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CTl1IlIOB C. M., <l>E,lJ,OCl1MOB B. l1., MAKAPEHKO 11. H. 

liPABHEHHE COCTO~HH~ H KPHCTAJ1J1H3AU.H~ APfOHA 

MeTO)l.OM nOpUlHeBOrO nbe30MeTpa npOBe)l.eHbI H30TepMHt(('('­

KHe H3MepeliHH 06'beMa aprOHa B )I{H)l.KOM H TBep)l.OM COCTO,jH.lU(X 

npH TeMnepaTypax OT 197 )1.0 3500 K Ii )l.aBJleHHHX BnJlOTb )1.0 

17000 KrJcM2. Ha OCHOBaHHH .3KCOepHMeHTaJlbHblX )l.aHUblX Bb(IJH<:­

JleHbl TepMO)l.HHaMHtlecKHe cjlYHKUHH aproHa. DOKa3aHO, 'ITO 11,,0-

TepMbI C)f{aTHH aprOHa OnHCblBalOTCH ypaBHeHHeM, aHaJlOrH'IHbl>.\ 

ypaBHeHHIO COCTO!lHHH BaH-)l.ep-Baa.l!bCa. AHaJlH3HpyeTcH nOB,·­

)l.eHHe TepMO)l.HHaMH'IeCKHX cjlYHKUHI1 B)l.OJlb KPHBOIi nJlaBk) KH5I 

aprOHa H npOBO)l.HTCH CpaBHeHHe .3KCnepHMeHTaJlbHbIX pe3YJlbra""JB 

C .lI.aHHblMl{ «MaIllHHHbIX» .3KCnepHMeHTOB. DpoBe.ll.eHHblIi aH iWH3 

n03BOJlHeT YTBep)f{.lI.aTb, 'ITO MeXaHH3M nJlaBJleHHH - :<PHCT<l,IJHl-

3aUHH Onpe)l.eJlHeTCH, rJlaBHblM 06pa30M, KOpOTKO)l.eIicTBYlOlllHM 

OTTaJlKHBa TeJlbHblM B3aHMO)l.eIicTBHeM. BJlHHHHe .3HeprHH IIPHT:I ­

)f{eHHH Ha TepMO.ll.HHaMH'IeCKHe cBoi1cTBa cjla30BorO nepeXO)l.a ',10-

)f{eT 6blTb OnHCaHO B paMKaX TeOpHH Cpe.ll.Hero nO.llH. 



Equation of State and Crystallization of Argon 

S. M. Stishov, V. I. Fedosimov and I. N. Makarenko 
Institute of Crystallography 

Academy of Sciences of the USSR 

Isothermal measurements of argon molar volume in liquid 
. and solid state are performed in a temperature range 200-
3500 K and for pressures up to 17000 kG/cm2 using the piston­
cylinder piezometer technique. 

Thermodynamic functions of argon are calculated from 
experimental P-V-T data. It is shown that isotherms of argon 
may be represented by Van der Waals -like equation of state. 

The behavior of thermodynamic functions along melting 
curve is discussed. It is pointed out that II V / Vs -+ const and 
t:.S -+ const when T -+ co. 

Data obtained agreed rather well with results of computer 
e}..periments, moreover there is numerical agreement with those 
for the particles interacting with an inverse twelfth power 
potential. Low temperature oehavior of llS and t:. VI VS may be 
explained in terms of Van der Waals theory. 

It is shown that the validity of Lindemann and Simon 
relations takes place only in the case of extremely high 
tE'mperature when the attraction may be ignored. It is stated 
that meltting-crystallization mechanism even at low temperature 
is determined principally by repulsive interaction. 

The comparison of results obt.ained with literature data is 
done. 



I. BBE,lJ.EHHE 

H3BeCTHO, tITO H30TepMHtIeCKOe C)KaTHe ra3a npHBo,nHT j{ JIByM tPa30BbIM 
nepexo,naM, CBH3aHHblM C H3MeHeHHeM arperaTHoro COCT05lHH}l Bew.eCTBa. 
nplf p'OCTaTOtIHO HH3KI1X TeMnepaTypax KOH,neHcaUHH ra3a H KpHCTaJIJIH3a­
LUISI XUU1.KOCTH HBJIHlOTCH THnHtIHbIMH npHMepaMH tPa30BblX rrepexo,nOB nep­
Boro po,na. npH TeMnepaTypax Bblwe KpHTHtIecKoil nepeXOJ1. )KH,nKOCTb-ra3 
CTaHOBIITCl1 HerrpepbIBHbIM, HO KpHCTaJIJIH3aUHH KaK tPa30BbIH nepexo,n nep­
Boro po,na OCTaeTCH KatIeCTBeHHO HeH3MeHHOH ,na)Ke npH caMbIX BbICOKHX 
TeMnepaTypax H ,naBJIeHHHX, ,nOCTHrHYTbIX B HaCTOHLUee BpeMH. 

Ka'1eCTBeHHoe onHcaHHe HBJIeHHH KOH,neHcaUHH-HcnapeHHH 6bIJIO ,naHO 
eLUe BaH-,nep-BaaJIbCOM. KaK OKa3aJIOCb, ypaBHeHHe BaH-,nep-BaaJIbCa, 
yJ.J;OB.TIeTBOpHTeJIbHO OTIHCbIBalOLUee C)KaTHe H KOH.lI.eHCauHlO ra3a, He Bocnpo­
H3IlO,nHT ypaBHeHHe COCTOHHHH nJIOTHOH )KH.lI.KOCTH H He co,nep)KHT .lI.8)Ke Ha­
MeKa lHa CYLUeC'I1BOBaIHHe BToporo tPa30Boro nepexo,na - KpHCTaJIJIH3a~HH. 
B HaCTOHLUee BpeM5I MbI nOHHMaeM, nOtIeMy 3TO npOHcxo,nHT. UeJIO B TOM, 
tITO nonpaBKa K ,naBJIeHHlO, B03HHKalOLUa5I BCJIe,nCTBHe HenpOHHUaeMOCTH qa­
CTHU, .lI.aHHa5I BaH-,nep-BaaJIbCOM, CTporo cnpaBe,nJIHBa TOJIbKO B o,nHOMep­

HOM CJlyt.Iae; npH 3TOM B CHCTeMe MO)KeT CYLUeCTBOBaTb He 60JIee o,nHoro tPa-
30BOI'0 nepeXO.lI.ta {l]. B TpeXMepHOM CJIytIae 3a,natIa 0 CHCTeMe TBep,nbIX CtPep 
He pewaeTCH TOq'HO, HO B HaCT05ILUee BpeM5I HMelOTCH ,nOKa3aTeJIbCTBa, 
CBH,ne'JleJIbCTBYlOLUHe 0 TOM, tITO CTaTHCTHqeCKa5I cyMMa ICHCTeMbI TBep,nbIX 
CtPep «co,nep)KHT B ce6e» tPaaOBbIH nepexo,n, COOTBeTCTBYIOLUHH nJIaBJIeHHIO. 

UeHCTBHTeJIbHO, !,atIeCTBeHHaH HeH3MeHHOCTb TepMo,nHHaMHtIeCKHX xapaK­
repHCTHK nepexo,na KpHCTaJIJI-)KH,nKOCTb BnJIOTb,no TeMnepaTYP, npeBbI­
WalOIII.Hx B HeCKOJlhKO paa KpHTHqeCKYIO, HeCOMHeHHO YI{aabIBaer, tITO npH­
tIHHa KpHCTaJIJIH3aUHH KpOeTC5I B HeKOTopOM yHHBepCaJIbHOM CBOHCTBe tIa­
CTHU He HCQe3alOmeM npH BhlOOI<HX TeMnepaTypax. JiI3 TaKHX CBOHCTB MbI 
aHaeM TOJIhKO O.lI.HO - HenpOHHuaeMOCTb tIaCTHu HJIH B03HHKHOBeHHe MOLU­
HbIX CHJI OTTaJIKHBaHHH Ha KOPOTKHX paCCT05IHHHX. HMteHHO 3TO CBOHCTBO 
tIaCTHU B rrOJIHOH Mepe HMHTHpyeTc5I B Mo,neJIH TBep.nhIX ctPep. 

BnepBble Ha B03MO)KHOCTb tPa30Boro nepexo,na B CHCTeMe TBep.lI.bIX CtPep 
YKa3aJI KHPKBY,n C COTp. [2]. Ho nepBbIe ,nOKa3aTeJIbCTBa B nOJIb3y cYLUecTBo­
BaHH5I tPa30Boro nepexo,na nepBoro po,na B CHCTeMe TBep,nblx ctPep nOJIyqeHbl 
TOJIbKO B nOCJIe,nHHe ro,nbI C nOMOLUblO «MaIlIHHHbIX» 3KcnepHMeHToB {3, 4]. 
K CO)KaJIeHHlO, «MaIlIHHHble» 3KcnepHMeHTbI npoBo,nHTC5I B CHCTeMax, co,nep­
)KaIII.HX HeCbMa OrpaHHtIeHH0e tIHCJIO tIaCTHU (N < 1000). 3TO 06CT05ITeJIh­

CTBO ,ne.1aeT HeB03MO)KHbIM peaJIH3auHlO cocymrecTBOBaHH5I tPa3, H n03TOMY 
,nJIl1 JIOKaJIH3aUHH H onpe,neJIeHH5I TepMo,nHHaMHtIeCKHX CBOHCTB tPa30Boro 
nepexo,na HCnOJIb3YlOTC5I HCKYCCTBeHHble npHeMbI {5]. B 3TOH CBH3H MoryT B03-
RHKHyTb onpe,neJIeHHble COMHeHHH B 06LUHOCTH p'e3YJIbTaTOB, nOJIytIaeMbIX 

«MaIlIHHHbIMH» MeTo,naMH. O,nHaKO HHtPopMaUH5I, nOCTaBJIHeMaH «MaIlIHH­

HbIM» 3KcnepHMeHTOM CTOJIb 3HatIHTeJIhHa, tITO Bp5l,n JIH pa3YMHO )K,naTb, Kor­
,na ,nOKa3aTeJIbCTl3a 06LUHOCTH tIHCJIeHHbIX pe3YJIbTaTOB CTaRYT 6e3ynpeQ­
HpIMf{. 



ECTeCTBeHHbIH rryn «rrpOBeplm» MarmfHHbIX pe3YJIbTaTOB - CpaBHeHI1e 

«M alllHHHOrO» H peaJIbHOrO 3I(CrrepI1MeHTOB. 

HI1iKe npHBO.D,HTCH CBO.D,KJ HeI<OTOpbIX COOTHOlllNIHH, XapaKTepI13YIOlll.HX 

ypaBHeHHe COCTOHHHH I1 cpa30Bbrii nepeXO.D, B CHCTeMaX «I1CKYCCTBeHHbIX» tIa­

CTI111 [6, 9-11]. 
YpaBHel-IHe COCTOHHHH CI1CTeMbI TBep.D,bIX ccpep I1MeeT BH.D,: 

PV f Vo RT = (rj ), r.D,e TI = V (1. 1 ) 

V-06oeM CI1CTeMbI, 
N'lta 3 

Vo= --- , 
6 

a-,J:HaMeTp ccpepbI. 

TOtIHblH BI1.D, CPYHKl1lUI f (1)) HeH3BeCTeH, O.D,HaKO HMeIOTCH XOpOlllI1e rrpI16JIH­
)!{IeHI1H [7, 8]. 

YpaBHeHHe JIHHHH cpa30Boro paBHoBecHH eCTb: 

P= 11,7 kT 
a3 

( 1.2) 

060eMbI TBep.D,OH H )KH.D,KOH cpa3 B TOliKe rrJIaBJIeHHH He 3aBHCHT OT TeMrre­

paTypbI H paBHbl: 

V L = 1,06 Na 3; 

Vs = 0,96 Na3• 

( 1.3) 

B COOTBeTCTBHH C (1.3) OTHOCHTeJIbHbIH CKatIOK o6oeMa npH rrJIaBJIeHHH 

AV =0,103. (1.4) 
Vs 

I-h (1.2) H (l.3) CJIe.D,yeT, 'ITO CKatIOK 3HTporrHH rrpH rrJIaBJIeHHH TBep.D,blX 
ccpep TaK)Ke He 3aBHCHT OT TeMrrepaTypbI H HMeeT BeJIHtIHHY 

AS = 1,16. (1.5) 
R 

nJIH CHCTeMbI lIaCTHl1, rrOTeHl1HaJIbHaH 3HeprHH B3aHMO.D,ei1cTBHH J<OTOPbIX 

eCTb O.D,HOpO.D,HaH CPYHKl1HH n-ro nOpH.D,Ka OT HX KOOp.D,HHaT, rrpe.D,CTaBJIeHI1e 

o BHAe cooTBeTcTBYIOlll.HX 3aBHcHMocTeH MO)KeT 6bITb rrOJIYtIeHO HerrOCpe.D,­

CTBeHHO H3 cTaTHCTHQeCKOH CYMMbI [9-11]. 
BY.D,eM CtIHTan, tITO nOTeHl1HaJI Me)KtIaCTHliHoro B3aHMO.D,eHCTBHH HMeeT 

BH.D,: 

¢(r)=e(;f. (1.6) 

Nr 8 

BBeAeM 6e3pa3MepHYIO rrJl0THOCTb p = __ 0_ H 6e3pa3MepHYIO .D,mIHY 

(
N)1/3 T .. V 

s = r V . or.D,a .D,JIH CTaTHCTHlieCKOH CYMMbI HMeeM 

Z = ~ (' ... r exp (_ p"" ';~ s;;_n) -;];, .. d:
N

. (1.7) 
N!'A 3N .J.J k 

-+ -
s~ SN 
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TaKHM 06paSOM, HeHAeaJlbHa51 qaCTb CTaTHCTH'IeCKOH CYMMbI 51BJl5IeTC5I <PYHK-

(
E) al n 

UHeii: eAHHCTBeHHOH KOM6HI-IHpOBaHHOH rrepeMeHHOH P k T H He saBH-

CHT OTAeJIbHO OT V H T. J],JlH ypaBHeHHH COCT05lHHH HS (1.7) cJIe.ayeT 

-=1 +co p - . PV [ (E )"n 1 
RT . kT . 

(1.8) 

<PaSOBbIH rrepexo.a B CHCTeMe, orrHCbIBaeMbIH ypaBHeHMeM COCT05lHH5I (1.8) 
xapaKTepHsyeTc5I AByM5I YHHBepCaJlbHbIMH SHa'leHH5IMH rrepeMeHHoH 

P (k~ rln, cooTBeTcTByIOIlI.HMH HatIaJly H KOHUy KpHCTaJlJlHSaUHH. I1J10THO­

CTH )!(HAKOH H TBepAoH <pas BAOJlb KPHBOH rrJIaBJIeHH5I paBHbI 

(
kT)3In 

PL=CL -;- , 

Ps-Cs - , 
_ ... (kT)3/n 

\ E 

rAe C L H Cs -KOHCTaHTbI. 

Hs (1.8) H (1.9) AJl5I ypaBHeHHH KPHBOH rrJlaBJIeHHH , 

ro CKatIKa 06jbeMa H CKaqKa 3HTporrHH HMeeM 

(
kT\ 1+3111 

p,,- -;-) ; 

LlV 
- = const. 
Vs 

LlS 
- = const. 
R 

(1.9) 

OTHOCHTeJIbHO-

(1.10) 

(1.11) 

(1.12) 

OTMeTHM, 'ITO aHaJlOfHtIHbIe peSYJlbTaTbI MO)!(HO rrOJlytIHTb, eCJIH BBeCTH 3ttJ­

q:eKTHBHbIH AHaMeTp tIaCTHUbl (J HS YCJlOBHH {12, 13] 

E (:0 r ~ kT. (1. 13) 

nOACTaHOBKa 3<p<peKTHBHoro AHaMeTpa 03rjJ ~ r 0 (fr rill B (1.2-1.5) He­

Me.aJleHHO npHBeAeT I( COOTHOllIeHH51M, aHaJlOrHqHblM (1.10-1.12). tIHCJleH­

HbIe SHa'leHH51 1(0HCTaHT B (1.9-1.12) nOJlY'leHbI B «MallIHHHbIX» 3KcrrepH­

MeHTax [10, 11]. 
CJle.ayeT no.atIepKHYTb, tITO HH OAHO HS BblIlHcaHHblX COOTHOllIeHHH He 

BbIIlOJII-l5IeTC51 AJl51 peaJIbHOrO BeIll.eCTBa. OAHOH HS npH'lHH 3Toro HeCOOTBeT­

CTBH51 MO)!(eT 51BJI51TbC51 BOSMym.aIOIll.ee BJIH51HHe CHJI rrpHT51)!(eHHH. Ho eCJlH 

HaM y.rr.aCTC5I rrOl(aSaTb, 'ITO 3TH COOTHOllIeHH51 6YAYT BepHbI aCHMnTOTHqe­

CKH, B rrpeAeJIe BbICOK'HX TeMrrepaTYP, TO crrpaBe.aJIlfBOCTb «MallIHHHbIX» pe-

3YJlbTaTOB H TeM caMbIM AOMHHHpYIOIlI.aH pOJlb OTTaJII(HBaTeJIbHOrO B3aHMO­

AeHCTBHH npH KpHCTaJlJlH3aUHH 6YAeT AOKasaHa, no KpaHHeif Mepe, AJI51 06-

JlaCTH BbICOKHX TeMrrepaTYp. OAHaKo 3TO TOJlbKO HanoJloBHHY pelliaeT rro­

CTaBJIeHHbIH Bonpoc, TaK KaK pOJlb CHJI npHT51)!(eHH51 OCTaeTCH He51CHoH. He 

HCKJlIOtIeHO, 'ITO MexaHH3M HH3KOTeMrrepaTYPHOH KpHCTaJIJlH3aUHH CYIll.eCT­

BeHlHbIM 06pa30M onpeAeJIJ:reTCH JlaJIbHHMH Me}KtIaCTH'lHbIMH KOppeJI51UHHMH. 

C Apyroij CTOPOHbI, MO)!(eT OKasaTbCH, tITO pOJlb CHJI rrpHTH)!(eHHH CBeAeTCH 
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npOCTO K BalH,ll.epBaaJIbCOBO ~1 nOnpaBKe B ypaBHel-UIe COCTOHHlIiH Ii C,ll.Bliry 

KPHBOH paBHOBeCIiH. TaKIiM 06paSOM, Kpyr BOnpOCOB, nO,ll.JI'e}l{aru.HX BbISICHe­

HIiIO, ,ll.OCTa TOtIHO 06UlHpeH, H MbI C,ll.eJIaeM nonbITKy OTBeTHTb Ha HeKOTOpble 
liS HHX npH aHaJIHSe aKCnepliMeHTaJIbHbIX ,ll.aHHbIX. 

If. 3KCnEPHMEHTAJIbHA5I lfACTb 

OCHOBHaH Sa,ll.atIa HaCTOSIru.erO aKCnepHMeHTaJIbHOrO IiCCJIe,ll.OBaHHSI sa­

KJIIOtIaJIaCb B Onpe,ll.eJIeHHH TepMO,ll.HHaMHtl'eCKHX XapaKTepHCTHK aprOHa B 

UIHPOKOM ,ll.HanaSOHe TeMllepaTyp H ,ll.aBJIeHHH C 0006bIM BHHMaHHeM K OK­
peCHIOCTH KPHBOH nJIaBJIeHHH. 

Cyru.eCTByeT BeCbMa OrpaHHtIeHHOe tIHCJIO pa60T, nOCBmneHHbIX HCCJIe,ll.O­

BaHHIO ypaBHeHH SI COCTOHHHSI H TenJIOBbIX CBoiicTB aprOHa npH ,ll.aBJIeHHHX 

BbIllIe 2000 KTjCM2. Cpe,ll.H HHX MbI ,ll.OJI}I{HbI ynoMSIHYTb cepHIO npeBOCXO,ll.­

HblX pa60T M.HXeJIbCa C COTp. [14-17], pa60TY P06epTcoHa, Ea66a H CKoTTa 

[18] H HCCJIe.lI.OBaHHH UHKJIHCa H D,oJIHKOBa {l9, 20]. OC06bIH HHTepec npe,ll.­

CTaBJISIIOT pa60TbI [21-23], B Kompblx ,ll.aeTCH npaKTHtIeCKH nOJIHaH HH<POp­

MaqHH 0 TepMO,ll.HHaMHKe nJIaBJIeHHH aprOHa BnJIOTb ,ll.0 200°K. PesYJIbTaTbI 

nepBblx HCCJIe,ll.OBaHHH ypaBHleHHSI COCTOHHHH H nJI3BJIeHHH aproHa npH BbI­

COKHX ,ll.aBJIeHIDlX {24, 25] OKaSaJIHCb BO MHOroM OllIH60tIHbIMH H ,ll.aJIee 06-

CY}l{.u.aTbcH He 6Y.lI.YT. 

YtIHTbIBaH HMeIOru.HHcSI aKcnepHMeHTaJIbHblH MaTepHaJI, MbI COtIJIH qeJIe­

co06paSHbIM COCpe,ll.OTOtIHTb yCHJIHH Ha 06JIaCTH TeMnepaTYP, npeBblllIaIOru.HX 
200°K. 

I1s6paHHblif HaMH MeTO,ll. ,ll.JISI nOJIytIeHIHI TepMO,ll.HHaMHtI'eCKOH HH<popMa­

UHH COCT05lJ1 B HsytIeHHH P- V - T COOTHOllIeHHH C nOMoru.bIO nopllIHeBoro 
nbeSOMeTpa. 

§ t. TeXHHKa 3KcnepHMeHTa 

DopllIHeBOH I1beSOMeTp (pHC. 1) I1pe,ll.CTaBJIHeT C060H UHJIHH,ll.pHtIeOKHH 

COCY,ll., cHa6}1{eHHbTH nopllIHeM H YCTpoifcTBaMH, He06xo.u.HMbTMH Jl,JIH sanOJI­

HeHHH nbeilOMeTpa HCCJIe,ll.yeMbIM ra30M H HSMepeHHSI I1epeMeru.eHHI1 nopllIft5I. 
,UJIH C}I{aTlUI co,ll.ep)l{aru.erocSI B nbeSOMeTpe rasa nbesoMeTp nOMeru.aeTC5I 

B KaMepy BbIcor<aro ,ll.aBJIeHHSI, coe,lumeHHYIO C }I{1i,ll.KOCTHbIM MYJIbTHI1JIHKa­

TOPOM (pHC. 3); np'H aTOM I10pllIeHb I1beSOMeTpa OT,ll.eJIHeT HOCJIe,ll.yeMbIH ras 

OT }I{H,ll.KOCTH, nepe,ll.aIOru.eif ,ll.aBJIeHHe, H CJIY}l{HT YKasaTe.TIeM ypOBHSI c}I{a­

Toro rasa. B 06ru.HX tIepTaX nbesoMeTp (pHC. 1) aHaJIOrHtIeH cooTBetcTBYIO­

ru.eMY yCTpoikTBy EpH,ll.)I{MeHa [26], HO OTJIHtIaeTCH IOT Hero cnoc060M sanOJI­

HeHH51 H BOSMO}l{HOCTbIO HeI10Cpe,ll.CTBeHHoH perHCTpaUHIi I10JIom.eHH51 

nopllIHH. 
DbeSOMeTp (pHC. 1) COCTOHT HS 1{0pI1yca 6, cO,ll.ep}l{aru.ero HrOJIbtIaTblH 

BeHTHJIb 7-9, nOpllIH5I 5, ynJIOTHHTeJIbHOrO y3JIa 3, 4, 11. 12 H .9JIeK­

TpHtIeCKOrO MHKpoMeTpa 1, 2, 13-16. Bce .u.eTaJIH COOCTB'eHHO nbeSOMeTpa, 

H.cKJIIOtIafl 4 H 11, H3rOTOBJIeHbI H3 CTaJIH 45XHM<l>A H II oJlBeprHyTbI 

TepMo06pa60TKe ,ll.O TBep,ll.OCTIi· H Rc 46-:--48 . .LLeTaJIH ,ll.aTtIHKa I1epeMeru.emIH 

H3fOTOBJIeHbI H3 CblPOM CTaJIH TOH}I{e MapKH. YI1JIOTHHTeJIbHOe KOJIbqO 4 
BbIIIOJIHeHO HS <pTOPCHJIIiKOHOBOH p'e3IiHbI, COXpaH51IOru.eH aJIaCTHtIHOCTb npli 

HH3KliX TeMI1epaTypax Ii BbICOKHX ,ll.aBJIeHHHX. 

KaHaJI Kopnyca I1be30MeTpa 6 Ii I10pllIeHb 5 .u.OBO,ll.5ITCSl ,ll.O OKOHtIa­

TeJIbHbIX pa3MepOB C I10MOru.bIO aJIMa3HOH I1pHTlipKH TaKHM 06pa30M, tIT06bI 

3a30p Me}l{,ll.y HHMH He I1peBbIllIaJI 1,5-2 MIC, a tIHCTOTa I10BepXHocTeH COOT­

BeTCTBOBaJIa 12 KJIaccy. Bo H3Ue}l{aHHe CJIHI1aHH51 H XOJIO.u.HOH cBapKH .lI.eTa­

JIeii I10pllIHeBoH I1apbI 5 H 6 nopllIeHb 5 I10KpbIBae-rcfl CJIOeM CyJIb<pHJla 
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fOJII.IJ.HHOii MeHee MHKpoi:Ia nyreM 06pa60TI<H B CepOBO)l.OPO)1.HOM paCTBOpe. 

,lI.eTallH ynJIOTHHTeJlbHOrO y3JIa 3, 4, 11, 12 06pa3ylOT B cOBoKynHocTH 

a311'BOp Tlma «HeeKoMneHcRpOBaHi-iOH: nJIoru.aAH», npenHTcTBYIOI.IJ.HH: YTe'lKe 

ra3a BO BpeMH nO)1.rOTOBHTenbHbIX CTa)l.HH 31{CnepFlMeHTa. 

8 

P.ac. 1. I1oplllHeBoil Ilbe30Merp (3-12) H .a.aTlIlU< 
n~pe/jleme,HHii (I, 2, 13-16); 

5 - nopweHb; 6-KOPUYC; 4-UpOKJla.llKa "3 <jlTOPCHJlI1KOIiOBOII 
peslUrw; 3 , 12, JJ-JleT8J111 YU",oTHHTeJlbllo)'o YSJla; 8-lIr ... a 
,B~T.aJl.; 7-ynJlOTtII4"-eJIbHOe pe31HIOBoe KOJIbUO; 9-raHKa 
jO-Kallun .:InK 3anonll~ltI'H nbeSOMeTpa; I -C'foIlKa JUT'IHKa 
IIcpe •• eU\eRI1H; e_KOIICTaUTOHOBaH up OBOJlOKa; IJ-flOAoHlKHble 
nOTeHUlIaJlbHble KORTaKTbI; 14-RCnOA0l1lKRble nOTeUUl1anbHble 

l<QJ.TaK.1 b1; 15-nllHeJlb; lo-ToKoBble KOHT8KTbI 

Ma,/ILIa 3a30p Ii HH3KOe TpeHHe B nopUIHeBOH: nape n03BOJI5IIOT npaKTH'le­

CKH nOJIHOCTblO HCKJIlOlIH1'b npOHHKHOBeHHe }IGf)1.J{OCTH B nOJIOCTb nbe30MeT­

pa; OJ1.J;:l3IW C nOMOI.IJ.blO TOJIbIW 3THX cpe)1.CTB HeB03MQ}KHO npe)l.OTBpaTHTb 

YTellKY ra3a DpH nOHH}KeHHH)1.aBJIeHH5I B 06JIaCTH HH3KHX )1.aBJIeHHH 

( < 4 TbJC. KT /CM2). 3ToM l.I,eJIH CJIY)KaT pe3HHoBoe KOJIbl.l,O 4 H BTYJIKa II i 
0'6pa3Ylo.l.l.l,He nO)1.BH}!{HOe ynJIOTHeHHe C MaJIbIM TpeHHeM. 
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9JIeKTpH'IeCI(HH MHKpOMeTp (pHC. 1; 1,2, 13-16) npHHU;linHaJIbHO He 0'1'­

.TIH'IaeTCfl OT aHaJIOfH'IHblX YCTpoiicTB, omIcaHHbIX B {27, 28], H np.e,l{CTaBJIfleT 

C060H peoCTaTHbIH ,l{aT'lHK nepeMeIII.eHHH. OCHOBHhIM 3JIeMeHTOM ,l{aT'lHKa 

5lBJIfleTCfl KOHCTaHTaHOBafl npOBOJIOKa 2 ,l{HaMeTpoM 0,15 MM, HaTflHYTafl 

nOBepx TOHKOfO CJIOfl CJIIO,l{hI Ha C'faJIbHOH cToHKe 1, COC'faBJIflIOIII.eH e,l{H­

Hoe u;eJIoe C naHeJIbIO 15. flaHeJIb 15, B CBOIO OlJepe,l{b, }KeCTKO CBfl3aHa 

C KopnycoM 6 npH nOMOIII.H CTaJIbHOH BTyJIKH, nOKa3aHHoH Ha pHcYHKe 

nyHKTHpOM. TOlwBble 16 H HenO,l{BH}KHble nOTeHU;HaJIbHble 14 KOHTaKTbI 

paCnOJIQ)KeHbI Ha naHeJIH 15, nO,l{BH}KHble nO'l'eHU;HaJIbHble KOHTaKTbI 13 
YKpenJIeHbI IRa XBOCTOBHKe noplIIHfl 5. KOHTaKTbI H3fOTOBJIeHbI H3 6epHJIJIHe­

BOH 6POH3bI 11 1130JIHpOBaHbI OT OCTaJIbHbIX ,l{eTaJIeH CJIIO,l{OH H KepaMHlJeCKI1-

MH BTYJ1I{aMH. flPH onpe,l{eJIeHliH nepeMeIII.eHI1H noplIIHfl MRKpoMeTpoM ,l{aH­

Hoil KOHCTPYKU;HH H3MepfleTCfl na,l{eHHe Hanpfl}KeHHfl Ha KOHTaKTax 13 H 

14. OTHolIIeHHe ,l{ByX Hanpfl}KeHHH 0,l{H03Ha'lHO CBfl3aHO C nOJIO}KeHHeM 

noplIIHfl OTHOCHTeJIbHO Jwpnyca nbe30MeTpa H MO}KeT 6bITb npOrpa,l{yHpo­

BaHO B e,l{HHHu;aX ,l{JIHHbI. flpaKTH'IeCKH KaJIH6pOBKa oCYIII.eCTBJIfleTCfl C no­

MOIII.bIO CneU;HaJIbHOrO YCTpoHcTBa, cHa6}KeHHOro MHKpOMeTpH'IeCKOH rOJIOB­

Koti OT CTaH,l{apTHOro MHKpoMeTpa. 

3anOJIHeHHe nbe30M~Tpa aproHoM npOH3BO,l{HTCH npH nOMOIII.H ,l{ByXCTy­

neH'IarOrO pYliHoro KOMnpeccopa (pHC. 2), COCTOflIII.erO H3 ,l{Byx BHHTOBbiX 

npeccoB 2, 3, 6aJIJIOHa 1, ' cO,l{ep}KaIII.ero aproH rro,l{ ,lIaBJIeHHeM 

150 KF/CJlt2, CHCTeMhI BeHTHJIeH H CneU;HaJIbHOH 060HMbI 6, cJIY}KameH ,l{JIfl 

npHCOe,l{HHeHHfl KanHJIJIHpa BblCOKoro .n.aBJIeHHH K nbe30MeTpy. 

2 

PHC. 2. YCTaHoBKa AJln 3anOJlHeHHIl nbe30MeTpa aprOHOM. 

J-6annOH C 3prOH OM , ClKaTWM AO 150 " rlcAI': 2, 3-yCTpoilcToa Ann ClKaTlln aproH3 H3 633e 8HH­
TOBbiX npcccoo; 4-nbe30MeTp: 5-H3KOHC4HHK KanHnnnpa: 6-o6oHMa: 7-IjJHKCHPYIOLUHH BUilT 

,UJIH C03,l{aHHH rH,l{pOCTarHlIeCIWrO ,l{aBJIeHHH HCnOJIb3yercH YCTaHOBKa, 

06III.afl CXeMa KOTOPOH ,l{aHa Ha pHC. 3. rJIaBHbIMH 3JIeMeHTaMH YCTaHOBKH 

BblCOKoro ,l{aBJIeHHfl flBJIflIOTCH MYJIbTHnJIHKaTOp 1, rH,l{paBJIH'IeCKHH BeH­

THJIb 2, 60M6a, CO,l{ep}KaIII.afl MaHraHHHOBbIH MaHOMeTp 3 H KaMepa 5, 
COe,l{HHeIIHafl C MYJIbTHnJIHKaTOpOM TOHKHM KanHJIJIflpOM H3 Hep}KaB'eIOIII.efI 

CTaJIH H rrpe,l{I'Ia3Ha'leHHafl ,l{JIfl pa3MeIII.eHHfl rrbe30MeTpa. oeH3HH, CJIY}Ka­

III.HH Cp e,l{OI1 , rrepe,l{aIOIII.eH ,l{aBJIeHi1e, \-I a rHeTaeTCH B CHCTeMY HaCOCOM G. 
flo,l{a'la MaCJIa B rrpHBO,l{Hble U;HJIHH,l{PbI MYJIbTHrrJIHKaTOpa 1 H BeHTHJIH 

2 oCYIII.eCTI3JIflerCH HaCOCOM 7. 
,UaBJIeHHe H3MepfleTCfl MaHraHHHOBhIM MaHOMeTpOM, npe,l{CTaBJIflIOIII.HM 

c06011 CnHpaJIb H3 MaHraHHHOBOH npOBOJIOKH MapKH fl3MC ,l{HaMeTpOM 

0,15 MM C 06III.HM corrpOTHBJIeHHeM 75 OM. CnHpaJIb CB060,l{HO 3aKpenJIeHa 

Ha CTeaTHTOBOM KapKaCe H HMeeT lJeTblpe BbIBO,l{a ,l{JIfl H3MepeHHfl COrrpOTHB-

10 



JH~HIHI nOTeHIJ.HOMeTpH'leCKHM MeTO)1.0M. KaJIH6pOBKa MaHraHHHOBOrO MaHO· 

MeTpa npOH3BO)1.HTCH C nOMOlll.blO a6COJIlOTHOrO rpY30nOpllIHeBOrO MaHOMeT­
pa. B npoIJ.ecce H3MepeHHH TeMnepaTypa MaHraHHHOBOrO MaHOMeTpa CTa-

6HJIH3HpyeTcH TepMocTaToM 4. 
He06xo)1.HMblfI TeMnepaTYPHbIH pe.iKHM nbe30MeTpa oCYllI.eCTBJIHeTCH no­

rpy.>KeHHeM KaMepbI B .>KH)1.I<OCTHbIH TepM·ocTaT 8, TenJIOHocSJllI.eH: .>KH)1.KO­

CTblO B KOTOPOM CJIY.>KHT npOnHJIOBbI}! cnHpT. TepMocTaT OCHalll.eH MellIaJI­

KOH, XOJIOAHJIbHHKOM 11 H HarpeBaTeJIleM 9. MOlll.HOCTb, BbI)1.eJI HlOllI.a HCSJ 

Ha HarpenaTeJIe, perYJIHpyeTcH C IlOMOlll.blO aBTOMaTH'leCKOH CHCTeMbI, )1.aT­

'lHKOM I<OTOPOH: 5IBJIHeTC5I TepMoMeTp conpOTHBJIeHH5I 10. B Ka'leCTBe XJIa­

l..(oareHTa HCnOJIb3yeTC5I .>KH)1.KHH: a30T, perymlpyeMbIH nOTOK KOToporo npo­

nycKaeTcH 'lepe3 3MeeBHK 11. TeMnepaTypa KaMepbI 5 nO)1.)1.ep)l{HBaeTcSJ 

nocToSJHiHOH: C 11O'lHOCTblO 0,01 ° B )1.lHana30JIe TeMnepaTYP OT 190 )1.0 5S0°K. 
TeMnepaTypa nbe30MeTpa, HaXO)1.SJllI.erocSJ B KaMepe 5, H3MepHeTcSJ Me.Qb-KoH­

CTaHTaHOBO H: TepMonapo i-i , rpa)1.YHpoBamlOH no 06pa3IJ.OBoMY nJIaTHHoBoMY 

TepMoMeTpy COnp0TI-IBJIeHHH . 

§ 2. MeTO)l.UKa npOBe)l.eHu~ 3KcnepuMeHTa 

nO)1.rOTOBJIeHHbIH: K pa60Te nbe30MeTp nOMelll.aeTCSJ B 060HMy 6 
(pHC. 2) 11 <pHKcHPyeTcH BHHTOM 7. B 060HMY BBOpa'lHBaeTcSJ HaKOHe'lHHK 

KanHJIJISJpa 5, COe)1.HHeHHOro C ra30BbIM KOMnpeccopOM. KOMnpeccop H 

TIbe30MeTp npOMblBalOTCSJ cneKTpaJIbHO-'lHCTbIM aproHoM, CO)1.ep)K3ll1.HMCH B 

6aJIJIOHe 1. naJIee C nOMOlll.blO BHHTOBbIX npeccoB 2 H 3 B nbe30MeTp 

HarHeTaeTCH aprOH. no )l.OCTH.>KeHHH Heo6xoJUIMorO )1.aBJIeHH5I, 06bI'lHO CO­

CTanJIHlOlll.ero IS00-2000 KT/CM2, HrJIa BeHTHJIH 8 (pHC. 1) npH.>KHMaeTCSl 

l( ce)1.JIY C nOMOlll.blO raHKI1 9 H nbe30MeTp H3BJIeKaeTCH 113 060MMbI. KOJIH­

lJeC'fBO aprOHa, HaXO)1.HllI.erOCH B nb'e30MeTpe, onpe)1.eJI5IeTC5I B3BellII1BaHHeM H 

COCTaBJIHeT BeJIH'lHHY nOpH)1.Ka Tpex rpaMMOB. nOCJIe npOBepKH Ha yTe'lKy 

ra3a nbe30MeTp cHa6.>KaeTCH )1.aT'lHKOM nepeMelll.eHH H 'H MOHTl1pyeTcH Ha 

np06Ke KaMepbI 5 (pHC. 3), cO)l.ep.>Kalll.eH )1.0CTaTO'lHOe KOJIH'leCTBO 3 JIeKTpH­

'leCJ<H H30JIHpOBaHHblx BBO)1.0B. 

. . . 

3 
4 11 

fO 
8 

.... 

6 5 

9 

PHC. 3. YCT a HoB Ka BblCOKoro .ll.aBJIeHH5I. 

I-MynbTlwMIKaTop: 2-seHTHnb npellsap'HenbHo ro A3sneHHR: 3 -M3HrSHHH osaR 6 0M6a: 4-TepM O­
eTaT jln ' cra6HnH3aUHH TeMnepaTYPbl MaHraHHHOBoro M8HOMeTpa: 5-K8Mep3, npCllHaSHaQeHH8R llnA 
pa3MCllleHHR n be30MeTpa; 6-H3COC llnR nOllaQ" ClK3To r o 6eH311H3 s CIICTC"y BbiCOICoro 118aMHH"; 
7-M3C.'U1Hbli'1 H3COC .lI.1IS1 nHT3HHSl rUApOUHJBIHApOn MYJlbTHnJlHK3T opa II aeHT HJlSI; 8 - TepMOCTaT; 

9- H3rpesaTenb: ll-XO.'OIlIl .• bHHI<: IO-TepMoMeTp conpoTHRneHHR 
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1I.aJIee Ilbe30MeTp BCTaBJI5IeTC5I B l{aMepy, K<'ll'vlepa OIlyCKaeTC5I B TepMO­

CTaT H BK,1I0qaeTCsJ TepMoperyJIHpylO~a51 CHCTeMa. IToCJIe BbIXO,na TeMnepa­

TYPbI li:a 3a.n:aHHb1H pe)l{HM Ha'-lHHaeTC5I I..(HKJI C)I{aTH5I. ,UJI5I 3TOrO HaCOCOM 

6 (pHC. 3) B CHCTeMe, Ilpe,nBapHTeJIbHO 3anOJIHeHiwH 6eH3HHoM,c03,naeTc5I 

,naB.lIeHHe OT 1000 ,no 2000 KF/CM.2, 3aKpbIBaeTcSI SeHTHJIb 2 H npHBo,nHTC5I 

B .u.:eHcTBue MyJIbTHIlJIHKaTOp 1. ITo .n:OCTH)I{eHHH ,naBJreHH:5I, OJIli3KOrO K 

.n:aBJIeHHIO aproHa B nbe30MeTpe, nopIlIeHb nbe30MeTpa 5 (pHC • .1) CJlBH­

rae'rc5I H3 nepBOHa'-laJIbHOrO nOJIQ)l{eHH5I, '-ITO perHcTpHpyeTc5I no nOKa3aHR-

5IM nOTeHI..(HOMeTpa, H3Mep5l1O~erO HanpmKeHHe Ha no,nBH)I{Hbfx nOTeHI..(HaJIb­

HbIX KOHTaJ\Tax. C .:Horo MOMeHTa npH Ka)l{,nOM 3a,naHHOM ,naBJIeHHH H3Me­

p5l'eTCH COllpOTHBJIeHHe MaHraHHHOB'oro MaHOMeTpa, TepM03,nc Me)J.b-KOHCTas­

T'aHOBOH TepMonapbI H HanpSI2KeHH5I Ha no,nBH)I{HbIX H Heno,nBH)I{HblX nOTeH­

ll.Ha.'lhHblX KOHTaKTax. 113MepeHHH npOBo,nHTC5I C nOMO~blO nOTeHll.HOMeTpOB 

nOCTOHHHoro TOKa P-348. KpoMe Toro, CHrHaJIbI C no,nBH)I{HhIX nOTeHI..(HaJib­

HhlX KOHTaKTOB H MaHraHHHOBoro MaHoMetpa MorYT OhITb BblBe,neHbI Ha 

KJIeMMbI lI.BYXlwop,nHHaTHoro caMonHcua. 

I1HTepBaJI ,naIBJJeHHH v"!.P Me)l{,ny ,nByMH nOCJIe,nOB3TeJIbHhIMH H3MepeHHH­

MH He npenbIIlIaelr 1'000 KIJ'I/Cirl.2. B 0t)JraCTH Mat1I,bIX )'I.<aBJIeHHH, xapaKTepH3YIO­

w;efIC5IlHa.HOOJIee ~hICOKOH ,C)I{HMaeMOCThlO apnOHa, H1HTepBaJI ./1P COCTaBJIHeT 

200-5'00 KTjcAt2. np'H npH0JI11)1{eHHH 1{ l{pimOH nJIaBJre'FI'RH itIa'r !/).Jp COKpa­

rn.aeTCH 's'rWOTb .no 20 KT/,cM.2 . nocJI'e T{a)l{,noro H3Me'HeHHSI h,aBJIeHI'ISI 'B CB5I-

3H C 'n03IDIKHoBel'IneM 'reTIJrOBbIX B03MymeHFIH COOTBeTcTBy'IO~He 1f3M'ep'eHHH 

!: oryT 6bITh IlpOBe,neHbr He 'paHee, <reM tre'pe3 15-20 MHHYT. 

FIai'Ja.10 Kp'FIcTaJIJIFl3an.'H'H o'rrlire'qa'ercSI caMonpOH3BOJIbHbIM IIep-el'ireme}m­

'(:M rrop'U'ni51 rrbe30MeTpa, conpO'BOil{,nalO~HlvlcSI YMeHbIlIe'lmeM ,naSJIeHlHI B 

CFfCTeMe l(pHC. 4). OObI'-IHO caMonpOH3BOJIbHOe ,n'BH)I{eHHe nOpIIIH'll H COOTBe'r­

cT'Byro~ee H3MeA'eHHe ,naBJreHH5I npoJl:OJI)I{aeTCH 1,5-2 '-Iaca, 'B TelJeHHe KO-

1'OPbIX np01{CXO)l.HT nOJIRaSI KpHCTaJIJIlI:3aI..(HSI aproHa. ,Ua.tIhHeHmee cM-e~eRHe 
trOp'r.nH5I 1I'p'H nOBblIIfeHliH ,naBJIer'IIDI 03Ha<raeT C)I{aTHe TBep,noH 't'pa3bI, q'ra 

OTl'rretIaeTC5I yMeHb1I1emreM HaKJIOHa KPHBOH C)I{aiIrSI (p1i:c. 4}. npO,nBH1Ke­

HH'e B aoJJt:lCTh CTa'O}IJIhHOCTH TBep,no'ro aproH3 C03Ha-reJIbHO 'orpaHH'-I'HBa'e'fC5I 
HI-ITepBaJIOM .n:aBJJeHHH, He rrpeBbIllialOIII.HM 1200-1500 KrjCAt2. 9TO orpaWH­
'-Iel-IHe CBH3aHO C 6bICTPbIM YMeHbIlIeHHeM nJIaCTH'-IHOCTH TBep,noro aproHa 

npH y.n:aJ1eHHH OT KPHBOH IlJI aBJIeHHH, qTO rp03HT npoHHKHoBeHHeM )KH,nKO­
CTH B IlOJIOCTb nbe30MeTpa IlpH nOnbITKaX ,naJIbHeMiliero C)I{aTH5I. 

06paTHbIM xo,n (noHH)I{eHHe .n:aBJIeHHH) ocymeCTBJIHeTC5I npI'I rr(}'Mo~H 
BeIITHJI5I TOHKOH peTYJIHpOBKH, CTpaBJJ1malO~ero MaCJIO H3 IlPHBO,li.Horo UH­

JIHH.n:pa MyJlhTHIlJIHKaTopa. OCHOB'HOll '3a,naqeH H3MepeHHH npH 06paTHoM 

xo.n:e HBJI5l'eTCH onpe,neJIeHHe TO'-lKH nJIaBJIeHHH. D03'fOMY B OOJIaCTl-I, 6JI'H3KOH 

K nJIaBJIeHHIO, IlIar I1P ,neJIaeTCH paBHhlM 5-10 "r /CM.'l. ITo ,nOC'TI>IjKeHHH 

TO'-lKH IlJILlB.'leHHH, 0 '-IeM cBH,neTeJIbCTByeT Ilep'eMe~eHHe nOpIlIH5I Ilhe30MeT­

pa IlpH npaKTHtIeCKH HeH3MeHHOM ,naBJIe'HHH (pHC. 4), CT'paBJIHBaHHe MaCJIa 

npOH3BO,lJ,H1'CH HeOOJIhIlIHMH IlOPUHHMH B Te'-leHHe 2-3 qaCOB. IlocRe OKOH­

'-IaHHH nJIaBJIeHHH H B03Bpa~eHHH noplIIHH Ha ypoIBeHb )I{,H,nKOI1 cp,a3'I;1 npoH3-

BO,nHTCH cooTBeTcTBylO~He 1lf3MepeHHSI npH CHIDKeHHH ,naBJIeHH5I ,no Tex nop, 

nOKa noprueHb He BepHeTC5I B Hcxo,nHoe nOJIO)l{er·me. 

3aTeM 1'epMOCTaT BhIBO,nHTCH Ha HOBhIH TeMIlepaTYP'HhIH pe)l{HM, 'H I..(HKJI 

H3MepeHHH nOB1'OpHeTCH. B Heooxo,nHMbIX CJIyl.Ja5lX nepexo,n Ha HOBYIO H30-

rep My ocyw.eCTBJIHeTC5I H IlpH BbICOKHX .n:aBJIeHHSIX. 
ITo OKOHQaHHH cepHH H3MepeHHH nbe30MeTp H3BJIeKa'eTC5I H3 KaMepbl, 

TIuaTeJIbHO IlpOMhlBaeTCH, BhICYIlIHBaeTCH H B3BeIlIHBaeTCH. IToCJIe CTpaBJIH­

BaliHH ra3a IlPOH3BOAHTCH nOBTopHoe B3BeIlIHBaHHe. ECJI¥I pa3HOCTb 3THX 

.n:-ay'x 'pe3yJI'bTaTOB B3BeIlIHBaHHH COBIla,naeT C nepBOFla'-laJTbH0-H: MaCCOH: ra3a 

B IIp'e.n:eJIax TOtfHOCTH a-HaJIHTHlJeCKHX BeCOB, TO pe3yJIhTaTbI H3MepeHHH 

IlpH3HaIOTC5I npHro,nHbIMH ,nJI5I oOpa60TKH. 
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n pH He6JIarOnpHHTHOM CTe'leHHH 06CTOHTeJIbCTB (OC06eHHO 'IaCTO 3TO 
6bIBaeT npH 60JIbllHlX nepeOXJIa)!{.lI.eHHHX) CnOHTaHHaH KpHCTaJIJIHSaUHH ap­
rol-Ia lIe npHBO.ll.HT K nOJIl-IOH KpHCTaJIJIHSaUHH BceH MaCCbI Bern:eCTBa, H npH 
J.aJIbHeiiweM nOBb!llIeHHH .lI.aBJIeHHH Ha6JIlo.D.aeTCH aHOMaJIbHO BbICOKaH C)!{H­
MaeMOCTb, CBH.lI.<eTeJIbCTBYIOrn:aH 0 npO.ll.OJI)!{eHHH !<pHCTaJIJIHSaUHH. BeCbMa 
BepOHTHO, 'ITO npH'IHHa 3Toro HBJIeHHH SaKJIIO'IaeTCH B 'IpeSBbI'IaHHO 60JIb-

1lI0ii CKOPOCTH KpHCTaJIJIHSaUHH aproHa npH 60JIblllHX nepeoXJIa)!{.lI.eHHHX, 

v 

• 
P, p 

.... 

v 

p 
PIlC. 4. 3aBHcHMoCTb 06'bElMa aprolla OT AaBJIeHHH B o6J1a­
cm ¢a30Boro nepexoAa (npHMepbl 3anHCH Ha ABYXKOOPAH­
HaTHOM caMonHcue) . 06'beM Ii AaBJIeHHe Bblpa}!{eHbl B yc-

JlOBHblX eAHHHuax. 

P2 - T01.lKa Ha1.laJIa KPHCT?JIJIH3a~HH; 
PI - T01.lKa nJIaBJIeHHH; 

PI P2 - 06JIaCTb nepeoXJIa}!{AeHHH. 

npHBO.ll.Hrn:efl K saXBaTY MHOrO'lHCJIeHHbIX BKJIIOIIeHHH )!{H.lI.KOCTH TBep.ll.hIM 

aprOI-lOM. KaK BH.lI.HO H3 pHC. 4 6, B nO.ll.06HoH cHTyaUHH TPY.lI.HO paccIIHTbI­

BaTb Ha KoppeKTHoe onpe.ll.eJIeHHe CKaIIKa 06beMa npH nJIaBJIeHHH H 06'beMa 

TBep.ll.OR qJU3bI BCJ1 e.ll.CTBHe HeCOBna.ll.eHH51 np51MOrO H o6paTHoro XO.ll.a npH 

c*anlJi TBep.lI.OrO aproHa. 

13 



Eme O..:1.HO HenpIUlTHOe HBJIemie CBH3aHO C YTetlKOH aprOHa, npOHCXOJ{H­
meii B npOnecce IIJIaBJIe'HHH. DpH 3TOM no OKOHlIaHHH nJIaBJIeHHH nOplJleHb 
He )l.OCTHraeT ypOBHH, COOTBeTcTByIQmerO LKH.l(KOM q,a3e, H npH )l.aJIbHeHlJleM 
n OHHLKeHHH )l.aBJIeHHH KpHBaH paClJlHpeHHH He COBna.l(aeT C KPHBOM CLKaTHH. 
YTetIKY B MOMeHT nJIaBJIeHHH MOLKHO OO[bHCHHTb pa3JIHtIHbIMH npHtIHHaMH, 
O)l.HOH H3 KOTOPbIX MOLKeT HBHTbCH HepaBHOMepHoe nJIaBJIeHHe aprOHa, Ha­
XO.l(HmerOCH B 3a30pe Me}K.l(y nOplJlHeM H l.I,HJIHH.l(POM nbe30MeTpa. 

§ 3. 06paooTKa pe3YJlbTaToB H3MepeHHH H BblQHCJleHHe OO'beMa aproHa 

Pe3YJIbTaTbI KaLK.l(OM cepHH H3MepeHHM BblpaLKaIQTCH B BH.l(e 3HatIeHHH: 
conpoTHB.'!eHHH MaHraHHHOBoro MaHoMeTpa R, OTHOlJleHHH HanpHLKeHHH Ha 
n o.n:BHLKHbIX H HenO.l(BHLKHbIX nOTeHl.I,HaJIbHbIX KOHTaKTax peocTaTHoro .n:aT­
lIHKa Ui/U2 H TepMo3.n:c Me.l(b-KOHCTaHTaHoBoM TepMonapbI E. YKa3aHHbie Be­
JIHlIHHbI npeoopa3yIQTCH B 3HalleHHH .ll.aBJIeHHH P B Kr/CM.2, CMellJ,eHHSI noplJl­

HH I:!.l B CM. H TeMnepaTypbI B rpa.ll.ycax C nOMOIUbIQ rpa.n:YHpOBOtIHbIX 3aBH­
cHMocTeH: 

(2.1) 

(2.2) 

tll = /(':' .~, (2.3) 
u2 

I:!.R=R-Ro, 

r.l(e Ro-cOnpOnlBJIeHHe MaHraHHHOBoro MaHoMeTpa npH aTMoc<PePHOM 
.n:aBJIeHHH; 

K-KoHcTaHTa. 

06'beM aproHa (B paclIeTe Ha O.lI.HH MOJIb) BbIlIHCJIHeTCH no q,opMyJIe: 

v (P. T) = V (p* T*) ~l (P, T) 
, Q (P*, T*) 

M -;:D2 6.l Q (P. T), 
p. 4 

(2.4) 

r.n:e V(P*, T*)-oobeM aproHa npH .l(aBJIeHHH p * H TeMnepaType T*, CJIy­
LKallJ,HH cnpaBollHbIM 3HatIeHHeM; 

14 

M, !J,-Macca H aToMHbIM Bec aproHa; 
D-.lI.HaMeTp KaHaJIa nbe30MeTpa ; 

tll- K [(!!2.) - (~) l' 
- U 2 p., T· U 2 P. T ' 

Q (P, T) - nonpaBKa Ha 06'heMHyIQ .lI.e$opMal.l,HIQ nbeaOMeTpa; 

Q (P T _ V (P, T) "" V(P) V(T). 
• ' )-V(P",ro) V(PO) V(TO)' 

(2.5) 

V (P, T) -Y.lI.eJIbRbIH 06'beM MaTepHaJIa (CTaJIH), H3 KOToporo Hsro­

TOBJIeR nbeaOMeTp; 
po, T"-.u.-aBJIeHHe (1 aTM.) H TeMneparypa (20°C), cooTBe11CTByIQ­

llJ,He YCJIOBHHM KaJIHOpOBKH .lI.aTlJHKa nepeMemellHH: H MS­
MepeHHH .lI.H3M'eTpa KaHana, 
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B HacToSJlUelf pa60Te ,L1)ISJ BCeX CBSJ3aHHbIX Me)!{,ny C060H H30TepM cnpa­

B04HblM 311a4eHHeM 06beMa CJlY)!{I1T BeJlH4HHa 

V(P*, T*) =36,640 CM,3f.MOAb 

P* = 1042 KT/CM.2 

T*=-25°C, 

3aHMCTBOBaHHaSJ H3 )l.aHHblX (16]. 
l10npaBKa Q (P, T) Ha )l.ecpopMaIl.HlO nbe30MeTpa Bbl'IHCJlSJe1'C5I no )l.aHHblM 

[29] )l.Jl51 C)!{HMaeMOCTH apMKO-)!{eJle3a B npe)l.nOJlO:lKeHHH, lITO C)!{HMaeMOCTh 

He 3aBHCHT OT TeMnepaTypbI, a 3Ha4eHlle K03cpCPHIl.HeHTa 06beMHoro paClllH­

peHHSJ BO BceM HCCJle)l.OBaHHOM )l.Hana30He )l.aBJleHHH H TeMnepaTYP paBHO 

(3,6±0,3) .10 - 1 epaa- I • 

J1,Jl5I aTOMHoro Beca aproHa npHHSJTo 3HaqeHHe 39,948. 

4HCTOTa HCCJle)l.yeMoro aproHa COCTaBJl5leT He MeHee 99,99% no Becy. 

OCHOBHblMH npI1MeC5IMH 51BJlSJlOTCSJ a30T «0,0051%) H KHCJlOPO,n «0,001 %). 
Bbl4HCJleHHbI>e 3Ha4eHHSJ o6beMa aproHa npHBe)l.eHbI B Ta6Jl. 1 (CM. 

TaK)!{e pHC. 5). 

24 

.0 

8 22 +-----+1---- --~--'k----3l,~~+_---l----_+-__l 
L 
~ 
~ 
u 
>21 

, ' J 

2 0 I-------f----+----l---~_ni ~--

6 8 10 12 
P. 1 03 K r Ie l"12 

H3 

PIIC. 5. 3 aBIICilMOCTb 06'beMa aprOHa 01' JlaBJlCHII>l B 06J1aCTIl <jJa30Boro nepexoAa (no AaHHblM 
Ta6J1. 1); 'lepHble TQ'IKI1 COQTlH~TCTByIOT o6paTHoMy XOAY. 
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§ 4. Ou.eHKa T04HOCTH pe3YJlbTaToB H3MepeHHH 06'beMa aproHa: 

.Ll,JIH oueHKH T04HOCTH 3Ha4emU1 06beMa aproHa, rrpHBe,LI.eHHbIX B Ta6JI.l, 

He06xo,LI.HMO YLle'CTb rrorpelIIHocTH orrpe,LI.eJIeHHH BemI4HH M, D, I1l H Q, BXO­

,LI.HllI.HX B paC4eTHoe COOTHOlIIeHHe (2.4), H oUIH6KH H3MepeHHH uaBJIeHHH H 

1'eMrrepaTYPbI. 
HH>Ke rrplfBO,LI.lfTCH KpaTKaH CBO,LI.Ka ,LI.aHHbIX, XapaI<Teplf3YIOlll.HX rrorpeIlI­

HOCTn YKa3aHHblx BeJIH4lfH. 

Macca M. Orrpe,LI.eJIHeTCH C rrOMOlll.blO aHaJIlfTlf4eCKHX BeCOB, OTHOClfTeJIb­
HaH 01IIH6Ka orrpe,LI.eJIeHHH COCTaBJIHeT ±2· 10 - ~ % H HBJIHeTCH ClfCTeManl­

qeCKoH. 

)1.HaMeTp KaHaJia nbe30MeTpa D. H3MepHeTc5I lfHcTpYMeHTaJIbHbIM MlfK­

pocKonoM C T04HOCTblO ± 1·10 _3 .MM . OTHOClfTeJlbHa51 norpelIIHOCTb onpe,LI.e­

JIeHHH pal3Ha + 1· 10- 2 % 11 HOClfT ClfCTeMaTlftIeCKHH xapaKTep. 

CMelll.eHHe nopIlIHSI !1l. OllUIl61Ka lf3MeJpeHliH ,B'eJI:H4HHbl fll BKJI104aer CJIY-
4ai1HYlO lJOrpelIIHOCTb KaJIH6pOBKlf ,LI.aT4HKa nepeMeII.{eHHH C npe,LI.eJIbHbIM 

3Ha4eHlfeM +5.10 - 3 MM, cHcTeMaTHqecKYlO rrorpelIIHocTb lIIara MlfKpoMeT­

plfllecKoro BlfHTa, COCTaBJIHlOllI.YIO ±2· 10- 2 % , H CHCTeMaTlfqeCKYlO 01IIH6KY, 

cBH3aHHYIO C HeO,LI.HOpO,LI.HbIMlf ,LI.recpopMaUlfHMH :,meKTpH4eCKoro MHKpOMeTpa, 

paBHYlo 5· 10 - 3 ;ltAt. BeJIHqHHa rrOCJIe,LI.HeH oum6KH orrpe,LI.eJIHeTCH B cIIeUH­

aJIbHbIX OrrbITaX II pH CPHKCHpOBaHHOM IIOJIQ)KeHHH nopIIIHH nbe30MeTpa H 

06YCJlOBJIeHa, B OCHOBHOM, pa3J1HqH5IMH B C:>KHMaeMOCTH CTaJIH H H30JIHPYlO­

llI.HX BTYJIOK H npOKJIa,LI.OK. 

CYMMapHaH MaI<CHMaJIbHaH norpeIIIHOCTb orrpe,LI.eJIeHHH !J. l (,LI.JIH !J.l = 
= 20 AtM) npH .u.aBJIeHHH 10000 K.F/CM2 COCTaBJI5IeT ±7 ·10 -"% . 

nonpaBKa Ha ,LI.e$opMa,ulfIO nbe30MeTpa Q (P, T) B BH,lJ,e (2.5) 
HeOIIpe,lJ,eJIeHHOCTb B 3HatIeHHlf K03cpcplfUlfeHTa TeIIJIOBOrO paclIIHpeHlfH 

nplfBO,LI.lfT K cHcTeMaTH4ecKoH rrorpeIIIHocTlf +3 .1O-0~(, . 

ITpeHe6pe:>KeHHe 3aBHCHMOCTblO K03cpcplfUlfeHTa TenJIOBOrO paclIIHpeHlfH 

CTami OT ,LI.aBJIeHlfH ,LI.aeT eII.{e O,LI.HY COCTaBJI5IlOII.{ylO CHCTeMaTlfqeCKOH IIO­

rpelIIHOCTYI, paBHYlO + (0-7-2·10 - ~) ~{i . 3Ta OUeHI<a ,LI.aHa Ha OCHOBamlH ,LI.aH ­

HblX [29] ,LI.JI5I C:>KHMaeMOCTlf apMKO-:>KeJIe3a rrplf TeMrrepaTypax 35 If 75°C. 
ClfcTeMaTlfqeCKaH rrorpeIIIHocTb, B03HHI<aIOlll.a5I BCJIe,lJ,CTBlfe pa3JIlf4HH B 

C:>KHMaeMOCTlf apMKO-:>KeJIe3a If CTaJIlf, lfCrrOJIb3yeMoH ,lJ,JIH lf3rOTOBJIeHlf5I 

Ilbe30MeTpa, COCTaBJIHreT + (0-7-2· 10 -3) % . IToCJIe,LI.H5IH oueHKa C,LI.eJIaHa Ha 

OCHOBaHlfH lf3MepeHlfH MO,LI.YJIH 06beMHoH yrrpyrocTH HCrrOJIb3yeMblx HaMH 
CTaJIeH H apMKo-:meJIe3a npH aTMoccpepHoM .zr..aBJIeHHH *. 

CYMMapHa5I OTHOCHTeJIbHa5I rrorpellIHocTb onpe,LI.eJIeHHH rrorrpaBKH 
Q (P, T) paBHa ± (3-7-5) ·10 -2 %. 

)1.aBJIeHHe P. OllIlfDKa lf3MepeHHH CKJIa.u.blBaeTC5I lf3 c JIe,LI.YlOU.I.HX COCTaB­

JIHlOII.{HX: cHcTeMaTlfqeCI<OH norpellIHoCTlf rpa.u.ylfpoBKlf MaHraHHHOBoro M a­

HOMleTpa, orrpe,LI.eJlll.eMMI KJIaCCOM rpY30ITIOpIIIHeBoro Ma'HOMeTpa, H paB­

HOH 0,1 % rrpH P < 104 K.F/cM"I., 0,2% rrplf P> 104 K.F/CM2; CJIyqaHHOH 110-

rpellIHOCTH rpa,LI.ylfpoBKH, BeJIHqHHY I<OTOPOH MO:>KHO oueHlfTb rro Cpe,LI.HeKBa,LI.­

paTHqHoMy OTKJIOHeHHIO arrnpoKcHMaU.lfH (2-.1), paBHoH ±5 K.I'/cM2; norpeIII­

HOCTH, 06YCJIOBJIeHHoi1 TpeHHeM B noplIIHeBoH nape nbe30MeTpa, MepoH KOTO­

POH MO:>KeT CJIY:>KlfTb BeJIlfqlfHa rHcTepe3Hca nplf npHMoM H 06paTHoM XO,LI.e 

nOpIIIH5I nbe30MeTpa If xa paKTepH3Y10lll.eikH BeJIHqHHOH ± 5 I, F/CM2. 

CYMMapHa5I norpelIIHocTb lf3MepeHH5I ,lJ,aBJIeHlf51 COCTaBJI5IeT BeJIlfqlfHY no­

p5l).l.Ka +20 K.F/CM2 npH P ~ 104 KF/CM2, ±40 KF/CM2 IIpH P> 104 KF/CM2. 

TeMnepaTypa T. H3MepHeTC5I C 01IIlf6KOH He 60JIee ±0,01°C. BeJIlfqHHa 

2TOH norpelIIHocTH onpe,LI.eJIHeTC5I TOqHOCTblO 3TaJIOHHOrO TepMoMerpa. 

'fir, HaweH npocb6e H3MepCHHfl 6blJll1 Jllo6e3110 np0l13BeneHbl C. C. CeKcHII!OM 
(BHYlYl<l>TPYl) . 
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B HTOre, npE:.neJl bHaH oUIH6Ka 3HaqeHHH 06'beMa, BblqHCJIeHHblX no CPOPMY­
_'I e (2.4), paBHa: 

HJIH 

±0,02-;-0,04 CM3/MOAb 

± (0,05-;-0,2) ,% . 
YqeT OillH6oK H3MepeHHH .naBJIeHHH H TeMnepaTypbl B cOBoKynHocTH C 3KC­

rrepl1MeHTa.'1bHblMH 3HaqeHHHMH CLKHMaeMOCTH (Ta6Jl. 3 H 4) npHBo.nRT K 

OKOHqaTeJlbHOH MaKCHMaJlbHOH oillHoKe H3MepeHHSI OO'beMa, paBHoH: 

± (0,15-;-0,10) CM3/MOAb 
HJlH 

± (0,4..;-.0,5) % . 
1'13 3TOH BeJlHqHHbI Ha .nOJllO CJIyqaHHOH norpeWHOCTH npHxo.nHTCH 

± (0,03+0,04) CM3/MOAb 
HJUI. 

± (0,08-;-0,2) % . 
TIpHse.neHHbIe 3HaqeHHH OWROOK H3MepeHHSI oOfbeMa He BKJIlOqalOT no­

rpeWHOCTH 3Ha'leHHH V(P*, T*) (CM. 2.4), 3aHMCTBOBaHHoro H3 .naHHbIX [16]. 
Ha OCHOBaHHH paooTbl {30] norpewHocTb onpe.neJleHHH BeJIHqHHbl 

V (P'\ P) M02KHO npHHHTb paBHoH 0,05%. 

III. Bbl l IJiCJ1EHI1E TEPMOJ1.I1HAMl1lJECKI1X $YHKUl1n APfOHA 

TIPH BbIl(HCJIeHHH TepMo.nHHaMHl(eCKHX CPYHKlJ,HH H HX npoH3Bo.nHblX H3 

3KcnepHMeHTa'JlbHbIX P-V-T .naHHbIX y.nOOHO Bblpa3HTb nOCJIe.nHHe B aHaJIH­

THlJeCKOM BH.ne. B HaCTOHI.U.eH paooTe HCnOJIb3yeTcH np'e.ncTaBJIeHHe OO'beMa B 

BH.ne nOJIHHOMa no CTeneHSIM .naBJleHHH H TeMnepaTypbI. CHCTeMa oa3HCHbIX 

CTeneHHblX CPYHKlJ,HH He M02KeT ObITb anpHopHO onpe.neJIeHa H BblOHpaeTCH 

MreTo.nOM «npoo H OWHOOK». 

KaK BblHCHHJIOCb B pe3YJIbTaTe npOOHbIX paCqeTOB, Ka2K.naSI H3 3KcnepH­

MeHTaJIbBLJX H30TepM (Ta6JI. 1), xapaKTepH3YIOI.U.HX LKH.nKoe COCTOHHHe apro­
Ha, npe.n:CTa BJISleTCH HaHJlyqWHM o6pa30M nOJlHHOMOM 

(3.1) 

Cpe.nHeKBa.npaTHQHOe OTKJlOHeHHe npHOJIHLKeHHSI (3.1) He npeBbIwaeT 

U,OI CM3/MOAb. 3.neCb H .naJlee K03cpcpHl:.(HeHTbI nOJIHHOMOB BbIqHCJIHIOTCH Me-

10.nOM HaHMeHbWHX KBa.npaTOB. 
DJlH3KHe pe3yJIbTaTbI nOJIyqalOTCH TaK2Ke npH MCnOJlb30BaHHH nOJIHHOMa 

(3.2) 
i = -3 

BcSI cOBoKynHocTb 3KcnepHMeHTaJIbHbIX 3HaqeHHH OO'beMOB (TaOJI . 1) BbI­

pa2KaeTCSI nOJIHHOMOM BH.na 

2 5 

V = ~ ~ a1j Tl pj . f(3.3) 
1=0 j = -2 

Cpe.nHeKBa.npaTHqHOe OTKJlOHeHHe annpOKCHMalJ,HH (3,3) paBHo 

0,02 C/rl.3/,lWAb. 4HCJIeHHbie 3Ha'leHHH K03CPCPHlJ,HeHTOB aji .naHbl B TaOJl. 2. 
11 pe.ncTaBJIeHH'e (3.3) HCnOJIb3yercH .nJIH BblqHCJIeHHH '3Ha'leHHH OO'beMa, 

K03<!J<!JHlJ,HeHTa TenJIOBOrO pacwHpeHHH H C2Knl'llaeMOCTH B 3KBH.nHCTaHTHbIX 

TOqKaX (CM. TaOJl. 4-6 H pHC. 6, 7). 
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I-.:l 

'. 

-cD 

- 6,1731018 

77,636564 

-248,4v226 

567,725'L7 

-4181,4040 

7656.2876 

-,- $. 

2 5 
MaTpHua aU KoecpcpHUHeHTOB nOJlHHOMa V ~ ~ ~ alj Ti pj (P-lO' KF{C.All , T-1 0£ OK) 

;=0 j =-2 

Ta6J1Hua 2 

-1 3,954517 

73,5150i 3 

164,80210 

36,432709 

-4> ,898780 

10, 250968 

-5,5878765 0, 675671'32 - 0,021995792 -I ,4693225, 10- a R ,1689795· 10-5 

25.146619 --3 ,4904474 0,096346343 0,01 Og20216 - 5 ,47401 bO · 10-4 

-23 ,512C65 3,2796737 0,032568541 -0,025658270 1,0219005, 10-3' 

Ta6J1Hua J 

2 5 

MaTpHua bij KoecpcpHUHeHTOll nOJlHHOMiI Z = ~ ~ bij Ti pj (p - Ioa K1 /C.M2 , T _lOa 01<) 
I ~ O 1=-2 

-2382,4954 

19173,231 

-40749,312 

241,04105 

35 12,5254 

26676,876 

-336,73967 

8380,37 13 

- 1.')134,917 

126,0667J 

-130l,5481 

2567,4'?70 

-9,8132546 0,35009692 

IOU , 46935 --4 ,3211794 

-221,88 112 9,6459433 

-0,0041250566-

0,066557585 

-0, !6189139 



TaOJJHIP 4 
OSbEM APrOHA (CMs/-IfOAb) 

T oK 

p "nCAt Z I 198,15 I 223,15 I 248,15 I 273,15 1 298 ,15 I :.123,15 I 348,15 

1000 32,834 35,023 

1500 ~O,1.56 31,661 33,143 34,603 

2UOO 28,509 29,660 30, 807 31,950 33,089 34,223 

2500 27,323 28,271 29,216 30,158 31,097 22,034 32,968 

3000 26,396 27,215 28,028 28,837 29,639 31),436 31,228 

3~00 25 ,635 26,366 27,088 27,802 28 ,507 29,2 3 29,890 

40vO 24,991 25,657 26,312 26,956 27 ,588 28,208 2d,81R 

4500 24,437 25,051 25,653 26,242 26,8'8 27,380 27,930 

5000 23,9.51 24,523 25,081 2.'),626 26,156 26,673 27, li6 

5503 23,523 24,057 24,578 25,085 25,578 26,057 26,523 

6000 23,140 23,641 24,128 24,603 25,065 ::!5,!'>13 25,949 

6500 23,265 23,724 24,171 2~,6\5 25,028 25,439 

7000 22,925 23,3,7 23,779 21,19n 24,590 24,980 

7500 22,614 ::!3,O12 23,421 23,812 24,193 24,565 

8000 22 ,714 '23,094 23,466 23,831 24,187 

8500 22,429 22,792 23,148 23,498 23,841 
QOOO ~:2,165 22,513 22,855 23,191 23,522 

9500 21,918 22,253 22,583 22,907 23,226 

10000 22,011 22,330 22,643 22,950 

10500 21,784 22,094 22,396 21,692 

11000 :?1,571 21,872 22,164 22,449 
11500 21,369 21,662 21,945 22,219 
12000 21,464 21,738 22,001 
12500 '11,275 21,5-!0 21,792 • 
13000 21,095 21,351 21,592 

13500 20,923 21, 169 21,401 

14nOO 20,995 21,217 

14500 20,827 21,041 
15000 20,1:65 20,875 

15500 20,511 20,718 
16,'00 20,573 

16500 20,443 

17000 20,329 
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Ta6Jllllla 5 

C}IHf ,)1AEMOCfbAPrOliA-- -- (10- CAt2 //Cr) 1 (av) 3 

V ap T 

T °l{ 

P KnC,1I 1 Hi8, I.) 223,15 I 248, 15 I 273,15 I 29~ , 15 i 3!3,15 1 34~'15 
I 

1000 0, 221 6 0,2631 

1500 0,1332 0,1568 0,1761 O,l Q17 

2000 0,0959 0,1097 0,1 222 0,1333 0,1433 0,15 ' 3 
2500 O,075!:! 0,0844 0,0927 0,1005 0,1079 0, 11.50 0,1219 
3000 0,0632 0,0639 0,0746 0,0802 O,085~ 0,0912 0,0967 
3500 0,0543 0,0585 0,0626 0,0663 0,0710 1 \ ,O~52 n,0795 
40no 0,0476 0,0508 0,0541 0,0573 0,0606 0,0640 0,0673 
4500 0,0423 0,0450 l' ,0477 (1,0503 0,0530 0,0557 0,0583 
50ilO 0,0180 0,0404 0,0427 (1,0449 0,0471 0,0493 0, ' 514 
5',00 0,0344 0,0366 0,0386 0,0406 0,0425 0,0443 0,0460 
6JOO 0,0313 0,0334 0,0353 0,0370 0,0387 0,0402 0,0416 
6500 C,0307 O,032~ 0,0340 0.0355 0,0368 0,0380 
7600 0,0284 0,0300 0,0314 0,0327 tl,033 :~ 0,0349 
7500 0,0264 0,0279 0,0292 0,0303 0,0313 0,0322 
8000 0,0160 0,0272 0,0282 0,0291 O,029Y 
8500 0,0244 0,0251 0,0263 0,0272 0,0279 
9000 0 ,0230 0,0239 0,0247 0,0254 0,0261 
9500 0,0218 0,0225 0,0232 0,0239 0,0246 

10000 0,0213 O,021\) 0,022;) 0,0232 
105UO 0,0202 0,0207 0,0213 0,0220 
11000 0,0192 0,0197 n,0203 0,0210 
ti500 0,0183 . 0,0188 0,0194 0,0202 
12000 

0,0180 0,0186 0,0194 
12300 

0,0173 0,0179 0,01 87 
13000 0,011,7 0,0174 0,0181 
13500 

0,0161 0,0168 0,0175 
14000 0,0163 0,0169 
H5:)0 O,015d 0,0163 
15000 0,0153 0,0155 
15500 1',0147 0,0146 
16000 0,0134 
16500 0,0120 
17000 0,0102 
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I 

Ta6J1Hua 6 
1 

TEnJ10BOE PACWHPEHHE APrOHA II (OV) 3 Or p' (l0- Izpao) 

T OK 

P leT/CM1 198,15 223,15 .1 248,15 I 273,15 I 293,1S 323,15 t 343, 15 

1000 2,7390 7,4342 

1500 2,0113 1,8870 1,7752 1,6740 

2000 1,6189 1,5502 1,4 68 1,4282 1,3738 1,3232 

25')0 1,3896 1,3390 1,2Q19 1,2478 I, '2(165 1,1677 1,1 312 

3000 1,2454 1,1999 1,1572 1,1172 1,0795 1,0441 1,0 ,06 

3500 1,14i5 1,1025 I,C602 1,0205 0,9330 0,9476 0 ,9142 

4000 1,0753 1,0296 O,986G 0,9464 0,90,2 O,8721 0,8379 

4500 1,0171 0,97.3 0,9282 0,8874 0,8489 0, 8124 0,7777 

5000 0,9667 0,9216 0,8790 0,8388 0,8006 O,764t 0,7299 

5500 0,9206 0,8772 1) ,8362 0,7974 0,7604 0,7153 0,6918 

6000 0,8771 0,8364 0,7978 0,7612 ',7263 0,6930 0,6612 

6500 0,7984 0,7629 0,7290 0,6968 0,6660 (\,6365 

7000 0,7630 0,7309 0, 7003 0,6710 0,6429 0,6160 

7500 0,7306 0,7019 O,67~4 O,ti482 0,6230 0,5983 

8000 0,6758 0,6514 0,6279 0,6054 0,5' 37 

8500 0,6530 0,631 1) 0,6098 O,5!J9S 0,5699 

9000 0,6334 0,61 32 0,5937 0,5749 0,5568 

9500 0,61 73 0,5979 0, .579 1 0,5611 0,54 '6 

10000 O,5W) 0,5660 0,5477 0,5301 

10500 0,5741 O,55:m 0,5345 0,5'157 

11000 0, 5650 O,[A17 0, 5'2 12 0,5005 

11500 0,5571 0,5320 v,50 ,7 0,4842 

12000 0,5214 0,4939 0,4673 

12500 O,51 :J6 0,4798 0.4500 

13000 0,4991 0,4656 0,4331 
) 

13500 0,4867 0,4515 0,4174 

14000 0,4379 0,4043 

14500 (J,4255 0,3953 

15000 0,4150 0,3925 

15500 0,4074 l',39112 

16000 0,4154 

16500 0,4473 

17000 0,4976 
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YpaBHellHe COCTOHHHH aprOHa H COOTHOlIIeHHe 

p 

Z (P, T) = Z (PO, T) + S VdP, 
p o 

(3.4) 

n03BOJIHeT nOJIYtIHTb tepMOJl.HHaMHtIeCKHH nOTeHUHaJI Z (P, T), eCJIH H3BeCTHbi 
BeJTHtIHHbl Z (PO, T). 

C rrOMOlII.blO (3.1) H (3.4) npH HCnOJIb30BaHHH B KaqeCTBe Z (PO, T) BeJIH­

'lHH, Jl.aHHbIX MHXeJIbCOM H COTp. {IS, 17], BbltIHCJIHIOTCH 3Ha'leHHH Z (P, T) 
IJJl.OJIb OTJl.eJIbHbIX H30TepM. 

OOJIYlleHHble TaKHM 06pa30M 3Ha'leHHH TepMOJl.HHaMH'leCKOrO nOTeHUHaJIa 

npH6JIH)!{aIOTCH nOJIHHOMOM 

5 

Z (P. 1") = ~ ] b i } Ti pl. (3.5) 
i '~ O j __ 2 

CpeJl.HeKBaJl.paTH'lHaH OlIIH6Ka npH6JIH)!{eHHH (3.5) paBHa 3 fi.aA/MoAb, 'lTO 

COCTaBJTHeT 0,1 %. 3Ha'leHHH K03cpCPHUHeHToB bi} npHBeJl.eHbI B Ta6JI. 3. 
He06xoAHMO HMeTb B BHJlY, 'lTO neJIH'lHHbI TIOTeHUHaJIOB, JlaHHbIe B [15, 17] 

II BnpeJl.b 0603Ha'laeMble KaK Z* (P, T), CBSI3aHbI C a6COJIIOTHbIMH 3Ha'leHHHMH 

COOTHOlIIeHHeM 

(3.6) 

rJl.e Ho H So-3HTaJIbTIHH H 3HTponHSI aproHa npH P= 1,0332 KF/CM2 H T=O°C. 

3Ha l lellHH 3HTPOTIHH S H BHYTpeHHeH 3HeprHH U BbJlIHCJISIIOTCH C HCnOJIb-

30BaHHeM (3.5) npH nOMOIl1.H TepMOJlHHaMHtIeCKHX COOTHOlIleHHH 

5 _ _ (iJZ) 
- 'OT p' 

(3.7) 

U=Z-P,V+TS. 

3JleCb CJIe.ll.yeT nO.ll.'lepI{HYTb, 'lTO TIOJIHHOMbl BH.lI.a (3.1), (3.2), (3.3), (3.5) 
HeJIb3H 3KCTpanOJIHpOBaTb 3a npeJl.eJIbl 3KcnepHMeHTaJIbHOrO nOJIH . 3TO 06-

CTOHTeJIbCTBO C03Jl.aeT OtIeBHJl.Hble TPYJl.HOCTH npH BbI'lHCJIeIHIH TeMnepaTyp­

HbIX npOH3BOJl.HhlX B 06JIaCTH, npHMbIKalOIIJ.eH K KPHBOH nJIaBJIeHHH. YJlOBJIeT­
BOpHTeJIbHbIe pe3YJIbTaTbI Jl.OCTHraIOTC5I, eColH npH paCqeTe K03cpcpHUHeHToB 

ajj H b 1/ HCnOJIb30BaTb Hap5lJl.Y C 3KcnepHMeHTaJIbHbIMH BeJIH'lHHaMH «HC­

KyccTBeHHbIe» ~HaqeHli51 06'beMa, nOJIytIeHHbIe nYTeM rpacpH'leCKOH 3KcTpano­

JIHUHIf )!{HJl.KOCTHbIX H30TepM B 06JIaCTb cTa6HJlbHOCTH TBepJl.OH cpa3bI. 3TOT 

npHeM, He yxy.nmafl KatIeCTBa annpOKCHMaUHH B npeJl.eJIax 3KCTIepHMeHTaJIb­

Horo ijOJIH, TI03BOJIHeT TIOJIytIHTb 3Ha'leHHH 3HTponHH H K03cpcpHUHeHTa TenJIO­

BOro pacmHpeHHH BJl.OJIb KPHBOH nJlaBJIeHHH, corJIaCYIOIl1.HeCH C COOTBeTCT­

eYIOIl1.IIMH 3Ha'leHHHMH BHYTPH 3KcnepHMeHTaJIbHOH P-T 06JIaCTH. 

B ra6JI. 7-9 npHBe.ll.eHbI 3HaqeHHH Z (P, T), S (P, T) H U (P, T) B a6co­

JII0THbIX eJl.HHlluaX, BbltIHCJIeHHbIe B 3KBHJl.HCTaHTHbIX TO'lKaX C nOMOIl1.blO 

(3.5), (3.6), (3.7) . DPH BbJllHCJIeHH5IX Hap5lJl.Y C Jl.aHHbIMH {15, 17] HCllOJIb-

3yIOTC~ CJIe.ll.ylOIl1.He 3HatIeHHfl TepMOJl.HHaMH'leCKHX BeJIHqHH npH aTMoccpep-

110M Jl..>3BJleHHH: 

UO ' K =-1846 KaA/MoAb [31], 

H3MeHeime 3HTaJIbnHH 

tJH = H 2i3,1 5 OK - Ho oK = 3199,3 lcaA /MOAb [32], 

3HTpomlH 5 213 ,1 > o K = 36,448 ICaA/MoAb • zpaiJ [32] 
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TaOJIHl\a 7 
TEPMOJl.I1HAMJtilfEC\{H~1 nOTEl-IUHAJ] rHEECA Jl.J]SI APrOHA (KaJl/MOAb) 

TO/{ 

p "nC.l12 1'18,15 223,15 I 248,15 I 273, 15 I 298,15 I 323.15 
I 

318,15 
I I 

1000 -33l7 -3798 

150;) -2957 - 3413 -3887 -4379 

2000 -2613 -30S6 -3515 - 3991 -4484 -~99-l 

:l500 - 2.!87 -2717 -3165 -3629 -4109 -4606 -5120 

3000 -1973 -2a93 -2829 -3283 -3754 -4241 -4746 

3500 - 1669 -2079 -2506 -2951 -3413 -3893 -4390 

4030 -1.374 -1774 ---2193 -26]0 -.1084 -35')7 -4041; 

4-jOO -IUHj -147d -1 888 -2318 -2766 -- 3232 -3716 

50)0 - 802 - 1187 -15')1 - 2014 -2455 -2915 -3394 

~GO - 524 - 903 ~1300 - 1ll7 -2152 -2606 ---30S0 

6000 - 251 - 624 -1015 -- 1426 -1856 -2305 -2772 

6:>00 - 349 - 7J5 -1141 -1.'>65 -2009 -2m 

7000 - 78 - 450 - 860 - 1280 -lil8 -2175 

75ao 189 188 - 584 - 999 -1433 - 188S 

8000 80 - 312 - 712 -\\5\ - \ 599 

iU8500 3-15 -- 43 - 450 - 875 - 131H 

90)(} 6'16 222 - :80 - GO I -1041 

9500 864 434 85 - 332 - 767 

10000 743 348 - 65 - 49fl 

10500 1000 608 1 ~ )9 -22:} 

11000 12!i4 86j 4 ... 9 35 

11500 1505 1120 718 ']97 

12000 1373 973 556 

1250;) 1623 1227 813 

13000 1871 1478 1068 

13500 21 16 17'27 1320 

14000 1974 1571 

14500 :l2Ig 1819 

15000 2462 2064 

15500 2703 2308 

16000 2549 

16500 2787 

17000 3022 
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T a 6 J\ H U. a 8· 
9HTPOml51 APr OHA (KaJl /MOJlb' zpaiJ) 

T ~ K 

P KrjCAI2 198.15 213. 15 I 24:3,15 I 273,15 I 298,15 I 3:23, 15 
I 

348,15 

1000 18,37 19,33 

1500 17, 1:-6 18,60 19,34 20,07 

200U 17,37 18,04 18,71 19,39 20,06 20,73 

25'JO 16, 89 17, 56 18,22 18,89 19,55 20,22 20,89 

3000 16,44 . 17,12 17,81 18,49 19,17 19,85 20,53 

3500 16,03 16,73 17,44 1t<,14 18,84 19,54 20,25 

4000 15,66 16,3'3 17, 10 17,83 18,55 19, '27 20,00 

4500 15,33 16,07 16 ,80 17,54 18,28 19,02 19,76 

5000 15,03 15.78 16,53 17,28 1 (,03 18, 78 19,53 

5500 14,77 15,:,2 1(; ,28 17,04 17,79 18,55 19,31 

60UO 14, 53 15,29 16,05 16,81 17,57 18,33 19,09 

6jOO 15,08 15,84 !6,60 17,36 18,12 18,88 

7000 14, 89 15,65 16,40 17,16 17,92 18,67 

7500 14,71 15,47 16,22 16,97 17,72 18,48 

8000 15,30 16,05 16,79 17,54 18,29 

8500 15 ,11 15 ,88 16,63 17,37 115,11 

9300 14,99 15,73 16,47 17,20 17,!H 

9500 14, 85 15 ,58 16, 31 17,05 17,78 

10000 15 ,44 16,17 16, 89 17,6J 

!O~OO 15, 30 16,03 16,7,) 17,47 

11000 15,17 15,89 16,60 17,32 

11500 15 ,05 15,75 16,46 17,17 

12000 15,62 16,32 17 ,02 

1:250U 15,50 16,19 16,88 

13000 15,37 16,05 16,73 

13500 15, 26 15,92 16,59 

14000 15, 80 16,45 

1450.1 15,68 16,31 

15()00 15,58 16,19 

15500 15,50 16,09 

16000 16,00 

16500 15,96 

17000 15,95 
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'l'a6.11Hl.{a 9 
8HYTP!::HH}1S1 3HEPrlHl APrOliA (n:ul MOAb) 

T OK 
-

P KnCM 2 I 193, 15 
1 

223,15 I 248,15 I 273,15 I 298,1.') I 323,15 I 348,15 

1000 -4[)6,2 -305,3 

1500 - 476,5 -374,3 -253,0 -112,5 • 
20:J0 - 506,2 -418, 8 -314,5 - 193 ,1 - 54,8 1(j0,4 \ 

25;)0 -539,4 -45t,8 -353,3 -235,0 - 99,9 51,0 220,7 i 
~ 

30110 -569,9 -483, 9 --380 ,5 - ".'59, 7 -121,4 34,3 207,4 

3500 -5')4,6 --506,5 -40Ll, 1 - 275,4 -132,5 28,8 21.18,3 

4000 -612,6 -522,8 -413,8 -:285,7 -138,5 27 ,8 21J,3 

4500 -623,8 -53.3,1 -422,5 -292,0 -141,7 28,4 218,4 

5000 -62R, 9 -537,9 -426,6 -295,0 -143,0 29,4 222,2 

5500 -62g,4 -537,9 -426,7 -294,9 -142,4 30,8 224,7 

6:J\)0 -621,1 -533,6 -423,2 -292,0 -HO,O 32,8 2:26,4 

65DO -525,5 -416,4 - 286,5 -135,8 35,6 127,9 

7000 -514,3 -406,8 -278,6 -129,8 39,7 229,8 

7500 -500,3 -394,6 -268,5 -121,9 45 ,1 232,5 

80JO -380,3 --256,4 -112,3 51,9 236,3 

8500 -364,3 -242,8 -10t,3 60,0 24 1,3 

9000 .,....346,8 -227,8 - 89, 1 69,3 24i ,4 

9500 -328,0 -211,7 - 75,9 79,6 2,14,6 

10000 -194,9 - 61,9 90,6 262,8 

10500 -177,4 - 47,5 ~02 ,I 271,3 

11000 -159,3 - 32,7 113,8 280,3 

11500 - H U,H - 17,6 IJ25,8 2S9 ,5 

12000 - 2,1 1138,0 2\18,7 

12500 13,9 J,50,5 308,1 
'\, 

13000 31,0 163,fl 317,6 

13500 49,6 1:7,8 327,6 

14000 1,94,0 338,7 

14500 212,9 351,5 

15000 235,9 366,7 

15500 264,4 31)6,1 

16000 410,5 

16500 441,8 

17000 481,9 
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CorJ1aCHO npOH3Be.lI.eHlIhIM O~eHKaM MaKCHMaJIhltaSi HeOnpe.lI.eJIeHitOcth 

TepMO.lI.HHaMHlfeCKHX BeJIHlfHH, Ta6YJIHpOBaHHblX B Ta6Jf. 4-9, 3aKJIIOlfeHa B 

CJIe.lI.YIOIll.Hx npe.lI.eJIax: 

o6JbeM V 
C)KHMaeMOCTb- (l/V) (dV/oP)T 
1'enJIonoe pacwHpeHHe (1 / V) (oV/iJ'T)p 

± (0,10+0,15) CM.3jMOAb. 

+ (0,015+0,003) CM2/KI. 

+ (4+6).10 -3 epaa - I, 
3HTponHH S 
TepMO.lI.HHaMHqeCKHH nOTeHll,HaJI. Z 

BHYTpeHHHH 3HeprHH U 

+ (0,17 +0,3) KaAjMoAb' epaa, 

± (6+30) KMjMOAb, 

± (35+100) KaAjMollb. 

Ha pI1C. 8 pe3YJIbTaTbI HaCTOHl.lJ.HX H3MepeHHH, npe.lI.CTaSJIeHHble nOJIHHO­

MOM (3.3), cpaBHHBaIOTcH C JIHTepaTypHbIMH .lI.aHHblMH'. KaK BH.lI.HO H3 PHCYH­

Ka, HaWH pe3YJIbTaTbI cOrJIacYIOTcH C .lI.aHHblMH pa60T {14, 16, 18] B npe.lI.eJIax 

0,2 v/o. DOJIee 3HaqHTeJIbHOe OTKJIOHeHHe pe3YJIbTaTOB HaCTOHIll.HK' H3MepeHHH 

OT .lI.aHHbIX (23], B 06Ill.eM, cooTBeTcTByeT 06'hHBJIeHHOH: 'I'OqHOCTH H3MepeHHH. 

O.3~' ------~r-------r-I----~f-------r-I-~ 

-~ 

~O.2 f­

a 
:i: 

;;-...... 
l: 
00,1 f-., ~ 

> 
I 
> 

-0,1
0 

D 

x 

o _ . . -o 
o 

o 

• ~ 0 

-
o 

• -

I ! I 

-

-

J 

10 

PHC. 8. OTKJIOHeHHe 3HaqeHHH 06'beMa aprOHa V*, BblqHCJIeHHblX C nO~lOmblO 
r.OJIIIHOMa (3,3), OT JIHTepaTypHblX .lI.aHHblX V. 

T, 01( T, 01( T, "I( 

o 100,73) v 3~8 . IS I 6 327,98 \ 

E!J 201,29 [23] • 313,1S 
f 118] • 210,16 <) 

2'8, 
15 1114 16 

1\1 273, 1S ,1 .A. 30i,1S J 
x 198, 1"5 

+ 178,1S J 
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IV. YPABHEH,HE COCTOSlHHSI APrOHA 

JlJIH aHaJIH3a 3KCnepHMeHTaJIbHbIX .Il.aHHbIX, XapaKTepH3YIOIllHX ypaBHe­

HHe COCTOHHHH aprOHa, BOCnOJIb3yeMcH repMO.ll.HHaMHlIeCKOH TeOpHeii B03MY­

llleHHH {9]. 
3anHIIIeM Me}KaTOMHbIH nOTeHLI.HaJI B3aHMO.ll.eHCTBHH KaK 

<I>(r) = <l>o(r) +<I>'(r), 
r.ll.e <1>' (r) -::"B03MymaIOIllHH nOieHLI.HaJI. 

CTaTHCTHlJeCKaH cyMMa CHCTeMbI C nOTeHLI.HaJIOM (4.1) HMeeT BH.Il. 

(4.1 ) 

Z = N!I}.3
N 

S S exp ('1\ ~~<P') d"/;, .... d7;., (4.2) 

v 
.r.ll.e 

3aMeTIlM, liTO eCJIH <1>' (r) -npHTHrHBaIOIII.Hti nOTeHLI.HaJI C pa.ll.HyCOM .lI.eti­

CTBHH MHoro 60JIblllHM, lIeM Cpe.ll.Hee paCCTOHHHe Me}K.lI.Y aTOMaMH, TO nOJIHaH 

nOT'eHLI.HaJIbHaH 3HeprHH npHTH}KeHHH He lIYBCTBHTeJIbHa K KOHKpeTHbIM KOH­

q:JHrypaLI.HHM lIaCTHLI. H npOnOpLI.HOHaJIbHa Cpe.ll.Heti nJIOTHOCTU (1). B 3TOM 

cJIYlIae MO:-KHO 3anHcaTb (4.2) B BH.lI.e 

Z = _1_ exp _a_ S ... S exp (- <l>n) d-;; , ... , d0v, (4 .3) 
N! "aN VkT kT 

V 

r.ll.e a-nOCTOHHHaH C p.a3MepnOC1'bIO 3HeprHH X 06'beM, 

,V-MOJIHPHbIH 06'beM. 

ECJIH, K TOMY }Ke, <l>o(r) eCTb nOTetHLI.HaJI T.Bep.ll.bIX Iccpep, TO H3 (4.3) .lI.JIH 
cBo6o):{HOH 3HeprHH CHCTeMbI CJIe.zr.yeT 

a 
F = FTc'" --- . 

. 't'. V (4.4) 

.LlH<pcpepeHLI.HpYH (4.4) no 06'beMY, nOJIYlIHM ypaBHeHHe COCTOHHHH 

BaH-.lI.ep-BaaJIbCa 

p = RT f ( Vo ) _ ~ • 
V V V 2 

(4.5) 

O.ll.HaKO B peaJIbHOM cJIYllae nOTeHLI.HaJI <1>' (r) HBJIHeTCH KOpOTKO.ll.eticT­

ByIOIII,HM npH JII060M pa3YMHoM BapHaHTe pa36HeHHH o6III,ero nOTeHLI.HaJIa Ha 

HeBo3MYill,eHHYlo H B03MYIII,aIOmyIO qaCTH. PaaJIaraH B03MymaIOIII.yIO lIaCTb 
. <p ' 

3KCnOHE:HTbl B (4.2) B pH.Il. no CTeneHHM OTHOllleHHH - H orpaHHlIHBaHcb 
kT 

lJJIeHaMH BToporo nOpH.Il.Ka, nOJIYllHM CBo6o.ll.HYIO 3HeprHIO CHCTeMbI C KOPOT­

KO)1,e~(CTByIOIII,HM nOTeHLI.HaJIOM <1>' (r) U BU.Il.e 

F - F + f,' «<1>' -( <1>' ) )2 > 
- 0 < { .... > - ---'------

2kT 

HJIH, eCJIH npeHe6pellb cpJlYKTyaLI.HOHHbIM lIJIeHOM B (4.6), 

F = Fo + - <1>' (r) go (r) 4'1tr2 dr. N2 S 
2V 

30 
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3.n.eCb Po-cB060.n.Ha51 3HJeprI-l51 HeB03MYtneHHOH CHCTeMbI, a HHrerpaJIbHbIH 
4JIeH B npaBOH 4aC'I1H - cpe.n.!Hee 3Ha4eHHe B03MytnalOtneH 3HeprHH, Bblpa­

)KeHHOe C nOMOtnbIO <PYHKll.HH pa.n.HaJIbHOrO pacnpe.n.eJIeHH5I go(r) HeB03MY­
l.ll.eHHOH cHCTeMbI f33]. 

13Y.lleM C4HTaTb, 4TO CB060,llHa51 3HeprmI Fo paBHa CB060,llHoif 3HeprHH 
TBep,llbIX c<pep npM Ha,llJIe)Kal.ll.eM BbI60pe 3<P<P~KTHBHoro ,llHaMeTpa [34, 35]. 
aTO 03Ha4aeT, 4TO peaJIbHbIH nOTeHll.HaJI B3aHMO,lleifCTBH5I 3aMeH5IeTCfI 
1:13aHMo,lleiicTBMeM TBep,llblx c<pep npH HeKoTopoM rpaHH4HoM paCCT05lHHH a, 
3aBHC5ll.ll.eM OT TeMnepaTypbI. 

HcnoJlb3Y51 onpe,lleJIeHHe g(r) =h(r) + 1 (33], nepenHUIeM (4.7) CJIe,llYIO­
Ill.HM 06pa30M 

(4.8) 

o o 

M3BeCTHO, 4TO <PYHI{ll.H5I h (r) ,llJI5I )l{H,llKOCTH cytneCTBeHHo OTJIH4Ha OT HyJI5I 

cpaKTH4ecKH TOJIbKO B npe,lleJIax nepBoH KOOP,llHHall.HOHHOH c<pepbI. 3TO ,llaeT 
HaM OCHOBaHHe 3aMeHHTb nepBbIH HHTerpaJIbHbIH 4JIeH B npaBOH 4aCTH (4.8) 
npH6mDI(eHHbIM Bblpa)l{eHHeM: 

00 00 

N2 S ¢ (r) h (r) 47tr2 dr ~ N
2 ES h (r) 4 .. r' dr <=-' 

2V 2V . 
o 0 

= E ~ [S (0) - 1 J = E ~ [~~ - 1 ] J (4.9) 

r Ae e - 3HepreTH4eCKa51 nOCTOSlHHa5l, 

S(O) = ~~T J ~ = __ 1 (dV) . 
V oP , T 

DOJlb3YflCb Ta6JI. 4, 5 HJIH pHC. 9 H Bblpa)l{eHHeM (4.9), HeTpY,llHO y6e,llHTbCfI, 
4TO BKJIa,ll B ,llaBJIeHHe CHCTeMbI, BHOCHMblH <pJIYKTyal{H5IMH nJIOTHOCTR, 51B­
;'I51eTC5I He3Ha4HTeJIbHblM. ECJIH C4HTaTb, 4TO 3HepreTH4eCKa51 nOCT05lHHafi 

e= 120°1(, 'lTO 51BJISleTCSI pa3YMHblM 3HaqeHHeM ,llJISI aprOHa, TO COOTBetcT­
HyIOtnHH BKJIa,ll B ,llaBJIeHlre He npeBblwaeT 100 "r/CM2 B HCCJIe.n.OBaHHOM .lI.Ha­

lIa30He TeMnepaTYP H .lI.aBJIeHHii. TaKHM o6pa30M, .lI.H<p<pepeHll.HpY51 (4.8) no 
06'beMY Ii npeHe6peraSl BJIHSlHHeM <PJIYKTyall.mi nJIOTHOCTH, nOJIYllHM ypaBHe­
i-\fle COCTOfl1-!H5I ,llJI5I )l{H,llKOrO aprOHa B BH,lle 

00 

P = - f -.-!! + -- tfJ (r) 4,"r 2 dr, RT (V) N2 J' 
V V 2V2 

o 

R,lH, HCnOJIb3Y51 <pOpMyJIy l(apHaraHa H OrapJIHHr,a {8], 

p='RT [1 +7J+TI2-TI3]_!!:... 
V (1 _lj)3 V2' 

r,lle 

Vo 1]=-, 
V 

00 

v = N1t:J
8 

o 6' 

~ - <I> (r) 4'1tr2 dr. a ___ N')2 ~. 
- . 

o 

(4.10) 

(4.11) 
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Pile. 9. 3aBHcHMoCTb S(O) =-~ (OV) !l~ 
V iJP T V 

TeMnepaTypax. 

YpaBHe~JHe (4.11) HMeeT BH.n, nOJIHOCTbID aHaJIOrHqHblH ypaBHeHHlo 

BaH-.ll.ep-BaaJIbCa, HO OTJIH4aeTCSl OT nOCJIe.nHero TeMnepaTYPHoii 3aBHCH­

MOCTblO SeJIHtIHH Vo Ii a. 
,UJI H ypaBHeHHH COCTOHHHH TBep.noro aproHa npH TeMnepaTypax H 06~e­

Max, 6JIH3KHX l( nJIaBJIeHHID, TaK)!{e MO)!{HO HanHcaTb <fjOpMyJIy BH.na (4.10) 
00 

p == - - + 2,56 + 0,56ex + -' - <l> (r) 411r2 dr, RT (3 ) ~ j' 
V ex 2 V2 ' 

ex = _V_-_V.....;n"".yc.:... 
~ , 

n. y. 

a 

(4.1 2) 

IT Nag 6 .. AJ'. rh . B <fj v n y = - -0 "heM nJIOTHeHillc.n\ ynaKOBKJ{ Hg C'Pep .nHaM.eTPOM (1. op-.. V6 
MyJIe (4.12) ypaBHeHHe COCTOHHHH HeB03MYlll.eHlHOH CHCTeMbI annpoKcHMH­

pyeTcH Bblpa)!{eHHeM, .naHHbIM B [7]. 
OCIIoBaHHeM .nJIH 3anHCH ypaBHeHHH COCTOHHHH TBe p.noro aproHa B BH.ne 

r~.12) H, CJIe.nOBaTeJIbHO, .nJIH npeHe6pe)!{eHHH pery JH!pHof! CTPYKTypor, 

KpHCTaJIJla CJIY)!{HT caMa perYJIHpHoCTb. JJ.eHcTBHTeJIbHO, KOJIb CKOPO CTPYK­

Typa KpHCTaJIJIa 3Xl.naHa, TO 4HCJIO 4aCTHU, Haxo.nHm.HXCH B 3<fj<fjeKTHBHOH 

c<fjepe .nei1cTBHH B03Myl!UalOlll.ero ITOTeHUHaJIa, OCTaeTCH npaKTH4eCKH no­

(;TOHHHbIM B npe.neJlax Tex 06"heMOB, r.ne npHMeHHMa «TBep.noc<fjepHa5l.» MO­

.LI.eJIb H, CJle;~OBaTeJIbHO, MO)!{HO Ha.ll.eHTbCH, qTO BKJIa.ll. B .naBJ!eHHe, BHOCH­

MblH peryJIHpHblMH <fjJIYKTyaUHHMH ITJIOTHO€TH, 6y.neT MaJI. 

,UJIH npOB'epKH nOJIY4eHHblX COOTHOllleHHH (4.11) H (4.12) B KatIeCTBe 

xa paKTepHcTHKH B03Mym.alOm.eH tIaCTH nOTeHUHaJIa (4.1) HH)!{e HCnOJIb-

3yeTcH nOTeHUHaJI 6- 12 JIeHHap.n-,U)!{OHCa (36J, y.noBJIeTBOpHTeJIbHO onH-
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CbIBaIOlli.HH TepMO)l.HHaMHlleCKHe cBoiicTBa aprOHa B IIlHPOKOM )l.Hana30He 
TeMnepaTYP H OO'beMOB [37]. I1TaK, nOJIHbIH nOTeHIJ.HaJI B3aHMO)l.eikTBHSI 
UMeeT BH)l. 

<I>(r) =<I>o(r) + <I>'(r) 

r oo r~a -
<flo (r) = 1 0 (4.13) 

r>a 

<P (r) = lOr < a 
l 46 [(ro/r)12-(ro/r)'1 r > a. 

B COOTBeTCl'BHH C pe3yJIbTaTIlMH paOOTIll {38] AJISI e H ro npHHSlTbI 3HalleHHSI .., 
11 ~,5°K H 3,409 A. 

flp0IJ.e..lypa npoBepJ-<tfC00Tl10WeHH" (4.11) H (4. 12) COCTOHT B nO)l.oope 
HaUJIY'lwero 3H'Cll!eHlUI 3!f><peKTHBHOrO ,lI,HaMeTpa (J AJISI Ka>K;l{oH 3KcnepH­
MeHTaJIbHOii li30TepMbI C nOMOlIJ.bIO ~eTOJla liaHMeHbWHX KBa.1l.paToB. Cpe.1l.­
HeKBa,lI,pal'H'IHaH oWHoKa annpOKCjfMaIJ.HH 3KcIlIepHM,eHTaJIbHbIX P-V 3a­

BHCHMOCTeii <p0pMYJIaMH (4.11) H (-4.12) He npeBblwaer 150 KF/CM2 AJISI 
IKHAKOH <pa.3bI H 40 "rJ,C.M2 AJISI TBepAoH <pa3bI. B nOCJIe,lI,HeM CJIYllae OWHO­
Ka npHOJIH~KeH1HI onpe)l.eJIHeTCH, B OOHOBHOM, pa30pocoM 3KcnepHMeHTaJIb­
HbIX TOlleR. CJIe)l.yeT nOA'IepKHYTb, 'ITO BeJIHlJHHa OWHOKH annpOKCHMaIJ.HH 
5KcnepHM-eHTaJIbHbIX P~V ,lI,aHHbIX ,lI,JISI >KHAKOrO aprOHa <P0PMYJIOH (4.11) 
cooTBeTCTB}'eT HaweR anpHopHoH OIJ.eHKe. 

Ha pHC. 10 npe,lI,CTaBJIeHa 3aBHCHMOCTb 3<p<peKTHBHbIX AHaMerpoB (J H 
ex> 

N~ J 3HatJeHI1H a = 2 ¢ (r) 4i.~ dr ,lI,JISI pa3JIHlJHbIX H30TepM OT TeMnepaTypbI. 

~ 

r!pIIMellaTeJIbHO, 'ITO paClleTbI, npOBe,lI,eHHble He3aBHCHMO ,nJISI pa3JIHtJHbiX 
H30TepM, npHBeJIH K COrJIaCOBaHHOR CHCTeMe 3<p<peKTHBHbIX ,nHaMeTpOB. 
KaK CJ1e.1l.YET H3 pHC. 10, ,lI,JIH >KH,nKOI'O H TBep,noro COCTOHHHH aprOHa nOJIy­
'leHbI ,nBe pa3JIHtJHble CHCTeMbI 3<p<peKTHBHbIX ,nHaMeTpOB lJaCTHIJ.. 3TOT Plf-
3YJIbTaT, HeCOMHeHHO, 03HatJaeT, 'lTO nOJIytJeHHbIe BeJIH'lHHbl He Moryr ObITb 
npHMO conOCTaBJIeHbI C BeJIHlJHHaMH <~KHHeTHtJeCKHX» ,nHaMeTpOB, CJIe,lI,YIO­
JIJ.HX H3 Ol1blTOB no pacceHHHIO B MOJIeKyJIHpHblX nyllKax. 

COOTHollleHHH (4.11) H (4.12) n03BOJIHIOT npe,lI,CTaBHTb ypaBHeHHe co­
CT05IHHH aproHa B npHBe,neHHoM BH,ne. Ha pHC. II H300pa>KeHa 3aBHCH-

MOCTb npHBe,neHHoro <paKTopa C>KHMaeMOCTH (p + ~, ') ~ OT npH5e,n@H' 
Naa V- RT 

HOH nJIOTHOCTH -- BH,nHO, 'ITO B OOJIaCTH MaJIbIX nJIOTHOCTeA )IUI,nKOCT-

V'lv 
Hble H30TepMbI o,nHHaKOBbIM oopa30M OTKJIOHSIIOTCSI OT «H,lI,eaJIbHoro» nOBe­
}leHHH. COOTBeTCTBYIOIIJ.ero TOlJHOMY BbInOJIHeHHIO (4.11), tITO Haxo,nHTCSI B 
corJIaCI-!J1 C HaWHMH O>KH,lI,aHHSlMH. OTMeTHM, 'lTO KOOp,lI,HHaTbI <pa30Boro ne­
pexo,na He MorYT ObITb BbIpa)KeHbJ B npHBe,lI,eHHOM BH,lI,e C nOMOIIJ.bIO napa­

MeTpOB npHBe,neHHH. CJIe,nYIOIIJ.HX H3 (4.11) H (4.12). 
B 3aK.TIIotJeHHe HacroSlIIJ.erO pa3,neJIa CJIeJI,yeT nO,lI,qepKHYTb, lJTO npHro,n­

HOCTb ypaBHeHHSI COCTOHHHSI BH,lI,a (4.11) ,nJIH onHcaHHSI P~V CooTHoweHHI1 

/3 a prOHe, O'leBH,nHO, CBH,lI,eTeJIbCTByeT B nOJIb3Y npe,lI,CTaBJIeHHSI 0 TOM, lJTO 
Cpe.ll.H5IH KOH<pHrypaIJ.HSI lJaCTHIJ. B O,lI,HOarOMHOH )KH,lI,KOCTH C pa,lI,HaJIbHO­
CHMMeTpH'IHbIM nOTeHIJ.H,aJIOM B3aHMOJI,ei1cTBHSI onpe,neJIHeTCH, B OCHOBHOM, 

CHJIaMH OTTaJIKHBaHHSI H MO>KeT 6b1Tb onHcaHa «TBep,lI,OC<pePHOH» <PYHKIJ.HeH 
pa,nHaJIbHOrO pacnpe,neJIeHHSI npH COOTBeTCTBYIOllleM Bbloope 3<p<peKTHBHO­

ro ,nHaMeTpa lJaCTHU. 
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Q - pa~'II1Talio no llatlHl>JM {23]. 
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PI1C. II. rIpHBe.o,eHHoe ypaBHeHHe COCTOflH.HfI aprOHa.. JIHHHfI COOTBeTCTBYeT CTporOMY BblnOJlHeHHIO 
ypaBHeHHfI (4.11) . 
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V. TEPMO,lJ.MHAMHKA nJlABJlEHMSI APfOHA * 

§ 1. 3KCnep'HMeHTaJlbHble pe3YJlbTaTbI 

B TaOJI. 10 H II (CM. pHC. 12--,16) npHBe.ll.eHbI 3HalJeHHH TepMO.ll.HHaMH­

lj·eCKHX BeJIHlJHH, xapaKTepH3YIOllI.HX cpa30BblH nepexo.ll. :lKH.lI.KOCTb-KpHCTaJIJI 

B aprOHe npH BbICOKHX TeMnepaTypax H .lI.aBJIeHHHX. OCHOBOH .lI.JIH BbIlJH­

CJIeHHH TepMO.ll.HHaMHtreCKHX BeJIHlJHH, cO.ll.ep:lKamHXCH B Ta6JI. 10, CJI y:lK aT 

5KcnepHMeHTaJIbHble onpe.ll.eJIeHHH CKalJKa 06beMa npH nJIaBJIeHIHI d,v Ii 

leMnepaTYPbI nJIaBJIeHHH Tnt KaK CPYHKU.HH .lI.aBJIeHHH nJIaBJIeHHH Pm ' 
CKalJKH .~HTponHH dS, 3HTaJIbnHH dH H BHYTpeHHeH 3HeprHH AU npH nJIaB­

JIeHHH aprOHa BbIlJHCJIHJIHCb C nOMOlll.blO ypaBHeHHH KJIaY3Hyca-KJIaneH­

pOHa. ,UJIH onpe.ll.eJIeHHH lJHCJIeHHbIX 3HalJeHHH npOH3BO.ll.HbTX dT/dP 3aBHCH­

MOCTb TeMnepaTYPbI nJIaBJIeHHH OT .lI.aBJIeHHH 6blJIa Bblpa:lKeHa B BH.lI.e ypaB­
IIeHHH CHMoHa [41]: 

Pm = ATf~f + B, 
[JpH CJIe.ll.YlOmHX 3HalJeHHHX KOHCTaHT: 

A = 2,35935; B = 2001,5; 

(5.1 ) 

c = 1,54376. 

rIPH 3TOM Cpe.ll.He~Ba.ll.paTHlJHOe OTKJIOHeHHe annpOKCHMau.HH COCTaBJISlJIO 

+ II KF/CM'. Onpe.ll.eJIeHHe HaKJIOHa KPHBOH nJIaBJIeHHH dT/dP ocyllI.eCTBJIH­

JIOCb aHaJI'HTHlJeCKHM .lI.HcpcpepeHu.HpoBaHHeM. 

Ta6J1Hlla 10 

H3MeHeHHe TepMOAHHaMHqeCKHX $YHKllHH npH nJlaBneHHH aprOHa 

I 

I Tm Pm VL I Vs 6V 6VIVs 6SIR 6H 6U P6V 

1'17.78 (.261 22,965 21,470 1,49') 0,0696 1,133 445 , 1 22 ' ,9 2Hl,3 
222,61 7929 1.360 1, 111) -t86,9 214,3 '252,6 
22'2,87 7947 22,328 20,964 1,36~ 0,0650 1,106 489,4 235,5 '2."3,9 
247,77 9721 1,261 1,0"6 534,4 246,7 2R7 R 
747.03 9734 21,815 20,554 \,26\ 0,0614 1,084 .~31.'\ 246,6 '287,5 
273,00 I1fl94 21, 48 20,167 1.181 0,058" 1,072 581,3 260,6 3l(),7 
273,12 1160 1 21,30,'> 20,122 1,183 0,0518 1,074 582,5 261,0 311,::' 
2:)7,93 13573 '20,881 19,768 1,1l4 0,0564 1,002 6'8,4 274,3 354,~ 
298 ,no 13579 2 1.915 19,80.,) 1,110 O,O.'i61 1,0,'.'1 6'2(),4 273,4 3.13,0 
298,16 13'>09 20,90') 19,808 I, lOa 0,0;55· 1,049 6-2'1,3 271.7 349.6 
322,83 15630 1,052 1,049 672.8 287,7 385.1 
323,15 15657 20,460 19,410 1,05() 0,0')41 1,047 672,4 287,3 3135.1 

T m OK --TE'MllepaTypa nJlaBJleHHlI, P m-AaBJleHHe llJIaBneHHlI (Kr JCM2) , V L -06'beM }I{H)J.>;Uf! 
cpa3bf, V s ·- 06'beM TBep.noH $a3bI, 6 V -l!3MeHeHHe 06'beMa (CAI3/MOAb), .1S -H3MeHCl!HC 
3HTponHH, R -YHHBepCaJlbHall ra30nall nOCTOllHHall, 6H -H3MeHeHHe 3HTaJlbnHH, flU -T!3Me-

He'we J;Jly.!,eHHeH ::lHeprHH, P j V -H3MeHeHHe CBo6o)lHOH 3HeprHii (KaA!MoAb). 

B Ta6JI. 11 npe.ll.CTaBJIeHbI CrJIa:lKeHHble 3HalJeHHH Tex :lKe caMblX BeJIH­

lIHH, lJTO H B Ta6JI. 10 H, KpoMe Toro, .lI.aHbI 3HalJeHHH 3HTponHH S H BHYT­

peHHeii 3HeprHH U, xapaKTepH3yIOllI.He Ka:lK.lI.YIO H3 cpa3 B.lI.OJIb KPHBOH 

lIJIaBJIeHHH. 

n pou.e.ll.ypa BbIlJHCJIeHHH cr JIaJKeHHblX 3HalJeHHH BeJIHlIHH, npHBe.ll.eHHbIX 

B Ta6JI. 11, COCTOSlJla B CJIe.ll.yIOllI.eM. BeJIHlJHHbI 06'h€MOB JKH.lI.KOH cpa3h! V L 

13 TOlII<ax nJIaBJIeHH5T BbTlJHCJIHJIHCb C nOMOlll.blO nOJIHHOMa V (P, T) = 
2 5 

= ~ L; a1j Ti pj (CM. pa3.l1.eJI III). 3KcnepHMeHTaJIbHble BeJIHlJHHbI 
1",0 j = -2 

* MaTepnan HaCTOilll.\ero pa3.nen3 qaCTH'IHO ony6J:HKO!J:l n B [39]. [1pe.!lSapIiTeJTbHble 
pe3ynbTaTbl Jl,aHbl n [40]. 
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Ta6JIHlla 11 

TepMfl)1HJlhMHlJeCKHe cfJVHKUHH aprOHa BJl.OJlb KPHBOA nJlaBJleHHII (crJlalKeHHble 3HalJeUHR) 

Tm 1 Pm I V L I Vs I ~v l~v!Vsl SL Ss I~S/RI VL I Vs I ~V 
I 

198,15 6293 2'2,93 21,440 1,494 0,0697 14,243 11,082 1,138 -642,2 -869,g ?2.7,( 
223,15 7963 22,3472cl,Y851,362 0,0649 14,537 12,338 1,107 -480,5 -717,2 226,( 
:248,15 9738 21.80620,54·) 1,'261 0,0614 14,i98 12,641 1,(186 -307,7 -555,5 247,7 
273,15 11613 ~ I ,321) 20 , 144 1 , 181 ( ,0.')86 15 ,042 12,913 1,0 /2 -121,7 -381,9 260,~ 
298,15 13584 20,89519,784 1,111 0,0562 15,277 13,177 1,057 76,0 -196,6 272,( 
323,15 15647 :'IO,~67 1 19,415 1,0.')2 0,0542 15,48.') 13,408 1,046 792,4 6,7 285,~ 
348,15 17799 20,193,19,1911,001 0,05'22 15,705 13,644 1.037 461,7 162,4 299,2 

I 

2 
7 
5 
1 
o 
9 
7 

S8 -- :,uTponHlI TBepJloii !l>a3b1, SL -3HTponHlI lKHJlKOH !l>a3b1 (!Call/Mollb. apaa) , U L -BHY'r­

! ) E'11' 15t '~ 3Hf.'prHlI lKHJlKOii !l>a3b1, V S-BHYTpeHHlIlI 3HeprHlI TBepJloli !l>a3b1 (/CallI MOllb) _ OL­
r~:lbHble o6c3HalieHHlI cooTBeTcTBYIOT o603HalieHHlIM Ta6JIHllbi 10. 

D 
I '1 "1 

1,5 ~ ~ 

i 0 

I \ 
0 - 0 

~ e 
>V'I 
~ CO 

0 

<l 

0 

. ~ 0 
a 

~ \ 
• 

~t,o 
0 

0 

L\ SiR 
• • • • • 

~ C> 

0 

0 

0 • 
0 • 

AV/VS 
• • • • I ,- , 

Q5 100 200 300 
T,oK 

PHC, 12. 3anilCHMOCTb OTHOCHTeJIbHOrO CKaljJ\a 06'beMa ~ VI V S H CKaliKa SHTponHH ~S/R 
npH nJIaBJIeHHH aprOHa OT TeMnepaTypbl. 

• - HBCTOlllll.He H3McpeHMlI (Ta6J1. 10); 
0-[2:2,23); 0- [2 :); 0 -[421; 
+ - (32); 
>( - DbI'IHrJlCIIO no .lI.811HblM [43, 4't, 50). 

C'KalJ!{OB OO'beMa Ll V CrJIa)KHBaJIHCb rpacjJHlJeCKH, H paCClJHTbIBaJIHCb 3Haqe­
HHH OO'b<:!MOB TBep.n:OH <!>a3b1. naJIee ITO OITHCaHHOH BhllUe cxeMe C ITOMOInbIO 
crJIa)!{eHnbIX neJIHlJHH ObIJIH BbIlJHCJIeHbI CKalJKH 3HTPOITHH LlS. KOTOpbIe HC­

nOJIb30BaJIHCb 3aTeM .n:JIH paClJeTa 3HTPOITHH TBep.n:OH <!>a3bI Ss. 3HTPOITHH 
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}i{H.ll.KOli Cpa3bl B.ll.OJlb KPHBOi'i nJlaBJleHiiSi BblqUCJlSlJlaCb, KaK if paHee, .ll.H¢-
2 5 

cpepeH~HpOBaHHeM nOJlHHOMa Z (P. T) = ~ ~ b'l TL pl. nOJlyqeHHble 
1= 0 J =-2 

TaKHM o6pa30M 3HaqeHHSI Sl CrJla2KHBaJlHCb rpacpHqeCKH C yqeTOM HH3KO­
TeMnepaTypHhlx .ll.aHHbIX {23]. cI>aKTHqeCKH npou.e.ll.ypa CrJla2KHBaHHSI 3Haqe­
HHH Sl npHBO.ll.HT K HX 1H3MeHeHiHIO TOJlbKO B rpaHHqHbIX TOqKaX H3yqeHHO­
ro yqaCTK·a KPHBOH nJlaBJleHHSI npH -750 H + 75°C Ha - 0,15 K.aA/MoAb '2paa. 
H -0,12 K.aA/MoAb'?paa COOTBeTCTBeHHO. BHYTpeHHHH :mepmH U l H Us 
B.ll.OJlb KPHBOH nJlaBJleHHSI BhlqHCJlSlJlaCb C nOMow.bIO TepMO.ll.HHaMHqeCKOrO 
COOTHoweHHSI Z=U+PV-TS. 

I I 

6H.6U. P6V. Ka11/MOTlb 

600 r- -

400 r 

200 ~ . 

I I I o 
100 200 300 

PIIC. 13. Yl3MeHeHlle 3HT8J1bn IlH AH . BH YTpeHHeH 3Hep rHII AU H pa-
60T8 C>K 8TIIH PAV npll n Jl8 11JleHIIH apr o H8 K8K QJYHKlI,lIH TeMn ep 8Typbl. 

0 603H8 '1eHIIH coo TBeTcTB YIOT pIIC. 12. 

O~eHKH, npOBe.ll.eHHble Ha OCHOBaHHH .ll.aHHbIX § 4 pa3.ll.eJl fl II, nOKa3bI­
BaIOT, qTO MaKCHMaJlbHble OTHOCHTeJlbHble norpeWHOCTH () BeJlHqeH Ll V, LlS, 
1.U H PLl V, CO.ll.ep2Kaw.HXCSI B Ta6Jl. 10 H 11, COCTaBJlSllOT: 

Ow ",-0,8-1,0%; ~As ",-1,6-2,6 % ; oMI",-1.7 - 2,6 % ; opw""'-2 .6- 4,6% ; 
oAU 4,5 -7,7%. 

l1orpewHocTH onpe.ll.eJleHHSI 06'b>eMa V, 3HTponHH S H 3HeprHH U npHBe.ll.e­

HbI B pa3.ll.eJle III. 
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§ 2. AHaJlH3 TeMIlepaTYPHoH 3aBHCHMOCTH OTHOCHTe.nbHoro CKa'lKa 

Ofi'beMa A VI VS H CKa'lKa 3HTPOOHH ~S npH nJlaBJleHKH aproHa 

Bonpoc 0 xapaKTepe TeMnepaTypHoH 3aBHCHMOCTH CKaqKa 3HTponHH 
.1.S H OTHOCHTeJlhHOrO CKat!I(a OO'heMa ~ VVV s npH nJIaBJIeHHH BeIII.eCTBa 
HBJIHeTCH O~HHM H3 ueHTpaJIbH~X B ~H3HKe nJIaBJIeHHH 8 HeO~HOKpaTHO 
oocY2K~aJICH B JIHTepaType (CM., HanpHMep, Ul3]). O~HaKO Ha HaCTOHmeM 
3Tane HCCJIe~OBaHHl1 no np8q8HaM, H3JI02KeHHbIM BO BBe~eHHH, HaM np~~­
CTaBJIHeTCH HaHOOJIee aKTyaJIbHbIM TOJIhKO O~HH H3 aCneKTOB 3Toro Bonpo­
ca, a HMellHO - YCTaHOBJIeHHe COOTHoweHHH Me2K~y ~alIlIblMH 4:MaWHH­
HblX» H peaJIhHblX 3KcnepHMeHTOB. OqeBH~HO, 'ITO JIl00ble nonblTKH SHnHpH­
qeCKOrO peweHHH 3TOH 3a~aqH ~OJI2KHbl onHpaThCH H3 3KcnepHMeHTaJIbHble 
.u.aHHhIe, xapaKTepH3YIOIII.He nOBe~eHHe ~ VIV s H ~S B WHPOKOM ~Hana30-
He TeMnepaTYP H, 'ITO ocooeHHO Ba>KHO, OpH TeMOepaTypax, npeBhlDlalOm.HX 
KpHTHt/ecKyIO ~JIH ~aHHoro BemeCTBa . 

.-,----r- ---,-- , 
30 I- ~ -
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PHC_ 14_ 06'beM }KHJJ.Koro V L H TBepJJ.oro Vs aproHa BJJ.OJIb 
KPHBOH n JIaBJIeHHlI_ 0603HaIJeHHlI cooTBeTcTBYIOT pHC_ 12_ 

Pe3YJIbTaTbI HaCT05iIII.HX H3MepeHHH (CM_ Ta6JI. ·10 H 11 H pHC. 12-16) H 
~aHHhIe paooT {21-23, 42] (CM. pHC. 12-16) cO~ep>KaT nOJIHyIO TepMoM­

HaMHt/ecKYIO HH~opMaUHIO 0 nJiaBJIeHHH aproHa B ~Hana30He TeMnepaTYP 
OT TPOHHOH TOQKH ~o 348°K, HanOMHHM, 'ITO KpHTH'IeCKaH TeMnepaTypa ap­
rOHa, Bemlt/HHa KOTOPOM M02KeT CJIY2KHTb MepOM rJIYOHHbI nOTeHUHaJia 
B3aHMo~ei1CTBHH, COCTaBJISlOeT 151°K, 

PaccMorpHM pHC. 12, r~e ~eMoHcTpHpyeTcSl 3aBHCHMOCTb CKaqKa 3HTpO­

nHM I1S/R H OTHOCHTeJIbHOrO CKaqKa OO'heMa A VI VS OT TeMnepaTypbI. Ha 
pHC_ 12 BH~HO, 'ITO BeJIHqHHbI a VI VS H !1S, ObICTPO YOblBaH B OOJIaCTH HH3-
KHX TeMnepaTYP, CTaHOBHTCH npaKTHqeCKH nOCTOHHHblMH OpH TeMnepaTY­
pax, npeBbIllIaIOIII.HX 200°K, 
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PliC. 15. BHYTpeHHHH 3HeprHH }l{H.lI.KOrO U L H TBep.ll.OrO Us aprolia n.ll.OJJb KPHBOR nJJaB­
JltHHH. 0 603Ha'leH'HH Te }l{e, 'ITO H Ha pHC. 12 (Hallll1 AaHHble no Ta6JI. II). JIHHHfl n'JulJe­

.lI.eHa no paCC'IHTaHHblM 3Ha'leHHJlM BHYTpeHHeH 3HeprHH (eM. p a3AeJl VI) . 
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PHC. 16. 9HTponHH )KHAKOrO SL H TBepAoro Ss aprOHa BAOJJb KPHBOH nJJaBJle ­
HHfI . 11 - no .lI.DHHblM (61). OCTaJJbHble 0603Ha'leHHH CM. pHC. 12 (HawH .lI.aHHble 

no TaVJJ. 11) . 



BOJIe'e HHcPOpMaTHBHbIM HBJUleTCH pHC. 17, rni> ~ VI VS H 6.S H306pa>Ke­

HbI KaK <PYHKUHH CKallKa 06'beMa ,L\,V. ,KaK CJIenyeT H3 pHC. 17, npH CTpeMJIe­

HHH ~ V K HyJIIO, liTO 3KBHBaJIeHTHO CTpeMJIeHHIO TeMnepaTYPbl K 6eCKOHell­
HOCTH, 6: V/ Vs H l6.S CTpeMHTCH K nOCTOHHHOMY 3HatJeHHIO. fpa<pHtJecK8R 

3KCTpanOJIHUHH np"BOnHT I< CJIenYlOmHM aCHMnTOTHlIeCKHM 3HatteHHHM 

t:.S -+ -...0 9\ 
l~v ' T-+oo. 
-- - ~003 V ' s 

, 

1.5 

1.0 f-

0,5 I-

AV.CMYMonb o L-__________ ~ __________ ~ __________ ~I~ ________ ~ 

234 
PHC. 17. OTHOCHTeJlbkblll CKaqOK o6"eMa &V/Vs H CKaqOK ::lHTponHH &S/R 
KaK cj>YHKUHH CKaqKa o6"eMa ~ V npH nJlaBJleHHH aproHa. 0603HaqeHH!I 

cooTBeTcTBYIOT pRC. 12. 

(.'i.2) 

no naHHbIM «MallIHHHbIX» 3KcnepHMeHTOB [10, 11] npH nJIaBJIeHHH MO-

neJlbHOH CHCTeMbI ttaCTHU, B3aHMOJl.ei'icTBYlOmHx no 3aKoHY <{J (r) = e (rro y2 , 
IiMelOT Meno COOTHOllIeHHH: J 

t:.s =0,89 
R 

t:.V 
-=0,038. 
Vs 

(5.3) 

CpaBHeHHe Jl.aHHbIX {5.2} II (5.3) 3aCTaBJIHeT Hac np"3HaTb BeCbMa 

6JIH3KOe <':OOTBeTCTBHe pe3YJIbTaTOB «MallIHHHoro» 11 peaJIbHOrO 3KcnepH­

l>1e1iT05 H 3I.lKJIIQLJHTb, liTO KOpOTKOJl.ei'icTBYlOmee OTTaJIKHBaTeJIbHOe B3aHMO-
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JI.eHGTBHe HBJIHeTC51 JI.OMHHHPYIOIUHM cpaKTOpOM, onpeJI.eJHHOIUHM MexaHH3M 
nJIaBJIeHHH - KpHCraJIJIH3allFHI npH BblCOKHX TeMnepaTypax . 

. HH3KOTeMnepaTYPHOe nOBeJI.eHHe BeJIHt.IHH .f.. V{V s C KallecTBeHHoH 
TOt.IKI1 apeHHH· MO)KHO OO~HCHHTb B paMKax reopHH BaH-JI.ep-BaaJIbCa 
[22, 45]. D.eiicTBHTeJIbHO, pHC. 18 yoe)KJI.aeT, t.ITO BaHJI.epBaaJIbCOBCKHe no-

a a 
npaB~H B CBOOOJI.HYro 3Heprnro --V H )J.aBJIeHHe - Vl npHBOJI.HT npH onpe-

JI.eJIeHHblX YCJIOBHHX K YMeHblIleHHIO JI.aBJIeHH51 nepexoJI.a, YBeJIHt.IeHHro 
CKat.IKa 06'heMa H yMeHblIleHHIO 06'heMa cocyIUecTByroIUHx cpas no cpaBHe­
HHIO C COOTB'eTcTByIOIUHMH xapaKTepHcTHKaMH cpaaoBoro nepexoJI.a B CHCTe­
Me oea npHTH)KeHHH. CJIeJI.CTBHeM nepellHCJIeHHblX 3cpcpeKTOB HBJIHeTCH H 
COOTBeTCTBYIOIUee HaMeHeHHe 3HTponHH nepeXOJI.a. OlleBHJI.HO, tITO npH yBe­
JIHt.IeHHH TeMnepaTypbl BKJIaJI. npHTHrHBalOIUero BaaHMOJI.eiicTBHH B CBOOOJI.­
HylO 3HeprHIO H JI.aBJIeHHe oYJI.eT YMeHblIlaTbCH H, CJIeJI.OBaTeJIbHO, KatIeCT­
BeHHaH CTopOHa nOBeJI.eHHH BeJIHtIHH A V/Vs H !1S MO)KeT OblTb nOHHTa Ha 
OCHOBe H3JIO)KeHHblX npe.n.CTaBJIeHHii. PaCtIeTbi BJIHHHHH npHTHrHBaIOIUero 
E3aHMOJI.eHCTBHH Ha cpaaOBbIH nepexo.n. B CHCTeMe «MHrKHX» cq,ep, npOBe­
.n.eHHble B [11], BnOJIHe corJIacyroTcH C HaCTOHIl\HMH BbIBOJI.aMH. 

, F 

• a Fr:F--
V 

p 
o a 

P=P-V2 

___________________ v 
PHC. 18. BJIH5IHHe npHT5IrJlBaIOlllero B3aHMO· 
./leiICTBH5I Ha napaMeTpbI 4>a30Boro nepeXO./la. 

OmlpaHCb Ha npFlBeJI.eHHble Ka'leCTBeHHble COOOpa)KeHHH, nOnblTaeMC51 
nOJIY'lHTb aHaJIHTH'leCKHe COOTHOlIleHHH, XapaKTepH3YIOIUHe nOBeJI.eHHe OT­
HOCHTeJIbHOrO CKallKa OO'heMa t,. V/Vs H CKat.IKa 3HTpOnHH !1S BJI.OJIb KpH­
BOM nJIaBJleHHH. 

PaCCMOTpHM cHcTeMy OTTaJIKHBalOIUHXCH lIacTHll npH TeMnepaType 

fIJIaBJIeHHH T. BBeJI.eM npHTHrHBalOIUee B3aHMO)J.eiiCT8He, KQTOpOe 0YJI.eM 
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xapaKTepR30BaTb HeKOTOpbIM napaMeTpOM, npRHHMalOlll.HM 3HatIeHHSl OT 0 
.lI.0 e. OtIeBHnHO, 3TOT napaMeTp CJIenyeT paCCMaTpHBaTb B KatIeCTBe MepbI 
r JIy6HHbI nOTeHUHaJia B3aHMOAeHCTSHSl. 

B COOTBeTCTBHH C npHOJIH)KeHHeM BaH-,nep-BaaJIbCa (CM. pHC. 18) BJIHSl­
H'He npHTSIrHSalOlll.erO B3aHMo,neHCT'BHSl Ha 'CKatIOK nJIOTHOCTH il? npH nJIaB­
JIeHHH CHCTeMbI oyneM xapaKTe.pH30saTb COOTHoweHHeM 

d~p = tJ.pf(T) de. (5.4) 

IIepenHweM (5.4) S BH,ne 

d VL-VS~VL-V~f(T)dE. 
V L Vs VL Vs 

(5.5) 

YtIRTbIBa5I, tITO OObeM cpa3 VL Ii Vs CJIaOO 3aBHCRT OT e (11], H3 (5.5) no· 
JI ytIHM 

d .1 V = tJ. V f (T) dE. 
Vs Vs 

(5.6) 

OCHOBblBaSICb Ha cpR3HtIeCKHX H pa3MepHbIx COOOpa)KeHHSlX, MO)KHO 3aKJIIO' 

f(T)= l, 
T 

rne y-oe3pa3MepHa5I nOCTOHHHa5I. 

H3 (5.6) H (5.7) CJIe,nyeT 

tJ.V 
- = (

tJ. V) ~ - exp y ....:..., 
Vs 0 T 

(5.7) 

(5 .8) 

rne (tJ. V) -OTHOCHTeJIbHbIH CKatIOK OObeMa npH nJIaBJIeHHH B CHCTeMe oe3 
Vs 0 npHT5I)KeHHSI. 

PaCtIeTbI nOKa3bIBa1OT, tITO COBoKynHocTb 3KCnepHMeHTaJIbHbIX naHHbIX, 
xapaKTepH3YlOIUHX fIOBeneHHe OTHOCHTeJIbHOrO CKatIKa OObeMa KaK CPyHK­
UHH TeMnepaTypbI (pHC. 12), onHCbIBaeTCSI cpOpMyJIOH (5.8) co cpenHeKBan­
paTHtIHbIM O'I'KJIOHeHHeM 0,0015 npH CJIenYIOIUHx 3HatIeHHSlX napaMeTpoB 

(
tJ. V) = 00385 
Vs 0 ' , (5.9) 

ye= I 09,33°K. 

3aMeTHM, tITO 'IHCJIeHHOe 3Ha'leHHe BeJIHtIHHbI (~ V) , paSHoe aCHMnTO-
tJ.V Vs 0 

THtIeCKoMy 3HatIeHHIO - npH T -+ oc, xopomo cOrJIacyeTcSl C npenBapH-
Vs 

TeJIbHOH Oll!eHKOH (5.2) H y,nHBHTeJIbHO OJIH3KO COBna,naeT C cOOTseTcTBYIO­

lll.eH BeJIHtIHHOH (5.3), nOJIyqeHHOH B «MamHHHOM» 3KcnepHMeHTe ,nJISI no­

TeHUHaJIa B3aHMo,neHcTBHSl 

~ (r) = € (~ }2. 
Pe3YJIbTaTbI HaCTOHIUero naparpacpa, KaK H ,naHHbI'e pa3JleJIa II, onpe­

,neJIeHHO YKa3bIBaIOT, tITO npHTHrHsalOlll.ee B3aHMOAeiicTBHe He BHOCHT Ka­
qeGTBeHRblX H3MeHeHHH B xapaKTep Me)K'IaCTHtIHbIX l<oppeJIHUHH, H, CJIenOBa-
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reJlbHO, ,.1J111 CKallKa 3HTP0nIUI B npH6J1H)KeHHH «cB060,n,Horo» 06'beMa MO)K­

HO 3anHcaTb [33]: 

MJlM 

-= - - n n jS (1S) I VZ- Vi + 1 VL - V2_ 
R R. Vso- Vs'" Vs - Vs* 

D.S = C + In VL - Vi 
R Vs - V~* 

T,n,e C-nOCTOHHHaSl, 

V • Nas 6 •• ..h = - -0 beM nJlOTHeHWeH ynaKoBKH H3 c,¥ep ,n,HaMeTpOM cr, 

V2 
cr-3cpcpeKTHBHblH ,n,HaMeTp '!aCTHU, 

(5.10) 

V L H Vso -o6beM cpas B TOllKe nJiaBJI.eHHH HeB03MyrueHHoH CHCTeMbl. 

B ,n,aHHOM CJlYllae He CJle,n,yeT np5lMO OTO)K,n,eCTBJl5ITb ,n,HaMeTpbl ccpep, 

BXO,n,HlUHX B (5.10), C 3cpcpeKTHBHblMH ,n,HaMeTpaMH, BbIllHCJleHHbIMH C no­

MOlUblO ypaBHeHH5I .COCT05lHH5I. O,n,HaKo BeJlHlJHHbI nOCJle,n,HHX MoryT HC­

TIOJlb30Ba1bcSJ ,n,J1S1 .KalJeCTBeHHbIx oueHOK (CM. Ta6J1. 12). 

I I 

0,15 - -

~ 
0 

0,10 r- I -0 
0 

0 

0 
(IJI5> 

0'0 

0,05 -
I 

-
, ' 

1 

"! 
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Pm" . .19. B"aHMOCB!!3b Me)!{,!{y OTHOCHTe.1bHbIM ' CKa'lKOM o6beMa d V/Vs H CKa'l!\OM 
3HTpOnHI/ t.S/ R "PH n.'UBneHIIH aproHa. 0603Ha'leHHIl eM. pRC. 12. 



HJIH 

r:ll.e 
1 m=------
V* 1--' -
Vs 

as il V 
-~C+m-
R. Vs ' 

(5.11) 

H3 (5.il) ICJIeAyeT npHOJIH3HTeJIbHO JIHHeflHaH 3aBHCHMOCTb Me>KAY Be· 
JIHqHHaMH !l VI VS H dS, 'ITO H nOATBep>KAaeTCSI pHC. 19. 

§ 3. H3MeHeHHe BHYTpeHHeH 3HeprHH npH nnaBneRHH aproHa 

Ha pHC. 13 AeMoHcTpHpyeTCH 3aBHCHMOCTb CKaqKa 3HTaJIbnHH /lH, pa-
60'Tbi C>KaIl'H5I P/lV H fIHY'r.peHHeH 3Hep!rItH dU OT ll'eM!lIepaTypli '"PH IMaB­

JI€HKH: apT-0Ha. Oc{)6bIH Hf lTepeC Bbl3i:1lcsae>r flOBMeIDf~ l{PH'BoH AU"(T), 06.'1.3-
AalOw.eH QT'leTJIHBbIM MHHHMYMOM npH reMnepaType 200°K. ,Han0MRHM~ '\ITO 
8HaJIOrHqHblH xapaKTep 3aBHCHMOCTH 06HapY>KHBaeT TaK>Ke KPHli~SI ~CJ~T) 
B CJIyqae nJIaB:rreHIHI ItaT'PHH {461. 

IT,pH oOCY)K.,lI.eHHl1 3Toro SlBJIeHHH, OqeBHAHO, MeJJ.yeT C'!LHTaTb, ql'O H3Me­
!feHMe T~11.10BOH qaCTH BHyrrpeHHeii ..3lieprHH npH I1JIaBJIeHHH paBHO .ayJIIO, 
T. c . AU-rerrn = 0 .H, c.tre.n.OBaXeJIbHO, nOBeAeHH'e SO (T) .onpeAeJHleTC5I pa3-
HOCTblO 'CTaTHqeCKH,x ..3He.pmH )KH,II.KOCTH H KpHCTaJIJla. YAOOHO npeACTaBHTb 
H3MeReHHe CTaTHqeCKOH 3HeprHH npH nJIaBJIeHHH KaK CyMMy AByX qaCTeH, 
coO'r"Be>rctsYIOLfJ.Hx npHTH>KeHHIO li oTtaJIKAB~lnUO. Pa3,yMHO npeJ(l1OJIO>KHTb, 
'ITO n1m HH3KHX "TeMnep"aTy,pa.x 'H ,n:aliJleliRHx 1l0Bbrmeline BHyrpefHreii 3Be.p­
'rAM n,pli nJIaBJIeHHH IdOYCJIOi3JIeHO .ll.eitmuRToM 3HeptHH 'll.llR'TIDKe'HHH li 
IKHAI<OCTl1 no Cp'8Sl'IeHHIO C KPHCt-a:nJIOM. TIPR nOBblllle9HH "rernreparypbI, no 
'Mepe 'yMeHbllleHIHI ~a3HOCTH o'o'beMOB >KH:tlkOH 11 TBepAoii <traa a,v CJre,lWeT 
O)KHAa'rb YM'eiIbllleRHH pa3HotTlf ~Heprl1ii nplfTH>KeOHH 13 1KR./tKOM H 'If'li-ep­
AOM COCTOHH'HH, 'ITO, no nce" BepOHTHOCTH, R o>rp'a:maeTCH Ha nO'Be.lleHlfH 
HHCXOA51m.eH Be:rBH KPHBoii I1Vfn {p'Rt. 1'3). B :nOH CBSTaH nocnep;yN>U{HH 
nOA'heM llV (TJ MO>KHO 06'bHCffilTb tOJIbKO yBeJ1n-QeHHe'M 'P"OJIiR bTTaJIKltBll­
Te.JIbHOH qaCTH cTaTH~ecKoH 3He.prHH 13 )i{H,llKOM COCTOSlOHH. 3a'MeTHl'fI, QTO 
n'OJIo:tlUlTeJIbHbIH HaKJIOH aaBHCHMOCTH ./1U (T) CJleAY.eT T'aKlKe H3 lJesYJIbTa· 
TOB «MalllHHHbIX» 9KCnepHMleHTOB B CHCTeMe «MHNHfX» c4tep {l'O, 1'11. 3TH 
AaHHble, HccoMHeHHo, cBHAeTeJIbCTBYIOT B nOJIb3Y npHBe,lleHHOii HHTepnpeTa­
U,HH npHpoAbI MHHHMYMa H8 ropHBoiI ... AiV (.T). O:ll.HaKO caM <paKT YBeJIHqeHHH 
BHYTpeHHeH 3HeprHH npH nJIaBJIeHHH aproHa B OOJIaCTH BblCOKHX TeMnepa· 
T~p H npM n:n:ll3JTeH,HH «M1KDKHX» :ccpe,p aaCJIY)KHBaeT BHHM,aHHK. 

PaCCMOTpHM 3TOT Bon,poc <l'(,) cC.JIeJ{''tfOIIl,HX n03Hu,HH. ,Ka KPHBOH ,n:nlfBJIe­
HH51 HMelOT MeCTo paBeHCTBa: 

ZL=ZS, 
/).U+P/).V=T/lS (5).12) 

He .nOAJICMHT COMHeHHIO, 'ITO Ctrleu,H!pHiIeCKHM CBOHCTBOM >KHAKOCTH HB­
JI51eTC5I xa,paKTeppaCnOJIO>KeHHH qaCTHll, OnpeAeJIHIOw.RH KOHCPHI:ypallHOH­
HylO 3HTponHIO. B CBeTe AaHHblx n,peAbIAyw.ero naparpa'cpa 'aqe13IlAHO, 1JiT0 
ct<:a'lOK 3HTponHH npH nJIaBJIeHHH OIlpaHHqeH CHH3Y, H, c.rrenOBaTeJIblIb, KbH-
4'lHrypamIOHHbIH oecnopHAOK B >KHAItOCTH He MO>KeT OblTb MeHbwe 3aJI,aH'R0-
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roo npH nJIaBJIeHHH CHCTeMbI TBep.llblX ccpep ./).U =0, H e.llHHCTne HHbIH cnO­

c06 nOBLlweHHH ~oHq)HrypaUHoHHoH 3HTponHH COCTOHT B YBeJIHlJeHHH 

06theMa. B CHCTeMe lJaCTHU, 06JI allalOmHx IIOTeHUHaJIbHOH 3HeprHeH, H3Me­
HeHHe 3HTponHH npH IIJIaBJIeHHH MO}KeT KOMIIeHcHpoBaTbcH KaK YBeJIHlJeHH­

eM 061>eMa, TaK H H3MeHeHHeM BHYTpeHHeH 3HeprHH. 

Ta6JI H u.a 12 

3t1JelJeKTllDHble AHaMeTpbI aTOMOB H n JlOTHOCTb ynaKoBKH BAOJlb KPHBOH n JlaOJIeHIIIJ aproll :! 

as ( V~) (~) It i2 ( Yo) 'It l'7 ( lfo) tJ. (Vo)l tJ. (If n )/( Vo) tJ. V 
\ V L V s 6 V L 6 V s V V V s Vs 

I 

198,15 3, 284 3, 35'::11°,65 :60,75361 O,48fi9 0 ,5530 10 ,0711 0, 1:274 0 ,0697 
223,15 3,269 3.346 0 ,66590,7602 0 ,493 1 O, 562~ \i , 06~8 O, IL40 0 ,0649 
248,15 3,256 3, 333 0,6743 0,7677 O,4Q98 0, .563.) O,OuY1 0, 1217 0 ,0614 
273,1513,241 3,319 0,6807 0 ,7741 0 ,5041 0 ,5732 o ,O6!)! 0, 120 1 0 ,0586 
298,153 ,227 3,306 0,6866 0,7794 0,5084 0,5771 0,0687 0, 1190 0 ,0562 
323,1513, 21 8 3,292 0,6908 0,7830 O,5Wi O, 579i 0, 0683 0,11 78 0 ,0542 

T m - TeMn ep aTypa n JlaBJle.HIUI , aL - 3<l!<l!eKTHBHblH tl.H3MeTp aroMa B )I{H;"lKOH !jJ33e, 
"s - :o <p!jJeK1HBHblf( tl.HaMeTp aTOMa B TBeptl.oil <pa3e, V n-06'beM n JIOTHeHWeii ynal<O!3t<H, 

tJ. (~o) / (~) s -OTHOCIITeJIbHOe 113MeHeHlle nJIOTHOCTII y naKOB'KH npH nJla BJleHHII,~ V -U3\!€' ­

HeHille 06'beMa npH n JIa BJleHHH, V s - 06'beM TBeptl.OH ¢la3bl npH nJIaBJIeHHH. 

B 3TOI\ CBH3H He YllHBHTeJIbHO, lJTO OTHOCHTeJIbHbIH CKaqOK otSbeMa IIpH 

nJIaBJIeHHH TBep.llblX C<pep, COCTaBJIHlOmHH 10,3/% {6}, cymeC1'BeHHO npeBbl ' 
waeT 3HatJeHHSl COOTBerCTBYlOmHX BeJIHqHH, xapaKTepH3YlOmHx nJIaBJIeHHe 

B CHCTeMax qaCTHU C 60JIee MSlrKHM IIOTeHUHaJIOM OTTaJIKHBaHHH {47]. 
TaKHM 06pa30M, YBeJlHqeHHe OTTaJIKHBaTeJlbHOH qaCTH BHYTpeHHeH 

3HeprHH IIpH nJIaBJIeHHH H IIOJlOLKHTeJlbHblH HaKJIOH 3aBHcHMOCTH./).U (T) 
MO)l{eT 03HalJaTb JIHWb cymecTBoBaHHe B }KH.llKOCTH cIIeUH<pHtJeCKHx KOH<pH­
rypaUHH aTOMOB, npH K0110PblX nOCJIe.ll.HHe npOHJiKalOT .ll.pyr B .ll.pyra B ro· 
pa3ll0 60JIbwei-i CTeIIeHH, qeM 3TO HMeeT MeCTO B TBep.llOM COCTOHHHH. ECJIH 
C<P0PMYJlHpOBaTb BbICKa3aHHoe nOJIOLKeHHe Ha H3b1Ke 3<p<peKTHBHbIX llHaMeT­
pOB aTOMOB, TO 3TO 03HaqaeT, qTO 3<p<peKTHBHbIe llHaMeTpbl aTOMOB 3aBHCSlT 
OT arperaTHoro COCTOHHHH BemeCTBa. 3ro 3aKJllOqeHHe nOllTBepLKllaeTCH 

paCqeTaMH, npOBe.lleHHbIMH B pa3.lleJle IV (CM. pHC. 10 H Ta6J1. 12). CJle.llyeT 
OTMeTHTb, lJTO OTHOCHTeJIbHOe Ff3MeHeHH'e nJlOTHOCTH ynaKoBKH npH nJlaBJle­
HHH aproHa qHCJleHHO cOOTBeTcTByeT OTHOCHTeJIbHOMY CKalJKY 06'beMa npH 

nJIaBJIeHHH TBrepllblX <:<pep (Ta6JI. 12) . 

§ 4. YpaBHeHHe CHMoHa 

3MnHpHqeCKOe ypaBHeHRe, IIpellJIO}KeHHOe CHMOHOM B 1927 rOllY [41] B 

KaqeCTBe ypaBHeHHSl I<PRBOH IIJlaBJleHHSl, RMeeT BHll: 

__ ---.0 + 1 = _ p _ p ( T)C 
a To 

RJI R 

P=AfC+ B. (5.13) 

YpaBHeHHe (5.13) C xopoweH ~OqHOCTblO OIIHCbIBaeT 3 KCIIepHMeH1'aJI bHble 

KpnBble nJIaBJIeHH51 H llIHPOKO HCnOJIb3yeTC51 .llJIH HHTepIIOJIHUHH H 3KcTpa­

nOJI5IUHH 3KcnepHMeHTaJIbHblX .llaHHblX [13, 48]. 
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MHOrOtIHCJIeHHble nOnbITKH TeOp'eTHtIeC!{OrO BblBO.u.a ypaBHeHH5I (5.13) 
He )I.aJIlf Y.J.OBJIeTBOpHTeJIbHbIX pe3YJIbTaTOB (JIHTepaTYPY IIO 3TOMY Bonpocy 
eM . B {13, 48]), H B HaCT05lI.IJ:ee BpeM5I CJIe.u.yeT CtIHTaTb, tITO ypaBHeHHe CH­
MOHa MO)f{eT 6bITb 06ocHoBaao TOJIbKO B npe.u.eJIbHOM cJIytIae BbICOKHX TeM­
neparyp HJIH .u.JI5I CHCTeMbI 6ea npHT5I>KeHHH {49]. .ll.eHcTBHTeJIbHO, Ha 
CBOHCTB cTaTHCTHtIeCKOH CYMMbI CHCTeMbI qaCTHU, OTTaJIKHBaIO~HXCH .u.pyr 
OT .u.pyra no cTeneHHoMy aaKoHY (CM. BBe.u.eHHe), CJIe.u.yeT ypaBHeHHe KpH­
BOH nJIaDJleHHH B BIf.u.e: 

P'"'- TI+3/n, (5.14) 

f)I.e n - nOKaaaTeJIb CTeneHH IIOTeHUHaJIa cP (r) = E ( 
rro )n. 

ConocraBJIeHHe (5.13) H (5.14) H BbIBO)I.bI npe.u.bI.u.YI.IJ:ero paa.u.eJIa IIoaBO­
JI 5IIOT aaKJIlOtIHTb, tITO B cJIytIae peaJIbHOH CHCTeMbI nOI{aaaTeJIb C B ypaBHe­
HHH CHMoHa 51BJIHeTCH cpYHKUHeH TeMIIepaTYPbI H ,lJ.OJl}KeH y,lJ.OI;lJIeTBOpHTb 
COOTHomeHHHM 

3 
co+l+­

n 

3 c>I+-, 
n 

npH T 0+ 00. (5.15) 

TaKHM o6paaoM, BeJIHtIHHa C, BbltIHCJIeHHaH npH annpoKcHMaUHH peaJIb­
Hoil KPHBoll nJIaBJI~HHH ypaBHeHHeM (5.13), HBJIHeTCSI nceB.u.OI{OHCTaHToH !Ii 

)I.OJI)f{Ha aaBHceTb OT TeMIIepaTYPbI B COOTBeTCTBHH C COOTHOUleHHeM (5.15). 
B nO)I.TSep)K.u.eHHe cl{aaaHHOMY MO)KHO npHBecTlf CJIe.u.YIOI.IJ:He aprYMeHTbI. 
PaH·ee MbI y)!{e YIIOMlHHaJIH, tITO ypaBIHeHHe CHMoaa, paCCtIHTaHiHOe C no· 
MOlll.bIO )I.C1HHbIX HacTOHI.IJ:eH pa6oTbI, aaIIHCbIBa'eTCH l{aK 

P = 2,35935 TI,HS76 - 2001,5. 

O.u.HaKO, eCJIH I{OHCTaHTbl ypaBHeHHH BbI6paTb TaK, lIro6b1 pacclIHTaHHa51 
I{pHBa51 npOUlJIa lIepea TPOHHYIO TOtIKY, TO ypaBHeHHe KPHBOH nJIaBJIeHHH 

aprOHa npHo6peTaeT CJIe.u.YIOIUHH BH)I. 

P = 3,15742 TI,19694 - 2390. (5.16) 

llaJIee, eCJIH cpaBHHTb napaMeTpbI ypasHeHHSI CHMOHa, paCCtIHTaHHble ,lJ.JISI 
pa3JII.fl.JHbIX HHTepSaJIOB TeMnepaTYP, TO MO)KHO y6e.u.HTbC5I, liTO pe3YJIbTaTbI 
3Toro cpaBHeHHfl COOTBeTcTsyIOT HaUlHM O)f{H.u.aHH5IM (CM. Ta6JI. '13). 

r ., ' . _ ,' Ta6JlHua 1.3 

napaMeTpbl ypaBHeHHR CHMOHa P = Arc + B AJIR aproHa P - "r/C.M1, T_oK 

T I A I 
83,8-117,61 1,87462 
97,8-272,91 2,n1i20 

197,8-322.83 3,157419 

1. A. Michels, C. Pr ins, Physlca, 28. JOI, (1 962) 

B 

-2158,882 
-2338.475 
-2390,0 

I 
l 

c 

1,591781 
1,52299 
1,49694 

2. W. H. Hardy, R.I<. Crawford, W. B. Daniels, J . Chem. Phys. 54, 1005, (1971) 
3. Hall11l AaHHble. 
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§ 5. YpaBHeHHe JluH.Il.eMaaa 

K<pHTepllU1 nJIaBJIeHHJI JIHH,QeMaHa YTBeplK,QaeT, tITO OTHoweHHe cpeAHeH 
aMlIJlliTy.u:bI KOJIe6al;IHH aTOMOB K MelKaTOMHOMY paCCl'OHHHIO B TBepAOM Te­
JIe npu TeMoepa:rypoe nJIaSJIeHH,H ,eCTh BeJIHtIHHa nOCTOHHHaSl [50, 13], TO eCTh 

<IAR2>V, 
"'( = R = const. (5,17) 

06bltIHO OOOTHoweHHe (5.17) 3anHCblsaeTCH KaK 

mV'I, EP ___ =C2, 

T 

rAe m-aToMHbIH Bec, 
V -MOJIeKYJIHpHNH 06beM, 
8-'TeMnep'aTypa JletSaH, 
C-KOll{:TaHTa {C,..., ltv' . 

(5.18) 

.lI.JIH CHCTeMbI C qUCTO OTTaJIKHBaTeJIbHbIM CTeneHHbIM B3aHMOAeiicTBHeM 
113 BH,lla CTaTHCTHtIeCKOH CYMMbI {CM. BBe:n:eHHe) CJIeAyeT, lJTO COOTHoweHHe 
(5.17) HBJIHeTCH TOtIHbIM BAOJIb KPHBOH nJIaBJIeHHH [10, l'l]. 

<I>opMyJIa (5.18) AJIH CHCTeMbI OTTaJIl{HBaIO~HXCH tIaCTHLI: MO)KeT 6bITb 

HOJIYlJeHa HenocpeAcTBeHHo H3 YCJIOBHH nOCTOHHCTBa KOM6uHHpoBaHHoH ne-

peMeHHoH Ps (~)a/n BAOJIb KPHBOH nJIaBJIeHUH 
' rill' 

rAe Ps - IlJIOTHOCTb I'Bep..llOrO TeJIa BAOJIb KPHBOH nJIaBJIeHHH, 
T - -TeMnepaTypa nJIaBJIeHHH. 

B npH6JJHlK(!HHH MH-rpIOHaii3eHa .ll.JJH .ll.e6aeBCKoH TeMnepaTypbl 
~:M (Sir 

9",-- V 6 

(5J9) 

HMe-

(:5.20) 

C nOMO.!.Ll:bLO (.5.19) II ~5 .20) .!llfrKO y6eAHTbcH B cnpaBeAJIHBOCTH Bblpa­
~~HSI {5..18}. 

BBle;!teHHe fI;PHNl'OOaIOmero B3aHMo.u.ewCT.BHSl HapywaeT COOTH.OWeHHSl 
(5.19) H (5.20), O,llHaKO MbI MO)KeM 6bITb YBepeHbI, tIro nOKa3aTeJIb CTeneHH 

B 3aBHCHMOCTH KBaApaTa lI.eOaeBCKoH TeMnepaTypbI OT oObeMa B JIIOOOM 

c:nytI'ae UO:I'bIlIe, tIeM 2/3. D03TOMY YMeHbweHHe oo~eMa TBepAoH <pa3b1 np" 
BBe:ZI.em1H IIp'FmDKeHHliI {d 1] EIpHBe,u.ell' K yeeJLHqOOHIO nocTOHHHOH C 'B <pop­
MyJIe (5.18) H, CJleJI,OBa1'eJIbHO, K YMeHbWeHHIO OTHOCHTeJIbHOH ,aMnJIHTYAbI 
KOJIeOaHHH aTOMOB V no cpaBHeHHIO C cOOTBeTCTBYIOmHMH 3HalJeHHHMH B 

CHCTeMe «MHrKHX» cclJep. 

B 3TOH CBH3H MOlKHO O)KHAaTb, lJTO B peaJIbHOM CJIyqae OTHOCHTeJIbHaH 
aMnmITY;la KOJIeOaHHH aT<!lMOB YBeJIHtIHBaerCH BAOJIb KPHBOH OJIaBJIeHHSI, 

CTPeM.SlCb h nOCTOHHHUMY.3H'3lJeHHIO. PaHee 31'0 6blJIO nOKa3aHO B {52] C no­
MOll1.bIO npHMblX paClJe1'OB. B nOJI. 14 npHBeAeHbI pe3YJIbTaTbI BbltIHCJIeHHH 

3HalJeHHfJ BeJIHtIHH C H V BAOJIb KPHBOH nJIaBJIeHHH aproHa, nOJIytIeHHble Ha 
OCHOBe Aa.I-IHbIX TaOJI. 9 H paooTbI (23]. HeO'OXO,llHMble ' AJUI .BbllJHcJIeHHH 3Ha­
'leHUH Ae6aeBcKoH TeMnepaTYPbI onpeAeJIeHbI 'U3 cooTBeTcTByIOll1.HX 3HalJe-
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HHH 3HTP0l1HR C nOMOlllblO Ta6JIRlI. )J.e6aeBCKHX q,YHKlI.HH {53}. Cpe)J.IfHH 
){Bct)J.paT aMIlJIHTy.n:bI KOJIe6flHHH aTOMOB paCClfHTbIBaJIC5I H3 Bblp'a)KeHH5I: 

<t:.R2> m(02E =3kT, 
? 3? 

r .lle 0)- E = 5" (0- D' 

OYD - )J.et>-aesCKa51 qaCTOTa. 

T 3 (\ JII H U. a 14 

,U,e6ae'BCK311 TeMrrepaTypa H IlOOTHoweHHe JlKRAeMaH3 AJIA aproHa 

Il s e c 

100'" 24 ,22 73,5 (),73S. 134,4 0,0872 
110* ?3,96 '0,03 0.693 132.4 0,0885 
120* 23.66 78,60 0,n5!) 130,2 0,0900 
130* 2.1 ,:18 81.2."> 0,62.') 128,8 0,0910 
140* 23,07 8.1, 12 0,608 129,4 0,0905 
150* 22,80 88,20 0,588 129,1 0,0908 
160* 22,54 90,08 0,563 127,1 0,0922 
170* 22 ,31 93,50 0,550 127,6 0,0918 
180* 22 ,10 97,74 0,543 129,2 0,0907 
190* 21,90 102,79 0.541 131,6 0,0889 
200' 21,01 106,6 0,533 132,9 0,0882 
198,15 21,44 101,5 0,512 126,5 0,0926 
223, 15 20,Q85 107,6 0,482 I 125,5 0,0934 
248,15 :.10 ,545 113,6 0,458 12~ ,8 0,0939 
273,15 20,144 119,4 0,437 1~4,2 0,0943 
298,15 19,784 1.14,6 0,418 123,4 0,0959 
32·1,15 19,415 129 ,9 0;402 122,8 O,095~ 
348,15 19,191 134,5 0,386 121,9 0,0961 

T ... , C'Mnepa1ypa nJlaBneHHlI, Vs -06'beM TBepJl.OH cjla3bl B TOtlKe nnaBneHHlI, e -TeMnppa· 

Typa L!.e6all, C ~ [(mll' l. 8 S)/Tj"'-nocTollHHali JIHHJl.eMaHa, i = [ ( f:>R2 ) /Rl"'-ornocH. 
TCi/loHaS! 8MnJl!1TYJl.a KOJle6aHHH aTOMOB. 

* Parc'mTallO no LlnHH blM R. K. Crawford, W. B. Daniels, J. Chern. Fhys. 50 
3171. (196Q) 

I\aK BH.lI.HO 1i3 Ta6JI. 14, o6111ee H3MeHeHHe BeJIHtIHH C H V He npeBblllIaeT 
iQ% D p a CCMaTpHBaeMOM )J.Hana30He 1'eMneparyp. OtIeBH)J.HO, tITO CTOJIb Ma­
Jloe H3MeHeHHe C H 'Y He n03BOJIHeT C)J.eJIaTb onpe)J.eJIeHHbIX 3aKJIIOtIeHHH: *; 
TeM He MeHee Ha6J1IO)J.aeMaH TeHJJ:eHlI.H5I B H3MeHeHHH 3THX Be.'lHqHH COOTBeT­
cTByeT HallIHM O)KH)J.aHH5IM. 

§ 6. 3aKJIIOlfHTeJlbHble 3aMelfaHHH K .np06J1eMe UJIaBJleHHH 

COBpeMeHHble B3r JI5I)J.bI Ha nJIaBJIeHHe q,0PMHPYIOTCH B 3HallHTeJIbHOH: 
CTeneHH no)J. BJIH5IHHeM ycnexoB, )J.ocTHrHyTblx C nOMOlllbIO lIHCJIeHHbIX MeTO­

)J.OB [49, 62]. HaH6oJI'ee Ba)KHbIM pe3YJIbTaTOM lIHCJIeHHbIX HCCJU~)J.oBaHHH 
cJl e)J.yeT C'IHTaTb BbIHBJIeHHe KOpoTKo)J.eH:CTBYIOI.I.J.erO OTTaJIKHBaTeJIbHOrO 

B3aHMO..leiicTBH5I KaK rJIaBHOrO q,aKTopa, OTBeTCTBeHHoro 3a q,a30BbIH ne­

pexo)J. I{pHCTaJIJI-)KH)J.KOCTb. 

B TO )i\e caMoe BpeM5I CJle)J.yeT nO)J.'IepKHYTb, liTO lIHCJleHHble P'e3YJlbTaTbI 

HM B Koei1 Mepe He 3aMeH5IIOT OTCYTCTBYIOlllYIO TeopHIO nJIaBJIeHH5I H, 60JIee 

TOro, paCCl\JaTpHBaeMble H30JlHpOBaHHO, He MoryT CJIY)KHTb CTPOrHM )J.OKa3a­
TeJIbCTBOM cylllecTBoBaHHH cpa30Boro nepexo)J.a B TOH HJIH HHOH CHCTeMe. 

* 3Llecb CJIeLlyeT HMeTb ,B BHLlY TaK>Ke H Heonpe.QeJJeHHOCTb nOHIiTHli J1.e6aeBCKoH Te~llle­
paTypbl. 
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TOJIbKO paCCMaTpHBaH B cOBOKynHocTH pe3YJIbTaTbI « MallIHHHbIX» H 
peaJIbHbI)" 3KCnepHMeHTOB (CM. pa3JI,eJI V), MO)KHO YTBep)KJI,aTb, 'ITO B CH­
CTeMe tIaCTHll., OTTaJIKHBaIOlll.HXCH no 3aKOHY </)(r) "- 1 jr n , rJI,e n = 12, HMeeT 

MeCTO <pa30BbIH nepexoJI,. 
C JI,pyroH CTOPOHbI, COBnaJI,eHHe B BblcoKoreMnepaTypHoM npeJI,eJI'e Tep­

MOJI,HHaMHtIeCKHX CooTHollIeHHli, xapaKTepH3YIOlll.HX nJIaBJIeHHe aproHa H 
nJIaBJIeHHe CHCTeMbI «MHrKHX» c<Pep. H B03MO)KHOCTb o6bHcHeHHH HH3KOTeM­
nepaTypHoro nOBeJI,eHHH TepMOJI,HHaMHtIeCKHX BeJIHtIHH npH nJIaBJIeHHH ap­
rOHa B paMKax npe.u:cTaBJIeHHH BaH -JI,ep-BaaJIbCa n03BOJIHIOT C<P0PMYJIHPO­

BaTb Ii o6paTHoe YTBep)KJI,eHHe 0 npe06JIaJI,aIOlll.eii POJIH KOpOTKOJI,eHcTBYIO­
lll.ero OTTaJIKHBaTe.nbHoro B3aHMo,n.eiicTBHH B MexaHH3Me nJIaBJIeHHH-KpU­
CTaJIJIH3all.H11. 

n pHMbIM JI,OKa3aTeJIbCTBOM 3Toro YTBep)KJI,eHHH MO)KeT CJIY)KHTb pHc.20. 
rJI,e JI,eMOHcTpHpyeTcH OTtIeTJIHBaH KOppeJIHll.HH Me)KJI,Y OTTaJIKHBaTeJIbHOH 
tIaCTbIO 3HepfHH B3aHMOJI,eHCTBHH JI,ByX aTOMOB aprOHa, HaXOJI,Hlll.HXCH Ha 
I<paT4aHllIeM paccTOHHHH B pellieTOtIHbIX nOJIO)KeHHHX, H TeMnepaTYPOH 
nJIaBJleHHH. 

50 

100 

I 

o A 

2 Q '" 

3 0 " 

4 . .. 
III (r) 

4e;(r;./r)'2 
[€:/(OC-6))exp(cx(1-r / r;)] 
4cK r;. -iw r.)/(r- - n;.)J'2 
4c[(t;lr)'2 - (r./r}8] 

200 0 
T",. K 

300 

PHC. 20. OnLOllIeHHe nonHoH (4) H olTanKHBaTenbHoH (1-3) craTH'IeCKOfl 
3HeprHH B3aHMO.D.eHCTBlul .!lByX aTOMOB aproHa, HaXO.D.!!IIlHXC!! Ha KpaFlaHllIeM 
paCCTOH,HHH B pellleTQljHblX. nOJIO)f{eHIHIX, K TeMnepaType B.!lOJIb KPHBOH nJIaBJIe­
HHH. 3H!I'leHH!! 06'beMa TBep.!lOrO aprOHa, He06xo.!lHMble .!In!! Bbl'lHCJIeHHH KpaT-

(
V.,I 2" /' 

'laHllIero paCCTO!!HHH, paBHoro ~) B3!!Tbl H3 Ta6JI . 9 (0 ) H pa60-

Tbl [23] (6) . .uJI!! napaMeTpOB nOTeHUHaJIOD npHHflTbl CJIe.!lYIOIIlHe 3Ha'leHH!!: 

e. OK '0' A 
1) 119.5 3.409 l38] 
2) 123.2 3.866 a= 14 {641 
3) J.12.9 :l,363 , = 0.1 [61J 
4) 119.5 a,409 [ :~" 1 

TO'IKH, ' COOTBeTCTBYlOlIlHe paC1.JeTY C nOMOlllblO tIl0TeHUHaJIa 4, HaHeceHbi 
C 06paTHbiM 311aKOM. 

JIHHH!! - - - npOBe.D.eHa no .D.aHHbIM «MalllHHHblX» 3KcnepHMeHToB A.1ft 
( r 0 \ 12 

1T0TeHUI1aJII! <I) (r) = E \ r ) pO, 11J. 



Ho B 3aKJlIOlfeHHe CJIe,lI.yeT YKa3aTb, 'lTO pH,lI. CYIll.eCTBylOIlI.HX HBJIeHHH 
(HarrpHMep, MaKCHMYMbI Ha KpHBbIX nJIaBJIeHHH (l3]) He MoryT ObITb OObHC­
HeHbI C 1f3JIo}KeHHbIX rr03HIJ,HH, H MO)l{HO Ha,lI.eHTbCH, 'lTO TIlI.aTeJIbHOe HCCJIe­
,lI.OBal-IHe 3THX HBJIeHRH rrpHBe,lI.eT K OOJIee rJIYOOKOMY nOHRMaHRIO npHpO,lI.bl 
CpCl30Boro rrepeXO,lI.a KPHCTClJIJI-}KH,lI.KOCTb. 

VI. «3q,q,EKTHBHbUh nOTEHu.HAJI B3AHMO,ll.EnCTBHSI; 
3HEPrl1S1 H C)I(HMAEMOCTb TBEP,lI.OrO APrOHA 

B HaCTOHIlI.ee BpeMH B CBH3H C pa3BHTHeM npHMbIX tIHCJIeHHbIX MeTO,lI.OB 

pellIeHHe MHOrHX 3a,lI.a'l CTaTHCTH'leCI<OH CPH3HKH MO)l{eT 6bITb CBe,lI.eHO K Ha­
XO)l{,lI.eHHIO y,lI.OBJIeTBOpHTeJIbHOrO nOTeHIJ,HaJIa B3aHMO,lI.eHCTBHSl. 

KaK I10Ka3aHO B pa60Te [54], KoppeKTHbIH yqeT napHoro H MHOrOtlaCTH'l­

Horo B3aHMO,lI.eHCTBH5I Me)l{,lI.Y aTOMaMH aproHa B COe,lI.HHeHHH C Mero,lI.aMH 

MOHTe-KapJlo H MOJIeKYJI5IpHOH ,lI.HHaMHKH npHBO,lI.HT K Y,lI.HBHTeJIbHO TO'lHO­
My onHcaHHIO CBOHCTB )l{H,lI.KOrO aprOHa. BMeCTe C TeM, HM-eIOTCH ,lI.OKa3a­

TeJIbCTBCI, tITO 3MI1HpHqeCI<HH MO,lI.eJIbHbIH nOTeHIJ,HaJI BH,lI.a 

¢(r)=4e [( :~ y2_( :orJ' (6.1) 

IlIHPOKO HCnOJIb3yeMblH ,lI.JI5I paCqeTa pa3JIHqHbIX cBoHcTB aproHa H .n.pyrHx 
6JIarOpO)I.HbIX ra30B, ,lI.aeT ,lI.OCTaTO'lHO Y.lJJOBJIeTBOpHTeJIbHbIe pe3YJIbTaTbl 

[37]. l1pocTaSl cpopMa npe.n.cTaBJIeHH5I Me)l{MOJIeKYJIHpHOrO B3aHMO,lI.eHCTBHSl 

C03.n.aeT nOTeHIJ,HaJIY (6.1) HeCOMHeHHble npeHMYIlI.eCTBa no cpaBHeHHIO C 
60JIee H3011tp'eHHbIMH cpopMaMH npH npoBe.n.eHHH pa3JIHqHbIX paCqeTOB, He 

npeTeH,lI.YIOIll.HX Ha a6COJIIOTHOe COrJIaCHe C 3KcnepHMeHTOM. 
O.n.HaI\O CJIe.n.yeT HMeTb B BH.n.y, tITO MHOrOqaCTHqHOe B3aHMo.n.eHCTBHe B 

6JIaropo.n.HbIX ra3ax H, B qaCTHOCTH, B aprOHe HrpaeT cyIll.eCTBeHHYIO POJIb. 

n03TOMY ycnelliHoe npHMeHeHHe nOTeHIJ,HaJIa (6.1) .n.JISl onHcaHHSl PSl.n.a 
CBOHCTB ynOM5IHYTbIX BemeCTB 3aCTaBJISleT paccMaTpHBaTb ero KaK «3cpcpeK­

THBHbIH» napHbIH nOTeHUHaJI, yqHTbIBalOmHH BKJIa.n. MHOrO'laCTHqHbIX CHJI 
(55, 56J. K CO}KaJIeHHIO, 3MnHpH'leCKaH OCHOBa nOTeHIJ,HaJIa (6.1) He n03BO­

JI5IeT npOBeCTH anpHopHylO oueHKY npe.n.eJIOB ero npHMeHHMOCTH, H 3TOT BO­

npoc .n.OJIMeH pellIaTbCSl TaK)Ke 3MnHpHqeCKH. 
B HallieM pacnop5DKeHHH HMelOTCSl qHCJIeHHbIe 3HaqeHH5I 06beMa V H 

BHYTpeHueti 3HeprHH U KpHCTaJIJIHqeCKOrO aprOHa B.n.OJIb KPHBOH nJIaBJIeHH5I 
(CM. Ta6JI. II H pHC. 14, 15). npH TeMneparypax BbIllie .n.e6aeBcKoH BHYT­
peHH5IH 3HeprHH KpHCTaJIJIa MO)KeT 6bITb npe.n.cTaBJIeHa B BH.n.e 

{!=Uo (V)+3RT, (6.2) 
r.n.e Vo (IV) -CTaTH'leCKaH 3HeprH5I KpHCTaJIJIa. 

.IJ.JI5I napHoro nOTeHIJ,HaJIa BH,lI.a (6.1) CTaTH'leCKaH 3HeprHH 

CbIBaeTC5I c.lIe.ll.YIOIll.HM 06pa30M [57J: 

Ua (V) = 2NE [ 12,132 (~ r -14,454 (V~ rl 
r.n.e Nr 3 v: - 0 

0- V2 ' 
V -06beM KpHCTaJIJIa. 

Vo(,V) 3anH-

(6.3) 

Pe3YJlbTaTbI paCqeTOB BHYTpeHHeH 3HeprHH U KpHCTaJIJIHqeCKOrO aproHa 

C nOMomblO (6.2) H (6.3) .n.eMoHcTpHPYIOTCH Ha pHC. 15. 
llHCJIeHHble 3HaqeHHH o/heMa IV KpHCTaJIJIHqeCKOrO aproHa B3SlTbI H3 

Ta6JI. 1 I Ii H3 pa60TbI (23]. JlJISl napaMeTpoB nOTeHUHaJIa (6.1) npHHSlTbI 
o 

3HaqeIHHSl ro=3,409 A; 8= 119,5°K {38]. 
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KaK 5lf.D.HO 113 pRC. 15, paCCl.Il1TaHHble 3HaHeHI1S1 BHYTpeHHeH 3Hepmf{ xo­
POIllQ cor JIaCYlOTCH C cooTBeTcTBYlOU1.I1MI1 TepMo.rr.I1HaMRl.IeCKIiMIi 3HaqeHl15!­
Ma. Pa3JUI~1ie Mem.uy lU-IMl-I He npeBblUIaeT rol.lHOCra TepMQ.D.1fHaMHlJeCKHX 
BWUlCJIeHHH. 

TaKHM 06pa30M, nOTeHllHaJI BH.D.a (6.1) 5!BJI5!eTCSl .rr.OCTaTOl.lHO XOpOIlIHM 
3$$eKTHBHbIM nOTeHUHaJIOM, Yl.lHTbll;lalOIllI1M BKJIa.D.bI MHOrOl.laCTl1l.1HblX CHJI 
11 HYJIeBOH 3Jl1eprHM. 

npe,llCraBJIHeTCSI aaMaHl.Il1BblM C nOMOlilblO nOTeHlll1aJIa (6.1) nonbITaTb­
C5! BblSlBI1Tb TeMnepaTypHblH BKJIa,ll B C}KHMaeMOCTI> TBep)J.oro aproHa, no­
CKOJIbKY B 3TOM Bonpoce ,ll0 CHX nop HeT Heo6xo.rr.I1MOH 5!CHOCTI1 [58]. Ha 
Pl1c. 21 cpaBHHBaIOTC51 3Ha\leHHSl C)I{I1MaeMOC'rH TBep.rr.Qro aproHCl B TOl.lKaX 

I 

I , 

I 0 

o 
6~ -

t 

.. . 
• oj. 

o 
o 

o 

I 0 

o 

o 

o 
o 0 

-

v'1 !?' CMYMQlnb 
L_L� ________ ~I ____ ~--~I----------LI ---- -----L. ~ ______ _L. ___ __ 

19 20 21 2- 2 23 24-

PHC. 21. ClKIHda.eM.Qc'l'b TBep.norQ allroHa KaK !j)YHKUHH OO"beMa. 

+- 3KCIH!pIIMeHTaJlbHble onpe.a:eJleRHH C)I{HMaeMOCTH TBep.noro aprOHa B TO'lKaX, 
lla(lQOaO~eHH~X l!.a RPlfBQii nJIaJ;jJleUH51 (no P - V --T .naHHblM TaOJl . 1); 

6 -- C)I{HMa~MOCT~ ap\"o,Ha npli 77,7°K H aTMoc!j)epl-!OM .naBJleHHH [60}; 
• -- C)I{HMaeMOCTb aprOHa npH 4,2°K H aTMoc!j)eplloM .naBJIeHHH [59]; 

O .• -- paCC'IHTaHHble 3Ha'leHHH CTaTH'IeCKOH C)I{HMaeMOCTlf (CM . pa3.neJl VI). 

nJIaBJIeHliSl. BbIl.IHCJIeHHble H3 P-V-T .rr.aHHbIX HaCTOSlJIJ:eH pa60TbI (Ta6JI. 
I), H pesYJIbTaTbI onpe.D.eJIeHI1H C}HHMaeMOCTH apr0Ha npH 4,2~K {59] H 
77,7°K {60] 11 aTMoc$epHoM .rr.aBJIeHHI1 co 3Hal.leHIHIMH «craTH'leCKOH» CJKI1-
MaeMOCTH. «CTaTHqe,cK~HI~> C~HMaeMOCTt> np~.rr.cTaBJHleT c060(l BeJIl1l.1HHY 

[ (
iF U) ]_1 V i) V

2 
T ' BbJ1lHCJIeHHYIO C nOMOlilblO (6.3) B TOl.lKaX, cooTBeTcTBylOIllHx 

':)J{cnepHMeHTaJIbHbIM 3Hal.JeHH5!M 06'beMa, .D.aHHbIM B Ta6JI . 11 H pa60Te [22]. 
PHC. 21 .rr.eMoHcTpHpyer Ol.leHb xopomee COrJIaCHe BbIl.IHCJIeHHbIX H 3KcnepH­
MeHTaJibHbIX 3Hal.leHHH. MaKCliMaJIbHOe paCXO}K.rr.eHHe He npeBbIlliael' I o 'Yo • 
oQJIee Toro, eCJIIt ijCnpaBHTf> napaMeTPlil !lo.'f'eHl,I.Ha.na C TeM, Q1'06bI COBMe­
CTHTb Bbl'IHCJIeHHble Ii ~KcnepHMeljT~JI!?Hble ~HatH~HIHI c~liMa~f>{QCTIi~ CQliT­
ReTcT~YlOlillie o6~My npH OaK, TO ~QJ311a.rr.eHH~ 6yp:eT ~ij.le 60JIee y.rr.H~HTeJIb­
lJ.bUd. TaKH1d 06pa3QM" 140>KijO ?a~JlK>lJijTb, 'ITO TeMn~p~TypHqIH BKJIaA R 
ClKHMaeMOCTb TBep.rr.~rO aprOHa BeCbMa M;i.q. 
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B aaKJIlOqeHHe aBTOpbI 6JIarO)J.apHT B. A. I1BaHoBa, A. <1>. YBapOBa H 
6. <1>. YBapoBa aa IlJOMOIIJ.b B npoBe)J.eHHH 3KcnepHMeHTa a TaK.>Ke JI. B. KeJI­
)l.blWa H H. M. IlJIaKH)J.Y aa o6~Y.>K)J.eHHe PYKOUHCH • 



JII1TEP.ATYPA 

1. Ka.c M., UMenbeck G. E., Hemmer P. C., J. Mathematical Phys., 
4,216, 1963. 

2. Kirkwood J. G., Maun E. 1(., Aldet B. J ., J . Chern. Phys., 18, 1040, 
1950. 

3. Alder B. J., Wainwrightt T., J. Ghern. Phys., 27, 1208, 1957. 
4. Wood W. W., Jacobson J. D., J. Ghem., Phys., 27, 1207, 1957. 
5. Hoover W. G., Ree F. H.; J. Chern. Phys., 47, 4873, 1967. 
6. Hoover W. G., Ree F. H., J . Chern, Phys., 49, 3609, 1968. 
7. Alder B. J., Hoover W. G., Young D. A., J. Chern. Phys., 49, 3688, 

1968. 
8. Carnahan N. F., Sltar.Jing I(. E., J. Chern. Phys., 51, 635, 1969. 
9. JIaHJI.ay JI . JI. ., JJ.mpUIlfLIJ; E. M. CTa'11I1<CTWleCKaH <pu3HKa. 113.11:. «Hay­

Ka», M., 1964. 
10. Hoover W. G., Ross M., Johnson I(. W., Henderson D., Barker J. A. 

and Brown B. c., J. Chern. Phys ., 52, 4931, 1970. 
11. Hansen J . P. Phys. Rev., A2, 221, 1970. 
12. <l>'I1111ep 11. 3. CTaTI1C1'I1'QreCKaH TeopHH )/{rHJI.KOC11eH. frl1<l>MJI, M., 

1961. 
13. CTHlllOB C. M., Y<l>H, 96, 467, 1968. 
14. Michels A., Wijker Hub., Wijker H. 1(., Physica, 15, 627, 1949. 
15. Michels A., Lunbeck R Y., Wolker.s G. J., Physica, 15, 689, 1949. 
16. Michels A., Levelt J. M., de Graaf W., Physica, 24, 659, 1958. 
17. Michels A., Lev·eJ:t J. M., Wolkers G. J., Physica, 24, 769, 1958. 
18. Robertson S. L. , Babb S. E., Soott G. J ., J . Chern., Phys., 50, 2160, 

1967. 
19. ll.HKJII1C JI.. C., f10JIHKOB E. B., JI.AH., 176, 2, 1967. 
20. f10JIHKOB E. B., ll.HKJIHC JI.. c., )I(<I>X, 41, 2370, 1967. 
21. Van Witzenburg W., Stryland J . L., Can. J. Phys. 4.6, 811, 196c. 
22. Crawford R 1(., Daniels W. B., Phys. Rev. Lett. , 21, 367, 1968. 
23. Crawford R 1(., Daniels W. B., J . Chern. Phys., 50, 3171 , 1969. 
24. Bridgman P. W., Proc. Am. Acad. Arts Sd., 70, 1. 1935. 
25. Lahr P. H., Eversole W. G., J. Chern. Eng. Data, 7, 42, 1962. 
26. Bridgman P . W., Proc. Am, Acad. ArtIS. ScL, 59, 173, 1924. 
27. MaKapeHKo 11. H., I1BanoB B. A., CTHlllOB C. M., JI.AH, 188, 564, 

1969. 
28. CTHlllOB C. M., I1BaHoB B. A., MaKa'peHKo 11. H., )l(3T<I> , 60, 665, 

1971 . 
29. Bridgman P. W., Proc. Am Acad. Art. Sci, 74, 11, 1940. 
30. Levelt Sengers J. M. H., «Physics of High Pressur·es and the 

Condellsed Phase» ed. Van Itterbeek A., North-Holland Pub!. Company, 
Amsterdam., p. 60. 

54 



31. Beaumont R. H., Chihara H., Mo,rrison J. A., Proc. Phys. Soc., 78, 
388, 1961. 

32. Din F., «Thermodynamk Functions of Gases», Butterworths 
Scientific Publlications Ltd. London, 1962, v. 2. 

33. XHJIJI T., CTaTHCTHtI'eCKaH MexaHHKa, I1I1JI, M., 1960. 
~~4. Barker J. A., Henderson D., J. Chern. Phys. 47,4714, 1967. 
35. Mansoori G. A., Canfield F. B., J. Chern. Phys., 51, 4958, 1969. 
36. fHPlu<peJlbll.ep .lI.LK., Kep'THcc l.I., BepJI. P., «MoJleKymlp'HaH TeopHH 

ra30B 'H LKHJI.KIOCTeii», I1I1JI, M., 1961. 
37. McDonald J. R., Singer K., Discuss. Faraday Soc., No. 43, 40, 1967. 
38. Whalley E., Schneider W. G., J. Chern., Phys. 23, 1644, 1955. 
39. CTHllIOB C. M., <I>eJI.OCHMOB B. H., «TIHcbMa )K3T <I>>> , 14, 326, 1971. 
40. CTHllIOB C. M., MaKapeHKo 11. H., I1Ba'HoB B. A., <I>eJI.OCHMOB B. H., 

«TIHcbMa )K3T<I>>>, 11, 22, 1970. 
41. Simon F. E., Glatzel G., Z. Anorg U. Allgem. Chern., 178,309, 1929. 
42. Clusius K., Weilgand K., Z. PhySlik Chern., B. 46, 1, 1940. ' 
43. Flubacher D., Leadbetter A. J., Morrison J. A., Proc. Phys. SOC., 78, 

375, 1961. 
44. Michels A., Prins c., Physka 28,101, 1962. 
45. Longuet-HiggJins H. c., Widom B., Mol. Phys. 8, 549, 1964. 
46. I1BaHoB B. A., MaKapeHKo 11. H., CTHllIOB C. M., «nHCbMa' )K3T<I>>>, 

12, 12, 1970. 
47. Hoover W. G., Gray S. G., Johnson K. W., J. Chern. Phys. 55, 1128, 

1971. 
48. Babb S. E., Rev. Mod. Phys. 35, 400, 1963. 
49. Hoover W. G., Ross M., ContempOil'ary Phys., 12, 339, 1971. 
50. Lindemann F. A., Z. Physik 11,609, 1910. 

51. Gruneisen E., Handbuch der Physik, 10, 1-52, 1926. 
52. Goldman V., J. Phys. Chern. Solids, 30, 1019, 1969. 
33. CnpasO'tIHI1K XHMH'Ka, fXI1. JI.-M., 1963, T. I. 
54. Barker J. A., Fisher R A., Watts R. 0., Mol. Phys., 21, 657, 1971. 
Si'i. Rossi J. C., Danon F., Discuss. Faraday Soc., 40, 97, 1965. 

56. McDonald R, Woodcock L. V., J. Phys., C, 3, 722, 1970. 

57. JIeiiocpPHJI. f., «MHKPOCKOliHtIeCKaH TeopHH MeXaHHtIeCKHX H TenJIO­
BblX CBOHCTB KpH~TaJIJIOB», fl1<I>MJI. M.-JI., 1963. 

58. C. A. Swenson «Les Propr,ietes Physiques des Solids sous 
PresSjion», Pa,ris, GNRS, 1970, p. 27. 

59. Peterson O. G., Batchelder D. N., Simmons R. 0., Phys. Rev., 150, 
703, 1966. 

60. Urvas A. 0., Loses D. L., Simmons R. 0., J. Phys. Chern. Solids., 
28, 2269, 1967. 

61. Kuebler J., Tosi M. P., Phys. Rev., 137, 1617, 1965. 

62. Alder B. J., Hoover W. G, «PhYSics of Simple Liquids», 
Ed. N. N. V. Temperley., J. S. Rowlinson., G. S. Rushbrooke North-Holland 
Pub. Company, 1968, p. 79. 

63. Barker J. A., Fock W., Smith F., Phys. Fluids F., 897, 1964. 

64. Mason E. A., Rice W. E., J. Chern., ,Phys., 22, 843, 1954. 

55 



OfJIABJIEHI1E 

I. BBeJJ.eHHe 

II. 3KcnepHMeHTaJlbHaR 'IaCTb 

§ I . TexHHKa sKcnepHMeHTa 

§ 2. MCToJJ.HKa npOBe.ll.eHHR sKcncpHMeHTa 

§ 3. 06pa6oTKa pe3YJlbTaTOB H3MepeHHH Ii Bbl'lHCJIeHHc 06'beMa aprOH3 

S 4. OueHKa TO'lHOCTH pe3YJlbTaTOB H3MepeHHii 06'beMa aproHa 

I II. BbI'IHCJIeHHe TepMoJJ.HHaMH'IeCKHX cjJYHKttilii aproHa 

IV. YpaBHeHHe COCTORHHR aprOHa 

V. TepMoJJ.HHaMHKa nJlaBJIeHHR aproHa 

CTp. 

5 

8 

R 

11 

14 

17 

18 

,10 

36 

§ I. 3KcnepHMeflTaJlbHble pe3YJlbTaTbl 36 

§ 2. AHaJlH3 TeMnepaTypHoii 3aBHCHMOCTH OTHOCHTeJJbHoro CKa'lRa o6'be~Ja 
AV, V S H CKa'lKa SHTPODHH AS npH nJlaBJleHHH aprOHa 39 

§ 3. 113MeHeHHe BHYTpeHHefi 3HeprHI'I npH nJlaBJleHli1i aproHa 45 

§ 4. YpaBHeHlie CHMoHa 46 

§ 5. YpaBHellHe JIHH.ll.eMaHa 

§ 6. ,?aKJlIO'IHTCJlbHble 3aMellaHHR K np06J1eMe nJlaBJleHIUI 

VI. c3cjJljleKTHBHblb nOTeHUH8JI B3aHAloJJ.eiicTBHR; 
SHcprHR H ClKHMaeMOCTb TBcpJJ.oro aprOHa 

48 
49 

• 51 

54 

T 14032 16/VIII1972 r. 06'bCM 3,5 II . J. 3aK. 1017, THp. I()() 6ecnJlllTllo 

TUDorpacjl.. MOCKOBClCoro opAella TpYAoBorO Kpaclloro 3 ..... 11. top.oro •• crwryr •. 
n .... c ••• apoclI.-r, 0 


