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BBenenue

AKTYyaJIbHOCTh HCCJICTOBAHNUS

Poccus napsny ¢ Benecyanoit u Kanagoi BXOIWUT B TPOWKY CTPaH-JIMIEPOB
10 00BEMY 3alacoB TSKEJBIX YIIIEBOJIOPOA0OB. B HacTosiee BpeMs BBUY HU3KOU
peHTabeIbHOCTH pa3paboTKu TspKenbie HeTu B Poccuu, Kak mpaBMiio, OTHOCAT K
IbTEPHATUBHBIM MCTOYHUKAM YIJIEBOJIOPOJOB. TeM HEe MeHee, 0 JaHHbIM [1] 3a
CUET OCBOCHHS MECTOPOXKIIEHUH BBICOKOBA3KOM HEPTH 100bIYy HE(PTH MOKHO
YBEINYUTH HA 25-30 MIIH. T. €XKETOIHO.

OcBoeHHME MECTOPOXKACHUN TSDKEIOW HEPTH 3a4acTyl0 HEBO3MOXKHO 0Oe€3
UCIOJIb30BAaHUSl  CHELMAJIBHBIX TEXHOJOTUH JTOObIYM, TPAHCHOPTHUPOBKU U
nepepaboTku HepTH. B mocimegHue roapl B CBA3M C HCTOLIEHUEM KPYIHBIX
MECTOPOXKICHUM JIeTKOW He(TU pa3BUTUE METOJOB YBEIMUEHUS He(PTEOTIauu U
MHTEHCU(UKAIUU JOOBIYM TSAKEIOW HEPTH CTAHOBUTCA OCOOCHHO AKTYaJIbHBIM.
Hcrnonb3oBaHue IIMPOKOM3BECTHBIX IMAPOTEIUIOBBIX METOAOB  BO3JAECHCTBUSA
3a4aCTyl0 COIPSKEHO C PAIAOM TPYIHOCTEH, OrPaHUUYMBAIOIIMX MX ITPUMEHEHUE,
MOBBIIIAETCA MHTEPEC K MCIOJIb30BAHUIO ATEPHATUBHBIX METOJOB 00pabOTKHU
CKBa)KUH, COYETAHUM TEIJIOBOIO M (PU3UKO-XMMHUYECKOTO BO3JCHCTBUS Ha IUIACT.
Onenka 3(p(EeKTUBHOCTH OOJBIIMHCTBA MpEJIaraéMblx B JIMTEPAType METOJ0B
OCHOBAaHA Ha JA0OPATOPHBIX ONBITaX, YMNPOIICHHBIX AHAIMUTHUYECKUX OLEHKAX,
HEOOJIBIIIOM YHCIIC ONBITHO-MPOMBINICHHBIX HCHbITaHUR. TpeOyrorcs Oonee
rJ1I00aJIbHBIE UCCIIEIOBAHUS, KOMIUIEKCHOE PACCMOTPEHHUE 1a00PATOPHBIX, MOJEBBIX
OTIBITOB U PE3YJIbTATOB MOAPOOHOTO PU3UKO-MATEMATUYECKOTO MOJECINPOBAHNS.

JlanHast auccepTallMOHHas padoTa MOCBAILEHA HW3YYEHHIO OJHOTO U3
NEPCHEKTUBHBIX ~ METOAOB  00pabOTKM  mpu3a0OMHOW  30HBI  IUIAcTa
TeIUIOBbIAETONEel OuHapHOil cMechbto. CyThb MeETOJAa COCTOMT B 3aKaukKe B
NPUCKBAKUHHYIO 30HY BOJHOIO pacTBOpa XWMHUYECKH-aKTHUBHBIX PEareHTOB,
pasnararouMxcss B IUIACTE C BBIIEJIEHWEM Tra3a M Tella. AHaiu3 OIBITHO-
HPOMBINUICHHBIX HUCIBITAHUIA H3ydaeMoil TeXHoJoruu [2] mokaspIBaeT, 4To Ha
npu3a0oOiHYyI0  30HY  OKa3bIBA€TCS  TEPMOOAPOXMMHYECKOE  BO3JIECHUCTBHE:

MOBBINIACTCS TEMIlepaTypa MPU3a00WHON 30HBI IUIACTA, TIOHMKAETCS BSI3KOCTh
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He(TH, YCTpaHSAETCS KOJIbMAaTalusi, BBIMBIBAIOTCS 3arpsA3HEHUs U MapaduHbl,
YBEJIIMYUBACTCS TPEIIMHOBATOCTh KOJUIEKTOpa. Pemienue 3amaun o0 00paboTKe
CKBAKMHBI TEIUIOBBIACISIIONIEH OWHAPHOW CMECBhIO TpeOyeT pacCMOTPEHMS
HEU30TEPMUYECKOM (DUIBTpAllMd BOJHOTO PAacTBOpa AKTHBHBIX KOMIIOHEHTOB B
HOPUCTONW Cpele € YYEeTOM XHUMHUYECKUX IpEBpallleHUul, OO0YyCIOBIECHHBIX
pa3iIoKEHUEM peareHToB. B Xole XMMMUYECKON peaKkUMM BBLACISAETCS SHEpPrus,
MMPOUCXOAUT U3MEHECHUE TEIUIOBBIX IMOJIEH, B HArPETOM 30HE MPOTEKAIOT MPOLIECCHI
IUIABJICHUSl TBEPJABIX KOMIIOHEHTOB He(TH, mapapuHoB. Takke B 30HE peakUuu
IIPOUCXOJIUT BBIJCIICHHE r'a3a, YBEIUMYEHUE JABJICHUS, PACIIMPEHUE U yriiyOiIeHue
€CTECTBEHHBIX M OOpa30BaHHWE HOBBIX HMCKYCCTBEHHBIX TpelMH. lIpoucxonsiue
IPOLECCH OKA3BIBAIOT BIMSHUE HA MPOHULAEMOCTh MOPOJIbl, PU3UKO-XUMHUECKUE
cBOMCTBa (PyIIOMIOB, Ha Mpouecc (UIbTpaIi, Ha pe3yJbTaT U 3PPEKTUBHOCTD
o0paboTku. Pemienne nanHoOM 3a7aun MpeICcTaBIseT cOO0N KaK MPaKTUYECKUH, TaK
Y HAY4YHBIW UHTEpEC.

B nuccepranmonHoit palGoTe mnpeaiaraercd MaTeMaTH4ecKas MOJENb,
MO3BOJIAIOIIAS OMMCAaTh MNPOLECC (PUIbBTpPAlMM BOAHOIO PACTBOPA XUMHUYECKH-
aAKTUBHBIX PEAreHTOB B MOPUCTOM CPE/Ie C YUETOM MU3MEHEHHUS B XOJI€ XUMUYECKON
peakuuu TEeIUIOBBIX MOJeH, (U3UKO-XUMHYECKUX CBOMCTB (DUIBTPYIOLINXCA
¢ron0B U (Ha30BOro COCTOSIHUS MHOTOKOMIIOHEHTHOM YTI€BOIOPOAHON CUCTEMBI
B Iuiacte. Ha OCHOBE NpPeIoKEHHOM MATEMATHYECKOWM MOJAEIN MPOBOIUTCS
TEOPETUUECKOE U YNCICHHOE U3yUeHue Mnpoliecca (PUiIbTpaluu TeIIOBbIIEISONIEeH
OMHApHOM cMecH.

Heas pabdoTbl: H3yyeHUE MOpoLecca HEU30TEPMUUYECKOW (PUIbTPALUU
BOJHOTO pPAacTBOpPa XHWMHYECKU-AKTUBHBIX PEAreHTOB C YYE€TOM XHUMHYECKHX
npeBpalieHuii U (Pa3oBbIX MEPEXOJ0B, MPOUCXOSAIIMX B TOPUCTOW Cpee;
pa3paboTKka TEOpUHM U NPUHIUIOB (U3UKO-MATEMATHUYECKOTO MOIEIMPOBAHUS
BO3/ICICTBUS Ha MPUCKBAXKUHHYIO 30HY HE(QTSHOrO IiacTa TEIUIOBBIACISIOIIMMU
OMHApHBIMU CMECSIMH; CO3[IJaHWE METOJIUKHU OLEHKH 3((PEeKTUBHOCTH 00pabOTKU
CKBa)KUH TETIOBBIJENAIOIUMU OMHAPHBIM CMECSMHU B 3aBUCUMOCTH OT Pa3JInYHbIX

YCIIOBUU.



OcHOBHBIE 321a4H UCCJIEOBAHNS:

Coznanue MaTeMaTHYECKOU MOJIEIIH, ONKMCBHIBAIOIIEH  MPOILIECC
HEU30TEPMUYECKON  (QUIbTpallud peardpyromiero BOJHOIO  pPacTBOpa
XUMHUYECKU-aKTUBHBIX PEareHTOB.

AHaJIN3 TEOPETUUECKUX MCCIECIOBAHUN M SKCHEPUMEHTAIIBHBIX JTAHHBIX C
LEJIbI0 ONpPEJEICHUs] HEU3BECTHBIX MapaMeTpOB MPEJIOKEHHON MOeNH, a
Tak)ke 000CHOBAHUS UCTIOIb3YEMBIX YPaBHEHUH.

Pa3zpaboTka 4rciIeHHOTO METO/Ia M aJTOpUTMa perieHus: ChopMyTUPOBAHHON
cucteMbl ypaBHeHMH. [loMCK TPUOIMKEHHBIX AHATUTUYECKUX PEIICHUM
3a1aun 00 00pabOTKe CKBAXKMHBI TEIUIOBBIJCIISIONIEH OMHAPHON CMECHIO.
HccnenoBanve BAMSHUS — pa3MYHBIX yCIOBUM Ha 3(P(HEKTUBHOCTh
BO3JICUCTBUSI TEIJIOBBIACIISIIONICH OMHAPHOW CMEChIO, Ha TEIJIOBBIE IMOJS U
MoJisk JaBJICHUS, BOZHUKAIOIINE B MpU3aO0MHON 30HE IUIacTa B pe3yJbTaTe
BO3JICHUCTBH.

Coznanve METOAMKHU JJi MPUOIMKEHHON OleHKU d(dderra oT 00padboTok
CKB&)KHUH TETJIOBBIJIEISAIONIEH OMHAPHONU CMEChIO U JIJISl TOMCKA TTOIXOISIIIAX
CKBaXXUH-KaHAUAATOB JJisl 00pabOTOK.

Hayuynast HoBU3HA:

N3yuen mpouiecc GuiabTpallMi  pearupyromero BOAHOTO — pacTBopa
XUMHUYECKU-aKTUBHBIX PEAreHTOB B MOPUCTOM Cpe/ie ¢ yUETOM XHMHUYECKOMN
peakuuy pa3yioKEHUsT PEareHTOB, W3MEHEHHUsI TEIUIOBBIX IOJIEH, Mojei
naBieHuss U ($a3oBOro0 COCTOSIHMSI MHOTOKOMITOHEHTHOM YTJIEBOJOPOIHOU
CHUCTEMBI B IOPUCTOUN CPEAE B XOJ€ XUMUUYECKON PEAKIIUU.

Pa3paboTana matemaTudeckas MOJENb BO3JEHCTBUS HA MPUCKBAKUHHYIO
30HY TEIUTOBBIICISAIONICH OWHAPHOW CMEChIO, TMPEJIOKEHBI ypaBHEHUS,
MO3BOJIAIONINE PACCUYUTATh CKOPOCTh XHUMHYECKONW pPEaKIUu MEXIy
KOMITOHEHTAaMH OWHApHOW CMECH B TMOPUCTON Cpene Mpu Pa3IudHBIX
TEPMOOAPUIECKUX YCIOBUSX, JI PA3JIMYHOTO COCTaBa aKTUBHOTO PacTBOpa.
UccnenoBana 3 PeKTUBHOCT MPUMEHEHHUS TETJIOBBIACIISIIONINX OWHAPHBIX
cmeceii B pasnmuuHbiX ycnoBusax. Cosmanel rpaduKu UM TANETKH,
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MO3BOJIAIOIIME TPOBOAUTH MNPUONIKEHHYIO OLIEHKY 3(P(EKTUBHOCTH

NPUMEHEHHUS TEIUIOBBIICTSIONINX OMHAPHBIX CMECEH.

e Haiinensl npuOIMKEHHbIE aHATMTUYECKUE PEIlIeHUs 3a7auu 00 00paboTke
CKBOXHMHBl  TEIUIOBBIAENHAIOMEH ~ OuHapHOM  cMecbto.  [lomydensl
aHanuTU4YeCcKre (GOpMYJIbl, TO3BOJISIONIUE PACCUUTATh PAIUYC BO3ACUCTBHUS,
TEIJIOBBIE TMOJs, BO3HMKAIOIIME B IUIacTe MOcie OOpabOTKH, KUHETUKY
XUMHUYECKON pEaKiuu pa3joKEHUs aKTUBHBIX pPEAareHTOB B IUIACTOBBIX
YCIOBUSIX, TOTEHIIMAIIEHO BO3MOXKHYIO TIOMOJHUTENBbHYIO T0ObIUy HEDTH U3
HArpeToro IiacTa.

IIpakTnyeckass 3HaYUMOCTb. Pa3zpaboTranHas maTematuyeckas MoJeib, a
TaK)K€ CO3/IaHHBIM HA €€ OCHOBE MPOrPaMMHBIN KOMILJIEKC MO3BOJISIOT IPOBOAUTH
pacder BO3JECHUCTBHS TEIIOBBIIEISAIONIEH OMHAPHOM CMECH Ha NPHUCKBAKUHHYIO
30HY, OIICHHBATh TEIUIOBBIC TOJIA WU TOJS JaBJICHUS, BO3HUKAIOIIME B IJIACTE B
pesyibrate 00pabOTKH, CTENEHb OYMCTKM MpU3a00MHOM 30HBI IJJacTa OT
OTJIOKEHUH TBEpPABIX TMapaUHOB BCJIEACTBUE HArpeBa, MOTCHIMAIBHYIO
JOTIOJIHUTEIbHYIO J100bIYy HepTH Hu3 Harperoro Iacra, 3(Q(EeKTUBHOCTb U
1eJ1eco00pa3HOCTh MPOBeAEHUS 00padOTKH. ['uapoiMHaMuYecKkoe MOIETUPOBaHNE
TEIUI00APOXUMUYECKUX BO3JCHCTBUII B CO3MaHHOM MPOTPAMMHOM KOMILIEKCE
NO3BOJINT OOOCHOBAaTh IIPOBEJECHHUE OIBITHO-POMBIIIJICHHBIX HCCIIEOBAHUM,
MOBBICUTH AP (EKTUBHOCTh MPUMEHEHHUS TEIIOBBIACISAIONINX OWHAPHBIX CMECEH,
COKpAaTUTh 3aTpaThl HA Pa3BUTHE JAHHOTO METO/A, a TAKKe Ha Pa3pabOTKy HOBBIX
MOJIXO0/IOB, 0OECIeunBarOMX UHTeHCUpuKauio A00bun HedTtu. Co3gaHHBIE HA
OCHOBE pE3yJbTaTOB TMPOBEACHHBIX YHCICHHBIX OKCIIEPUMEHTOB Tpapukd W
NaJEeTKH, TOJy4YeHHbIe NPUOIIKEHHbIE aHAIUTHYECKHE (HOPMYIBI IO3BOJSIOT
MIPOBOJNUTH DSKCIPECC-OIEHKY M CKPUHHUHT C IICJIBI0 BBISBICHUS TMOIXOSIIINX
KaHAUAATOB JJIsSl MPOBEICHUST 00paOOTOK.

JlocToBepHOCTH 00ycloBIeHa (DyHIAMEHTATBHOCTHIO JICKAIIMX B OCHOBE
¢u3MYECKNX 3aKOHOB, KOPPEKTHOCTHIO M OOOCHOBAaHHOCTBIO HCIOIb3YEMBIX
nonyieHuid.  Pe3ynbTarel  Bepu(UKALMOHHBIX  PAcye€TOB  COBMANAlOT €

HpI/I6J'II/DKeHHBIMI/I AHAJIUTUYCCKNUMH PCHICHUAMH, PC3YJIbTaTaMHU PpPACHCTOB B
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OOIIETPU3HAHHBIX KOMMEPUYECKUX TUAPOAMHAMUYECKUX CHMYJISATOpax, a TaKxke

COOTBETCTBYIOT J1a0OpaTOpHBIM  JKclepuMeHTaM. HaOmiogaetcst  xopoiiee

COBIAJICHHE MOJYYEHHBIX PE3YJIbTATOB C JJAHHBIMHU IPOMBICIIOBBIX UCCIIECIOBAaHUH.
IHos10:xkeHMs, BBIHOCMMBbIE HA 3aLUTY:

e MareMaruyeckass MOJieNb (PUIbTpAIMU pearupyromiero BOJHOTO pacTBopa
XUMHUYECKU-aKTUBHBIX PEareHTOB B IJIacTe ¢ napaduHUCTON HEDTHIO.

e Maremartuyeckass MOJAETb XUMHUYECKOM peakluu pa3ioXeHHs OMHapHOTrO
pacTBOpa HUTPUT HATPHUSA - HUTPAT aMMOHHUSL.

e PesynbraThl HCCIENOBAHUS BIMSHHUS TEMIEpaTyphl, XUMUUYECKOTO COCTaBa
aKTUBHOT'O pacTBOpPa M CBOMCTB MOPO/Ibl HA KHUHETUKY XUMUYECKOW peaklnu
B J1a0OPATOPHBIX U B IJIACTOBBIX YCIOBUSX.

e PesynbTaThl UCCIEN0BaHUS BIUSHUS PA3IMYHBIX YCIOBUM HA 3)(PEKTUBHOCTH
HCITIOJIb30BAHUS TEIUIOBBIJEISIONMX OMHAPHBIX CMECEH, Ha OIS IaBJICHUS U
TEMIIepaTypbl B 30HE 0OPabOTKH.

o [lpuGmmkeHHbIE AaHAIWTUYECKHE pElIeHHs 3agaud 00 00paboTke
BEPTUKAJIBHON CKBaXUHBI TETUIOBBIIEISIONIEH OMHAPHON CMECHIO.

e Meroauka s NOpUONMKEHHOW OIEHKA 3S(PPEKTUBHOCTU BO3ACUCTBUS
TETUTOBBIIEIISAIONIECH OMHAPHOM CMECHIO U ISl TOUCKA MOIXOSIIINX CKBAXKUH-
KaHAUAATOB JJIs1 0OpaObOTOK.

Anpobanus pe3yJibTaToB

OcHOBHBIE pe3yJbTaThl Pa0dOTHI JOKIAIBIBAINCH HA 72-M MEXIyHApOIHOM
MOJIOZISKHOU Hay4dHOU KoHepeHu «HedTs u raz — 2018» (r. Mocksa, 2018 r.);
X Hay4dyHO-TIpaKTUYeCKON KoH(pepeHuun «MaTeMaTuyeckoe MOJAEIUPOBAaHUE U
KOMIIBIOTEPHBIE TEXHOJOTUH B Ipolieccax pa3paboTKu MecTopoxaeHui» (r. Yda,
2017 1.); VI MexayHapoJHOM Hay4yHOM cuMIio3uyme «Teopus W TpakTHKa
NPUMEHEHUsI METOAOB yBennueHus: Hepreornaun miactoB» (r. Mocksa, 2017 r.);
HAy4YHOM CeMHHape Kadeapbl MexaHuku MHorodasueix cuctem Tiom['V (T.

Tromensb, 2018 1.)



Iyoaukamuu. OcHOBHOE cCOJAEp)KaHUE JUCCEPTAlMOHHON  paboThI
ommyosmkoBaHo B 10 paboTax, B TOM 4ucie B 2 CTaThsIX, BXOAAIINX B TiepedeHh BAK,
u 1 nyOnaukanuu B U34aHUH, BXOJSIEM B MEKIYHApPOJHbIE Oa3bl JaHHBIX.

Crpykrypa padorsl. J{uccepranroHHas paboTa COCTOUT U3 BBEACHUS, TISATH
IJIaB, 3aKJIIOYEHUS U CIIUCKA JINTEPaTypHl.

BbaaromapnocTn. ABTOp BbIpaxaeT TIiyOodaiimryro  OJarogapHoOCTb
HAYYHOMY PYKOBOJIUTENIO — 1.¢.-M.H., JoueHTy A.B. TaTocoBy 3a HEOLIEHUMYIO
BCECTOPOHHIOKO MOMOIIb B paboTe, 00CYKIEHUE PE3YJIbTATOB U MOAAEPKKY HpHU
HanucaHuu nuccepranuu; Bepmumunnay B.E. 3a npenocraBiieHHbIE IPOMBICIIOBBIE
JTAaHHBIE, LIEHHBIE COBETHl M KOHCYJbTAllMU N0 PSAAY PACCMOTPEHHBIX B padoTe

BOTIPOCOB.
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1. T'nmaBa 1. O030p JauTepaTypsbl

1.1. 3amacsl Ts12KeN10i#i HeTH HA MecTOpPOKAeHusAX Poccun u mupa

[To oOmenpuHATON W MIMPOKOPACHPOCTPAHEHHOWM B MHPOBOM MPaKTUKE
knaccudukanuu [3] TsoxensiMu cuutaroTes HedTH ¢ oTHOCTBI0 920-1000 kr/M° n
Bs3koCThIO OT 10 10 100 cll3, cBepxTsmkensiMu — ¢ BsizkocThio oT 100 mo 10000 clls,
OMTyMaMH — TBEPJbIE WJIM CMOJIONOJOOHBIE YIJIEBOJOPOABI C BS3KOCTHIO BBIIIE
10000 cII3 u mnotHocThio Bbime 1000 kxr/m®. MHOruMe aBTOpPBI TSKENblE M
CBEpXTsiKeNble HeTH OOBEAMHSAIOT IMOJ HA3BAHMEM BBICOKOBSI3KME HE(TH WU
TspKesbie HedTu. byem B nanbHelineM npuiepKuBaThCsa JaHHOW KiacCU(pUKAIIIH.

Oxkono 11% MHUpOBBIX 3amacoB BBICOKOBSI3KMX He(dTEH pacoioxKEHO Ha
teppuropun Poccuiickoit @eneparnmu [1]. Poccust 3aHuMaeT TpeTbe MECTO Mocie
Kananpet 1 Benecysnbl Mo BenWYMHE M3BICKAEMBIX 3aMacoB TSKENOW HeDTH.
DU3NKO-XUMUYECKUE CBOMCTBA TsKEIOM HEDTH U TEOJOTHMUECKHE YCIOBUS €€
3ajieraHusi Ha MecTopoxaeHusx Poccum u mMupa otmmyarores [1,4,5]. CpaBHenue
CpEeIHUX CBOMCTB BbICOKOBA3KOM Hedptu Poccum, Kananer u Benecyanbl ObL1o
npoBeficHO B pabote [1]. Pesynbrarhl aHammsa oOMIMPHON BBIOOPKH 00paslioB
Heptu HWucturyra xumuum Heptu CO PAH mnpuBenenst B Tabmuma 1. Ha
OonpIIMHCTBE MecTopoxkaeHu Poccun BsizkocTh HedTH He npeBbimaet 1000 cllsz.
Tak, nHanpumep, B Boaro-Ypamnsckom HedTera3oHocHoM OacceiiHe cpeaHsis
BS3KOCTH TspKeson Hedtu cocrapiset 310 cllz, B 3anagno-Cubupckom dacceitne —
140 cII3. B Kanane u Benecyasuie 3aneraer 60Jb110€ KOJTUYECTBO MECTOPOKICHUN
OUTYMOB, CpeIHss BA3KOCTb TSDKENOM HETH B 3THUX CTpaHaX CYIIECTBEHHO BBIIIIE,
yem B Poccun, u cocrasnsger nopsnaka 30000 cll3. Takxe oTnuyaroTcst U TiTyOUHBI
3ajieranusi  MectopokaeHui. [logaBnsroniee OONBIIMHCTBO  MECTOPOXKIACHUN
Tsokenoil Heptu Poccum 3aneraer Ha rimyOunax 1000-2000 M. 3HauyuTenbHOE
KOJIMYECTBO MECTOPOKJICHUH BbICOKOBs3KOM Hedrn Kanampr (43%) 3aneraet Ha
rnyoune menee 1000 M. OTUM Takke OOYCJIOBJIEHO OTIMYME CPEIHUX 3HAUCHUI

IJI1aCTOBOI'O AJABJICHHA U TCMIICPATYPHI.
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Tabnuna 1. CpaBHeHHe cpeAHUX (HU3UKO-XMMHYECKUX CBOWCTB TSKeNIol HeTH Ha

MecTopoxaeHusIX Poccnn 1 mupa [1].

DuU3HKO-XUMHYECKHE
Kanana | Benecysnia | Poccust
NMoKa3aTesu
[110THOCTD, KI/M° 942.6 936.6 916.9
Bs3kocts, cll3 37 091 27 182 441
Coneprxanue napahuHoB, % Mac. 1.37 1.30 3.46
Conepxanue cmoi, % Mac. 29.1 24.6 18.2
Coneprxanue acanbTeHoB, % Mac. 12.3 8.5 5.0
I"azoconepsxanue B HeTH, M3/T 38.3 60.0 29.0
Temneparypa miacta, C 52.7 31.5 39.1
IInacTtoBoe maBineHue, Mima 33.5 24.6 162.3
I'myOuna 3aneranus
> 1000 m 43 17 25
1000 — 2000 m 28 28 59
2000 — 3000 m 2 33 13
> 3000 m 27 22 3

J10J1s TSIKENBIX YIIIeBOIOPOIOB B CTPYKTYype 3anacoB P nocTossHHO pacrer,
OJTHAKO TEMITBI MX pa3pabOTKU HECKOIBKO OoTCTaloT [6]. B HacTosiiee BpeMs: BBHIY
HU3KON peHTa0enbHOCTH pa3paboTku Tsokenble Hedptu B Poccun, kak npaBuio,
OTHOCSAT K aJbTEPHATHBHBIM HMCTOYHHMKAM  YIJIeBOAOPOJOB. Pa3paboTka
MECTOPOXKACHUMN BA3KON HE(TU 3a4acTyrO0 OCIOXKHEHO HU3KOW MPOAYKTHUBHOCTHIO
BBICOKOH OOBOJHEHHOCTBIO

CKBa)XWH, HHN3KHMH 3HA4YCHHAMU He(bTeOTI[a‘-II/I,

JTOOBIBAIOIIIETO HEOOXOIUMOCTBIO  HMCIIOJIH30BAHUS

dbonna, CHIeUATIBHBIX
TEXHOJIOTUIA JOOBIYM, TPAHCTIOPTUPOBKHU U MEepepadbOTKH TsKeaou HepTH. AHaIU3
COCTOSIHUS ~ pa3pabOTKu  KPYMHBIX

MGCTOpO)K,Z[eHI/Iﬁ HCTpAaAULIMOHHBIX

yriaeBoopoaoB B Poccuu mMokaspiBaeT, YTO MX IOTCHIMAT HCIIOIb3yeTCs
HEJIOCTAaTOYHO, a TEKymuid KOd(PUIMEHT W3BJIeUeHHs HeDTH HIDKE, YeM Ha
MupoBbIX aHanorax [7]. Ilo ganabiM [1] 3a cdyeT OCBOCHHMS MECTOPOKICHHIA
BBICOKOBSI3KOM He(PTH ITOMOJHUTENIbHAsT 100bua HEePTH cocTaBuia OBl OKOJIO
25-30 muH. T. exerogHo. Takum oOpa3oM, pa3BUTHE METOJOB YBEITUYCHUS

HeTeoTnaun U MHTEHCU(UKAIMKA JOOBIYU BSI3KOM HEPTHU CTAaHOBUTCS OCOOCHHO

AKTyaJIbHBIM.
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B T0 ke Bpems TupakupoBaHHUE TEXHOJIOTUH, 3apEKOMEHI0BABIINX CeOs Ha
mecTtopoxkaeHusx Kanaasl u Benecyaibl, mpobieMaTHYHO U3-3a pa3indus PU3uKo-
XUMUYECKUX CBOMCTB HE(PTEH M reoJIOTMYECKUX YCIOBHH 3aneranus. Tpedyercs
pa3paboTKa HOBBIX H  YCOBEPUICHCTBOBAHHE KJIACCHUYECKUX  TEXHOJIOTUH

WHTEHCU(UKAIIUU TOOBIYN BSI3KOW HE(PTH.

1.2. Metoabl uHTeHCUPUKAIUY T00bIYH TsiKe10i HedTH

B nepByio ouepenb, METOJbI BO3JACUCTBUS Ha IJIACTHI C TSXKEIOW HEDTHIO
HaIpaBJICHHbI Ha CHIKEHUE (DUIBTPAIIMOHHBIX COMPOTUBIICHUH, CBA3AHHBIX KaK C
BBICOKOWM BSA3KOCTBIO J0OBIBaeMoOro ¢irwoujaa, Tak U C BbINaJeHUE U3 HEPTH
ac¢aabTEeHOB, CMOJI U MapauHOB B NMpU3aO0NWHON 30HE IJIacTa, B Ha3eMHOM M
BHYTPUCKBOKEHHOM O0OpPYJ0BaHUH. TpaJIUIIMOHHBIMH, MOKa3aBIIMMH BBICOKYIO
7¢h(HEeKTUBHOCTH Ha MeCTOpOXKAeHUsAX KaHaapl sSBISIOTCS MapOTEIUIOBBIE METObI
BO3JICUCTBUSI HAa He(TSIHBbIE IUIACThl. AHAIM3 JMTEPATyPHBIX HCTOYHHKOB
MOKa3bIBAE€T, YTO MNPUMEHEHUE MMAPOTEIUIOBBIX METOJOB Ha MECTOPOKICHUSIX
Poccun conpsikeHo ¢ psAIoM TPYIHOCTEM:

e Bricokue 3aTpaThl, CBSI3aHHBIE CO CTPOUTEIHLCTBOM MApPOTCHEPUPYIOIIUX
YCTAaHOBOK, C OOOpYyJOBaHMEM CKBaXMH M HAa3eMHBIX MapoONpPOBOOB
TEIUIOM3OJALIMOHHBIMA ~ TOKpBITUsIMH.  KanuTanbHble — 3aTparbl  Ha
CTPOUTEIBCTBO HEOOXOAUMOM JIJISl 3aKayKy Napa MHQPACTPYKTYpbl, a TAKXKE
OTEpAIlMOHHBIE 3aTpaThl Ha DJJIEKTPUUECKYI0 U TEIUIOBYID DHEPIHIO
COCTABJISIIOT 3HAYUTENIBHYIO YacTh 3aTpar [8].

o [lpu ABMXKEHUM TOPSYETO TEIJIOHOCUTENS B HA3EMHBIX TPYOOIPOBOAaX U BO
BHYTPHUCKBOXKMHHOM 00OpPYJAOBaHWU HEU30€KHO MPOUCXOAT MOTEPU Teria.
[lone3Hass »Heprus TpaTUTCS HA TMPOTPEB OKPYXKAIOWIEH Cpenbl WU
OKpYXaloIed CKBaXXWUHY TOpOAbI, BcieAacTBue uyero cHuxkaerca KIIJI
oOpabotok. B pe3ynbrare, mpUMEHEHHE MapOTEIUIOBBIX 00pabOTOK, Kak
npaBuio, orpanndeHo rayouroi 1000 m [9-10], uro cooTBETCTBYET BCETO

25% 3amacoB TsDKENBIX yriieBogaopoaoB PO (Tadnwuma 1).
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e HepaBHOMepHOE BO3JEHCTBUE HA MPHU3a00HHYIO0 30HY IJIACTa, CBSI3aHHOE C
MObEMOM Tapa K KPOBJIE IJIACTA, a TAKKE C HU3KOM HACBIIIEHHOCTBIO apOM
B 00pabaThiBaeMoOii 30HE, BBUJY CYIIECTBEHHOTO pa3inyus BI3KocTel HeDTH
U mapa.

e 3akauka BOJbI B IPUCKBRXUHHYIO 30HY MOXKET MPUBOJUTH K CYIIIECTBEHHOMY
CHI)KEHUIO TMPOJYKTUBHOCTU 1O HedTH, U3-3a CHIDKEHUS (pa30BOM
nponuaemoctu [11].

B cBf3M C yKa3aHHBIMM HEJOCTATKaMHU IIOBBIIIAETCS HMHTEPEC K
WCIIOJIb30BAHUIO AJIbTEPHATUBHBIX WM KOMOMHHPOBAHHBIX METOJ0B 0OpabOTKH.
Jlanee B rJaBe pacCMAaTPUBAIOTCS HEKOTOPBIE MEPCHEKTHBHBIE TEXHOJIOTHH,
3aMEHSIOIIME WM TOBBIIIAOIINE 3()PEKTUBHOCTD MAPOTEIMIOBOTO BO3IEUCTBUS Ha
IPUCKBAXUHHYIO 30HY.

B pab6ote [12] mpemmaraercs 060pya0BaTh CKBaXXKHHBI ITapOTeHEPATOPaMHU.
[Tap co3maercs Ha 3aboe oOpaOaThiBa€MbIX CKBaXWH, CJIEJI0BAaTENIbHO, HE
MPOUCXOJIUT TEIJIONOTEPh MPH JBIXKCHHUH Mapa B CTBOJIE CKBRXXUH M B HA3eMHOMU
uH(ppacTpykrype. IlpenMyniecTBOM MpeaiaraeMoro MeEToJa TakXKe SBIsETCA
HarHeTaHUE OJJHOBPEMEHHO C MapOM MPOJYKTOB CrOpaHUs TOIUIMBA, B YACTHOCTHU
YIIEKHUCIIOro ra3a. PacTBopsisick B HEPTH, YIJIEKUCIBIM ra3 CHUXKAET €€ BS3KOCTb.
[Tpu oOpaboTkax kapOOHATHBIX KOJUIEKTOPOB BOJIHBIN PAcCTBOP YTIEKHCIIOTrO rasa
BCTyHaeT B peaknui ¢ KapOoHaTamMH, YBEJIUYMBAs  MPOHUIIAEMOCTh
MPUCKBAXXUHHOW 30HBI. Takum o0pa3oM, d3(PGEKTUBHOCTh MAPOTra30BOT0
BO3/ICICTBUS OKa3bIBA€TCS BBILIE TPATUIMOHHBIX MAapPOLUKINYECKUX 0O0pabOTOK.
OI1ICHOYHBIC TEXHHKO-DKOHOMHYECKUE pacdeThl [12] mMOKa3bIBalOT BBICOKYIO
3¢ (HEKTUBHOCTH NPUMEHEHUS JAHHOTO METO/Ia.

Bbonpmioe KOJIMYECTBO pabor ITOCBSILEHO UCITIOJIb30BAHUIO
BHYTPUCKBOXMHHBIX  Harpesarened. B pesynbrare  mpoTekaHuss — 4epes
YCTaHOBJICHHBIN HA 3a00€ CKBaXHMHBI HATPEBATEIb BBIJEISETCS TEIJIOBAst SHEPTHSI,
HarpeBaromas HePTIHOM IIacT W cojaepxamuecs B Hem (mounsl. TertoBas
oOpaboTka ofecreuynBaeT TNpEAYNpPekKIeHHEe o0pa3oBaHUsS U yJaJeHUE

napaMHUCTHIX OTJOKEHUM BHYTPU CKBAKUHBI U B MPU3a00NWHON 30HE ILUIACTa,
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MOBBINNICHUE (UIBTPAITMOHHBIX CBOWCTB ILIACTA, CHIDKCHHE BSI3KOCTH HE(PTH.
CymiecTByeT  HECKOJBKO  Pa3HOBUAHOCTEM  TEXHOJOTHMHU:  AJIEKTPOJIHBIC
AIIEKTPOHArpeBaTellu, UHIYKIIMOHHBIE AJIEKTPOHArpeBaTEINH,
AJIEKTPOTa30XMMHUYECKUe HarpeBatenu. B pabore [13] mpoBomutcs 0030p
UCCJIEI0BAHUM, TOCBAIEHHBIX 100BIUE BA3KON HEPTHU C TOMOIIBIO AJIEKTPUUECKOTO
HarpeBa. [loka3aHo, 4YTO  psA  OMNBITHO-NIPOMBIIUICHHBIX  HUCIIBITAHUHN
CBUJICTEIBCTBYET O BBICOKOM MEPCIEKTHBHOCTU JaHHOro meroia. Hampumep, B
padotax [14,15] omuceIBacTCS TEXHOJOTHS BO3IACHCTBHUS Ha MPU3a00MHYIO 30HY
iacTta 3JeKTpoHarpeBareasiMi, 3((GEKTUBHOCTh BO3JICHCTBUS MOATBEPKAACTCA
TTPOMBICTIOBBIMU HCITHITAHUSIMU.

B nocneanee Bpemst 0oJbloe 4uciao paboOT, MOCBAIIEHHBIX YBEIUYEHUIO
3¢ (HEeKTUBHOCTH  MApOTEIIOBOTO  BO3ACHCTBHS, HANpaBICHO HA Pa3BUTHE
KOMOMHUPOBAHHBIX METOJIOB BO3/IEUCTBHSI, COUETAHNE 3aKAUKH TTapa C Pa3IMIHbIMU
GU3BUKO-XMMUYECKUMH  00pa0OTKaMM  TMPUCKBOXXUHHOW  30HBI. 0630p
KOMOWHUPOBAHHBIX METOJOB IMOBBINICHUST HePTEeOTHaun MpoBeeH B padote [16].
PaccmaTpuBaroTcst ciieqyromue TEXHOJOTHMH: TEPMOIOJIMMEPHOE 3aBOJAHEHEHUE,
TEPMOIIEIOYHOE  3aBOJHEHME, 3aKadyka Tapa C pacTBOPUTEIEMH H C
neHooOpaszyoummMi  Jo0aBKaMM, [aporazoBoe€  BO3JCHCTBHE, KOMOWHALUs
TEIUIOBOTO M XUMUYECKOTO BO3JICHCTBUSI.

B [17] npoBoauTtcst 0030p TEPMOXMMHUYECKHX METOAOB, OCHOBAaHHBIX Ha
COUETAaHWU TEIUIOBOTO M XHMHYECKOTO BO3JAeWcTBUS Ha miact. Hccrmemyercs
1eJIeCO00Pa3HOCTh MPUMEHEHHSI a30TOCOACPIKAIINX COSTUHEHHM, KOTOPBIE IITMPOKO
UCTIONB3YIOTCSI B KAaueCTBE CENbCKOXO3SMCTBEHHBIX YIOOpEeHMI: KapOammuna
(CO(NH,),), wuwurpur ammounus (NH,NO,), wuurpur Hatpus (NaNO,),
yrieammoitnbie coau ((NH,),C05 + NH,HC03). Ilo pe3ynbTataM 1ab0OpaToOpHBIX,
MIPOMBICIIOBBIX HCCIICIOBAHUN M TUIPOJUHAMUYECKOTO MOCIUPOBAHUS HAIOTCS
CJICAYIONINE BBIBOBI I HeTel Sperckoro u Y CHUHCKOTO MECTOPOKICHUM:

e ISl BBITECHEHWsS HEPTH W3 IJacTa TNPH HHU3KHX TEMIIepaTypax

PEKOMEHJIyeTCSl  WCHOJIb30BaThb  PACTBOPbl ~ HUTPUTA  HATPUSA  WIH
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VIJIEAMMOHUMHBIX COJIEd HU3KOM KOHUEeHTpauuu (1o 2%), Tak Kak 3TH

pacTBOPBI UMEIOT BhIIIE KOAPHUIIUEHT BHITECHEHHS 10 CPABHEHUIO C BOJIOM;

e no00aBlieHHE XUMUYECKUX PEareHTOB IPU TEMIIEpaTypax BbIIIE TEMIIEPATYPbI
UX Pa3NOoXKEHUs MPUBOAUT K 0Opa30BaHMIO B IJIACTE YTIEKHUCIOTO Tra3a u
HIEJIOYH, TTOJOKUTEILHO BIUAIOIINX HA MPOLECC BRITECHEHUS HEPTH,

e i1  TOBBIMICHUS  A(PPEKTUBHOCTH  MAPOLMKINYECKHMX  00paboTOK
PEKOMEHJIyeTCsl 3aKayuMBaTh B NPHUCKBAXKMHHYIO 30HY 10% pacTBOp
KapbamMuga WM JPYruX a30TOCOAEP/KAIIMX PacTBOPOB, TEMIIEpaTrypa B
IJ1acTe JI0JKHA OBITh BBILIE TEMIIEPATYPHI Pa3I0KEHUS pEareHTOB.

B [18,19] mnokazana mEpCHEKTUBHOCTH WCIIOJIB30BAHUS KOMIIJIEKCHBIX
TE€XHOJIOTH, OCHOBAaHHBIX Ha YE€pPEJOBAHUU 3aKauKHu napa U (PU3MKO-XUMHUECKOM
Bo3aeiicTBuM. OnuChbIBa€MbII METOJ COCTOMT B IPOBEAECHHUU 00pabOTKU
pU3a00MHON 30HBI CKBAKUHBI IYTEM 3aKAUKH B IJIACT CIEUUAIBLHON KOMITO3ULIUN
Ha OCHOBE TNIOBEpXHOCTHO-akTHBHbIX BemecTB (I[IAB) wnmm Ha ocHOBe
reqeoOpa3yromeld  KOMIO3ULMU.  3aKayaHHbIE  KOMIIOHEHThl  OJIOKHUPYIOT
BbIpaOOTaHHBIE BBICOKOTIPOHHUIIAEMbIE 30HBI nacTa, o0ecreunBas
nepepacnpeseneine (GuiIbTpallMOHHBIX TOTOKOB B IiacTe. MeToj ycheuHo
NPUMEHSJICS KaK CaMOCTOSITENIbHBIM, TaK M B COYETAHWU C MapOTEIIOBBIMU
00paboTkamu, CIOCOOCTBYSI YBEIMYEHUIO KOI(PHUIIMEHTAa 0XBaTa IJIaCTa MapOM.
[IpuMeHeHne TEXHOJOTUM COBMECTHO C MAapOTEIIOBOM 0OpaOOTKOW MPUBOIUT K
YMEHBUIEHUIO 0OBOAHEHHOCTH MPOAYKIMU U YBEJIMYECHHUIO JEOUTOB HEPTHU IMOCIHE

MPOBEJCHUS BO3JACHCTBHS.

1.3. Metoabl 00padoOTKM NPUCKBAKUHHOW 30HBI TEMJIOBbIAEISTIOUIUMH

OMHAPHBIMH CMECAMU

OnHrM W3 TEpCIEKTUBHBIX — SIBIIAETCS  METOJA  BO3JCWCTBHS  HA
IPUCKBAXUHHYIO 30HY OMHApHBIMH CMECSIMH, OCHOBAaHHBIM Ha 3aKauke Ha 3a0oi
CKBQXMHBI BOJHOIO pacTBOpa AaAMMHUAYHBIX WM OPraHUYECKUX COJIEM C

WHHIIAATOPOM PEAKIMH PA3TIOKEHHS (THIPUTHI METAJUIOB Wil HUTpUT HaTpus) [20].
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OcHOBYy OMHAPHOW CMeCH, KaK MPaBUIIO, COCTABIIICT aMMHAYHAs CETUTPA — HUTPAT
ammonust (NH,NO3), KOTOpBI pa3znaraercs Ha a3oT, KUCIOPOA M BOAY IOJ
JIEWCTBUEM BBICOKOU IIJIACTOBOM TeMIlepaTypsl 1 uHunuatopos: NH,NO3; — N, +
2H,0 + 0.50,. CymecTByloT OMHapHbIE CMECH, OCHOBHBIM KOMIIOHEHTOM KOTOPOM
SBJIICTCSI OpTraHWYecKasl CeJIuTpa, Hampumep, MOHOATaHOoMaMuHHHUTpaT (HO —
CH, — CH, — NH3NO;), peakuus pa3joXeHHS KOTOPOTO IIpoTeKaeT Oosee
crabmibHO [21]. HecMoTpst Ha TO 4TO OMHAPHBIE CMECH MPUMEHSIOTCS Ha IPAKTHUKE
c 1982 roxa, 10 2011 r. 06pabOTKX IPOBOAMIKCH B HEYIIPABIIIEMOM PEXKUME, U3-32a
B3pPBIBOONIACHOCTH PEAreHTOB COrjacHO TpeboBaHusAM PocTexHan3opa B CKBaXUHY
3aKauMBaJIOCh He Oojiee 1 ToHHBI cenuTpsl [22]. [Ipu nanHOM criocobe 00paboTKH B
CTBOJIC CKBRKWHBI WHUIIMUPYETCS B3PHIB, B PE3yJbTaTe KOTOPOTO BBIACISICTCS
OOJIBIIOE KOJIMYECTBO ra3a M CO3JAETCS BBICOKOE JABJIEHUE Ha 3a00€ CKBA)KHUHBI.
MexanusM  BO3zeHCTBHSI ~ OMHApHOM  CMeCH  TpU  OTOM  aHAJIOTHYEH
TEPMOTA30XUMHUYECKUM METOJIaM BO3JCHCTBUS C HCIIOIB30BAHUEM PA3TMIHBIX
B3pbIBUaThiX BemecTB [23]: mopoxa [24,25], paketHoro TtormmBa [24,26],
KOMITO3UIUI cepbl ¢ umHUIMaropamu [26,27] u ap. OxaspiBacTcs (GuU3HUECKOE
BO3JICHCTBUE Ha TMpU3a0OWHYI0 30HY IUIacTa — BOJU3M CKBAXKHUHBI IOPOJIA
paspymaetcs, (opmupyercst 30Ha pactpeckuBanus [23]. CymiecTBeHHOE
MOBBIICHUE  MPOMYKTUBHOCTH TPH  TEPMOTA30XMMHYECKOM  BO3JCHCTBUU
HaOMroAaeTcsl AJil CKBAKUH C BBICOKMM CKUH-(AKTOPOM, TaK KAaK B pe3yJbTaTe
00pabOTKH MPUCKBAXMHHOM 30HBI yCTpaHseTcs KojabMmaranus [23,25,28 | .

B 2010 r. 6p11a pa3paboTaHa TEXHOJIOTHSI HETIPEPHIBHOIO KOHTPOJISL TO1a4u
pEareHToB B CKBAXKHMHY M TOJy4YeHO pasperieHue PocrexHaazopa Ha 3akauky
peareHTOB Oe3 orpanuucHus macchl [22]. [IpuMeHeHHe MaHHOW TEXHOJIOTHH JIJIs
00pabOTKM CKBaXXMH YCHHCKOTO MECTOPOXKICHHs ommcaHo B paborax [29,30].
[Togaua pearentoB npoBoaunack 1o AByM otaeibHbiM HKT. Ckopocth 3akauku
KOHTPOJIMPOBAJIACH C MOBEPXHOCTH, MCXOJS W3 IMOKa3aHW 3a00MHBIX JAaTYMKOB
TEeMIIepaTyphl U 1aBiieHus. B mensx 6e30nacHOCTH yepeoBaiach mojaada pereHToB
1 BOJHBIX «IPOKJIAIOK Oe3omacHOCTHY. B ckBakuubl Ne1242 1 Ne3003 Y cuHcKOTO

MECTOPOXKACHHS ObUIO 3akadyaHo 20 T. aMMHUAaYHOM CETUTPBI U 9 T. HUTPUTA HATPUS.
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HomnonuurensHass no0bya HedTu 3a 3 Mecsina Ha OOpaOOTAHHBIX CKBa)KMHAX
cocrtasuia 700 T.

Merton 3akauku OmHapHbIX cmecei B 2008-2013 rr. Obu1 onpoboBaH Ha 22
CKBRXHMHaX Ha 9 MecTopoxaeHusix. B pabore [2] mpuBenena craTucTuka
IPOBE/ICHHBIX ONBITHO-IPOMBIIIICHHBIX UCIIBITAaHKH (Tabmua 2). OTMedaeTcs, 4To
Ha MPpU3a0O0iHYI0 30HY OKAa3bIBAETCS KOMIUIEKCHOE BO3JICHCTBHE. B pe3yjIbTare
TEIUIOBOTO BO3ACHCTBHS IUIACT MPOTPEBAETCs, YCTpaHsSETCd KOoJbMaTallus,
OTJIOKEHUS TapaUHOB, B pe3y/IbTaTe MEXaHUIECKOTO BO3/ICHCTBHUS YBEIHUNBACTCS

TPCHIMHOBATOCTDb HpHCKBa)I(HHHOﬁ 30HBI.

Ta6J'II/II_Ia 2. CraTucTtuka OIIBITHO-IIPOMBINIJICHHBIX HCIIbITAHUHN 6I/IHapHI>IX cMece B

2008-2013 rr. [2].

Mapamerp 3HauyeHue

MUH Maxc Cp
[IponuraemocTb, MKM2 0.012 0.555 0.238
Bsi3kocth, Mmlla ¢ 2 700 242
O0neM 3akauku OMHApHOUM cMecH, M3 2.6 30 14
Hebut nedgtu 10 00padboTku, M3/cyT 0.5 37 5
OOBOTHEHHOCTH 710 00pabOTKH, %0 0 71 25
[IponomxurensHOCTh 3P deKTa, CyT 180 1000 424
[Tpupoct nebura HedTH, M3/CyT 33 542 136

B marente [31] mpennaraercs B KauecTBe OMHAPHOW CMECH HCIIOJIb30BaTh
BOJIHBIA PAcCTBOp IBYX coJicii: Hutputa HaTpus (NaNO,) u HUTpaTa aMMOHHS
(NH,NO3) c¢ nobaBiacHHEM KOMIIOHEHTOB-CTaOMIM3aTopoB. B paGore [32]
MOKa3aHo, YTO JIJIsl 3aKaYKU PEareHTOB B IJIACT TOJA00POM cocTaBa OMHApHOM cMecH
MO>KHO 3aMEJTUTh PEAKITUIO0 MEXKTY aKTUBHBIMU KOMITOHEHTAMU Ha WHAYKITHOHHBIN
nepuos, cocrapsitomuii or 30 Mun g0 2 4. Ilpu npoBeneHun oOpabOTKU
CMEIIMBAaHNE PEAareHTOB MPOU3BOIUTCS HAa YCThE CKBAKUHBI, 8 XUMUYECKAsI PEAKITUS
MEXIy HUTPUT-HOHOM M aMMOHUN-MOHOM HAYMHAETCS MOCIE 3aKauyKy PacTBOpa B

IJ1acrT:
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H+
NaNO, + NH,NO; — N, + 2H,0 + Q. (*)

CTaOnIBHOCTH 6PIH8.pHOfI CMECH TIO3BOJIIET O€30IMacHO 3aKadaTh €€ B

NPUCKBAXHUHHYIO 30HY. MHUIMAIMs peakuuu B IJIACTE IMO3BOJSIET 00paboTaTh

OonbIIMIT 00BEM TMOPOBI, YTO MOBBIIACT PHEKTUBHOCTH BO3ACHCTBUSA. Takum

06p&30M IMMOCJICAHUC NOCTHIKCHHUA B YIYYIICHUN XHMHUYCCKOI'O COCTaBa 6I/IHapH0ﬁ

CMECH IMOBLIIIAKOT B(I)CI)CKTI/IBHOCTI) BOSI[CﬁCTBHH H ITO3BOJIAIOT UCITIOJIB30BAaTh MCTO/,

OMHApHBIX CMecelt OoJiee MUPOKO.

MOXHO BBIIENTUTh CIEAYIONIME MPEUMyIIecTBa OWMHApPHBIX CMECEe 1o

CPABHEHUIO € KJIACCUYECKUMH MApOTEIIOBBIMUA 00padOTKaMHu:

MUHUMAJIbHBIE TIOTEPU PHEPTUU B HA3€MHOM U IMOA3EMHOM 000PYI0BaHUH,
MOJIE3HAs] PHEPIUsSl JOCTABISACTCS MPSIMO Ha 3a00i CKBa)XKMHBI B PacTBOpE
XUMHUYECKU aKTUBHBIX KOMIIOHEHTOB, CHUMAIOTCSI OTPAaHUYCHUS Ha TIIyOUHY
3aJIeraHusl I1acTa;

HE TpeOyeTcs MOMOJMHUTEIbHBIX KAaNUTAIbHBIX 3aTpaT Ha CTPOUTEIHCTBO
NaporeHepaTopoB W  MNaponpoBOJOB, Ha  OOOpYJOBaHMUE  CKBaXUH
TEIUIOU30JLIMOHHBIMU IIOKPBITUSAMU;

BO3MOXXHOCTh ~ NPOBOJUTH  €AMHUYHBIE OOpPa0OTKU  MEPEIBUKHBIMHU
MOOMJIBHBIMU YCTaHOBKAaMU;

KOMILJIEKCHOE  BO3JICHCTBUE HA  MpU3a0OWHYI0  30HY  CKBa)KWHBI:
BBIJICIISIIONICECS B XOAE PEaKIMU TEIUIO IPOrPEBAET IOPOAY, BBICOKOE
JIaBJICHHE B MPUCKBAXKEHHOM 30HE 00€CTICUNBAET MOBBIIICHUE €CTECTBEHHON
TPEIIMHOBATOCTHU KOJUIEKTOPOB, @ TAKXKE CO3/IaHUE HOBBIX TPEILVH,;
JIOCTYITHOCTh PEareHTOB, HCIOJb3yeMble€ B KaueCTBE OCHOBBI OWMHAPHOM
CMECH COJIM IIUPOKO TMPUMEHSIOTCS B CEIILCKOM XO3SHUCTBE (HUTpAT
aMMOHHSI), B TMHINEBOM MPOMBIILIEHHOCTU W CTPOUTENBCTBE (HUTPUT
aMMOHHS).

B oTnuunm oT KIIACCHYECKUX TEPMOTa30XUMUYECKUX BO3IACUCTBUN PEAKIIUSA

HHUIUHUPYCTCA HCE B CTBOJIC CKBAXHWHBI, a HCIOCPCACTBCHHO B IIOPOBOM

MPOCTPAHCTBE, UTO IMO3BOJISET BO3/EHCTBOBATh Ha IUIACT OOJBIIMMH OObEeMaMu
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OwHApHOW cMecH, a 3HA4uT 00paboTarh OONBIIUI 00BEM MOpPOALI. Takke
MPOTEKAHUE PEAKIUM B TOPOBOM MPOCTpPAaHCTBE Oojee OE30MacHO, TaK Kak
WHULMAPOBAHUE PEAKIUU B CTBOJIE CKBAKMHBI MOXXET MPUBECTH K HAPYIICHHUIO
AKCILTYyaTAlMOHHOM KOJOHHBI CKBXKHHBI U 3aKOJIOHHOTO LIEMEHTHOTO KaMHS.

VYropoiieHHas — oneHka — 9Heprod@@eKTUBHOCTH  OMHAPHBIX  CMecei
TIOKA3BIBAET, YTO NPY 3aKauke 1 M° BOIBI C aKTUBHBIMU DPEAarcHTAMH B IUIACT
BHOcuTca 1900 K[k sHepruu. AHaIMTHYECKHE PAcUEThl MOKAa3bIBAKOT, YTO MpPHU
MapOTEIUIOBOM BO3JIEMCTBUM Ha IJIACT €CIM IIacToBas Temneparypa pasHa 30 °C,
to | kr mapa c temmneparypoir 250 °C u cyxoctsio 70% mnepemact moponue u
coneprkareiics B Helt Hedtu 2200 k/{x Terta. ['opsuas Boja ¢ Temmepatypoit 150
°C mepemact mopome 500 xJDx/kr Tteruta [9]. Takum o0paszoMm, ynaenbHas
3 PeKTUBHOCT, 00PA0OTKU CKBAKUHBI OMHAPHON CMEChIO Ha TOHHY 3aKayaHHOMU
BOJIbI COITOCTaBUMa € 3(P(HEKTUBHOCTHIO APOTEIIOBBIX 00PA0OTOK U CYIIECTBEHHO
NPEBOCXOAUT 3PPEKTUBHOCTD OT 3aKaUYKH TOPSTYEH BOJIBI.

MO0>KHO BBIACIHUTD CIAEAYIOIINE HETOCTATKA OMHAPHBIX CMECEH:

® BBICOKAsI CTOMMOCTb HCIIOJIb3YEMBIX PEAreHTOB, HAa OCHOBE IyOJUYHBIX

CMETHBIX JaHHBIX 1O CTOMMOCTH peareHToB [33,34], a Takke (aKTUIECKUX

croumocteld 06pabotku [30] mena 1 T OMHApHOW CMECH OIICGHHUBACTCS B

30 ThIC. p.;

e corjmacHo TpeboBaHuto PocrexHaa3zopa HEOOXOAMMO  HCIOJIb30BATH
CHEUATbHYI0 CUCTEMY KOHTPOJIS MOJIayd PEAreHTOB, MPU 3TOM CKBAKUHY
HY)KHO 000py/0oBaTh 3a00WHBIMU JaTYMKAMU JABJICHUS U TEMIIEPaTyphl,

CIIyCKaTh CIELUATIbHYI0 KOMIIOHOBKY.
1.4. AKTyaJbHOCTb HM3y4YeHHMs] TEXHOJIOTMH 00pPadOTKH NMPHCKBAKMHHOMN
30HbI TEIVIOBBIACISIIOIIMMHA OMHAPHBIMH CMECAMM

BbonbmIMHCTBO  pPacCMOTPEHHBIX B JAHHOM  TIJIaBE€  MCCIICJOBAHUMU,
MOCBSIIICHHBIX METOJaM MHTCHCU(UKAIMUA TOOBIYU BSI3KOW HE(PTH, OCHOBAHO Ha

7a00paTOPHBIX ONBITAX W/WUIW YNPOIIEHHBIX YHCIEHHBIX pacyeTax. Kak mpaBuiio,
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U3Y4YCHO JIMIIb HEOOJBIIOE YHCJIO ONBITHO-TIPOMBIIIUICHHBIX — HCIBITAHUM.
[IpuBeneHHBIC TOJNEBBIC WCIBITAHUS W PACYETHBIC JAaHHBIC CBHUJICTEIBCTBYIOT O
BBICOKOM TIOTEHITHAIIE PACCMOTPEHHBIX MeTojoB. OpHako 3((HEKTHBHOCTH
00pabOTOK OIEHUTH 3aTPYIHUTENBHO, TpeOyeTcs Ooee TT00anbHOE HCCIICIOBAHUE,
KOMIUTIEKCHOE pacCMOTpEHHE Jab0paTOPHBIX, MOJIEBBIX UCIIBITAHUN M PE3yIbTaTOB
(U3HKO-MaTEMATHUECKOTO MOJICTTHPOBAHUSL.

JuccepranmonHass paboTa TOCBSIICHA W3YYCHHUIO MEPCIEKTUBHOTO U
MIPEICTABIISIFOIIET0 HAYYHBI MHTEPEC METOa BO3JCHUCTBUSA HA MPUCKBKUHHYIO
30HY TEIUIOBBIACISIONIUMA OWHAPHBIMA CMECSIMHA. MeToJ OTHOCHUTCA K
KOMOWHUPOBAaHHBIM TEXHOJIOTHSM BO3ACHCTBHS HAa TIUIACT, OOecreunBast
TEII00apOXUMHUYECKOE BO3/IEHCTBHE HA MPUCKBAKUHHYIO 30HY.

TexHonoruss MCHOJB30BaHUS XUMHUYECKMX J00aBOK il  00paboOTKH
MPUCKBAXXWHHOW 30HBI mpuMeHsaeTcs eme ¢ 1980-x romoB. A3zoToconaepikaiiue
COCJIMHEHUS HCIIOJIb3YIOTCS KaK B KauecTBE J00aBOK K Mapy, JJiS MOBBIIMICHUS
kod(durreHTa oxBara M yBEIHMYCHHS YHEPTOCO ISP )KaHMS HarHeTaeMoro (irrona,
TaK M JUIS CaMOCTOSTENBbHOW 00paboTku mpu3aboiHoit 30HBI [17]. OmHako
MOCJICTHNE TOCTHKEHUS B YIYUIICHUH XUMHUECKOTO COCTaBa TETUTOBBIICIISIOIINX
OMHApPHBIX CMECEH U TEXHOJIOTUH 3aKaUKH aKTUBHOTO pacTBOPA B IUIACT TTO3BOJISIIOT
UCTIOJIB30BaTh METOJI OoJiee mmpoko [22,31].

PazpaboTka Ha OCHOBE 1aOOpPATOPHBIX M MPOMBICIOBBIX HCCIEAOBaHUMN
MaTeMaTUYeCKOW  MOJENM  BO3JEHCTBUS  HA  MPUCKBOXHUHHYIO  30HY
TEIUIOBBIJIC/ISIONIE XUMHUYECKU aKTUBHOM OWHApHOW CMEChIO, pa3paboTka
MPOTPAaMMHOTO  OOCCIIEYCHHMS I  MOJCIMPOBAHUS  TEIJI00APOXUMHUYECKHUX
00pabOTOK MO3BOJUT MOBBICUTH dP(HEKTHBHOCTH BO3JICHCTBHS, COKPATUTH 3aTPAThHI
Ha pa3BUTHE JAHHOTO METOIa, a TAK)KE Ha pa3pabOTKy HOBBIX (PM3MKO-XUMHUECKHIX
TEXHOJIOTUI UHTeHCU(PUKAIIUY TOOBIYN HEPTH.

3amaga 00 00pabOTKE CKBaKHWHBI TEIUIOBBIJCISIONICH OMHAPHON CMECHIO
TpeOyeT pacCMOTPECHHsSI HEU30TEPMHUYECKOW (UIBTpAlMM BOJHOTO pPacTBOpa
AKTUBHBIX KOMIIOHEHTOB B MOPHUCTON CPEJIe C yUeTOM XUMUUYECKHUX MPEBPAIICHUH,

OOYCJIOBJICHHBIX pPa3JIOKEHHUEM peareHToB. B Xole XUMUYECKOW peakiuu
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BBIJICIISIETCS] SHEPT UL, TPOUCXOJAUT U3MEHEHUE TEIIOBBIX IOJIEH, B HATPETOW 30HE
MPOTEKAIOT MPOLIECCHI MIABICHUA-KPUCTAITN3AIMU TBEPIbIX KOMIOHEHTOB HE(PTH,
napaduHoB. Takxke B 30HE PEaKIUU MPOMCXOAMUT BbIACICHUE Ta3a, YBEIMUCHUE
JABJICHUS, PACHIMPEHHE W YIIyOJieHWe €CTECTBEHHBIX M OOpPa30BaHHBIX BHOBH
UCKYCCTBEHHBIX TpeuuH. Ilpoucxoasiue mpoiuecchl OKa3bIBalOT BIUSHUE Ha
IPOHUIIAEMOCTh MOPOJbI, PU3NKO-XUMUYECKUE CBOMCTBa (PIIFOUIOB, HA MPOLECC
bunbTpanuu, Ha pe3yiabTaT U d3PPEeKTUBHOCTH 00paboTku. Takum oOpazom, AJs
OIKCaHUs BO3JCICTBYS Ha CKBAXXUHY HEPIOBBIACIIAIONIMMU OMHAPHBIMU CMECSIMU
HEOOXOJMMO  YYHMTHIBATh TEIUIOQU3MYECKUE XAPAKTEPUCTHKU TMOPOABI U
bunbTpyromuxcs (GIOUI0B, IMHAMUKY TEIUJIOBBIAEICHUS, KHHETUKY XUMHUYECKOU
peakuuu, JAMHAMUKY (a3oBoro-mepexona «HePTb — TBepAbIH napaduny,
IIPOUCXOAIIETO B MOPUCTOM Cpelie B HArpeTou 30HE. AKTYaJbHOCTb PELICHUS
JAHHOM 3aJaud HE BBI3BIBAET COMHEHHMs. Jlanee B IaBe NpPHUBENEH aHAIU3
CYILLECTBYIOIMX MMPOrPAMMHBIX IPOAYKTOB, O3BOJISIOIIMX PEIIATh JAHHBIN KJIacc

3aad4.

1.5. IlporpamMmMHble NPOAYKTHI JAJsi pacuera GpuibTpanuu B NOPHUCTOI

cpeae ¢ y4eTOM XMMHU4Y€CKHUX MpeBpalleHid.

HaunlGonee wu3BecTHbIe KOMMEpPYECKHME TUIPOJIMHAMUUYECKHE CHUMYISITOPBI
MJIACTOBBIX CUCTEM, TIO3BOJISIFOIIIE MOICTUPOBATh (DUIIBTPAIMIO B TIOPUCTOM Cpelie
C yueToM XuMHYeckux npespamienuii 3to: Eclipse 300, CMG STARS / GEM, RFD
tNavigator.

1. Eclipse 300 [35].

I'uaponunamuueckuii cumyssitop Eclipse 300 (E300) paspabatsiBaercs
xomnanuert Schlumberger. E300 mo3Bosisser MoJeiavpoBaTh HEU30TEPMHUYECKYIO
GbuIbTpaIKio B TOPUCTOMN TPEX MOJBIKHBIX (a3: BOJbI, HePTH U raza, U COCTOSIHUE
oJTHOM HenoABMKHOU TBEPAOH (a3bl. E300 — KoMIO3UITMOHHBIN CUMYIIATOP, PacueT
PAaBHOBECHOM KOHIECHTPAUMU KOMIIOHEHTOB YIJIEBOJOPOJIHOM CUCTEMBI B KaXIOW
¢da3ze MOXKeT ObITh OCHOBAaH KaK Ha KyOMYECKOM YpaBHEHHMM COCTOSIHUS, TaK W Ha

NpPEeABAPUTENILHO PACCUYUTAHHOM TaOnMuIEe 3HAaYEeHUH KOHCTAHT pPABHOBECHS
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(K-3nauenuit). Cumynsarop noanepxupaeT siBHbli IMPES-meron, amanTuBHBIN
HesABHbIM AIM-METOX M TOJHOCTBIO HESIBHBIM METOJ YHCICHHOTO pPELICHUs
YPaBHECHUN.

E300 mo3BoisieT MOAETMPOBATH XUMHUYECKHE MPEBPALICHUS MEXY
KoMIioHeHTaMu  ¢a3. [lomb3oBaTenb MOXET 3aJaBaThb CTEXMOMETPUUYECKUE
KOA(QPUIIMEHThl XMMHYECKOM peakuud MexXAy KOMIIOHEHTaMH, KOHCTAHThI
peaknuu, TETUIOBOH 3(dekT peakiuu. 3aBUCUMOCTh CKOPOCTH pPEaKIUd OT
TEeMIIepaTypbl PACCUUTHIBACTCS IO 3aKOHYy AppeHuyca. Monenb XHMHYECKOU
peaKuu MOKET OBITh HCIOJIb30BaHA JJIsl OMHCAHMS PAa3IMYHBIX TPOILIECCOB:
ropeHue, OHMOXMMHMYECKOE pa3JIokKEHUE, pachajg paJuoaKTUBHBIX TPacCepoB,
ocaxxJeHue u pacnaja neHsl. CyniecTBYIOT OTAENbHBIEC ONIMK JJI1 MOJEIUPOBAHUS
XUMUYECKUX METOJIOB YBEJIMYEHUS] HEPTEOTHAYM: MOJUMEPHOrO 3aBOJHEHUS,
3aBojHeHus ¢ ITAB, cmemmBaromerocss BBITECHEHUS, HATHETAHUS B IUIACT IIECHBI,
IIapOTEIJIOBOE BO3ACHCTBUE HA TUIACT.

B Eclipse 300 mMoxHO MCIOIB30BaTh MHOTOKOMITOHEHTHYIO MOJEIH BOJIBI.
KoHneHTpauss KOMIIOHEHTOB BJIMSIET Ha IUIOTHOCTh M BSA3KOCTh BOJHOM (ha3bl.
Takum 00pa3oM B KayecTBE KOMIIOHEHTOB BOJHOTO PAacTBOpa MOKHO 3aJaBaTh
IIOBEPXHOCTHO-AKTUBHOE BEILECTBO, IMOJMMEP WM IEHY. MHOIOKOMIIOHEHTHAas
MOJieJb BOABl MOXET OBITh MCIOJb30BaHa TOJIBKO JJISi pacdyeTra M30TePMHUYECKHUX
XAMHUYECKUX PEaKIUH.

2. tNavigator [36].

IM'uaponuHaMudecKuii CUMYJISITOP tNavigator pa3padarbiBaeTCs
oreuectBeHHOM kommanuedr Rock Flow Dynamics (RFD). Peanu3oBano
00abIMHCTBO Bo3MoxkHOCTel cumyisitopa E300. Mcnonb3yemast KOMIO3UIIMOHHAS
TEPMOXHUMUYECKAsi MOJIENb 00Jiee MPOCTasi, BO3MOKHO MOJIETUPOBATH (PUIIBTPALIUIO
B TIOPUCTOM cCpelie JKUJIKOW U Ta3000pa3HON  yrieBOJOpoAHOW  (a3sl,
HECMEIIMBAIOIIEHCS C YIJIEBOAOPOIHBIMU (Da3aMH OJHOKOMIIOHEHTHOM BOJBI U

COCTOSIHUE TBEP/10H (ha3bl, COCTOSAIICH U3 OJJHOTO KOMIIOHEHTA, KOKCA.
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3. CMG STARS / GEM [37].

Kommnanuss  Computer Modelling Group (CMG) pa3pabatbiBact
KOMIO3UIMOHHBIN cumyistop GEM u  TepMOKOMIIO3MIIMOHHBIN  CUMYJISATOP
STARS. Ilporpammusie npoayktsl komnanuu CMG sBisit0TCS TPOMBINITICHHBIM
CTaHJIApPTOM JJIsi MOJENHUPOBaHMSI JOObIMM TsDKEIOM HepTH U OUTYMOB.
[Tonnepskanpl akTyaJbHbIE (PU3NUYECKHE MOJAEIN IIMPOKOU3BECTHBIX TEIJIOBBIX U
(U3UKO-XMMHUYECKUX METOJIOB YBEIMUYEHUS HE(DTEOTHauH: MUKIUIECKONW 3aKauyKu
mapa, 3aBOJHCHHS IIapoOM, Iapo-IpaBUTAlMOHHOIO aApenHupoBanus (SAGD),
VAPEX-nponecca, BHYyTpUILIaCTOBOrO TopeHus, 3akauku IIAB, mneHsl, renei,
3aKauKW BOJIbI HHU3KON COJEHOCTH, JJIEKTPUYECKOTO TMOJO0rpeBa miacta. EcTb
BO3MOXKHOCTh HCIOJIb30BAaHUS MOJEIN XMMHMUYECKON peakuuHu Il ONHUCaHUs
IPOLIECCOB  CBSA3AHHBIX C  BBINAJEHUEM  acQaJbTEeHOB MW  MapaduHOB,

KOKCO0Opa3oBaHueM, BIHOCOM Tecka [37,38].

Takum 00pa3oM, pPacCMOTPEHHbIE TUAPOJUHAMUYECKHE CUMYISTOPHI
HaIlpaBJICHbl HA PEUICHUE THUIUYHBIX, YACTO BCTPEYAIOIINXCA HA MPAKTUKE 3a/1ad.
PeannsoBana BO3MOKHOCTb MO/JICJIUPOBAHUS MOMYJISIPHBIX,
IUPOKOPACTIPOCTPAHEHHBIX METOJIOB YBEJIMYEHUS HEPTEOTIA4yH, CBA3AHHBIX C
3aKaykoi mapa, noaumepos, [TIAB, u ap.

Bueapenue HOBBIX (puznueckux Mojened TpeOyeT U3MEHEHHUS MCXOIHOTO
IPOrPAaMMHOI0 KoJa. MMUHYCOM BCE€X KOMMEPYECKUX MPOrpaMM SIBIISIETCS
3aKpPBITOCTh UCXOJHOIO KO/, & 3HAYUT HEBO3MOKHOCTh BHECEHUS MOJIb30BATEIIEM
HEeoOXoauMbIX crneunduueckux ¢usnueckux wmoxenen. Ilonas3zoBareno ams
pemieHuss 3a7adyd  HEOoOXOJUMO WCHOJB30BaTh CYIIECTBYIOIINE, TUIUYHBIC
UHCTPYMEHTHI.

Tak xkak MeToJ BO3ACHCTBHS Ha IUIACT OMHAPHOM CMEChIO HOBBIM M HE
pacpOCTPAHEHHBI, B PAaCCMOTPEHHBIX CUMYJATOPAX HET BO3MOXKHOCTHU
paccuuTarh 3aKaykKy MHOTOKOMIIOHEHTHOTO BOJHOTO pPacTBOpa XHUMHUYECKHU
AKTUBHBIX KOMIIOHEHTOB C YYE€TOM JK30T€PMHUYECKON PEAKLUMU UX PA3I0KEHHUS, B

X0J1€ KOTOPOH MPOMCXOUT BBIJIEICHHE T'a3a U TEIUIA, PACHIMPEHUE CYIIECTBYIOLIUX
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¥ CO3/IaHME HOBBIX TPEIMH. 3a/layy O 3aKauke OMHAPHOW CMECH MOXKHO PEIIUTH
TOJIBKO B YIPOIIEHHOM BHJE, BBEJAs, HANpUMeEp, AOIMYIIEHHWE OO0 OTCYTCTBHUH
KUHETUKUA XUMHUYECKOHN pEaKINH.

N3-3a yka3aHHBIX HEJIOCTAaTKOB, @ TaKXE B CBSA3M C OOJBIIOW CTOMMOCTBIO
JULEH3UI KOMMEPUECKUX TUAPOIMHAMUYECKUX CUMYJISITOPOB AJIsl pELIEHUS 3aJa4n
O BO3JCHCTBUM Ha IUIACT OMHApHOW CMEChIO ObUI CO37aH COOCTBEHHBII
nporpammublii komruieke (IIK). PaszpaGoranssiii I1IK mo3Bossier MoaenupoBath
HEU30TEPMUYECKYIO (UIIBTPALIMIO TEIUIOBBIACISIIONIET0O MHOTOKOMIIOHEHTHOTO
BOJIHOTO PacTBOpa XUMUYECKU aKTUBHBIX KOMIIOHEHTOB B IIACTE C MapaduHUCTON
HEe(THIO. YUUTHIBAIOTCS PEAKIIMS Pa3JIOKEHUSI KOMIIOHEHTOB CMECH, HarpeB I1acTa
U cojJepkalmxcs B HeM (rougoB, (a3oBble MEPEXoabl B MOPUCTON cpene —
IpOLIECChl IUIABJIEHUA W KPUCTAUIM3ALMK TBEPABIX KOMIIOHEHTOB He(pTH,

napauHOB.
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2. 'maBa 2. Teoperudyeckne OCHOBbI mponecca (uibTpanuu
TEIVIOBBIIEJISIOIIEr0 BOJHOI0 PACTBOPA AKTHBHBIX PEAreHTOB € Y4€TOM
(a30BbIX EPEX0a0B U XUMUYECKUX MPEeBPallleHUI

Bompocel  MareMaTH4ecKOro - MOJEIUPOBAHUS  HEU30TEPMUYECKOU
MHOTO(a3HON (UIBTPAIII MHOTOKOMIIOHEHTHBIX (IIIOMIOB C y4eTOM (ha30BbIX
NEPEXOJI0OB U XUMHUECKHUX pEaklUil paccMaTpHUBAaIOTCS B KJIACCUYECKUX paboTax
Yekamoka 3.b. [39], Tecnroka E.B. [40], Hurmarynuna P.H. [41], ®enopoBa K.M.,
[MapadyrauHoBa P.®. [42]. UnTepec k mpoOiaemMe TOCTAaTOYHO BBICOK B CBSI3H C
OONBIIMM KOJMYECTBOM MPAKTUYECKUX 3aJad. 3aJayd HEU30TEPMHUECKOMN
bunpTpar ¢ (Pa3oBBIMH TEPEXOJaMU U XUMHYECKHMMH TPEBPAIICHUSIMU
BO3HHKAIOT MPH MCCIICIOBAHUY BbINIaIcHUH napadguHoB B HedTsiHOM 1uiacte [43],
IIPU UCCIIEA0OBAHNUH TOOBIYM HEPTH U3 KPOT€HOCOAEPKAINX KOJUIEKTOPOB [44], mpu
pacueTe BBINAJICHUS TUAPATOB B Ta30BbIX Iactax [45], mpu MoaenupoBaHHUU
KHCJIOTHBIX [46] 1 mapoTtemioBsix [47] 06paboOTOK.

PaccMoTpenHbie pabOThl OCHOBBIBAIOTCS HA (PYHIAMEHTAJIBHBIX YPaBHEHUAX
MeXaHUKH MHorodasHbeix cpen. OpHako pemiaemas CHUCTeMa YpaBHEHHM, Kak
paBuIo, (HOpMyIHpYyeTCs JUIsl KOHKPETHOW MpakTHUecKoM 3aauu. Mcnonas3zyemblie
IpU 3TOM JIOMYIIEHUsS MOTYT OBITh HE CIpaBeUIMBHI IS APYroi 3amaum. Tak,
HanmpuMep, BO MHOTHMX paboTax HE YUUTHIBAETCS 3aBUCHUMOCTb TEIIOTHI
XUMHUYECKON peaKIK OT TeMIepaTyphl U JaBJICHUs, TOTJa KaK PU PACCMOTPEHUU
GuIbTpallMK C YYETOM XHUMHYECKUX MPEBPALIEHUN ATOT 3PPEKT MOKET OBITh
3HAYUTEJIbHBIM.

B nanHoii rnaBe Ha 0a3e (QyHIAMEHTANbHBIX YpPAaBHEHUH MEXaHUKH
MHOTO(a3HbIX cpell (GopMymupyeTcsi MaTeMaTudeckas MOJeNb ABWKCHHUS B
MOPUCTON Cpefie TEIUIOBBIIEISIONIEr0 MHOTOKOMIIOHEHTHOTO BOJHOIO PacTBOpPA
(OMHapHOW CMeECH) C YYeTOM XHMHUYECKOW peaklud pa3joKEHUS aKTUBHBIX
KOMIIOHEHTOB, a TaKXe MpPOLECCOB KPUCTAUIM3ALUKA M IUIABJICHUS TAKEJbIX
KOMITOHCHTOB He(dTH, MmapauHOB, MPOTEKAIOIIMX B Harperoil 3one [48,49].
[TIpoBeneno 000CHOBaHUE HCTIOJIb3YEMBIX JIOIYILICHUM. 3aTeM I

paccMaTpuBaeMoi 3a71a4u POPMYIUPYIOTCS 3aMBIKAIOIIE COOTHOIICHHUS.
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CdopmynupoBaHHass B [aHHOW TJIaBe 3aMKHYTas CHCTeMa YPaBHCHHIA,
omuchIBarOmas  (GUIBTPAIMIO BOJHOTO pPacTBOpa XHWMHYECKH  AKTHBHBIX

KOMITOHEHTOB B I1acTe ¢ napaduHUCTON HETHIO MPUBE/ICHA B MPUIIOKEHUH 1.

2.1. OcHoBHbIe ypaBHeHus [48,49]

PaccmarpuBaercs dunpTparus tersoBslaenstomeid ounapuoit cmecu (bC) B
miacte ¢ napaduHUCTOM HepThi0. Bpigemsercs maTh (a3  CymecTBEHHO
OTJIMYAIONIUXCS TI0 CBOMCTBaM, YYacTBYIOIIMX B TEIJIO- MU MacCOOOMEHHBIX
nporeccax: 0 - ckener ropHOU mopossl, 1 - Boxa, 2 - HedTH, 3 - Ta3, 4 - TBEpABIU
napadun. Bognas ¢dasza mnpencraBisger coOoit  N;-KOMIIOHEHTHBIH PacTBOP
peareHTOB W TpoaykToB peakuuu. Hedtb coctoutr m3z N, = 2 KOMIIOHEHTOB:
1 - nerkuit u 2 - Tsokensld. TBepabld mnapaduH U ra3  CUUTAKOTCA
OJIHOKOMITOHEHTHBIMH.

B nmannoil guccepranMoHHOM paboTe TeYeHHWE B TOPUCTOM  cpelie
OMMMCHIBACTCS B paMKaxX OONICTIPUHATOTO IS TAaKWX 3a7ad KOHTHHYaJIbHOTO
Euler-Euler moxxona [41]. B paMkax 1aHHOIO MOIX0/1a MpEIonaraeTes, 4ro (a3l
MIPEACTABIISIOT COOON B3aMMONPOHUKAIONINEG KOHTHHYYMBI, IBI)KCHHE KOTOPBIX
MOIYMHACTCS YPaBHEHUSIM HEPa3pbIBHOCTHU. [[71s1 omucaHus MaccooOMEHa MEexIy
dazamu B pesynbTaTe (Ha30BOro Mepexoia Wik XUMUYECKON Peakiiui B ypaBHEHUS
T00aBJISIFOTCST TOTIOJTHUTEIbHBIC NCTOYHUKOBBIE cliaraembie. [Ipu pemenuun 3amad
bunpTpanu B mopuctoit cpeae nuddysus KOMIOHEHTOB (a3, Kak MpaBUiIO, HE
YYUTHIBACTCS.

OcHoBanHas Ha 0a3e (yHIaMEHTAIbHBIX ypaBHEHUN  MEXaHUKU
mHorodasHbix cpen [39-43] cucrema ypaBHEHHIA COXpaHEHHUST MACChl M SHEPruu (a3
U KOMITOHCHTOB B TIOPHUCTOM cpejie C YUETOM XHMHUYECKOW peakiuu U (a30BBIX

IIEPexXo0J0B UMECT BU:
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0 - -
a(mSiCikPi) + V- (Cixpitty) = Ji, i = 1,2,k = 0,N; — 1,

0
ET (ms3p3) + V- (p3u3) = J3,
0
a(m54p4) =]4»Z Cip = 1»2 s; = 1.
K i

4 3

0

3t (1 —m)poeo + Z ms;pie;| +V- Zpihiui =
i i

(2.1)

4
=V-|(1-m)k, + Z msS;K; | VT + hp (T — Toxt).
i

Hwxuane uHnekcsl i 1 k COOTBETCTBYET pa3IMYHbIM (pazaM U KOMIIOHEHTaM CMECH
COOTBETCTBEHHO; S; - JOJs IIOPOBOrO MPOCTpPAHCTBa, 3aHsiTas [-U (a3oi;
Cir - MaccoBas KOHIEHTpaiusi k-ro KOMIIOHEHTa B i-il ¢aze; u; - CKOpOCTh
¢bunbTpanuy; p; - IWIOTHOCTD; | - CKOPOCTh 00pa3oBaHUs Macchl BeulecTBa ((pa3bl
WM KOMIIOHEHTA) B €IMHUIIE 00beMa Cpelibl; M — MOPUCTOCTS, €;, h; - BHyTpeHHss
DHEPTUA U SHTAIBIUS; K; - KOODPUIIUEHT TEIIONPOBOAHOCTH, At - KO3 dULIUEHT
TEIUIOOOMEHAa MEXJAy IUIaCTOM M OKpPYXKalIIMMHU MopoAaMu. Temmeparypa
¢IronI0B M cKenleTa MOpoAbl B KaKIOW TOUYKE IUTacTa OJUHAKOBAa W paBHa T,
TeMIIepaTypa OKPY>KaIOIMIUX MOPOa paBHA Ty

OO6mwmit mepeHoc nepBoi U BTOPoit hasbl ONpenensieTcs CYMMUPOBAHUEM T10

KOMIIOHEHTaM:
o ) Ni-1
ms;p
%"‘ V- (p1uqg) = 2 Jik =J1
fe=0 (2.2)
3(msyp,) 1
2
. + V- (puy) = Z]Zk = J>
k=0
JBmwxenue a3 moguuHseTcs 3akony Jlapcu:
kk;
u; = ——Vp,i =13, (2.3)
Hi
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Wi - Ba3kocTh (aspl; k - abcodoTHasE TPOHHUIIAEMOCTh, k; - (a3oBad
MIPOHUIIAEMOCTb, P - AaBJieHHe. HenmnHeHbIMH claraeéMbIMH B 3aKOHE (PHITBTpAIAN
JUTS Ta30BOM (hasbl, CKAYKOM KalWJUIIPHOTO JABJICHHUS, a TAaKXKE TPaBUTAIIMOHHBIM

nepemMenieHrneM (a3 B esX YIPOUICHHs MpeHeOperaeTcs.

2.2. KuHeTHMKa XMMHYECKOH peakIuu

bunapHast cMech — BOJHBIN pacTBOp ABYX coJjicii: Hutpurta Hatpus (NaNO,)
u Hutpata ammonus (NH,NO3). Conu qucconuMupyroT B BOJe Ha HOHBL. PacTBop
COIEPKUT NATh KOMIIOHeHTOB: 0 - uncras Boga (H,0),1- NHf,2-NO3,3 - Na®,
4 - NO,. Mexay HUHTPUT-UOHOM M AMMOHHI-HOHOM HJIET 3K30TEPMUYECKas
xuMudeckas peaxius [50]:

NH} + NO; - N, T +H,0 + Q. (2.4)
Qg - Tertora peakiuu. BogHas dasza mocie OKoOHUaHUS XUMHYSCKOH peakiuu (2.4)
IpeacTaBiseT co00i BOAHBIN pacTBop HuTpaTa HaTpus (NatNO3).

B XuMHYEeCKON KWHETHKE HCIOJIb3YETCAd MOHIATHE CKOPOCTh XHUMHUYECKOU
pEeaKuny, j, — I3MEHEHUE KOJIMYECTBA BEILECTBA 3a €AUHUILY BPEMEHU B €AUHUILIC
oobema pactBopa. CrexwomeTpuveckue Kod(PQPUIMEHTH ypaBHeHus (2.4)
CBSI3BIBAIOT CKOPOCTh PEAKIMU j CO CKOPOCTSIMH pACXOJIOBaHUSI PEAreHTOB H

o0Opa3oBaHusI MPOAYKTOB PEAKIINH J

Ji1 =J1a=—J

Ji2=J13=0 (2_5)
. _dicu]
J10 ] J1k dt

rae [Cy] - MomsipHas KOHIEHTpamuss K-ro KOMIIOHEHTa B BOJHOM PacTBODE.

MOHHpHaﬂ N MaCCOBasa KOHOCHTpaHA CBA3daHbl COOTHOIICHUCM

Ci1kP1
Mj

[Cyi] = (2.6)

B enunune oObema MOPUCTONM Cpenbl 3a €IWHUIYY BPEMEHH PaCXOIyeTcs Jqj

aKTHUBHBIX KOMIIOHEHTOB OMHAPHOW CMECH:
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Jik = ms1Myyjix, k = 0,4 (2.7)
Macca BbIJIETUBIIETOCS B XOJI€ PEaKIUM r'a3a paBHa yObUIM Macchl OMHApHOUM cMecH

H oIIpCaACIACTCA CYMMHUPOBAHUCM 10 KOMIIOHCHTAaM:

N;-1

=) Jue = s = —ms,Myj 28)
k=0

CKOpOCTh ~ XMMHUYECKOM  peakuuu  TPOMOPIMOHATBLHA  MOJBHBIM
KOHIICHTpAIUSAM pearupyromux semiects [51]:
J = k1[C11]%[C14]*>. (2.9)
Ecau BemecTtBa (HUTPUT HATpHsl U HATpaT aMMOHHS) HAXOJATCS B pPacTBOpe B
PaBHOBECHBIX KOHIIEHTpAIlUSAX, TO WX MOJISIPHBIC KOHIICHTpAIlMd pPaBHEI.
O06o3HaYNM:
[Ci11]l = [Cial =y,
[Ci2] = [Ci3] = q,

Y - MOJISIpHas KOHUEHTPAIMS PACXOAYIOIIMXCS B XOAE€ XMMHUYECKOM PEaKIUU

(2.10)

PEareHToB, A - MOJISIPHAsI KOHLICHTPALUs HE NPETEPIEBAIOIIMX U3MEHEHHS B XOJI€
XUMHUUYECKON peakluu peareHToB. B maHHOW paboTe paccMaTpuBarOTCS TOJIBKO
OWHaApHBIC PACTBOPBI PABHOBECHOM KOHIIEHTpanuu. Toraa (2.9) MoxxHO nepenucarhb
B BUJIC:

Jj = kiy", 2.9y
a=a, +a, - TOPATOK XUMHYECKOH peakiuu, k; - KOHCTaHTa XUMHYCCKOU
peakiuu. 3aBUCUMOCTh CKOPOCTH XHWMHYECKOM peakluu OT TeMmieparypsl T
OIMCBIBACTCS ypaBHEHHEM AppeHuyca [51]:

k, = kyge ErR/RT, (2.11)
Muoxutens ki, XapakTepu3yeT 4acTOTy CTOJIKHOBEHHH pearupyrolux MOJIEKYJI
(noHoB), R - yHUBepcalibHasi Ta30oBasl MOCTOsAHHAas, Ep - 2HEpPTrHUs aKTUBALUU
xumuueckoil peakiuu. KoHctantel kqy, Egp, Temnora peakiuu Qp U TOPSIOK

peakiuy @ OMPENETSIOTCS B riaBe 4 Ha OCHOBE JTA00PATOPHBIX IKCIIEPUMEHTOB.
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2.3. Teoperuueckue OCHOBBI MaTeMaTH4eCKOro ONMUCAHUA

TePMOJAMHAMHYECKOI0 paBHOBeCHS «He(Th - TBepAblii apaduH»

TBepable OTJIOXKEHUS, BbINAAAIONIME B MpU3a00ilHOM 30HE TIUIACTA,
MPEACTABIAIOT co0oi cMmech mapadunoB, achampreHoB u cmon (ACIIO).
llapaguner — cMech H-aJIKAHOB M M30-JIKAHOB C YTJIEPOJHBIM YHUCIOM BbIlie 16.
Uuctele mapa@uHbl — 3TO TSHKENbIE KUAKOCTH WM TATYYUE TBEpJIble Tea.
TepmomuHaMuueckoe paBHOBecHe «HE(Th — TBEpABIA MapaduH» CYIMECTBEHHO
3aBUCUT OT TeMIeparypbl U clabo oT jaBieHus. [Ipu cHUXEHUU TeMIiiepaTyphbl
oOpa3yroTcs TEHTPhl KPUCTAJUTM3AIlMH, BOKPYT KOTOPHIX HAYMHACTCS POCT
napaduHoB. OTIEIbHBIC KPUCTAUTBI MOTYT CIIMIIAThCS U 0OpPa30BBIBATH TBEPIBIC
OTJIOKEHHUS.

Acpanomenvr  —  IIVMHHBIE  YIJIEBOJOPOAHBIE  LEMH, COJAEpIKAIIHE
apoMaTU4YecKue U HaPTEHOBBIC KOJbIA, OTIWYAIOTCA BBICOKOW CTEIMEHBIO
apoMaTUyHOCTH. UucThle ac(allbTeHbl MPEACTABISIOT COOOM MOPOIIOK YEPHOTO
nBeTa. AcanbTeHbl HaXOAATCA B HEPTU B BHUJIC MUILIEII, CO3/1aBasi KOJUIOUHYIO
cycnen3uto. CTaOMIbHOCTD TaKUX CYCTIIEH3UM CHIIBHO 3aBUCUT OT COJCPKaHUS CMOJT
¥ apOMATHYCCKUX COSTUHEHUHN B HEPTH. VI3MeHEHNE NaBICHUS, TEMIIEPATyPhl W
coctaBa HE(YTU MOXKET U3MEHUTH PACTBOPUMOCTH ac(aibTEHOB U MPUBECTU K UX
ocaxeHunto. Hambonee MHTEHCUBHOE BhINIaZicHNE ac(habTeHOB HAOI01aeTCs TIPH
naBieHUW HachimeHns. OCHOBHBIE MEXaHW3MBI OCaXICHHS acdaabTCHOB Ha
MOBEPXHOCTHU TIOPOJIBI — aJICOPOLIUS U MEXaHUYECKOE yIep KaHHeE.

Teopust TepMOAMHAMUYECKOTO PABHOBECHS XOPOIIIO pa3padoTaHa U OMHCaHa
BO MHOrux yueOHMKax [52,53]. Hekotopble TepMOIMHAMHYECKHE MO/ICIIH,
chOpMYIUPOBAHHBIC JJIs OTIOKECHUN MapapuHOB YCHEITHO MPUMEHSIOTCS TaKKe
JUIE  TPOTHO3UPOBAHMS BhIMajcHUS acanbTeHoB [52]. B  nmanHOW pabote
UCIIOJIB3YETCSl OJIHA TEPMOJAMHAMUYECKAsE MOJIEIh PaBHOBECUS «HE(MTH - TBEpAbIC

OTJIOKCHUA», IIPU 3TOM PACCMATPHUBAIOTCA TOJIBKO OTJIOXKCHUA Hapa(bI/IHOB.
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Bce TCPMOANHAMUYICCKUC MOJCIM OCHOBAHBbI HAa YCIIOBUH PABHOBCCUA —
PaBCHCTBC XHMMHNYCCKHUX IMOTCHIUAIOB KaXIAOI'O KOMIIOHCHTAa BO BCEX cba3ax. B

oOmiem ciayyae s HeTH, cocrosiiei u3 N, KOMIOHEHT:

Hok = Wsicr k = O N, — 1. (*)
HwxauMmu uHaexkcamMu 0 U s 0003HaueHbl HeTsHas (a3a u TBepAbld mapadux
COOTBETCTBEHHO, MHIEKCOM k - HOoMep KommoHeHTa. [l ymobcTBa BMecTO
XMMUYECKOTO TOTEHIMANa YacTO HCHOJB3YIOT JETy4ecTh ((hyruTHBHOCTH)
KOMIIOHEHTa f;;. YCJOBHE paBHOBECHs — PAaBEHCTBO JETy4ecTeld KaxKIoro
KOMITOHEHTA BO Bcex (pazax:

() - (2

T

fox = fsiwk = 0,N, — 1.

Jlns TBepAbIX (pa3 HE CYIIECTBYET YPABHEHUN COCTOSIHUS, CBS3BIBAIOIIMX

o0BbeM Tena, TeMIeparypy U naeieHue. [103Tomy npu BBIYUCIEHUN XUMUYECKOTO
NOTEHIMAJIA TBEPJAOTO TEJIA MCIOJIb3YIOTCS SKCIIEPUMEHTAIbHbIE XapaKTEPUCTUKN
npouecca IUJIaBJIEHMs: OSHTajbOus (a3zoBoro mnepexoaa Ahy, HU3MEHEHUE
TEIJIOEMKOCTH AcCj,, HW3MEHEHHE MOJIbHOrO o00bema Av, TMpu IUIaBICHUH,
temneparypa Tj 1 naBneHue p; (asoBoro nepexona. B oOmem ciayyae neTydecTb
KOMIIOHEHTa TBEPJIOTO Tejia OnpeneisieTcs no popmyse:

& fsk Ahk(l_l>_JTAﬁ<1_E+ln )dT+ij (***)
fok fok =P Tk T R T r RT

k Pk
rjie f — neTydecTb YMCTOro k-ro KOMIOHEHTa B (-0l (ase, HIKHUM MHACKCOM Kk
0003HaYEeHBI XapaKTEPUCTUKU MPOIIEcca MIIABICHUs YUCTOrO0 KOMIIOHEHTA.
Pacnpenenenne koMmoHeHTa 10 (a3aM  XapakTepu3yeT KOHCTaHTa

paBHOBECHS — OTHOIIICHHUE J0JIM KOMIIOHEHTA B TBEPJIOM U *KUJKOU (pazax:
Ky = —, (2.12)

IJI€ X;;, — MOJIbHas J0Jisi KOMMoHeHTa. Eciau oOmmii MonbHBIM cocTaB HedTH
{xk,k =0,N, — 1}, TO PAaBHOBECHYIO MOJIbHYIO JI0JII0 TBepAo (a3pl Xg MOXKHO

HalTU U3 TPAaHCOCHACHTHOI'O YPAaBHCHMUA:
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No

x (K — 1)

_ (2.13)
LXK =D + 1

F(Xs) =

Yacto mnpu 3amMcu yYpaBHEHHM HCIHONB3yeTCs] KOI(PPUIMEHT aKTUBHOCTH,

XapaKTEPHU3YIOUINI OTKIIOHEHHE PAaCTBOPA OT UI€ATBHOTO:

_ fik (p, T, X)
Yik = 20,
Xiefir (@, T)

W3 ypaBHEeHHS (***) MOKHO OTIpeNeTuTh 3aBUCUMOCTh KOHCTAHTHI paBHOBecHs K,

(2.14)

OT JaBJieHus1 p, TemrepaTtypsl T U KO3(DPUITMEHTOB aKTUBHOCTH Yy -

Yok Ahk ( T) JTACk < Tk Tk) fp Avk
Ke="%exp|—E(1-=) - [ =*(1-F+mE)dar+ | =%dp|. .
k= exp [ T . R T + In T dT + RT dp|. (2.15)

CyImecTByeT MHOXKECTBO HCCIICOBAHHM, IMOCBSIICHHBIX MOJCIMPOBAHHIO
TEPMOIMHAMHUYECKOTO PABHOBECHSI <CKUAKOCTD - TBEp0e Teo». B padorax [55,56]
JUTSE HaX 0K JIeHUST K0(h(PUIIMEHTOB aKTUBHOCTH KaK JIIsl TBEPIOH, TaK U JIJIS KUIKOU
daza uCHoOIB3yeTCS MOJICIb PETYJIAPHBIX pPacTBOPOB. PaboThl  OTIMYArOTCS
UCTIONIB3YEeMBIMA ~ KOPPEISIMOHHBIMU  3aBHCHMOCTSIMH, CBSI3BIBAIOIIN MU
HEU3BECTHBIC TapaMeTPbl MOJICIIH ¢ XapaKTePUCTHKaMH KOMIIOHCHTOB. B paboTe
[54], B otmumm ot [55], cunrtarorcs npeHeOpekrMMo MajabiMu ciaraemeie (2.15),
CBSI3aHHBIC C WM3MCHEHHMEM B Ipolecce (a3oBOro Iepexoia TeIIOEMKOCTH |
yIeIbHOTO 00beMa (Avy,).

B pabore [57] Mmomear paBHOBECHS «KHIKOCTH - TBEPAOE TEIIO»
00BEIMHSCTCS C AITOPUTMOM pacuera (a30BOr0 paBHOBECHS «OKUIKOCTH - Iap» Ha
OCHOBE KyOHueckoro ypaBHeHUsi cocTosiHusi Ilenra-PoOGuncona. Jlna pacuera
napaMeTpoB, HEOOXOTUMBIX B TCOPHUH PETYJISPHBIX PACTBOPOB, MPUMEHSIOTCS
KOPPEJSILIMOHHBIC 3aBUCUMOCTH, IMOJYYCHHBIC U3 SKCIICPUMEHTAIBHBIX JaHHBIX U
JUTEPATYPHBIX HCTOYHHKOB.

O630p OONBIIOTO YHWCIA TEPMOAMHAMUYECKUX MOJIEICH paBHOBECUS
«HeTh - TBepabli mapaduH» mpoBemeH B MoHorpaduu [52]. MccnemoBatenu
IBITAIOTCS TPUMEHUTh TEPMOJMHAMUYECKHE MOJCIH K BCEe 0Oojiee CIOXHBIM
YIJICBOJOPOAHBIM ~ CHCTEMaM, YBEIMYUTh MPEICKA3aTCIbHYI0  CIIOCOOHOCTH

Mozenei. CpaBHEHHE HEKOTOPHIX U3BECTHBIX TEPMOJIMHAMUYECKUX MOJIeNiel ObLIOo
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npoBeficHO B pabore [56]. Pasnmunbie Momenw ¢ TOH WM HHOH TOYHOCTHIO

BOCIIPOU3BOIST SKCIIEpUMEHTAJIbHBIE TaHHbIEe (puc. 1).

100
90 |
80 |
70 |

60

50
a  Experimental
40 F 5 ldeal

30 k Ungerer et al.
Coutinho et al.
20 | —-—-Wonetal.

o bk—- Pedersen et al.

% of paraffins crystallized

-----.Hansen et al.

] 1 I
260 270 28

0 T (K) 290 300 310

Puc. 1. ConocraBieHue pa3IMuHbIX MOJICICH BbITIaJcHUS TapaduHoB [56].

Haxoxnaenue gazoBoro paBHoBecus «HeTh-ra3-napadun» B 00IIEM CiIyyae
IPEJICTaBISIET COOOM CIIOKHYIO HEJIMHEHHYIO 3aJauy, pelieHue KOTOpOoil ¢ yueTomM
BBIpOXKAEHUS (a3  TpeOdyeT OOJBIIOr0  KOJMYECTBA  BBIUMCICHUH. B
THJIPOJMHAMUYECKUX pacueTax, KaK IPaBUJIO, HCIOJIb3YIOT JHOO YIpPOIIECHHBIE
Mozenu (a3oBOro paBHOBECHS, JIMOO MPEABAPUTENIBHO PACCUMTAHHBIE TaOJIUILIBI

K-3nauenwii [58].

2.4. Tepmoamnamuueckasi MoJejb paBHOBecuss «HeQTh - TBepAbIii

napagun»

B nannoi#l nmuccepTalimoHHONW pabOTE HMCMONB3YETCS YNPOIICHHAs MOJENb
TEPMOJIMHAMHYECKOTO paBHOBeCHs «HE(Th — TBEP/blil nmapaduH», OCHOBaHHAs Ha
MOJIeJIN UJeallbHbIX pacTBOpoB. [Ipeamomnaraercs, yTo HEPTh COCTOUT M3 JBYX
ncepno-koMmmnonenToB (N, = 2): 1 - nerkuii, He mpeTepreBaronmii (pa3oBbIX
NpEBpAIleHU, U 2 - TSDKENbIA, YYacCTBYIOIIMI B IIpolleccax IUIABICHUS U
KpucTaJum3anuu  napaduna. PacnpeneneHne  KOMIIOHEHTOB 1o ¢a3am

XapaKTepu3yeTcs KOHCTaHTaMK paBHoBecus (2.12):
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X
Ky = 0,K,(p,T) === (2.16)
X22

KoncranTa paBHOBecus K, siBisieTcs QyHKIMEH NaBjieHUs U Temreparypsl (2.15).
Cnaraemble, CBs3aHHbIE C HM3MEHEHHMEM TEIJIOEMKOCTH M YJIETBHOTO o0beMa
KOMIIOHEHTA B mpoiiecce (Ha30BOro nepexoaa, CYNTaoTCs MPeHEOPEKUMO MATTBIMHU.

TBepzxoe TCJIO OIIUCBIBACTCA B PAMKE MOJICIIN UACAJIBHBIX PACTBOPOB.

Ahzz 1_1
Ko(p,T) = yppe BT ( Tf) (2.17)

Tf - TemMnieparypa IJIaBJIEHUS YUCTOrO TBEPAOro KomioHeHTa. KonctanTel Ahy,, T,

Vo2 (SHTANBINSA TUIABICHHUS, TEMIIEPATypa IUIABJICHHUS U KOI(PPUIIMCHT aKTUBHOCTH
TSDKEJIOTO KOMIIOHEHTA) OIICHUBAIOTCS Ha OCHOBE JIMTEPATYPHBIX JIaHHBIX HIDKE.
Tako# moaxo/ Takke MPUMEHSETCS, HanpuMmep, B padote [59], rae mokazaHo, 4To
nocJjie HacTpoiku Mojeiu (2.17) Ha SKCIIEpUMECHTAJIbHBIC TaHHBIC OHA ITO3BOJISACT C
JIOCTAaTOYHOM TOYHOCTHIO OIEHHMBATH YXY/IICHUE MPOHUIIAEMOCTH MPU3a00MHON
30HBl BCJICICTBME BBINMAJCHUS TMapa@uHOB, a Takxke dSPPeKkT oT mnporpesa
MPUCKBAKUHHOMW 30HBI.

PaBHOBecHass =~ MosbHass ~ jgoas  TBepAod  (a3pl  ompepensercs

ypaBHeHueM (2.13):

1
XZ =1 —X4 = X1 + (m) (218)

PaBHOBEeCHas MaccoBasi KOHIICHTPAIIHSI TSHKEIOT0 KOMIIOHEHTA B XKUAKOH (aze C,,

CBsI3aHa C MOJIbHBIM COCTABOM XHUAKOMN (ha3bl BEIPAKEHUEM

Cs, = , (2.19)

rae M, - MonsipHass Macc KoMImoHeHTa. OUeBHIHO, YTO X4, = 1, Torma (2.19) ¢

yueToM (2.16) mpumet BUI:

M,
My, — My, + K,(p, T)M3,4

Co(p,T) = (2.19)°
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2.5. Kuneruka mnpouecca ¢a3oBoro mnepexoga «HeTh - TBepAbIil

napadpun»

Kunetnka pocra wiM IUTaBIICHUS KPUCTAJUIOB MapaduHa B 00IIEM ciiydae
3aBUCUT OT IIEJOro psga mporeccoB: auddy3um, aacopOIuu, CIBUTOBOI
nucnepcuu, u ap. [52]. B pabore [60] Ha ocHOBe IpPOBEACHHBIX J1aOOPATOPHBIX
OKCIIEPUMEHTOB JIEIAaeTCs BBIBOJ, YTO PACTBOpEHHE mapaduHa B YII€BOJOPOIHBIX
pacTBOpPHUTENSAX  JTUMHUTHpyeTcss  Kodpduuuentom auddy3un. B manHOU
JUCCEPTAIMOHHON paboTe TakKe TMpeAroIaraeTcsi, 4To KHUHETHKa (a3oBOro
nepexoja «HeTh — TBEpAbIM MmapaguH» ompeaensercs mporeccoM auddysun.
[pyrre mexaHu3mMbl OCAKIECHUS HE pACCMATPUBAIOTCA. TakoM MOAX0 IPUMEHSETCS
BO MHOTMX paboTax, MOCBAIIECHHBIX pAacueTy OCaXJeHUs TapaduHa B IUIACTE,
CKBOKUHHOM 00OpPYIOBaHHUHU WJIM HA3eMHBIX TpyOoIpoBoax [59,61,62].

[IpoGiema BBIYUCIIEHUSI CKOPOCTHU MPOIlecca, TUMUTHPOBAHHOTO IPOLECCOM
muddy3un, BOZHUKAET B Psijie KIACCMUECKUX 3a/lad XUMHYECKOW TEXHOJOTUU
[63,64]. Hanpumep, ipu UCCIIeIOBaHUK TPOIIecca UCTIAPEHUS Karellb )KUIKOCTH B
ra3oo0Opa3Holl  cpeie  HUCIOJb3YeTCs  pEelIeHHE  KIACCHYECKOM  3aJauu
nrdhy3uoHHOTO0 MacconepeHoca ¢ MOBEPXHOCTH CHEepUUECKOM YACTHUIIBI.

B nanHoil muccepTaniMoHHOW paboTe ISl OIEHKH CKOpOoCcTH (Ha30BOTO
nepexona «He(pTh — TBEpAbIA MapaduH» MOPHUCTasl Cpella paccCMaTPUBACTCS Kak
COBOKYITHOCTH TBEP/IbIX IIAPOB OJIMHAKOBOTO IUAMETpPa, HAa TIOBEPXHOCTU KOTOPHIX
MIPOUCXOIST MPOIIECCHI TUIABIICHUS U KpUCcTaUIN3anuu napaduna. {uddy3noHabii
MOTOK MOJIEKYJ 32 €AMHHIY BPEMEHH C €IUHUIBI MOBEPXHOCTU chepudeckoi
YaCTHIIBI TBEPJIOTO BeIIecTBa A Mpu 00TEKaHWW YaCTUILIBI )KUJIKUM PACTBOPUTEIEM
paBeH:

Ny = hpp(Cz — Cp), (*)
h,, — koapdunreHT macconepeHoca, p — IJIOTHOCTh XKUAKOCTU. KOHIIEHTparus
BelecTBa A y MOBEPXHOCTH YACTHUIIBI paBHA PaBHOBECHOMY 3HaueHuto C,, a B
ooveme xkuakoctu C,. Benwmumny N, MOXHO OTOXIECTBISAITH CO CKOPOCTHIO

PacTBOPEHUS BEIIECTBA A B JKHUJKOCTH.
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Jlist Bruucienus: kodgduirenta macconeperoca h,, Hy>KHO HCIOJb30BaTh
AKCIEPUMEHTAJIbHBIC JAHHbIC, W3BECTHHIC AHAIIMUTUYECKUE PEIICHUsS WU
YUCJIEHHbIE pacdeTbl. KOppensiuMOHHbIE UM  aHAJUTUYECKUE 3aBUCUMOCTHU
3aMHCHIBAIOT, KaK MIPABUIIO, OTHOCUTEIIBHO O€3pa3MEPHOTO KPUTEPHS MOA00US st

npoiieccoB MaccooOmena — yucina lllepByna:

sh=tmd o gp D 2.20
- D ytm T dp’ ( ' )
d, - XapakTepHbIi pasmep 3amauu (auamerp wacTuubl), D - KoddQuuuent

nuddysun. Yucno lllepByna sBnsercs ¢yHkuuei yncia Peitnonbaca Re u yucna
Imunara Sc:

vd v
Re = T”,Sc =, Sh = f(Re,Sc), (2.21)

V - CKOPOCTh JIBUKEHUS KUJKOCTH, V - KMHEMaTuuyeckas BA3KOCTh. [[1s 3amauu
oOTekaHusi OAHON cdepudecKkoi YacTHIhl MOTOKOM >XuakocTu uucio IllepByna
OIpEeIeNIIeTCSl M3BECTHOM 3aBUCUMOCThI0 Ppeciunra [64]:

Sh =2+ 0.6 Re%>5¢%33, (2.22)
[TpubnrkeHHOE aHATTMTUYECKOE BhIpAXKEHUS 11 Bhrurciienus yucia lllepyna nis
3a7aun (QUIBTPAIMK PACTBOPUTEIIS B MOPUCTON Cpeae HaxoauTcs B pabote [65].
Pemaercss 3amaya 0 MaccomepeHoce € MOBEPXHOCTH CEpUYecKOW YaCTHIIB,
KOTOpasi HaXxOJIUTCA B CUCTEME APYTuX chepUvecKux vacTull (MopucTas cpena
paccMaTpUBaeTCsA Kak peryssipHas CUCTEMa IIapoB OJWHAKOBOTO auameTpa). Jliis
ydyeTa BIMSHUS JPYTMX YacTHUI] BBOAMUTCS JIONOJHUTEIBHOE TPAHUYHOE
YCJIOBHE - PAaBEHCTBO HYJIIO paIMaIbHOM MPOU3BOJHOM KOHIIEHTPAIIUU Ha 000JI0UYKe

panuyca R, > 1,. Paguyc R, 3aBHCHUT OT IUIOTHOCTH YIAKOBKH YaCTHII:

£

Ry, = m (*)

B pabGore [65] mnomydeHbl claeayrolie acHMMITOTHYCCKHE BBIPAKCHUSA IS

BbIUKCIIeHUA uncia [llepByna:
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2

1 1
lim Sh = ( i 1>f—ReSc°'66, (2.23)

Re—0 (1 — m)033 m)033 - 2
lim Sh=2+f Re%55c033, (2.23)’

f — HacTpoedHBI mMapamMeTp MOJCIM Ha JKCIEPUMEHTANbHBIC TaHHBIC (IS
npubrmKkeHHbIX pacdeToB f = 0.6). B npenene m — 1 popmyina (2.23)° coBmnagaer
¢ 3aBUCUMOCThI0 Ppeciunra (2.22). HecMOTpst Ha MPOCTOTY MCIIOJIb3YEMON MOJICITH
MOPUCTON  cpeabl, ypaBHeHHE (2.23) ¢ Xopommed TOYHOCTHIO OITMCHIBACT
9KCIICPUMEHTBI Ha HACBIMHBIX MOJEIX [65].

CymectByer Takke OOJBIIOE YHCIO JKCIEPUMEHTAIbHBIX  padoT,
MOCBSIIIIEHHBIX UCCIIEAOBAHMUIO MPOIIecca MaccomepeHoca B mopucToii cpeae. O630p
HKCIEPUMEHTAIbHBIX HCCIEIOBAaHUI MaccolepeHoca B IOPUCTOM cpene U B
HACBIITHBIX MOJICJISIX TIPOBe/ieH B pabote [66]. [l TOYHOTO BBIYMCICHHS CKOPOCTH
¢dazoBoro mnepexojga HEOOXOOUMO BBIOMpaTh MOJENb HAa OCHOBE HMEIOLIMXCSA
HKCIEPUMEHTAIbHBIE JAaHHbIE M OCOOEHHOCTEW MpPOTEKaIIUX IpoleccoB. B
JaHHOW JMCCEPTAIlMOHHON paboTe A OIICHOYHBIX PAcCYeTOB C JOCTATOYHOU
TOYHOCTBIO MOYKHO HCIIOJIb30BaTh BeIpakeHue (2.23).

Ecnu B enunune o0beMa HaXOAUTCS My, CHEPUIECKUX YACTHII, TO CKOPOCThH
dazoBoro nepexoaa «HedTh - TBEpAbIA MapapuH» B €AUHHUIIE 00beMa MOPUCTOMN
CpeIIbl OTIPECIICTCS BEIPAKCHUEM:

J2 = mpys;huy, (€3, — sz)”dzzonp- (2.24)
C yuerom (2.20), ypaBHenue (2.24) MOXKHO NMPEICTABUTH B BUJIC:
J2 = mpysyky (€, — Coz),

6Sh-D(1 —m) (2.24)
2 = d2 .
p

k, — KoHCTaHTa CKOpPOCTH TIIaBieHUs1 mapaduHOB. PaBHOBECHAss KOHIIEHTpPAIIHS
napaduHa B HepTH C,, 3aBUCHT OT TEPMOOAPUIECKUX YCIOBUH U cocTaBa HEDTH U
OTIpEJICISIETCS Ha OCHOBE TEPMOJMHAMUYECKONW MOJIETN paBHOBECUS «HEPTH -

TBepabid napaduny (2.19)’.
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Heussectupie mapamerpsl Monenu (2.24)° HaxXOAsATCS IO M3BECTHBIM
KOPPEJSIIIMOHHBIM 3aBUCUMOCTSIM. Koaddumment auddys3un yrieBogopoaHbIX
cMeceit orieHuBaeTcs 1Mo Gopmyie [67]:

T'*py 102

D =133-107*2 —0.791, 2.25

v, T, (2.25)
V, — ™omspHblii o00BbeM pactBopa HedTh-mapaduH. TuUNUYHOE 3HAYCHUE
ko3 dunreHTa nudby3un D TUISt YTJIEBOIOPOTHBIX cMecei:

10719 <D <1078m?/c [62]. Hna BbuMcoeHuMs uucna Pelinonsaca (2.21)
UCIIONIb3yeTcsl MoJesib MuwninonirkoBa [68], B paMkax KOTOpOil 3a CKOPOCTh

JBIDKEHUS HE(PTH B3siTa CPEIHSSI CKOPOCTh U, /M, a 3a XapaKTepHBIA pa3Mep —

BEJIMYMHA / kK /m.:

upoVk
m==Up
2.6. YpaBHeHus cocTosiHus ¢a3
Cuuraercs, 4TO y/ieTbHbIE 00BEMBI KUJIKUX CMECEH aJIUTUBHBI:
1 vCe 1 C
= Zik - 2k (2.27)

P1 ] Pik’ P2 ] P2k
i€ P; - TUIOTHOCTH (ha3bl, Pj) - INIOTHOCTh KOMIIOHEHTA, BRIUUCIIsIeMas TI0 (hopMyJie:
Pik = Pi expPix(® — vr) — au (T — T,)],
1 (apik> 1 <6pik) (2.28)
y Uik )
T p

P = o Cop ) = e\ o7

Pix - TUIOTHOCTh KOMITOHEHTA MPY HAYAIIBHBIX ITACTOBBIX YCIOBHSX: TaBJICHHUU P
u Ttemneparype T, fix - KOodDPHUIMEHT CKUMAEMOCTH KOMIIOHEHTA,
Qi - KO3PGUIMEHT TEeMIIepaTypHOTO pacCIIMpEeHUs KOMIIOHEHTa. B  1emsax
YIPOIICHUS CUUTACTCS, YTO KOMITOHEHTHBIM COCTaB KUJIKUX CMECEH HE BIUSICT Ha

KOd(QPUIMEHT CKUMAeMOCTU U KOA(D(PHUITMEHT TETIOBOTO pacimupenus das:

Pik = P1, a1k = a1,k = 0,4, (*)
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B2k = B2, @2k = a3,k =0,1.
Koadbdummentsr f;, a;, kak mpaBwmiio, Maibl: f;, @; < 1. He yuuTeiBaeTcs Takxke
BIIUSIHME KOMIIOHEHTHOTO COCTaBa HEPTAHOM (pa3bl Ha €€ MIIOTHOCTD:
— — **
P2k = pZJk - 011 ( )
[InotHocTe BoAHOW  (a3pl  ymoOHee BBIPA3UTh YEpPe3  MOJIPHBIC

KOHIOCHTPAMU PCArCHTOB U INIOTHOCTD YHUCTOM BOJBI P1g-

P1 = P10+ apg T YPy,

_ _ P10 _ P10
Pa = M12 (1 ,012) + M13 (1 plg)) (2.29)
P1o P1o
= My, (1-20) + my, (1-22),
Py t P11 1 P14
rie a,y - MOJIsipHas KOHIICHTpalMsi KOMIIOHEHTOB B PacTBOpE (2.10),

Pas Py - KOHCTAHTBI. I3 c1enanHoro JonyIenus (*) cieayer, 4To KOHCTAHTHI Pg, Py

HC 3aBHCAT OT JAaBJICHUA U TCMIICPATYPHI.

[InoTHOCTH Tra30BOM (1)331)1 OIIpCACIIACTCA YPABHCHUCM COCTOSAHHA PCAJIbHOTO

rasa:
pM;
= : 2.30
P3 Z:RT (2.30)
M; — w™onspHas wacca razoBod ¢asel, z3 = f(p,T) - xoabdunreHt

CBEPXCKMMAEMOCTH ra3a. Tak Kak BblJI€JICHHE OMYTHOIO HEPTSIHOTO Ta3a B IU1acTe
HE YYMUTHIBaeTCs, rasopas (aza mnpencraBiisieT coOOH BBIIEISAIOMIUNCS B XOJ€
peakuuu (2.4) a3or.
TBepable (ha3bl CUNTAIOTCA HECKUMAEMbBIMHU:
p4 = const

(2.31)
m = const
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2.7. DHTaJbNUS U BHYTPEHHss JHeprus a3

BHTaJIBHI/IH n BHYTpeHHﬂﬂ 3HeprI/IH (1)33 OHpeI[eHﬂIOTCﬂ I10 N3BCCTHBIM
TEPMOANHAMHUYCCKUM COOTHOIICHUAM [39]
T p
— 0
hi = J CidT — J Ci&i dp + hi
Po

To

(2.32)

i
r7e ¢; - yaenabHas u300apHas TEIIOeMKOCTh (a3bl, & - kodhdumment [[xoyms-
Tomcona, h) = h;(poy, Ty) - >HTanbNus hasbl TPy JaBIEHAU P, U Temmnepatype Ty.

Koadbdumuent [Ixoynsa-TomcoHa HAXOAuTCs U3 YpPaBHEHUS COCTOSIHHUS 10

& = c aT , Vi),V = pi. .

C‘-II/ITaGTCH, 4TO TCINIOCMKOCTb TBCPABIX M KHIKHUX (1)33 HC 3aBUCAT OT

dbopmyie:

TEMIIEpaTypbl ¥ JaBicHUs. [locie MmoAcTaHOBKHM ypaBHEHHS cocTosHus (2.28) B

(2.32) nosnyuaercst ypaBHEHHUE JIJIsl SHTAIBITNH KUIKHX (as:

1—o;T, —
hy= (T —Ty) + WP 7P oy g (2.34)
i
JJIA DOHTAJBIINU TBep,Z[bIX (1)33:
hy =c;(T—T,) + ®=po) ho,i =04 (2.35)

l

B ynpomeHHOM ciy4ae, eciaM HE YYUTHIBAaTh CHKHMaeMOCTh W TEIUIOBOE
pacmpenue )uakux ¢as, To (2.34) npumer BU:
(P — Po)

l

h; =c;(T—T,) + +h?,i=0,1,2, (2.36)

41



2.8. CaoiicTBa BoaHOI ¢a3bl

CpoiicTBa OMHapHOW CMECH OIpPEACISIOTCS IO  KOPPEISAUHOHHBIM
3aBUCHMOCTSIM, TOCTPOCHHBIM HA OCHOBE JKCIIEPHMEHTAJIBHBIX M TaOIUYHBIX
JTAHHBIX.

[lpu ananmze naboOpaTOPHBIX OSKCIEPUMEHTOB, a TaKKe TNPU 3a/JaHUH
TPAaHWYHBIX M HAayallbHBIX YCJIOBH, yHOOHee paboTaTh HE C KOHIECHTPALUSMH
KOMITOHEHTOB PacTBOpa, a C MACCOBOW KOHIIEHTpanuei OnHapHou cmecH Cp,y, -

Com = 1 — Cyp. (2.37)
MoJbHBIE W MacCOBBIC KOHIIEHTpAIIMM KOMIIOHEHTOB JI0 Havaja XHUMHYECKOU
peakimu (2.4) cBsA3aHBI C MacCOBOHM KOHIIGHTpanued OwHapHOUW cmecu Cpyp
BBIPAKEHUEM

Cbmplo
Mbm - (pa + py)Cbm,

a0=

(2.38)
— MliCbm

4
C; M My = Z My;.
bm i=1

[Ipu HU3KOM TeMmIiepaType KOMIIOHEHTHI OMHApPHOW CMECH MPAKTUYECKU HE

B3aUMOJCUCTBYIOT: a =Y = d,. Ecim  xumuueckass peakius MExXIy

KOMIIOHEHTaMW OWHApHOM CMecH He WUAET, IUIOTHOCTh OWHapHOU cMmecHu

onpenensercs GopMyJIOu:

P17 = pro + ag(Pa + py). (*)

[TnotHOCTH OWHApHOH cMecu pi°

0 HaJaja peakiud H3Mepsach
SKCIIEpUMEHTaIbHO. [Tocie okoHuaHust XuMuueckoi peakiuu (2.4) B BogHO# dase

OCTaIOTCs TOJILKO MOHKI HUTparta Harpust (NatNO3):

KOHeY

y=0, p°"" =pio +apg. (**)
[T10THOCTH BOAHOTO pacTBOpa HUTpaTa HATPHUS PA3IMIHON KOHIICHTpAIUU pP1o "
npuBefeHa B crnpaBounuke [69]. KoHcranTel pg, p, ObUIM HalIEHBI Ha OCHOBE
7a00paTOPHBIX U TAOJMYHBIX JAHHBIX METOAOM HAaMMECHBIIMX KBaAPaTOB (pHC. 2) U

MpUBEJICHBI B TabuIa 3.
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Ta6nuna 3. KoncranTel 3aBUCUMOCTH IIIOTHOCTH BC OT KOHIIEHTpaluu

Pga» KT /KMOJIb 53.5

Py, KT /KMOJIb 12.7

TennoeMKoCTh BOJIHBIX PACTBOPOB C MOBBIIICHUEM UX KOHIIEHTPAIMU aJaeT
U HE MOJYMHAETCS CBOMCTBaM aAAUTUBHOCTU. OAHAKO C JOCTATOYHOU TOYHOCTHIO
JUIsl pacTBOpoB KoHueHTpanued Hike 40-50% TernnoeMKOCTh pacTBopa MOXKHO

OIPEICITUTh KaK CyMMY TEILUIOEMKOCTEH ero komnoneHTos [70]:

4

€1 = Z C1kCik» (***)

k=0
C1; - YIeNbHas TEIJIOEMKOCTh KOMIIOHEHTa. 3amuiieMm (***) yepe3 H3BECTHBIC

TCIDIOEMKOCTHU KOMIIOHCHTOB.

¢1 = ¢10C10 + cnanosCnanos + CnN0, CNE NO,)

c _ C12My; + ¢13My3 c _ C11Myq + c14Mqy
NaNOs Mlz + M13 *INHANO, Mll + M14 (239)
_ a(My; + My3) _ y(My; + My,)
CNaN03 - D1 » UNH,NO, — Py .

Benmn4uuel Cygno, U Cyp,No, MOXHO HMHTEPNPETHPOBATH KaK TEMJIOEMKOCTH
HUTpaTa HATPUS W HHUTPUTA aMMOHHMA. 3aBUCHUMOCTH (2.39), mocTpoeHHas Mo
JIAHHBIM cIIpaBoYHUKA [71] mpuBeneHa Ha puc. 3 (10 HaYaJla XUMUYECKON peaKIuu
U nocie ee okoHuaHus). C JOCTATOYHON TOYHOCTBIO TEIJIOEMKOCTh OMHApHOU
CMECH MOHO ONHCATh KOPPEISILIMOHHBIM YPAaBHEHUEM:

€1 = €14+ €15 " Cyg (2.40)

rae ¢;4 = 3.17,¢,5 = 1.16. Otknonenue (2.40) ot (2.39) He npebitnaet 5%.
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MounsipHasi KOHICHTPALHsI KOMIIOHEHTOB MaccoBast KOHIIEHTpalMs pacTBoOpa,
B PacTBOpE, KMOJIb/M3 KI/KT

O buHapHas cMecCh O  bunapuas cmech (NaNO3+NH4NO?2)

© BoiHbIN pacTBOp HUTPATA HATPUS @ [Ipomykrsl peakimu (NaNO3)
----- Koppemsus

Puc. 2. 3aBMCMMOCTb IUIOTHOCTH Puc. 3. 3aBUCHUMOCTb TEIIIOEMKOCTHU

OMHApHOW CMECH OT KOHLCHTPALUHU OMHApHOM CMeCH OT KOHLEHTpaluu

pEarcHTOB. pCarcHTOB.

Cuuraercsa, 4To KOIP(UIHMEHT CHKUMAEMOCTH OWHApHOM CMECH paBeH
KOA(p(UIUEHTY CKMMAaeMOCTH BOJAbl. B 3aBUCMMOCTH OT TepMOOAPUUECKUX
yCclIoBUM  KOAD(PUIIMEHT CXKUMAEMOCTH BOJBI [f; JIGKAT B  Mpeaenax
3+6-10">1/atm [72]. Jnsg pacyeToB NPHUHATO THIMYHOE 3HAYECHHUE
f1 =5-107> 1/atm. KoopduiueHT TemrepaTypHOro paclIMpeHUs BOIAbI Q; B
3aBUCUMOCTH  OT  TE€pMOOapUyecKUX  YCJIOBMM  JIGKUT B  Ipenaenax
0.1 +5-10"* 1/K. s pac4eToB IpuHATO 3HaueHue a; = 2 - 10~* 1/K.

BsizkocTh BoAbI (4 mpu pocte Temneparypbl ymenbiaercs ot 1 cll3 mpu 0 °C
10 0.1 clI3 opu 300 °C. Cuuraercsi, UTO pacTBOPEHHBIE B BOJI€ KOMIIOHEHTHI HE
OKa3bIBAIOT BIUSHUE Ha €€ BA3KOCTh. 3aBUCUMOCTD BSI3KOCTHU BOJIbI OT TEMIIEPATYPHI

OIMCBIBACTCS] KOPPEISAIIMOHHOM 3aBUCUMOCTBIO [58]:

— A11
1+ Ay,T + AysT?

rne A;; = 7.56,A;, = 0.2519,A4,5 = 5.778- 107>,

iy (2.41)
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2.9. CsoiicTBa ra3oBoii ¢aspl

CBoiicTBa a30Ta W3MEPEHBI W 3aTa0yJMPOBAaHBI B IIMPOKOM JHAIa30HE
temneparyp u nasieHuil [73]. KoapdummeHT cBepXCKHUMAEMOCTH Z3 a30Ta IMpH
pPa3TUYHBIX TEPMOOAPUUECKHUX YCIOBUAX TpuBeAeH Ha puc. 4. C mocTaToyHOM
TOYHOCTBIO Z-(DaKTOp MOKHO HAMTH MO MOJYYEHHOM METOAOM HaWMEHBIINX

KBaJ[paTOB KOPPEJISAIMOHHOM 3aBHCcUMOCTH (pHc. 5):
T —3.349 T
25 = 2.47 - 10~6p2 (T—) + [8.23tanh  2.95 (T—— 1) ~385[-107%p + 1.00 (2.42)
0 0
PacueTHpie W TaOaMYHBIE 3HAYEHUS XOPOLIO COBHAJAIOT (KO3(PPUUIMEHT
nerepmubamu R? = 0.9818) Bo BceM paccMaTpUBaEMOM JHAINA30HE JABICHUH 1
temneparyp. OtkinoHeHne Qopmynsl  (2.42) oT TaOMUYHBIX JAaHHBIX HE

npeBsbimaet 5%.

Koadpunment JIxxoynsa-TomcoHa a30Ta onpeAesieTCs: BBIPaXKEHUEM:

- (623) 2.43
=3 © C3p3z3 \OT p 249

U YMEHBIIAETCA C POCTOM JaBiIeHUs M Temueparypbl (puc. 6). MakcumanbHOe
3HaueHue kodd¢unuenta Jxoyns-Tomcona mna a3zota &3 paBHo 2 K/Mlla u
nocturaercs rnpu temneparype 30 °C u naBnenuu 1 atm.

TemnoeMkocTh a30ta c3 uaMeHsiercs B npeaenax 1.1 — 1.4 k/Ix/kr/K (puc.
7). 3aBUCUMOCTH TEMJIOEMKOCTH a30Ta OT TEMIEPaTypbl W NABICHHUS B JaHHOM
JMCCEPTAllMOHHON paboTe He yduThIBaeTcs. B pacuerax Mcmonb3yercs cpeaHee
3HAYeHHE TETUIOEMKOCTH a30Ta JJisi TUIWYHBIX Ha MECTOpoXKIeHusx Poccun
TUIACTOBBIX ycioBusx (tabmuma 1) c; = 1.3 k/lx/kr/K.

Cornacho (2.32) sHTanbus ra30Boi (a3bl ONPEAeIeTCS YpaBHCHHEM:
B f;; €z dp
GRS}

B ynpomieHHOM ciydae, €cid CUMTaTh ra3 HACAIbHBIM, TO Zz3 = 1, & =0 u

hy = c3(T —To) — c3e5(p —po) + B, &} (2.44)

SHTAJIBIINS Ta30BOM (ha3bl paBHa:
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Puc. 4. 3aBucumoctb k03 ¢unreHTa
CBEPXCKUMACMOCTH OT TEMIIEPATyPhI
U JaBiicHus. TouykaMu H300pa)KCHBI
TaOJUYHBIC JaHHBIC [73], MPAMBIMU —

KOppCJLIIUOHHAA 3aBUCUMOCTD
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0 200 400 600
JlaBneHnue, aTM

Koaddunment xoyns-Tomcona, K/MIla
o
a1
o

—o—Temneparypa=35 C
Temmepatypa=90 C
Temnepatypa=190 C

Puc. 6. 3aBucumoctb k03 ¢ureHTa
Jxoynsa-Tomcona asora OT

TeMrepaTypbl u gaBieHust [73]

1.65
1.55
1.45
1.35
1.25
1.15
1.05

095 <
095 115 135 155

Z3, KOppeJsus

TaOJIMYHbIE JaHHBIE

z3

Puc. 5. CpaBuenue tabmuuHbIX [73] u
pacuyeTHBIX 3HAYCHMI Z-(haKkTopa rasa.
CeppiMu TMHUSAMU H300paxeHbl +£5%
OTKJIOHEHHE TaOJIUYHBIX U PACUETHBIX

JaHHBIX.

N =
NN o

TemnoemkocTs azora, KJIx/kr/K

=

0 50 100 150 200
Temmepartypa, C

p=50 6ap —®—p=100 bap p=400 6ap

Puc. 7. 3aBUCUMOCTh TEILUIOEMKOCTH
asora Jxoynsa-TomcoHa OT

TeMIepaTypbl u AaByieHus [73]
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2.10. CaoiicTBa HeTAHOI (Pa3bl

B nanHOlt paboTe HE Yy4YMTHIBAeTCS BIUSHHE KOMIIOHEHTHOTO COCTaBa
He(TaHOU (a3bl HA ee MIOTHOCTh. [1M0oTHOCTh HEe(TH B IUIACTOBBIX YCIOBUSX U
IUIOTHOCTh TBEPABIX MapaUHOBBIX OTJIOKEHHA CUYUTAIOTCS OJUHAKOBBIMHU U
paBHbIMU p5. TEMJIOBBIM pAaCHIMPEHUEM M CIKUMAEMOCTBIO TBEpPJOro mapaduna

npeHeOperaeTcs:

pgk = p;,k =01,
Ps = P3-

Kosdpdumment cxumaemoctu HepTH [, JSKUT B  JIHAMA30HE
1+5-10"*1/at™m [52], nns pacueroB npunaTo 3Hauenue B, = 1-107* 1/aTm.
Hcnonp3yeTcss TUNMMYHOE 3HAYeHHE KOA(PPUIUEHTa TEPMHUECKOIO PaCHIMpPEHUs
Heptu a, = 1073 1/K [74]. TemnoeMkocTs HeTH C, M3MEHAETCS B Hpeeax
1.7 = 2.7 klx/xr/K.  Jlna  pacdyeroB  TpPHUHATO  CpeaHEe  3HAYCHHE
c, = 2.0 kIxx/xr/K [75].

3aBUCHUMOCTh BSI3KOCTH HE(TH OT TEMIIEpaTypbl 3aJaeTcsl MO H3BECTHOU

3aBucumoctH JIstouca u Ckyaitepa (Lewis and Squires) [76]:

Uy = Pz + # (2.46)
rnie n=0.266, T* =233 — KOHCTaHTBI, Uy, — BA3KOCTh HEPTH TpHU
temneparype T,. 3aBucumocTh (2.46) He HMMeeT HEHM3BECTHBIX IMapaMETPOB H
MO3BOJISIET C JOCTATOYHOM TOYHOCTBIO OIMHKCATh AKCIEPUMEHTATIbHbBIC JaHHbIC. Ha
puc. 8 TmpuBeACHO CpaBHCHHE KOPPEIAIMOHHOW 3aBucuMocTH (2.46) ¢
7a00paTOPHBIMHE 3aMEPaMU 3aBHCHMOCTH BSI3KOCTH HE(PTH OT TeMIepaTyphbl IO
MecTopokaeHuI0 X U MectopoxaeHuio Y. HabOmomaercs xopoiiee COBMaacHHE

pPaCUYCTHBIX W 3KCIICPHUMCHTAJIBbHBIX 3H3‘I€HHIZ, 4TO IIOATBCPKIACT KOPPCKTHOCTH

UCTIOJIB30BaHUs 3aBUCUMOCTH (2.46) B TaJIbHEHIIINX OIICHOYHBIX pacyeTrax.
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Puc. 8. CpaBHenue koppensinimoHHOM 3aBucumoctu Jlbtonca u Ckyailepa ¢

71a00paTOPHBIMU 3aMepaMu BA3KOCTU He(TH

2.11. Hacrpoiika MO/ eJIH TEePMOJANHAMMYECKOI0 PaBHOBeCHA

«HedTH - TBEpABI Napadum» Ha JUTepaTypHbIe JaHHbIE

[Ipu BBIYMCIIEHUU paBHOBECUSI «HE(PTH - TBEPAbII MapaduH» HCIONb3YETCs
ONKCaHHAsl BBHIIIE YOPOIICHHAS MOJENb TEPMOJINHAMUYECKOTO PaBHOBECHS
(2.16)-(2.19). Ha puc. 9 wu30o0pakeHbI pe3yibTaThl HACTPOMKH MOJICIH Ha
nutepatypHbie  ganHbie  [56][57][77]. B paborax [56][77] mnpuBeneHs
OKCIIEPUMEHTAJbHBIC JaHHble, B pabore [57] — pe3ynbrarel MNOAPOOHOTO
TEPMOJMHAMHUYECKOTO MOJIEIUPOBaHUs (a30BOTO paBHOBECUS «HE(PTb — TBEPJbIi
napapun».

Hactpoiika ynpoimieHHOH MOJEIH TEPMOAMHAMUYECKOTO PaBHOBECUS
IPOBOAMIIACK MO CIEAYIOIIEMY aJITOPUTMY:

1. KOMIIOHEHTHl € YIJIEpOAHBIM YHUCJIOM HIDKE 18 BBIACISIIUCH B JIETKUH
NICEBAOKOMITOHEHT, BbIle 18 — B TSKeNbIi MCEBIOKOMIIOHEHT.

2. Ucxons w3 TMONMHOTO KOMIIOHEHTHOTO COCTaBa IutacToBo HedTu {X,i}
HaXOAWJIMCh MOJIIPHBIE MAaCChI TICEBAOKOMITIOHEHTOB M5, U UX MOJIbHBIE 10JIU

B CMECH X"
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3. Monuens

(2.47)
Mix; = E xiM;, M;x, = E xiM;
<18 i>18
TEPMOIUHAMHYECKOTO paBHOBECHS HacTpauBaJlach Ha

OKCIIEPUMEHTAIbHBIC 3aMepbl (WM pe3yJbTaThl pacdyera) 3aBUCUMOCTH

MOJIbHOM J1oyii TBepAor (asbl X; or Temneparypsl T. Koncrantel Ty u Ahy,

noI0MpaINCh MyTeM MUHUMU3AINH (DYHKIIMOHAIA

2 ~ 1 - xz
A%(Ty, Ahy,) = Xen — X, T A o) - 0, (2.48)
—~ 2( nw lf, 22) -
rae X4, — U3MEPEHHOE NPU TemIiepaType T, 3HAaUEHUE MOJIBHOU JOJIM TBEPIAOH
¢ba3bl.
60
=
@]
X 50
(]
. __.Q__--
E 5 U e I ey g“~~-
= S - i -
g{ E“ 30 -_~@. ~~-~§& U. ~-~~~‘~~
3= == ‘::::@;-_ Tesall ©-~.
E ~ 20 ~~==8\\~’ bs~ ~@~s~~
o 'O‘:;~~ \\\\ \~~\
= 10 N N S~
@\\ ‘Q\ o \\\
0 )

270 275 280 285 290 295 300 305 310 315
Temneparypa, K

© JTannbie u3 pabotsl [50] (cocras B) © lannbie u3 padotst [50] (cocras C)

O Jlannble U3 padoTsI [51] O Jlannble u3 padoTsl [71]

Puc. 9. Hactpoiika Moaenu TepMOAMHAMUYECKOTO PaBHOBECHS Ha JTUTEpaTypHBIC

JTaHHBIC

Takum oOpa3zoM, ympolileHHass MOJIeTh TEPMOJIMHAMHUYECKOTO PaBHOBECHUS

(2.16)-(2.19) ¢ xopotiieit TOYHOCTHIO MO3BOJISAET ONMUCATh H3MEHEHHUE MOJIBHOM 0K

TBEpJOM (a3bl MPU U3MEHEHUU TEMIIEPaTyphl, OJIYYEHHOE 3KCIEPUMEHTAIbHBIM

IMyTCM HUJIN B PC3YJIbTATC HOI[pO6HOFO TCPMOINHAMHUICCKOI'0O MOACIINPOBAaHMA].

Haiipennsle B pe3ynbpTare  HACTPOMKM  IApaMETpbl  TSKEIOTO

IICEBJOKOMIIOHCHTA IIPUBEACHLI B Ta6n1/1ua 4. DHTanpOus TIABICHUS TSDKEIOrO
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KOMIIOHCHTA AhZZ HN3MCHSCTCA B 3aBUCHMOCTH OT €TI0 KOMIIOHCHTHOI'O COCTaBa B

nuarna3one 15 -+ 40 k/lx/MoJsb, TeMreparypa IUIaBJIeHUs TBEPAOTO KOMITIOHEHTA

Tf n3Mensercd B nuanazode 330 - 410 K.

Tabnuua 4. [TapameTpsl MOJEIN TEPMOAMHAMUYECKOTO PAaBHOBECHSI.

Haparer Paoora [56] | PaGora [56] | PaGora [56] | PaGora | PaGora

P P (CoctaB A) | (CoctaB B) | (CoctaB C) | [57] [77]
MousipHas Macca, 310 310 312 380 380
M,, r/Monb
OHTaIbOUI
TIJIABJICHMS, 40 15 28 18.5 23
Ahy, k[l /MOJB
Temnepatypa 340 410 370 350 330
IUIABJICHUS, Tf, K
AKTHUBHOCTh 10 10 1.0 1.0 1.0
KOMIIOHEHTA, V55 ' ' ' ' '

2.12. CpoiicTBa miacra

HpI/I 3aJaHnuHn TGHJ’IO(I)I/ISI/I‘-IGCKI/IX CBOMCTB IIJIaCTa UCII0JIb30BAJIMCh JaHHBIC U3

Kiaccuueckux ydeOnmkoB [39,40,75,78], wWcCHoNIb30BaIUCh CpEIHUE 3HAYCHUS

IINIOTHOCTHU Pg, TCINIOEMKOCTHU Cy U TCILIONPOBOJHOCTH Ky IIOPOJBI:

po = 2700 kr/m3, ¢y = 1.0 k/Ix/xr/K, ko = 1.8 Br/mM/K

(2.49)

[InaBneHue u KpucTauM3alus TBEpAOro napaduHa M BOBIICYCHUE €T0 B

INOTOK BJIMACT HA IMPOHHULIACMOCTDb ITOPOBI. OTO BIUSHHE OIMCHIBAJIOCH B paMKax

mojenu Kozenu-Kapmana:

k

k_0:

m'3

C —,
(1-=m")?

(2.50)

ko, m — IpOHUIIAEMOCTH M MOPUCTOCTD IJIACTA, IPU YCIOBUH, YTO BCE MapaduHbI
HAXomATcsi B OKuUAKoM cocrossamn S, =0, m’' =m(1—s,) — MOPUCTOCTH
3anojgHeHHoro mnapaduHamu 1acta. [lopoga u TBepblii mapaduH CUMTAIUCH

HCCXKUMACMbIMH.
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2.13. OTHocuTe/bHBIE (pa30BbIe MPOHUIIAEMOCTH

Hcnonb3oBanack MOJEIh OTHOCUTENBHBIX (pa30BbIX mpoHuiaemocrteii Kopu,
OCHOBaHHas Ha crenenHoM 3akoHe [79]. OTHocuTenbHEBIE ()a30BEIE IIPOHUIIAEMOCTH
B CHCTEME BOJa-HE(Th:

ki = kios;?, ka1 = kyo_3(1 — 51 — s3)™1, (2.51)
B CUCTEME Ia3-HEPTh:

ks = k3os5°, ka_3 = kyo_3(1 — 51 — s3)"%73, (2.52)
k,_, — oTHOCUTENbHAS IPOHUIAEMOCTD 10 HE(PTHU MPH BHITECHEHUU BOIOM, Ky_3 —
OTHOCHTEJIbHAS IPOHUIIAEMOCTD 10 HE(TH ITPU BHITECHEHHH I'a30M, k;; — KOHIIEBEIE
TOYKH (Pa30BBIX KPUBBIX. [JIs pacuyera NPOHUIIAEMOCTHU 0 HEQYTH B MIPUCYTCTBUH

rasa u BOJIbI MCIIOJIb30BaJIACh JJMHEHHas Mojeb beiikepa [80]:

ko_1S1 + k,_=S
k, = 2-151 2-3 3’ (2.53)
S; + S3

B mensx ympomieHWs HE YYUTBIBAJIUCh OCTATOYHAS HACBHIIIEHHOCTH BOJOW W
HE(THIO, a TAK)KE KPUTHUECKHUE HACHIIICHHOCTH (hazamMu. KOHCTaHTBI 3aBUCUMOCTEH
(2.51)-(2.52) onenuBaIKCh HA OCHOBE OTHOCHTEIHHOW (ha30BOH MPOHHIIAEMOCTH

mectopoxaeHust X (puc. 10).

a 1 —= 3 0 1Q — 5 -
) Q\\ k2—1 = (1 T Sl) ) b k2_3 = (1 = 52)2 k3 T 53 ,l
= \ S /
0.8 o8
= \O\ = O\O ’I'
W a8
5 0.6 S £06 > /0
S R ky = 0.3s% g O, A
= /
2 04 AN 3 0.4 Oy %
E Q\ dﬂ g bos II
202 Q, g~ Z 02 “on i
2 Qoir-C 2 g
s g-o-5~80, = B L TS
5 0 O=O-=U-= =O0-=-0--0 = 0 DOOOOHOO0000 ~L--0
g 0 0.2 0.4 0.6 0.8 1 2 0 0.2 0.4 0.6 0.8 1
(2]
é‘ HacwienHocTs BOJIOM, J.€1. é@ HacwimeHHoCcTh ra3om, JI.e/1.
O  ®da3oBas NpOHUIIAEMOCTH IO BOJIC O  ®da3oBas MPOHHUIIAEMOCTH IO Ta3y
O  dazoBas MPOHUIIAEMOCTD MO HETH MPH O  da3zoBas MPOHUIIAEMOCTD 0 He(TH MPH
BBITCCCHUHU BO}:LOP‘I BBITCCHCHHUH I'a30M
----- Koppensauus Kopu ====-Koppemsuusa Kopu

Puc. 10. Hactpoiika moaenu Kopu mist cucteMsl Boga-HedTh (a) 1 raz-HedTh (0).
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B omeHounbix pacuerax ¢aszoBas MPOHUIIAEMOCTh B CHCTEME BOAa-HEPTh
HaxoAWIach Mo Gpopmyre:
— 2 _ 3
k1 — 0.351, k2_1 — (1 - Sl - 53) ) (254)
B CHCTeMe ra3-He(Th:

ks = s3, kp—z = (1 —s1 —s3)%, (2.55)

2.14. YpaBHeHHMe COXPaHEHUS] JHEPTUH

Bo MHoOrmx paborax, TOCBSIICHHBIX (UIBTPAIMM C Y4eTOM (ha30BBIX
MEPEX0J0B U XUMHUYECKUX MPEBPAICHUI, HE YIUTHIBACTCS 3aBUCUMOCTD TETUIOTHI
¢$a3oBoOro nepexoia u TEII0Thl XUMUYECKON PEaAKIIMKU OT TEMIIEPATYPhI U JaBJICHUSI.
[Ipu paccmoTpeHun (QUIBTpAlUd C YYETOM XHUMHUYCCKHAX MPEBPAIICHHA 3TOT
abdexT MoxkeT OBITh 3HAUUTENBHBIM. B jaHHOW guccepTanMoOHHON padote
CUMTACTCs, YTO TEIUIOTa TUIaBIieHWS mapaduHa L, W TEIIoTa XUMHYECKON
peakuuu L;, OTHECEHHasl K €IMHUIIE MacChl 00Opa30BaBIIIETOCs ras3a, 3aJaHbl MpU
CTaHJApTHBIX YCIOBHSIX: IaBIICHUHU P U Temneparype Ty:

L, = h) —hd,
(2.56)
Ly = Qr/M3 = h(1) - hg-
N3 oOmero ypaBHeHus coxpaHeHus dHepruu (2.1) m kamopuveckux

yYpaBHEHUU COCTOSIHHS >KMIKHMX (a3, TBepabix ¢a3 u raza (2.34), (2.35) u (2.44)

CJIeyeT ypaBHEHHE MepeHOca Tera;

4 3 3

? _ _ _ _ .

3t (1 —m)cT + z ms;p;c;T — Z ms;picnip|+ V- Z(piCiT — piciEi P)u;| =
i=1 i=1 i=1

= L3f3 — Lo/, (2_57)
5:[)—[)0,5:71—710,
1 a;T.—1 —
nZ‘=—+e§,sl-*=—( — ),i:1,2.
piCi piCi

B (2.57) nns xpaTKOCTH 3amKMCH OMYIIEHBI ClaraeMbie, CBSI3aHHBIC C MOTOKAMH

TCILIA 3a CUCT TCIJIOIIPOBOJHOCTH.
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B cnyuae, ecnu He yuuThiBaTh anuadatuueckuil dpQexT i kuakux das,

nonaras & = —1/(p;c;),n; = 0,i = 1,2 u cuuraTh ra3 HacalbHbBIM, YPaBHCHUE

nepenoca teria (2.57) umeet Bu:

3 2
+V- ) picipu; +V- ) pu; =
2 2 2.5)

= L3J3 — LyJ>.

4

0 — _

T (1 —m)c,T + z ms;p;c;T — mssp
i=1

2.15. IlpeoOpa3oBaHue ypaBHeHHI NMepeHOCA XMMUYECKUX KOMIIOHEHTOB

VYpaBHeHUsa TepeHoca KOMIIOHEHTOB OWHApHOW cMecH yAOOHO 3amucaTh
4yepe3 MOJIbHBIE KOHIICHTPAIIMN PEarecHTOB a M Y. YpaBHEHUS HEPa3PBIBHOCTH IS
KOMITOHEHTOB TIePBOU (ha3bl, BXOASIINE B UCXOIHYIO CUCTeMY ypaBHeHUi (2.1), ¢

yueToM BeIpakeHui (2.5)-(2.10) mpumyT BHI:

d -
T (ms1[Cix]) + V- ([Cixlug) = msyjip, k = 0,4, (*)
AN
0 .
a(msﬂ’) + V- (yuy) = —msyj,
d
a(msla) +V- (aul) = 0, (259)
4
Coo=1— z (M1 + M)y + (My, + My3)a
10 L P .

YpaBHEHHE ABWKCHUS TIepBoi ¢a3bl (2.2) ¢ yueToMm ypaBHeHHS cocTossHusA (2.29)

ypaBHEHHIH Hepa3phIBHOCTH (2.59) MOXKHO 3amucaTh B BUJC:

0(ms1p10) .
% + V- (prou1) = —m51](M3 - Py)- (2.60)
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3. I'maBa 3. MeToabl 4 aJITOPUTMbI YUCJIEHHOT0 PelIeHus!

B nanHO#i rinaBe ONMMCHIBAETCS YMCIEHHOE pellleHHe CPOPMYIUPOBAHHON B
riaBe 2 cucteMbl TuddepeHINaTbHBIX YpaBHEHUM, COCTOSIIEe U3 HECKOJIBKUX
OCHOBHBIX 3TaIlOB:

e BBIOOp METOJA TUCKPETU3ALMH 10 BPEMEHU H METO/1a COBMECTHOTO PELICHUS

YPaBHEHMU;

® JIUCKpETH3allMsl YpPaBHEHHM IO MPOCTPAHCTBY, TMOIYYEHUE CHUCTEMBbI
JUHENHBIX anredpandeckux ypasHenuit (CJIAY);

e BbIOOp anropurma pemieHust CJIAY;

e [IporpamMMHas peajnu3anusi.

Ha ocHOBe YMCIIEHHOTO peleHus: cucteMsbl TudpepeHInalbHbIX YpaBHEHUN
co3man  nporpamMmubii  komiuieke (1K),  mo3Bomnsitomuii  mpOBOAUTH
TUAPOAMHAMUYECKUI pacdyeT 00OpabOTKM CKBaKMHBI TETUIOBBIIETAIONIEH OMHAPHOM
CMECBIO, a TAKXKE pacueT nocieayrouieil 100brau HeTr U3 Harperoro miacra. [lpu
cosganuu I[IK wucnonp3oBanmuch OHOIMOTEKHM MPOrpaMMHOM  IJIAT(POPMBI
OpenFOAM [81]. Dra mnnardpopma NpPEACTABIAET COOOH HMHCTPYMECHTAPHI,
YIPOILAIOMIUK MPOLIECC HAIMCAHUS MPOrpaMMBbl, a TakXKe MOATOTOBKY pacuera u
00paboTky ero pe3ynbratoB. B maker OpenFOAM Bxoaut Habop C++ OMOIHOTEK,
pealn3yIoUMX HaxX0oXJAeHHe KOA(PQPUIMEHTOB AUCKPTEU3ALMOHHOM MaTpHlbl U
anroput™msbl pemenus CJIAY, a Takke MHCTPYMEHTHI JUIsl IOATOTOBKU CETKH, IS
3aJlaHds HAYaJlbHbIX M TPAHUYHBIX YCIOBUW, s 0O0paOOTKM M BHU3yalH3alUU
pe3yJabTaTOB pacyera.

[Iporpammuas miarpopma OpenFOAM  wucrnonb3yercss Uil PEIICHUS
HIMPOKOTO KJIacca 3a7ad MEXaHUKH CIUIOIIHOM Cpefbl, B TOM YHUCIE Ui PEIICHUS
3agau noa3emHoil ruapomuHamuku [82,83]. Hampumep, B padore [83] ma Gase
OpenFOAM co3pmaercs mporpamma sl MOJEIMPOBaHUSA (UIBTpALMU JBYX
HeckuMmaeMbix ¢uonnoB IMPES-metomom. OpenFOAM pacnipocTpaHsieTcss 1o
muueH3ned GNU GPL, 4To mo3BOJIIET HAa OCHOBE OTKPBITOTO MCXOAHOTO KOJA
MOU(ULIMPOBATH CYLIECTBYIOLIUE UITH CO3/1aBaTh COOCTBEHHBIE POTPaMMBbl, B TOM
YHCIIe U 1711 KOMMEPYECKOTO HCIIOIb30BAHMS.
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3.1. BpIOOp MeTOAa COBMECTHOI0 PellieH!ii ypaBHeHMit

[Tpu pemrenuu cuctembl ypaBHeHHU (2.1) MCHOIB30BAJICS OMHUCAHHBINA BO
MHOTHUX KJaccuueckux padorax [84,85] IMPES-anropuTm (HesiBHBIIH 110 JaBJICHUIO,
SBHBIM TIO0 HaceimeHHOCTH). Mmes IMPES-anropuTtma cocToWT B TOM, YTO W3
UCXOJTHOM CHCTEMbI YpaBHEHUN MyTeM apU(PMETHUECKUX ONEPALMI UCKITIOUAOTCS
cllaraeMble, 3aBUCSIIME OT HEU3BECTHBIX HAa TEKYIIeM BPEMEHHOM Ilare
HaceleHHOCTer. [lomydeHHOE ypaBHEHHME Uil JABICHUS DPEIIACTCA HESBHO.
HacpImeHHoCTH B HaliIGHHOM TMOJIe IaBJICHHUMN MepecYUThIBAIOTCS SIBHO.

[TpeumymectBamu IMPES-meTona mo cpaBHEHHIO ¢ TIOJHOCTBIO HESIBHBIMU
METOJIaMH, HallpUMep, SS-METOIOM SBIISIOTCS:

® DHKOHOMHUS BBIYHMCIUTEIBHBIX PECYPCOB, CBSI3aHHASI C TE€M, YTO JIUIIb OJIHO
ypaBHEHHE pemaeTcs HessBHO [85];

® SBHBIC CXEMBI IIPEIMOUTUTEIIbHEE IS TApa/UIeIbHBIX BhIUUCIcHNH [86];

® [IPOCTOTA peaM3aluu aJropuTMa B nporpaMmaoM komiuiekce OpenFOAM,
peanuzanusa SS-aaropuTma rnotpedonaia 6l MOIU(DUKAIIUN UCXOTHOTO KOJIA,
peanm3ytroniero pemenue CIIAY;

® [IMPOKas pacHpOCTPAHEHHOCTh METOJa HJisi MOJEIUPOBAHUS JTUHAMKHU

JKHIKOCTEH U ra3oB B mopucToi cpene [57,83,86].

Henocratkom |IMPES-meTona sBaseTrcs TO, 4YTO [ oOOecleueHus
YCTOMYMBOCTU TIOJIy4aeMbIX PEIICHUM TpeOyeTcs BBIOJHEHUE OTPaHUYCHUN,
HAKJIaJbIBAEMBbIX Ha BpeMeHHOU mar. CyiiecTByeT OOJbIIoe KOJIUYECTBO PadoT,
nocBsieHHbx ontuMusanuu IMPES-anroputma. Hampumep, B [84] ommcan
SEQ-meton, Oazupyromuiica Ha IMPES-anroputme, mpenmnosnararmmmii HesiBHOE
pelIeHrne ypaBHEHUH AJI HACBIIIEHHOCTEH C MCIOIh30BAaHUEM JIMHEAPHU30BAHHBIX
npoBoguMocteil. B pabore [86] mpeiaraercss CHU3UTH OrpaHUYCHUE HA IIar IO
BPEMEHU MyTEeM BBEJICHUS B UCXOIHBIC YPABHEHHS (DUIBTPAIIUU TOTIOTHUTEIHHBIX
pellaKkCalMOHHBIX cllaraeMbix. B paborte [87] perieHue HESIBHOrO ypaBHEHHS IS
JIABJICHUSI TIPOBOJMUTCS HA MOAPOOHON pacyETHOM CETKE, MOCJEe Yero MPOBOIUTCS

anCKeNMHT (M3MEHEHHE pPa3MEpPHOCTU PACUYETHOM CETKU) TMOJsl AaBICHUW U
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ypaBHEHUSI HACBHIIIEHHOCTH PEINAIOTCS SBHO Ha OoJjiee TpyOOH CETKe, 3TO TaKXKe
MO3BOJISIET CHU3UTH OTPaHWYEHUE Ha II1ar 110 BPEMEHH.

B nmanHON muccepTallMOHHONW paboTe HE paccMaTpUBAEeTCsl BOIPOC
ONTUMH3AIMN YHCJICHHOTO PEIICHUS YPaBHCHMM, HWCIIOIB3YEeTCS KIACCHYCCKUIN
IMPES-anroputm. Ilpu BbIYMCICHUHM HEMMHEHHBIX KOA(PQGUIMEHTOB, a TaKXke

HCU3BCCTHBIX NCTOYHHUKOBBIX YJICHOB HUCIIOJIB3YCTCSA MCTO HpOCTOﬁ HUTCpalunu.

3.2. JImckperu3anusi BpeMeHHbIX MPOU3BOAHBIX

I[I/ICKPGTI/ISaLII/IH BPCMCHHBIX IIPOHU3BOAHBLIX II0 BPCMCHH IIPOBOJUIIACH C

MCIIOJIb30BaHUEM CIICYIOIETrO 11abJIoHa:
1 n+1 n+1
d(abc) N (abc)™? — (abc)™ _ pugn (Aa) L gt (&) L grHipnt (Ac>
ot At At At At ’
Af n+1 fn+1 fn
(A_t) At

Bepxuum nngexkcom (n + 1) 00603HaueHBI HEM3BECTHHIE HAa TEKYIIEM BPEMEHHOM

(*)
,f ={a,b,c}.

mare IMnEepEeMCHHLIC, BCPXHHM HHIACKCOM N — paCCYUTAHHBIC Ha MNIPCAbIAYIICM
BPCMCHHOM IIArc¢ 3HAYCHUA, At — BeauuuHa BPCMCHHOI'O IIara. YPaBHGHI/IH

JABHKCHH A (1)33 MMOCJIC JTUCKPCTU3allNH 110 BPCMCHH UMCIOT BU!

n+1 n+1 n.n
P10 — S1 P10 piokk: )
I +V- < n Vpn+1> ms{l+ljn+1(M3 _ py)r
S?+1pg+1
m v V n+1> — p51+1551+1k£1+1(6~;2 _ sz)n+1’
(3.1)
n+1 n+1 __ n kk
m P3 S3P3 LV <P3 Vp> msntLntip,,
At 3
spt
Ps — Sy P4 «
At P;HSQHI(?H(CZZ — Cyp)™,
C yueTom (*):
A As\"t1 1 nkk! msPt (M, —
n+1( P10) + m(_l) +—V- <P10 i 1 Vp”“) __mS n& py)
pio N At At P10 K1 P10
sim (Ap2>”+1 (A52>n+1 1 pRkk}
—Z —Z V- v} n+1 ) _ n+1kn+1 Cr —C n+1’ 32
pgﬂ AL +m At + P 0 p s7 k3T (Cyp — Ca2) (3.2)
S?m (Ap3)n+1 N (AS3)n+1 N 1 V pglkkgl v _ ms"+1jn+1M
PRV "\ ae o\ o
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n+1 n n+1 +1 n+1 * n+1

S¢ TSy P2 k37 (C35 — Cy2)

m = .
At Pa

[Tocne ciioskenns ypaBHeHui (3.2) mosrydaeTcs ypaBHEHUS JIJIS TaBJICHUS:

3
Ap 1 pltkk!
z n+1 ( l) + pn+1 v ( U Vpn+1>
n i L
=P (3.3)

\ p3tt ot [(M3=py)
— S£l+1k£l+1(C22 _ sz)n+1 o _ mS{i+1]n+1 pn+1 + pn+1
10 3

[InotHOCTH a3 — pyHKUMHU AaBICHUS U TeMiepaTypbl. [I[pon3BoiHbIE MIIOTHOCTU

1-—

10 BPEMCHU MOJKHO IIPEACTABUTL B BUJIC:

(ﬂ)”“ _f@MLT — f", T (A_p)”“ S (™1, ™) — f(p™1,T) (ﬂ)"“
At pTL+1 — pn At Tn+1 — Tn At

()
f =A{p10. P2, p3}-

Koaddumments! ypasuenuii (3.1) u (3.3) 3aBUCAT OT HEM3BECTHBIX 3HAYCHHIA

JaBJICHUS, TEMIepaTypbl M  HAChIMIEHHOCTH. [IpM  BBIYMCIECHUH  ITHX

KO3((PUIIMEHTOB HMCIONB3YIOTCS 3HAYEHUS Ha MpEeAbIAyIed HWTepalud WU Ha

IpeabIAYyIEeM BpEMEHHOM I1are (MeTOoJT IPOCTOM UTepallun).

3.3.  AJropuT™M YNCJIE€HHOTO0 pelieHusi ypaBHenuii [48]

AJTOPUTM pellIeHrs MOKHO Pa3OUTh HAa HECKOJIBKO IIaroB:

1. Haxoorcoenue npubaudiceHHo2o noss 0asieHuil

( ) 1+ZV prklei ————Vp" | 4+ C (AT)M+C +Cpr=0
upl(pv iy P "\at prEET

3
i=1

Co=z sim o pi(PY,T™) — p;(p™ T”)

pi(pY, TH) p¥ —p"
- 1 pitkk} (3.4)
CP = _Z v( > vpv ) *
=1 pi(pv: T#) l
3
Cr = Z stm_ pi®”, T") — pi(@”,T")
2T ICED) re—Tn
(Ms Py) Ms;

T — P2 (PV.7 “)l
S S k“ C5o — Cyo)H ll LA R a—
a 1] L’lo(Pv, “) P3 (pV,Tu)l 2 ( 22 22)
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BepxHum uHmekcom v u 4 0003HaueH HoMmep utepaiuu. M3 ypaaenus (3.4) MoxHO
HAWTH MPUOIMKEHHOE TT0J1e IaBJIeHUH p*. YpaBHenue (3.4) pemaercs nTepaluoHHO
710 TeX TOp, IMOKa OTINYUE penleHus ypaBHeHus (3.4) p* u 3HaYeHHE, TOTYYCHHOES

Ha TpeAbIAyIIeH urepaiuu p¥, He OyayT JOCTATOUYHO OJTHU3KH:
max|p* — p"| < &, (3.5)

€p — 3aJJaHHAS TOYHOCTb.
2. HaxooicOenue npubnudiceHHo2o 3Ha4eHusi HacblyeHHOCmell
HaiinenHoe pemienue ypaBHeHus (3.4) p* mojacTaBisieTcss B CUCTEMY ypaBHEHHIMA

(3.1), HachIeHHOCTH (ha3aMK MEPECUYUTHIBAIOTCS SIBHBIM METOIOM:

gn+i *TH) —sitpl tokk?
3 p1o(p ) = s1'pio +V- ('010 1 Vp*> = —ms'j*(M; — py),

At n

Sn+1p (p*, T“) _ Snpn pnkkn
VT ) = e TS (G = )
2
(3.6)
Sn+1 *,T” _STL n nkkn
m3 ps(p ) — S3p3 LV <P3 - 3 Vp) = mstjiM,,
Sn+1p4 _ Snp4
= (0 TSR (G — Co).

3. Haxoorcoenue npubaudiceHno2o 3HaueHusi KOHYeHmpayus u memnepanmypbl
B pesynbrare pemienus ypaBHeHu# (3.6) mosydaroTcs mpuUOIMKEHHBIC 3HAUCHHS
HACBIIIICHHOCTH {Sl* = 1,4}, KOTOpPBIE HMCIOJIb3YIOTCS TIPU SBHOM BBIYHCIICHHUH

KOHIICHTpallMyl KOMIIOHCHTOB.

At n = —msijt

s* n+1_Sn n nkkn
o S1Y 1y +V_<y 3vp*>_ p
3

At z

sia™tl — st akk?
m= ! +V-< . 3Vp*>= , (3.7)
3

S*Cn+1 *,T” _SnCn n n nkkn
22022 p2(p ) =83 22P2+V_< 2 P2 2Vp*>

At n

= PZ(P*,T”)S;kg(Cﬁkz — Cy)*

Y TeMIIEpaTyphbl:
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n+1 —n

(1- m)co( 4 m u+1 vuclu+17n slphc nT )
Fr+Fp—D
At +Z At T e = D

=1

=V kVI™! + (),

3 n
T A} 1 —
Fr = Z p* [V (plpv—u VP”) -V (pv,u) ' (P?C?Tnﬂ?vp")],

=1 L L

prclerp AT 1
vu l < l pv;.t va> -V <pv_,u> ) (pirlcirl‘g:ﬁn/l?vpv)l;
i i

_mus(sy oy esp” — sPpiesp”)

p At
C] = meL3M3j“ - szglﬂsgkz (CSZ - CZZ)V,H'

(3.8)

Mw

D

4. Ilepexoo na ciedyrowyro umepayuro Ui Ha ciedyioujull BpemMeHHOl uae
3navenus Ha (1 + 1)-it uTepanuu OOHOBIISFOTCS:
frrt = fT=yn,a, G T sl i = 14, (3.9)

rne y*,a*,C5,,T*, s; - HalijieHHbIC Ha MPEbIAYIICH (-1 UTepalluy IPHOINIKSHHBIC
I0JISI KOHIICHTPAI[UU, TEMIIEPaTypbl M HACBIIIEHHOCTH. 3aTEM ITOBTOPHO PEIIaeTCs
ypaBHenue (3.4). Ilporecc mpoaoinkaeTcs J0 TeX IOop, MOKa HACBHIIEHHOCTH H
KOHIICHTPAIIUU HE CTAaHYT JOCTATOYHO OJIM3KHU:

max|s3 — 53 | < €, (3.10)

max|y* — y#| < g,
€5, €y — 3alaHHas TOYHOCTb. [IpoBepAIOTCA TONBKO 3aBHCAIME B HaMOOIbIICH
CTCIICHH OT 3HAYCHHWH, TMOJYYCHHBIX He mnpeapiaymieit wurepammu (3.10):
HACBIIICHHOCTh Ta30BOM (ha30i S; M KOHIIEHTPAILMS aKTUBHBIX KOMIIOHCHTOB B
BOJHOM PacTBOpE .

OnucaHHBIN BBIIIE AJITOPUTM PEIICHHS CXEMAaTUYHO B BHJIE OJIOK-CXCMBI

n300pakeH Ha puc. 11.

59



PelweHne ypaEHEHWA ONA QAaENeHUA

E—— Ap g prAl . : 1 ATVE
Co E + Z V- l-_-,;f"'-“" Fpﬂ+ - Z v Ej,-._u . (.'DFAFFF T+ Cr E + lfj =10
i=1

Ll i=1 i

s

PeweHue }FPEEHEHHI:I ANA HaCbIWeHHOCTH

ST — sPplfp pmAr 1 v
m— ‘.::t. /P + V- ( lul Fp-) -F (,-_—.u”) (prARTRY) = .Iir[r'u.-'r.l'-'"[r "

i L}

n+i n,ng Vi
5y —5,05/P,

At

v

PelleHWe ypaBHEHMA KOHLEHTPALWKA
5-”"'1_1}:“ +1
m_—— + 7 (yRATTpY) = —msy j#

e+l
5 g+t _s{!an

m = +V-(@a™AlFp*) =10

At
L+l W
STCRR SRR el . ClpltAl 1 T
m2 Ca Zilapil: +F"( "?fu‘F’F"')_F( ) (CEPEAETD™) = I} /ol

At [ Py
v

=132

n,.mn
—5¥

PelleHWe ypaBHeHNA TeMNepaTyphl

(1—m)pycy (THH - Tﬁ) tm (sf“p:’“r:f“TnH - sir‘pi-“r:::‘Tn)

= £y = +Fp—Fo—Dp =T - kFT™ 4+ C,

CnegywliMid BpeMeHHOM Wwar
e "

Puc. 11. IlpunnunuanpHas 0JIOK-CXeMa alropuT™Ma YUCICHHOTO PeIIeHUN




3.4. Bpi0op MeTOAa NPOCTPAHCTBEHHOH TUCKPeTH3aALMHI

B ocHOBE BceX YMCIEHHBIX METOAOB JIEKHUT MPOLEaypa MPOCTPAHCTBEHHOU

AUCKPCTHU3allU — 3aMCHaA HGHpCpBIBHOfI I/IH(bOpMaHI/II/I, COI[E?p)K&HIGfICSI B TOYHOM

pemieHnu audQepeHuanbHbIX ypaBHEHUN, JNUCKPETHBIMU 3HaueHUsMU. Llenbio

IMIPOBCACHUA ATOM npoucaypol ABJICTCA IIOJXYUYCHHUSA OUCKPCTHBIX aHAJIOI'OB

UCXOJHBIX JuddepeHInanbHbIX ypaBHEHUNH — anreOpandyecKux YpaBHEHMHI,

KOTOPBIC MOXHO PCHINTb U3BCCTHBIMU MATCMATUICCKUMHU MCTO/IaMHU.

]_II/ICerTI/ISaHI/ISI MOKET OBITh OCYHmCCTBIICHA MHOKXCCTBOM CIT0CO0OB.

Haubonee nonysspHbIe U3 HUX 3TO:

MeToJ, KoHeuHbIX paszHocTte (MKP) — mpou3BOAHBIX MpeACTaBISIOTCS
KOHEUYHBIMH Pa3HOCTSIMH,

MeToJ, KOHeYHhIX o0bemMoB (MKQO) — ocHOBaH Ha HCHOJb30BaHUU
WHTETPaJIbHBIX 3aKOHOB COXPaHEHUS,

MeTOJ1 KOHEUHBIX 37ieMeHTOB (MKD) — 3amaua Gpopmynupyercsi ¢ moOMOIIbIO

byHKIMNA, KaK1as U3 KOTOPBIX OINpeIesieHa B CBOEH 1mo1001acTu.

MeTon KOHEYHBIX OOBEMOB MMEET CIEAYIONIME JOCTOMHCTBA, MO CPABHEHUIO C

METOZIOM KOHEYHBIX Pa3HOCTEH U METOI0OM KOHEYHBIX 35ieMeHTOB [88,89]:

[Tomy4yeHHBI AUCKPETHBIM aHaior aud@PEepeHInaTIbHOTO  YpaBHEHMUS
BBIP)KAET 3aKOH COXpPAaHEHWS HMCKOMOW BEIIMYMHBI TOYHO TaK XKe, Kak
nuddepeHnnanrbHOe  YpaBHEHHE BBIpaKAeT 3aKOH COXpPaHCGHHS IS
0eckoHeuHO Majoro oorema. Takum 00pa3oM, COXpaHEHUE TAKUX BEITUYHH
KaK Macca, KOJIMYECTBO ABMKEHUS W DHEPTHUS 00CCTICUMBACTCS IS KaXKIOTO
KOHTPOJILHOTO 00BbeMa, a 3HAYUT M Ha BCEMl pacueTHOW obOmactu. DTO
ommmyaeT MKO ot MKP, nipu ucnonb30BaHHU KOTOPOTO HY>XKHO OTIEIBHO
CJICIUTH 32 BBIMIOJTHECHUEM 3aKOHOB COXPaHCHHS.

KonTtponbHbie 00beMbI MOTYT OBITH TTPOU3BOJIBHOW MHOTOTPAHHOU (DOPMBI,
co3faBasi TPOU3BOJILHBIE HECTPYKTYPHUPOBAHHBIC CETKHA. DTO IIO3BOJISACT
NPUMEHATh METOJT KOHEYHBIX OOBEMOB I CIIOXKHBIX ITI0 TEOMETPUHU
pacueTHbIX obsacteit. 910 naer MKO npeumytiectBo 1o cpaBuennto ¢ MKP,

OTPaHUYEHHBIM B OCHOBHOM PETYJISIPHBIMU CTPYKTYPUPOBAHHBIMU CETKaAMU.
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e MeTog KOHEYHBIX 3JIEMEHTOB ONUPAETCS Ha BapUAIMOHHYIO 3aJadyy O
MUHAMYME OIIUOKH alMpOKCUMAIIUU PEIIeHus 0a3ucHOW (YHKIMEH, a He
UCXOJIHBbIE (PU3NYECKUE YPABHEHHS. DTO JIeNIaeT METO]I KOHEYHBIX 2JIEMEHTOB
0oJiee CI0KHBIM B MATEMATHYECKOM IJIaHe U TpeOyeT BHECEHUS B ypaBHEHUS
JOTIOJIHUTEJILHBIX MAaTEMAaTUUECKUX MOU(DUKALINMI. DTO, a TAKKE OTCYTCTBHE
SABHBIX MpeuMylIecTB 10 cpaBHeHUI0 ¢ MKO, nenaetr MKD HenonmynsipHbIM
JUISL PEIICHUS 3a/1a4 BBIYUCIUTEIbHON TUAPOTa30IMHAMUKH.

e MeToq KOHEUHBIX OOBEMOB peaM30BaH B TMPOTPAMMHOM  ITAKETE
OpenFOAM [100]. CymectBytomue C++ OHOIMOTEKH YHPOINAIOT
HaxO0XXJIeHUE KOA(DPUIUEHTOB NUCKPETU3AIMOHHBIX MAaTPUI] B TOM YHCJIEC U

Ha HEOPTOTaHAJIBHBIX HECTPYKTYPUPOBAHHBIX CETKAX.

B TAHHOU JTUCCEPTAlMOHHON pabore pu IUACKpETU3aLuuU
¢ depeHIMATBHBIX YPABHEHHUH IO IPOCTPAHCTBY UCIIOJIb3YETCSl METO KOHEUHBIX

00beMoB. [lasiee B ri1aBe mpuBeacH kpaTkuit 0630p MKO [90-93].

3.5. MeToa KOHEYHBIX 00HLEMOB

JluckpeTuszauuu 10 NOPOCTPAHCTBY B METOJI€ KOHTPOJBHOIO 00ObeMa
IPOBOAUTCSA ITyTEM CO3JIaHUS CETKU: Pa30MEHUs pacueTHOM 00JIacTH Ha HEKOTOPOe
KOJIMYECTBO HENEPECEKAIOIINUXCSI KOHTPOJIbHBIX OOBEMOB TakUM 00pa3oM, 4TO
Ka)KJasl y3710Basi TOUKA JEKUT BHYTPU OJHOTO M3 HuX. Popma 00beMOB B 001IEM
cllydae MOXET ObITh MPOU3BOJIbHA, IIMPOKO PACIPOCTPAHEHbI, HAIIPUMEp, CETKH,
COCTOSIIME M3 TETPAdJIpOB, TaK KaK OHU MOTYT OBITh CreHEpHUPOBAHBI
aBTOMATUYECKA U1 [POU3BOJIBHOM  I'€OMETPHUU. Opnako  OOBIYHO
IIPEANOYTUTENBHEE UCII0JIb30BaTh peryJisipHbIe CTPYKTYPUPOBAHHBIE
rekcadapuieckue cetku [94]. TUNMUHBIA Yy4acTOK TaKOH CETKW IMPEJICTABJICH Ha
puc. 12(a). B aroit pabote He OyaeM nmoapoOHO OCTaHABIMBATHCS HA TPYIHOCTSIX,
BO3HUKAIOIIMX IIPM HCIOJB30BAHUM HEOPTOIOHAIBHBIX CETOK, B pacderax

HCIIOJB30BAJIMCH TOJBKO OPTOTOHAJIILHBIC PETYJIAPHBIC I'CKCAAPHICCKUC CCTKH.
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Puc. 12 OGnacTh mpocTpaHCTBa, pa3duWTas Ha KOHTPOJIbHBIE OOBEMHI (a), U

TUMUYHBIA KOHTPOJBHBINH 00beM (0).

3.6. Teoperuyeckne 0CHOBbI MeTO/1a KOHEYHBIX 00bEMOB

Jlanee B rJaBe MeETOJ KOHEUHBIX OOBEMOB OIKMCAH Ha MPUMEPE
IPOCTPAHCTBEHHOM IUCKpeTH3aluu AUPQPEpeHInanbHOr0 ypaBHEHHUsS IEepeHoca
IPOU3BOJIBHOM CKaJsipHOW (pu3myeckoil BenmuuumHbl C, HampuMep, MAacCOBOM

KOHOCHTPAaIHH PAaCTBOPCHHOI'O B ﬂBHX(ymeﬁCH JKHUJAKOCTU KOMIIOHCHTA.

a b c d
dpC
P+ V- (puC) ~ V- (pDVC) =), (3.11)

rae p — IJIOTHOCTh (irouaa, U — CKOpocTh Guibtpauuu, D — xosdduiuent
nuddy3un, | — UCTOUYHUK, ONMHUCHIBAIOIINN T'€HEPALMI0 HEKOTOPOro KOJIMYECTBA
PacTBOPEHHOTO BEIIECTBA BHYTPH DJIEMEHTAPHOTO 00beMa.

Huddepennmansaoe ypapHenue (3.11) B pamkax MKO wunTerpupyercs 1o

KOHTPOJIBLHOMY 00BeMy V

D OTPpaHUYCHHOMY IIOBCPXHOCTBIO Sp C BHCIIHCU

HOpMaJbio N (puc. 12(0)):
a b c d

d

aijalV+ fV-(puC)dV _ fV-(pDVC)dV= f]dV. (3.12)
Vp Vp Vp Vp

Paznoxenue moabIHTErpabHBIX GYHKIMA B psg Tednopa B OKPECTHOCTH

TCOMCTPHUYICCKOI'O ILCHTPA KOHTPOJIBHOI'O 06T>€Ma, TOYKHU P, IIO3BOJISICT B3ATb
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oobemHble uHTerpayiibl B (3.12). Jlns mpou3BOJABHOW CKalsApHOW (GyHKIUH P

pasnoxxeHue B psaa Telopa UMeeT BUA:

() = p + (x = xp) - (VY)p, (*)
JUTSL BEKTOPHOU (QyHKIUH &
a<;
£ = 5o+ (5, ) e (37) o
JU1 TeOMETPHUECKOTO LIEHTPa KOHTPOJIBHOTO 00beMa P cripaBeuInBO BBIPAKEHHE:
J(x —xp)dV =0, (***)
Vp

r7ie Xp, — paauyc-BeKTop Touku P. Jlns npeobpa3oBanus 4wieHOB ypaBHeHus (3.12),
B KOTOPBIE€ BXOAAT MPOCTPAHCTBEHHBIE IPOU3BO/IHBIE, UCTIONIBb3YETCs] 0000IIEHHYIO
teopemy OcTporpaackoro-Iaycca:
fﬁx<pdv=fd§xgo. (3.13)
Vp Sp
3HaK «X» O3HA4aeT Jito0O€ TEH30pPHOE MPOU3BEACHHE: CKAJISIPHOE, TUAJHOE WU
BEKTOpHOE Tmpou3BeneHue. Ecnu npumenuts (*)-(***) k kaxmoMmy ciaraemMmomy
ypaBHeHus (3.12) ¢ yuerom Teopemsl Octporpaackoro-I'aycca (3.13) momyunm:

a)  Bpemennas npoussoomnas

[Tycts ¢ = d(pC)/0t, Torna:

[wav = [ [wo+ G -5 (Fp),]av =
v, vy

(3.14)
=Yp f av + f(f_x_P))dV -(V)p = Yply,
Vp Vp
158105
d apC
| peav = (57), (3.14)
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b)  Kousexmusnuvlii unen
[Tycts § = puC, Torna:

)

p

v-gav= ) | §mpds=
7S

%, (3.15)
=ZJ €f+(xj—xfj)ei-<a—xl_> ] ngdsS = sz- ng Sg,
;oS 7f 7
i
f V- (puC)dv = Z F:C;, (3.15)
v, f

re WHACKC [ TpuHUMAaeT 3HadeHus u,d,f,b,l,r u o3HadaeT, 4TO claraemoe

BBIUHC/ISCTCS B TCOMETPHUECKOM IICHTPE COOTBETCTBYIOIICH rpanu (puc. 12(0)),

Fr = (pu) f * MpS — MacCOBBIN TIOTOK Yepe3 rpanuily f.

C)  Augghyzuonnwiii unen

AHAJIOTUYHO MyHKTY D!

j V- (pDVC)dV = Z(pD)f(VC)f-nfsf. (3.16)
f

7

d)  Hcmounukoswiii unen.

YacTo MCTOUHUKOBBIN WICH ABJIIECTCS (PYHKITUEH camMoii 3aBUCUMOI1 iepeMeHHoi C,
M TOrJa >XKEJIaTeJIbHO YYECThb 3Ty 3aBUCUMOCTH IIPU MOCTPOCHUU IUCKPETHOIO
aHaniora. Kak mpaBuio, ¢ MOMOIIBIO Pa3IMYHBIX MAaTE€MaTHUYECKUX METOJOB 3TO

cIaraeMoe NpeJCTaBiAeTCs B IMHEHHOM Bujte, J = [, + ], C.

f]<PdV =1,Vp + 1,6V (3.17)

Vp
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Takum 00pa3oM Tocje MPOCTpaHCTBEHHOH muckperu3anuu (3.14)-(3.17)

ypaBHEHHE TiepeHoca ckasspHoi BenuunHbl C (3.11) mpumMer BU:
dpC
(W)PV;’ + ZFfo - z(PD)f(VC)f'”fo =11V +12CpV-  (3.18)
f f

B (3.18) BX0AT KaKk BEJIMYUHBI, BEIUUCIICHHBIC B IICHTPaX KOHTPOJIbHBIX 00BEMOB
(c mHAEKCOM «P»), TaK W BETWYHHBI, BHIYUCICHHBIC B IEHTPaX MOBEPXHOCTEH,
OrpaHUYMBAIOIINA KOHTPOJIbHBI 00beM (¢ HHACKCOM «f») (puc. 12(0)). Dtn
BEJIMYMHBI SIBJISIOTCS 3aBUCUMBIMHU U HY)KHO OIIPEICINTh CBSI3b 3HAUCHHIA Ha TPaHsIX
W 3HAYCHUH B IEHTpax sueek. JIJIsi 3TOr0 MCMONB3YIOTCS CXEMbI WHTEPIOJISIINU.
Hue ommuchIBarOTCS CXEMbl HWHTEPHONSLUUUA MPUMEHUTEIBHO K KaXIOMY

ciaraeMomy ypaBHenus (3.18).

3.7. Jluckpern3anusi KOHBEKTHUBHOIO CJIAraeMoro

PaccmoTpuM kKOHBEKTHBHBIN wieH ypaBHeHus (3.18). [Lyis npoctoTsl Oynem
CUUTATh, 4TO PYHKIMs C MEHSIETCS TOJIBKO BJIOJIb OJTHOTO HamnpasieHue x (puc. 13).
WHTEepronauuoHHble CXEMbl Il  TPEXMEpPHOro ciay4as (QopMyJIupyrTCs
anasiornyHo. Haubonee mpocthie crnocoObl BeluucieHus C¢ — 3TO LIEHTpasibHas
pasnocth (CD - central differencing) u cxema «mpotuB motoka» (UD - upwind
differencing):

1. 3HayeHne Ha TpaHULE KOHTPOJIBHOIO O0bEMa MpPU HUCHOJIb30BAHUHU

LEHTPAJIBHON CXEMBbI BBIYUCIISIETCS] IPOCTHIM YCPEIHEHUEM:

C]gD = fxCP + (1 - fx)CN- (319)
rne f, = fN /PN — uHTepHONAMMORHBINA Ko3ddumuent. Uanekc N o3Hauaer,

YTO 3HAUYECHHE MMEPEMEHHON OTHOCUTCS K coceaHeil (neighbor) siueiike

2. Ilpu MCnoNb30BaHUU CXEMBI «IIPOTHB MOTOKA» 3HAYCHHE HA MOBEPXHOCTH

SYEUKU MPUHUMAETCA PaBHBIM 3HAYEHUIO B LEHTPE SUYEUKH, €CIU MOTOK

HaIpaBJIeH HapYXKy, U PaBHbIM 3HAYEHUIO B LICHTPE COCEIHEHN SUEUKH, €CIIH

IOTOK HAIIPABJICH BHYTPb:
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Puc. 13. BrruncieHre 3Ha4CHUS HEM3BECTHOW BEJIWYMHBI HA TPAHUIIC KOHCUHOTO
o0bBeMa.

Cp, F;20

¢ = {CN, F <o (3.20)

LlenTpanbpHas cxema UMEET BTOPO MOPSIOK alllIPOKCUMAIIUU, OJTHAKO, KaK U
mo0ast pyras cxema 0oJiee BBICOKOTO TMOpSJIKa anlpOKCUMAIlMU, HE SIBISETCS
MOHOTOHHOM [95]. DTO MOXET MNPHUBOJAWTh K BO3HUKHOBCHHIO HE(U3UIHBIX
OCHWIIAIMK pemeHns. Cxema «IpOTHB ITOTOKa» TapaHTUPYET MOHOTOHHOCTH
MOJIy9aeMOTO PEIICHUS, OJHAKO HU3KWW TMOPSIAOK AaIllpOKCUMAIlUd BEAET K
CYIIIECTBEHHOMY MCKaXXCHUIO DPEIICHUS BCIEJCTBUE YMCICHHON nuddy3uu, 4To
BBIPAKACTCS B «Pa3MBITUN PE3KUX TPAHUIIL.

Hekum KOMIpOMUCCOM MEXITy MOHOTOHHOCTBIO M TOYHOCTHIO YHCICHHOTO
pEIICHUST MOXKET CIIY)KWUTh CMeIIaHHas 4YHCJICHHas cxema. Jlis ypaBHEHUMH
nepeHoca, Beipaxkarommxcs B Buje (3.11) moaydnian MMpPOKoe pacipoCTpaHCHHUS
TVD-cxemsr (TVD - total variation diminishing) [96]. B pamkax 3Toro moaxoaa

SHAYCHHUC Ha I'PaHHUILIC KOHTPOJILHOI'O o0BeMa BBIPAXXACTCs B BUAC!

Civ12 = 0.5¥(r)(@; — @i—1) + @y,

- Pi+1 — Pi (3.21)
Pi — Pi—y’
rIe Y(r) — (YHKIUSA-OTPaHUYNTEb. Hexotopebie U3BECTHBIC

(GYHKIIMU-OrpaHUYMUTEIN pUBEIeHbI B Tabmuie 5. CpaBHEHHE HEKOTOPBIX U3 HHUX,
UCIIOJIb3yeMbIX B JIaHHOM pabore, mpuBeneHo Ha puc. 14. Hcnonb3zoBanue
BeipawkeHus (3.21) mpUBOMUT K TOMY, YTO Ha PE3KUX TPAHHIAX YHCICHHAS
g y3us yMEHbBIIASTCS MyTeM CHIDKEHUS TIOPSAKA alMpOKCUMAIINH, B OCTaTbHOM

ke o0JtacTh COXpaHACTCA BbICOKAsA TOYHOCTD.
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12

1.0

Concentration
o o
(2] [o ]
T

o
~
T

0.2

linear
upwind
vanLeer :
analytic solution |

n i
0.2 0.4

i
0.6 1.0

X

Puc. 14. CpaBHeHI/Ie HauoOoJee IMOIIYJIAPHBIX YHCJIICHHBIX CXCM JHUCKPCTHU3AINH

KOHBCKTHUBHOTI'O CJIara€Moro.

B makere OpenFOAM noctyriHa mporpaMMHasi peaau3amnust s OOJBIIOTO

gucia TVD-cxem [97]. CpaBHEHHE TOYHOCTH ¥ CXOJUMOCTH HEKOTOpBIX TVD-cxem

npuBezcHo B [98]. B nmaHHO#M paboTe TpHM IUCKPETHU3AIMM KOHBEKTHBHBIX

cllaracMbIX YPaBHEHHI ITEPeHOCA MCITONIb3yeTcs cxema vanlear (tadimma 5).

Tabnuna 5. dyHkuun-orpanuunTean HEKOTOphIX TVD-cxem.

Cxema Haspanue B DOYyHKUHUA-OTPAHUYIUTEJIb
OpenFOAM YHRI P
[{enTpanpHas TUHEWHAs linear W) =r
cxema
Cxema c pa3HOCTSMH upwind wir) =0
[IPOTUB MTOTOKA
[lenTpasibHas TMHENHAS _ . (2r
cxema ¢ orpannuuTenieM | limitedLinear k ¥(r) = max (mm (?’ 1) ’ 0)
(minMod) 0<k<1
Cxema van Leer vanLeer Y(r) = rt
r+1
MUSCL MUSCL ¥(r) = max(min(2r,0.5r + 0.5,2),0)
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3.8. Muckperusauus 1u¢@y3noHHOro0 cJIaraeMmoro

Paccmorpum muddysuonnsiii wieH ypaBHenus (3.18). CymectByer, 1o
Kpaifneil Mepe, 1Ba crocoba BeIYMCIUTH rpaguent (VC)y B LEHTpe TpaHUYHOM
TIOBEPXHOCTH KOHTpPOJILHOTO oObema. IlepBasi — WHTerpupoBaHue 1Mo (Gopmyle
Octporpazackoro-I'aycca (3.13):

fVC dv = J (ndS = 2 CneSy = (VO)p = m, (3.22)
Vp S f p
1OCJIE Yero MOXHO NPUMEHUTh MPOIEAYPY HHTEPIIONSIMU IS BBIYUCICHUS
sHadenus (VC) Ha rpaHuIle KOHTPOJILHOTO 00bema (3.19)-(3.21)
Bropoit croco®0 — HaWTH Ha TpaHUIEe HOPMAIBHYIO MPOH3BOHYIO

n- (VC)s = (0C/0n)s, ucnonb3ys usectble (opmynsl u3 MKP, nanpumep

LHEHTPAJIbHYIO Pa3HOCTH:

Cy — Cp
' VC = S _— 3.23
ny ( )f f PN ( )

B nanHoii padote ucnonbiyercs Gpopmysa (3.23). Janublit criocob TpeOyeT MEHbIIIe

BBIYMCJIICHUN U 00€CIIeYnBacT MCHBIIYIO IMOTPpC€IIHOCTDL, HO ITPUMCHHUM TOJBbKO IJIA

OPTOIrOHAJIBHBIX CCTOK.

3.9. JIuckperu3anusi TPAHNYHBIX YCJI0BHIA

['panuyHbIe yCIOBUS MOTYT OBITH JIBYX THUIOB: ycioBus Jlupuxie (Ha
IPaHULIE PACUETHOM 00JIacTU 3aJaeTcs 3HAYEHUE HEHM3BECTHOIO MapaMmeTpa) U
ycioBue HeliMana (Ha TpaHMIle pacdyeTHOM o00JacTH 3ajaeTcd HOpMalibHas
NPOU3BO/HAS HEW3BeCTHOro mnapamerpa). CyUIECTBYIOT €Il€ CMEIIaHHbIe

IpaHUYHBIE YCIOBHS, KOTOPBIE HE PACCMaTPUBAIOTCS B TAHHOM paboTe.
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n

Puc. 15. I'paHuyHbIN KOHTPOJIBHBIN 00BEM.

KonTpoasHbIlt 00beM P, orpaHUYeH C OJHOM CTOPOHBI IPaHUIeH pacueTHON
obmactu b. BekTop Mexay IEHTpoM oObeMa W IIeHTpoM rpaHunsl Pb = d,
KOMIIOHCHTa BekTopa d, TepreHaAuKynspHas rpanuie pasHa d, (puc. 15).
Cnaraembie ypaBHeHus (3.18) mis pa3iu4HBIX TPAaHWYHBIX YCJIOBHH Ha TPaHMIIC

pacueTHOM 00JacTH b BBIYUCIIAIOTCS 1O GopMyTiaM, MPUBEACHHBIM B Tabmu1a 6.

Tabnuna 6. JIuckperuszaiusi TpaHUYHBIX YCIOBU.

I'pann4yHoe yciaoBue dopmy.ia
Cp = Cp
DuUKCUPOBAHHOE 3HAYEHUE n-(V0), = Pp — Pp
|, |
OUKCUPOBAHHBIN IPaIMEHT, { n-(V0), = gy
gp = (9C/0m), Cp =Cp+dy-(VO)p = Cp + |dnl - gy
HyneBoii rpanueHt, {n -(VCO)p, =0
9p =10 Cp = Cp
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3.10. IIpeacraBiaenue 3agauyu B Buge CJIAY

Kak moxkazano BbIIC, 3HAYCHUA HCHU3BCCTHBIX BCIIMYMH Ha TI'PaHHULAX

KOHTPOJBHBIX 00BEMOB Cr, (VC) f MOXHO TNPEICTaBUTh B BUIE JIMHEHHOM

KOMOMHAIIUK 3HAYEHHUH B IEHTPE KOHTPOJIBHOTO 00beMa Cp M B IIEHTPAX COCEIHUX
KOHTPOJBHBIX 00beMOB Cy = {Cy, Cp, Cr, Cg, €, Cr} o popmynam (3.19)-(3.22). B
CIIydae sIBHOW JUCKPETHU3AIMH 110 BpEMEHH 3TH 3HAYEHHUsI OEPYTCS C MPEABIIYIIErO
BPEMEHHOTO CJIOS N
Cl = I(C. CR) = I,c™, a2
(VC™); - ny = G (C}LCR) = GeC™,

[,G — nuHelHble WHTEpHOJANMOHHBIE (QyHKIMU. Torma 3HaueHHWe HEU3BECTHOU

BEJIMYMHBI MOKHO HAWUTHU MO SIBHOM (bOpMy.]'Ie I KaAKA0TI'O0O KOHTPOJBHOI'O oOBeMa:

(PO = (pCO)E

(3.25)
+ | Jup + JopCp — z Ifcn 2(p i ¢ G-Cp |aen

B ciydae HesIBHOW JTUCKpPETU3AIMHU 10 BpeMeHH IS BhruuciacHus GyHkuuu (3.24)

HCIIOJIB3YIOTCA HCU3BCCTHLIC HA TCKYIICM BPCMCHHOM IIAre BCJIMYHMHBI Cn+1

, TOTAa
ypaBueHust (3.25) npeacraBiaser coOOW CHUCTEMY JHMHEHHBIX ajireOpandecKux
YPaBHEHUM !

Ac™t = pm, (3.26)

~

A — nucKpeTH3anroHHas MaTpuia, b™ — BEKTOp CBOOOJHBIX WICHOB YPaBHCHUH,
cntl BEKTOP HEW3BECTHBIX 3HAYEHUM NepeMeHHOM ( B LEHTpE KaxKIOro
KOHTPOJILHOTO 00beMa. Koa(uiueHTs! IucKpeTn3anionHas MaTpuna A n BekTop
CBOOOJHBIX UJICHOB YpaBHEHHH b™" 3aBUCAT Kak OT HCIOIb3YEMBIX CXEM
UHTEPIOJIALNN, TAK U OT T€OMETPUUECKUX XapaKTEPUCTUK KOHTPOJIbHBIX 00EMOB

U TpaHn4HbIX ycioBuid Cuctema ypaBHeHuH (3.26) MOKET OBITh pellieHa OJJHUM U3

M3BECTHBIX MeTOA0B pemienus CJIAY.

71



3.11. Oco0eHHOCTH peajM3alMU YHCJIEHHOT0 AJTOPUTMA B MPOrPAMMHOM

koxe OpenFOAM [82]

BaxHbiM nperMymiecTBOM nporpaMmmHoro komruiekca OpenFOAM siBisiercst
JeXalii B OCHOBE OOBEKTHO-OPUEHTUPOBAHHBIM Tonxon. B ucxomHoMm koxe
peanu3yeTcs uepapxus KJIacCoB, MO3BOJLIIONIMX paboTaTh € pa3MEpHBIMHU
CKJISIPHBIMU ¥ TCH30PHBIMHU BEJIMYWHAMH, YHCIICHHBIMH CETKAMH, Pa3psHKEHHBIMH
MaTpuliamMu, (GU3MYECKUMH TOJISIMU, OINpeIelIeHHbIMA Ha 3THx cerkax [99,100].
Hanpumep, kmacc VolScalarField mospomsier pabotaTh CO CKalsIpHBIM ITOJIEM
(bU3NYECKON BETMUUHBI:

volScalarField C

(
IOobject

(
Tl
runTime.timeName(),
mesh,
IOobject::MUST_READ,
IOobject::AUTO_WRITE

),

mesh
);
JlaHHas 3alUCh O3HAYACT, YTO CKAISpHOE ToJie C ompeneneHo Ha pacuéTHOW CeTKe
mesh, mapameTpbl YTeHHUsA-3aMMCH 3HAYCHHI TI0JIS ONUChIBatOTCs 00bekToM 100bject.
[TocTpoeHHble aOCTpaKIMU TO3BOJSIOT 3a/1aBaTh YPABHEHHUS B MPOCTOM H
noHstTHOM Bune. Hampumep, mist knacca volScalarField ompenenensr ¢ynkiym
BBIYUCIISIONINE JUCKpeTHBIE nuddepeHInanbHble Onepanuy M0 MPUBEICHHBIM B
naHHou riaBe Gopmymnam: div, nuBeprennus (3.15); laplacian, mamnacuan (3.16);
Sp, ucrounuk (3.17); grad, rpamuent (3.22). IIpu BBIYMCICHUU HCHOIB3YIOTCS
XapaKTEPUCTUKN  pacu€THOW  CETKH, 3aJaHHble  TI0Jh30BATEIEM  CXEMBI
UHTEPIOJISIIIMYA ¥ TpaHW4YHbIC yciioBus. YpaBHenue (3.18) B mporpamMmHOM Koze

OyZeT UMETh BUJI:
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B HCAIBHOM BHUC B IBHOM BH]IEC:

fvScalarMatrix A fvScalarMatrix A

( f_:/m::ddt(rho,C) ( fvm::ddt(rho,C)
fvm::div(F,C) :Vc::diV(F,C)
fvm:: laplacian(D,C) fvc:: laplacian(D,C)

| gL_J + fvm::Sp(Sp,C) ;j + fvc::Sp(Sp,C)

?:’ = linearInterpolate(U)& mesh.Sf() ?: = linearInterpolate(U) & mesh.Sf()

®ynkun npoctpanctsa umeH fvc (finite volume calculus) Beraucisiror tuckpeTHbIC
nuddepeHIanbHbIe ONepaluy sl ONPEACTICHHBIX Ha TEKYIIEM BPEMEHHOM IIare
¢usznyeckux ToOJEH W BO3BpaIlalOT HOBbIE (u3nueckue mnoist. DyHKuuu
npoctpanctBa uMmeH fvm (finite volume method) BeUUCISIIOT KO3(hGUITUESHTHI
JUCKPETU3AIIMOHHON MaTpUILIbI.

Kmacc fvScalarMatrix ompemenser MMCKpETH3alMOHHYIO MaTpHily A u
NPEIOCTaBIsAECT MOCTYH K (QYHKIMSIM paOOTBhl C pPa3psHKEHHBIMA MaTpUIlAMU:
3ajaHue  Kod()(PUIMEHTOB, W3BJICUEHUE HIKHEH TPEYrojbHOM  MaTpHIIbI,
JMaroHaJIbHON MaTpuiel, W JAp. PerieHue cuctembl ypaBHeHWH Buaa (3.20)
NPOUCXOTUT MmocpeacTBOM BbizoBa (yHKImK A.S0lve(). Mcmonb3yroTes 3a1aHHbIe
noJyib3oBaresneM Meto bl perienus CJIAY u metoas! npenoOyciaBIuBaHusl.

Ocobennocteio maketa OpenFOAM B OTIIMYMHM OT APYTUX H3BECTHBIX
THJIPOJMHAMUYECKUX CHUMYJISITOPOB SIBJISIETCSI TO, YTO IOJb30BATENO0 Tpedyercs
SBHO YKa3bIBaTb METObl HMHTEPHOJSAINH KaXKIOTO CJIaraéMoro ypaBHEHUS H
metoabl pemieans CJIAY [101]. DTu ycTaHOBKHM YKa3bIBAIOTCS B CHCIHMAIbHBIX
daitnax-cnosapsx (dictionary) (puc. 16). HeBepHble ycTaHOBKM MOTYT IOBJICYb
MOSIBJICHHE OCIMIUISAIMI TIoJie Ha pPE3KUX TpaHUIaxX, YBEIHMUYEHHE OIIMOKU
MaTepualibHOro OanaHca M HCKakeHHe pemieHue. CpaBHeHue 3()QGEeKTUBHOCTH
HEKOTOPBIX YHUCIEHHbIX MeTonoB pemeHus CJIAY, peann3oBaHHBIX B MaKeTe

OpenFOAM mnpogeneno B padore [103].
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a) daitr fvSchemes

solvers

{
P
—| {

solver BLG;
preconditioner DIC;
tolerance le-15;
relTol 0.01;

o 1

= 1
solver smoothSolver;
smoother symzaussSeidel ;
tolersnce le-15;
relTol 0.01;

rd }

= 1
solver smoothSolver;
smoother symizaussSeidel ;
tolersnce le-15;
relTol 0.01;

o 1

T

= 1
solver smoothSolver;
smoother symizaussSeidel ;
tolerance le-15;
relTol 0.01;

o 1

6)

daiin fvSolution

gradSchemes

{
default
grad(p)
H

diwvSchemes

{
T default
H

Fauss linear;
Fauss linear;

Fauss linear;

laplacianSchemes

{
T default
H

Gauss linear orthogonal;

interpolationSchemes

1
default linear;
krof upwindg;
krwf upwindg;
krgf upwindg;
af upwindg;
fy upwindg;
Cpw upwindg;
T upwindg;
= b
sniEradSchemes
{
T default orthogonal ;
H

Puc. 16 Ilpumep 3amanmst wmeromoB pemieHus CJIIAY (a) m  MeTomoB

uHTepnosnuu (0) B ucxoansix (ainx pacueta OpenFOAM.
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Puc. 17. CpaBHenue pa3znuuabix MeToAoB pemienuss CJIAY s TecToBOM 3a1ayu.

MakcumanbHOE YHUCIO uTepaluil (a), MakcuMmaiabHas OIIMOKa MaTepHaIbHOIO

Oaanca (0)
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B nanHol paboTe mpw HESBHOM pelieHUM ypaBHeHHS (3.4) HWCIOnb3yeTcs
METOJI COMPSDKEHHBIX TPAJAMEHTOB C MpenoOyciaBiuBareiaeM  XOJEIKOTO
(PCG_DIC), BblOpanHBIi HAa OCHOBE YHCICHHBIX DKCICPHMMEHTOB Ha TECTOBOMA
3amaue (puc. 17). Jlamee B TiaBe KpaTKO OIKCHIBAETCS QJITOPUTM METOJa

COIIPSKCHHBIX TPAAUCHTOB U aJITOPUTM HpGI[O6YCJ'IaBJII/IBaHI/ISI.

3.12. AJropuT™M MeToAa CONPSIKEHHbIX TPAIMEHTOB

Wnes meToia CONpsKEHHBIX IPAIUEHTOB COCTOUT B TOM, YTO PEIIEHUE CUCTEMBI
JMHENHBIX anreOpandyeckux ypaBHEHUN
Ax=b (*)
UIIETCA B BUJE PaA3JIOKEHUS MO 0a3ucy OPTOTOHAJBHBIX COMNPSIKEHHBIX BEKTOPOB
{P1, 02, -, Pn} [104]. Bextopa p; YAOBIETBOPSIOT YCIOBUIO CONPSKEHHOCTH:
(pi. Apj) = 0,i #j. (**)

Penrenue cuctembl ypaBHeHUH uieTcs B Buje (*):

k
Xk = Z “iApir
i=0 (3.27)
LT R
a; = M,Ti =b —Axi.
(Pi; Api)

MeTo compsiKEHHBIX TPAJWEHTOB SIBJSETCS MTEPAIMOHHBIM, pelleHne Ha k-oi

UTepalii HaXOAUTCA 1o hopMyiam:

Xk = Xg—1 — P

(T ) (3.28)
ay = ——.
(P Aps)
«HanpaBnenue» morcka, BEKTOP Py, HAXOAUTCS 110 GopMyIie
ro, k=20
— T ) 2
P T, + i T Pk-1/ k=12,.. (3.29)

P —
(Tk-1,Tk-1)

I[Iporexypa mpooKaeTcs 10 JOCTHKEHUS TPEOyeMOil TOUHOCTH: +/ (T, T'y) = E.
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Unes npenoOycnaBiavBaHUs COCTOMT B TOM, YTO HCXOJHAs CHCTEMa
ypaBHEHHIl YMHOKAeTCs Ha IpenobyciaBiuBaeTib, Matpuiyy M = LLT, ucxonnas
3agava (*) 3aMeHseTcs mpenoOyCIOBICHHOM, pelIeHHe KOTOPOil MOKHO HaWTH 3a
MEHBIIIEE YMCIIO UTEPALIHIA:

A (***)
A*=LTAL x* = L 'x,b* = LTh.
Pemenne 3amaum (***) MOXHO HaWTH 1O ONMCAHHOMY BBIIIE AJTOPUTMY
conpspKeHHBIX rpaaueHToB (3.28)-(3.29) unu npyromy anroputmy pemenust CJIAY.
B caywae wmcmomp3yemMoro B JaHHOW — paboTe  mpemoOyciaBiIMBaTels
Xonenkoro (DIC) L npexncrapiser co6oii HIKHIOW TPeyroibHyto maTpuiy, LT —
BEPXHIOIO TpEyrojibHylo Matpuiy. [Iponenypa mpenoOyciaBivBaHHs MO3BOJISET

YMEHBIINThH KOJIMYECTBO UTepanuid MeTojia nmorcka pemrenus CJIAY (puc. 17).
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4. T'naBa 4. Anaau3 1a00pATOPHBIX UCCJIEJ0OBAHMI KHHETHKH XUMHYECKOM

PeaKIMu Pa3ioKeHUs] KOMIOHEHTOB TeIJIOBbIIEIsIONIeil OMHAPHOI
cvecn [102]

B nanHo¥ riaBe Ha OCHOBE aHaM3a IMTEPATYPHBIX UICTOYHUKOB OLIEHUBAETCS
MOPSAZIOK PEaKIMU Pa3ioKEeHUsI aKTUBHBIX KOMIIOHEHTOB OMHAPHBIX CMECE HUTPUT
HaTpusi - HuTpar ammoHus (2.4). Ha ocHOBe mpemioKeHHOW B TjaBe 2
MaTEeMaTUYeCKOM MOJIeTTM MPOBOAMUTCS aHaNW3 JaO0OpPaTOPHBIX HKCIEPUMEHTOB,
UCCIIEyeTCsl BIMSIHUE KOHIEHTPAMU OMHAPHON CMeCH, Ha4albHON TeMIlepaTypbl
U HaJu4Ms MHUIMATOpAa Ha KUHETUKY pEaKklUU, OMPENENSIOTCS HEU3BECTHBIC

napaMeTpbl MaTEMaTHUECKON MOJIENH, KOHCTAHTHI peakmnu [102].

4.1. OmnpenejieHue NOPSAKA XMMHYECKOI peaKkIuu

bunapnas cMech npencraBiasieT coOOW BOJHBIM pacTBOp HUTPUTA HATPUS
(NaN 0,) n autpara ammonus (N H,N O3). [Ipeanonaraercs, 9To B 00pa3oBaBIICHCS
HUTPAT-HUTPUTHON OMHAPHOM CMECH YCTaHABIMBAETCS 00OPATUMOE PaBHOBECHE:
NaNO, + NH,NO; S NaNO3; + NH,NO,. 4.1)
Hutputr ammonuss (NH,NO,) mnon nedcTBHEM KaTaJlu3aTOPOB WU BBICOKOU
TEMIIEpaTypbl B XOA€ 3K30TEPMHUUYECKON pEeaKlMH, MPOTEKAIOIIEH C BbIACICHUEM

TCILIA, pa3jiaracTCsa Ha a30T U BOY:

H+

NH,NO, = N, + 2H,0. (4.2)
B martenre [31] mpemyiokeHO HHHUIMHUPOBATH peakiuio (4.2) noOaBieHHEM B
OMHApPHYIO CMECh AJIbJICTUJIOB, IEUCTBHUE KOTOPHIX CBOJIUTCS K CUHTE3Y KUCJIOTHI B
pactBope. [leiicTBUE AIbAETUAOB SBISIETCS OTJI0KEHHBIM, HHIYKIIMOHHBIN NIEPUOL
coctasisieT oT 30 MuH 10 2 4.
B GuHapHOM CMeCH CONM AUCCORUPYIOT Ha nousl: NH;, NO3, Nat, NO; . B

pacTBOpe (paKTUYECKU UET MOHHAS PEaAKIIHS:

H+
NH,NO, - NH} + NO; — N, + 2H,0. (4.3)
Peaxkius (4.3) Obiia u3ydena B padorax [106-108]. MccrenoBarenu onpeneiuim,

qTo BBaHMO)IGﬁCTBHC MCXKAY HUTPUT-MOHOM H aMMOHUN-UOHOM HE IMOJYHHSACTCA
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npocToMy ypaBHeHUIO (4.3), a COCTOUT M3 HECKOJBKHX MPOMEKYTOUHBIX CTaJIHH,
KOTOpBIC BKIIIOUAIOT ciieayromue peakiuu [108]:
H* + NO; S HNO, (6bIcTp.),
NH} S NH; + H* (6bIcTp.), (4.4)
HNO, + NH; > N, + 2H,0.
[Mocnenanss cTamust OnpeaeseT CKOPOCTh XMMUIecKoi peakuuu (4.3) u mpoTekaeT
o caenyromieit cxeme [109]:
H* + HNO, - H,0 + NO™,
NO* + NHy; » H;NNO*, (4.5)
H;NNO* - N, + H,0 + H*.
OueBHIHO, YTO ¢ yMeHbIIIeHHeM pH pacTBopa cKopocTh peakiuu (4.5) Bo3pacraer.
[To3TOMY B MPUCYTCTBUU KHCJIOTHBIX KaTanu3atopoB peakius (4.3) cymiecTBEHHO
YCKOPSIETCH.
B pa6ote [105] cuutaercsi, 4TO pa3IOKEHUE HUTPHUTA AMMOHHUS SIBIISCTCS

peakuue BTOporo nopsijaka:

. d[N,] _
j ===k INH{][NO3]. (4.6)
B pa6ore [106] onpenensitoT mopsaok peaxiuu (4.3) Kak TpeTHit:
. d[N,] _
j ===k INH{][NO;][HNO,]. 4.7)

B [107] noka3zano, 4To GoJiee OOIINM SBISIETCS 3aKOH TPEThero nopsinka (4.7), tak
KaK CYIIECTBEHHOE BIIMSHUE Ha CKOPOCTh PEAKIIMH OKa3bIBaeT BTOPUIHBIN COJICBOM
s deKT, KOTOpBIM 3aKI0YaeTcs B TOM, YTO JOOAaBIICHHE K KaTaM3UPYOIIeh
PCaKIUIO KUCIIOTE €€ COJIM YBEIUYHMBACT KaTanuTHdecKui s dekr. OmHako eciu
pacTBOp MMeeT HU3KHMii ph B auama3oHe oT 1 10 4, TO BTOPUYHBIM COJICBBIM
3ppeKTOM MOXKHO mpeHeOpeub u 3akoHbl (4.6) u (4.7) HarOT HACHTUYHBIC
PE3yJIbTaTHI.

YuuTeIBas TOT (PaKT, YTO HA MPAKTUKE PEAKIINsI HHUIIMHPYETCS J0OaBICHUEM
B OMHAPHYIO CMECh HHUIIMATOPOB, TOHIKAIONTUX ph pacTBOPA, B IICIIAX YIIPOIICHHUS

OyZieM CcUuTaTh, YTO CKOPOCTh PEAKIIMH OMHCHIBAETCS 3aKOHOM BTOPOTO TMOPSIKA
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(4.6). Kak moka3zaHO HIXE, B paMKaX CJICITAHHOTO IPEAMOJIOKCHHS MOXHO C

XOpOILIEH TOYHOCTBIO OMUCATH JAOOPATOPHBIE SKCIEPUMEHTBHI.

4.2. Onucanue Ja0OPATOPHBIX MCCIEAOBAHUI KHHETHMKH XHMHYECKOi

peakuuu

JUist  ompeneneHusi BIMSHUS TEMIIEPAaTypbl, KOHIICHTPALIUU COJIeH W
MPUCYTCTBHS KaTaJIW3aTopa Ha CKOPOCTh PEAKIUU ObUTH MPOAHAIU3UPOBAHBI
nabopaTopHble uccaenoBanus, nmposeacHHbie B AO 'OC HUU «Kpuctamm» [110].
B pa6ote [110] ommchiBaroTCsA 3KCHEPUMEHTBI, B X0¢ KOTOPHIX OMHAPHYIO CMECh
pasTUYHOW KOHIICGHTpAIlMd TIOMEIIaJd B  TEPMOCTaT, BHYTPH KOTOPOTO
MOJJIeP)KUBAIach TIOCTOSIHHAsE TeMmIeparypa. XapaKTEepUCTUKU HCCIETyeMbIX

cMecel mpuBeeHbI B Ta0uIa /.

Tabnuna 7. XapakTepUCTUKU UCCIEIYEMBIX cMecen

Konm. Konu,. Maccosoe ILroTHOCTH CMecH,
peareHToB, COOTHOIIIEHUE Macca | O0bem 3
peareHToB P1, KI/M
(Macc.) (MoJabHas), peareHToB, KI/Kr cMecH, | cCMecH,
c; ' o, my, kr | Vo, ma ao nocje
Com, %0 moan/m® | NONOy NH,NOg H0 peakuuu | peakuuu
50 4.3 1 1.16 2.16 | 0.102 80 1275 1222
60 5.6 1 1.16 2.16 | 0.110 80 1375 1298
70 6.8 1 1.16 2.16 | 0.116 80 1450 1368

bunapnas cmech koHueHtpauuu 50 u 60 % npencrarisiia coO0OM TOMOTEHHBIN
pactBop, KoHIleHTpanuu 70 % — cycnenzuto. OOpasiibl B3BEIIMBAIMCH 10 U TIOCIIE
peakuuu. [lo pesynapTaTam B3BemIMBaHHS 00pa3oB OWHAPHON cMecH ObUIH
onpenesieHbl  Kod(PPUIIMEHThl 3aBUCUMOCTH TUIOTHOCTU OWHApHOM CMeCH OT
KOHIIEHTpaIuu peareHToB (2.29):
P1 = P10 T APg t+ YPy,
Pa = 53.5 Kr/Mou1b, py = 12.7 kr/moJb.
[IpuHiMnuanpHass cxeMa 3KCIEPUMEHTAIbHON YCTAHOBKU IPEICTABICHA Ha

puc. 18. bunapnas cMech momMemanach B KOOy 2, HaXOAAIIyIOCS B
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WIMHIPUYECKON Kamepe ¢ anektpooborpeBoM 3. IlocTosiHHas TemmepaTtypa
o0ecrieuynBanach HarpeBaTelieM W 3MEEBUKOM 4, KOTOpble OBLIM OMYIIEHBI B
uccienayeMblit pactBop. KOHCTpyKIMs yCTaHOBKHU MPE/IoIaraeT CBOOOIHBIN BBIXO/T
00pa3yIoIIUXCsl Ta30B Y€pe3 OTKPBHITYI0 Ta300TBOJAHYIO JUHUIO 5. JKuakocts B

K0JI0¢e nepeMecunBaIaChb MarHuTHOM MEIIaJIKOM.

Puc. 18. [IpuHnunuanbHas cxeMa 3KCIEPUMEHTATbHON YCTaHOBKHU.
1 — dunapHas cMech, 2 — KoJi0a, 3 — KaMepa ¢ NEeKTPooOOrpeBoM, 4 — 3MEEBHK U

HarpeBarelib, 5 — ra300TBOHAS JIUHUS, 6 — TEPMOCTAT

MeTtoauka npoBeAeHHs SKCIIEPUMEHTa COCTOsuIa B ciedyrouieM. B Havane
HKCIIEPUMEHTA 3apaHee MPUTrOTOBIEHHYIO0 OMHApHYIO cMech Temneparypoit 10-15 °C
IOMEIIAIM B TEPMOCTAT, MOCJE YEero MOBOAWIM TeMIeparypy A0 3aJaHHOTO
YCIOBUSIMU OJKCIIEpUMEHTAa 3HadeHWs. B Xole ombiTa perucTpupoBaiach
Temrepatypa OMHApHOW CMECH M CKOPOCThH TEIIJIOBBIJCIICHUS B KaXKIbIi MOMEHT
BpemeHH. [lo OKOHUaHUM OMBITa PacTBOP B3BEIIUBAJICS ISl OMpeAesieHUs] yObuH

Macchl 00pa3siia.
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[TpoBoAMINCEH HKCIEPUMEHTHI IIPH PA3TUYHBIX PEKUMaxX pabOThl YCTAHOBKH:
® B M30TEPMHYECKOM pEKHME HarpeBareilb MOIJECPKUBAI B KaMepe
IIOCTOSIHHYIO HadaJIbHYI0 TEMIEPATYPY;

e B a1Ma0aTUUYECKOM PEXHMME HarpeBarelb TepMocTaTa padoTal B CIEIAIIEM
pexume, obecneunBas Moj/iepKaHue ainadaTHYeCKUX yCIOBUM B KaMepe.
JIabopaTopHble SKCIEPUMEHTHI IO HCCIENOBAHUIO KHHETUKH pEaKluu

IPOBOAMIIUCH B NPUCYTCTBUM M Oe3 Karanu3aTopa. B KkauecTBe Karamuzaropa
UCIOJB30BAIMCh  ajJbJACTUABI, MOHWXKawomue ph pactBopa. PaccunranHoe
KOJIMYECTBO allbJiernjia J00aBisIoch B OMHAPHYIO CMECh IIOCIE €€ HarpeBa Jio

paboueii TeMnepaTypsl HEIIOCPEACTBEHHO TIEpe]] HAYalOM PEaKIIHH.

4.3. MartemaTuyeckass MoJiejib J1a00PATOPHBIX MCCJIEIOBAHUI KHUHETHKHU

XMMHYECKOH Pe€aKIuu

Hcnonp3zyemasi dKCHEpUMEHTAIbHAST YCTAHOBKA HE SIBJSIETCS 3aMKHYTOM
CHUCTEMOM. Ta3 OTBOAUTCS W3 30HBI PEAKIIMH, TEILIO MOJBOIUTCSA K cucteme. s
00paboOTKH pe3yIbTaTOB UCCIICIOBAHUN UCIIOIH30BaJIaCh MaTeMaTHIECKask MOJIEb,
chopmynupoBaHHas B TiiaBe 2. BBuay Toro, 4ro oo6bem J1a00paTOpHON KOJIOBI
HeOonpioi, Vy = 80 Ms1, AOMyCTUMO CUHTaTh, YTO JaBIEHUE, TeMIlepaTypa Hu
XapaKTEPUCTUKU (DIIIOMIOB OJMHAKOBHI BO BCEM paccMaTpUBacMOM OOBEME.
MosxHO paccmaTpuBaTh J1A0OPATOPHYIO KOJIOY KaK €IUHBIM KOHEYHBIH 00beM U

POMHTETPUPOBATH IO HEMY ypaBHEHUs, C(HOPMYIUPOBAHHBIE B TJaBe 2:

d(P;(;Vl) = —j(Ms = p,)V4,
% oy (4.8)
% + p3qs = M3jVs,

d T T = .
a1 [P1C1TV1 + P3C3TV3] + p3¢3Tq3 = ViQrj — Qext-
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V, — 00beM, 3aHUMaeMblii OMHApHOUM cMmechio, V, — 00beM, 3aHUMaeMblil Ta30BOM
¢da3oi, q; — MOTOK raza u3 30HbI peakluu, @,y — OTBOJAMUMOE OT CUCTEMBI TEILJIO B
pe3ynbTaTe paboThl TepMocTaTa. [Ipu onucanum aguabaTUuecKuX SKCIEPUMEHTOB,
MPEAnoaaragoch, 4to Q.y; = 0, MpU ONMUCAHUU U30TEPMUUYECKUX HKCIIEPUMEHTOB
Qext HAXOOWIOCH B TMpOIECCe pelieHHWs CUCTeMbl ypaBHeHmdd  (4.8).
Anmnabatudeckuit 3pdext u apdext xoynsa-Tomcona He yuauTbiBaauck. CKOpocThb
XHUMUYECKON pEakIiuy j OnpeaessieTcs Mo 3aKOHy BTOporo nopsizaka (4.6):

j = ky?. (4.9)

4.4. AHalIu3 M30TEPMHUYECKHUX IKCIEPUMEHTOB, OMNpe/eeHne KOHCTAHT

peakuuu

Jlns  ompeneneHuss KOHCTAaHT pEAaKLIUU PACCMATPUBAIMCH  AKCIEPUMEHTHI,
IPOBE/ICHHBIE NP MOCTOSIHHOW TeMIIepaType B U30TEPMHUUECKOM PEKUME PadOTHI
IKCTICPUMEHTAIBHON YCTaHOBKU. Pe3yibTaThl MPOBEACHHBIX JKCIIEPHMEHTOB
CHCTEMaTH3HPOBAHHI B

tabimmua 8 u Tabnuma 9. Pan skcrepruMeHToOB, TPOBEACHHBIX MPU BBICOKOU
TeMIepaType, OKOHUWJICS BHIOPOCOM pEaKIMOHHOW Macchl W3 J1abopaTOpHOId
KoJIOBI. Takue IKCIIepUMEHTHI OBLITH MCKIIFOUEHBI U3 JaTbHEHIIET0 aHaAIN3a.

Tak xak Temmepatypa U AaBJICHHE B 30HE PEaKIIUH MOCTOSHHBIC, TUIOTHOCTH

GbIFOMI0B TakXKe MOCTOSIHHEBIC, CUCTeMa ypaBHeHH (4.8) ymporaercs:

(4.10)
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Tabnuna 8. M3oTepmuiecke 3KCIIepUMEHTHI.

Konu. Temnepa | YobLIb Hoas CymmapHoe Bpems
peareHToB Typa, T, Beca, | NMpOpearupoBaB | TeIJIOBBICJEHHE | IKCIEepUMe
(macce.), Cpn,% °c kr-10° | wero B-Ba, n.ex. Jx/moanb HTa, MUH
0.5 25 2 0.2 220 204
0.5 50 6 0.6 236 285
0.5 75 10 1.0 324 282
0.6 25 BBIOpOC 296
0.6 40 BBIOpOC 344
0.6 50 BBIOpOC 360
0.6 75 16 1.0 218 309
0.7 25 2 0.1 202 380
0.7 50 6 0.4 230 304
0.7 75 14 0.9 363 310

Tabnuna 9. M3oTepMudeckie 3KCIIEpUMEHTHI B IPUCYTCTBUH KaTallu3aTOPOB.

Konu. Temnepa | YobLIb Hoas CymmMmapHoe Bpems
peareHToB Typa, T, Beca, | NMpopearupoBaB | TelJIOBbIEJIEHHE | IKCIIEPUMe
(macc.), Cpp, % °c kr-102 | wero B-Ba, 1.e1. Jx/Mouab HTa, MMH
0.5 25 3.3 0.3 202 307
0.5 50 6 0.6 295 309
0.5 75 9.6 1 312 291
0.6 25 5 0.4 211 369
0.6 40 BBIOpOC 330
0.6 50 8.8 0.7 263 296
0.6 75 12.5 1 306 279
0.7 25 4.9 0.3 250 370
0.7 50 10.8 0.7 286 356

Cuctema ypaBuenwuii (4.10) qononHsuiach HaualbHBIMH YCIOBHSMH. Tak Kak
OWHapHBI pacTBOp ObUT MPUTOTOBIEH 3apaHee TMPU HUBKUX 3HAYCHUSX
TEMIIepaTyphl, MPEANOaraercs, 4ro B HayaJdbHBIA MOMEHT BpeMenu t =0
UCXOJHbIE pPEareHTbl JOCTUIVIM B PAcCTBOpPE PaBHOBECHOM KOHILEHTpanuu. bes
KaTaJn3aToOpOB MPHU HavaJdbHOU TeMiiepaType pactBopa 10-15 °C ckopocTh peakiuu
(4.3) mana. Mcrionb3yeMbie HauaJIbHbIE YCIOBHS:

Cbm
Mbm - (pa + py)Cbm

Cucrema ypaBuenutii (4.10)-(4.11) 6bu1a penieHa urcieHHo. Vicnosp3oBaach

V2 =V, a =y°% = (4.11)

sABHAaA MUCKPCTU3alUA 110 BPCMCHU
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yn+1 = yn _ k(yn)z(l _ yn p)At,
Vit = Vit exp|—k(y™)?C,At],
atl = gn exp[k(y”)szAt], (4.12)

_T (P1C1)n+1 — (prc)™
At

Qext = [k(yn)z (QR - T(C3M3 - (P1C1)nCp)) Vit

Uucnennoe perrenne (4.12) maeT MOIHOCTh OTBOJMMOTO OT CHCTEMBI TeIla Kak
GYHKIHIO BpEeMEHU t M KOHCTaHTBI peakiumu k. Q. = Qo (k,t). KoHcTanTa

peakuuu k nondOupanach myTeM MUHUMU3AIMU GYyHKIIMOHATA

2200 = [In(Qke) = In Qure )] = min, @13

~

rae @, — I3MepeHHOe B MOMEHT BPEMEHH t,, 3HAUCHUE TETJIOBBIACICHHS.

Ha puc. 19 npencraBieHo cpaBHEHUE PE3yJIbTATOB, MOJIYICHHBIX B JaHHOU
paboTe W 3HaueHWid, MOJy4YeHHbIXx B pabote [105]. HabGmomaercs xoporiee
COBNAJICHUE PACCYMTAHHBIX KOHCTAHT PEAKIIUU C JIAHHBIMH, ITOTYYCHHBIMHU paHee.
B mpucyTCTBHM  KaTalM3aToOpoB CKOpPOCTh peakuuu (4.3)  CyIIECTBEHHO
Bo3pactaer (puc. 20). Ilpm temmeparype 25 °C peakiuss ¢ goOaBICHHEM
KaTanu3aropa nporekaetr B 14 pa3 ObicTpee uem Oe3 karanuzaTtopa. [Ipu BbicOKOM
HAaYaJIbHOW TeMIlepaType BIHUSHHUE KaTalu3aTopa Ha CKOPOCTh PEaKIUU
ymenbiaercs. [Ipu temneparype 75 °C peakuus B NPUCYTCTBUU KaTald3aTopa
osicTpee B 1.5 paza.

3aBUCUMOCTh ~ KOHCTAaHTBI ~ pEaKIMu  OT  TeMmIeparypbl  Oblia

anmpoKCUMUpPOBaHa ypaBHeHUeM Appenuyca (puc. 21). Jlns cioyyas 0e3

KaTaJn3aTopa:
E 31
k =k, e RT ko = 6.9 107 =; E =104 x/lx; (4.14)
MOJIb C
B IIPUCYTCTBUH Kataju3aropa (puc. 5):
E' 31
k' =kl -e RT ki = 2.7-10" —; E' =77 x]Ix. (4.15)
MOJIb C
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O 3KCHepI/IMCHTaHLHHe JaHHBIC

e+ eeee Koppermsmms
A DkcnepumeHTanbHble fanHbe [101]
5o
-8 ...
‘0
_-11
~ .
< 0
= .14 RN
8
-17
-20
0.3 0.35 0.4 0.45
(RT)-1, xIx-1
Puc. 19. CpaBHeHue KOHCTaHT

CKOPOCTH peaklyu (2), HOJIyYEHHBIX B

naHHOU pabote u B padote [105]

O  Be3 karanmu3aTopoB
------ Be3 kaTanm3aTopoB (KOppemsms)
A B npucyTcTBHH KaTaIn3aTOpPOB
eeeeeee B IpHCYTCTBIH KaTAIN3aTOPOB (KOPPEIISIIHS)

5
\'
-8 \.\':._g
1 é-.,
N N\, %e
4 e,
T_:/ 6\\ é’.
-14
17 N
-20 N
0.3 0.35 0.4 0.45
(RT)-1, xJIx-1
Puc. 20. CpaBHeHue KOHCTaHT

CKOpPOCTU peakiuu (2) B OmbITax B

NPUCYTCTBHM KaTanu3aTopa U 0e3

KaTaJm3aropa.

45. Anaam3 aanadaTH4YeCKuX JIKCIIEPUMEHTOB, BepuduKanus

MaTeMaTHYeCKO Mo/1eJIM peaKkIuu

Hapsiny ¢ n30TepMHUeCKMMU 3KCIEPUMEHTAMU MPOBOIMIIMCH IKCIIEPUMEHTHI
B a/Ina0aTUYECKOM pexXHMe PabOThl SKCHEPUMEHTAIBHOW YCTAaHOBKH. buHapHas
CMECh pPa3IMYHOM KOHLEHTPALMHM TMOJOTPEBANACh O 3aJaHHOW YCIOBHUSIMH
HKCIIEPUMEHTa HayalbHOW TeMmepaTrypbl W NoMeniajach B TepMocTaT. B xone

Qext = 0.

TeMIiepaTypa OMHaApHOW CMECH B KaXKIbIii MOMEHT BpeMeHu. [yt mpeoTBpaiieHus

DKCIIEPUMEHTa HarpeBaTelb ObUl  HEAKTHBEH, PukcupoBaNIaCh

BHIOpOCA AKTUBHOTO pacTBOpa U3 Ja0OpaTOpHOM KOJOBI  AKCIEPUMEHT

ocTtaHaBJiBaics npu noctrwxernuun 100 °C.

PCBYJ'IBTaTBI alII/Ia6aTI/IIICCKI/IX OKCIICPUMCHTOB  HCIIOJIB30BAJIUCh  JJIA

Bepu(UKAIMM MaTeMaTUYeCKOM Moaenu peakiuu (4.6) W MOJydEHHBIX

3aBUCHUMOCTEH KOHCTAaHTHI peakimuu oT Temreparypsl (4.14)-(4.15). Uucnennoe
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peireHue cuctembl ypaBHeHuH (4.8) cpaBHUBAIOCH € OSKCIEPUMEHTATHLHBIMH
JaHHBIMU. B cilyyae OTCYTCTBHSI BHEITHUX UCTOYHUKOB TEIUIA CUCTEMA YPaBHEHU

(4.8) umeer Bu:

1dV; _ _pv2C
v, dc e
dy 5
—_ = — 1 — —_ 2
dt ky*(1-56), adt ky=Co
Vl + V3 - Vo, (416)
dps\ dT
P3q3z = ky2V1(M3 - P3Cp) — V3 (a—;)p ar
dT — dp;c —
(p1c1Vp + P3C3V3)E + TV, dlt s = kyZVl[QR - T(C3M3 - CpP101)]'

B nensx ympomieHusi mpeHeOperaeTcsi TEIJIOBBIM paciiupeHueM Bojbl. Cucrtema
ypaBHeHuit (4.16) perranack YHCICHHO, aHAJIOTHYHO OIMCAHHOMY BBIIIC SIBHOMY
pemrenuto (4.12). Hcmonb3oBamuch HavanmbHbie yciaoBus (4.11), HauvaidbHas
TEMIEpaTypa U KOHLIEHTpaIUs OMHApHOM CMecH 3aJaBajiChb B COOTBETCTBUHU C
YCIOBUSIMHU IKCIIEPUMEHTA.

Ha puc. 21 mpeacraBieHO cpaBHEHHE SKCIIEPUMEHTAIBHOM W pacueTHOU
JUHAMHUKU ~TEMIIEpaTypbl [UIsl OKCIEPUMEHTOB C HayaJbHbIM 3HAYCHHUEM
TeMIepaTypbl T, = 50 °C. Ha6nronaercs xopouiee COBIIAJICHHE
HKCIEPUMEHTAJIbHBIX M PACUETHBIX JAaHHBIX KaK B MPUCYTCTBUHM, Tak U 0e3
KaTajau3aTopa.

Hcxons u3 Ka4yeCTBEHHOTO M KOJMYECTBEHHOTO COBIAJCHHS PACUYECTHBIX U
HKCIEPUMEHTAIbHBIX JaHHBIX MOXKHO ClI€JaTh BBIBOJ, YTO XMMHUYECKAsl peaKius
(4.3) ¢ AOCTaTOYHOW TOYHOCTHIO MOJXKET OBITH ONMCAaHA KaK pPEaKIUs BTOPOTO
nopsiaka. [IpemiokeHHas MmateMaTHIecKass MOJIeNTb XuMudeckoil peakimu (4.6) u
MOJTy4YE€HHBIE Ha OCHOBE aHajM3a Ja0OpaTOPHBIX JAHHBIX KOHCTAHTHI PAaBHOBECHS
(4.14)-(4.15) onuchIBaIOT KMHETHUKY XUMHU4YecKoil peakuuu (4.3) u Moryt ObITh

HCIIOJIB30BaHbI AJIA I[&HbHGﬁIHHX THUAPOINMHAMHUYCCKUX PACUCTOB.
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Puc. 21. CpaBHeHHE YHCICHHOTO pacyeTa C AKCIEPUMEHTAIbHBIMHU JaHHBIMHU.

Konmnentpanus ounapuoit cmecu a) 50%, 6) 60%, B) 70%
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4.6. AHaJu3 NOJIyYeHHBbIX pPe3yJIbTATOB

HavanbHas Temmeparypa OKa3bIBAE€T CYIIECTBEHHOE BJIMSHUE HA KHHETHKY
XUMHUYECKON peakiuu. B paccCMOTpEHHBIX aauadaTUYEeCKUX JKCIEpPUMEHTaX IMpu
HayajapHOU Temmepatype 75 °C temmeparypa paboyero pacTBOpa MOBBIIMIACTCS /10
100 °C menee yem 3a 100 c, mpu temnepatype 25 °C BO BCEX pacCMOTPEHHBIX
HKCIIEpUMEHTAaX TeMIiepaTypa pabouero pactsopa He nojguumaercs Boie 40 °C 3a
25000 ¢ (7 u). Takum oOpa3om, ImpU CTAaHJAPTHBIX YCIOBHUAX OMHApHAs CMECH
SBJIIETCS] JJOCTATOYHO CTAOMJIbHOM, YTO MO3BOJIAET €€ 0e30MacHO MOATOTOBUTH U
3aKayaTb B Npu3a00iHYyI0 30HY T1uiacTa. Jyisi moBbimeHUs 3()PEKTUBHOCTH
0o0pabOTOK IJIaCTOB € HHU3KOM IUIACTOBOM TEMIIEpaTypoil 1esnecooOpa3Ho
UCIONIb30BaTh MHULMATOPBL. [lpu Temmeparype 25°C peakuus ¢ AoOaBiIeHUEM
WHULIMATOpa MpoTekaeT B 14 pa3 ObicTpee, ueM 0€3 HHULMATOPA.

IIpy BBICOKOM HayaJbHOW TEMIEpaType BBUIY BBICOKOM YacCTOTHI
CTOJIKHOBEHHMSI PEAarupyroIINX MOJIEKYJI BIUSHHE HHUIIMATOPA HA CKOPOCTh PEAKIIUU
yMmeHblaeTcs. Peakuus caMopasroHs€TCs BBIACISIONIMMCS B XOJA€ pPeakUuu
terioM. [Tpu Temneparype 75 °C peakius B IpUCYTCTBHM MHULIAATOPA OBICTpPEE B
1.5 paza. Ilpu mnpoBeaeHun oO0pabOTOK IIJIACTOB C BBICOKOM IJIACTOBOM
TeMIEepaTypoil He0OOX0UMO UCTIOIB30BaTh MHIMOUTOPBI, IO3BOJISIOLINE 3aMEITTUTh
pPEaKLHUI0 MEXKJIy AaKTUBHBIMM KOMIIOHEHTaMHM Ha HHIYKIHMOHHBIM mnepuoi. B
PaCCMOTPEHHBIX IKCIEPUMEHTAX MHAYKIIMOHHBIN MTEPUO]T COCTaBIISIET OT 30 MUH 10
2 4. Tak Kak CKOPOCTb pOCTa TEMIIEPATYPbl U CKOPOCTHU PEaKIUU BEJIMKA HEOOX0IUM
HEIPEePbIBHBIN KOHTPOJIb 32 MO/1aUeli PEareHTOB B CKBAXXMHY Ha OCHOBE MOKA3aHUI
3a00MHBIX TaTYMKOB JIaBJICHUS U TEMIEPATYyphl, 1Sl IPEJOTBPAIICHU HHULUALUU
peakuuu B CTBOJIE CKBaXMHbI. Ha mpakTWKe Il 3TOTO MCHOJB3YIOT BOJHBIC
«MPOKIATAKU O€30IaCHOCTHY, YepEeaysl 3aKauKy aKTUBHOTO pacTBOpa U BOJIbI.

B naGopaTopHbIX yCI0BHSIX Aa)Ke MPU CPABHUTEIBHO HEBBICOKMX HAaYaJIbHBIX
TeMIlepaTypax B NPHUCYTCTBHM KaTalu3aropa XUMHUYECKas pPEAKLUUs MExXAY
KOMITOHEHTaMU OMHApHOr0 PacTBOpPa CHOCOOHA CYIIECTBEHHO CaMOYCKOPATHCS U

nepeﬁTH B PCXKHUM B3PBIBHOI'O OKOHYAHMA. CJ'IGI[OBaTeJ'IBHO, IIpu IIPOBCACHHUU
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00pabOTKM CKBAXUH OMHAPHBIMHA CMECSIMH MOXKET OBITh CO3/IaH UMITYJIHC TaBJICHHUSI
U TEeMIlepaTyphbl, TPUBOMAIIMN K CO3MaHAIO HOBBIX WM PACIIUPEHUIO
CYIIECTBYIOIIUX  ©CTECTBEHHBIX TPEIIMH, VYIYYIIAIONMX  (UIBTPAIMOHHEIC
CBOICTBA KOJJIEKTOPA.

B mnacToBBIX yCIOBHUSIX CYIIECTBEHHOE BIUSHUE OYyAET OKa3bIBaTh MOPOJIA,
3a0upas 9acTh BBIIEISAIONICTOCS B XOAC pPEaKIUH Teruia. Takke HEoOXOaMMO
YYUTHIBATh HACHIIIEHUE IUTACTa W €r0 (UIBTPAIMOHHBIC XaPAKTCPUCTUKH —
HACBIIICHUE TPHUCKBAXMHHON 30HBI aKTUBHBIM PAacTBOPOM HEMOCPEACTBEHHO
BIMSCT Ha CKOpPOCTh peakinuu (2.7). B IUIaCTOBBIX YCIIOBUSAX peakius Oyaer
MIPOTEKaTh MEIJICHHEE, YeM B JIAOOPATOPHBIX YCIOBHUSX.

Takum oOpazom, mnsa omeHKd 3GGHEKTUBHOCTH MPOBEACHUS 00paboTKu
CKBOKHWHBI OWHAPHBIMU CMECSMH, JUIA ONPEICICHUS 3HAYCHUW TeMIEpaTyphl U
JABJICHUSI, BO3HUKAIONIMX B IUIACTE B 30HE PEAKIMM HEOOXOIUMO YUHUTHIBATH
E€MKOCTHBbIE U (PUIIBTPAIIMOHHBIE XaPAKTEPUCTUKH TUIACTa M €ro HACBIIIEHUE, IS
ATOTO HEOOXOAWMMO TIPOBOJAUTH YHCICHHBIA THIAPOJWHAMHUYCCKHH pacder C

HCII0JIb30BAaHUEM MaTEMaTUYECKOMN MOICIIN, C(l)OpMYHHpOBaHHOﬁ B TJ1aBe 2.
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5. T'maBa 5. AHajnuTHyYecKkOe M 4YNHCJIEHHOE HCCJIeJ0BaHMEe MpoLecca

GUILTPAMH TENJOBBIIEISIONIEr0 PACTBOPA XHMHYECKH AKTHBHBIX
pearenToB [111-117]

B nanHo¥i riaBe, Ha ocHOBe c(OpPMYJIHMpPOBaHHOW B IaBe 2 W B riaBe 4
MaTeMaTUYeCKOM MOJENH, MPOBEJECHO M3y4YeHHE Impouecca (QuibTpauuu
TEIJIOBBIJIEISIONIETO PACTBOPA XUMUYECKH aKTUBHBIX peareéHTOB (OMHApHON CMECH )
B TOPUCTOW Cpele C YYETOM XUMHUYECKON PEaKIMU pa3JIOKEHUS PEAreHTOB,
U3MEHEHHUSI TEIUIOBBIX ToJied U (ha30BOTO COCTOSIHMSI MHOTOKOMITOHEHTHOM
YTJIEBOJIOPOHOM CHCTEMBI B IOPUCTOM CPENI€ B XOAE XUMUYECKOU PEAKIUU.

B mnepBoil yacTu riaBbl pacCMATPUBAIOTCS YHPOUIEHHBIE AHAIUTHYECKHE
peuieHus cGOpMYJIMPOBAHHOW B TJaBe 2 cHUCTeMbl ypaBHeHuW. [lomydensl
(GopMyJibl, MO3BOJISIIOIIME PACCUUTHIBATH PAJUYC BO3ACUCTBUSA, 3HAYCHUS
TEMIIepaTypbl, BO3HUKAIOIIME B 30HE OOpPaOOTKH, MOTEHIHAIBHO BO3MOKHYIO
JIOTIOJIHUTENbHYIO JOObIUYy HE(TH M3 IUIacTa BCieICTBUE HarpeBa. [lomyueHHbIe
(bopMyJibl CpaBHEHBI C TOAPOOHBIM YHCIEHHBIM THJIPOJUHAMUUYECKUM Pacu€TOM.

Bo BTOpoM dYacTM TJIaBBl pacCMaTpPUBACTCS UYHCICHHOE PEUICHUE
c(OpMyJIUPOBAaHHON B TjaBe 2 CHCTEMbl YpPaBHEHHI. AJTOPUTM YHUCIEHHOTO
pelmieHus U Tpoueaypa AMCKPETH3aluMy YpaBHEHHWH ONHCaHbl B TrjaBe 3.
[TpoBoauTcs BepudUKalus YUCIECHHOTO PEIICHUs MyTEM CPaBHEHMsI PacueToB B
CO3JaHHOM NPOrPAMMHOM KOMIIEKCE M B  M3BECTHBIX KOMMEPYECKHX
TUAPOIMHAMUYECKUX CUMYJIATOpaxX, a TAKXKe IMyTeM CPaBHEHUS YUCIECHHOTO U
AHAIMTHUYECKOTO PEIICHMI. 3aTeM Ha YIPOIICHHBIX «CUHTETUYECKUX» MOJEIAX
MPOBOJUTCS CEPUsSl UYUCIEHHBIX AKCIIEPUMEHTOB C II€JIbI0 M3YYEHHMs Mpolecca
GuabTpalMKi TEIJIOBBIACAOMIE OWHApPHOW CMECH U OLEHKU 3(P(HEKTUBHOCTH
IIPOBECHMS 00paboTOK. Pesynbratsl YUCJICHHBIX HKCIIEPUMEHTOB
CUCTEMATU3UPOBaHbl B BUAE TpadUKOB M TAJIETOK, MO3BOJSIOMIUX ONPEAETUTh
JIOTIOJIHUTEIBHYIO 100BIYY HEPTH U3 HATPETOrO MJIACTa, JaBJICHUS, BOSHUKAIOIIHIE B
30HE PEaKIUM, TAKUM 00pa3oM OIEeHUTh d(HPEKTUBHOCTH MPOBEACHUSI 00padOTKU

CKB)KMHbI OMHAPHON CMECHIO.
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5.1. BslaejieHHE MPOMEKYTOYHBIX 32124

Texnonorus 06pabOTKN CKBa)KWHBI TETUIOBBIICISIONICH OMHAPHONW CMECHIO
COCTOUT M3 HECKOJIbKUX 3TaroB [29]. 3agaua 00 00paboTKe CKBaXKUHBI pa30UBaCTCS
Ha HECKOJIbKO TPOMEXKYTOUYHBIX 3a]1a4.

1. Ilpoyecc 3akauxku bunapmHol cmecu 8 niacm

Ha nepBom 3tare npou3BoAUTCs 3aKkauka OMHAPHOM cMecH B I1acT. Perentol
CMEIIMBAIOTCSI Ha YCTbe WM Ha 3a00€ CKBaXUHBI (B 3aBUCUMOCTU OT
UCIIOJIb3yEMOT'0 COCTaBa aKTHUBHOTO pPAacTBOpa) M C BBICOKOW CKOPOCTBIO O]
JABJIEHWEM MOJAAl0TCA B IUIacT. B mporecce 3akayku B MPUCKBAXKUHHOM 30HE
HAYMHAETCS] CAMOPA3TOHSIONIASICS XUMUYECKasl peakiys. Tak Kak B IJIacT MOAAETCS
XO0JI0/IHast OMHApHAs CMEChH, & TETNIOEMKOCTD IMOPOJIbI B HECKOJIBKO Pa3 MPEeBOCXOIUT
TEIJIOEMKOCTh COJIepXKaIUXCd B HeEW (IouI0B, TeMIepaTypa IUlacTa pacTer
MeieHHO. [1oaToMy BO3MOXKHO 3aKadyaTh 3HAUUTEIbHbIE 00beMbl OMHAPHOM CMECH.
3akayka mpeKpaniaeTcsi Ipyu BHECEHUH IJIAHOBOTO 00bEMa PeareHToB.

2. Ilpomexanue xumuueckou peaxkyuu 8 niacme.

Ha BTOpOM 3Tane ckBakMHa 3aKpbIBACTCS HA MEPUOJ MTPOTEKAHUS PEAKIIUH.
HabGnrogaeTcs pocT qaBiaeHusl U TeMIlepaTypbl BOJIM3U CKBaXXHHBL. Boiaenstomieecs
B XOJI€ peaklUH TEIUIO MPOTPEBaeT MOPOAY U CoJAepKaluecs: B HEl (IIIOUIBL.
Beigensromuiicss ra3 co3gaeT BBICOKOE [JaBJI€HHWE B 30HE peakiuu. Poct
TEeMIIepaTypbl Ha 3a00€ CKBAKUHBI IPOJOJIKAETCS JI0 TEX MOP, TOKA BCE 3aKaYaHHbIE
KOMITOHEHTHI He TpopearupyiorT. I[locne crabunmuzanuu mojield TeMrepaTypbl U
JIaBJICHUS] CKBaXKMHA 3alycKaeTcs B paboty. Ha mpakTuke MIUTEIBHOCTH BTOPOTO
JTarna COCTaBJISIET MOPsIKa 24 4acoB.

3. [lobviua nechmu uz nacpemoeo niacma

[Topona HarpeBaeT MpoTeKalwIUid yepe3 Hee (uiouia, B pe3yJbTaTe 4ero
MOHIKAETCS BA3ZKOCTh HE(TH, U, CIEAOBATEIHHO, TOBBIACTCS JEOUT CKBAKHUHBI.
Taxoke B pe3ynbTaTe OUUCTKHU MPU3a00ITHOM 30HBI TJIACTa OT TBEPBIX OTIOKEHUN
napaduHOB MOBBIIIAETCS MOPUCTOCTh U MPOHUIIAEMOCTh B MPUCKBAXKUHHOMN 30HE.
D¢ddexT 3aTyxaet ¢ TeUCHHEM BPEMEHHU HM3-3a OXJIKICHUS TOPOIbI U TIOBTOPHOTO

ocaxaeHus napapuHoB. M3 Harperoro miacta B MEpPBYHO ouyepelb NOOBIBAIOTCS
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MMPOAYKTHI pCaKII — BOJA U I'a3. OTO0 OKa3bhIBaeT OTPULATCIIbHOC BJIMAHUC HA I[e6I/IT

CKB)KHHBI, TaK KaK CHIKaeTCs Ga30Basi MPOHUITAEMOCTh 10 HE(TH.

5.2. I'pannyHbIe yCJI0BHSA

PaccmaTtpuBaemast o6sacTp mjacta OrpaHudeHa ¢ OJHOW CTOPOHBI CTEHKOMH
CKBaXXUHBI, " = T;,, C APYrOM CTOPOHBI — KOHTYPOM IUTaHUs, 1" = T,. ToiamuHa
paauanpHOro ciaos paBHa h. He yuuThiBaeTcs HEOJHOPOJHOCTH pa3pes3a IIacTa.
3ajaya pemaercs B OJHOMEPHOM palalIbHON OCECUMMETPUYHOM MIOCTAaHOBKE.

9] 10

u=ue,, V=—e,, V-=
or

['pannuHbIE YCIIOBUS Ui KaXXKIOM NPOMEKYTOYHOM 3a7auydl INPUBEACHBI B

ror (re,). (1)

tabnuue 10. Ha rpanuie o6iacti ApeHUpOBaHUs 33Ja€TCs IOCTOSIHHOE TIaCTOBOE
naBieHue p, u temneparypa T,. Ha ckBaxkuHe mpu 3akauke OMHapHOW CMECH B
IUIACT 3aJaeTcsl IMOCTOSHHAs MPUEMHUCTOCTh (1, MaccoBas KOHLEHTpalus
KOMIIOHEHTOB OuHapHOM cMecu (, W Temmeparypa OuHapHOW cMmecu Ty, mpu
1100bIY€ — OCTOSHHOE 3a00HHOE JIABIEHUE Pppyp- Ha mepros npoTekanus peakuuu
B IIACTE€ CKBa)XKMHA OCTAHABIIMBAETCS, MPU ATOM Ha CTEHKE CKBaXXUHBI B pacuére

3a71aCTCA YCJIOBHUC HC ITPOTCKAHUS.

5.3. AHaauTHYyeckKoe HCCIe0BaHME npouecca puabTpanuu

TCIJIOBBIAC/IAIOIICIO PacTBOPpa XUMHYECCKH aKTHBHBIX PEAr¢HTOB

JIJist TOrO 4TOOBI MOMYYNUTh AHATUTHYECKUE penieHus: chopMyITUPOBAHHBIX
BBIIIE MPOMEKYTOUHBIX 33Jad B HCXOJHYIO CHUCTEMY YpaBHEHUU HEOOXOJIUMO
BHECTH JONOJIHUTENbHBIE YNPOILIEeHUs. VCIOnb3yroTCs Clenayomue IONyIIECHU:
ra3 ujieajgbHBIN, )KUIKHE (ha3bl HEC)KUMAEMbIC, HE YIUTHIBACTCS MTOTOK TEIIa 33 CUET
TEIJIONPOBOJAHOCTH, HE YUUTHIBAETCS PACTBOPEHUE B HEPTU TBEPABIX MapaduHOB.

PaccMoTpum Kaxayro mpoOMeXyTOUHYIO 3a7a4y (3Tan 00pabOTKH) B OTAEIBLHOCTH.
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Tabnuna 10. ['panuynbie ycaoBus

% = qit /21, ke, T =Ty

3akauka OUHAPHON . or
CMecH B IIIACT, T a =y = Cnpro/(Mm — (Pa + Py)Crn)
t<ty s;=15,=53=0

T =T, p=p.,T =T,

[IpoTekanue r=rn, 0p/or=20,0T/dr =0
XUMHYECKOH PEeaKiyy,
T1<t<T2 =1 p:pr’T:Tr

JloObrua HedTH U3 r=Tyi P =Pprp 0T/0r =0
HarpeToro Iiacra,

Tp<t<Ts r=tv: p=p,T=T;

5.3.1. Ilpoyecc 3aKkauku aKmueHo20 pacmeopa é niacm
3akayka aKTUBHOT'O pacTBOPA MPOBOJUTCS J0 TE€X MOP, TOKa HHTEHCUBHOCTh
XUMUYECKON peaKIMy Pa3JIoKeHUsI KOMIIOHEHTOB cMecH Maia. Ha mpaktuke B
pabouyro cMech 00aBISIOTCS HHTHOUTOPHI PEAKIINH, I TOr0 YTOOBI O€30MacHO
BBECTH pPacTBOp B IUIacT. TakuMm 00pa3oM, CKOPOCTh XHUMHUYECKOW PEaKIMH TPH
3aKayKe TEIUIOBBIACHAIONIEH OWHApHOW CMeCM B IIJIaCT MOXKHO CYHUTATh
npeHeOpexxuMo Majo. Torma 3agada JIOMyCKAaeT MPOCTOE MaTeMaTHYECKOe

OITMCaHUC:

CmP10
Mm - (pa + py)Cm'

T=T,,

y=a=ay=

ds;  f'u, 0sy
. =0,

Jt + m Or

(kk1+kk2> dp
U =|—+—|=
" M1 Ha / Or

19d(ru,)

—— 2=,

r oOr

(5.2)

ClO = 1_Cm,52 = 1_51.
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ki/u
fi(sy) = LSV bynkuus baknes-JleBeperra. HavanbHble W TpaHUYHBIE
ki/pmitka/uz

ycimoBus s 3agaun (5.2) umerot By (Tabnuma 10):

t=20: SI=O,SZ=1,'
dp  qu
t>0,T=TW: _=LS =15, =0:
or 2mr,hk’"t T T2 ’ (5:3)
ds,
t>0,r=re: p=pe,W=O
Pacrnipenenenue HACBIIICHHOCTEN MOKHO HAUTH METOAO0M

xapaktepucTik [118]. VYpaBHeHHS XapaKTepPUCTUK [UIS PACCMATPHBACMOM

3agaun (5.2) UMEIOT BU/I:
dt dr ds

1 =f’ur/m ~ 0

WIN
ds=0
_ f’ q1 . (5.4)
dr = m 2nrh dt

Eciau npueMucTocTh CKBOXXMHBI HE MEHSETCS C TEYCHUEM BPEMEHH, TO PEIICHUE
ypaBHeHui (5.4) maet pacrnpeselieHue HACHIIICHHOCTH BOJHON (Da3bl B IiacTe B

IMpOoHCCCC 3aKa4YKM:

nri(s,) = nr2 b

Tak kak HaYaJIbHbIC U TpaHUYHbBIC ycIIoBUs (5.3) HEe coriacoBaHbl, BO3HUKAIOT

2 + fll(Sl) q1 (55)
m

pa3pbIBHBIC pelieHus cucteMbl ypaBHeHui (5.2). Ha paspeiBax dopmynupyercs

ycioBue [ roronuo:

_drg rur(f2 = f1)
T dt T m(s,—s1)

(5.6)

Ycnosue (5.6) onuceiBaeT CKOPOCTh paCpPOCTPAHEHHUS pa3pbiBa HaChIeHHOCTH. C
MIOMOIIbIO ypaBHeHUH xapaktepuctuk (5.5), MOXHO paccuuTaTh IOJIOKCHHE

pasphiBa 7y U HACBILIEHHOCTh HA Pa3phIBE Sy KaK (PYHKIMIO BPEMEHH t:
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fa

— = f'(sa)
Sd
P (5.7)
2 2 da 1
=2 + ———=t
Ty Ty, sam A
Perienue (5.5)-(5.7) OIKCHIBACT KJIACCHYECKYIO 3aauy

bakies-JleBeperra [119-121].

Takum oOpa3om, Tociie 3aKadykd aKTHBHOTO PAcTBOpPa B MPHCKBAKUHHYIO
30Hy oOpazyercs 00JacTh IjiacTa 1, < 1 < T, 3al0JHEHHAs TEIIOBBLACISIONICH
OuHapHOU cMechio. HachIeHHOCTh aKTUBHBIM PACTBOPOM B 30HE 00pabOTKH Sq (7)

YMCHBIIACTCS 110 MCPC YAAJICHHUA OT CKBA’KHMHBI COTJIACHO PCHICHHUTIO (55)

5.3.2. Hazpee¢ nnacma 6 xo0e npomeKkanus XuMuueckoil peakyuu
Tak Kak CKBaXMHA 3aKpbIBACTCSI HA IEPHOJ MPOTCKAHHS XHUMHUYECKOU
peaKkiuMy, a aKTHBHBIE PEAreHTHl pa3liaraloTcs OBICTPO TI0 CPAaBHEHHIO C
XapaKTepHbIM BpeMEHEM (DMIIBTPAIIMOHHBIX MPOIECCOB, AOMYCTUMO CUHTATh, YTO
HeTsIHAS ¥ BOAHAS (Da3bl B aKTUBHBIN MIEPHOJT PEAKITH TPAKTUICCKH HETIOIBUKHBI.
C y4eToM 3TOro JOIMyIIeHHs HACBIIICHHOCTh BOJHOM (Da3bl MOKHO MCKATh B BUJIC:
sp = s1()s (). (5.8)
BepxHUM CUMBOJIOM «*» 0003HAYEHBI TIOJTYYCHHBIC TIPU PEIICHHH TIPOMEKYTOUHOU
sagaun 1 mons, s;(7) — mMOnydeHHOE NpPHU PEIICHUM 3aJa4M 1 paclpenecHue
HachIeHHocteit (5.5).
IlepeiinemM K HOBBIM ITIEPEMEHHBIM:
(7, ) = (7, 5:(t)),

0 ds, 0 0 (5.9)
a = Ea—st = —]Sth a_St

B HoBbIXx mnepemenHbix (5.9) ¢ ydeToM CHEIAHHBIX BBINIC JAOMYHICHHHA O
HETIOJBIKHOCTH XUAKUX (Pa3 MoBeAcHUE TETUIOBBIICIAIONICH OMHAPHON CMecH B
AKTUBHBIN ICPHUOJA ITPOTCKAHUA XUMHUYECKOM PCaKI MOKHO OIIMCATh C IIOMOIIBIO

CUCTEMBI YPABHECHUN:
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— *
as; = a’,

St(l - pr) = (1 - y*Cp)’

ds; ,
@ T
e SiMs
S1P1 = P151 — (1 —s),
p
ds
jms.C, azspz =0,
t
V- (psusz) = jms.C (SIM3 + as3p3> 19
= . )
P\ ¢, 0s;
‘e mC S1Qr _653P+ (1 —m)copo +is_ . a_T _
] t P Cp ast m L lpl 1 ast
= p3c3ug - VT,
a(My, + My3) + y(Myq + Myy)
‘=1~ P1 '
S1S¢+ S, +s3=1,
9IS
M —
C, = =y (5.11)
P10

B cnyuae, ecnu cumtath razoByro (a3zy HemoaBwxkHOM, Uz = 0, pocT

TEMIIEPATYpPhI B IUIACTE ONUCHIBAETCS YPABHCHUEM:

Sy Ts;iM 1—s,)siM oT
1QR_|_ 1 3Prr+((pc)*_( £)S1 3(cl—c3+ pr >> ~0

C, €, Tp; C, T,p5))ds. ' (5.12)

(pc)* = (p1c151)" + (p2c282)"

Pemrenue ypaBuenus (5.12):

- * _ Pr
14 RT,/Qn _ R |, GsosiM (e + )
1+ RT/0Qp M, (c1 e+ Tprr> (pc)*C,
rP3

. (5.13)
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[TpoBeneM uncIeHHBIE OLIEHKH claraeMbix ypaBHeHus (5.13):

ok R
(1 —sp)siM; ( L Pr ) < y's1Ms (Cl T~ C3)m *)
— C — )
C,(pc) \ 7" 7 Tpl (1 —m)copo
RT RT
- < — (**)
Qr Qg

MakcuManibHOE€ 3HAUYEHWE MOJIbHOW KOHLEHTpAllMM OWHApHOM cMecH F
JIOCTUIaeTcs MPU MAaCCOBOM KOHLEHTpPAlMU KOMIIOHEHTOB OnHapHOu cMecu 70%,
y* = 6200 Monb/M°. MakcuManbHOE 3HAYEHHE HACHIIIEHHOCTH BOIHOH (as3hl Sj
paBHO 1. /I7151 UnCIEHHBIX OLIEHOK 3/1€Ch U 1aJiee UCIOJIb3YETCA TUITMYHOE 3HAUCHHE
nopuctoctd m = 0.3. [loxacraBnss B (*) yucIEHHBIE 3HAYECHUS TEIUIOEMKOCTU U

IJIOTHOCTH NEepBOM (pa3bl, raza v NOPOAbL, OJTYYUM

(1 - St)S;M3 < Pr )
¢4 —C3+ < 0.1. 5.14
G0\ TS T 49

MakcumanbHoe 3HaueHue temrepatypsl T He npeBbimaer 1000 K. Torma uz (**)

CJIeayeT HEPABCHCTBO

RT
— < 0.03. (5.15)
Qr

Takum oOpa3om wu3 mposBeacHHbIX oreHoK (5.14) u (5.15) crnemyer, 4TO C

JOCTATOYHOM TOYHOCTHIO BBIUMCIIATH TEMIEPATYPy B 30HE PEAKIMHA MOKHO I10

bopmyie:

(1 —s¢)s1Qr
(pc)*C,

[Tpu BeIBOmEe (5.16) yureHo, 4yTo mpu Manbix 3HaueHusx Xx. In(l+x) = x.

T—T, = (5.16)

Otxitonenue popmyist (5.16) ot dopmyser (5.13) He npeBbimaer 5%. Ha puc. 22
n300pakeHo cpaBHeHHE pacyera 1o Gopmyse (5.13) u o ynporieHHoON Gopmyrie
(5.16). B pacuerax HCHOJB3yeTCS 3HAYCHUEC HACBHIIIEHHOCTH BOaOM S; =1 m

KOHIIeHTparuu ounapuoit cmecu C,,, = 70%.
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200 -

A=3%
!
180 -
A
3
§ 160 -
=
5
= 140 -
S
=9
=
=120 -
100 T T T T T T T 1
0.90 0.91 0.91 0.92 0.92 0.93 0.93 0.94 0.94
Sp, eI
pacuer mo mosHo# Gopmyie (5.13) pacuer mo ynpouieHHo# dhopmyste(5.16)

Puc. 22. CpaBHenue pacdera temreparypbl o popmyte (5.13) u mo ymporieHHo

dopmyie (5.16).

[Tocme OKOHYaHUS XHMHUYECKOW peakiud, KOHIICHTPAIUS aKTUBHBIX
KOMIIOHEHT B pactBope ¥ = 0:
1=5,=y"C,. (5.17)
Takum ob6pasom, mo dopmyne (5.16) MoxxHO HaWTH Temmepatypy T, MoOcie
OKOHYaHUS XUMUYICCKOW PEAKITHH:
_ s1QrY”
(pc)*

@®opmyner (5.5) u (5.16)° TMO3BONSIOT BBIYHCIWTH TEMIEPATYpy MOPOIBI U

T, —T, (5.16)’

COJCPIKAIIMXCSA B HEH (PIIFOMIOB IOCIIEC OKOHYAHUS XUMUYECKOW PEaKIUUd MEXIY
KOMITOHEHTaMH OMHapHo# cMech. U3 mpoBeaeHHbIX orieHoK (5.14) u (5.15) cnenyer,
4TO BBIIETISIOIICECS B X0J1e peaKiuu TEILIO
Qr = S{QgrYy" TPaTUTCS MPEUMYIIECTBEHHO HA HATPEB IMOPOJBLI M COAEPKAIINXCS B

Hel u3HaYaIbHO (ITFOUJIOB.
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5.3.3. /lona menna, ynocumasn u3 30Hvl peaKyuu nOMoKom 2aza
YuciieHHbIe TUAPOINHAMUYCCKHE PACUEThI, ONMCAHHbBIE HIKE, TTOKA3bIBAOT,
YTO BBIJCIISIOIINANCS B X0JIe pEaKIUy Ta3 MPOHUKaeT riIyooko B macT. [IpoBenem
OIICHKY JIOJM YHOCHMOTO ra3oM Teruia. C ydeToM CIeJIaHHBIX BBIIIE JOMYIICHUI

IIOTOK I'a3ad U3 30HbI PCAKIIMU MOKHO BBIYHUCIINTD I10 (1)OpMy.TI€I

siM . pz0p . (1—s)0T
V(pstts) = ——— — pssi + s7(1 — 5,) = =—— s Ttg
t

jms.C, C, p 0s; (5.18)

HauOospiinii MOTOK ra3a U3 30HBI peakiuu OyneT HaOJI0AaThCs, KOrja BeCch ras
YXOJMT U3 30HBI PEAKIHH, TaK YTO P = P, = CONnst. BepXHsst oleHKa ClIaraeMoro
0T /0s; maercs ypaBHeHueM (5.16) (mpu yciaoBuH, 9TO BCEe (IIFOMIBI OCTAIOTCS B

30HE peakiuu). [ToTok raza npuOINAKEHHO MOXKHO BBIYUCIHUTH IO PopMyJIe:

My T\
(pstts) = jmseCysi (== pa - | = jmsesiMs, (5.19)
o

dopmyina (5.19) sBrseTcss BepXHel OLEHKOH TOTOKA Ta3a.
B xone peaknuu B 00beMe, 3alIOJIHEHHOM OWHAPHON CMECHIO BBIICIISETCS
DHEPIHS:
Eg = Jjsi,SemQr(nrg — mriy). (5.20)
[ToTok ra3za yHocut yactb 3Hepruu AEg:

AEg = (psus,2mr)y = ijtSICpM3(7TT§ — ny),

1 rq (5.21)
j sirdr,
Tw

S1., =
¢ (mrf—mnr2)
Si., — CPEZHEC 3HAUCHHE HACHIECHHOCTH B OOMACTH, 3aNlONHEHHOH GHHapHO

cMmechlo. Takum 00pa3om, 101l SHEPTUH, YHOCUMAs Ta30M:

AER M;zcs(T —To)

= (5.22)
"R 0
[IpoBeneM uncieHHbIC olleHKH 10 hopmyse (5.22):
csMymy*
35 < 0.03. (5.23)

n
(1 —m)copo
W3 nepasenctna (5.23) ciemyer, 4To ra3 YHOCHT U3 30HBI 00pab0oTKu MeHee YeM 3%

BBIICJSIONICHCS DHEPTMM B XOJI€ XUMHUYECKOW peakuuu sSHepruu. s
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NPAKTUUYECKUX OIEHOK JOMYyCTHMMO mpeHeOperatb 3tuM 3¢dexkrom. Ha puc. 23
npuBefeHo  cpaBHeHme  ¢opmynsl  (5.16) ¢ TOAPOOHBIM  YHCICHHBIM
TUIPOJMHAMUYECKUM  pacueToM.  HalOmomaercst — Xopolnee — COBIAICHUE
AHAJIMTUYECKOTO W YHCIICHHOTO penreHus. Takum oopazom, opmyia (5.16) moxer
OBITh WCIIOJIb30BaHA C XOPOIICH TOYHOCTBHIO JUIS pacdera IO TeMIIEPaTyphl,

BO3HMKAIOIIIETO B IUIACTE B PE3yJIbTaTe 00pabOTKU OMHAPHON CMECHIO.

460 360 -

w

a1

o
1

o
o

o
o
o

(¢]
o
o
(0]

Temmneparypa, K
w
o)

S
Temneparyps, K
w
=
S

w
oS
o
w
w
o
1

[©]
o

w

o

o
.
w
N
o

0 » 4 6 g 0 200 400 600 800

Bpewms ¢ Hauana peakuuu, C
PaccTosiHre OT CKBaXKHMHBI, M

— Iopucrocts=20% Iopucrocts=100%
Hopucrocts=30% Iopucrocte=25%
©  DKCHepuMeHT

IM'mapoauHamuyeckuid pacuer
sesesos AgamuTudeckas GopMymna

Puc. 23. CpaBHenme anamutudeckoii Puc. 24. KuHeTnka XHMHYECKOU

dopmybl (5.16) ¢ TMAPOAMHAMHYECKAM — PEAKIMM TPU Pa3IUYHOW MOPUCTOCTH

pacdcToM. miacra.

5.3.4. Kunemuka xumuueckoii peakyuu ¢ niacme
B mpenmosnokeHnn, 9TO PoCT TEMIEPATyphl B 30HE PEAKIIMHA OMHMCHIBACTCS
ypaBHeHueM (5.16), To MOKHO HaWTH KUHETHKY NpoTeKaHus peakiuu. CKOpPOCTh

pacxo/ioBaHus MepBoM (pa3bl B MPOIECCe PEAKIIMU OMUCHIBACTCS YPAaBHCHUEM:

% = jsiC,. (5.24)

I[HSI HaXO0XKICHUSA BpeMCHI/I HpOTCKaHI/IH peaKHI/H/I Hy>KHO BBIUUCIIUTDH HHTeIpaH:
t=—j dse_dse (5.25)

js:C, dt '

Kuneruka peakuuu j = j(S;) onpeAenseTcsi HaCHIIEHHOCThIO aKTUBHBIX PEareHTOB

U TeMIieparypoii o gpopmyie (2.9):
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i = ky? =kye RT[————F| | 5.26
O Vo) (5.26)
Wurerpai (5.25) ¢ yuerom (5.26) paseH:
Xmf
t=t exm 1) Ei(x — — Y _Fj ] 5.27
o e Gonf + DB ) +e* TS EiD)], (527)
re:
Cpo Xmf
to = [ m(xf + 1) Eilx, — xp,) +e*r ——El(xr)]
kO ( m -
(5.28)
YR S R e ) (R S
RT'“™  RT,’""  RT,’ T, \»°C,

[TpoBenenusie 1o ypaBHeHWIO (5.27) 4YHCIEHHBIE pacyeThl COBMAJAIOT C
OKCIEPUMCHTAIBHBIMA JTaHHBIMH, IOJAYYEHHBIMH B J1a0OpATOPHBIX YCIIOBHSIX
(puc. 24). U3 ypaBuenus (5.27) cieayet, 4To B IIACTE PeaKIMs 3aMeISICTCS, TaK
KakK IMopoja HarpeBaceTcs MeUIeHHO. Eciiu B 71a00paTOPHBIX YCIIOBHSX PEaKIlHs
3akaHunBaercsa 3a 0.5 4, To B miacte — 3a 2 4. ®opmymna (5.27) ¢ xoporei
TOYHOCTBIO MOXKET OBITh HCIIOJIb30BaHA JIJIS pacyeTa BpeMEHH POTCKAHUS PEaKIUH

B INTIACTOBLIX YCJIOBHIX.

5.3.5. looviua negpmu u3 nazpemozo niacma

B nanHoit nuccepranimoHHON paboTe pa3BUBAETCS MOAXOA ISl OTPEeIICHUS
JOTIOTHUTENBHOW OOBIYM HEPTH U3 HArpeToro IUiacTa, MNPEHJIOKCHHBIA B
pabotax [122,123]. OnHako (GopmMyiibl moaydeHbl B OoJsiee 00IIEeM BHIE C YIETOM
MOTEpU TeIjla B KPOBIIO M TIOJOIIBY IJIaCTa M C y4ETOM YMCHBIICHHS HarpeBa
riacTa mo Mepe yJIaBleHUs OT CKBa)KUHBI.

ITocne oOpabotku OuHapHOW CcMechl0 Tpu3aboiiHas 30HA IUIacTa
HarpeBacTCs, B PE3y/lbTaTe 4YEro IOHMKACTCS BS3KOCTh HE(Th M TOBBIIIACTCS
MPOIYKTUBHOCTh CKBOXHHBL. B IENsAX yIpOIIEHHsS paccMaTpUBACTCS YHUCTO
He(TSIHOW TUIACT M HE YYUTHIBACTCS BIIMSHHEC Ha TMPOJYKTHBHOCTH CKBAKHHBI

3aKa4aHHBIX PEareHTOB W MPOAYKTOB peakiuu, a Takke A(P(PEeKT OoT OYnuCTKU
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MPUCKBAXMHHOMN 30HBI OT TBEP/bIX OTJIOKEHH napaguHoB. B aTHx npeanoceuikax

yPaBHEHHE COXPAHEHHs YHEPTHH MOKHO 3aIHCaTh B BUJIE:
o(T —T, o(T —T, 2h,.. (T — T,
Rru_l_ Ry, - ( ) 2hip( ) o,
ot ar n (5.29)
R, = poCo + P23, R, = pacy,

h,, — k03 duLHeHT TemI000MeHa MEX/1y TIIACTOM U OKPYKAIOIIMMHU MTOPOJTAMH.

YpaBHEHHS XapaKTePUCTHK s 3a1aun (5.29) uMeroT BUI:
dt B dr hdT

Rr a RZqu T th(T - Tr)

WITH
2h
(ar = —a(T -T)dt, a-= hRm
R 4 (5.30)
2mrdr = —= 2TTru,,-dt
R,
Wnrerpupys (5.30), nomxyunm:
2h
(T=T. + @, -T)e ™ a= hRm
" 5.31
Rs QD) 531

Z = *Z*T - 5
mr nrs (Ty,) Rk

t
Q,(t) = fo 2nru,hdt — HakoIIcHHas Ha MOMEHT BpeMeHH t 100bua HedTH,

12 (T,,,) — KOHCTaHTa MHTETPUPOBAHHS, TOTyIEHHOE IIPU PELIEHUH IPOMEKYTOYHOM
3a7auu 2 pacnpesencHue temmneparypsl (5.16)’.

CornacHo pemennro 3amaun 1 (5.5)-(5.7) npu 3akauke OMHApPHOW CMeCH B
tacT oopasyercs (pPOHT HachIeHHOCTH. Kak MmoKa3aHo BHIIIIE, TOCIIC OKOHYAHUS
XUMHYECKOH peakiuu obOpasyercs ¢pont Ttemmepatypbl (5.16)°. O6o3Haumm
TeMriepatypy Ha ¢gpoute T,;, monoxeHue GppoHTa 7. 3a GPpoHTOM TemrepaTrypa
paBHa HadyabHOU TIacTOBOM 7 > 14: T = T,,. 3HaueHue TemmnepaTypsl 10 GpoHTa
r < Iy MOKHO HalTH 1Mo aHanuTu4eckoi Gpopmye (5.16)’. ITo mepe orO6opa HehTH
U3 miacta GpoHT TeMIeparypsl Oyaer asuratbes Kk ckBakuHe. C yuerom (5.31)

MoJIo’KeHHe (PPOHTA OMpeIeNsaeTCs] HaKOIJIEHHON o0bIuel Hedtu Q-
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_ ﬂh(r(%o B r(%)Rr

= 5.32
: 5 (532)

rne ra, = 1.2(T;) — nonoxkenue (GPoHTA TEMIEPaTyp B HAYAIbHBI MOMEHT
BpPEMEHHU.
J1eOUT CKBasKUHBI MOKHO PacCUMTATh 0 ypaBHeHUIO [{romtoun. Tak Kak B 30HE

Tw < T < T4 BA3KOCTh He()TU CHUKEHA B pe3yJIbTaTe HArpeBa:

_dQ, 2rmkhAp

q; = .
dt dr T, 5.33
fT:Vd 2 (T) - T Har In é (5.33)

Cornacno (5.31) u (5.32):

nr2(T,) = nr? + nr, — nr2,
" @ (5.34)
Tm = Tm(rz + rc%O o ro%)

Pasnoxum dynxmuio py(T) = py (Tr + (T (72 + 12, — 12) — T, )e™ %) B Touxe
T = T4 B psn Teunmnopa:

U (r? + 14y — T4, ) = paq + Hhpq - (r* —78),
o, (5.35)
ar?

[Moacrasnsas (5.32), (5.35) B (5.33) nonyunm auddepernnaibHoe ypaBHEHUE IS

tag = Poa(Tr + (Tg = T)e ™),  up =

HaXOKJEHUS MOJIOKEHUS! (PPOHTA TEMITEPaTyphI:

4kApR, dt , rg o T2
- ——+ (U2q — HoaTg) ln—dz + Uy (rg = 15) — Uy ln—dz =0. (5.36)
R, drj s 1

OtnenbHO paccMOTpUM  YNPOILIEHHBIM ciyyad o« = (0, Korma MOKHO
npeHeOpeys TEMIONOTEPSIMH B KPOBJIIO M TMOJOMIBY Ijacta. B srom cimydae
ypaBHeHue (5.36) MOXXHO MPOUHTErPUPOBATh, HAWIS BpeMs, 3a KOTOpoe (GpOHT

HaCbhIICHUA I[OﬁI[GT J0 CKBa’>XHUHBI:

¢ _ Haor In 7"e/rw 7ThrdZORr
A% T 2mkhAp R,

+ AQ>

(5.37)

! ! 2
__Hag — Hag 2 7.2 H24 Tao
_ mhyr, (1= /4 1)+t

R, Inr2 /12
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AQ — nomonHUTENBHAsA M00bYAa He(TH, Mojlydaemas B pe3ysibTaTe OOpabOTKHU.
JlaHHO€ TIPHOJMIKEHUE CHPABEIIMBO, €CIM BpeMS JOOBIMM tp,s MEHBIIE

XapaKTCPHOTI'O BPCMCHHA TEII000MEHa C OKPYKarOIMMMH I1JIaCT IIOPOJaMM.

2Rt o
— A L1 5.38
TR (5.38)

Ha puc. 25 u puc. 26 nokazaHo CpaBHEHHE YHUCIEHHBIX PACUETOB, MPOBEJICHHBIX 0€3
ydeTa TeIIONOTEePh B KPOBJIIO M TIOIOIIBY TUIACTA, C PE3yIbTaTaMu, TIOJTyICHHBIMU
o popmysie (5.37).

[Tonyuennsie popmyisr (5.5), (5.16) u (5.38) MOryT OBITH HCITOJIB30BAHBI IS
BEpXHEU OIICHKHU JOMOJHUTEIHHON M00bMM He(dTH MOIydyaeMol B pe3yibTaTe
00pabOTKH MPUCKBAXKWUHHOM 30HBI TETJIOBBIEIIONIEH OMHApHO cMechio. PacueThl
M0 TOJYYEHHBIM (OpMyJTaM MOTYT OBITh HCIIONB30BAHbI, HaMpuUMep, Il
pamXUPOBAaHUS W BBHIOOpA TMOAXOMSIINX CKBOKHH-KAHIUAATOB IS TPOBEICHUS

OIIBITHO-IIPOMBINIJIICHHBIX HCCJ’ICHOB&HHﬁ.

= 30 1.4
u=
—g o
g 25 T 13
= = 5 5
3 < 20 g 512
S S E11
Sgw e
< S c 0
T 510 RE]
A 0 =
g = E F
£E— 5 5809
=
o © g o
s 0 = 708
e 0 100 200 300 400 500 = 0 1 2 3 4 5
Bsizkocts e, cIl3 Macca 3aKkagaHHBIX PEareHTOB Ha | M IuIacTa,
—&— UucneHHBIN pacyer. /M
Ho6sr4a no Temmnepatypsr 301 K
YucreHHbIH pacyer. Pe3ynbTaThl YHCICHHBIX PacuyeToB
Ho6sr4a no Temmepatypsl 305 K Amnanuriyeckas ¢popmyna (14)
— Ananutndeckas Gopmymna (14)
Puc. 25. JlomomuwmtenpHas 1moObrda Puc. 26. VBennueHue

He(dTu ¢ 1 M TuTacta npu 3akadyke 1 /M TOMOJHUTENHEHON H0OBYM HEDTH TIPH
pEeareHToB. YBEITMYCHHUH 00BeMOB 3aKa4YKH

pEareHToB.
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5.4. YucaenHoe HCCIe0BaHHe npouecca puasTpanuu

TCIJIOBBLIAC/IAIOIICIO PAaCTBOPAa XUMHUYCCKH aKTHBHBIX PEAr€¢HTOB

YucnenHoe wuccaenoBaHue (UIbTPALUU TEIUIOBBLIEIAOMEH OMHApHOU
CMECH TPOBOJIMIIOCH Ha co3gaHHOM mnporpamMmMHoM komiuiekce (I1K). Anroputm
YUCJICHHOIO PELIECHUS YPABHEHUI ONUCaH B riase 3. 11 pacyeToB UCIIONIb30BAIUCh
YOPOLICHHBIE  «CHUHTETUYECKHE»  OJHOMEPHBIE  paJUaIbHBIE  MOJCIIH.
XapakTepUCTUKU MOJIENIN: BHYTPEHHUH paauyc pacueTHou oOmactu, 1;, = 0.1 M;
BHEIIHUHU paanyc, 7, = 100 M; konudecTBO sueek pacuetHoil obmactu, N = 100;
UCITI0JIb30BaJach HEpaBHOMEPHAs pacyeTHasl CEeTKa, pa3Mep SYEEK YMEHbIIAICS K
CKBaKMHE MO Jorapupmuyeckomy 3akony 1o 0.1 M. B memsax ympouieHus He
YYHUTBIBAJIACh ~ HEOJAHOPOJHOCTh  IUIACTA,  CYUTAIOCh, 4YTO  IIOPUCTOCTb,
IIPOHUIIAEMOCTD, (Pa30BbIE€ MPOHMIIAEMOCTH BO BCEX sUEWKaxX OJIMHAKOBbIC. [l
KOKIOW NPOMEXYTOUHOM 3anaud, Cc(HOPMYIHPOBAHHBIX BBIIIE, MPOBOAMICS
OTHAEJIbBHBIA THUAPOJMHAMHYECKHNA pacdeT. ['paHuuHBIE YCIOBUS, 3a/1aBacMble B

pacdeTsl, mpuBeAcHBI B Ta0Ommma 10.

5.4.1. Bepugpukayus uucnennozo pewienusn
B mnepByio ouepens Obuta mMpoBeleHa BepUPHUKALUS pPE3yIbTaTOB YHCIEHHBIX
pacdetoB Ha co3zmaHHoMm [IK. UYwucimenHoe pelieHHe CpaBHUBAJIOCh C
aHAMTUYECKUMH opMynamu (puc. 23, puc. 25, puc. 26) u ¢ pe3yIbTaTaMu pacuera
B ruapoauHaMudeckom cumyssitope Schlumberger Eclipse 300 (E300) [35]. Tak
KaK MaTeMaTHu4ecKas MOJelb, UCIIOIb3yeMas B JaHHOUN TUCCEPTAIMOHHON paboTe
(rmaBa 2) u B cumynarope E300, ornuyarorces, mpy CpaBHEHUH YUCIIEHHBIX pacueTOB
UCIIOJIb30BAJIMCh YIPOIICHHBIE TECTOBbIE 3aJaud. VICHonb3yroTcsi THUIHMYHBIC
3HAYCHUsSI KOHCTAHT, HEOOXOAMMBIX B pacdere (Tabmuma 11). B nensx ynpomieHus
JUISL HEKOTOPBIX MEPEMEHHBIX BMECTO 3aBUCHUMOCTEH, OMHMCAHHBIX B TIJIaBe 2,
UCTIONB3YIOTCS TIOCTOSIHHBIE 3HaYeHus. OTHOCUTEIbHBIE (Da30BbIE MPOHUIIAEMOCTH
B CHUCTeMe BoJa-He(Th M B cuUCTeMe HEe(PTh-ra3 3aJaBajiCh MO KBaApPaTUYHOU

3aBucuMOoCTH Kopu, KOHIIeBbIe TOUKH (pa30BbIX KPUBBIX TPUHUMAIUCH PABHBIMU 1.
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Tabnuua 11. KoHcTaHThl, MCIIOJIb3yEeMbI€ B TECTOBBIX BEpU(PUKAIIMOHHBIX pacyeTax.

[InacroBoe naBienue, p,., 0ap 100
[TnacToBas Temneparypa, T;., K 300
[Topucrocts, m, 1.e. 0.2
[Tponuniaemocts, k, MJ] 100
TemmonpoBogHOCT TIOPOIHL, K, BT/M/K 1.8
BOJIa 0.50
BsizkocTts, pu, cll3 He(DTh, TL.Y. 50.0
ras 0.01
BOJA, IJLY. 1450
3 He(DTh, TIL.Y. 850
flaothocts, p, Kr/M rasa, CT.y. 1.1489
nopojia 2700
BOJIa 0.1
CxumaemocTts, B, 10 1/6ap He(DThH 1.0
nopojaa 0
BOJA 3.0
HEe(DTH 2.0
Temnoemkocts, ¢, K x/Kr ras 13
nopojia 1.0
[Tokazarens crenenn Kopu O®II, n; He(Th-BOMa, 2
He(dTb-ra3
Konuessie Touku OPII, k;, HeTh-pOMa, 1
He(dTb-ra3

PaCCManI/IBaJIHCB CICAYyromue TCCTOBBIC 3a1a4u:

1. 3akayka B MJIacT ropsiueil BObI

B mmact ¢ 1MOCTOSHHOM TPUEMHUCTOCTBIO IIOJIABAJIACh Topsivas BOJA

temneparypoir 370 K. CpaBHUBaJIMCh NOJYYECHHBIE B PE3YJbTAT€ YMCIECHHBIX

pacyeToB MpOoQuIIsl HACBIIIEHHOCTH BOJAOW M TeMIeparypsl. Pe3yiabTaThel pacueToB

npuBefeHbl Ha pucyHke puc. 28. B cosmannom I[IK HaGmromaeTcss MeHbIas

yucienHas nuddysus, uem B cumynstope E300, 3a cuer Toro, 4ro UCHOIB3YyETCS

MeHee pauccunatuBHas TVD-cxema IUCKpeTHM3alMd KOHBEKTHUBHBIX ITOTOKOB

«vanLeer» (rnaBa 3).

2. Uctounuk rasza, HaXoIsIAMCS BOJIN3U CKBAKUHBI

Uepe3 HCTOYHUK, PACTOIOKEHHBIM B SYEMKE CO CKBaXWHOM, B ILIACT

MOAABAJICA Ta3 C IOCTOSSHHOM NPUEMHUCTOCThIO. CpaBHUBAINCH IOJYyYECHHBIE B
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pe3yibTaTe YHCISCHHBIX PacdyeToB MPOQWIS HACHIIIEHHOCTH Ta30M W TUHAMHKA
pOCTa TaBJICHUS BOJIM3U CKBaXXHUHBI. Pe3ybTaThl pacyeToB NPUBEACHBI HA PUCYHKE
puc. 29. B coznannom IIK pa3mazbiBanue QpoHTa BBITECHEHHS Ta30M HECKOJBKO
Oonbllle, 3a cueT TOro, 4ro ucmnonb3dyerca |IMES-anroputm (sSBHBIIM anroputm)
pelIeHNs ypaBHCHU.
3. JloOkr4a HedTH U3 HArpeToro Iiacra.

B ruppommHamMuyeckiie pacueThl B Ka4eCTBE HAYaIbHBIX YCIOBUI 3aaBATUCH
MOJIT HACBIIICHHOCTH M TEMIIepaTyphl, pPACCUYUTAHHBIE TIO0 AHATUTUYCCKUM
dopmynam, npuBeneHHbIM Bbime (5.5), (5.16)’. B pacuere HCIIONIB30BAUCH

3 GuuapHOii cMecH

clenmyronue AaHHBIe: Ha 1 M Imiacta 3akadaHo Q; = 5M
HAaChIIEHHOCTBIOC,, = 70%. Pacuersl, mNpoOBEAEHHBIE 1O AHAJUTHYECKUM
(dbopmynam, MOKa3bIBAIOT, YTO OMHApHAs CMECh MPOHUKAET B IJIACT Ha TIIyOHHY
4 = 5.5 M, TemmepaTtypa BOMM3HM CKBaXHHBI TogHUMaeTcs a0 T, (1,) = 434 K,
cpeHsis TeMIepaTypa B 30He 00pabotku T, = 340 K. CpaBHUBaIKCh HOTyYEeHHbIE
B pe3yJIbTaT€ YHCICHHBIX pPAacyeToB AMHAMUKA JOObIYM He)TH W JIMHAMHKA

CHHMKCHUS TCMIICPATYPhI Ha CTCHKC CKBAKHMHBI 110 MCPC 0T6opa He(i)TI/I N3 HArpcToro

rtacta. Pe3ynbraThl pacueToB MpUBEACHBI HAa PUCYHKE puc. 27,

a) 380 0) 0.8

2 £,

5 360 & 206 1,

S 2 g i S -

. . :

s Z 340 1% E04

= " = . |

£ 3 = : s+ee=++Pacuer Eclipse

(ST 4 *ey ~

g e 320 g, 3 0.2 Pacuer 1K

s | ey, L O

o | T ey reuu =

F 300 T T T T 1 0 T T T T T 1
0 10 20 30 40 50 0 10 20 30 40 50

Bpewms, n1n Bpewms, 11

Puc. 27. CpaBuenue pacuetoB [IK ¢ ruapoguHamudeckum cumynsaropom E300.
a) JuHAMUKH TEeMITepaTypbl Ha CTCHKE CKBa)KMHBI,

0) muHAMUKH 100BIYM HEDTH IO Mepe 0TOOpa HEPTH U3 HATPETOTO IIacTa.
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1 0.2
a) Pacuer 1K a) Pacuer 1K
., 08 +++++++Pacuer Eclipse é . 0.16 +++++++Pacuer Eclipse
5 = S 5
€206 = =012
z R g =
5] o
g5 A 0
= 204 5 £ 0.08
g 8 T
T 02 0.04
0 0
0 2 4 6 8 0 5 10 15 20
Paccrosuue ot CKBa>XUHBI, M Paccrosnune ot CKBa>XHHBI, M
6) 380 ) 210
i” 360 § 190 e PP PRI TTITITe o)
5 g I
= = 3
g 340 5 170 '
= =
= < : © Pacuer [IK
5 320 = ]
= 150 R R Pacuer Eclipse
0 0 2 4 6 8 130 °
0 0.1 0.2 0.3 0.4
Paccrosinme oT CKBaKMHBI, M Bpemsi ¢ HauasIa 3aKauKH, CyT
Puc. 28. CpaBuHenue mnpoduieit Puc. 29. CpaBuenue mnpoduneit
HACBIIICHHOCTH BOJIOM (a) 51 HACBIIIIEHHOCTHU Tra3oM (a) U AMHAMUKHU
TeMrnepatypsl (0) Ipu 3aKkadyke ropsaei pocTta naBieHus (0) mpu 3aKkavke rasa B
BOJIbI B IIacT paccuuTaHHbiXx B [IK u minact  paccuutanHbeix B IIK  m
cumyssitope E300. cumynsitope E300.

Pe3ynbTaTel uncieHHbIX pacyeToB B cozganHoM 1K xoponio coBnagaror kak
C aHaJIUTUYECKUMHU (QopMyJaMu, TaKk U C pe3yibTaTaMmy, MOJIYYCHHBIMU B
koMmepueckoM cumysstope E300. Takum o0pa3om, MOXKHO clenaTh BBIBOJ O
KOPPEKTHOCTH UCTOJB3yeMOW MAaTeMaTUYECKON MOJENH, alropuTMa YUCICHHOTO

pELIEHUs U €ro MPOrpaMMHON peau3aluu.
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5.4.1. Ouenka ocpanuuenuii npu 3aKauke MmenjaoevloerAIOULell OUHAPHOU
cmecu 6 naacm

B nporecce 3akauky TEIIOBBLACIAONIEH OMHAPHON CMECH B TPUCKBAXKEHHON

30HE€ TMIOBBIIAECTCS TeMIleparypa W JgasieHue. [Ipu  BBICOKOM IIACTOBOU
TEMIEpAaType KOMIIOHEHThl aKTUBHON CMeCH, Monajaasi B IacT, OyayT MTHOBEHHO
pearupoBarth, 4YTO MOKET IPUBECTH K MHUIMALMU PEAKIUU B CTBOJIE CKBAKUHBI U
aBapuu. Ha mpakTuke 3akauky OCTaHABIMBAIOT, €CIM TeMmIeparypa Ha 3aboe
CKBa)KMHBI IOBBIIIAETCS CIUIIKOM ObICTpo. Ha ruapoavHaMuyecKux MOJEIsX,
OMMCAHHBIX BbIIIE, OBUIM pACCYUTAHbl MAKCUMAIILHO BO3MOXKHBIE 00BEMBI 3aKAUKH
OvHapHOM cMecHn Ha | M 1UIacTa NOpU yCIOBHM, YTO 3aKaykKa MPOBOAMTCS
HenpepeiBHO ¢ penpeccuerdn Ap = 300 atMm. Ilpenmonaramoch, 4ro 3akadka
IPOBOJUTCS JI0 TEX TOP, ITOKa TeMIepaTypa Ha cTeHke ckBaxunbl T (1;,) < 100 °C.
Ha puc. 30 mpuBeneHbl pe3yabTaThl MPOBEIECHHBIX PacyeToB Ul IUIAcTa C
nponunaemocteio k = 100 m/l. Bappupysi KOHIIEHTpaIMIO aKTUBHOTO pacTBOpa U
KOHLIEHTPAIMIO MHUIMATOPA, CKOPOCTh MPOTEKAaHUs PEAKIUU MOKHO M3MEHSATH B
HIMPOKUX IMpenenax, JAOCTATOYHBIX IS 3aKauyuK OOBEMOB TEIIOBBIICISAIONIEH

OWHApHOHW CMeCH, UCTIOB3YeMbIX Ha mpakTuke (30-60 T bmHapHO# cMecH Ha OHY

00paboTKy).
14
&K
s 12
=
2210
ZE
o o) Konnenrparus 6uHapHon
gm 8 cmecu=0.7
T s
g E 6 —®— KoH1neHTpanus OnHapHOM
g 8 cmecu=0.5
=3 4 .
2 Konmnenrparms GuaapHOit
§ 2 cmecu=0.7 (0e3 MHUIIMATOPA)
0
100 1000 10000

Bsskocts HEdTH, cII3

Puc. 30. MakcumanbHO BO3MOXKHAs 3akauyka OWHApHOW cMecu Ha 1 M macra.

[Tponumaemocts 100 m/I. Jdenpeccus 300 atm.
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Temneparypa, K Temneparypa, K
273 283 293 303 293 298 303 308

200 200

400 400

600 600

= 800 = 800
g g

= 1000 = 1000
s 5
2 =

— 1200 — 1200

1400 1400

1600 1600

1800 1800

2000 2000

= Pacxon CemapEel caecs 3 M3oyT Parxog Omsapeoi camen 25 w3/eyT Pacxon oemapmod caeecs 30wl /oy
Pacxon oemapacn cuecs 250 ad /eyt Pacxog Oemapmo caeew 500 3oy Pacxon oemapmon caeecs 1000 u3/cyr

Puc. 31. Ilpodunbp TemmepaTypbl IO CTBOJy CKBaXHHBI TpPH TeMIIepaType

HarLeraemoro pactBopa Ha yctbe 273 K (a) u 293 K (0)

JUis MaacToB ¢ MEHbLIEH NPOHUIAEMOCTHIO HY)KHO cO37aBaTh OOJblINe
pernpeccuu JUisl 3aKa4Ky TOro ke o0beMa OuHapHO# cMecu. /s pacueta 00beMOB
3aKauKd HYXHO YYHUTHIBATh TEXHOJOTHMYECKHE OTrPAaHHUYCHHS — MAaKCHMaJbHO
BO3MOXKHOE JJaBJI€HHE Ha 3a00€ CKBa)KMHBI, HAIIOp Hacoca, JaBJICHHUE THAPOpPa3pbIBa
TIacTa.

[Ipu o00paboTKe CKBaXHMHBI TEIUIOBBIJACISAIONIE OWHAPHOM  CMECH.
MPAKTHYECKHU HET OTPaHUYCHHH 10 TTIyOmHe 3aneranus riacta. Ho 3akauka momkHa
IPOUCXOANTHh TOCTaTOYHO OBICTPO I TOTO, YTOOBI TeMIepaTypa aKTUBHOTO
pacTBOopa HE IMOBBIIANACH B CTBOJIE CKBAXHUHBI JI0 KPUTHUECKOrO 3HAYEHUS
(T (r,) < 100°C). D10 ycnoBHe HaKIaJbIBACT OrPAHMUYCHHS HA MPHEMHUCTOCTh
oOpabaTeiBaeMOM CKBaKMHBI. MCIONb3yss MaTeMaTHYeCKyl0 MOJENb KHHETHKH
XUMHYECKON PeaKIiy, OMUCAaHHYIO B riaBe 4, a Takyke MOJIEIb ABMKECHUS (Ironia

10 CTBOJIy CKBaXXHHBI, chopMmynupoBanHyto B padote [111], MokHO paccuuTaTh
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3aBHCHUMOCTh TEMIIepaTypbl OMHAPHON CMeCH OT IIyOMHBI CKBaKHMHBI B MPOLIECCE
3akayku (puc. 31).

JUis peleHus: NpakTUYECKOM 3a/laull pacCMaTpUBAJICs CIEAYIOUINI ciayyail:
riyOouna 3aneranus miacta 1000 M, niauHa cTBoJa CKBakKUHBI 70 32605 2000 M,
wiactoBast temneparypa 30 °C, saHemnuit auamerp HKT 89 mwm, xosddumment
TEI1000MEeHa «CKBa)XXMHA — OKpy»xKatouie nopoas» 20 Br/m2/K. beun npoBeaeHsl
pacueTsl ¢ Temrieparypoi OmHapHOM cmecu Ha ycthe 0 °C (puc. 40a) u 20 °C
(puc. 400). 13 npoBeeHHBIX pacueTOB MOXHO CAEJATh BBIBOJ: JJIsi O€30M1aCHOTO
IpoBeJcHUST 00pabOTKHM 3aKadka PeareHTOB JOJDKHA MPOBOJUTHCS C PacXOAoM
oosiee 50 M3/cyT npu Temmneparype cmecu Ha ycthe 0 °C u 6onee yem 250 m3/cyT
pu Temneparype cMmecu Ha ycrbe 20 °C. KOHKpETHBIN peXnM 3aKauKy U HadaJlbHas
TeMIlepaTypa aKTUBHOM CMECH JOJDKHBI BBIOMPAThCS HUCXOAS W3 KOHKPETHBIX

I1JTaCTOBBIX YCHOBHﬁZ HpI/IéMI/ICTOCTI/I CKBa)XHUHBI U I1JIaCTOBOU TCMIICPATYPBHBI.

5.4.2. Ouenka mennosozo 3Ipppexma oo6pabomku npuzabOUHON 30HbL
6EePMUKAIbHOU CK8A}CUHbL menJogvloensaiouieil Ounapnou
cmecnio [112-116]

B crnencrBue HarpeBa MpUCKBaXKMHHOM 30HBI TOHUKAETCS BA3KOCTh HEPTH U
YBEJIMUMBACTCA MPOAYKTUBHOCTh CKBaXKMHBI. Huke paccmarpuBaercss TpPUPOCT
n00buM  HePTH, OOYCIOBICHHBIA CHM)XEHHEM Bs3KocTH HedTu. B memsax
VIOPOIIEHUS B  TPOBEICHHBIX pacueTax HE YUYUTHIBACTCS  IOBBIIICHUE
TPEUIMHOBATOCTU KOJUIEKTOPA U OYMCTKA MPUCKBAXKUHHOW 30HBI OT 3arpsi3HEHUN U
OTJIOKEHUU TBEPBIX apadUHOB.

st omenku TerioBoro 3ddexra oOpabOTKM Oblla TMPOBEACHA Cepus
YUCJIIEHHBIX JKCIIEPUMEHTOB Ha ONMWCAHHOW BBIIIE OJHOMEPHOM paaualibHOU
Mojenu o0padaThiBaeéMOl BEPTUKAIBHOW CKBaXKMHBI. B pacuerax BapbHPOBAINCH
CIICAYIONINE TTapaMeTphl: KOHIICHTpAIUs U 00BheM 3aKauaHHOM B TIJIACT OMHAPHOM
CMECH, TTPOHUIIAEMOCTh IIJIaCcTa, BA3KOCTh HE(PTH, OOBOJHEHHOCTh CKBAXKUHBI U
TOJIIIMHA TUT1acTa. Micnonb3yeMble B pacyeTax KOHCTAaHTHI IPUBEICHBI B Ta0IUIA 12.

Bapeupyembie napameTpsl U UX uarna3oHsl — B Tabauna 13.
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PaccmarpuBaercs mact ¢ temnepatypoit T, = 30 °C. [Ins paccMaTpuBaeMbIX
IJIACTOBBIX YCIIOBUM, KaK MMOKA3aHO B TJIaBe 4, ISl YBEIMUCHUS CKOPOCTH PEaKIIUU
1eJeco00pa3HO HCMOJIB30BaTh HMHUIMATOpP. Bo Bcex MpoBeAEHHBIX pacuerax
paccmarpuBaeTcsi OuHapHas cMmech ¢ jgoOaBieHHMeM wuHHUnUaTtopa. KoncrtanTta
XMMHYECKON peakiuu paccuuThiBajgach 1o ¢opmyne (4.15). Jias oOpaboTku
IJ1acTOB, 3ayierarolux Oosee TriayOOKO, C BBICOKOW IIJIAaCTOBOM TeMIiepaTypoi
1eJIecCO00pa3HO MPUMEHATh OMHApHBIE CMECH 0€3 MCIOJB30BaHUSI MHHUIIMATOPOB,

71100 C TOHMKCHHOM ero0 KOHIICHTpalneil. 3aBUCUMOCTh KOHCTAHThI peakiuu (4.14)

OT TEMIEpaTyphl B 3TOM cIy4yae, Kak ObLIO TTOKa3aHo B I1aBe 4, HIXKE.

Tabnuma 12. KoHcTaHTHI, HCTIONB3yEeMbIE B pacyeTax

[InacToBoe naBnenue, p,., 6ap 100
[TnactoBas Temneparypa, T;., K 300
[Topucrocts, m, a.ex. 0.2
TennonpoBoIHOCTH MOPObL, K, BT/M/K 1.8
Kos(duuuent termnoodMeHa miacT-nopoaa, h,,, Br/m? /K 15
241
Bsizkocts, u, cll3 o dopuya (2.41)
ras 0.01
BOJA, LY. dopmyna (2.29)
y. 850
[I10THOCTS, P, KI/M° HEQTD, M.y
ras, CT.y. 1.15
noponaa 2700
BOJIa 0.1
CXMMaeMOCTh, Hod T 10
£, 10* 1/6ap :
nopo/jia 0.1
BOJA dopmyna (2.40)
TemnnoeMKocTb, HepTH 2.0
¢, kJ[>x/kr ra3 1.3
nopoja 1.0
B CHCTEME BOJa-HEPTh dopmyna (2.54)
ODII, k; B CHUCTEME ra3-Hed)Th bopmyia (2.55)
B Tpex(a3Hoii cucteme bopmyia (2.53)
KOHCTaHTa peakLuH, ko, M> /MOJIb/C 68.6:10°
KoncTanTel peakunn
SHeprus aktuBamuu, Ep, K/ 77
B 3aKOHE AppeHuyca
MOPSIIOK PEAKLUU, ¢ 2

112




Ta6nuna 13. /lnamna3zoHsl BapbUPyEMBbIX ITApaMETPOB

[Iponunaemocts miacta, k, 1073 mxm? 5, 10, 50, 100, 250, 500
Bsizkocts HedTH, U,, MIIa-C 10, 25, 50, 100, 250, 500
Pacxom KOMIIOHEHTOB OMHAPHOM CMECH, G4, T/CYT 0.1,05,1,2,3,4
MaccoBast KOHIIEHTpaIus: OuHapHou cmecH, C,,, % 50, 60, 70
OOBOIHEHHOCTH CKBaKUHEI, W, % 0, 5, 10, 30, 50, 70, 90
TommuHa miacta, M 1,5,10,50,100,500

5.4.3. Ananu3 pe3ynomamos YucCieHHbIX IKCHEPUMEHM OB
[Ipu ananu3e pe3yNbTaTOB YMCIEHHBIX SKCIEPUMEHTOB CUYUTANIOCh, UTO
no0br4a HedTH mocie 00paboTKU OMHAPHOW CMECHIO MPOOIIKAETCS 0 TEX TOp,
IoKa TeMIlepaTrypa Ha CTeHKe CKBakuHbl He nocturaer T(r,) = 35°C (ma 5
IpaaycoB BbIIIE TIEPBOHAYAIBLHOM IIACTOBOM Temmeparypbl). B panbHeiiiieM Ha
IIPaKTUKE LEIeco00pa3HO MPOBOJUTH MOBTOPHYIO OOpabOTKY CKBaKHHBI. B
MIPOBEICHHBIX pacdyeTax HE YUYWUTHIBACTCS CHWKEHUE TUTACTOBOTO JaBJICHHUS,
MPOJYKTUBHOCTA CKBKUHBI WM YBEJIMYEHUE OOBOAHEHHOCTH CKBAaXXUHBI B
MpoIecce AKCIUTyaTalldd, YTO JOMYyCTHMO JUIsl TPOBOAMMBIX MPHOIMKEHHBIX
OLIEHOK
B  kauectBe  kputepus dPpPexkTuBHOCTH  OOpaOOTKM  CKBAKHUHBI
TEIUTOBBIICTISIONIEH OMHAPHOW CMECH HCIIONB3YeTCsl YIeNbHas JOMOJHUTEIbHAS
no6brya Hedtu (YH) — oTHOmIEHHE pa3HUIBI HAKOIUICHHOW JOOBIYM HEPTH B
BapuaHTax ¢ U 0e3 00pabOTKH OMHAPHOM CMEChIO K MacCe 3aKauaHHBIX PEareHTOB.
Ha puc. 32 npuBenena paccuntanHas 3aBucumocth YJIH ot Bsizkoctn HedTH U
KOHIIEHTpaIuu OuHapHO# cMecH. PaccuntanHas 3aBUCUMOCTh MOTy4YeHa IS YUCTO
HedTssHOM 30HBI (W = 0%). [Tpu 5TOM cunTaercs, uro Ha 1 M miacTa Obliia 3aKayaHa
Qm, = 1T pearenroB. 13 mpoBeICHHBIX PACYETOB MOXKHO CHETATH CIEIYIONINE
BBIBOJIBL:
1. Jlna wnebtn cpemanert Bsaskoctu (10 cll3 < p, < 50 cll3) o06paboTku
manodddextusnsl, YJIH cocrabnser 5-7 M3/T.
2. llpnu  yBenmuuenun  BS3KOCTH  HEPTH  APPEKTHBHOCTH  00pabOTOK

TCIIJIOBBIACIIAOIMINMUA 6I/IHapHBIMI/I CMCCsIMHU IIOBBIIIACTCA. I[J'ISI HC(l)TI/I
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BSI3KOCTBIO U, > 250 cllI3 YJIH coctaBnser 13-15 mM3/T u cnabo 3aBUCHUT OT
TATBHEHIIIETO YBETMYCHUS BSI3KOCTH He(DTH

3. Db (dEeKTUBHOCTh BO3JECUCTBHUS CYIIECTBEHHO 3aBUCUT OT KOHIICHTpAlUU
TEIJIOBBIEIISIONE  OWMHApHOW cmecu. JIms  akTUBHBIX  pacTBOPOB
koHueHtpatuu C,, = 70% VYJIH B 1.5 Bblme, ueM g pacTBOPOB C

KoHIeHTparuen 50%, Tak Kak B IUIACT BHOCUTCS MEHBIITUH 00bEM BOJIBI.

Pe3ynbTaThl  YHCIEHHBIX pacyeToB Ui CKBOXHH C  Pa3IMYHOM
OOBOJIHEHHOCTBbIO TpuBeAeHbl Ha puc. 33. Ilpm pocre 00BOIHEHHOCTH
b dexkTuBHOCT, 00pabOTOK MaJaeT, TaK KaK 4YacTh TeIjia y MOpPOJbl 3abupaer
noobiBaeMas Boja. B ciiydae o6BogHeHHOCTH cKkBaxkuHbl w = 30% VY JIH B 2 paza
MEHBIIIe, YeEM B ciy4yae yucTo He(TsHOU 30HBI. [lpu ob6BomHeHHOCTH W > 50%
YJIH nuxe 5 M3/, 06paboTku ManodPpheKTUBHBI.

3aBucuMocts Y/IH oT 00beMOB 3aKayky TEIUIOBBIAEISIONIEH OMHapHOM
cMecH mpuBeaeHa Ha puc. 34. Ha rpaduke cBeneHbl U M300pa)keHbl TOUKAMU
Pe3yJIbTaThl PaCU€TOB C PA3IMYHON BSI3KOCTbIO HETU U KOHIIEHTpale OMHApHOM
cmecu. [Ipu yBennueHnn oObEMOB 3aKauKu PEareHTOB yjaelbHas 3P(EKTUBHOCTD
BO3EHCTBHUS ITOBBINIACTCA: €CJIM HAa | M TOJIIMHBI IJIacTa 3aKavyaHO le =6T
pearentos, Y JIH na 30% Bbiwie, 4yem npu 3akauke Qr,, = 1 T/M peareHTOB.

Pe3ynbTaThl YUCIEHHBIX PAacyeTOB C YUYETOM TEIUIONOTEPh B KPOBIIO U
MOJIOIIBY TJIacTa MpuBeneHsl Ha puc. 35. YIH onpexaensercss puibTpammoOHHBIMA
XapaKTepUCTUKAMH IJ1acTa, CKOPOCTBhIO O0TOOpa HE(PTH, TONIIMHOW IUTacTa U
BEJIMYUHOM TETIONIOTEPb.

Pe3ynbTaThl mpoBEACHHBIX YHCIEHHBIX SKCTIEPUMEHTOB OB MPEICTABICHBI
B BUJE TpaHUKOB M MAJETOK, KOTOPbIE MO3BOJIAIOT OLEHUTHh KaK MOTEHIIMAIBHO
BO3MOXKHYIO yJI€JIbHYIO TOMOJHUTENbHYIO 100611y HeQTH (puc. 32, puc. 34), Tak u
ymenbinenne Y JIH u3-3a 00BoiHEHHOCTH CKBaXKMHBI (prc. 33), a TakKe BCJICICTBHE

HOTEPh TEIJIa B KPOBIIIO U MOIOMIBY Iutacta (puc. 35).
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PCarcHTOB 1 T/ M Imiacra. pPCarcHTOB 1 T/ M 11J1acTa.
Oo6BoauenHocts = 0%.
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ER02 of
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Macca 3akauannoii bC, T/m khAp/hm/p/(In(Q1)+1)
Puc. 35. CHMxeHnue

Puc. 34. 11 YJH
uc pupoct  VJIH  npu JOTIONIHUTENBHOH J00BIYN  HehTH

YBEIUYCHUU  OOBEMOB  3aKayKH
npu yuete Ttermtonorepb ([K]=m/l,

[h]:Ms [Ap]:6ap9 [Ql]zTa [M]ZCHI;,
[hm]=B1/M%/K)

OWMHApHOW CMECH TIO CpPaBHEHUIO C

BapuaHTOM | T/M 1acTa.
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5.4.4. Ouenka 6kna0a OYUCMKU RNPUCKBANCUHHOU 30HbL OM OMJIONHCEHUI
napagunos npu oopadomxe cKkea)scunvl ounaproii cmecwvio [117]

B omucaHHbIX B OpeplAylIeM — pas3jielie  YUCICHHBIX — pacuerax
paccMaTpUBAETCS TOJIBKO MPUPOCT AOOBIUM HEDTH, 0OYCIOBICHHBIA CHIKCHHUEM
BA3KOCTH HE(TH B MpU3a0OMHON 30HE IJIacTa, HE YUUTHIBAECTCSA IOBBIIICHHE
TPEIIMHOBATOCTH U OYMCTKA MPUCKBAXXUHHOM 30HBI OT 3arpsi3HEHUN U TapauHOB.
OpHako, W3 TOJEBBIX HCCIACAOBAHHWM CIEAYeT, YTO B HEKOTOPBIX MPAKTHUCCKH
BaYKHBIX CITydasx 3TOT (PaKTOp MOXKET ObITh 3HAUNTEIbHBIM [23].

JIJIst OTICHKY BIMSTHUSI COCTOSTHUS TIPUCKBAXXUHHOM 30HBI HA 3P EKTUBHOCTH
00pabOTKM CKBaXMHbI TEIIOBBIICTAIOMIE OWMHAPHOW CMEChIO PaCCMOTPUM
dbakTHUeCKH  TMPOBEJACHHYI0  O0pabOTKy  BEpPTHUKAIbHOM  CKBAXKHUHBI Y
MeCTOpOXaAcHUS X. XapaKTEePUCTUKH TMPOTYKTUBHOTO IUTacTa TPHUBEACHBHI B
Tabmuua 14. B xome 00paboTkm B ckBaxkuHy Y ObUIo 3akadano 11 m3
TETUIOBBIIEAIOIECH OUHapHOU cMecH, 22 M3 BOIBI JUTS MPOJIaBKU OMHApHOM cMecH
B mmacT M 12 M3 pacTBopa CONAHOM KHMCIOTHI JUISl MHUIMALUH PEaKIHH.
[IpreMUCTOCTh CKBAXUHBI (=360 M3/cyT, BpeMs 3akauku T,;=3 4. MaccoBas
KOHIIEHTpAIMsl aKTUBHOTO pacTtBopa C,,=70%, TemriepaTypa 3aKkaunBaeMoil CMeCH
T,=307 K. ITapameTrpsl paboThl CKBaKUHBI JO U TOC]Ie 00paOOTKU MPHUBEIICHHI B
tabnuma 15. B mpoBeneHHBIX pacueTax WUCIMOJIb30BAIUCH TUMUYHBIC 3HAYCHUS
TEIIO(U3UUECKUX XapaKTEPUCTHK IacTa (Tadmuma 12).

[To pe3ynbTaTaM TUAPOAMHAMUYECKUX HCCIECIOBaHUN oOpabaThiBaeMOM
CKBXHUHBI Y HIEeHTU(DUIMPYETCS CKUH-(pakTop, paBHbIN 2. Tak Kak IuiacToBas
He()Th HMMEET TMOBBIIIEHHOE CoJepKaHue mNapaduHa, a TMJIaCTOBOE JaBJICHUE
CHU3HWJIOCH Ha 27% 10 CpaBHEHUIO C TIEPBOHAYAILHBIM, MOKHO TIPEIITOJIOKHUTE, YTO
MOBBINICHHOE 3HAYEHUsI CKUH-(AKTOpa MOXKET OBITh BBHI3BAHO BBIMAJICHUEM YaCTH
napauHOB B IIJIACTE B PE3YNbTATe CHYDKCHHS TUIACTOBOTO JaBJICHUS, N3MCHCHHSI
COCTaBa IUIACTOBOTO (UIIOMAA BCIEACTBHE pa3ra3upoBaHUsT W HU3MEHEHUS
TEPMOOAPUUYCCKUX YCIOBHI B MpUCKBaKUHHOM 30HE. 1o monenu Kapmana (2.5)
OBUIO OMpeseNieHo, uTo mepes o0pabotkoit s) = 0.08 mop OBUIO 3amoNHEHO

TBEPJBIM MapaGuHOM.
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Ta6nuna 14. ColicTBa NpOTYKTUBHOTO IJIaCTa

IInacroBoe naBienue, p,., 6ap (Had./TeK.) 63 /46
IInactoBas Temneparypa, T;-, K 287
[Topucrocts, m, n.ex. 0.2
[Tponnmaemocts, k, M/] 370
DddexruBHas TonmmHa, h, M 2.5
[InotHOCTH HEDTH, TLLY., P, KI/M° 887
[Tapadunoconepxanue B HedtH, % 3.7
Bsizkocts, u, cll3 ;g;:;?;ﬂyy ]é75

Ta6nuna 15. [TapameTpsl pabOTHI CKBaXKUHBI 0 U MOCIE 00padOTKU

ITocne 06paboTku
[TapameTp Jlo 06paboTku 30 60 90
3a00lHO€E ABIEHUE, Pppy, OAP 25 25 25 20
Jle6uT Bozibl, G4, M3 /CyT 1.0 1.2 0.5 0.5
Jlebut nedru, g,, M3 /cyT 2.9 4.5 5.2 3
OOBogHEHHOCTD, W, % 23 21 10 15

CBoiicTBa TSDKENOTO KOMITIOHEHTa HE(PTH, HEOOXOIUMBIC I MOJEIH
TEPMOJMHAMHUYECKOTO PaBHOBECHsS TBepAOe Teno-kuakocts (2.16)-(2.19),
3aJaBaICh 10 MECTOPOXACHMUIO-aHajory. lMcnonb30Baauch JaHHbBIE U3
paboThI [57]. Hacrpoiika UCIIOIb3YEeMOM YIPOIIEHHOM MOJEIH
TEPMOJMHAMHUYECKOIO PAaBHOBECHUS] HA JIUTEpATypHbIE JaHHbIE MPOBOAWIIACH IO
aNropuTMy, OINHCAaHHOMY B rjaBe 2. lHcnone3yemble MapaMmMeTpbl MOAENH
npuBeneHsl B Tabnuia 4. CoctaB HedTsHON (a3bl moadUpascs TakuM o0pa3om,
4TOOBl 00BbEMHAs J0JIs1 TBEPABIX MapadUHOB B IJIACTOBBIX YCIOBHIX COCTaBIIsLIa
s = 0.08. Pe3ynbTaThl HACTOWKM MOJEIM TEPMOAMHAMHYECKOTO PABHOBECHS

pUBECHBI Ha pHC. 36.
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Bsizkocth HedTH, cl13

16
= o Temmnepatypa, K
RISt === Hacpimennocts napaguaom, %
§ 12 100
=
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< L .88
% 8 [ E vy
3 § S 5 60
3 SdE
e}
: 535
= 2 g g40
g 4 ZRZ
o) ] = M 3
2 = 20
8 YCIJIOBUS
2 SETTTITTEEETTTT
0 0 =-==--mmmm———- <
265 275 285 295 3 0 2 4 6 8 10
Temneparypa, K PaccrosiHue OT CKBayKHHBI, M
Puc. 36. Hacrpoiika wmoxenu Puc. 37. Pesymprarel  pacueTa
TCPMOANHAMHUYCCKOI'O paBHOBCCHA HA CHMKCHU A BA3KOCTH He(l)TI/I u
JaHHbIe padoThI [57]. OUYMCTKH MpU3a00MHOMN 30HBI I1JIACTA.
a) 8 6) 100
—Pacuer w — Pacuer
dakTHueckue JaHHLBIE
dakTHyeckne JaHHbIe 80
&6 S
e 3
- é 60
54 =
2 =
E § 40 \
S, S
= 20
0 J 0
0 30 60 90 120 0 30 60 90 120
Bpewms, nu Bpewms, nx

Puc. 38. Paccumrannas u ¢daxtudeckas auHamuka nebuta HedtHm (a) U

0OBOJTHCHHOCTH CKBaXKUHHI (0).
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[Tomydyennsie B  pe3ylbTaTe MPOBEACHHBIX  YHUCJICHHBIX  PaCcUYETOB
pacnpeneneHusT HaChIIIEHHOCTH, TEMIIEPATyPhl U BI3KOCTH HEPTH N300paKeHbI Ha
puc. 37. [lo pe3ynpraTaM MNPOBEACHHBIX PACUY€TOB MOXHO ClIeiaTh CIEIYIOLIUE
BBIBOJIBI:

1. Pagmyc mporpeBa cocTaBisieT r; = 5 M. MakcuMarnpHas TemMIieparypa Ha
cTeHKe CKBaxkuHbl paBHa T,,(7,) = 363 K, cpeanss rtemmeparypa B
o6paboTaHHOl 30He T, <1 <7T; paBHa T, = 305K. Bcuencrsue
HarpeBa MOHMXACTCS BSI3KOCTh HETH, MPU3a00itHAs 30HA OYHUIIIACTCS OT
napaduHOB.

2. Pacuernas n ¢aktrueckas TMHaAMHKA T0OBIYM HEPTH U OOBOJHEHHOCTH
COBIIAJ[A€T C XOPOIICH TOYHOCTHIO (puc. 38).

3. HdmurensHOCTh 3 dekra oT 006paboTku coctaisier okoio 90 nueii. B
teuenne 10 gHeWl mocie 00paOOTKM  HAOMIOJAeTCsl  BBICOKAs
0OBOJTHEHHOCTh CKBa)KMHBI, 3aTE€M BCS 3aKauaHHas BOJa JOOBIBAETCS U

0OBOJIHEHHOCThH CKBaYKMHBI CHUYKAETCS 10 3HAYEHUS 10 OOPadOTKHU.

daktuueckoe 3Hauenue YJIH, momydeHHoit B pesyibTaTe 00pabOTKH
CKBAXHMHBI Y TEIUIOBBIAENAIONIEH OMHAPHOM cMechl0 cocTaBiuseT 9 MY/t
[IpoBeneHHBIC YMCICHHBIE PACUEThl TMO3BOJISIOT MPOBECTU (PAKTOPHBIX aHAU3,
OMPENICNIUTh BKJIAJ CHUKEHHUS BSI3KOCTH HE(PTH M BKJIAJI OUUCTKU MPUCKBAXKUHHON
30HBI OT mapapuHoB (puc. 39). M3 nmpuBeneHHBIX PE3yJIbTaTOB PacyeTOB MOKHO
cleNaTh BBIBOJ, YTO CHIDKEHHS BsizkocTh HedTu BHOCHT 55 % B Y]IH, oumctka
MPUCKBAKUHHOM 30HBI — 45 %.

Takum 06pazom, 3 PEeKTUBHOCTH 00paOOTKHM CKBAXKUHBI TEILJIOBBIICIISIONISH
OWMHApHOW CMEChI0 MOKET B 3HAYHMTENILHOW CTENEHU 3aBUCETh OT COCTOSIHHS
pU3a00MHON 30HBI MJIACTa U CTENEHU €€ OYMCTKHU B pe3yJsibrare o0padoTku. Jlis
npoBeneHusi 0oyiee OOIIEeTro MCCICIOBAHUS BIUSHUS COCTOSIHUS TPUCKBAKUHHOMN
30HBbI Ha 3(Q(EKTUBHOCTH BO3JECUCTBUS TpeOyeTcsl aHajau3 OOJbIIEro KOJUYECTBA

MOJIEBBIX MCCIIEIOBAHUN METO/1a OMHAPHBIX CMECEH.
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napa(puHOB Harpesa

Puc. 39. Hakomnennas yjenbHasi JOTOJHUTEIbHAS 00bIYa HedTU (HA TOHHY

3aKauyaHHOW OMHApPHOM CMeCcH) mociie 00padOTKH.

a) 500 6) 16
o
] 2o
E 400 o &
5 &3 12
S 300 g5
=
=
: 200 E =
< 23
5 S %04
= 100 '
=
&
o
5 0 0
&) 0 100 200 300 400 500 0 200 400
Bsizxkocts Hed TS, cll3 Bszkocth HEedTH, clI3
—IIponnnaemocts=1 MJ[ ——IIpoHHIAEMOCTE=S MJ] IIpoHHmaeMocTs=10 MJ{
TTponunaemocts=50 MJ{ ITporunaemocts=100 MJT TIporunaemocts=500 M]T

Puc. 40. MakcumanbHOe naBjieHHe (a), BOSHUKAIOIIEE B X0A¢ XUMHUUECKON peakinu
MEXIy KOMIIOHEHTaMHU TEIUIOBBLACTSIONIEl OWHApHOW cMecH B IUIacTe, U

MaKCHUMaJlbHasi CKOPOCTh pocTa aaBieHus (0).
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5.4.5. Ouenka exnaoa oOYUCMKU RNPUCKBANCUHHOU 30HbI OM YEeaUYEHUA
mpeuwjuHO8amocmu npu3adoliHoll 30Hbl naIACMA

Kak pe3ynbTarbl YHCIEHHOTO WCCIENOBaHUA (QWIbTPALlUA PacTBOpA
XUMHYECKH aKTUBHBIX KOMITOHEHTOB, TaK M IIOJIEBbIE AIKCHEpUMEHTHI [2, 29]
MOKAa3bIBAIOT, 4YTO BCIECJACTBUE BBIJCICHUS B 30HE 00pabOTKM Traza Oyner
MIPOUCXOIUTH MOBBIIICHKE TaBiieHne. Kak moka3aHo B riaBe 4 XuMUYECKasl peaKius
MEXIy KOMIIOHEHTaMH TeIUIOBBLACISIONE OuHApHOM cMmecH crmocoOHa
CaMOPAa3TOHATHCS U MEPEXOJIUTh B PEKUM B3PBIBHOTO OKOHYaHUs. Cie10BaTeNbHO,
MOBBIIICHHUE JABJICHUS B 30HE PEAKIIMH MOXKET OBITh 3HAYUTEIBHBIM.

Ha xuHETHMKY XMMHUYECKOW PEaKIMH CYIIECTBEHHOE BIIUSHHUE OKA3bIBAIOT
CMKOCTHBIC XapaKTEPUCTHKH IUTaCTa M HACHIMIEHHOCTh KoyuiekTopa (5.27).
MaxkcuManbHOE 3HAUCHHE JaBJICHUSI B 30HE PEaKIMU M CKOPOCTh €ro pocTa Oyaer
OTpENENATHCS OalaHCOM BBIJICJICHUSI B XOJI€ PEAKIMH Ta3a U YXOJIOM I'a3a U3 30HbI
peakiui, T.e. GUIbTPAIMOHHBIMU XapaKTEPUCTUKAMHU TIJIACTA.

Pe3ynbpTathl UYMCIEHHBIX JKCIEPUMEHTOB, OIMUCAHHBIX BBIIIE, ObUIH
IPEJICTaBJICHbI B BUJIE MAJIETOK, O3BOJISAIOIIUX OLICHUTh MaKCUMaJIbHOE 3HAUYECHUE
JIaBJICHUS 1 MAaKCUMaJIbHYI0 CKOPOCTh pOCTa JaBJEHUS B 30HE OOpaOOTKHU IS
IUTACTOB PA3JIMYHOM MPOHUIIAEMOCTH M C Pa3IMYHON BA3KOCThIO HedTH (puc. 40).
JlanHble mapaMeTpsl MO3BOJISIIOT HA KAUECTBEHHOM YPOBHE OLIEHUTh BEPOSTHOCTD
dbopMupoOBaHKEe TPEIIUH B MPOIYKTHUBHOM Tutacte. [y 6osee TOYHBIX YHCIECHHBIX
OLIEHOK HEOO0XOAMMO HCIOJIb30BaTh F€OMEXaHMUECKYI0 MOJENb MiacTa. JaHHbIN
BONPOC HE paccMaTpuBajlCs B paMKaxXx TMPOBEACHHOTO IUCCEPTAIMOHHOTO

HCCIIEIOBAHUS.
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6. 3akjauyeHue.

PesynpraTel BBITIOJIHEHHBIX TEOPETUYECKHUX " YHCJICHHBIX
HKCIIEPUMEHTAIBHBIX HMCCIEIOBAHUN TMO3BONMIN CHOPMYIHPOBATH CIEIYIOIIHNE
OCHOBHBIE BBIBOJIBL:

1. W3yyen mpouecc (UIbTpalMU TEIUIOBBLACISIONIET0 PAacTBOpa AaKTHBHBIX
peareHToB (OMHApHOM CMECH) B MOPUCTOM Cpele € Yy4EeTOM XUMHUYECKOU
peakLuy pas3yioKEeHUsl PeareHTOB, U3MEHEHUsI TEIUIOBBIX IMOJIEH U (a30BOTO
COCTOSIHUSI MHOTOKOMIIOHEHTHOM YIJIEBOJOPOAHOW CHUCTEMBI B NOPUCTOU
cpelle B XOJ€ XMMHUYECKOM peakuuu. Ha OCHOBE BBIIIOJIHEHHOIO aHaJIM3a
copMyIMpoBaHa MaTeMaTU4YeCcKast MOJIEJIb BO3JICHCTBHS Ha
NPUCKBAKUHHYIO 30HY TEIUIOBBIACIAIONIEH OMHAapHO# cMechio. [IpoBeneHo
00OCHOBaHME HCHOJb3YEMbIX YpPaBHEHHH, ONUCBHIBAIOIIMX  MPOIECC
IUIaBJICHUS-KPUCTAIUTM3ALMKI TBEPABIX NapaUHOB, XMMUYECKYIO PEAKIIHIO
MEX/ly aKTUBHBIMH KOMIIOHEHTaMU OMHApHOM CMECH, a TakKXe IpOLEcC
TEIUIOMAacCONEPEHOCca B IJIACTE C YYETOM 3aBUCUMOCTH TEIIOTHI (ha30BOTO
nepexoaa v TeIIOThl XMMUYECKON pEeaKIMK OT TEMIEPATYPhI U JaBICHUS.

2. BreimonHEH JeTanbHBIM  aHAIM3  OKCIEPUMEHTAIBHBIX  HCCIACAOBAaHUN
KMHETHKM  PEaKIMU  Pa3JIOKEHHs] KOMIIOHEHTOB OWHAapHOM  CMeCH.
HccnenoBaHo BIMSIHME TeMIEpaTypbl U XMMHYECKOTO COCTaBa aKTHBHOIO
pacTBOpa Ha KHMHETUKY XMMHYECKOW peakuuu. [IpemioxkeHsl ypaBHEHUs,
MO3BOJISIONIME MPOBOAUTH PACUYET CKOPOCTH XUMHUYECKOM pEeakIMu Kak B
71a00paTOPHBIX, TaK M B IUIACTOBBIX YCIOBUSX. Pe3ynbTaThl UMCICHHBIX
pPacyeToB XOPOUIO COTJIACYIOTCS C IKCIIEPUMEHTAIbHBIMU IaHHBIMU.

3. Haiinensl npuOnauKeHHbIC aHATUTUYECKUE PEIIeHUs 3ajadu 00 oOpaboTke
BEPTUKAILHON  CKBOXKHWHBI  TETUIOBBIACHSIONICH  OWMHAPHOM  CMECHIO.
[Tonydyensl aHamuTHueckue (OpMYIbl, MO3BOJSIOLIME PACCUUTATh PaJNYC
BO3/ICICTBUS, TEIUIOBBIE IMOJIA, BO3HUKAIOIIKE B IJIACTE IMOciie 00padoTKH,
KMHETHKY XUMHWYECKOM pEeakUMH pa3joKEHHs aKTHUBHBIX pEarcHTOB B
IJIACTOBBIX ~ YCIIOBUSIX, TOTEHUMAJIBHO BO3MOXHYIO JOMOJHUTEIbHYIO

100619y He()TH U3 HArPETOTO TIIACTA.
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4. Pa3paboTaH YHMCICHHBI METOJ W aJITOPUTM pPEIIeHUS CPOopMyIHpOBAHHOMN
CUCTEMbl YpaBHEHUM, pa3pab0OTaH MPOTPaMMHBIN KOMILIEKC, MO3BOISIONINMA
MPOBOJUTH paCUET 3aKaYKW TEIUIOBBIACISAONICH OMHAPHON CMecH B ILIACT,
XUMHUYECKYIO PEAKIIUIO MEXK 1Y AKTUBHBIMU KOMIIOHEHTAMU OMHAPHOM cMecH,
B XO0JIe KOTOPO MPOUCXOAUT M3MEHEHHE TEIUIOBBIX MOJEH, TUIaBICHUE U
BOBJICUEHHE B TpoiiecCc (GUIbTpALMK TBEPAbIX MNapauHOB, a TaKxKe
NOCIEAYIOUTYI0 10Oy HePTH U3 HArperoro Iuiacta. Pe3ynbrarsl
YHUCJICHHBIX PAcYeTOB COTJIACYIOTCS C MPUONMKEHHBIMU aHATUTHYECKUMU
pEUIEHUAMHU, a TaK¥Ke C Pe3yIbTaTaMH MOJIEBBIX UCCIETOBAHUM.

5. Pe3ynbTarbl BBINMOJHEHHBIX YHUCJICHHBIX JKCIEPUMEHTOB 3(PGHEKTUBHOCTH
MPUMEHEHUS TEIUIOBBIICISIIONIUX OMHAPHBIX CMECE! B Pa3IUYHBIX YCIOBUSIX
CUCTEMATU3UPOBAHbBl B BHUJIE€ TPaPUKOB M MAJETOK, KOTOPHIC MO3BOJSIOT
OLICHUTh KaK IMOTEHUHAIbHO BO3MOXKHYIO YACIbHYIO JIOMOJTHUTEIBHYIO
no0br1y HedTH M3 IUlacTa B pe3ysibTare oOpabOTKH, TaK U YMEHbIIICHUE
YACIBHON TOOBIYM U3-3a OOBOJHEHHOCTH CKBAXKHHBI, a TaKXK€ BCIICJICTBUE
MOTEPh TEIIa B KPOBJIIO U MOJOWIBY IUiacta. [lokasaHo, 4TO COCTOSIHME
MPUCKBAXXUHHOW 30HBI M CTEMEHb €€ OYUCTKM B 3HAYUTEIBHON CTENEHU
BIUsieT Ha S()PEKTUBHOCTH MPUMEHEHUS TETUIOBBIACIAIONINX OWHAPHBIX
cmecer. IlokazaHo, 4TO XHMMHYECKas peaKUHusi MEXKIy KOMIIOHEHTaMHU
TEIUIOBBIJICIIAIONIC OWHApPHOM CMECH CIIOCOOHAa CaMOpa3rOHSATHCS U
MEPEXO/IUTh B PEKUM B3PBIBHOTO OKOHYAHMS, YTO HA MPAKTHKE MOXET
NPUBOJUTH K CKAYKOOOpPAa3HOMY YBEJIMUYEHUIO JTABJICHUS B 30HE 00padOTKH,
paCIIMPEHUI0 €CTECTBEHHBIX M CO3/IaHUIO0 HOBBIX TPEIIUH, YBEIUUHUBAIOIIUX

(bUIBTPAIIMOHHBIE CBOMCTBA KOJIEKTOPA.

123



Cnmcok Jurepatypsl

1. Smenko W.I'. Pecypcol Tspkenblx HedTe MHpa W CPaBHUTEIIBHBIM aHAIN3 HX
bu3UKO-XUMHUYECKUX CBOMCTB // Dkcmo3unms HePTh U Ta3. — 2012, - NoS. —
C. 47-53.

2. VIHHOBaIlMOHHBIE POCCHUHCKHUE TEXHOJOTHUHU: OT METPOJOTHH K YBEIUYCHHIO
HedTeoTnaun / Marepssio ¢ mupekropom o HUOKP OO0 YK I'pynma 'MC» A.H.
JIurykom // Hedrsinoe xo3stiictBo. — 2016. — Ne 3. — C. 16-18.

3. Williams B. Heavy hydrocarbons playing key role in peak-oil debate, future
energy supply // Oil & Gas Journal. — 2003. — Vol. 101, Ne 29.

4, Tlomumyk .M., SAmenko W.I'. BeicokoBsizkue HedTH: aHaIM3
IIPOCTPAHCTBEHHBIX M BPEMEHHBIX W3MEHEHUH (U3UKO-XMMHUYECKUX CBOMCTB //
Hedrerazosoe gemno. — 2005. — Ne 1. — 17 c.

5. llenanoB A.A. Tsoxensle HEQTH, Ta30BbIe TUAPATHl U JAPYTU€ MEPCIEKTUBHBIE
UCTOYHHUKH YTJIEBOJOPOJHOIO ChIphs: ¥Y4ueOHO-MeToanueckoe nocooue. — Hkuuii
Hogropoa: Huxeropoackuii yausepcuret, 2012. — 93 c.

6. Makapesuu B.H., Uckpunkas H.U., borocnosckuit C.A. PecypcHslii moTeHIMan
MECTOpOXKACHUM TsKenbIX Hereit EBponelickoit yactu Poccuiickoit @eneparuu //
Hedrerazonas reonorus. Teopust u mpaktuka. — 2012. — T. 7, Ne 3. —c. 1-16.

7. Py3un JI.M. OcoOGeHHOCTH ¥ MHHOBAIIMOHHBIE HAIIPABJICHUS] OCBOCHHUS PECYPCOB
BBICOKOBsI3KUX HedTel // HedrsHoe xo3siictBo. — 2013. — Ne 8. — ¢. 51-53.

8. Kozmos B.b. KoMIeke TeXHHKO-TEXHOIOTHIECKUX PEIICHHUH 110 ONTHMU3AITUN
TEIUIOBOTO BO3/IEHCTBUS HA ITyO0KO3aIerarolie 3aJIe’kH BEICOKOBSI3KOM He(pTH (Ha
npuMepe MnepMo-KapOOHOBOM 3ayieku YCHHCKOrO HE(TSHOTO MECTOPOXKIEHUS):
ABTtopedepaT auc. KaHa. TeXH. HayK. — YxTa, 2004 — 19 c.

9. Py3un JI.M. Pa3paboTka He(TIHBIX MECTOPOXKICHUN C MPUMEHEHUEM TEILJIOBOTO
BO3JEHUCTBUS HA IIJIACT: METOJ. yKazanus. — Yxta: YI'TY, 2009. — 39 c.

10. HHTerpupoBaHHOE TEPMOJUHAMHYECKOE MOJAEIUPOBAHUE CHUCTEMBI ILIACT-
Ha3eMHas CETh: COBPEMEHHBIM MOAXOJM K ONTHUMHU3alUA METOJA LUKINYECKOU
3aKayKyd TMapa NOpu pa3pabOTKe MECTOPOXKACHHM BBICOKOBsI3KOW HepTn / P.

Xamuynun, J1. Jlutyc, A. Xapekosckuid, J1. [llaxos u ap. // Joknan va Poccuiickoii

124



HedTeraszoBoit Texunueckor koHpepenuuu SPE (16 — 18 okts0ps 2017 r.). — M.,
2017 — SPE-187688-RU.

11. Kopcakosa U.K., [lenpkoBckuii B.W. [Ipumenenrne MareMaTHYECKUX MOJICIICH B
UCCJIEIOBAHUM TPOLECCOB TMPOHUKHOBEHHS M B METOJAaX CKBaXMHHOIO
30HIUpOBaHMs T1acToB // Jluddepenunanbubie ypaBHEHUs, Teopus GYHKIUN U
NPUIOKEHUS: MaTepuaabl MeEXIyHapoaHoW koHpepenmuun — M. — 2007. —
C. 593-594.

12. MakcytoB P.A., Opnos I'H., OcunoB A.B. TexHUKO-TEXHOJOTUYECKHE
KOMIUIEKCHI I Pa3paOOTKU 3ajeked BBICOKOBSI3KUX HedTe U MNPUPOIHBIX
outrymos // Hedrsanoe xo3siicto. — 2007. — Ne2. — C. 34-37.

13. Mukhametshina A., Martynova E. Electromagnetic heating of heavy oil and
bitumen: a review of experimental studies and field application // Hindawi
Publishing Corporation Journal of Petroleum Engineering. — Vol. 2013, Article ID
476519 — 7 pp.

14. TepMouuKINUeCcKas TEXHOJIOTUSI BO3JECHUCTBUSI Ha MPU3a00MHYI0 30HY ILIacTa
3a0oiHpIMH dJiekTpoHarpeBarenssmu / K.A. Bonkos, I'.B. Munos3opos, A.f.
Bonakos, C.1O. bopxosuu, A.P. Xaduzos // Hedrerazooe aemo. — 2012, — Ne6. —
C. 204-211.

15. bopxouu C.}1O., Bonkor A.f., BoakoB K.A., Toacroryzo B.A, Anamus
3 PEKTUBHOCTH TMPUMEHEHUSI TEPMOILMKIMYECKON TEXHOJIOTUU BO3ACHCTBHS Ha
MpU3a00HYI0 30HY CKBOXHUH MECTOPOXKIEHUN C BBICOKOBSI3KUMHU HEPTIMU //
HedrenmpomsicioBoe memo. — Ne 11. — 2001. — C. 23-27.

16. Py3un JL.M., Mopostok O.A. MeToapl MOBBIIIEHNS HEPTEOTAAUN ILIACTOB:
yuebHoe nocobue. — Yxra: YI'TY, 2014. — 127 c.

17. Pysun JI.M. KoMOuMHUpOBaHHBIE TEXHOJOTHMH pPa3pabOTKH 3ajexeit
BBICOKOBsI3KHX HedTei // [IpobiaeMbl pa3pabOTKU M SKCIUTyaTaIliH MECTOPOXK ICHHI
BBICOKOBSI3KUX He(pTel W OWUTyMOB: Marepuaibl MEXKPETHOHAIBHONW Hay4YHO-
texHuueckout KoH@. (12-13 nos6ps 2009 1.) / mox pea. H. M. Lixagas. — Yxrta: YI'TY,
2010. - C. 7-18.

125



18. Ou3MKO-XMMHYECKUE ¥ KOMIUIEKCHBIE TEXHOJIOTHH YBEIWYeHUsT HeDTeOTaaun
epMO-KapOOHOBOM 3aJIe)KU BBICOKOBSI3KOW HEPTH YCHHCKOTO MECTOPOXKIEHHUS /
Antynuna JLK., KyBmmnoB B.A., KysmunoB U.B., CracseBa JI.A., UepTeHKOB
M.B., llIkpa6rok JI.C., AuapeeB [[.B. // Hedrsnoe xozsiictBo. — Ne7. — 2017. —
C. 26-29.

19. Anrynmna JI.K., KyBmmuoB B.A., VpceroB C.O. KomrmiekcHble METOJIbI
yBenuuenus HedreoTnaun // J[oOblda, MOATOTOBKA, TpaHCHOPT HepTH W Trasa:
Marepuanst VI Bcepoccuiickoli ~ Hay4YHO-NIPAKTUYECKOW  KOH(EpEHIUU
[DnexTpoHHEIH pecypc] — http://www.ipc.tsc.ru/conf/6dptng/mater/.

20. Pyrzynski K., Nyszko G., Zaikov G.E. Chemical and structure modification of
polymers. — CRC Press, 2016. — 440 pp.

21. OmeHKa BO3MOKHOCTEH TEPMOXHMHUYECKOW TEXHOJIOTHMH  ITOBBIIICHHUS
He(TeOTAaud U MUHUMU3AIMU OOBOJIHEHUS HEJpP Ha OCHOBE PEAKIIMU OMHAPHBIX
cmeceit / E.H. Anexcanapos, H.M. Ky3uenos, B.B. Jlyaun, /[.A. JlemeHOBCKUH,
A.I'. Mepxanos, A.JL Ilerpos, B.FO. Jlumxu-I'opseB // CBepXKpUTHYECKHE
datouasl: Teopus u npaktuka. — 1. 7, Ne 3. — 2012. — C. 56-68.

22. JIoOb4a TpyTHOM3BICKAEMBIX U HEM3BIEKAEMBIX 3aacoB HE(MTH C MOMOIIBHIO
texHonoruu omHapHsIx cmeceli / E.H. Anexcanapos, H.M. Ky3unenos, C.H. Ko3nos,
FO.T". Cepkun, E.E. HuzoBa // I'eopecypcnl. — 2016. — T. 18, Ne 3, Y. 1. — C. 154-1509.
23. Bepmmaun B., ®emopos K., Jlungyk A. MexaHN3MbI Te€pMOTa30XUMHUYECKOTO
BO3JICUCTBUSI TpU OOpabOTKE CKBOXWH OWHApHBIMH cmecsimMu // Jloknmam Ha
Poccuiickoii HererazoBoii Texanueckoi konpepenmuu SPE (24 — 26 oxts6ps 2016
r.). — M., 2016 — SPE-182048-RU.

24. Young C., Barker D.B., Clark H.C. Field tests of the stem-induced explosive
fracturing technique // SPE Production Engineering. —1986. — Vol. 1, Ne 4 — P. 266-
274 — SPE-12840-PA.

25. Mansiee H.A., YazoB I.A. Tepmorazoxumudeckoe BO3JCUCTBHE Ha

MaJIofcOUTHBIE U OCIIOKHEHHbIE CKBaXXUHBI. — M.: Heapa, 1986.

126



26. Mniszewski K.R., Westcott P.A. The characterization of high-energy chemical
sources for fracturing devonian shale // SPE Unconventional Gas Technology
Symposium (18-21 May, Louisville, Kentucky) — 1986. — SPE-15254-MS.

27. TepmoOapoxumuueckas o0padoTka mpu3ab0itHON 30HBI HE(PTSIHBIX CKBaXHUH
KOMITO3UIIMSIMU Ha OCHOBE XJIOPUCTOTO alitoMuHusi / Armuyuimd M.M., Mypartos
M.M., JlykbsinoB 10.B., INapudpymmn &.C., Hepenor H.B., Pazyrnunos H.M. //
HedrenpomsicnoBoe aeno. — Ne9. — C. 30-33.

28. ArmuymmH MM., A6aymmn B.M., A6aymmn M.M., Kypmaer C.A.
PazpaboTka u BHeIpeHHE TEepMOOAPOXMMHUYECKOTO METOJa  yBEIUYCHUS
IPOJTYKTUBHOCTH He(Tera3oBbix ckBaxkuH. // Hedrerazosoe aeno. — 2004. — 19 c. —
URL: www.ogbus.ru/authors/Agliullin/Agliullin_01.pdf.

29. BricokoTeMmepaTypHbIii  pPEeXMM  peakuMd OWHAPHBIX CMece W
CTUMYJIMpOBaHUE J00bMM He()TH Ha OOBOJHEHHBIX MecTtopoxiaeHusix / E.H.
AnekcangpoB, ILE. AnekcanapoB, H.M. Ky3ueno, B.B. Jlyaun u gp. //
Hedrexumus. — 2013. — T. 53, Ne 4. — C. 312-320.

30. [1oObIua TpyIHOU3BIEKAEMBIX U HE U3BJIEKAEMbIX 3allacOB HEPTH C MOMOILBIO
texHonoruu ouHapHsix cmeceld / E.H. Anexcanapos, H.M. Ky3uenos, C.H. Ko3:og,
FO.T". Cepkun, E.E. Huzoga. // I'eopecypcenr. — 2016. — T. 18, Ne 3. — C. 154-1509.
31. IMar. 2525386c2 P®, 10.08.2014. TepmorazoXuMH4ecKuii COCTaB U CIOCOO
IpUMEHEHUsT 11 00pabOTKM Mpu3a00HHON M yAaJIeHHOM 30HBI MPOAYKTUBHOTO
macta / A.P. Unuarynnun, B.b. 3aBomkckuit, B.I1. Mneun, ®.J1. Cagpues u ap. —
Ne 2012150375/03, 3asBn. 26.11.2012, ony6u1. 10.08.2014.

32. Omnpenenenne GPU3NKO-XUMUIECKUX CBOMCTB OMHAPHBIX PACTBOPOB HA OCHOBE
aMMUAYHOU CEIUTPHI, SHEPTeTHUECKOU 3PPEKTUBHOCTH PEAKIIMH B3aMOICHCTBHSI
KOMITOHEHTOB OMHAPHBIX PACTBOPOB M ONTUMU3ALMU UX peuentypsl: otuer o HUP
/ AO «["ocynapcTBeHHBI HAyYHO-HUCCIEIOBATENbCKUM HHCTUTYT «Kpucramm». —
Izepxunck: AO I'ocHUU «Kpucramn», 2016. — 100 c.

33. BosnkoBa A.B. PriHOK MuHepanbHbIX ynoOpenuit [Tekct]. / HanumonanbHbIi

HCCIIEIOBATENbCKUI YHUBEpCUTET BhIcias mkoia s3koHOMUKU. — M., 2017. — 59 c.

127



34. COOpHUK CpeJHHX CMETHBIX LIEH Ha OCHOBHBIE CTPOUTENBHBIE PECYPCHI IO
[IpumMopcKOMy Kparo [jisi ONpENENeHUsI CTOMMOCTH CTPOMTENBHBIX PECYpCOB B
TekymeM ypoBeH meH Ha |V kBapram 2017 r [Tekct]. / CMETA — KI'VII
[Mpumopckuit PLLIC, 2017. — Beim. 54, Ku. 1 — 329 c.

35. ECLIPSE Reservoir Simulator. Technical Description Version 2017.1. —
Schlumberger, GeoQuest, 2017. — 1063 pp.

36. Cumynstop tNavigator 18.2. Texumueckoe pykoBoactBo. — Rock Flow
Dynamics, 2018. — 2681 c.

37. Computer Modeling Group Ltd. Reservoir Simulation Software [2nekTpoHHbIiH
pecypc]. — URL: https://www.cmgl.ca/.

38. Yaqing Fan Chemical reaction modeling in a subsurface flow simulator with
application to in-situ upgrading and CO, mineralization: Doctoral thesis. — USA,
Stanford, California: Stanford University, 2010. — 150 pp.

39. Yekamok 2.b. Tepmonunamuka HedtaHoro ruacra. — M.: «Henpay, 1965. —
239 c.

40. Amumae M.I'., Poszenbepr M.Jl., Tecmox E.B. Heuszorepmuueckas
bunpTpaums npu pa3pabotke HedTaHbIX MecTopoxknaenuin / Ilog pen. T'.T.
BaxutoBa. — M.: «Heapa», 1985 — 271 c.

41. Hurmatynuua P.M. lunamuka mHorodasusix cpen. — M.: «Hayka», 1987. —
360 c.

42. ®epopo K.M., [Mapadbyraunor A.M. K Teopum HeuzoTepMuUuecKon
dbunbrpanuu ¢ gazoeiMu niepexonamu // 3. AH CCCP. MexaHuka ®UJIKOCTH U
raza. — 1989. — No5. — C. 78-85.

43. lllapadpyrnunoB P.®. MuorodpponTtoBsie (a3zoBbie TEPEXOAbl  IMPHU
HEM30TEPMUYCCKONH  (QUIBTpAllMM Tra3upoBaHHOW mapadunucroir HepTH //
[Tpukmannas Mmexanuka u Texandeckas ¢puszuka. — 2001, — T. 2, Ne 2 — C. 111-117.
44. Jluesa H.H. T'mapoamHamuueckoe MOJEIUPOBAHUE TEPMOXHUMHUYECKOTO
BO3JICHCTBHSI Ha MJIACTHI TPYIHOM3BIEKAEMBIX YIJIEBOJIOPOJOB: ABTOpedepar nuc.

KaHJI. TeXH. HayK. — M.: PI'Y wedtu u raza um. .M. I'yOkuna, 2015. — 28 c.

128



45. MycakaeB H.I'., bopoaun C.JI., benbckux J[.C. MaTematnueckas MoJelb U
IITOPUTM DEILICHUS 3a/ladyll HEU30TEPMUUYECKOW (PHIIbTpallMM Ta3a B IJIACTE C
yuetoM pasnoxkenus rtuapara // Bectnuk HOVYpl'Y. Cepus «MartemaTuka.
Mexanuka. @usuka». — 2017. - T. 9, Ne 2 — C. 22-29.

46. bynrakosa T.I'., baisurutora A.B., llapudymmna A.P. Moaens maTpudHOH
KHCJIOTHOM 00paboTKu KapOOHATOB: BIWSHHE OCaJKa Ha MPOIIECC pacTBOpeHUs //
Bectnuk YI'ATY. Marematnueckoe MOJEIMPOBAHUE, YHUCIEHHBIE METOABI U
KoMILiekchl iporpamm. — Yda: YI'ATY. —2009. — T. 12, Ne 2 — C. 256-264.

47. 3az0Bckuii A.D., DenopoB K.M. O BertecHernnu HeGTH mapoM. — M.: [penpunt
NUIIM AH CCCP, Ne267, 1986. — 82 c.

48. BapaBBa A.M. Oumncrka mpuzaboiinoit 3oubl 1iacta / A.M. Bapassa, A.B.
TatocoB // BecTHUK TIOMEHCKOrO TOCYIAapCTBEHHOIO YyHHBeEpcHTeTa. (DU3MKO-
MateMatuyeckoe MmojenupoBanue. Hedtp, ras, sneprermka. — 2016. — Ne3. —
C. 85 93.

49. BapasBa A.M. Mojens mogaun pearupyromieid OnHapHoi cMecH B miacT / A.M.
Bapasga, A.B. TarocoB // Hayuno-texuudeckuit BecTHUK [loBomkbs. — 2017, — Ne4.
—C. 195-200.

50. Dusenbury J.H., Powell R.E. Reaction of nitrous acid. I. Ammonium nitrite
decomposition // J. Am. Chem. Soc. — 1951. — Vol. 72, Ne 7 — pp. 3266-3268.

51. Moore W.J. Physical chemistry. — Great Britain, London: Longmans green and
COLTD, 1963.

52. Jleiix JI. CnpaBounuk uHXeHepa-HeTsauka. Tom 1. Beegenune B HedTsHOM
WHXAHUPHUHT. — M.-IDkeBck: HCTUTYT KOMIBIOTEpHBIX UccaeaoBanu, 2014. —
1136 c.

53. bpycunosckuii A.J. ®a3zoBble npeBpalieHus npu pazpaboTke HePTH U raza. —
M.: «I'paanby», 2002. — 575 c.

54. Won K.W. Thermodynamics for solid solution-liquid-vapor equilibria: wax
phase formation from heavy hydrocarbon mixtures // Fluid phase equilibria. — 1986.
— Ne 30. — pp. 265-279.

129



55. Pedersen W.B. et al. Wax precipitation from north sea crude oils. 4.
Thermodynamic modeling // Energy & fuels. — 1991. — Ne 5. — pp. 924-932.

56. Pauly J., Dauphin C., Daridon J.L. Liquid-solid equilibria in decane + multi-
parffins system // Fluid phase equilibria. — 1998. — Ne 149. — pp. 191-207.

57. Ky3uenos C.B. Uccnenosanue Termnopu3nueckux MpoieccoB npu GUibTpauu
napauHUCTON HEPTH K TOPU3OHTAIBHOW CKBaxkuHe: ABTOpedepaT auc. KaH[l.
¢wu3.-mat. Hayk. —Tromenb: Trom['Y, 2016. — 21 c.

58. bopucos B.E. u ap. KoMno3uiironHas Hen3oTepMuieckas Moielb GUiIbTpaluu
B TIOPUCTOM Cpefie ¢ YIETOM XMMHUYECKUX PEAKIN U aKCTUBHOW TBEepAOH (a3zbl //
[Mpenpuater UMIT mm. M.B. Kengpmma. — 2013. — Ne 91. — 32 c¢. — URL:
http://library.keldysh.ru/preprint.asp?id=2013-91.

59. Ring J.N. et al. Simulation of paraffin deposition in reservoir // SPE Production
& Facilities. — 1994. — Vol. 9, Ne 01. — pp. 36-42. — SPE-240609.

60. HMeanoBa WM.K. CpaBHeHHE KHHETHYECKUX IapaMETPOB pPACTBOPEHHUSA B
pa3NUYHBIX YTIEBOAOPOAAX HEPTAHBIX mMmapaduHoB H mTpoMbicioBbix ACIIO
napaduHoBOro tTuna // ®yHaaMeHTaaIbHbIe UCCICIOBAHUSA: XUMUUECKIE HAYKH. —
2014. — Nell. - C. 1028-1031.

61. Mycakaee H.I'. O wmaremaTudeckux cxemax, OIMCHIBAIOIIUX MPOIIECC
KpUCTaJUIM3aIuu apaguHa B Ta30HEDTAHBIX CKBAXUHAX: TPYAbl MexayHapo1HOH
koH(pepenniuu RDAMM-2001. — 2001. — 1. 6, 4. 2, cnen. Boimyck. — C. 318-322.
62. Siljuberg M.K. Modeling of paraffin wax in oil pipelines: master’s theses. —
Norway, Trondheim: NTNU, 2012. — 68 p.

63. JImutpueB E.A. SIBneHmsi mepeHoca Macchl B MpUMepax M 3aaadax: ydeoO.
nocooue. — M.:PUTE um. /[.11. Menneneena, 2005. — 120 c.

64. I'mymko B.I1. TepmoaunaMuyeckue u TEMI0(PU3NUECKHE CBOMCTBA MPOAYKTOB
cropanust — M.: BUHUTU AH CCCP, 1971 —C. 218.

65. Nelson P.A., Galloway T.R. Particle-to-fluid heat and mass transfer in dense

systems of fine particles // Chemical engineering science. — 1975. — Vol. 30, Ne 1 —

pp. 1-6.

130


http://library.keldysh.ru/preprint.asp?id=2013-91

66. Gang G. The effects of local hydrodynamics on mass transfer in disordered
porous media: ph. d. dissertations. — U.S, Louisiana, Baton Rouge: LSU, 2002. —
88 pp.

67. W. Hayduk and B. S. Minhas. Correlations for prediction of molecular
diffusivities in liquids // The Canadian Journal of Chemical Engineering — 1982. —
Vol. 2, Ne 60. — pp. 295-299.

68. Illenkaues B.H., Jlanyx b.b. Ilomzemnast ruapaBmmka. — WxeBck: HUL]
«PerynspHas u xaoTuuHas nuHamuka», 2001. — 736 c.

69. Pabunosuy B.A., XaBun 3.4. Kpatkuii xumMuueckuit cipaBoyHuK. — JICHUHTpa:
«Xumusa», 1978. — 392 c.

70. beckoB C.J. Texnoxumuueckue pacuetsl — M. «Bpicmas mkona», 1962. —
467 c.

71. CnpaBouynuk azotuuka. [Ipon3BojcTBO pa3zdaBiIeHHONW U KOHIICHTPUPOBAHHOM
a30THOM KUCIO0ThI; [IponM3BOACTBO a30THBIX y100peHuil; MaTepuaibl, KOMIPECCOPHI
U Ta3roipAepbl; ODHeprocHaOxeHue; JlaHHble O  pa3BUTUM  A30THOU
IPOMBIIIIEHHOCTH; TexHuka Oe3omacHocTu: 2-¢ u3l. nepepad. — M.: «Xumusy,
1987. — 464 c.

72. Bunsuep S.M., KoBaner f.T., HekpacoB b.b. CnpaBouHoe mnocobue 110
THApPABIMKE, THAPOMAIIMHAM W THApONpuUBojaM — MuHCK: «Bwicmias mkomay,
1976. — 416 c.

73. Bapraptuxk H.b. CrnpaBouHHMK MO TemaopU3NYECKUM CBOMCTBAM Ta30B H
x)unkocret — M.: «Haykay, 1972. — 720 c.

74. bypxke XK., Cypuo Il., KomOnpny M. Tepmuueckue MeTOAbl MOBBIIMICHUS
HedTeoTaaun mIacToB: nep. ¢ ¢ppanil. — M.: «Henpay, 1988. — 422 c.

75. Joopemun B.M., Bennensmireitn b.1O., KopxeBuukoB [I.A. Ilerpodusuka
(dusuka ropHbIX TOpOA): Yuel. /71 BY30B. 2-0€ U3/, nepepad. u JOI. oA pel. 1.
¢.-m. Hayk J[.A. KopxeBuukoa . — M.: ®I'VII «Hed s u raz» PI'Y nedtu u raza
uM. 1.M. I'yOkuna, 2004. — 368 c.

131



76. Viswanath D.S. Viscosity of liquids: theory, estimation, experiment, and data /
D.S. Viswanath, T.K. Ghosh, D.H.L. Prasad, N.V.K. Dutt, K.Y. Rani. — Dordrecht,
The Netherlands: Springer Science & Business Media, 2007 — 662 p.

77. KucmuupiH A.A, DKCHEPUMEHTAIBHOE W TEOPETUYECKOE HCCIEAOBAHME
MUKpoKpucTauu3anuu napaduno B Hedhtn / A.A. Kuciunpia, A.A. denoper,
E.B. Iloprasruna, C.B. Ky3nenos, A.B. IlonguebecHpix // BectHuk TromeHCKOTO
rOCyAapCTBEHHOr0 yHUBeEpcuTeTra. DU3MKO-MATEMATHYECKOE MOJCIUPOBAHUE.
HedTs, ras, snepreruxa. — 2015. — T. 1, Ne 3. — C. 14-23.

78. l'mmaryaunos I1.K. ®usnka HeTIHOTO M Tra30BOro IUIacTa: y4eOHUK, U3, 2,
nepepad. u pon. — M.: «Heapa», 1971 —312 c.

79. Relative permeability models [Onekrponnsiii pecypc]. — URL:
http://petrowiki.org/Relative_permeability_models#Models_for_three-
phase_relative_permeabilities.

80. Baker L.E. Three-Phase Relative Permeability Correlations // The SPE Enhanced
Oil Recovery Symposium (Tulsa, Oklahoma, 16-21 April 1988). — 1988. —
SPE-17369-MS.

81. OpenFOAM: Official home of Open Source Computational Fluid Dynamics
(CFD) Toolbox [Dnextponsnsiit pecypc] — URL: https://www.openfoam.com/.

82. BapaBea A.Ml. Meroauka YHCICHHOTO  MOJCIMPOBAHUS  HAy4dHO-
UCIIBITATENILHOTO CTE€HJIa Ha OTKPBITOM MHTEerpupyemoit miargopme OpenFOAM /
AWM. BapasBa, B.E. Bepmmunun, P.M. T'anononsckuii, B.O. Ilonsikos, C.C.
Yynunos // EcrecTBennble 1 Texandeckue Hayku. — 2013. — Ne6 (68). — C. 403-407.
83. An open-source toolbox for multiphase flow in porous media / P. Horgue, C.
Soulaine, J. Franc, R. Guibert, G. Debenest // Computer Physics Communications —
vol. 187. - 2015. — p. 217-226 - URL.:
https://github.com/phorgue/porousMultiphaseFoam/blob/master/doc/2014-Horgue-
et-al-CPC.pdf.

84. Azuz X., Cerrapu 3. MaTeMaTuueckoe MOJICTUPOBAHUE TIJIACTOBBIX CHUCTEM:

u3a. 2, crepeorunHoe. — M.: «Heapay, 2004 — 416 c.

132



85. Kanesckas, P.JI. Marematuueckoe MOAETUPOBAHUE TUIPOIMHAMHUYECKUX
MPOIIECCOB  pa3pabOTKU MECTOPOXKICHHUN  yriaeBoaoponoB. —M.: HWHCTHTYT
KOMIIBIOTEPHBIX HcciienoBanuii, 2003. — 128 c.

86. JIrona A.A., CaBenkoB E.b. Mozens nByxda3Hoit GpuibTpanuu ¢ peraakcauei
IIOTOKA M aHaiu3 3PPEKTUBHOCTH MpuMeHeHus aBHBIX cxeM [Tekcr] // Ilpenpunsl
UIIM wum. M.B. Kyngemma. - Ne 129 — 2016. — 16 c¢. — URL:
http://library.keldysh.ru/preprint.asp?id=2016-129.

87. Lee S.H., Wolfsteiner C., Tchelepi H.A. Black oil formulation for the multiscale
finite-volume method // Computational Geosciences. —vol. 12, I. 3. — pp. 351-366.
88. Ilatankap C. UncimeHHbIE METOJIBI PEIICHUS 33/1a4d TETUIOOOMEHA U JTUHAMUKH
XKUIKoCcTH. — M.: DHeproaromusaat, 1984. — 152 c.

89. CmupuaoB E.M., 3aiineB J[.K. Meton KOHEUYHBIX OOBEMOB B MPUIOKECHUH K
3aJa4yaM TuApOora3doauHaMUuKu U TeII000MeHa B 00JIACTIX CIIOKHOM IrcoOMCTpHUH //
Hayuno-Texunueckue Begomoctu CIIOITIY. — Ne 2. — 2004. -22 c.

90. Griebel M., Dornseifer T., Neunhoeffer T. Numerical Simulation in Fluid
Dynamics: A Practical Introduction — Philadelphia, PA, USA: Society for Industrial
and Applied Mathematics, 1998.

91. Santiago M.D. An Extended Mixture Model for the Simultaneous Treatment of
Short and Long Scale Interfaces: Doctoral thesis. — Santa Fe, Argentina: Universidad
Nacional del Litoral, 2013.

92. Rusche H. Computational Fluid Dynamics of Dispersed Two-Phase Flows at
High Phase Fractions: Doctoral thesis. — Exhibition Road, London, UK: Imperial
College of Science, Technology & Medicine Department of Mechanical
Engineering, 2001.

93. Bakker A. An introduction to Computational Fluid Dynamics: The Finite
Volume Method. Course Material and Lectures [DnexkTponnsiii pecypc]. — 2002. —
URL.: http://www.bakker.org/dartmouth06/engs150/.

94. Kouesckuii A.H., Hens B.I'. CoBpemeHHBIH MOAXOJ K MOJCIUPOBAHUIO U
pacyeTy TeUeHUU KUJIKOCTH B JIOMACTHBIX ruapomMainHax // Bectauku CymMcKoro

['ocynapctBenHoro Yuusepcureta. — Ne 13. — 2003. — C. 165-210.

133



95. Jlebenes A.C., Yepnniit C.I'. [IpakTuKyM 1O YUCICHHOMY PELICHUIO YPaBHEHUI
B YACTHBIX MPOU3BOJHBIX: ydueOHoe mocobue. — HoBocubupck: PemakiuonHo-
m3parenbekuit nentp HI'Y, 2000.

96. BepxOunkuii B.M. OCHOBBI YHCIEHHBIX METOJOB: YYCOHHK I BY30B. — M.:
Bricmas mkoma, 2002. — 840 c.

97. Approximation Schemes for convective term [3nexkTponnsiii pecypc]. — URL:
http://www.cfd-online.com/Wiki/Approximation_Schemes_for_convective_term_-
_structured_grids_-_Common.

98. Yupkos /I.B., Uepnsiit C.I'. CpaBHEeHHE TOYHOCTU U CXOAUMOCTH HEKOTOPBIX
TVD-cxem // Beruncinurensasie Texnonoruu. —Ne 5, Beim. 5. — 2000. — C. 86-107.
99. Greenshields C.J. OpenFOAM The Open Source CFD Toolbox: Programmer’s
guide. - OpenFOAM  Foundation Ltd. - 100 p. - URL:
http://foam.sourceforge.net/docs/Guides-a4/ProgrammersGuide.pdf.

100. OpenFOAM® C++ Source Code Guide [Dmexrponnsiii pecypc]. — URL:
https://cpp.openfoam.org/v4/.

101. Greenshields C.J. OpenFOAM The Open Source CFD Toolbox: User guide. —
OpenFOAM Foundation Ltd. — 237 p. - URL:
http://foam.sourceforge.net/docs/Guides-a4/OpenFOAMUserGuide-A4.pdf.

102. BapaBBa A.U. HccrnenoBaHue KUHETHKH pa3lIoKeHUs OWHApHOW cMecu
NPUMEHUTENBHO K BO3JAEWCTBHIO Ha HedTsHOM muact / AWM. BapasBa, B.E.
Bepuunun, P.A. Unuarynnun // 3Bectus Boicnx yueOHbIX 3aBeaeHuil. Hedts u
ra3. — 2017. — Ne6. — C. 67-72.

103. Mapuesckuii UK., [Ty3ukoBa B.B. Ananu3 s¢pekTuBHOCTH UTEpaIMOHHBIX
METOJIOB  pEIIEHUsT  CHUCTeM  JIMHEWHBIX  alreOpandeckux  ypaBHEHUH,
peanuzoBanHbix B mnakete OpenFOAM // Tpyabl HWHCTUTYTa CHUCTEMHOIO
nporpammupoBanust PAH —r. 24. — 2013. — C. 71-86.

104. Crapuenko A.B., bepuyn B.H. Metoasl napanienbHBIX BBIYUCICHUN:

yueoHuk. — Tomck: UznarensctBo ToMmckoro yausepcuteta, 2013. — 223 c.

134



105. Dusendury J.H., Powell R.E. Reaction of nitrous acid. I. Ammonium nitrite
decomposition // Journal of the American Chemical Society. — 1951. — vol. 73. —
pp. 3266-3268.

106. Abel E. Kinetik der Stickstoffentwicklung aus Ammoniumnitrit. 11 //
Monatshefte fiir Chemie und verwandte Teile anderer Wissenschaften. — 1950. —
vol. 81. — pp. 539-542.

107. Ewing G.J., Bauer N.B. The kinetics of nitrogen formation from nitrous acid
and ammonium or methylammonum ions // The journal of physical chemistry. —
1958. — vol. 73. — pp. 3266-3268.

108. Ghosh S.K. Decomposition of ammonium nitrite in solution // Zeitschrift fiir
Physikalische Chemie. — Vol. 2060, I. 1. — 1956. — P. 321-326.

109. Rubin M.B., Noyes R.M., Smith K.W. Gas-evolution oscillators. 9. A Study of
ammonium nitrite oscillator // Journal of Physical Chemistry. — Vol. 91. — 1987. —
P. 1618-1622.

110. Onpenenenne pU3NKO-XMMUIECKAX CBOMCTB OMHAPHBIX PACTBOPOB Ha OCHOBE
aMMUAYHOU CENUTPHI, IHEPTreTUIECKON IP(HEKTUBHOCTH PEAKIINN B3aUMO,ICHCTBUS
KOMITOHEHTOB OMHAPHBIX PACTBOPOB U ONTUMU3ALMK UX perentypsl: otyer o HUP
/ AO «I'ocynapcTBeHHbBIN HAyYHO-UCCIIEN0BATEILCKUM HHCTUTYT «KpucTtamm». —

zepxunck: AO I'ocHUU «Kpucramn», 2016. — 100 c.

111. BapasBa A.M. Ouenka 1iIyOMHBI TUAPATOOOpa30BaHHUS B HEPTAHBIX
CKBO)KMHAX, PACIOJOKEHHBIX B 30HE Be4yHoul Mep3nothl / A.W. Bapasma, B.E.
Bepumunun, K.M. ®enopo, P.A. XaOuOymnun // BectHuk TrooMmeHCKOTO
rOCyAapCTBEHHOTO0 yHUBepcutTeTa. (DOU3MKO-MATEeMaTHYECKOE MOJEIHPOBAHUE.
Hedts, ras, snepreruka. — 2013. — No7. — C. 74-80.

112. BapasBa A.W. MonenupoBaHue 3aKaukd XMMHUYECKH aKTUBHBIX PEareéHTOB B
macTel ¢ mapaduaucton HegThio / A.W. BapasBa, A.B. Tatocos, B.E. Bepmuaun
// Te3ucwl MOKIAIOB 72-i MEXKIyHAPOAHOW MOJIOJICKHOW HAydyHOU KOH(DEpeHInn

«Hed b 1 raz — 2018». — 2018. — C. 158.

135



113. BapaeBa A.UM. Ouenka temnoBoro 3¢dexra 00paboTKH Mpu3ad0NHON 30HBI
IacTa SHEproBelIessomyuMu oOnaapasiMu cMecsimu / AW, Bapassa, A.B. Tatocos,
A.H. JIumyxk, B.E. Bepmunaun // Hedtanoe xo3siictBo. — 2018. — Ne6. — C. 122-126.
114. BapasBa A.W. UmucieHHoe MOAETUPOBAHUE TEIJIOBBIX 3((HEKTOB mpu
00paboTKe CKBa)XMH pacTBopamu OuHapHbIX cmecedd / AWM. Bapaspa, B.E.
Bepummnun // Hedrerazosoe aeno. — 2017. — Ne6. — C. 20-34.

115. BapasBa A.l1. MonenupoBaHue 3aKaukd XUMUYECKUX PEAreHTOB B IJIACTHI C
napadunuctoit HedThio / A.W. Bapassa, A.B. Tatocos, B.E. Bepmunun // Te3ucsl
nokinamoB X~ HaydyHO-TIPAaKTUYECKOM  KoH(pepeHIMHM  Marematudeckoe
MOJICJIMPOBAHUE W KOMIBIOTEPHBIE TEXHOJOTMM B TMpoLEccax pa3padOTKu
mecropoxaeHuit. — 2017. — C. 6.

116. Onenka 3¢(HEeKTUBHOCTH TEPMOOAPO-XUMHUIECKOTO BO3ICHCTBHS HA TUTACT TIPH
00paboTKe CKBaXKMH BOJAHBIMU pacTBopaMu OuHapHbIX cMmeceii / A.W. Bapassa, B.E.
Bepuunun, K.M. ®enopos, b.B. 3aBommkckuii, A.H. Jlungyk // Teopus u npakTuka
INPUMEHEHUSI METOJIOB YBEJIMYEHUS HE(PTEOTHauM IJIACTOB: TE3UCHI JOKIaa0B VI
MexayHaponHoro HayuHoro cummnosuyma. — 2017. — C. 24-25.

117. BapaBBa A.M. Ouenka 3¢(heKTUBHOCTH 00paOOTKU MPUCKBAXKMHHOW 30HBI
sHEproBeLIesome OunapHoit cmecbio / A.M. BapasBa, A.B. Tartoco B.E.
Bepuunun  // BectHuk TroMeHCKOTO TOCyAapCTBEHHOTO YHUBEpCcUTEeTa. DU3NKO-
MaTeMaTtndeckoe MozenupoBanue. Hedth, ras3, sneprermka. — 2018. — Ne2. —
C. 8-21.

118. TuxonoB A.H., Camapckuii A.A, YpaBHeHHs MaTeMaTHYeCKOW (UZHUKH:
ydueOHoe nmocobue, 5-¢ uznanue, crepuotuntoe. — M.: «Hayxka», 1977. — 735 c.
119. Macketr M. TeueHnue OqHOPOMHBIX KHUAKOCTEH B MOPUCTOM cpene. — MockBa-
NxeBck: MHCTUTYT KOMIIBIOTEPHBIX UccaenoBanui, 2004 — 628 c.

120. bapen6nar I".U., EaroB B.M., Peikuk B.M. JIBrmKeHHE KUIKOCTEH U ra30B B
npupoIHbIX Tactax. — M.: «Hempay, 1984. — 211 c.

121. Yapueiii U.A. TlomzemHast ruaporazonuHamuka. — M.: ['ocymapcTBeHHOE

HAyYHO-TEXHUYECKOE U3/IaTEIhCTBO HEPTIHOW M TOPHO-TOIUIMBHOUW JTUTEPATYPHI,

1963. — 396 c.

136



122. Cokomtok JI.H., ®unmmmonosa JI.H. [IpuMmenenne aHamuTHYECKON MOIEITH IS
OTIpeICIICHUS ONITHMAJTBHBIX TEXHOJOTUYECKHUX napaMeTpoB npu
MapOIUKINYECKOM BO3JICHCTBUM Ha 3aJIeKH BBICOKOBS3KON HedTH // BecTHHK
TromeHnckoro rocyaapctsennoro yuusepcurera. — 2013. — Neo7. — C.64-70.

123. Meroauka pacdera U ONTHMH3AIUS MapOTa30IIUKINIECKOTO BO3ICHCTBUS Ha
npu3aboiinyto 30Hy riacta / ®egopoB K.M., Illesenés A.Il., AumpeeB B.E.,
Korenes 10.A., bagpernunos C.C., [llakupos A.U., Ucmarumor O.3. //H3BecTus

BbICIINX yueOHbIX 3aBefieHuil. Cepust HedTh U ra3. — 2005. — Ne3. — C. 42-50.

137



