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AHHOTAIINA

OmnucaHbl TEOPETUYECKUE OCHOBBI TEPMOAMHAMUYECKOTO MOACTIUPOBAHUS.

PaccmoTtpensl BO3MOXKHOCTH TporpamMMHoro komiuiekca TEPPA mist TepMoauHAMUYECKOTO MOJCIUPO-
BaHUS TIOBEJEHUS PaJIMOaKTHBHOTO TpaduTa IpHu HarpeBannu (ropeHuH) B aTMocdepe Bosayxa. [lokazaHo,
YTO HCIOJB30BaHUE METOAOJIOTMH TEPMOAMHAMUYECKOTO MOJAETUPOBAHUS M MPOTPaMMHOIO KOMIUIEKCa
TEPPA mno3BoJsieT MOJETUpOBaTh U MPOTHO3UPOBaTh (ha30Bble M XMMUYECKHE MPEBPAIICHUSI IPU HarpeBe
(ropenun). MeTo10M TEPMOJMHAMUYECKOTO MOJECIUPOBAHUS U3yUEHO ITOBEIECHHE PAIUOAKTUBHOIO KaJIbIIHS
MIPU CTOpPaHUM PaJMOAaKTUBHOTO rpaduTa B aTMocdepe Bo3ayxa. Y CTAaHOBIEHO, YTO PaAHOAKTUBHBIN CTPOH-
M TIPEJICTABIISIET CO00# KOHICHCHPOBaHHbIN 1 Tapoobpasubiii CaCl,, mpoayKTOM CHKUTAHHS YIiepoaa IpH
temmepatype Boite 900K sisercss CO u CO; B otHomeHn# 1:1.

KiroueBbie ci10Ba: TepMOAMHAMHYECKOE MOJICIHUPOBAHKE, PAJWOHYKIIWIBI, PaIHOAKTHBHBIN Tpadur,
OKHCIIeHue (TOpeHHne).

Summary

Theoretical bases of thermodynamic modeling are described.

The possibilities of the TERRA software for thermodynamic modeling of the behavior of radioactive gra-
phite during heating (combustion) in the air atmosphere are considered. It is shown that the use of the ther-
modynamic modeling methodology and the TERRA software package allows modeling and predicting phase
and chemical transformations during heating (combustion). The behavior of radioactive calcium during the
combustion of radioactive graphite in an air atmosphere has been studied using thermodynamic modeling. It
is established that radioactive strontium is condensed and vaporous CacCl,, the product of burning carbon at a
temperature above 900K is CO and CO; in a ratio of 1: 1.

Keywords: thermodynamic modeling, radionuclides, radioactive graphite, oxidation (combustion).

B sinepnoii snepreTuke Poccun nmeercs psa 3HEProOIOKOB C PeaKTOpaMH, B KOTOPBIX B KayecT-
BE aKTUBHOM 30HBI M OTpaKaTeNs UCTIOIb3yeTcs rpadut [1].

Peaktopusblit rpadut roput rereporenHo. [loBblieHne TemnepaTypsl BeIeT K BO3paCTaHUIO CKO-
POCTH OKHUCIIEHUS rpaduTa.

ITpu temnepatype 1o 200-250°C B rpadute moj Bo3AEHCTBHEM MPOHUKAIOLIEH pajnaliui UCcKa-
KaeTcs CTPYKTypa KpUCTAINIMYECKON PEIIETKH U BCIIEACTBUE ATOIO HAKAIUIMBAETCS CKPbITasl SHEP-
rust (oHeprus Burnepa). Eciau 3Ta sHeprus peryisipHO HE pacCEMBAETCs IyTEM OTKMra (TOBBIIIE-
HUS TEMIIEPATYpPhl), TO OHA MOXKET HAKAIUIMBATHLCS A0 ONPEIEICHHON TOUYKH M 3aTEM BHE3AIHO BbI-
JEIATCS ¢ PE3KUM IOBBIIEHUEM TEMIIEPATyPhl, KOTOPask MOKET IIPUBECTHU K MOXKapy [2].
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Kpome Toro Bo3MoOkHa 3ampoekTHas aBapus Tumna «UepHOOBUTLCKOW». ABapus Ha YETBEPTOM
omoke YADC mpuBena K MOJHOMY Pa3pyIICHUIO aKTHBHOW 30HBI peakTopa. B pesynbrare yacTh
rpaduTOBOI KA KK ObLIa BEIOPOIIIEHA, YaCTh OCTANach B IIAXTE peakTopa. Beicokas Temiieparypa,
MIPUCYTCTBUE KHUCIOPOJIa CIIOCOOCTBOBAIA OKHCIECHUIO rpaduTa, YTO MPUBETO K MPAKTUYECKH IMOJI-
HOMY €T0 BBITOPAHUIO B PEAKTOPHOM IIpocTpaHcTse [3].

PajIMOAaKTUBHBIN IPAaUT CONSPKUT PasIHUHbIC PaJHOHYKIHIbL, TAKHE KaK TpUTHil 1 “*C, a Tak-
e MPOIYKTHI KOPPO3UU/aKTHBAIINH (57C0, %Co, **Mn, *Ni, ®Ni, Na u T.J1.), IPOJAYKTHI JEICHUS
(137CS, B7c, 9gr, 122y e i T.J.) 1 HEOOJBIIIOE KOJIMYECTBO ypaHa U 3JIEMEHTOB IPEBPaICHUS
(**Pu, 2Py, **Am, **Am u T.1.) [4].

PanuoakTHBHBIC 3JIEMEHTHI, IPH TOPSHHH, JIMOO OCTAIOTCS ¢ HETOpIOYeH YacThio rpadura, Tudo
HCHIAPSFOTCS] B 3aBUCMOCTH OT CTEIICHU HX JIeTydecTH. ['a3000pa3Hble pagrioaKTHBHBIC 3JI€MEHTHI
KOHJICHCHPYIOTCSI Ha 00Jiee KPYITHbIE YaCTHIIBI B TIOTOKE ra30B, WU COOMPAIOTCS BOKPYT «3apOIbI-
ma» u 00pa3yroT COOCTBEHHYIO CYOMHKPOHHYIO a3p030J1b. BrIHECEHHBIC CyOMUKPOHHBIE YACTHIIHI
JIETKO BABIXAIOTCS B jierkue. OHU MOTYT OTKJIa/IbIBATHCSl Ha TIOBEPXHOCTh BOJOEMOB U MPOJAOBOJIb-
CTBEHHbIE KYJIBTYpHI [4].

B nannoit pabote n3yyanaoch MoBeeHNE PAIUOHYKINIOB MIPU HarpeBaHuu (FrOPEHUHN) paanoak-
TUBHOTO Tpaduta B atMochepe Bo3ayxa. [loBeaeHHe palMOaKTUBHBIX JICMEHTOB HE OTJIMYAETCS OT
MOBE/ICHUS UX HEPAJUOAKTUBHBIX U30TOIOB [5].

HccnenoBanus mpoBOIMIM METOJIOM TEPMOJUHAMHYECKOTO MOJEIUpoBaHus [6-8], koTopoe yc-
TMIEIIHO UCIIOJIb30BAHO ISl U3YUEHHUsI HEOPTaHUYECKUX BEIIECTB MPU BBICOKUX TEMIEpAaTypax B Me-
TAJUTYpruu 1 MarepuanoBenenuu [9-11], B pusuke [12-15].

Tepmonunamuueckoe MoaenupoBanue (TJIM) 3axirouaercss B TEPMOJMHAMUYECKOM aHAJIN3E
PAaBHOBECHOTO COCTOSIHHSI CHCTEM B I1€JIOM (IOJHBIM TEPMOJMHAMHYECKHN aHaiu3). 3/1eCh MOJ
TEPMOJUHAMHYCCKHUMH CHCTEMaMHU TOHHMAIOTCS YCJIIOBHO BBIJICIICHHBIE MaTepUalbHBIC 00JacTH,
B3aMMO/ICHICTBIE KOTOPBIX C OKPYXKAIOUIEH Cpeoil CBOAUTCS K 0OMEHY TeruioM U paboToii. PaBHo-
BECHE CHUCTEM B COOTBETCTBHM CO BTOPHIM 3aKOHOM TE€PMOIMHAMHKHU XapaKTePU3yeTCs MaKCUMY-
MOM DHTPONHH OTHOCUTEIHHO TEPMOJUHAMUYECKUX CTEMeHEeld CBOOOJbI, K YHCITY KOTOPHIX OTHO-
CSITCSI KOHIIEHTPAIlMi KOMIIOHEHTOB paBHOBECHOM cMecH (Mg, Monb/kr), Temneparypa 1" u 1aBieHHe
P:

K R Nm
S :Z{SP(T)—RO InFi(}—TMi]Mi +> SIMM, +> 1 S2(T) =Ry In I\'X'm
r=1 N =l

i=1

M, =S, (1)

Nm

rie M, ,M, M, Si0 , Sf , Srg— YHUCJIO MOJIEW U CTaHAapTHas sHTponus (rpu temneparype 7,K u
nasnenun 0,1MIIa) B razoBoii (1), koHAeHCHpOBaHHOM (I') a3ax U B pacTBope (M) COOTBETCTBEHHO,
JIx/(monb-K);

kK, R, N — KoiruecTBO ra3000pa3HbIX, KOHJIEHCHPOBAHHBIX KOMIIOHEHTOB M PaCTBOPOB B TEPMO-
JTUHAMHAYECKON CHCTEME, MOJIb, COOTBETCTBEHHO;

M m — KOJIHMYECTBO BCIICCTBA B M-M KOHACHCUPOBAHHOM PAaCTBOPE, MOJIb,

V — 00beM, M3;

R, — yHUBepcanbHas raszoBas nocrostaHas (R, = 8,3144621 JIx/(mons-K)).

Y nenwHbIN 00beM V , Kak ¥ BHYTpeHHsIs dHeprust U MpHu 3TOM OCTAIOTCsl HEM3MEHHBIMU TIepe-
MEHHBIMH, TaK KaK YCIIOBUSI PaBHOBECHUSI CUCTEMbI OTHOCUTEIIHLHO OKPYKAIOIIEH CPeIbl MOTYT OBITh
BbIpaskeHsI ¢ momoripio paseHcTea: dV =0 u dU =0 wmu V =const u U = const.
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Ha oGnactpe nomycTUMBIX 3HaYEHUH NMEPEMEHHBIX NPU YCTAaHOBICHUHM XUMHUYECKOTO U (a3oBOro
paBHOBECHS IIyTEM JOCTMIKCHHMS MAaKCHMMyMa SHTPOIMH HAKJIAAbIBAIOTCSA CIEAYIOLIUE IOIOIHU-
TEJIbHBIE OTPAHUYECHUS.

1. ITocTOSIHCTBO MONHON BHYTPEHHEN SHEPTUU CUCTEMBI IIPU PABHOBECHUU:

K R N
U—ZUiMi—ZU,M,—ZZUNmMNmzo (2)
i=1 r=1 N m=1

rae U;,U, Uy - monHasi BHyTPCHHSsSI SHEPIHsi KOHJACHCHPOBAHHBIX BEIICCTB, OTHECCHHAs K

oxHOMY MoJTt0 (J[k/MOJIB) 1 BKITFOUAroIas B ce0s1 SHTAIBIINIO 00pa30BaHUS:

T
U = [C,dT +AH{(T,) (3)
TU
roe e=i, r, m.
2. CoxpaHeHHEe MacChl BCEX XUMHUYECKUX JIEMEHTOB:
K R N
—b; +ZviiMiJererrWLZZVMMNm =0 (4)
i=1 r=1 N m=1

rac bj - MOJIbHOC COACPIKAHUC j'FO XHUMHUYECKOT'O DJICMEHTAa B CUCTEME, MOJIb,

V.i,V.

ir 'VjN - YucCjia aTOMOB j-FO 3JICMCHTA B F33006pa3HHX, KOHACHCUPOBAHHBIX KOMIIOHCHTAX
m

ji
CHUCTCMC U paCTBOPEC, COOTBECTCTBCHHO.

3. 3aK0H coXpaHCHHS 3apsja:

K
quiMi =0 )
i=1

rae O, - KpaTHOCTh HOHHM3AIMH I-T0 KOMITOHEHTa (JUIS 3JIEKTPOHHOTO rasa (, =—1).

4. YpaBHEHHE COCTOSTHUSA CMECTH UJI€ATHHBIX Ta30B:

K
pV —R,TY M, =0 (6)
i=1

rae p — nasnenue, Ila.

ITapameTrpsl paBHOBECHS TEPMOAMHAMUYECKON CHCTEMBI ONPEIEIAIOTCS PEUICHUEM MaTeMaTH-
YeCKOM 33/1a4u 0 HaXOXKJIEHUU IKCTPEMyMa C y4ETOM BCEX OIPaHMYEHHUN ¢ UCIOJIb30BaHUEM (DYHK-
nuu Jlarpanxa. [[s1 BeIUKMCIEHUN UCTIONB30BaH METOJ MOCTIEA0BATENbHBIX MpUuOImkeHnit Hetoto-
Ha, KOTOPBI 00eCTeunBaeT BbICOKYIO CKOPOCTb CXOJAMMOCTH PE3y/lIbTaTOB Ha KOHEYHBIX CTaJMUAX
nrepanuoHHoro npouecca. IIporpammusiii komrieke TEPPA npenycmaTtpuBaeT 3a1aHne ycloBHM
paBHOBECHs] TEPMOJANHAMUYECKON CUCTEMBI ¢ OKpY»Karollei cpenoi moOoi mapoi 3HaYeHUi Tep-
MOJMHAMHUYECKHX MapaMeTPOB U3 YMCIIA CIEAYIOUINX IeCTH BenndyuH: P (1aBnenue), V (yaenbHbId
oowem), T (Temmneparypa), S (ouTpomnusi), H (ouTanbnus), U (BHYTpEHHSS DHEPrUs), MPOBEACHUE
PAaBHOBECHOI'O0 pacyera TEPMOAMHAMUYECKOM CHUCTEMBI IIPOM3BOJIBHOIO JJIEMEHTHOI'O COCTaBa,
BKJIFOUEHUE B YHUCIJIO OKUJAEMbIX KOMIIOHEHTOB PaBHOBECHOT'O COCTaBa JHOOBIX MHAWBUAYAIbHBIX
BELIECTB 32 CUET M3MEHEHHUsS TOJIbKO MCXOIHBIX JTAHHBIX, OIpEe/eJeHHe PaBHOBECHOTO (ha30BOTO
COCTaBa CUCTEMBI 0€3 IMPEeBapUTENBbHOTO YKa3aHUS TEPMOJUHAMUYECKHU JIOMYCTUMBIX COCTOSHUM.
Takum oOpas3om, AJs ompeneneHus KOHKPETHBIX MapaMeTPOB COCTOSHUS CHUCTEMBbl HEOO0XOIUMO
3a/1ath 1Be ee xapakrepuctuku (Hanpumep: Pu 7, Vu T, H u P u T.1.), MaccoBbie conepkaHus Xu-
MHUYECKUX AJIEMEHTOB B pab0o4eM Tejie, CIIMCOK MOTEHIIHAIHO BO3MOXKHBIX U B PAaBHOBECUH MH/IH-
BUJYQJIbHBIX BEIIECTB C MX TEPMOAMHAMHUYECKUMH (YHKLUUSMH — SHTPONHEH M SHTaiIbnuen. B
nporpaMMHoM komiiekce TEPPA npenycmoTpeHa Takke BO3MOKHOCTb y4eTa HEKOTOPBIX Heuze-
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QIIBHOCTEH: MCKIIIOUEHHUS U3 YKClia KOMIIOHEHTOB PaBHOBECHS JIIOOBIX MHAMBHUAYaAJbHBIX BEIIECTB;
BO3MOYKHOCTh Ha3zHadaTh ((PUKCHUPOBATH) KOHIIEHTPALUU OJHOTO HJIM HECKOJBKUX BEIIECTB C IO-
CJIEIYIOIUM PACUETOM PaBHOBECHS 110 OCTaBUIEHMCS YaCTH CUCTEMBI; PACCMOTPEHHUE HEUAECATBHBIX
KOH/ICHCUPOBAHHBIX PAacCTBOPOB ITyTeM 3aJaHus U30bITOYHON sHeprun ['mb6ca; yuer coOCTBEHHOTO
o0beMa, 3aHMMAEMOT0 KOH/IEHCHPOBAHHBIMU BEILIECTBAMHU.

CocraB KOHJICHCUPOBaHHOH (ha3bl MpeACTaBICH Ha puc. 1.

IgXi (mon.gon.)

300 500 700 900 1100 1300 1500 T.K
—— UO2(koHg.) -3 - UOCI(koHa.) —— UOCI2(koHg.) —<— CaCl2(koHg.) —e— BeO(koHg.)
—@— PuOCiI(koHa.) —— PuO2(koHa.) —a— PuCI3(koHg.) —O— NiCl2(koHg.) —— AmO2(koHa.)
-0-CaUO4(koHg.)  --A- UOCI3(koHA.) —@— CaO(koHa.) X - CsCl(koHa.) -+--BeCO3(koHa.)
—o— SrCl2(koHA.) - - EuCI2(koHA.) --0-- UO2Cl(koHA.) -3 UCIl4(koHa.) — EuCI3(koHg.)
—&— Am203(koHa.)  —< NiO(koHA.) —%— EuOCI(koHA.) —— EuO(koHa.) — UO3(koHAa.)

Puc. 1 CocTaB KOHIEeHCHPOBaHHOH (pa3bl NPH CXKUTAaHUIM PagUOAKTUBHOIO rpadura B arMmocdepe Bo3ayxa

Buano, uro Hanbonee 3HaunMbiMu komroneHTamu ssisrores UO,, UOCIH, UOCI,, CaCl,, BeO.
Vx koHIeHTpanus npesbimaer 107 moir.xo. B nareppane Temmeparyp 1300 — 1500 K UO; crano-
BUTCSI TPe00J1a1atoIM KOMIOHEHTOM ¢ KOHIeHTparuei 0,98 moi. 1o

CocraB ra3oBoii (hazbl puBeIeH Ha puUC. 2.
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Puc. 2 Cocras razoBoii (pa3bl NpM C:KUTaHUM Pagu0aKTHBHOIO rpadgura B armocdepe Bo3ayxa

[Tpu Temneparype Boiie 900 K ocHoBHBIe KOMITOHEHTHI Ta30B0oit (Ga3bl — Ny (p~0.98 atm.), CO;

u CO (p~10™" atm.).

Pacrnipenenenue kanpius o (pazam npeacTaBieHo Ha puc. 3.
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Puc. 3 Pacnpenenenue kanpums no gpazam

1500

[Tpu Temmeparype 300 — 900 K kanpumii HaxomuTcs B KOHACHCUpOBaHHOH (aze. [Tpu Temmepa-
type 900 — 1000 K conepxanue konaencupoanHoro CaCl, ymensiaercs 10 95 mon.%, a razoo0-
paszHoro yBenuuuBaercsa 10 5 mon.%. IIpu temmeparype 1100 K konmeHcupoBanHas u ra3000-

pasnas ¢aza CaCl, naxonsrcs B coornomenuu 1:1. [Toeimenne Temnepatypst 1o 1100 K Bener k

pPE3KOMY YMEHbIIeHHIO J1oau KoHaeHcupoBanHoro CaCl, mo 10 mon. % u yBenHyeHuIo razoodpas-
Horo CaCl, o 90 mon.%. [Ipu manbHeimem moBeIeHUH TeMneparypsl B uHTepBaie 1200-1400 K

conepkanne konaencupoanHoro CaCl, camkaercs no 0 moin.%, copepxkanue razoo0pa3Hoi (a3sl
yBenmuuBaetcs 10 95 mon.%. B temmeparyprom maTepBane 1400 — 1600 K xanbuuii mosHOCTEIO
MIEPEXOIUT B Ta30BYIO (azy.

mamu ADC. M. : U3gar.
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