
E. M. C1,1pec1rn 

Yqe6Ho­
MeTOJJ;HqecKHe 

noco6H.H 
Y qe6Ho-HayqHoro 

ueHTpa 01-UIM 
}J;y6Ha 

YHIJ;-2004-26 

JIEKL(HH no MOJIEKYJIJIPHOH <l>H3HKE 

Yl.(,e61t0-Memooul.(,ecKoe noco6ue 

2004 



Yqe6Ho-HayqHbitt ueHTp OIUIH 

E. M. Cb1pecuH 

JIEKQHH ITO MOJIEKYJIJIPHOH <l>H3HKE 

YtJe6110-.Memoou'lecKoe noco6ue 



~m 
Y1Je61we noco6ue nanucano npo<jJeccopoM 6a3oeoii Ka<jJeopb1 

oy6nencK020 <jJUJ1uaJ1a MJfP3A «3AeKmponuKa <jJu3u'lecKux ycmanoeoK» 

npu YHI.{ OJfJllf E. M. CbzpecuHblM u peKoMeHooeano 
K u3oanu10 :JKcnepmnoii KOMuccueii YHI.{DJfJllf 

u peoaKlfUOHHO-U30ame.rzbcKUM coeemoM Mlf P3A. 

PeIIeH3eHT: npoqieccop 3. A. Kypaes 

CLipecun E. M. 

JleKl.lHH no Moneicym1p11oil: <pH3HKe: Yqe6.-MeTO,[l. noco6ne. - .ll:y611a: 
OIDII1, 2004. - 54 c. 

Y'le6Hoe noco6He CO,Uep)l(HT H3JIO)l(eHHe OCHOB TepMO,!IHHaMHKH H CTaTHCTH­
qecKOH q>H3HKH. B HeM o6cyiK,[laeTCJI CTaTHCTII'leCKHH IlO,!IXO,!I K TeopHH TennoeM­
KOCTH, a TaK)l(e paCCMOTpeHI,I TaKHe JIBJieHHJI, KaK ,!1Hq>q>y3HJI, 3q>q>y3HJI, BJl3KOCTb 
II TennonpOBO,!IHOCTh, OTHOcJimHeCJI K pa3,11eny qJH3H'leCKOH KHHeTHKH. 

Iloco6He npe,!1Ha3Ha'leHO ,!IJIJI cry,11eHTOB H acrmpaHTOB TeXHH'leCKHX ll q>H3H­
qecKHX cneIIHaJihHOCTeii. 

Syresin E. M. 

Lectures on the Theory of Molecular Physics: Textbook. - Dubna: JINR, 
2004. -54p. 

The textbook contains a description of molecular physics, the basis of thermo­
dynamic, statistic and kinetic physics. 

The book is addressed to the students and doctoral students specialized in engi­
neering and physics. 

© Ofu.e~HHeHHhlii HHCTHTYT »~epHhlX 
uccne~oBaHHii, 2004 

Ornasnee11e 

Ilpe,1111cnostte 

JleKIIIIJI I. MoneKyJIJ1pHO-KHHeTII'leCKaJI TeOpllJI, H,!leaJihHhlll fa3 

JleKIIHJI2.TepMO,!lllHaMHKa 

JleKIIllJI 3. OcHOBhl CTaTIICTHKII, pacnpe,!leJieHHe MaKcBeJIJia - DOJlhl.lMaHa 

JleKl.lHJI 4. MHKpO- H MaKpOCOCTOJIHHJI, pacnpe,11eneHHe rn66ca, 

CTaTl!CTH'leCKaJI cyMMa 

JleKIIHJI 5. <l>nyKTyaIIHII, 3HTpOilllJI, :mrponllJI H,!leaJihHOfO ra3a, 

CB060,!1HaJI 3HeprnJI 

JleKIIIIJI 6. CTaTllCTII'leCKaJI CYMMa ll CB060,!1HaJI 3Hepnrn, TeOpHJI rennoeMK0CTll 

JleKIIIIJI 7. TepMO,!IHHaMH'leCKHe IlOTeHIIHaJihl, COOTHOIDeHHJI MaKcBeJIJia 

JleKIIllJI 8. PeanhHble fa3hl, q>a30Bb!e nepeXO,!lbl 

JleKIIllJI 9. TiosepXH0CTHOe HaTJI)l(eH11e, ,!laBJieHHe HacblmeHHOfO napa 

JleKIIHJI I 0. <l>H3l!'leCKaJI KHHeTIIKa, JIBJieHHJI nepeHoca, ,!1llq>q>y3HJI, 

3q>q>y3HJI, rennonp0BO,!IHOCTh ll BJl3KOCTh 

Jlnreparypa 

3 

4 

5 

10 

15 

20 

25 

29 

33 

37 

44 

46 

54 



1Ipe)l11CJ1oe11e 

Kypc JieJalHll rrpe)lHll'.3Haqaercl! ~ CT)')leHTOB HHlKeHepHo-¢ll3li'IeCKHX 

crreunam,HocTeil:. B ocHoBe Kypca JielKaT neJalHH, rrpoqnTaHHhle B rrepBoM ceMecrpe cryneHTaM 

rrepBoro Kypca MocKOBCKoro rocynapCTBeHHOro HHCTliT)'Ta PMHOTeXHHKH, 3JieKTpOHHKli H 

aBTOMaTHKli (MHP3A), cnymaTeJIJIM Ka¢enphl "3neKTpOHHKa ¢mnqeCKHX ycTaHOBOK", 

opraHH30BaHHOll B ey6HeHCKOM ¢nnnane Ml1P3A rrpn Yqe6Ho-HayqHOM ueHTpe 

O61,ennHeHHOro HHCTliryTa MepHhlX HCCJie)lOBaHHll. 

Kypc JieKUHil: no MOJieKyJIJipHoil: ¢mnKe BKJIIOqaeT B ce6l! rpn pa3nena: 

TepMO/lHHaMHKY, CTaTHCrnqecKyro ¢ll3llKY H ¢mnqecKyro KliHeTHKy. B JieJallll!X )laHbl 

OCHOBhl CTaTliCTHqecKHX MeTO/lOB, HCIIOJib3yeMhle rrpn o6c~eHHH TeOpllll TeIIJIOeMKOCTll, 

311TpOIIllll H TeopHH ¢JIYKTyaunil:. 3necb TaK)Ke coneplKHTCJI 3KCKypc B ¢mnqecKyro KH!leTHKY, 

paccMOTpeHbl l!BJieHHll nn¢¢Y3Hll, 34l4lY3Hll, TeIIJIOIIpOBO/lHOCTH H Bll3KOCTH. 

Ilo Kypcy MOJieKyJillpHoil: ¢ll3HKli orry6JIHKOBaHO 60JibIIIOe KOJinqecTBo yqe6Hb!X rroco6nil: 

H MOHorpa¢nil:, rne 3HaqnTeJib!IOe BIIHMaime yneJIJieTCll MOJieKyJIJipHO-KllHeTnqecKoil: TeopHH 

H TepMO/lHHaMHKe. U:eJib )laHHOro rroco6Hll - II03HaKOMHTb qnTaTeJIJI KaK C )laHHb!MH pa3)le­

JiaMH ¢n3HKH, TaK H C OCHOBaMH CTaTHCTnqecKoil: ¢n3HKH. 

ABTOp BblpalKaeT CBOIO 6naronapHOCTb 3.A. KypaeBy 3a ueHHhle 3aMeqa11nJ1, C)leJia}!Hble 

llM IIpll rrpoqTeHHH PYKOIIHCH. 

ABTOp 6naronape11 H. C. CepreeBoil: 3a IIOMOIIIb B rronroToBKe PYKOIIHCll K ll3)la11mo, 

M. Ii. 3apy6HHOll - 3a TIIIaTeJib!IOe penaKTHpOBaHHe PYKOIIHCH. 
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Jle«u,ua I MoJ1e«yJ1apno - «unemui1ec«.aJ1 meopua, m)eOJlbHblU za3 

1.1. ATOMllaH Macca II pa]Mep MOJieK}'JI 

MoneKyJIJipllaJI ¢ll3HKa - pa3)leJI ¢ll3HKH, ll3yqaroiunil: crpoeHHe H CBOllCTBa Beiuecrna 

HCXO/lll H3 MOJieKyJIJipHO-KHHernqecKHX rrpe)lCTaBJieHHll [1,2]. B COOTBeTCTBllH C 3THMll 

rrpe)lCTaBJieHHllMH,BCe Beiuecrna o6JIMa!OT CJie)lyJOIIIHMH CBOllCTBaMH: 

Beiuecrna COCTOJIT H3 MOJieKyJI; 

MOJieKyJihl 11axO)ll!TCJI B xaoTnqeCKOM (6poyHOBCKOM) /lBHlKeHllH. 

MoJieKyJIJipHO-KH!leTHqecKaJI TeOpHll C03)laHa Ha OCHOBe CTaTliCTHqecKliX MeTO/lOB, 

KOTOpb!e II03BOJIJIIOT IIOJiyqHTb cpen11ne rrapaMerpbI CHCTeMbl, TaKlle KaK )laBJieHIJe p H 

TeMrreparypa T, HCXO/lll H3 paccMOTpeHHJI MHKpoxapaKTepHCTHK qaCTHU H HX CTaTHCTHqecKoro 

aHaJIH3a. 

ATOMHOll Maccoil: A XHMHqecKoro 3JieMe!ITa lla3b!BaeTCll OTHOIIIeHHe MaCCbl aTOMa 3TOro 

::rneMe!ITa K 1/12 MaCCbl aTOMa yrnepo)la. ATOMHaJI e)lHHHUa MaCCbl, paBHaJI 1/12 MaCCbl 

yrnepo)la, COCTaBJil!eT 1,6· 10 -27 Kr. KonnqecTBO Beiuecrna, B KOTOpOM CO/leplKHTCJI qnCJIO 

qaCTHU, paBHOe qncny aTOMOB, CO/leplKaIIIHXCJI B 0,012 Kr yrnepo)la, Ha3bIBaeTCll MOJieM 

BeiuecTBa. 1Incrro qacTHU, coneplKaiueecll B 0/lHOM MOJie BeIIIeCTBa, !la3bIBaeTCJI qlJCJIOM 

ABorMpO, KOTopoe paBno NA=6-1023
MOJib·

1
. Macca MOJill BO/lhl H2O paBHa mµ =18 r, a 

061,eM, 3aHHMaeMblll HM, COCTaBJIJieT Vmol = mµ/ p = 18 CM
3

. Tor)la 061,eM, IIpHXO/ll!IIIHll Ha 

0/lHY MOJieKyrry, paBeH vmol /NA ""3. 10-23 
CM

3
• OueHHM pa3Mep MOJieKyJihl a, rrorraral!, qTQ 

a
3 

ss Vmolec. OTCJO)la rrorryqaeM xapaKTepHhlil: pa3Mep MOJieKyrr B BeiuecTBe 

G= 1/Vmolec ""5 · 10-8CM = 5 A. TaKHM o6pa30M, xapaKTepHbill pa3Mep MOJieKyJI COCTaBJIJieT 

HeCKOJibKO aHrcrpeM. 

1.2. CoCTOHHlle CIICTeM II npo~eCCbl 

CncTeMa - 3TO COBOKyrrHOCTb TeJI (qaCTHU). BcllKaJI CHCTeMa xapaKTepll3yeTCll 

MaKpOCKOIIHqecKHMH rrapaMerpaMH: TaKliMH KaK )laBJieHHe, TeMrreparypa H 061,eM. He Bcer)la 

rrapaMeTp HMeer orrpe)leJieHHOe 3Haqe11ne. 8 3TOM crryqae COCTOJIHHe CHCTeMhl Ha3b!BaeTCll 

11epaBHOBeCHhlM. 3rreMeHTbl CHCTeMhl, o6rrMa!OIIIHe pa3HbIMH rrapaMeTpaMH, rrpe)lCTaBJIJIIOT 

co6oil: TaKlKe HepaBHOBeCHyIO CHCTeMy. Ecrrn Teno rrpe)lOCTaBHTb CaMOMY ce6e, OHO IIpHXO/lHT 

K ycTaHOBHBIIIHMCJI (paBHOBeCHbIM) rrapaMeTpaM. 
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PaBHOBeCHIJM Ha3hIBaeTC.II Tlll(Oe COCTO.l!Hlle, rrpll KOTOpOM Bee rrapaMeYphl CllCTeMhl 

llMeIOT orrpe.11eneHHOe 3HaqeHlle, coxpaH.IIIO!Ileec.11 rrpll Hell3MeHHhlX BHeIIIHIIX ycJIOBll.!IX CKOJih 

yrO.IIHO .IIOJiro. Ilponecc, COCTO.II!Illlii ll3 HerrpephlBHOii rrocne.11OBaTeJihHOCTll paBHOBeCHhIX 

COCTO.l!Hllii, Ha3hlBaeTC.II paBHOBeCHhIM. Bc.11K1Iii rrponecc rrepexo.11a ll3 O.IIHOro COCTO.l!Hll.11 B 

.11pyroe CB.113aH C HapymeH!IeM paBHOBeCllil CllCTeM. PaBHOBeCHhlM rrponecCOM .IIBJI.lleTC.11 JlllIIIh 

6ecKOHeqHO-Me.11neHHhlii rrponecc. PeaJihHhie rrponecChl rrpll !IX Me.llJleHHOM rrpoTeKaHllll 

IIpll6JimKaIOTC.II K paBHOBeCHhlM rrponeccaM. 

PaBHOBeCHhlii rrponecc MOJKeT 6hlTh rrepeBe.lleH B o6paTHOM HarrpaBJieHllll, IIpllqeM CllCTeMa 

6y.11eT rrpOXO.llllTh qepe3 Te JKe COCTO.l!Hllil, qyo II B rrp.!IMOM rrponecce, HO B o6paTH011 

rrocne.11OBaTeJII.Hocm. 

Ilponecc, rrpll KOTOpOM CllCTeMa IIOCJie p.11.11a ll3MeHeHllll B03BpamaeTC.II B llCXO.IIHOe COCTO.IIHlle, 

Ha3hlBaeTC.II l(llKJIOM. 

1.3 YpaBHeHue COCTOHHHH H/1.eaJILHOro raJa 

CoomomeH!Ie, orrpe.11eJI.1110mee CB.113h MelK.lly napaMeTpaMll KaKoro-n1I60 Tena, 

Ha3hlBaeTC.II· ypaBHeH!IeM COCTO.IIHII.11. PaCCMOYpllM ypaBHeHHe COCTO.l!Hll.11 ll.lleaJihHOro r.na. 

I1.lleaJihHhIM raJOM Ha3hlBaeTC.II r.n, o6JIMaIO!Illlll CJie.llYIOIIlHMll CBOllCTBaMll: 

• B3allMO.llellCTBHe MelK.lly MOJieKyJiaMll OTCyYCTByeT; 

• cyMMapHhlll 061,eM Bcex MoJieKyn MHoro MeHI.IIIe 061,eMa cocy.11a. 

Bee ll.lleaJihHhie ra3hl IIO.llqllH.IIIOTC.11 3aKoHy Allora.11po, B COOTBeTCTBllll C KOTOph!M MOJIII 

Bcex ra3OB 3aHIIMaIOT O.IIHHaKOBhlll 061,eM npH O.llllHaKOBhlX ycJIOBll.lIX. IlpH HOpMaJihHhlX 

ycJIOBll.lIX, ro" ecn Ilpll .llaBJieHllll P" =760 MM pT. CT. H TeMrrepaType TH = 300 K, 061,eM, 

3aH!IMaeMhlll O.IIHllM MOJieM, .IIJI.11 JII06oro ll.lleaJihHOro r.na O./IHH II TOT )Ke II paBeH VH = 22,4 JI. 

Ilpll 3TOM BeJillqllHa PHV.ITu .IIBJI.lleTC.11 KOHCTaHTOll He3aB!ICIIMO OT copTa r.na. '.ha KOHCTaHTa 

Ha3hlBaeTC.II raJOBOii IIOCTO.IIHHOii R, OHa O.llllHaKOBa .IIJI.II Bcex raJOB [1,2] 

PVmol =R=831 .[(JK 
T , MOJ!h. 

yqllThIBM, qyo 061.eM V, 3aH!IMaeMhlii v=mlµ MOJI.IIMII, .IIJI.II MaCChl r.na m II MOJieKyn.11pHoii 

MaCChl µ, paBeH V= V = m/ µ · vmol, rreperrllIIIeM ypasHeHHe .IIJI.11 ra30BO11 IlOCTO.IIHHOll B Bll.lle 

PV =!!!_PVmol =!!!_R. 
T µ T µ 

IlonyqeHHOe ypaBHeH!Ie xapaKTepmyeT COCTO.IIH!Ie H.lleaJihHOro r.na II HOCHT Ha3BaHlle 

ypaBHeHllil MeH.11eneeBa - KnarreiipoHa: 

PV =!!!_RT. 
µ 

6 

11 

Benllq!IHa k, paBHM 

k = ~ = 13810-23 ~ 
NA , K, 

Ha3hlBaeTC.II IlOCTO.IIHHOll lioJihl(MaHa. Ilpll IlOCTO.IIHHOll TeMrreparype T= const II Hell3MeHHOM 

KOJillqecTBe r.na ypaBHeH!Ie MeH.11eneeBa - Knarre11pOHa .11aeT 3aKOH lio11JI.11 - Map1Iorra 

Piv; =P2Vz. 

KpllBM 

P(V)=const/V 

Ha3hlBaeTC.II ll30TepM011. Ilpll IIOCTO.IIHHOM .llaBJieHllll p = const (mo6apa) ypaBHeHlle 

MeH.11eJieeBa-KnarreiipoHa COOTBeTCTBYeT 3aKOHY, 3KCIIepHMeHTaJihHO rronyqeHHOMY re11-

JI10ccaKOM 

v, 
:z; 

V2 
T2, 

a IIpll IIOCTO.!IHHOM 061,eMe V=const (moxopa)- 3aKOHY, OTKphITOMY IIIapneM: 

Hap.11.11y C pacCMOYpeHHhlMll BhlIIIe 

Pi = P2 
:z; T2 

TpeM.11 rrponeccaMll B MoneKyn.11pHO11 4>m1IKe II 

TepMO.IIHHaMHKe qacro BCYpeqaeTC.11 TaK Ha3hlBaeMhlll M1Ia6amqecK1I11 rrponecc. 

A.!1Ha6arnqecK1I11 rrponecc rrpO!ICXO.IIHT B TeIIJIOll3OJIHpoBaHHhIX CllCTeMaX rrpll dQ=O. 

YpaBHeHlle cocTO.IIHllil r.na .IIJI.11 M1Ia6arnqecKoro rrponecca c rroK.naTeJieM Mlla6aThl y llMeeT 

Bll.11 ( CM. Bh!BO.11 B p.n.11ene 2.5) 

_fiv;r = P2V/. 

1. 4 ,Ll;aBJieHlle 11.11eaJILHOro ra1a 

YpaBHeH!Ie MeH.11eneeBa-KnarreiipoHa MOJKeT 6hlTh rrpe.llCTaBJieHO B Bll.lle 

PV = vNAkT = NkT, r.11e v =mlµ - qHcno Mone11; N - qllcno MoneKyn BemecTBa, 

co.11epJKaIIT1IXc.11 B 061,eMe V. BB0.11.11 rrnomocTh MoJieKyn r.na n = NI V , Ha11.11eM .11asneH1Ie r.na 

P=nkT. 

,Ll;aBJieH!Ie r.na oiipe.11eJI.1IeTc.11 ero IIJIOTHOCThIO II TeMrrepaTypoii. Paccq1ITaeM .11aBJieH1Ie 

r.na Ha CTeHKY, C03.llaBaeMoe coy.11ap.1IIOll(llMIIC.II C Hell MOJieKyJiaMH. qHCJIO MOJieKyJI, 

coy.11ap.1IIOIIlHXC.II co CTeHKOii IIJIOIIla.llhlO S 3a BpeM.11 M, paBHO 

N=nvSM 
6 , 
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r.11e v - cpe.!IHJUI CKOpOCTb MOJieKyn, n - HX nJIOTHOCTb, MHOJKITTeJib 1/6 )"IHTbIBaeT, qTO 

JIHIIlb 1/3 OT nOJIHOro 'lliCJia MOJieKyJI nernT no OCH X, CTaJIKHBru!Cb co CTeHKOH. I1pH 3TOM 1/3 
MOJieKyJI B cpe.11HeM J:IBHJKeTCll no OCH y H 1/3 no OCH z, He CTaJIKHBru!Cb co CTeHKOH. I10JIOBHHa 

OT qlfCJia MOJieKyJI, .!\BHJKyntHXCll no OCH X, CTaJIKHBaeTCll co CTeHKOi!, a BTOpru! IIOJIOBHHa 113 

3THX qacrn~, Hao6opoT, ymrraeT OT CTeHKH. HallJ:leM CHJIY J:laBJieHHll, .11elicrnyromyro Ha CTeHKY 

IIJIOIIla.!lbIO S, 

F = 2mv nv SM= .!.mv2nS. 
6 M 3 

Ben11q11Ha 2mv paBHa H3MeHeHHIO cpe.11Hero HMIIYJibCa MOJieKyJI rrpH HX a6COJIIOTHO yrrpyroM 

y.11ape O CTeHKy. YqHTb!Bru!, qTQ J:laBJieHHe CBll3aHO C CHJIOH COOTHOIIleHHeM p = F / S, 

HaXO.!\HM .11aBJieH11e MOJieKyJI ra3a qepe3 HX IIJIOTHOCTb n H cpe.11HeKBMpaT11qHyro CKOpOCTb V 

1.5 BHyrpeHHHH :meprnH CIICTCMbl 

p =.!.mv2n. 
3 

BHyrpeHHJUI 3Heprnl! CHCTeMhl BKJIIOqaeT B ce6l'I KHHeTHqecKyro 3HepmIO MOJieKyJI Ii 

IIOTeH~aJibHyIO 3HeprnIO HX B3aHMOJ:1eliCTBHl'I. Oco6eHHOCTbIO. H.!leaJibHOro ra3a l'IBJil'!eTCll 

OTCYTCTBHe B3aHMOJ:1eiICTBHl'I MelK.!ly MOJieKyJiaMH. MoneKyJibl H.11eaJibHOro ra3a )"laCTBYIOT B 

IIOCTyrraTeJII,HOM J:IBHJKeHHH Ii o6JIMaIOT JIHIIlb KHHernqecKOH 3Hepmeli. Cpe.!\Hlll'I 

KHHeT11qecKrui 3Heprlll'I MOJieKyJihl H.11eaJibHOro ra3a paBHa 

(c"".) = mv
2 /2. 

Tor.11a .!\aBJieHHe H.11eaJibHOro ra3a MOJKeT 6bITb 3aITHCaHO B cne.11yromeM BH.!le 

2 - 2 2 
P = 3n m; = 3n(c"".). 

yqlfTbIBru!, ~o .!\aBJieHHe H.11eaJibHOro ra3a TaKJKe paBHO p = nkT, Hall.!leM cpe.!IHIOIO 3HeprnIO 

nocTyrraTeJibHOrO .!\BHJKeHHl'! MOJieKyJI ra3a 

3 
(c"".)=-kT. 

2 

I1ocKOJibKY Bee Tpll creneHH CB060.!lhl X, y H Z paBH03HaqHI,J, TO cpe.!\HlUI 3Heprnl'I MOJieKyJihl 

npH ee nocTyrraTeJibHOM .!\BHJKeHHH paBHa 

(c"".) = (c,) +(cY) +(c,) = 3(c,) = 3(cY) = 3(c,). 

Cpe.!IHJUI 3Heprlll'I MoneeynhI, npHXOMIIllUI Ha 0.1\HY CTeneHb CB060.!lhl, paBHa 

(c,)=(cy)=(c,)= k;. 
OTCIOJJ;a HaxOJ:IHM cpe.11HeKBa.11parnqnyro CKOpOCTb MOJieKyJI 

8 

'! 
I 
i 

1. 

' 
\1 

I 
I 

I 
,) 

_ 2 3 kT 
V =--. 

2m 

Cpe.11HeKBMpaTH'!Hru! Ben11q11Ha KOMnOHeHTbl CKOpocTH MOJieKyJI, HanpaBJieHHru! no OCH X, 

paBHa 

_ 2 2(c,) kT 
v, =--;;;- = 2m · 

qHCJIOM CTeneHeii CB060.!lhl MexaH11qecKHX CHCTeM Ha3hlBaeTCl'I KOJIHqecTBO He3aBHCHMbIX 

nepeMeHHhlX, c nOMOIIlbIO KOTOphlX onHCbIBaeTCll .11aHHru! CHCTeMa [ 1]. B COOTBeTCTBHH c 

3aKOHOM paBHOpacnpe.11eneHHl'I Ha KalK.!\yIO CTeneHb CB060.!lhl npHXOJ:IHTCl'I 3Heprnll MOJieKyJihl 

kT 
En =2. 

~Jlll 0.1\HOaTOMHb!X MOJieKyn cymecTByIOT Tpll IIOCTyrraTeJibHbIX CTeneHH CB060J:lbl. 

3Hepml'I o.11HoaT0Mnoii MoneKynh1 paBna c = 3kT I 2 . 

~ByxaTOMHble MOJieKyJihl o6JIMaIOT .!IBYMl'I BpamaTeJibHhlMH CTeneHl'!MH CB060.!lbl H OJ:IHOH 

KOJie6aTeJibHOll CTeneHI,IO CB060.!lhl 

n = nnOCT + nBpalll + 2nKOn • 

lh .Kypca MexaHHKII H3BeCTHO, qTo cpe.!IHJUI KIIHeTnqecKru! ::ineprlll'I KOJie6aTeJibHOro .!\BIIJKeHHl'I 

aTOMOB B .!\ByxaTOMHOll MOJieKyne paBna cpe.11Heii noTeH~HaJibHOH ::inepm11 HX 

B3aHMOJ:lelicTBHl'I. YqHTbIBru!, qTQ KaJK.!lru! H3 3THX 3Heprnli paBHa kT/2, .!\Jlll Kone6aTeJibHOll 

CTeneH11 CB060.!lhl nOl!BJil'leTCl'I «paKTop 2 H3-3a np11cyTCTBHl'I noTeH~HaJibHOll H KHHeTnqeCKOll 

3Hepmn. B HTOre, 3Heprnl'I J:IByxaTOMHOll MOJieKyJihl COCTaBJilleT 

c=7kT/2. 

3aMeTIIM, ~o qHCJIO CTeneHeli CB060.!lbl B J:IByxaTOMHOH MOJieKyne 3aBHCHT OT 

TeMnepaTYPhI (pnc.1 ). I1pn HH3KIIX TeMnepazypax KOJie6aTeJibHhle H BpamaTeJibHble CTeneHH 

CB060.!lhl .!\ByxaTOMHOll MOJieKyJihl 3aMopoJKeHbl (BhlKJIIOqeHbI), 11 ee 3Heprnl'I, onpe.11enl'!eMal! 

TOJibKO nocTyrraTeJibHhlMH CTeneHl'!MH CB060JJ;hl, paBHa E = 3kT /2. I1pH nOBbIIIlelIHH 

TeMnepaTYPhl pa3MOpalK11BaIOTCl'I CHaqana J(Be BpamaTeJibHbie CTeneHH CB060J(hl. B pe3yJibTaTe 

qero 3Heprnl'I MOJieKyJihl nOBhllllaeTCl'I J:10 3HaqeHHl'!_ E = SkT /2. I1p11 J(aJibHeiimeM nOBhlllleHHH 

TeMnepazyphl JJ;ByxaTOMHru! CHCTeMa 06na.11aeT II KOJie6aTeJibHOll CTeneHbIO CB060JJ;bl, TaK qTo 

ee 3Heprnl'I CTaHOBHTCl'I E = 7 kT 12. TaKIIM o6pa30M, np11 o6cYJK.!1eHHH 3Heprnn JJ;ByxaTOMHOll 

MOJieKyJihl B nepByro oqepeJJ;b Heo6xoJJ;HMO paccMOTpeTb TeMnepaTypHblll HHTepBaJI II J(Jll'I Hero 

onpeJJ;eJIHTb KOJI11qecTBO He3aMOpoJKeHHhlX CTeneHeii CB060JJ;bl. 
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1f2~T 

5/2,cT 

3f2 ,cT +----r-~ 

T 

Pnc. 1. 3aBHCHMOCTh :meprnn ,!IByxaT0MH0H M0JieKyJihl OT TeMrrepaTyphl nna 

Jle«u_UR 2. TepMoounaMu«a 

2.1 Pa6oTa raJa np11 ero pacm11peu11n 

Pa6oTa ra3a, Hax0,!lllll(erocl! B IIIIJIHH.!lpe c II0.!IBlllKHhIM rroprnHeM, rrp11 pacrr111peH1111 ra3a 

paBHa rrp0113Be,!leHHIO CIIJ!hl ,!laBJieHllll F Ha rrepeMell(eHHe rropIIIHll di 

dA=Fdl. 

Yq11Th1Bllll CBll3h MelK,!ly CIIJ!Oll II ,11aBJieHHeM p = FI s, Hilll,!leM pa6ozy ra3a rrp11 ero 

pacrn11peH1111 Ha 061,eM dV 

dA=PSdl=PdV. 

floJIHllll pa6om ra3a rrpn ero pacrn11peH1111 OT 061,eMa Vi ,110 061,eMa Vi paBHa rrnoma,1111 

II0,!1 KpHBOll 3aBHCHM0CTH ,!laBJieHHl! ra3a OT ero 061,eMa (pnc.2) 

v, 

A12 = f PdV. 
v, 

p 

V1 V2 V 

Pnc. 2. 3aBHCHMOCTb ,!laBJieHHll ra3a OT ero 061,eMa 

ITpn o6paTHOM rrpo11ecce - ClKaTHH HYlKHa BHeIIIHllll CHJia, K0TOpllll C0BeprnaeT Ha,11 CHCTeMOll 

pa6ozy A11= -A12. 
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2.2. llepsoe uaqaJIO TepMO,!IHHaMHKII II KIi)]; TenJIOBOH MamnHLI 

ITepBblll 3aK0H TepM0,!IHHaMHKII YTBeplK,!laeT, '!TO KOJJHqeCTB0 TeIIJia, coo6maeMOe 

CHCTeMe, 3arpaq11BaeTCll Ha rrpnpameHHe BHyrpeHHeii ::meprnn II C0BeprneHHe CHCTeMoii 

pa6oThl Ha,11 BHeIIIHHMH TeJiaM11: 

dQ=dE+PdV. 

.L(pyroe orrpe,11eJieHne rrepBoro Haqana TepM0,!IHHaMnKH: HeB03M0lKeH BeqHhlll ,!IBHraTeJih 

rrepBoro po,11a, KOTOpblll C0Beprnan 6bl pa6oTy B 60JihIIIeM KOJIHqecTBe, qeM II0JiyqaeMlll! HM 

113BHe :rneprnll. 

BcllKHll ,!IBllraTeJih rrpe,11CTaBJ!lleT co6oii CHCTeMy, C0BeprnaiomyJO MH0roKpaTH0 Kpyr0B0ii 

rrpo11ecc (1111KJI). Pa3o6heM 3T0T IIHKJI Ha ,!IBa yqacTKa (p11c.3). 

p 

·~, 

V 

Pnc. 3. 3aBHCHMOCTb ,!laBJieHHll OT 061,eMa ,!IJ!ll llHKJIHqecKoro rrpo11ecca 

Ha rrepB0M yqacTKe rrpo11ecca TeIIJI0 II0,!IB0,!IHTCll K CHCTeMe. ITo,11Be,!leHHOe TeIIJI0 Qi paBH0 

rrpnpameHHJO BHyrpeHHeii 311eprnH LIE H pa6oTe A I, COBeprneHHOll TeJI0M: 

Q1=M+A1. 

Ha BT0p0M yqacTKe TeIIJI0 3a6npaeTCll y Tena, H OHO B03BpamaeTCll B HCX0,!IH0e C0CT0l!HHe, TaK 

qm rrpnpameHHe BHyrpeHHeii 3Heprnn 0IIl!Th paBH0 LIE. OTBe,!leHHOe OT TeJia TeIIJI0 B 3T0M 

cnyqae paBH0 

Q2=M+A2, 

r,11e A2 - pa6om, C0BeprnaeMllll Ha,11 TeJI0M Ha BT0p0M yqacTKe. Pa3HH[la MelK,!ly II0,!IBe,!leHHh!M 

n 0TBe,!leHHhIM TeIIJI0M B xo,11e llHKJia paBH0 CyMMapH0H (coBeprneHHOll B XO.lie [IIIKJia) pa6oTe 

A 

QI -Q2 = Al - A2 = A· 

CyMMapHllll pa6oTa A paBHa IIJI0II(a,!IH, 3aKJIJOqeHH0ll BHYTPH llHKJia, rrpe,!ICTaBJieHH0ro Ha P-V 

,11narpaMMe. 

Ko3cpcpn11neHT II0Jie3H0ro ,11eiiCTBHll (KII,[O TeIIJI0B0ll MaIIIIIHhl 1J orrpe,!leJ!lleTCll KaK 

0TH0IIIeHHe COBeprneHHOll B xo,11e 11HKJ!a pa60Thl K II0,!IBe,!leHH0MY K0JIHqecTBy TeIIJI0Thl 
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A 
T/=-. 

Q. 

KII.D: TeIIJIOBOH MamIIHhl paBeH OTHOmeHIIIO p33Hill.{hl IIO,!J;Be,!{eHHOro II OTBe,!{eHHOro TerrJia K 

IIO,!J;Be,!J;eHHOMy KOJIH'leCTBY TeIIJIOThl 

T/= Q. -Qi. 
Q. 

XoJIO,!{IIJlbH3.ll Mam11Ha HMeeT o6pamhlH l.{IIKJI IIO cpaBHeHIIIO C TeIIJIOBOH MamIIHOH. OHa 

oT611paeT TeIIJIO Qi OT XOJIO,!J;HOro TeJia C TeMrreparypoii T2 II OT,!J;aeT TeIIJIO QI Telly C 6oJiee 

BhlCOKOH TeMrreparypoii Ti. KoJ<t><l>11u11eHT IIOJie3HOro ,!{eHCTBIIJI XOJIO,!{IIJlbHOH MaillIIHhl paBeH 

Qi Qi 
,.,, =A= Q. -Qi , 

r,l{e A - pa6oTa, 3aTpa'leHH3.ll Ha rrp11Be,!J;eH11e B ,!{eHCTBile XOJIO,!J;IIJibHOH MamIIHbl. 

2.3. BTopoe Ha'laJIO repMO,!J;HHaMHim, l.{IIKJI KapHO 

KJiay311yc c<t>opMyJI11pOBaJI BTOpoe Ha'laJIO TepMO,!J;IIHaMIIKII CJie)];yroll.{IIM o6p330M: 

HeB03MOlKHhl TaKHe rrpouecchl, e,!{IIHCTBeHHhlM KOHe'IHhlM pe3yJibTaTOM KOTOphlx 6hlJI 6bI 

rrepexo,!J; Teirna or TeJia MeHee HarpeToro K TeJIY 6oJiee HarpeToMy. 

J..v!:KJI KapHO COCTOIIT 113 ,!J;Byx 1130TepM II .LIByx IU{Ila6aT (p11c.4). Ero oco6eHHOCTb 

3aKJIIOqaeTCJI B TOM, 'ITO OH 06m1,11aeT rrpe,!J;eJibHhlM KII.D: ,!{Jlll TeIIJIOBhlX MamIIH. 

p 

l T1 

~3 

V 

P11c. 4. 3aBIICIIMOCTb ,!J;aBJieHIIJI OT 061,eMa )];Jlll l.{IIKJia KapHO 

.ll:Jlll 1130TepMI1'1eCKOro rrpouecca rrp11 rrepexo,!{e 113 TO'IKII J B TO'IKY 2 BhlIIOJIHJleTCJI ycJIOBile 

P 1 V1=PiVi, 

a rrp11pameH11e TeIIJia paBHO pa6oTe IIOCKOJibKY HeT 113MeHeHIIJI BHYTPeHHeii JHeprn11 r33a rrp11 

T= const 

m dV 
dQ1 =PdV=-RT;-. 

µ V 

Ha YlJaCTKe J-2 IIO,!J;Be,!{eHHOe TeIIJIO Qi paBHO 
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m Vi 
Q, =-RT;ln-. 

µ v. 
AHaJIOrH'IHO IIOlIYlJIIM OTBe,!J;eHHOe TeIIJIO Ha YlJaCTKe 3-4 )];Jlll 1130TepMhl C TeMrreparypoii T2 

m V4 Q3 =-RTiln-. 
µ Vi 

A,!J;11a6aT11qeCKIIM rrpoueccoM B TepMO,!{IIHaMIIKe H33hlBaIOT rrpouecc, rrp11 KOTOpOM OTCYTCTByeT 

IIO,!{BO,!J; IIJIII OTBO,!J; TeIIJia, TO eCTb Q2=Q4=0. YpaBHeHIIe COCTOJ!Hllll a,!{IIa6aThl C IIOK33aTeJieM y 

IIMeeT BIi)]; [ 1] (p33,!J;ell 1.3) 

PiV/ = P3V/; PiV/ = P4V/. 

YqIITbIB3.ll COOTHOilleHIIJI ,!J;Jlll 1130TepM 

Vi Pi 
Pi Vi= P4V4, -=­

Vi Pi 

HaH,!J;eM COOTHOilleHllll MelK)];y 061,eMaMII Vi /VJ II VilV2 

Vi _ Pi (Vi )r _ Pi (Vi )r V3 _ V/ V/ V3 => V/-
1 

_ i'ir-• => V4 _ Vi . 
Vi P3 V3 P4 V4 V4 Vir V/ V4 V/-' V/-1 V3 Vi 

Ko:i<1>4>111111eHT IIOJle3HOro ,!{eHCTBIIJI ,!{Jlll l.{IIKJia KapHO paBeH 

T/ = Q. - Qi = T; -Ti = 1- Ti . 
Q. r; r; 

2.4. TennoeMKOCTb u,a:eaJibHOro ra1a 

TerrnoeMKOCTb!O KaKoro-m160 Tena H33hlBaeTCll BeJIIl'IIIHa, paBH3.ll KOJIII'leCTBY Terrna, 

KOTOpoe HYJKHO coo6m11Tb Telly, 'IT06hl IIOBhlCIITb ero TeMrreparypy Ha O,!{IIH rplUlyC !IO illKaJie 

KellbBIIHa: 

C=dQ_ 
dT 

TerrnoeMKOCTb 3aBIICIIT OT rrpo11ecca, IIOCKOJlbKY orrpe)];eJllleTCJI BeJIII'IIIHOH IIO,!J;Be,lleHHOro 

Terrna, p33llll'IHoro )];Jill p33HbIX rrpoueccoB, 

dQ=dE+PdV. 

B IITOre TeIIJIOeMKOCTb paBHa 

C=dE+PdV_ 
dT dT 

.ll:Jlll 113oxop11qecKoro rrpouecca np11 V = const TeIIJioeMKOCTb orrpe,11eJIJ1eTcJ1 cooTHomeH11eM 

C.=I!!!..R. 
2µ 

.ll:Jlll 11306ap11'1ecKoro rrpouecca rrp11 P = const TerrnoeMKOCTb paBHa 
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CP=C,+P(dV) 
dT ' 

p 

m 
CP =C,+-R. 

µ 

Ilo.11cTaBJil!JI 3Haqem1e TCIIJIOCMKOCTH rrpn IIOCTO.IIHHOM 061,eMe C., IIOJiyqaeM BeJinqnHy 

TCIIJIOCMKOCTll rrpn IIOCTO.IIHHOM ,!laBJICHllll 

C =~!!!..R. 
p 2µ 

,lvill ll30TepMllqecKOro rrponecca rrpn T = const TCIIJIOCMKOCTb CTPCMllTC.11 K 6ecKOHeqHOCTll 

dQ 
Cr =- ➔ co. 

dT 

.[(JI.11 3,[(lla6aTllqecKoro rrponecca rrpnpai:neHne TCIIJia paBHO HYJIID dQ = 0, n TCIIJIOCMKOCTb ,!Ill.II 

Hero TaIOKe paBHa HYJIID 

C0 =0. 

2.5. YpaBHCHHe MHa6arLI H,!leaJII>HOro ra1a 

A.zina6aTnqecKnii nponecc - rrponecc, npoTeKarorn;nii 6e3 TeIIJioo6MeHa c BHenrneii cpe.11oii 

[1-2]. Ilpnparn;eHlle TCIIJia B 3,[(Ha6aTnqecKOM nponecce TOJK,!ICCTBCHHO paBHO HYJIID 

m 
dQ=-C,dT+PdV=O. 

µ 

Ilo.11cTaBJil!JI ,!laBJICHHC H3 qiopMyJihl MeH,!leJieeBa - KrraneiipoHa, IIPHXO,!IHM K COOTHOIIICHHID 

RT 
C,dT+-dV=O. 

V 

BBC,!ICM napaMeTP y, TaK Ha3bIBaeMbIH IlOKa3aTeJib 3,[(Ha6aTbI, KaK OTHOIIICHHe TCIIJIOCMKOCTeii 

npu IIOCTO.IIHHOM ,!laBJICHHH H npu IIOCTO.IIHHOM 061,eMe 

cp 
r=-, 

C, 

PeIIIa.11 ,!lllq>q>epeHllllaJibHOe ypaBHCHHC 

IIO~aeM 

R 
r-1=­c, 

dT +_!!__dV =O 
T C, V ' 

rvr-l = COIISt. 

IlO,!ICTaBHB TeMnepaTypy H3 ypaBHCHH.11 COCTO.l!Hll.11 H,!ICaJibHOro ra3a 

PV =!!!..RT, 
µ 

nepenHIIICM ypaBHCHHC 3,[(Ha6aTbI B q>opMe, rrpHBC,!ICHHOH B pa3,!1CJIC 1.3 

PV'=const. 
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2.6. IlomuporrH'leCKHe npoueccLI 

IlOJillTPOill{qeCKHH nponecc - npouecc, npu KOTOpOM TCIIJIOCMKOCTh CHCTCMbI IIOCTO.IIHHa 

C=const. 

B 3TOM cJiyqae nepaoe HaqaJio TepMO,!IHHaMHKll HMeeT BH,!I 

CdT =dQ=C,dT+PdV. 

3anHIIICM ypaBHCHH.11 COCTO.l!Hll.11 .1IJI.ll O,!IHOro MOJI.11 aemecTBa PV=RT B ,!lllq>q>epeHllllaJibHOH 

qiopMe 

PdV+VdP=RdT. 

I10,11cTaBllM BMecTo dT = (PdV+VdP)/R B ypaBHCHHe nepaoro 3aKOHa TepMO,!IHHaMHKH n 

IIO~llM 

(C-C,\PdV +VdP)= PdV. 
R 

IlocJie npeo6pa30BaHHH npllXO,!IHM K ypaBHeHHID 

(c-c, -R)PdV =-VdP(C-C,). 

IlepeHOC.11 rrepeMeHHbIC C 061,eMOM B JICByID CTOpOHY ,!lllq>q>epeHllllaJibHOro ypaBHCHH.11, a C 

,!laBJICHHCM - B npaayro CTOpoHy, IlOJiyqaeM 

(C-C,-R)dV =-dP 
C-C, V P 

IlocJie HHTCrpHpOBaHll.11 npHXO,!IHM K ypaBHCHHID IIOJIHTPOilbI 

C-C 
__ P lnV +lnP=O, 
C-C, 

KOTOpoe MOlKeT 6hlTb nepenncaHO a BH,!IC 

PV"= const, 

c-c 
r,11e n= ___ P - noKa3aTCJib noJIHTPOIIHqecKoro nponecca. 

C-C, 

Jle«.l(UR 3. OcnoBbl cmamucmu«.u, pacnpeoeRenue Ma«.cae.rma - Hollbl(.MaHa 

3.1. BepoHTHOCTb 

PaccMOTpHM CHCTCMY, KOTOpa.11 HMCeT ,!IHCKpeTHbie 3HaqeHH.ll HCKOTOporo napaMeTPa X 

X1,X2····Xk ••• X N. 

3HaqeHHe Xt noJiyqeHO B N1 H3MepeHH.IIX, pe3yJibTaT X2 no~eH B N2 H3MepeHll.llX ll 3HaqeHHe 

XJ no~eHO B N3 H3MepeHH.IIX. IlOJIHOe KoJIHqeCTBO H3MepeHllH paBHO 

"f.N,=N, 
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a OTHOCHTCJII,Hall qacTOTa H3MepeHUH N, / N. BepO.llTHOCTI, IIO.llBJICHH.ll pe3yJihTaTa X; paBHa 

I
. N P=1m--1.... 

' N➔oo N 

CyMMa BCCX Bepo.llTHOCTCH Bcer.11a paBHa C,!IHHHllC 

Ii:=r:=1. 

BepO.llTHOCTb IIOJiyqHTh pe3yJII,TaT Xk HJIU x, paBHa CyMMC BepO.llTHOCTeil: 3THX co6hITHH [5] 

P=P,+Pk. 

BepO.llTHOCTI, O,!IHOBpeMCHHOro IIO.llBJICHH.ll CTaTHCTH'lCCKII He3aBUCHMhlX co6bITHH paBHa 

IIpOH3Be,!ICHHIO BCpO.llTHOCTCH 3THX co6hlmil: [5]. 

P=P;·Pt-

3.2. CpeAHee JHaqeuue 

Cpe,!IHHM 3Ha'ICHHCM .!IJl.ll N co6hlTHil: Ha3hlBaCTC.ll BeJIU'lHHa [5], paBHall 

INx" 
(x)=~= L,P,x,. 

<l>YHKllH.ll pacnpe,!ICJICHH.ll Bepo.llTHOCTH xapaKTCpH3yeT orn6arorrryro KpHByro rHCTOrpaMMhl 

BCpO.llTHOCTH npu Ill: ➔ 0 

f=dP_ 
d:x 

IlOCKOJibKY cyMMa !lcex BCpO.llTHOCTeil: Bcer.11a paBHa e,!IHHHlle 

LP,= LN, =l, 
N 

TO nonyqaeM ycJIOBHC HOpMHpOBKII .!IJI.ll ¢YHKllHH pacnpe.11eJieHH.ll 

LdPr = JJ(x)dx = 1. 

):(JI.ll 60JibIIIOro 'lHCJia co6hlTHH cyMMHpOBaHUe 3aMeHUM HHTerpnpoBaHneM, H ycJIOBUe 

HOpMnpOBKll .!IJl.ll ¢YHKllHH pacnpe.11eneHH.116y.11eT HMeTI, BH.!I [5] 

JJ(x)d:x = 1. 

TaIOKe npn onpe.11eneHHH cpe,!IHeil: BeJIH'lllHhl (x) .!IJI.ll 6on1,moro qncna co6hlTnil: 

cyMMllpOBaHne IIO 'IHCJIY c06hlTHH 3aMeHUM llHTerpnpOBaHllCM [5] 

(x) = JxdPr = Jxf(x)d:x. 

Ilo aHaJiornn onpe.11ennM cpe.11Hee 3Ha'leHne KBa.!lparn BeJIH'lHHhI (x2
) , a TaIOKe cpe.11Hee 

3Ha'lCHUe HeKOTOpoil: ¢YHKIIllll cp .!IJl.ll aHCaM6JI.ll qacmll C ¢YHKllHCH pacnpe,neJieHH.11/[5] : 

(x2) = Jx2 f(x)d:x, 
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t 
~ 
~ 

~ 

(qi(x)) = Jqi(x}IPr = Jef(x)dx. 

3.3. «l>yHKIIHH pacupe,!leJICHHH MaKCBeJIJia 

<l>yHKllH.ll pacnpe,neJieHH.ll MaKCBeJIJia xapaKTepH3yeT pacnpe,neJieHHe qaCTHII B 

TPeXMepHOM IIpOCTpaHCTBe CKOpOCTeil: Vr, Vy n v, [1,2]: 

dN,,.v,,v, = N · f(v)·dvrdvydv,. 

3annmeM <j:Ja30BI,IH 061,eM B ,neKapTOBOH H c<j:JepnqeCKOH CHCTeMax KOOp,nHHaT 

dV=dvx dvydv,= v2dvsin 2 0 d0dqi. 

<l>a3OBI,IH 061,eM .!IJI.ll aKCllaJII,HO-CHMMeTPH'lHOro cnyqrui nMeeT BH.!I dV = 4w2 dv. 

BepO.llTHOCTb HaxoJK,neHH.ll qacmrrhl, HMerorrreil: MO,!lyJII, CKOpocm V B llHTCpBane dv, paBHa 

dP, = f(v)4w 2dv. 

<l>yHKIIH.ll pacnpe,neJieHll.ll paBHa npOH3Be,neHHIO OT TpCX He3aBHCllMbIX <j:JyHKIIHH IIO pa3HbIM 

nepeMeHHhlM 

/(v) = qi(v,)•qi(vy)·qi(v,). 

B3.11B Jiorapn<j:JM OT o6enx qacTeil: 3TOro paBeHCTBa, ITOJIY'!llM 

lnf(v) = Jnqi(v ,)+ Jnqi(v Y )+ lnqi(v,). 

Ilpo,nn<Ji<j:JepeHIIHpyeM IIOJiyqeHHOC COOTHOmeHne no V X : 

J'(v) av qi'(v,) 
J(v) av, = qi(v,)" 

IlOCKOJII,KY V = ✓v; + V: + V; , qaCTHall IIpOH3BO,QHall OT V IIO V x paBHa 

av vr v, 
av, ,Jv2+v2+v2 =-; 

r y z 

Ilo.ncTaBHB 3TO 3Ha'leHne IIpOH3BO,QHOH H nepeHeC.ll 3aTeM V x H3 'lllCJIHTeJI.ll JieBOH qaCTll B 

3HaMeHaTeJII, npaBOH, IlpH.!leM K paBeHCTBY 

J'(v) 1 _ qi'(v,) 1 

J(v);- qi(v)-;,-

IlpaBall qaCTb 3Toro paBeHCTBa, a 3Ha'IUT ll JieBa.ll qaCTb, He 3aBUCllT OT rrepeMeHHhlX Vy II v,. 

Cne,noBaTeJII,HO, OHa He MOlKeT 3aBHCeTI, ll OT V x ( V x, Vy, v,) BXO.!I.IIT B J(v) CHMMeTPH'lHO. 

TaKHM o6pa30M, Kall(,QOe ll3 BhlpalKCHIIH, CTO.llIIIllX CJICBa ll cnpaBa, paBHO HCKOTOpoil: 

KOHCTaHTC a : 
r-: -- --- ., i UO'r,e;_i;:-meHH1rn !IHCTHTJ'I' 

!s:,I1epmrx 11q9ne,JJ,0Bam11r I }3I1BTTHOTEI{A 



q;,'(v.) 1 
q;,(v ) ;-=-a. 

X X 

HHTerpnpoBaHlle ,11aeT, q_T0 

avz 
lnq;,(v.}=--;-;f-+lnA, 

r,11e A - K0HCTaHTa. KoHCTaHzy a HaX0.[(llM ll3 C00TH0llieHllll ,!IJIH cpe.z:i;HeKBa,!lpaTllqHoil: 

cKopoCTll MorreKyrr raJa (v,2) = kT I m=a·1
• B pe3yrr1,rnTe II0Jl)"IaeM 0.[(H0MepHyJO 

3KCII0HeH11lla.JihHyJO 'PYHKI.\IIIO pacrrpe,11erreHllll M0JieKyJI B rrp0CTPaHCTBe CKopocTeil: v,: 

_mv.,2 

q;,(v,) = Ae Zkr • 

KoHCTaHTY A Hax0,!lllM II3 ycrr0Bllll H0pMllp0BKII 'PYHKI.\IIll pacrrpe,11erreHIIll 

co mv z 

A vz; dv, =l. 

IlponHTerpnpoBaB <pYHKl.\ll!O <p, Haxo,11nM K0HCTaHTY A 

A=(~)½ 
27rkT 

B pe3yJihTaTe, 'PYHKl.\llll pacrrpe,11erreHIIH MaKCBerrrra ,!IJIH 0,!IH0MepHoro CJIY'IaH llMeeT Bll,11 

( )
½ mv; 

q;,(v,) = 2;T e - ur. 

TpexMepHaH 'PYHKl.lllll pacrrpe.z:i;erreHHll MaKcBerrrra paBHa 

m mv, mvY mv, ½ 
[ 

z 2 ZJ 
f =q;,(v,)•q;,(vJq;,(v,)=(2,rkT) -exp- 2kT + 2kT + 2kT . 

Cpe,11Hee 3HaqeHlle CK0p0CTll ,!IJIH TPeXMepHoil: 'PYHKl.\llll pacrrpe,11erreHllll paBH0 

( )
½~ mv 2 

(v) = fvf(v)d 3v = 4n ~ f v3e- zkr -dv. 
27rkT 0 

IlpollHTerpnpOBaB !IO BCeMy rrp0CTPaHCTBY CKopocTeil:, rrorryqaeM 

(v)= ✓S: · 
B 1920 r. lllTepH 3KCIIepnMeHTaJil,H0 II0Ka3a.JI, ~o pacrrpe,11erreHne M0JieKyrr B ra3e !IO 

CK0p0CTHM rro,11qllHl!eTCll pacrrpe.11erreHlllO MaKCBerrrra [ 1]. B ero 0III,JTax rrpll Bpall.\eHllll 

BHemHero 1\llllllH,!lpa MOJieKyrru rrepeMell.\aJOTCll B a3llMYTa.JihH0M HarrpaBJieHllll Ha pacCT0l!Hlle 

f..s = wRlit , r,11e lit - BpeMl! rrporreTa M0JieKyrr OT llCTQqHHKa ,110 3KpaHa, paCII0JI0lKeHH0ro Ha 

BHemHeM D;llllllH,!lpe. OHO orrpe,11eJIHeTCll cKopocThJO qacmu; lit = RI v . lllTepH 
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3KCrrepnMeHTa.JihH0 rro,11TBep,11nrr pacrrpe,11erreHne MaKcBeJIJia, ll3MepnB pacrrpe.z:i;erreHne MorreKyrr 

B JaBllCllM0CTll OT llX a3llMYTaJlhHOH K00p,11HHaThI II BUpa3llB CK0p0CTI, qepe3 3TY K0Op,!IHHazy 

v=w 2Rlru. 

,\ 

Pnc. 5. CxeMa ::JKcrrepnMeHTa lllTepHa 

3. 4. Pacnpe,!ICJICHHC liOJib~MaHa 

)];aBJieHHe raJa rrpH ll3MeHeHHil BI,JC0TI,J Ha dh ll3MeHl!eTCll Ha BeJIHqHHY 

dP=-pgdh. 

Bupa3llM IIJI0TH0CTh ra3a qepe3 ero ,11aBJieHHe 

n rro,11cTaBHM B cpopMyrry dP = - pgdh 

m Pµ 
p=-=-

v RT 

dP=-Pµgdh_ 
RT 

PemHB ,!lll<p<pepeHD;IIa.JII,H0e ypaBHeHne, Hax0,!IIIM 3KCII0HeHD;IlaJlhHyJO 3aBilCilMOCTI, ,11aBJieHIIll 

raJa OT Bl,IC0TI,J 

_µgh 

p = Poe RT. 

Yqn:ThIBaH, ~o M0JieKyJIHPHaH Macca paBHa µ=mN A, a R II k (rrocTOl!HHaH Eon1,u;MaHa) 

CBl!3aHI,J C00TH0llieHlleM R =kNA, 3aBilCilM0CTh ,!laBJieHIIll OT Bh!C0TI,I rrepeIIIIllieM CJie,!lyJOil.\eil: 

cpopMyrroil: [1,2] 
mgh 

P =Poe-Tr, 

K0T0paH H0CIIT Ha3BaHIIe 6apoMeTPn:qecKoil: <pOPMYJII,J. 

IlocKOJihKY ,!laBJieHile raJa orrpe,11eJIHeTCll ero IIJI0TH0CTI,IO Il TeMrrepaTYPOH 

P=nkT, 

TO pacrrpe.z:i;eneHn:e rrrrornocTII raJa B rrorre TIDKecm 11MeeT BII,11 
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mgh 

n=n
0
e -tr 

yqlIThIBall, qyo IIOTeH!lllaJihHall :meprllil MOJieKyJI B IIOJie T.Sl)!(eeTII paima& p = mgh, IIOJiyqaeM 

ofi!llllll Bil.II paenpe.neJieHIIJI EoJih!lMaHa .!IJIJI mo6oro IIOTeHI~IIaJlhHOro IIOJIJI e IIOTeH!lllaJlhHOH 

:meprneii MoJieKyJihl Ep(x,y,z) [1,2] 

e,.(.r,y,z) 

dN = n
0
e --kT-dx. 

3.5. Pacnpe.neJieHue MaKCBeJIJia - liOJih!lMaua 

IlepeMHO)!(all BepOl!THOeTH Hax0)!(.1{eHIIJI qaeTH!lhl B .llaHHOH TOqKe rneeTIIMepHoro 

¢a30B0f0 npocrpaHeTBa eKopoeTeii II KOOp.1{1IHaT, IIp1IX0.1{HM K paenpe.neJieHIIIO MaKeBeJIJia­

EOJihllMaHa [1,2] 

&P+mv
2 /2 

dN = n
0
e __ k_T_dv,dvydv,dxdydz. 

Jie«u.u11 4. Mu«po- u Ma«pococmo1111u11, pacnpeoe.ne11ue I'u66ca, 

cmamucmu'lec«aa cy.MMa 

4. 1. Pacnpe.neJieuue ru66ca 

.D:aBJieHIIe p H TeMnepaYypa T xapai<Tep1I3YIOT yepe.nHeHHhle napaMeTphl en:eTeMI,J HJIH TaK 

Ha3hlBaeMhle Mai<poxapaicrep1IeT1IKH. CKopoeTh OT.1{eJihHOii MOJieKyJihl V; H ee 3Heprnll E; 

JIBJIJIIOTeJI nplIMepoM MIIKpoxapai<Tepn:eTIIK. lfaeJio pa3JIIIqHI,JX MIIKpoeoeTOJIHIIH, 

eOOTBeTeTBY!OllllIX .naHHOMY MaKpoeoeTOJIHIIIO, Ha3hlBaeTeJI eTaT1IeTHqeeK1IM BeeoM. Bee 

MHKpoeoeTOJIHHJI .naHHOii elleTeMhl paBHOBepollTHhl. 

BoeIIOJih3yeMeJI rneeTHMepHhIM ¢a30Bh!M npoeYpaHeTBOM .1{JIJI Ka)!(.1{0H qaeTIIJ'.ll,I IIplI 

Haxo)!(.1{eHIIH eTaTIIeTHqeeKoro Beea. Pa306beM Bee ¢a30BOe npoeTpaHeTBO Ha 

m 3JieMeHTapHhlX JlqeeK. IlyeTh B en:eTeMe HMeeTeJI N qaeTII!l. OxapaKTep1I3yeM HeKOTOpoe 

MaKpo eoeTOJIHIIe eJie.1{y!O!llHM o6pa30M: B nepBoii JlqeiiKe Hax0.1{1ITeJI N, qaeTHll, BO BTOpoii 

JlqeiiKe HaxO.nHTeJI N2 qaeTIIll H T . .1{. Tor.na qn:eJIO MIIKpoeoeTOJIHIIH, OTBeqalO!lllIX 

paeeMaYp1IBaeM0My Mai<po eoeTOJIHHIO (T.e. eTaTIIeT1IqeeK1Iii Bee), paBHO [4,5] 

G= N! 
N1 !N2 !...N.,!' 

r.ne N! - qn:eJIO nepeeTaHOBOK .1{JIJI N qaeTH!l Me)!(.1{y BeeMH JlqeiiKaMII, a MHO)!(HTeJih N,! B 

3HaMeHaTeJie xapaKTep1I3yeT qlleJio nepeeTaHOBOK BffYTPH i -ii JlqeiiKII, KOTOphle 0.1{Hal<O He 

MeHJIIOT Mai<poeoeTOJIHHJI. 
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A;Ill Hax0)!(.1{eHHJI Hall60Jiee BepOl!THOro eoeTOJIHHJI Haii.1{eM yeJIOBIIJI, npn: KOTOphlX 

eTaTHeT1IqeeK1Iii Bee Mai<eHMaJieH. IlpH 3TOM eyMMapHall 3Heprnll MOJieKyJI ra3a £ noeTOJIHHa, 

H q1IeJio MOJieKyJI B ra3e HeH3MeHHO H paBHO N 

I,E,N,=E, I,N, =N, 
i=l i=I 

3.nee1, E, - :.iHeprnll qaeTHllhl B iii JlqeiiKe. Ilpn N >> 1 H3 ¢opMyJihl CTIIPJIIIHra N!"" (NI e Y 

eJie.nyeT, qyo in(N!}., NlnN-N +o(N}. Ilo:.JToMy e yqernM I,N, = N noJiyqaeM 
i=I 

lnG"" [NlnN-N]- I, [N, lnN, -N,]= NlnN- I,N, lnN, = I,N, lnN - I,N, lnN, = 
w . w w w 

m 

= -LN, ln(N, IN} 
i:1 

IlpH Ha1I60Jiee BepOJITHOM eoeTOJIHHH .nn:¢¢epeH!lHaJl eTaTHeTHqeeKoro Beea paBeH HYJIIO 

dG = 0, HJIH 

I,(dN,lnN, +dN,)=O. 
i=I 

Ilpn: yqeTe eoxpaHeHHJI qn:eJia qaeTHJ'.l I, dN, = 0 npe.nhl.!IY!llee ypaBHeHn:e 3ann:IIIeM B BH.ne 
i=I 

I, (dN, lnN;) = 0. 
i=l 

3ai<oH eoxpaHeHHJI :.JHeprnn: I, E,N, = E npn: yqeTe eoxpaHeHHJI qn:eJia qaeTHll n: eoxpaHeHHJI 
j:c} 

3Heprnn: qaeTH!lhl B i-ii JlqeiiKe E1 nepenn:rneM B Bn:.ne 

I,E,dN, =0. 
i=I 

YMHO)!(HM ypaBHeHHe I, dN, = 0 ua HeKomphlii Ko:.i¢¢n:llHeHT a, a ypaBHeHIIe I, E,dN, = O-
w w 

Ha Ko:.i¢¢HlllleHT p II eJIO)!(HM e ypaBHeH1IeM I, (dN, lnN,) = 0 (MeT0.1{ MHO)!(HTeJIJI JiarpaH)!(a) 
i=l 

L[lnN,+a+PE,]-dN, =0. 

IloeKOJihKY B noeJie.nHeM ypaBHeHHH .1{Ba H3BeeTHhlX eBo6o.1{HhlX napaMeTpa, TO .1{Be 

nepeMeHHhle, HanplIMep NI H N 2, 3aBHeHMhl .npyr OT .npyra, a oeTaJihHhle BeJin:qlIHhl N, 

JIBJIJIIOTeJI npOII3BOJihHhIMH. BbI6epeM MHO)!(HTeJIH a Hp TaK, qyofihl o6paTHJIHeh B HYJih 

Ko:.i¢¢n:llHeHThl npn: dN1 II dN2 • Ko:.i¢¢HlllleHThl npn: HHX .!IOJI)!(HhI 06paTHTheJ1 B HYJih: 
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InN, +a+ /JE, = 0 BBimY npOH3BOJI!,HOCTH BeJ!lflIHH N;. Orc10,11a HaxO,llHM 'IHCJIO 'laCTHU N; 

,lllUI MHKpOCOCTOJlHHJl C :meprneii E; 

N; = exp(-a - /JE;). 

O603Ha'IHM /3 = 1 / kT, a = - In A H nepenmneM ypaBHeHne B Bime 

N; =A-ex{-:~)-
Pacrrpe,11erreHne 'IHcrra qacTHU no :meprnn HOCHT Ha3BaHne pacnpe,11erreHHH rn66ca. KoHcTaHTa 

A onpe,11eJUieTCJl H3 ycJIOBHJl H0pMHpOBKH: 

'I,N, = N ⇒ A= N[Iexp(-EJkT)]-i 
l=I ' 

EcJIH nO,llCHCTeMa 06rra,11aeT O,llHHM H TeM )l(e 3Ha'leHHeM :meprnH B pa3HblX COCTOJlHHHX, 

TO fOBOpHT, 0 JlB!'eHHH Bhlp0)l(,lleHHJl. qHCJIO co,CTOJlHHii, 06Jia,llalOII(HX 0,llHHM H TeM )l(e 

3Ha'lem,eM :meprHH, Ha3hlBaeTCJl KpaTHOCThlO BhlpO)l(,lleHHJl. O6o3Ha'IM KpaTHOCTb 

Bhlpo)l(,lleHHH i-ro ypoBHH CHMBOJIOM g,, 3anmneM pacnpe,11erreHHH rn66ca [3-5]: 

N =Ag-exp(-~) 
I I kT , 

KOTOpoe ,11aeT BepOHTHOCTb Toro, 'ITO ,llaHHM nO,llCHCTeMa HMeeT :meprnlO E,. BeJIH'IHHa A -

HOpMnpoBO'IHM nocTOJIHHM, onpe,11eJUieMai:i H3 paBeHCTBa L W, = 1 , r,11e cyMMHpOBaHHe 

npOH3B0,llHTCJl no BCeM B03M0)l(H!,JM COCTOJlHHJlM nO,llCHCTeMhl. 

,llaHHM HOpMHpOBKa cnpaBe,llJIHBa, eCJIH :meprHJl nO,llCHCTeMbl npo6eraeT ,llHCKpeTHhlH 

Ha6op 3Ha'leHHii :meprHH { E,} • Ecrrn :meprni:i n0,llCHCTeMhl H3MeHJleTCJl HenpephlBHO, TO 

q>a30Bbiii 06'1,eM qacTHU paBeH dI' = dpdq , r,11e dp H dq , cooTBeTCTBeHHo, npoH3Be,11eHHH 

,llH4>4>epeHUHaJIOB Bcex HMnyJibC0B H K00p,llHHaT qacrnu, BX0,llJlll(llX B no,llCHCTeMy. 1Incno 

MHKp0COCT0JlHHii B 3T0M 061,eMe paBHO dG = dr 1(2,r!i t , r,11e 3 s - 'IHCJI0 CTeneHeii CB060,111,1 

II0,llCHCTeMbl, s - 'IHCJI0 qaCTHU B no,llCHCTeMe. B 3T0M cnyqae pacnpe,11erreHHe rn66ca HMeeT 

Blm [3-5] 

( 
E) dI' 

dW = A exp - kT (2mi)3' . 

HopMnpoBO'IHM K0HCTaHTa A onpe,11emieTCH H3 ycrroBHH HopMHp0BKH J dW = 1 

A = [ I ex{-! ) (2:;3' r 
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4.2. CTaTHCTU'ICCKaH cyMMa 

BBe,11eM crnrncm'lecKYID CYMMY Z. 3arrnmeM pacrrpe,11eneHne rn66ca B qiopMe [3-5] 

1 J E) W, = Zex11_ - k~ .. 

lfa ycrroBHH HO~MHpOBKH L W, = 1 Haxo,llllM Bhlp3)l(eHne ,llJUI Z : 

Z=IexJ-~J-; 11_ kT 

~ Bhlp0)l(,lleHH0ii CHCTeMhl C KpaTH0CThlO Bhlp0)l(,lleHHH g, CTamCTH'ICCKM CYMMa paBHa 

[3-5] 

Z= Lg;exJ-~), . ; 11_ kT 

r,11e CYMMHpoBaHHe np0B0.!UITCJl no pa3JIH'IH!,JM 3Ha'leHHHM 3Heprnn. 

~ HerrpephlBH0ro cneKTPa 3Heprnn CTaTllCTll'leCKM CYMMa (CTaTHCTH'leCKHii HHrerparr) 

orrpe,11eJIJleTCJl COOTH0IIJeHHeM [3-5]: 

1 ( E) dI' 
dW = zexp - kT (2Jdi)3' ; 

Z = Jex{-! )(2~ 3, • 

4. 3. CpeAUHC BenH'IHUbl 

Cpe,llHHe 3Ha'leHHJl MHKpOCKOIIH'leCKHX napaMeTP0B Hax0,llHTCJl Ha 0CH0Be 

CTaTHCTll'ICCKOll CYMMhl. BBe,llJl o603Ha'leHHJl /3 = 1 / kT, 3arrHmeM cpe,11Hee 3Ha'leHne 3HeprnH 

[4]: 

LE; ex{- ElkT) 

E= ~E,W; = ,Iex{-ElkT) 
I 

IlepennmeM 3TO Bhlp3)l(eHHe B Bime [4] 

Hail:,lleM cpe,llHllll KBa,llpaT 3HeprnH [4] 

E=kT2 olnZ oT . 
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LE; exp(-/JEJ 
i 

Iexp(-/JE;) 

1 az 
Z 0/3 



_ 'f,E,2exp(-/3E,} 2 

E2=~E,2W,= ''f,exp(-JJE;} =½!/3~= 

; 

=-kT
2 

a (- kT
2 

az z)= kT
2 

a (Ez)=(EJ +kT2 aE_ 
Z aT Z aT Z aT 8T 

IlocJie.l{Hee Bb!pIDKeH11e rrpeAC"raBIIM B CJieAyromeii qiopMe [4] 

E2 - £2 = kT2 oE . 
8T 

4.4. CTaT11cr11qecKaH cyMMa ,llJIH pacnpe,lleJieHHH lioJILUMaHa n MaKCBeJIJia 

3armmeM pacrrpeAeJieH11e EOJII,UMaHa qepe3 CTaTHCTH'leCKyro C)'MMY ZB [3-5] 

dN = No exp[- cnom(r)]dv 
ZB kT , 

Z8 = Jexp[-
6";?)}v. 

Ananorn'IHO 3armmeM pacrrpeAeJien11e MaKcBeJIJia qepe3 CTaTIICTH'lecKyro C)'MMY ZM [3-5] 

d . n [ s.,,.(v)]d3 
n, =zexp -~ v, 

M 

ZM = Jexp[-
6
;/) ]dJv = (2:Tr 

~ pacrrpeAeJieHIDI MaKCBeJIJia - EOJII,UMaHa CTaTIICTH'leCKaH C)'MMa paBHa rrp0113Be,l{eHIIIO 

ZM ·ZB [3-5] 

Z= Jexp[ s.,,.(v);/nom(r)}Vd3v=ZMZS 

l1crrOJII,3Y.!I JTII Bb!pIDKeHll.11, JierKO Bhl'IIICJI.!ITh cpe.l{Hlle 3Ha'leHIDI JHeprn11 II HeKOTOpb!X Apyrnx 

BeJill'IIIH AJI.11 OT,l{eJII,HhlX 'laCTHII, Hail:AeM cpe,l{Hee 3Ha'1eH11e IIOTeHIIllaJII,HOH JHeprn11 MOJieKyJI 

ra3a, HaxoMmHXc.11 B O/lHOPO/lHOM IIOJie T.IDKeCTH snom(r) = mgz. 3arrmrreM pacrrpeAeJieH11e 

EOJII,IIMaHa 

dN = No exj - mgz)dz 
Zs P\._ kT 

II HaHAeM AJI.11 Hero CTaTHCTH'leCKyro C)'MMY 

'°s 1 mgz) kT Zs= ex --- dz=-. 
0 kT mg 

Cpe,llHee 3Ha'leHlle IIOTeHIIllaJII,HOH 3Heprn11 MOJieKyJihl paBHO [5] 

24 

Ii 

&nnm = kT2 olnZs = kT. 
8T 

He«l{UR 5. <Pny«myal{uu, :mmponUR, 3HmponUR ui>eanbuozo zaw, c«o6oi>ua11 

3HepzUR 

5. 1. «l>JiyKTYftlIHH 

<l>JiyKTyarrIDIMII Ha3b!BaIOTC.!I CJiyqail:HI,Ie OTKJIOHeHIDI qlll311'1eCKIIX BeJill'IIIH OT IIX cpe,llHIIX 

3Ha'leH11il: [4, 5]. ,[(Jr.11 cJiy'lail:noil: BeJI11q11Hhl f, IIMeromeil: cpe,llHee 3Ha'leH11e J, qJJiyKTyarr11.11 

paBHa !:,.f = f - J . CpeAHee 3Ha'leH11e qlJIYKTYHPYIOmeil: BeJill'IIIHhl scer,lla pasHo HYJIIO 

t:,_]=0. 

BeJill'IIIHa (j' = .J(t:,_Jf Ha3hlBaeTC.!I cpe,llHeKBa,llpaTll'IHblM OTKJIOHeHlleM IIJIII 

/lllCIIepc11eil: CJiyqail:noil: BeJill'IIIHbl !:,_f • BeJill'IIIHa 8r Ha3b!BaeTC.!I OTHOCIITeJII,HOH 

cpe,l{HeKBaApaTll'IHOH /lllCIIepc11eil: [4,5] 

51 = .J(t:,.1)2 
f . 

OTHOCIITeJII,Hru! cpe,llHeKBa,llpaTll'IHaH /lllCIIepc11.11 ,llJI.!I N cJiy'lail:H1,1x co6hlTllii 

rrporroprr11onan1,na [ 4,5] 

" - .J(t:,.JJ _I 
uf- f oc .fij' 

Bo MHornx cJiyqa.11x qJJiyKTyarr1111 x = /:,.f 11MeIOT rayccoso pacrrpe,lleJieH11e sepo.11THOCTeil: [4] 

1 ( x
2 

) dw(x) = r::-,exp -- dx. 
v21r0" 2 20"

2 

5.2. Koppennun11 qacr11u B 061.eMe ra3a 

IlyCTI, ra3 CO,lleplKIIT N MOJieKyJI II 3aHIIMaeT 061,eM V. Bb!,lleJIIIM B HeM 061,eM V. 

Bepo.!!THOCTI, IIOIIaAaHIDI MOJieKyJihl B JTOT 061,eM pasHa p=v/V, TaK 'ITO cpe,llHee 'IIICJIO 

MOJieKyJI B Bbl/leJieHHOM 061,eMe paBHO n = Np . Ilp11 p <<I pacrrpe,lleJieH11e MOJieKyJI 

coorneTcrnyeT pacrrpe,lleJien11ro raycca [4] 

1 [ (n-n)
2

] 
w(n)dn = ~ exp - 2n2 , 
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r.ne n = vN IV= pN - cpe,nHee 'IHCJIO MoneKyn B 061,eMe v. Tor.na cpe.nHeKBa,nparn'IHal! 

.nncrrepc1rn 'IHCJia qacTH!l paBHa [ 4] 

a= ✓(&i)2 = ✓(n-n)2 =,/n. 

5. 3. 3HTpOIIHH 

CrnrncrnqecKnii Bee xapaKTepmyeT 'IllCJIO cuoco6oB, KOTOphlMll MOlKeT 6h!Th 

ocyilleCTBJieHO ,llaHHOe MaKpOCOCTOl!Hlle. 3HTpOilllll mo6oii CHCTeMhl nporrOpJ:lHOHaJihHa 

HarypanhHOMy norapmpMy ee CTaTHCTII'IeCKOro Beca [I] 

S=klnG. 

3HTpOilllll mo6oii CllCTeMhl o6na,naeT .llBYMll OCHOBHhlMll CBOHCTBaMII: 3HTpOIIIIll 

113on11poBaHHoii cncTeMhI npn npoTeKaHHH Heo6parnMoro npo1tecca BO3pacrneT (nepexo.n H3 

MeHee Bepol!THOro COCTOl!Hllll B 6onee BepOllTHOe COCTOllHHe ); 3HTpOilllll CHCTeMhl, 

HaXOMilleiicll B paBHOBeCHOM COCTOl!Hllll, MaKCHMaJihHa. 

3HTpOIIllll ll3OJIHpOBaHHOii CHCTeMhl MOlKeT TOJihKO BO3paCTaTh (3aKOH BO3paCTaHIIll 

3HTpOIlllll 3KBHBaJieHTeH BTOpOMY Ha'IaJIY TepMO,llllHaMHKH) 

dS>O. 

B TepMO,llllHaMHKe ll3MeHeHne 3HTpOilllll CBll3aHO C nepe,naqeii Terrna npn ,llaHHOii 

TeMnepa'iype T 

dS= dQ. 
T 

l13MeHeHHe 3HTpOilllll CBl!3aHO C rrpnp~eHHeM BHyTpeHHeii 3Heprnn dE H c pa6ornii, 

COBepIIIeHHOii CllCTeMoii, 

TdS=PdV+dE. 

Ilp11 a6coJIIOTHOM HyJie BCllKOe TeJIO HaxO,nHTCR B OCHOBHOM COCTOl!Hllll co 

CTaTllCTH'IeCKHM BecoM, CTpeMRillllMCll K G ➔ 1 . 3HTpOIIllll BCllKOro TeJia CTpeMHTCll K HYJIIO 

rrpn CTpeMJieHHH K Hymo TeMrreparyphl (TeopeMa Hepcm). 

s. 4. 3HTpOilHH H,neaJibHOfO raJa 

3HTpOilllll CHCTeMhl nporrop!lllOHaJihHa HaTYPaJihHOMY norapmpMy ee CTaTIICTH'IeCKOro 

Beca s = k In G . CTaTHCTII'IeCKHii Bee MOJieKyJI H,neaJihHOro raJa paBeH rrpomBe,neHHIO llX 

CTaTHCTH'IeCKHX BeCOB B rrpoCTpaHCTBe KOOp,llHHaT ll B npOCTpaHCTBe CKOpOCTeii 

G = G.oopGCK. 

CTaTHCTH'IeCKHii Bee G•oop xapaKTepmyeT KOJIII'IeCTBO paJMeilleHHii MOJieKyJI B 

rrpocTpaHCTBe KOOp,nnHaT, a CTaTHCTH'IeCKllii Bee G •• - 'IllCJIO eOCTOl!Hllll MOJieKyJI B 

rrpOCTpaHCTBe CKOpOCTeii. Pa106heM 061,eM raJa V Har= V/.1V o,nHHaKOBhlX gqeeK C 061,eMOM 

.1V. IlOJIHOe 'IIICJIO MOJieKyJI B raJe paBHO N. 1!Hcno rrepecTaHOBOK MOJieKyJI MelK,ny 

pa3JIII'IHhIMII l!'IeiiKaMH paBHO NI. IlycTh n I - 'IllCJIO MOJieKyJI B rrepBoii l!'IeiiKe, n 2 - 'IHCJIO 

MOJieKyJI BO BTOpoii l!'IeiiKe ll TaK ,nanee. qlICJIO rrepecTaHOBOK B rrepBoii l!'IeiiKe paBHO n I!, HO 

3TII rrepecTaHOBKll O,llllHaKOBhIX MOJieKyJI BHyTpll rrepBoii R'IeiiKH He MeHl!eT MaKpOCOCTOl!Hllll ll 

CTaTIICTII'IeCKOrO Beca. To'IHO TaKlKe n 2 ! - 'IHCJIO rrepecTaHOBOK BO BTOpoii gqeiiKe. 3rn 

rrepecTaHOBKll TaKlKe He IIplIBO,nl!T K ll3MeHeHIIIO MaKpOCOCTOl!Hllll cnc.TeMhl. B pe3yJihTaTe 

'IlleJIO COCTOl!Hllll, llJill CTaTHernqecKHii Bee B rrpocTpaHCTBe KOOp,n11HaT, paBHO [I] 

N! 
GkOOp =----

n1!n2!···n,! 

Y'IHThIBal!, 'ITO ,llJill Bcex 3KBIIBaJieHTHhlX l!'IeeK C 061,eMOM .1V 'IHCJIO rrepecTaHOBOK B rrepBoii 

l!'IeiiKe paaHO 'IHCJIY rrepeCTaHOBOK MOJieKyJI BO BTOpoii l!'IeiiKe II TaK .nanee 

n1!= n2!= ..... n,!= n!, rronyqaeM BhlpalKeHne ,nnll cTarncTn'IecKoro Beca B rrpoeTpaHCTBe 

KOOp,nnHaT 

G = N! 
Koop (n!)' 

BocrroJih3yeMcll q>opMynoii Crnpmrnra rrpn N> > 1 In N!"" N In N - N. Tiponorap11<pMnpoBaB 

CTaTHCTH'IeeKIIll Bee C yqeTOM q>opMyJihl CT11pn11Hra, nonyqaeM 

lnG.
00

P =NlnN-N-r(nlnn-n). 

Y'ITeM, 'ITO rn =VI L'i.V •n = N 

lnG,
00

P =NlnN-Nlnn=Nln(Nln). 

B pe3yJihTaTe rronyqaeM 

lnG.
00

P = Nln(V I ti.V), 

r.ne L'i.V - 061,eM O,llHOii R'IellKll. 

,lvill paerrpe,neneHllll MaKeBeJIJia IIJIOTHOCTh paerrpe.neneHHll no eKopoeTl!M paBHa 

( 
m )½ _m,' 

p=N __ e 2kr 

21rkT 

qneno MOJieKyJI, ,llBlllKYilllIXCll co CKOpOCThlO V B eooTBeTeTBYJOilleii n, -l!'IeiiKe B 

rrpoeTpaHeTBe CKopoeTeii, paBHO n; = p•L'i.v,L'i.v 061,eM n; -ll'IeiiKH B rrpoeTpaHeTBe 

eKOpOCTeii. CTaTHCTH'IeCKllll Bee B rrpoeTpaHCTBe CKOpoeTeii 3arr11rneM B BH,ne 

G - N! 
ck - n1!n2!••·n;! 

~ TT 



qncno l!'IeeK 6eCKOHe'IHO BenHKO B rrpoc-rpaHCTBe CKOpOCTeii, HO 3HaqeHne rrnOTHOCTH rrpn 

6oru,mHX cKopocT.sIX c-rpeMHTca K Hymo n, ➔ 0 . JlorapmpM cTaTncrnqecKoro Beca B 

rrpoc-rpaHCTBe cKopocreii paBeH 

lnGck = lnN!-1:lnn;l 

C yqeToM cpopMynhl CrnpnHHra rronyqaeM 

lnGck =NlnN-N- ~)n,lnn, -n,). 

IlocKonLKY CYMMa Bcex cocTomnii (l!'IeeK) paBHa L n, = N, TO norapncpM crnrncrnqecKoro 

Beca nMeeT BH.A 

lnG,. = NlnN - In, Inn,, 

r,l:le n1 - qncno qacrn~ B l!'IeHKe B cooTBeTcTBnn c pacrrpe,l:leneHneM MaKcBenna 

n
1 

= N(_!!!_)½ _ mv' 

2
7licT e 2kr ,1.v. 

Ilo,l:lcTaBnB n, B rrpe,l:l~ee ypaBHeHne .LIIlX G0., rronyqaeM 

( 
3 ( ) 3 )" I " mv

2 

lnGck = NlnN- lnN +ln(,1.v)+-ln m/27licT --lnT L,n, +-L,n,-'. 
2· 2 kT 2 

YqnThlBaa, qTo 

In,=N, In,mv,2 /2 = 3/2N kT, 

rreperrnmeM In G0• B BH,Ae 

3 m 3 3 
lnGck =-Nln(,1.v)--Nln(-)+-NlnT+-N. 

2 27lic 2 2 

B nTore rrocne rrpeo6pa30BaHna norapncpM crnrncrnqecKoro Beca B rrpoc-rpaHCTBe cKopocTeii 

3arrnmeM B BH,Ae 

3 3 ( m ) lnGck =-N•ln(T)-Nln(,1.v)+-N· 1-ln(-) . 
2 2 27lic 

3H-rpOIIHX paima S=klnGck +klnG.oop· ~ O,l:IHOro Mona O,l:IHOaTOMHoro ra3a c qncnoM 

MoneKyn NA ( kN,. = R ) oHa MolKeT 6hlTL rrpe,l:lcTaBneHa B BH,Ae 

S = RlnV +C)nT+S0 , 

r,l:le C,=3/2R - TerrnoeMKOCTh O,l:IHOro MOHX Bell:leCTBa rrpn IIOCTOXHHOM 061,eMe, So -

HeKOTOpaa KOHCTaHTa, 

S0 = -Rln(,1.V-,1.v)+¾ R[l-ln(z':)l 

CpaBHHM BhlpalKeHne ,l:IIlX 3H'I'pOIIHH, rronyqeHHOe Ha OCHOBe CTaTncrnqecKHX MeTO,l:1OB, C 

BennqnHOH, Hall,l:leHHOH H3 rrepBoro 3aKOHa repMO,l:IHHaMHKH 
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,)' 
\ 

' 

TdS = PdV + C,dT. 

Ilo.LICTaBHB BMecTo P = RT IV , rronyqaeM 

RT 
TdS=-dV +C,dT. 

V 

3HTpOIIHX O,l:IHOro MOHX H,Aealli>HOro ra3a, rronyqeHHaSI Ha OCHOBe rrepBoro 3aKOHa 

TepMO,l:IHHaMHKH,paBHa 

S = C. lnT+RlnV +S0 • 

TaKHM o6pa30M, KaK MHKpOCKOIInqecKIIH 11O,l:IXO,l:I Ha OCHOBe CTarncrnqecKIIX MeTO,l:1OB, 

TaK II MaKpOCKOIIlfq.ecKoe paCCMOTpeHne Ha OCHOBe TepMO,l:IHHaMnqecKHX ypaBHeHIIH 

11O3BOHXIOT orrpe,I:1en11TL OCHOBHhle MaKpOCKOII!lqecKne xapaKTep!ICTIIKII CHCTeM. 

5.5 . l11Meaeaae JHTpounn Tena upn aarpeBe n DJiaBJieHnn 

Hall,l:leM H3MeHeHne 3HTpOIIIIII Tena, o6n3,l:laIOII{ero IIOCTOXHHOH TerrnoeMKOCTI,IO C, rrp11 

ero HarpeBaHnn [1] 

dS= dQ =CdT. 
T T 

3HTporr11a Tena norap11cpMnqecKn pacreT c pocTOM TeMrrepaTYPhl 

S = ClnT+const. 

l13MeHeH11e JHTporr11n rrpn rrnaBneHnn Tena c y,l:lenLHoii Terrnornii rrnaBneHHX qn., paBHO [1] 

M= fdQ =!. ,....f dQ= q .. m. 
T T TB T 

Jle«.f<Ull 6. Cmamucmu'leC«.aR cyMMa u cao6oi>11aR 311epzU11, meopUR 

mewweM«.ocmu. 

6.1. CTaTUCTH'lecKaH cyMMa H CB060,l:IHaH 3HeprnH 

Hall,l:leM CBX3I, MelK,l:ly CTaTHcrnqecKOH CYMMOH n CB060,l:IHOH 3Heprneii. BepOXTHOCTI, 

HaxOlK,l:leHna CIICTeMhl C 33,l:lllHHOH 3Heprneii E, B COOTBeTCTBHH C pacrrpe,l:leneHneM fn66ca 

paBHa [3,5] 

1 ( E) W,=zexp-k~. 

3HTpOIIHX CHCTeMLI orrpe,I:1enaeTCX ee CTaTHCTHqecKHM BeCOM s = k In G . Ben11q11Ha 

cTarncrnqecKoro Beca paBHa {pa3,l:len 5.4) 
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G= N! 
n1!n2!••·n,! 

I1o.ricTaBJIB CTaTIICTlfqecKHH Bee B q>opMyJiy .l(Jlll 3Hrp01IHII, IIOJiyqaeM 

S = klnG = -kNL, i;:, 1n(i;:,} = -kNI,W; lnW;. 

I1eperrmrreM <jiopMyny .l(Jlll 3HrpOIIHH B BH,!1e 

S = -kL,W; lnW, = kL, lnZ +___.!... ; = klnZ +-, m m[ E}v. E 
w w U T 

m 

r.rie E - BHyrpeHHllll 3Heprnll paccMarpHBaeMoro rena, E = L E;W,. Bae.rieM cao60.11H)'Kl 

i=l 

3Heprmo F KaK q>yttKUIIIO CTaTHCTlfqecKoii: cyMMhl [3,4] 

F =-kTlnZ = E-TS. 

BhlpIDKal! CTaTHCTHqecKyJO cyMMy qepe3 CB060.l(H)'Kl 3Heprn!O Z = exp(-F/kT), rreperrHIJieM 

pacrrpe.rieneHHe rH66ca B Blf.!1e 

N (F-E) W, =;=exp~. 

I1onyqeHHal! CBJl3h MelK)J;y CTaTHCTHqecKHMII , II repMO.l(HHaMHqecKHMII 

xapaKTepHCTHKaMH CIICTeMhl llBJllleTCJI OCHOBOH .l(Jlll MHOrHX repMO.l(IIHaMlfqecKHX 

rrpHJIOlKeHHH. B KaqecTBe rrpHMepa IIOJiyqlIM ypaBHeHHe COCTOJIHHJI II.l(eaJihHOro O.l(HOaTOMHOro 

ra3a. I1oJih3YllCh pacrrpe.rieneHIIeM MaKCBeJIJia, Haii:.rieM CTaTIICTIIqecK)'Kl cyMMY ra3a. I1pH 

BhlqlfcJieHIIII CTaTIICTJlqecKoii: cyMMhl He06XO.l(IIMO yqHTh!BaTh TOJlhKO pa3JI1fqHh!e COCTOJIHIIJI 

ra3a. CocTOllllllll, IIOJiyqaJOIJIHeCJI rryreM rrepeCTaHOBKII 0.l(IIHaKOBh!X qacTHU, q>II3JlqecKH 

3KBIIBaJieHTl!hl. ,[{Jlll IICKJI!OqeHHll IIOBTOpll!OIJIIIXCJI CJiarneMh!X HYlKHO pa3.l(eJIHTh IIOJiyqeHH)'Kl 

CTaTHCTlfqecK)'Kl cyMMY Ha qlICJIO B03MOlKHh!X rrepeCTaHOBOK aTOMOB N!. TaKHM o6pa30M, 

HaXO.l(IIM 

1 ( E)d
3
NvdNV N 

Z = N! f exp - kT (2,rli)JN = Z1 , 

N 2 

E= Lmv; . 
;-J 2 

Pa3JIOlKIIB B 3HaMeHaTeJie .l(Jlll BhlpIDKeHIIJI Z N!-= (N/e t B COOTBeTCTBIIII C <jiopMyJioii: 

CTHpJIIIHra (e = 2,71), Haii:.rieM CTaTHCTHqecK)'Kl cyMMY 0.l(HOro aTOMa z, 

z- eV ex-mvd3v_ eV ~ ( 
2) ( _,_ )3/2 

1 
- (27Zli) 3 N f p 2kT - (27Zli) 3 N m ' 

3Hal! CTaTIICTIIqecK)'Kl cyMMY, paccqlfTaeM CB060.l(H)'Kl 3Heprn!O 
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r.rie 

F = -kTlnZ =-NkTlnZ =-.!_NkTln(AV2T 3
} 

2 

A=(; )
2

(2~1i 2 r 
Haii:.rieM .l(aBJieHHe ra3a, aocrroJih30BaBIJIIICh coomoIJieHHeM dF = -PdV - SdT [4] 

P={::1 

NkT 
V 

B pe3yJihTaTe IIOJiyqaeM ypaBHeH1Ie COCTOJIHIIJI H,!1eaJihHOro ra3a. 

6.2. TemIOeMKOCTL KpHCTa.JIJIOB 

PacrroJIOlKeHIIe qaCTHU B y3nax KplICTaJIJilfqecKOH peIJieTKII OTBeqaer MIIHIIMYMY !IX 

B3aHMHOH IIOTeHQIIaJihHOH 3Heprnn. IlplI CMeIJieHIIII qaCTHU II3 IIOJIOlKeHHll paBHOBeCIIJI B 

JII060M HarrpaBJieHIIII IIOJIBJllleTCJI CIIJia, crpeMllIJial!Cll BepHyrh qacTHUY B rrepBOHaqaJihHOe 

IIOJIOlKeHHe, BCJie.l(CTBIIe qero B03HIIKaJOT KOJie6aHIIJI qaCTIIUhl. Kone6aHilll B.l(OJ!h 

rrpOII3B0JlhHOro HarrpaBJieHIIJI MOlKHO rrpe.l(CTaBIITh KaK HaJIOlKeH1Ie KOJie6aHHH B.l(OJ!h rpex 

B3a!IMHO rreprreH.l(IIKYJIJIPHhIX HarrpaBJieHHH. l103TOMY KalKJJ;OH qacTHUe B KplICTaJIJie cne.riyer 

rrplIIIIICh!BaTh rp1I KOJie6areJihHh!e CTerreHII CB060.l(hl. 

CJie.l(OBaTeJihHO, Ha KalKJJ;hIH aTOM B pemeTKe rrplIXO.l(IITCJI B cpe.riHeM 3Heprilll, paBHal! 

3kT. 3Heprn!O MOJIJI BeIJieCTBa a KplICTaJIJIIIqecKOM COCTOJIHIIII MOlKHO Haii:TH, YMHOlKIIB 

cpe.l(HIOIO 3Heprn!O 0.l(HOH qacTIIUhl Ha qlfCJIO qacTIIU, IIOMeIJiaIOIJIIIXCJI B Y3Jiax 

KpHCTaJIJIIIqecKOH peIJieTKH. 1Incno qacTHU coarra.n:aer C qlICJIOM ABora,n:po NA TOJihKO B cnyqae 

XIIMIIqecKH rrpOCTh!X BeIJieCTB. ,[{Jlll BHyrpeHHeii: 3HeprnH MOJIJI XIIMlfqecKH rrpOCTh!X aeiuecTB B 

KplICTaJIJIIIqecKOM COCTOJIHIIII MOlKHO HaIIHCaTh BhlpIDKeHHe 

Eµ =3kT-NA =3RT. 

I1p1IpaIJieH1Ie BHyrpeHHeii: 3Heprnii: IIplI IIOBh!IJieHHII TeMrreparyph! Ha 0.l(IIH KeJihBIIH paBHO 

rerrJIOeMKOCTH rrplI IIOCTOJIHHOM 061,eMe. CJie.l(OBaTeJihHO, TeIIJioeMKOCTh rrplI IIOCTOJIHHOM 

061,eMe .l(Jlll KpHCTaJIJIHqecKHX BeIJieCTB paBHa c,=3R. I1oCKOJlhKY ofrl,eM TBep.l(h!X TeJI IIPII 

HarpeBaHIIII MeHlleTCJI MaJIO, !IX TeIIJIOeMKOCTh npH IIOCTOJIHHOM .l(aBJieHHII He3Haq1ITeJihHO 

OTJmqaercll OT TeIIJIOeMKOCTII npH IIOCTOJIHHOM 061,eMe, TaK qro MOlKHO IIOJIOlKIITh c,=cp II 

roBOplITh rrpOCTO O TelIJIOeMKOCTH TBep.l(Oro TeJia. 11TaK, TeIIJIOeMKOCTh MOJIJI XlfMlfqeCKH 

npOCTh!X TeJI B Kp1ICTIIJIJl1l'IeCKOM COCTOJIHIIII O.l(IIHaKOBa II paBHa 3R. 3ro yrneplK.ll;eime 

COCTaBJIJICT CO.l(eplKaHIIe 3aKOHa ,[{JOJIOHra II I1TH, ycraHOBJieHHOro OIIhlmh!M nyreM. 3TOT 

3aKOH xopOIJIO Bh!IIOJIHlleTCll rrplI Bh!COKIIX TeMrreparypax T ~ 300 K. 
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6.3. TeopHH TCllJIOCMKOCTH B MO.l(eJIH 3iimnreiiua 

,[(IDI o~uoro MOIDI semecrna ua KaJK.!IYIO creneHb CB060~hl MOJieKyJihl npHXO~lfTCH 

TennoeMKOCTh, paBHaH R/2 . ,[(mI nna, COCTOHmero H3 ~ByxaTOMHhlX MOJieKyJI, TennoeMKOCTh 

CKJIMbIBaeTCH lf3 nocryrraTeJibHOH, spamaTeJibHOii H KOJie6aTeJibHOii KOMIIOHeHT [ 1] ( CM. 

pa3~eJI 1.5) 

C =-R+-R+ -R+-R =-R. 3 2 (1 1 ) 7 
V 2 2 2 2 2 

'.:ho COOTHOIIIeHHe crrpase~JIHBO rrpH BhICOKHX TeMrreparypax (CM. pa3~eJI 1.5). I1pH IIOHHJKeHHlf 

TeMrreparyphl ~o T "" 103 + 104 K «3aMOpaJKHBaIOTCH» KOJie6aTeJibHbie, a 3aTeM rrpH 

TeMrreparype T "" 102 K H BpamaTeJihHhle CTerreuH CB060~hl. I1pH 6onee Hlf3KlfX TeMrreparypax 

MOJieKyna o6JIMaeT TOJ!hKO rrocryrraTeJibHbIMlf CTeIIeHHMlf CB060~hl. ,[(syxaTOMHYID MOJieKyJiy 

MOJKHO paccMaTpHBaTb KaK O~HOMepHbIH rapMOHH'IeCKHii OCUHJIIDITOp. Cornacuo KBaHTOBOii 

MeXaHIIKe :meprnH rapMOH!fqecKoro OCUHJIIDITOpa C qacTOTOH {i} MOJKeT rrpIIHIIMaTb TOJ!hKO 

~IICKpeTHhlii ua6op :meprnii [3] 

&n =(n+½}m, n=0, 1,2, ... 

B COOTBeTCTBIIH c pacrrpe~eJieHIIeM fII66ca BepOHTHOCTh Toro, qTO MOJieKyna o6JIMaeT 

:meprneii &", pasua (Mo~eJih 3iiHIIITeiiua) [3] 

wn =½ex{-=~ J 
Ha~eM CTaTHCTIIqecKy!O cyMMY z 

~ ( 1 ) ~ Z = ~exp(-pc.)= exp --;/lhm ~exp(-n,Bhm) 
exp(-,Bhm/2) 

1- exp(- ,Bhm )' 

r~e BeJIIIqHHa p = I/ kT . 3uaH BCJI!fqIIHY z, paccqHTaeM cpe~HIOIO :meprn!O MorreeyJihl 

c = i:Cn wn = - alnZ = _}l_{_.!. ,Bhm -in(l-e-fl'"" )l = .!.hm • cth(!!!!!__). 
n-o ap ap 2 J 2 2kT 

3ueprnH o~uoro MOJIH paBHa E = NA c, a MOIDipHaH TerrnoeMKOCTh COCTaBIDieT [3] 

C = aE = R !!!!!__ I 
( ) ( )

2 

V aT V 2kT sh2 (nm/2kT). 

B rnep~OM TeJie KalK,!lhlii aTOM MOJKCT paccMaTpHBaTbCH KaK rpexMepHbIH OCUlfJIIDITOp, 

06JIMaIOII1lfH TpeMH KOJie6aTeJibHhIMH CTerreHHMII CB060~hl. I10JTOMY, yTpOIIB rrorryqeHHh!H 

pe3yJihTaT, ua~eM BhlpaJKeHHe ~ TeIIJIOeMKOCTH TBep~oro Tena: 

( 
hm)

2 

1 
Cy =3R 2kT sh2(hm/2kT)' 
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I1pH BhICOKIIX TeMrreparypax kT >> hm TeIIJIOeMKOCTh CTpeMIITCH K IIOCTOHHHOMY 

rrpe~eny, paBHOMY Cy =3R, qTo cornacyeTCH C 3aKOHOM ,[(!Onoura - I1Tlf. I1pII Hlf3KIIX 

TeMrreparypax oua JKCIIOHeHUIIaJihHO CTpeMHTCH K HYJIIO 

c = 3R(.!!!!!__)
2 

exp(- hm)· 
v 2kT kT 

3KCIIOHeHUIIaJihHOe CHHJKeHHe TeIIJIOeMKOCTII rrpII HII3KHX TeMrrepaTypax CBH3auo C 

~lfCKpCTHOCTh!O JHeprernqecKIIX yposueii OCUilJIIDITOpa. B JTOM cnyqae TeIIJIOBaH JHepnrn 

MOJieKyrr Marra no cpaBHeHHIO C paCCTOHHlfCM Me~y JHepreTIIqecKHMII ypOBHHMII kT>>hm. 

H JIIIIIIh ue3uaqIITCJihHaH qacTh MorreKyn, nporropuIIoHaJihHaH w"" exp(-hml kT), BoBrreqeua 

B KOJie6aTeJibHOe ~BHJKeHIIe. B o6rraCTlf Hlf3KHX TeMIIeparyp TeopeTHqecKaH MO~eJib 

3iiHIIITeiiua IIMeeT JIIIIIlh Kaqecrneuuoe cornacIIe C JKCIIepIIMCHTaJihHhIMII pe3yJih TaTaMlf. 

Eonee KOppeKTHOH HBIDICTCH MO~eJib,, rrpe~JIOJKCHHaH ,[(e6aeM. Cornacuo 3TOH MO~eJIH, rrpH 

HII3KHX TeMIIeparypax TCIIJIOeMKOCTh II3MCHHCTCH 110 3aKOHY Cy = aT3
• I1pII BhICOKlfX 

TeMrreparypax, KOr~a kT >> hm, KBaHTOBble J<p<peKThl He npOHBIDIIOTCH II ClfCTCMa Be~eT ce6x 

B COOTBCTCTB!flf C KJiaCCHqecKIIMII 3aKOHaMII. 

no Mepe pOCTa TCMrreparypbI KpOMe KOJie6aTeJihHhIX CTerreueii CB060~hl B036~a!OTCH II 

BpamaTCJlhHhle. Cornacuo KBaHTOBOii MCXaHHKe JIIIHCHHaH MOJieKyna HMCCT cepII!O 

BpamaTeJibHhIX ypOBHeii [3]: 

h2 
c,p = 

2
/(l + 1), l=0, 1, 2, ... 

r~e / - MOMeHT IIHCpUIIlf MOJieKyJihl. BpamaTCJ!hHhle CTerreHII CB060~hl MOJieKyJihl 

B036~aIOTCH rrpII TeMrreparype kT >> h 2 /21. 

He«lfUR 7. TepMOOUHaMU'lec«ue nomeHlfUOJlbl, coomnomenUR Ma«caeJllla 

7.1. TepMO.l(HHaMH'ICCKHC llOTCH~HaJILI 

AIDI OIIIICaHIIH CHCTCM B TepMO~HHaMIIKe rrpIIMeHHIOTCH TepMO~HHaMHqecK!fe 

IIOTeHUHaJihl, TaKIIC KaK BHyTpeHHHH JHepnrn, CB060~HaH JHeprIIH, JHTaJihll!IH If IIOTCHUIIaJI 

fII66ca. B COOTBCTCTBIIH C rrepBbIM 3aKOHOM TepMO~IIHaMIIKII ~II<p<pepeHUlfaJI BHytpeiiueii 

:mepmII paseu 

dE=TdS-PdV. 

3uax BHyTpCHHIOIO :iueprn!O CIICTeMhl, KaK <pYHKIIH!O JHTpOIIIIII II 06'beMa, uaii~eM 

TeMIIeparypy II ~aBJICHIIC B CIICTCMC qepe3 qacTHble rrpOII3BO~Hble OT BHyrpeuueii JHeprnII 
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T=(aE)' P=_(aE) . as v l.av s 

Hcnom,3onaI1He BIJYTPeHHeii :mepnm mrn6onee y,1106Ho, Kor,11a napaMe'IJlhl CHCTeM1,1 3a,1laIIhl 

qepe3 nepeMeHHhle 3HTpOIIHH Ii 061,eMa. 

Cno60,11Hall 3HepIWI panHa pa6ore Ha.11 CHCTeMOH npH ITOCTOJIHHOH TeMneparype 

T = const [1] 

dA = -dE + TdS = -d(E -TS). 

Cno60,11HaJ1 3HepIWI pan~a 

F=E-TS. 

B ,11mpqiepeHnHanI.Hoii qiopMe cno60,11HaJ1 3Heprnll n1,1paJKaeTcJ1 qepe3 ,11HqiqiepeHnHanhl 061,eMa 

H TeMneparyp1,1 

dF=TdS-PdV-TdS-SdT=-PdV-SdT. 

3HTp0IlllJI Ii ,11anneHHe MOryT 6hlTI, HaH,11eHhl qepe3 qacTHI.Ie npOH3B0,11Hhle OT cno60,11Hoii 

3HeprnH 

S=-(:;l' P={!~l-
HcrroJII.30BaIIHe cno60,11HOH 3HeprHH HaH6onee y,1106HO, Kor.11a rrapaMeTphl CHCTeMhl 3a,11ailhl 

qepe3 rrepeMeHHhle TeMrreparyp1,1 H 061,eMa. 

3HTaJII,JlllJI (TeITJIOBali 4>YHKnllJI) panHa npHpaineHHJO Terrna, IIOJiyqeHHOro npH 

IIOCTOJIHHOM ,11aBJieHHH B CHCTeMe p = const [l], 

dQ=dE+PdV =d(E+PV). 

3HTaJII,ITHJI panHa 

H=U+PV. 

B JIHqJqJepeHnHaJII,HOH qiopMe 3HTaJII,IlllJI MO)KeT 6hlTI, npe,11CTaBJieHa B Bll,11e 

dH =TdS-PdV +PdV +VdP =TdS+VdP. 

O61,eM H TeMneparypa orrpe.11eJIJ1JOTCJI qepe3 qacTHhle rrpOH3B0,11Hhle OT 3HTaJII,ITHH 

( aH) =T, 
as p 

( aH) =V. 
ap s 

HcnoJII.30BaIIHe 3HTaJII,IIHH Han6onee y.1106Ho B nepeMeHHhlX 3HTpOITHH H ,11aBJieHHJI. Ilpn 

IIOCTOJIHHOM ,11aBJieHHH p = const rrpnpaineHHe Tenna paBHO H3MeHeHHIO 3HTaJII,IIHH dQ = dH . 

CoOTBeTCTBeHHO, TeIIJIOeMKOCTh npn IIOCTOJIHHOM ,11aBJieHHH orrpe,11eJIJ1eTCJI COOTHOineHneM 

C =(aH) . 
P aT P 

TerrnoeMKOCTh rrpH ITOCTOJIHHOM 061,eMe orrpe,11eJIJ1eTCJI H3MeHeHHeM BHYTpeHHeii 3Heprnn 
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Cv =(aE) . 
aT v 

TepMo,11nHaMHqecKHii nOTeHnMaJI rn66ca [1] paneH 

</J= H-TS =E+PV-TS. 

B ,11nqiqiepeHnnan1,Hoii qiopMe OH MO)KeT 61,1Th 3aIIHcaH qepe3 .11ll4lqJepeHnnan1,1 ,11anneHllJI n 

TeMneparyp1,1 

d</J = TdS + VdP -TdS - SdT = VdP- SdT. 

3Hal! 3aBHCHMOCTI, rroreHnnana rH66ca OT .11anJieHllJI H TeMneparyphl, HaH,11eM 061,eM H 

3HTpOIIHIO CHCTeMhl 

( a<P) = V, 
aP r ( a<P) = -S. 

aT r 

I1crron1,3onaIIne rroTeHnHana rn6_6ca HaM6onee y,1106Ho n rrepeMeHHhlX ,11anneHHJ1 H 

TeMrreparyp1,1. 

XHMJiqeCKHH noTeHnHan µ - 3TO BeJIHq1ma, xapaKTepH3YJOJnal! H3MeHeHHe 3HeprnH 

CHCTeMhl npn H3MeHeHHH qJiCJia qaCTHn Ha OJIHy qacTnny neinecTBa [4] 

dE=TdS-PdV +µdN. 

TaK)Ke cnpane,11JIHB0 cooTHomeHne ,1IJIJI repMo,11naaMnqecKoro rroTeHnMaJia rH66ca 

d</J = VdP-SdT+ µdN. 

IlpH HaJIJiqJiJi B CHCTeMe qaCTHn pa3JIJiqHoro copm BB0,11J!TCJI xmmqecKHe IIOTeHnHaJihl ,11JIJI 

Ka)l(Jloro H3 HHX. XiiMHqecKHii IIOTeHnHan panea TepM0,11HHaMHqecKOMY rroreHnHany rH66ca B 

pacqeTe Ha 0.11HY qacmey 

µ=<PIN. 

BocIIOJII,30BaBillHCI, IIOCJie,11HHMH JIBYMJI COOTHOII!eHHJIMH ,11JIJI CBJl3H XHMHqecKoro rroTeHnHana 

H TepMOJIHHaMHqecKoro IIOTeHnMaJia rH66ca, HaH,11eM JIHqJqJepeHnHan XHMJiqecKoro 

rroreHnHana 

dµ = -sdT +vdP, 

r,11e s = SIN H v = VIN - 3HTpOITllJI n o6neM o.11aoii qacTHnhl. 

7.2. CooTHOWCHHC MaKCBCJIJia 

fu He3aBHCHMOCTH CMemaIIHhlX rrpOH3B0JIHhlX OT rropJ1,11Ka ,11uqiqiepeHI~HpOBailllJI ,1IJIJI 

BHYTpeHHeii 3HeprnH E, 3HTaJII,IIHH H, cno60,11Holi 3HepmH F H IIOTeHnMaJia rH66ca </J CJie,11YJOT 

TO)KJlecTBa (cooTHomeHHJI MaKcneJIJia) [2,5] 

(!~l = ::! =-(:t (
aT) a

2 

H (av) 
aP s = aPas = as / 
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(as) a
2

F (aP) 
av r = - avaT = aT v' (as) a2

<1> (av) aP r =- aPaT =- aT p. 

3anmneM .nmt>qiepem:urnn BHYfPeHHeii 3HeprnH B COOTBeTCTBHH C rrepBb!M 3aICOHOM 

TepMO_nHHaMHKH 

dE = TdS - PdV. 
Orc10.na cne.nye-r, 'ITO 

( aE) =T(as) -P. 
av r av r 

C yqeTOM COOTHOmeHHll MaiccBeJIJia ( aS) = ( ap) , IIOJIY'IIIM 
av r aT v 

( aT) =T(ap) -P. 
av r aT v 

,lµJI n.neam,Horo 1113a (PV = vRT) IIMeeM (aE/aV)r = 0, rn ecn, BHYTPeHHllll 3Heprnll 

n.neam.Horo ra3a He 3aBHCHT OT 061,eMa: E=E(T). 

7.3. Pa3HOCTb TellJIOeMKOCTeii Cp - c. 
PaccMaTPIIBal! BHYTPeHHJOJO 3HeprnJO E KaI< q>YffK!lHIO rrepeMeHHhlX T II V. 3anIImeM 

rrepaoe Haqano TepMO)lllHaMIIKH B qiopMe [2,5] 

CdT=dE+PdV=(::1 dT+[(:;\ +P ]dv. 

3aMeHJIJI 3_necb rrpOH3BO_nHYJO (aE/aT)v Ha Cv II IIOJiaral! C=C p. rronyqIIM 

Cp -Cv =[(:;)r +P ](:;t 
llo_nCTaBJlllll CJO_na BblpIDKeHIIe _nJIJI IIpOH3BO_nHoii (a£/ aV)T, HaxO)lllM 

Cp-Cv =T(aP) (av) =-T(av/aT)! 
aT v aT p (av/aP)r 

3.necb HCIIOJlh3OBaHO TO)l(J(eCTBO 

(::1 =-(:;)J:;t 
,lµJI n.neam.Horo ra3a BhlIIOJIHeHbl cooTHomeHHl! E=E(I'), PV=vRT H H3 qiopMynhr .nJlll 

pa3Hocrn Cp -Cv Bb!TeKae-r coornomeHIIe Maiiepa Cp -Cv =vR (cM. pa3_nen 2.4). 

36 

Jle«t<UR 8. PetlJlbllbte Zll3bl, <J,a308bte nepexoi)bl 

8.1. YpaBHeHHe COCTOHHUH peanbHOro ra3a 

11.AeaJihHhie ra3hl o6JIMaJOT .nayMll CBOllCTBaMII: OTCYTCTByeT B3a!fMO_neliCTBHe MeJK.ny 

MOJieKynaMII; 061,eM, 3aHIIMaeMblll MOJieKyJiaMII, rrpeHe6pelKHMO MaJI no cpaBHeHIIIO C 

o61>eMOM ra3a. YpaBHeHIIe COCTOJIHIIJI 

ypaBHeHIIeM MeH.neJieeaa - KnarrelipoHa. 

o.nHoro MOJIJI u.neanbHOro ra3a OIIll:CbIBaeTCJI 

TipII paCCMOTPeHHH peaJibHOro ra3a Heo6xo_nll:MO yqIITbIBaTh, qTo 061,eM, 3aHHMaeMhlll 

BCeMII MOJieKynaMII, ecTb HeKOTOpal! KOHeqHaJI Ben11:q11:Ha b. B pe3yJihTaTe B ypaBHeHIIII 

COCTOJIHIIJI peaJibHOro ra3a BeJIIIqIIHa 061,eMa V TPaHCq>OpMIIpyeTCJI B V-b. B3aHMO_nelicTBIIe 

MelK.ny MoneKynaMII peanbHoro ra3a rrpIIBo_n11:T K .no6aBKe .naaneHIIll ra3a, rrporropnIIoHaJihHoli 

a/V 2
• B pe3yJihTaTe yprumeHIIe MeH_neneeaa- KnanelipoHa pV = RTTpaHcq>opM11:pyeTcJ1 B 

ypaBHeHIIe COCTOJIHIIJI _nJlll o.nHoro MOJIJI peaJibHOro ra3a [ 5] 

(p+ ;2 )v-b)= RT. 

,[(Jlll V-Moneli ypaBHeHIIe COCTOJIHll:ll peanbHOro ra3a (ypaBHeHIIe Brur-.nep-Baanbca) IIMeeT BII.n 

(5] 

(p+ ;: x~-b) =RT. 

3aBIICHMOCTh .naaneHIIJI OT 061,eMa rrpII IIOCTOJIHHOll TeMrrepaType T = const (H30TepMa 

peanbHoro ra3a) 11:MeeT Heo_nH03HaqHhlli aim (pn:c. 6). Tipn: _nrurHoli TeMrrepaType, cyruecTByeT 

Kp11:rnqecK11:li 061,eM, HaqIIHal! c KOToporo yaenIIqeHIIe 061,eMa ra3a ae_neT K pocTy .naanemrn, 

TO ecTh dP/dV>O. 3rn HeycrnliqIIBal! o6nacTh .naaneHIIii, II oHa He peanll3yeTcl! B rrpIIpo.ne. B 

pe3yJihTaTe .naBJieHHe OCTaeTCJI IIOCTOJIHHhIM p = const (IIYHKTIIpHal! JIIIHIIJI Ha pIIc.6). B 3TOM 

cnyqae Heo.nHO3HaqHOCTh q>YffK!lIIII .naaneHHll OT 061,eMa IICqe3aeT (pn:c. 7). Ha.n IIYffKTIIpHoli 

JIIIHHeli (pn:c. 7) rrpII orrpe.neneHHblX ycnOBHJIX MOlKeT Haxo_nIIThCJI rrepecbIIlleHHhlll nap, a 

COOTBeTCTBeHHO, rro.n IIYffKTHpHoli JIIIHIIeli - rreperpeTal! )1(11:_nKOCTh. 

't~ 'v 

Pn:c. 6. l-faoTepMa ra3a BaH-.nep-Baanbca 
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qTOfibI IIOil)"IllTh rrepechlmeHHhlli nap llllll rreperpe-ryIO lKII,!J;KOCTh, ,[IOillKHa 6bITh rrpOll3Be,[leHa 

crreunanhHllll O'lllCTKa BemecTBa, IIpll KOTOpoi1: MllHllMll3llpyeTCll KOilll'!eCTBO rrpnMecei1:, 

JIBilJIIOIUllXCJI ueHTPaMll KOH,[leHCaUllll IIY3h!phKOB lKII,!J;KOCTll llllll ueHTPaMll rrapoo6pa3oBaHllJI. 

't~ ►v 
Puc. 7. l13oTepMa peanhHOro ra3a 

Hai1:,1:1eM BHYTPeHHIOIO :meprnIO O,[IHoro MOilll peanhHOro ra3a. ,[vIJi ll,[leaJihHOro ra3a C 

MOilllpHOli TerrnoeMKOCThlO cv BHYTPeHHJIJI 3Hepnlll O,[IHOro MOilll ra3a paBHa E = CvT . ,ll;Illl 

peanbHOro ra3a )"ITeM pa6o-ry Cllllhl, CBJl3aHHOH C B3allMO,[lei1:cTBlleM Me)l(.z:ly MoneKynaMll ra3a ll 

rrpllBO.z:lllIUei1: K ,[IOIIOilHllTenhHOMY BHYTPeHHeMy ,l:laBneHlllO oP = a/ V
2

• l13MeHeHlle 

BHYTPeHHei1: 3Heprnll 3a C'leT BHYTPeHHero ,1:1aBneHllJI ra3a paBHO [ SJ 

OE= foPdV = J_!!_dv = _!!_. 
V 2 V 

B pe3yllhTaTe BHYTPeHHJIJI 3Heprnll O,l:IHoro MOilll peanhHOro ra3a paBHa [SJ 

E = _!!_ + cvT. 
V 

8.2. Ceo6o)J.HOe pacm11peu11e peaJJLHoro rMa, 34>4>eKT ~oym1 -ToMcoua 

PaccMOTPllM CB060.[IHOe pacumpeHlle OT 061,eMa Vi ,LIO 061,eMa Vi, Vi> Vi. C'lllTllll, '!TO 

cocy,1:1 C r!130M OKpylKeH TeIInOll30IlllpYJOmei1: o6onO'IKOi1:, Hai1:,[leM ll3MeHeHne TeMrrepaTyphl 

ra3a rrocne yCTaHOBileHllJI paBHOBeCllJI. IlocKOilhKY rrpllT0K Terrna B ra3 OTCYTCTByeT ll rrpn 

CB060,1:1HOM pacrnnpeHllll ra3 He COBeprnaeT pa6o-ry, TO BHYTPeHHJIJI :meprnll ra3a He MeHJleTCJI 

E
1 
= E

2
• TaK KaK ,1:1nJ1 ra3a BaH-)J.ep-Baanhca BHYTPeHHJIJI :meprnll npn TeMrrepa-rype Ti n 

061,eMe n Vi pasHa E1 =cvT1 -a!V.. Ilpn TeMrrepa-rype T2 ll 061,eMe n V2 oHa cocTaBnlleT 

E
2 

= Cv T
2 

- a I V
2 

• l13 ycnoBllll coxpaHeHllll BHYTPeHHei1: 3Heprnn 

TeMrrepaTyphI peanhHoro ra3a no Mepe ero cB060,1:1Horo pacrnnpeHllll 

T2 -Tl = _!!.._(_!_ _ __!_) < 0. 
Cv V. V2 
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cne,1:1yeT cHnlKeHne 

O61>J1CHeH1le 3TOro 3qiqieKTa C0CTOllT B TOM, '!TO npll pacrnnpeHllll ra3a COBeprnaeTCJI pa6oTa 

npOTllB Cllll IIpllTlllKeHllJI MoneKyn. 3Ta pa6oTa IIp0ll3BO,[lllTCll 3a C'leT KllHeTll'!eCKOH :meprnll 

MOileKyn ll, cne,1:10BaTellhH0, conpoBO)l(.z:laeTCJI OXIlalK,[leHlleM ra3a. 

3qiqieKTOM ,ll;lKOYilll - ToMCOHa Ha3h!BaeTCll ll3MeHeHne TeMnepa-ryphl ra3a rrpn 

a.[llla6aTll'leCKOM .z:1poccennpoBaHllll - Me,[llleHHOM npoTeKaHllll peanhHOro ra3a no.z:1 ,1:1ei1:CTBlleM 

nOCTOJIHHOro nepena.z:1a ,l:laBneHllll CKB03h .z:1poccenh (nopllCTYJO neperopo,1:1Ky). 3qiqieKT ~OYilll 

- ToMCOHa Ha3h!BaeTCll nOilOlKllTenhHhIM, ecnn I;a3 B npouecce .z:1poccennpoBaHllJI OXIla)l(.z:laeTCJI 

(ti.T < 0), n OTpllUaTellhHhIM, ecnn ra3 HarpeBaeTCll (ti.T > 0). 

2 

Pi 
P1,V1 P:z.V:z r, 

Pnc.8. A.nna6aTn'!ecKoe ,1:1poccem1p0Battne ra3a: 1- .z:1poccenh, 2- a.z:1na6aTn'lecKllll 

KaMepa 

IloCKOilhKY B npouecce .z:1poccennpoBaHllJI ,[laBileHlle ra3a nOHlllKaeTCll P2 < Pi , TO 3HaK 

3qiqieKTa COBila.[1aeT co 3HaKOM Bellll'lllHhl (ti.T/ ti.P)H, paCC'lllTaHHOH npn nOCT0JIHHOH 

3HTanhnllll H. Ilpn nOCTOJIHHhIX Pi ll P2 pa6oTa no Bh!TecHeHlllO ra3a 061,eMOM Vi eCTh 

A1=P1Vi, a B pe3ynhTaTe .z:1poccennpoBaHllJ1 ra3 npno6peTaeT 061,eM Vi n coBeprnaeT pa6o-ry 

A2=P2Vi. Ilpn oTCYTCTBllll Terrnoo6MeHa ll3MeHeHne BHYTPeHHei1: 3Heprnn paBHO E2-E1=P1Vi­

P2V2. Cne,1:10BaTenhHO, 3HTanhnllJI coxpaHJ1eTcJ1 npn ,1:1aHHOM rrpouecce H=E+PV=const. 

,ll;Illl ll,!J;eaJihHoro ra3a dH=cp<lT, n ycnoBne dH=O .z:1aeT dT=O, TO ecTh B rrpouecce 

,1:1poccennpoBaHnJ1 TeMnepa-rypa ll,!J;eaJihHoro ra3a He MeHJ1eTCJ1. B cn)"Iae, ecnn npn rrapaMeTpax 

P1 n Vi ra3 JIBillleTcll ra3oM BaH-,1:1ep-Baanhca, a rrpn napaMeTPax P2 n Vi - ll,!J;eanhHhIM ra3oM, 

TO ycnOBlle coxpaHeHllJI 3HTanhnllll .z:lllll 0,[IHOrO MOilll ra3a llMeeT Bll,!J; 

c,T-a!V. + PiV. = c,T2 +P2V2 = (c, + R)r2 • 

l13 3T0ro COOTHOIIIeHllJI HaxO,[lllM pa3HOCTh TeMnepa-ryp ra3a 

T
2 
-I;= (bRJ; IV. -b)-(2a!V.)_ 

c, +R 

TeMnepa-rypa ra3a npn ,1:1poccennpoBaHnn 6y,1:1eT noHnlKaThCll, ecnn Ha'!anhHllll TeMnepa-rypa Ti 

HlllKe TeMnepa-ryphl llHBepCllll T •• : 

T = 2a(V. -b). 
UH RbV. 
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TipH HaqarrbHOH TeMrrepa-rype BbIIIIe TeMrrepa-rypbI HHBepcHH T1> THH ra:i HarpeBaeTCll IIpll 

.npocceimpoaamm. 

8.3. PaBIIOBecue llCH.!\KOCTH u HaCLIIl.{eHHoro napa 

TipH MaribIX 061,eMax H 60llbIIIHX .naBJieHHllX CHCTeMa Haxo.nHTCJI B )KH.!\KOM COCTOllHHH 

(pnc. 9). TipH 60JibIIIHX 061,eMax H MarIOM .llaBJieHHH pearrhHbIH ra:i Haxo.nHTCll B rrapoo6pa:iHOM 

COCTOJIHHH. Cym:ecTByeT o6JiaCTb (IIYHKTHpHal! lIHHHll Ha pHC. 9), r.ne )KH.!\KOCTb HaxO.!IHTCll a 

paBHOBeCHH co CBOHM rrapoM. 

p )Kh : . 
I • 

I • 
, )K-II ~ • II 

V 

Pnc. 9. )];Be 4>a:ihl Bell{ecrna 

nap, HaxO.!IJIIl.{HHCll B paBHOBeCHH co CBOeli )KH.!IKOCTbIO, Ha3bIBaeTCll HaCblll(eHHblM. 

)];aBJieHHe, rrpH KOTOpOM Ha6JIIO.naeTCJI paBHOBeCHe Me)K.lly )Kll.!IKOCl:bIO n rrapoM, Ha3bIBaeTCll 

.naBJieHHCM HaCblll(eHHOro rrapa. )];aBJICHHe HaCblll{CHHOrO rrapa 3aBHCHT OT TeMrrepaTypb! 

(pnc.10 ). 

ptd_ 
Tp r. T 

Pnc.10. 3aBHCHMOCTb .llaBlleHHJI HaCbIIl.{CHHOro rrapa OT TeMrrepaTypbl 

Cym:ecrnyeT MaKCHMaribHal! KpHTHqecKal! TCMIIepaTypa TKp, BbIIIIe KOTOpoii He cym:ecrnyeT 

paBHOBeCHJI Me)K.lly naCblll{eHHbIM rrapOM n )KH.!IKOCTbIO (pnc.11 ). TipH KpHTHqecKOH 

TeMrrepa-rype ncqe3aeT pa3JIHqne Me)K.lly )KH.l\KOCTbIO H naCblll{eHHbIM rrapoM. TipH TCMIIepaType 

BbIIIIe TKp CHCTCMa Haxo.nHTCJI BCer.na B ra:ioo6pa3HOM COCTOJIHHII. Ilpll TeMrrepazype BbIIIIe 

KpHTHqecKoli IIOHJITHC naCblll(CHHoro rrapa TCplleT CMbICJI. TipH TaKOH TeMrrepazype HHKaKHM 

C)KaTHeM He MO)KeT 6bITb ocymecTBJICHO C)KH)KCHHe BCil.{CCTBa. C pOCTOM TeMrrepaTypbI 

T1 >T2>T3 (pnc.11) o6JiaCTb (IIYHKTHpHal! lIHHHll na pHc. 11), r.ne cymecrnyeT paBHOBCCHe 

Me)K.lly )KH.l\KOCTbIO H ra:ioM, YMCHbIIIaeTCJI. C pOCTOM TeMrrepaTypb! KpHTHqecKoe .naBJieHHe 

ll(H.l\KOH <l>a:ibl rra.naeT, a ra:ioo6pa3HOH - paCTCT (pnc. 12). 
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L 

p 

~,, 
L_....i.._. __ _,_ __ _.r, 

V 

Pnc. 11. l130TepMb! pearibHOro ra:ia. IlYHKTHPHal! JIHHHJI - o6JiaCTb paBHOBCCllll Me)K.lly 

)KH.l\KOCThIO H ra:ioM 

'Lt, 
Pnc. 12. 3aBHCHMOCTb KpHTHqecKoro .llaBlICHHJI .llllll )KH.!IKOH n ra:ioo6pa:iHoli <l>a:ibI OT 

TeMrrepa-rypbI 

PaccMOTPHM )KH.l\KOCTb, HaxOMIIIYIOCll B paBHOBCCHH co CBOHM rrapoM. Hali.neM 061,eMbI 

)KH.l\KOCTH v)K n HaCblll{eHHOro rrapa Vn .lllill TepMO.!\HHaMHqecKoro paBHOBCCHll (pnc. 13). 

, 
Bae.neM y.neJihHhie 061,eMbI rrapa n )KH.!IKOCTH, paBHhle Vn = Vn IM, V~ = VJ!( IM, r.ne M -

Macca BCil.{ecrna. O61,eM, 3aHHMaCMbIH )KH.!IKOCTbIO H rrapOM, paaen 

V = V~mJIC + V~mn. 

TieperrHIIICM :no COOTHOIIIeHHe B BH.l\C 

V -V ml!( V mn - JIC + IT 
mJIC +mn mn +mJIC 

TiocJie rrpeo6pa:ioBaHHJI rronyqaeM 

mn V=VJI( +(Vn-VJIC)--
mll( +mn 

OTCIO.lla Haxo.nHM COOTHOIIIeHHe Me)K.lly MaccaMH rrapa n )KH.!IKOCTH rrpn nx paBHOBeCHH 

mn = V-VJIC 

mJIC +mn Vn -VJIC 

OKoHqaTCllbHOe OTHOIIICHHe Me)K.lly MaCCaMH )KH.!IKOCTH n rrapa HMCCT BH.ll 

mJIC = Vn-V 

mn V-VJIC 
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p 

)K 

v)K Vn V 

Puc. 13. PaBHOBecue Me~y lKH.11KOCTblO u rrapoM 

8. 3 «l>a30Bble rrepeXOl(bl 

(l>a3a - COBOKyrrHOCTb Ol(HOpO,!UlbIX no CBOUM CBOllCTBaM qacTeii CUCTeMbl (Puc.14). 

ap 

O)],a 

Puc. 14. PaBHOBecue Me~y lKH.11KOll U ra3oo6pa3HOll q>a3aMU, rnep11oii u lKH.11KOll q>a3aMU 

Pa3Hb!e q>a3b! Ol(HOro nem;ecrna MOryT HaXOl(UTbCll B paBHOBecuu 11pyr c 11pyroM rrpu 

orrpel(eJieHHOM l(aBJieHUU, 3aBUCl!IIIeM OT TeMrreparypb! p = f (T) (pIIC. 15). 

p 

~ 
)KH)],Kllil 

T 

PIIC. 15. 3aBIICUMOCTb KPUTuqecKoro l(aBJieHilll OT TeMrrepaTYPhI IIpII paBHOBecuu l(Byx q>a3 

Tpu q>a3b! n paBHOBeCUU MOryT 6b!Th JIUillb n TpOllHOH ToqKe. IlepeXOl( m Ol(HOH q>a3b! n 

npyryJO 06b1qHo corrpono~aeTcll rrornom;eHueM unu Bbll(eJieHueM HeKOToporo KOJII1qecrna 

Terrna, KOTOpoe Ha3b!BaeTCll TeIIJIOTOll rrepexona. TaKile rrepeXOl(bl Ha3b!BaJOTCll q>a30Bb!MII 

rrepexonaMU rrepnoro pona. CYIIIeCTByJOT rrepeXOl(bl Il3 O,!UIOll KpUCTaJIJinqecKOll MOl(UqJI1Ka11uu 

B llPYryJO 6e3 rrornom;eHHll HJIU Bbll(eJieHHll TeIIJia - TaK Ha3b!BaeMble q>a30Bble rrepeXOl(bl 
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nrnporo pona. IlpuMepaMu q>a3onoro rrepexona rrepnoro pona l!BJillJOTCll I1crrapeHI1e u 

KOHl(eHCal(Ull. 

HcrrapeHI1eM Ha3b!BaeTCll rrepexon lKlI.llKOCTH B ra3006pa3HOe COCTOllHile. Eb!CTpble 

MOJieKyJibl rrpeOl(OJieBaJOT rrpUTllJKeHI1e coce,!UIUX MOJieKyJI II rrepeXOl(l!T Il3 lKUl(KOro COCTOl!Hflll 

B ra3oo6pa3HOe. y l(eJibHal! TeIIJIOTa IICIIapeHHl! - KOJIIlqecTBO Terrna, KOTOpoe He06XOl(IIMO 

coo6m;I1Tb lKH.11KOCTII, qrn6bl rrpenpaTIITb ee n nap, HaxOl(l!Il!UllCll rrpu TOH JKe TeMrrepaTYPe, qTo 

UMeJio nem;eCTBO l(O ucrrapeHHll. Ilpu KOHl(eHCal(IIU TeIIJIO, 3aTpaqeHHOe Ha I1CrrapeHI1e 

lKlI.llKOCTH, rrepenaeTCll o6paTHO OT rrapa K lKH.11KOCTH. 

Ilepexon TBepnoro TeJia B ra3006pa3HOe COCTOllHUe Ha3bIBaeTCll cy6JIUMa11I1eil:. IlpII 

ucrrapeHI1U II cy6JII1MaI1I1II Teno IIOKH.11a10T HaI16onee 6b!CTpbie MOJieKyJibl nem;ecrna, cpel(Hllll 

:meprilll OCTaBIDIIXCll MOJieKyJI YMeHbmaeTCll, II TeJIO OXJI~aeTCll. 

8.4. YpanHeHHe KJiarreiipoHa - KJiaY3uyca 

,ZJ;ne q>a3b! nem;ecTBa HaXOl(l!TCll B paBHOnecuu JIUillb IIPII orrpeneneHHOM l(aBJieHIIII, 

BeJiuquHa KOTOporo 3aBUCIIT OT TeMrrepaTYPbI (puc. 12). Haiil(eM 3aBUCUMOCTb l(aBJieHilll OT 

TeMrrepaTYPbl llJill q>a3onoro rrepexona [1]. PaccMOTPIIM llllKJI Kap Ho (pilc. 4) l(Jlll CIICTeMbl, 

COCTOl!IIIeii: lI3 HaxOl(l!IIIUXCll B paBHOBecuu l(Byx q>a3 Bem;ecrna. Ha U30TepMuqecKIIX yqacTKax 

IIIIKJia KapHo c TeMrrepaTYPOH, cooTBeTCTBeHHO, Tu T-l'i.T rrpupam;eHI1e 3HTPOIIUU panHo 

!::,.S + !::,.S = Q, _ ___gi___ . 
I 

2 T T-l'i.T 

IlocKOJibKY 3HTPOIIIlll He U3MeHlleTCll Ha yqacTKax anua6aT, TO IIOJIHOe rrpupam;eHile 3HTPOIIIIU 

3a l(UKJI paBHO HYJIIO 

!J.S, +!J.S2 =0. 

OTC!Ol(a rronyqaeM 

(Q, -Q;)T = Q;l'i.T, 

rne Q, - Q2 - COBepmeHHal! 3a l(IIKJI pa6oTa, paBHal! IIJIOIIIal(II IIOl( KpIIBOll l(IIKJia 

Q, -Q; "" m(v; - Vi')!'i.p . 
YqIITb!BaJI, qTo Terrno rrpu q>a30BOM rrepexone paBHO mq12, rronyqaeM 

m(v; - fli')T!'i.p"" mq12 !'i.T. 

B IITOre Mb! rrpHXOl(UM K l(Uq>q>epeHI(UaJibHOMY ypaBHeHlIIO, KOTOpoe HOCUT Ha3BaHue 

ypanHeHue KnarreiipoHa - KnaY3uyca 

dp - q,2 
dT - T(v; - fli') . 
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He«l(UR 9. /Iooepxnocmnoe Hal11Jl3/CeHue, Oa6/lenue nacbtU(emwzo napa 

9. 1 IloBepxHocT11oe HaTHJKeHHe, cfiopM)'Jia Jlannaca 

Bi,memIM Ha IIOBepxHocm lKll,ll;KOCTH rrpl!MOyrOJILHHK co CTOpOHaMH dx H dy. 

PaBHOJ1eiicTByiomaJ1 CHJI, rrpHJIOlKeHHLIX K CTOpoHaM rrpl!MoyroJILHHKa C JllIHHOii dx, 

HarrpaBJieHa IIO PMHYCY H paBHa 

dF., = 2adxsin P..."" arpdx, <p = dy , 
2 RI 

r.11e R1 

paBeH 

PMHYC KpHBH3HLI IIOBepxHocm (BJIOJIL .11yru dy). Ilo3TOMY JlllqJqJepeHIJ;HaJI CHJILI 

a a 
dF., =-dxdy =-dII. 

Ri Ri 

Cuna, I!pHJIOlKeHHal! K CTOpOHaM C JllIHHOii dy, paBHa 

a a 
dF2 = -dxdy = -dIJ. 

R2 R2 

CyMMa CHJI cocTaBJilleT dF = dF., + dF2 = aKdIJ, r.11e K = R1 -t + R2 -t • OTc10.11a cne.11yeT 

qiopMyna Jiarrnaca [l] 

p(;J - p(•) = a(...!...+~)' 
Ri R2 

r.11e pU> - .11aBJieHHe B lKll,ll;KOCTH II0.11 IIOBepxHOCTLIO, p(•) - JlaBJieHHe B ra3e HM IIOBepXHOCThIO. 

9.2. ,ll;aBJieHHe HaCLI~eHH0r0 napa Ha.II KpHBOH ll0BepXH0CTLIO 

PaCCMOTpHM KaIIJIIO lKll,ll;K0CTH, HaxOJll!IIJ;YIOCll B paBH0Bec1rn H HMe10myio qiopMy rnapa 

PMHyca r. Pa3HOCTL JlaBJieHHii B JKll,ll;KOCTH p"JK ll B rrape Pn ypaBHOBern1rnaeTCll CHJIOii 

IIOBepXH0CTH0ro HanilKeHHll 

P"N.-PIT =2a/r. 

IlpH TepMOJIHHaMHqecK0M paBHOBeCHH XHMHqecKHe II0TeHIJ;llaJII,J JKll,ll;K0CTH H rrapa paBHLI 

(pa3.11en 7 .1) 

µ"%.(P"%_,T)= µIT(PIT,T). 

,[(Jui IIJIOCKOll IIOBepXHOCTH pa3.11ena JIByx qJa3 YCJI0BHe paBH0BeCIDI HMeeT BH.D: 

µ"N.(P0 ,T)=µIT(P0 ,T), r.11e P0 - .11asne111i:e HaChlIIJ;eHHoro rrapa HM II0BepxHDCTLIO. 

BocIJOJIL30BaBIIIHCL 3IBMH COOTH0IIIeHIUIMH, rrpHX0JIHM K pe3yJILTaTY 

µ"%.(P"%_,T)-µ"%.(P0 ,T) = µIT(PIT,T)-µIT(P0 ,T) 
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CqHTal! pa3HOCTH p "%. - po ll p IT - po MaJihlMH, IIOJiyqaeM 

(P"%.-P0 {

0
:; l =(PIT-Po{

0
:; l· 

IlocKOJILKY .11uqiqiepeHIJ;HaJI XHMHqecKoro rroTeHIJ;Hana paseH dµ = -sdT + vdP (pa3.11en 7 .1 ), TO 

BeJiuquHa(oµ/oP)T = V paBHa qucny MOJieii I!pH T=const. OTCIOJ1a HaX0JIHM 

(P"N. - P0 )vIT = (P"N. -P0 )v"N., 

2a 
P"N.-PIT =-

r 

I-fa 3IBX C00TH0IIIeHHH rrpH VIT >>v"N. rronyqaeM [4] 

0 -P _.......2'!!__2a ~2a. 
rJK o - ·- , 

vIT -v"N. r r 

PIT _ Po = ----3!__ 2a "" v"N. 2u 
vIT -v"N. r vIT r 

,ll;asJieHHe rrapa BHYTpll IIY3hlpLKa B JKll,ll;K0cm II0JiyqaeTCl! qiopMMLHOii 3aMeHoil: r ➔ -r: 

v"N. 2a 
PIT =Po-----<Po. 

vIT -v"N. r 

B cnyqae, Kor.11a pa3H0CTL JlaBJieHHH PIT - Po He Mana, MO.llllqJHIJ;HpyeM II0JiyqeHHLie BLIIIIe 

qiopMyJihl. PacCMOTpHM IIY3hlpeK rrapa B lKll,ll;K0CTH. Ilap 6y.11eM cqHTaTL ll,ll;eaJILHhlM ra30M, 

rro.11qmuJ:IOIIJ;HMCJI ypaBHeHHIO C0CTOl!Hllil V = RT/ p (v - 061,eM 0.IIH0ro MOJill). IloCKOJILKY 

.11uqiqiepeHIJ;HaJI XHMuqecKoro rroTeHIJ;HaJia paBeH dµ = -sdT + vdP, TO rrpu T=const Haxo.11nM 

PIT µIT(PIT,T)-µIT(P0 ,T) = RTln-
Po 

2a 
YqHThlBal!, qm PIT - P"N. = (PIT -P0 )-(P"N. -P0 ) = -, rronyqaeM ypaBHeHHe, 0IIHChlBa10mee 

r 

II0Be.11eHHe .llaBJieHIDI rrapa p IT B 3aBHCHM0CTH OT rrapaMeTp0B CHCTeMhl [ 4] 

PIT ( 2a) RTln-=v"N. PIT -P0 -- • 
P0 r 

ITpu PIT - P0 << 2a Ir H3 rrocne.11Heil: 4JDPMYJihl Haxo.11uM 

[ 
2av"N.] PIT =P0 exp --- • 
RTr 

3aMeHl!ll RT rrpH6JIHJKeHHO Ha P0 vIT, rronyqaeM 

[ 
2a v"N.] 

PIT =Po exp - Por ¾ . 
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Jle«u,UR JO. (/Jmu11ec«aR «uuemu«a, R8/le11UR nepeuoca, iJuppy3UR, 3ppy3UR, 

melt.llonpoaoiJuocmb u 6R3Kocmb 

10.1 51BJICHHH nepeHOCa 

<l>m1IqecKa.J1 KHHeTIIKa - pa3nen !plI31IKll, ll3)"IaIOil(IIU aepaBH0BeCHhle rrpouecCbl. 

HapymeHIIe paBH0BeCII.11 corrpoB0lK)laeTC.11 B03HIIKH0BeHIIeM IT0T0K0B qaCTIIU, !pll31IqecK3.ll 

KIIHeTHKa 1IccnenyeT .11uneH1I.11 rrepeaoca qacTIIU, 

MoneKyJihI Beil(eCTBa, Ha}(0MCb B TeITJI0B0M nBIIJKeHim, HerrpephIBH0 CTaJIKIIBaIOTCll npyr 

c npyroM. MIIHIIMaJibHOe paCCT0.IIHIIe, Ha K0T0poe c6JIIIJKaIOTC.II rrplI CT0JIKH0BeHIIII M0JieKyJihl, 

Hll3bIBaeTCll 3<p<peKTIIBHhlM nliaMeTp0M M0JieKyJI d. 8eJI1Iq1IHa a = 7Cd i Hll3h!BaeTC.II 

3<p<peKTIIBHhlM ceqeH1IeM M0JieKyJihI. CpenH.llll nn1IHa rrpo6era MOJieKyJihI orrpenen.11eTc.11 ee 

cpenHeii TeITJIOBOll CKOpOCThIO (v) II qacTOTOll CTOJIKHOBeHIIll v [1] 

(v) 
/4=-. 

V 

qaCTOTa CT0JIKHOBeHIIU orrpeneJl.lleTC.11 qlICJIOM MOJieKyJI, Ha}(OMil(IIXCll B 

UIIJIIIMPIIqecK0M 061,eMe p~ycoM d/2 B enlIHIIUY BpeMeHII 

v' = mli (v"'" )n, 

rne n - K0HUeHTpaQll.11 M0JieKyJI Beil(eCTBa, ( V 0TH) - OTH0CIITeJibHall CK0p0CTb M0JieKyJI. 

OTHOCIITeJibH3.ll CKOpOCTb nByx CTaJIKIIBaIOil(IIXC.11 M0JieKyJI paBHa V omn = Vi - V 1 • OTcIOna 

HaxonlIM 3HaqeH1IecpenHeKBMpaT1IqHoii OTH0CIITeJibH0ii CKOpOCTII 

(v!_) = (v;) + (vi)-2(v1vi). 
ITplI ycpenHeHim no BCeM HarrpaBJieHIIllM CTaJIKIIBaIOil(IIXC.11 qaCTIIU CKaJl.llpime rrpomBeneHIIe 

paBHo Hyn10, II B pe3yJihTaTe rronyqaeM ( v!_) = (v;) +(vi)= 2(vi), rne (v)-

cpenHeKBMpaT1IqHa.J1 TeITJI0Ball CKOpOCTb MOJieKyJihl. TaKIIM o6pa30M, OTH0CIITeJibHall CK0pOCTb 

paBHa (vOTH) = ✓2(v), a qacTOTa CTOJIKHOBeHIIll M0JKeT 6hITb rrpencTaBJieHa B B~e 

v = ✓2mii(v)n. 

Cpena.11.11 nn1IHa rrpo6era MOJieKyn rrplI xaoTHqecKOM (6poyaoBCKOM ) nB1IJKeH1III paBHa 

/4=_1_ .. 
✓2mlin 
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j:' 
11,, 

,lv!IIHa rrpo6era rra,AaeT c pOCTOM KOHUeHTpaQIIII qaCTHU A, -]In. Oaa COCTaBJl.lleT 2· 10-5 CM rrplI 

H0pMaJihHhlX ycn0Bll.llX (nauneH1Ie ra3a - 1 aTMocqiepa II TeMrrepazypa ra3a - 273° K). 

10.2. lipoyuoBCKOe nBIIlKCHHC 

PaccMOTplIM cnyqaiiHhie onHoMepHhle nB1IJKeHll.ll qacTHUhl [ 4]. 3a on1IH mar qacTHua 

CMeil(aeTC.11 Ha paCCTO.IIHIIe h OT CBoero aaqaJibH0ro IT0JI0JKeHll.11. CMeil(eHIIe 3a OMH mar eCTb 

cnyqaiiHall BeJI1Iq1IHa ; , rrplIHIIMaIOil(all 3aaqeH1Ie + h II - h . qacTHua C Bepo.llTHOCTbIO p 

CMeil(aeTC.11 B ITOJI0JKIITeJibH0M HarrpaBJieHIIII II c Bep0.IITHOCTbIO q = 1 - p B 0TplIUaTeJibH0M. 

Ha~eM BeJ11Iq1Iay CMeIIIeHll.11 qacTHu 3a N maroB. CnenaB N maroB, qacTIIUa cMeil(aeTCll n 

pa:3 BrrpaB0, a BJieBO - (N - n) pa:3. Torna CYMMapaoe CMeil(eHIIe qacTIIUhl COCTaBJl.lleT 

x = nh+(N -n)(-h) = (2n-N)h. 

OTc10na aru.:onlIM cpenaee II cpenaeKBMpaTHqHoe cMeIIIeH1Ie qacTIIUhI 

x=(2n-N)h, xi =(2n-N)ihi =(Ni -4N;;+4ni)hi. 

BeJIIIqlIHbI n II ni rronqlIHSIIOTC.11 3aKOHY 61IHOMIIaJihHOro pacrrpeneneHIIll BepOllTH0CTII 

(cM. pa3nen 5.2) 

W(n) = N! p" (1- p)N-n. 
n!(N -n)! 

Hru.:onm,r cpenaee II cpenaeKBa,ApaTHqHhle 3Haqeall.ll nm 61IHOMIIHaJihHOro pacrrpeneneHII.11 ( CM. 

pa3nen 5.2) 

n=Np, ni-(;;)2 =Np(l-p). 

IToncTaBIIB ;; II ni, HaXOMM cpenaee II cpenaeKBMpaTHqHoe cMeIIIeHne qacTHUhl 

-;;=(2p-l)Nh, xi =[Ni -4Nip+4Nipi +4Np(l- p)~i. 

CMeil(eHIIe qacTHUhl KaK BJieB0, TaK II BI1paB0 paBH0Bep0llTHO, TO eCTb p = 1 / 2 . CpenHee II 

cpenHeKBa,ApaTIIqHoe CMeil(eHIIe qaCTHUhl B 3TOM CJl)"Iae paBH0 

-;;=0, xi =Nhi . 

CpenHee CMeil(eHIIe qacTHUhl o6pail(aeTC.II B HYJib. CpenHeKBa,ApaTIIqHoe CMeIIIeHIIe JIIIHeiiHO 

pacTeT c q1IcJioM maroB N, TaK qTo 

..Ji2 =✓Nh. 
TaKIIM o6pa30M, M<p<pY31IOHHOe CMeil(eHIIe rrpn 6poyttOBCKOM 

rrporropunoHaJihH0 ✓N. 

nB1IJKeH1I1I Bcerna 

ITeperr1ImeM BhlpaJKeH1Ie ~ cpenHeKBMPaTHqHoro cMeil(eHll.11 B npyroii qiopMe. ,lµ.11 

rrpoMeJKYTKa BpeMeHII MelK.lly maraMII r N maroB 6yneT cnenaao 3a BpeM.11 t = Nr. BiieneM 
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K03q>qm:uneHT .llllipipY3llll D = h2 /2,. Cpe,11HeKna,11paTnqHoe CMe!I(eHlle 6pO)'HOBCKOll qacTllUhl 

B 3TOM c.rryqae panHO ( 3aKOH 3iiHmTeiiHa - CMOJIYXOBCKOro) 

x 2 = 2Dt. 

ITycTh Tenepb marn nnpano 6orree npe.11noqTnTeJihHhl, T.e. p > 1/2 . Cpe,11Hee CMemeHne 

OKa3bIBaeTCll HeHyrreBh!M ll pacTeT JlllHettHO co npeMeHeM, eCJill nepOlITHOCTh 

qacTHUhl nnpano 6y,11eT 6orrhme p > l/2 

x=(2p-l)ht. 
T 

CMe!I(eHlll! 

B 3TOM crryqae llMeeT MeCTO .11peiiq> C nocTOl!HHOll CKOpOCTb!O. ,[(rrll cpe,11HeKna,11paTnqHoro 

CMe!I(eHllll B 3TllX ycJIOBlli!X HaxO,llllM 

- h2t 
x 2 = (Vt) 2 + Sp(l- p)-. 

. 2, 
PacCMOTPllM nepeHOC nemecTBa .!IJill HeO,!IHOpO,!IHOro pacnpe.11erreHllll nJIOTHOCTll ra3a no 

OCH x. IloTOK Be!I(eCTBa qepe3 nJIOII(a.LIKY ceqeHlleM S nnpano II BJieno, COOTBeTCTBeHHO, 

paneH 

J; = ]_n;(v)S, 
6 

J; = ¼n;(u)S. 

Tor.11a pa3HOCTh noTOKOB n npaBYJO n n JieBYJO CTOPOHY (pnc. 16) COCTaBJilleT 

J = ]_(v)S[ni{x-,1,)-ni{x+,1,)], 
6 

r.11e nJ(x-A) ll n1(x+A) - KOHUeHTPaUl!ll qaCTllU B ToqKax x±t... PaCKJia,llh!Bal! q>yHKUllll 

KOHUeHTPaunii n Pll.11 Teiirropa no MaJIOMY napaMeTPY A, norryqaeM 

ni{x-,1,)-n1 (x+ ,1,)= - dn1 2,1,. 
dx 

TaKllM o6pa30M, noTOK MOJieKyJI paneH 

J=-(½(u)A, ); s. 

•-~ 
' ' ' ' I+~ 

n-n(i) 

P11c. 16. 3anllCllMOCTh KOHUeHTPanllll OT KOOp.llllHaTbI, npllBO.llll!I(eii K .llllipipY3llOHHOMY noTOKY 
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i 

li 

Bennq11HaD = (u),1,/3 Ha3bIBaeTCll K03ipipllUlleHTOM .llllq>q>y311ll. Ko3q>ipllUlleHT .llllipq>Y3llll 

nponopunoHarreH 

Doc l_ {f 
na ·f;;; · 

10.3. YpaBHCHHe .11ncl>cl>Y3HH 

PaccMOTPHM noToK qacrnu n.11orrh ocn x . qncno qacrnu n 061,eMe dV = dSdx panHo 

dNI = nldV, r.11e nl = nl (x,t) - nJIOTHOCTb qacTllU B MOMeHT npeMeHII t. qllCJIO qacrnu, 

npHXOJlllmnx B 061,eM dV B e,llllHllUY BpeMeHH, panHo 

a· 
a(dN)/at=[ii(x,t)- l 1(x+dx,t)]dS=-_2!._dV, ax 

r.11e 11 = 11 (x,t)- nJIOTHOCTb noTOKa qacTHU. TaKHM o6pa30M, npHXO,!IHT K ypanHeHll!O 

HenpepLIBHOCTH 

anl + a11 =0. 
at ax 

ITo,11CTaBHB CIO,lla BLipIDKeHHe .llJilI nrrOTHOCTll noTOKa qacrnu 11 = J/S (pa3,11err 10.2), nonyqnM 

ypanHeH11e .11nq>ipy311n: 

a(n1) =j_(Dan1). 
at ax ax 

Kor.11a .llllipipY3llll npOllCXO,llllT O,!IHOBpeMeHHO co CHOCOM (KOHBeKu11eii), npOllCXO,lll!II(IIM 

co CKOpOCTLIO u, nJIOTHOCTb noTOKa qaCTIIU panHa 

11 =(-n: +nu} 

ITo,11cTaBl1B nOTOK B ypanHeHlle Henpeph!BHOCTll, norryqaeM 

a(n1) + a(n1u) =j_(Dan1). 
at ax ax ax 

10.4. 3cl>cl>Y3HH pa3pClKCHHOro ra1a 

3q>q>Y3llil - 3TO Me.11J1eHHoe TeqeHne ra3a qepe3 MaJILie OTBepcrnl! [4]. 11cTeqeHne ra3a 

xapaKrepmyeTCH q11crroM KHy,11ceHa K" = A IL , r.11e L - pa3Mep oTBepcTnll; A.- .!IJlllHa 

cno60,11Horo npo6era MOJieKyJI. Ilpn K. >> l CTOJIKHOBeHlli!Mll Me)l(Jly MOJieKyJiaM11 MOlKHO 

npeHe6peq1,_ TaKoe TeqeHlle Ha3h!BaeTCH cno60,11HhIM MOJieKyJillpHbIM reqeHl!eM. 
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PaccMOTJlllM rll3 C IlJIOTHOCTb!O n , HaxO,wIIllllllCSI B cocy,1:1e, B CTeHKe KOToporo 

l!MeeTCSI MaJIOe ornepCTl!e IIJioma,1:11,10 S . 3<l><l>Y3110HHhlll IIOTOK qepe3 OTBepCTl!e paBeH 

1 - {k°T 
J= 4Snv=Sn'J~. 

Cocy,1:1 pa3,LleJil!M Ha ,[IBe IIOJIOBl!Hhl A II B rreperopO,LIKOll C oTBepCTl!eM. 11oTOK MOJieKyrr 113 A 

BB paBeH JA➔B =nAvAS/4. O6parn1,1ii rrornK m BB A cocTaBMeT J8➔A =n8v8 S/4. B 

COCTOSIHIIII paBHOBeCl!SI 'IIICJIO MOJieKyJI, IIOKl!,LlaIOmnx CeKITIIIO A , COBIIa,[laeT C 'IIICJIOM 

MOJieKyJI, B03BpamaIOilll!XCSI B Hee: J A➔B = J B➔A • 11ocKOJlhKY p = nkT II ; "" ✓T, TO 

PA PB 
.Ji:= ,ff;" 

l1p11 pa3HhlX TeMrreparypax B CeKfll!SIX ycTaHaBJil!BaeTCSI pa3HOe ,[laBJieHl!e (34>4>eKT KHy,1:1ceHa). 

10.5. YpaBHCHHe TellJIOUpOBO/(IIOCTH 

Pa3HOCTb IIOTOKOB TerrJia qepe3 rrrromMKY cetJeHl!eM S B rrpaBYIO II B rreBYIO CTOpOHY 

COCTaBMeT (p11c. 17) [ 1] 

q =-n(v)S .:.kT1 _.:.kT2 =-n(u)S.:.k(T1 -T2 ), 
1 (. . J 1 . 
6 2 2 6 2 

r,1:1e T1(x-.?,) II T2(x+ .?,,) - TeMrrepaTypa 'laCTIIIl B TO'IKax x.tl; i- 'IHCJIO CTerreHell CB060,[lhl 

MOJieKyJihl. 

T=T(x) 

X•A +;,.. 

P11c. 17. Pacrrpe,1:1erreH11e TeMrreparyp1,1 B,LIOJih oc11 x 

11 IIOTOK TeIIJIOIIpOBO,LIHOCTH qepe3 IIJ!Ollla,Llb S 

PacKJia.[lhlBM <i>YHKITIIIO TeMrreparyp1,1 B pSI,LI TeiiJiopa rro MaJIOMY rrapaMeTJ)y ').., rroJiyqaeM 

elf T(x-.1,,)-T(x+.1,,)= --2.?,,. 
dx 

TaKl!M o6pa30M, IIOTOK TeIIJia paBeH 
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q = --n(v)s.:.k-2.?,, = --(u).?,, .:.kn -S. 1 . elf 1 (" Jeff 
6 2 dx 3 2 dx 

Bne,1:1eM K034>4>11n11eHT TerrrrorrpOBO,[IHOCTII X, xapaKTep113YI0IllllH CBSI3b MelK,!ly IIOTOKOM TeIIJia 

II rpa,1:111eHTOM TeMrreparypb! ( 3aKOH <l>yp1,e) 

dT 
q=-z-S, 

dx 

X = ½(u).?,,(½kn} 

y 'll!ThlBM, 'ITO ikn I 2 = p . c, , rreperrmrreM BhlpaJKeHl!e MS! X B B11,Lle 

X = _!.(u).?,,p:,, 
3 

r,1:1e c, - y,1:1eJibHM TerrrroeMKOCTh; p- MaCCOBM IIJIOTHOCTh cpe,1:11,1. Ko34>4>11rr11eHT 

TerrrrorrpOBO,LIHOCm rrpSIMO rrporropllHOHaJieH 7-J/2 

X ex: ff. _1. in = .!_ ff . f;;; na (J" r;;; 
YpaBHeHl!e TellJIOBOro 6aJiaHca l!MeeT Bli,1:1, aHaJIOrH'IHhlH ypaBHeHl!IO Herrpepb!BHOCTII (pa3,1:1err 

10.3) 

Be+ oql =0 
at ox ' 

r,1:1e C = tx:.T - IIJIOTHOCTh BHYTJleHHell: 3Hepm11 MOJieKyrr ra3a C MaCCOBOH IIJIOTHOCTh!O p II 

TeMrreparypoll: T; q1=q/S - IIOTOK Terrrra Ha e,[ll!HIIIlY rrrroma,1:111. l10,1:1CTaBIIB CIO,Lla BhlpaJKeHl!e 

,LIM IIJIOTHOCTII II OTO Ka TenJia q, IIOJiyql!M ypanHeH11e TeIIJIOIIpOBO,LIHOCTII ,LIM O,LIHOMepHoro 

CJiyqM: 

_ o(T) _ __§__( EJTJ 
pc, at - ox X ox . 

B KatJecrne rrp11Mepa Hall:,1:1eM cTan110HapHoe pacrrpe,1:1eJieH11e TeMrrepaTyp1,1 raJa, 3aKJIIO'leHHoro 

MelK,!ly .LIBYMSI IIJIOCKOCTlIMII rrp11 x=O II x=d. TeMrrepaTypa rrepnoii IIJIOCKOCTII paBHa T1, 

BTOpoii • T2. Y'IHThlBM, 'ITO K034>4>11rr11eHT TerrrrorrpOBO,[IHOCTH nponoprr110HaJieH X OC T 112
, 

3arr11meM ypanHeH11e Terrrrorrpono,1:1HocT11 n cTarr110HapHoM crryqae 

!(r112 1J=o. 
11pon:3BO.LIHM rro x o6pamaeTcSI B HOJih, ecrr11 T 112 dT / dx = a = const. l1HTerp11pysi 3TO 

ypanHeH11e no KOop,1:111Hare, norryqaeM 

'!:.r3/2 =cn+/J 3 , 

r,1:1e KOHCTaHThl Cl II ~ HaXO,LllITCSI H3 rpaHll'IHhlX ycrrOBl!ll TeMneparyphl: T1 np11 x=O II Ti np11 

x=d. B pe3yrr1,TaTe pacnpe,1:1eJieH11e TeMneparyp1,1 ra3a 11MeeT Bli.z:I 
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[ 

~U3 
T(x) = 7;312 +1·(T/'2 -7;312 )J 

10.6. JlaMHHapHoe H ryp6yJieHTHOe Te'leHHH 

Ha6mo.11aeTClI ,llBa BHJ13 TeqeHJJlI ra:33 (rum )KHJIKOCTII): JiaMJJHapHoe II Typ6yJieHTHOe. 

Ilp11 JlaMJJHapHOM TeqeHJJII CJIOJJ )KHJIKOCTII CKOJih3lIT .11pyr OTHOCJJTeJihHO .11pyra, He 

rrepeMeIIIJJBaHCh. Ilp11 yaeJIJJqeHJJII CKOpOCTII JJJIJJ rrorrepeqHhIX pa3MepoB IIOTOKa ra3a xapaKTep 

TeqeHHH cyIIIeCTBeHHhIM o6pa30M 113MeHHeTClI. Bo3HIIKaeT ero rrepeMeIIIJJBaHJJe, TaKoe TeqeHJJe 

Ha3hIBaeTClI TYP6yJieHTHhIM. Ilp11 ryp6yJieHmOM TeqeHJJII CKOpOCTh qacTJJU B K3)K,ll0M ,ll3HHOM 

MeCTe ace BpeMJI 113MeHHeTClI 6ecrroplI,lloqHhJM o6pa30M - TeqeHJJe He CTMIIOHapHO. XapaKTep 

TeqeHHH 33BIICIIT OT 3Ha'leHJJlI 6e3pa3MepHoii BeJIJJqJJHhl (1IIICJIO PeiiHOJih,llCa): 

Re= pul, 
17 

me p- IIJIOIBOCTh )Kil.llKOCTII (IIJIII ra3a); u- cpe,llHl!lI CKOpOCTh IIOTOKa; ri- K03QJQJIIU!IeHT 

Bll3KOCTJJ )KHJIKOCTII; /- xapaKTepHhlli pa3Mep rrorrepe'IHOro ce11eHIIlI. Ilp11 MaJihIX 3HaqeHJJlIX 

qncJia PeiiHOJih,llCa Ha6mo.11aeTCJI JiaMJJHapHoe Te1IeH11e. Ha1111Hasr c HeKoToporo 

orrpe.11eJieHHoro 3Ha11eHIIJI 

TYP6yJieHTHhlii xapaKTep. 

Re, Ha3hJBaeMoro Kp11TJJqecK1IM, reqeH11e rrp1106peTaeT 

10.7. BHJKOCTb 

Pa3HOCTh IIOTOKOB IIMIIYJihCa qepe3 IIJIOIIIMKY ce11eHJJeM SB rrpaay10 II B JieBYJO CTOpoHy 

paaHa 

K=J-(mu1 -mu2 ), 

r.11e J = n(v)S I 6 - cpe,llHllli IIOTOK qacTJJU B O,llHOM HarrpaBJieHIIJJ. Ilo,llCTaBJilllI 3HaqeHne 

IIOTOKa MOJieKyJI J, IIOJIY'tfaeM 

I 
K=-n(v)Sm(u1 -ui}, 

6 

r.11e u1(x-A) II u2(x+l) - CKOpOCTJJ 'l3CTIIU B TO'lKax x±A. PacKJia,llhIBaH QJYHKUIIJO CKOpOCTJJ 

'l3CTIIU B PM TeiiJiopa, H3XO,llIIM IIOTOK IIMIIYJihCa 'l3CTIIU 

K = ..!..n(v)Sm[u(x-l)-u(x+l)]= _..!_n(v)Sm du 2l. 
6 6 ~ 

IlOTOK IIMIIYJihCa 'l3CTIIU rrporropu110HaJieH rpa,llIIeHry IIX CKOpOCTeii 

K =-(½(v)Jp )! S, 
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I 

ll 

K03QlQJIIUJJeHT rrporropunomUJhHOCTJJ xapaKTep113yeT Bll3KOCTh )KHJIKOCTJJ 

I 
17 =-(v)lp. 

3 

Km<p<pIIUIIeHT Bll3KOCTII rrporropUIIOHaJieH T12 

17oc {I __ I_,nm= .[,;if. v;; nCT CT 

Ilepe.11a11a IIMIIYJihCa 113 O,llHOro CJIOJI ra3a B .11pyroii rrpIIBO,llIIT K B03HJJKHOBeHJJJO BHYTPeHHeii 

CIIJihl TPeHJJlI Me)K,lly CJIOlIMII 

du 
F=-17-S. 

~ 

B Kaqecrne rrpnMepa BJI3Koro .llBII)KeHIIJI rroToKa ra3a paccMOTpIIM ero JiaMIIHapHoe 

1130TepMII'leCKOe TeqeHJJe B UIIJIIIH,llplI'leCKOH Tpy6e P3.llIIyca R. Bhl,lleJIJJM UIIJIIIH,llpIIqecKnii 

061>eM )KHJIKOCTJJ PMIIyca r II MIIHhl /. Ilp11 CTaUIIOHapHOM Te'leHJJJJ B TPY6e IIOCTOlIHHoro 

Ce'leHJJlI CKOpOCTII MOJieKyJI nna OCTaJOTClI HeJJ3MeHHhIMII, a cyMMa BHeIIIHJJX CIIJI, 

rrpIIJIO)KeHHhIX K JIJ060My 061>eMy ra3a, paaHa HYJIJO. Ileperra,ll ,ll3BJieHJJlI Ha ,llJIIIHe / rrpIIBO,llllT K 

B03HIIKHOBeHJJJO CIIJihl (p, - P, )m- 2
• Ha 60KOBYJO IIOBepXHOCTh UIIJIIIH,llpa .11eiicrnyeT CIIJia 

TpeHHH, paBHaH 17 • /du/ dr/ . 2nr/ . y CJIOBIIe CTauIIOHapHOCTJJ Te'leHJJll ra3a JJMeeT B11,ll 

(p, - Pi)m- 2 =-17-dul dr-2m-l. 

Pa3,lleJIJJB rrepeMeHHhle, IIOJlY'tfJJM ypaBHeHJJe 

HHTerp11poBaH11e .11aeT, 'ITO 

du = - Pi - Pi rdr . 
217[ 

u = _ Pi - P2 r2 + C. 
417/ 

IloCTOlIHHYJO IIHTerp11poBaHJJll C Bh1611paeM TaK, 1IT06hl HarrpaBJieHHaH CKOpOCTh ra3a 

o6paIITaJI3Ch B HYJih Ha CTeHKax TPY6hl rrpII r=R. H3 3TOro ycJIOBIIlI CJie.11yeT, qTQ 

C = R 
2 

· (p1 - p 2 )/ 417/ . Ilo.11cTaHOBKa 3HaqeHJJJI C rrp11B0.1lJJT K qiopMyJie 

u(r)= P1 -p2 (R2 -r2). 
417/ 

TaKJJM o6pa30M, rrp11 JlaMIIHapHOM Te'leHJJII CKOpOCTh 113MeHHeTClI C paCCTOlJHJJeM OT OCH Tpy6hl 

no rrapa60JIJJ'leCKOMY 33KOHy. IloJiaraH TeqeHne JlaMJJHapHhIM, BhJqlfCJIJJM IIOTOK ra3a Q, 

rrpoTeKaJOIIIIIii 11epe3 rrorrepe11Hoe ceqeH11e TPY6hl 3a e.1111H11uy apeMeH11: 

R ( 2 J I Q= Ju 0 1-;2 27!rdr= 2nR 2u0 , 
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r)];e Uo = R2
• (p, - P2 )/417/- HarrpruineHHMI CK0p0CTh II0T0Ka nna Ha 0CII UIIJIIIH)];pa. 

Ilo)];CTaBIIB 3HaqeH11e )];llil uo, II0Jl}"IIIM )];llil II0TOKa qiopMyny ( qiopMyna Ilya3elillil) 

Q = (p, - pi}:rR 4 

817/ 

IloTOK raJa rrporropu110HaneH rreperrMy )];aBJieHIIH Ha e)];11H11ue )];JIIIHhl Tpy6hl, qeTBeprnli 

CTerreHII PMllyca Tpy6bl II o6parno rrporropu110HaJieH K03qJqJ11u11eHTY BH3K0CTII )Kll){K0CTII. 
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