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NCCJIEJOBAHNE KOHEUYHO-PABHOCTHOM ANIIPOKCUMAIINN
HEJIMHEMHOM MOJJEJINI XUMNYECKOI'O PEAKTOPA

IIpenmmozkena Mo eIb IPOIIECCOB, TPOUCXOSIINX B XUMUIECKOM PEAKTOPE MOTyHEMPEPBIBHOTO JIEACTBUS.
Penrena 3amaga qucieHHOr0 MOIEIMPOBAHUS PEAKTOPA, PACCMOTPEHA IPOOIeMa CXOJUMOCTH AJITOPUTMA
pacueTa. BbItosiHeHO MO/Ie/IMpOBaHUE MIPOIECCa PACTBOPEHUSI BEIIECTBA B XUMUYECKOM PEaKTOPE.

Karouesvie ca08a: HaHOIUCNEPCHBLE NOPOULKY, TUMUMECKUT PEAKMOP MOAYHENPEPHIEHO020 0elicmeEus,
MAMEMAMUYECKAA MOOEAD, YPABHEHUE KOHBEKUUU-0UPPHY3uU-Dearyuu, Memod KOHEUYHBIT PadHocmed.

1. Beenenue. Kak n3BecTHO, B HACTOSINEE BPEMs MEXKJIYHAPOIHOE HAyUIHOE ODIIe-
CTBO IIEPEKUBAET CAMBIH HACTOANINI HAHOTEXHOJOTHIECKUN OyM, KOTOPBIH (hOpMAaIBLHO
CpoJiHU TOMY OyMYy, KOTOPBIiT IEPEKUIIO ITO co0bIIecTBO Hos1ee 20 JeT Ha3a/1 B CBA3U C OT-
KPBITHEM BBICOKOTEMIIEPATYPHOI CBEPXIIPOBOANMOCTH. HaHOTEXHO/IOT U — 9TO MEXKIUC-
nUIUInHAPHAsT 00JIacTh QyHIAMEHTAJILHON W MPUKJIAJHON HAYKA U TEXHUKU, UMEIOIIAs
JeJIO C CO3JaHMeM U MCIOJIb30BAHUEM MAaTepUaJIOB, YCTPOUCTB U TEXHUYECKUX CUCTEM,
bYHKIMOHUPOBAHNE KOTOPBIX OIPEIEISAeTCsl HAHOCTPYKTY PO, T.e. ee YIOPSI0UeHHBIMU
dparmentamu pasmepom ot 1 go 100 um. Baxkmeiimie#t cocTaBHON YaCTbI0 HAHOTEXHO-
JIOTUU SBJISIIOTCS HaHOMaTepHuaJibl — MaTepUaJibl, CO3JaHHbIe C UCIOJIL30BaHneM HaHOYa-
crutl, 00aIAI0ITe KAKUMUA-TN00 YHUKAJIBHBIMU CBOUCTBAMU, 00YC/IOBJIEHHBIMU IIPUCYT-
CTBUEM 9TUX YaCTUIl B MaTepuaJe.

Cpenu MaTepuaJioB, IPUBJIEKAIONINX B HACTOSIIIEEe BpeMsl BHUMaHUE YIEeHBIX U IIPaK-
THKOB, 0c000€ MECTO 3aHNMAIOT HAHOIIOPOIIKH, IIIUPOKOE IIPUMEHEHNE KOTOPBIX B Pa3JIM-
HBIX OTPACJISAX ITPOMBIIIICHHOCTH O0bSICHIETCS HEOOBIUYHBIME (D deKTaMu B CBOWCTBAX
MAaTepHAJIOB Ha UX OCHOBE IIPU Iepexojie K HAHOCTPYKTYPHOMY cocTosdHmio. Tak, K mpu-
Mepy, B 00J1aCTU OKCHUIHON KepaMUKU CHUXKEHUE Pa3MepPOB HYaCTHI] UCXOIHOIO IIOPOII-
K& OT MUKPO- JI0 HAHOMETPOB IO3BOJISIET HE TOJIBKO MOBBICUTDH IJIOTHOCTH U YIIyUIIATH
MEXaHUIECKNE XAPAKTEPUCTUKU KEPAMUIECKUX MATEPHUAJIOB, HO U CYIIECTBEHHO H3Me-
HUTH X pusndeckue cBoiicTBa. PazBuTne TeXHOJIOrUU MOJIYUEHUs] HAHOIOPOIIKOB JIacT
BO3MOYXKHOCTH ¥ KpanHe HAa4YaTh UX MIUPOKOE UCIOJH30BAHNE B TAKUX O00JIACTIX TTPOMBIIII-
JIEHHOCTH, KaK SHEPIeTHKA, XUMUYIECKast ITPOMBIIIJIEHHOCTh, METAJIJIYPIUs, JIEKTPOHUKA,
MAITUHOCTPOEHNE, MEJIUITITHA.

HaubGosbiee pacipocrpaneHne MOLy YUl METOIbl M3TOTOBJIEHUsI ITIOPOIIKOB B KU1~
KO#l dasze: B BOAHBIX W HEBOJHBIX PACTBOpax, B pacimiaBax. Mbr OymeM paccMaTpuBaTh
aHAJIOI IIPOIECCa PACTBOPEHUS ¥Kejle3a B a30THOU KHCJIOTE B XUMUYECKOM pPEeaKToOpe II0-
JIYHEIPEPLIBHOIO JieficTBYs (B KOTOPBIHA HEIPEPBIBHO MOJAIOTCS MCXO/HbIE BEIECTBA, a
IPOJIYKThI PEAKINH YIAJISIOTCS TEPUOITIECKH ).

2. ITocranoBka 3aga4u. B KadecTBe MaTeMaTUIECKONH MOJIE/IM PEAKTOPA IIPUHIMA-
eTcsl ypaBHeHHe KoHBeKIuu-1uddysnu-peakimn [1]:
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HccnenoBanme KOHEIHO-PaA3HOCTHON AIIIPOKCUMAIIHH HEJTUHEHHOH MO XHMHIECKOTO PEaKTOPa

ot 922 % o
rae BpeMH ABJIAETCA HeSaBHCHMOfI HepeMeHHOﬁ, TeKyLU,aH KOHU,GHTpaHHﬂ peaFeHTa — 3a-
BUCUMOIl IT€PEMEHHOI, a OCTaJIbHbIE BEJIUIUHBLI Oy[IeM CUNTATH ITapaMeTpaMu: ¢ — KO-
sppunment nuddysun, v, — JUHEHHAS CKOPOCTH TOjadM peareHTa, A — MpeasKcIo-
HEHIMAIBHBI MHOXKUTEb ypaBHeHUsT AppeHunyca, n — IMOPSJIOK peakiuu, F — sHeprus

2
0C, aa Cy 0C, +ACQ6_%, 1)

akTuBaIn, R — yHHBepcasbHas ra3oBasi HOCTOsIHHAs!, 1 — TeMieparypa peakInOHHOMN
CHUCTEMBI.

JIJ1s 9UCIIEHHOTO MCCIIeIoBaHnst 00paTnMest K (DU3NICCKUM [TapaMeTpaM ypaBHCHHS
(1), nupeacrasieHHbIM B Tabsnie 1.

Tabsmmma 1. Puzndeckne mapaMeTpbl peaKTOpa U BEIeCTBA

PusznyecKkne napaMeTphbl 3HadyeHus mapamMeTpoOB
Kosddunuent muddysun, a 0.000000001 m?/c
JIuneiinass CKOPOCTD IOIAYN PEATeHTa, Uy 0.000001

IIpeasKCIoReHMATBHBIT MHOKHTe b ypasHerna Appe- | 1000 m3 /(kr*c)
nmyca, A

[Topsimok peaxium, n 1.5

Queprus akrupanuu, F 15000 2k /motb
YHuBepcaabHas ra3oBas MOCTOAHHAsA, R 8,31 JIx/(mop*K)
Temmeparypa peakimoHuoit cucremsr, 1’ 300 K

3. Pemenne 3agaum. [ljns pemrenust ypaBHEHHS KOHBEKIHHU-Tuddy3un-peaximm
HEOOXOAMMO BBIIOJHUTL IEPEX0, OT MATEMATUIECKOH MOJEI K KOHKPETHOMY YHCJICH-
HOMY aJITOPUTMY.

Hanbosiee pacupocTpaHeHHBIM IIOAXOAOM SABJIACTCA HMCIOJB30BAHNE METOIOB CETOK
[2]. CoracHo mMeToiy NpsIMBIX BBOAMTCS pa3OMEHHE 110 IPOCTPAHCTBEHHON KOODMHATE
U BBIIOJHSAETCS MEpexol] K cucreMme qudpdepernuanbabix ypasaennii. CymecTByoT pas-
JIMYHBLIE BApUALUU METOIa CeTOK. IIpocTeiimmM BapHaHTOM SBJISETCS METOJ, KOHEYHBIX
pasHOCTEl, COrJIACHO KOTOPOMY Ha PEryJISIPHOI CeTKe NMPOU3BOIHBIC 3aMEHSIOTCS IPH-
GJIMZKAIONIIMY UX KOHEYHBIMU pasHoCcTsIMU [3].

CeTkoil HA3BIBAETCsI JUCKPETHAST COBOKYIIHOCTH TOUYEK (y3JI0B CETKH), B JJAHHOM CJLy-
Jae Ha IJI0CKOCTH (T, ), e T — BpeMst (T € [0,00)), & — KoOpJuHAaTA 110 JJINHE PeaKTopa
(I €10,L)). st MosesmpoBaHUst CHCTEMBI BBEJIEM PDABHOMEPHYIO IIPSIMOYTOJIBHYIO CETKY
(Tns @Tm), T = To + NAT, Ty, = 29 + mAz, Tae AT 1 Az — TONOKUTETHHBIE THCTA,
HA3LIBAEMBIC IIaraMu CEeTKH.

IIpu mocTpoeHUn CETOUHBIX yYpaBHEHUT BO3MOXKHBI PA3HbIC BAPUAHTHI AIIPOKCHMA-
MU UCXOAHOH npou3BogHoil. COBOKYIIHOCTE y3JI0B, KOTOPBIE UCIIOIL3YIOTC IPU IOCTPO-
€HUM CeTOYHLIX ypaBHEHUil, Ha3bIBaeTcs IA0JI0HOM. B 3aBHCHMOCTH OT MIAabJIOHA U CO-
OTBETCTBYIOIIEH CXEMBI PACYETa BBIICIAIOT ABHBIC U HEABHBIE CXEMBI.

Mpb1 GyjieM HCIOJIB30BATH SIBHYIO CXEMY, IIPU KOTOPO# 3Havenus: B (i + 1)-it MoMeHT
BPEMEHU PACCUUTBHIBAIOTCS 10 3HAYCHUSM B ¢-ii MOMEHT BpeMeHu 110 opmyJiaM, 3a1aH-
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HBIM B sIBHOM Bhjle. Takasl cxemMa MMeET YCJIOBUE yCTOMYMBOCTH, KOTOPOE HAKJIAbIBAET
OIPaHMYEHUs Ha 1Al [0 BPEMEHHU U KOOD/MHATE.

B kadecTBe BHOI CXeMbl BO3bMEM OPUEHTUPOBAHHBIH YTOJIOK, JIJIsI KOTOPOT'O MCIO b
3yercsi TpexToueuHblii mabson (puc. 1).

nt+lm

nom—1 n.m

Puc. 1. IIlabsoH cxeMbl «SIBHBIH JIEBBIH yTOJIOK»

Takag cxema He IIpeacTraBJIdeT 0COOBIX BBIYUCIUTEIBHBIX CJIO)KHOCTGIZ, OJHAKO mMeeT
OorpaHnveHrne Ha BEJINYUHBI ITIaroB pa361/1eH1/15{ II0 BpeM€HU U JIJINHE peaKTopa. ,Z[anee B
Iporecce MOJAeJINPOBaHA MBI ITIOKazKeM, 9YTO I3TU Iarm p336H€HHH JOJIZKHBI YIOBJIETBO-

pATh HEPABEHCTBY:

1
T < —. (2)
R

Eciu nj1s1 BEIOpaHHBIX MIAT0B MOJEINPOBAHUST YCJIOBHE BBITOJHSIETCSI, TO SIBHAST CXEMa,
ycToiyuBa.

BBogst ucKpeTHbI mar no Bpemenn (pasbuenne Ha N OTPe3KOB ¢ maroM AT) u 1o
jnne (pasbuenue Ha M oTpe3koB ¢ maroM Ax) peakTopa MOJIYUYUM Jjisi SBHOTO JIEBOT'O
yTOJIKa MPEeJICTaBIeHIe B BUJIE:

i O G =200+ Chy , Ca=Can _yon ik ()

T 22 x

Boipasum C7), | B ABHOM Bujie, MOy IHM:
Crg1 = 1Oy + a0 + a3Chy_y, (4)
rie
a1 = 1%7_7
—1_ 2a Vg A £
g = 2+ T AeRT | T,

agz(a +”—””)7'.

z2 x
VeiaoBus ycroianBOCTH:

1) a1 Z 0, 2) (5] Z 0, 3) a3 Z 0. (5)

[MockosbKy yeaoBust 1) 1 3) BBINOJIHSIIOTCS BCErJIA, TO JJisl yCTONIMBOCTH CXEMBI J10-
CTATOYHO BBINOJIHEHUs! yCJIOBUsT 2), OTKy/Ia cyeayer dopmysta (2).
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UccrenoBanne KOHEIHO-PA3HOCTHOH aMIPOKCUMAIIHH HEJTHHEHHOH MOJE/TH XUMHUIECKOIO PEaKTOPa

MogiemupoBatue OyJIeM BBINOJIHSITE, CIUTAs, ITO JOCTYIHBI PE3YJIbTATHl U3MEPEHU
3HAYEHNs HAYaILHOTO PACIpe/ie/IeHIs KOHIIEHTpAIlIN pearenTa 1o peakTopy Co 1. v =
f ().

Pemenne uimercst B siBHoM Bujie 110 dopmyiie (4) npu pasmnasbix AT u Az, yio-
BJIETBOPHAIONINX YCJI0BUIO ycroituuBocTu. [losydennbie rpaduKu mepexogHbIX MPOIECCOB
IIpeJIcTaBJIEHbl Ha puc. 2.

Puc. 2. Koanenrpanmus peareara (Cy) B XUMHYIECKOM PEAKTOPE MPH PA3JIHIHBIX 3HAYCHUAX AT

Ormernm, uro npu AT = 0.01 MuH. gajbHeililee yMEHbIIEHUE Iara IPaKTHIeCK He
BJIMSIET HA TEPEXOJTHOMN MPOIIECC: MOTPENTHOCTE Bhruncaenus suadennii C, mpu A1 = 0.01
nu At = 0.001 wme upesbimasa 0.00778, T.e. 6bl1a Menee 1%. Ilar ke pasOuenust 10
[IPOCTPAHCTBEHHOI KOOp/IMHATE BOOOIIE HE UI'PAET HUKAKON POJIM: K IIPUMEpY, JJIs Iara
o Bpemenu A7 = 0.04 upu Az = 0.05, Az = 0.1 u Az = 0.2 3HaYeHUs] KOHIICHTPAIIAN
ObLIM IPAKTUYECKU HJICHTUYIHBI, IIPOIECC CTAOMIN3UPOBAJICH YK€ Ha TPEThEM INare, CM.
TabJs. 2-4.

Tabsma 2. Usmenenne konnenrpanuu pearenra (Cy) npm Az = 0.05

Bpewmst x=0.00 x=0.05 x=0.10 x=0.15 x=0.20
0.00 1.00000 0.90251 0.90251 0.90251 0.90251
0.04 0.90251 0.81460 0.81452 0.81452 0.81452
0.08 0.81452 0.73533 0.73511 0.73511 0.73511
0.12 0.73511 0.66385 0.66344 0.66344 0.66344
0.16 0.66344 0.59940 0.59876 0.59876 0.59876
0.20 0.59876 0.54128 0.54038 0.54038 0.54038
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Tabmuna 3. Usmenenne konnenrpanuu pearenra (Cy) npm Az = 0.1

U. B. Maxmo

Bpems x=0.00 x=0.05 x=0.10 x=0.15 x=0.20
0.00 1.00000 0.90251 0.90251 0.90251 0.90251
0.04 0.90251 0.81456 0.81452 0.81452 0.81452
0.08 0.81452 0.73522 0.73511 0.73511 0.73511
0.12 0.73511 0.66364 0.66344 0.66344 0.66344
0.16 0.66344 0.59908 0.59876 0.59876 0.59876
0.20 0.59876 0.54083 0.54038 0.54038 0.54038
Tabsuna 4. Usmenenne konnenrpanuu pearenra (Cy) npu Az = 0.2
Bpewms x=0.00 x=0.05 x=0.10 x=0.15 x=0.20
0.00 1.00000 0.90251 0.90251 0.90251 0.90251
0.04 0.90251 0.81454 0.81452 0.81452 0.81452
0.08 0.81452 0.73516 0.73511 0.73511 0.73511
0.12 0.73511 0.66354 0.66344 0.66344 0.66344
0.16 0.66344 0.59892 0.59876 0.59876 0.59876
0.20 0.59876 0.54061 0.54038 0.54038 0.54038

JLj1st TTIOJTHOTBI KAPTUHBI MBI TAaK2Ke IPOBEJIU HCCJIEIOBAHUE PEIICHUS YPABHEHUST (1)
JUIST CXeMBl <«sIBHBII TIPaBblil yroIoOK»; aHajorudnoe (3) HpeJCcTaB/ieHHue 3aIUINeTCS B
BUJIE:

Cn—H —_Cn n — 20" + Cn_ n Cm
m m_ g m+1 m m 1_7):5 m+1 AC”@RT

T 22 x

Teneps B (4) K03bDMUIMEHTE OYIyT CIIETYOIIUMHU:

o= (5~ )7
042:14-(%”—

_a
a3 = PT.

-2 — Ae RT) T,
Yesosue 3) yeroitunsoctu B (5) BBIIOIHSIETCS] BCETVIA, & U3 IEPBbIX JIBYX CJIEJyeT, YTO
yCToﬁqHBOCTH CcXeMbl HEOOXOIMMO BBIIIOJIHEHHE YCIOBUIA:
h< &
'Uz
r<—~L .
24—tz 4 AcRT

HaxkoHery, jy1st 1IeHTPaIbHON CXeMbI HOJLyYnIn [pejicrasierne (3):

Cn+1_Cn Cn _2cn —l—Cn_ Cn _Cn_ B
m——m = mil SR L, m“zx m-l _ ACT R,
Koaddunuenrsr (4):
o= (F-5)T
ag=1-— —%—l—AeRT) T,
v,

ay = (3 +55)T
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HccnenoBanme KOHEIHO-PaA3HOCTHON AIIIPOKCUMAIIHH HEJTUHEHHOH MO XHMHIECKOTO PEaKTOPa

YeqoBue 3) yeroiiunBoctu B (5) TakKe BBINOJIHSIETCS BCETJIa, & U3 HEPBBIX JBYX CJie-
JlyeT, 9TO YCTOMYIMBOCTH CXeMBbl HeOOXOJUMO BBIIIOJIHEHHE YCIOBHIA:

h<2a

= g0
TS%
%%+n4677f

Pacuers! qiisg paznnaabix AT 1 Az, yIOBIETBOPSIONIUX YCJIOBUIO YCTORIUBOCTH, IIO-
Ka3bIBAIOT, YTO JIJI BCEX SIBHBIX CXeM (JIeBBIHl U IIPABBIN YIOJIKH, IEHTpaJbHAs CXeMa)
sHadenns KoHmenTparuun C, COBIAIAI0T C TOYHOCTHIO JI0 MOIPEINTHOCTY BBIYUCICHUN.

4. 3akarouenue. Ha ocHoBe ypaBHEHUsI KOHBEKIMH-IU(Dy3UU-pEaKITHI TPEIO-
JK€Ha, MOJIEJIb IPOIECCOB, MPOUCXOMANINX B XHMUIECKOM PEAKTOPE IOJIYHEIPEPHIBHOIO
neiicrBust. [1peamoxKeHHasT MOJIEIb TTO3BOJIUT ITPOMOJIETTPOBATH JUHAMUKY XUMHUYIECKOTO
peakTopa B IIPOIecce MOy YeHNsT HAHOITOPOIITKOB.

Metoom ceTok pelreHa 3a/iava YuCJICHHOIO MOJIEJIMPOBAHNS PEAKTOPA, pACCMOTPEHA
IpobJ/IeMa CXOAUMOCTH AJTOPUTMa pacdeTa, IPUBEIEHBI YCJIOBUS YCTOWIMBOCTH CXEMBI
pacdeTa. BpIoTHEHO MOJEIUPOBAHNE MIPOIECCa PACTBOPEHUsT BEIECTBA B XUMUUIECKOM
peakTope W Ha OCHOBAHWM IOJIYIEHHBIX JAHHBIX BHIOPAH OIMTHMAJILHBIN IMar pa30ueHwmst
110 BPEMEHU, IIPU KOTOPOM COXPAHSAETCSI TOUYHOCTH MOJICJIUPOBAHUSI, COIIOCTABUMAA C TOY-
HOCTBIO M3MEPUTEJILHON CHUCTEMBbI, U BBIIOJIHSIETCS yCJIOBUE YCTOMIUBOCTH CXEMBI Pac-
qeTa. [lokazaHO, YTO TOYHOCTb paCYeTOB NMPAKTUYECKU HE 3aBUCHT OT BEJIMUMHBI ITara
pa3bueHust 10 JJINHE PEAKTOPA.
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I. V. Makhno

Investigation of finite-difference approximation of the nonlinear model of a chemical reactors.

The model of the processes occuring in the semi-batch chemical reactor is proposed. The numerical
simulation problem for the reactor is solved, the convergence condition of the calculation algorithm is

obtained. Simulation process of dissolving the substance in the chemical reactor is fulfilled.
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reaction, method of finite differences.
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