MOJIEKYJIAPHASA ®U3UKA

I'n1aBa S. SIBieHus nmepeHoca.

Hayxka, u3ydarorasi mporecchl Ipy HapyIUIEHHOM PAaBHOBECHH HA3bIBACTCS (usuueckas Kunemuxa. Jta HayKa
U3y4aeT HeoOpaTUMBbIE TPOIECCHI.

CyIIHOCTh TIPOLECCOB MEPEHOCA:  CmpemieHue CUCEeMbl  OOCMUSHYMb — PAGHOBECHO20 — COCMOSIHUA.
XapakTepucTHKa CKOPOCTH MPOLIECCOB MEPEHOCa — peMsl pelakcayuu — 3TO BpeMsi, B TE€YEHHE KOTOPOro CHCTeMa
JIOCTUTAeT PABHOBECHOTO COCTOSIHHSI (BpeMsl mepmonuzayuu — BpeMsi, 3a KOTOPOE CHCTeMa BO3BpAlaeTcs K
pacnpenenenuio Makcseia).

B aroii T71aBe sBNEHHS NepeHoca OyaeM pacCMaTpUBaTh TOJBKO MPH MANbIX OTKIOHEHHSX OT PABHOBECHOTO
cocrostHusi. [Ipy 3TOM PaccMOTPHUM CIEAYIOLIME SIBICHHS, CBS3aHHBIE C MEPEHOCOM Pa3UYHBIX XapaKTePHCTHK
CHCTEMBI:

a) BHympennee mpenue Uil 6513K0Cb — MEPEHOC UMITYIIbCa;
0) mennonposoorocms — MEPEHOC KHHETUUECKON SHEPTHH (Tera);
B) Ough@hysusi — MIEPEHOC MACCHI.

5.1. limna cBo0oaHOr0 nmpooera.

5.1.1. ITonepeyHoe ceueHUeE.

MoJieKy/bl B Ta3e¢ HEMPEPHIBHO CTAIKHBAIOTCS, B PE3YJIbTATEC YEr0 OHM M3MEHSIOT HAIPABICHUC IBHIKCHUS.
CTOJKHOBEHHUS MOTYT MPHBOAMTE U K APYTUM IOCIICACTBHAM, HAIPUMED, K HOHU3AIINH, PEAKIIHUAM, BO30YKICHUIO U
JICBO30YIKICHHIO MOJICKYJI U T.1.

BeposITHOCTh CTOJKHOBEHHS C OINPEACICHHBIM KOHCUHBIM PE3yJbTATOM OIUCHIBACTCS C ITOMOIIBIO MTOHSTHS

nonepeunozo ceuenuss G (cM Takxke pazmen Mexanuka §1.15). bygem cunTtaTh magarolIyr0 YacTHIy TOYEHHOH, a
YaCcTHI[y MHIICHH HMEIONIEH Takue pa3Mepbl, YTO MaKCHMAalbHas IUIONIA[b, MEPIEeHANKYJSpHAs HAIpPaBICHUIO
majarolield 4acTHIbl, paBHa C. DTO BooOpakaemas IUIONIAaNb, a He reoMmerpuueckas. OHa moaOupaeTcs TaKowH,
YTOOBI BEPOSTHOCTH TIOJNyYCHHS PAacCMaTPUBAEMOTO KOHEYHOTO pe3ylbTaTa CTOJKHOBEHHS Oblla paBHa
BEPOSITHOCTH TOTO, YTO MAJaloIas YacTHIA, IBUTASACH MPSIMONWHEHHO U 06e3 B3aMMOJEHCTBHS, MOMaaeT B 00JIacTh

UIOLIAJIBIO O.
Panee B kypce kiaccmueckoi Mexanwku (cm [maBa 1, ¢opmyna (1.15.6)) mbr

’ BBOIMIIM TIOHATHE 3P PekTHBHOTO MU HEePEHIINATHFHOTO CEUCHHUS:
dN
do=—, (5.1.1)
nyv
KaK OTHOIICHHE YMCIA JACTHI], PACCETHHBIX B YIIEI 0T 3 10 3 + d9, u mioTHOCTH

MIOTOKA MaJaloluX 4acTUll AV , TAC /1 — KOHICHTpalus IaJaroliuX 4acTull, a V — UX

Puc. 1.1.
ckopocTh. B wactHOCTH, s qudQEepeHINATEHOTO CEYCHUS pacCesHUs Ha TBEPIOM
mape B Kypce MCXaHHKH TIONyYalld CICAYIONIYIO
U(r) dopmyny s nudGepeHIUaTFHOTO CEYCHUS:
Ey=const TCR; .
do = Sindd9 , (5.1.2)

a IOJHOE ceveHHe paccesHus (T.e.  ceueHHe
«BBIOBIBAHUS»  YACTHIBI W3  HAYAIBHOIO  IIy4YKa)
PaBHSUIOCH:
E\=const c=nR;, (5.1.3)
rae Ro pammyc tBepmoro mapa. B mamewm cayuae R
pamuyc cepudeckoid BooOpakaeMoi o0nacT, Kyna He
MIPOHUKAET ToYeuHas yactuia (puc.l.1).

B peanbHOM mpoliecce CTOJKHOBEHHS MOJEKYJIbI
TaKKe HMMEIOT pa3Mephl, OMNpEeNsIeMble HEKOTOPHIM
pamuycoM. MOXXHO BBeCTH TMOHATHE 3((HEKTHBHOTO
JIMaMeTpa, OMpeIeNIeMoro pamanycoM 3(h(HEKTHBHOTO

ro r

v

d>

Puc. 1.2. TBEpIOro  Iiapa RS(M) =d Ha  KOTOPOM

mon ?



paccemnBaeTCs MOJIEKya, IPUHATas 3a Touky. Kak BuaHO u3 pucynka 1.2 sdpdexTusnbiii uametp d nagaer ¢ poctom
TEeMIepaTypbl, HO 3TO H3MEHEHHE BOOOIIEe HE3HAYUTEIBHO H3-3a OBICTPOrO pocTa IOTEHIHaja Ha MabIX
paccrosausx. [loaToMy MOXXHO 3ammcaTh 3((GEKTHBHOE CEYEHHE DPACCESTHHUS MOJIEKYJl aHAJIOTHYHO CIy4a C
TBEPIBIMH IIapaMHU

c=nmnd’ (5.1.4)

HO MOJICKYJIa HaJIETAaCT HE Ha OJHY JAPYTIyr0 MOJICKYJY, 4@ Ha MHOI'0 APYTMX MOJICKYJ MHUIICHU U ITO

H€O6XOI[I/IMO YUYUTHIBAThD. HYCTI) KOHIICHTpalus MOJICKYJI MHIICHU paBHA n(), TOrAa Ha MAJIWHE IIYTU dx C

MONEpEYHbIM CCUCHUCM S COACPIKUTCH n()de MOJICKYJI. u CyMMa HX MNOINCPCUHBIX CC‘ICHI/Iﬁ paBHaA:

ds = GnOde . OTkyma moiy4aeM BEpOSITHOCTh TOTO, YTO YACTHIIA TOMAJET B ONHY W3 MOJEKYJ MHIICHH, T.C.
HCIBITACT PACCCAHNE, paBHA:

das
dP=—=on,dx (5.1.5)
S 0
5.1.2. Pacnpenenenre no jimHaM cBo00oaHOr0 nmpoodera.
Juna c6o600n020 npobeea | — 3TO TyTh, KOTOPBIA TNPOXOAMT MONEKYNAa 332 BpEeMsA MEXIy ABYMS

CTONKHOBeHUSAMH. J[MHA CcBOOOAHOTO TpoOera — 93TO chydaiHas BenuumHa. Kak W O BCSAKOW ClydaiHON
BEIMYMHBI MOXHO PacCMOTPETh BEPOSITHOCTH TOTO, YTO MOJIEKYJIa IPOJETUT CBOOOAHO O€3 CTOIKHOBEHUS
OTIpeNleIeHHOe PACCTOSHUE, T.€. IOJNYYHUTh pAacIHpeielcHHe BEpOSTHOCTH (IUIOTHOCTH BeposATHOCTH). Haiimem
pacmpeneneHye mo JyInHaM CBOOOJTHOTro Tpodera W, 3Hasl €ro, ONpeesIuM CPEIHIO JUTMHY CBOOOIHOTO Tpodera
MOJICKYJIBI.

Jlnst Hadanma mpoBeIeM CPaBHHUTEIBHO MPOCTOE paccyxaeHue, ucxons u3 opmynst (5.1.5). Cedenne G u
KOHIIEHTpAIMsl YacTHIl 7y HE 3aBHCAT OT KOOPIMHATBHI X, MOITOMY BEPOSTHOCTh CTOJKHOBEHHUSI pacTeT

IPONOPUUOHANLHO MyTH ~ X. J[JIMHA MyTH, OIPU KOTOPOI BEPOSATHOCTH paBHA 1, M eCTh CpelHss AJIMHA CBOBOIHOrO
mpobera

ony(l)=1 (5.1.6)
OtKyna umeeM Juist cpeHel JUIMHBI CBOOOAHOTO IPoOera COOTHOIICHHUE:!
1
(I)=— (5.1.7)
on,

Taxast mpocTast OIIeHKa JaeT MpaBWIbHOE 3HAYCHUE U JITMHBI cBOOOIHOTO TIpodera.

[pumeganne 1. MOXHO 3aMETHTh, YTO pacCyKICHWE, INPEICTABICHHOE BBINIC, AHAIOTUYHO PACCMOTPEHHUIO

NpUOTHKEHHOH HOPMHPOBKM paclpeselieHuss BEpOSTHOCTH CHCTEMBI MMeTh dHepruio or £ mo E+AE:

P(<E>)cg AE =p((E))-AT, ~1.

OnHako (GpU3MUECKH MpaBUIbHEE TIOMYYHTh CPEAHION ITHHY cBoboaHoro npobera (/) uepes pacnpedenenue no
onunam c60600H020 npobeza. PaccMOTPHM UYHCIIO YAaCTHI, KOTOPEIE CTOIKHYIHCH Ha pacctosanu ot [ mo [ + dl.

UYucno wacTHl, KOTOpble mposieTenn paccrosaue [ 6es

0

[ I+dl x CTOJIKHOBEHHUS, PaBHO N, a 4YHCIO 4YacTHI, IPOJICTEBIINX
— — > paccrosmne ([ + dl), pasmo (N — dN) (cm puc. 1.3).
—> OTHOCHUTEIBHOE YHCIO YOBIBIIUX YACTHI[ W3 IIOTOKa He
_,' ’ S paccessHHBIX YaCTHUIl PABHO:
— — dN dl
:
— > > > e —Gl’lodl =—— (5.1.8)
—> N A
: '; > “Munyc” crout B popmyiie (5.1.8) u3-3a TOTO, 9TO YUCIIO YACTHUIL
I’ ’; U3 TEepBUYHOTO Tydka YOBIBAaeT ¢ POCTOM [, 371ech MBI TaKKe
—> > >
: BBEJM JUTHHY A = 1 on. Wnrerpupyem (5.1.8) ¢ yuerom toro,
: 0
No N N-dN

YTO YUCJIO MaAaromuX YaCTUll Impu HavaJIbHOMI KOOpJAMHATE X = 0
Puc. 1.3. paBHO N(), 1 TOorja nojsyvdacm:



!
N=Nse* =N, exp(— nocl) (5.1.9)

OToit (I)OpMyHOﬁ OIMPCACIIACTCA YMCIIO MOJICKYJI, IIPOXOAAIINX IIYTh 1 0e3 CTOJIKHOBGHI/Iﬁ, T.C. BEPOATHOCTH l'[pOﬁTPI

P(l)= ]jv—(? = exp(— %j (5.1.10)

YroObl NomyyuTh (YHKIMIO paclpesiesieHHs p(l ) (TJIOTHOCTH BEPOSITHOCTH) HAIMIIEM BEPOSITHOCTH TOTO, YTO

iyt [ 6€3 cTONKHOBEHNii paBHa:

YaCTHIA CTONKHETCA Ha ydactke ot [ 10 [+dl:

dP(l): _dN _ d(NO exp(— %)) _ N, eXp(— %) (_ dlk) _ iexp(_ ij-dl
N, N, N, A A
dpP(l) =p(1) dlz%exp(— S -dl (5.1.11)

Wrtak, TUIOTHOCTH BEPOSATHOCTH (MU (DYHKIIMS pachpelelieHne BEpOSTHOCTH) IO JUTMHAM CBOOOJHOTO Tpodera
paBHa:
[ —
P(l)=x€ * (5.1.12)

HeprLlHO YBUACTL, YTO IPU TAKOM ONPECACIICHUN p(l) BBITIOJIHACTCS HOPMUPOBKA!

J.dP(I)ZIexp(— @ d(@ =1 (5.1.13)

Hatiinem cpenmioro ammHy cBoOoHOTO Ipodera. 1o onpeneneHnio CpeqHUX 3HAYCHNN HMEeM:

()= Iz -dP(l)= xz(@eid&j =h= n%c

()= :L (5.1.14)

on,
Wrtak, momy4dwsn TO e 3HaueHUe, KOTOpoe ObLIO HAWIEHO NI CpelHed UIMHBI CBOOOJHOTO Mpodera MUCXoas U3
MPOCTON OIIEHKH. OmHako 31O BBIpaXECHNUE I JUTUHBI CBOOOIHOTO Hpo6era CIIpaBeJJINBO B MPEAMNOJIOKEHUHN, YTO
BC€ MOJICKYJIBI, 3a HWCKIIOYCHHUEM paCCManHBaCMOﬁ, OBLITH HCIIOABU)XHBI U HE IOBHUIAIUCH. I[JI}I 0o0JIee TOYHOTO
OTIpeIeNIEHUs CPpeHEH JUTMHBI CBOOOTHOTO ITPoOeTa HE0OXOMMO PACCMOTPETh OTHOCUTEIIEHOE IBUKEHHE MOJICKYIT.

5.1.3. Y4uer ABMIKEHMS MOJEKYIL.
PaccmoTpuM, Kak IOBWDKETCS paccemBaeMas Mousiekyna. JTiuHy cBOOOTHOTO mpoOera MOXKHO 3alHcaTh Kak

otnomrenue mytu Al mpoiinennoro mMonexysoii 3a Bpems Af k 4mciy (4acToTe) CTONKHOBEHHH AV, HCHBITAHHBIX
JTaHHOM MOJIEKYJION Ha 3TOM IyTH:

. AN <v>At
(I)=xr= o Ay (5.1.15)

31ech CpeiHssi CKOpOCTh paBHA, Kak U paHee

<V>=ﬂ8kT% " O6beM 1mnuHApa (IpH €ro

JUIMHE CyIIeCTBeHHO Gonbiueii nuamerpa [ >> d),
BHYTpU  KOTOPOTO  JBIDKETCS ~ MOJEKyl1a |
UCTIBITHIBAET CTOJIKHOBEHHUS, PABEH:

2
nd <v>At.
Yuciio CTOJKHOBEHUHI PpaBHO YHUCIYy MOJIEKYII
MHUIIICHH, TIOMABIIAX B 3TOT 00BEM

Av = nynd* (v)At (5.1.16)

Puc. 1.4. re 7o -KOHIIEHTpal¥sl YaCTHLI, KaKk U paHee.



Ecim 6b1 Bce MoJiekynbl B 00beMe ObUTH HETIOABYDKHBI, TO CpemHsisi ckopocTh B (5.1.16) Obuia ObI cpemHei
CKOpOCTBIO HayeTaroliedl vactunbl. OJHAKO BCE MOJEKYJBI JBIIKYTCS, TO3TOMY CPEIHSS CKOPOCTB <v> npu
BBIYUCIICHHHA YaCTOTBHI CTOJKHOBEHHH €CTh CPEIHSS CKOPOCTh MOJEKYJI IO OTHONICHUIO APYr K Jpyry, T.c.

OTHOCUTECJIbHAA CKOPOCTh <vom/¢> .Ilo OIIPEACIICHUIO OTHOCUTCIIbHAA CKOPOCTh OIIPEACTIACTCA:

Vs =V2 = Vi, V. = \/V12 +v2 —2v,v,Cos9 (5.1.17)

omHu
rac 8 - Yroj MExay BEKTOpaMu CKOpOCTCﬁ. YT00kI MOJY4YUTh CPpEAHCE 3HAYCHUC OTHOCHTEIIbHOM CKOPOCTU MOKHO
BOCHOJIB30BAaThCA paCIIpCACIICHUEM MakcBemia o CKOpPOCTSM V] M V2 U 3aT€M IOJIYyYUTh CPEAHIO0 OTHOCUTEIIbHYIO

CKOpPOCTh <V0m) . O,Z[HaKO, IpHU 3TOM ITOJTYyJaeM JO0CTATOYHO CJIOKHBIC BBIYHUCIICHUSA, TIOOTOMY BOCIIOJIB3yCMCA Ootee

MIPOCTHIM TIPHEMOM (MEHEee CTPOTHM, HO MPHUBOIAIINM K IIPaBIIIFHOMY Pe3ylbTaTy). PaccMoTpuM cpenHee 3HaUeHHE

KBaJIpaTa OTHOCHTENIbHOH CKOPOCTH:
(Vi) = (v )+ (v3) - 2(37,) = 2(v*) (5.1.18)

- — 2 o o
rac <V1V2> = 0 , a <V > - KBaJpaT CPpCAHCU KBaAPATUYHOU CKOPOCTH. BOCHOJ’IB3y€MCH MponopuHruOHAJIbHOCTBIO

MEXIy CpeHel KBaJpaTUYHOW CKOPOCTHIO U CpeHEN CKOPOCTHIO:

— 2 —
vcp.m. - <V > ~ vcp - <V>

T.€. CpellHee U3 KBaJpaTa CKOPOCTH MPOMOPIHOHAIBHO KBaApaTy OT cpeaHed ckopoctu. IIpeamnonoxum, 4Tto 31O
CIpaBeTUBO U JUIs cooTHOMIeHHUS (5.1.18) 1 Tora Ha OCHOBaHUM ATOTO 3AIMUIIEM, YTO

Vo) =2 - (V) (5.1.19)
Torma 4ucio CTONKHOBEHUI 3a Bpemsa Af paBHO:
Av =~21d*(v)n, - At (5.1.20)

Moncrasiss (5.1.20) B (5.1.15) monyuaem momnpasieHHyo GopMyIty ISl ONPENSIICHNs] CpeIHEeH JUTMHBI CBOOOIHOTO
npobera:

1 1
7\, = =
\/Ecmo \/Endzno

[IpuBenem HeKOTOpBIE BBIBOBI M3 (POPMYJIBI JUTS CpeHEN JUIMHBI cBoOOaHOTO rpodera (5.1.21).

(5.1.21)

1) Ecnu TemmepaTypa HocTossHHa | = CONSt, TO JIMHA CBOOOJHOTO Npobera OOpaTHO MPOIOPLUHOHATLHA

JaBJICHHUIO 7\, ~ %) , T.K. KOHIICHTpAllUd paBHa no = %T .

2) Tlpu NOCTOSHHOM KOHIEHTpALMK JJIMHA CBOOOJHOTO NpoOera MOYTH HE 3aBUCHT OT TEMIEPaTyphbl, 3a
MCKITFOUEHHEM CJ1a00ii 3aBUCHMOCTH CEYeHHsI G OT TEMIEPATYPhL.

3) Otenum, KakoB MOPSIOK JUIMH cBOGOAHOTO mpobera. COCUMTaeM CPEIHIO JTHHY cBOOOAHOTO mpobera A
JUIs HOPMabHBIX yesoBwmit. [Ipu nasnenun p = 1 amm, remneparype °C = 0°C, 1 k06 raza 3annMaer o6bem
N,
22.4

-10 .
~ 210" m. Torma CpeIHsisl ITMHA CBOOOJHOrO Mpo0era M 4acToTa CTOJKHOBEHUI MEXIy MOJICKYJIaMH PaBHBI,
COOTBETCTBCHHO:

=3.10%n7. Juamerp monekyn d

3
Vo =22.4 m”/kmonb. Otkyna HAXOAUM KOHIIEHTPALMIO MOJIEKYN 1 =

1
}\‘N
V2-3.14-4-10%.3.10%

9 -1
v~10"¢
I/IS OLICHKH BUIHO, HACKOJIbKO MaJia JJIMHa CBOGOI{HOI‘O npo6era " BCJIMKA 4aCcTOTa CTOHKHOBGHHﬁ.

~2-107"m=2-10"cm,



