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1 Bse.neuue 

no.n ,neHCTDHeM pa,nHaQHH (7, ~ H3nyqeHHH, npOTOHO~ OT,naqu 

npH ynpyroM 3aMe,nneHHH HeHTpOHOB Ha Bo.nopo,ne) B MeTaHe 

npOHCXO,JlHT pa.nuaQHOHHl:le IlOBpe)KJleHHH. OCHOBHl:lMH peaKQHHMH, 

KOTOpue H_.JlYT npu 3TOM, cqHTalOTCH cne,nyIOIUHe [ 1, 2]: 

CH4 ➔ CH3 + H, (1) 

CH4 ➔ tH2 + H2, (2) 

CH 4 ➔ CH; + . H . ( 3) 
3TO - nepBHqHl:le peaKQHH, npoHCXO.JlHIUHe npH B036yJK)leHHH 

MoneKynu MeTaHa npOTOHOM HnH 61:lCTpl:lM 3neKTpOHOM., ATOMHl:lH 

BO,nopo.n TYT lKe BCTynaeT n peaK,QHIO c 6nHlKa8we8 MoneKynoa 

Me,Ta~a: 

CH4 + H ➔ CH3 + H2, 
a ~a,nMKanu CH -MoryT,yqacTBOBaTb B peaKQHHX: 

3 . ' 
+ + CH3 + CH4 ➔ C2H

5 
+ H2 , 

CH3 + CH4 ➔ tiI2 + H + CH4, 

CH3 + CH3 ➔ C2H6• 

(4) 

( 5) 

( 6) 

(7) 



KaK B ra3006pa3HOM, TaK H B TBep,noM MeTaHe npeo6Jia,naKlT 

peaKUHH ( 1 ) , ( 4), o.nHaKO Ha6JIKl,naeMoe COOTHOWeHHe 

pa3JIOlKHBWHXC.H MOJieKy JI MeTaHa K pa,nHOJIHTH'leCKOMY BO,nopo.ny He 

2: 1, KaK CJie,nyeT H3 peaKUHli (1), ( 4) , a 6JimKe K 4: 3, 'ITO 

CBH,UeTeJibCTByeT o 3Ha'IHTeJibH08 Bepo.HTHOCTH peaKUHli (5) H (6). 

BOJibWa.H qacTb pa,nHKaJioB CH, CH, CH peKoM6HHHpyeT cpa3y JKe 
3 2 2 5 

B TpeKe npOTOHa, 

yliTH H3 rop.H'leli 

MaTpHue CH4 npH 

O,UHaKO HeKOTOpa.H ,UOJI.H pa.nHKaJIOB ycneBaeT 

30Hll TpeKa. 3TH pa,nHKaJIU, OKa3aBWHCb B 

O'leHb HH3K08 TeMnepaType, MoryT "JKHTb" 

.nocTaTO'IHO ,noJiro. KaK . CJie,nyeT H3 3KCnepHMeHTOB YPAM, 

npoBe,neHHllX B JIH(l> B 1993 ro.ny [ 3], B peM.H lKH3HH pa.nHKaJIOB 

COCTaBJI.HeT 30 qacoB npH T=20 K H 5, 7 '1.aca - npH 26 K. npH 

TeMnepaType BUWe 29 K + 30 K OHH peKOM6HHHPYKlT 6ucTpo. 

TaKHM o6pa30M, npHCYTCTBHe CB060,nHllx· pa,nHKaJIOB B 

o6JiyqaeMOM TBep.noM MeTaHe eCTb npH'IHHa HaKOilJieHH.H CKpllTOli 

3HeprHH, no,no6Ho8 ::iHeprHH BHrHepa B rpaitmTe, TaK KaK 

peaKUHH peKoM6HHaUHH pa,nHKaJIOB (PPP) Bcer.na 3K30TepMH'IHll. 

nJI.H CHJ + CHJ ➔ C2H6 peaKUHH, QR= 336 KnlK/MOJlb C2H6, ,UJI.H 

, CHJ + C2H5 ➔ CJHB, QR= 328 KnlK/MOJlb [4]. 

CKpUTa.H 3HeprH.H, HaKOilJieHHa.H B o6Jiy'leHHOM TBep,noM MeTaHe, 

HOCHTeJI.HMH KOTOpoli .HBJI.HKlTC.H pa,nHKaJIU, npH onpe,neJieHHllX 

YCJIOBH.HX, 

6ucTpo, 

HHor.na ,naJKe 

B Te'leHHe 

CilOHTaHHO, BU,neJI.HeTC.H .nocTaTO'IHO 

ceKyH,n, 'ITO 6uJio MHoroKpaTHO 

3aperHCTpHpOBaHO npH HCilOJlb30BaHHH TBep,noro MeTaHa KaK 

3aMe,UJIHTeJI.H HeliTpOHOB [2,3,5,6]. Hap.H,ny c BU,UeJieHHeM TenJia H 

HarpeBOM MeTaHa, IlpH 6ucTpo8 peKOM6HHaUHH pa,nHKaJIOB 

O,UHOBpeMeHHO npoHCXO,UHT BU,neJieHHe H3 MeTaHa HaKOilJieHHoro 

pa,nHOJIHTH'lecKoro ' BO,nopo.na,' 'ITO Il03BOJIHJIO " n. KapneHTe'py, 

BnepBUe Ha6JIKl,UaBWeMy 3TO .HBJieHHe, Ha3BaTb ero "OTplllKKOli" 

( no-aHr JIH8CKH ::- "a burp") . no Ka HaH6oJiee IlOJIHO 3TO .HBJieHHe 

HCCJie,noBaHO B ynoMHHaBWHXC.H BUWe 3KCnepHMeHTax YPAM; ,UJI.H 

HJIJIKlCTpaUHH npHBe,neH BpeMeHHOli rpacpHK TeMnepaTypu MeTaHa. B 

O,UHOM H3 6ucTpux npouecCOB, pHC 1. 

YCJIOBH.H H xapaKTep HaKOilJieHH.H H OCB060JK,neHH.H CKpllTOH 3HeprHH 

B MeTaHe OKa3aJIHCb .nocTaTO'IHO Heo6U'IHUMH H HeO,nH03Ha'IHllMH. 

TaK,' B03HHKHOBeHHe ( "3alKHraHHe") PPP O'leHb CJia6o CB.H3aHO C 
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PHC. 1. THilH'IHllli BpeMeHHOli xo.n TeMnepaTypu MeTaHa BO BpeM.H 

6ucTpor~ npouecca o'cBo6oJK.neHH.H · cKpuToli 3HeprHH ,nJI.H Tpex· 

npocTpaHCTBeHHO-pa3HeceHHllX TO'leK B 6JIOKe MeTaHa. 

TeMnepa Typoli, KaK ,UOJllKHO 6UJIO 6u 6UTb no TeOpHH TenJIOBOro 

B3puBa CeMeHoBa - To.neca - (l>paHKa-KaMeHeUKoro [7-9]; ,naJKe 

Ha6JIKl,llaJIHCb "burps" · npH TeMnepaType HHlKe 

MeTaH. o6Jiy'laJic.H. CKOpOCTb peKoM6HHaUHH 

TOli, Il~H KO:OPO~ 

pa,nHKaJIOB npH 

o6Jiy'leHHH IlO,U'IH~.HeTC.H HHOli TeMnepaTypHcili 3aBHCHMOCTH, HeJKeJIH 

B npouecce 6blcTpoft PPP. 

060CHOBaHH08 H HenpOTHBOpe'IHBOli TeOpHH 3THX npoueccoB noKa He 

co3,naHo. B nepBoli 'lac TH .pa6oTu . H3JiaraeTc.H no.nxo.n K aHaJIH3 y 

"burps" C Il03HUH8 KJiaCCH'leCKOli TeopHH roMoreHHllX XHMH'leCKHX 

peaKUHli BToporo nopH,nKa H "TenJIOBOro B3pUBa", KOTopu8 .no 

CHX nop npHMeH.HJIC.H. B IlOCJie,nyKlmHX 'laCT.HX 6y,neT IlOKa3aHa 

HenpaBOMepHOCTb TaKoro no.nxo.na H npHBe.neHa:Te~pHH HaKOilJieHH.H 

H OCB06oJK.neHH.H 3HeprHH B o6Jiy'laeMOM MeTaHe, KOTOpa.H Y'IHTUBaeT 

npocTpaHCTBeHHYKl MHKpOCTPYKTypy H ,UHHaMHKy TeMnepaTypu H 

pa,nHKaJIOB H Il03B0JI.HeT o6'b.HCHHTb MHOrHe CTpaHHlle oco6eHP.OCTH 

.HBJieHH.H PPP' HJIH "burp". 
3 



2. HCXO,!lHWe ypasueuHg 

CKOpOCTh peK~M6HHaUHH pallHKanoB 3aBHCHT 

TaK H OT TeMnepaTypu. TaK KaK 

KOHTaKTe llBYX pa,nHKanoB, TO 

_KOHUeHTpaUHH, 

npOHCXO,!lHT npH 
I 

KaK OT HX 

peKOM6HHaUHSI 

CKOpOCTb PPP 

,nonJKHa KBa,npaTHqHo 3aBHCeTb OT KOHUeHTpaUHH paaHKanoB nR' C 

KO3cpq!HUHeHTOM K(T), 3aB.HCSIIUHM OT TeMnepaTypu cpe,nu T no 

3aKOHy AppeHHyca: 
-TIT 

K(T)= K
0

e a 

rae Ta - TaK Ha3HBaeMaSI "3HeprHH aKTHBaUHH", B aaHHOM cnyqae 

BHpalKeHHaSI B rpa,nycax KenhBHHa. ,llm1 KOHUeHTpauHH paaHKanoB 

MOlKHO 3anHCaTb cneay10mee ypaBHeHHe; 

r,ne D 
CKOpOCTb 

➔ 
dnR(r,t) 

cit 
2 ➔ ➔ 2 ➔ 

= DV nR(r, t) + R(r, t) - 2 K(T)nR(r, t), 

KO3cpq!HUHeHT llHcpq!y3HH cso6oaHHX paaHKanoB, R 

HX reHepauHH. B ,nanbHe8weM cqHTaeM paaHKanu 

Manono,!lBHlKHHMH (qTo nbllTBeplK,!laeTCSI Ha6n10aeHHSIMH Ha YPAM'e), H 

MOlKeM HCKn10qHTb qneH C nannacHaHOM. Tenepb ypaaHeHHe ansi 

KoHueHTpauHH paaHKanoa·a n10608 ToqKe 3aMeanHTensi 6yaeT 

dnR(r, t) . 
2 

dt = R(r,t) - 2 K(T)nR(r,t). (1) 

H3 ycnoBHH aeTanbHoro 6anaHca Tenna B n10608 ToqKe o6'beMa. 

3aMe,!lnHTensi MOlKHO nonyqHTb H3BeCTHOe ypaBHeHHe 
TennonpoBOllHOCTH 

pC(T)dT~r,t) = AV
2T(r,t) + q(r,t) + QR K(T)n!(r,t) 1 (2) 

ra~ P, C H A - nnoTHOCTb, TennoeMKOCTh H TennonpoBOllHOCTb 

MeTaHa. cooTBeTCTBeHHO,· a q(r,t) - yaenbHoe TennoauaeneHHe a 

MeTaHe OT nornomeHHH H3nyqeHHH. 

.llnsi oaHopoaHo8 nnocKo8 nnacTHHH MeTaHa, oxnaJK,naeMo8 Ha 

rpaHHUax ra3006pa3HHM renHeM, rpaHHqHue ycnoBHH 6y,nyT 

~! lx=o =O; A ~r lx=x = <X(Tx (t)-To(t)); 
0 0 

4 

'1 

r' 

r,ne a - KO3cpq!HUHeHT TennooT,naqH, a T
0 

- TeMnepaTypa renHsi. 

HaqanbHHe ycnOBHSI: n(O)=O; T(r,t) = To. 

TO o6CTOS!TenbcTBO, qTo nocneaHHA qneH ypaBHeHHSI ( 2) 6NCTpo 
-TIT 

H HenHHeAHO BO3pacTaeT C pOCTOM TeMnepaTypu (K(T)=Koe a ), 

onpeaensieT BO3MOlKHOCTb, B onpe,neneHHHX ycnoBHSIX 

HeycTo8qHsoro noseaeHHSI peweHHSI. ypaBHeHHA ( 1) H ( 2), T. e. 

pa3BHTHe 6HCTpoA PPP. 

YpaBHeHHSI (1) H (2), COBMeCTHO c HaqanhHHMH H rpaHHqHHMH 

ycnoBHSIMH, onpe,nenHIOT TeMnepaTypy MeTaHa, HaXOllSIIUerocsi B 

paaHaUHOHHOM none. nycTh paaHaUHOHHOe none He 3aBHCHT OT 

KOOp,!lHHaT. Toraa ypaBHeHHSI 6yayT BHrnsi,neTb: 

dnR(r,t) 

dt 
• 2 

=R(t) - 2K(T)nR(r,t), ' ( 1 ) { 
pC dT = 

dt AV
2
T(r,t) + q(t) + Q K(T)n:(t). (2') 

Hccne,noBaTb 3TY CHCTeMy ypaBHeHHA Ha ycToAqHBOCTb 

aHanHTHqecKH, aaJKe B nnoCKOM cnyqae, no-B~OMY, HeBO3MOlKHO. 

HHJKe a_aHO HeCKOnbKO npH6nHJKeHHHX KpHTepHeB ycToAqHBOCTH, KaK 

H3BeCTHHX, TaK H npe.nnoJKeHHNX npHMeHHTenbHO K ,3a,naqe 

KpHoreHHOro MeTaHOBOro 3aMeanHTensi HBP-2 - K3. 

3. KpHTepHH ycToAqHBOCTH ,nng IlOCTOSIHHOA no o6~eMy Tena 

TeMnepaTypw o6nyqeuHg 
3.1. HecTaUHOHapuwA OO,!lXO,!l 

H3BeCTHH asa noaxoaa K aHanH3Y ypaBHeHHA (~') H (2') Ha 

ycToAqHBOCTb B npH6nHJKeHHH OllHOpO,!lHOA TeMnepaTypN (H, 

COOTBeTCTBeHHO, KOHUeHTpaUHH paaHKanoB). nepBNA - 3TO TaK 

Ha3HBaeMHA "HeCTaUHOHapHHA" 

npocTpaHCTBeHHYIO H BpeMeHHYIO 

noaxoa, 

nepeMeHHNe 

Kor,na 

H 

OT,!lensi10T 

Hccne,ny10T 

HeCTaUHOHapHNe ypaBHeHHSI MeTOllaMH TeopHH ycTo8qHBOCTH. 3TO 

6uno HCnonb3O_BaHO To,necoM H CeMeHOBHM [ 7, 8] c · npHMeHeHHeM 

acHMnTOTHqecKoro pa3nOJKeHHSI' cnoJKHOA HenHHeAHOCTH · exp( -Ta IT) 

npH o6meM aHanH3e Tennosux B3pNBOB. ,ll. KapneHTep, cneuHanbHO 

3aHHMaBWH8CSI TBepaHM MeTaHOM, npHMeHHn MeTO,!l nsinyHOBa 

nHHeapH3aUHIO ypaBHeHHA [ 10]. 06IUHM B HX noaxo,nax gsnsieTC,SI 

3aMeHa nannacHaHa B (2') yTeqKoA Tenna qepe3 suewH1010 
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IlOBepXHOCTb S: 

J ;\. b.T::: 
V 

-a(T - T
0
), 

r.ne a- KO3cpq!Hl.Uf8HT Tennonepe.na•rn:, paBHH8 a'• ~ ' ( a -

KO3cpq!HUH8HT noBepXHOCTHO8 TSilJIOOT,llaqH, "nJieHoqmi:8" 

KO3cpq!HUHeHT), a T- TeMnepaTypa MeTaHa. :3Ta 3aMeHa, npHBO.ltHT 

ypaBHeHHSl: K BH.ny: 

{

. nR = R(t) -

dT 
pc dt = -a 

2K(T)n:, 
' 2 

(T-T) + q + Q K(T)n 
O . R 

(I") 

(2") 

0cnOJib3Yll: H3B8CTHH8 MSTO,ll JIHHeapH3aUHH,_ .n. KapneHTep 

HCCJie,noBaJI CHCTeMy (l ") H (2") Ha ycT,o8qHBO~Tb, H nonyqHJI, qTo 

JIHH88Hasi: CHCTeMa CTa6HJibHa, eCJIH co6JID.naeTCSl: ycJIOBHe 

. Q ·T ·K(T)n2 

R a R 

aT 2 
s 1 . (3) 

KpHTepHH, nonyqeHHHH .nnsi: Haqana ropeHHll: To.necoM H 

H. H. CeMSHOBJ,[M ( TOT l!Ce HeCTaUHOHapH!,[H no.nxo.n, HO aHaJIH3 Ha 

OCHOBS aCHMilTOTHqecKoro pa3JIOlK8HHSl: H8JIHH8HHOCTH). .naeT 
HeCKOJlbKO HHOH pe3yJibTaT: 

2 
QRTaK(T)nR 

se- 1 , (4) 
a T2 

T.e. ·KpHTHqHOCTb B e pa3 MSHbWe. Pa3JIHqHe B IlOCTOSl:HHO8 
cnpaBa o6'bll:CHSl:eTCSl: TSM, qTo npH JlHHeapH3aUHH Hcqe3a·eT 

cymecTBSHHall: 3KCilOH8HUHaJibHall: oco6eHHOCTb H8JIHHe8HOCTH, H 
. ! 

o6nacTb CTa6HJibHOCTH JIHHSRHOH CHCTSMJ,[ OKa3HBaeTCSl: " 6onee 
WHpOKOH.*) .llJISl: K3 ~BP-2 OTJIHqHe B KpHTepHH CTa6HJibHOCTH B e 

-------------------------------------·-----------------------
*) 3,necb npOll:BJill:eTCSl: OTJIHqHe IlOHSl:THH "ycTo8qHBOCTb B 60JibWOM" 

H "ycTo8qHBOCTb a MaJIOM". 

6 

·' 

pa3 cooTBeTCTByeT TeMnepaTypHowy HHTepBany npHMepHo 3 ·rpa.nyca. 

npe.nnonaraeTcsi:, qTo 6HCTpasi: peKoM6HHaUHll: HaKOnJieHHHX 

pa,llHKaJIOB npoHCXO.llHT npH H8BHilOJIH8HHH KpHTepHeB 

CTa6HJibHOCTH; npH 3TOM pa.nHKaJIH peKOM_6HHHPYDT noq-rH 

IlOJIHOCTbD. CUeHapH8 IlOSl:BJISHHSl: "burps" 3aBHCHT OT Toro, 

Sl:BJlll:8TCSl: JIH CHCTeMa ycToRqHBOA npH paBHOB8CHOA KOiUSHTpaUHH 

pa,nHKaJIOB, T. e. npH 3HaqeJiHH nR= . n(III, COOTB8TCTBYDll18M 

HaCJ,[ll18HHD. ECJIH .na, TO caMonpOH3BOJlbHall: PPP, H8BO3MOllHa, H 

MoJKeT 6HTb Bl,[3BaHa -roJibKO · H3MeHeHHeM xapaKTepa · oxnair;.neHHsi: 

(6HCTPHM IlOBHWSHHeM TeMnepaTjp!,[ T8IlJlOH06HT8Jlll:). 'Ec~H H~T; TO 

PPP 6y,neT IlOBTOpll:TbCSl: nepHO.llHqeoKH, KallC,nHR pa3,· Kor,na cnyCTSl: 

HSKOTOpoe Bp8Mll: nocne oqepe.nHoro HMilYJibCa T8IlJIOBJ,[,ll8Jl8HHSl: 

KOHUSHTpaUHll: pa,llHKaJIOB BHOBb :noCTHrHeT ypOBHSl: 

KpHTHqecKoro; onpe.nensi:eMoro· ycnoaiiew ( 3) • Moir:Ho BHBeCTH 

yCJIOBHe, ' npH KOTOpOM CHCTeMa 6y.iteT ycToRqHsa 6e3 BHeilmero 

BO3,ne8CTBHSJ:,' T. e. He 6y.neT nepHO,nHqecKHX BCilJISCKOB 

TeMnepaTypH . .llJISl: 3Toro B COOTHOWSHHH (3)' Ha.no no.ncTaBHTb 

KOHUSHTpaUHIO pa.nHKaJioB, COOTB8TCTBYDll1YD 
, ' 

aCHMilTOTHqecKOMY peweHHD ypaBHSHHSl: (1 ): 

Tor.na BMeCTO (3) HM88M 

R· n2 
(Ill = 2K(T) 

Q ·T • R 
R a 

2 aT
2 s 1 . 

HaCYll18HHD, T.e: 

(3') 

KpHTHqecKoe ycnosHe (3') MOlKHO 3anHcaTb B 6onee Harnsi:.nHoM BH~e 

(T - To) Ta C 

:S 1, (5) 
T2 

r.ne c - .nonsi: norno111eHHOA 3HeprHH, 3arracaewasi: B BH.ne 3HeprHH 

peKoM6HHaUHH (2%), TO- TeMnepaTypa oxnair:.naewoA nosepxHOCTH. 

.llOilOJIHHTeJibHHM HarpeBOM cpe.nY (TenJIOHOCHTSJISl:) MOlr:HO BH3BaTb 

' "burp" H B CHCTeMe, .ltJlll: KOTOpOA ( 3 r BYilOJIHll:STCSl:, T. e. B 

CTa6HJibHOA nepBOHaqaJibHO CHCTeMe, BYBO.llll: ee ,llOilOJIHHTSJlbHYM 

7 
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HarpeBOM H3 o6naCTH CTa6HnbHOCTH. MHHHManbHHA Heo6xoaHMHA 
HarpeB AT ( ansi COCTOSlHHSl HaCHoteHHSl) noa'IHHSleTCSl cneay1>11teMy 
COOTHOWeHHI>, KOTOpoe nony'leHO H3 ( 3) noacTaHOBKOA paBHo·seCHHX 
3Ha'leHHA TeMnepaTypw H KOHUeHTpaUHH: 

0' •T •R 
R a ex 

2 p 
2 a• (T+AT) 

T ·AT 
a = 1 ( 6) 

T(T+AT) 

( 3aecb T - paBHOB,ecHast ( ycTaHOBHBWastCSl) TeMnepaTypa MeTaHa), 
BHmenpHBeaeHHHe KpHTepHH q>aKTH'leCKH npHroaHH TOnbKO ansi 

cpeaw. c xopomeA TennonposoaHocTbX>, Koraa nepenaa TewnepaTy p 
onpeaensieTcst uenHKOM 3¢Jq)eKTHBHOCTbX> Tennoc1,eMa. ,llnsi 
HHTepecy1>11tero Hae_ TBepaoro MeTaHa 3TO .He TaK- H3-3a ero. ManoA 
TennonposoaHoCTH H, HanpoTHB, xopomeA TennooTaa'IH K renHX>, 
KOTopwA ero oxnallC,ll;aeT, TeMnepaTypa onpeaensieTcst HMeHHO 
TennonposoaHoCTbX>. - OaHaKo pe3ynLTaTH KapneHTepa H 
CeMeHOBa-Toaeca MOlKHO npHMeHSlTb H Ha . cny'laA KOHe'IHOA 
TennonposoaHocTH 
Tennonepeaa'IH 

cpeaw, ecnH 
HCDOnb30BaTb 

B 

a•' 

Ka'leCTBe K03¢Jq)HUHeHTa 
Y'IHTHBaX>otHA Tennosoe 

conpoTHBneHHe MeTaHa H paBHHA T ~ T' rae Tm- HeKaSl cpeaHstSl 
m o 

ycTaHOBHBWaSlCSl TeMnepaTyp~ MeTaHa BO BpeMSl o6ny'leHHSl 
MODtHOCTbl> ao3H q ( MOlKHO 6paTb H MaKCHManbHyX>' TeMnepaTy PY). 
HanpHMep, ansi nnacTHHH c nonyTonotHHoA a: 

a ;t __ 1_2 
a . a 
- +a 2i\ 

CB npeawayoteM aHanH3e TennonposoaHoCTb cpeaw C'IHTanacb 
• S • a BHCOKOA, T. e. ~-- =a,-.-:y:, H aJist nnaCTHHH a = a). 

EcnH Tennosoe conpoTHBneHHe MeTaHa 3Ha'IHTenbHO npeswmaeT 

conpoTHBneHHe a 1 norpaHH'IHoro cnosi . . CT. e. T » a > , 'ITO 
npaKTH'leCKH H npoHcxoaHT ansi peanbHHX MeTaHOBHX 3aMeanHTeneA, 
TO BMeCTO (3) HnH (4) HMeeM KpHTepHH: 

HnW-

Q~·TaK(T)n:~a2 

i\T2 

~R = Const, 
··1-

8 

- constj 

(7) 

I"' 
'-'"' 

_;l 

J 

i' 
) 

'.Ji 
'] 

J 

rae KOHCTaHTa cnpaBa paBHa 2 B nHHeAHOM npH6nHlKeHHH H 2/e - B 
pemeHHH CeMeHosa~Toaeca; o6o3Ha'leHHe 6e3pa3MepHord KOMnneKca 

Q ·T ·K(T)n2 ,a2 
R a R 

i\T2 

BBeaeHO KnacCHKOM TeOpHH 6JicTpHX 
~paHKOM-KaMeHeUKHM. 

= ~ 
R 

XHMH'ICCKHX peaKUHA 

3.2. CTaUHOHapHoe (TO'IHoe) pemeHHe 3aaaqu Tennosoro "B3pusa" 
MeTaHa npu oaHopoaHoA TeMDepaType o6ny'leHHst 

,ll.A.~paHKOM-KaMeHeUKHM 6un pa3pa6oTaH apyroA noaxoa, TaK 
Ha3HBaeMHA "cTaUHOHapHHA" K aHanH3Y TepMH'leCKOA 
CTa6HnbHOCTH cpeaw c paaHKanaMH, npH paBHOMepHoA KOHUeHTpaUHH 
HX H 6e3 aononHHTenbHHX HCTO'IHHK,OB Tenna, KpOMe 3HeprHH 
peKoM6HHaUHH . paairnanoB [ 9 ] . OH nony'IHn TO'IHHe KPHTepHH 
caMOBocnnaMeHeHHSl aJUI nnacTHHH, UHnHHapa H ccpepu: ,llnsi DJIOCKOA 
nnacTHHH c 3aaaHHoA TeMriepaTy po A ea rpaHHUax ycnoaHe, npH 

' KOTOPOM ypaBHeHHe (2) (npH q=O) He HMeeT CTaUHOHapHoro 
pemeHHst; ecTb 

Q ·T •a2 K(T)n2 

R · a , • R 

i\T2 
:.!: o. 88, (8) 

HnH .SR :.!: 0. 88 '· (8) 

rae a - nonyTonotHHa nnacTHHH. 
9TO. H eCTb ycnoBHe TepMH'ICCKOA HecTa6HnbHOCTH cpeaw c 

paaHKanaMH C HnH' ycnoBHe "Tennoaoro B3 pwaa" ,· KaK npHHstTo y 
!pH3HKO-XHMHKOB. OaHaKO, B cnyqae TBepaoro MeTaHa 3TOT TepMHH 
He OTpallCaeT peanbHOCTH, TaK KaK PPP B MeTaHe npoHcxoaHT 3a 
BpeMSI nopsiaKa HeCKOnbKHX ceKyHa, H 'He MOlKeT. 6HTb . Hll3BaH 
"B3pHBOM". Il03TOMY .. MH 6y aeM npHaep>KHBaTbCSI TeptrnHa :· PPP irn"H 
"burp"). 

YcnoBHSI (8) H (7), KaK BHaHo, HaeHTH'IHH, KpoMe 'IHcneHHHX 
K034><PHUHeHTOB cnpaaa. Pe3ynbTaT ~pa1rna-KaMeHSUKOro TaK}Xe 
npHMeHHM numb ansi cny'laH nnoxoA TennonpoaoaHocTH (HnH xopoweA 
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TennooTnaqH), T.K. npH BUBone Hcnonb3OBanocb ycnoBHe 
nocTogHcTBa TeMnepaTypu Ha noBepxHOCTH cpenu. MHaqe roBopg, 
Karna a~ 2A/a2

• 3To ycnoBHe BunonHgeTcg nng TBepnoro MeTaHa 

yJKe nng nnacTHHU TonmHHOH 1 CM (H, ecTeCTBeHHO, 6onee). 
nng UHnHHnpa 6ecKOHeqHoH nnHHU KpHTepHH CTa6HnbHOCTH 

panHKa~OB [6]: 

oR = 2.00, 

a nng ccpepu -

oR = 3.32 , 

rne a , xapaKTepHuA reoMeTpHqecKHA pa3Mep B 

paBeHpanHycy uHnHff:npa HnH ccpepu. 

· 3.3 KpHTepHH CTa6HnbHOCTH nng Ten cnomroA ~OpMY. 

KoMnneKce oR'· 

KaK y~a3UBaeT ~paHK-KaMeHeUKHH, CTaUHOHa~HUH nonxon H 
Hcnonb30B_aHHUH HM npHeM . "pa3noJKeHHg 3KCilOHeHTa 11 

( 3aKOH 

AppeHHyca. 3aMeHgeTcg o6uqHQH 3KCilOHeHTOH). naDT TOqHue 

KPHTHqecKHe 3HaqeHHg .KoMn.n_eKca napaMeTpoB oR, nonT1,rnpJKnaeMue 

3KcnepHM9HTanhHO. OnHaKo, peweHHe BO3MOlKHO nHWb nng 
npocTeHWHX, npHBeneHHUX BUWe cnyqaeB .. 
nng Ten 6onee cnolKHUX MOlKHO npHMeHHTb ongTb JKe HecTaUHOHapHUH 
nonxon, Hcnonb3yg nHHeapH3aUHD ypaBHeHHg (2) no IJlYHKUHgM 

TeMnepaTypu. 
o6o3Haqag e = T-Teq' rne Teq - ycTaHOBHBwagc!l paBHOBecHag 
TeMnepaTypa nepen HaqanoM PPP, H cqHTag e «TH Ta8/T

2 « 1, 

nonyqHM BMeCTO (2'): 

pC ~: = AV2 8(r,t) +Q K(Teq) n! Ta 8/ T
2

, (9). 

(ypaBHeHHe (1) He paccMaTpHBaeM, T.K. nHHaMHKa panHKanoB npH 
H3yqeHHH ycToAqHBOCTH He HrpaeT ponH). CTaUHOHapHoe peweHHe 

ypaBHeHHg (9) ycTo~qHBO, ecnH Bee co6CTBeHHUe qHcna An npaBOH 

qacTH ypaBHeHHg (9) 

v2e(r) +CoR/a2 ) e = An e, (10) 

10 

OTpHUaTenbHU (3.lleCb a - xapaKTepHUH reoMeTpHqecKHH pa3Mep -
BB9.ll9H .nng coxpaHeHHg Tpa.nHUHOHHOro KOMnneKca OR); .npyrHMH 
cnoBaMH, ycnOBHe ycToHqHBOCTH B ManoM eCTb 

2 2 oR/a s ,c
1 

, ( 11) 

r.ne ,c~ - HaHM9Hhwee co6cTBeHHoe qHcno onepaTopa Jiannaca B 
3a,llaHHUX rpaHHqHUX ycnOBHgx. 

JIJig nnacTHHU C nonyTonmHHOH a 
ycno~He nonyqaeTcg 

,c~=n
2 /(4a2 ), H KPHTHqecKoe 

2 oR = n /4 = 2.467, 

c MHOlKHTeneM. cnpaBa 6.onbwe, qeM B ( 8). 

Ha e, nonyqHM KpHTepHH, ,6nH3KHH 
~paHKa-KaMeHeUKOro: 

oR = 0. 907. 

Pa3.nenHB npaByD qacTb 

K TOqHOMY . KpHTepHD 

(12) 

Mu CHO Ba,. KaK H paHee' npHXO.llHM K BUBO.llY' qTo nHHeHHOe 
npH6nHlKeHHe ro.nHTCg .nng oueHKH y_cToifqHBOCTH ypaBHeHHg, ecnH 
nonyqeHHUif KPHTepHif yMeHbWHTb Be pa3. 
OKOHqaTenbHO: .nng Te,11a npoH3BonbHoA (JlOpMU KpHTepHH 
TepMOCTa6HnbHOCTH MOlKHO 3aITHCaTb B BH.ne: 

2 2 I oR/a s ,c1/e, (13) 

r.ne ,c1
2 

onpe.neneHo Burne, a KOMnneKc cneBa ecTb 

oR/a2 = 
Q ·T ·K(T)n2 

R a R 

AT 2 

HanpHMep, .nnR KoHeqHoro nonoro ocecHMMeTpHqHoro 

2 2 2 
UHnHH,llpa 

"1 = "1r+ "2' 

r.n~ "1r- HaHM9HbWHH KOpeHb ypaBHeHHg 

J1("r2> Yo("r1> - Jo("r1> Y1("r2> = o, 

B KOTOPO.M r2 - BHeWHHH pa.nHyc UHnHHnpa, r 1 - pa.nHyc nonOCTH, 
a "2 = n/L, r.ne L - BUCOTa UHnHH.llpa. 
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4. 0 KPHTBPHH CTABHnbHOCTH C yqBTOM IlPOCTPAHCTBBHHoro 

HAqAnbHOro PACilPBnBnBHHg TBMilBPATYPY MBTAHA. 

K COlltaJieHHJO, KPHTepHH CTa6HJibHOCTH H3 pa3,nena 3. nnoxo 

npHMeHHMH K cnyqaJO, Kor.na TenJIOBH.!1eJieHHe 3HaqHTeJlbHO, H 

nepena.n TeMnepaTyp BHYTPH MeTaHa 60JibWOA (KaK B K3 HBP-2). 

Tor.na ecTb .nBa nyTH oueHKH CTa6HJibHOCTH ' - JIH60 

Henocpe.ncTBeHHOe qffcJieHHOe peweHHe COBMeCTHO HecTaUHOHapHHX 

yp-HHA ){JI~ peaKUHA peKOM6HHaUHH pa,nHKaJIOB H yp-HHR TennoBoro 

6anaHca, JIH60 HCilOJlb30BaHHe npH6JIHllteHHHX KPHTepHeB, 

nonyqeHHHX aHaJIHTHqecKH HJIH qepe3 qHcJieHHoe peweHHe 6onee 

npocTHX ypaBHeHHA. 
8 OCHOBY aHaJIH3a MOlKHO noJIOlKHTb TOT lite HeCTaUHOHapHHA 

no.nxo,n. noK·aiiceM · 3TO Ha npHMepe nnacTHHH c nocTORHHoA 

TeMnepaTypoA Ha, rpaHHuax. 
YpaBHeHHe ( 2 ) )tJIR IlJIOCKOA nnacTHHH TOJimHHOA 2a, 

OXJiallt,naeMOA C .UBYX CTOpOH, nocJie MOMeHTa BpeMeHH t 0, KOr,na 

TeMnepa'Typa B nnacTHHe yBeJIHqHBaeTCR mt BeJIHqHHY AT C .no 

3Toro MoMeHTa B nnacTHHe coxpaHReTCR cTau~ouapuoe 

pacnpe.neneHHe TeMnepaTyp: r 0 cx)=TM-x2 qv/2A }, 6y,neT TaKHM: 

~ 2 2 pC dt = AV T(x,t) + qv+ Q K(T(x,t) n (x,To) (14). 

nnR HCCJie,noBaHHR Ha ycTo8qHBOCTb BBe,neM ¢YHKUHJO 

acx,t) = rcx,t) - rcx,t0 ); cqHTaR BIT« 

H JIHHeapH3YR yp-HHe (14), nonyqHM 

. 2 
1 , H Ta 8/T « 1 , 

r.ne X(x) = 

V28(x,t) + X(x) 8 = d8/dt,, 

2 
QR•Ta•Rnrel 

A(T
0

+ AT) 2 

T • AT 
exp( a ... 

TaCTa+AT) 

(15) 

) , ( 16) . 

a nrel= th(t vR K0 exp(-Ta/T0 )) - peweHHe yp-HHR (1) .no 

Haqana 6HCTp08 PPP, ts to6n· 

12 

Tenepb 3a,naqa CBO)tHTCR K HaXOl!(.lleHHJO 

CTaUHOHapHHX peweHHA ypaBHeHlrn ( 15), 

ycJIOBH8 ycTo8qHBOCTH 

OTJIHqHHX OT uyJieBoro . 

CorJiaCHO H3BecTHOMf KpHTepHIO [CM., HanpHMep, 11], yp-HHe (15) 

ycTofiqHBO, eCJIH BemecTBeHHHe qacTH co6CTBeHHHX qHceJI 

onepaTopa neBoR qacTH uenonomHTeJibHH. 

npoue.nypa BHqHcJieHHR co6CTBeHHHX qHceJI 3aTpy.nHHTeJibHa .name 

.!1JIR nJiaCTHHH npH paBHOBeCHOM 3HaqeHHH KOHUeHTpaUHH pa.nHKaJIOB~ 

T.e . .!1JIR 60JibWOrO BpeMeHH 06JiyqeHHR t 06JI, KOr,na·nrel=1 H 

Q ·T ·R T ·AT 
X(x)= R a exp( a ) , 

2A{T
0

+ AT) 2
_ TaCTa+AT) 

a TaKme npH aHaJIH3e Ha cnOHTaHHYJO PPP, Kor.na AT=O H 

Q ·T ·R 
X(x)= R a 

2AT~(x) 
' 

To(X)=TM-(qv/2A)x2 , 

IlpOCTOR cnyqafi X(X)=const paccMOTpeH BHWe B pa3,neJie 3. 

( 16'} 

( 16' ') 

0,nHaKO 3a,naqa Haxom.neHHR CTaUJfOHapHHX H ycTofiqHBHX peweHHR 

yp-HHR (15) no cyTH H.I1eHTHqHa·3a,naqe O KpHTHqHOCTH g,nepHoro 

peaKTopa, nepeHOC HeRTpOHOB B KOTOpOM onHCHBaeTCR 

.!1H¢¢Y3HOHHHM' npH6JIHmeHHeM, a .!1H~Y3HOHHHe KOHCTaHTH nJiaBHO 

3aBHCRT OT KOOp.!1HHaT. Il03TOMY MOmHo BOCilOJlb30BaTbCR 

peaKTOpHHMH .UH¢¢Y3HOHHHMH hporpaMMaMH .!1JIR Haxom,neHHR KpHTepHR 

CTa6HJibHOCTH ·cpe,ny C pa,nHKaJiaMH. Cne.nyeT TOJibKO '1;1e "3a6HBaTb, 

qTo KpHTHqecKoe 3HaqeHHe "K03~HUHeHTa pa3MHomeHHRH B 3TOM 

cnyqae paBHO He 1, a~ 1/e. 
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