SISl ide Sl el el S Jel Sl el Sl Sl e el

MODELING AND SIMULATION OF A COMBINED
ISOMERIZATION REACTOR/PRESSURES SWING
ADSORPTION/ MEMBRANE UNIT.

BY
Tareg Mohammed Al-Soudani

A Thesis Presented to the
DEANSHIP OF GRADUATE STUDIES

KING FAHD UNIVERSITY OF PETROLEUM & MINERALS
DHAHRAN, SAUDI ARABIA

N A P AR P

In Partial Fulfillment of the
Requirements for the Degree of

MASTER OF SCIENCE

In

CHEMICAL ENGINEERING

JUNE 2004

W acied Aol el S e ool e S e e el e e e o o S e o 3 e e e e e il

AN

P R PR PR P P AT



UMI Number: 1420772

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized

copyright material had to be removed, a note will indicate the deletion.

®

UMI

UMI Microform 1420772
Copyright 2004 by ProQuest Information and Learning Company.

All rights reserved. This microform edition is protected against

unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346



KING FAHD UNIVERSITY OF PETROLEUM & MINERALS
DHAHRAN 31261, SAUDI ARABIA
DEANSHIP OF GRADUATE STUDIES

This thesis, written by

Tareg M. Al-Soudani
Under the direction of his thesis advisor and approved by his thesis
committee. Has been presented to and accepted by the Dean of Graduate

Studies, in partial fulfillment of the requirements for the degree of

MASTER OF SCIENCE IN CHEMICAL ENGINEERING.

Thesis Committee:

# AP

Chairman (Dr. Kevin K. Loughlin)

Prof. Mohamed B. Amin

Department ;Zm}

Prof. Osama Ahmad Jannadi
Dean of Graduate Studies

Date: © 6/o/I/u°‘f




DEDICATION

| dedicate this thesis to:

the memory of my father who taught me a lot on his presence
and absence. May God have mercy on him.

my beloved mother. | can say so much. 1 still owe her a lot.

my lovely wife who shares me my happiness and stands by me
on my SOrrows.

my son Ziyad who has seen light four months before the
defense of this Thesis.

i



ACKNOWLEDGEMENT
Acknowledgement is due to King Fahd University of Petroleum & Minerals
for supporting this research.
I wish to express my appreciation to Dr. Kevin K. Loughlin who served as

my major advisor. I also wish to thank the other members of my thesis
committee Dr. Jawaid S. M. Zaidi and Dr. Ashraf]. Fatehi.

iii



TABLE OF CONTENTS

DEDICATION ......ootiterrteiteteineseresessesessessesseosessecscsntsacessesessseseessessaesssseesesnessssstessessesssesns ii
ACKNOWLEDGEMENT ......coiiitiititeienteetenerstetenetsneseeencesteeeseessensessecseseesessesseessassessasns iii
TABLE OF CONTENTS......coieeitetetetetesenceeseetereraeeneseseneeeeseescssessseseessenssssassassanans iv
LIST OF FIGURES ...t oeeeeteterertetesereeteseesessteseesarseessessesssesseseesssseessasesssessassensassaessanns vi
LIST OF TABLES ..ottt ete et et esee e seesatesee st e e e e basseseessaasansessassassssssssassseseesnnan Xiv
ABSTRACT (ENLISH)....uiiiieriiieiieeeiertereeeecseeteteteestesteseeseessesseesesssssessesssassssasnsenses XV
ABSTRACT (AIADIC) ....c.ueeieuienenienereeeeertesiesceseseesesteste st steseessessassessessassassessassssssessses Xvi
CHAPTER 1 eeeeeeeeeeetteeeneseeteste st s tessssee e sessesesseeseesesasesesssaseastastarsensantessansassasse sesanns 1
1.1 INTRODUCGTION .....ouiiieieteieeeereneesesteseeesesessesseesessaestessensassensensessassessansassesssasses 1
1.2 n-PARAFFINS ISOMERIZATION REACTION .....ccoociiiieeeeeeeeeeeeeeee 5
1.3 PRESSURE SWING ADSORPTION (PSA) AND SEPARATION OF n/i-
PARAFFINS MIXTURE.......cotieeertnereneetneerceeeteeesseste st sssestesesnessessessessessasnsens 9
1.3.1 EQUILIBRIUM ADSORPTION ISOTHERMS ......ccooiiiiieeeereeeeeeenee s 9
1.3.2 KINETICS OF SORPTION......c.coctitrieieineneeeieneetestetetesenseasssssnessessesesnes 11
1.3.3 HYDROGEN MEMBRANE ........cooiririeertereteeeceeseeteenesessressasaensnas 12
1.3.4 PSA PROCESS AND MODELING......ccccovierieianreterenraseraenesessessesssesaessens 15
1.4 PRESURE SWING ADSORPTION REACTOR (PSAR) ...ccceeveeiventireerrciccrecrennnns 20
1.5 OBJECTIVES OF THE PRESENT RESEARCH.......cccoociviiiiiriiierceeteresreeeenaas 24
CHAPTER 2 ...eeeereteteteeeeeeeceseesteeetsaeetsanesnessesesaesseenesassesseenesssesensestsssansnsesssssessssnses 25
2.1 MODEL ASSUMPTIONS.......oooirieeeeetetestecenesneseesesesseesesresessesssssassansessnsans 25
2.2 MODEL EQUATIONS .....oouiiiiieieiererteteteeeteeeeenieeseesesatssessessaosassessassessassassasnsans 28
2.3 NUMERICAL METHODS ......coooiiieinieententestnrertseesteseeseetsseessasaesasassssssassasssens 38
2.4 PARAMETERS ESTIMATIONS .....oititeterteeeeeeeteeseneesneseestastassessessessensanns 51
2.5 RESULTS AND DISCUSSION .....cutoiiirterieirceneseeencsneeseesessesssssesesssassasasssessassens 53
NOIMIENCIATULE ...ttt ettt ettt ettt et et et ras e et e st aaseeseestassassasasasssessesnsanans 60
CHAPTER 3 ..cteeteieereeeeteeeeestes et seseesse s saesteae st es et et emtasesaesensassnsssansassssessansensn 62
3.1 MODEL ASSUMPTIONS ... oietritrtentercrteseetestereesesenessesnsssessessesesssesessasnsassens 62
3.2 PSAR PROCESS DESCRIPTION ......ccoioiiiiiiieteceteeneeseeeeneeneassnsenssnsassessens 62
3.3 MODEL EQUATIONS ... oieteieeteteeneenetesaesesessaeesesseesessessassessesssssensessassasanens 66
3.4 HANDLING RECYCLE STREAM .......oiiriciieeteeieeeeectseeneesessesaessessesasssssnsens 79
3.5 NUMERICAL METHODS ... erenereeeneeeseeersaesaesessesscssnensonesassasosessssns 83
3.6 RESULTS AND DISCUSSION ......cooetiiiireeneeaeenteteaesaeseessesessssssssassessssssssessesns 88
3.6.1 Conventional PSAR Cyclic PTOCESS ........cccceeeieiterrenenienieeeereesteseeniesseaeseeenns 88
3.6.1.1 Conventional PSAR Cyclic Process with hydrogen purge............ccccu.e.... 88
3.6.1.2 Conventional PSAR Cyclic Process with Self Regeneration .................. 102
3.6.2 PSAR Cyclic Process with Waste Stream Recycled to Feed......................... 111
3.6.2.1 PSAR Cyclic Process with Waste Stream Recycled to Feed
(Hydrogen PUrge).......cc.coeeeueeeeeirinuioricneeeceesereeeeseesencescsscsnesseenesanens 111
3.6.2.2 PSAR Cyclic Process with Waste Stream Recycled to feed (Self
REZENETALION) .....c.eeeneieceeieieceeeeceetreeeeteaeeereseesteeneesesseessassasssassaessessnns 120
3.6.3 Overall Comparison of PSAR Systems ........ccceceveerernneeneerenienieereeneenienans 129
INOMENCLALUTE ......coneiiiiiieieieeeteeeecteete sttt ee st st e nte e e e e e e seesmeesseesnaesaeesnteenesenenne 133

iv



4.1 MODEL ASSUMPTIONS.........o ot oieieteetreeteneestestesssssessesaessssssssesssessenessnesesssens 136
4.2 PSARM PROCESS DESCRIPTION.......cccceceviiriirenirinienreneessesssssssassssseessessassanes 136
4.3 MODEL EQUATTONS ......coiiitieeeteieeeceeneetertreestestesessestessessassesssssessassassasssans 142
4.4 HANDLING RECYCLE STREAM ......oiinrieecnteteeneesessesessnessesssnssessnsnns 154
4.5 PARAMETERS ESTIMATIONS ....coutrteieiiteeeneeseeneeserstesnessestessssssenesssssssssesenns 157
4.6 NUMERICAL METHODS ......cooctiiiirintrteieetreeesesreseesenssesasssessssasessssasssesasans 159
4.7 RESULTS AND DISCUSSION ......ccocertiieteirtentantestensesaeseessesesssassessassesasssessasnes 159
4.7.1 Conventional PSARM Cyclic Process.......ccccervieceeviievereesseenreeseesieeseesensnanens 159
4.7.1.1 Conventional PSARM Cyclic Process with Hydrogen Purge ................. 160
4.7.1.2 Conventional PSARM Cyclic Process with Self Regeneration............... 173
4.7.2 PSARM Cyclic Process with Waste Stream Recycled to feed...................... 183
4.7.2.1 PSARM Cyclic Process with Waste Stream Recycled to feed

(Hydrogen PUTe).......cocceeevervcereeeeeirteeeeceteeeseeseesessnesesnssssssssnesasssasanens 183

4.7.2.2 PSARM Cyclic Process with Waste Stream Recycled to feed (Self
REZENETALION) .. ..couiiiieieiieiictreeteerteeteeee e reee e saesenesees st s s essnasvassaensnns 192
4.7.3 Overall Comparison of PSARM SyStems.......ccccceeeeeeerecerenensenesesersenassans 201
NOMENCIATUTE ...ttt ee e teeseeestee s ee et eeseessesessaesenasnsesssnessassseesssesnnseans 204
CHAPTER 5 ettt eereteeet st eseeaesaceses st e e eesessessesesenesssssssnensassonsensastensansannes 207
5.1 CONCLUSIONS ... oetetecertestenteteseeseesttessestastessessestessassestessassssessensessesssssassessass 207
5.2 RECOMMENDATIONS FOR FUTURE WORK .........cccovevienvininrenenecorensasaennnes 209
RELCTENCES.c.veeieririeererteeereteieeieereeieeeeesne e s ee st e stesaes s e e sssesaenaesassesssssesssasessassssseasassessenns 212
APPENDICES .....ueiiieiiieerterteieeteseenesteceseseete e setestenestenessesesnsnsestesessesassesessassasessans 222
APPENDIX A ...ciitiietieeeierieee et stetesteseeteesesstestestenssssessessestenssessessassessasassssssesasssnn 223
APPENDIX Bi...ciieiiieirteeeieeeeseesesessteseeseseseestesestesessessssasssassessaseessssasssesaessenses 231
APPENDIX C....oeiieiteereeeeeereetreeertesesseeentsntessestesessesassasesessseseessesasssessonssnsasasnsess 238
APPENDIX D...ctiiiiiiieiiteteiertestestestestees et sateesssestestsssessasesssensestessassanessassnassessensan 245
APPENDIX E ...titiiiieieiiesieteetetesieeteeiasaeasaesaesessesaassestessesaentessantensansassasassensessaesnsen 252
APPENDIX F...ootiiiieececerterteceereeeees e eetestensesnessesasssesesnsesssssessssseseessesesssssasnnann 260
APPENDIX Gi...ottieeieieiistetetesteseeeeestesesesestsscessestesenesasaseensessensassansensesasssssnensennans 267
APPENDIX H...ootiiitiiiieecieteeesteeetesiet et teteseteee st sasesassesssssassessnassssessassassassessanas 274
VITA ettt et e et e e e e e st s st st e e e e aaeesesse st e s aesesnsasanaansssessantassensannns 281



Figure 1.1:
Figure 1.2:
Figure 1.3:
Figure 1.4:
Figure 1.5:

Figure 2.1:

Figure 2.2:
Figure 2.3:

Figure 2.4a:
Figure 2.4b:
Figure 2.4c:
Figure 2.4d:
Figure 2.5a:
Figure 2.5b:

Figure 2.6:

Figure 2.7:

Figure 2.8:

Figure 2.9:

Figure 2.10:

Figure 3.1:

Figure 3.2:
Figure 3.3a:

Figure 3.3b:

Figure 3.4:

Figure 3.5:
Figure 3.6:

LIST OF FIGURES

Flowsheet diagram for the Total Isomerization Process (TIP) ................... 4
Weisz Bifunctional MecChanism .........ccceceevueveneninenieniesrenrenneneenneneesseoneens 8
Steps for nCs/nCs, iCs/iCg separation based on Skarstrom Cycle [80]. ....18
Summary for PSA models' development. ........cccooveeevuevievecriveereneeiineenen. 19
Flow diagram for the Combined Isomerization

Reactor/AdSOIDEr PIOCESS. ....cc.eevirririeienenenieinentenesennnesseeeesseresnssnesee s 23
Steps for n-Cs/n-Ce/i-Cs/i-C¢ PSA separation based

on SKarstrom CYCIE. ......oovrieriinienieeensceteereie et e ettt 26
Solution Flow Diagram for a single PSA step. ....occcveevinviieiiiiiciieene. 39
Optimum values of alpha and beta corresponding to minimum

Re FOr N=20 ...ttt e sttt st 44
Selected profiles for the first cycle for N = 10....c.ccoccooviicriiricivinnnnn. 45
Selected profiles for the first cycle for N=15.....ccccocuvvvmvmniicrecenriciennns 46
Selected profiles for the first cycle for N=19....cccocevieiiinvvrinicinnen.. 47
Selected profiles for the first cycle for N=20......ccccocemrrirriinniniririnnene, 48
Absolute interpolation error introduced with N=10, assuming

N=20 is the €Xact SOIULION. ...c.cccurvririrririeririerccinentrrtesie et eaens 49
Absolute interpolation error introduced with N=19, assuming

N=20 is the eXact SOIULION. .....cceoviiiiiiiiiiiiiiiccinre et 50

Gas Phase concentration profiles of n-Cs, n-Cg

and Temperature profile at the end of the cyclic steady state
(Pressurization StEP). ...ccveeecreeicrrrerrieenitrnieeerreenreeeaeeeenreeetreee s eeossnae 55
Gas Phase concentration profiles of n-Cs, n-Cg

and Temperature profile at the end of the cyclic steady state

(AdSOTPLION SEEP) ...cuviveereiirecrieiriiiinietenresiesteseenesseseeseneseentestasseeseeteeeneens 56
Gas Phase concentration profiles of n-Cs, n-Cg

and Temperature profile at the end of the cyclic steady state

(BIOW dOWTL SEEP)..ceeereriiireieeeeieceeteereteeatenre e et resaae s e eeseeeeeeaesereeseeene 57
Gas Phase concentration profiles of n-Cs, n-Cg

and Temperature profile at the end of the cyclic steady state

(DeSOrption SEP) .....coveveivriiiiiiiiiii ettt et a e sae e s aene 58
Approach to cyclic steady state, illustrating exit concentration

of n-Cs, n-Cg at end of blowdown Step .......ccceeuveereeeeecivecirieeceeeceee e 59
Flow diagram for the Combined Isomerization

Reactor/ AdSOTDET PrOCESS. .....cocvieverieriiieiicieiiaininieeee et 64
Proposed Cyclic Steps for PSAR Unit. ......cocooveioeiiiiicieece, 65
Mathematical Representation for the PSAR Unit (Steps 1, 2 and 3)........ 67
Mathematical Representation for the PSAR Unit (Step 4) .......cooennenen.... 67
Connectivity diagram for handling recycle to feed in

all fOUr CYCHIC SLEPS...cueieiririiiicccrccteicreereertetetrae e a et ere e naens 81

Conversion versus reactor length at 300°C: a: n-Pentane, b: n-Hexane ... 85
Gas phase concentration profiles for reactive components
in the PSAR bed at the end of cyclic steady state.............ocoevevveeevennennn. 95

vi



Figure 3.7:

Figure 3.8:
Figure 3.9:

Figure 3.10:
Figure 3.11:
Figure 3.12:
Figure 3.13:
Figure 3.14:
Figure 3.15:
Figure 3.16:
Figure 3.17:
Figure 3.18:
Figure 3.19:
Figure 3.20:
Figure 3.21:
Figure 3.22:
Figure 3.23:
Figure 3.24:
Figure 3.25:
Figure 3.26:
Figure 3.27:
Figure 3.28:
Figure 3.29:

Figure 3.30:

Figure 4.1:

Figure 4.2:
Figure 4.3:
Figure 4.4:

Gas phase concentration profiles for H; in the PSAR bed

at the end of cyclic steady state.........cccoeoermieriririciiiicce e 96
Temperature Profiles in the bed at the end of cyclic steady state. ............ 97
Velocity Profiles in the bed at the end of cyclic steady state.................... 98
Solid phase capacitance profiles for reactive components

in the PSAR bed at the end of cyclic steady state............cocuevvvenvnenneennnns. 99
Approach to cyclic steady state, showing exit concentrations

of reactants and products at end of Blowdown/Reaction step ................ 100
Gas phase concentration profiles for reactive components

in the PSAR bed at the end of cyclic steady state............c.cceevevveeuennen. 104
Gas phase concentration profiles for H; in the PSAR bed

at the end of cyclic steady State.........cccoivvivciivciiinineeneseceecre e 105
Temperature Profiles in the bed at the end of cyclic steady state........... 106
Velocity Profiles in the bed at the end of cyclic steady state.................. 107
Solid phase capacitance profiles for reactive components

in the PSAR bed at the end of cyclic steady state...............ccoeveverererennnn. 108
Approach to cyclic steady state, showing exit concentrations

of reactants and products at end of Blowdown/Reaction step ................ 109
Gas phase concentration profiles for reactive components

in the PSAR bed at the end of cyclic steady state..............ccoeevereenennenne. 113
Gas phase concentration profiles for H; in the PSAR bed

at the end of cyclic steady State.........c.cocveercrineriennnieseeecneeeete e 114
Temperature Profiles in the bed at the end of cyclic steady state ........... 115
Velocity Profiles in the bed at the end of cyclic steady state.................. 116
Solid phase capacitance profiles for reactive components

in the PSAR bed at the end of cyclic steady state...........coceeeveeveeerennene. 117
Approach to cyclic steady state, showing exit concentrations

of reactants and products at end of Blowdown/Reaction step ................ 118
Gas phase concentration profiles for reactive components

in the PSAR bed at the end of cyclic steady state...........ccoceeverveveenenne. 122
Gas phase concentration profiles for H, in the PSAR bed

at the end of cyclic steady state.......ccccevervcniriinnecninnieeieieceereeeererenene 123
Temperature Profiles in the bed at the end of cyclic steady state............ 124
Velocity Profiles in the bed at the end of cyclic steady state.................. 125
Solid phase capacitance profiles for reactive components

in the PSAR bed at the end of cyclic steady state.........c..ccceeereervecennees 126
Approach to cyclic steady state, showing exit concentrations

of reactants and products at end of Blowdown/Reaction step ................ 127
Products’ profiles for all models at the end of cyclic steady state
reaction/adSOrPHON SLEP......cccoiiiiiiiiirrreetiesie e eeaeesee e e 131
Flow diagram for the Combined Isomerization Reactor/Adsorber
/MEMDBIANE PrOCESS. c...ovvverrieieiiicieieeeecrteetesreetnsteestreeaeesne e sresansenans 139
Cross sectional and isometric views of the PSARM vessel topology..... 140
Proposed Cyclic Steps for PSARM Unit......ccccoveeenrnienieineieieeeenean, 141
Connectivity diagram for handling recycle to feed in all four

CYCHIC SLEPS «.eveevereeeierteiieeite ettt ettt et ees e eesras e s aesss e baasaeesaereesssennns 156

vii



Figure 4.5:
Figure 4.6:
Figure 4.7:

Figure 4.8:
Figure 4.9:

Figure 4.10:
Figure 4.11:
Figure 4.12:
Figure 4.13:
Figure 4.14:
Figure 4.15:
Figure 4.16:
Figure 4.17:
Figure 4.18:
Figure 4.19:
Figure 4.20:
Figure 4.21:
Figure 4.22:
Figure 4.23:
Figure 4.24:
Figure 4.25:
Figure 4.26:
Figure 4.27:
Figure 4.28:

Figure 4.29:

Gas phase concentration profiles for reactive components

in the PSARM bed at the end of cyclic steady state...........cccoeereerennnnnn., 166
Gas phase concentration profiles for H, in the PSARM bed

at the end of cyclic steady state.........ccocvvveuecrevierecicieiceeeer et 167
Temperature Profiles in the bed at the end of cyclic steady state ........... 168
Velocity Profiles in the bed at the end of cyclic steady state................... 169
Solid phase capacitance profiles for reactive components

in the PSARM bed at the end of cyclic steady state...............ocuueeu....... 170
Approach to cyclic steady state, showing exit concentrations

of reactants and products at end of Blowdown/Reaction step ................ 171
Gas phase concentration profiles for reactive components

in the PSAR bed at the end of cyclic steady state.............c..cceovvuvennennnn. 176
Gas phase concentration profiles for H, in the PSARM bed

at the end of cyclic steady State..........c.cccovronrrnrnineeneecee e, 177
Temperature Profiles in the bed at the end of cyclic steady state ........... 178
Velocity Profiles in the bed at the end of cyclic steady state.................. 179
Solid phase capacitance profiles for reactive components

in the PSAR bed at the end of cyclic steady state ..........ccccceevueeevvereennnn 180
Approach to cyclic steady state, showing exit concentrations

of reactants and products at end of Blowdown/Reaction step ................ 181
Gas phase concentration profiles for reactive components

in the PSARM bed at the end of cyclic steady state...........covveurennene..... 185
Gas phase concentration profiles for H in the PSARM bed

at the end of cyclic steady Stafe.........ccovvevirinririeiiiinieec e 186
Temperature Profiles in the bed at the end of cyclic steady state............ 187
Velocity Profiles in the bed at the end of cyclic steady state.................. 188
Solid phase capacitance profiles for reactive components

in the PSAR bed at the end of cyclic steady state..........cccevveverveerreeennnn. 189
Approach to cyclic steady state, showing exit concentrations

of reactants and products at end of Blowdown/Reaction step ................ 190
Gas phase concentration profiles for reactive components

in the PSAR bed at the end of cyclic steady state............ccoevevevrreeecnennn. 194
Gas phase concentration profiles for H, in the PSARM bed

at the end of cyclic steady State........cccceveveeverinninninienieienee e 195
Temperature Profiles in the bed at the end of cyclic steady state ........... 196
Velocity Profiles in the bed at the end of cyclic steady state.................. 197
Solid phase capacitance profiles for reactive components

in the PSAR bed at the end of cyclic steady state............cecevvveernnenee.. 198
Approach to cyclic steady state, showing exit concentrations

of reactants and products at end of Blowdown/Reaction step ................ 199
Products’ profiles for all models at the end of cyclic steady state
1eaction/adSOTPLioN SLEP........ceveruerireererrrerreeeeteiteseseeresessesaeseeessesnens 202

viii



Figure A.1:

Figure A.2:

Figure A.3:

Figure A 4:

Figure A.5:

Figure A.6:

Figure A.7:

Figure B.1:

Figure B.2: .

Figure B.3:

Figure B.4:

Three dimensional drawing illustrating the transient

and spatial change in n-Cs concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSAR Unit/Hydrogen Purge).......c.ccccoeveveeerivreenecrenennnn.
Three dimensional drawing illustrating the transient

and spatial change in n-C¢ concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSAR Unit/Hydrogen Purge).............cccoeveeveeeeeecnvennennn.
Three dimensional drawing illustrating the transient

and spatial change in i-Cs concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSAR Unit/Hydrogen Purge)...........cccoeeveeereceerrcrenennenne.
Three dimensional drawing illustrating the transient

and spatial change in i-C4 concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSAR Unit/Hydrogen Purge).............ccoevvervevivvinvennnne
Three dimensional drawing illustrating the transient

and spatial change in H, concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSAR Unit/Hydrogen Purge)...........ccooveveveeevuieireenennne
Three dimensional drawing illustrating the transient

and spatial change in Temperature with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSAR Unit/Hydrogen Purge)..........ccccoeveeeivceveveenennnnn.
Three dimensional drawing illustrating the transient

and spatial change in Velocity with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSAR Unit/Hydrogen Purge)............cccccovvevivivivireveennenns
Three dimensional drawing illustrating the transient

and spatial change in n-Cs concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSAR Unit/Self Regeneration) ................ccceuvervevevennee.
Three dimensional drawing illustrating the transient

and spatial change in n-C4 concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSAR Unit/Self Regeneration) .............cccccverveeveenennenee.
Three dimensional drawing illustrating the transient

and spatial change in i-Cs concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSAR Unit/Self Regeneration) ...........cco.coveveuveernennnnnen
Three dimensional drawing illustrating the transient

and spatial change in i-C4 concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSAR Unit/Self Regeneration) .............ccoeveevreveneennn....

ix



Figure B.5:

Figure B.6:

Figure C.1:

Figure C.2:

Figure C.3:

Figure C.4:

Figure C.5:

Figure C.6:

Figure D.1:

Figure D.2:

Figure D.3:

Three dimensional drawing illustrating the transient

and spatial change in H, concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSAR Unit/Self Regeneration) ..........ccccceceveerecerenennnen. 236
Three dimensional drawing illustrating the transient

and spatial change in Temperature with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSAR Unit/Self Regeneration) ...........ccccceecveeevenreenrennnnns 237
Three dimensional drawing illustrating the transient

and spatial change in n-Cs concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.

(PSAR Unit with Waste Recycled to Feed/Hydrogen Purge) ................ 239
Three dimensional drawing illustrating the transient

and spatial change in n-C¢ concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.

(PSAR Unit with Waste Recycled to Feed/Hydrogen Purge) ................ 240
Three dimensional drawing illustrating the transient

and spatial change in i-Cs concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.

(PSAR Unit with Waste Recycled to Feed/Hydrogen Purge) ................ 241
Three dimensional drawing illustrating the transient

and spatial change in i-C¢ concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.

(PSAR Unit with Waste Recycled to Feed/Hydrogen Purge) ................ 242
Three dimensional drawing illustrating the transient

and spatial change in H; concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.

(PSAR Unit with Waste Recycled to Feed/Hydrogen Purge) ................ 243
Three dimensional drawing illustrating the transient

and spatial change in Temperature with respect to time

and axial distance for the four basic steps at the steady state cycle.

(PSAR Unit with Waste Recycled to Feed/Hydrogen Purge) ................ 244
Three dimensional drawing illustrating the transient

and spatial change in n-Cs concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.

(PSAR Unit with Waste Recycled to Feed/Self Regeneration).............. 246
Three dimensional drawing illustrating the transient

and spatial change in n-C¢ concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.

(PSAR Unit with Waste Recycled to Feed/Self Regeneration)............... 247
Three dimensional drawing illustrating the transient

and spatial change in i-Cs concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.

(PSAR Unit with Waste Recycled to Feed/Self Regeneration).............. 248



Figure D.4:

Figure D.5:

Figure D.6:

Figure E.1:

Figure E.2:

Figure E.3:

Figure E.4:

Figure E.5:

Figure E.6:

Figure E.7:

Figure F.1:

Three dimensional drawing illustrating the transient
and spatial change in i-C¢ concentration with respect to time
and axial distance for the four basic steps at the steady state cycle.

(PSAR Unit with Waste Recycled to Feed/Self Regeneration)..............

Three dimensional drawing illustrating the transient
and spatial change in H concentration with respect to time
and axial distance for the four basic steps at the steady state cycle.

(PSAR Unit with Waste Recycled to Feed/Self Regeneration)..............

Three dimensional drawing illustrating the transient
and spatial change in Temperature with respect to time
and axial distance for the four basic steps at the steady state cycle.

(PSAR Unit with Waste Recycled to Feed/Self Regeneration)..............

Three dimensional drawing illustrating the transient

and spatial change in n-Cs concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSARM Unit/Hydrogen Purge) ........cccceeueeueereeveceecnennnns
Three dimensional drawing illustrating the transient

and spatial change in n-Cg concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSARM Unit/Hydrogen Purge) ........ccceeveeeecreecvecnnennen..
Three dimensional drawing illustrating the transient

and spatial change in i-Cs concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSARM Unit/Hydrogen Purge) .......ccccceevevvivcueerenrnnenen.
Three dimensional drawing illustrating the transient

and spatial change in i-C¢ concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSARM Unit/Hydrogen Purge) ...........ccveeeveereivveennnn.
Three dimensional drawing illustrating the transient

and spatial change in H, concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSARM Unit/Hydrogen Purge) .......c.cccecveeveereenvereennennn.
Three dimensional drawing illustrating the transient

and spatial change in Temperature with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSARM Unit/Hydrogen Purge) ...........ccveevverveenvenenne..
Three dimensional drawing illustrating the transient

and spatial change in Velocity with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSARM Unit/Hydrogen Purge) ...........ccccovveeeumeenveecneeennns
Three dimensional drawing illustrating the transient

and spatial change in n-Cs concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSARM Unit/Self Regeneration)............c.cccocveervenennne...

xi



Figure F.2:

Figure F.3:

Figure F.4:

Figure F.5:

Figure F.6:

Figure G.1:

Figure G.2:

Figure G.3:

Figure G.4:

Figure G.5:

Figure G.6:

Three dimensional drawing illustrating the transient

and spatial change in n-C¢ concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSARM Unit/Self Regeneration)...........c.cccevvevruennnnenns 262
Three dimensional drawing illustrating the transient

and spatial change in i-Cs concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSARM Unit/Self Regeneration)................ccooevevveereenenn. 263
Three dimensional drawing illustrating the transient

and spatial change in i-Cg concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSARM Unit/Self Regeneration)..............cccooveveuvnnenne. 264
Three dimensional drawing illustrating the transient

and spatial change in H, concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSARM Unit/Self Regeneration).............c.cccouvevirennnenn. 265
Three dimensional drawing illustrating the transient

and spatial change in Temperature with respect to time

and axial distance for the four basic steps at the steady state cycle.
(Conventional PSARM Unit/Self Regeneration)...............ccoeveeveeneennenn.. 266
Three dimensional drawing illustrating the transient

and spatial change in n-Cs concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(PSARM Unit with Waste Recycled to Feed/Hydrogen Purge)............. 268
Three dimensional drawing illustrating the transient

and spatial change in n-Cg concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(PSARM Unit with Waste Recycled to Feed/Hydrogen Purge)............. 269
Three dimensional drawing illustrating the transient

and spatial change in i-Cs concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(PSARM Unit with Waste Recycled to Feed/Hydrogen Purge)............. 270
Three dimensional drawing illustrating the transient

and spatial change in i-C4 concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(PSARM Unit with Waste Recycled to Feed/Hydrogen Purge)............. 271
Three dimensional drawing illustrating the transient

and spatial change in H, concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(PSARM Unit with Waste Recycled to Feed/Hydrogen Purge)............. 272
Three dimensional drawing illustrating the transient

and spatial change in Temperature with respect to time

and axial distance for the four basic steps at the steady state cycle.
(PSARM Unit with Waste Recycled to Feed/Hydrogen Purge)............. 273

xii



Figure H.1:

Figure H.2:

Figure H.3:

Figure H.4:

Figure H.5:

Figure H.6:

Three dimensional drawing illustrating the transient
and spatial change in n-Cs concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(PSARM Unit with Waste Recycled to Feed/Self Regeneration) ......

Three dimensional drawing illustrating the transient
and spatial change in n-C¢ concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(PSARM Unit with Waste Recycled to Feed/Self Regeneration) .....

Three dimensional drawing illustrating the transient
and spatial change in i-Cs concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(PSARM Unit with Waste Recycled to Feed/Self Regeneration) ......

Three dimensional drawing illustrating the transient
and spatial change in i-Cg concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(PSARM Unit with Waste Recycled to Feed/Self Regeneration) .......

Three dimensional drawing illustrating the transient
and spatial change in H, concentration with respect to time

and axial distance for the four basic steps at the steady state cycle.
(PSARM Unit with Waste Recycled to Feed/Self Regeneration) .......

Three dimensional drawing illustrating the transient
and spatial change in Temperature with respect to time

and axial distance for the four basic steps at the steady state cycle.
(PSARM Unit with Waste Recycled to Feed/Self Regeneration) .......

Xiii



Table 1.1:
Table 1.2:
Table 2.1:
Table 2.2:

Table 2.3:
Table 2.4:

Table 3.1:
Table 3.2:

Table 3.3:

Table 3.4:

Table 3.5:

Table 3.6:

Table 3.7:

Table 3.8:

Table 4.1:
Table 4.2:

Table 4.3:

Table 4.4:

Table 4.5:

Table 4.6:

LIST OF TABLES

Typical Properties of the Total Isomerization Process .........ccoceveeirinnnence. 3
Properties of Isomerization Catalysts .........ccccveveeverersincnirseereerceeneneccnnans 7
Re Values at alpha=beta=0 and at optimum alpha and beta...................... 42
First cycle time for alpha=beta=0 and for optimum values

of alpha and beta. .........cocuoeiiiiiiiecrtecccrere e e e sne s sane e 43
Data for the base Case SYSLEM ........cccuieceerrerierierrrerriereeseercereersnessessanassanns 52
Parametric Values used for simulation of the base case

Of the N-Cs/N=-Cg/N3 SYSIETN. .......ceererrreereerrerreereessreseesserssnessessssessssasssacesans 54
Reaction & Adsorption Parameters for Reactor Section ..........cccccvveeneeee. 84
First cycle time for alpha=beta=0 and for optimum values

of alpha and beta. .........cccevueeierierinieteeeeeeee e ree et nee e 86
Parametric Values used for simulation of PSARM systems..................... 87

Percentage Relative Occupation for reactive components

of the solid phase for both catalyst and adsorber sections

(Conventional PSAR unit/Hj PUIZE).....cccceeerrerrenreeceerceereenanerseranessaessanas 101
Percentage Relative Occupation for reactive components

of the solid phase for both catalyst and adsorber sections

(Conventional PSAR unit/Self Regeneration). ..........ccceveeeeeceeevecineereenns 110
Percentage Relative Occupation for reactive components

of the solid phase for both catalyst and adsorber sections

(PSAR with waste recycled to feed/Hy Purge) .......ooceeeeeeveencnienennnnnee. 119
Percentage Relative Occupation for reactive components

of the solid phase for both catalyst and adsorber sections

(PSAR with waste recycled to feed/Self Regeneration)............cooucuee..... 128
Exit concentrations of iso-pentane and iso-hexane and

process yields for each of the models at the end of steady

state cyclic reaction/adSOTPLiON StEP «..c.ceeuveeeeecereerueeeineeneereeraernerenesens 132
Parametric Values used for simulation of conventional PSAR system .. 158
Percentage occupation for reactive components

of the solid phase for both catalyst and adsorber sections

(Conventional PSARM unit/H; PUIEE) ....cccevveeemmreencnerrcererearnencnnescrenenns 172
Percentage Occupation for reactive components

of the solid phase for both catalyst and adsorber sections

(Conventional PSARM unit/Self Regeneration)...........ccceecveeveeveecneenne. 182
Percentage Occupation for reactive components

of the solid phase for both catalyst and adsorber sections

(PSARM with waste recycled to feed/H, Purge).........cccoooenviiinnnnnnnn.. 191
Percentage Occupation for reactive components

of the solid phase for both catalyst and adsorber sections

(PSARM with waste recycled to feed/Self Regeneration)...................... 200
Exit concentrations of iso-pentane and iso-hexane at the end
of steady state cyclic reaction/adsorption step...........ccccvevererecervecrennanne 203

Xiv



ABSTRACT

In this work, a novel process for isomerizing and separating n-pentane and
n-hexane to their branched isomers is proposed. Both reactor and separation
units are combined in one vessel. The vessel is divided into two sections: a
reactor section and a PSA separation section. The reactor section is packed
with Pt/Y-zeolite catalyst. The PSA separation section is equipped with a SA
zeolite adsorbent. Also, to facilitate separation, the addition of hydrogen
membrane to the adsorber section is studied in this work.

A dispersed plug flow mathematical model of the entire process is
developed. The model links both reactor and separation sections. The model
is used to investigate the dynamics of a PSAR and PSARM units. Different
operating modes of both models are studied.

For a feed to a conventional PSAR unit, containing an equimolar fractions of
0.03 for each of n-Cs, n-C, i-Cs and i-Cg, the molar fractions of i-Cs and i-
Csrise to values of 0.0439 and 0.045 after reaching equilibrium conversion
at the end of the reactor section. The PSA section allows for complete
separation of n-Cs and n-C¢ from the reactor section effluent stream. The
addition of a membrane to this section raises the concentration of i-Cs and i-
Cs in the product stream to 0.1 and 0.09, respectively. Recycling of waste
streams back to the process allows for recovery of valuable hydrocarbon
material. Eight models are developed to investigate the behavior of
conventional PSAR and PSARM models in addition to models containing
recycling of waste to feed and to the adsorber section. The study revealed
that the system achieving the highest yield of isomers, for both PSAR and
PSARM systems is the one that recycles the waste stream to the feed and
utilizes part of the product stream as a purge stream.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

In this chapter a brief introduction to the topics discussed in this research
thesis is given and the relevant literature on these topics is summarized.

1.1 INTRODUCTION

The Hydroisomerization of low molecular weight paraffins has become an
increasingly important conversion process in recent years. This is due to
phase-out of Tetra Ethyl Lead (TEL) and to the constraints imposed on the
use of Methyl Tertiary Butyle Ether (MTBE) as octane boosters. The
research octane number of streams containing mostly straight-chain
hydrocarbons (C;s and Cs) can be boosted from 70 to over 80 with the extent
of improvement depending on the isomerization temperature and Cs/Cg ratio
[81]. The unleaded research octane number for isopentaane is 93 compared
with 62 for n-pentane [38].

Zeolite catalysts have been employed almost exclusively in new efforts in
this area. Paraffin isomerization requires a stable catalyst with high activity
to take advantage of the higher equilibrium conversions to branched isomers
at low temperature. Zeolites are known to be highly active for this type of
reaction, and have additional advantages such as relative insensitivity to
moisture, sulfur and nitrogen.

Light straight-run naphtha, consisting mainly of n-pentane and n-hexane, is
partially isomerized via an isomerization reactor. It is necessary to recycle
the unreacted n-paraffins to the reactor. Separation by distillation is difficult
and energy consuming because the n-/isoparaffins mixture is composed of
components with close-boiling points. Alternatively, the separation is better
done by selective adsorption using molecular sieves such as 5A zeolite,
where the n-paraffins are adsorbed and the iso-paraffins are excluded
[48,49].



This separation method is widely used in industry. An example is the Total
Isomerization Process (TIP) developed by Union Carbide in 1970 [25]. The
flow sheet for the TIP process is shown in Figure 1.1. In the flow sheet
diagram, the reactor (vessel 22) is typically operated most efficiently at high
pressures (200-400 psia). The reaction must be conducted in the presence of
hydrogen to avoid deactivation of the catalyst. Depending on the particular
catalyst composition employed, the operating temperature of the
isomerization reactor is generally within the range of 200 to 390° C. The TIP
process employs a bi-functional catalyst, which consists of a noble metal
such as platinum deposited on an acidic media such as Y-Zeolite, The
minimum hydrogen partial pressure required is also dependent on the
catalyst used, and is usually in the range of 100 to 250 psia. Adsorber units
(vessels 44, 46, 48, 50), however, have typically operated more efficiently at
lower pressures (200-300 psia) than the reactor. Typical properties of the
TIP process, as in the patent published by Gary [25], are summarized in
Table 1.1.

Selective permeation through a membrane has become a recognized
chemical engineering process for separation of fluid mixtures. During the
past two decades, considerable attention has been paid to the integration of
the membrane process to chemical reactors. Membrane reactors, which
combine reaction and separation or combine mixing/distribution and
reaction in one-unit operation, are the result of this integration. These
reactors have been used to enhance the reaction yield and conversion of
thermodynamically limited reactions or to control the reaction pathway by
introducing a reactant into the reaction zone in a controlled manner [44].



Table 1.1: Typical Properties of the Total Isomerization Process [25]

Fresh Feedstock Composition:

Component Weight%
C, and lower 4.1
i-Cs 24.5
n-C5 27.8
i-Cg 14.7
l’l—C6 27.4
C7 and Higher 1.5
Reactor Condition:
o (atalyst 0.1-1.0 %wt Pt (Pd) / Y-zeolite
e Pressure (bar) 14-28
e Temperature(°C) 200-390
e H, Partial Pressure (bar) 7-14
e H, Feed Composition (mol %) 50-70
Adsorbers Condition:
e Adsorbent 5A zeolite
e No. of beds 4
e No. of steps / bed 4 (Basic Skarstrom Cycle)
e Pressure at adsorption step 14-20 bar
e Temperature 200 -390 °C




a5 162 162
187
} ws-qx
vl | @
N V v
v 0 v
L 17 ]
AW,
_TIM
78, 7
205+ 200 207
\J A4 - 5
\J v
Q’ Wh, 20
25
Y75 ad
36
_OT&\'” 200 28
31 7 |~ 2
= 29
22 {
“ou

Figure 1.1: Flowsheet diagram for the Total Isomerization Process
(TIP). [25]




1.2 n-PARAFFINS ISOMERIZATION REACTION

Paraffin isomerization requires a stable catalyst with high activity to take
advantages of the higher equilibrium conversions to branched products at
lower temperatures [38]. Selectivity is another important property for the
catalyst where the undesired reaction is the cracking of alkanes [9]. Different
isomerization catalyst systems have been developed. Fujimoto, et al [24]
presented a good summary of these systems. The catalyst systems can be
classified into three groups: Friedel-Craft, bi-functional, and solid super-acid
catalysts. Up to 1956, commercial processes for the isomerization of light
paraffins employed anhydrous aluminum chloride as the catalyst, which is
known as Friedel-Craft catalyst. It possesses high activity for n-butane
isomerization at low temperature, below 90°C. However, because of its low
selectivity, especially for n-Cs and n-Cg isomerization, poor structure
stability, and strong corrosivity, it is out of favor today.

Then, bi-functional catalysts with a hydrogenation-dehydrogenation function
(e.g., Pt or Pd) and an acid function (e.g., alumina, silica-alumina, or
zeolites) were used. It is known that Pt-alumina is effective for the
isomerization of n-Cs and n-Cg, but it has to be used at high reaction
temperatures, usually between 455 and 510 °C. To improve the performance
and to lower the operating temperature, low temperature type bifunctional
catalysts, which were Pt-alumina treated by A1Cl3 or organic chlorides,
were developed and they have been widely used in the industry. Later, in
1983, Ribeiro developed new kinds of bifunctional catalysts of noble
metal/aluminosilicate and noble metal/zeolite, which produced a high
conversion near to the equilibrium value in a medium temperature of 260 to
314°C [59].

The third group is solid super-acid catalysts such as sulfated zirconia, which
have been developed in recent years and are still under study. Most of these
studies are for n-butane isomerization. Gates and Ryu published a recent
study in 1998 for n-hexane isomerization via sulfated zirconia [26].



Sulfated zirconia is shown to compromise the positive properties of the other
two groups of catalysts. A summary comparing the three groups of catalysts
is presented in Table 1.2.

Hydroisomerization of n-paraffin on a bifunctional catalyst is considered to
proceed through a mechanism whereby olefins are formed at the metallic site
by dehydrogenation of the normal paraffin feed and are then adsorbed at an
acidic site. At this acidic site, a carbonium 1on is formed which undergoes
skeletal rearrangement. The resulting isocarbonium ion is converted to an
iso-olefin, which is then hydrogenated at the metallic site and desorbed. This
is known as the classical Weisz bifunctional mechanism, which was first
established by Weisz in 1962 [89]. This mechanism, shown schematically in
Figure 1.2, dominated the explanation for hydroisomerizadon of n-paraffins
for a long period. Different authors have proved that the skeletal
isomerization of the reactive intermediate (the carbonium ion) is the rate-
controlling step [9,12,13].

In 1956, Barrer and Sutherland studied experimentally the
hydroisomerizadon of n-Cs/n-Cs mixtures on a 0.5 wt % Pt/H-mordenite and
a 0.5 wt% Pd/H-faujasite catalysts [8]. The rate constant values for a
temperature range of 506 to 533 K have been published for the two catalyst
systems. In 1982, Bryant and Spivey [13] have shown that mordenite is
more active than faujasite. However, mordenite suffers from a high rate of
deactivation [15,63,64]. Thus, faujasite is chosen as the catalyst for the
present study because catalyst deactivation is assumed negligible when
modeling the process.



Table 1.2: Properties of Isomerization Catalysts.

CATALYST Pt/Cl-Alumina |Pt/Zeolite Solid Super-acid
Reaction temperature Low High Low
(°C)
(120-180) (250-280) (180-220)

Tolerance to feed Low High High
contaminants (S, N,
water, oxygenates )
Corrosion problem. High Low Low
Auxiliary equipment
needed:

e (Clinjection Yes No No

e HCI scrubber Yes No No

o [Feed dryers Yes No No

e H,recycle No Yes Yes
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1.3 PRESSURE SWING ADSORPTION (PSA) AND SEPARATION
OF n/i-PARAFFINS MIXTURE

Pressure swing adsorption (PSA) is a process where one or more fixed beds
are used to separate a gas mixture based on the differing affinities of
individual components for a selected adsorbent. The selectivity may depend
on a difference in adsorption equilibrium (equilibrium-based separation) or
on a difference in sorption rates (kinetic-based separation). An example for
the former is the production of oxygen by air separation on CaX zeolite, and
an example for the latter is the production of nitrogen by air separation on
4A zeolite.

Modeling of PSA system is actually a process of linking up several models
for sub-processes in the system. The PSA model should consider mass
transfer, heat transfer, and physical equilibrium models. Reviews of these
concepts are presented below.

1.3.1 EQUILIBRIUM ADSORPTION ISOTHERMS

Adsorption equilibria are described by isotherms, a relationship between
adsorbed and bulk phase concentrations at constant temperatures. Different
approaches are used to study the adsorption equilibrium isotherms on
molecular sieve zeolites. The phenomena can be treated by thermodynamic
means using virial isotherms (e.g. Ruthven and Kaul [67]), by molecular
models based on localized adsorption (e.g. Langmuir [40]; Nitta et al [52],
or by empirical correlations (e.g. Yang [90]). Although a virial isotherm
interprets data well from a thermodynamic point of view, it is unable to give
insight into sorption events at the molecular level [7].

Sorption isotherms in zeolites generally follow type I in IUPAC
classification. A representative and very well known isotherm for type I is
Langmuir Isotherm [40], which is given by:

g=—9__ Kaul (1.1a)
GQuax 1+ K, P
or alternatively: K, = 16 (1.1b)
“ pP1-0



Nomenclature of the above expressions is presented at end of Chapter 2. In
the above expression, Langmuir assumed that each adsorbed molecule
occupies one active site, the surface is homogeneous, and no interaction
exists between adsorbed molecules.

Based on Langmuir isotherm, Nitta ef al. [52] developed a Multisite
Langmuir (MSL) model, which is more reliable and accurate. Nitta et al
assumed that localized adsorption takes place where the adsorbed molecule
occupies a certain number of active sites, n. They presented two types of
isotherms for both homogeneous and heterogeneous surfaces. The
expression for homogeneous surface is:

_1 ¢
ads — P(l_a)n (1'2)

In the above expression, the interaction term between sorbed molecules is
neglected. Also, if n equals 1, the expression reduces to Langmuir isotherm.
In 1997, Silva and Rodrigues proved experimentally that the Nitta er al.
isotherm provides a good description of sorption of n-pentane and n-hexane
in 5A zeolite. They found that n equals 5 and 6 for n-pentane and n-hexane,
respectively [75,77].

The two models can be discriminated experimentally by plotting

experimental data 1
P(1-6)

appropriate model is the one that gives straight lines parallel to the -axis.

against ¢ at different temperatures. The
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1.3.2 KINETICS OF SORPTION

Zeolite molecular sieves consist of small microporous crystals formed in a
macroporous pellet, as represented schematically in Figure 1.4. Therefore,
there are three diffusion mechanisms: the gas-film diffusion around the
pellet, the macropore diffusion into the pellets, and the micropore diffusions
into the crystals. Under practical conditions of operation the external film
resistance is negligible [68, 69]. Thus, the sorption rate is generally
controlled by either macropore or micropore diffusion or by the combined
effects of these resistances. Ruckenstein ef al in 1971 proposed a bi-disperse
pore model for transient diffusion in bi-disperse porous adsorbents, based on
the assumption that the two mechanisms are in series [61]. Based on that
model, Ruthven and Loughlin [66] developed a criterion for the relative
importance of the diffusion mechanisms which is given by:

(+k)D,/r?
_ c!Te 1.3
"= b,/®’) (1.3)

where (1+K)R, /D, is the time constant for macropore diffusion, r’ /D, is the

time constant for micropore diffusion, K is the capacity factor given
by(l-¢,)H,,/¢,, and H,, is the dimensionless Henry's constant given by

p,RTH /M, . Description of other notations is presented at end of Chapter 2.
In the above expression, macropore diffusion is the controlling mechanism
for y>10; crystal diffusion is the controlling mechanism for y<0.1.
Between these limits, both mechanisms are important and should be taken
into consideration.

The controlling diffusion mechanisms in zeolite molecular sieves can be
determined experimentally by carrying out experiments in pellets with
different sizes but with the same crystal size or pellets with the same size but
with different crystals. If it is found that time constants for diffusion depend
directly on pellet size and independent of crystal size, it can be concluded
that macropore diffusion is the controlling mechanism. If the reverse is
observed, micropore diffusion is the controlling mechanism. Other options
to determine the controlling mechanism experimentally are by studying the
effects of purge gas, purge flow rate, and temperature on the desorption
curves [75,77].

11



In 1997, Silva and Rodrigues [75] made a detailed experimental study on
adsorption and diffusion of n-pentane in pellets of 5A zeolite. They made
also a similar study for n-hexane [77]. They found that, in both cases,
macropore diffusion is the controlling mass transfer mechanism for the
pellets they were using. Diffusion and equilibrium sorption data were
obtained from these experiments, including the pore diffusivity of n-pentane,
the pore diffusivity of n-hexane, the isosteric heat of adsorption for n-
pentane and n-hexane, and the Henry constants.

1.3.3 HYDROGEN MEMBRANE

A membrane is a physical barrier between two fluids. In over 99% of the
cases of current industrial interest the membrane is made of a polymer. This
polymer is a cast or spun or extruded to form a continuous film without

holes in the desired geometry [55].

A variety of membrane separation processes such as reverse osmosis; ultra
filtration, gas permeation, and electro-dialysis are becoming increasingly
popular in industry. This popularity is due to the simplicity of the processes,
the gentle nature of the separation (high temperatures and phase changes are
not required), the low energy requirements, and frequently low capital and
operating costs.

In gas permeation, two or more gas species are separated based on different
permeabilities in a membrane. Although a variety of devices could be used,
hollow fiber and spiral wound systems are used commercially. The hollow
fiber systems have the advantage of very large surface to volume ratios. The
hollow fibers can have an ID up to 200 microns in diameter. The larger the
ID, the lower the pressure drop inside the tubes (a surprisingly important
design consideration), but the lower the area/volume ratio. The wall
thickness can be from 25 to 250 microns depending on the pressure that
must be withstood. The skin is from 0.1 to 1.0 micron thick and is formed
on the outside of the hollow fiber. Thus the flow is radially inward since
this allows the fiber to withstand much higher pressures. The hollow fiber
systems are currently being used commercially for recovering hydrogen,
carbon dioxide and nitrogen generation from air.
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The basic flux equation is

F,, PAp,
N, =—D"t="424 1.4
"= p (1.4)

m

where N, is the volumetric flux, Fp 4 is the steady state volumetric transfer
rate of species A through the membrane, A is the membrane area, P, is the

permeability of the membrane for species A, the driving force Ap,is the
change in the partial pressure of the species across the membrane, and t,, is
the thickness of the membrane skin. Since the partial pressure is the mole
fraction times the total pressure, p, =y,p,,, the above equation can also be
written as

Fra _ P4 (PoYis = PrYoa) (1.5)

N =
44 t

m

In this equation p, is the total permeate pressure, py, is the pressure on high
pressure side, y; 4 is mole fraction A on high pressure side and yp 4 is mole
fraction A in the permeate. Since y and p can vary along the membrane, this
equation will need to be incorporated into a model for the membrane [55].

In order for permeation to take place, the feed side pressure should be higher
than the permeate side pressure. This can be accomplished, in principle, by
either compressing the feed gas to an elevated pressure level or maintaining
the permeate side to sub-atmospheric pressure, or a combination of both
[22].

Membrane gas separation processes are operated conventionally in a steady
state fashion. Both the feed pressure and the permeate pressure are
maintained at constant levels, and the permeation rate and permeate
concentration do not change with time, except in the initial start up period.
The steady state operation has the advantages of ease of startup and
shutdown, simplicity of pressure and flow controls, large throughput of
permeation, and low maintenance requirements. However, there have been a
few patent disclosures that suggest and demonstrate the benefits of operating
membrane gas separations in unsteady state fashion for some applications.
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Pressure swing permeation is analogous to pressure swing adsorption and
has the potential to be synergistically integrated with the pressure swing
adsorption process for enhanced separation of gases [22].

Ueda et al [83] proposed a cyclic process for air separation that comprises
repetition of the steps of pressurization of feed and evacuation of permeate.
LaPack and Dupius [41] described another unsteady state process to improve
permeation selectivity by operating the membrane permeation system
dynamically. Their process is primary based on the differences in the
diffusivities of different permeating components through the membrane.
From the instance that feed gas is admitted to the upstream side of the
membrane and before the slow diffusing component reaches steady state
permeation, the rate of mass transport through the membrane varies with
time. During this period of transient permeation, the faster diffusing gas
component is enriched in the permeate side. In a continuous operation, the
feed can be introduced intermittently at appropriate time intervals such that
steady state permeation is never reached. Alternatively, the difference in the
desorption falloff rates due to the difference in the diffusivities can also be
utilized to affect the separation, and the collected permeate will be a mixture
enriched in the slower diffusing component [41].

Because of the nature of pressure-driven permeation, the permeate stream
from the membrane system is collected at a pressure significantly lower than
the feed-gas pressure, and recompression of permeate product is often
required. In his paper, Feng, presented a novel unsteady state permeation for
gas separation. The objective of his study is to produce a permeate stream at
a pressure as high as the feed pressure without using a compressor. The idea
is to elevate the relatively low permeate pressure by periodically
pressurizing, or “pushing” the permeate with the high pressure feed gas [22].

14



1.3.4 PSA PROCESS AND MODELING

The unit operations of PSA process are operated in a cyclic manner by a
combination of adsorption and desorption steps. High pressure favors
adsorption and low pressure favors desorption. Therefore, the starting step in
a PSA cycle is pressurization of the bed from low pressure of desorption step
to a higher pressure. In the next step, feed gas passes through the column
and preferential retention of the strongly adsorbed component takes place
and the weakly adsorbed component is collected at the other end of the

column.

When a specified saturation of the bed has occurred, feed is shut off, and
pressure reduction is accomplished. This is known as the blowdown step and
prepares the bed for the subsequent desorption of the adsorbed component.
This desorption is carried out using a purge gas flowing counter-currently in
the column, thus purging the solid phase. The bed is then re-pressurized.
These four steps constitute the most rudimentary cycle developed by
Skarstrom in the 1960's [80], which is based on two beds operating
synchronously as shown in Figure 1.4.

To increase the efficiency of PSA separation several modifications of the
Skarstrom cycle have been developed. Most of the differences are associated
with cycles designed to conserve compression energy. In multiple bed
systems, for example, beds are connected such that pressurization and
depressurization occur in stages through equalization with other beds. A
review of PSA modification can be found in references [69, 90].

Theoretical modeling of a PSA system has been widely studied in the
literature. The growth in PSA modeling has followed the route of gradual
development by progressive elimination of the simplifying assumptions. A
chronological summary for PSA models development is shown in Figure
1.5.

The first and simplest approach is by the equilibrium theory model, which is
based on the assumption that local equilibrium always exists between the
bulk and gas phases and hence mass transfer resistance is negligible. The
concept was first published by Shendalman and Mitchell in 1972 [73]. An
advantage of this approach is that it allows for analytical solution of the
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governing mass balance equation by the method of characteristics. However,
the predictions by the equilibrium model are not accurate for real systems
where the mass transfer resistance is considerable, especially for kinetic-
based separations.

Dynamic modeling, the other approach of PSA modeling, allows for mass
transfer resistance in the system, and the governing equations can be solved
only by numerical methods. In 1983, Chihara and Suzuki developed a
dynamic model based on the assumption that the velocity is constant along
the column in adsorption and desorption steps [17]. They also assumed that
mass transfer between bulk and solid phases is negligible during
pressurization and blowdown steps. The second assumption is well known in
literature as the frozen solid approximation. Constant velocity models are
most useful for liquid systems or gaseous purification-systems where the
adsorbable components exist in the feed in trace amount. However, for bulk
gas separation, where the change in flow rate due to adsorption-desorption is
significant, this assumption is clearly inappropriate.

Later on, Ruthven and Raghavan developed a variable velocity model in
1985, where they allowed for velocity change in all steps [71]. However,
they retained the frozen solid approximation. For purification processes, the
frozen solid approximation is acceptable. For bulk-separation processes,
however, mass transfer between gas and solid phases during pressurization
and blowdown steps is significant to the extent that the frozen solid
approximation is not accurate, especially for equilibrium-based separation
[69].

Modeling by the equilibrium theory and the frozen solid approximation can
be regarded as two extreme cases relative to the real situation. The former
always gives predictions higher than reality; while the later always gives
predictions lower than reality [90]. The first isothermal full solution model,
which includes the dispersion term in the mass balance equation, allows for
variable velocity during adsorption-desorption steps, and relaxes the frozen
solid approximation, is the one published by Shin and Knaebel in 1987 [74].
Limited works have been published for developing the nonisothermal full
solution model.

Both plug-flow and axially dispersed plug-flow conditions, isothermal and
nonisothermal PSA systems are considered in PSA modeling development,
as shown in Figure 1.5.
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In pressurization and blowdown steps, the column pressure changes with
time. One approach to account for this change in modeling is to assume that
the pressure varies either linearly or exponentially over the period of the
pressurization or blowdown step. An alternative approach is to assume
instantaneous change of pressure followed by mass transfer (at constant high
or low pressure) between the bulk and solid phases. The former is a good
approximation for an equilibrium-based separation, while the latter is more
appropriate for kinetic separation [69].

In order to determine the cyclic steady state, cycles are repeated until very
minor differences are noticed in concentration profiles for all steps. This is
called the successive substitution method, and used by most authors because
of its simplicity, although in some cases the computation time is high. A new
method is suggested by Alpay and co-workers in 1998, which is called the
simultaneous discretization method seems to be more efficient [4]. However,
a sophisticated mathematical background is needed in order to apply it. Most
dynamic models developed so far have been solved numerically by either
finite difference or orthogonal collocation techniques. The latter method has
been shown to be, computationally, much superior than the former [71].
Also, for the previous works all computer simulation codes have been
developed in FORTRAN language. Nowadays there is a tendency in
engineering applications to shift from FORTRAN to the more sophisticated
language, MATLAB. This is because MATLAB is much easier and is user
friendly, and the output can be directly visualized graphically [10].
Therefore, there is a need to develop a MATLAB computer simulation code
that solves both isothermal and nonisothermal full solution PSA models.
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1.4 PRESURE SWING ADSORPTION REACTOR (PSAR)

In conventional chemical reaction processes, the conversion is often limited
by chemical equilibrium. In order to achieve higher conversions and
improved overall energy efficiency, new chemical reactor configurations
have been studied. In one, a conventional reactor is operated in a periodic
mode [20]; other novel reactors can achieve simultaneous reaction and
separation. The concept of combining reaction with separation is based on
Le Chatelier's principle relating the conversion of reactants to products. The
rate of forward reaction in an equilibrium-limited reaction can be increased
by selectively removing some of the reaction products from the reaction
zone [79]. Thus, a better conversion can be achieved. Another advantage of
applying this concept is that both capital and operating cost may be reduced
because the downstream separation section can be minimized or eliminated
from the conventional process.

Numerous applications of this concept have been published, such as
membrane reactors, reactive distillation units, and others [23]. The pressure-
swing reactor is a relatively new and untested device that combines reaction
and product separation in a plant resembling a pressure swing adsorption
(PSA) system [2,16,28,36]). In this device, a mixture of a catalyst and an
adsorbent is filled in a chemical reactor. Mixing of the sorbent with the
catalyst can be done in either a homogeneous or heterogeneous way [42]. In
homogeneous units, the catalyst and the adsorbent are mixed uniformly, and
one of the reaction products should be the strongly adsorbed component in
order to get higher conversion by shifting the conversion to the right.

Heterogeneous units are formed by dividing the unit into two separate
regions: the catalyst-packed bed region followed by the adsorbent-packed
bed region. In such units, the strongly adsorbed component can be either the
reactant or the product.

Combining reaction with pressure swing adsorption process is relatively a
new area of interest and very limited works have been published. A good
literature review on PSR systems was done by Sircar et al. [79], and some
outlines of the works done are briefly presented here. The first theoretical
investigation of the PSR system is the one published by Vaporciyan and
Kadlec in 1987 [84]. They considered a single rapid PSR column with
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extremely fast reaction and they applied the equilibrium theory model for
adsorption. Two years later, they performed the first experimental evaluation
of the PSR systems using Pt/alumina as the catalyst and 5A zeolite as the
adsorbent in a rapid PSR process for oxidation of carbon monoxide [85].
Their patent was approved in 1993, which is the first patent in PSR systems
[32]. They found that under certain operating conditions carbon dioxide
production could be increased by up to 2 times the conventional reactor
production. In 1994, Lu and Rodrigues proposed another mathematical
model for the PSR system, and applied it on the dehydrogenation reaction of
ethane [46]. However, they also used the equilibrium theory for their model.

Dehydrogenation reaction of methylcyclohexane to toluene in a PSR unit
has been studied experimentally by Alpay and co-workers in 1995 [3]. Also,
Sircar et al [79] applied the PSR concept to the water-gas shift reaction in an
experiment. Both experimental studies have shown that equilibrium yields
could exceed the values achieved by a conventional reactor. In a recent
publication in 1998, Alpay et al. have studied theoretically the rapid PSR
concept, and applied it for a hypothetical dissociation reaction [4]. They
made detailed parametric studies, and applied the simultaneous discretisation
method for determining the cyclic steady state. However, they retained the
equilibrium theory assumption.

Isomerization process is a good example for applying the PSR concept for
two reasons. First, the operating temperature and pressure for the reactor and
the adsorber are similar. Second, both the reactor and the adsorber operate
under hydrogen environment. To date, all the previous studies considered
homogeneous mixing of adsorbent and catalyst in the PSR unit. In these
studies, the main objective of applying the homogeneous PSR concept is to
increase the conversion to a value higher than the equilibrium value by
shifting the equilibrium reaction to the right. For the current study, however,
the heterogeneous PSR concept will be applied because the main objective
here is to reduce the required unit operation equipment. Also, most previous
PSR models have applied the equilibrium theory concept for adsorption.
However, separation of n/i-paraffins mixture is an example of a bulk-
separation process. As mentioned before, the equilibrium theory model is
not appropriate for this type of separation. Thus, there is a need to develop a
full solution model for the PSAR system.

The performance of a PSAR unit can be affected by a number of design
parameters, such as the bed length and the adsorbent/catalyst size; operating



parameters, such as the duration of the various steps and the pressure level in
each step; and physical/chemical parameters, such as adsorption isotherm
relationship and reaction rate constant. The effects of these parameters are
coupled so that it is difficult to arrive at an optimal design only by
experimentation. Therefore, reliable mathematical modeling and computer
simulations are required to obtain preliminary information about the
performance of the PSAR process in order to ensure that the capital and/or
operating costs are minimized while satisfying technical specifications such
as conversion, yield, and product purity.

The block-flow diagram of the PSAR system, taking the example of n-
paraffins isomerization reaction, is shown in Figure 1.6. In this figure, the
heterogeneous mixing system is employed and the reactant is the strongly
adsorbed component. This flow diagram will be described in detail in

Chapter 3.
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1.5 OBJECTIVES OF THE PRESENT RESEARCH
The objectives of this research work are to:

1. Develop a nonisothermal PSA model for separation of iCs/iC¢/H, from
a mixture containing nCs/nC¢/iCs/iC¢/H,. Results of this model are to
be compared with those obtained by Silva and Rudrigues.

2. Develop and establish a model that describes a combined reactor
pressure swing adsorber unit (PSAR), for isomerizing n-pentane/n-
hexane to their branched isomers. The PSAR model is to be full
solution model; that is, most simplified assumptions are relaxed.

3. Introduce a H, membrane to the separation section of the PSAR
model. The introduction of the membrane will complete the separation
process and make it possible to achieve pure isoalkanes production.

4. Study various operating scenarios of the PSAR and PSAR with
membrane processes.
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CHAPTER 2
MODELING AND SIMULATION OF THE BASE CASE

In order to compare the performance of the new PSAR process to that of a
conventional PSA process, a base case consisting of a PSA unit is first
simulated. The configuration of a PSA cycle is illustrated in Figure 2.1. The
system is modeled as a non-isothermal process containing only five
components (n-Cs/i-Cs/n-C¢/I-C¢/H,;). Model Results are verified against
those obtained by Silva and Rudrigues [78].

2.1 MODEL ASSUMPTIONS

The dispersed PFR model is applied to describe the dynamic behavior of the
PSA unit. Similarly, mass and energy balances are required for the
adsorbent-packed region plus an investigation on the equilibrium and
kinetics of sorption of n-Cs/Cs in SA zeolites. The following additional
assumptions are made:

a) The gas is ideal. Although in some simulation runs, the pressure is
high (15 bars and above), the gas is still an ideal system for two
reasons: the temperature is high (500 K and above), and the hydrogen
content is high (above 70%). To validate this assumption, the
compressibility factor at high pressure is calculated to be close to
unity using Peng Robinson Equation of State.

b) The axial dispersed plug flow model describes the flow pattern.

¢) The main resistances to mass transfer in the adsorbent region are
external fluid film resistance and macropore diffusion in series. These
two resistances can be combined in a global resistance according to a
lumped model suggested by Morbidelli et al [50].

d) A resistance to heat transfer exists in the external fluid film around the
adsorbent.
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Skarstrom Cycle [80].
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e) Gas and solids properties are independent of temperature.
f) Adsorption equilibrium is described by Nitta et al. model [53].

g) Mass and energy balances are executed for the whole column in order
to obtain a comprehensive model linking the catalyst region to the
adsorbent region.

h) The adsorption equilibrium constant is the most sensitive temperature-
dependent term, and is assumed to follow the normal exponential

temperature dependence K, = K, exp[(-AH )/ RT].

i) Effective thermal conductivities of commercial adsorbents are
relatively high, and therefore intraparticle temperature gradients can
be neglected [68,90].

j) Thermal equilibrium is assumed to exist between the fluid and the
adsorbent particles. According to Ruthven and co-workers, this is a
very common practical assumption in adsorber calculations [68]. This
reduces the computational effort to a large extent since an energy
balance for the solid phase is not required.

k) An overall heat transfer coefficient is used to account for heat loss
from the system to the surroundings.

1) The temperature of the column wall is taken to be equal to that of the
feed temperature.

m) The boundary conditions for the heat balance equation are written
assuming the heat-mass transfer analogy for a dispersed plug flow
system.
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2.2 MODEL EQUATIONS

Subject to the above assumptions, the model equations for the base case
system are as follows: [A=n-pentane, B=n-hexane, C=isopentane,
D=isohexane, I=inert (H,), 1=reactor, 2=adsorber]

Step 1 (Pressurization)

Fluid Phase mass balances are

2
- 0
—DLa C;2+6(UCA2)+60A2 4 S 6ch_‘_(l S)Ps <q42>=0 (2.11)
0z 0z o ¢ O ¢ ot
2
- 0
_p, Lo, MWew) Bopy oy Bn  (e) | 0<an> o (5
oz oz o ¢ O £ ot
2
D d cr 5(Uccz)+ Ocy , Ccr On U 8)/% 0<4c > _ (2.13)
0z 0z o ¢y O € ot
2
a -
D, d c;-)2 s a(Uch)+ Ops | Con Oy, (1 8)/% 0<dm>_, (2.14)
oz 0z o ¢y O ¢ ot

oc Jc oc oc oc oC.
A2 + B2 + C2 + D2 + 12 __ T

= (2.15)
a o  a  a  a o

The overall material balance is obtained by adding equations (2.11), (2.12),
(2.13), (2.14) and (2.15), recognizing that the total concentration c,, defined

as ¢;, =C,y + €y, +Cq,y +Cp, +¢;, 15 a function of time and is not a function of
distance (due to negligible pressure drop in the bed)

ou Ocp, (1-¢)o<gq, >
12 4 =0 2.16
‘o p‘z,. PP (2.16)

The mass transfer rate is defined by the LDF expression

0<q,>

Ps o = apkylco=<cs>) (2.17)
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The adsorption equilibrium isotherm is

<c,>RT= 1 o (2.18)

K o,
ads i (1-—20]]
J

where K, is the equilibrium isotherm constant, calculated by

Kads,i = Ko,ie[(—Az;dxli)]

(2.19)
The boundary conditions are Danckwert’s boundary conditions
-0, %8| =,y —cial.n) (2.20a)
5;2 =0 (2.20b)
Similar boundary conditions apply to all other components.
Boundary condition for velocity
ul _, =0 (2.21)

Note that ¢, , appearing in equation (2.20a) is the exit concentration of the
reactor.

Step 2 (Adsorption)

Fluid phase mass balances are

_D 0’c + a(UcA2)+ ac 43 4 S dcyy + (l—S)p 0<q,,> -0 (2.22)
Lozt oz &  cp O g o |
d’c Ucy,) oc Cpr Ocpy (1—8) 0<qy >
D B2 B2) "B "B “TTI B2~ _0 2.23
Lot oz ot ¢y OF e 7 a 223)

D, achz L Weey)  Bee, | cey Doy (l—g)ps 9<qe > _,
0z 0z ot ¢, O £ ot

(2.24)
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_D, azcé,z N 3(UCD2)+ ocp, + Cpy Ocp + (l_g)ps 0<qp, > -0 (2_25)
oz oz o ¢y O ¢ ot
oc 4 + ocy, + Occ, " Ocpy 4 0y -

0 (2.26)
ot ot ot ot ot

The overall material balance is obtained by adding equations (2.22), (2.23),
(2.24), (2.25) and (2.26), recognizing that the total concentration c,, does
not change with time.

ou dcy, (1-¢)o<gq, >
—_—t 4 d :-_0 2.27
HEIPVPY p“,z : o (2:27)

The mass transfer rate is defined by the LDF expression

0<q,>
Ps o

=ayky (co—<cn >) (2.28)

The adsorption equilibrium isotherm is

<c, > RT=— Z (2.29)

Ka i 8
1)
j

where K,q4s; is the equilibrium isotherm constant, calculated by

(S )]

Ko =Ko,.-e[ i (2.30)

The boundary conditions are Danckwert’s boundary conditions

0
-D, _;_:2_ 2=0 =uf(cA2f —Cr|2=0) (2313)
o
‘fa‘f" =0 (2.31b)

Similar boundary conditions apply to all other components.
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Boundary condition for velocity

u _, =u, (2.32)

Note that ¢, ,appearing in equation (2.31a) is the exit concentration of the
reactor.

Step 3 (Counter-current Blowdown)

Fluid phase mass balances are

_D, 820;2 . 6(UCA2)+ oc 4, . C 4y OCp + (1""5)ps 0<q,, > =0 (2_33)
0z Oz ot cry Of ¢ ot

_p, achz N 5(U032)+ 0C g, + Cpy OCry + (l—g)ps 0<qg, > =0 (2.34)
0z oz o ¢y O ¢ of

_p, 62652 + a(Uccz)_l_ 0c, + Ccy OCpy + (1—8),05 0<qc, > -0 (2.35)
0z Oz o ¢ O ¢ ot

b, achz L OUey,)  Bepy  cpy O (1-2) p 284> o (936
0z 0z ot ¢y O ¢ ot

6cA2+6cB,_ oc., 0Ocp, Ocp,

ot ot ot ot ot

0 (2.37)

The overall material balance is obtained by adding equations (2.33), (2.34),
(2.35), (2.36) and (2.37), recognizing that the total concentration c,,defined
as ¢p, =C4y +Cyy +€oy +Cp, +¢,, 15 @ function of time and is not a function of
z (due to negligible pressure drop in the bed)

u ooy 5 (128)9<q,>
Cry o+ +ps§i: - > =0 (2.38)
The mass transfer rate is defined by the LDF expression

0<q,>
Ps o

=aPkgl(cA2_<cA2 >) (2.39)
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The adsorption equilibrium isotherm is

<c, > RT=— 9 (2.40)

Ka i "
J

where K, is the equilibrium isotherm constant, calculated by

Kads,i = Ko,ie[(_A;I;M )]

(2.41)

The boundary conditions are Danckwert’s boundary conditions

_DL?CA
0z

=0 Uy (cA2,f —Cyp l =0) (2-42)

But since u=0 at the inlet of the column, z=0, we have

oc 4,

2.0 =0 | (2.432)
?-g-:i =0 (2.43b)

Similar boundary conditions apply to all other components.

Boundary condition for velocity

=0 (2.44)

uz=0

Step 4 (Counter-current Desorption)

Fluid phase mass balances are

d%c,, NUcy,) 0cpy cpp ey (-g) 0<q>
D a2 a2} Ca  Car %n | 2Z _ 245
bz’ oz ot ¢ Of e U a (2.45)
D, 0’y + a(UCB2)+ 0c g L Em Ocy, + (1—5)/) 0<qp > -0 (2.46)

ot oz o ¢ Ot e T o
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B DL achZ + a(Uccz) + accz + Ccr ach + (1 — 8)p 0 <9c2 > =0 (2.47)

& & A oy & o
D d’cy, N 6(U002)+ ocp, 4 S Ocy + 1 —8)’0 0<qp > =0 (2.48)
Looz? Oz o ¢y O e b
acAZ + 56'32 + accz " acoz + ac12 =0 (2.49)

ot ot ot ot ot

The overall material balance is obtained by adding equations (2.45), (2.46),
(2.47), (2.48) and (2.49), recognizing that the total concentration c,,defined

as ¢, =C,, +Cpy +Coy +Cp, +¢,, 1 a function of time and is not a function of
z (due to negligible pressure drop in the bed)

cn%ﬁ"" Z(l a<q’ 9<4.>_, (2.50)

The mass transfer rate is defined by the LDF expression

o<q,>
Ps ;A =aPkgl(cA2—<cA2 >) (2-51)

The adsorption equilibrium isotherm is

<c,>RT= ! Z . (2.52)

Ka i i
)
J

where K, is the equilibrium isotherm constant, calculated by

(2.53)

The boundary conditions are Danckwert’s boundary conditions

_p, &a (2.54)

=0 zuf(cA2f =Cpr|20)

3

A purge inert stream of pure hydrogen is being employed, giving
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-D, %l|,=o ==u|_,C| .m0 (2.55a)
a(f;z |, =0 (2.55b)
Similar boundary conditions apply to all other components.

Boundary condition for velocity

u_ =up (2.56)

In the PSA simulations, the initial conditions are taken to be clean adsorbent
bed and gas phase of pure hydrogen.

€ (2,6=0)=0 (2.57a)
Cp (2,6 =0)=0 (2.57b)
Cer(z,t=0)=0 (2.57¢)
Cpy(z,t=0)=0 (2.57d)
¢, (z,t =0)=¢, (2.57%)

where ¢y is the initial concentration of inert inside the bed.

The above set of equations is written in normalized form using the following
dimensionless variables:

c,
_ A
Yaui =
Cr
c.
7l
Yi=
Cri
C _CTi
n=
¥

Ci Cei Coi
yBi=‘_B‘ yCi=& yDi=’”D_
Cr Cr Cr
tu
4 <g., >
X = T=—'——j;- Q'_ = q’
L L qi,ref
U
U= (2.58)
Us

where ¢, represents the solid phase concentration of component i in
equilibrium with y, ,at P, and T,(i=A, B, C or D), calculated by
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1 (qA,ref /qmax)

-l

J’Az,/PH =

ny

Thus, the model equations become:

Step 1 (Pressurization)

__l__azy,qz + a(UyA2)+ayA2 + Y2 0Cp, +¢ 0Q, -0

Pe ox’ ox or C,, oOr * ot
2
___1_6 yfz + a(Usz)+ay82 + Yy 0Cry +Cos 00y ~0
Pe ox ox or C,, Or ot

__l_azyzcz + a(U)’Cz)+ ey + Yer 0Cy, +¢o e 4058 -0
Pe ox ox or C, Ot ot

__L@zy;n +0(Uym)+6ym + 2D oCy, +¢o 99 —0
Pe ox Ox or Cp Or "~ or

Y a2 +GYBz +6yC2+3yD2 +6y12 =0
ot ot ot ot ot

1 oy
"'ﬁ7ax—A|x=0 =(yAf _yA1|x=o)

Qyil ~0
ax x=1

U|x=l =0

Step 2 (Adsorption)

__1_62)’A2 + a(UyA2)+ayA2 4 Y oCr, +C 20, =0
Pe ox’ ox ot Cp 0t ™ or

__1_623732 + G(Uy32)+ Yp> 4B oCy, +¢ Qs -0
Pe ox’ ox or  C, 0t ™ or

__l_azJ’cz + a(Uycz)+GJ’C2 4 e oCr, e 00 -0
Pe ox* ox ot  C, or "¢ ot

__1_623’02 + 3(UyD2)+ W pa 4+ D2 oCr, +¢ 90y -0
Pe ox’ ox or C, ot "™ or

Y a2 + g, +5ycz + W2 + Wiz _
ot ot ot ot ot
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(2.59)

(2.60)
(2.61)
(2.62)
(2.63)

(2.64)

(2.652)

(2.65b)
(2.66)

(2.67)
(2.68)
(2.69)
(2.70)

(2.71)



_P %’ -(yAf _yA1|x=0)

Step 3 (Counter-Current Blow down)

___1_62)’A2 Wyp)  ¥u . Yur oy 2Q, -0
Pe o ax Tar TC,, or o™ ar
162y o\Uy Oy Vg, OC oQ

e T (6x32)+ or T Coy ar T4 or 0

1 0 yc, a(Uycz) Ver | Yer 9Cry 0. —0
Pe o | & or ' C, or tome o =

____1__62}’1)2 a(Uyoz) Yp2 |, Y2 OCry 00 _
Pe o o T or TG or ™ or O

71

ay/ﬂ +ayBZ +ayC2+ayD2 +aylZ =0
ot ot ot ot ot

PYal g
ax x=0

L2271 I
ax x=1

Ul =0

Step 4 (Counter-Current Desorption)

1 oy oUy oy y,, 0C oQ

e o (axA2)+ o Y gy ar im0

T2
1 0%y, oUps,) s Vg 6C 80
P o T (ax82)+ or "Cp or T or
T2
10’ oU oC d
B s
2

___La yfz +6(Uy02)+6)’m 4 F0 9Cr, + & 99 -0

Pe ox Ox or C, Ot ot

Y 42 +6J’32 +ayC2+ayD2 +6y,2 =0
ot ot ot ot ot
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(2.72a)

(2.73b)
(2.74)

(2.75)
(2.76)
(2.77)
(2.78)

(2.79)

(2.802)

(2.80b)
(2.81)

(2.82)
(2.83)
(2.84)
(2.85)

(2.86)



1
_ﬁf’;; — Wy -Val) (2.87a)
x=0
¥ _
Bx—L -0 (2.88b)
Ul =u,lu, (2.89)

In all the four steps, the normalized form of the mass transfer rate and the
adsorption equilibrium isotherm are

0
Cm aQTA =NfCTz(J’A2‘<)’Az >) (2.90)
o
<y > P = 49 — (2.91)

ads,A
( Z ! ef,j Q .l j
J

The initial conditions are

Y (%,7=0)=0 (2.92a)
V5, (x,7=0)=0 (2.92b)
Yo (x,7=0)=0 (2.92¢)
Yy (%,7=0)=0 (2.92d)
y,(x,7=0)=1 (2.921)
0, (x,7=0)=0 (2.92¢)
0, (x,7=0)=0 (2.92h)

In the above dimensionless equations, model parameters are defined as
follows:

Damkohler Number: Da = kL
u
s
u,L
Mass Peclet Number: Pe =
D L
Mass Capacity Factor: ¢ = 1—& PsCury
£ Cy
. . l—-¢a k ,L
Number of Film Mass-Transfer Units: N, = it
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Nonlinearity Parameter of Isotherm: 6., = %’—’—ef—

There are two advantages for normalizing the equation. First, a better
understanding of the parametric effects on the process can be gained.
Second, by expressing all variables in the same scale 0-1, the compounded
truncation error caused in the numerical computation is minimized [90].

2.3 NUMERICAL METHODS

For the model equations, the partial differential equations are reduced to
ordinary differential equations by the method of orthogonal collocation. The
total mass balance equation reduces to a set of simultaneous algebraic linear
equations. Simultaneous ordinary differential equations are solved using the
fourth order Rung-Kutta method. Gaussian elimination method is used to
solve simultaneous algebraic equations. Twenty internal collocation points
are used. The solution-flow diagram for a step in the PSA unit is as shown
in Figure 2.21.

Orthogonal Collocation method 1s used to integrate model differential
equations. Orthogonal Collocation methods are based on orthogonal
polynomials. The advantage of using orthogonal polynomials over other
classes of polynomials is that the number of the tuning parameters is reduced
to two: alpha and beta [43]. Lefevre presents a method to obtain optimum
values for alpha and beta for a specific number of collocation points. His
method is based on finding the optimum values of alpha and beta that reduce
an M matrix. The M matrix is defined as:

M= -ULI + DmLz (2933)

Or in dimensionless form

M =t (-UL; + D,L;) (2.93b)
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Initialize (t=0)
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T=0
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Solve overall mass
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(at t=t+dt):

!
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U for all nodes
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component mass balances
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!
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for interior nodes

Is t =t final
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Figure 2.2: Solution Flow Diagram for a single PSA step.

39



Where: u : model velocity (cm/s)
D, :axial mass dispersion coefficient (cm*/s)

L, : first Spatial derivative matrix
L, :second special derivative matrix
U : dimensionless model velocity (-)
Pe :dimensionless Peclet number

Lefevre et al’s concept is based on finding an M matrix such that the
maximum eigenvalue in that matrix is less than all maximum values
produced by changing alpha and beta on a specified domain for both alpha
and beta. Although Lefevre et al’s M function is based on constant velocity
models, it can be well applied to variable velocity models. U, in variable
velocity models becomes the maximum attainable velocity in the model at
hand.

According to Lefevre et al., optimum values of alpha and beta are calculated
for a number of nodes ranging from 10 to 20. Table 2.1 illustrates Residual
(Re) values for zero values of both alpha and beta parameters. Also, it
illustrates the Re value at optimum values of alpha and beta. A three-
dimensional plot of Re vs alpha and beta is shown in Figure 2.3.

Table 2.2 illustrates the CPU time required to complete the first cycle for a
PSA unit. Also, the table illustrates the resulting reduction in time when
using optimum values of alpha and beta compared to a value of zero for both
variables. Results are obtained from a 1.8 GHz machine. Analysis of PSA
data in Table 2.2 clearly indicates the benefit of using optimum values of
alpha and beta.

An optimum number of nodes need to be selected for a specified model.
This number should be large enough to fully represent the solution domain.
Yet, it should not be too large to slowdown the solution time of the
simulation model. The family of Figures 2.4 illustrates the integration of the
pressurization step for a PSA model for a number of nodes ranging from 10
to 20. To help finding a suitable number of nodes for each model, the
reciprocal of the integration time and the smoothness of curves can both be
plotted against the number of nodes. The optimum number of nodes is the
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number corresponding to the intersection of the two curves. Unfortunately,
this method is very subjective. The user has to assume that a certain pre-
selected number of nodes would result an exact solution. Alternatively, in
this work, we make use of a different technique. First, a number of
equidistance points are selected. Then, the output of the first cycle, for each
number of collocation points, is used to interpolate a curve for the selected
number of equidistance points. Next, the resultants curves are compared to a
reference selection of orthogonal points. The best selection is the one that
produces a relatively acceptable error while keeping an acceptable CPU
integration time.

Results of applying this procedure are illustrated in Figures 2.5a and 2.5b.
In those figures, 50 interpolation points are selected. Twenty collocation
points are assumed to give exact solution. The error introduced by
interpolating 10 collocation points is illustrated in Figure 2.5a. The error
introduced by interpolating 19 collocation points is illustrated in Figure 2.5b.
The error is reduced by more than four times when selecting 19 points.
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Table 2.1: Re Values at alpha=beta=0 and at optimum alpha and beta

Optimum 10*Re @

No. of Alpha=Beta=0 10™* Reuin

Nodes |Alpha| Beta (1/sec) (1/sec) 100* (Remin/Re)
10 06 | 07 0.590 0.348 59.0
11 0.6 | 0.7 0.854 0.486 56.9
12 0.7 | 0.7 1.188 0.666 56.1
13 0.7 | 0.7 1.610 0.890 55.3
14 0.7 | 0.7 2.138 1.166 54.5
15 0.7 | 0.7 2.785 1.503 54.0
16 07 | 0.7 3.570 1.907 53.4
17 07 | 07 4.511 2.389 53.0
18 0.7 | 07 5.626 2.956 52.5
19 0.7 | 0.7 6.937 3.688 53.2
20 0.7 | 0.7 8.466 4.375 51.7
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Table 2.2: First cycle time for alpha=beta=0 and for optimum values of

alpha and beta.

No. of 1* cycle time @ 1* Cycle Time @ optimum

Nodes alpha=beta = 0 (min) alpha & beta (min) % Reduction in Cycle time
10 2.686 2.215 17.5
11 2.814 2.584 8.2
12 3.089 2.673 13.5
13 3.988 3.464 13.1
14 3.602 4324 -20.0
15 4358 3.83 12.1
16 5.197 4.313 17.0
17 4.749 4.715 0.7
18 5.849 5.732 2.0
19 5.635 5.049 10.4
20 6.042 4.699 22.2
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Figure 2.3: Optimum values of alpha and beta corresponding to
minimum Re for N=20.
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Figure 2.4a: Selected profiles for the first cycle for N = 10.
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Figure 2.4b: Selected profiles for the first cycle for N = 15.
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Figure 2.4c: Selected profiles for the first cycle for N = 19.

47




01 ] T T L) v Ll ¥ 1 ]
y -G~ Prassurization

0 —— Adsorption
c 005 —+ Blowdown 5
- —+— Desorption

Figure 2.4d: Selected profiles for the first cycle for N = 20.
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Figure 2.5a: Absolute interpolation error introduced with N=10,
assuming N=20 is the exact solution.
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Figure 2.5b: Absolute interpolation error introduced with N=19,
assuming N=20 is the exact solution.
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2.4 PARAMETERS ESTIMATIONS

Model parameters were estimated from independent experiments and
correlations available in the literature. Table 2.3 summarizes the column
characteristics, adsorbent properties, adsorption equilibrium isotherm and
reaction parameters. The data for the adsorption section are experimental
data published by Silva and Rudrigus [75,77]. The axial dispersion
coefficient (D) is approximated by:

D, =0.7D, +0.5ud, (2.94)

At low Renolds number, the second term in the above equation may be
neglected [70,71]. This approximation is validated in the next section.

According to a lumped model proposed by Glueckauf [27], the overall mass
transfer coefficient (ky) can be calculated by

Pt 1 (2.95)

g =2Dr (2.96)

The external mass transfer coefficients (k.) were estimated from the
correlation obtained by Wakao and Kaguei [87].

Sh=2.0+1.1(Re)**(Sc)** (2.97)

The parameter values and operating conditions used in the simulations are
listed in Table 2.3.
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Table 2.3: Data for the base case system

Adsorption Column Characteristics:

L =400 cm
de =12.7cm
Adsorbent Properties

oA =0.77 g/em’

2. =1.13 g/em’

£ =0.32

£, =0.35

d, =1.6 mm

ap =25cm”

Adsorption Equilibrium Isotherm Parameters

~AH ..  =132kcal/mol

—AH 4 e, =14.2 kcal/mol
Pyc, =5

P, =6

G maxnc, =13.0g/100g
G nC, =13.0g/100g

=2.013*10"° bar!
=4.9187*107 bar

0,nCs

K

o,nCg
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2.5 RESULTS AND DISCUSSION

Figures 2.6 to 2.9 illustrate bed profiles of concentrations for n-Cs, n-C4 and
the temperature in the gas phase for the four cyclic steps: pressurization,
adsorption, blowdown and desorption, respectively. The figures also,
illustrate the results of the previous work conducted by Silva and Rudrigues.
The simulation is performed at a temperature of 573 K. Other parameters
used in the simulation are summarized in Table 2.4.

As shown in Figure 2.6, during pressurization, the initial gas concentration
in the bed is pushed toward the closed product end, where it forms a plateau
that is totally enriched in i-Cs, i-C¢ and H,. The region before the plateau
shows the penetration of the feed gas. In the high-pressure adsorption step,
the concentration profile moves down the column, and a raffinate product,
totally enriched in i-Cs, i-Cg and H, is withdrawn at the product end. In the
blowdown and purge steps, the concentration profile is pushed back and a
relatively clean initial bed condition is reestablished for the next cycle at the
end of the purge step.

As shown in Figure 2.8, in the blowdown step, increasing concentration of
n-Cs and n-Cg in the bed arises due to desorption, where it increases about
four times relative to feed conditions. At the end of desorption step, the mole
fractions of n-Cs and n-Cg are below feed conditions.

The difference between the results of this work and those obtained by Silva
and Rudrigues is because Silva and Rudrigues used a parabolic wall
temperature profile. However, they made no notion of the profile

distribution mechanism in their paper.

Figure 2.10 illustrates the approach to cyclic steady state, which is about 15
cycles in this work.
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Table 2.4: Parametric Values used for simulation of the base case of the n-

Cs/n-C¢/N, system.

Parameter Value
Vacse (mol/mol) 0.139
Vacst (mol/mol) 0.046
F; (mol/m’/s) 7.55
Py (bar) 15

Py, (bar) 2

T (K) 573
Us (cm/s) 16.4
U, (cm/s) 50

G ncs,m 2.8082
G ncem 2.9827
65 rer 0.2203
0,6 rer 0.2340
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Pressurization
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\ B Y-nCH5
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¢ T(°C) {1} 340

x=z/L

Figure 2.6: Gas Phase concentration profiles of n-Cs, n-C4 and
Temperature profile at the end of the cyclic steady
state (Pressurization Step). Points represent data
provided by Silva & Rudrigues. Continuous Lines
represent this work. The temperature is plotted in the
secondary Y-axis to the right of the figure. Parametric
Values are in Table 2.2.
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Figure 2.7: Gas Phase concentration profiles of n-Cs, n-Cg and
Temperature profile at the end of the cyclic steady
state (Adsorption Step). Points represent data
provided by Silva & Rudrigues. Continuous Lines
represent this work. The temperature is plotted in the
secondary Y-axis to the right of the figure. Parametric
Values are in Table 2.2.
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Figure 2.8: Gas Phase concentration profiles of n-Cs, n-Cg4 and

Temperature profile at the end of the cyclic steady
state (Blow down Step). Points represent data
provided by Silva & Rudrigues. Continuous Lines
represent this work. The temperature is plotted in the
secondary Y-axis to the right of the figure. Parametric
Values are in Table 2.2.
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Figure 2.9: Gas Phase concentration profiles of n-Cs, n-C4 and
Temperature profile at the end of the cyclic steady
state (Desorption Step). Points represent data provided
by Silva & Rudrigues. Continuous Lines represent
this work. The temperature is plotted in the secondary
Y-axis to the right of the figure. Parametric Values are
in Table 2.2.

58




k] T

1 L] T L] Rl T

1 2 3 4 58 6 7 8 9 10 11 12 13 14 15
number of cycles

Figure 2.10: Approach to cyclic steady state, illustrating exit
concentration of n-Cs, n-C¢ at end of blowdown step.

Parametric values are in Table 2.2.
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Nomenclature

B

dimensionless adiabatic temperature rise [-] =
(_ AHads )qA,ref /(CpsTf )

total gas concentration in the column [mol/cm’]
total feed gas concentration [mol/cm’]
dimensionless total gas concentration in the column
heat capacity of the gas phase [J/(mol-K)]

heat capacity of the adsorbent [J/(g-K)]

pore diffusivity of component A [cm?/s]

axial mass dispersion coefficient [cm?/s]
column diameter [cm]

overall heat transfer coefficient [W/cm*K)]
isosteric heat of adsorption [J/mol]

global mass-transfer coefficient [cm/s]

adsorption equilibrium constant [bar'] = K,-exp(-AH/R/T)
limiting adsorption equilibrium constant [bar™']

axial bed thermal conductivity [W/(cm-K)]

length of the PSA column [cm]

coefficient of Nitta et al. isotherm [-]

number of film mass-transfer units [-]

number of wall heat-transfer units [-] = 4hL/d,u,C, c, ¢)
total pressure in the column [bar]

mass Peclet number [-]

thermal Peclet number [-]= u LC ¢, /K,

constant high pressure during adsorption step [bar]
constant low pressure during desorption step [bar]

average adsorbed-phase concentration [mol/kg]
adsorbed-phase concentration at equilibrium with y,-at Py and
T}, [mol/kg]

maximum adsorbed-phase concentration [mol/kg]
dimensionless adsorbed-phase concentration [-] = (g, )/ ¢,
ideal gas constant [bar-cm>/mol/K]

time [s]
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T column gas temperature [K]

1y feed gas temperature [K]

T dimensionless column gas temperature [-] = (7 - T, ) T,

u interstitial velocity [cm/s]

us interstitial feed velocity [cm/s]

U, purge gas velocity [cm/s]

U dimensionless interstitial velocity [-]

X dimensionless axial coordinate in the column [-] =2z/L

V4 mole fraction of component A in the bulk phase in the column
[-]

Var mole fraction of component A in the feed [-]

Vaj mole fraction of component A in the bulk phase in bed i [-]

Var mole fraction of component B in the feed [~}

Vi mole fraction of component B in the bulk phase in bed i [-]

Var mole fraction of component A at the exit of the column [-]

(va2) average mole fraction of the sorbate in the pores of the
adsorbent pellet in bed 2 [-]

z axial coordinate in the column [cm]

Greek Letters

& bed void fraction [-]

& adsorbent void fraction [-]

Cy thermal capacity factor [-]= (1~ - £,)p,C,, /lec;, C,, )

- mass capacity factor [-]

O 4 er coverage of adsorbent at yrand Py [-]

0, apparent density of the adsorbent [g/cm’]

7 dimensionless time [-] = u ¢/ L

Y, dimensionless heat of adsorption [-] = (- AH,,, )/(RT, )

Subscripts

A n-pentane

B n-hexane

C i-hexane

D n-hexane

I inert (Hydrogen)

T total

f feed
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CHAPTER 3

PSAR MODELING FOR n-Cs, 1-Cs, n-C, 1-C¢ SYSTEM

3.1 MODEL ASSUMPTIONS

For the catalyst and adsorbent zones, mass and energy balances are
conducted to reveal the profiles of conversion against time and reaction zone
distance. The dispersed PFR model is applied to describe the dynamic
behavior of the unit in both reaction and PSA sections. Methods suggested
by Spivey and Bryant. [81] and by Runstraat et al. [62] are followed for
building reaction rate expressions.

3.2 PSAR PROCESS DESCRIPTION

Figure 3.1 is the proposed process flow diagram for the isomerization of n-
alkanes to isoalkanes in the PSAR unit. The unit consists of two columns.
Each column consists of a catalyst-packed region followed by adsorbent
packed region. The system in modeled as a non-isothermal process
containing five components (n-Cs/i-Cs/n-C¢/i-C¢/H,). The cyclic steps shown
in Figure 3.2 are as follow:

Step 1: Pressurization/Reaction: The unit is pressurized by feeding
the feedstock (at high pressure), into the catalyst bed. In the catalyst
bed, partial conversion of n-Cs and n-Cg to i-Cs and i-Cg, respectively,
takes place. There is no effluent from the unit at this step.

Step 2: Reaction/Adsorption: The feedstock, at high pressure, is fed
to the catalyst bed where partial conversion of n-Cs/n-Cg to i-C5/i-Cg,
respectively, takes place. Then it enters the adsorbent region where
unreacted n-Cs and n-Cg are adsorbed. The effluent from the unit,
composed of i-Cs, 1-C¢ and hydrogen is fed to H, PSA unit where i-Cs
and i-C4 are separated and taken off as process product. H, is
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recycled to the process. This step continues until the adsorbent bed
reaches a specified saturation limit. Then, feed is shut off, and step 3
is introduced.

Step 3: Blowdown/Reaction: The unit is depressurized to a lower
pressure level in a similar direction to that of the reaction/adsorption
step. Desorption of reactive components takes place in both sections.
A gas stream containing all components of the system exits the unit.
Usually, this stream is considered as waste stream and discharged off
in most conventional PSA processes. In the present case, however,
the blowdown stream is reutilized since it contains considerable
portion of i-Cs and i-C4. The reutilization of this gas stream is studied
in this thesis.

Step 4: Desorption/Reaction: Hydrogen gas, which is considered as
inert, is introduced to the adsorbent bed at low pressure.
Alternatively, a portion of step 2 product can be introduced to the
adsorbent bed. This step desorbs the remaining n-Cs and n-Cg from
the adsorbent and catalyst beds. The purge stream is introduced from
both ends of the vessel. The waste stream is collected from the
interface region. In the study by Al-Juhani [1], the resulting stream
was considered a waste. In this study, this stream is combined with
the fresh feed of step 1 to maximize conversion of n-Cs/nC¢ to i-
C5/iCg and recovery of product.
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Figure 3.1: Flow diagram for the Combined Isomerization
Reactor/Adsorber Process.
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Figure 3.2: Proposed Cyclic Steps for PSAR Unit.
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3.3 MODEL EQUATIONS

A mathematical representation of the problem is as shown is Figure 3.3. The
normalized equations developed in Chapter 2 (equations 2.60-2.97) are
rewritten in terms of two space variables illustrated in Figure 3.3 and defined
as follow:

;0<x<w (3.1a)

X
v, =—
@
x

—9 jo<x<l (3.1b)

n = l-@

The model assumptions in Chapter 2 are also valid in this Chapter. In
addition, the continuity of concentration, mass flux, and velocity are
applicable at the junction of the two sub domains. Thus, the final form of
the model equations becomes:

Step 1 (Reaction/Pressurization)

a}’Al _ 11 62)’,41 1 a(UlyAl)_yAl oC; Da, _ aQA, 39
2 Ya ~Cmar (3.2)
or o Pe o' @ oy C, or KC]

1 10 1aU oC, Da, )
Ve _ Ve ( 1J’31)__ Vg OCr 2 l:ym _JYm :l_éamm Op: (3.3)

ar @ Pe v e o C, or K., or

aya - 1 1 azyCI __l_a(UlyCI)—yCI aCT + Da” Al ~Za _;mcl aQCl (34)
or o Pe ' @ oy ¢, or oz

Y _ 11 O’y 1 a(UlyDl)_yDl oCy | Da, _JIm |_ 0m 35
-7 2 + 84 Cmpt (3.5)
ot @  Pe ov' @ 0w C, or or

Wy, _ 11 62.)’1121 1 a(UlyH2l)_ Y, 0C, (3.6)
0t @' Pe & o O C, or )
oU, __w oC; 3.7)
oy, C, ot
o, _ 1 1 &*T, ¢, @
O e LA R 14,,——+ZE( ru)= Ny (@1—T )

ot Pe, ov}
(3.8)
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w o[ o
Yar PLICAT L ADSH Ya
I T,
v, =0 v =1
v, =0 v, =1

Figure 3.3a: Mathematical Representation for the PSAR Unit
(Steps 1, 2 and 3).
Note: for step 1, the product end is closed. For step
3, the feed end is closed.
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e e——% ]
T e

CAT: ! ! |i1iiaADsiiiiii | Y
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v = =1

vy =0 vy =1

Figure 3.3b: Mathematical Representation for the PSAR Unit

(Step 4).
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Yy _ 1 1 0’V 1 6(U2y,42)_Y,42 oCy ~lon 00, (3.9)

or  (1-o) Pe o (1-w) ov, C, or or
g _ 1 _l_azJ’Bz 1 a(UzJ’Bz)_J’Bz oCy _ 005, (3.10)
or (-w)f Pe &v: (-@0) o, C, or ™ or '
Ve, 1 1 azJ’cz 1 a(Uzycz)_J’cz oCr (3.11)
ot (-w) Pe & (1-0) ov, C, or
Vo, _ 1 1 azyuz 1 a(UZyDZ)_yDZ oCy (3.12)
0t (1-w) Pe ov; (1-w) ov, C, or |
W, 1 1 azJ’sz 1 a(U2YH22) Yu,2 0C, 313
S 1 : (3.13)
or  (-w) Pe & (-o0) ov, C, or
_ (1-0)(0C; ) |
3.14
8V2 C k 3r ngx ( )

8T, 1 1 &’T, 1, @
O ) 3= e 5 5 oy WA DI T Fly BNy (Ta=T)
(3.15)
The boundary conditions are
1
v, =0,2>0 _E%zUl 0@V ar = Y1) (3.16a)
1
v, =0,7>0 A Pu_yi a0 (3.16b)
1 =Y, Pe ov, =Vl @V — Y .
v, =0,7>0 —Laya—Ul Yoy ~— Vo) (3.16¢)
1 =Y, Pe ow, =YL 0 PVqg = Var .
—0,050 APy iy —yy (3.16d)
=Y, Pe ov, =Y, 0PV — Vi .
1o
v, =0,7>0 ~ > a:’z =Uy|, @, = Vi) (3.16¢)
—0,r>0 "%;_TI'U' oC, T (3.16f)
H
Vi =1:(V2 =O)>T>O Ya=Va (3.16g)
v, =1,(v, =0),7>0 Vo =Var (3.16h)
v, =1y, =0)7>0 Yer=Yes (3.161)
v, =1,(v, =0},7>0 Yo =¥Vpa (3.16))
v, =1(v, =0}7>0 Vi = Vi (3.16k)
v, =1,(v,=0)7>0 —(1—w)6ayv':' =-@ Zyvf (3.161)
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v =10, =0L7 >0 —(1-@%:-@% (3.16m)

o,
b =1,(v, =0}z >0 —(1-(,,))%;1-:-@ ‘Zy‘f: (3.16n)
v =1,(v, =0} 7>0 -(1_0)%??@%95_ (3.160)
v, =1,(v,=0)7>0 —(1—w)%”:—‘=—w%:—;2 (3.16p)
v, =1,(v,=0),7>0 U =U, (3.169)
v, =1,(v, =0),7>0 -(1—w)%—:]—’=—w% (3.16r)
v, =1,(v, =0),7>0 T\=T> (3.16s)
v, =150 %ﬁ:o (3.16t)
v, =L,z >0 %’fﬂ (3.16u)
v, =1L,r>0 %{f:o (3.16v)
v, =L,r>0 éayfz:o (3.16w)
v, =1,7>0 %”:2:0 (3.16x)
v, =1,r>0 U, =0 (3.16y)
v, =1,7>0 ”2%‘0 (3.162)

Step 2 (Reaction/Adsorption)

g 11 azyAl _la(U,yA,)_yA, oC, __Da,1 Ya | 00,
2 2 p) gmAl A (3.17)
0t @ Pe v/ @ Oy C, 0t o K or

a)’Blz_L 1 GZJ’m_la(Ux.VBI)_YBx oC; Da, y _Im ¢ 0Qp, (3.18)
0r o' Pe ' o C, or o " or

oy 1 18%, 18U,y Yer 0Cp  Da, ¥ )
a_ 1 10Ygq 1 ( 1 Cl)_ a®r 1 Al_K_Cl o ga (3.19)
c1 T

0r o' Pe v o v C, ot o
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1 18y, 10Uyy) ymdC, Da y aQ
m_ L 10y 1Uyn) ymdCr Dagl, _Im| , Bn (350

ot @' Pe & o O C ot o Ker

W1 _11 62yH2,_ 1 6(U1yH21)_yH21 oC, (3.21)

or o’ Pe 6v12 ® 0Oy ¢, or .

U, __ o oC, (3.22)

o, C, or

oT, 1 1 &’'T, C, &

(CTJFQV”J)arl " Pe, v ‘E_[U(T”)]sz 15H—+ZE( ra)= Ny (T1=Tw)

(3.23)
2
Vo 1 _10yn 1 W) y2r , 8n (3

or (1 o) Pe ovy (l—a)) v, ¢y aT oz
gy _ 1 1 azym 1 a(Uz.VBz)_sz oC, & om 005, (3.25)

o T v ) B G oo e
Ve, 1 1 2%y, 1 a(Uzyc2)_ycz oC; (3.26)
o (-wfPe ¥ (-0) & C or |
Ypy 1 1 0’ ¥ps 1 a(Uzym)_ym oCy (3.27)
o (-of Pe o (-0) » ¢ or
Y,z 1 1 azJ’sz 1 a(UZszZ) Yiy2 0Cy

_ 2 _ _ (3.28)
or  (-of Pe & (-0) o G or

(1 co)(aC )
3.29

e Y (3-29)

oT, 1 1 o’T, 1 G, Q
€ 6ua) 5= e o~ 2O o VT DI Dy 2Ny (T2 T )

(3.30)
The boundary conditions are
1
v =0,7>0 _52):] =U1lv‘=0w(y,4f —Ya) (3.31a)
1
- Ly - 3.31b
v, =0,7>0 Pe ov. 1|vl=oa)(y13f V1) 3. )
1
1 e
v =0,7>0 —P—e—av—zUl w0 @Wer = Yer) (3.31¢)
v, =0,7>0 1O _y @Yy — V1) (3.31d)
1 =Y, Peav =Yl ®Yor = V; .
1
v =0,7>0 o 6:2 =U, c®Wr,s = Vi) (3.31e)
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v, =0,7>0

v, =17>0

2 =1,(v, =0)7>0
v =1,(v, =0)7>0
v, =1,(v, =0),7>0
12 =1,(v, =0),7>0
v =1,(v, =0)7>0

v, =1,(v,=0),z>0
v, =1,(v, =0)7>0
v, =1,(v,=0)z>0
v, =1,(v, =0)7>0

v =1,(v, =0),7>0
v =1,(v, =0),T>0

v, =1,(v, =0),7>0

W =1,(V2 =O),T>0

v, =1,7>0
v, =1,7>0
v2=1,r>0
v, =1,7>0

v, =1,7>0

v, =1,7>0

- il AP oC, T,
Pe,, v, 1|“‘4’ T
U =1
Ya=Ya
Vo = V2
Yo =Yz
Yo =Vm
Yun = Vn,2
~(1- w)———ag:‘ @ ____62/:2
1 2
—(l—w)ag‘f‘ a)——-—ag‘fz
1 2
—(l—a))agvc1 a)——agvcz
1 2
aopeet
1 2
aszl ayH22
_(1_0)) av = — av
1 2
U, =U,
T oT,
\ >
Ti=T2
ayA2 0
ov,
ayBZ _0
ov,
ayCZ __0
o,
¥ _g
ov,
Wia g
ov,
T, _,
ov,
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(3.319)

(3.31g)
(3.31h)

(3.31i)

(3.31))
(3.31k)
(3.311)

(3.31m)
(3.31n)

(3.310)
(3.31p)

(3.31q)
(3.31r)

(3.31s)

(3.311)
(3.31u)

(3.31v)
(3.31w)

(3.31x)

(3.31y)

(3.312)



Step 3 (Blowdown/ Reaction)

Oy 11 azyA. _ 1 a(U]yAl)_yAl oC; _ Da, _ - aQ‘" 3 32)
~— : mAl :
ot o' Pe ' o v C, ot o Km

op 1 1 yp ___l_a(Ulym)_ Vi 0C; _Da, _Im |_ 00 3.33
- 2 2 Bl 4mBl ( . )
ot " Pe v o v C, Ot K., or

aJ’Cl _ 11 azya 1 a(UlyCI)_yCI oC; Da, _Ya | 00,
2 + Al ngl — (3.34)
or o Pe o @ o C, ot @ K., or

2 D
O,y 1 10 Yo 1 a(UlyDl)_yDl oCy " 4, [ym _Ym :'_;mm%l_ (3.35)

o0t @’ Pe ' o O C, or K., or

aszl 11 azszl 3 1 a(U1.VH21)~J’H21 oC,

ot  * Pe 6v12 @ 0y ¢ ot (-3
ou, __ @ oG, 3.37)
ov, C, or '
o, 1 1 2*T, C; 8 2%

(CT +4’H’1) arl - o’ Pe, 6v2 ) rU(T+1)]+Z 1;” +2E( rA') N (Tl TWI)

(3.38)
Ny 1 1 azy,,z 1 a(UZyAZ) Y 9C aQAZ

3.3
or  (-of Pe ¥ (-0) m G 5 S )
W _ 1 18y 1 Uyys) ye O an (3.40)
or  (1-w) Pe ov; (1_0’) v, G, or " or .
Her_ 1 10y, 1 Upye) Yer G (3.41)
or  (-w)f Pe ¥ (-0) o, Cr or .
Fpo_ 1 10y 1 Uwp) ¥y (3.42)
or (-of Pe & (-0) o, G or .
Wup 11 Pup 1 a(Uzyﬂzz)_szz oC, (3.43)
ot (1 w) Pe v, (1‘0’) v, ¢, or .

_ (- a))( 6C )

3.44

T S (344)

VL _1 1215 1., @ 0,
(Cr +CH,2[ ot w PeH avz a)CT av'z' [U(T+1)]+Z 2411 "T" N (TZ w2)
(3.45)
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The boundary conditions are

v, =0,7>0
v, =0,7>0
v, =0,7>0
v, =0,7>0
v, =0,7>0

v, =0,7>0

v, =0,7>0

v, =1,(v, =0),7>0
v, =1,(v2 =0),r>0
v, =1,(v, =0),7>0
12 =1,(v, =0),7>0
v, =1,(v, =0)7>0

v, =1y, =0),7>0
v, =1,(v, =0} 7>0
v, =1,{v,=0)7>0
v, =1,(v,=0),7>0

2 =1,(v2 =0),'r>0
v =1,(v, =0),7>0
v, =1,(v, =0)7>0

v, =1,(v, =0),7>0

v, =1,7>0

% a =0

o,

a)’m _0

oM

ayCl _O

o

ayDl 0

o

P _,

M

T _,

o,

U =0

Ya=Va

Yo = ¥Vm

Yo =Yer

Yo =¥p2

Y1 = Va2

_(1_w)aym waYAz
ov, ov,

—(l—co)aym - —w a)’Bz
om ov,

—(l—a))ayc‘ oD
ov, ov,
v, ov,
aszl aYH2

_(l_a)) I 2e
o, ov,

U =U,
oT oT,

_(l_w)___:_a)_._Z_

: ov,

T.=T:

ayAZ —O

ov,
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(3.46a)
(3.46b)
(3.46¢)

(3.46d)

(3.46¢)

(3.461)

(3.46g)
(3.46h)
(3.461)
(3.46))
(3.46k)
(3.461)

(3.46m)
(3.46n)
(3.460)

(3.46p)
(3.469)
(3.461)

(3.46s)

(3.461)
(3.46u)



v, =170 Ve _ (3.46v)
o,
v, =1,7>0 Par (3.46w)
v,
v, =1,z>0 Y _ (3.46x)
o,
v, =1,7>0 P _g (3.46y)
o,
oT
v, =1,7>0 5‘;—;‘=0 (3.462)
Step 4 (Desorption/ Reaction)
Y a _LLazyAl _la(UlyAl)_ Ya 0Cy  Da, _ ¢ 004 (3.47)
- 2 2 Al mAl .
ot o Pe v @ om C, ot KC1 or
W =__1_ 1 %y 1 a(UlJ’m)_J’m oC; _Da,z V- Vn e an (3.48)
0t @' Pe & o v C, ot Bk, mol
Y _ 11 azya 1 a(UlyCI)_yCI oCy +Da,1 _Ya ¢ 00 (3.49)
or o’ Pe v o oy C, or 1K, ™l Br )
Y =LL62.VD1 __l_a(UnJ’m)_Ym oC, + Da,, _Ym ¢ an (3.50)
0t o Pe &' o o C, or oK, | T™ or
Wi _ 11 62)’1121 1 a((]1.}’1‘121)_)’1121 oC, (3.51)
0t @’ Pe &' o v C, or |
ou, __ o oC; (3.52)
om, C, ot
o, _ 1 1 &’T, C; @
) e v s UL A I n A T, (1)~ Ny T1=T )
(3.53)
Y a2 _ 1 __l__azyAz 1 a(Uzy,:z) Va2 OC ¢ aQAZ (3.54)
r  (-w) Pe & (-o) o, C, 8 " o
Ve _ 1 1 0’ Vs, 1 a(UZyBZ)_yBZ oCy -¢ 00s, (3.55)
or  (1-w) Pe v (-w) ov, c, ar "™ or )
Wey 1 1 62)’(32 1 a(UzJ’cz)_J’cz oC; (3.56)
or (-wf Pe & (-0) &, C, or
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Yy — 1 1 d*yp, 1 a(Uzym)_ym oCy,

o7 (1-w) Pe & (1-0) v, C, or
03/,;22 _ 1 _1_52)’”22 B 1 a(Uzyﬁzz)_yyzz oC,
oz (-w)f Pe v (-o0) ov, C, or
oU, __(i-o)(ac, S 6_Q_)

ov, c, \ or ™ or

oT, 1 1 8*T, 1 0 . =

(CT +€H,2) 31’2 = o’ Pe,, 6‘);2 _;CT E[U(Tz"'l)]‘*'zﬁ;,zgﬁ

The boundary conditions are

v, =0,7>0
v, =0,7>0
v, =0,7>0
v, =0,7>0

v, =0,7>0

v, =0,7>0
v, =0,7>0
v, =0,7>0
v, =0,7>0
v, =0,7>0
v, =0,7>0

v, =0,7>0

1 oy,
Pe 0ov,

_Laym
Pe ov,

_1 g
Pe ov,

_ 1%y
Pe ov, :

___l_aJ’H21
Pe oy,

Ull,,l:o Yy —Va)

U,

vl=0w(ny ~ V)

=U,

%<0 O(Yer = Yer)

=0 w(ybf =Ym)

:_—U1

y=0 w(szf —szl)

oT,
L%y, 400G T

- Pe, Ov,

1Iv,=0

ol
Uy
ayAl — 0
o,

Dm

U =S

=0
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99;
or

(3.57)
(3.58)
(3.59)

~Ny(T2-Tw2)

(3.60)

(3.31a)
(3.31b)
(3.31¢)
(3.31d)

(3.31e)

(3.319)
(3.31g)
(3.61a)
(3.61b)
(3.61¢)
(3.61d)

(3.61¢)



v, =0,7>0

v, =1,(v,=0),7>0
v, =1,(v, =0)z>0
v, =1,(v,=0),7>0
v, =1,(v,=0,7>0
v, =1(v, =0),7>0

v, =1(v,=0)7>0
v, =1(v, =0)7>0
v, =1(v,=0)7>0
v, =1,(v, =0),7>0
v =1,(v2 =0)7>0

v, =1(v, =0} 7>0
v, =1,(v, =0),7>0
v, =1,(v, =0),7>0

v, =1,(v, =0}, 7>0

v,=L7>0
v,=1,7>0
v, =1,7>0
v,=1,7>0

v,=1,7>0

._._..=O

m

Ya=Va

Yo = Vm

Yaa=Ye2

Yo1=Vp2

Yo =V,

_(l_w)ayAl =—a)ay”2
o, ov,
—(l—a))aym - Vg
v, ov,
_(l_w)a}’a =_w6}’c2
o, ov,

_(1_a))ayDl =__waJ’02

o, ov,
ayH21 8yH22

—(l—a)) =—@)—

v, ov,
W) Wy

—({l—w)D = —mD 2
( a)) 4 o, oo o,

U1=Uz

0T 67_’2

-(l-o =-0—
(-3 =07

T1=T,

1 dy,,

- =U @ ~¥V0)
Pe ov, 2}y, YV = Var
1 vy,

P ) (3, - Vm)
Pe ov, 2L,z=1 (pr B2
1 oy

"ﬁav_czz = U2|v2=1 a)(pr ~Yc2)
1 Ay,

AN TR
Pe o, 2|v2=1 (pr D2
1 Wy,

A LI § o B -
Pe ov, 2|v2=1 (yHZP yH22)
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(3.619)

(3.61g)
(3.61h)

(3.61i)
(3.61j)
(3.61k)

(3.611)
(3.61m)
(3.61n)

(3.610)

(3.61p)

(3.61q)
(3.611)

(3.615s)

(3.61¢)
(3.61u)

(3.61v)
(3.61w)

(3.61%)

(3.61y)



1 o7,

v,=Lz>0 _PeH o, =U, Vz=la)CT(Tz-—Tp) (3.612)
v, =1,7>0 U, =-(1-8)-2 (3.61aa)
u
f

In all the four steps, the mass transfer rate and the adsorption equilibrium
isotherm for reactor and adsorbent region are

G mal aaQAl C (J’Ax yAl))

9

é’mBl 82‘

=Nf1CT(yBl )’31 )

Sme aQC N,C (yCl J’a )

ot

7,
é'mm‘gbiz NIIC (YD1 (yDl))

or

G ma2 aQA NfZCT (yAZ "(yAz >)
G mp2 QQ—‘ = Nf2CT (sz - (J’Bz ))

or
(y ) _ 1 eAneleAl
A P-K ads (1 - 0Aref1QA1 - gBreleBl - 00releCl - gDrefl QD] )
<y ) _ 1 HBref,l QBI
B/~
P Kads (1 - eAreleAl - oBreleBl - 0Cref1QCl - eDrefl QD])
<y ) — 1 0Cref IQCI
“ P- Kads (1 - 0Aref1QA1 - aBreleBl - 0CreleC1 - gDreleDl )
(y ) _ 1 0Dref,l QD,I
N
P P- Kads (1 - eArefIQAl - eBref] QBI - 0erle€1 - aDref] Qm)
(y ) _ 1 gAref 2QA2
a2/~ .
P-K (1 - 9Aref2QA2 - 93ref2Q32 )'
1 0ref2Q82
<y 32> = P-K ).B
"X ads (1 - 0ref2QA2 - 0ref2QBZ
Nfl _ (1-¢) aP!kglL
£ u,
N, = (I-¢&) apyky, L
&, u,
= (1 - 81) pslqArefl
gmAl - C
& T
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(3.62)
(3.63)
(3.64)
(3.65)
(3.66)

(3.67)

(3.68)
(3.69)
(3.70)
(3.71)
(.72)
(3.73)
(3.74)
(3.75)

(3.76)



_(~&) Palsmen

CmBl - & CT

é, - (1—81) psqurefl
mC1 81 CT

£ = (1-¢&,) Pa9pren
mD]1 gl CT

é, — (1_‘82) ps2qAref2
mA2 82 CT

é, _ (1_82) ps2qBrefZ
mB2 6'2 CT

The initial conditions are

J’A1(V19T=O)=0
yBl(vl’T'_—O):O
ym(vlaT:O):O
yDl(vl,T=0)=0
sz,l(vl’T'__O):l
yAz(stT=0)=0
YBz(V2:T=O)=O
yCZ(V2,1'=O)=O
ym(vz,T=0) 0
yH2,2(v2’T=O =1
QA,I(Vl’T::O) 0
QE,I(vpr:O):O
Qc,l(v1=T=0)=0
QD,I(VI’T':O):O
QA,z(VzaT=O)=O
0y, (v,,7=0)=0

e’
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(3.77)

(3.78)

(3.79)

(3.80)

(3.81)

(3.82a)

G.
@a.
@3.
3.
3.
3.
G.
3.
3.
3.
Q3.
.
Q3.
.
.

82b)
82¢)
82d)
82e)
82f)

82g)
82h)

82i)
82j)
82k)
82])
82m)
82n)
820)

82p)



3.4 HANDLING RECYCLE STREAM

All recycled streams are recycled to adjacent units during the
reaction/adsorption step. Exit streams from blowdown/reaction and
desorption/reaction steps are blended with fresh feed before entering the
adjacent unit undergoing reaction/adsorption step.

If the recycle stream is recycled during reaction/pressurization step, the
adsorption region to be pressurized will pressurize in less time than that
required to depressurize the adjacent unit undergoing blowdown/reaction
step. This situation will cause a back flow when the vessel undergoing
blowdown/reaction step not fully depressurized is opened for purge
(desorption/reaction) step. This backflow phenomena is difficult to model.
Thus, no recycle is made during reaction/pressurization step.

To avoid this situation, a third vessel is introduced to the system as a holding
vessel. The third vessel contains neither catalyst nor adsorbent. The purpose
of this vessel is to act as a container holding the effluent stream of the
blowdown/reaction step and then re-injecting it back with the effluent of the
subsequent desorption/reaction step to either the feed of the adjacent vessel
undergoing reaction/adsorption step.

The process flow diagram for recycling the waste to feed is illustrated in
Figure 3.4. In Figure 3.4a, the first vessel (V1) is pressurized with fresh feed
only. The second vessel (V2) will blow its content to a third vessel (V3).
The third vessel is an empty reservoir that serves as an intermediate holder
of blowdown step effluent. This vessel contains neither catalyst nor
adsorbent pellets.

In Figure 3.4b, V1 has started its adsorption step. During this, step, feed to
V1 is received from three sources: Fresh Feed from upstream units,
desorption step effluent from V2 and the content reserved in V3 during
previous step. Since V3 pressure is at the high side, a control valve is needed
to bring down the pressure to the desorption-vessel pressure. A turbine to
generate electricity may replace this control valve. The effluent of the
control valve and V2 are then combined before entering the compressor C1.
The compressor then compresses its feed to the high pressure. The
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compressor in the Figure represents a multistage compressor with inter-stage
cooling. Inter-stage cooling is used to assure bringing the compressor
effluent to the fresh feed temperature. Interstage cooling may also be used to
preheat the feed to the desired temperature. A recycle temperature that is
higher than the feed temperature will result in loss of catalyst activity.
Compressor effluent is then mixed with the feed prior to entering V1. The
duration of the adsorption and desorption steps is greater than that of the
pressurization and blowdown steps. Thus the content of V3 will be emptied
at a fraction the adsorption step time. V3 is then closed for the rest of the
adsorption step. A second control valve is added downstream of the
compressor to control recycle flow. A hydrogen makeup stream is
introduced with the recycle stream to ensure minimum feed hydrogen to

hydrocarbon ratio of 7.5.

Figures 3.4c and 3.4d are similar to Figures 3.4a and 3.4b, respectively. The
only difference in the latter figures is the swap in roles of V1 and V2.

The internal model equations for handling recycle to feed are identical to
those introduced in the conventional PSAR unit. Recycle stream is blended
with the feed prior to entering the vessel in adsorption step. Thus, no change
is required to the internal model equations. It should be noted that for the
first time interval, of the reaction/adsorption step, that is equivalent to
reaction/pressurization step time, the blended feed is introduced at a higher
rate than that of a conventional PSAR unit.
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Figure 3.4: Connectivity diagram for handling recycle to feed in all four
cyclic steps: .
a.) V1 in reaction/pressurization, V2 in blowdown/reaction.
b.) V1 in reaction/adsorption, V2 in desorption/reaction.
c.) V1 in blowdown/reaction, V2 in reaction/pressurization.
d.) V1 in desorption/reaction, V2 in reaction/adsorption.
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3.4 PARAMETERS ESTIMATIONS

Estimation methods for parameters used in Chapter II are also applicable in
this chapter. In addition, the reaction equilibrium constants for n-butane and
n-hexane isomerization were calculated from adsorption equilibrium curves
provided by Barrer and Sutherland [8]. Also, adsorption parameters for n-
C5, i-C5, n-C6 and i-C6 were obtained from the same source [8]. Reaction
and adsorption parameters for the reactor section are listed in Table 3.1:

To obtain an optimum reactor length, the plug flow reactor equation (eq.
3.85) is integrated a long the reactor length. A plot of conversion versus
reactor length is established as illustrated in Figures 3.6a and 3.6b. In Figure
3.6a, the n-pentane conversion is plotted against reactor length. In Figure
3.6b, the n-hexane conversion is plotted against reactor length. Equilibrium
conversion is calculated by taking the limit of X, at L—>00 (eq. 3.72).
Equilibrium conversion for n-pentane (y., = 0.0139) is reached after 3 cm.
For n-hexane, conversion reached 99.86 of its equilibrium value (ye, =
0.0155) after 64 cm. This length is taken to be the optimum reactor length.
Results obtained later verified that this length is adequate for n-hexane to
reach equilibrium conversion; especially when bed temperature rise is taken
into consideration.

XA XA
r=toc, [Fasc, e [_L (3.85)
us J = k, s B-CX,
or
L
XA =£[l—e( AJ:|
C
u K
where: A=-L_—€
k, A+K;)
B:KCCAO_CBD

C=C,(0+K.)

L
=ym.g[1_e( AJ]ZLWKCC@-C& (3.56)
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where: A, B and C are described in equation 3.85.

For the adsorber, the longer the adsorption section, the more cycles it takes
the adsorber before saturation of molecular sieves. A 16-cm length is chosen
for the adsorption section.

3.5 NUMERICAL METHODS

The numerical technique used to solve the PSAR model is basically the
same as that used for solving the PSA model discussed in chapter 2. Twenty
collocation points are used for each sub domain. Since there are three
boundaries (two at the inlet and the outlet, and one at the junction point), and
the entire column length is divided into 44 distance intervals. The
simulation program calculates the concentration in the gas and solid phases
and the velocity and temperature at all distance intervals throughout
integration time. The solution flow diagram for a step in the PSAR unit is as
the same as that shown in Figure 2.2 for a PSA unit.

Lefevre et al’s [43] concept, applied to find optimum values of alpha and
beta in chapter two, is also applied to the PSAR model. Table 3.2 illustrates
the reduction in time introduced by selecting optimum values of alpha and
beta. Apparently, results are not promising. This is probably due to the fact
of integrating a different set of differential equations for each section of
vessel. A more accurate approach to this problem is to treat each section
separately. This will result in two separate optimum values for alpha and
beta for each section of the vessel. Rice and Do [60] discussed splitting the
integration domain into two separate sections, each having its own set of
space discretization
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Table 3.1: Reaction & Adsorption Parameters for Reactor Section
Reaction Parameters
¢ n-Pentane
k, =9.4657*10"s™
AHy, poion = —22.0*10° (cal/gmol)
K, =3310
e n-Hexane
k, =3.472%10°s"
AH g, ion = —31.6*10° (cal/gmol)
K. =2.865
Adsorption Parameters
e n- Pentane
n=3
K, =6.46*10"bar"
—AH 4y oiion =17.0%¥10° (cal/gmol)

q,.,, =13.92g/100g
e n-Hexane

n=4

K, =2.44*10"bar’
= AH 4pion =20.5*10° (cal/gmol)

q,.., =14.48g/100g
e i- Pentane

n=3

K, =6.46*10" bar’
= AH 4yepriion =17:0*10° (cal/gmol)

Q. =13.65¢/100g

¢ i-Hexane
n=4
K, =2.44*10" bar’
-AH Adsorption = 20.5*10° (Cal/gmol)
q,... =14.48g/100g
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Figure 3.5: Conversion versus reactor length at 300°C: a: n-Pentane, b:
n-Hexane.
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Table 3.2: First cycle time for alpha=beta=0 and for optimum
values of alpha and beta.
1* Cycle Time @
No. of 1* cycle time @ optimum alpha & | % Reduction in cycle
Nodes alpha=beta = 0 (min) beta (min) time
10 24.53 30.41 -24.0
11 34.42 32.43 5.8
12 45.22 35.70 21.1
13 45.33 46.84 -3.3
14 50.61 47.87 5.4
15 57.18 53.55 6.4
16 65.08 65.83 -1.2
17 74.14 71.71 33
18 98.57 83.06 15.7
19 88.32 96.86 -9.7
20 94.51 90.27 4.5
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Table 3.3: Parametric Values used for simulation of PSARM systems

Parameter Value

Af=Ypf=Ycf=Ypr 0.03
H,/HC ratio (mol/mol) 7.33
F¢ (mol/m’/s) 0.134
Py (bar) 15
Py (bar) 2
T (K) 573
L (cm) 110
Uf (cm/ S) 0.5
Ur (cm/s) 1.75
Purge/Feed volumetric ratio 3.5
S Reactor Section Purge Velocity Ratio 0.1
D; @ high pressure (cm’/s) 0.088
Dy @ low pressure (cm’/s) 0.66
K, @ high pressure (cm/s) 0.62
K, @ low pressure (cm/s) 2.23
Pe (@ high pressure 59.1
Pe @ low pressure 7.87
Pressurization & Blowdown time (min) 3.67
Adsorption & Desorption time (min) 165
® 0.58
6 41 @ ST3K 0.0541
Op,r1 @ 573K 0.1187
B¢ r 1 @ 573K 0.0541
Op 1 @ ST3K 0.1187
6 4rr @ 573K 0.0844
By, @ 573K 0.3036
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3.6 RESULTS AND DISCUSSION
3.6.1 Conventional PSAR Cyclic Process

In this section, we will discuss the results obtained from conventional PSAR
units. We define a conventional PSAR unit as a unit producing a product
stream in the (reaction/adsorption) step and producing waste streams in the
(blowdown/reaction) and (desorption/reaction) steps. In this type of process,
no use is made to the waste stream produced by the (blowdown/reaction)
and (desorption/reaction) steps. Moreover, the purge stream is either pure
hydrogen stream (hydrogen purge) or a portion of the adsorption step
product (self regeneration). First, we will discuss the hydrogen purge case.

The cycle starts initially with clean adsorbent and a gas phase free of n-Cs,
n-Cs, i-Cs and i-C¢. The total length of the column is 100 cm. Parametric
values used for simulations of conventional PSAR cycle are summarized in

Table 3.3.

3.6.1.1 Conventional PSAR Cyclic Process with hydrogen purge

Figure 3.6a illustrates the concentrations of reactive components at the end
of the steady state reaction/pressurization step. It should be noted that only
internal collocation points are plotted in all figures. The boundary points are
not included in all figures. The only exception to this rule is the velocity
profiles. The purpose of the reaction/pressurization step is to elevate the
vessel pressure from 2 to 15 bars as a preparation for the next step. During
this step the other end of the vessel is closed. Fresh feed is introduced to the
bed with an equivalent molar ratio of 0.03 for each of the reactive
components. The molar ratios of reactive components are chosen to allow
overall minimum hydrogen to hydrocarbon ratio of 7.33. Maintaining the
minimum ratio is very crucial to prevent any hydrocracking reactions from
taking place. All reactive components are adsorbed in the catalyst bed before
reacting. All isomerization reactions are equilibrium based reactions. Thus,
reactants react to form products until equilibrium is reached. A very minimal
reaction takes place at this step. During this step, components are mainly
adsorbed into the solid phase. The isohexane peak appearing towards the end
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of the adsorber bed is due to the shift of the amounts of isohexane that were
present in the interface region at the end of the previous desorption/reaction
step. Figures A.la to A.4a in Appendix A illustrate the change in transient
and Spatial concentration for n-Cs, n-Cs, i-Cs and i-Cg as a function of both
time and distance for reaction/pressurization step, respectively.

Figure 3.6b illustrates the concentrations of reactive components at the end
of the steady state reaction/adsorption step. In this step, the back end of the
vessel is open for product collection. Isomerization of n-Cs takes place at the
first three centimeters of the bed. It takes the entire reactor section length to
bring n-Cg isomerization to its equilibrium state. In the adsorber section,
any unreacted n-Cs and n-Cs is adsorbed by the 5A zeolite pellets. It takes 16
minutes for i-Cs to breakthrough the reactor section. It takes 43 minutes for
i-C¢ to breakthrough the reactor section. Noticeable amounts of n-Cs and n-
Cs start appearing at the inlet of the adsorber section. This is due to the
pellets at this section reaching their equilibrium occupation. Because of the
higher adsorption equilibrium constant for n-C¢ over n-Cs, the amounts of n-
Cs adsorbed are higher than those of n-Cs. The equilibrium K values favor
the adsoption of n-C4 over n-Cs replacing additional amounts of n-Cs
initially adsorbed by the pellets. The additional amounts of n-C; released to
the gas phase cause a small peak in n-Cs gas phase concentration. These
amounts are pushed towards the next available unsaturated pellets. This is
illustrated, in the adsorption section of the figure, with the n-Cs
concentration building up in the gas phase for a longer length than n-Cq.
This step is set to run at a time interval that is 50 times higher than the
reaction/pressurization time. The choice of the time interval for this step is
arbitrary, provided the time is not large enough to allow the adsorption
pellets to reach their equilibrium occupation causing n-Cs or n-Cq to escape
with the product. Also, the selected time should be enough to allow for i-Cs
and i-C¢ to breakthrough the adsorber section. A.1b to A.4b in Appendix A
illustrate the change in transient and Spatial concentration for n-Cs, n-Cg, i-
Cs and 1-C4 as a function of both time and distance for reaction/adsorption

step, respectively.

Figure 3.6¢ illustrates the concentrations of reactive components at the end
of the steady state blowdown/reaction step. The vessel setup in this step is
similar to the setup of the reaction/pressurization step. However, in this step,
the front end of the vessel is closed and vessel contents are biown out of the
vessel from the back end. Blowing vessel contents from the same open end
of the previous reaction/adsorption step is contrary to conventional practice.
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The reason for reversing the conventional practice setup is to avoid high
reactants concentrations leaving the adsorber section and entering the reactor
section. These high concentrations will violate the minimum hydrogen to
hydrocarbon ratio and will result in a very high temperature profile in the
interface region. The high interface temperature will promote cracking over
isomeration, a phenomena that is avoided by reversing the conventional
practice. This setup allows for a pressure reduction from 15 bars to 2 bars.
This step prepares the vessel for introduction of purge stream in the next
step. The shift in equilibrium, due to pressure decrease, causes the amounts
of reactive components present in the solid phase of both sections to escape
to the gas phase. The escape of these compounds to the gas phase causes
their gas phase concentrations to increase. The time interval for this step is
exactly the same as that of the reaction/pressurization step. Figures A.lc to
A.5c in Appendix A illustrate the transient and Spatial change in
concentration for n-Cs, n-Cg, i-Cs, 1-Cg and H, as a function of both time and
distance for blowdown/reaction step, respectively. Figures A.lc to A.4c in
Appendix A illustrate the change in transient and Spatial concentration for n-
Cs, n-Cq, 1-Cs and 1-C¢ as a function of both time and distance for
reaction/adsorption step, respectively.

Figure 3.6d illustrates the concentrations of reactive components at the end
of the steady state desorption/reaction step. In the present model, pure H; is
used as a purge stream. The desorption of n-Cs and n-C4 amounts present in
the solid phase of the adsorber section causes an increase in their gas phase
concentrations. To avoid temperature spike, the purge stream is introduced
at both ends of the vessel and the waste stream is collected from the
interface zone. Very little reaction takes place at this step because
components in the reaction zone are close to their equilibrium conversions.
It should be noted that the y-scale of this figure is much smaller than those
figures of other steps. Figures A.1d to A.4d in Appendix A illustrate the
change in transient and Spatial concentration for n-Cs, n-Cg, i-Cs and i-Cg as
a function of both time and distance for reaction/adsorption step,
respectively.

Figure 3.7 illustrates the concentration profiles for hydrogen at the end of the
four cyclic steps. The increase in hydrogen concentration towards the end of
the adsorber bed in reaction/pressurization step is due to the presence of
hydrogen from the previous desorption/reaction step. The hydrogen present
from the desorption/reaction step of the previous cycle is removed in the
reaction/adsorption step. The increase in hydrogen concentration, at the
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entrance of the adsorber section, at the end of the reaction/adsorption step is
due to the adsorption of n-Cs and n-Cg in the solid pellets. During blowdown
step, the pressure starts reducing from 15 bars to 2 bars. Because of this
reduction, a shift in equilibrium occurs for the components present in the
solid phase of both sections. The equilibrium shift causes the amounts
initially present in the solid phase to escape to the gas phase causing a
decrease in the gas phase hydrogen concentration. This decease is illustrated
in the figure by a large drop in hydrogen concentration. During
desorption/reaction step, pure hydrogen is used as a purge stream. The time
for this step is the same as the one for the reaction/adsorption step. This long
time allows for the removal of most of the amounts present in the solid
phase from the previous reaction/pressurization and reaction/adsorption
steps. Figure A.5 in Appendix A illustrates the change in transient and
Spatial concentration for H, as a function of both time and distance for
reaction/adsorption step, respectively.

The noticeable increase of the temperature at the start of the reactor bed
(Figure 3.8), during reaction/pressurization step, is due to the combined
effects of adsorption and chemical reactions. Temperature decline through
the rest of the bed is due to the disappearance of both of these terms. The
disappearance of both terms is due to the absence of reactive components at
the remaining portion of the reactor section. Figure A.6a in Appendix A
illustrates the transient and Spatial change in temperature as a function of
both time and distance for reaction/pressurization step.

The temperature profile of the reaction section, at reaction/adsorption step, is
initially lower than that of the reaction/pressurization step. This is due to the
equilibrium reached in the solid phase. The temperature peak, formed
towards the end of the adsorber section, is due to releasing the heat of
adsorption while adsorbing n-Cs and n-Cg into the solid phase. Figure A.6b
in Appendix A illustrates the transient and Spatial change in temperature as
a function of both time and distance for reaction/adsorption step.

A temperature drop to an average of 289°C is noticed in the reactor section
during blowdown/reaction step. This drop in temperature is due to heat
adsorbed by reactive components to release them from the solid phase to the
gas phase. The same concept holds for the temperature drop in the adsorber
section. The temperature rise at the end of the adsorption section is due to
the adsorption of n-Cs into the bed. The higher temperature reduction in
reactor section, compared to the adsorber section, is due to the desorption of
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higher amounts from the reactor section solid phase than their counterparts
of the adsorber section. Figure A.6c in Appendix A illustrates the transient
and Spatial change in temperature as a function of both time and distance for
blowdown/reaction step.

Due to negligible reaction rates in desorption/reaction step, the final vessel
temperature settles at a value close to the purge stream temperature (300°C)
A three dimensional profile illustrating temperature profile against space and
time for the desorption/reaction step is illustrated in Figure A.6d of
Appendix A.

The velocity profiles at the end of each of the four steps are illustrated in
Figure 3.9. Initially, at reaction/pressurization step, the velocity at the vessel
inlet is 7.5 times higher than its original value due to pressurization effect.
At the end of reaction/pressurization step, the inlet velocity reaches its
normal value since all the bed at this time is pressurized. The velocity at the
end of the bed is always zero since the bed is closed at the adsorber-section
end during this step. The bed velocity during reaction/adsorption step is the
same as the inlet velocity. Because of the pressure reduction, the final
velocity of the blowdown/reaction step is expected to be at least 7.5 times
higher than feed velocity. The increase in velocity, above the expected 7.5,
is due to the desorption of components that were adsorbed in the solid phase
during the previous steps. The reported velocity at the end of this step
reaches 88 times the feed velocity at some locations. The velocity of
desorption/reaction step is chosen to be 3.5 times greater than the feed
velocity. As mentioned earlier, 90% of the purge stream is directed into the
adsorber section and the rest is directed into the reactor section. The waste
stream is collected at the interface zone. Again, the increase of the velocity
in this step is due to the desorption of components that were adsorbed in the
previous step reaction/pressurization and reaction/adsorption steps. Figure
A.7 in Appendix A illustrates the transient and Spatial change in velocity as
a function of both time and distance for reaction/pressurization,
reaction/adsorption, blowdown/reaction and desorption/reaction steps,
respectively.

As illustrated in Figure 3.10, capacitance terms for reactive species are rising
in reaction/pressurization and reaction/adsorption steps. During
blowdow/reaction step, a shift in n-Cs and n-Cg4 profiles is noticed in the
adsorber bed. This shift is due to blowing down the vessel from the back
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end. Capacitance terms drop to their minimal values, in both sections, during
desorption/reaction step.

The equilibrium solid phase capacitance for all components is calculated and
normalized at feed conditions. Thus, during the absence or reduction of
concentration of one component over the others, the capacitance term may
exceed 100% of the feed value. Upon converting the normalized
capacitances to their real values, this phenomenon will disappear.

Integration of capacitances’ profiles yields the occupation of adsorbates in
the solid phase for both of reactor and adsorber sections. Summing up the
capacities of adsorbed species provides the total coverage of the solid phase.
Results are shown in Table 3.4. For example, n-Cs occupies 2.05% of the
total adsorption capacity for the reactor section during the pressurization
step. The total solid phase coverages of the reactor section for
reaction/pressurization,  reaction/adsorption, blowdown/reaction and
desorption/reaction are 23.33%, 91.93%, 60.63% and 5.63%, respectively.
Similar analysis to the adsorber section gives values of 2.5%, 47.74%,
52.33% and 2.46% for reaction/adsorption, blowdown/reaction and
desorption/reaction, respectively.

The total occupation of all reactive components, in the reactor section, at the
end of the reaction pressurization step is 23.33% compared to 5.63% at the
end of the desorption step. This is an indication of a high adsorption in the
reactor section of the vessel. For the adsorber section, no breakthrough of
normals from the reactor section to the adsorber section occurs yet. Thus
little change is noticed in the total capacitance. The small increase in total
capacitance is due to the adsorption of some of n-Cs and n-C¢ amounts that
are present from previous step.

Comparing total occupation figures for the reaction/adsorption step to those
of reaction/pressurization step in the adsorber section indicates an increase
from 2.5% to 47.74%. This increase is due to the breakthrough of normal
alkanes into the adsorber section.

For the reactor section, total occupation figures at the end of the
blowdown/reaction step illustrate a large decrease compared to those from
the previous reaction/adsorption step. This is an indication of fast desorption
of components in this section. Comparing the figures of the adsorber section
for the same steps illustrates an increase in occupation. This is due to the
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introduction of additional amounts of n-Cs and n-C¢ from the reactor section
into the adsorber section.

Comparing reactor section occupation figures for reactive components, at
the end of the reaction/pressurization step, illustrates that the lowest
occupation is for n-C; followed by n-Cg, i-Cs and i-Cq, respectively. The
difference between n-Cs and n-Cs occupations is due to the difference in
their equilibrium K values. At a temperature of 573K, the adsorption
equilibrium constant for n-Cs is 0.4 bar'. The adsorption equilibrium
constant for n-Cg, at the same temperature, is 1.45 bar”'. The same analogy
holds for i-Cs and i-C¢ occupations. The higher occupation of i-Cs compared
to n-Cg is due to its higher gas phase concentration relative to n-Cq. For the
adsorber section, n-Ce illustrates higher occupation due to its larger
equilibrium adsorption constant compared to that of n-Cs.

At the end of the reaction/adsorption step, the increase in n-Cs occupation
over n-C¢ occupation in the adsorber section is attributed to the large
amounts of n-Cs breaking through compared to the amounts of n-Cg.

The exit concentrations of reactive components at the end of the

blowdown/reaction step are plotted in Figure 3.11. It takes 5 cycles for this
system to reach cyclic steady state.
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Figure 3.6:  Gas phase concentration profiles for reactive components in
the PSAR bed at the end of cyclic steady state:
a.) reaction/pressurization,
b.) reaction/adsorption,
c.) blowdown/reaction,
d.) desorption/reaction.
Parametric values are in Table 3.3. (Conventional PSAR

unit/H, purge).
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Figure 3.8:  Temperature Profiles in the bed at the end of cyclic steady
state. Parametric values are in Table 3.3. (Conventional
PSAR unit/H, purge).
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Figure 3.10: Solid phase capacitance profiles for reactive components in
the PSAR bed at the end of cyclic steady state:

a.) n-Cs,

b) Il-C6,

C.) i-C5,

d.)i-Cq

Parametric values are in Table 3.3. (Conventional PSAR
unit/H, purge).
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Table 3.4: Percentage Relative Occupation for reactive components of the

solid phase for both catalyst and adsorber sections

(Conventional PSAR unit/H, purge).

Pressurization Adsorption Blowdown Desorption

Component | Catalyst | Adsorber| Catalyst | Adsorber| Catalyst | Adsorber| Catalyst | Adsorber

n-Cs 1.23 0.17 6.71] 24.57 3120 2797 0.00 0.17
n-Cs 4.13 2.61] 22531 20.07] 1692 2436 1.68 2.58
i-Cs 4.04 0.00f 22.16 0.00, 10.58 0.00 0.00 0.00
i-Ce 6.50, 0.00] 40.51 0.00] 30.14 0.00 3.95 0.00
Total 1590, 2.78) 9191 44.64 60.75] 52.33 5.63 2.75
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3.6.1.2 Conventional PSAR Cyclic Process with Self Regeneration

Most of the discussion, pertaining to the shape of the uptake curves
obtained, is performed in the previous section. In this section, and later
sections, we will focus on differences between uptake obtained using pure
Hydrogen purge and those obtained by purging with a portion of the product
stream.

Figure 3.12a illustrates the concentrations of reactive components at the end
of the steady state reaction/pressurization step. A noticeable increase in i-Cs
and i-C¢ concentrations is observed, over the H, purge case, in the
adsorption section. This increase is expected since we are purging with
stream containing i-Cs and i-Cg.

Concentration profiles for the reaction/adsorption and blowdown/reaction
steps are very similar to those obtained previously using H, as a purge
stream. The reason is that neither of these steps involves use of a purge
stream. The profiles are plotted in Figures 3.12b and 3.12¢ for
reaction/adsorption and blowdown/reaction, respectively.

Concentration profiles for reactive components at the end of the
desorption/reaction step are illustrated in Figure 3.12d. Concentrations of i-
Cs and i-C¢ in the desorption/reaction step are higher than their counterparts
of the hydrogen purge case. This is due to purging with a portion of the
product stream. The drop in i-Cs and i-C4 concentrations in the reactor
section is due to their adsorption into the catalyst bed.

Figure 3.13 illustrates hydrogen profiles at the end of each of the steps. At
the end of the reaction/pressurization step, the drop in hydrogen
concentration at the end of the adsorber section is attributed to the presence
of amounts of i-Cs and i-Cq. The i-Cs and i-C¢ amounts that were previously
distributed over both sections of the vessel are pushed to the end of the
vessel in reaction/pressurization step causing a drop in hydrogen
concentration. Hydrogen profiles for reaction/adsorption and
blowdown/reaction steps are similar to those introduced in the hydrogen
purge case. Due to purging with part of the product stream that contains
amounts of i-C5 and i-C6, a lower hydrogen concentration is noticed in the
current desorption/reaction step over that reported by the hydrogen purge
case.
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Temperature profiles for the four steps are illustrated in Figure 3.14. At the
end of the reaction/pressurization step, a lower temperature profile is noticed
at the front end of catalyst bed compared the hydrogen purge case. This
decrease is due to the presence of amounts of i-C5 and i-C6 in the bed gas
and solid phases from the previous step.

Temperature profiles for the reaction/adsorption and blowdown/reaction
steps are similar to those produced in the hydrogen purge case.

The lower catalyst bed front temperature profiles at the end of
desorption/reaction step, compared to hydrogen purge case, is due to the
reverse chemical reaction taking effect at the entrance. The reverse chemical
reaction is a direct result of the higher inlet concentrations of isoalkanes
compared to normal alkanes. This is an expected result since we are purging
with a portion of the product stream.

Figure 3.15 illustrates the velocity profiles at the end of each of the four
steps. Velocity profiles are similar to those reported by the hydrogen purge
case.

Solid phase capacitance profiles are illustrated in Figure 3.16. The total solid
phase coverages of both reactor and adsorber sections are illustrated in Table
3.5. At the end of the reaction/pressurization step, the noticeable overall
increase in the reactor section solid occupation for i-Cs and i-Cg is due to
purging with a stream that contains amounts of these two components. Also,
the noticeable increase in n-Cs concentration in the reactor section at the end
of the desorption/reaction step is attributed to the reverse chemical reaction
taking place at this step. Due to the slow reaction kinetics for n-C¢/i-Cg¢ pair,
no noticeable increase is reported in n-Cg solid phase occupation. The
reverse chemical reaction is a direct result of purging with a stream
containing only isoalkanes and hydrogen. Solid phase coverages for
reaction/adsorption and blowdown/reaction steps are close to their
counterparts of the hydrogen purge case.

Three dimensional drawings demonstrating the transient and Spatial change
in concentration and temperature profiles are illustrated in Appendix B.

The approach to cyclic steady state is illustrated in Figure 3.17. It takes
approximately 10 cycles for this system to reach steady state.
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Figure 3.12: Gas phase concentration profiles for reactive components in

the PSAR bed at the end of cyclic steady state:

a.) reaction/pressurization ,

b.) reaction/adsorption,

c.) blowdown/reaction,

d.) desorption/reaction.

Parametric values are in Table 3.3. (Conventional PSAR
unit/Self Regeneration).
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Figure 3.13:

Gas phase concentration profiles for H, in the PSAR bed at
the end of cyclic steady state. Parametric values are in
Table 3.3. (Conventional PSAR unit/Self Regeneration).
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Figure 3.14: Temperature Profiles in the bed at the end of cyclic steady
state. Parametric values are in Table 3.3. (Conventional
PSAR unit/Self Regeneration).
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Figure 3.15: Velocity Profiles in the bed at the end of cyclic steady
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a. Pressurization, Adsorption and Desorption steps

Profiles.
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Parametric values are in Table 3.3. (Conventional PSAR
unit/Self Regeneration).
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Figure 3.16: Solid phase capacitance profiles for reactive components in
the PSAR bed at the end of cyclic steady state: a.) n-Cs , b.)
n-Cg, c.) i-Cs , d.) i-C¢.Parametric values are in Table 3.3.
(Conventional PSAR unit/Self Regeneration).
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Figure 3.17: Approach to cyclic steady state, showing exit
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Table 3.5: Percentage Relative Occupation for reactive components of the
solid phase for both catalyst and adsorber sections
(Conventional PSAR unit/Self Regeneration).

Pressurization Adsorption Blowdown Desorption

Component | Catalyst {Adsorber| Catalyst |Adsorber| Catalyst [ Adsorber| Catalyst | Adsorber

n-Cs 3.49 0.38 6.71] 28.44 3.13]  30.22 2.16 0.30
n-Ce 5.77 3.92] 2266 26.14] 17.22] 29.02] 2.68 3.88
i-Cs 11.44 0.00; 22.17 0.00 10.85 0.00 7.22 0.00
i-Cg 17.44 0.00]  40.59 0.00{ 30.45 0.00, 14.51 0.00]

Total 38.13 430 92.14f 54.58 61.65 5924 26.57 4.18
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3.6.2 PSAR Cyclic Process with Waste Stream Recycled to Feed

In this section, the effluent of the blowdown/reaction and
desorption/reaction steps is combined with the fresh feed before entering the
reaction section during the reaction/adsorption step.

3.6.2.1 PSAR Cyclic Process with Waste Stream Recycled to Feed
(Hydrogen Purge)

In this section, pure hydrogen is used as purge stream during
desorption/reaction step. Most of the discussion pertaining to the uptake of
the curves obtained is performed in sections 3.6.1.1 and 3.6.1.2. In this
section, we focus on differences between uptakes obtained with
conventional PSAR unit and those obtained with recycling waste stream to

feed.

Figure 3.18a illustrates the concentrations of reactive components at the end
of the steady state reaction/pressurization step. The observed large peak in i-
Cs concentration, at the end of the adsorber section, is due to the higher i-Cg
concentration in this section at the end of the previous desorption/reaction

step.

Figure 3.18b illustrates the concentrations of reactive components at the end
of the steady state reaction/adsorption step. The decline in n-Cs and n-Cg
conversions is due to the higher velocity at the start of this step and due to
the recycle stream concentrations. The higher velocity at dimensionless time
interval of (0-0.989) is due to recycling of third vessel contents. The
observed i-Cg peak at the end of the reactor section is a direct result of the
change in recycle stream i-Cq concentration from the adjacent column
undergoing desorption/reaction step.

Figures 3.18c and 3.18d illustrates the concentrations of reactive
components at the end of the steady state blowdown/reaction and
desorption/reaction steps. Profiles in these steps are similar to the profiles
generated by the conventional PSAR model. However, higher concentrations
are observed in this model due to the higher solid phase loadings from the
previous step.
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Figure 3.19 illustrates the hydrogen profiles at the end of each of the steps
for the last cycle. Hydrogen profiles produced with this model are very close
to those produced with a conventional PSAR model.

Figure 3.20 illustrates the temperature profiles for all steps at the end of the
steady state cycle. Temperature profiles for all steps are similar to their
counterparts of the Conventional PSAR unit.

Three dimensional drawings demonstrating the transient and Spatial change
in concentration and temperature profiles are illustrated in Appendix C.

Capacitance profiles for each of the reactive components are illustrated in
Figure 3.22. Also, the percentage relative solid phase occupation for each of
the components is illustrated in table 3.6. An overall lower solid phase
occupation is noticed in this model over the conventional PSAR model. The
recycle of low reactive components’ streams to the unit is the reason behind

this low occupation.

The approach to cyclic steady state is illustrated in Figure 3.23. It takes ten
cycles for this system to reach steady state.
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Figure 3.18: Gas phase concentration profiles for reactive components in
the PSAR bed at the end of cyclic steady state:
a.) reaction/pressurization ,
b.) reaction/adsorption,
c.) blowdown/reaction ,
d.) desorption/reaction.
Parametric values are in Table 3.3. (PSAR with waste

recycled to feed/H, Purge).
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Figure 3.19: Gas phase concentration profiles for H; in the PSAR bed at
the end of cyclic steady state. Parametric values are in
Table 3.3. (PSAR with waste recycled to feed/H, Purge).
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Figure 3.20: Temperature Profiles in the bed at the end of cyclic
steady state. Parametric values are in Table 3.3. (PSAR
with waste recycled to feed/H, Purge).
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Figure 3.21: Velocity Profiles in the bed at the end of cyclic steady

state:
a. Pressurization, Adsorption and Desorption steps

Profiles.
b. Blowdown step profile.

Parametric values are in Table 3.3. (PSAR with waste
recycled to feed/H, Purge).
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Figure 3.22: Solid phase capacitance profiles for reactive components in

the PSAR bed at the end of cyclic steady state:

a.) n-Cs,

b) Il-C6,

C.) i-C5,

d.)i-Ce.

Parametric values are in Table 3.3. (PSAR with waste
recycled to feed/H, Purge).
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Figure 3.23: Approach to cyclic steady state, showing exit
concentrations of reactants and products at end of
Blowdown/Reaction step. Parametric values are in Table
3.3. (PSAR with waste recycled to feed/H, Purge).
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Table 3.6: Percentage Relative Occupation for reactive components of
the solid phase for both catalyst and adsorber sections (PSAR
with waste recycled to feed/H, Purge).

Pressurization Adsorption Blowdown Desorption

ComponentCatalyst |Adsorber [Catalyst |Adsorber |Catalyst |Adsorber |Catalyst |Adsorber

n-Cs 1.16 1.40 6.13 20.82 3.04 22.35 0.01 1.41
n-Ce 548 327, 20.73 17.42]  16.36 19.42 3.22 3.21
i-Cs 3.72 0.00] 20.24 0.000 10.12 0.00 0.02 0.00
i-Ce 9.76 0.00] 37.56 0.00| 2854  0.00 7.37 0.00

Total 20.11 4.67 84.67 3824 58.06 41.78 10.62 4.62
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3.6.2.2 PSAR Cyclic Process with Waste Stream Recycled to feed (Self
Regeneration)

In this section, a portion of the product stream is recycled as a purge stream
during desorption/reaction step. Moreover, the effluents of
blowdown/reaction and desorption/reaction steps are recycled back and
combined with the feed before entering the vessel. As mentioned previously,
most of the discussion pertaining to the shape of the uptake curves obtained
is performed in sections 3.6.1.1 and 3.6.1.2. In this section, we will focus on
differences between uptakes obtained with conventional PSAR unit with
self-regeneration and those obtained with recycling waste stream to feed.

Figure 3.24a illustrates the concentrations of reactive components at the end
of the steady state reaction/pressurization step. Profiles for this step are no
different than those produced with a conventional PSAR unit (Figure 3.12a).

Figure 3.24b illustrates the concentrations of reactive components at the end
of the steady state reaction/adsorption step. The effect of the recycle stream
is demonstrated by the difference in inlet concentrations of this model and
those of the conventional PSAR unit model.

Figure 3.24c illustrates the concentrations of reactive components at the end
of the steady state blowdown/reaction step. The breakthrough in n-C5
concentration of this model is due to the additional (third vessel) recycle
stream introduced at the previous step.

Figure 3.24d illustrates the concentrations of reactive components at the end
of the steady state desorption/reaction step. The effect of the
reaction/adsorption recycle stream is also evident in this step. The difference
in concentration profiles of this step and the conventional PSAR unit are due
to the difference in capacitance profiles of their respective
reaction/adsorption steps.

Figure 3.25 illustrates the hydrogen concentration profiles at the end of each
step. Profiles for this model are close to their counterparts from the
conventional PSAR unit.

Figure 3.26 illustrates the temperature profiles for all steps at the end of the

steady state cycle. The temperature profiles for the reaction/pressurization,
blowdown/reaction and desorption reaction steps are similar to the profiles
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of the conventional PSAR unit. Due to the dilution of the feed
concentrations with the recycle stream concentrations, the inlet temperature
at the end of the reaction/adsorption step is lower than that of the
conventional PSAR unit.

Results of total coverage of the solid phase are illustrated in Table 3.7. The
overall higher relative solid phase occupation, relative to conventional
PSAR unit, is a direct result of recycling a higher reactive components
concentration streams with the fresh feed. Capacitance profiles for each of
the reactive components are illustrated in Figure 3.28.

Three dimensional drawings demonstrating the transient and Spatial change
in concentration and temperature profiles are illustrated in Appendix D.

The approach to cyclic state for this model is illustrated in Figure 3.29. It
takes twenty cycles for this model to reach steady state.
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Figure 3.24: Gas phase concentration profiles for reactive components
in the PSAR bed at the end of cyclic steady state:
a.) reaction/pressurization,
b.) reaction/adsorption,
c.) blowdown/reaction ,
d.) desorption/reaction.
Parametric values are in Table 3.3. (PSAR with waste
recycled to feed/self regeneration).
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Figure 3.25: Gas phase concentration profiles for H, in the PSAR bed at
the end of cyclic steady state. Parametric values are in
Table 3.3. (PSAR with waste recycled to feed/self

regeneration).
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Figure 3.26: Temperature Profiles in the bed at the end of cyclic steady
state. Parametric values are in Table 3.3. (PSAR with
waste recycled to feed/self regeneration).
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Figure 3.27: Velocity Profiles in the bed at the end of cyclic steady
state:
c. Pressurization, Adsorption and Desorption steps

Profiles.
d. Blowdown step profile.

Parametric values are in Table 3.3. (PSAR with waste
recycled to feed/self regeneration).
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Figure 3.28: Solid phase capacitance profiles for reactive components in
the PSAR bed at the end of cyclic steady state:
a.) n—C5,
b) n—C6,
c.) i-Cs,
d.) i-Ce.
Parametric values are in Table 3.3. (PSAR with waste recycled to feed/self
regeneration).
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Figure 3.29: Approach to cyclic steady state, showing exit
concentrations of reactants and products at end of
Blowdown/Reaction step. Parametric values are in Table
3.3. (PSAR with waste recycled to feed/Self
Regeneration).
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Table 3.7: Percentage Relative Occupation for reactive components of

the solid phase for both catalyst and adsorber sections (PSAR
with waste recycled to feed/Self Regeneration).

Pressurization Adsorption Blowdown Desorption
Component|Catalyst |Adsorber |Catalyst |[Adsorber |Catalyst |Adsorber |Catalyst jAdsorber
n-Cs 3.22 3.22 7.02] 2994 3.19  30.24 1.87 3.17
n-Ce 7.50 7290 20.90, 2938 16.21 31.62 4.51 7.22
i-Cs 10.58 0.00] 23.16 0.00, 10.85 0.00f 6.23 0.00
i-Ce 18.91 0.00] 40.15 0.00] 29.71 0.00{ 16.11 0.00
Total 40.20 10.51] 91.23 59.32] 59.96] 61.86 28.72 10.38
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3.6.3 Overall Comparison of PSAR Systems

In this section, we compare models against each other to determine the best
practical model. Since all models perform the separation task adequately, we
need different criteria to judge the effectiveness of models. The objective of
this research is to produce isomers. Thus, we chose the exit concentration of
isomers during the reaction/adsorption step and process yield to be the main
judging criteria. The full reaction/adsorption profile, at the end of cyclic
steady state, for iso-pentane is plotted in Figure 3.30a. A similar plot for iso-
hexane is plotted in Figure 3.30b. Values for exit concentrations of iso-
pentane and iso-hexane, at the end of reaction/adsorption cyclic steady state
are reported in Table 3.8.

As illustrated in Figure 3.30a, the system that produces the highest
concentration of iso-pentane is the one that recycles waste stream to feed
and uses part of the product stream as purge stream. The system is fully
described in section 3.6.2.2 of this chapter. Also, it can be concluded from
the figures that the system producing the least concentration of desired
product is the system that recycles the waste to the feed and uses H, as the
purge stream. This system is fully described in section 3.6.2.1. The rest of
the systems produce product concentrations that fall between the two pre-

mentioned systems.

Figure 3.30b illustrates concentration profiles for all models at the
reaction/adsorption step. The system that produces the highest
concentrations of iso-pentane is the conventional PSAR model that uses part
of the product stream as a purge stream. The system is fully described in
section 3.6.1.2 of this chapter. Also, it can be concluded from the figures
that the system producing the least concentration of desired product is the
system that recycles the waste to the feed and uses H, as the purge stream.
This system is fully described in section 3.6.2.1. The rest of the systems
produce product concentrations that fall between the two pre-mentioned

systems.

The yield of conventional PSAR units is 66.2 %. The yield of recycle
models is 100%.
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To conclude and summarize our findings in this section, the best suitable
model for PSAR systems is the one that recycles the waste to the feed stream
and uses portion of the product stream as a purge stream.
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Figure 3.30: Products’ profiles for all models at the end of cyclic steady
state reaction/adsorption step:
a. iso-pentane
b. iso-hexane
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Table 3.8:  Exit concentrations of iso-pentane and iso-hexane and
process yields for each of the models at the end of steady
state cyclic reaction/adsorption step.

Regeneration)

Model Iso-Pentane | Iso-Hexane %
Exit Molar | Exit Molar | Yield
Fraction Fraction
Conventional PSAR (H; Purge) 0.0475 0.0412 66.2
Conventional PSAR (Self Regeneration) 0.0476 0.0416 66.2
PSAR with waste recycled to feed (H, Purge) 0.0380 0.0303 100.0
PSAR with waste recycled to feed (Self 0.0489 0.0360 100.0
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Nomenclature

Ay
B

PeH

heat of adsorption [cal/mol]

dimensionless adiabatic temperature rise [-]

= (-AH,, )qA,ref /(CpsTf )

total gas concentration in the column [mol/cm’]

total feed gas concentration [mol/cm’]

total gas concentration in the column [mol/cm’]
dimensionless total gas concentration in the column [-]
heat capacity of the gas phase [J/(mol.K)]

heat capacity of the adsorbent [J/(g.K)]

true Damkohler number [-] = @ AL
u

s
pore diffusivity of component A [cm?/s]
axial mass dispersion coefficient [cm?/s]
column diameter {cm]
overall heat transfer coefficient [WAm”K)]

isosteric heat of adsorption [J/mol]

global mass-transfer coefficient [cm/s]

adsorption equilibrium constant [bar™'] = K,exp(-A/R/T)
equilibrium reaction rate constant for nCs [-]
equilibrium reaction rate constant for nCg [-]

limiting adsorption equilibrium constant [bar™]

forward reaction rate constant for nCs [cm’/g of cat/s]
forward reaction rate constant for nCg [cm’/g of cat/s]
axial bed thermal conductivity [ W/(m,K)]

length of the PSA column [cm]

coefficient of Nitta et al. isotherm [-]

number of film mass-transfer units [-]

number of wall heat-transfer units [-] = 4L /d,u ,C ¢, &)

total pressure in the column [bar]
mass Peclet number [-]
thermal Peclet number [-] = u LC ¢, /K,

constant high pressure during adsorption step [bar]
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(94)

qA,ref

qmax

YVar
Y4j
YBr
YBj
yar

<)’A2>

constant low pressure during desorption step [bar]
average adsorbed-phase concentration [mol/kg]

adsorbed-phase concentration at equilibrium with yat Py and
T, [mol/kg]

maximum adsorbed-phase concentration [mol/kg]
dimensionless adsorbed-phase concentration [-] = (g,)/ ¢,

ideal gas constant [bar.cm’/mol/K]
Reactor Section Purge Velocity Ratio [-]
time [s]

column gas temperature [K]

feed gas temperature [K]

dimensionless column gas temperature [-] = (T -7, )/ T,

interstitial velocity [cm/s]

interstitial feed velocity [cm/s]

purge gas velocity [cm/s]

dimensionless interstitial velocity [-] = ulu,

First PSAR Vessel

Second PSAR Vessel

A container used to hold effluent of blowdown/reaction step.
dimensionless axial coordinate in the column [-] = z/L

mole fraction of component A in the bulk phase in the column
(-]

mole fraction of component A in the feed [-]

mole fraction of component A in the bulk phase in bed i [-]
mole fraction of component B in the feed [-]

mole fraction of component B in the bulk phase in bed i [-]
mole fraction of component A at the exit of the column [-]
average mole fraction of the sorbate in the pores of the

adsorbent pellet in bed 2 [-]
equilibrium mole fraction of component A for isomerization

y Aeq

reaction [-]
z axial coordinate in the column [cm]
Greek Letters
v, dimensionless axial coordinate in the catalyst-bed region [-]
v, dimensionless axial coordinate in the adsorbent-bed region [-]
& bed void fraction [-]
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Subscripts

=TT >

adsorbent void fraction [-]

thermal capacity factor [-]= (1- ¢, - &,)p,C,, /e, C,, )
mass capacity factor [-]

coverage of adsorbent at y,rand Py [-]

apparent density of the adsorbent [g/cm’]
dimensionless time [-] = u¢/L

dimensionless heat of adsorption [-] == (- AH )/(RTf)

n-pentane
n-hexane
i-hexane
n-hexane

feed

inert (Nitrogen / Hydrogen)
Purge

Recycle

total

Reactor Section
Adsorber Section
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CHAPTER 4

PSARM MODELING FOR n-Cs, i-Cs, n-Cg, i-C¢ SYSTEM with H,
SEPARATION MEMBRANE

4.1 MODEL ASSUMPTIONS

All assumptions outlined in previous chapters are also applicable to the
model developed in this chapter. In addition, linear driving force is assumed
for hydrogen migration through the membrane section. The data, used to
build the hydrogen membrane, are taken from the paper by Morreale et al.

[51].

4.2 PSARM PROCESS DESCRIPTION

Figure 4.1 is the proposed process flow diagram for the isomerization of n-
alkanes to isoalkanes in the PSARM unit. The unit consists of two columns.
Each column consists of a catalyst-packed region followed by adsorbent
packed region. The system is modeled as non-isothermal process containing
five components (n-Cs/i-Cs/n-Ce/i-C¢/H;). The hydrogen membrane is
modeled as a group of adjacent tubes stacked together along the outside
surface of the adsorption section. Figure 4.2 illustrates cross sectional and
isometric views of the vessel topology.

The cyclic steps shown in Figure 4.3 are as follow:

Step 1: Pressurization/Reaction: The unit is pressurized by feeding
it a portion of the feedstock (at high pressure), injected into the
catalyst bed. In the catalyst bed, partial conversion of n-Cs and n-Cg
to i-Cs and i-Cg, respectively, takes place. The unit is not open for
hydrogen permeation in this step to allow for less pressurization time.
There is no effluent from the unit at this step. Thus, any hydrogen
permeation will call for a more time that is lost to pressurize the unit.

Step 2: Reaction/Adsorption: The feedstock, at high pressure, is fed
to the catalyst bed where conversion of n-Cs/n-C¢ to i-Cs/i-Cg,
respectively, takes place. Then it enters the adsorbent region where
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unreacted n-Cs and n-Cg are adsorbed and part of H, is filtered
through the hydrogen membrane. The effluent from the unit,
composed of 1-Cs, i-C¢ and hydrogen, is fed to H, PSA unit where i-C;
and i-C¢ are separated and taken off as process product. H, is
recycled to the process. This step continues until the adsorbent bed
reaches a specified saturation limit. Then, feed is shut off, and step 3
is introduced. Although not covered in this study, the pure hydrogen
produced from the membrane side can be utilized to boost hydrogen
to hydrocarbon ratio of recycle streams. This is very crucial in
recycling waste streams to the feed because it prevents cracking.

Step 3: Blowdown/Reaction: The unit is depressurized to a lower
pressure level in the same direction to that of the feed flow.
Desorption of n-Cs takes place in the adsorbent region, followed by
partial isomerization in the catalyst region. A gas stream containing
all components of the system exits the unit. Usually, this stream is
considered as waste stream and discharged off in most conventional
PSA processes. In the present case, however, the blowdown stream
should be utilized since it contains considerable portion of i-Cs and i-
Cs. The utilization of this gas stream is also studied in this section of
the thesis. Hydrogen permeation in this step is considered a waste,
especially when recycling the effluent of this step with the fresh feed
to the second unit running in reaction/adsorption step. In such a case,
the hydrogen removed through permeation should be compensated in
the recycle stream to maintain constant hydrogen to hydrocarbon
ratio. Thus, Hydrogen permeation does not take place during this step.

Step 4: Desorption/Reaction: Hydrogen gas, which is considered as
inert, is introduced simultaneously to reactor and adsorber beds at low
pressure and different velocities. Alternatively, a portion of step 2
products can be introduced into the unit in the same manner explained.
This step desorbs the remaining n-Cs and n-C¢ from the adsorbent and
catalyst beds. The purge stream is introduced from both ends of the
vessel. The waste stream is collected from the interface region.
Hydrogen permeation does not take place during this step. Similarly to
the previous step, hydrogen permeation in this step is considered a waste,
especially when recycling the effluent of this step with the fresh feed to
the second unit running in reaction/adosorption step. In such a case, the
hydrogen removed through permeation should be compensated in the
recycle stream to maintain constant hydrogen to hydrocarbon ratio. Thus,
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hydrogen permeation does not take place during this step. In the study by
Al-Juhani [1], the resulting stream was considered a waste. In this study,
this stream is combined with the fresh feed of step 1 to maximize
conversion of n-Cs/nCg to i-Cs/iCg and recovery of product.
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-
l
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n-Cs/n-Cg Purge
i-Cs/i-CsH,

Figure 4.1: Flow diagram for the Combined Isomerization
Reactor/Adsorber /Membrane Process.
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Figure 4.2:  Cross sectional and isometric views of the PSARM vessel
topology.
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Figure 4.3: Proposed Cyclic Steps for PSARM Unit.
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4.3 MODEL EQUATIONS

The normalized equations developed in chapter III are also applicable to this
chapter with minor modifications to account for permeation effects.

The model assumptions in chapters II and III are also valid in this chapter.
In addition, linear driving force is assumed in migrating hydrogen through

the membrane. Thus, the final form of the model equations becomes:

Step 1 (Reaction/Pressurization)

ot o’ Pe &' @ v C, or

5}’31:1 1 D’yy la(UlJ’m)_J’m oC; Da, _Ym —¢ aQBl (4.3)
ot @'Pe ¥ o v Coor o | " K,| ™

aya 11 0’ yer 1 a(UlJ’a)_ya oCy  Da, _Ya |_ 00
2 + Al ngl (4'4)
ar @ Pe v e o C, ot K ot

Vm _ 1 1 62ym a(Ul)’m)_)’m 6C1+Da:2 _Ym ¢ o0, (4 5)
0t o’ Pe &' o v C, r o |7 K ™ ot

Y u — __1__1_ 62yAl __!_a(UlyAl)_ Yau C; _ Da, aQA, 4.2
a2l Ba (a2
1

C2

aszx 11 a2)’1121 _ 1 a(Ulszl)_szl oC,

= 4.6

0t @’ Pe &' o o C, or (4.6)

U, o oC, 4.7)
o, C, oOr

af11alrca

€t )Gt = e ot g W D Ly T T E )= Ny (=T
4.8)
Ve 1 1 82)’42 1 a(UzyAz) .VAz e 00, (4.9)
ot (1-wf Pe & ([-o) o, C, a ™2 Bt :
g 1 1 az)ﬁn 1 a(Uzym) Vg2 OC aQBZ 4
= - .10
ot (1-w) Pe & (1-0) ov, Cr a &2 (4.10)
Wep 1 1 62yC2 1 a(Uz)’cz)_J’cz oC, (4.11)

ot (-wf Pe & (-w) &, C, or
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Vb2 - 1 1 aZ.VDz _ 1 a(Uzym)_ym oCy (4 12)
0r  (1-w) Pe v; (1-w) ov, C, ot '
Wy, 1 1 aZYsz 1 a(UZszz) Yu,2 0C;
= 2 - (4.13)
or  (-w) Pe & (1-0) ov, C, or
ou, (1-e)foc, oMy, 90,
=— - 2 - 4.14
ov, C, (67 or 26m or (4.14)
oL, _1 1 8L 1. 98 7 % N Ta-T
(CT +§H2) or - P PeH 6v§ wCT aVZ [U(T'2+1)]+ZF;',2§H,2 or W(T2 Twz)
(4.15)
The boundary conditions are
1
v =0,z>0 _Eiy;l ~U)|, 00, -7a) (4.162)
1
- L O - 4.16b
v =0,7>0 Pe ov =U, vl=oa)(ny Va1) ( 16 )
1
v, =0,7>0 —Laym—Ul @Yo — Vo) (4.16¢)
1 =Y, Pe om, Uil PV = Yar .
v, =0,7>0 Lyl w(yy -y, (4.16d)
1 =Y, Pe ov, =Y1h-0 of ~Vm .
1 a)’17(21
v, =0,7>0 “ 50 o =U\|, «®Wp,r = Yu,) (4.16e)
1
v, =0,7>0 —Pelz %v]—;-=U1|vl=owCT T, (4.16%)
H 1
Vi =1,(V2 =O)’T>0 Ya=Va (4.16g)
v, =1y, =0)}7>0 Vo1 =Vp2 (4.16h)
v, =1,(v, =0),7>0 Yer = Yea (4.161)
Vi =1a(V2 =0)"">0 Y; =Yp2 (4.16j)
v, =1,(v,=0)7>0 Vi =V, (4.16k)
v, =L,(v, =0)z>0 ~-(1-w)D, Y =—wD, Y 42 (4.161)
o, v,
v, =1y, =0),7>0 —(1-o)D, ‘2":‘ =-oD, Zyv‘zz (4.16m)
v, =1,(v,=0),7>0 ~(1-w)D, ‘2’:' =—aD, %VVC; (4.16n)
v, =1(v, =0),z>0 —(l—a))DA%’fz—wDA%’zl (4.160)
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D, D,
v, =1,(v, =0)7>0 ~(1-w)D, 6:111 =-wD, 6:22 (4.16p)
v, =1,(v, =0),7>0 U, =U, (4.169)
v, =1,(v, =0)7>0 —(1—0))%5—1!—@;—% (4.16r)
v, =1,(v, =0),7>0 T\=T> (4.16s)
v, =1,z>0 %%:o (4.16t)
v, =170 %l:i:o (4.16u)
v,=17>0 %yvi—Z:o (4.16v)
v, =L,7>0 %IVL:=O (4.16w)
P,
v,=1,7>0 8:22 =0 (4.16x)
v,=17>0 U,=0 (4.16y)
v, =17>0 %Lo (4.162)

Step 2 (Reaction/Adsorption)

Yo _ 11 azym 1 a(U]yAl)_yAl oC; _ Da, _JYa | o0 4 4.17
) 2 Y= |~ Cma ( . )
ot " Pe &v0 @ 0o C, ot K., or

1 1 3%, 10U,y yg 0C;, Da y o0
aYm_ n_ 1 ( 1 m)_ p OCr Ld, V1 — D1 . B (4.18)

ar @ Pe v o o C, or K., or

1 10 1 0(U oC, Da, )
Ve - — yzCl _r ( 1)’c1)_.VC1 T, haly, _JYa_ -l Ocy (4.19)
ot @ Pe &' o O C, Ot K, ot

Y m _ 1 1 62ym _la(Ul.Vm)_ym oC; +Dat2|: . _ﬂ]_é’mm O (4.20)

ar  o* Pe v o C, or @ K., ot

Wuy 11 62)’1121 1 a(Ulszl)_szl aC,

= 4.21
ot o’ Pe & o oy C, or (4.21)
U, __ @ 9C; (4.22)
oy, C, or ’
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67_‘1182TC6

Créul 5= Pe, ov: rU(T“)]*Zanu—“JrZE( ri)=Ny(T1-Tw)
(4.23)
YV _ 1 1 azyAz _ 1 a(UZyAZ) Y OC ¢, B aQAz (4.24)

or  (-wf Pe & (-0) v, or
Vo 1 10yn 1 WUn) pud: , 5982 (4.25)

0t (1-w)* Pe ov; -0) o, ¢, or or

Wea _ 1 1 8%y, 1 a(UzJ’cz)_J’m oCy (4.26)
T e of ) G ‘
Wpy 1 1 2’yp, 1 a(Uzyoz)_ym oC, (4.27)

or  (-of Pe o (1-0) o, C, or
Dup 11 s 1 NUyan) yasoc, M,

- - 4.28
or (l-w) Pe v (1-o) o, C, or or (4-28)
ou, (1-w)(oc, oMy, o)
- - 22 =t 4.2
v, C, (61 ot 26w or (4.29)
8T, 1 1 8T, 1, & oM, ,
(o +§Hz)—a7=;7;;;73;—§-'—cr-672[(f(7’ +D}+ ) F, zfnz'g—N (T2-Tw2)+ py arz
(4.30)
The boundary conditions are
: .
v =0,7>0 —_Fe—%l_zUllvlzow(yAf — V) (4.31a)
1
1
~0,7>0 _E%= U, @0 ~ V) (4.31b)
1
1
v =0,7>0 _E%:'Ul vl=oa)(ny —Yar) (431¢)
1
v, =0,7>0 Peagvm llv]_o OV = Y1) (4.314d)
1 Yy,
=0,7>0 " Pe 5:7{ =U, vlzoa)(yﬂzf—yﬂzl) (4.31e)
v =0,r50 _El?'%v]; 1o @Cr T, (4.31f)
H 1
v =0,2>0 U, =1 (4.31g)
v, =1,(v, =0),7>0 Ya=Yau (4.31h)
v, =1,(v, =0),7>0 Vo1 = V2 (4.31i)
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(4.31))

v1=1,(v2=0),z'>0 Yeor =Yea
v =L, =0,7>0 Yo =Vm (4.31k)
v =L(v, =0),7>0 Yy = Vhy2 (4.311)
ayAl a.YAZ
=L(v, =0 0 -\-w)D =-@D 431
Y (Vz ))T> ( 0)) y o, oL 4 ov, (4.31m)
a)/Bl a.yBZ
=1L{v, =0 0 -\l-o)D,—~=-wD, —== 431
Vi (Vz )=T> ( ‘0) 4 o, ol o, ( n)
v, =1(v,=0)7>0 —(l—w)DA%—‘Z—‘=—a)DA ‘Zy‘: (4.310)
ayDl ayDZ
=1,(v, =0 0 -\l-w)D,—~=-wD,—== 4.31
v =1,(v, =0)z> (1-0)D, o, b, ov, ( p)
v, =L (v, =0),7>0 ~(1-w)D, Vi, =-wD, P2 (4.31q)
1 2
v, =1,(v,=0L7>0 U =U, (4.31r)
oT T,
v, =1,(v, =0)7>0 —(1—w)51i=—a)522- (4.31s)
v, =1,(v, =0),7>0 T\=T: (4.31t)
v, =150 %21 0 (431u)
v, =1,7>0 %22__0 (4.31v)
v, =1r>0 %-vc—zl 0 (4.31w)
v,=17>0 iaay—:zl_o (4.31x)
v, =1,7>0 a;:,j =0 (4.31y)
oT,
v,=1,7>0 —2=0 (4.312)
2
Step 3 (Blowdown/Reaction/)
_ag;,n_:___lz__l_ 62)’;1 __l_a(Uly,ﬂ)_ Ya 0C; _ Da,, Y _JYa_ —Co 00 u (4.32)
T o Pe v o O C, ot @ K., or
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W 1 azym _ 1 a(UlyBl)_yBl oCyr _ Da,, _ Yo | an 4.33
=7 7 T Bl Cmpl ( )
or o  Pe o' o Oy C, 0t @ K.,

a1 1 *yer _ia(Ul)’cx)_ Yo 9Cy + Da,, [yAl _Ja :l_gma 00c: (4.34)

ot o'Pe ' o o C or K. or

I _ 11 aZJ’m 1 a(UlyDI)_yDI oCy , Day, _Im |_ O
3 + Bl ;mDI (4 35)
or 0) Pe av @ avl CT or (0] KC2 or

asz _ 11 62}’1{1 16(U1yH21) Y, oC

T - T (4.36)
or o Pe oV’ @ Oy C, ot
ou, __ o oC, (4.37)
ov, C, ot

8T, 1 1 9’T, _Cr @
Cr+y ) —L=
( g é,H’llar w? Pe, 6v2

fU(T+1)]+Z 1511 +ZE( )= Ny (T1=T 1)
(4.38)

Vo 1 %y, 1 a(U2yA2) Y OC LY 6Q;2 (4.39)

o7 (-w) Pe & (-0) &, C, or
Wy 1 _l_azynz_ 1 a(Uzsz)_.VBz oCy

LB (4.40)

ar (1-w) Pe v (1-w) oy, C, or or

ey 1 1 62yC2 1 a(UZyﬂ)_yCZ oCy (4.41)
or  (-—of Pe v (-o) ov, ¢ or

p, 1 1 8%yp, 1 a(UzJ’Dz)_ym oC, (4.42)

or (-w)f Pe & (-0) &, C, or
W _ 1 1 azyﬂzz 1 a(Uz.VHZz)_J’sz (5, O
oz (-w) Pe v (-o) ov, C, or

__(i-o)(ac, By ) (4.44)

av2 C, Lar

(4.43)

oT, 1 1 9°T, o
e B : Lo Qw@+n+TF,
)61' o’ Pe, v o Tavzl T+, '24”

Q ——N, (Tz wz)

(4.45)

(Cr +<us

147



The boundary conditions are

v, =0,7>0
v =0,7>0
v, =0,7>0
v =0,7>0
v, =0,7>0

v, =0,7>0

v, =0,7>0

12 =1,(v, =0),r>0
2 =1,(v, =0),7>0
v =1,(v, =0)7>0
v, =1,(v, =0)7>0
2 =1,(v, =0),7>0

v, =1,(v, =0),7>0
v, =1,(v, =0),7>0
v, =1,(v,=0)7>0
v, =1,(v, =0),7>0

v =1,(v2 =0),r>0
v, =1,(v, =0),7>0
v, =1,(v, =0)7>0

2 =1,(v2 =0),r>0

v, =1,7>0

ayAl =0

o,
a}’m _0

o

ay(,‘l _0

ov,

ayDl 0

o,

ayH21 ~0

ov,
T _,

)
U =0
Ya=Ya
Vo =V
Yor =Ye2
Ypi =Yp2
Y = Va2
(-o), 28 oD, 22
M ov,
~(1-w)D, Yn _ D, D2
o ov,

oV, ov,

_(1_w)DAiy_’iz_‘___ DA%
1 ov,

U, =0,

1 aVZ
T1=T:
D _
o,
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(4.46a)
(4.46b)
(4.46¢)

(4.46d)

(4.46¢)

(4.46f)

(4.46g)
(4.46h)
(4.461)
(4.46))
(4.46K)
(4.46))

(4.46m)
(4.46n)
(4.460)

(4.46p)

(4.46q)
(4.46r)

(4.46s)

(4.46t)
(4.46u)



v, =Lz>0 V2 _ (4.46v)

v,=L7>0 Pa _ (4.46w)

v, =1,7>0 Yoz _ (4.46x)

v, =L,7>0

=0 (4.46y)

v, =1L7r>0 —=0 (4.46z2)

Step 4 (Desorption/ Reaction)

Y a =__1____1_62.YA1 ~ia(U1yAl)_yAl oC; Da, ¢ aQAl (4.47)
0t o' Pe & o oy C, or o |°" KC1 ml ’

Yp _ 1 1 aZJ’m__l_a(UlJ’Bl)_ym oCy Da, _Inm ¢ 00 (4.48)
or o Pe O o o C, or K, | 7™ er

Ve =_1_Laz.)’c1 _la(Ulycx)_ya oC; + Da, _JYa ¢ 00 (4.49)
ot o’ Pe &' o v C, ar o |"" K "l or )

W m :_1___1_ a2)"1)1 __l_a(UlJ’m)_J’m oC, + Da,, Vi = Y ¢ 00, (4.50)
ot @' Pe &' @ Oy C, or o " ot

ayH21 11 azszl B 1 a(U1yH21)__.VH21 oC,

= 451
ot o’'Pe &' o O C, or (4.51)
ou, w 0C,

= 4.52
ov, C, or ( )

of, 1 1 &°T, C, 8 _
(c,+§H,1)ar‘ - e [U(T+1)]+Z l;,, +ZE( r,)=N, (T1~Tw)
(4.53)

Y a2 _ 1 _l_azJ’Az 1 a(UzJ’Az) Va2 9Cq O (4.54)
0t (-w) Pe & (1-w) ov, C, or "™ or '
Yy _ 1 _L@zym 1 a(UzJ’Bz) Vg2 OCr 008, (4.55)
ot (-w)f Pe ov; (-w) &, C, oz ™ o '
Pe, 1 1 az)’cz 1 a(Uzycz)_)’cz oC; (4.56)

ot (-w)f Pe & (1-w) ov, C, or
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aym: 1 1 52}’,;,2_ 1 a(Uzym)_yDz oC, (4.57)
o (-w) Pe v (1-0) o, ¢ or

Yy 1 1y, 1 6(U2yﬂzz) Va2 C,
= - - (4.58)
0z (-w)f Pe & (1-0) ov, C, or
ou, _ (1-w)(oC, gg)
v,  C, \or 2m or (4.59)

or, 1 1 0°T, 1, 8 . =~ a0, o
€4 6na) 5t = o pe o 5 oy WG DI Tl = Ny (T2=Ta)
(4.60)
The boundary conditions are
1
v=0,7>0 _ﬁaa)v){" =U1|v,=ow(yAf —Ya) (461a)
1
1 Oy
v, =0,r>0 —-;)—e-—é—v—=U1 vl=oa)(y3f—y31) (4.61b)
1
1 g
v, =0,7>0 o =U|, ,@g =~ Yar) (4.61¢)
1
1 a.yDl
v, =0,>0 WS =U, v,=0w(ny—yD1) (4.61d)
1
1 &
v =0,7>0 “ﬁ'—gvﬂzUllvFow(szf ~Yu,1) (4.61e)
1
v =0,r>0 —;é—%v]lellv‘=oa)CTT’, (4.610)
H 1
v =0,7>0 U, =SSL (4.61g)
s
v, =Ly, =0)z>0 Zyv‘] =0 (4.61h)
1
v, =1,(v,=0)7>0 %y—v‘—’-‘—=0 (4.611)
1
v, =1,(v, =0),z>0 %=0 (4.61j)
1
vy =1, =0}z >0 %@i:o (4.61K)
1
Wi,y
v, =1,(v,=0)7>0 ?=0 (4.611)
1
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QD
3

v, =1,(v, =0),7>0 —L=0 (4.61m)
o,
v =1,(v, =0 >0 %Vvﬂ - (4.61n)
2
v, =1, =0)7>0 ‘?:2 =0 (4.610)
2
v, =L(», =0),7>0 Zyv“ =0 (4.61p)
2
v, =1,(v,=0)7>0 0;1‘:,2 =0 (4.61q)
2
2 =1,(v2 =O),r >0 5)’6:22 =0 (4.61r)
2
v, =1,(v, =0)7>0 (—9—TL=O (4.61s)
v,
1
v, =L7>0 —;-8-%1=U2|%=1w(y@ —¥,) (4.61¢)
2
1
v, =1, >0 _}5%782'= Ui, .@0s ~ ¥r2) (4.61u)
2
1
v, =1,7>0 —ﬁ%l= U2|v2=1w(y6p —Yeq) (4.61v)
2
1
v, =1,7>0 —ﬁ%ﬂz Usl, 0@y = ¥i2) (4.61x)
2
1 %
v, =17>0 —_I—’Z 61122 =U, v2=lw(szP _szz) (4'61y)
2
1 0T, S —
v, =1,T>0 —Fe:'gj‘=(]2 vz=leT(T2—-T,,) (4.612)
v, =1,7>0 U, =—(1-S)22 (4.61aa)
Uy

In all the four steps, the mass transfer rate and the adsorption equilibrium
isotherm for reactor and adsorbent region are

0
G ma1 —aQTA = NfICT (yAl - (yAl )) (4-62)
G mp1 é_aQ:—l = NflCT 1™~ <ym >) (4'63)
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aQC 1

ey ——= NfICT ()’Cl - (yCI ))

ot
00p,

Gt ——— = NfICT(yDl _(Ym ))

ot

£t Qo =Nf2CT(,VA2 —<J’A2>)

or

G mp2 a_QQ = Nfzcr (YBz - (J’Bz ))

or

1 0 iren Qs
(yAl> - p. K, (1_ 9AreleA1 - BBreleBl - BcreleCI - 9Dref2Qm )
1 Oprer1 Ot
<ym> . K, (1 =0 4,011 — 95,09 — Orer1 Dt — aDreleDl)
1 Ocrer 1Qc1

<yC1> - P-K 4 (1 = O arer.29m ~ Oty 291~ Ocrer 2901 ~ Oy 2O )

_ 1 gDreleD]
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(4.64)

(4.65)
(4.66)

(4.67)

(4.68)
(4.69)
(4.70)
(4.71)
(4.72)
(4.73)
(4.74)
(4.75)
(4.76)
(4.77)
(4.78)
(4.79)
(4.80)

(4.81)



aM 0.59
b2 =/12( P ) (4.82)

5 Vi 5

0.59
= —;%%—; (4.83)
k koe(_%)
The initial conditions are
y 4, z=0)=0 (4.84a)
V5 (v,7=0)=0 (4.84b)
Ve (1,7 =0)=0 (4.84¢)
v, (v,7=0)=0 (4.84d)
Va7 =0)=1 (4.84e)
Y2 (v,,7=0)=0 (4.84f)
Va0, 7=0)=0 (4.84g)
Vealvns7 =0)=0 (4.84h)
Vo027 =0)=0 (4.84i)
yH2,2(v2’T =O)=1 (4.84))
0,,(v,r=0)=0 (4.84K)
Qs (157 =0)=0 (4.841)
Oc. ("1 T = 0) =0 (4.841‘1‘1)
Q1,7 =0)=0 (4.84n)
0.2 (v,,t=0)=0 (4.840)
Op, (Vz T = O) =0 (4.84p)
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4.4 HANDLING RECYCLE STREAM

All recycled streams are recycled to adjacent units during the
reaction/adsorption step. Exit streams from blowdown/reaction and
desorption/reaction steps are blended with fresh feed before entering the
adjacent unit undergoing reaction/adsorption step.

If the recycle stream is recycled during reaction/pressurization step, the
adsorption region to be pressurized will pressurize in less time than that
required to depressurize the adjacent unit undergoing blowdown/reaction
step. This situation will cause a back flow when the vessel undergoing
blowdown/reaction step not fully depressurized is opened for purge
(desorption/reaction) step. This backflow phenomena is difficult to model.
Thus, no recycle is made during reaction/pressurization step.

To avoid this situation, a third vessel is introduced to the system as a holding
vessel. The third vessel contains neither catalyst nor adsorbent. The purpose
of this vessel is to act as a container holding the effluent stream of the
blowdown/reaction step and then re-injecting it back with the effluent of the
subsequent desorption/reaction step to either the feed of the adjacent vessel
undergoing reaction/adsorption step.

The process flow diagram for recycling the waste effluent to feed is
illustrated in Figure 4.4. In Figure 4.4a, the first vessel (V1) is pressurized
with fresh feed only. The second vessel (V2) will blow its content to a third
vessel (V3). The third vessel is an empty container that serves as an
intermediate holder of blowdown step effluent. This vessel contains neither
catalyst nor adsorbent pellets.

In Figure 4.4b, V1 has started its adsorption step. During this step, feed to
V1 is received from three sources: Fresh Feed from upstream units,
desorption step effluent from V2 and the content reserved in V3 during
previous step. Since V3 pressure is at the high side, a control valve is needed
to bring down the pressure to the desorption-vessel pressure. A turbine to
generate electricity may replace this control valve. The effluent of the
control valve and V2 are then combined before entering the compressor CI.
The compressor then compresses its feed to the high pressure. The
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compressor in the Figure represents a multistage compressor with inter-stage
cooling. Inter-stage cooling is used to assure bringing the compressor
effluent to the fresh feed temperature. A recycle temperature that is higher
than the feed temperature will result in loss of catalyst activity. Compressor
effluent is then mixed with the feed prior to entering V1. The duration of the
adsorption and desorption steps is much greater than that of the
pressurization and blowdown steps. Thus the content of V3 will be emptied
at a fraction the adsorption step time. V3 is then closed for the rest of the
adsorption step. A second control valve is added downstream of the
compressor to control recycle flow. A hydrogen makeup stream is
introduced with the recycle stream to ensure minimum feed hydrogen to
hydrocarbon ratio of 7.5.

Figures 4.4c and 4.4d are similar to Figures 4.4a and 4.4b, respectively. The
only difference in the latter figures is the swap in roles of V1 and V2.
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Figure 4.4: Connectivity diagram for handling recycle to feed in all four

cyclic steps:

a.) V1 in reaction/pressurization, V2 in blowdown/reaction.
b.) V1 in reaction/adsorption, V2 in desorption/reaction.

c.) V1 in blowdown/reaction, V2 in reaction/pressurization.
d.) V1 in desorption/reaction, V2 in reaction/adsorption.
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4.5 PARAMETERS ESTIMATIONS

Estimation methods for parameters used in Chapters II and III are also
applicable in this chapter. In addition, hydrogen permeation parameters are
obtained from Morreal et al [51]. All parameters are listed in Table 4.1.

Palladium tubes are used for hydrogen separation. Tubes have inside
diameters of 1.588 centimeters and a thickness of 0.1 cm. The tubes are
structured in rows surrounding the adsorptions section shell. To obtain a
minimum acceptable hydrogen separation, a minimum membrane volume
fraction of 0.1527 is required. For a column diameter of 12.7 cm, permeation
tube inside diameter of 1.588 cm, column thickness of 0.3 cm and pipe
thickness of 0.1 cm; the number of tubes needed to surround the shell
column shell side is 67 tubes. The number is rounded off to the lower integer
to allow for a space between adjacent tubes. This space will assure
maximum utilization of membrane area.

Due to the introduction of the hydrogen membrane to separate hydrogen,
higher temperatures are encountered in the adsorber section than those
reported in PSAR systems. Higher temperatures result in low adsorption
capacities. Thus a longer adsorber length is required to compensate the
loss in adsorption capacity.
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Table 4.1: Parametric Values used for simulation of conventional

PSAR system
Parameter Value

YAr=YBf=Ycf=Ypf 0.03
H,/HC ratio (mol/mol) 7.33
F; (mol/m*/s) 0.5037
Py (bar) 15
Py (bar) 2
T (K) 573
L (cm) 140
U (cm/s) 0.5
UR (cm/s) 1.75
Purge/Feed volumetric ratio 3.5
S Reactor Section Purge Velocity Ratio 0.1
D, @ high pressure (cm’/s) 0.088
D, @ low pressure (cm’/s) 0.66
K, @ high pressure (cm/s) 0.62
K, @ low pressure (cm/s) 2.23
Pe @ high pressure 59.1
Pe (@ low pressure 7.87
Pressurization & Blowdown time (min) 4.6
Adsorption & Desorption time [Conventional 115
PSARM] (min)

Adsorption & Desorption time [PSARM with waste 170
recycled to feed] (min)

@ 0.4643
f» (Membrane volume fraction) 0.1527
f; (Adsorbent volume fraction) 0.3675

6 e @ 573K 0.0541

05,0, @ 573K 0.1187

Oc o @ 5T3K 0.0541

0p,1 @ 573K 0.1187

6 s, @ 573K 0.0844

B4, @ ST3K 0.3036
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4.6 NUMERICAL METHODS

The numerical technique used to solve the PSARM model is basically the
same as that used for solving the PSAR model discussed in chapter 3.

4.7 RESULTS AND DISCUSSION

Hydrogen separation during the adsorption step is a very strong function of
feed velocity. The more the feed velocity is, the less hydrogen is filtered
through the membrane, and vice versa. Also, a satisfactory effluent velocity
needs to be sustained to assure continuity of product supply. Minimum
velocity and maximum hydrogen separation are two conflicting objectives
that need to be met (optimized). A feed velocity of 0.5 cm/s is used
throughout this chapter.

4.7.1 Conventional PSARM Cyclic Process

In this section, we will discuss the results obtained from conventional
PSARM units. We define a conventional PSARM unit as a unit producing a
product stream in the (reaction/adsorption) step and producing waste streams
in the (blowdown/reaction) and (desorption/reaction) steps. In this type of
process, no use is made to the waste stream produced by the
(blowdown/reaction) and (desorption/reaction) steps. Moreover, the purge
stream is either pure hydrogen stream (hydrogen purge) or a portion of the
adsorption step product (self regeneration). Moreover, part of the hydrogen
in the product stream is removed through hydrogen permeation. First, we
will discuss the hydrogen purge case.

The cycle starts initially with clean adsorbent and a gas phase free of n-C;

and n-Cq. The total length of the column is 120 cm. Parametric values used
#or simulations of conventional PSARM cycle are summarized in Table 4.1.
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4.7.1.1 Conventional PSARM Cyclic Process with Hydrogen Purge

Figure 4.5a illustrates the concentrations of reactive components at the end
of the steady state reaction/pressurization step. The purpose of this step is to
bring the vessel pressure from 2 to 15 bars as a preparation for the next step.
During this step the other end of the vessel is closed. Fresh feed is
introduced to the bed through the reactor section with equivalent molar
ratios of 0.03 for all reactive components. The molar ratios of reactive
components are chosen to allow overall minimum hydrogen to hydrocarbon
ratio of 7.33. Maintaining the minimum ratio is very crucial to preventing
any hydrocracking reactions from taking place. All reactive components are
adsorbed in the catalyst bed before reacting. All isomerization reactions are
equilibrium based reactions. Thus, reactants react to form products until
equilibrium is reached. The i-C4 peak appearing towards the end of the
adsorber bed is due to the shift of the amounts of i-C¢ that were present in
the interface region at the end of the previous desorption/reaction step.

Figure 4.5b illustrates the concentrations of reactive components at the end
of the steady state reaction/adsorption step. In this step, the other end of the
vessel is open for product collection. In the adsorber section, any unreacted
n-Cs and n-Cg is adsorbed by adsorber section pellets. Isomerization of n-Cs
takes place at the first two centimeters of the bed. It takes the entire reactor
section length to bring n-Cs isomerization to its equilibrium state. The
increase in i~-Cs and i-C4 concentrations in the adsorption section is due to
the migration of H, through the membrane. Noticeable amounts of n-Cs and
n-Cg start appearing at the inlet of the adsorber section. This is due to the
saturation of the solid pellets at this section with n-Cs and n-C¢. Because of
its higher equilibrium constant, higher amounts of n-Cq are adsorbed than
those of n-Cs. This causes the pellets to saturate with more n-C4 than n-Cs.
The remaining n-Cs is pushed towards the next available unsaturated pellets.
This is illustrated, in the adsorption section of the figure, with the n-Cs
concentration holding in the gas phase for a longer length than n-Cs. This
step is set to run at a time interval that is 25 times more than the
reaction/pressurization step time. The choice of the time interval for this step
is arbitrary, as long as the time is large enough to allow escape of i-Cs and i-
Ce from the other end of the vessel. In addition, the time should not be large
enough to allow breakthrough of normal alkanes. Figure 4.6 illustrates the
drop in H; concentration during this step. Due to the effect of H, diffusion,
H; concentration drops from 88.0% at the inlet of the vessel to 79.8% at the
exit of the vessel.
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Figure 4.5c illustrates the concentrations of reactive components at the end
of the steady state blowdown/reaction step. The vessel setup in this step is
similar to the setup of the reaction/pressurization step. However, in this step,
the front end of the vessel is closed. Vessel contents are blown out of the
vessel from the back end. This setup allows for a pressure reduction from 15
bars to 2 bars. This step prepares the vessel for introduction of purge stream
in the next step. The shift in equilibrium, due to pressure decrease, causes
the amounts of reactive components present in the solid phase of both
sections to escape to the gas phase. The escape of these compounds to the
gas phase causes their gas phase concentrations to increase. The time
interval for this step is exactly the same as that of the reaction/pressurization
step. Figures E.lc to E.5c in Appendix E illustrate the transient and spatial
change in concentration for n-Cs, n-Cs, i-Cs, 1-C¢ and H, as a function of
both time and distance for blowdown/reaction step, respectively.

Figure 4.5d illustrates the concentrations of reactive components at the end
of the steady state desorption/reaction step. In the present model, pure H, is
used as a purge stream. The desorption of the n-Cs and n-C4 amounts present
in the solid phase of the adsorber section causes an increase in their gas
phase concentrations. To avoid temperature spike, the purge stream is
introduced at both ends of the vessel and the waste stream is collected from
the interface zone. Very little reaction takes place at this step because
components in the reaction zone are close to their equilibrium conversions.
It should be noted that the y-scale of this figure is much smaller than those
figures of other steps. Figures E.1d to E.4d in Appendix E illustrate the
change in transient and spatial concentration for n-Cs, n-Cy, i-Cs and i-C¢ as
a function of both time and distance for reaction/adsorption step,
respectively.

Figure 4.6 illustrates the concentration profiles for hydrogen at the end of the
four cyclic steps. The increase in hydrogen concentration towards the end of
the adsorber bed in reaction/pressurization step is due to the presence of
hydrogen from the previous desorption/reaction step. The hydrogen present
from the desorption/reaction step of the previous cycle is removed in the
reaction/adsorption step. During blowdown step, the pressure starts reducing
from 15 bars to 2 bars. Because of this reduction, a shift in equilibrium
occurs for the components present in the solid phase of both sections. The
equilibrium shift causes the amounts initially present in the solid phase to
escape to the gas phase causing a decrease in the gas phase hydrogen
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concentration. This decease is illustrated in the figure by a large drop in
hydrogen concentration. During desorption/reaction step, pure hydrogen is
used as a purge stream. The time for this step is the same as the one for the
reaction/adsorption step. This long time allows for the removal of most of
the amounts present in the solid phase from the previous
reaction/pressurization and reaction/adsorption steps. Figure E.5 in
Appendix E illustrates the change in transient and spatial concentration for
H, as a function of both time and distance for reaction/adsorption step,

respectively.

The noticeable increase of the temperature at the start of the reactor bed
(Figure 4.7), during reaction/pressurization step, is due to the combined
effects of adsorption and chemical reactions. Temperature decline through
the rest of the bed is due to the lowering of both of these terms. The
lowering of both terms is due to the less reactive components at the
remaining portion of the reactor section. The small temperature peak that is
noticed towards the end of the reactor section is formed because of the
adsorption of n-Cs and n-C¢ amounts present in the gas phase from the
previous step. Figure E.6a in Appendix E illustrates the transient and spatial
change in temperature as a function of both time and distance for

reaction/pressurization step.

The temperature profile at the front end of the reaction section, in
reaction/adsorption step, is lower than that of the reaction/pressurization
step. This is due to the equilibrium reached in the solid phase. The higher
temperature observed in the rest of the reactor bed, compared to the
reaction/pressurization step, is due to continuous adsorption of reactive
components. The temperature peak, formed towards the middle of the
adsorber section, is due to adsorption of n-Cs and n-C into the solid phase.
A higher temperature rise is noticed in this model when compared to the
conventional PSAR model. The reason behind this higher temperature rise is
the reduction in hydrogen concentration. The reduction in hydrogen
concentration reduces gas flow inside the adsorber section. Due to the
reduction in gas flow, the energy released through the adsorption of alkanes
will heat the gas to a higher temperature than that observed in PSAR
systems. A lower adsorption capacity is the direct result of the increased gas
‘phase temperature. This is the main reason behind increasing the adsorber
section length. The extra length is added to compensate for the loss in
adsorption capacity due to the increase in adsorber section temperature.
Figure E.6b in Appendix E illustrates the transient and spatial change in
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temperature as a function of both time and distance for reaction/adsorption
step.

A temperature drop is noticed in the reactor section during
blowdown/reaction step. This drop in temperature is due to heat adsorbed by
reactive components to release them from the solid phase to the gas phase.
The same concept holds for the initial temperature drop in the adsorber
section. The temperature rise at the end of the adsorption section is due to
the adsorption of displaced n-Cs into the bed. The faster temperature
reduction in reactor section, compared to the adsorber section, is due to
desorption of higher amounts from the reactor section than those of the
adsorber section. Figure E.6¢c in Appendix E illustrates the transient and
spatial change in temperature as a function of both time and distance for
blowdown/reaction step.

Due to negligible reaction rates in desorption/reaction step, the final vessel
temperature settles at a value closer to the purge stream temperature. A three
dimensional profile illustrating temperature profile against space and time
for the desorption/reaction step is illustrated in Figure E.6d of Appendix E.

The velocity profile at the end of the reaction/pressurization step is shown in
Figure 4.9. Initially, the velocity at the vessel inlet is 7.5 times higher than
its original value due to pressurization effect. At the end of
reaction/pressurization step, the inlet velocity reaches its normal value since
all the bed at this time is pressurized. The velocity at the end of the bed is
always zero since the bed is closed at the back end of the adsorber section
during this step.

The bed velocity during reaction/adsorption step, for the reactor section, is
the same as the feed velocity. The velocity drop in the adsorption section is
due to hydrogen permeation.

Because of the pressure decrease, the final velocity at the end of the
blowdown/reaction step is 62 times higher than feed velocity. The additional
increase of velocity, from the expected 7.5 times of the feed velocity, is due
to desorption of previously adsorbed components from the solid to the gas
phase.

The velocity of desorption/reaction step is chosen to be 3.5 times greater
than the feed velocity. 10% of the purge stream is injected into the reactor
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section. The rest of the purge stream is injected into the adsorber section.
Again, the increase of the velocity in this step is due to the desorption of
components that were adsorbed in the previous step reaction/pressurization
and reaction/adsorption steps. Figure E.7 in Appendix A illustrates the
transient and spatial change in velocity as a function of both time and
distance for reaction/pressurization, reaction/adsorption, blowdown/reaction
and desorption/reaction steps, respectively.

The increase in n-Cs and n-Cg capacitances (Figure 4.9) in the adsorption
section, during reaction/adsorption step, is a direct result of H, diffusion
through the membrane. H, diffusion through the membrane causes the
velocity to drop. The drop in velocity allows a larger residence time for n-Cs
and n-Cg to adsorb in the same region.

The equilibrium solid phase capacitance for all components is calculated at
feed conditions. Thus, during the absence or reduction of concentration of
one component over others, the capacitance term shoots above 100%. This is
a normalization issue. It does not affect the results produced by the
simulation. Upon converting the normalized capacitances to their true
values, this phenomenon disappears. Figure 4.9 illustrates the amount of
saturation (capacitance) of the solid phase for reactive components in all
steps.

Integration of capacitances profiles yields the concentration of adsorbents in
the solid phase for either of reactor and adsorber sections. Summing up the
capacities of adsorbed species provides the total coverage of the solid phase.
Results are illustrated in Table 4.2.

The total occupation of all reactive components, in the reactor section, at the
end of the reaction pressurization step is 22.87% compared to 11.06% at the
end of the desorption step. This is an indication of a high adsorption in the
reactor section of the vessel. For the adsorber section, no breakthrough of
normals from the reactor section to the adsorber section occurs yet. Thus
little change is noticed in the total capacitance. The small increase in total
capacitance is due to the adsorption of some of n-Cs and n-C4 amounts that
are present from previous step.

Comparing total occupation figures for the reaction/adsorption step to those
of reaction/pressurization step in the adsorber section indicates an increase
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from 1.46% to 30.28%. This increase is due to the breakthrough of normal
alkanes into the adsorber section.

For the reactor section, total occupation figures at the end of the
blowdown/reaction step illustrate a large decrease compared to those from
the previous reaction/adsorption step. This is an indication of fast desorption
of components in this section. Comparing the figures of the adsorber section
for the same steps illustrates an increase in occupation. This is due to the
introduction of additional amounts of n-Cs and n-C¢ from the reactor section
into the adsorber section.

Comparing reactor section occupation figures for reactive components, at
the end of the reaction/pressurization step, illustrates that the lowest
occupation is for n-Cs followed by n-Cq, i-Cs and i-Cg, respectively. The
difference between n-C; and n-Cg occupations is due to the difference in
their equilibrium K values. At a temperature of 573K, the adsorption
equilibrium constant for n-Cs is 0.4 bar'. The adsorption equilibrium
constant for n-Cg, at the same temperature, is 1.45 bar’'. The same analogy
holds for i-Cs and i-C¢ occupations. The higher occupation of i-Cs compared
to n-Cg is due to its higher gas phase concentration relative to n-C¢. For the
adsorber section, n-C¢ illustrates higher occupation due to its larger
equilibrium adsorption constant compared to that of n-Cs.

At the end of the reaction/adsorption step, the increase in n-Cs occupation
over n-Cg occupation in the adsorber section is attributed to the large
amounts of n-Cs breaking through compared to the amounts of n-Cs.

The exit concentrations of reactive components at the end of the

blowdown/reaction step are plotted in Figure 4.10. It takes 5 cycles for this
system to reach cyclic steady state.
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Figure 4.5:  Gas phase concentration profiles for reactive components in

the PSARM bed at the end of cyclic steady state:
a.) reaction/pressurization,

b.) reaction/adsorption,
c.) blowdown/reaction,
d.) desorption/reaction.
Parametric values are in Table 4.1. (Conventional PSARM

unit/H, purge).
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Figure 4.6: Gas phase concentration profiles for H, in the PSARM bed
at the end of cyclic steady state. Parametric values are in
Table 4.1. (Conventional PSARM unit/H, purge).
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Parametric values are in Table 4.1. (Conventional PSARM
unit/Hydrogen Purge).
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Figure 4.9:

a.) n-C5,
b) I’l-C6,
C.) i-Cs,
d)i-Ce.

Solid phase capacitance profiles for reactive components in
the PSARM bed at the end of cyclic steady state:

Parametric values are in Table 4.1. (Conventional PSARM
unit/H, purge).
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Table 4.2: Percentage occupation for reactive components of the solid
phase for both catalyst and adsorber sections (Conventional

PSARM unit/H, purge).
Pressurization Adsorption Blowdown Desorption
Component |Catalyst| Adsorber | Catalyst| Adsorber | Catalyst| Adsorber | Catalyst| Adsorber
n-Cs 1.44 0.21 6.68 2041 3.01 23.66 0.00 0.21
n-Ce 6.32 1.40] 21.55 9.87] 16.46 13.71 3.58 1.25
i-Cs 4.69 0.00] 22.05 0.00{ 10.00 0.00 0.01 0.00
i-Ce 10.42 0.00] 39.20 0.00] 28.93 0.00 7.47 0.00
Total 22.87 1.61] 89.47 30.28] 58.41 37371 11.06 1.46
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4.7.1.2 Conventional PSARM Cyclic Process with Self Regeneration

Most of the discussion pertaining to the shape of the uptake curves obtained
is performed in the previous section. In this section, we will focus on
differences between uptakes obtained using pure hydrogen as a purge stream
and those obtained by purging with a portion of the product stream.

Figure 4.11a illustrates the concentrations of reactive components at the end
of the steady state reaction/pressurization step. The back-end concentration
of i-Cs peaks-up to a value of 0.112. Similarly, for i-Cq, the concentration
peaks up to a value of 0.103. These two peaks are direct resultants of
purging with part of the product stream. The reactive components three
dimensional concentration figures in Appendix F illustrate an increase in
reactive components concentrations at the start of this step. These peaks are
due to the simultaneous desorption of i-Cs and i-Cg and adsorption of n-Cs
and n-Cs.

Figure 4.11b illustrates the concentrations of reactive components at the end
of the steady state reaction/adsorption step. Concentrations of i-Cs and i-Cg
peak to their highest values at the adsorption section due to hydrogen
migration through the membrane. These peaks in products concentrations
cause a drop in hydrogen concentration towards the end of the adsorber
section. The drop in hydrogen concentration is illustrated in Figure 4.12. The
noticeable increase in solid phase occupation of the adsorber section, over
that reported by the hydrogen purge case, is due to purging with part of the
product stream. The purge stream that contains amounts of i-Cs; and i-Cg
causes partial solid phase saturation at the reactor section of the vessel
during desorption/reaction step. The partial saturation allows for a faster
saturation of reactor section solid phase and consequently allows for a less
residence time for reactive components in the reactor section. The lower
residence time allows for passage of more amounts or reactive components
through the adsorber section. The passage of higher amounts causes higher
solid phase occupation.

Figure 4.11c illustrates the concentrations of reactive components at the end
of the steady state blowdown/reaction step. The concentration profiles in this
figure are similar to those generated in the previous section using hydrogen
as purge stream.
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Figure 4.11d illustrates the concentrations of reactive components at the end
of the steady state desorption/reaction step. Reverse reactions take place at
the front end of the reactor section in this step due to the high concentrations
of i-Cs and i-C¢ over n-Cs and n-Cg respectively.

Temperature profiles for all steps are illustrated in Figure 4.13. At the end of
the reaction/pressurization step, a peak of 18 degrees is noticed at the reactor
entrance. This peak is due to the rapid conversion of n-Cs to i-Cs. The high
temperature profile towards the end of adsorber section is a continuation of
the peak from the previous desorption/reaction step.

The temperature profile for the reactor section at the end of the
reaction/adsorption step is similar to the one produced by the hydrogen
purge case. For the adsorber section, a shift in temperature peak towards the
end of the adsorber bed is noticed. This peak shift is due to the rapid
saturation of the adsorber bed that is discussed earlier.

The temperature profile for the reactor section at the end of the
blowdown/reaction step is also similar to the one produced by the hydrogen
purge case. For the adsorber section, the lower temperature profile at the end
of the bed is due to the blowdown of the high-temperature batches out of the
vessel.

The lower reactor bed front temperature profiles at the end of
desorption/reaction step, compared to hydrogen purge case, is due to the
reverse chemical reaction taking effect at the entrance. The reverse chemical
reaction is a direct result of the higher inlet concentrations of isoalkanes
compared to normal alkanes. This is an expected result since we are purging
with a portion of the product stream.

Figure 4.14 illustrates the velocity profiles at the end of each of the four
steps. Velocity profiles are similar to those reported by the hydrogen purge
case.

Solid phase capacitance profiles are illustrated in Figure 4.15. The total solid
phase coverages of both reactor and adsorber sections are illustrated in Table
4.3. At the end of the reaction/pressurization step, the noticeable overall
increase in the reactor section solid occupation for i-Cs and i-C¢ is due to
purging with a stream that contains amounts of these two components. Also,
the noticeable increase in n-Cs concentration in the reactor section at the end
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of the desorption/reaction step is attributed to the reverse chemical reaction
taking place at this step. Due to the slow reaction kinetics for n-Cg/i-Cg pair,
only a small increase is reported in n-Cg solid phase occupation. The reverse
chemical reaction is a direct result of purging with a stream containing only
isoalkanes and hydrogen.

The exit concentrations of reactive components at the end of the
blowdown/reaction step are plotted in Figure 4.16. It takes 7 cycles for this
system to reach cyclic steady state.
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Figure 4.11: Gas phase concentration profiles for reactive components in

the PSAR bed at the end of cyclic steady state:

a.) reaction/pressurization

b.) reaction/adsorption

c.) blowdown/reaction,

d.) desorption/reaction.
Parametric values are in Table 4.1. (Conventional PSARM
unit/Self Regeneration).
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PSARM unit/Self Regeneration).
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Figure 4.15: Solid phase capacitance profiles for reactive components
in the PSAR bed at the end of cyclic steady state:
a.) n-Cs,
b) n—C6,
C.) i-C5,
d.) i-Cs.
Parametric values are in Table 4.1. (Conventional PSARM
unit/Self Regeneration).
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Table 4.3: Percentage Occupation for reactive components of the solid
phase for both catalyst and adsorber sections (Conventional
PSARM unit/Self Regeneration).

Pressurization Adsorption Blowdown Desorption
Component|Catalyst |Adsorber |Catalyst |Adsorber [Catalyst [Adsorber |Catalyst |Adsorber
n-Cs 5.85 0.91 6.67| 3257, 3.11 26.67 5.13 0.29
n-Ce 6.55 4.52] 22.86 15.66, 17.41 2007, 426 4.21
i-Cs 19.07 0.00] 22.04 0.00 10.30 0.00] 17.26 0.00
i-Ce 18.16 0.00 40.34 0.00 29.43 0.00] 16.69 0.00
Total 49.64 543 9191 48.23] 6025 46.74] 43.33 4.49
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4.7.2 PSARM Cyclic Process with Waste Stream Recycled to feed

In this section, the effluent of the blowdown/reaction and
desorption/reaction steps is combined with the fresh feed before entering the
reaction section.

4.7.2.1 PSARM Cyclic Process with Waste Stream Recycled to feed
(Hydrogen Purge)

In this section, pure hydrogen is used as purge stream during
desorption/reaction step. Most of the discussion pertaining to the shape of
the uptake curves produced is performed in sections 4.7.1.1 and 4.7.1.2. In
this section, we will focus on differences between uptakes obtained with
conventional PSARM unit and those obtained with recycling waste stream to
feed. In this section, pure hydrogen is used as purge stream.

Figures 4.17a and 4.17¢ illustrates the concentrations of reactive components
at the end of the steady state reaction/pressurization and blowdown/reaction
steps, respectively. Concentration profiles for these steps are similar to those
produced by the conventional PSARM model.

Figure 4.17b illustrates the concentrations of reactive components at the end
of the steady state reaction/adsorption step. The noticeable drop in n-Cg
conversion is due to the lower reactor section temperature compared to the
conventional PSARM model.

Figure 4.17d illustrates the concentrations of reactive components at the end
of the steady state desorption/reaction step. The figures follow the same
profiles illustrated in conventional PSARM unit. However, those profiles are
at lower concentrations than those reported by conventional PSARM units.
The lower concentrations are due to the higher solid phase occupations in
the previous reaction/adsorption step. Higher solid phase occupations cause
higher velocities in the blowdown/reaction and desorption/reaction steps.
Higher velocities push more amounts of reactive components out of the bed
resulting in lower bed concentrations compared to conventional PSARM
models.
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Figure 4.18 illustrates the hydrogen profiles at the end of each of the steps
for the last cycle. Hydrogen profiles produced with this model are very close
to those produced with a conventional PSARM model.

Figure 4.19 illustrates the temperature profiles for all steps at the end of the
steady state cycle. The reaction/pressurization, blowdown/reaction and
desorption/reaction steps temperature profiles follow similar shapes to their
respective counterparts from the conventional PSARM unit.

For the reaction/adsorption step, a lower peak is observed, in the adsorption
section, than that produced by a conventional PSARM. This lower peak is a
direct result of diluting fresh feed reactive components’ concentrations with

that of the recycle stream.

Capacitance profiles for each of the reactive components are illustrated in
Figure 4.21. Also, the percentage relative solid phase occupation for each of
the components is illustrated in table 4.4. An overall lower solid phase
occupation is noticed in this model over the conventional PSAR model. The
recycle of low reactive components’ streams to the unit is the reason behind

this low occupation.

The exit concentrations of reactive components at the end of the
blowdown/reaction step are plotted in Figure 4.22. It takes 6 cycles for this
system to reach cyclic steady state.
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Figure 4.17: Gas phase concentration profiles for reactive components in

the PSARM bed at the end of cyclic steady state:

a.) reaction/pressurization,

b.) reaction/adsorption,

c.) blowdown/reaction,

d.) desorption/reaction.

Parametric values are in Table 4.1. (PSARM with waste
recycled to feed/H, Purge).

185




o
=~
T

o
=)
¥

o
F-S
7

o
w
)

mm.: bty e M

—€~ Pressurization
—— Adsorption
—+— Blowdown
—4&— Desorption

01 02 03 04 wO5 08 07 08 08
x=z/l

Figure 4.18:

Gas phase concentration profiles for H, in the PSARM bed

at the end of cyclic steady state. Parametric values are in
Table 4.1. (PSARM with waste recycled to feed/H, Purge).
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Profiles.
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Parametric values are in Table 4.1(PSARM with waste
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Figure 4.21: Solid phase capacitance profiles for reactive components in
the PSAR bed at the end of cyclic steady state:
a.) n-Cs,
b) n—C6,
C.) i-C5,
d.) i-Ce.
Parametric values are in Table 4.1. (PSARM with waste
recycled to feed/H, Purge).
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Table 4.4: Percentage Occupation for reactive components of the solid
phase for both catalyst and adsorber sections (PSARM with
waste recycled to feed/H, Purge).

Pressurization Adsorption Blowdown Desorption
Component|Catalyst [Adsorber |Catalyst |Adsorber |Catalyst |Adsorber |Catalyst {Adsorber
n-Cs 4.27 0.83] 5.69] 23.65 296 26.16 0.00 0.00
n-Ce 6.06 1.41] 2238 9.76] 17.36 13.00 1.96 0.50
i-Cs 13.88 0.00f 18.86 0.00; 9.82 0.00 0.00 0.00
i-Ce 28.79 0.00] 34.79 0.00] 26.85 0.000 428 0.00
Total 53.00 224 81.05] 33.41] 5699 39.16] 6.24 0.50
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4.7.2.2 PSARM Cyclic Process with Waste Stream Recycled to feed (Self
Regeneration)

In this section, a portion of the product stream is recycled as a purge stream
during  desorption/reaction step. Moreover, the effluents of
blowdown/reaction and desorption/reaction steps are recycled back and
combined with the feed before entering the vessel. As mentioned before,
most of the discussion pertaining to the shape of the uptake curves produced
is performed in sections 4.7.1.1 and 4.7.1.2. In this section, focus is drawn to
differences between uptakes obtained from conventional PSARM unit with
self-regeneration and those obtained from recycling waste stream to feed.

Figures 4.23a and 4.23c¢ illustrate the concentrations of reactive components
at the end of the steady state reaction/pressurization and blowdown/reaction
steps, respectively. The components’ profiles for these two steps are similar
to the profiles produced in a conventional PSARM unit.

Figure 4.23b illustrated the concentrations of reactive components at the end
of the steady state reaction/adsorption step. The higher i-Cs and i-Cg4 exit
concentrations in this model, compared to conventional PSARM model are
due to the lower adsorber section temperature.

Figure 4.23d illustrates the concentration of reactive components at the end
of the steady state desorption/reaction step. The difference in concentration
profiles between this model and the conventional PSARM model is
attributed to the changing composition of the product stream flowing out of
the vessel undergoing reaction/adsorption step. The changing composition is
a direct result of recycling the waste stream to the vessel undergoing
reaction/adsorption step.

Figure 4.24 illustrates the hydrogen concentration profiles at the end of each
step. Reaction/pressurization, reaction/adsorption and blowdown/reaction
profiles for this model are close to their counterparts from the conventional
PSARM unit. The difference in desorption/reaction hydrogen concentration
profiles in this model and the conventional PSARM model is due to
recycling waste streams to the reaction/adsorption step. Recycling waste
streams to reaction/adsorption step alters the time concentration curves of
this step. Since part of the reaction/adsoption step product is used as purge
stream, this purge stream composition is altered as a consequence.
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Figure 4.25 illustrates the temperature profiles for all steps at the end of the
steady state cycle. For the reaction/pressurization step, the reactor section
temperature profile follows that of a conventional PSARM unit. The
adsorber section temperature profile falls to a lower value due to lower inlet
temperature of the previous desorption/reaction step. The lower temperature
profile of the reaction/pressurization step continues in reaction/adsorption
and reaction/desorption steps. The overall lower bed profile in all four steps
is attributed to the addition of the hydrogen make up stream at the inlet of
the vessel undergoing reaction/adsorption step. The make up hydrogen
dilutes the concentration of reactive components resulting in a lower bed

temperature profile.

Figure 4.27 illustrates the solid phase relative occupations for reactive
components in all steps at the end of the cyclic steady state. Results of total
coverage of the solid phase are illustrated in Table 4.4. The overall lower
relative solid phase occupation, relative to conventional PSARM unit, is a
direct result of the addition of the hydrogen makeup stream to the recycle
stream directed to the vessel undergoing reaction/adsorption step.

The exit concentrations of reactive components at the end of the
blowdown/reaction step are plotted in Figure 4.28. It takes 10 cycles for this
system to approach cyclic steady state.
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Figure 4.23: Gas phase concentration profiles for reactive components
in the PSAR bed at the end of cyclic steady state:
a.) reaction/pressurization,
b.) reaction/adsorption,
c.) blowdown/reaction,
d.) desorption/reaction.
Parametric values are in Table 4.1. (PSARM with waste
recycled to feed/self regeneration).
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Figure 4.24: Gas phase concentration profiles for H, in the PSARM bed
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Figure 4.25: Temperature Profiles in the bed at the end of cyclic
steady state. Parametric values are in Table 4.1. (PSARM
with waste recycled to feed/self regeneration).
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Figure 4.26: Velocity Profiles in the bed at the end of cyclic steady
state:
a. Pressurization, Adsorption and Desorption steps

Profiles.
b. Blowdown step profile.

Parametric values are in Table 4.1. (PSARM with waste
recycled to feed/self regeneration)
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Figure 4.27: Solid phase capacitance profiles for reactive components in

the PSAR bed at the end of cyclic steady state:

a.) n-Cs,

b.) n-Cq,

C.) i-C5,

d.) i-Cs.

Parametric values are in Table 4.1. (PSARM with waste
recycled to feed/self regeneration).
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Table 4.5: Percentage Occupation for reactive components of the solid
phase for both catalyst and adsorber sections (PSARM with
waste recycled to feed/Self Regeneration).

Pressurization Adsorption Blowdown Desorption
Component| Catalyst| Adsorber | Catalyst| Adsorber | Catalyst | Adsorber | Catalyst | Adsorber
n-Cs 4.27 0.60 569, 29.70 3.02 27.27 3.07, 0.04
n-Ce 6.05 140, 22.38 16.71] 17.84]  20.26 3.37 1.33
i-Cs 13.88 0.00, 18.80 0.00 9.99 0.00] 10.38 0.00,
i-Ce 28.79 0.00] 35.43 0.00] 27.15 0.00] 26.49 0.00
Total 52.99 2.00] 8230, 46.41] 58.00 47.53] 43.30 1.37
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4.7.3 Overall Comparison of PSARM Systems

The same comparative analysis, performed in the previous, chapter is
repeated in this chapter. Models are compared against each other to
determine the best practical model. The full reaction/adsorption profiles, at
the end of cyclic steady state, for i-Cs are plotted in Figure 4.29a. Similar
profiles for i-C¢ are plotted in Figure 4.29b. Values for exit concentrations of
iso-pentane and iso-hexane, at the end of reaction/adsorption cyclic steady
state are reported in Table 4.8.

As illustrated in Figures 4.29a and 4.29b, the system that produces the
highest concentrations of i-Cs is the conventional system that uses hydrogen
as purge stream. However, 1-Cs exit concentrations from all systems are very
close to each other. The system that produces the highest concentrations of i-
Cs is the conventional PSARM system that uses part of the product stream as
purge stream.

Table 4.8 illustrates the yield of conventional PSARM systems versus those
recycling waste streams to feed. The yield of conventional PSARM system
is 66.2%. The yield of systems that recycle their waste streams is 100%. If
process yield is the evaluation criteria, the best system for the production of
i-Cs and i-Cg is the one that recycles the waste stream and uses part of the

product stream as purge stream.

It should also be noted that, in general, PSARM systems achieve cyclic
steady state more rapidly than their counter PSAR systems.
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Figure 4.29: Products’ profiles for all models at the end of cyclic steady
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a.) i—C5
b.) i-Cs
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Table 4.6: Exit concentrations of iso-pentane and iso-hexane at the end
of steady state cyclic reaction/adsorption step.

feed (Self Regeneration)

Model Isopentane Exit Isohexane Yield
Molar Fraction Exit Molar
Fraction

Conventional PSARM (H; Purge) 0.1170 0.0852 66.2
Conventional PSARM (Self 0.1123 0.1134 66.2
Regeneration)
PSARM with waste recycled to 0.1118 0.0898 100
feed (H, Purge)
PSARM with waste recycled to 0.1169 0.1220 100
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Nomenclature

An
B

heat of adsorption [cal/mol]

dimensionless adiabatic temperature rise [-]

= (" AH )qA,rfzf /(CpsT/ )

total gas concentration in the column [mol/cm’]

total feed gas concentration [mol/cm’]

total gas concentration in the column [mol/cm’]
dimensionless total gas concentration in the column [-]
heat capacity of the gas phase [J/(mol.K)]

heat capacity of the adsorbent [J/(g.K)]

true Damkohler number [-] = wE

Us
pore diffusivity of component A [cm?/s]
axial mass dispersion coefficient [cm?*/s]
membrane tube diameter
column diameter [cm]
membrane activation energy
membrane Phase Volume Fraction in Adsorber Section
solid Adsorbent Phase Volume Fraction in Adsorber Section
overall heat transfer coefficient [WAm”K)]
isosteric heat of adsorption [J/mol]

membrane permeation coefficient

preexponential factor for membrane permeation coefficient
global mass-transfer coefficient [cm/s]

adsorption equilibrium constant [bar'] = K exp(-4H/R/T)
equilibrium reaction rate constant for nCs [-]

equilibrium reaction rate constant for nCg [-]

limiting adsorption equilibrium constant [bar’']

forward reaction rate constant for nCs [cm’/g of cat/s]
forward reaction rate constant for nCg [cm’/g of cat/s]
axial bed thermal conductivity [W/(m,K)]

length of the PSA column [em]

coefficient of Nitta et al. isotherm [-]

number of film mass-transfer units [-]
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Yar
Yaj
VB
YBj
yar

(y,n)

y Aeq

number of wall heat-transfer units [-] = 4hL/(d u,C ¢, £)

total pressure in the column [bar]
mass Peclet number [-]
thermal Peclet number [-] = u LC ¢, /K,

constant high pressure during adsorption step [bar]
constant low pressure during desorption step [bar]
average adsorbed-phase concentration [mol/kg]

adsorbed-phase concentration at equilibrium with y,-at Py and
T}, [mol/kg]

maximum adsorbed-phase concentration [mol/kg]
dimensionless adsorbed-phase concentration [-] = (g,)/ ¢,

ideal gas constant [bar.cm'Vmol/K]
Reactor Section Purge Velocity Ratio [-]
time [s]

column gas temperature [K]

feed gas temperature [K]

dimensionless column gas temperature [-] = (7 -7, )/T,

interstitial velocity [cm/s]

interstitial feed velocity [cm/s]

purge gas velocity [cm/s]

dimensionless interstitial velocity [-] = wlu,

first PSARM Vessel

second PSARM Vessel

a container used to hold effluent of blowdown/reaction step.
dimensionless axial coordinate in the column [-] =z/L
membrane thickness

mole fraction of component A in the bulk phase in the column
[-]

mole fraction of component A in the feed [-]

mole fraction of component A in the bulk phase in bed i [-]
mole fraction of component B in the feed [-]

mole fraction of component B in the bulk phase in bed i [-]
mole fraction of component A at the exit of the column [-]
average mole fraction of the sorbate in the pores of the

adsorbent pellet in bed 2 [-]
equilibrium mole fraction of component A for isomerization

reaction [-]
axial coordinate in the column [cm]
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Greek Letters

gA,,ref
Ps

Subscripts

M= TE o Qw»

dimensionless axial coordinate in the catalyst-bed region [-]
dimensionless axial coordinate in the adsorbent-bed region [-]
bed void fraction [-]

adsorbent void fraction [-]

thermal capacity factor [-]= (1-¢ - &,)p,C,, /lec;,C,, )

mass capacity factor [-]

permeation factor [-]

coverage of adsorbent at y4-and Py [-]

apparent density of the adsorbent [g/cm’]
dimensionless time [-] = u,¢/L

dimensionless heat of adsorption [-] == (- AH, )/(RT,)

n-pentane
n-hexane
1-hexane
n-hexane

Feed

inert (Nitrogen / Hydrogen)
membrane
purge

recycle

solid

total

reactor Section
adsorber Section
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CHAPTER S

CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

Conversion, in chemical reaction processes, is often limited by chemical
equilibrium. Moreover, the reactants-products separation section always
follows the reactor section.

In both PSAR and PSARM models, a fixed bed is operated with a mixture of
catalyst and adsorbent. In the PSARM model, a hydrogen membrane is
added to partially separate hydrogen from the product stream.

In the present study, the system is modeled for reaction and separation of
five components: n-pentane, n-hexane, iso-pentane, iso-hexane and
hydrogen. Capacitance terms are added to the reactor section to model
catalyst adsorption. Variable velocity profiles are modeled in the reactor
section. Also, all models are developed as non-isothermal models.

A mathematical model describing the base case, consisting of a PSA unit, is
developed. Results of the base case are compared to the results obtained by
Silva and Rodrigues [78]. Results obtained are in fair agreement with the
models developed by Silva and Rodrigues [78].

In this work, PSAR and PSARM units are packed with two separate layers
of a Pd/Y zeolite catalyst and a 5A zeolite adsorbent. Moreover, a PSARM
unit is equipped with a hydrogen membrane for separation of hydrogen.
Flow sheet diagrams for both processes are developed. The proposed cyclic
scheme, consisting of four steps, is similar to the basic Skarstrom scheme
[80]. A minimum of two columns is needed for a continuous product
withdrawal from these units.

Both PSAR and PSARM systems operated at a fresh feed temperature of

573K, a low pressure of 2 bars and a high pressure of 15 bars. The unit feed
is introduced at a velocity of 0.5 cm/sec. The purge to feed ratio is 3.5.
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Two models are developed for PSAR processes:

e The conventional PSAR process.
o PSAR with waste stream recycled to feed.

In each of the models, two purge conditions are investigated:

e Purging with pure hydrogen (hydrogen purge).
¢ Purging with a portion of the product stream (Self Regeneration).

Similar models are developed for the PSARM process.

Countercurrent blowdown and desorption is not used in this study due to the
high concentrations of normal alkanes desorbing from the solid to the gas
phase in the adsorber section. Once these normal alkanes reach the reactor
section, they react rapidly to form products. Because of their high
concentrations, the reaction releases enough energy to cause a large
temperature peak at the reactor section adjacent to the interface region. This
peak is enough to shift reactions from conversion to cracking region. To
avoid this phenomena, cocurrent blowdown and desorption are used in this
study.

The study revealed that models with recycle streams should be utilized to
boost process yield. The yield of conventional models that make no use of
recycle streams is 66.2%. The yield of models that make use of recycle
streams is 100%. The best suitable system for both PSAR and PSARM
processes is the one that recycles the waste to the feed stream and uses part
of the product stream as a purge stream (recycle to feed with self
regeneration).

The computer simulation code is developed using MatLab compiler
language. MatLab is chosen over FORTRAN for its simplicity and
robustness. MatLab is chosen over C for its comprehensive engineering
applications library. In addition, MatLab offers a sophisticated yet simple to
use graphical capabilities. All MatLab code is included in the accompanied

CD.
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5.2 RECOMMENDATIONS FOR FUTURE WORK

PSAR and PSARM processes involve several design parameters. Those
design parameters include fresh feed conditions, catalyst/adsorbent types,
recycle ratios, reactor/adsorber volumes etc. The investigation of those
parameters and others is recommended in future work.

The models are developed for a process containing a mix of n/iso-pentane,
n/ios-hexane and hydrogen. These models can be extended to accommodate
multicomponent reactions and separations.

In present study, the length of the catalyst zone is determined using a reactor
feed velocity of 0.5 cm/sec. A comprehensive study should be conducted to
determine a suitable reactor size that will accommodate a range of feed

velocities.

When simulating PSARM systems, some noise is noticed in integration
routine output. This noise is then cleared out using standard filtering
techniques. In future work, the number of internal nodes should be increased
to eliminate the noise. The increase in internal nodes will increase
integration execution time. Thus, faster machines should be chosen to
perform future simulation runs.

A linear driving force is assumed in hydrogen diffusion through the
membrane. A more realistic model that accounts for the change of hydrogen
concentration through the membrane might reveal better results. Orthogonal
collocation method could be used to solve such a model.

Heat effects due to hydrogen permeation are not studied in this model.
Future work may include the study of hydrogen permeation heat effects.

Wall temperature is assumed constant throughout the models in this study. A
more detailed heat balance incorporating wall effects and heat losses to the
environment might reveal better results.

For simplicity, recycles are assumed to have a very fast response compared
to the process response. Thus, a zero response time is assigned to recycle
compressors and valves. This assumption can be verified through detailed
modeling of recycle streams. Modeling of variable speed compressors is
recommended due to the dynamic nature of the process.
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Catalyst deactivation can be included in future models to test maximum unit
operational time. The introduction of a deactivation model may introduce
more stiffness to the model, which, consequently results in a considerable
integration time. Thus faster machines are needed to simulate catalyst

deactivation.

More detailed reaction kinetics can be included in future studies. These
reaction kinetic models may include hydrocracking reactions that resemble a
real reactor-operating mode.

The pure hydrogen produced from the membrane side can be utilized to
boost hydrogen to hydrocarbon ratio of recycle streams. This is very crucial
in recycling waste streams to the feed because it prevents cracking.

Currently, approximately two hours are needed to simulate two and half
hours actual process cycle. The use of alternative simulation techniques
should be investigated to bring simulation time to acceptable level.

This model can be linked to any process simulation package to extract more
accurate thermodynamic information. In such a link, the model at hand will
pass compositions and conditions of system components at any point from
the feed to the recycle streams including column internal points. The process
simulator will then compute thermodynamic properties including phase
change during low temperature runs. This is very important in determining
operational dew points. Reactors must run aside from their dew points
conditions.

In these models, a purge stream split of 10% and 90% is used for reactor and
PSA sections, respectively. Future models may consider the elevation of this
split to 1% and 99% for reactor and PSA sections, respectively. A 100%
purge stream through the PSA section may also be considered. However, in
such a model, dispersion from the PSA section to reactor section should be
modeled.

Counter current blowdown and desorption are not achievable in this study
due to the high temperature peak encountered in the catalyst region adjacent
to the interface. This temperature peak is a direct result of reacting a very
high concentrations of normal alkanes leaving the adsrober section and
entering the reactor section. The high normal alkanes concentration only last
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for a small time interval. Future models can eliminate this high temperature
peak through:

e Simulating cocurrent flow during this high normal alkanes
concentration period and countercurrent flow after the pass of the high
normal alkanes concentration period.

e The use a cooler in the interface region. This cooler will also
eliminate the high temperature peak.

e Partial stepwise depressurization in different time intervals.

This type of modeling will not only allow for couter current blowdown and
desorption, it will also allow for recycling waste streams directly to the PSA
section of the PSAR and the PSARM units.
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Figure A.1: Three dimensional drawing illustrating the transient and

spatial change in n-Cs concentration with respect to time
and axial distance for the four basic steps at the steady
state cycle. (Conventional PSAR Unit/Hydrogen Purge)
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spatial change in n-Cg concentration with respect to time
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Figure A.3:

Three dimensional drawing illustrating the transient and

spatial change in i-Cs concentration with respect to time
and axial distance for the four basic steps at the steady
state cycle. (Conventional PSAR Unit/Hydrogen Purge)
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Figure A.6:

Three dimensional drawing illustrating the transient and

spatial change in Temperature with respect to time and
axial distance for the four basic steps at the steady state
cycle. (Conventional PSAR Unit/Hydrogen Purge)
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Figure A.7: Three dimensional drawing illustrating the transient and
spatial change in Velocity with respect to time and axial
distance for the four basic steps at the steady state cycle.
(Conventional PSAR Unit/Hydrogen Purge)
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Figure B.1: Three dimensional drawing illustrating the transient and
spatial change in n-Cs concentration with respect to time
and axial distance for the four basic steps at the steady
state cycle. (Conventional PSAR Unit/Self Regeneration)
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Figure B.2: Three dimensional drawing illustrating the transient and
spatial change in n-Cq concentration with respect to time
and axial distance for the four basic steps at the steady
state cycle. (Conventional PSAR Unit/Self Regeneration)
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Figure B.3: Three dimensional drawing illustrating the transient and
spatial change in i-Cs concentration with respect to time
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state cycle. (Conventional PSAR Unit/Self Regeneration)
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Figure B.4: Three dimensional drawing illustrating the transient and
spatial change in i-C¢ concentration with respect to time
and axial distance for the four basic steps at the steady
state cycle. (Conventional PSAR Unit/Self Regeneration)
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Figure B.5: Three dimensional drawing illustrating the transient and

spatial change in H, concentration with respect to time and
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cycle. (Conventional PSAR Unit/Self Regeneration)
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Figure C.1: Three dimensional drawing illustrating the transient and

spatial change in n-Cs concentration with respect to time
and axial distance for the four basic steps at the steady

state cycle.

(PSAR Unit with Waste Recycled to
Feed/Hydrogen Purge)
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Figure C.2: Three dimensional drawing illustrating the transient and
spatial change in n-Cg concentration with respect to time
and axial distance for the four basic steps at the steady
state cycle. (PSAR Unit with Waste Recycled to
Feed/Hydrogen Purge)
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Figure C.3: Three dimensional drawing illustrating the transient and
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and axial distance for the four basic steps at the steady
state cycle. (PSAR Unit with Waste Recycled to
Feed/Hydrogen Purge)
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Feed/Hydrogen Purge)
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Figure C.5:

Three dimensional drawing illustrating the transient and

spatial change in H, concentration with respect to time and
axial distance for the four basic steps at the steady state
cycle. (PSAR Unit with Waste Recycled to Feed/Hydrogen

Purge)
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APPENDIX D

Three Dimensional Figures of a PSAR Unit with Waste Recycled to Feed
(Self Regeneration)
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Figure D.1: Three dimensional drawing illustrating the transient and

spatial change in n-Cs concentration with respect to time
and axial distance for the four basic steps at the steady
state cycle. (PSAR Unit with Waste Recycled to Feed/Self

Regeneration)
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Figure D.2: Three dimensional drawing illustrating the transient and

spatial change in n-Cq concentration with respect to time
and axial distance for the four basic steps at the steady
state cycle. (PSAR Unit with Waste Recycled to Feed/Self

Regeneration)
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Three dimensional drawing illustrating the transient and

spatial change in 1-Cs concentration with respect to time
and axial distance for the four basic steps at the steady
state cycle. (PSAR Unit with Waste Recycled to Feed/Self

Regeneration)
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Figure D.4: Three dimensional drawing illustrating the transient and

spatial change in i-C¢ concentration with respect to time
and axial distance for the four basic steps at the steady
state cycle. (PSAR Unit with Waste Recycled to Feed/Self

Regeneration)
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Figure D.5: Three dimensional drawing illustrating the transient and
spatial change in H, concentration with respect to time and
axial distance for the four basic steps at the steady state
cycle. (PSAR Unit with Waste Recycled to Feed/Self

Regeneration)
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APPENDIX E

Three Dimensional Figures of a Conventional PSARM Unit
With Hydrogen Purge

252



tau = thref

tau = thref 8 oo

a. Reaction/Pressurization

b. Reaction/Adsorption

Blowdown/Reaction

06
04

tau = theef 0 00

Desorption/Reaction

054~
04+
0034
> 024

0.1+~

tau = tret 0 oo

c. Blowdown/Reaction

d. Desorption/Reaction

Figure E.1:

Three dimensional drawing illustrating the transient and

spatial change in n-Cs concentration with respect to time
and axial distance for the four basic steps at the steady
state cycle. (Conventional PSARM Unit/Hydrogen Purge)
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Figure E.2:

Three dimensional drawing illustrating the transient and

spatial change in n-C¢ concentration with respect to time
and axial distance for the four basic steps at the steady
state cycle. (Conventional PSARM Unit/Hydrogen Purge)
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Figure E.3:

Three dimensional drawing illustrating the transient and

spatial change in i-Cs concentration with respect to time
and axial distance for the four basic steps at the steady
state cycle. (Conventional PSARM Unit/Hydrogen Purge)
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Figure E4: Three dimensional drawing illustrating the transient and

spatial change in i-C4 concentration with respect to time
and axial distance for the four basic steps at the steady
state cycle. (Conventional PSARM Unit/Hydrogen Purgey

256




096
0944~
'0.92 -

0.9 4,

08T """um

02
tau = thref 0 o0

06
a4

x=z

10

tau = thref 0 oo

a. Reaction/Pressurization

b. Reaction/Adsorption

Blowdown/Reaction

> 04

06
04

92
fau = thref 0 oo

Desorption/Reaction

tau = tAref G oo x=2

¢. Blowdown/Reaction

d. Desorption/Reaction

Figure E.5: Three dimensional drawing illustrating the transient and
spatial change in H, concentration with respect to time and
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cycle. (Conventional PSARM Unit/Hydrogen Purge)
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Three dimensional drawing illustrating the transient and

spatial change in Temperature with respect to time and
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cycle. (Conventional PSARM Unit/Hydrogen Purge)
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APPENDIX F

Three Dimensional Figures of a Conventional PSARM Unit
(Self Regeneration)
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Figure F.1: Three dimensional drawing illustrating the transient and
spatial change in n-Cs concentration with respect to time
and axial distance for the four basic steps at the steady
state  cycle.  (Conventional = PSARM  Unit/Self

Regeneration)
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Three dimensional drawing illustrating the transient and

spatial change in n-C¢ concentration with respect to time
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Figure F.3: Three dimensional drawing illustrating the transient and

spatial change in i-Cs concentration with respect to time
and axial distance for the four basic steps at the steady
state  cycle.  (Conventional = PSARM  Unit/Self
Regeneration)
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Figure F.4: Three dimensional drawing illustrating the transient and
spatial change in i-C4 concentration with respect to time
and axial distance for the four basic steps at the steady
state  cycle.  (Conventional PSARM  Unit/Self

Regeneration)
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Figure F.5: Three dimensional drawing illustrating the transient and
spatial change in H, concentration with respect to time and
axial distance for the four basic steps at the steady state
cycle. (Conventional PSARM Unit/Self Regeneration)
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cycle. (Conventional PSARM Unit/Self Regeneration)
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APPENDIX G

Three Dimensional Figures of a PSAR Unit with Waste Recycled to Feed
(Hydrogen Purge)
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Figure G.1: Three dimensional drawing illustrating the transient and

spatial change in n-Cs concentration with respect to time
and axial distance for the four basic steps at the steady
state cycle. (PSARM Unit with Waste Recycled to

Feed/Hydrogen Purge)
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Figure G.2: Three dimensional drawing illustrating the transient and
spatial change in n-C4 concentration with respect to time
and axial distance for the four basic steps at the steady
state cycle. (PSARM Unit with Waste Recycled to
Feed/Hydrogen Purge)
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Figure G.3:

Three dimensional drawing illustrating the transient and

spatial change in i-Cs concentration with respect to time
and axial distance for the four basic steps at the steady
state cycle. (PSARM Unit with Waste Recycled to

Feed/Hydrogen Purge)
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Figure G.4: Three dimensional drawing illustrating the transient and
spatial change in i-Cg concentration with respect to time
and axial distance for the four basic steps at the steady
state cycle. (PSARM Unit with Waste Recycled to

Feed/Hydrogen Purge)
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Figure G.5: Three dimensional drawing illustrating the transient and
spatial change in H, concentration with respect to time and
axial distance for the four basic steps at the steady state
cycle. (PSARM Unit with Waste Recycled to
Feed/Hydrogen Purge)
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Three dimensional drawing illustrating the transient and
spatial change in Temperature with respect to time and
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273




APPENDIX H

Three Dimensional Figures of a PSARM Unit with Waste Recycled to Feed
(Self Regeneration)

274



08
04

tau = thref 0 oo ’ x= 2l

tau = tAref 0 oo ——

a. Reaction/Pressurization

b. Reaction/Adsorption

Blowdown/Reaction

Desorption/Reaction

tau = tAret 0 o0 =2l tau = tAref ¢ og x=zL
c. Blowdown/Reaction d. Desorption/Reaction
Figure H.1: Three dimensional drawing illustrating the transient and

spatial change in n-Cs concentration with respect to time
and axial distance for the four basic steps at the steady
state cycle. (PSARM Unit with Waste Recycled to

Feed/Self Regeneration)
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Figure H2: Three dimensional drawing illustrating the transient and

spatial change in n-Cg concentration with respect to time
and axial distance for the four basic steps at the steady
state cycle. (PSARM Unit with Waste Recycled to
Feed/Self Regeneration)
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Figure H.3: Three dimensional drawing illustrating the transient and
spatial change in i-Cs concentration with respect to time
and axial distance for the four basic steps at the steady
state cycle. (PSARM Unit with Waste Recycled to
Feed/Self Regeneration)
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Figure H4: Three dimensional drawing illustrating the transient and
spatial change in i-C4 concentration with respect to time
and axial distance for the four basic steps at the steady
state cycle. (PSARM Unit with Waste Recycled to

Feed/Self Regeneration)
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Figure H.5:

Three dimensional drawing illustrating the transient and

spatial change in H, concentration with respect to time and
axial distance for the four basic steps at the steady state
cycle. (PSARM Unit with Waste Recycled to Feed/Self

Regeneration)
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Figure H.6:

Three dimensional drawing illustrating the transient and

spatial change in Temperature with respect to time and
axial distance for the four basic steps at the steady state
cycle. (PSARM Unit with Waste Recycled to Feed/Self

Regeneration)
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