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I. ABSTRACT OF PROGRAM

Currentstate-of-the-artinorganicoxidemembranes offerthe potentialofbeing
modifiedtoyieldcatalyticproperties.The resultingmodulesmay be configuredSo
simultaneouslyinducecatalyticreactions:_thproductconcentrationand
separationina singleprocessingstep.Processesutilizingsuchcatalytically
activemembrane reactorshave thepotentialfordramaticallyincreasingyieldof
reactionswhich are.currentlylimitedby eitherthermodynamicequilibria,
productinhibition,orIdneticselectiviW.Examplesofsystemsofcommercial
interestincludehydrogenation,dehydrogenation,partialand selectiveoxidation,
hydrations,hydrocarboncracking,olefinmetathesis,hydroformylation,and
olefinpolymerization.A largeportionofthemost significantreactionsfallinto
thecategoryofhightemperature,gasphasechemicaland petrochemical
processes.Microporousoxidemembranes arewellsuitedfortheseapplications.

A program isproposedtoinvestigateselectedmodelreactionsof'commercial
interest(i.e.,dehydrogenationofethylbenzenetostyreneand dehydrogenationof
butanetobutadiene)usinga hightemperaturecatalyticmembrane reactor.
Membranes willbe developed,reactiondynamicscharacterized,and production
processesdeveloped,culmins.tingin laboratory-scaledemonstrationoftechnical
and economicfeasibility.

As a resultoftheanticipatedincreasedyieldperreactorpass,largeeconomic
incentivesareenvisioned,First,a largedecreaseinthetemperaturerequiredto
obtainhighyieldshouldbe possiblebecauseofthereduceddrivingforce
requirement.SigD_Ccantlyhigherconversionperpassimpliesa reducedrecycle
ratio,aswellas reducedreactorsize.Both factorsresultinreducedcapitalcosts,
as wellas savingsincostofreactantsand energy.Moreover,thecontrolled,
definedreactionzone(themembrane interface),willfacilitatethereactordesign
processand permitgreatercontrolofreactordynamics,includingmass and heat
transfer('bothofwhich willnow be convective,ratherthan conductive)should
resultinmore ef6cientreactorcontroland design.Lower reactortemperatures
alsoimplypossiblylessstringentcatalystrequirements,aswellas thepotentialto
carryoutreactionsdirectlythatwere previouslymulti-step.Becauseofthe
unnumerable reactionsofcommercialinterestinthe chemicalprocessindustries
fallintothesecategories,commercialimpactcouldbe enormous.

lit 111' II" , r, ,, II ,, lip'II ' '' li ' Inl IIIll '_' r ,iii 'II ;PII



2. TECHNICAL HIGHLIGHTS

A mathematicalmodeldescribingdehydrogenationofethylbenzenetostyrene
withmembrane reactorshas beendeveloped.The modelhas been establishedby
incorporatingthermodynamicequilibriumofthereactionwith gas permeation
throughmicroporousceramicmembranes. Thismodel has been used to
simulatetheconversionratioofthedehydrogenationfora wide rangeof
temperatureand pressure.

The use ofmembrane -.eactorscan achievea >90% conversionwhichis
substantiallyhigherthanthetheoreticalequilibriumratJ_of66% ata t_jpical
operatingcondition(i.e.,900°K and 1.5atm cont_inln_20% ofethylbenzsneinthe
feed).Thisdegreeofenhancedconversionwould reducesignificantenergy
requirementinthedown streamproductseparations.Additionaladvantagesin
hardware and catalystmaterialscanbe achievedand were identifiedin the
previousquarterlyreport.

The effectofoperatingconditions,suchas temperature,pressure,and diluent
ratioina membrane reactor,has beenstudied.The favcrableconditionforthe
traditionalreactor,i.e.,hightemperatureand low pressure,isapplicableforthe
use ofmembrane reactors.An experimentalplanwillbe developedfor
verificationwitha laboratoryreactor,whichwillbe thefocusofthestudyinthe
thirdquarter.

Once theexperimentaldatabecomesavailable,themathematicalmodel developed
herewillbe modifiedtotakeintoaccountthenon-idealsituations,such as side
reactions,and incompletelocalthermodynamicequilibrium.The model willth_n
be used forprocessdevelopmentand optimization,whichwillbe conductedinthe
secondand thirdyear.
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3. INTRODUCTION

A mathematicalmodelhas beendevelopedtosimulatethedehydrogenationof
ethylbenzenetostyrenewithmicroporousceramicmembrane reactors.The
simulationoutcomewill(I)demonstratethedegreeofconversionimprovement,
and (2)providedirectionson ourexperimentalprogram. Af_r comparingwith
the experimentalresults,thissimulationprogramwillbe modifiedinorderto
preciselydescribethe catalyticconversionprocesswithmicroporousceramic
membranes. The ultimategoalofthiswork istoprovidethebasisforprocess
developmentand optimizationinthesecondand thirdyearofthisresearch
program.

4. MATHEMATICAL MODEL

The mathematicalmodel isdevelopedby incorporatinggaspermeationthrough
microporousceramicmembranes withcatalyticreactions.Gas permeationhas
been discussedindetailinthefirstqum_terlyreport,whichincludesKnudsen
difTusion,and Poiseuilleflow.Assumptionsmade fordevelopingthe
mathematicalmodel arelistedasfollows:

* Gas permeationthroughsurfacedif_sionisnegligible.The catalyticreaction
we arepursuingisoperatedata lo_ pressureand hightemperature
environment.

. Idealgaslaw isusedtodescribethegasbehaviorofsinglecomponentsand gas
mixtures.The suitableoperatingconditionforethylbenzenedehydrogenation
isinthemoderatehightemperature(400to650°C)and lowpressure(0-
2 arms).Idealgaslaw appearsadequateaccordingtothecompressibility
factordeterminedforeachcomponentlistedinTable1.

* An isothermalconditionisassumed t_hroughtheentirecalculation.
Dehydrogenationofethylbenzeneisendothermic,whichrequirestosupplythe
heattomaintaintheisothermalcondition.

. A simpledehydrogenationofethylbenzenetostyreneand hydrogenisstudied
inthismodel. No sidereactionsareconsidered.

4.1 MaterialBalance

The tubularmembrane reactorisseparatedintoa "n"number ofcontinuous
stirredtank reactorsas shown inFigureI. Materialbalanceisimposedupon
eachreactorasillustratedinFigure2.

,r, _, i1_ ,_ _r ,i ,,m i I, , ' la,,q.... ,H ,,_
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For a givenreactor,j,

Reject,j,ffiFeed,j,-Permeate,j,+ ChemicalReaction,j,

Rj ffi Fj - Pj + Axj (1)

and ,

P,j = (Qk + Qp) * AP * A (2)

where Qk permeabilitycontributedby Knudsen diffusion

Qp permeabilitycontributedby Poiseuilleflow

AP pressuredrop acrosstrausmembrane

A effectivesurfaceareaforpermeation

EstimationofQk,Qp,and Ax isdiscussedindividuallyinthefollowingsections.

4.2 ChenficalReaction

PH2 "PST
Ep =_ (3)

EB + N2 "# H2 + ST + NS (4)

Initial x n y z n

equilibrium x-Ax n y+Ax z+Ax n

Totalmoles = x + y + z + Ax .:.n

Assuming idealgas,Pt: totalpressure

(x )PZB= +y.z +n Pt (Sl

x z+Ax )PST = +y+z+Ax+n Pt (6)

x y+Z_: )PH2= +y+zsAx+n Pt (7)
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Ix n '_-IPt (8)PN2= +y+z+Ax+n

= "' (9)
x- x,_.x, __

+y+z+Ax+nJ Pt

(I .-_I* Ax2 + (_* (y+z+n)+ (y+z))•Ax -

(--_).x (x+y+z+n)+ yz = (10)
Q 0

'l_nestyreneand hydrogenproduction(Ax)canbecalculatedby solv:mgthe
equation10. The chemicalequilibriumconstantscan befoundintheliterature[1].

4.3 Knudsen Diffusion [2]

.........Dk = _r • •R,........ (11)

Qk = F.,p• Dk - (12)
_*R*T*L

where: r pore radius, M
T temperature, K
R gas constant, 8.313 CPa-M3) (1/g-mole) (l/K)
M molecular weight, g/mole
Dk Knudsen effectivediffusivity,M2/s
Qk Knudsen permeability,g.mole/(Pa-M2-s)

£p porosityofmembrane layer
, "c tor_osit_

L permselectivelayerthickness,M

In theKnudsen regime,eachspeciesdiffusesindependentlysothatthediffusivity
doesnotdepend on eithercompositionortotalgas concentration.



4.4 Poiseuille Floy_ [2]

10,£p,P,r sQp = ......
8o_to_oR,T*L

where: P pressure, Pa
viscosity, Pa-s, or, poise/10

Gas viscosity is required for the estimation of Poiseuille flow. lt is the function of
temperature and pressure. Viscosity at low pressure is estimated by using the
theoretical Hirschfelder method which was further modified by Bomley and
Wilke[3].

33.3 • (MTc)o.5
p.o =L Vc0.333 (f (1.33Tr)) (14)

0.261
f (1.33Tr) - 1.058 • TrO._5 - _ ...... (15)

(1.9,Tr)0"9*logii.9,Tr)

where: po viscosityatlow pressure,micropoise
Tc critical temperature, K
Tr reduced temperature
V c critical volume, ml/g-mole

5. COMPUTER ALGORITHM

Figure3 presentstheflowchartofthecomputerprogram. The inputdataare
dividedintofourgroups:(a)gas component,molecularweight,and itsdipole
moment; CD)criticaltemperature,criticalpressure,criticaldensity,and reaction
equilibriumconstant;(c)membrane porosity,tortuosity,poreradius,thickness,
reactornumber in calculation,totalsurface,area;and (d)totalflowrate,operation
temperatureand pressure,and feedcomposition.

The surfaceareaofeachreactoriscalculatedby dividingthetotalsurfacearea
with theinputnumber ofreactors,NS. The computationisthencarriedout
reactorby reactor.Figure4 showsthecalculationdiagram.For a givenreactor,
reactionconversionisfirstcalculated,and'then,productseparationisestimated
from Knudsen diffusionand Poiseuilleflow.The compositionofpermeateand
rejectiscomputed by mass balance.The flowrateand compositionofrejectare
assignedasthefeedtothenextsubsequentialreactor.The computerprogram
and a typicalinputdataarelistedintheappendix.

Two operatingconditionsareidentifiedinthepermeateside(Figure4).One
conditionisoperatedwithoutvacuum inthepermeateside.The permeatespecies
areaccumulatedinthe permeateside.The repeatedcalculationcontinuestillthe



lastreactorisencountered.The otherisoperatedwithvacuum tothepermeate
side.Thus,a significantpressuredropacrossthemembrane ismaintainedin
everyreactor.Finally,thespeciesofpermeateineachreactorareaddedtogether
asthetotalpermeateoutput.Itisanticipatedthatthefieldoperationwould
approximatethelattercondition.

6. _TS

Tables2 and 3 givetheflowrateand compositionofpermeateand rejectforthe
two conditions.Nitrogenisusedasinertdiluent.The volume flowrate
(0.03M3/s)ismeasured atthesimulationtemperature.The feedcompositionis
keptat20% ethylbenzenebalancedwithnitrogenwhichisintheproximityofthe
feedpartialpressureinthecommercialoperation.The conversioniscalculated
by thefollowingequation:

Conversion(%) styreneinpermeate+ st_rreneinreject
= ..... ethylbenzeneinfeed ..... •100% (16)

Figure5 shows thatthereactionconversionisenhancedby usingmembranes
under atypicaloperatingcondition,e.g.,900°K,0.03M3/s offeedwith20%
ethylbenzeneinnitrogen.About12.5%abovetheequilibriumconversioncanbe
achievedatthemid-pointofthemembrane tube,i.e.,at0.6M 2,forthecondition
withnutvacuum. Membrane >0.6M 2doesnotprovideany additional
enhancement. The conversionisevenhigher,i.e.,>90%, when vacuum is
performedinthepermeateside.The temperatureeffectisshown inFigure6.
Sinceethylbenzenedehydrogenationisendothermic,a hightemperature
conditionisfavorableforthisreaction.At 700°K,5%-10% aboveth_.equilibrium
conversionisachievedwithmembrane reactors.While12%-22% isachievedat

900°_ Figure7 illustratestheinfluenceoftotalpressureon thisreaction.The
lowerthetotalpressure,thehighsrtheconversion,The effectofnitrogendiluent,
orpartialpressureofethylbenzene,isshown inFigure8. lthasthe similareffect
asthatoftotalpressure.Figures5,6,and 7 concludethattheconditionfavorable
forthetraditionalreactor,i.e.,hightemperatureand lowpressure,isapplicable
forthe operationwithmembrane reactors.

. 7. NUMERICAL METHOD

The tubularmembrane reactorisapproximatedby reactorsin series.The

i number ofreactorsrequiredtoachieveen acceptableaccuracycanbe determined

with a convergencetest.Generally,themore number ofreactorsareselected,the
more accuratethesimulatedresultswillbe. For a typicaloperatingcondition,2
to20 reactorsareselectedheretotesttheconvergenceofnumericalcalculation.
Figure8 shows _hatabout8 reactorsarerequiredtogivea convergedconversion

• ratiofbrbothconditionswithand withoutvacuum inthepermeateside.In this

study,10 reactorsareselectedformost ofthecalculationtoinsuretheaccuracyof
the simulatedresults.

.... "" ','1, ' ' ,r, ,rllq, lr I,r ,qT_T'Iql ' ' ' II, ' qll' ,'



8. DISCUSSIONS

The advantageofusingmembrane_ isthathydrogencanbe removed in situ
duringdehydrogenation.Hence theyieldofstyreue can be higherthan thatofthe
thermodynamicequilibrium(Figures6-8).With thehelpofpermeateside
vacuum, an even higherconveraior,can be achievedbecausehydrogeninrejectis
removed more efficientlythan thosewithoutpermeatesidevacuum.

Figure_ shows thatconversionreachesa .maximum atthesurfaceareaof0.6M 2
fortheconditionwithoutvacuum atthepet_neateside.At thispoint,thepartial
pressureofhydrogenisequalon thepermeateand therejectside,no more
hydrogencan be removed tothepermeatetoenhancethedehydrogenation.One
shouldnote,thattheconversiondecreasesslightlywithsurfaceareagreaverth_:n
0.6_.

When vacuum isappliedtothepe_uneateside,itisexpectedthatthereaction
: shouldreach10,0%conversion.Ethylbenzene,likehydrogen,permeatesfrom the
• rejectalthoughata much slowerrate.Some reactantswillpermeatethroughthe
-_ membrane beforedehycL_genationtakesplace.Therefore,theconversionis
• improved further by vahnum; but it can not reach 100%,
!

| 9. LISi_ATIONS OF MODEL

As discussed in the assumption, only simple dehydrogenation without any side
reactionsisconsideredinthisstudy.The selectivityofstyreneintheindustrial
operationrangesfrom 60% to95%, dependingon temperature,pressureofthe
operatingcondition,and conversionratio[5].Majorsidereactionproducts
includesxylene,toluene,benzene,etc.The sidereactionisignoredtosimplifythe
simulation.Sincetheselectivitycan be ashighas95%, an assumptionlikethisis
realisticforthepreRminaryanalysis.Once theexperimentaldataarecollected,
themodel willbe modifiedtoincludethesidereactionforthepurposeofprocess
optimizationand development.

I

Becauseoftheendothermicnatureofdehydrogenation,thereactioncan be
operatedunder eitheradiabaticorisothermaldependingupon any heatinputor
not.Both processeshave been practicedcommercially.The membrane reactor
canbe designedtobesuitableforbothoperations.Inthelaboperation,an
isothermalconditionwillbe performed.Thus,an isothermalconditionisselected
in thissimulationfordirectingthedesignofourexperimentalstudy.In the
futurethemodelwillbe modifiedtoincludetheenergybalanceforboth

i isothermaland adiabaticconditionssinceenergyconsumptionwillbe one ofthe
key considerationsinthisstudy.

8



9.3 __ of Knudsen Dif_sion

Knudsen equation used in this study is valid under the condition that Knudsen
diffusion dominates. The rule of thumb is that the ratio of mean free path to pore
diameter is larger than 10 [5]. Table 4 shows the mean free path of major
components involved: hydrogen, ethylbenzene, styrene, and nitrogen. For a 40,_.
membrane, the transport mechanism is within the valid range of Knudsen
equation. Further, our experimental results on gas separations are consistent
withthepredictionbasedon Knudsen diffusion[6].However,theprogramdoes
notdiscriminatethisconstraint_Sincemean freepathisa functionofmolecular
weight,pressure,and temperature,falseresultmay occuriftheratioofmean
freepath toporediameterisnotcarefullyexaminedbeforeusingthisprogram.

9.4 LocalEouilibriumConversion

The tubularmembrano reactorisapproximatedby completelystirredtank
reactorsin series.Thus,a localequilibriumisassumed throughouttheentire
tubularreactor.Sincethereactorislikelytobe operatedatthetubulentflow

| region,thegascomponentinthetubularreactorcouldbe wellmixed. A local
equilibrium assumption is valid if the reaction rate is sufficiently fast and the

| catalyticsurfaceareaissufficient.The formerisdependentupon theoperating
| temperatureand concentrationfora givencatalyst,whilethelatterisdetermined

by thesurface,az_atovolumeratioina membrane reactor.An effectiveness
factorcan be determinedoncetheexperimentaldataareavailable.The factorcan
be incorporatedintothemodeleasilytoaccountforthedisc_repancyofthe
assumption.The effectivenessfactorwillbe usefulinformationinthedesignofof
themembrane reactorconfiguration,whichwillbe.studiedinthesecondand
thirdyear.
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TABLE 1

Crilical and tion tions

H2 E_ylbenzene Styrene N2
ili_1_____ i i,L ..il il I li i i I _, , ,,i i , .,, i ii.,

Tc CK) &3.2 617.2 647.0 126.2

Pc (atm) 12.8 35.5 39.4 33.5
-- liii ,i i i. i i. i ii i i i ii i i i ii ii ill iii i ii

T CK) 773.923 773-923 773-923 773-923

P (atm) 0.0-0.5 0.5-0.0 0.0-0.5 0.8-2.0
. - _ ,i ui

Tr 23.3-27.8 1.3-1.5 1.2-1.4 6.1-7.3

Pr 0.0-0.04 0.02-0.0 0.0-0.01 0.02-0.06

Z 1-I 0.99-1 1-0.99 1-1
iii i ii iI ii I III III I I I I Illl I I II II J ..... I .... II

Total pressure: 1-2.5 atm, 20% EB, 80% N2

Z = PV/RT, compressibility factor



"£_LS 2

Compodtion of l_..m]ocaneSeparation

Permeate ....... 1_ ........ .,.,R_!ect. Conversioni rl

Flow EB ST. H2 N?_ Flow EB., ST H2 _ N2 (%)
(Mole/s) (%) (Mole/s) (%)

i i ii lr= .............. . ... , iiii i,i ii l,i|l

700K 0.4g 13 2 4 80 0.32 21 5 1 73 15.6

800K 0.36 8 6 13 72 0.39 11 12 3 74 47.8

900K 0.35 3 10 25 63 0.36 3 19 4 74 83ol
IBiS ] II IIII I llnl i i IIIIIll jl I till I III I IIIII

Feedcomposition:20%EB,80%N2

Feedrate: 700K,0.783mole/s(0.03M3/s)
800K,0.685mole/s(0.03M3/s)
900K,0.609mole/s(0.03M3/s)
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TABLE 3

. Composition of Membrane Separation with Permeate Vacuum

Permeate Reiect...... Conversion: - LL_ . H

Flow EB ST H2 N2 Row EB ST 1-12 N2 (%)
(Mole/s) (%) (Mole/s) {%)

700K 0.66 12 3 5 81 0.15 30 10 0 60 20.6

800K 0.63 6 7 13 74 0.14 12 26 0 61 59.1

900K 0.58 2 10 19 69 0.14 1 36 0 63 90.3
, in i ,- ,i ii pun ,, i i iii ii _ ,, i i ii ......

Feedcomposition:20%EB,80%N2

Feedrate: 700K,0.783mole/s(0.03M3/s)
800K,0.685mole/s(0.03M3/s)
900K,0.609mole/s(0.03M3/s)



TABLE4

Mean Free Path at I atm

iii i i.ii
ii i ii i . --_ I II|H

ii ,i

298K 673K 923K
i

H2 1018 2595 3727

EB 126 429 666

N2 639 1733 2467
i i

unit: ,/_
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2=EB I

4= N2 I I D b ,

_ Membrane Tube

Figure 1 Separation of Membrane Reactor
into "n" Number of Stages
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Membrar_e Reactor

Feed, F Reject, IL XJ
AXJ, Reaction

Figure 2 Material Balance of Given Stage, j
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Calculation of
each component by

equilibrium

,L

I= 1,'!H2 ,
2" EB
3"ST
4" N2

"Calculation of
Knudsen Diffusion

i

Calculatlon of
Poiseuille flow

Calculation of

out put
rate, Permeate

ect,

i=Rj- 1

end

Figure 3 Flow Chart of Computer Program
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P] _ PI+P'2 PI+P'2.I_ ..._J+ _._ . ._ Pl+...1_+.._ +Pa

__.. v _ _ ........_____ -_...

I U '•,, _ _

Option a : No Vacuum at Permeate Side

P1 P'2 P3 PJ Pl+...+PJ+... + Pn

'_ t t --"oeoooooe oeeo oe t

Option b : Vacuum at Permeate Site

Figure 4 Sectional Calculation Dtagram
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12. Appendix



IMPLICIT real*8 (A-h,o-z)
CHARACTER*5 XNAMZ(4)
dimension Xm(4),tc(4),pc(4),rhoc(4),vc(4), DIP(4)
DIMENSION COMP(4),PSC(4),FK(4),FL(4),FS(4),FF(4)
DIMENSION QK(4),QL(4),DS(4),DQDP(4),RF(4),PF(4) ,PPC(4)
DIMENSION QS(4),SLOPE(4),RC(4),COM(4),SUMP(4,100),PERMEA(4)
NAMELIST /DATA1/ XM, DIP, XNAME,
@ /DATA2/ TC, PC, RHOC, XKP
@ /DATA3/ EP,UK, R, TLo NS, AREA
@ /DATA4/ FRATE, T, TP, COMP
@ /DATAS/PSC
@ /DATA6/ SLOPE
COMMON EP, UK, R, TL, RG
OPEN (UNIT=5, FILE= 'INPUT ',STATUS= 'OLD ')
OpEN (UNIT=6, FILE= 'REACT2. DAT ',STATUS= 'NEW ')

DATA1 INCLUDES M, DIP
M, MOLECULAR WEIGHT, IN G/GMOLE
DIP, DIPOLE MOMENT, IN DEBYE

DATA2 INCLUDES TC, PC, RHOC
TC, CRITICAL TEMPERATURE, IN KELVIN
PC, CRITICAL PRESSURE, IN ATMOSPHERE
RHOC, CRITICAL DENSITY, IN G/CC
XKP, EQUILIBRIUM CONSTANT, ATM

DATA3 INCLUDES EP, UK, R, TL
EP, POROSITY OF MEMBRANE, -
UK, SHAPE FACTOR OF POROSITY, I/TORTUOSITY, -
R, PORE RADIUS OF MEMBRANE, M
TL, THICKNESS OF THE MEMBRANE LAYER, M
NS, SECTION NUMBER IN SIMULATION, -
AREA, MEMBRANE SURFACE AREA, M2

DATA4 INCLUDES FRATE, T, TP, COMP
FRATE, FEED RATE M3/SEC,
T, TEMPERATURE KELVIN
TP, TOTAL PRESSURE ATM
COMP, PERCENT COMPOSITION

DATA5 SATURATED VAPOR PRESSURE AT CRITICAL

TEMPERATURE, ATM

DATA6 SLPOE OF ISOTHERMS VS P/PS, MOLE/G

READ IN DATA

READ (5, DATA2 )
READ (5, DATA1 )
READ (5, DATA3 )
READ (5, DATA4 )
READ (5, DATA5 )

• READ (5, DATA 6 )
RG=8.3 06
RHO=2.9E6

WRITE THE TITLE
25

WRITE (6,10) R*2. E10,AREA

_ ' A PORE S_ZE _*'__ WT_ CATALYTIC
10 FORMAT (///, 7X, F6. I,

.... lr _, lar 11 "1_1 " '" 'qn, w, , 1pr ,.11 "e q'rqr ,,Inm,lr"l,q



@RXN',//,25X,'SURFACE AREA- ',FI0.4,' M2')

INITIALIZE THE VARIABLES

TPF-0.0
TRF..0.0
SSA=0

DO 4 I..l,4
COM (1)-COMP (1)/100.0
PPC (I)-0.0
DO 5 J-l,100

5 SUMP (I,J)..O. 0
4 CONTINUE

START CALCULATION

TN=TP*FRATE/(82.06E-6*T)
TNN=TN

SA=AREA/NS
DO 3 J=l, NS

SSA=SSA+SA

CALL REACTION (XKP,COM,TP,NS,TNN)
DO 2 I=1,4

PM=TP* (COM(1) *TNN-PPC (I) *TPF)/(TNN+TPF)
QK (I)=X_KNUDSEN (XM (1) ,T)
QL(I) =X_LAMINAR(XM (I) ,RHOC (1) ,TC(I) ,PC(1) ,DIP(I) ,T, PM)
QS (I)=SURFACE (PSC (I),TC(I), SLOPE (I),RHO,T)
PERMEA (I )=QK (I )+QL (I)+QS (I )
FK (I)=QK (I) *PM*I. 013E05*SA
FL(I) =QL(I) *PM*I. 013E05*SA
FS (I).=QS(1) *PM*I. 013E5*SA
FF (I)=TNN*COM (I)
PF (I)=FK (I) +FL (1) +FS (I)
SUMP (I ,J+l )=SUMP (I ,J) +SUMP (I ,J+l) +PF (1)
TPF=TPF+SUMP (I ,J+l)
RF (1)=FF (I) -PF (I)
TRF=TRF+RF (I )

2 CONTINUE

WRITE (6,30) T,TP
'TEMP =' F6 I ' K' 10X 'PRESS=' F7 2 ' ATM')30 FORMAT(I/I,15X, , . , , , , . ,

DO 300 I=I,4
PPC (1)=SUMP (I, J+l) ITPF
RC (1)=RF (I)/TRF

300 CONTINUE

WRITE (6,70) SSA
'SECTION AREA .. ' FI0 4 ' M2'70 FORMAT (/, 25X, , , , )

WRITE (6,60) FRATE, TN, TPF, TRF
'FEED VOLUME RATE=' F7 3 ' M3/S' 2X 'FEED=' F9 360 FORMAT(//,5X, , • , , , , - ,

@, MOLEIS' II, , , , , , , • ,, 5X 'PERMEAT"' F9.3 ' MOLE/S' 5X 'REJECT=° F9 3
@' MOLE/S')

WRITE (6,45)
'FEED (%) ' 6X, 'PERMEABILITY ' 6X 'PERMEATE (%) '45 FORMAT (//, 18X, , , , ,

@6x,'REJECT(%)')
DO 400 Iml,4

400 WRITE(6,50) XNAME(1),COM(I)*I00,PERME (1),PPC(I)*I00,
@RC(1)*I00

50 FORMAT(TX,AS, 4X, F6.2,9X,E9.2,9X, F6.2,10X, F6.2)
DO 7 I..I,4

7 COM (I )"RC (I )
,.L,.,_.,.__ 26



i TRF=0.0
TPF'0.0

3 CONTINUE

CLOSE (UNIT=5 ,STATUS..' SAVE' )
STOP
END

*************************************************

KNUDSEN PERMEABILITY

FUNCTION X KNUDSEN(XM,T)
IMPLICIT REAL*8 (A-H,O-Z)
COMMON EP,UK,R, TL, RG
V=SQRT ((8. *RG*T)/(3. 142*XM) *I000. )
X KNUDSEN= (2. *EP*UK*R'V) / (3. *RG*TL*T)
RETURN
END

***********************************************

LAMINAR PERMEABILITY

FUNCTION X_LAMINAR(XM,RHOC,TC, PC, DIP,T, PM)
IMPLICIT REAL*8 (A-H, O-Z)
COMMON EP, UK, R, TL, RG
VC=XM/RHOC
TR=T/TC
FTR=I. 058* (TR**0. 645)-0. 261/( (i.9*TR) ** (0.9*LOG10 (I.9*TR) ) )
AMU=33.3 *SQRT (XM*TC) *FTR/(VC** 0. 667 )*1.0E-6
PR=PM/PC
CALL AMUCAL(TR, DIP,TC, PC,AMU,AMUP)
PMPA=PM* 1.0E5

X_LAMINAR=EP*UK*R*R*PMPA/(8.0*AMUP*RG*T*TL) *i0
RETURN
END

************************************************

SURFACE DIFFUSION PERMEABILITY

FUNCTION SURFACE (PSC, TC, SLOPE, RHO, T)
IMPLICIT REAL*8 (A-H, O-Z)
COMMON EP, UK, R, TL, RG
DS=I. 345E-6*EXP (-3142. 177/T)
PS=PSC* (T/TC) **2
DQDP=SLOPE/(PS*I. 013E5)
SURFACE=UK*RHO* (1-EP) *DS*DQDP/TL
RETURN
END

*****************************************************

0

SUBROUTINE AMUCAL (TR, DIP, TC, PC, AMU, AMUP)
IMPLICIT REAL*8 (A-H,O-Z)

• A'_I.9824E-03/TR*EXP (5. 2683"TR_* (-0.5767))
B=A * (i •6552"TR-I o2760 )
C=0. 1319/TR*EXP (3 •7035"TR** (-79.8678))
D=2. 9496/TR*EXP (2 •9190*TR** (-16. 6169) )
DIPR=52 •46*DIP*DIP*PC/(TC*TC)
Q=I.-5. 655*DIPR
AMUP=B*PR+I. / (I. +C*PR**D)
AMUP=Q*A* PR** 1.5/AMUP 27
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i

AMUP-,AMU* (I.+AMUP)
RETURN
END

i

*****************************************************

THERMAL REACTION

SUBROUTINE REACTION (XKP,COM,TP, NS, TNN)
IMPLICIT REAL*8 (A-H,O-Z)
DIMENSXON COM (4)
XEB-COM(I)*TNN/NS
XSTY,.COM(2 )*TNN/NS
XH2-COM(3)*TNN/NS
XN2-COM(4)*TNN/NS
D=XKP/TP
A=I+D
B,=XH2+XSTY+D * (XH2+XSTY+XN2)
C=--XH2*XSTY+D* XEB* (XEB+XH2 +XSTY+XN2 )
DELTI_._X=(-B+SQRT (B*B+4*A*C)) / (2*A)
TNN.=(XEB+XSTY+XH2+DELTA_X+XN2) *NS
COM (1)= (XEB-DELTA X)*NS/TNN
COM (2)= (XSTY+DELTA X)*NS/TNN
COM (3)'=(XH2+DELTA_X) *NS/TNN
COM(4)-(XN2).Ns/Tm_
RETURN
END

28
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SDATA2 TC_617.2,647.0,33.2,126.0
PC"35o 54,39.39,12.83,33.5
RHOC"0 o2839,0. 2888,0. 031,0 •3110
XKP_0. 375SEND

$DATAI XNAME='EB ' 'STY ' 'H2 ' 'N2 'f # I ,

XM:I06o 168,104 o152,2. 016,28° 02
DII_0.4,0. I, 0.0,0.0SEND

SDATA3 EP=0.5, UK-0.339, RB20 •E-I 0, TI_5.0E-06, NS=20, AREA=I. 0SEND

$DATA4 FRATE"0.03, T=900.0, TP=I. 5,
COMI>=20.0,0.0,0.0,80.0SEND

SDATA5 PSC=35.54,39.39,12.83,33.465END

SDATA6 SLOPE=0.0,0 •0,0.0,0 •0SEND
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