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JIMHEWHBIE AHIPOKCUMAIIMN TEMIEPATYPHbBIX
3ABUCUMOCTEHN CBOUCTB BO/IbI

Xonmanckuii A. C. (asholman@mtu-net. ru)
['HY BHUMU snekTpuduKanmum celbCKOTro X03scTBa

Tonyuenvt runelinvle annpOKCUMAyUY AHOMANbHBIX MEMNEPAMYPHBIX 3A8UCUMOCIEN OCHOBHBIX
MePMOOUHAMUYECKUX CBOUCME 800bl. DOUHAKOBYILL U0 ANNPOKCUMAYULL C8A3ANU C IPhekmamu
MEPMOOUHAMUKU KIACTNEPOS 800bI.

Baxnast pomb Boasl B OHOJOTMYECKHX CHUCTeMax oOOYyCJOBJIEHa €€ YHUKaJIbHBIMH (U3UKO-
XUMUYECKUMH cBoWicTBaMH [1, 2]. OcoOblif HHTEpEC MPEACTABISAIOT TEPMOJINHAMUYECCKUE CBOMCTBA BOJIBI B
nuanaszoHe temmeparyp ot 0 qo ~70°C, B KOTOPOM >KMBBIE CHCTEMBI COXPAHSIOT CBOIO J1€E€CHOCOOHOCTb.
OueBuAHO, YTO MOHMMAHHUIO MEXaHU3Ma y4acTHs MOJIEKYJ BOJbI U BOJAHOM Cpezibl B METa00IM3ME JAOJKHO
MPE/IIECTBOBATh 3HAHHE 3aKOHOMEPHOCTEH M3MEHEHHs (PM3NYECKUX CBOMCTB CaMOil BOJBI B yKa3aHHOM
nauanazoHe Temreparyp. K TakoBbIM CBOCTBaM BOJbl MOKHO OTHECTH: IUIOTHOCTb, TEIJIOEMKOCTb,
C)KMMAaeMOCTb, JAMHAMHUYECKYIO BSI3KOCTb, CKOPOCTb 3BYKa, IOBEPXHOCTHOE HarsbkeHue. lloutu Bce
CBOWCTBA BOJIbl UMEIOT aHOMAJIbHBIE TEMIIEPAaTypHbIE 3aBUCUMOCTH C Pa3HbIMU 3HAYEHUSMHU KPUTHYECKOM
temneparypbl [2]. Jlas Boasl XapakTepHO 0Opa3oBaHHME 3a CYET BOAOPOAHBIX cBsized (H-cBszm)
Ha/IMOJIEKYJIIPHBIX JIMHAMUYHBIX CTPYKTYp — KiacTepoB. TepMoAMHaMUKa KIACTEPHBIX CTPYKTYp, IO-
BUJUMOMY, U JIUIMUTUPYET Ty WM UHYIO aHOMAJIMIO B CBOMCTBaX BOJAbl. PaBHOBECHE U KMHETHKA IIEPEXO/IOB
MEXJy KiacTepaMu, B INPHHLUIE, JOJKHBl HNOJUUHATHCS HW3BECTHBIM 3aKOHAM XHMHYECKOH KHHETHKH.
KoHCcTaHTBl peaknuii ¥ PHEPTUH MX AKTUBAIMA MOTYT JaTh HH(pOpMamuio o creruduke MexaHu3Ma
HA/IMOJIEKYJIIPHOM OpraHu3allMd MOJIEKYJ BOJbl, OTBETCTBEHHOTO 3a Ty WJIM HHYIO AHOMAJIUIO €€
TEPMOJUHAMUYECKHX CBOMCTB.

Kunetnueckne XapakTepUCTUKHU (PU3MKO-XMMHUYECKMX IPOLECCOB B BOJE MOXHO ONPEACIUTh M3
aHaIM3a JIMHEWHBIX AaIlIPOKCUMALMA TEMIEPaTypHbIX 3aBHCUMOCTEM €€ CBOWCTB B OKPECTHOCTAX
KpuTHyeckux Touek. C 3TOH Lenbio B HACTOALIEH paboTe MpOaHAIU3UPOBAIU JUTEPATypHbIE JaHHbBIE 110
3aBUCHMOCTH OT TEMIIEPATYpPhl BbIILIE IEPEUNCIEHHBIX CBOMCTB BOJIBI.

Pezynomamut pabomoi

DKCHepUMEHTAIbHbIC TOUKU Opalii U3 CICAYIONIMX MCTOYHHMKOB: IUIOTHOCTH (P) [3], nuHamuueckas
Bsi3kocTh (1) [4], m3obapHas Ttermoemkocth (Cp) [5], cxumaemocts (y) [6], ckopocts 3Byka (V) [3],
moJsipHbIil 00beM (V) [7] u moBepxHOCTHOE HaTsbKeHHME (0) [8].

JIuneliHble annmpoKCUMaluy TEMIIEPATyPHBIX 3aBUCUMOCTEN NpuBeAeHB! Ha Puc 1 — 5, a KOHCTaHTEI 1
sHepruu aktuBaiuu B Tabnuue. JInHelHble annmpokcUMAaIMKM TEMIIEPaTyPHbBIX 3aBUCUMOCTEN aOCOIIOTHBIX
(AA = |A — Axp|) nm otHOCHTENBHBIX M3MeHeHHUH (AA/Axp) VIS BCEX BBIIIE TIEPEUHUCICHHBIX CBOMCTB BOIbI
KpOM€e TUHAMUYECKON BA3KOCTHU U MOBEPXHOCTHOTO HATSKEHUS UMENN OJIMHAKOBBIN BU/I:

(AAY? =tg o (1/T — 1/Tip), (1)

rae Axp — 3HaYCHUS XapakTepucTuku A mpu kputudeckor temmeparype (Tkp), g o — TaHreHC yria
HAKJIOHA COOTBETCTBYIOmIEH 3aBMcMMocTH B KoopamHatax (AA)Y2 — 1T mm (AA/Ag)Y? — 1/T. U3
dbopmynsl (1) cnexyer oOmuiA BUL 3aBUCUMOCTH JIsl a0COIOTHBIX U OTHOCHUTEIBHBIX U3MEHEHUN BEITUYHH
(P, Cp, 7, V, V):

AA (AA/A) =B (AT/T)?, (2)

rie AT = |T — Ty, a B = (tg a /Txp)?. PasmepHOCTs KOHCTaHTHI B paBHa pasmepHOCTH A s
anmnpoKCUMAINi aOCOMIOTHRIX U3MEHEHUH WK Oe3pa3MepHa JJIsi OTHOCUTENbHBIX U3MEHEHUH A.

ANMpOKCUMAallMi W3MEHEHUHN TUIOTHOCTH M MOJIAPHOTO 00beMa ObUIM CUMMETPUYHBI OTHOCHUTEIHHO
KPUTHYECKON TeMIlepaTypbl, TO €CTb OHHM HMEJM OJMHAKOBbIE 3HaYeHHs g o B Mpenenax OMIMOKU
OTIpe/ieNICHUs] SKCIIEPUMEHTAIBHBIX TOYEK U3 MCXOJHBIX Ipa@HUKOB M TOUYHOCTH CaMMX AalMpOKCHUMAIIHMM.
3aBUCUMOCTH JI U3MEHEHUH CKMMAEeMOCTH, TETJIOEMKOCTH U CKOPOCTH 3BYKa OBLIIM aCUMMETPUYHBI, TO
€CTh MX HAKJIOHBI, U KOHCTAaHThI B paznuuanucek B nuamnazonax temmepatyp T > Ty (B+) 1 T < Ty (BL).
Tabnuma
KOHCTAHTBI JIMHEMHBIX AIIITIPOKCUMAILIMIA TEMIIEPATYPHBIX
M3MEHEHUI CBOVICTB BOJIbI



Jnanazon
XapakTepucTUKa | alpoKCUMaluu E.
(A) At u (tep) (°C) (xJIx/momp) | tg a B
ITnotHocts (Ap) | 0— 25 (4) 0 (2,16 £0,02)10% | 0,61
U3o06apHas (2,5+0,1)10>° | B-=0,66
TEIIOEMKOCTh 0—80 (35) 0 (1,9+0,1)102 B+=10,38
(AC,/Cxp)
CKUMaeMOCTh 0— 100 (45) 0 (5,0+0,1)10°5 | B-=2,4710°8
(Ay) (4,6+0,1)105 | B+=2,09 108
MonsipHblit
o0beM 0-90 (4) 0 (9,2 +0,1)102 11,0
(Av)
Cxopocts 3Byka | 0— 100 (75) 0 (1,63 +0,03)10* | B.=2,210°
(AV) (1,74 £0,03)10* | B+ =2,510°
Junamuueckas 19,0 (2,3+0,1)10°
BA3KOCTB (/1) | 0—45 (~22) 15,0 (1,8+0,1)10% |-
[ToBepxHOCTHOE
Hatsoxenue 0.01 -80 (~13) 0,06 - 0,6 (4,1+0,1)10°> | 2,56
(o/6,)

B cuny manoctu BenmmumHBl Ap norapudMudeckas anmpoKCUMAanus 3aBHCUMOCTH IUIOTHOCTH OT
00paTHOW TeMIIepaTypsl TaKKe OyAeT OJU3Ka K JIMHEHHOH, TOCKOIBKY

[In (p/p)]"? = [In (1 + Ap/pp)] ¥ = [Ap/pp] *2. (3)

Opnako, B okpecTHOCTH Ty suHelHOCTh (3) Hapymaercs (Puc 1), 4ro W cBHIETENBCTBYET O
HEMPaBOMOYHOCTHU JIOTapu(PMUUECKOI anmpoKCUMaIMU B JaHHOM ciay4yae. OTMETHM, 4TO TemIeparypHas
3aBUCHMOCTh TUIOTHOCTH PTYTH [3] B OTJIMYHE OT IJIOTHOCTH BOJIBI OCTACTCS HEIMHEHHOW MpH 000MX
croco0ax anmnpoKCUMAaI|H.

TemnepaTypHyt0 3aBHCHUMOCTb JAJII BSI3KOCTH MOJKHO amNMpOKCUMHUPOBATh JUHEHHON (yHKIMEH B
koopauHarax In (n/mno) — /T (Puc 4) B aByx auanazonax 0 — 20° u 25 — 45°C (1), 3HauUeHHE BA3KOCTH MPH
0°C). Ouenky BennuuH sHeprun aktuBamu (Ea) 11 KakI0ro Auana3oHa cesaiiy, mojaras, uro

N ~ No exp [-(E«/RT)]. (4)

IMpu stom tg o = E/R, rae R = 8,31 JIx/(K monb). M3BecTHO [2], 4TO 3HEprus akTUBALUU BSI3KOTO
TeueHus O:uska k sHeprun H-cessu (Ey), paBHoii s Boas! 21,5 kJIx Momnb L. C 9Toi BETMYMHONA XOpPOLIO
cornacyetcs ornienka E, as mepBoro amanaszoHa temmeparypbl. TemmeparypHyto Touky ~22°C, B KOTOpOi
JMHEWHas anmpoKCUMAIHs JUTSl BI3KOCTU MCHBITHIBAET M3JI0M MOXKHO Ha3BaTh KpUTHUECKOH. OTMETUM, UTO,
M XapaKTep 3aBUCUMOCTH BSI3KOCTH OT JaBJICHUS IMpETEpIieBaeT U3MeHeHne B paiione temnepatyp 20-30°C

[2].
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Puc 2. Annpokcumanuy OTHOCUTENIbHBIX N3MEHEHUH N300apHON TEIIOEMKOCTH

U MOJIIPHOTO 00beMa.
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Puc 3. Annpokcumariusi aOCOMOTHBIX M3MEHEHUH C)KUMaeMOCTH



Touku TemmnepaTypHOH 3aBUCMMOCTH MOBEPXHOCTHOTO HATSKEHUS B JMAla30HE TeMmIepaTyp OT
~13 10 80°C T0XKHITHCH HA MPAMYIO JIMHHIO B KoopauHaTax |In (6/60)[Y2 — 1/T (Puc 5) (6o — MOBEPXHOCTHOE
Hatspkenue mipu 0,01°C). Ilpu 3TOM 1o aHamoruu ¢ ypaBHEHHEM (2) MOXHO ObUIO MPEICTaBUTh JIMHEHHYIO
aTnIpPOKCHUMAITUIO B BUJIE:

In (6/0,) = —B (AT/T)?, (5)

rae AT =T — To, B = (tga /To)?, a To = 256K — Touka nepecedeHus IMHIN AIMPOKCUMAINH C OCBIO
1/T (Puc 5). Y3 (5) MOXHO TIOTyYUTh aHAJIOT 3aBHCUMOCTH AppeHuyca (4):

o = 6, exp (-E«/T), (6)

€CJIU MIPUHSATH 3a BeNW4YUHY E, BbIpaxeHnue:

E.=BR (AT?TL (7)

ITo dopmymne (7) ouennnu norpannyHbie 3HadeHus E, (Tabmuma).
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Puc 5. AnmpokcuManuyu OTHOCUTENBHBIX U3MEHEHUH TUHAMUYECKOU BSI3KOCTH U

MMOBEPXHOCTHOT'O HATSAXKCHUA.

Obcyrcoenue pe3yibmamos

OOBIYHO DKCHEPHMEHTANbHbIE TOYKM TEMIIEPATypPHBIX 3aBUCHMOCTEM XapaKTEPUCTHK BOJIBI
anMpPOKCUMHUPYIOT TOJMHOMHBIMU ~ (YHKIUSMHU TeMmImepaTypbl, OyTeM mojadopa KOIPOUIMEHTOB U



nokaszareneii creneneil [3]. K mpumepy, 3Ha4eHHs NOBEpXHOCTHOTO HATSDHKCHUSI BOIBI B JHAaNa3oHe
temrepatyp ot 0,01 no 370°C ¢ GosbIIol TOYHOCTHIO anmpokcumMupyeT GyHkuus [8]:

6 =235,5 (AT/Te)**%[1 — 0,625(AT/T.)]. (8)

I'me T. = 647,096K. AmnanoruyHas, HeJIMHEHHas AaNIPOKCUMAIUA SKCIEPUMEHTAIbHON
TeMIIepaTyPHOI 3aBUCUMOCTH OTHOCHUTEIBLHOIO MOJISIpHOTO 00beMa jaHa B [2]:

AVIV, = 0,272 (AT/Tip) . (9)

3neck Tip = 3,984°C. Be3ykopu3HCHHBIE C TOYKU 3PCHHS] MATEMATHKU M TPAKTHYECKU TOJE3HBIC
anmpokcuManuu tumna (8) u (9), kak npaBuiI0, HE COJIEPKAT B cebe KaKoK-Tn00 HHPOPMAIIMK O MEXaHHU3MaX
TEPMOJIMHAMHYECKHX TpolieccoB. OTMETUM, YTO dKCIepUMeHTaIbHbIE TOUKH AV/V i, B3siTBIC U3 [2], Takke
Kak ¥ 3HaueHus AV yaoBieTBopstoT ypaBHeHuo (2) (Puc 2).

[110THOCTH U MOJISIPHBINA 00BEM BOJIBI CBSI3aHBI MEXY COOOW OYEBHIHBIM COOTHOIIICHUEM:

Vip Pp = Vi + AV) (pip + AD),

U3 KOTOPOTO CJIeTyeT:

Aplpip = |AVIV | it AV/Ap = Vip /pip.

C yueroM Toro0, uT0 Vi = 18, 016 cM® Momb 2, a pyp = 0,99997 r/cm®, oTHOMmEHNE AV/Ap GyneT paBHO
18,02. C apyroii cTopoHbI, U3 HAIIUX pe3yIbTaToB cienyet, AV/Ap = Bv/Bp = 11,0/0,61 = 18,03. Xoporiee
coryiacve BeJIMYUH CBUACTENBCTBYET O IOCTATOYHON TOYHOCTHU MOTYYEHHBIX HAMU alllIPOKCUMALIUH.

[Tony4yeHHble JMHEHHBIE anMpOKCHUMAuu (2) Ui TUIOTHOCTH, TEIJIOEMKOCTH, CXKHMaeMOCTH U
CKOPOCTH 3BYKa CBUJCTEINHCTBYIOT O HaJMYWU YHUBEPCAJIHLHOTO (PU3MYECKOro MEXaHU3Ma, JIeXKallero B
OCHOBE AHOMAJUH TEPMOJMHAMHYECKMX CBONCTB BOJbI. [JlaBHOW OCOOCHHOCTBIO MAHHOTO MEXaHH3Ma
aBIsgeTcss 0e30apbepHbIN XapakTep ero KuHeTUku. JlanHbIi (hakT MOKHO OOBSICHUTh HATMYUEM JIBYX CTaJHM
B MEXaHHU3ME INEPEeCTPOMKH  HAAMOJEKYJISPHOW  CTPYKTYphl  BOJABL. ~ ODJEMEHTAPHOM  siueHKOM
CTPYKTYpUPOBAHHOIN BObI SBJISIOTCS TETpadpalibHbIe KIIACTEPHI, COJEpIKallie CBSI3aHHBIE MEXKIY COOOi
H-cBsizsimu uetsipe (4-Tetpadap) uinu nsath Mosiekys H2O (00beMHO 1IeHTpupOoBaHHbIN S5-TeTpasap). U3 atux
TETPadIPOB 00pa3yroTcs O60see CI0KHBIE CTPYKTYPBI KJIACTEPOB C PA3IMYHON TUIOTHOCTHIO HATIOJHEHUS UX
00BEMOB MOJIEKYJIaMHU BOJBI. B CHITy 3TOTO JXUAKYIO BOIY MOKHO CYMTATh TETEPOTCHHOM CPEIOi.

PaBHOBecue u nepexo/bl MeKIy 4- U S-TeTpadipami, a TaKxKe U MeXAy 0oJiee CIOKHBIMH KJIacTepaMu
C y4acTHEM CBOOOIHBIX MOJEKYJ BOJBI BKIIOYAIOT XUMHUYECKYIO CTaJHI0 (pa3pbiB BOJIOPOIAHON CBS3H) H
mipPy3Hyr0 (MHUrpamust MOJEKYJbl BOJIbl B TOJOCTh MM M3 TMOJOCTH Kiactepa). KadecTBeHHO
anmpoKCUMAaIuK TUMa (2) MOKHO OOBSICHUTD, HCIIOJB3YS TIOJOKEHUSI XUMUIECKON KHHETUKHU TeTePOTEeHHBIX
npoteccoB [9] u 6muzocts E, i TMHAMUYECKON BS3KOCTH K SHEPrHH BOAOPOAHOH cBsizu — Ey. CkopocTb
TeTePOreHHONW pEaKIMW TEePeCTPOWKH KIACTEPHOH CTPYKTYpbl BOJBI  OyIeT MPOMOpIHOHAIBHA
MPOU3BE/ICHUIO KOHCTAHTBI CKOPOCTH XHUMHUECKOM peakuun U kodhuuuenta nudpdysun (D) [9]:

W ~ Ky D. (10)

IMoacrasus B (10) Beipaskenue it D ~ T/ = T/exp (-Eo/RT) 1 Kxuw ~ T exp (-E«/RT), momyuum, ¢
ydyetoM Ea = En:

W ~ T2, (11)

BOnm3u KpuUTHYECKOW TOYKH OCHOBHYIO POJIb B TEPMOAMHAMHYECKHX Ipoleccax OyIyT Hrparh
termoBsie kBaHTHI K (AT) (k = 1,38 102%JIx K™). B mpenenax coornomernus AT « T, mpeHeGperas
3aBucUMOCTBIO AA B (2) oT T u nonaras AA ~ W, u3 (11) nomyunm:

AA ~ (AT)% (12)

[TosiBnenne oHeprun aktuBauuu (Es) B anmpokcumanuu — TemmepaTypHOM — 3aBUCHMOCTHU
MOBEPXHOCTHOTO HATSIKEHUS BOJBI, MO-BUAMMOMY, OOYCJOBJICHO CHEIM(PUKON TeTepOreHHBIX pPeaKLuit
KJIaCTEPOB Ha TPAHUIIE pa3fielia )KUAKOCTh-TIap, H3-3a KOTOPOH, K IPUMEPY, MOT HAPYIIUTHCS OallaHC MEXKITY
E. u Ey, 1 BMecTO (2) anmpokcumarus ais ¢ mpuodpena Bu (6).

3aknwuenue

[Tomyuyennsie B paboTe oauHaKoBble 1O (opMe JMHEHHbIE aNMmpoKCUMAIMK aHOMAaJIbHBIX
TeMIIepaTypHbIX 3aBUCUMOCTEH MIOTHOCTH, TEIJIOEMKOCTH, CKOPOCTH 3BYKa U C)KMMAEMOCTH B JUAla30HE
temneparyp or 0go 70°C cBuumeTenbcTBYIOT 00 YHHMBEPCAIbHOCTH MEXaHHU3Ma IEPECTPOMKHU
HA/IMOJIEKYJIIPHOM CTPYKTYPBl BOJBI, OTBEYAIOIIETO 3a AHOMAIUU €€ TEePMOJWHAMHUYECKUX CBOMCTB.



OTcyTcTBUE aKTHBALIMOHHOTO Oaphepa B MEpPECTpOiiKax KIACTEPHBIX CTPYKTYpP BOJBI, OTBEYAIOIIHUX 32
AHOMAQJIMM YKA3aHHBIX TEPMOJMHAMHUYECKUX CBOMCTB BOJbI, MOXET HUIPaTh CYIIECTBEHHYIO pOJb B
SHEpreTHKe MeTadoJIM3Ma U B IPOLECCaX CaMOOPTraHU3alUU KUBBIX CHCTEM.
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