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PAHOIAEL|-HOMOP, M.: cm. BEPTEW, A.
PACCAHVNHOBA, H. W.: cm. TAPLMAH, A. H.
PATHOBWY, o.: cm. [AEBAW, .

PEJEA, A.: cm. TAPOOW, [Ab.

POHAU, [ .: cv. TFAPAM, T.
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CEWNEP, bB. : cvm. [JEBAW, .
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MATEMATWYECKME MOAENN NPOLECCA WMOHHOIO OBMEHA
H .H .CmnpHoB

(JleHVHIpaacKuii  TeXHoOMorvdyecknii UHCTUTYT WM .JleHcoBeTa,
Hajegpa npoueccoB M annapaToB XWMWYECKON TEXHOMOrum)

K
MocTtynuna B pepakuuio 7 AHBapa 1973? r.

Mpouecchl, OCHOBaHHblE HA MOHHOM OOMEHe, WrpawT BCe
6onee BaxHyKW pOSib B COBPEMEHHBIX TEXHOMOrvsx. MaTemaTu-
YecKOoe MOAENUPOBAHWE  eAMHWUL, TaKWX MPOLECCOB, peleHne
MOZEenM U BbiBEAEHME BaxHbX A1 MPaKTUKM pesynbTaTtoB (on-
TUMM3aUNA) SABMSIOTCA BaXHbIMU WHXEHEpPHbIMM 3ajadamu. ABTOpP
n3naraeT U CUCTEMATU3NPYET W3BECTHbe TuWMbl Mogenei. WN3y-
UEHHble MOAenM OTHOCSATCHA K ClefylWuMm TurnaMm annapaToB:

- HENpepbiBHbIA  MOHHbIA OBMEH B KOJIOHHE C HEMOABVIKHbIM
crnoem

- HEenpepbiBHbIA  UOHHLIA  OBGMEH « CMEWaHHOM peakTope KO-
TeNbHOro TuMa B C/ly4yae CMOJISIHOW cycneHcun

- MONYHENPEepbLIBHbIA  MOHHLIA  O6MEH B CMEWaHHOM peakTope
KOTENbHOr0 TWNa B C/lydae CMOJISIHOW CyCMeHCUn .-

OAHOVI M3 OCHOBHbIX  3adad COBpPEMEHHOro pas3BUTuUA XUMUYecKoii
HayKu N  TEXHUKN ABNIAETCA pa3pa60TKa n BHeapeHme B NPaKTUKy HOBbLIX
MeToAO0B aHa/IM3a W pacyeTa TUNoBbIX MNpoueccoB W anmnapartoB XUMNYECKOM
TexXHos/iormm C WApoOHNM ncnonb3oBaHNEM cpeancTsB BbUNCNNTENBHON TEXHU-
KN .

B HacTosjee BpemMs K UMC/ly TakuxX MpOLEeCcCOB MOryT 6biTb OTHece-
Hbl M MPOLECCH WOHHOrO 06MeHa, KOTopble Mofy4danT Bce 6oMee WUPoKoe
pacrnpocTpaHeHne 1 nprobpeTanT BaxHOEe 3HauyeHWe BO MHOMUX OTpachsx
Npou3BOACTBa, Hanpumep, XUMUYecHasi, aToMHasi, MuUeBas, MeAuUUHCKasi,
rMapoMeTanlypruuBcKas  MpOMbILJIEHHOCTU, OMpPEeCcHeHNe M OYNCTKa  BOMpl,
yaaneHve u3 opraHu3aMa TOKCUMUYECKMX BEWEeCTB, KOHCEpPBMPOBAHME KPOBU U
T.0.
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CNOXHOCTb (M3INHO-XMMUUECHMX MpeBpaleHnii, MpoTeKawwmMx B reTe-
pOreHHOli cucTemMe XUAHOCTb - TBepgoe Teno (MOHoo6MEHHAs cmorna),
TpeGyeT COBMECTHOFO PaCCMOTPEHUsI (aKTOpPOB, OMpPeAensumux ruapogvHa-
MUYECKUIA pexmMMm M MaccoobMeH B CUCTeMe, a Takke COOGCTBEHHO XUMUYEC-
Kyl KUHETUKY -

B obuwem Buge 3agadya maTemMaTUYECKOro onucaHus npouecca WMOHHO-
ro obwmeHa, nportekKawuero B WN30TEPMUYECKNX  YC/IOBUAX, MOXEeT ObITb

chopMynMpoBaHa B Bufe crepywlueli cuctembl AudhepeHUnasbHbIX YypaBHEHWI
[1,2,3,4].

YpaBHeEHUE MaTepuasibHOro 6anaHca npouecca s XUAKoU (hasbl

ac

3 div ¢gnp - div(c,V) + [DXMM.

YpaBHeHMe cTaTuKu npolecca

YpaBHeH/e KMHEeTUKU npolecca

YpaBHeHNEe OBUXEHUS] XUAKOW (asbl

pfAr = -Vp + F + uvw + (C+M)vdilV w

YpaBHeHne Hepa3pbLIBHOCTU MNOTOKa

™'+ div(p.,w) =0

JdTa cucrtema ypaBHeHI/II7I AO/MKHa OblTb AOMNOJSIHEHA Ha4da/lbHbIMA U rpaHn4HbI-
M1 ycnosBunaAMM, KOTOpPpblie onpeaenanT pacnpepgesieHne paBHOBECHLIX U TEKY-
wmnx KOHLI,eHTpaLI'VII‘/‘I BO BpeEMEeHM n B MPOCTpaHCTBE, a TaKxe nx 3Ha4veHunA
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Ha rpaHuue pasgena B3aumogencTBywwux (as. OgHako Aaxe Npu MOSIbHOM
3afaHnM TPaHUYHLIX W Ha4vasibHbIX YC/IOBUA pelleHWe 3ajadM B oblwem BU-
ne TpebyeT ewe KOHKpeTusaumm GyHKumini @ n F, KoTopble 04YeHb 4YacTo
He ypaeTcAa npeacTaBUTb B SABHOM Buae.

TakiM 06pa3oM, MOfHAasi CUCTeEMa MaTeMaTUYEeCKUX YpaBHEHWi,onu-
CblBaWWMX MPOLECC WOHHOrO O6GMeHa,fABNSETCS O4YEeHb CJ/IOKHOW U B O6GWEM
cllyyae He UMeeT aHa/IMTUUYECKOro pelweHusi. [laxe npu paccMOTpeHun oT-
JenbHbIX, 4YacTHbIX 3afjad MOHHOro obMeHa B GO/MBWWHCTBE C/ly4yaeB Heo6-
XOAUMO  MNpUMEHeHMe TeopuuM MNofo6MS WM 3NEKTPOHHO-BLIUNCINTENbHbIX
MaWwvH. BcneacTBMe 3TOrO [0 HACTOSWEro BPEMEHW MOYTUM OTCYTCTBYWT
0606lEHHbIE METOAbl WMHXEHEPHOro pacyeTa M MOAENMPOBaHUS MOHOOGMEH -
HbIX MPOLIECCOB, B YaCTHOCTU, C WCMOMb30BaHWEM CPEACTB BbUUC/INTE/b-
HOM TexHVWHU. [lpu 3TOM F/ly6OKOE 3HaHWEe KUHETUYECKMX 3aKOHOMEepHOC-
Tell nmpouecca WOHHOrO O6MeHa [OMXHO SIBMATbLCS OCHOBOW €ero pacyeTta u
MOLEIMPOBaHUS -

HacTosiwasn pa6oTa nocBsiueHa pa3paboTke WHXEHEPHbIX  MeTOo0B
pacyeTa ¥ MOAENMPOBaHWS MNpoOLEecca WOHHOIO O6MeHa MNpeumMylecTBEHHO
Ha OCHOBE MaTeEMaTUYECKOro OnvMCaHusl HUHETUHM Mpouecca B YC/OBUSAX
BHEWHell M CMeWaHHOW AW(hY3UM C WCMNOMb30BAHMEM  3/IEKTPOHHLIX BbYUC-
JNINTENbHBIX MalWH .

HenpemeHblﬁ npouecc B KOJ/IOHHOM annapare BblITECHEHUA

C HenoaBWXHbIM C/I0eM WOHOO6MeHHol cmonb [5,6,7,B]

[na cocTaBneHuss MaTemMaTU4ecKoil Mofenu, OnuchbiBawweid npouecc
(PU3NKO-XUMUYECKOro MpeBpalleHnsl BelecTBa B HEMNoABWXHOM C/l0e WMOHO-
OBMEHHOI  CMOfbl, NpefBapuUTe/lbHO  aHa/IMTUYECKU WCClefyeTcss maTema-
TUYecKoe OnucaHWe WOHHOro o6MeHa Ha OAHOM 3epHe. B ocHoBy 3TOro
onvcaHusi 6Gbina  MosiokeHa (u3nyveckas MoAenb, KoTopasi npegnonaraeTt
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Ha/IMuMe TOHHOW AW(HY3VOHHOW MMEHKW HA rpaHule pasgena $as: 3epHo
MOHOOBMEHHOI CMOofbl - pacTBOp. B cnydyae,Korga CKopocTb npouecca nn-
MUTUpYEeTCA Auhdy3neil MOHOB B MJIEHKE , ANG(Y3NOHHbI MOTOK BbITECHSOWMX
MOHOB Yepe3 XUAKY0 TM/IEeHKY, OKpYXawlyl 3epHO, paBeH:

dl Unl"gD ’ dx [O)

KonmyecTBO BLITECHAWWNX MOHOB B 4YacTuLy WOHUTA 3a Bpems dx cooTBeT-
CTBYET WM3MEHEHUK UX codepxaHuna B camoii yactuue, T.e.

Intr3
dil = ——— adN )

MNpupaBHMBas AUPPY3UOHHbBIE MOTOHW HA OCHOBAHWW 3JIEKTPOHENTPa/IbHOCTU
pacTBopa, MOMy4YMM WUCXOAHOEe AuddepeHLMabHOE YpaBHEHWE, ONuChBaKlLEee
KVHETVHY Mpouecca Ha OAHOM 3epHe

dN 3D *
dx ‘e‘r‘oac NoMe) G

Ona peweHns ypaBHeHuss (3) HeO6GXOAMMO BbiPa3UTb M UYepe3 MOJIbHYK [0S0
norsowaemMoro MoHa B 3epHe WoHWTa. Ecnu  gna u3oTonHoro o6meHa,anst
KOTOPOro KOHCTaHTa paBHoBecusi paBHa 1, a Takke pans cnyyast o6meHa

paBHOBa/IEHTHbLIX WNOHOB, Koraa npu pagoe gonyueHunn

K= (K -1DN
HaligeHsl peweHnss ypaBHeHus (3), TO AN cnyyas obmeHa pa3HOBasIeHTHbIX
MOHOB aHa/MTuyeckoro peuweHuss (3) B o6WeM Buge He MOMYYEHO.

Mcnonb3yA OCHOBHble XapaKTepUCTUKM pPaBHOBECHOINO COCTOSHUA:
Kaxylylncs KOHCTaHTy paBHOBecuss ob6MeHa W KO3GpMUMEHT pas3pgeneHuns,on-
pegensawowmii CeneKTUBHOCTb  MOrJIOWEHNA  OAHMX WOHOB MO CpPaBHEHWK C
OPYTUMX W 3aBUCAWWIA OT 3KBUBAIEHTHOW  [OAM NOr/I0WLaemMoro KOMMOHEeHTa
B MOHMTE W B pacTBOpe, MOXHO aHa/MTUYeCKU MNoNyunTb 3aBUCUMOCTb
R = f(N), koTopass gna obmeHa Me2+ - H+ OygeT wuMeTb CrAeaywwmiin Bug

R = / an+[Ad-107 Ad‘?’ «

2
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Mpn KOHueHTpaumm pacTtBopa MeHee 0,05 WPHB, UTO ABISETCA OOHUM

n3 ycrnoBuin BHewHen andpdy3um mn N<0,9, dyHKUMOHanbHaA 3aBNCUMOCTb
R = f(N) moxeT O6bTb 3anMcaHa B BUOE:

R = A(I-N) ®)
Ha ocHoBaHuUM onpefeneHuss  Ko3hpuuveHTa pasgeneHnss u ypaBHeHus (5)

Be/IMUMHA MO/IbHOW  [O/M  MOF/IOWAEMOr0 KOMMOHEHTA Ha rpaHule MeHKa-
3EepHO MOXET ObiTb BblpaXeHa CreayluuM ypaBHEHUEM:

ne  A(1-N)-A(1-N)N+N ~

VHTerpupys ypaBHeHne (3) npu HaliAeHHOM 3HaYeHWM MOJSIbHOW [ONM  KOM-
NoHeHTa Ha rpaHvue nneHka - 3epHo (N = O npu T = 0), nonyvyaem Ku-
HeTUYeCKOoe YypaBHeHVe, OnucbhiBawlwee Mpouecc Ha OA4HOM 3epHe B YC/OBU-
SAX MJIEHOYHOW Anhdy3ummn:

Kt =V 7ti>+ A2[reT + In(I-N)] +

+ ACTrY + 2 In(I-N) - (1-N)] + C (@)
1-2A 1 A-1
roe A - J . »
o 2 nOA ; 3 Mg nOA
KoagpuumeHT K= —E—tg ABNSAETCHA  C/IOKHOW KNHETUYECKOA XapakTepuctun-

KO/i npouecca M 3aBUCUT OT TFUAPOANHAMUYECKUX, KOHLEHTPaUMOHHbLIX, (n-
3MKO-XMMNYECKNX CBOWCTB cUCTeMbl, nockonbkKy 6=F(v,c); D’=F(c,n ), a
BE/IMYMHA a XapaKTepu3yeT CBOWCTBa WOHOOOMEHHOW cMmonbi. o cBoemy
(n3nvecHoMy cMmbiciy KoagpuumeHT K MOXeT 6biTb Ha3BaH YAEe/bHOI Mpons-
BOAMNTENbHOCTbLI0 peakTopa (MOHOOOGMEHHMHA), a camo npom3BepeHne KT
ABNAETCA MEpPOA BbIpXEHUA 3PHEKTUBHOCTU €ro paboThi.
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NpeanoxeHHasi KUHeTuMYecKasi Mofeflb MOXeT 6biTb pasBuTa C YyUeToM
B/IMSIHUS BHYTPEHHeW aAuddy3uMm Ha 0O6Wyl CKOpoCTb Mpolecca npu BBefe-
HW B ypaBHeHue (7) BMecTo O=const Be/MUMHbl 3KBUBASIEHTHOW  TOJWUMWHbI
nneHkn 6e- B aToM cnyyae, npuvHMMAsi MOC/ONHbIA XapakTep (QU3UKO-XUMU-
YecKoro mnpeBpaleHns B 3epHe, HWHETUUYECKoe ypaBHeHVe MpuMeT BUA:

nat — [AT(L-2A)6AN_J(A+aza/_1-N) 4 @)
nOA—%g A%+n AIT

-2 Mr-3KB

Mpn M3MeHeHUn KOHUEeHTpauum pacTBopa B npegenax 0<C”N1.10 iy
yMCneHHoe 3HadeHue KoahpuumeHTa A>100 u, cneposaTesibHO, YypaBHEHNE

(8) moxHO 3anucaTb B (opme:
KnodlT = (@+a-a/l-N)dN (©)

BenuunHa KoahouumeHTa a 3aBUCUT OT NPUBEAEHHbIX KOIDPUUMEHTOB AU -
y3Mn B XMOKOW NMEeHHe M B 3epHe cMmosbi. Takum o6pa3om, oKasasocb
BO3MOXHbIM KO/IMYECTBEHHO BLIPA3UTb BAWSAHWE BHYTPUANDHY3MOHHONA coc-
TaBngwwen Ana ciyyad, Korga  uvMmuMTUpyowen cTaguel npouecca siBNseT-
cA BHewHeanpdY3MOHHAA KUHEeTUKa.

OfHaKo AN WMHXEHepHOro pacyeTa HeoGXoAWMO  3HaTb (hyHKUNO-
Ha/bHyl0 3aBucumocTb K=F(w,c,r ), KOTOopas WMeeT chneaylwunin Bua:

Kn -1 = bc/w 10)
BenvunHa KoagpuumeHTa b 3aBUCUT OT paguyca 3epHa WOHUTa M NpUpOoab
06MEHNBaWWMXCS WNOHOB.

Tak Kak BeCb C/lOA MOHOOOMEHHOW CMOJbl COCTOUT U3 3/IEeMEeHTapPHbIX
HepaBHOBECHbLIX CfoeB, TO MaTemMaTM4ecKOe onucaHue npouecca cnegyet
pononHnTb QgyHkumen K=F(no), KOTOpyl MOXHO BLpa3uUTb B creaylwei

thopwme :
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K= a1y

Torga okoHuaTenbHo K 6yAeT paBHO:

K = bc/w.ng @2)

BennunHy MosnbHoli gonn B pacTtBope (N ), nocTynawwero Ha T. Cnoii,
Tt

MOXHO HaWTu U3 ypaBHEHUN MaTepunasibHOro banaHca ana nk N cnoda, KO-

TOopoe wunveeT BUA:

M.R Uav
- Nive> TAe R iﬁéwc a3

Takum 06pa3oM, oOnMuMcaHne MaTemMaTUyecKoW Mogenu npouecca (QUanHO -
XVMMYECKOro MnpeBpaleHuss BelwecTBa B HEMOABWXHOM C/l0O€ WMOHOOGMEHHO
CMOMbl B YC/IOBUAX FUAPOAVHAMUYECKOrO pexvMMma BbiITECHEHWS, M/IEHOYHOW,
ONPOY3MOHHOA 1M YaCTUYHO CMEWAaHHOW KUHETUKM MOXHO Bblpa3uTb CUCTe-
vonn [7], C8], [12] v [13]-

MpegnoxeHHas cucTema ypaBHEHUN Npu  3afaHHbIX WCXOAHbIX  TEeXHO-
Nornyeckmx YycnoBusiXx npoBejeHns npoyecca c,w,Da,nQ ,H

Mt

No3BONSET paccuuTaTb YAe/NbHYl MPOM3BOANTENBHOCTL peaHTopa «
N HUMHETMYEeCHyl KpuByl nQ=i1"(T), KOTopas SBNSETCA OCHOBOW [ANns pacyeTa
peaHTOopa (MOHOOGMEHHUHA),

HenpepbiBHLI Mpouecc B annapaTe CMeWeHWst C CYCNeHAWPOBaHHbIM

C/l0eM WNOHOO6MeHHoI cmonsl [9,10,11]

VoHHbIA 0BMEH Mexay ABUXyleNcs chepuyecKoin 4vacTuuell CMosbl n
TYpOYNEeHTHbIM MOTOKOM XWAHOCTWU,  cofepxaweli nornowaembiii  HOMMOHEHT .
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JONMXEH MNOAUMHATBLCA  O06WMM  3aKOHOMEPHOCTSAM KUHETUHW  FeTeporeHHbIX
NpoLeccoB, MpuyeM CO6CTBEHHO XMMUYECKAasl peakuusi nNpoTeKkaeT ToNbKo B
oOHO $a3e - MoHMTE. B 3TMX YCNOBMAX OCOG0OEe  3Ha4dYeHWe npuoGpeTanT
npoueccel MnepeHoca BelWecTBa Mexay TBeEpAol/ YacTuueid uoHuTa u Typby-
NIEHTHBIM MOTOKOM XUAKOCTW. CrepoBaTeslbHO, MNPV PaCCMOTPEHUM KUHETUKU
MOHHOrO o6MeHa, B 0O6WEeM cfydyae, [AO/MKHbl 6biTb YUTEHbl KaK Mpoulecc ne-
peHoca MOr/ioWaemMoro BelWecTBa 4epe3 MNOorpaHWYHbii croli OT sgpa NoTo-
Ka K TMOBEPXHOCTW 4YacTulpl, TaK U MEpPeHoC BelWecTBa BHYTPU YaCTULbI-
BHyTpy TBepgoii uvacTuubl (O<rarQ) npouecc nepeHoca BellecTBa C YYETOM
XUMUYECKOl peaHuun MOXeT O6biTb onvMcaH AudhepeHLMasbHbIM YypaBHEHUEM
B/AA X

3¢ 2 ajj,
ar r ar” Ke Cu)

B Hem BemuMHa K y4ynThiBaeT XWMUYECKYH aKTUBHOCTb MOHOOOMEHHOW CMO-
bl MO OTHOWEHWI0 K MOr/iollaemMoMy  KOMMOHEHTY, YKa3biBas Ha XMMUYECKYI0
CBA3bl MeXgy HWMM, 4TO, OYeBWAHO, OyaeT ISKBUBA/IEHTHO W3MEHEHWI0 KO-
nnyecTBa BelecTBa, paBHOMY KC. PaccmaTpvBas 3€epHO MOHMTA, KakKk MO-
NEKYNSApHYK MofeNnb, MOXHO CcuMTaTb, 4YTO KO3(MOUMUMEHT K MO cBOeMy (u-
3M4ECKOMY CMbIC/TY OO/DKEH  XapakKTepu3oBaTb Takke (U3MKO-XUMUYecKue
CBOWCTBa OOMEHMBAWWWXCA WOHOB, YUUTbBaTb KOHQUIYypaLuuio MaTpuupl, KO-
NNYEeCTBO aKTUBHbIX Fpynn, Y4yacTBYyWWMX B 06pa30BaHMM WOHHLIX Map, W
T.4-

MepeHoC BelecTBa 4Yepe3 M/IEHKY XUAKOCTU, OKpYXawlWylw 4actuuy
HOCUT CJ/IOXHbI XapaKTep, TaK KaK 3Ta M/eHKa COCTOUT M3 HECKO/IbKUX
CNoeB C pa3/In4yHbBIM XapaKTepoM TeueHusi. Ecnu BBEeCTU KO3PPUUMEHT Typ-
OyneHTHON auddy3nn, TO MEpPeHoC BewecTBa Yepe3 M/IEHKY MOXeT ObiTb
onucaH AuddepeHUManbHbIM ypaBHEHNEM Buaa:

Sce 32c ., IC
aT ®i(y M +7TT %

TakyuM 06pa3oM, KUHETMKA Mpouecca Ha OfMHOYHOW 4YacTuue WOoHMTA
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paguyca r , OKPYXEHHOW TMpMBEAEHHOM M/IEHHOW XWAHOCTW TOMWWHOWN 6,
MOXeT ObiTb OnucaHa criefyllmm 0600WeHHbIM AndhepeHUmanbHLIM yYpaBHEHW -
€M C pa3spbiBHbIMU (U3UKO-XUMUYECKUMN KOIDDULNEHTaMN :

3c

aT D(r) 1 LD - « w)° as)
D npu 0 r s

D, »

(r% De npu r ro*e
K npu 0 <r<r,

H(0) 0 rpu r N ryt6

Mpu cocTaBneHWM MaTEMATUUYECKOrO OMUCaHUs KMHETUKY Mpouecca 6bi10
MPUHSITO, YTO Ha BHEWHEe MOBEPXHOCTU MPUBEAEHHOW M/IEHKU KOHLUEeHTpa-
UMsi MorjiolaeMoro BelWecTBa [O/Ha 6biTb paBHA KOHLEHTpauuu norouwae-
MOFO BellecTBa B MOTOKe

ce(r0+6 XT) = an

a Ha rpaHuue pasgena (a3 (NOBEPXHOCTb YacTUlb)  AO/DKHb BbINMOHATLCSA
ycnosusi

c(ro’m) = kcce(ro’m) a8

Kp>3c(ro,T) 3ce(ro,T)
3z ar 19

MepBoe ycnosue (18) oTpaxaeT CKa4YOK KOHUEHTpauuii, KOTOpblii B  ob6uwem
cnyyae HabniwgaeTcs Ha rpaHvue pasgena (a3 npu paBHOBECUMU. YcCnoBue
(19) npeacTaBnsieT paBeHCTBO MOTOKOB BelWecTBa M3 MNpPYMBEAEHHON MNeHHU
M noToHa BewecTBa B r/y6b 4YacTuupl: kKoapdpuumeHT kB, npu aTOM wumeeT

BUA.:
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Ycnoeus (18) n (19) [0MXHbI GbITb AOMOJSIHEHbLl HAYa/lbHLIM YC/IOBUEM

c(r,0) =0 @0)
ce(r,0)=0
N yC/oBMEM CUMMETPUM B LEHTPe CcHhepuyecHOi vacTuupl
3c(©,1) =
br @

YpaBHeHus (i) - (16) c HpaeBbMn ycnosuamm (A7) - (21) 6bIM  peLeHbl
onepayuvoHHbIM MEeTOAOM, KOTOpPbii YCNewHO WCMNOoMb3yeTCA Npu peweHun 3a-
a4y no Tenno- M macconepeHocy. lMpu 3TOM nepexog OT N306paxeHuin K
COOTBETCTBYWWMM OpUrvHanam pacnpegefnieHuii KOHUeHTpauuin  6bi1 ocyue-
CTB/IEH C MNOMOWbI0 TEOpeMbl Pas3NoXeHus . l3MeHeHne obwero kKonuyecTsBa
LeneBoro KOMMOHEHTa, MOr/IoWeHHOro YacTuuen uoHuTa, BO BPEMEHW OnN-
pegenseTcsa BblpaXeHuem Buaa:

T
» (T): “o0 Jd (5)<|’5 = ~erad c(ro ,T)dc (22)

NMpov3Beas COOTBETCTBYWIUYH MOACTAHOBKY B ypaBHeHue (22) BbipaxeHus
c(ro,T) ” BbipaXeHUsl pacnpefenieHns KOHLEHTpauuil u npoBeass COOTBET-
CTByWWWE BbUUC/IEHWS, TMOMYYUM C/ieflyiollylo KMHETUYECKYKW 3aBUCUMMOCTL,
onuchiBalolylw MPOLECC WOHHOFO O06MeHa Mexzy OAMHOYHOM Cchepuyeckoi
yacTuueli M NOTOKOM XWUAKOCTWU.

o +6
m(,T) = 8HCOB’CK £ ( )
n=1 q)nsm[kbl*’\(kr—l)yn]
Ko (ro+6) cos nn exp(Sn T1)-1
sin n sin[k"™N(k -1y ] Sn

€S))
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3aBucumocTb (23) sABNSeTCA 06Weil, TaH HaH W3 Hee MOryT ObTb MNONy-
YeHbl YaCTHble 3aBUCWUMOCTV, OMMUCHIBAWME CMEeWaHHYKw W BHYTPUAN(GHY3MOH-
HYl0 KMHETUKY Mpouecca WMOHHOro obmeHa, a Takke ypaBHeHWe, COoOTBeT-
CTByHWleEe CcTeneHn (N3NKO-XUMUYECKOrOo npeBpaleHnss BewecTBa B MOHO06-
MEHHOI cmone. B o6bnacTtu BHYTpuANDOY3MOHHOM KMHETUKM ypaBHeHue (@(@F)
coBnagaeT cC ypaBHeHuveMm (16) npu KpaeBbiX YCIOBUSAX

c(r,0) =0; c(ro,T) = Kkcecq; 3CA°°T~=0 @

PeweHne ypaBHeHus (il*) coBMecTHO C KpaeBbiMu ycnosuamu (21%) onepa-
LUMOHHbIM  MEeTOAOM MO3BONASAET MNOAyYUTb  BblpaxeHue ANsa pacnpegeneHus
KOHUeHTpauun (Npojunb KOHUEHTpauun) B CHEepUHecKol yacTuue uoHuTa,
KOTOpoe uveeT BuUA

o rosin(r, )
c(r,7) = cQke[1+ Z 2(-1 )M —ommmmmmmmem = I’
n=1 rfi+ Ko Mun
D*xn
exp (- N2ND" 1 e ©5)

[lanee u3 HWHETUYECKO 3aBWCUMOCTM MOXHO MOMYUYUTb YypaBHEHMEe, Mo KO-
TOPOMY Ha OCHOBE aHa/M3a 3KCMNEepUMEHTA/IbHLIX [AaHHbLIX BO3MOXHO paccun-
TaTb TEOPEeTVMYECKM UUC/IEHHOE 3HaueHue KoadpuuyveHTa Auddy3um nor-
/OlAEMOr0 KOMMOHEeHTa B 3epHe WOHOO6MeHHol cmosibl D” u onpeaenvTb
ero 3aBMCUMOCTb OT CTeneHn (U3MKO-XMMUYECKOro MpeBpaleHnsi BellecTsa
B VOHUTB

3
T <
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B 3amauyax pacuyeTa MPOMLILIEHHBIX PEAHTOPOB C MNepeMeLVBanLMMm
yCcTpolicTBaMu [ MPOBELEHMsI MpoLecca WMOHHOro o6meHa HavboNbWWA WMH-
Tepec NpeAcTaBNseT HaxoXAeHWe CpeaHuX Mo O06GbeMY 3HaueHWli  KOHLEHT-
paumm (B 3TOM uucrie U B MOHOOOMEHHol cwmone). llepexof K MHTerpasib-
HbIM XapaKTepUCTMKaM MOXeT ObiTb OCYWeCTB/EeH MNpv MOMOWW WMHTEerpupoBa-
HAS MO BPEMEHM U MO MOBEPXHOCTM YacTulpl NOTOKA MOr/iolaeMoro Be-

wecTsa
T _ 3c(r ,7T)
« v=/ [/ -D’ ———r——- dRdT (26)
T> o 8r

roe c(ro,T) - peweHve ypaBHeHns (16) C rpaHuU4YHbIMM W HavaslbHbIMU YC-—
NoBUSAMM, 3anMcaHHbIMU paHee.

Ha ocHoBe MOJly4YeHHLIX Bbllle MaTeMaTUUECKUX Mogeneil KUHETUHU
npoLecca MOXHO pacCcuMTaTb MWOHHLIE 06MEH B annapaTte CMelleHUst Henpe-
pbIBHOFO felicTBusi. [ns 3Toro Heo6xoAMMO  [AOMOSHUTENBHO YYecTb Cly-
yaliHoe Bpemsi MNpe6biBaHMSA KaxAoW OTAeNIbHOW 4YacTulpl MOHUTA B peakuu-
OHHOM o06bevme. OcpefHEHMEM 3HauyeHusl KOHUeHTpauuu B ypaBHeHun (26) c
y4yeToM pacrnpefesieHuss 4acTul, MOHOOGMEHHOW CMOsbl MO BpeMeHaMm npe6bi-
BaHUS MOXHO MOJlYYUTb BbIPAXEHWE /1 HAaXOXAeHWUs CpefHeill KOoHUeHTpaumu
Mor/iowaeMoro KOMMAOHEHTAa B OAWMHOYHOW 4YacTuue WOHOOBMEHHOWN CMOSbI

~ : ™
Cc 1 ——exp(—=—)dx | | -& — dFdx 27
P o Tcp Tcp o @n

C y4yeTOM CKa3aHHOro Bblle KOJIMUECTBO BEWECTBa, MNOrJ/IOWEHHOe BCEM
CyCneHAVpOBaHHLIM C/IOEM WOHOOGMEHHOI  cMosfbl, OGyAeT onpefensaTbCA COo-
OTHOWEeHneM

M= N_ £ om \FOOT 28)

roe F(T)dx - NIOTHOCTb BEPOATHOCTU BpeMeHW npebbiBaHUA YacTul, MOHO-
06MeHHOW cmonbl B annapate.

CpedHssi KOHUEHTpauusi MNor/oWaemMoro KOMMNOHEHTA B peaKLWOHHOM
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obbeme OyneT

Ve -M
c o)
cp Vv
Mpu 06paboTKe 3IKCMEPUMEHTa/IbHLIX AAHHbLIX MO MNpeanaraemMol Mogenn npo-
BOOUTCA CpaBHEHME Mexay TeOopeTUYEeCKON 3aBUCUMOCTbI

Ve_-N_ Lm £(T)dT
20 1By "~ 7 (30)

cp
N 3KCnepuMmeHTas/ibHbIM 3Ha4vyeHnem cC C ncnosib3oBaHnem wmeToada nocne
AoBaTesibHbIX I'Ipl/l6]'||/|)KeHI/IVI-

MepuoanMyeckuini npouecc B annapaTe CMEWeHUss C CyCneHAMPOBaHHbLIM

C/I0EM WOHOOOMEHHOWM cmosbl [9.12]

MpvBeaeHHblE Bblle KMHETWYECKME MOZENW MOryT GbiTb WCMO/b30Ba-
Hbl M NSl pacueTa npouecca WMOHHOro o6MeHa B annapatax (C Typ6yiuaa-
Topamu) NeprUoaNYEecKoro AelicTBUs -

[JelicTBUTENbHO, WHTErpa/ibHbIi MaTepuasibHbli 6anaHc no norowae-

MOMY KOMMOHEHTY [/ annapata Mepuoanyeckoro AeilcTBUS 3a MPOMEXYTOK
BpemeHn oT O O T MOXeT 6biTb 3anWcaH B BUAe

, c(r D
Ve T - N ff D ---z——— dFdT = Vecp G1)
OTcioga pna ccp noaydnm
N T 3c(ro,mn)
T -m-1 1 -57 o dFdT 32

P v ooE)
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Janee TpebyeTcsa nNpoOBeCTM COMOCTAaB/IEHWE TeopeTUYeCKMX pelweHuii c pe-
3ynbTaTamm 3KCNepuMeHTasIbHbIX MCCefoBaHuii, [10CHOMIbHY B COOTHOWEeHue
(32) BXoauMT KuHeTnyeckasa 3aBucumocTb Buga T(T), KOTOopasa sABNseTCA
(GyHHUMEN BENUYUHbBI CC , TO AN HaxXOXAEHUss CCPp HeobXoAMMO WCMNONb30 -
BaTb MeTogh nocnefoBaTeflbHbIX NPUOANKEHWNA .

B 3ak/iuyeHne paccMOoTpeHuss MaTemMaTUdecKux Mojenen npouecca u-
OHHOro o6bmeHa B annapaTtax CMeWeHUs MNepuoaMyecKoro 1 HenpepbiBHOIO
gencTBua  cnepyeT OTMETWUTb, UYTO A1 ONpefeneHuMs KOHCTaHT Heu3BecT-
HbIX (YHKUMA MaTeMaTM4eCcKOro onucaHus npouecca uesnecoobpasHo uc -
Nnonb30BaTb [AaHHble 3KCNepuMeHTaslbHbIX — uUccnefoBaHwii. [Mpyu 3TOM 3Kcne-
PUMEHTblI BbLIABNSAKWT BAWSHWE rugpoanHammyecknx (DN,0) M KOHUEeHTpauUOH-
HbiX napameTpoB (c,N ), a Takxke npupogp BewecTBa (67°K) Ha 06lLy
CKOpPOCTb (M3IMHO-XMMUYECKOro MpeBpaweHns BelWecTBa Ha MOHOOOMEHHOW
cvone. Tak, ANA MpPOLECCOB WMOHHOINO O6MeHa, NPOBOAMMbLIX B annapatax
C nepemewnBawWnMMM YCTPOWNCTBaMn, napamMeTpbl BHewHeandh@y3nOoHHOro con-
poTnBneHnA n 6 mMoryT 6bTb npeacTasBneHsl B (opve 3aBUCUMOCTel oT
yncna PelHoNbACa, KaK OCHOBHOW XapaKTepUCTUKU WHTEHCUBHOCTU TypoOy-
NEeHTHbIX Nynbcauuii, pa3vMepoB annapara M nepemewvBanwWero ycTpoicTsa,
a TaHxe reoMeTpPUYeCKMX BeNNYVH, BANANWMX Ha MacwTad TypoOyneHTHbIX,
nynbcauni

O
|

f-"Re.T)
G3)

(o)
1

2 (Re,r)

ﬂonynepmogmquKmﬁ npouecc B annaparte cCMelweHua C cycneHaAnpoBaHHbLIM

C/l0eEM WMOHOOOGMeHHOI cmonbl [131

AHanM3 ¥ pacyeT MNoNyneproaMyYeckoro npouecca, nNpoTeKawwero B
HEeyCTaHOBUBLIEMCS pexvMe, C/loXeH W TpebyeT, npexae Bcero, onpege-
IEHNsT MaccoBOro NOTOKa B3aMMOAENCTBYWWMX BEWeCTB, KakK (yHKUMM Bpe-
MeHu. [lo3ToMy A/ mMaTeMaTUYeCKOro OnucaHWsi Takoro mnpouecca LUefneco-
06pa3HO  UCMO/Ib30BaTb BEPOSTHOCTHLIE METOAbl UM MOCTPOEHHblE C KX MO-
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MOUWbD CTaTUCTUYHECKME MOAENN.

Ha ocHoBe (*)VISI/I‘-IeCHOI‘/’I mMoaenm N KMHeTU4decHoro MexXaHun3ma n3y-
yaemoro ABNeHnA, a crsiegoBaTte/ibHO, W XapaKTepa CBA3UW BEJ/IMHUH, WUC-
noJib3yemblX  ONA onncaHnA ABneHns, Oblla cocTaB/eHa 06u4a;| 3aBNCun-
MOCTb, OlfnucbiBawulas (*)VI3VIKO—XVIMVI‘-I€CKle KMHETUKY Tnpouecca.

y = yx exp(-zx) G3*0
Z2
rp'e y = -
6X exp(-x)dx
s CVa _ Tnpouecca
N c av n x
mMax cm KOHTEeHTa

B aTOM cny4yae npu [OCTUXEHUU MaKCuMasbHOM KOHUEeHTpaunn MOHOB BOAOAO-
pooa B MNOTOHE Ha BbiXOoAe W3 peaKTopa, 4YTO COOTBETCTBYET YC/10BUKO

\Y
dy 1 a
dx 7 max z* max zv
2
Ecom — 77 = O, 4TO XapakTepusyeT OKOHYaHue rpouecca WOHHOro ob6bmeHa,
axn”

TO x = 2/Z 1 Bpemsl 3aBepleHus Mpouecca WOHHOro obmeHa 6yaeT paBHO

2
HOH - 2V
3Haa KWHETUYECKYK KPpUBYI Mpouecca, OrnuchiBaemyt ypaBHEHneM

(3*0, MOXHO HaTU Nepuof BLIMBIBAHUS WOHOB BOAOPOAA U3 PeakKLUMOHHOIO
obbeMa, KakK MpofO/XeHNe BCell KPUBOW OTH/IMKA CUCTEMbI.

Mp nosiHOM nepemMewvBaHUM B pPeaHUUOHHOM obbeme nepmnon BbiMbiBa-
HMA COOTBETCTBYET YypaBHEHWUK
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wim  y(T )=yQexp(-tdy ) ras <\>=vNa n cnepoBaTesibHO y X)=yQexp (-x).
3HaueHne y onpegensdetcsa no ypasBHeHuw (3*0 npu 3HadeHun x=2/z, Ta-
Kum obpa3om, mnocne npuBefeHNs H O4HOMY W TOMy We aprymMeHTy ypaBHe-
HVe [N npouecca [MOJSIHOro BbiMbIBAHWA WMOHOB BOAOPOAa MOTOHOM U3 peak-
LMOHHOro ob6bema npuHUMaeT crnefyownin BUA:

yeo = exp(-2-]-+x) G5

NMonHoe MaTeMaTUYeCKOe OnucaHue BCENl KpUBOW (YUINKO-XMMUUECKOWN KUHE-
TUHA MOHHOTO OGMEHa W BbiMbIBAHUS B MOJIyNepUOAMUYECKOM MNpouecce B yC-—
NIOBUSIX MOSIHOFO MNepeMewnBaHvs 6GyaeT MMeTb criedylwunii Bua:

Y(X) = yXx exp(-zx) npu x<g

2
Y(x) = gX exp (-2-—kX)  Npu XE>

KoagppuuueHTsl y 1M z SABAAKTCS  3aBUCUMbIMU BEIMUYMHAMU OT FUAPOAUHAMM -
YECKUX KOHLEHTPALUMOHHbIX W FeoMeTpuyeckux ycrnosuii. MoaTomy nosny-
YeHHbIe pacUeTHbIM MNYTEM Ha 3MEKTPOHHOW LUPPOBOA BLUUC/IUTE/NBLHOW Ma-
WMHE YWUCMEHHble 3HAueHUs1 3TUX KO3PPULMEHTOB MOryT GbiTb CKOPPENNPO-
BaHbl B 3aBWCUMOCTV OT YCJ/IOBUIA 3KCNEPUMEHTOB.

Ha ocHoBe npe,u,naraeMOl‘/’l cTaTucTu4veckom MoAesiIn MOXHO paccyun-
TaTb KWHETU4YeCHune Kpusbie npouecca, KakK B OAHOM peaKTope, TakK U B
HECKOJ/IbKMX COeAunHEeHHbIX nocsiegoBaTes/ibHO annapartax.

ALEKBaATHOCTb MpeanaraemMbix MaTemMaTUdyecKux MoAeneil npoBepeHa
Ha MHOrOYUC/IEHHbLIX 3KCNepumeHTax Mo WOHHOMY o6meHy K ,bla ,Mgz+,Ca2ﬁ
Sr2+,Ba2+,Cu2+,Zn2+ ,Ni2+,Co2+,Cd2+,Fe3+ Ha KaTunoHuTe mapkm HY-2,
NPOBELEHHLIX B WWPOKOM Avana3oHe W3MEHEHWn ruapoguHaMMyecKnx, Feo-
METPUYECKNX W KOHLEHTpaLUWUOHHLIX MNapaMeTpoB.

Ha ocHoBe pa3pa60TaHHb|x MaTeMaTn4eCKunx MO,CI,eI'IeVI (*)I/I3I/IKO—XI/IMVI—
YECHOV KWHEeTUKM WOHHOIOo obmeHa  6bin npeanoxeHol mMeToabl aHa/in3a w”n
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MOZAENMPOBaHNsS MpoLecca C MOMOWM  3IEHTPOHHbIX BbIYUC/IUTE/IbHBIX  MaWWH
MU COCTaB/IeHbl a/FOPUTMbl A/19 pacyeTa Ko3ppuumeHTa yhenbHoi npovu3BO-
ANTENbHOCTU VOHOOBMEHHbIX PEeaHTOPOB U BbIXOAHbIX KMHETUUECHUX KPUBLIX -

B 3aknoueHne aBTOp BbipaxaeT 6naragapHocTb Mpojpeccopy, LOKTO-
py Hayk AHTany Jlacno, npogeccopy [OHTopy Hayk Many ConyaHu, COT-
pygoHUKaMm Kadegpbl NpoueccoB M annapaToB XMMWYECKOl TexHonorum Becn-
PEMCKOro XMMUKO-TEXHOIOFMYECKOr0 WHCTUTYTa 3a obcyxaeHne paboTbl.

OCHOBHbIE OBO3HAYEHNA

NAOTHOCTb XWAKOW (ha3bl
BSI3KOCTb XWAKOW hasbl

rmgpocrarnyeckoe pgaBsJ/ieHne

¥ T K T

AMHaMuyeckas eMKOCTb WOHOOOMEHHOW CMOSbl

c TeHylwasd KOHUeHTpauus KOMNOHEeHTa B XUAKOW (a3e

cq Havya/bHas KOHUEHTpauusi KOMMNOHeHTa B XWAKol (ase
KOHUEHTpauns KOMMOHeHTa B MOFPaHUYHOM Crioe XWAKOW (asbl,
OKpyxaiwleli 3epHO MOHOOOMEHHOIM CMOJbI

c KOHUEHTpauns KOMMOHeHTa B WMOHOOGMEHHOW cwmorne

D” koappuuneHT anddy3uMm KOMNOHEHTa B XMAKOW (ase

Dg 3hheKTUBHLIN KO3QIMUMEHT AMNPPY3UM KOMMNOHEHTA B XMAKOWK (a3e

D’ oOKpyxawuweidi 3epHO WMOHOOOMEHHOW CMObI

Da KoahpuuMeHT anpdy3uM KOMMNOHEHTa B MOHOOOMEHHOWN cmone

r AvameTp annapaTta

K paguyc 3epHa WMOHOOOGMEHHOW CMOJSbl

Kc koapduumeHT pasgeneHus

K KOHCTaHTa paBHOBeCUA
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kc HoHcTaHTa pacnpegeneHus

K HOHCTaHTa CKOpPOCTU XMMUYECKOW peakuun

6 TONWMHA XUAKOW MN/IEHKN, OKpyXawlWel 3epHO WOHOOOBMEHHOW CMOSb

N MO/MIbHas A0NA KOMMOHEeHTa B 3€pHe MOHOOOGMEHHOW CMOJbl

Ng KOIM4ecTBO TBepaon dasbl

n MOMIbHas [0N18 KOMMNOHEeHTa B XMAKOW (ase

ne MoflbHaA [0NA KOMMOHEHTa B XWAKOW [M/IeHKe, OKpyxXawwehn 3epHo
WOHOOBGMEHHOW CMOJIbl

V& obbem annapata

\ o6bem XuaKoi hasbl

\" 06bEM MOHOOOMEHHOM CMOJ1bl

F BHEWHAS MOBEPXHOCTb 3epHa WMOHOOOGMEHHOW CMOfbI

T Bpems

W  JIMHEHasA CKOPOCTb [ABWXEHUS XWAKOW (ha3bl
06beMHass CKOPOCTb nojayn XWAKoW (asbl

m KONNYEeCTBO KOMMOHEHTa, MOr/IOWEeHHOro 3epHOM WMOHOO6MEHHOM’
CMOJbI

M  oblwee KOMMYECTBO KOMMOHEHTa, MOr/oOWeHHOr0 WMOHOO6MEHHOMN
CMoJIoi

Re uucno PeiHonbaca

b,a,a,B,y,z KO3((PUUNEHTI
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SUMMARY

The processes based on i1on play more and more important role
in up to date technologies. The mathematical modelling of such
operational units, the solution of the models and the conclusion
(optimalization) being important for the praxis is a significant
task of an engineer. - The author summarizes and methodizes the
known types of the models. The models taken into account are rela-
ted to the following ion exchangers :

Continuously operated, packed column ion exchanger; contin-
uous ion exchange in a mixed tank reactor filled with resin slurry;
semi-continuous ion exchange in a mixed tank reactor filled with
resin slurry.



Hungarian Journal
of Industrial Chemistry
Veszprém
Vol. 3. pp. 21-35 (1975)

NCCNEOOBAHNE TMPOLIEECCOB MACCOOBMEHA MEXAY XWAHOCTbLIO WU
HACALHO/ B TPEX®A3HOM HEMOABWXHOM CAOE

Hupunnos B.A., KacamaHaH M.A.

WHcTuTtyT HaTtanuasa CO AH CCCP

Moctynuna B pepakuuio 23. ¢eBp. 1974.

MpoBefeHO uccrefoBaHMe ruapoAMHamMmMyeckoii o6cTaHoB-

KN B TpeX(*)aSHOM HenogBmxHoM Csioe C NnomMouwbH 3/1€HTPOHOH-
TaHTHOM METOANHN .

NMokaszaHo, 4YTO XMAKYKW (a3y MOXHO paccMaTpuBaTb B
BUAE HEMNpepbiBHOW  MyNbCUPYWWA  MJIEHKM HA  MOBEPXHOCTU
TBEPAbIX uyacTul. TMonyvyeHo nNpubNXEHHOE  pelleHue Afs pac-
yeTa KO3PPULMEHTOB MACCOOGMEHA MexAy KUAKOCTbK U Ha-
cagHoii. TpoBefeHO 3KCMepuMeHTaslbHOe WCCefoBaHME .

PeakTopa C Tpex(hasHbiM HEemnoABWXHbLIM C/0eM KaTaim3aTtopa, pa6oTa-
WMe MpuM NPSIMOTOYHOM  BOCXOZSIWEM ABVMXEHUU rasa U XUAKOCTU 3aHuMawT
BaXHOE MEeCTO B XUMWYECKOW MpOMbILIEHHOCTU. [py UX MPOEKTUPOBaHUU
HeoGX0oAMMO  3HaHWe MpOoLLEeCCOB MacCOMNepBHOCA Mexay TBepAbM KaTanusa-
TOPOM U ra30XMAHOCTHOI CMecbl,Haxoasueics B CBOGOAHOM OGbeMe CJlosi.
[lo HacTosllero BpeMeHM 3TWMM BOMpPOCaM YAENS/IOCb KpaliHe Maslo BHUMAaHUS

W B HacToslueit paboTe OyAeT NpeanprHATa MOMbITKA B KaKOW-TO CTeneHu
3anofiHUTL 3TOT npobern.

1, MmapoanHammyeckasi o6CcTaHOBKa B CBO60OAHOM OGbLEME Criosi.

Mpu 3KCnepuMeHTaIbHOM  WUCCef0BaHUM TUAPOAMHAMUYECKON OBGCTAaHOBKU B
cBo6oaHOM o6bemMe cfost 6bi1a UCMONb30BaHa 3NEKTPOKOHTAKTHas  MeToau-
Ha, OCHOBaHHasi Ha W3MEPEHWUU W3MEHEHWSI 3NIEeKTPUYECKOro COMNpoOTUB/EHUS
MeXAy I3MeHTpoAamMu MNpU MPOXOXAEHWM Tras30BbX My3bipeli. JKcnepuMeHTasb-
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Has ycTaHoBKa npejcTaBnsna coboil KonoHHy [ = 100 mm, B KOTOpPYyK Ha-
CbiNa/INCb CTeHNsHHble wapbl  anameTpom d = 18 mvM. HenocpefiCTBEHHO B
C/ioe ycTaHaB/AMBa/ICA Clepudeckuii gaTumk, nNpeacTaBnsAnwWuin coboi nosbii
wap (d = 18 wMm) K3 TOHOHEeNpPoBOAAWEro MaTtepuvasia. B nNATWM TOHHaxX ero
NOBEPXHOCTN OblM  YCTAHOB/IEHb HUKENMPOBAaHHbIE  LUWAMHAPbL 3anoanuuo H
nocnefHen. BHYTpM UWMAWMHAPOB  W30/AMPOBAHO BKNAAbIBIMCL WIbl. LUnnvH-
Opbl CNYXWIN OOHUM 3MIEKTPOAOM, a Urnel - BTOpbM. K AaTyvMky nogsoausn-
CA MNEepeMeHHbI TOH BbLICOHOW 4YacTOThl, a BbiBOAbl OT HEro noACOeANHSANNCH
nocnefoBaTeNlbHO K 3MEKTPOHHO-BbUMCAMTENbHOW MawvHe IKA-5. B npo-
Lecce wuccrefoBaHUs BapbupOBa/INCb CKOPOCTM rasa W XMOKOCTU B npefe-
nax Ui = 3-205 cwm/cek, 02 = 0,26-2,5 cm/ceK COOTBETCTBEHHO.

MpagynpoBka gatumMka n 3BM nposBogunacb B CTaTUYECKUX YCOBUAX,
npy STOM Haxoawlacb 3aBUCUMOCTb Mexay TOWWMHOM MNNEHKU XUOAKOCTU Ha
NOBEPXHOCTUN chepbl M nokasaHusmu 3BM B umppoBom Koge. [lo MmeToavke,
npuBegeHHon B [1] onpegensnucbL BpeMeHa onpoca AaTuyMKOB W war Auc-
KpeTu3laumm .

O6paboTka pe3ynbTaToOB MPOBOAUMACH HA OCHOBaHWM METOAOB Teopuu
BEpPOSATHOCTM. [pM 3TOM HaxoAUIMCb MaTeMaTUYEeCKOe OxujaHve, aucnep -
cusi, cpegHeKBajpaTuyHasi 4acToTa NpoxoxaeHus ny3sipeir [1]-

BbUlo nonyyeHo, 4UTO NPV WWPOKOM BapbUPOBaHMM CKOPOCTel rasa u
XMAKOCTM HA oOfHA M3 OpAMHAT Cc/lyyaiiHOro npouecca He o6pawanicb B
HyNb. 3TO O03Hayaso, 4YTOo rasoBas (as3a He uvmena HenocpeaCcTBEHHOIO
KOHTaKTa C TBepabiM Tenom. CKOpPOCTb XMAKOCTU Ccfabo BuSieT Ha cpej-
Hee paccTosiHMe MPOXOXAEHUS My3bipeli OT MOBEpPXHOCTU 3epHa. Xuakas
(asa npeacTaBnseT cob60l Ny/bCUPYWLYI C YACTOTOW NPOXOXAEHUS My3bi-
peili MneHKy, CpefHss TOJ/lUMHA KOTOPOW MOXeT 6biTb paccuMTaHa no Hali-
[EHHOW 3MNUPUYEcKoit 3aBUCMMOCTU:

1 = 0.15 @

Takum o6pasom, A/ aHa/IM3a MpPOLEeCcCOB MaccornepeHoca Mexay Xuf-
KOCTbH n TBEpAObIM TEes/ oM MOXHO MNPUHATb XUAKYH (pasy B BuUAe TIJ1IeHKN
NOCTOSAHHOW TOUWWMHbLI, HO C I'IepeMeHHOI7I CKOpPOCTbl0 TeueHud, 3a3mc;m4eﬁ oT
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COOTHOWEHUA 06bEMHbIX pacxoaoB ” 4aCTOT MNpPOXoXAeHundA ny3b|pe|7|.

2, AHanM3 npoueccoB MaccorepeHoca

AHa/IM3 MpOLLECCOB MacCOoMepeHoca Mexay XUAKOCTb U TBeEpAbM Te-
JIOM M0 CyTU fefna CBOAUTCS K aHa/n3y pelieHns YpaBHEHW KOHBEKTUBHON
Anddy3un 1M HeyCcTaHOBUBLErocs MOrpaHW4YHOro crosi. PaccmoTpum npegBa-
pYTENbHO MPOLLECCH MaccoobMeHa [1si CTauMOHApHOro pacnpefeneHnss KOoH-
ueHTpaunii B AM(QDY3MOHHOM MOFrPaHUYHOM croe. MaTemaTuveckoe onucaHue
B 3TOM C/lydyae WMEeT BuA:

x*th=o @
M M, M 1 %P~ 321 3
3t + ndx  V3y P 3 V.2 ®
Jy

1 03P aM x’r) U X5
p X 3t e 3 C)}
+ vjp. = O]

.oy Jy2

Onsa peweHns  anddepeHuManbHbX  YpaBHEHUA Heob6Xxogumel criegywumne
rpaHyuyHbLIe yC/oBusi

*

Y=0; u=0; v=0; c=c ®)
y=T; u=ug(Xx,t); c=0; )
x=0; c=0; t=0; u=u2 ®)

mne - CKOpOCTb Ha BHELHe rpaHyue norpaHMyHoOro cjiosd, TEe. MOXHO

NPUHATbL, 4YTO
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U +U U -u
me = C--——- + — 2= -cosmtDsin - )

MocHoNbHY MpoLecch NepeHoca BelWwecTBa He OKa3biBawT BAUAHME HA
nosie CKOpoOCTeli BOKpPYr 4acTuupl, TO cuctemy (2-8) MOXHO pas3buTb Ha
ABe yacTu, M3 KOTOpbiXx nepBas (2-4) onucbiBaeT Mo/se CKopocTen, a
BTopad (6) - Anddy3uw BewecTBa B XUAKOW MNEHKE.

WHTerpupoBaHne (2-4) BbINOMHAETCHA, Kak MpaBwio, MeToAOoM noc/ie-
JoBaTesibHbIX NPUBINXEHUIA, OCHOBaHHOM cornacHo [2] Ha cnepywouweMm pac-
CYXAeHUM. B Haya/ibHbli MOMEHT BpEMEHU MNpU ABUXEHUW U3 COCTOSIHWS MO-

KO I'IOFpaHI/I‘-IHbII7I cnoi O4eHb TOHOK, HO BaxeH BKJ/lajg BA3KOro usjeHa
2

|
V=—= 10 CpaBHEHVWI C KOHBEKTUBHbLIMU Y/ileHaMN, COXPaHSAWUMA OBblUHbIE

3y au
3HayveHusa. Ba3kue Cunel  ypaBHOBEWMBAKNTCA YCKOpeHunem -+ «" BE/IMYMHOMN

an
AaB/ieHNA , B KOTOpOU An1A Hada/lbHbIX MOMEHTOB BpEMeHU npeo6na,u,aeT Ob -

Mocko/ibKy paccMaTpuBaeTCsl NepuoguMuyeckoe [ABUKEHME,TO YKa3aHHble
npeanonoxeHns 6yayT, OYEBUAHO, BbLIMOMHATHCSA [/ BCEX MOMEHTOB Bpe-
MeHVM. C y4yeTOM YyKa3aHHbIX [AOMyuWeHuin u3 cuctemsl (2-4) MOXHO MOSyUYUTb

M 2u M
3t aT @o)
3y2

3To ypaBHeHMe C YyuyeTom (6-7) COOTBETCTBYET YypaBHEHW Tuna Tenao-
NPOBOAHOCTVM C BHYTPEHHUMW MNEPUOAMYECKN AENCTBYWWMMM WUCTOUHMKAMU
Tenna :

Z:' V§—”— = -RiDsmut di)
3y
roe R 2 nl sin E—

NpuébnuxeHHoe peweHne (11) MOXHO MOSYYUTb HA OCHOBaHWM pa3pa-
6oTaHHoro M. Uoem cnocob6a, 3ak/iyawwerocs B COBMECTHOM MWCMO/b30Ba-
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HAM UWHTerpajbHOro npeo6bpa3oBaHus Jflanjaca W BapuvauMOHHOIO MeToga
Putua [3]. OnycTMB M3-3a FpoOMO3AKOCTW BCE MNPOMEXYTOYHble npeobpas3o-
BaHVSl, MPUBEAEM OKOHYATE/IbHOE BbipaXeHUe :

U(x,y,t) = i [A+Bcosiut] + TSin'Au'_r B,

(Asinut az

roe A nWhlasin 5
m w

O6paTHas BenuMuMHa A MMeeT CMbiCN  dopMnapameTpa Ans HecTaumo-

HapHOro NOrpaHUYHOrO C/os W XapakTepuayeT Mpoduib CHOPOCTM B HEM B

T2
3aBUCUMOCTU oT HaCTOThbl BHEWHUX BO3MyUWEHNN. MrMA:“' ABNAeTcAa Mac-

WTaboM BPEMEHU YCTAHOBMEHWUS TUAPOAMHAMUYECKOTO MOFPaHUUYHOro C/fosi U
XapaKTepusyeT ero WHEepUMOHHbe CBOCTBA-

N3 Teopunm nOrpaHuMUYHOro cfosi uM3BecTHo [4], 4TO npu o06TeKaHwun
OCECUMMETPUYHLIX Tesl BO3MOXEH OTPbLIB MOTOKAa OT 6GOHOBOW MOBEPXHOCTU
3epHa. YC/oBMEM OTpbBA SIBASETCA PaBEHCTBO

|
ayly=0 © (@)
wun
Hpome TOro OTpbLB BO3MOXEH TOMbHO Tam,rge — -<0. Haubonee BepoAT-
ane

HO TOYKOI OTpbiBa SABNSETCA Ta, B KOTOpPO/A abcosTHasd BennuuHa -

nveeTt MaKCuMMasibHOE 3HayeHune, T.e.

du
(Ke é T cosuit aa*)

MpaBas uvacTb B (14) MOXeT 6biTb BEMVMUMHOWN MOMOKUTENBHON WK
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oTpvLaTeNlbHON B 3aBUCUMOCTM OT 3HaHa cosut. 3To O3HayaeT, uTo npu
06TeKkaHMM YacTuupl ToOuHa OTpbiBa 6yAeT nepemewaTbcsi No 60HOBOW Mo-
BEPXHOCTU 3epHa, Mpu 3TOM B OKPECTHbIX C/I0SIX XUAHOCTU 6GyaeT co3pa-
BaTbCs Xopolee nepemewnBaHue. OTcloga cregyeT, UTO BevuvHa Ko3ahhu-
UMEeHTOB MaccoobmeHa B Tpex(ha3HOM HemnoABWXHOM Cfoe Bcerpga Gosnblue,
yemM Mpu OGTEKAHMU YaCTUL, TOMbKO OAHOWN XWAHOCTbIO-

Ona pacuyeTa nons KoOHUeHTpauuii B MJIeHKe XuaHocTu  peweHue (12)
W ypaBHEHME KOHBEKTUBHOW audphy3um (5) MOXHO YNpoCTUTb, paccMmaTpu-
Bad YyCTaHoBlLeecs [ABWKEHMe ny3bipeil, Mpouecch MnepeHoca Ha Manbix
paccToAHUAX OT MOBEPXHOCTU 3epHa, T.e. npun ~ «1 n npegnonaras ma-
NIOA KPUBWM3HY MNOrpaHnyHoOro cnos. B aTom cnyvae (12) 3anuweTcs Kak

W% 2b -
U(x,y,t) = % A+B t o+ o2 (X t - t
(x,y,t) . cosu 3 2( sini cosut) (a5)

YpaBHeHne (5) ynpocTuTtCca [0 Buaa

sin % Aiyba RC (16)
Ipui+Ur i _
Al- m . 2U% I2II7 L cosut + (Asinut-cosut)]
npu y=0 c=c*
y=00 c=0
x=0 c=0 an

MocnegHve rpaHWyHoe ycnoBue corsacHo [5] o3HauaeT, 4TO B /1060BOl

TOUKe KOHLUEHTpauuss pacTBOPEHHOro BellecTBa 6/M3ka B 06bLEMHOI Ha
yAasleHun OT MOBEPXHOCTU .

YpaBHeHne (16) nopCcTaHOBKOMN

z R In tg 2?{ (¢1))
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cBOAUTCA H Bugy

- 3c 2
RiylUa =D gyf (€))
BBEEHNEM HOBOW MNEepeMeHHol, npeanoxeHHon B [5]

n /Ao~y @0)
| fs

YpaBHeHne (19) npeobpa3yeTca [0:

0 1)

npu n=0 c=c*
="  c=0 22)

PeweHve (19) c yudetom (22) BLINAOUT CrieyouuMm o6pasom:

C = Ku/ exp(- g H3)dH + Ka 3
Ki ,K,Cl, KOHCTaHTbl, onpegendaemble U3 rpaHUYHLIX yCﬂOBMl\/’l. OKoHYaTesIbHO
nveeT

n 2
I exp(- I H )dH
C = C*[1 - 2=——mmm———mmm 1 @1

© 3

Ona nepexoga oT (2I) K ucxogHbM  nepemeHHsM (X,Yy,t) npogenaem
C MONYYEHHbIM pelWeHneM cnegywume npeobpasoBaHus. [MOCKONbKY ypaBHe-
Hre (19) wHBapMaHTHO OTHOCUTE/IbHO 3ameHbl z Ha z+z0, rge zo - KOHC-
TaHTa, TO BepxHWin wHTerpan B (2I*) npeobpal3yeTcs cregyklwim obpas3om:
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(z+Zo0)
6 exp (- §/ H3 )dH ! exp (- I H3)dH (25)
Boibupan z0= R Intg , Tle xo - pgavHa ayru no6oBoii 4acTu  3epHa,

BOKPYIr KOTOPOI/i  KOHLEHTpauus pacTBOPEHHOr0 BelecTBa paBHa Hy/io
KOHYaTeNIbHOE pelleHe WMEeT BuWA:

0 npu X<Xo 6)
(AJAJi0);
s [R In(tg tg bg-315
CX.y.t) Iexp (- § H3) dH npu X>Xo @7)
c*(l- S
I) exp (- §H3) dH

Ha ocHoBaHun (27) MOXHO paccunTaTb TOMWWHY ANDPY3NOHHOrOo MorpaHny-
Horo cnosa (6), a Mo Hel onpefenuTb KO3PPUUMEHT MaccoobmeHa .

y=0 28)

3HameHaTenb 3TOro BblipaxeHuUs B cooTBeTCTBUM C [5] BbipaxaeTcs
yepes uHTerpasn Jdiinepa BTOporo poga u paBeH 0,67.

. X
1 /. D Tarr, - 8 2R -+
6 - Or5T (A7U1) [R In 29
g 2R
1 tg ig i
sh = f = 0,67 R2)3[In ————7(0] (30)
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1 1

nn scofsz « 8587 (n *9 2R )3Rea3. .33
tAa 5&

L 1 cosiut + — UZX--- (JIsinolt-cosut )]3
202 Ua(i+X2)

@D

BoipaxeHne (31) onpegenseT pacnpejesieHve KoapOUUMEHTOB Macco-
obmMeHa no OOKOBOI MOBEPXHOCTW 3epHa B 3aBWCUMOCTW OT CKOpPOCTEel ra-
3a N XMOHOCTW, a Takke 4acToT MPOXOXAEHUA My3blpeil A8 CTauuoHapHbIX
YC/I0BWIA .

Ona pacyeTa XMMUYECKUX  pPeaKTopOoB O06bIMHO TpebywTca Koappuum-
€HTbl MaccoobmeHa ycrnegHeHHbie Mo OOHOBOI MOBEPXHOCTWM 3epHa M 3a ne-
puon nynbcaumii. TaHoe BbipaxeHue MOXHO nonyunTb M3 (31) npoBeas WH-
TerpuypoBaHve no x un t.

B aTtom cnyuae

TR o
sc = 0.67 Reab(J-)5 'té I (In T9-2M'3 ax

5 %

i+ Ui 42-Vi i
2ua " 2Ua cosy + ua(i¥Y2)(XSIny cosy)]3dy

G2

AHanu3 32 6bi1 NpoBefeH  4UCreHHO. [lonydeHHble pel3ynbTaThl And pas-
HbIX 3Ha4deHulii X npuBefeHsl Ha puc.l. HaH cnegyeT u©3 3TOr0 puCyHKa,
BeNMuUMHa X npu m3aMeHeHun ee B npegenax 0,001-5 (uTo cooTBeTCTBYEeT
npakTuyeckoli 0651acTu WM3MeHeHWs) OKa3biBaeT [0BOJIbHO cnaboe BvsHWE
Ha 3HayeHWs, OTJ/IOKEHHbe MO OCU opauHaT. 3TO OOCTOATENLCTBO JdaeT
BO3MOXHOCTb He yuuThiBaTb 3aBucumocTb X oT Ui u Ua, annpokcuMmmpo-
BaTb npeacTaBfnieHHble Mo (32) pacyeTs ChefywumMm BblpaXeHUeMm:
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0,1 1,0 10,0 100.0

Pnc.1. BnuaHve napameTpa Ha ycC-
nosmss obmeHa Mexay KMOKOCTbH W
TBepasim Tenom B THC. 1-1=0,001;
2-1=1,0 ; 3-1=5,0 ;

Sh

scor33z  3,7840,7+0,12 [l IBe2,33(D

n290
33)
Ona pacyeTa MaccoobmeHa B HecTauuvoHapHbLIX YC/I0BUAX,T.e. Korga
He ycneBaeT cpopmMupoBaTbCA ANDPYIMOHHLIA  MOrPaHUYHbLIA  C/IO MOXHO
BOCMO/Ib30BaTbCA pe3y/bTaTamu cleaywouwero npubinmkeHHoro aHaamMsa: Ma-
TemMaTM4YeCcKoe OnucaHue MnepeHoca BelecTBa Yepe3d XUAKYKW M/IEHKY B He-
CTalMOHapHbIX YCNOBUSX UMEET BUA

_ 3¢
°y2 at GY)
y=0 c=co
y:G c=cl (35)

t=0 c=Co
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MpubnnxeHHoe peweHne @) c ydetom (35) 6bLIO MOMYYEHO C UC-
nosib30BaHVEM Yyxe yrnomuHasleinca meToankn [3] B Buge:

c(y,t) = c0 + |-(ci-Co) + 2(cl-cO)sin” exp L- tl (36)

OTKyga
J = -D (c,-cOfjs + U exp [-2i5 tI} (€D

Ecnu amdgy3uoHHbIA  NOrpaHuYHbLIA  CMoi ycTaHaBiMBaeTCsA 3a Bpems
paBHOE T, TO

T
J =~ /3dT = -D(ci-co){j + -(l-exp[- tD} (38)

MNepexogs H KoagphuumeHTam ob6MeHa nosyyum

Sh (1) . . 62 ,n r P2
Sh 1 + 7p7(1-expC-“n ™D (9

Sh(x) - kputepwuii llepByga, onpegeneHHbin ANA HeyCcTaHOBUBLErocs Mpo-
uecca MaccoobmeHa. BenuuuHa = XapakTepnsyeT UWHepLUUOoHHbIe
cBoiicTBa ANPHY3NMOHHOINO MNOrpPaHWYHOro C/oA W ABMseTcA Mmacwtabam Bpe-
MEHN NEepexofHbiX pPexvmoB B HeMm. [lOCKONbKy 64a60Sc~°"33, rge 6o TOJ-
WMHa ruapoanHaMM4ecKoro norpaHnyHoro cros, TO

M
M'”-"'dp Sc° "33 Uo)
rug

Ona xmgkocTelr Sc=500-2000, cnegoBaTeNbHO, 60/5ee WHEPLMOHHLIMA
SIBNSIKTCS MPOLECCH MacconepeHoca, Yem UMNy/bca.
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3. 3KcnepumeHTaslbHOE uWccnegoBaHve mMaccoobmeHa Mexay XunaAKOCTbH

n TBEepasM TesioM

JKCNepuMeHTaNlbHOE  WCCMefoBaHNE Maccoo6MeHa Mexay XUAKOCTbi U
TBEpPAbM TENoM MPOBOAWUIOCH C MOMOWbLK WM3BECTHO CTauMoHapHO meToau-
KW, OCHOBaHHOW Ha M3MepeHWn y6bIM  Beca KOHTPOJIbHbIX PaCTBOPMMbIX
TeN, TMOMEeWEHHbIX B C/o MMM MOAO0GHBIX YacTul .-

JKCrnepuMeHTaNlbHasi yCTaHOBKa NpeAcTasBnssia coboil KOMOHHY KBaj-—
paTtHoro ceuveHms 100*100 mm n BbicoTOM - 500 mMv. a3 ”M XMOKOCTb OBU-
ra/imCb BOCXOAAWMM TMPAMOTOKOM. /X CKOpPOCTb BapbupoBanacb B rpegenax
Ui=0-50cm/cek, Ua=0,01-2cm/cek, Tewmnepatypa 5-40 °C. Wccneposa-
HMA npoBoawMcb Ha wapukax 30 v 8 MM, Honbuax Pawvra 12.12.2. [nda
nocrnegHnx B KayecTBe Onpejenswwuero pasmepa Bblbupasiacb BenuuuHa
Rakb=T " KOHTpPO/bHbLIE 3/IEMEHTH WU3TrOTOBASA/MCL OT/IMBHOW B rpapuTo -
BbiIB MaTpULpI -

KoahhuumeHTsl  MONEKYSIPHOM Anpdy3nMn  yKa3aHHbIX BeEWEeCTB B BoAe
Bolbupannce no [6], a paBHOBECHble KOHUEHTpauuu onpeaensiucb 3Kcne-
PUMEHTA/IBHO M CpaBHMBANUCb C JaHHbIMM, nNpuBeAeHHbiMM B L7] .

Hak n cnepoBano 13 TeopeTUHECKOro aHanmsa, KOo3(phUUMEeHTb mac-
cooOMeHa faxe npu HebonblUX rasacofepXaHnsax 3HaunTeslbHO OTn4yawTcs
OT CUCTEMbl XUAKOCTb - TBepgoe /puc.2./. XapakTep 3aBUCUMOCTU Sh

or Ui n U2 cunbHO 3aBucuUT
OT WX abCOMKTHLIX BEANYMH U
COOTHOWEHNA 06beMHbIX pac-
X0[0B .

O nsa nonyvyeHus egunHoM
3aBNCUMOCTM Oblla UCNOMb30-
BaHa ¢opmyna (33), Pe3ynb-
TaTel 06paboTKu npuBeLeHsl
Ha puc. 3. T[lo ocu opavHart

KOCTU Ha KO3(houumeHTb obmeHa. lWapuku OT/IOKEHO OTHOWeHue ShSK/Sh

d=8 mm,6eHs0lHaa _Hucnota.l-01¥6,2cm/C
2-Ui =0.25cm/c, 3-0i=0, 125¢cm/c, 4-n1=0. Okasanocb, u4t0 (33)  AaeT
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Puc.3. CpaBHeHMe pacyeTHbIX W 3Kcnepu-
MEHTa/IbHbIX 3HayeHun Sh. l-wapuku <1=8wm
6eH3o0iliHass kucnoTa, 2-wapuku d=30 mw,
FTMAPOHUHOH, 3-Konbua Pauwnra 12.12.2,
6eH30liHas KucnoTa.

Haunydllee corjlacoBaHne C 3KCMNEepuMeEHTOM, €eCnn BMECTO KoadhuumeHTa
3,78 nonoxutb BeMuuMHy B 1,25 pa3a MeHbWwylw. TaHuM o6pa3om, Ans
pacueTa KO3(ppVUMEHTOB MacCOObMeHa Mexay XWAKOCTbK U Hacogkoli B THC
MOXHO PEeKOMeHAOoBaTb 3aBUCUMOCTb:

(10 0/62 T
SC§Z}3 = 3,02 {0,7+0,12 oad 1 1XG) Res @2)

YC/NIOBHbIE OBO3HAYEHUA

Ui ,U2 cKopoCcTb rasa MW XWAHOCTW, OTHECEHHble H CBOGOAHOMY ceuve-
HWIO CMosi, COOTBETCTBEHHO
TOMWMHA NMIEHKU XMAKOCTU Ha MOBEPXHOCTU 3epHa

d pasMep 4acTuy, crosi

X,Y KOOpAMHAaTE B HanpaB/ieHWM TeUYeHUss U MNepneHavKysipHOM K
HeMy , COOTBETCTBEHHO
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u,v CHOpPOCTM MO HoopguHaTam X U Yy , COOTBETCTBEHHO
p MIOTHOCTb XWAKOCTU
P hasreHune
V KnHemaTunyeckasd BA3KOCTb
t Bpewms
c KOHLEeHTpauusa
D KO3(QOULUMEHT MOEKYNIAPHON Andhhy3uun
ui,u2 WCTUHHbIE CKOPOCTM rasa WXUAKOCTM, COOTBETCTBEHHO
w yacTtoTa nynbcauuini NNeHKu
R pagnyc 3epHa
o [onsi rasoBoii (a3bl B CBOGOAHOM 06beMe Cnosi rasocofepxaHue

onpegensemas no [8]

qv,JI% S = > Re2 VE#‘?IE(*)) ~ Fryg gd »

Sh
3 r 0o 33 p R tg2R
Pe 0>67 (“) * 9~ / [In —— ] 3dx
Xo
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SUMMARY

Using the electrocontact methodics the hydrodynamic charac-
teristics of a three phase static bed reactor was investigated.

It was shown that the liquid phase can be regarded as a
continuous, pulsating layer covering the surface of the solid
particles. An approximate formula was derived for the description
of the coefficient of mass transfer taking place between the
packing and the liquid.
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MACCOMEPEHOC C XUMWYECHOW PE®HLMEA B TPEX®A3HOW CUCTEME
FA3-XMAHOCTb-TBEP/bIA HATA/1U3ATOP

MapuvadH A_H., EpmaHoBa A., baxsasoBa B.[l., PaccagHukoBa H.W.

WHcTuTyT HaTtauimza CO AH CCCP

MocTtynuna B pepakuuio 23. ¢deBp. 1974.

N3yueH mMacconepeHoc B TpexpasHoii cucTeme ras-
XUAKOCTb-TBEPApi KaTann3aTop MeTOAOM MOAe/lbHOW peaHuun
rvgpupoBaHust H-renTeHa-1. OnbiTbl  NPOBOAWIUCH B Henoa-
BXHOM U TCEBAOOXMKEHHOM C/loe HaTa/mM3aTopa, B pexume
HEeOAHOPOAHOIr0 U OAHOPOAHOIO MCEBAOOXWKEHUS

MoHazaHo, u4TO JUMUTUpYWLWeEl/ cTaaueli macconepeHoca
B HEMNOABWXHOM CJ/I0E HaTanM3aTopa SBMASETCSH MNepeHoc pea-
reHTOB K BHeWHeli MOBEpXHOCTU HaTam3atopa, a B NCeBAO-
OXUXEHHOM C/l0Oe - MAacCOMepeHoC Ha rpaHule pasgena (a3
ra3-xuaHocTb. B pexuve OAHOPOAHOrO MCEBAOOXUXEHUS Hab-
nojaeTcs  pesKuii  pocT  KoagguuMeHTa MacconepeHoca Mo
CPaBHEHUI C PEXMMOM HEOAHOPOAHOIrO MCEBAOOXMKEHUsI. He-
[OCTaTKOM pexvMa OAHOPOAHOro MNCEeBAOOXWKEHUS SIBASETCS
CUILHOE paclupeHue Ccrosi.

B pa6otax W], [2] nokasaHo, 4TO B c/y4yae nNpocToi peaHunu
abcopbuus peakuus

———————— » A ——————B", CKOpOCTb KOTOpPOW oOnuchiBaeTcs ypaB -

HEHVeM MepBOro nopsgHa, HabnwogaemMas KOHCTaHTa CKOPOCTW CBA3aHa C

KO3((pUUMeHTaMm MacconepeHoca YpaBHEHUEM:

+ U )
WeCrar 9 _x ex-T KaTt
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rAe Bg ¢ ™ H2- X *32-x 22
Byt — Hu- 7% @b

%-1 % Ckar €O

Coar ~ 1-e @d)

H 2ara @e)

@f)

UneHsl cymmbl (1) npeacTaBnsiwT coboli COMpOTUBEHWE MEPEHOCY peareHTa
A COOTBETCTBEHHA Ha rpaHuue pasgena (a3 ras-XuaHocTb, XUAKOCTb-
TBepAbli KaTa/mM3aTop M BHYTpU Mop KaTanm3aTtopa. X cooTHoweHve on-
pefensieT o6nacTb NPOTEKAHWS XUMUYECKON peakuuu. Habnogaemasi KOHC-
TaHTa CHOpOCTM B O0OOWEeM c/lydae HaxoAuUTCs B CJ/IOKHOM 3aBUCUMOCTW OT
WUCTUHHOI KOHCTaHThl cHopocTu (H), [AvameTpa uacTuy KaTaiumsaTopa u
rMapoaHAMMUYECKNX  YC/IOBUIA, OMNpefensioumMx XapaHTep NpoTeKaHus Mpo-
LLeCCOB BHEWHEro MacconepeHoca- [pM [0CTAaTOUYHO GLICTPOM MNPOTEKaHUU
nocnegHNX MakKcumasibHoe 3HauveHve HH 6yaeT paBHbiM K*. B 3ToM criydae
CKOpPOCTb MpoLuecca onpeaensieTcsi CKOpPOCTbl AWPPY3uUM peareHToB BHYTpPU
3epHa KaTanuM3aTopa W He 3aBUCUT OT IUAPOAUHAMUYECKMUX YC/IOBWA. Yem
MEHblle AuamMeTp 3epHa, TeMm 6onblle H* . CnepgoBaTenbHo, Mpu nepexofe
OT HEMNoABWXHOIrO CJ/iI0si KaTa/im3aTopa K MCEBAOOXWKEHHOMY, B pe3y/bTaTte
Apo6neHnss 3epHa Mbl  MOBbILAEM TOT Mpefes, K KOTOPOMY MOXeM CTpe-
MUTbCS , T-e. pacuupsiem 0651acTb MHTEHCUPMKALMN BHEWHMX MPOLECCOB
MaccornepeHoca -

B nuTtepaTtype ony6nukoBaH psg paboT [3-9], NOCBAWEHHLIX K3y4ye-
HAID ra30-XMAKOCTHbIX KaTaMTUYEeCKMX peakuuii B HEeMNoABMXHOM M MNceBo-
OXWKEHHOM cfioe HaTanusaTtopa. [puBedeHHble BblueyKa3aHHbIMU aBTopamu
npegnosioxeHns O npupoge NMMUTUPYLLWer cTagum npouecca HOCAT B OC-—
HOBHOM KayeCTBEHHbIi xapaHTep. B To xe Bpemsa, pgnsa ynpaBneHUs XuMmu-
YEeCKMM MNpoLeccoM C LUefblo MOBbIWEeHNA ero 3pheKTUBHOCTM Heobxoauma
3Harcb nNpupoay NUMUTUpPYLWeR cTagunm U1 BO3MOXHble npegesnbl MHTEeHCUpU-
Kaumn .
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B HacTosweli paboTe nocTaBfeHa 3ajaya npoaHann3vpoBaTb HAHOrO
B/IMSIHME HAWAOrO W3 Y/IEHOB CYMMbl NpeAcTaB/ieHHOW ypaBHeHuem (1), Ha
HabnoaaeMylw KOHCTaHTY CKOPOCTM, Mpu MNPOBEAEHUU ra30-XUAKOCTHOW pe-
aKuuM B HEMNOABWXHOM U MCEBLOOXWXEHHOM C/l0oe KaTanusaTtopa,

B pa6ote (10) 6b10 MoOHO3aHO cyuwecTBoBaHWe B TMNC ABYX pexuMoB
NCeBOOOKMKEHNSA: HEOAHOPOAHOro W ogHOpoAHOro. TflocnegHuin  Xxapaktepu-
3yeTCsA BbICOKOW BHEWHeWl ,,0praHn30BaHHOCTbLK™ X paBHOMEpPHLIM pacnpege-
NeHveM TBepapiX 4YacTuy, U  MeNKux rasoBbiX My3blpeit no Bcemy o06bemy
XNOHOCTM. Pexum OOHOPOAHOrO  NCEBAOOXMKEHUSA XapaKTepulyeTcs Takxe
pe3kum pocToM rasocogepxaHna . (1l). 3Tm HayecTBa [JawT OCHOBaHue
npegnonaratb, 4YTO PeXvMM OAHOPOAHOrO MNCEBAOOXMXEHUs obecneumsaeT
605ee MHTEHCMBHOE MNPOTEeHaHMe MpOoLecCOB MacCOoMepeHoca, Yem PexuM
HEOHOPOAHOIr0  MCEBAOOXUXEHUS, cfiegoBaTenbHO, OH 6yAeT ONTUMasIbHbIM
O NpoBefeHus ra30-XMAKOCTHbIX HaTa/IMTUYECHUX peakuuwii. B gaHHOW
paboTe cpaenaHa nOMNbLTKa MNPOBEPUTb 3TO MPEANOSIOKEHNE .

[ns peleHnss nNOCTaBMEHHOM 3ajaun MNPOBOAWIOCH 3KCMEpPUMEeHTaslb-
HOEe W3yueHue peakuuu TFUApupoBaHWsT H-TenTeHa,-1 Ha OMbITHOI YyCTaHOBKe
npovsBoguTensHocTbld 300 nN/4 no xuakocTu. OnucaHve 3KCNepUMeHTaslb-
HO/i YCTaHOBKU U METOAUKM 3KcnepumeHTa npuBegeHo B (2).-

HuHeTnka peakumm ruvgpvpoBaHus H-renteHa-1 Ha Ni-cHeneTHoM
KaTanm3aTope 6blna WM3yydyeHa paHee, OHa onyb6nnkoBaHa B pab6oTe[13].
YCcTaHOBNEHO, 4YTO peakuus B KWHETMYeCKOl o0651acTu onuchiBaeTcs ypasB-
HEHMeM nepBOro nopsgka no Bogopoay.- [lopsfok peakumy Mo Henpejesnb-
HOMY COeAMHEeHUK B M3y4daemoli HamyM 06/1acTV KOHLUEeHTpaunii-Hy1eBOW .

MpoBefeHO Tpu cepun OMbITOBIOAHA - B HENOABWXHOM C/loe KaTtanu-
3aTopa, BTOpas- B pexXVMe HEeOAHOPOAHOro MCEeBAOOXUKEHUA, TpeTbA- B
pexume OOHOPOAHOIO MNCEBAOOXMKEHNS. JIMHEHYI0 CKOPOCTb XWAKOCTW, OMf-
pefenswowyl nepexos w3 ob6nactv HeOAHOPOAHOro B 06/s1aCTb OA4HOPOAHOIO
NCeBAOOXMXEHUA, TMpU 3ajaHHOM AuaMeTpe 3epHa Kartam3artopa U CKOpoc-
TM rasa paccuvTanum npu rnomown ypasBHeHus (101

©)



10 NapuymaH A..EpmakoBa A..baxBanosa 3.,PaccagHeHoBa H. Vol .3.

CKOpoCTb MpOTEeKaHusi TMpouecca rUAPUPOBaHUSA  HA OMbLITHOW YCTaHOBKe
XapakKTepu3oBasiM Mpy MOMOWM  HaGMAAEMOM KOHCTaHTbl, paccuMTaHHoli u3
COOTHOWEHUS :

Q O, )

H cek-1 (h)
X*qHaT

Pe3ynbTaThl akcnepumeHToB (cMm. Tab6bn. 1,2) nokasam, 4TO Habnogaemas
KOHCTaHTa CKOpPOCTM CyWeCTBEHHO 3aBWCUT OT rugpoavHaMmyeckoi obcTta-
HOBKM B peakTope: OT /IMHEeliHOW CKOpOCTW rasa W XUAKOCTW, OT guameT-
pa JyacTuy KataimsaTtopa, OT COCTOsAHuA KaTanm3aTtopa (HenoABWXHbINA,
NCEBAOOXMKEHHbIE C/ON), OT pexuma nceBaooxmxeHns (O4HOPOAHbIi, Heon-
HOPOLHLIN ).

C Uenblo BbIICHEHWSI MPUPOAL JIUMATUpPYWLWE cTaguM npouecca B Tex
WM WHBIX YC/IOBUSIX, HWKE CcAefnaHa MnonsiTka npoaHa/M3vpoBaTb HaKOB
BKIa4 Kaxaoro ux uneHoB cymmbl (1) B Habnopaemyl KOHCTaHTY CKOpoOC-—
™.

HenoaBuxHbIA  crioi

Ycnosua wn pesynbTaThl  OMNbLITOB MNpeAacTaBfeHsl B Tabn. 1. CyuwecT-
BEHHOE BWSAHME JIMHEHOW CKOPOCTM XWAKOCTU W cnaboe BMsiHAE CKOpPOC-
™M rasa Ha Hab6/ofaeMyld KOHCTaHTY MO3BOMAET cAenaTb MNpeanosioxeHve,
4TO JIMMUTUPYKWWMM  3TanoMm B HENoABWXHOM C/loe KaTanu3artopa SBseTcs
MacconepeHoc Ha rpaHuue pasgena (a3 XugHOCTb-TBepApli KaTanM3aTop.
UTOO6b NpoBepuTb 3TO MNPeAnosioxXeHue, npuBegeHa nNpuoNMxXeHHas oueHKa
KO9ppMUMeHTOB MacconepeHoca.6l_X u 6X_T> CornacHo wmojenn ,,NPOHUK-
HOBeHuA" Xurbn (12) pna  pacdeTta KoappuumeHTa H.__ W MOXHO UCMOMb30-
BaTb BblpaxeHue :

Pt ®
roe t* - cpegHee Bpems KOHTaKTa NMOBEPXHOCTHbLIX  3/IEMEHTOB Tra3a W’

n
Xuakoctun Ecnm  ras  6apboTupyeT  yepe3 XuAKOCTb, To t*;— . [lpuHsAB

wn
anaveTpbl  ny3blpbkoB paBHbiMn 0,2-0, 6 €M, CKOPOCTb WX ABWXeHus 15-35
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cv/cek, uwHTepBan BenuuuHel Hr_w (ana DffF10_s cm2/cek) ©OypeT paBHbIM
0,015 H <0,04 cwm/ceH.

3HayeHne a__ X O4YeHb TPYAHO OUEHUTb, HO ANA NPUBNMKEHHLIX OLe-
HOK MOXHO nMNpuUHATL, 4TOo ar_x=10 cm-1. Torpga Or_X=0,15 T 0,4cek~1l.
hna pacueta KoO3ppUUMEHTa K-T MUCNONL3OBAIN KpUTEpUasibHOE YypaBHe-
HWe, npepsioxeHHoe B_A. HupwunnosbiM gna oOnactu

0, KRe)K”Rer<2'1 02

-g_ = 3,02(0,7 + 0,12[W~A -9--]1062}(gF)~3Re"33 ®

YOenbHyl  MexXpasHylw MNOBEPXHOCTb ax-T paccyuTasiv npu MNomolum
ypaBHeHusa (2c). Pe3ynbTaThl pacyeTa npuBegeHsl B Tabnuue 1. [aHHble
Tabnmupl NoKasbiBawT, 4YTO B OOMBWWMHCTBE OMbITOB MPW HU3KUX CKOPOCTSAX
xugkoctn (0,12-0,45 cm/ceK)  KOIPOULMEHTI HI_F wor 4 BM(—T BE/INYUNHbI
ogHOro nopsagHa, npumepHo B 5-10 pa3 MeHblle, 4em H*CKOT " Br—)«
CnepoBaTe/ibHO, OCHOBHbLIM SIMMUTUPYKWNM 3TarnoM BHEWHEro maccornepeHoca
B HENOABWXHOM C/loe KaTanu3artopa £BNAETCA MEepeHoC Ha rpadHviue pas-
pena (a3 XuMAKOCTb - TBepfgoe Teno. OpHako, 3TO YTBeEpPXAeHue TepseT
cnpaBeanuBoCTb MNpu  6onee  BLICOKMX cKopocTax xwmagkoctu  (0,8-2,0
cv/ceH). B 3aTux ycnoBuax HabnwgaemMas KOHCTaHTa CKOpOCTM Bo3pacra
HacTONbKO, 4YTO YH U H* cTasiv BenunyMHamm O[HOro ropsigka, cneposa-
Te/bHO, CKOPOCTW [pPOLECCOB BHEWHEro W BHYTPEHHEro wmaccoobmeHa
CTasim cou3mepumbiMi.  lpefden, K KOTOPOMY MOXET CTPeMUTbCA HH - 3TO
H* - B HenoaBWMXHOM C/l0e OTHOCUTENIbHO HU30K: K*=0,4 npun d=3,4 n
H*=0,75 npun d=1,6 mMM. 3TO cBuUAeTe/NbCTBYeT O TOM, 4YTO BO3MOXHOCTb
WHTEHCUpUKaumMn rnpouecca B HENoABWXHOM C/l0e OrpaHuyeHa.

MNceBO0OXMKEHHbIN  Coi

Pe3ynbTaThl pacuyeTa npuBefeHsl B Tabnuue 2. Mpu nepexope K
Tpexha3HoMY MNCEBAOOXMKEHHOMY C/I0l0 NPOMOPUUOHA/IBHO YMEHbLWEHUID pa3-
Mepa 3epHa yBe/MuuTCcs KoahpuuueHT H*, cnepoBaTesibHO, MNOBLICUTCA TOT
YpOBEHb, K KOTOPOMY MOXHO CTPEMUTbCA MNpU WMHTEeHCUpMKauuMm npoLeccos
BHelWlHero MacconepeHoca. Bo3pacno Takxe 3HayeHne 8K T B OCHOBHOM
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3a CYeT yBeNlndeHns a, - KoappuumeHTs! H*Gpxe ¥ @
BE/IMYNHbI OAHOrO nopsgHa.

_t B pexume TIC -

KoHueHTpaumio HaTa/mM3aTopa paccuMTany u3 ypasBHeHus (2d), no-
PO3HOCTb MCEBA0OXMKXEHHOIO C/oS Oonpeaenunu no AaHHsiM pa6oTshl [2]-

Pe3ynbTaTbhl 3KCMNEpPUMEHTOB npeacTasBneHsl B Tabn. 2. MNpubnmnxeH-
Has oueHKka KoadgpuMumeHToB Bu_T 1 r-x MpoBOAWMIACH BbILEONNCAHHbIM
crnocoGom. TpousBejeHve HabnofaeMoi KOHCTaHTsl ckopocTn HE | .. B 06-
nacTun HeoAHOPOAHOro  MCEBAOOXMKEHNA MNPUMEPHO Ha MOPSAAOK MEHble 4Yem
K*CKaT 7 BX“T M COU3MEPMMO CO 3HaudeHuem Br e 3TOT (akT cBUAETE b-
CTByeT O TOM, 4YTO B 06/1acCTM HEOAHOPOAHOrO MCEBAOOKMKEHUSA JIUMUTUPY -
lwen cTaguenn npouecca sBMASETCA MacCOMEepeHOC Ha rpaHuue pasgena (a3
ra3-xmaKocTb .

Mpy nepexofge B 06/1aCTb OAHOPOAHOIrO MNCEBAOOXMKEHUS MNPU HU3IKUX
CKOpPOCTSAX rasa COXpaHAeTCsA COOTHOlWeHne HHCKaTrO’1%w:F " W$:wIPJ
ro, 1 H*QQH“ OpHako, npu WF§5 cm/cek  m Wx>2 CM/CeH npoucxoauT
pe3kuii pocT Habnwgaemoii KoHCTaHTbl, KH n K* cTaHoBATCA BenmMuMHamu
ofHOro nopsigHa. Ha puc. 1. npeactaBneHa 3aBUCUMMOCTb KH OT nuHeii-
HOl CHOpoCTM rasa. Pe3kuii pocT Habnwgaemo KOHCTaHTh HH c yBenuue-
HMEM CKOpPOCTVM rasa XapaKTepusyeT 0651acTb OAHOPOAHOr0 MNCEBA0OXKMKEH
HASA, W HEe3HaYUTESNbHLIA POCT - 06/1aCTb HEOAHOPOAHOrO MNCEBLAOOXWKEHWS -
B nocnegHem cnydae yBeNMYeHMe pacxoja rasa He npuBOAUT K CylecT-
BEHHOMY MW3MEHEHWKW [UAPOAUHAMWKW  C/oS, H YBeNn4eHuwo MexdasHoi no-
BEPXHOCTM, TaK KakK ra3 nMpocKaKuBaeT B Buae 60NbWuX My3bipei, cons-
MEPUMBIX C AMaMeTpOoM peakTopa, WM No KaHanam. 3TuUM O06bACHSWTCS
CpaBUTE/IbHO HU3KMe 3HadyeHuss HH 1 crnabad 3aBUCUMOCTb OT CKOPOCTU
rasa.

B o6nacTu 0f4HOPOAHOrO NCEBAOOXUXEHUSI ra3 MnpoXoAuT C/oii B BU-
Je MenkuMx ny3bipeil, co3gaBas Npu  3TOM [AOCTATO4YHO 60/blyl MOBEPX-—
HOCTb KOHTakTa @(a3. YBenn4yeHue pacxofa rasa npuBoAUT MO BUAUMOMY
He TONMbKO K POCTY ra30CcofAepkaHWs W yaenbHol MOBEPXHOCTU KOHTakTa ,
HO YBENMUYMBAET CKOPOCTb OGHOBMEHMS MexhasHoii noBepxHocTu. CrnepoBa-
TeNlbHO, B 06/1aCTV OAHOPOAHOIO MCEBAOOXKMKEHUS PE3KO Y/ydWalnTcs yC-
NIOBUSI MaccorepeHoca Ha rpaHuvue pasgena (a3 ras-xMgkKocTb M0 CpaBHe-
HO C HEOAHOPOAHLIM MCEBAOOXMKEHHbIM C/OEM.



1975 MacconepeHoc C XUMUUYECKOWN peakuuein

Puc. 1. 3aBUCUMOCTb HabwAaeMON KOHCTaHTbl CHOPOCTWU
OT J/IMHEWNHOW CKOPOCTW rasa.
1- Pexnum HeoAgHOPOAHOI0 MNCEBAOOXMKEHNS .
2- Pexnm OOHOPOAHOIO MNCEBAOOXMKEHUS .

CpaBHeHUE 3hHEKTUBHOCTM paboThl peakTopa ruapupoBaHust

B HenoaBMWXHOM W MNMCEBAOOOXMXKEHHOM CJioe

CpaBHeHMe MOXeT ObTb MNPOBEAEHO MO ABYM KpUTEpUsIMI MepBbii
KpUTEpUini- 3TO 3HayeHue Habnwgaemoli KOHCTaHTbl HH - Bbipaxawwee OTHO-
WeHMe uucna Monel NporugpupoBaHHOro BelwecTBa K KonnyecTBy (06bEMy
wiM Becy) B3ATOr0 Kataim3atopa B eavHuuy BpemeHu. OyeBWAHO, YTO
npyv NpoO4YMX paBHbIX YCNOBUAX C POCTOM HH MpOMOPUMOHaSIBHO YMeHbliaeTcs
KONMNYEeCTBO HaTanmdaTopa Heob6xogumoe AN1s AOCTUXEHUs 3ajaHHOol cTene-
HW npeBpaweHus. OueHka 3hHeKTUBHOCTW MO MNEpBOMY KpUTepuiw OCOBEeHHO
BaxHa B Tex c/y4asx,B KOTOpPbIX MCMOAb3yeTCHA A0pOrocTosiwuii KaTanusla-
Top (Pt,Pd).

BTopbiM KpuTeprvem sBAsieTCS MNpou3BefeHne HMHAT» Bbipaxawllee
KO/IMYECTBO MpOpearvpoBaBlLiero MNpoAyKTa B eAvHWLe o6bemMa peakLUMOHHO
cvecu. O6Gbem peakTopa Mpy MPOYMX PaBHLIX YC/I0BUSIX OGPATHO MNponopLv-
OHanleH npousBegeHvio HHCHaT. BTopoii KpuTepwii ykasbiBaeT, 4UTO C pac-
wupeHvem TMNC, NPUBOAAWMM K YMEHbLWEHWK KOHLUEHTpauuM HaTamaaTopa.-
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npu ToM e 3HavyeHun KH 3PPeKTUBHOCTb WCNO/b30BAHUS PEeaKUVOHHOro
obbemMa nNafaeT, TaH Kak A/ AOCTWKEHMS 3afJaHHOW CTeneHu MpeBpaleHuns
Heo6XoAVMO  YBE/IMUUTb  PEeaKUUOHHbIH  06beM. CpaBHeHVE 3PPEKTUBHOCTU
MpoLeccoB Mo BTOPOMY HPUTEPUI Heo6XOoAMMO NPOBOAUTL B TeX Clyuvasx,
Korga npouecc npoBOAUTCS B AOPOroOCTOsWEeil annapatype, Mof BbICOKUM

Ha puc. 2. nokasaHa

3aBncumMocTb H, ~ OT NINHEeHOMN

CKOPOCTU XWAKOCTW AN He-

NOABWXHOIO Cfosi, HeoAHopon-

HOro un ogHopogHoro TMC. U3

pucyHka cnegyet, 4TO nepe-

0 0,5 1,0 1,5 2,0 X0fT OT HEernoABWXHOIO crnosi

Wm’ cm/ceH

Puc. 2. 3aBUCUMOCTb HabnwOaeMoli KOH-

CTaHTbl CKOpPOCTU OT JIMHEHO CKOpOCTU my TMNC ysBennumsaeT KH Bcero
XUOKOCTU. 1-HenoaBWxHbIA cnoii,d=3,4mm

2-Henopap.cnoii,d=1,6mMm,3-pexum Heop - B 2-4 pasa,nepexoj K pexumy

HOpPOAHOro nceBaooOXuxeHusa,d=0,2um, 4- OAHOPOAHOI0  MNCEBAOOXMKEHUS

pexuM OAHOPOAHOro MCeBAOOXMKEHUs, d=
=0,1 w~mMm.

KaTannsatopa K HeoAHOpPOAHO-

NpMBOAMT K pocTy HH, cnepo-

BaTeNlbHO K COKpalWeHuio Ho-
nuyecTtBa KaTtanu3aTtopa B 10-15 pa3. OgHako, Kak OTMe4dasioCb Bblle,
poct KH B TMNC He o3HayaeT MPOMNOPUMOHANILHOINO YMEHbLEHUA peaKLUMOH-
Horo o6bema. 4YT06b Yy6eaMTbCA B 3TOM, HeE06X0AMMO 06paTuUTbCA K pu-
CYHKy 3., rge nokasaHa 3aBucumocTb K ,Cypor W 1X NpoussBegeHus -
HHCH3T OT CKOpOCTU XugkocTtu. [lageHue CK3T C pocToM W( crinaxvBaeT
pocT ~HCKaT- lMOCKONbKY pexuM OAHOPOAHOro MCEBAOOKUKEHNA [OCTUraeT-
cA npu 60MbWNX  pacWMPEHUsX C/oA, YeM PexuM HeoAHOPOAHOro nceBaoo-
XWKEHVUsI, HeCMOTps Ha 6onee BbLICOHME 3H@BYeHMs HH B pexume OAHOPOAHO-
ro nCeBAOOXWXEHUS,  3HayeHus HHCKaT Oonsa obenx pexmMmoB OTIMYaTCA
HecylwecTBeHHO. CrefoBaTenibHO, MNpW  nNepexofe K pexumy O[HOPOAHOro
TMNC BbLNTpLIL B peakuMoHHOM o06beme HeBe/MK. CubHOE pacwupeHue cros
ABNAETCA HeJOCTaTKOM pexuma OAHOPOLHOrO MNCEeBLOOXMKEHNS .



1975 MacconepeHoc ¢ XUMMYEcCKol peakuueli

Puc, 3. a CUMOCTb H 7]
OT NuHe CKopoCTU QMAK&(S:F*. '11 9"3-'-
o * pe)KI/IM HEOoAHOPOAHOr 0 MNCEBAOOXMKEHUA
O - PEeXuM OOHOPOAHOrO MNCEBAOOXMXEHUA
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OBO3HAYEHVA

yienbHasa Mexda3Has MOBepXHOCTb, cM-1,
KOHUEHTpaunsa HaTaiM3aTtopa B XUAHOCTW, JA/n.
AvaveTp 4acTuupl KaTanusartopa, CM.
AnameTp rasoBOro nmny3bipsi, CM.
Hoedd. ShheKT, ANDHY3UM BHYTPU MOPUCTOro 3epHa, CM2/ceK.
KO3(QUUNEHT MOMEKYNSAPHOA anpdy3un, cm2/cek.
cyMmapHas Habnwgaemas KOHCTaHTa CKOpPOCTU peakuun nepBoro
nopsigka, y4duTbiBawwas BAUAHME MPOLECCOB, BHEWHEro n BHYT-
peHHero wmacconepeHoca, l/cek.
K» Hab/gaemas KOHCTaHTa CHOPOCTW peakuun nepBoro nopsgka,yyn-
TbiBawwWwas ANQHy3MOHHOE TOPMOXEHMe BHYTPU MNOPUCTOro 3epHa,l/c
K WCTMHHaA HOHCTaHTa CHOPOCTM peaHuuMM nNepBOoro nopsigka, 1/ceH.
4 HaBecHa KaTanu3aTtopa, /.
pacxof XuAKOro cbipbsi, n/cek.
?» cpefHee BpeMA KOHTaKTa MOBEPXHOCTHLIX 3/IEMEHTOB rasa Wn Xxuj-
KOCTW, CeH.
06beM XMAKOU (asbl B peakTope, Ji.
NIMHENHasi CKOPOCTb XWAKOCTW, OTHEeCeHHas K MOJIHOMY CeuYeHul
peaHTopa, cM/CceK.
TO Xe AnAa rasa,
CKOpOCTb CBO60OAHOI0 BCM/bIBAHWUA My3blpsd, CM/CeK.
o CKOpPOCTb Hauana MNCeBAOOKNKEHUA B ABYX(Pa3HOW cucTeme xua-
KOCTb-TBepgoe Teno, Ccm/CeK.
W« CKOpPOCTb XMAKOCTW, NPV KOTOPON HacTynaeT pexuMm OAHOpOoA-
HOFO MCEeBAOOXMXEHUsI, CM/CeK.
X* paBHOBECHas KOHLUEHTpauus pacTBOPEHHOro BoOJOpoda B rentaHe,
mMonb/n .
yy3Yy HavanbHas U KOHe4yHas KOHLEeHTpauuu H-rentaHa-1 B pacTsope,
MOoNnb/n.
KoehUUMEeHT MacconepeHoca, OTHECEHHbI K efuHuue obbema xug-
KocTn, 1/cek.
yOenbHbli Bec KaTanm3aTtopa, Kr/m3,
YOElNbHbI BEC XWAHOCTU, Kr/m3,
e NOPO3HOCTb cnos kKaTtanm3atopa [-1 -
V. BA3KOCTb XWAHOCTU, CM2/CeK.
BA3HOCTb rasa, CM2/CeH.
napavetp Tune [-] -
K)K—Td o
Nu = KpuTepun HyccenbTta; ReH= yX Re =y KpuTepuii
X r
. \Y
PeviHonbaua; Pr= y KpuTepuin MpaHaTna;  Ar= d3yu.|(rT'y>K)/vm< Kpu'

AKOOUQo O
I=Z 03 g
|

Tepuii Apxumepa.
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SUMMARY

The mass transfer was investigated in a gas - liquid - solid
catalyst three phase system, as a model reaction the hydrogenation
of n-heptene-1 was studied. Experiments were carried out using a
static and a TFfluidized bed reactor, the fluidized system was
inhomogeneous or homogeneous.

It was proved that the rate determining step of the mass
transfer in a static catalyst layer is the reagent transfer to the
surface of the catalyst;but in the case of fluidized bed this rate
determining process is the mass transfer through the gas - liquid
boundary layer. Using a homogeneous fluidized bed, as compared to
the inhomogeneous system, a sharp 1increase of the mass transfer
coefficient can be observed. The disadvantage of a homogeneous
fluidized system is the significant extension of the layer.
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PROBLEMS RELATED TO THE LONG-TERM OPERATION OF
COPPER-LYE CARBON MONOXIDE REMOVAL UNITS IN
AMMONTA PLANTS
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(Veszprém University of Chemical Engineering, Department
of Physical Chemistry and Pét Nitrogen Works*)
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The oxidation and reduction equilibria estab-
lished in carbon monoxide removal with a copper ammo-
nium formate solution, the so-called copper-lye, was
examined. It was concluded that under industrial con-
ditions the oxidation of copper ions occurs at a prac-
tically constant rate, whereas their reduction rate is
dependent of the concentration of cuprous ions present
On the basis of these conclusions, the conditions for
stable operation and the preferable manner for elimi-
nating disturbances 1in the operation of the plant were

determined.

INTRODUCTION

The technique for the removal of the carbon monoxide content
from industrial gases based on absorption with a copper ammonium
formate solution, the so-called copper-lye, has been known for a
long time. In spite of the fact that this technique is widely used,
especially in ammonia plants, there are very few publications that
deal in detail with the theoretical fundamentals of the procedure,
to be found in literature. The reason for this is probably that
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the procedure is simple and if the necessary amount of copper, for-
mic acid and ammonia are added to make up for the losses and the
operation is appropriately controlled, the solution once prepared
may be in operation for years, theoretically for an infinite time.
However, it was experienced in the Péti Nitrogénmivek (Pét Nitro-
gen Works) that from time to time, in an unpredictable manner, the
steady-state operational conditions of the copper-lye-type carbon
monoxide removal plant showed an abrupt change, the ratio of mono-
valent to divalent copper ions iIn the solution was shifted in the
direction of an increase in the concentration of the divalent ion,
and it was not possible to restore normal operating conditions
through the application of the usual changes in the working para-
meters. The length of the undisturbed periods is generally several
years, but nevertheless it seemed important to elucidate the cause
of the disturbance, because experience shows that the elimination
of such disturbances takes several days and involves considerable
expense.

In order to find the cause of the disturbance and the possi-
bility of its elimination or preferable termination, experiments
were carried out with the co-operation of the Research Laboratory
of the Pét Nitrogen Works and the Department of Physical Chemistry
of the Veszprém University of Chemical Engineering. The aim of the
present paper is to summarize the results of these experiments.
However, prior to describing the experiments, it seems to be ne-
cessary to present a brief summary of the technological process
used, its most iImportant characteristics and the experiences in
connection with the disturbance.

Characteristics of the Copper-Lye Type Carbon Monoxide Removal Unit

The flow diagram of the plant in question is shown in Figure
1. The gas to be purified (1) passes the scrubber (2), the sodium
hydroxide washing unit (3) and the spray trap (4). The copper-
-lye, having left the scrubber (2) passes on through the residual
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Fig. 1. Flow diagram of the plant

gas scrubber (5) to the decomposition column (6) and through the
water (7) and ammonia-operated cooler (8) into the storage unit
(©), from there to the copper-lye pumps and back again to the
scrubber. The sampling and measuring points are marked by Roman
characters in the Figure. The parameters characteristic of steady-
-state operating conditions are summarized in Table 1.

The composition of the copper-lye operating satisfactorily
may fluctuate but within narrow limits, the characteristic figures

being presented in Table 2.
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Table 2. Characteristic data of copper-lye
in steady-state operation

Component

cuprous
cupric

total copper
carbonate-C02
formic-acid-C02
total CO2

total NH3

oil content

The experience acquired in

Concentration
g/100 ml

10.5 - 11.5

2.5 - 3.5

13 - 14

0.01

connection with the unexpected

and seemingly unreasonable disturbances, mentioned in the intro-

duction, can be summarized as follows:

Fig.2. Changes in the cuprous ion
content of the copper-lye
during disturbance

The usual monovalent cop-
per content of 10-11 g/100 ml
of the copper-lye shows a gra-
dual decrease. In such a case
the plant management reacts by
carrying out the usual measures
(controlling the temperature
and the level in the regenera-
tor) and in general the process
can be reserved in this manner.
However, in some cases, these
usual measures prove to be in-
effective. It also may occur
that due to some failure in the

apparatus it is impossible to carry out temperature or level con-
trol. In such cases, the concentration of cuprous copper in the
copper-lye undergoes an abrupt decrease and a disturbance in plant
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Table 3. Variations in the cuprous ion content of copper-lye
in a typical disturbance

Time Copper, 97100 ml Remark
cuprous cupric

Starting 11.5 2.5 normal operation
1 day 9.2 3.9 commencing disturbance
3 days 7.27 4.7
6 days 6.61 5.86
7 days 3.1 7.9
8 days 1.7 10.1
9 days 0.1 10.2

operation results. Changes in the cuprous ion content of the cop-
per-lye during such a period are shown in Table 3 and Fig. 2.

Laboratory Experiments

Fundamentally, the cause of the disturbance can be sought
either in the copper-lye (composition, and impurities, etc.) or in
the technological parameters (temperature, pressure relations, and
residence times). In order to elucidate the possible causes of the
phenomenon, comparative tests were carried out with the copper-lye
that had to be exchanged due to a disturbance 1in plant operation
(in the following termed ‘'spent copper lye'™) and with the one
newly prepared and working appropriately (in the Tfollowing termed
"fresh copper lye'™). The results of these examinations are summa-
rized in Table 4.

It is apparent from Table 4 that the most important differen-
ce between the spent and the fresh sample is the following: all of
the copper content of the spent copper-lye is present in the form
of cupric copper, whereas the fresh sample contains a considerable
amount of cuprous copper. The further analytical data reveal no
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Table ¥ Characteristics of fresh and spent copper-lye

Spent Fresh

Analysis results
copper-lye copper-lye

Total copper content, g/100 ml 10.60 14.40
Cuprous copper content 0.10 11.05
Carbonate carbon dioxide 4.48 2.68
Total carbon dioxide 10.76 13.94
Total ammonia 22.35 17.03
Evaporation residue 33.73 29.14

significant difference. (The tests were carried out with the usual
testing methods) [1]-

An attempt was made to find the answer to the question: what
non-volatile components are enriched during the long-term opera-
tion of the copper-lye. For this purpose, the ignition residue of
the copper-lyes was examined by spectroscopy. The analysis was
made to obtain a comparison and consequently it was considered sa-
tisfactory to obtain semi-quantitative data. The orders of magni-
tude of the different contaminants are presented in Table 5.

It is apparent from the data shown in Table 5 that some ele-
ments are enriched in the spent copper-lye. The solution contains
considerable amounts of iron (in the form of iron oxide and hydro-
xide) and aluminium. The enrichment is about tenfold in the case
of Fe, Si, Mg, Mn, Cr, Ni and Ca, about a hundredfold in the case
of Al and Pb, and no enrichment occurs with Na, Zn and W. The
amount of elements not mentioned in the table was below the limit
of detection.

The most important property of copper-lye for the present
purpose is that it can be reduced by carbon monoxide (the rate of
reduction) and the rate of oxidation by oxygen, since the ratio of
mono and divalent copper ions is determined by these quantities.
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Table 5. Order of magnitude of non-volatile impurities of fresh
and spent copper-lye

% by wt . in ignition residue

Component
spent copper-lye fresh copper-lye
Fe X - 0,X 0,X - 0,0X
Al 0,X 0,00X
Si Q O0xX O X 0,0X
Mg 0,X 0,0X
Mn 0,0X 0,00X
Pb 0,0X - 0,X 0,00X
Sn 0,00X 0,00X
Ni 0,00X - 0,0X 0,00X
Cr 0,00X - 0,0X traces
Ca 0,0X - 0,X 0,00X - 0,0X
Na 0,X 0,X
Zn less than 0,0X less than 0,0X
w less than 0,0X less than 0,0X

At first, examinations concerning the rate of oxidation were
carried out.

Examination on the Oxidation of Copper-Lye

Under plant conditions, the copper-lye is necessarily in con-
tact with oxygen and consequently there is a possibility for its
oxidation. It is not probable that considerable oxidation may oc-
cur, except by air oxygen in the storage container and by the oxy-
gen content of the gas to be purified (P02zz 0.2 atm)_Accordingly,
oxidation - whether it occurs in the storage container or in the
absorption column - is brought about by oxygen of a partial pres-
sure of 0.2 atm. Accordingly, the examination was carried out in
such a way that basically this procedure was realized.
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It should be mentioned that the spent copper-lye contained
no cuprous ions and consequently part of the copper content had to
be reduced before oxidation. This was carried out by the addition
of hydrazine, whereby care had to be exercised not to allow any
excess hydrazine to remain.

Oxidation was followed by titration in such a manner that
the copper-lye was agitated in contact with air and a sample was
taken from time to time. (An attempt was also made to follow the
oxidation process by the measurement of the oxygen consumption,
but gases escaping from the copper-lye falsified the results of
these measurements). The results are shown in Table 6. (The requi-
rement of titrant solution, which is proportional to the concen-
tration of cuprous ions, is plotted against time.)

The data contained in the Table are illustrated by Figures 3
and 4.

Table 6. Oxidation of copper-lye

Oxidation of copper-lye in air

Time of ml titrant required (proportional to cuprous content)
oxidation spent copper-lye fresh copper -lye
(min.)
20% io°c g0 50°% Uo°c
0 9.6 9.6 18.8 18.8 18.8
20 8.5 8.1 16.0 14.6 13.1
40 7.4 6.3 12.3 11.15 10.0
60 6.3 4.2 10.7 9.1 7.0
80 5.0 3.2 8.5 6.7 4.5
100 3.65 1.6 6.5 4.4 2.8
120 2.1 0.85 5.1 2.7 1.5
140 0.3 3.5 1.5 0.6
170 1.6 0 0]
200 0



60 J. Dévay, F. Ratkovics B. Szeiler et alii Vol. 3.

It was strikingly apparent
that whereas the spent copper
lye 1is oxidized at a constant
rate (zero-order reaction), the
oxidation rate of the fresh
copper-lye is dependent on the
progress of the reaction. In ge-
neral, in the case of spent cop-
per-lye

dx AX
- =K = - -
dt At
and in the case of a fresh cop- Fig. 3. Oxidation of boiled spent

per-lye copper-lye. o - 20°C;
x - 10°C

dx
- — = & xN
dt

(where dx is the amount transfor-
med, t iIs time, K Is the rate

constant and n is the order of

the reaction) are the equations

describing the reaction rate.

The kinetic order was de-
termined graphically and was
found to be n = 0.43. This can
approximately be taken as 0.5
and accordingly the equation de-
scribing the rate of oxidation
is the following:

dt 40 80 120 160 200
minutes
The activation energy, calcula-
- Fig. ¥. Oxidation of boiled fresh
ted on the basis of the tempera- copper-lye. o - 200°C,

ture-dependence of the rate con- I - 300ucC, 1+00°C
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stants, 1is for the spent copper-lye ESpent = 3,600 cal/moles and
for the fresh copper-lye Efresh = 5,100 cal/moles.

The following conclusions were drawn from the data presented
in the foregoing and from the qualitative picture:

Any oil content present in the copper-lye forms a film on
the surface which hinders the passage of oxygen into the solution.
In spent copper-lye, having a relatively significant oil-content,
the rate of oxidation is determined by the diffusion rate of 02
across the oil film. The chemical reaction is faster than diffu-
sion through the film. This picture seems to be supported by the
fact that the activation energy of the process is considerably
lower in spent copper-lye than in the fresh one. The fresh copper-
-lye 1is oxidized more quickly than the spent one and this is pos-
sible only if in this case the diffusion process in the boundary
layer is faster than in the spent copper-lye. Due to the faster
diffusion, the chemical process becomes rate-determining in this
solution, and hence the rate of oxidation is dependent, not only
on the rate of diffusion, but also on the cuprous ion concentra-
tion of the solution.

It seems to be self-evident that the difference between the
properties of the two solutions may be connected with the oil con-
tamination of the spent copper-lye.

The higher activation value calculated from the data of the
fresh copper-lye are in agreement with the fact that in this case
the chemical process is the rate-determining one.

Examination of the Reduction of Copper-Lye

One of the processes of regeneration is the reduction of part
of the copper content, depending on the cuprous:cupric ratio in
the solution.

The reduction experiments were carried out with carbon mon-
oxide in such a manner that the solution to be tested was satura-
ted with carbon monoxide of 1 atm. pressure and a sample was with-
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drawn from the solution from time to time, in order to determine
the cuproustcupric ratio. The reaction of the reduction with car-
bon monoxide is composed of a number of partial processes. Carbon
monoxide is absorber by the ammonia-containing copper formate com-
plex and the CO exerts its action in the compound thus formed.

In the first stage of the examinations it was concluded that
the reduction proceeds at the highest rate at a temperature of
about 40°C if the partial pressure of CO is atmospheric. The other
aim of the experiments was the elucidation of the kinetics of the
reduction process.lt was expected that this will furnish an answer
to the question why the spent copper-lye became unreducible.

The results of the reduction experiments are contained in
Table 7. These results were illustrated in such a manner that the
rate of reduction, plotted against the cuprous ion concentration,
was drawn into a single diagram (Fig. 5).

Table 7/1. Reduction of 10 ml spent + 90 ml fresh copper-lye

with CO
time/hours cuprous, time/hours cuprous,
g/100 ml g/100 ml
0 8.7 5 11.95
1 8.96 6 12.46
2 10.04 19 12.59
3 10.68 20 13.10

Table 7/2. Reduction of 20 ml spent + 80 ml fresh copper

with CO
0 8.1 5 9.98
1 8.17 6 10.23
2 8.26 7 10.62
3 9.15 23 13.35
4 9.66
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Table 7/3. Reduction of 30 ml spent + 60 ml fresh copper-lye

with CO
time/hours cuprous , time/hours cuprous,
g/100 ml g/100 ml
0 6.42 6 8.90
1 6.67 7 8.96
2 6.80 23 10.68
3 7.63 24 10.87
4 8.07 25 11.25
5 8.71
Table 7A . Reduction of UO ml spent + 60 ml fresh copper-lye
with CO
0 4.96 6 6.99
1 5.09 22 10.17
2 5.47 23 10.93
3 6.10 24 11.57
4 6.55 25 12.94
5 6.93 46 13.41

Table 7/5- Reduction of 60 ml spent + lo ml fresh copper-lye

with CO

0 2.89 26 7.62
1 2.94 42 8.96
2 3.50 43 9.47
3 4 .00 44 10.17
4 4.32 45 10.98
5 5.59 46 10.36
20 5.78 66 12.60
21 6.17 67 12.39
22 6.42 68 13.34
23 6.42
24 6.80

25 7.37
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It can be concluded that in
the case of copper-lyes of 19
g/100 ml total copper concentra-
tion, the reaction occurs at the
highest rate 1in the lye con-
taining 8.5 g/100 ml cuprous cop-
per. At cuprous ion concentrati-
ons either higher or lower than
that, the reaction rate shows a
very rapid decrease. The auto-ca-
talytic character of the reaction Cul [g/100 mi]
suggests that the presence of Fig.5. Rate of reduction, plot-
cuprous ions accelerates the ab- ted against cuprous ion
sorption of CO.

It is assumed that the reaction is an auto-catalytic one,
which can formally be described by a rate equation of the following
form :

-k oo qrcu ]

The experiments confirmed that the reaction rate is not in-
fluenced to an appreaciable degree by the following factors: oil
content, metal ion impurities, and ammonia and ammonium carbonate
in the concentration range present 1In the fresh and spent copper
lye.-

The rate of reduction as a function of the cuprous copper
content was determined by mixing spent and properly working fresh
lyes to various ratios.

If fresh, properly working lye was totally oxidized with air
and thereupon reduced with CO, the reduction was found to start
very slowly, after a period of 72 hours (Table 8).

Accordingly, it can be concluded that the reduction of cop-
per-lye with CO and in the case of a constant excess of CO, de-
pends both on the cuprous ion content and the cupric ion concent-
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Table 8. 100 ml boiled copper-lye (fresh) oxidized with
followed by reduction with CO

time/hours cuprousg time/hours cuprous,
g/100 ml g/100 ml
1 0 102 2.54
2 0 103 2.67
3 0 104 3.81
4 0 120 4.20
72 0.95 125 4.83
73 0.95 127 6.36
74 1.02 149 7.31
75 1.21 157 7.82
76 1.27 168 8.96
96 1.91 216 12.27
100 2.29
ration. It appears that the concentration of cuprous ions influ-

ences the amount of CO bound by absorption and thereby influences
the rate of reduction. The in-
fluence of cupric ion concent-
ration is vreadily understood,
since this component is one of
the materials taking part in
the reaction. The rate of the
reduction process also depends
on the temperature.lts optimum
value is determined by the re-
lative ratio of two processes
of opposed effects_At low tem-
peratures, the reaction rate
becomes low, whereas at higher
temperatures the absorption is
supressed. The results of the
Fig.6. Rate of reduction, plotted examinations carried out with
against cuprous 1on con- -
centration. o - 80°C: respect to these are shown in
X - 50°C Figure 6.
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DISCUSSION

In the opinion of the authors, a change in the cuprous:cupric
ratio in a copper-lye, having worked properly for years on end, is
brought about by the simultaneous action of a number of factors.
In the authors®™ opinion, the probable process of the development
of the disturbance is the following:

1. In the course of operation, iron salts accumulate in the
copper-lye. These are mainly corrosion products, present in the
copper-lye either in a dissolved form or as a floating precipitate.
This fact remains unnoticed by the plant management, because the
analytical prescription for the determination of cuprous copper
contains titration with permanganate. In this titration, an amount
of ferrous salts equivalent to the amount of cuprous copper is tit-
rated, because the ferric salt added to the solution oxidizes the
cuprous copper. It follows that any iron present as impurity, to-
gether with cuprous copper, can be only in the form of the diva-
lent form. However, this means that ferrous ions present as impu-
rity are in the course of the titration determined together with
the ferrous ions produced in the oxidation of copper. Consequently,
the result obtained is an erroneous one, or, more precisely, an
amount of cuprous ions higher than the actual one iIs measured. In
the case of 10 % iron content (this can actually occur) in a solu-
tion containing 10 g/100 ml copper, about 1.4 g/100 ml monovalent
copper can be found only on account of the iron impurity. Accor-
dingly, the cuprous:cupric ratio is shifted to the cupric side in
the course of use, whereas the laboratory tests show a constant
value.

2. The rate of the oxidation of the cuprous ions is practi-
cally constant and consequently it has to be assumed that it is
the decrease in the rate of the reduction which results in the
change of the cuprous :cupric ratio.

If the concentration of cuprous ions is somehow decreased to
a value below 7.5 g/100 ml, an abrupt decrease in the rate of the
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reduction reaction
tion may be
than that of oxidation.

is to be expected.
brought about
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In such a manner, a situa-
in which the rate of reduction

Should this be the case, the rate of re-

is lower

duction 1is decreased even faster and the disturbance in plant
operation is brought about.

These conditions

are schematically 1il-

lustrated in Figure 7.

It is self-evident that

the rate of oxidation
is dependent on the sur-

face area of the con-

tainers, the shape of

the latter, and the 02

content of the gas to

be purified, etc. - all

parameters that are not

likely to show abrupt

changes, but are, to a
good approximation, con-

Fig. 7- Equilibrium of oxidation and re- stant. This is 1illus-
Gretion of CSPRErIe & "IN trated by the horizon-
turbance; 2 - ratio of cuprous tal straight Lline in

o e 2s, A0 SN i Fioure 7. The rate o
working point; 5 - steady state reduction, when plotted

working point
concentration,

The rates of
centrations.
whereas the lower one
(broken lines).
tions, reduction

bance is caused

faster and consequently the cuprous
In the third area,

tion is increasing.

reduction and oxidation
The higher concentration
is unstable.
In the range of the lowest cuprous
is slower than oxidation,
in the operation.

against the cuprous ion

os described by a bell-shaped curve.

are equal at two con-
is the stable working point
These points define three areas
ion concentra-
and accordingly distur-
reduction is
the solu-
the

In the middle area,
ion concentration in

oxidation is faster and
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concentration of cuprous ions 1is decreased as long as the value
corresponding to the working point is reached.

It should also be noted that the position of the working
point can be shifted by altering the temperature or duration of
the reduction. A reduction corresponding to a higher temperature
and another to a lower one, respectively, are shown in the Figure
drawn with a dotted line.

The question is now, what can be the feason for the cuprous
ion concentration to be decreased to a value below the lower wor-
king point, and how is it possible to prevent this or to terminate
the disturbance.

According to the customary technological process, and under
normal conditions the process can be governed by controlling the
temperature of the regenerator used for reduction of the copper
lyer The disturbance occurs when an alteration in the temperature
of the regenerator is insufficient to ensure a satisfactory re-
duction rate (or, on account of some trouble, the necessary tempe-
rature cannot be ensured).

It seems very probable that the oily emulsion collected in
the regenerator column may take up a considerable fraction of the
volume of the upper conical part of the regenerator, whereby its
useful volume is decreased to an appreciable degree. It is very
likely that disturbances that cannot be compensated by increasing
the temperature, are brought about first of all by a decrease in
residence time caused by the above-mentioned procedure. If follows
from the foregoing that there are two possibilities for the elimi-
nation of disturbances of this kind:

1. Changing the copper-lye for a fresh one of high cuprous
ion content of faultless operation, with simultaneous emptying and
de-oiling of the regenerator column.

2. Intensive reduction of the copper-lye; however, this can
be successful only with simultaneous emptying of the regenerator.

Reduction can be carried out in such a manner that the wor-
king solution of adequate cuprous copper content is prepared in
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the regenerator (or in a separate apparatus) by increasing the re-
sidence time, by making use of the CO content of the solution, or
by the addition of metallic copper. The experiments have shown
that working and oxidized copper-lyes can be mixed with each other,
as long as it is observed that the cuprous ion content of the so-
lution is not decreased below the critical value (about 6 g/100 ml)
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PES3IOME

ABTOpaMy WCCMefOBaHO pPaBHOBECUE OKWUC/MIEHUS W BOCCTAaHOB/EHUSI
OK/CU Yyrfiepofa C MoMOlbl0 MeAHO-aMMUAKHOIO pacTBopa.-

YCcTaHOBNEHO, UTO CKOPOCTb OKWC/IEHUSI WMOHOB Meau MpaKTU4YecKu
MOCTOsIHHA, a CHOPOCTb BOCCTAHOB/IEHUSI 3aBUCUT OT KOHLEHTpauuMuM WOHOB
3aKUC/M MeaM B 3aBOACKMX YCMOBUSIX. Ha OCHOBaHMM 3TOro ycTaHoBfe-
Hbl yC/oBUSI CcTabunbHOW paboThl GawHW U LenecoobpasHsie MeTodbl ycTpa-
HeHNsi nepe6GoeB B 3KCMyaTaumu.
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POLYURETHAN-BASIS AUF GRUND DIELEKTRISCHER
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fir Physikalische Chemie, BUDALAKK Farben- und
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Eingegangen am 8. Juli 1974.

Es wurde mit Hilfe dielektrischer MeRmethoden
die bei atmosphérischer Beanspruchung auftretende Al-
terung von Polyurethanlacken gepruft, die durch aroma-
tischen, bzw. aliphatischen Isozyanat verhartet wurden

Den Strukturanderungen im Laufe des Alterungs-
prozesses wurden durch die Messung der Veranderungen
der Aktivierungsenergiewerte und Dispersionsbereiche
gefolgt, die auf Grund der Temperaturabhéangigkeit des
bei verschiedenen Frequenzwerten gemessenen dielektri-
schen Faktors bestimmt wurden.

Der dielektrische Faktor der Stoffe, die polare Gruppen ent-
halten, ha&ngt in bedeutendem MaBe von der beim Messen gebrauchten
Frequenz und von der Temperatur der Probe ab. Die Erscheinung ist
damit zu erkléren, daB diese Gruppen - infolge ihrer thermischen
Energie - eine ungeordnete statistische Bewegung voll fihren, die
das duBere elektrische Feld mit Hilfe des auf die Dipole veribten
Drehmoments zu orientieren versucht. Die Orientation der polaren
Gruppen erhoht die Polarisation in bedeutendem MaBe und dadurch
auch den dielektrischen Faktor. Bei festgelegter Frequenz nimmt
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die Orientationswirkung durch die Erhéhung der Temperatur anfangs
zu, spater jedoch, beim weiteren Steigen der thermischen Bewegung
tritt eine Desorientation auf. Bei sténdiger Temperatur wird durch
die Erhdhung der Frequenz die Orientation immer schwerer, was nmit
der Trédgheit der polaren Gruppen zu erkldren ist, so nimmt also
die Polarisation, d.h. der dielektrische Faktor mit der steigenden
Frequenz ab. Die Erhohung des dielektrischen Faktors bei steigen-
der Temperatur, bzw. dessen Sinken bei steigender Frequenz spielen
sich im Bereich der Temperatur-, bzw. Frequenzwerte ab, die charak-
teristisch auf die Beweglichkeit der polaren Gruppen, auf die Be-
schrankung ihres Bewegens sind. Dieser Temperatur-, bzw. Frequenz-
bereich wird als Dispersionshereich bezeichnet, die Temperatur,
bzw. die Frequenz, die zum Inflexionspunkt der die Temperatur-,
bzw. die Frequenzabhdngigkeit des dielektrischen Faktors darstel-
lenden Kurve gehdrt, ist die Relaxationstemperatur (tr), bzw. die
Relaxationsfrequenz (oor) EI, 2, 3].

Die bei der Alterung auftretenden strukturellen Verdnderun-
gen der Lackanstriche sind mit dem Entstehen oder Zerlegen der po-
laren Gruppen, bzw. mit der Veradnderung deren Umgebung verbunden,
deswegen zeigen sie sich sehr merklich bei der Verschiebung der
Relaxationshereiche.

Die Temperaturabhdngigkeit der Relaxationsfrequenz kann nmit
guter Anndherung durch die Arrhenius-Gleichung

dargestellt werden, wo die Aktivierungsenergie der Dipolorien-
tation bedeutet. Die Verénderung der Aktivierungsenergie bein Al-
tern weist auf die Verdnderung der Beschrénktheit der Dipolorien-
tation hin, was als Folge der Vernetzung, der Degradation, sowohl
der Verdampfung des Losungs- und Erweichungsmittels sein kann.

Sowohl die Verschiebung des Relaxationshereiches, als auch
die Verédnderung der Aktivationsenergie ist fir die Veré&nderung der
Struktur der Anstriche bezeichnend, deshalb wurde bei den Untersu-
chungen die Verédnderung beider Werte in Betracht genommen.
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Im Laufe unserer Untersuchungen wurde mit besonderer Rick-
sicht auf die Wechselwirkung der Pigmente-Bindemittel die unter
atmosphdrischen Umstdnden stattgefundene Alterung der farblosen
und der mit Anatas, bzw. Rutil pigmentierten Modifikationen der
mit aliphatischem und aromatischem Isozyanat verhdrteten Polyure-
thanlacke geprift.

Die zu den Untersuchungen gebrauchten Anstriche wurden mit-
tels einer Sprihpistole auf sdurebestédndige Stahlplatten mit Durch-
messer von 30 mm in zwei Schichten 40-60 um dick aufgebracht. Die
vorbereiteten Probeplatten wurden bis zum Beginn der Beanspruchung,
bzw. den Untersuchungen bei Zimmertemperatur, vor Licht geschitzt
und bei einem relativen Feuchtigkeitsgehalt wvon etwa 60 % aufbe-
wahrt.

Ein Teil der auf diese Weise vorbereiteten Platten wurde nach
zweiwéchigem Trocknen einer atmosphdrischen Beanspruchung ausge-
setzt, der andere Teil wurde in Laboratoriumsumstanden zur Fest-
stellung der Verdnderungen bei Lagerung ohne Beanspruchung aufbe-
wahrt.

Die in den Proben auftretenden Struktur&dnderungen wurden mit
Hilfe der thermodielektrisehen Analyse festgestellt; der dielektri-
sche Faktor ist bei Frequenzwerten 200, 500, 700 und 1000 Hz gemes-
sen worden, wobei die Temperatur der Proben zwischen 20 - 150° nmit
einer Geschwindigkeit von ungefdhr 2 °C/Minute gedndert wurde [4].

Zur Veranschaulichung der so erhaltenen dielektrischen Spek-
tren werden auf Abb. 1 die bei 1000 Hz gemessenen dielektrischen
Spektren der mit Rutil und Anatas pigmentierten Modifikationen des
mit aliphatischem Isozyanat gehdrteten Polyurethananstrichen ge-
zeigt, und zwar, im Zustand ohne Beanspruchung und nach einenm
sechsmonatigen atmosphéarischen Alterungsprozef.Auf der Abbildung 1
ist die Verschiebung des Dispersionshereiches in Richtung der ho-
heren Temperatur gut zu sehen.

Die Bewertung der dielektrischen Spektren geschah auf Grund
der Verschiebung der Relaxationstemperatur und der Verdnderung der
Aktivierungsenergie; zum Vergleich dienten die Proben ohne Bean-
spruchung .
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Die Abb. 2 zeigt die Verédn-
derung der Relaxationstemperatur
der farblosen, bzw. mit Rutil und
mit Anatas pigmentierten Modifika-
tionen des mit aliphatischem Iso-
zyanat gehé&rteten Polyurethanan-
striches nach Lagerung ohne Bean-
spruchung und im Falle atmosphéa-
rischer Beanspruchung.

Es konnte festgestellt wer-
den, daB sich die Relaxationstem-
peratur der Anstriche bei Lagerung
ohne Beanspruchung nach etwa 2 Mo-
naten stabilisiert hat und &nderte
sich wdhrend der Untersuchungen
nicht weiter. Die Erhdhung der Re-
laxationstemperatur in den ersten
2 Monaten ist mit der weiteren Ver-
hdartung zu erklédren, die mit der

weiteren langsamen Vernetzung nach Abb.1.Dielektrisches Spektrum

dem Trocknen im Zusammenhang steht. des mit aliphatischem Isozy-
. . anat geharteten Polyurethanan-
Bei sphdrischer Beanspru- striches; a) pigmentiert mit

ch, g zeigr sich die Wirkung der Rutil; b) pigmentiert mit Ana-
X . tas; o0 - ohne Beanspruchung,
~"gmentien ng viel prégnanter. Im x - nach einem sechsmonatigen

Falle des farblosen Anstriches be- §:g°SphériS°he” Alterungspro-
ginnt die Relaxationstemperatur

nach zweimonatiger Beanspruchung zu steigen, was auf die Anderung

der Struktur des Anstriches, wahrscheinlich auf die auftretende

Oxydation hinweist.Eine &hnliche Erscheinung kann auch bei der Re-

laxationstemperaturverdnderung des mit Anatas pigmentierten Anstri-
ches festgestellt werden, mit dem Unterschied, daB der Beginn der

Oxydation in diesem Fall durch die Pigmente verzdgert wird. Dage-

gen stabilisiert sich die Relaxationstemperatur des mit Rutil pig-

mentierten Anstriches - &hnlich wie bei denen ohne Beanspruchung -

nach einer einmonatigen Verhédrtung und &ndert sich auch bei weite-

rer Beanspruchung nicht mehr. Das weist darauf hin, daf das Rutil-
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Abb. 2. Veranderung der Relaxa-
tionstemperatur des mit alipha-
tischem Isozyanat geharteten
Polyurethananstriches; a) bei
Lagerung ohne Beanspruchung;
b) bei atmosphérischer Bean-
spruchung; 1: farblos, 2: pig-
mentiert mit Anatas, 3: pig-
mentiért mit Rutil

Alterung der Polyurethan-Lacken 75

Abb. 3. Veranderung der Relaxati-
onstemperatur des mit aromatischem
Isozyanat geharteten Polyurethan-
anstriches; a) bei Lagerung ohne
Beanspruchung, b) bei atmosphari-
scher Beanspruchung; 1: farblos,
2: pigmentiert mit Anatas, 3: pig-
mentiért mit Rutil

pigment die Stabilitat,die Wetterbestédndigkeit des Bindemittels in

groRem MaRe erhdht.

Die Relaxationstemperatur der mit aromatischenm
(Abb.
ohne Beanspruchung eine wesentliche Veréanderung,

pigmentierten Modifikation,
2 stabilisierte. Bei

harteten
gerung
nahme
denen auf der
chung jedoch
eine kurze Zeit
des Bindenmittels
dert werden.

Polyurethananstriche

der mit Rutil

Abb.

wirkte die
(ungeféahr

stabilisierende Wirkung
1 Monat),
konnte weder mit Anatas,

Isozyanat ge-
in Falle der La-
mit Aus-
die sich gleich
atmosphérischer Beanspru-
des Rutils nur
die Oxydation und Zersetzung
noch mit Rutil verhin-

3) zeigt auch
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Abb. 4 und 5 zeigen die
wdhrend der Beanspruchung auf-
tretende Anderung der Aktivie-
rungsenergie, die mit Hilfe der
den Zusammenhang zwischen der
Relaxationsfrequenz und Tempera
tur darstellenden Arrhenius-
gleichung berechnet wurde. In
der Anderung der Aktivierungs-
energiewerten bestadtigen sich
die Feststellungen im Zusammen-
hang mit der Verschiebung der
Relaxationstemperaturen.

Auf Grund der Abb. 4 kann
festfestellt werden, daB sich

die AktiVierungsenergiewerte
bei den Anstrichen, die ohne
Beanspruchung gelagert wurden,

bei allen drei Modifikationen
nach 2 Monaten stabilisiert ha-
ben. Nach einer atmosphérischen
Beanspruchung bewahrt diese Ei-
genschaft nur der mit Rutil pig-
mentierte Anstrich, die Aktivie-
rungsenergie der zwei anderen Mo-
difikationen zeigt eine wesentli-

che Strukturdnderung auf.

Die Abb. 5 zeigt die
Polyurethan-Bindemittel, die mit
sind. Bei
vierungsenergie
des mit Rutil
den mit Anatas

bei pigmentierten

Horkay und L.

Mészaros Vol. 3.

Abb 4. Veréanderung der Aktivie-
rungsenergie des mit aliphati-
schem Isozyanat gehdrteten Poly-
urethanstriches; a) pigmentiert
mit Rutil, b) pigmentiert nmit
Anatas, c) farblos, o - bei La-
gerung ohne Beanspruchung, X -
bei atmospharischer Beanspru-
chung

Aktivierungsenergie der Anstriche mit

aromatischem Isozyanat gehdrtet

Lagerung ohne Beanspruchung stabilisierte sich die Akti-
und damit die Struktur des Anstriches
pigmentierten Anstriches,
Modifikationen zeigte die Aktivie

nur im Falle

bei den farblosen, bzw.

rungsenergie auch wadhrend der Lagerung schon eine wesentliche Ver-

anderung. Bei
drei  Typen eine

atmospharischer

Beanspruchung
Verdnderung feststellen,

allen
bzw.

kann man bei
die auf Oxydation,
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Degradation zurtckzufihren sind.
Die Aktivierungsenergie des nmit
Rutil pigmentierten Anstriches
ist nahe deren ohne Beanspru-
chung, besonders in den ersten
3 Monaten, was auch in diesen
Falle beweist, daf Rutil gins-
tig auf die Wetterbestéandigkeit
wirkt.

Auf Grund der dielektri-
schen Untersuchungen kann fest-
gestellt werden, daB das mit
aliphatischem Isozyanat gehéar-
tete Polyurethan-Bindemittel
nur mit Rutil pigmentiert eine
sehr gute Wetterbestédndigkeit
aufweist,die Stabilitat des nmit
aromatischem lIsozyanat gehdrte-
ten Polyurethans jedoch konnte
auch Rutil nicht andauernd ver-
bessern.Diese Erscheinung weist
eindeutig darauf hin, daf die

Abb. 5. Veranderung der Aktivie- Anwendbarkeit, in diesen Falle
rungsenergie des mit aromatischem : P : :

Isozyanat geharteten Polyurethan- die Wetterb?standlgkelt- el?es
anstriches ;a) pigmentiert mit Ru- Anstriches nicht ausschlieflich

til, b) pigmentiert mit Anatas, . . .
©) farblos; o - bei Lagerung ohne durch das Bindemittel bestinmmt

Beanspruchung, x - bei atmospha- wird. Eine sehr wichtige Rolle
rischer Beanspruchung spielt auch die Wechselwirkung
zwischen Pigment und Bindemittel. Unsere Ergebnisse stehen im Ein-
klang mit den praktischen Erfahrungen, und das bedeutet zugleich,
daf die dielektrische MeRtechnik sehr empfindlich auf die Struk-
turdnderung der Anstriche reagiert, so kann sie also beim Nach-
weisen der Alterungsprozesse gut gebraucht werden, deshalb wird
beabsichtigt, die Untersuchungen spédter auch auf andere Bindemit-
tel und Pigmente zu erstrecken.
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PRUFUNG VON FRAGEN DER SICHERHEITS-, ZUVERLASSIGKEITS-
UND RISIKO-OPTIMIERUNG BEI GROSS-SYSTEMEN DER CHEMISCHEN
INDUSTRIE

L. MESZAROS

(Forschungsinstitut der Chemischen Schwerindustrie,
Budapest)

Eingegangen am 24 Mai 1974.

In dieser Arbeit werden die Sicherheit, die Zu-
verlassigkeit und das Risiko, sowlie deren Zusammenhang
erdrtert, um den Paranieterbereich von optimalen Risiko
der Inbetriebhaltung aller Funktionen der Groflsysteme
in der chemischen Industrie, auf der Grundlage eines
Modells des Systems, bestimmen zu kdénnen.

EINLEITUNG

Entsprechend der konventionellen Interpretierung der Sicher-
heit, werden die Planung und Herstellung von Einrichtungen ausrei-
chender Sicherheit, gemdf der Betriebspraxis, um Unfdlle, Betriebs
Stérungen und Pannen, oder katastrophale Fehler zu vermeiden, auch
bei Systemen in der chemischen Industrie im allgemeinen unter Rick
sichtnahme auf den sogenannten Sicherheitsfaktor durchgefihrt.Nach
dieser deterministischen Betrachtungsweise wird der Sicherheits-
faktor bestenfalls, z.B. in Anbetracht von Einzelgerédten, an Hand
irgendweleher Erfahrungsbemessungen der verschiedenen Maschinenele
mente der chemischen Industrie verfolgt. Mit den Sicherheits- und
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Ermidungsfaktoren ricken Erwdgungen in den Vorderung, die eher mit
statischen, bzw. Festigkeits-Uberlegungen, als mit der Lebensdauer
oder mit einer einwandfrei betriebssicheren Arbeit in Zusammenhang
stehen. Es ist evident, dal keiner der genannten Faktoren vernmag,
iber die dynamischen Eigenschaften bei Verwendung eines gegebenen
Systems der chemischen Industrie geniigende Information zu erteilen.
Hierzu wdre es nétig, an Stelle der konventionellen Sinngebung der
Sicherheit, ein neues, viel allgemeineres und eindeutigeres,
auch die Gefadhrlichkeit des Betriebs verratendes Sicherheitsmal
einzufihren.

Wir vermuten, daR das MaR der Sicherheit einerseits den ge-
meinsamen wichtigeren Eigenschaften und Beschaffenheiten der Grof-
systeme in der chemischen Industrie zugeordnet werden sollte, und
zwar in Abhé&ngigkeit davon, welche Information iber die Erfillung
der von uns gegeniber den verschiedenen Teilsystemen, Erzeugnissen,
Gerdten und Bauelementen gestellten Anforderungen und Aufgaben ge-
winscht wird, anderseits glauben wir dieses MaR dem einheitlichen
Gebrauch der mit den sicherheitstechnischen MaBnahmen in Verbin-
dung stehenden verschiedenen Aufwédnde, wie z.B. Arbeits- und Kos -
tenaufwdnde, beiordnen zu missen.

Von diesen, einander oft wiedersprechenden Anforderungen muR
jedenfalls beim Fortbestehen dieser Widerspriche - die optimale
Lésung, bzw. das entsprechende Schema fir die z.B. Lagerung oder
Inbetriebha 1tung von GroRsystemen der chemischen Industrie erwédhlt
werden. Eine befriedigende Beantwortung der Fragen, die mit in die-
sem Problemen auftauchenden Aufgaben 1in Zusammenhang stehen, bené-
tigt aber die Einfihrung einer neuen, das heutige physikalische
Weltbild spiegelnden, indeterministischen (stochastischen) Betrach-
tungsart, wo dann das Risiko der sicherheitstechnischen Entschei-
dungen auf das Minimum reduziert werden kann. Unser geschildertes
Verfahren ist zundchst der konventionellen Interpretierung der Si-
cherheit vdllig entgegengesetzt, denn es wird nun von der indeter-
ministischen Untersuchung von komplexen GroRsystemen der chemischen
Industrie, und nicht umgekehrt, von der Prifung einzelner Einrich-
tungen, bzw. Reaktoren deterministisch ausgegangen.
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Es folgt aus dem oben gesagten, daB Sicherheit und Zuverléds-
sigkeit nicht allein von den objektiven Faktoren eines chemo indus-
triellen Systems (z.B. von dessen Instrumentenausristungsgrad),
sondern auch von der Wartungsmethoden und der technologischen Lei-
tung abhdngig sind. Die Leitung stellt in System die Personal Er-
fordernisse - d.h. die subjektiven Bedingungen - dar. Aus denm
WEBER- FECHNER-schen [1] psychophysischen Gesetz folgt, daf keine
hundertprozentig zuverlédssige Betriebsleitung und kein solches
Personal gibt, da der Aufwand, z.B. in Gemeinkosten ausgedrickt,
bei einer Zuverlassigkeit von 100 % unendlich wére*. Mit Ricksicht
auf die oben gesagten, ist allein eine solche Praxis richtig, wo
die technologische Fihrung und die Systementwicklung unter der per
sonlichen Lenkung eines solchen Leiters erfolgt, der iber die nd-
tigen Kenntnisse und Erfahrungen verfigt, und folglich - manche
mogliche Fehlgriffe der Leitung selbtsverstandlich in Erwdgung ge-
zogen - fir die Produktion des Betriebes jederzeit verantwortlich
ist. In gewissem MaRe muff hier also auch mit einem sogenannten "so-
zialistischen Risiko" gerechnet werden. Diese Fragen werden viel
ausfihrlicher von MACHACS [3] und von seinem Mitverfassern in ihrer
Arbeit erdrtert.

Im folgenden werden die sicherheitstheoretischen Begriffsbe-
stimmungen, sowie die Beziehungen zwischen Risiko und Zuverlédssig-
keit, von dem Standpunkt einer Suche nach der optimalen Sicherheit

*Da die Eigenschaften der von DOBO u. SZAJCZ [2] definierten Auf-
wandfunktion (z.B. Arbeit) durch das WEBER-FECHNER-sche psychophy-
sische Gesetz befriedigt werden, lakt sich das Mal R des Aufwandes
im Falle, dal wir die Zuverlassigkeit des technologischen Leitens
mit einer Wahrscheinlichkeit P und einer Zuverl&ssigkeit [p erho6-
hen wollen, folgendermallen schreiben:

n2 1 -p p
R(PI5P2) =P =In - )
A !-P 1 - P2

wo Py = p™Ap. Ist also p kongruent zu 1, dann geht R(p”™,p2) ins
Unendliche. Folglich ist die Limitierung notwendig. Das ist eins
der Probleme, worauf wir die Aufmerksamkeit hinlenken mdchten. Der
andere Faktor, der der Steigerung der Zuverlassigkeit Grenzen
stellt, ist der Stress-Effekt und dessen GroRe.
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behandelt. Die in diesem Sinn vorgenommenen, geschilderten Unter-
suchungen gehéren zum Problemkreis der nicht!inearen Programmie-
rung.

1. Grundbegriffe der Sicherheitstheorie

Begriff der Sicherheit. Wird bei einer Einrichtung bzw. einen
System in Gang die Wahrscheinlichkeit der Wirksankeit bestimmter
oder aller Funktionen durch P(A), und deren Risiko durch e(A) be-
zeichnet, so wird das MaR der Aufrechterhaltung des partiell oder
vollig storungslosen (fehlerfreien) Zustandes, d.h. die GroRe

v - T E®)
P(A) @)

der Sicherheitsgrad, oder kurz die Sicherheit genannt.

Da, nach [3], das Risiko e(A) eines Ereignisses A allemal
der Wahrscheinlichkeit P(A) des adversativen Ereignisses A gleich
ist, d.h.:

e(h) = P(A) @)
woher fir die Sicherheit nach (1) gilt:

*) 2 P(A) -1

B (A ?3)
P(A)

wo 0 & B(A) & 1 ist*. Wird in der Beziehung nach (3) mit einem sto-

chastischen Prozef P(A) = Pg(t) berechnet, dann kann der erhaltene

Ausdruck

2 PA(L) - 1
B(A) BA (t) “)
pA (1)

Von eilner Sicherheit zu sprechen, ist, laut der Definition (1-3)
dann und nur dann rational, wenn e(A) = P(A) P(A).
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fir eine in weiterem Sinn genommene Definition der Sicherheit er-
achtet werden. Die Funktion Pft(t) in der Gleichung nach (4) wird
die Zustandswahrscheinlichkeit-Funktion genannt. Die Art und Weise
ihrer Bestimmung, 1im Falle nicht MARKOV-scher Prozefe, sind in un-
serer Arbeit [4] erdrtert. Das Risiko und die Zuverldssigkeit sind
ebenfalls (siehe Bericht [5]) komplementédre Begriffe, d.h.:

P(A) + e(A) = 1, (5)

wo p(A) als die Zuverléassigkeit des Ergebnisses A gilt.

Hieraus folgt, daf es unter Sicherheit, Zuverlédssigkeit und
Risiko einen eindeutigen Zusammenhang gibt. Bedeutet z.B. das
Ereignis A die Lebensdauer des chemo-industriel len Systems A = {f}
wo ¢ die Wahrscheinlichkeitsvariable ist, so wird das Risiko

e(A) = P({e<t}) = F(t) (6)

nach Gleichung (2), als die Verteilungsfunktion des Systems gelten
Dann, nach (5), erhalten wir fir die Zuverlédssigkeitsfunktion des
Systenms :

P(U & t) » 1 - F(t) @)

Im Falle eines exponentiellen Risikos, z.B. mit dem Parameter
X = 10~6/Stunde, erhdlt die Zuverlassigkeitsfunktion, nach Glei-
chung (7), die Fornm:

p(U St}) - e"xt (8)

und so gilt als die Sicherheit nach (1):

Ba(t) = 2 - eXt 9

Ist BA(t) = 90 % die vorgeschriebene Sicherheit, dann, um zu ver-
hindern, daR die Sicherheit unter den erwinschten Wert sinkt, soll
die Erneuerung eines Grofsystems der Chemischen Industrie binnen
einem Zeitraum von

t In 1,1 = 105 Stunde
10—«
erfolgen.
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Wir wollen hier bemerken, daR die Sicherheit auch mit der
"Verbliffheit" ausgedrickt werden kann. Unter "Verbliffheit" wird
hier die Wahrnehmung oder die Information von einem unwahrschein-
lichen Vorfall eines Ereignisses in Zusammenhang mit einem Grof-
systemen verstanden. Ist die Verbluffheit*, die z.B. aus der For-
mation einer explosionsgefédhrdeten Konzentration entspringen kann,
zu grof, dann bezweifeln wir die Wirklichkeit der Information.oder
die Richtigkeit unserer Wahrnehmung. Wenn wir dabei nach einem Feh-
ler suchen, werden wir einen auch oft finden. LaBt sich der Vor-
fall, z.B. eine Panne, auf mehrere Ursachen zurickfihren, dann
wird deren Entstehung derjenigen Ursache beigemessen, bei deren
Wirkung das Auftreten des Fehlers, bzw. der Panne am wenigsten
berraschend ist. Je kleiner die Verbliffheit ist, desto groRer
wird also die Sicherheit, und folglich soll ein durch irgendwel-
ches Schadhaftwerden (oder einen technologischen Fehler) verursach-
ter z.B. Unfall dem Zufall, als einer systematisch wirkenden Ursa-
che zugemutet werden. Nach [4] kann nun die Sicherheit, laut der
BRAVAIS-Formul ierung durch eine xz2-Probe bestimmt werden, d.h.:

2
B(A) (10)
wo :
m n (vj - Npj Qkoe2
. . an
j=1 k=1 Npj gk
wadhrend p., fir die Wahrscheinlichkeit der Ereignisse A, ( = 1, 2,
3, ..., m) gk fir die der Ereignisse Bk (k = 1, 2, 3, .., Nn) und
vj, als Haufigkeitswert der Ereignisse Aj'By gelten. Die Beziehung
nach (11) verfolgt offenbar eine x2“Verteilung von Freiheitsgrad
(ran -1), d.h.:
1 1-3 U
lim P(y2 mn < X) -u N ou M du o= K, (12

“‘Als Definition, laut L. MESZAROS [4], gilt fir die "Verbluffheit" :

£(A
S g PEA%

wodurch die Sicherheit: B(A) 1 - SA).
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wo £ = mn, und N die Anzahl der Versuche ist. Im allgemeinen ist
die Verwendung einer x2-Pr°be dann zweckmdRig, wenn N so groB ist,
daB es fir alle Werte von j und k gilt: Npg~g™™ 10.

Aus dem gesagten folgt, daB die Begriffe von Sicherheit und
Verbliffheit korrelativ sind. Ist also die Beziehung nach (10) na-
hezu 1 gleich, so kann unsere Hypothese fir das eingetroffene
Ereignis (z.B. einen Fehler) mit der Sicherheit nach (10) angenom-
men werden. Es ist klar, daR der Zusammenhang nach (W) vor allen
in der Festlegung der Risikoibernahme vom Leiter, und seiner per-
sonlichen Verantwortung eine Bedeutung zu haben vermag.

2. BEST IMMUNS DER SICHERHEIT DURCH STOCHASTISCHE PROZESSE

Die Zuverlassigkeit eines einwandfreien Betriebs wird, bei
Aufstellung von Grofsystemen in der chemischen Industrie, auf
Grund der Prifung der Systemstruktur besprochen. Auf der Grundlage
der nach [e¢] definierten Strukturenmatrix, und mit Einftitorung
eines strukturellen MaRstabs, kann die resultierende Zuverldssig-
keit des von MACHACS [7] beschriebenen groRen und komplizierten
Systems bereits festgestellt werden. Sei der Betriebsstand aller
Funktionen des Systems durch Ereignis A, und dessen Risiko (der
Ausbesserungszustand), auf Grund wvon 1. [2] durch A bezeichnet.
Dann wird der Systemszustand, als Funktion der Zeit, fir zunehmen-
de t-Werte abwechselnd entweder Zustand A oder Zustand A annehmen.
So stellt X(t,u) einen stochastischen Prozef dar, wo u ein elemen-
tares Ereignis ist. Wollen wir nun den stochastischen ProzeR
{X(t,l), o & t < “} folgendermassen interpretieren:

g Dx(t,01 = ¢ enh WA h (13)
Die Erwartung davon ist:
PA(t) = H{g[x(t »<=)]} = J g[x(t,w»)ldP(w) , (19
0

wo o den Phasenraum darstellt. Zeigt das umweltbedingte Schadhaft-
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werden eine Gleichverteilung im Intervall [0,T], dann sind die Zu-
standswahrscheinlichkeit-Funktion nach (14) und die in der Arbeit
[5] definierte Wirksamkeit des Systems gleich, d.h.:

on (t) = T = ¥ 7TW{g[x(t,u)]}dt (15)
(0]

Deshalb wird die Sicherheit, auf Grund der Gleichung nach 1. (4),
die Form

BA (T) (16)

annehmen. Hieraus folgt, daB die Sicherheit des Systems unter den
gestellten Bedingungen erst dann optimal sein wird, wenn die Wirk-
samkeit des Systems ebenfalls optimal ist.

Sind der Betriebsstand und der Ausbhesserungszustand des Sys-
tems von exponentieller Verteilung, mit Parameters X bzw. y, so
gilt als eine stationdre Sicherheits:

B = lim BA(T) = ----- 1

T-0 y
wo X < y>woraus es nun an der Hand liegt, daR der Erwartungswert
des Systems-Betriebsstandes 1/x gr6Ber als der Erwartungswert 1/y
des dem Schadhaftwerden entsprechenden Aushesserungszustandes ist.

3. MODELL ZUR BESTIMMUNG DES OPTIMALEN RISIKOS

Das Risiko kann (nach [4]) fir optimal erachtet werden, wenn
der Erwartungswert fir den Verlust eines - z.B. wegen Explosions-
gefahr - gefdhrderten Objekts nullwertig ist. Auch in solchen Fall
gibt es also ein Risiko, das aber im Sinne der Definition nach [4]
gefahrlos ist. Nehmen wir an, daB es 1in einem gegebenen Grofsysten
der chemischen Industrie fir den Fall, daB eine Fehlerbeseitigung
mit einer Zeitdauer von ¢ = t genau k-mal eintreten wird, die fol-
gende relative Wahrscheinlichkeit gibt:
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P(* = KIC = &) = —-------- (18)

wo n ein gegebener Konstant ist,wdhrend ¢ eine Wahrscheinlichkeits-
verdnderliche von exponentieller Verteilung, mit einem Parameter p
darstellt.

Dem oben gesagte gemdB, bestehen folgende P(T = k) Wahr-
scheinlichkeiten:

@® . (At)k e~xt pAk
P(f=k) = J P(¥=k I¢g=t)pe‘utdt = / --------- pe"ptdt = ---- FT
0 0 K 1! (p+A)K+i

(19)
und so soll der Parameter p, insofern wir winschen, daR die Fehler-
beseitigung bei einer beliebigen Beobachtung wenigstens «k-mal mit
einer Wahrscheinlichkeit von (l-ej) eintrete, den Wert:

ei- E G- N ). 20

(C3D)

haben. Wollen wir nun, daf eine Fehlerbeseitigung bei mindestens
einer Anzahl «k (k » N) der Beobachtungen nicht weniger als k-mal
und wenigstens mit einer Wahrscheinlichkeit von 1 - ez eintreten
soll, so muR die Bedingung:

1 N N Akt p (N-r)k
e2*L(P(-—--) (—- 22)
£=$(})(A + p) (p + A)
erfillt werden. Daraus kann fir den We.rt von N schon keine Unglei-
chung mehr in einer expliciten Form dargestellt werden. Nach (20)
und (22) gilt nun fir den Parameterbereich eines optimalen Risikos:
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- —e2- ki y (N-K)k
pe  LreRrUmezs 1 -+ [ —)k+zN_ (N)<- (---)1 (23)
k+U t=K

y+A y+A

wo die Wahl von ex und ez eine solche ist, fir die der Erwartungs-
wert des obengenannten Verlustes nullwertig ist. Nach (23) wird
die von verantwortliehern Leiter getroffene Entscheidung erst dann
optimal, wenn diese Entscheidung das e Risiko:

e 6 Jle (24)

d.h. des optimalen Parameterbereiches ist. Diesem optimalen Risiko
nach (24) entspricht ein Sicherheitswert:

B(A) 1- 2% (25)
1 -e

wo e = e(A) das Risiko der Fehlerbeseitigung (von Ereignis A) ist.

Wenn wir wollen, daB die Zuverlédssigkeit der z.B. in Reihen ge-
schalteten Teilsysteme eines GroRsystems der chemischen Industrie

(siehe [4]) der optimalen Entscheidung entsprechen soll, muB die

Zuverldssigkeit des Teilsystems, dessen Zuverldssigkeitwert p* =
= 0,971 ist, um eine GroRe ej = 0,015, den Wert pz2 = 0,980 um eine

Grofe 62 = 0,06, und die Werte p, = 0,985, p» = 0,990 und =
= 0,993 um GroBe 53 = e* = 65 = 0 erhoht werden, um auf diese Weise
sichern zu kénnen, daB die resultierende Zuverlédssigkeit p(A)
= 0,924, bei einem Minimal-Arbeitsaufwand, dem optimalen Risiko
e(A) = 0,086 entspreche.

Aus der Beschreibung dieses Modells wird es nun klar, daR
die Bestimmung des optimalen Risikos, sogar in verhdltnismafig we-
niger komplexen Fa&llen, keine leichte Aufgabe ist, und daf die Lo-
sung solcher Aufgaben ins Gebiet der nichtlinearen Programmierung
gehort.
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(Forschungsinstitut fir Technische Chemie der Ungarischen
Akademie der Wissenschaften, Budapest)

Eingegangen am 6. Juni 1974.

Die Arbeit gibt eine mathematische Beschreibung
des allgemeinen Mechanismus von FlieRbettapparaten und
vom FlieRRbettverfahren im allgemeinen auf Grund eines
Rezirkulationsmodeils. Wir betrachten das Modell des
in einem FlielRbett entstehenden Stromungsbildes sowohl
unter der Bedingung einer Nullmischung als auch im
Falle einer im mittleren, Kkritischen Bereich zustande-
kommenden vollstandigen Mischung. Es wurden die durch
die physikalischen Modelle gelieferten, die Ausgangs-
konzentration des getriebenen Stoffes betreffenden
Gleichungen geldst und aus den erhaltenen Resultaten,
die durch die inneren Zusammenhadnge der Modelle defi-
nierten Verweilzeitverteilungen bestimmt.Der Vergleich
der beiden Modelle und daher auch die Klarlegung der
Rolle der Vermischung im mittleren Bereich geschieht
durch die Anwendung dieser Modelle fir die Berechnung
derselben GroRe.

I. EINLEITUNG

Die Technik der FlieRbettschicht ist im Falle von Gas-Fest-
stof f-Systemen in erster Reihe fir grobe - in der Fluidisations-
schicht nicht aufbereitbare - Stoffe entwickelt worden. Ein strd-
mungstechnisch vollig &hnlicher Stofftransport kann aber auch im
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Falle von Gas-Flissigkeit-, Flissigkeit-Flissigkeit- (heterogen),

sowie Flissigkeit-Feststoff-Systemen verwirklicht werden. In sol-
chen Fallen ist der getriebene Stoff - wie es zum Beispiel bein
Gas-Feststoff-FI iefbettsystem die Kérner sind - stets die dichte-

re, das treibende Medium hingegen die dinnere Substanz. Allgenmein
gefasst kdnnte man sagen, daR das FlieBbhettverfahren eine fir die
intensive und kontinuierliche Berihrung von gewissen Zweiphasensys-
temen geeignete Methode darstellt, bei welcher dem Querschnitt
entlang gleichzeitig zwei von einander abweichende Strdémungsformen
auftreten, wobei die dichtere Phase innerhalb des Apparats rezir-
kuiiert.

Es gibt zwar vielerleie Untersuchungsmethoden zur Bestimmung
der Charakteristika von FlieRbettstromungsformen, bei den in der
Literatur mitgeteilten Zusammenhdngen handelt es sich jedoch ent-
weder um erfahrungsmdfig gewonnene Daten, die nur unter gewissen
speziellen Umstdnden gelten, oder um komplizierte halbempirische
Gleichungen [1-7]. Eine mathematische Beschreibung des Mechanismus
des FlieBbettverfahrens mit Anspruch auf umfassenden Charakter
stellt ein bisher unberihrtes Gebiet dar, trotzdem sind Methoden
zur Berechnung der Parameter bekannt, die eine allgemeine Behand-
lungsweise erméglichen [1-3]. Diese Parameter sind die folgenden:

a) Geschwindigkeit des treibenden Mediums im mittleren FlieRbett-
bereich (beim Gas-Feststoff-System offensichtlich die Geschwin-
digkeit des Gases im Rohr);

b) Geschwindigkeit des getriebenen Stoffes im mittleren Bereich,
sowie im duferen ringférmigen Raunm, in dem die Bewegung des
Stoffes von der Gravitationskraft bestimmt wird;

c) Durchmesser des mittleren Bereichs, welcher in gewissen Féallen
als Apparatenangabe fungieren kann, in anderen Fdllen wieder
- wenn obiger Bereich nur durch die gegenseitige Wirkung des
treibenden Mediums und des getriebenen Stoffes entsteht - st
dieser als Funktion sonstiger Angaben zu betrachten.In ersteren
Fall ist der Durchmesser einfach mit dem Durchmesser des Ein-
satzrohres identisch.
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In der Arbeit wird schlieflich - durch die Modellierung des
charakteristischen Fliefbett-Stromungsbildes nach entsprechenden
Gesichtspunkten - die Verweilzeitverteilung des getriebenen Stof-
fes in kontinuierlich wirkenden Fliefbettapparaten als Funktion
der Kenndaten der Apparate und sonstiger Parameter angegeben. In
Kenntnis der Verweilzeitverteilung kdnnen ndhmlich mit Hilfe ein-
facher Berechnungen zahlreiche Fragen aus der Praxis beantwortet
werden (beim Trocknen z.B. die Verminderung des durchschnittlichen
Feuchtigkeitsgehaltes, bei FlieBbett-Adsorber-Desorbern die durch-
schnittliche Sdttigung des Adsorbenten, die durchschnittliche Ver-
wei lzeit der Korner, im allgemeinen die Konstruktion von Fliefbett-
apparaten). Die erzielten Resultate kdnnen aber auch fir Auswer-
tung jedweder Versuche mit dem FlieRbettverfahren verwendet werden.

I1. DAS PHYSIKALISCH-MATHEMATISCHE MODELL

1. Beschreibung der vereinfachenden Voraussetzungen

Das in FlieBbettapparaten entstehende Strémungsbild kann
- abgesehen von den unwesentlichen Abweichungen infolge unter-
schiedlicher technologischer Aus-
fihrungen - am besten, und zwar
unabhdngig von der Art des stro-
menden Mediums, anhand des folgen-
den schematischen Schnittbildes
(Abb.1) gezeigt werden.Die durch

Fl u2 us Pfeile dargestellten Massenge-
*

t t schwindigkeiten beschreiben das
12 3

Stromungshbild offenbar nur in
ihren Hauptzigen, aber eine unse-
rer wesentlichen Voraussetzungen
ist gerade, daB auf diese Weise
der tatsadchliche Verlauf durch
seine entscheidenden Momente er-
Abb. 1 fasst wird.
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Es ist leicht einzusehen, daR obige schematische Abbildung
durch ein dquivalentes stromungstechnisches Modell ersetzt werden
kann, welches in Bezug auf die Massengeschwindigkeit und die Rick-
kopplung gleich ist,jedoch wird der ProzeR deutlicher veranschau-
licht (Abb.2). Die Abschnitte 1 , 2 und 3 in Abbildung 2 sind

c2(t-t2)

Norrrrrrrirsirreisinir €

1C2(t)
1 2
ul uz2

>Ny

ca(t-t2-t3)

Abb .2.

der Reihe nach die entsprechenden Bereiche von Abbildung 1. Die
zwei, die Riuckkopplung symbolisierenden Kandle sind Modelle der
Rezirkulation 1in den Punkten a und b des Apparates. Die zwei
Kandle sind idealisiert, das heift eine Nullmenge des Stoffes hilt
sich in ihnen eine Nullzeit lang auf.

Der getriebene Stoff strémt in das FlieBbett mit Volumge-
schwindigkeit u ein, und im Falle eines stationdren Betriebes ist
die Stromungsgeschwindigkeit nach auBen zu dieselbe. In den drei
Bereichen betragen die Werte der Volumgeschwindigkeiten der Strd-
mung bei demselben Stoff uls uz und u3. Die Volumgeschwindigkeit
des Ein- und Ausstromens des treibenden Mediums betrdgt u", dieser
Wert ist in Abbildung 2. - die dort nur mehr die Parameter des
getriebenen Stoffes enthdlt - zweckmdfigerweise nicht angefihrt.
In den Punkten a und b in Abbildung 1 und im Stromungsmodell
wird der getriebene Stoff mit den Volumgeschwindigkeiten uv bzw.

u ) riickgekoppelt,

Da wir das Ziel verfolgen, die Verweilzeitverteilung des ge-
triebenen Stoffes zu bestimmen, ist die Volumkonzentration dessel-
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ben in den drei Bereichen des Fliefbettapparates als Funktion der
Zeit zu betrachten. Im allgemeinen Fall ist diese Konzentration
eine Funktion des Ortes und der Zeit. Nimmt man jedoch in den Be-
reichen eine vereinfachte "korkartige" Strémung von homogenen Ge-
schwindigkeitsprofil an, so kann die Ortsabhéngigkeit in der Funk-
tion der Konzentration zu Differenzen des Zeitarguments transfor-
miert werden. Uns interessieren nur die an den Endpunkten der ein-
zelnen Bereiche erzielten Konzentrationswerte. Zur Durchfihrung
obiger Operation genlgt es daher, wenn die Verweilzeiten in den
drei Bereichen bekannt sind. Diese kdnnen auf die bekannte Weise
berechnet werden:

(Rz-r2)um Ve o r2nm Va (Rz-r2)nm

2 u. al u2 3 2 U3

R AuBendurchmesser des FlieBbettapparates,
r = Durchmesser des Futterrohres,
m Héhe des Apparates.

Hier ist

Die Volumen der Bereiche V-,, V2, Vs in obiger Aufteilung sind nmit
Hilfe dieser Apparatenkenndaten berechnet worden.

Auf Grund von Abb. 2 kdnnen fir die Bestimmung der sechs
Volumgeschwindigkeiten des getriebenen Stoffes Knotenpunktgleichun-
gen aufgestellt werden:

u + uv = uyi
a
“T.+ u b = U2
@
Uz = Uus + \
us = u +
4

Da der Matrixrang des Koeffizienten gleich 3 ist, sind die Glei-
chungen (2) von einander nicht unabh&ngig, und drei von den sechs
Volumgeschwindigkeiten sind freie Parameter. Wir fihren nun die
Rezirkulationsquotienten
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ein, wodurch sich fir die Volumgeschwindigkeiten in den drei Be-

reichen - wenn man u, 4a und @" als unabhédngige Verdnderlichen be-

trachtet - folgende Werte ergeben:

u, =u }_:_@‘E_i_@@@b , U2 = U =-=-=-=--=-= LS , us = u -2 (3)
1"pa"pb+dadb 1"pa"db+dadb 1 " 0b

Anderseits ergibt sich aus Abb. 1 die vdollig plausible An-

nahme, daf in den Randbereichen 1 und 3 - infolge geonmetri-
scher und stromungstechnischer Ahnlichkeiten - die Verweilzeiten
ungefdhr Ubereinstimmen, t, = t3. Demzufolge ist u, = u3, und aus-

gehend hiervon kann mit Hilfe von (3) zwischen den Rezirkulations-
quotienten eine Beziehung aufgestellt werden

Selbstverstandlich kann auch der andere Rezirkulationsquoti -
ent als Funktion eines anderen interessanten Parameters angegeben
werden. Ist dieser z.B. die Volumgeschwindigkeit uai1 des treibenden
Mediums, so erhalten wir unter Voraussetzung eines Funktionszusam-
menhanges uz = ct(u'), mit sicherlich monoton wachsender Tendenz
(das treibende Medium und der getriebene Stoff sind im Bereich 2
in intensivester Wechselwirkung)  fir ¢* | -- 1 , und daraus
unter Verwendung von (4): os =~ (1 - a™uiy)n

2. Die Untersuchungsmethode

Unsere Berechnungen haben - nach DANCKWERTS [s] - in ihren
Hauptzigen folgenden Gang: beim Eintritt in das Fliefbett wird,
mit Unterbrechung des bis dahin kontinuierlich einstrémenden ge-
wéhnlichen Betriebsstoffes, zum Zeitpunkt t = 0, wdhrend der Dauer
t* ein entsprechender Indikatorstoff, ebenfalls mit Volumgeschwin-
digkeit u, eingefihrt. Dieser ProzeB wird in der von uns benutzten
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Eintrittsfunktion ch(t) dargestellt:

0 wenn t <o
ch(t) = 1 wenn 0 < t < tb
0 wenn th < t

Eine wichtige Bedingung ist die folgende: tk << tl1, t2» t3

Nun werden - ausgehend vom gegebenen Modell - Gleichungen
fir die Konzentration ¢ des auf obige Weise eingefihrten und beim
Austritt erscheinenden Indikators aufgestellt, sodann wird das so
erhaltene mathematische Problem geldst und auf die Ubliche Weise
aus der Funktionsform c(t) die Dichtefunktion der gesuchten Ver-
weil ze itvertei 1ung gebildet:

P(t) = ___EEE)__ = C_(:Q (s)

. ch(t)dt 4
0

Die Funktion, die ein Partikel betreffend die Dichte der
exakten Verweilzeitverteilung - die die Wahrscheinlichkeit angibt,
mit welcher ein Partikel, das im Zeitpunkt t = 0 in den Apparat
eingetreten ist, diesen bis zum Zeitpunkt t verldRt - beschreibt,
wird durch den Grenzibergang von (e) erhalten:

pectd = 1lim pcod @)
V o

Die Dichtefunktion (e) eignet sich also vor allem fir die
Interprdtation von Versuchsresultaten. Funktion pe(t) ist jedoch
bereits identisch mit der Gewichtsfunktion, die in der von der Sys-
temibertragungstheorie her bekannten Duhamelschen These vorkonmmt,
und zwar, wenn cb(t) eine Eintritt-Konzentrationsfunktion beliebi-
ger Form ist, so erhdlt man beim Austritt folgende Konzentrations-
anderung c”(t):

®

ck(® = 6 - t) dT> (G4

angenommen pe¢r) = 0, wenn 7+ < 0.
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3. Die vom Modell gelieferten Gleichungen

Bei der Aufstellung der Gleichung der Konzentration c(t) auf
Grund des Modells 1in Abb. 2 wurden zwei Extremfdlle bericksich-
tigt: einmal der Fall, wenn in sdmtlichen Bereichen des Fliefbett-
apparates korkartige Strdmeverlaufen, und zweitens der Fall, wenn
in Bereich 2 eine vollstdndige Mischung erfolgt, aber die Strd-
mung ansonsten vollig der ersteren &hnlich ist. Wir haben diese
Methode angewandt, da wir davon Uberzeugt sind, daR die Realitat
irgendwo zwischen den beiden Extremfdllen liegt. Die Gleichungen
selbst konnen auf Grund des Erhaltungsgesetzes aufgeschrieben wer-
den.

Die zum Zeitpunkt t am Anfang des Bereiches 2 bestehende
Konzentration wird mit cz2(t) bezeichnet. Es ist leicht einzusehen,
daB mit der bereits erwdhnten Methode der Zeitargument-Transforma-
tion die gesuchte Ausgangskonzentration «c¢(t) aus cz2 auf folgende
Weise bestimmt werden kann:

c(t) = c2 (t - t2 - t3) )

Im Falle einer korkartigen St>8mung kann fir obigen Punkt
unter Anwendung samtlicher bisheriger Zeichen, sowie obiger Zeit-
verschiebung fir den Indikator eine Erhaltungsgleichung aufge-
schrieben werden:

ucfa(t - ti) + uy c2(t - t2 - ti) + uvbCZ(t -tz - t3) = uzcz2(t).
a
10)
Mit Hilfe des Zusammenhanges (9) kann (10) sofort in die ge-
suchte auf ¢ bezogene Gleichung umgebildet werden.,und es wird auch

bericksichtigt, daB die Verweilzeiten in Bereichen 1 und 3
identisch sind:

uch(t - 11) + (uy + uvb) c(t) - uzc(t + &, + t2) = o (11)
a

Unser Modell fihrte also im ersteren Fall zu einer linearen, inho-
mogenen Funktionsgleichung.
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Im Bereich 2 betrdgt die Konzentration bei vollstandiger
Mischung gleichzeitig fir den ganzen Bereich cz2(t) (so daB in ihrer
bisherigen Interpratation auch die Verweilzeit tz2 ihren Sinn ver-
liert). In diesem Fall ist die Stoffbilanz fir den Indikator im
Bereich 2 (unter Bericksichtigung dessen, daB ti = t3) die fol-
gende :

d c2
Vo2 === = uch(t - ti) + (uv + uv ) c2(t - ti) - uz2cz(t) (12)
dt a b

Mit Hilfe eines Zusammenhanges &hnlich wie bei (9); c(t) =
= ¢c2(t - t-,), konnte auch Gleichung (12) sofort auf die gesuchte
Form gebracht werden, die Losung derselben wadre aber schwieriger
als in ihrer jetzigen Form. Daher wird diese Transformation erst
nach der Lésung von (12), anhand der Funktionsform pecty durchge-
fihrt. Es zeigt sich also, daB das Modell im zweiten Fall eine li-
neare, inhomogene, sogenannte Hystero-Differentialgleichung erster
Ordnung lieferte, die vor allem dadurch gekennzeichnet ist, daf
die GroRe der Verénderung der Unbekannte zu einem gegebenen Zeit-
punkt auch von jenen Werten beeinfluft wird, die die Unbekannte zu
anderen Zeitpunkten annimmt.

I1. LOSUNG DER DEN PROZESS BESCHREIBENDEN GLEICHUNGEN

1. Der Fall ohne Mischung

Betrachten wir das folgende mathematische Problem: Auf Grund
von (11) st die Gleichung

uch(t - t-,) + (uv + uvb) c(t) - uzc(t + t, + t2) = o
a

zu ldosen, wobei gemdR des inhomogenen Gliedes (5)

0 wenn t < o
ch(t) = 1 wenn o < t < tb
0 wenn t.b< 0
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sowie auf Grund von Abb. 2 aus der physikalischen Uberlegung of-
fensichtlich hervorgeht, daR

c(t) =0 wenn t <2 ti + t2 (13)
Wir fihren nun die Laplace-Transformierten der Konzentration
und der Eingangsfunktion mit folgender Bezeichnung ein:
®

oE[c(t)] = / e'ptc(t)dt = F(P); «3CCch(t)3 = Fb(p) (14)
0

Transformiert man diese Gleichung unter Verwendung von (5) und
(13), so ergibt sich zwischen den in (14) definierten GrdBen fol-
gender Zusammenhang:

-Pti p(t,+t2)
uf, e + (u +u )f-ufe =0 (15)
a b
Aus dieser Gleichung kann die Transformierte f(p) der Unbekannten
- die Funktionsform f~ beniitzend - ausgedrickt werden:
-Pth
mr - e D) G(p)
F(P) = -mmmmemmmm ool G ----) (16)
p(u2eP2t™ t2)- (u + u )eP™) HP)
a b

Die inverse Transformation kann mit Hilfe des Entwicklungs-
satzes fir Laplace-sche Transformierten durchgefiihrt werden (die
Wurzeln von H(p) sind von einfachen Charakter):

G(P*>) P/t u (2 -e yePCt
¢(t) =B ----- ez =E PAMM) Pot

H*(P£) L opr((2t,+t2)u2e -ti(u +uvb)e

a
an
da p = 0 keine Polstelle ist, und die {brigen Pole:
1 Uvat+ V .
(n - ——-5+ 2 iif) ;
t, + t- u:

as)
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oL . ) -p_£(2t.,+t2)
Multipliziert man den Z&hler und Nenner von (17) nit

so erhdlt man unter Benutzung von (18):

c(t) = ---------- L bR (19)
ua(ti + t2) |

Aus  (2) folgt, daR Re[p”] < 0, daher kann (19) in folgender Form
weiter entwickelt werden:

u »  PL(t,-t.-2t:-t2 ¢ pr(t'-2t1-12)
c(t) = eem--- LE/ e 4 dt "- E f e z dt "]
uz (ti+t2) £ o 1o
20)

Vertauscht man die Reihenfolge des Summierens und Integrie-
rens und setzt man die Werte von p” aus (18) ein, so erhalt man
nach der Summierung:

t" -th-2t, -t2

titts t" -th-2t,-t2

c(t) = / Ce k) dt* ]-
uz (tat+t2) t t k=0«( ti+ t2
© L.tizil'g'z_lz X- <« ti-2t,-t2 .,
/ Ce Ot «(——— k)] dt} 21

t k=0 t,+t2

wobei der Zusammenhang fir die bekannte Funktionsreihe verwendet
wurde (£ kontinuierliche Veré&nderliche, ¢ > 0; 6 die Dirac-sche
Deltafunktion):

£ e2ltUg = £ «U-k) (22)
E=—» k=0

weiters 1ist folgende Bezeichnung eingefihrt worden:

xo 7 ' (28)
U2

Die Integrationen in (21) kénnen durchgefihrt werden, das Re-
sultat kann mit Hilfe der o Einheitsfunktion aufgeschrieben werden:
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u “> X K
c(t) = - B ° [e(t-2ti-ta-k(ti+tz))-0(t-t.-2t:-tz2-k(t2+t2))]

k=0
(24)
Aus (24) kann nun gemdB (s¢) die gesuchte Dichtefunktion gebildet
werden, indem man (23), sowie die Resultate laut (3) und die Defi-
nition der Rézirkul ationsquotienten verwendet:

p@® = .L'q’:—“"’—q“ B k%O (@22 KOD(t-2t1- 2K (EH2)) -

- 0(t-tj)-2t1-ta-k(t:+t2))] (25)

SchlieRlich kann man gemdR (7) die Funktion der exakten Ver-
weilzeit-Vertei lungsdichte berechnen, welche - wie leicht einzu-
sehen - auf die Einheitsform normalisiert ist:

pecty = lim p(t) = (1_t¢a“ob+Padb) EI (da+thb’vadn) Ks(t—2ti—t2—k(t—,+t2))
tb—>ﬂ k=0 (26)

Abb. 3. A-<1-%a-0b+0adb)/Ys B- (1l-%a-<Pb+dadb)(Pa+db-0adb) Nl b

C- (1-da"odb+padb) (ha+db"dpadhb)2/4
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Der Verlauf der Dichtefunktion (25) ist auf Abb. 3 zu sehen:
die Voraussetzung der idealisierten, korkartigen Strémung ohne Mi-
schung ergibt auch 1in der Ausgangskonzentration (also auch in der
Dichtefunktion) idealisierte Impulse.

2. Der Fall mit vollstdndiger Mischung

GemdB (12) 1ist folgendes mathematische Problem zu ldsen:

d c2
V2 --- = uch(t-tl) + (uv + uv )cz2(t-tn) - uzcz(t),
dt a b
wobei das inhomogene Glied aus (5), bzw. aus den Vorangehenden be-
kannt ist, und die Ausgangsbedingung ist offensichtlich

c2(t) =0, wenn t< 0 27)

Wir wollen nun den Intervall 0 < t < » auf Strecken von Lan-
ge t, aufteilen, und unsere Gleichung streckenweise untersuchen.
Im Intervall 0 < t < t5 st jedes Glied der rechten Seite Null
also ist cx(t) eine Konstante, bzw. wegen (27) gleich Null. (Der
obere Index zeigt an, um welchen untersuchten Zeitabschnitt c2 es
sich handelt.)

Im Intervall ti < t < 2t: sind zwei Glieder der rechten Sei-
te ungleich Null, so daB die zu lésende Gleichung wie folgt lautet:

de11
Va2 -1- = uc. (t - t,) - uz2cXI (28)
dt ]

Die Ldsung von (28) betrdgt unter Beriicksichtigung der Form des in-
homogenen Gliedes von (5):

) wenn ti £ t < ti + tb
I

c
2 (1) u2 U2

) wenn t.,+th < t < 2t
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wo die auftretende Integrationskonstanten so bestinmt wurden, daR
c2l (t) eine kontinuierliche Funktion ergebe.

Im nachsten Intervall 2t-, < t < 3t-, (und nachher stets) lber-
nimmt das zweite Glied der rechten Seite praktisch die Rolle des
inhomogenen Teiles. Unter Verwendung des Resultats von (29) st
daher in diesem Fall folgende Gleichung zu ldsen:

d c111
Vo2 ---— = (u + uv )c*T(t - t,) - UjCja (30)
dt a b
welche - im Hinblick auf die Struktur von (29) - in den Teilin-

tervallen 2t, < t < 2t, + t* und 2t, + th < t < 3t, verschiedene
Formen annimt.

Es ist jedoch zu bemerken, daB nur ein Zusatz je Interval nmit
dem beschriebenen sukzessiven Integrationsverfahren berechnet wird.
Die vollstdndige Losung baut sich aus der "Superposition von Kon-
zentrationshuben" auf, indem zu dem 1in einem gegebenen Intervall
berechneten Zusatz stets auch die "abklingenden" Teile der in der
zweiten Halfte des betreffenden Intervalls giltigen Zusédtze der
vorangegangenen Intervalle hinzuzugeben sind. So betrdgt in denm
letzten untersuchten Fall

cr(t) = c+11 + ¢c“ "(+ ¢c?) (31)

wobei der Strich zeigt, daR aus (29) der abklingende Teil zu wéh-

len ist; das Glied in Klammern ist nur der Form halber aufgeschrie-
ben worden. Obiges ungewthnliche Verhalten der Losungsfunktion

folgt aus dem linearen Charakter und aus der speziellen Struktur

unserer Gleichung.

Wir schreiben nun die allgemeine, 1im Intervall nt, < t <
< (n+tl)t, glltige, durch die beschriebene Methode entwickelte L§-
sung auf, ohne die bezeichneten Integrationen durchzufihren, damit
wirde na&mlich der Algorythmus der Berechnung verloren gehen. Das
untersuchte Intervall muB offensichtlich auch hierbei in zwei Tei-
le geteilt werden, daher:
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Bn_j(t) wenn nt-, < t < nt-, + 4.

ca2(t) = (32)
Bn(t) wenn nt-, + th < t < (n+I)t.

Hier ist
uVa+uV40 M-1 rt tP-t-, t- 11 Ua., ) VI [t—(n-1 )t
An(t)=|m - , eVa dtatt.dtn
[ V2 nt, =t, t,
4 u2
u T Va+V b w-t"
Bn(t) = E eVa dt" +
k=1 v Ve It ,ep  REL¥E .t
* t-(k-1)11]:
+ AN(tY+th) dt"+Aj (215+th) dtk + AMN(KEN +th)
An(t
A3 (O ©

m-1 uz2
uy +u " YZCt-(N-1)ti ]
°e 2

Wir bilden nun gemdR (s) unter Benutzung von (32) die Dichte-
funktion p2(t), die man erhdlt, indem man an die Stelle von c(t)
vorlaufig c2(t) schreibt. Nach dem Grenzibergang laut (7) stellt
man fest, daR die exakte Wahrscheinlichkeitsdichte einen viel ein-
facheren Ausdruck ergibt, in welchem die mehrmals erwdhnte Trans-
formation des Arguments bereits durchfihrbar ist:

cz2 (t)
Pe2(t) = lim p2(t) = lim ----
th-0 th-o tb
G3)
U2
@® U\/a+Vb K- (t-kt,yr-1 . w— (Kt --1)
————————— e(t-kt-i) ev
k=1 V2 (k-1

nach Transformation t @t - t,:
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uv + Uvhik_2 (t-ktiyk-2 (t-Kt.) - T~ (kta-t) (30)
- e - , )€ 2
PENE) —E, VT & - !

wo e die Einheitsfunktion darstellt.

Es ist leicht einzusehen, daR diese Funktion po(t) ebenfalls
auf die Einheitsform normalisiert ist:

Uv-+ Uvblk-2 1 ® K-?  v~(ktai-t

/ Pe(tydt = E — — 3~ J (t -kt a eV2( ' )dt
o e k=2 V2L Va2 (k-2)"! kt-,

® U Uyt Uy k2 1

—E - a b / *k-2 NOF odx m

k=2 V2 [ v (k-2)! o

_, ”va+ uV,blk—Z 1 (k-2)1 - UVt V| k-2

k=2 V- Va2 (k-2) ' u2 k-1 k=2 u2

(=m)

auf die Rezirkulationsquotienten iibergehend erhalten wir:

= NN I I =1
E, (-t biab) (@attb-gage)k = <ta”b+Mb) TF bo-e-h

Abbildung 4 zeigt den Verlauf der Konzentrationsfunktion
(32) und auch der entsprechenden Dichtefunktion. Die gezeigten
Kurven besitzen séamtliche Merkmale der von den experimentellen Un-
tersuchungen her bekannten Dichtefunktionen der Verweilzeitvertei-
ung.
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Abb. 4. R 0,05 m 0,6x10-6 m3/sec = 0,50
r 0,03 m 1,2x10~6 m3/sec = 0,75

m 0,15 3,0x10-6 m3/sec = 0,90

T 5 sec 6,0x10~6 m3/sec = 0,95

IV. DISKUSSION DES MODELLS

Auf Grund der vorhin beschriebenen Resultate ergibt sich die

Frage, inwieweit die Verwendbarkeit unseres Grundmodells von der
Annahme einer vollsténdigen Vermischung im Bereich 2 beeinfluft

wird. Die stromenden und getriebenen Medien sind im Bereich 2 in
intensiver Berthrung, und das Stroémungsbild ist hier eher turbu-
lent als laminar oder korkartig. Dadurch tritt eine gewisse Vernmi-
schung auf, deren GroRe nicht bekannt ist, aber sicherlich zwischen
zwei Grenzfdallen - nadmlich der Nullmischung (korkartige Strdmung)

und der vollstédndigen Vermischung - liegt.
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Die Frage, welche Bedeutung der Kenntnis des MaRes der Ver-
mischung zukommt, kann durch- die Anwendung der zwei untersuchten
Falle des Modells fiir die Berechnung derselben Gréfen entschieden
werden. Wenn die entsprechenden GrdRen voneinander nicht sehr ver-
schieden sind, so ist mit Sicherheit anzunehmen, daB die im mitt-
leren Bereich existierende Vermischung unbekannten Grades kein we-
sentliches Merkmal des FlieBbettapparates darstellt, und daR es
von keiner Bedeutung ist, welcher Fall bei der Berechnung eines
Problems angewandt wird, denn es ergibt sich jedenfalls, innerhalb
der Grenzen, die die Genauigkeit des Grundmodells erméglicht, ein
die tatsdchliche Lage anndherndes Resultat.

Man betrachte folgenden ProzefR: als getriebener Stoff soll
in den Fliefbettapparat eine kornige Masse eintreten, deren Stoff
mit dem in den Apparat eingeblasenen Gas (treibendes Medium) in
eine Reaktion scheinbar ersten Grades eingeht. Nehmen wir an, daf
der reagierende Anteil der eintretendern Kérner (X) eine Einheit
betrdgt, so kann die Verédnderung des reagierenden Anteils des inm
Moment t = 0 eingetretenen Kornes mit guter Anndherung durch fol-
genden Zusammenhang beschrieben werden:

X = e'yt (35)

Im Falle von Problemen aus der Praxis ist es notwendig, daR
der durchschnittliche reagierende Anteil des austretendes Stoffes
X bekannt sei, und zwar - falls alle ibrigen &uferen Kenndaten
unverdndert bleiben - in Abhdngigkeit von der durchschnittlichen
Verweilzeit t. Obige GréRe kdnnen unter Verwendung der mit Hilfe
des Modells erhaltenen Dichtefunktionen der Verweilzeitverteilun-
gen (26) bzw. (34) einzeln berechnet werden:

[0

X = 1 e‘yt pe(t)dt, t = / t pe(t)dt (36)
0 0

Wird eine Gleichung von (36) im \Wege irgendeines, in
der Dichtefunktion pe(t) figurierenden geeigneten Parameters in
die andere eingesetzt, so erhalten wir die gesuchte Funktionshezie-
hung X = X(t).
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Bezeichnen wir die Resultate fir den Fall ohne Vermischung
mit Index (1), und fir den Fall mit vollstdndiger Mischung mit In-
dex (2). Nach Integration von (36) erhalten wir:

e"P (2t1+t 2)

X(@) = (1-%0a-0pt0adb) ----- =-------nn = - -
1“(ba+db_tadb>e y 1+ 2
. ) ™’ oK 7 .
t<i) = t<2) = 2ti + t2 4+ ------m---- (t-i+t2) (37)
1 _gpa-pb+papb

,=2yti

>
N

N
1]

(1-%a-db+da db) i
1+ ut2—(¢a+¢b—¢a®b)e'yt'

Hierbei wurde bericksichtigt, daB auch die durchschnittliche Ver-
weilzeit des vollig durchmischten Bereichs 2 den bereits bekann-
ten Wert t2 besitzt. Unter Verwendung von (1) und (3) kdnnen durch
Einfihrung der Volumquotienten ax, a2z der entsprechenden Bereiche
des getriebenen Stoffes, sowie des Stoffrickmischungs-Quotienten
yo= - die Gleichung der durchschnittlichen Verweilzeit von (37)

umgeformt werden:

201V1 +C72V2 - 2 ClaVi + 02V2
t<D = - s t) = ------------ (38)
u

Auf dieselbe Weise konnen auch U m und X<2) umgebildet werden,
und fihrt man die erwdhnten Substitutionen durch Beseitigung des

Parameters u durch, so erhdlt man die gesuchten Endformeln: t =
= ta) = t():
2 x 17T? + 7+0
exp [-ut -
X (1) JxTT~1 (39)
2+ \%
1- -2 exp[-yt X TW + 2+75
240 2 X + 1
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5 x TrT')
exp [-pe =-2--277
= - \Y y + 1
+v Y - x y
1+ wtJU-——-=-exp[-pt = - 7]
2+ 1 24y 1
aiVi

wobei der Quoifent x = py eingefihrt worden ist, welcher die

Verteilung der gesamten, zu einem gegebenen Zeitpunkt im Apparat
anwesenden getriebenen Stoffmenge unter den einzelnen Bereichen an-
gibt.

X@).XE

Abb .

Die Funktionsbeziehungen X(n(t) und X<z2>(t) sind unter An-
gabe der moglichen Werte der vorkommenden Parameter auch grafisch
dargestellt worden. Abb. 5 zeigt die Kurven. Es ist festzustellen,
daff die Abweichung der durch zwei untersuchte Falle erhaltenen Re-
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ultate niemals mehr als 10 % ihres Mittelwertes betrdgt. Es st
also auf Grund obiger Ausfihrungen offensichtlich, daB die Annahme
der Vermischung im Bereich 2 im Modell keine entscheidende Rolle
spielt, zumindest im Falle des gezeigten Beispiels nicht.

Es soll noch erwdhnt werden, daf im Falle des Grenzibergan-
ges X o die Gleichung von (39) in einander {bergehend: dies ist
eine logische Folge dessen, daR obiger Grenzfall gerade die Aus-
schaltung des Bereichs 2 bedeutet.

V. ZUSAMMENFASSUNG, KONKLUSIONEN

Obige Berechnungen lieferten den Beweis fir die Hypothese,
daB die Aufteilung des angewandten Modells im Falle iberhaupt kei-
ner, oder einer vollstdndiger Mischung zu nicht beachtenswert un-
terschiedlichen Zahlenwerten fihrt. Auf diese Weise konnten wir
unser Ziel, namlich die Bestimmung der Dichtefunktion der Verweil-
zeitverteilung eines durch einen FlieRfbettapparat strdmenden, ge-
triebenen Stoffes, sowohl mit den Wahrscheinlichkeitsdichten von
(26) als auch (34) - trotz deren vollkommen verschiedenen mathe-
matischen Formen - auf gleicherweise zufriedenstellende Art er-
reichen. Fir die Verwendung in der Praxis ist natirlich der einfa-
chere Ausdruck (26) zu bevorzugen.

Die Formeln unter (39) besitzen den praktischen Wert, daf
mit ihrer Hilfe im Falle einer sich in einem Gas-Feststoff-Phasen
FlieRbettreaktor abspielenden Reaktion scheinbar ersten Grades der
durchschnittliche reagierende Anteil der Kdrner in Abhangigkeit
von der durchschnittlichen Verweilzeit derselben bestimmt werden
kann. Einer der beiden Parameter bestimmt das MaR der inneren Re-
zirkulation, wéahrend der andere mit dem Verhdltnis der tatséachli-
chen Volumen der einzelnen Fliefbettbereiche zu einander zusammen-
hangt .
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Wir mochten noch bemerken, daB die angestrebte allgemeine
Formulierung der Dichtefunktionen (26) und (34) in dem Fall nitz-
lich ist, wenn die Verweilzeitverteilung eines konkreten Problems
in Zusammenhang mit Fliefbettapparaten gesucht wird. In solchen
Fallen sind die freien Parameter auf die Weise zu verdndern, wie
es der Zweckmdfigkeit am besten entspricht.

ZEICHENERKLARUNG

c Konzentration des Indikatorstoffes beim Austritt (ms-m~3)
ch Eintrittskonzentrations-Funktion (msen~3)

ch Austrittskonzentrations-Funktion im allgemeinen Fall (ms-m-3
C2 Konzentration des Indikatorstoffes am Anfang des Bereiches

2 bzw. im Bereich 2 (m3*m~3)
Lapl ace-Transformierte der Konzentrationsfunktionen

Laufende Summierungsind ices

m Hohe des Fliefbettapparates (m)

p Parameter der Laplace-Transformation

pt Polstellen der Laplace-Transformierten f
2r Durchmesser des Futterrohres (m)

2R Durchmesser des Flielfbettapparates (m)

t Zeitkoordinate (sec)

t durchschnittliche Verweilzeit (sec)

ti, t2, ts Verweilzeiten in den drei Bereichen (sec)

tr Breite des Eingangsimpulses (sec)

u Volumgeschwindigkeit des getriebenen Stoffes (ms sec-1)

Uz Volumgeschwindigkeit des treibenden Mediums (ms sec-1)
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u-i, u2> us Volumgeschwindigkeiten des getriebenen Stoffes in den
drei Bereichen (ms sec-1)

u o > uub Volumgeschwindigkeiten des rezirkulierenden getriebenen
a v

Stoffes (ms sec-1)

Vi, Vz2» Vs Volumen der drei Bereiche (m3)

X reagierender Anteil (I)

X durchschnittlicher reagierender Anteil (I)
a Impulsibertragungsfunktion

u Reaktionszeitkonstante (sec-1)

03,0 Rezirkulationsquotienten (I)
p Dichtefunktion der Verweilzeitverteilung (sec-1)
Pe Wahrscheinlichkeitsdichte des Einkorns (sec-1)

0j ,02 Volumguotienten des getriebenen Stoffes im entsprechenden
Béréi ch (1)

o Stof friickmi schung squotient beim Austritt aus dem Fliefbett-
apparat (1)

X Effektive Volumenrate der Bereiche (I)
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PE3roME

B cTtatbe [paeTca oblee MaTeMaTUUYECKOe OnucaHue reinaepoBbiX
NMpoLeccoB U annapaToB Ha OCHOBE PeUuVpKY/SILMOHHON Moaenu.

HapTuHy TeueHusi, BO3HMKaWWEro B reli3epoBOM C/loe, MOAenvMpoBa-
SN MpU YCNOBUSIX HaK HYNeBOro,TaK W MOJIHOrO CMeWeHUs B LUeHTPa/IbHOW,
KpUTMYECKOli 06n1acTu.

[llaeTca pelweHue ypaBHEHWU (U3NYECHO MOAEeNun,O0THOCAWNXCS K KO-
HEUHO/ KOHLEeHTpauuu MponyweHHOro BeWecTBa, W UCMNO/b30BaHME pPe3y/b-
TaToB /17 ONpefesieHns pacnpefesieHusi BpeMeHW HaxXOXAeHWs .

CpaBHeHWe [AByX Mogeneli U1 BbiSCHEHME PpOM LeHTpasibHO-o6nacT-
HOFO CMEleHNs MpPOBOAWIOCHL C  WCMO/Ib30BaHMEM MOAEeNel B OAUHAKOBbIX
pacuyeTax-
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In der Arbeit sind ausgehend von den Eigenschaf-
ten des Plasmazustandes die Notwendigkeit der Ein-
schédtzung der energetischen Eigenschaften plasmabil-
dender Gase aufgezeigt. Hierzu eignen sich kalorische
ZustandsgrofRen wie Entalpie und Exergie, wenn sie ins-
besondere als spezifische Energiedichten unter Verwen-
dung des VolumenvergrdRerungskoeffizienten der Disso-
ziation dargestellt werden.

Im folgenden wird ein Verfahren zur Berechnung
der Exergie plasmabildender Gase angegeben, das mit
hoher Genauigkeit und rechentechnisch vorteilhaft ar-
beitet. Ausgangswerte sind Angaben aus bekannten Ta-
bellenwerken fur die Einzelgase. Einige Berechnungser-
gebnisse werden iIn Form von Diagrammen wiedergegeben
und diskutiert. Dabei lassen sich die energetischen
Vorteile der Verwendung plasmabildender Gase iIm Disso-
ziationsbereich verdeutlichen.

1. EIGENSCHAFTEN PLASMABILDENDER GASE

Das Plasma wird im zunehmenden MaBe in der Stoffwirtschaft
sowie der Energie- und Werkstofftechnik genutzt. Der Schwerpunkt
liegt dabei im Temperaturbereich bis 10“ Kelvin, ein Bereich, der
als Tieftemperaturplasma bezeichnet wird. Bekanntlich wird als
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Plasma ein Gemisch aus Molekilen, Atomen, Elektronen und lonen
eines Stoffes bezeichnet. Von einem thermischen Plasma spricht man
wenn seine Bestandteile im vollstdndigen statistischen Gleichge-
wicht vorliegen und die Partieigeschwindigkeiten einer Maxwellver-
teilung folgen.

Fir die technische Anwendung des Plasmas sind interessant
- die hohe Temperatur
- der hohe spezifische Energieinhalt und
- das Auftreten von elektrisch geladenen Teilchen [1, 2, 3].

Fir stoffwirtschaftliche Prozesse sind die ersten beiden Ge-
sichtspunkte von Bedeutung. Sie kommen bei folgenden Reaktionsty-
pen zum Tragen:

1. Reaktionen, bei denen durch die Temperaturerhdhung das Gleich-
gewicht auf die Seite des gewlnschten Produktes verschoben wird

2. Reaktionen, die aufgrund ihrer Kinetik eine hohe Temperatur fir
ausreichende Reaktionsgeschwindigkeiten erfordern.

3. Reaktionen, die Uber Zwischenstufen laufen, die bei niedrigen
Temperaturen nicht existieren.

4. Reaktionen, bei denen die Eigenschaften der Endprodukte durch
hohe Temperaturen verbessert werden.

5. Endotherm verlaufende Reaktionen mit grofen Reaktionsenthalpien
bei denen durch den hohen spezifischen Energieinhall des Plas-
mas als Energietrdger hohe Reaktionsraumbelastungen erreicht
werden kénnen [5, &, 8]

Im folgenden sollen die plasmabildenden Gase fir den zuletzt
genannten Verwendungszweck untersucht werden. Deshalb stehen fir
die Auswahl und Bewertung der plasmabildenden Gase ihre energeti-
schen Eigenschaften zur Verfligung [7].Als energetische Eigenschaf-
ten lassen sich ansehen die je Trdgergaseinheit transportierte
Energiemenge, die Temperatur bei der diese Energiemenge zur Verfi-
gung gestellt werden kann und die Qualitadt dieser Energiemenge bei
ginem entsprechenden Ubertragungsprozess. Diese Eigenschaften wer-
den durch den thermodynamischen Zustand des Plasmas bestimmt. Der
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EinfluR weiterer physikalischer Parameter wie Warmeleitfahigkeit,
Zahigkeit, elektrische Leitfahigkeit, Diffusionskoeffizient usw.
infolge Dissoziation wurde 1in dieser Arbeit nicht untersucht.

Der spezifische Energieinhalt wird durch die Energiedichte
- definiert als die je Volumen oder Moleinheit im Plasma gebundene
Energie - erfalRt. Die Angabe von Entalpiewerten fir das Plasma
ist demgegeniiber problematisch, da sie verdnderlich und schwer mef-
bar sind. AuBerdem &Rt sich fir das Plasma nur eine mittlere Mas-
sentemperatur errechnen, die nur begrenzt Aussagen zu den tatsadch-
lichen Verh&ltnissen im Reaktor machen kann.

Die Qualitdt der Energie l4Bt sich allgemein durch die Exer-
gie ausdricken. Da die Exergie der beliebig umwandelbare Teil der
Energie ist, stellt die Angabe der Exergie eines plasmabildenden
Gases ein MaB fir die mindestens aufzuwendende Elektroenergie zur
Erzeugung des Plasmas dar. Deshalb eignet sich die Exergie zur
Kennzeichnung wesentlicher Seiten der energetischen Eigenschaften.

Fir den fir plasmabildende Gase interessierenden Temperatur-
bereich lassen sich die Exergien nur mit grofen Fehlern aus vor-
handenen Diagrammen entnehmen. Im folgenden wird deshalb ein Ver-
fahren zur Berechnung der Dissoziationsexergie vorgeschlagen, das
ausgehend von bekannten Tabellenwerten numerisch zu genauen Werten
fihrt.

2. BERECHNUNG DER EXERGIE VON PLASMEN

Da zur Bewertung der plasmabildenden Gase die Energiedichte
herangezogen werden soll, ist es zweckmadfig die Intensitdt der
Dissoziation durch den VolumenvergrdofRerungskoeffizienten zu kenn-
zeichnen. Es ist

B €D)
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Rj - Molanteil der Verbindung j im Ausgangsgemisch
- Molanteil der Verbindung k im Gleichgewichtsgemisch

L S stéchiometrische Koeffizienten zur Kennzeichnung
der Anzahl der Atome des Elements i in den Ver-
bindungen j bzw. k.

Der VolumenvergroRerungskoeffizient ist ein MaR fiur die Ener-
gietransportleistung. Er ist auch fir die Kennzeichnung von Mehr-
komponentensystemen anwendbar. Fir bimolekulare Gase ergibt sich
ein einfacher Zusammenhang mit dem Dissoziationsgrad a entsprechend

B =1+ a

Im Bild 1 ist der Verlauf des Volumenvergrdoferungskoeffizi-
enten fir einige bimolekulare Gase als Funktion der Temperatur an-
gegeben .

Bild 1. Abhangigkeit des VolumenvergroéRerungskoeffizienten von der
Temperatur bei der Dissoziation von Gasen
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Zur Berechnung der Exergie geht man zweckmdRig von der Defi-
ni tionsgleichung aus [4, 9, 11]

E=(H-Hp - TO (S - B @

Als Umgebungszustand wird der Standardzustani (293 K, 1 atm)
der jeweils stabilsten Modifikation verwendet. Fir die 1in Bild 1
aufgefihrten Gase ist dies stets die zweiatomige Verbindung. Bein
Schwefel ist hierbei eine Aggregatszustandsdnderung zu bericksich-
tigen.

Werden die plasmabildenden Gase als 1ideale Gase angesehen,
so laRt sich die Enthalpie H in GI. (2) nach der Beziehung

m

H=BEr. h*) ©)
k=l K K

bestimmen. Die Enthalpien der Einzelgase H"*(T) kdnnen entsprechen-

den Tabellenwerken entnommen werden [10]. Die Multiplikation nmit

dem VolumenvergroRerungskoeffizient ergibt die Energiedichte. Fir

die Entropie des plasmabildenden Gases gilt

S = ST + ASM + ASp @

Dabei stellt Sy die Temperaturfunktion der Entropie, AS™ den Mi-
schungsanteil wund pgbp den Druckanteil dar. Die Temperaturfunktion
bestimmt sich aus der Beziehung

m
ST = BkEIrK SR(T) ®

Durch die Multiplikation mit B erreicht man den gleichen Be-
zugspunkt wie fir die Enthalpie. Die Entropien der Einzelgase kon-
nen entweder entsprechenden Tabellenwerken [10] unmittelbar entnonm-
men werden oder Uber die Enthalpie, die reduzierte freie Enthalpie
¢® und die Gleichgewichtskonstante Kp berechnet werden. Fir die Aus-
wertung der Beziehungen auf Rechenautomaten ist der letzte Weg vor-
teilhafter, da hierzu ein kleinerer Speicherplatzbedarf erforder-
lich ist. Fir bimolekulare Gase gestaltet sich die Rechnung beson-
ders einfach. Die Entropien der atomar vorliegenden Anteile bestim-
men sich aus der Beziehung
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(H*A(™) - hf£a) + (hE - hE)

sE(t)= pA(D) + T ®)

Dabei stellt ((*A@) - H*A) die Gesamtenthalpiednderung (infolge
Anderung des thermischen und des chemischen Zustandes) zwischen
der laufenden Temperatur T und der Standardtemperatur, die gleich
der Umgebungstemperatur gesetzt ist, dar. Der Ternm (HyA - HQA) ent-
spricht der Enthalpie des Umgebungszustands bezogen auf 0.K.

Aus dem Ansatz

AG = H - TAS = - RT In Kg )

148t sich unter Benutzung von Gl. (e) die Entropie der
vorliegenden Anteile des Plasmas bestimmen.
gilt

molekular
Fir zweiatomige Gase

H*M (T) + 2[PA(T)=T - H*A + (hE - HY)]
T =R 1 * 2—
s% ) R In KP + v ®

n
kWh
1,6 Nen3

1,4
1,2

1,0

0,8
0,6

0,4

Bild 2. Enthalpie dissoziierender Gase als Funktion der Temperatur
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3. Exergie dissoziierender Gase als Funktion der Temperatur
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Gleichgewichtskonstante, reduzierte freie Enthalpie, die En-
thalpien der atomaren und molekularen Gase sowie die Werte des Unm-
gebungszustandes konnen Tabellen [10] entnommen werden, sodaB auch
dieser Entropiebetrag leicht berechnet werden kann.

Fir den Mischungsanteil der Entropie gilt

m
ASM = 8RKE rk w — (9)

und fir den Druckanteil

AS = BR In " (10)

P P
Mit diesen Beziehungen ist eine vollstdndige Berechnung der
kalorischen Zustandsgrdfen der plasmabildenden Gase mdglich. In

Bild 2 ist der Verlauf der Enthalpie und in Bild 3 der der Exergie
als Funktion der Temperatur fir die schon in Bild 1 erfaliten zwei-
atomigen Gase wiedergegeben. Die Berechnungen erfolgten bis zu voll-
standigen Dissoziation.

3. EINSCHATZUNGEN DER ERGEBNISSE

Die energetischen Eigenschaften von zweiatomigen Gasen in hé-
heren Temperaturbereichen werden mafgeblich durch die Dissoziation
- die GroRe der Dissoziationsenergie und der zugehdrige Temperatur-
bereich - bestimmt. In Tabelle 1 sind die entsprechenden \Werte
fir die untersuchten Gase angegeben. Mit einer Zunahme der Disso-
ziationsenergie verschiebt sich der zugehdrige Temperaturbereich
zu hoheren Temperaturen. Dieser Sachverhalt 1&Rt sich nach GI.(7)
darauf zurick fihren, daB bei starker Endothermie, d.h. hoher Dis-
soziationsenergie erst bei hohen Temperaturen eine Gleichgewichts-
verschiebung zugunsten der Dissoziationsprodukte erfolgt. Bild 1
zeigt, daB der Anstieg der Kurven mit einer Erhéhung der Dissozia-
tionstemperatur fallt und damit der Dissoziationsbereich eine gro-
Rere Temperaturspanne umfaBt. Eine geringfigige Abweichung hiervon
ergibt sich beim Vergleich von Wasserstoff und Sauerstoff. Zusam-
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Tabelle 1. Dissoziationsenergie und Temperaturbereich fir die
Dissoziation einiger zweiatomiger Gase bei P = 1 atnm

Gas Dissoziationsenergie Temperaturbereich
bei 7, = " ¢ keal K
Fluor 34 151 400 - 1800
Chlor 53 510 1500 - 3200
Schwefel 94 052 2600 - 4900
Wasserstoff 95 988 2800 - 5200
Sauerstoff 112 940 2900 - 5100
Sti ckstoff 209 575 5400 - 9200

menfassend zu diesem Bild kann festgestellt werden, daB die Breite
des Dissoziationsgebietes eine Auswahl des glnstigsten Energietrd-
gers entsprechend den Prozesserfordernissen nach energetischen Ge-
sichtspunkten erforderlich macht.

Bild 2 14Rt erkennen, daR bei vollstédndiger Dissoziation von
Stickstoff die 5 bis s - fache Menge im Vergleich zu Fluor und
Chlor und die doppelte Menge im Vergleich zu Wasserstoff, Sauer-
stoff oder Schwefel eingebracht werden kann. Eine gewisse Sonder-
stellung ninmt Schwefel ein. Entsprechend dem Einsatz bei hohen
Temperaturen werden die unter 1000°C vorhandenen héheren Schwefel-
verbindungen und alle flissigen und festen Phasen bei der Gleich-
gewi chtsberechnung vernachldssigt. Aufgrund der Wahl des Umgebungs-
zustandes ist in der Enthalpie des Schwefels die Bildungsenthalpie
von Sz aus festem Schwefel enthalten.

Der Kurvenverlauf in Bild 3 gleicht dem von Bild 2, d.h. die
qualitativen Einflisse auf Enthalpie und Exergie stimmen (berein.
Aufgrund der Hohe der Temperatur ist eine solche Aussage zu erwar-
ten. Wahrend die Enthalpie die Qualitdt an Energie kennzeichnet,
die je Mengeneinheit plasmabildendes Gas eingesetzt werden muR,
gibt die Exergie den Mindestbetrag an, der bei reversibler Fihrung
des Prozesses erforderlich ist. Andererseits kennzeichnet die Exer-
gie die maximal wiedergewinnbare Nutzarbeit bei reversibler Flhrung
des Anwendungsprozesses.



12h H. Fratzscher, D. Hebecker und J. Honscha Vol. 3.

Tx10-3

Bild 4. Verhaltnis von Exergie zu Enthalpie in Abhangigkeit von
der Temperatur fir verschiedene Gase

Das Verhdltnis (U) stellt ein Kriterium zur Einsch&tzung der
energetischen Eigenschaften plasmabildender Gase dar. Fir die un-
tersuchten Gase ist dieses Verhéaltnis in Bild 4 dargestellt. Im
Vergleich dazu werden die Werte der Carnotfunktion (T - Ty/T) un-
ter Benutzung arithmetischer und logarithmischer Mittelwerte ein-
gezeichnet. Daraus ldft sich ein effektiver Einsatz der Gase im
Dissoziationshereich ablesen. Die Abweichungen von der Carnotfunk-
tion nehmen richtig mit zunehmender Temperatur ab. Die grofRten Ab-
weichungen ergeben sich bei den einzelnen Gasen bei einem Dissozi-
ationsgrad von a = 0,8 oder R = 1,8. Nach AbschluR der Dissoziati-
on verschlechert sich die energetische Kennzahl und erreicht Werte,
die unter denen der nichtdissoziierten Gase liegen.
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PESIOME

CTaTbs 3aHMMAETCs 3JHEepreTWYecKMMM CBOWCTBaMy naa3mMoobpasy-
Wux rasoB. PaccmaTpvBaeT Ka/opuiiHbie onpefensiolue COCTOSHWS, 3H-
TaNbnuio M 3HEpPrul Kak yAenbHble 3HepreTudeckume MI0THOCTU B 3aBUCU-
MOCTU OT KO3(hpMLUMEeHTa YyBeNMuyeHuss obbema Mnpu AUccoLmaLnu .

ABTOp npefsaraeT crnocob pacuyeTa 3Hepruv naasmMoobpasywumx ra-
30B. PacueT cpaBHUTENbHO MNPOCT W TOYHOCTb €ro Gosbuasi-

HeoGxoaumMble Mpu pacuyeTax [AaHHble A/1i HEKOTOpbIX Fas3oB MNpuBOA-
aTca B Tabmuax. HecKonbkKo —pe3ynbTaToB pacyeTa jaeTcst B (opme au-
arpamm. Hpovme TOro paccMaTpuBalTCH 3JHEpPreTUYecKue npenmyuwecTBa WUcC-
No/ib30BaHUs MN1a3Mo06pa’ayUMX ra30B.
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The present paper deals with the controllability
of a distributive model describing the process of
flowthrough drying by means of [linearization of the
model . This problem is of especial significance in
connection with the thermodynamical optimization of
the process in connection with the selection of the

allowed modes of control. The described method - which
can advantageously be applied in the case of other si-
milar problems as well - is illustrated by a numeri-

cal example.

INTRODUCT ION

Drying, that is to say, removal of the moisture content of
various materials by caloric processes, 1is one of the most widely
used operations in chemical industry.

Drying, in a similar way to any caloric process, is expensive,
and consequently the determination of the amount of drying medium,
heat requirement and overall dimensions of the apparatus are very
important from an economic point of view.
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Accordingly, it iIs necessary that the drying operation be
carried out in the most economical and, from a technological point
of view, optimal manner. The aforesaid lead to the determination
of the optimum conditions of the operation.

The most often used drying technique is flowthrough drying.
In the case of the thermodynamical optimization of flowthrough
drying, the function giving the changes in the ecergy of the sys-
tem [1] or its form expressed iIn terms of expenses have to be mi-
nimized :

;
Kp = { T (bgb - bgk) dT + Bso * Bsv d>

where the exergy of the solid material is the function of the tem-

perature and moisture content of the phase iIn question [2], that
is

bg = bg[xL(x), tL(x)]
@)
BS = Bs[X<T> *na<t>]

since the expenses of the process, as referred to dry material,
are the following:
t

Kp = ( <cgh - cgk> d* + Cso - Csv

If it is assumed that there is a linear relationship between the
specific exergy of the drying air and the moist substance on the
one hand, and the cg and C$ specific expense factors on the other,
further that the proportionality factor is the same for both pha-

ses [1], i1.e.

where C° is the specific economic value of the solid material in
equilibrium with the environment, we can write
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Kp = Kp/& = / C (opp bgk> dT + Bso - Bsv

where Kp is the exergy expense of the process.

According to this the driving pa-

the func-

rameters of the system are

tions xLO)(T) and tib(x); moreover the

state of changes of the system are the

2=/
characteristics of the drying
i.e. the functions
(see Fig. 1).

z=0

Ub (T)**bb(D)

The Mathematical Model

X_~(1t) and t™N(X)

variables

The model describing the changes of the state

time are the following [3]:

dx
dx
X. axL
JR— + p_ e —
az L 9t
dt.
“lw

ax.

+ L (r0 + prétLJ -- - N a,p (rO + CouG b1
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na ,Zt H F = “kv <4 * V) ™ N<ro + cpwGtF * cwtF ()
ap dT
where
N=a (Xp - Xb) F, @)
in case of X > X~r, F =1 Xp = <p(tp),
if Xo< X< Xkr, 0< f< 1 XE;XFkr
if X = Xe, than £ =0
where
f=a +b
1
a = )
Xkr - xe
b =
Xkr - Xe

The conditions of unequivocalness are the following:

X(Z,0) = XQ

XL(T) = x[6CT)
tL(°»T)
tpt2°0)

4b(T)
Vo

The aim of optimization is to determine the Xpb(t) ant™ tpb()
functions is such a manner that they should assume their minimum
value at function (1), taking the restrictions defined by Equati-
ons (@ - (@ into consideration.

The optimization task is the determination of an optimum
control and accordingly its first step 1is the above mathematical
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model, 1i.e. the study of the controllability of the system descri-
bed by Equations (3) - (9) on the set of controlling parameters:

4 |b’4 b~ £ [xLb min,xLb max]®[4 b min*4b max] (10)

Linearization of the Model

As it was seen, the mathematical model of flowthrough drying
can be described by a set of partial differential equations of va-
rying coefficients. The controllability test of such systems is an
extremely involved task, frequently it cannot be solved at all.
Consequently, the following procedure was carried out in the pre-
sent studies: the model was linearized in the nodes of the network
aligned to a two-dimension range and this linearized model was
examined in the following as regards controllability.

Accordingly, the structure of the linear model 1in a given
4b 6 CxLb min’4b max] and xLb 6 [*|_b min>xLb max] Point is con_
sidered to be the following:

dxLk
~~ = allXLk4 ) + al24«k4 ) +
ur

+ blIxLb4) + d124b4)> (11)
d4 «
“dr = a214 k4 ) + az224 Ka ) +

+ b21XLb4) + b22bLb4) (12)

Coefficients & . and b can be determined on the basis of
the assumption that the values pertaining to the derivatives of
state variables defined by Equations (11) and (12) further by the
model () - (@ be minimal at the values of these coefficients,
that is to say, integrals
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0
4 = 6 [a11XL(Z,X) + jipopLAa-TA t bn XL(0,x) +

“a Nj2bL N TN ——(—:bz-— (4 X)]2 dx @

0
h = 6 Ca2ixL ~ "TA + a22~L(Z,T) + b21xL(0,X) +

+ t22tL(0,X) e (Z-x)]2 dx asH

assume a minimum value.

The values of x*(0,x), x™Z,x), t(0,x), t™"(Z,x) and
dx~/dx(Z,x), dt™/dx(Z,x) are known from the numerical solution of
the mathematical model () - (9 and accordingly the determination
of the coefficients can be reduced to the solution of an inhomoge-
neous set of equations with four unknowns, since e.g. froml

al-
i5i
da11
we have
all » x1(Z°t) dx + ai2 f tLEZ,Hx*EZ ., X) dx +
by J xL(0,x)xL(Z,x)dx + bl12 f L (0,x)xLZ ,x)dx
0 0
9 dx.
= ; 1 (Z . X)X (Z.X) <« ae)
o dX

where the integrals as constants are the coefficients of the set
of equations.

Three similar equations are obtained from the conditions

ab _ sh1 )

912 bl b12
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The coefficients of Equation (12) can be determined in a similar

manner .

The Examination of Controllability

In general, a system is called controllable if it can be
brought from a given state to another within a finite period of
time.

The set of Equations (11) and (12) can be written in the fol-
lowing form:

This linear system is controllable if, and only if, the order
of the controllability matrix [4]

£=18, 0 8] a9
of the system is 2, i.e.

P(I) =2

If the above-mentioned network is chosen to be sufficiently
fine, the question of controllability can be solved for the entire
range of control parameters.

Numerical Example

The aforesaid is illustrated by numerical examples. The data
of the latter are the following:
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= , = 1C kcal/m2hreC
0 - 4C1 kg/m2-hr

aP - 1,20C m2/m3
pszt. 1,00C1 kg, m3
cmL = 0-25 kcal/kgeC
¢ puG~" 0.46 kcal/kg°C
cna - 1 kcal/kgeC

e - 0.1 m3/m3

L s . 00C1 kg/m2hr

xo . 0-25 kg humid/kg dry material
" _ = 0.15 kg humid/kg dry material
~ ™ 0.05 kg humid/kg dry material
t&O: 20 °C

— 577 kcal/kg

ro

The point under examination, where linearization is carried
out is

Fig. 2. 1: linearized model Fig. 3. 1: linearized model
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50°C

0.06 kg humid/kg dry air

Figs. 2 and 3 show the curves furnished by the linearized
model and the original model, respectively. In the determination
of the coefficients, dimensionless variables

20

were used.

The numerical results are summarized in Tables 1 and 2. In
the examination of controllability, on the basis of Table 1 we have

66.126 -48.821
124.561 -85.299

and
4.050 -16.000

-61.084 32.00

Hereby, the controllability matrix is

4.050 -16.000 3250 -2621
=61.084 32.00 5654 -4722

Table 1

Coefficients of the linear model

“11 “12 U1 12
66.126 -48.821 4.050 -16.000
“21 722 21 22

124 561 -85.299 -61.084 32.000



136 B. Palancz Vol. 3

Table 2

T a @D 4k ) x @) ¥ e

0.,000 0 .400 0. 400 0.222 0. 222
0.,020 0 .497 0. 515 0 .308 0 .369
0.,040 0.624 0. 681 0 .466 0. 531
0.,060 0.753 0. 809 0 .650 0. 728
0.,080 0 .864 0. 884 0.825 0. 886
0.,100 0 .946 0. 918 0 .969 0. 973
0.,120 0 .997 0. 930 1.070 1. 007
0.,140 1.019 0. 934 1.127 1.022
0..160 1.018 0. 935 1.145 1.023
0.,180 1.002 0. 935 1.135 1.023
0..200 0 .977 0. 935 1.106 1.023
0.,220 0 .950 0. 935 1.069 1.023
0..240 0.925 0. 935 1.031 1.023
0..260 0 .906 0. 935 0.999 1.023
0..280 0.893 0. 935 0.975 1. 023
0,.300 0 .887 0 .935 0 .960 1.023

By resolving g into diades we obtain

m16.000 (-0.253 1 -203.01 163.9)

K =
32.000
0.000 (1 0 -228.5 188.4
-52.994
and hence
P(K) = 2

i.e. the system is controllable in the vicinity of the point de
fined by the data = 50°C and = 0.06 kg humid./kg dry air.
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SUMMARY

An approximate method for testing the controllability of a
distributive system is presented. The method is based on the li-
nearization of the model at a given point. The coefficients of the
linear model were determined numerically on the basis of the ori-
ginal mathematical model.

The concrete model was the mathematical model of a flow-
through-type drying process. The procedure was illustrated by a
numerical example.

It is self-evident that the technique can be generalized to
systems described by other partial differential equations as well.

Finally it is very important to note that in optimization
tasks and iIn their solution, the restrictions pertaining to the
controlling parameters play a very important role, and consequently
the controllability tests are of basic consequence, since it is
self-evident that the set of permissible controls cannot be wider
than that set of controlling parameters with reference to which
the system is controllable.

SYMBOLS USED

ap specific surface area, m2/m3

bg exergy of drying air referred to the mass of dry air,
kcal/kg dry air

c specific heat, kcal/kg°C

cpwG specific heat of water vapour at a constant pressure,
kcal/kg°C

| economic value referred to unit exergy, Forints/kcal

i0 latent heat, kcal/kg
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t temperature, °C

X humidity content of drying air, kg humidity/kg dry air
z length co-ordinate, m

Bs exergie of humidity, as referred to dry solid substance,

kcal/kg dry substance

Cog economic value of humid material as referred to the mass of
dry solid substance, Forints/kg dry material

G amount of solid substance, kg dry material

L amount of drying air, kg dry air/hr

Kp exergy expenses of the process, kcal/kg dry substance

Kp expenses of the process as referred to the mass of the dry

solid substance, Forints/kg dry substance
N drying rate, kg humidity/m3hr

X humidity content of solid material, kg humidity/kg dry sub-
stance .

Greek characters

heat transfer coefficient, kcal/m2hr°C
e porosity, m3/m3

density of air, kg/m3
Psz1l volume density of solid material, kg/m3
t time, hr

a evaporation coefficient, kg humidity/mzhr
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Indexes

b input

e equilibrium

K output

kr critical

na humid substance

nb humid air

L air

\Y final

w water

o] initial
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PESIOME

HacTosiwass pa6oTa wuccnegyeT ynpaBAseMoCTb AUCTPUGYTUBHOW MO-
Jenv, onuchbiBawlelii npouecc MNpPOTOYHOW CyWKM, C MOMOWbH MpUBEAEeHUs ee
K NuHeiiHoMmy Buay. Ocoboe 3HauyeHue npob/ieMbl B BbGOPE AOMYCTUMbLIX Y-
paBneHuii Npu TepMoguHAMMYecKoli onTumanuMsauuu npouecca. [lpuBegeHHbIl
Cnoco6, KOTOpbii MOXET 6biTb MCMO/b30BaH U B APYrvMX MNOAOGHLIX 3ajaHu-
X, WIICTPUPYETCSA pPacueTHbIM NPUMEPOM .
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A variant of the possibilities to increase the
efficiency of single-phase, laminar-flow tubular reac-

tors is presented. The continuous flow space is de-
stroyed by baffle plates arranged 1iIn the reactor,
whereby the latter becomes 'cascade-like". 1In the pre-
sent paper, the flow-dynamic properties of reactor of
1 metre in length, 5 cm. in diameter and containing
baffle elements of different size and arrangement are
discussed.

A requirement of paramount importance in the design of tubu-
lar reactors is to ensure adequate flow conditions, more particu-
larly, to bring about a "plug-like" flow pattern.

This means that the Ilinear mean velocity of the medium
flowing in the reactor has to be determined on the basis of the
condition Re > 2500 (in the case of single-phase flow). IT the
length of the reactor is for some reason limited, recirculation
has to be applied on account of the above mentioned condition in
order to ensure a given residence time. If this is impossible, the
reactor becomes a laminar-flow system, the disadvantages of which
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are generally known. (Due to the uncertain starting up section and
the strong axial mixing, th¢ conversion becomes strongly stochas-
tic, its mean value is smaller than in the case of a ‘'plug-like"”
flow.)

Relatively few papers dealing with mixing processes in lami-
nar-flow tubular reactors or with improving the efficiency of such
reactors are found in literature [1-4]; nevertheless, it is known
that "segmentation™ of the flow space by application of a packing
or baffle plates is an effective technique.

If the baffle plates are such as to produce a series of well
mixed units by breaking up the flow, 1i.e. the originally conti-
nuous space is resolved into a cascade series (of which it is
known that in the case of n™ > 10 it fairly approximates the effi-
ciency of the plug-like flow reactor), the solution can be regar-
ded as acceptable from every point of view. In the present work,
the baffle-plate type tubular reactor was studied from point of
view of operation. The aim was to study a reactor ensuring long
residence times and accordingly the experiments were carried out
in the 150 < Re < 750 range.

Four baffle-plate types
were studied. These were dif-
ferent in the free flow cross-
-section. For the sake of dis-
tinction, the different baffle
plates were numbered. The baf-
fle plates as well as their
arrangement is shown in Figure
1.

The present paper deals
with studies on the hydrodyna-
mical characteristics of baf-
fle plate-type tubular reac-
tors. The study was based on
results concerning the pressure drop beought about in the reactor

arrangement

and the residence time.

Fig.1. Baffle plate types and their
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Experimental Apparatus

The reactor was a vertical tube of 1 metre in length, 5 cm.
in diameter and equipped with a thermostated jacket. A perforated
plate was welded into the bottom of the reactor; the rod holding
the baffle plates was supported by this plate. The support rod was
of copper and of rectangular cross-section, the baffle plates were
arranged on i1t. Its upper and lower ends were fastened by bolts so
that the baffle plates could not move in a vertical direction.

The experimental set up is shown in Figure 2.

The reagents were forwarded from storage tank (1) into over-
flow tanks () by centrifugal pumps (2). The temperature of the
reagents was approximately adjusted in the overflow tanks by tem-
perature controller (4). The temperature in the overflow tanks was
monitored by thermometers (16). The temperature of the reagents
leaving the overflow tanks was adjusted to the required value by
ultra-thermostats (6). The amount of the reagents was controlled
by valves (6) and rotameters (7). Having passed the rotameters,
the reagents enteres Tflow-dynamical mixing unit (8) where they
were mixed. The temperature of the 1liquid entering the reac-
tor was checked by thermometer (9). Injection was carried out at
the nozzle connecting the flow-dynamical mixing unit with reactor
(10). The pressure drop brought about in the reactor was measured
by differential manometer (12). The upper part, the head of the
reactor was made of plastic. A pair of electrodes for conductivity
measurement and a bead-type thermistor was built into this plastic
head. The conductance signal was measured by conductivity meter
(13) and it was recorded by potentiometric recorder (14). The bead
thermistor was connected to conductivity meter (15); the latter
was calibrated. The bead thermistor ensured the measurement of the
temperature at the end of the reactor.
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Measurement of Pressure Drop

In order to measure the pressure drop, two measuring nozzles
were arranged at a distance of 2.5 cn. as measured from the top
and the bottom of the reactor, respectively.The flow being laminar
and the expected pressure drop a low value, carbon tetrachloride
was used as manometer liquid in the differential manometer. No
pressure drop could be observed with the use of baffle plate No.l
and the empty tube.

Studies on Residence Time

The study on residence time was carried out on the basis of
the residence time spectrum (density function) of the reactor.
When recording the residence time spectrum, the flowing liquid was
tap water. In accordance with the details stated in connection
with the description of the experimental apparatus, the temperatu-
re of the Input stream was adjusted to 25°C. A 10 % NaCl solution
was applied as tracer. The latter (8 ml.) was introduced through a
nozzle set wup for this purpose by means of medical syringe. The
tracer left in a rapid, turbulent stream at the exit end and it
was measured and recorded by a conductometer. The tube cross sec-
tion at the point of injection and at the place of the conductomet-
ric electrode pair was identical.

RESULTS AND DISCUSSION
Studies on Pressure Drop
The value of the pressure drop arising across the reactor

was arbitrarily assigned to the distance between the measuring
nozzles, since as a consequence of the application of the baffle
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plates, the flow of the fluid particles in the reactor was consi-
derably Ilonger than in the empty tube. In the experiments, the
Fanning tube friction coefficient was calculated from the pressure
drop value on the basis of the force equilibrium:

np = d

The results show that by decreasing the distance between the baf-
fle plates, the rapid change in the friction coefficient, charac-
teristic of laminar flow, gradually disappears. This is illustra-
ted iIn Figure 3, for the case of baffle plate No .4.

A similar result is observed when the free flow cross section
is decreased. The results obtained with a baffle plate distance of
5 cm. are shown, for the case of different baffle plates, in Figu-
re 4.

The pressure drop brought about by the local resistance is
composed of the axial flow loss, the tangential flow loss and the
turbulence loss [5]-

Evaluation of Residence Time Spectra

The residence time spectra were evaluated by a digital com-
puter type ODRA 1204. In the course of the evaluation, the moments
of the residence time spectrum, the mean residence time and the
variance were calculated and the dimensionless C-curve was con-
structed.

Depending on the type of the baffle plate and on the distance
between the baffle plates, different types of reactors are ob-
tained. The latter were compared on the basis of the dimensionless
residence time spectra (C-curves) and the equivalent cascade num-
ber - the latter being in close connection with axial mixing.
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Fig-3. Tube friction coefficient
plotted against Re-number
Baffle plate No. H;
6-— empty tube

- h =2.5 cm
+ - h = 5 cm

- h =10 cm
N - h =20 cm

Fig.-I*.

Tube friction coefficient
plotted against Re-number
h =5 cm.
empty tube
+ - baffle plate No. 2
- baffle plate No. 3
O - baffle plate No. Kk

The equivalent cascade number was determined by the formula

proposed by LEVENSPIEL [6]:

at2 1
2

ekv.

(Pe)

(Pe - 1+ e"Pe) ()
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Fig.5* Comparison of experimental residence time spectra. Baffle
plate No.2;Re 175; + empty tube (002), o - h= 20 cm (2
O - h =10 cm (232), =« - h = 5 cm (222), x - h = 2.5 cm (212)

Figures 5-8 illustrate the residence time spectra obtained
for different types of reactors. In Figures 5. and 6. the residence
time spectra obtained with reactors shaped by arranging baffle
plate NO.2 at different distancescan be seen in the case of values
Re = 145 and Re = 660, respectively. As it iIs apparent, if the

feed rate is low - except for a baffle plate distance of 20 cm -
the application of baffle plates had an advantageous effect on the
hydrodynamic behavious of the reactor. In the case of higher feed

rates, as is apparent from Figure 6, it is only the plate distance
of 2.5 cm. that brings about an improvement as compared to the
case of the empty tube.

Figures 7 and 8 show the spectra obtained with various types
of baffle plates for the case of the 2.5 and 5 cm. plate distance
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. Comparison of experimental residence time spectra.

plate No.2; Re 660; + - empty tube (009)> o - h
GUo), & - h =10 cm (239), = - h =5 cm (229), x
cm (219)

I 1U9

Baffle
= 20 cm
- h =2.5
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Fig.7. Comparison of experimental residence time spactra. h = 2.5
cm. Re 210, + - empty tube, [ - baffle plate No.l (113),
x - baffle plate No.2 (213), = - baffle plate No.3 (313),

o - baffi e plate No.I*

in the case of Re = 210. As it is apparent, at a distance of 2.5

the baffle plate ensuring the largest and the one ensuring the
show the most unfavourable proper-
3 and 4 are the

cm.
smallest Tflow cross section
ties, whereas at a distance of 5 cm. plates No.

most unfavourable.
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Fig.8. Comparison of experimental

Re 210;
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residence time spectra, h = 5 cm

+ - empty tube (303); 4 - baffle plate No.l;
x - baffle plate No.2 (223);

e - baffle plate No.3 (323);

o - baffle plate No.lt (@*23)

100 500

Re[-]
Fig.9. Equivalent cascade number
plotted against Re-number.

- n = 36, empty tube,

o - baffle plate No.l; x - baf-
fle plate No.2; < - baffle plate
No.3; + - baffle plate No.I*

Figures 9-12 show the equi-
number, plotted
against the Reynolds number. The
number of space elements obtained
by application of the baffle
plates (the actual cascade number)
is represented by a broken line,

the equivalent cascade
number obtained by correlation of
the parallel determined results
obtained with the empty tube are
shown by a dotted line.

valent cascade

whereas
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At a baffle-plate distance of 2.5 cm. (Figure 9) a very high
equivalent cascade number could be observed. In the case of baffle
plates No. 2 and 3 it was one and a half times higher than the
actual cascade number. Baffle plates No. 1 and 4 possess more un-
favourable hydrodynamic properties, as compared with the other two
plates, in the range studied. However, it,should be noted that all
four plates resulted in a reactor fairly approximating the plug-
-like flow pattern, because the equivalent cascade number was,
even in the most unfavourable case, about 30.

nekv
L~io
B e ) Sl S S SR
100 500 Re[-]
Fig.10. Equivalent cascade num- Fig.1ll. Equivalent cascade num
ber plotted against Re- ber plotted against Re
-number. - n = 19, -number. - n =10,
empty tube; -e— empty tube;
0 -baffle plate No.l o] -baffle plate No.l
X -baffle plate No .2 X baffle plate No.2
- -baffle plate Ho.3 - -baffle plate No.3
+ -baffle plate No.U + -baffle plate No.l

Results obtained with a baffle plate distance of 5 cm. are
summarized in Figure 10. It can be concluded that the hydrodynamic
characteristics of the reactor are, up to a certain limit, advan-
tageously influenced by the decrease of the flow cross section
(types 1-3), that is to say, the equivalent cascade number is in-
creased. A further decrease in the flow cross section brings about
a decrease in the equivalent cascade number (baffle plate No.4).
All the baffle plates studied, brought about an equivalent cascade
number of ten, or higher than that, in the range studied. This is
very favourable, because a cascade system of ten elements realizes
in practice the plug-like flow tubular reactor to a good approxi-
mation.
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It was found at a baffle-plate distance of 10 cm (Figure 11)
that up to about Re = 550 the baffle plate improves the hydrodyna-
mics of the reactor as compared to the empty tube, whereas at a
plate distance of 20 cm. this is true only up to Re = 300 (Figure
12).

Summarizing the results it
can be stated that a tubular re-
actor equipped with baffle plates
is - from the view point of dy-
namic flow - more similar to cas-
cade systems then to tubular reac-
tors because it can be approxima-

Fig.-12. Equivalent cascade num- ted better by the cascade model
ber plotted against Re-number. than by the tubular model and the

n =5, -e- empty tube,
o - baffle plate No.l characteristic equivalent cascade
x - baffle plate No.2 - - _
- - baffle plate No.3 number reTalns pra?tlcally un
+ - baffle plate No.l changed with changing Tfeed. In
h

= 20 cnm. the case of higher Reynolds num-

bers, the application of baffle plates results in both cases in
deteriorated dynamic-flow properties as compared to those of the
empty tube. The present results indicate that the dynamic-flow
properties of the reactor can be improved by the application of
baffle plates and with the properly chosen arrangement of the lat-
ter it is possible to ensure a practically plug-like flow pattern,
even in a laminar flow system.

As to the geometry of the system studied, i.e. the type of
baffle plates and the preferable distance between them, the fol-
lowing design principles can be formulated :

1. 1t is preferable to choose the free flow cross section of
the baffle plate (Q),as referred to the cross section of the empty
tube, in accordance with the following formula:

0.2 <Q4&0.3

2. The following [limit for the ratio distance between the
baffle plates to the diameter of the empty tube is to be observed:
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Results in connection with the mathematical modelling of the
baffle-plate type tubular reactor will be reported on in a sub-
sequent paper.

SYMBOLS USED

C(e) =C C-diagram, residence time spectrum (dimensionless)
d diameter of reactor (m)

L tube friction coefficient according to Fanning (dimen-
sionless)

h distance between baffle plates (m)

L distance between nozzles for the determination of the
pressure drop (m)

n v equivalent cascade number (dimensionless)

nj. actual cascade number (dimensionless)

Op pressure drop (N*m-2)

Pe Peclet-number (dimensionless)

Q free flow area of baffle plate, as referred to the

cross sectional area of the empty tube (dimensionless)
Re Reynolds number (dimensionless)

tg mean residence time, as calculated from the volume of
the reactor and the volumetric flow rate (s)

\Y linear flow rate (m*s"1)
0 dimensionless time

p density of the fluid (kg*m-3)
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a2 variance (dimensionless)
an variance (S2)
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PE3IOME

B cTaTbe aBTOpb NPMBOAST OAVH W3 BapvaHTOB MOBbILEHUS 3(hHeK-
TUBHOCTM OAHO})A30BOr0 J/laMMHAPHOFO  peaKkTopa-Tpy6bi. PacnonoxeHHsie B
peakTope HamnpaBfswwMe MNJacTUHKM HapywaiwT 6GecrnpepbiBHOE Mone Teude-
HUSI, B CNeACTBUM Yero peakTop MpeBpawaeTcs B nojobue KacHaga. [laH-
Has pab6oTa wuccnefyeT TepMoAMHAMMUYECKMe CBoWCTBa peakTopa [J/IMHOW B
1 v, AvameTpoM B 5 cM, C HanpasfsoWMMU MAacTVHKaMKW pPas/IMYHOro pas-
Mepa ¥ pacrnofioKeHust .






Hungarian Journal
of Industrial Chemistry
Veszprém
Vol .3« pp. 157-170 (1975)

EXAMINATION OF A BAFFLE PLATE-TYPE
TUBULAR REACTOR 11.

(Kébanya Pharmaceutical Works (RICHTER G.)
and Department of Chemical Process Engineering, Veszprém

University of Chemical Engineering¥*)

Received: November 5, 197%*.

The present paper deals with the mathematical
modelling of baffle plate-type tubular reactors. The
so-called cascade model employing internal recircula-
tion was applied to a model reaction system of the se-
cond order. By studying the adequacy of the experimen-
tal data and the data of the model, simplifying condi-
tions were proposed for the model and for the selec-
tion of the most efficient baffle plate-type.

In order to improve the efficiency of a laminar-flow tubular
reactor, baffle plates were arranged in the latter. Studies on the
flow dynamic properties of the baffle plate-type tubular reactor
were described In a previous paper [1]- It was concluded that baf-
fle plate-type tubular reactors are from a point of view dynamic
flow more similar to cascade reactors than to tubular ones. This
is also iIn agreement with the physical picture, because by the ad-
dition of the baffle plates, the reactor is segmented into well-
-defined space portions.

The present paper deals with the mathematical modelling of
baffle plate-type tubular reactors. The cascade model with inter-
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nal recirculation has been elaborated for modelling rectifying
columns [2, 3 et al.]. LELLI. [4] was the first to apply it for the
modelling of chemical reactors.

The internal recirculation model is a two-parameter one. The
classical cascade model is supplemented, in analogy to axial stir-
ring, with internal recirculation [4-7]. The flow diagram of the
model 1is shown in Figure 1.

Fig. 1. The diagram of the model

The parameters of the model are the cascade number n and the in-
ternal recirculation ratio. The latter is defined by the following
expression:

y = — — (1)

As far as the model 1is concerned, the iIntroduction of the internal
recirculation ratio represents an additional variability. Hereby,
mixing phenomena - as well as their effect upon conversion and
efficiency of the reactor - can be described by an efficient and
flexible model.

The model is formulated for the case of a given operational
unit for reaction of the second order. The rate equation of the
reaction is the following:

dc
-—— = - Kac2 @
dt
The balance equations are for the individual cascade elements as
follows :
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For the first stage, the balance equation is:

dci
Be - (B + B,)Ci + Bpcz - V-,kaC? = - ) ®
t
for the jth stage:
- _dc.
-(»*2 Br)Cj , BRcj+1 - k,cBm - Vj -i @
and for the nt! stage :
d/\
CBRGp - Bt BRCy - Vpksop = - Vy S)

In a steady state, first-order non-linear differential equations
A, @, (B) are simplified to non-linear equations. Let the set
of equations be made dimensionless and the following substitutions
be introduced :

cc = Fi 6

3 co ®
nv
_J

8 4 S Q)
tg k2 co

8

. ®

dimensionless set of nonlinear equations is as follows:
1-@+yk -Da(eN2+ YC =0

@ *y)cj-1 m @ + 2y)Cj - Da(Cj) + YCj+l =0

©®

J =2, 3, ...»n1
(€ + y)e*! - (1 +Y)e*r - Da(c*)2 =0

The set of Equations (9)
the nonlinear terms are evolved

s linearized in such a way that

i
into a Taylor-series and the terms
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of higher order are neglected. The linearized set of equations can
be solved by an iterative method. The linearized set of equations,
in vector-matrix representation, is the following:

ai y el i+l " Da(el,i)*-1

14Y b2 Y c2,i+1 - DaiCgj)2

1+4Y b3y 5§,i+1 B - Da(c3,i)2

i . [ . i

In s,_; vy cn-1,i+1 " Da(en-1,1)

r* B
14Y an Ln, i+l - Da(cn,i>
where
aj = -1 +y+ 20D cu o) j= 1.0 D)

= - (1 + 2y + 20DacCj>i) = 2,3,...,0n-1 (12)

s
|

bj
and i1 is the number of iterative steps.

The first parameter is the cascade number; the Ilatter is, in
the case of cascade systems and of tubular reactors divided into
physically well-defined portions unequivocally determined by the
number of stages. As to the selection of.the cascade number, in
the case of axially stirred continuous systems, reference is made
to literature [5]. The other parameter of the model 1is the vy in-
ternal recirculation ratio whose determination is carried out, ac-
cording to literature, on the basis of the dynamic-flow-model [8].
The following connection between the variance and the parameters
of the model was found to exist [8]:

2 n -9
{¢ Q@ - P ('2 - q>_) I as

where

a4
1+ 2
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While discussing Equation (13), a complete analogy to
LEVENSPIEL"s dynamic-flow model [9] was found [8].- In the case
y ® =, j.e. at an increase of the internal recirculation over any
limit, a2 tends to 1 and this case corresponds to a continuous mo-
del containing axial mixing. In the case y o 0, i.e. ©® >»2n, the
variance tends to 1/n and this corresponds to the model of ideal
mixing [9]- (This is the classical cascade model). Finally, if
(0] , Which, 1In the case of a finite y value, results in the in-
crease of the cascade number over all limits, the piston flow
model is realized.

The classical cascade model does not possess the above-men-
tioned properties, since that model is based on the dynamic-flow
model of ideal mixing.

In order to determine the internal recirculation ratio, Equa-
tion (13) has to be solved for y. The value of the internal recir-
culation ratio can numerically be determined by a computer.

An approximative solution was proposed in literature [5, 8]
based on the fact that the internal recirculation ratio converges
to the continuous model containing axial mixing. If n = 10, the
approximation Pe = ¢ yields a satisfactory accuracy for practical
calculations [8].

The value of the internal recirculation ratio was calculated
by the Newton-Raphson method; the internal recirculation cascade
model was solved by an iteration procedure, wusing a digital
computer type ODRA 1204. In the case of y = 0 the model
represents the classical cascade model and accordingly the exit
concentration was also calculated in every case with the classical
cascade model . In the case of the internal recirculation model,
the calculations have to be made backwards, starting from the nth
cascade element, because the calculation starting from the first
cascade element is, on account of the high parameter sensitivity,
not convergent. A further disadvantage of the latter technique is
that the value of y may not assume the value y = O, because a di-
vision is made by this figure in the programme. In backwards cal-
culation the value of y = 0 is also allowed. The iteration can be
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started from any optional initial value. In the present calcula-
tions, the initial value C5>I =05 jJ=1,2 ... n was applied.
The calculation 1is, in accordance with the statements to this ef-
fect found in literature, very rapid [5]- The difference between
the exit concentrations calculated in the third and fourth itera-
tion, respectively, is lower than 10 <~

In order to determine the adequacy of the model, experiments
were made with a model reaction. The saponification of ethyl ace-
tate with sodium hydroxide was chosen as such a model reaction.
The reaction is, if the initial concentration of the reactants is
equimolar, of the second order. The temperature-dependence of the
rate constant of the reaction is known from literature [10].-

The rate equation of the saponification of ethyl acetate can
be written in the following form:

---- = k2(c - c)2 (15)

where cq 1is the initial concentration of one of the components,
preferably of the sodium hydroxide. By integrating Equation (15)
from t =0 to t and from c = O to c, we obtain

C

The experiments were carried out iIn a system thermostated to
25°C [1]- The initial concentration of the reagents was chosen as
0.1 M. The progress of the reaction was determined from samples
taken from the material stream leaving the reactor. A known amount
of hydrochloric acid of known concentration was added to the sam-
ple, which "froze" the reaction. The alkali content of the sample
was determined by back-titration. The samples were taken after
establishment of the steady state; the latter was monitored by the
conductance of the material stream leaving the reactor being con-
stant .
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The arrangement of the
results
accordingly the adequacy of the

ekv

10

500 1000

Re[ -]

100

Equivalent cascade number,
plotted against the Re-
-number. Baffle plate No.
1 - h=2.5 cm; @ - h=5 cm

3 - h=10 cm; - h=20 cm

the other,
measured from the
3-6. The classical cascade model
nal recirculation cascade model
is apparent from the
- not higher than 5 % -
lues,

the range studied.

between
and
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plotted against reactor
instant of feeding

is marked by RK
Figures that there are no

consequently both models can be regarded as adequate
The small difference between the two models
caused by the fact that a low vy value was obtained (y < 0.3),

1. 163

baffle plates at different distances
in reactors of different flow-dynamic characteristics and

tested in a reactor
equipped with a baffle
No. 2 [1] (the free
section of the
compared to the empty tube,
0.343). The dynamic-flow pro-
perties of the thus
obtained were compared on the
basis of the equivalent cascade
number, calculated from the se-3
cond of the
spectrum. Changes the
equivalent cascade number, plot-
ted against the Reynolds number,

model was
plate
flow cross

latter was, as

reactors

moment residence
time in

p are illustrated in FT%ure 2.

The exit
measured on the

concentrations,
one hand
the model,
volume and residence time,
are compared in Figures
is marked by KK whereas the inter-
in the Figures. It
large differences
measured and calculated va-

and
calculated with on
as

in,

the
in
is
the

actual cascade number and the equivalent cascade number calculated

from the dynamic-flow model was nearly identical

As it is apparent Tfrom the

lation ratio may also

about if

be concluded that the internal

be a negative value;
nt < nekv (at a baffle plate distance of 2.5 cm).
recirculation model possesses very

(cf. Table).

Table that the
this may be brought

internal recircu-

It can
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Re[ -1

Fig.3. Adequacy test of the ig.-1+. Adequacy test of the
models. Baffle plate No.2 model. Baffle plate No.2
h=25c¢cm n = 36 h=5cm, n =19
— RK-model; o KK-model; — RK-model; o KK-model;
+ measured values + measured values

Re[-1

Fig.-5. Adequacy test of the Fig.6. Adequacy test of the
models. Baffle plate No.2 models. Baffle plate No.2
h=10 cm; n =10 h=20cm; nm =5
— RK-model; o KK-model; — RK-model; o KK-model;

+ measured values + measured values
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Table 1
* *
h n £8B Re Y CKK CRK
cm - S - - - -
356.8 150 0.1398  0.35345 0.35513
267.6 200 0.0542  0.42119 0.42178
2.5 3  178.4 300  -0.1140  0.52010 0.51913
133.8 400  -0.1581  0.58986 0.58878
107.1 500  -0.1618  0.64319 0.64231
372.2 150 0.2282  0.35039 0.35514
279.2 200 0.1994  0.41622 0.42000
5 19  186.1 300 0.1534  0.51418 0.51673
139.1 400 0.1453  0.58318 0.58505
111.7 500 0.1361  0.63562 0.63705
283.6 200  -0.0634  0.42212 0.42007
189.1 300 0.0492  0.51769 0.51897
10 10
141.8 400 0.1239  0.58576 0.58832
113.4 500 0.1780  0.63668 0.63964
286.1 200 0.0094  0.44060 0.44106
190.8 300  -0.0600  0.53208 0.52966
2 > 1431 400  -0.0827  0.59725 0.59477
114.5 500  -0.0976  0.64600 0.64355

attractive properties. By the application of the internal recircu-
lation ratio, the axial mixing can be taken into consideration,



166 B. Benkd and Gy.

and accordingly the model is
a rapid and simple one which
also accounts for the dynamic
flow characteristics of the
reactor. Furthermore, at
low values the model practi-
cally becomes identical to
the classical cascade model;

this could be experienced in
the course of the experiments.

The previous paper of
this series dealt with the
dynamic flow properties of
the baffle plate-type tubular
reactor. An adequate mathema-
tical model, also taking the
dynamic flow model into con-
sideration of the baffle
plate-type tubular reactor
was at our disposal, and con-
sequently a study was made on
how the conversion attainable
with a plug-like flow pattern
can be approximated by the
application of baffle-plates
in a laminar-flow tubular re-
actor. The conversion attai-
nable in a perfectly mixed
tank reactor and in a plug-
-like flow system, as well as
the conversion values calcu-
lated with the internal re-
circulation cascade model
(broken line) plotted against
the mean residence time cal-
culated from the reactor vé6-

Marton Vol. 3.
0.2 & % % i “—

0 200 400
tp[sl]

Fig.-7- Calculated conversion plot-

ted against the mean resi-
dence time. 1 - ideal tubu-
lar reactor; 2 - h = 2.5 cm,
baffle plate No.2; 3 - h =

= 5 cm, baffle plate No.2;

U - h =10 cm, baffle plate
No.2; 5 - h = 20 cm, baffle
plate No.2; 6 - real reactor
measured; 7 - perfectly stir-
red tank reactor
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lume and the feed are illustrated in Figure 7. It is apparent from
the Figure that at a baffle plate distance of 2.5 or 5 cm the baf-
fle plate-type tubular reactor can practically be regarded as one
conforming to the plug-type flow pattern. The efficiency-improving
effect of the baffle plates is less pronounced if the residence
time is decreased. This follows from the experimental results,
since the difference in the conversion values attainable with per-
fectly stirred tank reactors and with plug-type flow reactors is
small.

Despite the aforementioned it can be concluded that the plug-
-like flow pattern and the conversion corresponding to it can also
practically be attained in laminar-flow tubular reactors, provided
that the geometrical Simplexes CI] postulated by flow dynamic exa-
minations are observed.

SYMBOLS USED

as defined by Equation (11), (dimensionless)

as defined by Equations (12), (dimensionless)

ee ~

B feed (£*h~1

BR internal recirculation volume stream (£"h~1)

C concentration (molen~f-1)

Co initial concentration of reagent (mole-£_ 1)

Cj concentration of reagent in the cascade element
(mole*f_1)

4 relative concentration of reagent in the ™1 cascade

element (dimensionless)

CKK exit concentration, as calculated by the classical cascade
model (dimensionless)

exit concentration, as calculated by the internal recircu-
lation cascade model (dimensionless)
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Da Damkdhler number, as defined by Equation (8), (dimension-
less)
K distance between baffle plates (cm)
K2 rate constant (E-mole~les~1)
n cascade number (dimensionless)
ne kv equivalent cascade number (dimensionless)
nt actual cascade number (dimensionless)
Pe Peclet-number (dimensionless)
Re Reynolds-number (dimensionless)
t time ()
mean residence time calculated from volume and feed (5)
\" volume (£)
vj volume of the jtwmi cascade element (I)
X conversion (dimensionless)
Y internal recirculation ratio (dimensionless)
a2 dimensionless variance
variance (s2)
® characteristic number between cascade number and internal
recirculation ratio (dimensionless)
Indexes
i number of iterative steps
j index of cascades

o] index referring to initial value
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PE3IOME

HacToswas pa6oTa 3aHUMAeTCHd MaTeMaTUYECHUM MOAENNPOBaHUEM
peakTopa-Tpy6bl C HanmpaBAsWWUMKM  NAACTUHKAMM. ABTOpPbl MCMOMb3YKWT TakK
Ha3biBaemMylo MoAeflb Kackaja C BHYTPEHHElW peuupKynsiuuei, npumeHss ee
ANl CUCTEMbl peakuun-Mofenn BTOPOro rnopsifka.-

CpaBH/Basi OMbITHbE AaHHbE C JaHHbIMM MOAenv, aBTopbl npepnara-
0T ynpouawuve MoAeNb YC/oBUSE U crnocob 6osiee 3ahheKTUBHOrO Bbibopa
Tuna BHAaAblLA -
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DEHYDROGENATION OF NORMAL HEXANE ON A MODIFIED
PLATINUM CATALYST

Mrs. B. MARK6, Cs. CSIKOS and J. BATHORY
(Hungarian Oil and Gas Research Institute, Veszprém)

Received: April 8. 1975.

The dehydrogenation of n-hexane was carried out
using a hatch microreactor and a four-component cata-
lyst within a temperature range of U00--700 °C. In ad-
dition to platinum, the catalyst contains lithium (as
a promoter) and arsenic (as a catalyst attenuator) on
an alumina carrier. The experimental results show that
with the optimal composition of the above catalyst, at
a yield of about 25 %, straight chained hexenes form
with a selectivity of more than 90 %.

Introduction

The increased demand for long, straight-chained monoolefins
is primarily attributed to their use in the manufacture of biolo-
gically decomposable detergents. Several possible methods exist
for the manufacture of such olefins, among them the most practical
and economical seems to be the dehydrogenation of the correspon-
ding normal paraffins.

Dehydrogenation of the longer chained hydrocarbons is exten-
sively hindered by the fact that C-H bonds are stronger than C-C
bonds, so that the direct thermal effect primarily causes the
breaking up of the latter, in other words cracking results. It is
therefore evident that dehydrogenation occurs only iIf the C-H
bonds are preliminarily loosened by means of a catalyst. Such type
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of catalysts have been known for decades, mainly for the manufac-

ture of different cc3-c5 unsaturated hydrocarbons [1]. However, in
the case of longer chained hydrocarbons, the use of both the metal
oxide or the noble metal catalysts result in deleterious side re-
actions - primarily dehydrocyclization and cracking - which ex-
tensively decreases the yield of the objective reaction. This is
the reason behind the failure to find a suitable catalyst composi-
tion - until the middle of the 1960s - for the economical dehyd-
rogenation of hydrocarbons containing more than five carbon atoms,
although considerable effort was directed towards this. The best
noble metal catalysts give a selectivity of less than 80 % at op-
timal conditions [2] or in the interest of achieving the best se-
lectivity, conversion had to be held at a value below 5- 10 % [3]-

In recent years, a number of patents have dealt with diffe-
rent composition of dehydrogenation catalysts, the common point
being that in addition to the noble metal on a carrier, there is
also a catalyst ‘™attenuator'™, or "modifier"” which is actually a
catalyst poison such as sulphur, selenium, tellurium [4, 5], arse-
nic, antimony, or bismuth for the purpose of increasing selecti-
vity [6]- Despite the data concerning the promosing operation of
these catalysts, available literature supplies very limited infor-
mation about the details of research. The aim of the following ex-
periments was to acquire some knowledge in this field.

For the purpose of dehydrogenation experiments, four-compo-
nent catalysts were prepared in the laboratory. These contained
platinum on alumina carrier, lithium as a promoter, and arsenic as
a catalyst attenuator. The object of the experiments was to inves-
tigate the effect of the catalyst composition and reaction parame-
ters on reaction product composition. It was assumed that for a
given temperature, residence time and hydrocarbon raw material,
the concentration of each component of the catalyst would show an
optimum in respect of the yield of linear olefins.

Dehydrogenation being an equilibrium reaction, it iIs very
sensitive to changes iIn temperature and pressure. The reaction is
endothermic and occurs with an increase in volume, therefore the
formation of olefins would favour an increase in temperature and a
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decrease iIn pressure. However, taking into consideration the fact
that an intensive increase in temperature leads to destructive re-
actions, it is evident that the reaction temperature also has an
optimum for a given catalyst, residence time and raw material. In
connection of each investigated catalyst composition, the effect
of temperature on the operation was therefore thoroughly studied
in the experiments discussed here.

n-Hexane was used as the starting reagent to simplify
the experimental technique, with the aim of conducting experiments
later with hydrocarbons of longer chains.

Experimental Technique

The examination of the catalysts was carried out using the
method based on the pulse technique [7, 8]. This has some advanta-
ges when compared to other continuous tube or circulation reactors,
in that it requires a small amount of catalyst and raw material,
and the endproducts can be quickly analysed. Its disadvantages in-
clude the fact that in the case of kinetic measurements it does
not provide reliable information and the equipment cannot be used
for experiments requiring longer periods of operational time (e.g-
life time tests). Figure 1 shows the diagram of the equipment used
in our laboratory.

Hydrogen gas - which partly assured the gaseous atmosphere
of the reaction and partly served as a carrier-gas for the chroma-
tographic process - was taken from a gas cylinder through a reduc-
tor and a needle valve. The detector prepared in the laboratory
was a glass catharometer cell, with two parallel connected, 25 ohm
platinum wires. Its outer jacket was filled with water for thermo-
static purposes. The cell was supplied from a transistor stabili-
zed mains NB-107 (Gamma, Hungary) the heating current being 160 mA.
An EZ-4 (Czechoslovakia) type compensograph was used for recording.

Chromatographic column data: 2.7 m long, 6 mm 1.D. glass
tube. The stationary phase was 10 % (,R"-oxy-dipropionitrile (ODP)
on a diatomacecus earth type support ‘MH-3" (REANAL, Hungary).
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Fig- 1. Diagram of experimental equipment. 1 - Differential mano-
meter; 2 - Injector head; 3 - Catharometer cell; h - Co-
lumn; 5 - Catharometer cell bridge and polarity switch;
6 - Recorder;T - Temperature controller; 8 - Thermocouple;
9 - Reactor; 10 - Furnace; 11 - Soap-film flowmeter; 12 -
Chiller

The reactor which was made of acid-resistant steel, had a
total volume of about 3 cc. Its connecting tubes were steel and
gl*ss capillaries of 2 mm 1.D.The reactor temperature was measured
using an iron-constantan thermocouple and its control was provided
by a bridle temperature controller.

In addition of obtaining the chromatogram of the products
leaving the reactor, the arrangement illustrated on Figure 1 pro-
vided the possibility to obtain a peak of the starting hydrocarbon
jJjust after injection. A polarity switch enabled all the peaks to
be obtained in the same direction.

The raw material used was 3-10 pit of "‘Chemically pure'™ normal
hexane manufactured by "Reachim”. The hydrogen gas flow rate was
50 ml/min and the weight of catalyst used was 0.1-0.5 gramme.
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The carrier of the catalysts was prepared by dropping alumi-
nium hydroxide gel into paraffin oil and treating the resulting
granulate with heat. The resulting carrier was impregnated, using
an appropriate mixture of HaPtCle, (NH"JaAsOi, and LiNO3 solutions.
The impregnated carrier was calcinated for a period of 2 hours at
500 °C and was reduced just before use in a stream of hydrogen gas
at 700 °C for 30 minutes.

Experimental Results and Discussion

Figure 2 shows the chromatogram of the reaction product ob-
tained with a four-component catalyst outlined earlier. It can be
seen that apart from the unreacted n-hexane, straight-chained
hexenes and some cracking products, which can be hardly defined,
result as products. With the chromatographic column used it was
not possible to obtain a total separation of the resulting hexanes,
since the retention data for 1-hexene and trans-3-hexene on one
hand and that of cis-3-hexene and trans-2-hexene on the other,
coincide on the applied stationary phase [10]. Retention time for
aromatic hydrocarbons was several hours, therefore, in certain
cases analyses of aromatic hydrocarbons were carried out on an-
other chromatographic column (10 % Apieson L on MH-3 support),
from chilled samples.

In testing the quality of the catalysts three data, conver-
sion, yield and selectivity were used. In the evaluation of the
results the quantities of n-hexane, or hexene isomers were given
relative to the quantity of n-hexane iInjected. In this way the
probable presence of some side products which did not appear on
the chromatogram will not induce an error in calculations. The
distribution of the side products and hexene isomers was not stu-
died in detail.

To examine the contribution of each active component of the
catalyst, three types of catalyst were prepared. The first con-
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taining only platinum as
the active component, the

second platinum and [ithium,
and the third containing all
three components, platinum, li-
thium and arsenic on an alumina
support. Table 1 shows the com-

position of these catalysts.

Figure 3 shows the result
of the dehydrogenation experi-
ments with these catalysts at
different temperatures. It can
be seen on the diagram that K/I,
which contains only platinum,
is the most active, and the ad-
dition of lithium and arsenic
decreases the conversion at
equal temperatures. At the same
time, it Is evident from the
yield diagrams that the additi-
on of lithium does not essenti-
ally influence the yield. With
the addition of arsenic, the
yield shows a sharp increase in
the interval between 550 °C and
650 °C although the vyield of
catalysts containing only pla-
tinum and lithium decreases to
zerowithin this interval be-
cause of side reactions. The
diagram is very representative

Mark6, Cs. Csikés and J.

Bathory Vol. 3.

Fig-2. Chromatogram of a product.
Catalyst: K/3; “reactor* 550 C;
1 - Injected n-hexane; 2,3,7~,5 -

Cracking products; 6 - n-hexane;
7 - l-hexene + trans-3-hexene;
8 - trans-2-hexene + cis-3-hexene

in connection with the contribution of arsenic. At low temperatu-

res,
centres.

the catalyst attenuator decreases the yield by blocking active
However, with an increase in temperature,

cracking 1is re-

legated to the background and the main reaction is favoured. On the
diagrams shown the arsenic containing catalyst appears only relati-
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of catalysts

Table 1. Composition
Symbol of Compos ition
catalyst Pt Li As/Pt
(wti ) wt?) atomic ratio
K71 0.75 - -
K72 0.75 0.5 -
K/3 0.75 0.5 0.3

tively better than the others, the absolute value of the yield and

selectivity are low, as the influence of component concentrations

were not yet known iIn these experiments.

of catalyst components. Catalyst weight: 0.5 g;

Fig- 3. Influence
50 mlI/minute; Quantity of n-hexane: 5 pi

Gas flow rate;
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After a clear evaluation had been obtained regarding the qua-
litative effect of each component of the catalyst, an attempt was
made to determine the optimal proportions of the components and
the favourable conditions for the dehydrogenation reaction.

The effect of the platinum content was examined using a nhum-
ber of four-component catalysts containing 0.5 per cent by weight
of lithium, and a concentration of platinum varying from 0.05- 5
wt%. The result of these experiments is shown in Figure 4. It can

Fig. h. Effect of quantity of platinum. Gas flow rate: 50 ml/minu-
te; Quantity of n-hexane: 5 y£

be seen from the diagram that conversion increases sharply with
the platinum charge in the reactor and there is a strong tempera-
ture dependence of activity. The yield curves show maximums, the
interval of which determines the suitable platinum concentrations
for the applied catalyst charges. The selectivity diagram expli-
citly shows that with an increase in temperature, the interval for
the optimal amount of platinum becomes narrower.

Since the novelty of the catalyst used is its content of a
catalyst attenuator particular attention was especially paid to
the effect of the As/Pt ratio on the functioning of the active ca-
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talyst_In these experiments, catalysts with the As/Pt atomic ratio
changing from 0.1-0.75 were tested. In the examination of these
catalysts, the composition with 0.3 As/Pt atomic ratio produced
conspicuous results at optimal operational conditions, both in con-
nection with olefin yield and selectivity (Figure 5).

Fig.5 Effect of As/Pt ratio. Temperature: 550°C; Catalyst weight:
0.5 g; Gas flow rate: 50 ml/minute; Quantity of n-hexane:
5 wvd

In a few preliminary experiments, it was found that Bithium
had no decisive effect on the propertiesof the catalyst. This is
why it was notconsidered important toextend the examination of
the composition to the effect of different lithium concentrations.
In the same way the influence of the properties of the catalyst
carrier was not examined, although this presumably cannot be neg-
lected.

The best catalyst characteristics, namely conversion, yield
and selectivity, for the given equipment, given hydrocarbon char-
ges and Ha/hydrocarbon ratio, are shown as a function of tempera-
ture iIn Figure 6.
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From the diagram it is
clear that conversion increases
exponentially with temperature,
selectivity is constant up to a
given value of temperature and
then sharply decreases, while
the yield goes through a maxi-
mum. The maximum of the yield
curve or the break point of the
selectivity curve unambiguously
determine the optimal operatio-
nal temperature which in this
case is around 550 °C. Here the
catalyst functions with a yield
of more than 25 % and selecti-
vity exceeding 90 %.

Working with this catalyst

gives a minimum of byproducts i i i
which consist of hydrocarbons f;g£§' Eg%g:;gf'ouefghg?/zO?gtg;
containing less than six carbon Composition: 0.1 % Pt, 0.5 % Li,
atoms and some benzene formed 9&%nﬁié?tbugﬁiiI;ngraﬁéaeigng?/
by dehydrocyclisation of hexane. &5 y~

From the experiments discussed here, it is possible to con-
clude that with the catalyst and under the conditions elaborated
by systematically changing the catalyst composition and reaction
parameters, the conversion and selectivity results given for si-
milar catalyst composition 1in literature were reproduced in a
batch microreactor. Naturally, the numerical results obtained are
seriously valid only for the given equipment and method, however,
the experienced tendencies can be extended to other systems with
complete assurance.

The Assumed Working Mechanism of the Modified Platinum Catalyst

It is known that supported platinum is a very good catalyst
for several hydrocarbon reactions. Some of these, such as cracking,
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are aided by acidic places on the support. The promotional action
of lithium can obviously be explained by its alkaline character,
which acts by shielding the acidic centres on the alumina surface.

Active centres in noble metal catalysts fostering dehydroge-
nation and dehydrocyclization differ from those which promote
cracking and isomerization according to literature [11].

One possible explanation for the role of arsenic may be its
influence on the concentration of electrons in the d-orbitals of
the platinum,any change of which necesserily modifies the strength
and character of the olefin-platinum interaction. It iIs suggested
that arsenic exerts its influence by ensuring the rapid desorption
of olefins, thus preventing any successive C-H bond splitting
which would ultimately lead to aromatization.

The resulting monoolefins have their double bonds in the in-
ferior $, r or 6 positions, since, in addition to the statistical
probability, these positions provide the most favourable energetic
conditions as a result of inductive effect.
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PESIOME

JervaporeHnsauns H-rekcaHa O6bia  BbIMO/IHEHA B MUKpPOpeakTope
neprnoanyeckoro [AencTBUA B MPUCYTCTBUM YETbIPEXKOMMNOHEHTHOINO KaTaum-
3aTopa npu TemnepaType 400-700 °C. [MnaTuHOBLIA KaTaM3aTop COAEPXUT
OHMCb aNlMWHWS B KadecTBe HOcUTeNsi, AMTWiA B KadyecTBe npoMoTopa M
MbllbSIH B KayecTBe pa3b6aBuTenis. [0 3KCNepuMeHTaslbHbIM  JaHHbIM - GbU1o
YCTaHOB/IEHO, U4TO HaTanMaaTop ONTMMa/IbHOrO cocTaBa obecrneynmBaeT Bbi-

xog, 25%, a CeneKTUBHOCTb 06pa30BaHMS FEKCEHOB MNPSAMONM LEnM npeBbiua-
et 90%.
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KINETISCH-MATHEMATISCHES MODELL DER BENZINPYROLYSE |
ZERSETZUNGSGESCHWINDIGKEITSGLEICHUNG, KINETISCHES MODELL

V. ILLES und A. HORVATH
(Ungarisches Erdol- und Erdgasforschungsinstitut, Veszprém)

Eingegangen am 10. Februar 1975

Die Pyrolyse von Raffinatfraktionen mit den Sie-
degrenzen zwischen 42,5 - 120,0 °C wurde iIn einem fir
die Simulierung von industriellen Rohrofen geeigneten,
groRlaboratoriumsmaligen Rohrreaktor untersucht. Die
Temperatur-, Druck- und Produktenverteilung langs des
Reaktorrohrs wurden experimentell gemessen.

Auf Grund der unter nichtisothermen und nichtiso-
baren Reaktionsbedingungen erhaltenen Pyrolyse-Versuchs-
ergebnissen wurde eine Methode zur Beschreibung der
Brutto-Zersetzungsgeschwindigkeit fir Raffinate (Ben-
zinfraktionen) unter Voraussetzung einer Reaktionskine-
tik n-ter Ordnung ausgearbeitet. Unter Verwendung der
erhaltenen kinetischen Konstanten wurden ein kineti-
sches Modell und ein Rechenprogramm zur Berechnung des
Zersetzungsgrads sowie der brutto-kinetischen Streng-
heitsfunktion zusammengestellt.

Einleitung

Ein bedeutender Teil der petrolchemischen Monomeren (z.B.
12-14 Millionen Jahrestonnen Athylen) wird durch Pyrolyse von Ben-
zinfraktionen hergestellt [1]. Ebenfalls bilden verschiedene Ben-
zinfraktionen den Rohstoff des in Ungarn Anfang 1975 in Betrieb
tretenden groRen Olefinwerks. Die Ausbeuten und die relativen Men-
gen der wahrend der Pyrolyse gebildeten Hauptprodukte sind in ho-
hem MaBe von den Eigenschaften der eingespeisten Benzinfraktion,
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sowie von den Bedingungen der Pyrolyse abhéngig. Also ist die ein-
gehende Untersuchung der Pyrolyse auch von technischem Standpunkt
von erheblicher Bedeutung. Trotzdem - oder gerade deshalb - fin-
det man in der Fachliteratur ber die Beschreibung der Pyrolyse
von Benzinfraktionen nur allgemeine Hinweise [2-5].

Zur Berechnung der Athylenausbeute bei der Pyrolyse von Ben-
zinfraktionen fand friher die von LINDEN und Mitarbeitern [2] ein-
gefihrte Strengheitsfunktion breitere Anwendung, welche die Aus-
beute des Zielprodukts Athylen als die Funktion eines aus der Tenm-
peratur am Ofenaustritt und der 0,06-ten Potenz der durchschnitt-
lichen Aufenthaltszeit bestehenden Produkts als einen unabhdngigen
Verdnderlichen beschreibt. Neuerdings haben ZDONIK und Mitarbeiter
[4] die sogenannte kinetische Strengheitsfunktion (Kinetic Severity
Funktion) eingefihrt, welche zur Charakterisierung der Intensitat
der Spaltung, die unter den gegebenen Bedingungen erreichte n-Pen-
tan-Konversion bzw. den auf Grund deren aus einer kinetischen Funk-
tion erster Ordnung berechneten Integral /k.dt-Wert verwendet.
Diese Methode wurde von mehreren anderen Autoren ebenfalls ange-
wandt [5].

In unserer Arbeit wird ein kinetisch-mathematisches Modell
beschrieben, das zwecks Darstellung der Brutto-Zersetzungsgeschwin-
digkeit und Berechnung der Produktausbeute ausgearbeitet wurde.
Neuartig und vom Standpunkt der praktischen Anwendung vorteilhaft
ist bei dieser Methode,daB die Bestimmung der kinetischen Konstan-
ten und der Produktausheutekurven in einem zur Simulierung der
Bedingungen der technischen Pyrolyse geeigneten, nichtisothermen,
nichtisobaren Rohreaktor, in groBlaboratoriumsmdBig durchgefihrten
Pyrolyseversuchen erfolgte.

Mit der Bestimmung der Brutto-Zersetzungskinetik von Kohlen-
wasserstoffen aus nichtisothermen Messdaten befassten sich mehrere
Autoren. So untersuchten KERSHENBAUM und MARTIN [e] die Pyrolyse
des Propans, KUNZRU und Mitarbeiter [7] die des n-Nonans, LEFTIN
und CORTES [s] die Pyrolyse des i-Butens im Laboratoriums-Strg-
mungsreaktor. Die Versuche wurden bei gleichem Tenmperaturprofil
und gleicher Einspeisegeschwindigkeit (gleichem Druckprofil) , un-
ter Einstellung verschiedener Kohlenwasserstoffpartialdrucke
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durchgefihrt. Proben wurden nur am Austrittspunkt des Reaktors ge-
nommen. Die Methode der kinetischen Darstellung wurde auf diesen
Fall angewandt.

Eine auf dem tatsdchlichen Spaltvorgang von Benzinfraktionen
beruhende Beschreibungsmethode wurde bis jetzt - unseres Wissens
nach - noch nicht verdffentlicht.

Versuchsmethode und P.yrolysebedi ngungen

Fir die Pyrolyse von Benzinfraktionen wurde ein GroRlaborato-
riumsrohreaktor mit einer Kapazitdt von 2-4 kg/h verwirklicht [9,
10]. Im Reaktor waren somit die Temperatur, der Druck und die
Konzentrationsverteilung messhar

Die Pyrolysenversuche wur-
den unter Zufihrung von 50 Gew.%
Wasserdampf im fir den Betrieb
der neuen und modernen Rohr-
o6fen Gblichen Druck-, Temperatur-
bzw. Aufenthaltszeitintervallum
durchgefihrt. Die wichtigsten
Parameter der Versuche sind 1in
der Tabelle 1 zusammengefasst.
Die im Laufe der Versuche einge-
stellten Temperatur- und Druck-
profile sind aus der Abbildung 1
ersichtlich. Die Messungen wur-
den bei zwei verschiedenen Tenm-
peraturprofilen (I und II) und
unter Einstellung verschiedener
Austrittstemperaturen (820, 825,
850 °C) durchgefihrt.

°C

Temperatur,

Druck, atm

Die Analyse der im Laufe

der Versuche entnommenen gasfér-
Abb_l. Temperatur- und Druckver- _-: fed _
teilung als Funktion der relati- migen und fI?SS'gen Proben_er
ven Rohrlange folgte nach einer von Frau Simon

Relative Reaktorlénge, z
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und vom Herrn Szepesy ausgearbeiteten Methode unter Anwendung ei-
nés MAFKI-Gasanalysators, eines Carlo Erba Fractovap Apparates (Mo
dell PAID) und eines Carlo Erba Apparates (Modell C ATC) Eil» 12].

Zur Berechnung der Versuchsdaten und fir weiteren Datenver-
arbeitung wurde ein elektronischer Rechner (Typ Rechenzentrale
GIER), sowie ein Mini-Computer Hewlett--Packard 9100 B verwendet.

Tabelle 2. Wichtigere Kennzeichen und GruppenZusammensetzung
des Raffinats

Kennzeichen Wert
Dichte bei 20 °C, g/ml 0,6745
Durchschnittliches Molekulargewicht 87 ,00

Fraktionsverteilung, °C

Siedebeginn 42,5
10 % destillieren bis 57,5
5 % destillieren bis 74,0
90 % destillieren bis 100,0
Siedeende 120,0

Gruppenzusammensetzung, Gew.%

n-Paraffine 26,6
i-Paraffine 62,1
Naphtene 3,6
Ungeséttigte Kohlenwasserstoffe 1,8
Aroméaten 5,9
Wasserstoffgehalt, Gew.% 15,65
Schwefelgehalt, Gew.% 0,012

In der Tabelle 2 wurden die wichtigsten Merkmale sowie die

durch gaschromatographische Analyse bestimmten Daten der Gruppen-
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Zusammensetzung des als Pyrolyserohstoff verwendeten Raffinats zu-

sammengefasst. Das untersuchte Raffinat enthielt 88,7 Gew.% Paraf-

finkohlenWasserstoffe, wovon der grofte Teil (62,1 Gew.%) aus ver-

zweigten Kohlenwasserstoffen bestand, was insbesondere fir die Bil-
dung hoherer Olefine (Propylen und Butylen) vorteilhaft ist. Es

enthielt ferner noch 3,6 Gew.% naphtenisehe, 5,9 Gew.% aromatische

und 1,8 Gew.% olefinische Kohlenwasserstoffe.

Brutto-Zersetzungskinetik der Benzinfraktionen

Definition des Zersetzungsgrades und der Reaktionsgeschwindigkeit
unter Berilicksichtigung der effektiven Expansion

Bei der thermischen Spaltung von einzelnen Kohlenwasserstof-
fen, Model lgemisehen und Benzinfraktionen in einem isothermen, iso-
baren Rohrreaktor benutzten wir fir die Beschreibung der Brutto-
Zersetzungsgeschwindigkeit eine sogennante integrale und differen-
tiale Methode [13-20]. Das Wesen der Integralmethode besteht da-
rin, daf wir 1in den integrierten kinetischen Gleichungen erster
Ordnung die Konstante der Zersetzungsgeschwindigkeit durch den Aus-
druck «k = k° -RBX ersetzt haben, wo R einen die Inhibitorwirkung
der Reaktionsprodukte (Olefine) bericksichtigenden Faktor bedeutet.
Bei der Differentialmethode rechneten wir mit einer temperaturab-
hangigen, von der Einheit abweichenden Reaktionsordnung. Fir die
Beschreibung der Brutto-Zersetzungsgeschwindigkeit von Gemischen
und Benzinfraktionen verwendeten wir dieselben kinetischen Glei-
chungen wie fir einzelne Kohlenwasserstoffe mit dem Unterschied,
daB die Konversion einzelner reiner Stoffe durch einen in folgen-
der Gleichung definierten Zersetzungsgrad ersetzt wurde [16,18-20]:

K
X = £y, X ("

wo y., dia Molbriche der zersetzbaren Komponenten des Ausgangs-
benz ins, Und
Xj die Konversion der zersetzbaren Komponenten des Ausgangs-
benzins bedeuten.
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ErfahrungsgemdR zeigen die aromatisehen Kohlenwasserstoffe
des Ausgangsbenzins in der ersten Phase der Reaktion keine Spal-
tung (ihre Menge nimmt praktisch nicht ab), also kénnen sie vonm
Standpunkt der Reaktion als 1inerte Komponenten oetrachtet werden.
In der Gleichung (1) haben daher ihre Molbriche den Wert Null.

Der durch die Gleichung (1) definierte Zersetzungsgrad ninmt
bei der Pyrolyse von Benzinfraktionen Werte zwischen Q - 1 an,
dhnlich wie die Konversion bei der Thermospaltung reiner Stoffe.
Ob X unter gegebenen Pyrolysebedingungen welchen Wert annehmen
wird, das hé&ngt vom Molekulargewicht und von der chemischen Kon-
stitution der Benzinkomponenten, das heift von ihrer Zersetzungs-
geschwindigkeit (Thermostabilitdt) ab. Bei der Pyrolyse von Ben-
zinfraktionen verschiedener Qualitdt (verschiedener Siedegrenzen
und chemischer Zusammensetzung) wird also - sonst unter gleichen
Pyrolysebedingungen - auch die Anderung des Zersetzungsgrades
verschieden ausfallen.

Ein wesentlicher neuer Zug unserer vorliegender Arbeit 1im
Vergleich zu den Bisherigen besteht darin, daB die Ausarbeitung
eines fir die Beschreibung der Brutto-Zersetzungsgeschwindigkeit
von Benzinfraktionen geeigneten kinetischen Modells auf Grund von
in einem nichtisotermen, nichtisobaren Rohrreaktor bei turbulenter
Stromung ausgefihrten Pyrolyseversuchen erfolgte. Im Verlauf der
Pyrolyseversuche erhdhte sich die Temperatur des Reaktionsgemisches
- wie es 1im vorangehenden Abschnitt ausfihrlich beschrieben ist -
von den am Eingangspunkt des Reaktors eingestellten 580 °C auf
820-850 °C bei seinem Durchgang durch den Reaktor. Gleichzeitig
verminderte sich der Druck von 3,4 - 4,2 atm auf 1,8 - 2,0 atm.
Die effektive Aufenthaltszeit des Reaktionsgemisches im Reaktor
schwankte zwischen 0,4 - 0,6 s. Ahnliche Parameterwerte gelten
auch bei den modernen technischen Pyrolysedfen.

Temperatur und Druck &nderten sich also auch bei konstantenm
(stationédrem) Betrieb des Reaktors von Punkt zu Punkt entlag des
Reaktionrohrés. Das bedeutet, daB fir die Beschreibung der Brutto-
-Zersetzungsgeschwindigkeit die Bestimmung der kinetischen Konstan-
ten durch die Differentialgleichung eines Elementarabschni ttes des
Reaktors (Geschwindigkeitsgleichung) erfolgen kann (Differential-
methode).
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Die Definitionsgleichung der Reaktionsgeschwindigkeit in ei-
nem Durchstrdmungsreaktor lautet [21, 22, 14]:

dn dXx dXx
= C. 2

dVn dVR du

wo n mol /s der molare Strom des reagierenden (sich zersetz-
tenden) Stoffes,

/s Volumengeschwindigkeit beim Eintrittspunkt in den
Reaktor,

mol 71 Konzentration des Ausgangsstoffes (hier der Ben-
zinfraktion) am Eintrittspunkt des Reaktors,

Konversion des Ausgangsstoffes (hier der charak-
teristische Zersetzungsgrad der Benzinfraktion),

Rea ktorvolumen,

w = g4 S fiktive Reaktionszeit.

Andererseits, in Kenntnis der aktuellen Konzentration der
zersetzenbaren Komponenten der Ausgangsbenzinfraktion kann fir
die Geschwindigkeit der thermischen Spaltung, ausgedrickt durch
die Brutto-Reaktionsgleichung A (¢ v~A- R”, allgemein geschrieben
werden :

r = K »Cn Fco d-*)!

®
wo A Symbol der molaren Menge der Ausgangsbenzinfraktion,

Rj Symbol der molaren Menge des i-ten Reaktionsprodukts,

V. Brutto-Stdchiometriefaktor des i-ten Reaktionsprodukts,

K (mols1) = s Zersetzungsgeschwindigkeitskonstante

n Brutto-Reaktionsordnung,
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*_
C V< )<) mol 1. aktuelle Konzentration der zersetzbaren
Komponenten der Ausgangsbenzinfraktion,
X =2 yj*j Zersetzungsgrad
Ee die zum Zersetzungsgrad X zugehdrige ef-

fektive Expansion.

Die effektive Expansion (Ee) drickt die gemeinsame Wirkung
der von der chemischen Reaktion (Zersetzung) verursachten Molzahl-
d&nderung (chemische Expansion, ER) und der von Druck und Tempera-
tur verursachten Anderung (physikalische Expansion, Ef) aus:

Ee = Ef « ER 4)
Hier st
T(z)-P E(X) + s
, T omm—-- - Ep = -------
f T0.P(2) 1+ s

wo TQ die Temperatur (°K) beim Eintrittspunkt in den Reaktor,
PQ Druck (atm) beim Eintrittspunkt in den Reaktor,
T(z) Temperaturprofil im Reaktor,
P(z) Druckprofil im Reaktor,

S Wasserdampfmenge bezogen auf die eingespeiste Benzin-
menge (mol/mol),

E(X) = 1 + (E v..-1)*X Kohl enwasserstoffexpansion (eine ein-
deutige Funktion des Zersetzungsgrads).

Die Kohlenwasserstoffexpansion, definiert durch den Quotienten
der Molzahlen der aus dem Reaktor austretenden und der in den Reak-
tor eingespeisten Kohlenwasserstoffe, drickt die wéhrend der
Zersetzung eintretende Mol zahlerhéhung aus [14]. lhre Anderung in
Abhéngigkeit vom Zersetzungsgrad (also die E(X)-Funktion) ist fir
das Raffinat in Abbildung 2 veranschaulicht. Auf Grund der Abbil-
dung kann festgestellt werden, daR unter den angewandten Spaltungs-
bedingungen die Kohlenwasserstoffexpansion eine eindeutige Funk-
tion des Zersetzungsgrades ist. Die E(X)-Kurve wurde durch eine
empirische Funktion gendhert.
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+——T
0,6 0,8 1,0
Zersetzungsgrad, X

Abb. 2. Kohlenwasserstoffexpansion in Abhangigkeit vom Zersetzungs-
grad

Die Kenntnis der effektiven Expansion ist auch bei der Be-
stimmung der effektiven Reaktionszeit (t) notwendig, was mit Hilfe
der Gleichung:

z dz
| — ®
o E_
durch numerische Integrierung bestimmt wurde:

WO wgq s die auf Grund der maRgeblichen Parameter am Eingangs-
punkt des Reaktors berechnete Tfiktive Reaktionszeit,

z * I/L relative Reaktorlange bedeuten.
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Die Besti— ung der Zersetzungsgeschwindigkeitslcichung
sowie der kinetischen Konstanten

Durch Kombination der Gleichung (2) und (3) erhalten wir zur
Bestimmung der Brutto-Zersetzungsgeschwindigkeit von Benzinfrak-
tion folgende Geschwindigkeitsgleichung:

®

welche durch die Einfilhrung der relativen Reaktorlonge z > /1 und
nach Substitutirung von du « «0 = dz folgende For« anniat:

@

Zwecks Bestimung der Konstanten (k und n) wurde die Glei-
chung (7) 1linearisiert:

In «

Zur Loésung der Gleichung (8) Missen die Differentialquotien-
ten (dX/dz) der als Funktion der relativen Reaktorldonge (z) genes-
senen Zersetzungsgradkurven [X(z)l bei gegebenen Temperaturen be-
stirnt werden. Hierzu ist die Messung wenigstens von zwei solchen
X(z)-Kurven nétig, deren Richtungstangenten bei gegebene« T ver-
schieden sind. Dies kann durch Anderung des Temperaturprofils oder
der Einspeisegeschwindigkeit erreicht werden. Bei der Pyrolyse des
Raffinats wurden 7 solche Kurven genessen. In der Abbildung 3 wur-
den als Beispiel die Temperatur- und des Zersetzungsgradverteilun-
gen als Funktion von z in den Versuchsreihen 37 und 40 darge-
stellt.

Die Richtungstangente der X(z)-Kurve in den zu gegebenen Tem-
peraturen gehdérenden Punkten kann durch graphische oder durch nu-
merische Differenzierung bestirnt werden. Da uns eine elektronische
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Rechenmaschine zur Verfiigung
stand, wahlten wir die nume-
rische Lésung. Die Versuchs-
punkte wurden durch eine
Funktion vom Typ des Tangens
hyperbolicus angenédhert. Die
in Abbildung 3 kontinuier-
lich gezeichneten Kurven wur
den auf Grund der N&herungs-
funktion berechnet. Wie er-
sichtlich, besteht gute Uber
einstinmung zwischen den ge-
messenen und den gerechneten
Werten. Auf die auf Grund
des kinetischen Modells be-
rechneten X-Werte kommen wir
spater zurick.

In der Abbildung 4 ist
die nach (s) 1inearisierte
Geschwindigkeitsleichung

0 0,2 0,4 0,6 0,8 1,0
Relative Reaktorldnge, z

Abb. 3. Anderung der Temperatur und
des Zersetzungsgrads in Abhangigkeit
von der relativen Reaktorlange

T3 "4
In[Co™1-X) J
e

Abb. 4. Darstellung der linearisierten Geschwindigkeitsgleichung

fir ein Raffinat
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des Raffinats wiedergegeben. (Es wurde der Logarithmus der Momen-
tangeschwindigkeit in Abhdngigkeit von Logarithmus der aktuellen

Abb. Darstellung der linearisierten
Geschwindigkeitskonstante und
der Reaktionsordnung mit der
Temperatur

Konzentration aufgetragen.)
Durch die zu gegebenen Tem-
peraturen gehdrenden Punk-
ten konnen mit guter Néahe-
rung Geraden gelegt werden,
aus deren Richtungstangen-
ten die Brutto-Reaktions-
ordnung (n) und aus deren
Achsenschnitte die Ge-
schwindigkeitskonstante der
Zersetzung (In k) be-
stimmt werden kdnnen. In
Abbildung 5 wurde die An-
derung der auf diesem Wege
bestinmten In k wund n in
Abhéngigkeit von der hezip-
roken Temperatur darge-
stellt. Die Temperaturfunk-
tion der Zersetzungsge-
schwindigkeit skons tante

kann - wie ersichtlich -
durch eine Arrhenius-sche
Funktion beschrieben wer-
den. Der Wert der Brutto-
-Reaktionsordnung (n) d&n-
dert sich zwischen 1 und
1,5

der Erhéhung der Tempera-
tur an die Einheit. Die An-
derung der Brutto-Reakti-

onsordnung als Funktion von 1/T wurde durch die empirische Funkti-

on folgender Fornm

n=a+h * + (1)2

©
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beschrieben. 0Oie Funktion kann innerhalb des fir |Industrierohr-
6fen wichtigen Temperaturbereichs 0,85 < < 1,2 verwandt wer-
den.

Die beschriebene Methode kann exakt nur auf isotherme Reak-
tionsbedingungen angewandt werden. (Dann ist namlich X eine ein-
deutige Funktion von z.) Da in unserem Falle dieser Umstand nicht
gegeben war, koénnen die erhaltenen Werte der Reaktionsordnung und
der Aktivierungsenergie als scheinbare Werte angesehen werden,
welche aber - wie spater gezeigt wird - fur praktische Rechnun-
gen (Nodellausarbeitung) sehr geeignet sind.

Kinetisches Modell zur Berechnung der Zersetzungsgeschwindigkeit

Zwecks Aufstellung des Kkinetischen Modells wurde die Ge-
schwindigkeitsgleichung (7) in folgender zweckmaBliger Form geschrie-

ben:

C n-1 R
dX - (-£) K @ - X)" - dz 10)

Ee Ee

Auf Grund der Gleichung (6) kann hier auch

u. .dz
dt

Fe

eingesetzt, und das Modell statt der Langenkoordinate als Funkti-
on der tatsachlichen Reaktionszeit geschrieben werden. Aus Zweck-
maRigkeitsgrinden wurde obige Form beibehalten. In der Gleichung
(10) sind die Werte CQ und bei konstanter Einspeisegeschwindig-
keit und iw stationaren Zustand konstant, dagegen &andern sich die
effektive Expansion [Ee), die Geschwindigkeitskonstante der Zer-
setzung (k) sowie die 8rutto-Reaktionsordnung (n) kontinuierlich
nach der Lange des Reaktionsrohres. Diese Anderung wird durch das
Temperatur- und Druckprofil beeinflul3t
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Zur Losung der Gleichung (10) ist also die Kenntnis folgen-
der GroBen notwendig:

Gb kg/h, Einspeisegeschwindigkeit des Benzins,

GV kg/h. Einspeisegeschwindigkeit des Wassers,

To °IC, Temperatur an der Stelle z = 0,

PO atm. Druck an der Stelle z = O,

TU) Temperaturprofi 1,

P(@) Druckprofi 1,

K Temperaturabhéangigkeit der Geschwindigkeitskon-

stante der Zersetzung,

n Temperaturabhéangigkeit der brutto-kinetischen
ReaktionsOrdnung,
EQO KohlenwasserStoff-Expansion.

Zur Naherung der Kohlenwasserstoff-Expansion und des Tempe-
ratur- bzw. Druckprofils in Abhédngigkeit von 2z wurden empirische
Funktionen angewandt.

Die Losung der Differentialgleichung (10) kann grundsatzlich
Uber zwei Methoden erfolgen: Uber eine Umformung zu einer Diffe-
renzgleichung und Ausfihrung der Rechnung auf hintereinanderge-
schaltete isotherme und 1isobare Reaktorabschnitte (step-by-step-
-Hethode), oder unter Beibehaltung der Differentialgleichung und
Anwendung der in der Richtung der Tangente progressierenden sog.
Runge— Kutte-schen Methode.

In der vorliegenden Arbeit wurde aus ZweckmaRigkeitsgrinden
die sog. step-by-step-Methode angewandt. Hierzu wurde das (insge-
samt 22,5 m lange) Reaktionsrohr in 50 gleiche Abschnitte aufge-
teilt und die Rechnung auf die so erhaltenen Az = 0,02 (AL = 0,45
m) Abschnitte durchgefihrt. Als mallgebende Temperatur und Druck
eines bestimmten Reaktorabschnitts wurde der arithmetische Mittel-
wert (T-.P-) aus den an den Endpunkten des betreffenden Abschnitts
gultigen Temperatur- und Oruckwerten angesehen.

Durch Umformung der Differentialgleichung (10) in eine Dif-
ferenzgleichung und das Aufschreiben fir den Reaktorabschnitt i
erhalt man:
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n(TH-1 n(T:) WoK(T;.)
AX4 = ) @ - yij Az w GD
LEe(zD)

wo die relative Lénge des i-ten Reaktorabschnitts,

die Erhdhung des Zersetzungsgrades im i-ten Reaktorab-
schni tts,

k(Tl) den Wert der kinetischen "Konstante" an der Stelle z!
(in der Mitte des i-ten Reaktorabschnitts),

n(T1l) die Reaktionsordnung an der Stelle zT

i-1 ax,
XI = a X.i ) den Wert des Zersetzungsgrads in der Mitte
des i-ten Reaktorabschnitts,

Erzi) den Wert der physikalischen Expansion an der Stel-

Ep(XI) die zum Zersetzungsgrad XI gehdrende chemische Expan-
sion,

Ee(zg Ep(z!)«Ep( X1) die effektive Expansion an der Stelle
z1 beim Zersetzungsgrad XI

die Konzentration des Rohstoffs an der Stelle z* = 0

die fiktive Reaktionszeit an der Stelle z* = 0 bedeu-
ten .

Das auf der step-by-step Loésung der Anderung des Zersetzungs-
grades als eine Funktion der relativen Reaktorldnge beschreibenden
Gleichung (11) beruhende kinetische Modell wird als Programm-Block-
schema in der Abb. s veranschaulicht.

Auf Einzelheiten des Programms kommen wir nicht ausfihrlich
zum Sprechen, sondern beschreiben nur die prinzipiellen Grundzige
der in den einzelnen Programmblocks durchgefihrten Berechnungen.

Die Druckverteilung wurde auf Grund der & gemessenen Wert-
paare durch eine linearisierbare exponentielle Regressionsgleichung
mit drei  Verdnderlichen beschreiben. Die Temperaturprofile der
nicht isothermen Abschnitte wurden mit Polynomen genéhert.
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Abb. 6. Programm-Blockschema des kinetischen Modells des Pyrolyse-
reaktors. j = Zahl der Iterationen innerhalb des Reaktor-
abschnitts; N = Zahl der Reaktorelemente ; 1 = laufender In-
dex der Reaktorelement
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Die Berechnung des Zersetzungsgrades erfolgt durch Iteration,
wahrend dessen der Xlj-Wert durch wiederholte Korrektion der Expan-
sion und dadurch der tat-
sachlichen Reaktionszeit
inmer genauer wird. Die An-
derung des gemessenen bzw.
berechneten Zersetzungs-
grads (X) Uber die relative
Reaktorldnge (z) wurde fir
ein Raffinat in Abb. 7 dar-
gestellt. Die auf Grund des
Programms berechneten Werte
sind auch aus der Abbildung
3 ersichtlich.

Die Berechnung der
tatsdchlichen Aufenthalts-
zeit in dem Reaktor erfolgt

durch _Summlerqng der durch Abb.7. Anderung des Zersetzungsgrads
Iteration bestimmten maBge- in Abhangigkeit von der rela

benden Teil-Aufenthaltszeiten: tiven Reaktorlange

N

-El Azi (12)
1=

Ee(zi:

T L
)

Brutto-kinetische Strengheitsfunktion

Die Differentialgleichung (7) bzw. (10) kann nach zweckméfBi-
ger Umformung und Bestimmung der Integrationsgrenzen auf folgende
Form gebracht werden:

______ A/ (2 (13)

Beide Seiten dieser Gleichung sind dimensionslos. Das Integ-
ral der rechten Gleichungsseite drickt im Wesentlichen die Streng-
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heit der Pyrolyse der durch die Brutto-Geschwindigkeitskonstante «
gekennzeichneten Benzinfraktion, imn Reaktorabschnitt 0 - z, bei
vorgegebenem Temperatur- und Druckprofil und bestimmten Einspeise-
parameters (C0> wq) aus. Zu diesem Strengheitsgrad gehért eine
Spaltung bestinmter Tiefe, was durch das Integral der linken Seite
representiert wird.

Da die durch das Integral der rechten Seite der Gleichung
(13) definierte Strengheit die Brutto-Zersetzungsgeschwindigkei ts-
konstante der Benzinfraktion enthdlt, wurde dieser Zusammenhang
als brutto-kinetische Strengheitsfunktion genannt und weiter nmit
BKSF bezeichnet:

z C. n-1 u_ dz
BKSF = 5 {*) k -JL- (14a)
0 Ee Ee
oder, da:
o oz
o
= dT,
Ee
wi rd
T C, n-1
BKSF = ; (*) K dz (14b)
0 e

Die auf Grund der Gleichungen (13) und (14) definierte brut-
to-kinetische Strengheitsfunktion (BKSF) st sowohl formell wie
auch nach 1ihrem physikalischen Inhalt der von ZDONIK und Mitarbei-
tern [41 definierten kinetischen Strengheitsfunktion (KSF) analog:

KSF = /ka  dQ (15)

o

wo ks s-1 die Reaktionsgeschwindigkeitskonstante des n-Pen-
tans unter Voraussetzung einer Zersetzungskinetik
erster Ordnung, und

Q S die Reaktionszeit bedeuten.

Auf Grund der von Zdonik und Mitarbeitern definierten kineti-
schen Strengheitsfunktion kann berechnet werden, dal unter gegebe-
nen Bedingungen der thermischen Spaltung (bei gegebenem KSF-Wert),
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welche Konversion des n-Pentans eintreten wirde, vorausgesetzt, dal
die Spaltung durch eine kinetische Funktion erster Ordnung be-
schrieben werden kann. Sie ist in erster Linie zur zahlenméBigen
Charakterisierung der Strengheit der Pyrolysebedingungen geeignet,
steht jedoch nicht in Verbindung mit den tatsdchlichen Spaltvorgén-
gen im Rohrreaktor.

Die Einfihrung der brutto-kinetisehen Strengheitsfunktion
(BKSF) an Stelle des Zersetzungsgrades (X) bei der Pyrolyse von
Benzinfraktionen wird dadurch begrindet, daf 1im Gebiet X > 0,95
das fir die Untersuchung und Beschreibung der technischen Reakto-
ren wichtig ist - infolge Verldngerung der Skala - eine genauere
Bestimmung und Berechnung der Ausbeutekurven erméglicht wird (s.
den zweiten Teil dieser Arbeit).

Den zahlenmdBigen Zusam-
menhang zwischen dem Zerset-
zungsgrad (X) und der brutto-
-kinetischen Strengheitsfunk-
tion (BKSF) veranschaulicht
fiir die Pyrolyse eines Raffi-
nats die Abbildung s. Auf
Grund der Abbildung st der
Zusammenhang zwischen den bei-
den Verdnderlichen eindeutig,
und es geht hervor, daB bei
hohen Zersetzungsgraden die
BKSF sich in viel hdherem Ma-

Re é&ndert als X. Zersetzungsgrad, X

Die durch die Gleichun- i
gen (19 und (14) definierte AOD-S. Zusamnentiang zuichen der
brutto-kinetische Strengheits- heit und dem Zersetzungsgrad
funktion (BKSF) ist der in ggisder Pyrolyse des Raffi-
Gleichung (1) definierten
Zersetzungsgrad (X) &hnlich dimensionslos, wodurch die unmittel-
bare Ubertragung der Ausbeutekurven bzw. des kinetischen Modells

auf groBere Reaktoren (Rohréfen) erméglicht wird.
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Das Programm des kinetischen Modells berechnet die Werte der
brutto-kinetisehen Strengheitsfunktion (BKSF) aus folgender Glei-
chung :

N "(Ti)"1 k (o
BKSF £ Az . (16)

=l _Ee<zi>. Ee<z ;>
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PE3IOME

ABTOpaMy 6bl1 M3y4YeH MMPON3 pajuHaTa C TemnepaTypod  HUMNeHus
42,5-120 °C B Tpy64yaTOM peaKTope KpyrnHonabopaTopHOro pasmepa, npu-
rOAHOM Ha CUMYNALUMIO MPOMBILIEHHBIX TPybuaTbiX Meyen. IKCrnepumMeHTalbHO
OblI0 YCTaHOBJ/IEHO pacnpefefnieHne B peaHTOpe TewmnepaTypbl, [AaBfeHua W
NPOAYKTOB .

Monorass KWMHETWKY H-HOW. CTeneHn, aBToOpbl BbipaboTanm MeTod Ha
onucaHve Ba/lOBOM CKOPOCTW pas3noxeHust papuHaTa (auctunnata 6eH3unHa)
Iili akcnepyMeHTa/IbHbIM [aHHbIM, MOSTYYEHHbIM MPU HENIOTEPMUYECKUX U He-
n3obapusiecHnx ycnosmax. C MCNONb30BaHUEM  MONYYEHHbIX  KUHETUYECKMX
KOHCTaHT COCTaBWIM KUHETUYECKYK MOAE/Ib W BbIYUCIUTE/IbHYI — MNporpavvy
0151 BblUWIEHMS CTEMNeHW pas/ioKeHVUS UM Ba/IOBOW  KUMHETUYECKOW (hyHKLMN
TpeboBaTeNbHOCTU .
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KINETISCH-MATHEMATISCHES MODELL DER BENZINPYROLYSE 1l
PRODUKTVERTEILUNG, AUSBEUTEKURVEN, KINET ISCH-MATHEMATISCHES
MODELL

V. ILLES und A. HORVATH
(Ungarisches Erdol- und Erdgasforschungsinstitut, Veszprém)

Eingegangen am 10. Februar 1975

_Im groRlaboratoriumsmaligen Rohrreaktor wurden
die Anderung der Ausbeuten der Reaktionsprodukte in
Abhangigkeit vom Zersetzungsgrad und von der Streng-
heit der Pyrolyse eines Raffinats untersucht. Es wurde
gefunden, dall mit Ausnahme einiger Produkte (z.B. des
Wasserstoffs, des Athylens) die Ausbeute der Produkte,
in Abhangigkeit von den angegebenen Variablen, und un-
abhangig von der Austrittstemperatur und vom Tempera-
turprofil, durch je eine einzige Kurve dargestellt
werden kann. Die Ausbeutekurven wurden durch mathema-
tische Funktionen vier verschiedener Typen genahert.

Durch Verknipfung der die Bruttozersetzungsge-
schwindigkeit beschreibenden kinetischen Funktionen
mit den die Ausbeutekurven beschreibenden mathemati-
schen Gleichungen wurde ein zur Berechnung der Produkt-
verteilung geeilgnetes Kkinetisch-mathematisches Modell
und Computerprogramm des Rohrreaktors fur die Benzin-
pyrolyse ausgearbeitet.

In unserer friheren Mitteilung [1] wurden zur zahlenmdRBigen
Kennzeichnung der Spaltung (der Strengheit) zwei grundlegende Va-
riablen definiert.

Dies waren:
a) der Zersetzungsgrad (X) und
b) die brutto-Mnetische Strengheitsfunktion (BKSF).



392 V. 1llés und A. Horvath Vol. 3.

Zwischen diesen beiden Variablen stellt die brutto-kinetisehe
Funktion eine eindeutige Verbindung her, auf Grund deren in Kennt-
nis einer der Variablen die \Werte der anderen berechnet werden
kénnen. Vom Standpunkt der Beschreibung des Vorgangs sind also bei-
de Variablen gleichwertig. Anders steht es mit der praktischen
Verwendung. Dies wird weiter unten ausfihrlicher dargestellt.

Produktverteilung
Die Untersuchung und Bedeutung der Produktverteilung in

Abhédngigkeit vom Zersetzungsgrad

In den Abbildungen 1 -6 wurden die Ausbeutedaten 1in Gew.%
einiger wichtigerer Produkte der Pyrolyse des Raffinats 1in Abhén-

Zersetzungsgrad, X

Abb.1. Anderung der Wasserstoff-  Abb .2. Anderung der Athylenaus-

ausbeute mit dem Zerset- beute mit dem Zerset-
zungsgrad zungsgrad
gigkeit vom Zersetzungsgrad (X) gezeigt. In die Abbildungen wurde

die am Austrittsende und an den Zwischenstellen der Probenahme er-
haltenen sé&mtlichen Werte eingetragen. (Zur Kennzeichnung der ein-
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Abb. 3. Anderung der Propylen- . 4. Anderung der Butylenaus-
ausbeute mit dem Zer- beute mit dem ~Zerset-
setzungsgrad zungsgrad
Zersetzungsgrad, X Zersetzungsgrad, X

Abb. 5. Anderung der Pentenaus- Abb. 6. Anderung der Benzolaus-
beute mit dem Zerset- beute mit dem Zerset-
zungsgrad zungsgrad



391 V. I1llés und A. Horvath Vol. 3.

zelnen MeRserien wurden auch hier die Bezeichnungen der Tabelle 1
aus unserer Mitteilung | angewandt.) Auf Grund der Abbildungen kon-
nen mehrere wichtige Feststellungen getroffen werden.

Es konnte unter anderen festgestellt werden, daB parallel
zur Erhohung des Zersetzungsgrades sehr bedeutende Anderungen in
der mengenmdBigen Produktverteilung eintreten, welche in der Ab-
weichung der Ausbeutekurven von ihren Tangenten im Anfangsabschnitt
zum Vorschein kommen.

Es konnte weiter festgestellt werden, daf unter den von uns
eingestellten Bedingungen der thermischen Spaltung fast alle Mess-
punkte fir jedes Produkt nur je eine einzige Ausbeutekurve bestin-
men. Das bedeutet praktisch, daB die Ausbeuten dieser Produkte
unempfindlich gegeniber der Austrittstemperatur, beziehungsweise
der Form des Temperaturprofils, d.h. eine eindeutige Funktion des
Zersetzungsgrads bleiben. Die Werte der Ausbeute fir Wasserstoff
und Athylen (und in geringerem MaRe auch fir Athan) sind von der
Austrittstemperatur und vom Temperaturprofil abhéngig. Dies geht
aus den als Funktion des Zersetzungsgrads aufgezeichneten Abbildun
gen nicht immer hervor, da die Erscheinung im Allgemeinen bei Wer-
ten von X > 0,95 des Zersetzungsgrads auftritt und in diesem Ge-
biet die Lage der Ausbeutekurven nicht eindeutig feststellbar ist.

Die spadter gezeigten und als Funktion der BKSF aufgezeichne-
ten Abbildungen (7 und 8) veranschaulichen, daB bei Einstellung ei
ner hdoheren Austrittstemperatur und eines steileren Temperaturpro-
fils hohere Werte fiur die Ausbeute an Wasserstoff und an Athylen
erreicht werden kdnnen.

Die Temperaturunabhdngigkeit der als Funktion der Konversion
aufgezeichneten Ausbeutekurven haben wir zuerst bei der Pyrolyse
von Kohlenwasserstoffgasen 1in einem Laboratoriums-Rohreaktor fest-
gestellt [2-4]. Diese Erscheinung wird dadurch erkldrt, daR die an
der Bildung der Produkte beteiligten Elementar-(Radi kai-)-Reaktio-
nen in Bezug auf ihre Aktivierungsenergien sich nicht wesentlich
von einander unterscheiden, also andern sich 1ihre relativen Ge
schwindigkeiten bei einer Temperaturerhdhung nicht oder nur sehr
geringfigig. Wesentlich ist jedoch der Unterschied in der Aktivie-
rungsenergie der Zersetzungs- beziehungsweise der Wasserstoff-Ab-
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Tabelle 1. Ausbeute der gasformigen und der wichtigeren fliUssigen
Produkte bei verschiedener ProzeRfuhrung der Pyrolyse
eines Raffinats

Produktausbeuten, Gew.%

Olefin- Propylen- Butadien- Butilen

Produkte Athylenmaximum maximum maximum maximum max imum

BKSF=8,0 BKSF=7,0 BKSF=2,7 BKSF=2,5 BKSF=2,2 BKSF=1,7

Gasformige

Produkte :
Wasserstoff 1,49 1,42 0,90 0,88 0,83 0,70
Methan 25,05 24,50 15,86 15,20 14,10 11,90
Athylen 27,00 25,70 19,75 19,10 17,90 15,70
Propylen 9,20 10,60 16,20 16,40 16,10 14,82
Athan 4,10 4,30 4,60 4,60 4,50 4,10
Propan 0,35 0,42 0,69 0,64 0,62 0,56
Azetylen 0,30 0,27 0,07 0,06 0,04 0,02
Butan 0,13 0,14 0,30 0,33 0,35 0,43
Buty len 1,93 2,50 7,50 7,80 8,20 8,50
Butadien 2,20 2,66 4,60 4,75 4,83 4,90
Gasausbeute

(C* und

niedriger) 71,75 72,51 70,47 69,76 67,47 61,62
Wichtigere

flussige

Produkte :
Pentadien 0,70 0,80 1,70 1,77 1,73 1,58
c-Pentadien 1,50 1,55 0,90 0,85 0,77 0,63
Benzol 10,35 9,30 3,60 3,30 2,70 1,90
Toluol 8,00 8,10 7,40 7,40 7,25 7,10
Xylol 0,57 0,54 0,25 0,23 0,21 0,17
Athylbenzol 0,32 0,39 0,48 0,43 0,41 0,38
Styrol 2,63 2,50 0,70 0,65 0,55 0,38
Inden 0,79 0,70 0,15 0,11 0,07 0,03
C5-Fraktion 2,54 2,7,1 8,13 8,86 9,94 12,14
Pyrobenzin

(c5“c9) 25,95 25,35 29,18 29,96 32,33 38,30
Schweres

Kondensat 2,30 2,14 0,35 0,29 0,20 0,08
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D aK

Abb. 7. Anderung der Wasserstoff- Abb. 8. Anderung der Xthylen-

und der Methanausbeute in und der Propylenausbeu-

Abhéngigkeit von der brut- te iIn Abhdngigkeit von

to-kinetisohen Strengheit der brutto-kinetischen
Strengheit

Spaltreaktion der Athylradikale (erstere betrdagt 40 kcal/mol,
letztere etwa 7 kcal/mol). Deshalb nimmt die Geschwindigkeit der
unter Bildung von Athylen und Wasserstoff verlaufenden Zersetzungs-
reaktion C2H5 - C2H4 + H des Athylradikals im Verhdltnis zu der-
jenigen der Wasserstoff-Abspaltreaktion C2H5 + Mp - C2He + R2,
welche unter Athanbildung verlauft, bei Erhéhung der Temperatur,
zu. Dadurch ergibt sich bei einem gegebenen brutto Zersetzungsgrad
gine erhihte Wasserstoff- und der Athylenmenge.

Die Ausheutekurven des Wasserstoffs (Abb. 1) und des Methans
verlaufen stets oberhalb der Tangenten zu ihren Anfangsabschnitten,
die relative Menge dieser Produkte nimmt also mit der Erhdéhung des
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Zersetzungsgrads im ganzen Konversionsbereich zu. (Die relative
Menge bedeutet hier die bei der Zersetzung der Einheitsmenge des
Renzindestillats gebildete Menge des Produkts.)

Es kann festgestellt werden, daR die Ausbeutekurven der Ole-
fin- Kohlenwasserstoffe im Produkt mit Ausnahme des Athylens Maxima
aufweisen. (Aus den in Funktion der BKSF gezeigten Abbildungen
wird es spdter ersichtlich, daR auch die Ausbeutekurve des Athy-
lens ein Maximum aufweist.) Aus den Abbildungen geht auch hervor,
daf mit zunehmendem Molekulargewicht der Olefine die Lage dieser
Maxima in den Bereich geringerer Zersetzungsgrade verschoben wird.
Die Ausbeutekurven der Diolefine weisen ebenfalls Maxima auf, die
Lage diese Maxima ergibt sich im Allgemeinen bei etwas hoheren X-
-Werten als bei den Olefinen mit gleicher Kohlenstoffatomzahl.

Die Ausbeutekurven des Athylens, Propylens und Butylens lie-
gen oberhalb der Tangenten zu ihren Anfangsabschnitten, die rela-
tive Menge dieser Produkte nimmt also mit der Erhéhung der Konver-
sion zu.

Die Ausheutekurven des Pentens, Hexens und der hdoheren Ole-
fin-Kohlenwasserstoffe liegen dagegen unterhalb der Richtungstan-
genten der Anfangsabschnitte (s. z.B. die Abb. 5), und die relati-
ve Menge dieser Produkte nimmt also mit Zunahme des Zersetzungs-
grades ab.

Wie bereits friher an Hand der Pyrolyse von einzelnen Kohlen-
wasserstoffen und von Model 1gemisehen gezeigt wurde [3-6], wird
diese Erscheinung in erster Linie durch Vereinigungsreaktionen
zwischen den hohermolekularen olefinischen Kohlenwasserstoffen
[Hepten, Hexen, Penten, Butylen, symbolische Bezeichnung: (Ole-
fin)i] und den im Reaktionsgemisch vorhandenen kettentragenden Ra-
dikalen, in erster Linie den Wasserstoffatomen (Bezeichnung Ri),
sowie darauffolgende Zersetzung der Alkylradikale verursacht:

(Olefin), + R, =*w» Alkylradikal - (Olefin)2 + R} ¢y

Durch diese Reaktionen werden aus den primdr gebildeten Olefin-
-Kohlenwasserstoffen O0lefin-Kohlenwasserstoffe mit um eine oder
zwei Einheiten geringerer Kohlenstoffatomzahl [Bezeichnung: (Oie-
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fin)2] sowie Methyl- oder Athylra&dikale (Bezeichnung R’) gebildet.
Die Geschwindigkeit dieser Reaktionen wird in entscheidender Weise
durch die Konzentration der hdheren Olefin-Kohlenwasserstoffe be-
stimmt, welche proportional zur Konversion zunimmt. |In der Ver-
schiebung der Reaktion (1) in die Richtung der Bildung der (Olefi-
ne” spielt auch die Isomerisierung der wahrend der Vereinigungs-
reaktionen entstandenen Alkylradikale vermutlich eine wichtige
Rolle.

Ober das angegebene Reaktionsschema entstehen z.B. aus denm
1-Hexen durch Wasserstoffaddition wund darauffolgende Zersetzung
Propylen, Athylen und Methylradikale, aus dem 1-Penten Propylen
und Athylradikale und aus dem 1-Butylen Propylen und Methyl radika-
le. Die Isomerisation der in den Vereinigungsreaktionen gebildeten
Radikale 6ffnet neue Reaktionswege bei der Zersetzung der Radikale.
Wie wir sahen, liegen die Ausbeutekurven des Pentens und Hexens
unterhalb der Tangenten zu dem Anfangsabschnitten der Kurven, bei
einer Erhdhung des Zersetzungsgrades vermindert sich daher ihre
relative Menge, was mit den vorstehend Gesagten im Einklang steht.
Das durch die Zersetzung des Hexens, des Pentens (und Butylens)
entstandene Propylen kommt zum in der primdren Zersetzungsreaktion
entstandenen Propylen hinzu, also nimnmt die relative Menge des Pro-
pylens bei der Erhdhung der Konversion zu, obwohl gleichzeitig
auch die Zersetzung des Propylens stattfindet. Jedoch ist die Zer-
Setzungsgeschwindigkeit des Propylens geringer als diejenige des
Butylens [3-51.

Bei hoherer Konversion wird die Produktverteilung erheblich
beeinflullt auch durch die Reaktionen mit Wasserstoffabspaltung
zwischen den Olefin-Kohlenwasserstoffen und den Radikalen der Ket-
tenfortpflanzung. In diesen Reaktionen werden Vinyl-, Allyl- und
héhere ungeséattigte Radikale gebildet. Die Reaktion dieser Radi-
kale untereinander und mit den Olefin-Kohlenwasserstoffen im Reak-
tionsgemisch fihrt zur Bildung von héhermolekularen Dien- und aro-
matischen Kohlenwasserstoffen. Die Menge der aromatischen Kohlen-
wasserstoffe nimmt im Gebiet X > 0,6 mit der Erhdhung der Zerset-
zungsgrads rasch zu (s. Abb. 6).
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Auf Grund der angegebenen Sekunddrreaktionen kdnnen die Ma-
xima der Ausbeutekurven der Olefin-Kohienwasserstoffe gedeutet
werden.

Auf Grund der angegebenen Abbildungen kdnnen die Ausbeute-
kurven der Reaktionsprodukte folgenden Haupttypen zugeordnet wer-
den :

a) vom Nullpunkt ausgehende, allmdhlich zunehmende, konkave
Kurven (Ausbeutekurven des Wasserstoffs, Methans und Athylens),

b) vom Nullpunkt ausgehende, allmdhlich zunehmende, nach dem
Maximum rasch abfallende, gegen Null konvergierende Kurven (Ausbeu-
tekurven der Olefine und Diolefine),

c) von einem bestimmten Anfangswert ausgehende, allméhlich
abnehmende (gegen Null konvergierende) Kurven (“‘Ausbeutekurven"
der Benzinkomponenten im Rohstoff),

d) von einem bestimmten Anfangswert ausgehende, etwa bis X =
= 0,5 horizontale, dann rasch zunehmende Kurven (Ausbeutekurven
des Benzols, Toluols, der Xylole und anderer Aromaten).

Auf Grund der als Funktion des Zersetzungsgrads aufgezeich-
neten Ausbeutekurven kann die Anderung der Ausbeuten der Reaktions-
produkte im Bereich zwischen 0 < X < 0,95 des Zersetzungsgrads ein-
deutig beschrieben werden. Bei der Pyrolyse von Kohlenwasserstoff-
gasen in industriellen Rohrreaktoren bleibt die Konversion der
Ausgangskohlenwasserstoffe in allen Féllen unterhalb 0,95. In die-
sen Fallen sichert die Darstellung der Anderung der Produktausbeu-
ten in Abhdngigkeit von der Konversion eine praktisch anwendbare
Moglichkeit zur Ausarbeitung des kinetisch-mathematischen Modells
des Rohrofens, da die Anderung der Konversion in Abhangigkeit von
den Parametern der Reaktion durch brutto-kinetische Zusammenhdnge
beschrieben werden kann [7].

Bei der Pyrolyse von Benzinfraktionen - insbesondere unter
den strengen Bedingungen der modernen Rohréfen - werden die Kom-
ponenten des Ausgangshenzins vollstdndig zersetzt (s. z.B. die Abb.
10), und so nimmt also der Ausdruck (£ y*Xj) des Zersetzungsgrads
einen sehr nahe bei 1 liegenden Wert an. Wie gesehen, kann unter
diesen Bedingungen die Lage der Ausbeutekurven in Abhdngigkeit vonm
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Zersetzungsgrad nicht eindeutig festgelegt werden. Daraus entstand
die Notwendigkeit der Einfihrung der brutto-kinetischen Streng-
heitsfunktion (BKSF) zur Darstellung und Beschreibung der Produkt-
ausheuten.

Produktverteilung in Abhdngigkeit der brutto-kinetischen
Strengheits-Funktion (BKSF)

Im vorigen Abschnitt wurde dargelegt, daf bei der Pyrolyse
von Benzinfraktionen der Zersetzungsgrad 1im Bereich X > 0,95 eine
praktisch ungeeignete Variable zur Kennzeichnung der Strengheit
der Spaltung und zur Beschreibung der Produktausheuten darstellt.
Deshalb wurden die detaillierte Verarbeitung des Versuchsmaterials
sowie die Ausarbeitung eines fir die Berechnung des Rohrofens ge-
eigneten kinetisch-mathemetischen Modells unter Verwendung der
BKSF unternommen.

In den Abbildungen 7 - 11 sind3 *
die Ausbeutekurven der bei der Pyro--* «
lyse des Raffinats erhaltenen 12«
wichtigeren Produkte dargestellt.Die”
Ausbeutekurven wurden unter BerUck—L
sichtigung samtlicher Messpunkte m
(einschlieflich der Zwischenpunkte)
in Abhédngigkeit der BKSF konstruiert.j

-M 38
Die erste wichtige Feststei -*

lung auf Grund der Abbildungen iste
die abweichende Form dieser Kurven”
von denjenigen der Ausbeutekurven®
als Funktion des Zersetzungsgrads”
(X). Diese Darstellungsart zieht den®
fir den Betrieb der industriellen

Rohrofen wichtigen Bereich X > 0,95 BKSF

weit auseinander, dadurch kann die  Abb.9. Anderung der Butylen-
Lage der Ausbeutekurven auch in die- Xgﬂagg{gkgﬁgasgﬁngg?bgﬁﬁitgﬁ
sem Bereich eindeutig bestinmt werden -kinetischen Strengheit

E
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Abb. 10. Anderung der n-Pentan, Abb. 11. Anderung der Benzol-,der
der i-Pentan- und der Cyklopen- Toluol- und der Xylolausbeute in
tanausbeute in Abhangigkeit von Abhéngigkeit von der brutto-kine-
ﬂe( brutto-kinetischen Streng- tischen Strengheit

eit

Die andere wichtige Beobachtung besteht darin, daR mit Hilfe
dieser Darstellung das Maximum der Athylenausbeute ebenfalls nach-
gewiesen werden und die Werte der maximalen Athylenausbeute bei
verschiedener ProzeRfihrung bestimmt werden konnten.

Ferner kann festgestellt werden, daR mit Ausnahme des Athy-
lens und des Wasserstoffs die Ausbeutekurven der Reaktionsprodukte
auch in dieser Darstellungsweise gegeniiber der Austrittstemperatur
beziehungsweise dem Temperaturprofil unverdnderlich sind. Im Falle
des Wasserstoffs und des Athylens ergibt eine hohere Austrittstem-
peratur beziehungsweise ein steileres (I1.) Temperaturprofil - bei
unverandertem Zersetzungsgrad - eine hdohere Ausbeute. Dies steht
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in vollkommener (Ubereinstimmung mit den dber den Mechanismus der
Spaltung 1im vorigen Abschnitt Gesagten.

Die Ausbeuten der einzelnen Reaktionsprodukte in Abhdngigkeit
von der BKSF ergeben ebenfalls charakteristisehe Kurventypen, wo-
durch die Beschreibung der Ausheutekurven mit Hilfe mathematischer
Funktionen erleichtert wird.

a) Die Expansion sowie die Ausbeute an Wasserstoff und Methan
ergeben stetig zunehmende konvexe Kurven,

b) die Ausbeutekurven der Olefine und der Diolefine weisen
Maxima auf, die Lage des Maximums verschiebt sich mit zunehmendenm
Molekulargewicht gegen kleinere BKSF-Werte,

c) die Ausbeutekurven der Komponenten des Ausgangsbenzins be-
ginnen bei bestimmten Anfangswerten, und weisen einen exponentiel-
len Abfall bis auf Null auf,

d) die Ausbheutekurven der Aromaten beginnen bei bestimmten
Anfangswerten, und nehmen stetig zu.

An den Ausbeutekurven des Athylens, Propylens, Butylens und
Butadiens wurden die zur maximalen Ausheute gehérenden BKSF-Werte
angegeben und es wurde die Materi al bi lanz bei verschiedener .Pro-
zeRfihrung bestimmt. Die Ausheuteergebnisse der Hauptprodukre fir
die Pyrolyse des Raffinats sind in der Tabelle | enthalten.

Wie die Tabelle zeigt, konnen bei der Pyrolyse des Raffinats

bei strenger Athylen-ProzeRfihrung (T = 850 °C, Temperaturpro-
fil 11) 27,0 Gew.% Athylen, 9,2 Gew.% Propylen und 10,35 Gew.% Ben-
zol erhalten werden. Bei einer AthylenprozeRfihrung mittlerer

Strengheit (T ,,, = 820-850 °C, Temperaturprofil I) - unseres Er-
achtens kann eine &hnliche Regime in den modernen Pyrolysedfen ver-
wirklicht werden - betragt die Athylenausbeute 25,7 Gew.%, die
Propylenausheute 10,6 Gew.% und die Benzolausbheute 9,6 Gew.%. Bei
Propylen-ProzeRfihrung betragen die Ausbeuten obiger Produkte der
Reihe nach: Athylen 19,1 Gew.%, Propylen 16,4 Gew.%, Benzol 3,3
Gew.%. Dabei erhdlt man verhdltnismdRig hohe (7,8 Gew.%) Butylen-
und (4,75 Gew.%) Butadienausbeuten. Die angegebenen Beispiele ver-
anschaulichen deutlich, in welch hohem MaRe die Produktausheuten



1975 Kinetisch-mathematisches Modell der Benzinpyrolyse 11 uo3

durch Anderung der Reaktionsbedingungen beeinfluRt werden kénnen.
Zur weiteren Illustration

= sol 1 in der Abb.12 die An-

“©derung der Ausbeuten der

1.0 "gasformigen Olefine und

’ u des Butadiens in Abhé&ngig-
keit von der BKSF gezeigt
werden. In die Abbildung
wurden gleichzeitig auch
die Gesamtausheute der Ole
fine, die Gesamtausbeute
an Olefinen + Butadien so-
wie das Verh&ltnis Propy-

0 len/Athylen aufgetragen.
Der Maximalwert der Olefin-

} BKSF ausbeute ergab sich bei
Abb. 12. Anderung der Ausbeute der Ole- _ - N
fin-Kohlenwasserstoffen und des Propy- BKSF = 2’7{ also in der Na-
len/Athylen-Verhaltnisses in Abhangig- he der maximalen Propylen-
keit von der brutto-kinetischen Streng- -
heit bei der Pyrolyse eines Raffinats ausbeute (BKSF = 2,45). Das

Maximum der Ausbeutekurve
des Athylens liegt bei BKSF = 8. Es geht noch hervor, daR im Ge-
biet zwischen der maximalen Propylenausbeute und der maximalen
Athylenausbeute (2,45 < BKSF < 8,0) das Verhdltnis Propylen/Athy-
len von 0,85 auf 0,35 abnimmt, was als ein Beweis der weitgehenden
BeeinfluBbarkeit der Produktausheuten durch die Anderung der Reak-
tionsbedingungen anzusehen ist.

Kinetisch-mathematisches Modell des Rohrreaktors
der Benzinpyrolyse

In unserer friheren Mitteilung [1] wurde unser zur Beschrei-
bung der Bruttozersetzungsgeschwindigkeit von Benzinfraktionen
ausgearbeitetes kinetisches Modell dargelegt. Daselbst wurde eine
neue Strengheitsfunktion (BKSF) definiert, welche die Verfolgung
der Produktausbeuten auch in den fir den Betrieb von industriellen
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Rohréfen wichtigen Bereichen strenger Pyrolysebedingungen zulaft.
Im vorhergehenden Abschnitt wurde gezeigt, dalf die Ausheuten der
Mehrzahl der Produkte in Abhéngigkeit von der BKSF durch eine ein-
zige Kurve beschrieben werden kdnnen. Die Verknipfung der zur Be-
schreibung der Bruttozersetzungsgeschwindigkeit dienenden Kkineti-
schen und der die Ausheutekurven beschreibenden mathematischen Zu-
sammenhdnge fihrte zur Ausarbeitung eines fir die Berechnung der
Produktverteilung geeigneten kinetisch-mathematischen Modells.

Mathematische Beschreibung der Produktausbeutekurven der Pyrolyse

Die mathematische Beschreibung der Ausbeutekurven wurde -
unter Beriicksichtigung ihres Verlaufs - durch folgende vier Funk-
tionstypen beziehungsweise typischen Funktionsgruppen durchgefiihrt:

1. hi = a « (1 - exp b BKSF) )

wo  h. die Ausheute des 1i-ten Produkte in Gew.Y%,
a, b empirische Konstanten bedeuten.

Mit Hilfe dieses Funktionstyps kdnnen die Ausbeutekurven der-
jenigen Produkte geniigend genau beschrieben werden, deren Ausbeute
durch Erhdhung der Strengheit dér Pyrolyse (BKSF) monoton zuninmt,
und sich an einen Grenzwert ndhert (z.B. Methan, Wasserstoff).

2. hi = a « (exp b BKSF - exp c¢ BKSF) 3)
hi = (@ + b BKSF)(exp ¢ BKSF - exp d BKSF) )
hi = a -[(1 + b BKSF)(exp ¢ BKSF - exp d BKSF)]

)

wo a, b, ¢, d empirische Konstanten darstellen.

Mit Hilfe dieser von der Gleichung (3) abgeleiteten Funktio-
nen wurden die Ausbeutekurven derjenigen Komponenten beschrieben,
welche sog. Zwischenprodukte darstellen, also deren Ausheutekurven
in Abhdngigkeit von der BKSF einen Maximalwert erreicht, und dann
abnimmt (z.B. uas Athylen, Propylen, Butylen, Butadien, also die
Olefine und die Diolefine).
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3. hj = a exp b BKSF (6)

Durch diese empirische Formel wurden die "Ausbeutekurven"
der zersetzbaren Komponenten des Rohstoffs beschrieben (z.B. das
n-Pentan, Hexan, usw.).

4. hi = a + b BKSF @)

Mit Hilfe dieses linearen Zusammenhangs ist nur eine annéh-
rende Beschreibung der Ausbeutekurve des Benzols mdglich.

Die Konstanten der zur Beschreibung der Ausbeutekurven die-
nenden angegebenen Funktionen wurden mit Hilfe eines auf die Metho
de der kleinsten Quadrate gegrindeten "Regressions"-Programms, an
einem Hewlett Packardschen Mini-Computer bestimmt. Bei der Be-
schreibung der Ausbeutekurven der Olefine wurde die Regression an
den in der Gruppe 2 angegebenen Funktionstypen durchgefihrt, und
diejenige Funktion ausgewdhlt, bei welcher das Minimum des Streu-
ungsquadrats am niedrigsten war.

Kinetisch-mathematisches Modell

Auf Grund der in unseren friheren Mitteilung dargelegten
brutto-kinetisehen Gleichungen sowie der im vorigen Abschnitt an-
gegebenen mathematischen Funktionen wurde ein vereinfachtes kine-
tisch-mathematisches Modell ausgearbeitet, mit dessen Hilfe, in
Kenntnis der Reaktionshedingungen die Berechnung der Produkt- und
Konzentrationsverteilung der Produktkomponenten durchgefihrt wer-
den kann. Das vereinfachte Modell besteht also im Wesentlichen aus
einer zur Berechnung der fir die thermische Spaltung des Rohstoffs
charakteristischen BKSF geeigneten kinetischen Funktion und aus
mathematischen Beziehungen zur Beschreibung der Ausbeutekurven in
Abhéngigkeit von der BKSF:

BKSF

f [T(z), P(z), Gb, Gv] ©))

hi = f(BKSF)
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Abb. 13. Programm-Blockschema des kinetisch-mathematischen Modells
eines Pyrolysereaktors. j-Zahl der Iterationssehritte in-
nerhalb des Reaktorabschnitts; N-Zahl der Reaktorelemente
i-lauf. Indexzahl der Reaktorelemente
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BKSF  brutto-kinetische Strengheitsfunktion,
T(z) Temperaturprofi 1

P(z) Druckprofil

Gk Benzineinspeisegeschwindigkeit (kg-h-1)

Dampfeinspeisegeschwindigkeit (kgeh_1)
hi Ausbeuten der Produktkomponenten (Gew.%).

Durch Ergdnzung des in unserer friiheren Mitteilung beschrie-
benen Rechenprogramms des "kinetischen Modells"™ durch ein Programm-
teil betreffend die Berechnung der Komponentausbeuten erhalten wir
das Programm der sog. kinetisch-mathematischen Modells, dessen
Blockschema in der Abbildung 13 ersichtlich ist.

In Abbildung 14
wurden die in der Ver-
suchsreihe 37 gemesse-
nen Zersetzungsgrade
sowie die Ausbeuten der
Hauptkomponenten auf
Grund des kinetisch-ma-
thematischen Modells
mit den fir die gegebe-
nen Bedingungen berech-
neten Zersetzungsgraden
und Produktverteilungen
der Pyrolyse des Raffi-
nats verglichen.

Auf Grund der Ab-
bildungen kann festge-
stellt werden, daR die
berechneten Werte sowohl
in Bezug auf die Zerset-
zungsgrade wie auch auf

. . die Ausbeuten der Reak-
Relative Reaktorlange, Z ‘i dukt it d

Abb_IE. Auf Grund des kinetisch-mathemati- _'°"n°Progukte m en
schen Modells berechnete und gemessene Gemessenen gut Uberein-
Verteilung der wichtigeren Reaktionsproduk-stim(nen_ Qie festgestell-
te, Zersetzungsgrad und tatsachliche Auf-
enthaltszeit bei der Pyrolyse eilnes Raffi-
nats
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ten kleineren oder grdReren Abweichungen kénnen durch die Streuung
der Ergebnisse erkl&rt werden.

In die Abbildung wurden auch die Kurven der Anderung der tat-
sdchlichen Reaktionszeit (Aufenthaltszeit, t) eingezeichnet. Es
kann festgestellt werden, daB bis zur Erreichung der maximalen
Athylenausbeute (bei welcher der Vorgang zweckmaRigerweise unter-
brochen wird), und in Abhdngigkeit von der Strengheit der Pyroly-
sebedingungen (der Austrittstemperatur, dem Temperaturprofil), das
Reaktionsgemisch 0,46-0,51 Sekunden im Radiationsabschnitt des
Rohrofens verbringen muB.

Das beschriebene Kkinetisch-mathematische Modell kann auch
zur Bestimmung der Produktverteilung bei gegebenem Benzinrohstoff
und Pyrolysebedingungen beziehungsweise der zur Sicherung der er-
wiinschten Ausbeuten an Zielprodukten notwendigen Bedingungen ver-
wandt werden. Da die Anwendung des Modells durch die Kenntnis der
Kinetik und der Ausbeutekurven des gegebenen Benzins bedingt ist
missen zu deren Bestimmung Messungen im GroRlaboratorium-Rohrreak-

tor durchgefihrt werden. Diese Messungen sowie die Ausarbeitung
des kinetisch-mathematischen Modells kann - auf Grund unserer bis
herigen Erfahrungen - in kurzer Zeit erfolgen.

In unseren weiteren Arbeiten wurde die Weiterentwicklung des
kinetisch-mathematischen Modells in zwei Richtungen vorgesehen:

a) Ergdnzung des Modells und des Programms durch entsprechen
de hydrodinamisehe und W&rmeibertragungsgleichungen zur Berechnung
des Druckabfalls sowie des Warmestroms. Letztere wird die Anwen-
dung des Programms auf Grund der Verteilung der Wandtemperatur des
Pyrolyserohres gestatten;

b) Anpassung des Modells und des Programms zur Bericksichti-
gung der Eigenart des Ausgangsbenzins. Dies scheint eine sehr
schwierige Aufgabe zu sein, es besteht jedoch Hoffnung auf ihre
Losung durch MeBreihen an weiteren Benzinfraktionen.

Wir sprechen unseren Dank gegeniber Frau J. Simon fir die
Leitung der analytischen Arbeiten sowie Z. Csermely fir die Ausar-
beitung der in unserer Arbeit verwandten Regressionsmethoden aus.
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PE3IOME

ABTOpaM/ 6bII0 U3YUYEeHO WU3MEHEHWE BbiXOAa MNPOAYHTOB peakuuum B
peakTope KpynHo/iabopaTopHOro pasMepa B 3aBUCUMOCTW OT CTENeHu pas-
NIOKEHUS] W HUHETWYECHOW TpeboBaTeNbHOCTU MpU MNMponM3e papuHaTa. bBbi-
IO YCTaHOB/IEHO, U4TO BbIXOJ MPOAYKTOB  (MCH/KYAs HEKOTOopble,  Hamp-,
BOAOPOA W 3TWIEH) B 3aBUCMMOCTM OT TMEPEMEHHbIX  TpeboBaTelbHOCTU
MOXHO MW306paxaTb OJHOW KpUBO/ - HE3aBWCWUMO OT BLIXOAHOV TemnepaTypbl
M Npodguns TemnepaTypb -

C MCnonb30BaHMEM BasioBOMi HUHETUYECHOW ¢(yHKUMM TpeGoBaTeb-
HOCTU W MaTeMaTUUECKUX BbIPXEHWU, OMUCHIBAWMX KPMBbIE BbIXOAA, COC-—
TaBWIN KUHETUYECHYK MaTeMaTU4ecKylw MOAENb W BbUUC/MTENIbHY Mpor-
pammy 151 BbIMUCNEHUS] pacrpefenieHns MNpoayKTOB.
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This paper presents the results of the systema-
tic study of the vapour phase vinylation of acetic
acid using zinc acetate impregnated on charcoal as a
catalyst. The determinations of the effective diffu-
sivities of acetylene and hydrogen in the catalyst
showed that the diffusion phenomenon 1is of the
Knudsen type. The activation energy for chemisorption
of acetylene on the catalyst was found to be 13.5 K
cals, per g. mole. A rate equation was derived, and
the energy of the activation was computed for the
vinylation of acetic acid in a fixed bed of the cata-
lyst, and the data seem to suggest the possibility of
a surface reaction as the rate controlling step.

1. INTRODUCTION

Most of the vinylacetate is prepared by the addition of ace-
tylene to acetic acid, the overall reaction being represented by:

CH 5 CH + CH3COOH = CH3COO-CH = CH2.

+Paper presented at the 39th International Congress of Industrial
Chemistry, held in Bucharest, September 1970.
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The addition may be carried out in the liquid phase [1], but such
a process is obsolete. It is however more convenient to carry out
the reaction in the vapour phase by passing a preheated mixture of
acetylene and acetic acid vapours over a catalyst. Thermodynamic
calculations [2] indicated that the reaction is highly feasible in
the temperature range 175° - 245 °C.

Zinc acetate impregnated on charcoal was found to be a
suitable catalyst [3], activity of the catalyst being a function
of the ratio [4] of charcoal to zinc acetate. The catalyst was
prepared [5] by allowing a known weight of charcoal to attain equi-
librium 1in a solution of zinc acetate of suitable concentration,
so that the immersed charcoal adsorbed the desired amount of zinc
acetate. Relevant adsorption isotherms and kinetic data for the
zinc acetate charcoal-water system were obtained, so that for all
the catalysts prepared, their conditions of preparation were
exactly defined, since the method of the preparation of the cata-
lysts highly influence the reactions in which the catalysts are
subsequently used. The vresults of these studies were reported
earlier [6].

1. THE KINETICS OF CHEMISORPTION OF ACETYLENE ON THE CATALYST
Procedure for an Experimental Run

The main features of the apparatus used in the studies are
shown in Figure 1. Runs were carried out by degasification of the
catalyst for 4 hours at 270°C and at a pressure of less than
1 mm Hg. The degasification was considered to be complete when the
monometer reading remained for at least one hour. The temperature
of the sand bed was lowered and maintained at the operating tempe-
rature. The adsorption tube was then connected to the burette fil-
led with acetylene and the volume by the acetylene introduced was
found out. After the introduction of the gas, the adsorption unit
was disconnected from the burette and changes in the reading of
the manometer connected to the absorption unit were noted as a
function of time from the instant of disconnecting the adsorption
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To vacuum pump

Fig. 1. Apparatus for chemisorption studies

unit from the burette. Gas uptake was followed by changes in the
manometer reading, the volume of the unit being kept constant.

Results and Discussion

Runs were carried out at four different temperatures (175°C,
202°, 225° and 245°C) and at two catalyst compositions (zinc ace-
tate /charcoal ) 0.25:1 and 0.1:1. The initial pressure in all cases
was approximately the same, 1i.e. between 25 to 27 mm Hg. Typical
data showing the relationship between time and the pressure of the
acetylene at a temperature of 202°C for a zinc acetate/charcoal
ratio of 0.25:1 are shown in Figure 2. Similar trends were observed
at other temperatures and other ratios of zinc acetate to char-
coal.
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Chemisorption data were
found to be not amenable for
correlation by the treatment
of ASHMORE [7]. The alterna-
tive was to consider the pro-
cedure suggested by ELOVICH

B. 9.
The Elovich equation in

its differential form is:
Fig.2. Kinetics of chemisorption of
d acetylene by catalyst of composition
q e-ad 0.25:1 (zinc acetate charcoal) at
dt > 202 °C. W: 0.27 gms

or in its integrated form:

g ° 2 log (t+t) 263 log t, @)
(0]

where:
¢ 1
(€D
o a a

Equation (2) can be written in the form:

2.3 i+t
9 "~ log O]
a to
and for any two values of gi and Q2:
a1 log
o2 (€]
log

The validity of Equation (6) can be checked at random from mathe-
matical computations by assigning different values to tQ and the
value of t which satisfies the largest number of sets of data
points can be tested for its suitability through graphical repre-
sentation of the data by Equation (2). The present results were
treated by this procedure and it was found that Equation (2) was
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valid over the entire range as shown in Figure 3 and 4. The satis-
factory value of tQ and corresponding values of "a&' and "a"' for
various cases are given in Table 1.

absorbed

Fig.3. Elovich plots for catalyst Fig.i. Elovich plots for cata-
of composition 0.25:1 (zinc aceta- lyst composition of 0.1:1 (zinc
te/charcoal) at various temperatu- acetate/charcoal) at various
rec X - 175°C, o - 202°C, 0 - 225 temperatures: x - 177°C, Q -
°C, O - 2It5°C 200°C, . - 225°C, o - 2It5°C

Table 1. Constants of Elovich Equation

Composition of Catalyst

0.25:1 (Zinc acetate/Charcoal) 0.1:1 (Zinc acetate /Charcoal )

Tg(r:np. t0 a TBQF’- to a a
175 27.5 0.071* 0.9 177 26.0 0.196 0.196
202 11t.0 0.080 0.89 200 15.0 0.211 0.316
225 7-5 0.079 1.686 225 8.5 0.201 0.581*
215 u.o 0.082 3.05 2u5 *.5 0.202 1 .09

From this table it is obvious that "a" remains practically
constant for a given composition of the catalyst, while the value
of "a” continuously increases with temperature. In general, both



hl6 B. Singh, R.H. Kumar, G.W. Bhat Vol. 3.

"a'' and "a" are temperature functions. However, TAYLOR and THON
[T0] while treating the data of EMMET and BRUNAUER [11] on chemi-
sorption of nitrogen on iron found that "o remains practically
constant.

However, one isothermal anomaly is found at a temperature of
245°C. There is an abrupt change in the value of "a' from 0.082 to
0.25 after a lapse of 15 minutes which then remains constant as
shown in Figures 3 and 4. Such tendencies are not uncommon and are
generally interpreted as a consequence of the change in the type
of chemisorption under conditions at which the discontinuity
appears in the plot. In the present case such behaviour is pos-
sible, since in addition to chemisorption at zinc-acetate-charcoal
sites [12], further chemisorption at charcoal sites alone occurs
above 240°C.

The energy of activation of the process can be determined by
making use of the equation:

r7, ‘e 1 1
©®
rT2 . T1 T2
Combining Equation (1) and (6), we get:
E 1 1
In- -g @1 o2) ()
R Ti t2

Since for the present case 0" 1Is independent of temperature,

Equation (7) becomes:
E “ 1 1
R . T1 Ta-

Thus a plot of In a vs. 1/T should yield a straight line and is
found to be so as shown in Figure 5. The two lines for different
compositions are approximately parallel, thus indicating that the
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activation energy iIs not
a function of composition
This observation 1is in
agreement with observa-
tions of previous workers
[12]. The value of the
activation energy compu-
ted from the slope of the
Fig.5 Calculation of activation energy lines s 13.5 Kcal per
of chemisorption by catalyst of diffe- g. mole.

rent composition. Zinc acetate/charcoal
o - 0.25:1, O - 0.10:1

111. MEASUREMENT OF EFFECTIVE DIFFUSIVITIES
Experimental
Effective diffusivities inside catalyst pores were determined
by making use of the pressure gradient of a single gas across the
pellet with the assumption of quasi-stationary state.
Stop cock

vacuum
pump

Fig.6. Apparatus for measurement of diffusivity

The apparatus used was similar to that used by VILLET and
WILHELM [13] and is shown in Figure 6. The volume of tubes joining
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either side of the catalyst pellet was 100 ml. The pressure was
kept constant only 1.2 cm Hg above the atmospheric pressure by
providing a vent through the mercury trap.The pellets were tightly
secured in undersize plastic tubes which were fixed to the capil-
laries, and the joints were made leak proof by applying Araldite
adhesive. The gases were technical grade electrolytic hydrogen and
purified acetylene.

Procedure

The equipment was thoroughly purged with the gas under test
before each run. A vacuum was created downstream and incremental
changes in the manometer M were read to 0.5 mm with the help of a
travelling microscope. The net change in the pressure difference
across the pellet was 1.5 cn. The pellet diameter and length were
measured with the aid of a travelling microscope.

Since the changes in volume iIn the downstream section, be-
cause of the change in the mercury level of the manometer, were
negligible compared with the total volume, the downstream volume
was considered to be constant. Under these conditions, the diffu-
sion process can be represented by:

dp
P ®
dt

Integration of this equation leads to:

P - P.
2.303 log — —— - = (A D /LV)t 10)
P - P k
o
Thus a plot of log P - PMN)/(PQ ~ p) vs. "t should give a
straight line of a slope equal to (AD/LVjt and the diffusivity is

calculated from:

2.3 (slope) LV
D an
A
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Results and Discussion
(i) Effect of Pressure

Figure 7 shows that the calculated points lie on the same

line irrespective of the downstream pressure. It is therefore
obvious that the pressure

has no effect on the dif-

fusivity. Hence, the ob-

served diffusivity appears

to be of the Knudsen type.

(ii) Effect of the Nature
of Gas

The average values
of diffusivities for acety-
lene and hydrogen and the
ratio of these values ob-
tained are shown in Table 2. From these results it is obvious that

Fig. 7. log pressure function vs. time
for pure charcoal

Table 2. Average Values of Diffusivities

Composition

Zinc Acetate/ Acetylene Hydrogen Ratio

/Charcoal
0:1 0.0028 0.0098 3>50
ox =T 0.0025 0.0082 3.8
0.25:1 0.0015 0.0052 3.U7

the ratio of diffusivities of the two gases studied are less than
3.64 which is theoretically expected on the basis of the molecular
weights of hydrogen and acetylene. This implies the possibility of
acetylene travelling faster than required by the laws of diffusion
Thus the phenomena of surface diffusion in addition to the Knudsen
flow may also to a certain extent determine the overall diffusio-
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nal characteristics of gases such as acetylene, which are known to
be adsorbed on charcoal.

(iii) Effect of Composition

Diffusivities «fF acetylene and hydrogen continuously decrease
with an 1increase in the zinc acetate content and the average of
these values obtained
are plotted in Figure
8.

With iIncreasing
zinc acetate content
on charcoal, the ef-
fective pore size may
decrease linearly, if
the deposition is
uniform. This beha-
viour would result in
a linear decrease dif-
fusivity since Knudsen
diffusivity is di-
rectly proportional
to the pore size. Fig. 8. Gas: Jl - acetylene, o - Hydrogen
However, the present
observations are not in complete agreement with this condition
the deviation noticed may be due to the binding of the pores.

IV. KINETICS OF VAPOUR PHASE SYNTHESIS OF VINYLACETATE
Materials and Apparatus

Acetic acid used in all the experiments was of Analar quality
and was more than 99.9 % pure. Zinc acetate iImpregnated on charcoal
(-14 + 20 Tyler mesh), prepared by the method described earlier,
was used as the catalyst. A flow diagram of the experimental set
up is given in Figure 9.
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Fig. 9. Flow diagram of the process of vinylation of acetic acid

1. Acetylene cylinder P Water hath preheater
2. Needle valve 5. Thermometer
3. Acetylene drier 6. Preheater

Experimental Procedure

Air from the constant pressure line was turned on, and the
heating of the reactor and the preheater started with a continuous
flow of acetylene set at the desired rate, the composition being
controlled from the saturation temperature. A steady state was re-
ached within half an hour, after the saturation temperature was
established. The sampling was carried out by bubbling through the
sampling unit for a definite time.

Analytical Methods

Free Acetic acid: This was determined by 0.1 N caustic soda
using phenolphtalein as an indicator. The titration was carried
out in the presence of crushed le to prevent the hydrolysis of
esters.

Total ester: Total ester was determined by saponification
with excess alkali and back-titrating the residual alkali against
0.1 N H20i». The difference between the saponification value and
free acid value corresponds to the total ester.
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Unsaturation: This was determined by bromination. The proce-
dure adopted was that of LUCAS and PRESSMAN [14]. Under these con-
ditions both acetylene and vinyl acetate are completely brominated

ROBEY [15] reported that in an acetate buffer, only one mole
of bromine per mole of acetylene is added, while olefinic linkage
is completely brominated. From the difference of Robey"s bromine
value and Lucas et al. bromine, the amount of bromine for vinyl-
acetate was calculated. The difference between the bromine values
in almost all cases agreed with the total ester value, thereby in-
dicating the formation of saturated ester to be negligible.

Results and Discussion

The variables studied were :
(i) Time factor W/F 20 to 120 (g- catalyst)(hour)/g. mole fed.

(ii) Molar ratio, M, 1:1 to 1:3.7 mole of acetylene/mole of acetic
acid.

(iii) Temperature: 175 to 215°C.

The results are plotted in Figures 10 to 13.

Fig. 10. Effect of time factor Fig. 11. Effect of time factor on
on conversion of acetic acid at conversion of acetic acid at 186
175 °C. CaHa/CH3COOH °C. CaHa/CH3COOH

A -1.8:1, o - 2.1*2:1 O - 1.51:1, o - 2.1+2:1

0o - 3.7:1 0 - 3.50:1
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Fig. 12. Effect of time factor Fig. 13. Effect of time factor
on conversion of acetic acid on conversion of acetic acid
at 202°C. C2H2/CH3COOH at 215°C. C2H2/CH3COOH

A - 1.20:1, o - 2.10:1 A -1.70:1, o - 2.60:1

o - 3.12:1 0O - 3.15:1

Kinetic Analysis

The basic kinetic equation for a reaction in a flow system

is given by:
az)

Assuming ideal gas behaviour, the concentration of various compo-

nents in the stream at any conversion level of acetic acid 'x" are
Concentration of acetic acid = FAo @ =X as3)
Concentration of acetylene = FBo - FAo X v
FAo X
Concentration of vinylacetate = a5)
where
v +F, @ - 6)

Ao
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From thermodynamic calculations, the reverse reaction is negli-
gible, and hence the concentration of vinylacetate has no effect
on the rate of reactiox-=

From a survey of literature, there is no agreement about the
order of the reaction. Since, in the present studies, the partial
pressure of both reactants are comparable, the rate equation Iis
assumed to be given by:

r = kK CA CB @

Substitution of Equations (13), (14), (15 and (@7) in Equation
(12) leads to the expression:

W _re T Lm0z i a9

where :

Integration of Equation (18) and defining the time factor on the
basis of the total molal flow rate leads to the expression:

w R2 T2
(M2/M - 1) 1In (1 - x) +

F p2 K
+ (/M - 1) In ——— (19)

where YAo is the mole fraction of acetic acid in the feed.

Equation (19) can be tested for its validity either by the
constancy of "k or by linear plots of the expression within the
brackets against (W/F). The expression was found to hold good at
all temperatures. The value of the reaction rate constant (K) was
obtained from the slopes of the lines at various temperatures. The
energy of the reaction and the frequency factor were found to be
as follows:
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Frequency factor = A = 1.68x10®
Energy of activation (E) = 16.4 K. cals./g.mole

Hence the final design equation for the synthesis of vinylacetate

is:
w R2 T2 Y.
- Ao
F p2 1.68x10® e"161t00/R,r
M2 1 M - X
X = —————— In (I - x) + In
M o- 1 M o- 1 M

This work is based on the thesis of Mr. Baldev Singh accep-
ted by the Indian Institute of Science, Bangalore, for the award
of the degree of M.Sc. The authors are indebted to the late Pro-
fessor N.R. Kuloor who was the Professor and Head of the Depart-
ment of Chemical Engineering, Indian Institute of Science, Banga-
lore and the co-guide during this investigation.

SYMBOLS USED

A Area of cross section (cm2)

a Elovich Equation constant

Co Concentration of acetic acid (mole/litre)
Concentration of acetylene (mole/litre)
Effective diffusivity in gases (cm2/sec)
E Energy of activation (Cal./mole)

F Total feed rate (mole/hr.)

FAO Feed rate of acetic acid at the inlet of the reactor,
(mole/hr.)
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. _ . mole produc itre)2

Bo Reaction rate constant ((():ata yst (ﬁrS%mo[eg
of acetic acid)(moles
of acetylene)

M Molar ratio of acetylene to acetic acid

P Upstream pressure (cm.Hg.)

Instantaneous down stream pressure (cm.Hg.)
PI Initial down stream pressure (cm.Hg.)

=] Atmospheric pressure

Amount of acetylene adsorbed (ml. N.T.P./Q)

t Time (minutes)

t Constant in integrated form of Elovich equation
T Temperature (K)

R Gas constant [1.987 cal./(mole)(K)]

Rate of reaction [mole product/(catalyst) (hour)]
Rate of adsorption of acetylene at temperature T (K
Volume of the down stream container (ml.)
Weight of catalyst (Q)
Conversion (mole converted/mole of reactant)
Ao Mole fraction of acetic acid at the inlet of the reactor

Elovich equation constant
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PE3IOME

B cTarbe coobwawTcA pe3ynbTaTbl UCMbTaHWi, OTHOCAWMECS H pe-
aKuMn BUHWINPOBAHUSA YKCYCHOW KWUCNOTbl Ha aHTUMBHOM Yyriepoge, MpoMOo-
YEHHOM YKCYCHOKUCNbIM UMHKOM. [lo onpepeneHnio 3hheKTUBHOro Koaphhuum-
eHTa audpipy3um MOXHO- caerna-Tb BbiBO4, UTO nepej Hamv Angdy3usa HHyace-
HOBOro Tuna. OHEpPrua akTMBauun Xemocopouun aueTwneHa Ha KaTtam3a-
TOope paBHseTcA 13,5 Kkal/rvMonb. BblBOAUTCA ypaBHeHWe 1S onucaHusi
CHOpPOCTU peakuum. bblna BblMUCNEHA 3HEPrus  akTuBauum  BUHWIMPOBaHUA
YHCYCHOW KWUCNOTbl Ha HENoABWXHOM Cfoe KaTanmsatopa. Mo gaHHbM - 6bu1o
YCTaHOB/IEHO, YTO BEPOATHO peakumsa, MpoMCXodslasd Ha MOBEPXHOCTU,
ABMIAIETCA OrpaHuyMTeNEeM CHOPOCTWU.
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The hydrogenization process of a methanolic so-

lution of 2-ethyl-6-chloro isonicotinamide - the com-
pound chosen as the model of catalytic hydrogenation
at atmospheric pressure - at a granular activated

charcoal catalyst containing 0.5 per cent metallic
palladium was compared in four experimental set-ups

applied

in parallel. The experiments were carried out

in a shaking apparatus, a tank-type reactor equipped
with a stirrer, a bubble- and a sieve plate column.

The theoretical connection was deduced for the
determination of the constants characteristic of the
reaction of hydrogenation. This enabled a comparison

of the

rates of the reactions occurring in the various

types of reactors.

ments

In the course of the evaluation of the experi-
it was concluded that in the case of the model

reaction and apparatus types chosen, hydrogenation can
be carried out under the most favourable circumstances

in the

In cata

sieve plate (or "foam™) column.

lytic chemical reactions, one of the main purposes of

the application of a catalyst 1is to increase the reaction rate.

Accordingly,
cesses is the

an important characteristic of contact catalytic pro-
numerical value of the reaction rate or a mathemati-
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cal function describing the dependence of the reaction rate upon
the individual parameters.

In heterogeneous reactions - such as e.g. in catalytic hyd-
rogenation - the components may be present in a phase in which
the reaction in question does not occur. In such cases, the reac-
ting components have to be transferred from the various phases to
that particular one where the reaction in question occurs. Further-
more, the products have to leave this phase; accordingly material
transport of the components has to occur between the various pha-
ses simultaneously with the elementary chemical reaction.

From among the partial processes, it is possible to make
conclusions concerning the rate of the sorption-type partial pro-
cesses. At the same time, on account of the involved and complica-
ted nature of such reactions, it is not possible even to estimate
the rate of the surface reactions occurring at the surface of the
catalyst. At present, elucidation of the partial surface reaction
necessitates separate research for each individual reaction; today
it can be stated in connection with very few reactions that the
partial processes occurring at the catalyst surface are known. Ac-
cordingly, in the calculation of the reaction rate of contact ca-
talytic reactions 1t is necessary to apply simplifications and
neglections even in the simpler cases; in more complicated cases,
the calculation cannot be carried out at all.

The aim of the present work was to calculate the reaction
rate and the constants characteristic of the latter for the case
of heterogeneous catalytic hydrogenation at an atmospheric pres-
sure. This was necessary in order to be able to compare the reac-
tion rates of hydrogenation carried out in different types of ap-
paratus and to decide the most preferable procedure for carrying
out a given operation.

The model substance for these experiments was 2-ethyl-6-
-chloro iso-nicotinamide; 2-ethyl iso-nicotinamide was prepared
from this compound by removing a chlorine atom and substituting it
with a hydrogen atom.



1975 Data Concerning the Calculation of Kinetic Constants 3

A catalyst containing 0.5 per cent metallic palladium on a
granular activated charcoal support was applied to direct the re-
action iIn the desired reaction. This catalyst reduces neither aro-
matic carbon ring nor acid-amide groups; on the other hand, it
hydrogenates the carbon-chlorine bond in the above mentioned mole-
cule at a suitable rate.

The experiments were carried out in four types of apparatus:
a tank-type reactor equipped with a stirrer, a shaking apparatus,
a bubble-column and a foam-reactor.

A schematic drawing
of the bubble-column appa-
ratus is presented in Fi-
gure 1.

The central part of
the apparatus is a bubble-
-column (@ of 30 mm in-
ternal diameter, equipped
with a jacket, a gas dis-
tributor plate and adequa-
te ground joints. Hydrogen
and ammonia were conducted
to the column from a hyd-
rogen cylinder (2) and an
ammonia cylinder (©))
through pressure reducer
valves, rotameters (4 and
a saturator vessel () fil-
led with methyl alcohol.
The gases, having passed
the reaction mixture, re-
Figure 1 ached the outlet through a
bulb-type condenser (6)-
Application of the condenser was necessary in order to condense
methyl alcohol vapours carried away from the reaction mixture.
Otherwise changes in the concentration of the reaction mixture on
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account of vapour carryaway would have interfered both with the
hydrogenation process and the accuracy of the analysis based on
conductivity measurement. Part of the reaction mixture was kept in
forced circulation through the glass tube containing the electro-
des (7) by means of peristaltic pump (8). In this manner it was
ensured that an electrolyte of a conductivity corresponding to the
instantaneous state of the conversion was at all times in contact
with the electrodes. In the interior of the reaction zone, conduc-
tivity determination was rendered impossible by gas bubbles and
catalyst granules present. The electrodes were connected to a con-
ductivity meter (9), operated from a stabilizer (10) and the sig-
nal monitored by the conductivity meter was measured by a poten-
tiometric recorder. Constant reactor temperature was maintained by
warm water provided by a thermostat (12) and circulated in the
heating jacket. The temperature of the reaction mixture was moni-
tored by a thermometer placed into the reaction zone.

In order to construct the foam-column type hydrogenation ap-
paratus, the column of the former apparatus had to be exchanged.
With regard to dimensions and general layout, the new column was
totally identical to the former one, with the difference that the
gas distributor glass frit was replaced by a plate perforated with
holes 1 mm in diameter, of a total free surface of 30 % and of
considerably lower resistance.

The central unit of the shaking and stirring hydrogenation
apparatus was a glass reactor of 100 ml capacity, equipped with a
thermostating jacket, connected to the necessary ancillary units.

In order to determine the optimum reaction parameters for
the case of the given model substance and catalyst, the temperatu-
re of the reaction mixture, the concentration of the starting ma-
terial (as referred to the solvent), the amount of the catalyst,
the grain size of the catalyst and - in the case of two of the
apparatuses - the gas flow rate were varied, whereas the other
parameters were kept at a constant value. Furthermore, crumbling
of the catalyst was studied in each apparatus and poisoning expe-
riments were carried out in the stirred tank reactor and in the
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stirred tank reactor and in the foam column by the addition of
ethyl mercaptan and hydrogen sulphide at different concentration
levels.

A conductometric determination procedure, applicable with all
four types of reactors, was developed to enable the hydrogenation
reaction to be followed and to evaluate the experiments.

The apparatus types described in the foregoing and the pro-
cedures realized in them were compared on the basis of the maximum
reaction rate attainable. The evaluation was carried out on the
basis of the following considerations:

The change in the composition of the reaction mixture during
the reaction period can be expressed by the following Equation:

dx
a-i(x" - aax) =V —— + kex (O]
dt
whereas with regard to the decrease of the amount of the substrate

we can write:

-——— = kex @
where

X" is the gas concentration in the gaseous phase (g/1)

X is the gas concentration in the liquid phase (g/1)

c is the concentration of the material in the liquid (g/1)
\ is the volume of the liquid @)

al is the hydrogen absorption transfer coefficient (1/s)

a2 1is the Henry-constant

K is the apparent rate constant

t is time ()

The expression V X (the change in the amount of hydrogen in
the liquid) 1in Equation (1) can be neglected and consequently we
can write:

X = mmmmmmmmmee Q.1

by substituting x into Equation (2) and rearranging, we have:
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aiea2 + kc
___________ dc = - ka-ix"dt 2.1

The definite integral of the latter between limits O and t, more-
over c, and c 1is,

C

aiaj In = * k(c - co) = - ka-ix"t .2)
o
1 a2 C
------ (cq - ¢) - — In — = ¢ (2.3)
alx- kx * c

Let us introduce:

————— = A[s/g] and -——— = A2 [12s/92]
. <"

By introduction of the above designation, and by contracting un-
knowns &a,, X", a2 and K into two constants, the equation thus ob-
tained is the following:
(o3
Ai(c0 - ¢c) - Aa In —— =t 2.1
c

(o]
by derivating Equation (2.4) according to c, we obtain:

A2 dt
(2.5)
after rearrangement:
de 1
(2.6)
- - Ny
dt A1 @n
where
dc
w is the reaction rate.
dt
Accordingly :

(2.7)
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Ai and A or _Ai_ and ~An are the two constants, characteristic
of the reaction rate, by whose determination the whole course of
the hydrogenation reaction can be described.

In order to determine Ai and A2, A2 is expressed from Equa-
tion (2.7) :

A2 = - o - o (2.8)

Considering that in our case the obtained signal is propor-
tional to the amount of the product produced (the ionic concentra-
tion of chlorine splitted is determined in the reaction mixture by
conductometry), Tfurther that it is not concentration, but percen-
tage conversion values that can be read from the curve recorded
from the potentiometric recorder, we can write:

c, - C = by (€©)
c, = by, tu)
where
is the starting concentration of the substrate (g/1)
is the actual concentration of the substrate (0/1)
is the recorder deflection pertaining to the actual con-
version (%)
is the recorder deflection corresponding to 100 % degree
of conversion %)
w
furthermore :
dc c
° QD))
&y
dc dc
v *=2)
dt dy dt
w= -1 —
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by substituting w into Equation (2.8)

Co~y Y c
= e emm——— N - I - =
A3 e dy Al Qco yga \Y% .9
m yv dt
1-Yy
y
L- &i o] y (2-10)
y, dt
A3 = -Aico@-vy) (2.11)
o]
dt
. . . . dyQ . .
introducing designation —-= =V and rearranging we obtain:
- Alc @.12)
I—y0 \
+Ai C 2.13)
\ 1-y
further, let us introduce
-1 _J_
2 l-yo "™ U
and by introduction of the new designation we obtain:
z = Aau + Ai ¢ (2.1U)

(0}

The values z, n and cq in Equation (2.14) can be calculated
in any instant of the measurement. The z values, calculated from
the curve of the measurement at adequate time intervals, t, when
plotted in a cartesian co-ordinate system as a function of the per-
taining n values, results in a straight line (Figure 2). The inter-
section of the straight line thus obtained with the ordinate gives
the value of the product Ai, cq, whereas its slope gives the value
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of A2_. Accordingly,
the values [I/A1 and
1/Aa, characteristic
of the rate of the
catalytic reaction,
can be determined.

All data ob-
tained in the course
of the experiments,
as well as the cons-
Fig. 2 tants characteristic

of them and determi-
ned as described in the foregoing, are summarized in Tables I-VII.
A diagrammatic representation of the 1/Ai and 1/A2 values is given
in the present paper only as an example, as a function of the most
important parameters.

The temperature dependence of the values mentioned above is
presented in Figures 3 and 4.

A

30 35 40 45 50 [°C]

Fig. 3. 1 - Stirred tank reactor; 2 - Shaker; 3 - Bubble column;
4 - Foam column
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Fig. ¥ 1- Stirred tank reactor; 2- Shaker; 3- Bubble column;
4 - Foam collumn

It can be concluded that the value of I/A1 shows a maximum
at 40-50 °C in the temperature range of 30-50 °C studied in the
case of all types of apparatus. Having passed the maximum, the
value of [1/A1 shows in the case of the stirrer- and the shaker-
-type reactors an abrupt decrease, in the case of the bubble column
a moderate and in the case of the foam column a barely perceptible
decrease. The value of [1/A1 depends on the hydrogen absorption
transfer coefficient and consequently it can be assumed that the
phenomenon mentioned in the foregoing is brought about by the de-
creasing solubility of hydrogen with increasing temperature. Fur-
thermore, 1t is also probable that especially in the foam column,
but to a certain extent also in the bubble column, the decreased
solubility is partially compensated by the better transfer circum-
stances .
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While studying the changes in the value of 1/A2 it can be
concluded that whereas a maximum is incountered at 40 °C in the
shaking and stirring-type reactors, a moderate increase 1is obser-
ved above 40 °C in the other two types of reactors. This effect
can be ascribed to the maximum activity of the palladium catalyst,
attained at the optimum temperature, in the present case at 40 °C.
The prolongation of the maximum in the case of the bubble and foam-
-columns can be explained in the following manner: the reaction
proceeds at the surface and within the pores of the catalyst. As a
consequence of the exothermic reaction, the temperature of the in-
terior of the catalyst is higher than the measured temperature of
the solvent surrounding it and this causes a decrease iIn its acti-
vity. In the bubble and foam columns, where the heat transfer is
better, heating of the catalyst is of a lower degree and conse-
quently the maximum activity of the catalyst attains a constant
level within a certain temperature range.

n

R

haker; 3-Bubble column; 2-Shaker; 3-Buhble column;

Zig-S— 1-Stirred tank reactor; Fig.6. 1-Stirred tank reactor;
4-Foam column 4-Foam column
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The dependence of the values characteristic of the reaction
rate on the grain size of the catalyst are presented in Figures 5
and 6.

In this case, it can be concluded that the values of 1/Ai and
1/A2 increase with decreasing grain size in the case of all of the
four apparatus types. Decreasing the grain size brings about essen-
tially the same effect as iIncreasing the amount of the catalyst.
In both cases, the active catalyst surface is increased, which
brings about in all four apparatus types an increase in the reac-
tion rate dependent on the transfer circumstances. The results ob-
tained with various grain sizes were In agreement with results ob-
tained and conclusions drawn in connection with experiments car-
ried out with various amounts of catalyst.

iy

Fig. 7. o-Bubble column;
e-Foam column

It is apparent from Figures 7 and 8 that by increasing the
linear gas flow rate up to a value of 14-75 cn/s, the value of
1/A-1 and, together with it, that of 1/A2 increases. Both in the
bubble and the foam columns, increasing gas flow rate brings about
a considerable iIncrease iIn the rate of the absorption process, and
since iIn the present case the rate of the overall hydrogenation
process increases with absorption, in accordance with the previous
chapter it can be concluded that in the hydrogenation of the sub-



1975 Data Concerning the Calculation of Kinetic Constants isl[ ¢4

strate used as a model substance, the rate-determining partial
process is the absorption of hydrogen iIn the solvent.

Considering the results of experiments mentioned in the
foregoing - but not evaluated here in detail - (cf. Tables I1--VIl)
it can also be stated as a conclusion that the theoretical connec-
tion developed for the determination of the constants characteris-
tic of the reaction rate can also be applied in practice; the re-
sults of experiments evaluated by 1its aid can be summarized as
follows :

1. In the case of the model reaction in question, the rate deter-
mining partial process of hydrogenation is the absorption of
hydrogen in methyl alcohol, used as the solvent of the compound
to be hydrogenated.

2. With the reaction in question, from among the four experimental
set-ups it is the foam column which enables the highest reac-
tion rate to be reached. Accordingly, in the above model reac-
tion as well as with other hydrogenation reactions where the
rate-determining step is absorption, the reaction rate can be
increased by carrying out the reaction in a foam-column.

3. Crumbling of the catalyst is, according to microscopic measure-
ments and sieve analyses carried out, of the smallest degree in
the bubble column. Also in the foam column, catalyst crumbling
does not reach the degree encountered in the stirred tank or
shaker-type hydrogenation reactors.

4. Despite the addition of ethyl mercaptan and hydrogen sulphide
catalyst poisons to the reaction mixture, the hydrogenation
reaction processes to conclusion - at a considerably slower
rate - in the foam column, as opposed to the shaker and the
tank reactor.
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PE3UME

ABTOpbl M3y4Ya/IM KaTa/MTUYECKY TUAPOreHn3aumio npu aTMochepHoMm
OaBneHnM.  Mogenbld  CAyxun MeTaHO/OBbI pacTBop 2-3TWI-6-X10p-amuga
W30HWHOTWHHOW  KUCMoTbl.  pouecc, npoucxoasumii Ha  rpaHy/IMpOBaHHOM
HaTamsaTope c 0,5% MeTa//IMyecHUM nannagnem 1 akTUBHbIM — Yrnepoaom,
B KauyecTBe HocuUTens 6bUl U3y4eH Ha YeTbipex 3KCMepUMEHTa/IbHbIX YyCTa-
HOBKax: B BCTpsixuBaTesie, B peakTope 6aHOBOro Tuna, B MNy3blpbKOBOIA
KOJIOHHE 1 B MNEHHOI KOJSIOHHE .

Boia BblpaboTaHa TeopeTudyeckasi Gopmyna gas onpefenieHust  KOHC-
TaHT, XapaKTepHbIX A/ CKOPOCTWM peakumMm rugporeHnsaumm. 3Ta (opmyna
no3Bo/ivfia COMOCTaB/IEHNE CKOPOCTEl peakuun  ruaporeHnsaumm,  nNpouc-
xopslleli B pa3HbiX ycTaHOBKax.

Mo AaHHbIM 6blI0 YCTAHOBMEHO, YTO K3 BbibpaHHbIX YCTAHOBOK MEH-
Hasi KOJIOHHa ob6ecrneunBaeT Haunydwme pes3ysbTaTbl ruMaporeHnsauun  ansi
[aHHOM MOZesnibHOW  peakumn .
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[Co(C:H«)(PPb3): ] catalyses the dimerization of

ethylene at ambient conditions. The following rate
equation fits the experimental data:
KUKrKaCCoKCrH«]
Rate = -\ -

[PPh3] + Ka + K3aK3CCrH«]

where [Co], [C2H4] and [PPb3] are the concentrations
of catalyst, ethylene and free phosphine.

INTRODUCT ION

Homogeneous catalysts for the dimerization of ethylene and
other mono-olefins [1] have aroused considerable interest in
recent years. Several authors used first-row transition-metal com-
pounds combined with aluminium organyls to catalyse dimerization
reactions [2, 3-9].0nly in a few cases were single metal compounds
reported to be active catalysts for ethylene dimerization [4] and
practically no kinetic studies of ethylene dimerization were car-
ried out using such transition metal complexes.
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RESULTS

Initial rates were used to determine the rate law. This pro-
cedure avoids influences due to codimerization of ethylene with
butenes, formed during the reaction, which was monitored by glc.
Typical product composition can be seen in Table 1.

Table 1. Dimerization products (weight %) of ethylene catalysed by
[Co(C2H4)(PPh3)3]2 2.U2X10-2 mol*f-1 in benzene at 20°;
reaction time 30 minutes

trans-2-butene 63.0
cis-2-butene 205
I-butene 1.5
hexenes 10

Ethylene uptake was followed by volume (Fig. 1.). The reac-
tion rate was found to be fairly constant during the first few mi-
nutes, but hexenes appeared in the reaction mixture already rather
early. Assuming ethylene and butene codimerization to have a lower
reaction rate, this explains the diminishing rate of ethylene con-
sumption.

Tim* (min)

Fig. 1. Typical dimerization of Fig. 2. Rate ywi dimerization of
ethylene using [Co(C2H<<)(PPb3)3]2 ethylene as & function of cobalt

Solvent benzene; catalyst concn. concentration. Solvent benzene;
2.1*2x10-2 mol .«€*1; temp. 20 °C; temp. 20 C; ethylene pressure 1
ethylene pressure 1 atm. atm. (The dotted line shows the

concentration of Co (C2H1) (PPb3)2
calculated from Equation (13) as
a function of cobalt concentra-

tion)
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The experiments were reproducible to within = 5 %, and the
initial rates were obtained from the tangents of plots of the type
shown in Figure 1.

The influence of catalyst concentration is shown iIn Figure 2.
The parabolic curve obtained by plotting the reaction rates
against the catalyst concentration indicates a lower order than
one with respect to cobalt catalyst. If the reaction rate is plot-
ted against the square root of the catalyst concentration, a
straight line results which does not go through the origin and has
a negative intercept on the y-axis (Figure 3). This means, that no
half order dependence on the catalyst exists, which could be ex-
pected by assuming a pre-equilibrium of the dissociation of the di-
nuclear catalyst to the mononuclear form largely shifted to the
side of dimeric species.

Fig.-3. Rate of dimerization of Fig.Y¥. Rate of dimerization of
ethylene as a function of the ethylene as a function of ethy-

cohalt concentration. Solvent lene pressure. Solvent benzene;
benzene; temp. 20 C; ethylene cobalt concn. 2.86x10-2 mol.f"1;
pressure 1 atm. temp. 20°C

Experiments at various ethylene pressures resulted in a li-
near plot of the rate against the pressure with zero intercept as
shown in Figure 4. This demonstrates a linear dependence of the
reaction rate on the ethylene concentration in the solution.
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An excess of triphenyl phosphine reduces the rate of dimeri-

zation.
added phosphine at
trend with an
triphenyl phosphine.

constant

[PPh3](mol.rb 10

Fig. 5. The reciprocal rate of
ethylene dimerization as a func-
tion of excess phosphine con-
centrations. Solvent benzene;
catalyst concn.
ethylene pressure 1 atm;
20°C .

temp.

intercept suggests a

2.01x10-2mol.ir 1;

In Figure 5, the reciprocal of the rate is plotted against
catalyst concentration.

The linear
reciprocal first order in free

4,0-

20 -

10
\ 13 3A 15 16

-F (KD X103

Fig.
against — X 103

6. ﬁrrhenlus plot of In Kops

The effect of the temperature on the reaction rate is shown

in Table 2. The

te expression showing first order
catalyst and ethylene concentrations.
in Figure 6.

Arrhenius plot, as shown

values were calculated using the empirical ra-

dependence with respect to the
The constants give a linear
The activation parameters

were calculated as [Ita = 12.4 kcal.mol-1; AHT = 11.8 kcal.mol-1 and

AST = 16 cal.mol-1_K-1.
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Table 2. The reaction rate constants at different temperatu-
res, equilibrium constant Kr and degree of dissocia-
tion at 20°C

Temperature K K2X102 Degree of disso-
obs ciation
(°c) (mol-1_i.min-1) (mol £-1) (%)
0
10 6.59
20 12.9 1.17 hi*
30 21*.9

*at 2.01x10 2 mol.-F 1 catalyst concentration

DISCUSSION

According to YAMAMOTO and co-workers [10] the ethylene comp-
lex [Co(CrH<, )(PPh3)a]r is diamagnetic and does not show any sig-
nals in the high field area of the NMR spectrum indicating the ab-
sence of a cobalt-hydrogen bond. No absorption in the IR spectrum
attributable to v(Co-H) could be found either. These observations
support the dimeric structure accepted for. this complex in the
solid state.

The kinetic data reported in this paper may be interpreted
in terms of scheme 1. Based on this scheme the reaction rate is
described by the following equation:

y[Co(C2H4)(PPh3B]2 Co(C2H4)(PPbs)s Co(C2HAXPPh3R+ PPh3

Scheme 1
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d[CaHu] d[C4H8]
Rate = - —————--- = 2 ————— = Ky [Co (C2H,, )a (PPh3)al @
dt dt
Supposing Ki to be large the catalyst is present mainly in the mo-

nonuclear form and we can write:

[Co]l = [Co(CaHi») (PPb3)3] + [Co (CaHi, )(PPh3)2] + [Co (CaHuy)a(PPh3)2] +

+ [Co(Ci»He) (PPh3)a] @)

where [Co] 1is the total catalyst concentration. If the initial
rates are measured, the concentration of butenes can be regarded
to be zero and the last term of Equation (2) can be omitted. The
relative concentrations of the other mononuclear species are de-
termined by the following equations:

[Co(CaHu) (PPh3)a][PPh3]
Ka = - - A
[Co(CaH4) (PPh3)3]

[Co(CaH<,)a(PPh3)a]
K3 = mmmmmm oo w
[Co(CaHi*) (PPh3)a][CaH<*]
Incorporating equilibria () and (4 into Equation (2) we obtain
®
[PPh3]

[Co] = [Co(CaHi»)a(PPh3 )a]<( ——————————— +
1KaK3[CaHu] K3[CaHu]

Substituting (B) into (1) the following rate equation is obtained:

K4uKaK3[Co][CaHu]
Rate = —————— ®)
[PPh3] + Ka + KaK3[CaH<*]

This rate equation is iIn agreement with the Kinetic results
if K2 and K3 are assumed to be small, which seems to be reasonable
The rate order with respect to ethylene is zero if:

[PPh3] + Ka « K2K3[C3H®] )
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and becomes of first order if:

[PPh3] + K2 » K2K3[C2Hu] ®)

Assuming K3 to be small (K2 can be determined) the first order de-
pendence on ethylene is expected at small ethylene concentrations,
which was actually found.

According to Equation (6) there is a First order dependence
on cobalt, however, the experimental data (Figures 2 and 3), show
a more complicated picture. This apparent contradiction is resol-
ved by considering the effect of phosphine ligands dissociated
from the catalyst. The concentration of free phosphine is deter-
mined by Equation (9):

[PPh3] = [Co(C2H4)(PPh3)2] + [Co(C2Hi*)2 (PPh3)2] ©

If K3 1is small (as assumed earlier) Equation (9) simplified to
(10):

[PPh3] « [Co(C2H,) (PPh3)23 0

and the total cobalt concentration can be expressed by Equation
(11):

[Col = [Co(C2H*) (PPh3)3] + (PPh3) @an

Substituting (10) and (11) into (3), Equations (12) and (13) are
obtained :

[PPh3]2
K =
[Col - [PPh3]
1
[PPh3] = (K2{[Co] - [PPh31})2 a3)

IT [PPh3] is not large the concentration of free phosphine, ac-
cording to (12), is approximately proportional to the square root

of the total cobalt concentration and thus [PPh3] in Equation (6)
reduces the first order of dependence on the catalyst concentra-
tion, if no extra phosphine is added.
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Adding extra phosphine ([PPh3]add) to the reaction mixture,
Equation (12) modifies to (14), where [PPhg] is the concentration
of the phosphine, 1in this case originating from the catalyst by
dissociation.

[PPh1T{[PPhI] + [PPh3]
2 = e el (HO
[Col - [PPh£]

The ratio of the rates of the wuninhibited (r) and inhibited (..)
reactions 1is proportional to the ratio of the corresponding
[Co(C2H4)(PPh3)2] concentrations which are equal to [PPh3] and
[PPhj]:

[PPh3]
S~ (15)

i [PPHN]
From Equations (12), (14) and (15), [PPh3], [PPh"3 and the pre-
—equilibrium constant K2 could be calculated (Table 2).

The concentrations of [Co(C2H*) (PPh3)2] calculated from
Equations (10) and (13) were plotted against the catalyst concent-
ration (Figure 2,dotted line). It can be seen that in both curves,
the reaction rate vs. the catalyst concentration, and the active
species concentrations vs. the catalyst concentration are almost
identical, which means that the dependence on the actual catalyst
is of the first order and the bend off from a straight line, with
respect to the overall cobalt concentration, is caused by the
phosphine dissociation from the complex applied as the catalyst.

The scheme proposed above on the basis of kinetic data does
not provide any details about the nature of the rate-determining
step. PARSHALL [11] showed that the C-H bond in the ortho position
of the phosphine phenyl groups undergoes oxidative addition on the
cobalt atom in CoH(N2)(PPh3)3. This type of reaction was also ob-
served with other compounds having different metals and phosphines
[12]. 1t was assumed that in the investigated ethylene dimeriza-
tion, a cobalt hydride formed through such an oxidative addition
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may play an essential role in the catalytic cycle. This possibi-
lity is outlined in detail in Scheme 2.

Co(C2H4) (PPh3) Co(C4H8) (PPh3)2

Scheme 2

EXPERIMENTAL

[Co(C2H4)(PPN3)312 was prepared according to literature [10].
The benzene used as a solvent was distilled ove.i sodium-potassium
alloy under dinitrogen. Commercial ethylene was purified by bubb-
ling through diethyl aluminium ethoxide after drying with silica
gel and P205. Experiments were performed in a wacer thermostated
100 ml reaction vessel connected to a thermostated gas burette.
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PESIOME

PaznoxeHve 3TwieHa Npu pasHbiX YCOBUSX KaTa/M3upyeTcs coeav-
HeHuem [Co(C2H,,)(PP13)3]2. IKCNepuMMEHTasbHble [aHHble MNoATBEPXAAT
criegywliee ypaBHEHME CKOPOCTWU peakumm:

mK2 K3[Co][C2H:¥]

CKOPOCTb = —————————————————————
[PPH3]+K2+K2K3[C2H,,]

roe [Co], [C2H*] wn [PPh3] KOHUEHTpauum KaTanmsartopa aTuneHa wn
CBO6GOAHOIO (octhnHa.-
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The turbulent axial-dispersed plug-flow tubular
model 1is often applied for the description of the dy-
namic behaviour of tubular operational units. If the
residence time spectrum has been determined experimen-
tally, the points of the frequency response of the

operational unit can be determined - for the purpose
of process control - with the known numerical proce-
dure. The preparation of a standard set of curves

is proposed, with the aid of which both the adequacy
of the selected model and two parameters of the model?
the Bodenstein Number and the mean residence time can
be determined in a simple manner. The same set of
curves enables - 1In design work - the construction
of the Bode-diagram of an operational unit having
known parameters.

The turbulent axial-diffusion (dispersed) plug-flow tubular
model 1is very often applied for the description of the dynamic be-
haviour of tubular operational units.

When applying the model to a stream of components, the fol-
lowing differential equation is obtained:
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d2c(z,t) de(z.,t) 6c(z.t)
) 5 A @
9 z2 az at
where
c is the concentration of the component Erg”~ixture)”
is the space co-ordinate, taken in axial direction (m)
t is time (5
v is the convective flow rate (m s_1)

Dax is the coefficient of turbulent axial diffusion (m2s_1)
Let the following initial condition be chosen:
c(z,t) =c(z,0) =0 when t<o0 )

Furthermore, let us consider an operational unit that is finite in
both directions and let the feed occur in the strating point of
the co-ordinate system. Under such conditions, the boundary condi-
tions used by DANCKWERTS CI] and PEARSON [2] can be applied to the
disturbance in feed:

fSc(z ,t)
co(t) = c(t) o Dax L
- nz
/de(z., )\
_______ = (U)
y 9z /z=H
where
Co is the disturbance in feed (dimensionless)
H is the length of the operational unit (m)

The analytical solution of the differential equation in
question, at the initial and boundary conditions described, is so
far unknown. Naturally, this can be solved by numerical procedures
between given margins of error. However, when used for process
control, the solution is not Generally needed. In these cases it
is generally sufficient to produce the transfer function or fre-
quency response or the logarit : amplitude-angular fr ue cy and
phase-angular frequency functi- 3c"e-diagram).
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With reference to the takeoff point (z = H) of the tube, the
frequency response is the following [3, 4]:

cH,uw)

S CED " 3 % @)
(1+y)2 € (1-Y);

-

F@)

(5)

where
wt .
Y3 @A+]J--—-)w2 (6)
Bo

Bo = is the Bodenstein number (dimensionless)

is the mean residence time (5)
w is the angular frequency (rad.s-1)

In the dynamic characterization, Equation (5) was regarded
as the descriptive equation calculated from the mathematical model
It is apparent that this function has two parameters: the "Bo" Bo-
denstein number and the t mean residence time. Knowing these,
the points of the frequency response can be calculated numerically
and this is thoroughly sufficient for application iIn process con-
trol .

The reverse of the statement is also true: the operational
unit is perfectly characterized from a dynamical point of view by
presenting the numerical value of the two parameters. However,
this statement needs to be supplemented: it has to be seen whether
the chosen model is adequate for the description of the operatio-
nal unit in question.

It is known that it is possible to determine the above men-
tioned two parameters experimentally. The method is generally ap-
plied. Its essence is that a tracer material is injected into the
feed and the concentration-transient is studied at the takeoff
point. The two parameters can be calculated from the first and se-
cond momentum according to time of this transient. However, this
procedure involves a number of problems. It is known from experi-
mental experience that the calculation of the second moment is
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rather uncertain and the result considerably depends on how large
a section of the asymptotically decreasing transient is taken into
consideration. Furthermore, it is difficult to verify whether the
model was adequate or not. For this purpose, the transient calcu-
lated from the model has to be produced after substitution of the
calculated parameters with a numerical technique (i.e. the diffe-
rential equation has to be solved) and the result thus obtained
has to be compared with the measured Ffigure. However, another
method leading to a faster result and furnishing more information
can also be chosen.

As mentioned earlier, the numerical presentation of the
points of the frequency response is necessary in many cases and is
also adequate for our purposes. For this purpose, an algorithm is
applied in the evaluation of the transient obtained which presents
the numerical values of the frequency response (i.e. the points of
the Bode-diagram) in a single step [5, 6]-

Using the technique proposed in the present paper, both the
adequacy of the model and the numerical value of the parameters
can be determined with a minimum of computing work from the curve
thus obtained, whose production IS necessary anyway.

This is true within a limit of error that occurs in the ap-
plication of the numerical method and in making neglections while
establishing the model.

It can be shown with the application of Shannon®s sampling
rule that the calculated values are reliable only up to a value

where At 1is the time interval between sampling operations. This,
however, 1is only a theoretical upper limit. According to LEES and

DOUGHERTY [7], the practical upper limit is lower by one order of
magnitude.

Let us substitute various numerical values into Equation (5)
in place of the Bo number. Further let us select to each of these
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a t mean residence time in such a manner that the condition Bo =
= 4 ut is fulfilled. Hereupon, the values of u are run preferably

from 0.1 to 100, for the case of all Bo.numbers and the numerical
values of the frequency function are calculated. The result is
presented in the usual form in a Bode-diagram in such a manner
that 1log d 1is measured on the abscisse, whereas on the ordinate
twentyfold of the logarithm of the absolute value of the complex
function respectively the areas thereof. A set of curves of norma-
lized angular frequency, whose parameter is the Bo number, is ob-
tained iIn this manner (Figures 1 and 2).

The same - but single - pair of curves is also obtained in
the evaluation of the measured transient. If the set of calculated
curves 1is drawn on a transparent paper and the drawing placed upon
the curve obtained iIn the measurement, it can immediately be deci-
ded whether the chosen model was applicable. In this case, the
curve calculated from one Bo number coincides with that obtained
in the measurement.

Accordingly, the Bo number pertaining to the operational unit
under test has also been determined.

Having aligned the curves it is determined which abscisse
value of the diagram representing the result of the measurements
is found under the point corresponding to rhe abscisse value w = 1
of the set of curves. Let this angular frequency be of the numeri-
cal value of Q. The mean residence time of the operational unit
under test can be calculated hereform with the formula

— Q)

No further explanation is necessary if the second term on the right
side of Equation (6) is considered.

Accordingly, a single computer algorithm is to be applied
with the proposed technique. This directly presents the evaluation
of the measurement in a form, adequate for process control applica-
tions .
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Accordingly, a single computer algorithm 1is to be applied
with the proposed technique. This directly presents the evaluation
of the measurement in a form adequate for process control applica-
tions .

By means of the previously prepared curve-set template, the
application of the chosen model as well as the two characteristic
parameters can be examined with a minimum of expenditure. It is be
noted that by the inversion of Equation (7), 1i.e. by adequate
shifting of the origo of the abscisse, the previously prepared set
of curves also naturally enables the Bode diagram of an operatio-
nal unit characterized by a given Bo-number and mean residence
time to be constructed immediately.

As an example, three residence time spectra (weight functi-
ons) are presented in Figure 3. In this case, the parameters (also
determined with a different method) were the following: t = 10 sec
Bo = 2, 6 and 20. The points of the Bode diagram were prepared
from the 30 points shown by a numerical technique [6]. After
shifting according™to (7), the curves corresponding to the numeri-
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cal values obtained were drawn into Figures 1 and 2 with a dotted
line. The theoretical confidence limits, as calculated with the
technique mentioned in connection with the estimation of the er-
rors, were found to be wuw = 63; 21 and 6.3 (rad.s-1). This pre-
sents an approximative picture of the applicability and expectable
accuracy of the approximative technique.

The author is indebted to Professor Dr.A. Laszld for his va-
luable comments upon reading the manuscript and to Dr. B. Ferencz
for checking the calculations.
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PE3IOME

[na onvcaHus AMHaMMYECKOro MOBEAEHUSI  TpyGuaThiX  MPOLECCOBbLIX
€eVHNL, 4acTo UCMoJ/ib3yeTCHA MoAe/b, nosorawwas TypOYy/eHTHYH OCEBYI0
andey3nio 1 naeanbHoe BbiTECHEHVE. [locne 3KCNepUMEeHTaNlbHOrO — onpeje-
JNIEHUs1 CMeKTpa BpeMeHu npebbiBaHWs W3BECTHbIM YMC/OBLIM CMOCOGOM MOXHO
ONpefeMTb TOYHW KPUBOW MO 4YaCTOTE B UENsAX TEXHWHW  PEeryMpoBaHuvs .
ABTOpPOM MnpegnaraeTca MpuUroToB/ieHWE CcemelicTBa WabMOHHbIX — KPYBbIX,
C TMOMOLbI KOTOPOFO MOXHO MPOBEPUTb afeKBATHOCTb BbIOPAHHOW MoAenu u
NpocTo onpefenuTb ABa napameTpa Mogenu: uucrio bopeHwTeliHa M cpep-
Hee 3HauyeHVe BpEMeHW MpeGbiBaHusi. Te Xe KpuBble  UCMOMb3YWTCcA  A/is
NIaHUpPoOBaHNsS MpU HadepTaHuM auarpamvsl 5oga npoueccoBoii  eguHWUpl €
M3BECTHbMM MapameTpamm -
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In connection with all stirred systems, the de-
termination of the degree of mixing 1is a problem of
basic importance. The aim of the present paper is the
presentation of a mathematical procedure that utilizes
the probability calculus and enables the efficiency of
mixing to be judged. The mathematical model proper is
sufficiently general, involving the customary advanta-
ges and drawbacks of this fact. The practical example
presented shows that even with very simple suppositi-
ons - iIn a given case - adequate results are fur-
nished by the model.

The stirring of suspensions is classified as a separate
group of two-phase flow [1]. This classification is supported by
the generally large difference in specific gravity and the fact
that the solid particles cannot be united and cannot - in the ma-
jority of cases - be designated. This practically means that
these particles can be regarded as discrete ones in the continuous
medium. In order to sustain the suspended state, mechanical energy
has to be continuously introduced into the system. In order to be
able to discuss the phenomenon, it is inevitably necessary to know
the degree of stirring; the next step is to establish a connection
between the introduced energy and the degree of stifring.
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The problem can be approached from more than one angle; ample
examples are found in literature.

The logical discussion starts from the examination of the
space of flow of liquids. OF course, iIn such cases, the motion na-
ture of the momentum balances [2] is of primary importance. The
difficulties which manifest themselves in connection with the ma-
thematical discussion of the space of flow of a stirred system are
generally known. Accordingly, papers containing only experimental
results are abundant [3, 4, 5, 6, 7, 8, 9].

Groups of the research workers do not deal separately with
the motion of the supporting phase, but directly study the beha-
viour of the particles [10, 11]. Such theory is correct, but its
field of validity becomes limited due to the many simplifications
when calculations are carried out.

A different category of work, utilizing the similarity theory,
calculates on the basis of experiments with a number of practically
important data. These Equations contain generally 5-8 empirical
constants [12, 13, 14, 15, 16]. Lacking an adequate theory, these
are of major significance despite the fact that the Equations are
valid only in a narrow range.

The empirical measures and mixing models used for the charac-
terisation of stirred systems also constitute a new group with
regard to content. Their common feature is that they disregard the
micro structure.

In establishing the models, formulas used for the description
of totally different physical phenomena are frequently utilized in
order to obtain a result similar to those encountered in practical
systems. These include the well-known diffusion, cascade and recir-
culation models, as well as their combinations.

There are also experiments in which the authors do not deal
with the mechanism of stirring, even to the extent usual iIn model-
ling. Usually the systems are ordered with regard to mixing on the
basis of some arbitrarily selected criterion [16, 17].

A new way to judge the degree of mixing of practical systems
is the application of the entropy of mixing [18]. The application
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of the concept of entropy in this respect is based upon its connec-
tion with information theory. The concentration distribution has
to be known for the calculation.

The Probability Model of Mixing

Let us consider first what processes can be discussed within
the framework of probability calculus and whether a stirred system
fulfills these requirements iIn our case.

A number of occurrences can be described by the following
scheme [19]. A certain totality of the prevailing circumstances is
the experiment, as a result of which, one of the possible events
occurs. Our iInstantaneous knowledge does not permit - theoretical-
ly or practically - the determination of this event. In such cases
it can be stated that the occurrence of the event is "random”. In
the examination of events of this class, it is absolutely essen-
tial that the events, together with their results, can be repeated
many times, since the relative frequency of the occurrence of the
events has to be known in order to be able to draw conclusions on
the probability of the occurrence of the event. All processes com-
plying with the above conditions can be discussed on the basis of
the probability calculus.

Our system is limited by walls and it comprises a fluid me-
dium into which discrete particles having identical properties
were introduced.

A possible approach is that all prevailing conditions are re-
garded as an experiment and the system is examined at certain given
times and the probability of a given particle emerging from a given
part of space is examined. Accordingly, the elementary event is
that a given particle is in one of the space elements. What is now
the condition to be able to state that the system in question is
perfectly mixed. The condition is that the probability of finding
the particle in question in any of the limited space elements is
equal. If these probability values are not equal and some of the
individual space elements are of exceptional importance compared
to the others, a very large number of variations - identical with
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regard to the degree of mixing - can be produced, evidently de-
pendling on the fineness of division. For example, if the particle
contents of two space elements are exchanged, the two systems can
be considered identical with regard to mixing, despite the fact
that a new spatial distribution has been produced. Considering
spatial distribution in this manner does not promise any results.
The problem of the complicated space of streaming emerges here
again.

There is another possible approach and this is the examina-
tion of the following question: from what particle density environ-
ment the given particle originates. In this case, the fact where
the environment of the particle is found 1in the stirred system is
disregarded and only one characteristic of the environment, impor-
tant for our reasoning, 1Is taken into consideration. In the system
under test, the elementary event is the concentration of the envi-
ronment of the given particle, 1i.e. the particle concentration is
regarded as probability variable.

If the total volume of the space elements of the concentra-
tion Ci 1is V(ci),the probability that the optionally selected par-
ticle has come from an environment of the concentration Ci is

eiP V(ci)
M

where pg 1is the density of the solid and
M is the mass of the total solids weighed in.

Now,assuming that the concentration in the stirred system
varies continuously between the minimum and maximum value found in
the system, the probability density function

can be introduced. The corresponding distribution function is the
following:
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o" (©) = J? ¢* (© dc
min

According to the experience, the value of maximum concentra-
tion can unequivocally be determined in such a system, and accord-
ingly the distribution and density functions are calculated star-
ting from the maximum concentration values with the following
Equation :

() = o 0) = ——-5-———

In this way, all that was done was to assign the probability, per-
taining to a given a concentration, to the value (cuax - ©).

Let us now consider that our stirred system is influenced by
an independent interaction. All of the actions produce a random
particle distribution and their totality represents the prevailing
circumstances, the system having been exposed to the latter for a
considerable period of time. In this manner, the resulting devia-
tion from the maximum concentracion 1is obtained as the sum of the
individual actions:

t = —c=Si+KZ+---+K-I+---+Zn

On the basis of the aforesaid, the resultant concentration diffe-
rence 1Is brought about by action n. Since

n-1
t=E E +£
-1 1
as a consequence of the independence, the resultant density func-
tion can be calculated successively from the convolution of the
individual distribution:
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From now on, a theoretical model is at our disposal. Diffe-
rent assumptions can be introduced in connection with the indivi-
dual actions and accordingly different distribution types can be
obtained, ranging from the simple to the most complicated. Accor-
dingly, the model incorporates both the good and the bad properties
of the general one.

It is - at least theoretically - advantageous that a wide
variety can be theoretically characterized by it, whereas it is a
drawback that it cannot be applied directly in this form. An exam-
ple will be presented in the following which demonstrates that
even in the case of very simple assumptions, a satisfactory result
is obtained for the concentration distribution in a given case.

The aim of the present experiments was to study the concentra-
tion distribution in a stirred tank-type reactor. The measured
data are evaluated with the mathematical procedure described in
the foregoing. The characteristics of the suspension applied, the
experimental setup and the measured data will be described first.

The Model Suspension and its Preparation

An anion exchange resin type VARION-AD— water system was used
in the experiments. The data of the commercial VARION-AD resin are
the following:

capacity: 3.5 mval/g 1.2 mval/ml
density: 1.23 g/cm3
grain size: 0.25 - 1.0 mm in dia.

The concentration of the model suspension was measured by AC
conductivity. It is necessary in order to obtain reproducible re-
sults that the conductivity of the resin and the water do not
change in time, consequently the system was brought to equilibrium
and any water or resin brought into the apparatus subsequently was
of the prepared materials. In this manner it was ensured that the
conductivity was a function only of the amount or resin brought
between the electrodes.
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Description of the Experimental Setup

The experimental setup comprises a SIMAX (Czechoslovakia)
self-supporting glass tank reactor of the dimensions usual in the
pharmaceutical industry. The volume of the reactor is 20 litres; 5
litres of resin were placed into it and it was Tfilled up with
liquid so as to have a final total volume of 15 litres.

The stirrer motor - a VKM product - was placed above the
reactor. The former was connected to the stirrer through a multi-
-step gear. The adjustable speeds were the following: 50, 150, 250,
350, 450, 550, 650, 750 and 850 r.p.m.

The measurements were carried out with two stirrer types, one
being a closed turbine whereas the other was a disc-type stirrer
(60 mm in dia.) (Figure 1).

Concentration of the Suspension

Prior to the description of the measurements, what should be
understood by the concentration of the suspension, has to be
stressed. It seems self-evident to express the concentration of
the suspension as some sort of density. However, from the point of
view of the measurements it is much simpler to use concentrations
expressed in volume per cent. In the following, the concentration
will be calculated with an intrinsic measure. A suspension is re-
garded as 100 % by vol. if when left alone to stand it does not
become more compact upon the action of gravitational force. Natu-
rally, in addition to the previous concentration values, the mean
density of the suspension of 100 % by vol. as well as the density
of the solid and of the liquid have to be given. The mean density
of the suspension of 100 % by vol. can be expressed by

psz = p + E (ps " p)

where
Psr is the mean density of the suspension
is the density of the liquid
s is the density of the solid
i

s the voidage.
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In the present case, with substitution of numerical values
and on the basis of [20, 21]

Pg, = 1.128 g/cm3

Measurements

Concentration charts were determined with the speeds adjus-
table with the two stirrer types mentioned above (disc and turbine).
Compared to the dimensions of the electrode used, the measuring
points were located at the highest density in horizontal and in
vertical direction at a distance of 30 mm. The concentration, when
plotted against time, did not show appreciable variations 1in a
given measuring point and accordingly reading a mean value presen-

ted no difficulty.
This empirical fin-
ding supports the
view that the con-
centration charts
are stable despite
the swirling
istreaming.

Only half a
plane was measured
in all cases in
vertical section.
The location of
the measuring
points and of the
stirrers is shown

Fig. 2 in figure 2.

The concentration charts are presented in Figure 3. They were
arranged in such a manner that those pertaining to the same stir-
rer speed are beside one another. There is a heading on each chart.
The disc-type stirrer is marked TA and the turbine-type one TU in
the heading. The figure before the letters is the serial number of
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the measurement, and that after the letters is the speed in r.p.m.
There was no appreciable churning up under 350 r.p.m. with the
disc and under 550 r.p.m. with the turbine stirrer.

For the purpose of qualitative examination, the iso-concen-
tration lines were drawn into the charts. In a qualitative manner
it can be stated that the chart becomes more uniform with increas-
ing stirrer speed up to a speed of 650 r.p.m. in the case of the
disc-type stirrer and above this value the concentration differen-
ces between the individual points start to rise again. The same
can also be stated in connection with the turbine-type stirrer
with the difference that iIn this case the "maximum of uniformity"
is even more pronounced.

Evaluation of the Measured Data

The essence of the mathematical model described is that the
following Equation holds for the probability variable t:

t=c max c=Ci+5a+---+5 1+ .. .+t£ n

IT the supposed density function of ¢cN(i = 1» 2 ... n) is

() = Xe"Xt; t>0

it can be shown by total induction that a density function of the
form
.n (-1 -it

is obtained as the resultant. The variable t follows the I distri-
bution. The corresponding distribution function is obtained from
the integral

t
T = 7/ <Pn(v) dv
o]

At the same time, the Equation

cpSV@)

holds. On the basis of this discrete distribution functions can
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be calculated from the measured data because the half section of
the reactor was - in accordance with the measuring points - sub-
divided to cells. A ring corresponds to each cell in the reactor
and on account of the symmetry, the concentration at any point in
this ring is equal to the measured mean value (experimental find-
ing).

c & by vol.)

Fig. I Discrete distributions

A digital computer was used for processing the numerical
data. As an example, a discrete distribution function is shown in
Figure 4_Hence only one more step and the continuous distributions
are reached. The concentration was considered to change continuous-
ly between the maximum and minimum values measured in the system,
in such a manner that the middle points of the steps of the dis-
crete distributions correspond to the points of the continuous
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distribution. A continuous distribution function is shown in Figu-
re 5.

Fig. 5. Continuous distributions

Accordingly, the numerically calculated distribution func-
tions are at our disposal from the experimental data. The value of
Crnax is obtained from their intersection with the abscissa. The
theoretical distribution itself is of the two parameter type tn,A).
The parameter are determined in the following manner. The expected
value of the I distribution is n/?i. Any positive integral number
was chosen for n, the ordinate value pertaining to the expected
value could be calculated from this. The expected value was deter-
mined by the help of the ordinate values of continuous distribution

functions.
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The ordinate values pertaining to the expected values can be
determined from the corresponding density functions. E.g. in the

case of n = 3, the integral — substituting x = -At — is the fol-
lowing :
3/A * o
f A3 T8 At 4 L (x2 - 2 x + 2)1° = 0.575
21 2

With a similar procedure

X —_—
2; A2t e At dt = 0.59F or 1§X e At dt = 0.632
o] o]

The parameters of the calculated continuous distributions are con-
tained in the Table. A few diagrams are shown, as examples, in Fi-
gure 6 where the measured data and the calculated curves are pre-
sented. These prove that the general model describes the distribu-
tions even In the case of very simple suppositions to a fairly
good approximation.

Fig. 6 a. Calculated distribution
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Fig. 6 b. Calculated distribution

The expected value and the variance, plotted against stirrer
speed, are shown iIn Figure 7. Both the expected value and the va-
riance pass a pronounced minimum in the vicinity of 650 r_p.m.This
suggests the conclusion that stirrer speed has an optimum value
with respect to the mixing of the given system inasmuch as the dis-
tribution produced is the most uniform. On the basis of the vari-
ance it can be stated that the extreme value is not very ‘''sharp",
partically a range covering 150 r.p.m. and is such that Tfurther
improvement of mixing is not possible.

These experiments prove that the disc-type stirrer is con-
siderbly more flexible, it can be operated satisfactorily within a
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wide range. With the turbine-type stirrer it was found that above
a "threshold" speed value the system assumed a state of mixing and
afterwards there were practically no changes.

The curves of the disc-type stirrer were always under those
of the turbine stirrer. This means that at a given speed, the disc
stirrer stirs more uniformly and the same state of mixing can be
reached by the disc-type stirrer at a considerably lower speed.

Another in-
teresting and prac-
tically utilizable
fact should be men-

tioned here. The
Craax values were
plotted against

speed in Figure 8.

These concentration

values also show a

pronounced minimum

as a function of

speed. This mini-

mum is within the

practically accep-

table speed range,

mentioned above.

Consequently, when

examining a given

similar system, it

is unnecessary to Fig. 8. -- measured curves; -- calculated
calculate the dis- curves; o - TA; = - TU

tributions, and it is sufficient to find the minimum of the maxi-
mum concentration value in the vertical half-section of the reac-
tor as a function of stirrer speed; the stirrer is to be operated
at that speed.
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SYMBOLS USED

e voidage (dimensionless)

01(c); gn(c) probability density function (dimensionless)
probability variable (dimensionless)

p density of the liquid (ML-3)

Ps density of the solid (ML-3)

Psz mean density of the suspension (ML-3)

A parameter (dimensionless)

on(t) probability density function (dimensionless)

¢ () distribution function (dimensionless)

c concentration (% by vol.)

c value of maximum concentration @ by vol.)

L) probability density function (dimensionless)

i current index (dimensionless)

M mass of total solid material weighed in (M)

n parameter (dimensionless)

t probability variable (dimensionless)

vV(c) total volume of space elements of the concentration
c (L3)
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PA3IOME

MpaBunbHOE oOnpefesieHVe CMEeWaHHOCTU SB/SIeTCS OCHOBHOW 3ajaueit
Onsi CcMellaHHbIX cucTeM. LUenbio 3Toli paboThl sIBNSIeTCS NpeacTaBfieHne ma-
TemaTnyeckoro crnocoba. I3TOT CMOCO6 WCMNOMb3yeT MaTeMaTU4YeckKyw cTa-
TUCTVUKY W MO3BONISET CyauTb 06 3(GPEKTUBHOCTU CMeWeHusi. MaTemaTuuyec-
Kasi MoAefb SIBNSieTCSH [OBOSIbHO OO6Wel, 1 vMeeT Oo6bluHbie NpeumyliecTsa U
HepocTaTku. Mo NpeacTaB/ieHHOMY MpUMEpPY BWOHO, 4YTO B JaHHOM  Ccry4ae
MOAENb MPUBOAUT K YA0B/ETBOPUTE/IbHBIM pPe3ysibTaTaM Mpu O4YeHb MPOCTbIX
JonyweHUsIX -
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The intensity of stirring is a parameter of high
importance with certain chemical industrial apparatus
types. This intensity can, in certain respects, he vi-
sualized as an entropy representation of relative
energy. Based on experimental data gained iIn examina-
tions on model suspensions, a procedure is presented
for the illustration of the calculation of the inten-
sity. The calculated intensity values are compared
with the theoretical limiting intensity and the inves-
ted power.

The intensification of stirring can be understood in a num-
ber of different manners. It can be regarded as a constructional
assignment where the object is to design a stirrer which enables
the production of a mixture of the highest degree of homogeneity.
In this case, the power requirement iIs a question of secondary im-
portance. However, from another point of view, the power require-
ment that enables a certain degree of mixing to be attained with
the application of a given stirring device is the primary question
As a first approximation, it seems self-evident that more thorough
stirring can be attained by investing a higher power. However
this is only true most generally speaking. A more thorough inves-
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tigation has revealed that the connection between the degree of
homogenization and invested power is not unequivocal.

The problem is made more complex by the fact that a distinc-
tion must be made between mixtures that are formed spontaneously
and those formed only upon the action of some kind of force. Part
of the latter group separates when the force ceases. Separation
can be brought about as the results of a number of forces.

The present investigations were carried out on a system with
forced mixing. Such systems are suspensions which tend to separate
as a result of the normally always present difference in specific
gravity upon the action of gravitational or centrifugal force. In-
tensification of the mixing of a suspension is understood to be
homogenization carried out against the separating influences. The
aim is, evidently, to produce a suspension as uniform as possible.
In most cases attempts are made to reach this homogeneity by the
application of rotary stirres.

The model tested during the present work is identical to
that described in paper [1]. In this case, the solid particles
were of a higher density and consequently they were sedimented
upon the action of the forces or were transported in a radial di-
rection by the action of the rotary stirrer. It is self-evident
that there exists an optimum method of stirring in which the ar-
rangement of the particles in the liquid is of the highest uni-
formity.

The aim of the present work was to determine how the homoge-
neity of the suspension varies as the function of invested energy.
From this point of view, two things have to be distinguished: one
is the preparation of the suspension within a period of time that
can technically be realized, the other is sustaining the suspen-
sion already prepared.

The two actions in question were not studied separately and
quantitatively from the point of view of the forces, instead a
phenomenological description of mixing was aimed at.

The entropy was applied f~r the energetical characterization
of mixing.



1975 Power Requirement of the Intensification of Stirring ua1

TOROS [3] established a connection between the classical
mixing models through the entropy. The applicability of the con-
cept of entropy in this respect was theoretically supported.

It is a known fact that when increasing the volume of a
given heap of particles from vq to v, an amount of entropy

V.
S. = H*M. In — - (@D
1 1 V
o1
is produced. In this case, the system executes, in an isothermal
and reversible manner, a work
L =TS &)
This is regarded as the formal energetical degree of mixing. Its

relative value refers to the 'thermal” energy and the connection
thus obtained is a function only of the volume ratio:

L. V.
L =—-— =In ——- (©)
ri RTM. vV .
1 or

The total mass of the particles is
M:Em- Ct’
i

In our case, the following connection is valid:

since the concentration cQ in the case of the sedimented granular
material, is regarded per definitionem 100 %. VQi 1is, on the
other hand, the volume of the i-th fraction in this state.

By introducing continuous functions, the relative mixing
work made on the system can be given by the following formula:

C
c) In — dc ®>
C

dD(cmaX
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where ¢p(crtax - c) is the probability density function as defined
in [13:

anee c}(”‘l)\ e—n(cmax—c)
§CCpax ~ ©° @
(h - 1)!
The product M*tp(cmax - ¢©) gives exactly the mass of the heap of
particles of the concentration c. According to the definition men-
tioned above, ¢ “ 1. Now we express the specific value of the re-
lative mixing work, with the substitution of the function

e In - dc @)

The equation can be iInterpreted in the following manner : there
are entropy-increasing and entropy-decreasing effects active in
the system. The irregular motion brought about by the stirrer is
entropy-increasing, whereas the effects of the gravitational and
centrifugal forces are entropy-decreasing. A stationary concentra-
tion distribution is brought about in the system as a dynamical
equilibrium of these actions which can be described by the entropy
of the system.

The equilibrium of the dynamic actions is determined by the
amount of energy introduced into the system. Consequently, the
specific value of the relative mixing work is studied as a func-
tion of the power requirement of the liquid mixing.

The power requirement of the mixing of the liquids can be
calculated from the known formula [23:

Eu,K = K-Re,K Fr

The stirrer power N is expressed, considering that in the turbu-
lent range, aapnO and b«iO.
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Hence we can write:

and

N=kKk u3dsp

p represents the mean density of the suspension,

1.13X103 kg/m3

p

d 6 X 10-2 m

The value of k depends on the type of the stirrer.
The power values at the wusual stirrer speeds were the fol-

lowing :

u (1/min) 350 uso 550 650 750 850
N WD 0.168 0.357 0.665 1.08 1.7F 2.62

IT the specific value of the stirring work, chosen as the
characteristic of the intensity of stirring is numerically calcu-
lated with the application of the data at our disposal in [1] on
the basis of Equation (8), the following result is obtained.

TA in the Table represents a disk-type, whereas TU a turbi-
ne type stirrer, n and X are the two parameters of the probability
density function and Lr/M is the value, with reference to the unit
mass of the solid substance, of the relative mixing work.

Considering that:
3V, =V
the Lr/M value pertaining to perfect mixing is:

In = 1.098

Vo

The Equation expresses that the 33 % solid granular material
present in the system uniformly fills the entire volume of the re-

actor.
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Stirrer Serial Speed n n Lr/m
type @lo.) Crpm.) Q) Q) (17kg)

1 350 1 13.3 1.0U9

2 Us0 3 62.5 1.070

TA 3 550 3 136.U 1.076
U 650 3 176.5 1.076

5 750 3 83.3 1.07¥

6 850 3 75.0 1.073

7 550 3 68.2 1.071

- 8 650 3 88.2 1.075
9 750 3 83.2 1.07%

10 850 3 51.7 1.070

N @)

Fig.- 1. o TA, =« - TU
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By correlating the Lr/M values with the N iInvested power
values it is found that the function is not monotonie, but it pas-
ses a maximum. In the latter point, the suspension is of the most
uniform composition, the higher Lr/M values meaning a more uniform
concentration distribution. This phenomenon can be explained only
in the following manner: at lower input power values the action of
the gravitational force causing the solid particles to sediment is
not totally compensated, whereas at higher input powers the action
of centrifugal force predominates causing the particles to be for-
ced outwards and thereby bringing about separation.

The resultant of the entropy-increasing and entropy-decreasing
actions, as a stationary state, characterized by the entropy as a
state parameter, can be correlated with the single parameter of
the system under the given circumstances, 1i.e. with the input
power .
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SYMBOLS USED

n parameter (dimensionless)

p mean density of the suspension (ML-3)

¢(°max ~c) probability density function (dimensionless)
a constant (dimensionless)

b constant (dimensionless)
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concentration (dimensionless)

cnax maximum concentration in the system (dimensionless)

diameter of stirrer O

Euk Euler-number of mixing (dimensionless)

Fr

Re

Froude Number
constant (dimensionless)
work (ML2T-2)
relative work (dimensionless)
mass (M
power (ML2T-3)
parameter (dimensionless)
gas constant (L2T~2 0_1)
Reynolds Number (dimensionless)
entropy (ML2T-20-1)
speed of rotation (T~1)
volume (L3)

PE3hIME

CTteneHb WHTEHCMBHOCTU CMeEWeHUs SIBNSAETCA O4YEeHb BaXHbiM  OaHHbLIM
o6opy,u,osaH|/||‘/’| XUMUYECHOM MPOMbI/IEHHOCTN. B HEKOTOPOM CMbIC/IE  WUHTEH-
CVYBHOCTb MOXHO COMOCTaBUTb C OTHOCUTENbHOM penpeseHTaumel‘/’l QHTPO-
nn. [0 3KCNepUMEHTa/IbHbIM ~ AaHHLIM  UCMbITaHUA MOAe]’IbHOVI CycneHcumn
npegcrtasnAaeTcA crnocob gna BbMUCIEHUS MHTEHCUBHOCTU. CpaBHMBAaTCA
BblHUNC/IEHHbIE 3HAYeHUA WHTEHCMBHOCTU, TeopeTunyeckKoe rnpegesibHoe 3Ha-
yeHne WMHTEeHCMBHOCTU W BHeCeHHasA MOWHOCTb.
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In the reaction taking place between sodium amal-
gan and ethyl alcohol, the sodium concentration of the
amalgam and the water concentration and conductance of
the ethylate solution have a definite influence on the
reaction rate. The experimental technique used for the
determination of the reaction rate is described. An
empirical kinetic equation is given, based on the de-
termined data.

INTRODUCTION

Among the alkali alcoholates sodium ethylate is one of the
most important compounds. It is widely used as the raw material or
as catalyst for the preparation of pharmaceutics, cosmetics,
paints and different products of the organic chemical industry [1]

For the production of sodium ethylate today, the use of the
reaction between ethyl alcohol and sodium amalgam is stated to be
an up-to-date method [2].

[HgdNa + C2H50H = CaHsONa + 1/2 H2 + [Hg] @

Water free ethyl alcohol must be used for the reaction otherwise
the formed sodium ethylate reacts with the water and an undesired
product, sodium hydroxide is produced as the following equilibrium
reaction shows:
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H20 + CaHsONa -w== c2H50H + NaOH (@)

During the Second World War, the Mathieson Chemical Corpora-
tion applied sodium amalgam and methyl alcohol for the production
of solid sodium methylate [3] and elaborated the details of the
technology. The same technology can be used for the production of
sodium ethylate.

The reaction between aliphatic alcohols and sodium amalgam
is very similar to that of amalgam and water. In both reactions
the products are hydrogen and alkaline solutions. A striking dif-
ference occurs in the reaction rate, this is fairly high if amal-
gam reacts with water, but it lessens if the amalgam is in contact
with alcohol. Moreover, the reaction rate decreases with the in-
creasing number of carbon atoms consisting of the alcohol molecule.

The sluggish reaction can be made vigorous, as CUNNINGHAM
discovered [4], in the presence of an electrically conducting, but
non-amalgamating electrode being in contact with the amalgam and
alcohol. For this electrode - or catalyst - CUNNINGHAM recommen-
ded carbon and particularly graphite or alloys of iron, chromium
and nickel.

The idea of CUNNINGHAM®S discovery is well known to caustic
soda producers. In the amalgam denuders or decomposition towers
graphite blocks or lumps are placed to enhance the reaction between
amalgam and water.

The different type of reactors proposed for the production
of alcoholate solution [6, 6, 7, 8] are equally suitable for the
preparation of caustic soda, but in the latter case, as a matter
of course, water must be reacted with amalgam.

Although the close relation between the amalgam— water and
amalgam— alcohol reaction 1is evident, relatively little research
work and observations were published in literature dealing with
the latter reaction.

The aim of the present work was to investigate the decomposi-
tion of sodium amalgam in the presence of ethyl alcohol and based
on the experimental data to derive an empirical rate equation.
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EXPERIMENTAL TECHNIQUE

It is easy to demonstrate that no reaction occurs if alcohol
is poured over the layer of pure amalgam. The reaction i.e. the
evolution of hydrogen starts at once if a metal sheet e.g. molyb-
denum - which completely fulfils the earlier mentioned require-
ments of CUNNINGHAM®S patent - is immersed into both the phases.
Similarly, it was found in connection with the thoroughly investi-
gated amalgam— water reaction [9] that a short circuited galvanic
cell comes iInto existence. In this cell the amalgam is the anode,
the molybdenum sheet is the cathode and the alcohol plays the role
of the electrolyte. The evolution of hydrogen is due to an electro-
chemical reaction.

A small amalgam— molybdenum
galvanic cell was elaborated,
and pure ethyl alcohol was used
as the electrolyte. The electro-
des were short circuited through
a galvanometer and the current
vs. time curve was registered.

It can be seen in Figure 1
that the result was a curve
having a definite maximum. As it

i i i is known the electromotive force,
E:%é 1fulgiigﬁrrggt ;ﬂgegﬁéfga¥s]:the external and internal resis-
ethyl alcohol | molybdenum galva- tances determine the current in-
nic cell tensity of a cell. In the dis-
cussed case among these factors only the internal, resistance
changed - decreased— sharply. This was due to the newly formed
ions produced in the electrode reactions and this caused the tem-
porary growth of the current intensity. Later, as the driving
force of the cell decreased, the current intensity i.e. the decom-
position rate of the amalgam dropped. As a result of this experi-

ment it is evident that the conductance of the electrolyte plays
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an important role in the amalgam decomposition. It controls the
reaction rate if the amalgam is in contact with pure alcohol or
with very diluted alcoholate solution.

IT the alcohol was diluted with traces of water, the current
intensity increased. To examine this phenomenon a purpose-made
galvanic cell was elaborated, this is illustrated in Figure 2.

Fig. 2. Galvanic cell for the investigation of the role of water
1,2-glass tubes, 3-amalgam, ~-Ffilter paper, 5-rubher rings, 6-mo-
lybdenum sheet, 7-rubber sheet, 8,9-support plates, 10-electric
contact

As it can be seen in Figure 2 the amalgam and molybdenum
electrodes are separated by a filter paper and the electrolyte
which was poured between the glass tubes, trickled through the fil-
ter paper and left the cell. |If the electrodes were whort cir-
cuited, the formed ions continuously left the system.
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Using ethyl alcohols with different water concentration, the
current intensity of the galvanic cell (measured at the moment the
electrodes were connected together) is characteristic of the ef-
fect of the electrolyte water concentration on the amalgam decom-
position grade. The result of this experiment 1is summarized in
Table 1.

Table 1. The water concentration of alcohol and the current inten-
sity of the short circuited galvanic cell

Water concentration
of ethyl alcohol* 0.027 0.07 0.1U 0.20 0.28
(wt. per cent)

Current intensity

(mA)

0.83 1.10 2.70 U .u9 1+.65

*The commercial grade alcohol used contained 0.1*2 wt. per cent
water. It was dehydrated by the method described by ADICKES [10].
The water concentration was determined by Karl Fischer’s method.

Regarding the data collected in Table 1 it is obvious from
the viewpoint of sodium ethylate production that in contrast to
literature, the processing of absolutely water free ethyl alcohol
is certainly uneconomic due to the low reaction rate. (The commer-
cially available pure ethyl alcohol usually contains about a tenth
per cent of water.)

For the determination of the rate of the investigated reac-
tion the method based on the measurement of the evolved hydrogen
gas was selected. A glass reactor was constructed, the reaction was
catalyzed by molybdenum sheets (Figure 3).

The reactor was operated as follows: Through the funnel (8)
of the charging tube (7) 50 millilitres of alcohol were poured into
the reactor. Then operating the amalgam charger (9) 42 grammes of
amalgam was fed. As the required temperature of the alcohol was
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reached - thermostated water
was circulated through the
heating jacket - the molyb-
denum sheet comb mounted at
the end of a glass rod was
pushed downwards so that it
was immersed into the amalgam
pool. At the moment the sheet
comb touched the amalgam sur-
face, the reaction started
and bubbles of hydrogen ap-
peared. The hydrogen gas left
the reactor through a conden-
ser cooled with tap water. At
the end of the reaction, when
the hydrogen evolution stop-
ped, the molybdenum comb was
lifted and the depleted amal-
gam was discharged. (.The dep-
leted amalgam contained 0.003
to 0.006 weight per cent so-
dium.} From the alcoholic so-
lution a sample was taken
and 1its sodium content was
analyzed. (The sample was di-
luted with water and titrated
with 0.1 N sulphuric acid.)

Fig. 3. The glass reactor. 1-inner
glass tube, 2-heating Jacket, 3-mo-
lybdenum sheet, 1t-thermometer, 5-
amalgam, 6-cook, 7-charging tube,
8-funnel ,9-amalgam charger,l10-amal-
gam reservoir, ll-condenser.

The reactor was filled again with a known amount of amalgam and the
procedure was repeated until the sodium concentration of the alco-
holic solution reached three— five weight per cent.

The volume of the evolved hydrogen was determined at constant
pressure and temperature. To measure and record the hydrogen volume

vs. time function, an automatic
SCHMIDT"s article [113. The hydrogen volume meter and recorder

depicted in Figure 4.

instrument was constructed based on
is
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The Reaction
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The basic idea of the operation is as follows : the hydrogen
gas arriving from the reactor passes into the thermostated gas bu-
rette (1) and according to this the liquid level in the burette
sinks. The increasing pressure causes a level difference iIn the U-
-manometer (2) which is filled with diluted sodium hydroxide solu-
tion. The liquid level increases in the left leg of the U-tube and
short circuits the platinum wire electrodes mounted in the manome-
ter. Due to the mentioned short circuit, an electric impulse is
given to the electromagnetic switch which starts the electric mo-
tor (3. This rotates the shaft of the speed reducer (4) and the
spindle (B) and due to this, the vessel (8) sinks. The motor runs
until the liquid levels equalize in the vessel (8) and the burette.
At the same time, this means the equality of the levels iIn the U-
-tube and the break of the electric contact between the platinum
wires, which at last stops the running of the motor (3). The axial
position of the vessel (8) is transferred to a recorder (11).

The curve drawn by the recorder 1is in linear relation with
the evolved hydrogen volume vs. time function.

EXPERIMENTS and RESULTS

Experiments were carried out for the determination of the
amalgam decomposition rate at 30, 40, 50, 60 and 70 °C. Pure ethyl
alcohol was used in the experiments. The water concentration of
the ethyl alcohol was 0.19 weight per cent. (The experiments car-
ried out with alcohols of different initial water concentration
are not discussed here.)

The sodium concentration of the amalgam was 0.338 weight per
cent. The wetted perimeter of the molybdenum sheet comb was 207
millimetres.

During the experiments the volume of the evolved hydrogen and
the conductance of the ethylate solution was determined. At the
end of each run a sample was taken from the alcoholate solution
and its sodium concentration was titrated.
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It is easy to show that during the reaction the volume of
the evolved hydrogen is inversely proportional to the amount of
sodium being present in the amalgam. Knowing the amount and the
initial and final sodium concentration of the amalgam, moreover
the hydrogen volume vs. time function, the sodium content of the
amalgam vs. time function could be calculated.

The sodium content and concentration of the amalgam were ex-
pressed in moles and molar fractions, respectively. If cg is the
sodium concentration of the amalgam in weight per cent and T4 is
the same one iIn molar fractions, then

my 200 CA %))
2,300 + 177 cA
The sodium concentration of the different alcoholate soluti-
ons was also expressed in molar fractions. |If cE is the sodium
concentration of the alcoholate solution in weight per cent and
cw (wt.%) is the water concentration of the ethyl alcohol the mo-
lar fraction of sodium in the alcoholate solution is

9

O]
0 + 7 cw 1 0.22

23 °E

Mg

Equation (@) is valid if during the amalgam— alcohol reaction the
losses of alcohol can be neglected. The latter can be assumed al-
though the hydrogen gas leaving the reactor is saturated with al-
cohol vapours.

From among the others, the experiment carried out at 70 °C
was selected. In Figure 5 the sodium content of the amalgam vs.
time functions of the different runs are shown. In Table 2 the
sodium concentrations of the alcohol solution measured at the be-
ginning and end of each run are summarized.

The dotted lines in Figure 5 show the selected sodium con-
centrations of the amalgam. Knowing the slope of the full lines at
the given amalgam concentrations, the reaction rate, i.e. the
moles of sodium leaving the amalgam during the unit time period
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Fig.
Temperature = JO °C

de Jonge

5. The sodium content of the amalgam vs.

Vol. 3

time function.

Table 2. The sodium concentration of the alcoholic solution at
the beginning and at the end of the runs

Number
of the 1 2 3 5
run

mEo 0 .0090 .0178 .0361
mEF .0090

.0178 .0269 .0K60 .0562 .071(3

6 8 10 11 12

.0v6e0 .0652 .081(9 .0955 .1085

0955 1085 .1221
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can be calculated. The reaction rate data of the different runs,

but at the same amalgam concentration, differ from each other due

to the different sodium concentration of the alcoholate solution

being iIn contact with the amalgam. Fortunately this sodium concen-

tration of the ethylate solution can be calculated because the con-
centrations at the beginning and at the end of the runs are known

and it is assumed that during the runs the increase of the sodium

concentration of the solution and the volume of the evolved hydro-

gen are in linear relationship.

Molar fraction of sodium in ethylate solution

Fig.6. The dependence of the reaction rate from the sodium concen-
tration of the amalgam and ethylate solution. The molar fractio®
of sodium in the amalgamj a - 2.5x10"2, b - 2.0X10"2, c - 1.5x10'
d - 1.0X10"2, e - 0.5X10"2



508 J. de Jonge Vol. 3.

Earlier, it was found that a linear relation exists between
the reaction rate and the wetted perimeter of the molybdenum cata-
lyst sheet. The reaction rate data presented in Figure 6 were cal-
culated for one metre wetted perimeter of the catalyst. The curves
in Figure 6 have maximum values similarly as seen in Figure 1. The
explanation of the existance of maximum values is the same as de-
scribed earlier. Investigating the effect of the temperatur on the
reaction rate, similar experiments were carried out as discussed
above.

Molar fraction of sodium in ethylate solution

Fig. 7. The alteration of the reaction rate with the temperature,
a-70 °C, b - 60 °C, ¢ - 50 °C, d - UO °C, e - 30 °C
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From among the reaction rate data these were selected and
presented in Figure 7 which were determined with amalgams having
2.5x10-2 (molar fraction) sodium concentration and ethylate solu-
tions of different concentrations.

As mentioned earlier, during the experiments the conductance
of the sodium ethylate solution was determined. To this platinized
platinum electrodes and a conductivity meter (RADELKIS type OK
102/1) was used. The results are shown in Figure 8. The curves in
Figure 8 are similar to the known conductance vs. concentration
functions of several electrolytes presented in literature [14].

Molar fraction of sodium in the ethylate solution

Fig. 8. The conductance of sodium ethylate solution at different
temperatures, a - 70 °C, b - 60 °C, ¢ - 50 °C, d - 10 C,
e - 30 °C
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DISCUSSION

Regarding the sodium concentration of the amalgam, it was
assumed that the reaction rate can be described as a power function

R = k™ mAn ®

Eg. (B) implies that both the temperature and the concentration of
the alcoholate solution are constant.

Taking the contour plot in Figure 6 and drawing parallel li-
nes with the ordinate at given concentrations of the ethylate solu-
tion, the appropriate reaction rate data can be obtained. These
are collected in Table 3.

Table 3. The relation between the sodium concentration of the
amalgam and the reaction rate (103 R,moles of sodium/
/min._metre)

u 0.02 o.ouU 0.06 0.08 0.10
\ e
A \
0 .025 9.26 7.1+2 5.83 57 3.60
0.020 8.36 6.60 5.08 3.93 3.15
0.015 7 =27 5.66 .30 3.140 2.72
0.010 5-90 1t.68 3 .61 2.78 2.15
0.005 22 3.U7 2.77 2.11 1.53
n 0. U89 0.1+72 0 .Us5uU 0.U70 0.529

Eq- () can be easily linearised by taking the logarithms of
both sides, and the exponent n determined by the method of least
squares. The values of n are presented in the last row of Table 3
Taking the arithmetic mean of n:

n = 0.1+83 «a 1/2
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The same result was found by BRONSTED and KANE [12] who examined
the decomposition of sodium amalgam in aqueous and non-agueous
media.

It was also assumed that instead of the concentration of the
alcohol molecules being in the solution, the conductance and the
existing water concentration can be used for the mathematical de-
scription of the reaction rate. But to do this and to be in accor-
dance with the determined rate data, both the conductance and the
water concentration must be expressed with the sodium concentra-
tion of the ethylate solution.The above assumption is based either
on the electrochemical character of the reaction or on the fact
that the reaction rate can be increased by diluting the ethylate
solution - or ethyl alcohol - with water.

Between the iInvestigated limits the conductance of the ethy-
late solution can be described by the following empirical equation:

n - Xg = A Ng e BME ®)
where
7 is the conductance of ethylate solution (Ohm)-1
xq 1s the conductance of ethyl alcohol (Ohm)-1
mE is the sodium molar fraction in ethylate solution
A and B are constants.

From the determined conductance data and from the slopes and
ordinate intersections of the [lines in Figure 9 the constants of
Eq- () and their dependence on temperature could be calculated.
These are as Tfollows:

xq = 10-3 ©.008 t + 0.335) (©)
A = —2.187x10-“*£2 + 3.16x10-2 .t + 101 ®
B = INUItIXt-2 - 290.8 X t-1 + 12.579 ©)

The concentration of the water being present in the ethylate
solution can be calculated with the help of the equilibrium reac-
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10araE

K-1
Fig.-9 The -log ———— = f (W) function at different temperatures
mE E
a -T0 °C, b - 60 °C, ¢ - 50 °C, d - Uo °C, e - 3C °C

tion (Eq.- 2) of sodium hydroxide and ethyl alcohol.
NaOH + C2H50H u4y*= CaHsONa + H20 (@)

This reaction is very fast and instantaneously reaches its equilib-
rium. Although attempts were made [13] the reaction - perhaps due
to hard analytical problems - was not studied in detail and so
the correct value of the equilibrium constant and its temperature
dependence are unknown.

Assuming an ideal solution, the equilibrium constant of Eq.

@ is:

=Cm
[ned =Gnyl (10)

[mc] “[ma]

where the symbols represent the molar fractions of the components:
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["™] = sodium ethylate
[l
[mc]
[m&]

being in the solution.

water

sodium hydroxide

ethyl alcohol

During the reaction the number of moles in the solution was
constant, it equalled the number of moles being present in the al-
cohol used for the reaction:

maO + Vo = 1 av
and

mg + mff + mg + my a2
Moreover

Mao = ®a ™t ®e a3

“Po = mw + mc (1)

WE = Mme + mc 5)
where and mv\'}é) are the molar fractions of C2H50H and H20 of al-

cohol at the beginning of the reaction.

Using Eg. (12), (13), (14 and (15):

my=1-mE - mw ae)
ne S o T @y an
Mg = Mg = My + My @as)

The equilibrium constant of Eq. (10) can be expresses as:

K ‘Wo + mwW> (19)

@ nE - mw)@EWO -V
With regard to mw, Eq. (19) is of second order. Although it
can be solved, its handling is still cumbersome. If the water con-
centration of the alcohol wused for the reaction is small and if
the sodium concentration of the alcoholic solution is relatively
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high, the -mWo + mw components in the brackets of the numerator
and -mw in the first bracket of the denominator can be neglected.
So

(20)
“E)(MWO - BW>
and from Eq. (20) the water concentration is:
K @ - mE)
Wo 1)

K(I - mE) + mE

It was assumed that the reaction rate is proportional to the pro-
duct of the water concentration and the conductance of the ethy-
late solution. If Eq. (5) is also taken into account, the reaction
rate is:

K @ - mE)
R =K mA1/2 Mo 22)
KA - mE) + mE

Rearranging Eq. (22)

(€<))
where a = K

Using the appropriate reaction rate and conductance data pre-
sented in Figure 6 and 7, u/R was plotted against mﬂ/(l—mip. This
is shown in Figure I0.

The straight lines obtained in Figure 9 seem to prove the va-
lidity of the assumptions made previously. The slope and ordinate
intersection data of the lines in Figure 9 give the values of the
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Fig-10. The x/R vs. m_/(l-m_) plot, a - 70 °C, b - 60 °Cc, 0-50 -c,

d - U °C, e - 30

°C

Table I». The temperature dependence of the reaction rate constant
and equilibrium constant

Temperature
oc 1/0
30 1.20
0 0.62
50 0.26
60 0.16
70 0.09

1/a K

1U2.35
106.76
81.91
63.20

50.15

103 Kk

1.099
2.128
5.263
8.333

14.658

103 K

8.1*3
5.81
3.17
2.53
1.79

reaction rate constant and equilibrium constant of reaction given

in Eq-

(2. These data are collected in Table 4.
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CONCLUSION

It was found that in addition to the sodium concentration of
the amalgam also the water molecules being present in the alcohol
play an important role in the amalgam— ethyl alcohol reaction.
Based on the determined reaction rate data and the derived rate
equation it is tempting to draw interference on the mechanism of
the discussed reaction, but this cannot be done. The derivation of
the rate equation [Eq. (22)] was far from the rigorous theoretical
treatment of the problem, so e.g. the determined kinetic constant
(& and the equilibrium constant (K) are not the true, but apparent
values.

Eq- (22) is an empirical equation and it is useful for the
determination of the reaction rate or the rate constant being va-
lid for the investigated reactor.

Although the 1log Kk vs. 1/T plot iIs - more or less - a
straight line and this is very useful from the viewpoint of the
calculations, to determine the activation energy of the reaction
is theoretically meaningless.

SYMBOLS USED

A constant (1/ohm)

B constant (dimensionless)

ca  sodium concentration of amalgam (weight per cent)

g, sodium concentration of ethylate solution (weight per cent)
cw water concentration (weight per cent)

K apparent reaction rate constant (mole.ohm/min._metre)

K apparent equilibrium constant (dimensionless)

wa sodium molar fraction of amalgam (dimensionless)

ma molar fraction of sodium etiylate (dimensionless)
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mc molar fraction of sodium hydroxide (dimensionless)

mE  sodium molar fraction of ethylate solution (dimensionless)
molar fraction of sodium ethylate (dimensionless)

mw  molar fraction of water (dimensionless)

R reaction rate (Na moles/min. metre)

7 conductance of ethylate solution (1/ohm)

Suffixes

o initial condition

T final condition
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PA3IOVE

CKOpOCTb peakuun avasibrambl HaTpys U 3TWIOBOMo cnupTa 3aBuUCUT
OT  KOHUEeHTpauun HaTpuna B ava/ibrame, OT KOHUeHTpauun BOObl U OT
3/1IEKTPONPOBOAHOCTN pacTBopa. B cTaTtbe u3naraetca MeTo4 onpefeneHvs
CKOpPOCTU peakumn. T[lo/ib3yACb 3KCNEPUMEHTa/IbHLIMU AaHHbIMW, &aBTOpP COC-
TaBun 3MNNpnyecHoe KUHEeTMYeCKOoeE YypaBHEHME.
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A method is presented for the determination of
the temperature profile existing in a gas-solid react-
ing fixed hed having constant wall temperature.

THE SYSTEM:

A gas flows through a tube of circular cross-section packed
with granules of a solid containing a component that reacts exo-
thermically with the gas. The heat generated in this way is trans-
ported by various processes to the wall of the tube where it is
removed by a coolant maintained at a constant temperature.

THE PROBLEM:

An expression for the radial temperature profile set up in
the system described above is derived on the basis of the follow-
ing assumptions:
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ASSUMPTIONS:

1. The system may be treated as pseudo-homogeneous.

2. No changes in packing geometry occur due to reaction.

3. Due to operating conditions, the reaction is essentially first
order with respect to solids concentration.

4. The reaction rate is independent of temperature, over the radi-
al temperature variations existing in the bed.

5. Axial temperature gradients are negligible so that axial trans-
port may be neglected.

6. Radial heat transport is effected by an "effective radial con-
ductivity" assumed to be constant.

7. Heat transfer at the wall of the tube occurs via constant heat
transfer coefficient to a coolant at constant temperature.

SYMBOLS USED

ai , a2 arbitary constants obtained in the solution of Equation
10)

Bi Biot Number = h R/k,,

C concentration of reactive solid per unit volume of
packed bed

Co initial value of C

Cpm mean heat capacity of bed

(Q1)) heat liberated by the conversion of one mole of reactant

jO Bessel function ofthe first kind of order zero

Ji Bessel function ofthe first kind of order one

K reaction rate constant

Ke effective radial thermal conductivity

K K Co (-AH) R/(VP ) G )

Pe Peclét number = v R %]Cpn/K er
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4 = heat generation rate per unit volume of bed

r = radial co-ordinate

R = radius of tube

r* = r/R

s = Laplace transform operator

t = time

L] = Vvt/R

T = temperature of bed

Te = coolant temperature

T™ = (@ - TOHK
= 0 - 1/(s2 + Bs)
= mean gas velocity based on empty cross-sectional area

of the tube
= Bessel function of the second kind order zero
= 1 -JPes r*
= u/Pe R
= K R/Vv
= Laplace transform of T*, with respect to t*.
= nth eigenvalue obtained as the nth positive root of
Equation (25)

m = mean density of packed bed

0@) = a<ll(@) - BioJO(a)

DERIVATION:

Since reaction occurs iIn the solid which are stationary and
since reaction does not depend on gas phase composition, the so-
lids concentration at any point in the bed is given by:
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dt

The solution to this D.E. with appropriate initial condition may
be written:

C = Cq exp [- Rt*] (&)
and hence the heat generation rate may be found:
q =k Cq (-pH) exp [€t] ©)

Turning now to the heat balance in the packed bed, and neg-
lecting terms dealing with axial transport, we may derive the
P.D.E.:

st K exp [-6t*] + —— (r* aT ) (\D
at* Peer* or* ar*

Let 0(s) be the Laplace transform of the dimensionless tempe-
rature difference, T*, where T* is given by:

™ = (T - Tc )/K ®)
then
e(s) = L{T*(t*)} ®)
= ; e st*T*(t*) dt* (@)
o)
Hence, as T* = 0 for all r* at t* = 0, we have:
50 = ds * @)
Pe*r* dr* dr>
Let
Uu=0 (€©))
i(s + e)
then:
d du
U —mmmm = (] @o)

Peeser* dr* dr*
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This ordinary D.E. may be solved in terms of Bessel functions
of the first and second kind of order zero (1), if we rewrite Eq.
(10) in terms of y, a redefined form of the independent variable.

Thus if
y = 1 \IPees r=* an
where
i = vPT (12)
we have :
U=a4 Jo¥Y) + a2 YO(Y) a3

The arbitrary constants ai and a2 in Eq. (13) must now be
determined by means of boundary conditions before the inverse
Laplace transform of this equation can be found to give the time-
-dependent solution for T*.

B.C.1. At the centre of the tube the radial temperature gra-
dient is zero.

1e. I =0 (HO
3r* r~=0
de =0 (15)
dy y=0

B2-0 16)

B.C.2. At the tube wall the heat flux due to thermal conduc-
tion within the bed equals the heat flux due to transport across
the thermal resistance to the coolant.

i.e. -ke IS = h (T - T ) 17)
r 3r
T “Bi »T«l 18y
3r* r*=1 Jr*=1
d -Bi
e 1 (19)

dy y=I1\/Pes i Pes y=i\/Pes
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—ai Ji (is/Pes) = — [ — + aldo (i\/?iT) ] (20)
ai [BiJo(i\/Pes) - i\JPes Ji (iVPes)] = — —————- @D
s(s + R)

Having found ai and a2 one finds the expression for O:

Bi Jo (INIPes o)
9 = ——F—m D2 — — @
s(s + B)  s(s + R)[Bi Jo (iVPes) - is/Pes Ji (\IPes )]

To invert this Laplace transform, we note that this may be
done by use of the residue theorem [2]. The poles of the first
fraction of Eq.(22) are:

s = 0, -B (23)

s = 0, -R, n =1, 2, C e . > (Z_*)

Where the values of are found from the successive positive
roots of

Bi JO(X ) - X Ji(x ) =0 (25)

Proceeding by the method of residues, the following inverse
Laplace transform is obtained for O:

-X 2t*/Pe
» 2 Ji(X) Jo(Xr* e n -Rt* Bi<JO (ar*)
T = 7 e - ———— {1+ - >
n=1! Xn (B-Xn2/Pe)[J02(Xn) + Ji2 (Xn)] R o (a)

26

Where the newly introduced variables a and §(a), signify the
following :

a = WRPIT «@7)
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(@) = al-i(@ - Bi JO() 28)

Equation (26) is the desired solution.

Numerical evaluation of the infinite series must be preceded
by solution of Equation (25) for as many eigenvalues Xn, as are
required to give a desired numerical accuracy to the initial con-
ditions. Some of these eigenvalues are listed in CARSLAW and JAEGER
[3] for a selection of Biot numbers.

Values of the Peclet number Pe tend to be independent of
Reynolds number, for Re > 50. In the present derivation Pe is
based on the tube radius R, but if instead it is based on the par-
ticle diameter its value lies in the range of 8.0 % 10.0 for velo-
cities giving a sufficiently high Re.

Hence Ker is evaluated and is then used to give Bi.

Thé Reynolds number is also based on the particle diameter.
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PASIOME

ABTOpavMM M3MaraeTcsi METOJ pacyeTa, WCMNoMb3yembii Ans  onpege-
NeHVsi pacnpefeneHns TemnepaTypsl B PeakTope C HEMoABWXKHbM CrOEM U C
MOCTOSIHHOI TemnepaTypoli CTeHbl.
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In unserer Arbeit beschreiben wir auf Grund ei-
nes physiko-mathematischen Modells den Prozell der Gas-
und Flussigkeitsdiffusion bzw. der konvektiven Stro-
mungsverhaltnisse in einem salzhaltigen Filterkuchen,
>der von einer Seite mit Waschflissigkeit berieselt,
auf der anderen Seite einem Vakuum ausgesetzt wird.
Die erzielten Resultate ermodglichen die Bestimmung der
notwendigen Waschdauer bzw. der Waschflussigkeitsmenge
mit groRerer Genauigkeit als es bisher méglich war.

I. Einleitung. Das physiko-mathematische Modell

In der Praxis geschieht das Auswaschen eines, irgendeine
leichtldsliche Verunreinigung enthaltenden Filterkuchens, bzw. die
Rickgewinnung eines im Filterkuchen zuriickgebliebenen wertvollen
Stoffes mit obiger Eigenschaft zweckméBigerweise durch Kontaktie-
rung des Filterkuchens auf der einen Seite mit einer entsprechen-
den Waschflissigkeit, wahrend er auf der anderen Seite angesaugt
wird. Falls die Flissigkeit auf die einfachste Weise durch Berie-
selung auf der Oberfldache aufgebracht wird, so beginnt infolge der
Vakuumwirkung auf der anderen Seite im pordsen Filterkuchen eine
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gemischte Gas- und Flissigkeitsstrémung, und der Filterkuchen wird
durch die Flissigkeitskomponente ausgewaschen [1].

Bei dem beschriebenen Prozef muB zur Bestimmung der Wasch-
dauer bzw. der Menge der Waschflissigkeit die Konzentration des
gesuchten Stoffes in der austretenden Waschflissigkeit als Funk-
tion der Zeit bekannt sein. Um die zeitabhdngige austretende Kon-
zentration aufschreiben zu kénnen, muB man aber den sich abspie-
lenden transienten Prozef modellieren. Die Hauptmerkmale des auf-
zustellenden physikalischen Modells werden daher die folgenden
sein:

a) Die Dicke des Fi lterkuchens ist auf der x-Koordinate aufgetra-
gen. Die Waschflissigkeit tritt bei x = 0 an die Oberfldche und
wird an der Stelle x = L abgesaugt.

b) Es wird nur_ der Transportprozel der Waschflissigkeit bzw. des
in dieser geldsten Stoffes untersucht. Alle Ubrigen Prozesse
werden als die Art dieses Transportes beeinflussenden Effekte
betrachtet.

c) Wir nehmen an, daB 1in einem Filterkuchen von der Dicke L - in-
folge des Ansaugens - eine Flissigkeitsstromung entscheidend
von konvektivem Charakter auftritt. Auf diese Weise kann, aus-
gehend von der Volumengeschwindigkeit der aus der Oberfl&dchen-
einheit austretenden Waschflissigkeit, die konvektive Stoffge-
schwindigkeit v im Filterkuchen abgeleitet werden.

d) Die Wirkung des parallel mit der Flissigkeit strdmenden Gases,
sowie der - infolge der unvollkommenen Struktur des Filterku-
chens - vorhandenen Risse und des in den Poren des Filterku-
chens angehduften, auszuwaschenden Stoffes auf die Konzentra-
tion ¢ des in der Waschflissigkeit schon geldsten Stoffes, wird
im Modell durch eine mit einem Koeffizienten [ multiplizierte
Derivierte zweiten Grades (Diffusionsglied) bericksichtigt. Die-
ses Glied bericksichtigt die dispergierende Wirkung des parallel
stromenden Gases, die kurzschlieBende Wirkung der Risse sowie
die Tatsache, daR das Auswaschen als Ergebnis eines in der Zeit
verzdgerten Prozesses stattfindet.
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Auf Grund obiger Ausfihrungen wird der Transport des gelds-
ten Stoffes im Filterkuchen von folgender Gleichung beschrieben:

5 + X _ n 32c

@
3t X 3xa

welche in den Intervallen der unabhdngigen Verdnderlichen 0 < x <
i Lund 0 < t < +> giiltig ist; t ist offenbar die Zeitkoordinate.
Die zu Gleichung (1) gehdrenden Rand- und Anfangsbedingungen sind,
wie folgt:

c(x,0)=c (2a)
ve ©.t) - 4 Ugd,_, =0 (2b)

GemdR (2a) wurde also der Einfachheit halber angenommen, daf
der Filterkuchen im Zeitpunkt t = 0 bereits auf entsprechende Wei-
se mit Flissigkeit, welche die Gesamtmenge des auszuwaschenden
Stoffes in der Lésung mit Konzentration cQ enthdlt, gesadttigt ist.
Die Gleichung (2b) kdnnte aus jener physikalischen Bedingung abge-
leitet werden, daB an der Stelle x = 0, also an der Stelle, wo die
Waschflissigkeit an die Oberfldche gelangt, kein geléster Stoff
den Filterkuchen verldft, so daf dort die gesamte Stromungsdichte
des geldsten Stoffes (die Summe der konvektiven und diffusiven
Stréme) gleich Null ist.

Wir fihren nun die neuen, dimensionlosen Verdnderlichen
¢ =£ und e = -p ein, und erhalten aus den Zusammenhdngen D),
(2a) und (2b) folgendes mathematische Problem:

e + 6c _ M032c (32)
6d oOf dc2

oo = o_ (€Y)
c(o,a) = a2 (&EOQ:O Bc)

Ic@C.,9)1< + » Gd)
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wobei a2 = g/vL ein neuer Parameter ist. Wir bemerken, daf - nach-
dem an der Stelle x = L von physikalischer Uberlegung ausgehend,
keinerlei Annahme hinsichtlich der Natur der Ldsungsfunktion c¢ ab-
geleitet werden konnte - die Begrenzheit von c wegen mathemati-
scher Uberlegungen gemaB (3d) als physikalisch plausibel angenom-
men werden muR.

11. Ldésung des mathematischen Modells

Wir fihren die Laplace-Transformierte von c in folgender Wei
se ein [41:

Z(®) =oC[c(G,e)] = ; c(e,e) e P® da (k)
0

Wenn man nun (3a) nach Laplace transformiert, so erhdlt man durch
Anwendung von (3b) und (4) folgende Gleichung:

a ————- —= - p£=-c (5)
deren LOsung ist wie Gblich [2]:

1 J1 + 5 a2p
Z(G) = -2+ A exp C 6)
p 2 a2

wobei A eine Konstante ist. Bei der Aufstellung von (e) wurde die
Bedingung (3d) berlcksichtigt, welche voraussetzt, dall jene von
den Ldosungen (5) ausgewdhlt wird, die begrenzt ist.

Die Konstante A kann durch Einsetzen von (e) in die Bedingung
(3c) bestimmt werden. [Ihr Wert betrdgt:

2(:0
pA+ /1 +5 a2p) N

Wenn nun (7) in (e) ricksubstituiert wird, so erhalten wir:
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-1 4T
ZU) =— (1 )
P 7p +

Es wird dann (s) in die Form gebracht, welche die Durchfihrung der
inversen Laplace-Transformation erleichtert:

ZV) ©)

P P e+ 2 a

Unsere Aufgabe besteht nun darin, (9) einer inversen Laplace-
-Transformation zu unterziehen. Das Wiedereinsetzen des ersten
Gliedes von Z(¢) st trivial, fir das zweite Glied werden folgende
Zusammenhdnge verwendet:

c! 6(a) + — — 10)
A a2

wobei e(») die Dirac-sche Deltafunktion darstellt,

%__ - FE 1
e Tl T a5 _1 e
@
/m+ +FT2 +F73- -p(®~ - FT-
amn
=2 a erfc (—7 a erfc (- -+ - -—) 5 M(,b)
2 aVb 2 a 2 a5’

Hier wurde zuerst der Translationssatz angewandt, sodann die Feh-
-ierfunktion eingefihrt [3]:
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Hit Hilfe von (10) und (11) kann - unter Anwendung des Konvoluti-
onssatzes - die inverse Transformierte von (9) wie folgt aufge-
schrieben werden:

c(g¢,a) = Cq _ 2-e2 a2 [6(a) X M(g,a) + — - X m(g,a)] a2
a it a2

wobei Kk den KonvolutionsprozeR bedeutet. |In Anbetracht dessen, daR

6(a) X M(g,a) = M(g,a)

erhalten wir die gesuchte Konzentration schlieflich in folgender
Form:

C
c(e,a) = ¢ - -
° a

e ‘G --- e
A a2 o

oder wenn M aus (21) substitutiért wird:

c(¢.a) = cqr1 - 2232 T aZ g [ Ca— ) + 2 e erfc (—Vi + ———— )
2 aula 2 a 2 avB
o a T _ -2 § r
1 2 a2 L 82 erfc (—-—- ) dt + — ea f erfc - + ——)d
f e
2 2 a 2 a\fr
o]
a3

I1l1. Diskussion der Resultate. Konklusionen

Fir die Feststellung des Auswaschungsgrades des untersuchten
Filterkuchens ist offenbar die Kenntnis der Konzentration (13) an
der Stelle ¢ = 1, also an der Absaugstel le, notwendig. Es ist
leicht einzusehen, daB unserem Modell gemdR 1im untersuchten Inter-
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vall 0<¢”1 der Wert der Konzentration an der Stelle ¢ = 1 ein Maxi-
mum hat. Wenn also die Konzentration hier geniigend niedrig ist, so*
konnen wir mit Sicherheit annehmen, daB sie Gberall 1im untersuch-

ten Intervall nur mehr einen geringeren Wert als diesen erreichen

kann. Die Konzentration c* (o) des gesuchten Stoffes in der austre-

tenden Waschflissigkeit kann als Funktion der Zeit wie folgt auf-

geschrieben werden:

2-9 1
c*(9) = c(i,9) 2 e"%irfc - —) + 2 ea erfc + D -
colx 2av/? 2a 2249
av
1 ° ha2 - -
A erfc (- dx + -—— ea [/ erfc (&_ + —i— )dTU
o 28&\[T az o 2a 2e/1"

In Abbildung 1 sehen wir die auf Grund des Zusammenhanges
(14), unter Annahme verschiedener Parameterwerte a bzw. cQ-Ein-
heitswerte beobachteten Resultate. Es kann festgestellt werden,
daB die Kurvenschar eine monoton abnehmende Tendenz zeigt, und ein
Teil derselben um die Zeitkoordinate o = 1 einen Inflexionspunkt
hat (das sind die Kurven, die den relativ geringeren a-Parameter-
werten entsprechen). All dies folgt logisch aus der Tatsache, daR
der Wert o =1 gerade dem Zeitpunkt t = L/v entspricht, und das
ist die Zeitdauer, wahrend welcher, unserer Annahme nach, ein Vo-
lumenelement der Waschflissigkeit bei korkartiger Strémung (a = 0)
den Filterkuchen durchlduft.

Mit Hilfe obiger Uberlegungen kann eine Methode zur Bestimmung
der Parameter a bzw. [ angegeben werden. In Kenntnis der konvekti-
ven Stromungsgeschwindigkeit, der Anfangskonzentration und der
Schichtdicke kann nahmlich zu einem gegebenen Zeitpunkt t* « L/v
durch die Bestimmung der austretenden Konzentration nmit Hilfe der
als Nomogramm benutzten Abbildung 1 eindeutig festgestellt werden,
welche Kurve laut unseres Modells den untersuchten Auswaschungspro-
zeR beschreibt. Daraus ergibt sich dann der Wert der fraglichen Pa-
rameter .
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Unter Verwendung der gewonnenen Resultate kann die erwiinschte
Waschdauer (bzw. die damit linear proportionelle, benétigte Wasch
flissigkeitsmenge) auf theoretischem Wege wie folgt geschatzt wer-
den. Der Filterkuchen kann den gegebenen Anspriichen gemdR offenbar
in dem Fall als ausgewaschen angesehen werden, wenn sich die Kon-
zentration des auszuwaschenden Stoffes in der austretenden Wasch-
flissigkeit auf einen bestimmten Teil des Anfangskonzentrations-
wertes vermindert (aus unseren vorausgehenden Uberlegungen
her ist es bekannt, daR dann Uberall 1im Filterkuchen die Konzentra
tionen einen geringeren Wert erreichen). Jetzt wollen wir also Ab-
bildung 1 wieder als Nomogramm betrachten - da uns bereits be-
kannt ist, zu welchem Parameterwert a gehdrende Kurve den unter-
suchten AuswaschungsprozeR beschreibt - dann kann die fir die Er-
zielung der gewédhlten endgiltigen Konzentration notwendige Wasch-
dauer aus der Abbildung abgelesen werden.

Schlieflich ist zu bemerken, dal es beim Vergleich mit der
Praxis zweifellos als Mangel des theoretischen Modells erscheinen
konnte, daB sa&mtliche den Transport des auszuwaschenden Stoffes
beeinfluRenden Effekte bloR durch ein Diffusionsglied bericksich-
tigt werden, umsomehr als dieses Glied.mathematisch gesehen, einen
Stoffstrom des Types generiert, der in der Wirklichkeit nicht auf-
treten kann. Die Modellierung des untersuchten Prozesses auf diese
Weise kann man aber auf &hnliche Weise akzeptieren, wie es im all-
gemeinen bei den Diffusionsmodellen Ublich ist.

ZEICHENERKLARUNG

A Intégrations konstante

aa dimensionsloser Koeffizient des Derivationsgliedes zweiten
Grades (1)

c Konzentration des auszuwaschenden Stoffes im Filterkuchen
(kg/ms Flissigkeit)

cq Anfangskonzentration (kg/ms Flissigkeit)

c* Konzentration des auswaschenden Stoffes in der austretenden
Waschflissigkeit (kg/ms Flissigkeit)

L Dicke des Filterkuchens (m)
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M Funktionskomplex
p Parameter der Laplace-Transformation
t Zeitkoordinate (Stunde)

t* Zeitpunkt der Bestimmung der Derivierten (Stunde)
Konvektive Geschwindigkeit der Waschflissigkeit (m/h)
Ortskoordinate (m)

Laplace-Transformierte der Konzentration

Koeffizient des Derivationsgliedes zweiten Grades (mz2/h)
dimensionslose Zeitkoordinate (1)

dimensionslose Ortskoordinate (1)

o = N X< <

O
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PE3IOME

B cTaTbe onuchiBaeTCs OTkaThlii ocadok, coaepkaunii conb. C of-
HO/i CTOpPOHbI OTXaTbli 0OCaAOK O6PLIBrMBAETCS MPOMLIBHOW  XMAKOCTbI, a C
Apyroii CTOpoHbl MOABEpPraeTcsl BAMSIHUO BaKyymMa. Ha ocHoBe  (M3uKO-Ma-
TemMaTV4yecKkoli Mofenu onucasy MpoLecCh ra3oBOi U XUAKOCTHON Avddy3um
U KOHBEKTUBHOIO MOTOKa. [loflyyeHHble pe3y/nbTaTbhl MO3BOMSKT  onpedesne-
HME - C TOYHOCTbI0 60sblieii OBbMHON - TpPeGyemMoro nepvoja MNpPOMbIBAHUS
MU KOMMYEeCTBa MPOMbIBHOW XWAKOCTY -
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UNTERSUCHUNGEN OBER DIE ZUSAMMENHANGE DES DURCHSCHNITTSWERTES
VON DEN DIE CHEMISCHEN TRANSPORTPROZESSE BESCHREIBENDEN
POTENTIALFUNKTIONEN

P. BOSCHAN, J. FOL"OP, K. SEITZ und T. VAJDA

(Forschungsinstitut fur Technische Chemie der Ungarischen
Akademie der Wissenschaften, Budapest)

Eingegangen am 23. Juni 1975

In der Arbeit wird untersucht, welchen Typ einer
Integralgleichung der raumliche Durchschnittswert der
Potentialfunktion einer eindimensionellen Diffusions-
gleichung befriedigt, bzw. mit Hilfe welcher ad hoc
Reihenentwicklung er erzeugt werden kann, ohne die ur-
sprungliche Gleichung l6sen zu missen. Die erzielten
Resultate ermoéglichen einen tieferen Einblick in die
mathematische Struktur der Transportgleichung.

I. Einleitung

In der chemischen Verfahrenstechnik sind die durch geleite-
ten Wé&rme- und Stofftransport charakterisierten Prozesse von gro-
Rer Bedeutung. In diesen F&llen kann die entsprechende Potential-
verteilung - also die Temperatur- bzw. Konzentrationsverteilung -
mit Hilfe der Fourier- bzw. Fick-schen Gleichungen; sowie der zu
diesen gehdrenden entsprechenden Anfangs- und Randbedingungen in
iblicher Annédherung beschrieben werden. Obiger Probl emenkreis
ist zwar bereits von vielen Seiten untersucht worden, doch ist je-
des Ergebnis, welches das Verhalten der genannten Potentialfunkti-
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onen von einer neuen Seite her beleuchtet, von Bedeutung. In die-
ser Tatsache liegt auch der Sinn unserer Arbeit.

Wie bekannt, sind bei der mathematischen Behandlung der che-
mischen Prozesse die Resultate, die aus einzelnen Model 1konstruk-
tionen auf analytische Weise, also ohne Komputer gewonnen werden
kdnnen, von groRer Bedeutung. Analytische Formeln konnen aber hdu-
fig nur fir den r&umlichen oder zeitlichen Durchschnittswert der
in den Gleichungen figurierenden Potentialfunktionen aufgestellt
werden. Aus diesem Grunde 1ist es wichtig, die Zusammenhédnge beziig-
lich der Durchschnittswerte auch von rein mathematischem Gesichts-
punkt aus zu untersuchen. Diejenigen der raumlichen Durchschnitts-
werte spielen hierbei eine viel grdéfere Rolle.

Ziel gegenwédrtiger Arbeit ist es, die mathematischen Eigen-
schaften des rdumlichen Durchschnittswertes der Potentialfunktion
in Laufe der Ausgleichungsprozesse eines, mit seiner Umgebung
durch die Newton-sche Randbedingung beschreibbar verbundenen, ein-
dimensioneilen Systems zu untersuchen, in welchem die Potential-
verteilung u zum Zeitpunkt t = 0 als uQ bekannt ist, und wo aus-
schliflich Diffusionsstrome auftreten. Als Ausgangspunkt ist also
folgendes mathematisches Problem zu betrachten:

a2 d2U _ (Ia)
X2 dt
u(x,0) = uo(x) (1b)
(17) = -h[u* - u(-L,t)] (Ic)
X=-
(87 )X:L = h[u* " u(L,B)] (1d)
Aus den Gleichungen (la) ... (lId) geht hervor, daB auch eine inho-
mogene An.fangsvertei lung im untersuchten System gestattet, sowie

daR das System auf den Origd symmetrisch 1ist (Ausbreitung von 2 L)
und daB sich die Umgebung des Systems hinsichtlich des betrachte-
ten Potentials als Reservoir verhdlt (u* = konstant).
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Wir méchten zwei Fragen behandeln: zuerst untersuchen wir,
zu welchem Typ eines Integralzusammenhanges beziglich des rdumli-
chen Durchschnitts  der Potentialfunktion die Aufgabe (la)...(ld)
umgeformt werden kann, aus welchem der Durchschnitt oprinzipiell
- ohne Ldsung der urspringlichen partiellen Differentialgleichung -
bestimmbar ist. Ein wesentliches Moment der Umformung besteht da-
rin, daR der Durchschnitt an einer solchen Form der Potentialfunk-
tion gebi ldet” wird, aus welcher die Zeitverdnderliche mit Hilfe
der Laplace-Transformation beseitigt worden ist.

Als zweites Problem untersuchen wir, mit Hilfe welcher ad
hoc Reihenentwicklung obiger Durchschnitt, ausgehend von den Glei-
chungen (la) ... (lId) - ebenfalls ohne Lésung der urspringlichen
partiellen Differentialgleichung - erzeugt werden kann. Die Rei-
henentwicklung wird durch einen mathematischen Griff, die Fourier-
-sche Entwicklung der Einheit, sowie durch Festsetzung des Verhal-
tens der Fourier-Komponenten mit Hilfe der Gleichungen (la)...(ld)
erhalten.

Die Bedeutung der erzielten Resultate besteht wvor allem da-
rin, daB es in den beiweitem nicht trivialen Problemkreis einen
Einblick gewdhrt, wie sich die abhdngige Variable der vom Gesichts-
punkt der Praxis her sehr wichtigen, untersuchten partiellen Diffe-
rentialgleichung verhdlt, wenn eine der unabhédngigen Variablen aus
dieser beseitigt wird. Die gewonnenen Zusammenhdnge kdnnen als
Ausgangspunkt fir praktisch gut anwendbare N&herungsberechnungen
dienen.

11. Angabe des Durchschnitts mittels einer Integralgleichung

Betrachten wir der Einfachheit halber in dem Problen (la)..
...(1d) vor allem die den Anfangswert angebende Funktion uq(x) als
konstant, also uQ(x) = uQ. Wir erhalten durch Einfihrung der
Laplace-Transformierten V(x) der Potentialfunktion U(x,t):

V(X) = / u(X,t) e"pt dt 2)
0
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fir die  Transformierte unter Benitzung der Zusammenhange
(la)-(Ib) und (2) folgende Gleichung:

d2v

dx P ®
2

Die Lésung der Gleichung (3) kann auf dbliche Weise unter Berlck*
sichtigung der Randbedingungen (lc)-(ld) gewonnen werden:

. _
vy =7~ o+ S uodh j ch &, X ®

4 sh 4 L + heh 4 L
Es kann leicht eingésehen werden, daf die Laplace-Transfor-

mierte F(p) des zu untersuchenden ré&umlichen Durchschnitts

i(t) = ---/ u(x,t) dx ©)
2 L -
jetzt mit Hilfe der Transformierten (2) bzw. (5) laut folgendenm
Zusammenhang

F(p) = /7 (L) e Pt it = -2y V(x) dx (6)

2 L -L
gewonnen werden kann. Aus dem Vergleich von (4) und (e) ergibt
sich die Funktionsform der Transformierten des Durchschnitts wie

folgt:
Sh4aL

& L
a
F(P) = ir + 2 <u* - uo> O
A & L
a sh &a L+hch a
Nun wird der Zusammenhang (7) 1in eine Form gebracht, welche
die Durchfihrung der 1inversen Laplace-Transformation erleichtert:

| hi ch » L
(PF(P) - uOIC~ + =i - o ®>

az ajp
sh &a L
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Das Wiedereinsetzen der rechten Seite von (s) ist trivial, wahrend
die erste Klammer der linken Seite gerade die Transformierte der
zeitlichen Ableitung des Durchschnitts darstellt. Das zweite Gleid
der zweiten Klammer ist hingegen die Laplace-Transformierte der
mit der Konstanten h multiplizierten, elliptischen Theta(3)-Funk-
tion, wo die erste Variable an der Nullstelle genommen wurde, und
deren Obliche Aufschrei bung nach [5] wie folgt ist:

- fx*n2t
as (o, t)= E e ©
sh £ Ln "= oo

Die inverse Transformierte des Zusammenhanges (s) ergibt unter Ver-
wendung des Konvolutionssatzes, sowie unter Beriicksichtigung von

(9) und obiger Ausfihrungen, bzw. durch Umgestaltung des erhalte-

nen Resultates:

du a2h / az di
it * {‘b(d-ps) o ds uo> (105
wobei wir das Argument der hinter dem Integral stehenden Derivier-
ten des Durchschnitts besonders bezeichnen.

Wir bemerken, daB (10) bereits als einer der gesuchten Integ-
ralzusammenh&nge betrachtet werden kann. (10) ist ndmlich eine li-
neare, inhomogene, Vol terra-sche Integralfunktion des Faltungstyps
fir die zeitliche Ableitung des Durchschnitts mit einer Kernfunk-
tion

®3(o, %2 t)

Einen wichtigeren Zusammenhang erhalten wir jedoch aus einer
anderen Form von (s):
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Q)]
Fihren wir nun folgenden Simplex des Durchschnitts ein:
u<t> - Uo
R(TL) 12)
ur - Ug

so erhalten wir durch die 1inverse Transformierung von (11) folgen-
de, auf die unter (12) definierte Menge bhezogene Integralgleichung:

R(t) + Aa (0, f] s)R(t-s)ds = (13)
o

Die Charakteristika der Gleichung (13) sind identisch mit jJjenenm
der Gleichung (10). Sie unterscheiden sich nur darin, daB das in-
homogene Glied hier zeitabhédngig ist. Mit dem Resultat von (13)
haben wir unser gesetztes Ziel, namlich die Formulierung einer In-
tegralzusammenhanges erreicht, aus dem der Durchschnitt ohne Be-
nitzung der urspringlichen Gleichung bestimmt werden kann.,

I1l. Bestimmung des Durchschnitts mittels ad hoc Reihenentwicklung

Andern wir bei unserem zweiten zu untersuchenden Problem die
Gleichung (la)...(ld) insofern, als wir einesteils die den Anfangs-

wert angebende Funktion uQ(x) als symmetrisch betrachten:
u (-X) = uQ(x), andernteils die Transformierung des Potentials
u -au* - u durchfihren, wodurch - wie leicht einzusehen ist - nur

die Form der Randbedingungen (1c) - (Id) verdndert wird

du hu (-L,t) (14a)

hu(L,t) (14b)
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Nun wird die Fédrier-Transformierte der Potentialfunktion U(t) auf
folgende Weise eingefihrt:

L
U(t) = / u(x,t) cos gx dx (15)
-L

Unser Ziel ist es nun, mit Hilfe der Gleichungen (la)...(ld) die
Zeitabhédngigkeit obiger Transformierten festzustellen.

Mit Hilfe partieller Integrationen kann gezeigt werden, daR
die Fourier-Transformi erte der Derivierten zweiten Grades auf der
linken Seite der Gleichung (la) (unter Verwendung von (15)) fol-
gende Form annint:

/ Q?? €0S QX d& = (Q%’ cos qb - (QH} cos qﬂ +
-L x=L X=-L
(16)
+ qfu(L,t) sin gL + u(-L,t) sin gL] - qz2U(t)
Sodann setzen wir (l4a)-(l4b) in (16) ein:
i az2n B
/ oY2 cos gx dx = [h cos gL + g sin gL] u(L,t) +
"L (17)

+ [h cos gL + g sin qgL] u(-L,t) - g2U(t)

In Laufe unserer Untersuchungen wollen wir nur die aus der trans-
zendenten Gleichung (18) bestimmbaren q Werte (Eigenwerte) berick-
sichtigen: q = qi ,q2,°s ,qn»eee

h cos qL + g sin gL = 0 (18)

dann nimmt (17) die endgiltige Form an:

/ §pj- cos gx dx = - g2U(t) (19)

Die Transformierte der rechten Seite von (la) ist einfach
die zeitliche Ableitung von U(t). Unter Bericksichtigung obiger
Ausfihrung ist die aus (la) abgeleitete Gleichung beziuglich der
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unter (15) definierten Menge folgende:

$ =- «agaU (20)

Die zu dieser gehdrende Anfangsbedingung ergibt sich durch Trans-
formierung von (Ib):

L
u(t=o) = / u (x) cos gx dx = U (21)
-L

Schlieflich 1ist die Lésung von (20) unter Beriicksichtigung von (21)
wie bekannt:

U(t) = UQ e"a2q2t (22)
Die Fourier-Transformierte des Potentials ist bei speziellen, von
(18) bestimmten Parameterwerten - laut (22) - von der Zeit expo-

nentiell abhadngig. Aus (15), (22), sowie aus obigen Uberlegungen
gilt daher folgendes:

L -a2qn2t

; u(x,t) cos gnx dx = UQ(qn) e (23)
rL

n=1, 2,

Schreiben wir nun den Durchschnitt in Form einer Reihe auf.
Nitzen wir dabei die Tatsache aus, daf das Potential den Anfangs-
bedingungen entsprechend eine x-symmetrisehe Funktion ist,und daf
die mit den durch (18) bestimmten qp Werten gebildeten Cosinus-
-Funktionen unter obigen symmetrischen Funktionen ein vollstédndi-
ges, ortogonales Funktionssystem bilden [1]. Demnach gilt zum Bei-
spiel nachstehende Reihenentwicklung der Einheit:

®

1= E c¢n cos gqn x (24)
n=1

wobei die Fourier-Koeffizienten folgende sind:
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Cn = mmmmmm e e (25)
gnL + sin qgnlL cos gnL

An dem in (5) definierten rdaumlichen Durchschnitt der Poten-
tialfunktion kann mit Hilfe von (24) eine &hnliche Umformung vor-
genommen werden, néamlich:

W) = < Tou(xot) dx o= o4 e uxt) dx =
L

(26)

= yll } E cn cos g x»u(x,t) dx
-L n=1

oder, wenn man in (26) die Reihenfolge des Integrals und der Sum-
mierung austauscht:

1 “ L
i(t) =YX 2 cn / u(x,t) cos gnx dx (27)
n=1 -L
Wir merken nun, daR die explizite Form der in (27) figurierenden
Integrale gerade durch (23) angegeben wurde, so ergibt sich also
als endgiltige Form fir den Durchschnitt:

1 " -a2qn2t
u(t) =y E cn UQ(gn) e (28)
n=I

In der exponentiellen Reihe (28) kénnen die hinter dem Sum-
mierungszeichen stehenden einzelnen GroRen mit Hilfe von (25), (21)
und  (18) der Reihe nach sofort bestimmt werden. Mit dem Resultat
unter (28) wurde auch unser zweites Ziel verwirklicht: der Ausdruck
des Durchschnitts konnte ohne Ldsung der urspringlichen Gleichung,
mit Hilfe einer ad hoc Reihenentwicklung aufgeschrieben werden.

I1V. Zusammenfassung, Konklusionen

Wir befassten uns 1in unserer Arbeit mit zwei Problemen:
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a) Fir den raumlichen Durchschnitt der Potentialfunktion des
eindimensionelsen Diffusionssystems, welches sich durch die Newton-

-schen Randbedingung an ihre Umgebung anschliefit,

wurde im Laufe

des Ausgleichsprozesses eine Integralgleichung bekannten Typs auf-
gestellt, die relativ leicht anwendbar ist, und deren Kernfunktion
eine elliptische Funktion darstel 11.Aus anderen Untersuchungen [s]

und im allgemeinen aus der Theorie der partiellen

Differentialglei-
chungen her ist es bekannt, dafR das Vorhandensein

eines solchen

Zusammenhanges, der sich auf obige GroBRe - auf das fir eine Vari-

able genommene Durchschnittspotential - bezieht,

und aus welchenm

Zusammenhang die betreffende GroéRe "sich selbst bhestimmt", nicht

trivial ist. Es kann zum Beispiel bewiesen werden,
artige Differentialgleichung Uberhaupt nicht gibt;

daB es eine der-

b) Dieselbe Grofe wurde mit Hilfe der FouVier-schen Reihen-
entwicklung auch auf indirekte Weise erzeugt, wobei die urspring-

liche partielle Differentialgleichung nur zur

Feststellung der

Zeitabhdngigkeit der Fourier-Komponenten verwendet wurde. Die Voll-
stdndigkeit der Entwicklungsmethode war darauf begrindet, dal wir
als Anfangswert des urspringlichen Potentials eine symmetrische
Funktion wéahlten, so daR die bei der Entwicklung der Einheit ein-
tretenden Funktionskomponenten tatsédchlich eine komplette Beschrei-

bung des Problems lieferten.

Beide Anndherungen des untersuchten Problemenkreises konnen

als neuartig bezeichnet werden, und sie bedeuten

bei der Ldsung

von fir die Praxis wichtigen Anndherungs- bzw. numerischen Aufga-
ben Ausgangspunkte, die bisher nicht verwendet worden sind..

ZEICHENLISTE

az Leitungskoeffizient

ch Fourier-Koeffizienten

F Laplace-Transformi er te des Durchschnitts der
tion

h Obertragungsfaktor

Potential funk-



1975 Durchschnittswert von Potentialfunktionen 5U7

L Ausbreitung des Systenms

n laufender Index

p Parameter der Laplace-Transformation
q Parameter der Fourier-Transformation
R Simplex des Durchschnitts

s Integrationsparameter

t Zei tkoord inate

u Potentialfunktion

] rdumlicher Durchschnitt der Potentialfunktion
uQ Anfangspotential vertei lung

u*  Potentialwert in der Umgebung

U Fourier-Transformierte der Potentialfunktion
uQ Anfangswert der Fourier-Transformierten

Vv Laplace-Transformierte der Potential funktion
X Langskoordinate

8 die elliptische Theta-Funktion
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PE3IOME

[JaHHas cTaTbs KM3yyaeT KakKoMy TWUMY WHTEerpasbHbiX YypaBHEHW
yooBneTBopsieT o6beMHOe cpefHee 3HauvyeHwe MNOTEHUMa/IbHOW (YyHKUMM  of-
HOMEPHOro Au(pPY3NOHHOTO YpPaBHEHWST U KaKWM C/lyyaiHbiM MeTOAOM pasfo-
XEeHUs B psf OHO MojlydaeTcs 6e3 peleHUus COOTBETCTBYWWEro YpPaBHEHUS .
MonyyeHHble pe3ynbTaTbl MO3BOASKT Gojsee TuwaTe/lbHOE MO3HaHWE MaTema-
TUYECKOI CTPYKTYpbl TPaHCMOPTHOIO YpaBHEHWS -
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The paper presents a study on the thermal sta-

bility of polyalkyl methacrylate viscosity index im-
provers. It is demonstrated that the thermal stability
of the polymer is considerably influenced by the che-
mical nature of the base oil. In ester oils and white
oils, the thermal degradation of the polymer molecule
is significant, however, in mineral lubricating oils,
the breakdown is markedly reduced by the natural in-
hibitors of the mineral oil.

INTRODUCTION

One way to fulfil the more and more stringent requirements
imposed on motor oils 1is based on the application of "partially-
-synthetic"™ oils, produced by blending synthetic and mineral lub-
ricating oils. Ester oils are the most promising candidates for
the synthetic components of such blends, not only because they
offer an excellent balance of the essential lubricating properties
(outstanding viscosity-temperature characteristics, low volatility,
and low pour point, etc.), but also because they are widely
employed in the lubrication systems of aircraft gas turbine engines
and are thus commercially available in large quantities [1].
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When formulating such a partially-synthetic lubricating oil,
careful attention should be focused on how the esters interfere
- if at all - with the additives commonly used in motor oils.

The Thermal Stability of Ester Oils

The present paper reviews the thermal stability of polymeric
viscosity index improvers in synthetic ester oils and partially-
-synthetic base stocks. Curiously enough, this problem has been
rather neglected in literature, although the thermal stability of
pure esters has been dealt with in a large number of papers, more-
over, the classification of the ester oils used in the lubri-
cation systems of jet engines is based on their thermal stability.

The group of the Type 1 ester oils includes esters of ali-
phatic dicarboxylic acids. Their thermal decomposition occurs by
means of a cyclic iIntermediate. Type Il oils are sterically hinde-
red esters, each hydrogen atom on the 6-carbon atom of their alco-
hol moiety is replaced by alkyl groups. The decomposition of Type
Il esters proceeds by a free radical mechanism, and since free
radicals require more energy of formation than the cyclic interme-
diate, Type 11 esters possess considerably greater thermal stabi-
lity than Type 1 oils.

In both cases, the thermal decomposition of ester oils re-
sults in an olefinic hydrocarbon and a carboxylic acid [2]-

Experimental

The thermal stability of synthetic and partially synthetic
oils containing polymeric viscosity index improver was investiga-
ted. Typical representatives of both types of ester oils: di-(2-
-ethylhexyl) sebacate (DOS) and trimethylolpropane tripelargonate
(TMPP) were chosen as synthetic components, while as the mineral
base stock, a heavy oil raffinate - produced from Algy6 crude oil
by solvent extraction, dewaxing, and hydrofinishing - was used. A
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commercial polymethacrylate (Reonit M) was added to the base oils
as the viscosity index improver. The compositions of the experi-
mental oils are listed in Table 1.

Table 1. The compositions of the experimental oils

Mlg?:‘al DOS TMPP Reonit M Viscosity
Sample  _tfinate @) at 98.9°C
wt.! wt % wt .% wt. 1 cs(mm2/s)
1 100 - - - 9.1*6
2 88 - - 12 25.31
3 - 100 - - 3.31
» - 88 - 12 13.06
5 - - 100 - ¥.78
6 - - 88 12 17.72
7 60 Hig0) - - 5.66
8 8 ig0) - 12 19. P
9 60 - - Higd) - 6.7F
10 8 - Higd} 12 21.91
u(2) _ 99-5 - - 3.32
12 87.5 - 12 13.10
(¢H) = commercial product containing approximately 50 wt.% light
white mineral oil as diluent
(2) : containing 0.5 wt.% 2,6-di-tert-butyl-1*-methylphenol

The thermal stability was tested according to the following
procedure s

40 ml of the test fluid was placed in a glass test tube. The
test tube was submerged in a constant temperature bath to a point
slightly above the level of the oil sample, and was held in the
bath at 200 °C for 12 hours. At the end of the ageing period, the
test tube was removed and allowed to cool to ambient temperature.
The tests were carried out both in air and under a carbon dioxide
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atmosphere. In the first case, the test tube was stoppered with a
cork with a 2 mm diameter bore in it. In the second case, the test
tube was connected through a ground glass joint to a glass vessel
in which a slight carbon dioxide pressure was maintained. (Carbon
dioxide was continuously introduced into the vessel and bubbled
out of it through a glass tube immersed into water to a depth of
approximately 5 mm.) At the beginning of the test, the air was re-
moved from- the test tube by blowing carbon dioxide through it, and
after the 12 hour period, the sample was allowed to cool under a
carbon dioxide atmosphere.

The thermal stability of the compositions was evaluated on
the basis of the changes in viscosity and acid number. The repro-
ducibility of the test is fairly good. The difference in the acid
number increase of two determinations never exceeded the error lim-
it of the standardized acid number determination. The viscosities
of two parallelly aged samples differed by not more than 1 per cent
of the mean in the tests under carbon dioxide, and by not more
than 4 per cent of the mean in the experiments carried out in air.

The thermal stability of the polymer was characterized by the
thermal stability index which is defined by the following equation:

where TSI is the thermal stability index of the polymer

Vi and V2 are the kinematic viscosities of the polymer-con-
taining compositions, before and after ageing, respectively

VO is the kinematic viscosity of the base oils (without po-
lymer) after ageing.

(Kinematic viscosities were measured at 98.9 °C, 1in cs.)

Since the change of the base oil viscosity during the ageing
is negligible, the thermal stability index gives a good approxima-
tion of the thermal stability of the polymer.

The results of ageing are summarized in Table 2.
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Table 2. Characteristics of aged samples

Ageing in air Ageing in carbon dioxide
Sample Viscosity Acid. TSI Viscosity Acid TSI
at 98.9°C  number at 98.9°C _number
cs(mm2/s) ;SCESaig @ cs(mm2/s) ;Scagaig @
1 9.51 0.13 - 9. 141+ 0.00 -
2 2k.36 0.07 6.01 2F.69 0.01 3.01
3 3.38 1.26 - 3.29 0.02 -
¥ 6.82 0.67 61*.146 10.1+6 0.01+ 26.61
5 o1 0.61+ - *.85 0.06 -
6 10.78 0.1+1+ 5l+ 18 11+.17 0.07 27.58
7 5.68 0.1*9 - 5.67 0.01 -
8 17.12 0.30 15.01 18 .50 0.01 >+.75
9 6.72 0.36 - 6.7k 0.02 -
10 19.86 0.21 13.50 21.18 0.00 T8l
11 3.36 0.08 - 3.32 0.02 -
12 13.06 0.06 0.1+ 12.80 0.02 3.07
CONCLUSIONS

It is apparent from the results obtained that the Reonit M
additive exhibits a fairly good thermal stability when heated in
mineral oil. The viscosity of the additive-containing mineral oil
does not significantly decrease during the ageing. The same poly-
mer, however, decomposes to a remarkable extent when dissolved in
ester.

The acid number increase of the esters aged under carbon di-
oxide atmosphere exceeded the error limit of the acid number de-
termination. This fact suggests that in addition to the polymer
degradation, the esters also decompose to a slight extent. In the
tests carried out in the presence of air, the simultaneous oxida-
tive and thermal reactions result in an appreaciable deterioration
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of the ester which is apparent from the acid number increase of
the samples aged in air.

According to our present knowledge it is known that the ther-
mal and oxidative breakdown of polymers proceeds by a free radi-
cal chain mechanism [3]. It is evident that during the ageing, re-
active radicals are formed which are capable of initiating the
chain reaction of the polymer decomposition. As it might be expec-
ted, the formation of free radicals is expressed more in the pre-
sence of oxygen than under merely a thermal effect. This is con-
firmed by comparing the viscosity and acid number changes of the
samples aged in air and carbon dioxide.

The free radical chain mechanism 1is in agreement with the
observation that 2,6-di-tert-butyl-4-methylphenol - a typical
chain-breaking 1inhibitor [4] - appreciably improved the thermal
stability of the polymer dissolved in pure ester oil: the visco-
sity of the inhibitor-containing composition remained practically
unchanged during the ageing (Sample 12).

The fact that the thermal stability of polymer solutions in
partially-synthetic oils is considerably enhanced, compared to
that of the solutions in pure esters, suggests that the thermal
breakdown is inhibited in the partially-synthetic compositions.

It is a matter of common knowledge that mineral oils contain
numerous substances - mainly sulphur compounds, and aromatic hyd-
rocarbons - which function as natural chain-breaking inhibitors
in oxidative reactions [5, 6].

It can be assumed that the fairly good thermal stability ex-
hibited by the Reonit M additive in mineral and partially-synthe-
tic base stocks is the vresult of the inhibiting effect of the
natural anti-oxidants rather than the inherent property of the ad-
ditive. From the above assumption it can be concluded that the de-
termination of the polymer in ester oils 1is mainly due to the
absence of natural inhibitors. This conclusion is obviously con-
firmed by the data of Table 3. In Table 3, data concerning the
thermal stability of a light white mineral oil containing 12 wt.%
Reonit M additive are given.
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Table 3. Thermal stability of a light white mineral oil containing
12 wt.% additive

Viscosity Acid TSI

at 98.9°C number

cs(mm2/s) mg KOH/g Q)
Fresh sample 10.85 0.00 -
Sample aged in air 6.39 0.22 60.%3
Sample aged in CO2 9.31 0.00 20.73

White oils contain no natural inhibitors. The thermal degra-
dation of the polymeric additive in white oil is noticeable, for
the value of the thermal stability index is nearly the same as
those obtained in pure esters. This experience substantiates the
above assumption concerning the effect of natural iInhibitors on
the thermal stability.

SUMMARY

In the thermal decomposition of polymeric additives, the free
radical chain reaction is initiated by reactive radicals. These
radicals are formed mainly from the polymer itself. The thermal
breakdown of the polymer is considerably influenced by the chemi-
cal composition of the base oil. The natural anti-oxidants of the
mineral oils, acting as chain-breaking inhibitors, considerably
reduce the polymer degradation.

* ok

The experiments were carried out at the Department of Hydro-
carbon and Coal Processing, Veszprém University of Chemical Engi-
neering .



556 1. Mészaros Vol. 3.

REFERENCES

1. FAIRBANKS, D.R., KNAPP, M.H., LAZARUS, A.K.: Machine Design,
16, 140 (1969)

2. ROBSON, R.: Ind. Lubr. Trib. No. 1, pp- 7-11 (1971)

3. GORDON, G.J.: Stabilizatija sinteticheskih polimerov. Gos. Nauch.
-Technich. 1zd., Moscow, 1963.

4. VESELY, V.: Ropa a Uhlie 11, 297 (1969)
5. BURN, A.J., GREIG, G.: Journal IP 58, 346 (1972)

6. STUDT. P.: Erdol u. Kohle 27, 195 (1974)

PE3IOME

B cTaTbe wusnaraeTcss M3y4vyeHue TepMUUEcCKoill ycToiumBocTu poba-
BOK MOMMMETaKpUaIaTHOro Tuna, MNOBbWAKWUX WHAEKC BA3KOCTM. bBbiio  no-
Ua’saHo, 4TO TepMuyeckass YCTOMUMBOCTb MNOMUMEPA OYEBUAHO 3aBUCUT OT
npupoAbl OCHOBHOrO Macna. B apupHbX K 6enbix Macnax TepMudeckas per-
pagauvsi NosIMMEepHOW MOJIEKY bl SBASETCH 3HAYMTE/IbHOW, a B MUHEepasibHbIX
CMa304YHbIX Macfnax naacTukauus MpsiMo YMeHbWAeTCss MNPUPOAHLIMA  UHIU6U-
TOpamy MUHepaJsibHbIX Maces.



Hungarian Journal
of Industrial Chemistry
Veszprém
Vol .3. pp. 557-561+ (1975)

EINE VEREINFACHTE METHODE ZUR ERMITTLUNG DES STOFFOBERGANGES
IN BLASENSAULEN

F. TUREK* und M. MAGYAR

(technische Hochschule "Carl Schorlemmer'™, Leuna-Merseburg,
Ungarisches Erdol- und Erdgasforschungsinstitut, Veszprém)

Eingegangen am 15. Juli 1975

Die Blasensaulenreaktoren finden in der chemi-
schen Industrie immer verbreitende Anwendung, weil die
Verfolgung der Stoffubergangsverhadltnisse in diesen
Apparaten sehr vorteilhaft ist. Trotz der breiten An-
wendung der obigen Apparaten sind die Einzelheiten der
Stoffibergangsprozesse nur teilweise erforscht. In
dieser Arbeit Dbeschreiben die Verfasser eine schnelle
und den technischen Anforderungen entsprechende Expe-
rimentalmethode, wodurch die Bestimmung der Stoffiber-
gangsparameter bei halbkontinuierlichen und kontinuier-
lichen Reaktortypen leicht durchzufihren ist.

In vielen Verfahren der chemischen Industrie spielt der Stoff
Ubergang Gas-Fliissigkeit in Blasensaulen eine wesentliche Rolle.
Zur Dimensionierung und Optimierung von Blasensdulen ist die Kennt
nis der Phasengrenzfldche und des Stoffibergangskoeffizienten fur
das betrachtete technische Problem erforderlich. Dazu sind in den
letzten Jahren eine Vielzahl von Untersuchungen durchgefihrt und
entsprechende Korrelationen erarbeitet worden [1, 2, 5, 6, 7].

Es zeigt sich jedoch, daR sehr abweichende Ergebnisse bei der
Berechnung von StoffUbergangsparametern nach Korrelationsbeziehun-
gen Verschiedener Autoren erhalten werden. Aus diesem Grunde
ist es in vielen Fallen, besonders auch bei Blasensdulen als Reak-
tionsapparate erforderlich, zum konkreten technischen Problem zu-
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satzliche experimentelle Untersuchungen zum StofflUbergang Gas-Fliis-
sigkeit durchzufihren. Im folgenden wird eine Methode zur experi-
mentellen Ermittlung von Stoffibergangsparametern vorgeschlagen,
die relativ schnell und ohne grdoferen technischen Aufwand fir eine
Reihe von technischen Problemen hinreichend genaue Ergebnisse lie-
fert.

Hierbei werden die Experimente in einer halbkontinuierlichen
Versuchsanlage durchgefihrt und anschlieBend die Ergebnisse auf
die kontinuierliche Blasensédule Ubertragen.

Versuchsanordnung

Die Versuchsanordnung zur Untersuchung des Stofflbergangs ist
auf Bild 1 schematisch dargestellt. In die Blasensaule, die aus

Bild 1. Versuchsanordnung. 1-Blasensdule, 2-Prazisionsseifenblasen-
zahler, 3-Gastrockner, 4-U-Manometer , 5-Flussigkeitsbehal-
ter, 6-Druckgasflasche, 7-Glasfritte , 8-Thermometer, 9-Ab-
sperr- bzw. Regelventil
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einem Glasrohr von 2 m L&nge und 7 cm Durchmesser bestand, wurde
die Flussigphase mittels Vakuum aus dem Vorratsbehdalter (5) einge-
saugt. Dadurch konnte gleichzeitig das in der Flissigkeit geldste
Gas weitesgehend desorbiert werden. Das Gas wurde einer Druckgas-
flasche (6) entnommen und durch eine Glasfritte (7) in die Blasen-
sdule geleitet und der Durchsatz vor und nach der Blasensédule nmit
Prazisionsseifenblasenzdhlern (2) gemessen. Die Differenz zwischen
dem Eingangs- und Austrittsgasstrom ergab die in der Flissigkeit
absorbierte Gasmenge. Die Durchsatzmessungen muften gleichzeitig
und in méglichst geringen zeitlichen Abstdnden durchgefiihrt werden

MeBergebnisse und Auswertung

Man erhdlt auf diese Weise den Molenstrom des absorbierten
Gases in Abhéngigkeit von der Zeit (s. Bild 2). Die Flache unter
dem n(t)-Verlauf ergibt die Gesamtmolenzahl des in der Flissigkeit
absorbierten Gases.

Bild 2. Zeitverlaufe der absorbierten Molzahl, der Gaskonzentrati-
on und des StoffUberganges fur Alkohol-Ha. 11,2 S,/m2s;
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Bei der Auswertung wird unter der vereinfachenden Annahme
einer homogenen Gasb asenverteilung, von der Stoffibergangsgl ei -
chung

n. = k. . ‘
7 F(Ci - G) @

ausgegangen. Wegen der Instationdritdat des Prozesses sind nj und c.

J
Funktionen der Zeit.
Cj(t) wird nach folgender Beziehung aus der MeRreihe nj(t)
ermi ttelt:
c / n.(t) dt 2)
J o J

Damit kann das Produkt (k* F) = k als Funktion der Zeit bestimmt
werden (s. Bild 2).

K bzw. K (©)
- c-(v)

Die nach Gleichung (2) erhaltenen k(t)-Werte stellen Mittelwerte
fir Blasensdule dar.

Der zeitliche Verlauf des Stoffibergangskoeffizienten k auf
Bild 2 zeigt, wie zu erwarten 1ist, zundchst einen nahezu linearen
und steilen Anstieg und nédhert sich im Bereich hoher Gassattigung
asymptotisch einem konstanten Wert. Dieser konstante Wert wurde
fir einige Kohlenwasserstoffe als Flissigphase und die Gase Wasser-
stoff, Stickstoff und Luft bei Variation des Gasdurchsatzes be-
stimmt. Die Ergebnisse sind auf Bild 3 dargestellt.

Es ist nahezu Uber den gesamten untersuchten Parameterbereich
eine lineare Abhangigkeit vom Gasdurchsatz festzustellen. Diese
Aussage stimmt mit anderen Literaturangaben dberein [1, 2, 3, 4].

Der StoffUbergangsparameter «k &ndert sich erwartungsgemaR
in Abhé&ngigkeit von der Saulehdéhe (s. Bild 4).

Bei der Ubertragung der in der halbkontinuierlichen Blasenséu-
le erhaltenen Stofflbergangsparameter auf den kontinuierlichen Pro-
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Bild 3. StoffUbergangsparameter k in Abhangigkeit vom Gasdurchsatz
V eH - 1*5 w*Dg = 7*5 cm, T = 25 °C
.8Alkohol - Ha, o Cyclohexan - H2, * Benzol - Ha
A Alkohol - Na, [ Cyclohexan - Na A Benzol - Na
m Alkohol-Luft, O Cyclohexan - Luft ta Benzol-Luft

zeB wird davon ausgegangen,
daB sowohl der StoffUber-
gangskoeffizient als auch
die Phasengrenzflédche rela-
tiv unabhdngig vom Flissig-
keitsdurchsatz sind [1, 2,
3, 5, 6]. Unter dieser Vor-
aussetzung kann man unab-
hdangig von der Flissig-
keitsstrémung jedem k-Wert

Bild 4. Stoffilbergangsparameter K in eine Gaskonzentration c”
Abhéngigkeit von der Blasensaulenhthe entsprechend Gleichung (3)

zuordnen.
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Aus der Bilanzgleichung der Gasabsorption in der Blasensdule
mit stromender Flissigphase
dnj = - k <cj - cj) dv* @
erhdalt man nach der Integration folgende Beziehung

* -kt
Cj Cj (CJ] - cjo> e ®
Mit Hilfe von Gleichung (5) und der nach MeBwerten der halbkonti-
nuierlichen Anlage auf Bild 2 dargestellten k- und Cj-Verldufen
lassen sich nach dem Ablaufschema auf Bild 5 die k-Werte fir die
kontinuierliche Blasensdule iterativ finden.

Bild 5. Ablaufschema zur Ermittlung des StoffUbergangsparameter K
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Der auf diese Weise ermittelte Stofflbergangsparameter «
weist wegen der gemachten einschrdnkenden Voraussetzungen, die inm
konkreten Fall nicht voll zutreffen dirften, keine sehr grofe Ge-
nauigkeit auf. Man kann jedoch nach der beschriebenen Methode re-
lativ schnell und unter Bericksichtigung konkreter Bedingungen des
betrachteten Prozesses und des Stoffsystems die Stofflibergangspa-
rameter bestimmen.

Symbol verzeichni s:

Cj Konzentration der Komponente j (mol/£)
CiQ Eintrittskonzentration (mol/£)

cj Gleichgewichtskonzentration (mol/£)

Dg Sau lendurchmesser (cm)

F Austauschfléache (£/m)

H Sdulenhdhe (m)

kg Stoffibergangskoeffizient (m/s)

« = kgF ()

n. absorbierte Molzahl der Komponente j (mol/s)
t Zeit (min)

t mittlere Verweilzeit (min)

Vg Gasdurchsatz (£/mz*s)

VA Flussigkeitsvolumen (I)
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PE3IOME

PeaHTopbl NpoAYBHOro Tuna npuo6peTawT WUPOHOE MpUMEHeHue B
XVMUYECHOW MNPOMLIL/IEHHOCTU, TaH HaK UCNLTaHWE YC/IOBUI Macconepepauu
B 9TUX annapaTtax sIBISETCS O4YeHb BbIFOAHbIM. [Py WMPOKOM  MNpUMEHEeHUU
3TUX annapaToB eAuHULb Mpouecca Macconepefaun g0 CUX Mop  WU3YYEeHs
TO/IbKO 4YacTuUHO. B pgaHHOW paboTe aBTOpamMu OMbICHIBAETCH GLICTPLIA 3KC—
nepuMeHTasbHLIA MeTog, OTBedawwuii TeXHUYeckum Tpe6GoBaHusM. [puMeHe-
HMEM 3TOro MeToda MOXHO Jlerko OofnpefesMTb napamMeTpsl Macconepejayv B
Ccnyyae MNoJIyHemnpepbiBHbIX U HEMNpepbiBHbIX PeaKTOpPOoB.
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Eingegangen am 14. September 1975

Die bei der Berechnung der Zuverlassigkeit und
Verfugbarkeit von Systemen bisher verwendete Duallogik
- es funktioniert oder es funktioniert nicht - konn-
te fUr Systeme mit kapazitdtsgeteilter Parallelschal-
tung und interner Kapazitatsreserve keine befriedigen-
den Ergebnisse liefern. Durch Einbeziehung des Teil-
lastverhaltens derartiger ausfallgestorter Systeme
wurde eine Moglichkeit zur Erfassung objektiverer Ver-
fugbarkeitsverhaltnisse geschaffen. In diesem Beitrag
wird eine Gleichung zur Berechnung der Durchsatzver-
figbarkeit fiur eine kapazitatsgeteilte Parallelschal-
tung mit interner Kapazitatsreserve und statistischer
Unabhangigkeit entwickelt.

Die Okonomische Bewertung des Langzeitverhaltens von Chemie-
anlagen besitzt besondere Bedeutung in den einzelnen Etappen der
Verfahrens- und Anlagenentwicklung, insbesondere bei der Auswahl
technologischer Schaltungen in der Projektierungs- sowie in der
Betri ebsphase.

W&ahrend bei der Verbesserung und Sicherung der Zuverldssig-
keit von Bauteilen, Baugruppen, Funktionsgruppen und Grundausris-
tungen qualitative Zuverldssigkeitsverfahren dominieren, erfordert
die Gestaltung und Bewertung zuverldssiger Anlagenkomplexe einen
zunehmenden Anteil an quantitativen Verfahren. In diesem Beitrag
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wird eine Berechnungsgrundlage zur analytischen Bestimmung der
Verfigbharkeit von kapazitédtsgeteilten Parallelschaltungen mit in-
terner Kapazitdtsreserve mitgeteilt.

Charakteristik der kapazitdtsgeteilten Parallelschaltung
mit interner Kapazitdtsreserve

Die Anwendung von redundanten Schaltungen stellt eine von
vielen Méglichkeiten dar, die Zuverléassigkeit und Verfigbarkeit
von Chemieanlagen unter bestimmten Voraussetzungen zu erhdhen und
damit Produktionsausféallen entgegen zu wirken.

Bisher ist die Zuverldssigkeit und Verfigbarkeit von Paral-
lel schal tungen nur fir die "heife" (parallel) und "kalte" (stand-
by) Redundanz nach den BOLLE-schen und MARKOW-schen Modellen un-
tersucht worden [1-3].

Es sind in der chemischen Technologie jedoch héaufig solche
Parallelschaltungen anzutreffen, bei denen keine Reserveelemente
in klassischen Sinne vorhanden sind. In solchen Féallen werden die
einzelnen Elemente nicht selten Uberdimensioniert, damit sie nach
Bedarf groBerer Durchsdtze machtig sind. Eine derartige Uberdimen-
sionierung entspricht einer internen Kapazitdtsreserve und stellt
gleichfalls eine "heifBe" Redundanz dar.

Fir den Fall, daf ein oder mehrere Elemente zur gleichen Zeit
ausfallen (nicht intakt sind) oder planmdfig wegen Instandhaltungs-
malnahmen stillgelegt werden, sollen die Ubrigen intakten Elemente
durch Erhohung ihrer Kapazitdt bzw. 1ihres Durchsatzes die Funktion
der ausgefallenen Elemente i{bernehmen.

Dieser Sachverhalt wird nach Bild 1 ndher beschrieben.

Diese Parallelschaltung ist durch folgende Merkmale und Vor-
aussetzungen gekennzeichnet:

- Es sind insgesamt n Elemente parai lelgeschaltet n > 2

- Die Gesamtkapazitdt darf in einem vorgegebenen Intervall schwan-
ken

max (¢D)
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Bild 1. Schematische Darstellung einer kapazitétsgeteilten
Parallelschaltung mit zusatzlicher interner Kapazi-
tatsreserve

- Jedes einzelne Element 1 = 1,2,3....n besitzt die gleiche Nenn-
kapazitdt (Sollwert CQ) von

Co4 = 7 @

- Alle Elemente besitzen die gleiche interne Kapazitdtsreserve
(Uberdimensionierung)

- Bei gleichzeitigem Ausfall von k Elementen ist folgende Teillast
zu erwarten

Cn - ,
Ck = (n"k) “ + 71) = (n*"k) Co (0T + 0) (4

- Jedes Element ist durch die gleiche Intaktwahrscheinlichkeit bzw.
Zeitverfigbarkeit gekennzeichnet
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C)

Es wird vorausgesetzt, daR Ausfdlle nicht durch systemfremde
bzw. gemeinsame Ausfallursachen (Rohstoffmangel, Energieausfall
Unwetter usw.) hervorgerufen werden.

- Alle parai lel geschalteten Elemente missen unabh&ngig voneinander

funktionieren und 1instandsetzbar sein, damit statistische Unab
hangigkeit gegeben ist.

Die Zuverlédssigkeit der Umschaltvorrichtungen und die Umschalt-
zeitdauer werden nicht bericksichtigt.

Wechselbeziehungen zwischen Zeit- und Durchsatzverfigbarkeit

Die stationdre Zeitverfigbarkeit eines Systems/Elementes ist

wie folgt definiert:

V(D @)
To + TS + TPV

Darin sind:

T kumulative Erwartungswerte der Zeit;

bezogen auf die Stillstandszeit wegen unplanmafi-
ger bzw. Stdrreparatur (eingeschlossen sind Ab-
fahr- bzw. Anfahrzeiten, Wartezeiten sowie Re-
paraturzei ten)

Tpvi bezogen auf die Stillstandszeit wegen planmédBig
vorbeugender Instandhaltung

TQ bezogen auf die Gesamtsumme der stdorungsfreien Be-
triebszeiten (alle Elemente intakt)

T4 bezogen auf die gesamte Kalenderzeit (Betrachtungs
zei tréaum)
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Durch die Erweiterung der Gleichung (7) unter Bericksichti-
gung der Nennkapazitdt CQ und der Einbeziehung der Teilkapazitdten

beim gleichzeitigen Ausfall von «k = 1,2,3....n Elementen
148t sich die Durchsatzverfigbarkeit V(D) wie folgt formulieren
T W + (T, T.C)
vV (D) 0 (-I- ck + n-n (8)

Daraus wird deutlich, daB der 1in Klammern gesetzte Ausdruck
die durch die Struktur der Schaltung hervorgerufene Verflgbarkeits
erhohung quantitativ erfaft und damit den realen Sachverhalt ge-
geniber der Zeitverfigbarkeit objektiver wiedergibt. Die bei der
Berechnung der Zuverldssigkeit und Verfigbarkeit von Systemen bis-
her verwendete Duallogik - es funktioniert oder es funktioniert
nicht - konnte fir Systeme mit kapazitdtsgeteilter Parallelschal-
tung und interner Kapazitdtsreserve keine bhefriedigenden Ergebnis-
se liefern.

Zur Veranschaulichung des Teillastzeitverhaltens einer kapa-
zitdtsgeteilten Parallelschaltung mit interner Kapazitdtsreserve
soll noch Bild 2 dienen.

In diesem Bild sind die Laufzeiten (dick ausgezogene Linien)
entsprechend dem Ausfall- und Instandsetzungsverhalten der Elemen-
te dargestellt.

Darin haben die Indices folgende Bedeutung:

erster Index Anzahl der zur gleichen Zeit ausgefalle-

nen Elemente,

zweiter |Index Kennzeichnung der Wiederholung der zur
gleichen Zeit ausgefallenen Anzahl von
Elementen,

so bedeuten z.B.:

Tis Laufzeitperiode, in der zum dritten Mal ein Element aus-

gefallen ist,

To** = Laufzeitperiode, in der zum vierten Mal kein Element aus-
gefallen ist. usw..
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Verfligbare Elemente

Bild 2 Symbolische Darstellung der Laufzeiten und Stillstands-
zeiten von n parallelgeschalteten Elementen

Eine qualitdts- und quanti td"tsgerechte Produktion ist nur
méglich in der Zeit

t
To Z s (9a)
S-1
In den Zeitintervallen, in denen ein oder mehrere Elemente
der Parallelschaltung gleichzeitig ausfallen, ist nur eine Teil-
produktion nach Gleichung (4) méglich. Die dazugehdrigen Zeiten

ergeben sich ebenfalls durch Summation analog zur Gleichung (9a)

1 E T (9b)

u=1

Fir die Durchsatzverfigbarkeit ergibt sich unter Einbeziehung



1975 Verfigbarkeit von Parallelschaltungen 571

V(D) (10)

Zum Erreichen der geplanten Durchsatzmenge CQ Desteht die
Moglichkeit in den Zeitabschnitten, in denen Ausfélle - eines
oder mehrerer Elemente gleichzeitig - auftreten, durch Nutzung
der vorgesehenen internen Kapazitdtsreserve die eintretenden Ver-
luste einzuschrénken bzw. auszugleichen.

Setzt man Gleichung (3) voraus, dann muf folgende Beziehung
gelten [4]

0 < (- &4 -———— (Vl)

Hierbei stellt « die Anzahl der gleichzeitig ausgefallenen Ele-
mente dar, deren Kapazitdt von der Uberdimensionierung der dbrigen
Elemente "mit (bernommen” werden muB.

Das in Gleichung (10) vertretene Verhdltnis Tk/Tg kann nach
Wahrscheinlichkeitsgesichtspunkten bestimmt werden.

Wahrscheinlichkeitstheoretisehe Aufteilung der Gesamtzeit Tg in
Teil ausfal 1zei ten

Das gleichzeitige Versagen eines oder mehrerer Elemente ist
ein zufédlliges Ereignis.
Unter Voraussetzung der Unabhédngigkeit der Einzel el emente

hinsichtlich ihres Ausfall- und Instandhaltungsverhaltens kann der
Multiplikationssatz fir Wahrscheinlichkeiten angewendet werden.

Fir die Wahrscheinlichkeit des gleichzeitigen
Ausfalls von n Elementen, d.h. sowohl das Ereignis Ei
(Ausfall eines zweiten Elementes) tritt ein usw., gilt sonmit

PGEGN B2 En) = @ - vmn = p() a2
bzw. fir das komplementdre Ereignis, daR nicht gleich-
zeitig n Elemente ausfallen

P (T;--- E7 m) =1- (@ -vijn =P (13)
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Entsprechend dieser Ausfallwahrscheiniichkeiten nach Glei-
chung (12) und (13) erfolgt die Aufteilung der Gesamtzeit Tg rekur-
Siv :

T, wTA < - V"
Tn-1 * TA -V - nm - @ - *)"]
Tk = TA G -y oo - (@ - Vo)n_17[1 - (1 - Vo)n]
(14)
Te - qpa -V -« @ - voyn_1J[l - G . | n:
Ti - Tp G - Vo)l cae 2 @ - Vo)n_11Cl - (i Vo
To = o -V )0 .o @ -von_11l - G . | nl
Hieraus folgt das gesuchte Verhdltni s
T M
= (1 -V )k TT Ci - (15)
i ( o) jk+1 @ \4 J]

An Hand einer tabellarischen Ubersicht kann der EinfluR der
diskreten Zufallsvariablen k aufgezeigt werden. In Tabelle 1 ist
die Wahrscheinlichkeitsverteilung der diskreten Zufallsgrofe K
(gleichzeitige Ausfdlle) dargestellt.

Tabelle 1 Wahrscheinlichkeitsverteilung
der ZufallsgrofBe «k hei n = 4
und VO =0,9

K PCk)

0 0,8900199
1 0,0988911
2 0,0099891
3 0,0009999
4 0,0001000

1,0000000
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Wie diese Verteilung zeigt, ist die Wahrscheinlichkeit des
gleichzeitigen Auftretens von zwei oder mehreren Ausfdllen sehr ge-
ring, so daB bei idberschldgigen Berechnungen dieser Anteil durch-
aus vernachlédssigbar ist. Unter dieser Voraussetzung kann fir die
Uberdimensionierung nach Gleichung (10) naherungsweise folgender
Zusammenhang gelten

0 <@ &--—- (16)

Schlieflich soll noch eine Kontrolle des Gleichungssystems

n
(14) mit T. = kr T. durchgefihrt werden.
=0 K

Die Summation der Teillastzeiten nach Gleichung (14) liefert

n n-1 i
r K n .. N1)
a ko= TAnG -V n s E a-vrton oti-Q- VU)J]tU (17)

k=0 L 0 J=K+1
Demnach muB der gesamte Klammerausdruck “eins" ergeben :
@ -V n+Vv{(l -Vv)k E [T - @Q@-Vv)Yp} =1 (18)
k=0 J=k+1
Der Beweis kann wie folgt gefihrt werden:

Mit x = (L - V ) wird die Induktionsvoraussetzung formuliert

n-1 . n .
xn + E % n a - xJ) = 1 (19)
k=0 Jj=k+1

Der SchluB von n auf n+l liefert die Induktionsbehauptung

n+1
Xn+1 + E XKk n @ - xJ) = 1 20
k=0 j=k+1

Durch Multiplikation mit 1 - x" 1 wird Gleichung (19) in

n+a1 -
xn a - xn+1) + B oxB Mt o - xH 1- X"t Q1ly
k=0 J=k+l
iberfihrt und durch Zusammenfassung ergibt sich
n . Nt ] w1
Z xk n (1 - xJ) =1 - xntl (22)
k=0 J=k+l

woraus nach Umstellung Gleichung (20) entsteht.
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Analytische Beziehung der DurchsatzverfLigbar kei t von kapazitdts-
geteilten Parallelschaltungen mit interner Kapazitétsreserve

Mit der Einfihrung der Gleichung (15) folgt schlieflich fur
die Durchsatzverfigbarkeit nach Gleichung (10)

v = @ +oH)@a-v )k__'l' L - Q@ - Vljal @3)

k=o[ n K o J=k+lI 0

Mit dem in Gleichu.ng (23) entwickelten Modell st eine Még-

lichkeit zur Berechnung der Durchsatzverfigbarkeit fir solche F&l-

le dargestellt, in denen die Verbesserung der Verfigbarkeit durch

Teilung der Kapazitdat und Einfihrung einer technisch realisierba-
ren Uberdimensionierung (Flexibilitidt) erreicht werden kann.

Setzt man voraus, daB die Uberdimensionierung nur im Falle
des Versagens eines oder mehrerer Elemente genutzt wird, dann Ilaft
sich Gleichung (23) wie folgt spezifizieren:

V() = Trn - @-v )>)J+ei-— (@+ok)X
i=1 0 k=H n K
x (1 -V)Yk n [1 - (1 -V O (24)
o J-k+1 0 J
Vo
Bild 3 EinfluB der Parameter (n, auf die Durchsatz- bzw.

Kapazitatsverfugbarkeit
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Im Bild 3 ist die numerische Auswertung der Gleichung (24)
fir einige spezielle Fdlle grafisch dargestellt.

Die Anwendung der Gleichung (24) erfolgt im Rahmen einer kai-
kul ativen zuverlédssigkeitsdokonomischen Bewertung und Optimierung
von chemisch-technologischen Schaltungen [5, s].

SYMBOLE

C Kapazitdt, zeithezogen

CQ Nennkapazitéat

E Ereignis (Ausfall eines Elements)

K Anzahl der gleichzeitig ausgefallenen Elemente

n Anzahl der Elemente der kapazitdtsgeteilten Parallelschaltung
P Wahrscheinlichkeit

pQ Intaktwahrscheinlichkeit des Einzelelements

T kumulativer Erwartungswert der Zeit

VQ Zeitverfigbarkeit des Einzelelements

V(D) Durchsatzverfiigharkeit

9P interne Kapazitatsreserve (Uberdimensionierung)

LITERATURANGABE

1. GNEDENKO, B.W., BELJAJEW, J.K. und SOLOWJEW, A.P., Mathematische
Methoden der Zuverldssigkeitstheorie 1/11 Akademie Verlag,
Berlin 1968

2. STROMER, H., Mathematische Theorie der Zuverldssigkeit.
R. Oldenburg-Verlag Minchen/Wien 1970.

3. REINSCHKE, K., Zuverléssigkeitstheorie von Systemen. VEB Verlag
Technik, Berlin 1973.



576 J. Vondran und J. Kardos Vol. 3.

4. KARDOS, J. wund VONDRAN, J., "Ausgewdhlte Probleme der Verfig-
barkeits-, Flexibi litdts- und Kostenbewertung von parallel-
geschalteten Betrachtungseinheiten mit Kapazitdtsteilung und
interen Stérreserven bei kontinuierlicher Betriebsweise",
veroffentlicht in: Zuverldssigkeit von Chemieanlagen, Samm-
lung der Vortré&ge der 2. Fachtagung "“Zuverl&ssigkeit von

Chemieanlagen” am 10.10.74, herausgegeben vom Ministerrat der
DDR, ASMW, Berlin 1975.

5. KARDOS, J. und VONDRAN, J., Chem. Technik 2j>, 268 (1973)
6. KARDOS, J. und VONDRAN, J., CHISA-Vortrag 1975 L 2.4

PE3UME

[JyanbHasi noruHa, npuMeHsiemMas O CUX MOp MNpuM  pacyeTe Hadex-
HOCTVM W MPUMEHSIEMOCTU CUCTEMb, - AelCTBYyeT WM He pelictByeT,” - B
cnyyae napanfiefibHoro CoeAuHeHUst C AefleHHOW eMHOCTbd M BHYTPEHHUM
3anacoM €eMHOCTW He [aeT Y/[OB/IeTBOPUTE/IbHbIX pe3ynbTaToB. C  yuyeTom
[ONMM Harpy3KM CUCTEMbl C BbIXOAHbHIM  BO34eNCTBMEM,  BO3HWHaIM  6Gonee
06BLEKTUBHbIE MeTOAb A/ onpefesieHns yCroBuii nNpuMeHsieMocTu. B aaHHOIA
CTaTbe COCTaBWAW YpaBHEHWE [/ BbIUUCAEHUS MPOMNYCKHO Cnoco6HocTuU
napanniefbHOro COEAWHEHUSI C [EfIeHHOl EeMKOCTbl, BHYTPEHHMM 3anacom
€MKOCTU U CTaTUCTUYECKOW HEe3aBUCUMOCTbIO-
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Investigations were carried out in the production
of furan from furfural over chromite catalysts. The
temperature, furfural/vater molar ratio, and space ve-
locity were the experimental parameters. From the in-
vestigated catalysts,the promoted version of the zinc-
—-iron-chromite catalyst appeared to be the most advan-
tageous and a furan yield of more than 90 % was ob-
tained with 1t. However, an endurance test showed that
the metal oxide catalysts lose their activities and
hence they are unsuitable for industrial use.

In recent, years the importance of furan and its derivatives
have considerably increased. They play an important role in the
manufacture of many intermediates (polyamides, synthetic rubbers,
drugs and many other organic compounds).

Reactions take place either in the side chains or in the
heterocyclic ring, and many heterocyclic compounds can be produced:
furan, tetrahydrofuran, methylfuran, furfural alcohol, thiophene,
and pyrrol, etc.

The production of furan from furfural could be of growing im-
portance, since large quantities of the raw material are available.
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In this paper, decarbonylation over metal-oxide catalysts in
the presence of steam is discussed. The results of experiments on
the reductive decarbonylation 1in the presence of hydrogen over
noble metal catalysts will be dealt with in following papers.

Furan Production Methods

In former papers [1, 2] processes - carried out under labo-
ratory circumstances that resulted in small amounts of furan -
were discussed. The decarbonylation of pyromucic acid [3], the re-
action of acetylene with steam [4] and the production of furan
from furfural over a nickel catalyst can be mentioned. WILSON [5]
succeeded in converting the furfural to furan in vapour phase over
a nickel catalyst in the presence of hydrogen (the conversion was
about 50-60 %), iIn addition to the formation of carbon monoxide.

A number of patents and papers [5, 6, 7, 8, 9, 10, 11] have
appeared since 1940 that give accounts of the decarbonylation of
furfural in the presence of steam over the oxides of iron, zinc,
manganese, chrome and their mixtures. The reaction was considered
to be an oxidative decarbonylation:

HC - CH HC - CH
[ [ I + oo
HC. C - CHO + HaO —* HC  CH

The optimum temperature of the reaction is between 300 and
500 °C depending upon the composition of the catalyst, while the
yields are considerably affected - in addition to the tempera-
ture - by the furfural/water molar ratio.

Among the works on the mechanism of the oxidative decarbony-
lation that of VANDOR is of importance [12]. According to it the
reaction is a second-order one and the reaction takes place in the
following three steps, like a Canizarro reaction:

HC - CH HC - CH HC - CH

I {

I
HC, , C - CHO + H20 Hch - COOH HcV C - CH20H

V
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HC_- CH HC_- CH

- 11
HCV C - COOH HCV CH + CO

HC - CH HC - CH

- I t H

I
HC  C - CH20H HC C - CHO

Soviet researchers dealt with the efficiency of chromite type
catalysts pelletized without any supporter [13, 14, 15]. They stu-
died the influence of the reactive agent (steam, hydrogen,and nit-
rogen), the temperature, the furfural/water molar ratio, and the
efficacy of the promotion of metal oxide catalysts. The effects of
chrome - manganese - zinc on alumina were studied by KARMILCHIK
[16, 17]- At 450°C he observed a furan yield of more than 90 %.
The furfural formed a complex with the catalyst, which yielded a
metal-carbonyl-complex and furan. The metal-carbonyl-complex re-
sults in formic acid, which decomposes to carbon dioxide and hyd-
rogen.

Hungarian researchers have also dealt with the vapour phase
decarbonylation of furfural [18, 19]. Tungsten pentoxide on alumi-
na, lead oxide, lead melt and mercuric oxide were used as cata-
lysts .

HC - CH . “
T 0 A0 & Hgo 300-400°C  Hn * H
HC\/ C - CA HC\/ c-cJ (D{-Hg

HC - CH t > 280°C

HE - 7% co;
Hé\/ & - o Hc\/:Ej

From the reported processes, only the oxidative decarbonylation
has so far gained industrial application.
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Experimental

The decarbonylation of furfural was investigated to find a
metal oxide catalyst that satisfies all the demands of industrial
utilization.

The Experimental Apparatus

The decarbonylation experiments were carried out in a small
(20 cc) tubular "integral' reactor. It had a cylindric form, on
its external brim there were two borings for the preheating of the
furfural and water. These were connected by a horizontal boring to
the reactor tube made of stainless steel, placed in the axis of
the cylinder, that had ah internal diameter of 10 mm. The reactor
was electrically heated, and the temperature was controlled by a
Pt-PtRh thermocouple. Furfural and water were fed into the reactor
by a micropump. The product was led to a water-cooled condenser,
where the excess of water and the unconverted furfural were con-
densed. The condensed products were separated in an funnel and the
phases were analyzed by a chromatograph. The uncondensed product
(furan) was absorbed in toluene.

A tube packed with active carbon was used to seize the furan
traces.

Samples taken from both the condensed and the gaseous pro-
ducts were analyzed. The condensed products were analyzed with a
Becker-Delft (Type 2040 C-2) chromatograph, equipped with a flame-
-ionization detector using a 4m column (1.D. 4 mm) of 10 % Apie-
son L on Chromosorb W. The rate of the carrier gas stream was 3
litres an hour, and the temperature was maintained at 100 °C.

Several chromite type catalysts were made and evaluated: zinc-
-chromite without promotion and promoted with K2C03,zinc-manganese-
-chromite and zinc-iron-chromite, where the zinc/manganese and
zinc/iron molar ratios were varied.

These metal oxides are difficult to granulate, therefore mag-
nesium stearate binder was applied for the granulation. Its effects
were also examined.
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The catalysts were made as follows: the measured substances
(ZnC1l2, FeSO<*«7 H:20, (NH4 )2Cr207; Zns0i ,-7 H20, MnSO,,-4 H-20,
(NHi*)2Cr-07) were dissolved in water. From the aqueous solution a
precipitate was formed by reacting with ammonium hydroxide. It was
washed and dried at 110 °C. The’dried precipitate was soaked in a
1 w.% potassium carbonate solution for the sake of promotion.
After that the suspension was dried and incandesced at 400 °C for
4 hours. The powder like product obtained was pressed into tablets
of 3 mm.

With X-ray diffraction it was found that there was only a
small amount of crystalline substance in the catalysts, the bulk
of the catalysts was amorphous. In the case of the two catalyst
types spinel structure was observed. In the spinel structure the
iron was in magnetite Feso<s form, while the manganese was in MMNsO0».

DISCUSSION

For the first experiments, catalysts were produced free of
iron and manganese respectively, both without promotion and promo-
ted with K2CO0s . In the following tables the average values of the
results of parallel experiments are given. The temperature was va-
ried between 330 and 400 °C, the furfural/water molar ratio was
1:10, while the space velocity was maintained at the same value
(1500 h~1). The furfural conversion and the furan yield are shown
in Table 1. Better results were obtained with the promoted cata-
lyst, although the furan yields did not attain 30 %. On the basis
of the results, it can be concluded that none of the different ca-
talysts is suitable for the oxidative decarbonylation of the fur-
fural.

Further experiments were carried out with zinc-chromite type
catalysts, where manganese oxide and iron oxide were incorporated
in the structure of the catalysts.

The zinc/iron and manganese/iron molar ratios were 90:10. It
was studied whether the addition of manganese oxide and iron oxide
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improves the efficiency of the zinc-chromite catalyst and the
furan yield.

Table 1. Decarbonylation of furfural over zinc-chromite catalysts

Type of the  Teppera Furfural o space o conver- ruren
catalyst [°C] molar ratio [h~1] w m

330 1:10 1580 23.0 1.8

Zinc-chromite 350 1:10 1600 23.9 2.8
without promotion 375 1:10 1500 51.7 12.6
Uoo 1:10 1510 60.0 17 .1

330 1:10 1570 ¥3 .6 8.9

Promoted 350 1:10 1500 19.8 17.2
zinc-chromite 375 1:10 1180 53.9 2k .9
[ ;200] 1:10 1600 63.0 25.3

Table 2 shows the results of the experiments carried out over
zinc-manganese-chromite and zinc-iron-chromite in the temperature
range of 300-400°C at three different (1:6, 1:10, 1:15) furfural/
/water molar ratios.

Further conclusions can also be drawn from the results:

- the temperature has the bigger role in the furfural conversion
to furan;

- 350°C, 1:10 Ffurfural water molar ratio and 1000-1200 h-i1 space
velocity were considered to be the optimum parameters.

The favourable effect of the promotion on the conversion and
yield data is verified unambiguosly.

The incorporation of manganese oxide and iron oxide in the
structure of the catalyst considerably improved the decarbonylating
property of the catalyst.
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The effect of catalysts granulated xvith magnesium stearate
was also examined. From the data shown in Table 3 it is clear that
although the magnesium stearate makes the granulation of the cata-
lyst easier, its effect is disadvantageous on the conversion and
yield data.The incorporation of the manganese oxide and iron oxide
in the structure of the catalyst helps to decrease the temperature
of the decarbonylation. By increasing the manganese content 2 or 3
times, the same conversion and yield data can be reached at lower
temperatures. In addition, it is the temperature that is the worst
point in the oxidative decarbonylation of furfural over chromite
type catalysts.

While in the case of manganese oxide the optimum temperature
is 300-350°C, 1n the case of iron oxide it is 375-400°C. In a com-
parison of manganese and iron oxides, the latter is more efficient,
although the required temperature is higher, it gives a furan
yield of 80-90 %.

An additional aim was to establish the activity and active
period of the zinc-iron-chromite catalyst, and its effeciency
after regeneration. A catalyst with a 90:10=zinc:iron molar ratio
was used for the endurance test. A solution of furfural and water,
with a molar ratio of 1:10 was fed in the reactor packed with the
catalyst. The space velocity was about 1500 h-1, the temperature
of the reactor was 375°C.

The quantity of the formed furan was continually measured.
The obtained data are shown in Figure 1. The activity of the cata-
lyst decreased after a few hours, thus after 4 hours the furan
yield was about 50 %; after 10 hours it was about 10 %.

The deposit on the catalyst was blazed off in an air stream.
The catalyst was activated in hydrogen stream, and the furfural
and water feed was started again. The catalyst almost entirely re-
covered its original activity, but after repeated regenerations it
was lost.

On the basis of the result of the endurance test it can be

concluded that the metal oxide catalysts that were investigated
are unsuitable for the industrial application of oxidative decar-



586  Gy* Gardos L. Péchy, A. Rédey and Mrs. E. Csaszar  Vol. 3.

Fig. X

The change of the activity of the zinc-iron-chromite
catalyst in the function of the time. 1 - the original
promoted catalyst; 2 - after the first regeneration;
3 - after the second regeneration; 4 - after the third
regeneration

bonylation, because of their short active period and the need for
frequent regenerations.
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PE3IOME

C uenbld nonyyeHus gypaHa u3 ¢ypdypona 6biavM NPOBEAEHbI  OMbIThI
Ha pa3paboTaHHOM HamyM KaTam3aTope XpoMMTOBOro Tuna. [lapameTpamu
OMbLITOB 6biM  TemnepaTypa, MOMISIPHOE OTHoweHue ¢ypdypona M BOAbl U
06beMHAsi CKOpPOCTb. VI3 MCMbITAHHLIX HaTaIM3aTOpPOB OKa3a/laCb CaMoli Bbl-
roAHol MpPOMOTMPOBAHHAA MOANGUKALUS UUHHO-XENe3HOro XpomuTta, C Mnpu-
MEHEHMEM KOTOpOI AOCTUranaco BbIXOA (ypaHa, npeBbluawowmii 90%. Ho uc-
MbITaHWS Ha YCTa/IOCTb MOKa3anM, UYTO HaTaM3aTopsl Tunma OHUCNA MeTasl-
Nna OLICTPO TepsieT CBOW aKTUBHOCTb W Takum 00pa3oM,  MpUMEHEHue ux B
NPOMbILEHHbLIX Lensax He peKoMeHAYyeTCs .
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A catalyst with different metal contents was
investigated in the heterogeneous decarbonylation of
furfural. It was found that for furan production, ca-
talysts containing palladium are most suitable. Endur-
ance test were carried out with catalysts containing
1.6 and 2.5 % metal palladium. Both catalysts are
suitable for industrial utilization,but more reliable
operation can be guaranteed with a catalyst contain-

ing 2.5 O/(‘J‘Pd-

In the previous paper [1] the furan production from furfural
in the presence of steam was dealt with. The re-
is also of industrial impor-
in the presence

over metal oxide
ductive decarbonylation of furfural
tance. It is carried out over noble metal catalysts

of hydrogen and the furan yields are good.
In this paper the reductive furfural decarbonylating experi-

ments and the selection of an appropriate catalyst are reviewed.
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The Catalytic Effect of Metals on the Decarbonylation of Furfural

Several attempts [2, 3, 4] were made regarding the decar-
bonylation of furfural over metal catalysts, but only small furan
yields were obtained. The yields were affected by the reduction of
the side chain and by the breaking of the furéan ring. The active
life of the applied catalysts was short.

Table 1. Catalytic effects of different metals and alloys

Furfural Furan Methylfuran
Catalyst conver sion yield yield
m m

Metal nickel cloth 66 53 8
Nickel on holystone T5 r2 16
Nickel chromite 30 33 10
Raney-alloy (Ni, AlD) e 33 8.5
Monel-metal (Ni, Cu) 69 65 2 .
Ferry-metal (Ni, Cu) 66 63 6
Copper-nickel alloy

(80:20) Uo 8 2
Cobalt on holystone 2 21 18
Iron on holystone 21 0 18

The effect of some metals and alloys on the decarbonylation
of furfural are summarized in Table 1 [4]- Methyl-furan formation
was observed especially in the case of catalysts containing nickel,
cobalt or iron. The metal copper is inactive, the copper-chromite
results in methyl-furan. Nickel applied as a metal cloth appeared
to be the most effective catalyst. The optimum temperature for the
metal catalysts is 250-350°C. The yields are affected by the pres-
sure and by the furfural/hydrogen molar ratio, in addition to the
temperature.
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Noble Metal Catalysts

ESCHXNAZI was the first to use metal palladium for the de-
carbonylation of furfural. The experiments were carried out in
liquid phase, the palladium was on a sodium carbonate supporter
treated with barium sulphate [5]-

American patents have reported results with metal palladium
on alumina since 1953 [6, 7, 8]. The optimum temperature range is
250-400°C. Yields are affected by the vratio of the liquid feed
rate and the amount of the catalyst (cc furfural/cc catalyst*hour)
in addition to the temperature. In the case of large liquid-loads
the unconverted furfural disactivates the catalyst. The hydrogen
considerably influences the yields despite the findings of KAR-
MIL"CHIK [9].

From the noble metals, palladium has the lowest density and
melting point, but has the highest magnetic susceptibility. Be-
cause of its Tfavourable physical properties and high selectivity
its application as a catalyst is increasingly important in several
reactions: in dehydrogenation, dehydro-halogenation, aromatization,
disproportionation, and decarbonylation, etc. It iIs resistant
against chemical reagents, it can be regenerated many times, and
the metal content can easily be obtained from the exhausted cata-
lyst .

A palladium-hydrogen system is formed in the presence of
hydrogen. In this the electric resistance iIncreases and the magne-
tic susceptibility decreases. According to many researchers the
hydrogen behaves as a composition metal in the lattice structure
of the palladium [10]. The palladium content of the applied cata-
lysts is lower than 10 w.%. Salts of alkali and earth-alkali me-
tals can be used as supporters, although the strong alkali metals
step into reaction with the furfural, and increase its tendency
for resin formation. Silica gel and alumina are preferred as sup-
porters which are washed with an alkaline solution before treat-
ment.

The decarbonylation in the presence of hydrogen was also in-
vestigated by WILSON [11] and LUKES [12]. According to WILSON the
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hydrogen molecule decomposes to active atoms on the surface of the
catalyst, which reacting with the furfural results in furyl radi-
cal. However, this uniting with another hydrogen atom gives furan.

CH - CH CH - CH

T [

CH ¢ - CHO + H-—<CH C . + CO +
\ o/

CH - CH CH - CH

1 | ] + H - - 1 |

CH ¢ . CH CH

4 o7 N 7/

According to LUKES, the aldehyde absorbs on the surface of
the catalyst at a higher temperature. At first furfuroyle radical
is formed from the furfural, that yields furyl radical by the
splitting off of carbon monoxide. The reaction of the furyl radi-

with hydrogen results in furan.

1. CH - CH - CH

CH
C\/C—CHO__,- & 3 _ o . +n

2. CH - CH CH - CH
- 4+ oo
CH C - CO . CH c .
\ 7/
3. ch m SH CH - CH
i H —- 1
CH c CH CH
\ / N /

Japanese researchers C13, 14, 15] also dealt with the decar-
bony lation of aldehydes. Their experiments were carried out in a
liquid phase, and olefin and saturated hydrocarbons were formed at
higher temperatures than 180°C over palladium catalyst.

R-CH2-CH2-CHO 2gg55—R—CH = CH2 + R-CH2-CH3 + CO + H2
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It was suggested that the aldehyde and metal palladium form
an acyl-palladium complex from which the alkyl-palladium complex
derives with carbon monoxide emerging. Metal palladium, hydrogen
and the corresponding ligandum derive from the palladium hydride.

R-CHa-CHO + Pd + n L —e R-CHa-CO-Pd

—*%Pd + Ln + H2

Experimental

The experiments were carried out in the experimental appara-
tus described 1iIn the previous paper [1]- Furfural and hydrogen
were separately fed into the reactor and arrived at the reactor
preheated and well mixed.

The analysis was carried out as described earlier [1]. During
the endurance test of the catalyst, the gases leaving the reactor
were led directly to the gas chromatograph and the composition of
the gas was determined injecting in iInstantaneous samples in every
hour.

Several noble metal catalysts on an alumina supporter were
studied to see which can justify an industrial application. Before
the experiments the catalysts were pretreated and were activated
at least for 24 hours in a hydrogen stream at 300°C.

Discussion
The decarbonylating experiments - taking into consideration
the specific properties of the catalysts - were carried out in

the 240-400°C temperature range. The furfural/hydrogen molar ratio
was about 1:1 and the liquid-load was about 0.5 cc furfural/cc ca-
talyst-hour. Small amounts of methyl-furan and tetrahydrofuran
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were fTormed beside the furan. The gas consisted of a small amount
of carbon dioxide and course hydrogen and carbon monoxide.

The evaluation of the experiments was carried out on the
basis of furfural conversion and furan yield. The experimental re-
sults are summarized in Table 2.

It was found that the Leuna catalysts containing nickel are
less suitable for the furan production from furfural. In the case
of a Leuna 6524 type catalyst the conversion was over 90 %, but
the reaction did not go into the direction of furan formation.
Other kinds of nickel catalysts are unsuitable for the decarbony-
lation of furfural, because of the low furan yield.

A conversion of about 18 % was obtained with a palladium ca-
talyst on a alumina supporter at 280°C and 320°C. A comparison
with metal nickel showed that the relative difference (side reac-
tions) Dbetween the conversion and yield values is smaller in the
case of a palladium catalyst containing 0.65 % Pd, than in the
case mentioned before. The 280-320°C temperature range was found
to be the optimum.

Other palladium catalysts of higher palladium content (1.6,
2.5 and 5.0 %) were also studied. The conversion was 45.6 and the
furan yield 44.6 % in the case of a palladium catalyst containing
1.6 % Pd, and a conversion of nearly 100 % and a furan yield of
99 % were observed in the case of palladium catalysts containing
2.5 % and 5 % Pd respectively.

Other types of metal catalysts were also investigated: cata-
lysts containing 5 % ruthenium or 5 % rhodium on active alumina.
These catalysts yield low conversion and yield data.

These iInvestigations showed that the palladium catalysts of
higher palladium content (1.6, 2.5 and 5.0 %) are suitable for
furan production from furfural.

Hence these catalysts were studied from the point of view of
industrial application.
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Catalysts contailning 1.6 % and 2.5 % Pd were chosen and en-
durance tests were carried out with them. The reactor worked in
continuous operation, samples were taken and analyzed hourly, and
material balances were also calculated. The experimental results
(furfural conversion, furan, methylfuran, and tetrahydrofuran
yields) are illustrated in Figures 1 and 2. When a large decrease
of the catalyst activity (conversion and yields respectively) was
noticed, the experiments were stopped and the catalysts were rege-
nerated in a nitrogen stream containing 5 vol.% oxygen.The deposit
that settled on the surface of the catalyst was burnt off, and the
catalyst was activated in a hydrogen stream for 24 hours. After
this the hydrogen and furfural feed was started and continued
until an iImportant decrease of the catalyst activity was observed
again.

The results of the endurance test are summarized in Table 3.

The loadability of the catalyst was calculated as g furfural/
/g Pd, the productivity as g furan/g Pd. It was found that both
catalysts are excellent in loadability and productivity under the
given conditions. The catalysts were used for more than 100 hours
without regeneration and for more than 200 hours with several re-
generations .

There are relatively major differences in loadibilities and
productivities for the two palladium catalysts. The palladium ca-
talyst containing 1.6 % Pd seemed to be of higher loadability and
productivity, especially in the first period. However, it needs
daily regenerations because of the rapid decrease of the conver-
sion and yield after the first regeneration.

In the case of the palladium catalyst containing 2.5 w.% Pd
the results seemed to be worse because of the palladium reference,
although i1ts use iIs more advantageous since it has a longer active
period after regeneration.

The decrease of activity is a consequence of the decrease in
the number of active sites.

The results obtained are better than those so far published.
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PE3IOVE

B uUensdx rereporeHHOro KartamMTuyeckoro aeHapooHwmpoBaHn(

pona OGbU/M U3y4eHbl pas/iMuHbie  KaTayM3aropbl, cojepxauve 6r1aro-
pooHbIA MeTavvl. bBbl/1o0 ycTaHoBMeHo, 4TO A1 NPOM3BOACTBa (ypaHa - rpt
YC/IOB/SIX OMbITOB — OKa3aCb CaMbiMM BbIFOAHbIMA KaTa/M3aTopsl,  COAep-
Xauve naaguii. Takke NPOBELEHbl UCTLITAHWA Ha YCTa/I0CTb C KaTau3a-
Topawm, cogepxaupmi 1,6 n 2,5% MeTasymyeceoro naviagua. B pe3yib-
Tare 3TUX UCMbITaHWA GbIO0 YCTaHOBMEHO, YTO oOba KaTa/m3aropa AB/s-
0TCA MPUMEHVMbIMA B MPOMBILWIEHHbIX LESX, HO C MPUMEHEHMEM KaTa/n3a-
Topa, cogepxaero 2,5% navagusi, MOXHO obecrneunTb 6onee  HaoekHbl!
pexvM padoThl.
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The polarization of various aluminium alloys
(containing zinc, magnesium, iron and copper) were
studied with reference +to their use as sacrificial
anodes in cathodic protection. An aluminium alloy
containing 5 per cent zinc and one containing 2.5 per
cent zinc and 3.5 per cent magnesium were found to be
suitable materials for the use as galvanic anodes
under appropriate conditions.

Cathodic protection - without an external power source - of
underground structures is generally performed by sacrificial
anodes made of magnesium or magnesium alloys. However, the current
efficiency of these anodes is about 50 per cent of the theoretical
one calculated according to Faraday®"s law, because of the high
rate of corrosion of magnesium and 1its alloys [1]. There 1is an
abundance of literature on the types of magnesium alloys that are
suitable for use as galvanic anodes and on their utilization (cf.
e.g.- [1, 2D.

The substitution of magnesium alloys by other metals and/or
alloys in cathodic protection has also been investigated. Litera-
ture data are at variance concerning the use of aluminium and
aluminium alloys as sacrificial anodes. In fact, it has been
pointed out that a passive film is formed on the surface of
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aluminium and aluminium alloys 1in the pH range from pH = 4 to 9
which hinders the anodic dissolution of the metal and thus the
current density generated by the anode is insufficient for effi-
cient cathodic protection [3]-

Some decades ago an aluminium alloy containing 5 per cent
zinc was proposed as a material for galvanic anodes, because it
was found to be the best choice among many aluminium alloys
investigated [4]- This alloy ensured efficient cathodic protec-
tion when immersed in a backfill of suitable composition, con-
taining salts such as calcium chloride, sodium chloride, calomel
or magnesium oxychloride cement [4]. Other authors did not find
convincing proof of the advantages of aluminium sacrificial anodes
in their experiments carried out in sea-water with various alu-
minium based alloys and zinc [5]-

Aluminium alloys containing mercury were recently found to
yield good results when used as sacrificial anodes in sea-water
[5]- The effect of some constituents (such as tin, cadmium, iIndium
and zinc) on the aluminium-mercury alloys was also investigated
and an aluminium alloy containing 0.1 per cent zinc, 0.2 per cent
lead and 0.05 per cent mercury was found to exhibit the most
uniform corrosion and the least tendency to pitting corrosion [6]-

Since literature data are scanty and rather contradictory
concerning the behaviour of aluminium alloys in the cathodic pro-
tection of underground structures, it was deemed worth while to
further iInvestigate the possibility of the use of aluminium alloys
as galvanic anodes.

Efficient sacrifical anodes can be made of aluminium alloy
having a corrosion potential which 1is sufficiently negative
compared to that of the iron alloy to be protected. Thus the anode
will generate an adequate amount of current for the underground
structure to reach its protective potential at a suitable value
of ground resistance.

Aluminium alloys are rather corrosion resistant on account
of an uniform thin, oxide layer formed on their surface and thus
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they are generally ill-suited for use as sacrificial anodes
Accordingly some alloys which are more easily corroded had to be
choosen for polarization studies iIn various media 1in order to
select for further investigation the alloy suitable for the use as
a galvanic anode in cathodic protection.

It is well known that the presence of some alloying metals
considerably hinders the corrosion resistance of aluminium alloys.
In addition to the quality of the alloying components, the metal-
lurgical structure of the alloys also affects the corrosion
resistance of the latter [73. Among the commonly used alloying
metals of aluminium copper promotes the corrosion of aluminium
alloys to the greatest extent. This effect 1is manifested even at
0.005 per cent concentration of copper. The rate of penetration in
pitting corrosion decreases when the copper content is below 0.5
per cent although the number of pits is increased [73. Similarly
to copper, but to a lesser extent, zinc also decreases the corro-
sion resistance of the alloy especially in acidic media. The
occurrence of pitting corrosion is increased by the iron content
of the alloy. The corrosion of aluminium alloys is also promoted
by the following rarely used alloying metals: boron, calcium,
molybdenum, mercury, nickel, phosphorous, sulphur and tungsten

It is interesting to note that graphite in contact with an
aluminium surface also accelerates the corrosion of the metal in
the presence of humidity.

EXPERIMENTAL PART

Taking into account the above data, preliminary experiments
were performed on the commercially available copper, zinc, iron
and magnesium containing alloys listed in Table 1. The anodic
polarization of these alloys was iInvestigated by a potentiostatic
method.

Previous experiments [83 proved that the pretreatment of the
alloy had an important influence on the corrosion of the metal.
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Thus the casting used for the preparation of the electrodes was
subjected to the following heat treatment [8]. First the casting
was heated at 350 °C for two hours in a nitrogen atmosphere, then
it was slowly cooled (for 4 to 5 hours) to room-temperature in a
nitrogen atmosphere. The electrodes were etched at 90°C in ethylene
glycol containing 1 per cent nitric acid.

Table 1. Composition of the aluminium alloys used in the present
invest igation

Mn Mg Cu Zn Fe Ti
Sign. Number Type
per cent
I. On AlMgCu 0.1+ 0.6 1.3 -
. ok2 AlMgZn 2.5 3.5 0.15
n. 91 3 AlMgZnCu 0.1+ 2.2 1.5 6.0
AV 91+l AlFe?2 - - 2.0 -
V. AlZn - - 5.0 - _

Before the experiments, the surface of the electrode (0.1 to
0.2 sqg.cm) was abraded with an F 20 emery paper wetted with ethyl-
ene glycol containing 1 per cent nitric acid. Then the electrode
was rinsed in distilled water to remove all traces of the abrasive
material.

The anodic polarization curves of the electrodes were record-
ed by a linearly programmed potentiostat, whose potential and
current outputs respectively were connected to an X-Y recorder
The potentials referred to a 1 N standard calomel electrode.

RESULTS

The results of the experiments in 0.01 M calcium chloride are
represented in Figure l.1t is apparent on Figure 1 that the alloys
containing copper and iron respectively (curves I, 111, 1V) are
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unsuitable for the use as sacrificial anodes because theilr respec-
tive corrosion potentials are not sufficiently negative compared
to that of iron alloys and thus these aluminium alloys cannot be
expected to polarise the latter to an extent required iIn cathodic
protection. However, the corrosion potentials of Al-Mg-Zn and
Al-Zn alloys are -1.0 V approximately (with reference to a 1 N
standard calomel electrode) and the anodic polarization curves of
these alloys (Figure 1 curves V and Il respectively) are nearly

Al-Mg-Cu
Al-Mg-Zn
Al-Mg-Zn-Cu
- Al-Fe

Al-Zn

O WN PR
1

Figure 1. Anodic polarization curves of various aluminium alloys

identical. Thus it was deemed worth while to study iIn detail the
polarization of these alloys in various media. These studies pro-
vided useful information regarding the soil parameters (resistance,
and pH, etc.) and the appropriate backfill composition by which
the use of Al-Zn or Al-Mg-Zn alloys as sacrificial anodes would be
advantageous. The solutions selected for the polarization studies
contained the cations (e.g. sodium, magnesium) and anions (e.g.
sulphate, chloride) which are most frequently present in soil and
soil water.

The effect of oxygen dissolved in soil water was also studied
and the interaction of various parameters was taken into consider-
ation.
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Chloride ions caused the largest corrosion effect among the
anions which could be anticipated. The results of the measurements
in chloride containing solutions were practically identical in the
case of both Al-Zn and Al-Mg-Zn alloys. The steepness of the anod-

ic polarization curves is increased with increasing chloride con-
centration.

Solutions deaerated
with nitrogen gas

1 - 0.000331+ molesZ MgCIl2
- 0.001 mole/£ NaCl

- 0.0033k mole/1 MgCl2
- 0.01 mole/Z NacCl

- 0.033Kk mole/£ MgCl2

- 0.1 mole!z NaCl

OUERWN

Figure 2. Anodic polarization curves of Al-Zn alloy in deaerated
solutions of various chloride concentrations

It is apparent in Figure 2 that the effect of the cation on
the polarizability of the alloys is negligible compared to that of
the anions in solutions deaerated with nitrogen gas. However, in
solutions containing oxygen, the cation also affects the electro-
chemical behaviour of the alloy. The polarization curves shown 1in
Figure 3 indicate that the corrosion potential of the alloy in
magnesium containing solutions is more positive in the presence of
oxygen than in the absence of the latter (cf. Figure 2). This phe-
nomenon was hot observed in solutions containing sodium chloride,
although the anodic polarization curves of the alloys were steeper
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in the presence of oxygen in both magnesium chloride or sodium
chloride containing solutions. This fact points to the conclusion
that the corrosion of the alloys is enhanced under the effect of
oxygen in these solutions.

Solutions satured with
oxygen

- 0.000334 mole/l MgCl 1.0
- 0.001 mole/£ KaCl )
- 0.00334 mole/z MgCIl2

0.01 mole/£ NaCl

- 0.0334 mole/l MgCI2

- 0.1 mole/£ NaCl

ouhwWNE
I

Figure 3. Anodic polarization curves of Al-Zn alloy in oxygen
containing solutions of various chloride concentrations

The Al-Zn and Al-Mg-Zn alloys under investigation exhibited
different polarization characteristics 1in sulphate containing so-
lutions than in chloride containing media. The polarizability is
increased by 1increasing the sulphate concentration and it is
larger in oxygen containing solutions than in deaerated ones at a
constant sulphate content (Figure 4). These results support the
view that an increase in sulphate concentration and the presence
of oxygen promotes the formation of a passive layer on the surface

of the alloys.

The pH dependence of the polarization of the Al-Zn and
Al-Mg-Zn alloys under investigation is practically identical. The
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Figure ~_ Anodic polarization curves of Al-Zn alloy in solutions
of various sulphate concentrations
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Figure 5. Anodic polarization curves of Al-Mg-Zn alloy in solutions
at various nH
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polarization curves of the latter in solutions having various pH

are shown in Figure 5 as an example. Since in addition to the hyd-
rogen ion activity of the buffer solutions, other components also

affect the polarization of the alloys, the measurements were per-
formed in hydrochloric acid — calcium chloride and calcium

hydroxide - calcium chloride mixtures respectively at various pH.

It is apparent in Figure 5 that the anodic polarization of the
alloy was slightly affected by the hydrogen ion activity in the
pH = 4 to 9 range. However, the corrosion potential of the alloy
was considerably shifted in the cathodic direction in strong acidic
(pH < 3 and strong alkaline (pH > 10) solutions. Above pH > 11

the corrosion potential of aluminium alloys approached that of the
magnesium alloys.

DISCUSSION

The polarization studies of Al-Zn and Al-Mg-Zn alloys led to
the conclusion that the latter is also suitable for use as a sac-
rifical anode in addition to the former alloy investigated previ-
ously [1, 4]. These alloys can ensure the negative potential shift
required for effective cathodic protection of underground structu-
res, provided that a suitable backfill containing chloride and
having an alkaline pH (pH = 10) is used.

Various heavy metal salts (e.g. calomel) were suggested in
literature [4, 6] as additives to the backfill material in order
to improve the performance of galvanic anodes made of Al-Zn alloy
Our experiments did not furnish evidence to confirm these state-
ments, since neither the zero-current potential nor the polariza-
tion of Al-Zn or Al-Mg-Zn alloys could be measured reproducibly in
lead hydroxide and calomel suspensions respectively, because the
heavy metal was spontaneously reduced on the electrode. These data
indicate that heavy metal salts do not improve, but instead tend
to make the performance of galvanic anodes unstable.

The polarization studied permitted some conclusions to be
drawn concerning the suitable conditions that are required to
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obtain effective cathodic protection when sacrificial anodes made
of Al-Zn and Al-Mg-Zn are used.

Figure 6. Cathodic and anodic polarization curves of C-20 type
iron and Al-Zn respectively in various solutions

The anodic polarization curve of the Al-Zn alloy and the
cathodic polarization curve of C-20 type iron in sulphate and chlo-
ride containing solutions respectively are shown in Figure 6 as an
example, assuming F = 1:1 and F = 1:10 as the ratio of the surface
areas of the anode and cathode respectively. As pointed out
earlier, aluminium alloys are to a large extent polarizable in
sulphate containing solutions. Consequently the potential of iron
in an iron-aluminium alloy galvanic cell is only slightly shifted
to cathodic potentials, even when the electrodes are short circui-
ted which is apparent on the Figure. Thus aluminium alloys cannot
provide effective cathodic protection in such media. However, Iin
chloride containing systems, especially with a large chloride con-
centration, the aluminium alloys investigated are much less pola-
rizable than in sulphate containing solutions, and the potential
of 1ron can attain the value required for effective cathodic pro-
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tection if the ratio of the surface of the aluminium alloy anode
to the cathode and the soil resistance have suitable values. This
fact is shown in Figure 7. The figure shows the cell current of a
galvanic cell consisting of iron and Al-Zn alloy as plotted vs.

the cell voltage for a F = 1:1 and F = 1:10 anode:cathode surface
area ratio respectively.

Figure 7- Cell current vs. <cell voltage curves of C-20 type 1iron
and Al-Zn cell at various ratios of the surface areas
of the anode and the cathode

The straight lines on the Figure represent the current vs.
cell voltage relation at the various inner resistance of the cell.
The inner resistance of the cell, i.e. the soil resistance should
be sufficiently small to permit a shift of the iron potential to a
more cathodic value by at least 200 mV. Hence, the cell voltage
must be approximately 200 mV less than the value observed at zero-
-current (400 mV approx.) in order to fulfil this requirement. It
is apparent on the figure that the soil resistance should be below
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10 KOhm at a suitable anode:cathode area ratio. At lower resist-
ances than this, the cell current is increased and the potential
of iron is increasingly shifted to negative potentials and effec-
tive cathodic protection can be attained, while at larger soil re-
sistance, the iron cannot be sufficiently polarized by the alumi-
nium alloy. It is noteworthy that the potential of iron is not
shifted to a cathodic direction to such an extent as to produce
hydrogen evolution, even in the case of zero soil resistance when
aluminium alloys are used as sacrificial anodes, while in the case
of anodes made of magnesium alloys such effects were also reported

It is worth while comparing some of the results of the stu-
dies of the use of Al-Zn and Mg-Al-Zn alloys as sacrificial anodes
[2]- The Mg-Al-Zn alloy can provide effective cathodic protection
at lower ratios of surface areas. The economical use of the anode
can be ensured by reducing the corrosion of the alloy by employing
a backfill of appropriate composition. However, the dissolution of
the anode is considerable iIn any case.

Sacrificial anodes made of aluminium alloys can provide ef-
ficient cathodic protection at a larger ratio of the anode:cathode
surface area only and the backfill must contain components which
hinder the oxide formation on the surface of the alloy. The use of
aluminium alloys can be economic even in such circumstances, if
the difference 1in the price of the two alloys xs taken into con-
sideration. These considerations justify the necessity of further
investigations into the possibility of using aluminium alloys as
galvanic anodes. These investigations will be especially directed
to the selection of suitable backfill materials and the control of
the results in the field.
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PE3KVE

ABTOpamu 6blIM  U3Yy4YEHbl NOASAPU3aLNOHHbIE CBOWCTBA  pPa3/IM4HbIX
aJlMUHMEBLIX CMIaBOB, COAepxXalwux UMHK, MarHuii, xenes3o un mMeab C TOou-
KU 3peHnsa ux nNpuUMEeHSeMoCTU B HayecTBe aBTOHOMHOro rajibBaHU4YeCKoO-
ro aHoga. bBb/1I0 yCcTaHOBNEHO, 4YTO C MPUMEHEHUEM aJIlOMUHUEBLIX CM1aBoB,
cogepxawmx 5% uuHka, a Takke 2,5% uumHka v 3,5% marHuda, npu onpepge-
NIEHHbIX YC/IOBUSIX MOXHO O6ecneuynTb 3aWuTHLI noTeHunasn, YyAOBAeTBOpSi-
ownin TpeboBaHWAM KaTOAHOW 3awWuTbl OT HOPPO3UM.
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One possible means to bring about contact betveen
granules and a gas 1in counter-current 1is the flotation
technique. A number of operations (e.g. drying, and
grading) can satisfactorily be carried out in this
manner. After a brief summary of the literature on the
question, an .experimental technique and apparatus
- developed in the last few years in order to study
the flow dynamic characteristics of the technique -
are described. Changes in the most important flow
dynamic characteristics (grain volume fraction, resi-
dence time, and the fraction ratio of granules Tfalling
downwards) are presented in Figures, plotted against
various parameters applied in the technique (gas flow
rate, mass TfTlow rate of solid materials, and grain
size, etc.). The experimental results are evaluated
and Tformulae - enabling the calculation of the aver-
age residence time, the fraction ratio of granules
falling downwards and the grain volume fraction - are
presented.

The technique according to which a granular solid is added
into a fluid streaming upwards (hereinafter, a gas) whereby the

escape the system, is termed a flotation technique.
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Phenomena occurring in systems consisting of granules and
gas were studied by ZENZ [1], who summarized the various forms c
streaming in a consistent state diagram. The latter enables one t
follow the limiting cases of fluidized state from a stationary be
through fluidization and flotation to pneumatic material transpor
in the function of the flow rate, as related to the whole cros

section. IT the flow rate of the gas is gradually increased,

moving (Ffluidized) layer is formed. Over a given gas flow rate,
"slugging” form of motion is characteristic, and the system is un
stable. At art adequately high gas flow rate, the system become
stabilized again, and at the same time the concentration of th
solid material shows an abrupt change. This is the region of th
dilute phase. Upon a further increase in the gas flow rate, th
concentration of the solid in the layer is rapidly decreased. Th
void fraction value approaches unity. The granules present in th
id 1

equal to the "falling"” rate of the granules. Upon a further in

system are in a floating state, if the flow rate of the flu

crease in the gas flow rate, the granule travels in an upward di
rection, 1i.e. pneumatic material transport is brought about [2].

In the practical realization of the flotation technique, par
of the solid granular material added to the upwards-flowing gas i
generally carried away by the latter. In spite of this fact, thi
counter-current contact between the gas and the granules fallin<
downwards upon the action of gravitation is characteristic of thi:
technique. In the case of materials of approximately homodispersi
particle size distribution it is possible to find a gas flow rati
at which all of the solid material added is in the zone of countei
-current contact. It follows from the aforesaid that flotation cai
be realized only iIn a given gas flow rate range. If the flow rat«
is higher than the Tfalling rate of the granules, the latter wil]
be carried away by the gas, that is to say, pheumatic transporta-
tion will be brought about. Accordingly, the most important cha-
racteristic of the Tflotation technique is the falling (flotation]
rate of the granules.

As far as the point of view of the flotation technique is
concerned, the concept of the falling rate does not mean the
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avelling velocity of the solid granules, but that particular li-
iar gas flow rate at which the pulse flux transferred by the gas
I the granule exactly counteracts the gravitational force acting
ion the same; theoretically, in this case the granule 1is in a
ationary state, it is floating. The equilibrium of forces is es-
intially identical to the equilibrium state of a granule sedi-
inting in a stationary medium when, after the establishment of
t equilibrium of the gravitational forces and those of the re-
stance of the medium, the granule moves at the sedimentation li-
ting rate. In this case, the falling rate actually means the
[uilibrium propagation rate of the granule. However, with regard
I pulse transfer, it is essentially irrelevant, whether the force
rresistance of the medium, acting upon a granule falling 1in a
tationary medium is considered, or the dynamic lifting force of
® flowing gas acting upon the granule 1in a gravitational (or
ther) force field.

It follows from the aforesaid that the techniques applicable
> the calculation of the flotation rate are essentially identi-
il t6 the determination techniques of the sedimentation limiting
ite: In both cases, the essence of the problem is the formulation
: the pulse transfer coefficient pertaining to the body surrounded
e the streaming medium. The pulse flux (force of resistance of
® medium, dynamic lifting force) acting upon the body surrounded
> the streaming medium can be described in terms of the following
ill-known Equation:

d2r _yuez / .

lequilibrium state 1is established, if the pulse flux (force of
msistance of the medium) is equal to the gravitational force act-
ig upon the granule:
d3r
P = 6 ~Ysz © ) 2>

le following Equation can be deduced for the calculation of the
illing rate (ua) from the equilibrium of forces:
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- y)g*d
0 ®
ycC

The dimensionless quantity c¢ in the Equation is the pulse trans-
fer (resistance of the medium) coefficient, depending on the para-
meters of streaming and the shape characteristics of the granule.
In different Re-number ranges, the coefficient of the resistance
of the medium can be described by different formulae, whereby dif-
ferent Equations are obtained for the calculation of ug [1, 3, 4,
51.

Experiments were carried out to determine the falling rate
by measurement. In this studies carried out iIn connection with the
flotation technique, HITES [6] applied water as the fluid. In his
experiments, the flow rate of water was chosen in the case of the
individual fractions in such a manner that the carryaway should
not be larger than 20 per cent of the granules added even at the
highest fluid flow rate. Consequently, the fluid flow rate applied
in the case of the individual granule fractions practically inclu-
ded the flotation rate interval characteristic of the fraction.
Accordingly, the arithmetic mean of the flow rate interval applied
was accepted as the flotation rate.

ORMOS [7] determined the falling rate as the upper limiting
rate of fluidization. The experiments were carried out in the fol-
lowing manner: the dependence of the grain volume fraction on the
flow rate of the fluid was determined and the fluid flow rate was
graphically extrapolated to a void fraction value E" = 1 in a
lg-1g co-ordinate system.

Recently OSTROVSKIJ and I1SAKOV [8] published date for the
determination of the falling rate. In many cases, nomographs [9]
are applied for the determination of the falling rate.

Over the past few years, an experimental setup was designed
and constructed by the authors, and experimental and calculation
methods were elaborated in order to determine the dependence of
the flow dynamic characteristics on various parameters.
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The experimental setup (cf. Figure
1) is a glass apparatus of 2m length
and 38, 52 or 92 mm in internal diameter
The length of the measuring section, en-
closed by two butterfly valves (2), is
1 m. Air enters the apparatus via the
rotameter (@) and leaves through the
cyclone (3). The granular material is
introduced by a worm-type feeder (6).
The feeding rate of the granular materi-
al was adjusted to the desired value by
controlling the speed of the driving mo-
tor. The pressure drop of the streaming
air across the experimental section was
determined by oblique-tube type pressure
gauges (B8) connected above and under the
butterfly valves.

The mass flux of the solid material
leaving the apparatus and the amount of
solid material present iIn a chosen 1-m
section of the apparatus were determined
during the experiments.

The experiments were carried out with two model substances:

sand and an ion-exchange resin. The following grain fractions were

used iIn the experiments made with quartz sand:

0.1 to 0.2 mm;

0.2 to
0.315 to
0.4 to

The following
substance were applied

0.4 to
0.315 to
0.2 to

0.315 mm;
0.4 mm;
0.5 mm.

3 fractions of the ion-exchange resin model
in the experiments:

0.5 mm;
0.4 mm;
0.315 mm.
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In the flow dynamic studies of the flotation technique, the
following independent and dependent variables were studied:

Independent variables:

u Fflow rate of air, m/s
w Tfeeding rate of solid material, kg/m2s
p density of solid granules, kg/m3

Dependent variables:

e granule volume fraction, %
L fraction of granules falling downwards, %
T residence time, s

In the determination of the
granule volume fraction, first the
air flow and thereupon the feeding
rate of the granules was adjusted.
As soon as the pressure drop of
the gas became stationary, the
measuring section of 1m length
was closed by the two butterfly
valves, and simultaneously the air
flow and granule feeding were
stopped. Knowing the mass of the
solid material present in the
measuring section, the granule vo-

Fig.2. 1 - d = 0.U-0.5 mm
lume fraction was calculated by 2 - d = 0.315-0 .kt mm
= = - 3 - d = 0.2-0.315 mnm
the following Equation:Q U - d - 0.1-0.2 mm
D = 52 mm
e 100 @ W = 1 kg/m2s

FeY*p

The curve of the granule volume fraction determined in the above
manner, when plotted against flow rate, passes a maximum (Figure 2).

The average residence time was determined on the basis of the
amount of solid material present in the system and the feeding
rate. Of course, when determining the residence times, it had to
be taken 1into consideration that only a certain fraction (L %) of
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the solid material fed in gets into the zone of counter-current
contact, and accordingly we can write:

W L*Y
It was concluded that the mean residence time increases with
increasing gas flow rate 1iIn the range studied (Figure 3), it is

dependent on the feeding rate of the granules only to a moderate
degree and it decreases with increasing granule size.

52 mm W = 1 kg/m2s Fig .1*. D = 52 mm; W = 1 kg/]
d = 0.1=0.5 mm 1 - d = 0.10.5 nm
d = 0.315-0.1» mm 2 - d = 0.315-0.1 mn
d = 0.2-0.315 mm 3 -d = 0.2-0.315 mm
d = 0.1-0.2 mm It - d = 0.1-0.2 mm

Part of the granules introduced into the system (L %) falls
downwards where it comes into counter-current contact with the gas
(in the present case, air) streaming upwards, whereas another part
is carried away pneumatically. In addition to the physical charac-
teristics of the heap of grains the ratio of grains falling down-
wards naturally depends on the flow rate of the gas streaming up-
wards. Changes in L plotted against the flow rate for a solid ma-
terial feeding rate of w = 1 kg/m2s are presented in Figure 4 (the
model substance iIn these experiments was quartz sand). It clearly
appears from the Figure that at a certain gas flow rate, 50 per
cent of the solid material fed in falls down and 50 per cent of it
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comes into the domain of pneumatic conveyance. This gas flow rate
value 1iIs characteristic of the given granule fraction and conse-
quently the mean flotation rate of the fraction can be characteri-
zed by the linear gas flow rate pertaining to the value L = 50 %.

In the evaluation of the experimental results it was conclu-
ded that the frain volume fraction, when plotted against the gas
flow rate, passes a maximum in all cases (cf. Figure 2), that is
to say, there exists a certain gas flow rate at which the amount
of the granules travelling downwards in ,the system is the highest.
The maximum of this function may be interpreted as the flotation
rate. In the case of narrow fractions, there is a negligible dif-
ference between the flotation rates as determined on the basis of
conditions L = 50 % and e: = max!, respectively. A few examples
are presented in Table 1.

Table 1. Flotation rate

on the basis of L = 50 % on the basis of emax Difference, %
2.85 2.75 -3.50
2.25 2.20 -2.23
1.70 1.60 -5.90
1.28 1.25 -2.35

The starting point of the explanation for the deviation is
the grain size distribution within the fraction. ®Jo matter how
narrow a grain fraction may be, there is a characteristic grain
size distribution and generally a relative abundance of smaller
granules is characteristic. Accordingly, the distribution function
is asymmetric, the modus being smaller than the median. Flotation
rates determined on the basis of L = 50 % is characteristic of the
grain size of the median, whereas that derived from the condition
e: max! of that of the maximum. OFf course, the déviation is negli-
gible only in the case of narrow fractions; 1In cases where the iIn-
terval of the particle size distribution is large, the deviation
may be considerable. In such cases the question as to which is the
falling rate characteristic of the average may arise. This problem
can be solved knowing the definition of the flotation process ac-
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cording to which the latter is characterized by counter-current
contact between the falling granules and the gas. The quantity of
material present in the zone of counter-current contact Is maximum
and consequently the falling rate value determined on the basis of
the condition e: = max! (i.e. of the modus) is more characteristic
of the heterodisperse system. Accordingly, the flotation rate thus
defined is characteristic of the technique and the flotation rate
determined according to the aforesaid can be applied as the reduc-
ing factor of the linear gas flow rate.

Experimentally determined
values of the flotation rate
were compared to those calcula-
ted on the basis of correlations
found in literature. In the cal-
culation formulae, the arithme-
tic mean of the fraction size
limits was applied as granule
size. The values obtained for

d mm flow rate, as plotted against
grain size, are presented in

Figure 5. 1 - e ;2 - L; _ _
3 - oRMOS [5] mm-xszoLcsaAnyir (s Figure 5. It is apparent that

s - acten U5 6 - Frosstine 11 the calculation formulae per-

taining to the individual granules can be applied to calculate the
flotation rate only with reservations.

In the course of the evaluation of the experimental results,
empirical correlations for calculation of the fraction of the gra-
nules falling downwards, the average residence time and the grain
volume fraction were sought. In order to calculate the fraction of
the granules falling downwards, the flotation rate value, as de-
termined on the basis of considerations described in the foregoing,
was applied as the reducing factor of the Ilinear gas flow rate.
When plotting the experimentally determined value of the fraction
of the granules falling downwards against the reduced gas flow
rate, the values obtained fall, independently of the mean dimensi-
ons of the heap of grains and of ese shape of the granules, with a
good approximation into a characteristic band {cf. Figure 6). By
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approximately defining this band,

the following Equation was obtained

fraction of the granules fal-
ling downwards:

L = 100 - 50 (-jj-)4 ®)
e

In calculating the aver-
age residence time, a procedu-
re similar to the determina-
tion of L % was adopted: the
average residence time was
plotted against the gas flow
rate reduced by the falling
rate, as determined on the ba-
sis of the condition e: = maxi
and dimensions of the granules
apparatus, it was found that
the average residence time
values fall within a narrow
band (cf. Figure 7). The rela-
tionship :

T=10 (-~-)3 ()
e

was found, on the basis of
correlation calculus, to pre-
sent an average approximation
of the above mentioned band.

Due to the large diffe-
rence between the measured
residence time values, on the
one hand, and those calcula-
ted by Equation (7), on the
other, the dependence of the
average residence time on two
parameters was taken into

for the

calculation of the

Independently of the average size

fed in

14 -

12 .

10 -

Figure 7

0.4

and of the diameter of the
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consideration with a correction term. It was found that the depen-
dence on granule size, as an additive term, can be accounted for
by the formula :

Ki =45 - 12.5d ®
whereas changes in feeding rate by multiplication factor:
K2 =12 - 0.2 w (©))

and, accordingly. Equation (7) can be written as:

TSZ = [10('—u )3+ (4.5 - 12,5 d)](1.2 - 0.2 w) (10)
e
From among the flow dynamic characteristics, the knowledge
of the ratio of the two phases is of high importance; the latter
can be described by the grain volume fraction. In order to calcu-
late the latter, the starting point was:

G £ (a1
YeWi-F wL
where :
w1 w 2% (12)
100

Considering this, on the basis of the grain volume fraction and
the volume of the floating layer, the mass (G) of the floating
layer is expressed by

G =Fer* =S - p a3
100

Considering Equations (12) and (13), Equation (11) can also be
written in the following form:

Sz
F=Y= 100 €sz P (14)
Fey Wk
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Expressing the grain volume fraction from Equation (14) we obtain:

s

and by substituting the empirical Equations determined for the cal-
culation of the average residence time and the fraction of the
granules falling downwards, the following Equation is obtained:

e = [100 - 50 ¢, (“iHOt—, )3 + (4.5 - 12.5 d)]-(1-2 - 0.2 W)
e e as

For the case of sand as a
model substance (at an appara-
tus diameter of D =52 mm),
the differences of the measured
and calculated grain colume
fraction values, plotted
against the measured grain vo-
lume fraction, is presented in
Figure 8. The agreement is sa-
tisfactory, the relative devi-
ation is lower than + 30 %.

On the basis of the expe-
rimental results, one of the
technique can be grading of granules according to dimensions or
weight, as well as the realization of operations carried out with

Figure 8. D = 52 mm

solid-gas counter-current containing, e.g. drying.

SYMBOLS USED

granule diameter, mm
diameter of apparatus, mm

Cross section of apparatus, m2

@ T O Qo

mass of floating granules, kg
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L fraction of granules falling downwards, %

u linear gas flow rate, m/s

ug floating rate of the granules, m/s

w feeding rate of the solid, kg/m2s

Y length of the measuring section of the apparatus, m
e grain volume fraction, %

T average residence time, s/m

p density of the granules, kg/m3

y specific gravity of the fluid, kp/m3

Ysz specific gravity of the granules, kp/m2
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PE3IOME

OOHUM ”3 MEeToAOB MPOTUBOTOYHOIO  COMPUKOCHOBEHUSI  TFpaHy/bl U
rasa siBfsieTca crnoco6 B3BeWWBaHWS, C MPUMEHEHUEM KOTOpOro MOXHO
BLIFOAHO coBepwaTb psig  NpoueccoB  (Hanp. cyuwHa, coOpTUMpoBKaA).Mocne
KOPOTKOro o630pa Kacawleiics nuTepaTypsl aBTopamyM u3naraeTcs MeTof W
annapaT OMbITOB, BbIPAGOTaHHLIA MMWU B MocnegHue rogsl Ans N3y4yeHus
aspofMHaMUUYECKNX YC/OoBUA crnocoba B3BeWMBaHMSA,. Ha pUCYHKax Mokas3aHo
N3MEeHeHNe BaXHeWWMx aspoavMHaMnyeckux napaveTpoB (o6bemHass  [onsi
rpaHysbl, Bpemsl NpebbiBaHUs, [ONs Nafanwyx BHU3 rpaHyn) B 3aBUCUMOC-
T OT pasHbiXx napameTpoB croco6a (CKOpOCTb Fas3a, MaccCoBbli  MOTOK
TBEpAoOro BellecTBa, pasMep rpaHysbl U.T.A.). OnbiTHble pe3ynbTaThl aHa-
NM3NpYyKTCa 1 NpeanaranTcs YpaBHEHVS1 s BbUWCNEHUS CpefHero 3Haude-

HUS BpeMeHW Mpe6biBaHWs, [OOM Najalnlmx BHU3 rpaHyn UM o6beMHol  [onu
rpaHyn.
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The study of the granulation in mechanically
agitated Ffluidized bed is justified hy two practical
requirements: the extension of the field of applica-
tion of the process on one hand, and the need for the
control of the physical properties of the produced
granulates within wider ranges, on the other. The nu-
merical agitation of the fluidized bed prevents the
development of anomalies in the fluidized bed, thus it
renders the granulation of raw materials of bad flui-
dization characteristics possible, and the granulation
can be carried out with increased bed moisture content
Due to the mechanical energy input, the conditions of
the particle formation change, so the physical charac-
teristics of the granulates can be efficiently influ-
enced, varying the parameters of the auxiliary proces-
ses.

In the previous papers [1, 2, 3, 4] the main relationship
found during the study of the fluidized bed granulation process in

batch form were presented. In this paper experiences connected to
the application of mechanical agitation - a very useful auxiliary
process to the fluidized bed granulation - are summarized.

The application of auxiliary processes in the development of
intensive processes 1is of ever 1increasing importance [5].- The



632 Z. 0Ormés, B. Csukads and K. Pataki Vol. 3.

auxiliary processes used most often in solid-gas operations (e.g.
fluidization) are mechanical agitation, vibration and special ways
to introduce the gas phase (e.g. tangentially or through a nozzle).

Research on the auxiliary processes for fluidization began
throughout the world with works aimed eliminating the anomalies of
the Ffluidization process [6]- Two of these anomalies, the varia-
tion of the void fraction along the height of the bed and the for-
mation of bubbles, are unavoidable with gas fluidization, and
these two anomalies cannot be omitted even by auxiliary processes.
However, three further anomalies (formation of stagnant layers,
chennelling and formation of gas plugs) can be eliminated by
suitable auxiliary processes.

Formation of a stagnant layer takes place in fluidized beds
of heterodisperse granulates or in beds that are too high relative
to their diameters. Because of this anomaly, a stagnant layer de-
velops above the underplate, consisting of the granulates of lar-
ger size and higher densities.

Channelling is characteristic of the fluidization of sticky
materials (e.g.- materials of small particle size or wet materials).
When channelling occurs, the gas flows through vertical channels
of high void fraction, while the major part of the bed remains
stagnant.

Formation of gas plugs takes place in the fluidized beds of
sticky materials at an increased bed height to bed diameter ratios.
In such cases a part of the solid material in the bed is lifted up
like a plug by the gasflow.

In fluidized bed granulation the preconditions for all of
these anomalies are often present. In many cases, the raw material
to be granulated 1is a heterogeneous, heterodisperse mixture, the
particle size is small, and the particles are of irregular shape
and their surface is uneven. Adhesion is also fostered because a
certain moisture content is maintained within the bed. The larger
particles formed during the agglomeration phase often establish a
stagnant layer at the bottom of the bed. Thus fluidization anoma-
lies can prevent the realization of the process or deteriorate the
qualities of the granulates produced.
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THE CHARACTERISTICS OF MECHANICALLY AGITATED FLUIDIZED BEDS

It was generally found [7, 8] that mechanical agitation de-
creases the minimum fluidization velocity and the pressure drop on
the bed, and it makes the expansion of the fluidized bed more even
In mechanically agitated beds the probability of the development
of fluidization anomalies diminishes, so the process can be used
for materials that otherwise cannot be fluidized. Because of the
change in the flow conditions, the mixing is better and there is
an increase in the rates of the mass and heat transfer [9]. Agita-
tion is most efficient at the bottom of the bed and the optimum
speed of rotation is relatively low.

By increasing the speed of rotation up to a given limit the
minimum Fluidization velocity and the pressure drop decrease, and
the uniformity of the fluidization improves. A further increase in
the speed of rotation impairs the fluidization properties and ed-
dies are formed in the bed. Optimum speed of rotation values found
by various authors are summarized iIn Table 1 and the diameters of
the apparatus used are also shown.

Table 1

!iﬁg?;gl Dlggggigtgg the R'p'T" Reference
m) (@/min)

Fine powders

(Zn0, PbO, BasOn) 0.03-0.3 20-60 [77

Glass beads 0.225 loo [83

Silica gel 0.1 60 [10]

Catalyst 0.05 57 [113

Fluor 0.15 25 [123

It was universally found that agitation is most efficient if
the stirrer is mounted just above the underplate. This suggests
that agitation is needed, not so much to keep the fluidized bed in
motion, but rather to ensure the uniformity of the gas distribu-

tion.
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There are numerous references on the types of stirrers, some
of them are contradictory. It was found [8] that rod stirrers have
some advantages over blade stirrers, since In the case of a rod
stirrer particles more easily get behind the stirrer. According to
other authors [11] blade stirrers are also suitable, provided the
wings of the stirrer are bent forward into the direction of the
rotation, thus avoiding the compacting effect of the centrifugal
force along the periphery. Several authors describe cage stirrers,
underlining the advantages of the agitation along the full height
of the fluidized bed [9]-

After the development of the fluidized state, the power re-
quirement of the mechanical agitation of the loosened bed is inde-
pendent of the gas velocity. The power demand is given by the fol-
lowing expression [7]:

Euk = c1 Rek_C2 (€))

and since c2 ™ 1, in the case of a given material system:

N = c3 n2 D3 )

To describe the relationship between the linear gas velocity
and the average void fraction of mechanically agitated fluidized
beds, the following expression was suggested [10]:

u" = c4 eCs ()

where cr* and Cs depend on the parameters of the agitation.

Fluidization in mechanically agitated fluidized beds was used
to realize several processes (e.g- mixing [7], drying [14], hete-
rogeneous chemical reaction [13], heterogeneous catalytic chemical
reaction [11]). However, no reference was found to granulation
processes carried out in mechanically agitated fluidized beds.
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EXPERIMENTAL APPARATUS AND METHOD [16]

The

the apparatus shown

Figure 1

the operation of the
The 1l1-stirrer above the underplate is driven by the 12-

tameter.

Studies on Granulation

laboratory granulation experiments

in Figure 1.

-variable speed electromotor.

Three different types of stirrers

experiments (Figure 2):

A: blade stirrer bent
a centripetal

two-fluid atomizer

in Fluidized Bed VI. 635

were carried out in

In the 1-fluidization apparatus

(diameter: 0.1 m, height:
0.4 m) the 3-fluidized bed
is above the 2-underplate.
Air is introduced into the
space below the air-dis-
tributing
the 4-flowmeter and 5-elec-

underplate via

tric preheater. The air
having passed through the
through the
located

bed, leaves
6- sieve cylinder
at the top of the appara-
tus. The
the air is measured at the
outlet by the
7- thermometers.

temperature of

inlet and

The granulating liquid
containing the binder is
fed into the 9-atomizer by
the 8-pump. The amount of
atomizing air needed for

is measured by the 10-ro-

were used throughout the

in the direction of the rotation (this gives
impulse to the particles offsetting the compact-

ing effect of the centrifugal force along the periphery);

B: rod stirrer;
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anchor stirrer with vertical rods efficient in the full height
of the dense layer.

a 2:1 mixture of lactose and
starch (this is a model sub-
stance of bad fluidization
properties, it is marked
further on as M1); oD

- and a quartz sand fraction
of 0.1-0.2 mm (that is a mo-
del substance with good flu-
idization characteristics,
it will be marked further on
as M2).

The granulating liquid was
an aqueous gelatine solution
(concentration: 60 g/1).

Having preheated the raw
material to be granulated, the
solution containing the binder
was fed 1In at a given rate.
During the atomization, the mi-
nimum height of the fluidized
bed was measured at certain in-
tervals, and the velocity of the
fluidizing air was adjusted so
that the bed extension (that is
the ratio of the bed height to
the minimum bed height) should always be 1.6. Having Ffinished the
introduction of the liquid, the granulates produced were dried,
maintaining the fluidized state for a while. Finally, the particle
size distribution, porosity, bulk density, rollingness and the
wear-strength of the granulates were determined. The physical pro-
perties of the granulates were determined according to the methods
described in the previous papers [1, 15].

Fig.2. L 2, 0D = 100, O d =

Throughout the experiments presented here, the inlet air tem-
perature was 70 °C, the minimum bed height of the raw material was
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0.007 m, the distance between the underplate and the atomizer was
0.19 m. The volumetric flow rate of the atomizing air was adjusted
to an optimum value corresponding to the liquid feed rate.

EXPERIMENTAL RESULTS [16]

The most important operational parameter of fluidized bed
granulation 1is the relative quantity of the granulating liquid,
which can be characterized by the volume of the liquid used for a
unit volume of the particles to be granulated. At a given liquid
feed rate, the relative amount of the binder-containing solution
determines the time of the granulation process and the amount of
the solid binder ensuring the agglomeration, i.e. the binder con-
tent of the granulates. On the other hand, the amount of the sol-
vent in the granulating liquid determines the heat demand of both
the granulation and the drying process.

An experimental series will be presented in the following
section as an example. It was carried out using the "A" blade
stirrer (100 r.p.m.) and the effect of the relative amount of the
liquid on the granulation process was studied. The feed rate of
the granulating liquid was constant (W" = 6.8x10-s kg/s).

It is clear from Figure 3 that because of the disintegrating
effect of the agitation, the slope of the approximately linear
average particle size vs. relative amount of liquid curves de-
creases errespective of the quality of the model substance studied.
This means that to obtain a given average particle size, more
binder has to be introduced into the fluidized bed. At the same
time, it was found that with mechanical agitation the relative
amount of the [liquid could be increased (without agitation, a re-
lative wetting value as high as 50 per cent cannot be realized).

In Figure 4 the size deviation of the particle size distri-
bution 1is shown as the function of the relative amount of the
liquid. The deviation was calculated by the following expression
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Fig.3. 1-MIl.with 3-MI, without Fig.it. 1-MI._with 3-MI.without
stirrer 1-M2 stirrer 2-M27stirrer It-M2 stirrer
a @

substituting the parameters of the lognormal distribution function

(In x - In a);
W = exp ®
8§ b2 2 b;
be 2t

approximating rather correctly the particle size distribution of
the granulates.

It can be seen from Figure 4 that without mixing (especially
with the model substance MI) the deviation increases with increas-
ing V" /v, while with mechanical agitation the deviation is invari-
ant with regard to changes in the relative amount of the liquid.

The cause of the invariance of the deviation becomes clear
if one inspects the changes of the amount of the ungranulated par-
ticles smaller than 0.2 mm, and that of the "overgranulated" par-
ticles of more than 2.0 mm.1t is shown in Figure 5 that the amount
of the ungranulated particles as a function of the duration of the
atomization approaches a minimum and this change is not influenced
by the mechanical agitation. However, 1in Figure 6 it can be seen
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that the amount of the particles larger than 2 mm is considerably
decreased by the agitation. Without agitation the amount of the
overgranulated fraction increases in function of V°/V, but in a"
mechanically agitated fluidized bed there is no significant change.
The stirrer rotating at the bottom of the bed disintegrates the
larger particles, and restricts the upper limit of the particle
size distribution, thereby decreasing the size deviation.

Fig.5 1-Ml,with 3-MI.without Fig.6. 1-MI,with 3-MI. without
2-M2 stirrer U-M2 stirrer 2-M2 stirrer 1-M2 stirrer
Fig-7. 1-Ml.with 3-MI.without Fig.8. 1-Ml.with 3-MI. without
2-M2 stirrer 1+ stirrer 2-M2* stirrer b-U2istirrer

It can be seen in Figure 7 that the mechanical agitation de-
creases the porosity of the characteristic product fraction (the
particle size range of the latter is 0.63-1.0 mm), while it some-
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what improves its wear-strength (Figure 8). Agitation breaks up
the weaker bonds, decreases the average particle size and the po-
rosity of the particles, and increases the wear-strength of the
granulates.

In another experimental series the effects of mechanical agi-
tation (stirrer: "A"; 100 r.p.m.) were studied at a constant rela-
tive liquid amount of V*/V = 40 per cent, changing the feed rate
of the granulating liquid.

Fig.-9¢ 1-MI,with 3-Ml,without Fig.-10. 1-MI.with 3-MI .without
2-M2~ stirrer It stirrer 2-M2 stirrer H-M2Jstirrer

Without agitation, the average particle size approaches a
maximum in function of the feed rate, while in mechanically agita-
ted fluidized beds the average particle size was invariant in res-
pect to the liquid feed rate, at least in the region suitable foj
technological application (Figure 9). Similar conclusions hold foi
the relationship between the deviation and feed rate (Figure 10)
Thus i1n an apparatus constructed for Tfluidized bed granulation
the wuse of mechanical agitation significantly increases th
achievable rate of atomization, this means that the duration o
the operation can be reduced. This very advantageous effect of th
agitation is achieved because the mechanical energy input permit
the fluidized state to be maintained at a higher bed moisture con
tent, and at the same time the mixing element disintegrates th
larger loose particles almost at the very instant of their forma
tion.
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The effects of this type of stirrer and its speed of rotation
upon the physical properties of the granulates produced were also
studied,granulating the model substance MI at a V*"/V = 50 per cent
relative liquid amount and w" = 10.2x10~5 kg/s feed rate (under
conditions where the granulation of the model substance MI, which
is difficult to fluidize, would be impossible without agitation).

Fig-11. Stirrer type Fig.12. Stirrer type
-1, 2-111, 3-1v 1-A, 2-B, 3-C

It can be seen in Figures 11 and 12 that by increasing the
speed of rotation, both the average particle size and the size de-
viation decrease. The rod stirrer marked 'B" is less efficient;
the use of the bent blade stirrer marked "A" seems to be best, be-
cause a bigger decrease of the deviation is achieved.

40-

l&BO—

20-

10-

"0 50 100 150 200
n [rpm]

Fig.13. Stirrer type J
1-A, 2-B, 3-C 1-A, 2-B, 3-C
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The porosity of the product fraction decreases when the speed
of rotation of the stirrer is increased (Figure 13); in this res-
pect the influence of the anchor stirrer marked "C*, which is ef-
ficient through the full height of the dense layer, is the most
significant. A considerable improvement in the strength could be
observed only with the bent blade stirrer marked A.(cf. Figure 14)
upon increasing the rotation speed.

On the basis of the experimental results presented (and
others not given here) it was concluded that the most suitable
stirrer from the types studied here is the blade stirrer bent in
the direction of the rotation, and the optimum rotation speed In a
fluidized bed of a diameter of 0.1 m is 50 » 100 r.p.-m.

In view of these experimental results, attention can be tur-
ned to a more detailed discussion of the effect of the agitation
on the particle size distribution and how the amount of the
product fraction of given size limits (64, 62) is effected by the
mechanical agitation. Using the distribution function (1), the

(In X - In a)2 dx = max ! )

2 b2

extreme value of Equation (6) is sought to determine the most
abundant product fraction.

In a previous paper [4] the conditional equations of the ex-
treme value of Equation (6) were described:

ae3b2 = Js7 (@

and

p In @& : = max! @)
On the basis of the example given in
Figure 15 it can be seen that mecha-
nical agitation decreases the values
of both the distribution parameters
"a" and '"b", if the speed of rota-
tion is increased. According to a



1975 Studies on Granulation in Fluidized Bed VI. 61*3

trivial interpretation of Equation 8 , the amount of a fraction
of any size limits (6i,62) can be increased by the application of
mechanical agitation.

CONCLUSIONS

as

The main conclusions drawn from the experimental results are
follows:

In fluidized beds of model substances suitable for developing
fluidization anomalies, channelling can be stopped by mechani-
cal agitation.

Particles of larger size, formed in the Ffluidized bed and
gathered in the bottom, are kept 1in motion by the mechanical
stirrer.

Because of the agitation, the relative amount and feed rate of
the granulating liquid can be increased, for the fluidized
state can be maintained even at higher bed moisture contents.

The stirrer disintegrates the larger particles gathered at the
bottom of the fluidized bed, and cuts back the upper limit of
the particle size distribution.

The deviation of the particle size distribution is decreased by
the mechanical agitation and the amount of the *product frac-
tion" of given size limits is increased.

The weaker bonds are broken up by the agitation, therefore the
wear-strength of the granulates produced improves.

The porosity of the granulates is decreased by mechanical agita-
tion.

The relative deviation of the size distribution of the granula-
tes is decreased by the agitation, therefore the value of the
rollingness-coefficient iIncreases.

Among the stirrer types studied, the blade stirrer bent into
the direction of the rotation is more efficient than either the
rod stirrer or the anchor stirrer.
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10. The optimum speed of rotation in an apparatus of 0.1 m diameter
was found to be 70 mu 100 r.p.m.

SYMBOLS USED

6

a parameter of the lognormal distribution (mm)
b parameter of the lognormal distribution (dimensionless)

C1-C5 constants (dimensionless)

d diameter of the stirrer rod (mm)
d average particle size (mm)
D diameter of the stirrer (mm)

BN mixing Euler®s Number (dimensionless)

h height of the stirrer rod (mm)

Kj wear-strength of the granulates (per cent)
L width of the stirrer blade (mm)

m height of the stirrer blade (mm)

N power demand of the agitation (watt)

Ren mixing Reynolds®™ Number (dimensionless)

u gas velocity (/s )

\ volume of the particles of the solid material to be granu
lated (cm3)

vE volume of the granulating liquid (cm3)

w* feed rate of the granulating liquid (kg/s)

W*(x) density function of the lognormal distribution based on the
particle volume (dimensionless)

X particle size (mm)
61,62 size limits (mm)

é average void fraction (dimensionless)
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Epj porosity of the characteristic fraction (per cent)

a deviation of the W"(x) distribution (mm)
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PE3IOME

N3yuyeHne rpaHynsiuMm B MEXaHWYECKU CMEWAHHOM MNCEeBA0O0XMKEHHOM
crioe SBASIeTCA  BaxXHbM MO ABYM MNpakKTUYECKMM TpeGoBaHWSIM: C  OAHOWA
CTOpPOHb MO pacwupeHun NpUMEHEHUs1 crnocoba, a C APYroil CTOpPOHb Mo
Tpe6GoBaHWi0 peryiMpoBaHWs B pacWMpPEHHbIX npegenax (U3nYecknx CBOWCTB
NoJIy4YeHHbIX  FpaHyn. MexaHuyeckoe MepeMewvBaHnue MNCeBA00KMKEHHOT O
C/os UCK/IYaeT BO3MOXHOCTb CJ/IOKEHUS HeHopMasibHOCTel  (ayuanaauuu.
Takum 06pa3oM cTaHeT BO3MOXHOW FpaHynsiuuMs  WUCXOAHbIX MaTepuanoB C
HEBLIFOAHLIMA CBOWCTBaMM C TOUKM 3peHus (aynamaaumm, a TakKke rpaHyn-
SIS CMOXET OCYWeCTBASATbLCA W MNpU MOBLIWEHHOM COAEpPXaHUn Bfaru Ccrosi-
BcneacTBue MexaHUUYecKoli MOABOAHU 3HEpruM WU3MEHsTCA YycroBuss o6pa-
30BaHWUs TrpaHy/l U Takum o6pa3oM, W3MEHEeHWEM MapamMeTpoB MOACOGHOro
npouecca MOXHO 3()HEKTUBHO BAMATL Ha (U3MYECKME CBOWCTBA rpaHys.
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It is demonstrated that the three transport terms
supplementing the continuity equation can be written
In two forms: with reference to the potential and den-
sity. It is shown that the <coefficients on the terms
written with reference to the density can be arranged
into a consistent system: their dimension according to
length is L2T_1, that according to surface area is
LT-1 and that according to the volume is L°T~1. The
advantages of classification and generalization are
presented for the case of dimensionless numbers, which
are extremely important in engineering practice. Fi-
nally, an example 1is given for the application.

1. Introduction

It is generally known that the fundamental Equation of all
flow systems is the continuity law:

div [[] = div [T v] = - |-£ @

In a three-dimensional space, this Equation can have three
supplementary terms, according to whether the possible process oc-
cur along the length, the surface or in space.
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Generally these processes are termed: A

1. along the length: transport
2. on the surface: transfer
3. 1In space: transformation

processes. An example for the first point is diffusion, for the
second one, a transfer process occurs at the boundary of two
phases (e.g- heat transfer), for the third one a chemical reaction
taking place in space.

The first step of generalization is the following: an e X-
tensive quality characteristic of the streaming fluid can
always be found and generally the symbol f is used for it. The in-
tensive quantity pertaining to T is the well-known potential ©¢.
The connection between these two quantities is, at a first appro-
ximation, a linear one:

Y=cCo @

The proportionality factor 1is the capacity for which the symbol C
is used (at the same time, the above Equation is the definition of
capacity). Similarly, at a first approximation, there is a linear
connection between current (or current intensity) and potential:

J=KO [©)

It is important from the point of view of the order that a
further characteristic iIntensive quantity exists: the generalized
density, which can be derived from Equation (2) in such a manner
that both sides of the Equation refer to unit volume:

vor 4)

where I is the generalized density and

where c¢ 1is the specific capacity which maintains a connection
between the two intensive quantities:

r co ®)
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On the basis of Equation (6) there are two possible ways of

discussion of the currents,

The currents
differences arising in the
results of the

space.

In the case of the
th

in the 1introduction
the course of
a broad field,

Consequently

has gained
consciously.
for the sake of comparison

The physical base and

is that the densities are
The reason

is the

the potentials.
the systematization
practice
rents, the same necessari
transfer processes occurr
processes occurring

the systematization, this

2. Transfer Current-Densit

According to Equation (6),

can be written in

current-density

current-density =

can be deducted

N density differences

historic evolution

in the case of the diffusion-type,

in space.

two manners

the two being equivalent to each other.
of the o potential
potential space ¢ (xX»y*z*t),
in the

as the results
or as the
r(x,y,z,t) density

longitudinal transport laws - mentioned
in
It
used

is generalization has been performed
and as a result of practice.
although i1n many cases it

it was

is not
included in summarizing Table 1

as well as that of completeness.

the justification of the generalization
in every case unequivocal functions of
for the generalization and the basis of
if this
i.e.

recognition that is required in
longitudinal cur-
ly has to be carried out in the case of

ing on a surface and for transformation
It will be seen that

leads to new recognitions.

in addition to

ies or Fluxes

the transfer current densities
into Equation (1):

(transfer coefficient) potential

transfer coefficient

specific capacity density

Accordingly, the following Equations can be written:
for a component: J = 6[lcz J = B Ac. ©)
for heat: j = aAT J = a“A(pCpD ®
for momentum: j = yAV i=vya@v) (©)
generally: j = el Jj=e"r o
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The first result is that the coefficients of the transfer
current-densities: s-» .- and y’ are of the same dimension: LT~1
and consequently they are termed generalized rates. The connection
between the transfer coefficients used in practice and the genera-
lized rates defined by Equations (7), (8), (9@ and (10) can be ex-
pressed by the following Equations:

g8 8 (1D

a
PC (12)

P

! (€K))

b
: as
in analogy to thermal diffusivity, a = pg and
kinematic viscosity Vv = — , a heat transfer rate and a momentum

transfer rate can be defined on the basis of Equations (12) and
(13). 1t should be remarked that Equations (7), (), (9 and (10)
are in close relation to the generalized Ohm®"s law, as has been
pointed out in a number of papers [1]-3

3. Transformations in Space

Generalization is more difficult in this case as in the two
previous ones. The fact is that along a length or a surface it is
a priori current densities (J) that are defined and ac-
cordingly, these quantities can be written into Equation (1) with-
out any difficulty.

In the case of volume fluxes, the following transformations
are carried out, starting from the definition:

- K O K" 15)

where the following connections prevail between the coefficients:
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Ur =k and =T =K <16)

Any form presented in Equation (15) can now be written into Equa-
tion (1) since their dimension is identical to that of the terms
of the Equation.

However, the generalization of the coefficients is a more
difficult assignment. There is no problem in the case of a compo-
nent stream and if the chemical transformation is of the first
order, since

K* = K an

and their dimension is T_1. |If the order of the transformation
studied is other order than one, either of two ways can be fol-
lowed. First, the concentrations in the rate equation are expres-
sed in the form of mole fractions (mathematically speaking, they
are normalized to one) whereby Equation (17) is rendered valid to
chemical transformations of any order. The second possibility is
that according to classical reaction kinetics, concentrations are
raised to some power and in this case the logarithm of the volume
currents is applied. Equation (17) is also valid in this case,
only both sides of it are taken into consideration with the same
multiplication factor.

In the case of heat, when convective or conductive heat cur-
rents are studied, the heat source or heat absorber 1is in all
cases proportional to the temperature [2]. The generalization is

successful even in this case, since - iIn a manner similar to Equa-
tion (12) - we can write:
vV = PC [T-11 as)
P
Radiant heat was disregarded in this case. In the case of

heat radiation, the heat quantity liberated (or absorbed) is pro-
portional to some power of the temperature T. For example, 1in the
case of the well-known Stefan-Boltzmann law it is the fourth power
of temperature: T4.
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In the case of momentum the connection corresponding to Equa-
tion (1) is the Navier-Stokes law, known for the longest time.
However, in this case the volumetric current 1i.e. the momentum
source or absorber was so far written as the gradient of the pres-
sure £ by the authors, and the other terms as the function of the
rate. This problem is also solved by the uniform description and
point of view.

It can be written for the momentum source or absorber in the
direction x:

dm V. d dm d v
= a9

differentiation with respect to time can be written as an operator
= n" and, accordingly, considering all the three directions of
space, we obtain:

n*A(pv) = nhv grad p 20)
and, in analogy to Equation (13) we can write:

(CXS)

where the dimension of n* is also T-1 and n [ML 3T1] is the momen-
tum liberated or absorbed in unit volume during unit time.

4. Applications

As the results of generalization and classification, the
coefficients are summarized in Tables 2 and 3 first in generalized
form, and thereupon for the case of the component, heat and momen-
tun. The coefficients expressed with potentials and already known
were included 1in Table 2 in order to enable comparison with the
generalized coefficients presented in Table 3.

It is apparent from Table 2 that the dimensions of the coef-
ficients are different 1in all three cases (line 2) and so are
their units (lines 3, 4 and 5).
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It is readily apparent from Table 3 that ,;the dimension of the
longitudinal coefficients is always [L2T_1], that of the coeffici-
ents pertaining to the surface is [LeT_1J, that is to say, the ge-
neralized rate; in the case of the volume it is [L°T_1] which can
be called the volumetric rate, or, with a well-established iIndus-
trial term, volumetric flow rate.

An important field of application is the generalization clas-
sification and reduction to a simpler form of dimensionless num-
bers. IT the right side of Equation (1) is regarded as zero, 1i.e.
a stationary state is considered, the Equation contains four terms:
the original convective term and the three fluxes discussed in the
foregoing for all quantities, i.e. separately for component, heat
and momentum. These possibilities are presented in Table 4. It can
be seen that when reflected across the diagonal, the reciprocal
values of the numbers appear on the other side. Due to historical
reasons, from among the numbers under the diagonal it is only
~conduction) that became generally used. It is to be noted that
the dimensionless quantities presented in Table 4 are not all in-
dependent of one another; however, this problem is outside of the
scope of the present paper.

It is shown in Table 5 to what extent the generalized coef-
ficients simplify the dimensionless numbers. (For the sake of com-
parison, the old expressions were also included.) The classifica-
tion also has a theoretical significance in addition to generali-
zation. Actually, if the dimensionless numbers thus expressed are
COmheat Y _PairS® 10 CaSeS (. hea >*  (comPHHiHt) and
(EGhﬁaﬁéﬁ{D dimensionless numbers of the character of efficiency
are obtained, very much like the Prandtl, Schmidt and Lewis numbers
in the case of diffusion. Accordingly, we obtain:

Y1
N corresponds to the Pr number (22
iL corresponds to the Sc number @3
B’

and
aj_ corresponds to the Lewis number (24)

6”
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These numbers are very important and very useful if the ef-
ficiency of component, heat or pulse transfer between two phases
in contact with each other is to be calculated.

In a manner similar to Equations (22), (23) and (24), the
following dimensionless numbers of the character of efficiency are
obtained for the rates in a volume:

We ni @5
i
We Hi
Da kl’ (26)
Dalll "
- @n
Dal

For example, the practical significance and application of
the last Equation (27) can easily be demonstrated. For the sake of
simplicity let us consider a chemical reaction of the first order
whose rate is expressed by the well-known equation:

vir = k"~ 28

As it is known, according to the aforesaid, the heat source cor-
responding to this is:

VErAH = L1PCpT 29)

From Equations (28) and (29) we obtain:

k*c.AH =T pc_T 0)
1 P
which can be also written in the following form:

\Y Cc.AH
IT =JTr GD

This latter is an explicit form of Equation (27) and represents a
CiAH
direct connection between theorv and the quantity (pc—(R), well

known in reactor techniques.
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SYMBOLS USED

a thermal diffusivity (m2s-~1)

C capacity (Farad)

ch concentration of the ithcomponent (mole-m-3)

Cq specific heat at a constant pressure (kcal kg_ldegree_1)
c specific capacity (Farad*mole~3)

diffusion coefficient of the ™1 component (m2s_1)

] current-density or flux (density-mls_1)
J current intensity (extensive quantityes~1)
AH reaction heat (kcal*mole~1)
K rate constant of first-order reaction (s-1)
k*® — = (conductivity*m-3)
K conductivity (ohm-1)
z coefficient of heat source (kcalm_3s-ldegree_1)
Z pé = coefficient of heat source, as expressed with density
P (s_1)
m mass kg
molecular weight of the 1~ component (kg*mole_ 1)
[SH mass of the itl component (mole)
n coefficient of momentum source (kg m3s-1)
n* coefficient of momentum source, as expressed with density
(s-1
Q heat quantity (kcal) = 4.186x103 Joule
T temperature (degree)
t time (8)
\Y; flow rate (n s_1)

\ volume (m3)
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o] heat transfer coefficient (kcal m_2s ldegree~1)

a' heat transfer coefficient, as expressed with density (mn s~1)

S* mass transfer coefficient (kg s_1)

K component transfer coefficient (mole s~1)

Y momentum transfer coefficient (kg m~2s~1)

Y1 momentum transfer coefficient (ms-1)

e generalized transfer coefficient (fm-1s-16¢-1)

e” generalized transfer coefficient, as expressed with density
(m s~1)

n dynamic viscosity (kg m~1s-1)

K generalized diffusion coefficient (Ff m-1s-10-1)

K1 generalized diffusion coefficient,as expressed with density
(m2s_1)

X heat conductivity coefficient (kcal m~1s~ldegree-1)

\ kinematic viscosity (m2s_1)

Vi stoichiometric coefficient of the itl component (-)

p density (kg m-3)

r generalized density

\% generalized extensive quantity

o generalized potential
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PE3IOME

ABTOpPOM MoOKa3biBaeTCsA, 4YTO TPU TPAHCMOPTHBHIX YfeHa, [AOMNOJHA-
OWUX YpaBHEHME  Hepa3pbiBHOCTU MOXHO nNpeacTaBuTb  ABOSHUM  06pa3oMm:
npu rnomowu noTeHumnana wu nNpu MNOMoOWM MAOTHOCTU. ABTOPOM  BbiABMAETCA,
YTO KO3PPUUMEHTHI YSIEHOB, MpPeACTaB/IEHHbIX MPU MNOMOWM MAOTHOCTU, MOX-
HO BK/IOYNTb B €fUWHYK CUCTEMY: pa3mepHOCTb KX No gavHe L2T_1, no
nogepxHoctn LT“1, no obvemy L°T-1. Mpeumyuwecrtsa cucTemaTusaymum u
0600lWeHns nokKa3biBawTCA B c/yyae 6e3pa3MepHbIX 4MCesl, BaXHbLIX B UHXe-
HEepHON npaHTuUKe. Takxe u3naraeTcsa nNpuvMep MNPUMEHEHUS MeToAa.-
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One of the several possibilities to intensify a
process unit is to carry out the selective completion
of complex processes in the very same uni_t. Extraction
is widely wused in the organic synthesis industry to
separate some products from other products or bypro-
ducts. If the valuable reaction product 1is to be ex-
tracted immediately, before its decomposition starts,
the appropriate sequence of a consecutive process se-
ries has to be planned. A selective solvent has to be
chosen and the solvent flow scheme has to be matched
with the given conditions of the technical reaction
kinetics. For a continuously operated reactor cascade
the problem occurs of establishing an optimum transfer
flow allocation. As an example, the algorithm of an
optimum allocation is shown in the case of a conti-
nuous, extraction-coupled reactor cascade, operated in
a crossed-strearns mode.

INTRODUCTION

A number of technologies are known in the practice of orga-
nic synthesis industry, more specifically in pharmaceutical indus-
try, where the valuable product of a liquid (or solid-liquid)
phase reaction is separated from the reaction mixture by a diffu-
sion separation process (stripping out, rectification, and extrac-
tion etc.). Practically all those technological steps belong to
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that group which employs the extraction of a.product, e.g. a hyd-
rolysis product, from the aquaeous phase into the organic phase.
This process series can be represented by the following scheme:

F«< T U R* EO (€))

where :
F is the phase state of the original (liquid) phase

R is the phase state of the raffinate state representing
the product of a reaction characterized by the Kk j
rate constant

E is the phase state of the extract phase obtained in the
extraction step, characterized by the kD effective
rate constant

a, g are the phase characteristics.

However, in the given particular form the problem is not suf-
ficiently typical, for the reaction is generally much faster than
the separation, therefore the problem 1is reduced to a simple ex-
tractor design without any particular consequence.

However, a totally new situation arises of the R™ valuable
product in the phase R decomposes in a consecutive reaction (gene-
rally speaking, a penalty function is introduced):

K . k_
Fe Ra — 5- (2)
N
Makr2
Thus, in the diffusion process, the extraction can be - or
rather as the aim of the optimation - should be made a competitor

of the decomposition reaction. Obviously, the extraction solvent
and the reaction mixture must be immiscible, the solvent must be
nonreactive towards all the components involved and the yield must
be sufficiently high.

The complex process outlined above is only an optimum control
problem if the operation is discontinuous or an optimum allocation
problem, if the process is carried out in a continuous, crossed-
-streara cascade system.
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1. FORMULATION OF THE OPTIMUM ALLOCATION PROBLEM IN THE CASE OF AN
OBJECT CONSISTING OF DISCRETE ELEMENTS

The state of an object is generally characterized by k phase
co-ordinates at each discrete t, i.e. it is characterized by an

1

xX(X7, .-, XK) point of an Euclidian space [1]. Thus any x(t)

phase state can be described as:

x(H) = [x1(O, xk (O] ©)

If the number of the control parameters 1is r, the u(t) control
vector at any t discrete point is given as:

u(® = [ul(, ur (9] @

Control is therefore considered as a series of the u(l),
u(2), ---, u(N) points defined within the range of the u1 u’
variables, while the object passes through the x(0), x(1),...,x(N)
phase states, thereby producing the motion trajectory of the ob-
ject the t = 0, 1,..., N point [1-4].

The behaviour of the object is thereby given by the:

x(H) = fix(t-1),u(0)] ®

formula. The t index in the £ symbol implies that it is not neces-
sary that the very same f(x,u) function should be considered at

each of the t = 1,... N points. However, iIn practice this genera-

lization is not employed to a full extent and the reduced:

x( = fIx(-D, u(®] ®

formula is applied.

Let us apply the above equation to the cascade reactor and
the phase states described in Equation (2). The system should con-
sist of perfectly mixed tanks of the same volume and the system
should be isotherm. It is conceivable that according to Figure 1
the u(t) control modifies the state of the extract in the succes-
sive stages or the allocation of it, respectively.
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Figure 1. Schematics of the optimum control of the cascade

The optimation problem outlined above can only be applied to
the crossed-stream phase contact, within the conditions given [5].-

2. OPTIMATION BASED ON THE PRINCIPLE OF THE DISCRETE MAXIMUM

In most cases, the PONTRJAGIN maximum principle and dynamic
programming readily lend themselves performing optimised control
on such continuous processes that can be described by simple dif-
ferential equations [3, 6]- A version of the former principle al-
lowing for the handling of discrete systems, can be very efficient-
ly algorithmised +to optimise discrete objects, even within the
most diverse limitations.

Let Equation (6) be the motion equation of the object, and
let V be the real control area belonging to the former, the result
of the optimation should be given by the following objective-func-
tion functional:

N
J = E f° [x(t-1), u(®] Q)
t=0

Let us select the basic problem of optimation, when the problem
can be described by the x(o0) = initial condition formula and
the optimity is observed at the maximum point of the functional
@-

To solve the problem the V , y~,...,4"n aid variables are in-
troduced and the optimation aid function (the HAMILTONIAN) is con-
structed [3]: K )
na, x vy = £+ F (xX,u) ®

i=o
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where Ff° is the function found 1in the definition of functional
@, fl,...,fK are the components of the vactor function on the
right hand side of Equation (6) (independent variables). Then
Equation (9) is applied to the aid variables:

y H ['FO , x(t-1) , u(® 1]
V (1) = —mmmmmmtmmee o2 ©
J

where = j =
t=1, 2,...,N

[
=
=

Boundaries :

YIQN) = faiN) = ... = fk(Q\) s O

If the u(t) control is optimised then the following equation:

HEV(t), x (t-1),u(t)] = max H[f(t) ,X(t-1),u(t)]
(10)
HE v

holds at each of the t = 1, 2,..., N points, and consequently:

J ~opt ‘]max (I D

If the same optimum is sought as a minimum value, the form
of functional (7) remains unchanged but there is a boundary
Ye - -1 to be recognized!

3. THE MODEL OF THE CROSSED STREAM UNIT AND THE SPECIFIC
OPTIMATION PROBLEM

Based on Equation (2) 1assuming an unidimensional case, the
balance equations of the 1 element of the cascade read as fol-
lows. In the a phase:

Fi-1 " Fi kIFifa a2
y -1 Ri kIFifa + k2Rifa + kDi~KRi “ E17M1 a3

i-1 K2RItH as
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In the g phase:

aas
where
ae)
q is the volumetric flow rate
Let us introduce.a new variable, as follows:
E
u., X an

i
which s the product of the dimensionless driving force defined
according to the two-film theory and of the effective component-
-transfer rate. In other words, this quantity is the transfer flow
rate per mass unit. For kQi is always a positive quantity, ui can
assume any real value (i.e. positive, negative and zero values
alike).

If the objective-function relating to a certain objective is
given in the following form:

N
J = I.Eiuxg(. = min! as)

then, due to the absence of Ilimitations, the real value of u®
makes the construction of the optimizing algorithm fairly easy.

This, in fact, gives the optimum distribution of the transfer
flow in each of the elements of the cascade.

3.1 The Optimizing Algorithm

Rearranging Equations (12), (13), (@4) and (15), the follow-
ing expressions are obtained:

(12a)



1975 Optimum Operation Mode of Reactor Cascade 669

R. (13a)

(14a8)

(15a)

The end state of the system should be determined by the unwanted
product, M (i.e. the minimum value of 1Irt® corresponding to a
given MN value is sought or conversely: the minimum value of MN
corresponding to a given u~t”™ value is sought). This indeed can be
done for the WM*, for it can be described by the following expres-
sion :

a9

Let us introduce the Z aid variable as follows:

1 t---tN (20)

For a cascade consisting of elements of the same volume, t. =
= ti+i = tN = t, thereby substituting Equation (20) into the func-
tional (18), the later becomes:

J=cz, max! 1)

where C = -1 t (for minimalization is carried outl!).

Therefore the components of the x state vector, considered
as independent variables, are fL and z*. In the following M; and Z;
read as:

and

Thus, the general form of the model corresponding to Equation
(6) reads as:
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X1li = f1i [X1(@-1)" (22)

and
X2i  F2i [x2(i-1)" -i] @

In the case of n = 2, based on Equation (8), the H function
reads as:

Ho= £ T Fpo x. ., us @)
According to Equation (9):
Uog = Wy Wy ® 1 @
According to Equation (10)
3H 3F I'x , u
—- =0 = 4.. - - 1 (26)
My 1 3y
and
3Hi+1 3IFL(i+D[™i" Hi+13
= 0 - 41(i+1) -1 @n
i+l 3+ 1
respectively.
For, according to Equation (9):
3Hi+1 FTG+L )[-1 ,-1+1 3 (
- o 28)
*1i ot Y1(i+D
3x1i ( X1
it follows from Equations (26), (27) and (28) that:
1(+1)(=i i +1)/3i+1 = 3f11~i-1"—10) @9

SFL(i+1) (ii "Hi+1)/9x1i 3 n.

In our case, considering Equation (14a), the above expression

becomes more simple:

SFiGi+t@ini+i > = s 1 @0

aM

3 x1i I
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Be IK* the sensitivity of the control and be:

9fn (Xx.r1 n.)
n,1 = 31
X s up GL)

then the critérium of the optimation according to Equations (29),
(30) and (31), respectively, reads as:

n= = = (constant)1l

= N = constant 32

Based on Equations (13a), (14a), (31) and (32):

k2Rit
n= 33
1+ k_2t + uIt
and
k2t(Ri + ki1Fi+1t
Ui+ 16 (Ri D@+ k2p (€]

respectively.

It follows from Equation (33), the critérium of the optima-
tion is that a linear relationship should exist between u” and -

3.2 A Numerical Example to Demonstrate the Optimum Allocation

In the previous part it was shown that for a given N value
the optimizing algorithm deduces the value of the Hi+l control,
based on the x* state (cf. Equation (34)) then it proceeds to com-
pute the state, etc. This means that in this case the series
of values of F, R and Z are found by a simple calculation, while
based on these computed values, according to Fquation (14a), the
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value of , according to Equations (15), (16) and (17) the values
of KDi, E~ and can be calculated, respectively.

Table 1. The effect of the N control parameter on the u.t controls

of a cascade consisting of N = 5 elements withlk t = K t=
= 1.0; F0 = 1.0 and RO= MO= 0.0 1 2

i urt -1 Fy [ R, [-] My [

1 -1.0000 0.5000 0.5000 0.5000

2 -0.7753 0.2500 0.612k 1.112k
0.5000 3 -0.7856 0.1250 0.6072 1.7196

L3 -0 .8w27 0.0625 0.5786 2.2982

5 -0.8956 0.0313 0.5522 2.850k

1 0.0000 0.5000 0.2500 0.2500

2 0.0000 0.2500 0.2500 0.5000
0.1250 3 -0.2679 0.1250 0.2165 0.7165

h -0.5060 0.0625 0.1868 0.9033

5 -0 .679k 0.0313 0.1651 1.0683

1 1.0000 0.5000 0.1666 0.1666

2 0.7386 0.2500 0.1521 0.3188
0.0555 3 0.2335 0.1250 0.12H 0 . 9

[ -0 167"~ 0.0625 0.1018 0 .5 k27

5 -0 .52k 0.0313 0.0860 0.6307

1 2.0000 0.5000 0.1250 0.1250

2 1.ueul 0.2500 0.1083 0.2333
0.0312 3 0.7321 0.1250 0.085" 0.3186

K 0.1753 0.0625 0.0680 0.3866

5 -0.2181 0.0313 0.0557 0 .23

1 3.0000 0.5000 0.1000 0.1000

2 2.1833 0.2500 0.0837 0.1837
0.0200 3 1.2301 0.1250 0.06U 6 0.2U83

k 0.5209 0.0625 0.050U 0.2987

5 0.0207 0.0313 0.01tolt 0.3391

As an example, be k~t = = 1.000 [-], Fg = 1.000 [-], and

R =M_ = 0.000.
(0] (0]
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The T optimising parameter 1is given by assigning the u"t
initial value for a cascade consisting of N = 5 elements.A limited
number of the possible solutions are summarized in Table 1.

The u™t vs. 1 series of points are plotted on Figure 2. It
can be seen that an increase in the value of i results in a level-
ling off of all the coupled series of points.

\
\
\
\
\
\<
\
\
< .
N \
N \
\K\ \
-
H N \
\
nn4 > %
44 >
N
\ .
< . ~~ N\
. “K'N
-8
4
1 2 3 4 5

Fig.2. Changes of the u.t controls throughout the elements of the
cascade with different initial values
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It follows from Equations (33) and (34) that:

f(Rt + KIFI+1t)(i + k2t + uxt)
- - @ + k2 (@35

For, ifi-»-*“ then Fl_ Ic-Fl. 0

+1
lim (ux+1t) = \j1 + k2t + uzxt - @ + k2© (36)
Fi+l - °
and
lim @ + k2t + ux+lt) = "1 + k2t + uzt (€D)
Fi+l1 - O
respectively.

As this is certainly a limiting value, u”~t — u™+”t and it
holds only if both the left and the right hand sides of Equation
(37) approach unity. Thus:

lim (uit) = lim (uz+1t) = -k2t (38)
Fi+l i+1
and
lim R, = lim R, (€3)
T T+1 Kot
Fi+l"  Fi+re

Due to technical reasons, the negative set of the u” values
is irrelevant, therefore, in a realistic case, in addition to
fixing the number of the elements of the cascade, it is adviseable
to set the actual value of uN = 0. In this example, assuming that
uNt = Uj-t = 0.02, only the N < 0.02 solution bears practical sig-
nificance. The value of M considered as the maximum value thereby
determines the technically acceptable minimum sum of u~t i.e. this
makes the problem unambiguous.
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SYMBOLS USED

phase state of the extract
toncentration of the aim product in the extract phase

phase state of the initial phase

m M <O m

concentration of the initial component in the raffinate
phase

T

Hamiltonian defined by Equation (8)

J symbole of the objective-function defined by Equation (7)
Krpr K J reaction rate constants

kf, k2 reaction rate constants, first order kinetics (h_1)
kM3 compounded component transfer coefficient (h-1)

K equilibrium distribution coefficient (-)

M concentration of the byproduct (-)

N number of the elements to the cascade (-)

R phase state of the raffinate phase

R concentration of the valuable product in the raffinate phase
X state vector (its components are xl,...,xK)

u control vector (its components are ul,...,ur)

t discrete time (h)

a raffinate phase

) extract phase

L aid variable, defined inEquation ®)

n optimizing parameter, defined inEquation (33)
Indexes

it...N serial number of the elements of the cascade
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PE3IOME

OfHON 13 BO3MOXHOCTE WHTEeHCUDUMKauUU MpPoLEeCcCOoBOi eAVHNLbL SB-
nseTcs u36upaTeslbHOE OCYUECTB/IEHWE CJ/IOXHbLIX MPOLEeccoB B OAHOI ycTa-

HOBKE. B opraHuMyeckoii XWMUYECKOW MPOMbLIWIEHHOCTU B psiie  Clly4yaeB
NpoAYHTH  peakuum pasfensioTcs oT ApYrMX peareHToB M OT NpPOAYKTOB
NOGOYHbLIX peakuuii Npu MNoMoWM 3IKCTpakuuM. BelTArMBasi ToTyac LeNeBoi

NpPoAyHT - nocre ero o06pas3oBaHus U A0 Pas3/loXeHUs - Mbl AODKHbI MIaHU-
poBaTb LUenecoo6pa3Hoe ocylecTB/eHUe psifja KOHCEKYTUBHbIX  MPOLLECCOB.
Kpome BbiGopa v36uMpaTeslbHOro pacTBOpPUTENS Hago corfnacoBaTbh  Tpaduk
pacTBOpPUTENSs C AaHHLIMW LIC/MIOBUSIMM TEXHUYECKON peaKLUOHHON KUHETUKU.
B cnyuae peakTopa-Kackaja HENpepbLBHOro [AelicTBUSA peub uaeT o6 onTu-
Ma/lbHOM pa3fjefieHnM MNOTOKOB Mnepejauvn. B KadecTBe npumepa npeacTaB/i-
sieTca anbropudM ONTMMa/LHOIO  pas3fje/sieHuss B C/ydae pexuma nornepeud-
HOro noToKa AN peakKTopa-Kackaja HeNpepbLBHOro AeicTBUs, KOMGUHUPO-
BAHHOIr0 C 3KCTpaHLUMei.



Hungarian Journal
of Industrial Chemistry
Veszprém
Vol .3. pp. 677-688 (1975)

DETERMINATION OF THE QUASI-OPTIMUM OPERATION MODE
OF A TWO PHASE, EXTRACTION-COUPLED REACTOR

Gy. MARTON

(Department of Chemical Process Engineering,

Veszprém University of Chemical Engineering)

Received: October k 1975.

The extracting phase of a continuously operated
cascade consisting of N elements can at maximum he di-
vided into (allocated to) U partial feed and discharge
streams, according to a given objective-function. Thus
an optimized, crossed stream system IS generated. Be-
cause the implementation of optimized control (stream
allocation) generally involves significant additional
capital cost, the technically more simple (therefore
cheaper) co-current, counter-current or mixed stream
system are implemented, respectively.

This paper presents the results of a study com-
paring the mentioned operation modes to the optimized
one and based on those results a rational means is
presented to select one of the above mentioned modes
as a quasi-optimum mode. For the numerical calculation
the elements of the cascade are assumed to be per-
fectly mixed tanks of equal- volume.

INTRODUCTION

In an earlier paper [1], the basic problem of optimum solvent
(or transfer flow) flow rate allocation of an extraction-compled
reactor cascade was introduced, the optimizing algorithm of a
scheme consisting of consecutive reactions and a competetive dif-
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fusion process was given. The schematics of the optimized crossed
stream system is shown on Fig. 1.

Fig.l. Schematics of the control of a crossed stream cascade system
carried out through the extract phase

The following expressions hold for the a and R phase, respec
tively.

For the a phase:

Fi-1

F 1

U ey @
Ri-1 * KIFit

R (@)

1 1 + kft + uit

Ui kD(K " IT?) ®3)

My Wil o+ Kk2Rit @

For the R phase:

a) in case of crossed streams

1 01 uiRit (52)

Let us now consider those cases, where the extract and raf-
finate phases flow co-currently or counter-currently instead of
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being allocated to N partial substreams and the volumetric flow
rates are the same.

It is conceivable that for counter-current or co-current flow
the only formal change occurs in the balance equation of the R
phase, while only the numerical parameter values of the a phase
are or can be modified e.g. the value of q% is by all means modi-
fied, thereby driving forces are modified through Ei as well; kD
the value is also changed).

Thus for the 6 phase in case of

b) co-current flow:

E uR .t (5b)

c) counter-current flow:

u.R._t (5¢)

1. CALCULATION OF THE COMPOUNDED MASS TRANSFER COEFFICIENT

To aid further (numerical) calculations, the compounded mass
transfer rate, kD has to be discussed. kQ is the product of the
mass transfer coefficient and the specific transfer area. Both of
these values are strongly dependent on the given geometrical, hyd-
rodynamical and phase conditions. Nevertheless, the

V.
HTU «i constant = j— (m)
KD

relationship is widely accepted to hold for extractions carried
out in aqueous solutions in rather different apparatuses, assuming
that the dispersed phase appears as discrete, separate drops. (The
numerical value of the constant considerably varies according to
the conditions of the measurements, the types of the systems stu-
died and the authors, i.e. 0.2 < HTU < 2.5 [2].) In the following.
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for there is nothing better available, the expression
kb = a q¢ (6)

is used. This expression indicates that the resistance against the
mass transfer 1is realized in the extract phase, i.e. there is a
much greater concentration gradient in the film of the organic
phase than there is of the aqueous phase. Accordingly, the chemi-
cal reaction can exersize no effect at all. This assumption is
fulfilled if the volumetric flowrate of the organic phase is suf-
ficiently large, for a considerable difference can occur between
the actual concentration and the EN saturation concentration of
the extract phase. Considering the same thing from another point
of view, assuming that the rate controlling factor is the state of
the dispersed organic phase, the transfer rate in a certain drop
size range can be considered constant [3] while the drop size, and
consequently the specific surface area is proportional to the
0.75-1.25t1 power of the phase flowrate (or in a mixed space of
the speed of the relation). The 1.00 value can certainly be con-
sidered as a good average value.

To ensure a uniform calculation mechanism, let us iIntroduce

the variable E", that is equal to the E ; value for crossed
streams, to the E.j * value for co-current streams and to the E"+]
value for counter-current streams, respectively. Based on Equa-

tions (@) to (6), Rj reads:

. + , + “ + '
(R1 1 KlFJF)(l ag“t) aq% E
1 (1+ ag“t)(1+ k2t + aqg?K) - a2gag?Kt

R

Based on given process parameters and initial conditions, any of
the operation states can be calculated from Equations (1), () and

(7.

2. DETERMINATION OF THE QUASI-OPTIMUM OPERATION STATE

Let us once more consider the numerical example discussed in
the previous paper [1]- The optimum allocation problem was solved
there for a cascade consisting of N = 5 elements when kMt = k2t =
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=1[-]> F. =1 [-] and Ro =OM = 0. Be ult = 3 and E8I1=1E2, = ...
eee = EQg= 0. It follows from Equations (3), (a) and (6) that

If the following values are chosen: a =1 [m-3]; q =1 [m3h~1];
t =1 [h] and K = 2 [-] then the

ui 5 «4

Ri = EI
equivalences are obtained, therefore the numerical values of um
become equal to the feed values allocated to g*.

Table 1. The optimized characteristics of the system (k*t = kM = 1)

i q3 [m3h-1] Ry C-1 My [-1
0 - 0.0000 0.0000
| 3.0000 0.1000 0.1000
2 2.1833 0.0837 0.1837
3 1.2301 0.061*6 0 .21"83
¥ 0.5209 0.050 0.2987
5 0.0207 0.0i+oU 0.3391

From the data summarized in Table 1, it is evident that in
that case the amount of souvent utilized is:

B u = B q® = 6.955 m3sh
i=l 1 =l qi
Assuming a uniform allocation pattern (i.e. an average feed rate
of 6.955/5 = 1.391 m3/h) it can easily be calculated that the
value of Mg becomes 0.3965 (which is 17 % greater than the value
in the optimum case). For the allocation of the extract phase is
uniform in the case of co-current and counter-current systems, it
is obvious that the optimity has to be ensured by the appropriately
selected driving-force values. (in this example, for crossed
streams E./R™ = 1 and K = 2, therefore the dimensionless driving-
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-force i1n each of the subsequent units is 2 - 1 = 11) In this case
the decreasing trend of the u” values is indicated by the continu-
.ously decreasing driving7force values. It is known that such dif-
fusion processes can be implemented either as co-current or as
counter-current systems [4]. Assuming that the solvent consumption
is expectedly lower, let us first choose the co-current version.

Table 2. Characteristics of the co-current system (k™ = kM = 1)
i up [h 1] Ry [-] My -] E, [
0 - 0.0000 0.0000 0.0000
h -3500 0.0787 0.0787 0.0787
2 2.1750 0.0787 0.1575 0.1181
3 0.8087 0.0725 0.2300 0.1316
h 0.0355 0.0663 0.2961+ 0.1321
5 -0.3901* 0.0606 0.35T0 0.1267

The figures of Table 2 were obtained with the simplex sear-
ching method for a pure solvent feedrate value of 4.350 m3/h. The
value of M- is hardly 5 % higher than the optimum value although
the corresponding R values differ as much as 25-30 %.

Similarly - by on essentialy random or regular search - the
counter-current version of the problem outlined can also be found.
Furthermore, applying some combinatorial methods the problem of
mixed stream systems can also be tackled.

However, the search processes can be considerably simplified
applying Equations (3) and (6), if the optimum values of u™ and
are known. Having set the value of the solvent flowrate available
(qB = 6.955, in the above case), the h values can be calculated

irrespective of the operation mode:

. ui
Ei Ri (K - ®
aq
These 1ﬂ_values are hypothetic values which are independent from
the operation mode, but constructing usual vs. R”™ diagram, the
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series of points clearly indicate that operation mode which is the
best approximation of the optimum state. Furthermore, in this way
the limiting values of the concentrations are also set, so the cal-
culation process is actually only a more exact determination of
the already known values.

Fig.2. The operation diagram of a counter-current, quasi-optimum
operation mode

It is clear from Figure 2 that for this problem the counter-
-current operation mode combined with some reflux of the extract
phase 1is the best solution, for the input concentration of the R
phase is required to be equal to 0.0800.

The best approximation is shown in Table 3. The sixth column
of Table 3 (6.J) presents the relative deviation of from the op-
timum value.
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Table 3. Characteristics of the counter-current operat ion mode
(kxt = k2t = 1)

i E;h 1 Eq [ Ript [[1 Ry [ i%l Mg [-] u, [t*1]
0 - - 0.0000 0.0000 0.0000 -

1 0.1570 0.1740 0 .1000 0.1075 +7-5 0.1075 2.655

2 0.1420 0.1330 0.0831 0.0806 -4 0 .1881 2.435

3 0.1190 0.1048 0.0646 0.0587 -11 " 0.2468 1.500

4 0.0960 0.0921 0.0504 0.0497 -1.5 0.2947 0.532

5 0.080 0.0885 0 .0404 0.0447 +11 0.3394 0.165

6 - 0.0899 - - -

5
E u. = 6.957
i=1

That approximation is evidently good for the deviation of
from the optimum value is less than 0.1 per cent. The quantity of

the fresh solvent utilized is:

q® = 6.957 ON74.~.°-"899 = 3.374 m3/h
0 0.174

while the ratio of the reflux Iis:

= 6-957 = 2 ,
g®  3.374

Thus this operation mode is considered as the quasi-optimum opera-
tion mode.

IT the k2t and u~t values in this example are modified and
k2t = 0.1 and u™t = 0.01, the results of the optimation problem
applied for Nmax = 4 are shown in Table 4.

The corresponding figures of and in Table 4 are
plotted on Figure 3, the input order of the extract phase to be
planned is shown by arrows. According to that the mixed stream
flow-schematic shown on Figure 4 was obtained. The quasi-optimum
figures of Table 4 and the less than 1 % deviation of the
values iIndicate that the system is inteed rather good.
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Table I Characteristics of the optimized mixed stream system

P W N = O

Fig.

Fig-

Quasi-Optimum Operation of Extraction-Coupled Reactor

(kxt = 1;

opt kv
ug Uz

0.010 0.009

0.211* 0.301

0.171* 0.11*0

0.095 0.01*9

k2t = 0.1)

R1°pt

0
0.1*50
0.533
0.516

. 0.4

leV

0
0.1*6
0.518
0.515
0.1*98

E1

0.7M
0.93
0.718

0.87r
0.931+

M1°pt

0.01+5
0.098
0.150
0.199

685

MlkV

0.0r8
0.099
0.151
0.201

3. The operation diagram of a mixed stream quasi-optimum
operation mode

k. The schematics of the quasi-optimum mixed stream system
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In summary, it was shown that the optimum transfer conditions
of the extraction-coupled reactor cascades can be calculated by a
fairly simple procedure [1]. This paper presents the method used
to select that operation mode. Although the discussion presented
is related to an actual cascade system, the principles outlined
seem to be general enough for the tubular systems can be fairly
well described by the cascade model.

SYMBOLS USED

a constant proportional to HTU, cf. Equation (6), m3

E concentration of the valuable product in the extract phase, -
F concentration of the initial component in the raffinate phase
K equilibrium distribution coefficient, -

kj, kg reaction rate constants, h-1

kg compounded mass transfer coefficient, h-1

M concentration ofthe byproduct, -

q volumetric flow rate, m3h_1

R concentration of the valuable product in the raffinate phase,

t discrete time (residence time of the raffinate phase in one
tank), h

u control variable (transfer flow per unit component), h~1

a raffinate phase

) extract phase

Indexes

i,...,N-1,N serial number of the cascade element

h hypothetic value
kv quasi-optimum value

opt optimum value
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PES3IOME

JHCTpaHUMOHHYK  (a3y psga KackagaB HeNpepbiBHOrO  feicTsus,
COCTOSIllero u3 37eMeHTOB uucna M, MOXHO pasgenuTb MakcumasbHo Ha N
YacTUYHLIX MoAay U OT6MpPaHWn MO OTHOWEHWSAM, COOTBETCTBYWWUM  AaHHOWA
ueneBoli @yHkumM. Takum o6pa3oM nosiyyaeTcss ONTMMU3MPOBAHHAs cuUcTema
nonepevyHoro notoka. lves B Buy, UTO OCYWECTB/IEHNE ONTUMa/IbHOIO
ynpaBneHus (pasgeneHns) TpebyeT 3HAUUTEsIbHbIX WMHBECTULMOHHbLIX pac-—
X0[0B, BMECTO HEro CTPOWM OfHY U3 TexHW4Yecku 6onee npocTeix (T-e.
JelWweBbiX) CUCTEM: MPSMOTOYHYKW, MPOTUBOTOYHYK WIM CMEWAHHY CUCTEMY -

B cTtaThbe o06cCcyxgaeTcs NPUMEHSIEMOCTb  OTAE/IbHbIX PEeXUMOB  Afist
OCYUWEeCTBMIEHUS ONTUMA/bHOFO COCTOSiHASI, a TakKke MNjaHMpoBaHuMe KBa3u-
ONTVMMA/IbHOTO pEexXMMa B HEKOTOpbiX ciydasix- [py 4yMcnoBbiX pacuyeTax Gbi-
10 MPeAnosioXeHo, UTO 3MIeMEeHTb Kackaja WUMeKnT OAMHAKOBbIA  06beM #”
CUNTAT WX MOSIHOCTbK CMeWaHHbIMY .
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The new agitators are built up of elements which
are different from the conventional ones and can be
regarded as point-like, zero dimensional, or line-
-like, one-dimensional ones. Their IiImportant characte-
ristic 1is that their geometric dimensions approach the
dimension range of disperse systems.

The elements of which the agitators consist are
made of a solid (metallic or non-metallic ) material of
construction, which is vresilient and indifferent
towards the fluid. Their most important parameters are
the following: the mean diameter g (10-5000 pm), the
length of the element 1 (™ > 50.q) —and the number, sz_
of the elements representing the agitator.

The application of these new-type agitators for
the purpose of dispersion is demonstrated by emulsifi-
cation experiments with the system oil/water. A compa-
rison of the turbine stirrer with the rotation-type
line agitator revealed that with the application of
the new elements the time necessary for effective
stirring is decreased to half its original value and
at the same time, the time necessary for the complete
separation of the emulsion is increased to a tenfold
value.

The rotation-type line agitators can advanta-
geously be applied for dispersing liquid-liquid, solid-
-liquid and gas-liquid heterogeneous systems.

In their application, the 1improved efficiency
can be explained on the basis of the surface area of
the elements, as referred to unit volume (F/Q) or the
shearing edge length, as referred to unit volume
(E1/Vsum); these values are considerably higher than
those encountered with conventional stirrer types.
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INTRODUCTION

The intensification of chemical reactions carried out in a
heterogeneous phase iIn a batchwise manner and, iIn connection with
it, going over to continuous operation is an assignment whose so-
lution has been 1In the centre of research work on unit operations
for a number of years now. Even theoretically, there exist a large
number of possible solutions and although innumerable embodiments
were designed, the multifariousness and specific nature of these
tasks is an innexhaustable source of new solutions.

It is a common characteristic of reactions occurring in a ho-
mogeneous liquid or vapour phase that the distribution of the com-
ponents is practically uniform along any direction of space and in
any small unit of it. This might also be defined in the following
manner; the components are present in the reaction space iIn a mo-
lecularly dispersed state and this ensures the short operation
time (which can be regarded as practically identical to the reac-
tion time) and continuous execution of the operation.

As opposed to the aforasaid, neither uniform spatial distri-
bution of the components, nor identity of the time of operation
and that of the reaction can be considered in the case of hetero-
geneous reactions. Consequently, such reactions cannot be realized
as a continuous operation without active external interaction or
intensification.

At the same time, an up-to-date heavy chemical industry Iis
impossible without continuous processes, because these offer - as
opposed to batchwise processes - advantages such as

- high productivity and, connected with it, decreased operating
costs and manpower requirements

- decreasing specific investment costs,
- uniform, high-quality product.

The solution of the problem of the continuous process, of
the continuous operational unit can be approached from two direc-
tions :
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1. one of the possibilities could be described in the fol-
lowing manner : the heterogeneous system of two or more components
is brought into a "quasi-molecular" state, i.e. it iIs to approxi-
mate the homogeneous systems;

2. the second possibility is that the rate of the transport
processes occurring in the heterogeneous phase (pulse, component
and heat transport) 1is increased by their intensification [1].

Basically, from whichever angle the problem is approached,
the aim to be reached is the same and the methods of approach are
analogous to each other. Both in order to increase the degree of
dispersion (i.e. to approach the granule size and dispersion to
the molecular size range, i.e. to reach "quasi-molecular dispersi-
on') and to iIncrease the rate of the transport processes, to iIn-
tensify them, the energy brought into the system from the outside
has to be increased. This energy introduced into the system has to
be spent as irreversible energy, as power becoming valueless in
the operational unit [1].

In order to have the largest possible portion of the energy
introduced from the outside spent 1in an irreversible manner, to
have the largest possible portion of the power introduced become
valueless, it is necessary that

- as much introduced energy as possible be transferred, to
- as little a unit volume as possible, within
- as short a time as possible.

The common characteristics of the operational units so far
developed at the Institute are exactly those mentioned above, be-

cause

- 1In pneumatic pulverization, the gases streaming out along the
narrow edge of the slit-type pulverizer at a small cross sec-
tion with a high velocity, transfer a high momentum to a
small volume of the liquid, within a very short period of
time [2, 3, 4, 5, 6];

- 1n the electromagnetic metal pulverization technique, in the
course of spark discharge, a high electrical energy pulse
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(which is transformed to heat) appears in a very short time
in a very small, point-like volume (ym3) [7]-

OFf course, these techniques using a high energy density with
respect to time and space for intensification can be utilized only
in certain, and not in all cases of heterogeneous-phase chemical
reactions, since these differ from one another iIn a number of
their parameters, 1i.e. they are specific. Accordingly, it is neces-
sary to seek for and continually develop new solutions; however,
the theoretical principles of the possibilities of the solution
are the same as described in the foregoing.

The development of new methods for the intensification by
high energy density with respect to space and time was the subject
of cooperation between the Institute and the Nothern Hungarian
Chemical Works on the development of unit operations. The result
of this cooperation was the development of the agitators built up
of new-type elements; these are the subject of the present paper
c8, 9.

DESCRIPTION OF THE NEW-TYPE AGITATOR ELEMENTS

What is characteristic of these agitators built up of new
elements? First of all their difference, the fact that they are
built up of elements which are basically different from those of
the known, conventional ones. It is a common characteristic of
known agitator and stirrer elements (blade, turbine blade, propel-
ler, disc or the combination thereof) that they possess a size of
three (or at least two) dimensions which is comparable to those of
the stirred volume, whereas the elements developed in the course
of the present work are, as compared to the stirred volume:

- practically dimensionless, point-like and consequently they
can be regarded as zero-dimeiiflional bodies;

- or they possess practically a single dimension (length), they
are linear and consequently they can be regarded as one-dimen-
sional bodies.
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These elements are illustrated symbolically (drawing to scale
being necessarily impossible) in Figures la and Ib, respectively.

Fig-1I. Point-like (a) and linear (®©) elements

Accordingly, the geometric dimensions of these elements are
considerably different from those of the conventional elements and
the difference 1is iIn decreasing direction, in the direction of
microscopic dimensions. The dimensions essentially approximate the
dimension range of dispersions, of course to such an extent as Iis
enabled by the material properties (deformability, strength, and
elasticity, etc.) of the structural materials that can be used to
produce the elements.

The geometric characteristics of the zero and one-dimensional
elements are the following: thickness or mean diameter "q" and the
length of the element "1". g may be of the order of 10-5000 um,
whereas 1 is generally (in .the case of one-dimensional elements)
50-5,000 times the value of q: 1 = 50 q - 5,000 q- Another impor-

tant characteristic is the number of the elements 'sz', present Iin

the dispersing space.

There are two possibilities to bring about dispersion with
the point-like and linear elements: they can be applied either as
passive or active agitators. The essential difference between
these two dispersion techniques 1is that in the one case the ele-
ments take part in the introduction of the energy necessary for
dispersion, whereas in the other case they do not.
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In those cases where they do not take part in the introduc-
tion of the external energy and the latter is supplied by some
other known agitator (e.g. a conventional stirrer), they act as
passive agitators. In such cases, the elements freely moving, ro-
tating and vibrating in the fluid alter the velocity gradients of
the streaming brought about by the conventional agitator in small
volume elements, they bring about a multitude of microturbulences
and thereby they act as intensifiers. This method of passive agi-
tation is 1illustrated in Figures 2a and 2b. The zero-dimensional

@ ®

Fig.2. Passive agitation with point-like (a) and linear (b) elements

or one-dimensional elements used for passive agitation are made of
a structural material that is solid, resilient and indifferent in
relation to the fluid; their geometric dimensions are nearer to
the lower limit of the already defined dimension range. In such
cases, the number of the elements 1is preferably expressed as the
fraction of the volume of the fluid and it is at least 0.1 %. The
upper limit is variable and it is determined mainly by the visco-
sity of the fluid; the number of the elements can be increased as
long as the system behaves as a fluid (generally max.40 % by vol.).
In the case of both types of elements it is advantageous if their
shape 1is anisodimensional @ » f ... ~ g~ and if their
size distribution is heterogeneous (AN f 12 4 13 e T h) =

If the introduction of external energy necessary for disper-
sion is carried out by these new elements, i.e. they take part in
the introduction of energy, they function as active agitators. In
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this case, the geometric dimensions of the elements correspond to
the wupper limit of the already defined dimension range (e.g.-
q=10 - 5,000 m, 1 = min. 50 g) and the upper limit of the num-
ber (sz) of elements to be applied is defined by their length (1),
the elasticity of the structural material applied (p) and the vis-
cosity of the liquid (n). The active agitators comprising linear-
-shaped elements differ in a further iImportant characteristic from
conventional agitators. In the case of the latter, the suspension
of the elements (e.g. turbine blades) is rigid and while rotating
they behave as rigid bodies, whereas the linear elements are
rigidly suspended only at one (or, at least, at a few) of their
points, e.g. at the shaft end of the agitator and their other
parts resiliently deflect or vibrate (cf. Figure 3).

Fig. 3. One active element (in two projections)

The shape of these linear elements may be varied: straight
wave-like, and spiral, etc. Their lengths may be identical or dif-
ferent. Their material of construction is generally a solid, resi-
lient - metallic or non-metallic - material indifferent towards
the fluid. In certain cases, active linear elements can be made of
a gas or liquid (possibly, 1~ = - 13 eee = 17, but, it is also
possible that 1Ip ™ 12 N 13 e ~ 17 in general, qg* = q2 = g°

It is apparent from the aforesaid that the new agitator ele-
ments produced as the result of the present research offer a wide
field of various possibilities, the parameters can be varied within
wide limits and accordingly they enable the solution of a multi-
tude of tasks in a new manner and at a higher technical level.
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In the following, the limit of the variation of the parame-
ters as well as the explanation of the efficiency of dispersion
operations carried out with the new elements will be demonstrated
by means of a concrete agitator system, the rotation-type linear
agitator. The study of these experiments and of their results
enables generalizations concerning the operation of the new ele-
ments to be arrived at.

The rotation-type linear agitator as a new rotary stirrer type

The rotary stirrer built up of linear elements, 1i.e. the ac-
tive rotation-type linear agitator is the most evident form of re-
alization of the agitators made of new elements, which are the sub-
jects of thé& described invention. In the examinations carried out
with them, comparisons between their characteristics and those of
the known, conventional agitators, 1i.e. rotary stirrers can easily
be made. Undoubtedly the experience gained in this manner covers
only part of the advantages that can be gained by the application
of these new elements ((Just as the rotation-type linear agitators
are only one of their possible forms of realization); nevertheless,
they are applicable for their demonstration and to draw conclu-
sions. The rotation-type linear agitator is a rotary stirrer whose
dispersing elements are linear elements and they are coupled at
one point (or a few points) to the rotary axis and the element of
q thickness can freely be deflected along its length 1. The degree
of this deflexion depends on the p elasticity of the structural
material of the element, the n viscosity of the fluid and the n
number of revolutions per minute. An agitator is built up of linear
elements whose number is sz and the latter is also of decisive im-
portance with regard to the efficiency of the agitator.

Accordingly, the parameters effecting the number of the pos-
sible variations in the case of rotation-type linear agitators are
the dollowing: q, 1, sz, p and n.

A simple inspection of the above proves that by the appro-
priate choice of these parameters there is a wide possibility for
the solution of intensification tasks of the most varied nature.



1975 Agitators Built Up of Sew Elements 697

However, the differences between conventional stirrers and
rotation-type linear agitators are not only those described in the
foregoing, but there also exist further differences which conside-
rably influence their mode of application.

Conventional stirrer elements, as a consequence of their
three-dimensional structure possess a considerable mass (especial-
ly if it is calculated as a specific value, with reference to the
unit surface area of the stirrer) whereas in the case of linear
agitators the mass with reference to the unit surface area of the
elements is as little as one third to one fifth as that of those.
This fact and the non-rigid suspension of the elements, i.e. the
"free deflection” of the elements results in the fact that in-
creasing the peripheral speed (and,together with it the Re number)
is by far not limited as much by the @ ”~ critical angular speed,
influencing the design, as in the case of conventional stirrers.

It was found 1in the course of the experiments that in the
case of linear agitators, no imbalance of the rotating mass is en-
countered. This can be explained by the fact that the resiliently
deflecting elements "adjust themselves'" to the shape corresponding
to the resistance of the medium.

The differences and the advantages can realistically be
estimated if a conventional stirrer and a rotation-type linear
agitator is examined under identical experimental conditions; for
this purpose, experiments were carried out for the production of
oil-in-water type emulsion with both stirrer types, under totally
identical experimental conditions.

The volume of the oil and water applied Oy = 1°° &=
Vwater = ml® ~total = I"00 ml) was identical in the case of
the two stirrer types: turbine stirrer and rotation-type linear
agitator, and similarly the diameter of the vessel used for emul-
sification was also the same (D = 130 mm) as well as the diameter
of the two agitators (d = 43 mm), the driving motor was the same
and consequently so was its idling speed (n = 4,200 r.p.m.). The
number of the turbine blades was varied in the experiments &\ =
=2, 3, 49 and so was the number of linear elements (szv =8, 16,
24, 40).
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The evaluation of the emulsification tests (the comparison
of the degree of dispersion) was carried out by the measurement of
the time necessary for efficient mixing and of the stability of
the emulsion (the time necessary for total separation). The time
necessary for efficient mixing was measured on the basis of light
transmitted (this was recorded by means of a photo-electric cell).
The period, measured from starting of the mixing, until there was
no longer a change in the intensity of transmitted light was regar-
ded as the time necessary for efficient mixing. It was measured in
seconds and the symbol T was used for it. The other parameter of
evaluation was the stability of the emulsion; it was examined in
such a manner that the emulsion was poured into a graduated cylin-
der and the time t necessary for total separation of the phases
was measured (minutes) . The results of these experiments are sum-
marized in the following Table.

The measurement results @O, T ax<3 t) are presented in the
Table and they are supplemented with the calculated values with
reference to the surface area of the agitator elements (F mm2),
their volume (Q mm3) the total length of the elements (or the
total length of the shearing edges: E 1, mm) and their length with
reference to the unit of the stirred volume (E 1/Vtotal”

What can be seen from the results, and what connections are
revealed by the Table?

It is apparent at a first glance that in the case of emulsi-
fication with linear elements, the time necessary for efficient
mixing is as low as half of that required 1in the case of the tur-
bine-type stirrer.

Similarly it is readly apparent that at the same time, the
stability of the emulsion (more particularly, the efficiency of
dispersion) 1is practically of fenfold value when carrying out the
emulsification with the linear agitator, as when whit the turbine
stirrer, since the time necessary for the separation of the phases
was increased to tenfold value.

The results of these experiments convincingly prove that the
dispersion operation can be carried out by means of the linear
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agitators at a multiple efficiency as compared to turbine stirrers
What is the cause and the explanation of this increase in effici-
ency? By studying the calculated data present in the Table and the
diagrams, prepared on the basis of the latter, shown in Figure 4,
the following most essential conclusions can de drawn:

Fig.-1*. Turbine stirrer — ; linear agitator-—-—

1. The stirring surface, with reference to the unit volume of the
stirrer elements (F/Q) is larger in the case of the linear agi-
tators by a factor of three to five.

2. The total element length (streaming edge length: £1/Vtota™),
with reference to unit volume, is In the case of the linear
agitators larger by a factor of fifty to a hundred.

3. The difference and its nature iIs even more apparent in the gra-
phical representation,where the "longitudinal density"™ is shown
plotted against changes in the surface area of the stirrer ele-
ments .
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On the basis of these considerations it becomes understan-
dable and explainable why the rotation-type linear agitator Iis
more efficient in dispersing; a considerable contribution to this
efficiency is represented by the vibration of the linear elements
during their motion, which, however, could not be included numeri-
cally into the Table.

In the course of the experiments, the ratio D:d was not only
studied at custorary design values (D/d = 3), but also in experi-
ments No. 8 and 9 at the more unaccustomed value of 1.62. Surpri-
singly it was found that T showed a further decrease and, at the
same time, the time t necessary for separation showed a further
increase.

In these experiments, the stirrers were placed at a height
corresponding to the stationary phase boundary (boundary water-
-oil). In the following, experiments were carried out in which

- Voi.l = VWater = 500 ml was maintained and

- the stirrers were located at a height corresponding to the
middle of the upper stationary oil phase.

It was experienced that - whereas in the case of the turbine-stir-
rer there was no emulsification at all - the linear agitator

enabled the preparation of an emulsion stable for nearly the same

time.

The significance of the experimental results showing the ad-
vantages of the linear agitators is further enhanged when it 1is
considered that in the experiments:

- no use was made of the possibilities of the "rotatability" of
the linear agitators (a relatively low speed was applied)

- variation of the number of the elements was restricted to a
narrow range.

Summarizing the aforesaid it can be concluded that the effi-
ciency of the rotation-type linear agitator (as an embodiment of
the new agitator elements developed) can, at a first approximation,
be explained by the following:
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- on account of the decreased geometric dimension of the ele-
ments, considerable velocity fradients arise in small volumes
of the fluid (consider, for example, the difference in the
flow rate- of two Ffluid layers moved by two elements of q =
= 0.5 mm and the '"non-moved"™ layer between them);

- velocity vectors considerably different with regard to magni-
tude and direction are formed along the 1 length of the ele-
ments "adjusting themselves™ 1in the direction of the resis-
tance of the medium;

- the vibration of the end portions of the resilient linear ele-
ments 1is, in addition to the aforementioned, the source of
Ffurther microturbulences.

An additional feature is that less restrictions are valid in
connection with 1increasing the speed of stirring and the diameter
of the stirrer, as opposed to conventional stirrers, and accor-
dingly higher Re number ranges can be reached.

Accordingly, it can unequivocally be stated that the increase
in efficiency is connected with changes in the longitudinal density,

_ _ n _ _ _
i.e. Iin v ‘'— which is, of course, also influenced by the values
total

of g, 1, sz and p.

On account of space restrictions, only one type of the new
agitator elements was described in the foregoing, moreover, only
part of the experiments could be reported.

The results of further experiments together with a few che-
mical applications will be described in a further paper.
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PE3IOME

MewasnHu HOBOro Tuna MOCTPOEHL W3 HOBbLIX, OTAMYawWUXCA  OT
OGbIYHBIX, 3/1IEMEHTOB, CUUTAWWUXCA HY/IbMEPHBIMA,  TOYEYHLIMA WM  OLHO-
MEPHbIMU, JIMHENHbBIMM. XapaKTepHOoe AN HUX CBOWCTBO, 4YTO WX reoMeTpu-
yeckue pasmeps NpMbAMXawTCAa K pa3mepam AMcnepcHbiX cuctem. CocTas-
Hble 4YacTu MewaskKm U3roTosBsieHbl U3 TBepaoro (MeTa//IMYecKoro WM He-
MeTan/IM4eckoro), YMnpyroro, WHepTHOro Ans ¢nouga matepuana. BaxHel-
Wne XapakKTepHble cBOWcTBa: cpegHuin pgunameTp £ (10-5000 am), pgavHa

3anemMeHTa (I1>50.9) ¥ uncno CcOCTaBHbBIX YacTel MewWwasKu .
MpuUMEeHsieMOCTb  Mewasiku HOBOro Tuna Ans - AucrneprupoBaHus  6bina
[oKazaHa Ha onbiTax C Uesibld 3My/brauuM BOAHO-Mac/isiHOli cucTtemsl. Co-

nocTaB/ieHNEe CMecuTenen c TYpPOMHHOW Mewankoi 1 poTauMOHHOW NUHEHON
MewanHoW p[okasasno, 4YTO C NpPUMEHEeHWEM HOBbIX 3/1IEMEHTOB Bpewmsi, Tpeby-
emoe AN 9PpHeKTUBHOIO MnepemewnBaHns, yYMEeHbllaeTCA  Hano/lOBUHY, a
BpemMsi, HyXHOe Afs MOMIHOro pa3jefieHus 3SMy/nbCun, yBenndmBaeTcs B
fecsaTb pas.

PoTaunoHHbIe NUHENHble Mewanky MNOoAe3HO MNPUMEHUMb Mpu AUCneprun-
pOBaHMN reTeporeHHbX CUCTEM: XWAKOeTb-XWAKOCTb, TBepaoe Teno-xug-
KOCTb W ra3-xuaKocTb.

MoBbiweHne SPHPeKTUBHOCTU NpU KX MNPUMEHEHUN XapaKTepulyeTcs
BennuumHo F/Q, (NoBepxHOCTb 3nemeHTa/06beM 3eMeHTa), TaKke Benu-
unHo 21/Y0[3y (avHa cAaBurawweil KpoMKU/CMewaHHbIn o06bem). 3Tu Benu-
UMHbI 3HAYMTENbHO MpPeBbIWAT COOTBETCTBYWWME BENNUYUHb Mewasiok Khac-
CMYeCcKOoro Tuna.
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