
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£ £
il ¥ W i 7
2 2 (95.7)
rae V= Sd — o6bem kongencaropa. ®opmyna (95.7) HOKa3bIBaET, YTO SHEPrHs KOHAEHCATOPA BLIPAKAETCS
Ilepe3 BeJII/IIII/IHy, XapaKTepI/ISyIOH_[yIO 3HeKTpOCTaTI/II‘IeCKOC II0JI€C, — Hanpﬂ.?fceHHOCﬂ’lb E

O0bemMHAas MJIOTHOCTb SHEPTUHU AJICKTPOCTATUYECKOTO OISl (IHEPTHUS €IUHUIIBI 00beMa)
w=W/V=geE*/2=ED/2.

W

(95.8)

Breipaxxenue (95.8) cnpaBeiMBO TONBKO JJisi M30TPONMHOIO JMIJIEKTPUKA, I KOTOPOTO BBIMOITHICTCS
cootHorieHue (88.2): P =/gE.

Dopmyns (95.4) u (95.7) COOTBETCTBEHHO CBSI3BIBAIOT SHEPTUIO KOHICHCATOPA ¢ 3apsi0om HA €ro OOKIIaIKaxX H
¢ HanpsidceHHocmyio noJia. BO3HUKaeT, €CTECTBEHHO, BOIIPOC O JIOKATU3AIUH JIEKTPOCTATHUECKON SHEPTHH
U 4YTO SIBIISIETCSl €€ HOCHUTeJIeM — 3apsanl win 1nojie? OTBET Ha 3TOT BOMPOC MOXKET JAaTh TOJIBKO OIIBIT.
DJEeKTpOCTaTHKA W3Yy4YaeT IMOCTOSHHBIC BO BPEMEHHU TIOJSl HEMOJBW)KHBIX 3apsloB, T. €. B HEW OIS U
OOyCIIOBUBINIE WX 3apslbl HEOTACIUMBI ApPYyr oT apyra. llodToMy »3JeKTpocTaTMKa OTBETHTH Ha
MOCTaBJICHHBIC BOMPOCHI He MOXeT. JlajpHellnee pa3BUTHE TEOPHHM W IKCIIEPHUMEHTAa I0Ka3ano, YTO
MEPEeMEHHBIE BO BPEMEHH DJJCKTPUUECKHE W MArHUTHBIE IIOJII MOTYT CYIIECTBOBaTh 00OCOOJICHHO,
HE3aBUCHMMO OT BO30YAMBIIUX MX 3apsaoB, K pPACIHPOCTPAHSIOTCS B IPOCTPAHCTBE B  BUJE
AJIEKTPOMArHUTHBIX BOJIH, CHOCOOHbLIX TIEPEHOCUTH SHEPTHIO. DTO YOEAMTENbHO MOATBEPKAAET OCHOBHOE
TIOJIOKCHHE Meopult OIUKOOEUCMEUs: O MOM, YUMo dHepeusi TIOKAIU308AHA 8 NOJLE W UTO HOCUmenem SHEPTUH
SBIISIETCS NOJe.

3agaun

11.1. [IBa 3apspKeHHBIX IMIAPUKA, IOJBEUICHHBIX HA HUTSIX OJAMHAKOBOM [UIMHBI, OIYCKAlOTCA B KEPOCHH
miotHocTsIo 0,8 T/cM®. KakoBa 10/KHA OBITH IUTOTHOCTH MATEPHANIA IIAPHKOB, YTOOBI YIOJN PACXOXKIACHHS
HUTEH B BO3JyXe M KEPOCHHE ObUI OJMH M TOT ke? JluanekTpuueckas MpoHUIAeMOCTh Kepocuna €=2. [1,6
r/em’]

11.2. Ha HEKOTOPOM pPACCTOSHUU OT OECKOHEUHOW PABHOMEPHO 3apsKEHHOW IJIOCKOCTH C MOBEPXHOCTHOM
mIoTHOCTEI0 o =1,5 HKi/cM? pacronokeHa Kpyrias IUIACTHHKA. IITOCKOCTb IUIACTHHKH COCTABISET C
JMHUAMU HaNpsOKEHHOCTU yroi a=45°. OnpenennTs NOTOK BEKTOpa HANPSHKEHHOCTH Yepe3 ATY IUIACTHHKY,
eciu ee paguyc r=10 cm. [1,88 kB-Mm]

11.3. Konpo paguycom r=10 cM U3 TOHKOH MPOBOJIOKH PAaBHOMEPHO 3apsDKEHO C JIMHEWHOH IUIOTHOCTBIO
7 =10 uKn/M. Onpenenuts HampsKEHHOCTh MOJS HAa OCH, MPOXOASAIIEH depe3 LEHTP KoJblla B TOUKe A.
yAaJIeHHOU Ha paccTosiHre a =20 cM OoT 1ieHTpa kouibia. [ 1 kB/m]

11.4. ap paguycom R=10 cMm 3apsikeH paBHOMEPHO C OOBEMHOM IUIOTHOCTBIO O =5 K/, Onpenenutsb
HaNPSHKEHHOCTD JIEKTPOCTATUYECKOT 0 MOJIA: 1) Ha pacCTOSHUM F1=2 cM OT LIEHTpa 111apa; 2) Ha pacCTOSHUU
r,=12 cm ot nentpa mapa. [locrpouts 3aBucumocts E(T). [1) 3,77 B/m; 2) 13,1 B/m]

11.5. DaexkTpocTaTHUECKOe IMOJIe CO3/1aeTCs MOJIOKUTENIBHO 3apsKEeHHON O0eCKOHEYHON HUTHIO C MOCTOSIHHOM
nuHeitHoi 1ioTHocThio 7 = 1 HKin/cm. Kakyio ckopocTe mpuoOpereT 37eKTpOoH, HMpUOIM3UBLIMCH IO
JeWCTBUEM I10JIs1 K HUTH BAOJb JUHUN HANPSHDKEHHOCTH € PAcCTOSHUA 1=2,5 cM 110 I=1,5 cm? [18 Mwm/c]

11.6. DmektpoctaTudeckoe Tmosie co3maercs cdepoit pagmycoM R=4 cMm, paBHOMEpPHO 3apsHDKEHHOM C
MOBEPXHOCTHOH MIOTHOCTBI0 o =1 HK/M®. OmNpeiennTs pasHOCTh MOTEHIHATOB MEKIY ABYMS TOYKAME
TIOJISA, JIKAIIMMHU Ha pacCTOSTHUSIX =6 cm u =10 cm. [1,2 B]

11.7. Onpenenuth TMHEWHYIO MIIOTHOCTh OECKOHEYHO JJIMHHOW 3apsHDKEHHON HUTH, eciiu paboTa CUII MOJis IO
nepemerenuto 3apsna Q =1 uKi ¢ paccrosnus rp =10 cM 10 o = 5 ¢M B HamnpaBJiIeHUH, TEPIEHIUKYIIPHOM
Huty, pasHa 0,1 mJIx. [8 MxKi/m]

11.8. IIpocTpaHCTBO ME¥ Ty OOKIIaJKaMH IJIOCKOTO KOHJICHCATOpa 3anoiHeHo napadunoM (& = 2). PaccrosiHue
Mexay TmactuHamMu 0=8,85 mm. Kakyro pasHOCTh MOTEHIMAIOB HEOOXOIUMO MMOAATh HA TUIACTHHBI, YTOOBI
MOBEPXHOCTHAS IJIOTHOCTH CBSI3aHHBIX 3apsi/10B Ha napadune cocranisia 0,05 uKi/em?? [500 B]

11.9. CBoboaHbIe 3apsiibl paBHOMEPHO paclpesesieHbl ¢ 00beMHOH MIOTHOCThIO o =10 KM o mapy
paauycoM R = 5 c¢M U3 OJHOPOAHOTIO M3OTPOMHOIO IAMDIEKTPUKA C TUAIEKTPUUYECKOW MPOHUIAEMOCTHIO
€=060. OnpenenuTh HANPSHKEHHOCTU JIEKTPOCTATHUECKOTO IMOJIsi Ha paccTOSIHUSX 1= 2 cM u I = 10 oM ot
nentpa mapa. [E1=1,25 B/m; E2=23,5 B/m]
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11.10. IIpocTpaHCTBO MeXay IUIACTUHAMM ILIOCKOTO KOHJEHCATOpa 3aloJIHEHO cTekioM (& = 7). Pac-
crosiHue Mexay ItuactuHamu 0=5 wmwm, pasHocte mnoteHmmanoB U=500 B. Onpenenuts >SHEPruio
MOJISIPU30BAHHOM CTEKJITHHOM TUIACTUHBI, €CJIH ee Tiomaas S = 50 oM. [6,64 MK ]IXx]

11.11. [Inockuii Bo3aymHelid KoHAEeHCAaTOp eMKocThio C=10 n® 3apsxeH 10 pasHocTu noteHnuanoB U=1 kB.
[Tocne oTkiIOUEHUsT KOHAEHCATOpa OT WCTOYHUKA HANpPSDKEHUS PACCTOSIHUE MEXAYy IUIaCTUHAMU
KOH/IeHCcaTopa ObUI0 yBenuueHo B jaBa pasza. Ompenenuth: 1) pa3HOCTh MOTEHIMAIOB Ha OOKIAIKaX
KOHJICHCATOpa IMOCJIC UX Pa3JIBIXKCHUS; 2) paO0Ty BHEUTHUX CHJI TI0 Pa3aBHXKEHUIO TacTuH. [1) 2 kB; 2) 5
MK K]

11.12. Pa3HOCTh MOTEHIMAIOB MEXIYy IutacTHHamMu kKoHjaeHcaropa U=200 B. Ilnomaar kKakaod IJIaCTHHBI
S=100 cm’, paccTosHHE MEXIy IIACTHHAME 0= MM, MPOCTPAHCTBO MEKIYy HHMH 3allONHEHO napaduHOM
(£=2). OnpenenuTs CUTy NPUTSHKEHUS IIACTUH APYT K Apyry. [3,54 mH]

I'naBa 12 IlocTOSIHHBII JIEKTPUYECKHUI TOK

§ 96. DaekTpuYecKkuii TOK, CHJIA U MJIOTHOCTh TOKA

B sjekTpoauHaMmke — paszene y4eHHs 00 DJICKTPUYECTBE, B KOTOPOM pPAacCMATPUBAIOTCS SIBICHUS U
Ipo1ecChl, 00YCIOBICHHbIE IBUKEHUEM 3JIEKTPUUECKUX 3aPs/I0B I MAKPOCKOIIMYECKUX 3apsKEHHBIX Tell,
— B@XHEHIINM MOHSATHEM SBJIETCS MOHATHE AJIEKTPUUYECKOIO TOKA. DJIEKTPHYECKHM TOKOM Ha3bIBAETCS
1r000€ YIOopsIoueHHOE (HaIllPaBJICHHOE) JBI)KEHUE IEKTPUUECKUX 3apsAa0B. B npoBoaHuKe o neiictBuemM
IIPWIOKEHHOT0  3jekTpuueckoro nous E  cBoOoaHble 3JeKTpUYECKHE 3apsiibl  [EPEMELAI0TCS:
MOJIOKUTEIIbHBIE — I10 M0JII0, OTPHULIATENIbHbIE — NPOTUB 10JIs (puc. 146, a), T. €. B IPOBOAHUKE BO3HUKAET
JJEKTPUYECKUN TOK, HA3bIBAEMbII TOKOM INPOBOAMMOCTH. Ecim e ynopsIO4eHHOE JBUXKCHHUE
IEKTPUYECKUX  3apsA0B  OCYILIECTBISETCS  INEPEMEIIEHMEM B IIPOCTPAHCTBE  3apPSHKEHHOIO
MaKpOCKOIMHMYECKOTO Tena (puc. 146, 6), To BOSHUKAST TaK HA3bIBACMbBIIi KOHBEKIITHOHHBIH TOK.

Jlisi BO3HUKHOBEHHUS M CYIIECTBOBAHUS 3JIEKTPUYECKOT0 TOKAa HEOOXOAMMO, C OJHOW CTOpPOHBI, HAJIUYUE
CBOOO/IHBIX HOCHTeJeH TOKAa — 3apsHKEHHBIX YacTHIl, CIIOCOOHBIX MEpPEMEINAThCs YIOPSA0YEHHO, a C
IpYrol — Hanuyue J1eKmpuyecko2o0 nojd, SHEPrus KOTOpPOro, KakuM-TO 00pa3oM BOCIIOJIHSSACH,
pacxonoBajgachb Obl Ha HX YHOPSAJOYEHHOE JBUKEHHE. 3a HANpaBICHUE TOKA VCI06HO TPUHUMAIOT
HanpaBJICHUE IBUKECHUS HOLONCUMENbHBIX 3aPAO0E.

KonnuecTBeHHOM Mepoil ANEKTPUYECKOr0 TOKa CIYXHUT cuia Toka | ckamspHas ¢usnueckas BeIMYMHA,
olpezesnseMas IEKTPUUECKUM 3apsI0M, IPOXOASAIIUM YePE3 MONEPEUYHOE CEUEHNE NTPOBOJHUKA B €IUHULLY
BpPEMEHHU:

=22
dr

Ecnu cuna Toka u €ro HampaBlI€HUE HE M3MEHSIIOTCS CO BPEMEHEM, TO TAKOW TOK HA3bIBACTCS MOCTOSHHBIM.
JInst MOCTOSIHHOTO TOKa

I=Q/1,

Puc. 146

a) .
—-—_*
e ——————-
@ Y10 Ha3biBAETCA cuno#i Toka? MNOTHOCTLIO TO-
ka? Kakosbl vx eguunybi? (fatL onpepene-

3l HUA.)
@ HasoBuTe ycnoBna BO3HWKHOBEHMS W CyulecT-
v BOBAHWA INEKTPUYECKOoro 1oka.
rae Q — anexTpuyecKui 3apsa, TpoXoAauIii 3a BpeMs t yepe3 monepeyHoe cedeHne npoBogHuKa. Equnuma
CHJIBI TOKa — ammep (A).

dusnueckas BCJIMYNHA, oIpcacisieMad cHUIoMi TOKa, NPOXOAIICro 4epe3 CAUHULY IUIOMAJN MOMCPCUHOIO

CEYEHUs MPOBOIHUKA, MEPIICHANKYISIPHOTO HAMPABIECHUIO TOKA, HA3bIBAECTCS MJIOTHOCTHIO TOKA:
dr
J=E-
BrIpa3um cuiy U IMIOTHOCTH TOKa Yepe3 CKOPOCTh (V) YHOPSAOYEHHOTO ABMXKCHUS 3apsOB B MPOBOJHHUKE.
Ecnm xoHIeHTpamnus HocuTenel Toka paBHa N W KaKIbI HOCUTENh UMEET JJIEMEHTAPHBIN 3apsij e (4TO He
00s13aTeNbHO JIJII MOHOB), TO 3a Bpems Ot yepe3 momepeuHoe ceYeHHWE S MPOBOJHUKA MEPEHOCHTCS 3apsijl

dQ=ne (v) S dt. Cuna Toka
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dQ
[=——= S,
3w

a IINIOTHOCTDh TOKa

j=ne {v). (96.1)
[T10THOCTH TOKA — GeKkmop, OPUCHTHPOBAHHBIA 10 HAINPABICHHIO TOKa, T. €. HANpaBJIICHUE BEKTOpa |
COBIIAJIa€T C HAIPaBJICHUEM YIOPSATOUYEHHOTO JIBXKEHUS MOJOKUTENIbHBIX 3apsaoB. EnuHuna mioTHOCTH
TOKa — aMmIlep Ha METp B KBaJIpare (A/MZ).
Cuiia TOKa CKBO3b ITPOM3BOJIbHYIO TIOBEPXHOCTh S OIMPEEIsIeTCsl Kak MOTOK BEKTOPA §, T. €.
I={ jds,
s (96.2)

rae dS=ndS (N — eqMHUYHBIN BEKTOP HOPMaJH K IUIommaake dS, cocTaBIsIONIeH ¢ BEKTOPOM | YToil o).

§ 97. CropoHHue cHIbl. DJIeKTPOABHIKYIIAS CHJIA U HATIPSIZKEHHU e

Eciun B menu Ha HOCHTENM TOKa JACUCTBYIOT TOJBKO CHJIBI 3JEKTPOCTATUYECKOTO TMOJS, TO MPOUCXOIUT
nepeMelieHne HoCUTeNel (OHH MPEeIoaraloTCs MOJIOKUTEIFHBIMU) OT TOYEK C OOJIBIIUM MOTEHIIUAIOM K
TOYKaM C MEHBIIIMM MOTCHIIUAIOM. DTO MPHUBEIET K BEIPABHUBAHUIO IMOTEHIIMAJIOB BO BCEX TOYKAX IIEMHU U K
MCYE3HOBEHMIO 3JeKTpudeckoro moisig. I[losromy nansi cyliecTBOBaHUS MOCTOSIHHOTO TOKAa HEOOXOIMMO
HaJu4he B IEMU YCTPOMCTBA, CIIOCOOHOTO CO3/1aBaTh W MOJJEPKUBATh PA3HOCTh MOTECHIIHMAIOB 32 CYUET
paboThl CHJI HEINEKTPOCTATHUECKOTO MPOUCXOXKICHHsS. Takue ycTpoiicTBa HA3bIBAIOTCS MCTOYHMKAMM
ToKa. CUJIBl HeIIeKMmpoCmamuyecko2o npoucxodcoeHusl, JEeUCTBYIOLIME Ha 3apsdbl CO CTOPOHBI
HMCTOYHUKOB TOKA, HA3bIBAIOTCSI CTOPOHHUMH.

[Tpupoma CTOPOHHUX CHIJI MOKET OBITh pa3nudHON. Hanmpumep, B ralbBaHUYCCKUX DJIEMEHTaX OHH BO3HUKAIOT
3a CUET PHEPruu XMMHUYECKHX PEAKIM MEeXAY 3JEKTPOAAMHU U 3JEKTPOJIUTaMH; B T€HEpaTOpe — 3a CYET
MEXaHWYECKON PHEPTUU BpalIeHUsI POTOpa reHepaTopa u T. 1. Poib HCTOYHMKA TOKA B JIEKTPUUECKOM 1IETIH,
o0pa3HO TOBOpS, Takas ke, KaK poJib HAacoca, KOTOPHIM HEOOXOAUM Ui TMepeKayrBaHUs >KUIKOCTH B
ruapaBianyeckoi cucreme. Ilox AeMcTBHEM CO34aBAEMOT0O MOJISI CTOPOHHUX CHII JJIEKTPUUYECKHUE 3apsiIbl
JIBUKYTCS BHYTPH MCTOYHUKA TOKA MPOTUB CHUJI AJIEKTPOCTATHMUYECKOTO MOJIsL, Ojarogaps 4eMy Ha KOHIIAX
LIETH MTOAICPKUBACTCA PA3HOCTD MOTEHIIMAIOB U B IIETIH T€UET MOCTOSHHBINA AEKTPUUECKUN TOK.

CropoHHHME CHIIBI COBEpHIAIOT pabOTy MO MEPEMEMICHUI0 IIIEKTPUYECKUX 3apsnoB. Dusnyeckas BEIUYHHA,
ompenensiemMass pabOTO#, COBEpIIAEMOM CTOPOHHUMM CHJAMU TpPU TEPEMEIIEHUU EAUHUIHOTO
MOJIOKUTEIBHOTO 3apsijia, HA3bIBAETCS IJIEKTPOABHKYIIEH CHJIO0H (3.11.C.), ICHCTBYIONIEH B IIEMH:

E=4/Qp (97.1)

Dta paboTa MPOU3BOIATCA 3a CUET SHEPTHH, 3aTPAYNBAEMON B MICTOUHUKE TOKA, TIO3TOMY BEIHMYMHY & MOKHO
TaK)K€ Ha3bIBaTh AJIEKTPOJBMIKYIIEH CHJION MCTOYHMKA TOKA, BKIIOUEHHOrO B Ienb. YacTo, BMECTO TOTO
YTOOBI CKa3aTh: «B LIEMHU JEHCTBYIOT CTOPOHHUE CHUJIBD», TOBOPAT: «B IEMH JEHCTBYET 3.1.C.», T. €. TEPMUH
«OQIEKTPOABIKYIIIAs CUJIa» YMOTPeOIsieTcsl KaKk XapaKTepUCTUKa CTOPOHHHUX CHII. J.J.C., KaK U MOTEHIHAI,
BBIpaXkaeTcs B BosibTax (cp. (84.9) u (97.1)).

Croponnss cuna F.,, nefictByromias Ha 3apsa Qo, MOKET ObITh BhIpaKeHa Kak

For=E, Qo
riae E — HanpsokeHHOCTh TOJIsi CTOPOHHUX CHJI. PaboTa jke CTOPOHHHX CHII O TepeMelnIeHnto 3apsaa Qo Ha
3aMKHYTOM Y4acTKe LM paBHa
= §F.dl = 0 § B, L
A= 3Fadl = Qog Bl (97.2)
Paznenus (97.2) Ha Qo, moy4uM BBIpaKEHUE NI 3. 1. C., IEHCTBYIOIICH B LIEMH:

E= § E.d,

T. €. 3.J.C., JCUCTBYIOIIas B 3aMKHYTOH II€TMH, MOXKET OBITh ONpEeaeNieHa KaK IUPKYJAIHNS BEKTOpa
HAMPSKEHHOCTH TI0JIS CTOPOHHUX CHIL. J.JI.C., IEHCTBYIOMas Ha ydactke 1—2, paBHa

2
o= fE,d.
! (97.3)
Ha 3apsan Qo mOMHMO CTOPOHHHMX CHII JIEHCTBYIOT Tak)K€ CHUIIBI dJIeKTpocTaTudeckoro noisi Fe=QoE. Takum
o0Opa3om, pe3yabTUPYIONIas CHJIa, ISHCTBYIONIAs B eru Ha 3apsa Qp, paBHa

- -
F=F;+4+F.=0QQE +E)



143

Pabota, coBepiaemast pe3yabTHpYIOLIeH cuinoil Haz 3apsaoMm Qo Ha yuacTtke 1—2, paBHa
2

2
Az = Qo J En dl + Qo | Edl
1

1
Hcnons3ys Beipakenus (97.3) u (84.8), Mmoxkem 3anucaThb

Ap=00 12+ Qs (01— 92 (97.2)

Jnst 3aMKHYTOH 1enu paboTa 3JIEeKTPOCTATUYECKHUX CHII PaBHA HyIrO (cM. § 83), mO3TOMy B JIaHHOM Cllydae
A= & 12

Hanpsikenuem U Ha yvactke 1—2 HaszwpBaeTcs (u3MUecKas BeIMYMHA, OIpezensemMas padoToH,
COBEpIIAEMOM CYMMAapHbIM IIOJIEM 3JEKTPOCTATHUECKUX (KYJIOHOBCKHMX) U CTOPOHHMX CHJ IIpHU
MepeMelIeHIN eUHIYHOTO MOJIOKHUTEIBLHOTO 3apsaa Ha TJaHHOM y4yacTKe 1enu. Takum oOpa3om, COrsiacHO
(97.4),

Un=¢1—92+ & p.

[TonsTre HampskeHHs! SBJISETCS OOOOIIEHMEM IMOHATUS Pa3HOCTU IOTEHIIMANIOB: HANpSHKEHHWE Ha KOHIAX
y4JacTKa LIEeMU PaBHO Pa3HOCTH MOTEHIIMAIOB B TOM Clly4yae, €CJId Ha 3TOM y4acTKe He AeHcTByeT J.4.C., T. €.
CTOPOHHHUE CUJIBI OTCYTCTBYIOT.

§ 98. 3akon Oma. ConpoTuBJ/ieHHE IPOBOIHUKOB

Hemenxuii ¢usux I'. Om (1787;—1854) skcnepuMeHTaJIbHO YCTAaHOBHJI, YTO cuia Toka |, Tekyiiero mo
OJTHOPOJHOMY METAJJIMYECKOMY HPOBOJHHUKY (T. €. HPOBOJHHUKY, B KOTOPOM HE AEHUCTBYIOT CTOPOHHHE
CHJIBI), IPOTIOPIIOHANIbHA HanpsoKeHUI0 U Ha KOHIaX MPOBOIHHKA:

I=U/R, (98.1)

rae R — anexTpudeckoe conpoTuBiieHHEe MPOBOAHMUKA. Y paBHeHue (98.1) BoipakaeT 3akoH Oma 1J1s1 yyacTka
Henu (HE coJepXkallero MCTOYHMKA TOKA): cajla TOKa B IPOBOJHUKE MPSIMO MPONOPLUOHATIbHA
MIPUJIOKEHHOMY HAIPSDKEHUIO U 00paTHO MPONOPLUOHAIbHA CONPOTUBIIEHHUIO NTpoBogHNKa. Dopmyra (98.1)

MO3BOJISIET YCTAaHOBHUTh €OUHMLY conpoTuBieHuss — oM (Om): 1 OM — conpoTHUBIEHHE TaKOTo
IIPOBOJHMKA, B KOTOPOM Ipu HanpsbkeHuH 1 B Teder nocrosinubiil Tok 1 A. Bennunna
G=1/R

Ha3bIBAETCS IJIeKTPUYECKOH MPOBOAMMOCTHIO MTPOBoIHUKA. EnnHnna npoBoauMoctu — cumeHce (Cm): 1 Cum
— MPOBOJUMOCTD Y4acCTKa IEKTPUUYECKON Lienu corpotusieHrueM 1 Om.

ComnpoTuBieHne MPOBOJHUKOB 3aBUCUT OT €ro pa3MepoB M (OpPMBI, a Takke OT MaTrepHaya, U3 KOTOpPOTro
MPOBOJAHUK M3roTOBIEH. JlJIi OJHOPOAHOrO JIMHEMHOrO MPOBOJAHMKA comlpoTuBieHMe R mpsmo
HPOMOPLIUOHATBHO ero JUInHEe | 1 00paTHO MPOMOPIUOHAIBHO MUIOMIAN €r0 MOMEPEYHOro CCYCHHS S:

Re= 1
Ps (98.2)

rae p — KO3(QQGUIUEHT TPONOPLUUOHATBHOCTH, XapaKTepU3YIOUIMl MaTepuaia MPOBOJHUKA U Ha3bIBaeMbIN
yAeJbHBIM 3JIEKTPUYECKHM CONPOTHBJIeHMeM. ENMHNIIAa yIeIbHOTO AJIEKTPUYECKOTO COMPOTUBICHUS —
oM-MeTp (Om-M). HauMeHbIINM yJeNbHBIM CONPOTHUBICHHEM 00J1aal0T cepedpo (1,6-10° Om-m) 1 mep
(1,7-1078 Owm-m). Ha mpakTuke Hapsily ¢ MEIHBIMH IPUMEHSIOTCS aJlOMUHUEBBIE TPOBOJA. XOTS aTlOMUHUI
¥ MMeeT Gojiblee, deM Melb, yienbHoe compornsieHne (2,6-10° Om:-M), HO 3aT0 061amaeT MeHbIei
IJIOTHOCTBIO 110 CPAaBHEHHUIO C MEABIO.

3akon Oma MOXHO MpeacTaButh B nuddepennuanbaoil popme. IloncTaBuB BbIpaykeHUE AJIsi COMPOTUBICHUS
(98.2) B 3akoH Oma (98.1), momyunm

-

Wl ~
|-

(98.3)
Il BeJIMYKMHA, 0OpaTHas yJelbHOMY CONPOTUBIICHHUIO,
Y=1/p
Ha3bIBACTCS YAeJbHON JIEKTPUUECKOii MPOBOAMMOCTHIO BEIIECTBA MMPOBOJAHNUKA. Ee enmuHuIa — cuMeHc Ha
metp (Cm/m). YuutsiBas, uro U/l = F — HanpsHKeHHOCTH AJIEKTPUYECKOTO TOJIsT B MMPOBOJHMKE, |/S = | —
IJIOTHOCTH TOKa, hopmyny (98.3) MOXKHO 3amucath B BUJE

j=1E. (98.4)
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@ 10 Takoe CTOPOHHWe CHNbi? Kaxosa uX npu- @ MoveMy HENPS)KeHKe ABNAGTCA 060O6LBHHBIM

poga? NOKATHOM PA3HOCTH NOTeHUManos?

© B uem saknouaetcr Gusniecknil cMbicn anex- @ Kaxosa CBRA3b MOXAY CONPOTMBNIOHNeM W NPOo-~
TPOABMXYILEA Cunbl, AeRcTeyILel B yenu? BOANMOCTLIO, YAGNbHLIM  CONPOTHBNOHNEM
HanNpsX8HNA? PA3HOCTH NOTOHUNENOoB? » yRensHol NpoBoANMOCTLIO?

Tak kak B U30TPOIHOM MPOBOJIHUKE HOCUTEIN TOKA B KaXKJIOM TOUKE JIBHXKYTCSl B HarpaBiieHUU BekTopa E, To
nanpasienus j u E coBmamaror. [Tosromy dopmyiny (98.4) MOXKHO 3amucarh B BUJIE

j=7E. (98.5)

Breipaxxenue (98.5) — 3axkon Oma B quddepeHunanbHoM (opme, CBA3BIBAIONIUN TUIOTHOCTh TOKA B JII00O0M
TOYKE BHYTPU IIPOBOJHHUKA C HANPSKEHHOCTBIO 3JIEKTPUUECKOI0 MOJISI B 3TOM ke TOUKE. DTO COOTHOIIEHNE
CIPaBEIIMBO U JUISI IEPEMEHHBIX MOJIEH.

OnbIT TOKa3bIBAaCT, YTO B IEPBOM MPHOMMKECHUH W3MEHEHHE Y/AEIHHOTO COMPOTHUBJICHHSA, a 3HAYUT U
COIIPOTHBIICHUS], C TEMIIEPATYPOI OIUCHIBACTCS JIMHEHHBIM 3aKOHOM:

p=po (1+as), R="Ro (1+a),

rne pu po, R 1 Ry — COOTBETCTBEHHO y/eNbHBIE COMPOTUBICHHUS M CONPOTUBICHUS npoBoaHuKa mpu t u 0°C,
o — TeMIepaTypHblii K03¢(uuueHT CONPOTHBJIECHHS, I YUCTHIX METAJIOB (IIPM HE OYEHb HU3KHUX
Temneparypax) ommskuii k 1/273 K. CrnesioBaTenbHO, TeMIepaTypHas 3aBUCHMOCT CONPOTHUBICHHS MOKET
OBITH MIPEJCTABIICHA B BUJIC

R=aR,T,

rae T — TepMoaMHaMUYecKas TeMIieparypa.

KavecTBeHHBIN XO0J TeMIepaTypHOH 3aBUCMMOCTH CONpPOTHBIIEHHMs MeTajula IpeJcTaBleH Ha puc. 147
(xpuBast 1). Briocienctuu 0bU10 00HAPYKEHO, YTO CONMPOTHBICHUE MHOTHX MeTaiioB (Hampumep, Al, Pb,
ZN ¥ 7p.) ¥ UX CIUTaBOB MPH O4YeHb HU3KUX Temmeparypax Tk (0,14—20 K), Ha3pIBaeMbIX KPHUTHYECKHMMHU,
XapaKTepHBIX JJIsI KaXJIOTO BEHIECTBA, CKAYKOOOpa3HO yMEHbIIAeTcsi A0 Hyis (KpuBas 2), T. €. METalll
CTaHOBHUTCS aOCOJIIOTHBIM IIPOBOJHUKOM. BriepBble 3TO sBI€HHME, Ha3BAaHHOE CBEPXIPOBOAMMOCTBIO,
obnapyxkeno B 1911 r. I'. Kamepnuar-Ounecom a1t pryTu. SIBieHUE CBEPXIPOBOAMMOCTH OOBSCHSIETCS HA
OCHOBE KBaHTOBOW TeopuHu. IIpakTmueckoe HCIIOIB30BaHHE CBEPXIPOBOJAIIMX MaTEpUaoOB (B 0OMOTKax
CBEPXIIPOBOSAIINX MarHUTOB, B cucTtemMax namsatd OBM u np.) 3aTpyHEHO M3-3a UX HU3KUX KPUTHUYECKHUX
Temnepatryp. B Hactosiiee BpeMs OOHAapyXeHbI M aKTHUBHO MCCIEAYIOTCS KepaMHU4ecKHe MaTepHalbl,
o0azarolue CBepXIpoBOAUMOCTBIO Tpu Temnepatype Boime 100 K.

Ha 3aBHCHMOCTM DJEKTPUYECKOIO COINPOTHUBIEHUS METAUIOB OT TEMIIEpaTypbl OCHOBAHO JIEHCTBHE
TEePMOMETPOB CONPOTHBJIEHHS, KOTOPHIE MO3BOJISIOT IO IPaJyHPOBAHHON B3aUMOCBS3H CONPOTUBIICHUS OT
TEMIIEPATYPHI U3MEPSTH TeMIiepaTrypy ¢ TouHocTho 10 0,003 K. TepMomeTpbl cONpOTUBIIEHMUS, B KOTOPHIX B
KayecTBe pabovyero BEIIEeCTBA MCIONb3YIOTCS MOJYIPOBOJAHUKH, HW3TOTOBJIEHHBIE 110 CIEHUaIbHON
TE€XHOJIOTUH, HA3bIBAIOTCS TepMuCTOpaMu. OHU MO3BOJISIIOT M3MEPATh TEMIIEPATyphl C TOYHOCTBIO [0
MUJUIMOHHBIX J10JIEH KEIbBUH.

R ‘ Pac. 147

Z @ B yem 3aknioyaercs KRBNEHWE CBEpPXNpOBOAN-
- MOCTN? KakoBbl ero NepcnexkTuBb:?
t @ Ha YeMm ocHOBaHO feiAcTBNe TepMOMeTpOoB CO-
Te T,K NPOTHBNEHNS ?

§ 99. PaGora u MmomHOCTH TOKA. 3aKk0oH /[koynasa — Jlenuna

PaccMoTpuM 0JHOPOIHBII MPOBOTHKK, K KOHIIAM KOTOPOTo MpHiioxkeHo Hanpspkenue U. 3a "Bpems dt wepes
CeYeHHUE MPOBOJHUKA TepeHocuTes 3apsa dq=Idt. Tak kak TOk mpeacTaBiIsSeT COOOH MepeMenieHue 3apsaa
dq mop neiicTBUEM DIIEKTPUUECKOTO OIS, TO, 110 hopmyite (84.6), paboTa Toka

dA=Udg=1Udt (99.1)
Ecnu conpotusnenue npoBoaHuka R, To, ucnonn3ys 3akodH Oma (98.1), moxydum
Uz
d4 = IPRdt = X de.
(99.2)
N3 (99.1) u (99.2) cnenyet, 4TO MOITHOCTH TOKA
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d—f = Ul = PR = U*R

dr (99.3)

Ecnu cuna Toka BbIpakaeTcs B aMIiepax, HANpsDKEHHWE — B BOJIBTAX, CONMPOTHUBIEHHE — B OMax, TO paboTa
TOKa BBIPA)KAETCS B JHKOYJISX, @ MOIIHOCTh — B BaTrTax. Ha mpakTHke NMPUMEHSIOTCS TaK)Ke€ BHECHCTEMHbBIE
€IMHUIIBI pa0OTHI TOKA: BarT-4ac (BT-u) u kumoBarr-yac (kBt-4). 1 Br-4 — pabora Toka momntHocThi0 1 BT B
teuenne 1 u; 1 Br-u=3600 Br-c=3,6-10° Ix; 1 kB1-4=10° Br-u= 3,6-10° [Ix.

Ecnu TOK mpOXOOUT MO HenoosudcHoMy METaNIYecKOMY IMPOBOJHUKY, TO BCS paboTa TOKa MJET Ha €ro
HarpeBaHue U, M0 3aKOHY COXPaHEHUS SHEPTHUH,

P =

dQ=dA. (99.4)

Takum o6pazom, ucnomns3ys Beipaxkerus (99.4), (99.1) u (99.2), nonyunm
2

U
dQ = IUdt = I*Rdt = — dt.
R (99.5)

Beipaxxenue (99.5) mnpencrasiser co6oit 3akoH Jkoyas—JleHna, SKCIEPUMEHTAIBHO YCTaHOBJICHHBIN
He3aBucHUMO ApyT oT apyra [x. Jxoynem u O. X. Jlenmem.*

* 9, X. Jlenn (1804—1865) — pycckuii Gpusuk.

Beigenim B MPOBOAHMKE dJIEMEHTApHBIH HuinHapudeckuid oobem dV=dSdl (ock munmuHgpa coBmamaer c
HaIPaBJIEHUEM TOKa), CONPOTUBIIEHUE KOTOPOro R=p % Mo 3akony [xoyns — Jlenua, 3a Bpems dt B 3Tom
0o0beMe BBIJEIUTCS TEIUIOTa

dQ = I*Rdt = % JuD)-dt = pj2dvde.

KonmuuecTBo TEIIOTHI, BBLAGISIONICECS 3a CJMHUIYy BPEMEHHM B €IMHHIE O0beMa, Ha3bIBAcTCS YHeJIbHOIt
TENJI0BOH MOIIHOCTHIO TOKa. OHa paBHa

S w=a (99.6)
Hcnons3ys auddepernnansuyio popmy 3akoHa Oma (J=yE) u cootHorieHue p=1/y, noaydnm
w=jE=yE>, (99.7)

@opmynsl  (99.6) u  (99.7) saBusroTcs 00OOIIEHHBIM BbhIpakeHHeM 3akoHa J:koynas—Jlenna B
auddepenunanbHoil popMe, IPUTOAHBIM IS TIOOOT0 IPOBOIHUKA.

TemoBoe neficTBUE TOKAa HAXOAUT IIMPOKOE NPUMEHEHUE B TEXHUKE, KOTOPOE HA4aJlOCh C OTKpbITHS B 1873 T.
pycckum unkeHepom A. H. JlogeiruneiM (1847—1923) namnsl HakanuBaHus. Ha HarpeBaHny IPOBOAHHUKOB
JJIEKTPUUYECKUM TOKOM OCHOBAHO JIEHCTBHME JIIEKTPHUUECKUX MY(DENIbHBIX MedeH, 3JIeKTPHUUECKOW Iyru
(otkpeiTa pycckuMm unxeHepom B. B. IlerpoBbsiM (1761—1834)), KOHTaKTHON 3JIEKTPOCBApKH, OBITOBBIX
3JIEKTpOHArpeBaTeIbHbIX IPUOOPOB U T. II.

§ 100. 3axon OMa /151 HEOJHOPOAHOT0 YYACTKA LENU

Ms1 pacemarpuBanu 3akoH Oma (cm. (98.1)) mnsg ogHOPOAHOTO ydacTKa IeMu, T. €. TaKOoro, B KOTOPOM HeE
JIeBCTBYET 3.71.C. (HE JAeHCTBYIOT CTOPOHHUE CHJIBI). Tenepb paccMOTPUM HEOJHOPOAHBbIN Y4acTOK LelH,
rjae JeUCTBYIOIIYIO 3.1.C. Ha yyacTke 1—2 0003HauuM uepe3 E,, a INPUIOKEHHYI0 Ha KOHLAX y4yacTKa
Pa3HOCTh MOTEHLUAIOB — Yepe3 ¢ —@s.

Ecii TOK MPOXOJHT MO0 HenoosudicHvlM TIPOBOTHUKAM, 00pa3yromuM yJactok 1—2, To paborta A12 BCEX CHIT
(CTOPOHHUX M DJEKTPOCTAaTHUECKUX), COBEpIIAaeMas HaJ HOCUTENIIMH TOKa, 1O 3aKOHY COXpaHEHUs U
MpeBpalleHrsi YHEPTHH paBHA TEIUIOTe, BBIACISAIONICHCS Ha ydacTke. PaGora cwi, coBepiiaemasi IpH
nepemereHnn 3apsaa Qo Ha yyactke 1—2, cornacuo (97.4),

Aiz=0o E12+ Qo (91— @2 (100.1)

D.n.c. By,  Kak U cwia Toka |, — BenmuuHa ckanspHas. Ee Heo6xoanMo Opath 1100 ¢ MOJI0KUTENIBHBIM, JIN00
C OTpUIATETHHBIM 3HAKOM B 3aBHCHMOCTH OT 3HaKa pa0OThI, COBEpIIaeMOW CTOPOHHHMH cwiamMu. Ecmm
3.]1.C. CITIOCOOCTBYET JBM)KEHUIO MOJIOKUTENBHBIX 3aps10B B BRIOPAaHHOM HaIpaBieHUHU (B HampaBieHun 1—
2), T0 B,;, > 0. Ecnu 5.1.c. mpenaTcTByeT ABMKEHHIO MOJI0KUTENBHBIX 3apsi/IOB B JaHHOM HAlpaBJIeHUH, TO

B, <0.3aBpewms t B mpoBomHIKE BEIIEnsAeTcs TemioTa (M. (99.5))
Q = PRt = IR (I) = IRQ,. (100.2)
N3 popmyn (100.1) u (100.2) nonyuum
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IR=(p,— )+ &1 (100.3)
OTKy/1a
1= o—o2+ En
R (100.4)

Beipaxxenue (100.3) wim (100.4) npencrasiser co6oii 3akoH OMa I HEOJHOPOJHOT0 y4acTKa Ienu B
HHTEerpajibHoil popme, KOTOPHIN SABIIAECTCS 0000IEHHBIM 3aKOHOM OMa.

Ecnu Ha maHHOM y4acTke Lenu ucmounux moka omcymcemeyem (&, =0), To u3 (100.4) npuxoamm K 3akomny
Oma 015 00HOpoOoHo20 yuacmka yenu (98.1):

I=(p:—¢2)/R=UJR

(Ipu OTCYTCTBUU CTOPOHHUX CHJI HAIPSDKEHUE HAa KOHIAX ydacTKa paBHO Pa3HOCTU MoTeHuuaioB (cMm. § 97)).
Ecnu xe anexktpudeckasi nenb 3amMKHyma, TO BbIOpaHHbIE TOUKH 1 U 2 coBnaaawT, ¢i=¢,; Torna u3 (100.4)
nosrydaeM 3axon Oma 0ist 3AMKHYMOU Yenu:

I= E/R,

rae g .- 93.J.C., IeHCTBYyIoas B enu, R — cymMMapHOe cCOnpoTUBIEHHE Bee 1ienn. B obmem ciydae R=r+R;,
rjie I — BHYTpEHHEe COIPOTUBIIEHNE UCTOYHHKA TOKA, Ri—comnpoTusienue BHenHel nenu. [Toatomy 3akon
Owma 1151 3aMKHYTOU 11enu OyIeT UMETh BT

I= E/r+R).

Ecnu uens pazomxnyma wu, cnenosarenabHo, B Heil Tok otcyTcTBYET (| = 0), TO 13 3akona Oma (100.4) momyuum,
4ro B, =¢@1—@, T. €. 3.1.C., JeiiCTByIOIIas B Pa30MKHYTOH L€NH, paBHA Pa3HOCTU NOTCHLUANIOB Ha €€
koHnax. CremoBatenpHO, [UIsl TOrO 4YTOOBI HAMTH 3.1.C. UCTOYHUKA TOKA, HAJAO H3MEpPUTh DPAa3HOCTh
MMOTCHIIMAJIOB Ha €0 KJIeMMax IPH Pa30MKHYTOH IICTIH.

§ 101. ITpaBuaa Kupxroga s pa3BeTBJIEHHBIX Lenel

O606mmenHbIH 3akoH OMma (cM. (100.3)) mo3BonseT paccuuTaTh MPAKTUYECKHU JIIOOYIO CIOXKHYIO 1enb. OaHaKo
HEMOCPE/CTBCHHBIN pacdyeT pa3BETBICHHBIX IICTCH, COJEPKAlIMX HECKOJIbKO 3aMKHYTBHIX KOHTYPOB
(KOHTYpBI MOT'YT HMETh OOIIUE YIACTKH, KOKIBIH U3 KOHTYPOB MOXET UMETh HECKOJIbKO HCTOYHMKOB TOKA U
T. J1.), IOBOJILHO CIIOKEH. DTa 3a/1aya penraercs 6ojiee mpocTo ¢ MoMoIIsio ABYX npaBuia Kupxroga.*

*T. Kupxrod (1824—1887) — nemeukuii hpusuk.

JIro6ast Touka pa3BeTBJIECHUS LIENH, B KOTOPOIH CXOAUTCS HE MEHee TPeX MPOBOJHHKOB C TOKOM, Ha3bIBaeTCs
y3i0M. I[Ipu 3ToM TOK, BXOAAIIUI B y3€J], CUMTAETCS MOJOKUTENIbHBIM, a TOK, BBIXOAAIIUN U3 y3/1a, —
OTpHLIATENILHBIM.

ITepBoe npaBuiio Kupxroga: anredpanueckas cymMMa TOKOB, CXOJISIIUXCS B y3JI€, paBHA HYJIO:

Y. I,=0.
k

Hanpuwmep, nis puc. 148 nepsoe npasuiio Kupxroga 3anumiercs tak:
L—-L+5L—-1,—Is=0.

ITepoe mpaBuino Kupxroda BbITekaeT M3 3aKOHa COXPAHEHMs 3JIEKTPUYECKOro 3apsja. JleHCTBUTENIbHO, B
Cllydae yCTaHOBHBILETOCS IOCTOSTHHOTO TOKA HU B OJJTHOM TOYKE MPOBOJIHUKA U HU HA OJJHOM €r0 y4acTKe He
JIOJDKHBI HaKaIlJIMBATBCS AJIEKTPUUECKUE 3apsibl. B MpOTHBHOM ciyyae TOKM HE MOIJIM Obl OCTaBaThCS
MTOCTOSIHHBIMH.

Bropoe mnpaBmino Kupxroda mnomywaercs u3 o0000meHHOro 3akoHa Owma s pa3BETBICHHBIX IIETICH.
Paccmotpum KoHTYp, cocTosmuit u3 Tpex ydactkos (puc. 149). Hanpasnenue 06xoaa o 4acoBoi cTpeske
IIPUMEM 32 IOJIOKUTEITBHOE, OTMETHB, YTO BHIOOP 3TOr0 HANpaBJIEHHs COBEPILICHHO Mpou3BoJieH. Bee Tokw,
COBMAJIAIOLIME 10 HAIPaBJICHUIO C HANpaBJIeHHEM 00XOJa KOHTYpa, CUMTAIOTCS IOJOXKHUTEIbHBIMH, HE
COBIIQJAIONINE C HampaBieHHeM o00Xoja — OTpULATeNbHBIMH. VICTOUHMKM TOKa CUUTAIOTCA
MOJIOKUTEILHBIMHU, €CJIM OHHM CO3JIal0T TOK, HAlpaBJCHHBIH B CTOPOHY o0Oxona KoHTypa. [Ipumenss k
yuactkam 3akoH Oma (100.3), MOXHO 3anucarh:

LRy=@4—@p+ €4,
—LR;=@—@c— € 3,
LRy=@c—@4+ T 3.
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1 ' /;\

I 5,307 ¢
Pmc. 148 Puac. 149
CKHaHBIBa}I IMOYWICHHO 3TH YpaBHCHUA, ITOJTYUUM
LR, —LRy+hLRy= €,— E ,+ E 5. (1011)

VYpasuenue (101.1) Beipakaer BTOpoe mpaBuiio Kupxroda: B 11000M 3aMKHYTOM KOHTYpE, MPOU3BOJIBHO
BBEIOpDAHHOM B Pa3BETBJICHHOW JJICKTPUUYECKON IIeTH, anredpanyeckas cymMma Ipou3BeIeHri cuil TOKOB |i Ha
COIMPOTHUBIIEHUSI Rj COOTBETCTBYIOIIMX YYacTKOB ATOr0 KOHTypa paBHa airedpanyeckoil cymme j.1.c. ,
BCTPEYAIOLIUXCS B ’TOM KOHTYpE:

LIR=1 T (101.2)

[Tpu pacdere CIIOKHBIX IIETIEH TTOCTOSTHHOT'O TOKA ¢ TpUMEHEeHHeM IpaBwi Kupxroda HeoOX0auMo:

1. BeiOpatb npoussonvrhoe HampaBieHUE TOKOB HAa BCEX Y4acTKax IIENH; ACHCTBUTEIbHOE HANpPaBlIEHUE TOKOB
OTIPE/ICIISACTCS IPH PEIICHUH 3aa9H: €CITH HCKOMBIN TOK MOJYYUTCS MOJIOKHUTEIHHBIM, TO €T0 HAIPABICHHE
ObUTO BBIOPAaHO TMPABWIBHO, OTPHUIATEIBHBIM — €r0 HUCTHHHOE HAaIpaBJICHUE MPOTHBOIOIOKHO
BBIOPAaHHOMY.

2. Boibpath HampaBieHre 00X0/1a KOHTypa U CTPOTO €ro mpuaep>KuBathes; mpousBenenue IR momoxurensHo,
€CITi TOK Ha JJAHHOM YYacTKE COBIIJaeT ¢ HampaBieHueM 00Xoja, ¥, Hao00poT, 3.1.C., ACUCTBYIOIIUE 10
BBIOpAaHHOMY HAMpaBICHUIO 00X0/1a, CYUTAIOTCS MOJIOKUTEIbHBIMH, TPOTUB — OTPUIATENbHBIMH.

3. CocTaBUTh CTOJBKO YpaBHCHHM, YTOOBI MX YHUCIO OBUIO PAaBHO YHCIY HMCKOMBIX BEIUYHH (B CHCTEMY
yYpaBHEHUN JOJDKHBI BXOJUTh BCE CONPOTHUBIEHUS M 3.J.C. PACCMAaTPUBAEMOM LEMH); KaKIbIi
paccMaTpuBaeMbIii KOHTYP JIOJIKEH COIEPIKATh XOTs ObI OJMH 3JIEMEHT, HE COACPKAIMUNCS B MPEABIIYITIX
KOHTYypax, HHa4e MOJIy4yaTcsl ypaBHEHUS, SIBISIOMINECS TPOCTOM KOMOMHAIIMEH yKe COCTaBICHHBIX.

B kauectBe mpumepa ucrnonbs3oBanus npaBwi Kupxroda paccmorpum cxemy (puc. 150) mzmepurenbHOro
mocta Yutcrona.* Conporusienus Ri, Rz, Rs u R4 o6pa3zyror ero «mieun». Mexny Toukamu 4 u B Mocta
BKJIOUeHa Oartapes ¢ 3.1.c. E W compoTuBieHHeM I, Mexay Toukamu C u D BkitoueH raiapbBaHOMETp C
conpotuBnenueM Rg. st y310B 4, B u C, mpumensis nepBoe npasuio Kupxroda, momyanm

I -0 —I4=0, h+h—-1I,=0, | —I,—Is=0. (101_3)

s koutypoB ACBA, ACDA u CBDC, cornacHo Bropomy npaBuity Kupxroda, MokHO 3amucaTh:

Lr+ IR+ LRy= E, LR +IgRG—I4R4=0, LRy —I3Ry—IGRG=0. (101.4)

* Y. Yurcron (1802—1875) — aurnuiickuii hpusuk.

Puc. 150

® BuiBegute 3akonnl Oma n [xoyna — flexya
B AncddeperynansHoi opme.

® B u4em 3aknouaercs ¢u3nyeckuii cmbicn
yaensHo# TennoBol MOWHOCTM TOKa?

@ MNpoananuanpyiite o6obujeHHbLI 3akoH Oma.
Kakne 4acTHbie 3aKOHbl MOXXHO M3 Hero nony-
YUTL?

@ NoAcHNnTe hnanyecknit CMbICN 3NEKXTPOABNXY-
Wwei cunbl, pasHOCTH NOTEHLUMaNOB W HanpsA-
KOHNA Ha y4acTKe INeKTPU4ecKoin Lenw.

Ecnu u3BeCTHBI BCe COMPOTHUBIICHHS U 3.J.C., TO, pelias MOJyYEeHHbIC MIECTh YPaBHEHH, MOXXHO HAWTH
HEHM3BECTHBIC TOKH. VI3MeHsIsI M3BeCTHBIE cOMpoTHBICHUS Ry, Rs 1 Ri, MOXHO 10OUTBCS TOTO, YTOOBI TOK
yepes rajgpBanoMeTp Obl1 paBeH HyIO (Ig = 0). Torna u3 (101.3) Haiinem

h=h, L=, (101.5)

awu3 (101.4) momyuum
hRy=IR, LRy=LR, (101.6)
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N3 (101.5) u (101.6) BBITEKAET, 4TO

Rs Rs (101.7)
Takum o6pa3om, B cirydae paBHoBecHOTo MocTa (lg = 0) mpu onpeneneHny nCKOMOTO CONPOTUBIeHUS Ry 3.11.C.
Oarapeu, CONPOTUBIICHUS OaTapeu U ralbBaHOMETPA POJIH HE UTPAIOT.
Ha npaktuke 0OBIYHO MCHOJIB3YETCS PeOXOpPAHBI MoCcT YutcroHa (puc. 151), roe conporunenus Rz u Ry
MPEJICTaBISIOT CO0O0M JUIMHHYIO OJHOPOJHYIO TIPOBOJIOKY (peoxopln) ¢  OONbLIMM  yIEIbHBIM
COIIPOTHBIICHHUEM, TakK uTo oTHomeHue R3/Ry; MoxHO 3amenuth otHomieHueM I3/l Torma, ucnosnb3ys

Beipakenue (101.7), MoxHO 3amucath

I
Ry=R; —.

b (101.8)
Juunsl |3 u 14 nerko u3mepstorest mo mkaie, a R, Bcerma uzBectHo. [lostomy ypaBhenue (101.8) mo3Bossier
OIPEICIIUTh HEU3BECTHOE COMPOTHBIICHHE Rj.

Prc. 151

y G Rz .@ Kaknmn oneitaMn Gbina BbiIACHEHA MpupoAa
) HOCHTene 3NeKTPUUeCcKOoro ToKa B Metannax?
R @ Kakosbt ocHosHbie naeu Teopun [pyne — flo-
A 4 B _Ng peHua?

T @ Kax ¢opmynnpyiotca npasuna Kupxroga? Ha

1y I3 4YeM OHW OCHOBAHBI?

'-—+L @ Kak coctasnsaioTcA ypasHeHnA, Buipaxaloive
€ npaBuna Kupxroca?

3agaun

12.1. Tlo menHOMY MPOBOJIHUKY ceueHUeM 1 MM? TedeT TOK; chia Toka | A. OIpeIenTh CPEIHIO CKOPOCTH
YHOPSAOYEHHOI'O JIBUYKEHUS AJIEKTPOHOB BJOJb IPOBOJHMKA, MpEAINoiarasi, 4YTo Ha KaXKIbli aToOM Meau
MIPUXOJIUTCS OJMH CBOOOAHBIN 31eKTpoH. [ImoTHOCTh Menu 8,9 r/ems. [74 MxMm/c]

12.2. Onpenenuts, BO CKOJIBKO pa3 BO3pACTET CHJIAa TOKA, MPOXOMALIETO Yepe3 IJIATUHOBYIO IM€Yb, €CIU IMPH
IIOCTOSSHHOM HAaIpsDKEHUH Ha 3akuMax ee TeMmmeparypa mnossimaerca or t1=20°C po t,=1200°C.
TemnepaTypHblif KO3 GUIIMEHT CONMPOTUBIICHUS IJIATHHBI IPUHATH PABHBIM 3,6510° KL [B5 pa3]

12.3. Tlo meanomy mpoBoay ceuenueM 0,3 mm? Teder Tok 0,3 A. Onpenenuth cuiny, ACHCTBYIOIIYIO Ha
OTJIeNIbHbIE CBOOOHBIE DJIEKTPOHBI CO CTOPOHBI AJIEKTPUUECKOTO MOJIsL. Y IeIbHOE CONpOTUBIeHHE Meau 17
HOM-M. [2,72:10 %! H]

12.4. Cuna Toka B mpoBoaHUKe compoTuBieHrneM 10 OM paBHOMepHO yObiBaeT oT lg=3 A mo 1=0 3a 30 c.
Onpenenutsb BbIETUBIIEECS 3a 3TO BpeMs B IPOBOJAHUKE KOJIU4ecTBO TeIoThL. [900 JIx].

12.5. TI1OTHOCTH SJEKTPUUECKOTO TOKA B aTOMHUHHEBOM MPOBOJE paBHA 5 Alem?. Onpenennuts yaenbHYO
TETJIOBYIO MOIIIHOCTh TOKA, €CJIH YACIbHOE COPOTUBIICHHE alfoMUHUS 26 HOM-M. [66 I[)K/(M3-c)]

12.6. OnpenenuTs BHYTpEHHEE CONMPOTUBJICHHE I MCTOYHHMKA TOKA, €CIU BO BHEIIHEH IenH MpH CUjie TOKa
1:=5 A BeIIensercst montHocTh P1=10 BT, a ipu cuie toka 1,=8 A — momHOoCcTs P2=12 BT. [0,17 OM]

12.7. Tpu ucrounuka Toka c 3.1.c. E;=1,8 B, Ex=1,4 B u E3=1,1 B coeauHeHsl HAKOPOTKO OJHOMMEHHBIMU
nmoyirocamMu. BHyTpeHHee compoTHBiIeHHe IiepBoro wucrounmka [1=0,4 Owm, BTOporo — r,=0,6 Owm.
Onpenenuts BHYTPEHHEE CONPOTUBIIEHUE TPETHETO MCTOYHMKA, €CIU Y€pe3 NEPBBIM MCTOYHMK UAET TOK
11=1,13 A. [0,2 Om]

I'maBa 13 DuiekTpHYecKHe TOKH B MeTAJLJIaX, BAKyyMe H ra3ax

§ 102. D1eMeHTapHasi KJIaCCHYECKasl TEOPHs JIEKTPONPOBOAHOCTH METAJLIIOB

Hocurensimu Toka B MeTaj1ax SBJISIOTCS CBOOOIHBIE JIEKTPOHBI, T. €. JJIEKTPOHBI, Cl1ab0 CBSI3aHHBIE C HOHAMU
KPUCTAJUIMYECKOM PEMIEeTKH MeTalla. ODTO NPEACTABICHHE O IPUPOJAE HOCHUTENEH TOKa B MeTaulax
OCHOBBIBACTCS HA DJIEKTPOHHOW TEOPUHM MPOBOJUMOCTH METAJJIOB, CO3/aHHOW HemeukuM ¢uzukom II.
Hpyne (1863—1906) u pazpaboTaHHOM BIOCIEACTBUHN HUACPIAHACKUM Gu3nkoM X. JIopeHiieM, a Takke Ha
pse KJIacCUYECKUX OMBITOB, MOATBEPKAAIOIINX MTOJI0KEHUSI SIIEKTPOHHON TEOPHUH.

[lepBbiif U3 Takux onbiToB — ombIT Pukke* (1901), B KOoTOpoM B TeueHUe roja d3JIEKTPUUECKUN TOK
NPOMYCKaJlCid uepe3 TPU TIOCIEAOBAaTENbHO COEAWHEHHBIX C TINATENBbHO OTILIM(GOBAHHBIMU TOPLAMU
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metammyeckux mwmaapa (Cu, Al, Cu) oxmHakoBoro paamyca. HecMoTps Ha TO 4TOo OOwwMid 3apsn,
MPOIICAIINN 4Yepe3 STH IWIUHAPHI, JOCTUTAI OTPOMHOTO 3HAYCHUS (z3,5-106 Ki), Hukakux, maxe
MHUKPOCKOIIMYECKHX, CIICJIOB IMEepeHOCa BEIIeCTBA HE OOHAPYKMIOCh. DTO SIBUJIOCH JKCIIEPUMEHTAIBHBIM
JI0KA3aTeJIbCTBOM TOTO, YTO MOHBI B METAJJIaX HE YYaCTBYIOT B MEPEHOCE AJICKTPUUECTBA, a MEPEHOC 3apsia
B MeTa/ulaX OCYIIECTBISETCS YacTUIIAMHU, KOTOPBIC SBIAIOTCA OONIMMHU JUIsl BCEX METAIOB. Takumu
YacTUI[AMU MOTJM OBITh OTKpbIThIC B 1897 1. anrmuiickum ¢usukom JI. Tomconom (1856—1940)
JEKTPOHBI.

*K. Pukke (1845—1915) — nemerkuii Husuk.

Jlnst mokas3aTenabCcTBa 3TOTO IMPEAIONOKEHHsT HEOOX0IUMO OBUIO ONpPENeNUTh 3HAK M BEJIMYHMHY YJIEIBHOTO
3apsija HocuTesel (OTHOIIEHUE 3apsga HOCUTENS K ero macce). Maes momoOHBIX ONMBITOB 3aKiloyanach B
CIIEYIOILEM: €CIIU B METAJlJIe UMEIOTCS MOABMKHBIE, CJIA00 CBSI3aHHBIE C PELLIETKON HOCUTEIN TOKa, TO IPU
PE3KOM TOPMOXKEHUH MPOBOAHHUKA 3TH YACTHIIBI TOJDKHBI IO MHEPLUHU CMEUIAThCs BIIEpe/l, KaK CMEeIatoTCs
BIIEpPEJl MACCAKUPBI, CTOSIIIME B BaroOHE IPHU €ro TOPMOXKEHHM. Pe3ylbTaToM CMEIlleHHs 3apsaoB JOJKEH
ObITh UMITYJIbC TOKA; MO0 HAIMPABJICHUIO TOKAa MOKHO OMpPENEIUTh 3HAK HOCUTENIEH TOKa, a 3Has pa3Mephl U
COMPOTHUBIICHNE MPOBOAHUKA, MOXXHO BBIYMCIIUTD YIEIbHBIN 3apsa HocuTeneil. nes stux onsitoB (1913) u
UX Ka4eCTBEHHOE BOILUIOIIEHUE MpUHA IekaT poccuiickuM pusukam C. JI. Mangensmramy (1879—1944) u
H. A. Ilananexcu (1880—1947). Otu omnbitel B 1916 1. ObUIM YCOBEpLIEHCTBOBAHbI M IPOBEICHBI
amepukanckuM ¢uzukoM P. Tommenom (1881—1948) u panee motmanackuMm ¢usukom b. Ctroaprom
(1828—1887). imu 3KcIiepuMEHTAIBHO JOKA3aHO, YTO HOCUTEIN TOKa B METalIaX UMEIOT OTPHIIATEIbHbIM
3apsd, a MX YAEIbHBIM 3apsa] NpUOIM3UTENBHO OJMHAKOB JUISl BCEX MCCIEAOBaHHbIX MeramioB. I[lo
3HAYEHUIO YIETBHOTO 3apsiia HOCUTENeH JJIEKTPUYECKOro TOKa M IO OmpeleleHHOMYy paHee P.
MuIIMKEHOM 3J€MEHTapHOMY AJIEKTPUYECKOMY 3apsily ObLia ompezaeneHa ux macca. Okasaiock, 4TO
3HAYEHUS YIIEIBHOTO 3apsiia U MacChl HOCUTENEH TOKa U AJIEKTPOHOB, IBIKYIIUXCS B BAKYyME, COBIIA IAIIH.
Takum 00pa3oM, ObBLIO OKOHYATEJIBHO JIOKA3aHO, YTO HOCHUTENSIMU 3JEKTPUUYECKOr0 TOKAa B MeETalax
SIBIISIFOTCSL C80O0OHbLE INEKMPOHDL.

CyiecTBoBaHUE CBOOOJHBIX JJIEKTPOHOB B MeETalyIaXx MOXHO OOBSCHUTH CIEAYIOIIMM O00pa3oM: Mpu
00pa30oBaHNM KPUCTAILTMYECKONW pEeLIeTKH MeTajuia (B pe3ysibTaTe CONMKEeHUsS H30JIMPOBAHHBIX ATOMOB)
BaJICHTHBIE DJIEKTPOHbI, CPAaBHUTEIBHO €JIa00 CBA3aHHBIE C ATOMHBIMU sJIpaMH, OTPHIBAIOTCS OT aTOMOB
MeTaJljia, CTAHOBSITCS «CBOOOJHBIMU» U MOTYT TepeMeliaThbes Mo BceMy o0bemy. Takum oOpa3oM, B y3nax
KPUCTAIJIMYECKON PELIETKH pachojlaraloTcsl MOHBI MeTallla, a MEXJIy HHUMHU XAaOTHYECKH JBUXKYTCS
CBOOOJIHBIE AJIEKTPOHBI, 00pa3ys cBOEOOpa3HbIi 3JEKTPOHHBINA ra3, o01aJarolinii, COrJIACHO 3JIEKTPOHHON
TEOpUHU METAIIJIOB, CBOMCTBAMM HUJI€AJIBHOTO Ta3a.

ONEKTPOHBI IPOBOAMMOCTH IIPH CBOEM JIBUKEHUM CTAJIKUBAIOTCA C MOHAMM DPELIETKH, B PE3YJBTATE YETO
YCTAHABIIMBAETCS TEPMOJUHAMUYECKOE PaBHOBECHE MEXKIY JIEKTPOHHBIM Tra3oM M peuieTkoi. Ilo Teopun
Hpyne—JlopeHia, 37MeKTpoHbl O0JIaal0T TaKOW e SHeprueil TEmJoBOro IBMXKEHUS, KaK U MOJIEKYIIbI
OJIHOATOMHOTO Ta3a. [loaToMy, TpUMeEHsisE BBIBOJBI MOJIEKYJISPHO-KHHETHYECKOH Teopun (cMm. (44.3)),
MO>KHO HalTH CPEIHIOI0 CKOPOCTh TEIUIOBOTO IBUKEHUS DJIEKTPOHOB

(u) =+/8kT/(nm,),

koropas s T=300 K paBna 1,1-10° m/c. TemIoBoe JBHKEHIE AJIEKTPOHOB, SIBIISISACH XAOTHUYECKUM, HE MOXKET
IIPUBECTH K BOSHUKHOBEHMIO TOKA.

[Tpu HAJTO’)KEHUH BHEUTHETO AIIEKTPHUYECKOTO TIOJIS Ha METAJUIMIECKHIA MTPOBOTHUK KPOME TETUIOBOTO JTBHMYKCHUS
3JIEKTPOHOB BO3HHMKAET MX YIOPSIOYCHHOE IBM)KEHHE, T. €. BO3HHMKAET AJIEKTpHUecKuil Tok. CpeaHroro
CKOpPOCTh (V) YHNOPSJOYEHHOTO JBUKEHHUS DJIEKTPOHOB MOKHO OLEHUTHh corjacHo (opmyne (96.1) ans
IUIOTHOCTH TOKa: j=ne(V). BbIOpaB MOMYCTHMYIO IUIOTHOCTH TOKAa, HAmpUMEpP IS MEIHBIX IPOBOJIOB
10" A IIOJIyYUM, YTO IPU KOHILIEHTpAallMM HOCHUTENEH Toka N = 8-10%m® CpedHsist CKOpocTh (V)
YIOPSAIOYEHHOTO JBUKEHHUS JJIEKTPOHOB paBHA 7,8~10_4 M/c. CrnemoBarenbHo, (V)<<(U), T. €. Jaxke MpHu
OYEeHb OOJIBIINX TUIOTHOCTSIX TOKA CPEIHSS CKOPOCThH YIOPSIOUYEHHOTO IBMKEHUS JJIEKTPOHOB, 00YCIOB-
JIMBAIOILETO 3JEKTPUUYECKUN TOK, 3HAUUTEIBHO MEHbBINIE MX CKOPOCTH TEIUIOBOro ABMKeHUs. [ToaTomy mpu
BBIUHCIICHUSX PE3YJIBTUPYIOLIYIO CKOPOCTH (V) + (U) MO’KHO 3aMEHATh CKOPOCTbHIO TEIIJIOBOTO JABMKEHHUS (U).

Kazanoce OBl, TOJMYYEHHBIH pe3yabTaT MPOTHBOPEUUT (HaKTy MPAKTHUYECKH MTHOBEHHOW Iepenadn
AJIEKTPUUYECKUX CUTHAJIOB Ha OONblIMe paccTOsiHUs. [leno B TOM, YTO 3aMbIKaHHE SJEKTPUYECKOW LEMH
BJICYET 32 COOOM PacCTPOCTPAHEHHUE IEKTPHUIECKOTO OIS CO CKOPOCTHIO € (C=3-108M/C). Yepes Bpems t=I/c
(I — nmnuua wenw) BAONB HENU YCTAHOBUTCS CTAllMOHAPHOE JIIEKTPUYECKOE IOJIe M B HEH HavHeTCs
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YHOOpAAOUCHHOC ABUXKCHHUC JJICKTPOHOB. HOBTOMy BHGKTpI/IquKI/Iﬁ TOK BO3HUKACT B LCIIU NPAKTUYCCKHU
OAHOBPEMCHHO C €€ 3aMbIKaHHEM.

§ 103. BbIBOJ 0CHOBHBIX 3aKOHOB IJICKTPUIECCKOI'0 TOKA B KJIacCHYeCKOoil TCOPHUH IJTECKTPOIIPOBOAHOCTHA
METaJ1J10B

1. 3akon Oma. [lycTh B METAJUIMYECKOM MPOBOIHHUKE CYIIECTBYET AJICKTPHUECKOE MOJIE HAMPSHKEHHOCTHIO
E=const. Co ctopoHbI moyist 3apsifi e UCHBIThIBaeT jAeiicTBue cwibl F = eE u mpuobperaer yckopeHue
a=F/m=eE/m. Takum 00Opa3oM, BO BpeMsi CBOOOIHOIo mpobera 3JIEKTPOHBI ABHKYTCS PaBHOYCKOPEHHO,
npuodpeTast K KOHILy CBOOOJIHOTO Mpodera CKOPOCTh

Unax=eE{tD/m,

rne (t) — cpenHee BpeMst MKy IBYMS MOCIIEIOBATEIbHBIME COYAAPCHUAMH 3JIEKTPOHA C HOHAMH PEIIETKH.

Cornacuo teopun [[pyne, B KOHIIE CBOOOIHOTO MpoOera 3IEKTPOH, CTATKUBAsACh C HOHAMH PEIICTKH, OTIAeT
UM HAKOIUICHHYIO B I0JIC SHEPTHUIO, TO3TOMY CKOPOCTh €r0 YIOPSIIOYCHHOTO JIBUYKEHUSI CTAHOBUTCS PABHOM
Hysr0. ClieIoBaTeNIbHO, CPE/IHSISE CKOPOCTh HAMPABJICHHOTO JABMKEHUS AJIIEKTPOHA

(9> =(Omac+0)/2=€E{1)[(2m). (103.1)

Knaccudeckast Teopusi METILIOB HE YUUTHIBACT PACHPECIICHHSI DJIEKTPOHOB TI0 CKOPOCTSM, MTO3TOMY CpeHEe
Bpems (t) cBobGomHOro mpobera ompeaesseTcss cpeaHei umHoN cBoOoaHoro mpobera (I) u cpemueit
CKOPOCTBIO JIBUKCHHUS IEKTPOHOB OTHOCUTEILHO KPUCTAJUIMYECKOW PEHISTKH MPOBOJHHMKA, paBHOW (U) +
(V) ({u) — cpeaHsist CKOPOCTh TEIUIOBOrO IBMKEHHUS 3IIeKTPOHOB). B § 102 GbLa0 mokaszaHo, uto (V)<<(U),
MIO3TOMY

O =LDKu).

[ToncraBus 3nauenue (1) B hpopmyny (103.1), nomyuum

(v)=eE(D[/2m{u)).

[T1OTHOCTH TOKAa B METAJUTMYECKOM TPOBOJHHKE, 110 (96.1),

ne'<h o

muy

OTKyJla BUJHO, YTO TUIOTHOCTh TOKAa MPOIOPIHOHAIbHA HAMPSHKCHHOCTH TIOJIA, T. €. MOJIydrJid 3akoH OMa B
nudpdepennmansHoit popme (cp. ¢ (98.4)). Koaddumnment nponoprmonansHocT Mexay j u E ectb He uTo
WHOE, KaK yeJIbHast MPOBOJIUMOCTh MaTepHaia

j=ne(vy=

_ne*(l)
2m uy’ (103.2)
KOTOpasi TeM OoJblie, 4eM OOJbIIe KOHIEHTPALMS CBOOOIHBIX 3JIEKTPOHOB M CPEIHSS UIMHA UX CBOOOIHOTO
npobera.
2. 3akon /Ixoyas — Jlenna. K xoHIy cBOOOJHOTO TpoOera 3JeKTPOH IMOJ JCHCTBHEM MOJs MPHOOpEeTaeT
AOIOJIHHUTCIBbHYHO KUHCTHYCCKYIO OHCPIUIo
ml, e

= =i (103.3)
HpI/I COyAapC€HHHU JBJICKTPOHA C MOHOM 3Ta SHEPTHUA MOJTHOCTBIO NEPEAACTCA PCIICTKE U UACT Ha YBCIIMUCHUC
BHyTpeHHeﬁ OHEPIrun MCTAJlJIa, T. €. HAa €TI0 HAaI'PEBAaHUC.
3a eMHMILY BPEMEHHU 3JICKTPOH MCIBITHIBACT C y3JIaMH PEIICTKU B CPEHEM (Z) CTOJKHOBEHHIA:
(Y= K. (103.4)
Ecnu N — KOHIIEHTpAIMs 3JIEKTPOHOB, TO B €MHUILY BPEMEHU MPOUCXOIMT 7{Z) CTOJKHOBEHHUH M pEIIeTKE
nepeaacTCsa SHCPTUA

14

w=n{z) (Ep), (103.5)
KOTopasi uaeT Ha HarpeBanue npoBoanuka. [ToacraBus (103.3) u (103.4) B (103.5), momydyum TakuM oOpa3om
SHEPTHIO, TIEpeaBaeMylo pelIeTKe B eUHUIE 00beMa IPOBOIHUKA 32 €IMHUILY BpEMEHH,
ne*{ly
w=—— E*
2m up (103.6)
Benuunna W siBisieTcs yAeTbHOM TEMI0BOMH MOIIHOCTHIO TOKa (cM. § 99). Koaddumuent mponopiimoHanbHOCTH
MeXIay W H E? 1o (103.2) ectb ynenabHas MPOBOJUMOCTD ); CliefioBaTelnbHO, BeIpaxkeHue (103.6)—s3akoH
Jxoyms—IJlenna B auddepenunansuoit hopme (cp. ¢ (99.7)).
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3. 3akon Bugemana — ®panua. Metaubl 0051a1al0T Kak OOJNBIIONW 3JIEKTPOIPOBOIHOCTHIO, TaK M
BBICOKOW TEIUIOMPOBOAHOCTBIO. JTO OOBICHSETCS TE€M, YTO HOCHUTEISIMU TOKa M TEIJIOTHl B MeTaijiax
SBIISIIOTCSL OJTHU U T€ K€ YaCTHIIBI—CBOOOTHBIC AIEKTPOHBI, KOTOPBIE, EPEMEIAsiCh B METaJJIEe, TIEPEHOCT
HE TOJILKO AJIEKTPUYECKUH 3apsijl, HO U MPUCYIIYI0 UM SHEPTUI0 Xa0THYECKOTO (TEIJIOBOr0) JBUKEHHUS, T. €.
OCYILIECTBIISIOT IEPEHOC TEIJIOTHI.

Bunemanom u ®@pannem B 1853 r. sKcneprMEHTaIbHO YCTAHOBJIEH 3aKOH, COIJIAaCHO KOTOPOMY OTHOIIEHHUE
TEIUIONPOBOAHOCTH (A) K YAETbHOW MPOBOAMMOCTH ()) s BCEX METAIIOB TPH OJHOW M TOH Ke
TEMIIEPATYpE OJIMHAKOBO U YBEIMUMBAETCS MPONOPLUOHAIBHO TEPMOIMHAMUYECKON TEMIIEpaType:

Afy=pT,

riae [/ — MOCTOsIHHASL, HEe 3aBUCAIas OT poja MeTaa.

DOneMeHTapHasl KJIacCHYecKas TEOpHUsS AIIEKTPOIPOBOJHOCTH METAJUIOB I[O3BOJWIA HAWTH 3HaueHue [
B=3(k/e)?, rae k—mocrosimas BonbiMana. JTO 3HAYEHHE XOPOIIO COTNACYETCS C ONMBITHBIMU TAHHBIMH.
OpnHako, Kak OKa3aJoCh BIIOCIEACTBHM, 3TO COIJIACHE TEOPETUYECKOTO 3HAYEHMSI C OMBITHBIM CIy4ailHO.
JlopeHn, mpUMEHHMB K 3JIEKTPOHHOMY Ta3y cTaTuCTUKy MakcBemia — bonbliMaHa, ydTss TEM caMbIM
pacIpeelieHie EeKTPOHOB 110 cKopocTsM, mouydmn S=2(k/e)?, 4To IpuBeno K PesKOMy PacXOKICHHUIO
TEOPUU C OIBITOM.

Taxum 06pa3om, Kiraccudeckast TEOpHs IIEKTPOIPOBOTHOCTH METAIIOB 00bsCHMIA 3aKOHBI OMa 1 J[xoyns —
Jlenma, a Takxke Jajna KauecTBEHHOE OOBscHeHHE 3akoHa Buaemana — ®panmna. OpHako OHAa MOMUMO
PacCCMOTPEHHBIX IPOTUBOPEYN B 3aKoHE Buiaemana — @paHua CTOJKHYIACh €II€ C PSIAOM TPYIHOCTEN
MpH OOBSICHEHUH PA3JIMYHBIX OMBITHBIX JaHHBIX. PacCMOTPUM HEKOTOpPbIE U3 HUX.

TemnepaTypHasi 3aBUCHMOCTh conpoTuJjienus. 13 dopmynsl yaensHoit nmpoBomumoctu (103.2) cnenyer,
YTO COMPOTHBIIEHWE METAJUIOB, T. €. BEJIMYMHA, OOpaTHO MPONMOpPLUOHANBbHAS ), AOJKHA BO3pacTaTh

MIPOMTOPIIUOHAIEHO JT (8 (103.2) n u (I) or Temmeparypbl HE 3aBHUCAT, a <u>~ﬁ ). DTOT BBIBOJA
3JIEKTPOHHON TEOPUHU MPOTUBOPEUUT OIBITHBIM JaHHBIM, COTJIaCHO KOTOphIM R~T (cM. § 98).

Ounenka cpenHeil JUIMHBI €BOOOJHOr0 mpodera 3JIeKTPOHOB B Meraiax. Yroosl mo ¢opmyne (103.2)
HOJNYYUTh %, COBMAJAIONIME C ONBITHBIMUA 3HAYCHUSMHU, Haao npuHuMmath () 3HaunTENnbHO OOJBIIE
HCTUHHBIX, HUHBIMH CJIOBAMM, IIPEJIOJIAraTh, YTO 3JIEKTPOH MPOXOIUT 0€3 COyJapeHUi ¢ MOHAMU PELIETKU
COTHHU MEXJI0Y3€JIbHBIX PACCTOSIHUM, YTO HE coriacyercs ¢ Teopuen [Apyne — Jlopenua.

TemnoemkocTh MeTa/uI0B. TeMI0EMKOCTh MeTajlla CKJIAJbIBAETCS U3 TEIJIOEMKOCTH €ro KPUCTAJUITMYECKOMN
PELIETKH M TEIJIOEMKOCTH JJIeKTpOHHOro rasa. Ilostomy aromnas (T. €. paccuMTaHHas Ha 1 MoOJb)
TEIJIOEMKOCTh METaJUIa JOJIKHA ObITh 3HAUUTENBHO OOJbILIEH, YeM aTOMHAs TEIUIOEMKOCTh IUAJIEKTPUKOB, Y
KOTOPBIX HET CBOOOAHBIX 3IeKTpoHOB. CormacHo 3akoHy /lromonra u Iltu (cm. § 73), TemmoeMKocTb
OJIHOATOMHOT0 KpucTamia paBHa 3R. YuTem, UTO TEMJIO0EMKOCTh OJTHOATOMHOTO 3JEKTPOHHOTO Ta3a paBHA
%/;R. Torxa aToMHast TEIIOEMKOCTH METAIIOB JIOJDKHA OBITH 6:113Ka K 4,5R. O[HAKO OIBIT JOKA3IBAET, UTO
oHa paBHa 3R, T. e. A7 MeTaIOB, TaK e Kak U JAJIs JUAIEKTPUKOB, XOPOLIO BBINOJHAETCS 3aKOH [[romoHra
u IItn. CnenoBarenbHO, HAIMYUE AJIEKTPOHOB MPOBOJMMOCTH MPAKTUUECKH HE CKa3bIBACTCS HA 3HAYCHHUH
TEIJIOEMKOCTH, YTO HE OOBSICHIETCS KIIACCUYECKOM 3JIEKTPOHHOU Teopuei.

VYKazaHHbIE PACX0XKJEHHUS TEOPHH C OMBITOM MOXKHO OOBSICHUTH T€M, UYTO JBMKEHUE DJIEKTPOHOB B MeTaljiax
MOYUHSETCS] HE 3aKOHaM KJIACCUYECKOM MEXaHWKH, a 3aKOHaM KBAHTOBON MEXaHUKHU M, CJIE0BATENbHO,
IIOBE/ICHUE DJIEKTPOHOB IPOBOAMMOCTH HAJ0 OIMUCHIBATH HE CTaTHUCTUKOM Makcsemia — bonbimana, a
KBaHTOBON cTaTUCTUKOM. I[loaToMy OOBACHUTH 3aTpyJHEHHUS JJIEMEHTApHOW KJIACCUYECKONW Teopuu
3JIEKTPOIIPOBOJTHOCTH METAJJIOB MOXHO JIMIIb KBAaHTOBOM Teopuel, KoTopas OyaeT paccMOTpeHa B
nanpHedmeMm. Hano, ogHako, OTMETUTh, YTO KIJIACCHMYECKasl AJIEKTPOHHAs TEOpHsl HE yTpaTHila CBOEro
3HAYEHHUS U JI0 HACTOSILEro BPEMEHM, TaK KaK BO MHOTHX clly4yasx (Hampumep, MpU Majloil KOHLEHTpaluu
3JIEKTPOHOB MTPOBOJMMOCTH U BBICOKOM TemIieparype) OHa JaeT MpaBUIIbHbIE KaUYeCTBEHHBIE PE3yJIbTaThl U
SIBJISIETCS TIO CPABHEHHIO C KBAHTOBOW TEOPHUEN MPOCTON W HATJISITHOM.

§ 104. PaGoTa BbIX012a 3JICKTPOHOB M3 MeTAJLJIA

Kak moka3piBaeT OmbIT, CBOOOJHBIE DJEKTPOHBI MPH OOBIUHBIX TEMIIEpaTypax MPAaKTHYECKH HE TMOKUAAIOT
Mmetaul. Cie0BaTeNnbHO, B MOBEPXHOCTHOM CJIO€ METAUIa JAOJIKHO OBITh 33/€pKUBAIOLIEE NIEKTPUUECKOE
oJIe, MPENATCTBYIOLIEE BHIXOAY JIEKTPOHOB U3 METajla B OKpY’Kaloluii BakyyM. PaboTta, KOTOpyto HYKHO
3aTpaTUTh Ui yIaJeHHs 3JeKTpOHA M3 MeTajula B BaKyyM, Ha3blBaeTcs paldoToil BbIX0Ja. YKaxeM JBe
BEPOSITHBIE IPUUMHBI IOSBICHHS pabOTHI BHIXO/1A:
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1. Ecnu snekTpoH MO KakoM-TO MPUYMHE yHNAJIseTcs U3 MeTaula, TO B TOM MECTE, KOTOPOE 3JIEKTPOH
MMOKHWHYJI, BO3HUKACT N30BITOYHBIN TIOJIOKUTEIBHBIN 3aps/l U AJICKTPOH MPUTATUBACTCS K HHIYITUPOBAHHOMY
UM CaMHUM [OJIOKUTEIILHOMY 3apsay.

2. OtnenbHbIC JIEKTPOHBI, TOKUAAs METAJU, YIAJISIOTCA OT HEr0 Ha pacCTOSIHUSA MOPSIIKA AaTOMHBIX M CO3/1at0T
TEM CaMbIM HaJl MIOBEPXHOCTHIO METAJlIA «3JIEKTPOHHOE 00JIAaK0», TUIOTHOCTh KOTOPOTO OBICTPO yOBIBAET C
paccTostHuEM. DTO 00JIaKO BMECTE C HAPYKHBIM CJIOEM IOJIOKUTEIBLHBIX HOHOB PEIIETKHA 00pa3yeT 0BoUHOU
9NeKmpudecKuti c1ou, oje KOTOPOro moJ00HO MO0 TIOCKOT0 KOHAeHcaTopa. ToIKMHA 3TOTrO CJIOsl paBHA
HECKOJIBKUM MEKaTOMHBIM PACCTOSHUSAM (10710—1079 M). OH HE CO3JaeT AJICKTPUYECKOTO IOJsI BO
BHEIITHEM MPOCTPAHCTBE, HO MPEMSATCTBYET BBIXOIY CBOOOIHBIX AJIEKTPOHOB U3 METaILIA.

Takum 00pazom, 2JIEKTPOH MPU BBUIETE U3 METaIa JOHKEH MPEOI0JICTh 3aICPKUBAIOIIEE €0 IICKTPUIECKOE
1oJie ABOMHOrO ciios. PazHOCTh moTeHnuanoB A@ B 3TOM CJ0€, Ha3blBacMasi MOBEPXHOCTHBIM CKAYKOM
MOTEeHIMAJIA, OTIpeiessieTcss paboTol Bbixo/a (A4) JIeKTpoHa U3 MeTalia:

Ap=Ale,

rae e — 3apsan dJeKkTpoHa. Tak Kak BHE JABOMHOIO CJIOSI JICKTPUUYECKOE MOJIE OTCYTCTBYET, TO IMOTEHIIHAI
Cpedbl paBeH HYJIIO, a BHYTPU MeTajula NOTEHUUA IMOJOXKUTENEH U paBeH A@. [loTeHimanbHas 3HEprus
CBOOOJTHOTO 3JIEKTPOHA BHYTPH METalla paBHA —eA@ U SBJSETCS OTHOCUTENHHO BaKyyMa OTPHUIATEIIHHOM.
Hcxonast U3 3TOr0 MOXKHO CYMTaTh, YTO BECh 00bEM MeTasuIa Il AJIEKTPOHOB MPOBOJIMMOCTH MPEICTABIISACT
MOTEHIIMATIBHYIO SIMY C IUNIOCKUM JTHOM, TJTyOMHA KOTOPOM paBHA paboTe BbIxoa A.

@ CpasHKTe NOPALOK CPeAHNX CKOPOCTeA Tenno- @ Kax KnaccHieckas TOOPHA 3NIeKTpPONpoBsOaHO-

BOTO W YNOPAAO4BHHOIO ABUKGHNA 3M@KTPOHOB CTH MeTan/nios o6bACHABT 3aBNCHMOCTb CONpo-
B meTtannax (npu ycnosuax, 6Nu3kux K HOp- TUB/IBHNA METANNOoB OT TeMneparypol?
MAanbHLIM U NPUEMNEMbIX B 3NEKTPOTEXHUKE). @ B yem 3aKNIOMAIOTCA TPYAHOCTA 3NemMeHTapHOH
@ Nouyemy Tennosoe ABMXEHME INEKTPOHOB He ‘KNACCUMMOCKOA TOOopUU SNEeKTPONPOBOAHOCTH
MOX®OT NPHUBECTH K BOSHUKHOBOHNIO 3NeKTpH- metannoa? Kaxkosbi rpaHuybl ee NpuMeHeHnA?
4eCcKOro roka? @ Kaxne CyuiecTByioT pa3HOBUJHOCTN 3MNCCUOH-
@ BuiBegnTe Ha OCHOBE KNaccw4ecko# Teopun HuIX ABNeHuiA? [lalite nx onpeaenenns.
ANeKTPonpoBogHocTH metartios aunddepeH- @ OO6BLACHNTE BONLT-ABMNOPHYID XaPaKTePHCTAKY
unanbHyio ¢opmy 3akoHos Oma n [xoy- ANA BaKYYMHOro guopa. : :
ns — JleHya. ® Yro HasbiBaeTCA paboToi BLixOAa ANeKTPoHA?

PaboTa BeIX0Ja BeIpakaeTcs B 3J1eKTPOH-BoJIbTAaX (3B): 1 3B paBen pabote, coBepiiaeMoil cuiaMu moJis npu
MEPEMELICHUN 3JIEMEHTApHOTO 3JIEKTPUYECKOro 3apsja (3apsna, paBHOIO 3apsay »JJEKTpOHA) Ipu
TPOXOJKICHHH MM PasHOCTH roTeHrmanos B 1 B. Tak kak 3aps snektpona pasen 1,6-10° Ku, To 1 3B=
1,6-10 % [Ix.

Pabota BbIX0OAa 3aBUCUT OT XMMHUYECKON MPUPOJbl METAJIOB U OT YUCTOTHI UX MOBEPXHOCTU U KOJIEOJIEeTCs B
npeenax HeCKOJIbKUX JIEKTPOH-BOJIBT (Hampumep, y kanus A = 2,2 5B, y mnatunsl A=6,3 3B). [lonoOpas
OTpe/ieIeHHbIM 00pa30M MOKPHITUE TOBEPXHOCTH, MOXHO 3HAUUTEIBHO YMEHBUIUTH pPabOTy BBIXOJA.
Hanpumep, ecnu HaHecTH Ha MOBEPXHOCTb Bodbdpama (4 = 4,5 9B) cioil okcuja LeNT0YHO-3eMeIbHOTO
metayia (Ca, Sr, Ba), To paboTa BeIxo/1a CHIKaeTcs Jio 2 3B.

§ 105. OMuccHOHHBIC ABJICHUSA M X IPUMEHECHHE

Ecnu cooOmuTh 3eKTpoHaM B MeTallIaX SHEPTrio, HEOOXOUMYIO JUIS IPEOI0NIEHUsT paOOTHI BBIXO/A, TO YacTh
AJIEKTPOHOB MOXET MOKHUHYTh METaJUI, B PE3yJIbTaTe UYero HaOIIOJAETCs SBJICHUE MCITYCKaHUsSI SJIEKTPOHOB,
WM JIEKTPOHHOI dMuccuu. B 3aBucumoctu OT crmoco0a COOOIIEeHUs SJIEKTPOHAM DHEPTHH Pa3luvyaroT
TEPMODJICKTPOHHYIO, (DOTODIEKTPOHHYIO, BTOPHUUHYIO JIEKTPOHHYIO M aBTOJIEKTPOHHYIO YMUCCHUH.

1. TepMo03/IeKTPOHHASI IMHMCCUSI — 3TO HCIYCKaHUE AJIEKTPOHOB HarpeThiMu Mertayuiamu. KoHueHTpanus
CBOOOJIHBIX SJIEKTPOHOB B METa/UIaX JOCTATOYHO BBICOKA, MOATOMY JaXKe MPU CPEAHUX TEMIIepaTypax
BCJIE/ICTBUE paCIpe/ie]ICHHs dJIEKTPOHOB MO CKOPOCTSAM (IO SHEPTUsM) HEKOTOPBIE DJEKTPOHBI 00JanatoT
SHEpruei, J0CTaTOYHOM JUIsl PEOI0JICHNS OTEHIMAIbHOTO Oapbepa Ha rpanuie Metamia. C MoBbIIEeHHEM
TEMIIEPATYPHI YUCIIO AJIEKTPOHOB, KHHETHYECKAsh SHEPTUs TEIJIOBOTO JABMKEHUS KOTOPBIX OOJbIe paboOThI
BBIX0/1a, PACTET U SBJICHUE TEPMODJICKTPOHHON IMUCCHUU CTAHOBUTCS 3aMETHBIM.

UccnegoBanue 3aKOHOMEPHOCTEN TEPMOIIIEKTPOHHON ASMHUCCUU MOXHO MPOBECTU C MOMOILBIO MpoCTeulen
JBYXDJEKTPOJAHONU JIaMITBI — BAaKYYMHOI0 /JAHOAA, TIPEICTaBIAIONIETO COOOW OTKa4aHHBIA OaJjIoH,
conepkammii 1Ba snektpona: karon K u anom 4. B mpocrelimem ciiydae KatooM CIY>KUT HUTh U3
TYTOILJIABKOTO MeTalljia (Hampumep, Bosibppama), HaKaIuBaeMasl HIEKTPUICCKUM TOKOM. AHOJT Jare BCero
uMeeT (popMy METaUTMUeCKOTo IMIMHIpPA, OKpYyKaromero katof. Eciu auon BKIIOYHUTH B IIEMb, KaK 3TO
MOKa3aHO Ha puc. 152, TO NMpu HaKAIMBAaHUM KATOJA M MOJAYE HA aHOJ IMOJOKHUTEIBHOTO HANPSKEHUS
(OTHOCHUTENHHO KaTo/a) B aHOAHOM IENH AUOAa BOSHUKAET TOK. Ecii moMeHsTh MONsSpHOCTE Oatapeu b, TO
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TOK TpeKpamaercs, Kak Obl CHJIBHO KaToJd HHM HakanuBanu. CrenoBaTelbHO, KaTod HCIYCKaeT
OTpHUIATEIbHBIC YaCTHUIIBI — HJICKTPOHBI.

Ecnu nmoanepxuBath TeMIiepatypy HakaJleHHOT'O KaTojia MOCTOSIHHOM M CHATH 3aBUCHUMOCTb aHOJHOTO TOKa |,
OT aHOJHOTO HanpshkeHust U,, — BOJIbT-aMIIePHYIO XapaKTepucTHKY (puc. 153), To oka3piBaeTcs, 4TO OHA
HE SBJSIETCA JUHEWHOW, T. €. U1 BaKyyMHOTO auoaa 3akoH Oma He BBINOJHSETCA. 3aBHCHMOCTH
TEPMOAJIEKTPOHHOTO TOKa | OT aHOMHOTrO HampsDKeHUs B OOJIACTH MaJIbIX ITOJIOKHTENBHBIX 3HaueHHiH U
OITUCHIBACTCSI 3aKOHOM TPeX BTOPBIX (ycTaHOBJIeH pycckuM ¢usukom C. A. BorycnaBckum (1883—1923)
1 amepukanckuM (usukom U. Jlearmiopom (1881—1957)):

3,
1=BU™",
rae B—xoddbdunuent, 3apucaumii or GopMbI 1 pa3MEPOB IEKTPOJIOB, a TAKKE UX B3aHMHOTO PACHIOIOKEHHS.

Puc. 152 Prc. 153

HpI/I YBCIMYCHHUU AHOAHOTO HAIIPAKCHHA TOK BO3PACTACT OO0 HCEKOTOPOro MAKCHUMAJIbHOI'O 3HAYCHUA IHac,
Ha3bIBAEMOI'0 TOKOM HAaCBIIICHMUA. 910 O3HaA4YacCT, 4YTO IIOYTH BCC OJJICKTPOHBLI, INOKHAAIOIIHUEC KaTO/,
AOCTUTAOT aHOoda, ITO3TOMY JalbHEHIIICe YBCIUMUCHUC HANPSAKCHHOCTHU II0JII HC MOXCET IIPHUBECTU K
YBCIMYCHHUIO TCEPMOIJICKTPOHHOI'O TOKaA. CHGHOB&TGHBHO, IINIOTHOCTh TOKa HACBIIICHUSA XapaKTCpU3YyCT
O9MHUCCUOHHYIO CIIOCOOHOCTH MaTrcpHraia Karoaa.

[InoTHOCTP TOKA HachllleHUs1 omnpenensercs ¢opmyaon Puuapacona — JlemmaHa, BbIBEICHHOU
TEOPETUYECKN Ha OCHOBE KBAaHTOBOM CTAaTHUCTUKH:
.y
Jue=CT2e 4D,

rne A — paboTa BbIXO/a AJIEKTPOHOB M3 KaTojaa, | — TepMoJMHaMHuueckas Temneparypa, C — MOCTOsHHas,
TEOPETUYECKH OJIMHAKOBAasi JOsI BCEX METAUIOB (3TO HE MOATBEPKAAECTCS OSKCIEPUMEHTOM, 4YTO, IIO-
BUIMMOMY, OOBSCHAETCS MOBEPXHOCTHBIMU J(PQeKkTamu). YMeHbLIEHHe pPadOThl BbIXOAA MPHUBOAMT K
PE3KOMY YBEIMUYEHHUIO MJIOTHOCTH TOKA HachllleHHs. [103ToMy MpUMEHSIFOTCS OKCHAHBIE KaTOIbl (HalpuMep,
HUKEJb, TOKPBITHIA OKCHJIOM IIIET0YHO-36eMEIBHOT0 MeTaa), paboTa BbIX0Aa KOTOpbIX paBHa 1—1,5 3B.

Ha puc. 153 npezacraBneHsl BOJbT-aMIIEpHbIE XapaKTEPUCTUKU JUIS ABYX TeMIeparyp katoja: 71 u Tp, mpudyem
15>T;. C NOBBILIEHHEM TEMIIEPATYPbI KaTOAA MCITYCKaHHE JJIEKTPOHOB € KaToJa MHTEHCHUBHEE, IIPU 3TOM
yBenuuuBaeTcs U Tok HaceimeHus. [lpu U,=0 nabmiogaercss aHOMHBINA TOK, T. €. HEKOTOPBIE JIEKTPOHHI,
SMHUTTUPYEMbIE KaToAO0M, O00JaJal0T SHEprued, JOCTaTOYHOM M MpPeojosieHHs paboThl BBIXOJAA H
JOCTHKEHUS aHO1a 0€3 MPUII0KEHHUS HIEKTPUUECKOTO OIS,

SIBieHNE TEPMORJIEKTPOHHON AMHMCCUU HUCIIONIB3YyeTCs B MPHUOOpPaxX, B KOTOPHIX HEOOXOAUMO IMOIYyYUTh MOTOK
AJIEKTPOHOB B BaKyyMe, HalpuMep B JJIEKTPOHHBIX JIAMIIaX, PEHTIC€HOBCKUX TPYOKaxX, 3JIEKTPOHHBIX
MHUKPOCKOMAX U T. A. DJIEKTPOHHBIE JIaMIIbl IIMPOKO NPUMEHSIOTCS B DJIEKTPO- U PATUOTEXHUKE, aBTOMATHKE
U TEJIEMEXaHHWKE I BBIIPSAMIICHHUS IIEPEMEHHBIX TOKOB, YCHUJIEHUS JJIEKTPUYECKUX CHUTHAJIOB U
MEPEMEHHBIX TOKOB, T€HEPUPOBAHU SJICKTPOMArHUTHBIX KoseOaHui B T. 1. B 3aBUCUMOCTH OT Ha3HaYeHUS
B JIAMITIaX MCIOJIb3YIOTCS AOTIOIHUTENBHBIEC YIPABIISIFOLIIUE JIEKTPOBI.

2. ®OTO02JIEKTPOHHASI IMHUCCHSI — 3TO DMHCCHSI DJIEKTPOHOB M3 METajula MoJ JEHCTBHUEM CBETA, a TAKKE
KOPOTKOBOJIHOBOTO  3JIEKTPOMAarHUTHOTO  W3JIydeHusi  (Hampumep, peHTreHoBckoro).  OCHOBHbIE
3aKOHOMEPHOCTH ATOTO SIBIIEHHs OyIyT pa300paHbl IPH pacCMOTPEHUH (HOTORIIEKTpUUIECKOro 3dpdekra.

3. BropuyHash 3JIEKTPOHHAsi JMHMCCHUSI — D3TO HCIIYCKAaHHME DJJIEKTPOHOB IIOBEPXHOCTBK) METAJLIOB,
MOJYIIPOBOJTHUKOB MJIM JTUDRJIEKTPUKOB TpuU OOMOapIupOBKE HMX IYYKOM SIIEKTPOHOB. BTopuyHbIi
ANEKTPOHHBIA MOTOK COCTOUT U3 JJIEKTPOHOB, OTPAKEHHBIX IOBEPXHOCTHIO (YIPYro M HEYNpyro
OTpa)KCHHbIE JJIEKTPOHBI), 1 «MCTUHHO» BTOPUYHBIX AJIEKTPOHOB — 3JIEKTPOHOB, BBHIOUTHIX M3 METalIa,
ITOJIYITPOBOJTHHKA WIIM TUAJIEKTPUKA IEPBUYHBIMH 3JIEKTPOHAMH.
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OTHoOIlIIEHHE YHCaa BTOPUYHBIX 3JICKTPOHOB Ny K YUCJITy NCPBHUYHBIX N1, BBI3BABIIIUX 3MUCCUIO, HA3BIBACTCHI

K03} PUUMEeHTOM BTOPUYHOM 3JIEKTPOHHO IMUCCUM
6=n2/ﬂ].

KoadduuueHnt 6 3aBHCHUT OT MpUPOABI MaTepuala MOBEPXHOCTH, SHEPTUU OOMOApAMPYIOUIMX YacTUIl U MX

yria majeHusl Ha MOBEPXHOCTh. Y MOJIYNPOBOJHUKOB U JUAJIEKTPUKOB O OOJBIIE, Y€M Yy METaJUIOB. DTO
OOBSICHAETCSL TeM, 4TO B MeTajulaxX, I1e€ KOHUEHTpalMs 3JIEKTPOHOB IPOBOJMMOCTH BEJIMKA, BTOPUYHbBIE
JJIEKTPOHBI, YaCTO CTAJIKMUBASACh C HUMH, TEPSAIOT CBOKO SHEPrUI0 M HE MOIYT BBIUTM M3 MeTauia. B
IIOJIYIPOBOJHUKAX M JUICKTPUKAX JKE€ U3-3a MAaJOWd KOHUEHTPALUU DSJIEKTPOHOB IPOBOIUMOCTH
CTOJIKHOBEHHUSI BTOPUYHBIX DJJIEKTPOHOB C HUMH IIPOUCXONAT TIOpa3lo pexXe U BEPOSATHOCTH BBIXOJA
BTOPUYHBIX 3JIEKTPOHOB U3 SMUTTEPA BO3PACTACT B HECKOIBKO Pas.

Jns mpuMepa Ha puc. 154 mpuBeneHa kayecTBEHHasl 3aBUCUMOCTh KOA((UIMEHTa BTOPUYHOM SICKTPOHHOM

IMUCCUM O OT 3Hepruu E maparomux siektpoHoB miusi KCl. C yBenuyeHueM 3HEpruu AJIEKTPOHOB O
BO3pACTaeT, TaKk KakK IEpPBUYHBIC DJIEKTPOHBI BCE IIyO)Ke MPOHUKAIOT B KPUCTAIIMYECKYIO PELIETKY H,
CJIeZIOBATENbHO, BEIOMBAIOT OOJIBIIE BTOPUYHBIX 3JIEKTPOHOB. OJJHAKO MPH HEKOTOPOW SHEPTUH NEPBUUHBIX
JIEKTPOHOB 0 HAYMHAET YMEHbIIAThCA. DTO CBA3aHO C TEM, YTO C YBEIMUYEHHEM INTyOUHBI IPOHUKHOBEHMUS
NEPBUYHBIX JJIEKTPOHOB BTOPUYHBIM BCE TPYIHEE BBIPBATHCS HA MOBEPXHOCTh. 3HAYEHHE Omax s KClI
JIOCTHTaeT ~12 (I YMCTHIX METAIUIOB OHO HE MPEBBIMIACT 2).

SIBieHHe BTOPUYHOM SJEKTPOHHOM SMHUCCHUU HUCHOIb3YyeTCS B (POTOIIEKTPOHHBIX yMHOxUTedasx (DIY),

MPUMEHUMBIX JJIS YCUJICHUS CIA0BIX AIEKTpUYecKuX TokoB. @DV npencraniseTr co00il BaKyyMHYIO TPYOKY
¢ ¢orokatogqoM K u aHomom A, MEXIy KOTOPBIMU PACIOJIO0KEHO HECKOJBKO 3JIEKTPOJOB — IMUTTEPOB
(puc. 155). DnexTpoHsl, BeIpBaHHBIE M3 (HOTOKATOJA MO JCHCTBHEM CBETa, MOMAJAIOT HA AIMHTTEP 1,
Ipoiiia YCKOPSIOUIYI0 pa3HOCTh NoTeHuuanoB Mexay K u O1. 13 amutrepa D1 BbIOMBaeTCS O 31EKTPOHOB.
VYcuneHHbli TakuM 00pa3oM 3JIEKTPOHHBIN MOTOK HANpaBlI€TCsl HA SMUTTEP D2, U MPOLECC YMHOKEHHS
MIOBTOPSIETCSl Ha BCEX MoOcienyrmux smuttepax. Eciu DY conaepkuT N SMUTTEPOB, TO Ha aHOAE A,
Ha3bIBAEMOM KOJLIEKTOPOM, TIOJIy4aeTcsl yCUIIEHHBIH B &' pa3 (OTOIIEKTPOHHBIH TOK.

ABTO2JICKTPOHHAsl IMHCCHSI — 3TO 3MMCCHs DJIEKTPOHOB C IIOBEPXHOCTH METAIIOB IO JEHCTBHEM
CWJIBHOTO BHEILHEro 3JEKTPUYECKOIro MOJsl. DTU SIBICHHUS MOXKHO HAOJI0JaTh B OTKAauyaHHON TpyoOke,
KOH(Urypauus 3JIeKTPOAOB KOTOPOH (KaToj — OCTpUE, aHOJ — BHYTPEHHsSI MOBEPXHOCTb TPYOKH)
T03BOJISCT TIPH HAMPSUKEHHSIX TIpuMepHO 10° B oTydaTh 1eKTpiaecKre mojIst HAMPSKEHHOCTBIO TIPHMEPHO
10" B/m. TIpi MOCTENEHHOM IOBBIIICHHH HAMPSKCHHS YK€ NP HANPHKEHHOCTH TMONS y TOBEPXHOCTH
KaToJa IPUMEpPHO 10° —10° B/M Bo3HHKaeT craGblii TOK, 00YyCIIOBJIEHHBIN 3JIEKTPOHAMHU, UCIYCKAEMbIMU
karosioM. Cuiia 3TOro TOKa yBEJITMUMBACTCS C MOBBILICHUEM HalpsbKeHHs Ha TpyOke. TOkM BO3HMKAIOT IpU
XOJIOTHOM KaToJle, MIOATOMY OIMCAHHOE SIBJIEHUE Ha3bIBae€TCs TAaK)KE XO0J0AHOH 3Muccueil. OObsicHEHHE
MEXaHHW3Ma 3TOT0 SIBJIECHHS BO3MOXHO JIMILb HA OCHOBE KBAHTOBOM TEOPHH.
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§ 106. Monuszanus razos. HecamocTosiTe1bHbIN ra3oBblil pa3psj

I'a3bl IIpU HEC CJIMIIKOM BBICOKHX TEMIICpaTypax W IPU HOaBJICHUAX, OJIM3KUX K aTMOC(I)CpHOMy, SABJIAIOTCA

XOpOIIUMH H30JATOpaMu. Eciu mOMecTUTh B CyXOil aTMOCQEpPHBIN BO3AYyX 3apsyKEHHBIH AJIEKTPOMETP C
XOpolIel H30JAIMEN, TO ero 3apsi JOJr0 OCTAeTCsl HEU3MEHHBIM. DTO OOBSACHIETCS TE€M, YTO Tasbl MpH
OOBIUHBIX YCIIOBUSIX COCTOSIT M3 HEUTpaJbHBIX aTOMOB M MOJIEKYJ U HE COJep:KaT CBOOOJHBIX 3apsiOB
(211EeKTPOHOB ¥ MOHOB). ['a3 CTAaHOBUTCS POBOAHUKOM 3JIEKTPUUYECTBA, KOT1a HEKOTOPAsk 4acTh €ro MOJIEKYJI
uonusyemcs, T. €. MPOU3OUIET pacIIeIICHUE HEUTPaIbHBIX aTOMOB M MOJIEKYJ Ha WMOHBI M CBOOOJHBIC
3JIEKTPOHBIL. [ 3TOro ra3 Hajo MOABEPTHYTh ACHCTBHUIO KAaKOTr0-TMO0 HOHM3ATOpa (HarpuMep, MoJHecs K



155
3apsDKEHHOMY DJIEKTPOMETPY IUIaMsi CBEUM, HaOII0/aeM CIaj €ro 3apsja; 3/1eCh AJIEKTPOIPOBOIHOCTh
ra3a BbI3BaHa HAarPEBAHHEM).

[Tpu noHM3aMHU Ta30B, TAKUM 00pa3oM, MO JEHCTBUEM KaKOTr0-JIMOO MOHM3AaTOpa MPOUCXOJUT BBIPbIBAHUE U3
ANIEKTPOHHONH OOOJIOUKM aTOMa WJIM MOJIEKYJBl OJHOTO WJIM HECKOJBKHX JJIEKTPOHOB, YTO MPHUBOJIUT K
00pa30BaHUIO CBOOOJHBIX IJIEKTPOHOB U MOJOKUTEIBHBIX MOHOB. DJIEKTPOHBI MOTYT HMPUCOCTUHSITHCSA K
HEUTpaJbHBIM MOJEKYyJaM W aToMaM, IpeBpallas HUX B OTpuUllaTelbHble HOHBL. (ClenoBaTeNbHO, B
MOHU30BAaHHOM TIa3€ MMEIOTCSA I0JIOKUTEIbHBIE M OTPHULATEIbHBIE HOHBI M CBOOOJHBIE AIIEKTPOHBI.
[IpoxoskaeHue 3IEKTPUYECKOro TOKa Yepe3 ra3bl Ha3bIBACTCS Ta30BBIM Pa3psiioM.

HNonuzanuss ra3oB MOXKET NIPOUCXOAMTH IO JCHCTBHEM pa3jIMYHbIX HOHM3aTOPOB: CHUJIbHBIM Harpes
(cTonkHOBEHMSI OBICTPHIX MOJIEKYJ CTAHOBSITCSI HACTOJBKO CHJIBHBIMH, YTO OHHM pPa30MBAIOTCS HA HOHBI),
KOPOTKO€ 3JIeKTPOMAarHUTHOE M3IydeHHe (ynbTpaduoneToBoe, pPEHTICHOBCKOE M Y-U3IYYCHHs),
KOPIYCKYJISIPHOE M3JIy4eHHUE (IIOTOKU 3JIEKTPOHOB, MPOTOHOB, O.-4ACTHUIL) U T. 1. JlJis TOro 4TOOBI BHIOUTH U3
MOJIEKYJbl (aTomMa) OAMH 3JIEKTPOH, HEOOXOJMMO 3aTpaTUTh OIpPENEICHHYI0 AHEPrui0, Ha3bIBAEMYIO
JHeprueil HOHM3ALMM, 3HAUEHUS KOTOPOM JUIsl aTOMOB pa3IMYHbIX BELIECTB JIeXKaT B Ipenenax 425 3B.

OHOBpPEMEHHO C MPOLECCOM MOHHM3AIMHU T'a3a BCEra UJET U 00paTHBINA MpOoIecC — MPOoIece peKOMOMHAIUHN:
MOJIOKUTEIbHBIE M OTPULATENIbHBIE HOHBI, IOJIOXKHUTEIbHBIE HOHBI U  JJIEKTPOHBL, BCTPEYAsCh,
BOCCOCIIMHSIOTCS MEXIy co00il ¢ 00pa3oBaHMEM HEHTpaJbHBIX aTOMOB M MOJIeKyJ. UeM Ooble HOHOB
BO3HHUKAET MOJ ACHCTBHEM HOHU3ATOPa, TEM UHTEHCUBHEE UIET U MPOLIECC PEKOMOMHAIIHH.

Crporo roBopsi, JIEKTPONPOBOJHOCTb ra3a HY/II0 HE paBHa HUKOI/IA, TaK KaKk B HEM BCErJa HMMEIOTC
cBOOOIHBIE 3aps/bl, 00pa3yIolIMecs B pe3ylbTaTe JSHCTBUS Ha ra3bl U3IYYCHUS PAIMOAKTUBHBIX BEILECTB,
UMEIOLIUXCA Ha I[OBEPXHOCTH 3eMJIM, a TakKe KOCMMUYECKOIO MH3JIyuyeHus. OTa He3HayuTeJbHas
ANEKTPONPOBOJHOCTh BO3AyXa (MHTEHCHUBHOCTh HMOHHU3ALMK TMOJ JCHCTBUEM YKa3aHHBIX (DaKTOPOB
HEBEJIMKA) CIYKUT IPUYMHON YTEUKH 3apsiI0B HAAJIEKTPU30BAHHBIX TEJl AK€ MPU XOPOLIEH UX U3O0JISALUY.

XapakTep ra3zoBOro paspsja OMpeeNseTcss COCTaBOM rasa, €ro TemIepaTypod U JaBlIEHHEM, pa3Mepamy,
KOH(HUrypamnuen 1 MaTepruaioM JIEKTPOIOB, IPUIIOKESHHBIM HAPSKEHNUEM, IIJIOTHOCTHIO TOKA.

PaccmoTpuMm 1emb, coiepikailyr0 ra3oBblii ImpoMexyTok (puc. 156), moaBepraromuiics HENpepbIBHOMY,
IIOCTOSIHHOMY I10 MHTEHCHBHOCTH BO3JCHCTBHIO MOHM3aTOpa. B pesynpTaTe nelcTBUsS HOHU3aTOpa Tra3
MpHOOpPETaeT HEKOTOPYIO JIIEKTPONPOBOJHOCTh W B IIEMH MOTEYET TOK, 3aBHCHUMOCTh KOTOPOTO OT
MIPUJIOKEHHOTO HANPSKEHMsI 1aHa Ha puc. 157.

Prc. 156
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BakyymHoro auopa? Ecnu fa, ro xak?
® Kaxum o6pasoM MOXHO BbipBATb SNEKTPOHLI
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Ha yuacTtke xpuBoil OA cuna TOka BO3pacTaeT MPONOPLHUOHAIBHO HANpSKEHUIO, T. €. BBIMOJHIETCS 3aKOH
Owma. Ilpu nanpHelnieM yBEIWYEHWH HaIpsDKEHUs 3aKkoH OMa Hapylaercs: pocT CHIIbI TOKa 3aMeuIaeTcs
(yaactok AB) u HakoHelr pekpainaeTcs coBceM (ydactok BC). DTo T0CTUTAETCS B TOM ClTydae, KOT/1a HOHBI
U DJIEKTPOHBI, CO3JaBacMble BHEIIHUM HOHM3ATOPOM 3a €IMHUIlYy BPEMEHHM, 3a ITO )K€ BPEMS JOCTUTAOT
3NeKTpo10B. B pesynbTaTe nomyyaeMm Tok HachbleHUS (1), 3HaUEHHE KOTOPOTO OIPeEseTCs] MOITHOCTHIO
noHuzaropa. TOK HachIIeHUs, TAKUM 00pa3oM, SIBJISIETCS MEPOH MOHM3MPYIOLIETO JEHCTBHS MOHU3ATOpA.
Ecmm B pexnme OC mnpekpaTuTh JACHCTBHE HWOHU3AaTOpa, TO MNpeKpamaerca W paspsana. Paspsnsl,
CYLIECTBYIOIME TOJIBKO MOJ JEHCTBMEM BHEIIHUX MOHU3AaTOPOB, HA3BIBAIOTCSI HECAMOCTOATEIbHBIMU. [1pn
JaJbHEHIIEM YBEIMUCHUN HAPSKSHUS MEXK/TY SJICKTPOJaMH CHJIa TOKa BHavaie MeuieHHo (ydactok CD), a
3ateM pe3ko (yuactok DE) Bo3pacraer. MexaHu3M 3TOro siBJeHUs OyJIeT PacCMOTPEH B CIEIYIOIIEM
nmaparpade.
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§ 107. CamocToATeIbHBIN ra30BbIN Pa3psl H ero THIbI

Paspsn B rase, COXpaHAIOWIUKCA IIOCJIE IIPEKpalICHUS JEUCTBUS BHELIHETO HOHM3aTOpPAa, HA3bIBACTCSA
CaMOCTOSITEIbHBIM.

PaccmMoTpuM ycnoBHs BO3HHMKHOBEHHUS CaMOCTOSITENIbHOTO paspsana. Kak yxe ykassiBasioch B § 106, mpu
OOJIBLIMX HAIPSKEHUAX MEXKAY SJIEKTPOAAMHU Ia30BOT0 IPOMEXKYTKa (CM. puc. 156) TOK CHIIBHO BO3pacTaeT
(yaactku CD u DE na puc. 157). [Ipu 6oapIIuX HAOpsyKSHUSX BO3HHUKAIOIIUE MO JEHCTBHEM BHEIIHETrO
MOHHU3aTOpa DJIEKTPOHBI, CHUJIBHO YCKOPEHHBIE 3JEKTPUYECKUM IIOJEM, CTAJIKUBAsCh C HEUTPaJIbHBIMU
MOJIEKYJIaMH Ta3a, WOHU3UPYIOT MX, B pe3yJbTaTe 4Yero oOpa3yloTcs BTOPUYHBIE DJIEKTPOHBI U
IOJIOKUTEIbHBIE HOHBI (1pouecc 1 Ha puc. 158). [losnoxuTenbHble HOHBI ABUKYTCS K KaTOJY, a SJIEKTPOHbI
— K aHojay. BTopuuHBIE 31E€KTPOHBI BHOBb HOHU3UPYIOT MOJIEKYJbl Tasa, W, CIel0BaTelbHO, oOriee
KOJIMYECTBO HJIEKTPOHOB M HOHOB OyJeT BO3pacTaTh IO Mepe MNPOJBUKEHUS DSJIEKTPOHOB K aHOIY
JABUHOOOPA3HO. DTO SBJIICTCS MPUUMHON YBEIIMUEHUS dJIEKTPUIEecKoro Toka Ha ydactke CD (cwm. puc. 157).
OnucaHHBIN TPOIECC HA3bIBACTCS yAAPHOM NOHU3ALMEH.

OpnHako ymapHas MOHHM3ALMs IOJ JIEHCTBUEM 3JIEKTPOHOB HEOCTAaTOYHA IS NOJAEpXKaHUS paspsiia Ipu
ylaJleHUHu BHEUIHEro HoHuzatopa. Jlns »3Toro Heo0XoauMo, 4TOOBl  3JIEKTPOHHBIE  JIABHUHbI
«BOCTIPOM3BOJWINCHY, T. €. YTOOBl B Ta3ze IMOJ JIEHCTBHEM KaKHX-TO IPOLIECCOB BO3HUKAIM HOBBIC
JIEKTPOHBL. Takue mpolecchl CXeMaTWYecKH IIoKa3aHbl Ha puc. 158: 1) yckopeHHble mOIeM
I0JIOKUTEJIbHBIE HOHBI, YIapssiCh O KaTO/, BBIOMBAIOT U3 HETO AIEKTPOHBI (IIpouecc 2); 2) MoJI0KUTEIbHbIE
MOHBI, CTaJKMBasCh C MOJIEKYJIaMH TIa3a, MEPEeBOJAT MX B BO30YXKJAEHHOE COCTOSHHE; IEepexoj TaKux
MOJIEKYJT B HOPMaJbHOE COCTOSHHE COMPOBOXKIAeTcs Hucmyckanuem ¢(otona (mpomecc 3); 3) ¢orow,
MOTJIOIEHHBI HEUTPaIbHOM MOJIEKYJIOW, HOHU3UPYET €€, IPOMCXOAUT TaK Ha3bIBaeMbI mpolecc
dboTroHHON WoHM3anUK MOJeKyin1 (mpouecc 4}; 4) BbIOMBaHWE JJIEKTPOHOB M3 KaToAa IO JCHCTBHEM
dhoToHOB (TIporiecc 5).
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Hakonen, npu 3HaYUTENBHBIX HANPSKEHUAX MEXAY DJIEKTPOJAaMHU I'a30BOrO IMPOMEXKYTKA HACTYNAaeT MOMEHT,
KOI'Zla TOJIOKHUTEIbHBIE HOHBI, 00JaJalollie MEHbLIEH AIUHOW CBOOOJHOrO mpobera, 4eM 3JIEKTPOHBI,
NpUOOPETAIOT SHEPrui0, JOCTATOUYHYIO Ul MOHHM3AllMM MOJIEKYN rasa (mpouecc 6), B K OTPHUIATENbHOM
IUIACTUHE YCTPEMIIAIOTCSI MOHHBIE JaBUHBL. Korna BO3HUMKAIOT KpOME 3JIEKTPOHHBIX JaBUH €Il€ U UOHHBIE,
cajla TOKa pacTeT yXe MpakTHYecku 0e3 yBennueHus HanpsbkeHus (yuactok DE wa puc. 157).

B pesynberare ommcaHHbIX mporeccoB (1—6) 4rcIo MOHOB M DIIEKTPOHOB B 00BEME Ta3a JIABUHOOOpa3HO
BO3pacTaeT M Paspsl CTAHOBATCA CAMOCTOSITEIBHBIM, T. €. COXPAHSETCA IOCIE MPEKPAIEHUs IEeHCTBUS
BHEIIHEro MoHu3aropa. HampspkeHue, mpu KOTOPOM BO3HHMKAET CaMOCTOSITENIbHBIM pa3psij, Ha3bIBAETCA —
HANPsZKEHUEeM Ipo0os.

B 3aBHcHMOCTH OT JaBieHHUs ra3a, KOHQUTYpalUK 3JIEKTPOIOB, TapaMEeTPOB BHELIHEH LIEMH MOYXHO TOBOPUTH
0 YeTBIPEX THIIAaX CAaMOCTOSATENILHOTO pa3psaa: mieruem, UCKPO8OM, 0Y20860M 1 KOPOHHOM.

1. Taeommii pa3psii BO3HUKAET MPU HU3KHUX JaBieHUAX. Eciy K ayekTpoaaM, BHAsHHBIM B CTEKJISIHHYIO
TpyOky anmuHoi 30—50 cM, IPUIIOKUTH IOCTOSHHOE HANpsKEHHWE B HECKOJIBKO COTEH BOJIBT, TOCTENIEHHO
OTKa4yMBasi U3 TPYOKH BO3AYX, TO MpH JaBieHu ~ 5,3 + 6,7 klla BO3HUKAET pa3psii B BHIE CBETAIIETOCS
M3BWINCTOrO IIHYypa KPacHOBATOIO IBETA, MAYILIEro OT KaToja K aHon