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BBeageHue

du3uka u ee Mmecmo cpedu dpy2ux HaykK.
Memoduvl no3HAHUs 8 HAYKe

Cpenn ecTEeCTBEHHBIX HayK, T. €. HayK, M3y4YarolIUX MOPUPOIY,
MOYHO BBIJCIUTH TpU: (PU3UKY, XUMUIO U Ouonoruto. usuka ulyda-
€T SBJICHUSI HEOPraHUYECKOTO Mupa. XUMHUS pacCMaTpUBAET MpEBpa-
HIEHWS B HEOPTaHMYECKOM MHUPE, a TAKKE OPraHUYECKUE COCTUHEHUS.
buosiorust 3aHUMaeTcsi U3y4eHUEM KUBOTO MUPA.

@u3nka Urpaet B 3TOM psigy 0coOyto poJib. OCHOBHBIEC 3aKOHBI,
YCTAHOBJICHHBIE B (DM3UKE: 3aKOHBI COXPAHCHHS dHEPTUM, UMITYJIbCA,
3apsiia M Jp. — UMEIOT BCEOOIIMI XapakTep U JIEUCTBYIOT KakK B
KUBOW, TaK U B HEXKUBOU Marepuu. PU3MKYy B ITOM OTHOIIECHUU
MOXHO paccMaTpuBaTh KaK OCHOBY BCE€X HayK. XHUMHS 3aHUMAETCS
0oJiee CIOKHBIMU (POpMaMU JIBUKEHHS] MATEPUU, & OMOJIOTUSI U3yYaeT
HauOoJiee CJIOXKHBIE €€ MposiBIieHUs. Bpiciine (Qopmbl JBUKEHUS
MaTEpUHU BKJIOYAIOT B ce0s1 (POpMBI HM3IIEro MopsjiKa, HO, TOMUMO
TOT0, B HUX MOET MOSBJISITHCS YTO-TO MPUHIMITUAILHO HOBOE.

OcCHOBHBIE 3aKOHBI (PU3UKH, CMBICI KOTOPBIX MbI XOPOIIO
MOHMMAEM, KaK MPaBUIO, OTJIMYAIOTCS U3SIIECTBOM U MPOCTOTOM. Bee
OHU OBLIIM OTKPBITHI B UTOT€ KPOMOTIUBOM pab0oThl. OCHOBHON METOA
UCCJIEN0BaHUs B (PU3UKE — ITO OIIBIT, T. €. HAOIIOIEHUE UCCIIELYEMOTO
SABJICHUS B CTPOrO KOHTPOJUPYEMBIX YCIOBHUAX, TO3BOJISIOIIUX
BOCIIPOMU3BECTH €r0 KaXIbld pa3 INpU NOBTOpeHHHU. Ha mnepBbIX
CTaJUAX OTKPBITUS HOBBIX 3aKOHOB MHPUBJIEKAIOTCS THUIOTE3bI — 3TO
Hay4YHBIC TPEATNOJIOKECHUS, BbIJIBUTAEMbIC I OOBSICHEHHUS KaKoro-
ambo0 sKcnepuMeHTanbHOro (hakra. ['mmoresa, mpoiieniias BCECTO-
POHHIOIO MPOBEPKY M MOATBEPKICHHUE, MPEBPALIACTCS B 3aKOH, a PsiI
00bEIMHEHHBIX 3aKOHOB — B TEOpUI0. Teopus MpeACTaBIsICT CUCTEMY
OCHOBHBIX HJIEM M 3aKOHOMEPHOCTEM Pa3BUTHs MPUPOIBL. Tak,
HalpUMeEp, TEOPHUsI DJIEKTPOMArHUTHBIX BOJIH MakcBesia BKJIIOYAET B
ceOsi 3aKOHBI DJIEKTPOMAarHUTHOM uHAyKiuu Dapajnes, TeopeMy
["aycca aJist 2JIEKTPUYECKUX U MATHUTHBIX 3apsJI0OB U 3aKOH AMIiepa.

[TocTpoeHue kiaccuuecko (pU3UMKU OBLIO 3aBEPILICHO B Hayaje
XX cronerus, 1 MHOTUM (pU3MKaM Ka3ajJoCh, YTO OHU MOTYT OOBsC-
HUTh TpakTHUecku Bce. OnHako ObUIM JBa SBICHUS, KOTOpPHIE
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KJlaccuueckas pu3uka 0ObsICHUTH HE cMorja. Bo-nepBbIX, 3TO Temio-
BO€ M3Iy4eHHE aOCOJIOTHO YEPHOrO Tella W, BO-BTOPBIX, MPOTUBO-
peunBoe noBenenue spupa. Ilepyro mpobnemy pemmn M. [1naHk,
BBEJISI MIPEJCTABICHHE 00 M3JIyYEHUU CBETA OTIEJIbHBIMUA MOPLUSAMU —
KBaHTaMu. Pelienre BTOpoii npoo6sieMbl MPUBEIIO K co3AaHui0 A. DiH-
ITEHOM OOHIEH TEOPUH OTHOCUTEIBHOCTH, OCHOBHBIM IMOCTYJIaTOM
KOTOPOW OBLIO MOCTOSTHCTBO CKOPOCTH CBETA.

OpHako pa3BUTHE TEOPUU OTHOCUTEIBHOCTH M KBAHTOBOW MeXa-
HUKU HE yMajsiOT pPOJM KJIAaCCUYECKOH, mnu oOmen, ¢puzuku. Mx
3aKOHBI HOCAT 00Jiee OOUIMI XapakTep, HO OHU MEPEXOsT B 3aKOHBI
KJIACCUYECKOM  (U3MKM TpPU  COOTBETCTBYIOIIMX  MPEAESIbHBIX
nepexoax.

KBaunrToBas

Knaccuaeckast Teopus
dhusrka

(1)I/I?>I/IK8, OTHOCHUTCIBHOCTH

[IpocTpancTBeHHass 00J1aCTh, M3YyUYEHUEM KOTOPOU 3aHUMAaETCs
bu3MKa, JEKUT OT CaMbIX MAajbIX BEJIMYHUH — 107"° cm B ANEPHOU
¢u3MKe 10 cCaMbIX OTPOMHBIX 107 cm pa3MepoOB B BUJIAUMOW YacTH
Bcenennon.

B nporpammy nipeamera « Duzuka» BXOIAT CIEAYIOIIUE PA3IEIIbL:
MEXaHHMKa;, MOJEKYJApHas (Qu3nka U TepMOJIWHAMHUKA; KOJICOaHUS U
BOJIHBI; JJIEKTPUYECTBO M MArHETHU3M; OITHKA; OCHOBBI ATOMHOM,
JICPHOU U KBAaHTOBOU (PUBUKH.



YacTts [. MexaHUKa

I'rasa 1. Kunemamuka

1.1. Obwue noussmus

Kunemamuka 3aHUMAEeTCS OIMCAHUEM 3aKOHOB JIBUKCHUS, HE
KacasiCh IIPUYUH, BBI3bIBAIOLINX ITO JBUKECHHUE.

MexaHu4eCKUM ABUKECHUEM SIBIIETCS NEPEMEIIECHUE Tea OTHO-
CUTENIbHO Apyrux ten. Ilpocrenmme BUIbl IBUKEHUS — 3TO MOCTYIa-
TEJIbHOE€ W BpalllaTelIbHOE ABWXEHUA. B mepBoMm ciiydae mnpsiMasi,
COeUHSAIONIAsA JABE JIOObIE TOUKHU Teja, MePEeMENIaeTcs MmapajuieIbHO
caMmoii cebe, a BO BTOPOM — BCE TOYKH JBIXKYTCS TIO OKPYKHOCTSIM,
LIEHTPBI KOTOPBIX JIC)KAT HA OJHOU NPSAMOM — OCU BPALCHUS.

JIBr>keHue Bcerga MO0JDKHO IMPOUCXOAUTH OTHOCHUTEIBHO APYrUX
T€J, T. €. HE UMEET CMBICJIA TOBOPUTHh O JIBUKEHUHU B IPOCTPAHCTBE,
rae HeT apyrux teil. Kpome Toro, nBHKEHHWE MPOUCXOIUAT BO BpEMeE-
HU. J{1s1 onucanust JBM>KEHUSI HEOOXOIUMO BBECTH TIOHSTHE CUCHEMbl
omcuema. Cucmema omcuyema — COBOKYITHOCTh HETOJABUKHBIX APYT
OTHOCUTEJIBHO Jpyra TeJl, OTHOCUTEIBHO KOTOPBIX PacCMaTpUBACTCS
JBUKEHHUE, U OTCUUTHIBAIOIIMX BpeMs 4acoB. CHCTEM OTCUETa MOMKET
CYIIECTBOBaTh OECKOHEYHOE MHOXKECTBO, U JBI)KEHHE B KaXXJIOW M3
HUX MOXET UMETh PA3JIUYHbIN XapaKTep.

Jlimst Gonee aeTaabHOTO OMMCAHMS ABMIKCHHS C Ka)KJI0M CHCTEMOM
oTcueTa HE0OXOIMMO CBSI3aTh CUCTEMY KOOPJUHAT, HAIpUMeEp AeKap-
TOBY: TPU B3aUMHO MNEPICHAUKYJAPHBIX HAIIPABICHUS U COOTBETCT-
BYIOIIMN MacmTad Ajisi u3MepeHust pacctosiuuil. I1ockosibKy Mbl KoOC-
HYJIUCh MPOOJIEMbI U3MEPEHUM, pACCMOTPUM €€ HEMHOI'O MOApOOHEE.
N3meputh Kakyo-mu00 (U3NYECKYI0 BETMYUHY — 3HAYUT CPABHUTH €€
C BBIOpaHHBIM 3apaHee J3TAJOHOM. B TpuHIUINE STaJoH MOXKHO
BBIOpATh JJI KXKIOW BEJIMUUHBI, HO OYEBUJIHO, YTO PA3IMYHBIC BEJIU-
YUHBI CBS3aHBI MEXKYy COO0O0M OMpeNeIeHHbIMU COOTHOUICHUSAMH WU
3aKOHaMu. MUHHUMaIbHBIA HAOOp TAJIOHOB, MPU MOMOIIU KOTOPOTO
MOXHO TIPEJCTaBUTh JOOYI0 JAPYrylo BeIu4yuHy (Bcero wux 7),
Ha3bIBAIOT CUCTEMOU enuHull. B HacTosiee BpeMs B Pu3MKe MpUHSITA
MexayHapoaHas cucrema eauHull CH, rae B KadyecTBE €IMHUILIBI
JUTAHBI B3AT METP, MAaCChl — KWJIOTPAMM, BPEMEHU — CEKYH/IA.
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JInst yripoIieHust OUCaHusl psijia MpOILECCOB UCIIOJIb3YIOTCS HEKO-
Topble (pU3UUYECKre a0CTPAKINK, TAKUE KAK MAMEPUAIbHAA MOYKA —
3TO TEJO, pa3MepaMH KOTOPOTO B YCJIOBHUSIX JIaHHOW 3a/laud MOKHO
npeHeOpeyb; adcoaOmHo meepooe meao — Teio, PACCTOSTHUE MEXTY
JTOOBIMH TOYKAMHU KOTOPOTO HE MEHsIeTCsI, U T. 1. OnucaTh IBUKECHHE
Tela— 3TO 3HAYUT B KaXJAbli MOMEHT BpPEMEHU OIPEICIIUTh
KOOPJMHATHI KaXkJ0M €ro TOUYKU U €€ CKOPOCTh.

1.2. BekmopHble geauvuHbl. Jlelicmaus Had 8ekmopamu

OueHb MHOTHE BEIMYUHBI B (DU3UKE SIBISIOTCA BEeKTOpamu. Bek-
mMOpOM HA3bIBAETCS BEJIMUNHA, XapaKTEPU3YIOIIAsCsl YUCIECHHBIM 3Ha-
yeHueM (MOJyJieM) U HaIpaBJICHUEM; CIIOKEHHE BEKTOPOB MPOUCXO-
JUT TI0 MpaBuIy napasienorpamMmma. O003Ha4ar0TCsl BEKTOPHI B IeYaT-
HBIX W3JIJaHUSAX JKHPHBIMH, KaK MMPaBUJIO, JATHHCKUMHU OykBamu (@, b,
c, F, G ...) wim mag OykBOM CTaBUTCA CTpeliKa 4, F . Yuciennoe
3HAYCHHE BEKTOPa HA3BIBACTCS €r0 MOJIYJIEM M XapaKTEepU3yeT JJIUHY
oTpe3Ka: |a| = a. J/[Ba BEKTOpa CUUTAIOTCS PaBHBIMH JIPYT JPYTY, €CIIU
paBHBI UX A0COJIIOTHBIC 3HAYEHMUSI, 4 HAPaBJICHUs COBMAIatOT. JIerko
nokaszarb, 4To |a+b|#al+|b|. AHamormyHO MOAYIIO CYMMBI, MOMYJb
Pa3HOCTH BEKTOPOB HE PABEH PA3HOCTU MOJYJIEl BEKTOPOB.

[Ipu paboTe ¢ BEKTOpaMu UX MOXKHO MapajijIeIbHO IEPEHOCUTH U3
OJTHOM TOUYKH B JIPYTYIO, COXPAHSS IMPH 3TOM HX JIJIUHY.

Ymnoowcenue eekmopa na uucno. IlpousseaeHreM BEKTOpa a Ha
YHCIIO Ol SBJIIETCS BEKTOp D, Momaysb kKoToporo b= o] a, a Hampas-
JICHWE COBIIAJIa€T C HAMPABJICHUEM BEKTOpA a, €CIU O OOJIbIIe HYJIS, U
MPOTUBOIIOJIOKHO, €CJIM MEHbIIIE HYJd. Bce cka3zaHHOE MOsSICHEHO Ha
puc. 1.1, a. HerpynHo 3aMeTHUTh, YTO YMHOXXEHHE Ha —1 W3MEHSIET
HaIpaBJICHHUE BEKTOPA Ha MPOTUBOIOIOKHOE.

M3 mpaBuiia yMHOKEHUS BEKTOpPA HA YMCIIO CIEIYEeT, YTO JIHOOOH
BEKTOP MOHO MPEACTABUTH KaK:

r7Ie a — MOJIyJib BEKTOpa a, a €, — BEKTOP ¢ MOJYJIEM PaBHBIM | U 1Mo
HaMpaBJICHUIO COBMAJAOIIMKA ¢ BekTopoM a. HaswiBaercs OH
COUHUYHBIM BEKTOPOM, WJIM OpTOM BekTopa a. JlJisi eAMHUYHOro
BEKTOpPA COOTBETCTBEHHO MOKHO 3aIHCAaTh:

e, = a/a. (1.2)
6



c=a+b+d+f

a 0 B
Puc. 1.1

EnunuyHple BEKTOPHI, WK OPThI, MOKHO COIIOCTaBJISATh HE TOJIBKO
BEKTOpaM, HO M JIIOOBIM HAIIpaBJICHUSAM, HAIIPUMEP OCSIM KOOPIMHAT —
€y, €y, €;, HOPMaJIM K IOBEPXHOCTH — €, (0OBIYHO 00O3Hauaercs N),
KacaTeJbHOM K KpUBOi — €; (0ObIYHO 0003HaUaeTCs T).

Cnoocenue u eviuumanue eéekmopos. Kax yxe roBopuiioch B
ONpeJIeICHUH, BEKTOPhI CKJIAJbIBAIOTCS IO MPaBUIIY MHapajiieaorpam-
Ma (puc. 1.1, 6), o1HaAKO U3 3TOTO PUCYHKA BUJIHO, YTO JJISI CJIOKEHUS
JIBYX BEKTOPOB @ M D MOXHO OTJIOXXHTh BTOPOH BEKTOpP M3 KOHIIA
nepporo. BekTtop cymMmbl ¢ Torjga OyaeT HallpaBieH M3 Hadaja
MEePBOr0 BEKTOpa B KOHEI[ BTOPOTro. OCOOCHHO YI00HO MOJIh30BATHCS
ITUM MPABUJIOM IIPH CI0KEHUH 00JIee YeM JIBYX BEKTOPOB.

Pa3HOCTh IBYX BEKTOPOB & U D JIETKO MONYYUTh, €CIIM K BEKTOPY
a IpuOaBUTHL BEKTOp b, yMHOKeHHBIH Ha (—1) (puc. 1, B):

a-b=a+(-1)b. (1.3)

Ilpoekuyusa  eexmopa Ha  Hanpagéienue.  HampaBieHwne

ob6o3HayaeTcs 00bIyHO OykBamu: |, m, n ... . [Ipoekius BekTopa a Ha
Hanpapienue | — 3To yuco:

a) = acosq . (1.4)

[Ipoekius BeKTOpa Ha HAMPaBJICHUE MOXKET OBbITh OOJIbIIIE HYIIS, €CIIH
yroJl HaxoauTcsa B npenaenax oT 0° no 90°, paBHa HYJIIO, €CJIU YroJ
paBeH 90°, 1 oTpHUIlaTENIbHA, €CJIM YTOJI HAXOAUTCS B mpeaenax ot 90°,
1o 180° (puc. 1.2).



Ilpeocmaenenue eekmopa uepe3 e20 NPOEKUUU HA OCU KOOp-
ounam. Eciy paccMOTpETh MPOEKIMH MPOU3BOJIBLHOTO BEKTOpAa a Ha
ocu koopauHat (puc. 1.3, a), TO OYEBUJHO, YTO OH MOXKET OBITh

3aIllKicaH CJICAYIOIIUM 06pa30M:
a = ay e, ay eyt a, €, (1.5)

rae €y, €y U €, — CIAMHUYHBIE BEKTOPBHI COOTBETCTBYIOIIUX KOOPIH-
HATHBIX OCEMH.

v /N a Y \ ______________ P
a| é;-'é),t ' """ i " ! y r " C
___________ E ax'ex E ::
ey AN E ! €y E nib o
O ex ax X O eX X X a
a §) B
Puc. 1.3.

Oco0o0 crieayeT BBIJICIWTh TaK Ha3bIBAEMBIN paouyc-eeKkmop —
ATO BEKTOpP, MPOBEACHHBIN B MPOU3BOJILHYIO TOUKY IpOCTpaHcTBa P
u3 Hayaina koopauHat (puc. 1.3,0). OH 3amumiercs CleAyrOUIUM

o0pazoMm:
r=Xextyeyt ze,. (1.6)
Ckanapnoe npouszsedenue 08yx 6exkmopog. CKaJApHBIM
IPOM3BEACHUEM BEKTOPOB @ U D sABIIseTCS Yncio
c=abcosa=a,b=ab,, (1.7)

rJie ¢ — Yroj MeXay HampaBJICHUSAMH BEKTOPOB. 37€Ch YUTCHO, YTO
acosa = a, u b cosa = b,. Tak ke, kKak W TPOEKIUS BEKTOpa Ha



HalnpapJIeHUE, CKaJISIPHOE MPOU3BEIACHUE MOXKET OBITh OOJbIIE HYJIS,
MEHBIIIE HYJIS WM PAaBHO HYJIIO B 3aBUCUMOCTH OT 3HAYEHUS yIJa .

Bexmopnoe npou3eedenue 08yx eekmopoe. BEKTOpHBIM MPOU3-
BEJICHUEM BEKTOpOB a W b smmsercs BekTtop ¢ = [a D], moxyns
KOTOPOTO

c=absing, (1.8)
a HAIpABJICH OH IMEPIEHAUKYISIPHO IUIOCKOCTH, B KOTOPOM JICKAT
BEKTOPHI @ 1 D, B cTOpoHy, onpenenseMyo MpaBUIoM OypaBYuKa MpH

BpalllcHHH €ro OT BeKTopa a K Bekropy b (puc. 1.3, B). BekropHoe
IIPOU3BEICHUE MOKHO 3alIUCaTh CIAEAYIOUIUM 00pa3oMm:

c=[ab]=nabsing, (1.9)

rae N — €IUMHUYHBIA BEKTOP, HAMPABICHHBIA M0 HOPMAJIM K MOBEPX-
HOCTH B HaIlPaBJICHUH, OMIPEACIISIEMOM, KaK ObLJIO CKa3aHO BBIIIIE.

1.3. IIpoussodHasi

Ilpouszeoonan @ynxkuyuu. Ilycth 3amaHa HEKOTOpas TPOU3-
BostbHas QyHKIMA Y = f(X) (puc. 1.4, a).

[MpoussoaHoii ¢yukiuu df(X)/dx, wim f', sBisercs npenern, Kk Ko-
TOPOMY  CTPEMHTCS  OTHONICHWE  MpUpamleHus  QyHKIHUH
Af(X)=f(x+AX)-f(X) k npupamenuto aprymenta AX mpu AX cTpems-
IeMcs K HYJTIO:

df(x)/dx = f' = lim (F(x+AX) — f(X))/AX = lim Af/AX. (1.10)

AX—0 AX—0
Y

f(X+A
f(x)

Puc. 1.4.

N3 reomMeTpuyeckux IMOCTPOEHUM OYEBUIHO, UTO IPOU3BOJHAS
paBHA TAHICHCY YyIJa HAKJIOHA KacaTeJIbHOM B pPacCMaTpuBacMOM

Touke, puc. 1.4, 6: Af/Ax — 310 Tanrenc yria o. Ilpu cTpemiiennn Ax
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K HyJIIO Touka A Oyzer cTtpeMuThcsa K Touke O, a yroa o OyJner
CTPEMUTHCS K YIIIy KacaTeJIbHOM.

B OoJsbIIMHCTBE Clay4daeB B (PU3MKE UMEIOT JIEJI0 C BEIUYMHAMU,
V3MEHSIOIMUMUCI CO BpeMeHeM. B 3ToM ciiyyae mpou3BoAHAsA IO
BPEMEHH HMMEET CIHeIralibHOe O0003HauYeHHWE B BHUJE TOYKH Haj
o0O3HAaYEHUEM BEJIWYUHBI, Hampumep V  Oyaer o0003HayaTh
IIPOU3BOAHYIO OT CKOPOCTH IO BPEMEHH.

Ecau Gepetcst mpon3BoHAas OT MPOM3BOIHOM, TO OHA HA3bIBACTCS
BTOPOM  NPOM3BOAHOM OT MCXOJHOM  BEJIMYUHBI, HAIPUMEDP,

d(df/dty/dt = d*f/dt* = f .

Ilpou3eoonaa eexkmopa. OYeBUIIHO, UYTO €CJIM BEKTOpP 3alucaH
4yepe3 ero Mmpoekiuu Ha ocu koopauHat (1.5), To ero mpousBojHas
Oyner:

& = axeyT ayeyT a6, (1.11)
MOCKOJIbKY €IMHUYHBIE BEKTOPHI IO OCAM KOOPJIUHAT HE U3MEHSIOTCS.
B 10 xe Bpemsi, Kak 0TMEYaloCh paHee, 000N BEKTOP MOXKHO 3aIu-
caTh yepe3 ero eauHu4YHbIA BekTop (1.1): a = ae,. [lockonbKy OT Bpe-
MEHH B OOIIIEM ciydae MOTYT 3aBHCETh Kak MOAyJb a — a(t), Tak u

HampaBjieHuEe a— €y(f), To mId NpoM3BOJHONM BEKTOpa HYXKHO
HaIuCaTh:

a (t) = a(t)e,(t) + a(t) é,(t). (1.12)

B »sTOM BBIpaXEHHM TIEPBOE cCjaraeMoe MPEACTaBISIET COOOM

MPOM3BOJIHYK0 MOJYJISI BEKTOpa &, YMHOXEHHYK Ha E€IWHUYHBIN

BEKTOD €,, U HAIIPABJICHO TaK K€, Kak a. BTopoe ke ciiaraemoe paBHO

MOJIyJIF0 BEKTOpAa A, YMHOXXEHHOMY Ha IPOU3BOJHYK €IUHHUYHOTO
BEKTOpPA B PaCCMaTPUBAEMbII MOMEHT BPEMEHHU.

Puc. 1.5
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O4eBHIHO, YTO €AMHUYHBIA BEKTOP MOXKET HU3MEHSATHCS TOJBKO
10 HaIpaBJICHWIO, TO €CThb TOJBKO TMOBOpauMBaThcs. Eciaum 3a
IIPOMEXKYTOK BpeMEHH Al eIUHHYHBIA BEKTOpP €,(t) moBepHETCS Ha
yroi A¢ (puc. 1.5), npu MajJoMm yriie MOAYJb BEeKTopa A€, Oyaer
IMPUMEPHO PaBeH yTIIy, MPUYEM YeM MEHbIIIE Yroj, TeM TouHee OyaeT
BBITIOJIHATBCS paBEeHCTBO A€, ~ A@. Takum o0pa3zoM, BEKTOp A€,
MOYKHO 3aIiCcaTh Yepe3 ero ¢AMHUIHBIA BEKTOP:

Aea ~ A(P eAe. (1.13)

[Ipu A¢ — 0 eauHUYHBIA BEKTOpP €po OYJIET CTPEMHUTHCS K Ha-
MpPaBJICHUIO, TEPHEHAUKYIIpHOMY €4(1), T.e. €,. IlpousBomHas
BEKTOpA €,(1), coriacHo onpeaeaeHNIO, paBHa:

de,(t)/dt = lim Aey/At = (lim Ap/At)e, = (de/dt)e; = we,. (1.14)

At— 0 At— 0
BenmuunHa ® = d@/dt sBiseTcs yrioBoW CKOPOCTBIO BpAIICHUS

BEKTOpa a, €IMHUYHBIA BEKTOP €, JIE)KUT B IUIOCKOCTH, B KOTOPOU
MIPOMCXOJIUT BPAILICHUE, U HAITPABJIEH B CTOPOHY BpAILICHUS.

1.4. Tpaekmopus, nyms, nepemeujeHue, CKopocmbo

B nmexapToBoW cHCTEME KOOPAWHAT ITOJIOKEHUE TEA B KaXIbIA
MOMEHT BPEMEHM ONPENECIAECTCA TPEeMs KOOpAWHATAMU X, Y, Z Wi
pannyc-BeKTOpoM I. UHCIO HE3aBUCHUMBIX KOOPAMHAT, IMOJHOCTHIO
ONPEACISIIOMNX TOJIOKEHUE TEJIa, HA3bIBACTCS YUCIOM CTENIEHEU CBO-
0oab1. Jl1s MaTepualibHOW TOYKHM OHO paBHO TpeM. Takum o0Opazom,
JUIsL MaTEepUalibHOM TOYKM B OOIIEM clyyae 3ajjaya KUHEMAaTUKU
cBoauTcs K onpeaenenuto X(1), y(t) u z(t) umu r(t).

Y 1

Puc. 1.6
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[Ipu cBOEM IBMKEHWHM MaTepUadbHAasl TOYKA JIBUKETCS BAOJIb HE-
KOTOpPOW JINHWH, Ha3bIBaeMOW mpaexkmopueit, puc. 1.6. Ilo Buagy tpa-
€KTOPUU MOKHO BBIJICJINTH JIBA YACTHBIX CIIy4asi JBHKCHHUS: MPSIMOJIA-
HEWHOE JBW)XECHHE W JBW)KEHUE [0 OKPYKHOCTH OIPENECIECHHOIO
paauyca. B o0miemM ciydae KpUBOJWHEWHOTO JBIKCHUS B KaXKIbIH
MOMEHT BPEMEHM MOXKHO CUHTATh, YTO JABMIKCHHE IPOUCXOJUT IO
OKPY’KHOCTH, KAacaTeJIbHOW K TPAeKTOpPUU B JaHHOW Touke. Paccros-
HUE, TPOWUJIEHHOE TOYKOM MO TPAeKTOPHUM, Ha3bIBaeTci mnymem (S).
[IyTh — 3TO CKaJsIpHAs BEIUYHUHA.

[IepemenienuemM Ha3bIBa€TCs BEKTOP A, MPOBEACHHBIM W3 Ha-
YalbHOM TOYKM NyTH, Hanpumep Touku | Ha puc. 1 B Touky 2.
OueBUAHO, YTO

Ar=r,— ri=r(t+ At)— r(). (1.15)
Bennuuna
Ve, = S/t (1.16)
HOCUT HA3BaHUE CPeOHell CKOpoCcmu VI PaBHA IIyTH, JICJIEHHOMY Ha
BpEMsI, 32 KOTOPOE ATOT MYTh HPOMJIECH.

Mznosennaa ckopocms B (PU3HKE SABISETCS BEKTOPOM U
ONPEAECIACTCA KaK

v = lim Ar/At = dr/dt, (1.17)
At— 0
TO €CTh SIBJISIETCS NPOWU3BOAHOW II0 BPEMEHU OT PAJAUYC-BEKTOpA

MaTEepUAIILHOM TOYKH. MOXKHO MOKa3aTh, YTO JUISI MOIYJISI CKOPOCTH
CIIPABEJIMBO PABEHCTBO:

v = ds/dt. (1.18)
Jlns 6eckoHEeYHO Majoro mepemernienus, ucxonasa u3 (1.17.), MoxHO
3amucare: dr = ds = vdt.

BekTop CKOPOCTH MOXHO 3amucaTh Yepe3 €ro MpOoeKIMU Ha OCH
KOOPAMHAT:

V = Ve T Vyey T V.8, = dr/dt = (dx/dt)e, + (dy/dt)ey + (dz/dt)e,. (1.19)

To ecTb mpoekMHU BEKTOpa CKOPOCTH HA OCH KOOPJAWHAT PABHBI
POU3BOAHBIM 0 BPEMEHHM COOTBETCTBYIOIIMX KOOpAWHAT. Moayib
CKOpOCTH

v=\/vi +V, +V; (1.20)

12



Takum oOpa3om, ecii U3BECTEH 3aKOH U3MEHEHUSI KOOpJIUHAT, B
KaXJbli MOMEHT BPEMEHHU MBI MOYKEM OIIPEICIIUTh 3HAYEHUE CKO-
POCTH TOYKH.

C apyroi CTOpOHBI, 3Has 3HAYEHUE CKOPOCTU MaTEpHUATbHONW TOY-
KM B KOKJbI1 MOMEHT BPEMEHH, MOKHO HAUTHU IPOMJCHHBIN ITyTh. Pa-
300bEM IMPOMEXKYTOK BPEMEHHM, 3a KOTOPBIA HAJ0 OMPEACIUTh IPOM-
JneHHbIN yTh, Ha N paBHBIX mpomexyTkoB At = (t, — t;)/N (puc. 1.7).
Becb myTh CIOXUTCS W3 NyTEW, MNPOUACHHBIX HAa OTIEJIbHBIX
y4acCTKax:

N
S=AS; + AS, + AS3+ ... ASy = 2 AS; . (1.21)
i=1
VvV
Vi |
0 t t; t, t
Puc. 1.7.

JIIIst myTH Ha KaXJIOM Y4acTKE MOXHO Hamucatbh AS; = ViAl, u
toraa (1.21) npumer Bu:

N
S~ 2 ViAtj, (1.22)
i=1
ycrpemuB N k oo, (1nu At k O) nonquM TOYHOE PABEHCTBO:

s = lim Zv Aty = Iv(t)dt (1.23)

At—0 i=1

[TonydeHHOE BBIpAKEHUE SIBIISICTCS ONPEOEAeHHbIM UHMEZPAIOM
or ¢ynkuuu V(t), e3ameim Ha untepBaie ot t; go t,. U3 puc. 1.7
BUJIHO, YTO MPONJEHHBIM MyTh (MHTETpajl OT CKOPOCTH) YHUCICHHO
paBeH mom@aau noa KpuBou. Ilone3ysice (1.23), MOXKXHO OonpeaenuTh
CpeaHEEe 3HAUECHUE CKOPOCTH 3a IIPOMEKYTOK BpeMeHH OT 1 110 1y:

<v>=s/(t,_t,) = ft\zl(t)dt/(tz _t)). (1.24)

AHaNOTMYHBIM 00pa3oM HAXOASATCS CpEIHUE 3HAUYCHUS JIOOBIX
GyHKIUH.
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1.5. YckopeHue

CKOpOCTh MaTepHAIbHOM TOUYKH, TaK K€ KaK U €€ TMOJIOXKEHUE,
MOKET U3MEHSTHCS BO BPEMEHHU Kak IO BEJIMYMHE, TaK U MO Hampas-
neHnto. CKOpOCTh U3MEHEHUS JIIO00N (PU3MUEeCKO BETUYMHBI Xapak-
Tepu3yercs: Mpou3BOAHONU. CKOPOCTh M3MEHEHHs CKOPOCTH Ha3bIBa-
€TCsl yCKOpEHHEeM, KoTopoe OyneM o0o3Hauath OykBoi a. Takum 00-
pa3oM, yCKOpeHue OyAeT paBHO MPOU3BOJAHON CKOPOCTHU MO BPEMEHH:

a = lim Av/At = dv/dt = d*r/dt> . (1.25)

At -0
B nocnenHem paBeHCTBE YYTEHO, UTO CKOPOCTh SIBJISIETCS ITPOMU3-
BOJIHOM PAaAUyC-BEKTOpA, T. €. YCKOPEHHUE SIBISIETCS BTOPOM IMPOU3-
BOJIHOM paauyc-BeKTopa I' mo BpemeHH. Kak BHIHO, yCKOpEHHE
UTPaAET 110 OTHOLIEHHUIO K CKOPOCTH Ty K€ POJIb, UTO U CKOPOCTH IO
OTHOLIEHUIO K PaJINyC-BEKTOPY.
J1 npoeKunil yCKOPEeHUs Ha OCU KOOPAMHAT MOKHO 3aIUCaTh:

a, = dv,/dt = d*x/dt’, a, = dvy/dt = d’y/dt*, a, = dv,/dt = d°z/dt’, (1.26)

a caMO YCKOpPEHHE U €ro MOAYJIb OyayT:

a:axex+ayey+azez, a=1¢ai+a§,+azz . (]..27)

YckopeHnue MOKHO MPEICTaBUTh U APpYruM criocooom. Kak otme-
4ajoch paHee, JII00ON BEKTOpP MOXKET OBITh MPEJCTABJIEH 4Yepe3 €ro
€IMHUYHBIN BEKTOpP, YMHOXXEHHBIM Ha MOIyJib. [loCKONIBKY Harpas-
JIEHUE CKOPOCTH COBIIAJAET C HAIIPABJIECHUEM KacaTeIbHON K TPaeKTO-

pI/II/I V= Vev = V’C, JJIs1 YCKOpeHI/ISI HOJ'IY‘-II/IMI
a = dv/dt = d(vr)/dt = (dv/dt)t + v(dv/dt) = a, + ay, (1.28)

rae a, = (dv/dt)t — TaHreHIHMaIbHOE YCKOPEHUE, KOTOPOE HAIIPABIICHO
10 KacaTeIbHOM K TPACKTOPUH U 110 BEIHYMHE PABHO CKOPOCTH H3Me-
HEHHUS MOJYJISI CKOPOCTH, a @, = V (dt/dt) — HopMalbHOE yCKOpEHUE.
Kak ObLI0 MOKa3aHO paHee, MPOM3BOIHAS SAMHUYHOIO BEKTOpa — 3TO
BEKTOD, HAIpPaBICHHBIA MIEPIEHIUKYIIPHO (HOPMAIbHO) K HMCXO.I-
HOMY W TI0 MOJTYJIIO paBHBIN CKOpocTH ero BpamieHus do/dt

dt/dt = (de/dt) e, = (do/dt) e, (1.29)
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Hatimem Tenepsr monynb @, CoraacuHo (1.29) m yumrthiBas, uto d¢
MOYHO BBIPa3HUTh Ye€pPe3 PaguyCc OKPYXKHOCTH, KacaTeIbHOU B JAHHOU
TOYKE K TpaeKTopuH, U ckopocTh: d¢p = ds/R = vdt/R (puc. 1.8)

a= v do/dt = v (vdt/R)/dt = V*/R. (1.30)
Y

:\ / %/\, ds = vdt = Rdo
3 do

X

Puc. 1.8.
MonyJib TTOJIHOTO YCKOPEHHUS B 3TOM CJIy4ae 3aluIIeTC:

a=4a’+a’ =4/(dv/dt)’ +(VR)? . (1.31)

Heo0XoauMo OTMETHTh, YTO HOPMAJIbHOE YCKOpPEHHE, COTJIAacHO
(1.30), mpu 0AMHAKOBOM MOJYyJIE€ CKOPOCTH OyJIeT TeM OoJIbIle, YeM
MEHBIIIC PAJINYC OKPY>KHOCTH, KacaTeIbHOW K TPACKTOPUHU B JaHHOM
touke. [Ipn paBHOMEpPHOM IBMIKCHHH I10 OKPYKHOCTH HOPMAaJIbHOE
yCKOpeHue OyAeT HaNpaBlIeHO K LEHTPY OKPYKHOCTH. YCKOpPEHHOE
JABHUKCHUE 110 prIMOfI 6}’)ICT HMCTb TOJIbBKO TAHI'CHIUAJIbHYIO
COCTABJISIOIIYIO.

[To aHamoruu ¢ mepeMernieHueM U CKOPOCThIO MOYKHO 3aITHCaTh:

Vi = IZ(t)dt. (1.32)

1.6. KuHemamuka 8paujame/ibHO20 08UNCEHUS

Jlns mpupaHus OoOIIHOCTH (PU3MYECKUM 3aKOHAaM, CBS3aHHBIM C
BpalaTeIbHbIM JIBUKEHUEM, TTOBOPOT HA HEKOTOPBIA yroi ¢ n3obpa-
Kal0T B BUJIC OTPE3Ka, HAIIPABJIECHHOTO MO MpaBmily OypaBuMKa BIOJb
OCH BpaIllCHHUS U UMEIOIIETO JIUHY paBHYIO ¢. [10/100HbIE BETUYHUHBI
HOCSIT Ha3BAHUE NCEBJOBEKTOPHBIX BEJIIMUHH (B OTJIWYHE OT BEKTOPOB
OHM HE CKJIQIBIBAIOTCS IO MPABUITY Mapajuiesiorpamma).
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Benuuuna

o = lim Agp/At = do/dt (1.33)
At—0

Ha3bIBACTCS YIJIOBOM CKOPOCTHIO MATEpHaIbHOW TOUYKH, HaIpaBiicHa
BJOJb OCH BpAIlICHHS, a ¢ HampaBJICHUE OIPEICIsIeTCs Harpas-
JICHHEM BpAIlCHHUS 10 MpaBHay OypaBuMKa, U OHA TAKKE SIBIISICTCS
nceBAoBeKTOpoM (puc. 1.9). Moaynb yriioBoil CKOPOCTH, KaK CJIEAYET
u3 (1.33.), paBen d@/dt. Bpamenue ¢ MNOCTOSHHON CKOpPOCTBIO
Ha3bIBACTCS PaBHOMEPHBIM, B 3TOM ciiydae o = do/dt = const, ¢ = wt.

o B
e N
! dS '
. dp=dS/R=(vdt)R !
| a :6
Puc. 1.9.

VYTrii0Bast CKOPOCTh MOKA3bIBAET, HA KAKOW YTOJI COBEPIIACTCS I10-
BOPOT B €JHMHUIY BPEMEHHU. Takoe IBUKEHHUE MOMKHO XapaKTepH-
30BaTh BPEMEHEM, 3a KOTOPOE COBEPIIACTCS OAWH IOJHBIA 000pOT —
T, Ha3pIBa€MbIM NEPUOJOM BpAIICHUA ¥ YaCTOTOW — V, IIOKa3bI-
BaIOIEH, CKOJIBKO 000POTOB COBEPIIIAETCS B €IMHUITY BPEMCHH:

v=1/T,o=2n/T=2nv. (1.34)

YrinoBas CKOPOCTb MOXKET MEHATHCS KaK 3a CUET U3MEHEHUS CKO-
POCTH BpAILICHUS, TaK U 32 CUET U3MEHEHUS IIOBOPOTA OCHU BPALLCHUS.
HN3MeHeHne yriioBOM CKOPOCTH XapaKTEPU3YETCsl BEJIMYUMHOM, KOTO-
PYIO Ha3bIBAKOT YIJIOBBIM YCKOPEHUEM:

B =1lim Aw/At = dw/dt. (1.35)
At —0

VYTI0BO€ YCKOPEHHE TOXKE SBIISICTCS TICEBAOBEKTOpPOM (puc 1.9, 0).
Jlmg Bpamaromerocs Tejaa BCE TOYKH HMMEKOT OJHU U TE XKE
YIJIOBYIO CKOPOCTh M YIJIOBOE YCKOpEHHE. JIMHEHHBIE )K€ CKOPOCTU U
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YCKOPEHUSI JJIs Pa3IMYHBIX TOYEK 3aBUCAT OT paccTosiHUs R maHHOM
TOYKH JI0 OCU BpalllCHUS:

v=oR, a, = BR. (1.36)

KoumpoabHble 3adaHus

e OnpenenuTh YCKOPEHUE MATEPUAIbHOM TOYKH, €CJIM 3aKOH €€
IBIDKEHHS (B Oe3pa3sMEpHOM BUIIE) HMeeT BUL: X = 3t + 4t°.

Ilpumep pewenus. VIcxons U3 onpeacIceHud CKOPOCTH U YCKOpe-
Hus: V = dx/dt, a = dv/dt, B3saB npousBogHbIie, moayuum: V = 3 + 8t,
a=8 (M/c).

1. 3aKOH ABIKCHUS MaTEpHAIBHON TOYKH IO OKPY>KHOCTH ¢ = 3t
3
+ 4t°. OnpenenuTts yriioBoe yckopeHue [3 uepes3 3 CeKyH/IbI.

2. 3aKOH JBWKEHMS MaTepHaJbHOM TOYKH BAOJbH OCH X HMEET
3
Bua: X = 3t + 41°. OnpenenuTh YCKOpPEHHE TOYKH Yepe3 3 CeKYHIbI.

e MarepuanbHas TOUYka M JBHXKETCS TIO OKPY>KHOCTH CO CKO-
pocThio V. Ha mepBoM pHUCyHKE MokKa3aH rpauk 3aBUCUMOCTH IIPO-
eKIMU CKOpOCTH V(1) (T— €AMHHYHBIA BEKTOpP MOJIOKUTEILHOTO
HampaBJieHus, V. — IIPOEKIUs V Ha 3TO HampasieHue). Kakoe Hamnpas-
JIEHHE TIPH 3TOM UMEET BEKTOP MOJHOTO YCKOPEHMS?

1’ M = 1
V. —--= =

t

llpumep pewenus. YCKOpPEHUE TPU KPUBOJIMHEWHOM JIBUXKECHUU
MOYXHO 3aIicaTh a = a, + a, = (dv/dt)t + (V?/R)n. [TepBoe ciaraemoe —
TaHTeHIMAJILHOE YCKOPEHUE — HAIpPAaBJICHO IO KacaTeIIbHOM K Tpack-
topu. [lockonbky (dv/dt) oTpuiiaTeIbHO, TO OHO HAIPABICHO B CTOPO-
Hy 1'. Bropoe cinaraemoe — HopMaibHOE (IICHTPOCTPEMHUTEIILHOE) YCKO-
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pEeHUE — MpHU JBUKEHUU 10 OKPY>KHOCTH BCETJ[a HANpPaBJICHO K IEHTPY
OKPY>KHOCTH, 10 KOTOPOU MPOUCXOAUT IBUKEHUE (HAIMpaBJICHUE 3).

PesynbeTHpytoliee yckopenue 1’ + 3 OyeT HanpaBiieHO B CTOPOHY 4.

3. HapucoBath rpaduku 3aBucumoctu V. (1) 1is HampaBieHUI
MOJIHOT'O YCKOpEeHUd 2 U 3.

4. Touka M nBUXeETCS MO OKPY>KHOCTHU C MTOCTOSIHHBIM TaHT€HIU-
aNbHBIM ycKopeHueM. Kak OyneT u3aMeHAThCs BEJIMYMHA HOPMaJIbHOTO
YCKOPEHHMSI, €CJIM MPOCKIIMS TaHTECHIIMAIBHOTO YCKOPEHUSI HA HaIpaB-
JIEHWE CKOPOCTHU OTpUIATEIbHA?

5. Touka M IBMXKETCS MO COUPAIU C NOCTOSIHHOU MO BEIIMYUHE
ckopocThio. Kak u3meHseTcst mpu 3ToM BeJIMUMHA HOPMAJIBHOTO YCKO-
pEHUS TPU ABUKEHUU OT LIEHTPA CIUPaIH?

6. 3anuImnTe COOTHOIIEHUS 111 A, U 4, (TaHME€HIIMAJIbLHOW U HOP-
MaJIbHOW COCTaBIAIOIINX YCKOPEHMS) IUIsi PABHOMEPHOTO JIBUKEHUS
10 OKPYKHOCTH.

7. Jluck Bpaiaercs pPaBHOYCKOPEHHO BOKPYI TOPU3OHTAJIbHOU
OCH. YKQXUTE HAPABJICHUE:

1) BekTOpa yrioBoil CKOPOCTU TOYKH A Ha 000/€ AUCKA;

2) BEKTOpa TaHICHIMAJIbHOTO YCKOpPEHUs TOYkKM A Ha o0007¢e
JTICKa,;

3) BeKTOpa yIJIOBOI'0 YCKOPEHHUS TOUKU A Ha 000/e JUCKa.

1
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['naea 2. JuHamMuka mamepuaabHOl MoYKuU

2.1. Obwue nonssmusi

Kunematuka jaBajia ONUCAHUE JABUXKCHUS TeEJ, HE 3aTparuBas
BOIIPOCA O MIPUYMHE, BBI3BIBAIOIIEN ATO ABUKECHUE.

B oTauume ot 3TOro, IMHAMHUKa M3y4yaeT JBUKEHHUE TE B CBSI3U C
TEMU MPUYUHAMU (B3aUMOJACHUCTBUSAMHU MEXKIY TeJIaMHu), KOTOpPBIC
0OyCJIOBJIMBAIOT TOT WUJIM MHOM XapaKkTep ABUKECHUS.

B ocHOBe Kj1acCMYECKOW MEXaHUKH JIeKaT TPU 3aKOHA TUHAMUKH,
chopmynupoBanabie HeroToHOM B 1687 T,

3akonsl HpioToHa (Kak U Bce ocTaibHble (hyHAaMEHTaNIbHbIC PU-
3MYECKHE 3aKOHBI) BO3HMKJIM B pe3yjbTaTe 0000IeHUs] OOJBIIOro
KOJIMYECTBAa OMBITHBIX (hakTOB. [IpaBMIIBHOCTL MX MOATBEPIKIACTCS
COrJIJACMEM C ONBITOM TEX CIIEJICTBUWA, KOTOPHIE M3 HUX BBITEKAIOT.
Muorue ¢usuku XIX cronetuss Obuld YOEXKACHBI, YTO OOBACHUTH
a1000€ PU3NYecKoe SIBJICHHE O3HAYaeT CBECTU €ro K MEXaHUYECKOMY
nporeccy, noaunHsonemMycs 3akonaMm HptoroHa. OHaKoO ¢ pa3BUTHEM
HAyKW OOHAPYKWJIMCh HOBBIE (DaKThl, KOTOPbIE HE YKJIAJbIBAJIUCH B
paMKH KJIACCUYECKOW MEXaHUKW. DTH (haKThl MOJYYHSIM CBOE OObBsIC-
HEHUE B HOBBIX TEOPHWSAX: CIEIUATIBLHOW TEOPHUH OTHOCUTEIBHOCTH U
KBAHTOBOM MEXaHUKE.

B cneumanbHON Teopuu OTHOCUTENbHOCTH (DHHIITEHH, 1905 T.)
MOJABEPTIIUCH PAAUKAILHOMY NIEPECMOTPY HBIOTOHOBCKHUE IPEJCTaBIIE-
HUS O MPOCTPAHCTBE U BPEMEHU. DTOT MEPECMOTP MPHUBEN K CO3J]aHUIO
«MEXaHUKHU OOJIBIINX CKOPOCTEN», UITH, KaK €€ Ha3bIBAIOT, PEISTUBUCT-
CKOM MEXAHUKHU. YPABHEHUS PENSTUBUCTCKOW MEXAHWKH B MPENEIIe
(I7st cKOpoCTEH, MajbIX MO CPAaBHEHHUIO CO CKOPOCTHIO CBETA) MEPEX0-
JST B YPaBHEHHs KJIacCHUECKON MexaHuku. Knaccrhueckas MexaHuKa
BOIIUIAa B PEJSATUBUCTCKYK) KAaK €€ YaCTHBIM ClIydal JIBHXKCHUH,
MPOUCXOSAIIUX CO CKOPOCTSIMHU, 3HAUYUTEIHHO MEHBIIUMHU CKOPOCTH
cBera. Takum 00pa3zoM, Kilacchueckass MEXaHHKa, OCHOBBIBAIOLIASCS
Ha 3aKkoHaX HploTOHA, SBIAETCA MEXaHMKOM Tel OodbImuX (10
CPaBHEHUIO C pa3MepaMu aTOMOB) U MAcCC, IBXKYIIUXCS C MAJIBIMU (TIO
CPaBHEHHIO CO CKOPOCTBIO CBETA) CKOPOCTSIMHU.
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2.2. Budwl 83aumodeiicmsus u cus 8 npupode

Kak Obl10 OTMEUEHO, IMHAMUKA U3Y4YaeT JBUKEHUE TEJ B CBSI3U C
npyuurHaMu (B3aUMOJICHCTBUSIMU), UX BbI3bIBAIOIIMMU. Takum oOpa-
30M, B MEPBYIO OYEPEb HEOOXOAMMO MO3HAKOMUTHLCA CO B3aUMO/ICH-
CTBUSIMU, KOTOPBIE MOTYT BbI3BAThH JIBUKEHHUE.

B Hacrosilee BpeMsi CUATAETCS, YTO B MPUPOJE CYLIECTBYET Ye-
ThIpe BHUJA (yHIaMEHTAJIbHBIX B3aWMOJIEUCTBUI: TpaBUTALIMOHHOE,
AJIEKTPOMArHUTHOE, CUJIbHOE U cllaboe. DyHoameHmaabHblMU HA3bl-
eaiom e3aumooelicmeus, Komopvle He Mo2ym Oblmb CE6eOeHbl K
opyaum, 0o.1ee npocmviM, UOAM 63AUMOOCUCHBUA.

Bce nporiecchl U SIBICHUSI B MPUPOJIE TPOUCXOAAT B pe3ysibTaTe
DTUX B3aUMOJICHICTBUI.

I'pasumayuonnoe e3aumooelicmeue YHUBEPCATBbHO: B HEM
Y4aCTBYIOT BCE TeJjia U JIEMEHTAPHbBIC YACTHUIIBI.

B snexmpomaznumnom e3aumooeiicmeuu y4aCTBYIOT BCE 3apsi-
YKEHHbBIC YACTHUIIbI, HEUTpAIbHBIE YaCTHUI[BI MOTYT Y4acTBOBAThH OJiaro-
Japsi KBAaHTOBBIM d(deKTam.

Cnaooe e63aumodeiicmeue TPUCYUIE BCEM YacTHUIAM, KpOME
dhoTOHa, OHO OTBEUAET 3a [3-pacmaf sep.

Cunvnoe 63aumooleiicmeue OINPENCISIET CBA3U TOIBKO MEXIY
apOHaMH, OHO OTBEYAET 3a YCTOMYUBOCTD SApA.

B Tabnuiie B3aMMOJICUCTBUS PACIIONIOKEHBI B MOPSIIKE yBEIUYE-
HUS WX OTHOCUTEIbHOW MHTEHCHBHOCTH; YKa3aHbl UX PagUyChl JIE€H-
CTBHSI M YaCTUIIbI, B HUX YYaCTBYIOIIHE.

Tabnuna
Buowt 3aumooeiicmeus
Buo Bzaumooeiicmeyrowue Paouyc OmuocumenvHas
83aUMOOeCMBUSL yacmuybl oelicmeus, M | UHMEHCUBHOCTNb
['paBuTanuonHoe Bce o0 1

Cnaboe Bce, kpome hoTona 107 10
DJIEKTPOMArHUTHOE | 3apsiKEHHBIC YACTHULIBI 00 10%
CuibHOE AZpOHBI 10" 10°°

CunvHoe u craboe 83auUMo0etUCmeus ABIAIOMCL KOPOMKOOeUCma)-
roupumu. WX WHTEHCHBHOCTh OBICTPO YyOBIBAaCT MpPH yBEIWYCHHUH
PACCTOSTHHSI MEXYy YaCTUI[AMH.
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INeKMpoOMASHUMHOE U 2PABUMAYUOHHOE B3AUMOOCUCBUSL 56/I5-
romes  OanvHoOeticmayiowumy. Takue B3aMMOJICHCTBUS MEIJICHHO
yOBIBAIOT NP YBEIWUYECHUH PACCTOSHUS MEXKTy YaCTHIIAMHU U HE UMEIOT
KOHEYHOI'0 paguyca JECUCTBUS.

Mepoit BO3I€HCTBHS HA TEJIO SIBIISIETCS CUA.

B pamMkax KIIacCMYE€CKOM MEXaHUKH HMMEIOT JEJ0 C TI'pPaBUTAlU-
OHHBIMH M DJICKTPOMAarHUTHBIMH B3aUMOJICHCTBUSIMH W CHJIAMM.
Jlpyrue Cuiibl — ynpyrue CUJIbl U CUJIbl TPEHHS — ONIPEACIISIOTCS Xapak-
TEPOM B3aMMOJECHUCTBUA MEXKIY MOJIEKyJIaMu BenlecTBa. CHIIbI B3aUMO-
JICUCTBUSI MEXKIY MOJIEKYJaMH HUMEIOT 3JICKTPOMArHUTHOE ITPOMCXOXK-
JICHHUE, CJIEIOBATEIIbHO, YIIPYTUE CUJIbI U CWJIbI TPEHUS SBIAIOTCS IO
CBOEH MIPUPO/IC FIICKTPOMATHUTHBIMH.

2.3. Ilepewill 3akoH HoromoHa.
HHepyuasbHble cucmembl omcyema

[lepBoiit 3akoH HbhroTOHA hOopMyIHpPYyETCs CIACAYIOMUM 00pa3oM:
6CAKOEe me0 HAX0OUMCA 6 COCHOAHUU HNOKOA WU DPAGHOMEPHOZ20
NPAMOJIUHEUHO20 OBUNCEHUA, NOKA 6030€licmeue co CHOpPOHbL OPY2UX
men He 3acmasum e20 uzmeHums I3mo cocmosanue. Cucmemol, 8 Ko-
MOPbIX 5MOM 3AKOH 8bINOJHAEMCA, HOCAM HA36AHUE UWHEPUUAIbHbBIX.
Cam 3aKOH HA3bIBAOT UHOTIA 3aKOHOM UHEPUUU.

Takum oOpaszoM, mepBbIli 3akOH HBIOTOHA BBITIONHSETCS HE BO
BCSIKOM CHCTEME OTCYEeTa. PacCMOTpUM JBE CHUCTEMBI OTCUETA, JBUXKY-
necs Jpyr OTHOCHUTENIBHO JApYyra ¢ HEKOTOPbIM yCKopeHuem. Eciu oT-
HOCUTEJIBHO OJHOW M3 HUX TEJNO IMOKOUTCS, TO OTHOCUTEIBHO APYIOU
OHO, OYEBMJIHO, OYJET ABUTAThCA C yCcKopeHueM. Cucrema OoTcuera, B
KOTOPOW TEPBbIM 3aKOH HBIOTOHA HE BBINOJIHACTCS, HA3BIBACTCS He-
UHEPpUUAIbHOU CUCTEMOMN OTcUeTa. MHepuuanbHbIX CUCTEM CYILIECTBY-
eT OeckoHeuHOe MHOXeCTBO. JIrobas cucreMa oTcueTa, ABMXKYIIASCS OT-
HOCHUTEJIbHO HEKOTOPOW MHEPLUHUAIBHOM CUCTEMBI MPSIMOJIMHENHO U PaB-
HOMEPHO (T. €. C MOCTOSIHHOM CKOPOCTHIO), OYET Tak:Ke MHEPLUATbHOM.

C 0O0mBIIION CTEMEHBI0 TOYHOCTH WHEPIHATBHONW CHCTEMON MOXK-
HO CYWTATh TEIUOLEHTPUYECKYID CHCTEMY OTCUETa, LEHTP KOTOPOW
coBMmenieH ¢ CoJIHIIEM, @ TPH OCH KOOPJAWHAT HAIPABIECHbI HA COOT-
BETCTBYIOIIUM 00pa30M BBIOpAHHBIE 3BE3/IbI.

3emisi ABMKETCS OTHOCHUTENbHO COJIHIIA W 3BE3] MO KPUBOJIM-
HEWHOW TpaekTopuH, uMeromen dopmy siunca. KpuBoiauHeiHOE

21



JBUKECHHE BCErJa IMPOUCXOIHWT C HEKOTOPbIM YycKopeHuem. Kpowme
TOTO, 3€MJIsI COBEpIIAECT BpalleHUue BOKpYr cBoeil ocu. [lo »tum mpu-
YMHAM CHUCTEMA OTCYETA, CBSI3aHHASI C 3€MHOW MOBEPXHOCTHIO, JIBUKET-
Csl C YCKOPEHUEM OTHOCHUTENIBHO I'€JIMOLICHTPUYECKON CHCTEMBI OTCYETA
U HE SIBISICTCS MHEpUHAIbHOM. OJHAKO YCKOPEHHE TaKOW CUCTEMBI
HACTOJIbKO Majo, YTO B OOJBIIOM YHUCJIE CIYy4acB €€ MOKHO CUMTATh
MPaKTUYECKN MHEepIraibHOU. HO MHOT1a HEMHEPIIMATBHOCTh CUCTEMBI
OTCUE€Ta, CBSA3aHHOM C 3eMJIEH, OKAa3bIBAET CYLIECTBEHHOE BIIMSIHUE HA
XapakTep paccMaTPUBAEMBIX OTHOCHUTEIIBHO HEE MEXaHUYECKHX SIBJIC-
Hui. K TakuM ciydasm OTHOCHUTCSI BO3HMKHOBeHWE cui Kopwuonnca,
MKJIOHOB Y aHTULIMKJIOHOB U T. [I.

2.4. Macca u umnyavc meaa

[IpoBeneM MBICIEHHO CHEAYIOMMN AKCIEpUMEHT. OIMHAKOBBIM
BO3JICHCTBHEM MOJCKUCTBYEM Ha JIBa pa3HbIX Tesa. OKaxeTcs, 4To IMOo-
cJie MpEeKpallleHus] BO3JEUCTBUS Tella OyayT UMETh pa3Hble CKOPOCTH,
puc. 2.1. CBOKCTBO T€N «IPOTUBUTHCS MOMBITKAM U3MEHUTH €ro CO-
CTOSIHUE JBWKCHUS HA3bIBACTCA UHEPMHOCHIbI0 W KOJWYECTBEHHO
XapaKTEepU3yeTCs BEIMYMHOMN, HA3bIBAEMOW MACCO.

m; V1=0 m,; m; v,

° 30 —

m, v,=0 m m, v

o2 U2 =, 2 V2
Puc. 2.1

YToOBI OnpeAeIuTh MacCy HEKOTOPOTO Tella, HY>KHO CPaBHUTH €€
C MaccoM Teja, MPUHITOTO 3a ATAJIOH Macchl. MOXKHO Tak)Ke CpaBHUTH
Maccy JaHHOTO Teja C MacCoil HEKOTOPOro Tejla C YK€ H3BECTHOM
Maccoil (ompenesIeHHON IyTeM CpaBHEHMsS C 3TajgoHoM). Oneparuio
CpaBHEHHUS MacCc M; U M, ABYX MaTepUaIbHBIX TOYEK (YaCTHI]) MOKHO
OCYIIECTBUTH HA OCHOBAaHUHW OTTMCAHHOTO OIIBITA.

[IycTte mepBoe TEm0 ¢ Maccom M; B pe3yiabTare BO3JCHUCTBUSA
PUOOPETO CKOPOCTH V|, @ BTOPOE TEJIO0 C MAacCo M, — CKOPOCTH V, (10
BO3JICUCTBUS CKOPOCTH ObLTH paBHBI HYIIO). OTBIT JaeT, 9To:

m;V; = MyV,. (21)
B pPa3JINYHBIC (I)I/I3I/ILICCKI/IG 3dKOHbI M YPAaBHCHHUSA 4YaCTO BXOJHT

HMCHHO IPOU3BCACHUC MACCbl U CKOPOCTHU, IMOITOMY HddHHAsI BCJIU-
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YMHa MOJIyYuia CIEUUalbHOE HAa3BAaHHUE — UMNYAbC U 0003HAYEHUE —
p. UMnynbc, Kak U CKOPOCTB, SABISETCS BEKTOPHOW BEIIMYUHOM:

p=mv. (2.2)

JIaHHOE ompeAeNeHrue CIPaBEINBO JJII MAaTEPUAIBHBIX TOYEK
(4acTuIr) U IPOTSHKEHHBIX TEJl, ABUAKYIINXCS OCTYIATENIBHO.

B HEKOTOpBIX HM3HAHMAX MOJB3YKOTCS YCTApEeBLIIMM Ha3BaHUEM
VMITYJIbCA — KOJIMYECTBO JBUKEHHUS TEJIA.

2.5. Bmopoti 3akoH HeromoHa

Bropo# 3akoH HbpIOTOHA TJIAaCHUT, YTO CKOPOCHb U3MEHEHUA UM-
nyasca mena pagna oeiicmeyrwouieii Ha menao cuje F:

dp/dt=F. (2.3)
3aMeHMB B ypaBHeHUH (2.3) p HA MV, NOTYYUM:
d(mv)/dt = m (dv/dt) = m(d°r)/dt* = F. (2.4)

Takum oOpa3oM, 3Hasg CHIIy, JEUCTBYIOIIYHO Ha TeJIO, MOXKHO
ONpeAcnTh Xapaktep ero asmxkeHus r(t). IToatomy BTOpoOil 3akoH
HbroroHa B Bujie (2.4) Ha3bIBAIOT YPABHEHUEM JIBUKCHUSI.

Eciu B (2.4) 3amenuth dv/dt HA yckopeHHe Teia a, HMOJYYUTCS
€IIe OJIMH BHU/JI 3aKOHA:

d(mv)/dt= ma=F, (2.5)

WIN CIIOBAMU: HPOU3GEOCHUE MACChl mend HA e20 YCKOPEHUe PAGHO
oelicmeyrouiell Ha meJio cuJe.

B ywactHoM cnyvae, kormga F = 0 (T. €. Ipu OTCYTCTBUU BO3JIEHi-
CTBUSI Ha TEJIO CO CTOPOHBI APYTUX TEN), YCKOPEHHUE, KaK CIEAYET U3
(2.5), Takke paBHO HYJIIO. DTOT BBIBOJ COBIIQJAET C YTBEPKICHUEM
nepBoro 3akoHa Herorona. [1oaTOMy mepBbIi 3aKOH BXOAUT BO BTOPOU
KaK €ro 4yactHelii cinydail. Hecmotps Ha 3TO, mepBbiii 3aK0H (hopmy-
JUPYETCS HE3aBUCHUMO OT BTOPOTO, TAK KaK B HEM, KPOME TOT0, 3aKJIIO-
YaEeTCs MOCTYJIAT O CYIIECTBOBAHUH MHEPIIUATBHBIX CUCTEM OTCUETA.

2.6. Tpemuti 3akoH HoromoHa

Beskoe nercTBue TeIl IpYyr HA Apyra B OPUPOJE HOCUT XapaKTep
B3aMMOJICHUCTBUSA: €CJId TeJIo | JercTByeT Ha Teno 2 ¢ cuwion Fip, To u
TeI0 2 B CBOI oudepedpb JeHcTBYeT Ha Teno 1 ¢ cumoit F,;. Tperwii
3aKkOH HbBIOTOHA TpU 3TOM YTBEPKIACT, UMIO CUIbl, C KOMOPbIMU
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oelicmeyom 0py2 Ha Opyza é3aumoodeicmeyouiue meida, pagHvl no
geluyuUHe U NPOMUBONOJI0NCHBI NO Hanpaeienuro. Vcronb3ys
MIPUBEACHHBIC BBIIIE 0003HAYEHUS CHUJI, COJIEP’)KAHUE TPETHETrO 3aKOHA
MOYKHO MPEACTABUTh B BUJIC PABEHCTBA:

F12 = - F21. (26)

N3 tperbero 3akoHa HprOTOHA BBITEKAET, YTO CHIIBI BO3HUKAIOT
IIOIAPHO: BCAKOW CHUJIC, IPUIIOKEHHOM K KAKOMY-TO TEIly, MOXHO CO-
MMOCTABUTh PABHYIO €M MO BEJIMYMHE U MPOTHUBOIOJIOKHO HAPaBJICH-
HYIO CHUILY, NIPUJIOKEHHYIO K JIPYTOMY TEJy, B3aUMOJECUCTBYIOLIEMY C
JTAHHBIM.

Ha pwuc. 2.2 B kadecTBe npuMepa MPUBEACHBI TPABUTALIUOHHBIC
CWJIbL, JECUCTBYIOIIME MEXKIYy JBYMS TeJIAMHM MaccaMu M; U My,
HaxXOISIIIIUMUCS Ha paCCTOSAHUM I IPYT OT IPyTa:

Fo=Fy =G0 Fp=-Fy, 2.7)
rac G- I'paBUTAllMOHHAS IIOCTOAHHAA.
Fi2 Fa=—Fp
m, m;
Puc. 2.2

2.7. lIpeobpazosaHus 'anunest.
IIpuHyun omHocumesavHocmu I'aauses

[IpeoOpazoBanus ['anmmiess CBA3BIBAIOT 3HAYCHUS KOOPAWHAT U
CKOPOCTEH MATEPUAIIBHOM TOYKH B JABYX CHUCTEMAX OTCUETA, IBUXKY-
IMecs Ipyr OTHOCHUTENBHO JIpyra ¢ MOCTOSSHHOW CKOPOCThIO V. OnHy
U3 ITUX CHUCTEeM, 0003HaUeHHYIO Ha puc. 2.3 OykBoi K, Oynem cuurarh
HenoaBuxkHOU. Torma BTopast cucrema K' Oyner aBurarbcsi mpsiMo-
JUHEHHO W paBHOMEpHO oTHOocuTenbHO K. BriOepem koopauHaTHBIC
ocu X, Y, Z cuctembl K 1 ocu X', ¥’ u 2' cuctemsl K’ Tak, 4To0BI ocH X
u X' COBMAJaNM MO HAIPABJICHHUIO C HAMPABICHUEM JBUXKCHUS CHUC-
TteMbl K', a ocu y, Y’ u z, Z' Obutn mapasuienbHbl Apyr apyry. Haiinem
CBSI3b MEXKy KOOpAMHATAMU X, Y, Z HEKOTOpor TOUku P B cucreme K
1 koopauHatamu X', Y’ u Z' Toi ke Touku B cucteme K'. Eciu Hauath
OTCUET BPEMEHHU C TOrO MOMEHTa, KOTJla Havajla KOOpJUHAT 00eux
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CHUCTEM COBIIQJIajIM, TO, KaK BUAHO W3 puc. 2.3, X = X' +Vot, y = V',
Z = 7Z'. JlobaBUB K 3TUM COOTHOIICHUSM MPHUHATOE B KJIACCHUYECKOU
MEXaHUKE TMPENOoJIOKEHUE, 4YTO BpeMs B OOEHUX CHUCTEMax TeYeT

OJIMHAKOBBIM 00pa3oM, To ecTb t = t', mojaydyuM COBOKYITHOCTH
YETHIPEX YPABHECHUU:
x=xX"+vt,y=y,z=2t=t, (2.8)

Ha3bIBaEMbIX IIpeoOpazoBaHusIMHU [ amuiies 17151 KoOpIMHAT U BpEMEHHU.

y K y! K!
. P
O x O
V()t / x' :://'/
z / Z' '
Puc. 2.3

[lepBoe u mociegHee M3 COOTHOIIEHUN (2.8) oKa3bIBarOTCS
CIIPaBEJIMBBIMU JIUIITh MPU 3HAYCHUSIX V() , MAJIbIX [0 CPABHEHHUIO CO
CKOPOCTBIO CBETa B BaKyyMe, KOTOpPYIO Mbl OyjeM o0003HadaTh
oykBoit C (Vo<<C). Ilpu V,, cpaBauMbIiXx C C, nmpeobOpazoBanus I'a-
Jujiesl JOJDKHBI OBITh 3aMEHEHBI 0oJiee OOIMMH MPeoOpa30BaHUSIMHU
Jlopenua. IIpoauddepennupoBaB cooTHoueHus (2.8) Mo BpeMeHHU,
HalJIeM CBsI3b MEXKAY CKOPOCTSMH TOYKH P 10 OTHOMIEHUIO K

cuctemam orcuetra K u K':
dx/dt = dx'/dt + v uaum vy = V' + V,
dy/dt = dy’/dt wim Vy = V', (2.9)
dz/dt = d'z/dt wim vV, =V, .
Tpu ckansipHbIX COOTHOWICHUS (2.9) SKBUBAJICHTHBI CIEAYIOLIEMY

COOTHOILICHUIO MEXJYy BEKTOPOM CKOPOCTH V TI0 OTHOIICHUIO K
cucrteme K u BeKTopoMm ckopocTu V' 1o oTHOIIEHUIO K cucteMe K'.

V=V +V, (2.10)
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®opmyisl (2.9) u (2.10) maroT npaBUIIO CI0KEHHUS CKOPOCTEH B
KJIaccuuecko Mexanuke. CiaeyeTr UMeTh B BUY, YTO COOTHOIIICHUE
(2.10), xak u J1I0O0€ JPYroe BEKTOPHOE COOTHOIIICHHUE, OCTAETCS CIpa-
BEJJIUBBIM MPU MPOU3BOJBHOM BBIOOpE B3aWMHBIX HaINpPaBICHUN
koopauHatHbIXx oced cucteM K u K'. CootHomienust xe (2.9)
BBITIOJTHSIFOTCS TOJILKO MPHY BBIOOPE OCel, TOKa3aHHOM Ha puc. 2.3.

Kak yxe oTrMeuanocs, Jitobasi cucteMa OTCYeTa, ABUKYIIAsCA OT-
HOCHUTEIIbHO HEKOTOPOW MHEPUHMAIBHOM CUCTEMBI C MOCTOSIHHOM CKO-
pPOCThIO, Oy/IET TaKk)Ke MHEPITMAILHOM. Ternepb Mbl UMEEM BO3MOKHOCTD
J0Ka3aTh 3TO yTBepxkjaeHue. s srtoro mnpoauddepeHuupyemM Mo
BpeMmeHu cooTHoteHue (2.10). Yuts, 4To Vy MOCTOsIHHA, TOTyIHM:

dv/dt=dv'/dt mmm a=a'. (2.11)

Otcrofia cieayeT, 4To YCKOpPEHHME KaKoro-ambo Teja BO BcexX
CUCTeMaxX OTcYeTa, JBIKYIIUXCS JPyr OTHOCHUTEIBHO JIpyTa
NPSMOJIMHEMTHO UM PaBHOMEPHO, OKAa3bIBaCTCS OJHUM H TEM XKe.
[ToaTOMy eciiM OJiHa M3 ATUX CUCTEM HHEpIHajbHa (3TO 3HAYUT, YTO
npu OTCYTCTBUU cuil & = (), TO U ocTajgbHbIe OYIyT WHEPIHMATLHBIMU
(@' Takxke paBHO HYJIIO).

Cuna F, peiictByromas Ha yactuily B cucteMme K, coBmamaer c
cunol F', neiictByromeit Ha yactuiy B cucreme K': F = F.

N3 Bcero ckazaHHOIO CJIeIyeT BBIBOM, YTO YPAGHEHUA OUHAMUKU
He UBMEHAIOMCA NpU nepexooe om 00HOIU UHEPUUATIbHOIL CUCHEeMbl
omcuema K Opyzoi. C MEXaHWYECKOM TOYKH 3pPEHUS BCE HHEPIIH-
aJbHBIE CHCTEMBI OTCYETA COBEPILICHHO SKBUBAJICHTHBI: HU OJIHOMN U3
HUX HENb3sl OTJATh MpearoYTeHne nepen Apyrumu. [Ipaktuuecku 3To
MPOSIBIISICTCS B TOM, YTO HUKAKUMH MEXaHHUYECKHUMHU OIBITaMH, ITPOBE-
JIEHHBIMU B TIpejieiaxX JaHHOW CHUCTEeMbl OTCUETA, HEJIb3sl YCTaHOBUTD,
HAaXOJUTCA JIM OHA B COCTOSIHUU TOKOS WJIM B COCTOSIHUM pPaBHOMED-
HOTO M MPsIMOJIMHEWHOTO ABWKeHusa. Haxomsicy, Hanmpumep, B BaroHe
moe3/a, JBMKYILIETrocs 0€3 TOJYKOB IPSIMOJIMHENMHO W PaBHOMEPHO,
MBI, HE BBITJISIHYB B OKHO, HE CMOXKEM OIpEeeIUTh, IBUKETCS BaroH
uiau nokoutcsa. CBoOOHOE MaJeHUE TEJI, IBUKEHHE OPOIICHHBIX Ha-
MU T€1 U BCE APYrMe MEXaHWYeCKHE MPOLECChl OYIyT B 3TOM Ciyyae
MIPOUCXOJUTH TaK K€, KaK M B cliydae, €CJIM Obl BaroH ObLI HEMOJIBU-
JKeH. YKa3aHHBIE OOCTOSATENILCTBA OBUIM BBISICHEHBI ellle | anmiaeeM.
YTBepKJIeHHEe O TOM, YTO BCE MEXAHWYECKHE SIBJICHUS B Pa3IMYHBIX
WHEPIMAIbHBIX CUCTEMAaX OTCUETa MPOTEKAIOT OJMHAKOBBIM 00pa3oM,
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BCJICICTBHE YET0 HUKAKUMU MEXAHUYECKUMU ONbIMAMU HEBO3ZMOINCHO
VCMAaHo8UMb, NOKOUMCSL OAHHASL CUCMEMA OMCYema Uiu OBUNCEMCSL
NPSAMOJIUHEUHO U DABHOMEPHO, HOCUT HA3BAHUEC MPUHUUNA OMHOCU-
menvnocmu I'anunes.

2.8. Ynpyaue cusbl

Kak yxe oTMe4anoch, CHJIbl YIIPYTOCTH CBOJSTCS K 3JIEKTpOMar-
HUTHBIM (pyHJaMEHTAIbHBIM B3auMoieicTBusaIM. [lon nefictBuem mpu-
JIO’KEHHBIX K TEIy CHJI OHO JAedopMupyeTcs, TO €CTb U3MEHSIET CBOU
pasmepsl U hopMmy. Ilpu 3TOM M3MEHSETCS PACCTOSHHUS MEXIY aTo-
Mamu. B pe3yiibTaTe BO3HUKAIOT JIOTIOJHUTEIbHBIC CUIIbI IPUTSIKCHUS
WM OTTAJIKMBAaHUA MEXay HUMU. Eclin mociie mpekpalieHus 1eiCcTBUs
CHJI TEJI0 NPUHUMAET IEepPBOHAUYaJIbHBIE pa3Mepbl U (opmy, aedop-
Mallus HaszbIBaeTcs ynpyzoi. Ynpyrue aedopmanuu HaOIIOJAIOTCS B
TOM Ciy4Yae, €CJIi CHuiia, 00yCJIOBHBIIAS JehopMaIuio, HE IIPEBOCXO-
JIAT HEKOTOPBIM, ONPEAECICHHBIA JJISI KaXJAOTO KOHKPETHOTO

Marcpualia Impcaci.
]

Fi Fympi Fympn F, —_LW.;L.
— o eoe—— |

Puc. 2.4

2.8.1. /lehopmauusn pacmsarxcenus — corcamus

Bo3bmeM npyxuHy, UMEIOIIYI0 B HEAC(hOPMHUPOBAHHOM COCTOSTHUHU
UMHY |, ¥ IPHIOKKMM K €€ KOHIIAM paBHBIC 10 BEJIMYMHE, MPOTHBO-
MOJIO’KHO HampasieHHble cuibl F; u F, (puc. 2.4, a). [lox neiictBuem
3THX CHWJI MPYKMHA PACTAHETCA HAa HEKOTOpyro BenmuuHy Al, mocie
4ero HaCTYIHUT paBHOBecHE. B COCTOSHUN paBHOBECHS BHEITHHUE CHUJIBI
F\ u F, OynyT ypaBHOBEIIEHBI YIPYTrUMU CUJIAMH, BO3HUKIIAMH B
npykuHe B pe3ynbTate Aedopmanun. OTBIT Ja€T, YTO MPU HEOOIBIITNX
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nedopManuax yaIuHEHHE MpYXUHBI Al OKa3pIBaeTCs MPOMOpIHO-
HaJIbHBIM PACTATMBAIOLIEW CHWJIE, @ COOTBETCTBEHHO YIIpyras cCuja
OKa3bIBACTCS MPOMOPIHUOHATBHON YINIMHEHHUIO MPYKUHBL:

F = KAl (2.12)

Koaddurmenr mnpomopiimonaibHocT K  HaswbiBaeTcss koagphu-
YUEHMOM HCeCMKOCU TIPYKUHBI.

YTBepKICHUE O MPONMOPLUAOHAIBHOCTA MEXIY YIPYTOW CUION U
nedopmanueit HocuT Ha3BaHue 3akona I'yka.

VYrupyrue HaTspKeHUs] BOSHUKAIOT BO Beel npyxuHe. Jro0as yacTb
NPY>KUHBI JICUCTBYET Ha JIPYTyI0 4acTh C CHIOH, ompexaensemMont dop-
mysoit (2.12). IToaTomy, ecinu pa3pe3arb NPYyKUHY NOMOJIaM, Ta K€ M0
BEJIMYMHE yIIpyras cuia OyJ1eT BO3HUKATh B KKJIOM U3 MOJIOBUH, IIPU
TOM YJUIMHEHHE OYJEeT B JiBa pa3a MeHblle. OTCIo/1a 3aKIIouaeM, 4To
0py 3aJaHHBIX MaTepuayie MNPYXKUHBI M pa3Mepax BUTKA BEIMYMHA
yOPYTroi CUJIbl OTIPEAENIeTCS He a0COMIOTHBIM YUIMHEHUEM TMPY>KUHbI
Al, a oTHOCUTENBHBIM ymuHeHUEM Al/l. TTpu coxatnm Npy>KMHBI TaKKe
BO3HUKAIOT YIPYrUe CHIbl, HO Jpyroro 3Haka. O0obOmmM dhopmyy
(2.12) cnemyromuM oOpa3zom. 3aKpenuM OJWH KOHEI MPYKUHBI HEMo-
IBIXXHO (puc. 2.4, 0), a yJJIMHEHUE MPYXKUHBI OyJIeM paccMaTpUBaTh
KaK KOOpJMHATY X JPYroro KOHIIA, OTCUUTHIBAEMYIO OT €ro IMoJjo-
JKEHUsI, OTBEYAroIIero HeaedopmupoBanHoi npyxkune. [Ipu pactsoke-
HUU X OyJEeT MOJIOKUTENIbHBIM, a MPU CHKATUU — OTPUIATEIbHBIM.
Kpome Toro, o003HauMM MOpOEKUUIO yHpyrou cuiel Fy,p Ha och X
yepes Fy. Toraa MoxkHO HanucaTp, 4YTO

Fe = — kx. (2.13)

[Ipu 3TOM mpoekuus yrnpyrou CHWJIbl Ha OCh X U KOOpJHMHATa X
BCET/1a UMEIOT PA3HBIC 3HAKHU.

OnHOpPOJHBIE CTEPKHU BEAYT ce€0sl IPU OJHOCTOPOHHEM PaCTsIKe-
HUU WIM CKaTUU MOJ00HO mpykuHe. Eciu oluH KOHEll cTep)KHA 3a-
KpPENuTh, a K IPYyroMy NpujiokuTh cuiny F, neiictBue ee paBHOMEPHO
pacmpesieieHo M0 BCeMYy CEUCHHIO W JJTMHA CTEpXKHS |y momydut mo-
JOXKUTETbHOE (TIPH PacTsHKEHUH) JTHOO0 OTpHUIIATeIbHOE (MPH CXKATHH)
npuparieHue Al, puc. 2.5. I3MeHeHue TJTMHBI CTEPKHS COITPOBOXKIACT-
Cs1 COOTBETCTBYIOIIUM M3MEHEHUEM IOMEPEUYHBIX PA3MEPOB CTEPIKHS.
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_____ ai F
lo o + Al Io— Al ®
b
Puc. 2.5 Puc. 2.6

B kauecTBe BETMYMHBI, XapaKTEpU3YyIOUIEH JieopMaIuio CTep>KHS,
€CTECTBEHHO B3ATh OTHOCUTEJIBHOE U3MEHEHHUE €T0 JUINHBI:

g = Al/l,. (2.14)

OnsIT aeT, 4TO I CTEP>KHEW M3 JAHHOTO MaTepualia OTHOCH-

TeJbHOE YJUIMHEHUE MPpU ynpyrou aedopMaiviv NpornopiuoOHAIbHO CHU-

Je, MpUXOASIIeHcs Ha €IUHUILY IUIOIIAIUd S TMONEePEeYHOTO CEUECHUS
CTEPXKHSL:

e=a F/S, (2.15)
r7ie o — Ko3(pPUIMEeHT MPOnOPIUOHATHHOCTH.

BenuunHa, paBHas OTHOIICHHUIO CUJIbI F K BeauuuHe Iuiomanyd S
MOBEPXHOCTHU, HA KOTOPYIO JCHCTBYET CUJIA, HA3bIBACTCS HaAnpsice-
Huem. biaromaps B3aMMOIEHCTBUIO 4YacTEHd Tela APYr C APYIroOM,
HaIpsHKEHUE TIEPEeIaeTCsl BO BCE TOYKM Tela M BEChb OOBEM CTEpPKHS
OKa3bIBACTCSl B HAIPSHKEHHOM COCTOsIHMU. Eciiu cuia HampaBiieHa 1o
HOpMaJld K TIOBEPXHOCTH, HANPSHKEHHE HA3bIBACTCS HOPMAIbHBIM.
Ecnu cuna HampaBlieHa MO KacaTelbHOW K MOBEPXHOCTHU, HA KOTOPYIO
OHAa JICWCTBYET, HAINpPSHKEHUE HA3bIBACTCS MAH2EHYUATbHBIM, WIN
caBuroBsiM. HopmanbHOE HanpskeHUe TPUHITO 0003HaYaTh OYKBOM G,
TaHIeHIIMAJIbHOE — OYKBOIA T.

CootHotienue (2.15) npu 3T0M OpUMET BU/I;

e =aF/S=oaoc=0o/E. (2.16)

B cootHomienun (2.16) ucnonb3oBaHa XapaKTEPUCTUKA YNPYTHX
cBoiicTB matepuana l/a = E, koTtopas Ha3zwiBaeTcsa moodyaem IOnza.
V3mepsiercs: HTa BeamumHa B mackamix (1 [Ta=1 H/1 m%). Momyis
FOHra paBeH TakoMy HOPMaJIBHOMY HANpsLKEHUIO, PU KOTOPOM OTHO-
CUTEJIbHOE YJIMHEHUE ObLIO Obl PaBHO €IMHUIIEC, TO €CTh JIJIMHA U3MeE-
HseTCA B JABa pas3a. [lpakThuecku wmaTepualibl pPa3pyLIAOTCS TPU
3HAYUTEJILHO MEHBIINX JIe(hopMaInsX.
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2.8.2. /lechopmayusn cosuza

[Tpumep aedopmarnu capura n3odpaxkeH Ha puc. 2.6. Paccmorpum
OJIHOPOJIHOE TE€JI0, UMerollee (PopMy MPSIMOYTOJILHOTO Mapasuiesienu-
nena. Ecinu oHy ero rpaHb 3aKpenuTh, a K IPOTHUBOIIOI0XKHON MPHIIO-
KUTh CUTy F, maHHas cuia co3macT B JI0OOM CEUEHUM Tejla TaHTeHITH-
anpbHOE HanpspbkeHue T = F/S (S — miomaapr rpaHu, K KOTOPOM MpHIIO-
eHa cuia). Takas e 1Mo BEeJIWYMHE cuiia OyJieT nepeaBaThcs Ha 3a-
KpEIUICHHOE OCHOBaHueE. [loa IerMcTBUEM 3TOr0 HAIPSIAKEHUS TEJO Je-
dbopMHUpyeTCS TakK, 4TO T'PaHU CMECTSATCS JIPYr OTHOCHUTEILHO JIpyra
HAa PACCTOSHUE a W KaXJbIM CJIIOM OKAXETCs CIABHHYTHIM OTHOCH-
TEeIbHO cocemHMX cjoeB. Eciau BbicoTa HemepopMUPOBAHHOTO Teia
ObLTa b, TO AEhopMALHIO CABUTA MOXKHO XapaKTEPU30BaTh BEITUNIMHOM

v =a/b =tgo, (2.17)
HAa3bIBAEMOUW OTHOCUTENIBHBIM cABUTOM. [Ipu ynpyrux nedopmanusix

yToJ (0 OYEHb MaJl, IOITOMY MOXKHO cUMTaTh Y = tg ¢ = ¢. 3akon ['yka
UMEET BU/I;

v =1/G, (2.18)

rae G — Ha3bIBaeTCa MoOyiem coeuza U XapakTepU3yeT MEXaHUUECKUE
CBOMCTBa Marepuaja. YHCIEHHO OH PaBE€H TAKOMY TaHIE€HIUAIbHOMY

HAMPSHKEHUIO, TIPU KOTOPOM YTOJI CIBUT'a OKa3aJics Obl paBeH 45°.

2.9. Cusibl mpeHus

Cunbl TpeHUS TOABJISAIOTCS MPU MEPEMEIIEHUU UJIW TOMNBITKE TIe-
PEMEIIECHUS COMPUKACAIOIIMNXCS TEJI WIM UX YaCTEH APYr OTHOCUTENb-
HO Apyra. B ciaydae mOMBITKY MEPEMEIICHUsS OHA HA3bIBAETCS CUIIOU
TpeHUsI NOKOs. TpeHre, BO3HUKAIOIIEE MPU OTHOCUTEIHLHOM IEepeMe-
HICHUU JBYX COIPUKACAIOLIUXCS TEJ, HA3bIBACTCS GHeuwtHuM. TpeHue
MEXIY 4YacTsIMU OJHOTO M TOTO K€ Tejia (Hampumep, >KUJIKOCTH WU
ra3a) HOCUT Ha3BaAHUE GHYMPEHHE20 mpeHusl.

Cwiy TpeHMs, BO3HUKAIOIIYIO MpU JBWKEHHH TBEPAOIO TeEJa
OTHOCUTEJILHO KUJIKOW WJIM Ta3000pa3HOM Cpejibl, CIEAYET OTHECTH K
CWJIaM BHYTPEHHETO TPEHMS, MOCKOJIbKY B 3TOM CJIy4yae CJIOHU CPENbI,
HEMOCPEJICTBEHHO CONMPUKACAIOIIMECS C TEIOM, BOBJICKAIOTCS MM B
JIBIKEHUE C TOM K€ CKOPOCTHIO, KAKYHO0 UMEET TEIO.
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TpeHne MexTy MOBEPXHOCTSIMU JIBYX TBEPJBIX TEJ IPU OTCYTCTBUU
KaKOM-TNOO0 MPOCIIONKH, HAIPUMEDP CMa3KHd MEXIy HUMH, Ha3bIBACTCS
cyxum. TpeHue Mexy TBEPAbIM TEJIOM M KHJIKON WM Ta3000pa3HOiM
CpEllof, a TaKKe MEXHY CJIOSIMH TAaKOW Cpellbl HA3bIBACTCS GA3ZKUM
(WM XKUIKHM).

[IpuMEHUTETLHO K CYXOMYy TPEHUIO pa3IMYyalOT TPEHUS
CKOJIb)CeHUA N TPCHUE KaueHus.

Cuiibl TpEHHSI HAIPABJICHBI 110 KaCATEIbHOM K TPYIIUMCS TOBEPX-
HOCTAM (MJIU CJIOSIM), IPUYEM TaK, UTO OHU IPOTUBOJCUCTBYIOT OTHO-
CUTEIILHOMY CMEIIECHUIO 3TUX MoBepXHocTeil (cioeB). Ecnu, nanpu-
Mep, JIBa CII0S )KUAKOCTH CKOJIB3AT APYT OTHOCUTEIBHO pyra, JIBUTa-
SCh C Pa3JIMUYHON CKOPOCTHIO, TO CUJIa, MPUIIOKEHHAs K 0ojee ObICTPO
JBIDKYIIIEMYCSl CJIOI0, HampaBj€HAa B CTOPOHY, MPOTHUBOMOJIOKHYIO
JIBUKECHUIO, a CHJIA, ICUCTBYIOIIAsl HA CIIOW, ABMKYIIUMCS MEIJIEHHEE,
HaIlpaBJiCHA B CTOPOHY JABUXKECHUS CIIOSI.

PaccMoTpuM JBUKEHUE Tella OTHOCUTEIILHO HEMOJABUKHOTO OCHO-
BaHus (puc. 2.7). Temo npuwxuMaeTcs K OCHOBaHHIO ¢ cujioi F,, Ha-
MPaBJICHHOM MO0 HOPMAaJIM K MOBEPXHOCTH CONMPUKOCHOBEHUS Tei. OHa
HA3bIBACTCSl CUJIOW HOPMAIbHO20 0A8eHUA U MOXET ObITh 00YCJIOB-
JIEHa BECOM TeJla WIH APYTHMMH NMpuYruHamu. Eciau npuioxkuTte K Teiy
BHEIIHIO cUiy F, TO OKaXkeTcsl, CyIIECTBYeT HEKOTOPOE MUHUMAITLHOE
3HaueHue F(3Toil cuiibl, Ipu KOTOPOM TENO yIaeTCs CABUHYThH C MECTA.

A
EF"=$
— ::===:::::=>F
e ik
Fn
Puc. 2.7

3HaueHue F, 3aBUCUT OT BHUJA COIPHUKACAIOIIUXCI MaTEPUAJIOB,
COCTOSIHHSI MX ITOBEPXHOCTEM W BEJIMYMHBI HOPMAJIBHOTO JABJICHUS.
[Ipu 3HaYeHUSAX BHEILIHEH CHIIBI MeHbIEe Fy Teno ocraercs B nokoe. [1o
BTOpOMY 3aKOHY HbIOTOHA 3TO BO3MOKHO B TOM cily4ae, eciiu cuia F
YPABHOBEIIMBAECTCS PABHOM €M MO BEJIMYUHE M MPOTUBOIOJOXKHO
HaIPaBJIEHHOM CHUJION, KOTOpasi U €CTh CHJIa TPEeHHs MoKos F.,., oHa
BCETJ]a MPUHUMAET 3HAaY€HUE, PABHOE BEJIMYMHE BHEIIHEHN CUIIbI F.
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OTMeTuM, 4TO B COOTBETCTBUU C TPETHbUM 3aKOHOM HbIOTOHA Ha
OCHOBaHUE TaKXke JelcTByeT cuia tperus F'o,. (puc. 2.7), paBHas no
BEIMYMHE cuiie F,, HO UMeroNIasi MPOTUBOIIOIIOAKHOE €l HaIllpaBIICHHUE.

Ecnu BHemHsa cuia F mipeB3oiiner mo moaymito Fy, Teno HaunmHaeT
CKOJIB3UTh, IIPUYEM €r0 YCKOPEHUE OINPEAENSACTCS PE3YJIbTUPYIOLIEN
IBYX CuJ: BHewHeW F w cuibl TpeHust ckoibxkeHus F., BenuumHa
KOTOPOM B TOW WJIM MHOU MEPE 3aBUCUT OT CKOPOCTU CKOJIbKCHMUSI.
Xapaxkrep 3TOW 3aBUCUMOCTH OIPEICISACTCS MPUPOAON U COCTOSTHUEM
TPYIIMXCS MOBEPXHOCTEM, MPUMEPHBIM BHUJ €€ IMOKa3aH Ha puc. 2.8.
['padpuk oXxBaThIBAET KaK CIydail MOKOS, TaK U CIydail CKOJIbKCHUS.

3aKOHBI CyXOIr'0 TPEHUS CBOJATCS K CIEAYIOIIEMY: MaKCUMallbHAas
CUJIa TPEHUS MOKOs, 4 TAKXKE CUJIa TPEHUS CKOJIBXECHUS HE 3aBUCT OT
IUIOMIAIM  CONPUKOCHOBEHUS TPYIIMXCS TE€I UM OKA3bIBAKOTCSA
NpUOIU3UTENBHO MPOMOPIIMOHATEHBIMU BEJIMUMHE CHUIIbI HOPMAJIbHOTO
JABIICHUS, IPUKUMAIOIIEH TPYIIUECA MOBEPXHOCTHU APYT K APYTY:

Fro= HFn, (2.19)

rae W — Oe3pa3smMepHbii KOA(DPUIMEHT MPONOPIMOHAIBHOCTH, Ha3bl-
Baroruiicsa ko3¢ durueaTom TpeHus. OH 3aBUCUT OT MPUPOJIBI U COCTO-
SIHUSL TPYILIUXCS TIOBEPXHOCTEM, B YACTHOCTH OT HX IIIEPOXOBATOCTH.

Cubl TpeHHUS UTParOT OYEHb BAXKHYIO POJIb B IIpUpoje. B Harmei
MOBCETHEBHOM KU3HU TPEHHE HEPEIKO OKa3bIBACTCS TMOJE3HbIM. Tak,
IIpY YMEHBIICHUU CHJI TPEHHUSI BO BpEeMs T'OJIOJICAMIIBI, MEIIeX0bl U
TPAHCIIOPT  MCIBITHIBAIOT  3HAYMTEIbHBIE  3aTPYJHCHUS B
NepeIBIKCHUM.

F F

Fo

Puc. 2.8 Puc. 2.9

Bo MHOrux Apyrux ciaydasx pojb TPEHUS KpalHE OTPHUILIATENb-
Ha, U NPUXOJUTCA NMPUHUMATH MEPHI K TOMY, YTOOBI MO BO3MOX-
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HOCTH €ro ocyiabuth. Tak 00CTOUT, HaNpuMep, IO C TPEHUEM B
MOJIIUITHAKAX U T. 1.

Hanbonee paaukanibHbIM CIOCOOOM YMEHBIIICHUSI CUJI TPEHUS SIB-
JISIETCS 3aMEHA TPEHUS CKOJIBKEHHS TPEHUEM KaueHUs, KOTOPOE BO3HU-
KaeT, Hampumep, MEXIy MUIMHAPUYECKUM WIH IIapoOoOpa3HbIM Te-
JIOM U MOBEPXHOCTBIO, IO KOTOPOM OHO KAaTUTCA. TpeHue KayeHusd
noguuHsieTcs: GOpMalibHO TE€M K€ 3aKOHAM, UYTO U TPEHUE CKOJIbXKe-
HUS, HO KOA(DPUIIMEHT TPEHUS B ATOM CIIydae OKa3bIBACTCS 3HAYM-
TEJbHO MEHBIIIHM.

B oTiume oT cyxoro, BSI3KO€ TPEHHE XapaKTEPU3YETCS TEM, YTO
CHJIa BSI3KOTO TpEeHUsi oOpamiaercsi B HyJb OJJHOBPEMEHHO CO CKOPO-
cTht0. [ToaTOMY, Kak Obl HU OblLJIa Majia BHEIIHSS CUjla, OHA MOXET CO-
OOIIIUTh OTHOCUTEJIBHYIO CKOPOCTh CIIOSIM BA3KOU Cpejibl. 3aKOHBI, KO-
TOPBIM MOTYUHSIOTCS CUJIbI TPEHUSI MEXKTY CIOSIMU Cpefibl, OyayT pac-
CMOTPEHBI B IJ1aBE, OCBALIEHHON MEXAHUKE KUAKOCTEN. [IprumepHbIn
rpadUK 3aBUCHUMOCTH ATOM CHUJIBI OT CKOPOCTH MOKa3aH Ha puc. 2.9.
[Ipu HEOONBIINX CKOPOCTAX CUJIA PACTET JIMHEHHO CO CKOPOCThIO, TIPU
OOJIBIIIUX CKOPOCTSAX JTUHEWHBIN 3aKOH MEPEXOAUT B KBAJIPATUUYHBIH, TO
€CTh CHJIa HAYMHAET PACTH NPONOPLUHUOHAIBHO KBaAPATY CKOPOCTH.

2.10. Cusna msaxcecmu. Bec meaa

CorsacHO 3aKOHY BCEMHUPHOTO TSTOTEHUS, BCE TeJIa MPUTATUBA-
I0TCSL MeXIy coOoi. Ecim paccmarpuBarh TellO y MOBEPXHOCTH 3€M-
JU, TO 3€MITIO HEJIb3sl CUYMTATh MaTEpPUAIbHOW TOYKOM M 3aKOH OyaeT
BBITIOJIHATBCSL JJISI Te€jla W KaXJI0ro JOCTaTOYHO Majoro 3JEMEHTa
3emin. MOXHO TIOKa3aTh, YTO MOCJE€ CYMMUPOBAHUS JJII CHJIbI TIPU-
TSOKEHHUS TeJla MacChl M K 3eMyie Macchl M u paauyca R3 mosmyuures:

F, = (GmM)/R;> = mg, (2.20)

rae § — yckopenue cBoboaHoro najaenus e (g = (G M)/ R32). Cuna Fy
Ha3bIBaeTCs cuyou TsbkecTdu. Ilox nmelcTBHEM ATOM CUIIBI BCE Telna,
Mpe0CTaBICHHbIE camMu cebe (CBOOOaHBbIE), OyayT HBUTATHCS C
MOCTOSIHHBIM yCcKOpeHHneM a = ¢. Koraa Teno moKouTcss OTHOCUTEIBHO
NOBEPXHOCTH 3emuiH, cwia Fy; momkHa ypaBHOBELIMBAETCS CUIION
PEAKIIMU OTIOPHI WM MOJIBECA, YACPKUBAIOIIUX ATO TEJIO OT IMAJACHUS,
puc. 2.10, (F; = Fy). Ilo tperbemy 3akoHy HproTOHa TENO B 3TOM
cilydae JACHCTBYET Ha mojiBec win onopy ¢ cuion G, papuoit —F, (F, —
CHUJIa PEAKIIMHU OIOPHI), TO €CTh C CUIION
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G= F;=mg. (2.21)

Fr
G 'mg

FrA X " “

EE a a=0 a

6" mg G=m(g+a) G=mg G=m(g—a)
Puc. 2.10 Puc. 2.11

Cuna G, ¢ KOTOpO# Teno AEHCTBYET Ha MOJIBEC WM OTIOPY, Ha3bl-
BACTCA 6e€cOoM Tena. 3aME€TUM, YTO CHJIOM TPOTUBOACUCTBHUS CHIIC
TSOKECTU MO TpeTbemy 3akoHy HpioTona Oyzaer cuna F =— mg c
KOTOPOU TEJI0 NPUTATUBAET 3EMITIO.

Bec Tena paBeH MQ Julllb B TOM Cliydae, €CJIM TeJIo U onopa (uiu
MOJIBEC) HEMOJABWKHBI (IBUTAIOTCS C IIOCTOSIHHOM CKOPOCTBIO)
OTHOCUTEIHbHO 3eMiu. B ciydyae uX JBUXKEHUS C HEKOTOPHIM
yckopenueMm a Bec G He Oyner paBeH MQ. DTO MOXKHO MOSICHUTH Ha
cnenyromeM npuMmepe. [lycTh 1moaBec B BUIE YKPEIUICHHOW HA pPaMKe
MPYKHUHBI JIBUKETCS BMECTE€ C TEJIOM C yckopeHuem a (puc. 2.11).
YpaBHEeHUE ABUKEHUSI TEJIa B 3TOM Cliydae OyJeT UMETh BU/I;

Fq+ Fr=ma, (2.22.)

rae F,,— peakuus mojBeca, TO €CThb CHJIAa, C KOTOPOW MHpPYKHHA
nerctByer Ha teno. 1o tperbeMy 3akoHy HbIOTOHA TENO AEHUCTBYET
Ha TPYXUHY C CWIOH, paBHOM —F, KoTOpas 1O OMNpeAcICHUIO
npenacTaBisgeT cooor Bec Tena G B ATUX yCIOBHSX. 3aMEHUB B (2.22)
peakuuto F, cunoit — G, a cuny Tskectu Fy— mpousBeneHueM Mg,
MTOJTyYUM:

G=m(g-a). (2.23)

dopmyna (2.23) onpeaenseT Bec Tejaa B 00IIeM cirydae.

[Ipeanonoxum, 4To TEJIO U MOJIBEC ABUKYTCS B BEPTUKAJILHOM Ha-
npasiienuu (puc. 2.11, a). 3anumem npoexkuuto (2.23) Ha Hampas-
nenue X:
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G=m(g-a)wm G=m(g + a). (2.24)

B »TOM BBIpakeHHH 3HAK «+» COOTBETCTBYET YCKOPECHMIO, HAIPaB-
JICHHOMY BBEpX, 3HAaK «—» COOTBETCTBYET HAIIPaBJICHHUIO YCKOPCHMUSI
BHMU3.

N3 (2.24) BeITeKaeT, 4To Mo MOAYyI0 Bec G MOXKeT OBITh Kak
Oomblile, TaK U MEHbIIE, YeM cuiia TsbkecTu Fq = mg. Tak, npu cBo-
0oaHOM majeHuu, a = g u cuiia G, ¢ KOTopoi Teno ASHCTBYET Ha MOI-
BeC, paBHa HyMO (cocTosiHne HeBecomocTH). Kocmuueckuii kopalib,
JCTAIMN BOKPYT 3€MJIH, JIBMKETCS KaK IPU CBOOOTHOM IaJICHHUH, C
YCKOPEHHEM (J, BCJICJACTBHUE YETO Tejla BHYTPH KOpaOjs HAXOIATCS B
COCTOSSHUM HEBECOMOCTHM — OHHM HE OKa3bIBalOT JIaBJICHUS Ha
COTNPHUKACAIOIINECS C HUMU TeJa.

Crnenyer MOMHUTB, YTO 3TU CUJIbI — TsKecTH F4 1 Beca G — mpusio-
KEHbI K pa3HbIM TenaM: Fq npunoxeHna k camomy Teiy, G npuioxeHa K
MO/IBECY WJIM OTIOpEe, OIPAaHMYMBAIOIIMM CBOOOJHOE JBIKCHHE Teja B
noJie cuj 3eMHoro tarorenus. Kpome toro, cuna Fy Bcerna pasHa mg
(mo TperbeMy 3akoHy HbIOTOHA paBHa W MPOTUBOIIOJIOXKHA €M cuiia —
Mg, C KOTOPOH TEJIO MPUTATHBAET K cebe 3eMITI0), HE3aBUCHMO OT TOTO,
JBUKETCS TEJIO WM TOKOWTCS, BeJIM4YMHA ke Beca G 3aBHUCUT OT
YCKOPEHHS, C KOTOPBIM JABIKYTCS OTIOpa M TEJIO.

CootHomienue (2.23) MeXay Maccod W BECOM Tella JaeT CIoco0
CpPaBHEHMS MacC Tel MyTeM B3BeluBaHUsA. OTHOIIEHHWE BECOB TEll,
OTIPE/ICTICHHBIX B OJMHAKOBBIX YCIOBUIX (00bIdHO TipH a = () B OHOM H
TOM K€ TOUKE 3€MHOM TTOBEPXHOCTH, PABHO OTHOIIICHUIO MacC ITUX TEJ:

G :G:Gz...=mp:my: Mg ... (225)

YckopeHue cBOOOIHOTO MaieHus § U cujia TsKecTd Fy 3aBUCST OT
IIUPOTHI MECTHOCTU. Kpome TOoro, OHU 3aBHUCAT OT BBICOTHI HAJ
ypoBHeM Mmops (h), mockonbky B (2.20) x pamuycy 3emiu Oynaer
n00aBIATHCS BBICOTa h.

2.11. Tes10 HaQ HAK/IOHHOU h/10CKOCMU

JI7iss TOro 4ToOBI COCTAaBUTH YpaBHEHUE IBWKCHUS Tela, HYKHO
NPEXKIE BCEr0 YCTAaHOBUTH, KaKMe CHJIbI JICWCTBYIOT Ha paccMarprBae-
Moe Teno. [Ipu 3ToM HEOOXOAMMO BBIICHUTH, ACHCTBHE KAKUX JAPYTHUX
TEJI Ha JIAaHHOE TEJIO CIIEAYeT NMPHUHATH BO BHUMaHWE. Tak, Hampumep,
JUTSI T€Jla Ha HAKJIOHHOM MJIOCKOCTH (puc. 2.12) CyIIeCTBEHHO BO3ICHCT-
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BUE CO CTOPOHBI 3eMJIH (OHO XapaKTepU3yeTcs CUiIon TskecTH Fq = mg)
U BO3JCHCTBHE CO CTOPOHBI TNIOCKOCTH (XapaKTepU3yeTCsl CUJION peak-
uu F). Bce critbl Hy)KHO XapakTepu30BaTh M0 «UCTOYHHUKYY, BHI3BAB-
HIEMY MOSIBJIEHHWE CHJIbl. DTO O3HAYAET, YTO 3a KaXJAOW CHIION HY>KHO
BUJIETh TEJO, BO3JIEUCTBUEM KOTOPOro oOyciopieHa cuia. Kak BUIHO
u3 puc. 2.12, a, cuny peakuuu F, y1o0HO pasyioKUTh Ha JIBE COCTaBJIS-
IOILUE — CHUJIy HOpMaJbHOTO AaBieHus F, u cuny tpenus F.,. 910, B
YaCTHOCTH, MOJIE3HO B CBSI3U C TEM, YTO CHJIa TPEHUS PONMOPIHUOHATIbHA
Moayito cuibl F, (2.19). OnpenenuB cuiibl, JEHCTBYIOIIME Ha TEJIO,
COCTaBJISIIOT ypaBHEHUE IBIKCHUA. B TaHHOM citydae OHO UMEeT BUI:

ma=mg+F=mg+F,+F,. (2.26)

Puc. 2.12

Uto0BI MPOM3BOIUTH JAILHEUIITE BEIYUCIICHNUS, HY>)KHO TTEPEHTH OT
BEKTOPOB K UX MPOEKIUSIM Ha COOTBETCTBYIOIINUM 00pa30M BHIOpAHHbBIE
HarpapJicHUsA. B TaHHOM cilyyae 3TO NOBEPXHOCTh HAKIIOHHOM IIOCKO-
CTH U HOpMaJb K HEU.

3anuineM NpoeKIU BEKTOPOB, BXOJAIIME B ypaBHeHUE (2.26), Ha
HaIpaBJICHHUE X, YKa3zaHHOe Ha puc. 2.12. IIpoekuus BekTopa a, = a,
npoeknus Bektopa (Fg), = mg sina, npoekuus (F,), = F,, = puF, =
umg cosa. CiaenoBaTesibHO, OKOHYATEIBLHO MTPUXOAUM K YPABHEHHIO:

ma = mg Sin . — umg cos a., (2.27)

13 KOTOPOTO JIETKO HAUTU yCKopeHue a. [IpupaBHIB yCKOpEHHUE K HY-
J10, MOKHO ONPEAEIUTh MOMEHT Haudajia JBWXKEHHS (yToJl, MpU KO-
TOPOM JIBMKEHUE HAYMHAETCH):
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ma=0=mg sin o —umg cos o, otkyma tg o =p. (2.28)
ITIpu menpmmMx yriax cuia tpeHus u npoekumsa (Fg)x paBHbl, a F;
coBmanaaet ¢ F, (puc. 2.12, 6).
B Gosiee CIOXHBIX CIy4asx MPUXOIUTCS 3aMHCHIBATH MPOCKIIUU
BEKTOPOB HAa HECKOJIbKO HAIPABJICHUH U peIIaTh MOJYYHUBIIYIOCS CUCTE-
My ajireOpandeckux uin quddepeHnnaibHbIX YPaBHCHUH.

KoumpoabHble 3a0aHus

e BennurHa CKOpOCTH aBTOMOOWIIS U3MEHSIACh BO BpEMEHH, KaK
noka3aHo Ha rpaduke V(t). B MmoMeHT Bpemenu t, aBTOMOOWIb TIOA-
HUMAJICS TI0 YYaCTKY JTyTH.

OmnpenenuTs HaNpaBieHUE Pe3yJIbTUPYIONIECH BCEX CHII, IEUCTBY-
IONTUX Ha aBTOMOOMIIb B 9TOT MOMEHT BpEMEHH 1.

\

th bty t

CormacHo Btopomy 3akoHy Heiorona F=ma, rme F-
pe3yJbTUpPYIOIIAs CHIa, JEUCTBYIONIAs Ha TEJIO, 4 — €ro YCKOPEHHE,
TO €CTh HalpaBJ€HUE pe3yibTUpYIOIIEH cuibl F coBmamaer 1o
HAIPaBJICHUIO C YCKOPEHUEM A.

B MomMeHT BpemMeHH t, CKOpOCTh aBTOMOOWIISI HE MEHSIach, IIPHU
TOM TaHTeHIHanbHOE ycKkopeHue a,=0. Ilpu ABMKEHUU O Ayre Ha
TENO JIEUCTBYET UEHTPOCTPEMUTEIbHOE (HOPMAJIbHOE) YCKOpPEHHE,
HAIPaBJIEHHOE K LEHTPY OKPY>KHOCTH, KACATEJIBHOM K Ayre B 3TOU
TOYKe (HampaBiieHHe 3).

1. Onpenenuts HaIpaBiICHUE PE3YIBTUPYIONICH BCEX CHUJI, NEUCT-
BYIOIIIUX HA aBTOMOOWJIb B MOMEHT BpEMEHU t;.

2. OnpenenuTh HalpaBIEHUE PE3YIbTUPYIOIIEN BCEX CHJI, IECHCT-
BYIOIIMX HA aBTOMOOWJIb B MOMEHT BpEMEHHU 3.

3. OnpenenuTh HaNpaBiCHUE PE3YIBTUPYIONIEH BCEX CUJI, ICHCT-
BYIOIIIMX Ha aBTOMOOMWJIb B MOMEHT BPEMEHH 1.
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['nasa 3. 3aKOHbI COXpAHEHUA

3.1. CoxpaHawuwuecs 8eJAU4YUHbI

[Tosnb3ysich 3akoHaMu HpBIOTOHA, MOXKHO ITOJIHOCTBEO OIMUCATh
JNBH)KEHUE MAaTEpUAIbHON TOYKH, €CIIM M3BECTHBI CHIIBI, JIEHCTBYIO-
I[MEe Ha HEe, U €€ HadallbHOE moJioxkeHune. OQHAKO 4acTo OBIBAET, YTO
TOYHOE PEIICHHE YPAaBHEHUW JBMXKCHUS OKa3bIBACTCSA KpalHE CIIOXK-
HbIM. B 9THX ciydasx ygoOHee mojib30BaThCcs 0o0jiee OOIMMH 3aKOHa-
MU — 3aKoHamu coxpanenus. C TIOMONIBIO 3aKOHOB COXPaHCHUS
MOKHO M 0€3 pelieHus] ypaBHEHUN ABMXKECHUSI MOJTYUUTh PSJ BAXKHBIX
JAHHBIX O MPOTEKAHUH MEXAHWYECKUX SIBJICHUM. 3aKOHBI COXPAHEHUS
HE 3aBUCST OT XapaKTepa JCUCTBYIOIINX CUJI, IO3TOMY C UX ITOMOIIIBIO
MO>HO TOJIYYUTh P BaXHBIX CBEICHUW O MOBEJCHUM MEXaHUYECKUX
CUCTEM JaXXE B TEX CIy4asx, KOI/1a CHIIbl OKa3bIBAKOTCSI HEU3BECTHBIMU.

PaccmarpuiBaemble Tena (WM Teso) Oy[eM Ha3bIBaTh MEXAHUYECKOU
cucmemoii. Tena, oOpa3yrole MEXaHMYECKYI0 CHUCTEMY, MOTYT B3au-
MOJICHCTBOBATh KaK MEX]y COOOM (6HympenHue cubl), TaK U C TeJIaMH,
HE NpPUHAUICKAIIMMU JTaHHON cucTteMme (6Hewtnue cunwl). B ciydae
€CJIM BHELIHUE CUJIbI OTCYTCTBYIOT, CUCTEMA HA3bIBAETCS 3AMKHYMOI.

JIJ1s1 3aMKHYTBIX CUCTEM CYIIECTBYIOT Takue GyHKIIMH KOOPAUHAT
U CKOPOCTEH, OMHCHIBAIOIINE CUCTEMY YACTHIl, KOTOPBIE COXPAHSIOT
IIPY JIBM>KEHUH TIOCTOSTHHBIE 3HAYEHUS], TO €CTh COXPAHSIIOTCA.

Haubonee BaXHBIMU W3 HHUX SBISIOTCS JHEP2UA, UMHYALC U
MOMEHM UMRYJIbCA.

3aKOHBI COXPAHEHHS ATUX BEIMYHMH JJISI 3aMKHYTBIX CHCTEM
TE€CHO CBSI3aHbI C OCHOBHBIMHM CBOMCTBAMH MPOCTPAHCTBA U BPEMEHH.

B oCHOBE COXpaHEHUSI SHEPTUU JICKUT OOHOPOOHOCHYb 6PEeMEHU,
TO €CTh PABHO3HAYHOCTh BCEX MOMEHTOB BpeMEHU. PaBHO3ZHAYHOCTH
clielyeT MMOHMMATh B TOM CMBICIIE€, YTO 3aME€HA MOMEHTa BpEMEHH
MOMEHTOM 1, 6€3 U3MEHEHUsI 3HAYCHUI KOOPJIMHAT U CKOPOCTEH YaCTHII
HE U3MEHSET MEXaHUYECKUE CBOMCTBA CUCTEMBI.

B ocHOBe coxpaHEHHS MMITYyJIbCA JICKUT OOHOPOOHOCHIL NPOCHI-
pancmea, TO €CTb OJJTMHAKOBOCTh CBOWCTB MPOCTPAHCTBA BO BCEX TOY-
kax. OIMHAKOBOCTH CJEAYET NOHUMATh B TOM CMBICJIE, YTO MapaJlieib-
HBIM [EPEHOC 3aMKHYTOM CUCTEMBbI U3 OJTHOTO MECTa IIPOCTPAHCTBA B
Ipyroe 0€3 U3MEHEHHUS B3aUMHOT'0 PACIIOJIOAKEHUSI M CKOPOCTEN YacTHI]
HE U3MEHSET MEXaHUYECKUE CBOWCTBA.
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Hakoner, B 0OCHOBE COXpaHEHHS MOMEHTa HUMITyJIbCa JICKUT U30-
mponus NPOCMPAHCMEA, TO €CTh OJUHAKOBOCTH CBOMCTB IPOCTpaH-
CTBa II0 BceM HampaBiieHHsAM. OJWHAKOBOCThH CIIEAYET IOHHMAaTh B
TOM CMBICJIE, YTO IOBOPOT 3aMKHYTOM CHUCTEMBI KaK IICJIOr0 HE OTpa-
’KaeTCs Ha €€ MEXaHNYECKUX CBOMCTBAX.

3aK0HBI COXpaHCHUS MOJKHO ITOYYUTh HMCXOAS W3 YpaBHCHHI
Hrrorona. OmHako cieayeT MMETh B BHJY, YTO 3aKOHBI COXPAHCHHS
o0JaaoT Topa3ao Oosbliel OOIIHOCTBIO, YeM 3aKoHbl HprOTOHA.
[ToguepkHeM, YTO 3aKOHBI COXPAHECHUS SHEPIHH, UMITyJIhCa 1 MOMCHTA
UMITyJIbCa SBJISIOTCS TOYHBIMH 3aKOHAMH, CTPOTO BBINOJHSIOIMIMMUCS
TaK)Ke M B PEIIATHBUCTCKOM 00J1acTH.

3.2. Kunemuyveckas sHepaus

PaccMoTpuM MOpOCTEUITYI0O CUCTEMY, COCTOSINYIO U3 OJIHOM 4Yac-
TULBL. 3alUIlIeM BTOPOM 3aKkOH Hpr0TOHA 111 HEe B BUJE:

mdv/dt = F, (3.1)

rae F — pesynbTupyrolias cuil, IeHCTBYIOIINX HA YacTUIY. Y MHOXKUB
JeByI0 4YacTh ypaBHenus (3.1) Ha vdt, a mpaByio — Ha dS (mepeme-
mieHre yactuilel ds = vdt), monyuum:

mv(dv/dt)dt = mvdv = md(v?/2) = d(mv*/2) = Fds.  (3.2)

2
Ecnu cuctema 3amkHyTa, TOo ecTh F = 0, To d(mv?/2) = 0, a Benu-
2 .
yyHa (MV~/2) ocTaeTcsi MOCTOSTHHOW. JTa BEIMYMHA HA3bIBACTCS KUHE-
muuecKkoil Inepzueit Yactuiibl U obo3navaercs E, (nmm T)

E.=mv?/2. (3.3)

B citydae u3011MpoBaHHONM CUCTEMbI KUHETUYECKAasi SHEPrUsl 4acTu-
16l coxpansieTcsi. KuneTnueckyro SHEprui0 4acTUIlbl MOKHO 3alUCaTh
yepes ee UMITYJIbC (p = mV):

E.=mv/2 =mmv2m=m*2m=p’2m.  (3.4)

Eciu Ha wacTtumy nmeiictByer cwia F, knHeTndeckas HEprus HeE
ocTaeTcsi MocTosiHHOM. B aTom ciydae, cormacHo (3.2), mpupailieHue
KUHETUYIECKOM SHEPruM YacTHIl 3a BpeMs Ot paBHO CKasipHOMY
npousBeacHuio Fds (ds — nepemertienre yactuibl 3a BpeMs dt). Bemu-
yrHa FdS Ha3bIBaeTcs padomoit, coBepiiaemoii cuiioi F Ha mytu ds. B
oOmieM ciaydae obo3HayaeTcs OyKBOM A, B JaHHOM ciy4yae (Ha MyTd

ds) — dA:
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dA = Fds. (3.5)

Takum oOpazom, paboTa xapakTepu3yeT H3MEHECHHE DJHEPTHH,
0OyCIIOBJICHHOE JICMCTBHEM CHUJIBI HA JBMKYIIYIOCS YaCTHILY.

Haiinem npupaiieHrue KUHETUYECKOM sHepruu (3.2) Ha HEKOTOPOM
y4acTKe MyTH TP MEPEMEIICHUH OT TOYKHU 1 10 TOUKH 2:

Jd(mv?/2) = (mv,Y)/2 = (mv,*)/2 = E,, — B, = [Fds. (3.6)

JleBass yacTh ypaBHEHHS IIPEACTaBIIsIET COOOM Pa3HOCTh 3HAYCHUM
KMHETUYECKOM PHEPTUU B TOYKax 2 U 1 (mpupamnieHne KHHETUYECKOU
sHepruu Ha nyTu 1 — 2). [IpaBas yacte ypaBHeHus (3.6):

A = JFds (3.7)

ecTh pabota cwibl F Ha mytu 1 — 2. Jlng ompeneneHHOCTH WHOTIa
Oynem obo3HauaTh 3Ty paboTy Kak A, (mepeMernienrne u3 ToUku 1 B
TOYKY 2).

Utak, paboma pesynomupyroweii ecex cui, 0eiicmeyruux Ha
yacmuuy, udem Ha npupauieHue KUHEMUYeCKoil IHepPZun Yacmuybl:

A =Ew—Eq. (3-8)

N3 (3.8) ciaexyer, 4TO PHEPrus MMEET TaKyl K€ pa3MEPHOCTb,
Kak 1 paboTa.

3.3. Paboma

PaccMoTpum Benm4mMHY, Ha3bIBaeMyH0 pabOTOM, OoJiee MoApOOHO.
Breipaxenue (3.5) sABIsIETCS CKaJSApHBIM TPOU3BEICHHEM U MOXKET
OBITH 3aIIMCAHO B BUIIE:

dA = Fds = Fds cos a. = Fds = Fds, (3.9

I7Ie Ol — YTOJ MEXIy HamlpaBJICHHEM CHJIbl M TIEPEMEIICHUs YacTHIIbI,
Fs — npoeknys CUibl Ha HampaBjcHUE TepeMenieHus, Sy — MpoeKIus
niepeMeleHUs] Ha HallpaBJIeHUe CUJIbl. ECiiM cuila M HampaBJICHHE T1e-
pemMerieHuss o0pa3yroT ocTphiii yroa (Cosa >0), paboTa MOJIOXKH-
tenbHa. Ecnu yron oo — tynoit (Cosa <0), padorta orpunarenpHa. [lpu
o = m/2 paborta paBHa Hymo. [locnennee o0CTOATENHCTBO OCOOEHHO
OTYETIIMBO TIOKA3bIBACT, YTO MOHATHE Pa0OTHI B MEXaHUKE CYIIECTBCH-
HO OTJIMYAETCS OT OOBIACHHOIO MpeACTaBlieHUs: 0 padote. B oObiaeH-
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HOM TOHHUMAHHUM BCSIKO€ YCUJIME, B YACTHOCTH MYCKYJBbHOE HaIpsixKe-
HUE, BCEr/la COMPOBOXKIAETCS coBeplieHneM padoTel. Hampumep, s
TOTO YTOOBI J€pKaTh TSKEIbIA IPy3, CTOS HEMOJBUXKHO, a TeM OoJee
JUISL TOTO, YTOOBI TEPEHECTH ATOT TPy3 Jaxe IO TOPU3OHTAIILHOMY
MyTH, HECYIIMM 3aTpauyrBaeT OINpeNesCHHOE YCUJIME, TO €CTh B OOBIU-
HOM MOHHUMAaHUM «CoBepuIaeT padoty». OgHako paboTa Kak MEXaHU-
yeckas (puznueckasi) BeJIMUYMHA B 3TOM CIydae paBHa HYIIIO.

PaccmotpuM rpaduk nmpoekiuu cuiibl F Ha HampaBieHue mnepe-
MEIEHUST S KaK (PYHKIMIO TOJOXKEHUS YacTUIbI HAa TPaCKTOPUH,
puc. 3.1. 13 pucynka BHIHO, 4TO 3JeMeHTapHas pabora dA = Fds
YUCJICHHO paBHA IUJIOIIAN BBIIECIEHHOMN IMOJOCKH, a, CJIeI0BATEIbHO,
padota A Ha mytd 1 — 2 OyAeT YMCIEHHO paBHA IUIOIIAJM IO
KpuBoH F¢(S) Mexxay Toukamu 1 u 2.

Fs

0 1 ds 2 S

Puc. 3.1

DTy 3aKOHOMEPHOCTh MOKHO MPUMEHUTH JI1 HAXOXJIeHUs pado-
ThI, COBEpIIaeMOM Mpu AeGOopMaIK TIPY>KUHBI, TTOTUNHSIOIICHCS 3a-
KoHy ['yKa.

HauyneMm ¢ pactspkeHust npykuHbl. [Ipu MeqieHHOM pacTsKeHUu
BHEIIHSS cwia F,,, pacTsaruBaroiias mpy>KUHY, paBHa U MPOTHUBOIIO-
JI0’KHA YIIPYTOM cuie Npy>KUHbI Fyy, ¥, €CJIM OCh X HampaBUTh MO OCH
pYy>XUHBI (puc. 3.2), Oy1eT BBIIOJIHATHCS:

Fyen = — Fxymp = KX, (3.10)

IJIe X — YUIMHCHUE MPYXHUHBI, K — ee )KecTKOoCTh. Y3 pucyHKa BUIHO,
4yTO paboTa, KOTOPYIO HY>KHO COBEPIIUTH, YTOOBI BBI3BATh YIJIMHECHUE
X, PaBHA IUIOLIAIA 3aTEHEHHOTO TPEYTOJIbHUKA:

A = (kx?)/2. (3.11)

[Ipu cxatuu Npy>KUHBI HA BEJIMYMHY X COBEPIIACTCA TaKas K€ Mo
BEJIMYMHE U 3HaKy paboTa, Kak U MPHU PACTSHKCHUU HA BEIUYUHY X.
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[poekius cuibl Fy 5, B 3TOM ciIydyae OTpHIaTeNbHA, 3HaUCHHUS OX Toxe
OTPHULIATEIIBHO, BCIEACTBUE YETO UX MPOU3BEACHUE TOJIO0KHUTEIBHO.

O00000N
FX BH

L DO000PN—Fun_—kx

(kx?)/2
—X (kx*)/2 X

PaGora, coBepiiacMasi B ¢IMHHILY BPEMEHH, HA3bIBACTCS MOUWHO-
cmoro. Ecin 3a Bpems dt coeepmiaercs pabora dA, TO MOIIHOCTb
Oyner:

P = dA/dt = (Fds)/dt = (Fvdt)/dt = Fv. (3.12)

B cucreme CU eaunuiieid paboThl sSBISIETCS 0xcoyab (Jx), KoTo-
phIil paBeH pabdote, coepiaeMmoii cwiioid B 1 H Ha mytu B 1 M. Enu-
HUIIEH MOIIHOCTHU sIBJIIETCA 6amm (BT), paBHBIN KOYIIO B CEKYHIY

(Ix/c).
3.4. KoHcepeamusHble cusbl. [lomeHYuaabHasa sHepaus

Ecnu Teno B KaXKI0M TOYKE MPOCTPAHCTBA MOJABEPKEHO BO3JICUCT-
BUIO JIPYTUX TEJ, TO TOBOPST, YTO 3TO TEJIO HAXOJIUTCA B noJjie cua. Tak,
HaIpuMep, TEJIO BOJIM3M MOBEPXHOCTH 3€MIIM HAXOJUTCS B HoJle CUJ
msaxycecmu 3emau: B KaKJI0M TOUKE MPOCTPAHCTBA HA HEE JCHCTBYET
cuia F;=mg.

Ecnu BO Bcex TOUKax moJisi CHIIbL, ICHCTBYIOIIME HA YAaCTUILY, OJ1-
HaKOBBI 110 BEJIMYMHE U HampasiaeHuto (F = const), mosie Ha3bIBaeTCsA
OOHOPOOHDIM.
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[Tone, ocraroiieecs: MOCTOSSHHBIM BO BPEMEHU, HA3BIBAIOT CHIAUUO-
Hapuvim. Tak, HanpuMep, MOJE CUII TSKECTH 3eMIu OYyIeT SIBISATHCS
OJTHOPOJHBIM U CTAIMOHAPHBIM.

JIst cTaliMOHApHOTO TOJSl MOKET OKas3aThCs, 4TO padoTa, COBEp-
maeMasi HaJl TEJIOM CHJIAMH TIOJIsI, 3aBUCHUT JIUIIb OT HAYaJbHOIO U KO-
HEYHOI'0 €0 IOJIOKEHUW U HE 3aBUCHUT OT IIyTH, 10 KOTOPOMY TEJIO Tie-
peMemianock. Cuibl, 00JaalONIMe TaKUM CBOMCTBOM, Ha3bIBAIOTCS
Koncepeamuenvimu. V13 He3aBUCUMOCTH pabOThl KOHCEPBATUBHBIX CHJI
OT MyTH BBITEKAET, YTO pabOTa TaKUX CWJI Ha 3aMKHYTOM IyTH pPaBHA
Hyno. YToObl J0Ka3aTh 3TO, pa3o0beM MNPOU3BOJIBHBIN 3aMKHYTHIN
MyTh Ha JIBE YACTH: IMyTh |, MO KOTOpOMY YacTHIla EPEXOIUT U3 MPO-
U3BOJILHOM TOYKUA | B MPOU3BOJIbHYIO TOYKY 2, u nyTh ll, mo ko-
TOPOMY TeJIO MEePEXOJUT U3 TOUYKHU 2 B Touky 1 (puc. 3.3). PaboTa Ha
BCEM 3aMKHYTOM MYTH paBHa CyMMe paboT, COBEpPIIAEMbIX Ha KaXKI0M
U3 YYaCTKOB:

A=A+ (A (3.13)

dSF: —dh

Sk

Puc. 3.3 Puc. 3.4

OueBugHO, 4to padoThl (A U (As)) OTIMYAIOTCS TOJIBKO
3HAKOM, ITOCKOJIbKY M3MEHEHHE HaIlpaBJICHUs ABMKEHHS Ha 00paTHOE
OpUBOAMT K 3aMeHe dS Ha —dS, BeieacTBUE Yero 3HaueHUE MHTErpalia
JFds wm3sMeHseT 3HaK Ha NPOTHBOMONOXKHBIA. TakuMm 0GpasoM,
paBeHCTBO (3.13) MOKHO 3amucaTh B BUJE:

A= (Ap)— (A (3.14)

[TockonbKy paboTa He 3aBUCHUT OT IyTH, (A»); = (A12)11, MBI TIpHU-
X0AUM K BbIBOJy, 4To A =0. M3 paBeHCTBa HyJIO0 pPabOThl Ha
3aMKHYTOM MYyTH JIETKO IOJYy4YUTb, YTO paboTa HE 3aBUCUT OT ITyTH.
DTO0 MOKHO C/IeNIaTh, 00pAaTHUB X0 MMPOBEACHHBIX BBIIIE PACCYKACHUM.
Takum 00pa3oM, KOHCEPBATUBHBIE CHJIbI MOXKHO OIPEICIUTh JABYMS
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croco0aMu: BO-TIEPBBIX, KaK CHJIbI, pad0Ta KOTOPBIX HE 3aBUCHUT OT
MyTH, 0 KOTOPOMY YacTHIA MNEPEXOJHUT W3 OAHOTO TMOJIOKEHHS B
JIpyroe, Wiu, BO-BTOPBIX, KaK CWJIbl, pad0Ta KOTOPHIX Ha JOOOM
3aMKHYTOM NyTH paBHA HyJr0. B kadecTBe mpumepa JOKAXKEM, UTO
CWJIa TSKECTH SABJISIETCS KOHCEPBAaTUBHOM. JTa cuia B JIO0OM TOUKe
MMEET OJIMHAKOBYIO BEJIIMUYMHY W OJIMHAKOBOE HAIIPABIICHUE — BHU3 10
Beptukanu (puc. 3.4). IlosTomMy, HE3aBUCHMO OT TOTO, MO KaKOMY
NyTH JBHXKETCS 4acTuila, padoty Aj, MOXHO BBIYHUCIUTH COTJIACHO

(3.7):
2 2 2 h2
Ay, = [Fds = Flds = Fldsz = —F[dh = —mg(h, — h,) = mg(h, = h,).(3.15)
1 1 1 hl

3neck ObUTO yuTeHO, uto dSy=dscoso= —dh. Beipaxenrne mg(h; -
h,) HEe 3aBUCHT OT IyTH, OTCIOAA CICAYET, YTO CHJIa TSIKECTH KOHCEp-
BatuBHA. OYEBUIHO, YTO TAKOH K€ pe3yabTaT OyAeT IS BCSIKOI'O
CTalOHAPHOTO OJHOPOIHOTO MOJIS.

B TO e Bpems SICHO, YTO CHJIBI TPEHUS, HAIIPABJIIEHHbIE [IPOTHUBO-
OJIO’KHO CKOPOCTH, HE SIBJISIFOTCSI KOHCEPBATHBHBIMU:

dA = Fds = Fvdt = Fv cosadt = — Fvdt =— Fds <0, (3.16)

TO €CTh DJIEMEHTapHasi padoTa OyJIeT OTPUIATSIHPHOM U, CIIEI0BATEIIb-
HO, paboTa Ha JIFOOOM 3aMKHYTOM ITYTH TakXe OyAeT OoTpullaTeIbHa.

3.5. [lomeHyuavHas sHepaus
80 BHEWHeM noJie cua msxcecmu 3emau

B ciyuae xorma paboTta cuil moJisl HE 3aBUCUT OT MYTH, a 3aBUCHUT
JUIIb OT HAYAJIBHOTO ¥ KOHEYHOT'O MOJIOKEHHUIN YaCTHUIIbI, KaKI0W TOUKE
IOJIT MOYKHO COTIOCTaBHTh 3HA4YCHHE HEKOTOpou (pyHkimu Epn(x,y,z)
TaKOM, 4YTO Pa3HOCTh 3HAUYCHUM ITOW (yHKIMH B Toukax | u 2 Oyaer
OTNpeAeNsITh padOTy CUJ TIPU MEPEXO0/€ YACTHUIIBI U3 MEPBOM TOUKH BO
BTOPYIO:

A =Em — Em. (3.17)

DTO COMOCTABJICHUE MOXHO OCYILIECTBUTH CJCIYIOIIMM 00pazoM.
Hekotopoit ucxognot touke 0 mpunumeM NPOU3BOJIBLHOE 3HAYEHUE
bynkuuu, paBHoe Epg. [ns moboil apyroit npous3BoiibHON TOYKH |
IpUMEM:

Em = Eo + Ay, (3.18)
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rie Ajp— paborta, coBepiiacmasi HaJl YacTULIEW KOHCEPBATUBHBIMU
CWJIaMHU TIPU TIEPEMEIICHUH YacTUlbl U3 ToukH 1 B Touky 0. [Tockonbky
paboTa He 3aBUCUT OT MYTHU, ONPEACICHHOE TaKUM CIIOCOOOM 3HAYEHUE
bynkuuu  Ep Oyaer ojHo3HauHbIM. BBeneHHas TakuM 00pazom
bynkuus Ep umeer pasmepHOCTh pabOTHI (MJIM 3HEPTUM) U HOCHUT
HA3BaHUE HOMEHUUATLHOU IHEPZULL.

3anuiieM aHAJIOTMYHO MOTEHIUAIBHYI0 JSHEPruio sl KakKou-
A100 TOYKH 2:

EH2 = EHO + Azo. (319)

Eciu B3s1h paszHocts (3.19) u (3.18) u yuutsiBaTh, 4TO0 Ayy = — Agp,
MOJTYYUM:

Em —Em=Aj0— Ay =A+Apn=Amn, (3.20)

MOCKOJIBKY Ay + Agy TIpeacTaBisieT padoTy MO MEpPEeMEIICHUI0 dYac-
TULIBI U3 TOYKH | B TOuky 2 uepe3 Touky 0, HO ATa paboTa Jjsi KOH-
CEpPBATUBHOW CHUJIbI HE 3aBUCUT OT MYyTH, MO3TOMY MOHO 3alUCaTh
pOCTO A 1.

Takum o6pazom, ¢ momMoniplo PyHkiuMu Ep MOXHO omnpenensiTh
paboTy, coBeplIacMyr0 HaJl YacTHUIICH KOHCEPBATUBHBIMM CUJIAMU Ha
J000M  TyTH, HAYMHAIOMIEMCS B MPOM3BOJIBHOM TOouke 1 U
3aKaHUYMBAIOIIEMCS B TOUKE 2.

WTak, Mbl TOKa3aJiv, 4YTO, €CJIM HAa YACTUILY JIEUCTBYIOT TOJIbKO KOH-
CepBaTHBHBIC CHIIBI, pab0Ta, coOBepIIacMasi HaJl YacTUIleH Ha myTu 1 — 2,
MOKET OBITh IIpejcTaBieHa B BUjie A, = Ep — Erpp. C apyroit cTopoHsl,
KaKk ObUIO Moka3zaHo paHee (3.8), aTa paboTa WIET Ha IpUpaICHHE
KMHETUYECKON 3Hepruu 4actulibl A, = Ey, — Egy. ComnocraBisia atu
JIBa BBIpXKEHUS, IS A1, IPUXOJUM K PAaBEHCTBY

Eni — Em = Exo — Exy win Eyg + Epy = Ego + Epp - (3.21)
[TosrydeHHBIN pe3yabTaT 03HAYAET, YTO BeIMYMHA E
E= EKI + EHI (322)

JUIS YACTHI[bl, HAXOJSAIIEHUCS B IOJIE KOHCEPBATUBHBIX CHUJ, OCTAETCS
IIOCTOSIHHOM, TO €CTh SIBIJISIETCS COXPAHSIOLIECUCA BEIUYUHOW. Benu-
ynHa E, paBHas CymMMe€ KWHETHYECKOW W TOTCHIMAJIbHOM DSHEPIUU,
HAa3bIBACTCS HOJIHOU MEXAHUYECKOU IHEePZUuel YaCTULLBI.

[Tockonbky B cootBerctBUM ¢ (3.20) pabota, coBepiaeMas Ha
YyacTUlle KOHCEPBATMBHBIMU CHJIAMH, paBHA YObUIM MOTEHLIHUAIBLHOMN
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SHEPTrUM YaCTHUIIbl, MOXKHO CKa3aTh, YTO pabOTa COBEPIIAETCS 3a CUET
3araca MOTeHIIMAIbHON YHEPTHH.

N3 (3.18) crnenyer, 4To MOTEHIIMAIbLHAS YHEPTHUS OKa3bIBACTCS OI-
PEAECIEHHON C TOYHOCTBIO JI0 HEKOTOPOM aJIIMTUBHON MTOCTOSIHHOU Ery,.
OpHako 3TO 0OCTOSATEIHCTBO HE MMEET MPHUHIMITHAIBHOTO 3HAYCHUS,
TaK KaKk BO BCE (PU3NYECKHE COOTHOIIEHUSI BXOJUT JIMOO pa3HOCTh 3Ha-
yeHuid Ep B 1ByX Toukax, mu0o mpousBoaHas Gynkuuu Ep no koopau-
HaTaM. [IpakThueckn MpUHUMAIOT 3a HYJb MOTEHIMAIbHYIO YHEPTHIO
TeJla B KaKOM-TO OMNPEACICHHOM MOJIOXKEHUH, & SHEPTUIO0 B JIPYTHUX
MOJIOKEHUSAX PACCMATPUBAIOT 110 OTHOIIECHUIO K 3TOW SHEPTUH.

3nas Bun yskiuu Ep(X, Y, Z), MOXHO HAWTH CHITY, ACHCTBYIO-
IIyI0 Ha YacTULy B KaXKIOW TOUKE moJisl. PaccMoTpuM mnepemelieHue
YJacTHUIIBI TTapayuieibHO ocH X Ha dX. Takoe mepeMerieHre COmpoBOXK-
JaeTcs COBEpIICHHWEM Haja dJacTHiedl paboThl, paBHoil A = Fds =
FxdX (xommoneHThl mepemernenus dy u 0z paBHbl Hymo). CoriacHo
(3.20), aTa paboTa MOKET OBITH MpEACTaBICHA KaK YObLIb MOTCHITUATIb-
Hoii sHeprun: JA= —Ep. IlpupaBHSIB 00a BhIpa)KeHHUS IJis paOOTHI,
MIOJIYYUM, YTO

FxdXx = — dEq unm Fyx = —dEpR/dX, (y, z=const). (3.23)

BoipaxkeHue, crosiiee cripana, MPEeACTABISIET CO00M MPOU3BOIHYIO
byuxuu Ep(X, Y, Z), BBIMUCIEHHYIO B MPEANOI0KEHUH, YTO TIEpEMEH-
HBIE Y ¥ Z OCTAIOTCSl HCU3MEHHBIMU, 4 U3MEHSETCS JINIIb IEPEMEHHAS X.
[TonoOHBIE TPOU3BO/IHBIC HA3BIBAIOTCS YaCTHBIMU U 0003HAYAIOTCS, B
OTJIMYME OT OOBIYHBIX MPOM3BOJIHBIX (DYHKIIMH OMHOW IMEPEMEHHOM,
cuMBoOJioM OER/OX. CnemgoBaTeiabHO, MPOEKIMS CUJIBI HA OCh X paBHA
B3SITOM C OOpaTHBIM 3HAKOM YaCTHOW MPOU3BOJIHOM MOTEHIMATBHOM
SHEPTUH MO NEPEMEHHON X. AHAJIOTUYHO pacCykaasi, MOKHO MOJyYHTh
3HAYEHUS MPOEKIUN CUJI HA OCU Y U Z:

Fx =—-0Ep/0Xx, Fy = -0Ep/oy, Fz = —0Ep/0z. (3.23")
OO61iee BeIpayKeHHE IS CUJIBI OyIeT UMETh BU:
F=Fsex + Fe, + F,e, =—(0E/OX €4 + OE/0Y €, + OE/0Z e,). (3.24)

BekTop, UMeronuii KOMIIOHEHTHI O®/0X, 0Q/0Y, (¢/0Z, Ha3bIBAETCS
2paduenmom ¥ TIOKA3bIBACT HAIPABJICHWE HAUOOJIBIIETO U3MEHEHMS
CKaJISIpHOM (PyHKIHMH (p, 0003HaYaeTcs grado:

grade = (0p/OX)ey + (0p/oy)e, + (0p/0z)e,. (3.25)
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Taxkum 00pazoM, JJ1s1 CUITBI MOYKHO 3aIUCATh:
= —grad Ej;. (3.26)

B o6miem cimydyae koHkpeTHbIN Bun GyHkiuu Ep(X, Y, Z) 3aBuUCHT
OT XapakTepa cujioBoro mnoiisi. Panee 0wu10 nokasano (3.15), uro s
TOJISI CHJT TSDKECTH 3eMJIM paboTa HE 3aBUCHUT OT ITyTH M BBIPAXKAETCS
ypaBaeHreM A = mg(h; — h,). ComocraBnsst 3o Beipakenue ¢ (3.20):
Ay = Enqp— Emp, MOXHO caenarh 3aKIIOUEeHHME, YTO ITOTCHIMAaIbHas
SHEPTHUSI TIOJISI CUJTBI TSHKECTH 3eMit OyieT

Ep = mgh, (3.27)

rae h OTCYUTBIBACTCS OT MPOU3BOJIBHOIO YPOBHSI.

Hauajno oTcyeTra moTeHIMANIBHON SHEPTUHM MOXKHO BBIOMpATH IIPO-
n3BOJILHO. [ToaTOMy Eff MOXKET MMETh OTpUIIATENBbHBIE 3HAaUYCHUS. Ecin,
HanpuMep, MPUHATH 32 HYJIb ITOTCHIIUAIBHYIO SHEPTUIO YaCTHUIIbI, HAXO-
JAIICHCS HAa TMOBEPXHOCTH 3€MJIM, TO MOTEHIIMAIbHAS SHEPIrUsl YacTH-
1IbI, JIeXkKaIlel Ha e saMbl Tiyounsl H, Oyaer paBna E = -mgH. Ot-
METHM, YTO KUHETHYECKask SHEPTHUs HE MOXKET ObITh OTPHUIIATEILHOM.

3aKOH COXpAHEHMSI IIOJJHOM MEXaHWYECKOW HHEPruu YaCTUIIbI
(3.22) MOXHO pacHpOCTPaHUTh HAa CUCTEMY YaCTHUIl: HOJIHAA MeXda-
HUYeCcKasa IHep2us CUCHEMbl HeB3aAUMOOCUCMBYIOUUX YaACMUY, HA
Komopbule 0eicmeyiom moabKo KOHCEepeamueHvle CUibl, 0CHMaemcs
HOCMOAHHOU.

MoOXHO TakXe€ MoKa3aThb, UTO HOJAHAA MEXAHUYECKAs IHePIus
3AMKHYMOU CUCMEMDbL MEl, MeHCOY KOMOPbIMU OeiUCmEyIom moJlb-
KO KOHCepeamueHbvle CUbl, 0CIMAEmca NHOCMOAHHOU.

3.6. [lomeHyuavHas aHepausi ynpyaou degopmayuu

[ToTeHnmanpHOM PHEpPruel MOKeT 00JiaaTh HE TOJBKO CHCTEMa
B3aMMO/JICUCTBYIOIIUX TEJ, HO U OTJEIbHO B35ITOE yNnpyro aedopmu-
pOBaHHOE Teso. B aToM ciiydyae moTeHIMalbHast YHEPTUst OyAeT 3aBU-
cetb oT crenenu aedopmanuu. CormacHo (3.11), mus aedopmaruu
NPYXUHBI ¢ KO3 PHUIIMEHTOM KeCTKOCTH K Ha BETMYMHY X HEOOXO/IH-
MO coBepwuTh pabory A = (kx’)/2. Dta paboTa HACT HA yBEIHUCHHE
MOTECHIIMAJIbHON HEPTUU MPY>KUHBI, KOTOpPasi B COOTBETCTBUHU C (3.18)
(Opu ycnoBUM, YTO MOTEHIMANIbHAsT YHEPTUsl Heae()OopMHUPOBAHHOU
npyxuHbl Erg = 0) MOXeT ObITh MpeicTaBIeHA KaK

En = (kx?)/2. (3.28)
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3.7. Ycaosus pasHogecusi MexaHU4ecKou cucmembl

PaccmMoTpuM MatepuanbHYIO TOYKY, HMMEIOIIYIO OJIHY CTEIECHb
cBoOOobI. [TomokeHne 3Tol TOUKH OyJeT OmpeAeasaThCS OJHOU KOOpP-
TUHATOU, HanpuMep X. [IpuMepoM Takoil cUCTeMBbl MOXET ObIThH Ia-
PHUK, KOTOPBIN CBOOOJHO O€3 TpEHHUs MepeMelacTcs M0 U30THYTOM B
BEPTUKAJIBLHOW MJIOCKOCTH MPOBOJIOKE (puc. 3.5, a), WK 3aKperieH-
HBII Ha MPYKUHE MapuK, 0€3 TPEHUS CKOJIb3AIIUN M0 TOPU30HTANIb-
HOM Hampasisttorieit (puc. 3.6, a). I'paduku noTeHIMAIBLHON YHEPIUn
JUISl 9TUX CIy4daeB MPUBEACHBI COOTBETCTBEHHO Ha puc. 3.5, 6 u 3.6, 0.

[TockoJyibKy TpEeHHE B 000UX CIydasiX OTCYTCTBYET, PE3YyJIbTUPYIO-
masi CWi, ICMCTBYIONIMX Ha MIApUK, OyJET HampaBieHA MEPHEHIUKY-
JSPHO TIEPEMENICHUI0 W padoThl CcoOBeplIaTh HeE OyAeT. 3aKoH
COXpAaHEHUS PHEPTrUuu OyJIeT UMEThH BUJ:

E = Ep + Ex = const. (3.29)

M3 ypaBHEHHsS ClENyeT, 4YTO KHHETHYECKas DHEPrus MOKET
BO3pacTaTh TOJBKO 32 CYET YMEHBIICHUS MOTCHIMAIBHOW IHEPIHUH.
3HaYNUT, €CIA IIApUK HAXOAUTCS B COCTOSIHUM C MHUHUMAIbHOU
MOTEHIINATBHON YHEPTUEH U €T0 CKOPOCTh MPH ITOM paBHA HYJI0, O€3
BHEIIHETO BO3JICVICTBUS B JIBUKECHUE OH MPUUTH HE MOXKET, TO €CTh
OyJneT HaxOAUThCs B COCTOSIHMM paBHoBecus. Ha puc. 3.5 u 3.6 310
COOTBETCTBEHHO TOYKM X = X; U X = 0. YcimoBue MHHHUMyMa
noTeHIMaapHol sHeprun umeer Bug dEp/dX = 0. B cooTBeTcTBUU C
(3.23) sro 3Haumt, yto Fyx = 0. Takum oO0Opa3oM, B IOJOXKECHUHU
paBHOBECHUA JEHMCTBYIOIIAs HAa MIAPUK CHWia paBHA Hywo. Ha puc. 3.5
3TOMY YCJIOBHIO YJIOBJIETBOPSIET TAKXKE IMOJOXKECHUE X = X; , OJIHAKO
clieBa U cChpaBa OT HEro Ha Iapuk OyayT AEHCTBOBATH CHIIBI,
CTpeMsInuecs yAalIuTh Iapuk oT 3To Touku (Fx = —dEp/dXx). IIpu
CMEIIICHUY IIAPUKA U3 TOYKH C X = X| CHJIbI, JICMCTBYIOIIME HA HETO,
OyIlyT CTPEMUTCSI BEPHYTh €0 B UICXOTHOE TOJIOKEHUE.

3Has BUJ MOTEHUHAIBHOW SHEPIMU U 3HAYCHHE IMOJTHOU SHEPIUU
T€Jla, MOXHO CJI€JIaTh HEKOTOPBIE 3aKIIOUYCHUS O BO3MOXKHOM Xapak-
TEepe €ro NABWKEHUS. Tak, eClv MOoJIHASL SHEPIrUs TeJla UMEET 3HAYCHUE
E,, ykazanHoe Ha puc. 3.5, €ro JIBMKEHUE MOXKET IPOUCXOJNUTh Ha
OTpE3KE OT X3 JI0 X4 WK OT X5 JO0 O€CKOHEUHOCTH. B o0nactu ot x < X3
U OT X4 J0 X5 YaCTUIA TMOMACTh HE MOXET, TaK KaK TaM €€ IOTEH-
nuanabHas DSHEpPrusi JOHKHAa ObITh OOJbIIE €€ IOJHOW JHEPTHUu.
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O0nacTh OT X4 <X < X5 HOCUT Ha3BAHHE HOMEHUUAIbHO20 Dapbepa, a
OT X3 JI0 X4 — NOMEHUUAIbHOU Ambl. [1pr 3HAYECHUH TIOJTHOW SHEPTUU
oonble Epy ABUKEHNE MO OCH X HE OTPaHUYEHO.

h

ho
0 X
a !
a X
En
kx?/2
0 X
§)
Puc. 3.6

3.8. 3aKOH coxpaHeHus umnyabca

PaccmoTpuMm Temephr cucteMy, cocrosmyro uz N B3aumopei-
CTBYIOIIMX YaCTHUIl, HA KaXIyl0 U3 KOTOPBIX, KPOME TOr0, MOKET
JIEUCTBOBATh BHEIIHAA CWia. BHYTPEHHIOIO CHIIy, JEUCTBYIOIIME HA
I-}0 YaCTHIY CO CTOPOHBI K-i yacTuibl 0003HaUMM Fiy, a CyMMapHYIO
BHeIHIOW cuily — Fj. Torma cucrema ypaBHEHMH, 3aludcaHHast Jis
BCEX YaCTHUII, COTJIACHO BTOpOMY 3akoHY Hbpl0oTOHA, Oy/I€T UMETh BUJI;

N
dP,/dt =F,+F;s +..+ Fiy +..+ Fin + F1= 2F i+ F
k=2

N
sz/dt = F21 + F23 +...+ sz +...+ F2N + F2: ZF2k+ F2

k=1,k#2



N
dPi/dt = Fil + Fiz +...t Fik +...t FiN + Fi: ZFik_+ Fi

k=1,k=#1

N
dPN/dt: FNl + FN3 +...+ FNk +...+ FNN-l + F2N= ZFNk_I_ FN. (330)

k=1,k#N

Cnoxum Bmecte 3tu N ypaBHeHuil. BeneacrBue toro, 4to ajis
0001 Mapbl BHYTPEHHUX CHUJI B COOTBETCTBUHU C TPETHbHUM 3aKOHOM
Hprotona OyaeT BeImonHATHCA ycioBue Fy + Fi; = 0, cnpaBa ocra-
HYTCS TOJIbKO BHEIIHHE CHJIbL. TakuM o00pa3oM, MbI MPUXOIUM K
COOTHOIIEHHIO

N
d(Py +Py+ ... +Pg ... +PY/dt=F, + F,+ ...+ F+....+ Fy=2F. (3.31)
=1

CyMMa UMIYJIbCOB YaCTHII, OOPa3yIOIIUX MEXaHUYECKYIO CUCTEMY,
Ha3bIBaCTCs UMNYabcom cucmempl. OO003HAUMB 3TOT UMIYILC P,
MOJIYYUM, UYTO

N N
P=2Pi=Xmy. (3.32)

I=1

W3 (3.31) u (3.32) caenyer, 4to mnpu ycioBuu 2 Fi = 0 uMmyasc
CHUCTEMBI HE MeHseTcs. Takum oOpa3oM, IS 3aMKHYTOH CHCTEMBI
MOKHO C(OPMYIIMPOBATh 3AKOH COXPAHEHUS UMARYAbCA B CIEHYIO-
IIEM BHUJIC. UMNYIAbC 3AMKHYMOU CUCHEMbl MAMEPUATLHBIX MOYEK
ocmaemcs NOCMOSHHBIM.

OTMeTHM, YTO UMITYJIbC OCTACTCS MMOCTOSIHHBIM M JIJIS HE3aMKHYTOM
CUCTEMBI IIPH YCIIOBUHU, YTO BHEIIHUE CHJIIbI B CyMME IalOT HyIb. B
clly4ae Korja CyMMa BHEIIHHX CHJI HE paBHA HYIIIO, HO IIPOEKIIKS dTOH
CYMMBI Ha HEKOTOPOE HaIlpaBICHHE paBHA HYII0, COXPAHIETCS
COCTABIIAIOIIAs UMITYJIbCa B 3TOM HAIPAaBJICHUU.

Touka C, monoxeHne KOTOPOH 3a1aeTcs paguycoM-BeKTopoM R,
OIPEAEIACMBIM CJIEIYIOIIMM 00pa3oM:

Rc = (m1|’1 +mpl, + ...+ mNI’N)/(m1 +m,+....+ mN), (333)

Ha3bIBACTCS UEHmpOomM macce (I/IJII/I uenmpom uuepuuu) CHUCTCMBI.
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OTMeTuM, 4TO B OJHOPOJHOM IMOJi€ CHJI TSXKECTH LIEHTP Macc
COBIAJAET C IIEHTPOM TSHKECTH CUCTEMBI.

Ecnu wumnynbc  cUCTeMbl YacTUI[ NPEJICTaBUThL B BUJIE
NPOU3BEICHNUS] CYMMApHON MacChl YacTHUI[ HA CKOPOCTh LIEHTpa Macc
CUCTEMBI:

P=mvc, (3.34)

TO CKOpPOCTh IIEHTpa Macc NoJIydaeTcsl myTem auddepeHImpoBaHus
(3.33) 1o BpemeHu:

Ve = dRc/dt (335)

Hns 3amkHyTou cuctemsl P = mvg = const. CrenoBaTesbHO,
[EHTP Macc 3aMKHYTOM CHUCTEMBI JTUOO JBUMXKETCS MPSIMOJMHEWHO U
PaBHOMEPHO, JINOO OCTAETCSI HETIO/IBUKHBIM.

Cucrema orcyera, B KOTOPOW LIEHTP MAacC MOKOWTCS, Ha3bIBAETCS
cucmemoul yenmpa macc. ITa CUCTEMA, OYECBUIHO, MHEPIIMATIbHAS.
Cucrema oTcuera, CBsI3aHHAs C U3MEPUTEIBLHBIMU MPUOOpaMHU, Ha3bIBA-
eTCs1 1a00paTOPHOU CHCTEMOA.

3.9. CoydapeHue dgyx me

[Ipu coympapeHun Ten Apyr ¢ APYroM OHM MpeTepneBaroT aedop-
Manud. [Ipu 3ToM KuHETHYeCKast YHEPTUsl, KOTOpOH 00Iaiany Tea 1me-
pen yAapoM, YACTUYHO WJIU MOJHOCTBIO MEPEXONUT B MOTECHIIUAIBHYIO
SHEPruI0 yHpyrou nedopmanuv U B TaK HA3bIBAEMYIO BHYTPEHHIOIO
DHEPIUIO TEJ. YBEJIIMYEHUE BHYTPEHHEW SHEPTUU TEJI CONMPOBOXKAAECTCS
MOBBIIEHUEM UX TEMIEPATYPHI.

Cy1ecTBYIOT J1Ba MPEAEIbHBIX BUIA yAapa: a0COMIOTHO yIPYTUid U
aOCOJIIOTHO HEYNpyTuil. A6conromuo ynpyzum Ha3BIBaCTCS TaKOU
yaap, Mpu KOTOPOM MEXaHWYECKasi SHEPIUsl TEJ HE MEPEXOJUT B JpPY-
rue, HEMEXaHUYECKHE, BUNIbI dHEpTUuM. [Ipu Takom ypape KuHeTHde-
CKasi SHEPrys NEPEXOANUT MOJHOCTHIO MM YACTUYHO B MOTECHLIHUAIBHYIO
SHEPruro ynpyrou nedopmaiuu. 3ateM Tejla BO3BpAIlalOTCs K MEPBO-
HavyaJIbHOUW (popme, OTTalKUBas Apyr Apyra. B utore moreHnuanibHas
HEPTUsl ynpyrou negopMmaiii CHOBa MEPEXOAUT B KMHETHUUYECKYIO
SHEPIUI0, U TEJA PA3JIETAOTCS CO CKOPOCTSIMU, BEJIMUYMHA U HampaBJie-
HUE KOTOPBIX OMPEICIAIOTCS JBYMS YCIOBUSIMU — COXPAHEHUEM I10JI-
HOM DHEPTUU U COXPAHEHUEM IOJHOTO UMITYJIbCa CUCTEMBI TEI.
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Abconomno neynpyzauil yoap XapaxkTepu3yeTcs TEM, 4YTO MOTEH-
IIMAJBLHON PHEPTuM JaeopMariii HE BO3HHMKAET, KWHETUYECKas dHEp-
TUs TN TOJHOCThIO WMIIM YaCTUYHO IIPEBpaIaeTCs BO BHYTPEHHIOIO
SHEPTHI0; TIOCJIE yAapa CTOJIKHYBIIUECS Teja JBHXKYTCS ¢ OJITUHAKOBOM
cKopocThio. [Ipu abCcomMOTHO HEYNPYroM yAape BBITOITHSIETCS JIWIIb
3aKOH COXpPAHEHMS HUMITYJIbCa, 3aKOH K€ COXPaHECHHMS MEXaHUYECKOU
SHEPTrUU HE COOJII0/IACTCS: UMEET MECTO 3aKOH COXPAHEHHSI CyMMapHOM
SHEPTUM PA3INYHBIX BUJIOB — MEXaHUYCCKON U BHYTPEHHEH.

KoumpoabHble 3a0aHus

e Temo Macco 2 Kr mOAHATO Haj 3emiied. Ero moTeHnumanbHas
sHeprus npu 3ToM coctasuiua 400 JIx.

Onpeaenutb CKOPOCTH TeJla Mocie MpoxoxaeHus 1/4 pacctosiHus
JI0 3€MJIU, €CJIM Ha TTOBEPXHOCTHU 3€MJIM MTOTEHIINAIbHAsI SHEPTUs Tea
paBHa HYJIIO U CHJIAMU COMPOTUBIICHUS BO3/[yXa MOKHO MPEHEOPEYb.

IIpumep pewenus. 3akoH coxpaneHus 3Hepruu Ex + Ep = (mvz)/z
+ mgh = const = 400 JIx.

JIist MakcuManbHOM BbICOTHI ojrbeMa H 3amumem: mgH = 400 Jx.

s BeicoThl (3/4)H (mocne mpoxoxaeHust 1/4 paccTosHUS 110
3eMJIN):

(3mgH)/4 + (mv?)/2 = 400 JIx.

Ecau yuects, uro (3mgH)/4 = (400x3)/4 JI>x = 300 JIx, TO €cTh B
npebiaymeM ypaBHeHnn (mMv©)/2 = 100 k. IIpu Bece Tema 2 K,
v: =200/2 (M/c)*, T. e. V=10 m/c.

1. OnpenenuTs CKOPOCTH TEJIA HA TOJIOBUHE ITYTH JI0 3€MJIU.

2. OnpenenuTh CKOPOCTh TE€JNA y TOBEPXHOCTH 3EMIIH.

e Ha pucyHke 1moka3ad BEKTOpP CWJIbIL, ICMCTBYIOIIEH HA YACTUILY.

Onpenenutb paboTy, COBEPIICHHYIO ATOW CUJION NPU MepeMellie-
HUM YaCTHUIIBI U3 Hayaja KOOpJAWHAT B TOUYKY ¢ KoopauHaTamu (5, 0),
eciau F = 4H.
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Pabota — 3T0 cCKalsIpHOE MPOU3BEICHUE CHUJIbI HA TIEPEMEIIICHHE:

A =Fs=Fscosa =4 (H)5 (M) cos 60°=10 Jx.

3. Onpenenuth pabOTy, COBEPIICHHYIO 3TOM CHIIOW IIpU IepeMe-
IIIEHUM YaCTHUIIbl U3 Ha4Yaja KOOpAUHAT B TOUKy ¢ koopauHatamu (0, 5).
4. Cucrema COCTOUT U3 TPEX TeJI ¢ MaccaMu M; = 1 kr, M, = 2 KT,
M3 = 3 KT, KOTOPBIE ABUTAIOTCS, KaK ITOKa3aHO HA PUCYHKE.
OnpenenuTh BEIWYUHY CKOPOCTH IIEHTpa MacC 3TON CHCTEMBI,
€CJIM CKOPOCTH 1IapoB Vi = 3 M/c, V, =2 M/c, V3 = 1 m/c.
Y

¢ B noreHnmansHOM noJie cwia F nponopiuoHanbHa TPaiueHTy
MMOTEHUUAJIbHOM AHEpPruu Ep. YCTaHOBUTH 3aBUCUMOCTH ITPOCKILIUU
cuinel Fx Ha ock X, ecnu rpaduK 3aBUCHMOCTH IOTCHIIMAIBLHOU
sHEpruu Ep oT KoOpauHaThl X UMEET BULL:

ax

0 —2ax

CBa3p mOpoekiuu cwibl Fy ¢ TOTEHIMaIbHONW SHEpruen
3aIUIIETCS

Fy = — (dE/dx).
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Ecnu Epp = ax?, to dE/dx = ax, YYHUTBIBAs 3HAK «—):
FX = = (dEH/dX) = — 2ax.

5. YCTaHOBUTH 3aBUCUMOCTH MPOCKIMHU CUJIbI Fx Ha ock X, eciu
rpaduK 3aBUCUMOCTH MOTEHIIMAIBHOM 3Hepruu Ep oT koopauHaThl X
MMEET BUJ:

En

—ax
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I['n1asa 4. MexaHuka meepdo2o mead

4.1. Kunemamuka meepdozo meaa

Teepovim mesom (abconromuo meepovim menom) Ha3bIBaIOT Te-
70, nedopmarsaMu KOTOPOTO MOXKHO TpeHeOpeus. JIpyrumu ciioBa-
MU, PACCTOSHHE MEXIY JIOOBIMU ABYMS TOUYKAMU TBEPIOTO Tejla HE
MEHSETCS.

JIBIDKEHHE TBEPJOTO Tela MOXKET OBITh HOCHIYNAMENbHbIM W
8pauLamesbHbIM.

ITpu mocTymarelbHOM JIBM)KEHUW TBEPJIOTO Teja IpsMas, COSau-
HSIOIIAs JIFOOBIE JBE TOYKM Teja, OCTaeTcs MapaieibHa ceoe
(puc. 4.1, a). OueBUAHO, YTO B 3TOM CJIy4ae BCE TOUKM TeJa 3a OJUHa-
KOBBIC TTPOMEKYTKH BPEMCHH IIOJyYaT OJWHAKOBBIC IO BEIUYUHE U
HaIlpaBJICHUIO TiepeMenieHns. TakuM o0pa3oM, CKOpPOCTH M YCKope-
HUS BCEX TOUYEK OYyIyT OJMHAKOBHL. B 3TOM citydae, 4TOOBI TOJIHO-
CTBIO OXapaKTEPU30BATh JIBM)KCHUE TBEPJOTO TeJla JJOCTATOYHO OIpe-
JICTUTH 3aKOH JIBUKEHHUS OJHOM TOYKH, HAIIPUMED IICHTpa Macc.

[Ipu BpamaTeabHOM JBMKCHHH BCE TOYKHM TeNla JBMXKYTCS TIO
OKPY>KHOCTSIM, IICHTPBI KOTOPBIX JIe)KaT HAa OJHOU MPSMOMW, Ha3bIBa-
eMoi ocbio épauienusn (puc. 4.1, 6). B obiiem cityuae och BpalieHus
MOKET MPOXOJAUTH Yepe3 TEeJIO0 WU HaXOAUThCA BHE ero. (s omuca-
HUS BPAIIATEILHOTO JBKCHHUS HEOOXOIUMO 3a/1aTh IIOJIOKEHHE B
IIPOCTPAHCTBE OCH BpPAIICHHUS M YTIOBYIO CKOPOCTh (IUIsI BCEX TOUEK
TeJa OHM OJJMHAKOBBI) B KAXKbII1 MOMEHT BPEMEHH.

Puc. 4.1 Puc. 4.2
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JIro00€e pOU3BOJILHOE MIOCKOE JIBUKEHHUE TBEPAOTO TEJIa MOXKHO
MPEACTaBUTh KaK CYyNEPHO3UIIMIO IBYX BhIIENEpEYNCICHHbIX. Hanpu-
Mep, MepeMeIeHne Tejla U3 mojokeHus 1 B mojoxenue 2 (puc. 4.2)
MOYKHO MPEACTaBUTh KaK MOBOPOT BOKpYr ocu O’ B moisoxkeHue 1’ Ha
yTOJI (0 U TIEPEMENIEHNE B TTOJIOKEHUE 2 UM TOBOPOT BOKpyT ocu O
B MOJIOKEHUE 1" ¢ mocienyromnM MepeMeNnieHueM B MOJIOKEHUE 2.
Takux cnoco60B MOXKET ObITh OECKOHEYHOE MHOXKECTBO, OJTHAKO yTOJI
MOBOPOTA BO BCEX Cydasx OyJEeT OJIMHAKOB.

Takum 00pa3zoM, F71eMEHTapHOE IEPEMEILICHUE MOYKHO 3aIIUCaTh:

ds = ds, + ds,. 4.1)
JI14 CKOpOCTH MOTYyUYUM:
v = ds/dt = ds,/dt + ds,,/dt = v, + v, = v, + [or], (4.2)

rae V,— OJMHAKOBAa JUIi BCEX TOUEK, a Vy, = [@r] — 3aBucuT OT
PACCTOSIHUS 1O OCHU BPAILICHUS.

[IpencraBieHre CIOXKHOTO ABUKEHUS TEJIa MOXKHO OCYIIECTBUTh
MHOKECTBOM CIoco0oB. Hampumep, kaueHne HWJIMHAPA MO TUIOCKO-
CTU MOXKHO pacCMaTpuBaTh KakK MOCTYyIATEIbHOE ABMXEHUE 1IeHTpa O
CO CKOPOCTBIO Vo W BpAIIEHUE BOKPYT OCH, ITPOXOMSAIIEH YEPE3 ITOT
LEHTP C YIJIOBOM CKOPOCTHIO (®, WJIM KaK OJIHO TOJIbKO BpalllaTEIbHOE
JIBDKEHUE C TOM K€ YIJI0BOM CKOPOCTBIO (O BOKPYT OCH, MPOXOIAIIEH
yepe3 TOUKY KaCaHM.

4.2. Kunemu4ecKkas sHepa2us
npu epawjamesbHoM deuxceHuu. Momenm uHepyuu mesaa

PaccMOTprM HEKOTOpPOE TEJI0 MacChl M, BpalllalolIeecss BOKPYT
HenoABWKHOM ocu O-O'. MBICIEHHO pa3AeiauM €ro Ha TOYEYHBIC
Macchl (JaCcTHIIbI) M;, KaKaash U3 KOTOPBIX HAXOJUTCS HA HEKOTOPOM
paccTOsSIHUU [j OT OCU BpalleHus, puc. 4.3.

Ecnu yrinoBast CKOpOCTh BCEX TOUEK OJIMHAKOBA U paBHA ®, TO JIU-
HEWHBIE CKOPOCTH UX OyAYyT 3aBUCETh OT PACCTOSIHUS 10 OCHU BpaIlle-
HUS Vi = OF] U 1JI1 KHHETUYECKOW SHEPTUU KAKIOW YaCTHUIBI MOMXKHO
3aM1CaTh:

E.i = (mVi')/2 = (mi(0r)’)/2 = ()*/2) mir;’ . (4.3)

g onpenesieHus MOJMHOW KWHETHYECKOW SHEPIMHU Tela HaNo
BbIpakeHueE (4.3) MPOCYMMHUPOBAThH MO BCEM TOUKAM:
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E.=YEqi=2Y (mvi)2 =3 (0)/2) mir° = (o 2)X mir".  (4.4)
O

Puc. 4.3

CYMMa miriz HUIpacT B JUHAMHUKC BpallaTCIbHOI'O ABUIKCHUA TBCP-
AbIX TCJI Ty K€ POJIb, YTO MaCCa B IHUHAMHKE MaTepHaHbHOﬁ TOYKH,
IIO3TOMY OHAa UMECT CBOC HA3BAHUC — MOMEHmM uHepuuu meia OTHO-
CUTECJILHO JaHHOU OCH BpalICHHUA U CBOC 0003HaUYCHUE:

2
| = Zmiri . (45)
Wnu, Goiee TOYHO, IIPH IEPEX0/1e K Ipeaeay Mpu pa3acicHHH Tella Ha
o0 YHUCJIO TOYCK:

| =p[rdV, (4.6)

rje p — IIOTHOCTH Tena, dV — ajeMeHT 00beMa, a MHTETPUPOBAHHE
BEJICTCS 110 BCEMY 00BbeMY Tela.

MoOMEHTBI MHEPIIMU HEKOTOPBIX TE€JI OTHOCUTEIHHO OCH, IPOXO-
JIIEH Yepe3 OCb CUMMETpUU, puBeneHbl B Tadnuie (R — paguycel
KOJIbIla, TUCKA | mapa, | — muHa CTepKHS).

Huck [Tap - >

mR” (mR*)/2 (2mR*)/5 (ml*)/12

s mr00o#t Apyroi ocH, mapauieaIbHOM JaHHOW, OyJeT BBINOJI-
HATbCS TeopeMa LlTeiinepa:

l,= o + ma’, (4.7)
TJI€ @ — PACCTOSTHUE O 3TOW OCH OT OCH, MPOXOJIAIIECH Yepe3 LEHTP.
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4.3. OcCHOBHOlI 3aKOH QUHAMUKU
8pawameibHo20 dgudceHusl. MomeHm cusibl

3anuiieM BTOpOM 3akoH HproOTOHAa 1J1d 3jeMeHTa Macchl AmMm,
BPAIIIAIOIIETOCs C YIJIOBBIM yCKOpeHueMm 3 tena (puc. 4.4):

Amia; = F;, (4.8)
rJ€ @ — YCKOPEHHUE JTAHHOTO 3JIEMEHTA TEJa, 3aBUCSIIEE OT PaccTos-
HUS 10 ocu BpaleHus (a; = Pri), a Fj — cymmapnas cuma, neicTByro-
1jas Ha JaHHBIM 3JIEMEHT Teia. Y MHOKHMM BEKTOPHO «CJIE€Ba» JTaHHOE
YPaBHEHHE HA PAINYC-BEKTOP I pACCMATPUBAEMOTO 3JIEMEHTA:

Am;[riai] = [riFi] = N (4.9)

Puc. 4.4 Puc. 4.5

Benanunna N, crosimas crpaBa, Ha3bIBA€TCS MOMEHTOM CHJIBI
OTHOCHTEJIbHO OCH BpAIICHHUS, KOTOPYIO YCIOBHO Ha30BEM OChIO Z.
BekTopHoe npoussenenue [FF] MoxHO 3amucaTh:

[rF]= nrFsina=nF]I, (4.10)

I7Ie oL — yroJl MEXJy HampaBjieHUEeM cuibl F 1 pagumyc-BekTopom I,
N — HaMpaBJICHUE HOPMAJIU K TJIOCKOCTU, B KOTOPOU JIe:KAT BEKTOPHI I
u F. Benmnuuna | = rsino, Ha3piBaeTCs MJICYOM CHJIbI OTHOCHTEIBLHO OCH
Z W SBIISICTCS KpaTYalIuM pacCcTOSSHUEM (MEPHEHINKYIIIPOM) OT OCH
70 HampaBJieHUs JAehcTBUsL cuiibl, puc. 4.5 (ocb Z Ha PUCYHKE
HaIpaBjieHa MEePICHANKYJIISIPHO TIIOCKOCTH JIMCTA BBEPX).

Jaiee, 3anuiieM NpoeKUUU JIEBOU M IPABOM YAaCTEW YpPABHEHMUS
(4.9) Ha ock Z ¥ IPOCYMMHPYEM I10 BCEM YaCTHUIIAM TeJla, YIYUThIBas,
qTo 4 = Bri:

SAMiF =B Amirf =Ip=3IN;=N, (4.11)
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rae N — cymMmapHbIii MOMEHT BCeX JEHCTBYIOIIUX Ha TEIO cui, a | —
MOMEHT uHepuuu tena (4.5, 4.6).
YpaBHEHUE

IB=N (4.12)
Ha3bIBACTCS OCHOBHBIM YpABHEeHUeM OUHAMUKU meepoo2o mena. W3
HETO, B YaCTHOCTH, CICAYET, YTO €CJIM Ha TEJIO HE ACHCTBYIOT BHEII-
HHUE CHJIBI MIIM CYMMAapHBI MOMEHT HX paBeH Hy/0, To I = 0, u, mo-
cKOJIbKY 3 = dw/dt,

o = const, (4.13)

YTO SIBJIIETCS YACTHBIM CIy4aeM 3aKOHA COXPaHCHUS MOMEHTA HM-
yJbca Tena.

OTMeTUM, 4TO MOMEHT MHEPIMU YEJIOBEKA, CTOSIIErO C MpuxkKa-
TBIMM K TEJIy pPyKamu, IpuMepHo 1,2 KI"M°, B CTOMKE «apabeck» (J1ac-
TOYKa) — 8 KI'M°, a B TOPHU30HTAILHOM MOJIOKEHUU — 17 KIM°. DTiM
Ha ocHoBaHUM (4.13) OOBACHSETCS W3MEHEHUE CKOPOCTH BpaICHUS
(UTypUCTOB U TUMHACTOB MPHU U3MEHECHUH TO3bI.

KoumpoabHble 3adaHus

e K Touke, jexaler Ha BHEIIHEH MOBEPXHOCTU AMCKA, MPUIIO-
xeHa cuna F. Ykazars miuedo cuiibl, €Cli OCh BpalEHUs] IPOXOJUT
yepes ueHTp O aucka neprneHauKyJIspHO TNIOCKOCTH PUCYHKA.

Ilpumep pewenus. Iledo CUIIBI OTHOCUTEIBLHO OCHU BpallCHHS,
MPOXOASAIIEH Yepe3 LEHTP JAUCKa, — 3TO PACCTOSIHUE OT OCU BpaIllCHUS
JI0 TIPSIMOM, ITPOXOISIIEN YEPE3 BEKTOP CUJIBL.

Jlnst cunel Fy 310 OyAeT oTpe3ok C.

1. JIns ycnoBus 3a1auu yKa3aTh IJ1e40 CHIIbI F.

2. Jlns ycinoBus 3aa4yud yKa3aTh U140 CUIIbI F.

3. JIi1s ycinoBus 3a1a4M yKa3aTh IJI€40 CHIIBI Fy.
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e CIUIONMIHOW Y TMOJIBIA UWJIAHAPHI UMEIOT OJUHAKOBBIE PAJIAYChI
u Macchl. Kakoil U3 HUX BbIIIe 3aKaTUTCS 0€3 MPOCKaIb3bIBAaHUS IO
HaKJIOHHOW MJIOCKOCTH, €CIIA HaYaJbHbIE CKOPOCTH UX OJUHAKOBBI?

llpumep pewenus. 3aKOH COXPAHEHUS SHEPTUU C YUETOM KUHETHU-
YECKOW SHEPTUU BpalllCHUS] UMEET BU/L;

EH + EKHOCT + EKBp = const wim

mgH = (mv?)/2 + (1e?)/2,

rae | — MOMEHT uHepuuu Tela, M — yrioBas ckopocTh. [Ipu ogunako-
BBIX paJMycax yYIJIOBbIE CKOPOCTU OyIyT paBHbl. MOMEHT WHEPIUU
nojoro muiauHapa | = mRz, a CIUIOIIHOTO HuiauHiapa (aucka) | =
(MR?)/2. Tloce OCTAHOBKH BCSI KHHETUUECKAS YHEPTHS IEPEXOIUT B
NOTEHINAIbHYI0, 3HAYUT, BBIIIE MOJHUMETCS TEJI0, UMEoIIee 00Jib-
IYI0 HAYAJIbHYK0 KMHETUYECKYIO dHEpruto. [Ipu oauHakoBor Havasb-
HOM CKOPOCTH KMHETUYECKAsl SHEPTHUsl MOJOT0 UIUH/pa O0JbIiie, TaK
KaK OH UMeeT OOJIbIIUNA MOMEHT MHEPIUMU U KUHETUYECKas SHEPTus
pauterns (Iw°)/2 ero Gosiie.

Brllie Mo HUMETCS TTOJIBIN TUIUH/IDP.

4, Illap u mnomas cdepa, UMEIONIME OJUHAKOBBIE MaCChl U
paanyChl, CKaTBIBAIOTCS 0€3 MPOCKaIb3bIBAHMS C TOPKU BBICOTOM h. YV
KaKoro TeJla Y OCHOBAaHUS TOPKU CKOPOCTh OyeT 0oJbIie?

e [Ipu pacueTe MOMEHTOB MHEPIIMU TEJIA OTHOCUTEIBLHO OCEU, HE
MPOXOSIIIMX 4YE€pe3 LEHTP MACC, HUCIOJb3YIOT Teopemy lllTernepa.
Kak u3MeHUTCSI MOMEHT MHEPIIMU KOJIbI]a OTHOCUTEJIbHO HOBOW OCH,
€CJIM €€ TIEPEHECTH U3 IIEHTpa Macc Ha Kpail (cM. puc.)?

R=a

Ilpumep pewenua. Teopema IllTeiiHepa CBSI3BIBAET MOMEHT

WHEPLHH TeJla OTHOCUTEIBHO OCH, MTPOXOAsIIel yepe3 uentp macc |,
Y OTHOCHUTEJIPHO MapajuiesIbHOM €l ocu Ha paccTosiHuu a |,:

l, =1, + ma’.

Jlnst konbia |, = MR =ma’, I, =1, + ma*=ma*+ ma*=2 ma’.
MOMEHT MHEPLUHU YBEIUYNUTCS B 2 pasd.
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e ToHkocTeHHass TpyOKa M AUCK MMEIOT OJMHAKOBBIE MacChl U
panyCHhl.

Kak cooTHOCATCA MX MOMEHTHI UHEPLIUU ?

Ilpumep pewenus. MOMEHT WHEPUHMU TeEJIa OTHOCUTEIBHO OCH
BpAIIICHUS paBEH

2
| =2 myry,

rae M; — Macca 3JIEMEHTa Tela, I PacCTOSIHUE 3TOTO 3JIEMEHTa 10 OCH
BpallCHUS.

OuyeBHuaHO, UTO J1OOOE MOJIOE TENO OyAeT UMETh OOJIBIINI MO-
MEHT HWHEpPLHUH, IMOCKOJbKY €ro macca yjaalleHa OT OCH. MOMEHT
UHEepIuu TpyOKu OyJieT 0oJibllie, YeM JUCKa.

5. TonkocTeHHasd TpyOKa U KOJbLO UMEIOT OJMHAKOBBIE MAacChl U
paauychl. Kak COOTHOCSTCS UX MOMEHTBI HHEPLIU?

6. Jluck ¥ MWJIMHAP UMEIOT OJIMHAKOBBIE MACCHI U PAJNYCHI.

Kak cooTHOCSTCS ©X MOMEHTBI UHEPLIUU ?

R, m, I]

(— —

7. VI3 )KecTH BBIPE3aHbl TPU OJWHAKOBBIC JIETAIM B BUJIEC JJUINIICA.
JIBe pertanu paspe3alii MOMOJIAaM BJOJb PAa3HBIX OCEH CUMMETPHH.
3aTeM BCE YaCTH OTOABHUHYJIA JAPYT OT APYyra HA PaBHOE PACCTOSIHUE U
pacctaBuiau cumMeTpuyHo ocu OO’

Kak cooTHOCATCS MX MOMEHTBI HHEPUUHU?

@)
O @)
—
D =
o zo_r7 ~
I I, O I,
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e UenoBek CUIUT B LIEHTPE BPAIIAIONICICSA 110 MHEPLUUU BOKPYT
BEPTUKAJILHOW OCH KapycCelu U JICPKUT B pyKax JJIMHHBIHN IIECT 3a €ro
CepeuHy.

Kak u3mMeHuTCs yacToTa BpallleHUs B KOHEYHOM COCTOSIHUU, €CITU
OH MOBEPHET IIECT U3 TOPU3OHTAIIHBHOTO MOJ0KEHUS B BEPTUKAJIBHOE?

IIpumep pewenus. 1-i eapuanm. VI3 OCHOBHOTO ypaBHEHUs Bpa-
matenpHoro AsmwxkeHus tepaoro tena I = N (I — momeHnT unepuun
Tena, 3 — ero yrioBoe yckopeHue, N — MOMEHT BHENIHUX CHJI) Clie-
JyeT, YTO €CJIM Ha TeJI0 He ACHCTBYIOT BHEUIHHME Cuiibl, TO I} = 0, u,
nockoJIbKyY 3 = dw/dt (o — yrimoBast ckopocts), o = const.

MoOMEHT MHEepIMU YeloBeKa M Kapyceaud MPU M3MEHEHHH TMOJIO-
YKEHHUS 111€CTa HE MEHSIOTCS, @ MOMEHT MHEPIUH 1IEeCTa YMEHBIIUTCS.
CyMMapHbIi MOMEHT WHEPIMU CTAHET MEHbIIE, 3HAYUT, YIJIOBas
CKOPOCTb (4acTOTa BpaIlleHHUs) T0HKHA YBEIUUUTHCA.

IIpumep pewenus. 2-u eapuanm. KuHeTuueckas SHEPrus CUCTE-
Mbl HE U3MEHUNAach. /{11 BpamareapHOro ABWXeHus B, = l®>/2. Mo-
MEHT HWHEPIIMU IIIeCTa YyMEHBIIWJICS, 3HAYMWT, YIJIOBas CKOPOCTh
JOJKHA YBEJIUYUTHCSL.

8. JIBa Tena ABUTAIUCh K CTEHKE C OJIMHAKOBBIMU CKOPOCTSIMU U
IIpHU yJape OCTAaHOBUJIUCH. [IepBoe Teno KaTuioch, BTOPOE CKOJIB3UJIO.
Ecou npu ynape BBIIETUIIOCH OJMHAKOBOE KOJIMYECTBO TEIIA, TO
Macca Kakoro Tesia Oblia 0oJbIine?
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I'nasa 5. HeuHepyuabHble cucmemMbubl omcyemad.
Cusel uHepyuu

5.1. HeUHepuua/szble cucmemsl omcuema. Cusbl uHepyuu

3akoHbl Hpr0TOHA BBIMOJHSIOTCS TOABKO B HHEPUUAIBHBIX CUCTE-
Max orcyeTa. OTHOCUTENIbHO BCEX MHEPUHUAIBHBIX CUCTEM JIAHHOE TEJIO
JBIXKETCSL C OJIMHAKOBBIM yCKopeHueMm a. Jlrobas HeumHepluanabHas
CUCTEMA OTCYETa JBMKETCS OTHOCHUTEIBHO WHEPLUAIBHBIX CHCTEM C
HEKOTOPBIM YCKOPEHHEM, IO3TOMY YCKOPEHUE TEIa B HEUHEPLIMAIBHOM
cucteme otcuera a’' OyaeT oTimyHO OT a. OO03HAUYUM PAa3HOCTh YCKO-
PEHUH TeJla B MUHEPIUAIBHON Y HEMHEPLIMAJIBHOM CUCTEMAX Qjp:

a—a’'=a, (5.1)

Jlimd moctynarenbHO ABMKYIIEUCS HEMHEPLMAIBHOM CUCTEMBI i,
OJIMHAKOBO JJIsI BCEX TOYEK IIPOCTPAHCTBA U MPEACTaBIIsICT COO0OM YCKO-
pEHUE HEUMHEPIMATBLHON CHUCTEMbI OTCYETAa OTHOCUTEIBHO WHEPIUAIIh-
HbIX cHUCTeM. I Bpamaromencss HEUHEPUUAIBHOM CHCTEMBI aj, B
Pa3HBIX TOYKAX MPOCTPAHCTBA OYyJIET pa3IMYHLIM U OYyJIET 3aBHUCETh OT
pacCcTosiHUSL A0 OCH BpalIEHUsT OTHOCHUTEIHLHO HEWHEpPUHATIbLHOU
cucteMmbl oTcyeTa. [lycTh pe3ynbTupyIoIIasi BCeX CHII, 00YyCIOBIECHHBIX
JNEeWCTBUEM Ha JaHHOE TEJIO CO CTOPOHBI Apyrux tei, paBHa F. Torna,
COIJIaCHO BTOpPOMY 3akOoHY HbIOTOHA, yCKOpEHHE Tejla OTHOCHUTEIILHO
110001 MHEPIIUATIBHOW CUCTEMBI OTCUETa PABHO

am=F wm a =F/m. (5.2)

YCKOpeHHUE K€ Telna OTHOCUTEIIbHO HEKOTOPOU HEUHEPLUUAIbHOU
CHUCTEMBbI MOKHO B COOTBETCTBUH C (5.1) npeacTaBUTh B BUJE
a’=a-a,=F/m-a,. (5.3)
Otcrona cnenyet, uto aaxe npu F = 0 Teno Oynet ABUrathbes Mo OT-
HOIIICHUIO K HEMHEPLIUAIBHON CUCTEME OTCUYETA C YCKOPEHUEM —ajpn, TO
€CTh TaK, KaK eciii Obl Ha Hero AeiicTBoBalia cuja, paBHas Fi, = — maj,.
DTO O3HAyYaeT, YTO MpPHU OINUCAHWU JABUKEHUS B HEUHEPIUAIBHBIX
CUCTEMaX OTCUYETa MOKHO T0JIb30BaThCs ypaBHeHUssMU HbroTOHA, eciu
Hapsay C cuiamH, OOYCJIOBJICHHBIMH BO3JEHCTBHEM TEJI APYr Ha

Ipyra, 100aBUTh CWIbl, paBHbIE MPOU3BEIACHUIO MacChl Tella Ha
B3STYIO C 0OpATHBIM 3HAKOM Pa3HOCTh €r0 YCKOPEHU MO OTHOILICHUIO
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K MHEPIMAIBHOW M HEMHEPIUAIIBHOW CUCTEMAaM OTCYETA aj,, KOTOPHIC
HA3bIBAKOTCS CUNAMU UHEPUUU:

Fin=—m(a—a’) = - may, (5.4)

YpaBHEHHE BTOPOro 3akoHa HpIOTOHA B HEMHEPIUAILHOM CHUCTEME
oTcYeTa Torja OyJeT UMETh BU:

ma’ = F + Fy,. (5.5)

5.2. Cusbl uHepyuu npu NPAMOAUHEUHOM 08UNCEHUU
cucmemsl omcyema

PaccMoTpuM TEIEeKKY C YKPEIUIEHHBIM Ha HEW KPOHIITEWHOM, K
KOTOPOMY IOJIBEIICH Ha HUTH mapuk (puc. 5.1). [loka Tenexka moko-
UTCS WIN JIBXKETCSl 0€3 YCKOPEHMS, HUTh PACIOIOKEeHa BEPTUKAIBHO
U CUJIa TSDKECTH MQ ypaBHOBELIMBaeTCsl peakiuend Hutu F,. Eciu te-
nepb MPUBECTU TEIEKKY B MPSIMOJIUHENHOE JIBUKEHHUE C YCKOPEHUEM
a = aj, HUThb OTKJIOHUTCSI OT BEPTUKAJIM HA TaKOUH yToJj, YTOOBI PE3yJib-

Tupytomasi cuii Mg u F; coobmana mapuky yCKOpeHHE, paBHOE aj,
(puc. 5.2):

maj, = mg + F,. (5.6)

Puc. 5.1 Puc. 5.2 Puc.5.3

OTHOCHUTEJIBHO CHUCTEMbI OTCUYETA, CBSI3AHHOW C TEJIEKKOM, IIAPUK
MMOKOUTCS, HECMOTPS Ha TO UTO pe3yJbTUpYyIomas cuii Mg u F; oTanyuHa
oT HyJid. OTCYTCTBHE YCKOPEHHs IIapuKa MO OTHOUIEHUIO K OSTOHU
CHUCTEME OTcYeTa MOXKHO (DOPMaJIbHO OOBSICHUTH TE€M, YTO, KPOME CHJI
Mg u F,, paBHBIX B CyMMe Maj, Ha MIApUK JCUCTBYET CUJia UHEPILUU
Fin = — ma;j,. B pe3ynbpTare noayymm:
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ma =mg + F..+ Fj, =mg + F,. — ma;, = 0, (5.7)

YTO aHAJIOTUYHO YpaBHEHUIO (5.6).

BBenenve cuia MHEPIMU JA€T BO3MOKHOCTh OMHUCHIBATH JIBUKE-
HUE TeN B JI00BIX (KaK MHEPIMAIbHBIX, TAK U HEUHEPIIUAJIbHBIX ) CUCTE-
Max OTCYETa C MTOMOIIBIO OJTHUX U TEX K€ YPABHCHUU IBUKCHUSI.

OnHako ciieAyeT MOHUMAaTh, YTO CUJIbI HHEPIIMU HEJIb3sI CTABUTH B
OJIUH PSAJl C CUJIAMH, BBI3BAHHBIMU (DYHJIAMEHTAJIbHBIMU B3aUMO/ICH-
CTBUSIMHU, HaIPUMEP T'PABUTAIMOHHBIMUA U 3JIEKTPOMArHUTHBIMU, WU
CHUJaMU YNPYTUMH U TpeHus. Bce 3Tu cuibl 0OyClOBIEHBI BO3/ICH-
CTBHEM Ha TEJIO CO CTOPOHBI Jpyrux Tes. Cuiibl MHEPIUU 00YCIIOB-
JIEHbl CBOWCTBAMH TOW CHUCTEMBI OTCYETa, B KOTOPOM paccmar-
PUBAIOTCSI MEXaHUYECKUE SIBJIICHUS.

BBejieHre B pacCMOTpPEHUE CUJI MHEPLIUM HE SIBJISICTCSI TIPUHITUTIN-
aTbHO HEOOXOMWMBIM. B mpuHImme ar000e ABHKEHUE MOXKHO BCET/Ia
PaccMOTPETh MO OTHOLICHUIO K MHEPIHUAIBbHOW cucteme otcuera. On-
HAKO MPAKTUYECKH YacTO MPEACTaBIsCT MHTEPEC KaK pa3 JIBUIKCHUE
TE€JI 10 OTHOIICHUIO K HEMHEPILMAIbHBIM CUCTEMaM OTCUETa, HAIpUMEpP
110 OTHOIIEHUIO K 3eMHOM MOBEPXHOCTHU. VCrionp30BaHNe CHUIT UHEPITUU
JTA€T BO3MOXKHOCTH PEIIUTh COOTBETCTBYIOIIYIO 3aJjayy HEMOCPEACT-
BEHHO I10 OTHOIICHMIO K TaKOW CUCTEME OTCYETA, YTO MHOTJA OKa3bl-
BACTCSl 3HAYMTEBHO TPOIIE, YEM PACCMOTPEHUE JIBUKCHHS B MHEPILIU-
aJIbHOW CUCTEME.

XapaKkTepHbIM CBOMCTBOM CHJI MHEPIUU SBIISETCA MX MPOMOPIIHO-
HaJbHOCTh Macce Tesa. biaromapsi 3ToMy CBOMCTBY CWJIbI MHEPIIUU
OKa3bIBAIOTCSI aHAJIOTUYHBIMU cuiiaM Tsirotenus. [IpencraBum cede, uTo
MbI HaXOJAUMCS B yIaJICHHOW OT BCEX BHEIIHMX TEN 3aKPBHITOM KaOWHE,
KOTOpasi JBUKETCS C YCKOPEHHEM a = (J B HAIPaBJICHUU, KOTOPOE MBI
HazoBeM «Bepxom» (puc. 5.3). Torma Bce Tena, HaXOMSIIUECS BHYTPHU
KaOWHBI, OyAyT BeCTH ceOsl Tak, Kak eciau Obl Ha HUX JCHCTBOBAja CH-
na unepuuu Fi, = — mg. B yactHOCTH, IpYy>KKUHA, K KOHILY KOTOPOU MO/I-
BEIIIEHO TEJIO MACChl M, pacTSAHETCS Tak, YTOOBI yIpyrasi Cujia ypaBHO-
BecwiIa cuity nHepumu — mg. OJIHaKo Takue ke SBICHUS HaOI01aIrCh
OBl U B TOM clTy4dae, €ciiv Obl KaOrHa ObLIa HEMOABMKHOM U HAXOUIIaCh
BOIM3M MOBEpXHOCTH 3emiid. He nmesi BO3MOXKHOCTH «BBITJIIHYThY» 3a
npenenbl KaOWHBI, HUKAKWMH OIBITAMH, TPOBOAUMBIMU BHYTPH
KaOMHBI, Mbl HE CMOTJIM Obl YCTAaHOBUTH, YeM OOYCJOBJICHA CHiIa MQ:
YCKOPEHHbIM JIBUKEHUEM KAOWHBI WIH JIEUCTBUEM TIPaBUTAIMOHHOTO
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noJyigs 3emi. Ha 3ToM OCHOBaHUU TOBOPAT 00 3KBUBAJICHTHOCTH CHII
WHEPILMU U TATOTEHHS (B OJTHOPOJHOM T'paBUTAIIMOHHOM I10JI€). JTa
AKBUBAJICHTHOCTH JISKUT B OCHOBE OOIIEH TEOPHUH OTHOCUTEIbHOCTH
(OTO) DitHiTeiina.

5.3. [JleumpobexcHas cuaa uHepyuu

PaccmoTpum IHCK, BpaIalOIIAMCS BOKPYT MEPIEHAUKYIAPHOU K
HEMYy BEpPTUKaJIbHOM OCH Z C YIJIOBOM CKOpocThio ® (puc. 5.4, a).
BMecTe ¢ IMCKOM BpamlaeTcs HAJACThIM HA CHUIY LIAPUK, COEIU-
HEHHBIN C LIEHTPOM JIUCKA MPYKUHOM.

Puc. 5.4

[Tapuk 3aHUMAET Ha CIHIIE TAKOE MOJIOKEHUE, PU KOTOPOM CHIIa
HATSDKEHUST TIPYKUHBI F OKa3bIBaeTCs PaBHOM MPOU3BEICHUIO MACChI
maprKa M Ha ero ycKOpeHue a, =o°R (R — paccTosHue OT mapuka 1o
neHTpa aucka, cM. (1.30)):

F=mo’R. (5.8)

OTHOCHUTENILHO CHCTEMBI OTCUETA, CBSI3aHHOM C TMCKOM, IIAPHUK I10-
KOUTCS, DTO MOKHO (DOpMaIbHO OOBICHUTH TEM, UTO, Kpome Cuilbl (5.8),
Ha IIApUK JACHCTBYET cuUjia MHepUuH, paBHas (5.4), HO MPOTHUBOIIO-
JI0’KHO HaIlpaBJICHHAsl YCKOPEHHIO @, BJIOJb pajJnyca OT IEHTpa JUCKA
Fin= mO)2R.

Cuily MHEpLIMH, BOZHUKAOIIYIO BO Bpallaroieics (110 OTHOIIICHUIO
K WHEPIHATLHBIM CHCTEMaM) CHUCTEME OTCYETa, Ha3bIBAIOT UEeHMPO-
OedxcHoll cunoil unepyuu. JTa cuila JEHUCTBYET Ha TEJIO BO Bpalllaro-
HICHCST cUCTEME OTCYEeTa, HE3aBUCUMO OT TOTO, IMTOKOUTCS TEJIO B ATOU
cuctemMe (Kak MbI MPEANoJjiaraiv 0 CHUX TOp) WK JABUKETCS OTHO-
CUTEIILHO HEe.

[Ipy TOYHOM pelIeHUU 3a7a4 O JABWKEHUU TEJI OTHOCUTEIHLHO
36MHOM TMOBEPXHOCTH HY)KHO YUHUTHIBATh LIEHTPOOCKHYIO CHITy HHEP-
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iy, HabmomaemMoe OTHOCUTEILHO 3eMIIM YCKOPEHHE CBOOOHOTO Taje-
HUSL Tel  OOYCJIOBJIEHO NEWCTBHEM CHJIBI TSDKECTH, C KOTOPOH TeJo
MPUTSATUBAETCS 3eMJIeH, U CUIIbI IIEHTPOOEKHOM, puc. 5.4, 6. Pe3yb-
TUPYIOIIAst CUJI U OyJeT CHIION TshKeCcTH M.

OTau4me CUIBI TSKECTH OT CHJIBI TIPUTSHKEHHS K 3eMIle HEBEITHKO,
TaK Kak IIEHTPOOEKHas CHUJIa MHEPIMH 3HAYUTEIbHO MEHBIIE, YeM
cuia nputTsbkeHus k 3emute. Tak, s maccel B 1 Kr HanOoJblee 3Ha-
YeHHe IIEHTPOOEKHOW CHIIBl, HAONIOJaeMoe Ha DJKBAaTOpPE, PaBHO
0,035 H, B To BpeMsl KaK CuWJia NPUTSHKEHUS paBHA MPUOTUZUTEIHHO
9,8 H, 1. e. moutu B 300 pa3 6obIie.

5.4. Cuna Kopuoauca

[Ipyu pABWKEHMM TENa OTHOCWUTEIIBHO BPAIAOUICUCS CHUCTEMBI
oTcueTa, KpoMe IIEHTPOOCIKHOM CHIIbI MHEPIUH, TTOSBIISICTCS €IIe OJIHA
cuia, Hazwvleaemasn cuinoi Kopuonuca, niv Kopuoaucoeou cuioi
uHepyuu.

A V
~__
Puc. 5.5.

[TosiBIeHHE KOPHOJIMCOBON CHIJIBI MOXXHO OOHApy>XUTh Ha Clie-
IyIOIIEM mpumepe. Bo3bMeEM TOPU30HTAIBLHO PACIIOJIOXKECHHBIN JIHUCK,
KOTOPBIM MOKET BpallaTbCsl BOKPYI BEPTUKAIBbHOM OcH. IIpoueprum
Ha Jucke paauaibHyro npsamyr OA (puc. 5.5). 3anycTuMm B Hampas-
JIEHUM OT IIEHTpa JUCKa IIapuK co CKopocThbio V. Ecim auck He
Bpalllaercsi, mapuk OyAeT KaTUThCA BAOJIb MPOYEPUYECHHOW MPSMOM.
Ecnu ke nucK MpUBECTHM BO BPAIICHWE B HAINPABJICHUM, YKA3aHHOM
CTpPEJIKOM, TO MmapuK OyJeT KaTUThCA MO M300pPaXKEHHON IMYHKTHPOM
kpuBoii OB, mpuyeM €ro CKOpOCTb OTHOCUTENIBHO JuCKa V' Oyner
U3MEHATh CBOE€ HampasieHue. ClienoBaTEIbHO, MO OTHOIICHUIO K
BpalIaIoIIecsl CUCTEME OTCYETa IIAPUK BEIET ce0s TaK, Kak €Cciu Obl
Ha Hero jelcTtBoBalia cuia Fy, meprneHauKysipHas K CKOPOCTH V.
Y1oObl 3aCTaBUTh IIAPUK KATUTHCA IO BpAIAIOIIEMYCsl JUCKY BIOJb
paauaibHON MPSIMOM, HYKHO CJIeJIaTh HAMpAaBISIONIYIO, HAIPUMED, B
Bujie peopa. Ilpu kaueHuM mIapuika HampaBlgIONIEe PeOpPO JAEHCTBYET
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Ha HEro ¢ HeKOTopou cuioi F,. OTHOCUTEIBHO BPAIIAFOIICCS CUCTEMBI
(IMCcKa) MapUK JBUKETCS C MOCTOSHHOM MO HANPaBJICHUIO CKOPOCTHIO.
OT0 MOXHO PopManbHO OOBIACHUTH TEM, 4TO cuia F, ypaBHOBemMBa-
€TCsS TMPWIOKEHHOW K IIApuKy CcWiod wuHepiuu Fy, nepneHauky-
nsipHOM K ckopocTH V. Cuna Fy u ects Kopuonucosa cuina naepuum.
Mo>kHO TOKa3aTh, UTO MOJYJIb €€ PaBEH 2mv®, a JJI CUJIbl B 00ILIEM
CJly4yae CIpaBeIJIMBO BbIpaKEHUE:

F=2m[vw]. (5.9)

[lpu v = 0 »Ta cmwia, B OTIMYHE OT CHJIBI IICHTPOOECKHOM,
OTCYTCTBYET.

['n1asa 6. 06wyue eonpocsl Meopuu OMHOCUMe/AbHOCMu

6.1. CneyuasibHass meopusi OmHocume/AbHoCcCmu
(pesassmusucmcekas MexaHuka)

B ximaccM4yeckor MEXAaHUKE CUMTAIOCh, YTO CYIIECTBYIOT
aOCOJIIOTHOE MPOCTPAHCTBO U a0OCOMIOTHOE Bpems. B aToM ciydae
CIIpaBEJIUBBI OYEBUJIHBIC MpeoOpa3zoBaHus ['anuiess U BhITEKAIOUIUNA
U3 HUX NOPUHUOWI OTHOCUTENbHOCTH ['anmunes mid WHEepUHAIbHBIX

cucteM otcuera (2.8), (2.10), (2.11):
x=X"+vot, y=Y, z=27; t=t'; v=Vv' +vya=a.

[locnennee paBeHCTBO (HOpMyNHpyeTCs KakK MPUHIMI OTHOCH-
TebHOCTH [anmunes:: 6ce 3aKkoHbl MexaHuKu cnpageonugvt O0Ji
10001l UHEPYUATLHOU CUCIEMbL OMCcUema, U HUKAKUMU ORbImamu
HeJlb3s Onpeodeiums, NOKOUMCA OAHHAA CUCEMA UTU OBUNCEMC A C
ROCMOAHHOU cKOpocmblo. OUEBUIHBIM KaXXETCS U YTBEPKICHUE, UTO
BpEMsI BO BCEX CHUCTEMax, KOTOPbBIE ABUXYTCS OTHOCUTEIBHO APYT
JIpyra pPaBHOMEPHO M TMPSIMOJHUHEWHO, TEYET OJAWHAKOBO, a Tela
COXPaHSIOT CBOU pa3Mepbl IOCTOSIHHBIMU.

B TO e BpeMs ¢ MOMEHTa OCHOBAaHUs BOJIHOBOW TEOPUU CBETA
YTBEPAWIOCH MPEJCTABIECHUE, YTO CBET PACIPOCTPAHSIETCS B HEKOTO-
poii cpeze, Ha3bIBaeMOM 3(UPOM, KOTOPBIN 3aMOJIHSIET BCE MPOCTPaH-
cTtBo. Eciu sup npencraBiasier HEKYH Cpedy, MOXHO ObLIO Haje-
AThCSI OOHAPYKUTH IBHKCHHE UCTOYHUKOB WJIM IPUEMHHUKOB CBETa 10
OTHOIIIEHUIO K 3TOU cpene. OOHapyKeHUE IBUKEHHUS TE€JT OTHOCUTEIb-

68



HO 3(dupa mpUBeI0 Obl K MOSIBICHUIO a0COIIOTHONM CHUCTEMBbI OTCUETA,
110 OTHOIIIEHUIO K KOTOPOM MOXHO OBLIIO OBI pacCMaTpHWBaTh JIBHKE-
HUE JAPYTUX CUCTEeM. A pa3 Tak, TO oOHapyKeHue 3dupa caenano Obl
BO3MO>KHBIM BBIJICJICHHE 3TOM a0COJIOTHOM cucTeMbl. Pa3BuTas K KOH-
iy XIX Bexka MakcBenIoM TeopHs 3JIEKTPOMArHUTHBIX BOJIH MIPEJICKa-
3bIBajia, YTO OHHU PACIHPOCTPAHSIOTCS C BIIOJHE OIPEJICIICHHONW CKO-
POCTBIO — CKOPOCTBIO cBeTa — ¢. Cpasy K€ BO3HMKAJIO JiBa BOIIpOCa: B
KaKOW CHCTEeME OTCUeTa TO CIPABEIMBO U OyAET JIU CKOPOCTh CBETA
3aBUCETh OT CKOPOCTH UCTOYHHMKA U TPUEMHHUKA.

OTBeTHl Ha 3TH BOMNPOCHI OBUIM MOJYYEHBI B pe3yjibTaTe psja
HaOJII0ICHUH 1 SKCIIEPUMEHTOB.

HaOmtonenue 3a moBe/ieHUEM JABOMHBIX 3BE3, BPAIIAIOIMIMXCS C
OOJIBIIION CKOPOCTBHIO BOKPYI' CBOEro IIEHTpa Macc, IOKaszaliu, 4YTO
CKOpPOCTb CBE€Ta HE 3aBUCUT OT HAIPABJICHUS JBUKECHHUS HCTOUYHHMKA
(puc. 6.1).

B 10 e Bpemsa Ha OCHOBaHMHU OIBITOB Maiikenbcona — Mopiu
OBLJIO YCTaHOBJICHO, YTO HOCUTEIh CBETOBBIX BOJIH (3(pup) B mpupoie
OTCYTCTBYET.

c—V ~O.
cs L
ctV e

Puc. 6.1.

Nnes ombiTa MaiikenbCcOHa 3akirodanach B TOM, 4TO €CIu Obl 3¢up
CYILIECTBOBaJ, TO CKOPOCTh 3aBHceNia Obl OT HAMpPaBJICHUS PACIPOCT-
paHEHHUs CBETAa MO OTHOIICHUIO K 3(UPY, OJIHAKO OMBITHI 3TOr0 HE
MOATBEPIUIIH.

AHanu3upysa Bce 3TH (akTbl, DiHIITeHH B 1905 rogy passui
cneyuanvuyro meoputo omnocumenvnocmu (CTO), B ocHOBe
KOTOPOM JIekKaT JABa MPUHIIUIIA.

[IepBbIii — 3TO pacnpOCTPaHEHUE IIPUHLINIA OTHOCUTENBHOCTH I'a-
JWIIes] Ha BCE 3aKOHBI PUPOJIBI, BKJIIOUYAsk TEOPHI0 MakcBela, a Takxke
XUMHUYECKHE U OMOJIOTMYECKUE TIPOLIECCHL: 8ce huzuuecKue a6ieHus 60
6cex UHEPUUAIbHBIX CUCIEMAX Omcuema npomeKarom 0OUHAKo06o, 6
CUJTY Ye20 Heb3s 6blOC/IUMb KAKYI0-TU00 a0COI0OMHYIO0.

BTOpol NpPUHIMII — HOCTOSHCTBA CKOPOCTH CBETA B BAaKyyME:
CKOpoCcmb céema 6 6aKyyme OOUHAKOBA 60 6CeX UHEPUUATbHbIX
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cucmemax omcyema 60 6cexX HANPAGICHUAX U He 3a6ucum Oom
CKOpOCHIU UCHOYHUKA U NPUEMHUKA ceema.

B xiaccuueckor Mmexanuke HproTOHA omnrcanve B3anMOJEUCTBUS
TeJI MPEANOoJIaracT MrHOBEHHOE PacIpOCTPAHEHUE B3aUMOICHCTBUS. B
JNIEUCTBUTEIBLHOCTH CYIIECTBYET MAaKCUMaJlbHasi KOHEYHAasA CKOPOCTh C
pacIpOCTpaHEHUs B3aMMOJICHCTBHS, IPUUYEM B IIPHUPOJIE HEBO3ZMOKHO
B3aUMOJIEHCTBUE CO CKOPOCThIO Ooubiei c¢. CKOPOCTh ¢ — YHHBEp-
CalibHasi TTOCTOSIHHAsA, OJIMHAKOBA BO BCEX MHEPIMAIBHBIX CHCTEMAaXx,
OHa paBHa CKOPOCTHU cBeTa B Bakyyme (rmpumepHo 300 000 km/c).

[IpencrtaBum Teneps ceOe OJWH MBICICHHBIM SKCIIEpUMEHT. B
MEPBOM MHEPIUATBHON CUCTEME OTCYETA, JBUKYILEHCS OTHOCUTEIBLHO
BTOPOM CO CKOpPOCTBIO V, CBET OT HCTOYHUKA N0 IPUEMHHKA
pacmnpocTpaHseTcs 3a Bpems t = y/C. Eciu Tenepb paccMaTpuBaTh 3TO
SBJICHHE CO CTOPOHBI HAOIIOIaTEIIsl BO BTOPOM CUCTEME, TO 3TO BpeMs
cocrautr t' = tN1— B, roe B = v/c* (puc 6.2). To, 4T0 BpeMms,
U3MEPEHHOE B OJIHOM CHCTEME OTYETa, OTIMYACTCS OT BPEMEHH B
JIPYrou, MPOTUBOPEYUT BCEMY HAIIIEMY MMOBCEIHEBHOMY OIIBITY.

Paccmorpum ewie ogun npumep. B cucreme, ABUKYLIEUCS OTHO-
cuTenbHO HaOmonarenss H co ckopocTeio V, uctouHuk M uznyuaer
KOpOTKUM uMIyJibc cBeta (puc. 6.3). JIBa mpuemnuka I11 u I12,
HaXOJSIIMECS Ha PAaBHBIX PACCTOSIHUAX OT M B TOW XE€ CHCTEME
OTCuYeTa, 3a)UKCUPYIOT MPUXO/] CBETA OJHOBPEMEHHO.

Ha6nronarens sxe H yBuaur, uro cBeT Kk uctounuky I12 mpuner
paHbliie, 4eM K npueMHuKy I11.

R
’ yi ’_,Hl Vv
| H ,;:::: _____ - m
= vt mOLSSS
a o
Puc. 6.2 Puc. 6.3

[ToquepkHeMm eme pas, yto u3 npuHuunoB CTO ciexyert, 4To BpeMs
MPOTEKAET PA3JIUYHO B PA3HBIX CHCTEMAX OTCYETA W YTBEPKICHUE O
MIPOMEKYTKE BPEMEHU MEXAY ABYMSI COOBITHSIMU UMEET CMBICI TOJIBKO
Ipy yKa3aHUM CHUCTEeMbl OTcyeTa. JIBa COOBITHS, OJIHOBPEMEHHBHIE B
OJIHOM CUCTEME, MOTYT OBITh 3a(DUKCUPOBAHBI B pa3HOE BpEMS B JIPYTOil.
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B To xe BpeMs Mpu 3TOM HE HapyLIAETCsl MOCIEI0BATEIBLHOCTh MEKTY
COOBITHSIMHU, UMEIOIIUMH MPUINHHO-CIICACTBEHHYIO CBS3b.

[ToCTOSIHCTBO CKOPOCTH CBETA MPUBOAUT K TOMY, YTO MPOCTpaH-
CTBO U BpeMs 00pa3yloT €IMHOE IPOCTpaHCTBO-BpeMs. JIroboe coObl-
THE B HEM XapaKTEPHU3YeTCs MECTOM, IJie¢ OHO MPOU3OIIIO, U BpeMe-
HEM, KOrJla OHO MPOM30ILI0. DTO MOXKHO MPEJCTaBUTh KaK TOUYKY B
YETHIPEXMEPHOM MPOCTPAHCTBE C KOOPJAMHATAMHU X, Yy, Z U Ct. Besikoit
qacTuuae, aaxe HGHOHBH)KHOﬁ, B 9TOM IIPOCTPAHCTBC COOTBCTCTBYCT
JIVHUS, Ha3blBacMas muposou aunuen. KBaapar pacCTOSHUS MEXIY
TOYKAMU HOCUT Ha3BaHUE UHMeEpeand, ISl KOTOPOIro CIpPaBelIMBO
cootHomeHne AS” = cAt” — AX® — Ay2 —AZ”.

N3 npuniunoB CTO crneayroT Takxke NnpeoOpa3oBaHUs Koopou-
Ham u épemeHuU, KOTOPbIe Ha3bIBAIOTCS MpeoOpa3zoBanusiMu JIopeHiia.

! Vt! 2
x =22 y=vy,z=2t=—-C (6.1)

Ve v’
-~ -
C C

N3 npeobpazoBanuii JlopeH1ia CleyeT perimusucmckoe cokpa-
weHnue ompeskos. Eciu, HanpuMmep, BHadajie y ABYX HaOJrojarenei
UMEIINCh UICHTUYHBIE CTEP)KHU IJIMHOM | U ecnu 3aTeM HaOIr01aTelNb
B HaumHaer aBUraThCs CO CKOPOCTBIO V IO OTHOUICHUIO K
HaOJroaTeNno A, To 11 A JyIMHA CTepKHS B cTaHeT paBHOIA:

0=0J1-v?/c? (6.2)

aHAJIOTUYHO JJIs HaOmroarens B.

[IpoMeXyTKH BpeMEHH MEKIY COOBITHSIMH Takxke OyayT
pa3lIMYHbl B PAa3IMYHBIX CHUCTEMaX (persmusucmcKkoe CcoxkpaujeHue
8peMeHU):

Y
t'— 2 x

t=—_C (6.3)
1-v?/c?

Ha 3Toi#1 0cHOBE HIMPOKYIO U3BECTHOCTD MOIYUUIT nAPAOOKC OU3-
Heyos. [lapagokc 3aKkiatodaercss B TOM, YTO €CJIM HA KOCMHAYECKOTO 1y-
TEIIECTBEHHUKA CMOTPETh C 3€MJIH, TO ISl HETO BPEMS T€UET MEJIJICH-
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HEe, 1 OH BEPHETCS JIOMOM MOJIOXkKE CBOEro Opara, HaXOSAIIEerocs Ha
3emuie. XoTs eMy Bce OyJeT Ka3aTbcsi HA0OOPOT.

[Tapamokc ycTpaHseTcs, €CM y4E€CTh, UTO 3aja4ya HECUMMETPUYHA
10 CBOEW mpupoje. biusHen, ocraBuiviics Ha 3emiie, BCE BpeMms
OCTAaETCs B OJTHOW M TOM K€ MHEPUHAIBHOM CUCTEME OTCYETA, TOT/AA KaK
€ro Opat NepexoauT U3 OJHOM CUCTEMBI OTCUETA K IPYTrOM JiBa pasa.

N3 ipeoOpa3zoBanuii JIopeHna ciieayeT psjl 3aKOHOB.

Penamusucmckuti 3axon cnoacenusi ckopocmeti:

u+v
u=—. (6.4)
uv
1+—
C
Macca nBvxyuerocs Tejia m 3aBUCHUT OT €ro CKOPOCTH V ¥ MUHU-

MaJlbHa B CUCTEME OTCYETa, B KOTOPOM TEJIO MOKOUTCS (Macca MOKOs):

me_"To (6.5)

N3 3TOM 3aBUCUMOCTH MOXKHO CJiejiaTh BBIBOJI, UTO Ye€M OBICTpee
JIBUTAETCS TEJIO, TEM TSXKEIIEE €r0 Pa3rOHTh AJIbIIIE.

YacTuiel BeliecTBa, UMEIOIIME MACCy TTOKOS, MOTYT JABUIAaThCS C
J00BIMH CKOPOCTSIMH, BCET/1a MEHBIIIMMHU CKOPOCTH CBETa B ITyCTOTE,
YaCTUIIBI K€, HE UMEIOIME MACChl TOKOS, MOT'YT JIBUTaThCSl TOJIBKO CO
CKOPOCTBIO CBETA.

CTO ycraHaBIMBAET TaKXK€ COOTHOLICHUE MEXIY IHepauell,
Maccou u UMnYa1bCom

E* = p’c® +(m,c?)’. (6.6)

pc

m,C
Puc. 6.4.
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Ot1o0 ypaBHeHue 1o popme HanomuHaeT Teopemy Iludaropa, u, Ta-
KUM 00pa3oM, OKa3bIBAETCS, YTO UMITYJIbC TEJIa U €r0 Macca MOKOsI CBS-
3aHbI KaK JIB€ KOMIIOHEHTHI HEKOTOPOTO BEKTOpa — sHepeuu (puc. 6.4).

Bce 3tu cooTHolIeHUs: paboTalOT B (DU3UKE BBICOKUX SHEPTrUil U
JIEMEHTAPHBIX YaCTHII.

6.2. 0bwast meopust OMHOCUMEAbLHOCMU

Bce paccMoTpeHHBIE SIBJIEHUS CHPaBEJIMBBI B HHEPIMAIBHBIX
cuctemax orcueTta. Korma mMel paccMatpuBaid HEMHEPLUHUATIbHBIE CHUC-
TEMBl OTCYETa, JJIS OMUCAHHUS SBICHHNA B HHMX Mbl BBOJMIN CHJIBI
uHepiuu. [Ipy npsaMoJIMHEHHOM JBUKEHUHU C YCKOPEHHUEM @ ATO Obliia
cwia F =— ma. IIpyuem oTMe4danoch, 4YT0, HAXOISICb B KOCMHUYECKOM
KopaoJe, JEeTAIIEM ¢ YCKOPEHHEM ( MPU 3aKPBITHIX WLTFOMHHATOPAX,
KOCMOHABTHI B CHJIy SKBHUBAJIEHTHOCTH I'PABUTAIIMOHHOW U MHEPTHOU
MAacC HE€ CMOTYT IOHSITh, JIETAT OHU C YCKOPEHUEM HJIN MOKOATCS Ha
3emuie.

DUHIITEHWH NPEATOJIOKNI, YTO CUJIbI MHEPIIUK MOKHO paccmar-
pUBaTh KaK MPOSIBJICHUE JIOKAIBHBIX IMOJEW TATOTEHHS, KOTOPHIC
BEKTOPHO CKJIQJBIBAIOTCS C JIOOBIM OOBIYHBIM T'PaBUTAIMOHHBIM
nojsieM. Kpome TOro, OH NpeANnosoX)ujia, 4YTO OHM II0 CBOEMY
JICUCTBUIO TOJIHOCTHIO SKBUBaJICHTHBI. Mcxoas U3 3TOro moJo-
KEHUs, OH pa3paboTaj TeOpUI0, B KOTOPOU cpasumayuoHHvle Mac-
Cbl UCKPUBTIAIOM NPOCHMPAHCMEO MAK, YMO MAL0MEHUe CMaAHOo-
eumcsa npocmo cieocmeuem 2eomempuu. Tpu npenackazaHus,
CI€JIaHHbIE HAa OCHOBE 3TOM TEOpHUH, B JaJbHEUIIEM HaILUIM TO/I-
TBEpPXKACHUE: Mpereccus opouTsel Mepkypus, He TPIMOJUHEHHOCTD
pacnpoCTpaHEeHHUs CBeTa BOJM3M MACCHUBHBIX TeJ, 3aMEJICHUE
BPEMEHHU B TPABUTAIIMOHHBIX MOJISIX.

KoumpoabHbie 3a0aHus

e KocMuyeckuii kopaOiib MpoJeTaeT MUMO HAOIIOJIATEelIsl CO CKO-
poctbto 0,8 ¢ (c— ckopocTh cBeTa B Bakyyme). Ilo u3mepeHusiM
HaOmromarens ero gnuHa paBHa 90 M. KakoBa mnmmHa kopabns B
COCTOSIHUU MOKOS?

Ilpumep pewenus. 1lpu IBMKEHUU CO CKOPOCTSIMHU, OJM3KUMU K
CKOpPOCTHU CBeTa, NPOUCXOAUT JIOPEHIIOBCKOE COKpAIllCHUE OTPE3KOB B
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COOTBETCTBHU C 3aKOHOM 6:60\/1—\72/ C?, T.e. IS JUIMHBI IIOKOS-

merocst kopabust lo momyarm: 90/v 1—(v*/c”) = 90/0,6 =150m.

1. Kocmuueckuii kopabiib ¢ 1ByMs KOCMOHABTaMH JIETUT CO CKO-
poctbio 0,8 ¢c. OnUH U3 KOCMOHABTOB MOBOPAYMBAET METPOBBIN CTEP-
’KEHb W3 TIOJOXKEHUS MapajyIeIbHOTO HAINpaBJICHUS JIBWKCHUIO B
MOJIOKEHHUE, TIEPIICHIUKYIISIPHOE 3TOMY HampasiieHnto. Kak n3MeHur-
Csl JIMHA 3TOTO CTEPKHS, C TOUKU 3PEHUS APYroro KOCMOHaBTa?

2. Jlna ycnoBus TpEbIAYIIETro 3aJaHusi, KaK W3MEHUTCS JJIMHA
ATOTO CTEPKHS JUIs1 HAOII0IaTelIsl, HaXoasIierocs Ha 3eme?

3. HaGmtomarens ciaeauT B TpyOy 3a MPOJICTAIOINIMM MHMO CJIEBa
HaIMpaBO CO CKOPOCTBHIO, OJIM3KONW K CKOPOCTH CBETa, KOCMUYECKUM
kopabneM. Ha 60pTy kopabist HapucoBaHa aMmbJiema.

Kaxkoii BUauT 3Ty 3M01eMy HaOIt0AaTEh?

vAg
q;gv):
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YacTp 2. MosieKyjisspHasa ¢usuka
U TepMOJAMHAMHUKA

I'nasa 1. O6wyue noHsamus. 2Kuokoe cocmosiHue

MonekynapHO-KUHETHYECKass TeOpHs OOBICHAET HaOJr0gacMbIe
Ha OIBITE 3aKOHBI KaK CyMMAapHBIA pe3ysbTaT ACHCTBUS OTAEIbHBIX
MOJIEKYJI HA OCHOBaHUM CTaTUCTHUUYECKUX METOJI0B. B nanHoM paszerne
CUMTAETCS, YTO MOJIEKYJIbl Ta3a HaXOJATCS B OECHOPSIOYHOM XaOTH-
YECKOM JIBIXKEHHH, MEPUOJIMYECKH CTaJKHUBAsICh MEXAy cOoOOM M CO
CTEeHKaMU COCy/ia, B KOTOPOM OHU HaxojsaTcs. Bce nanmpaBienus nBu-
KEHUSI PAaBHOBEPOSITHBI, & UHTECHCUBHOCTD JIBM)KCHUS 3aBUCHUT OT TEM-
nepaTyphl.

B oTnnume oT 3TOr0, TEPMOIMHAMUKA OIMUCHIBAET MAKPOCKOIIH-
YECKHUE SBJICHUS, HE MHTEPECYACh UX MUKPOCKOIMYECKONW KapTUHOW.
B ocHoBe ee nexxaT HECKOJIbKO ()yHIaMEHTAIbHBIX 3aKOHOB, Ha3bIBae-
MbIX HA4anamu mepMoOUHAMUKU, YCTAHOBIICHHBIX Ha OCHOBAaHHHU
Ha0r01aeMbIX (haKTOB.

B naHHBIX pa3jienax UCHOJB3YIOTCS HEKOTOpPHIE CBOW IMOHSTHUS U
onpenenenusd. Cucmemon Ha3bIBa€TCSI COBOKYITHOCTh paccMarpuBae-
MbIX 00beKTOB. Cocmosanue CUCTEMBI XapaKTEPU3YETCs napamempa-
mu cucreMsl. [lapamerpamu maeanbHOro ra3a, HalmpuMmep, SBISIOTCS
nasinenue (p), remmeparypa (T), oobem (V) u np. Ecnu nanHomy
COCTOSIHUIO CHCTEMBI COOTBETCTBYIOT OJIMHAKOBBIC 3HAYCHMS TMapa-
METPOB, HE MEHSIOIIMECS CO BPEMEHEM, TO COCTOSHUE HAa3bIBAIOT
pasnoeecHvim. B IPOTUBHOM Cllydae TOBOPAT O HEPAGHOBECHBIX CO-
CTOSIHUSIX. PaBHOBECHOE COCTOSIHHE MOKHO M300pa3UTh B BUJE TOUKHU
Ha KOOPAMHATHOW TUIOCKOCTH, €CIIM B Ka4eCTBE Ocel BhIOpaTh KaKue-
0o 1Ba nmapameTpsl cucteMsbl. [Ipu pe3skoM n3MeHEeHUH KaKoro-moo
napameTrpa, HanpuMmep oObema rasa B LIJIMHAPUYECKOM COCYAE MO/
NOpILIHEM, U3MEHUTCS U AaBieHue. CHavyalla U3MEHEHUE MPOoUu30iIer
OKOJIO MOPIIHS, @ TOTOM MOCTENEHHO, 32 épems pelaKkcayuu, BO BCEM
o0beMe, 1 HOBOMY COCTOSTHUIO OyJIET COOTBETCTBOBATh Ha TMIOCKOCTH
apyrast Touka. Ilepexoa U3 0JHOro COCTOSIHUSA B JPYroe Ha3bIBAaeTCs
npoueccom. Ecnu u3aMeHEeHHs] TPOU3BOAUTH JAOCTATOYHO MEJJICHHO,
TaK, 4TOOBl MapaMeTphbl yCIEBajdu MPUHUMATh HOBBIE PABHOBECHBIC
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3HAYEHHS 32 BPEMSI U3MEHEHUW, TO MPOLECC HA3bIBACTCS K6A3UCMA-
UUOHADHBIM, VI PDABHOBECHBIM, U HA Ouazpamme OH MOXET OBITh
oTOOpake€H B BUJC JUHHH. PaBHOBECHBIC IIPOIIECCHI 0Opamumul, TO
€CTh MOTYT MPOTEKaTh B 00OpaTHOM HarpasieHuu. Eciau mocne psna
M3MEHEHHUI CHUCTEeMa BO3BPAIAETCS B HCXOJHOE COCTOSIHHE HE 10
TOMY K€ IIyTH, TO MPOLECC HA3BIBACTCA KPy208bim, WIHN yukaom. Ha
quarpaMMe UK 1300pa3uTcs 3aMKHYTON KPUBOA.

1.1. AepecamHble cocmosiHUA gewjecmad

Bce BeniecTBa MOTYT HaXOJUThCA B TPEX arperaTHbIX COCTOSIHH-
SIX: TBEPAOM, KHAKOM, Tra3000pa3HOM (IJ1a3Ma B JJaHHOM pasjieiie He
BbIiessieTcs1). C TOUKU 3pEHUS] MEXAaHUKHU UX MOKHO XapaKTepU30BaTh
COOTHOIIIEHHUEM MEXIYy KWHETUYECKOM M TMOTCHUHWAJIbHOW SHEPrUeH
B3aUMOJICUCTBUS MOJIEKYJ (aToMoB, HOHOB) € = E,/E,. DT0 oTHOIIIE-
HUE€ 3aBUCHUT OT JIBYX NApaMETPOB, ONMPEACISIONIUX COCTOSIHUE BEIIE-
cTBa: Temneparypbsl — T u gaBieHus — p. Ilepexoapl MexIy COCTOS-
HUSMH, KaK MPABUJIO, OCYIIECTBISIOTCA cKkaukooOpa3Ho. Tak, Hanpu-
Mep, BoJa npu HopManbHOM aasienuu npu T = 0° C mepexomuT u3s
JKHIKOr0 cocTrosHus B TBepaoe, a npu T =100°C u3 XuIKoro B
razoo0pa3zHoe. Bo3MoxkHBI U IJ1aBHbIE Tiepexoianl. Hampumep, nepe-
X0/ MEXIY KUIKHUM W ra3000pa3HbIM COCTOSHHEM B 00XOJ KpHUTH-
YECKOU TOYKH.

B TBep/iOM COCTOSIHUM MOJIEKYJIbl HAXOMSITCA B CTAOMIBHBIX MO-
JOXKEHUAX Orjaromapsi 3HAYUTENIBHBIM CHJAM MEXMOJCKYJISIPHOTO
B3aMMOJICCTBUS, OOYCJIOBIMBAIONIMM TOTEHIIMAILHYIO HHEPTHIO.
Monekybl UCTIBITBIBAIOT HEOOJbIINE KOJICOaHUsS OKOJIO TMOJIOKEHUU
paBHOBECHS, KOTOPbIE U 00YCIIOBIMBAIOT UX KHHETHYECKYIO SHEPTHIO,
e >> 1. KuHermueckass sHeprus aTOMOB IIPOTNOpIIMOHAIBHA abCo-
JIIOTHOM TeMIlepaType Tejia. BemectBo B TBEPIAOM COCTOSIHUU
COXpaHseT CBOM 00beM U (hopMYy.

[To xapakTepy B3aUMHOTO PAaCIOJIOKEHUS MOJIEKYJ TBEpJIbIC Be-
IIECTBA MOXHO Pa3/CJIUTh HA TPU TPYIIIbI: KpUCTAIINYECKUEe, amopd-
HBIC U KOMIIO3UTHI.

J{ns1 KpUCTaNIMYECKUX TEJ XapaKTEPHO MEPUOIUUYECKUA MOBTOPSI-
IOIIEECS PACHOJIOKEHNE aTOMOB B MPOCTPAHCTBE, HA3BIBAEMOE KPHUC-
TAJIMYECKOW PEIIETKOM. ATOMBI HaXOAATCS B y3JlaX KpUCTAJLIMYE-
CKOM PEIIETKH, TAE YACPKUBAIOTCS CUIaMH MOTEHIIMAIBLHOTO B3aUMO-
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neuctBus. [IpaBUIIbHBIA MOPSAOK B3aMMHOIO PACIIOJIOKEHUS aTOMOB
(0anvHuIl nopadok) codoaaeTCs Ha 3HAYNTEIIbHBIX PACCTOSHHIX T10
CpPaBHEHUIO C MeKaTOMHBIM. O0JIaCTh, Iie HAOMI0AAETCA NAIbHUMN 10-
PAJIOK, HA3BIBAETCSI MOHOKPUCMA10M (B METAILTIAX — 3€PHOM) U UME-
eT popMy MHOrorpaHHuka. Psjg TBepabix Ten (Hampumep, METaslibl)
COCTOAT M3 OOJIBIIIOIO YHCIa OECHOPSJIOYHO OPUEHTHUPOBAHHBIX 3€-
PEH, pa3Mepbl KOTOPBIX MOTYT U3MEHATHCSI B 3HAUUTEIBHBIX TIpEIeaax
OT €UHUI] MKM JI0 JIECATKOB MM. B 3THX cilydasx roBOpAT, 4TO OHU
UMEIOT HOJUKPUCMATTUYECKYI0 CTPYKTYPY.

MuHUManbHbId 00BEM, TPAHCIUPYS KOTOPHIA MOXHO MOJYyYUTh
KPHUCTAJUIMYECKYIO CTPYKTYPY, HA3bIBAIOT 3JIEMEHTAPHOW PEIIETKOM.
CylecTByeT CeMb AJIEMEHTAPHBIX AYEEK, 00JaJarolunX pa3HOW CTe-
MIeHbIO CHMMETPHH, U3 KOTOPBIX COCTOST BCEe KpUCTaLIbI (puc. 1.1).

7 7

&

Puc. 1.1

Ky6uueckas (a) — uMeet Bce MpsiMbIE YIJIbl M PaBHBIE CTOPOHHBI,
TeTparoHajabHas (0) — NpsIMOYTOJIbHBIA MapajuiesienuIe]l ¢ KBajpar-
HBIM OCHOBaHHMEM, OPTOpOMOHYECcKas (B) — MPSIMOYTOJIbHBIN Tapaiie-
Jenune]i, MOHOKJIMHHAA (T') — BCe HE MPsIMbIE YTJIbl, CTOPOHBI OJMHA-
KOBBIE€, TPUKJIMHHAS (1) — HE MPsIMbIE YTJIbl, CTOPOHBI JIByX MPOTUBO-
MOJIOKHBIX OCHOBAHUMW PaBHBI, TPUTOHAJIbHAS (€) — HE MPSMBIE YIJIbI,
pasHble pedpa, rekcaroHajgbHas (k) — MpU3Ma ¢ MPABUIbHBIM IIECTHU-
YTOJIbHUKOM MPU OCHOBAHUH.

B Hacrosiiiee BpeMs MOJIy4YeH €lle OJIUH TUIl peleTku — QyJie-
pEH, TPaHSIMHU KOTOPOTO SIBJISIOTCS MNpPAaBUJIbHBIC IIECTUTPAHHUKU U
nATUTpaHHUKH (puc. 1.2, a).
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B HEKOTOPBIX Ciaydasx PU3NYECKUE XapaKTEPUCTUKU (Hampumep,
CKOPOCTh 3BYKa, TEIUIO- U 3JEKTPOMPOBOJHOCTh) MOTYT OBITH pas-
JUYHBI B Pa3JIMYHBIX HAIMPABICHUSX, YTO OOBACHSIETCS OTCYTCTBHUEM
CUMMETpUHU pemieTku. B 3Tom ciydae roBopst 00 anuzomponuu
CBOMCTB KPUCTAJJIOB.

ATOMBI pacnoyiaratoTcsi B y3/1ax PEUICTKU, KOTOPHIMU MOTYT SIB-
JsThesl BepiiHbl Guryp (puc. 1.1, 3), a Takxke BepIIUHBI QUTyp U
LEHTPBI TpaHel WU UEHTPHI PUryp.

MHorue 371eMeHTbl MOTYT UMETh HECKOJIbKO TUIIOB KPUCTAJLIINYE-
CKUX peuieTok (noaumopghusm). Tak, yriepoa MOXKET UMETh CTPYK-
Typy rpaduta (puc.1.2,0), anmaza (puc.1.2,B) wmm ¢ymiepeHa
(puc. 1.2, a).

Kaxnast pemieTka uMeeT ONPEIeICHHYIO TUIOTHOCTh 3alOJHCHUS.
Tak, mpocras kyoudeckas pemerka (NaCl) umeer crenens 3amosiHe-
Hust 68%. Hanbosee mioTHy0 ynakoBKy ~75% HMMEIOT rekcaroHajb-
Hasg pemietka (Zn, Mg, Be ...) u rpaHenieHTpupoBaHHasi KyOuuyeckas
pemerka (Ag, Au, Ni, Cu, Al ...).

Puc. 1.2

Ha puc. 1.3, a, 0, B, T mnpuBeICcHbB NPUMEPHl KyOUUECKOMH,
KyOn4uecKkol 00BEMHO-IICHTPUPOBAHHOM, KyOHWYECKON TpaHEIeHTPH-
POBAHHOM U I'€KCAarOHAJIBHOM PELIETOK COOTBETCTBEHHO.

Puc. 1.3
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Kpucramiudeckue pemeTku MOTYyT UMETh Pa3juyHOIo poja Ha-
pyuieHust (0eghexmut), HAIPpUMEP OTCYTCTBHE aToOMa B y3Jje (BakaH-
cusl), JUIIHUM aTOM B MEXY3JIMM (aTOM BHEIPEHUS), aTOM APYroro
3JIEMEHTAa BMECTO OCHOBHOTO (MIPUMECH) U psii APYTUX, Oojee CIoXK-
HbIX (puc. 1.4). JledeKkTsl KpUCTAIOB MOTYT 3HAYUTEIbHO U3MEHUTH
WX CBOWCTBA, HAPUMEP MPOBOAUMOCTD MOJYIPOBOJHUKOB.

st amopgprvix TBEPABIX TEJI XapaKTEPHO OTCYTCTBUE JAJTBLHETO
NOpsIiKa, B TO BpeMs KaK IMOJIOKEHHWE aTOMOB (PMKCUPOBAHO U MOXKET
COXPAHATHLCS OuMcHUIl nopsaook, puc. 1.5. Jlnsg amopdHBIX Ten xa-
PaKTEpHO OTCYTCTBHUE OIPEACICHHON TeMieparyphl IaBieHus. K
aMOp(HBIM TeaM OTHOCSITCS CTEKJI0, CMOJIbI, TIacTMacchl. B mocnen-
HUE TOJIbl aKTUBHO M3Y4alOTCsi aMOp(HBbIE METaJNIMYECKHUE CILUIABHI,
KOTOpPBIE HAXOASAT IUPOKOE MPUMEHECHHUE B TEXHHUKE.

Puc. 1.4 Puc. 1.5

K komnozumam OTHOCATCS KOCTb, KPOBEHOCHBIE COCYIbI, Je-
peBo, 0etoH u Ap. CTpyKTypa UX TOCTATOYHO CJIOKHA, U COCTOSIT OHU
U3 Pa3JIMYHBIX CBSA3AHHBIX JIPYT C IPYTrOM MaTepHasoB.

[To Mepe MOBBINIEHUS TEMIIEPATYPbl KUHETUYECKAsi YHEPTUS aTo-
MOB (MOJIEKYJI) BO3pacTaeT, U Opu € ~ | OTHENIbHBIE aTOMBI (MOJIE-
KYJIbl) MOTYT CKaYKOOOpPa3HO MOKUAATh CBOM MECTa B y3JaX KpUCTaJl-
JUYECKON PEIIETKH, XOTSI HEKOTOPOE BpeMs (BpeMs OCEIJION >KU3HM)
OHM HAXoJATCs B HUX. J{Ji1 cOXpaHEHUs >KUJIKOTO COCTOSIHUS TTOTEH-
[[MajbHas SHEPIrusl BCE K€ JIOJDKHA MPEBBIIATh KUHETHYECKYIO SHEp-
ruto. Bpemsi ocemyiol ku3HM (T) YMEHBIIAETCS C POCTOM TeMIepa-
Typbl. Eciu 0003HAaUUTh 4acTOTy KOJEOAHUSI YACTHUI[ OKOJIO TMOJIOMKe-
HUSI PABHOBECHS 32 T (o~ 107" c), TO

T = 1o eXP(—W/KT), (1.1)

rjie W — SHEeprus akTHBAIIMHM Ipoliecca, a K — moctossHHas bonbimana.
[IpaBunbHOE B3aMMHOE pPACIIOIOKEHHE AaTOMOB MOXKET CcOXpa-
HSTHCSI TOJILKO B HE3HAYMTENIbHBIX, N0 CPABHEHUIO C MEXKATOMHBIM,
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PacCTOSIHUAX U HOCHUT HAa3BAHUE 0JIUIHCHEZ0 nopaoKa. JlanbHUN TTOps-
JOK Y XKHUIKOCTEeH OTCyTCTBYeT. CTpYKTypa XKUIAKOCTEW OJHM3Ka K
CTPYKType aMOp(HBIX MaTepuaioB. AHU3OTPOINUS CBOWCTB Yy KHJI-
KOCTEH OTCYTCTBYET. BemecTBO B KHAKOM COCTOSHUU COXPAHSIET
CBOM 00BEM, HO TTPUHUMAET PopMy coCy/ia, B KOTOPOM HAXOJUTCH.
[Ipy nanpHE#IIEM MOBBINICHUUA TEMIIEPATyphl (KMHETUUYECKOMN
SHEPrum) mpu €<<l BEHIECTBO XapaKTepHU3yeTCs razoo0pa3HbIM CO-
CTOsSIHMEM. B razax MoieKyJsbl HAaXOASATCS HAa 3HAYUTEIBHOM PacCTOs-
HUU JIpYT OT Apyra (4To SIBJISIETCS MPUYMHON Majod MOTEHIIMAIbLHOU
SHEPIruM), XaOTUUECKU JIBUXKYTCSI C OOJIBIIUMU CKOPOCTAMH, KOTOPbHIC
ONPEIEISAIOTCS €ro TeMmneparypou. [Ipu 3ToM nporucxoasT ciaydanHble
CTOJIKHOBEHHUS MOJIEKYJI MEXAY cCOOOM M CO CTEHKaMu cocyia, B KO-
TOpPOM HaxoAuTcs ra3. OH 3aHUMAET BECh MPEOCTABICHHBIN eMy 00b-
€M U COOTBETCTBEHHO UMEET (OpMY COCYy/Aa, B KOTOPOM HaXOJUTCS.

1.2. ?Kudkoe cocmosiHue. [loeepXHOCMHOE HAMSIHCEHUE

Cuiibl NPUTSKEHUST MEXAY MOJICKyJaMH B BellecTBax 3ddex-
TUBHO JICUCTBYIOT JIUIIb HA HEKOTOPOM PACCTOSIHUU — T, HA3bIBAEMbIM
paguycoM MEXMOJEKYJIIPHOTO B3aUMOJEUCTBUAS M COCTABIISIOIIEM
IIPUMEPHO HECKOJIBKO ITHAMETPOB MOJEKYJBI. Ecnu Mosekyna Haxo-
IUTCS. «BHYTPU» T€ld, TO €€ OKPYXKAIT MOJEKYJbl PABHOMEPHO CO
BCEX CTOPOH, puc. 6, a. B 3ToM ciy4ae pe3yJbTUpyroIlas CUJl, Jei-
CTBYIOIIIMX HA MOJIEKYJy CO CTOPOHBI COCEIHUX MOJIEKYJ, HAaXOJs-
IIMXCS Ha PACCTOSHUAX B MpeAenax paanyca MEKMOJIEKYISIPHOIO
B3auMOeHCTBUs OyJeT paBHa HYIO. MHaue 00CTOUT €0, eciiu Mo-
JIeKyJia HAaXOJIUTCSl HAa PACCTOSHUU OT MOBEPXHOCTH, MEHBILIEM Pagny-
ca MEXMOJICKYJIsIpHOTO B3aummozercTus (puc. 1.6, 6). Puc. 1.6, 6 co-
OTBETCTBYET CIy4Yar0 T'PaHUIbl pa3jena >KHAKOCTh-Ta3, XOTs Moa00-
HbIE PACCYXJEHUS CHpPaBEUIMBBI U JJIA JIFOOOM Jpyroi TrpaHUIlbl
paszena IByX Cpell.




N3 puc. 1.6, 6 oueBUIHO, YTO, TOCKOILKY B T'a3e INIOTHOCTh MO-
JEKYJ] MHOTO MEHBIIE, PE3YJbTUPYIOIIAs CHJIA MEXMOJEKYISIPHOrO
B3aMMOJICUCTBUS OyJeT HampaBlieHa BHYTPb XUJIKOCTH U OyJeT
MPENATCTBOBATh JABWKECHUIO MOJICKYJbl K MOBEPXHOCTU. AHAJIOTHY-
HbIE CUJIBI OyAyT AEHCTBOBATH HA BCE MOJICKYJIbI, HAXOAIINECS BOJIH-
31 OBEPXHOCTU HA PACCTOSIHUM MEHBIIIEM, YEM PagUyC MEKMOJICKY-
JSIPHOTO B3aMMOJICUCTBUS. DTa CHUJIa PACTET MPU MPUOIMKEHUH K
MOBEPXHOCTHU. TakuM 00pa3oM, MOXKHO CUHTATh, YTO BOJU3HU MOBEPX-
HOCTHU HaOJII0J]aeTCsl KapTUHA MOI00HAsI TOM, YTO UMEET MECTO B MOJIE
cui Tsbkectu 3emud. [Ipu moabeme Tena coBepiiaeTcs padoTa MpOTUB
CHUJI TSDKECTH, YMEHBIIIACTCSI KUHETUYECKAsl SHEPTUs U YBEIUUUBACTCS
NOTEHIMAIbHAsA. AHAJIOTUYHO TMPU JABUKEHUU MOJIEKYJbl K MOBEpX-
HOCTH YBEJIMYMBAETCS €€ MOTEHIIMATbHASI YHEPTUSL.

W3 MexaHWKU U3BECTHO, YTO CUCTEMA BCErJa CTPEMUTHCS 3aHATH
MOJIO)KEHUE C MHUHUMAJIBbHOW MOTEHUUAIBHOU JHEPTrUEH, I10ITOMY
AKUJIKOCTh, MPEIOCTAaBICHHAs caMa cede, OyIeT CTPEMUThCS MPUHSATD
dbopMy ¢ MUHHUMAaJIBHON TMOTEHIIMAIBLHOU 3HEprHeil. B HeBecomocTn
3TO OyAeT popma 11apa, B 1ojie CHII TSKeCTH — hopMa Kariu.

Cuiibl, cTpeMsIUecs YMEHBIIUTh IJI0IAb MOBEPXHOCTH, HA3bI-
BAIOT CUNAMU NOBEPXHOCMHO20 HAMANCEHUs. ITU CUIbl HaIpaBie-
Hbl MEPHEHUKYJISIPHO MBICIICHHO BBIJICJICHHOMY KOHTYPY TMOBEpX-
HocTH (puc. 1.7) no kacaTenbHOM K HEW U paBHBI MO BEJIUYUHE

dF = adl, (1.2)

TJIc 0L Ha3bIBAIOT KOIhhuuuenmom noGepxHoCmmozo HAMANHCeHUA, a
dl — mmHa saeMeHTa KOHTYpa, Ha KOTOPBIN ACHCTBYET paccMaTpuBae-
Masl cuiia. AHAJIOTUYHAs CUJIa JISHCTBYET Ha JIF00OM 3JICMEHT KOHTYpa
HOBEPXHOCTH JKUAKOCTH. KO3 PUITUEHT TOBEPXHOCTHOTO HATSIKCHUS
UMeEEeT pa3MepHOCTh H/M.

1 Fuge Fou
\dF |
dl dx
Puc. 1.7 Puc. 1.8

Ha pwuc. 1.8 npencraBiieHa TOHKasi IOJBHIKHAs IEpPEeMbIYKa Ha
paMKe ¢ IJICHKOW (Hampumep, MbUIbHOW). Ha mepemMbluky AercTByeT
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CHJIa TIOBEPXHOCTHOTO HATsDKEHUs, paBHas coryacHo (1.2) 2al (mHO-
KUTEIb 2 TOSIBISIETCSA, NOCKOJBKY IJIEHKA UMEET JIBE IMOBEPXHOCTH).
B paBHOBecuHU IepEMBIUKA YACPKUBACTCSA BHEUIHEN CUIIOW PABHOW 10
BEJIMYUHE U MPOTUBOIOJIOKHON MO HarnpapieHuto. Eciyu nepeMbluky
MEJICHHO IEePEMECTHTh Ha paccTosHue JX, TO Mpu 3TOM OyaeT
coBepuIaTbcs padboTa

dA =2al dx=aS =dE, (1.3)

KOTOpass OyJeT WATH Ha YBEJIWYEHWE SHEPIHH ATOW IUICHKU. Takum
obpazom, ucxoas u3 (1.3) ko PuIMeHT MOBEPXHOCTHOTO HATSHKCHUS
MOKHO TMPEACTaBUThH KaK YHEPTHUI0, MPUXOJIALLYIOCS Ha €IUHUILY TUIO-
manu nosepxHoctd (J[x/M°). Koa(hhUIMEHT MOBEpXHOCTHOrO HATSIKE-
HUSl YMEHBIIAETCS C POCTOM TEMIIEpaTypbl U oOpaIiaeTcsi B HOJIb MpU
KpUTUYECKOM TeMreparype. B 3HaunTenpHOM cTerneHn Ha ko3¢ duiu-
CHT TTOBEPXHOCTHOTO HATSHKEHHUS MOTYT BJIHUSATH NMPUMECH. TakK, MBLIO
MOHIKAET KOA(P(OUIIMEHT MOBEPXHOCTHOTO HATSIKEHUS NPUMEPHO B
MOJITOpA pa3a, B TO BpeMsl Kak MOBapeHHas COJIb €ro yBEJIMUYHUBAET.
KoaddurineHTs MOBEpXHOCTHOTO HATSIYKEHUSI HEKOTOPBIX KUIKO-
cteit (o, MH/M): Boma — 73; riuniepus — 66; ciupt — 22; pTyTh — 490.

1.3. /lagaenue nod uzozHymotil no8epxXxHoCMbH

PaccMoTpuM MOBEPXHOCTH Pa3IMYHON (DOPMBI, OMUparolrecs Ha
KOHTYDP B (hopme kouibIia (puc. 1.9).

B caydae mmockoit dhopmbl moBepxHocTH (puc. 1.9, a) pe3yib-
TUPYIOIIAsl BCEX CHUJ, MPUIIOKEHHBIX K 3JIEMEHTaM KOHTypa, OyJleT
paBHa HyJ0. O003HAUYMM JAaBICHUE KUAKOCTU B ATOM CIIydae p = Po.
Jlns BeIyKJIOM moBepxHOcTU (puc. 1.9, 0) pesyabTupyromas cuia
HaIpaBjieHA BHU3 U CO3/IA€T JIOMOJHUTEIIBHOE JaBJEHUE p = po + Ap.
B ciyyae BoruyTtoi nopepxHoctu (puc. 1.9 B) pesynpTupyroiias cuia
OyJIeT yMEHbIIATh JIaBIICHUE: P = pg — Ap.

HetpyaHo mocuutaTh W30BITOYHOE JABJICHUE, CO37aBaeMoe cde-
puueckoit moBepxHocThio (puc. 1.10). CymmapHas cuna, AeHCTBYIO-
111as1 Ha BBIICJICHHBIN KOHTYP, B COOTBETCTBHH C (1.2) OymeT paBHa

F=oal=a2nR, (1.4)
a JaBJICeHHE, CO3/IaBaeMOe ITOM CHUIIOM, —
Ap = F/S = a2nR/nR* = 2a/R. (1.5)
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Puc. 1.9 Puc. 1.10

®dopwmyna (5) cnpaBemiuBa i chepruuecKOr MOBEPXHOCTH, HMe-
IOIEN OJMHAKOBYIO BO BCEX TOYKaX KpUBH3HY. [[1s mMpoU3BOJBHOM
(OopMBbI MOBEPXHOCTH CIIpaBeIuBa popmyaa Jlannaca:

Ap = 20(1/R, + 1/R), (1.6)

rae R; u R, — paauychel KpUBHU3HBI MOBEPXHOCTH B ABYX MPOU3BOJIb-
HBIX B3aHMHO IIEPIEHIUKYISPHBIX CEUYECHUSAX, MPOBEICHHBIX 4EpPE3
HOpMaJib K JAHHOU TOYKE.

Jlo6aBouHOE NaBiieHHE OOYCJIOBJIMBAET U3MEHEHHUE YPOBHS KUJ-
KOCTH B KaNWUISIPax, MO3TOMY €r0 UHOIJA HA3bIBAKOT KANULIAPHbIM
oagnieHuem.

1.4. PasHosecue Ha epaHuye paszdeaa
meepdoe mesio — 2d3 — HUOKOCMb

Kak yxe oTMedasoch, MOHSATHE TMOBEPXHOCTHOTO HATSKECHHS
MOXHO OTHECTH K JI0OOW TrpaHuIle paszjeia, U B 3TOM Cllydyae UMeEeT
CMBICJI TOBOPUTh O CYMMapHO# IMOBEPXHOCTHOM SHEPrUH TpaHHYaA-
X JAPYT C APYTOM BEIIIECTB.

PaccmoTpuM cuctemy, COCTOSIIIYIO U3 TPEX IpaHUYallUX JIPYT C
JIPYTrOM BEIIECTB: TBEPAOTO, KUIAKOTO M razoobdpasnoro (puc. 1.11, a)
U OTpEeJIeNIUM yCJIOBHE UX PAaBHOBECHSI, COOTBETCTBYIOIICE MUHUMYMY
MOTEeHIMAIbHON 3Hepruu. O003HauYuM KOA(PGUITMEHTHI TTOBEPXHOCT-
HOTO HATSHKCHUS COOTBETCTBYIOIIUX TPAHUI] KAKL 15, Oy U O COOT-
BETCTBEHHO. YT0JI O Mexay HampaBieHusMu cui F., u F,, Ha3bBa-
eTCs KpaeBbIM yriioM. IIpu paBHOBECHMM CHUCTEMBI CyMMa MPOEKIUA
CHJI Ha TUIOCKOCTH JIOJKHA OBITh paBHA HYIO: Fu + F, C0SO — F .. =0
WJIn

83



Olyer Al + 0 Al €COSO — oAl = 0. (1.7)

OTKyza iUt KpaeBoro yriia Mmojay4uMm:

C0SO = (Olry — Olyer)/Olger - (1.8)

Al

=
— |

B ras

XKHUJIKOCTh
ra3  Alo 0
Y KHKOCTE TBEPJOE TEJIO
Alo, Alot,,
TBEPOE TEIO 0
a
Puc. 1.11

Anamm3 dopmyn (1.7, 1.8) mokaspiBaeT, 4TO B Ciydae, Korja
Olr> Olyr T O, HA TPU KAKOM KPaeBOM YIJi€ YCIOBHUE PaBHOBECHS
BBITIOJTHATHCSL HE OyJieT, COSO He MOXKET OBbITh OoJibllie |1 U KUAKOCTD
OyJIeT pacTekaThCsl 10 MOBEPXHOCTU. B 3TOM cirydae roBopsT O siBje-
HUU NOAHO020 cmauueanusn. CylleCTBOBAaHUE TPAHULIBI TBEPAOE Te-
JIO — ra3 SHEPreTUYECKU MEHEE BBITOJHO, YEM JIByX MOBEPXHOCTEH:
AKUJKOCTb — Ta3 M TBEPJIOE TEJIO — KUJIKOCTh. AHAJIOTUYHOE SIBIICHHUE
MOXET PaccMaTPUBATHCA U B CIy4ae CUCTEMbI U3 JIBYX KUJIKOCTEH U
raza. Tak, Karisg OJIEMHOBOW KHMCJIOTBI PacTEKaeTCs Ha MOBEPXHOCTH
BOJIbI B MOHOMOJIEKYJISIPHBIN CIIOHM, YTO MO3BOJISIET, 3HASI MACCY KAIlIH,
OLICHUTbH pa3zMep MOJIEKYJIbI KUCIOTHI MO JUaMETPY 00pa30BaBIIETOCs
HsATHA.

Hpyroil npenenbHbI Ciydaid HaOIIOJAETCS MPU YCIOBUU Olyy >
O T Ol B 3TOM ciaydae COSO He MOXkKeT ObITh MEHbIIIE —1, JKHUIKOCTh
OyJzieT coOuparthCs B Karuito (B OTCYTCTBUU CUJI TSIKECTH — 1Iap), Kpae-
BOU yrojl Oymetr ctpemuthbes K 180°. SIBneHue Ha3bIBACTCS MOJHBIM
Hecmayueanuem. B xadecTBe mpumepa MOXKHO NMPUBECTH KaleJIbKU
PTYTH Ha CTEKJIEC.

B ocranbHBIX cCiydasXx TrOBOpPAT O YAaCTUYHOM CMaYUMBaHUU

(puc. 1.11, a) unu yactuyHoM HecmauuBanuu (puc. 1.11, 0).
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SIBiIeHME HECMAUYMBAHUS MOXKET MPUBOJUTH K PSATY HEOKUIAHHBIX
cienctBuii. Hampumep, cmazaHHas KupoMm WM TapadUuHOM HrOJIKa
IIPY MEJIJICHHOM OITYCKaHWM €€ Ha MOBEPXHOCTh BOJbI MOYKET ILIABATH
(puc. 1.12, a), NOCKOJNBbKY MOBEPXHOCTb COMPUKOCHOBEHUSI CTajlb —
BOJa 00samaeT OOJbIlIeH YHEPTUEH, YeM CTajlb — BO3AyX WJIA BO3YyX —
BoJla. OQHAKO MPHU MOJIHOM MOTPYKEHUU UTOJIKM B BOJY OHA YTOHET.
Bce ckazanHoe mosicHeHO Ha puc. 1.12, 0, rae wu3zo0pa)keHbl
NOTEHUMAJIBHBIE YHEPTUM WIOJIKM B Tosie cuil Tshkectu 3emuu (Eg),
IIOBEPXHOCTHOM JHEPTUM T'paHUll pazaena E ., 1 cyMMapHas dHEPIrus
cuctembl E. Ha xpuBoii E(h) naOmromaeTrcs moTeHIMalbHas sMa,
COOTBETCTBYIOILAS] COCTOSIHUIO YCTOMYMBOTO paBHOBECHS cuctembl. Ho
€CJIM UTOJIKY IIPOTOJKHYTh Yepe3 MOTCHIIMAIbHBIN Oapbep, OHA YTOHET.

E e
ho Eq |
0 ho h
a
0
Puc. 1.12

AHaJOTMYHBIM 00pa3oM B CMa3aHHOM KHPOM peIIeTe MOXKET
YIEPKUBATbCSI HEKOTOPOE KOJWYECTBO BOJABI. M3BECTHO Takke, 4TO
ryCh BCETJa BBIXOAUT CYXUM M3 BOJIbl, & HEKOTOPBIE HACEKOMBIC
CBOOOHO MEPEMEIIAOTCS IO MOBEPXHOCTHU BO/IBI.

1.5. KanuassipHble si81eHuUs

SBnenne cMaunBaHUs (HECMAauWBAHUWS) MPUBOIUT K HCKPHUBJIC-
HUIO MMOBEPXHOCTH KUJIKOCTH B KalMIIIApaX M Y3KHX 3a30paxX MEXKIy
IBYMsI ITOCKOCTSAMH. I10100HOTO poJia MCKPUBJICHHBIE ITOBEPXHOCTH
HA3BIBAIOTCS MeHUuckamu. VICKpHUBICHHE ITOBEPXHOCTH, KakK OBLIO
IIO0Ka3aHo, BEJECT K M3MCHCHUIO JaBJICHUS U, CJICJI0BAaTEIbHO, N3MEHE-
HUIO YPOBHS KUJIKOCTH B Karmmusipe (puc. 1.13, a).
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Puc. 1.13

Ecau )XuaKocTh cMauMBaeT CTEHKU KallWIIspa, TO MEHUCK OyJeT
BOTHYTBIM, HW30BITOYHOE JABJICHUE OTPUIATEIBHBIM M >KUJKOCTb
Oyner mogHuMatbcs. Eciu ke >KMAKOCTh HE CMauyMBaeT CTEHKHU, TO
MEHHCK OYyJIEeT BBIMYKJIbIM U M30BITOUYHOE AABJICHHUE MOHU3UT YPOBEHb
KUJKOCTH a Kanuiuisape (puc. 1.13, a).

HetpynHo omnpeaenuTh ypoBeHb MOAHATHUS (MIOHUKEHUS) YPOBHS
B MPEANOJIOKEHUU CPEPUUYHOCTU UCKPUBIECHHOU moBepxHOCTH. O00-
3HAUYUM PAJINYC Kanuwuisipa — I, paanyc noBepxHocTu — R, a kpaeBoit
yron— 0 (puc.1.13,6). B »ToM ciydyae u30BITOYHOE daBICHHE
Ap = 20/R 101KHO ypaBHOBEIIUMBATHCS JABJICHUEM CTOJIOA KUIKOCTH
BbICOTOM N. DTO namieHHe paBHO Becy kuukoctu pVQ = pShg nenen-
HOMY Ha IIOMAIH Kamuisipa, TO ecTh pgh:

2a/R = pgh. (1.9)
YuurteiBas, uto R = r/c0s6 (puc. 8, 0), nig h Haxogum:

h =2 coso/rpg. (1.10)

B cootBerctBUM ¢ Qopmynon (1.10) kuakocTH, cMadyuBarouIye
creHku (0<0<m/2, c0s6>0), Oynyt moguuMatbes no kanuwusapy (h>0),
a He cMauunBarolue (11/2<0<m, c0s6<0, h<0) — omyckarbcs.
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I['n1asa 2. OCHO8bI MepMOJUHAMUKU

2.1. BHympeHHss IHep2us cucmembl

Buympenneii snepeuen tena (U) Ha3piBaeTCsi cymMMapHasi KUHe-
TAYECKAs DHEPIUs MOJIEKYJ WM NOTEHIMAJIbHAs JHEPrusl UX B3aUMO-
JNEeUCTBUs. B MOHATHE BHYTPEHHEN DHEPIUM HE BKIIFOYAECTCS KUHETHU-
YyecKasd Y MOTEHIMANIbHAs SHEPTHUsl TeJa KakK 1enoro. Tak, BHyTpEHHsIS
HEPTUsi HEKOTOPOW Macchl BOJABI B cocyle He OyIeT 3aBUCETh OT
CKOPOCTH JBHKEHHS COCYJIa UJIM BBICOTBI €TI0 PACTIOJIOKEHUS.

MOXHO cUMTaTh, YTO BHYTPEHHSSI SHEPTUsl CUCTEMBI TEJI paBHA
CyYMME BHYTPEHHUX SHEPIrHil OTACJBHBIX TEJ, MOCKOJIbKY IMOTCHIIU-
aJbHAs DHEPTHs B3aNMOJCHUCTBUS TEJ MaJa.

BHyTpeHHSsIST SHEpPrusi CUCTEMBI SIBISETCS (PYHKIMEH €€ COCTOs-
HUSI. DTO 3HAYUT, YTO KaK TOJBKO MapaMeTPbl CHUCTEMBI MPUMYT
KaKoe-Iu00 OIpeIeIEHHOE 3HAY€HWEe, BHYTPEHHSSI YHEPrusi MPUMET
COOTBETCTBYIOIIIEE 3TOMY COCTOSIHUIO 3HAYEHHWE U Pa3HULIA BHYTPEH-
HUX HEPTUM cUCTeMBI B IByX cocTosiHusAX U, — U, He Oyner 3aBUCETh
OT TOTO, KaK CUCTEMA M0TajIa B 3TU COCTOSIHHUS.

2.2. llepsoe Ha4a.10 mepMOJUHAMUKU

BHyTpeHHsIs1 3HEPTUSI MOKET U3MEHSTHCA B pe3yJIbTaTe ABYX MPO-
IIECCOB: COBEPIICHUE HaJ CUCTEMOM paboThl A’ Wiu MoaBoAa K Ty
teria Q. CoBepiieHrne paboOTHl CBA3AHO C KAaKMMHU-JTHOO TepeMere-
HUSIMH, HalpuMep MOPIIHS B HWJIMHApUYECKOM cocyze. [Ipu stom
pabota BHemHUX cuil A’ = — A, re A — paboTta raza HaJ BHEIITHUMH
CUJIaMU B COOTBETCTBUU C TPEThbUM 3aKOHOM HbloTOHA.

VYBenuueHrne BHYTPEHHEH SHEPTyUU MPHU COOOIICHUN CUCTEME TeTl-
Ja CBSA3aHO C MPOLIECCOM Hienaonepedauu, pu KOTOPOM MOJICKYJIbI
0oJiee HArpeToro Tejia COBEpIIAOT pabOTy HajJ MOJEKYyJaMHu Telia
MEHEE HarpeToro, XapakTepu3yeTcs Mpolecc nepeaadyeii HeKOToporo
Konuuecmea menaa — Q, iepeaBaéMoro OT OJJHOTO TeJla K JIPyroMy.
Takum oOpaszom, MpupalleHHe BHYTPEHHENW YHEPTUU CUCTEMBI JTOJXK-
HO paBHATHCA CYMME COBEpILICHHOW HaJ CUCTeMOW paboTel A' u
coobmreHHoro eu Tema Q:

U,-U =Q+A" 2.1)
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OOb4HO BMECTO paboThl A’, coBepillaeMOil BHEITHUMH CUJIAMU
HaJl CUCTEMOM, paccMaTpuBalOT padboTy A (paBHyr — A'), coBepiae-
MYK CHCTEMOW HaJ BHEIIHUMH cwiamu, Torma (2.1) MoskHO
nepenucaTh B BUJIE:

Q=U,-U, +A. (2.2)

VYpaBHenue (2.2) sBAsSeTCSs nepevimM Hauaaom (3aKOHOM)
TEPMOJMHAMUKU U (GOPMYIUPYETCS CICAYIOIIUM 00pa3oM: Kouue-
Cmeo menna, COOOWIEHHOE cucmeme, udem HA NpupauieHue ee
6HYMPEHHell IHepPeUU U HA COBEepUIeHUE CUCMEMO padomvl HAO
enewnumu cunamu. llpupamenue BHyTpenHen sneprun U, — U; B
(2.2) B o0mieM ciiydyae MOXET OBITh OTpHIATEIbHBIM. KoImdecTBO
TeIJIa MOKHO U3MEPATh B JKOYJIX (J[>K) mim B Kalopusix, KOTOphIE
CBSI3aHBI MEXJY COOOM MEXaHWYECKHMM SKBHUBAJCHTOM: | Kalopus
pana 4,18 JIx.

OObIYHO mpoliecC pa30oUBaETCs HA JIEMEHTAPHBIE MPOIECCHI, CO-
OTBETCTBYIOIIME MaJbiM MU3MEHEHUSIM MapaMeTpoB, Toraa (2.2) mpu-
MeT BU:

dQ =dU + dA. 2.3)

HNurterpupoBanue (2.3) 1o BceMy TMpolecCy TMPHUBEAET K
BBIpKECHUIO (2.2).

PaccMoTpuM cucteMy B BHIE Ta3a, 3aKJIIOUEHHOTO B LUJIUHIPU-
yeckuil cocy/ ¢ nopuiHeM (puc. 2.1). I[Ipu pacmmpenuu ra3z CoBepIIuT
padoty Fdh. YuwmrteBas, uro F = PS, mns paboTsl, coBeprmaemoi
ra3oM, MO>KHO 3aIlUCaTh:

dA = Fdh = pSdh = pdV. 2.4)
ds;

dh;

Puc. 2.1 Puc. 2.2

3amMeTuM, 4TO MPU YMEHBIIEHUU o0beMa BeauduHa (2.4) MOXKeT
OBITh OTPUIIATEIHLHOM.

PaboTa npu nmpoTeKaHUM KakKoro-i1nbo mpoliiecca B 00IIeM ciy-
yae Oyer:
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V2

An=&ﬂV. (2.5)

MoxHO ToKa3aTh, 4TO BhIpakeHus (2.4) u (2.5) OyayT cupaBeIsvBbI
JUTs1 TEJT MPOU3BOJIBHOM (POPMBI, €CITH paccMaTpUBaTh padOTy KakK CyM-
My pa0oT ISl 2JIEMEHTAPHBIX 00BEMOB, PUC. 2.2. YpaBHEHUIO MEPBO-
ro Hayaja TEpMOJAUHAMUKH, C yueToM (2.4), MOKHO NpUAaTh BUI:

dQ =dU + dA = dU + pdV. (2.3")

N300pa3zuM TpoOM3BOJILHBIM TIpollecC Ha auarpamme p-— V
(puc. 2.3).

p p

pi 1/-)_\2

™\
0 V, V, V
0 V, dV, V, V
Puc. 2.3 Puc.2.4

OnemenTapHoii padote pidV; COOTBETCTBYeT y3Kas TeMHas IIO-
jocka. O4eBHIHO, YTO BCs padboTa A, (2.5) OyaeT paBHaA IUIOMIAAHN IO
kpuBoit p(V) B npeaenax usmenenus oobema ot V, 10 V,. Pabora npu
IIUKJIMYECKOM TIpoIiecce OyAeT paBHA IUIOIIAIA CBETIO-CepOi (PUTyphI
(puc. 2.4). I1pu nepexone u3 Touku 1 B Touky 2 no mytu | (mo crpenke)
coBepiraeTcss padota, paBHas 1omaan purypet V,— 1 - 2() -V, -
V,. Paborta npu mnepexoje u3 Touku 2 B Touky 1 mo mytu Il (mo
crpenke) OyAeT oTpullateldbHa M pPaBHA IUIOMIATU TEMHO-CEPOH
burypsl. IX cymMmMa u cocTaBUT padoTy 3a UK. Takum oOpa3om, mpu
JBIKCHUM B HAIIPaBJICHUM CTPEJIKU paboTa 3a IUKI OyAeT MOJO0XKU-
TenbHOU. O4YEeBUAHO, YTO TPU W3MEHEHUW HAMPABICHUS JIBUKCHUS
paboTa CMEHHWT 3HAK M CTAHET OTpHUIlaTeibHOW. Takum 00pazom, u3
NPUBEACHHOTO TIPUMEpa CIIEAyeT, YTO MOJy4eHHbIe (GopMynbl (2.2,
2.3") cupaBeIMBEI TOJBKO JIJIsi 0OOPATUMBIX MPOIIECCOB.
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2.3. Udeas1bHbLll 203

2.3.1. Ypasnenue cocmoanusa udeanvnozo 2aza

Hoeanvnvim 2azom HA3bIBACTCA Ta3, B3aUMOJICMCTBUEM MEKIY
MOJIEKYJIaMH KOTOPOT'0 MOHO MpeHeOpeub. ITO yClIoBUE OYJET BHI-
MOJHSTHCS MPU HEOOJIBIINX MJIOTHOCTAX Ta3a, TO €CTh JIJIsl Pa3peKeH-
HbIX Ta30B. Hambosee OnM3Kku K HACATbHOMY Tra3y IPH OOBIYHBIX
YCJIOBUSAX TE€IUN U BOAOPOJ; Maji0 OTIMYAIOTCA OT HJCAJBHOIO rasa
TaKXe BO3AYX, a30T U KUCIOPOJ,.

CocrosiHUE OmpeAeICHHOW MacChl MJICAIHPHOTO Ta3za 3aJaeTcs
3HAYEHMUSIMHU TpEX IapamMeTpoB — JaBjeHus (p), oobema (V) u temie-
patypsl (T) — 1 XOpOIIO OMUCHIBAETCSI YPABHECHUEM

pV/T = const, (2.6)

KOTOPOE U SIBJISIETCS YPABHEHUEM €0 COCTOSIHUS.
Ecnu B ypaBHeHuu (2.6) 1151 OTHOTO MOJISI ra3a Py HOPMaJIbHBIX
YCJIOBUAX 0003HAUYUTh MOCTOSHHYIO 3a R, TO moxyuunm:

pVy,=RT. (2.7)

[locrossHHast R HOCUT Ha3BaHUE 2A30601 NOCMOAHHON 1 HA OCHO-
BaHUU (2.7), yYUTBIBAsI, UTO MPU HOPMAJIBHBIX YCIOBUAX p = 1 atm =
1,01x10°Tlau T =0° C, noay4daercs R = 8,31 JIx/(monbxK).

Ot mouss rasza JIETKO MEPEUTH K MPOU3BOJIBHOM Macce rasza M,
YUYUTBIBAsi, YTO 3Ta Macca MMEET B V pa3 OTIWYAIOUIUNCI OT MOJIS
oobeM — V (V= V/V,=m/M, rne M — MoJisipHasi Macca rasa):

pV =V RT = (m/M) RT. (2.8)

VYpaBuenue (2.8) Hocut Ha3BaHue ypaBHeHus Knalinepona — Menne-
JeeBa.
Eciu BBECTH HOBYIO MMOCTOSIHHYIO

k=R/N,, (2.9)

(Npo — uymcno AsBoranpo), Ha3blBaeMyl0 TMOCTOSIHHOW bonbiimaHa,
ypaBHEHUIO (2.8) MOXKHO IPUAATh BU:

pV =V RT = V(No/No)RT = (VN )KT = NKT. (2.10)

B ypaBuenuu (2.10) yureno, uto VN, = N — yucio Moiekys, cocras-
asronux Maccy raza M. Eciaum tenepps B ypaBHenuu (2.10) pV = NKT
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00e yacTu nojienuth Ha 00beM V u yudecth, 4yTo (N/V) = N — KOHIIEHT-
panus MOJIEKYJ (YMCIIO MOJIEKYJ B €IUHHIIC 00beMa), MOJydrM eIe
OJIHO BBIPAKCHUE YpPaBHEHUS COCTOSHUS UJICAIBHOTO rasa:

p = (N/V)KT = nkT. 2.11)

Takum 00pa3zoM, MbI TOAYy4HIH TpU GopMbl 3arucu (2.8), (2.10) u
(2.11) ypaBHEHHS COCTOSIHUS UACATIBHOTO Ta3a.
N3 ypaBHeHuUs (2.8) MOKHO BBIPA3UTh INIOTHOCTH ra3a:

p =m/V=(Mp)/RT, (2.12)

OTKyJa CJIEeAYET, YTO IUIOTHOCTh ra3a IPONOpIHOHAIbHA JAaBICHUIO U
00paTHO MPOIOPLUHOHATILHA TEMIIEpaType.

YpaBHEHHE COCTOSHUS UAEATBLHOTO T'a3a, JaloIIee IPOCTYIO CBS3h
TeMIIepaTypsl C OCTAIBHBIMU IapaMeTpaMH, IMO3BOJISICT UCIIOJIb30BaTh
€ro JIJIsi YyCTAHOBIICHUSI UOeAIbHOUl 2A30801 WiKanbl memnepamyp. B
Ka4eCTBE ra3a B 3TOM cllydae MPUHITO OpaTh BOJOPO/I.

2.3.2. Buympennan snepeus u menioemKoCcmsb U0eaibH0o20 2a3a

BHyTpeHHsI1 3HEpPrusi MACaNbHOIO Ta3a ONPENEISIETCS KUHETH-
YECKOU SHEPTUEN MOJIEKYJI U 3aBHCUT TOJIBKO OT TEMIEPATYPHI:

U=BT, (2.13)

rae B — koadgduimeHT nponopuruoHaIbHOCTH.

Tennoemxocmv mena (C.,,) — 3T0 BEIUUMHA, paBHAsA KOJIAYECT-
BY TeIlJIa, KOTOPOE HY>KHO COOOIIUTH TETY, YTOOBI OBBICUThH €0 TEM-
neparypy Ha oauwH rpaayc; uaMmepsercs B JLx/K. Jlns temnoemMkocTu
TeJla MOYKHO HAIUCATh:

Corena = dQ/dT. (2.14)

TenaoeMKOCTh MOJISI BEIIECTBAa HAa3bIBAIOT MOJIHpHOﬁ TCIIJIOEM-

kocthio (C), m3Mmepsiercsa B Jx/(monbxK). OHa cBs3aHa ¢ yaeabHOU
TEIMJIOEMKOCTBIO (C) JIJIsl €IMHHULIBI MACChl BEIIECTBA COOTHOIIEHUEM

C=cM. (2.15)

Hanee Oyaem paccmaTpuBaTh MOJSIPHYIO TEIUIOEMKOCTb U IIPH
HEOOXOJAMMOCTH OMPE/ICIICHUS, HAIPUMEDP, BHYTPEHHEU ASHEPrUU JJIs
Macchl M HAJI0 MPOCTO YMHOXATh paCCMaTPUBAEMYIO BEJIMYHUHY HA V.

BennunHa TEMIOEMKOCTH ra3a 3aBHUCHUT OT YCJIOBUH, NPU KOTO-
pBIX mpoBoauTcs HarpeB. Hambornee yacTo BCTpedaroTCs TEIIOEM-
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KOCTH MPU MOCTOSIHHOM O0BEME U MOCTOSIHHOM JaBJICHUHU, KOTOPHIC
0003HayvaroTcs cooTBeTcTBEHHO Cy 1 C,,.

B ciydae HarpeBa mpu MOCTOSHHOM OOBEME TEJIO HE COBEPIIIACT
paboThI U, CIEOBATENBHO, COIVIACHO MEPBOMY Hadaly TEPMOJUHAMUKHI
(2.3), (2.3") Bce TemUI0 WAET Ha MIPUPAIICHUE BHYTPEHHEH YHEPTUU Tela:

dQy = dU, (2.16)

OTKyJla CJIETyeT, YTO TEIJIOEMKOCTh MOJS MPU MOCTOSHHOM OOBEeMe
OyzeTt paBHa

Ecnu paccmotpets (2.13) niig mosist raza, TO OJTydUuTCs
U,=CvT. (2.18)

B cimyyae HarpeBa rnpu MOCTOSSHHOM JIaBJIEHUM ra3 OyJeT pacuiu-
PATBCS. U COBEpIIATh PadOTYy, CIEIOBATENIBHO, UIsl €r0 HarpeBa MmoHa-
noburcs 6osnbias sHeprus. I3 ypaBHeHUs! EpBOro Havajga TEPMOIU-
Hamuku (2.3"), 3amMCaHHOTO JJIS MOJSi Ta3a MpPU MOCTOSSHHOM J1aB-
JICHUH, TTOTy4YUM

dQ, = du,, + pdV,, . (2.19)

[Tocie nenenus (2.19) Ha dT momydnm aj11 MOJISIPHOM TEIIIOEM-
KOCTH TIPH TTOCTOSTHHOM JIaBJICHUU:

C, = dU,/dT + p(dV,/dT), = Cy + p(dV,/dT),,  (2.20)

MOCKOJIBKY, corsnacHo (2.12), (dU,/dT)y = Cy. 3nagenue (dV,/dT),
MOXHO HalTH, BbIpa3uB OObEM U3 YPABHEHUSI COCTOSHUS MOJS HJie-
anpHOTO raza: V = (RT)/p u B3sB MpoM3BOIHYIO IO TEMIIEpaType:

(dV,/dT), = R/p. (2.21)
[Toncrasinss (2.21) B (2.20), okOHYATEIBHO TOTYYUM
C,=Cv+R. (2.22)

OTtkyna ciemayet, 9To paboTa, KOTOPYIO COBEPIIAET MOJIb HICATHHOTO
raza IIpyd IOBBIIIEHUM €ro TEMIEpaTypbl Ha OJWH TIpajyc, paBHA
ra3zoBoy octosgsHHou R.

OTHoOIIEHNE TEIIIOEMKOCTEN

C,/Cy=7=(Cy+R)/Cy =1+R/Cy (2.23)

MPEJCTABIISIET XapaKTEPHYIO JUIsl KAKJA0T0 ra3a BEJIUYUHY.
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2.4. H3onpoyeccul

MHorue npouecchl U3BMEHEHHSI COCTOSIHUS ONIPEIEIICHHOW MacChl
UJealbHOTO Tra3a MPOUCXOASAT TaK, YTO OJAMH U3 TPEX MAKPOCKOIH-
YECKUX MapaMeTPOB, BXOMSIIMX B ypaBHeHUE cocTosiHus (2.8) pV =V
RT = (m/M) RT, octaeTcs nocTOSIHHBIM, JBa APYTUX COOTBETCTBEHHO
u3MeHs0TCs. Takue npouecchl Ha3bIBAIOTCS U30NPOUECCAMU.

2.4.1. H3omepmuueckuit npouecc. 3axon boiina — Mapuomma

s uzomepmuueckozo npouecca (T = const) B cOOTBETCTBHUH €
(2.8) nomyuum
pV =V RT = (m/M) RT = const. (2.24)

VpaBuenue (2.24) uzBecTHo Kak 3akoH boiinia — Mapuomma.

[Ipu U30TEpMUYECKOM MPOILIECCE BHYTPEHHSISI SHEPTUA TeJIa B CO-
OTBETCTBUU C (2.18) He U3MEHsIeTCs, MO3TOMY BCE IEPEIaHHOE Tey
TEIIO uaeT Ha coBepiieHue pabotrel: Q=A. IIpm pacmmpenun rasa,
HaXOAIIEroCs B IWJIMHAPUIECKOM COCY/IE MO/ TIOPIITHEM, TIPH CTOJIK-
HOBEHHUHM C MOPIITHEM CKOPOCTH (M COOTBETCTBEHHO SHEPIHUS) MOJIEKYJI
OyJIeT YMEHBILIATHCS, MTOATOMY JIJISI COXPAHEHHUSI TeMIIepaTyphl ra3a K
HeMy Hajno moABoauTh Temwo Q>0 um coorBerctBeHHO A>(. [lpm
HN30TEPMUYCCKOM CkaTuU cooTBeTcTBeHHO Q<0 m A<(. /narpaMmbI
COCTOSIHUM HJEaJIbHOTO ra3a JIsl pa3juyHbIX IapaMeTpOB, OTIOKEH-
HBIX M0 OCSIM KOOPJMHAT, MPUBEJICHBI HA puc. 2.5, a, O U B.

p \ p
Pit Vo peeeeeeeood Prp----------1
p2 Vl ------------ P2b----------1
0 V T T T T
a o B
Puc. 2.5

I'padpuxom dyHKIMM Ha puc. 2.5, a sABAsSETCAs THHepOoia p =
(const)/V u pabota pu m3meHeHun oobema ot V; 10 V,, cormacHo (2.5)
OyJieT paBHa:

V2
A, =VflpdV = (m/M)RTIn (V,/V)). (2.25)
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2.4.2. H306apnwiit npoyecc. 3axon I'eit — J/locaka

M300apHbIil mpoliecc MPOUCXOAUT MPHU MOCTOSHHOM JIaBJICHHH.
N3 ypaBHenusa Kraiinepona— MeHaeneeBa MNpu 53TOM  YCJIOBUU
ciuenyer 3akoH et — Jlrocaka:

V = [(mR)/Mp]xT = constxT, (2.26)

Wi 00beM Ta3a Mpu MOCTOSHHOM JIaBJICHUU MPONOPIIMOHANIEH TEPMO-
TUHAMUYECKON TeMIiepaType, 4To, KaK YK€ OTMEUYasioCh, MCIOJIb3Y-
€TCsl IS TOCTPOCHUS TEPMOJIMHAMUYECKON TeMIIepaTypHOM MIKAJIBI.
JlnarpaMMbl ©300apHOTO Mpoliecca MPUBEACHBI Ha puc. 2.6.

Pabora npu n3o00apHOM mpoliecce Ipu U3MEHEHUH o0beMa oT V
no V, Oyaer paBHa B cootBerctBUU ¢ (2.5) p(V,— V,). Ilpu
pacUIMpeHUr Tra3 COBEpIIACT TMOJOXKHUTEIbHYIO paldoTy, oOTaaBas
SHEPTUIO OKpYKarouuM TenaM. [Ipu cxatuu — paboTta oTpuliaTesbHa
Y BHYTPEHHSIS SHEPTrUs ra3a yBeJINUNBaeTCsl.

p \4 p p
Vo[ : P2 fo | 2 :
Pl b i i
V, P1 [ Pit-—s
0 \'/1 V, V 0 "Ifl "fz T 0 vV V ”:Fl le T
Puc. 2.6 Puc. 2.7

2.4.3. H30xopHnwiit npoyecc. 3axon lllapna

N3oxopHBIN Mpoliecc UAeT MpU MOCTOSSTHHOM oObeme. U3 ypas-
HeHus Kitannepona — MeHneneeBa rpu 3TOM YCIIOBUH CIEAYET 3aKOH
[Tapns:

p = [(mR)/MV]xT = constxT. (2.27)

JlaBneHue ra3a npyu NOCTOSIHHOM 00beMe MPONOPIUOHAIBHO TEP-
MOJMHAMUYECKOUN TeMiiepaType. COOTBETCTBYIOIIME JUarpaMMbl MpH-
BeleHbl HA puc. 2.7. [lockonbKy M3MeHEHUs 00beMa Tra3a He MPOWC-
XOJIUT, pabd0Ta B 3TOM CIIy4ae HE COBEPILAETCS.

94



2.4.4. Aouabamuueckuit npouecc

B HekoTophIX ciiyyasx st 6oJee moJHOro mpeoOpa3oBaHus Tel-
Ja B TIOJIE3HYIO PAbOTy CHUCTEMY HEOOXOIWMO TEIUIOM30JUPOBATh.
TepMonnHAMUYECKHI TIPOIIECC, MPOTEKAIOIMNA B TETION30JUPOBAH-
HO cucteme 6e3 oOMeHa TeryIoM C okpyxaromumu Teaamu (AQ = 0),
Ha3bIBACTCS aduadamuyeckum (Uiu aouadamHvim).
[lepBoe Hauag0 TEPMOAMHAMUKH JIJIS aAMa0aTHIECKOTO Mpoliecca
OyzeT UMeTh BU:
dU+A=0wm A =-dU. (2.28)

[Ipu agmabatumdeckom pacmupeHun raza A>(, ciemoBaTeIbHO,
BHYTPEHHSISI SHEPTUSl Ta3a YMEHBIIAETCS U B COOTBETCTBUM C (2.18)
(U, = CyT) Temniepatypa raza 10JbKHA YMEHBIIIATHCS 110 CPAaBHEHUIO C
nepBoHavabHOM. [loHMXKeHne Temmeparypsl NMpU aanadaTHIECKOM
paCIIUPEHUU TPOUCXOAUT Oojiee pe3Ko, 4eM IPHU H30TEPMHUUYECKOM
npoiiecce, puc. 2.8. Ha puc. 2.8 nzobpaxena aaunadbara 1-2, nepece-
Karoiasi B¢ u30TepMbl ripu Temmneparypax T; u T,. Pabora, coBepia-
eMas ra3oM Mpu aJauadaTUYECKOM pacIHIupeHuu OoT odbeMa Vi [0
obbeMa V,, paBHa IIOIIAINA MO KpUBOH 1-2.

p

P1

P2

\

Puc. 2.8

[Ipu agrabaTMYecKOM C)KaTUU Ta3a €ro BHYTPECHHSS dHeprus Oy-
JeT yBEJIMYMBATHCS M COOTBETCTBEHHO OYJET BO3pacTaTh TeMIIEpa-
Typa. Tak, pe3koe c:katue BOo3[ayXa B UMIUHAPE AU3EIHHOTO JBUTATE-
751 IPUBOAUT K BOCIIAMEHEHHWIO TOIUIMBA, BIPHICKUBAEMOTO B MO-
MEHT HauOOJIBIIIETO CXKAaTHsl. DTO B CBOIO OYEPEIb BEACT K PE3KOMY
BO3PACTAaHHIO JAaBJICHUS M PACHIUPEHHUIO Tras3a, B pPE3yJIbTaTe Yero
COBepIIaeTCs MoJie3Has pabora.

AnmabaTHyecKuil poIecc ONMMCHIBACTCS YpaBHEHUEM

pV' = const. (2.29)
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2.5. I'a3 BaH-dep-Baasabca

Kak oTMeudasioch BbIIIE, MOBEACHUE pPEaJIbHBIX Ta30B XOPOIIO
ONHUCBHIBAETCS YPAaBHEHUEM COCTOSHUS HjacalbHOro raza pVy = RT
(3amucaHo sl MOJISl Ta3a) TOJABKO MPU MaJbIX IUIOTHOCTSX, T. €. MPHU
HE CJIMIIKOM OOJIBIIMX JABJICHUSIX W JOCTATOUYHO BBICOKMX TEMIlepa-
Typax. C TOBBIIICHUEM [aBJICHUS W YMEHBIICHUEM TeMIepaTypbl
HaOJII0/1at0TCS 3HAUUTENbHBIE OTCTYIJICHUS OT YypaBHEHUs. Bo BTopom
CTOJI01Ie TAOJUIIBI MPUBEICHBI 3HAUYCHUS MPOU3BeIeHUs pV s Mac-
Chl a30Ta, 3aHUMAIOIIEH MPU HOPMAJIBHBIX YCIOBHUSAX 00BEM, PABHBIMI
OJIHOMY JUTPY. YKa3aHHbIC 3HAUYCHUS JaHbl IS Pa3IMYHBIX JaB-
JICHUW U OJHOU U TOM e Temmeparypbl 0°C.

Tabmuia p

)
p,at™M. | pV, arMm.xi (p+aVu) (Vi —D),
aTM.XJI
1 1,000 1,000
100 0,94 1.000
200 1,048 1,009
500 1,39 1,014 0 vV
1000 2,062 0,893

Puc. 2.9

B cooTBeTCTBUM C ypaBHEHUEM COCTOSHMSI HJEAILHOrO rasa
npousBeneHue pV npu HEM3MEHHOU TeMIepaType JOJKHO OCTaBaThCs
MOCTOSIHHBIM. B 1eMCTBUTENBLHOCTH, KaK BUAHO U3 TaOIUIIbI, IPU JAaB-
neHusx nopsiaka 200 atM. HaOIIOAAIOTCS 3aMETHBIE OTKJIOHEHUS, KO-
TOpbIE, HEIPEPHIBHO BO3pacTasi C YBEIMUYCHUEM JIaBJICHUS, JOCTUTAIOT
npu 1000 arm. 6osee 100%.

OTH OTKIIOHEHUS HE MPEJICTABISIOTCS YIUBUTEIbHBIMU, MTOCKOIb-
Ky MPU YBEJIWYEHUH IJIOTHOCTH HAYMHAIOT UTPATh BCE OOJIBIIYIO POJIb
00BbEM MOJIEKYJ U B3aUMOJCHCTBUE MEXTY HUMH.

JInst onucaHusl MOBEACHUS Ta30B B IIMPOKOM HHTEpPBAJE IUIOT-
HOCTEH OBUIO TPEMJIOKEHO MHOTO Pa3IMYHbIX ypaBHeHUH. CambiM
IPOCTHIM W3 HUX M BMECTE C TEM MJAIOIIMM JIOCTATOYHO XOPOIIUE
pe3yabpTaThl OKa3aloch ypaBHeHUEe Ban-nep-Baanbca. 910 ypaBHEeHUE
MOJIy4EHO MYTEM BHECEHHS MOMNPABOK B YpPaBHEHHE COCTOSHHUS U
UMEET JJIs1 MOJISI Ta3a CICAYIOIINI BU/I:
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(p +a/Vy) (Vi — b) =RT, (2.30)

r7€ p — JaBJEHHUE, OKa3bIBaeMOE Ha ra3 W3BHE (paBHOE AaBJICHUIO Ta3a
Ha CTEHKHU cocyjna), a u b — koHcranTel BaH-nep-Baanbca, umeroniue
JUIS. pa3HBIX Ta30B Pa3IMYHBIC 3HAYEHUS, OIMPECISICMBbIC OIBITHBIM
My TEM.

M3-3a B3aMIMHOT'0 MPHUTSKEHHUS MEXKIY MOJCKYJIaMH Ta3 Kak Obl
CKUMAaeTCsl OOJIBIIUM JaBJICHHEM, YeM JaBJICHHE P, OKa3bIBaeMOE Ha
ra3 CTeHKaMH COCyZa, B KOTOPOM OH 3akiroueH. [Tonpaska a/V*y, xa-
pakTepu3yeT Ty J00aBKy K BHEIIHEMY JIaBJICHHIO, KOTOpas 00yCJIOB-
JeHAa B3aMMHBIM TPUTSHKECHUEM MOJEKYJ JIpyr K APYry. 3aMeTHOE
BO3JICHCTBUE MOJICKYJI APYr Ha JIpyra OCYIIECTBIISIETCS B Tpeienax
HEOOJIBIIIUX PACCTOSHUN, HA3BIBAEMBIX PAIAYCOM MOJICKYJISIPHOTO
nevictBusa. Cuiia B3aMMHOTO MPUTSHKEHUSI JBYX dJIEMEHTApHBIX 00be-
MOB, UMEIOIIHUX pa3Mephl MOPSIKa ATOTO paanyca, MporopIHoHAIbHA
KaK YUCITY MOJIEKYJI, 3aKJIFOYEHHBIX B OJHOM U3 00HEMOB, TaK M YHUCITY
MOJIEKYJI, 3aKJIIOUYEHHBIX B ApyroM oobeme. Kaxkmgoe u3 3Tux yucen B
CBOIO OUYepeb MPOMOPIIMOHATBLHO YUCITY MOJIEKYJ B €IMHUIIE 00beMa,
T. €. OOpaTHO MPOMOPIMOHATILHO 00BbEMY raza. DTHUMHU COOOpaxke-
HUSMH MOXHO TIOSICHUTh TO OOCTOSTENBCTBO, YTO TOMpaBKa K
aBJIEHUIO uMeeT BUx a/V 2M.

BcnencTBre TOro 9To MOJIEKYJIbI 00J1a1al0T KOHEYHBIM 00bEMOM,
MPOCTPAHCTBO, JOCTYMHOE ISl JIBHUKEHHUS MOJICKYJ, OKa3bIBACTCS
MEHbIINM, 4eM o0beM cocyaa V). Ilompaska b B (2.30) xapakre-
pu3yeT Ty dacTh o0BbeMa, KOTOpas HEIOCTyMHa [JIs JBHKCHUS
Mosekysl. OHa paBHa HECKOJBKUM CYMMapHbIM OOBbEMaM MOJICKYII,
CoJIep KaIIuXCcs B MOJIE Ta3a.

VYpaBuenue (2.30) HanmucaHoO JyIsi OJHOTO MOJiA raza. UToOwl Ie-
PEUTH K YpaBHEHUIO ISl IPOU3BOILHONM MAacChl M, HY)KHO y4€CTh, YTO
V MOJIeH Ta3a ImpH TeX JK€ YCIOBUAX 3aHUMAIOT B V pa3 OTINYAOIIHIACS
ooneM: V=VVy:

(p+a'/VyD) (Vy — b)) =VRT, (2.30)'

rae @ = vau b’ = v’b — koHcTauTs! Ban-nep-Baaibca st V Modteit rasa.

B cooTBercTBUU ¢ TeM (haKTOM, UYTO BCE peabHBIC Ta3bl C YMCHb-
IICHUEM TUIOTHOCTH MPHUOMIKAIOTCS TI0O CBOMM CBOMCTBaM K H€ajlhb-
HOMY Ta3y, ypaBHeHue BaHn-aep-Baanbsca B mipejene, npu CTpeMICHUN
oO0beMa K OECKOHEUYHOCTH, NEPEXOJUT B YpPaBHEHHUE COCTOSHUSA
U7eabHOTO Ta3a.
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PeanbHble Ta3bl CIEAyIOT ypaBHEHHIO BaH-nep-Baanbca nuiib
npuOImKeHHo. BooOpaxkaeMplil Ta3, TOUHO MOAYHHSIIONTUNACS ypaBHE-
Huo (2.30), Ha3bIBaETCA BaH-JEP-BaAIbCOBCKUM.

VYpaBuenue (2.30) sBisiercss kyoudeckum paBHeHuem p(V), mo-
3TOMY H30Te€pMa Ha guarpamme p— V OyJeT UMETh BHJ, NpHUBeE-
JICHHBIA Ha puc. 2.9.

2.6. Ocmoc

[Ipu pacTBOpeHUU B XKUIKOCTH TBEPJOrO BEIIECTBA €0 MOJICKY-
Jbl PAaBHOMEPHO PACTIPENICTSIOTCS BO BCEM O00BbeMe JKMJIKOCTH, oOpa-
3ys pacTBOp. Macca M pacTBOPEHHOTO BEIIECTBA, MPUXOASAIIAACS Ha
eauHuily oobema V pacTBopa, HA3bIBACTCS KOHUEeHmMpayuell pacmaeo-
pa: C = m/V. PactBopbl Majoil KOHIICHTPAIIMH HAa3bIBAIOT CJIA0OBIMU
uiu pazoaBieHHbIMU. 7151 citaboro pacTBopa pa3Mepbl MOJIEKYJT pacT-
BOPEHHOI'0 BEIIECTBA MAJIbl M0 CPABHEHUIO C PACCTOSIHUSIMU MEXIY
HUMH, TTO3TOMY B3aUMOJICMCTBHUS MEXKIY MOJIEKYJIaMU MPAKTHYECKU
He Oyner. Takum oOpa3zom, B c1aboOM pacTBOpPE pacCTBOPEHHOE Bellle-
CTBO HalIOMHUHAET COOOM HMAeanbHBIN ra3 ¢ TOM JUIIL pa3HUIICH, YTO B
pacTBOpe CB00OOJIa ABUKEHHS MOJIEKYJ PAaCTBOPEHHOrO BEIIECTBA
OrpaHMY€HA TMPUCYTCTBUEM MOJIEKYH pacTtBoputens. OTMeueHHas
aHAJIOTHSI MEXK]y MICalbHBbIM ra30M W PAaCTBOPECHHBIM BEILIECTBOM B
c1aboM pacTBOpPE HABOJUT HA MBICIL O BO3MOXHOCTH NMPUMEHEHUS K
PacTBOPEHHOMY BEIIIECTBY 3aKOHOB HJ€AIbHOTO Ta3za. B udacTHOCTH,
MOKHO TIPEAMNOJIOAKUTh, YTO PACTBOPEHHOE BEIIECTBO OOJAJaeT map-
IIMaJIbHBIM JaBJICHHUEM P, KOTOpoe BeIpaxkaetcsi popmynamu (2.8) u
2.11): pV = (M/M) RT u p = nekT coorBercrBeHHo. B maHHOM
ciy4dae Ny — KOHIIEHTpalWs MOJIEKYJ PAaCTBOPEHHOTO BEIIECTBA, M U
M — macca pacTBOpPEHHOI'O BENIECTBA U €ro MoJisspHas Macca, V u T —
00bEM U TEMIIEpaTypa pacTBopa.

Jl1st Toro 9To0Bl OOHAPYKUTH 3TO JIaBJICHHE, HEOOXOIUMO OT/]Ie-
JUTH PACTBOP OT YUCTOTO PACTBOPHUTEI MOIMYNPOHHUI[AEMON MEpeEro-
POJKOM, MPOIMYCKAIOIIEH MOJIEKYJIbl pACTBOPUTENS, HO HE MPOIyCKa-
IOILIEN MOJIEKYJIbl PACTBOPEHHOTO BemiecTBa. [ BogHOro pactBopa
caxapa TakOW MOJYIPOHHIAEMOW NEPETOPOJKOU SBISIOTCS, HANPHU-
Mep, ObluMi TMy3bIpb U HEKOTOPHIE MCKYCCTBEHHBIE IJIACTMACCOBBIC
wieHKU. [lopsl B 3THX meperopojikax CTOJIb Mayibl, YTO 4YEpe3 HHUX
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MOTYT TMPOWTH MOJIEKYJIbl BOJbI, HO HE MPOUAYT Oojiee KpPYyIHbIC
MOJIEKYJIbI caxapa.

Ecau B BOpOHKY, pacTpyd KOTOPO#l 3aTSHYT ObIYBUM IY3BIPEM,
HaJIUTh CJIaOBIM BOJHBIM PacTBOP caxapa M YCTaHOBHUTH €€ B COCYJ C
yuctoi Bojion (puc. 2.10) Tak, 4TOOBI YPOBHH JKHAKOCTEH B BOPOHKE
U B COCYyJ€ COBHalIM, YEpe3 HEKOTOPOE BpPEMs YPOBEHb pacTBOpa B
BOPOHKE HAYHET ME/JICHHO TMOBBIIIATHCA W,

PactBOp
caxapa HAKOHEI, YCTAaHOBUTCSA HaJl YPOBHEM BOJIBI B
cocyzae Ha BbicoTe N. IIpoucxomut 3T0 TOTO-
h MYy, 4TO KOHLOCHTpanusa MOJICKYJI BOIAbI B CO-

cyzie 00JbIe KOHIIEHTPAIIMU MOJIEKYJ BOJBI B
BOPOHKE Ha BEJIMYUHY KOHIIEHTpAIMU MOJe-
Kyn caxapa. [loaTroMy depe3 mosynpoHuLae-
Bona My Teperopoaky aubdysaupyer OobIie
MOJIEKYJI BOJIbI U3 COCYJla B BOPOHKY, Y€M B
OOpaTHOM HaMpaBJCHUU, UTO BBI3BIBACT
NOJABEM YPOBHS >KHAKOCTH B BOpPOHKE. MOJIEKyNbI e caxapa He
MOTYT IEPEUTH YePE3 MOIYIPOHUIIAEMYIO TIEPETOPOJIKY U3 BOPOHKH B
cocyn. B pe3ynbrare KOHIIEHTpaAllUM MOJIEKYJ BOJbI B BOPOHKE U B
COCYJIe YpaBHSIOTCS, a KOHLIEHTPAIMM MOJIEKYJ caxapa OCTaHyTCs
Pa3IMYHBIMU: Ny — B BOPOHKE U HYJIb — B COCY/IE.

M30bITOuHAas KOHLUEHTpaLuUs Ny MOJIEKYJ caxapa cO3JacT, corjiac-
HO dopmyre (2.11), mapruanbHOE AaBICHUE PACTBOPEHHOTO BEIIECT-
Ba, YpPaBHOBEIIMBAEMOE THJIPOCTATUUECKHUM JABJIICHUEM CTOJIOMKA
pacTBOpa BeIicoTOM N. PaccmorpenHoe sBienne nudy3uu pacTBOpH-
TEJSl Yepe3 MOJYyNPOHUIIAEMYIO MEPETOPOJIKY, OTACISIONIYI0 PacTBOP
OT YHUCTOIO PACTBOPUTEIIA, HA3BIBACTCS OCMOCOM, a BO3HHUKAIOIICE
IPU 3TOM B pacTBOpe M30BITOYHOE JaBJieHHE (paBHOE MapIlUaIbHOMY
JABJICHUIO PACTBOPEHHOI'O BEIIECTBA) HA3BIBACTCS OCMOMUUECKUM
OagjieHueMm.

[Tockonbky naBiienue cronbOuka h pactBopa paBHo pgh (p -
IUIOTHOCTb PacTBOpa), TO U3 PACCMOTPEHHOIO ONBITa JIETKO OIpee-
AT OCMOTHYECKOE JaBneHue no gopmyne p = pgh. C apyroit ctopo-
HbI, MO’)KHO PacCYMTaTh OCMOTHYECKOE AaBlieHHne 1o dopmye (2.8).
O6a pacuera JalOT XOPOILIO COBIAAIOIINE 3HAYEHUS OCMOTUYECKOTO
JABJICHUS, YTO TOJITBEPKAACT JOMYCTUMOCTh AHAJIIOTHHU, MPOBE/ICH-
HOM MeXy UcaIbHBIM T'a30M U PACTBOPEHHBIM BEIIECTBOM B ClIa00M

Puc. 2.10
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pactBope. OCMOTHYECKOE JAaBJICHHE, MOJACYUTaHHOE 110 Gopmyie (2.8)
JUIs. BOMHOTO pacTBOpa TPOCTHHUKOBOro caxapa Ci,H»,O;; mpu tem-
neparype 27°C mjisi CTONOBOW JIOKKHU caxapa, paCTBOPEHHOro B 1 1
BOJIbI, COCTaBUT IpuMepHO 250 kl]a.

OcMOTHYECKOE JIaBJICHUE HarIsAHO OOHApYKUBAETCs B Clie-
JYIOIIeM OOIIEU3BECTHOM SIBJICHUU. ECIM CylIeHyl0 Arojy ¢ Hemo-
BPEKJICHHOW 000JI0YKOW MOTPY3UTh B BOJY, TO BCKOpE sAroja HaOyXx-
HEeT, NMPUHSIB chepudeckyro GopMy, YTO CBHUIETEIHCTBYET 00 HM30BI-
TOYHOM JIaBJICHUU BHYTPHU STOJIbl. JTO HU30BITOUHOE JABJICHHUE €CTh
ocMoTHYeckoe aaBiieHre. O0o0ouKa SroJibl MpOHUIIAEMA JIJIsi MOJie-
KyJ BOJIbI, HO HEMpPOHMIIAEMa JIJII MOJIEKYJI caxapa, COJAEp Kallerocs
BHYTpU siroAbl. Boma, nuddyuaupys BHYTph Aroisl, oOpa3zyeTr Tam
caxapHbli pacTtBop. B 3TOM pacTBOpe, Kak M B OINMCAHHOM paHeEe
OTBITE C CaXapHbIM PACTBOPOM, CO3JAETCS OCMOTHYECKOE JIaBJICHHE,
pacnuparoliee 000J0UYKY STOJIbI.

Ecnu BBectu B (2.8) KOHIIEHTpALIUIO, TO TOJTYUYUM:

P = (CRT)/M, (2.32)

OTKyJa CJEeAyeT, YTO OCMOTHYECKOE [aBJICHHE MPOMOPIHUOHATIBHO
KOHIIGHTPALIMM PACTBOPEHHBIX MOJEKYJ U TEMIIEpaType pacTBopa u
o0OpaTHO MOPOMOPUMOHAIBHO MOJISIPHOW Macce PacTBOPEHHOTO
BEIIECTBA.

2.7. Mukpo- u makpococmosiHusi. 3Hmponus

JIto60e MaKpOCKOMUYECKOE TEJIO COCTOMT M3 OTPOMHOTO YHCIa
MOJIEKYJT (OIMH MOJIb BEIIecTBa coaepskut 6x10> wacrum). Cocros-
HUE TAaKOW CHCTEMBI MOXKET OBITH OIKMCAHO C ITOMOIIBIO MaKpPOCKO-
IMAYECKUX MapaMeTpoB, TaKMX KaK 00BbeM, JaBJICHHE, TeMIIepaTypa,
BHYTPCHHSS DHEPTHS, U APYTUX BEIMYHMH, XapaKTCPHU3YIOIIUX TEJIO B
neiaoM. OxapakTepH30BaHHOE TaKHUM CIIOCOOOM COCTOSTHHUE Ha3bl-
BaCTCS MAKPOCOCHMOAHUEM.

CocrosiHue Tela, OXapaKTepU30BaHHOE TaK, YTO 3aJaHbl COCTOSI-
HUS KaKJIOW €ro MOJISKYJIbI, Ha3bIBaeTCs MUKpococmoanuem. Kax-
JI0€ MUKPOCOCTOSIHHE — 3TO CIIOCO0 peaTn3aiii MaKpOCOCTOSTHUSI.

BcsikoMy MakpOCOCTOSSHHIO CHCTEMBI COOTBETCTBYIOT Pa3INdIHbBIC
MUKPOCOCTOAHUA, IPHUYICM KOJIMYCCTBO HX OYCHb BCJIMKO. Yucno
MHUKPOCOCTOSHAM, KOTOPBIMH MOJKET OBITh PEaIn30BaHO JaHHOE MakK-
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POCOCTOSIHUE, HA3bIBACTCS MEPMOOUHAMUUECKOU 6EPOAMHOCHIbIO
MAKPOCOCMOAHUA, UTTA CHIAMUCHUYECKUM 8ecoM, 0003HadaeTcs Q.

B kadecTBe mpocTOro mpumepa pacCMOTPUM, KakhUM 0OOpa3om
MOXHO PacClpe/ieIUTh YEThIPE MOJIEKYJIbl Ta3a Mo JBYM MOJOBUHKAM
cocyna. B xaduecTBe MakpOCOCTOSIHUSA ONPEAECIUM KOJIUYECTBO MOJIE-
KyJ B JIEBOM MOJOBUHKE cOCy/1a (OYEBUJIHO, UTO B MPABOM MOJIOBUHKE
OynyT octaiabHbie). MUKPOCOCTOSIHME OyAET OIUCHIBATH, I'I€ UMEHHO
HAaXOAUTCA KaxXJas MOJIEKyJa B KaxaoM ciydae. s Takoro
ONMCAaHUSA MOJIEKYJIAaM HaaO0 MpUCBOUTH Homepa: 1, 2, 3, 4. Kaxnas
MOJIEKYJIa C OJIUHAKOBOM BEPOSITHOCTHIO MOKET HAXOJAUTHCA B OO0
MOJIOBUHKE COCYJIa, TO €CTh BEPOSTHOCTh HAXOXKJISHUS JIFOOOM M3 HUX
cieBa paBHa 1/2. IlosiBneHue Kakou-1M00 MOJEKYJbl B JIEBOM MOJIO-
BUHKE COCYy/la HE 3aBUCUT OT TOTO, IJI€ HAXOJATCS OCTaJbHbIE MOJIe-
KyJbl. [loaTomMy mosBieHue cieBa MoJiekys 1 u 2 Oyaer uMeTb Bepo-
ATHOCTh 1/2 x 1/2 = 1/4, a BEpOSATHOCTb TOTO, YTO CJIEBa COOEpPyTCS
Bce MOJIeKyIsL, Oyzer (1/2)* = 1/16.

MakpococrosiHue MuxkpococTosiHue
Hucio Hucio No monekyn Ne monexyn Q P
MOJIEKYJI MOJIEKYJT
cieBa crpaBa
cieBa crpaBa
0 4 - 1,2,3,4 1 1/16
1 2,3,4
2 1,3,4
1 3 3 1.2.4 4 1/4
4 1,2,3
1,2 3,4
1,3 2,4
1,4 2,3
2 2 2.3 1.4 6 3/8
2,4 1,3
3,4 1,2
1,2,3 4
1,2,4 3
3 1 1.3.4 N 4 1/4
2,3,4 1
4 0 1,2,3,4 - 1 1/16
Bcero cnoco6oB 2'=16

B Tabnuie mpuBeneHBI BCE BO3MOXKHBIE MHKPOCOCTOSHHS ISt
JaHHOTO Mpumepa. B mocieanem cTosbdiie TaOJMIbI 3amucaHa mare-
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MaTHYECKasi BEPOSITHOCTD (p) AAHHOTO MAKPOCOCTOSIHMSI paBHas Tep-
MOJWHAMHUYECKOW BeposATHOCTH (£2), IeIEHHOW Ha 00IIee YUCIIo CIo-
co00B peanu3alii BCEX COCTOSHUM. B OCHOBE JTaHHOIO 3aKJIFOYSHMS
JCKUT MPEANOJIOKEHHE O TOM, UTO Jitoboe M3 16 MUKPOCOCTOSHUIA
PABHOBEPOSITHO WJIM B KaXJOM MUKPOCOCTOSIHUHM CHUCTEMA HAXOJHUTCS
OJIMHAKOBOE BpeMsl. DTO YTBEPKJICHUE HOCUT Ha3BAHUE IP2OOUHAMU-
YecKoul 2unomeswvl U JISKUT B OCHOBE CTATUCTUUECKON (PUBUKH.

13 Tabnuibl BUAHO, YTO MAKPOCOCTOSTHUIO, KOT/Ia CJieBa U CIIpaBa
HAaXOAUTCA MO 2 MOJIEKYJIbl, COOTBETCTBYET 6 MHMKPOCOCTOSIHUM U
BEPOATHOCTh €ro peanusainuu oyner 6/16 = 3/8 makcumanbHa. B TO
e BpEMs CYILIECTBYET JOBOJIbHO OOJblnasi BEPOSITHOCTH — 1/8, 4to
BCE MOJIEKYJIbI COOEPYTCS B OJJHOU U3 MOJIOBUH COCY/A.

B o6mem cnyvae st N MoJieKya 4MCIIO MUKPOCOCTOSTHUM OyAeT
cocraBisTh 2" u s 24 MOJIEKYJ1 Y€ COCTaBUT 2* = 16777216
CIIOCOOOB M BEPOSITHOCTH TOT'O, UTO BCE MOJIEKYJIBI COOEPYTCS B OJTHOM
MOJIOBUHKE cocyja, OyJeT paBHA MPUMEPHO 107, to ectb YpEe3BbI-
yaiiHo mana. [{ng 4 cM™ rasa takas BEpOSITHOCTh COCTABUT MPUMEPHO
1~"0000000000000000000 1y MPAKTUYECKU PABHA HYJIIO.

JInst uaeanbHOro Tra3a B OTCYTCTBHME BHEIIHUX CHUJI HauOosee
BEPOATHBIM SIBIIIETCS COCTOSIHUE C PAaBHOMEPHBIM PpACHPEAECICHUEM
MOJIEKYJI B IPOCTPAHCTRBE.

Ha ocHOBaHMM CKAa3aHHOTO MOXHO OOBACHUTH MPUPOIY
HeoOpamumelx TIpoLEeCCOB. lIpenamnonoxum, dYTO B HEKOTOPHIU
MOMEHT BPEMEHHU T'a3 HaXOJWJICS B OJHOUM MOJOBHUHKE COCYJla U ObLI
OTAEJEH OT BTOPOW MOJIOBUHKHU Ieperopoakou, puc. 2.11, a. Ecou
yOpaTh Teperopojiky, ra3 3aiiMetr Bech 00beM cocynaa, puc. 2.11, 6.
Her cnernuanbHOro 3akoHa, 3ampeliaroniero BCeM MOJIEKYJaM CHOBA
coOpaTtbCsd B OJHOM MOJIOBUHE, HO PACCMOTPEHHBIN mpoiiecc Oyaer
HEOOpaTUM, TOCKOJBKY BEpPOSATHOCTh JTOT0 MPAKTHYECKH pPaBHA
Hy10. TakuM 00pa3zom, Heodpamumvimu OyayT IMPOIIECCHI, 0OpaTHbBIC
K KOTOPBIM MaJIOBEPOSITHBHI.

Puc. 2.11
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B paccMOTpeHHOM mipuMepe B Kadye€CTBE MHUKPOCOCTOSIHUA
paccMaTpUBAIIOCh MPOCTPAHCTBEHHOE PACHOJIOKEHHE MOJIEKYJIbl B
JIEBOM WJIM IPABOU IIOJIOBMHE. B JNEHCTBUTEIIBHOCTH K€ HAJ0 33a4aTh
KOOPJIMHATHI MOJIEKYJI U KX CKOPOCTH.

Cratuctrueckuii Bec — () — XapakTepHU3yeT MaKpPOCOCTOSHHUE,
OJIHAKO €CIIA PACCMOTPETh CUCTEMY, COCTOAIIYIO U3 JIByX CO CTaTHC-
TUYECKUMHU Becamu () u (2, TO CTaTUCTUYECKUI BEC BCEH CUCTEMBI (2
OyJZleT paBeH MPOU3BEICHHUIO:

Q= Ql><Q2, (233)

TO €CTh HE SBJISECTCA AAAUTUBHOM BEIWYMHOW. B TO ke Bpems
BEJINYMHA

INQ=InQ, +In, (2.34)

SBJISICTCS AJIUTUBHON U yJI0OHEE /I OMMCAHUSI TEPMOJIUHAMUYECKUX
CHUCTEM.
Benuuuny, onpeneneHHy0 Kak

S=kInQ, (2.35)

HA3BIBAIOT IHMPONUEll CUCTEMBI,
N3 ckazaHHOro paHee CIEYIOT HEKOTOPBIE CBOMCTBA SHTPOIIHH.
OHTpONHsST  U30JUPOBAHHOM  CUCTEMBI MPH  MPOTEKAHUU
HEOOPaTUMBIX MTPOIECCOB BO3PACTAET

ds > 0. (2.36)

BHTpOHI/ISI CUCTEMDBI, H&XOI[HHIGfICH B PaBHOBCCHOM COCTOSHHH,
MaKCHUMaJlbHa U OCTACTCsI HEU3MEHHOM.
MoxHO IIOKa3aTb, YTO SHTPOIINA MOJIA UACAJIBHOI'O I'a3a 6YI[€TZ

S, =RInV + Cy InT + S, (2.37)

rae So— Hekoropas mnoctosiHHas. M3 (2.37) MOXHO TOJYYUTH
COOTHOIIEHUE:

TdS =pdV + dU =dA + dU, (2.38)
CIIpaBeNIMBOE IS JIFOOOM Macchl HjaeanbHOro rasza. IlpaBas gacTb
(2.38), cormacHO IepBOMYy Hayajly TepMOAWHAMUKH, paBHa dQ,
IIOATOMY JIJIs1 OOpaTUMOTO IPOoLIecca MOKHO 3amucaTh

dS = dQ/T. (2.39)
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J11s1 HeOOpaTUMBIX MTPOIECCOB
dS > dQ/T. (2.40)

[Ipu aGCoOMOTHOM HyJ€ BCSKOE TEJIO HAaXOAUTCS B COCTOSHHM,
CTaTUCTUYECKUI Bec KOTOporo ) = 1, m03TOMY COIJIACHO Ompesese-
HUIO dHTpornuu (2.35) ee 3HAYEHUE JOJDKHO OBITH PABHO HYIIO, Cjle-
006amenvHo, NPU CMPEMACHUU MEMNEPAMYPbl K HYI0 IHMPONUs

6CAKOIU cucmemol cmpemumca K HyJio:
limS=0. (2.41)
T—0
IT0 YTBCPIKACHNC HA3bIBACTCA meopemoﬁ Hepucma, NN
mpemobum HAUAI0M mepmoduuamuku.

2.8. TepmoduHamuyeckue nomeHyuaabl

B paznmene 2.1 MBI yXe BCTpEUYaJIHUCh C MOHATUEM BHYTPECHHEMU
SHEPTUH, KOTOpas SBISAIACh PYHKIUEH COCTOSHUS CUCTEMbl U HE 3a-
BHCEJIa OT TOr0, KAKUM ITyTEM CHCTEMa B 3TO COCTOsiHME monana. Ta-
Kre (YHKIHMH Ha3bIBAIOTCA TEPMOJMHAMHYECKMMH MOTECHIMAIAMHU U
4acTO MCMOJIb3YIOTCA B pacuerax. KaxxnoMy Habopy HE3aBUCUMBIX T1e-
peMeHHBIX — p, V, T, S — COOTBETCTBYIOT CBOM TEPMOJAUHAMHYCCKHE
noTeHuuanbl. Ere oHO CBOWCTBO TEPMOJAMHAMHUYECKUX IMOTEHIIMA-
JIOB — TO, YTO OHU SIBJIAIOTCS MOJIHBIMU AU PepeHnraiaMmu CBOUX Ie-
pemennbix. [lomaenii quddepennman Gyakmuu f(X, y) onpenensercs
BBIPAKCHHUEM:

df = (8f/ox),dx +(of/dy)dy. (2.42)

2.8.1. Buympennsasn snepeus

BeipasuB dQ u3 ypaBhenus (2.39), BTopoMy Hayaay TEpPMOJIH-
HAMHUKHA MOKHO NPUAATh BUJ:

dU = TdS - pdV. (2.43)

CpaBHuBas ¢ (2.32) MOXHO 3aMETHUTh, UTO €CJIM B KQUECTBE HE3a-
BUCHUMBIX TIEPEMEHHBIX JJISI BHYTPEHHEN YHEPTrUun NPUHITH S U V, TO:

(0U/oS)y =T, (6U/oV), = —p. (2.44)

M3 mepBoro Havyajia TEPMOJMHAMUKH CJIEAYET, YTO TIPH

OTCYTCTBUM TerjaooOMeHa (amuabaTUdecKuil Mpoiiecc) Bcs pabora
UJICT HAa U3MEHEHNE BHYTPEHHEH SHEPTUU CUCTEMBI.
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2.8.2. Ceoboonas snepeus
[Ipu nzoTepMuyeckom mporecce paboTy MOXKHO 3amucaTh B BUJIE:
dA =—-dU + TdS =-d(U - TS). (2.45)
OyHKIUA COCTOSIHUS
F=U-TS (2.46)

Ha3bIBACTCSI CBOOOHOM dHEPTUEH CUCTEMBI.
CBoOOsHAsT SHEpPrus MpU HM30TEPMHUUYECKHX IMpolleccax aHayo-
THYHa BHYTPEHHEH YHEPryuu NpH aanadaTHueCKOM.
B3 nuddepenmuan ot (2.46) u cpaBHuB ¢ (2.32), MOXHO
I10Ka3aTh, 4TO:
(dF/dT)y =-S, (dF/dV)r = —p. (2.47)

[Ipu noctostHHBIX T ¥ V paBHOBECHBIM SIBJISIETCS COCTOSIHUE, MPU
KOTOPOM CBOOO/IHAsl SHEPTUsl MUHUMAaJIbHA.
2.8.3. Dumanonusn

I mporeccoB, MPOTEKAOIMMX IPU MOCTOSHHOM, HAaBJICHHH,
CITPaBE/IJINBO:

dQ = dU +pdV = d(U + pV). (2.48)

OyHKIUA COCTOSIHUS
H=U+pV (2.49)

HA3bIBACTCA IHmManbnuei. 1Ipu NOCTOSHHOM JaBIEHUM KOJUYECTBO
MIOJy4aeMOr0 CUCTEMOM TEIUIA PABHO NMPUPALIECHUIO DHTAIBINU. [[s
SHTAJIBIIUN BBITIOJTHSIETCS:

(dH/dS), = T, (dH/dp)s = V. (2.50)

MOo>kHO MOKa3aTh, 4YTO TEIUIOEMKOCTh MIPHU MTOCTOSHHOM JIaBJICHUH
Oyner:
Cy, = (dH/dT), . (2.51)

[Ipy MOCTOSHHOM JaBJACHUM SHTANbINS 00JagaeT CBOMCTBAMH,
aHaJIOTHYHBIMU BHYTPEHHEH SHEPTUM IIPU MOCTOSHHOM 00BbEME.

2.8.4. Tepmoounamuueckuit nomenuyuan I'nooca

[Torennman 'm606ca onpeaensieTcs Kak
G=H-TS=U+pV-TS. (2.52)
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Ee monneiilt auddepeniman paBexn
dG =Vdp - SdT. (2.52)

[lepemeHHBIMM JJI1 HETO SABIAOTCS p W T, a 4YacTHbIE
MIPOU3BOJIHBIC PABHBI:

(dG/dp)r =V, (dG/dT), = -S. (2.54)

[Ipu nocrosiuubix T W p paBHOBECHBIM OyAET ABJISATHCA COCTOS-
HUE, TP KOTOPOM TEPMOJMHAMHUYECKUN moTeHiuan ['nddca MuHU-
MAJICH.

2.9. Tenso8bvle dguzameu

Cpennuii 310pOBBIM YEIOBEK B JEHb MOXXET COBEpIIATh paboTy
okoino 10° JIK, B TO BpeMsl KaK 3a CUET CKUTaHUs Pa3JIUYHBIX BUIOB
TOIUIMBA B CPEIHEM HA YEJOBEKA INPUXOIUTCI OKOJIO 500x10° JIK.
BonpIiiast 4acTe 3TOM HEPTUM MPEBpaIIaAeTCs B MOJIE3HYI0 paboTy Mpu
MIOMOIIIM MENna08bIX OsuzameJiell — YCTPOUCTB, MPEOOPA3YIOMINX
BHYTPEHHIOIO DHEPTHIO TOIJIMBA B MEXaHWYECKyl0 padboTy. MexaHu-
yeckasi paboTa B JBHUTaTeNIsIX COBEPIIACTCS IMPH paCIIMPEHUU pado-
4yero BemiecTBa (raza WiM Mapa), NepeMellarolero MnopieHb B IH-
maHApe (Apaem). Ilociie pacmmpenus rasza ero HeoOXOAMMO CHOBA
CKaTh MPHU MOMOIIM BHEIIHUX CHJI, COBEPIIUB MPU ITOM PaA0OTy A .
OueBuaHO, 9TO Ay JAOIDKHA OBITH MEHBIIE Apycy, A YETO CHKATHE
HaJI0 TPOBOJUTH MpH 00JIee HU3KOUW TeMIIepaType.

OO6mass cxemMa TEIJIOBOTO JBHTaTeNsl MpUBEJAEHAa Ha pwuc. 2.12.
PabGouee Teno (ra3 wid map) moJiydyaeT OT HarpeBaTelisi HEKOTOpPOe
koJmuecTBO Teria Q. YacTe 3Toro Temia mpeBpaiaercs padbodnm
TEJIOM B TOJIE3HYIO paboTy A, oTAaBas MPU ATOM XOJOAUIBHUKY
terio Q,. Mcxons u3 Toro, yto pabouee TEIO BEPHYJIOCHh B MCXOTHOE
COCTOSIHUE, MOKHO 3aKJIFOYUTh, UTO

A=Q;-Q (2.55)

[Ipr STOM XapakTepUCTHUKOW JIFOOOTO TEIUIOBOTO JBHUTATENs
SIBJIIETCS €70 KOA(GhUITMEHT MOJIE3HOTO ICHCTBUS

n=AQ;=(Q1-Q)Q. (2.56)
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HAT'PEBATEJIb

PABOYEE
TEJIO

Q.

XOJIOAWJIbHUK

Puc. 2.12

[Ipumep paboThI TEIIJIOBOTO ABUTATENS MPUBEEH Ha puc. 2.13.

m -

pi, Vi, Ty p2, T P2, Vo, T3 Vs, Ta, pi pi, Vi, Ty
Qi Q1. Qa1 Qx
a §) B r i
Puc. 2.13

['py3 Maccel M HaXOAUTCS HA MOPIIHE MUIKMHAPA ¢ Ta3oM. Mcxo-
HOMY cocTosiHuIO (puc. 2.13), a Ha nuarpamMmme p — V COOTBETCTBYET
Touka 1 (puc. 2.14). Haunem HarpeB raza B nuiubjpe. [Ipu nocto-
SHHOM 00BeMe V| 3TOMYy H30XOpPHOMY Ipolieccy OyAeT COOTBETCT-
BoBaTh nepexona 1-2 (puc. 2.14). Jlaaenue OyAeT MOBBIIIATHCS OT Py
710 T€X TOp, MOKa HE CTAHET PABHO P; = Par T MY/S BHELIHEMY J1aBJie-
HUIO TUTIOC AaBjieHue rpys3a. TemmepaTypa mpu 3TOM YBEIMYUTCS OT
T, no T, u x razy Oyzer moaseaecHo Termao Q. Ilpu mampHeimem
HarpeBe MOpIIeHb HAYHET MOJHUMATh I'Py3 MPHU MOCTOSHHOM JaBlie-
Huu (puc. 2.13, 6), coBepias MoJjie3Hyw padoTy. IToMy MpolecCy Ha
IuarpaMMe COCTOSIHUM COOTBETCTBYeET m3obOapa 2—-3. O0weM rasza npu
3TOM yBenumuuica g0 V,, Ttemmepatypa— 10 T3, U K razy Oyner
nojaBezeHo Termio Qg,. B BepxHeM MoOJ0KeHUU TPy3 CHUMAETCS, U JIs
POJIOKEHUST pabOThl TETJIOBOTO JBUTATENsI HEOOXOAUMO 3aBEPIIUTh

107



IUKJ, TO €CTh BEPHYTh MOPIIEHb B HCXOJAHOE COCTOSIHUE. UTOOBI
paboTa o BO3BPAIICHUIO CHCTEMBI B MCXOJHOE COCTOSHHE HE ObLia
0OJIbIlIE COBEPIICHHON MOJIE3HOM NpHU MOJbEME Ipy3a, ra3 CHaudala
HEO00XOAMMO OXJIAJUTh MPU MOCTOSIHHOM 00BheMe V; 10 TeMIepaTyphl
T,, COOTBETCTBYIOIICH HAaBICHUIO Py, U U300apHO CXKATh 10 UCXOTHO-
0 COCTOSIHUA, MNPOJOoJDKas oTOupaTh Temno. OOmiee KoJUYecTBO
TeIIa, OTJAHHOE MPU 3TOM XOJIOAWIBHUKY, OyaeT Qy1 + Q.

p p

P2 """

Py | ___ 3

Vl V2 V
Puc. 2.14 Puc. 2.15

Opanny3ckuii nHxeHep Canu KapHO mokasan, 4TO MakCHUMalIbHbIN
KO3 PUIIMEHT MOJE3HOr0 IEUCTBUSL HE MOXKET ObITH OOJIbIIIE, YEM

n=A/Q;=(Q:-Q)/Q; = (T, - Ty/T, (2.57)

HE3aBHCUMO OT KOHCTPYKIIMU M BhIOOpa pabodero tena. Takol Kmj
UMEET, HallpUMep, JBUTATEb, PaOOTAIONIMN MO LUKy, U300paKeH-
HOMY Ha puc. 2.15, cocrosimemy u3 1Byx uzorepM (1-2 u 3—4) u 1Byx
aguabart (2-3 u 4—1). DTOT MK HOCUT Ha3BaHUE IuKiIa KapHo.

KoumpoabHble 3adaHus

1. Ha pucynke uzobpaxen nuki Kapuo B koopaunatax (T, S),
rae S — YHTPOMHUSI.
Ha xakoM ydJacTke K CUCTeMe I10JIBOJUTCS TeIioTa?

T
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2. Ha xakoM yd4acTKe MOpPUBEICHHON AuarpaMMbl MPOUCXOIUT
aauabaTHOE pacuIupeHue?
3. Ha (p,V) nuarpamme n300pakeHbl 1Ba MUKINYECKUX MOIIECCa.

p

4

0 1 23 45 6 7 8 V

UeMy paBHO OTHOIIEHHE padOT, COBEPIICHHBIX B KAXKJIOM ITUKJIE?

4. Ha (p,V) nuarpamme n300pakeH ITUKINIECKUH TOIIECC.

Ha kakux ywacTkax TeMmmepaTypa pacTeT, YMEHbIIAeTCs,
OCTaeTCs MOCTOSTHHOW?

p
NEEEEEP

i C
v
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['nasa 3. InemeHmapHas
MOJ1EKYASAPHO-KUHemu4yecKkasi meopus 2a308

3.1. Xapakmep mens08020 08U CEHUS MOJEKY,
Pacnpedesnenue Makcees1a no CKOpOCMAM MOAEKYA

[Ipu paBHOBecHM raza €ro MOJEKYJbl ABMKYTCS OE€CHOpsAOYHO,
Xa0TUYECKU MEHSSl HAIPABJICHUS JBWKCHUS U CKOPOCTH MOCJE KaxK-
JIOT0 coynapeHnus. Bce nanpaegnenusn osuicenus pasnogeposamuol, a
CKOPOCTH MOTYT OBITh CaMbIMU pa3JIMYHBIMU 110 BenuuuHe. [locie
KaXJI0T0 yJapa CKOPOCTb MOJIEKYJIbI MOXET KaK YBEJIWYUTHCS, TaK U
YMEHBIIUTHCSI. MOXKET CIy4YUTHCS, YTO MOCJHE KAXAOTO yhapa CKO-
POCTh MOJIEKYJIbI OyJE€T YBEIMUYMBATHCS M €€ 3HAUCHUE 3HAUUTEIIHHO
IIPEBBICUT CpellHee 3HaueHne. Ho maxe eciam Bce MOJIEKYJBI Iepe-
JaAyT €M CBOK0 KMHETUYECKYH IHEPTHIO0, OHA OCTAHETCS KOHECYHOW.
Taxkum 0Opa3oM, CKOPOCTH MOJIEKYJI MOTYT OBITh pacrpeesieHsl oT 0
JI0 HEKOTOPOU MAKCUMAJIbHOW CKOPOCTH Vpax. Y UMTHIBASL, YTO IIPO-
L[ECCHI, MPUBOJAIINE K MOCTOSHHOMY BO3PAaCTaHUIO CKOPOCTH, MAJIO-
BEPOSITHBI, CIEAYET OXHWJIaTh, YTO MOJIEKYJ CO CKOPOCTSIMHM, 3HAYU-
TEJbHO TMPEBBIIIAIOIMMUA CPEJIHIO, OyJAeT HEMHOTro. AHAJIOTHMYHO
MPENOJIOKUTh, YTO HEMHOTO OyJAeT M MOJIeKyd, O00JaJarolux
HYJIEBOM CKOPOCTBIO, TaK KaK JJII 3TOTO0 OHA JIOJKHA IPETEPHETh
71000BOM yaap C mokosiiehcs Moiekysiod. M3 ckazaHHOro cieayer,
YTO CKOPOCTH MOJIEKYJ JOJKHBI TPYIIIUPOBATHCA OKOJIO HEKOTOPOTO
HanOoee BEPOSTHOIO 3HAYEHHA Vyep, PUC. 2.16, a. [TockonbKy cTporo
3aJJaHHYI0 CKOPOCTh V MOXET HE UMETh HU OJIHA U3 MOJIEKYJI, [0 OCH
Y OTKJIaJIbIBA€TCSA YMUCIIO MOJIEKYJ AN B euHUIE 00beMa, UMEIOIINX
CKOPOCTH OT V 10 V + AV. M0OXHO J0Ka3aTh, 4TO:

An = [m/(27kT)]*”? 4nv? exp[—(mv?)/(2kT)]. (2.56)

MakcuMyM pacrpeeneHus: IPUXOIUTC Ha CKOPOCTh Ve, OKOJIO
KOTOPOM HMMEIOT CKOPOCTH HamOoJjblliee 4ucio Mojiekyid. M3 (2.56)
clIeIyeT, 9To

Vaep = Y (2KT)/m, (2.57)
Cpez[Hee 3HAYCHHC ch COCTAaBJISICT

Vep = V (8KT)/(tm). (2.58)
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An An

T, (my)
T,> T, (M, <my)
M T, (my)
VBep ch ch KB v v
a 0

Puc. 2.16

B paznuuHbie ypaBHEHHUS YacTO BXOJUT TaK Ha3bIBaeMasi CpeIHss
2
KBaJIpaTHYHAsA CKOPOCTb V¢p s = V(v )ep> KOTOpAs paBHA

Vep e =V (8KT)/m. (2.59)
Memﬂy CKOPOCTAMH BBIIOJIHACTCA CICAYHOIICC COOTHOICHHUC!
Vaep * Vep t Vepra = V2 1 \8/m=V3=1:1,13:1,22. (2.60)

To, 4TO V¢ > Viep, MOKHO OOBACHUTH TEM, YTO, JAXKE €CIHU CIpaBa OT
MaKCUMyMa MOJIEKYJI CTOJBKO K€, CKOJIBKO CIIeBa, CKOPOCTHU UX OOJIb-
me. O61mee ynciao moiekya N ompenensercs mIomaabio MoT KPUBOM.

[Ipu yBenuueHHM TemIepaTrypbl B COOTBETCTBUHU C (2.56) Mak-
CUMYM pachipejiesieHusi OyJleT CMellaThCcsi BIpaBo, B o0jacTh Oosee
BBICOKHUX CKOPOCTEH, MpU 3TOM BeJrunHa AN OyAEeT MEHBIIE, TaK KaK
CyMMapHas IJIOIAa/b MOJ KPUBOW JOJKHA OCTaThCsS paBHOM o0mieMy
yuciay Mosiekyn. IockonbKy Macca MOJIEKYJIbl CTOMT B 3HaAMEHaTele
(2.57), 3aBUCUMOCTH OT Hee OyZeT 0OpaTHOM: ¢ YBEJIMUYEHUEM MAacCChI
MaKCUMyM pachpeaesieHuss OyJeT CMelmarbcs B 00JacTh HU3KUX
CKOPOCTEH M YHUCIIO MOJIEKYJT AN TIpU 3TOM OYAET YBEIUUYUBATHCS.

Cpenusis CKOpOCTh MOJIEKYJ KMCIIOPO/Ia, ONpEAeIeHHAsl COrIacHO
(2.58) mpu KOMHATHOUW TeMmepaType, COCTABISET MPUOIUZUTEIHLHO
500 m/c. Monekybl BOAOpO/ia, UMEIOIIUE Maccy B 16 pa3 MmeHsblie,
OyJIlyT UMETh CKOPOCTH B 4 pa3za OosbIie, To ecTh nopsiaka 2000 m/c.

OTHOCUTENBHOE YHUCIO MOJIEKYJ, UMEIOIIMNX PAa3TU4YHBIE CKOPO-
CTH, IPEACTABJIEHO Ha puc. 2.17.
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3.2. /lasaenue 2aza Ha cmeHKy. OCHOBHOe ypaeHeHUe
MO/EKYSIPHO-KUHEMUYEeCKOl meopuu 2a3o8

Crenku cocyaa, B KOTOPOM 3aKJIIOUYEH Ta3, UCHBITHIBAIOT HEMpe-
PBIBHBIE COYJIAPEHUS CO CTOPOHBI MOJIEKYJ rasa. B pesynbprare 3Tmx
yAapoOB Ha CTEHKY JCUCTBYET Cuiia, 00YCIIOBIMBAIOIAs aBJICHUE Tra-
3a. OTO [aBJIEHUE MOXHO JIETKO OLIEHUTb, CHEJIAB IPEANOJIOKEHHUE,
4YTO BCE MOJIEKYJIbI UMEIOT CPEJIHIOI0 CKOPOCTh JBMKEeHMs. [[ns pac-
yeTa He0OXO0IMMO ONPENEIUTh CUITY, C KOTOPOM JIEUCTBYET Ha CTEHKY
OJIHA MOJIEKyJa NPHU yAape, U 3aTEM YMHOXKHTh Ha YUCJIO MOJICKYII,
YAAPSIOMUXCSA O €AMHUYHYIO TUIOIIAJKY B €IMHUIY BPEMEHHU.

[TockonbKy yaap MOJIEKYJ O CTEHKY aOCOJIIOTHO YNPYTruii, OH
IIPOUCXOJUT MO 3aKOHY 3€PKaJIbHOrO OTpaxkeHus, puc. 2.18. CkopocThb
MOJIEKYJIBl NPU yAape N0 aOCOJMIOTHOW BEIMYMHE HE HM3MEHSETCS, a
IPOEKLHUs Vi MEHSETCS Ha IMPOTUBOIOIOKHYI. COrjaacHO BTOpPOMY
3akoHy HproTOHA, cuia, C KOTOpO#l OJiHa MoJieKyna OyaeT JAeHCTBO-
BaTh HAa CTEHKY COCYJla, Oy/IeT paBHA N3MEHEHUIO UMITYJIbCA YACTHULIBL:

fix = m(dv,/dt) = 2mv,/dt . (2.60)

Puc. 2.18

3a Bpems Ot o mIomaAKy IUIOMIAABIO S yAapsATCS MOJCKYJBI W3
oowema dV = Sdl = Sv,dt. Eciiu koHIIeHTpaIis MOJIEKYJI ra3a paBHa N,
TO YHCJIO TAKUX MOJIEKYJT OyaeT
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dN = (1/2)n dV = (1/2)nSv,dt. 2.61)

Muoxutens (1/2) mocTtaBieH MOCTOJIBKY, ITOCKOJBKY B CTOPOHY
CTEHKH (B CHJIy PaBHOBEPOSTHOCTH BCEX HAIPaBJICHUM) JIETUT TOJIO-
BHHA BCEX MOJICKYJI.

Jlyis onpesenieHns JaBICHUS Ta3a Ha CTEKY OCTAJIOCh MOCUYHMTATH
CYMMapHYIO CHJTy, IEUCTBYIONTYIO Ha IUIOMIAAKY S, TO €CTh YMHOXKHTh
cuiy Ty, (2.60) Ha yuciio ymapoB dN (2.61) u nmojgenuTh 3Ty CUIy Ha
wiomaap S. Ilpu 3ToM Hamo MPEANONOXKHUTH, YTO BCE MOJEKYIIBI
MMEIOT HEKOTOPYIO CPEJHIOI0 CKOPOCTBD Vy ¢p:

p = [(2MVy p/dt) (1/2)NSVy o, dt)/S =nmvy’ o, . (2.62)

[TockoabKYy BCE HampaBieHUs ABH)KEHUS PAaBHOBEPOSTHBI, MOKHO
CYUTATh, YTO:
2,2 2
Yuursias (2.63) u TO, 4TO

2\, 2 2 2 _ 2
\Y cp_VX cp+Vy cp+VZ cp_3vx cps (264)

BBIpKEHUE I AaByieHUS (2.62) MOXKHO NEpenucarh:
p =nNmv,’ ,, =(nmv~ ,)/3. (2.65)

2
Wy, yuuteiBad, 4yto (MV™ )2 = Ey o, — CpenHas KUHETHYECKas
AHEPIrusi MOJIEKYJIbI,

p=(NMV° ;,)/3 = (2/3)NEp - (2.66)

YpaBuenus (2.65), (2.66) cBA3BIBAIOT MaKPOCKONHUYECKUN Mapa-
METp — JaBJICHUE — C MUKPOCKOIIUYECKUMHU: MACCOM MOJIEKYJIbI, KOH-
HEHTpAIMENd MOJIEKYJ U UX CPEIHUM KBAJpPaToOM CKOPOCTH (KOHIIECH-
Tpalyerd MOJIEKYJ U UX CpEAHEW KMHETUYECKOW dHEeprueil). YpasHe-
HUE (2.66) HOCUT Ha3BAaHUE OCHOBHO20 YPAGHEHUA MOJIEKYAAPHO-
KUHemuyecKoi meopuu 2a3a.

Comnocrapisia (2.66) u ypaBHEHHE COCTOSIHUSI MJICATBHOTO Ta3a B
Buje P = NKT, MOXXHO 3aKTFOYUTH, YTO

Exep = (3/2)KT. (2.67)

Cuuras, 4To MOJIEKyJa MMEET TPU CTENEHU CBOOOJIBI MOCTYIIa-
TEJIbHOTO JABWXKEHUS (X, Y U Z), ucxonas u3 (2.67), roBopsT, 4TO Ha
KXY CTEMEeHb CBOOOIBI MOCTYMATEIBHOTO JBHXEHUS MOJICKYJIBI
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NPUXOJUTCSA CPEIHSIST KUHETUYECKas JHEPTHsi, MPOHOpIMOHATbHAS
TEPMOJANHAMUYECKON TeMIepaType

Eyop = (1/2) KT, (2.68)

rae kKodh@UIMEHTOM MPOMOPIUMOHAIIBHOCTH SIBJISIETCS TOCTOSIHHAS
Bonbimana — K.

CootHomenue (2.67) Bceraa cnpaBeIJIMBO JJIs1 OJJTHOATOMHBIX MO-
jekys. Ecim Momekyna coCTOMT M3 JABYX WJIM 0O0JIe€ aTOMOB, CBOM
BKJIaJI B CPEIHIOI0 SHEPIUIO MOTYT JIaBaTh epauiamevhbie (110 KT/2)
u Konebamenvnuvle (o KT) cremeHn cBOOOIBI W B OOIIEM Ciydae
CIIpaBeUIMBO YpaBHEHUE:

Eyop = (i/2) KT, (2.69)

rae |1 — obmee 4mcio creneHed cBOOOJBI MOJCKYJBl. OIHAKO CBOM
BKJIaJl BpalllaTelIbHbIE W KOJieOaTeIbHBIE CTENEHH CBOOOIBI JalOT
TOJIBKO TIPH BBICOKHX TEMITepaTypax.

3.3. Bapomempuyeckas popmya.
Pacnpedenenue boabymaHa no aHep2usM MOAEKY/

bapomeTtpuueckass ¢popmysia gaeT CBA3b JaBICHUS BO3JayXa IS
U30TEPMUUYECKON aTMOC(EpPHI ¢ BBICOTON HaJ MOBEPXHOCTHIO 3€MIIH.

Brienum MbICIIEHHO aTMOC(HEPHBIM CTOJ0 HEKOTOPOTO CEUCHHS
S. AtMocdepHoe maBiaeHHE OOYCIOBJICHO BECOM BBIIIEICIKAIINX
clIoeB raza. PaccMOTpHM H3MEHEHHS JaBicHUsA Op NMpU H3MECHCHUU
BbIcOTHI OT h 1o h+dh (puc. 2.19). [JaBnaenue Ha Beicote h+dh Gyner
MEHBIIIE, ceaoBarenbHo, dp Oymer orpunaTenbHo. YHCICHHO M3Me-
HCHHUE JaBJICHHUs OyJeT paBHO JaBJICHHMIO CT0j0a BbicoTor dh wmim
BECY TOT0 CT0JIOA, IEICHHOMY Ha TUIOIIAlb CEYCHUS:

dp =-mg/S = —(pdV)g/S = —(pSdh)g/S = —pgdh. (2.70)

Ecmun u3 ypaBHenus Kmainiepona — MeHieneeBa BbIpa3uTh IJI0T-

HocTh raza: p = M/V= (Mp)/RT, u noxacraButrs ee B (2.70), nus
WU3MEHEHUS JABJICHUS MMOTyYUM:

dp = - [(Mpg)/RT] dh, Q2.71)
HJIK TTOCJIC PAa3ACJICHUA IICPCMCHHBIX
dp/p = —[(Mg)/RT] dh. (2.72)
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hvdh (- ppdp Po
TTM) T,>Ts

T, (My)

Puc. 2.19 Puc. 2.20

HNurerpupoBanue (2.72) naer:
Inp =—-(Mgh)/RT + In(const). (2.73)

Jlns ymoOcTBa JanbHEHIIUX MpeoOpa3oBaHUM MOCTOSHHAS WHTE-
IpUpOBaHM 37cch 3amucada kak In(const). ITocioe nepenoca In(const)
B JIEBYI0O 4YacThb UM OKCIIOHUPOBAHUS YPAaBHEHHUSI OKOHYATEIHbHO

TOJTYIUM:
P = po eXp—[(Mgh)/RT]. (2.74)

OdeBHIHO, YTO P = Py Ha moBepxHOCcTH 3eMiu mpu h = 0. Dra
dbopmysia HOCUT Ha3BaHUE Oapomempuueckoii. YpaHeHue (2.74)
MOJYYEHO B MPEANONI0KEHUHN H30TepMudeckoit atmocdepnl T = const.
['padpuku u3MeHeHUs: TaBJICHUS ISl pa3HbIX TEMIIepaTyp (MOJIEKYJIsp-
HBIX Macc ra3oB) mpuBeAcHbI Ha puc. 2.20. 3 rpadukoB BUIHO, YTO
JaBJICHUE JJI1 Ta30B C OOJIbIIEH MOJIEKYISIPHOM Maccol (JaBlieHHE
BO3/lyXa MpHU HU3KOM TeMIepaType) najgaeT ¢ BEICOTOM ObICTpee.

n
No
T, T,>T,

T

Puc. 2.21

[Tpoussenem B (2.74) cnenyromue 3ameHsl: (M/R) = (m/K), po =
NokT (M- wmacca Moiekynbl, K— mnocrosHHas bonbimana, nNg—
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KOHIICHTPAIIHMS MOJICKYJ Y TIOBEPXHOCTH 3€MJIN) U TIOCJIC COKPAIICHUS
Ha KT GapomMerpuueckas Gopmyiia IPUMET BUI:

n = ny exp—[(mgh)/kT] = n, exp—[E/KkT]. (2.75)

VYpaBuenue (2.75) HocuT Ha3zBaHue pacnpeodenenus boarvymana
U JIaeT paclpeneiicHue MOJIEKYJ MO0 MNOTEHUUAIBHBIM dHEprusiM. M3
HEro cJjeayer, 4TO MOJEKYJbl pachoJyiaraloTcsi ¢ OOoJblIeld IMIIOT-
HOCTBIO TaM, 1€ MEHbIIE UX NOTEHUHAIbHASA dHEPrUsi, puc. 2.21.

KoumpoabHble 3a0aHus

1. Ha pucyHKe mpeacTaBlIEHO paclpe/ieieHHe MOJEKYJ IO CKO-
poctsaMm (pacnpenencaue Makcsemta), rae f(v) = (AN/N)dv — mons
MOJICKYJI, CKOPOCTH KOTOPBIX 3aKIIIOYCHBI B HMHTEpBaie oT V 10 (V

+dv).

f(v) fv)

VBep Vv \'%

UTo mpoUCXOUT C MAKCUMYMOM KPHUBOM C pOCTOM TEMIIEPATypPhl?

2. B 1ByX OIMHAaKOBBIX COCyJax IIPA PaBHBIX YCIOBHUAX
HaXOAUTCS OJMHAKOBOE KOJIMYECTBO BOJIOPOJAA U a30Ta.

Kakast u3 KpuBbIX COOTBETCTBYET a30Ty?

o CpeaHsisi KHHETHYECKAask YHEPTUs MO- 7
JIEKYJI Ta3a npu temreparype T 3aBUCUT OT
UX CTPYKTYpPbI, YTO CBSI3aHO C BO3MOXK- W
HOCTBIO Pa3JIMYHBIX BHUJOB JIBUKECHUS aTO-

MOB B MOJIeKyJsie. UeMy paBHa CpeaHsisd KU- ‘ ‘

HeTUYECKast dHeprus Mojekys reaus (He)? C
IIpumep pewenus. CpenHssi KUHETUYE-

CKasl SHEpPrusi MOJIEKYJ rasa mpu Temmepa- X

type T paBHa E, = (i/2) KT, rae | — uncio

cTeneHer cBOOOAbI MOJIEKYJIBIL.

116



YucnoMm creneHed cBOOONBI Tela | HA3BIBAIOT YHCIO HE3aBUCH-
MBIX KOOPJIMHAT, MOJHOCTHIO OMPEACNAIONINX IOJIOKEHUE Tella B
MPOCTPAHCTBE:

a) MOJIEKYJIbl, COCTOSIIIIUE U3 OJHOTO aTOMa, MOHO MPEICTaBUTh
MaTEpUATBLHON TOYKOW, MOJOKEHUE KOTOPOM IMOJHOCTBIO OIPEHCsi-
eTCs 3aJlaHueM Tpex ee kKoopauHaT. OgHoaToOMHBIE MOJeKyibl (He,
Ar) umerot | = 3;

0) MOJIOKEHHE JIByXaTOMHOM MOJIEKYJbl MOJTHOCTBIO OMpese-
JSieTCsl 3aJ]laHUeM TPEX KOOpJAMHAT IEHTpa UHepuu (X,Y,Z) U ABYX
yriioB 0 u v Bpamenus Bokpyr oceii OX m OZ. Bpamiennem BOKpyT
ocu OY MOXHO npeHeOpedb, T. K. MOMEHT HHEPIMHU €€ OTHOCUTEIBHO
ocu OV mpeHeOpexurenbHO Mai. J[ByxaTomMHas MOJIEKyJa HMEET
| = 5: Tpu cTerneHn cBOOOIBI MOCTYNATEIBHBIC U JIBE — BpalllaTe/IbHBIC;

B) MOJIEKYJbI U3 TpeX M 0oJiee >KECTKO CBSI3aHHBIX aTOMOB, HE
JeXalMX Ha OJHOW IMPSIMOM, NOJHOCTBIO OIPEAEISAIOTCA TpeMs
KOOpJMHATAMU LEHTpa UHEPIUU (X, Y, Z) U TpeMsl YriiaMH BpalleHUs
(0, v, v) Bokpyr oceit (OX, OY, O2).

N — aromnas monekyma (N > 3) mmeer | = 6: Tpu CTeNeHH
MOCTYNATEJbHbIE U TPU — BpAIlIATEIbHBIE;

') ecii MHOToaToMHas MoJiekyia N > 2 uMeeT ynpyryto cBs3b, TO
B CHUCTEME MOXET BO3HMKHYTh KoJieOaTenbHOe aBuxkeHue. HyxHo
y4ecTh M €ro kojneOarenbHble (0T 1 m Oojee) creneHu CBOOOIBI.
KonebarenbHas creneHb CBOOOABI JIOKHA UMETh JHEPTHUIO, BIBOE
OOJIBIIIYIO 110 CPABHEHUIO C MOCTYIATENbHON WM BpallaTeIbHON. DTO
OOBSICHSAETCSI TEM, YTO KOJ€0ATEIbHOE [IBUKEHHE CBA3aHO C HaJU-
YUeM KUHETHYECKOW W MOTEHIMaabHOU 3Hepruil. Ha xonebaTenbHbIe
CTENEHU CBOOOIBI MPUXOIUTCS SHEPTUsl B Ba paza Oonblie: E, 6 =
KT. KonebareabHble cTeeHH CBOOOIBI BO30YKIAIOTCS MPH BBICOKUX
TeMIiepaTypax, 4To J0JHKHO CIEeIMaIbHO OTOBAPUBATHCSI.

3. CpenHsisi KWHETHYECKasi SHEPTUsl MOJICKYJ Ta3a MpU TeMmImepa-
type T paBua E, = (i/2) KT, rae | — uncio cremeHei cBoOOABI MO-
JIEKYJIbl: MOCTYNATEeIbHOI0, BPAIIATEILHOIO U KOJIE0ATEILHOTO JIBU-
KEHUN MOJIEKYJbl. UeMy paBHO YHUCJIO CTENEeHEH CBOOOJbI AJisl BOJO-
poaa (H,), mpu ycioBuu, 4T0 UMEIOT MECTO TOJBKO MOCTYyNATEILHOE U
BpalllaTeIbHOE IBMKCHHE?
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4. YeMy paBHO YHUCJIO CTENEHEH CBOOOMBI NI BOASHOIO Tapa
(H,0O), mpu ycnoBHM, 4TO UMEKOT MECTO TOJIBKO IMOCTYIATENbHOE U
BpAIIATEIbHOE IBHKEHUE?

5. CocTosiHUE HICANBHOTO ra3a ONpejesieTcsl 3HaUeHUEM mnapa-
MeTpoB Tg, Po U V(. OnpeneneHHoe KOIUYECTBO Ta3a MEPEBEIIH U3
coctosinus (3Pg, Vo) B cocTosiaue (Py, 2Vo).

Kak u3MeHunach npu 3TOM €ro BHYTPEHHSISI SHEPT U ?

6. Kak u3MeHsieTcsi DHTPOIHS MOCTOSHHOW MAacChl HIAEATIbHOTO
rasa B IIpoIiecce oOpaTUMOro aanadaTHIecKoro HarpeBaHms ?
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I'nasa 4. dazoewle pagHogecus1 U npegspaujeHus

4.1. Pazosvble cOCMOSIHUSA U dUa2pamMbl

@Das30it HA3BIBACTCS COBOKYIHOCTH OJTHOPOJIHBIX, OJJMHAKOBBIX MO
CBOMM CBOMCTBaM dacTed cuctembl. [IpocTeiM mpumMepoMm (pa3oBBIX
COCTOSIHUM SIBJISIETCSI 3aKPBITBIA COCY/, B KOTOPOM OJIHOBPEMEHHO
HaxXOJUTCA BOJIa, JIEJ] U CMECh BOJSHOIO Mapa U Bo3ayxa. Paznuunbie
KPUCTAJUTMYECKUE CTPYKTYPBhI OJTHOIO M TOrO K€ BEIIeCTBa (Hampu-
Mep, TpaduT U YIIEpo1) TaKKe ABJISIOTCS (Dazamu.

JIrobas ¢aza xapakTepu3yeTcsi OCHOBHBIMU HaApaMempamu: 1aB-
nenue (p), remneparypa (T), oobem (V) u ap. Ecium 3Tu mapameTpsl He
MEHAIOTCSA, TO TOBOPAT O PABHO8EcHOM COCTOSIHUU. M300pakeHue
COCTOSIHUSI CHCTeMbl B KoopauHatax p— T, p— V wm V — T HocuT
Ha3BaHUE ouazpammul cocmoanuii. PaBHoBecue nByx (a3 BO3MOKHO
TOJIBKO MPHU BHOJIHE OMNPEJCICHHBIX TEeMIepaTypax, MpUYeM Kaxjaoi
TEMIIepaType OTBEYaeT ompejeieHHoe pAaBieHue. Ha guarpamme
cocrosiauii p — T ato Oyaet nmuuus p = f(T).

Tpu da3bl ogHOTO BenecTBa MOTYT HAXOAUTCSA B PABHOBECUU TIPU
€IMHCTBEHHBIX 3HAYCHUSX p U T — HA JUarpamMme 3TOMY COCTOSTHUIO
OyIeT cOOTBETCTBOBAThH Touka T3, Ha3piBaeMas mpoiuiHoi. PaBHoBecue
ooJiee Tpex ¢a3 0JIHOro BellecTBa HEBO3MOXKHO. Ha puc. 2.22 npuse-
neH npumep (azoBoi auarpaMmbl cocTostHUE. CTpenkaMu TaM 000-
3HAUEHbl CIEAyIoNIMe nepexopl: 1-1' — muaBieHne u KpucTawm3a-
nus; 2-2' — ucmnapeHue U KoHpaeHcanus; 3—3' — BO3roHKa U CyOJIu-
Marusl.

[lepexonpl Mexay (azaMu, MPOUCXOASIINE C BBIICICHUEM WM
NOTJIOIICHUEM TeIia (CKpbimozo menna (ha3z06020 nepexooa), Ha3bl-
BalOTCs (Da30BBIMU TMEPEX0/IaMU nepeozo pooda. Ilepexonbl 6e3 Bblje-
JICHUsT W TIOTJIONICHUsI Teria — (pa3oBble MEPEXOJIbl 8MOPO20 pooa.
®da30BbIC MEPEXOIbI IEPBOTO Poja MPU MOCTOSTHHOM MOABOJIE TEIIa B
KOOpJMHATaX TeMIepaTypa — BpeMs n300pa3arcs KpuBou (puc. 2.23).
["'opu30HTaIBHBIN YYaCTOK KPUBOW COOTBETCTBYET (ha30BOMY IEepexo-
1y, TIPY KOTOPOM B 3aBUCHMOCTH OT HaIlpaBJICHUS TMepexoja Morio-
HIAeTCS WM BBIACIISIETCS] CKpPbITas TEIIoTa (pa30BOro NMepexo/ia.
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daza

Da30BbIN NEPEXOL

daza 1

3 razooOpasHas

T t (Bpems1)
Puc. 2.22 Puc. 2.23

Bo3nbMeM BelecTBO B BHUIE KUIKOCTA M HAXOISIIETOCSI C HEU B
paBHOBecuu raza Ha kpuBoil T3—T,, U, HE U3MeHAs 00beMa, CTaHEM
OTHUMATh OT HEro TEIJI0. JTOT Mpolecc OyJIeT COMPOBOXKAATHCA MO-
HIDKEHUEM TEMIIEpaTypbl BEIIECTBA M COOTBETCTBYIOIIUM yMEHbIIIEC-
HUeM naBjeHus. [loaTomy Touka, m3o0pakaroiias COCTOSIHUE Bellle-
ctBa Ha jguarpamMme (p, T), mepemMemiaercss BHM3 1O KpPUBOH
(puc. 2.22). 310 npoaoIKaETCs 10 TEX MOp, MOKa He OyAeT NOCTUTHY-
Ta TEMIIEpaTypa KpUCTaJUIM3allMi BEIIECTBA, OTBEYAIOIIas paBHOBEC-
HOMY 3HAuUCHHUIO JaBJICHUs. JTa TeMmieparypa obo3HadyeHa Ts. Bcee
BpeMsl, TTOKa MJAET MPOIECC KPUCTAILIU3AIMU, TEMIIEpaTypa U JaBje-
HUE OCTaIOTCSI HEU3MEHHbIMUA. OTBOAMMOE TIPU 3TOM TEIUIO IMPEICTaB-
JsieT cO0O0M TEII0, BBIACISAIONIEECS NPU KPUCTAIITAZAIIUH.

Temneparypa T3 U COOTBETCTBYIOIIEE €l PABHOBECHOE JABJIEHHUE
P3 — €IMHCTBEHHBIC 3HAUCHUSI TEMIEpaTypbl U JABICHUS, TIPU KOTO-
PBIX MOTYT HaXOJUThCS B paBHOBECHM TpH (ha3bl BELIESCTBA: TBEPAas,
XKuakas u razooOpaszHas. COOTBETCTBYIOIIAash TOYKa Ha JuUarpaMme
(p, T) Ha3bIBaeTcst TpoitHOM TOUKOW. TakuM oOpa3om, TpoWHasi TOYKA
OMPEICIISIET YCIOBUS, MPU KOTOPBIX MOTYT HaXOJIUThCSI B PAaBHOBECUU
OJTHOBPEMEHHO TpH (pa3bl BEIIECTBA.

[To okoHYaHMU TIpOIECCa KPUCTAUIM3AIMU B PAaBHOBECUU OYIyT
HaXOJUTHCS TBepJas U razoo0OpasHas (aspl. Ecau mpoaokath OTHU-
MaTh OT BEIIECTBA TEIIO, TO TEMIIEPATypa CHOBA HAYHET MOHUKATHCA.
COOTBETCTBEHHO YMEHBIIACTCS AABIICHUE IMApOB, HAXOIAIIUXCS B
paBHOBECHM C KpucTaluimdeckoil ¢azoil. Touka, wuzoOpaxkaromias
COCTOSTHHE BEIECTBA, IEPEMEIACTCS BHU3 IO KPUBOM CYOIMMAITHH.

Temmneparypa TpPOWHOW TOYKH €CTh TEMIIEpATypa, OPU KOTOPOM
MJIABUTCS BELIECTBO, HAXOSCh MO/ ITABJICHUEM, PaBHBIM Py, (CM. ciie-
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YOI pa3aen) npu aaHHou Ttemmnepatype. [lpu npyrux maBieHUsX
TeMIlepatypa IUIaBieHusi Oyner MHOW. CBsA3b MEXIY [aBJICHUEM U
TeMIEepaTypou TIaBJICHUS U300pa3UTCsl KPUBOW TUIaBJICHMS, HAUUHA-
IolIeicst B TpoliHOM Touke. TakuMm oOpa3oM, TpoliHasi TOUKa OKa3biBa-
€TCs JIe)KaIlle Ha MEePECEUCHUN TPEX KPUBBIX, ONMPEICTSIONIUX yCIO-
BUsI paBHOBecHs JIBYX (ha3: TBEPJON M KUJKOH, )KUJIKOU U razo00pas-
HOM U, HAKOHEII, TBEPJIOM U ra3000pa3HOM.

KpuBbie miiaBneHus, UCIApeHUs U CyOIuMaluud pa3ouBaoT KOOp-
JTUHATHYIO TIJIOCKOCTh Ha Tpu oOsactu. CieBa OT KpUBBIX CyOauma-
MU U TUIABJICHUS JIEKUT 007acTh TBepJod (a3bl, MEXIy KPUBBIMU
IUTABJICHUS M HUCIAPEHMs 3aKII0YeHa OOJACTh JKUJKUX COCTOSHUMH,
CIpaBa OT KPUBBIX UCIIAPEHUS U CyOJIMMALMU MPOCTUPAETCS 00JIacTh
raz000pa3HbIX COCTOSHUH BellecTBa. JIrobasi Touka B OJIHOM W3 ATHUX
obnacteil m300paxaeT COOTBETCTBYIOIIEE OJTHO(PA3HOE COCTOSTHUE Be-
niecTBa (BCce BpeMs UMEIOTCS B BUJIY TOJIBKO PAaBHOBECHBIE COCTOSIHUSI,
T. €. TAKUE COCTOSIHUS, B KOTOPBIX BEIIECTBO MPU HEU3MEHHBIX BHEIII-
HUX YCIIOBUSIX MPEObIBAET CKOJIb YTOJAHO J10r0). Besikas Touka, jexa-
1asi Ha OJHOM U3 pa3TPaHUYMBAIONIMX 00JIACTH KPUBBIX, U300paKaet
COCTOSIHUE€ PAaBHOBECHSA JIByX COOTBETCTBYIOIMMX (ha3 BeEIIECTBA.
Tpolinast Touka U300pa’kaeT COCTOSTHME paBHOBECHS Bcex Tpex (das.
Takum oOpa3oM, Kaxkaas TOUKa Ha JAUarpamme M300pakaeT ompejie-
JIEHHOE€ PABHOBECHOE COCTOsIHHME BemiecTBa. [[oaToMy ee Ha3bIBarOT
TAarpaMMON COCTOSIHUSL.

Jlnst BellecTBa C HECKOJIBKMMHU KPUCTALUIMYECKUMU MOAUDUKA-
IUSAMHU JuarpaMMa COCTOSIHUS HMeEeT O00Jie€ CIIOXKHBIA XapakTep.
KpuBas paBHOBECHS KUJKOTO U TBEPAOrO COCTOSAHUN HA puc. 2.22 B
OMpE/ICIICHHON TOYKE pa300beTCs Ha JBE: OJHA OYyIeT pa3/iefiiaTh JABE
TBEpABIX (Da3bl, a BTOpas — HOBYIO TBepayro da3y U KUJAKOCTh. [los-
BUTCSI BTOpasi TPOMHAS TOYKA.

JnarpamMa COCTOSIHHSL JJIsl KaXAOTO KOHKPETHOIO BEIIECTBA
CTPOUTCSI HA OCHOBE AKCIEPUMEHTAIBHBIX JAHHBIX. 3JHASI JUAarpaMmy
COCTOSIHMSI, MOKHO TIpeJCKa3aTh, B KaKOM COCTOSIHUM OyJeT Haxo-
JUTHCS BEILIECTBO MPHU PA3IMUHBIX YCJIOBUSAX (IIPU pa3IMYHbBIX 3HAUE-
HusAX p u T), a Takke Kakue MpeBpalieHus OyAeT MpeTeprieBaTh
BEILIECTBO NP PA3JIMYHBIX MTPOLECCAX.
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4.2. ®azosble nepexodbl UcnapeHUs U KOHOeHCayuu.
PasHosecue sxcudkocmu u HacblWeHHo20 napa

B xuakoctu mpu J000W HE HYJIEBOM TeMmIeparype HMeeTCs
HEKOTOPOE KOJIMYECTBO MOJIEKYJ, SHEPTUU Y KOTOPBIX IOCTATOYHO,
4TOOBI MPEOA0JIETh CHJIbI MPUTIKEHUS CO CTOPOHBI COCEHUX MOJIE-
KyJl U IOKUHYTh KUAKOCTh. JKUJIKOCTh MOKUJIAIOT HanboJiee ObICTpbIC
MOJIEKYJbl, KOTOPBIE YHOCAT 4YacTb OJHEPIrUM, BCIEACTBUE YETO
KHUJKOCTh OXJIaxkaaeTcss. UToObl Mpolecc NpoIoKaics, K ) KUIKOCTH
HE00XO0UMO MOJBOAUTH TEIIO. Terto, HeoOXoauMoe NSl mepexoa
€IMHULIBI MACChl XKHUJAKOCTH B I1ap, HA3BIBAIOT YOEIbHOU MEni10moi
napooopazoeanusn. Ee BeIMYMHA 3aBUCUT OT TEMIEPATYpbl, U A
BOJIBI, HanpuMep, oHa cocrasiser 597 Kam/r mpu 0° C u 539 Kan/r
npu 100° C. IIpu KoHAEHCAIMH KUIKOCTH 3aTPAueHHOE Ha UCIIapEHHE
TEIUIO BO3BpAIaeTCs Ha3a/l.

PaccMoTpUM repMeTuyHBIN COCYJ C )KUJIKOCTBIO IMPU HEKOTOPOU
TEMIIEPATYpPE, 3AKPBITHIA MOPIIHEM, KOTOPBIM MOXHO TIE€pEeMeENIaTh,

puc. 2.24.
# 4

— |

Puc. 2.24

B niepBoM 1oJI0KEHUU TOPIIIHS KUJIKOCTh 3aHUMAET BECHh MPEJIO0-
CTaBJICHHBIN e 00beM cocyaa, o0o3HauuM ero V,. B monoxenun 2
o0bEeM MOJi MOPIIHEM yBeIWuYuBaeTCs. YacTb MOJNEKYJ, KaK YKa3bl-
BaJIOCh BBIIIE, MOXKET MOKUHYTh OBEPXHOCTH KUJKOCTH, 00pa3yeTcs
BTOpas ¢asza — ra3 (map, ecid pedb HACT O Boje). MoeKylbl Tasa,
JIBUTAsICh C OOJIBIIMMHU CKOPOCTSIMHU, HCIBITBIBAIOT CTOJKHOBEHUS
MEXIy CcOoOOM M ¢ MOJEKYyJaMH Ha TMOBEPXHOCTH KHUIKOCTH. YacTb
MOJIEKYJI TIOCJI€ CTOJKHOBEHHMS C TIOBEPXHOCTHIO KHUJIKOCTH MEPeaatoT
€1 CBOIO DHEPIMIO U OCTAIOTCA B KUAKOCTU. Uepe3 HEKOTOpOe BpeMs
HACTYIaeT MOMEHT, KOT/J[a YUCJIO TTOKUAAIONINUX KUIKOCTh MOJICKYN U

YUCII0 MOJIEKYJI, BO3BPALAIOIIUXCS Ha3al, CTAHET PaBHBIM. Takoe co-
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CTOSIHUE Ha3bIBAIOT OUHAMUYECKUM paéHosecuem cuctembl. [lap, Ha-
XOJISAITUICS HaJ TOBEPXHOCTHIO >KHJIKOCTH, HA3BIBACTCS HACLIUACH-
Hblm. JIaHHOMY COCTOSIHHUIO COOTBETCTBYET BIIOJHE OMPEIEIICHHOE
IpU JJaHHOW TeMIlepaType AaBJICHUE — 0ds/leHUe HACbIUEHHO020 napa
(Pun). Ecnu nmanmee yBenuuuBaTh 00BEM IO IMOPIITHEM, TO OoJjbliee
KOJIMYECTBO MOJICKYJ OyJIeT HaXOIUThCS B Ta3000pa3HOM COCTOSIHUH,
JaBJieHHE K€ Ta3a OyJeT COXPaHAThCS U IMO-TIPEKHEMY OyJeT paBHO
JaBJICHUIO HACHIIIICHHOTO TIapa, COOTBETCTBYIONIETO TAHHON TemIiepa-
type. [lpu nanpHeleM JBMKEHHHM TOPIIHS MPH HEKOTOPOM €ro
MIOJIOKEHUH BCE MOJICKYJIbI UCIIAPATCS U BeCh 00beM OyJeT 3aHUMATh
ra3, 0003HaunM ero V..

|y
p 1 A TKp
JKUJIKOCTh

ras + XHUIKOCTb

Pun|  \2 3 ras

4

V. V V; V
Puc. 2.25 Puc. 2.26

T

JlaBnenue ero mo-npexHemy oyner P,,. JlanHoMy mporeccy Ha
nuarpamme P — V Oyner cooTBeTcTBOBaTh ydacTok 2-3 (puc. 2.25).
Ecau mpomomkaTe yBeIM4uBaTh 00BEM COCyaa, AaBJICHHE OyAeT ma-
JaTh TI0 3aKOHY, OITMCHIBAEMOMY yYPaBHEHHUEM COCTOSHUS UJCaTbHOTO
rasa npu JJaHHou temmneparype (yuactok 3—4, puc. 2.25).

Ecnu B kKakoil-TO MOMEHT BpPEMEHHM HadaThb YMEHBIIIATh OOBEM,
BCE€ MPOILIECCHI JI0 TOUKHU 2 OyAyT MPOUCXOJUTHh B OOpAaTHON MOCIE0-
BaTeJIbHOCTH. BHauane mo Mepe yMeHbllleHus: oObeMa JaBJICHHE Ta3a
oynet pactu. Ilo noctmxennn oobeMa V. JaBjieHUE MEPECTACT U3Me-
HSTHCSI, a BEIIECTBO MEPECTAET OBITh OJHOPOJIHBIM — YacTh ra3a KOH-
JIEHCUPYETCs B KHUIAKOCTh. [IpOMCXOaUT paccioeHne BEIleCTBA Ha JIBE
da3pl: KUAKYH U razoobOpasHyro. Ilo Mmepe nanbHEHIIEro yMEHb-
meHus: o0beMa Bce OOoJbIas 4acTh BEHIECTBA MEPEXOJIUT B KUIKYIO
dazy, mpudeM Mepexo]i OCYIIECTBISETCS MPHU MOCTOSHHOM JIaBJICHUU
Pun (HaBIEeHMM HachIleHHOTO mapa). [locie Toro kak mpolecc
KOHJICHCAIIMH BEIIECTBA 3aKaHYMUBAETCS (3TO MPOUCXOAUT TIPHU JTOCTH-
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KeHun oObema V), HanbHellllee yMEHbIIEHHE O0beMa HayMHaeT
COMPOBOXKIATHCA OBICTPBHIM POCTOM JIaBJICHUSI.

[Ipu mo06oM mpomMekyTodyHOM 3HaueHun oobema V oT V, 1o V
4acTh BELIECTBA C MACCOM M, OyJIeT HAXOAUTHCS B KUJIKOM, a 4acTh C
Maccod M.— B mapooOpazHoM cocTosiHUU. OTHOIIEHHE Macc
KUJIKOCTHU U Ta3a ONMHUCHIBACTCS YPABHCHUEM:

m,/m, = (V, = V)/(V = V,) = y/x. (2.76)

Takum 00pa3oM, OTHOIIIEHHWE MAacC KUIKOCTH M HACBHIIIEHHOTO
napa B JByX(a3HOM COCTOSSHUHM PaBHO OTHOIIIEHHUIO OTPE3KOB, Ha KO-
TOpBIE JICIUT TOPU3OHTAIBHBIM y4aCTOK HM30TE€PMbI TOYKa, M300pa-
)Karomias JaHHOE COCTOSIHHE.

Ha yuacrtke 2-3, korjga B TMHAMUYECKOM PABHOBECUU HAXOISATCS
ra3 v >KUJKOCThb, KOJIMYECTBO MOJICKYJI, TOKUIAIOIIUX KUJIKOCTh, PE3-
KO pacTeT ¢ IOBbINIEHUEM TemmepaTypbl. KoauuecTBO BO3Bpaiiaro-
HIAXCST MOJIEKYJI Tak»Ke€ pacTeT, HO MeJieHHee. B pesynbprare 3TOro
JTABJICHUE HACBIIICHHOTO Iapa MPU YBEIWYECHUM TEMIIEPATYPbl TaAKKe
Oyner yBenuumBaThbcs. J[marpamma paBHOBECHBIX COCTOSHUM HACHI-
IICHHOIO0 Tapa M BOABI NpuBeAeHa Ha puc. 2.26, munua Tz — T,.
Cwmbicn kputnueckoil remnepatypsl (Ty,) OyaeT nosicHeH HUxe.

P P
T, <T,<T3< T, X“W“’
Pun3|==---
Pum2f o~ Hacrimennnii
Pup1 T mnap
= ~
T,

VvV 0 T T
Puc. 2.27 Puc. 2.28

Ecau moctpouts aumarpammbel P — V, aHamoruynbie n300pakeH-
HbBIM Ha puc. 2.25, mjis Apyrux TEMIEeparyp, TO OKAXKETCS, YTO C
POCTOM TeMIepaTypbl KpUBbIE OyAYyT UITH BHIIIIE.

JlaBneHre HACBIIEHHOTO Mapa OyAeT COOTBETCTBOBAThH JUarpam-
M€ Ha puc. 2.26, IpHU 3TOM JUIMHA TOPU3OHTAIBHOIO OTPE3KA AUArpaM-
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MBI C POCTOM TeMIepaTypbl OyJeT yMeHbaTbes (puc. 2.27), u npu
HekoTopou temneparype T = Ty, OTpE30K BEIPOAUTCA B TOUKY.

@U3UYECKUN CMBICI CYLIECTBOBAHUSA KPUTUUYECKONU TOUYKHA MOKHO
MOSICHUTH CEAYIOMUM o0pa3zoM. BcnoMHuM, 4TO 1Jisi ra3000pa3HOro
COCTOSIHUSI CPEJIHASI KUHETUYECKAsi SHEPTUsl MOJIEKYJ MHOTO OOJIbIIe
MOTEHIIUAJIbHON YHEPTUU UX B3aUMOJACUCTBUS: By >> Er. YuurtsiBas,
yro s ra3a Eyx = (3/2)KT, MokHO 3ammcath:

(3/2)KT >> Ep,. (2.77)

B TO ke BpeMs ISl COXpaHEHUSl KUJIKOTO COCTOSHUS MOTEHIU-
anbHas dPHEPrusl AOJDKHA MPEBBIIIATh KHHETUYECKYIO 3HEpruwo: Ep >
Ex = (3/2)KT. Takum 00pa3oM, OKa3bIBaeTCs, YTO MEPEXO B JKHJIKOE
COCTOSIHAE BO3MOYKEH TOJIBKO MPU TEMIEpaTypax MEHbIIE HEKOTOPOU
KPUTHUYECKOU:

T < T, = 2En)/3k. (2.78)

['a3 nmpu Temmneparype Boie Ty, IEPEBECTH B JKUAKOE COCTOSIHUE
HEBO3MO>KHO, BEIIECTBO MPHU JTHOOOM JIaBIICHUHM OKA3bIBAECTCSI OJTHOPOJ-
HbIM. Kputnueckas temreparypa 3aBUCUT OT MOTEHIIMAIBHOW SHEPTUU
B3aUMOJICHCTBUS MOJIEKYJ U OyAET pa3iaudHa JIJis Pa3HbIX Ta30B.

Kosokonoo6pa3Hast 001acTh cpeaHei sipkocTu Ha puc. 2.27, coe-
JTUHSIONIAS Kpasi TOPU30HTAIBHBIX JIMHUH, COOTBETCTBYET ABYX(a3HBIM
COCTOSIHUSIM, TJI€ B PABHOBECHUHU HAXOJSTCS KUAKOCTh W map. Jrodoe
COCTOSIHME B ATON OOJACTH OTIMYAETCA OT OCTAJIbHBIX ra3000pa3HbIX
COCTOSIHUM B TOM OTHOIIEHHWH, YTO MPU U30TEPMUUYECKOM CKATHUU Be-
IIECTBO, MEPBOHAYAIIBHO HAXOJMUBILIECECS B TAKOM COCTOSHUU, MPETEP-
neBaeT mpoiiecc oxkmkeHusa. OO0JIacTh CIpaBa CBETJIO-CEPOro I[BETa
COOTBETCTBYET Ira3000pa3HOMY COCTOSIHHIO, a CjeBa (TEMHas) — JKHI-
koMy. COCTOSIHHE BBIIIE M30TEPMbI, COOTBETCTBYIOIIEH KPUTHUYECKOU
TeMIEepaType, Ha3bIBACTCS KPUTHYECKUM. B 3TOM COCTOSIHUM HE Cy-
HIECTBYET Pa3INyus MEXIY KUIKOCThIO M mapoM. Ha puc. 2.28 mpu-
BEJICHBI TEMIIEPATYPHBIC 3aBUCUMOCTHU IUIOTHOCTH KUJKOCTU U Tapa,
U3 KOTOPBIX BUIHO, YTO NMPU KPUTHUECKON TEeMIlEpaType OHHM COBIIA-
JAI0T. AHAJIOTUYHBIM 00pa3oM BeIyT ceOsl U APYryue XapaKTEePUCTHKH,
HaIlpuMep BA3KOCTh, TOBEPXHOCTHOE HATSKECHUE U JP.
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4.3. [lepecbiujeHHbIl nap u nepezpemast }udKocmso

B pazaene 2.5. 6pu10 npuBeAeHO ypaBHeHHE (2.29), mpeiokKeH-
Hoe BaH-mep-BaanbcoM mis ommcaHusi COCTOSSHUS Ta30B MPH 0O0JIb-
mux mwiotHocTsx. Ha puc. 2.29 nzobpaxensl nzorepmsl Ban-nep-Ba-
anbca, T. €. KpUBbIE, OoNUChIBaeMble ypaBHeHUeM (2.30), 1is1 HECKOJIb-
KHX TeMIIepaTyp.

XapakTepHbIM JJIs1 ATUX M30TE€PM SIBISETCS TO, YTO MPHU TEMIIE-
parypax nwxe Ty, y KpUBBIX UMEETCA S-00pa3sHbIM y4acToOK, B 00Ja-
CTH KOTOPOrO 3aJaHHOMY 3HAYEHHUIO JIABJIEHUS COOTBETCTBYIOT TpHU
pPa3IMYHBIX 3HAYEHUS 00beMa. Y U30TEPM, PACCMOTPEHHBIX B MPE]IbI-
aymeM paszgene, (puc. 2.27) Takoro 3aBUTKa HET, BMECTO HETO Y HHUX
UMEETCSl MPSIMOJIMHEWHBIM TOPU30HTaNbHBIA y4yacTok. Ha pwuc. 2.30
HaJIOKEHBI OJIHA Ha JIPYTYIO peaiabHasi u30Tepma u uzorepma Bau-aep-
Baansbca.

p p
p2|
4
PO 2/ N
. T, I
R T,
Vi Vi Vi Y, o \/ Vv
7
Puc. 2.29 Puc. 2.30

Oka3sbIBaeTcd, YTO ypaBHeHHE BaH-nep-Baanbca 10BOJIBHO XOpO-
110 OTMCBHIBAET XOJ M30TEPMBI IPU 00BbeMax, OoybIuX V,; Mpu 00be-
Max MEHbIIUX V., XOJ peaJbHOU U30TEPMbI TAK)KE TPUMEPHO CIICAYET
ypaBHeHUI0 Ban-gep-Baanbca. Takum o6pa3zom, 3To ypaBHEHHE OXBa-
THIBAET HE TOJIbKO ra3000pa3HOE, HO U KUJAKOE COCTOSIHUE BEIIECTRA.

Paccioenue Ha JiBe (a3bl 0OBSICHIETCS HEYCTOMYMBOCTHIO OJTHO-
POIHBIX COCTOSTHUM, OTBeUaronux y4dactky 1-2—-3-4 (puc. 2.30). He-
YCTOMYMBOCTh COCTOSIHUM Ha ydacTKe 2—3 CTaHOBHUTCS OYEBHIHOM,
€CJIM Y4eCTh, UTO Ha 3TOM Y4YacTKE BEIIECTBO 00Jiaiajio Obl MPOTHUBO-
€CTECTBEHHBIMHM CBOMCTBAMHU: YBEJIMUECHHUE 00bEeMa rasa CoOmpoBOXKia-
JIOCh OBl HE YMEHBIIIEHHUEM, a POCTOM AaBlieHus. COCTOSIHUA Ha y4acT-
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kax 1-2 u 3-4 morau Obl TEOpPETHUYECKH peann3oBarhcs. JleiicTBu-
TEJIbHO, MPH HW3BECTHBIX YCJIOBHUSX COCTOSIHUS, COOTBETCTBYIOIIUE
ATUM y4acTKaM, MOTYT OCYILECTBJISATHCS U Ha TnipakTuke. [IpaBaa, oHu
HE BIOJIHE YCTOWYUBBI: JIOCTATOYHO, HAIIPUMEp, B COCTOSTHUM A Ha
yuyactke 3—4 (C nHa yyactke 1-2) momaganuss B map (KHUIKOCTbH)
NBUTMHKY, YTOOBI BCE BEILIECTBO PACMAIOCh Ha JIBE (pa3bl U MEPEIlIo B
cocrossHue B (/1). ITogo0HbIE HEYCTOMYHBBIE COCTOSIHUSI HA3bIBAKOTCS
memacmaounvHvimu. BemecTBo B COCTOSHMAX 1—2 Ha3bIBaeTcs
NeperpeToil KUJIKOCThIO, BEIIECTBO B COCTOsIHUAX 3—-4 — mepe-
CBIIIICHHBIM MTapOM.

[Ipu 1OCTaTOYHO HU3KHUX TEMIIEPATYpPaX HUKHSS YACTh U30TEPMBI
Ban-nep-Baanbca moxeT nepecekatb ocbh V U MEpexXoauTh B 00J1aCTh
OTPUIIATEIbHBIX JIaBJICHUN (ydyacToK 6—7 Ha HWXKHEH H30TEpME,
puc. 2.30). BemecTtBo moa OTpULIATEIbHBIM JaBJICHUEM, OYE€BUJIHO,
HaXOJUTCA B COCTOSIHUM HE CXKaTHsl, a pacTshKeHUs. Takue COCTOsTHUS
TaKXe MOTYT ObITh MPU U3BECTHBIX YCJIOBUSX pPEATU30BaHBIL. TaKuM
o0pa3oM, ydacTok 5—6 Ha HWKHEH H30TepME COOTBETCTBYET Iepe-
IPETOM, & YYACTOK 6—7 — pacCTAHYTOMN KHUJIKOCTH.

PaccMoTpuM ycioBus, MPU KOTOPBIX MOTYT OBITh OCYILECTBICHBI
MeTacTabuiIbHbIe cocTosiHUA. Haunem ¢ mepechliliieHHoro mapa. Ecim
nap COBEPIICHHO HE COJIEPKUT MOCTOPOHHUX BKJIIOUCHUH, KOHJICHCA-
I[MS €ro B KUJIKOCTh HAYaThCsl HE MOXKeET. JJisi 00pa3oBaHus KanelbKu
HEO0O0XO0AMMO, 4TOOBI OOJIBIIIOE KOJTUYECTBO MOJIEKYJ] OJHOBPEMEHHO
COJNIM3UIIOCh HA PACCTOSIHUSI TOTO K€ MOPSJIKA, YTO M PaACCTOSIHUS
MEXJy MOJEKYJaMH B KUJIKOCTH, a 3TO COBEPIICHHO HEBEPOSITHO.
JIns BO3HUKHOBEHHUS KOHJEHCAIIMU HEOOXOAWMO HAJIMYHE TakK
HA3bIBAEMBIX ILIEHTPOB KOHJCHCAIIUM, KOTOPHIC YJIABJIMBAIOT MOJIe-
TalOIIAE K HUM MOJICKYJIbl M TEPEBOAAT UX B KOHJACHCHPOBAHHYIO
dazy. LleaTpamMmu KOHACHCAIIMU MOTYT CIY>KHTh HMBUIMHKH, KaIlleJIbKu
KUJIKOCTH U B OCOOCHHOCTH 3apsiKEHHBIC YACTUIIbI (MOHBI).

Taxkum oO6pa3zom, eciu map TIIATEIbHO OYUCTUTHh OT MTOCTOPOHHUX
BKJIFOYEHUN U MOHOB, TO OH MOKET HaXOJUThCA MPHU JIaBJICHHH, TIpe-
BBIIIAOIIEM JIaBJICHUE HACBHIIIEHHBIX MAPOB Py, IPU JAHHOU TeMrepa-
Type. Takoe cocTosiHre OyaeT MeTacTaOMIbHBIM: JOCTATOYHO BO3HHUK-
HYTb XOTS ObI OJJHOMY IIEHTPY KOHACHCAIINH, KaK COCTOSTHUE TIEPECHI-
IIEHHOTO Mapa Oy/IeT HapyIIEHO U BEIIECTBO MEPEHIET B IByX(pa3Hoe
COCTOSIHUE.
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MetacTaOuiabHbIE COCTOSHUSI MOTYT COXPAHSTHCSI OUYE€HB JOJITO.

MeTacTaOuabHbIE COCTOSIHUSI ITUPOKO MCIOJIB3YIOTCS B TEXHUKE,
HalpuMep, TPU PETUCTPALMU 3aAPSDKEHHBIX YaCTUIl B KaMepe
BuiibCcoHa U ITy3bIPbKOBOU Kamepe.

N3 nuarpammsl coctosiaus (puc. 2.31) crnemyer, uTo kuakas ¢dasa
MOXET CYIIECTBOBAaTH B PaB-
HOBECHOM COCTOSIHUM TOJBKO
IpU JTABJIEHUSIX HE MEHBIIUX,
YeM JABJICHUE TPOWMHOW TOYKH
(TO K€ camMoe€ OTHOCHUTCS U K
TBepaou ¢aze). Ilpu naBneHu-
AX, MEHBIIMX p3, HaOmoma-  P3
IOTCSl TOJIBKO TIE€PEOXJIAXK]ICH-

HbIE KUAKOCTU. Y OOIBIIUH-

CTBa OOBIYHBIX BEIIECTB TPOii- 0 T

Hasi TOYKa JICKUT 3HAYUTEIILHO Puc. 2.31

HIDKEe aTMoc(depHoro amie-

HUS, BCIEJCTBUE YETO MEePEXO0J] 3TUX BEIIECTB U3 TBEPJOI0 COCTOSHUS
B Ta3000pa3HOE OCYIIECTBISCTCS 4Yepe3 MPOMEXKYTOUHYIO KUJIKYIO
dazy. Tak, Hanmpumep, TPOHHON TOYKE BOALI COOTBETCTBYET JIaBJICHUE
4,58 mm pt. ct. m temneparypa 0,0075°C. i yriaeKuciaoThl JaBie-
HUE TPOMHOW TOYKM paBHO 5,11 atm (TeMmeparypa TPOWHOW TOYKH —
56,6°C). ITosTomy nipu aTMochepHOM AaBICHUU YTIIEKUCIOTa MOXKET
CYIIECTBOBAaTh TOJILKO B TBEPJIOM U ra3000pa3HOM COCTOSHUSIX.

TBepnas yriekuciora (Cyxod Jej) MNpeBpaliaeTcs HEMoCpe-
CTBEHHO B Ta3.

Ecau yaenbHbIE 00bEM KPHUCTA/VIOB MNPEBOCXOIUT YACIbHBIN
00beM KUIKOUW (ha3bl, TO TOBECHHUE BEIIECTBA MPHU HEKOTOPHIX IPO-
[eccax MOXET OKa3aTbCsl BecbMa CBOeoOpa3HbIM. Bo3bmewm, Hampu-
Mep, OJ00HOE BEIIECTBO B COCTOSHUU, M300pXKEHHOM TOYKOW 1 Ha
puc. 2.31, 1 moJABEpPrHEM €ro M30TEPMHUYECKOMY CxkaTuto. [Ipu Takom
C)KaTUU JABJICHUE PACTET, M MpoIlecC HM300pa3uTCs Ha JAuarpaMme
BEPTUKAJILHOW NpsIMON (CM. TYyHKTUpHYIO mpsimyro 1-2). B xone
pOLECCA BEIIECTBO MPOXOAHUT TAKYKO IMOCIEI0BATEIBHOCTH COCTOS-
HUN: Ta3 — KPUCTAIIIBI — KUJaKoe cocTosiuue. [lomoOHas mociaenoBa-
TE€IbHOCTh, OYEBHUJHO, HAOIOMACTCA TOJIBKO TIpU TeMmIepaTypax
MEHBIIINX, YEM TEMIIEPATYpPa TPOMHON TOUKHU.

p
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B 3akitoyeHue OTMETUM €IIe OJHY OCOOCHHOCTh JuarpamMMbl
coctosiHus. KpuBasi ncnapeHus 3aKaHYMBAETCsl B KPUTUYECKON TOUKE
Ty, IloaTOMY BO3MOXKEH MeEpexoi U3 O0JACTH KUIKUX COCTOSIHUM B
00J1acTh Ta3000pa3HBIX COCTOSIHUM, COBEpIIAEMbIA B 00X0J] KpUTHYE-
CKOM TOYKH, 03 mepeceueHus KpUBOM ucmapeHus: (CM. M300pa)eH-
HBII TyHKTUPOM rnepexoi 3—4 Ha puc. 2.31). HenpepsiBHBIN niepexon
U3 KPUCTALIAYECKOTO COCTOSIHUSI B KHUJKOE WJIM Ta3000pa3Hoe
HEBO3MOXKEH, MO0 XapaKTepHOM 4epTON KPUCTAIIMYECKOTO COCTOS-
HUS, KaK MBI 3HaeM, siBjisieTcsl aHuzotponus. Ilepexon ke ot coctos-
HUsI, 00J1aJal0Iero aHU30TPONHKEH, K COCTOSIHHIO, €10 He o0Jiajaro-
HIEMY, MOET COBEPIIATHCS TOJBKO CKAYKOM — aHU30TPONUSI HE MO-
KET UMETHCS TOJIbKO YaCTUYHO, OHA JIUOO €CTh, JIMOO €€ HET, TPEThS
BO3MOXHOCTh UCKJIOUYeHa. [1o 3Tol mpuunHe KpuBas CyOiIuMaIluu U
KpUBas TUIABJICHUS] HE MOTYT OOPBIBATHCS MOJO0OHO TOMY, KaK OOpHI-
BACTCSl KpUBasi MCHAPEHUST B KpUTHUECKOW Touke. KpuBas cyOnu-
Mainuu uaetr B Touky p=0 um T=0, xpuBas MJaBJeHUS YXOAUT B
OCCKOHEYHOCT.

To4YHO Tak K€ HEBO3MOXKEH HEINPEPBIBHBIM IEPEXOJ U3 OTHOU
KPUCTAJUNIMYECKOU Mojudukanuu B Apyryro. PaznmuuHble KpucTauiu-
yeckre MoAM(UKAIMKA BEUIECTBA OTJIMYAIOTCS MPUCYLHIUMU UM dJie-
MeHTaMu cUMMETpUH. [10CKOIbKY KakoH-IMOO 3JIEMEHT CUMMETPUHU
MOXET TOJIBKO MO0 OBITh B HAIMYWU, TUOO OTCYTCTBOBATh, EPEXO]
U3 OJHOM TBepnor (a3bl B APYryl0 BO3MOXKEH TOJIBKO ckaukowm. [lo
ATON TPUYMHE KpUBas PAaBHOBECHUS JBYX TBepAbIX a3, Mog00HO
KPUBOU IJIABJICHUS, YXOJUT B OECKOHEYHOCTD.
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