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~

- The 1ndustrially 1mportant, mod1£1ed Claus process-was

”studied using a @undamental approach The major emphasis of

~th15 work was to develop a Claus reactor modelllng procedure

procedure. L

'.dlfferent species into‘the~poreS'of,the catalggtﬁpellet

©°

)

_.for pred1ct1ng ‘the. performance of such a convertor under a

A o

'>w1de var1ety of operat1ng condltlons.

The modell1ng of the Claus process 1ntroduces multlple

~reactlons, 5ulfur vapor equ111br1a, non 11near kinetics and

) 11m1t1ng thermodynam1c convers1ons. The d1ffu51onal

nﬁ'

. transport 11m1tatlons 1n ‘the Claus catalyt1c convertors also

. 1ntroduces further complex1t1es in the calculatlon

s : L . ) R
v . . S

' Frrst, the role of an 1nd1v1dual Claus catalyst pellet

i

- was studled where the.etfect‘of the transport of the =

2

coupled with'the Claus-chemicaltreaction was represented'by :

an effect;veness factor. This analysls demonstrated a’ means

1}

for generatlng allocal effectlveness factor, n,"as ‘a ‘e,

~

L functlon of a modrtled Thlele parameter for spherlcal

.t

partlcles.q

Next, both one- d1mens1onalland two- d1mens1onal

v

’numer1cal models of the Claus convertor were cons1dered The

‘results showed that the on -dlmen51onal model descrxbes the-

o

.'vbehav1our of ‘the Claus con ertor, underhlndustr;al

| condltlons reasonably well > SRR

. . . ' . Lo P

In a Claus catalytlc reactor operated below the

‘ dew—pognt temperature-of.the elenental sulfur vapor being

LS

& ' . '- - ‘ . | ] .‘_ . ' . . ] \‘ . . e -

iv
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produced, the catalytic activity of the pellets gradually

“~- declines. This results in a deactivation profile which moves .

reactor. The 51mulat1on predlcts low rates of deactlvatlon

-

and a breakthrough capac1ty for a typ1ca1 bed of the order

on several days.

s - 1o s e AR 7



, ~
. ~ ACKNOWLEGEMENTS
My sincere thanks are due to my supetvisor, Professor
I; G: Dalla Lana without whose sympatﬁetic advise and acu£e
cfiticisms,'this fhesis woulé‘not_have been cbmpleted.
I alsé wish to extend my é}atitude to Pr%fessor ﬁ” e
'Lyhchﬁ@@gipfoviaed me with readyvadvice durin§ the course of -

this study. The financial assistance provided by the

University of Alberta is also gratefully acknéwledged.

Further, 1 owe" an g;erléstipg gfatitudé to Mrs. C.
'Deperez and L. Navarrouforhtheir idVa;uéb{§ mothérly'care of
my son.. o ]

1 wisﬁ'po re;ord_heré-myadeep apprgciatibns'to my
loving and_encqu::ging husbaﬁd and parents. I would'alﬁo
like to thank my parents-in-law for theiraunderstanding,gnd’
support. Sﬁeqial thanks are due to my sister, Maryeh,\fof
patiently typing this thesis.

My biggeét debt of gratitude is to my sons, Eghtedar.
and Namdart on Whom~theﬁburdeg of writing this thesis has
mostly fallen, and with whom I have much to make up. To

them, with my warmest love and appreciations, .I dedicate

this thesis. : .. ' .
-
.. ) / N
T . IS
s g
. vi
TN

e e e



i fablq of Contents ‘
Chapter S " Page
) L \

- 1 [ ] INTRObUCTION ® 0 & 0 05 0 0 0o '.E ~. 6 o 0 0 » " 0 68 8 06 6 ¥ 0 0 ¢ .\\\. 8 0 0 ¢ 0 08 0 e 1
1.1 Status of a priori Design of Claus Catalytic ,

Reactors .é ® 5 8 0 0 0 5 s 09 0 e L] l. . & o 8 0 0 ._'. o d e .V. LN ] .. * & 0 0 0 0 1
1.2 Anticipated Complexities in the Modelling of a

.)(.; )‘cla*us ProcessReactor .'....'.'......'..."...'.....2‘
. . - )

a

1;3'Objéctives-of This Work .....ivoipieeerinnnnneeeees3
‘,2‘ LITERATI’RE REvIEw .'.;.0.0.....l..ll.......;'lOl.l.ll'44

A\201 In\troduction I.'OC“C.%..Ol...l..'.....l....‘Ol.'!.‘

2.2 Claus Process R |
2.3 Sulfur Vapor and Equilibfium Conversion ..........7
2.4 Kinegics of the Claus Reaction ...................9
2.5:C1auswcétalyst Deactivation'........;...:........15
2.6vClaus Catalytic Convertor ..........ve00n0vvveev..19
2.7 MO&@lling of Fixed Bed Cata1ytic Reactors .......21
2.7.1 Pseudo-Homogeneous Models R I
2.7.1.1 Plug Flow Model ...................22

. 2.7.1.2 Pseudo-Homogenous Model with
AJ{ial MiXing ...'.....-.............23

Y

Z.7.1.3'Eseudo-Homogenous Model with
Ragial Mixing ..nr.-o.-co'.oooo-..-ozs

2.7.1.4 Pseudo-Homogenous Model with

Axial and Radial Mixing ...........28 -

2.7.1.5 Approximate Two-Dimensional
° Pseudo-Homogenous Model ...........30

o 2.7.2 Heterogenéous Moéels P £

2.7;2.1»1—Dimensfdnnl Heterogeneous )
Model: Interparticle Resistances ..32

2.7.2.2 2—Dimeh$ional“Heterogeneous
model: Interparticle Resistances ..33

.o

vii



- ,. ./

2.7.2.3 Heterogeneous Model with Inter _
and Intrepert1c1e Resietences ceve33

2.7.3 Reactxon Rate in Heterogeneous Models R | 1

2,7.3.1 Interpertxcle Transport
Reslstan&s '..l..l..l....:.0000'00036

¢ 2.7.3.2 Intrapattxcle Transport o
x : Reslstances Ol....l....'lo‘l.....'.37

2.7.3.3 D1££us;v1ty 1n the, Catalyst Pores 41

2.7.3.4 Numerical Method for Prediction
of Catalyst Effectiveness Factor ..43

2.7.4 Modelling of the Claus %fnvertor ....;.....44
2.8 Catalyst Deactivatdon Modelliné‘......u.l.....i..47
2.8.1 Deactivation Kinetics ...f\.........f......48
2.8.2 Deectivation of Single Pellet .........?,..51
2.8.3 Deactivation of the Catalyst ReactoriBeds';61

KINETICS AND EQUILIBRIUM ASPECTS OF' THE CLAUS
pRocEss ..I.'.!...O.'..".".....0....'........l.....ss‘

3.1 Free Enérgy Minimization ..............}....,..,.65

3.2 Claus Process Equ111br1um in the Presence of
.quuld sulfur 0..'.0‘............O...".l....‘...l67

3.2.1 Mathrmatlcal Analysis of the Method A. ....67
. ) ] . D -
3.2.2 Trial and Error Method - Method B. ........74

3.2.3 Results of the Analysis of the Claus
Process Equilibria in the Presence of

g’ . LiqUid%sulfur L R I I N R R N N IR Y oieeeeeue\74
3.3 Claus Reaction as a Set of Paralléi‘keactions ...76

. 3.4 Sulfur Vapor Composition for Nonequ111br1um

Converslon Levels. C...I......- .............. A.l.l..78 '
3.5 Heat of Claus Reaction ceesesecscesscsssscsnssees80

3.6 Thermodynamxcally Consistent Claus Rate‘ ,
Expresslon Ql....l.ll..l...QC'l..'.‘.l.'l..‘...l..as

 MODELS OF CLAUS CATALYST PELLET ......c.ccveenvensss.9l

ill.
viii



1

‘n.1 Introauction o.t.oa‘oou'coooo-ouooouocoocqoonooc'91

4.2 Nonisothermal Claus Pellets ......ccovevrwsescsees93

4.2.1 Computational Scheme ......................97-

4.2.2 Nonisothermal Claus Pellet Modellxng
: R‘sult' l...l".l..'..).lI'...ll...‘...'!...gg

-

4.3 1sothermal Claus Pellets .,.....;..............103

. 4.3.1 Computational Scheme for Isothermal Claus
" Pell‘ts .I.O..Oll......0'...l.....'.l...‘l107

N 7
4.3.2 Isothermal Claus Pellet Modelling Regults,lQS“

4.4 Simplified Local Effectiveness Factor I B 1

HIGH TEMPERATURE CLAUS 'REACTOR MODEL ......cc00000°0121
5'1 Introduction .O..."I...‘OI;...‘..;.II...'...,0...121

5-2 MOdEI DevelOpment II.O...O‘.l....‘...'...l......122

' 5.3 Adiabatic 1-Dimensional Claus Process Model ....125

5.3.1 Computational Scheme ......ccc000000000...130

5.3.2 Numerical Results of One-Dimensional
Claus Model O‘ll...........'........0;0000;0131

(=]

" 5.4 2-Dimensional Claus Process Model cesreesecaaassa152

?

. 5- 4“ 1 Infroduction . o o 0 .'. ® 6 8 & ¢ 6 0 5 0 0 o0 .‘ L .‘ *® o & 0 o 00 152
‘ 5.4'2 M‘odel Formulation‘ '. . o .7. ® © 0 ® & B s 8 eSO S0 154
5.4.3 Coﬁputational Scheme ...........c.c000....159

5.4.4 Numerical Results of Two-Dimensional -
Claus Model ..l......l.Q..‘..l.......'..ll1;60

5.5 Comparison of 1- and 2—Diﬁensional Models Q.....163

COLDBED CLAUS REACTOR MODEL A I &

6;1 IntrOduction .po;...o.oo‘fooo.oa;.\o'llolti.lco.-lol173.

6.2 Reaction Chemistry at Low Temperature ..........177

6.3 Analysis of Deactivation Rate ..................180

‘,'6.4 Colabed Reactor Model ......'...-.'.......A...<‘..Q.182

ix

v A




6.4.1 Global Reaction Rate in Coldbed Reactor ..183

6.4.2 Deactivation Rate in Coldbed Reactor .....189

6.5 Computational SCheme ............covevveneaneas. 89

6.6 Numerical Results of Coldbed Simulation ........190
6.7 Application of the Model to Coldbed Reactors ...194
7.  CONCLUSIONS AND RECOMMENDATIONS ....................213
7.1 Conclusioqs.....................................213

7.2 ﬁecommendations.;....;....,.........:.;........216
 NOMENGLATURE ... ..uuuuuninnrnuenngesooasanososasnannanasn218
BIBLIOGRAPHY SRR £ 1
APPENDIX A: Claus Equilibria ..;.....,...,.....,.........241
APPENDIX B: Gas Composition at a‘Giveﬁ H,S Conversion ...279
APPENDIX C: Nonisothermal Claus Pellet cecerriiteniiaes. 204

APPENDIX D: Isothermal Claus Pellgt '..'.....l.".....‘..l313

APPENDIX E: Claus Convertor Model ..........cc000000000..358

APPENDIX F: COlded Relctor .tuc-o.o...to..c.ooo‘lo.oo.oli“g

APPENDIX G: Physical Properties of Claus Catalytic
Process. ’......QICIQIQ.'..'.l'......'."l‘l...OAO.l...‘Gz




’ d 1
M*, List ot. Tables ~~
Table ‘ | ’ co page
2.1 Rate Expressions for the Claus Reaction ............ 11
3.1 Comparison of cquilibrium conversion of H;s

bbtained by free ;nergy minimization and

»

equilibrium con’tant methodst '..';....I....'....".72’

»
'3.2 Cléus Equiliprium in the Presence of Liquid
Sulfur .......:.........;......:.:..................75
Heat of Claus Reattion .............................87’
Scheme for Development of‘Modeis for High
Temperature Claus Reactor ...;......;..}...)/4..;..1i3
Composition of the Claus'gas for different
conversion levels of H,S“....f....:................288

Effective Rgaction Zone with 2 Interior

POints ......lk’%..l.‘l'......l“l...!-IODQQQOQOC'UCQQCC32‘

D.2 A and trices far Spherical Coordinates ........338
E.1 A and B Matrices for Cylindrical

coordinates .\..."'l.l...‘.‘.......'..'.......l.'..395

4

xi



.-List of Figures

S ~ Page

; SUlfuf Speéies‘StqiehidmeE?@e‘Numbere,...j......;gy.BZ
"Suifuruvapqt Composition :15;.;;};........,Z.u;.;.,”84
Heat Of ClaUS Reaction Ol.'l..‘t’l..l‘l!,l . ® (---..0,0--'-{'86.,

'Nonlsothermal Claus Pellet Effect1veness

'Factor at Ts 500 K teenencvanes ..;.g.....;,..;.....101
:Nonlsothermal Claus Pelfet Effect1veness ‘ .
Factor at Ts=660 x ;,.;..;..Q;...;.;;.;....;;ﬁ.1oz5
- Comparlson Between Runge Kutta Fehlberg and :, -

‘Orthogonal Collocatlon Numerlcal Methods :....;....169"Jﬁ
.Effectlveness Factor Vergus Thlele Modulus" |
at Varylng Conver51on Levels of H, ; at

"[‘Pellet Exterior Surface..;;;.;.;.;,.,..;..5.;....;.111

Local T@lele;Modulus ‘in the'Claus‘RéactOE,.;..;..1511§_

O . ,
Effectiveness Factor Versus Thiele Modulus

‘at Varying Exterior Surface Temperaturds ...,......114

Effectiveness.FactoreVefsﬁs.Modified_Thiele

Modulus at VaryinQJConVereion LeVels”of'st

at Pellet Exterior Surface PP R 1

fModulus at Vary1ng Exterlor Surche

Effectiveness.Féetbr Versus Modified Thiele

Temperatures a:n‘..o'o.oc-o‘._’.,...-o.oo.q‘.'l‘-ooo -vocnooo-o-..119‘

H,S Conver51on Proflle Along the Catalyst

BEd’-.......b.....'..--.‘-..--.---.......--........v....132-

,Temperature Proflle Along the'Catalyst Bed,........133

Local Effectlveness Factor in the Catalytlc

Lo S P \\\’
: xii L



&Claus Convertor .:.L.Q.;....,..;.5{..;:....-1,;....134"
5.4 'vEffect of Fllm Mass Transport Limitation .}é.,g;..}136_
5.5 'Effect of Fllm Heau Transport leltatlon ....;,.;;.J37

5.6 ‘Effect of Accuracy of.Thermodynam1C‘

U'Propertles ‘of Sulfur Species on the : e . _:f
“Predlcted Performance of Claus Conve;tor .;3.,r..;1139‘
15;7 Effect;ofvInlet.Temperature-on‘thev‘
Performance‘of Claas‘gonyertor .,;Q;,r,;.,.,,,...;,m4z_
.V'S,BT- Effect ofAIniettTemperature onjthe" | m"%
| Adiabatic REACtion PALh «e..eesicsuenseuennsnsen. 143
5.9 Effect‘of'Space Velocgtfkonfthe-Performance
of Claus Convertor ;;.;,{.;...3;;.,5.;;...;.;,;;;.[145

Lo N
5.10 Comparlson Between Novel and/Commerc1al

N
_ . T N
Catalysts.....,.;;.; ....... I LR TP R S .. 146
v5.11'jH35 Conversion‘along Novel and Alumina
Catalyst Beds ..we.sseniieniiness .».'..".'.,.’.._....‘...‘..1"4_8

" 5.12 Eff1c1ency of Alumlna and Novel Catalysts S vev...150

5.13 Space Veloc1ty for Ut111z1ng 1 meter depth

- “of Novel and Alumlna Catalysts .,;......;...:,.}.;.151
5.14 Axlal Prof}le of the.Rad1alﬁMean' | .T; ‘, A
Temperature ......n...;......:;;,..;.,.,..ﬂtg....;j;21
'5.15 Axial Profile of the Radiai MeanNQOnQersion
" of H;S 162

5.16 Radial Temperature Profile ....r;.r..........L,..;;f64

5.17 Radial Profile of H;S Conversion R 1 1-

5.18 Temperature Profile by One-and A [T LQ//
. . — ‘ . B o % S (L o
Two-Dimensional Models .....covienserecsnncecness..166
Cxidioo T e



S
/
7

/

Convers1on Proflle by One and

) vao Dlmen51onal Models Q...;}.;;..ﬁ...,...........;167

' Two- D1men51onal Models in. Industrlal Slze'

‘.Deact1vat10n of‘ther2nd-Stage“"sub-dew" -

Radlal Temperatsre Proflle at leferent

AX1al P051tlons ...}J.L.......;t..;.....;.....;};..168'

Temperature Proflle by One- and

Claus Reactor'.;...;t' ..... \,;....,.;....,:.;.;..;...170'

.Conver51on Profile by One— and

.. Two- D1men51onal Models in Industrlal Slze

Claus Reactor .;..,.......,..,.,...;..:...;L....;..l71[

‘Flow-chart of MCRC«ProceSS .;1;;;:...;;......,r,..,174[
"Flow chart of Amoco CBA Process ...,.....\.;,..,...175

,Sulfur Vapor Comp051t10n at 1ts Vapor o

Pressure -}oo.-oco..oq'o‘-.o‘n.c‘“oooo‘-’c‘o“-n-"-»o‘;(v;t‘-v-"-o‘u0.’17'9

' Axial Proflle of Part1a1 Pressure at Short

© '

Re51dence Tlmes ..L...ir;;.;......,..;f.r....;,,.§;191
_Deactlvatlon at Short Residence7Tiﬁesv...,..,..;;..192

‘Temperature Proflle at Short Re51den e

Tlmes ‘in the 2nd- Stage Convertor .Q..,...,..ﬂ(..::(195'

 axial proflle of Partlal Pressure in ‘the

2nd- Stage Convertor f;..f.;;.:.......;.;..,;;....196'

)

.Teqperature Proflles in the 2nd Stage

«

»Convertor l.......;..;,;.....;.........;.;.......,579&

Convertor ;.;...,.....;.;;.,..........;...;......;.i99

Axial Profile of Partial Pressure in the

. i & ) : b
3rd-Stage Convertor R R R - 10y
P "u oxiv 7__ _ ol



-
N

 Temperature Profiles in the 3rd-Stage

convertor om-o“-‘o“o‘it.'l'lf.o-‘o-o-ooo;-".oloao-oanot.ioo’n.-2‘01 :

-

6.18"

Deact1vat1on 1n the 3rd Stage Convertor,........

Temperature Proflle at Times (<1 hr).

the Amoco . CBA Convertor ..2....

Te

Partlal Pressure Proflle After Flow

Flow—chart

‘Flow-chart

Flow*cHart

Flow-chart

.Flowfchart

of

of
‘df

of

of

”Amoco CBA gonvertor_.. ..... ;..;;..

I
|

-

-Deactlvatlon After Flow Reversa1

_S2nd Stage Convertor ...;:Q.;...-;

’an Stage Convertor ,.;..;...;;';.

"NONISOEFF" Program

" ADONEDIMBED"  Program

>

"BEDTWO" Program .

"COLDBED" Program .

xv

hY

‘ Reversal 1n the 2nd Stage Convertor

VDeactlvat1on in the Amocp CBA’ Convertbr e

in the

”ORTEFF":Program‘,.;;{

v

in the

’ Axialiprcfile of Partial PresSure gf_Hgs'ink

_Te; eratUre-Proflle in Amoco»CBA Convertor .;..,
&r&ture Proflle After Flow Reversal 1n

e« o ple e,
. e

o»

'.20’2
..203

.204
..205

.206

.209

..210°




.
e

1. INTRODUCTION

‘ . n
- e

e 1. 1 Status of a pFIOFl Des1gn og c%aus Catalyt1c Reactors

<

Hydrogen sulfide, a major by groduct of the proce551ng

, of sour crude 01ls,.sour natural gases, and

g

e sulfurwcontalnlng hﬁtumenf is usually converted to elemental

' \\sulfur by the mod1f1ed Claus process.
L

\/‘

In the mod1f1ed Claus process, 1/3 of the H, S 1s

'1n1t1ally reacted homogeneously with a1r 1n a furnace to

n

T pform SOz, and then the rema1n1ng 2/3 is reacted w1th the SOz

rproduced in the combustion step, in a catalytlc convertor. -
Q L

In splte oﬁ\the 1ndustria1 1mportance of the Claus

-~ - SN :

,Uprocess, only sparse\gundamental 1nformat10n is avallable oni

~ this process. The avallabl\\de51gn procedures are based onA

'-kthe assumptlon of the attalnme’ of thermodynamlc

'equ111br1um conver51on of H S 1n eac

-

rocess stage.

i

The customary de51gn approach 1s to'a‘ ume an outlet

conver51on of H S correspond;ng 5232 the 1ntersect1bn\of the
'adlabatlc reactlon pathﬂthh the equ111br1um line

.’,(44.55 197) ‘This approach is not adequate for the
predlctlon of performance of such plants under a. w1de_v:-~”
varlety of operatlng condltlons. It also faals to utlllze
‘any known 1nformat10n w1th regard to the: eﬁf&c1ency of
dlfferent catalysts under the same operatlhg condltlons.
| The developm\ht of a more fundamental approach to the
de51gn of the catalytlc ClaUS process is needed for predxot-A

1ng the performance of ex1st1ng or noveL Claus processes.p



processes,

W -~

: X
1. 2 Ant1C1pated Complex1t1es in the Modell;nq of a Claus

Process Reactor .
The elemental sulfur wh1ch is a product of the Claus

o

react1on can exist in several molecular forms. The dynam1cs

~of formatlon and equ111brat10n of the dlfferent sulfur E
‘specxes are not fully ‘known (to be dlscussed 1n chapter 2)
Furthermore, the ‘coexistance. of d1fferent sulfur polymers

1ntrodu1es multlple reactlons into the chemlstry of the

.catalytlc Claus process. ThlS che 1stry w1ll be developed 1n

& .
&

chapter 3.

\1'

The actual 11m1t1ng conver51on of H, S attalnable 1n a’
f1n1te ‘bed of catalyst along the react1on path is a rate

'problem To pred1ct the performance of such a, reactor,,

- [

,1nformat10n concernlng the behav1our of ‘both the reactor and

*

3 the catalytlc rate of the reactlon 1s requ1red in some *

‘mathemat1cal form. The 1ntr1n51c rate of the Claus reactlon*"

is represented by non- llnear k1net1cs and 1s dlscussed in*
vchapter 3. Furthermore, the Claus reactlon Can .be 11m1ted by
'i'the rate of dlffu51on of the spec1es in the catalyst pores
(23 29,44,93, 94) This effect w1ll compllcate the analys1s
of the Claus catalytlc bed by superlmp051ng the dlffu51ona1
'transport rates on the chemlcal reactlon rate. .

Thus the predlctlon of the performance of catalytlc !

'Claus reactors 1nvolves multlple reactlons, sulfur vaporA

.equ111br1a, non 11near klnetlcs, d1ffus1ona1 transport

v



/
Claus react1on using a fundamenta\ approach Thls th-"
. will be d1v1ded into four main cha‘ters, eachty3f
one‘aspect_bf'the modelllﬁgiof_the’H;S/SO,Jreac:ioh
catalytlz Claus convertor. |

Chapter 3 con51ders the thermodynamlc egu111br1um
conversion calculatlon and bas1c chemlstry of the Claus
process. Possible- models of an: 1nd1v1dua1 Claus catalyst

' pellet are con51dered in chapter 4, while chapters 5 and 6
present the models of the Claus catalytic convertors for the
hlgh and low operat1ng temperatures, respectlvely At low

: operatlng temperatures, i.e. below ‘the sulfur vapor
dew- p01nt, condensat1on of the product sulfur in the pores

'of the Claus catalyst pellet results in catalyst

: deact1vatlon. Nonetheless, the low temperature operatlon has
become popular in recent years due to the favourable
thermodynamlc convers1ons p0551ble at low temperatures.
Furthermore, ondensat1on'of the product sulfur removes the

product of: the react1on from the reaction gaseous phase,

fac111tat1ng the forward reactlon rate.



°

~ 2.1 Introduction -

- 1involved are:

/
2. L y‘rERA'rURE REVIEW

‘e

_ Dxfferent aspects of sulfu covery processes, and the-
Claus process ‘in particular, have been. exten51vely rev1ewed
in the 11terature. Noteworthy are the ‘reviews by Cho (44),

Crynes-(52), Goar (88,89), Grancher (93) Liu (135)

McCulloch (145), Stedher (192) and Truong (199) “The Gas

'Processing Handbook " issue of Hydrocarbon Processing (84)

has summarlzed the different sulfuf recovery processes,
thelr commerc1al 1nstallatlons and thelr llcensors. This

survey w111 mostly emphas1ze the kinetics of the catalytlc

Claus reactlon, catalyst deact1vat1g\\processes, and models

~ of-both catalytlc and deactlvatlng‘flxed bed reactors.

-

2% 2 Cleu Process .
Oxidatlon of hydrogen sulfide and its react1on with the

formed sulfur dioxide over a suitable catalyst has been used

.commercially since late nineteenth century. C.F.;Claus S

Patent ofd1882‘describes,the'process for recovery of
elemental sulfur from hydrooen sUlfidenafter being'oroduced
by calcium sulfide. The or1g1nal Clgus process comprlsed
oxidation'of hYdrogen sulf1de~w1th air -over a number of

catalysts:. iron ore, manganese oxide, aluminium hydroxide,

zinc oxide, limestone, and bauxite. The major reactions



N |
H,S + 3/2 0; » H,0 + SO, - - (2,1)
"2 HpS + S0; e 2 Hy0 + Sulfur o (2.2)

which makes the overall reaction:

3 HiS + 3/2 0, » 3 H;0 + Sulfur - (2.3)
 The oxidation reaction is highly exothermic. The
’resultiné high temperature also limits the-hydrogen sulfide
~conversion to a low value. A significant advance was made
about 1937 by 1.G. Farbenlndustrle (8). Instead of burning

- the "hydrogen sulfide directly over the catalyst one-third
of it was burned completely to form sulfur d1ox1de in the
boiler. The reactlon was then completed by comblnatlon of

" the rema1n1ng hydrogen sulf1de and sulfur dioxide over the
catalyst at 600 K. In this way, the large heat of'reaction
could: be d1551pated without causing damage to the catalyst
The hlgh temperature in the boiler also results in the
homogeneous reaction between hydrogen sulfide and the
combustion product S0; to the extent of 50 - 70 %
"converslon; This is now known as the modified Claus brocess'
f'and 1s the most w1dely used sulfur production process. It 1s“
appllcable to the productlon of sulfur from acid gas streams

2

contalnlng_from about 15% to 100% H,S (88).

‘The reactions which occur in a Claus unit are not as

simple as represented by equations (2.1) and“(2.2). Hyne

-



(108), and Cullis (53) have reported on the possibility of
nineteen reactions that may occur in the sulfur burner with
the admission of enly hydrogen sulfigf and a}rxto the
burner. An additional complicating factor_i; the presence of
appreciable quantities of cargonidiOxide and light
hydrocarbons in the acid gases fed to tﬁe b&rner . The high
tempefature combuétﬁon of such an.acid gas may give rise to

o

the production of COS and CS, (34). Pearson; (165,166),
. ' c
Opekar and Goar (160), and Grancher (93, 94) have listed

several reactions that can lead to-the production of these
‘components in the combustion zone. Nabor and Ssmith (156)

have studied the formationvof CS; from methane and sulfur

¥

over a silica catalyst. Their results suggest the
possibility of the. formation of CS, in'the catalytic
convertors of sulfur plants. However, plant data have ot

been released to subétantiatefthe catalgE}g activity of

alumina toward this reaction. FurtRermore, kinetic
" considerations indicate that the reaction rate iéuvery slow

‘even on silica,catalyst at ‘the Claus convertor temperatures

(156).

'Yet another complékity arises from the fact that?’

several molecular forms of sulfur can co-exist. At low

temperatures, S, makes hb'aglarge‘fréctioncof th§ vapor;
wﬁilé at high temperatures, S, may be the dominant species.
This shift in molecular form.of sulfur leédS to'thg
exothermic - endothermic’ behaviour for the_éiaué reaction.

The Claus reaction is exothermic in the low oparafiﬂ@

o
e
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temperatures of catalytic convertors, and is endothermic at
high furnace temperatures. The minimum in the equilibrium
hydrogen sulfide conversion occurs between 800 and 1000 K

(14).

2.3 Sulfur Vapor‘avé Equilibrium Conversion

The molecular composition of sulfur vapor has been a

cOntroversialxtopic'for manYﬁ]ﬂErs. Different'investigators

(28, 169, 171) have reported dlfferent sulfur vapor.;‘
compositions and dlfferent ‘thermodynamic data. This
controversy has been rev1ewed in detail by’ Truong (199) and .
examlned by Chao (42). Berkowitz (15) and Opekar and Goar

(160) ‘suggest that the vapor! contains all forms of the

- molecul€, S,, where 2<n<10. However, reliabde\thermodYnamic

dataﬁﬁor Sa, Ss are not.available (42).UFurthermore; the

effect of S,, Ss,»S1 is believed to be negligible'in the

)

'~temperature ranges nérmally qncountered in elther the

thermal or catalytlc stages of the Claus process (140 219).

1

V_Commonly it has been observed that experimentally

'*;measured hydrogen sulfide conversions are somewhat'higher

than the correspondlng equ111br1um values predlcted using
selétted thermodynamlc propert1es ‘published in the

11terature*04 ‘14 25 44, 83). This discrepancy has been

“ attrlbuted to the Lnaccuracy of the thermodynamlc data. .

Hence, the propertles of sulfur spec1es have been adjusted

:-emplrlcaLJy to increase the predlcted values for equ111br1um

conver51ons of hydrogen sulfide. U51ng such adjusted

5"



propertles, a more realistic value for the equ111br1um
composition should, in prlnc!ple, be predicted, Such
generated adjusted thermodynamic datpfare usually
proprietary informatidn (23). !

' Truong (199) could predict higher conversions than
;:those observed by Cho (44)‘and Gamson and Elkins (83), by
considering the sulfur vaper model of S; - Sg - S, - S, and.
adjusting the thermodynamic data. of all the species |
including H,0, HzS, S0:; and N;, in the direction of more
favorable conversions at the catalytic convertor
temperatures. ¢ - I. .

Bennett and Meisen (14) produced a perfect match '
between theoretical and,experimentél’conversion data at a
high furnace temperature of 1300 K by decreasing the free
energies 'of H,S and . 80, and increasing them for H,0 and S,
by 2.57%, 2. 88%, 1.55% and 5.13%, respectlvely.

The thermodypam1c properties of"H, S, SO,, HAO and &z
'(144, 193) have, however, been obtained by well establlshed
experimental methods and the results obtalned by dlfferent
workers are consistent (219), Hence,,Yung (219) ;adjusted
only the free energles of S; , S¢, and S,, whlch have''a hlghf
degree of uncertainty, U51ng 10%, 15%, and 20% increases in
the free energleS‘of Sz,,Ss, and S, respectively, the best |
overall edjusted predictions resulted for the temperature
: range spanning both the catalytlc convertor temperatures and

,hlgh temperature furnace region (219)



McCulloch -(145) studied the kinetics of the reverse
-Claus reaction step (equation 2.2). He observed that the
predicted equilibrium conversion of sulfur and water to H,;S
and SO, was consistently below the experimentally determined
equilibrium. This is the same trend in discrepancy that wss
‘noted for t-e approach to the equilibrium for the forward
reaction step. This observation agpears to be inconsistent
- in expleining the discrepancy bet&een the equilibria in
terms of the free energies oféihe sulfuf species being too
low or too hight-Hoyever, the experimental data of McCulloc¢h

s . .
- were not accurate, and were greatly scattered.

. N
2.4 Kinetics of the Claus Reaction
The k&netics of Claus reaction has been studied .
quantita%iveiy as early as 1927 (195). However, the early
studies often were empirieal in-fdrmulating rate expressions
and varied in the catalysts employed.
" The Claus reaction does not preceed'homogeneously (44,
85ﬂ 86) 113, 1431 179), at temperettres less than 880 K.
'///This reaction can be catalysed by yarious substances such as
glass_suriace, iron, condensed water, and liquid sulfuré(30,
113} 126,f148, 178).
 The Claus reactien can be limited by the rate of
dxffu51on of ‘the species in the qatalytlc process (23 29;
‘< 44, 85 86, 94, 95). However, thé work of Hammer ($6) and of
McGregor (148) presented 11m1ted qualltatlve experlmental

'ev1dence that only the external area of the catalyst was.

- >

.
~

(%3

T
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involved in catalyzing reaction. McGregor concluded that
neither pore diffusion nor film diffusion were important in
the Claus reaction, presumably all pores wer? filled by
condensed elemental sulfur. Hence. he expressed the
pre-exponential factor in his rate expression as a simple
linear function of the external pellet surface area.

Blanc et al. (23) did not” discard tﬁe pore diffusion
limitation, but expressed its overall effect empirically.
Their pre-exponential factor was expressed exponentially as
a function of pellet diameter.

The analytical rate expressions for the Claus reaction
are summariz;d in Table 2.1. The subscript 1, 2, and 3 in
table 2.1 denotes H,S, SO,, and H,o} respectively. Kerr's
(116) rate expression is restricted.in the sense that, the
complexities of film and pérg diffusion have'been“neglected
without justificationf’Furthermore, the equilibrium term
does not contain stoichi;ﬁetric coefficients and is
thérmodynamically inconsistent.

The rate expressions of Dalla Lana et al. (56) and ®
Dalla Lana et al. (52) Qere nearly identical, except for the
exponent of the denominator. Liu (135) has however shown,
that the Dalla Lana (56) expression can also well be
;eprbsehted using the exponent of unity in the denominator
bécause of the correlation between the exponent and the
water absorption term. Blanc et al. (23) also concluded that

the power of the denominator term could be varied over a

large range without the sum of the squared deviation between



u‘Table'Z.l RATE EXP&ESSIONS FOR THE CLAUS REACTION

= . (8 mol/gh B ‘mHg)
vSubSEriptf1,72, and 3 represents H S SOl{“add(HiO
. respectively. | | }
: Investigator o o ‘Catalet

Taylor and Wesley (195) - ;‘1 /,Pyrex glass

R, = k P! °® pz AR ¢
', McGregor (148) R ' SR 'Pofocel

“-R,=2. 198exp{- 3819/T} P°'°53 P°-35‘ : (2.

-R,=1. 292exp{ 3573/T}(P°-°°“p° 874-0.504P%- 9°2) (2.

v Dallé‘Lana et al. (57) - . 0 Porocel
T RS T T SR
=R, =1.129 exp{-3744/T} - _ : , : (2.
| e  1+0.00423P, 5

George (85) I o Co-Mo-y aluminé'

| | ko exp{-2768/T} P, | .
= (1+0.1P3) : , S

¥ - g
Kerr'et all,(116) ' o  bauxite and y-alumina

~-Ry=ko exp{-2527/T}

[HgS] [50,1

([H2S1[s0,] - [H,0l[Sn]l) | (2.

[H,0] [sn]

s

%

11

4)
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Table 2.1 continued
Dalia‘Lana et al. (56). | L ~y-alumina -
P]vpg»',s

" -Ry=0.92 exp{-3700/T} o (2.10)

({+0.006P;3)*

O
Liu (135) B o o y-alumina k
~Ry=0.7 exp{-3509/T} T ,
. . : ,Pt‘Pg!s o - | )
- - — _ (2.11)
[141.15%10°5 exp(3157/T) By1* P,1/%"
Blanc et al.k(23)A‘ 3 activated_alumipa>
-H@<k, exp{1938/T}
P, PS *-(1/VK) P,PY ¥ e
- - (2.12)
(1+0.0842p,)° 5~ \ '
) - P% Pl
where K = (———) ™
m s ' ,P§ P, , : -
mi
- McCulloch (145) Kaiser S201 alumina

ko exp(-7995/T) P$-%% p,g-3% = -
R1 - - . — ) : (2.13)
: v (1+0.0037P,)? -




T2
“hthe\éxperimental“and»computed“valuesthanging oreatly' | /“\*
| ‘The rate expressiOns (2. 4), (2. 5) (2 7) (2 8), (2. 10)
and (2 11) are expressed ‘without the reverse reactlon term
The reverse reaction rate term in equatlon (2 6). was chosen

. R
to account’ for the retardlng 1nfluence of water. Dalla Lana

e

et al. (57) have ‘shown - statlstlcally that the reverse

reactlon contrlbutlon was . negllglble for those exper1mental'
Vcondltlons and the retardlng effect llkely or1g1nated from

1nteract10ns between water molecules and act1ve 51tes on the

surface (asrshown by equations (2 7), (2.8), (2.10),'(2.1T),

. . . : . A
(2.12) and (2.13) ). e e , . S
r o :

L1u (135) did not detect SO; as a product _when Claus
reaction products,'sulfur and water, were 1ntroduced ‘to hlS

reactor at different temperatures ‘and comparable or even .
hlgher partlal pressures than used 1n any of hlS '

S

measurements.

The Blanc et al. (23) rate’ expre551on is based an the
P
rate of forward reactlon. The reverse reactlon rate was

constructed to meet the crlterlon of thermodynamlc S

-

consmstency.ngwEvsrj the sulfur partlal pressure in the1r

equation . (2 12) has been deflned somewhat arbltrarlly
Equatlon (2 12) shows a - small actlvatlon energy compared to' ’

\\ those in equat1ons'(2 7) and (2:10). ‘The Dalla Lana (56)

5

expression 1s bel1eved to be free of fllm and pore. d1ffu51on
11m1tatlons, while the pore. dlffu51on effect has not been

e11m1nated in developlng the rate expre551on (2.12). This

‘could partly be respon51ble for the1r low value of
2 ‘ : :
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actiyation energy, because in the diffusion-limited region,
the observed'aetivation energyvshould'be.leSSwthan the

intrinsic one (181).

The reverse reaction: expre551on (2. 1:\
: obtalned by 1n1t1al rate studles. The un ts of pressure used
in the orlglnal McCulloch (145) rate expﬁh551on wals the

- Pascal The parameters of the McCulloch exp53351on s_sho§n>
“1n table 2.1 have been adjusted to mm Hg un1t for essure.
,Thls fac111tates the comparlson between equatlons (2. 10) and
(2. 2; The absorptlon equ111br1um constant for water 1n
“equat1on (2.13) is of the same order of magnltude as those
’1n equatlons (2.7) and (2.10). Thevactlvatlon energy for the;.
reverse Claus reactlon 1s almost tw1ce that of the forward
reactlon and 1mp11es the endotherm1c1ty of the reverse
react1on. The order af reactlon w1th respect to water (O 89),
‘is almost 1n agreement w1th the .order’ requ1red for |

thermodynamlc con51stency (unlty) This is not however the

v

‘case w1th the sulfur term wh1ch requ1res an exponent of
0.187s. | | o
With'the~exception of -equation (2.11), the rate .
excressions in table 2.1 arefemoirical> The reliability of
'the rate expre551ons would be expected to 1mprove when they
are. ‘based On surface chemlstry studles. L1u s (135) rate

'expre551on has been developed u51ng»the 1nfrared»
”"spectifscoplc results. He constructed varlous reaction

h
: mechanlsms*and the1r correspondlng kinetic models con51stent'

K

-w1th the chem1ca1 observatlons. {The expre551on (2 11) was



. the kinetic modeL which'best1correlated‘his:measuredv,‘

reactlon"Yate data.

A

“Dalla Lana (56) states that - the s1m11ar1t1es between

s

express1ons-(2 7) and (2.10) 1mpl1es that these kinetic

'expre551ons are more generally appllcable,vs1nce they are
'based on different alumlna catalysts. Then, the pr1nc1pal

characterlstlcs observed for the forward term of Claus rate'

'jeXPre551ons (23 93, 94) are. u}ﬁ RS L
1,.lorder of unlty with respect to H.S,

2. order of 0. 5 w1th respect to. Soz,:‘g“d T -

-

3. '1nh1b1tlon by water.

i . : : t ) : ’

2.5 Claus Catalyst Deactxvat1on

’The deactlvatlon of a Claus catalyst is a complex

fe

‘ phenomenon whlch may be - d1v1ded 1nto two categorles'

1rrever51ble aglng and revers1ble aglng (-1, e,, the act1v1ty.'

&
can be recovered thr0ugh an appropr1ate‘regeneratlon)

Mechanh/;s 1nvolv1ng alteratlon of the catalyst

»structure, e.g., modlflcatlon in the texture (sp\ETflc area,
S -

. _por051ty) due to s1nter1ng, attr1t1on, thermal aglng or

b

_recrystalllzatlon and phase-changes (94, 95, 116) are
v1rrever51ble aging processes.vIn general thetdlaus
’catalyst gamma- alumlna, transforms and loses part of 1ts
,act1v1ty when the temperaturé exceeds, 873 K (95 11?). Kerr

-

et al. (116) observed that the surface area decreases'in

s

'proporqlon to. the temperature and attrlbuted the surface

;area reductlon to the collapse of the small pores. ThlS



. sulfide.-

thermal transformat1on 1s to be av01ded durlng the'-

regenerat1on of the catalyst and sulfur desorptaon on the

[

occa51on of shut downs. The thermal aglng of gamma alumlna

ST N

is however, limited. The catalyst after three to- four years

:ofiserv1ce_reta1ns a surface areaiofﬁabout 150_m?/g~(95)y

. ~which fs'hlghgenough for éood conversion ofkhydrogen v

s

.

) The depos1t1on or formatlon of a forelgn substance on q

;kthe catalyst surface, e-. g., by sulfatlon, cok1ng, “or sulfur

L
* BN

*hcondensat1on could deactlvate the catalyst but the act1v1ty'

‘(116)' The quantlty of elemental sulfur adsorbed by ‘the

can be recovered through an approprlate regeneratlon.

~

L The sulfur'dep051tlon‘on«the Claus, catalyst rs belfevedﬂ

to arlse from two mechanlsms-'adsorptlon and condensatlon
Y
catalyst 1s a functlon of the catalyst temperature and the

concentratlon of ‘the sulfur in the gas phase. Typlcal

v

’catalyst contents of adsorbed sulfur 1n the f1rst and second C

~

convertors 11e between 3'to- 10 welght percent (116)

| McGregor (148) and Karren (113) detected 10 and 2 we1ght

percent sulfur on the1r used bauxlte catalyst respectlvely.,

“Boldlngh (24) could reduce the sulfur content of an,“,

vart1f1c1ally loaded alumlna catalyst to a m1n1mum value of 4

we1ght percent, after heat1ng the sample for 500 hours at

a

Elemental sul fur condensed on the catalyst surface is a -

severe deact1vat1ng agent and is generally the result of

l
operatlon of convertors at.- low temperatures. The condensed

-
. ;

¥,
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4

'elemental sulfur ‘can be present up to levels of th1rty

_welght percent which then can completely deactlvate the
’; catalyst (98‘-116)L Pearson‘(167) however found . that a 50

‘ welght percent sulfur load1ng can be aéhleved on actlvated
alumlna S$-201 type. A 30 to 35 we1ght percent sulfur load1ng
‘produced only a- mlmor 1055 in H 2S/80, conver51on eff1c1ency
“of hzs catalyst (167) The deactlvatlon due to condensed

sulfur from sub dew p01nt operatlon can, however, be
E

i

;corrected by the 51mple expedlent of 1ncreas1ng the
‘-conve;tor temperature (90,‘91, 99, 173)." | |

| ' The.thermal‘decompositﬁon of hydrocarbon'impurities'of
an ac1d gas 1n the furnace of the Claus plant {frms carbon.
Carbon can exist in the forms of coke, a. flnely dlspersed
-powder;‘or glossy carbOn, or hydrocarbon sulfur complexes.
'fBotb deactlvate the Claus catalyst by blocking the pores
(116). Cok1ng is an upstream phenomenon,-1 e. the coke
‘content of ‘the catalyst is h1gher 1n the;flrst convertor
compared to thatjln the second convertor. -

£

The major deactavatlon agent for the Claus catalyst is
-'belleved-to be from sulfatlon (29 94 95, 116 170) The
»sulfat1on has generally been regarded as - the consequence of
ox1dat1on of. SOz on the catalyst surface (95, 116 135,
166) The adsorptlon of SO3 vapor is the most effectzve way -
‘ of formlng sulfate on alumlna (95 135, 166)' It 1s not-

| known whether the formatuon of sulfate from SOz and O2

’

“proceeds dlrectly or via format1on of 503 (135)
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Kert et al. (117)'concluded from their.experimental
work that'inlthe absence of SO;ié} 0., sulfation rates are
very small. They assumed that the chief poisoning agent was
FeSO, and'Shoved that it may be produced from FeS, a
reaction favorable over the temperature range found in the

Claus plants. The enhancement of sulfation in the presence

7'of ‘H;S was explalned to' be the resultant of the format1on of

FeS (117) lv

Hyne and Ho (109) have shown that the reverse Claus
reaction can~generate sulphurlc ac1d capable of, sulphatlng
the alumina catalyst. _ .

According to Quet et :al. (l70) ‘the sulfates, . from the

presence of H, S and SOz‘w1thout oxygen, or from the presence

S

of . sulfur vapor wlthout oxygen, do not affect the - act1V1ty

'of Claus catalyst 51gn1f1cantly The1r catalyst remalned at

nearly constant act1v1ty for ‘a long time under ‘the above

Mentloned cond%t1ons. These sulfates are named "neutral"
compared to the "bad"'sulfates which contrlbute to fast
deact1vat1on and are formed by the presence of Oz and/or 503
(170). |

The extent of sulfatlon depends on. the temperature and

:fconcentratlons of»Hz ‘ SO,, SOa, 02, and elemental sulfur

'-through the establlshment of equ111br1um (94) Sulfation

o 1ncreases w1th low H S concentratlon, high S0,, and Oz

4

concentratlons and low temperatures (94) Kerr et al (117)

found that under process condltlons, sulfate concentrat1ons

. on"the catalyst 1ncreased~downstream in the convertor beds.
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This can be explalned by con51der1ng that there are lower

temperatures and lower H;S concentrat1ons in the- second and,

th1rd convertors compared to those in. the f1rst convertor.,'
There ‘are commerc1ally advert1sed promoted alumlna

catalysts available that are clalmed to- re51st sulfat1on and

\\\ to be’ 1nsen51t1ve to oxygen in concentrat1ons up to 2000 ppm
L \\(67 170). - .,ﬁ S
2.6 Claus Catalytic Convertor" l T LEPEREE N “vl(

In the modern Claus sulfur plants a number of catalytlc"
- stages, usuilly three or four with 1n between sulfur
condensers are used to 1ncrease the yleld of the elemental

»

sulfur, since th. high temperature of a s1ngle reactor woulddu
11m1t the converizoh.of hydrogen sulflde to the. low o
>equ111br1um values. ;ecoverles of 94% to 96% sulfur in the
feed can usually be attalned with three catalytlc reactors.
, (59) DA L :" \\".
The catalytlc convertor\\bf the’ Claus plants operate at'

temperatures below 700 K where the reactlon between H, S and

2 v .

-so, is exothermrc, thus equ111br1um conver51on.1s favored«by
,decrea51ng the reaction temperature. The reactlon can also
lbe pushed to- h1gher conver51ons of H.S by removal ‘of the .
“product sulfur from the react1on phase. These prrnc1ples_;:

have been used in the development of operatlon of the Claus

convertors at temperatures below the dew po1nt of su\fur

vapor (52 99; 173) Dur1ng sub-dew p01nt operatlon\\the

product sulfur condenses in the pores of the catalyst and asj

&
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a result the catalyst loses’ its act1v1ty Th1s w1ll
: nece551tate catalyst regeneratlon. | '

The flrst commerc1al sub dew p01nt Claus convertor, the -
"Sulfreen Process" was developed by Lurgl Apparate~ Technlk
and S.N.P.A. (52). Actlvated carbon was used as the catalyst -
in the‘first commercialeulfreen‘plant. Ib more recently“
installed Sulfreen plants, actzvated alum1na is used as the'
catalyst (167) The overall removal\eff;c1ency.of two“Claus._
convertors plus a Sulfreen_plant_hasdbeen;reported to reach
99% (138). . -

The Amodo‘coldbed_Adsorptlon (cBA) units are also based
on sub-dew pointvtemperature'operation, It is similar to the
) Sulfreea proceSs except that lt'usesvprocess gas for
regeheration and,cooling.‘The overall conversion forithe two
Qlaus;conVertor and two éBa cobvettdrs;’one CBA in
'reoenerationvmode;.and the-othersin adsorption'mode,‘is from
98 to 99.3% (157), - ! - ’

“The MCRC sulfur recovery process (99) also employs
sub—dew point operatlon ThlS process is de51gned w1th

.elther three or four catalytlc convertors. Its d1fference
'w1th the Amoco (CBA) process 1s that it operates the‘second‘
"stage Claus convertor at sub dew p01nt temperatures. The
«»MCRC overall sulfur y1eld has also been reported to about
©99% (99). | |
| The catalytlc convertors in the Claus unlt‘are de51gned
for -a space veloc1ty of about 1000 SCFH of reactant gas

mlxture per cub1c foot of catalyst bed volume. The beds are

i
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shallow} yiderand insulated. The catalyst is contained in
' horiiontal drums about eighteen meters long and four meters
in dlameter w1thlflow downward through the bed which is
'packed to a depth of one meter. ’
.2.7:ﬁode11ing~of Fixed Bed;CataIYtic Reactors
Various kinds of models have been proposed for the

heterogeneous'catalytic reaCtions, ranging from the very
simble ones'to some recentiy proposed very sophisticated
‘ones The degree of sophlstlcatlon used in the modelllng
depends on the process, f.e;, the reactron ‘sc¢heme and its

: SenSlthltY:ln the operatlng-conditions. However, the ‘degree
‘.Qf\accuraCy of'any model.w0uld‘depend;on the accuracy of
:f kineticnand transport parameters. froment (éi) ‘has reviewed
the models of: the catalytic flxed bed reactors up to 1979.
”Th1s survey w1ll employ the Same categorles of the models as
~;was used by Froment (82). T o

| The models of fixed- bed catalyt1c reactors can be
jd1v1ded into two main categor1es* pseudo homogeneous models
Awh1ch-do not account exp11c1tly f0r~the presence of

catalyst, and heterogeneous models which do by Separate.

rconservatlon equat1ons for flu1d and catalyst phases. W1th1n

each group the models are cla551f1ed in order of 1ncreas1ng-

‘complex1ty,

}
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2.7.1 Pseudo-Homogeneous Mcdals

These models consider only the macroscopic temperature
and concentration gradients. The most gengral model in this
catégory is the one thch accounts for both radial and axial

'mixing. The steady state conservation equations for this

model are:

)

+

(1/r)a(r Dr ac/ar)/ar' a(-V, C+Dz.?C/32)/az - R=0 (2.14)

(1/r)a(r Kr oT/dr)/or

+

9/9z (Kz 3T/3z)

: N ~ -
- G3(Cp T)/3z+(-AH)R 0 ' (2.15)
where the rate, R is exprésséd\per unit volume of the ‘-
catalytic bed. ~ _ : =
2.7.1.1 Plug Flow Model ‘
The 51mplest ‘model in the pseudo homogenous
category is the ideal model wh1ch neglects radlal and
axlal mixing. and con51ders the overall flow as the bﬂly
transport mechanlsm In thlS model velocity could be
still a.function of reactor dépth because_of'

P

1. changes in the number of moles due to the reaction:

0
* . £

2. ‘pressure changes with z; -
- 3. temperature chéhges with z.
'Bilous and Amundson (17) “and Van Wéléenacre and
Fromg@t (202) - ‘have con51dered thls 51mplest model in the
'modelllng of the nonad1abat1c convertors. They have

found hot spots in the bed, yhlch is typlga%/for
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strongly exothermic processes. The magnitude of the hot -

spots depends on the enthalpy change on reaction, the

rate of the reaction, the heat transfer coefficient and

ransfer areas. Its location depends on the flow
velocity. This model has also been used in optimization

in case of multibed processes (137),

- 1.2 Pseudo-Homogenous Model with Axial Mixing
) ”5B; second model ir“this group is the
oné—dimensiqnal model with éxial mixihg. Due to the
turbulehce a -preSence of packing, mixing in the axial
direction occurs, which is accounted for by
superimposing effective transport on the overall
transport by plug flow. In principle the effect of the
axial.mixing is to reduce concentration and temperature
~gradients and results in lower conversion. Danckwerts
(58) has-p:oposed the following boundary conditions for

models 'with axial mixing: e "

4 V. (C-Cc® ) = ‘Dz ac/az

f _ ya M . at z=0 (2.16)
PV, Cp (T°=T) = -Kz 3T/dz
8C/dz = 3T/dz = 0 at zsL  (2.17)

Validity of this set of boundary conditions has

been reexamined from various point of view and

L_—

approaches (20, 72, 106, 164, 200, 207). Wehner and



Wilhelm (207) showed that the role of the catalyst
support does not enter in the results of the part of the
bed in which reaction takes place and hence justified
the Danckwerts relations for the first-order reactions.
Péarson (164) has also reached the same conclusion.
Bischoff (20) showed that the conclusion of Wehner and
Wilhelm is cérrect‘fdr reactions of any order. The
Danckwerts boundary conditions hold for the unsteady
state systems if no diffusion occurs in the support
section of the catalyst bed (200). '

The axial dispersion model has been used
frequently, more particularly for adiabatic beds,
because it might lead to the possibility of more than
one steady state (103, 104, 105, 172).

The effect of axial mixing on conversion, for the
flow velocities encountered in industrial(pract{ce, is
not important when the bed depth exceeds about fifty
particle diameters (112, 40): Hlavecek and Hofmann (10%)
have shown that multiplicity can occur even for high
P;;let number, i.e. long beds, for strongly exothérmic
reactions with high activation energy. However, the
range is rather narrow ana the profiles in the multiple
steady staté range are very close. Usually through thel

. \ :
entire range of axial coordinates the profiles coincide;

- the great difference exists in the immediate

neighborhood of the reactor outlet only.

» 3



temperature profile in thevcross'sectlon of the bed. .

Young ‘and Finlayson (218) have questioned the

conclusion reached by Carberry (40) that the-axial

dispersion 1s un1mportant when L/Dp>50. They have shown

(that the importance of ax1al dlsper51on is pr1mar1ly

dependent on the magnltude of the'max1mumvtemperature

and conversion gradients. If axial dispersion is to be

*negllglble, then the makimum absolute'value of theh
- conversion gradlent should be less than or equal to the
ratlo of the veloc1ty to the ax1al dlfqulon v .

e‘coefficient- and the maximum absolute value of - the'

temperature grad1ent should be less than or equal to

(pV Cp/Kz) (218) . To check Young s cr1ter1on, the tﬁ“%k_,

o

,‘magnltude of conver51on and temperature gradlents .can be

Y

obtained elther from exper;mental data or may. bef

approximated,from numerical.computations using the
matheématical models which neglect axial dispersion..

2.7.1.3 Pseudo-Homogenous Model‘with‘Radial'Mixingf- o
For nonadiabatic reactors, it is necessary to
develop a two dimensionalmedel‘because'of“a non-uniform

o

This leads to the third olassvof pseudo-homogeneous

~models, the models which cbnsider»radial‘heat and mass

dispersion‘in_equationu(2.14) and (2.15)‘but neglect

--ax¥al dispersion terms.

Several investigators,(Z, 74, 77) have studied
pseudo-homogeneous reactor hodels with radial
dispersior. Such a tondimensionalmeQel was solved by

1 N
=
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' ‘means of'thé‘finite difference method (77), and /
jrorthogona1~collocation (2, 74). | " .
‘ 'According to Ahmed and Fahien»(2)- in the .

'conventlonal orthogonal collocatlon method the
temperature and concentrat1on at the center of the

'packed bed convertor are not obta1ned accurately s1nce

there is no collocat1on p01nt at the centerv Thus, theyv

used central d1fferenc1ng in ‘the v1c1n1ty of the
//7

fonvertor center 11ne. T e T f : g

V4

S Finlayson (74) concluded’that the orthogonal

collocation method is an eff1c1ent numerlcal method for

;solv1ng the equat1on§ govern1ng packed bed reactors with ~

;,radlal grad1ents.4
One of the mod1f1cat1ons 1n the area of modelllng a

fixed-bed reactor 1s the con51derat10n of radlal
veloc1ty proflles. In a packed bed the veloc1ty profile
1s flat near the center 'rlses to a peak near the wall
and falls rapldly right at the wall (32, 66, 155, 182,
185). Leron and Froment (132) found “out that the
veloc1ty profile that ~is 1nversely proportlonal to the
:poros1ty proflle leads to a correct predlctlon of the
radial temperature profile, whlch is comparable to the
experimental data ‘in bedsAwithoutvchemical‘reaction.

o The veloclty profile induces a radial variation ln
effective radial thermal conductiVit}.and‘diffnsivity'

(2, 74, 125, 132, 182) There are two methods for

1ncorporat1ng effectlve radlal thermal cqnduct1v1ty. One

.
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“is, to assume a. un1form radlal thermal conduct1v1ty, and
X N \

1ntroduce a heat transfer coeff1c1ent at the wall to
\

3

'account for the hlgher re51stance at the wall. The other"

&

‘1s to vary’ the effectlve radlal thermal conduct1v1ty
- with radius (BZ) |

The two ‘dimensional pseudo homogeneous model wh1ch
‘1ncorporates radlal veloc1ty proflle has been |

1nvest1gated by Flnlayson (74) Ahmedwand Fah1en"(2),'L

and Lerou and Froment (132)

bFlnlayson (74) used ‘the 1sot§§rmal veloc1ty prof1le
data of. Schwartz and . Smith (185) and the effectlve‘
rad1al thermal conduct1v1ty correlatlon 0f. Baddour and

Smlth (7). He ‘concluded from his modelllng results that

]

the veloc1ty proflle model could predlct a wall heat
transfer coeff1c1ent whlch when used in the plug flow

model could gIve 51m11ar temperature and concentration

]

predlctlons._ o N

The Lerou and Froment (132) veloc1ty proflle model
Y

o

of the catalyst reactor predﬁcts more sen51t1v1ty to

“

var1at1on in the 1nlet and wall temperatures relatlve to

the unlform veloc1ty model. It also predlcts runaway

where the model w1thout the veloc1ty proflle st111

predlcts a saée operatlon o

-

1

Ahmed and Fahien (2) have used the veloc1ty proflle

correlatlon of Fahien and Stankovich (71). They also d

J

[

‘allewed for the radlal varlatlon of effect1ve o,

d1ffus¢v1tyiand.thermal conduetlylty. The1r model}was

- .

”
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:.testedtagainst the eXperimental data‘from‘thelaboratoryb
reactor of Schuler.ét alf{(l84) for,oxidation of sdlfurt
tdioxlde‘to sulfur trioridefover avplatinum catalyst ih‘
the presence of air. Throughout the length of the .
.reactor the conversion obtalned from the1r model agreed
quite well w1th the experlmental values. The1r model v‘
predlcted the temperature at the hot spots and the hotl
-t°spot locatlon very well The calculated center l1ne

'temperature agreed reasonably well w1th the experlmental

‘ measurements,-exceptgtowards the end,of-thenreactor.

"}2{751.4 fseudoeﬁomogenous Model wjth Axialland’Radial
JMixing' | 7 o AR A
~ The fourth cla55'of>models in°theo"
pseudo homogeneous category is the two dlmen51onal model
wh1ch also 1nclude axial m1x1ng Feack and Quon (73) _ 3
used the Danckwerts boundary condltlons whlle, Young an!.
Flnlayson (218) cons1dered rad1a1 dlsper51on Qn their
boundary cond1t1ons. Both 1nvéstlgators ‘used a- un1form
Akveloc1ty prof1le. |
Fe1ck and Quon (73) used a finite d1fference
"approach to solve the'ax1al—rad1al d1sper51on
nonadlabatlc reactor model. They presented'thevmodelling
results for a hlghly exothermlc reactlon with |
f1rst order Langmu1r Hlnshelwood klnetlcs.kThe1r reactor
has the length of 50 ‘and diameter of 10 catalyst
partlcle dlameters. Pheir results showed that most of
'Lthe reactlon occurs in, the flrst half of the reactor and

TN

?

v
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ﬁ1n the area of the center llne. Feick and Quon'(73)
observed a hot spot along the center line and‘a m1n1mum

‘concentratlon at various . rad1al p051tlons except at the -

3

wall, These observations are the result of d1rect

:coupllng of ‘the radlal dlffu51on of heat toward the’

t

reactor wall and a counter dlffu51on of reactants 1n the’

.=opp051te dlraﬁtlon toward the reactor center(73) " The

' authors 1nd1cated that the reactants would dlffuse

& - -
ax1ally backward agalnst the-convectlve flow-d1rect1bn'

in the second half of t reactor;AThis happens as-the
result ofxradlal dlffu51on of reactants and the fact

that the temperature is not hlgh enough to ma1nta1n a

:.h1gh rate of reactlon in the second half of ‘the reactor

-

‘_(73) Thus Que to both ax1a1 and radlal dlffu51on,»the
high reactlon zone near the front of the reactor is
ffsupplled with the reactant from the low reactlon, hlgherr-7

- ¢

‘concentratlon, areas of the reactor. Hence, Ferck and
Quon (73) concIuded that a model wh1ch doeslnot aecount t
for radial and ax1al dlffu51on gives a rather ’
viconservatlve estlmate of converston._;

| Young and F1nlayson (218) used a general two
d1men51onal model w1th axlal m1x1ng, to simulate

‘ experlmentaﬂ results of Schulterfet al‘“(184) .They'
assumed constant thermal conduct1v1ty over the cross

' sectlon and accounted for the h1gher“wall re51stance by

using a»constant transfer coeff1c1ent at the wall,

However, instead of predicting theAheat'transfer



. paﬁameters auprfobi;"they‘were'obligedjto adjust“them"
until they obta1ned the des1red results.TThelr results
rWere found. to be - 1n a good agreement w1th the T
‘experlmental results. Only ‘the temperatures near the hot‘“
spots depart 51gn1f1cantly from the experlmental values.
.They concluded that both the axial and radlal ‘ |
—dlsper51ons are 1mportant in the experlmental SO,
»oxldatlon reactor of Schulter et al (484)

Ahmed and Fah1en (2) used the same soz oxldatlon

data to evaluate the performance of. thelr model wh1ch

h{neglected axlal d1spers1on, but accounteo- ) e’radial
. velocity, - thermal conduct1v1ty and dlf' ty‘proflles;
.Ahmed and Fahlen (2) used a d1fferent odeation rate
expre551on than Young and. F1nlayson (218) ThuS'ab |

~comparlson of the- performance and goodness of the fit of.

the twolreactor’models is difficult to ma}e.ay

o

2, 7 1. 5 Approx1mate Two D1mens1onal Pseudo-Homogenous
Model . ' T« )

. - 'To reduce the computatlonal ‘time w1thout loss of
much acquracy, modlfled one- d1mensaonal models haVe been
| developedv(3,;l47). In this model the radial temperaturevﬂ
and conVersion profiles‘are appro;imateddby polynomials,

s

‘and axial dispersion is neglected Ahmed and Fahlen (3)

- have used'polynomlals of variable degree whlch are’;“ -

calculated at each axial p051t1on and no parameters
needed to be obta1ned emp1r1cally or assumed The1r

method, however, requ1res the 51multaneous solutlon of
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five ordinary differential equations at'each7ax1al

'p051t1on. The Ahmed and Fahlen method is believed to be"

»”

R appllcable to a w1de range of reaction klhethS (3). .
\
The McGreavy and Turner: (147) method ig based on a
"third.order polynom1al curve f1t of the conver51on' . f.

N

‘profile and an eleventh order polynomlnal for !
temperature prof1le. They used an emplrlcal equatlon to
_1mprove the var1at1on of concentratlon and temperature

with aX1al p051t10n. Three parameters 1n thlS expre531on

=

wvere emp1r1cally determlned Their results vere g1ven

-for first-order: Arrhen1us k1net1cs. The McGreavy and

e

Turner (147) method requ1res the solution of two

L]

< ordlnary d1fferent1ab equatlons at each ax;al p051t10n‘
along vith a number of algebra;c-equatrons.
2, 7 2 Heterogeneous Models

These models dlstlngulsh between conditlons 1n the
f1u1d and on .the catalyst surface. They are d1v1ded further
into - two groups' a. group accountlng for 1ntrapart1cle~ L
gradlents, and another neglectlng 1ntrapart1cle gradlents
.'Each group can then be d1v1dedf1nto one d1mens1ona1-and two

w

dimensional models. .

In the heterogeneous models,,the complex behav1our 1n
the reactor isg concentrated in, two homogeneous phases, in
’the flow1ng flu1d and in the frxed catalyst, or in the

. ' number of cells. behav1ng llke a non- 1sothermal CSTR.

¥
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2.7.2.1w1-Dimensfonal-Heterogeneous Model:iinterpartfcle
Resistances | '} ‘

.Liu'and Amundson (134) deyeloped'a continuous
two- phase model for tHe analys1s of packed bed reactorsi‘
without 1ntrapart1cle réswstances to heat and maSS flow.‘
Their model is one d1mens1onal and assumes that the" a
reactlon is controlled by }ntarphase effectsu i

: The'distfnctionfbetween the COndltions in*the £luid -
"and on the\solld leads £6- the’ problem of stab111ty and .

‘;‘multlple steady state solutlons. The. heat produced on

tthe Catalyst surface 1s a 51gm01dal curve when’ plotted
as a functxon of the partlcle temperature, and the heat
removed by the flu1d £ilm surround;ng the. part1cle is-a
!stralght 11ne (133 134) " The steady state -is glven by
.‘the 1ntersect1on of both l1nes, three 1ntersect1ons,

-“therefore three steady states are p0551b1e (133, 134),\
1The 1nstab111ty of a 51ngle catalyst pellet, then )

through the contlnuity'of the mathematical model can

-:result in a large number of multlple solut1ons for the

axlalyproflle‘of temperature (13§ 134) Llu,and_

}kmundson (134) have neglectedathe axial couplingfbetween

the partlcles. o A | - rru | , | P
Elgenberger (69) has mod1f1ed ‘the Liu and Amundson

(134) model by 1nclud1ng the effect of heat conduct1on

- in the catalyst phase. He has concluded that the

:1nf1n1te mu1t1p11c1ty of steady state solutions of L1u

and Amundson is reduced to a few by the effect of axlal

1 -
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- heat conduct1on in . the catalyst phase. Elgenberger (69)

" has also 1nveStigated the . effect of dlfferent boundary

in the catalyst phase can occur. '

condltlons in the frontal surface of the catalyst bed. °
Accordlng to his results, a- radlatlon boundary condlmlon

should be cons;dered, when a.hlgh temperature‘can ‘occur

2.7.2.2 2—Dimensional Hetérogemfous model: Interparficle
Resistances |
Feick and Quon (73) developed-a*tWoldimensional,

£wo phase nonadlabatlc model wh1ch neglected the

1ntrapart1cle res1stance. Thelr model predlcted much

'vless conver51on for ‘a hlghlyuexothermlc second order

__reactlon compared to the two dimensional

pseudo homogeneous model They have po1nted out that

7thls 51gn1f1cant dxfference in conversion is due to the

're51stance to the,heat and mass transfer between the

partlcles and the/ bulk flu1d

//
/ e -

2.7.2.3 Heterogeneous Model w1th Inter and Intrapart1c1e

'Reslstances _ -~

Several investigators have‘considered the”effect of
both interphase_and intraphase,transport resistances
(35, 63, 64,r7§,‘327,'128, 147). The role of |
intraparticle gradients is freQUently reduced to an
algebraic term to'simplify»the.analysis, namely the.

so-called effectlveness factor. In its classical sense;

the effect1veness factor ‘is a. factor that multlplles the

14
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_react1on rate evaluated -at the condltlon ‘at the externalf
'surface of the pellet to y1e1d the ﬁﬁte actually . |
'_experlenced by the partlcle (82)

Cappe111 et ‘al. (35) 51mulated the methanol
synthes1s reactor u51ng the oneﬂdlmen51onal two—phase

'-model They con51dered 1nterphase and intraphase

'gradlents but neglected axial dlffu51on and conduct1on.

™~ 4

‘lThe1r results are in good agreement w1th the industrial

results. Theﬁfllm transporthre51stancesiyere found tovbe
'.negllglble. e .'.‘ -_ : ,;~ ‘7':f 4~: .
The two phase, two d1mens1ona1 models whlch 1nc1ude

both 1nterphase and 1ntraphase re51stances have been

o developed\by'Felck and;Quon (73) McGreavy and Cresswell»'

(147) and’De‘Wasch and Froment (63) The.dlfflculty

A encountered w1th the two d1mens1onal two | phase models
arises from the heat transfer whlch in contrast w1th
‘mass transfer, occurs through both the fluld and the“
SOlld phase (82) Thus, De Wasch and Froment (63)
developed their two- dlmen51onal two—phase model taking
into account the radlal dlsper51on of heat through the
'~solld phase. They claim, that the models whlch do not:
account for radlal heat transfer through the solid phase
are not reallstlc, because up to twenty f1ve ‘percent of
. the rad1al heat transfer occurs through the SOlld (63)

_ and the. temperature -and concentratlon prof1les are very

'_sen51t1ve to effeqtlve.thermal‘conduct1v1ty. The

' De Wasch and Froment”modeliconsiSts'of‘a‘two—dimensiqnal
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fluld mass and temperature balance, and also a balance

on a thin layer of the solid. They introduced the

N 1ntrapart1cle effects by an effectiveness factor.

. ~The Feick and Quon (73), and McGreavy and Cresswell
(1%7) models have implicitly aSSumed that heat is only
transferred'thr0u§h the fluid phase.

De Wasch and .Froment showed that when the McGreavy
band Cresswell model predlcts runaway, their model ’
pred1cts -safe operatlon.

Finally Lee (127) proposed'an approximate approach
for the de51gn and analysis of fixed-bed catalytlc
reactors in which the 1ntraphase diffusion is 1mportant

Lee (127) transformed a heterogeneous,
two—dimensional phase reactpr problem’into a:
pseudo-— homogeneous reactor problem by use’ of a
generallzed effectlveness factor whlch is expressed
solely in terms of bulk fluid temperature and
- concentration.- The approximations of Lee s method are:
1sotherma11ty of the catalyst pellet; negllglble
interphase mass transfer resistance; approxlmatlon of
the concentratlon at the pellet center by the

»

concentratlon correspondlng to a pseudo-first-order

)

reaction; and ‘approximation of a rate constant ratio by

¢

the first-order term in Taylor series expansion. Lee
(127) checked the above approximations and’ concluded
that for most reactions under realistic conditidns they

“are valid.
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2. 7 3 Reactxon Rate in Heterogeneous Models

The heterogeneous models of sectlon 2.7.2. account

explicitly: .for the presence of catalyst pellets. In these

models the observed (global) ‘reaction rate may be influenced
by the transport-process: heat and mass transfer between the

flu1d and the solid (1nterpart1cle resistances), or inside

‘'the porous catalyst pellets (1ntrapart1cIe re51stances)

2.7.3.1 Hnterparticle.Transport Resistances

Film-transport resistances between'the catalyst
_pelleg surface and the flowing stream may not be
significantfin caSes”mhere the catalyst isionly
moderately act1ve, but become 1mportant if the catalyst
is h1ghly aCt1VE. In the latter case the temperature and
‘concentratlon on the catalyst surface- dlffer from the
observed bulk quant1t1es. .

The significarice of film reSistances to‘mass and
heat transfer is expressed in terms of heat and mass
transfer coeff1c1ents. There have been many experlmental
studies of mass and heat transfer coefficients in packed
‘bed. Sherwood et al. (187), Froment (79), Whitaker -
(212), and Dwivedi (68) have summarized the results and
the correlations. ) o

For, Reynolds number greater than 10, Dwivedl~

)

Jm = 0.458/¢ (Re)-9-407 ' (2.18)

reports: |

where
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4 Jm = kng/G (Sc)?’? o (2.19)
There have been correlation other than (2.18) for
Jh(=h/CpG Pr2/?), (60, 97). However, Smith (189) points
‘out that the validity of the difkerence between
correlations of Jh and.Jm in the absence of radiation is
uncertain, and recommends us€ of relation (2.18) for Jh.
Paspek and Verma (161) have argued that the
.yeported correlation were obtained ffom exoeriments
involving the determination of transport'phenomena in
the absence of reactlon. Hence, the gradients involved
are not as severe as those encountered in a reacting
system (161). They applied a least squares analysis of
the mass and heat transfer for the expécimental data'of
oxidation of ethylene‘in an adiabatic fixed-bed reactor.
Their J'factors‘are almost five times greater than given
by the above correlations. However, the Reynolds number

dependence is about the same as equation (2 18) .

2.7. 3 2 Intrapartlcle Transport Resxstances

In heterogeneously catalyzed reactions, the
}catalyst‘usually comes 1n\the form of a porous’pellet
and the reacting fluid hae to diffuse into the interior
of the pellet where the reaction takes.piace. If the
potential rate of reaction is small compared to the
oofentialvrate'of diffusion, the size of the pellet is
not inooftant since the concentration of the reacting R?ﬁ *

species at the center of the pellet is not very much
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different than its value at the external surface.
Otherwise, the concentration of reactant is depleted by
reaction before it has a chance to diffuse within the
péllet, and the reaction is said to be diffusion
limited. The mpdelling.of these processes will lead to a
rather complicated system of nonlinear two-point |
boundary value differential equations, _

~ Comprehensive reviews and discussion on
intraparticle transport resistances are availaple'by
Aris (6), Satterfield (180)¢"and Wheeier (211).

The first thgoretical treatment of multaneous

-

~chemical reaction and diffdfi}n in porqué{fothermal

pellets was reported si ultaneously”by  i” e (197) and
Zeldowitsch (220). For nonisothermal pellets, Weisz and
Hicks (208) have report@da full set of computation on
chemical reaction with mass and heat transfer through
. the pellets. For nonisothermal pellets, the problem is
.complicated since both re;ctant concentratioh and réte
constant, which generally is exponentially depenéént on
temperature, will bevfunctions‘of position in the
particleé : |

The €ffect of intraparticle transport’limitatibn is
frequently reduced to a lumped parameten,/"effectiveness
factor™, 7n, introduced by Thiele. Itlis_definea aé the
ratio of observed rate of reaction to the rate evaluated
at the condition of the externélfsurface of the catélyst

ellet.
pe e | /
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An 1mportant result of Thlele s analy51s was that

the effectlveness factor does not depend on. the

. 1nd1v1dual absolute values . of radlus of pores, rate

constant, dlffu51v1ty through the pores, or. the 51ze of

the pellet but on their ratlos as they appear in the

d;men51onsless parameter, called the "Thlele modulus o";

o . —

P

.reaction rate at the surface condition

¢ =L? (% — —)  (2.20)

D C,

which for first-order reaction reduces to:

p? = - : (2.21)
D '

\

'For most reactlons 1n an. 1sothermal pellet, thé

RO

effect1veness factor is less than or equal to un1ty

Certaln reactlon rate forms lead to effectlveness

factors greater than un1ty or even mu1t1valued in an

'1sothermal pellets. These. react1on rate forms exh1h1t

approxlmate negatlve order behav1or,;Th1sgeffect)was'

first'reported by Roberts:etlalls(l76)‘for

Langmulr Hlnshelwood k1net1cs and’ later Smlth et al

(190) for CO ox1dat10n. | - B
' For nonlsothermal pellebs effectlveness factors

] . B
gredter than un1ty and mult1valued have been reported

for n- th order and Langmu1r Hlnshelwood reactlon

kinetics (37, 100, 102, 190 198 208)
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Hlavacek et al. (100 101) have ‘shown that there is

only small p0551b111ty that mult1p11c1ty in porous

catalyst could occur in practlcal 51tuat10ns in- the
absence of £ilm transport resistances. However McGreavy

andere55well (146) have shown'that'multiplicity for the

"effectiveness factor may be expeeted fo;-practical

situations if external® transport limitations are

considered. = T ' o

McGreavy and Cresswell k146) used the estimated
values of the external transport coeff1c1ents (36) and
reached the conclu51on that ‘the major mass transfer

re51stance is in the pellet but that there is an

'apprec1able re51stance to heat transfer hcross the film.
:Carberry (38) concluded that the catalyst pellets behave

vlsothermally and that the resistance to heat transfer

can” be lumped at the surface.

i

_ Aris. (5) has shown that the asymptotes of the
effectlveness factor versus Th1ele modulus curves for

various pellet shapes may be brought together using the

e

ratlo of pellet volume to peflet external surface area

i ‘ Y- ¢«

as the characterlstlc d1mens1on of the partlcle ‘in the

'deflnltlon ggéthe Th1ele modulus. The maximum dev1at10n

between dlffurent shapes i's ‘in the order of 16% wthh

Moccures in the Thiele modulus range of 1.3 to 1.7 (174)

-Blschoff (22) derlved a general1zed effect1Vbness

factor for react1ons with a ‘general rate form in the

‘(absence of the external transport re51stance. His



.‘formula is an integ}al.formula- Lee (127) wused

Bischoff's result and extended the generalizedA
effectiveness factor to include the mass and heat
transfer-across the ‘pellet-fluid ihterface. -
Gottiferedi- et al (92) have used perturbatlon .
method and obta1ned analytlcal expre551on for the
effectlveness factor in anrlsothermal pellet,for njth
order reactions. Their methodfa§SUmesathat the . |

asymptotic expressions for effectiveness factor, valid

‘at small ahd lzgge»Thiele modulusuvalues,,can-beumatéhed

w1th a unlque and simple algebralc expre551on with three

' coeff1c1ents. These coeff1c1ents must satlsfy a set of
three algebra1C'equat1ons, ThEII results are valid

lproviaed the order of the reaction is greater than 0.5.

2.7.3.3.Diffusivity'iﬁ'tﬁe Catalyst Ppres

~ The analysis of intraparticle trahSport’resistances:

Py

-contains the dlffu51v1ty parameter to which an absolute

o

value can't ea51ly be a551gned Theoret1cal models of
gas diffusion in porous catalyst pgllets dre well
developed (110, 143, 206 21]) The 51mplest ‘one is

based on Wheeler s parallel pore model wh1ch emplrlcally

'accounts for- the tortuous nature of pores through a

factor called the "tort slty or® labyrlnth factor", 7.

i?

.. In thlS modelathe dlfoSIVIty through pores is

L‘mu.}lt1p11ed by the fhtlo of por051ty to tortu051ty

Pore may occur by bulk d1ffu51on or Kundsen

dlffus1on. I1f the pores ‘are large and the pressure 1§§§5
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high then the diffusion'process is that of bulk
diffusion whlle Kundsen d1ffu51on occurs for'lOW'and

moderate pressures in small pores. For the transition

4 .
i

>reglon Bosanguet (26) has given an additive resistance’

relation of the form:

e e — IR -~ (2.22)

Accordlng to Wheeler (211) Kundsen dlffu51on is
the predomlnate dlffu51on mechanlsm in pores of 10° nm or
-less, which is encountered in act1vated aluminas, up to

gas_pressures of about ten‘atmospheres{

gLfoSlon flux,equatlons of the spec1es in the
- multi ;nt system -through catalyst pores are |
vonly when'thevd;ffu51on mechan;sm is of.

mtype. In the transition and bulk-difquion

o reilon; the d1ffus1onal flux relat1ons for the spec1e; -
are strongly coupled and the problem of solv1ng the
comb1ned equatlons of dxffu81on and chemlcal reactlon to
predlct the compos1t1on proflles and effect1veness
factor appears ‘much more formldable. Nevertheless, the -
case of a 51ngle reaction -of the bulk d1ffus1on limit
was treated by Hugo (107) and for the 1ﬁtermed1ate
diffusion regime by Abed and Rinker (1) and by Wong and
Senny (21%)(jThevgeneral problem~of‘mult1component
diffusion accompanied by multiple reactions in>the

- intermediate d{ffusionuregtme has been considered by

[y



43

o

_ Kaza' et al (114,115), and‘by Sorenden and St%}art
(1) | | SRR
The problem of d1ffus1onal flux in—theﬂgnbermed1atei-
.and bulk dlfoSlon reglme can be s;mpllfled bylthe :
evaluatlon of the m1xture bulk d1ffus1v1ty at,some
- average comp051tlon. Kubota et al (124) used‘thls
‘method ang comparEd the effectlveness facton;results
’w1th the exact solutlon for the bulk d1ffuszon reglmet‘_j,
' They found that the relat1ve error is about 2% for C

average for f1rSt order reactlons.

k2 7. 3 4 Numer1ca1 Method for Predxctlon of Catalyst -

fEffect1veness Factor L L L L
In the last'decade thé‘orthogonaldoollocation

method whlch wasrlntroduced by Vllladsen and Stewart

(203) has become popular for solutloﬁ of th

effect1veness factor problem (19 41, 115,'

.two-term orthogonal.collocatron solution predlctedgthe,
’effectlvenesS‘factor withiﬁ 1% of the exact‘soluti n
(76). | - |

For large Thiele modulus} when the solution has a
" steep gradlent near the pellet surface, the orthogonal
collocatlon method w1th a large number of collocation

p01nts is needed in order to have p01nts near the pellet

surface.

¢



Paterson ansd:Cresswell (162). developed the
effective reactlon zone method ‘for large values of the
. Thiele modulus and applied the. orthogonal collocatlon
method in that zone. Van Den ‘Bosch and Padmanabhan (201)

.- have‘recommended the ¢ollocation point of 1/V2 to bé

‘-

‘used 1n the Paterson and Cresswell method of effect1ve
.reactxon zone. Vllladsen and Michelsen (204) have shown
that;the.correct cho1ce for f1rst—order reactlons 1s
'T/¢2.h'Howeuer they concluded that as the order of
reactlon 1ncreases, the collocatlon point should be
1ncreased toward one." )

Carey and Flnlayson (41), and Blrnbaum and Lapldus
(19) have 1ntroduced the method of orthogonal
;collocatlongon_f1n1te elements for situations _
'corresponding'to high ThieleAmoduius;/Thfsmhethod‘yields

vaccurate results, though ‘the- programmlng task is

difficult. = S o

2.7.4 Modelling of the Claus Convertor

The litera;ure on the design of catalytic convertofs
-for .Claus process_is sparse.'opekar and Goar (160) used the

Gaméon and Elkins method‘(83) to calculate adiabatic

w

convertor equ111br1um cénver51ons used 1n materlal and

-

energy balanceeequatlons. They, however, prov1ded no

1nformat10n regardrng the convertor size, geometry, reaction
kinetics, global reactlon control mechanlsm or the

’catalyst, It is suspected that‘the1r method is only the

S,
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equ111brfum conver51on calculatlon based on the expected

-

'temperature rlse of the convertor.
Burns et al (29) used a first-order k1net1c model for

1

the Claus reaction and expressed the extent of reactlon E

w1th z,” the depth of catalyst from the top of the bed for an

1sothermal reactor. Thelr extent of reactlon formula 1s*
B=K(1-e-z/m) = * : 5. O (2.23)

'whéfél"m" isrv./kv;.andv"k" is the first- order rate constant
for the.Claus reactlon. The parameter "K" represents an
equ111br1um condltlon and depends on the thermodynamlc |
'propertles of the gas, and - ." is a functlon gnly of
,catalyst propertles and temperature under steady state
condltlons (29). Equatlon (2. 23) has been obtalned by
1ntegratlon of the f1rst order reactlon rate expre551on,
substltutlon of z/v, for time (t), and use of»the two
cboundary condltlons for t=0 and t—w at Whlch times the

_reactlon is un1n1t1ated E= o, and complete, E=K,

_respectlvely-

Burns et l. (29) fitted their experimenta},data to
equation (2.23) and obtained'different values of ¥pn and "K"
for different catalysts under the same gas flow condition.
The smaller value of "m" which implies a higher ualue of k,
‘1nd1cates the hlgher catalyst activity (29). Burns.et al.
(29) compa?ed the "m" value for baux1te and activated

alumina and claimed that bauxite has a distinctly higher
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act1v1ty for the Claus reactlon. They also found d1fferent
"K" values: for d1fferent~catalysts. This is surpr151ng,

since by def1n1t10n "K" represents ‘an equ111br1um condition -

and- depends on the thermodynam1c propert1es of the ‘gas wh1ch

- .was the :same for the d1fferent catalysts.

.

‘The, results of the Burns et al. (29) ‘on the modelllng
“of Claus reaction can be regarded as purely-emplrlcal since
they approached the problem by assumlng ‘a flrst order
reactron° 1gnor1ng the pellet dlffu51on llmntatlon -
although they were aware of rt in the 1ntegrat10n of the
rate expression"ahd;finally obtalned different values'of
"K" for the same gas comp051t10n for d1fferent catalysts.
.Cho (44) modelled the Claus convertor as a
one d1men51onal two- homogeneous phases, adiabatic reactor.
He considered £ilm transport res1stances ‘and used a constant
Ivalue of 0.2 for the catalyst effectlvene;s factor. He
‘modelled the sulfur vapor as Sz Se- S,, and evaluated the

sulfur vapor composition. at each ax1al p051t1on and . -

temperature at the total pressure of the reactor, using the

free-energy‘mlnimlzation: The sulfur vapor composition,was
~ then used in the evaluation of the heat of reaction.

Cho (44) simplified. the mass balance equatlon by
1ntroduct10n of convers1oh which was defined as (c-ce )/C°
where C° is the feed concentratlon of the reactant. This
def1n1t;on of convers1on 1gnores the volume expan51on by ‘,@

either temperature rise or by change of the number of moles

épe to the reaction progress. He used equation. (2. 10) as the

&
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‘. rate of reactlon wh1ch 1gnores the reverse reaction term.
 His reSults show that a bed depth of one meter wpuld provide
the necessary contact,tlme for high st‘convers1on when the

,Clausuprocesspalcne is considered.
2.8 Catalyst Deact1vat1on Mode111ng E - p
Deactlvatlpn of catalysts 1nvolves 51nter1ng, poisoning
ﬁor foullng Catalyst deactlvatlon by foul1ng agents is the

‘ result of dep051t10n of substances on the catalyst and

>

: masklng of actlve 51tes, whlle catalyst pdisons cause

i

deact1vat10n by very strong adsorptlon on the tatalyst
surface. Rev1éws of modelllng of catalyst deactlvatlon by
foullng agents and/or po1sons have been given by Butt (31)

and Froment (80) °

~

Prior to the\1960fs, the deactivatipn“of the catalyst’

“

has been empirically- expressed as a functlon of process tlme

w1thout any con51derat10n to. the effect of the concentratlon '

of the reactants. Szepe and Levensplel (194) have summarized

these experlmentally determ1ned deact1vat1on equatlons.

___vE;oment—and~B%sehe%é—%ﬁ4%—geestnmnﬁhsucn an approach: They

‘ proposed the mechanisms of deactlvatlon process and
con51dered the productlon of the catalyst foullng compouﬁd
either from the reactant or from the product. If the fouling
'compouna is formed as the result of the side reaction of the
reactant, the mechanism is called "parallel"™ fouling. In the

fseries"”deactiyatien mechanism(dthe_fouling compound is

assumed to be formed by a reaction consecutive to the/ﬁagn
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' reaction. The deactivatiom by the presence of 1mpur1t1es in
‘the feed is termed the "1ndependent" mechanism.
2.8.1 Deactivation Kinetics,
“In generalvunder vénying operatiné conditions, the

. reaction rate on the deactivating catalyst at a given moment

will be a function of the en%ire,pastfhistory of the
catalyst. In the terminolpgy of Szepe and Levenspiel, a

s complete rate equation is of the form: '

R.= R{present condition, pastlcdnditioh} (2.24)

The 51mp1est p0551b1e form of equation (2 24) is the

product of two terms.

R = R°{present condition} a{past condition} (2.25)

<

This is the "separable deactivation rate expression"”

"introduced by Szepe and LevenSpiel In this form,

——*—v-ﬂ—~——4deactrvatton*woUid‘cniy‘affect—thE“reactrcn'rafe consuant

-and does not'affect the adsorption equ111br1um constants of
" reactants or products. |
The nonseparable reéction rate expression is reported
for deactivation caused by impurities in the feed, i.e.,
peoisoning deactiVation (31). Bakshi and Gavalas (9) studied
dehYdration of methaﬁol and ethanpl on silica/alumina, .

-poisoneduby.n;butylamine. In contrast to the assumption ofj
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separab111ty, they found* out that the adsorpt1on equ111br1um
constants varied with the extent - of deactlvatlon. )

- Lowe (139) has proposed a method to test'whether a '{
reaction obeys separable kinetios'bg meeéurement of the

ratio, - - // 4

R{c°, T°, al

‘Rr{c°, T°, a°}

in different activity'states "a" of a catalyst. If this:
ratlo is 1ndependent of the reference condltlons, C° and T°'1
then at least within the 1nvestlgated reglon of c, T, and
activity, the kinetics may be treated as separable (139)

The deactlvatlon of a catalyst by foullng substances 1s
generally express?d in the separable form. The activity
functlon "a" (sometlmes called deactlvatlon function) 1s
then, the ratio of the rate of a glven reaction at a g1ven’
foullng substance content (and t1me) to the rate at zero
fouling substance content but otherwise 1dent1cal reactlon

conditions (11,80). The activity of the catalyst for the

'main reactiop of the reactant (1) is (11, 80)

R,

with

Rg:k 'f1{C1, Cz', .>.., K], Kz, ...} " ’ (2.28)

(2.26)
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‘a, will be defined by,
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wheré k the rate constant, is a multiple of the total number

of active sites; s, raised to the power n1: The number,'nj;

being the ;umber of sitgs involvéd in the surface reactiph.

It is eQual'to one for a-single—site and-£§o for a dpaIlsite
surface reaction (11, '80). |

. The activity function for the production of fouling

substances is defined similarly by-(11; 80)

i

- Ry : ' | ‘ ' o
aq = ) (2.29)
Id Rz .
with : - a
. . ~ . ; -y
Ri=kaf,(Cy, Ca2, ..., Ky, Kz, o0d) (2.30)

here kg is also assumed to be a multiple of s"¢, where nd is
the number of sites involved in the deactivation reaction.

When deactivation occurs by site coverage only, a, and

‘ Sq . ’ . )
ay = (1 - ynt (2.31)
. | _

S4 . _ ;
a; = (1 - — )n¢ : (2.32)
s ' -

/

where s4 is .the number of sites deactivated. Thelvalues for

a; and a, are equal if n!1 = nd, i.e. if the same number of

sites .are involved in the reaction kinetics of the main and

LS
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fouling reactions,

The rate of fouling of the active sites is, on the
other hand, proportional to the rate of production of the
fouling substance (11, B80). That is

d (sq/s) dy agRy
T ———— = — = —— (2.33)
‘ dt dt Q .

)(Lf

where, Q is the maximum catalyst capacity of the fouling

- substance-at which value the deactivation is complete, and v

is the fraction of sites which have been deactivated.

When sites can not participate in the reaction because

‘access to a fraction of the pore has been‘blocked by the

.foullng substance, equat1ons (2.31) and (2 32) no longer

satlsfy the definition of a, and ay given in (2.27) and
(2.29) (11, 80). In that case, a,; and a, must be
experimentally correlated with the fouling substance content
of the catalyst Froment and Bischoff (81) and De Pauw and

Froment (62) have proposed the use of hyperbol1c or

expgnential correlatlons between the act1v1ty function and

the foullng shbstance content of the catalyst.

2.8.2 Deactivation of Single Pellet

The first development of quantitative effects of

w

Vdeact1vat10n in-a catalyst pore is due to Wheeler (211).

considered "uniform" and "pore- mouth" p01son1ng
In unlform deactivation, the poisoning substance is

assumed to be eVenly distributed along the wall of a typlcal



i

52

- pore. In thé'terminology of Froment (80), Wheeler assumed a
single-site mechanism and defined the activityrfugction as
(1 - v) for uniform poisoning. .

Wheeler also concluded that for uniform poisoning, the
éctivity of'the whole pellgp{)or the whole pore, is not
directly proportional to (1 - v) for 5 fast reaction. For

example for a first-order reaction in a single pore, the

ratio of rate observed in a poisoned pore to that observed

- in an unpoisoned pore would be

R(poisoned) tanhle¢y (1-7)]

F = = [v(1-v)] - (2.34)
R (unpoisoned) . "~ tanh ¢

\>

where. ¢= L y[2k/(rD)] is the Thiele modulus._When ¢ is small

(surface completely available), this ratio becomes (1-7),

‘since the hyperbolic' tangent terms become'equal to their

:ﬁéguments. This effect is termed by Wheeler as non- selectlgp

P

~(‘g,of’%‘onmqF That is, the activity of the whole pore §§
ot &

'oport}cnal*%f its fractlon of the surface which has

‘em Aheé actlve.w B | s
;ﬁhen ¢ 1s very large, the hyperbolic tangent terms
éﬁﬁroach un1ty and

=v (1-7) ' | (2.35)

This equation shows that for a fast reaction in which a

‘poison is distributed homogeneously, activity of the whole

pore falls less than linearily with fraction of surface

&

ALY
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" will be (211)

‘extended tolpellets_by several,lnvestlgators (39, "1

Ea-E

p01soned A i

In the pore-mouth p01son1ng analy51s of Wheeler (211)

>

it is assumed that the fractlon 7 of the surface whlch 1s

‘-deactlvated is located near the mouth Then the length (7L)

nearest to the mouth is eqppletely deact1vated and a length '

ﬂ(L(1 v)) beyond this w1ll be fully actlve. In thls case, F.

\$/ . e

o o tanh ¢(1-7) : ?1f'~,;l X s

. F = { 1} ﬁff 0 (2.36)
o T tanh ¢ - 1+ 9¢ -/

1f ¢ is large then, , ks l’t

. . 1‘-' ‘ - o L . ’ . - . N
b F = R et -' L . .. N v . (2037)
: 1+ y¢ R L \
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-‘which shows that a very large drop 1n/ﬁhe act1v1ty of the

] pore can be cau5ed by a small amount of p01soned sectlon Y.

compared to the case. of unlform pplson1ng .

The pore m0uth deactlvataon model of Wheeler, has been

, 158,

163). This model is called "shell-progressive " foyling when

applled to pellets.,

v

In the shell progress1ve model the p051t10*

gdeactlvated portlon of the catalyst depends on t e foullng

rmechanlsm. For series type foullng, the central core of the

pellet is assumed to be completely deactlvated iin the shell

I

B model ThlS 1s due to a hlgh concentrat1on of the main

P B . - : /
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breaction product, upon which-in the series type, the fouling
depends. For parallel foullng, depos1t10n of fou11ng agent

~is most severe in the outer layer. Thas uould be equ1val

\

to a shell near,the external surface ofnthe pellet wh
:completely deactlvated in the shell model ., The same‘hi'
deactlvatlon near the pellet exterlor 1s eXpected for
independent foullng.

‘In‘the;shelL model,'time is not an inhefent:property'of

Al P
3

-

the model (142). The variation of- the positidn of’the
boundary between completely fouled and fresh catalyst with
tlme is related to the. amount of dlsappearance of reactant - -

" in the parallel type, or the amount of formatlon of product

in the serles type, by the foullng reactlon (142) \
Masamune and Smlth (142) 1nvestlgated the behavaor of

- an 1nd1v1dual caﬁalyst pellet fouled by parallel series,

Ny

and 1mpur1ty mechanlsms w1thout resortlng to assumptlons

‘regardlng the dlstrlbutlon of fouled surface (unlform or'

J

‘shell model) w1th1n the pellet They 1llustrated the method

r

for a first-order reaction in an 1sothermal pellet They
/ .

used a point %ctivity function, (1-7)- and assumed a linear
[ .

:relat1on§hf//between act1v1ty and the amount of fou11ng
agent dep051ted on the catalyst. That is, if Q is the -
concentatlon of foullng agent on the surface when .

§

deactivation is complete, the actlvlty,funct;on yould be

[

1 - vyo= ] = ——— . N ' R ’(2’-38)
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hwhere g is the 1nstantaneous foullng agent content q§kthe

' &

catalyst The dlfferentlatlon of (2. 38) when dq/dt 1s S
O

replaced by- the correspond1ng rate expre551on yields ﬁf}

- v

equation (2.33).
The mass/balance conéer&ation:equation for reactant(1)

.with a ﬁirst-order-reaction within a Sphericalvpehaet‘is‘

(1a2) | R

. | De ViC, - € 8Ci/dt - kC, (1-7) = 0 (2.39)

v/t =A‘(k‘d/Q)CdV(1A;"f)f : SRR Y . (2'402}

- where C4 in (2. 40) refers to reactant product or impurity;'

cpncentratlon for parallel; serles,'or 1ndependent fouling
mechanisms.- . | )
. . : 4

Masamune and Smith neglected the second term in

-

equation (2.39)* This s justified when the time'necessary ’

. to reach steady state w1th respect to the accumﬁ&atlon of.

L]

mass in the void space of the pellet is neglIg1b1e w1!¥§

respect to the tlme requ1red for“the catalyst activity (1 7)’*”

L4

to change 51gn1ficant1y. ThlS assumptlon is termed

\

pseudo—steady state" hypothesis which for{al;vpractical
.purpz@esis a valid assamption,‘otherwise, the catalyst
ccul} not be useful in the ‘form of a pellet eihce'it‘ﬁdq}d'
~ be aEactivated too fast to be interesting for an industrial
quse'(42, 129). The pseudo—steady state'aSSUmpticn has"been
ext nsively used in thefliteratpre (45, 148; 120, 121,»12?;

., . B =
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129, 1 ’163)

J
Masamune and,’ Ssmith solved equations (2.39) and (2.40)

'numerlcally. They,evaluatedlthe performance of ‘the ‘model in

terms of a pellet effectiveness tactor, defined as the ratio
of actual rate of - reactlon at any partlcular t1me to the
rate of reaction at zero time if’ the 1nterldr of the

catalyst pellet were equally ava11able~for the reactlon,

‘The1r numerical results show that for serles foul1ng,

act1v1ty of the catalyst is an ‘ascending fudctlon of the

‘pellet coordlnate r, except for neg11g1b1e d1ffus1on

s

£
resistance=(¢=0). Conversely the descending act1v1ty

functlon was. observed for parallel and independent foullng

mechanlsms,

For series fouling, the extent of deactivation
ihcreases‘withldjffusion resistance (¢) (142). This is true
regardless of time; soithatlthe preferred catalyst is'one ;

with the least dlffus1on re51stance."

-

For parallel f0u11ng, the fresh catalyst (small tlmes)

effectlveness factor decreases as d1ffus1on resistance

'1ncrea9es, however*at large tlmes, the effectlveness factor

increases with (o) (142). 'Hehce Masamune'and Smith concluded

" that, for parallel foullng, a catalyst with some d1ffus1on

re51stance is more stable for long process t1mes. i

/The method of Masamune and Smlth althoughjglmpﬁb and-
flexible enough to treat a varlety of. k1net1c gxpresslons,‘
ls t1me consumlng and the lengthy numer1ca1 procedure is its ..

dlsadvantage. Hence, Masamune and Smlth obta1ned a 51mpge

“

o
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solution by supposing that the shellfprogressiVe'model‘
frépresents the deposition of the foulingvmaterial»in the

"pellet. Based on the catalyst effectlveness factor, the

,authors showedﬁthat for parallel and 1ndependent type

'foullng, the shell model glves results within 15% of the
'numerical method. For series foullng the llmrtatlon of the
‘shell model are ﬁore serfous and-large deviations from the

numerical’ solutlon can occur (142)

v(

Petersen (163) used the average pellet act1v1ty versus
v N
cthe-amount of foul1ng agent on the catalyst as the criterion

far the compar1son of the nugerlcal results w1th ‘the. 51mpler'
shell model results. The avebage pellet act1v1ty is def1ned_.
as the ratlo of rate of react1on at any partlcular time to |
the react1on rate at zero tlme. In th1s definition the

react1on at zZero t1me 1s the observed rate which 1ncludes

r?

\'the dlffu51ona1 re51stance 1n the pellet. | g‘, »
| Petersen (163) concluded that there rs a 51gn1f1cant
vdlfference between the numer1ca1 results and the shell model
results for all three foullng mechanlsms. That 1s,’the

observed reaction rate 1s sen51t1ve to the distribution as

) well as the amount of foullng agent on- the surface (163) .

2y

Chu (45) studled the catalyst pellet deactlvatlon for a

Langmu1r H1nshelwood s1ngle site mechanlsm k1net1c. His
numerlcal results showithat the d1str1but1on of the act1v1ty

3

with pellet radius does not conform with, or even approach

the shell model for any foullng mechan1sm.ﬂ
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. Khang and Levensp1el (118) tested the Nalld1ty otj)Sing,
s1mple rate forms to describe complex pore :
d1ffu51on deact1vat1on 1nteract10n. W1th flrst order mbln

reaction, they considered the val1d1ty of

| -R = kCyna L (2.8
' da =
= — = kd Cyq am :
dt , , (2.42)

A

-'where n is the effectlveness factor for a reactlon with a
fresh catalyst Cq refers to the concentrat1on of reactant
product,w@r.1mpur1ty for parallel, ser;es, or 1mpurity

}fouling mechanisms, respectively, ana a’fs the overall or
average pellet activity. The exponent m is called "the order
of deact1vat10n . '

Khang's analysls.shOws that,(for-series deactivation
- equation (2;42)-wfth m¥1 satisfactorily represents the
deactlvatlng pellet for all values of ¢ as long as there ls
% some product in the main gas stream surroundlng the pellet,
| However, for parallel deactlvatlon, equatlon (2. 42) with a
constant m does not adequately represent the changing
pellet. The order of deact1vat1on (m) is a funct\on of ¢ ang
changes from unity to three for the extremes of no
difquionalvresistanCe‘to very strong g}ffusional
resistance.A | |

'In certaln reactlons, such as 1somerlzatlon and

cracklng, deactlvatlon may be caused both by %gyctapt an
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product (118) In that case since the total~concentration of
product and reactant remalns constant, the deact1vat10n rate .

'“becomes 1ndependent of concentratlon, Krlshnaswamy and
zKLhtrell (120,121) ‘have congfppred this concentration

. .’“’ w.‘ %

w”wfﬁhffependent deactlvatlon mec anism.

"; i Lee gﬁd Butt 1130) ang. Lee (129) have considered

-

deactlvatlon of the Catalyst p611€t for a reactlon Wlth

arbltrary klnetlcs. Lee‘and Butt (130) considered the

limiting cases of uniform and pore-mouth deactlvatlon,'and
developed an expr85510n for pellet effectlveness factor

which is suitable fQF/dlrect inclusion in reactor bed

éonsepvation‘equations{“Thei; pellet effectiveness factor is
;,defined‘as thelratié_éf'bbsérved tete fbr‘the aeactlvated'
vcatalfst to the intrinSlc-rate evalﬁétea for fresn catalyst

at the pellet surface condition.

| Lee (128) CbnSia?fed'e catalySt.Péllet with aﬁgenéral,
ncnuniforh activitY-fﬁnction; The nonuniformlty 5f'ectdvity
may be the result of dellberate design as in the case of a
‘partlally 1mpregnated pellet, or may be dUe to the catal¥st .
~deactivation process. Lee ‘g ana1y51s resulted in a rather °
Slmple general1zed“approx1mate equatlon for the flux of
reactant at theZOUt¢r surface of the Catalyst pellet. It is
generalized in the‘Senﬁe that it'is apPliCable to arbitrary,
-non-~ negat1ve order - klnet1cs‘and an arbltrary spatial'

4.

act1V1ty distribution funct1on in the pe*det Lee' 8 equat1on'
: ?ﬁ ’
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at r=Dp/2 is , f\
‘ o : | . "|

- De — = [5(1—7,)1 R® (C) dc 1''2 (2.43)

The parameter, (1?7‘), denotes the evaluation of the

activity at the surfeceJcoﬁditions of the pellet‘and C. and
Co are the surface and pellft center cohcentration of the
reaccing species, respectively. | o

According to Lee (129), the equation (2.43) 1is

appllcable to series deactlvatlon mechanlsm in which case

+ the local act1V1ty monotonlcally increases toward the

catalyst surface as predicted by Masamune and Smith (142).

pr parallel fouling, this eQuation is applicable Qhen the

differential of activity with respect to pellet coordinate

r, evaluated at the pellet surface, is not steep. That is,
when the deactivetion is 1ntermed1ate between un1form and
Shell progre551ve deactlvatlon ‘
Lee's development of equation (2.43) was baeed on slab
Jeometry. However, in view‘of an analogy witﬁ the results of

el

shdpe normalization known for pellets Wlth un1form activity
[0
distribution (174), he recommends use of equatlon (2 43) for

- any geometry with characteristic lengfﬁ defined as the ratlo

Efunctlon Accordlng ‘to Do and Balley, equatzon (2.43) is

of volume to surface area:
Do and Bailey (65) have also given a similar equatlon

for flux ‘at the catalyst surface with nonunlform act1v1ty

Fs
R

‘Jvalld as long as the pellet Surface act1v1ty is not zero.
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'2.8.3 Deactivation of the Catalyst Reactor Beds

Froment and Bischoff (81)_modelled an isothérmal
deactivating fixed-bed reactbr-iﬁ;the absenée of inter and
intra-particle tfansport resistanées._The activity function
of the catalyst-wés expreSsed as an'expoﬁential»ang -7
hyperbolic function of catalystifouliﬁg agent éontent. These
forms of deactivation functions are believed to be the"
result of catalyStfpore blogkage (11, 80).

Froment and Bischoff's results show that the bed

‘deactivates in a descending fashion with reactor length for

the parallel mechanism. The converse is trﬁe for a seéries
mechanism. These observa#ions'a;g_cohsistent with the
results of_Masamunezand Smith (j@}) for a single pellet.
Froment and Bischoff foundithai in the descenaing
deactivation profi;e’~the locusﬂdf‘maximum feacfionbrate

would travel down the bed as time progresses; for"large

‘times, the entire reaction, although of plug flow tfpe,

would operate at a nearly uniform reaction rate.
For nonisothermal beds, the maximum reaction rate would

be reflected as the maximum temperature rise for exothermic

"reactions. Menon et al. (150) observed such a moving maximum

temperature loci experimentally for the air-oxidation of H,S

~on activated carbon. There, the sulfur formed as the product

progressively COvefed the catalyst surface.
Weng et al. (210) modelled a nonisothermal,

nonadiabatic deactivating fixed-bed reactor using benzene.

i

hydrogénation as the model reaction poisoned by thiophene. Q*
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They considered a one-dimensienal pseudo—steady'state model,
and neglectegyinter and intra-particle transport re51stances
but included the ax1al dispresion in their model. They,
however, found that the axial mass dispersion had only a
very small‘effect‘on the computed temperature prefile. .

Weng et al. (210) observed that the rate of migration

of the hot spot obtained experimentally is more rapid than

. _that predicted from the model. The calculation was found to-:

~

be sensitive to the value of Q, the maximum adsorption

capacity for thiophene. The authors had to set Q at 0.4 of

the experimentally determined value to obtain a good

correlation between ‘theory and experiment. This effect has
been attributed to the possibility of activity/of only 40%
of total sites aVailahie for thiophene chemisorption towatd
benzene hydrogenationu

1LBiliimoria-and Butt (18) investigated the ttansients
inyelvediin.the start-up or ignition of the reaction in‘both
a fresh and a partially deactivated hed. They also employed
poisoning hydfogenation of benzene by thiophene as the model
of the deactivating reaction. Their model is the same as |,
that of weng et al. (210), but does not assUme pseudo-steady
state. . |

Billimoria and Butt (18) have shown that there are

three distinctutine zones.fo: temperature‘and concentration
profiles. During the first, termed the fast metion (FM),
zene, the concentration profile deVelopes.rapidly with no

”

change in the temperature profile. Subsequently, another
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zone’called the first slow motion ( SM(I)) zone,‘arises
 during which the temperature profile evolves toﬂits final -
shape with concomitant changes in‘the concentratioh profile.
During the third zone (SM(II)), the profiles retain their
shape and migrate down the/ped.

The author's results indicate that the time necessary
to reach pseudo-steady state (end of SM(I) zone), radges
between half an hour to #wo hours depend1ng ‘on the 1nlet
temperature, concentration, and catalyst d1luent.

Bhatla and Hlavaceék (16) also modelled a pseudo steady
state. nonadalbatlc packed bed reactor for poisoning of
hydrogenation of benzene bg thiophene. Their reactor is of
industrial size and in that respect is different from the
one used by Weng and Billlmoria. The authors ignored the
intrusious-of-interpﬁase; intraparticle gtadiéhts, and axlal

dispersion processes. Their major purpose was to compare the
ione and two- d1men51onal models of, the deactlvatlng beds.

Bhatia and Hlavacek (16) results show that there is a
very‘good acreement between the one and two-dimensional
models. There is small difference in the vicinity of the hot
l spots. The concentratioh profiles are however identical for
both models. The rad1a1 act1v1ty proflle 1s found to be a
simple parabola llke functlon with a minimum in the center
of the reactor. However 1f the activation energy for the
poisoning reaction is increased to a very high number
(30,000 cal/mol) then, the actlvity would be very sensitive

to the temperature profile and the predictiou of the‘one,and
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N

two diﬁensional models could differ. The activity profile
can also be ¥ffected by the concentration profile in wide
beds (16). The complex interaction of'the effect of
’temperature and concentration on the act1v1ty then, may
result in radial profiles of act1v1ty with a minimum outside
the reactor axis (16). o o | |

. /
The high activation energy of the deactivation kinetics

. causes a different deactivation,process than the expected
"travelling wave" profile (16). Ih this case a "standing
wave"vof activity in the reactor results which propagates
slowly toward the 1nlet as well as the exlé of the reactor
(16). The temperature prof1le then w1ll also show a standing
wave profxle. The posxtlon of the hot spot is not then very |
sen51t1ve to the degree of the deactlvatlon ‘and decreases in
value as‘tlme 1ncreases (16).

~Bhatia and Hlavacekl(16) cohcluded that the
pseudo steady state model w1thout dlsper51on can
sat1sfactor11y describe the majority of deactltatlon
processes taklng place in 1ndustr1al packed bed :eactors.‘
They recommend use of two- dlmen51onal model only for a
h1gh—act1vat10nrepergy deactivation processes in large

diameter reactors.



3. KIﬁETICS AND EQUILIBRIUM ASPECTS OF THE CLAUS PROCESS
3.1 Free Energy Minimization .

I systemsvof chemical reactions, ié is desirable to
" know thé distribution of products that is expected at
' thegmodynamic equilibrium. This will represent the maximum
obtainable conversion, or.a distribution that is to pe
avoided by the use/of a selective catalyst or a short
contact time. |

One ofvthe methods of predictirg the thermodynamic
equilibrium composition in a'systeﬁ of multiple equilibrium
reactions is free energy minimizationf This précedure does
t not consider the iﬁdiviauariequilibrium reactions, rather a
general mathematical technique‘ié g§ed to predict a minimum
free energy for the system.

The free eneréy minimization method wag infroduced by
White et al, (213) for the gaseous species and extended»by
Oliver et al. (159) to include conﬁensed phases.

~ The method of White et al. and the correspondiﬁg
comgg;ef‘program for prediction 6f equilibrié in a system of,‘
muitiple equilibrium»reéciions has béen reViewed by McGtegor
(148). In his program the free eﬁergy of the,§pecies’ié
}vexpressed asla polynominal'functidn’of temperature} where
the coefficientS“qf'fhe polynominal function should be
provided as the input.

Liu'(135)vmodified ﬁcGregor's p;égram'to accommodate

the condensed species. However, as in the original program,

\ 65
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.a,}'l'4‘nwgievcoeff1c1ents of the free energy polynomxnal should be

re%é in for both gaseous and condensed &pec1es. Truogy's

,ui

(1&0@ v’gglon of free energy minimization is that of Liu's

‘but,;t evaluates the free‘energyiﬁf the species from the

standard heat of formationg entropy, and the heat capacity
correlations.
The reading in of the coefficients of‘the free energy

polynominals of each species is a nuisance, especially for

66

frequent use of the program in a system which contains many

chemical species such as in the Claus process. Here, Liu's

program has been modified to read the coeff1c1ents of the
o

L RS
‘free energy polynominal ffom the data file. The data file

y

general in a sense that 1t conta1ﬁs the data necessary for
.%
all the spec1es encountered ‘in the Claus process. The data

is

file deflnes,each speples@ln terms of the elements H, C, O,

4 . . . ¥

S, and N. . ‘ ““' ‘,) s o
‘ v
The coeff1c1ent matrlk of the elementallmass ‘balance

‘ %

equatlons becomes s;ngularagpr sttems of chem1ca1 spec1es

which lack one of"the ébove mentloned five elements. The

i

system of H 'S, SO,, H%p N,,-and sulfur»spec1es, for example

lack species wlth carbqn elementd The singularity problem

due to use of the general data flle has been dealt wlth in

the program. The program checks for the presénce of -a column

.of Zeros. in the coeff1c1ent matr1x of the elemental mass

balance equatlons and e11m1nates it. Then it proceeds to
find the ‘minimum tree‘energy by the same procedure as used

by McGregof7and\by Liu.

L]



~i_that the condensed sulfur is pure. Truong (199) has also
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"The program code and the data: f11e have been presented

|

‘1n Appendlx A, .,' - | (s

- 3.2 Claus‘Process Equilibrium in the PresSence of Liquid

Sulfur
- “Duringﬁthis‘studyj‘the equi%ibrium COmposition_andi
:cdnversion-rn thefpresence of liquid sulfur vere determined
'bYTinposino‘the constrainth that the partial pressure of
“hsulfur in. the vapor may not exceed the vapor pressure of 0

'

fsulfur at the given temperature. This constra1nt 1mp11ed

' used the vapor pressure constra1nt for” the equ111br1um

‘:_analy51s in the presence of 11qu1d sulfur. She, however, has

"Hnot glven any 1nformatlon on the mathemat1cal procedure ‘ﬁ
«whereby thlS constralnt“was 1mplemented _\‘ | |

(In thlS the51s two methods have been used for the
r:equ111br1um calculatlon 1n the presence ‘of ‘the l1qu1d
_gsulfur.fThe flrst mJthod is 1ntu1t1vely loglcal wh1le the
second method is ba51cally a tr1a1 and error method The ’

;ba51c a; . th methods requlres that the gases(

. b

behave 1deally I '!' . ST ’ -
43.2‘1»ﬁathematicallhnalysis‘of the Method A.

The total drmen51on1ess free energy of a m1xture of

e . >

,vgaseous spec1es is expressed as, - BRI P

e

(x)

- :
N Mz
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© o c.gp =x{gf; + 1n X_i/X}‘\" R ,(3_.2)
gf; = ( —— )y + 1In 1 . - _ (3.3)

’ Rg -T . : o

1

- L

The determlnatlon of the equxllbrlum compos1t1on requ1res

f1nd1ng ‘a non- negatlve set of mole number, x,,,whlch will

*

) m1n1m1ze G(x) In the presence of liquid sulfur thls set .

>

» .
must satlsfy the mass balénce cons1deratlon for all chem1cal

_ elements present exgept sulfur. Due to condensatlon of some
of the sulfur, the«mass balance equatlgn for sulfur in the

gas phase 1s not satlsfled Instead the vapor pressure

constralnt should be satlsfle%§ gn-mathematgcal terms the ,f“
. S . W
mass balances .are: represented by tHe eqqulons, '
'N1 v ’ L . . : ..
pI aj; X = bj‘ : / . . .o ..’3(3.4)
i=1t _ e T E o
‘j-‘-1,,.,:,m-1
5 . ' : ‘ \v ‘- s, G“ » N .
{//- ‘and the vapor pressure constraint by,
BT x = L x R S (3.8).
Lo i=1 - d=Ng#te o e |
) /’v - in' ) . ‘v',;‘" ‘ '» o ‘,‘ . C‘ ) . ' E .Ho\. y : '.‘

where, a;; is the numberiofgatoms bffelementAj‘inpa'moleeule‘;

f
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| of species i, and b; is the total number of atomic weights
of element 3 orlglnally present in the- m1xture. The spec1es
e numbers 1 to N, are the’ spec1es other than“su1fur sEec1es.
The number, N, is the total number of spec1es,~and m is the
~number og cheﬂical elements present w1th S as the m-th
~Te1ement The parameter, 8, is the ratio Pv/(H Pv)
' The method of SOlUth;fls that of Wh;te et al.((2j3)
_mhieh is reviewed by McGreébr (f48) However, it is _!

necessary to present the mathemat1cal steps/because of the

wo pecular1t1es introduced by constralnt (3
g - Let y=(yn,yg,:..,yn)\be an initial g jess for the. mole

numberS'of the aaseous species.'The’vectér‘y should be
'

chosen as a positive- set that satlsfles the constralnts

)

v'(3 4) and . (3 5). The free energy of the system is then,. /
‘ L ‘ ’ A S ‘

. ely) =Zy, {gf, + 1n y,/9} o (3.8)
N - : i=1 - L ‘__ : ’
Wheré o WO B .
- ‘{nggi_ ) |
’ =1y, - (3.7)
i=1 / :
let
1 ' ’
‘ N
By = Xy
Al = g-9 :
& fxlg gf; + 1n:Y|/Y '
B : An expression, .Q(x). is obtained as an approximation for
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N ‘ o
Q(x) =G(Y) + Z f|>A| o '
i=1 :

+ 1/2 z y.(A /Y - A//y)z ' ©(3.8)
=1 |

In the original paper of Wh1te et al. (213)\which‘is
.the basis§ of the free energy m1n1m1zat10n method 51nce 1958,
a term in the first derlvatlve of_G(x).has been neglected.
The~correct fdrst derivative of G(x) is |

»

3G(x) /ax, = [gf; + In (x,/2)1 + [1 - x,/8) « ". -~ (3.9)

"If [1 - x,/%] in equation (3.9) is ted, equ£t1on (3. 8)
would‘Ee obta1ned for the quadratlc a»p oxlmatlon of G(x).
Otherwise the correct quadragic appro imation of G(x) is,

AN e BN

!

‘,/ : ) N L ) »

Q/(x) = Q(x) +Z (1 -y, /¢ - 0.54/9) A,

z

+0.51 y./y’ -~ 1.5/9) A1 +\0.75 A’%/g  (3.10)
. ,'1= ) . ) . . :

Table 3.1 oomp?tes'the eqnilibripm'prediction of the‘

cClaus m1xture by eguilibrium constant method and by free

energy minimization method employlng equatlon (3 8). The

data in table 3. 1 cover. the range of gas phase up to
Laapproxlmately saturaﬁf%n po1nt for sulfux. it 16 apparent
that 1n the gaseous phase the,two method pred1ct the same

-

”equ1l1br1um conver51on. Thus the term (1 = x./x) 1n equatlonf

1.



Table 3.1 Comparison of equ1l1br1um‘conversron
prediction by free energy m1n1m1;at1on
" ‘and equilibrium constant method.

Pressure atm(10°) ; Temperature K

-,

3 Pv. *  Ps(Eq.) X(Eq.)' - X(Eq.)?
700 762.7 7.6 0.30588  0.30587
600  122.7 10.2; 0.66427 0.66575
550 36.2 M1.8° 0080901 ~  0.80964

515 12.8 - 12.7 . 0.88247 0.88246

. 9 . . ‘ "»}v:‘ ‘: '- . ) . ﬁ
1 Free eneergy m1n1mlzatlon method ‘ . :
.2 Equ111br1um e tant method

(3.9) seems to be unihportant,-at leasf*qufthé Claus gas.
K
In the der1vat1on of method A whlch ﬁollows, eqdatlon (3 8)

is used for approx1mat10n of G(x) | < ’

‘ The equat1on (3 2) is based on” the assumptlon that the
vgases form an. 1deal gas m1xture, whlch would only be the
. case if there were no attractlve or. repuls1ve forces between
" the molecules. S1nce sulfur is condens1ng, the attract1ve
forces must be cons1dered In- that case the term (x. ln'¢ )
has to be added to equatlon (3 2). The fugac1ty coeff1c1ent
of the sulfur spec1es 1s 0. 00013 at 450 K as shown in table
A2, Thus g for sulfur spec1es w111 be 1ower than obtalned —
}rom equatlon (3.2). A 1ower g for sulfur species will.

cause the equ1l1br1um point of the Claus react1on to 11e

o further to the right. Con51der1ng‘t%e above, the equ111br1um.




conversion calculation based on ideal gas mixture

conservative equilibrium conversion.

‘'solution
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. . e
approximation will introduce some error-and predicts a

In order to find a better approximation to the desired

v 3 » . v . -
coefficients. It is first required to define G,(x) as,
S ‘ " - ‘

is calcplatewﬂo

X, =

m
G1'(X) = Q(X) +
' J

‘ est1mate of comp031tron aaG /ax.

1s set -

m. 1ts solut1on as,

m-1

YN

=1

- yif, =~ XBy, .

A

X; = KY; + (X/Y) Yi:_ sta
, ﬁ%&a

e
KV 4
O

7q'ﬂi]fY| +‘(X/Y).Y|~,

for'iQL}Z;.\.N,.

for i=N,+1;;.;,N

o

. O(x) is minimized subject to the mass balance

Summlng (3 12) over 1-1,...,N1 and (3 13) over 1=N +1,...,N'

adding the resultsp,aﬂd using equat%gns (3. &;\\(3 6) ‘and

eJ

(3 7) yleids,

m-1 e
z L] b‘ = G(Y)
J=1 IS

-~

P
'h Fl .v B

3o

o (3.-14-),_
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3

Substitution of'(3.12)_into (3.4);yields (m-1) equations in’

the unknown f,,..{,wh-jh x/y,‘and;X as follows,

s

Tf1rkl + Wl + e + Tm-1Tk(m-1) *(X/Y) bk - kﬁbk )
. .‘ . .
N, . . S
= bk +Za.k Y|f| for k=1,’2,..:.,(m"1). . (3.15)
- . i= . - .
- " " \
where .
v "N,‘»‘ ;.~ 4_\
Ly = r“ = Za,, aik Y ‘t\(i16)
i=t . K

»Substitution of (3:12)fand'(3.13).ihte (3.5) yields,

m—1 . N1 : . N :
'z b,n, - A8 Ly - (NB)L/B%) Z y,

.r,:J_«‘ i=1 . - . . . “i=N1-+1 . ] : 3

' N1 : N ) : Y )
= Z.y,f, - 1/B Z yifs. ' , ‘ ' (3-17):;
i=1 ) i=N1+1 o ' - :

-

Solution of the system of’equatiun (3.72) to (3.17) yie}ds

the Lagrange multipliere; Ty tO Moy, the“product (kﬂ), and

'hthelratio, (%/9). The product (Xﬂ) ha's been used as the

. unﬁnoﬁn»rathef than A (B 1s known) to reduce the condition

Pumber of “the coeff1c1ent matrlx in the system of equatlons

‘\(3 12) to (3.17). - e

L 2

8 M

x

The determlned values of the Lagrange multipllers,‘

g

hd x/y are then substltuted in equaE1ons (3. 12) and

N

.
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3

: . ’ ' a
,(3.13)~td find the new estimate of the composition. The

‘procedure is repeated until the dlfference between

' subsequent 1terat1ons is small enough to satlsfy some

-

arbltrary convergence criterion. ™~

LA : )
3.2.2 Trial and Error Method - Method
N S 3 . : e : ‘ - : N
iyt ° This method minimizes the free eneffgy %f the gaseous

\

”wSPﬁFleS under the- constra1nt of the mass balance equatlon

- {3 4) for all of th%ﬁchemlcal elements present 1nc1ud1ng

sul;ur at each”trlal ®
t

e p\j

\

In the first tr1al the condensat1on of the sulfur 1Sa
* .
1gnored i. e, the total number of atom equivalent of sulfur

;rlglnally pr:esent in the m1xture, Bm, is ?ssumed to be
present'1n the gas phase. The free energy m1n1m1zatlon u51ng
the above assumptlon yields the equll1br1um comp051t10n from
which the partlal pressure of the sulfur spec1es is
' calculated and is compared with the vapor pressure of
sulfur. If it exceeds the vapor pressure, then the atom
W Wnt of sulfur in the gas phase is reduced and the new
egu111br1um com%051tlon is predlcted. The procedure is
coﬁtlnued until the sulfur partlal pressure matches 1ts
. {Rﬁapor pressure within the acceptable accuracy 11m1t

N ) F
. >
) m ‘ ’
. . CR H
s :

3.2.3 Results of the Analysxs of the Claus Process

< t g

o Egu111br1a in the Presence of L1qu1d Sulfur -
The results‘of %he above two methods are g1ven rn

1: Append1x A Table 3. Z‘Fompares the results.



Table 3.2 Equilibrium in the Presence of Liquid

Sulfur. T=450 K , =1 atm

Method % H:S Conversion -  Free Energy
_ ' RS . ' _
A y 1005 0, -42,232
B L.eg 3 o 45 09s
o .H" YL s o Ty :
N Ignoting _ | -
“ g Condensation g*“?ﬂ.@ . R -42.636 .,

N © .. (Ps>Pv) | ‘VFJ
e T

"
v
Method A Wfinds a comp051tion which results in a lower

free energy compared to that obtained by methpd. B, Howe§eri

thip comp051tion 1s not phy51cally correct because 1t . |
predicts a much fower conversion even compared to the ¢
predicted conver51on when the formation of liqu1d sul fur 1s'
neglected,_Theoretically,‘1t is expected that the formation
of liquid sulfur‘would shift the equilibrium to hioher |

levels of H.S conversxon. That 1s, method ‘B provides the

correct prediction.~ ‘ : . s _'”

\.\
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Method A, with different initial feasiﬁle solution
cohverges to the same conversion. Method A aiéhough
logically right ‘and results in a lower sysfem free energy,
is not suitable for the prédictién‘of equilibridm conversion
in the presence'of liquid‘sulfur. The inaccuracy of method A
is probably due ﬂ‘?thé flat»natﬁre of free energy surface.
For example, data of'Appéndix A-and table 3.2 show that
although.fhére is not much differencé in the magnitude of

ggee energy, there is a grgatvaiffgrence in the predicted

e

,equilibrium composition and thus equilibrium conversion

e

':ﬁ%’between methods A and B.
i '

-

-

" The error might also be due to the use df equation

~'(3.8) rather than equation®(3.10) for the expansion of G(x).

The error in the gas phase-calculation was shown to be
» . . A

negligible (table S;ﬁ), howeVer this‘mgy not be true when

sulfur condenses. s

L3

P =
£ ‘\ P

e

. 7 .
- . r . - ~ ;
3.3 Claus Reactkgn/aﬁ a Set of Parallel Reactions .

Previous studies of Claus reaction (14; 23, 56, 57, 67;

“

135, J48,k169) have represeﬁtga\ife Claus reaction as,

HoS + SO; © 2H:0 + 3/n S, B © (3.18)
V -

wvhere n is the average number of atoms per molecule of

- sulfur vapor and ranges from 1 to 8 depending - on the

o REPR { - ’
temperature and pressure of sulfur vapor. The number, 'n, is

‘calculated from mdterial‘balancgs as, .
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8 : .
i x(s,)
i=1
n = ' (3;19)
8 .
z X(S|)
i=1

where x(S.) is moles of sulfur species S, in the)sulfu;
vapor. Under the Cléus catalytiu convertor conditions, the
value of n lies between 6 and 8. Reactlon (3.18) then,
represents the Claus reaction in terms of a sulfur polymer
w1th a nonlnteger numps; of sulfur atoms, ‘which 1s
-phy51cally xmpossible. | '

In thlS study the catalytlc chemlstry of the Claus

‘reaction is§ descrlbed by a set of parallel reactions.

Rellable thermodynamlc propertles for odd- numbered sulfur‘ ‘

' xu'spec1es are unavailable (42) Also, the exlst1ng "hest" -
:thermodynamlc propertles predlct that the contribution to

the gomp051t10n of the sulfur vapor by the odd-numbered ‘
sulfur‘speciés may be ignored at the Claus cata%fﬁic”b?d
temueratures; Hence, in this study.the'sulfur vapor model  of
even—numberedispeciés%S;—S;-Ss-S. has beéu employed; Then,

"in ;hé abseuce of reactive gaseous impuritiss,~the catalytic
Claus reaction-with'eveu—numbered sulfur sbecies modél‘is S}

.represented as,.

-
<

2H,S + SO, » 2H;0 + 1/2 S¢ K | . (3.20)

. Se¢ ® 35, Kez | C(3.21)
. ' :

}Ss . 3/25. Kes - (3.22)



L2

Sg o 3/4 Se ‘ Kes . (3.2

H ’ . H '
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3)

The high temperature combustion of an acid gas in the

furnace g1ves rlse to the production of COS and CSz‘@s was

' d1scussed in sect1on 2 2. These sulfur compounds undergo

partial hydrolysis in the catalytlc convertors. This -

‘hydrolysis is most noticeable in the first convertor and -

- becomes negligible in the foilowing cdnverto:é (93). TYpic

feed to the catalytic Claus convertor contains about 0.3 %

4 -
. COS and 0.3 % CS; (93). In this study, 'the hydrolysis

reactions of these species‘are neglected due to ﬁhe lack o

reliable kinetic rate expressions and their low

. ‘ , . o .
concentrations compared to those of H,S and SO: nw the first

convertor. Thus, COS and CS, are tteatedlﬁs non-reactive
impurities and act as inerts towards Claus react1bns.
‘The dynamics of form\t1on and ggullxbratlon gf the
sulfur spec1es 1s not fully known but is belleged t? be‘
suff1c1ently rap1d in the condensed phase (49) (on the

catalyst surface).that S¢ and S, are already formed. In

light of the above, the major assumption made is that

react1ons (3.21) to (3.23) are at equilibrium. The selectlon

of S¢ in reaction (3.20) is arbltrary.

,
N ! : ' i .
\ ! ' .
s . ;
) ‘ » , : -
. ' \ f ‘ S

3.4 Sulfur Vapor CohpoSitioh for Nonequilibrium Convefsio?

-+

Levels. = - “\f<,

al

£

/Using available thermodxnémf%lprbbertieé.and the fréé‘

e P S L Ceyevns ]
enerqy minimization approachivthe equilibrium qqmpqs1t1on

°

oL

t

®
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| atta1ned for the combined reactlons (3. 20) to (3.23) may, in
prlntlple, be. predlcted However, 1n the catalytic
convertors, the conversion of H,S varles as the gas moves
down the bed. In the modelling of such a convertor, it is .
des1red to know the concentration or partlal presSure of all
the ! spec1es, including sulfur species,: along the bed. The
folycw1ng 1s_the analytlcal approach used to calculate the
amoupt of the gas and sulfur species for any spec1£1ed H,S
conver51on level.
Let X be the conversion of H;S relatlve to the H,S

|

' content of a mole of inlet gas with comp051t10n of Yy, Y,,

o

- s Y,, Yinert Mass balances Under the constralnt 1mposed by
the st01ch10metry of react;on (3. 20) yields, ;
¥ )
* ‘vd‘e ( . . -
“Nt=1—(‘1/2) Y, X + x(S,). '*".X(SA) + x(S,) '+ X(Sa) % (3.24)

\,.‘ ‘l

and¥

Performlng a mass{balance on the ba51s of atomlc sulfur

~t

, y1elds, : N ; R
: )
- S B | - .
: 2x(S;) + 4x(Sa) + Cx(S;).+ 8x(Sg)=(3/2) ¥, X o (3.25)

* For chemical reactioms of ideal gases, XK = Kp, hence
. R - B L

’_lx(s )? (xsz)'/s (Nt:/n)“3 {x(s, e ) (3.26)

L
row

842 K )dw (Nt/m) 1/ {x(s.)}w‘é_ L Gan

R \-\
st

L L . : .
VQ(Kes “/3 (H/Nt)'/3 {x(S, )}'1$ S - (3?28){/‘u

AY



| Appendxx B.L

table B 1 Appendlx B

3.5 Heat of Claus Beactxon /

i

3
:

¥ ' ‘ N " 80

#

Substituting (3.26) to (3.28) into (3.24) and (3.35) yields

' two non-linear algebraic equations in terms of os g unknowns

' Nt and ‘%(Ss). The result1ng two non- llnear equatfohs, thezr

method of solutlon, and the program code are given in
The‘equilibrium constants of reaotions (3.20) toi(3.28) i
have been calculated from the standard free energy change -
. ‘ - .,
assocjated with reactions (3.20) to (3.23), The equ1l1bt1um'

constants have been correlated with temp ,ature,’uslng Rau' s‘

{171) thermodynamic data for sulfur species and JANAF (193)

data for all the other species, L g

..o -
.

la K = 11050/T -11.86 S —43.29)

1n Ke; = -34173/T + 37.97 ' - (3.30)
— r _ “ ' ‘ T~

In Key.="~13664/T + 12.60 « ~ | - (3.31)°

'1n Key = 2932/T - 3.43 /. C(3.32)

e

The heat of reactlon for equa ion (3.18) dep nds on the,

’Suffurv apor comp051t1on and TS usually glven as a range—ef

values (44 95 145) It 1§?shozn in sectlon 3 4 and Appendxx
B, that the sulfur vapor equi

the level of H,S convers1on at any spec1f1c tempefature.

-

1br1um ?/Qpﬂsltxon depends dn 'ifi‘
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‘Subsequently,_then, the heab of reactlon should also depﬁna

“on the local Galue of the H S conver51on;\§el_at any.glyenb' |
temperature. - | ’ | -
To calcuhate the heat of the CIaus reactlon, the system ‘
-~ of reactlons (3 20) to (3 23) is. represented as, . e
o R R ) o N
2H S + SOz -“’/ZH O + a.zsz + a‘aSu +a,585 + a;aSa g o (3.33) k
N > oo f. ) L - e '}, '

E Thls form of an overall reactlon is ]uStlfled because 1t wasu

' assumed that the reactlons (3 21) to (3 23) are at ‘~_ N
ﬁequ111braum (see sect1on 3.3). The sulfur spec1es
”st01chlometr1c coefflcaints 4,2 to L are requ1red to :
-ﬂsatlsfy,r | EORASS |
) _H’_Q G L SRR
- 2a,; +4a,4 * 6a,6 + 8a,s =3 T (3.38)
e L . e _ o . :

e L R e T E
The st01chlometr1c coeff1c1ents are obtalned from the

‘values of x(S, ) to x(S ) calculated by thewmethod developed

in sectlon 3.4. Their relation is,

e S

2 x(si)/(Yi;x) RRRE “,».;'_ﬂ (3:35)

gasi

i=2,4,6,8

 The stoichiometrio coefficieutsband the thermddfuamic~\
gpropertles can then be used B0 evaluate the heat of- react1on ff

f_jby standard procedures (188) |
- t

Flgure 3.1 shows how the st01ch10metr1c coeff1c1ents of

B sulfur spec1es in reactlon (3 33) would change with the H; S
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) "Figﬁ;e,ﬁ.17 | .
: - - Inlet composition:(mole fraction): H;S =0

€

SULFUR SPECIES STOICHIOMETRIC COEFFICIENTS, a

o=

Pressure.= 1 atm

.  ‘ D "y : A,-‘ v- v:.‘f o /g2
Sfbfchidmetric-coefficiénts of sulfur Sﬁééies

: 207,
'SPy = 0.035, HJO = 0.25, N} = 0.645 |
Temperature = 550 K B o B

\‘.

A

-+ e

+

) .
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0.3 . 0.4 ‘ds o 0.7 0.8
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AconVersioh"leveliat‘constant'temperature of 550 K. The

‘obtalned 1s g1ven in table B. 1
@

are def1ned‘asTf;

_83-l .

program ou;put from Whlch the data for the graph vere.

3

-

‘ The changes 1n conversaon level r?ply changes 1n sulfur
-

vapor partlal pressure (Ps) lFlgure 3 1 would ‘then also
represent the var1at1on of sulfur vapor comp051t10n due to

the changes of Ps at the constant temperature of 550" K. ThlS‘i'

varlatlon 1s ‘shown in flgure 3. 2 The.ofﬂ1nate»Y(S;)_and‘Ps

'

CY(8y) o ——— : - k S -
o T x(sE) 4+ x(8,) + x(Se) '+ x(Sg) ]
‘ “_‘ e | aa‘ilQ.r R FE I ‘ ',‘ . R

.

L1u (135) and Cho (44) in the1r analyses of materlal

.average numbey

Ay + @, ";'a.'s toace
‘ S ]

{xS2) + x(S4) + x(Ss) + x(Se) HI/NEt L(3.37)

)
W
W

AN . . S ;
/ N v . . ) . AP

! S / ‘ e R O s

T ST o B o "
'?The'debendence'of sulfur-vapor compositionvupon its

partlal pressure has also been con51dered by McGregor (148)

balance equat1ons. They, however expressed the Claus ,L”~g,\\ -

reactlonbas_r"ct1on (3 18).-In order to evaluate n, the

of atoms per moleoule of sulfur vapor at

i"different lev(ls of HzS conver51on they employed a tr1al

- -and error method and used free ehergy m1n1m1zat10n.

The1r method was 'to assume a. value of n- and use. 1t w1th

the st01ch10metr1c coeff1c1ents of reactlon (3 18) to

E calculate the . sulfur part1al pressure ?:. Then the free

¢
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- Figure 3.2 Sulfur vapor comp051tlon T >
R Inlet composition (mole fractmn) st =41 07
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"~ has been summar;zed in table 2!

-

.ene:gy m1n1m1zat1on routlne, g1ven the value of Ps was ugéﬁai'
'"to\calculate the average molecular we1ght of sulfur and n. -

| sThe latest value of n was compared to the assumed one and if

;the error exceeded 0 5% the latest value of n was used for

/ L]

fthe next guess.»Then the cycle eontlnued untll the error’

criterlon was satlsfled

&

;i1\€ one of the . maﬁor advantages of represent1ng the Claus
freactlon by a set of fo\f reactlons (3320) to (3 23) is the

Le11m1natlon of the lengthy tr1al and error and free energy

»mlnlmlzatlon procedure. The method of sectlon 3 4 could be'

T;used conven1ently to calculate the concentratlon of the

1nd1v1dual specrbs for any level of HzS convers1on.

f The’ heat of reactlon as a functlon of st convers1on 1s
| shown in flgure 3. 3 Selected values are 1n table 3.3, In

the low conver51on reg10n there 1s a sharp 1ncrease 1n the

heat of reactlon as the convers;on 1ncreases.
. The heat of reactlon 1ncreases by 30% of its value at

_0 001 conversion level when the. converszon 1ncreases by
\V.

"Q;1. However, as the conver51on 1ncreases from’O 1 to 0 8

fthere is only a 2% 1ncrease in the heat of . react1on'compared

f

to the value at the conver51on level of 0.1,

% z

3

3. 6 Thermodynamlcally Consxstent Claus Rate Express1on

In the modelllng of the catalytlc Claus reaction, the

h correct 1ntr1ns1c rate functlon should be used. The ' 2

a

llterature avallable on the Claus reactlon rate express1on

(1:

i 3 - . e : ’ ~
“ N . ) . o f’\
! N . R k
| - K .
J . . .
. . o .-
. R . . s . . . 3

[

'?jBS;

N

A\



F1gure 3*3 He t of . Clghs reactlon

v Pressure = 1 atm
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*ﬁ-d;- ____________________________________ —————————
N~ Tablq 3 3 " Heat of Claus Reaction at 550 K'
b .. ' . ) )‘ * ’
H,S Conversion -AH cal/mol
Lo 0.001 90T
. . . o T L . . ) A
\«fé;x | 0.01 o
Coe -0 5 7 , |
o 0
.*ff. ' 0 816(equ111br1um) " 12101
. /'// L ’ L]
///”" The most reliable forward rate expre551on is equation

//(2 10) Thls.expre551on is believed to be f;ee of
1nter intra particle §1ffu51onal 11m1tatlons. The s1m11ar1ty
in formfﬁ/tween equatlons (2 10) and (2. 7, 1ndependent1y
‘obtalned for two difﬁerent ‘alumina-based catalysts in two
ﬁd1fferent laboratot&freactors,'suggests tpat the same
catalytlc mechanlsm appl1e§/to both y-alumina and baux1te-
catalysts. This generality and the~1ntr1n51c.nature bt
 equation 12,10) justifiés'incprporating Ehis forh‘of forward
\ rate_é#ﬁression intoﬁhdre detailed fiﬁed—bed’reactor moaels;
The equation (2.10) ié, hovever, expresséd wittht.;ﬁe
reverse reéction rate term . Liu (135) observed that the
éfféét of the reverse reaction'is negligible in magnftude~
"compared Qo the forward reaction rate under 1ndustr1al

PN . [

,operatlon condltlons.

o In1t1a1 composition (mole fractlon) 'H,$=0.07,80,=0.035,
Hi0=0.25, N;=0.645 = . | PR S



The existence of a limiting’equilihrium COnversion.ihl
the.set of reactions (3.50) to (3.23); would necesitate
1ncorporat10n of a reverse react1on rate term, although 1ts'
contr1but1on to the concentratlon proflle might not be

S1gn1f1cant. » |

The reverse react1on rate expre551on (2. 13) was not .
used in this study because, the order of reactlon w1th
respect to sulfur is thermodynamlcally 1nconsxstent. . -

y

Furthermore,»for non ~elementary processes, it is not correct ’

to estimate the net rate of dlsappeagance .of reactant by ‘ | Q
simply subtractlng the 1n1t;al rate equatlon of the reverse

reaction from the,1n1t1a1 rate expresslon of the forward

reactlon (189) e . S o

In: thlS study, to extgnd the generallty of the rate

expression (2.10) to the reverse reactlon, the pr1nc1ple of -
. thermodynamic corfsistency (61) was employed to formulate the
reverse rate expression.'Based upon the foruard rate_:
expression (2:16W,jthehfollowing reverse rate expression for
reaégion (3.20) results (27,61), .

_ o . G T
Rry=(k£/K™) (1+0.006P;) " *(P5™ Pg *"/Pi™" ' P"° %)  ~ (3.38)

N
v

4

2

Upon selecting Wm=1/2, a thermodynamically cOnsistent overall
rate expression would be,

AT

-Ry=kf [P¥P, - PyP8>2%/VK] [1+0.006 P;1°2 - (3.39)

. L . - « - . .
v L . Y S o



Athe sulfur molecule at these cr1t1ca1 cond1t10ns is 2. 78

' , o _ 89

The temperature dependency of kf is shown in equation (2..10)
. and that of the eqﬁilibrium constant, K, is predicted via
.thermodynamic analysis. Its method of determination is

presented in Appendix B. Within the range of temperatures

encountered in Claus'tonverto:s, the equilibrium constant
fqﬁ the adsorptlon of water vapor on alumina is relatively

"y
rnsensxtlve ‘to- temperature. -
i _
The correct equ111br1um constant for use in equatxon

(3 39) is Kp rather than K. It is shown in section A.2 that,

Kp = K/K¢’/ = o (3.40)
. " : °. ‘ )
For ideal ga?ee wvhere K¢/’ 1s unity; Kp is equal to K. The
ideal gas 1 & is inherent in the calculatlon procedure
through out this thesis. |

It is shown in section A.1 that at high furnace

o
“

temperature, the Claus gas- behaves idealy. At the reactor

condltlons the fugac1ty coeff1c1ent of all the species
except sulfur is very ‘close to un!ip. Hence, the error in
assuming‘the.Claos gas as an‘ideal»gas is due ‘to nonideality
of sulfur species. The critical properties of sUlfur~as used
in section A.1 for prediction of fugacity coefficient are
mixtdreupropertiee. The average nomber'of sulfor atoms in

~

while at the reactor temperature S, and S, are dominant.

-



Thls makes the val1d1ty bf us1ﬂg one set of cr1t1ca1
propert1es for all the sulfur species to be quest1onab1e.
However, using the mixture propért1es for S¢, K K¢’’ is
estimated in section A.2 to have ery low value of 0.0104 .
and 0.0672 at 450 and 550 K, respectively. Then by equation
(3.40) Kp equals ti 96K and 14.9K at 450 and 550 K. |
These large Values of.Kp coﬁpared\to K imply that‘thé
equ111br1um\of reaction (3.20) would shift to the right
-compared to the calculated equ1l1br1um aSsumlng ideal gas
behaviour. Th1s might be one of the reasong_vhy the
predicted equilibrium convérsion ot H,S is f@pof;ed to be
less than the obServedAequilibrium conversios\(sedtion 2.3).

Equation (3. 39) was employed in‘this ‘study as the

1ntr1n51c overall rate of dlsappearance of H.S.

L}

S



. e
4. MODELS OF CLAUS  CATALYST PELLET

4 1 Introduction .

Varlous kinds of mathemat1cal models for a catalytic
fixed bed reactor have already been d1scussed in the
‘llterature survey. The f1rst step to ‘be taken before .
choosxn@ any proper model for the Claus catalytlc convertor
_1s to dec1de whether the catalyst pellet transport
re51stances are 1mportant.r

1

ItpWas shown in chapter 2, that the intra-particle~
transport limitation is freqguently reduced to a lumped
parameter, namely the effectlveness factor. The appropr1ate

ch01ce of a calculat1on method for the Claus catalyst

5"effect1veness factor can reduce much of the computing time

“_since the'effectivenessbfactor should be repeatedly

calculated along the reactor bed to obtain’ an accurate

"fpredlct1on of the reactlon path through the bed. o

‘It was shown. in chapter 3, that the performance of the
catalyst‘particles in the 1ndustriall¥'lmportant, modified
Claus'reaction introduces‘multiple reactions, sulfur vapor
equilibria, nonlinear kdnetics and limitingkthermodynamic"

onver51ons into the calculatxon of local effect1veness B
factqgs. This chapter demonstrates a means for generatlng
_ the local eﬁfect1veness factor, n, for_the~Claus pellets. A
possible_simplificationﬂof the effectiveness factor\

calculation for Claus catalyst pellets will also be

‘o

‘presented.

&
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The criteria suggested in the literature (36,146), for
assuming particulate isothermality are based on the
observationh in the simple‘linear kinetic case. These
| cr1ter1a are based on the value of the Prater number which
is a measure of the maximum. poss1ble internal temperature
gradient. The Prater number {’ is defined as,
AT,  (-aH) De C,

s/ = = . . (4-1)
Ts ' ks Ts

A

The parameter, E”,d?pends on the effective ﬁhermal
conductivity ks fOtvwhich data are very limited. Smith,

et al. (190) have shown that a modest value: of £, |
dramatlcally 1ncreases n ‘for a certain Langmu1r—H1nshelwood
~mechanism, However, in phe simple-linear kinetic case, the
same value of the Prater number yields a value of 5 about
identical to the isothermal value.

In light of the above, both nonisothermal and
isothermal models of the Claus pellet will be considered in

this_studyl " ‘

In a ?ulticomponent system, the diffu§ional fIU#
relationship for the various molecular speciés may become
strongly coupled (6,191). However, they are uncoupled when
knudsen diffusion occurs in 2pe porés. It was shown in
Chapter- 2, that the diffusional flux re}ationships could
also be simplifiéd byvthe use of an effective diffusivity

parameter calculated at some average composition.
[

BN . - ]
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In tl\ﬂ"tudy the concept of an cttoctive diffusivity
has been used to express the dittuaional flux of tho variout
species. An average pore radius of about 8 nm has been
determined for the alumina catalyst (46) In this pore size,
the Knudsen diffusion predomxnant. Hence, the use of an
effective diffusivity for uncoupling of the diffusional
fiuxes is expe&ted to introduce neéligible error. The
calculated values of the'effective diffusivities of the
"different species are given it Appendix G,

In the typiéal Claus convertor, the pressure drop is
estimated by Ergun Equatign to be of order 0.2% of‘the‘total
pressure. Hence in the modelling of Claus pellet and '
convertors a constant total pressure is assumed It is also
assumed that the gases behave 1dea11y.

§

4.2 Nonisothermal Claus Pellets )
Using the criterion of McGreavy and Cresswell (f46),
that isothermal interiors occur when t/6=4, the Claus
particles would be’éxpected to exhibit isothermal interiork.
However, as it was pointed out earlier, this criterion is
-based on-the simple linear kinetics case. Here the effect of"
noniﬁofhermality of the Claus particle will be studied
parémetrically. That .is, it is desired to check mainly the
éonditions that could affect the temperature profile and

consequently the effectiveness factor compared to the

isothermal pellets.

v

-
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"and for conservation of the
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To descr1be reactlons (3 20) to (3 23) occurr1ng w1th1n

' a spherlcal catalyst Fellet materlal balance equatlons are :

~'requ1red for each 1ndependent spec1es part1c1pat1ng 1n the

reactlon. For reactlon (3 20) spec1fy1ng 1ts four reactants

:and H O are obtalned

.décda. 2 ac, a,-

dr’t": dr De; .

. .
1 :

- : . ot

(2 A*Cy/dr? + & d*Cy/dr?

2/t (27dC./dr +.4 dcs/ar

 (6-ag/Des) pp’Rcf=_0.

the steady state differential energy balance

+————+-—ppoRc=.

0.

 1S suff1c1ent because the sulfur spec1es other than Ss are »

' thermodynamlcally dependent upon the concentratlon of ‘Ss.. At

i

’steady—state, dlfferentlal mater1al balances for H, S SOz,

various.sulfur species,

+ GdZCG/dr’ + 8 d‘C7/dr )

+ 6 dC /dr+ 8 dc7/dr ) +

d*T/dr? f‘z/:'dT/dr - (a,/ks) pp Rc (-AH)

s

2(4,3)

.equation is,

;hd?j': ”(4.4)e'

To'satisfy the condition«thatbfeactions (3.19) to"

(3,21)‘represent(the»eqUiiibriuﬁWCOnditions,'

1

- Pa

las)
"
f

_,(Ks“)z/s pszﬁaeﬁaz

’

(Ksz)f/31961/3 =a,

(4.5)
(4.6)



/(: | X . o SR . - 9%
P-,' - ('K“:‘)av/a P42 ;aadpg/:‘ . " s (4.7)
&‘.

~To solve system of . d1fferent1al equatxons (4.2) to (4. 4)

\

Cu, Cs, C7 have to be expressedaln terms of Cs. Set of i

7'equat1ons (4.5) to (4.7) yields,

LN

;V(Kég/Rg’)”°ycé’3/ T2/ 3 - - - (4.8) ll‘

Cy =
\ _Cs = (Ksa/VRgl?/a'C%/a/ T'/é 3 ) ‘ : i '(4‘9)
Cr = (RegRg'/M)*/2 ci/2 /e (4.10)

Introductlon of (4 8) to (4 10) 1nto (4. 3) Yields.ar
nonllnear dlfferentlal equatlon wh1ch is hlghly coupled with
the heat balance equatlon (4.4). ‘The resultlng dlfferentlal
equat;on, when only C7 and C; are. cons1dered in equatlon
(4.3) is shown in equatlon (c. 5). " v A

The solutlon of such a nonl1near, hlghly coupled,
dlfferentlal equat1on is formldable 1f not 1mp0551b1e. At e
- this p01nt it is approprlate ta assume that the
st01ch1ometry of : the reactlons (3. 20) to (3.23)" would
spec1fy the comp051t10n proflle of the dlfferent spec1es
‘relatlve ‘to ‘some reference spec1es for example HzS ThlS
assumptlon 1mp11es that the catalyst offers almost equal
v1ntra partlcle mass transfer re51stances for all of the
spec1es. )

Invok1ng thlS s1mpl1fy1ng assumptlon one. obta1ns one
mass balance d1fferent1al equatlon for the reference spec1es

“

- H,S, and one d1fferent1al equatlon for the heat balance. The;"

= -
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local values of concentrat1on of the other spec1es are then E
. related to the correspondlng values at the surface of the

. vcatalyst pellet and to the H S concentrat1on by the

st01chlometry of the reactlon. In‘mathemat1cal form'these'

L

are expressed 1n dlmen51onless form as,~_ ‘7en', 'j a
zw/@r+-wyd¢/@r—9¢nnmmm'=0f'74 Co(4.11)
S t/dy® + 2/y dt/dy ¥ 9 ¢z z( ~4H) Rc/Rc. =0  (4.12)
_ | .
where
@; ¢ /C;, . o | H'f uv 3 B (4.13)
y =B o S (4:18)
93 = (np /36) (2pp Re,/Cy, De,)' S (s.18)
£ o= C1‘/ks Ts o (sa18)
With.the(houndaryfconditions,‘ " e '
t =%, =1 at y=1 - (4.17)
. T v : § - i .
dt/dy = d¥,/dy = 0 at y=0 7 (e.08)

‘In the analys1s of non1sothermal pellets (146 190 208)
it is common to 1nclude the heat of react1on term 1n the
v.def1n1t1on of the parameter - E (E’ in equat1on 4. 1) assumlng
.1t has a constant value w1th1n the l1m1ts of temperature
'encountered in the pellets. However, for,the~Claus reactlonr

: S
it was shown 1n,chapter 3 that even for a constant



temperature, the heatroffreaction is-a fUnction\of'eitentfof_ -
conrersfcn. o >> o H f f 4 L -
By e11m1nat1n§ the rate term Rc/Rc. between equatlonS-;’b
.*(4 11) and (4 12) and 1ntegrat1ng tw1ce between the llmits
- of y-O and y=1, the Prater S (32) relat1bnsh1p results, |

. S . ' PP |
; . .

wl'

f T NP -
[ . . o .

W‘For a spherlcal catalyst partlcle, the effectiveness factor

.

n =35 Re yt dy = (1/(3 D)} (aw, /dy),-, (4,20

-

.

Usingbthis"analysis tc.calculate‘n;‘thevbounaary valne
prcbiem}{GQUaticns (4.11i, 14;175 'and (4‘18) coapied with
eQUation‘(4‘19)-must be solVed f&r a spec1f1ed comp051t10n
and. temperature of the. gas at the exterlor surface of the

‘catalyst particle. Ai T L

4. 2 1 Computat1onal Scheme »
In order to 1ntegrate equatlon (4. 11) the rate ‘of

reactlon Rc/Rc, has to be spec1f1ed at each node of ‘the: .

h 1ntegrat10n._The follow1ng descrlbes the scheme for thls‘,

o

'calculatlon.‘

CEe e pa (ee) . ey

At a partlcular locatlon in the catalyst bed the ;rh'

' flow1ng gas stream has achleved a glven conver51on of H, S



T

Xs adjacent to the part1cu1ar catalyst pellet At a-
: spec1f1ed value of Xs and Ts, the comp051t1on of the gas 1s_'
obtalned by the method descrlbed in sect&pn 3. 4 wh;ch_then

ylelds N', and x(Ss).. Then :

S R D (H/N;,) Yh;s & XS) l}; gj o (ai21)
| g Py = (H/N'.){Ysoz - .0, 5Yhzs xS} Lol - (e.22)
Py, = (H/Nt.){YhzO ¢ Yhys Xs} "'*j£11ff o (4.23)
-Thelrate'df.the Claus react;on at the surface of the ;.v
' catalyst pellet (Rc ) can then be calculated know1ng Ts and 34
' . ,-‘\\.f”“~,<.- B
P1. tO Pa.- S LN ) e ‘f‘lﬁ o
» Nexth at the 1nter10r p01nts of the\catalyst pellet
the solutxon of the d1fferent1a1 eq tlon (4 11) start1ng
\ : from the 1n1t1a1 p01nt and a spec1f1c spa"al step 51ze, o
o ylelds w at the. subsequent p01nt. The local va:'
conver51on of H,; S 1s—related to ¥, by,‘~ . l\\\i
) = 1-¥,(1-Xs)t N,/N,, = T (a.28)
v'The cdﬁpbsition of the gas at a specific point in the
ICatalyst'whefe'W is known will be then calculated by’ the
. method of sectlon 3.4 to evaluate ‘N, -and x(S ), u51ng'; l
: equatlons (4 19) and 64\?5) to spec1fy the correspondlng
o 1ocal values of temperature and conver51on. Then,
B



o

"_may be determlned only after a solutlon is obtalned ThlS o

) =

P, = (n/N~)‘{&502.47055Yh:s’x} I (4.26)
Py = (I/N;) {Yhso + Thes X - - (asem)
Py = (H/N ) x(s,) T a2

-

»The calculated local compos1t10n and temperature f1xes the

01
-

7rate of react1on. The 1ntegratlon and the ahove procedure
.:are contlnued to. y1eld T" and the gas comp051t1on at the*'
' ;:subsequent spat1al p01nts of the catalyst pellet.
i Th Welsz and chks conventlonal method (208) was used o
Qeto solv} the two—p01nt boundary vélue d1fferent1al equatlon
.(4.11) In the1r method ‘the. boundiv¥ value problem 1s ‘ R
'fjtreated as. an open ended 1n1t1af value problem- the detalled
dfderlvatlon of equat1ons to apply the Welsz and chks method
-tiito thlS study 1s presented 1n Appendlx C w1th the related 71"‘
thflow chart and computer program. L | ) | ' '
The Welsz and chks method 1s a powerful procedure.h:iliw-il

11,Th15 method 1s 1mpl1c1t in. that an approprlate value of . ¢n,p

':ppplnt has been shown in f1gure c.i. .,kff 15:- f'}»f

R e 1 ) T e

v4 2.2 Non1sotherma1 Claus Pellet Modell1ng Results _
h* In the numer1cal analy51s of Claus pellets, dlfferent
‘b¢" and £ correspond to dlfferent Dp//De aﬁd De/ks rat1os,‘?td
respect1vely, 51nce 1n equatlons (4 15) and (4 16) all ‘the ”
'other parameters or. varlables have been spec1f1ed by |

u:cho?s1ng Xs and Ts.. rff' ‘Tuft . ,"l o
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'Aeffectlveness factor curves of Claus

.De/ks ratios when Ts 500 K and XS=0 27

42, The heat of the Claus reactlon at th1s temperature

ellets w1th dlfferent

nr cal/mol H2S. The curve for £ 0 0 111us rates the

. ’1. 5

iAeffectlveness factor curve of an 1sother al Claus pellet pf'

M
51nce, by equatlon (4. 19) thlS correspon S to t=T/Ts 1.
: !
_ F;gure 4 1 reveals that the effectlveness factor of

-

Claus reactlon can exceed un1ty when the ratlo De/ks 1s

.

_ilarge. However, when De/ks is equal to 100; the pellets
'behave practlcally 1sothermally. _uhj_ N s

The correspondzng plot when Ts 600 K 15 shown 1n flgure'

i

range is of the order of 10. 8. kcal/mole H, S Here the

T

'Lpellets show 1ess sen51t1v1ty to the rat1o of De/ks compared

to f1gure 4 1 For example at ¢n—1 0 and £ 0 00001 the

ratlo of nonlsothermal ‘to 1sotherma1 effectlvéhess factor

for Ts= 500 K 1s 1. 14 compared to 1 04 for Ts=600 K.vTh1s

_effect is a d1rect result of the lower value of the heat of

reactlon at Ts 600 K compared to 500 K. ‘ | |
It.1s useful at th1s stage to cons1der the range of

De/ks ratlos that would be covered in phy51cally reallzable

i

' Claus systems. The upper bound to the magnltude of the

d1ffu51v1ty is the bulk gas phase dlffu51v1ty, corrected for

the fractlon of void space in the solld (por051ty) and for
“tortuosrty . The calculated value of thlS dlffu51v1ty,

using the recommended values*of tortu051ty and por051ty

At thls temperature ‘

";ywd conver51on, the calculated heat of reactlon is 11 B o
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F1gure 4. 1 Nonlsothermal Clahs pellet effec iveness factor
I‘nlet composition-(mole fraction) 0.1

’ 503—005 HO—02 Ng"

Surface t:emperature,‘= ‘500 K ‘
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Figure 4.2 Nonisothermal Claus pellet effectiveness factor

Inlet composition (mole. fractiodn): -H,S = 0.1

SOz = 0.05, Hzo = 0.2, N, = 0.65
Surface temperature = 600 K , .
H,S conversion at the surface = 0.2 .
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1&"

(180) is 0.056 cm?/sec as shown in Appendix G.

The minimum possible value of ks corresponds to the
thermal conductivity of insulators (208), and it 1s about
0.0001 cal/cm s K Thus it is estlmagtd that an upper ‘most
limit of De/ks to be encountered in Claus pellets,?1s 560.
Figures 4.1 and 4. 2 reveal that for this maximum ratlo of
De/ks, the 1nfluence of pellets, nonlsothermallty is almost
negligible’ for the Claus pellets. ’ _ |

The data obtained by Mlschke and ‘Smith (154) gave the
value, of ks of alumina catalysts equal to 0.00034 cal/cm s
K, when it was fllled with a1r at 322 K. Furthermort the
calculated effectlve dlfoSlVltY u51ng pore size
dlstrlbutlon data of Chuang (46) is 0. 003655cm’/s as shown
in Appendix G Thus De/ks for the Claus catalyst is of the
order of 10.7. . |

In the llght of the above analy51s the operation with
Claus catalyst would therefore be expected to bé free of
'thermal effects w1th1n the catalyst pellet and Just1f1es
neglectlng these effects. Because of the absence of internal
‘thermal effects, thé energy balance equat1on w1th1n the
catalyst pellet does not need to be con51dered ‘when
computlng the effectlveness factor
4.3 Isothermal,Clahs Pellets

The -Claus pellets were shown fn sectlon 4, 2 2 to behaveﬁ ,

1sothermally Thus when comput1ng the effectlveness factor,

the mass balance equatlons are the only equatlons to be
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-solved.

. The material balance equatxons are required for each
1ndependent species part1c1pat1ng in the reactlon as was
described in section 4.1. At steady state, different
material balances for H,S SO}, and H;0 resulted in equati;n
4.1 and for conservation/if the sulfur speciés in equation“
4.2. The equations (4.1) and (4.2) can be transformed in -

terms of partial pressure in an isothermal pellets as,

'dzp; 2 dP| ‘a; . ". <
, + ———— + — Ppp Rg Ts Rc = 0 (4.29)
dar? r dr "De;, o -
i=d,2,3
. - j
dzpn, dzps dzps dzp7
2 + 4 + 6 + 8 g
dr: dr? dr? dr? R

) dpq . dPs : dps - dP7
+¢_{2___ + 44— + 6 + 8- }

r dr e dr” - dr dr
+ —— pp Rg TS Rc = 0 . ‘ : _ (4.30)

1

Desg.
| Substitufihg (4. 5) to (4 7) 1nto (4 30) to e11m1nate P., Ps,

and Py, yields, - ,  :_ o ", ~
T3 ' : o

{2/3 a, Pg?/3 + 8/3 a; 951{3 + 6
+32/3 a5 PY/J(aRe/aY) v »
{_4/9 aj 955/3 - 8/9 az'P;“/a

+32/9 a, P;?’a}y(dp,/d:)=‘+
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{2/3 a, Ps?/* + 8/3 2, Pi'/* + 6 + 32/3 a, P}’?}
- (2/r) (dpe/dr) |
+.6.a,/De.4pb Rg Ts Rc = s : (4.31)

‘w. ' .
Introducing a new variable, W, defined by

W = 2311 pé/a "! 4az Pg’a + 6 pg + 8a3 P:/J - (4.32)
simplifieS'equation-(4.31)vto

d*w/dr® + 2/r dW/dr'+‘6a./De, pp Rg Ts Rc = 0 (4.33)

By ch0051ng any. two of the equatxon (4 29), and 1ntegrat1ng
tw1ce between the limits r=r to r=Dp/2 glves the follow1ng

set of algebralc equations,

P, = p,, + (ai/a,) (Dé,/De,) (P,-P,,) s (4.38)

i=2,3

Next, cons1der1ng equatlon (4 33) and equatlon (4.29) for

-~ i=1, to ellmlnate the rate term, one f1nds

W = W, + 6(as/a,)(De,/Deg) (P =B, ) . (4.35)
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2a, P{/® + 4a, P}’’ + 6P, + Ba, P}’
= 2a, Pg!’? + da, Pg?’/? + 6Py, + Ba, Py’ ¢+

6(a../a|)(De|/De.)(P1‘P1.) . (4.36)

Now the four differenfial equations (4.29) and (4.30) have
been reduced to one. dxfferentlal mass c&nservatxon eguation
based upon reference species 1 (H,S) and the two sets of
.algebra1c equatlons (4 34).and (4.35).

To generallze the analys1s, dlmensxonless variables are

introduced:
,‘ .(I , “ .
q’ = p\/P1l
and ‘ ,
y = 2r/Dp ’/ S

which transforms equation (4.29) for the reference species 1

into,
/d=¢/dy= + 2/y dw/dy - 9¢2 Rc/Rc. =0 O (4.37)
where, \ ’
¢ = (Dp/6)V(2 pp Rg Ts Rc,/De; P,,) . (4.38)

+

and the boundary conditions are

aw/dy = 0O , at' y=0 (4.39) .
¥ o= 1 ) at y=1 ' (4.40)

Al
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-

The effectiveness factor is calculated from equation 4.20 by
replacing ¢, and ¥, with ¢ and‘*.

Using this analysis to calculate the n, the boundary
value problem, equations (4.37), (4.39) and (4.40) coupled
with the equations (4.34) and (4.35) must be solved for a
specified compositibn and temperature of the gas at tﬁe

exterior surface of the catalyst particle,

4.3.1 Computational Scheme for Isotherﬁal Claus Pellets
The first step'to be taken is to specify the
\ ,composition of the gas at the exterior surface of the
| catalyst particle. The computational method of section 4.2.1
which resulted ia equations (4.215 to (4.24) is applicable
here as well. The calculated partial pressures of the
species and Ts defines Rc,. ‘

L]
Solution of equation (4.37) gives the local values of

«
¥, or.P, by which value, equations (4.34) and (4.35) may be
solveéito give the partial pressure of the other species.
These partial préssu;es would then specify the local
reaction rate. |

Two different numerical schemes were employed for the
solution of the boundary vélue problem equations (4.37),
(4.39) ané (4.40)f The first method, the Weisz and Hicks

. method integrates the differential equation by tﬁe

Runge-Kutta~Fehlberg (186) méthod and is a powerful but

time-consuming numerical procedure which provides an

accurate solution. The results of this method could be used
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to est1mate the accuracy of the second speed1er methodv As
was mentloned in sectlon 4 2.1, the Welsz and chks method
1s an 1mpl1c1t method in terms of ¢ ‘f

The second method 1ntegrates equatlon (4 37) via the
orthogonal collocat1on procedure. This method is cons1dered’
".explICIt because the solutlon results for any spec1f1ed |
‘value of the - ‘Thiele modulus,'¢r * | | |
| The detalled formulat1ons of both methods have been';‘

presented in Append1x D. 5

‘_h4 3. 2 Isothermal Claus Pellet Modell;ng Results e
| F1gure 4.3 compares the two numerlcal procedures used
to predlct the partlal pressure proflle of component 1 (HzS):t
at dlfferent ¢ W1th 1ncrea51ng ¢, the exp11c1t method |
(orthogonal collocatlon) req01res add1t10nal 1nter1or p01nts'
- for accurate results. U51ng szx 1nter10r p01nts w1th the,,
‘ exp11c1t method at $=5. 76 the two methods predlcted
effectlveness factors dlfferlng by oﬁly 0.4%. |

At 1arge values of ¢, the solut1on ¢ has a steep.
gradlent near the pellet surface.‘Thus a large number of
interior p01nts are’ needed for accurate calculat1on of n
(41,204)5 This would affect_the efficiency of the_
»collocation'methodr In this study thermethod‘of Paterson and
‘Cresswell(162). using only‘one collocation'point has. been
 used for calculatlon of m when ¢ 1s large. The p051t10n of

.collocat1on p01nt has been chosen accordlng to the cr;terlon

‘developed by V1llads=n and M1chelsen (204). This method 1s,f

&



Flgure 4, 3 Comparlson between Runge Rutta=- Fehlberg (RKF)
and Orthogonal Collocatlon (OC) numerlcal
methods. .
Inlet comp051tlon (moke fraction): H,S = 0.1

SOz = 0. 05 Hzo = O 2 Nz = 0.65 ‘
Surface temperature‘= 500 K R
H; S conversion at. the surface = 0.5
M number of 1nter10r p01nts used in OC
method C

1.0 T — ’.l — B VHL T f“
- ©0=0416 4—C .
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0 | i i 1 | | i ] I
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dlsCUssed 1n sectlon D 2 2.
| A typ1cal catalyst partlcle of the type used in the
'mod1f1ed Claus plants has ¢x6 0 for a pellet of 0. 6 em in
dlameter as ?hown im sectlon D 3, thus abbut 51x 1nter10r
p01nts are requlred to obtaln reasonably accurate v

[

fcomposxtron proflles The computer program for orthogonal
'collocatlon was wrltten to permlt adjustments in the number
\jof 1nter10r p01nts, depend1ng upon the value of the Thlele
‘modulus, thus reduc1ng the number of computat1ons..

F1gure 4.3 shows that the eff1c1ent ch01ce of the L@,‘
“calculatlon method for the Claus catalyst effectlveness
.factor is orthogonal collocat1on 51nce 1t 1% eff1c1ent and

is. expllclt in’ the value of 9. That 1s, the effectlveness

"factor can_be d1rectly calculated when the catalyst pellet

“ . ; r
.P ’

\ksurface cond1t10ns are spec1f1ed
: Flgure 4.4 1llustrates the change in the effect1veness
"tfactor when the conver51on at the surface is changed In"

-

these calculated n- ¢ plots, parameters other than partlal (
',pressures were 1nvar1ant. Operatlon of Claus reactors w1th |
;”non sto1ch10metr1c feed. comp051t1ons nece551tates .

.[1ndependent calculatlons for Pz,/P1., Pa,/ P1,, and Ps,/P,, :
nSlnce all are changlng quantltles ‘with xSuaccordlng to |
;equatlons (4 21) to (4 24) When StorchiOmetric feed ratios

"are employed Pz,/P,, remalns constant at 1/2 and only the

<8

" other ratlos vary when Xs is changed

A

At a constant temperature, as was used 1n flgure 4.4,

sulfur m1ght condense at hlgh values of XS. However, 1n the,‘

5
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Figure 4.4 Effectlveness factor versus Thlele modulus for
: _ ASpherlcal particle in modified Claus reaction,

- at varying conversion .levels of H, S at

'pellet exterlor surface. . .

‘ N

Effectiveness Factor,
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: ' ' ' R o . ' ' .
.exothermlc Claus reactor there 1s a concom1tant 1ncrease of ~

ctemperature w;th conver51on. Thus sulfur would not condense

at hlgh operatlng temperatures of the

3

nventlonal_Clausji:
,reactor. ; | - ,
In an 1sothermal reactor, the Thlele modulus of a flrst B
*oroer reactlon remalns constant In the Claus reactor, R
bhowever the Thlele modulus 1s porportlonal to V(P‘ 5‘/P)
”accordlng to equatlons (3 39) and (4 38) Thus for a glvent .
«fpellet 51ze, at a constant temperature the Thlele modulus

‘lidecrease W1th conver51on. ThlS explazns why the g

-

T effectlveness factor is expected to 1ncrease w1th conver51on

although fxgure 4. 4 shows that 1t decreases w1th conver51on _
\ 4

Llf the. Thlele modulus remalns constant Flgure 4 . 5 clar1f1es

thlS p01nt further.‘It shows how local values of the Thlele

P

"modulus decrease for a 0. 8 cm Claus pellet in_an adlabatlc
'bed"_._ 'f S e p |

Flgure 4. 6 presents the change 1n effectlveness factor

'“-?when the tempergzpfe is changed whlle the convers1on at the‘lw‘

" surface is iny r1ant. The results of flgures 4. ahd 4.6 -

| }imply that’ he Claus pellet effectlveness factor is a’

o complex functlon of the pellet surface condltlon. Th1s

functlonal relatlonshlp apparently cannot be descrlbed by

hthe Thlele modulus,i¢}'~' ,;"gif¢ _ﬁ vapj
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' Figure 4.6 Effectiveness factor versus Thiele modulus for
T S spherlcal particle in mod1f1ed Claus reaction,’
‘ ’ oat’ varylng exterlor 5urface temperatures. R

B
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,as well as- the Thlele modulus. At a glven value of the,

2

"]4Q4“Simplified'Local Effectiveness Factor

o It was shown in sectlon 4 3 that the effect1veness o

'rfactor of the Claus pellets is functlon of 5urface cendition

)

3

' 1Th1ele modulus, the effectlveness-factor decneases-as the .
-conver51on and temperature of" the pellet surface 1ncreases.

“In. the exothermlc convertors Xs, and Ts are 1ncrea51ng

N ra

funct1on of the ax1al coord1nate. The functlonal dependency
? ! ¢ .

.of the Th1ele modulus .on axlal coordinate depends on the
bhvarlatxon of the (Ts Rc )/P,,'accordlng to equatlon Q4 38),
'£dr_the speclfied catalyst pellet 51ze. Thus the Thiele

pmodulUs might‘increase, remain constant or. decrease w1th

¥

axlal p051t10n due. to the complex 1nteractlon between the -

N\

gftemperature, rate of reactlon, ‘and’ partlal pressure.

In l1ght of the above,‘the local values of n has to be

»

lcalculated at each axial p051t10n to obta1n an accurate,,
’-;predlct1on of the react1on rate through the bed The

"'calculat1on of a local effectlveness factor by the method of

sect1on 4 3 prov1des a model whlch is. theoretlcally

fsatlsfactory, but perhaps too time- consumlng to be useful
_ for generatlng de51gn alternatlves. This sect1on descrlbes a‘ o
"'=method for 51mp11f1catlon ‘of -the Claus effectlveness factor

’ calculatlon._ ' LN

Because the modlfled Claus reactlon (3 20) is

4

'frever51ble, a 11m1t1ng equ111br1um conver51on w1ll be

1

‘enCOUntered for any spec1f1ed Ts, Xs, and reactor feed

\

comp051t10n. Thus the lower 11m1t of W 1n equatlon (4 37)
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would correspond to. :the equ111br1um value i.e. Pe,/P,. when- :.
the Thlele modulus 1s large. The equ1llbr1um.composltLon
Wlthln the catalyst part1clells affected by the catalet

';,pellet surface condltlon. -
To normallze w in equatlon (4. 37) it 1s appropr1ate ton'f

1n€roduce a d1men51onless varlable 6 1n terms of ¥,

. 0. (-we) / (1we) ,'_214541>a
where We- Pe,/P,,. ThlS type of parameter has been used
prev1ously by Kao and Satterfleld (111)'1n evaluat1ng 7 for
a f1rst order revers1;le Langmu1r Hlnshelwood type rate

iexpress1on ’ v | - »

,;f} T The boundary value problem (equatlon 2. 37 ) 1s

ltransformed to - C '

S de 248 944

+ o — -

‘ A - Rc/Ro, =0 o (e.a2)
oo dy? oy dx- (1~¢e) , D e e REeRe

y -‘ With -

(4.43)

d6/dy =0 ,. - (a.0)

'-Because the comp051t10n within the catalyst partlcle are

affected by the relat1ve d1ffus1v1t1es of the dlfferent

molecular spec1es, the equ111br1um comp051t1on, ?e, must be

"2 evaluated at the condltlons developlng w1th1n the partlcle "“/

&

-,



: u51ng equat1on (a. 34) ylelds,

17

Y

1nter10r. The equ1l1br1um relatlon of the reaction (3 20)

¢

Peélz{Pau‘“ De1/Dea (Pe, P,.>}=’—'7

K Pe,{Pz. + De,/ZDez (’Pe, P1.)} = 0 K (4.45)

‘S1multaneous solutlon ‘of equatlons (4 35) and (4 45) gives
P81 and Pego |
Effectlveness factor plots in terms of a redeflned

_ Th1ele modulus,
et e

:Jfor dlfferlng values of XS and Ts are shown in. flgures 4 7
Zfand4s | e R

| o Flgures 4 7 and 4 8 reveal that the 1nfluences of Xs
tfand Ts upon n may be dlsgu1sed 1f not ellmlnated by the’

'_use of %e and the mod1f1ed Thlele modulus . By spec1fy1ng

.' ”'average values of Xs*and Ts, f1gures 4.7 and %. 8 enable

'fsuff1c1ently re11ab1e n to be predlcted ThUS, it appears
freasonable to use a 51ngle average plot of 7=% to generate
ilocal values of n for use in reactor modelllng.v‘

In. applylng thlS approach to the modelllng of the

' :mod1f1ed Claus process reactor polnt values of n- @ may be

. -
:generated based upon a SpéCIfled feed composxtlon and some

‘7average Xs and Ts. Intermedlate values of* 7 could be

'.“obtalned convenlently by u51ng a' natural Spllne
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Figure 4,8 .Effectiveness factor versus modified Thiele
o “modulus for spherical particle in modified
Claus reaction at varying surface temperatures,

(Xs = 0.5),
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interpo}atiﬁg formula (87). The algorithm for generating
local effectiveness factor in a Claus convertor is described
in section D.4,

The first order approximation of“CIaus process is shown
by circles in fiqure 4¢,7. Thé ordinate, n, of these points
were evaluated from the analytical solution of the
effectiveness factor for first order reaction in a spherical
bellet, that is:

(3 ®) coth(3 &) - 1

n = (1/®) . (4.47)
3¢

The first order approximation, gives an upper limit of
the Claus effectiveness facto; at any given value of the
modified ﬁhiele modulus, ¢ (defined by equation 4.46). The
prediction is, however considered sufficiently reliable for
routine calcuiation of the Claus pellet effectiveness
factor. To obtain the first order approx1mat1on of{n,
equations (4. 35) and (4 45) should still be solved for
evaluatlon of Pe, and thus ¢ at ' a given set of pellet

surface qond1;1ons.



5. HIGH TEMPERATURE CLAUS REACTOR MODEL ‘

5.1 Introduction
The literatﬁre on the design of the modified Claus

précess_is sbafse. The available design procedures (55, 198)
are based on the calculation :f thermodynamic equilibrium
conversion. Using available therﬁodynamic properties and a
free energy minimization approach, the equilibrium
conversion attained in each section of the Claus plant may,
in principle, be predicted given the feed composition to '
that section. This approach has been used by Cho (44), Goar
(89), and Truong (199) for evaluation of the effect of
presénce of impurities on the modified Claus process
" performance.

| Dalla Lana et al. (55) described an attempt to prov1de
thermodynam1c equ111br1um conversions by relating simple
calculations involving graphical methods. The report
purported to Qhow that detailed calculaéion for 100% H,S
acid Qas could within limitations be applied to acid gases
of‘lowér Hszcéntent. The basis for the method lay in
regérdihg an acid gas of lower H,S content as partially
converted 10Q0% H.S ac1d gas, after removal of the elemental
sulﬁur produced

-~

Truong (199) has modified the above graphical method,

'~ .. using relqable thermodynam1c propertles from JANAF tables

and the values published by Rau et al. (171), to generate

the equilibf&um conversion versus temperature plots. She has

121
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the product_sulfur is not expected to occur within the

122
5 ' . ' . ] ) ) ' ) ’ » ) bu
dlscussed the llmltat1ons and appllcat1on procedures of theﬁh

graph1cal approach Truong (199) has compared the effects of |

‘coz; Nz and- water vapor and concluded that, below 40% 1nert

ﬂcontent the sulfur removal equ1valent method of g gphlcal

approach glves the convers1on w1th1n the accuracy (\the.au"”

graph

2

The avallable llterature on the modell1ng and- de51gn of

’ the Claus catalytlc convertors has been rev1ewed 1n.sect10n~
2. 7 4, Thls rev1ew 1nd1cates that the 11terature la¢k5'

‘studies on the fundamental processes 1nvolved in ‘the Claust

convertors. L o aif
" The detalled 1nvestlgat1on of the catalyt1c conversions

of H S and soz to elemental sulfur is justified, because-

' ~they are requ1red to go to complet1on ‘as far as possxble,:

1rrespect1ve of the upstream furnace performance. An

v1mproved understand1ng of the operatlon of Claus catalytlc

14

 beds could prov1de a basis for pred1ct1ng the performance of .

‘ such beds under a w1de var1ety of operat1ng cond1tlons.'d

Thls chapter prov1des models of the Claus reactor bed

in which the temperature is h1gh enough that condensatlon of

catalyst pellet.

u.a ’ | o «

5.2 Model Development } | 3 -

The mathemat1ca1 model for the Claus catalytlc reactor

was developed accordlng to the scheme of table 5. 1

1



'Stagej1
J svt’aeef" 2 |
Stage‘3bﬂ-
i+
,St;ge-;‘”

—— . e ——

T S 123 -

e ] e o e e 08 i e G e S . S . e P S Sl B S it o s S B At e o Bt e ke s i,

.Table 5.1 _Scheme for Development Of ‘Models for'

ngh Temperature Claus Convertor.

Chem1cal change stages -
vadsorptlon / reaction / desorptlon:

“o .

Transport processes inside the catalyst pellet
~heat ./ mass « L r

o

Transport processes in a. fllm layer
L ‘heat / mass :

7

. heat / mass

Interact1on w1th env1ronment
‘adlabatlc / nonadlabatlc

o o e o - — ——— ———— - — ek T o = o = S~ ——— ——

Transport processes in a- layer of catalyst bed o



‘7,(3 39) The ba51s for such -a ch01ce has been dlscussed in

124

’ i

[} ‘ ’ ! ' !. ! ’ -t /

- Stage"1%£ The,chem1ca1 changes of the Claus process take -f»,,

’vplace accordlng to the 1ntr1n51c reactlon rate expre551on o

e - . .
sect1on 3.6. ' R o7 S S
7‘\ L o S A gp_

Stage 2 : The results of chapter 4 revealed that the Claus

. vlcatalyst pellets would be expected to exh1b1t 1sothermalf7f

1nterrors. The maSs transport processes 1nszde the catalyst }fp

}

bpellet w1ll be presented as an effectlveness factor..The-
jeffectlveness factor is calculated as a functlon of mod1f1ed _
Thlele modulus as was deflned in equatlon (4 fs) u51ng the .

°

algorlthm descr1bed in sectlon D.4.

StaéefB" Equatlon (2 18) has been employed to. estlmate the,

) f11m layer mass and heat transfer processes. The phy51cal
’propertles of the gaseous mlxtures for use 1n equat1on ¢

: (2 18) have been evaluated 1n Appendlx H.

~Stage 4 ‘At thlS stage the questlon of ax1a1 d1sper51on of

- heat and mass have to be con51dered In general axial o e

Y
a3

d1spers1on can be neglected whenever the bed is longer than
50 partlcle d1ameters (40 112) In- the Claus*reactor the»’
catalyst diameter and. the reactor length are in order of 0.6

cm and 100 cm, respect1vely Thls jUStlfleS neglec 1ng the

Stage' 5 : The ClausﬂCatalytic“beds are wide and relatively‘ , .

ax1al d1sper51on of heat and mass.

¢ , R

Yo v



125

ﬂshallow 1nsulated bedsfas were dlscussed in sect1on 2. 6
'-These convertors are expected to. operate adlabatlcally

"Thus» “the use. oI a~one d1men51onal reactor model prov1des a

1

satlsfactory descr1pt10n. However, in w1nter, the large

v temperature dlfference between the 1n51de wall and the

. -

1-‘out51de of the reactor may result 1n an apprec1abIe heat

loss and development of radlal temperature,‘and consequently -

-

‘{'radlal concentratlon, proflles. Thls non-ad1abat1c operatlonj

' would then nece551tate the use of a two dlmen51onal model

-

f5 3 Ad1abat1c 1- Dxmen51ona1 Claus Process Model
'f The general steady state transport and’ reactlon
' processes -in an adlabatlc I—drmen51onal two phase model for"»

‘the Claus reactlon are descrlbed by,~¢

~

d (V of ) /az + Akms (CE,~=Csy) = 0 © o (5.1) g
= ;'f," S E sy 3_,"' S o - L "QIIE‘
“d (V, p TE)/dz = (AR/CP)(Ts-TE) =0 . (5.2)

with the«couplingyequations between catalyst and fluid

-~ -

 phases,
C A km;~(ij-Cs,) = -a; pb 7 Rc," LT (5.3)
"'A h (Ts—Tfl' (- AH) pb n Rc. ' o o (5.45

L

(~

and for conservation of the various sulfur species,



id (v, zf)/dz + A kms (zf ) <0 g3~,j5(s 5)

‘A k.,,s (z£: Zs) == 6as b7 Rc_. e .‘,.(5 6)
where, |
";{Q' Z .= 2cjz4ff4Cé;h+jSC;;N; 8C;§ -,bbl. : e:f“1  1  (sJT}h

'. By comblnlnq any two of the equatlons in set of -

S

'-equatlons (5 3) to ellmlnate (pb ] Rc ), the concentratlon'
- of any spec1es at the surface oE:the catalyst pellet can be
‘?expressed as a functlon of the correspondlng value for the ;

- reference speénes (1) That 1s,

e ek a;.

[
- N

Comblnlng any two: equatlons 1n the relatlons (5 1) coupled

“with. equatlon (5.3) ylelds,,'_‘u'

c. -

;,-' I , ) . “~ - .
_~Cs;v=.Cf; ( —— ) ( —~') (Cf1 CS1) e  ‘“(5.8)
3 =12,3 {
U51ng the same procedure on equatlons (5.67 and (5.3)
. yields, - : , .
‘ ) Mkmy ' 6as. o g : . -
Zs-= 2f - ((— ) ( ) (Cf,-Cs,) S (5.9)
o . Kms - = ay ' ’
where by J-factor'enal§sis (equation 2.18),
ﬁm ' ’1, - Db, T R DR Coa
—_ = TR = (— )2/ - - (5.10)
mij SCji' - Dijv ' B ' . )



a (v;‘Cf;)kdz %ﬁ(qt/a;) d_(v}hc;,)/qe' R ;.ﬂf e(5}11)h,7'

' ‘wh1ch upon 1ntegrat1ng between the 11m1ts of z 0 (1nlet to

L the reactor) to zZ=z. g1ves,«'

P : S -

L VJCEy S VicEy * (a,/a)(V, G-V CEY) o (5.12)

jt: 2,3

&

'J-Similarftreatment‘for,theqsu1furﬁspec1es<§;eld§;’ R

o
-

TV ZE = VEOZES ¢ (6ae/ai)(V, CE, -VI CEY) . (5.13)

The equatlons (5 12) and (5 13) 1mply that the

o

st01chzometry of the reactlon deflnes the relatlon between 'i

-~

the concentratlon of the d1fferent spec1es 1n‘the bulk flu1d
phase, because there is no transport varlable in these
‘expre551ons. However,lequatlons (5.8) and (5 9) show that "
the ratio of the transport varlables (km,/km,) as well aS‘
 the st01ch10metry of the reactlon (a,/a,) would affect the
concentratlon of the d1fferent .Species on the catalyst
‘surface relatlve to that’ of the reference spec1es. £
: ‘ Next by comblnlnd%équatlons (5.1) to (5 4), o _Qf
; elzmlnate the rate term,'one flnds' 1_ e ' e L

d (V. p.TE)/8z - (-AH/Cp a,) & (V, C£)/dz =0 (5,18)

e

The'inteeration,ef (5.14)Vbetween_the,limitsbof z=0,tb12eénﬂ“'
3‘
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gives . -
V. o0 TE = V3 P T 4 (-AH/Cp a()(V, €, - Vs’ C£3) (5.15) o

The above mathemat1cal man1pu1at10n has reduced the

'Tpsystem of the equatlons (5 1) to (5 6) o one dlfferentlal
”mass conservat1on equatlon for’tge reference spec1es (1) andT
thé-ffve'sets of algebralc equatlons (5 8) (5.9),A(5.12)p

ce

t;(5 13) »and (5 15) ‘f-v 4"T_§”;f”_ ”.n._

The abova:sets of algebralc equatlons can be S1mp11f1edf_»‘5

S by def1n1ng the concentratlons in terms of conversxon. The,_

~

e conver51on of the reference spec1es 1 1s deflned as,v-

N
T

’(Cf Q° - Cf, Q) / Cf° Q°

. :quh% _ _ ‘
= (Cf° V° - Cf1 vs). / Cf° vS°"'5-:'h (5.16)
: J?fﬁ“V”t.-“

»The volumetrlc flow rate (Q) or the superf1c1al veloc1ty of
" .the gaseous mlxture in a constant pressure reactor 1s a,'b

i.dlrect functlon of temperature and the' total moles. Thev

)
.

st01ch10metry of ‘reaction (3. 33) may be used to express the

'volumetrlt expan51on of the gaseous mlxture as a’ functlon off

St ) o

conver51on and temperature. Let ‘ o
V=antataeta, 0 (5:17)
= ‘ o / .

where a.. are the st01ch1ometr1c coeff1c1ent 1n react1on..

"(3 33) deflned in sectlon 3.5. Then,

-

-
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'-'_yg/ng; NET / NEe T0
{ 1 - Y° (1- v) Xf/2 } T/T°. .
G T/T°'v SRR (5.18) -

;'u‘

‘ The equat1ons (5 8) (5 9), (5 12) and (5 13) may be‘

| wrltten in tfrms of conver51on uLlng equatlon (5 16) and L

(5. 18) :,/f";f, .

: °/§f)f(G)4* {*Cf? ~‘a;/aﬂ'cé1-kf'}* o '{5;19)
Ao /re) (6)' { 262 64/ay CEY XE} 7 (5.20)
"“fvfeg;f;ﬁij.T <km,/mm,)(a,/a,)<T°'cf )6~ ;4%'j L
G Xf)/Tf - {r—xs)/Ts 1 N

PL/RGT. o (ka2

: -. ‘ZS (kml/kms)(sas/a‘l)(T', Cf )(G)-1 A |

E { (1 Xf)/Tf - (1 -X, /T,

W / Rg T R :L;A;:},:,' ' eje f_"']ef,(s.zz)'

yherefw isfdeffnéd by. equatlons (4 32)

"Nexf,:equation (5.15) is expressed in . terms of conver51on by

t;Tf'é:éff {T°~+}(1-AH/¢b_ﬁ{)(Cf% Xf/b‘?.}."'H ;‘[xs;ég)\ -
‘eThe conservatlon equatlons (5 1) to (5 4) for the reference
‘ spec1es 1 u51ng equations (5 16) and (5 18) would result 1n,

;1' .

d %6/dz = <lapb /VECED) mRe, . (5.20)"



Y

Xs = 1= (a, h/ -AH)(G Ts/CEY T K
| - Ts/TE (1-Xf)

’

TE + (- -AH pb/A h ) % BRe, -

Ts

U51ng thlS analy51s to obta1n the reactlon path through

)(Ts Tf)

(5 25)

Y

(5.26)

'the ‘bed, the d1fferent1al equatlon (5 24) coupled w1th the'

--equat1ons (5. 19) to (5 23)9and (5, 25) and

hsolved for a spec1f1ed 1nlet comp051tlon

'5 3 1 Computatlonal Scheme

: flow to the bed

By spec1fy1ng Xf, the temperature in

-

(5 26) must be,

temperatuqe, and

the bulk flu1d

'phase is calculated from equatlpn 5. 23 Then Xs- and Ts may

be calculated through an 1terat1ve approach by solutlon of

\”equatlons (5. 25) ‘and (5 26?, whlle equatlons (5:21) and .

--(5 22) are. used for. calculat1on of P,,. and thus Rc, and m

' through the approach dlscussed 1n sectlon ' 3

. a

The converged solut1on of Xs and Ts spec1f1es (n Rc, )

and thus de/dz by equat1on 5. 24 wh1ch upon 1ntegratlon

'ylelds Xf at the next 1ntegrat10n 1nterval

then repeated

'f"schemes .were. used for 1ntegrat10n and 1terat10n..

130

-

e

‘The procedure is

Thﬁ Runge Kutta- Fehlberg (186) and Newton Raphson

.,vrespectlvely The flow chart of the program and the program '

code are presented in Appendlx E

=

4
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5.3.2 Numerical?Results of oﬁeADiAenéibﬁAi Claus Model'f
‘The H,S conver51on prof1le along the catélyst bed is
plotted in flgure 5 1 for,the frrst_convertor;a the feed
| temperature of-553 K. and°a space velocity Ofk1000 hr"‘vThe
fcorrespondlng temperature proflle is presepted in flgure
5. 2. These prof1les 1nd1cate that. a‘51gn1f1cant amount of
react1on occurs at the” entrance of the reactor bed and
'_almost max1mum conver51on ma;Jbe reached at the depth of
labout 40 "cm. The maximum conversion 1s l1m1ted by the
p0551b1e thermodynamlc equ1llbr1um value at . the reactor
’_outlet temperature. W1th thls predlctlon it can be suggested
that 1f the space veloc1ty 1s 1ncreased to a hlgher level
than 1000 hr- ‘) a greater yleld may be obtalned w1thout
‘affect1ng the reactor effxclency _'- r‘<”__ N S

The mass transfer coeff1c1ent k my. of the spec1es 3, is

a funct1on of its bulk defu51v1ty by equat1on (5. 10)

Flgure 5 1 shows that, the eValuatlon of km, s at an average.

"value of bulk dlffu51v1ty would result only in m1nor»error.‘

ThlS observatlon suggests that the-concentratlon of.all the
4spec1es at ‘the surface of the catalyst pellet may be;j
-spec1f1ed by uszng the sto1chlometry of the reactlon andmthe
concentration ot ‘the reference spec1es,_as it is true,for
the bulk‘fluid phase (equatlom 5 12). - |

o The p01nt value of the catalyst effect1ve\ESs factor rs

shown 1n flgure 5 3. This proflle 1nd1cates that the=

effectlveness factor decreases slowly in.the. 1n1t1al sect1onl

"of reactor bed. It then increases slowly followed by a raprd
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H.;S converslon proflle along- the catalyst
bed depth ‘

Inlet composition (mole fra¢tion): H,S = 0.07,

‘SOz = 9.035, H,0 = 0.255, N, = 0.64

Inlet temperature = 553 K

Pressure = 1 atm
Space velocity = 1000 hr-'
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Temperature profile along the catalyst

'bed depth. .

Inlet composition (mole fraction): H,S = 0.07,
§0, = 0.035,-H,0 = 0.255, N, = 0.64

Inlet temperature = 553 K L .

Pressure = 1 atm"

' Space velocity = 1000 hr-'
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Figure 5.3 Local effectiveness factor in the ‘catalytic
Claus convertor.
Inlet composition (mole fractfdn) 25 = 0,07,
SO: = 0, 035 Hzo = 0, 255 Nz = 0 64
Inlet temperature = 5853 K
Pressure = 1 atm -
Space'velocity = 1000 hr-'

EFFECTIVENESS FACTOR, n

'\

'REACTOR BED DEPTH, cm
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increase to ty. In the entrance of the reactor bed wherg

a significant reaction occurs up to the depth of 40
centimeteres the effectiveness factor has a value of about
0.12.

In figures 5.4 and 5.5, the effect of the external mass
and heat transfer resistances is shown, respeéctively, for
the inlet section of the reactor since the inlet section can
have the greatest gradlent 1n temperature and concentration
when 51gn1f1cant reaction occurs at the inlet sect1on.
According to fiqure 5. 4, the externgl diffusion effect

results in the conversion difference of abou .06. The

external thermal resistance has*cihsed a tawoks
_dlfference of about 5 K as is shown in flgzﬂ
Claus catalyst convertor it is then predicted that external
mass and heat transfer resié@@%cés are significant at the
Space velocity of 1000 hr-',

The state of knowledge ccncerning the'thermodynamic
propertles for molecular sulfur vapor spec1es is still
uncertaln as was discussed in. section 2. 3. Accordlngly, the
use of ava1lable thermodynamlc properties. for §, predicts

conversions for reaction (3. 20) lower than those

©

experlmentally obseeved. Thus the 51mulat10n results of
figures 5.1 to 5.5 are conseréative predictions.
Alternatively, the propertles of S; to S, are
frequently adjusted emplrlcally to 1ncrease the predicted
values for equlllbraum conversion of reaction (3.20) as
dlscussed in sectlo?/z .3. Accordlng to Yung (219) 10%, 15%,

L]
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‘EFigure 5.4

Effect of film mass transport 11m1tat10n 1n
-Claus catalytlc convertor.

Inlet composition (mole fract1on) HzS =‘-0.8»’7,
. SO, = 0.035, H30 0.255, N, = 0.64 o
"Inlet  tempegature =1553 R .,' \ oL

_ Pressure-= 1 atm ~ .

Space velocity = 1000 hr-'
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'Effect of ‘tilm heat transport llmltatlon in

Claus catalytlc convertor..

‘Inlet composition (mole fracfion)' H S #'0,07,

S0; = 0.035, Hy0 = 0.255, N, = 0.64
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B adjusted data fFor the feed»tempe

: veloc1ty of 1000 hrgx; The twg
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3

andoZO% 1ncreases in the absolute value of the free energies

v
"

‘“,‘of S:, Ss and Se respectlvely, g1ve the best predlctlon of /

/’“’
the exper1mental equ111br1um H S conver51on. S1nce ‘the free

'energles are negatlve numbers, what Yung has meant was to ,{
'reduce the free energles of thefsulfur spec1es. The fugac1ty"5

.coeff1c1ent oﬁ the sulfur spec1es is low as shown 1n table:””

J»

TA 2. Then, the 1deal gas m1xture approx1matlon for the

Qpredlctlon of equ111br1um st conver51on (equatlon 3 2) w1ll§,

P

‘1ntroduce some error.»Yungs results Show that the g s of

”Sz, Ss,_and S, must be reduced by 10%,/15% and 2 from 1ts.f

1deal value 1n equatlon Q? 2) to ellmlnate the error of the;

1deal gas approx1mat10n and to get the correct equ1l1br1um

pred1ct1on. The equ1lnbr1um constants of reactlons (3 20) to‘.n

.1(3 23) were correlated w1th temperature u51ng the 5uggested - o

Yung s dlstorted free energy data. They are,

'(;la,x' \=.939l/fffu7§75f??{: : f:ﬂ.'t-d' (5.27)
In'Kes - —36904/&’+r3§'4bny TS fflif'f"KSTZé)'_
din”xgﬁ ;-»11300/T + 4:91 f‘f7 P T (5.20f
InKew=2738/1- 157 (s.30)

Flgure 5 6 presents the comparison of the converslon'

kY

‘ proflles u51ng the publlshed thermodynamlc data and the»

?ture of 553" K and space

a)_ \'»i\‘

gﬁoflles show the same rate'
gl

- o{ fratt13nal conver51on'1?crease at the 1n1et sectlon of

the bed’ At the 1nlet sectlon of the bed the reverse

.‘ Fp : . ) \‘ . ,' B 7 i o L .
« Mo - - N B s . K .
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ffect of the thermodynamlc propertles of
suilfur species on the predicted
performance of Claus convertor. _
Inlet composition (mole fractlon) "H,S = 0.07,
'S0, = 0. 035, H,0 = 0,255, N, = 0r64
Inlet temperature = 553 K .

‘Pressure = 1. atm

Space velocity = 1000 hr-'
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'rreactlon term does not contrlbute 51gn1f1cantly and thus

140
B A » , ‘

'~thermod?nam1c data of the sulfur spec1es is not a dec1s1ve

"factor. In the v1c1n1ty of 25% fractlonal conver51on of the

e e et .

r'convertor feed (see flgure 5.6), the reverse reactlon term

5,fthermodynam1c data, the 51mulated results of the Claus

fEEEEES?‘under vary1ng space veloc1t1es have to- be R ,'\\

thermodynam1c data, the max1mum fractlonal conver51o i

’7,_11000 hr"’

‘*u51ng the publ1shed thermodynamlc data, w1th space‘

'contrlbutes more s1gn1f1cantly The 1ncreased 51gn1f1cance’

of the reverse reactlon rate results in the dependence of

both the equ1l1br1um and the rate. of increase of fractlonal .

: conver51on, on the thermodynamlc data for sulfur spec1es.

Flgure 5 6 sh0ws that the pred1cted equxllbrlum

My PR

:fractlonal convers1on is 1ncreased from 0.61- “to 0.78 by o

adjust1ng the free energy data of the sulfur spec1es.
Correspondlngly the ‘reactor outlet temperature is 1ncreased
‘from 615 K to 637 K. o o P"f’ RS hu h'?»~

Flgure 5.6 also reveals that w1th the ad}usted

to 40

e
A

‘5

Th1s result suggest that u51ng the publlshed

=L

n'1nterpreted caut:ously. That 1s, the 51mulat1on results .

~
.

veloc1t1es higher than 1000 hr v mlght not pred1ct the drop

"1n the reactor eff1c1ency and gave the maxlmum posS1blev,

1conversmn of 0 61 ThlS conver51on level would Stlll be

o conservat1ve compared to the model u51ng the adjusted

» e
PN
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.
' thermodynam1c data. However the predlcted reactor” bed depth
‘ mlght not be enough for obta1n1ng the maximum reactor

eff1c1ency p0551ble by use of'adjusted thermodynamlc dataL

Figure 5.7 shows the effect of the feed temperature on
’f‘the convers1on proflle along the reactor with a constant
_space veloc1ty of 1000 hr ».using the adjusted |
thermodynamlc propert1es of the sulfur spec1es. The slopes
'of the profrles at thevlnlet section of the ‘bed confirms

/

4that the high reaction’ rate can be achleved at the entrance ”
_of the catalyst bed by the 1ncreases of temperature.

However, the ‘high- reactlon rate at the inlet sectlon, will

be off set by the lower equ111br1um conver51on at the outlet
of the reactor as the feed temperature is increased. The
“asymtotes of the proflles in flgure‘S 7 shows that the

maximum. p0551ble H,S fractlonal conver51on of 0 72, 0 78

and 0.83,for the feed temperatures of 600, 553,vand 500 K is

o approached at the depth of 50, 60, and 100 cm, respectlvely..

ar

'Flgure 5.7 also shows a very slugglsh conver51on proflle for

wvthe feed temperature of 500 K compared to 653 and 600 K.

*

bThls suggests that to have a balance between the max1mum’

) conver51on and relat1vely hlgh react1on rate the feed
.'temperature should be between 500 and 553 K The opt1mum
ch01ce depends on the economlc factors and air pollutlon
control pollcies. ki \ “_» )
Flgure 5.8 has been plotted to evaluate the effect of

the 1nlet temperature on the conver51on temperature plot

with a. space veloc1ty of 1000 hr“..The slope of dx?dT is
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-Effect of 1nlet temperature on .the performance.

of Claus convertor. _ -
Inlet compos1t10n (mole fractlon) HzS,= 0.07;

, SO, = 0.035;, H,0 = 0. 255' N = 0.64
Pressure = |1 atm ' o ‘
Space veloc1ty 1000 hr-!
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~

H2S FRACTIONAL CONVERSION, X

."Space velocity = 1000 hr~ '
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Effect of inlet temperature on the adiabatic
reaction path. I
Inlet composition (mole fraction): H.,S = 0.07,.
SO: = 0-035, Hzo = 0.255‘,1N_z = 0.64
Pressure = 1-.atm . ‘ L '
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-fslightly.decreasedfas the feed temperature is reduced.
| The effect of the space veloc1ty on the convers1on
“proﬁlle at the flxed feed temperature of 553 K using the
‘ adjustedathermodynamlc propertles of sulfur,speclesris-shomn*
in'figure'S,Q. The profiles indiCate'that_one metervof the.~
'bed would not ensure the approachuto‘the-eQuilibrlum_when
the space veloc1ty is h1gher than 2000 hr- '&'
| ~The . Claus reactor s1mulat10n may advantageously be used
- to prov1de a bas1s for the evaluatlon of’ potentlal economlc B .
benef1ts of us1ng catalysts d1ffer1ng in. 1ntr1n51c catalyt1c

act1v1ty, when subjected to .identical operatlng condltlons.

. Cho (44) and Dalla Lana (54) have reported that "Cu"

" 1mppegnated actlvated alumina (called novel catalyst)

improves the H s/soz act1v1ty and. shows as much as a 50%
1mprovement ‘at the optimum content of 5 weight% of promoting'
agent.‘Figure'S 10'lllustrates the comparison of the
act1v1t1es of the novel and actlvated alumlna._These
laboratory performance tests prov1de a: measure of 1ntr1n51c

vca}alyt1c act1v1gy via,
/

LAY

id {Frac. Conver51on}

{ rate of reaction of H,S } =
- o .d {Space time}

.The ratlo‘of the 1n1t1al slopes of these st conuers1on
plots for the 5 4% Cu promoted and v- alumlna catalysts 15'
proportlonal to the1r intrinsic act1v1ty ratio. Thus when
;Vthe rate expresszon (3. 39) is’ multlplled by the act1v1ty

'Mrat;o, 1t w1ll show'the‘rate'enhancementvby use of the noyel
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e

'Figure 5.9 Effect of space veloc1ty on the performance

'HzS FRACTIONAL CONVERSION, X

- of Claus convertor. _
Inlet composition (mole fraétion): H;S = 0.07,
SO; = 0.035, H,0 = 0.255, N, = 0.64
Inlet temperature'=.553 K. o
Pressure =1 atm
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Y

Figu:e 5510.»Comparison.5etween novel

commercial catalyst (44)

4

catalyst and a

'
3

—_ HZS Conversion

,Qéyfalumina

12,057
16,077

0 12.987% Cunon—aluminai
V'16;07%,Cdton-aluminé

4B re

~e= CJS Conversion
y-alumina
5047 Cu-on—-alumina

Cu-on-alumina
Cu~-cn=-alumina

146

4 6 8 10 12 14
SPACE TIME, GM CATALYST/SCFH- OF H

2

n "
QO
O
I
o dd
c o
N o.l =
w
o~
o D.6L
,C,.
g
o
EJ 0.5"
Ev
Iy
2
0.4
2
d
-Q
oo .
E) O?3F’
5
1Y
fy
3.2

16
S OR COS




‘ ' ' 147

catalyst The activity rat1o,.as measured from the 1n1t1al
slopes of the’ alUmlna and 5.4% Cu-promoted alum1na proflle
in flgure 5.10, ‘is about 3 5.

The performance of Claus reactors employing activated

alumlna and novel catalyst will be compared u51ng (k£) and

(3. 5 kf) in "the rate expression (3.39) for the nate

expre551on;of ‘the two catalysts, respectively.’Ih'this;

éimulatiod‘study the mass transfer coefficient'and the

: effectlve dlffu51v1ty of all the spec1es were taken equal to

those for H; S. ‘The published thermedynamlc data were used to

-

"specify the extent of equ1I1br1um of reactions (3.20) to»

(3.23).

Figure 5.11 shows conversion r1se as a functlon of

dlstance along the bed axis, Equ111br1um conver51on is

‘attained in about 15 cm for the novel catalyst versus about

30 cm for the activated alumlna catalyst. Thus, 15
centlmeteres bed depth reductlon is possible without harm.
Alternatively, one could observe that the novel catalyst

extends the bed life,

%Qhe;above*resu%t*—TS“cm“versu3“30”cm implies that about
1/2 of the bed depth is requ1red for the ‘novel catalystvr/”/
compared to alumina. However, the 1ntr1n51c act1v1ty of the

novel catalyst is 3.5 t1mes that of alumina as was

’calculated from the initial slopes of the proflles in flgure

5.10, Th1s 1ntr1n51c activity ratio of 3.5 1s ‘not observed

'1n the performance of the bed where the act1v1ty ratlo was

only about two. The reduced observed act1v1ty of the
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“Fiqure 5.11 H;S conversion proflle along novel
and alumina catalysts bed depth.
Inlet composition (mole fraction): HzS = 0,07,
‘ 50230035 HO=0255 Nz=064
Inlet temperature = 553 K
Pressure = 1 atm
Space velocity = 1000 hr-'

H2S FRACTIONAL CONVERSION, X
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convertor is due to the lower efféétiyeness factor of the
novel catalyst compared to that of the alhmina catfﬁyst. The
.effectiveness factor for the novel catalyst‘is about 0.09
compared to 0.16 for the alymina éatalyst at the inlet
section of the bed. S

Figure 5.12 shows the performance of the novel catalyst

at the same inlet conditions as figure 5.11 but at double
the space velocity, 2000 hr-'. The Spaee velocity for the
alumina catalyst was reduced below 2000 hr-' until the
alumina catalyst generated the same‘berformance. This
occured at a space velocity of 1000 hr-', Thus, this
prediction shows that the novel Cataf§st will maintain

- performance even if production‘is doubled (dgupled‘feed gas
flow rate). Alternafively, the capacity shroughouﬁ is two
times larger for t;e novel catalyst in an existing Claus
_cqnvertor. . | (l,' '

Tem ' o 9
ﬁ$1gua% 5, 13 shows that for a first stage converté; of

e

R abghé‘1>meter Q%palyst depth to be fully ut111zed “that is

% ’R _,‘
rlum conver51on at the bed outlet. (rather than w1th1n

‘l""l",

b} a space veloc1ty of i0, 000 hr" would be needed

thuthe nbvel catalyst versus 5000 hr-' for an alumina
cataiyst Publxshed thermodynamlc properties have been used
‘1n the simulation studles 1ead1ng to)flgures 5.11 to 5.13.
Thus, in reality a Claus first stage convertor could not

- ‘.‘operate at the hlgh levels of space velocxtles of 10,000 and

“y ' '5000 because discussion of flgure 5.6 revealed that using

the adjusted thermodynamic properties of sulfur species
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Figure 5.13 Space veloc1ty for ut11121ng 1 meter depth
- of novel and alumina catalysts.
Inlet comp051t10n (mole fraction): H, S' 0.07,
- 80, 0.035, HO-0255 N2—064 _
Inlet temperature = 553 K o A
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3<,egu111br1um data predlcts longer bed or lower space e

‘wh1ch 1s belleved to be compatlble w1th the observed

& e

veloc1ty compared to the predlcted values by publlshed Te
'1thermodynam1c propertles. Furthermore, lf catalyst

"deact1vatlon occurs, the outlet content of st would

-

gradually rlse and Shlft the load down stream to ‘the. geCond

.

stage convertor, and beyond

g ?ﬁ””'ll:"" .

",5.4'2—Dimensiona1,C1aus"Process godei

5.4{1 1ntroduction977{. y‘,‘ ,.f .fh‘t e A\

The accurate predlctlon of the Claus reactor behav1or

\]

when the heat losses to-the env1ronment are: apprec1able,
requ1res a model account1ng for radlal concentratlon and

, temperature gradlents. The model then becomes 2 dlmen51onal

The 1- d1mens1ona1 Claus reactor model revealed that thef’

;'external mass and heat transfer re51stances are not

negl1glble at the typlcal space veloczty of 1000 hrﬁf Thus‘(

)

a heterogene0us model wh1ch d15t1ngu1shes between the solj

‘and fluid is also requ1red 1n the tuprdlmen51onal model of

the Claus bed .1%£;r

The dlfflcultles encountered wzth 2- dlmen51onél
heterogeneou model arlse from the heat transfer, whlch 1n
contrast wvith mass. transfer, occur! through the ﬁlu1d and

solid phase, Radlal heat transport in the pseudo hémogeneous
|

model whlchlls based on a 51ngle lumped phase has been‘ ,

con51dered Yy many researchers (64 125 215 216) However,
, \ '

.,
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‘the effective thermal conductivity-in‘pseudo-hq%ogeneous

|
[

o models does not distinguishtexplicitly between fluid and

solid phase.;De Wasch and Froment (63) used the mechanlsms:

“ vfor heat transfer proposed by Yag1 and Kun11 (215) and

_ developed separate effectlve rad1al thermal conduct1v1ty

. formula for solid and ‘fluid phases in a. flxed bed reactor. ;

'They,grouped»the-heat transferamechanlsms,acqordlng;tosthe _

" phases:

1. Solld phase ' : R - S

A

a. conductlon through the partlcle. o ~]
b. congﬁctlon from part;cle to partlcle through the "..

_contact surfaces.’
c. conductlon through the stagnant film surround1ng the

contact surfaces. S
B : ’

* @
d.r_radlatlon from partlcle to particle.

2,_-I1u1d phase - {d, S Lo

[

a. gconduct1on through the f1u1d._'

- b. energy convectlon through the flUId L
c. _transfer from fluid to SOlld

A

»d; )radlatron from VOld to v01d

By. appllcatlon of the methods used by Yagl and Kun11 (215)
De Wasch and Froment (63) derlved the expre551on for
effectlve heat conduct1v1ty for the fluid phase kf and for-.

the solad phase .As as' N f" o fd;f~,~" S

Xf.=:ek( kgh+'B/.Dp.hv ;'p Cp ﬁfp)r : ?.'W



. e o s o

! Rl “:. " o . s
o f . : 5/ (’11‘f€')" '”@ T -f AU i
Lt ks T (5,32)

{ (7/ks + 1/(kg/¢ ) + hp Dp + Dp hs) }

e

v
.v(

These general equatlons may be s1mp11fied 1n many 1nstances.
For example, except at very low pressures the term for heat-
transfer through the contact surfaces (hp Dp) can be ‘
_ .neglected (215 216).xFor gaseous systems the radlatlon_[-i'
‘j;:_ <pontr1butlon hv and hs are negl1glb1e except for relatxvely
large part1cles and h1qh temperatures above 750 K (125)

'~*T'» Once the

'ermal conductrv;ty of two phases are known,’

~the materlal -ba ance eqbatlonsvfpr the two phase :

heterogeneouu model:
. : ) ""}‘

ay be deveioped d: i FEN

v5.8. z?u;d;i Fbéhﬁlhfionff"» | e
. Based on the dlscussmon in sectlon 5., 5 1' De Wasch . and -
Froment (63) developed a heterogeneous two dlmen51onal model
"for a 51ngle reactant reactlon in a flxed\bed reactor. The
ligeneral tcansport and reactlon process for the Claus

 ‘react1on u51ng the De Wasch and Froment model may be

v ’:descrlbed by thg follswlng equatlons- :

L for § o= W23

e (v Cf )/az 4;n;; v Cf, + km, A(Cf, Ca,)»=;o't» (5.33) -
’ (Cf,-Csj) = =a, pb. n- kc.' T s

I;and_forvsulfurﬁspecies;f”
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2 (V, 28)/0z - Dry V* Zf + kne A2E-ZS) = 0 (5.35)
T R ~ ' \S o . '-'.r_i.aafrj\\

kms (2£-25) = ~6as pb m Re, . _ . (5.36) -

with the edergy balance equations,

Cp 3 (V, p TE)/3Z - Af V* Tf - h A(Ps-Tf) = 0 - (5.37)
As V' Ts +(-AH) pb q Rc, - h A(Ts-Tf) =0 - (5.38) <~
| | | T o
 where, ; o i .g; SRR, .
vioe 1780 (r d/or)/or RS

If ‘the radlal dlffu51onal and fllm transport
*7re51stances for al; the species are equal then the
*‘fst01ch10metry of the reactlon w111 spec1fy the concentratlon
“vor amount of each spec1es relatlve to the reference Spec1es

]

"1 (H.S),. as was shown by the analyt1cal solutlon 1n equatlon

“(5.12) and (5.13). o ”;'
‘Wen’ and Fan. (209) ‘have summarlzed the. avallable data oh
"radlal dlsper51on coeff1c1ent in packed beds and obtalned
the relat10nsh1p | | o »S3¢v
S oae . 0.09 Sl
e = - -+ — — 8 - (5.39)
“Pem  (Re Sc)°'® { 1+10/(Re Sc) } S "
o S o . .
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The equatlon (5.39) glves the. values of Pem 10.84¢,
10.86, 10.84 and 10 93 for H; ‘S, SOz, H;0, ‘and S,
lhrespectlvely at the space veloc1ty of 1000 hr". On the

.A‘J

) othexhand Froment (82) recomﬁgggs Pem of 10 for all

”p%?ctiﬂal purposes., i -
‘l’ Fxgurevs 1 revealed that the evaluatlon of kn;'s at an

.average value of bulk dlffu51v1ty results only in minor
error. L ' T

To 11m1t the complexltles of solv1ng four e ‘_
‘twoadlmen51onal d1f£erent1al equatlon (6533) and (5 35)
kmj s and Pem, S are taken equal, in the two dlmen51ona1
analys1s of the Claus process._Th1s 51mp11f1cat1on has also
been con51dered by Ahmed (2) and Young (218) in the’ analy51s
of SOz oxzdat1on reactor, although the,authors have not |
-l mentloned 1t exp11c1tly._The scatter of the data about the
correlated equatlons for Km and Pem also 3ust1f1es '
evaluatlon of s1ngle average km and Dr u51ng an average -
value of Sc number.'\' ‘ . | |

| Invoklng the assumptlon of equal radlal dlsper51on and

L'fllm mass transfer. coeff1c1ent ‘equation (5.33) have to be
'solved for the reference spec1es 1 (H, S). The correspondlng
. local concentratlon of the other spec1es would then be_. |
vspec1f1ed from the st01chlometry of the react1on.‘d

The equat1ons (5 33), (5 14) (5 37). and (5.38) have
| been developed 1n terms of conver51on ‘and digfefent ; : .
_"dlmen51onless groups in sectlon E 2 The reéﬁftlng equatlons

are, - DU SRR N iil'e“tt. L '9




';\//. T

9Xf/3z2/ = (a P_em).'1 [(1-s)(1- xf)/(ff(1-s)+s)’ V’ Tf
o - ) i
| Lt V'Xf/(rf(1 s)+s)] |
+ Dam n Rc /Rc . . S ,iv' o :f(5‘40)‘
arf/dz’ = (a Peh)f’{§’rff+37(rs—ff)} | - | o (5.41)

- Virs =‘-{ Dam H/ Peh a B / (1—s) }n Rc, /Rc° .

o ¥ 6 (rs-7£) 4 | 4?'  I . (5.43)
L (1=xf)  (1-xs) .
o= — = — = Dam. 8 n Rc,/Rc® ... (5.43)
CrE(i-s)+s  rs(1-s)+s . . S

The local ‘values of SO, and H,O ére’then,specified'by}
 x(so0;) = ¥so, ™ 0.5 Yh,s X . . '~ (5.44)
S v 3 . 27 T | 4
* - x(hzo) = Yh,o + Yh,s X = . o (5.45)
T : 'The correspond1ng local values of total moles Nt and‘Ss are

,obta1ned from the solutlon of equatlon (3. 22) to (3. 26)
whlch led to the equatlons (B.1) and (B. 2), as wasmexplalned '
in: chapter 3. The boundary cond1t1ons for the equatlen,
(5.33),(5.34), (5.37), (5.38) are, | ‘

. o
Ccf, = cf o
at 2=0  (5.46)

CUTE = TS
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‘an/ag - aTs/aziflaij/Bz =}d | ét }=0‘j ’ u  ‘(5;47)'

,aéfl/éi ;.o' ~.atnr=1: - (5.48)'
. ;iUf(?f;Té):é f;f;éif/a§1 “" ) ,}at r:gwl ZA ’ (5j49>':‘

_jUé(%g-Té)_% %ks aié/ar’ o af r=Rw : ' _v (5;50)

where Uf and‘bs aue“the_overall heat.transfer coeffiéiénts'..
of fluid and*cataint pellet respectlvely.;They are .
obtalned from the analysxs of heat conductlon through

‘_comp051te walls as,'

- Uf = Rw“f(1/(Rw af)'f}UO)"‘; ST (5.51)‘,
~.Us =Rv"! (1/(Rw as) + Uo)-' . 1 .1”»  “(5.52)
where, L

UO=1n (Rins/Rw)/Kins+ln (Réh/Rins)/Ksh+1/(Roghé) + (5.53)

%
. The boundary conditions (5 46) to (5. 50) in terms of
"-"dlmen51onless varlables w111 be, . .
XEf = 0 '
at 2’ =0 (5.54)



| 'result1ng equatlons and the computer code.

. 1597

"
SRR

rf v

ért/ar4'=sarsraf/-= axf/ér’ = 0- ‘at o/ ='Q : ‘;(5.55)
XE/dr/ = 0 - at ot/ = . (5.56)
Bif rf + arf/ar{ = 0 at ry.f1 “ (5.57)
Bis Ts + ars/a;/ = O at t( = 1 a(5.58)r

‘Using‘this analysis to simulate the performance of,the
Claus two—dimensional model. the partial differential
equatlons (5 40) to (5 42) and the algebralc equatlon (5 43).,
coupléd with the boundary condltlons (5.54) to (5. 58) must |
be solved for a speclfled 1n1et dpmp051tlon, temperature andh
space veloc1ty | l

«

:5 4.3 Computat1onal ‘Scheme ; g -

.The- part1al dlfferentlal equatlons (5 40) to (5. 42)

Ty

vhave been transformed ‘into ord1nary dlfferentlal equatlons ,

by appllcatlon of orthogonal collocatlon 1n the radlal

d1rect1on. Sectlon E. 2 descrlbes the method and presents the

The analysis of sect1on E.2, shows that in order to

obtain the solution to.the°two—d1men51onal Claus’ model

(2ni+2) ordinary dlfferentlal equatlons coupled wlth (4n1+4)

2

Snonllnear algebralc equatlons ‘have to be solved for,a glven~
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number of radial interior points (ni) at each'axial node.
,The'Runge—Kutta integration algorithm and the"
Newton-Raphson integrationvsoheme were:employed for
integration and solution’ of the nonlinear algebraic
equations,‘respectivelyf Five interior collocation points
were used-tefrepresent the‘radial temperature and conversion
profiles. - R ' h‘C
o . « o, _ o lf_k L
. N ’ . i | "/ "
5.4.4 Numerical Results of Two-Dimensional Claus Model
The axial average temperature and conuersiOn as defined
vfby equation (E”52) and (E 53) along the oatalyst beds of
dlfferent diameter are plotted 1n figure 5 14 and 5.15,
respectlvely. These proflles indicate that as the diameter
of the reactor is increased, the effect of heat loss'beoomes
less signifieant | .
| Flgure 5.14 reveals that the heat loss has a pronounced
effects on the average temperature . profxle in‘a bed of small
dlameter. The effect on the mean conver31on is however

smal{f as flgure 5. 15 shows.

Flgure 5.14 and 5. 15 are- obtaln‘d using constant 1nlet

jsuperf1c1al veloc1ty V° of 40 sec. This corresponds to a
constant space veloc1ty of 1440 hr-' for.the reactor beds ofv:
1 meter depth Figure 5. 15 shows that at a glven depth the
conversion is higher in a w1der bed, for a constant space*
veloc1ty W1th this pred1ct10n, it is zdv1sable to de51gn

large dlameter Claus beds. In practlce, the Claus catalyt1c

convertors are actually de51gned as wide and shallow beds,
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. Figure 5.14 Axial profile of the radial mean temperature
‘ for|Claus reactors with different diameter.
. Inlet composition (mole fraction): H,S = 0.1,
SO0, = 0.05, H,0 = 0.2, N, = 0.65
Inlet temperature = 500 K
Ta = 273 K | -
Pressure = 1 atm
V! = 40 cm/sec
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Figure 5.15 Axial profile of the radial mean conver51on
of HiS for Claus reactors w1th
different diameter.
Inlet composition (mole fractlon) H.;S = 0.1,
’ SOz=005 HO=02 N2=065
Inlet temperature = 500 K :
Ta = 273 K
,Pressure = 1 atm’
;Vi = 40 cm/sec
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H *SB was Pescrlbed in section 2.6. . s
S0 ‘%, o
Thb r&&ﬁpl temperature and conversion proflles at the
S x,\W‘W‘

igg depth of 5 cm, are shown in figure 5.16 and 5 17,
respectzvely. These profiles shows tﬁ%t the heat loss
affects the temperature and conSequently the conversion

profiles only in the vicinity of the wall.
- B ‘Q ‘
5.5 Comparison of 1- and 2-Dimensional Models

Figure 5,18 presents the axial average temperature and
the center 'line temperature profiles of a 30 gentlmeter
diameter bed for a non- st01ch10metr1c H,S/SO, feed ratio,
The temperature prof1le predvcted by 1 d1men51onal model is

also shown in fxgurq 5 18 Thercorrespondlng conversion

b 8

proflles are represented ‘in f;gure 5.19. The average

temperature proflle in f1gure 5 18 shows a hot spot of about
3

500 K at’ an axlal p051t1on oﬁ 60 centlmeter. The hot spot is -
1

however, much 1ower than the conrespondlng predlcted

5

temperature (527 K) from the onevdlmen§1onal model.

The two—dlmen51onal model-predlcts the centerl1ne'

temperature close. to the pred;cted temperature of the
4one-d1men51onal modelf‘The centerllne conver51on proflle 18,
however, much dlfferent from the one- d1men51onal model
predicted value. : )

=
T R

Figure 5. 20 presents the rad1a1 temperature profiles as
a function of axial p051t1on, for the conditions in flgure
'5.18 and 5.19.{Theselpro£iles reveal that as the bed depth
is increased, theunon4uhiformity‘o£ the temperature in"the

ki X -

/-
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Radial . H.S conversion proflle in Claus
‘yconvertors with different diameter. -
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. » S
Figure 5.18 Temperature proflle predlctlons by one and
| two dimensional models. :
Inlet composition (mole- fract;on) st =0,062,
SOz = 0.021, HzO = 0.231, N = 0;686 C f ‘

5 Inlet temperature"- 463 RS ~a i
- _ Ta = 289 K . oo T
R Pressure = 1 atm L
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H2S FRACTIONAL CONVERSION, X
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Flgure 5. 20 ‘Radial temperature proflle at dlfferent
axial positions.,
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radial d1rectlon is 1ncreased ThlS pred1ct10n conf1rms that
a 51gn1f1cant amount of react1on and ‘heat productlon occufs
at the entrance of the reactor bed'whererthen the'heat

.L

losses. are relat1vely 1nsrgn1f1cant and affect only the

: 1mmedlate v1c1n1ty of the walls.

The predlctlons of 1-’and 2 D models ﬁor a w1de bed of
A

6 meters in dlameﬁer is shown 1n flgures 5*21 and 5. 22

Flgure 5. 21 shows that the average temperature predlcted by

the 2-D model 1S‘almost 5 degrees less than the temperaturafg?

s

predlcted by 1-D model at the out%ft of- the bed ThlS

dlfference is however, lesswthan the d1fference of 32

’;degrees pred1cted in flgure 5 18 for.a bed A 'entrmeterS'

"‘,1n dlameter.

':ﬁgedlcted centerllne and average temperature, .as flgur

F1gure 5. 22 reveals that fhe 2- D modev

same average anv'nterlme convers1on (the twa. llnes .are ..
%UperlmpOSEd), a though there 1s ‘a d1fference between the"‘“

75 21

vshows. Thusq the few degree dlfference 1n the average'anﬁ

g .
centerllne temperatures seems to have,negllglble 1nfluence'

@

on converslon in w1de beds. Furthermore, flguréﬂb 22 also

»shows negl1g1ble dlfference between conver51on predlcted by

>~

s

S and 2—D models at the out et segtlon of the bed. _ ’

The complexlty of the 2~ D model is more than 1-D model

1n terms of model formulatlon, computer programm{ng effort

- h b

,and computatlonal tlme. It a&so offers a 11m1ted dlfference

;and accuracy\compared to 1 p modﬂi for wld% Claus reactoﬂs

‘ o

+

, 5'as flgures 5 21 and 5 22 show It seems that for all

» '-,‘ . v -
. ol
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Figure 5.21 Temperature proflle predlctlons by one and
a o two dimensional mode’s in 1ndustr1al size
’ ‘Claus reactor. . -
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" Figure 5.22

o

Claus reactor,
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.practical'purposes’the 1-D model is an appropriate choice

for the modelling of the industrial size Claus reactor.
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- 6. COLDBED CLAUS REACTOR MODEL

6.1 Introduction
} The’use of coldbed'temperatures in Claus process

catalytlc reactors, dlscussed ‘in seqt1on 2.6, enables
atta1nment of very hﬁ!b conver51ons of H,S to elemental
gwlfur because of. removal of- the product sultur from ‘the
reactlon phase and the favourable Shlft in the limiting
equ1£ﬁbr1um conver51on. : _ I |

~’;*“Coldbed Claus reactors have been employed in the

Sulfreen ta1lgas cleanup process, and more recently, in the

Amoco CBA process’ (173) or in the MCRC (M1nera1 and Chemlcal

«Resource Co.) Process (99). The Amoco Process uses a coldbed»

3rd stage nhereas‘the MCRC pr0cess employs coldbed in both
2hd and 3rd stages. Flgures 6.1 and 6.2 present process

schematlc dlagrams of the- MCRC and Amoco processes,

v
o - -

respectively. . o B e

The‘elemental'sulfur'conéensed on the catalyst due to

Tow temperature operatlon of coldbed reactors also is a |

haN

k3 ! 13 . .
deactivating agent as was'dlscusse

L

in sectlon 2.5. Thls

condensation phenomenon results in a ,eactlvatlon proflle

.. which moves along therbed ax1sf and which eventually breaks

"may be represented-by.'

through the bed at 1arge t1mes on stream. A k1net1c

descrlptxon of thls deactlvatlon process w1ll be developed
in thlsﬁe?apter. ' :

The deactxvatlon klnetlcs, discussed invsectionv2.831,
! )

173



Figure 6.1
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Flow chart of MCRC process.
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Figure 6.2 Flow chart of Amoco CBA process. -
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Ry k(1=9)"' £ {C1,C4\Cayten KKyt d  (6.1)
R}

Equation (6.1) is valid when.the.deactivqtion proéess‘canpbe
represented by "separable expression” and occurs by site
coverage (section 2.8.1). ‘ |

The'analysis of the solid-catalyzed gas-phase
‘deactlvatlon ;eactlon 1nVOIV1ng a f1rst order behav1or
coupled with pore dlffu51onal llmltatlons hesﬂheen/;eported

il

for several deactlvatlon models as was dlscussed in sectxon
- 2.8.2, Thls ana1y51s, 1n;olv1ng an arbltrary, non negat1ve
order(k1net1cs and an arbltrary spat1al act1vlty
dlstrfbutlon fupction in theupellet resulted in equat1on
(2. 43) for thewjlux of the redbtant at the outer suface of

- the catalyst pellet The global rate for the main reactlon

o
| can then be obtalned from equat1on (2 43) or,‘
. AR T Y C it
B o T 2 D
R = Le~' {2 k,\(1-7t)ne ! glc) acyr7z. (6.2)
. . . o Co . ’ )

#

« . In the development of equatlon (6. 2), a s1ngle 51te

~

: react1on mechanism has been con51dered That is, "nt" in

o

equatlon (6. 1) has been taken as unlty In\th1s study the o
global rate expressxon (6 2) w111 be used for representatlon
of the chem1cal reactlon deact1vat1on-p0re d1ffus1on

hn the°ClaUSVCOIGbed process but Lﬁ yilf‘be

_mmod&% the hypothetlcal Claus react1on

N \



“"mdescrﬂged by, iy \

- 'with S. bq\? 1n ‘the. vapor phase and on th"

.i?bnnaction Chemistry at Low Tompdraturé
[

rn the absence of react1ve gaseous 1mpur1t1es ;.@e

N ()
w K

2 H,S(g) + S0,(g) = 3/8 S,(ads.) + 2 H,0(g)

Se(ads.) » S,(g)

. Sa(g) & 4/3 5,(qg)
s;(gj‘“vSsiadS.)

S« 28.(q)
S;(g)'r“s.(adé,):

» S.(!v“;‘é 53(95

Fy

,!(5

S, (g) - Sz(§ds )

N .
)
' I . . .
Y o . : i / ’ . i L

T

Ke

’ Kll

177

; owerall Claus catalytmc chemxstry at low temperatures‘may be

(6.3)

(6.4)

(6.5)

' (6.6)

~The spec1es Sz to S,{ are, assumed to equ111 rate rapxdly

surface of t e .

\catalyst as was, discussed in secg;on—s 3 The selectlon of‘

S. in react1bn (6 3) althoqu arbltraty,vwas chosef: bec

v : "
. . K
I . . : X . . 4;A
. R : R V'
/ : — \ Ao
‘ : T } i A
b V. o
N - '
S i
= e L e 3
i A

S. is the domlnant sulfur §pec1es at lov temperatures.>

B
ause

-
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 where Pv- and T are in units of. atmosphere and Kelv1n,-r.7‘Vﬂ"

:frespectlvely

L *;.—_\-i\‘;_ ST o PRI

;:i Reactlbns (6 4) to (6 10) must meet the constralnt that
\ .

,Q”;‘the éum of partlal pressures of 5% to S, must net exce xthe
'vapor pressure, Pv. Melsen and Bennett (149) have correlated

~the sulfur vapor preSSure data by the follow1ng expre551on, a_r

Do L A e e T T e B
In' (Pv) = ~1.61732+0.00542412T+1439.83/T-2208580/T% . " (6.11)

IR, .w;j/'_“..",_w

I :
Tty

L

The sulfur vapor dlstr1butlon under the operatlng

:i_:cond1t10ns of the coldbed convertor may be prédlcted by the
"vfree energy mlnlmlzatlon routlne, spec1fy1ng the presgure b%»
. :equatlon (6 11) at any g1ven temperature. Flgure 6 3

’ represents auch a dlStrlbUthﬂ..It reveals that Sz and S.r

0

are quantltatlve}y 1n51gn1f1cant at coldbed" reactor

RN é

dvcond1t1ons. Thus reactlons (6 7) to (6. 10) w111 be. 1gnored

“in the modelllig of coldbed Claus convertors.-

The therm dynamlcally cons1stent rate functlon (3 39)
in terms of reactlon (6.3) for fresh catalyst is - ﬂ‘#“

o

C-Ry = KE [Py VP, - Py B3/TE /Kl [140.006851°F - (6.12)

’ - .
<

Thermodynamlc analy51s u51ng the thermodynam1c data of

S T

JANAF(192) and Rau(171) pred1cts4the temperature dependency

vcf the equ111br1um constants Ke and'K,e'as,.

vr"

'f-in,(K;)'yg T2823/T‘4 13.9 '." o (6.13)
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6.3 Sulfur vapm! ‘composition at its vapor
at different tempeératures. .
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oy

‘lv, : T 4.,% " 18
- o s R
(&aa
‘ . . s . . (’;
: The denom1nator term of equatlon (6 12) descrzbes a.
e - ”
second order 1nh1b1t1ng effec _of Ehe adsorbed water. From
51mple Langmu1r H1nshelwood klnetlcs, thls’lmpl1es a:
dual ‘site reactlon mechanlsm or, B . N
kf « {total sites}? & - (615

LA : : . -

]

6.3 Analys1s of Deactxvatlon Rate

-

The quantltatlve modellzng of the coldbed Claus reacto.
: y .
:nece551tates a knowledge of the rate of change of the

yth act1v1ty (1= 7) To present ‘the rate of catalyst

\\\ act1 1ty change, let A denote the reactants (H S and SOz)
N

th\\ otal sulfur (adsorbed and 1n the gas phase) and P the
[

adsorbed (deact1vat1ng agent) sulfur.‘Then ‘the reactlons

(6.3)fto (6,6) are.represented}as;

A o § @ 'p DR N o : (6,17

)

7fThat 1s "n1" assumes a value of 2 1n equatlon (6. 1) Thus'

i
B

< N |
' the 1ntr1n51c klnetlcs of the deactlvatlng Claus reactlon
becomes, . v ...
BT B
=Ry = ki(];%)r[pTVPzepapg/ts /'VKej [1+0u006P3]fz_ (€1
’\\ }c‘ ‘J‘,' ‘ . ) : o ». : ’ | 7 ) R
/ ) v
- ;. ./ .

r

N
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h The stage 2 in reactlon (6 17) 1s fast and con51dered to

B approaeh equxllbraum as dlscussed 1n sectlon 6 2 Thu5\'the

&

aate of catalyst sulfur»load1ng 1s assumed to qugl the rate

qﬁ productlon of total sulfur N _3-2;“l11.l{~ [ ’;'

Catalyst act1v1ty (1 7), 1n te;ms of fractlonal

‘.

catalyst sulfur loadlng, q/Q,‘zs

b =-y=15 q/Q#':giﬁtl_ng

. L

\-where Qis of the order of 0 3 grams of sulfur per gram of '

".

-alumlna catalyst (98 117) for cqulete deactlvatlon. h.ff‘ﬁ;vlﬁ

N

Equatlon (6. 18) assumes a llnear relatlonshlp between’

N

act1v1ty ‘and sulfur loadlng and 1s w1dely used in the ‘
analy51s of deactlvatlng reactlons (118, 120 121@ 1BOv 1314
142) . S e .

leferentlatlng (6 18) y1e1ds,'h

P
M

s o

That 1s, the rate of change of catalyst sulfur load1ng would

‘ y1eld the rate of change of catalytlc act1v1ty Comb1n1ng/i:“f

A

o equatlon (6 19) w1th (6 16) and recall1ng that the rate of

hcatalyst sulfur loadlng 1s the same as the rate of

productlon of total sulfur,»N glves,

o

o dy/at = (32.06/Q)0(-1.5 R T (6200

~ : - . Lol

b
-

iy dy/dt = 1/Q dg/dt (69



Q'[ holds, the sulfur par
i _ Lol

f”(Pf, + Pf, ) s

: h.;pressure 7K”a

| ! ;lBQZ
‘":”6 4 Coldbed Reactor Model B _~‘2:‘_ o :
'gl Slhce typzcal Claus catalyst beds: are w1de, shallow {‘
- and adlabatzc, a; one dlmen51onal model of a flxed bed‘15
appropriate..The 1- dlmen51ona1 model . also ds ]Ustlfled by ‘,r .-
irthe results of the- twoldlmens1onal model of Claus beds at
ghlgh temperatures 1n sectldh*S 5. It was observed that even
for small " d1ameter beds the radlal temperature and |
hfnconver51on proflles are flat except 1n the 1mmed1ate
:v1c1n1ty of the walls. | | , N
‘ The dxfferéntlal unsteady state mass and energy
eeonservatlon equat1ons are developed 1n sectlon (F 1.
: mass balanqe equatlon for a component 1, in a n
lconsta{*-pressure reactor becombs°'f | |
= | '-aC.f.,n_/;ialfl = -WaBPf /32 + vy a??Pf'vni/éi,f" ta waR o (6i21)"
' lWhen the component 1s sulfur,\the correspondlng bal;ncev.
\ - 3 . )
\ | (a=/az ) {a Pf-, f 6 Pf, } ,
L +3 w,;ﬁrr R (6.22)

Pv. When the equallty

ls 1ts vapor pressure

- ¥




B N D - R » Cee s v R o g o
., o a cta e . P e . . - N : o - N
.
.

" ]7and.further sulfur produced w111 remaln on the catalyst

;lpSUrfaceV The corresponding d1fferent1al energy conservatxon

:iequatxon 1s, l’“;g{l ’f_t\jif’ R
an/at = -v, an/a 'z + Vz 3‘Tf/az‘ +iV;HRKf3 f,lllé;és)'e."”
f,fThe boundary condltlons are,' ' L P S

'~‘?,e at z=0 | | ;'

ape oz = (wq/wz) (Pf.—P°) l T eL2e)

(a/az) (8Pf7 + 6Pf ) =(w,/wz) o . -
(8Pf; + spf, --spf; - 6Pf°) t (6.25) .

IR
®Pf/d% = 8T/dz = 0

e . i PR -.’ C - . e PR
“'4 . o . L L Ae s .
el - .

smoothlng 1nfluence upon thelr method of solutxon wh1ch hasﬁVf'dﬂf

\;

been employed in. thls study..The Elgenberger Butt solut1on

method 1s dlscussed 1n sectlon F 2 j;_“{t

7 S *I‘Afkvf" SR s
6 4. 1 Global Reactxon Rate in- Coldbed Reactor'7””'

The global rate of reactlon for a s1ngle 51te react1on

e mechanlsm (128 129) g glven by equat1on (6 2) prov1ded that

'3

certaln cond1tlons are met The cond1t1ons placed on

\ .f/

’ . B Y .



”;43 }ﬁ11m1tatlon, The 1sothermal1ty of the Clqui pellet was shown

’ 184
‘.equat1on 6. 2 are that

‘T.’ The external mass transfer re51stance is negligible.

ér. The catalyst pellet 1s asothermal

3. Thevactlvrty'ofvthe exterior cataetf' ”?.ce,.(1-7),

A S S
N d " . L.
iy .
l'(

'oth respect to

not zero
. . ~ )
spat1a1 coor41nate in catalyst pellet evaluated at‘the
surface of\the pellet is not steep, i.e. deactavat1on,"
being cons1dered 1s 1ntermed1ate between un1form and - . \
shell progressive deact1vat1on. |

t

- The external mass transfer 11m1tatlon>1n the Claus ' *
.flrst stage convertor at high temperature results in 0. 06
.d1fference between conversion in the bulk flUld and catalyst
surface,vat the 1n1et of the bed where 51gn1f1cant reactldn
occurs (section 5 4 2) In the coldbed, the temperature is
almostu100.K less than in the first stage'convertor. The
concentration'of HZS is also less than in the f1rst stage
‘conVertort The ratio of the rate constant, kf at coldbed
.reactor temperature, to kf at the flrst stage convertor
;temperature is then approx1mately 0. 1 Thus, the reactlon

'”rate in the coldbed belng much lower than in the first-stage .

"reactOr justlfles neglect1ng the external mass transfer

in sectlon 4 1. _lfijdyhrf” 9;‘--
The condltlons (3) and (4)tare va11d for a serles
“:deactlvatlon mechanlsm where the deactlvatlon monotonlcally

;:'and smoothly 1ncreases toward the center of the catalyst

* . : .
i ’
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peilet\(1¢2) For a parallel deact1vat10n mechanlsm, the
deactlvatlon increases smoothly toward the surface of the
catalyst (142), thus cond1t1on (4) still applles. There is
however the p0551b111ty of complete deactivation of the
surface of the. catalyst before deactlvatlon of ‘the 1nterlor,
i.e. condition (3) may be v1olated

The deactlvatlon mechan1sm in coldbed reactors as shown‘

Cin reactlon (6.17) is a series deactlvatlon. HoWever,?the

rate of ‘deactivation is proportional to ‘the rate,off’:lj
‘disappearance of the reaot@nts. In ‘that respect tpe
deactivatien mechenism’may be considered to be a o\rallelil
mechanlsm. The Kelvin equat1on (181) pred1cts the vapor
pressuré‘iowerlng for liquid sulfur wettlng the walls w1th1n
A cyllndrlpal pore of given radius Because the contact angle
offliquid sulfur ie'about EOf (152).‘Thus, the pore mouth !
regioo will likely deactivate morerreedily than the external
surfece'because of the highes probability of sulfur
'condensing. Thisesﬁggpsts that the activity of the surface -
. may not be neolegted and. condition (3) ie met.
h The above arguments jostify the. use of a global rate
expression (6.2). This equation has to be modified for\the
dual- 51te mechanism. Equation (d 2) for the Claus process in
terms of reference species 1, becomes
ST cf, , ‘ .

+® = Le ' {2 kf, (1-7,)* De, é g(Cy) dc,1'/2 (6.27)

N - o1 A

Y
“ .5

or in terms of partial pressure for an isothermallpellet,
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R = Le ' [(2 kf, (1-+4,)? (De./Rg T,) / . g(P,)dP,]1'/2 (6.28)
' e ) . 961 ! o
B | —
whereby~eqhafidn (6;}6)‘beéomés,;
- g(p) = [BywWP2 = Ps P/ 'O /VK,) [140.006 Py]-2 . (6.29).

«

t

and equaéiohs (4.34) and (4.35) beéomes;

P, = Pf, + (De,/2De,)(P,~Pf,) - | (6.30)

A ‘ " .
' P3 = Pf3 - (De,/Deg)(Pr'Pf,) o (6.31)
. '
8P, + 6Ps = BPf, + 6Pf, ~ (3De,/16De,) (P,-Pf,) (6.32)

Equation (6.32) is valid ‘if the partial, pressure of the
sul fur is less than the Kelvin Qapor presSuge'at the

cylindrical pore. Othervise,

P7 + PG = ka ) : | - ) ) (6.33)
wvhere from the equilibrium assumbtion‘of reaction (6.5),

Ps = (Kgg Py)3/" o , © (6.34)

The partial pressure, Po,, of reference species 1, at

the center of the catalyst‘pellét can be set equal to its

- -



+

T
equ111br1um value 1f the Thlele modulus 1s greater tQ; .3.
Otherwlse, it can be approx1mated by the pressure . |
correspondxng to a pseudo fxrst order react1on (127). The
integrated value -of g(p) is not mater;ally affected by an
error in Po, (127) xy» o : ' fh T
| Next | has to&Pe expressed 1n terms: of the observable‘zﬁ
 fluiad temperature TE. LeeA(127) has shown that~the ‘ratio. of

the rate constant kf at bulk gas temperature, to kf., at

the surface temperature, may be approx1mated hy 3 A

(KE,/kE)'/2 = 1 + 1,2(3/(Rgfrf))[né(-an)'a/(zh TE)] (6.35)

\\
A
\

The ratio of the square root of the bulk fluid phase
and catalyst surface temperature can be approkimated by

using the first order term in the Taylor series expansion.
(TE/TS)'/2 = 1.5 - 0.5 Ts/Tf | U (6.36)

where, the ratlo Ts/Tf by thf coupllnq equatlon between

'vsolld.and Rigid phase is obtained v1a, ) : ‘ 3
Ts/Tf = 1 + Te(-AH) ®/(h Tf) | T (6.37)

-y %

‘Combining (6.28), (6.35), (6.36) and (6.37) yields,

S | : - Pf : :
& = Le™' [(2Kf (1-7,)* De,/(Rg 1) ) I 'g(B,) ap,)*?

Po

(Tf/Ts) '/ 2 (kf./kf)’/’v . | ' (6.38)



o | | D ee

or, .

& = qy [1+1.2(B/(Rg T£)){LE(-aH) &/(2h T£))] |
| [1-Le(-4H)- R/(2h T£)] (6.39)

¥ %

resulting'}nba guadratic equation for the global reaction

*. . -

rate as,
N
q: qi Qqa “z_+ (1 + 491492 g1 92 9:) R -'qy =0 (6.40)

where . v

: o , Pf : :

q: = Le ' [(2 kf(1~y,)?De,/(Rg Tf)) | 'g(P$)dP1]"’ (6.41)
' . Po L I .

Q: = Le (-AH)/(2h Tf) o (6.42)
gs = 1.2 E/(Rg TE) - B  (6.43)

' .
The solhtion of equation (6.40) gives one non-negative root
for 8 in terms of the bulk fluid temperature and pressure
by,

.

d1929:-1-91Q: [(1+qQ.9:-9192Q5) *+4qgiqiqg.] '/ ?
&= * ' —  (6.44)

2 gy qi qs “ 2 91'qi gs /
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\]

‘\ 6.4.2 Deactivation Rate in Coldbed Reactor
| The rate of change of catalyst surface activity,

(1-v,), is obtained from equation (6.20) as,

3y,/dt= (48.09 kf,(1-7,)*/Q) o |
[Pty VvPf; - PE, PE}''*/VK,][1+0.006PF,]"? (6.45)

But from (6.35), (6.42), and (6.43),
KE, = kf (1 + gs qz R)? e N . (6.46)
or

37./0t = (48.09 kf (1-7,)7/Q0) (1+q, Q2 R)?
{Pf, VPf, - Pfy Pf3’/'®/VKe}{1+0.006Pf,} "2 (6.47)

“

6.5 Computational Scheme ‘

The system ;f partial.differential equations, (6.21) to
(6.23), were numerically integrated by a finite differénce
.method with non-equidistant space steps, well s;ited for the
solption of moving profiles - such as those for deactivating
catalytic beds (70). This methodo(Eigensergerrnutt-Method,
"EBM") has been described in section F.2. The EBM can be

interpreted as being a.éoilocation method on a finite

element'in vhich each.element is described by a second-order

-
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collocation polynomial. ‘ S o
“ %% The EBM converts the partial differential equation into
a system of ordinary differential equations (section F.2.2).
The modified—Euler'method was empioyed for the numerical
-}‘1ntegratxon of :he resultxng ordinary,differential

equatxons. | .

The source term & at each axial position was calculated
frem equatiod (6.44) for whtch, a three-point Gaussian
quadrature formula (87) was employed for calculation of q,; e

The computer program "COLDBED" based on the flowchart
of figure ?.1, pgesented in Appendix F performs the Claus

coldbed simulation.

6.6 Numerical Reshlts of Coldbed Simulation

Figure §.% shows the partial pressure of H;S along the
bed axis at 1.6 and 6.4 seconds. The axial temperature -
during this sho?ﬁ period is predicted by the "COLDBED"
program to stay constan£ at its initial value. The
corresponding deectivation profile is presented in figure o
6.5. The axial position of the spatial grid points are shbwﬁ !
on the z(i.e. z/L) axis of figure 6.4. The position of the
non—equidistant grid points show that the EBM numerical
scheme_locates fewer grid pdints in the region';ith a flat
profile, thus a“reductioh in the total number ofkaxial grid
. p01nts can be ach1eveq; | |

The rap1d establishment of a’pressure profile coupled

~with no temperature change has been observed by Billimoria



~Partial Pressure

e
Figure 6.4

L ¢

‘Axial profile of-péftiél pressute of
‘H,S-at short times after startup.
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Flgure R 5 Deactlvatlon of coldbed reactor at short
‘ ilmes after startup.
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ahd Butt (1181 1n the modelllng of p01son1ng hydrogenatlon S
f/of benzene by thlophene as dlscussed in section 2. 8 3. They
"*h~termed thls tlme zone at whlch rap1d changes occur in the
»concentratIOn proflle, but w1th 11tt1e change in the'
temperature proflle, as the fast motlon (FM) zone. | »
Flgure 6 4 shows that the bed deactlvatlon 1n the short
tame 1nterval 1s relat1vely slow such that 1ts effect on
: the part1a1 pressure profale 1s negllglble. The assumptlon'”
of a pseudosteady state has been w1dely used'undergsuch :
;c1cumstances for deact1vat1ng beds (16 45;v76}?f2§;LJ30;
‘3 -142 162) Neglectlng the materlal tran51ent and the
hax1al dlsper51on term (dlsper51on be1ng negllglble when

L L/Dp>50(40 112) ) equatlons (6 21) to (6 23) 51mp11fy to_

vf]fdmf/af'é -v1 (an/az)_+'v;'n S (6.49)

Comblnlng equat1ons (6 48) for two components, 1 and 3, to’

ellmlnate R ylelds

'p (a /a,) (Pf1;f P3) + bg;"“ -’;*i:, (6 50)

'[NEquatlon (6 50) 1mp11es that the st01ch10metry of the S

3 .

reactloh predlcts the proflle of the spec1es ] in terms of
'u”the prof1le of the reference spec1es 1. Solutrgns of the

jt.pseudosteady state model (equatlons (6. 48) to (6 50)) were"

v

‘obtalned by the f1n1te dlfference scheme as descrlbed in  f“
. . &
»sectlon F. 3 o

b
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6. 7 Appllcatlon of the Model to Coldbed Reactors'
" To - s1mulate a Claus coldbed reactor,vthe cadculatlons

‘"1were based upon a mod1f1ed Claus process sulfur recovery

T

plant operatlng at 1 atm Wlth an ac1d/gas feed. conta1n1ng ja"

100% H s and st01chlometr1c a1r. A 70é\conwer51on 1n‘the‘
front—end furnace,was.assumed~'and thls stream after_shlfur

' ‘removal»was fedflnto a firSt—stage adlabatlc reactor at 553

[ N

K and a space veloc1ty of 1000 hr .5 Equilibrium conrerslon

: was predlcted at the maxlmum f1rst stage adlabatlc

-

rature.

'V . . .' . - /l

o The 2nd stage ad1abat1c catalytlc reactor was treated

L as a. coldbed reactor w1th feed gas and bed both 1n1t1ally at
'420 K Flgure 6.6 predlcts the temperature proflle in. thlS i

.l11?‘2nd stage reactor at varlous tlmes after startup After one o

{hour,»a~stable maxImum.temperature 1s-reached_w1th1n.the
Flgure 6 7 presents the axlal proflle of the partlal

pressure ot H S in the 2nd stage reactor. The d1fference

between the base of the proflles before and after one hour‘}w

,hof operatlon is 51mp1y due to the efﬁect of.temperature uponff",
| equ111br1um compos1t10n. Flgure 6 6 shows that at early
v7t1mes (t <1 hour) the outlet reactor temperature 1s 420 K~°
*ﬁwh1le at later t1mes it is at the ‘maximum outlet temperature
- of 463 K. . f?i”',f SR )

Flgure 6. 8 predlcts the establlshment of the
temperature proflles in the 2nd stage coldbed reactor. The

m"n.ﬁ_e,proflles in f1gures (6 7) and (6 8)\reflect bed deact1vataon

~

(@
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. Figure 6.6 Temperature profiles at tlmes (<1 hr) afterr-
' -~ .. startup in the 2nd-stage convertor. -
Inlet Composition (mole. fraction): =.0276
S0,=0.0138, H;0=0.3046,N,=0.654
Inlet: temperature = 420 K 4 .
: : Pressure = 1 atm . ) R
.y s © Space Velocity = 1000 hr-' | -

-

Temperature, K

420l

07 03 04 0506 07 oe 09 ,‘_1.0’5
Dlstance{om reactor nnlef Z |
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. Figure 6.7

>
“.‘. -

"Gln the 2nd- stage convertor.

'3 §§ace Velocity =

S0,=0.0138, H,0=0,3046, Nz-O 654

5Inlet temperature = 420

Pressure =.1 atm e

1Qoo hr”

196

“Axlal proflle of part1a1 pressure of
“H,S at.various’ times after startup.

 f:1 Inlet Composition (mole fract1on)-‘H Se.0276.7

o
S T R

“001F

Partial PreSsure of HpS (Py)atm  ~

Q03—

B 01 e 02
Dtstance from reactor mlet Z

/
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' "Wk e

"Figure 6.8 - Tempertaure proflles at ‘times (> 1 hr)
' - after the startup in the 2nd stage
,convertor.,,_ ’
Inlet Compos1t10n (mole £ act1on) 25=. 0276
. 80,=0.0138, H,0=0.3046,
vInlet temperature 420 K,i
Pressure =1 atm e
Space. Veloc1ty = 1000 hr“'
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by retention of sulfur on the catalyst surface. The

6.9, e | |
| In the MCRC process (figure 6.1), "firSt sub-dew
point"-convertor (anrstage convertor)»is reverSed to
operate as the "second sub-dew polnt" (3rd stage) convertor
after one day of operatlon (993 Frgures (6.10) to (6 12y
present the st partlal pressure,_temperature, and the ‘
deactlvatlon proflles 1n the second sub dew p01nt
~convertor"”. _ b' | | i' o ‘ o "xf.p |
The Amoco process operates the.3rd stage reactor at 1ow';'“
temperatures. The 51mulat10n of the 3rd stage coldbed
3 reactor was obtalned based upon a. mod1f1ed Claus process

ﬁg,sulfur recovery plant operatlng at 1 atm w1th an ac1d gas'f

' “hf}feed contalnlng 100% st and st01ch10metr1c a1r, A 70%

',f:conver51op 1n the front end furnace was assumed and th1s

"?Lsstream after sulfhr removal was fed 1nto a flrst stage

"‘adlabatlc reactor at 553 K The outlet of the f1rst stagevf
-freactor after sulfur removal 3was fed 1nto a 2nd stage -
:’w}adlabatlc reactor at 533 K Equ1l1br1um convers1on was.
h'iﬁpredlcted at the maxlmum flrst and 2nd stage adlabatlcejeedrl F;
ﬁtemperatures. f,;*’ ‘ | ; B '; “ fr s .
N The 51mulat10n results for the 3rd stage convertor are
‘Efpresented 1n flghres (6 13) to (6 16) w1th the feed gas and 7
'ibed both 1n1t1a11y at 400 K Slmllar to- f;gure (6 6{1 flgure(_’h'
.&(6 13) predlcts that after one hour,'a stable max1mum v :

temperature'ls reached w1th1n the bed. | ’_”F"?f SRS S



Y

 \>” Inlet temperaturé =420 K
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F1gure 6.9 The deactlvatlon functlon at various tlmes
after the startup 1n\the 2ng- stage
‘convertor.
, Inlet Composition (mole fractxon) H,S=.0276,
S$0,=0.0138, H,0=0. 3046,N,=0. 654 ‘ L
Pressure = 1 atm . "
‘Space Velocity-= 1000 hr-'

o
!
§

O
oo

S

o
~

' Fractional deactivation, y
o o
N o~

0'1 02'-"
Dlstance from reactor mlet Z
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Figure 6.10 'Axial profile of partial pressure of
. ' *H,S at various times after startup -
in the 3rd-stage convertor.
‘Inlet Composition (mole fraction): H,S«.0025,
50,=0.00125, H,0=0.3297,N,=0.6703
Inlet temperafire = 400 K
: Pressure = 1 atm :
3 .Space Velocity = 1000 hr-'

, atm

0.00154

'0.0010-

0.000S4

@ 100 hr

PARTIAL PRESSURE OF HaS

a. 0.0000 = ~T - T T ,‘ O | e T
0.00 0.10 0.200 ©  0.30

DIMENSIONLESS DISTANCE:FROM REACTOR INLET



Figure 6.11
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Temperature profiles at times (> 1 hr)

after the startup in the 3rd-stage

convertor. ‘ '

Inlet Composition {(mole fraction): H,S=.0025,
SO,=0,00125, H,0=0.3297,N,=0.6703

Inlet temperature = 400 K

Pressure = 1 atm

Space Velocity = 1000 hr-'

[
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_ 400.0
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Figure 6.12 The deactivation function at various times
after the startup in the 3rd-stage
convertor. ) '
Inlet Composition (mole fraction): H,9=.0025,
SO,=0.00125, H,0=0.3297,N,=0.6703
‘Inlet temperature = 400 K-
Pressure = 1 atm.
Space Velocity = 1000 hr~'
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o

Figure 6.13 Temperature profiles at times (<1 hr) after
' startup in the Amoco CBA reactor.
Inlet Composition (mole fraction): H,S-.bﬂzt,
S0;=0.0062, H,0=0,3224,N,=0.6590
Inlet temperature = 400 K
Pressure ='1 atm
Space Velocity = 1000 hr-'
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fa] 412.5 - +
g v
= Q
ré ‘OIO-O- 3 -
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[ |
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Figure 6.14 Axial profile of partial pressure of

H,S at various times after startup

in, the Amoco CBA convertor.

Inlet Composition (mole fraction): H,S=.0124,
SO2=0.0062, H,0=0.3224,N,=0.6590

Inlet temperature = 400 K

Pressure = | atm

Space Velocity = 1000 hr-'

T
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. 006 -
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»
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'k Figure 6

FRACTIONAL DEACTIVATION, y -

15 The deactlvatlon function at varlous tlmes

1.

int phe Amoco -CBA convertor. o
¥Inlet Composition (mole fractlon) H;S=;0124i"
$0,=0.0062, H,0=0.3224,N;=0.6590 L
Inlet temperature‘= 400 K y~l-.w_,;_7,
“Pressure = 1 atm S
,Space Velocity = 1000 hr~" =~

0430
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TEMPERATURE,K

Eiéure 6.16

€

13-206"1'

Temperature profllés’ét'tlméés(> 1 hr) .
after the startup in'the Amoco

.CBA convertor.

- ‘Inlet Comp051t10n (mole fractlon):  ;5#{0124;;-

S0,=0.0062, H,0=0.3224,N%=0. 6590 -

“Inlet temperature = 400 K.

Pressure = 1atm "~ :

- Space ‘Velocity = 1000 hr:'
oo T o

4204
4154
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-column is- called 'wave veloc1ty

'gon the 1nlet composz€1on to the reactor and 1s larger for b

Flgurqs\(s 7 and (6. 14) show that the effect of

deterloratlon of act1v1ty on the st pressure proflle,

results 1n the movement of the f1u1d marked by a certaln Hy S e
part1al pressure through the bed at a. relatlvely constant |

l‘veloc1ty Thls veloc1ty in the ana1y51s of an adsorptlon

~ -
. -

\

‘¥>The wave veloc1t1es shown in flgures (6 7) and (6 14)

‘are much smaller than the superf1c1al veloc1ty (28 cm/sec)

. of the f1u1d through the reactor. The wave veloc1ty depends~.

*

'the 2nd stage reactor reactor than for the 3rd stage _tf'“

:reactor,;because of the hlgher feed’H S content

: The wave veloc1ty is about 0. 56 and 0 16 cm/hr for the ,

’~coldbed 2nd stage and the 3rd stage reactors, respect1vely
”'fThese low values 1mply that the 2nd stage coldbed reactor
4";pcou1d be operated or about 51x days before H S break

'fthrough 1n a convertor of one meter depth Correspond1ngly,-;'
*1the th1rd stage reactor could be operated for about twenty

Lee and Butt (131) have stated that deactlvatlng

-catalytlc beds are most llkely regenerated when the average .
ﬁ7 exceeds D 3. On f1gures (6 7) and (6 14) thlS corresponds

roughly to the 20 hour and 51x day fronts, respectlvely.,‘r'

In practlce, the MCRC process sw1tches the 2nd stage

,convertor to operate as the the 3rd stage convertor after
~rbe1ng on stream for one day (99) ThlS correspOnds to ‘an ffl

7averagez7;approach;ngg0.3_ Thus thlS 51mulatlon predlcts a



-
-

P

lperformance 1n reasonable agreement w1th that for an actual ff
’gplant (99)

Flgures (6 9) and (6 16) show that by the t1me the |

B catalyst at the reactor entrance needs reactlvatlon, the‘[-fj” e

-catalyst near the ex1t may Stlll have a long llje -
iexpectatlon before regeneratlon is requlred A better"

'voperatlon 1s to reverse the d1rect1on of flow after a.

°”7certa1n t1me perlod In thlS way,‘the catalyst 1n the whole

”fjbed w1ll reach the t1me for regeneratlon nearly ;?}hx""

1multaneously,iand the catalyst serv1ce lee before each ';?ff

'-f{treact1vatlon w}ll be prolonged

The above alternat1ve reversal of flow d1rectlon,_has

I .

v]Vbeen tested for the 2nd stage convertor operated for one dayf

”w1th downward flow. The results are presented in flgures

(6.17) to,(s 19) The bed 1n1t1al temperature proflle is thé}f{i%

':25 hour front of flgure (6 8) | , -
| . Flgure (6 17) shows that, 1n1t1ally the temperature 1n f
the ‘front - of the bed the end of the bed’ln flgure (6 8) |
hbecomes hlgher than the expected maxlmum adlabatlc

temperature of 463 K The bed temperature at the front

h-'sectlon of the bed 1s 1n1t1ally 463 K thus further react1on d"'

1“1ncreases 1ts value{ F1gure (6 17) predlcts that in aboutv.f‘-
":half an hour temperature proflle evolves to 1ts f1nal.
ihd_shape. - » ‘“ v | o |
5 [ F1gure (6 19) shows that the flow reversal resultsvln.

’the deact1vat1on of the both ends of the reactgr w1th the f;”

B
2N

:mlddle sectlon Stlll be1ng actlve.v



#37"’-”'l '7-“"' S --ifﬂ‘ o “f:f'z"' SR
.»_;hplgure 6 17 Temperature profiles at times (<. hr) after ‘
L o the flow reversal in the 2nd stage convertor.[
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L; Flgure 6 18
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< .at various times after the flow reversal
_ ;n-the 2nd~stage convertor.. :

RO

fd}oéi%fﬁ ;
T L\

- 6-0159

S
T
- - B
+

B

o] |

0.008 -

0,003\

~0.0064 | -

: 0

R

DIMENSIONLESS DISTANCE FROM REACTOR

INLET**;{;-“




B S R PR

Flgure 6 19 The deactlvatlon functlon at varlcus tlmes'fw
: after the flow reversal 1n the 2nd stage»“”V
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‘7; 1£ some of the pores are blocked due to the presence of

condensed sulfur.ﬁf B

L

212

In general the above 51mulat10n results show that the

deactlvatlon of Claus catalyst by)}dsorptlon of the product

sulfur 1s a very slow: process. However, a’ common concern is

sulfate p01son1ng of the catalyst (sectlon 2 5) that can

'*voccur at low temperatures and low st concentrat10n°‘

‘..

condltlons that are present rn coldbed reactors Thus;

*cf greater than the predlcted 0 56 and 0 16 cm/hr due to

deact1vatlon processes other than solely adsorptlon of
product sulfur._”'“ |

' The simulatlon analy81s also depends upon cruc1al

parameters such as max1mum sulfur loadlng (Q) necessary to}}-’z'

the
.b*f wave veloc1ty 1n the plant convertors may, in fact be?plfffl:75?

t:hejv .v g

the

deactlvate the catalyst -and upon the descrlptlon of the

Lot

klnetlcs. Whlle pub11shed values for these are avallable

(98 117) further laboratory experaments are needed to

5 conflrm thelr appllcablllty at coldbed temperatures.v

“fﬁj The llnear relathnshlp of act1v1ty deterloratlon
: &

sulfur load1ng, equatlon (6 18) 1s based on’ the assumptlon‘j}v o

oizdeaEt1vat1on by site coverage. Thls assumptlon would fa11-”“

wlth o



7. CONCLUSIONS AND RECOMMENDATIONS -

'fd7 1 Conclus1ons
?A;_ The predlctlon of the performance of catalytlc Claus

. \
'»convertors involves con51derable complexltles in the' o

vﬂjnumerlcal computatlons.bThese complex1t1es arlse from,.:'
v'iaf multlple reactlon steps in. the system-t'

f?;“:a nonllnear rate expre551on for the rever51b1e
‘.hftexotherm1c reactlon' | | ‘h h
fé;Afthe calculatlon of an’ equ111br1um dlstrlbutlon for the. -
| 'sulfur polymerlc forms, Sz,...,Sg,a-' | |
@;”fthe emlstance of 11m1t1ng equlllbrlum conver51on.rv

-~ on’ the ba51s of llmlted experlmental data, the Claus

L'reactlon 1s assumed to control the klnetlcs whereas the

>°1psulfur polymer1zat10n steps are assumed toaproceed very

L4

.f‘rapldly to the1r near—equ111br1um comp051t10n d15tr1but1on.
f'The mathematlcal analy51s of the Claus process depends upon
jthe descr1pt1on of the klnetlcs of the reactlon. In thls

‘_study, to extend the generallty of the publlshed rellable

"_ 1ntr1n51c forward reactlon rate (56) the pr1nc1ple of

thermodynam1c consxstancy ‘Wwas employed to formulate the 3

reverse rate expre551on. The v151ble rate of reverse Claus

'.reactxon is negl1glble compared to the forward rate at theh;fF.'

:condltlons of Claus catalytlc convertors (135'44 145) The”[
u ex1stance of the 11m1t1ng equ1lfbr1um conver51on would
*however nece551tate the con51deratlon of the reverse

”reactlon rate.‘3x

v%-ZJBf'
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The Claus catalyst pellets offer major mass transfer
reS1stance wh1le exh1b1t1ng no heat transfer 11m1tatlons..
The mass transfer 11m1tat1on was expressed by an | |
_.effectlveness factor. The calculatlon of a 1ocal |
:effect1veness factor for the Claus reactlon depends upon theQ"
feed compos1t10n“to the~reactor, the extent of converslon“x.
'}fand the- temperature at the exterlor of the catalyst pellet

}Irrespect1ve of . such complex1ty, ‘the use of a modlfled -

A
thlele modulus, @, enables a 51ngle n Q curve to be‘

n‘.;.appllcable for the glven flxed bed reactor des1gn

"calculatlons. :
"\h

The 51mulat10n of a Claus catalytlc convertor employlngf

han adlabatlc one- dlmen51onal heterogeneous model revealed

-

chat a 51gn1f1cant amount of reaction occurs at the entrancey‘

' of the reactor ‘bed. At. a. space veloc1ty of 1000 hr* f and a

feed temperature of 553 K the external mass and heat,p’p“‘
'transfer re51stances were found to" be s1gn1f1cant in’) the"id’v
éptrance sectlon of the convertorsr,f’}°'i’f .9.,

The reported experlmentally measured HzS convers1on‘:j
'-.(44 83) is. somewhat hlgher than the equlllbrlum value o
‘predlcted based upon publlshed thermodynam1c data.'t:
Correspondlngly, the reactlon path predlcted by the
'modelllng of: the Claus catalytlc convertors were also'
termlnated conservatlvely at the predlcted equlllbrrum -
Aconver51on u51ng the publlshed thermodynam1c data. The use
'aof adjusted sulfur spec1es propertles revealed an 1ncrease

AL

S in the requlred depth of the catalyst bed compared te the
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correspondlng one when the publlshed data were used The
vadjusted data- has further shown that >1n ‘a 1-meter catalyst
bed the max1mum attalnable H S conversxon would be l1m1ted
"flf a space veloc1ty in excess of 2000 hr“‘lls employed
Due to mass transfer llmltatlons, the 1ntr1n51c

; act1v1ty ratlo of the novel to alumlna catalyst 1s not o

experlenced 1n the catalytlc beds. The beds of novel

h;catalysts were found to be tw1ce as act1ve as the beds of

‘;the alum1na catalyst wh1le the1r 1ntr1n51c act1v1ty ratlo 1sv_'

735

"'.t The two dlmen51onal heterogeneOUS model of the Claus _"h
'vf;convertor showed that the heat losses affect the temperature_

“-rtand consequently the conver51on proflles only 1n the

'_;1mmed1ate v1c1n1ty of the wall S

Ty

The modell1ng of a deact1vat1ng Claus coldbed reactor ]h_f'

"_ pred1cted that, ‘a stable max1mum temperature 1s reached

w1th1n one hour after the startup It also revealed that a S

Claus coldbed reactor would have low rates of deactlvatlon' fV

vf7w1th a breakthrough capac1ty of the order of several days.*~”

In the 51mulatlon study of the Claus coldbed the rate

-f?expre551on Wthh was deVeloped for hlgher temperatures was*v

'“'extended to coldbed temperatures by adjustment ‘of the- ratel
vjconstant‘ ’t‘-h l.hb ' _[Q..C,,T‘“” » . o

“.' The: numer1cal teChDIQUES‘USEd in thlS study were

'd;orthogonal collocatlon (75) Welsze chk s method (207)

a’lElgenberger Butt (70) and Runge Kutta Fehlberg method (185)



’fmore expen51ve pllot plant studles.-

d-7 2 Recommendatlons T fif-l - f”hf 'loi g';;fy

-programming effort.-

:-.4); 1t was shown that the flrst order approxlmatlon of the

216
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o 8
In general this study showed that the simulation of

normal or sub-dew point operation of Claus catalytic beds,

or use of model for process design is feasible in spite of

’

complex1t1es in mathematical formulation. With a reliable

.klnetlc expre551on (equat1on 3.37) in hand and 1nformat1on

on phys1cal and transport propertles, the.Claus reactor

_performance was modelled from which the effects of‘changing

S
variablesrcanrbe quickly ascertained for either normal or

‘°sub dew temperatures.

The models and the computer programs developed in thlSi

‘*htstudy can be used to explore\the effect of dlfferent de51gntv
: avarlables such as space veloc1ty,‘reactor bed depth feed

fﬂ'lcomp051tlon and temperature. The modelllng results can then
Vlbe used as a prellmlnary test for determlnlng the-ft'

;’;sultablllty of the de51gn alternatlve before con51der1ng the',,h’

The models psed in thls study take 1nto account the'”

‘.complex effect of transport llmltat1ons, nonlmnear k;netlcs,
. and mUlblple reactlons. Therefore the numerlcal effort
’ 'computer programm1ng and the computatlon t1 es are 1mmen5e.vJ"

*It would be approptxate to check the appllc blllty of

slmpllfylng assumptlons to reduce the numerxcal and computer |

L In. theianaly51s of the effect1veness factor (chapter

S

‘~j;;;/
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Claus procéss could be considered sufficiently reliable for
routine caléulatioh of the Claus pellet effectiveness
factor. The applidabilityfof the simple first-order kinetic
approximation of Clausvkinetics shou%§ a1sQ be tested for .
the catalytic Claus‘beds.' | o

The simulation of coldbed Ciaus.cohverGOrs depends upon’
sulfur'lpédingfcaﬁacity,‘Q. while published values for Q ;re
available (98,117), further experimental verification is

‘needed.b
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Cf

Cp

Cpa
Cpc

Dam
Dz

Db
Dé

Dk

Dp

Dr

NOMENCLATURE

intrinsic catalyst activity

global pellet activity

activity of the catalxet toward the
deactivating reaction

functiqﬁs of the equilibrium constants,
equaﬁions (4.5) to (4.7)

matrix used in orthogonal collocation method
effective film transfer area

matrix used.in orthdgonal collocatioh method
total number of atomic weigh element of j

3

concentration

catalyst surface concentration

bulk fluid concentration

fluid .specific heat capacity

averaée fluid concentration

average bed specific heat capac}ty, eq" F.15

catalyst specific heat capacity

combined bulk and Knudsen diffusivity

Damkohler number

“axiad diffusivity

bulk diffusivity ,

effective diffﬁsivity

Knudsen diffusivify

pelIet diameter

’radialfdiffusivity

. 218
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AH - _ heat of reaction g
‘Et' - actfyatien energy‘
G°y | standard state freelenergy:
G/ . parameter usedbin'equation 5.18°
g : : dimensionless'ﬁreeienergy of 5P¢0135‘i€ih thé:tr
. m1xture" | L
‘ éfy o - free energy parameter-_equatlon (3 3)
h o Afiimjheat transfer coefficient | ’
" ha .vfheat transfer coeff1c1ent from the reactor-
; wall to atmosphere:jv s
hp "‘neat.transfer‘coeffiegent”ef;tatalyst'centaCt
” v'boint ‘ | | o
hs rv radiation heat transfer coeff1c1ent from SOlld
‘hQ ' | \radlatlon heat transfer coeff1c1ent from’%o1d
H’ o (-AaH) Cf°/p T° Cp - e |
~Jh v. 7] factor. for heat transferi ’
Jm ‘ij-factor for mass,transfer L
K L equrlfgrium'eonstant“for reactien‘3.19
Kez k ‘eqﬁilibrium constant for reactiOn 3120:
Ks; - ‘equilibriumfeonstantnfor reactionté,ZJ’
Kes . eequilihriun'ebnstant~f9rnreaetiOna3r2§?eftf';,.{'
‘Ka‘tll .quuilibr3um ;onstant fer reactionxS;Br e
Kgs 'equilibrium;conStantffer reacti?n‘§{5'
Kp | -rrequilibrium constant based on pressure_-
Ko’/ }équilibriun cOnstant based on‘aetiyity
- .eo;fficient' e
Kz . axialithermal céndﬂctivity
’ g

{



KE

kg

ks

N1

Peh
'Pem
.PFf:‘

5‘PS

Pv

R

"R,

rate constant for maln react1on;"3*

r;fllm mass transfer coeff1c1ent

:hreactor ‘depth

'partlal pressure

characterlstlc react1on rate, e.g. Ry /2

‘ deact1vatlon rate a--fj;, B ;v",,f PR

[

thermal conduct1v1ty of 1nsulatlon

radlal thermal conduct1v1ty

,thermal conduct1v1ty of shleld
_rate constant for deactlvatlon reactlon
frate constant for forWard reactlon

‘-ﬁthermal conduct1v1ty of the gas

i thermal conduct1v1ty of catalyst

effect1ve 51ze of the catalyst pellet

':total number of the specxes 1n the mlxture ,'

spec1es

3rtotal moles of the gas

heat Peclet number
"mass Peclet number;
- Prandtl~number

_ sulfur partlal pressure, equatlon 3 36

sulfur vapor pressure SRR ~”‘ ;lqﬂ

©220

total number of the spec1es excludlng sulfur,;f'

S Ry ' i ' SR
average number of S atoms 1n sulfur molecule R

max1mum catalyst content of foullng substance,:”

volumetr1c flow rate B

*reactlon rate




e
- Ro

Rsh

T

O TE

_;fs A

Cue

Uo

o Us

N'r/Rw ’.

i‘uSChmldt numbertif

’bi’Ta/T°-

1éata1y5titemperatUret:‘

- tlme

‘superf1c1al veloc1ty

" Reynolds number
:aniQefsal.gae;EOnstaﬁtxiljb
f‘reactor out81de radlusb
ﬁe{VShleld rad1us i
B reactor radlusit "bfﬂ;'eei {f £35J5 bijﬁi*b"
.vglobal reactlon rate . | |

”radlus

'3'tota1 number of catalyst 51tes S .

,"temperaturev-f",aa,fV' ~-;atfl,"” IR
a7atmospher1c temperatureriﬁ

!f;uld temperature,v;”"

ffT/que

v .

f;overall flu1d heat transfer coeff1c1ent

\ Tl

uVeQUatlon 5 49 ;ffffiff“tf’ ‘Fet'.":“b

:voverall wall heat traﬁsfer coeff1c1ent

-, T, B ~_‘[‘;‘t

overall solld heat transfer coeff1c1ent

9 . L
|,.

| parameter deflned by equatlon‘/“17 fL>kv ,

'parameters deflned by equations F. 12 to F 14v
H'bffunctlon pf P,s deflned by eguatlon' 4, 32 |
'.parameters deflned by equatlons F 7 to F 9

~fract10nal conver51on of HzS

[ ,
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o Xs
"x';“ft"i"total number of moles

"ti"‘
Cows,)
¥
Yh,s
_Ysogx

Yhzo

'Yiheftfz“'fmole fractzon of 1nerts in feed”

g

=mole fractlon oifSOz'inufeed

2 r/Dp

'Rw/Dp

x in f1u1d phase

v X in the catalyst surface‘:t~;g_“ RS

.;,1moles of spec1es

mole fractlon

h:”parameter deflned by equatlon 3 35

.effectlve reactlon zonef

~

Z%mole fractlon of;HZlenffeed”'v

-

_ mole fractlon oqu‘O'ihrfeed

)

tutotal number of moles--equatlon (3 7)t

S
S5

vparameter deflned by equat10n¢5 7
."{ax1al p051t1on e '
'-z/Rw o |

REY, SR

LY
-

vst01ch1ometr1c coeff1c1ent of species 1 &

'wall flu1d heat‘transfer coeff1c1ent-’

wall sol1d heat transfer coeff1c1ent

m-eee
txf/Xs.f ’

CQéfﬁiCieht id'éqUation,5.31' o

-

Co8
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BINIENE

“ffractlonal catalyst deact1vatlon

por051ty

fbatalet effectlveness factor fvﬂ‘ff_pfsg}{~f;.ﬁ LN

n’5normallzed pressure deflned by 4 41

i

‘«Lagrange multlpller

A[effectlve fiu1d radlal thermal conduct1v1ty

 feffect1ve solld radlal thermal conduct1V1ty o

'Tv1sc051ty ' 'f"' . f( -s,”f.h,f,;wpg;"‘

Prater number, equation 4.16°

'-Legrange multlplier,

‘densify ofethe'gas

pellet dehsity ‘u'*;;r

tortuosiﬁypfaétOr

?dimensionless:fluid temperature .

‘ dlmen51onless solxd temperature

Thlele modulus for 1sotherma1 ‘pellet eq 4 38

'.non1sothermal Thlele modulus, equatlon 4 15
Coeff1c1ent in equat1on 5.32

'fugac1ty coeff1c1ent

total pressure
modified Thigle modulus,
¢/¢ 1 ¢e) -

3 /pn_ L e

’ C!/C‘ls 'A\?:" |



7. Subseripts- ..

R

-

TN e W
wn
»

éﬁ .
e Tgﬂ i 7%}}{§iff". §
V"iégﬁiﬁiiFé s

i species i
s . . partical surface . -

0  center of the particlel oo o i

  Supersgripts“'

0 - at reactor inlet’

S0,

. inerts .




Sl mniocmarky

S

*r_;fgtygedfjay;}ana'Ringefjgh;c,,fArqﬁs_q;;'193613;{1973;;;;"“

?-‘QQ‘Ahmed M., and Fahlen, R W., Chem. Eng Sc1., 35 889
S w?;' 1980a.,j,: MEDEA ; ’ .
?>3;;Ahmed M., and Fahlen R‘W.; Chem Eng Sc1., 35 897
s 1980b‘“ . SR , . .

'ff;J;g4+*A66n,~ﬂyaro:¥Pso¢;;n57Ciriifei;fiéva;f.*'fﬁ*'

15@}3@{5;igg}ﬁcﬁém,LEngfiséig;_6&25?;’jQSjifafﬁj
'“fSQQArls,JR;;'"The Mathematlcal Theory of. lefu51on and R
o Reactlon 1n Permeable Catalysts"' Clarendon Press, S
1975 : A : . SR A T TR

Jn&7;{Badd°ur R. F-r and Y00n, C Y., Chem. Eng Prog Symp.,z""'

Ser.,»57(32) 35 1960,

'.:, ’

”'vaa,anéhf" H., Megdah o1 G Farbenlndustrle,,k

Akt1engesellschaft U s Pat 2092386 SePt.\TL;TQ37{" 3

.

9. B&kshi;»K;R.; anleaQaLasVqénﬁng;cthJ;;,215494, fo75

10, ‘Baumeister, E.B., and-Bennett, C.0., AIChE J., 4:69,

'“hlj.‘Beedkmén;?J'W and Froment G:Eﬁ,ﬁﬁhém,QEng;fSci;,,fnnf
o mm0s 1980 o R A

'112 Beneat1 RQF., and Br051low. C}Q};tAiCﬁEVJ;;nBQBSQQ*5”
: '13 Bennett H A., Ph D. The51s The Un1Ver51ty o£ Brltlsh 'n
g '*; Columbla Vancouver,,B.» 1979 : . L

| 225V"i"ffn,ﬁ»',,?7fgf:':,?§5*’ 3



,‘d14“
15,
,”,,ﬂnig;,
_;igsg
N

',71*23*,
24,

25,

26,

29,

'aischaff K. B., Can.:J. ghgm!'ang;; 40;161,f1962,-

-ﬁoSanQuéf,ﬁC,H;, Bfitish;TA-Repoft.335507, T944;_;

Be"“ett R and Melsen,,Aa,fcan;fJ1~Cheﬁ;qmng;,§"“
59:532,71981; L N

3

Betkovitz;'J},,dﬁ.Cheﬁ;wahyg;,?52;4o74,'1975;‘~"

,‘~~ R

Bhatia, Q., and Hlavagek V.,'1n "Chemlcal and Catalytlc
‘Reactor Modelllng 7 ACS Symp._Ser. 237 Dudukov1c,

f'ﬂz M P., and M11Hs, P L.,\editors,_1984

-

B1111m0r1a, R. M., and Butt J,B;,‘Chém;fEngaiJ§;'22:71,x "
19810 R n;vﬁ_;;;;ff I

o

Blfnoaﬁﬁ,LI and Lapldus,if.,;Chém.VEng;‘Sdi;,f33;443,fnv‘“

1978

jslschoff K. B., Chem Eng. SCI., 16 134' 1961.

‘x'jzé.*Bischoff,-é; R:y AIChE J., 11 351 mgssgpfiaj'-v;

e
f -J,\.

‘Blanc, J H., Telller,_J., Thlbault C., and Philardeau,

Bi, Proc. 5th Can. Symp.von Cataly51s, Calgary,
1977 F o '

BoIdlngh E., A Report in. Chem Eng. Dept., Unlver51ty
T of Alberta, Edmonton, Alberta,.1981- k

-

*Bonso, A, K., Ph D. The51s, The Unlver51ty of Br1t1sh

Columbla, Vancouver, B C., 1981

y 7

Boudart,-m;, 3. Phys.»Chem., 80 2869 1976

Bfauné,fﬂ., -and’ Stelnbacher,_E., z. Naturf Te 1A
7 486 1952 ‘ R .

BilQUS,.Q{j ahd Amundson, N,R,,'AIChE.qufz{qqyinjgssifl_nf;l'



'n»295’

31,

32,

33.

"3,

S 35;:’
©36:
37,

.38,

39,
- 40.
.

LCammeron, b J.; and Beavon)'DlK.;'“Pfobléms in the

ST 229

Burns, ‘R. A., Llppert, R. B.,'and Kerr, R K., Hydro.'
' Proc.,‘ 181 Nov. 1974 ‘

.

Butler, . J'R.; Dew,fJ,n;,;and Zink, D.G., U.S. pat. .
| 2724641, Nov. 22;;1955, : e

Butt J- B.,'1n “Progress in Catalyst Deactlvatlon
Proc. NATO Adv, Study Inst., Flguelredo, J. L.,
edltor, 1982 A .

Cairns, E. J., and Prausnltz, ;M.,'i&Ec,151:1445; 1985

Calderbauk P H., and Pogorsky, L A.; Trans..Inst* Chem.
~Eng. (London) 35: 195 1957 \ - , .

design of High Efficient Sulfur Plants", paper- S
- presented at the-FEeb., 1970 meetlng of the Canadlan o
© Natural Gas Proce531ng Assoc1atlon, Edmonton,‘ .
' Alberta.,- Lo RN » “,ti . : . ’ Lo

Cappelll,oAt Collina;vAJ;fénd Renta, M;LfI&EC'Pfoo.j

. Des Dev., 1:134,;1972,;».t7__,;__ e
Céfbetryl7J.J;;,I&Ec;‘58:4pjk19€0;

. . . - . )
AT s . - A ~ .

'Cakberry,,J;J.; AIéhE.J,})ﬁ:350;'1961.

. i
. /

I
/

Cafbérry, 3.3, T&EC Fundam.; 14:129, 1975.

Carberry, J. J.,,and‘Goq:ing,-RQL.; J. Cétal,‘5:529,'
CUUA966.  t o L T

icgrbetry}-a{a,, and{WQndel,‘M.;'AIChEiJ;; 9:132;'1953,f:

& .

_Carey, G. F., F1nlayson; B. A.; Chem. Eng Sc1., 30 587

1975.- S

'Chéo,'df;;ﬁdro, Ptodt,fSQ(iT);217,i1980$ L



a7,
48,
.49,
.

51

: ) 52-

L 5,3‘.

54.

55.

.;’ISSQ

Claus, c;r,,‘Brit,jpae;gséss,"neg._31,_}8831

Ce

43, chiltdn,fmlc,; énq Colbﬁrn,NA.pL,ﬁ:&ac,‘gﬁg1183f,1934}gf'
R S e A
44, Cho, B. K., M, Sc. The51s, Unlver51ty of Alberta,ailV‘
o ' Edmonton,_Alberta, 1975 X
g o _;H o ',J B R >
45.;Chu71C;, i&EC‘Eundamg, 7:509,_1968. S
e B un | | ‘n .v‘ rp¥. |
7‘46.~Chuang, T, T., Ph.D. Thes;s, Dept of Chem1cal _,f
- Englneerlng, Unlv, of Alberta,,1971 e

PR

Coberly, C A., and Marshall W;R,,CCHevaEng.fPrpgr(, ff;

47']41 1951

80 524 1976

Cocke, D. L., Abed G., and Plack J.H;, J;”?hysgxénem,,f”'"'f‘

VTN
/ .
A

-Cormode, P. A., M. Sc. The51s, Unlver51ty of Alberta,_”'

) Edmonton, Alberta,r1965

,CRC Handbook of Chemlstry and Phy51cs, CRC Press, 61st

Ed., 1980

) o i
Sy

Crynes, B. L., Ed1tor,'ﬁéhem. Reactlons ‘s a Means of
Separation- Sulfur Removal" Marcel Dekker Inc.,L
CNLY., 1977 C e A

Cuiiia‘ C. F., and Mulcaphy, M‘F R, , Cohbusﬁ}rﬁlame,,‘
18 225 1972 oL T

-

Dalla Lana, f G., Paper presented at’ CNGPA 3rd

Quarterly Meetlng,xCalgary, Sept., 1983

?f

‘Dalla Lana, I G., Cho, B K.,Vand L1u, C L.,.paper S .
. presented in CNGPA Research Semlnar,‘Calgary, Nov., : o
1974, , - : S

DallayLana,ll.G,,'le, c. L., and Cho,’ B K., Proc. 6th

~Euro/4th Int. Symp. Chem Reactlon Eng., V=196, ;[t; g .

 DECHEMA, 1976



::57{

58,

59,
60,

62,

63,

- ea.

65.

A”66»

67,
iSSJ?

69.

- 70.

7.

229

Dallé‘Lana;'I.G., McGregov, D.E., Liu, C.L., and '
 'Cormode, A.E., Proc. 5th Euro/2nd Int. Symp. Chem.
~ Reaction Eng., B2-9, Elsev1er Publlsh1ng Co., 1972,

Danékwerts, P.Y,,.Chem»,Eng.’Sci;;,2:1; 1953,

Déyis}'J,C,}‘Chem;/Eng;{779:§6[ 1972.

_pe'AcétiQ; Ier ahd‘Thbdos, G., I&EC, 52:1003, 1960.

Denblgh K G. »'"The Pr1nc1ples of Chemlcal Equ111br1um '
Cambrldge Un1v Press, 3rd ed 1972.

De Pauw;'R;;_and Froment G.F., Chem. Eng. Sci., 30:789,
' 1975 - , L _ .

Dewaséh;\A.P;,,andiFrbmgnt, G.F., Chem. Eng. Sci.,
26:629, 1971 . )

fDewasch A p. and Froment G;F., Chem. Eng. Sci.,

273 567, 1972. . . .

a

Do, D. D., and Balley, J.E. Chem Eng ‘Sci. }»37:545,

19824/

LDorwéiléf; V.P., and Fahien, R.W., AIChE J., 5:139,

1959 f,_,.; S e
papin;'T;;:Hydrb Proc 61(11)'189 1982.

Dw1ve1d1; P. N., and Vpadhay, S N I&EC¢ Proc. Des.
- Dev., 16:157, 1977. R

,Eigenbergér; G,;,chgm;:Eﬁg;,;ci;, 27.:1909- & 1917, 1972.

Eigenbefgér, G., and Butt, J.B., Chem. Eng. sci., 31s
681,1976. R N

Fahien, R.W.,: and Stankov1ch F., Chem. Eng Sc1.,
i 34 1350 1979 "



Co72.

73,
74.
75,

‘76.

: 78_

79,
80,
) A‘81‘.‘
82,
83..

84,

. 85.

86,

George, Z.M., J. Catal., 32:261, 1974,

George, Z.M., J. Catal., 35:218, 1974.

Fan, L. T., and Ahn, Y,K.;fl&sc;-proc.‘nes;”név.,,1:190,_ S

e

Feiék J., and Quon, D., Can. J. Chem. Eng., 48:205,
1970, v | -

Finlayson, B.A., Chem. Eng. Sci., 26:1081, 1971.

Fiﬁlaysbn) B.A., "The Method of Weighted Residuals and .
» Variational Principles", Academic Press, .1972.

/.

 Finlayson, B. A.,\C Rev.~Sc1. Eng., 10:69, 1874.

_Eromént; G.F., Chem. Eng. Sci., 7:29,.1961.

Froment, G.F., I&Ec,'59:18; 1957.

Eroment G.F., In “Chem1ca1 Reactlon Eng1neer1ng , Adv.
.1n Chem. Ser.'109 Am Chem. Soc., 1972.

Froment G. F.,’ln'"Progress in Catalyst Deactlvathn"
. Proc. NATO. Adv.‘Study Ins., Flguerldo, Je L., edltor,-
-f1981 o ) o _

iFroment G F., and Blschoff K.B;;'Chem; Eng.USci;;'

16 189 1961

_Froment;»G;F.}'ahé:Bischoff‘ K.B., "Chemlcal Reactor

;Analf%is]and;Design"; John W1ley & ‘Sons Inc., 1979.

Gaﬁsqn,fB;W.; and Elklns, E H., Chem. Eng Prog
'49(4):203, 1953 R ,

-

Gés processing Handbook(‘Hydro. Proc., 61(@){65, 1982{

s



)

87.
88.
g9,
9,
90,
91,
92.

93.

94,

95,

96,

98,

99,
-~ 100.

- sci., 23:1083, 1968

»-”d01(

Gerald cC. F.; "Applled Numer1ca1 Analysls
' Add1sdh Wesley, 1978 N

. 4
e

Goar, B.G., Hydro.-prac.,-47(9?5548,-1968.
Goér, B;G., Hydrd; Proc., 53(7):129, 1974.

fGoaf; BuG.,.EP/Cahada,,68(3):32; 1976.

©

Goddln C.S., Hunt, E.B., and Palm, J.W., Hydro.

53(10)-122 1974g
,Engé Sci.,{36:705;713, 1981

Bulletln XIV(3) 1977

qranchegg,p;,_nydro;fprbe;,¢57(7);155,'4978.

No. 14-166 1957

;HandleyQ D;, and Heggs, P.J., Tran. Inst.

4617251, 1968,

Hejgeldf'R;E;, Private Communicatjon, 1983.

231

. I -

R

2nd Ed.,

o

5Greneher,-P Alberta Sulfur Research Quarterly
_Grauligr;ju;,'and,papee,jp,,/Ep/canadal 66(4):32, 19

Chem. Eng.

He1gold R E , and- Berkeley, D.E., 011 & Gas J., 156

Sept.-1983

.

Hlavacek V., Marek M. ; and Kub1cek M., Chem. Eng

Proc.,

Gpttifredi}’d.cl} Gbn2o; E.E., and Qu1roga, 0.D., Chem.

74‘.

,Hemmer, B G G., Doktorsavhandal Chalmers Tek. Hogskola,

14

’

Hlavacek V., Kublcek M., and Marek, MQ,AJ, Catel,,

15 3, 1969



232

,
102, Hlavacek, V., and Kubicek, M., Chem. Eng. Sci., L)
25; 1537 1970.

103, Hlavacek, V., and Hofmann, H., Chem. Eng. Sci., 25:173,
‘ ~ 1970a. , K

104. Hlavacek, V., and Hofmann, H., Chem. Eng. Sci., 25:187,
1970b0 “ ‘ ) ’

105. Hlavacek, V., Hofmann, H., Votruba, J., and Kubicek,
: M., Chem. Eng. Sci., 28:1897, 1973.

-

106. Hlavacek, V., .and Marek, M. Chem Eng. Sci., 21:501,
1966.

107. Hugb, P., Chem. Eng. Sci., 25:

108. Hyne, J.B., Canadi'atj Gas J., hr.-Apr., 1972,

109. Hyne, J.B., and Ho, K.T., Albert¥PSulfur Research
‘Quarterly Bulletln, XV(3,4):49, Oct., 1978-Mar.,
1979 m ’ -

110. Johnson, M.F.L., and Stewert, W.E.; J. Catal., 4:248,
1965. ' ’ :

111. Kao, H.S.P., and Satterfield, C. N., 1&EC Fundam., 7:
665 1968. :

112, Raranth, W.G., and Hughes, R., Catal. Rev., 9:121,
1974. ’

©

113. Karren, B.L+, M.S&, Thesis, Un1vers1ty of Alberta,
Edmonton, Alberta, 1972.

114, Kaza, K.R.,-and Jackson, R;,,Chem. Eng. Sci., 35:1179;
' 1980. AR o _

115. Kaza, K. R., .Villadsen, J., and’ Jackson,T .,\Chem.'Ehg.
: Sci., 35 17, 1980 ' R o

/

.



‘q‘_-" )

116,
117,

'118;

119.
120.
121,

122,

12¢.

125.

126,

127,
128,
129,

130.

.Lee, H.H., AIChE J., 27:558,.g981.' R .

Yoooe : .

\

Kerr, R.K., Paskall, H.G., and Ballash, N., Ep/Canada,".]’
66 72, Sept. —Oct. 1976. o o n

S

Kefr R.K., Paskall H G., and Ballash N., EP/Canada,
~48 Jan.-Feb., - 1977 L R

.

Khang, S;J., o Levénspiei,vI&EC.Fundam;jk12€f&5;a1973;id

® .

Kondalik P., Horak J. ;. and Tesarova, J‘,-I&EC Proc.
Des. Dev., 7:951, 1968 : I

@

'Krishnaswamy, S., and Klttrel _JiR., AIChE J.,  ~ .

ixy
> I

27: 120 27 125, 1981
' . - { ’ .~
Krlshnaswamy,-s., and Klttrell JFR.;»I&EC Fundam;;af

. 21:95, 1982 ' - . S

Kubota,:H., Yamanaka,»Y., and Dalla Lana, I.G., J.-
Chem Eng. Japan, 2: 71 1969 :

T

Kubie, J., Ph D The51s, the Unlver51ty of Aston 1n

) Blrmlngham, 1974

~

KUbota, H., Ikeda, M., and lehlmura, Y., Chem;aEng.-.
(Japan) 4: 59 1966. : LT

’ !

Kuong,‘S.S., and Smith, J.M;;XI&EC,ﬂ49:894;?1957.f'7

R

Landau, M., and Molynex, A., L Chem. Eng. Symp.
Series, No. 27, 1968 : B P TR

Lee, H.H., Chem. Eng. Sci., 36: 1921 1981

Lee, H.HY, AIChE J., 29:340, 1983.

Lee, H.H., and Butt, J.B., AIChE J., 28:405, 198238



P

131. Lee, H.H., and Butt, J.B., AIChE J., 28:410, 1982b. .

; oo /
A}

: 132;:ﬁefou; j;, and‘Fr¢ment;fG;F;}gCHem; Eng.:Sci.;"32£853;
| RYIZ IR AR S DRy BEEERR.
133, Liu, S'L;, and Amundson N;R;; I&EC. Fundam., 2:183, .
: 1963 a. . A T - :
'~134,“Liu; S.L.; and%AmUhdsOn,JN;Ri}‘I&EC Fundah.,v1:200g '
: 1962;2:12,-1963 b. . S o

1351‘L1u, C L., Ph D Thes1s,‘Un1ver51ty of Alberta,‘ ‘Y
o Edmonton, Alberta, 1978 '

'vi“136,'ﬁiu; C;L;, Chuang, T. T., and Dalla Lana,fI;G;, J.
- Catal., 26:474, 1972, - PR

-

137. Livbjerg, H.,. and Vllladsen J,, éhem.]Ehg;'Sci,L;,
SR 27:21, 1972 ' ' oy

3

138. Lovett, W.D., and Cunn1ff F;T';ichem. Ehg."Prog:,; -
| 70(5):43, 1974, R RS

A

-_139;,Lowe,'A;,;chemg Eng. Sci.,i37:944, 1982.

- 14Q,jﬁaddox'biilf;v"Gas and L1qu1d Sweetenlng 2nd edition,

Campbeil Petroleum Serles, 1974.

B

14J;1Marivoet155f; Teodoriu, P., and Wajé, S., Chem. ﬁhg.
S - Sci,, 29:1836, ]9#&.‘ SR TP o

142. Masamune, S., and Smifh,’ J.M., AIChE 3., 12:384, " 1966.

Lol /

sog,. E. A., Erans, R B.;, and Watson, G.M., J. Chem.

i as, . |
U Phys., 3512076, '1961; 3631894, 1962; 41:3815, 1964.

144, McBrlde,'B J., et al., "Thermodynamic Properties to
6000, K for 210 Substances Involving the First 18-
Elements , NASA-SP-3001, Office of Scientific and

€Te/chnlcal Informatlon, NASA Washlngton D C.,,1963

VAR . . : . ,'

234

5

. &



%ﬁ’&

G

R X 1
145 McCulloch N., M.Sc. The51s;,Un1ver51ty of Alberta,
e Edmontom, Alberta, 1982 e SR

’ A

?146; MeGreavy, C., and Cresswell D.L., Can. J.‘Chemi'Eng;,
o 47:583, 1969 R o SR S

,‘14711McGreavy, C., and Turner, K., Can. J;.Chem;'Eng.,,'

43:209, 1970. | B
148 McGregor, D. E., Ph. D The51s, Unlver51ty of Aiberta,
Edmonton Alberta 19740 L :
149, Meisen,'A., and Bennett H A Hydro, Proc., -
CoseU2)zisn,aere. T T

.150.”Menon,,P;G,,.Speeramamurthy,VR.,,Murti, P.S., Chem,
- Eng. Sci., 27:641, 1972. Co

151.fMeyer,,B{,ﬁChem,ARev,,,76§367,'1976r”

'152 Meyer B., "Sﬁlfuf Energy,,and Environment",fEléevier '
Sc1.4Pub Co., 1977 : '

- < ) = .v, . . .
* 153, Mlkus,,O., pour,jv.,,ulavacek,,v., J. Catal., 69:140,
- 1B T
'154 MlSChke, R. A., and Sm1th J H., I&EC Fundam.,n1(4ﬁ:288,
- ' :1962. : e
’7155 Morales,' Splnn, C W., and Smitﬁ, J.M.,_I&EC, 43, i
- 225, 1951 o s L ' ‘

156.;Nabor, G.W., and“Smith, J.M., I&Ec,“45}1272, 1953.

Q . L gt

157, Nobles, Palmc’Jéﬁ., and - Knudtson, D.K., Hydro. Proc.,
L se(T)1a3, 19770

.

&

ylssi o&%én, J,Hf{ I&EC Fundam., 7:185, 1968.

“ T o . S SR BRI

- 159, Oliver, R.C., Stephanou, S.E., and Baier, R,Wﬁggchem,»

ta



o 236

,'Ehgf) 69:121, 1962.

160, Opekar, P.C., and Goar, B C., Hydro. Proc., 45(6)'181
, 1966. | o

.\4‘

-

161, Paspek, S.C., and Verma,.A., Chemﬁ_Ehg.;Sci., 35:33,

"
At .
Sowlt

162. Eatersbn,'W“R., and. Cresswell D.L.,,Chem._ﬁng:,Sci,g
o 26:605, 1971. R A N
' . _ ;J' o, ' ' f';& ' o - |
.. 163, Petéfsén E P.,,Chem Eng~- ’

<

4371669, 1982

'164,‘pea:sbn;;J.R;A.;"chem.fEng.,scl;,wjo:éed,,1959;;..if

165, Pearson, M.J., Gas Processing, 241:22, May-June 1973a. — *

Y Lo
.o~ S
. ~

Sl s e e
- 166, Pearson, M.J., Hydro. Proc., 52(2):81, Feb. 1973b.

son, M.J., EP/Canada, 67(6):38, July-Aug. 1976.

lai, K.K., Chem. Eng. Sci., 32:59, 1977, =~ .
reuner, G., andvséhupp;-W{,*i;lPhys.JCHam;; 6%:i2§,'f:
CU1909. L - T T

170.:Quet,_c., Teillier, J., and V01r1n, R.} "Cat;,”
. Deactivation. Proceedlngs of the Int Sympg"

Antwerpen Oct. .13 15 1980 Cono Vf*”fMMf”"“f*”ffo"

171. Rau, H., Kutty, T.R. N., and Guedes de Carvalho, J R F.,_ o

J. Chem- Thermodyn.,.s 883 1973
172. Raymond L R.’, ‘and Amundson, N. R., Can. J;’Chem;VEhg;;_
42: 173 1964 : v . o N EP R

173. Reed, R.L., Paper Pré%ented at CGPA Quarterly Meetlng,
' Calgary, Alberta, Sept. 14, 1983



e S
'fi74 Rester,,s.;fand-A:is} R;ﬁfChéhgﬂEngkgﬁbi;;f2££793;w.

175 Rldgway,,"., and Tarbuck K;ny*Chgﬁi]EdéaTSdi;}if:ﬁf“
23:1147, 1968 R e

176 Roberts,,G w., and Satterfleld C N.,.I&EC Fundam., T}°“”
S 317 1966.A S _ _ '

.1’17 Roblee ‘B.M Balrd R M., and Tlreney, J. W., AIChE J.,t-d"
s ‘-1s 4: 460 1958 Cl . _ ‘

B 178 Ross, R A.; and Taylor,,A H., Proc. Brlt Cefam.;Sbc;;'ﬂf _;
L 5 167 1965 _ PR T

tf.J?Q,lSabtiefsfP., and Re1d E. E.,."Cataly51s in Organlc'"d" ,
R o Chem1stry,, Prlnceton Van Nostrand Co., N;Y., 1922.,;

. 180 Satterfleld c. N., "Mass Tnansfer in. Heterogeﬁeous
. ' Cataly51s - MIT Press, 1970 . .

-
&
AR

’1-81 Satterfleld7 C N., "Heterogeneous CatalyS1s in
PP Practlse McGraw H111 I#c., New York 1980

-r‘

. 82 Schertz, W. w., and Blschoff, K. B., AIChE J 15:597,)
o 1969 _ ; , , o :

e
:w-‘s‘
e

"1é3.Vséhlﬁnder,lE,u;,'CBem._rﬁg.sTéch,; 385957 & 1161, 196

184k Schuler7_RTWTT—Stalisngsw~V?P77~aﬁé—Sm&%h~—&~M e\
Eng Prog Symp.‘Ser., 48 19 1952 s ‘ : S

v

185, schwa:tg,.c;E;;-and;smith,.J;M;,1I&Ec; 13&1209,,r953;f1.

-~ . 186. Shamplne, L F., and‘Allen J. R.,n 'Numerical Computlng
' : - An Introductlon"; W. B Saunders Comp., Toronto,
1973 St e N _

.\'-.

H]|187. Sherwood T K., Plgford RiL., and W1lke,~ C.R., "Mass
L Transfer", McGraw-Hill, New York, 1975. - R



,fﬁ

"fe,188 Slnkule, V., Votruba J., Hlavacek V.,.and Hofmann, j

H., Chem Eng Sc1., 31:23, 1976

'189 Smlth J M.,'"Chemlcal Englneerlhg Klnetlcs Third‘hh‘
L ed., McGraw H111 New York 1981 R o

-

1'190 Smlth T G., Zahradn1k J., and Carberry, J J.,‘Chem.-f;l}g
‘ Eng Scl., 30: 763 1975 x ' . Vo

'“191;;sqrensen J.P., and Stewart W.E., Chem. Eng. Sci., =
2 " 37:1103, 1982, . R

‘.'f92 Stecher\\P'G., "Hydrogen Sulflde Removal Rrocesses" P
ST Noyes Data Corporatlon New Jersey, 1972 el E

P

'Vﬂ193i Stull D R., and Prophet H., JANAF Thermochemlcal
P Tables, 2nd edltlon, NSRDS NBS 37 1971,,»' S

194 Szépé,as.,.Levensplelu O.,,"Proceedlngs of the 4th
re Euro. Symp. on Chemigal" Reactlon Eng1neer1ng
Pergamon London 265 1968 ' e

195.~Taylof H. A., and Wesley W.AL, J Phys. Chem., 31: 216
e27. :

- s T

196, Thadanl,_M C.,,and Peebles,-F N.,_I&EC Proc. Des. Dev.,bva
' 5 267 1966 . R . ‘

- 197, Thlele, E W., Reprlnted 1n Chem Eng' Fundam., 2(1)'13 jfw
’ - 1983, ,

b

| 198.;Tink1er,»J;D,;;?étznéf,rA}B;;uI&Ec,,532663,'1961,[;3"'“"

199, Truong, P.T. T., M Sc.‘The51s, Unlver51ty of Alberta,'“
S Edmontoh Alberta, 1982 o

-EOO:'VanvCaUWeﬁbefghé,'A;RQ,'Chem, Eﬁg; Sci;,121%205,'i9§§;?‘1“7

’

.. 201, Vanaben»BOSCh“ﬁ and Padmanabhan Chém,thg,eSQi;}”

: TN



202

| 203_

204

U 205

b

'41206

"1f208

'?f209

211

207,

S

" ﬁ__
'»210

239

Van Welsenaere, R J., and Froment' G F., Chem Eng
Sc1., 25 1503 1970 ' : ‘ .

Vllladsen, J V.,'and Stewart W.E;}fChem.,Eng.'Sei.,n“

v“_ 11483, 1967 - u-
Vllladsen, J V., and Mlchelsen M L., "SblUtlon’of;» 3“
‘ Differential Equatlon Models by Polynomial. o
"}Approxlmatlon P:entlce Hal;b Ine.,‘1978

Votruba,,:., Hlavacek V., and Marek M., Chem..Eng
Sc1., 2711845, 1972 o L

Wakao, _;,'and Smlth J. M., Chem, Eng;fSCi;Q51718é5;:f
1962 . , R A R
wehﬁeﬁ,,J.F;;‘addTwilhéLm,-R.H;,'Chem;VEng; Sci.; 6:89, .
Welsz, P, B.,'and H1cks, J S., Chem.\Eng Sc1., 17}265;'_
' 1962 , ) S T e

Wen C Y., and Fan, L. T.f "Models for Flow Systems and o
Chemlcal Reactors Marcel Dekker,»Inc., 1975 '

Weng, H. S., Elgenberger,. and Butt J.B;},Chemf:f:“
Eng. Sc1., 30-1341 1975._, ‘ R T R

wheeler’ A" Advances in Catalysls VQIUIII£249i5

-

/—

“:212;

213

214

, QQ o
( e215?

- Academic Press, Imc., 1951,

Whitakéf,,S;;~A1cﬁéfa;;*18:361;,1972.
, S DR - o
Whlte, WAB., Johnson,,s M., and Dantz1g, G B., J Phys;ff
Chem., 28 751, 1958 2 o , L ERN

<

WOng, R L , and Denny, V E., Chem. Eng. Sc1., 30 709
1975 C L ’ RO

Tl .

‘Yagi, S., and Kunii, D.,-AIChE J., 6:97, 1960.



216. Yagi, S., and Kunii, D., AIChE J., 3:373, 1957,

'217;¢Yégif:"’ ‘KunlL, Dlhﬂéna Wakao, N., AIChE J., 6:543,

S Tise0l S T e DA

’ 218 Young,,L C., and Flnlayson B;X.,_i&Eg*Fuhdéh;; 12?412,1"

Sy 1973 ey . B

|‘.219 Yung, B K Y., M. Eng Report Unlver31ty of Alberta, ';
o ' Chem Eng Dept., Edmonton,vAlberta, 1983

.e,.~

jif220. Zeldowltsch J B., Acta. Phy51coch1m USSR ios 583 R
. 1939 L LT : L -'ﬂl~f’3




'APPENDIX A: Claus Equilibria

*
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ALY Ideal'GasWApprokimation“u”' )

.

i The 1deal gas law lS 1nherent in tﬁe calculatlon
htprocedure and the val1d1ty of 1ts use w1ll be con51dered
'h'here. To descrlbe the behav1our of real gases, the
v.thermodynamlc property, the fugaelty,.f,ils used 'Thébj
”fugacity is essentlally a pseudo pressure. When the fugac1ty
" is subst1tuted ‘for pressure, one can, 1n effedt use the
hsame equatlons for real gases that one normally uses for

&'

'“jldéé; gases. Fugaclty,L§5~;s,§ef1neo as .
iagfsing m‘a(ih tl_’:: :p;;  a» t,». ': - :’:‘(é,j)ﬁ‘
,”withithepreguirementithat-ashthe:pressure goéspéqugrd,f
.'One'methoé”Ofndetermihino pure7componeht'fugaclty

’ employs the Pr1nc1p1e of Correspondlng States and uses

.-f general1zed charts to calculate the value of the fugac1ty

coeff1c1ent ¢”

n'«!9The three parameter generallzed fugac1ty coeff1c1ent

tables’ was uSed for determ1n1ng ¢” for the components of

-1nterest at the operatlng cond1t1ons of the furnace, thev<
SRR Re1d R.C. et ‘al, "The Pnoperties of Gases and. L1qu1ds
j'3rd Ed.,‘McGraw H1ll book company, 1977



conventionallclaus and'the coldbedareactorsr‘The'critiCal
‘Propertieshand the Pitzer's‘acentricvfactOr,vw{'of all the
“spec1es except sulfur were obta1ned from Reid et al.? The
cr1t1cal propert1es of sulfur 1s from. Rau et al f The

acentr1c factor of sulfur was obtalned from ‘ f o '2/v

w = -log Pur (at Tr=0.7)'f,1:0‘s" . o p—(A.4)'
The cr1t1cal propertles and W of the Claus spec1es are
presented in table A, 1. . f _ k; g}_ | .

Table A. 2 shows that the fugacity coeff1c1ents of the

","

‘-dlfferént spec1es at one atmosphere and typ1ca1 temperatures

”, , .

1of the coldbed reactor :conventIOnal reactor and the furnace

i of the Claus process. It 1s apparent that at the cond1t1ons fAV-

T

\

_ would be very close to unrty~and they behave 1dea1y. Table

"of the fugnace the fugac1ty coeff1c1ents for all the spec1es

'v_A 2 also shows that the assumptlon of 1dea11ty 1s 1nva11d L
 for sulfur at ‘the coldbed and convent1onal reactdr
|

‘icondltlons. The fugac1ty coeff1c1ents of the otheg spec1es,‘

"however ,1s close to unlty at the reactor condltlohs.'i

;ﬁ\.-v
'A 2 Effect of non1dea11ty of the Gas on equ111br1um Constant

The equ111br1um constant based on act1v1ty 1s deflned

 *ibid : AR
Z‘Rau H.,'et al J Chem Thermodynamlcs,bs 291 1973uf-‘
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Table7A.1 Criiidél'Prope:tiéS‘df;the Claus Species

-«

- Species  Tc(K)

. H3S 2 373.2
H'O- _ 647.3
'.Sulfur."1313
(Sz 79) \ ’

-‘fTablégA‘ZLFugééifY“Coéff

“One‘htmosphere _

™

T(R) . H.S s0p

.9977 ° 0.,9968
.9989°  0.9977.

450
580 -
- 1500 -

‘Pc(atm) W

,000007_1;00004_ E

r—

77.8 ' 0 251

217.6 0.344

33.5 - 0.04

797 0.2¢7

»y

icients® of Pure Species at

"j_ngo‘,' ' }“]7'fvSu1fur
. 0.9498 1.
1.0001 1.

N

00005 - 0.00013
.0 . 0,0051.
0

_—_-—_—_..—-——_—___

 $The fugacity coeff1c1ents were, estimétediftpmrtablesvSFG“ o

and 5-7 of Reld et al

0 9977 4 ;’ h
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ln K= -AG6*/(Rg T) “(A.5)

and is related to equilibrium constant'based on partial

pressurefbf‘the species involved in.a reaction by

K = Kp K¢//

(A.6)
.Fot iq?al gases Kg/’.isrunityvand, K=Kp. e
Fof réaction'(3.20), K¢/’ is'défineavby, v
T e
R¢/’ - — | (A7)
e | -

a8

~ and its value is determined from data

2y

of table A.2 as, .

e (atm) T (R) . Ke!!
1.0 580 0.0672
R ) }iSbo'l 6,9996{  ,{
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***t*************t*********************************#*******

The data file to be used with "GEN" prggram. It containss
the species name, the mass balance atomic number in .
the order of H, N, 0, S, C;: and free energy coeffxcxents*
of the free energy functxon-p- #*

G/RT = C,(1-1ln T) - C,T/2 - C3T*/6 - C T’/12
= CyT4/20 + Ce/T L C; - Co/T?

o % e »

*
*
%
*
x
*
x
*
L 3
* For example for H2, the first species in the file, the
* numbers .,O.,O.,O ,0., assign 2 H atoms and zero atoms
* of N,0,5,C, The rest of the data for H2 are free

* energy coeff1c1ents in order of C, to C,.

* The sulfur species free energy coefficients are from x
* Rau (171). The.coefficients for the rest of the species %
* were obtained from JANAF (193) tables. The method of *
* the-derivation of the free energy coefficients have  #
* been described in ‘the references (51) and (144). ' *
x *
x *

**********************'***********tt8********************* ~

"

H2 , - Ty
- 2.,0.,0., .,o.,
3.116721,1.1458E-03,-9.04839E-07,3.096603E-10,
0.,-9.72 2874E 02,-2.345249,0.
N2
0.,2. o.,o.,o., e
3.4741, .811493E-04,9.56134E-07, -3.370366E-10,
0.,-1035.053,3.268552,0., ,
. 02 . ' T . ’
a ,0.,0.,2.,0.,0., . o,
e | .371B994E 01,-.2516728E- 02,.8583736E 05/ 8%%98728 08,
s % (§2708218E 11,-.105767E 04,.39087E 01, 0., ]
Tt e B0 N
e : | |

f:%;;o 400, 1.,
PO 428748,2.834611E-05, 8. 259018E 07 ~-3.157564E~ 10
50, 1 433105E 04, 4. 19517 0., -
: coz ‘ \
»-OOIOQ'VVI’ I‘O‘INI‘I : '
.2.680418,.007262,-4, 308451E 06, g’25351E 10
“0.,-4. 844353E04 8 463569,0. , : "
, "H20 : SRR : ‘
,2.,0.,4.,0.,0
.7 4.091473, .025776E- 03 3.36041E-06, -1.485555E- 09
.. 0. -30303 03 -0.42795,
. H2S g
- 2.,0.,0.,1.,0., ‘
© 3.679785, 1.262427E-03; 1, 006445E 06,-4.756682E- 10
0., - .358756E" 04, 3. 367966 0
S02 “ - : .
. 0.,0.,2.,1.,0. -’ -
3. 249204 6. 48561E 03 -4, 0439233 06,8.80362E-10, J
0.,-.36946E 05,9. 58542 0., . o ‘



- COS

0.,00,1.,1.

208493538, 8.
0.,-.178558E 05,8.826578, 0.,

CSs2
0./0.,0.,2.,
3:427127,8.

r1. /"
281002E 03,-5. 6749E 06, 1.358286E- 09

1 K N ° N o
29768E—03 -6. 1069E-06 1. 5126E 09,

03,.127498E 05,.687726E 01,0.

CH4
4.,0.,0.,0.
4. 2497678
9.510358E-1
S1

. 0.,0.,0.,1.,

B IEY

2913725E 0
.1170898E~

JSZ :
' 0.,0.,0.,2.

4. 300101 .0
0.,.14289E
S3 :
0.,0. 0 3.
.64723E 01

(O.,.14810E

sS4 :
0.,0.,0.,4.

 9.6133,.394
0.,.14169E

S5,

~0.,0 ,0.,5.

. 12869E 02,
0.,.86843F

© S6

0.,0.,0.,6.

1. 590131E 0

0.,.06781E-~

S7¢

0.,0.,0.,7.
1864955E 0

0.,0.,0 ;8.
.14854E 01,

- O.,.049604E

O.,.073115E 05, .5863E 02 -
- S8 ;

11‘1

-6. 91255 2E-03,3,1602134E- 05 -.29715432E~- 07

2, 0186632E 04 -9 1754991E 01 0., =
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1 0. 3129046E 93, - 2609251E 05, 3138244E 08
11,.3256826E 05,.3568115E 01 O .

0
00141 ,0.,0. '
05, 2. 6277 - 19889E 05

52367E 03, 0 /0.
05, -5 048, - 39124E 05,

0.,
3E 03 0.,0 :
05, -18 3132 - 70997E 05

0.,

.1273923 03,0.,0. ‘w.ﬁf;?}'y/? o
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0., I
1,.00006 0.,0. s ’
05,-.4926E 02,-.110775E 06,
2,.308661E 03 0.,0 ’ )
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~IO

++ COM
- 'H2 -
02"
" co
Co2

S02
cs2

0000000 NANANNNNNNNOANNANAAANANAcANAAAAAANA
****************'***f********************

INTEG

H20
H2S'

RKERS.,

‘INPUT DATA
M -
. N LT
‘va:E {f_
NPT -
- SNAM' -~

e o
PRESS

T -

PT=0fOR_

POUND

_'SEN R COMPOUND
e CHe
20 0 ’,'{Sj,

. .3WE‘O’M; T o 52'7';
- L R REE R -7

.6 . 85

M g ] L o ’T '56_

‘B I - 87

,p LT g SB

cos’

ER- P

MAINLINE GEN

. -IT WILL HANDLE' UP TO THIRT

k- MOLECULAR . SPECIES CONTAINING TEN DIFF L

* ELEMENTS. ANY NUMBER OF CASES CAN BE AN EMPTED WITH
‘AS’ MANY TEMPERATURES AND PRESSURES DESIRED. :

NUMBER .OF GASEQUS' SPECIES

'NUMBER OF 'CONDENSED ‘SPECIE

NUMBER OF TEMP. AND PRESS

1 O“NO DATA CHECK

‘THE NAMES OF THE SPECIES
- THE AMOUNT OF THIS SPECIE PRESENT - IN
THE - STARTING CHEMICAL SYSTEM (EITHER
NUMBER OF MOLES OR ‘MOLE FRACTION)..
SPECIE. ROW IN MASS BALANCE CONSTRAINT
COEFFICIENTS K FOR. FREE ENERGY EXPRESSION
- PRESSURE (ATMOSPHERES) L

TEMPERATURE .(DEGREES K LVIN) U
ATA CHECK

1=

CONDITIONS'

i»THIS PROGRAM CALCULATES EQUILIBRIUM COMPOSITIONS ;
- 'FOR COMPLEX REACTION SYSTEMS USING THE® F
‘MINIMIZATION METHOD DEVELOPED BY WHITE.4

. _RENT -

NUMBER .OF DIFFERENT ELEMENTS H,C,0,S,N

ISPN - spECIEs DATA FILE REFERENCE NUMBER
. * FOR THE PURPOSE OF EQ.CONV, CALCULATION ALWAYS
% READ H2S AS THE FIRST SPECIES. - .

‘ -  SPN
SRR
12

13

14
15

16

17

18

u*****************************************************

_ENERGY

19[

'k‘248

'v**********t******************************************* :
. “fﬂ . . -

* *ae*i*ﬁ(*<*aw* *4(*‘*4(* KK R

B R TR SRR R R S R S G N

DIMENSION SNAM(30 ), FRE(3O 8) x(30) GA(30 30) GE(30)
“1,F(30),A(30/30), Y(30) B(30) FRC(30) NG1(30) xx(30)

U, GX(30) XORIG(30) ISPN(30) c(30) L(30) A1(30 30)

C . -
C**********************************************************'
C  LOGICAL UNIT 4 REFERS THIS PROGRAM TO THE '

Ccx INPUT DATA FILE. -THE FILE NAME 1§ .

Cx ' . "INPUTDATA", IF THE USER HAS A COMPLETE -

Cx ' NEW SET OF PARAMETERS , HE HAS TQ FIRST"

C* ‘EMPTY THE "INPUTDATA" FILE AND. ‘THEN INSERT

C* JHIS SET OF PARAMETERS' '

.,“

‘Rﬁ“

LR

o

.

O
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L CH —FIRST LINE- M N, P, NPT . - L *

- C* - -~SECOND LINE IOPT | B B IR *

.C* ..~ -FROM THE.THIRD LINE ON ,SBECIES REP: NO.,INT CON *

_ C* ' AFTER THE PROGRAM HAS BEEN RUN FOR- THE §§ ,e§ *
K PARAMETERS - IN"THE INPUT DATA ; THE PROGEAM o

_C%. . WILL ASK THE USER IF HE WISHES TO CHANGEWOR *

Cx . ADD -ANY VALUES FQOR THE PARAMETERS. *

*

C*********************************************************
READ(4,1) M, N P, NPT ' : : .
1 FORMAT(SI5)

_ READ(4,50) IOPT A .
" 5( FORMAT(I2) S s T
: ~ N2= N+P Sl S S T
< _ _ - , |
D C ******************************************ﬁ********%**hﬁ*ﬁ
S o o e ,
EES TR IEEE*O’ S E B
500 . JIF(IEEE.EQ. O)GO TO 511
..+ WRITE(6,502) = - ‘
7502 »fFORMAT(/,- O EXIT PLEASE TYPE 0~— TYPE o
.. # TO CONTINUE'): L . ST
" '© . CALL FREAD{(5, '1" IAAA) R xf.q,._ S
. IF(IAAA.EQ. O)GO TO 501 ' o o -
" WRITE(6,503). . ' R
503  ‘FORMAT('TO ALTER NUMBERS _TYPE- 1').
. CALL FREAD(S,'I:',IBBB) . ' . -
~  IF(IBBB.NE. 1)GO TO 504 .
. - @RITE(6,505) ~ - h L
505 - FORMAT('TYPE NEW NUMBERS LINE )
" -.. CALL FREAD(5,'4I:# ,M,N,P,NPT):
Co 0 UN2=NtP . o '.;r R
'504;“7,-C0NTINUE e
Yo . WRITE(6y506) . 5 o
©. 7506 _FORMAT(/, TO - ALTER SPECIES “TPYPE 1'
. CALL:FREAD(5,'I:';ICCC) = %% B
S IF(ICEC.NE. 1)GO 70 507 - = o wf(' G
. ®. " WRITE(6,508) . o adin i
508 ,--FORMAT(/, TYPE 1 IF’EINE IS TO BE ALTE/; Y
:‘Do 509 IJK=1, Nz A;"v .jr, B
© .. .. “WRITE{(6, 510)IJK - T B
510 . FORMAT(' "LINE NUMBER:',I5) ~ ~ = . S
. CALL-FREAD(5,'I:',IDDD)- I [
_ " v+ . 1F(IDDD.NE. 1)GO 1O 509 T
- CALL. F EAD(S"I Rf' ISPN(IJK XORIG(IJK))
« 509, . - CONTINUE .- ,x , S - PR
‘507 . CONTINUE . . '; ',‘ A . ‘.“ SR
511;v:~ CONTINUE B B T TS S
C. ******************#***************************************.'
C o : ‘ : - : o
) no 2 1= N2 .
R IF(IE E.NE. O)GO 0 515 o
- ; ?
S T

4



5

P

PR .

S

a00000o

.40

aaé okﬁruhcyhf

T5f.

o 21

‘84

45

dnonndo

EFORMAT( 14,F15. 10)
: CONTINUE o

READ(4,3)  ISPN(1), XORIG(I) j”?;

'*******************************************

“%. 4=INPUTDATA" .

- % LOGICAL UNIT 7 REFERS THIS PROGRAM TO. .-*:1”
' % THE DATA FILE.WHEN RUNNING THE
% ONE HAS TO SPECIFY"R LOAD# 7=DATA2. ,_*j"

PROGRAM

Sk

3******************************************* gE

X(I)=XORIG(I) :
- LINE=(ISPN(I)#%#- 3)*1000
" 'READ(7'LINE,40) SNAM(I)

_FORMAT(A4) - .
- 'READ(7,41) (A1(I J) .,5)”
FORMAT(10F6 3) 8

. (ﬂ.)
L& ’

[

'READ(7'42) (FRE(I;K) ,K:1;8)7
CONTINUE . ° Ve

- CALL REWIND(7)

MEORMAT(4E15 7)

‘WRITE(6,49)

.FORMAT(//

IF(IOPT.EQ. 0) GO To 51
" WRITE(6, 48)'

“FORMAT(sox "DATA CHECK' ). .

DO 102 t=1,N2

WRITE (6, 43) SNAN(I ) x(I)
“WRITE(6, 44)

"IF. FREE ENERGY EQUATION HAS MORE THAN EIGHT CONSTANTS
‘.THEN THE LINE 132 AND THE THERMODYNAMIC DATA FILES HAVE
Yo BE CHANGED ACCORDINGLY

]FORMAT(/ 30X, AL 11x 'INITIAL AMOUNT—' F15 7)

1250

FORMAT(/, 40X, 'SPECIES ROW N NASS BALANCE CONSTRAINT )

“WRITE(6, 45) (A1(I J) -,321,5)
FORMAT(34x 'NO.H=" ,F5.3, zx "NO .N="
#; F5.3,2X%, 'NO S=" F5 3 zx No c—~
WRITE(G 46) '

F5 a 2x No o=
F5 3) x

f46 FORMAT(/ 40X, fCOEFFICIENTS FOR FREE ENERGY

W
1%

#EXPRESSION )

WRITE(6,47) (FRE(I K) ' K—1,8)
FORMATT30X 4E11 1» '
'CONTINUE = . : :
********************************

* ¥
1{*REMOVING SINGULARITIES IN THE P
" *MASS BALANCE MATRIX DUE TO THE% °
- *USE. OF. GENERAL DATA . .. *

5*********%**********************',



» o L
R

51

B T O ST Y-t

J'ﬁ':l
CONTINUE

.DO 1001_1;1 5

,L(I)=I

’,_ DO 1002 J=1,N2 .

1002

1001

‘ALz AL+ABs(A1(J I))

CONTINUE -
(AL, EQ 0. 0) L(I) 0 L
=0.0 - - A

CONTINUE

ch

‘DO 1007 I=1, 5

DO 1003 J=1, N2

- IF(L%I) EQ. 0) GO TO 1007

| ;-‘1003

11007
1006
1008

1004
1005 .

—_
—_— .

»

[

Hddodhoddnon<_

101
" WRITE(6,7)
7

- A{3,K)=AT(J,1)

‘CONTINUE _}, . .'»,? LT
ReR# 1 .-_ PR ( b
'CONTINUE = TN

WRITE (6, 1008). ' L ‘
FORMAT(// 50X, MASS BALANCE CONSTRAINT MATRIX')
DO. 1004 'I=1 N2 y

WRITE(6, TOOS) AA(L, J) ; J 1 M)

FORMAT (40X, 5E1QAQ) '

‘DO 101 II=1,N2 °

XX(I1) X(IIV’_

IFORMAT(1H1 40X FREE ENERGY MINIMIZATION ///30X
A, MOLECULAR SPECIES' 10X, "INITIAL MOLE NUMBERS'

*.110x "INITIAL ', 'MOLE FRACTION',//)

iCALL ‘DISTR(X,Y,B,N2,M, A)

'jCALL MOFR(Y, FRC N p) S e
'DO B8.I=1,N2 ‘
. “WRITE(S6, 9Y SNAM(I) Y(I) FRC(I)

*FORMAT(30x A4, 20X, E15 7 1sx E15 7.7)
JBI=2 , FETR 3
DO 10 NC=1, NPT
WRITE(6, 11)NC. . - ' ‘ B
EORMAT(/, 'PRESSURE AND TEMPERATURE VALUES # 15)
CALL FREAD(S5,'2R:", PRESS T) - ;

DO 12 1I=1, N2
.NG1(1) 0

o

© F/RT-A1(T-LNT)-A2T/2-A3T$%2/6- A4T#*3/12

~A5T*%4/20+A6/T=-A7~ -A8/T/T

THEN THE LINES 213 215 SHOULD BE CHANGED ACCORDINGLY

FRT FRE(I 1)*(1 —ALOG(T) FRE(I 2)*T/2 FRE(I 3)*T
1**2/6 -FRE(I 4)*T**3/12 -FRE(I, 5)*T**4/20 +FRE(I 6)

IF THE HEAT CAPACITY FUNCTION 18- SUCH THAT F/RT IS NOT »(31
DESCRIBEDJBY' 53,~ Y -



o 15 CONTINUE

49 x(1)=-Y(1

2/T FRE(I 7) FR”[I;B)/(T**z);Q-,» :

CClI)= FRT+ALOG(PR ss) . N

CIF(I-N)12,12,13 -;_,,E S \7

"n13 C(I')=FRT - .
12 _CONTINUE .~ -
D035 JB=1,0BI, |

. DO 14 ‘LTER=1,300" -

~ CALL FREN (Y C F YBAR,N P NG1) \ o
. MG=M+P+1 . ;e - . , o
" CALL GSET: (A Y,GA,GB,B,F, P, M MG N)

~ CALL- GAUSS(GA GB MG Gx) o

- IR(P)15,15,16

. .16'DO 17 TI=1, p
ST Tie1e1 s

o U IC=N+T o

17 -X(1C) GX(II)

DO 18 . I=1,N. B o

IF(NG1(I)) 19 19,18 . L

)x((C (1)+AL0G(Y(I)/&BAR)) GX(1)) o .

DO 21 J=t,M - _ , 1
U IG=PHJ+T L o "t‘-~ .
21 X(1)= X(I)+GX(IG)*A(I J)*Y( )y O
.. .18 CONTINUE. = o e

. =% CALL NEZE (X,Y, N2 NG1)

S QUIT=1 .

DO 22 1-1 N2
~ IF(NG1(1)) 23,23,22

23 TEST=(X(1)~ Y(I))/X(I :
S IF(ABS(TEST) 0. 1E 03) 22 22 24

24 QUIT=-1. "~ - . S
22 CONTINUE . . “-':AQ v_'g“' -
o <IF(QUIT) 25, 25 26 L IR

‘25 DO. 27 I=1, N2

27 Y(1)=)X(1)

~ 14 CONTINUE .

26 DO 32 1=1,N2- _
CTONGU(I)=0 o
CIR(X(I)) 33 33, 34 .

>"j34}Y(1) =X(1).

S GO TO. 32
33 ¥(1)=0. 000001
32 CONTINUE

'35 CONTINUE -

. WRITE(6, 28)T PRESS. \ Co

; ‘28;FORMAT(1H1 28X’ TEMPERATURE (DEG K)— .1,5%,

.~ 1,"PRESSURE '(ATM)="',E15. 5/) e T T

S WRITE(G '29).ITER . R
29 FORMAT . (1H0 30X, 'NUMBER OF ITERATION +15///30%,

U’ MOLECULAR SPECY' -

.U,8X, "EQUILIBRIUM MOLE NUMBERS' BX 'MOLE FRATION //)
CALL MOFR (X, FRC, N, P) o , -

GFREE=0.0 ,‘,
DO 30 1-1 N2




v &£

i gl

l‘;{ :

b4 .

SRR =

i

.
-

A Lo

SERT L

 GFREE= GFREE+F(I)

" 30 WRITE(6,31) - SNAM(I) X(I) FRC(I)

Toooox

31. FORMAT (32x A4, 17X, E15 7, 15x E15.7, /)

- WRITE(6,69) GFREE

S 69 FORMAT(10X "SYSTEM "FREE ENERGY- E15.9) '
- CALL. COND (x xx) » _ -
PS= 0 O - -
DO 66 IJI=1 N ' ‘
o IF(IspN(IJI)~11) 66 66 67 .
-, /67 PS=PS*+X(1JT) N 7
- :cpSI=pSI+(ISPN(IJI)-11)*X(IJI) : -
S L PSs FS+FRC(IJI) : g
66 . CONTINUE . .
- IF(PS/EQ.0.0) GO TO 10
. V=PSI/PS ..
- C . IF(PSI.GT.O0. 0) WRITE(G 68) v. ,
.68~ FORMAT(28X,'AVE. # OF S ATOMS IN sv- F6.3)
ST V=3 LV , '
C..EKs FS**VV*(FRC(B))**Z
. C  Ek= EK/FRG(1)/FRC(1)/FRC(2)
- C EK=EK*PRESS#* (VV- 1
C ' . WRITE(6,71) EK ‘ ,j"’ N
'=;71 'CFORMAT(/ 10X, 'KE— E12.6)=’_»-~'_ - .
JBI=1 o : '
10 CONTINUE
" IEEE=1 .
.. .GO TO 500
~.501 . CONTINUE .
S STOP» . o o '

. END - B ' - (.
C _******************************************************
CEk S *
G Ty SUBROUTINE GSET o ~ *
- Cox B *
- C ¥ THIS SUBROUTINE SETS UP THE "MATRIX EQUATION WHICH *
. C . % CORRESPONDS TO" EQUATION 2,13 IN THE REVIEW”pF 'THE */

C - % METHOD, MCGERGOR (1971) THESIS. - o *
'~ C % THIS MATRIX EQUATION IS SOLVED USING *
C ox SUBROUTINE GAUSS. *

cC* : : *
- C. ******************************************************

SUBROUTINE GSET (A,Y,GA,GB,B,F, P, M, MG, N)

- INTEGER P~ -

DIMENSION A(30, 30) Y(30) GA(30 30) GB(30) B(30)hF(30)
#,R(30,30) = 4 A . 4

DO 1 K—1 M G
R(J K)=0.0  - p R S,
‘DO.2 1=1,N : ﬂ“’ | I
©2.R(3,K)=R{J,K )+A(1 J)*A(I K)*Y(I) . AT
1 R(K, J)-R(J, B R Ce R
‘DO 3 I=1 MG B,
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DO 3 J=1,MG. .. E S e e . e
3 6A(1,3)=0.000 - ‘
DO % IG=1,M ,
DO 5 I=t N o
5 GA(IG,1)s GA(IG 1)+A(I IG)*Y(I)
IF(P)6 6,7
7 DO 8 1-1 P
JG=1%1 .
JGG=1G+P+1.
IGG=1+M+1
CII=N+I
- GA(1IG, JG)=A(II IG)
8 GA(IGG J6G)= GA(IG JG)

6 CONTINUE S
. DO 9 J=1,M- _,\, T e e
- JG=J+P+1 R T LT
9 GA(IG,JG)=R(IG, J) SR S

JG=P+IG+1
- ITGG=M+1 I
4 GA(IGG,JG)= GA(IG 1)

‘DO 10. J=1,M

GB(J)= B(J) _
.o DO 10 I—1 N
"- 10 GB(J)- GB(J)+A(I J)*F(I).
- JGB=M+1. .
~ GB(JGB)= 0 0'
. .DO 11 I=1,N '
- 11."GB(JGB) GB(JGB)+F(I)
- IF(P)12,12,13
13 DO 14 I=1 P o

" JGB= M+1+1“‘ , . L e e

© . II=N+I S T
‘14 GB(JGB)= F(II) T
12 CONTINUE S T T T
" "RETURN - ",. e ..;_' SR
© END R : i EERET :
?******************************************************

'-*:_,_v,- ',é SUBROUTINE GAUSS

Tk
*
' ' *,
"% THE FUNCTION OF THIS SUBROUTINE 1S 10 SOLVE. TQE E
- % SET -OF. EQUATIONS A*X=B ‘USING GAUSSIAN EL{MINATION SR
~ % AND- BACK SUBSTITUTION ROTATING ABOUT THE ELEMENT kT
% OF MAXIMUM MODULUS.,.ﬂ S *
* *
¥ *

************************************t**’************* -

. SUBROUTINE GAUSS (A,R,N,X) .. :

. DIMENSION A(30 30) R(30) x(3o)

u"]M=N T

.. DO 11 J= 1'M

- .8=0, -
DO 12 - I= J N R

. U= ABS(A(I Jy) oo
FPU-S) 12, 12 112, ST

. [
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112 8=0 . . T R R
S L=l e S L o e o '
12 CONTINUE = . . -~ T IR o
, IF(L-J) 119,19, 119 L e
~119.DO0 14 '1=J,N - N TP
©T s=A(L, Y. S e
T AL, 1) A(J 1) e T
14 A(3,1)=8 T - ' L
0 Ts=R(L)
M_R(L) R(J) C - L o PR
19 IF(. ABS(A(J J))-1 E 30) 1ﬂ5 115 15 B
115 WRITE(6,3) .~
-7 3 FORMAT' (1H "MATRIX SINGULAR )
-+ " RETURN :~
15 MM=J+1 T ‘ »
-~ DO 11 I-MM,N '. : S
. IF( ABS(A(1,J))~1.E- 30) 111,411
s A(3,3) /A1 & S
S ,DO 16 K= MM, N ST LT e
- 16 A(I,K)=A(J,K)= S*A(I K) .
- 1R(1) R(J)- S*R(I) Co e,
11 CONTINUE -~ = .. . . ..
7. DO.17 K=1,N
- I=N+1- x Co e L B :
'-»r,’IF(I'N)'117717,1JZ'T L . L
T MM=TET e T
2 DO 18 J=MM,N . o R B
.18 S=8+A(I, Jy*X(3) SR T T
V17 X(1)= (R(I S)/A(I 1) T
. RETURN" . T
- ED - i et o S |
~******************************************************

L

* . Lk
* SUBROUTINE NEZE ‘.‘.'*
% ' : 4
% THIS SUBROUTINE TESTS FOR NEGATIVE OR ZERO AMOUNTS *
L%k %
* *
* *
* ¥

o

OF- MOLECULAR: SPECIES AND TAKES THE CORRECTIVE '
ACTION AS INDICATED IN THE METHOD~REYIEW '

00000000 -

.****************************************************

SUBROUTINE NEZE (X,Y,N2,NG1) - :
; DIMENSION: x(30) Y(30) NG1(30) '

C . TEST=1.0 .. -

S DO 11I=1, N2

’.IF(NG1(1)) 2,2,1

IF(X(1)) 3,3,1 . R e
“SLAM=-0. 99*Y(I)/(X(I) Y(I)) o ey B
IF{SLAM- TEST)4,4,L i SRR 1
"4 TEST=SLAM , S T e
1 .CONTINUE - Lo T
' DO 5 I=1 N2 ‘y'= T el

TwN
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7 B(1)=Y(1)+TEST#(X(1)-Y(1))
.- IF(X(I1)-0.10E-10) 6,6,5 .
6 x(1y=0.0. . - "

N - '}2%

-1F(NG1(I))7 7, 5

NG1(1)=1 e : : -

5 CONTINUE . -~ - ’ . ' : .
RETURN S S . . L
END ) :

******************************************************‘

* %*
* SUBROUTINE FREN *
I . B
* THIS SUBROUTINE CALCULATES THE FREE ENERGY *
* CONTRIBUTION OF EACH SPECIE TO THE SYSTEM, *
* *
****************************************************** ‘
SUBROUTINE FREN (Y C,F,YBAR, N,P, NG1)
"INTEGER P~ L
"DIMENSION Y(30) C(30) F(30) NG1(30)
YBAR=0.0
. DO 1. 1=1,N o B .
.1 YBAR=YBAR+Y(I) Lo S TR
- DO 2 I=1,N SR ‘
~IF(NG1(I)) 3,3,4 . )
3 F(I)= Y(I)*(C(I)+ALOG(Y(I /YBAR)) _
. GO TO 2. . _ Ty
T4 F(1)=0.0 L R o
2 CONTINUE

- ) 8
’_B'F(II)=Y(IIL*C

‘aannanoa.

oNw

I :
* o SUBROUTINE DISTR
ko

~IF(P) 10,10, sgw;*

6 DO 7 I=1,P.
TI=N+I :

“IF(NG1(II) 8 9

11 )

GO TO 7

F(I11)=0.0

CONTINUE

'CONTINUE

'RETURN :

'END R L

****************************************************** .

ok OF MOLE NUMBERS FOR ALL SPECIES IN THE SYSTEM

*
*
: : -

* THIS SUBROUTINE IS USED TO GENERATE A POSITIVE SET *. .
s *
* *
*

'*****************************************************

'SUBROUTINE DISTR(X,Y,B,N2,M,A) : s

CoT DIMENSION x(30) Y(30) B(30) +A(30, 30)

DO 1 I=1,N2
IF(X(1)) 2,2,1 S

2 X(1)=0.0000001 R - |

1 ¥(1)=x(1) . - oL R
DO 3 J=1,M" . - : ‘ o
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anonnaan

3 DEN=DEN+Y(II)

257

B(J)=0.0

DO 3 I=1,N2
3 B(J)=B(J)+A(I ) *Y (1)

RETURN
******************************************************w

* A SUBROUTINE MOFR

*
3
*+ THIS PROGRAM CALCULATES THE MOLE FRACTION OF . EACH x
* SPECIE IN THE MIXTURE ‘ ‘ x
*
*

7 *****************************************************

SUBROUTINE MOFR (v, FRC,N, P) . , o
"INTEGER P , STy e :">.ﬂ1‘_
DIMENSION Y(30Q), FRC(30) L T
DEN=0-0 . v o : R :
DO 1 I=1,N ' ' S Ul
1 DEN= =DEN+Y(I)
DO 2 I=1,N

2 FRC(I)=Y¥(I )/DEN‘

IF(P) 7,7,8

8 DEN=0.0 .

DO 3 I=1,P
"II=N+I1 '

‘DO 4 I=1,P

II=N+1I . o L :
4 FRC(II)= Y(II)/DEN e e e
7 ' CONTINUE SR o

"RETURN-

' END

*******************************************ﬁ**********‘“

-

SUBROUTINE COND E Y -

EQUILIBRIUM CONVERSION -

* %
* *
% a ‘ ok

X THIS PROGRAM -CALCULATES THE PERCENTAGE OF : - *
* S *
* *
* *

****************************************************
" SUBROUTINE COND(X,XX) ’

. 'DIMENSION X(30), xx(30)

CONV= (XX (1)~ x(1))/xx(1)
WRITE(6,1) CONV =~

1 FORMAT(ZBX 'EQUILIBRIUM CONVERSION OF A (PCT) ., F6.3

#,//).
RETURN

© END o - . '7‘» s | II-
e o . N
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*
*
*
*
t 3
*
*
*
%
X
*
E 3
*
*
E 3
*
*

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

MA NLINE CONDENSATION

THIS. PROGRAM CALC LATES EQUILIBRIUM COMPOSITIONS

FOR COMPLEX REACTION SYSTEMS USING THE FREE ENERGY

MINIMIZATION METHOD DEVELOPED BY WHITE AND

COWORKERS,

IT WILL HANDLE UP TO THIRTY DIFFERENT

MOLECULAR SPECIES CONTAINING TEN DIFFERENT

ELEMENTS.

AS MANY TEMPERATURES AND PRESSURES DESIRED.

- M
N
NS

D
NPT
SNAM
X

A
.. ‘FRE

T

‘COMPOUND
H2
N2
02
Co
€02
H20
~H2S.
S02
Cos
Cs2

INTEGER

"PRESS

1

*
*
*
*
E 3
*
*
*
*
*
P
%
*
*
* -
* IOPT 0 OR
* i
.
*
*
*
*
*
*
*
x*
*
%
*
*
*
*
*
L 3

P

INPUT DATA
NUMBER OF

NUMBER OF

NUMBER OF

NUMBER OF
NUMBER OF
THE NAMES'

/THE. PROGRAM CHECKS THE PARTIAL PRESSURE OF THE -
_SULFUR SPECIES AND IF IT EXCEEDS: THE VAPOUR
“PRESSURE, THE PROGRAM. MODIFIES  THE -MASS OF THE
SULFUR: IN-THE GASPHASE,
.THE NEW EQUILIBRIA. THE PROCEDURE IS CONTINUED
UNTIL THE ERROR CRITERIA BETWEEN PARTIAL AND
JVAPOR PRESSURE OF SULFUR I8 MET :

IT THEN. RECALCULATES

DIFFERENT. ELEMENTS H, C o, S(
GASEOUS SPECIES .- -

SULFUR SPECIES '
CONDENSED SPECIE ‘

TEMP.  AND "‘PRESS. CONDITIONS
OF THE -SPECIES

'THE AMOUNT OF THIS SPECIE PRESENT IN

THE STARTING CHEMICAL- SYSTEM (EITHER»

-NUMBER OF e
SPECIE ROW IN MASS BALANCE CONSTRAINT .
'COEFFICIENTS FOR FREE ENERGY EXPRESSION

MOLES OR MOLE FRACTION)

PRESSURE (ATMOSPHERES) :
TEMPERATURE (DEGREES KELVIN) o
1., 0= NO DATA CHECK, 1 DATA CHECK

. SPN

\DG)N(hUThtuh)a

10

,ISPN SPECIES DATA FILE REFERENCELNUMBER ’
FOR THE PURPOSE" OF EQ.CONV. CALCULATION‘ALWAYS
READ H2S.AS THE FIRST SPECIE.

READ THE SPECIES IN
SPECIES, AND. THEN TH

HE ORDER. OF H2S, SOZ SULFUR

.REST OF THE SPECIES

, COMPOUND © SPN
’ CH¢ - 11
wST 12

s2 - 13
S3 . 14

sS4 15
‘85 16
s6 . 17
s7 18

s8 19

*************************************************‘**

COMMON /VAPOR/ BETA,BETA1,TSINPT |

¥
*
¥
*
*
*
*
*
*

'ANY NUMBER OF CASES CAN BE ATTEMPTED_WITH.

*
*
*
*
*
*
*
*
*
*
%
*
*
*
*
*
*
*
*
*
*

*
*
*
*
*
*
*
*
*
*
* -
*
*
*
*
*
*
*
*
*
*
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COMMON /NSUL/ NS

DIMENSION SNAM(30 ), FRE(30 8) X(30), GA(3O 30), GB(30) “ .

1,F(30),A(30,30), Y(30) B(30) FRC(30) NG1(30) xx(30)
_ U, Gx(30) xonxc(30) ISPN(30) c(30) L(30) A1(30 30)
c

C**********************************************************'

C, - LOGICAL'UNIT ‘4 REFERS THIS PRIGRAM TO THE - 3 *

Ck -~ "INPUT DATA FILE., THE FILE NAME IS ' *

Cx fINPUTDATA" " IF THE USER HAS A COMPLETE *

Cx “NEW SET OF,PARAMETERS ;, HE 'HAS TO FIRST ¥

Cx EMPTY THE " INPUTDATA" FILE AND THEN INSERT *

Cx* HIS SET OF PARAMETERS: ‘ , *

. Cx -FIRST LINE M,N,P,NPT o x
Cx © -SECOND LINE IOPT ' *
Cx -FROM THE THIRD LINE ON SPECIES REF, NO.,INT CON *

- Cx . AFTER THE PROGRAM HAS BEEN RUN FOR THE SET OF =
C* - PARAMETERS IN THE INPUT DATA ; THE PROGRAM *

Cx .~ - WILL ASK THE USER IF HE WISHES TO CHANGE OR . x

Cx* . ADD ANY VALUES: FOR THE PARAMETERS.. : ¥
*

C*********************************************************
READ(5,1) NS : \
READ(4,1) M, N,P, NPT

1 FORMAT(SIS) R
READ(4,50) IOPT
50 FORMAT(IZ) e

V-Cv

N2=N+P
Cu#g**********i*#**#§**********i*****#ti###;*******f*ig*** :
. 1EEE=0 = B -

500 IF (1EEE.EO. 0)G0" TO 511 R
T WRITE(6,502) S
502 : FORMAT(/, TO EXIT, " PLEASE. TYPE. 0 - TYPE 1

‘# TO .CONTINUE'): o .

., CALL FREAD(5,'I:',IAAA) . R |
LT IF(IAAA.EQ. 0)Go TO 501 '

: . "WRITE(6,503) ’

- 503 FORMAT('TO ALTER NUMBERS TYPE 1')

S CALL FREAD(5,'I:', IBBB)

" IF(IBBB.NE. 1)GO TO 504

. WRITE(6,505)

505 " FORMAT( ' TYPE -NEW NUMBERS LINE') K
. CALL FREAD(S,'4I:', M, N,P, NPT) A

e NZ&N*’-F ‘ . _ ‘ ot ‘ :
504 - CONTINUE - T ‘

T ;"’AWRITE(G 506) ¥

506 FORMAT(/,'TO ALﬂkB SPECIES, TYPE 1')

~—‘—_GALL FREAD(5,'I:",1CCC)
IF(ICCC.NE. 1)GO TO 507 o
WRITE(6,508)

‘fSOsi f fFoRMAT(/, TYPE 1 IF LINE IS TO BE ALTERED )
B "N2=N+P - S .
‘DO 509 LJK=1,N2 . -
. wRrmE(e,5100T3k L
N N L

4
e
3
*
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1“”!3 .
LA ,
' . 510 FORMAT('LINE NUMBER:',I$) :
e .’ CALL FREAD(5,'I:',IDDD)%- < “
\ F (1DDD.NE. 1)GO TO 509 "
. ,@ﬁ% CALL FREAD(S,'I,R: ', ISPN(IJK) xon;G(IJK))
509 CONTINUE _
507 CONTINUE ,
511 CONTINUE - &
C : v ,
C ***%.***t********&:*********************t***********t**t**
C : '
DO 2 I=1,N2
IF(IEEE.NE.0)GO TO 515
- READ(4,3) ISPN(I),XORIG(I)
3 FORMAT( 14,F15.10)
515 CONTINUE
C *************************************t*****
..C .* LOGICAL UNIT 7 REFERS THIS PROGRAM TO #
.C * THE DATA FILE.WHEN RUNNING THE PROGRAM *
2C * ONE HAS TO SPECIFY"R -LOAD# 7=DATAI1 *
C + (OR DATA2)" 4=DATA INPUT" . - %
C » *t*t********‘******t***************t********
| - X(I)=XORIG(L) .
' LINE=(ISPN(I)*4 3)*t000
READ(7'LINE, 40) SNAM(I) ¢
40 FORMAT(A4) ‘ |
fREAD(? 41) (A1(I 3y J=T,5)
ﬁ 41 FOBMAT(IOFQ N
‘c ‘ 3
C 3 s L ‘ .ﬂ A
c ” . , B Y
¢ e ; _
C IF FREE ENERGY EQuAmon HAS MORE THAN EIGHT CONSTANTS ,
C ., THEN THE LINE 62 AND’' THE THERMODYNAMIC DATA FILES HAVE
¢ 'TO BE CHANGED ACEORD&NGLY E
C . § L . ¢
C . ) ’ ' ‘". 3 ‘ 4
F-READ(? 42) (FRE(I K) ,K=1,8) '
2 CONTINUE :
"CALL ggwxnn(7) ‘
42 FORMAT(4B15.7) " . v
.~ WRITE(6; 49) ' : -
49“FORMAT€//) ; . _
IF({IOPT.EQ. 0) GO TO 51 N
" WRITE(6,48) '

48 FORMAT(sox, DATA. CHECK )
DO 102 I=1,N2 . .
" WRITE(6,43) SNAM(I ) , X(I) ,
43 FORMAT(/, 30X,A4 , 11X,'INITIAL AMOUNT=',F15.7)
* WRITE(S, 44) '
44 FORMAT(/ 40X, 'SPECIE ROW IN MASS BALANCEvCONSTRAINT )
" WRITE (6 45) (A1(I J) ,J=1,5)
45 FORMAT (34X, 'NO.H=' ,F5.3,2X, 'NO.N=" ,F5.3, zx "NO.O="
,F5.3,2x,'No.s=!,F5.3,2x,'No.C= +F5. 3) , .

v



46

47
~102

_nndhnnn

1002

~-1001

57

fff/

. WRITE(6,46)

FORMAT(/ 40X, COEFFICIENTS FOR FREE
#EXPRESSION'.)
WRITE(6,47) (FRE(I K) ,fx=1,a)

‘FORMAT(3OX 4E17 7)

CONTINUE , :
'********************************
* *

*REMOVING SINGULARITIES IN THE *
'#MASS BALANCE MATRIX DUE TO THE*

- *USE OF GENERAL DATA . . x

********************************
CONTINUE BRI R

Do 1007 1=1, 5
CL{I)=1" -

DO 1002 J=1,N2’
AL=AL+ABS(A1(J 1))
CONTINUE - - S
IF(AL.EQ. 0 0) L(I) 0
AL= 0. 0:

CONTINUE R ;”
K=1 - S
DO 1003 1—1 5

DO 1003 J=1,N2 "

1003

1007
1006
1008

1004
- 1005

IS

fu

1T

v T W )
. FECENE .

. CONTINUE :

IF(L(1).EQ. 0) GO TO 1007
A(J,K)=A1(J, 1) Cy
CONTINUE .

K=K+1

WRITE(6, 1008%

FORMAT(// 50X, 'MASS BALANCE CONSTRAINT MATRIX )
- ~DO 1004 I=1, N2 N :

‘WRITE (6, 1065) (A(I‘J) J - 1 M)
FORMAT(40X 5F10. 2)

"7 DO 101 I1=1, N2
- 101

XX(II)'X(II)

r INITIAL-.' ,'MOLE FRACTION'}//)
CALL‘DISTR(XfY B,N2,M,2).

C TOTAL AMOUNT OF SULFUR TO THE SYSTEM IS B4

# TSINPT=B(4) L
'CALL MOFR(Y, FRC N Px

DO 8‘I=1,N2° ‘
WRITE{6, 9) SNAM(I) Y(I) FRC(I)

'FORMAT(BOX A4, 20x E15 7 15x E1S 7 /)

JBI=2

DO 10 NC= I‘NPT

WRITE(G 11)NC

FORMAT(/K PRESS&EE\ANB TEMﬁERATURE VALUES #. 15)

b
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.7 CALL FREAD(S 2R., PRESS T)
VALUTE THE VAPOR PRESSURE OF SULFUR

PVLN=-1, 61732+0 00542412*T+1439 83/T 2208580/T/T
PV=EXP(PVLN) = . L
BETA= PV/(PRESS pv) ERER
c . L
: D 12;-1N2 R
G1(I =0 R IR I P, &
C- | R L T AR
C .
C . .
¢ , 4 , . . .
S C IF THE HEAT CAPACITY FUNCTI@N IS SUCH THAT F/RT IS NOT ;
- C DESCRIBED,BY: = R e
A . L - . 4
C .. .F/RT= A1(1 LNT) A2T/2 A3T**2/6 A4T**3/12 .ﬂ,,;~»f:*. :
_-c.; . ”-AST**4/20+A6/T A7=A8/T/T" . e ﬁ, o
€ THEN. THE LINES 130-132 SHOULD 'BE CHANGED ACCORDINGLY -
' FRT FRE(I, 1)*(1 -ALOG(T)) -FRE(I, 2)*T/2 -FRE(I 3)¥T
1**2/6 FRE(I 4)*T*+3/12.~FRE(I, 5)*T**4/20 +FRE(I ,6)/T .
2-FRE(I,7)~FRE(I, 8)/(T*%2)" , R T
S C(1)= FRT+ALOG(PRESS)” a ,;;; : = e T
IF(I-N)12, 12,13 7 T C
13 C(I)=FRT ' e
12 CONTINUE
Lo ICALL=1.~w<'
- * DO 58 JCON=1, 50 S e e
€ -~ WRITE(6,305) JCON PV,BETA . - : e
305r:'FORMAT(/ 10X, JCON' 5x 15, 2E14 7y’ o e
. [l : . K
© DO 35 JBg,l JBI*,E J @ . I s
~ DO-14 ITER=1,30 - =~ ™ 7 _
CALL .FREN (Y C, F YBAR N, P §G1)
MG=M+P+1 '
CALL GSET (A, Y GA, GB B,F, P M MG N)
_CALL' GAUSS(GA GB MG Gx) ST
. IF(P)15,15,16 R i
" 16 DO 17 1-1 P A coa :
LII=I41 : ‘ \
S IC=N+I. ’
17 X(1C) GX(II),
. 15. CONTINUE - ™~
~ DO 18 I=1,N .
IF(NG1(I)) 19,19,18 .
;19‘XCI)--Y(I)*(/;(I)+ALOG(Y(I)/YBAR)) Gx(1))
©.DO. 21 J=1,M g _ S
CIG=RHAIHY ' o e e
21 x(1) X(I)+GX(IG)*A(I J)*Y(I) ‘ ‘ ;
18 CONTINUE IR .
: ;CALL NEZE (x Y, N2 NG1) A S

J



‘25f
27

26 o
".NG1(I) 0. . %" '

23

o
22

RS

.33
=327

© 35

Aysh
_,’Jc

;, fc AN
300
54

- WRITE(6,64) ITER,(X(I), 1=1,4)

. 263

TEST (x(I)—Y(I))/x(I) N .
IF(ABS(TEST)-0, 1E 06) 22 22 24 .l
QUIT=~1., . - L ey
‘CONTINUE - - SRR P
.IF(QUIT) 25, 25 26 o e
27:1=1, N2 Fo T o R
f)=X(I) B T -
CONTINUE .~ ' . - ';fgj SR S NI TR R
‘D032 I=1, N2 L

ZIF%NG1(I)) 23 23 22
(

IF(X(1)) 33 33 34 R SR A
Y(I)=X(I) ,;ﬁ‘ o o SRR B
GO TO 32 R A ST I
¥(1)=0. 0000004 ‘ S T R T L RN
'CONTINUE SRR R Ll e
CONTINUE - ,‘-' ' e .
‘IF (JCON.GT. 1) GO TO 63 ' e

,EORMAT(// SX,'WITHOUT CONSIDERING'OONDENSATION THE
#ANSWER 18 ,/ 10x 15, 10E15 6) ,,/5., Lo e

CHECK FOR THE CONDENSATION OF SULFUR

XBAR GX(1)*YBAR Lo ' ‘ B

CALL CHECKL(A,X, YN, M ICALL IFLAG, SL1 sL XBAR, NG1)
~GO- TO (300, 301 302 303) IFLAG

 WRITE(6, 54) R : L
FORMAT(// 5X, THE VAPOR Is WITHIN THE" DEW POINT

. # RANGE')

55

306
303"
'56.

- 60
'58

301

G0 TO 59

WRITE(G 55) _ I '
T(// 5X, ' THERE IS NO POSSIBILITY OF CONDENSATION"
#. SSULFUR < PV! ) ,

. 6o 1O 59 o
302

CCONTINUE oy
B(4)=TSINPT- SL IR C

. WRITE(6,306) SL1,SL,B(4)

'FORMAT(/, 'AFTER CHECK SL1,SL, 34' sx,3Erg;7)

GO TO 60 . | UL I e e

WRITE(6,56) SL : [ENEE
FORMAT(// 5X, CONDENSATION OF SULFUR .+ ",5X%,

# ' AMOUNT OF LIQUID FORMED— +EB12.6)

GO TO-59
CONTINUE
CONTINUE ~—~  «
WRITE(6,61)

- FORMAT(// sx NO CONVERGENCE ON "LIQUID. SULFUR INi"'
~# 20 ITER' ) N

' GO TO 62 I T -~_; ';‘J‘_,

28

WRITE(6,28)T,PRESS,PV,BETA R
FORMAT ( 1H1, 28X , ' TEMPERATURE (DEG K)=" F7 1 sx,, SRR
#'PRESSURE - (ATM)-», 15.5; / 28%,' PV (ATM) s
5 RN
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- 1E15.7,2X, 'BETA =',E15,7 /)
WRITE(G 29) ITER
»29 FORMAT (1H0 30X, 'NUMBER OF ITERATION = 15///30x,
g MOLECULAR SPECY" -
U, 8%, "EQUILIBRIUM MOLE NUMBERS' ax 'MOLE FRATION //)
CALL MOFR (X,FRC, N P). .
_,GFREE 0.0 .
DO 30 I=1,N2° R _
.. GFREE= GFREE+F(I) :
~ 30 WRITE(6,31) SNAM(I) X(I) FRC(I) p
<~ .31 FORMAT (32x Ad, 17%, E15 7 15x E15.7 /)
.. WRITE(6,69): GFREE ' S
.69 FORMAT(10X ' SYSTEM FREE ENERGY= E15.9), -
. +". . CALL 'COND (x xx) o R
" 'PS=0,0 - - o & L :
PSI=0.0. *,jr,v- SRR R .
Cps=o. T S
- -DO.66 I1J1=1,N L S
A _,;IF(ISPN(IJI)“11) 66 66 67 -
" 6] PS=PS+X(I1JI). I
8 ~PSI~PSI+(ISPN(IJI)-11)*X(IJI)

et

. FS=ES#FRC(1JI) T R
66, ' CONTINUE . T L
7' IF(R§.EQ.0.0) GO TO 1o¢f

.Y . V=PSIL/PS" : .
©C o o TF(PSI.GT.0,0) WRITE(69 v - S
68 °~ "FORMAT(28X,'AVE. # OF S H¥OMS IN SV=',F6.3)
.. Wv=3, VAN IR O A _
ol JBI=1" I L
- JO,CONTINUE Ty 3
L IEEE=1 . -
s GO TO 500 ) -
501 CONTINUE - . :
.'62°. STOR -
© _END “\ ,
: C******************************* **********************
c - A .
C¥ — . SUBROUTINE CHECKL \_
Gt :

*
*
*
Cx* ,THIS SUBROUTINE FIRST CHECKS THE PARTIAL - *
Cx PRESSURE OF SULFUR, IF IT EXCEEDS THE S *
C*  VAPOR PRESSURE THEN IT MODIFIES THE BRI
C* - VAPOR C MPOSITION AND AMOUNT OF LIQUID ° 2
C* SULFUR OR THE‘NEXT ROUND OF ITERATIONS , *
- Cc* , BRI, 3
: C*f;******************f??******************************
e SUBROUTINE CHECKL(A X ¥, N M ICALL IFLAG,SL1, SL XBAR
#,NGT) -' . L
‘ COMMON . APOR/ BETA BETA1 TSINPT o ;_a; : 'y
‘COMMON */NSUL/ NS . . ' r b
, DIMENSION X(30) NG1(30) Y(3) A(30 30) RATIO(10)
C L . g _ |
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. € ICALL=1 : FIRST CALL TO THE SUBROUTINE
C ICALL 2 : SUBSEQUENT CALLS- - R
L yJ 2+NS '
GO TO (1‘2) rCAnLg
1. . SL1=0.0 o
»2__-=ts1 =0.0"
3 s1= s1+x(1)' e . .
= . S§2=XBAR-S1 » ' :
€ WRITE(6,21) XBAR,S2
21 FORMAT(/' CHECK XBAR‘ 2E14 7) -
|  BETA2=S§1/S2 = o SR
C' " WRITE(®, 22) BETA, BETA2 i'i
.22 'QFORMAT(/ BETA' 5x 2E14. 7)-
- ,'>TEST=(BETA2 BETA)/BETA
60 TO (4,5),ICALL T o S
4 ,_-tIF(ABs(TEsg) LE.0. 005) IFLAG=1 o T
- IF(TEST.LT.(-0. 905)) IFLAG= 2 o ‘Eg,f.;.' ’
R IF(TEST GT.O. 005) GO TO 6 ,:-_‘. -
c 5 ) . , e
C .t IELAG=1 "w PO}NT IELAG 2- NO CONDENSATION. o
C : E , '
R RETUﬁ & ¥ A -
,5’_ IF(ABS(TEST) 0. 005? 13 ﬁv :
C tt / '
'C : MODIFY THE.VAPOR- COMPOSITION 3 L
6 IFLAG=3 - ,,»w; e
© SRATIOS0.0 . - ogw
L - DO 7. 1=3,J SR i o T e e
o II=1-2. T e M
o RATIO(II): X(I)/X(J) - S T
7 SRATIO=SRATIO+RATIO(II) . IR ; o Ty
SR SBMOD*BETA*SZ/SRATIO : S S
- -DO'8 I=3,J S
' I1=1-2. =~
8 X(1)= SBMOD*RATIO(II)
c DO 9 I=1,N
o IF(x(1)) 20,20 9
20 NG1(I)=1"
9 Y(I)=X(I)
: Go TO (10,12), ICALL
10 SUM=0.0- o
. ©Dpo 11 1=1,N
C ' WRITE(6, 26) X(I),;A(I,4) o
11 ‘SUM= SUM+A(I 4)*x(1) ' ‘
26 FQRMAT(/, CHECK X AND A(I 4) 2E 14, 7)
o .BETA1=BETA2 -
~C : THE FIRST ESTIMATE OF LIQUID FORMED
Co SL= TSINPT—SUM :
ICALL=2 " o
' RETURN" - :
12 SLOPE= (SL+ SL1)/(BETA2-Q;TA1)

RI NT SL- SLOPE.*BETAZ



HERE THE NEXT ESTIMATE OF LIQUID SULFUR 1S
'FOUND 'BY INTERPOLATION BETWEEN THE LAST TWO, .
;PREVIOUS ONES. R *
=100 0 N | | »
BETA1=BETA2
| SL= SLOPE*BETA+RINT .
DRI IF(SL TSINPT) 15,16, 16. .
16 . - SL=0, 999999*TS&NPT ‘
15 RETURN |
13 IFLAG=4 . | o
 C i IFLAG=4; CONDENSATION AND COgVERGED SOLUTION WITHIN
¢ 10.1TER.T g4 R
'RETURN @ . . ®
N AR

1 .
[

» SUBROUTINE GsET1.*:Wf |
THIS SUBROUTINE IS LISTED. IN "GEN"..

SR ‘SUBROU$TNE GAUSS~11
;THIS:SUpRourjgp,Is,&gsmzp’rNfp

R SUBROUTINE NE!
jTHIS SUBROUTINE 18 LISTED'

.“’ o

‘4w . - SUBROUTINE FRE&?j"}”."
~ﬁi};[J;m);;rz'xrq;': IS LISTED IN "GEN".

T . SUBROUTINE DISTR : R
THIS SUBROUTINE IS LISTED IN "GEN".

'+« SUBROUTINE MOFR .
THIS SUBROUTINE IS LIS