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MEXAHUKA
Tema 1. KuneMaTuka noctynareJibHOro M BpaliaTeJJbHOI0 ABHIKEHMS.
KunemaTuka noctynaTesibHOro0 JBHKEHUS!

[TonoxeHne MaTepuanbHOW Toukn A B IEKapPTOBOM CHCTEME KOOPAMHAT B
JAHHBIA MOMEHT BPEMEHM OMNPENENAECTCS TPeMsA KOOPAWHATAMM X, YV U Z WU

pPaaMyCOM-BEKTOPOM /7 — BEKTOPOM, TMPOBEACHHBIM W3 Hayajga CHCTEMBI
KOOPJIMHAT B JaHHYIO TOUKY (puc. 1).
JIBM>KeHWE MaTepUANIbHOM TOUYKH ONPEACNACTCS B  CKaJISIPHOM  BHIE

KMHEMATHYECKUMH YPaBHEHUAMHA: X =X(1), Yy =y(t), z =z(1),
WM B BEKTOPHOM BHJE ypaBHeHueM: ¥ =F({).

TpaekTopusi IBMKEHHUS MaTEPUATIBHON TOYKM — JIMHUA, ONMUACBIBAEMast 3TOMN
TOUYKOM MPH €€ ABUKEHUH B TPOCTPAHCTBE. B 3aBHCHMOCTH OT (OPMBI TPACKTOPUH
JIBUKEHHUE MOXKET ObITh MPAMOJUHEHHBIM WJIH KPUBOJIMHEHHBIM.

[Iycts MaTepuasibHasg TOYKA JBHXKETCS MO MPOU3BOJIBHOW TPACKTOPUU

(puc. 2). 3a MasbIii IPOMEKYTOK BpeMeHH Al MaTepHaibHas TOUKA IIEPEMECTUTHCS
u3 nonoxenus A B nonoxenne B, mpoiing npu 5ToM nyTh AS, paBHBIA JTMHE
yJacTka Tpackropun AB.

ZA

A

3

Puc. 1 Puc. 2

Bekrop Ar , npoBeAeHHbIN M3 HAYAIBHOTO MTOJOKEHUS IBHXKYIEUCS TOUKH B
MOMEHT BPEMEHU ! B KOHEUHOE IIOJIOMKEHHE TOYKH B MOMEHT Bpemenu (I+Af),
Ha3bIBAaeTCA NepemMenieHueM, 10 ectb Ar =7 (f + At) — r(1).

—

BexTopom cpeaHeii ckopocTH <U> Ha3bIBACTCA OTHOIICHUE MEPEMEIICHUA

A7 K IpoMekyTKy BpeMeHHd Af | 3a KOTOPBIH TO NMepeMEIIEHHE IPOU3OIIIIO:
A
o)==
At
Hanpagnenne BekTOpa CpeoHEW CKOPOCTH <5 > COBMNAJAECT C HAMNPaABICHUEM

BeKTOpa nepemernenus Ar |
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MrHOBEeHHOIi CKOPOCTbI0 U (CKOPOCTBIO JBHIKEHHS B MOMEHT BPEMEHH [)
HA3bIBAETCS MPEEl OTHOWEHUS nepeMerinenns A7 k npoMexyTky Bpemenu Af,
3a KOTOPBIH 5TO MEPEMEILEHIE IPOU3OIIIIO, P CTpeMiieHHH Af K HYJIIO:

dr

rae j — mepBas MPOM3BOAHAA OT (PyHKUMH F (l‘) M0 BPEMEHH [, KOTOPYIO
4

.
—

MPUHATO 0003HAYATh TAKXKE B BUJE T .
BeKkTop MIHOBEHHOH CKOpOCTM U  HampaBieH MO  KacaTeNbHOM,
MPOBEICHHON B MJAHHOW TOYKE K TPACKTOPUM B CTOPOHY ABWMKEeHUA. [lpwm

CTPEMIICHHU TPOMEKYTKA BpeMeHH Al K HYIIO MOILYJb BEKTOPA HEPEMEILECHHUS

‘AF ‘ CTpeMUTCS K BenuuuHe myTH AS, H03TOMY MOAyJIb BEKTOPAa U MOKET ObITh

onpezesen uepes nyth As: L= ’U

Ecnu ckopocTh JBMXKEHHST TOUKHM CO BPEMEHEM M3MEHSETCA, TO OBICTpOTA
W3MEHEHUS CKOPOCTHU JIBUKEHHS TOUKH XaPAKTEPU3YETCS YCKOPEHUEM.

—

CpeanuM ycKopeHHEM <a> B UHTepBaje BpeMenu oT [ no (I + Af)

HAa3bIBACTCA BCKTOPHAA BCIIMYKMHA, PaBHAA OTHOIICHHUIO U3MCHCHHUA CKOPOCTH Al_j

(AU = 0(t + At) — U(1)) x npomesxkyTky BpeMeHu Af, 32 KOTOPBIH 5T0 H3MEHEHHE

. AD
MIPOH3OIILIO: <a> =—.
At
MrHOBEHHBIM YCKOPEHHEeM (! WIH YCKOPEHHEM JBHKCHHSA TOUKHA B MOMEHT

BpeMeHHM { Ha3blBAaeTCs Ipejed OTHOLIEHHMS M3MeHeHHs ckopoctn AU k
NPOMEXYTKY BpeMeHH Af, 3a KOTOpPBIA 3TO W3MEHEHUE MPOM3OLLIO, IPH
crpemiieHud Al K HYJIIO:

. AD _do 2 dYF s
a= lim ——=——-=U=—F=F,
A—0 At dt At
do _
rae P nepBas Npor3BoaAHast oT GyHKIMU V(1) 1Mo BpeMeHH 7,
t
d*F B}
F — BTOpas MPOU3BOIHAS OT QYHKIIHH r(l‘ ) 10 BPEMEHHU /.
t

Ot IMPOU3BOAHBIC IIPUHATO 0003HaYaTh COOTBETCTBEHHO B BUIAC. U W f: .

—

BekTop yckopeHHss @ MOXET ObITh Ppa3lIOKEH HAa JIBE COCTABJIAIOLLHUE:
TAHTEHIMATBHYIO d, ¥ HOPMAIBHYIO d,,, TO €CTb;

—

a=a,+a,.



TaHreHUMAJbHAS COCTABJSIOMAS ¢, ONPENENAET ObICTPOTY H3MEHEHHs

MOJIYJISl CKOPOCTH D a, = lim —
At—0 At a’t

BeKTOp @, HampaBleH MO KACATENbHOM K TPACKTOPUM MABHIKEHHS W IUIS

—

YCKOPEHHOTO JIBM>KCHUS COBIIA/IACT C HAMPABJICHUEM BEKTOPA CKOPOCTH U, a AJiA
3aMeJJIEHHOTO ABMIKEHHUS — MPOTUBOMNOJIOKEH BEKTOPY CKOPOCTH U .
HopmanbHasi COCTABJISIOINASL  (J,, ONPENENSeT OBICTPOTY WM3MEHEHHS

— L
HaMIPaBJICHUA CKOPOCTH U . an =,

v
TAe 7 — paauyc KPUBU3HBI TPACKTOPHUU JBHIKCHUS.

BekTop @, HampaBieH MO HOPMAIM K TPAECKTOPHM JBHKEHWS K IEHTPY €€

KPUBU3HBI (TTO3TOMY HOPMAJIBHYIO COCTABJISIONIYIO YCKOPEHUS HA3BIBAIOT TAKKE
IEHTPOCTPEMHUTEHHBIM YCKOPECHUEM ).

KuHeMaTHKa BpalIaTeIbHOT0 ABHKEHUS
ITycTh HEKOTOpas TOUKA JBMKETCA MO OKPYXKHOCTH paauyca 7. M3MeHeHne
T0JI0KEHUs. TOUKM B MPOCTPAHCTBE 3a MNPOMEKYTOK BpeMeHH A ompepensercs
yriaom moBopota A@ (puc. 3). DiemeHTapHBIA MOBOPOT Ha yron A@ MoxHO
paccmatpuBaTh Kak Bektop A¢@. Moaynbs Bektopa A paBeH yriy moBopoTa, a

Cro HampapJICHHUC COBIIAAACT € HAIIPABJICHUCM IIOCTYHATCIIBHOIO ABHIKCHHA
OCTpHA IMPaBOro BHHTA, 'OJJOBKAa KOTOPOro BpallacTCA B HAIIPABJICHHMH ABUIKCHUA
TOYKH I1IO0 OKPYZKHOCTH, T.C. IOJUHUHACTCA IMPABUJIy IPABOI0 BHHTA.

b

Cy

i
Puc. 3

Vr10Boii CKOPOCTLIO () HA3bIBAETCA BEKTOPHAS BEJIMUMHA, PaBHAA Mpeey
OTHOIIEHHs1 yryia noBopota A¢Q k npomesxyTky Bpemenu Af, 3a KOTOPBIA 3TOT

HOBOPOT NPOU3OLIEN, TIPH CTpeMyieHr: Al K HYITIO:
_ im Ap _do

A0 At dt (p



rae c;—(f — mepBas NpPOM3BOAHAsA OT (yHKUMM yria nosopora (1) paamyc-
BEKTOpa 7 (t) 10 BpeMeHH £. DTy NpOU3BOAHYIO HPUHATO 0003HAYATh, KAK () .
BekTop () HampapjieH BAOJb OCH BPAILEHHUA B COOTBETCTBUY C NPABUJIOM MPABOIO
BUHTA (pHC. 3).

VIrI0BbIM YCKOpDEHHEM & Ha3bBacTCs BEKTOPHAs BEMUUHA, pPaBHas
TpeeTy OTHOIIEHHUS HU3MEHEHHS YITIOBOH CKOPOCTH A K NPOMEXYTKY BPEMEHH
At, 32 KOTOPBIH 3TO H3MEHEHHE MPOM3OMLIO, TIPU cTpeMiieHnn Al K HyIIO:

.. A do - d*¢ -
g = lim ——=——=0=—>=0,
A0 At dt At
do _
rae o nepsas NPoM3BoaAHast oT GyHKIMU (1) 1O BpEMEHH £,
t
d*@ .
7 — BTOpas NPoM3BoAHAas OT GyHKIMU ((I) 1O BpeMeHH .
t

. ..
— —

OTH MPOU3BOAHBIE MPUHATO 0003HAYATh COOTBETCTBEHHO B BUAE: () U (.

Bektop yriioBoro yckopeHHWs HampaBj€H BJOJIb OCH BPAIEHUS B CTOPOHY
BEKTOpA 3JIEMEHTAPHOTO TMpPUPAIIEHUA YIJI0BOM ckopocTH. IIpum yckopeHHOM
BpAILEHNU HAMPABJIEHUE BEKTOPA £ COBMAJAET C HANPABIEHHEM BEKTOPA YIJIOBOM
CKOPOCTH (), a TIPU 3aMEUIEHHOM — NPOTUBOMOJIOKHO EMY.

Kunemarnueckue napameTpsl MOCTYNATEIBHOTO U BPAIIATEIBHOTO JBUXKCHUS
CBsA3aHBI MEXKITy c000#. CBsI3b CKOPOCTH U M YIJIOBOW CKOPOCTH () (CM. puc. 3)
onpenenaeTcs CASAYOMNM 00pa3oM: U = @F.

B BEeKTOPHOM BHJIE 3Ty CBA3b IS BEKTOPOB U U () MOKHO 3aMHCATh C MOMOIIBIO

—

BEKTOPHOTO MPOU3BEACHHUS: v=\|or ]

YckopeHne @ TakKe MOXXHO BBIPA3UTh UEpe3 YIJIOBbIC MApaMeTphl,

Pa3JIoKUB YCKOPEHUE ¢ Ha JBE COCTABJISIOIIME d U d,, TO €CTh. d =d, + a,,.
TanrenumanbHas COCTaBIAOWAA 7 BHIPAXKAETCA YEPE3 YIIIOBOE YCKOPEHHE & !
dv d(or) do

aT = = = 12
dt dt dt

a HOPMaJIbHAsA COCTABJIAIOIIAS ¢, — 4epe3 YITIOBYIO CKOPOCTh ()
02 a)2 ¥ 2 5
a,=—=——"=07Tr.

Torma yckopenue: a=r~ e+t

=cr,
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Tema 2. /lunamuika noctynarejbHoro Asm:keHus. 3axkousl HoroTona

IlepBroiii 3akon HbroTOHA: Cywyecmeyiom maxkue cucmemsl omcyemd, 6
KOMOPbIX 8CAKASL MAMEPUATIbHAS TNOYKA (Meo) COXpansiem coCmosnue NoKos uiu
PABHOMEPHO20 NPAMOIUHEHHO2O OBUIICEHUS 00 MeX Nop, NOKA 8030elcmeue co
CMOpOHbL Opyeux mejl He 3aCmasum ee U3MEeHums >5mo cocmosnue. Taxue
cucmembl OMcYema Hazvi8amMcest UHePYUATbHLIMUL.

CrpemsicHHEe Tella  COXPaHATh COCTOSIHUE TIOKOA WM  PAaBHOMEPHOTO
NPSIMOJIMHEHHOTO JBUKEHUA HA3bIBACTCSA MHEPTHOCTHIO. [10ATOMY TEepBBIA 3aKOH
HeproToHa HA3bIBAIOT TAKKE 3aKOHOM HHEPIIUH.

Bropoii 3axkon HeroToHa — ocHo8HOU 3aKOH OUHAMUKU NOCHYNAMEILHOCO
OsudiceHuss — OTBEYAET Ha BOIPOC, KaK M3MEHAETCA MEXaHUYECKOE JBHKEHUE Tella
MOJ ASHCTBUEM MPHIIOKEHHONW K HEMY CHIIBL: el Ha mejlo Oelicmeyem culd, mo
2o meno npuobpemaem YCKOpeHue, Npimo NPONOPYUOHANIbHOE OeticmeyIouel
cuie u 00pamuo NPONOPYUOHATbHOE MACce OaHH020 med.

—

L, F

a—=—.

m
B Tom cnywae, ecnm Ha Tena AEHCTBYET HE OJHA, 4 HECKOIBKO CHWI, TO
OpUBeJeHHas B 5TOM Qopmyne cuna F saBiIseTcs paBHOAEHCTBYIOIIEN Beex

JEUCTBYIOLIMX HA 3TO TENO CUJI U ONPEAEIIAETCA UX BEKTOPHOU CYMMOM.

_ do
U3 ypaBHeHus BTOpOro 3akona Herortona cnenyer: F = ma =m—.

dt

B ClIydac HCHU3MCHHOCTHU MACCHI TCJId MOXKHO 3alluCarTh.:

. . dp L
F=—(mv)=—, rne =mov.
AL P

BekTop P Ha3bIBAETCS MMITYJIbCOM (KT KOJIMYECTBOM ABUIKEHHUS ) TENA.
Otcroma cneayetr wuHas (¢GOpMyIHMpPOBKAa BTOpOro 3akoHa HeioToHa,

HaszbiBaeMas GopMyaupoBKoi B mudhepeHITMATBHOM BUAE, @ UIMEHHO. CKOPOCH1b

UBMEHEHUs UMNYTIbCa med pagua cuie, oeticmayioueti Ha >mp meJso, TO €CTh

b _p
dt

B Tom Cclydac, CCJIM Ha TCJa HeﬁCTByeT HC OJHA, a4 HCCKOJbKO CHII, TO

OpUBeJeHHas B 5TOM Qopmyne cuna F saBiIseTcs paBHOAEHCTBYIOIIEN Beex
JEUCTBYIOIINX HA 3TO TEJIO CUJI U OMPEIECTACTCA UX BEKTOPHOU CYMMOHM.

Tpernii 3akon HproToHa onpenenser  B3aUMOJCUCTBHE — MEKIY
MATEPUATBHBIMU TOUKAMU. €Clli Nepeds MAmepuaivbHol moykd Oeucmeyem Ha

8MOPYIO C CUNLOTI Fl _yn, MO 6MOPaAsk MOYKA OCUCMEYem Ha Nepeyio ¢ CUOT F2 1
no  MOOYIO paguol, d NO HANPABIEHUI0 NPOMUBONONONCHOU CUJle Fl )

(cunerfy_ o w  F5 | nanpasnenvi  no  npamoi,  coedunsioujern
83AUMOOCTICIBYIOUUE MOYKL).
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I/IMHy.]'ILC cucremMnl Tej. Ecim MNPpHUHATBL, YTO UMITIYJIBC CHCTCMBI, COCTOHH_[eﬁ
H3 71 T€JI, MOKHO OoIpCACIINTE, KaK BCKTOPHYIO CYMMY HMITIYJIBCOB BCCX A1 T€I1, TO
n
€CTb P = Y M,;U; , TO U3 TPEThErO 3aKOHA HBIOTOHA MPH yCIOBHM OTCYTCTBHSA
i=1
BHEIITHUX CHJI (TO €CTh, JUTsl 3aMKHYTOM CUCTEMBI) CIICIYET:

n n
dp = Zi(m,ﬁi) =0,1e. p= > m,0; =const.
dt idt i=1

Takum O6p330M, UMNYJIbC 3aMKHym0ﬁ CUCIEMbl MeEJl HE UBMEHAEMCCA C mMeYeHUuem
epemerHU, YTO ABJIACTCA 3aKOHOM COXPAaHCHHUA NMITYJIbCA.

Tema 3. Padora. KuneTuueckasi, H0TEHIIHAJIbHAS U MOJIHAS YHEPrUus
PaboTa. Ecniu Ha Teno, ABMXKYIeecss MPAMOJIMHEHHO, AEHCTBYET MOCTOSTHHAS

cwina F', KoTopas cOCTaBJIIET HEKOTOPBIHA YroJl O ¢ HANPABJIIEHHEM TTEPEMEICHHUS

-

AF | 1o paboTa 5Tl CHITbI PaBHA CKAIAPHOMY NPOM3BEIECHUIO BEKTOPOB F 1 A7 :
A= (FA?): FcosaAr.
JIis mepeMeHHOM MO0 BEJIMYMHE M HAMPABJIEHHIO CUIBl F BBOIUTCS IOHATHE

yJieMeHTapHoi padotel dA cunbel [ Ha sneMeHTapHOM NepemMenieHud df
dA = (Fa’?): Fcosadr,

e 0L — yron Mexy Bekropamu I u dr .
Pa6ora A cunel F' Ha y4acTKe TpaekTopum OT TOYKM | 10 TOUKM 2 paBHA

anreOpandecKkol CyMMe JJIEMEHTAPHEIX paboT dA Ha OTHENBHBIX 3JIEMEHTaPHBIX
2

y4JacCTKaxX TPACKTOPHH, YTO NPHUBOAUT K HHTEIpaly: A= IF cosadr.
1
KuneTnueckasi JHepPrusi — 5T0 MEXaHUUYECKasA SHEPTUs TBUKCHUS TEI.
Teno maccoil m, IBHXKyLIEECSd €O CKOPOCTBIO U, 00JaAaeT KWHETUYECKOH
SHEPIrUEH:

IHoTeHuUMAaIbLHASA JHEPrUsl — 3TO MEXAHUYECKAS SHEPrUs CHUCTEMBI TEJ,
onpenenaeMas B3aUMHBIM PACHOJIOKEHUEM TEA WM 4acTell OJHOTO M TOTrO Ke
T€Ja OTHOCUTEIBHO APYT APYyra U XapakTepoM CHJI B3aUMOJCHUCTBUA MEKIY HUMMU.
Ecnu B3ammopeiicTBue Tell TakOBO, 4TO paboTa, coBepliacMmasi IEHCTBYIOIIUMH
CUJIaMU TPU MEPEMEILCHUH TeJIa U3 OJHOTO TMOJIOKEHUS B PYroe, HE 3aBUCUT OT
TOTO, MO KAKOW TPACKTOPUHU ATO MEPEMEIIEHUE MPOU3OIILIO0, a 3aBUCUT TOJBKO OT
HAYaJbHOTO M KOHEUHOTO TOJIOKEHHH, TO TaKue€ CHUJIbl  HAa3bIBAKOTCS
KOHCepBaTUBHbIMU. Eciu ke paboTta, coBepiiiacMas CWIOWH, 3aBUCUT OT BbIOOpa
TPACKTOPUU TMEPEMEIICHUS Tejda W3 OJHONW TOUKM B JIPYTyK, TO Takas cuja
HA3bIBAETCSA AUCCUNATUBHOI. [I[puMepoM TakoW CHUJIbI SIBJIACTCS CUila TPCHUS.
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IlotHast MexaHHM4YeCKasi YIHEPTHsl CHCTEMbI TEJI PaBHA CYMME KHHETHUECKON
¥ MOTEHUMAIBHON SHepruii, 10 ectb £ =7 + [ . Ecii HEKOHCEPBATHBHBIE CUITBI
OTCYTCTBYIOT, TO TIOJTHASI MEXaHHUECKAs YHEPTUSA CUCTEMBI COXPAHSIETC:

E=T+1I=const.
Takum oOpazoMm, 6 cucmeme mei, MeHcO0y KOMOPvIMU OClCMBYIOm MOJIbKO
KOHCEPBAMUBHbIE CUbL, NOJHASL MEXAHUYECKdsl DHepeusi COXPAHSemcs, dYTO
ABJIACTCS 3AKOHOM COXPaHEHUsI MOJTHOI MeXaHUYeCKO0il YHEPIruH CHCTEMBI TeJl.

Tema 4. MomeHT uHepuuu TBepaoro teja. Teopema IllTeiinepa
MoMeHTOM HHepUMH MATepPHAJBbHOI TOYKH MACCON /1 OTHOCHUTEIIBHO
HEKOTOPOM OCH BpallleHus Has3biBaeTcs (u3MyecKas BeiuuuHa [, paBHas
MMPOU3BEICHUIO MACChl 3TOM MATEPUAIIbHOW TOYKM HA KBAJpaT PacCTOAHUA 7 OT

3TOW TOUKH A0 JAHHOW OCH BPAILCHUA:

I =mr?,

Jlns Ttoro, 4toObl HAWTH MOMEHT HHEPIHH TBEPAOro Teja OTHOCHUTEIIHHO
HEKOTOPOM OCH BpalllCHUS, HEOOXOAUMO Pa3OUTh 3TO TEJO HA SJEMEHTAPHbBIC
00BEMBI TaK, YTOOBI KaXKABIM 3JIEMEHTAPHBINM 00bEM MOXHO OBLIIO paccMaTpyBaTh

KaK MaTepUalbHYX0 TOYKY MACCOW 7/77;, HAXOAALLYIOCA Ha ONPeaeI€HHOM
paccTOAHUM 7 OT JaHHOW OCU BpalleHHud. Toraja MOMEHT HMHEPUHH TBEpAOro

TEJAa ] paB€H CyMMC MOMCHTOB HHCPIHH BCCX /1 MaTCpHAJIbHBIX TOUCK MaCCaMH

m;, Ha KOTOpble pa3OUTO OTO TENO, WIA CyYMME TPOWU3BEICHUA Macc

)

MAaTCPHAJIBHBIX TOYCK ml' Ha KBaApaThl paCCTOﬂHI/Iﬁ 7"1 OT O5THX MATCPHAJIBHBIX

n
. 2
TOUYCK JI0 paccMaTpuBaemoii ocu: [ = D myr” .
i=1

B kauecTBe mnpuMepa HaiijeM MOMEHT HMHEPLUH OJHOPOJHOIO CIUIOMIHOIO
LMIMHApPA BBICOTOM /1 M pamuycoM K OTHOCHTENBHO OCH, NEPHEHAUKYIAPHON
OCHOBAHMIO LWJIMHAPA W NPOXOJAIIEH 4epe3 ero LEHTP
macc (puc. 4).

PasoObeM LUIMHAP Ha  OT/AEIBHBIE  IIOJbIE
KOHLIEHTPUYECKHE  LWIMHAPH  OECKOHEYHO  Masloi
TOMUMUHBI 7 ¢ BHYTPEHHUM PAagHycoM 7 U BHEIIHHM
(r+dr). Tak kak dr<<r ,To cuMTaeM, 4TO PacCTOSHHE
BCEX TOYEK I0JIOr0 LMIMHApPA OT OCH PaBHO 7. IloaToMy
MOMEHT HMHEPLHUM Ka)KJOro MOJOro HUIMHAPA MOKHO
ONpeEINTh CIIETYIOIHM 00pPa3oM:

dI=r*dm |

rae dm — Macca SJIEMEHTAPHOTO MOJIOrO UIKMHPA, paBHas od )

(o — mnorHoCTh Matepuana, d) — o6beM monoro uMIMHAPa, pasHbii 2 rhdr).
3
Torma MOMEHT HHEPLUMHH >JeMEHTApHOro Tojtoro uunuuapa dl=2 zpohr dr.



CHeHOBaTeHBHO, MOMCHT UMHCPIHH CINIOIIHOIO NWJIMHAPA
R
|
[ =[dl 227ph|[ridr = 572'th4.
0

2 2
Tak xak 7R/ — 00beM CILIOIIHOrO NMIMHAPA, a PR — ero Macca, TO MOMEHT

1 5

UHEPLUY CIUIOIIHOrO uuaunapa [ = Emr

Teopema Illteiinepa. Ecnm w3BecTeH MOMEHT WHepuwn Tena [,

otrocutensHo ocu OO, mpoxonsmed depe3 UEHTP MAacC Tena, TO MOMEHT
“ !/ “
MHEPLIMK 3TOrO ke Tena oTHocutenbHo apyrod ocu ()0, mapamiensHON ocH

OO)', paBen cymMMe MOMEHTA WHEPLMH [, W TIPOM3BENEHHUS. MACChl 71 JaHHOTO

Tena Ha KBanpar paccrosuusa d mexay stamu ocamu OO’ U O,0)] , 10 ecTh:
I=1,+ ma* .

Tema 5. Kunernueckasi sHeprusi 1 padoTa BpalaTe/IbHOr0 IBUKEHH I
YpaBHeHHe TMHAMHUKH BPAalIATE/IbHOI0 IBHKEHUS TBEPAOro TeJia
[Ipm BpameHnn TBEPAOro Tejaa OTHOCUTEIBHO HEMOABHKHON OCU OTAEIbHBIC
€ro TOYKH, HAXOMAIIHUECA HA PA3TUYHOM PACCTOAHWUU OT OCH BPALICHHS, HMEIOT

pasnmuHble ckopoctH U;. llosToMy aia TOro, 4roObl HAWTH KHHETHYECKYH

SHEPrUul BPALIATEJIbHOI0 IBUKEHHSI TBEPAOro Tesia, HeoOX0AUMO pa30uTh 3TO
TEJIO0 HA AJIEMEHTApHbIE OOBEMBI TaK, YTOObl KAXKIbIH SJEMEHTApHBIA 00BEM

MOKHO OBUIO paccMaTpuBaTh Kak MAaTepHAbHYIO TOUYKY Maccod M,
HaXOALIYIOCSA Ha OMPEIEIEHHOM PACCTOSAHMU 7; OT JaHHOM OCH BpameHus. Toraa
KHHETHYECKasi JHEPrusi BPALIATEJbHOT0 ABIKEeHHs TBEPIOro Tesa /| , baBHa
CyMM€ KHHETHYECKHX DHEPTHi BCEX /1 MATCPUAIBHBIX TOYEK MaccaMu 77;, Ha

nmu

KOTOPbIE€ Pa30UTO 3TO TENO:

Tak kak U1 TBEPIOTO TENA YIJIOBasd CKOpOCTB BpALlCHUS (¥ BCEX MATEPHATIbHBIX

TOYEK, Ha KOTOPBIE Pa30UTO 3TO TENO, OI[I/IHaKOBa, TO
2

n mu " m, a) 03 lo
=2 r Yomrt=——,
2 = 2

rae /| — MoMmeHT I/IHepI_[I/II/I Tea OTHOCHTEIBHO €r0 OCH BPalLEHUS.
MomenT cuabl. Eciu Ha Teno, uMeromee ock Bpamenus OO’ neiicteyer

cuna F', mpudeM BEKTOp cHITHl F' PacmionoskeH B TUIOCKOCTH, MEpTEH MKy IAPHOM
ocu OO' (puc. 5), TO MOMEHTOM STOM CHIBI F' OTHOCHTENBHO HEMOABHMIKHON OCH
OQ' Ha3bIBaeTCA BEIMUMHA, PAaBHAS POM3BEICHUIO MO cibl /' Ha mieuo /

310l cunbl otHocuTensHo ocn OO’ M = F[ | rne [ — nnevo cunwr F.
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IIneuo cunbr £ ects paccrosnaue mexay ockro OO’ u nunwmeit neicreus cunel F'.

—

O | (Momenr M cunmst F' OTHOCHTENBHO OCH
| ppamennss (OO’  gaBugeTcs  BEKTOPHOM
BEIMUMHOM,  ONPENENsAeTcs  BEKTOPHBIM

npousBeacHAEM BekTopoB F u F (pumc. 5):

—

M = [17 F ] HAIMpPAaBJICH BJIOJIb OCH BPAIICHUS

OQO' B COOTBETCTBMM ¢ NPABHJIOM IIPABOTO

BUHTA, a MOAYJb Bektopa M omnpenensercs

seune M =rFsina = Fl).

PaboTa npu Bpamenun TBepaoro teaa. [Ipu mopopore Tena Ha OECKOHEUHO

manbiii yron d@ Bokpyr ocu OO’ mon neiictBuem cwibl F coBepmiaercs
s7eMeHTapHas pabora: dA = (M d@),

rie M — moment cunet I otHOCHTebHO ocu OO,

YpaBHeHHe IUMHAMUKH BpPAlaTeJIbHOr0 JBH/KEHHS TBEpAOro Tea.
VpaBHeHHE JMHAMHUKH BPALIATEIbHOIO IBHMIKEHHS TBEPJOrO Tela MOMKET OBITh
HOJTy4eHO, MCXOAA M3 TOTo, 4TO dIeMeHTapHas paboTa NMPU BPAIEHHH TBEPJOTo
Tesa MET Ha 2JIEMEHTApHOE YBETMUEHHE €r0 KHHETHYECKOH SHEPIHH, TO €CTh:

dA=dT.

Io* ) I (
Takkaxk dA=Mde , a dTl' =d EN :Eda) =lodw, 1o

Mde =10 do wm Md—(p = ]a)d—a).
dt dt
do do
YuurteiBas, 4To wo=—, a &E=—-,
dt dt
o M
TTOJTYYHM = —
& i
. M
WJIA B BEKTOPHOM BHJIE: g = 7

B npuBeneHHOH (opMyJie: € — BEKTOP YIJIIOBOIO YCKOPEHHS,
M — BekTOp MOMEHTa CHJIBI, JAEUCTBYIOIIEH HA TEJNO, OTHOCHUTEIBHO €ro OCH
BpalleHus; | — MOMEHT UHEPLIUM TeJIa OTHOCUTEIBLHO €r0 OCH BPAILCHHUS.
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B ToM cnyuae, eciyM Ha TeO, MMEIOIIEE OCh BpallleHMs, JCHCTBYeT HE OJHA, a

HECKOJILKO CHJI, TO TNPUBEIEHHLIA B 3TOM (popmyne MomeHT cunbl M saBnsercs
PE3YJIBTHPYIOIIAM MOMEHTOM BCE€X JCHUCTBYIOIIMX HA OTO TEJIO CWIT U
ONPEACTIAETC BEKTOPHOM CYMMOW BCE€X MOMEHTOB JICUCTBYIOIUX  CHJI
OTHOCHUTEJIBHO OCH BPALLEHUA JAHHOTO TEJA.

OTO ypaBHEHHE €CTh ypaBHEHHEe MMHAMHUKH BPAalIaTEJIbHOT0 JABHKEHMS
TBEPAOTO TeJIa: eclu Ha meslo, umeuee 0Cb 8paujenus, 0eticmeyiom Cuilbl, Mo
oMo meio npuobpemaem yeli080e€ YCKOpeHue, NpSaMo  NPONOPYUOHATLHOE
BEKMOPHOU ~ CYMMe  MOMEHMO8  6cex  Oelcmeyiowux cul U  0OpamHo
NPONOPYUOHATIbHOE MOMEHY UHEPpYUU Mmeld OMHOCUMENbHO €20 OCU 8PAUEeHUSI.

Tema 6. MoMeHT MITyJibCa. 3aKOH COXpPaHEHHSI MOMEHTAa UMITYJIbCa
MomeHTOM HMITYJIbCA MAaTePHAJIbHOMI TOYKH, BpaIaromencs

oTHOCHTENbHO HenoaswkHoi ocu (', naseBaercs Benmuuna L, papHas
NPOM3BENCHHIO UMITYJIECA /D STOM TOYKHM HA PACCTOSHUE 7 OT STOM TOUKH JI0
OCH BPALEHHU: L=mvr.

g

MOMEHT MMIyJIbCa SBISETCS BEKTOPHOM BenmuuHOM. Bektop L HampasieH
M0 OCH BPAILIEHUS B COOTBETCTBHUM C MPABUJIOM MPABOTO BUHTA.
[Ipm BpameHnn TBEPAOro Tejaa OTHOCUTEIBHO HEMOABHKHON OCU OTAEIbHBIC

CIro TOYKH, HaXOJAINKUCCA Ha PA3JIMYHOM PAaCCTOAHHNHN 7"l OT OCH BpalllCHHUA, HMCIOT

pasnmyHble cKOopocTH U;. I1ooTOMY, 4TOOBI HAWTH MOMEHT UMIIYJIbCA TBEPAOIrO

TeJla OTHOCUTEBHO HEKOTOPOM OCH BpalleHUs, HEOOXOAUMO pa3OHUTh 3TO TENO Ha
3JIEMEHTApPHbIE 00BbEMBI TAK, YTOOBI KAXABIM 3JIEMEHTAPHBIH 00beM MOXKHO OBLIO

OBl paccMaTpuBaTh Kak MATEPHAIbHYIO TOUKY MAacCOW 7/7;, HAXOIALIyIOCA Ha
PACCTOAHUU 7; OT OCH BPALICHHA, ABHKYIIAYIOCA CO CKOPOCTBIO U; .

TOFI[a MOMCHT HMMIIyJIbCa TBEPAOIro T€Jjia L pPaBC€H CYMMC MOMCHTOB HMIIYJIBCA
BCECX /1 MAaTCPHAJIIbBHBIX TOUYCK MacCaMH ml' , Ha KOTOPLBIC p336I/ITO 3TO TCJIO.

n
i=1

Tak kak AJia TBEPAOTO TeJia YIJI0Bas CKOPOCTh BPAIlICHUsI () BCEX MATEPUATIbHBIX
TOUCK, Ha KOTOPBIE Pa3OMTO 3TO TENO, OAWMHAKOBA, TO, WCIONB3YS (HOPMYITY

n n
U, = OV, noryuynm LZZmia)l”izza)Zmiriz:]a)
i=1 i=1

WM B BEKTOPHOI (opme: L=1d.
[TponnddepernmpoBas 3T0 ypaBHEHHUE 110 BPEMEHH, TIOTYUHM
dL  dé dL _ .. _ =
—:]—, otkyma <, 1€ =M
dt dt dt

g

To ecThb d— = M )
dt
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DTO BBIpaXXeHHWE — eme oAaHa (popMa ypaBHEHHS JUHAMHKH BPaIIaTeJIbHOTO
ABHMKEHHSI TBEPAOro TeJsa. CKOPOCTh M3MEHEHHS MOMEHTA MMITYJIbCA TBEPIOrO
T€JIa OTHOCHUTEJBHO OCH BpAIICHUA PaBHA BEKTOPHOM CYMME MOMEHTOB BCEX
JEUCTBYIOIINX HA 3TO TEIO CUJI OTHOCUTEIIBHO TOM 7K€ OCH BPALLICHUS.

B 3amMkHyTOH cHCTEME BEKTOpHAas CyMMa MOMEHTOB BHEIIHWUX CHJI PAaBHA

dL

nymo. Toraa — =0 wu, cnegosarensHo, L = const .
4

Takum oOpazoMm, MoOMeHm UMNYIbCA 3AMKHYMOU CUCMEMbl COXPAHSENCS, UTO
ABJISIETCA 3AKOHOM COXPaHEHUS] MOMEHTAa UMITYJIbCA.

Tema 7. Mexannueckue koJie0anus. [Ipy:KuHHbIII MasTHUK

MexaHu4yeckumMu KOJIe0AHUSIMU Ha3bIBAIOTCA JIBUKCHMUS,
XapaKTEPHU3YIOLIUECS ONPEAETIEHHONW MOBTOPSIEMOCTBIO BO BDEMEHH.

Kosne0anusi Ha3pIBaOTCS CBOOOAHBIMU (MM COOCTBEHHBIMH), €CITU OHH
COBEPIIAKOTCA 32 CUET MEPBOHAYAIBHO COOOIIEHHON 3HEPruu NPH MNOCIEAYIOIIEM
OTCYTCTBHMH BHEITHHUX BO3JICHCTBUM Ha KOJIEOATEIILHYIO CUCTEMY.

I'apMoHHYeCKHMMM HA3bIBAIOTCA KOJEOAHMsA, MPU KOTOPBIX KOJIEOIIOIasics
BEJIMUMHA U3MEHAETCS CO BPEMEHEM IO 3aKOHY CHHYCa (MJIM KOCHHYCA).

IIpy:KuHHBIA MasSITHUK — 3TO KojiebaTenbHas CUCTEMA, COCTOALLASA U3 Ipy3a

MacCOW 7M1, 3aKpEIUICHHOr0 Ha TMPYKUHE, COBEPLIAIOIIAA TapMOHUYECKHUE
KojicOaHuA moA JACHCTBHEM YIPYTrOM CHIIBI ]3 , 3aBUCANIECH OT BEJUYUHBI
nuHelHoM nedopmamum X no sakomy I'yka (Fy = — kx, rme k — xecTkocThb
NPY>KUHDbI.
CornacHo BTOpoMy 3aKoHY HblOTOHA YypaBHEHUE IBUXKCHUS MAsITHUKA:
ma = —kx.

Tak kak yckopeHHe A SIBISETCS BTOPOM MPOU3BOIHOM OT cMelieHust X (a = X)), To

m¥=—kx wm X+—x=0.
m

Ecnu  00603HAauuTH = a)g , To monyunM auddepeHITHaATbHOS yPaBHEHUE

m
CBOOOTHBIX HE3aTYXAMOIINX TAPMOHUYECKHX KOJeOaHU MPYKUHHOTO MAasTHHKA:
X+ a)gx =0.

Pemmennem 31oro qudpepeHnmansaoro ypapuenus sapnsercsa QyHkmus X(7):
x(t) = Acos(aopt +¢yp),
rae X(¢) — OTKIOHEHHE TeNa OT MOJIOKEHN PABHOBECHS B MOMEHT BPEMEHH [,

A — AaMILIUTyaa KO.]'IeﬁaHI/Iﬂ, TO CCThb MAaKCHUMaJIbHOC OTKJIOHCHHUC
KOJ'IG6J'IIOH.[€FOC$I TCJa OT ITOJIOKCHHA PABHOBCCHUA,

(D — Kpyrosasi (LMKJIN4YECKAas1) 4aCTOTA;
(@ot+@y) — dpaza KosebaHUsi B MOMEHT BPEMEHH 1,
(¢ — HavaJIbHas (a3a KoJiedaHMsL.
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2 m
Kpyrosas uactota @ 27, rane I — nepuon xonebanmit: 1 =27 |—.

k
Kunernueckasi 3Heprus KojaeOaHui NPy KUHHOTO MAsTHUKA!
g oM v:  mx? mAza)g
k = = =
2 2

IHoTeHuMaIbLHAS YHEPrUs KOJeOaHUN NPy KUHHOTO MASTHUKA!
ko B ma)gx2 B mAza)g

sin? (oot +¢p) -

_ 2
E,= ST, T 5 cos“ (ot +¢p) -
IHoaHag 3Heprust KojicOaHWN NPYKUHHOTO MAATHHKA;
2 2
mA~ o
E=E +E,=——"",
2

OTKYJla BUJHO, YTO TIOJIHAS PHEPTHS CBOOOIHBIX HE3ATYXAIOMUX TaPMOHHUYECKHAX

KoJIeOaHmii PY>XKUHHOTO MAsATHUKA OCTACTCS CO BPEMEHEM TIOCTOSTHHOM.
CBo0oaHbIEe 3aTyXawilue TapMOHUYECKHE KOJIE0OAHUS MPYKUHHOIO

masaTHaka (puc. 6). [l npy>KHHHOTO MasTHUKA MAacCOW #1, COBEPIIAOIIETO

xonebanus mon pmeiicteueM ympyroi cunel F(F, = — kX) ¢ ydetom cumbl

COMPOTHBJEHUs [, TPONOPIUOHAIBHOM CKOPOCTH U  JBHIKEHHSA TIpy3a

>
(F_. =—rv,), BrOpo# 3aKoH HprOTOHA NMEET BH:
mx = —kx—rx,
rae 7 — ko3¢ PUIHUEHT CONnPOTUBJICHHS.
2 v

O6osHaunB —=@) U1 — =20 (0 — kodpduuMeHT 3aTyXaHHS), MOTYIHM
m m

mudpepeHnaabHOe  ypaBHEHWE CBOOOJHBIX — 3aTYXAlONUX TapMOHWYECKHAX
KoJIeOaHu MPYKWHHOTO MasTHAKA:

i+28%+wix=0.
Pemennem storo auddepeHImanbHOTO YpaBHEHUA B ClTydae MaJIbIX 3aTyXaHU

(5 2 «< a)g ) apsercsa Qynkuus X(7):
x(t) = /106_5Z cos(wt + @),
e /106_5Z — AMILTMTY/IA 3aTYXAIONIMX KOJeOaHU B MOMEHT BPEMEHH 1,

Ay — HavaJbHAS AMILIMTY 1, T.€. aMIUIATY1a B MOMEHT Bpemeru ¢ = 0,

() — KpyroBasi (HUK/JINYECKas) 4aCTOTA. () = -/ a)g ~5°.

Ilepuoa 3aTyXarOUX TAPMOHUUYECKUX KOJIEOAHUH MPYKUHHOTO MASITHUKA!

2
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I <h Aye™" cos(art + @)

—
\\

— _/;4:Aoe_5t

Ay A(t A+ T. 7N

- j T | A=Ae g
_ - }
-~
Puc. 6
Jlexkpement 3aryxanus. Ecom A(f) m A(+T) — ammumrtymnsr  aByx
MOCTIEAOBATENBHBIX KoJeOanuii (puc. 6), TO OTHOLICHHE STUX BEJIMYMH HA3bIBACTCSA
_ A st
JIEKPEMEHTOM 3aTyXaHusi A =————=¢" |

At+T)
Jlorapudm A HaspiBaeTcs JorapugMUYECKUM AeKpPeMeHToM 3aTyxanus 6 :

Hzln/”tzlnﬂ:
At+T)

Tema 8. 'apmonuyeckue Kojaedanust Gu3NUECKOro MasiTHUKA
POu3uyecKuii MAITHUK — 3TO TBEPAOE TEJIO, UMEIOIIEE OCh BPAILCHUS M
coBepLIaroLee KoyedaHusa N0 ASHCTBUEM TAHTEHUMAIbHON COCTABJISAIOLIEH CHITBI

mokectn F, (F,= mgsina (puc. 7)).

Puc. 7
Ecnu ¢u3myeckuii MasTHUK MacCOM /1 OTKJIOHEH OT IOJI0KCHHS PaBHOBECHS HA

HEKOTOPHBIN yroa & , 1o Moment M Bosppamiaromieit cuisl F
M =FIl=mglsina,

rae [ — mnewo cunbt F', 10 ecth paccrosaue ot nentpa mace (C) 10 0cu MaATHHKA.
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B caydae maneix koneOaHuii pU3MUECKOTO MAATHHKA, TO €CTh JUIS MaJIbIX YTJIOB
OTKJIOHEHHA MasTHUKA OT MOJIOKEHU PaBHOBecHa SING ~ ¢ W Torna

M =mgla .
[To BTOpOoMy 3ak0oHy HbIOTOHA AJIs BpaIaTeIbHOTO IBUKEHUS TBEPAOTO TENA:
. M . mgl
£=— WIH ad=——>-a,
/ /

rae [ — MOMEHT MHEPIIMU MAsSTHHUKA OTHOCHTEILHO €r0 OCH.
3HaK MUHYC B MOCJEIHEM YpPaBHEHHWHM OOYCJOBJIEH TEM, UTO BEKTOpPa MOMEHTA

H yrijia IOBOPOTa O_E HMCIOT IIPOTHBOIIOJIOKHBIC HAIIPABJICHHA.

)

m
O06o03HauuB met _ a)g , monyunMm auddepeHITHaATbHOE yPaBHEHHUE CBOOOTHBIX

cuitel F. .

HE3aTYXaroINX TAPMOHUYECKUX KojieOaHn# (pr3nMuecKoro MasTHUKA;

0'Z+a)§05:O.

Penreruem s1oro qud)hepeHnrants-Horo ypaBHeHus spisercs GpyHkims o(1):
a(t) = oy cos(mgt + ¢g),
rne off) — oTknoHeHWe (PUIMUECKOTO MAATHUKA OT TOJOXKEHHA PABHOBECHA B

MOMEHT BPEMEHHU [;
O — AMILUIMTY 1A K0J1e0aHHIT;

(Mo — Kpyrosasi (LMKJIN4YECKas) 4acTOTA;
(ot+@y) — pasza konebanmii B MOMEHT BpEMEHH 1

(P — HaYaJIbHas (a3a KoJ1e0aHUH.
[leproa Manbix TApMOHUYECKUX KOJIEOAHNH (PU3NUECKOTO MAATHHUKA!

7= _op [ L
i mgl

Tema 9. Mexann4veckue BOJIHbBI

IIpouecc pacnpocTpaHeHus KojicOaHWH B CIUIOIIHON Cpele Ha3bIBaeTCA
BOJIHOII.  YnpyrumMm (WM MeXaHMYECKHUMM)  Ha3bIBAlOTCS  BOJIHBI,
pacnpoCTPaHAIONIUECS B YIIPYTOM cpeie. YNPyrrue BOJHBI ObIBAIOT MPOAOJIbHBIE 1
norepeyHbIe.

B mnpoaoabHBIX BOJHAX YaCTHIBI CPEJbl KOJIEOMIOTCA B HaIpaBIICHUH
PacIpOCTPAHEHHS BOJIHBI, 4 B MOMEPEUHbIX — B IUIOCKOCTAX, MEPIEHANKYJISPHbBIX
HANpaBJICHAKD  pacnpocTpaHeHWss  BOJIHBL.  [IpoaosibHBIE  BOJHBI  MOTYT
BO30YKIAThCs B cpe/iaX, B KOTOPHIX BOZHUKAIOT YIPYTHUe CHIIBI IIpH jaedopMaIiiu
CXKaTHs U PACTHKEHHUS, TO €CTh B TBEPBIX, )KHUAKUX M Ta3000pa3HbIX Telax.

ITomepeyHnblie BOJIHBI MOT'YT BO30YXKIAaThCsA TOJBKO B TBEPJBIX TelaX, B
KOTOPBIX BOSHUKAIOT yIpyrue aeopMamnuu CaBura.

Yhnpyrasi BoJIHA HA3bIBACTCA FAPMOHMYECKOM, €CJIH COOTBETCTBYIOIIUE €U
KoJieOaHUA YaCTHI] CPE/IbI ABJIAIOTCS TAPMOHUYECKUMU.
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["apMoHHMUeckas momepeyHas BOJIHA, PACHPOCTPAHAIOIIAACA CO CKOPOCTBIO U
BJIOJIb OCH X, MPEJCTABJICHA HA PUC.8, TO €CTh MPUBEJEHA 3aBUCUMOCTb CMEIIECHUA
& 9acTuIl Cpelibl, yYaCTBYIOIIMX B BOJJTHOBOM IIPOLIECCE, OT PACCTOSHUA X OT STHX
yacTuIl 10 uctounuka konebanuii () 11 MOMEHTA BpeMeHd /. Paccrosnue Mexmy
OMKAUIIAMKY  YaCTUIIAMH, KOJICOMIONUMUCA B OJWHAKOBOW (haze, Ha3bIBACTCA
MJHHOM  BoHbI A, JliMHA BOJHBI paBHA PACCTOSHMIO, HA KOTOPOE
PacIpOCTpaHAETCA BOJIHA 3a BPeMs, paBHoe nepuony konebanuit 1, 1.e. A =0T .

£ A
A ——————————————— — — -
3]
O
/ |
Yy NN N/
X A
!
Puc. 8

I'eomeTpuueckoe MECTO TOUECK, JO KOTOPBIX JOXOIAT KOJICOAHUS K MOMEHTY
BPEMEHHU [, HA3bIBACTCA BOJHOBBIM (PPOHTOM. [ €OMETPUUECKOE MECTO TOYEK,
KOJICOMIOIMUXCST B OJMHAKOBOMW (ha3e, HA3HIBACTCS BOJIHOBOI TMOBEPXHOCTHIO.
Ecnu BOMHOBBIE TOBEPXHOCTH TPEACTABIAIOT COO0H COBOKYIHOCTH TUIOCKOCTEM,
napajiyIeNbHBIX JPYT JPYTY, WIA COBOKYITHOCTh KOHIICHTPHUYECKHX cdep, To,
COOTBETCTBEHHO, BOJIHA HA3BIBACTCS MJIOCKON WIH C(PepruiecKoii.

YpaBHeHHe IU10CKO0I1 BOJIHBI, PACTPOCTPAHAIOIIEHCS BAOJb MOJIOKATEIIBHOTO
HAMPABJICHUAS OCU X UMEET BU!

E(x,t)= Acos a)(t—E)Jr(pO )
v

rae A - amnmMTyaa BOJIHBI,

() — Kpyropasi (LMKJIMYECKas ) 4acToTa,

[a) (t—-17)+ ¢O] — (ha3a mI0CKOM BOJIHBI,

(P — HavabHas (a3a, onpenenseMas BbIOOPOM Havajla oTcueTa jid X | s [ .

JIn1st XapaKkTEPUCTUKK BOJIH HCTIONB3YETCA BOJTHOBOE YHCIO K
2 2 o
A ol v

C y4eToM 5TOro BHIPaKeHHs Ui K, ypaBHEHHUE IIOCKOM BOJIHBI IPHMET BHUL:

E(x,t) = Acos(wt —kx+¢y).
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MOJIEKVYJIAPHASA ®PU3NKA U TEPMO/IMHAMUKA
Tema 11. YpaBHeHHne coCTOSIHMSI M1€aJIbHOTO rasa.
CoctosiHMEe CHCTEMBI 33JaeTCd TEPMOAMHAMHYECKHUMH TMapaMeTpaMu —
COBOKYIMHOCTBIO  (DM3MYCCKMX  BCIIMYMH,  XapaKTePH3YIOIHUX  CBOWCTBA
TEPMOJMHAMHUYECKOW CHCTEMBI, HANpPUMEp, AaBlicHWeM p, o0vemoM V' w
temneparypoit 1. Mexay >TUMH mapaMeTpaMH CYLIECTBYET ONPEAe/ICHHAs CBA3b,
Ha3bIBacMas ypaBHEHHEM COCTOSIHHSI, KOTOPOE UMEET OOIIUN BU/I;

f(p.V.1)=0,

r7e Kak/aas U3 ISPEMEHHBIX ABJIsAeTCs (DYHKIUCH BYX NPYTHX.
JInd wuaeasbHOr0 Ta3a YPaBHEHMEM  COCTOSHUS  SIBIIICTCA  YpPaBHEHHeE
Knaneiipona — Menjae/eeBa:

pV =" RT=\RT
ﬂ 2

rae m —macca rasa, H — MoOJIIpHasI Macca (Macca OAHOI'0O MOJIA BeH_IeCTBa),

m
V= ; — KOJIMYeCTBO BEIeCTBa,

R — ynuBepcanbnas razoas nocTosHHas, R=83 lﬂOfC/ (monv K) .

(MpeasibHBIM HA3bIBACTCS TAKOW Ta3, B KOTOPOM CUYUTAETCS, YTO COOCTBEHHBIN
00BbEM MOJICKYJT ra3a MPEeHEeOPEeKMMO Majl MO0 CPaBHEHHIO ¢ 00BEMOM COCyaa, B
KOTOPOM OH HAaxOJMTCS, CHJIbI B3aUMOJCHCTBUS MEXIY MOJEKYJaMH Tas3a
OTCYTCTBYIOT, @ CTOJTKHOBCHHS MEXKTy MOJIEKYJIaMH Tra3a abCOIIOTHO YIIPYTHE.)
HUcxona n3 ypaBHenusa Knaneitpona — MeHeneeBa v MOHATHSA KOHUCHTPALIUU 7

(n — gucmo MOJIeKyJsl B eauHuIe oObema: 1= rae N — 9mcino BCex MOJIEKYIT

7 )
rasa), MOKHO TIOJIyYHTh YPaBHEHHE COCTOSIHUS MIEAJBHOTO ra3a B UHOM BH/IE:
RTT N RI' N R
p=V = =——T =nkT =nkT
% N,V VN, , To ectb P ,

rac NA — [NOCTOAHHAA ABOFaI[pO — YHUCJIO MOJICKYJ B OJHOM MOJIC BCIICCTBA,

k=R/N,, k —mnocrosuuas Bonbimana.

Tema 12. Tepmoaunamuueckue nporecchl. Mzonpoieccol.
JIroboe N3MEHEHHUE B CUCTEME, CBSI3aHHOE C UBMEHECHHUEM €€ TEPMOJIMHAMUYECKHUX
MAPAMETPOB, HA3BIBACTCA TEPMOAMHAMUYECKHUM MPOLIECCOM.
U3 ypasaenua Knaneiipona — Menaeneesa cieayer, 4to i JaHHOW MAcChl ra3a

pV

K =const g moGoM TEPMOAMHAMHYECKOM MPOLIECCE,

YTO ABNIACTCS (POPMYIHPOBKONH 00bETUHEHHOT0 TA30BOT0 3aK0HA.
Ecin B TepMOAMHAMHYECKOM IIpoLecce oauH u3 mapamerpos rasa ( P,V , 1) ne
W3MEHAETCSA, TO TAKOH MPOLIECC HA3bIBACTCA H30MPOLIECCOM.
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[Tporece, mpoTeKarOMU NPH MOCTOSHHOM JABJICHHH, HA3BIBACTCS HM300apPHBIM.
N3 00be AMHEHAOT0 Ta30BOT0 3aKOHA T W300apHOTO MPOTIECCa CICIYET:

v

= CONSt (ypaBHeHne H306apHOT0 Mpoliecca).

IIpomecc, mpoTeKaromuid MpU MOCTOSHHOM 00BeMe, HA3bIBACTCS H30XOPHBIM.
N3 00beIMHEHHOTO Ta30BOT0 3aKOHA JJ11 H30XOPHOTO MPOIIECcCca CIEAYET:

= CONSl (ypaBHeHHe W30XOPHOT0 MPOLIECca).

[Ipouecc, mpoTekarOmMii NpPU  MOCTOAHHOM  TEMIIEPAType,  HA3BIBAETCS
H30TepMUYeCKUM. [[JI1 N30TepMUYECKOr0 Mpouecca:
pV = const (YpaBHEeHHE H30TEPMHYECKOT0 Mpoiecca).
Tema 13. OcHOBHOe ypaBHEHHE MOJIEKYJISIPHO-KUHETUYECK Ol Teopun
UCAJILHOI0 ra3a.

OCHOBHOE YpPaBHEHHE MOJIEKYJAPHO-KMHETUUECKOW TEOpUU WACAIbHOTO rasa
CBA3BIBACT  TEPMOAMHAMMYECKHME  TIapaMmMeTpsl rasa ¢ I[apaMeTpamu,
XapaKTEPU3YIOIUMU ABMIKCHUE €r0 MOJICKYJI. TaK, TaBJI€HUE ra3a, KaK CJICACTBHEC
COyJAapEeHUM MOJIEKYJl rasa CcO CTEHKaMu COCyJa, ONPENEIAETCS, COrJIACHO
OCHOBHOMY YPaBHEHHIO MOJIEKYJIAPHO-KMHETUUECKONW TEOPUM HACAJIIBHOTO Tasa,
KUHETUUYECKOW YHEPTUEH MOCTYNATENBHOTO IBUKEHUS MOJIEKYJI rasa.

[Ipp BBIBOOE OCHOBHOTO YPAaBHEHUA MOJICKYJISPHO-KUHETHUYECKOW TEOPHUU
WJICANBbHOrO ras3a MoJjlararoT, YTO COYAAPEHUA MOJEKYJ ra3a co CTEHKaMHu COCyJa
ABJIAIOTCS A0COJIIOTHO YNpyrumu. Toraa, mpu COyAapeHUM OJHA MOJICKyJa rasa
MacCOW My, ABMKYIIAACA TMEPHNEHAUKYJAPHO CTEHKE COCYIAa CO CKOPOCTBIO U,

MEPETAET €U UMITYJIBC APl = mol)—(—mol)) = 2mol) ,
Brigenus Ha CTEHKE cocyna dneMeHTapHyro miomanky AS (puc. 9), onpenensmoor

NaBJeHUE Ta3a p Ha 5Ty miomanky. [loctpous mwamHap ¢ ocuosanueM AS u
BHICOTON U-Af (puc. 9), yUATHIBAKOT, YTO UYUCIIO

MOJIEKYJI, CIIOCOOHBIX 3a BpeMs Al JIOCTHIHYTb
IUIOIIAIKH AS COOTBETCTBYET
1/6 uwactu Bcex N MoOneKyn, COmEpKALIMXCS B
WG SE BBIJICTICHHOTO HAJTUHAPA
(N=n-V=nAS-v-At, rne n — KoHUEHTpaUus
mouekys). Koaddunment 1/6 yuutsiBaet, uto w3
Bcex N MONEKyI, IBUIKYLIMXCA XaOTHYHO BIOJIb

Tpex (X,),Z) B3aMMHO MEPIECHANKYJIAPHBIX Puc. 9

HAIpPaBJICHUH, TOIBKO WX 1/6 yacTh IBMIKETCA MO HANpaBaeHHIO K miomanke AS,
KaK OJHOMY M3 MIECTH (X, —X, ¥, —V, Z, —Z) BO3MOXKHBIX Hampasyenuii. Torma
YUCIIO yAapOB MOJIEKYJI, IBHIKYIIMXCS B JaHHOM HanpasieHuH, o miomanky AS

1
3aBpeMs Af Gymer pasHO: gnASUAZ.
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I[Tpu cTonkHoBeHwMH ¢ omaakoi AS st Mmonexynsl nepenanyt el ummnynse AP :

AP = é ASUAL - 2m,0 = %nmouzASAt

>

4TO COOTBETCTBYET, COIIACHO BTOPOMY 3akoHy HbrOTOHA, NeicTBHIO CHilbl [ :

AP 1
2
F=—=—nmv"-AS
At

Torzma AaBieHHE rasa, OKa3blBAEMOE UM HA CTEHKH COCYa:

F 1 2

p=——=—hnmy

AS 3

OpnHako, MOJICKYJbl Ta3a ABMXKYTCS C PA3IUYHBIMH CKOPOCTSIMU Uy, U,.....Uy,

YTO MOXHO YYECTh B TONydYeHHOW opMmysie, BBeId TIOHIATHE CpeaHeii

KBaJPAaTHYHOH CKOPOCTH JBHKCHHA MOJIEKYJ <UK6> ;

1
, TOrJa p=§nmo<ukg>2.

i

2
_ N mO <UK6> _
Tak xak 7= ; , a > - <‘9 > — CpeIHAs] KHHETHYECKAsT YHEPTHS IBHKCHUS
21 21
OJIHOATOMHOM MONIEKYIIBI, TO onyuum: P = E;N <8> = 37 E.

rae F — cymMMapHas KHHETHUECKast SHEPTHs BCeX Monekys rasa, £ = V- <<9 > :

Takum 06pa30M, MMOJYUYCHBI ABA 3KBUBAJICHTHBIX YPABHCHHA:
21
p=-—E
3V
CBA3BIBAIOINUC KMHCMATHUYCCKHUC IApaMCTPhl ABHMIKCHHUA OTACJIBHBIX MOJICKYJ rasa
¢ TCPMOIHMHAMHYCCKHUMH IIAPaMCTpPAMH TIa3a B ILOCJIOM, KaXKJOC H3 KOTOPBIX

HA3bIBAIOT OCHOBHBIM YPABHEHHEM MOJICKYJISIPHO-KMHETUHYCCKOH Teopuu
HEAJIbHOI0 rasa.

1
ngnm0<uke>2 )41

U3 cpaBHeHuUs Mex 1y coOoi ypaBHeHuin P = 5”(5 ) u p=nkT cne JyeT, UTO

21
T=——{(¢
3k<h

TO €CTb €I1I€ OJHO YPAaBHEHHUE, CBA3BIBAIOIIEE TEPMOJAUHAMUUYECKUAN ITapaMeTp rasa
(1) co cpenHel KUHETHUECKOM SHEPTHEN MOJIEKYITBI OJJHOATOMHOTO rasa <€ > :
C npyroil CTOpPOHBI, BEJIMYMHA CPEIHEH KUHETHUYECKOW SHEPrUM MOJEKYJ rasa

<€ > OnpeessieTcs TeMIEpaTypoi raza 1 (a1t citydast 0JHOATOMHOTO ra3a):

3
&) —EkT.
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Tema 14. PacnpeaesieHue MoJIeKyJ1 HA€aJbHOI0 ra3a no CKOpocTsM.
B raze, HaxoagiiemMcs B COCTOAHHUN PAaBHOBECHS MPU OMPEACICHHOM TEMMeEpaType,
YCTAHABJIUBAETCA HEKOTOPOE CTAlMOHAPHOE, HE MEHSIOIICECs CO BPEMEHEM
pacrpeaeieHue MOJIEKYJT MO CKOpPOCTAM. MakCBeT YCTaHOBWI, YTO 3TO

pacrpeaeicHue sl HACaTbHOT0 T'a3a OMUCHIBACTCS HEKOTOPOH (PyHKITHCH S,
Ha3biBacMo# (pyHKIUEH pacnpeaeseHus1 MOJIEKYJI ra3a rmo CKOpoCTsM.

Ecnu pa3duth nuamna3zoH CKOPOCTEH MOJIEKYJ HA Majible UHTEPBAJIbl, PABHbBIC av,
TO Ha KaXKJbl HMHTEPBAJ CKOPOCTH OYAET MNPUXOAUTHCA HEKOTOPOE YMCIIO

MOJICKYJI dN (U), HMCHOIUX CKOPOCTb, 3aKIIHOUCHHYKO B 3TOM HHTCPBAJIC.

OyHKIHA f (U) OTPEAEIIIET OTHOCUTEIBHOE YHACIIO MOJIEKYJI dN/ (U)/ N , CKOpOCTH

KOTOPBIX JIEXKAT B UHTEpPBAJIE oT U 1o U+ dv , T. €.
dN (V)

dN(U)/NZf(U)dU ,  orxyma J(O)= Ndv -

[TpumeHnsst METOIBI TEOPHH BEPOSATHOCTEHM, MakcBesut Hates BU 3TOH (hyHKINN:
3/2

f()=4 % v expl-myu* (2KT))

rae M, — macca OqHOW MOJIEKYJIBI Ta3a.
['paduk sToii pyHkMYM nprBeaeH Ha pucynke 10.

A

—3=

- .
Uy <U> < =

.
ke Puc. 10
OTHOCHTENTBHOE HYHCIO MOJEKYI dMV)/ N, CKOPOCTH KOTODPBIX II€XKaT B

uHTepBae 0T U 10 U+ dU | cooTBeTcTBYeT IIIOMAIM 3aINTPHXOBAHHON HA
puc. 2 nonocku. I[T1omaap noj Beeil kpusoii pacipeneneuus f (V) pasna eaunue.

910 03Hauaer, uto GyHKuHaA f (V) yroBneTBOpseT yCIOBHIO HOPMHAPOBKH:

]gf(u)dt):l‘
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CxopocTth, Ipu KOTOPO# (PyHKIMS pacnpeaesieHus MOJIEKYJ HUACATBHOTO raza 1o
CKOPOCTSIM MaKCHMaJlbHa, HA3bIBACTCS HAN0O0J1ee BEPOSITHOI CKOPOCThI0 Uy :

2kT |2RT
m H

W3 sroit ¢GopMymnbl ClEAyeT, YTO TPH TIOBBIMICHHH TEMIEPATyphl MaKCHMYyM
(dbyHKIIMM pacTpeneneHuss MOJIEKYN 1Mo ckopocTsaMm (puc. 11) cMmermaercs Bmpaso.
[Ipm oSTOoM BeNMUYWHA MakCUMyMa QYHKIMHA PacHpeeIICHAsS MOJIGKYJI TIO

Up =

ckopoctsm f (V) ¢ moBbleHreM TeMIepaTyphl yMeHbmaercs (puc. 11).

7 1< T,

Puc. 11
Kpome nambosnee BepoATHON ckopocTh Uy, Ha pucyHke 10 mpuBeneHbl Takke

cpeaHsisi apupmMeTHUecKass CKOPOCTb MOJICKYT <U> 1 CpeaHsisi KBaJApaTHUHAasI

CKOPOCTH MOJICKYJT <U,<g> , KOTOpBIE ONPENCIIAIOTCS IO (hopMyJiam:
_ |8T  |8RT _ |3kT _ |3RT
() === ()=
7, TH My H

Tema 15. SIBnienus nepeHoca (1udpPpys3us, TernI0NPoOBOAHOCTD, BA3ZKOCTD).
B HepaBHOBECHBIX CHCTEMAX BO3HUKAIOT OCOObIE HEOOpATHUMBbIE MPOLIECCHI,
Ha3bIBAEMbIC SIBJICHUSIMH TEPEH0Ca, B PE3YJbTAT€ KOTOPBIX MPOUCXOIUT
MPOCTPAHCTBEHHbIN MEPEHOC MACChI, SHEPTUHU, UMITYJIbCA.
Muddy3us o0ycaoBieHa IEPEHOCOM MACChl, TEMJIONMPOBOAHOCTD — IIEPEHOCOM
SHEPIvH, a BA3BKOCTh — MIEPEHOCOM UMITYJIbCA.
JIJisi XapakTEpUCTUKU HEOOpPaTUMBIX MPOIECCOB MEPEHOCA BBOJATCS IMApaMETPhI
TEMJIOBOTO JIBUXKEHUS MOJIEKYJI: CPEJTHEE YUCIIO COYJAPEHUNA MOJIEKYJIbl B €TUHULLY

BPEMEHU <Z > U CPEeAHAA JJIMHA CBOOOAHOTO MPOoOeTa MOJIEKYI <l > :

Cpeanee uncJI0 COyAapeHuii MoJIeKy.abl 3a 1 ¢ : <Z > = \/Eﬂd 2n<u> ,

rae d — >PdeKTUBHBI AMaAMETp MOJEKYN, T.€. MHHUMAIbHOE DPAacCTOSAHHE, Ha
KOTOPOE COMMIKAIOTCS TIPH CTOJIKHOBSHHH IIEHTPHI IBYX MOJICKYI,

2
7/ s dexTrBHOE ceueHre MONeKy, 7! — KOHLEHTpaIMs MOJIEKYI,

<U > — cpeansia apudmeTHyeckas CKOPOCTh MOJICKY!L.
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Cpeansis aJamMHa CBOOOJAHOr0 Mpodera MoJeKYJ <l > , T.. CPEIHUM MYTh,
MIPOXOIUMBIH MOJICKYJIOM MEXKAY JABYMSI TIOCJICIOBATCIIBHBIMH CTOJIKHOBESHHSIMU:
0 (v) 1
ju ju 2
<Z> 2 n

[Ipu paccMOTpeHMM OOHOMEPHBIX SBJICHMM TIEpEHOCA CHCTEMA OTCYETa

BBIOMpAETCS TaK, YTOOBI OCh X OblJIa OPUEHTHPOBAHA B HAIIPABJICHWH MEPEHOCA.

1. Jduddy3usa. Ssnenne muddys3nm 3akmoUvaecTcss B TOM, YTO IPOHCXOIUAT
CaMOMPOU3BOJIBHOE B3aMMONPOHUKHOBEHUE U TMEPEMEIIMBAHUE YaCTHI[ JBYX
COTIPHKACAOIIUXCS Ta30B, KUAKOCTESH U Jaxke TBEpAbIX Ten. Jnuddy3us ceoauTcs
K TEPEHOCY MACChl, BOBHUKAET M MPOAOJDKACTCSA A0 TEX IMOp, MOKA HA TPaHMIIE
CONPUKOCHOBEHMS JIBYX CpeJl TPAJUCHT TUIOTHOCTH OTJIMYEH OT HYJIA.

I'paauenT nnotHoctTh L  BAOJAb BBHIOPAHHOW OCH X, MEPHICHAUKYJISIPHOH

d

INIOCKOCTH COIIPUKOCHOBCHHA JIBYX CPCH, 0003HaUaeTca Kak d_ U IIOKAa3bIBACT
X

KakK OBICTPO M3MEHSIETCS BEJTMUMHA TUIOTHOCTH £ OT TOYKH K TOYKE BJIOJIb OCH X.
Konwuectsenno spnenue auddysun moauuHseTcs 3aKony Puka:
_— dp
Jw =—D—
dx
rae J, — IUVIOTHOCTH MOTOKA MAcCChl, TO €CTh BEIMUMHA, ONpPEaeiieMas MacCoi
rasa, Iu(PyHARPYIOLIETO YEPE3 €AMHIYHYIO IJIOIAAKY O B €IUHUILY BDEMEHH,

dp

dx — I'paJHEeHT IIJIOTHOCTH TIa3a B HaIPaBJICHHUH X, ICPICHAHUKYIAPHOM

BBHIOPAHHOM mIomanke S ,

D — xo3ppunment quddysuu.

3HaK MUHYC B TIPUBEJCHHOW (hOpMYJIe 03HAUACT, YTO TIEPEHOC MACCHI TIPOUCXOTUT
B HaITPaBJICHUH YOBIBAHUS TJIOTHOCTH.

CornacHo MOJIEKYJISIPHO-KUHETHUYECKOW TEOPUH HACATBHOTO Tra3a, Kod(puimeHt

1
maddyszum D: D= §<U><l> ,

rac <U> — CPCOAHAA CKOPOCTh TCIJIOBOI'O ABHMIKCHHA MOJICKYII,

<l > — CpeaHss IJIMHA CBOOOAHOTO Mpodera MOJIeKyI.

2. TertonpoBoaHocTb. Ecniu B 0HOM 00acTy raza temmneparypa OoJiblie, 4eM B
JAPYyTod, TO C TEUEHWEM BPEMEHH BCJICACTBUE TOCTOSHHBIX CTOJKHOBECHUN
MOJICKYJT TTPOUCXOJNUT TPOTIECC BHIPABHUBAHWA CPETHUX KHHETHUCCKUX DHEPTUIA
MOJIEKYJI, TO €CTh MPOLIECC BBIPABHUBAHKS TEMIEPATYPhl. DTOT MPOLECC MEPEHOCa
SHEPTYH, HA3bIBACMBIM TEIJIOMPOBOAHOCTHIO, BO3HUKACT M TIPOIOJDKACTCA 10 TEX
mop, TOKAa HA TPAaHWIE COMPUKOCHOBEHWSA JBYX YacTeW ra3za TPaJuCHT
TEMIICPATyPhl OTJIUYCH OT HYJIA.
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I'pagrienT Temneparypbl / rasa BIOJIb BHIOPAHHOM OCH X, HEPIEHAUKYJIAPHOM
IJIOCKOCTH CONMPUKOCHOBEHUA JIBYX 4YacTel Tra3a, HMEIMMUX Pa3InyHyIO

dT

TeMneparypy, 0003HA4aeTCsl Kak —d M TOKa3bIBACT KaK OBICTPO H3MEHSIETCA
X

TeMIIepaTypa ra3a OT TOUYKHA K TOYKE BJOJIb OCH X.
KonnuecTBEHHO TermIonpoBOAHOCTh NOTUHMHACTCS 3aK0HY Pypbe:

. drl
Jg = A ——

dx
rie J; — IMJI0THOCTH TEMJI0BOro MOTOKA, ONpeaeieMas SHEPTueii, HepeHOCHMOit
B (pOpME TEIJIOTHI UepPe3 €AMHUUHYIO IIOMAAKY O B €MHHILY BPEMEHHU,

dT

E — rPaJUEHT TeMIIEPaTyphbl B HANPABJICHUHU X, MEPICHANKYJISIPHOM BbIOpaHHOM

IUIOLIAIKE S,

A — K03()(pHULHEHT TENI0IPOBOAHOCTH.

3HaK MUHYC B TIPHBEACHHOW (opMylie O3HAYAET, YTO TMPH TEIUIOMPOBOIHOCTH
SHEPTUA MEPEHOCUTCS B HATIPABJICHUH YOBIBAaHUS TEMTIEPATYPHI.

CornacHo MOJIEKYJISIPHO-KUHETHUYECKOW TEOPUH HACATBHOTO Tra3a, Kod(puimeHt

1
TEIUIONPOBOIHOCTH A A= ECV P <U><l> ,

rae Cp — yaenbHas TEIUIOEMKOCTh Ta3a MPH M30XOPHOM Mporecce (KOIMYeCcTBO

TEIUIOTHI, HEOOXOAMMOE IS H30XOPHOTO Harpesanus 1 k2 raza na 1 K),
£ — IIOTHOCTb Ia3a,

<U> — CPEeIIHSSA CKOPOCTh TEIMJIOBOTO ABUIKCHUA MOJIEKYI,

<l > — CpeaHsIs JIMHA CBOOOAHOTO Mpodera MOJIeKy.I.

3. BsskocTh. BA3KOCTH 3TO CBOHCTBO KUJKOCTH WM Trasza, OOYCIOBJIECHHOE
BHYTPEHHHUM TPEHHEM MEKIy COMPHUKACAOIMIMMHUCSA MAPAJUICIIbHBIMUA CJHOSIMHA
YKAJIKOCTH WJIW Ta3a, ABWKYLIAMUCA C PA3JIMYHBIMH CKOPOCTAMH. B pesymnbrare,
UMITYJIBC  CJIOS, JABWXKYILEroca OBICTPEE, YMEHBINACTCS, a JBHXKYIIETrOoCs
MEIJICHHEE — YBEJIMUMUBAETCS, UTO MPUBOAUT K TOPMOKEHUIO CJIOS, ABMKYIIETOCA
ObICTpEE, U YCKOPEHHUIO CJIO0s, ABWXKYIIErocs MejieHHee. J[pyrumu ciioBamu,
BHYTPEHHee TpPeHHe MPUBOJUT K MEPEHOCY UMITYJbCa OT OJAHOTO ABMKYIIETOCA
CJI0S1 YKUJIKOCTH WJIY Ta3a K APyromMy COMPUKACAOIIEMYCS C HUM CJIOKO.
KonnuecTBeHHO ciila BHYTPEHHEr0 TPEeHHsI MEXKAY ABYMS COMPHUKACAKOIIMUMUCS
CIOSIMH KMIKOCTH WM Ta3a NOAUYHHAETCS 3aK0Hy HbroToHa:

dv
F=n—S
dps

>

rae 77 — ko3¢ puuueHT AMHAMINYECKOH BSI3KOCTH,
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v

gy ~ TPalMeHT CKOpoCTH, MOKa3bIBAIOIIUK OBICTPOTY M3MEHEHHMS CKOPOCTH

TCUCHUS JKUAKOCTH WM Tra3a OT CJod K CIOK B  HaNpaBJICHUHA X,
MEPIICHANKYJIAPHOM HAIMPABJICHUIO IBUKEHUS CITOEB,
S — mnomane CONPHMKOCHOBEHMA CIIOEB JKMIAKOCTH MJIM Ta3a, HA KOTOPhIE

NENCTBYET CUIIa BHYTPEHHETO TPEHUs F
3akoH HeroTOHA /U151 BHYTPEHHETO TPEHUS MOYHO MPE/ICTAaBUThH B BUE!

- _pdv
Jp=n—

rac ]p — IINIOTHOCTDb MOTOKA UMITYJIbCA — BCJIMUHKHA, OIIPCACIIACMAA UMITYJIBCOM,

NEPEHOCHMBIM B €IWHHMIly BPEMEHM 4Y€PE3 EIUMHUYHYIO IUIOMIAAKY O
COTIPUKOCHOBEHWA CJIOEB O KHJKOCTH WJIM Ta3a B HAMNPaBJIICHAH OCH X,
MEPTICHANKYJIAPHOM HAPABIICHAIO ABHKCHUS CIIOEB JKUIKOCTH WA Ta3a.

3HaK MUHYC B TIPUBEACHHOW (DOpMysie 03HAYAET, YTO MMITYJHC TIEPEHOCHTCS OT
CJIOA K CJIOIO KHUAKOCTH (Ta3a) B HANIPaBJICHUN YOBIBAHUSA CKOPOCTH WX JBHUKCHUS.
CornacHO MOJIEKYJISIPHO-KHHETHUECCKOW TCOPUH HACATHHOTO Ta3a, kKodhduiment

JUHAMUYECKOHN BA3KOCTH MACATIBHOTO Ta3a 7] ONpeaesaeTcs CieayronmM 00pa3om:

1
1= A,
rae £ — IIOTHOCTH rasa,

<U> — CPEeIIHSSA CKOPOCTh TEIMJIOBOTO ABUIKCHUA MOJIEKYI,

<l > — CpeaHsIs JIMHA CBOOOAHOTO Mpodera MOJIeKy.I.

Tema 16. IlepBoe Hauas0 TepmoauHamuku. BHyTpenusisi sHeprusi. Padora.
IIpumMeHeHHe MEPBOro HAYAJIA TEPMOAMHAMHUKH K U30MPOLIECCaM.
Buyrpenneii sHeprueii raza U HasbiBaeTcs CyMMa KHHETHYECKOM SHEPIHU
Xa0THYECKOTO (TEIJIOBOTO) JABMXKCHHS BCEX MOJIGKYJ Ta3a MW DHEPruu
B3aUMOJICHCTBUS MOJIEKYJ ra3a Mexay coOoil. J[Jis uaealbHOrO ra3a BHYTPECHHSA

SHEPIUs — 3TO TOJBKO KHHETHUECKAA YHEPTUA BCEX MOJIEKYJI rasa.

BHyTpeHHss sHEPrus UACATBHOTO Ta3a ONPEACNAETCA YUCIOM CTeNeHEH CBOOObI
€ro MOJIEKYJI U TEMIIEPATYPOH rasa.

Uwncmom cremeneld ¢cBoOOABI [ MEXaHWYECKOH CHCTEMBI HA3bIBACTCS KOJTHUYECTBO
HE3aBUCHMbBIX BEJIMUMH, C TOMOIIBI0 KOTOPHIX MOXKET OBbITh OJHO3HAUHO 33JaHO
MOJIOYKEHUE CUCTEMBI B IPOCTPAHCTBE.

CornacHo 3aK0HY O paBHOpacnpeaeJleHHU >HEPruv MO CTEMEHSIM CBOOOJIbI
MOJIEKYJT JUIS TEPMOAMHAMUYECKOW CHUCTEMBI, HAXOIMALIEHCA B PABHOBECUH, HA
KOKAYI0 MOCTYNaTEJbHYI0 M BPAILATENIbHYIO CTEMEHW CBOOOABI MPUXOIUTCA B

kT

2

cTeneHb cBOOOBI — B CPEAHEM >Heprus, pasHad k1.

CPCAHCM KHHCTHUYCCKAsA SHCPIUs, paBHAA d Ha KaxKIYIO Kone6aTeanyI0
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KonebarenbHas creneHb «obiagaeT» BABOE OOJbIICH 3HEPrHEH MOTOMY, YTO Ha
HEE TIPUXOAWTCS HE TOJNBKO KHHETWYeCKas »dHeprus (Kak B Ciydae
MOCTYTATEIFHOTO W BPAIIATeIbHOTO JIBH)KCHHI), HO M TIOTCHIMAJIbHASA, TPUUYEM
CPEAHUE 3HAYEHUSA KHHETUUECCKON U TIOTCHIIUAIIBHOM SHEPTUM OJINHAKOBHI.

Takum o0pazoMm, CpeaHasd KHHETHUECKAs YHEPTUA MOJICKYJIbI:

i
<8>—5kT,

rae [ — CyMMa YuCia TMOCTYMATeIbHBIX, YUCJIa BPAIIATeIbHBIX W YIBOSHHOTO
yucsa KojaedaTenbHbIX CTeNeHEH CBOOOIbI MOJIEKYJIbI:

i=i  +i  +2i

nocm © “gpaiy Koneo -

BuyTpennss sHeprus N MOJIeKyl MIeajbHOrO rasa:
i
U:N{@:NEH”

m
Tak kak 4ucio Mojtekynraza N=V-N, (N4 —aucno Asoraapo), rae V' = ; ,

TO, C YUE€TOM COOTHOIICHUS N A k=R , HOJIy4YUM:
mi
U=——RT
M2

H3menenue BuyTpenneit sneprun AU npu usmenennu remneparypst ot 17 10 15:

m i
AU:__RAT, rne AT=T,—Ty.
2
BHYTPEHHIOIO JHEPIUIO Tra3a MOMKHO YBEJIUYUTH 33 CYET COOOIIEHHA €My
HEKOTOPOI0 KOJMYECTBA TEILIOTHI o, KOTOPOE MOXKET OBbITh H3PACXOJ0BAHO

TAKXKE U Ha COBEPIICHUE MEXAHMUECKOH paboTtel A mo pacmmpenumio rasa. Ilpu
3TOM COOJIIO/IaeTC 3aKOH COXPAHCHMS W MPEBpaAIllCHHs SHEpruu. [IpumMeHnuTenbHo
K TEPMOJIMHAMUYECKUM MPOLECCaM 3TO U €CTh MepPB0e HAYAJI0 TEPMOJIMHAMUKH

xomuyecmeo mentomer O, coobuaemoe  mepmoouHaMuyeckon  cucmene,
pacxooyemcest Ha uzmenenue ee euympennei snepeuu AU u na cosepuienue
mexanuyeckoti pabomvr A npomué enewnux cu:

O=AU+4.

Pa6Gora A, coBepmaemas ra3oM Ipu W3MEHEHHH ero oobema ot V' mo Va:

rne pdV - snemenraphas paGora npu usMenenun obbema razava db
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Pabora raza npu nu3onpoueccax.
1. U306apubiii npouecc (p = const). [Ipu nzobapHoM mpouecce paboTa raza npu
yBeanuennu oobema ot V', no V), pasna:

s
A= [ pdV =p(,=V;)=pAV
Vi 2
a IICPBOC HAYAJI0 TCPMOJUHAMMUKHA OJIA I/1306apHOFO mponccca npuM<ET BUI.

O=AU + pAV .

2. Mzoxopubiii npouecc (V' = const). Tlpy H30XOpHOM MpPOLIECCE ra3 HE
coBepuraer paboTel mpoTtus BHeHEMX cwia, T0 ectb  A=0, a nepsoe Hawano
TEPMOIMHAMHMKH JIJIs1 H30XOPHOTO MPOIiecca MPUMET BH/I;

Q=AU
T. €. BCE KOJIMYCCTBO TEIUIOTHI, COOOIMAeMoe a3y, PacxoayeTcs Ha YBETUUCHHC
€r0 BHYTPCHHEN DHEPTUH.

3. Msorepmuueckmii mpouecc (7=const). PaGora npu H30TEPMHYECKOM
pacIIMpEeHNH ra3a;

£ m AV m V, m
A=[pdv=[ZRT < =" RTIn"2 =" RT'In 2"
Vi Vi ,Ll V ,L[ Vl ,L[ pz'

Tak kak mpu MOCTOSIHHOM TEMIIEPATYPE BHYTPEHHSS SHEPrUA HACAIBHOIO ra3a He
WU3MEHSETCS, TO MIEPBOE HAYAIO TEPMOJAMHAMUKH JJIS1 U30TEPMUUYECKOTO MPOLIECCa:

O =4,
TO €CTh BCE KONMYECTBO TemioThl (J, coolOliaemMoe rasy, pacxoayeTcs Ha
COBEpIICHNE UM PaboThl A TPOTHB BHELIHUX CHII.

Tema 17. TensioemkocTh raza npu usonpoieccax. ¥ papHenue Maiiepa.
TenioeMKOCTHI0 TEJIa HA3BIBAETCS BEJIMUKMHA, PAaBHAS KOJWYECTBY TEIUIOTHI,
KOTOPOE HYKHO COOOLIMTH TENTy, 4TOOBI IIOBBICUTE ero Temmeparypy Ha 1 K.
YaenabHasi TEMI0€eMKOCTh BelIECTBA — BEJIMUMHA, PABHAS KOJIMYECTBY TEIIOTHI,
HeoOXoauMOMy 1yis HarpeBanus 1 ke Bemectsa Ha 1 K-

m- AT~
MossipHasi TeNJI0eMKOCTh BeIeCTBA — BEJMYNHA, PaBHASA KOJIUYECTBY TEILIOTHI,
HEeOOX0MMOMY Ut HarpeBanus 1 Mo Bemectsa Ha 1 K-

Q
C:m , orkyma O=C-V-AT
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PaznuyaroT TemI0eMKOCTH Ta3a MPU U30XOPHOM M M300apHOM NpoLieccax.

1. MosiipHASI TEIJIOEMKOCTD Ira3a IMpH H30X0PHOM Tporecce (C % )

JIJisi ©30XOpHOTO Mpoliecca MEPBOE HAYAIO TEPMOJUHAMHKHA MOKHO 3amucath B
CJIEAYIOIEM BU/IE:

Tak kak Q=C° v-AT , TO J11 U30XOPHOr0 mporecca:
!
C,-v-AT =v—RAT
2 )
c, =LR
OTKyzZa Vo 5 ,
rie [ —4HCIIO CTEIeHEH CBOOOIBI MOJICKYIIHI.

2. MoJisipHasi TEIJIOEMKOCTD ra3a MpHu H300apHOM mpoiecce (C » )

Jlns m300apHOro mpolecca MepBoe HAUAIO0 TEPMOJUHAMHUKKA MOKHO 3amucarh B
CJIEAYIOIEM BU/IE:

Q=AU+ pAV
Tak Kak jutsa m3o6aproro nponecca PAV = VRAT'
l
o Cp°V°AT=V5RAT+VRAT’
i i+2
OTKyJa CP:ER+R:7.R‘

YpaBuenue Maiiepa.
Cpasrenne Mexay coboit C, u Cy mpuBoaut k ypasHenuro Maiiepa:

C,=C, +R.

Ot10 ypasHenue mokassiBaer, uto (), Gombure, uem () Ha BeTHYHHY

VHUBEPCAJILHOM Ta30BOM MOCTOAHHOM R. DT0 O0OBACHAETCS TEM, 4TO NpU
M300apHOM HArpeBaHWM ra3a, B OTIMYHE OT M30XOPHOTO HArpeBaHMs, TpeOyeTcA
JOTIOJIHATENIBHOE KOJIMUECTBO TEIJIOTHl HA COBEPIIEHUE PA0OThI PaCIIMPEHUs rasa.
Takum 00pa3om, MOJsSpHAA TEIUIOEMKOCTh raza OMNPEACNSIeTCS JIUIb YUCIOM
cTereHer CcBOOOABI W HE 3aBUCHUT OT TEMIIEpaTypbl. OTO yTBEPKICHHE
CIIpaBeUIMBO B JIOBOJIBHO IITUPOKOM HWHTEPBAjJie TEMIEpaTyp JHIIb A
OJHOAQTOMHBIX Ta30B. YK€ y JABYXaTOMHBIX Tra30B YHCIO CTENEHEH CBOOOIbI,
MPOSBIIAIONICECA B TEIJIOEMKOCTH, 3aBUCUT OT TEMIIEPATYPHI.
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Tema 18. AqnadaTuueckuii mpouecc.

AnuabdaTHYecKUM  HA3bIBAa€TCA TMPOIECC, TPH KOTOPOM  OTCYTCTBYET
TEIUIOOOMEH MEXAY CHUCTEMOM W OKpykaromiei cpemoi. Ilpm agmadarnueckom
MPOIECCE H3MEHSIOTCS BCE TepMoAMHaMuueckue mapametpel (p, V., T) B
cOoOTBEeTCTBUHU C ypaBHeHueMm Ilyaccona:

pV7 =const
rie J/ — ko pdumuent Ilyaccona, paBHBIM OTHOIICHHUIO MOJISPHBIX

TEIUIOEMKOCTEM Cp / Gy

[Tony4eHHOE BHIPOKEHHE €CTh YPABHEHHE aaUAGATHYECKOro mpolecca B
MepeMeHHbIX p u V.
Jlia mepexonma ot mepeMeHHBIX p U V' k nepemendsiM V., T wim p, T npwm

OMHUCaHUHU aanabaTHUeCKOro mpolecca HCnob3yeTcs ypaBHenue Knanelpona —
Menneneena:

m
pV =—RT
U
B pe3ysibTate COOTBETCTBYIOIIME YPABHEHHS aIHabaTHUECKOTO TPOIIEcca:
-1
V7T = const B nepeMennbix V om T,
Lyy
p 1" =const B IIEPeMEHHbIX P U 1 .

PaboTa ra3za npu agmaéaTuueckoM mpoiiecce.
U3 mnepsoro nauama tepmommHamukn (O=AU+A) ana ammabarmaeckoro

mpouecca (O = 0) cnenyer, uto A=-AU .
Ecnu ras aguabartuuecku paciuupsercs oT oobema V| mo obwema V), |, To ero
TeMIeparypa yMeHblnaeTes ot 1 1o 7, v paboTa paciiMpeHus HAEaIbHOro rasa:

A=-AU="2 R, ~T,)
M2 |

Hcnonb3ys ypaBHEHHE aauabaTHuecKoro npouecca B nepemennsix V' u 1, TO

ectb V' 'T = const NONY4EHHOE BHIpakeHue mia pabdoret A npwm
annabaTHYecKOM paCIIUPEHUH Ta3a MOXKHO TMpeoOpa3oBaTh K HWHOMY BHIY,
OTpaskaroLieMy aauabaTUuecKoe U3MEHEHHE 00beMa ra3a OT BeIW4YMHBl J} 10
BEJIMUUHEL }5 :

7=l y-1

A:prl 1_ Vl :VRT{ 1 Vl

=1 \n) | 1



