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The purposes of this work were: -f] -

1) to deveipp and compere equilibrium calculations

end a reactor modeling procedure for predicting the perfor-ﬁ

‘unnce of efCIQul proceeeﬁdetelytic converter:

_ 2) to eveluete under leboretory conditions a newly
%:developed catalyst £or the claue procese: and ' wf oL
: 3) - to telt for the maximum obtainable conversion ‘
“level in a’ 1aboretory fixed—bed catalytic converter. f
Before undertekg_g experimentel measurement of

-ﬁreection conversione p"liminary investigations were mede

'-flto improve the eccuracy of the gas chromatographic enalysis

'and_%o ensure thet no ndditional reection other than thet
fin the catalyst bed occurred. : ;‘;-f- j“ Tl '“'v§
) To eveiuate the bifunctionel ectivity of a newly

7T¢develope, catelyst for twe major‘reecttons;in e'plause_unit1u

p

.“\‘. | ,'.(2)-



t

:150 000 hr ;; A tbtal of 83 kinctic runs were completed at
556 2ﬂ8 °K. 932 t 9 psia. And nearly conutant fead compos-‘

© ‘itdon; 2 9 % 0. 12 molc perccnt of nzs (or "C08) and 1.5 t 0, 12

>‘cumolc pcrccnt of soz. with the balancc N2 " The Curon-alumina

cataiyst provcd tq be a good bifunctional“catalyat for c1aua'
',:opcrational conditions._ Its catalytic activity waa dqpend—

‘ ent upon the coppcr contcntz for reaction (1), a ccpper
°jcontcnt of about 5! by waiqht mpximiaed tha catalytic ac=
V;.while for reaction (2), thc cataIytic activity de-

-;drelqed 8 the coppcr content incrcased. The cxact reason
"”for thia cftect of copper content on the bifunctional cat=
.[alytic activitiea.is not claar at this point.~ It is poatu-

i;:latcd that the cataiytic activity change may be attributgd

'._to sulfided eopper for raaction (1) combined with elimin—t

ta; ation cf hcwis-acid aa wall as baaic aitas on the y-alumina '

.:%f[surface by coppgr.;yi?ﬂr_

-

A totalvof 10 k netic runs were carried out at very*

;, to obtain the maximum




. v;]to pMict thc convbr-d.on atuin,d. '.l‘hon the catalytic
,ubnvortcr por!amnou Vu conputcd uunq a raaction ‘rate’

) ,pnd a ou»dimnuml m-phnvy Latalytic mctor mndel undez(
| "Ad&ubht:lc cohdit:l.onu. In thp cxau- oqtalyt:l.c oonvorter, it

wul pudiobcd that dxtorn : ,,‘ﬁzva.tranut.r nnictauc.s were
' les abovs ‘_J.‘ooolhr"l. | "r_h.

o ronctor bed :em ed h >3 thp faed temperatuu am; the space
s Vclocity should be amm suom and below 2000 hrt, respec—
thhly. to ommre sign.i.ficant rcaction rates at the start

ofth-nactorbgd/ e T R

'w
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. CHAPTER I

INTRODUCTION .. = .- .
Sl e D

Problems ﬁelated’toathe-ClauS'?rocess:

e

During past decades, extensiVe studies were

'Lconducted to effectively recover the sulfur from

natural gas using a variety of chemical processes.~'

Recently these sulfur recovery processes have become

';more and more important due not only to the economic

'5“walue of the product sulfur but also to more strict )

'igrade pure sulfur.,vx

'.air pollution c?ntrol policies.,_

A major source of sulfur 1n Canada has been o

>from hydrogen sulfide in natural gas, particularly ins
“}Alberta, and in acid-gas streams in petroleum refin-;'
.veries. Among many different kinds of sulfur recovery"
5‘processes,,the modified Claus process has .been almost.

A7exc1usive1y applied to the natural gas plant to con- .

vert hydrogen sulfide in the sour gas stream to high o

- r

The major*reactions involved in the c1aus plantj'

> szo + 302 e T (1.1)



ST e

-thch make'the ouerailfreaction of

3325 + %792 —_ 3320 *. 3 3 s, T (1t3)'
o Reaction (1. 1) shows free flame combustion of
efhydrogen sulfide by air in the front—end burner to
‘."prbvide sulfur dioxide which ac@s as ‘a reactant for
| :ireaction (l 2} in the catalytic converter. Becausea
j‘of high temperatures in the burner, reactidn (l 2)
{also proceeds to the extent of roughly 50 ~ 70% con-
‘j.;version of st via homogeneous kinetics. ‘ |
e Though the major c1aus reaction is reaction r?:-

/

"-f‘j(l 2) other side reactions usually take place together
L""jwith the major one.(\-- o .

L A The most significant and important side reactiam~l‘
}'from the kinetic point of view is | V

U Reaction (l 4) may occur due to the carbonyl
'tsulfide impurity which is introduced by the reaction .

',ifff‘ﬁhetween hydrogen.sulfide ana carbon dioxide in’ the

’a}]burner, or fromfcosnfrBSent in the acid gas (33).

on ,eTmuch more complicated



To understand the true reaction kinetics of this, o

resction on the y-elumine surface hes been an extreme~f”

1y difficult subjact o study due to the difficulties .

.ZOf ellminating the various catalytic effects caused by-

) subetances other than alumine. Among these side -
;ftcatelysing effecta. the additional catalytic effect
‘ﬂ:ifdue to the product sulfur in its liquid form was: the'

' ffnost difficult prcblem to elimdnate or solve. To:

ifeliadnate side catelysing effect due to the condensed o

‘}7”;1iquid sulfur others have tried using sulfur condenserf
-Lﬂ(72 53), electric precipitator (81), or ice bath (37~

Vi39)., But the elimination efficiencies have never been'

. ficritically checked.}.4 ‘ S o

B i_ " Another problem related to the c1aus process is‘
':'the uncertainty on. the equilibriup distribution of :
'ffsulfur moleoular species during the reaction period,.

sincedahove lOOO'K all the sulfur species may exist in‘

fé‘fff?the formtof Sz. while et room temperature as s8 (75).

Therefore, the Claus process ‘may become exo-'
ox endothermic eccording to the operating :5 -
ux ieve*'of‘tgg reector (247 L The problems‘
to the equifiirium distribution between sulfure

1thjcontroversial results.lvs
mportant problems which

't molecular formula were ettacked“'

.



"zlﬁremains to be solved in the Claus plant is the effect
“f:xof‘minor reactions on" the overall process performances.'
o :i:In~earlier studie;,the reaction (l 4) was found to
i;ft?affect the catalytic activity of Y-alumina due to the
”_"ixpoisoning effegt of ‘the product 002 (65). Subsequent-.
”'fi‘ly, the poisoning effect was observedoonly under dry fv
,y.glg.seous conditions,~i.e. in the presence of 820,_
;mact:l.on u.n 1- by-pasued in favor of the ‘more o

frapid reaction o

-

_':cos '+7 héo _ ﬁés + "_co.‘,““f R (1.5)

ﬂJj ”}lti”f, Here the need for B?$P type of improved bifunc-

S

B tional catalysts erises to improve the overell c1aus

process performance since cos i '”iity is almost in- =

.M'ffevitably present in practical operational condigions
i{(33).. Actually, the loss of sulfur due to unconverted'
'pcos ls almost 30 percent of the total sulfur loss (15).

'zi;until recently this problem was not solved satisfac%— '
| 5{forily because of the 1ack of the experimental data for

‘7"};Ebothﬁof the.reactions on somelﬂifunctional catalysts.

'fFrum:a'practical polnt of visw, it is surpris—
da_ are uvailable to apply to the 01aus.
; cotalytic fixedhbed reactor. oThe

ata forvapplication to the plant de-‘}

““icgrate’expression on the specified )



_ oatalyst surfaoe,‘physioalvparameters‘of the reacfion
| _systams and oatalysts, and most of all, the effective-
f;iness factor of catalyst pellats. ’ .
: Recently the intrinsic rate data have become ‘
availahle owing to the painstaking works by some | |
‘ researehers (65 66 72) !or some type of catalysts.
-"gnowevor. the availability of other information is lim-
;.“;ited ‘to ‘the oxtont of prbnitive estimates of ‘the -
, thysical parameters or of the effectiveness‘hi'the cat-
.'alyst pellets for the developed intrinsic rate expres-
'sion. No published data may be easily applied to the
"praotical situation. TheSe kinds of studies are ,
really in need for improving. developing and predict- .

Ty 'ing‘hore efficient sulfur recovery in natural gas pro-

1.2 ’_‘Pr'evious'.works:, o

After the c1aus process to recover sulfur from

_:‘ 1the szs oontainiil

gaseous stream had been invented in

the elemental sulfur eince the‘-
tion hy a., Bahr in 1936. o
nlkins (35) ca:ried.out

ufements of this Claus reaction |




using Porocelvcatalyst in an integral fixed-bed

:reactor”6ver the temparature range of 230 to 300°C

at low space velocity ranging from 240 to 1920 hr 1.,-

_ In- the late 1960's. an extensive research ‘pro-
"gram‘was initiated at the University of Alberta to
‘investiqate intensively the Claus process as this o
.}prccess has beccme more and more widely applied in

: almcst all natural gas planta in Alberta. The first

,_investigation was carried out’ by COrmode (21) using

- Porocel catalyst to obtain kinetic data - in a recycle

differsntial flow reactor. McGregor (72) Carried out
a series of 80 experimental runs in a similar but-im-
proved differential recycle reactor. performed at” four
_idifterent temperature 1evels between 481 and S60°K
‘:ﬁ;and at varying partial pressure of H S So2 and H20 to”
?5xobtain the istrinsic rate expression with activation |

'-‘energy for the forward reaction of the reversible

'-!CIaus re ction.

Hcpuerr (72) found that water vapor has

ivJ:'at:a::ztli.ng'_,_f’fec:‘t: on the forward rate. of the c1'us re-'-”"
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. -4 .|
-r = 1.56 x 10 ° I"‘mg-p——— exp —
%% N AR ol L%

\}) (1.6)
ll:%,f\ ‘ Liu (65) investigated ‘the effect of NaOH—dopingv
on the activity of y-alumina for the Claus reaction,

tand found that a. 2! doped y-alumina showed highest
'factivity tor this reaction.> Liu (65) also observed ‘
‘lnd oxplained (19) the coz poisoning effect in the .
firoaction 1. 4).~" o . B
i _ Karren (53) carried out some 50 experimental
runs using the same recycie differential bed reactor as
'g used 4n" McGreqor 8 work, but with the sulfur condenser
capacity increased.v During his study Karren (53) found-
..flthat the liquid sulfur acted as an active catafyst for
v@the c1eus reaotion and the elimination of condensed
~lliquid lulfur in the product stream was critically §ﬁ7

B important to get accurate reaction rate expression on

g :the catalyst‘surface. 3




| ] Pae Pso,®

. | <4 |___ By 2 : ~7350
e = 1,28 x 10 e exp |.
80, @+ 0008 B, )7 RSt

Hy
| | Cereeeaees (L7
for tho c1aus reaction over Alon cataly-t. The form (
‘of the rate axproasion obtained by Liu (66) waa almost
the :am- as that obtainad by McGregor (72) except the
rotardinq -ftoct of water vapor was 1ncroalnd cohpared
| to HcGroqor's raault. It is worth noting that thq A
ronarkable ninilarity held even though a pure Y-
nlunina catalyst ‘was used by Liu and a commercial baux-'
ite by ucereqor. ' "

1.3 Topics golbé Investigated in This Study:

[}

‘1;3.1;.2v5iuation'o£ Bifunctibnal”Caﬁalysts:

A Some work has been reported (22 23,35, 36, 37 65) .
R taudavelop and/or inprove active catalysts for. the
raaction betueen nzs and soz.~ 'In parallel with the
o 'reaction betM‘en 328 aad soz, more attention has been :
tﬁi;pg}d;f”"ently to the reaction between cos and S0,

of these studias was con-i

“J‘r chenical teaction proceaa with )



' In practice, one approaoh adopted by industry has

been to use a dlf!erent catalyst more active for the
cos-soz reection, but requiring a higher operating
temperature than alunine. in planto where COS problems
_are more levere. uore exotic oeealyete such as Co-Mo
-upported on eIhmina heve been used for this purpose.

4 This problem oould be .olvad more simply by |
,,developinq a bitunctional oataly-t which eotiyely cat-.
alylee both the u28-802 and the cos-aoz (oxr COS-H o)
‘treactions pinultaneoq:;y. .rbr this purpose one such
S{fﬁhetionel-cefaiYst_hee'Been developed at the Univ~

eteity,of Alberta 973\to;1mProve the Claus plant

The pre ent stu\y s been designed to invest- -
'igate the perf rmance of this newly developed bifunc-
tional cetalyet for reection (1. 2) and (1.4) in CIaus
| plente. In this study it is intended to compare its

catelytio activity with that of standard alumina cat-.

?lyst under the same renge of reaction conditions

. eueountezed in industrial reactors but over a short-

e??term reaction period.. ny this inveetigation a basis

&

u#dﬂ°f,ﬂnﬂﬂtltanding the bdtunctional ectivity of the

 prapose *ﬁﬁialkfit‘!l? he pxovided. The cetalyets
a sta 'd Y—elunina (xeiser 84)01),

“§¥nyin#p and 16.07% Cu- _f,



1.3.2 “?rtd§gc16n‘o! Claus Process Performance
1:3.2,1.‘Pr.dgntion of Thermodynamic Bquilibrium

In a convnntionul modified c1aus process,

olcm-ntal -ulfur is zox-nd through a two—:tap reaction
p:oo.du;!‘pl was described in reaction equations (1.1)
and (1.2). Many 1nv'.tigator- (9,35,72, 74,84) triea

- €0 comput. and predict oquilibrlum conversion for
roaction (1.2) but paid little attention to the sig-
,nificant endoth.rnic‘gtfect at.tempgraturea above
~B$0‘k and to the cttuét éfvthewiuarﬁ gas coutant on
the éOnvhrsion level. - These facts occur due to the
diffarent diatribution among the sulfur speciee be-
.#weep.sz, 8¢ and 88 at different ystem temperatures.
.k.§ardinq,£he sul fur speciesdis ribution,over the
'ﬁuriuul teméaruture range,'much work has:beeu‘done
durinq past docades to try ‘to get definite -
conclunion still 1qpvinq the work in a controversial o
o 8ubjec€ (75,88,89).

o In thiu work ‘the sulfur species in equilib—
' riun \tore alllullad to’ exilt in the forms of Sz, Sg and
N gép_ !htt 1; '

T

(1,9),“

-



Furthermore each of the above three species was
assumed to be in equilibrium with the others at the
given temperature and pressure in state of the mini-
mum total free energy. Equilibrium conversion calcyl-
ation was performed using the free energy minimization
method oriqinally programmed by McGregor (72).

Finally, the computed equilibrium conversion
level was compared to the maximum obtainable conver-
sion which could be obtained experimentally, i.e. at

the lowest possible space velocity.

1;3.2.2 Prediction of Reaction Path in the Front-End

Burner
Burner

The prediction of adiabatic reaction path in
the front-end burner by the consecutive reactions (1.1)
and (1.2) should be very useful to evaluate and com-
pare actual process performance in individual stages
with the corresponding idealized performance limits
(24). ToO provide such a useful and convenient way of
predicting the reaction path along the front-end
burner before a catalytic converter, a graphical
approhch was devaloped in this study in attempt to
-dpresent calculated values for "once-through' processas.
This qraphical approach may be readily extended to a

; nunbor of problems occuring in closed systems-

11
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"H.S to 50,

vlbrlum predlctlon, and, .

(1) the predlctlon of equlllbrlum conver510ns of

TN :
and S "as a functlon of temperature for

o

2° 2
ac1d-gas composxtions ranglng from 100% HZS content,

'prov1d1ng ‘the dlluting gas (N2 or CO ) remalns chem—

" ically 1nert;"

.(2) the estimation of non-equlllbrlum reactlon

paths 1n the front-end burner ’ from ‘a speclfled inlet

temperature and gas comp051tlon to .a flnal flame temp—'

erature at which chem1ca1 equll;brlumalsnassumed to-beu

‘reached; - L S e

(3)_ the use of these reaction paths to fac111tate

\’/‘

comparlson of actual burner performance w1th

-

(4) the estlmatlon of sequentlal cooler and cata—

lytlc converter paths after the waste-heat boiler.

.compared to the actual process Operatlng condltlons

R

when the latter are plotted on the equlllbrlum conver—

'51on -temperature dlagram. Comparréon “of actual re-

i

action paths and conver51on per stage with predlcted

values should'provide_auuseful/crlterlon for_determln—

.ing‘detrimental or'improved_procgss conditions.

S

ThlS predicted reactlon path dlagram may be -

12



'1;3.2.3‘:Pred1ctlon of Reaction Path in the Catalytlc

iConverter . .

In a once—through" sulfur recoveryéprocess,
addltlonal sulfur 1s formed by alternately coollng tHe
'-igas stream and then pa581ng 1t through a bed of cat—

I

'alysts. Elemental sulfur produced may be removed by
Vcoollng betweenrstages. The-graphlcal procedure to
predlct the overall process performance then requlres.
‘calculatlng adiabatlc conversion - temperature paths
ofor the catalytlc stages as  well as for the front-end
burner sectlon,behe heat release.in the beds of cat-
alystS'is &sually'substantial;.necessitating cooliAg ,”
~between catalytlc stages._ The large dlameter of 15 to’
‘20 feet and comparatlvely shallow depth of '3 to 4 feet
of catalyst beds for the CIaus process ensure that the
assumptlon of adlabatlc operatlon is reallstlc. '

In this study the catal?st bed Was modeled in -

the two-phase mode origlnally proposed by Llu and

“»Amundson (62 63) to check the effect of external trans-i

port limltatlons us1ng pre*estrmated internal transport
*effects.. The 1nternal transport llmltatlons were |
kchecked by the Paterson s asymptotic method (82) .and

by Van Den Bosch's lnterlor collocation method (99), f
*and finally ‘a standard computatlon was performed by ,wah
applylng the method,of Welsz and chks (106) Ain comput;

'ing the effectiveness factor 1n the claus reactlon

a
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systen The computations were all performed on the

ba31s of the. rate equation (1 7) obtained by Liu (66)

| on the Alen catalyst. T ‘

| Using the computed results the converter
'design or catalyst performance may be easily obtained
since the effectiveness factor is readily acce581b1e”
f*fon the Thiele modulus - effectiveness factor diagram.:

for this specific catalyst and reaction condition.»

e



“ClausiProcess:"".yvf.» o A',-"‘g ' o . \

. CHAPTER Ir . :

LITERATURE SURVEY -
. . : R “‘

Sulfur recovery units of the Claus type. with a;

'_vthermal and one or. more catalytic stages have been

. ed.

relemental sulfur Since the high exit temperature in a’

Azapplied for more than twenty years in oil refineries

”'and natural gas treating plants in those instances>

-_wherellarge quantities of hydrogen sulfide are produc~-’

In the modern modified form of the Claus process

fa number of stages, usually three or four today, of

' catalytic reaction are used to increase yield of the }

':.v_single-stage converter could limit sulfur yields to the. -

',equilibrium values.f The sulfur recovery efficiency has

been closely approached to the theoretically possible :

*-yield ranging 94 to 96 percent recovery (26) The _

'”,jremaining 4 to 6 percent of the sulfur present in the

| s::CIaus unit off—gas, is converted into sulfur dioxide in

Sa catalytic reactor or. a thermal incinerator,‘and then

L ;discharged into the atmosphere.

The overell c1aus process consists of two stages, h -

't*ffin Whioh one-third of hydrogen sulfide is burned com~ -

;fur_dioxide in the first stage

. L€



according to the reaction (1 1). The product gas from

jthis step is then blended with the remaining two-thirds
- of hydrogen sulfide and passed to a catalytic converter -
wherein hydrogen sulfide and sulfur dioxide formed
‘elemental sulfur and water as presented in reaction
. (1 2). ,": ’ AR ' '
\ ‘ ’ Hydrocarbons present as impurities fed to the
‘;";vffurnace with hydrogen shlfide are converted to carbon
| ';dioxide or else pass through as hydrocarbons in the
Claus reaction process. Carbon dioxide and some hydro—r
1gen sulfide react in the" furnace to form carbonyl sul‘
’ffide according to reaction (1.4). Some carbonyl sul-i
‘u'fide appears to pass through the catalytic reactorsv :
- and is therefore lost.; SO desulfurization of CIaus "
»off-gases has recently received special attention'
‘(6 50 78) since stricter emission control regulations
_ require increased efficiencies of the sulfur removal
"ivprocesses. nowever, most of c1aus tail-gas treating
-ufprocesses hawe proven to be rather'costly (6) and thef‘

‘f,best approach may therefore be to improve the performr o

?ating the need for subsequent tail-gas processing.-hm

fzagfftrquwuun v Processes Related to CLaus Units-%

1ero processes have been studied and pro- T
‘ sulfur from hydrogen sulfide-55

iifance of the c1aus process itself in the hope of elimin-‘; .



17

L containiné?wastelgas“streams (95).‘”ﬁost of'these
fi processes can be divided into three major categories
‘lwhich are related to the claus process.
' 11) Direct catalytic conversion to sulfur.\
, l’( 2) Absorption and catalytic conversion to sulfur.
",(5)7 Adsorption snd catalytic conversion to sulfur.
pK Direct catalytic conversion scheme is applied

7Afor high concentration of hydrogen sulfide and is the

'7>most widely used process in present sulfur recovery

upplants frcm natural gas,.and will be discussed in more
ffdetail in ‘the following section. : ; o
The assorption or adsorption scheme before con—‘.'

;a;uversion to sulfur is usually applied for gas streams

:‘ﬁ_:,are.employed

) ien dow °°“°°“t“ti°n of hydroqen sulfide to provide. |
"l high concentration of hydrogen sulfide in the: absorp-f ﬂ;;m

ieltion medium or in the adsorbed state whiéh is enough S
(w.fto initiate the catalytic reaction.r In ‘the absorption

“chrocess, variou‘" rganic and inorganic liquid solutions

'absorbent such as potassium carbon-'m‘n

;e_typical example of such a process
.’(Vsﬂfwhich was developed to in- '
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‘ The adsorption process usually involves zeolite,

‘;activated carbon, or alumina as an adsorbent._ The

"imain ohjectivee are to uee the adsorbing properties to

_increase the dilute hydrogen sulfide concentration and

y>then, the ability to" act ae a catalyst for the reaction -

:ftof hydrogen sulfide and eulfur dioxide.
' o In the presence of free oxygen, hydrogen sul-
fide is catalysed to elemental sulfur by activated

carbon ae indicated by the following reaction (69)

DR i:.‘i active carbon ‘E' = 3d i
zs+§°2.,~ R 2°+ ®n

. _ f: Another different approach to hydrogen sulfide
*lchntrol is the Sulfreen process developed by Lurgi

iizea the catalytic ability of activated carbon for a
'”high efficiency of c1aus redox reaction to’ yield ele—v

»g”mental sulfur.,ﬁ

' [-;%st + 8_02 R 9 ‘ -?329_,"'5‘8‘:1_,:1. _

'7Overalﬁvremoval efficiency of a claus-plus-lb'

ant has‘ een’reported.to reach 99 0% or

The Ram Biver plant in Alberta,

‘~;'ynpparate-Technik and S N. P.A. (58).i This process util-i

ur emoval efficiency of Sulfreen processf7

fc1aus unit followed by the S



2.3 Simhlteneoggireact£6nb_1n‘¢laue Units: |

. Najor reaction in the C1aus unit in a sulfur

rggovery plant 13 the cataiytic reaction between nzs S

Aland 802 However, appreciable amount of COS or CS2 ‘is -

‘fprodncod in the furnaae and waste-heat boilers by |
reection hetween hydrocarbone and :':°°2, in air
‘(33).\ According to Cameron and Beavon (15). one-third

: of sulfur loss in the Claus unit is due to the presence
of ‘cos which may not easily be converted to elemental

n_eulfur Therefore, the conversion of cos to elemental

' sulfur is a very important factor to improve the over—b

ell C1aus unit performance..’

C2.3a° )325 - Ai’r ,.gegct.ion, :

Oxidation reaction between st and air occurs
()‘3 R -

A

n
- f

24 ‘__-céii!/gmole | pf ﬁ,_-s

19

- in the furnace and waste-heat boiletj’if“i_fliii unit.

R R PIR 3 S ‘ g
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N and one u_spect of this is ‘the _accurate determination
of thermoGYnemic'equilibrie between Hés and air under
CIaue furnace conditions. Then, the adiabatic oxida-
‘tion reection peth may be predicted based ‘upon the

- equilibrium deta. | _ .

E After Geneon and Blkine (35) mede the first
aatudy on the reaction equilibrie between hydrogen sul-
fide end eir using Kelley s date (54) for the equili-
brium coustents between the varioue sulfur polymers, '
x:;any investigetors peid attention to’ the equilibrrum

calculation using various kinds of techniques.

' ' Recently McGregor (72) used White 8 free_“
Aenergy minimization technique (108) to- compute the
'{_reaction equilibrium in Claus process units using the
.'free energy data compiled by McBride et al. (71) to

fget results of a slightly higher equilibrium conver- |
~~ision level then Gamson and Elkins'
Bennett end Meisen (9) computed the reaction

;equilibrium for the reaction between HZS and ‘air over.

20

ﬁ,the temperature range of up to 2000°K.: In- their cal-__”

“"culetion they included significantly increesed number"'

eed ratio of o 2 to 1 8. 'rhe computed results have '

;of“chemicel species thought to be present at equilib-

ier‘the condition of oxygen to hydrogen sulfide -

_e amounte o:E so, sn, szo, 'az‘sz‘“ o



and hz,are'preeent at~e§uilibrium condition at higher
_tenperature~range of above 1500°K. They also included
in their calculation‘§7, Sy» 83, S, and S¢ in addition
- to sz. S6 and Sa.which was employed by McGregor s

v computation (72). Por all the species included the

, reeults by Bennett and Meisen (9) were. almost the
same as McGregor 5 with their computed reaults falling
in the range between Gamson and ‘Blkins® and McGregor 8.
cBennett and Meisen (9) demonstrated that stoichio—
metric feed ratio of HZS and air is the best strategy
for sulfur yield without an- additional preheater be-
3_fore the furnace. S | |
Neumann (80) investigated the effect. of co2 )
hand Hzo content on the eQuilibrium conversion of st |
by- the reaction of st with air in the front-end

~uburner of a Claus unit over the temperature range be-

21

tween 800 and 2500°K. In his material balance calcul-

ia'ation S, ‘was’ considered to be the only sulfur species
Yexisting in the product stream. According to his -
‘~;data. the conversion of st was adversely affected by

R the presence of 320 but favorably by CO in the feed

'ﬁhhistream nis conputed results also indicated that no

' 3sign£¥icant amount of csz; so3, 02, cn4, 3, NO and
NG ﬂli&edproducad in the front-end burner over the,



_ OnvthefOtnerfhand catalytic oxidation of H,S
with oxygen has been'aniinteresting subject in th9.-
’ pollution:and odor &ntrol ooint of view. Ross and
Jeanes (92) studied‘the oxidation of hydrogen sulfide

over cobalt molybdate on c-alumina and related cata-

‘lysts using an integral reactor to reduce the hydrogen

sultide concentration below‘tne odor threshold level,
0.007 ppm. |

"Steijns and Mars (96) studied the catalytic
oxidation of hydrogen.sulfide into elementalrsulfur .
| with molecular onygen over the'temperature range>o£
"130 to. 200°C employing active carbon, molecular sieve
13X and li’uid ‘sulfur as catalysts. The results o
showed that liquid sulfur acts as a catalyst for H2
'oxidation., The kinetics and the activation energy of
: the'reaction were-found to be essentially-equal on

‘various catalysts of different chemical comp051tion.

"They also found that the small pores less than 12 A in

'pore diameter were filled with sulfur and -the catalyst

‘fsurface area was lost: as the reaction proceeds. The
‘catalyst, however, was found to be almost egually i
'aotive as the sulfur-free catalyst, which could be

. explained by the catalytic ability of liquid sul fur

x”vfjtrapped in the pores..zx

22



After Claus()O)di.cowgred the catalytic reaction
.process between st and. so2 over the iron oxide cat-.
alyst, the Claus process has become the common sulfur
_recovery scheme‘from ﬁés produced in the coke oven
.until the lete*IBth ceutury.‘ Starting from the signif-
icant contribution by Gamson and Elkins (35), who . 7
studied this reaction in an integral bed reactor pack-
- ed with 4/8 mesh Porocel catalysts, many researchers
(22,3s, 36 65,72) devoted themselves to improving th1s

famous process.l Many of the research activities have

been focused ‘on the development of improved catal ts.

' The catalysts usually emp10yed for tgk
A were sulfides or oxides of aluminum and other transition

Jelements. Among these iron oxide, bauxite, manganese

" oxide,. alumina, glass alumino silicate, cobalt sulfide,

;fmolybdenum sulfide and cobalt molybdenum-alumlna have
“_Abeen most frequently studied.. Recently active carbon
and- liquid sulfur have also been the subject of many
,dfresearch projects (s8, 96).v '

| c1aus originally used iron oxlde for hls inven-
f'tion'of.this process,' But today, bauxxte has become“ |

”fone of the most popular catalysts used in CIaus sulfur

'ulplanta. One of the problems related to the bauxlte

'A-catalyst is the ﬂschanical strength of the catalyst

23
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» In‘ an early stage of this process, Gamsqon and

Elkins (35)‘studied the kinetics of the reaction be-
o £ | ’-f P

tween HZS and SO_ in an integral bed reactor using

2

'alumina as a catalyst in their pioneering work for

this Claus reaction kinetics. The data were obtained

at‘very low space velocity of 240 to 1920 hr-l over

‘the temperature range of 230 to 300°C. The resulting

conversions of st to elemental sulfur were 92.9 to

97.9% which were inconsistént with their thermodynamic

‘analysis of this reaction because their measured con-

versions were higher than thermodynamic equilibrium

conversions for the given reaction temperature and

- pressure.

:Pyrex'glass surface was found to be an active

icatalystifor'this Claus reaction by Taylor and Wesley

- . was Proportional to . the external surface area of

(97). The proposed reaction rate on the glass sirface

glass with the reaction order being a first order With

respect to 802 partial pressure and 3/2 order with

”respect to H,S partial pressure.

, Eammer (45) studied the kinetics and mechanism

Of'major“reaction of the sulfur plant using cobald-

lmolyhdonun-alumina catalyst mixtures in the glass

differantial reactor.f rrom his experimental data

'!hmnar (45) concludad that Claus reaction takes place

e prodoninantly on ths external surface of the catalyst.

@ .



A dual site mechanism fo; H,S and S0, on the catalyst
surface was proposed by Hammer (45). According to
this mechanism adsorbed st SiSBOCiates into H' and
SH and then reacts with adsorbed S0, .

Deo et al. (28) studied the adsorption and
surface reiction of st~aﬁd SO2 on yvy-alumina using an
infrared spectrometric technigue to conclude that a
strong hydrogen bonding exists between both H,S or
‘ 802 and surface hydroxyl groups and a chemisorbed
-fqrﬁ of SO2 exists on y-alumina which reacts with H,S
according to the'claus reaction. '

Most of the adsorption of st and SO2 on

y-alumina were found to be physical adsorption on

'Lewis-acid‘sites (67). But chemisorption has been gen-

erally regarded as a precursor to catalytic reactions.
‘Liu and Dalla Lana (67) found that the chemisorption
of H,S and SO, dn basic sites}of y-alumina was very
small but vitally involved in the reaction mechanism.
On the¢otﬁer hand.khalafaila and Haas (57) proposed

a mechar?l for the chemisorption of SO, on an OH~ N

nuclebphlllic'site,és Y
XX . . x'n:. S o .
X O0: S : OX (Electrophile) v e xx
NS +8 _w X0 : s 0x
. R £ X X AX
5 xx o ‘ ———
- L » ~ x x
L o R - § {Nucleophile) + * ,?x - H
+ xx EER ‘B '
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George (37) used a commercial cobalt-molybdate
on f—alumina'(Girdler G-35) asla catalyst to study”-
the Claus reaction in the 1ntegral bed reactor. The
1n1t1a1 rate was obtalned by fitting the experlmental
data to the expre551on proposed by Mezakl and- Klttrell

(76)
Tox = Al-tanh_[Aé<gy1,,;- B £ 2%

and extrapolatlng to zero conver51on.' The resulting

rate expre851on for HZS-SO2 reactlon was

S R ‘
TTH,s T TTF 0T R, o) 2.3
, - Hy ' o

George also noted sulTldatlon of catalyst part—
icles durlng the reactlon by observ1ng the change of
?color of the catalyst from orlglnal deep blue to
black. | " o
| | Abn,theﬂeffect;of:mass transfer reg}stance_in

the Claus reaction systen Landau ét al. (59)'5tudied

\“'H'shSoz reactlon over a baux1te catalyst and concluded

that the reactlon was controlled by mass transfer,

,reslstance; ) nfortunately, however, these authors d1d '

. . . . -
not investigate-whether it was f11m or pore dlffu31on

_effect which was controlllng the reactlon rate.;

o McGregor (72) also investlgated the dlfoSlOn

.

effect on the reactlon rate, under the practlcal plant'

26
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N
operatlonal condltlon, concludlng that- é;E€;;21\mass

transfer resistance had negleglble effect wh11e :nte{"
e

nal pore dlffu51on effect was the rate controlllng ————

) factor through hls dlagnostlc calculatlon. In

_McGregor's klnetlc study for the reactlon of HZS SO2

w1th Porocel catalyst of 28/35 mesh 512e it was con-
cluded that only the external surface area of the
catalyst was actlvely catalysing the reactlon. In

¢

spite of the dlagnostlc calculatlon results showing

the 31gn1f1cant effect of pore diffusion, McG or

£SO

be S

falled to observe any SLgnlficant effect of 1nternal

mass transfer re51stance in the data obtalned and con— ’
cluded that produced sulfur, whlch would prlmarlly

8 at3260°c, would be very slow in dlffu51ng,out of

. the catalYStfpore and might be forming a-monolayerdor

more on the lnternal surface. When a monolayer or.

~ more, of ‘sulfur forms on the caplllary walls, the ef—

fectlve dlameter 1s so reduced that reactants cannot

’ dlffuse in and more likely, S8 whlch ‘may have been
\formed w1th1n the pore, cannot dlffuse out. Sulfur

~thus presumably remalns permanently 1n51de the catalyst

_pore.

' effect on the reactlons st SO2 COS -S0

George (37) also 1nvest1gated the dlffu51on

27 and found

that there exlsted signlflcant pore dlfqulon effect

w1th H

2S 802 reactlon and negllglble w1th COS 802 and

.
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'COS=HéO-reactions. TheSe results are to some eitent

Aforeseeable from the fact that st 502 reactlon rate

dwas observed to be much faster than the other two

reactlon rates.

Accordxng to Pearson (83) commerc1a1 cobalt- L

molybdenum catalyst was as actlve (84% conver51on) -as

the actlve alumina (S-201) (83% conversion) for HZS—

SO2 reaction at the reactlon temperature of 275°C andr

the gas space Veloc1ty of 50?000 hr~ -1 in a micro

reactor.

! A}

'2.3.3 COS - SO, Reaction

7
o

The reductlon of SO2 by COS proceeds accordlng‘

. to the reactlon

:iency of varlous ca@alysts for thlS reactlon using a .

to Lepsoe s observatlon thlS reactlon proceeds slowly'

" 80, + 2 o5 —- O * TS, (2.4)

with heat of reaction (60)

AH = -6760 - 2.75 T + 0.9028 -Tz-

28

Lepsoe (60) lnvestigated the klnetlcs and efflc-'

FE.

fquartz tube reactor fllled ‘with catalysts. Accordlng '

eVenfin_theAab%g;ce of a catalyst at. 800°C and almost

- any kind of hot surface is capable of cataly31ng the

.reaction at thls temperature._ Lepsoe.(60) also



observed that pyrrhotlte was an efflclent catalyst for_a

'thls reactlon at 700°C, and at 1ower temperatures al—-
umlna in sllghtly hydrated and acid-soluble forms
(boehmlte) was a remarkably eff1c1ent catalyst, and
that llghtly ‘calcined Guiana bauxite and activated
alumina Qere.both satisfactory No detailed investi-

gations regarding the reaction mechanlsm have been

'made in- hlS report except the probablllty of formatlon'

of surface_compounds between-sulfur dloxlde and’the

-catalyst.: Adsorption'of Sulfur dioxide was manifested

.by the fact that the - catalyst tenaciously retalned

- sulfur d;oxlde once it had been exposed to concentrated

isulfur:'diOXideégas mixtures. The activity of the

bl

alumina'catalet was found to be~reduced after it was -

exposed to hlgh temperatures ‘for 1ong perlods.l_In the

‘ temperature range of 300 to 600°C, the reduction of

S0, by cos appeared to be erst order with respect - '

to SO2

Gamson and Elklns (35) also studled thls re—'
,actlon over baux1te catalysts in an 1ntegral bed
reactor and found that w1th a gas stream mole fractlon

-ofk5 5%<COS,.2 75% SOZ' and 91. 75% N2 ylelds of 90%

.ox’ better were obtainable over the temperature range.

-1

ubetween 250 and 350°c at’ a space veloc1ty of 200 hr —,

' which was far below the pract1ca1 sulfur plant opera— .

"tlonal condition.-‘f
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Llu (19 65) conducted klnetlcs and mechanlstlc o

.;j ies of thls reactlon u81ng a recycle dlfferentlal

'*%cor over y-alumina in the temperature range of .
352 to 557°K.' It was found that the reaction only ,
'proceeds over a short period of time due to catalyst
poisonlng by carbon dioxlde whlch is one of the pro-
?ducts formed by thls reaction. Thelr 1nvest1gation‘
by means of lnfrared spectrophotometry showed that
!carbon ledee was lrreverSLbly chemisorbed on the.
,surface of y-alumlna and thus presumably occupled the
- 51tes lmportant for the reaction, whlch in turn

p01soned the catalyst.'

Llu (65) suggested through ‘his IR study on thlS ‘

reaction mechanlsm that COS was not adsorbed on any

:of the surface hydroxyl groups of Y-alumlna but only

”phy51ca11y adsorbed on Y-alum1na through sulfur atom .

at Lew1s-acid sites. (the surface aluminum ions). Liu

\SGS) also suggested that 802 formed hydrogen bondlng
ith- the surfacenhydroxyl group.; He attrlbuted the

poisoning phenomena in cos- 802 reactlon on y—alumlna
to the chemlsorbed CO2 on the surface Lew15 -acid 51te
. as a result of the surface reactlon between adsorbed

1*Cos'and goz,»eventually maklng no surface Lew1s -acid
’ -

*site available for physxcal adsorptlon of - COS.' Sub—l'

fsequent studies revealed that co, p01soning d1d not
- . . r -
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occur’when nzo was'present*because of the'occurrence ‘
of the very rapid hydrolysis of COS to st.

Querido (90) used Cu—on—alumina, Cuo-on—alumina,
and Mooa-On-alumina catalysts to investigate a catal-’
ytic ‘reaction between COS and 502 at the temperature
range-of 986 to 506°F with contact times ranging;from
0. 07‘to 0. 35'sec. in a tubular reactor.' In Querido's
experiments, Cu0~on-a1umina performed well only at
temperatures above 1000°F while Moo3-on—alumina was
poisoned very quickly by sulfur. His results.showed
that Cu—on-alumina catalyst was most active for |
cos-so2 reaction. 8 S |

.George (37) also studied on kinetics of this
' reaction using cobalt-mol;bdate on Y—alumina catalyst
' in a integral bed reactor. The resulting rate expres— _
sion ‘was reported to be first order w1th respect to |
COS and zero order w1th respect gp So2 w1th an activ—

ation energy of 18 0 kcal

/gmole. In hlS study any
i.Qi poxsoning effect by CO2 product in this reaction was

. not observed on cobalt—molybdate on- y-alumina catalyst
which was_ in contrast to the strong poxsoning effect
by CO2 On pure Y-alumina catalysts as reported by
Chuang et al. (19). i e
George (36) also’ revealed that catalyst ba51c1tyf‘

had no significant influence on the reaction rate of

COS—SO2 reaction on the cobalt—molybdate on y—alumina



catalyst, and that CO2 adsorption on this catalyst
was reVersmble, which is‘in contrast to the observa—
tvtions on the pure Y—alumina catalyst by Chuang et all
(19). _. ’ |

For COS 502-H20 reaction Pearson (83) obtained
’a conversion level of 29% with commerCial cobalt—
molybdenum catalyst and 12%'with the‘active alumfha
catalyst at the reaction temperatnre of 275°C and

the gas space velocity of 50, 000 ht in a micro"
rreactor. FOr the ‘low: space veloc1ty\“f}around

400 hr 1, however, the difference in caﬁalyst act1v1ty
‘could not be detected since the conversipn level was

100% for both catalysts with COS-SO —H20 reaction.'

| %4 8- womastton o ).
cos + i-{;zo- — €Oyt HpS (2.5

Buchbock (14) studied the reaction of COS in

7*aqueous water to find that this reaction was catalysed

'7by hydroxyl 1on.; The proposed mechanism of OH ﬂcatal-

'fhysed reaction was S
, . OH .

cos + u + OH -———+ HS -C= O o ’i' (2. 6)

»;Buchbock also found that the reaction closely followed

::f'the unimolecular reaction mechanism at 15 ~‘40°C with

.‘Ythe reaction rate constant of ln k V-‘11737/T + 45.66,

£ s
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'which corresponded to an activation energy of 23240 |

'cal/gmole.

Thompson et al.-(98) extenSively investigated

-

the reaction kinetics between €oS .and HZO in the 7
'aqueous solution, in alcohol, and in the gas phase.
Their reaction rate constant was given by

x =-1vos x 1012

‘ ‘exp ( 22179/R T)

for the reaction in aqueous solution. Forlthefgas”
iphase reaction the activation energy was. found to. be
.-25720 cal/gmole.," _ | ” ,
v_ _ uNamba and Shiba (719) studied the kinetics of
,.fhydrolySis of COS and CS2 on ‘the. alumina catalyst at.
“the temperature range of 220° to 330°c.. The rates of
hydrolysis in both reactions were found to be of first
‘order with respect to COS or- csz» thh activation |
’ienergy of 2.9 kcal/gmole and 9.6 kcal/gmole respect-
.ively.r<gv' )

A reaction rate proposed by George (37) for,f

‘*i"COS-Hzo reactiou over cobalt—molybdate on Y—alumina

'v_catalyst was first order with resPect ot COS and zero_
.'torder‘with respect to Hzo, and activation energy was_."

"12 0 kcal/gmole. According to George s data thls

B nghydrolysis reaction rate is five times faster than

'1A24 the rate;of COS-SQ2 reaction but fifteen times slower

e ’ate of "23-302 reaction ‘on the’ same cobalt—i



George (36) also found that catalyst basic1ty

‘significantly increased the rate for cos hydrolysis

reaction% His data

showed that the hydrolysxs rate

over ‘the cobalt-molybdate ‘on Y-alumina catalyst con-

'taining 3.9% Naoa was 25 times faster than the rate

fover the same catalyst without NaOH loading at 230°c.

This increased rate was. explained in terms of the i

.presence of abstractable protons in the reactants_

Pearson (83)

found that the active alumina

‘(S-201) was almost two times as active (85% conver51on)

- as commercial cobalt-molybdenum catalyst (43% conver-

sion) for the hydrolysis reaction of COS at the temp-'

erature of 275°C and the gas space velocity of 50,000
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7'2.3.56 Sulfur Species Association—bissociation:Reaction-.

Experimental
:association‘between
'7u’vapor can be traced
F[:careful scrutiny ofy
ii;ihconcluded that fourf
"f{;7adsquate to explain,

‘investigations on*the deéree of

sulfur atoms ex1sting 1n sulfur

_back well over a century., After

his experimental data, Preuner (88)
species (SB' SG' 84 and S ) were

his experimental 1sotherm at 448°C.

"Yffﬁowever, Preuner and Schupp (89) corrected Preuner 8
':ffy:previousyconclusion when they obtained experimental
;.'i rering the temperature range&of 300° to 800°C
and.pressures of 7J5<t0‘1182nmlng} which could be



fitted with the assumption of three species (SB,_SG,

ﬂand S ).. Again, there was another correction of the
Preuner and Schupp 8 data by Braune et al. (12) after-

"rthey measured sulfur vapor density. These latter

_Jauthors argued that Ss, SG and 82 were insuff1C1ent to -

'; explain their experimental results,»and they rev1ved

‘»_S thus returning to Preuner s in1t1a1 conclusion.f'
The heat of dissociation given by Preuner and

‘ _Schuépr and.Braune et al.,sis‘tabulated in Tabie l.

TABLE 1. HEAT OF DIssociATIoN OF SULFUR SPECIES -

 Reaction .

Preuner & Schupp - Braune et al.

L S
- SgE==> 48, . . 99600 92180
:js.-;::iva S, . .. . 67100. . " 63710
: s4 -——4 2 sZ,,‘fr; - gf_:;~,' o 28400
3 s8 ;::z 4 S'_Tg_ ~ ;.730500 o i' . 21700h”

»

o Berkowitz and Marquhart (11). confirmed the
w_presence of 82' S3, SS' 86’ S7 and S with negligible
",5famount of 89 and Sld at a temperature of about 400°K
-f}using a mass spectrometric technique.ir_ - .
: Bartlett et al. (7) studled the general kinetics

35

f'f_, 1: i_’- AH in cal[gmole . : o L

7'3fof the conversion of SG to SB and found that commercial'



alumina had a powerful catalytic effect on the conver-

sion of SG.to Sé Their resulted mechanism was based

'-on ths polymerization of the SG' followed by depolymer-

ization of S which could occur by thermal initiation

.such as the spontaneous ring-opening of SG Berkow1tz

~and Chupka (10) suggested a mechanism by which the

*-’catalytic effect takes place, involves the opening of

~

the-S8 rings of rhombic sulfur Wlth the formation of
chains of unknown length. From the data of Preuner -

and Schupp (89), Kelley (54) developed equations for

. .calculation of eqilibrium constants at any temperature

for the following reactions.;"

4 s, z=_->s SR A 1.8

3321-—-56 (1 9)

b-"’ The equilibrium ‘of the claus reaction was theo—ix

).

T retically investigated by Gamson and Elkins (35) for
‘ithe first time considering the equilibrium distribution-

B 'ibetween the sulfur molecules Sz' SG' and Sg in the

'“.f‘gaseous phase using the data by Kelley (54).:

Pete and on (84) calculated the equilibrium-

“'»constant of the Claus reaction from the known thermo-'

‘~;dynamic data such as the standard entropy, enthalpy,
[jand heat capacitv‘of each component involved. In their'

'l_calculation they considered s to be the only sulfur _

"fispecie in the product stream, which -did notvseem to be

‘36



realistic. ,

McGregor (72) and Liu (65) using the data by
HcBride et‘al. (71) calculated the equilibrium compos-
itions in c1aus reaction system assuming that there
are only three species of sulfur molecule, 8' S6 and
Sz,.over temperature range of 550° to 1600°K. |

' Recently. Detry et al. (29) obtained heat of
_ reaction and entropy: data for sulfur species associa-
tion-dissociation reactions using the electrochemical
Knudsen-cell with a mass - spectrometer over temperaturer
range of 200°. to 4oo°c.v ( ' V |

Rau ‘et al.-(9l) derived a set of equations to
: calculate partial pressures of different sulfur spec1es
as .a function of total pressure and temperature of the
5'system by fitting their measured data of sulfur vapor '
density to’ equilibrium constants calculated from the
thermodynamic properties given by Detry et al..(29)r
over the temperature _range between 823 and 1273°K. In
their calculation fugac1ty coefficients were included

to correct equilibrium constants which described the

equilibria hetween 52 and all the other sulfur spec1es

; when pressures are high. They found that partial pres-
o sures of SG’ 57 and 58 showed,-at low temperatures, a

completely different variation W1th temperature to ‘that

» found experimentally by Detry et al. (29).‘ Bennett and'

o

Meisen (9) used the thermodynamic data for sulfur
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‘rshown in figure 1 computed by McGregor s/method

R0

species based onIDetry's measurements (29) in their
caiculation of equilibrium compositions in the Claus
furnace at temperatues as high as 2000°£. Their re-
sults were generally in good agreement with those of

McGregor (72) or Gamson and Elkins (35) though the

conversion level of H,S was lower than that of McGregor

but higher than Gamson and Elkins. In addition to the

‘ minimum-conversion at approximately 850°K suggested by

Gamson and Elkins)(35), Bennett and Meisen (9) suggest-

,ed thatfthere could be maximum cohversion at approxi-

mately 1700°K. This suggestion was based upon the

';possibility of the existence of HS or SO at the equil-

ibrium state. The physical reason of this maximum con-

°

-version was attributed to the fact that elemental sul-.

fur might undergo oxidation at elevated temperatures.

For all their sophisticated arguments for including all
the possible species involved in Claus process, Bennett

and Meisen s results showed much larger discrepancies

’-”_from the actual exper1menta1 data obtained in the
: present study than those predicted by McGregor. Regard-
_ting the controversial aspects on the morphology of the
’"sulfur species, McGregor s simple approach was employed
lin this study to predict the equilibrium comp0s1tion.

The equilibrium distribution of sulfur spec1es

T

‘ between 400°K and 1100°K at the atmospheric pressure is

/

B ST

A

"Q
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Ccatalysis By Some Transition Elements:

‘High activity of transitioh»metals in the catal-

5

. ysts has_been known‘for:a'long time (4) and transition

metals have be3n>applied as.effective catalysts in many"

practical processes (40 87). N1cke1 or cobalt sulfldes

were found to be active catalysts for the Claus reac-

‘ tlon by Grffflth et al. (41), and any readlly sulfld-

able metal was a sultable Claus catalyst acturdlng to

'Marsh and Newllng (70) as 01ted by Pllgrlm and Ingraham

13

Haas et al. (44) 1nvestlgated'the act1v1ty pat-
terns in the catalytlc reductlon of 602 by CO on scme.
transxt;on elements on alumlna 1npan:1ntegra1vflow
reactor;~ Tn theirbstudies.the pure alumina was found'

to be not so active as the- alumlna that contalned tran—

51tlon metal.v They tested the alumlna catalyst impreg-
'>nated w1th varlous klnds of tran31t10n metals such as

*tltan;um, vanadlum, chromlum, manganese, 1ron, cobalt,

nickel and copper to find that chromium and iron on

alumlna were the two best catalysts for SOZ—CO reactlon.

-.jThe 1mpregnated alumlna tablets they used contalned be-

:~,tween 2 and 3 percent tran51tlon metals.

o
3 ',4

The interactlon of CO2 COS and CS2 withVan

"and Blyholder (40) using 1nfrared and mass spectral

‘fﬁtechnlques. Thelr observatlonﬁﬁﬁdlcated that the C=s

40

B evaporated mang%SFse surface was. examlned by Goodsel #}7



bond is more readily_brokenathan“theac=o bond on theiu
manganese surfaceiresulting in'sulfidation of mangan-

ese,j The reaction mechanlsm was. glven as

T , . +6 f -8 ’ ' ’
M + §=C=0 ——3 | S:2e: Cz22e O |—> S + CO (g)
' ) : R . .
M 3 | B ‘,Mn

>The fallure of the manganese surface to adsorb CO

after exposure to COSs was assumed to occur because of

‘the adsorbed sulfur.

‘Haas and Khalafalla (42 43) found that the add—A .

1tion of a- transitlon metal to alumlna 1nh1b1ted the 3

COS-S0 reactlon and alumlna alone was the most actlve'*

'v.‘catalyst for COS—SO

2

2 reactlon. Khalafalla and Haas‘“

'(56) attrlbuted the decrease 1n act1v1ty of a trans1—

a,tion metal-alumlna catalyst to the partial loss of

s

pellet 1nternal surface area and por051ty by sulflde

,formatlon and metal swelllng sxnce the molar volume

o

of metal sulflde 1s greater than that of the metal o

alone.

Performance'offa Clausﬂunitf

R4

*;2;5.1"ImpOrtance»of;CdmbuStion:ChamberforiBurner:

DeSi_ﬁn S

| As environmental protectlon requlrements became

0 -

"more strict, sulfur recovery efflcxencies greater than

99 percent are needed.f_Improper de51gn of a’ burner may

(N} et ‘v if'“;‘r
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cause side reactlons like carbon formation when proces—
sing sour gases containlng hydrocarbons (33). These
{'51de reactions disturb ‘the process in. the catalytlc
converter and 1mpa1r operatlonal safety and optlmum
sulfur recovery. DeSLgn of a combustion chamber or a.
‘burner are, therefore, of utmost 1mportance in obtain-
ing a high overall,plant‘effrclency. Pract}cal.oper-A
ationalfexperience has shown‘that_improper deSign of a
’_combuStion chamber on a burner may result in only 15

‘to 2prercenticonversion‘where about,50‘percent conver—‘
. sionvshould be“obteineble based on‘the‘HZS concentration
in the“sourdgas."Thishdifferencefin performance occurs
‘partly. due todthe incompieteymixing‘of feed gas and
‘air}-and_pertlyidue to formation of Carbon.soOt or
ammoniecal suifur compounds when‘processing sour gases
contalnlng hydrocarbons or ammonla (33). Maximum

[feguilibrlum conversion can be attalned by m1x1ng the

o requlred stozchlometric amcunt of air with ‘the .sour

'gas (9) before enterlng the cogbustlon chamber such
that the oxygen reacts w1th H, s just behlnd ‘the' burner
h{mouth (63). A multlburner system dlstrlbuted over. the
v“eptire cross section of the combustion chamber front
wall has been shown to be very satlsfactory for . thls
gl The formation of cos, csz, H, and co in. the.

burner is’dependent upon*the 002 and CH4 content in the

L
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sour gas. 'fhe major problem with'theiburner design is
related to'the»fact that measurement of the exact:
Vcomp051tlon gf the gas at the burner outlet is almost
1m90331b1e with sultable measurlng methods avallable
‘at such-hlgh temperatures (33). For fhi's reason the
~theoretlcal reactlon equilibrlum calculation is needed
as the next best approxlmation method to predlct com—v

bustion chamber perfprmance and furthermore to estlmate

2.5.§~‘ferformance of a Catalytic‘Converter

Catalytlc converters of modern Claus type sulfur
plants .are mostly designed for space veloc1ty of 650

to 900 SCFH of reactant gas mlxture per cublc foot}of‘

catalyst bed volume. The catalyst is contaln, b
hor1zonta1 drums of about 60 feet long and 13 feet,
. 1n d1ameter with flow downward through the. bed wh1ch
is packed to a depth of '3 to 4 feet. .

' The eff1c1ency of sulfur removal in Claus units

E has recently been reported to be 1mproved reduc1ng

the reaction temperaturA +Ppoint of sulfur
°vapor (38)., Howev +gthis low temperature operatlon .
_ ‘has a disad\rant'l e of sulfur deposxtlon on the catalyst
'”which may' tcessitate catalyst'regeneration. In a cen-,
‘ dnal CIaus plant, the reaction between HZS and 502

'occurs exothermically below about 800°K, thus belng
: e ‘ |



favored‘by decreasingvthe reaction temperature, but
occurs endothermically above about 800°K, thus being

favored by increasing the reactlon temperature. The-

reaction can be'pushed to completion by removal of

product sulfur from the product mixture. The operating

conditions for each reactor are normally selected so i
that all sqlfur formed by the reaction remains in the
vapor state, i e., the reaction mixture is always

' jabove the sulfur dew point. "To obtain higher conver-
"sions, several successive reaction stages are. usually
provided with/intermediate condensation and»removal
of. sul ur/product.i The removal of sulfur permits aﬁ
;eéuctfon of temperature in: succe851 é”jeactors which
makes approach to the higher equili rium conversionn'
v leveI attainahle, while still remai ing above the

i sulfur dew point. o

Asvthe desired conver51on level in Claus reac-

. tdon incneases, the p0331b1e sulfur losses due to COSf:

+

CS2 and elemental sulfur Vepor play a more 1mportant -
role;, Carbony1~su1fide and carbon disulfide are form—

"Vi ed in the burner section of the sulfur plant, but can

. be hydrolysed and eventually converted to elemental ‘
sulfur by applying appropriate controlling conditions
and catalysts in the catalytic reactor system (38),

Increasing the temperature of the first reactor of a .

two—reactor system may decrease the loss of sulfur as

P

€t
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COS and CS2

erature may result in less favorable Claus reaction

in the tail gas. However,-thé'higher temp-

. equilibriumsand”tend to increasefthe‘loss of sulfur as

HyS and S0, 8
reactor- may reduce the 1055 of H,S and SO,, but have
little effect on COS and Cs,s '

One of the practical approach to minimize the

loss of elemental sulfur formed 1n the converter is to

:Qperate the final condenser at low temperature and
install an efficient mist extractor to reduce entraln—

ment in the tail gas.

2.5.3  Claus Reactor Design

i) 1Ca€ﬁtytic Reactor”Modeling -

Various kinds of sophlsticated models have been

:recently proposed in the literature for a heterogeneous

~

catalytic reaction, which may largely be d1v1ded into
two main categories,‘pseudo—homogeneous ‘or heterogen—"

" eous models. e . B N

- Pseudo-homogeneous models are employed to ex-

3

vtend the mathematxcal simplic1ty which 1s used for a.

homogeneous reactor modeling.' In thls klnd of model,

K RS

' material and energy balance equations are ‘written sep-'

in the tail.gas (38)... Addition of a third

\
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'arately for the catalyst particles and the 1nterst1t1a1

_"Qfluid.f However, these equations no longer reflect the “

-



concept‘that discrete particles-exist within the
reactorlbed. All the particles in the bed are treated
as a continuous one. a '

In the heterogeneous'models, a catalytic re- .
ﬁactor is treated as a series of small continuous flow
‘fstirred-tank reactors. ’

For catalytic reactor analysis, pseudo—homogenf
eous models ‘are more commonly employed 1n one- or two-
.dimensional modes. " ‘In this work a one-d1mensxona1
-pseudo-homogeneous model was employed since the Claus
-catalytic converter is essentially an adiabatic oper—'
ation in which radial concentration and temperature :
gradients are neglig&ble.- Even -in one-dlmensional
,pseudo—homogeneous models, two different approaches_ﬁ’
have been con51dered;fva one-phase model and a two-phaseA

"model' In the one-phase model,xthe entire reactor 15

' _treated as a homogeneous empty reactor while 1n the

v;two-phase model, 1t is assumed that there are two con-
i,‘txnuous phases, solid catalyst\end fluid. AsS . mentionedA
.~iabove, this continuous two—phase model still neglects
f}»the particulate aspects of catalyst pellets.__ - v
- N h It has been customary to describe fixed-bed cat~

',.alytic reactors in terms of the one—phase model (47 48) .

A y:nowever, for strong exothermic reaction systems, this

'”’_Happroach often yields unsatisfactory results because d

'f°f the differgf**tﬂf

NS .

n the.temperatures of the solid and




a;;

the fluid phases._'In”theselcases,‘the two-phase,
" model may be applied to take the gradients between

phases into consideration although it involves a
. highly nonlinear set of differential equations. The ‘
‘.Abehavior of the two phase model has been an interest-_-
ing subject of . many publications for a long period of
»time due to its importance in practical applications*
.(15 62, 102). | "

‘).‘

ii)'JOneédimensional Pseudo—homogeneous-model

Liu and Amundson (62 63) developed a. continuous
wo-phase model 'in thefr analy31s of a packed bed re—
V'actor, in which ‘the cOmplex behaVior in’ the reactor is
concentrated in two - homogeneous phases,'in the. flowing

ffluid phase and in the fixed catalyst solid phase. e

47

They 1mproved Barkelew's 91mp1e mcdel (5), which neglec— o

e ted axial and radial dispersion as well as 1nterphase"

and intreparticle transport reSistances,,by 1ntrodu01ng
interphase resistance effects. However, Liu and |
7Amundson still neglected intraparticle re51stances so»
llthat the reaction was assumed to be controlled complet-'
'ely by interphase effects. They also assumed a: uniform :
”velocity profile over the cross-section of the bed and
{neglected the effects of length of the reactor bed and
aitemperature on the velocity profile. The major purpose
‘Ifof their model was to check the existence of multiple

L 2N
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:teady states in the oatalytic bed dependlng upon
te of the individual catalyst particles. 1In
‘Qstigation the effects of the inlet gas temp-
erature and the inlet partial pressure of reactants
upon, e concentration and temperature profiles were
also ex"ined, and the stability of the adiabatic pack-
' ed bed rgactor was found to be dependent upon the
| existenre of multiple steady—states for single part—
icles,' if every particle along the bed. axis had only
one_ ‘eady-state, then the reactor would be stable,
and unique concentration and temperature profiles

would result for all 1nit1a1 particle temperatures and

- concentrations.A On the other'hand if a 51ngle particle '

in the reactor has multiple steady states, then, from
7 .
continuity of the mathematical model, adjacent partic—3
: les would undoubtedly exhibit multiple steady states.

‘ Hlavacek et al (49) investigated the effect of

‘%a,; Peclet number for mass and heat transfer in the adia—h

batic tubular reactor using a disper31on one-phase
model. Their results showed that higher ‘ratio of mass:
transfer Peclet number to heat transfer Peclet number '
enlargud the domain of multiple solutions.- |

: 1'4 The effects of axial diSpersion were checked by
Liu and Amundson (64) to find that ‘in the multiple j_lv

“"steadY;state the profiles of temperature and concentra-

tion were appreciably more sensitive to axial dispersion _

.



than'in the single steady state. Eigenberger (30) ex-
tended the model by Liu and Amundson (62) by including
the effect of effective heat conduction term 1n the
acatalyst phase heat balance equation. His computations
vindicated that the temperature'maximum could move to
' the"front ofrtheAreactor due to the hackwardbconduction
{of'heati compared tobthefcase'without effective heat
conduction in the catalyst phase. ?

Vbtruba et al. (102) used a piston flow model
of a tubular adiabatic fixed bed reactor with external
.heat and mass transfer for description of - temperature %
"and concentration profiles along the reactor us1ng the
V'-two-phase model developed by Liu and. Anundson (62) ;
'They neglected axial dispersion and conduction through
catalyst pellets as well as resistances within the
._pérous'catalyst’structure;» They only con51dered the
' convective mass and heat transfer ‘in the axial direc—‘i
tion and external heat»and mass transfer on‘the-catal- .
_yst surface as transport mechanism w1thin the bed ‘
.:Their computed results revealed that there could bev
multiple steady states Within the reactor due to the -
’external heat and mass transfer resistances over some f
irange of parameter values._ ' ' |
Eigenberger £31). also investigated the effect
t,fof different houndary conditions in the fr0nta1 surface‘~

‘f_of the catalyst bed using the two—phase model taking



 heat conduction into account. His boundary condition

' for the front end of the catalyet‘bed was

O (Tg) + T 4
4 2=0 fo
Fs )z=0 ~ { 2 }~

Al B8

eee (2.7)
According to Sigenbergerls results‘the uauel aséumption
of Aan adiebatio tet{minetion of the front of the catalyst
"phase had to be revised in cases where a high temper-
Vature excess of the catalyst phase can occur at the
'beginning of the reactor., His reasoning was that a
certain amount of heat would 1eave the front end of |
.:ithe_catalyst bed by}radiation.if the catelyst”temperf‘

. ature et:the entrance exbeede the fluid'temperature

- oOneiderably;h Eigenberger also’ noted that the 1gn1-
tion’ zone, defined as the region where 31gn1f1cant
'reaction takes place on the catalyst surface for the_
.'first time in the bed, was fixed at the entrance of
the reactor when the fluid velocxty is low while thet
ignition zone Was loceted in the middle of the bed. '

'vseparated from the entrance when the fluid veloc1ty is

' Another interesting result shown ‘by- Eigenberger
h‘*was that only one steady state existed w1th very small ‘

'ifluid velocities or- very high fluid velocities.v The

“':imoving Velocity of the creeping profile of the

~
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oonversion was significantly affected by the fluid
velocity but almost negligibly influenced by the dif-
ferent kind of model applied. 7 .
_ The importance of axial dispersion was consid-
-ered by Karanth and HughesA(SZ), who‘recommended'the
criterion ‘that there is no - significant -axial disper-
8ion provided the bed depth be. greater than 50-. caé‘lyst

pellet diameters.

i}i) External Transport Resistances

.The concentratlon and temperature dlfference
between the bulk fluid and the catalyst surface is
‘:_dependent upon the mass - and heat-transfer coefflcient
between the two phases, the reactlon rate constant, and-
'the heat of reaction.‘ The reaction rate constant and
the heat of reactxon have specific values correspondlng

. to each specific reactlon system However, t)%lues

of the mass- or heat—transfer coeff1c1ents dep d sole-

A

ly upon the klnd of fluld and the flow pattern in the
fluid phase near the catalyst surface. ‘ ' .
o Average transport coeff1c1ents between the bulk __.
gas stream and the solld partlcle surface have been
i“investigated by many researchers (13 34 68) : Frled—.
'{:lander s approach (34) was to get mass transfer coef—.
ficients from the" boundary 1ayer analy31s around a

.single solid spherical partléle and obtalned,'
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- 1/3  1/2 :
n = 0-89 5777 R, (2.8)

S
Froessling's correlation (8) used the method of

dimensional analysis to correlate the mass transfer
coefficient to the other important dimensionless

groups to get

- o 1/3 _ 1/2 |
Sp = 2+0.6 5777 R, (2.9)

For a fixed-bed reactor, ‘Chilton and Colburn
(17) developed the correlation for the mass transfer

cgefficient,

k Pl !
--m £ 2/3 .
“jD e Sq = £ (R) , (2.10)
and by applying the analogy between mass- and heat-

transfer phenomena the correlation for the heat trans-

fer coefficient, showed

.-

. h 2/3._ o \
H Cpr r . e : _ _ |
. De Acetisband Thbdosf(§7) have summarized the
data available up to 1960 to get the relat1onsh1p be-

tween ]D and R asgs well as between JH and R

. 0.725
jn_= 0.41

In this study De Acetisfand Tho&és’ equétions v-

havafbeen employed to estimate&the‘externa; heat and
e
% s :

T mass transfer coefficients. ‘

a .



iv) Internal Transport Resistances

In order to obtain a reliable simulation of a
fixed bed catalytic reactor periormaﬁce, it is often
necessary to consider the effect of the interaction
vbetween diffusion and reaction within a catalyst
pellet as wellfas the effect of the external trans-
port limitations between the fluid stream and the
‘catalyst outside Surface}.particularly f£or highly
" exothermic catalytic ‘reactions. The overall influence
of these physical processes on the reaction rate is
qonveniently expressed by use of an effectiveness
‘Tactof, which is defined by the ratio of the actual
reaction rate to that which‘woﬁld/be obtained were
there:np diffusion limitations. The determination of
the effectiveness factor usually requiges'numeriéal
 integration of a rath;r complicated system of hon-
.gipea;-two—point boundaryl;alue ordinary differential

-equations. rNumerous attempts have been made to simp-

: Iify”the equations into a more tractable form and in

~ °

 some instanCes)Be@i-analytlcal solutlons have been
’found. - h

Por S\épherlcal catalyst pellet the steady
state material\and energy balance equatlons may be

,written as

et
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{v i)
-~ ' 2"',‘,6 R ) . -
dac : ‘ dc I .
o S N _2. : - =" - Co
" Dg arl + Dy (). a‘EB ) 0 : (2.14) .
r ik . .
-
2 :
ar dar - .
. ‘ . 2 v _ . :
ke 702 -+ k(D) ==t (=8H) £ =0 _ (2.15)
- r : " . . - .
Convertlng the above two equatlons to dlmen51on— :
1ess form by :Lntroduc:Lng the relatlonshlps,
ot - c ‘ - " T i\ ‘ . “s ] , - P
Y c. .
S . .
6 = =
Ts
x = X
- <
o P
2 2 rs (Fs,Tg)
$ =1L : ' )
’ P Pe Cs
. S . p  'C -
B = () R
-gives‘ finally,"
Ay 28y |42 () “ip.Tp)) _ o - (2.1
ax® " oX dxc T (P, T) ' | :



' P_.T
2 ( o

48542 99 + 862 ¢ 30T S o (2an
dx” - x dx - ry (PS Ts) : ‘ o

»

-The boundary condltlons for the above equatlons

depend upon whether»ﬁwi al transport reSLStances are

1ncluded or neglscteshﬂ
P .

ed/the boundary condltlon becomes the Dlrlchlet type»

x =1, Tjjy =1, fe =1
Should the external transoort re51stance be R =
. taken 1nto account, the boundary condltlon 1s of the

'Neumann type due to the ' flnlte rates of convectlve

mass and heat transfer on the surface of the catalyst :

pellet.

..- "_‘j-_l'd‘.b..:.'..o.\'l‘d
SRR 4 SRR -

| ;..;;. (2 19)
.For the Dlrlchlet bound\}y condltlons, Weisz

| and chks (106) developed a sxmple transformatlon

.method to convert,the problem lnto an 1nit1al value

‘Wheﬁ'the latter caSe is assum—

(2as)
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_one whlch enabled a rapld evaluatlon of the effectlve—‘v~

;'ness factor-Thlele modulus curve. H6wever, they

..employed the Adams-Molton 1teratlon technlque without :

“ - -
a



i

fchecklng the - accuracy at the open end of the 1ntegra—‘
utlon path.; L w”a | |
' . Varma and Amundson (L00)" applled the maxlmal

. 3\(‘
and m1n1ma1 pr1nc1ple to compute the bounds of the

‘;’ effectiveness factor for the infinite slab geometry

uw1th Dlrlthet boundary condltlons. |

.-,. For Neumahn boundary condltlons, McGulre and
. Lapidus (73) solved the problem u51ng the Crank?
‘Nlcolson 1mp11c1t method.r However, the dlfflcultles
_>Stlll remalned w1th the large amount of computlng tlme
},though the accuracy ‘was satlsfactory from the engln- V
veerlng point-of—v1ew._. |
_ For the purpose of 1mprov1ng the conventlonal
lflnite dlfference method in solvxng the problem related
to- dlffuslon w1th chem1ca1 reactlon, an orthogonal col-.
:fﬂelocatlon method has recently been developed by Vlllad—

sen and Stewart (101). They employed the 1nterlor
;collocatlon method 1;nwh1ch orthogonallty condltlons
ywere applled tb select the optxmum collocatlon p01nts. .

SThe accuracy was foﬁﬁgfto be comparable to that of ..

_—

i_tion procedure.

"'uconventlonal methods but with a much simpler computa-

e
e

For hlghly actlve catalysts, Petersen (85) devel—
';oped an asymtotic method to solve the non—lsothermal
Dirlchlet problem.v The basic 1dea of thlS method was

’1based upon the assumptlon that when the catalyst is .



highly reactive, most of the reactionbwould be confined
to a thin layer near the extefnal surface of the cat—
alyst pellet. The conservation equatlons, therefore,
may be approximated by those for a slab whateVer the
original pellet geometry may be, and the calculation
of the effectiveness factor becomes relatively easy.‘
'But this approximation'method'is not.applicable in
éeneral at low values of\the Thiele'modulus, usuallyy
_below 2 (52). |

Tofimprove Petersen's approximation method,
; St

~ Paterson and Crésswe11 (82) developed the effective ‘
'ireaction zone method.' In their proposal, itAwa:\\%;J///‘

-assumed that at some p01nt within the catalyst pellet .
‘the concentration of»a reactant drops to zero value,
A parabolic trial function was found to be . quite ade-
.quate for engineering de81gn purposes and the computa-
tional effort involved was- very small by u51ng the
collocation technique.A The major problem involved in
this concept was how the appropriate optimum colloca-
tion point can be chosen. | |
- Quite recently Van Den Bosch and Padmanabhan
(99) examined the effic1encies of different kinds of
collocation methods in their ability to predict the'
. effectiveness factor for the Neumann type boundary con-

‘dition.' Thg? ré@ommended the collocation p01nt of if

Vfor ‘the high reactivity model instead of _;; proposed

57
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by Villadsen and.Stewart (101). Tt was found that the
accuracy of the orthogonal collocation method could be
.improvediby_changing the optimum collocation point'

- from j% toviL for the. high react1v1ty model prOposed

by Paterson and Cresswell (82)“

) The effectiveness factor 1n the tran51t10n
regime . between'the Knudsen arid the bulk molecularj
diffusion. in the mlcropore withln the catalyst pellet
‘lwas treated by Abramov (2, 3) and Abed et al. (1) with
conSLderation of the P01seullle flow in the pores duej
to. the chaage of»the’number of moles of the gas along

the pore length.

v) Effe;tiﬁe Diffusivitx.
L me obtain a'reasonatle‘estlﬁatioh ofjthe effec—
ti?eness factor ltvis pecessary'to use accurate values
'.ofbthe'effective'diffusivitylfor thevreactant concern-d
ed as well as the phys:.cal propertles of the catalyst
-pellet. Satterfield (93) collected a considerable
’L;amount of experimental data on effectlve d1ffusiv1t1es‘
and also proposed estimation methods for the sxtuatlon
V_where experimental data are not available.l_slnce ex—4f
perimental data are still not sufflclent for different
"'reaction systems w1th digferent klnds of catalysts, it
ris frequently required to estlmate an effective aif-

: »fusivity from fundamental data on the’ reactant and the



catalyst pellet in the absence of the actual data. .

. To - explain the complexlty of the pore geometry
d'of the- catalyst voids in evaluat;ng the effectlve
diffusiv1ty,‘some mogels have been proposed. Wheeler
(107) proposed a parallel pore~model to represent the
' monodispersed pore 51ze dlstrlbutlon in a catalyst \
pellet. "In his model the effectlve dlffu51v1ty was
-ldescrlbed by |
~where . |

p=— 1 . @

"(1-aYA)/DAB + 1/DK'A

. - Ny . - :
Ca=1+ g2 : . © o (2.22)

, N S |

., (8 R_T % B R :
Dea = 5 [—mﬂ—] R, o (2.23)

A

<

According to” Satterfield (93) the tortu031ty

factor, T, can be approxlmated as 4 for non-surface
A

'diffusion catalyst pellets.d Here the tortu051ty

; factor was defined by the ratlo of the actual dlffus—‘

'ion path to the average pore length.

Hideo Teshima (46) obtained experimental data

on the effective diffusivxty of carbon dioxlde in por—
. ous chromia—alumina catalyst w:.th avera%g‘t gore dlameter
ﬁof 50 A and pellet por031ty of- 0.41 u91ng an 1sotop1c-'

e e

. PR
LN -

et e
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eXchange7reacti”n metho-._ iis - ﬁ-er' ental values

"were in agreement uth’ parallel pore model when
the tortuosity factor of 3. 4 was employed.
‘_ Since 1nformation about the surface difquion
effect on the catalyst pellet is still limited due to
,'inadequate experimental and theoretical aspects of.
»surface transport phenomena (94), the value of 4. 0
:-for the tortuosity factor for the Alon catalyst pellet
7lwas applied in this’ study. | v '
Johnson and Stewart (51) exploited a. model 1n>
which a porous material could be represented as .a
bundle of randomly oriented cylindrical capillaries J
“with different radii.h In this model the effective

‘diffusiv1ty was described as
Dy = K[D'doxr)' - f"':ul.'u L (229
stwhere"

=”f'cos2 6 av(e)
L Javeey

' (2.25)
The problem in the Johnson and Stewart model is relatgd
3
‘to experimental data for the geometric constant,'r, as
defined by equation (2. 21) " :
Upper and lower bounds for an’ effective diffus—]

‘m»ivity of a binary diffusion system were calculated by<

'Ai;Petty (86) but the need for experimental determination,

**}fof the 'eometric constant, €, still could not be elim-v-'




.'which best characterizes the pore size dlstributhp

: function ag(r). was emphaSLZed by Petty (86) . '
Wak’and Smith (103,104) proposed a random .'

pore model for a bidispersed catalyst pellet to get

-an expression for the-effective dlfqulVlty,

o o (1+3€M)' : oo

PeTPM YT P (2.26)
‘ —_

M
' Wheeler's parallel pore model has been applied to -

'estimate-the effective diffusivity in the Alon catalyst“'
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" -

- for this study.v

* vi)  Effective ThermaIAConductivity

‘In addition to concentration gradients, a temp-
erature gradient may also exist within 1nd1v1dua1 cat-
:alyst pellets during gas—solid catalytic reactions.A
This temperature gradient may have a more Slgniflcant

. effect on the reaction rate than concentration gradient
.ﬂmay have, and hence on the~effect1veness 'of the 1nter-
‘,_nal surface of the pellet.- -

Mischke and Smith (77) measured thermal conduc-‘

.tivities of pellet8~of alumina particles as a function )

'of macropore volume fraction. They found that the

o temperature. The low thermal conduct1v1t1es of alumina'

*if{itself indicated that severe - temperature gradient could.

'f_-be possible in porous catalysts for highly exothermic
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reactions. But tﬁe.large effects of density of pellets
on the-effeetive thermal cenductiuity suggested that
the area of contact. between particles in the pellet
was a 81gnificant parameter which was more 1mportant

than the conductivity of the solid phase itself.

to their experimental results, the alumina

rdi

~ cataly pellet of v01d fraction of 0.4 fillede1th

’ iair at 120°F was- found to have the thermal conauctivity ’

'of 0.082 Btu/hr.ft.°F.



' CHAPTER III.

PREDICTION OF CLAUS UNIT PERFORMANCE

‘Performance“of’the'Ffont—End Burner:

In a conventional Cians process unit; one-third
‘t of H,S in-the feed stream;is_converted>to so, in‘the |
y front-end!burner and the remaining two—thirdsnovaZS
:is,eventually conVeftedito elemental sulfur'in'the‘
.catalytic converter accordang to two consecutlve_
" reaction schemes (l 1) and (1. 2) descrlbed in Chapter'
‘l.f If.an assumptlon is made that the a01d—gas feed '
'stream contalns very small amounts of 1mpur1t1es llke
;hydrocarbons, other reactlons than reactlons (1 1) and
'(1 2) may be ignored in the" calculatlons to predlct ‘
fthe performance of the front—end burner in a Claus unlt.
o The reaction st01chlometry may be wrltten in
terms of fractional conversions of HZS' a and B,'accord—
'{1ng to reactlon schemes (1 1) and (1.2) respectlvely,
.1n the following way when the two reactlons occur in

sequence and not in parallel

nzs+ "2‘2}/?"&7 S-og + HyO0 .1

3-a 1. S(l-a) e @

. \3 ". - R ‘. ‘ - ' )
gazs + 502 ———9‘72582 + gnzo~ ‘v o (;.2)
~-3»-a—'2Bk a=8 . 1.58 - a+28

63
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.The assumption of a consecutive reaction
schemeeis qnite reasonable-since reaction (1. 1) is a
very fast combustion process while the reaction (2)
is very slow in the absence of proper catalysts even
at high temperatures. Furthermore the equilibrium
’constant is ‘much 1arger in the reaction (1. 1) than in

the reaction (1. 2) as shown 1n Table 2 (33) I ‘v'

TABLE 2

EQUILIBRIUM CONSTANTS FOR REACTIONS (l 1) and (1 2)

‘Temperature;f°c T Reaction (1 l)-' i Reactionl(1;2)
700 . 0.5562 x 1024 01592§Ix,1o° E
800 | . o0.1388 x-1023' 70.1612_x1101
~900 - 'o,9éds_g 1019 0.2394 x 10!
1000  0.1449 x 1018 - _10,3320 x 10t
rliod o 4018_x 1018 ','6.4363 x 101
1200 - - ¢.1809 x 105  0.5495 x 10!

14 1

1300 . 0.1205 x.10

0.6689 x 10
' Since the formation of S, by the reaction (1. 2)
may lead to other forms of sulfur molecules such as SG
or 88' it is necessary to 'include reactions (1 8) and 7I5~
.(1 9) along with the reaction (1 2) ‘to completely
descrﬁbe the reaction syetem

e
J



) . e
3s, === s | ' e
};S(I-vl-vz).'O-S B vy ;
-.4 32':::: Sg | | S (1.9)
i.s'sfléul-vz)‘ 0.375 B 92,

H_ere’v1 and vy are defined as "fraction of the

equivalent MOles of S2 which?associated‘fo fcrm456'9r

SB”, and. can be calculated from mole fractions xz, X6

,and XB obtained in the equlllbrium calculation by

u81ng the follow1ng relatxonshlps. o,
. T 3 X v ' L ~ o :
v, = — & | (3.
L%, v 3 xg + 4 xg R o
4% R o
2 T % oA s : s . .
Xy IXg+axg AT |
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,?he'computedgresults-cf values of vliand v, at differ- .

”[‘ehcwtemperauures'are shcwhbon Eigure 2fwhich;wasiob-
‘{jfaiued by‘usiné’the;free energy. minimizatibn ﬁethod.
o In this reaction, ‘the assumptlon of the exis-
atance of only ‘three different molecular spec1es of

sulfur, 2, S6 and 58 was 1nev1tab1e since the exis-.

atence of other sulfur sPecies was st111 controver51a1
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and no reliable data for them were availahle over the
practical temperature range of éhé burner ««<ndition.
In calculating the equiliﬂ&lum compositinn of a part-
icular gas mixture at a fi;ed temperature, the equil-
ibrium distribug&pn betWeen Sz' s6 and Sg was assumed.
In tracing reaction paths which do not follow a
sequence of equilibrium compositions, e.g. adiabatic
‘eaction paths involving the reaction (1.2), the dis-
tribution of the Sh compourntis may not be predicted
because the reaction rate oata are not available for
‘these assocation-dissociation reactions between sulfur
species. For Eﬁig kind,of”situatfon it is often
assumed to facilitate calculations'along the reaction
path that the varlous species of elemental’ sulfur will

»self-equil?brate along that path.

It was also assumed that the feed H S could be

67

completely mixed with stoichiometric amount of air to |

form uniform homogeneous reactant mixture rlght after

_the ntrance of the burner. This conditlon may be

easily achleved by modifying the burner chamberlaéing

J'some baffles or vanes in the path of the reactant

-
S

All'reaction components were assumed to be in

the gas phase and to eﬁhiblt perfect gas behavior over

the range of compositions and temperatures enc.
[ 'a N

-.zA constant pressure of one atmOSphere was’ employed

.



. .‘\
throughout the calculations by neglecting the effept
of change of the mole number within‘the reaction
system. Quantitatively the increase of the total

number of moles infreaction (L.1) is 0.5 mole per

10.14 moles of the feed mixture as illustrated in
_‘Figurep7.’ The chanée_ofbthe total number’ef moles due
to reaction’(l;é) depeudsiupoﬂ~the-reactiou tempera-—
ture.' After reaction (1.-1) has been completed, the
temperature in the front-end burner becomes hlgh
-enough, as shown in Flgure ‘4, to make the average
u‘number of atoms in sulfur spec1es smaller than 3. Then
.aynetilncrease 'in the total-numberrof molesvcan.be
predicted due to reaction (ldé).' Therefore, thefapprOXs
imate maxlmum pressure decrease due to reaction (1.1)

" and (L. 2) is expected to be about. 5 percent of the
'feed pressure.. ’

The fOllOWlng data for heat of reactlon (54)

were used for reactlons (®.1), (1.2), (1. 8) and (1 9)

H298 (1) =';123,924 cal/gmolebof st
e 'AH;98 (2) % f.5,§§5 cal/guole bfiHZSx
AH;98 (7) e _-2#,553 cal(gmelerf S,
:AH;QB k8l ='-?241253 cal{gmole ot ;2 ; y

s . . LN
N

; : : L ) ‘ - : ,
The product mixtures were assumed to contain'Nz,

-

H s, SO

2 Oz 'S

»27 Hz, S,+ Sg and Sg.  The thermodynamic



1br1um conversion can be predicted when the equ111br1um-

equilibrium compositions between different.sulfur

species along the reaction path were obtained using

the free energy minimization method (72) and publlshed

cherﬁodYnamic data {71,105). The derxvatlon of equa— :

tions>to get adiabatic reaction paths in the front-end.
burner and the related computer programs are preSented
in Appendix C. . - | |

- Reference to the forﬁ and magnltude of the

equllibrlum constants for reaction_ég l) and (1.2) as

tabulated in Table 1 and desoqébedﬁ%h the follow1ng

PR
‘expre381ons — ¢
 Pso, Pwo  Yso. Ygo wo |
K S = 2 2 T2 (3.4)
psl P""-P 3/2 v v 3/2 . y
- HZS O2 | HZS‘ 0'2 -
. - .'rﬂg .
" S3/n_ 2 3/n 2
Lo - Pg T Pyo . ¥g Yu.0
K .= _n_ 2 _ B 2" 3/n-1 (3.5)
R T T mive T
il ¢ HS ',S°M2 HyS 9?32»
N

jshews %hat reactlon (1 l) 1s essentially irreversible.

_Equations (3 4) and (3 5) also show that equlllbrlum

composltions are relatively lnsensitlve to pressure

>-,changes, and when the total pressure, n, equals one

_atmosphere, the?%are 1ndependent of reactlon pressure.

The effect of the lnert content on the equlll—

-y
ro o A

“ge]constant is described in terms of conver510n. Based

bidupon the stoichiometric feed ratlo of H‘S an&.SO% -

o : . ) N ";z m,( “.., *‘J '



in the preeence of I-moles of inerts per a-moles of

SO, the equilkibrium constant for reaction (1.2) may

2"
be obtained in terms of the fractional conversion of

S0, . ' o | o

: 3 3/n N | (1-3/n)
: = (X_ 3 oy 1. 3 _ L (3/n-1
K, 2= (59 & (P g+ -1} /n-1)

- ceeens ' (3 6)
where Nv is the total lnltlal number of moles in the
feed mlxture, which 1s equal to (3a + I). From equa—
tlon (3.6) 1t may be found that the equlllbrlum con-

'stant for the Claus reactlon is a function of X -and

(1;) for_a constant value of n at one/atmospheric
_preesure} For the@value of n/equal»todB,prlz appears
'tO\be.constant for a fixed value of X, which means
there is no dilution effect on the conver51on level due
to 1nert gases as long as the st—SO2 feed ratlo is-

_ malntalned at the st01chlometr1c 2 to 1 ratlo. When n

'.13 not equal to 3, the value of Kp é may decrease or
,

- increase depending upon the values of (——) and n. If

n is less than. 3, there is a. net increase of the total

70

number ot moles due to the reactlon Whlle a net decrease‘

'for the value of n larger than 3. When n is much less
.thanv3, the Egyillbrium conversion level ‘will increase

ae the'inert content'increases. On the other hand,

'when n is much larger than 3, the equlllbrlum conver51on,

- o o
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1
o

level will decrease with the increasing inert content.
For the value of n which is around 3, the effect of
theuinert content on tha c0nver51on level cannot be‘
easily predicted ‘from equation (3 6)

The computed results plotted in Figure'3 shows
the interestinqvbehaViOr of the equilibrium conversion
level depending upon ‘the 1nert content and the average

- number of atoms in the sulfur vapor. Figure 3 really
1nd1cates that the converSion level of the Claus re-
action can be improved or deterlorated by 1ncreasing.
the inert content in the feed stream depending upon
the operating temperature. When the operating. temp-

e%ature is above 900°K, the conversion level 1ncreases

Vl ,

_the increaSing inert content, while the convers1on

P / ’ Figure 4 shows "fractional conver31on of HZS to

Y o

Qv
S plus SOZ" as a function of the reaction temperature

where.the_conversionIX»is defined by
. ' : B

: X = ' : - —

[Moles of H S in acid-gas] [moles of HZS leav1ng the burner]

[moles of st in ac1d—gas]

.‘o...'o (3 7)

.
'In Figure 4 the lines below the dotted level of 33 33

conversion level represent reaction paths according to ;

'TL‘;
ot
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-

‘the reaction (1. 1) while the 1ines between the equil—
. ibrium curveland the "33, 3% converSion level represent
reaction paths according to the reaction (1.2). Zzhe
bottom curve in the family of eduilibrium‘curues‘in '
the upper part of Figure 4 shows an X-T plot for 100%
- HZS content in the acid—gas, 1 e. for no: removal of
produced sulfur, while the other curves represent the

Bl

same gas but after 1ncrea81ng levels of sul fur removal. -
™ Figure 4 shows that removal of 10% of produCed
'e&uiliﬂ@ium content of sulfur vapor followed'hynﬁee'
equilibration of the reaction mixture results in- addi-“ﬁ
‘_ftional converSion of HZS to S .according to reactionx
(1. 2) from the Q% sulfur removal curve, to the 10% one.
Thus the ordinatbs for the family of curves represent

. the cumulative convgg31on attainable after a number-of
process steps during which the reaction system remains

-

closed except for the removal of sulfur.
Fi;ure 5 shows a low temperature’portion of

Figure 4 on an expanded scale to facilitate examina—

vtion of reactiou ‘paths for reaction (1 2) in a catal-
;ytic converter.r Figure 4 andaa§gure 5 will be usefqg_\hgﬁh %%
for burner and catalytic convefter calculations which
linvolve'reactions (1 1) and (1. 2) occurring sequent—

ially but under adiabdtic flame conditions.‘ B _—
| Ths equilibrium converSion of reaction (1. 2)> .gasg'

’is temperature dependent at a fixed inert content as

<
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' 800°K depending upon the level of sulfur removal as

‘temperature range and an endothermic reaction schemev

--the X-T relationship

76

shown in figure 4..At 1om temperature ranges of below
800°K, the equilibrium conversion decreases as the
temperature increases, while at high temperature
ranges of above 800°K the equilibrium conversion in-
creases as the temperature increases. *The minimum

conversion occurs at the temperature'range of about

n
“-

shown on Figure 4.
The existence of, a minimum conversion point in
the reaction (1.2) can be explained by the association-

dissociation reaction between different sulfur speCies,

which causes an exothermic reaction scheme at the low

.. v.’{l’ 7z

at the high temperature range.V The'plots in Figures
e %

3,4 and 5 are thus: really characteristic of reactions

.(l 2), (1.8) and_(1.9) rather than of the reaction

Ty ‘ : : » . K

(1.1).
Since adiabatic temperature rises are non-

equilibrium reaction paths in which the x-T coordinates

are uniquely related by the condition that the enthalpy

of the system remains constant, equilibrium con51der-

ations in the reaction mixture, except for'that be-

E'tween“different sulfur'species, are not required to get

, S . ax -
The magnitude of~the slope
s dT

,at constant enthalpy of the system depends upon the

sign-and the magnitude of the heat of reaction as well
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as upon the capacity of the reaction mixture to absorb
the heat released, or vice-versa.

o Thé'effect of inert gaées uponAthe dx/dt curve
fOr,re;ctidn (1.1) was'computed, as shown in Table-3,
to estimate the ihhibiting effect against a temperature
' rise for cases of.lbi‘éxcess amount of.Nz, 2Q%'and 40%

of additional CO. contents in the acid-gas. The inert-

2
ness of CO2 was checked by using a feed acidQQas con-

taining H,S and CO, to get product distributign~which

2 2
. might;géntaih cQS and CS,. The coﬁputed resuits“in
Figure 6 showlthat CO, contents in the acid-gas stream
can be treéted QS‘an‘iperﬁ'éés,in this pérticplar\study
~to prédict‘the;adiabatic reaction.path.in the front-end
burner éince'£h§ conv§rsi6n of CO, to.CQS'anc‘i_CS2 is éo
' sﬁéll for fhé given‘temﬁératu:e and'pressufe.conditiOn.f
The iﬁfluence 6f.6thér imburitiés present ihwthe‘;cid—‘
gas in éﬁall'amounts-wéye neglected. |
'Figuré 7 ilLust:ateé'the'bésisjon Whigh the

2 I

’ {l;‘fﬁ'#
et

‘ddiabatic temperature riéeé'iqwthe fréht;endnburner
.v;m;y”be.pfédictéd.f The.fempefgture rise, (Té-Tl)}ure—
sults fro@.reaction'(l.l) oécuring'to completion,

'xué70.33, along;anfgdiébétid reaction path; (T5-T,) is
.‘tﬁé:s;ight.tembefétu;e drop'arising fr6m‘the-furthér
conversion via reactions (1.2), (1.8) and (1.9) to
‘Hfé?@hah;§nglibfiﬁﬁ compositi6n_offréactaht$ (H2S and

: ),”

1$92?r>p:gquqt§ (s2J>§é.,Sa‘and'Hzo)~and an inert (N,



FRACTIONAL® CONVERSION OF CO,

FIGURE 6: EQUILIBRIUM convﬁksxon OF . CO

A

Feed comp081t10n (moles)
328 30.0
o, 15.0

N, 56.4

- Co, - 20.0

Pressure: one atm.

1000 1100 1200 1300 1400 1500 1600 1700

, IN THE FRONT-

END BURNER
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. Further cooling occurs within the waste heat
Soiler and is assumed to produce either a cooled gan-
eous styeam (in a once-through process) or a gas and
1iqﬁid sulf@rwmixture at'the-Vapor—liquid gaturation
temperatuxé of sulfur. The actual location of the

temperature, 1 may be conjectural. To predict the

3’
plant conversion levels use can be made of the above
sequential reaction scheme.

Adiabatic X-T'p§ths have been plotted in Figure
4 and 5 for various iAlet temperatures T,. These
paths all terminateqat X = 0.33 as described above.
Fﬁrther adiabatic tempefature changes via_reactions
(1.2), (1.7) and (1.8) are shown in the region above
X = 0.33 and -below thg equg}igrium‘curve labeled as
"0% sulfur removal”. \j

Each of the T,-T, paths will terminate on an
x*- Tf equilibrium point. thn the‘aAditiOnal cooling
- occurs in thé waste»heat boiler section, ﬁhé reaction
iraﬁe,will be suppreésediaﬁd the rééulting change in
state may be followéd along the constantuconversiOn
line until the specified temperature T, is aptained.
The extent‘of;9601ing to T4 along the constant conver-
sionﬁline'ﬁili;determihe whether sdlfur condenses oOr
remainé‘in ﬁaﬁdrhéhahe.4

One point to be empha31zed in Figure 4 is that

7

‘the conversion X represents total conversion baSed on



( |

- so, and s, via two reactions‘(l'lf’and”(ﬂ'2) ﬂﬂihe

82

the initiallnzsvfeed,fi.e,'COQYersion‘of‘HZS to both”

dotted line labeled 1-2- 3—4 in Figure,4 illustrates

the reaction paths fdr a 100% st acid-gas undergoing

the process already described above._ If 50% of the

‘ . A

= sulfur 80 - formed is condensed in the waste—heat bOiler -

and then separated from the reaction mixture, the

vi curve in Figure 4 labeled "50%" would describe the

: for such austream composition.

subsequent equilibrium x =T :compositions permitte? ;.
o ,

Here, the equilibrium calculations and estimated -

»X—T paths do not’ indicate whether the predicted temper-

—

ature rise is sufficient to maintain a stable flame

_temperature in the burner or not This condition must

r

"f.be specified on the basis of plant experience.

: The adiabatic reaction paths whfch have been

f calcu}ated were found to .be quite dramatically influ—

enced by the equilibrium distribution between the sul-

fur.species,}s2 SG and Ss, at some temperature rangefﬂai

: especially between 700° and 1000°K.

‘ The discontinuity in X-T paths at x/— 0. 33,

h-strictly speaking, is not realistic, but appears of

gconvenience in analytic calculations, because the

'“overall temperature rise during the overall reaction

.paths- would become the path from T, through T3 j;n'
'this sense ‘the slope of the reaction ‘path has its



'.»meaning ultimately to prgdict the terminating product
titemperature from the,front—end burner just before the
ffcata&ytic cbnverter.;, - o - IS
- : o ; &> o
?”PerformanCe'bf the.claus catalytic-COnverter T

”'corresponding composition, 4% nd x4 in Figure 7, of

:boiler, further reaction may be promoted by contacting

lthe stfeam with a’ bed of catalysts.

OVA

REPI el
pon specifying an .- exit temperature and the

@

1 the product stream from the particular waste-heat

The cooling process from T3 to 'r4 contribut

not only for condensing of sulfur formed in the

':°front-end burner but also“fqr obtaining a. higher equil-

ibrium convarsion 1eve1 “in’ the temperature range below

'>800°R.; This additional sulfur formation and increaSing )

v_the overall conversion level by alternately cooding the

»

rgas stream and then passing it through a bed of catal-

yst is the most popular scheme in a,"once-through“f"
sulfur recovery process., To predict the overall per—b

formance of a Claus uni@la proper mathematical modeling_'

of the cqtalytic converter is also required in addition

" to the front-end burner calculation.

Various kinds of mathematical models for a cat-

vialytic fixed bed reactor have ‘already been discussed in
. the literature survey. In the case of a Claus cataly-

ttic converter thd catalyst bed is very large in 1ts



_diameter (15 ~ zolfeet) and the depth is much shorter f{

"(3 ~EI feet) COmpare&'to its diameter. Therefore thef 

.

l‘-srssumption of adiaba ic operation is realistic, in 1fu

which case the one—d:Lensional model is applicable 1n

. the absence of radial concentration,and temperature,
*gradients._‘ ‘ S - ”‘ o

: For the above\reason, a homogeneous one-dimen-r

-

sional model was adopted to simulate the Claus cat—-f-"

alytic converter, more particularly that originally

bdeveloped by Liu and Amundson(sz),.their so—called two—ﬁ fr

'-phase model. According to this model, the gé%eral

'transport and reaction processes in the catalytlc bed yf];j:

‘ D %,

_vmay be described by the following equations.,ei‘~

e, A e
fr+~Am m £

dz.“’.\cB.f

vint N
o -Aﬁ-,
- f- T‘s).»+ ;EB (TW- Tf)

- RUNEE Ah R
o pf pf int dz * e
L . *B

’:0 ' _ L ‘ ©(3.9)

~

' : , a2 Ty o
A'l‘hh (T = Tf) + n 4H pB vsr (Ps"?s) - ke "—T ="0
' f(3.1-1)

,J?‘

Ce - Cg) - By ks o @

'*“_1§ms*ms<cg,* Cp)l +nopg Ey (BT =0 (310



ffj;f,the Alan_cat&IYSt-' ACt“‘lly tr

In the above equations. th -1

'1E”be used herein is the -one: propo ediby Liu (66) for

model by Liu and

gif:amundson (62) 13 modified by including the internal
:hetransport resistances through the insertion of the

jﬂ*igasors (30,49 102)._ | | -
f.-.[n;} By assuming the following conditions.o;ffl‘f'

. (l)_-Negligible axiel dispersion ’Tﬁj:'
:(zi:iNﬂgligible axial, conduction :r71"

- e (3) ‘Uniform velocity profile across the bed

(4) Adiabatic condition with surroundings
\(5)-;Constant pressure along the reactor i

;(5) fStoichiometric feed ratio of HZS and so

' (7)1'Equilibrium distribution of sulfur specxes lﬁ7

;between 82"36 and Salat the given temper-r
"iature along the, reactor "‘4“_ :
:(d):funiform concentlation distribution on the..

catalyst external surface | o ’

19)? No ‘Poiseuille: flow in the pores, i e., a -

te expression to o
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“E-L;effectiveness factor which was ignored by msny 1nvest-'ﬂ_u'

negligible change in the number of moles of ;

.theoreaction mixture.

the general equations for heat and mass balances may

be redueed to a simplified “form as presented in Appen—

:dix E. The resulting simplified equations to be solved

ibecome. in terme of dimensionless variebles,.



.. dx!

Et Al xg -x,-)'i-;-". ° o ean
e T ng (f f 5)- / IR Ag
Ry (X DX 4 — — ‘exp. (3 )= 0
2 £ 78" oo o r .
. - '-s e.\a) .\-,; (3 13)
:»££%\¢ Equations (3 12) and (3 13) were solved numer-‘

'fically by using the Newton-Raphson method in equation :

\';fmethod in equation (3.12) repetitively starting from f'
ﬂlf;the inlet up to the outlet of the reactor with the

.u;ﬁfprecalculated value of the effectiveness factor.

The most important consideration in ‘this treat-
‘ment arises with the effeﬁfiveness factor of the cat-
"alyst pellets. whose effect on’ the actual reaction f
rate is implicitly included in the parameter A in
‘equation (3 13). The various methods to calculate .
,-or estimate the effectiveness factor of the catalyst
pellets have extensively been surveyed in the litera—
ture. survey.. .

] -

5$he appropriate choice of a calculation method

‘dfor the catalyst effectiveness factor. can reduce much

of the computing time since the effectiveness factor .

' should be rapeatedly calculated along the reactor bed

: ¢to obtain an accurage prediction of the reaction path -

f:through the bed.' The’ first step to be taken before"

‘;f.(a 13) and the standard Runge-Kutta—Gill integration.f_

A'choosing any proper calculation procedure is to decide~ g



»whether the reaction involved is in the fast reaction
regime or. in the slow one.;'In the fast reaction re-

'fgime the concentration of a reactant rapidly drops, to

‘7_zero before it can reach the center of the spherical -

»catalyst pellet while it gradually decreases until it‘
can reach the center of the pellet in the sSlow: reaction

‘regime.

To decide upon which reaction regime is applic—

,Aable, the concept of the Thiele modulus was used oo

| . For epherical catalyst pellets, the Thiele modulus isv5

’ defined by (94) _ S

eyl e
2.8 8 - (3uae

-'FOr”Thiele‘modulus of iese than 0,5, most of the reac-,

1tion occurs in the entire catalyst pellet in’ éhe slow
- reaction regime which means that the reactio; rate is'
slow enough compared to the diffusion rate for the"“
“catalyst effectiveness factor to become approximately"

l.v ¢he other hand when the Thiele modulus becomes

. larger than 5 the reaction occurs in the fast reactionj'

B regime where the ieaction rate is fast enough compared-'

'7lt° the diffusion rate to make :re effectiveness fa%;or‘
;much amaller than unity (61)-»f o -

e In this study, the calculated value of the {;
iV\x'hiele modulus (I\ppendix F) at the reactor inlet

87



) ‘ffgas ahown on Figura 8

88 -

conditiona ahova that the raaction occurs somewhere

*fbutwaen the.talt and the alOW’roaction regimea since

_?:“th- caloulatad Thlala modulua’Ii about 5 This ‘value,
f~5of tha Thiale modulua anablaa tha asymptotic solution
'-»::”of the transport aquations to bo uaad to obtain the

<7affeotivunesa factor with an arror

r.f'

'xI, dofined ‘as tho point in the catalyst pore where

‘u\the eoncantration of the reactant.might drop to-zero,'[f“'

‘gfalls 1n betwnen the external catalyst surface and

.;the centg;, Van Den Boach's collooation method (90)

lf;iwas modified an applied to this reaction system. The \

_:'Qreaction 8ystem (Appendix G), which was solved using
ﬂithe falsa position mathod to qat x with the optimum Ny

t'--5"'5"_""(39)"‘1!o:|:~ tha high reactivity model.. The calculated

<f,35“°“”‘°t°’ "l8 n°t bﬂ O*pected b, employing ‘the shell
‘ c}iNOdol on & flnt alab approximation in this particular -

"lsltuation"'audginq from the abovu prelimlnary invest-

; ~;°°11°°&ti°n190int of 5%1 as. proposed by Van Den Bosch N

thanlhlas and aioks' conventional method (10&1

v ':-oollocation equa tion ‘was derivad for this particular 1'f!57‘A
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was iuppoeedfto'be'the most proper method to calculate
i'the effectivenela factor. although it was a little 91°w,
»”and required a number o! iteration.'

' ; The detailed deriwation of equations to- apply
_i’the Nbia: and Hicks' method to this study is pfesented
”-fin Appendix H with the related computer program _'For

"'i”the putpo'. of comparilon the asymptOtic solution using

llfthe approximate flat-slab model was also ohtained as
npreeented in Appendix Fs_ The calculated values of the
-eftectivenese factor by both the conventional numerib—
al method and the asymptotic method are shown in
‘ Figure 8 as a function of the Thiele modulus. ln
Irigure 8 it can be found that the difference between
the two methods ie significant when the Thiele moduluS't
is’less than 10 and negligible when it is larger than ,
10, ,The Thiele modulus at the reactor inlet condition5

. was. calculated to be 4 4 and at the outlet condition

- 5.4. The calculatiOn procedure was’ gi!ep in Appendix

"B and H. The corresponding effectiveness factor of
R

0. 18 and 0 15 may be sean in Figure 8. The maximum B

- percent deviation of the etfectiveness factor is,%

' ﬂtherefore. about 8 3&. Furthermore the effectiveness

: factor ie,essentially a 1inear function between the

'7‘!hie1e modulua ot 4.4 and 5.4 as may’ be recognized in

nr{,rigure B.A Aa & reault, the arithmatic average value

‘f};;of thgyeggectiveneas factor between the inlet and thev




outlet condition was treated as an overall effective-
Aness factor for the whole length ‘0of the reactor bed u
In further calculations to predict the characteristic
nperformance data of the Claus converter the overall
constant effectivenees factor with the value of 0.17
:has been applied. o ‘

The effective diffusivity was calculated using
the parallel pore model based upon Chuang s‘experi-'

-mental data (18) for the pore size distribution of the

5 Alon catalyst. The average pore size employed was

80 ﬂ in which range the diffusion phenomena certainly

‘ occurs in the Knudsen diffusion regime. The tortuosity
factor was chosen as 4 0 in reference to data by Hideo
' Teshima (46) and the recommended value of Satterfield
(93) The calculated value of‘the effective diffus-

ivity was O 001888 as shown in Appendix D. .

: ’ The effective thermal conductivity data were "
ivery limited. Fortunately, however, the catalyst
pellets concerned in”this,stu&y haye pore structures'
fiof small enough dimensions to be Operating in the
- Rnudsen diffusicn regime., Furthermore the pore size
'pfdistribution range around the average value was rela-
_’tively narrow according to Chuang s data (18) . Oper-

' ation with this type of a- catalyst would therefore be

91

:-expected to he free Gf internal thermal effects within L

vﬁthe catalyst pellet and justifies neglecting of these

8



effects even under the severe mass diffusion effects

(106). - Often the effect of the thermal conductivity

'becomes very important forx the pore structures of

non-Knudsen diffusion.regimeA (X06) .
The dete obteined'by'Mischke-and Smith'(77)-gave'the

value of the effective thermsl conductivity of alumina

'catalysts with macro void fraction of 0.4 equal to o

. 0.082 But/hr f£t.°F ‘at 120°F under the atmospheric

environment. ~This velue was used in this work,to pre-

dict the intraperticle\thermal effects. The results

~of calculations indicated, as presented in Appendix F,

. that the internel thermal effect mey be neglected

For this kind of, small pore structures, the

ebove analysis implies that the effective diffusivity:

’rether then the-effective thermel conductivity may

_ pley a very decisive role. Because of the absence of

92

the internal thermal effect- the energy balance equetion B

'within the catelyst pellet does not need to. be consid-

- ered when computing the effectiveness factor, i e. the

3.3

'Results“of Reator Modeling'

mass balence equetion is the! only equation to be solv—’

:f°d~ o

4

..)‘v

The temperature and the conversion profiles

‘;*;alonq the cetalyst bed ere plotted in Figure 9 for a

'fffeed,temperaturejof:550'K and- space velocity of

>
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1000 hr™).  The profiles indicate that a significant
amount of reaction occhra at the entrance of the re-
actor bed and almost maximum conversion may be reached

WAt the depth of about 2 feet. With this prediction it
can be suggested that if the space velocity is in-
creased to a higher level than 1000 hr™ !, a greater
Yield may be obtained without affecting the reactor
efficiency.

In Figure 10, -the effect of the_axternal trans-
port resistance is shown for the inlet section of the
reactor sipce the inlet section can have the greatest
g;hdiént in temperature and concentration when the
significant reaction occurs at the inlet section.
According to Figure 10; the effect of the external
di{fusion effect is quite negligible even in the inlet
‘section while the thermal resistance is considerable.

The negligible mass transport resistance in the
fexternal fluia fiIm can provide a unique steady state
80olution of the transport equations (3.12) and (3.13)

'Cebeh with’considerable therﬁal resistances. The pos-
~ns:l.bil‘it:y of the existence of multiple solutions due to
‘the external reaistance was checked by solving the
equation (3. 13) for x with Xf as a parameter using
the false position method. The computed results are
Plotted in rigqteill.'ZObviously no multiple solutions
may exist undermtﬁélrgaétion conditions of this simu-

: laﬁiOn and, of-dcqrsp} uhder the practical plant
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. F(X) = A, (X, - x‘)

A (f f2)l 5 -'A
+ rxp(-—)

\ .

e 5
FiXg)x 10
(=]

 FIGURE 11:

e

CHECK ON THE EXISTANCE OF MULTIPLE

SOLUTIONS DUE TO . EXTERNAL TRANSPORT

RESISTANCES
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. operational condition.

Figure 12 has been plotted to evaluate ther

o ’effect of the feed temperature on the X-T plot with a

-1

-vgspace veloCity of 1000hr . The slope of g—vappears

to be- almost constant for the different ‘inlet tempera-~

o

‘tures.: g‘ e . o S
' Figure l3 represents the effect of the feed
_temperature on the temperature profile along the”

) reactor with a constant space veloc1ty of 1000 hr 15?-
fi From the slopes of the temperature profiles it can be
Vpredicted that the feed temperature should beoabove
VSOO‘K to get high enough reaction rate’ right at the

.hentrance of the catalyst bed. - _ -

S Figure 14 shows . the effect of‘the feed tempera—
~ture on the converSion profile along the reactor with

a constant space veloc1ty of 1000 .hr L.‘ Judging from
the slopes of the profiles it can be confirmed that the
fast reaction rate right at the entrance of the catal-_

yst bed can be achieved when the feed temperature is

- above 500°K. The difference ‘in the conver31on 1eve1

'3iappears to" be negligibIe at the outlet of the reaction.
ibwhen the - feed temperature becomes higher than S500°K.

' Figure 15 indicates that the effect of the
space velocity on the conversion level at the fixed_

'feed temperatﬁre\/f”3509x is. significant when,the
space velocity exceeds 2000 hr'l, ‘but negligible when

97
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it is below 1000 hr™:, .
What should be noted in this modeling . regults
is the fact that the reverse reaction of the Claus
B process was not taken into account due to the lack of
knoéledgc on the rcte-of,the-reverse reaction. However,
thqkreyersevreaction.rate'was found hoybe negligible
combcred'to.the forﬁard reaction rate in:ith‘m&gniﬁude‘
under industrial Operation conditions according to Liu
” (66) in his statistical correlation of the rate ‘data.
-_:Another point which should be made here is that simul-
taneous reactions which may possibly occur in the Claus
regctor, for example the. COS~-SO2 and: COS-HZO reactions,_

’have not been. considered in this simulation work

L] . -



CHAPTER IV
| DESCRIPTION OF EXPERIMENTAL SYSTEM

The experimental equipment consists of three major
parts: a reactant feeding system. a reaction system and an
n\analysis system. The reactant feeding system was originally
designed and built by McGregor (72). to which an additiona1°
. 'COS feeding line was installed in this work. In the reac—

- ‘tion system, an integral bed reactor was employed instead

T of the differential recycle reactor which had been used by’

McGregor (72), Liu (65), and Karren (53) for their kinetic
-studies on the CIaus reaction. To analyse the feed and the:

product streams a gas chromatograph was used.

4.1 'Reactant Feeding sttem:
N The schematic diagram of the reactant feeding
v'system is" presented in Figure 16.. The feeding system
‘starts from gas cylinders, éach of which ‘has been '

feguipped with its own pressure regulator. In the nit-

'rogen feed line a second pressure regulator w351prOVld— =

.'t]<ed in series with the first to improve the . control of
sfnitrogen pressure upstream of the flow controller,

fsince the nitrogen cylinder pressure tended to drop

: imuch faster due to its much larger flow rate compared‘

'*7~ifto othsr_reactants. L A N

0 - ﬂ!aeh gas stream except COS ‘was: dried with
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FEED PRESSURE
TRANSDUCER

4 SURGE TANK ,
e - D -:%-——» TO GC
1. THERMOCOUPLE : ‘

MIXING
VENTURI

| .' FLOW

CONTROLLE R

‘ROTAMéTER

DRYER

" FLOW
CONTROL
" VALVE

PRESSURE
REGULATOR

" PREHEATER.

PIGURE 15? SCHEHA'I‘IC DIAGRAM OF THE RE,}\CTANT PEEDING
SYSTEM o ,
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anhydrous calcium sulfate contained in a 500 ml stain- B
less steel cylinder to prevent the homogeneous reaction
‘between H,8. and 80, in the presence of condensed
: water vapor. The COS cylinder was checked for water
'impurities and in the absence of water content a COS‘
?drier was. unnecessary. |
| Glass rotametersluith stainless steel balls
7*were used to control the flow rate of each reactant
stream along with the flow controllers of diaphragm
;type A surge tank was installed in the COS feeding
’ 1ine to improve the feed pressure control without 7
| using the diaphragm type. controller. The rotametersv
‘ did not give accurate readings of the flow rates, so
..vfthey were used only as .a visual indicator of whether
_the flow rate of reactant streams remained constantr
aThe accurate flow rate of each reactant stream was |
obtained by the Gc analysis results of the feed stream
~combined with the measured total flow rate.
The‘reactants were mixed in the mixing venturi
.to form the feed mixture of desired composition, ’
afwhOse total abaolute pressure was’ measured by a
-Tarbxboro 66 33-2 electronic absolute pressurq/transducer

'tiand vhose tamperature was measured by an iron-constant-

~ The total flow rate of the feed mixture was




106

measured by a Foxboro 613 DL differential preesure

cell and-controlled by a'Foxboro Stabiflo 6R-v%

control valve. A surge tank with a volume capacity

" of 500 ml was used to eusure‘complete mixing of the

reactants before they,reech the control valve.

A variable portion of the feed mixture on the
, \ v

upstreaim side of the diffbrentfal pressure cell was

-fcontinuounly vented depending upon the desired flow

-.rate of the feed mixture through the reactor.

Another small portion of the feed mixture was intro—

-

‘ duced continuously to the gas chromatoqraphic detector

for analysis of the feed composition.

-

Peed—Productfhndiysis,System:

The composition of both feed and product streams

was analysed by a gas chromatograph equipped with a

' ‘Beckmen - 320 programmer, Infotronics Aerograph 471

o recorder." The schematic flow diagram of the analysis

‘ 432;1 sgggration of oogpgnents in Gc COlumn .

: system is presentea in Figure 17.

digital integrator, and Hewlett-Paokard Model 17503 A

S

P2

ra'separate all components in the gaseous re-

"actant and product mixture the Gc column was arranged

'fféin a_threo-column—innseries mode. ‘All of the p0851b1e

'5fcomponenta. Nz, coa, st, cos, so2 and Hze were

s
M
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" FIGURE 17: ~SCHEMATIC DIAGRAM OF THE ANALYSIS SYSTEM
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separated using three columns in series; the first
column was a 3-foot Chromosorb 104, ILhe second a

6~ foot Porapak QS in 50~80 mesh, and the third a
3-£oot Porapak T. All of these columns ware made of

<?73/inch diameter 8S 316 stainless steel tubings.

According to experimental results for optimum
column arrangements, the longer the Chromosorb 104
columh became, the better was the resolution between
SO, and H,0 peaks but the worse between COS and H,S
.peaks. In the absence of the Porapak QS column H,S
and COS peaks complefely fused into one large peak
ﬁhile the separation between SO, and H,O peaks was

2
excellent with almost the same elution time as ob-

tained in the presence of that column. Porapak T
column'improVed separation of st and COS peaks but
' hade the elution tiﬁe of 802 and nzo peaks longer
causing excessive tailings in. both peaks. With the
optimum three—column-in-series arrangement, 3 feeat
of chromosorb - 6 feet of Porapak QS - 3 feet of

1 Porapek T, the total .elution time was about 12 minu-
"etes‘with good separation between each peak at the

: column temperature of 190°F. The temperature control
'vv_o: the GC system was performed by Honeywell R 7161
ﬁemperatq;e‘conttolleffandedisplayed on Honeywell

| .Blect_gqnik 16 mltipoint t“empe.:"att‘i're :eeqrder.

\
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The experimental results showing a comparison

marized in fgble 4.

TABLE &4

Abetween dlfferent column arrangements ‘have been sum—

<

COMPARISON BETWEEN:DIFFERE&T_COLUMN‘ARRANGEMENTS

Column

~ A=

B = . Porapak QS column

C =

Pofapak T column

“ Chromosorb 104 column

-

Numeric value = the length of

a. cplumn in feet

e

Elution

olumn

o

111ustrated in Flgure 18 using the selected optim

;column,

[

A Seoarationv ' Helium .

‘ -Arrange- Flow Rate Time emper-

No. ment HZS—COS SOZ—HZO _(ml/min) . (min) ature (°F)

1 4A+ 6B  good good 15 30 120 L
2 4A+6B+3C  good - good 35 .16 200

3 6B+ .3C good_ fused - 35 ucessive 200

o _tailing
4 . 1A+6B+3C igood fused. 35 - less . 200
: : — tailing '

5 " 3A+6B+3C good . . good 35 12 190

The feature of the,separaéion of each peak is

column No. 5.

v
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Column Arnangemegt- Colum No.5

. ' - in Taple 4.
~ : - Helium Flow Rate - : 35 ml/min

~ s " Column Temperature: 190°F

o~ . ‘ Chart Speed : 0.5 inch/min.
£l . Sample Size : 5.0 mI . .

~ ' '+ - 'Attenuation : As noted

zZ ’ : 250 mA

‘Bridge Current

s
N 4
]
: -
*
w
g O
— (3] _
B : ) .
¢ 1 N
O .
U .
1 IR | ey N
0 z 4 6

T:MEJAETER SAﬁPLE INJECTION,jﬁINUTE;

FIGURE lBR TYPICAL CHROMATOGRAM FOR SEPARATION OF
N : 2, H2$ COS 802 AND H2 ,
B : ‘.



111

' 4.2.2 Selection Valve -and Sampling Valve Mode

fwo Géuay valves were used'tofselect'andasample‘
Athe ‘feed and product stream alternately. The struc—
ture and the detailed description of the Operatingi
condition of both valves were given by McGregor (72)
'and Liu (65) Both valves were actuated with air
pressure of about 20 pSl 1nit1ated by a manual push
”button on the control panel, the product stream ‘was
- selected by pushing the button and the- feed stream
‘;*.was selected when the push button was in the pulled--
out position.'fﬂ,f ) ‘
. The sample injection button on the programmerr_
: chassis was pushed down manually for 13 seconds to -
’sample the selected stream for GC- analys;s. 'The;
automatic sampling action by the cam adjustment had
.been employed by the former researchers (53 65 72)
}dbut was not used in this work because it was found to
;.cause significant noise in the electrical circuit v_>

'if which extends from the Gc output to the recorder, the

integrator and the computer.

~

K ”4;213 iAttehuator Setting
The individual attenuator in the Beckmann-320

'h{programmer which could be automatically actuated by

fadjusting the microswitch can also cause severe noises

“riyallsthronghsthe electrical‘c1rcuit when the cam



'position-changed;J So the timer cam.was not used ,

'throughout this work Instead, three separate atten—
unators were installed; ‘a chromatograph attenuator,'
attenuator I, and attenuator II. ’

The chromatograph attenuator was set to 10.0

" uators ‘

-would give the maximum sensit1v1ty while atten- -

112

and II were set to 10.0 and 5. 0, respectively.

"These attenuator Settings were determined by the con-

-“dition that the maximum output of the largest peak

(N peak) from the GC should not exceed the maximum

allowable input to the digital 1ntegrator at the max-

imum sensitiVity range (50 mV).~_ ‘
, ) The attenuator selection switch mode is shown
. on Figure A.4 in Appendix A.- An on—off switch was“

hprovided in parallel with the attenuator I and II .

whichrwere connected in series. When the switch was

off, the attenuator I and II were connected to the
.output from the chromatograph attenuator ~giving the
-Amaximum attenuation ratio or minimum sen31tiv1ty. |

When the switch was on, the attenuator I and II were

‘;Lbypassed to obtain the maximum sen31t1v1ty or the

"”;.minimum attenuation ratio. During ‘the actual opera—

,.tion the switch was off for the nitrogen peak, and on

?ffor other peaks to obtain maximum sensitiv1ty over

flthe permiasible input signal range to the integrator,
"f-and the ccmputer.»’
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ReactionlSystem:

~ The reaction system.was comprised of’ the pre-
heater, a reactor, a sulfur condenser, a water conden—

ser and a sulfur trap.v ‘The schematic diagram of the

'reaction system is shown in Figure 19.~

' 4.3.1 TFeed Preheater-"

The feed mixture was preheated from room temp—

”erature to the desired reaction temperature by pa331ng
'through the preheater. The preheater was constructed
hfrompa solid -stainless steel-block. Two'high;resis—

},tance heating elements‘were inserted’in holes drilled

'within the block,,and stainless steel 316 tubing was

' wrapped helically about the exterior of the solid

block in 20 pre—machined helical groves. Thefentirei

‘assembly was" 1nsu1ated w1th a glass wool blanket. The

power supply to the preheater was adjusted manually

' by a Variac., The temperature was measured and record—*

ed by an iron-constantan thermocouple 1ocated at the

Htop of the preheater and a Honeywell Electronik 16
‘_temperature recorder.v An auxiliary U-shaped heating
» element was installed between the feed preheater and
'fthe reactor to compensate for the heat loss from the
',line. The temperature of this element‘was controlled

*ﬂby an on-off temperature controller fabricated by the

'1-shop in the Department of chemical Engineering. '
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,4.3.2' Reactor - »

_~ An‘integral fixed’bed reactor was used in this
éstudy. The reactor assembly was fabricated using ag
stainleas steel 316 tube of 1 inch diameter and 9
inches long. A stainless stee1-316 ‘screen of 30 mesh
_size was fixed at the depth of 7 7/8 inch from the

| top of the reactor tube, which was connected to the
reaction system by 1 1nch 8wagelok_f1ttings. The

reactor.assembly'Was‘eaSily removable from the system

115

by disconnecting at points A and B in Figure 19 when-

ever new catalyst was to be charged

The temperature of the feed stream at the reac-
tor ‘inlet was measured just above the top of the cat-
aIyst bed and that of the product stream at the re-
actor outlet was measured just below the bottom of
the bed by iron-constantan thermocouples whichvlwere_-
precalibrated according to the procedure presentedl
in Appendix B.;. : ' o |

" The reactor outlet temperature was controlled

e manually by adjusting the 1nput current to the reactorf

wall heating element by means of a Variac., The
reactor wall heating element was’ made,of the nichrome

wire wo ,d uniformly around the reactor wall. .

"1oh?yasfméﬁsi ed,upstream~of thejreactorjand con-

;l}?d’5Ynaf5t§tham}electronic gauge pressure

re in the reactor during the reaction



: transducer connected to.a Poxboro V4A pressure con-
. trol valve.: The pressure transducer was precalib-_
rated by the procedure described in Appendix \;

A water injection coil made of a stainless
steel 316 tube of 1/16 inch diameter and 2 feet long
was connected to the feed line. between the preheater

' and the reactor. The water injected to the inection

. coil by a syringe pump’ was vaporized in the injection

coil by heat supplied by ‘the auxiliary heating ele—

o ment . : . . v -

4;3.3u Sulfur Condenser and water"COndenser

P Y

The product stream\§rom the reactor was leld—:

Qed into two streams; the first portion’ entered the
l.

isulfur condenser and then the water condenser before
‘being vented, while the remainder of the stream

3
entered the sulfwr trap to remove the product sulfur

‘vapor before reaching the GC analysis system.
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The sulfur condenser originally designed by Liu

'(65) was found to be smaller than required for this

v'study 80 that another additional one—pass condenser

‘f_was added on the top of the original condenser to

”'increase the holding time of the condenser system.
';The-additional sulfur condenser was made of stainless

1_stee1 tube cf 3/4 inch in diameter and 20 inches in

‘flength with no interior baffles.

‘,'iru
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» The’temperature.of the first condenser was
maintained at around 350°C at the inlet and 110°cC
/ﬁ\nx o ‘at the outlet so that the product sulfur might be
_ ‘condensed into the liquid phase. which helped to
| - maintain a steady flow of the gaseous product mixture
///f\\ﬁ‘Nwithout any serious plugging.' The second condenser
| - was kept at the room temperature to completely knock-
out the sulfur vapor which would not be condensed in
- the first condenser. ‘ _
L The water condenser was made of stainiess steel
‘Pipe of 2 inch diameter and 10 inches in length, and
packed with glass wool.. The .condensed water'was al-
lowed to flow by gravity into the bottom of the con-
denser to be accumulated before discharge through the
vent valve attached to the bottom of the condenser.,;
The product stream’ stripped of the sulfur and water
vapor passed through the gjde . opening to reach the
reactor pressure control valve on the vent line.
E Since the product stream entered ‘the condenser
system merely for disposal by venting, the de51gn ‘and

operational conditions were not so‘critical as those 0‘
'required in the previous studies (53 65 72).: The only
"'performance requirement for the condenser system was
to keep the reactor pressure constant while maintain-
:,ing Bteady flow.; Actually, however, the,downstream

i‘«part of the condenser system was gradually plugged with,]
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' entrained,sulfur dust making it necessary to clean
;out'the lines every‘week. The pressure buildup due
to the accumulation of the sulfur dust inythe line
was compensated by gradually‘inCreasing the opening

of the reactor pressure control valve.
" VThe lines from the ‘reactor to the sulfur con-
: denser and to the sulfur trap . as well as from the ”

g

'Asuyfurlcondenser to the water condenser were kept
'd'hsated by wrapping with nichrome wire to prevent
sulfur vapor from condensing in the lines.’ The first
'sulfur condenser itself was also heated with nichrome
wire windings. To control the input current to-each
:heater, Separate Variacs were used. . E
,:A sulfur accumulator was attached to the
.dbottoh of the first condenser to receive the condensed'

liquid sulfur flowing downward by graVity;. In addi—

Qtionla vent valve was instqlled at the bottom of the

':~‘sulfur'accumulator to aVOid the replacement of the
'sulfur accumulatoi/by regu arly remov1ng the accumu-
‘lated liquid sul |
A detail

through the vent valve..

description of the structure of
the first sulfur condenser was presented elsewhere

(65).

.

T 4 3 sulfur Trap

-

f'hﬂgﬁ;guritrdpdwas"designed to remove the
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Product sulfur'vapor before the product stream entered
the GC analysis sYstem. The first sulfur trap was
made of a stainless steel 316 tube of 1/2 inch in dia-
meter and 10 inches in lengthq:ith a U-shape. No
baffle was provided in the sul fur trap to reduce the
dead zone around the base of the baffles which could

. cause.the broader residence time distribution of the |
éroduct stream‘in theftrap."The second sulfur trap
was made. of 3/4 inch diameter stainless steel‘tube of
7 inches in length ‘and Vhshaped, with no. baffles in-
side._ Each sulfur trap was alternately used while the
other was undergoing cleaning of the accumulated
sulfur. T _ L 1"' 7 .

‘ The temperature of the sulfur trap was kept
just above the, ‘water vapor condensing temperature in
the product stream, usually at the room temperature, -
,This was to’ prevent'absorption of st andﬂsoz-in the
fcondensed-waterrﬁith'resulting chemical reaction -
hwhich could cause _incorrect GC analysis results of .the

.-

product stream.v The inlet temperature to ‘this sulfur :

”ap was measured by an iron—constantan thermocouple

-; and recorded on the Honeywell 24 pOlnt electronic
'frecorder.g The outlet temperature from the sulfur trap

‘fhto the Gc system was also monitored by an iron— o
_fconstantan thermocouple and recorded on the recorder.

= Just next to the-outlet of the sulfur ‘trap,



sponge filter made of polystyrene foam was packed
in the line in about 1/2 inch depth‘to avoid any en-

tréinment of dusty sulfur particles upstream to the

Process Measuring and Control System:

»Ail temperatures were measured by stainless
steel-shielded iron-constantan thermocouples. The

voltage signal from each thermocouple was adjusted by

a Acrbmag"mddelu323‘electronic 0°C reference and then -

recorded onka Honeywell 24 point electronic recorder.

The recorder was equipped with an integral solid

state caiibrator,'a'chart span selektor of 5 to .
ra . ’ ‘

. 5000 mV span and a voltage range suppressor of 0 to
| 1000 mV. The recorder was precalibrated using a pot-

" entiometer and occasionaily checked when any malfunc-

. tioning was revealed. In almost all the experimental

'run) the.20‘mv span was'employed;

The total absolute pressure of the feed stream

' was measured by a Foxboro model 66 FR—2 electronlc

absolute pressure transducer while the feed flow rate

by a Foxboro model 613 DL~ electronic dlfferential-

-_pressure cell. The reactor pressure was’ measured by
a Statham gauge pressure transducer. The signals from

.the feed,and reactor pressure transducer were.recorded

Y
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on the Foxboro 6430 HF elactronic consotrol recorder
and controlled by the‘Foxboro V4A control valve.

The feed flow rate was controlled manually by
tne Foxboro 69 PA-1 control/gplve in combination with
~the valve V-M on the schematic flow diagram in Figure
16.

The reactor inlet and outlet temperatures, the
sul fur condenser inlet and outlet temperatures, the
sulfur trap inlet and outlet temperatures,,the pre-
heater temperature and .the euxiliary'heater tempera-
.ture were controlledvmanuglly by adjusting'the input;
 current'through thetvari&cS;',The-temperature of the
'ges chrOmatograph oven was autoﬁatically controlled
by a Honeywell R 7161 temperature controller.

) The gas chromatograph and the process neasur—
ing devices were calibrated through the procedures

_ described in Appendix A and B.
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CHAPTER V

EXPERIMENTAL PROCEQ?RES AND RESULTS

The experimental work to be described herein
deals mainly with improvéments in the procedures employed
in measuring conversions for reaction (1.2) using an
integral fixed~bed reactor and then with evaluétion of the
performances of a number of catalysts over a variety of
conditions. The latter experiments inv?;ye three main ob-
,jectives? a comparison of activities bef&een the newly
developed bifunctional catalyst and a commercial alumina
catalyst, a determinatidn of the influence of ratio of
maés of activating agent to;mass of y-alumina "support"
upon the catalystsperformance,“and finally, an evaluation

of maximum attainable conversions in the laboratory re-

actor.

5.1 éeneral Experimental Procedures:

Pl

531 -Start'up’of th; System:

‘A known amount of a catalyst was lpadediinto'
" the reactdf, ﬁhich w§s then gently vibrated to obtain
va;moreiuniéotm pgcking of the catalyét,bed. After the
redcébr,wgs réas émﬁ}ed} all of the threaded joints

‘and fit ngs

 f .  122
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k)

bubble test method with positive nitrogen pressure .
of around 30 psi within the system. When the system
' was gas-tight, the auxiliary heater and the reactor

were insulated by a box-type covering made of a

o

blanket of ceramic wool.
The nitrogen'cylinder valve was then‘opened

to start a floﬁ of‘nitrogenbthrough the'systen, and

thenﬁall heating elements were switched on. ‘The.

temperature of-the»catalyst bed was raised at-the'rate

of approximateiy 3°C per minute until theofeed temp-

-

,erature reached 570°K. With both the nitrogen flow
and heating started, the flow of hellum was 1n1t1ated
through carrler and reference s1des in the GC system '
at the rate of 35 ml/mrn through each side. After
switching on the GC systems. which 1ncluded the GC oven

and the detector fllament, it took about ‘3 hours to ’

)

. raise the GC oven temperature to 190°F and more than.

<

12 hours to-.get a stable baseline. ‘%

ks

5.1.2 Experimental Measurement of Integral

Convergions:

| All newly oharged~catalysts were activated by
.heating continuously with first the nitrogen flow
,through the reactor, and then with the N2 - st mix-
ture of about 3 moke percent in HZS concentratlon. |
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i
The fedd temperature durlng activation and reductlon
'w1t§ HZS was maintained at 570°K for more than 3
hours, re8pec;}vely, which was Sllghtly hlgher than
.the normal ‘operating temperature. | o
After_checking the functicning of process
measurinéﬁznd controlling systems, the heaters about
.product?lines leading to the GC and to the sulfur
eendenser,were started. . The gasbcnromatOgrapthase-‘
Vline on the'recorder was readjusted by manipulating
the zero setting on the Beckman programmer panel.
Then, the‘base-llne for the, dlgltal 1ntegrator was:
:adjested separately by manlpulatlng the zero knob on
the'Infetrenic digital integrater,- During the gas
chrdmatograph base-line adjustment, tne attennatibn
ratio was set at the maxihhm sensitivity; i.e. at
ithe minimumjatteneation ratio,'on both the gas chrom-
atograph and _the recorder. The base—iine adjustment'
could. be checked v1sually on the recorder reading as

well as nnmerlcally on the lntegrator printout.

Hav1ng finished the checklng of the system

‘ behavxer and readjusting the base lines. of the GC and”

the integrator as needed, the feed mixture was 1nto—
'1duced to the reaction sYstem. To*obtaln de51red flow
“rates and composltlon of the feed mlxture, all the

individual rotameters and the feed control valve were

-

A
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\adjusted‘to:the’proper level. Aftervgetting_the
results of the-feed GC analysis, the comoonentbflow'
rates and . the total flow rate of the feed stream '
were readjusted by manlpulatlng the rotameters and .
the feed control valve untll ‘the de51red comp051tlon
and the flow rate were obtalned The total flow rate‘
and the pressure of the feed stream were checked_and
read]usted by means of the d1fferent1a1 pressure cell‘
land the.feed‘pressure transducer as'descr;bed in |

K

Chapter IVf
H -'yd prevent‘disturbances‘in'the‘analytical

. system which"might'occur'due to the'change of sampie

selegtlon between the product and the feed stream,*

'the same flow rate of the feed or the product Stream-

through the GC detector was malntalned by keeplng

the dlfferentlaI pressure constant on the mercury '

manometer whlch was 1nsta11ed 1n the sample vent 11ne

from the GC detector.‘ Throughout thls;experlmental \

work the different1a1 pressure of thlS sample vent

. 11ne has been kept at about 1 lnch of mercury for.

both the feed and the product sample vent.

‘ When the reactant mlxture was ﬁed into the
reactor, the temperature of the catalyst bed in-
creased quickly due to the exothermlc nature of the

2°

,reactlon~between st and S0,. As %g&esult, to
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malntain a constant temperature in the catalyst bed

the 1nput current to the reactor wall heatlng element
had to be readjusted. . _ _
' After the reactor outlet tempefaturelbecame
stablllzed, the feed and the product stream were
alternately analysed by the gas chromatograph until
| more than three conSecutlve reproduclble results for'
‘both streams were obtalned. If the feed and the
J'product comp081t10ns had remalned unchanged, rt Qas
f.assumed that the reactlon system had reached a steady
,state with a steady catalyst act1v1ty. Generally, A
when a new catalyst was lntroduced, a startup tlme
'.of roughly one day was - required because of the activ-
ation perlod requ1red. In maklng consecutlve runs
i in- whlch temperature of the reactor or space veloc1ty
“were changed, a new steady state could be obtalned
- w:.thln roughly 2 days for the reactor temperatu‘
”change and 3 hours for the change of the space ve
:oclty. - ' ® ‘

' 'l'he exper:unental data thus obtalned included
. the. reactor 1nlet and outlet temperatures, and . feed
g‘and reactor pressure, the feed flow rate, the atmos-
‘_pheric pressure, the room temperature and the GC area

‘results by the digftal integrator prlntouts.,



5.1.3 Shutdown Procedure:‘ff

.The reactant flows with the exceptlon of
nltrogen were stopped when a complete set .of runs
g for one t of a catalyst was obtained The nitro-
‘gen- was kept flowlng through the systemvﬁor more
| than 5 hours to completely purge - remaining reactants -

and products ‘which’ ‘might undergo additionalfreaction

whiln standing‘withln the closed systemefor.prolonged.

" periods. After complete purging, wpf”'

rchecked by the HZS smell 1n the PTA

-all power supplled to the system was»sw1tched off to

‘r,cool the system to room temperature.

W

>

. Before another new fresh catalyst batch
, could be charged,‘the reactor assembly was dlsconnect—

,Fed from the system. The batch of the used catalyst

127

) was carefully discharged from the reactor and examlned

:for any changes during the reactlon perlod before

- being stored

%

.:_5.1.4 Materials:

1) ?eed Gases

All gaseous reactants, st, soz and_gos were.
obtained from ﬁ&theson Co. Nltrogen was obtalned from

Alberta Oxygen Ltd. Carbon dloxidé was used for the
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“'gas chromatograph calibration and was also obtained
f-from the Matheson Co.. The purities specified by the

suppliers are listed in Table 5.

TABLE,S'

—e

PURITIES OF GASES

99.99 min.

y N | *
N Hs ' 99.50 % min.
R ":00s:~ L 97.50 % min. .
SOé-E' . 99.98 % min.
co, . 99.995 % min.

However, the oxygen contaminatlon in the

nitrogen cylinder waS\frequently detected and so,

'_every nitrogen cylinder newly delivered ‘was always

checked for oxygen content using Molecular Sieve 5A

column of 16 foot by 1/4 inch 0 D. preconditioned in

: vacuum at 250°c for 20 hours. The thermal conductiv1ty

-cell was kept at 220°c and the bridge current was

1150 mA.f The column temperature was kept at 135°C w1th
 the helium flow rate of 80 ml/min. The purlty of st
*"3or SO2 was checked from the feed Gc analysis data.

'The reeulting feed GC data never showed peaks other ‘

’_than Nz, st or so2 peak, which-meant that no detect—'
'jnable amountbof impurities existed in the st or. So2
fiicylinder., In the COS cylinder carbon dioxide 1'8



alwaYS detected in very low concentration, but water
vapor was not detected ‘Since carbon"dioxide can be
'treated as an. inert gas, which was demonstrated in

-»Chapter III, the COS cylinder was used without any

further purification of cos.

L

i ii)',Catalzsts”

- The standard catalyst employed in thlS study
' for ‘the purpose of comparison between different cat~
| alysts yns S—201 y—alumina manufactured by Kaiser'
. Aluminum<and chemical Sales Inc.

rd

presented in Table 6.

"4the S—201 catalyst spec1fied by the manufacturer are

" TABLE 6

The properties of

’Surface"area::'

5192_:';

Fez'O; :
S Tioy -

. Nay
- Al0y

’Ignition loes o

, 380 m /gm .
Chemical comPOSLtion on- dry basxs- v

| “0.020- )

0.020
©0.002

o :o‘. 300
" 93.600

~ 6.000

| srannnnb'cnranrsm}Pnopnnmrns;js—201).»"

.

3
%
L]
%
%
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O The*deVeloped‘bifunctional catalyst evaluated .

lfin the present study ‘were . prepared by’ crushing Kaiser

:._;8-201 alumina catalyst in the size range of -3 to +8
vmesh and. selecting the -12 to +24 mesh fraction -

. through the use of standard sieves.. This was follow-
. ed by chemical treatment with various\concentrations
»of Cu(N03)2 . 3 Hzo before heat treatment in an oven
for 20 hours at a temperature of 550°F.. Heat treat—
‘ment resulted in the evolution of oxides of nitrogen‘
'(109). | |

=

pata Reduction'Procedgre;:'

0

The experimental measurements of temperatures,»‘

;_pressures ‘and "£low rates were obtained in terms of
- the percentage of full scale readings on the elec-

4'tronic recorder except for those of the atmospheric

: pressure and room temperature. The reactor 1nlet

'v’and outlet temperature data were converted to -the

'_ “actual temperature scale in degree centigrade us:Lng

*rﬂthe celibration equation presented in Appendix B.

»‘;The pressure data were converted to absolute pressure,
"?in mam Hg for the feed, and to gauge pressure in mm Hg
d.for the reactor pressure according to the calibration-
Iﬁequa&ions presented in ‘Appendix B. . The’ feed. £low o

*1;rate data were converted to the actual flow rate in

L3 ot
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SCFH by means of the calibration equ;tion for the
, differential pressure cell obtained through the
procedure described in Appendix B. '

‘ The feed and product compositions were calcul- :
lated from the gas chromatographic peak areas . using
vthe calibrationAequation.for each component as des-
"cribed in Appendix A. ”To calculate‘the molar feed

:_rate of each feed component from the calculated feed
u'compositiOn and flow rate, the assumption of ideal
'fgas behavior was applied for all gaseous components. -
‘In calculating the product stream composition, the ,;
7nitrogen flow rate was taken to be the same 1n both
‘the feed and the product streams 31nce nitrogen was -
-ian inert gas in this reaction system. From the cal—
,1culated nitrogen flow rate and the composxtion of

vthe product stream, the molar flow rate of each of
'[the reactants in the product stream ‘was. obtained
_ ‘ | The fractional conversion was then obtained A
r-from the difference between the molar flow rate of _ 3
p;”a reference reactant in the feed and the product |
__tstream. As a reference reactant, HZS was- chosen for
f'the nzs—soz reaction, and cos for the cos-so2 re- ]'f
action.;-»f“= R :

The partial pressure of each component over

gin the reactor was calculated from

;,ithe catalyst
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-the: product composition and the total pressure in
the reactor. taking into account equilibrium dis—

'tribution of elemental sulfur spec1es.'

: A computer program for calculation of the
material balance was written to process the exper-

imental raw data into the calculated conversron of

“H,S- and COS simultaneously The detailed calculation

2

'procedure for a- particular run is shown in Appendix I,

,accompanied by the listings of the corresponding

computer program, MTBAL, which was stored in the dlSC'

_core memory.,"

Input of the raw data to the IBM 1800 computer

'_u‘system and output from the computer in the form of

‘355,3;1 Prelfminagx Investigations.

the remote teletype located in the *boratory.

:'printing of the computed results were performed on |

e L

‘ giméntarvnesu1tsfand:Drscussions?_:'

Cdy Performance Test of the Sulfur Trgg

To check whether significant additional re-"

-_je~raction due to the catalysing effect of the liquid

fsulfur occurred during the condensing within the

‘ﬂptrap of sulfur vapor in the product stream, two -




different methods were tested.

» The first'method used an ice-bath. The y-
shaped‘sulfur,trap wa§ immer!edvinva cold bath fil-
led with,lce-salt mixture to maintain a constant
bath temperature of -20°C. When the product stream
was introduced through the_sulfur trap, both sul fur
and water'uepors were'condensed'into the solid
.phuseunear“the entrance of the'sulfur trap. This
| resulted'in frequent plugging of the line, which .
necessitated frequent cleanlng of the sulfur trap.

h In the: second method, a hlgh flow—rate method
.the U-shaped sulfur trap was kept just above the‘
“'water vapor condensxng temperature, around 20 to 30°C
;'depending upon the water content 1n the product

' stream.. In this method, only sulfur vapor_was con—h

f'densed in the trap.

In theSe tests the feed to the reactor con—--ﬁ

o

tained 3 percent of HZS' 1. 5 percent of SO and the

' :balance N2 on the molar basis, and the temperature‘

of the product stream at the 1n1et to the sulfur

- trap was around 500‘5; The ‘tests were carrled out
"_over flow-rates of . th product stream through ‘the
4'su1fur trap ranging“rom 20 to 500 ml/mln. '
Figure 20 s.aws the comparlson between the

‘“Vfﬁérfcu; : "H the two methods. For the_hlgh =

133



0.9}

| FRACTIONAL CONVERSION OF H)S TO 50,

o
.
@©

o High Flow Rate Method

» Ice Bath Method (-20°C)

0.4 . ;
0.3 Sy — — L
- 100 200 300 400 . 500
- ' SAMPLE FLOW RATE, fl/min.
' FIGURE 20: SULFUR TRAP PERFORMANCE TEST
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flow-rate method the effect,of the additional reaction
due to the catalysing effect of the condensed liquid
sulfur_appeared to be.significant at a flow rate below v
30 ml/min of the product stream as shown in curve B.

In the'ice—bath method the.high conversion level of

H,S at the low flow—rate‘range of below 50 ml/min, as
‘shown in curve A, seemed not to be the results of any
additional reaction but to be the result of physical
absorption of st in condensed water during the con-~
:densing period’ of water vapor., To check the effect

of | physical absorption of H,S in liquid water the
sulfur trap was kept at a temperature below the sat-
'uration temperature of water vapig The resulting

1data showed that the H,S and 502 peaks in the product

2

“.stream decreased. Sometimes st peaks completely dis—'

»appeared from the product stream The phy31cal absorp-

tion effect was much more significant for HZS peaks' o

than for SO2 peaks under the same condition.
In the high flow-rate method, because of the
smaller temperature gradient between the wall of. the

~sulfur trap and the product stream compared to the

",,ice-bath method, the. condensing rate of sulfur vapor

might be supposed to be slower,and the conden51ng ZOne'
in the trap to be longer than those in the 1ce-bath
- method.f In spite of - these phenomena, the resulting

:data shown in Pigure 20 revealed that the hiqh
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flow—-rate method at room temperature gave lower con-
version of H,S than the ice-bath method. It should
be noted here that the lower the conversion of st
which was obtainqg during a steady-state run, the

better the performance of the sulfur trap.

. 'As a result,\go cdonvincing advantage is
apparent for using the ice-bath method when the flowel
rate of the product stream erceeds 100 ml/mln. The
disadvantage of the ice-bath method, therefore, was
found to be the di:ficulty of eliminating the Hés ab-
eorptiou in oondensed.water'while that of the high
_Aflow-rate method was the ‘entrainment of sulfur mist
dawnstream from the sulfur trap.

By cﬁﬁsider g these péﬁ‘grmance test results
and dlsadvantages orreachkpe ;t was decided that
the high flow-rate method.woul W employed for this
research but"fﬁit_lx a modification of the sulfur trap.

Thevmodificatiod was done by packing a dust filter,
“made of styrene anm, rlght near the outlet of the
“.sulfur trap to. prov1de‘sulfur demlstlng A flow-rate

‘.of 200 ml/min through the sulfur’trap was employed
nthroughout this study.

ii);_nomerneous‘Readtion Test in the Preheater

The effect of homogeneous reactlon between
‘:st and 302 1n the preheater was checked before maklng

('fkinetic runs. Nhen the flow rate of the feed mixture

[N



was above 2. O.SCFH the effect of homogeneous reaction

in the preheater at 600°K was found to be negllglble.

’However, when the preheater was contamlnated with the

product liquid sulfuru the effect‘of homogeneous re-

“action w%s guite significant. This sulfur contamin-

ation occurred due to condensation and accumulation

~of the product sul fur 1n the preheater when the pre—~

'heater waelnot completely purged out before shut- down“

of the heating system after each run..
Con31der1ng the above prellmlnary 1nvest1ga—

tlons the preheater was- completely purged out using

jpure nitrogen for more: thanﬂ 5 hours-after each kin-

etlc run to prevent any possxble condensatlon or accum—

%ulatlon of the product sulfur due to the slow-homogen—‘

eous: reactlon in the preheater, ASince the effect ova

‘the homogeneous reactlon was . found to be 51gn1f1cant
when the»feed:flow rate_was below 2.0 SCFH, the feed
-flow rate aboveVZ,O SCFH was-adopted-throughout this

‘study except for runs K and L for the test of the

max1mum obtalnable conver51on level of the Claus re-—

actlon.

iii)‘-Callbrationgof the Gas Chromatograph

- The gas chromatograph was calibrated according

_to the p%sfedures presented 1n Appendlx A,

Tl
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. The flrst callbratlon, whose results were
shown>1n Flgure 21, was based upon the no- 1nd1v1dua1.
attenuatlon scheme in which only,one general purpose
attenuator (chromatooraph attenuator) was used. ‘In
this callbratlon, the rellabllltles of the dlgltal
1ntegrator and the: computer ‘were eXamlned by comparlng,
thelr results w1th\\hat of the dlSC 1ntegrator wh1ch
could be. supposed to be the most correct In Flgurev‘
22, ‘the 1ntegrated results from the dlgltal 1ntegrator.
and the dlsC°1ntegrator shows good con51stency whlle : ‘w
' those obtalned by the computer are very much scattered.r

ThlS scatterlng may be attrlbuted to an 1mproper lnputl
31gnal to,the computer system w1thout any-attenuatlon -y
of the output SLgnal from the GC detector 51nce the,
attenuatlon scheme II has been employed throughout
the flrst callbratlon procedure. “The'results from;the<‘
dlgltal integrator 1n the flrst callbratlon were -
applled in - data reductxon calculatlon for suns A, B C;‘
‘p, E and J. . L '

] A second callbratlon was carrled out as above
but using differént attenuatlon ratlos fof the Nz—peak
»and other peaks. JSlnce the d1g1tal 1ntegrator perform—h»-'
lgnce proved to be qulte rellable ln the flrst callbra—‘
{ion,.the disc lntegrator was not used to check the |
accuracy of the second callbratlon. The attenuatlon"
scheme III was employed for thlS calibratlon. ‘The"

Al‘



H,S (OR COS,. 50,) /N, MOLE RATIO,- PERCENT -

- 4 N,-COS CALIBRATION .
- ;

coe

O N,-H,S CALIBRATION

o N2—502 CALIBRATION

~

SR L T L — L —l
H,S(OR COS, SO,)/N, AREA RATIO, PERCENT

- FIGURE 21: FIRST CALIBRAZION OF GAS CHROMATOGRAPH
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Sk -
 } . /
. . ’n
4F Y . ' :
_Sample- Wz-HZS/Mlxture
a. . - '
3k Agtenuationf Scheme II in
o s ~. . A o Appendlx A
2 // o Computer calc. optlon- 7

.0 Dlgital Integrator
a DlSC Integrator

Qo
”

o Computer :

- H,S/N; AREA RATIO, PERCENT SO 7/,{/*'f"

k L. L 1 R IR el N T
2 .4 6 8 10 12 13 16
~ FIGURE 22: PERFORMANCE COMPARISON OF DIFFERENT
" .. . INTEGRATING SYSTEMS . ' ,
ST e s R , T &
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results in Figure'23 show a very‘good coneistency | o
‘?_;between the digltal 1ntegrator and the computer. The -
"second callbration results by the dlgital 1ntegrator |
‘r_{was used 1n data reductlon calculatlon for runs F, G,
. H, I, K and L. | | |
- ‘ Reproduc1b111ty of the computer and the dlg—ﬁ
eltal 1ntegrator has been compared for a callbratlon‘.

’ run in Table 7.

o o
S -TABL.E" 9 -
. " COMPARISON OF REPRODUCIBILITY'
R .?a._ S e
. Dlgltal Integrator S ;Comguterv
Peak f Ave. Area . Avg. ”%¢  Avg. Area . Avg. &
: , -+ "Deviation . - = .- . ~~ Deviation -
5 - 198768 10.0039845. - . 5319610 - 0.0042479
HyS - 73196 . 0.0054839 1939811 ~ 0.0079665
Qs 97239 0.0034246 2587350  0.0041820
80, 18646 . 0.0375630 . ‘456142 0.012%670

5

. In the above comparlson the cabculatlon optlon»
2 was employed in GCJOB definltlon because the cal— ,
- culation option 7 requlred a detalled elutlon time '
data for each peak. These were not convenlently

available because the status of the equlpment at the



H,S(OR COS; SO,)/N, MOLE RATIO, PERCENT

Attenuation: = Scheme III - N 3}
- Computer Calc. option: 2’
‘~bigita1 Integrator: ;

.0 H,S-N, Calibration

A_8027N27Calibrat§on E
_ .9 COS-N, Calibration
Computer: _ S
* . X For all Calibrations
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time of this study .was still not flxed. Detailed -
descriptions on the calculatlon optlon can be found
elsewhere (110). '
. Table 7 shows that reproduc1b111ty of the
‘digital integrator is better than the computer for
Nz, st and cos peaks but worse for the 802 peak.
. The less reproducible result for the 802 peak»of the
: dlgltal integrator Seemed to be due to base llne
-readjustment to correct drlftlng durlng the éxperi-
mental run. The 502 peak is very sen31tive to - the
base llne adjustment due to its flat Gau551an shape
and a long elutlon tlme.' However, the need for SO2
peak areas could‘be elimlnated by u51ng areas of
other components in the sulfur balance calculatlon
for the reactlon system Thus, 1t was dEClded to use ;,
‘the digltal 1ntegrator rather than the computer. »The_,
1ower reproduclblllty 1n the computer results seemed
”fﬁ to orlglnate with the 1nterfer1ng effect of 51gna1
transmLSSLOnvh01ses along the electrical c1rcu1ts
1ead1ng to. the! computer 1nput termlnal, and also to -
the absence of detalled 1nformatlon on the elutlon -
Q§\ time of each peak Thls m1551ng 1nformat10n prevented
-the computer from startlng action at the rlght 1nstants
"during the GC cycle. 7 : 1 u
- The 1ntegrated results from the dlgltal lnte— -

grator or from the ccmputer were printsd on a Vlctor
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: digit—matic printer, or on a teletype, respectively,

at the end of each peak

5.3;2t"Comparison of Catalyst activities

i) 'Effect of Catalyst Promcter upon Simultaneous

Reactions‘“

': Simultaneous conversions of both the st-so2
and the cos--so2 reactions on four catalysts were
measured in the integral—bed reactor to evaluate thef
_dual activities,of each catalyst.' The catalysts tested
-included pure Y—alumina (é—201), 5. 4 % Cu—bn-alumina,r
12 08 % Cu-on-alumina, and 16 07 3 Cu—on-alumina. The
y'weight of a batch of catalyst approximated 1.0 gram |
-_in the particle size f&nge of —12 to +24 mesh.- Each

"catalyst was preconditioned 1n the same: way u81ng the
.

iy’procedure described in the general exper1menta1 pro—ﬂ

. '1cedure cf section 5 l.ﬁ Befoge.starting to obtaln kin-

fetic data, this procedure ineluded an 1n1tial heatlng‘;';h

o 1period with nitrogen flow for about 3 hours, then !

fmaintaining the bed: W1th nitrogen flow at _the temper—:
lyature of 290°c for a further 3 hours, finally followed'
Efby the reduction period with combined N2 and HZS flow -
: for another 3 hours.' ' f e
The ﬂeed mixture vas usually composed of 3

»mole percsnt of both st and cos, 1.5 mble percent of dfvy

i B »‘i ‘;V s \ . ! . - ‘, B ~
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S0, andthﬁ balance, N2 ' Keeping the feed composition o

bfand reactor inlet and outlet temperatures constant,

only the feed flow rate was changed to get conversion—

*‘space velocity data for eaoh catalyst. After-obtain— co

-,ing one data point at a fixed space velocity, it took
.;:about 3 hours to reach a new steady state at ‘a dif-
-lferent space velocity. ' o ' w
, Bere it should be noted that the s;ze of
f, catalyst particles used in this study averaged around
5 times smaller than that for catalyst pellets used
in,the field plant, making the external surface per
:s unit catalyst volume also about 5 times larger than :
_ that- of the plant catalyst pellet. To compensate for
ﬁthis increased external surface area per unit volume -

.. of the catalyst ‘bed, a 'space velocity of 5000 hr -1

’], would be expected to ‘be reasonable to 51mu1ate the '

. existing at a. space velocity of 1000 hr-

: field plant space—velocity of 1000 hr llf However,

'_upon considering the external transport reSistances>
-1 ‘as shown in
'Chapter III,Va higher space velocity appears to be

"desirable in cohparing the catalytic act1V1tleS of.

Vf*:_different catalysts since the true actiVities might be

A"disguised by the effect of the ‘external resistances.

'Furthermore, a better discrimination between acthltleS‘

1;;fof different catalysts may be obtained at higher space

*liivelocity regio”»as may be seen in Figure°24. Therefore,



;-—’HZS"Conﬁerhidn

S -= COS Conversion

"0 y=alumina : . '@ y-alumina

A 5.42 Cu—on—alumina S 5.4Z Cu-on-alumina -
0 12.08% Cu-on-alumina 12,082 Cu—-on-alumina
v 16 07! Cudon-aluhina ‘ ¥ 16.07% Cu~on—-alumina

_FRACTIONAL CONVERSIONM OF H,S OR COS -

- Y S / 18
SPACE TIME, GM CATALYST/SCFH OF HZS OR COS
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FIGURE 24z 'S IMULTANEOUS cowvznsxons Usruc DIFFERENT 1'

CATALYSTS

o
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space velocity ranqing from 25,000 hr -1

-1

to) 150,000

hr = was .used throughout this study, whic averages
_about 17 times_larger than the,plant operational

condition.
“ ’ For each experimental run, the space time,
WVFnzs (ox w/Fcos

)., Was_calculated and plotted versus
pthe fractional conversion of st (or COS) as shown
_,in Figure 24 " The computer program.“MTBAL" presented
in Appendix I was used in these calculations and data
ipprocessing-was initiated'through'the input terminal
(teletype)'connectec to. the IBM-1800~computer System.
~ The converSLOn of st and COS in the simult-
Vaﬁbous reaction system, HZS SO2 and COS~SOZ, is shown
in Figure 24 for each»catalyst tested. It can,be
:seen that 5 4% Cu—on-alumina is most active for the
2S--SO2 reaction while pure Y-alumina (s- 201) 1s most“
:_actiVe for the COS 802 reaction.\ Figure .25 has been
- plotted from Figure 24 at fixed space-tlmes of 8.0
‘and 14 0 (gm—catalyst/SCFH of H,8 or COs) to isolate

' }the effect of copper content on the conver51on level

: Sr~ioth st—SO2 and COS SO2 reactions., It shows that

’ "ﬂthe maximum catalytic act1VLty for the H,S- SO reaction

‘ oappsars to be at a copper content of around 5%. Figure
25 also shows that the addition of copper markedly re-'
{:duces the catalytic act1v1ty for the COS-—SO2 reaction.

vA clear explanation for this effect of ‘copper content
v e : :
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FRACTIONAL CONVERSION OF E,S OR COS

— st Conversion

O ST = 14
@ ST = 8- _
ST: GM CAT/SCFH of HéS.or

| FIGURE 25:

-== COS Conversion
14

5.0 - 10.0 - 15.0 - 20.0
COPPER CONTEVT, WEIGHT PERCENT

"EFFECT OF - COPPER CO: JTE‘I"‘ O‘I TI{E
CONVBRSIO‘I LEVEL / ‘

»

N
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upon the catalytic activity for the two reactions is

not available at this stage of the study. However,

'one may conjecture that the role of copper in the
bifunctional catalyst ﬁay be explained by the

donation"of its 4s-electron to an electrophilic Lewis-
acid site on the alumina surface. Furthermore, since%
the energy level of 3d-orbital is only slightly lower
than that of 4s-orbita1 in a‘'copper atom,.a 3d~electron
of the copper atom may easxly be attracted to HZS or

-SO2 molecules promotlng the adsorption of st or 802

on the copper surface. Then copper on the lLewis-acid
_site isvpresumably sulfided”by st and SO, to form CuS
(which was recognized by‘the color change of the cat-
alyst particles:from,deep blue to‘black). ﬁhen the
‘copper surface.is"sufﬁided, the catalytic activity
beComes'stabiiizea-and‘reaction conversion steadies.

| Tﬁrs aaaitiona1Acatalftic effecttb?cthe sulfided cop-
‘per'forvﬁzsfsoz reactio; enhaucestthe H,S conversion
'vievel to*somé extent as shown in Figure 25 at a" l
‘c0pper content below S‘Q? Up to 5 4% copper content, ,i
most of the. copper may be sited on the Lewis- ~acia 51tei
\ :ap an electron donor, but when the copper content ex-
ceeds about 5 4%, the basxc sites may’ also be occupied s

[by copper, but now as an electron acceptor.' ThlS fﬁ f%

could inhibit the HZS—SO2 reactlon 51nce L1u(67) has



proceed. ' ‘ .
The above hypothesis may be strengthened by
considering the effect of the copper content on the

COS--SO2

increases for COS-SO, reaction, the activity of the

reaction conversions. ‘As the copper content

alumina.catalyst decreases almost linearly up to
roughly the‘same copper content of 5.4%. Then the
activityvbecomes almost stabilized with increasingly

. larger copper contents up to a cdpper content of
approximately 12¢ as shown in Figure 25. When the

_ copper content exceeds 12%, the activity decreases -
again with the'increasing-copper content. From the
above'oﬁservations it may be assumed that excess copper
‘could be sited on both the remaining Lew1s —-acid sites
‘and basic 81tes when the copper content exceeds 12%.

' » To explain the above observatlons, the adsorp-
~tion and tpactlon mechanism of st, SO2 and COS on the
_pure yY-alumina surface as well as on the Cu-on-alumina
catalyst surface should be dlscussed
o On the pure Y—alumlna surface: both HZS and
f’isozrwer; found to be adsorbed on the Lewis—acid sites
“in the latest results‘of'Liu'S~study (66) For the

'adsbrbed st and SO2 to react, basic sites were v1tally

‘important (67) , Carbonyl sulflde was also found to be

PN

”’:adsorbed on the Lewis-acid sites (19). Therefore, the

Lewis—acid sites on the pure Y-alum1na surface may be
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/competed by st, SO2 and COS making two reactions,

. H.S-SO ”ahd COS—SOZ,icompetitive Eather than indebend—

2°7°%2

ent.} From the above reasonlng the pure y- alumlna-
mayﬂnot be con51dered to be. a blfunctlonal catalyst
for the above,two reactlons. However,,the 1nd1v1dua1

reactlon conver51on is substantlally high for both of

’the reactlons as shown in Flgure 24 ThlS may . be due'
* to the low coverage of Lew1s ac1d 51tes by reactlon

'components at the reaction temperature of about 285 >C.

‘A cos adsorptlon mechanlsm on theﬂalumlna sur=

Aface may be- proposed on the ba51s of the balance bond -
'1f0rmailsm;. Carbonyl sulfide’ 1s a hybrld of three.

' resonance structures (32) as. shOWn below-a

*+8 s o . c=zs*S

(xy, o ;(111)‘

*Although resonance structure I and II predomlnate (32),

resonance structure III ‘in. whlch oxygen has a resrdual

negatlve charge, 1s probably more favored to  the Lew1s-

'ac1d site than the other structures because the oxygen

atom 1s more. electrqnegatlve than the sulfur atom.
Slnce carbonyl sulflde may be consrdered a .-

stronger-base than HZS or 502, it should be chemlsorbed

. on the Lew1s—ac1d 51te on the alumlna surface, Whlch

" has aIready beenidemonstrated by TLiu (65). Chuang.et

al. (19) proposed.aﬂmechinism in which cos was'adsorbed
:f;:>i : | * _ . o |



on the Lewis-acid'site with the 5u1fur'atom on’thel
alumlna surface but 1t is more 11ke1y that the. adsorp—
tlon of COS on the LeW1s-ac1d 51te is also a hybrld

of the two mechanlsms; the ‘sulfur atom‘on the Lew1s—

’ ga01d sité- or the oxygen atom on the Lew1s‘;

tWhen COS adsorptlon@occurs accordlng t "vormer',_f
':mechanism, chemlsorbed COS on the LeW1s ac1d site-

:could read1ly react w1th a chemlsorbed 502 or Hzo on-

La nelghborlng Lew1s-acld s1te by a Langmulr—Hlnshelwood
‘ ~dua1-51te mechanlsm.and leave anNadsorbed sulfur atom~h
uon the alumlna surface.- On the other hand if COS
-adeorptlon occurs accordlng to the latter meéhanlsm,
’rever51b1e adsorptlon of COS may occur mlthout reactlon
' w1th nelghborlng SO,. . V | - |

From the . above ana1y51s, ah adSOrétion and;.

reaction mode% may herpropoeedvas follows: |

—
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‘On the Cueon-alumina>Catalyst, the;mechanisn
of COS—SOé reactionAmay:be the sane‘as on“the pureﬁv
Y‘-‘-'aluml_'.'na', but most of the HZS-SO2 reaction may
_occur on the copper surface ratherjthan on the alumina
'surface;‘ Increasing thefcopper_contenttaffects‘both
b'of the reactions as nay be seen incFigurelgs.‘ Blocking
of the Lewis-acid sites with copper atoms:may reduce’
V,the‘number of adsbrption(sites for COS causdng/the\
ﬁ‘aCtiQity to decrease‘for the COS-—SO2 reaction hecause
;LeW1s acid 51tes are crltlcally 1mportant for thls

ikreactlon,' Therefore, the 1nh1b1t1ng effect of copper
on'thegCQédconversion,level may be-explained by the
blocking of the Lewis—acid_sites with'cooper,even ifh

the,COS-SO reaction could be bypassed-bj'the faster

2

GOS—HZO reactlon. The hydroly51s ‘reaction of cos w1ll

be dlscussed in. more detall in a later sectlon.h
On the other. hand, adsorptlon and reactlon

.of H,S and 802 may bevenhanced by the'sulflded copper

2
. on the Cu—on—alumlna catalyst. Therefore, the reactlon
.'conver51on lncreases when the c0pper content increases
to some extent, beyond whlch copper may occupy ba51c
sltes to suppress the reactlon rate as shown in

Fzgure 25. ‘ ‘

,f‘ . Therefore, 1t may be concluded, for the

v

Cu—on-alumina catalyst, that the Fj’QS—SOA’2
it

proceed largely on the sulflded cggper surface rather

reactlon may
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than oﬂ’the Lewls-acid sites of the alumlna surface,

J

'.-while the COS--SO2 reactlon proceeds on the Lewls acrd
srtes according to the same mechanlsm as on the.
ky—alumlna catalyst, the Cu—on—alumlna acts as a bi-
functlonal catalyst for two reactlons, st—so2 and -

CdS—SO ; Whlch may be cOnflrmed by the data in

2
Flgure 28.

: Unfortunately, however, the reason why sul—
_f1ded copper could promote the rate of H, S— SO2 re—
action xs not fully understood 1n thlS study Pre—
sumably rt may be due to the change of the electronlc

.conf1guratiOn of copper maklng the accessrblllty of

HZS and 802 eas&eﬁ.

3ii)ivComparison of Individual Reaction Rates .

L s < " _
ADuring.SimultaneouS”Reactions

B ) Ind1v1dua1 reactlon rates were compared for
one selected catalyst, 5"4% Cu—on-alumlna, by varylng
A‘the sPace.veloc1ty.‘ When water was 1ntroduced with
"the feed stream, dlstllled water was 1n3ected through

"the vaporlzing coxi by means of the~water 1njectlon'

7,)pump shown in Flgure 19. The water 1njectlon pump

-fwas precallbrated through the procedure descrlbed in

Appendlx B. All of the other experlmental procedures
~were identical to those descrlbed in (1), and the

'experimental results are shown in Flgure 26.

~ 155
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— HZS Convers:l.on o -~ COS Conversion
e H,S + cos + SO , - ‘Hy8 + COs + so,
D H,S + sq2 I S + Hy0
: : + H,0 + so0,

802

2 . 4 6 .8 10 12 14 16\ .18
S SPACE TIME, GM - CATALYST/SCFH OF st OR COS

' FIGURE 26: COMPARISON OF INDIVIDUAL REACTION RATE -

"ON 5. 4% GU—ON-ALUMINA CATALYST

e

LN
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R
A 311ght difference in the level of the HZS
conver81on may be seen between curves A and E in-
Figure'26~ This small difference in the c0nversions
may be . explained by the effect of the difference of
the heat of reaction between the two reactlon systems.
In the reaction~fg,tem E, the total heat of reaction.
- is slightly larger “than that for the reaction system
}'A due to the combined effect of both exothermic
- reactions, HZS-—SO2 and COS- 502. The resulting
slightly higher bed temperature may cause a higher‘
conversion of st._‘If the above reasoning correctly
‘»explains the observed phenomena, a blfunctional .activ-
‘1ty of this catalyst for both st— 02 and COS—SO2
reactions is qulte ev1dent. This combined heat of:
reaction effect can also be seen in the reaction
f'systems c and E' A slightly higher conVer51on in
. the reactions system E' can be explained by 1ts
combined heats of reaction being larger than that
‘ from the reaction system C. '

e

 From Curves B and E' it may be- coucluded that

)

;1the hydrolysis reaction. of cos is inhibited by thef
hpresence of 502, which means that SO2 competes w1th '.-'f
| H,0 for adsorption sites on the alumina surface.'

E Thatnis, Hzo (or SO ) adsorbed on the Lewis-ac1d-

l31tes reacts with COS adsorbed on the neighboring ”

Lew1s—acid site;{-»éwiyl -

=



The conversionfin thebreaction‘system D in—‘
dicates that no co. —poisonlng occurs in 5. 4% Cu-on—
alumina catalgst during COS-SO ‘.rction period,
which is in contrast to ‘the findings by Liu (65)
for pure Y—alumina in the absence of water vapor. The
reason for. this contrast is not yet evident but it

may be due to the resxdual amount of water vapor pre—

sumably present on the catalyst or. to an. 1ndependent

. catalytic role of copper for the COS—SOZ.reactlon.

The effect of water content 1n the feed

stream upOn the rate of cos hydroly51s has been in-

vestigated u51ng pure Y—alumina catalyst and the v
results are shown in Figure 27. When the water con-
tent becomes higher than 1.5 mole percent of the
feed stream, which is one-half the st01chiometric
amount for 3 o mole percent of COS content in the
feed,lthe hydroly31s reactlon appears to be zero
order with respect to water. On the other hand, -
when the water. content remains below one—half the

StOJ.ChiO!&rlC amount, the reactlon rate increases s

‘vas the water content increases. For stoichlometrlc

amount of water content, the results in- thlS Study :

agree with other investigations (37 79) reporting

‘ that the hydrolysis of cos is of .zero order w1th
’respect to water concentration for both y—alumina '

and Co;Mo-alumina catalysts. However, no published _

158
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data seems to be available for lOW_concentrations

of water in the feed.

5.3.3 Derformance Test on the Bifunctional Activity:

oagy ‘
To demOnstrate more clearly the bifunctional
characteristics of the catalyst for the simultaneous’

reactions, HZS SO2 and COS 502, a 12 08% Cu—on—

,hnalumina catalyst was used. While this composition .f\\\

»is not an "optimal' ~qomposition for the ‘bifunctional

catalyst, reference to Figure 25 shows that the result
will still apply'tofthe optimalF',composition~of
about 5 4% Cu. h o | ‘ '

The amount of catalyst tested was '1.0213 gm

-with a space time of around 6. 0 gm-catalyst per SCFH

" of st (or COS)._ The observed results are shown.in

L3

Figure 28. The conver31on 1evels A and AA represent

. the convers1on of HZS and cos respectively when the

feed mixture contains HZS' SO2 and COS in 3:3:1.5,

mole percent w1th the balance N2. Then, the Ccos feedy

‘line was cut off and the conver31on level Bl was »
_obtained for the single reaction between st and SO2
After measuring the conversion level Bl for about

:one hour, the HZS feed line was closed and then the

,,}cos feed line was opened to make the COS So2 reaction '

1proceed without being interrupted by HZS—SO2 reaction.
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The resdlting conversion level of Cl was obtained.
The conversion levels B2 and C2 were then obtained
through the same proCedgre as was done to obtain Bl
' and‘Cl. ’

The conversioh‘levels‘of H,S in A, Bl and B2
-in Figure 28 a?e nearly the saﬁe, which means that
the catalysf tested essentially acts as a befunction-
al catalyst without interaction from the other reac-
tion. The small_diffefence:in the conversion level
bétween the reaction system A aﬁd Bl (or'Bé) since
the combined heatiof“reaction in the reaction A is
'sllghtly hlgher that that in the reactlon 5} (or B2)
whlch may cause a sllghtly hlgher reactlon rate. The
same analy51s may’ be applled to the conver51on level
- AA and Cl1 (or C2), for cos conversion 1n ‘the Cos- SO2
-reactlon, conflrmlng the blfunctlonal characterlstlcs

o

of thls catalyst.

5.3.4 Maximum Obtainable Conversion Level:

' Pure Y-alumlna (S 201) was chosen to lnvest—
'ﬂigate the maximum obtalnable conver31on level for
comparison with the. theoret1ca1 thermodynamlc
;equilihrium conversion leéel.v'The feed mixture con-

sisted of 3 mole percent of H S, 1.5 mole percent of

»

802 and the balance, Nz.' The.amount of the:catalyst"

162
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charged was 35 gram packed infh bed depth of rougﬂly'¢gu S

6 inches. The feed temperature tdg- the catalyst bed

and the reactor Outlet'temperatur were Xept the same
and varied from 550°K up to 700°K. |

Before examining the conversion data as a
/
function of the reactor outlet temperature, the

relationship between conversion and the space velocity
. . . - Y . o
' was examined at a fixed reactor outlet temperature of

i . : . ) ' ; .
700°K. From the results shown in Flgure 29, it can

be seen that in the reglon below the space velocity

of 20 hr_-1 (or above the space time of O. 05 houf) the B

conver31on has almost leveled off but is still rising
slowly w1th ‘'decreasing space veloc1ty (orvlncrea51ng
,'space-tlme).' The asymptotlc experlmental'cenversion
,.level‘mayqpe:foﬁhd‘te be 89.5% at 700°Kwip Figure 29,
}_whilevthe:thermogynamic equilibrium conversion is
72.5%. |

In additional experimeatal'runs, the space

-1

veIOC1ties of 100 hr ~and 4 hr-l were . fixed to

examine the upper limit of the obtalnable conver51on

e

level in the Claus reactlon. The resultlng experl-

S\

mental data are plotted in Figure 30 where they may }
bevcompared w1th'the‘computed thermodynamlc-equllr
J“_ibrinn conversions by Gamson and Elkins (35), and

4

' HcGregq;;éEZ) as well as with the exper1menta1 data

‘o
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Equilibrium Conversion ’ N\ s
A 5;.5,. S mixture formed ‘ . \ -
B: S, only formed. ) .
. C Sq only .formed : -
Experimental- an;rc;'sidn - . ) . _—
Gamson & Elkins, Bouxite ’ o N S
SYE 240 h' v o o NA
Current Work 7 ‘ \
SV= 100 h' O o
Sva 4 _hr 8] N\
Inlet Composiﬁon {mole pct) ’
HS . 3.0 } o , _
50, LS - ' . o . 5
TN, 95.5 ‘
- ’ y - ‘ I ‘ . N
500 - 600 m" 700 - ‘800
" Reactor Outlet Temperature , °K
¢ ) o
FIGURE 30: COMPARISO’“’ BETWEEN PREDICTED 2D EXPERI-

MENTAL CONVERSIONS AS 2 FUNCTION . oF
REACTOR OUTLET TEMPERATURE
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'jIn Flgure 30 the data point (1) was obtalned after

7;24 hours_whlle the data point (2) was obtained after

166

7 Gamson and Elkins (35).
, In Figure'307curve C represents the thermo-
&y o o .

dynamid*equilibrium conversion'at‘different reaction .

‘temperatures computed ‘on the assumptlon that the pro-

~ duct sulfur exlsts only as SS' whlle curve B shows

the computed results based upon the product sulfur

in the form df“ss. Oon the cther‘hand, with an_i
equilibrium distributioh between‘S2 S¢ ahd ‘Sg species
»the equillbrlum conversxon curve A was predlcted

el

. . iy
C In these experlmental runs 1t required more , , &5
: o 4

°than‘24~hours to reach a steady—state conversion £ 0

leveL S was found that the smaller the space vel-

'001ty the 1onger the ‘time to reach a steady state.

72-houfs-sihce5the flow condition and the. reactor .

temperature had been stablllz d. The two data points:~ﬂ
% 2 APy

1-”»show essentlally“the SamewCQﬁVEE%lon indicating that , K4

"fthe steady—state condltlah had been reached in about

'24 hours.

Qulte unexpected but very. 1nterest1ng results

twere obtalned 1n thls experlmental run as may be seen

'in Figure 30.,'The experlmental convefilon level at
the space velocity of 100 hr ' is well above the

equilibrium conversion level for all the temperature
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range between 550° and 700°K. The overshooting of

i \

the experimental conversions beyond those for the

equilibrium curve is even higher in the case of

1 1

the space velocity of 4 hrf than in~100 hr ~. These

results are compared with those Gamson and Elkins
#35) obtained at a space velocity_ofv240;hr-1.

| This 1arge discrepancy between the exberimén—
tal ana theqrét%gal equilibrium céﬁverSions canndti
bé‘fully explained. at this stage. However, the
'foiiowipg suggestiohs-mighﬁ be pertinent.
’ First, possible inaccuragiesvinvtemperature
é?éasurement may resuiﬁ in mispldtting of'the data

" points above the equilibrium conversion curve.

'ﬁbwever, this pos%ibility is very small considering

P
I

thé wellFequipped experimental appaiatug ana‘measurw
“ing deviCeshusednin thiéfétudy in contrast with the
rather - large discrepandieslbetweén the éxberimental
'apd the équilibrium*conversion level. Actually it

TN . . ‘ o, , : -
mé§'be seen in Figure 30 that an incorrect measure-
w ‘ : ph

ment of~tﬁe»réécto;»oﬁtlet temggrature.qf 50°K higher
thanlfheftrue temperéture; is fequired in shifting
‘thg equilib:iumicurﬁe to»ﬁhe'experimental-curvevfor
ﬁthg space Vélocity of lOO.hr-l.' Furthermore, for

1, a temperature deviation

‘the space velocity of 4 hr
lkla:ger.than 80°K is needed to shift the equilibrium
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.

‘curve to the experimental one. These large deV1atlons
in temperature measurement are qulte lmproﬂable even
-after conszderlng the effect of radlatlve heat trans-
fer from the reactor wall to the thermocouple
Secondly, the hlgher experlmental conver51on
could 1mply that -a Shlft of the theoretlcal equili-
‘brium conver31on to the forward dlrectlon of the
reactlon (1. 2) is 0ccurr1ng. -This shift c0uld result
'from a IOWer sulfur partial pressure on the. surface
of the catalyst pores than that in the bulk gas
.stream. This lower partlal pressure of the sulfur
vapor on the catalyst surface mlght be caused by
polymerlzatlon of the product sulfur on the catalyst

surface formlng new spgiilel with longer chains like

10, 20'Q 100 and so onj)

phenomena on the aIumin ':urfaCe, while speculative,f
might be one of ihe racterlstlc propertles of sul-
trlbublon. "In such c1rcumstances, R o

“This polymerization

fur species
additio'al reaction beyond the expected equilibrium‘
‘-conver51on for the c0nd1tlon of the bulk gas stream
could occur within the pore. , “‘ ’ . K

| | Thlrdly, the-exper1menta1 conversion letel
could. be higher than the equlllbrlum conver31on level
.if the data were taken before the reactlon system

. reached a‘steady—state. Thls Seems-to'be'due to the

'
f
i

P
R
F
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non-equilibrated adsdrption and desorption of sulfur

species in the catalyst pore (55) before the partlal

pressure of sulfur vapor could reach a saturatlon

‘point which could result in capillary condensation.

Another pessihility, but one which seems to
be improbable, is that the thermodynamié data used
in .the calculatiqn of the‘sulfur species equilibrium
distributioh are’ineorrect.l

It. should be empha51zed here that Figure 30

shows that the conver51on level decreases as' the

’temperature 1ncreases, whlch means that reverse re-

actlon 1n the . HZS-SO2 reactlon 1s occurrfﬁg. Unfor-.

 tunate; ;how%ver, thls reverse reactlon has not been

isolal ‘?or study to date.' Wlth the type of the

- . ) . Lay

equlpment used 1n thlS repor;, 1t was not p0551b1e g

Ty b

to evaluate more clearly the 1ﬁf1uence of the,

1

reverse reactlon.
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- Performance of Equipment

CHAPTER VI -

 CONCLUSIONS AND RECOMMENDATIONS

The. experimental apparatus used in this study
encountered difficulties for the first few months, but
afterWVarious repairs it'functioned fairly well in most

respects. Feed and reactor pressure controls, total

txon of 13% due - to malfunétf;ﬁlAq of' the gas cyllnder

RS
.wsure regulator and the fl controller. .

In the GC analy518 system, base llne adjustment

within the Iantronlc digital lntegrator’was difficult.

' Because: the so:—pesk area was very seﬂiﬁ&ﬁve to these

bese—line'changes,,considerable error ih the GC ahalysis

for’this-component resulted Th&refore, consistency

between conver81ons based upon st (oxr COS) and those-

. e
.upon §b 3$1d not be expected.
e ’, The manual control scheme fof’the reactor 1n1et

':and out temperatures was 1nconven1ent and 1naccurate w1th

a control error of around +3°K.

Qﬁl N ‘
R
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To obtain more precise control of the reactor

-

b‘pressure, an absolute pressure transducer should be
used instead of the gauge pressure transducer‘used,in. ,

, this study.

Afteryinitiating some improvements, GC mOnitoring

.by the computer was found to be consistent with results

from both the digltal 1ntegrator and a dlSC 1ntegrator.
w
Thus, - development of an on-line data proce351ng system'

becomes p0351ble after dev151ng a3 automatic sample

'1n3ection scheme to get accurate elutlon tlme data for

L3

each peakl‘ In add1t10n, a new gas chromatograph eduipped

with a temperature programmer Wlll be very helpful to

shorten the cycle of each analy51s, whlch As 12 mlnutes

at preé”nt. 4

-

The calculatrgn of equlllbrlum conver81ons foqqgg

ft Claus unlt revealed that the reaction conver51on may be

puaie”

. aﬁ»ﬁ-‘g}” .

1ncreased or decreased by changlng the lnert gas content
dependlng upon»the temperature level When'the equlll—

cya
@

brium temperature is above 900°K, the conver51on level

‘anreases with 1ncrea81ng 1nert content, while the

-y

"_conver81on 1eve1 decreases W1th 1ncreasxng 1nert content

in the temperature range ‘below 750°K ’ For the operatlng

ftemperature range between 750° and 900° K, the convers1on

level of the Claus reactlon depends upon both the opera—

"tlng temperature and the lnert content. -Most Claus

.-
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plant furnaces or converters cperate at temperatures
‘outslde this middle range. o a

In the calculatlon of the adlabatlc reaction
-path in the. front—end burner it was assumed that the-
reaction (1.1) and (l 2) OCCurred consecutlvely and
»-reached an: equlllbrlum condition. However, the actual
condition in the front-end burner may not be in equili—-
brium condition.~lfherefore, accurate reactlon kinetics
combined w1th mass transfer rate in the front—end burner

is reqndrsd to understand the actual dynamlc behav1or
“of°€§e{rzaétlon path ' The literature. suggests that the
’mlxlng eff1c1ency at the entrance of the fronbend burner
should also be experlmentally 1nvest1gated For various
-_geometrlcal conflguratlons S1ncq»the mass transfer rate
depends 1arge1y upon the mixing eff1c1ency. V |
From the simulation of a Claus catalytlc converter'
remploylng the one-dlmenslonal two—phase model (62) .and
.Llu 8 rate expre351on for reaction (1. 2) for an Alon»
catalyst (66), ‘the rate ‘of reaction has been found to
be suff1c1ent1y fast to proceed sign lflcaztly right ‘at
:the 8ntrance of the catalyst bed. The maximum obtalnable
‘:convarsion may be reached w1th1n 2 feet bed—depth when
)the feed temperature is 550°K and the space veloc1ty 15\

l and a feed

_1000 hr ;°. At a space v91001ty of 1000 hr™
*temperature of 550°K, the external mass transfer resls-»,_ ‘

tance.was_found to be»negl;glblejconpared to the
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internal resistance, while the external heat transfer
resistance was found to be significant compared'to the
internal resistance. On the above results, it is re-
‘commended that the séace velocity should be 1arger than

-1

1000 hr ~ and the catalyst particle size should be less

than\l)é inch in diameter, which was employed for this
'slmulation, to"eliminate the effect of the’external and
'internal'transoort resistaﬁce in inveStigating the
41ntrins1c rate expréss1on or in evaluatlng the Catalytlc
_activity in the luboratory reactor. VIn using smaller
catalyst partiuﬁe%“ the observed rate per unit weight of

¥cata1ysts w1ll 1ncrease because of the larger external

area. ‘Also 1tv§us observed in experlments that the per-

‘formance of v "'s catalysts could be best compared at’

\ :
lower conversidﬂ}levels. For this reason, a'much larger.

1 ana

space veloCityibetween 25‘000 and 150,000 hr
smaller catalyst particle 5121ng -12 to +24 mesh were
used throughout thl% study.~
To extend the appllcablllty of the reactor simu-

_latlon to Alon Catalysts w1th dlfferent phy31cal propere‘
Atles, the effectxveneSs factor—Thlele modulus relatlon—
. shlp was ccmputed.} The calculated value of the effec-
tiveness ractor,<0.17,liudicated'that7the7rate/of’the_
tAClaus reaction\is so fast even at such a low concentra-
tionﬂof‘the feeddreactants, 6. l4*percentfof H,S and 3. 07 -
'_'percent of 802 with the balance N2 and H O, that most |

A"of the reaction occurred 1n the th1n shell near the
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external surface of the catalyst particle. This result
agrees with other observations (45; 72) .

However, for a more practlcal simulation of the
Claus converter, it may be necessary to con31der the
effect ‘of simultaneous reactions, like COS~SO2 and -
COS—HZO, which possibly occur in the Claus converter.
Here the, need for knowledge of the reaction kinetlcs of

such pertinent Ainor reactions, including the reverse

‘reaction in reaction (1.2), arises. 1In addition, phy-

&

eibal’propertiee ofrvarious kinds of catalySt particles,
like‘effective diffusivitv, effective thermal conducti-
vity or pore éizé distributions,'should be critically
investigated to provide an\improved>basis for'prediction
of actual performance of a claus converter.

Evaluation of a Blfunctlonal Catalyst

The b1funct10na1 act1v1ty of the newly developed

vgcatalyst,g Cu—on-alumlna, was proven experlmentally. The

¢

coPper ‘on the Y-alumlna surface was ‘shown to 1mprove the

: HZS'- SO2 reactlon rate to some extent but w1th some

‘deterLOratxon of the sxmultaneous COS - 802 reaction

'rate relatlve to the A alumlna used in preparlng this

’;catalyst. The optimum content of copper for maximum

‘reaction conver81on of the Hz - SO2 reactlon was found

' to be somewhere around 5%. POSSlble adsorpt1on and

reactlon mechanisms for the two reactlons, H2 - Soz and

_JCOS - 802, on both the y-alumlna and the Cu-on- alumlna

\
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catalyst were discussed in terms of the experimental
data observed and the latest mechanistic model deve-
loped by Liu (66) for the H,§ - Soz'reaction on
Y-alumina.

Summarlzlng, on. pure Y—alumiha catalyst, HZS
COS and 802 lndiv;dually appear to compete for the Lewis-
acid sites. To account for bifunctional.activity on the -
Cu—on—alumlna catalyst, st and 502 are believed to be

adsorbed on the sulfided copper surface more easily than

_on the Lew1s—ac1d sites, while’ CO§ may be adsorbed on

jthe Lew1s—ac1d sltes in the same mechanism as on the

y—alum:.naQ However, adsogbed H,S and 802 on the sul-"

fided copper surface ‘are belleved to react more readlly

in the Presence of nelghborlng basic sites. 'The com-—

plementary role of the basic s1tes for the HZS‘
reactlon on Y-alumlna, whlch is to stretch ‘the H Ad

o 1;'.;

, by the electrostatlc attractive force between the basic

' thde ion and the- H—atom of st (66), may be 51m11ar on

the Cu—on-alumlna surface. The decreas1ng conversion

of the st - SO2 reactlon beyond the copper content of

5% may be explalned by the blocking effect of copper on

the baslc 81tes., Therefore, the ba51c sites appear to

be vxtally involved in the Hz S- 502 reactlon mechanlsm

on both the Y—alumina and Cu-on—alumlna catalysts. Oon

the above postulatlons, 1t may be concluded that, on the
. Cu-on-alumina catalyst surface, the HZS - SO2 -reaction
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L]

proceeds mainly on the sulfided copper surface in the
presence of neighboring basic sites, while the COS -
50, reaction proceeds exclusively on the Lewis-acid
sites.

To confirm the above explanation, an infrared
spectroscopic study on the edsorption‘mechanism of
Hés} SO, and COS on:Cu—on—alumina catalyst is recom-

mended.

4 'Meximum Obtainable Conversion>in the Claus Reaction
The maximum obtainable cenvefsion level of the
Claus reaction'wesvinvestigated and found to be above
the theoretical the:modynaﬁic equilibrium convé‘sion
'5 level for the same temperature, préSsure and feed coﬁ—
position. This hiéhly unexpected ;esuit and some
‘possible explénations were discussed. No clear evidence
is available at-gresent to explain this diserepancy;
'To‘testeWhether surface adsorption equilibria for
elementai sulfur ere responsible, it is recommended that
a long—term operatlon (for around one week) of the
reactor be used to provide enough time to ensure that
such equilibrium states are reached for the adsorption-
deeorption phenomena of sulfur'vapon_within ﬁhe catalyst
Ypores; S |

».S Reversible Reactlon 1n the claus Reactlon

. ‘ During the 1nvestlgat10n of the max1mum obtalnable

conversion level in the Claus reaction, it was noted on
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'figure 30 tﬁat the conversiqn level decreased as the
temperature increased from 550° up to 700°K. From this
observaﬁion, it may be concluded that the réverse
reaction in the Claus reactioh ié signiﬁicant even
~though its visjble rate is negligible. Therefore, it
is recommehded that the reverse reaction kinetics for

the Claus reaction should be investigated.
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NOMENCLATURE ///

Meaning |

A
/
e

constant estimated by cufﬁc—fitting con-
version-space velocity data

external wall area of catalyst bed
(cm“/bed volume)

heat transfer area (cmz/bed volume)
mass transfer area (cmz/bed volume)

concentration in the fluid phase
(gmole/ml)

concentration within the catalyst pellet
(gmole/ml) '

concentration on the exte ‘hal surface of
the catalyst (gmole/ml)

heat capacity of the fluid phase
(cal/gmole\ J°K)

radiation constant

molecular diffueivity\(cmz/sec)

bulk diffusivity (cmz/secx
effeétive(diffueiyity (cmz/sec)
Kncdsen diffusivity (cmzésec)
diffusivity in the macrcpore‘(cmz/sec)
diffusivity in the micropore'(ipz/sec)

diameter of the-catalyst pellet (cm)

. volumetric flow rate of the fluld stream

{cu.ft. /hr)

volumetric flow rate of the fluid stream
(cu ft. /hr) . f
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'FCOS . o _fv,volumentric flow rate of COS ftu;ftz/hr)f*

'AH o »u ‘iliheat transfer cOefficient (cal/cm -hr-’K)

Ip - 4= factor for mass transfer R

'jH ' ;:j factor for heat transfer | X
'-va: i -}, ;”ffrrequilibrium constant lfkif*:l

k -5freection rate constant -

k. '“5""v effective thermal conductivity
' IR _‘ (cal/cm-hr-’K) - S

:k£f~. = wsl'qﬁ‘ ,thermal conductivity of the fluid phase B
LT, i (caI#cmvhr*‘Ki R : S

' jimase transfer coefficient (cm/sec)

U'total depth of‘the catalyst bed (cm)

“dimensionless length

oy

M i -ifl',;chqracteristic pore. IGHch,.‘l . %
B ‘ L, = ‘'R/3 for a spherical pellet |

,ﬁ? --R for a flat slab pellet
' I

: e C
—r g R
e /j o

: ”moleculer weidht of species A

Mg lmolécular weight of qpecies B.
o N

o average number of atoms in ‘a eulfur-- )
U ’molecule ST '_w', "kfﬁ
”'«»ﬁAh . o T?mole flux of comﬁonent A (gmole/cm -sec)

-Nﬁl»?-;" jflf“lmole flux of component B (gmole/cm -sec)
'ﬁuA: f; 3 ::'1mfNusee1t number (- h dp/kf)
{?ﬁéé, - i.;;c?.'partial pressure of H20 (nmw Hg)

| ?'Pﬁ é*;”,”.;_n"p partiel preseure of HZS (mm Hg)

802 ;v:;ucfwbe:‘pertial pressure of SO2 (mm Hg)
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e

fo{‘

i

'ﬂ_lprandtl number (- pf uf/k )

ﬁi_radius of a catalyst pellet«(cm)

:.OQ;

"19as constant ':~. ;;“; Ty “f’

'Reynold number (h dpG»uf)

ifradius of a pore (A)

- rate of- disappearance of So2

A”global rate expression

N f; distance from the center of the spherical

catalyst gsllet (cm)

;i;rate of disappearance of st

(gmole/sec-gm Catalyst)

(gmole/sec—gm Catalyst)

o

Aintrinsic rate- expression on the external

surface of a catalyst

N intrinsic rate expression within the

T e

catalyst pellet

" 'Schmidt number (- uf/pf°D)
| tSherwood number (= kmdp/D)

;temperature (°K)

.
equilibrium temperature (°K)

'temperature of the fluid phase &4 K)-

temperature of the.fluid phase at the

ﬁ’,reactor inlet (°K)

o (°K) »
tehperature of the external surface of the

emperature within the catalyst pellet ‘
catalyst pellet (°K) o
interetitial Velocity(om/sec)

weiqht of catalyst (gm)

]
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;ftéonversion

the fluid phase ’

;?uilibrium conversion .

‘gonvergion in

- conversion on

catalysts

4dimensioniess

,-dimensionless

mole fraction

‘reactor'bed depth (cm) -

dimensionless

'.void fraction'
_voiu-fraction‘
.voidkfractlon
leffectiveness
“*dimensionless

A.‘dimensionless
' the fluid phase

dimensionless
the external

-t*dimensionless

’“Vtotal prassurs '

o

the external surface of

'1engthf Ty
-concentration

of a component A

{is};

‘variable

o
due to micropores
oue'to=macrop0res“ /
factorf B
temperature |
temperature difference in

temperature difference on
surface of catalysts

'“*geomstrioal constant of catalyst poresirf
"~viscosity of fluid phase (qm/cmosec)
.. pore orientation distributiOn function

length .
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o

f"denaity of the cetalyst bed (gm/ml)

't-dennity of fluid phase (gm ml)
- denlity of the catalyst ellet (gm/ml)
' pore aize distribution fu ’tion ‘
 tortuolity fector
~ Thiele modulus in generel definition
‘.chhiele modulus for a Spherical pellet
7Thiele mogulus for a flat sleb pellet

. dimeneionless concentration _



1.
2.

‘ '-7 -

8,

6.
.
B,
) sigﬁ
10, .

It

-

eigﬂxiln, po L. Tp,iiw

183

-BIBLIOGRAPHY .

Y.
<,

Ab.d, n.; lnd Rinkor, a. s., AIChE 3., 19(3), 618 (1973).

; Abramov, A, Ay Toor. o-n. Khim. ‘Tekh., 3(1), 116 (1974)

Abrlmov, A A.. nnd Zhdanov, V. M., Teor. OIn. Khim.v.
Tbkh., 7(3), 363 (1973).' , .

Balnndin, k. A.,~~Cata1ysil and Chamical Kinotics",
pp 255, Acadomia Prass, New York, 1964 L

'Barkolow, c., Chom. Eng. Progr. Symp. Ser., 37(25),

55 (1959) . - _
aaxry, c. a., Hydro. Proc., 51(4), 202 (1972;

,Buxtlott, P. D., Lohaus, G.; and Weis, C. D., J Am.

Chem. SOc., 80, 5064 (1958).

B.nn-tt, c.-o.. and Myers; J. E., MOmentum, Heat and
-'Mass Transfer", 2nd ed., pp 509, McGraw-Hill, New -
¥ork, 1974. L A

Bcnnntt. H. ‘A., and’ Meisen, A., Can. J. Chem. Eng.,'
31(12), 720 (1973). : .

Blrkowitl, J., gnd chupka, W; A., J. Chem. Phys.,k40(2),
287 (1964).,  ‘ . '

3 T, T
1"/

,;nrkcwit:, Jey and Marquart. J. R., J. Chem. Phys,' ,,}

39) 275 (1953"‘

-‘azaun-, H., Peter, s.,vand Neveling, v., 2. Naturfor-ch.. g

6w, 32 (1951). - .
d Hale-, H. B., AIChE J., 15, 419

(19‘9)0_;i;”

‘d'Cu’ u:n. A. p., T Ec, 26, 1183



18 [

9.

21,

o 22.

23,

24
TR

_2‘;“
27,
28,
- 29,
A‘3°9f
s
A32- f
- .33,
ﬁ*3‘;é;

Chuanq, T. T., Dalla Lana, I G+, and Liu, C. L.,

’claul. c. F.. Brit. Pat., 5958 (1883).

.184

~»\

Chuang, T. T.. Ph, D. thosil, University of Alberta,
Edmonton. Albnrta, 1971. B

. J« Chem. 8oc.,. raradaﬁy Trans.. 69, 643 (1973)»

Cormode, D. A., M. Sc. thelia, Univnrnity o ‘Alberta,
Bdmonton, Alb.rtl, 1965. .

Dalla Lana, I.G., Gas. Proc. Canada, Jan/reb, 36 (1971).
Dalla Lana, I.-G., Gal Proc, Canada, Mar/Apr, 20 (1973),

D‘ll‘ Lma'\ I- GO' ChO, 8;0 Ku' !nd Liu' C Lo' Papor

-presented in CNGPA reaearah seminar, Calgary,
Novombor, 1974 _ L

- .
Dnlla Lana, I. G., McGregor, D. E., Liu, C. L., and

”

o Cormode, A. E., -Proc.. 5th. Europ /2nd Int Symp.

.Chem. Roaction Engg., B2~9, 1972

fnavia, :.-c., Chem. Eng.. 79. 66. (1972).
“Do Ace%is, J., and’ Thodoa, Giy T & nc, 52 1003 (1960).

Doo, A. v., Dglla Lana, Iy G., and Habgood, H w.,
J. Catal., ‘a1, 1270 (1971). -

4 Y
_Dctry, D.y Drowaat, Je Goldfinqor, P., Keller, Hﬂ,

“and Pickert, H., . Phys, Chem., N. F., 55, 314 (1967).

;Eiqonbergor, G., chem. Eng. 801.,“27, 1909 (1972)
vnigtnbcrger, G., Chem. Eng. Sci.,}27 1917 (1972).
firorn, R.'3., Chem, Rev., 57, 621 (1957).

irilchcr, H., Hydro.,Proc., 10, 125 (1974)

P:i.dlandor, 8.»8., AIChE J’.,'3, 43 (1957)..

"5,;‘f3!?'°n' B, W.,»and Efﬂ&nl, R.fﬂ., Chem. Enq. Progr.,

/'203 (1983),

'fecoxge,‘z. u., 3. catal., 3s,f2130(1974>

'auar.. 32, 261 Q974
‘. B.. and Palm, J. w.. Hydro. Proc.,' '4



. “.
5.
.-is;_
a.
48,
 ;59.1

/50,
:“Slf.

52,

VSQ;

By

';;QQ;

]‘Sé~f,xha1nrn;1a, s. n., -nd Haas, L. A.. . Catal., 24, 2z

: Haas, L. A., and xhalat

185

-

-Go‘tl. V. w-p 800&, Ao, ma Kittrell, J R.' I & EC,

. Prod. Res: Dnvqlop.. 13(2), 110 (1974). o

'zGoodlel. S Y P and BIYKblder. G.. J Catal., 26,.

11 (1972).

: Gritfith, ‘Re-Hi), Marcom, A. R., gnd Newling, w B S.,

Brit, Pat., 600118 (1948),

Haa-, L. Aoy and Khalafalla,
' (1973)._5

S?i’?y Catal.. 29,’ 264
'1‘- ) ﬂll papar aelection
T A73-6, 1973.. | ”i’”‘i’

Haal. L. A., McCormick, T. H., and Khalafalla, S. E.,
: U 8. Bur. Mines Roport Invest., No.7647, 1972,

'Blmmnr, ‘B« G. G., Doktorsavhandal, Chalmers_Tek.

Hoqtkola, No.l4, 166 (1957).\

—

‘Hidoo Teshima, and Norigoahi Morida, J. Catal.. 31, 1
(1973).._ A o p L=

,Hlavacok, v.; and Hofmann, H., Chem. Eng. Seci., 25,
- 173 (1970) o :

;Hlavacek, v., and Hofmann, H., Chem. Eng. Sci., 25,
S 187 (1970) : :

-Hlavacek, v., Hofmann. H., Votruba.‘ ;, and,Kubicek, M.,
W~,,chom.lznq. Sci.. 28. 1897 (1973) ) S

HynQ, J. B., Oil Gas G., Auguat 28, 64 (1972)

‘aohn-on, M. P., and stewart w. E., 3. catal., 4, 248
" (1965) . ' ; ,

Karanth. ‘N G., and Huqhaa. R., Catal Review, 9(2).
169 (1974) :

‘...\

Rirrﬂno B., M.Sc.. thesis. University of Alberta,
_ Bdmonton, Albcrta, 1972.

Rcll.y. K-. U 8. Bux. Minea Bull., 406 (1937)

Rirr. R., Privnt. communicationa.




s
) ~.5'8f-1:
60..
e
62,

{64;
65.

66.

67.

- 68,

e

186

'Khnlafalla. S..E., and Heas, L A, J. Catal., 24, 115

—

(as72). " . . = .

Krill Helmnt. end Klaua, Storp, Chem. Engg., July 23,
84 (1973) ' _ :

Landau, M.. Molyneux, A., and Houghton R., 1 & EC,
Symp ser., No.27 (1968)._ : ,

fLéplQQ, R.. I G EC 30. 92 (1938)

Levenepiel, 0., "Chemical Reaction" Engineering", 2nd ed.,
PP 473 John Wiley & Sons, New York 1972 2 .

‘Liu;'S. L.. ‘and Amnndaon, N. R., I & EC, Fundls, 1,

. 200 (1962)

Liu, 8. L.. and Amundson, N._R., I & EC, Fundls 4i
T 12 (1963). L L - e

~Eiu, S. L., and Amundson, N R., I &. Ec, Fundic,

183 (1963)

Liu, c. L..ﬁM sc. thesis, University of Alberta, Edmonton,
: Alberta. 1971.

'Liu, C. L., Unpublished research results, 1975.

Liu, C. L., and Dalla Lana, I. G., Paper presented at
canadian Sulfur Sympoaium, Calgary, May, 1974.

Lochiel, A. c., and Calderbank, P ~H., Chenm. Eng. Sci ’

E 19, 471 (1964). o

. _Lovett, W. D., and Cunniff, F. T., Chem -Eng. Progr.,

' 70(5), 43 (1974)

Mareh, J, D. F,, .and Newling, w. B. s., Brit. Pat.,
867 853 (1961). L :

' HcBride, Be Jo, Heimel, s., Ehlers, J. G., and Gordon,

"84y NAsA,SP-3001 (1963)

“3NoGreqor. D. E.. Ph D. thesis,” University of Alberta,

Ednonton, Alberta. 1971.

f'nesuirc, M. L., and Lapidua, L., ALChE J., 1i, 85 (1965).

171 (1974).

“Neitenunam.»and Bennett, H. A., Hydro..Proc., 53(11).



187

75. . Meyer, B., Eiomantal Sulfur®”, Interscience, New York,

. * . 1965.

76. Mesaki, R., and Kittrell, J. R., Cen. J. Chem. Eng.,
44, .285 (1966).

77. Mischke, R. A., and gmith, J. H., I & EC Fundls.,
» 1i4), 288 (1962). N
¥ .
. 78, ~Naber, J.‘E., W.l..linqh, J. A., and Groenendaal, W.,
. Chem. Eng. Progr., §9(12),/29 (1973).

79. Namba SQitaro, and sShiba Tadao, Kogyo Kagaku Zasahi,
- 71(), 93 (1968)f

80. Neumann, K. K., Erddl und Kohle-Erdgas-Petrochem.
: Brennsatoff Chem., 25(11), 656 (1972).

8l. Okay, V. C., and Short, W. L., I & EC Process Des. i
: Develop., 12(3), 291 (1973). .

>82;. Paterson, W. R., and Cresswell, D. L., Chem. Eng. Sci.
26 605 (1971).

83. ‘p.araon, M. J., Hydro. Proc.; 52(2), 81 (1973).

B4, Poter, S., and Woy, H., Chem.’ Ing. Technik, gl, 979
k (1969) : '

85. “Pcterscn, E. E., "Chemical Raaction Analysis", Prentice-
g Hall, Englewood Cliffs, NeW’Jersey, 1965.

86. Potty, L. A., Chem. Eng. Sci., 28, 119 (1973)

n‘87..ﬂPilgrim, R. -F., and Inqraham. Q_JR.. Mines Branch
_ Information Circular Ic 243, June, 1970.

Sa;e'preunar, G., E. pnggy,Chem. 44, 733 (1903).

89. Preuner, G., and Schupp, w., z. Phya. Chem,, 68, 129
L asen. , .

 ‘§9. Qu-rido, ‘R., and Short, W, L., I & EC ?rqcess-bes.
Dov.lop., 12(1), 10 (1973). .

_91.” Rau, H., Kutty. T R. N.,'and Guedes de Carualho, -
S J.‘R. F.,:J. chcm._Tharmodynamics, S, 833 (1973).

4;92‘;:Rpaa, R. A, and Jnanel. M. R., I & Ec Prod Res.’
C Devalop..:13(2), 102 (1974) | : :

C



93.
94.

95.

96.
97.

98.
99.

100.

1019
102.°
103,

lOl;T

'105.

106,

‘207,
108.
7;105;;

Weisz; P. B.,. lndrnicks, 3. Se4 Chem. Eng. Sci.- 11,

188

Sattorficld C. N., 'MAI. Trahlfer 15 Heterogeneous
Catalyniu . PP 56, MIT Press, Cambridge, Mass., 1970.

Smith, J. M., "Ch.mical Enqinocring Kinetics", 2nd ed.,
PP 420, 430, McGtaw-Hill, New York, 1970. :

Stechgr,.P. G.,_ Hydrogen Sultide Removnl Procesa"
‘Noyes Data Corporation, New Jersey, 1972,

Stoijni,fu.; and Mars, P., J. Catal., 35, 11 (1974).

Taylor, H. A., and Wollny, w. A., J. Chem. Phys.,.gl,'
216 (1957). . _

Thompson, Kearton, C. F., and Lamh S. A. v J. Chem. Sci.,-
1033 (1935). i

Van Don Bosch, B., and Padmanabhan, L., Chem. Eng. Sci.,
29, 1217 (1974). )
varma, A., and Amundson, N. R., Chem. Eng. Sci., 28,
91 (1973). - . ’ ' .

villadsen, J.. V., and Stwart, W. E., Chem. Eng. Sci. .
- .22, 1483 (1957) .

Votruba, J., Kubicek, Nk. and Hlavacek V.. Chem. Eng.
- 8Sei., 29, 2333 (1974)

Wakao, N., and Smith, J. u., Chem. Eng. Sci., 17, 825
(1962). :

Wakao, N.is and Smith, J. M., ‘I & EC Fundls. Quart.,
L3 123 (1964). '

Wayman, D. D., et al, NBS Technical Nota 270- 3, U . S..

- Govarnment Printing Oftice. 1968,

w——

.265 (1962)

Nheelor, A., Advlnco- in Catalysis", Vol 1II, pp 250,
Acadenic Prnnl. New Yo:k. 1951.

iupite. W. B., Johnson, S. M., and Danzig, c B., J.

Chﬁm- Phy-.) 23' 751 (1958)0

uo:cr. J. t., !o:lonal conmunication&a

“Nagy. J. w., and Moaer. J. P., "Users Manual for the

" Monitoxing and Control of Gas Chromatographs by the
* IBM 1800 Comiputer™, Dept. of Chem. Eng., University

"'n of hlberta, Ednonton,.alberta, 1973.



AN

- APPENDIX A

CALIBRATION OF THE GAS CHROMATOGRAPHIC SYSTEM
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A-1. Calibration Procodurgx

The gag chromatograph was calibrated using sample
gas mixtures the composition of which was known from the
volumetric mixing ratio. The apparatus used for sample

preparation is illustrated in Figure A.l, which was origin-

Al

ally fabricated by McGregor (72).

The sample mixing chamber was made of a 5 liter
lucite cylinder oquipped»with a movable piston and a mix-
ing fan beneath the top cover of ﬁhe cylinder. The lucite
cylinder had been calibrated by McGregor (72) to describe
the volﬁme_of the gas mixture in the cylinder as a function
of the piston position.

Before preparing the sample mixture the cylinder

was initially purged with nitrogen for about 2 hours. Then

the cylinder filled with pure q}trogen'through the line A
was allowed to equilibrate to thé atmospheric pressure and
tempefature. -Then the gas burette and the line B were
purged with one of the calibratiop gasesand.a'wolume of the
gas was trapped in the burette by lowering the mercury
reaervoir. The pressure of the trapped gas being not equal
to the atmosphereic pressure, the elevation of the mercury
réiervoit was panipulated to get the atmospheric pressure
which was confirmgd by the water manometer.

. ~ Then the grapped gas was compressed to about 30

-

. . . - ' \J
psi by raising the elevation of the mercury reservoir and

190
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PIGURE A.l: GC CALIBRATION APPARATUS
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forcing 1t into the cylinder through the line ‘B w1th a
sufficxent positive pressure. The residual volume of the
- trapped gas was brought to the atmospheric condition by

. manipulating .the elevation of the mercury reservoir again.

. The difference of the gas volume hetween'the;initial and

the residual at atmospherie condition'was:recorded as
‘the'introduced gas volume to the mixing%cylinder.: l
While. the first calibration gas Was being mixed
~with the nitrogen in "the mixing cylinder by the. mixing fan,
the line B and ‘the gas burette was purged with the nitrogen.
.and then by the second calibration gas._ Then the second .
.calibration gas was trapped in the hurette,_equilibrated
| to the atmospheric condition and then- forced into ‘the -".
'cylinder An the same way as the first calibration gas.ﬁ
The third calibration gas was also 1ntroduced 1nto the
cylinder in the same way as the first one.v' f' “

4 y After the final sample was mixed for one hour byliya
- the mixing fan, it was forced into the Gc sampling loop
'With a positive pressure head of 1 inch mercury, which was
‘measured by a mercury manometer on the vent line from the
':-GC, by lifting the cylinder posxtion. 4 |

o The sample introduced to the GC sampling loop was .

.injected to the s&mpling coil by pushing the 1njection

lamp on the -GC programmer panel for 13 seconds. .
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a-2, 'Attenuation System Design:

- ‘ The individual attenuation system originally l<§;al—
‘led on the GC. programmer panel was found to be malfunction—

ing due to the excessive electrical noise causing the

;unstable base line whenever each microswitch changed i_
'electrical connection on the timer\control cam., The scha-
) matic diagram of the individual attenuation system used
;ﬁi;by the former investigators (53 65, 72) is illustrated in

L .“Figure A, 2 - : o

| ‘ ;f SO the previous iné‘yidual attenuating system was
vnot employed throughout this study, and the first GC cal-

‘Aibration was done at a fixed attenuation for all peaks as

-shown on Figure A 3. With this attenuation scheme, the
. Ge.- calibration results by the computer and the integrators
:were not consistent as described in chapter 5. '

B Finally it was found that another installation of "
attenuation system was still possible. The newly instaIIEH~//
-L'attenuation system is illustrated in Figure A 4. The atten-,g
",uation scheme III was. calibrated byumeasuring the output
signal from each attenuator at a arbitrarily assigned ‘in=- i,,#’.
'put signal. The voltage signal was measured using a’ poten- ‘
'tiometer. The results of the calibration of the three

;attenuators are 1isted in)Table A 1 through A, 3.' The -

~*;Gc calibration results using the attenuation scheme 11T by

':ffthe computer and the integrator were in a very good

s
7

P
7
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TABLE A. 1 IR

CALIBRATION OF CHROMATOGRAPH ATTENUATOR

X = ATTENUATOR SETTING
K ATTENUATION RATIO

THE COEFFICIENTS oF THE POLYNOMIAL ARE
a0 = 19, 95917 - -

Al = -1.83733s'

;
L/

o“g.MEASyKED '

14000

xlz.ooo

3,000
4.000
LélOOQf :O
.5.690'.‘
 7.000 8

84000 -

10,000

"‘VARIANCE

'*STANDARD DEVIATION - 0.123330
: MAXIMUH pCT ERROR

16,008

Tfl;&?ﬁff

REGENERATED DATA

Y OBSERVED

”1a.069

14,2027

10.735

" 6,759
- 4e 740

;0.015210

:2.527§617-

- CALCULATED
18, 071:
 1e.184

| ,14.297;“,
12, 4093
'gilo 522.

" 8. 634'”’f~'

| 6. 747A

4 860f 
z.97z"

‘ 1 085

" ERROR
0.013
’ 31;6§? i
" 0.666
1,403
2' 1¢98§f>
0,640
0.174
2.527
1.804°

1.095

195
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TABLE A. .2 e

. CALiakATION OF AITENUATDR~ 1

X ‘= ATTENUATOR SETTING
Y - ATTENUATIUN RATID

"[ATHE COEFFICIENTS OF THE PULYNOMIAL ARE o 1 e

A0 = . 1.07781
AL - '0,17031 “

B S A : REGENERATED DATA o )
X MEASURED B v naseaveo B 7 CALCULATED _ PC}'ERKORA'“
~1.ooo..,_~5- ="1.21o'A‘;_. 1. 248 - /_.4;3.1i9.
©o2.000 0 1.398 TS T 1,39
S o300 1ieer  1ses . s.e33)

4000 1,784 1,759 . 1.428 L

5Qoooa,f_ ?. 1.893 ";;b29 a 1.880

. 6.000°  "..f2}o73 '1";f T 24099 IR 1Q2¢6f o

. “7.oooi T aase . 2,268 0.704
B0 - 20431 20460 . 6.370

o %.000 . 26137 20610 ouize

o 00000 ﬁz.797f7 XA¥ L«;2;78of' o 0.e03 -

. ,_

‘,QVARIANCE QL;]fJf?ff -001636
' .040552
MAX!NUM PCT ERRDR 833227 ., -

STANDARD DEVINTION




S B 197 .
© TAMLE A3

'CALIBRATION OF ATTENUATOR - #2
X = ATTENUATOR SETTING . AN
Y = ATTENUATION RATIO-. S
THE COEFFICIENTS OF. THE POLYNOMIAL ARE
A0 w 1417312 | “

- .

R REGENERATED DATA - |
1 FX>M§ASURéb  f:_Y'OBSERvED ‘ Sy cALCULAreo '_7cT ERR0R‘
. =‘1.ood:?. ';>_ 2,811 2,933 i v1 ' 44343
| ﬁ_‘z;696‘4,.; '_' £l635 f'_"1 ‘4,594 :  ",' e271
‘3.000 "»5;451 o beese ~o.z£5:f*1
4000 e.3e5 - B.215 . 1.802 . o
54000 ",kio;147 L e.e7s T 14699
6000 11.706 - 115735 . 0.251
o Toem 13,450 13,496 0.338
4-;fagqooff.-;‘.' 15}244."‘5 N 150256 - 0.081.
© 9i000 - 16.980 L aror .29
| Con o es9R0 e AT o

10,000 - 184743 . 18,777 . 0.185

PR

“0.008538 -

0.092401
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4

_agredément as deecribed‘ingchapteris.

'

A-3. .ﬁo‘mg.mu- Reaction Effects In The Mixing _cyu_nder; |
’ : N . .\V/ff“\\ , _
~ To check the homogeneoue reaction effeats during
"‘the mixing period of the eemple gas mixture in the mixing -
cylinder. the calibration results £or So2 component both
| ‘in the cos-nzs-soz-nz mixture and in the - 802-N mixture
,_were ccmpered as illuetreted in Figure A.S, ‘
. Figure A.5 indicates that there was no. homogeneous
yireaction during the mixing period of the sample gas mixture.
» The calibration deta for the soz-N2 mixture ere 1isted in |
-'?rabiealc. BV EEEN | o \
.. The. first qplibration results of the gas chromato—r

.graph ueing attev\eti n scheme II, are listed in Teble A. 5

7!and the eecond c‘l'iiation results using attenuation scheme
III are 1isted in Table A.G. A lieting of the program |
iGCCAL, used to reduce the calibretion data to- usable re-

’~eulte, ie alec included. o
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TABLE A.4

v

CALIBRATION SAMPLE NUMBER 1

SAMPLE PREPARATION CONDITIONS
ROOM TEMPERATURE.eeesesses 292.5 DEG K

"ATMOSPHERIC PRESSURE.ecees 697.6 MM HG
VOLUME OF NITROGEN.esesoss 4619.3 CC
. VOLUME OF SULFUR DIOXIDE .. 56,2 CC

© SAMPLE COMPOSITION (MOLE PERCENT)
 NITROGEN.eeeseeacs. 98,7675
| sutfuﬁ‘DIOxtoé e 1.2324
;'.5J06XiMbLAR_RATIO...: 1.2478

‘.'MINTEGRATORjAkEA RESULTS (THE LAST SET IS THE AVERAGE)

_NITROGEN . .SULFUR DIOXIDE

"INTEGRATED ©  PCT OF = INTEGRATED - PCT OF
- AREA - TOTAL ~ AREA . TOTAL

' 0.543787E 07. 98,35 . <0,910210E 05 ' l.64
. '0.543654E 07  98.33 - - 0.920240E 05  1.66

0.544517€ 07 - 98.35° . 0,912500E 05 1l.64
-719,54§294& 07 98,32 - .- 0.928330€ 05 167
;j?io}545?33€L6i2'._9@431,’ 'i'o;9aaéeoé 05 1.68

L 0.564278E 07 © 98.33 - 0.921248E 05 1.6

100X
AREA

- RATIO

200

1.6738

1.6926

1.6757 ~

1.7058

1.6925

1.7147
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\B\\,,¥23LE A.4(CONTINUED)

CALIBRATION SAMPLF NUMBER 2

SAMPLE PREPARATION CONDI THONS
ROOM TEMPERATURE.eceeeess) - 291.5 DEG K

BATH TEMPERATURE........:\ 290.8 DEG K

ATMOSPHERXC PRESSURE...... C 697.8 MM HG
VDLUME OF NITROGEN........ 4619.3 CC  ~ i e

VOLUME OF SULFUR DIOXIDE '.. 1?.6 ccC

 SAMPLE COMPOSITION (MDLE PERCENT)
NITROGEN........... 99.7211
SULFUR DIOXIDE ... 0.2788
100X MnLAR'RATlo;;.. 0.2796

<

!,VINTEGRATOR AREA RESULTS (THE LAST SET IS THE AVERAGE)'

| ' NITROGEN ~© - SULFUR DIOXIDE - 100X
. INTEGRATED . 'PCT OF  INTEGRATED  PCT OF ~  AREA
~ AREA- ToTAL AREA - TOTAL = RATIO
0.549638E 07 99, 67 £ 0.179220E 05 0.32 - 0.3260
0.555189 07.  99.65 .1906605lo$ © 0.3% 0.3433
0.553106E 07 99.68 0. 176200E 05  0.31 0.3185
10;5495éqe_0? "AQéé.és}' . 0.193090€ 05 1 0.35 0.3513
| 0.569491F°07  99.64 . .q.19321oe'o§‘_ 0435 . 0.3516

' 0.551400E 07 99.66 - 0.186464E 05 033  0.3381
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TABLE A.4(CONTINUED)
CALIBRATION SAMPLFE NUMBER 3

SAMPLE PREPARATION CONDITINNS
ROOM TEMPERATUREccesoscsee 293.0 DEG K
BATH TEMPERATURE.eeeeesess 292.2 DEG K
. ) |

ATMOSPHERIC PRESSUREceecse T702.1 MM HG
VOLUME OF NITROGEN.ceeesss 4619.3 CC

VOLUME OF SULFUR DIOXIDE .. 25.5 CC
SAMPLE COMPOSITION (MOLE PERCENT)
 NITROGENeeeeseseses 99.4370
 SULFUR DIOXIDE ...’ 0.5630
100X MOLAR RATIO... 0.5661 . -

INTEGRATOR AREA RESULTS (THE LAST SET IS THE AVERAGE)

| A .fNiTROGEN” S SULFUR DIOXIDE 100X

" INTEGRATED  PCT OF INTEGRATED PCT OF  AREA
~ AREA - TOTAL - AREA . TOTAL - RATIO

nb;532763E_0?  j99;3; . 0.365880E 05 d.ea 7 0.6867
o,§z417f5~07 RTIE TS ,0.343156E~05" 0.65  0.6557
' 0.553896F °7 i' 99,43  i“>jd.31471oe'o5 ' 0.56  0.5681
‘mfp;salozéé b7.’ 99.327 .  0.359030E 05  0.67  0.6761
0.5350715 07 '99.37;; V;  0 .334400€ bs"_' 0.62 046249
0.535388E 07  99.36 0.343554E 05 0.63 - 0.6423

o
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TABLE A.4(CONTINUED)
CALIBRATION SAMPLE NUMBER 4

SAMPLE PREPARATION CONDITIONS
ROOM TEMPERATURE.<ceececes 292.0 DEG K

BATH TEMPERATURE...esssees 291.5 DEG K

ATMOSPHERIC PRESSURE.e.a.. 706.6 MM HG -
VOLUME OF NITROGEN.e.eees. 4619.3 CC
VOLUME OF SULFUR DIOXIDE .. 98.0 CC P
SAMPLE COMPOSITION (MOLE PERCENT)
NITRQGGNQ;......... 97.8725
'SULFUR DIOXIDE ... 2.1274
100X MOLAR RATIO... 2.1737 .
INTEGRATOR AREA RESULTS'(THE LAST SET IS THE AVERAGE)
| . NITROGEN -  SULFUR DIOXIDE .. 100X
INTEGRATED - bqr OF 'ZJNTeéRATEo" PCT NF ARE A
CAREA TOTAL AREA  TOTAL ¢ RATIO
0.5393045'07 97435 0.146565E 06 2,64 2.7176
0.541332E 07 ~ 97.42 0.143307€ 06 2.57 2.6473 °
0.533457€ 07 9i;2e{ . 0.149082E 06  2.71  2.7946
| 6g557§65é=q7 197;39)1 © 0.,149103E 06 2.69 - 2.7731
" 0.541047E 07 9731 . 0.149222¢ 06 2.6 T 2.7580

T 0.538561E. 0T .97.33 ©  0.147455E 06.  2.66 -  2.7381



TABLE A.5

GC CALIBRATION FOR N2-H2S MIXTURE
ATTENUATION SCHEME 11

X = AREA RATIN (100XH2S/N2)
Y = MOLE RATIO (100XH2S/N2)

THE COEFFICIENTS OF THE POLYNOMIAL ARE

AN =

Al =

X MEASURED

l.1n4
l.212
2.1N6

3.619

5.363

VARIANCE

Y OBSERVED

0.02159

0.94687

REGENERATED DATA

1.084
1.111
2.060
3.463

5.083

= 0.001503

"STANDAQDMDEVIATION = 0.038772

MAXIMUM PCT ERROR = 5.175019

" Y CALCULATED

1.067
1,169
2.016

3.449

54100 .

PCT

FRROR

1.542

5.175

2.136
0.401

0,336

204
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TARLE A, S(CONTINUED)

GC CALIAMRATINDN FOR N2-C0OS MIXTURF
ATTENUATION SCHFEMFE 11

X = AREA RATIN (100XCOS/N2)
Y = MOLE/RATIN (100 XCNS/N2)
/

f

{
THE COFFéiCﬁFNTS OF THE POLYNOMIAL ARE
M =  0.03809

Al = 0.72771

REGENERATED DATA

X MEASURED Y OBSFRVED Y CALCULATED PCT FRROR
1.431 1.048 1.080 3.02°?
1.571 1.168 1.181 1.150

- 2.761 2.101 2.047 2.538
4,526 3.343 3.331 0.332
6.784 ' 4,956 4.975 0.389

VARI ANCE = 0.001131

STANDARD DEVIATION = 0.033639

= 3,022273

MAXIMUM PCT ERROR
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"TABLE A.S5(CONTINUED) -

. GC CALraRATf%N FOR N2-S02 MIXTURE e
' ATTENUATION SCHEME T1 .~ ' .

.

AREA RATIN (100XS02/N2)
MOLE RATIO (100XS02/N2)

X
Y

THE COEFFICIENTS OF THE POLYNOMIAL ARE

A0 = 0.11839 e
AL = 0.84600
- . ~ REGENERATED DATA | o
X MEAsUgED Y OBSERVED Y CALCULATED  PCT ERROR
2.382 a7 , 2.134
3.998 . 3.554 3,500
4,768 - 4.133 4,152
6.452 . 5.516 - 5.577 ,. 1.103
7.176 . e.232  6.189 04692
. o e -
VARI ANCE. = 0.002294 =
STANDARD DEVIATION = 0.04790 4
MAX IMUM PCT ERROR = 1,525091
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-‘TASLE;A.§
GC CALIBRATIQN FOR N2-H2S MIXTURE . o coe T .
| - ATTENUATION SCHEME 11r |

X = AREA RATIO (IOOXHZS/NZ) S
Y = MOLE RATIO (IOOXHZS/NZ) N A R

THE COEFFICIENTS OF THE POLYNOMIAL ARE

A0 = . 0.00733

Al = . 0.89491 y

REGEMERATED DATA e

- o . R , ) /. X . - “ / )
‘X MEASURED Y OBSERVED Y CALGULATED / PCT ERROR
‘é@ff. 0.762. :o.séa‘  0.672 )/ 5,338
C1.327 . L. 179 14195 ¢ 1.351
2:277 - 2. 138 2,045 4,357
. 3.838 3.398 S 3,462 " 1.270

- | e | S |

| VARIANCE }j ' ‘..0.003939

" STANDARD DEVIATION = 0.063159

‘

- MAXIMUM PCT ERROR = 5.338395



,,TAaLE;A.e(conerQED)

GC CALIBRATION FOR NZ-COS MIXTURE
ATTENUATION SCHEME III

X = AREA RATIO (1ooxc031~2)
Y = MOLE RATIO (100XCOS/N2)

THE COEFFICIENTS OF THE POLYNOMIAL ARE .

- AQ = -0.00149

',A1'=‘-_ 0.65325

X MEASURED

Y OBSERVED

)

REGENERATED DATA - -

'Y CALCULATED

1.151
2,081

“3.403

0.670 0.431
14765 1.138 -
;53,138 . | 2.115
/" s.212 3.388
/- SRR
VARIANCE 0.000528

STANDARD DEVIATION

MAXIMUM‘PCT-ERROB’

= 0.022987
1.598227

«\? .

PCT

ERROR

1.155

1.167

1.598

0.458

208



_TASLE A;6(CONTINUED)

GC CALIBRATION FOR N2 -$02 MIXTURE o
N ATTENUATION. SCHEME Il

X = AREA RATIO (100XS02/N2)

¥ = MOLE RATIO (100X$02/N2)

_THE COEFFICIENTS OF THE POLYNOMIAL ARE
A0 = 0.02466

Al = 0.77038

o R REGENERATED DATA’
X MEASURED Y oaseaveo " ¥ CALCULATED

0.338 0.279 . 0.285
0.662 . . 0,566 -_' 0,519
 '1,692,“°' o l.26T  1.328
"':2?739 . TSI : -j2'134;d

‘.‘VAﬁkacEl

= 0.003431
STANDARD DEVIATIDN = 0,058579
MAXIMUM PCT ERROR = B.234605

PCT ERROR

";1 0679 B

8.234
64470

1.824 -

209



TABLE~A;6(CONTINOED)

GC CALIBRATIDN FDR NZ—COZ MIXTURE

ATTENUAT!ON SCHEME Itr

X = AREA RATIU (IOOXCOZINZ)

Y = noLe RATIO (1ooxcoz/N2) ’

:THE CDEFFICIENTS DF THE PDLYNDMIAL ARE

A0 = .03191
Al = 0.85214__.'

REGENERATED DATA

"X MEASURED

‘v OBSERVED -
0. 550 ’”'_3 0. 263
0,694 '"._0,570
1.056 RN b;aevfhh
1,607 L 1.347
| VARIANCE © = 0.000055

-STANDARD DEVIATION = o.oo743d
‘MAxxMUM pPCT saapn "sA,z.442953

-

Y CALCULATED

0.269
0.566

. 0:879

1.353

210
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" PCT ERROR

24442
- 0.625
0.988

‘0.438
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R e o
© % .. U MAINLINE GCCAL. o*
L& : - *

@ CTMIS anoonnn neoucss THE PEAK AREA DATA. TAKEN FROM- %
% THE DIGITAL INTEGRATOR TO CALCULATED RESULTS USEFUL* "’

* FOR THE INTERNAL STANDARD PROCEDURE FOR THF CALIBR-*

- AT!DN DF THE GAS CHROMATDGRAGH L4 *
. W ‘ . *
'“*tt*tnpuv DATA N *
-« . .
» NSET. = NUMBER ,OF sers DF DATA o *
* - NCOPY = NUMBER'OF COPIES OF OUTPUT DESIRED _,/~v
3 NRUN = CALIBRATION RUN. NUMBER - %*
2 . NCROM .= NUMBER OF CHROMATOGRAM TAKEN . -
= IPEAK -‘PEAK 'NUMBER - CALIBRATED . B , *
. coT oooz‘st i . “ o n L
* ) 0093._502_ ; *
% Y ee o‘t-CDS *®
o ® - B - o..S'CDZ ’ ' *
%= RTEM. = ROOM TEMPERATURE(DEG c) ™
®  BTEM = WATER BATH ‘TEMPERATURE { DEG c) *
% . APRES = ATMOSPHERIC PRESSURE(MM HG) *
*® V(1) = DISTANCE BET“EEN PISTDN AND END OF -
* . ~ CYLINDER(CM) = %
% . V(2) .= VOLUME OF CALIBRATION BAS(CU cn) A 3
‘% ATNl = ATTENUATOR #1 SETTING - I
‘-, ATNZ = ATTENUATOR #2.SETTING -~ - R
*®- AR( 1) = AREA OF NITROGEN PEAK o S
o AR(3) = AREA DF CALIBRAIION GAS PEAK *
Y : o *
. f*t***t**#*##****#*******t**##************************ ».

'7301MENSION SNAM(ﬁyGItSHV(S),V(Z), AR(S),AVG(S);STORE(é .

195)
- DATA SMV/ZZ§02.40922176 10'21901.63,22417 51922346 34/
DATA SNAM/'HVDR' YOGEN'y' SUL?Y, TEIDEYyYSULF'y YR D,

.1OIOXI' YDE . !1|CAR5' 'ONYLl . SUL' 'FIDE' 'CARB{ )
ZVON 'DIBX' VIDE o/ o SRR RATE
"<‘%“E‘°‘5'é% "5571NCBPY.NPAGE e

1, RUN'NCROH.IPEAK , e ,
‘J“"5'75"’375"'“PR559V(1’.V(z),ATNl.Arnz

M RTEH+S?EHP

AT
.ffsrsn- BTEM+STEMP -

CALCULATION DF SAMPLE COMPDSITION

211



Y s)

212

«ee (CONT'D) -
/

XMNZ-(II ,+151, 192*V(1))*STEMP/RTEM*APRES/SPRES/SMV(1)
Vil)le(11.4151.192%V(1))
XMCAL-V(2)*STEMP/BTEM*APRES/SPRES/SMV(IPEAK)»
TOTM=XMN2+ XMCAL -

XMN2= XMN2/TOTM%100.

_ XMCAL=XMCAL/TOTM#100. -

"RMOL=XMCAL/ XMN2*100.,

KPEAK=IPEAK=1 |
READ AND pnocess PEAK AREA DATA

NCAT-O

DO & 12195

AVG(1)=0.0

' DO.S ICROM*I,NCRDM
- NCAT=NCAT+1l -
f'READ ts.33) AR(1).AR(3)

CDRRECTED PEAK AREA OF NITROGEN PEAK

AR(l)'AR(l)*(l 76047*ATN2 + 1 17312)‘10 17031*ATN1 +

* 1,07781)

00 6 Telys

}wn:ve &.37)
-,_sn 0 53

TOTA= . AR(1)+‘AR(3)

AR (2)--AR(1l/TOTA*100.-
AR (%)= AR(3)/TOTA%100,
AR (5)= AR(B)/ AR (1)%100.

CALCULATION OF THE AVERAGES

i S T "

AVG (1)% AR(:)#AVG(:),. 

D0 20 JE1y5 4
'STORE(NCAT )= AR(J);;'

CONTINUE

D0 7. :.1.5 e
'AVG(!)-AVG(!)/NCROﬁ,

NCAT=NCAT+1 "

'D0- 21 J=1iS.
- STORE(NCAT,J
- NNmNCROMs 1

-AVG(J)g';



52 WRITE(6&,38)

53 WRITE(6,10) NRU
~ WRITE(6,9) APRE
. WRITE(6411) XMN
"WRITE(6,12) :
WRITE(6,13) (SN
WRITE(6,15) ((S

23 CONTINUE

. NPAGE=NPAGE+1
2 CONT INUE

1 FORMAT(S515)
3 FORMAT(7F10.5)

/33 FORMAT(2F10.2)

10 FORMAT( / 15X ,
®* SAMPLE PREPARA

li.E"'obqlioooi

‘. ,*-’.‘RE....FO.. O.Q'

eee {CONT'D)

N,RTEM,BTEM o | /
SVIL) o (SNAM(J4KPEAK) yd=1,4),V(2)
29 (SNAMUJ)KPEAK) y J=1,4),XMCAL,RMOL

AM{JyKPEAK) ¢ J=1y4)
TORE«I.Ju{hs).x-l.NN»
‘ A -

'CALIBRATION, SAMPLE NUMBER'.IBQ/I/IOX,
TION CONDITIONS'//12X, 'ROOM TEMPERATUR ¢
{'bFT.Iy'fDEG-K!,/IIZX.'BATH TEMPERATU!
9F7016' DEG Kty /)

9 FORMAT(/12Xy'ATMOSPHERIC PRESSUREeeeoos 'yFTal,! MM HG'

®9//12Xy"VOLUME

OF NITROGENQ.?...Q."F?il'.fcc"/ZIZXj.

1' VOLUME OF V9bAbyteit yF5,1,1 CC')

L1 FORMAT( //,10X,
* /12Xy "NITROGEN.

. 1/712X,¥100X MOLAR RAT S S
12 FORMAT(//10X,' INTEGRATOR AREA RESULTS (THE LAST SET ¢,

1*1S THE AVERAGE

- ®CINTEGRATED',; 6X

17Xy *AREA*/ 15X,
*y6Xy VRATIO! /).

15 FORMAT{ 9X,E13,

17 FORMAT(Y1',//76

-37  FORMAT{20X,'TAB

38 FORMAT{20X,¢TAB

"END

CALL EXIT- =

' SAMPLE COMPOSITION (MOLE PERCENTY”/ A*

Soooo;oo;Q.QF&Q4'//IZXQQA4,'.oy'9F8549
AR RATIOQ..‘,FB;“) SR o

)'/);V

13 FORMAT( 19X, INITROGENT , 13Xy %A%, 9%y 1 100X ' s/ /11X, . -
#*PCT OF ' ,5X VINTEGRATED' y6Xy 'PCT OF ',

213

"AREA'+8X, ' TOTAL! y10X, ' AREA! 48X, ' TOTAL'

6;3x;F6$%;6x,513.6.3x.F6;2;sx'F7-4/’—f.7»-

6XyVA=Y,12,/7)
LE Aeo® /)~
LE A.4(CONTINUED)' / )
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Bel. .Differential-Pressure Transducer:‘

The electronic differential pressure transducer
~was calibrated using a pre—calibrated dry test meter
with pure nitrogen flow at room.temperature. A Foxboro
6430 BPIelectronic consotrol'recorder was_used to record
the pressure difference in the cell. The calibration‘
data were obtained at three different feed pressure
levels of 20 25 and 30 psia and were fitted to the cal-

ibration equation of the following form.

, - S
¥ -'°0.+ ale+_azx‘

where :
Y= volumetric flow rate (SCFH)

x = square root of percent reading on the recorder

o,al,.a2 = caIibrated parameters

e

by . applying the linear least—square curve fitting techni-a

,v;:que assuming that the flow behavior was in the region"'

~between 1aminar and turbulent flow.- The calibration re- -

- sults are listed in Table B. 1, B 2 and B. 3.-

T OB=2. reed.Absolute.Pressure‘Transducerz ,
o

_:l The Pbxboro 611 AH. absolute pressure transducer

\
\

v'was calibrated at room temperature with pure nitrogen-

'*::iflow in the feed line using a mercury manometer as a ref-

“

*'erence. The absolute pressure signal was recorded on the



uy
il

?».

TABLE 8. 1

' DP—CELL CALIBRATION |

(FEED PRESSURE AT 30 PSIA)

| o - -

X = RECORDER READING (SQRT OF PER CENT)
Y = FEED FLOW RATE (SCFH) .

THE COEFFICIENTS OF THE POLYNOMIAL. ARE
A0 = -0.00814 "
Al = . 1,05586 -
A2 = 0.00003

REGENERATED DATA

X MEASURED Y OBSERVED = Y CALCULATED  PCT

9.920 - 10.492 10,469

94099 - 9.560 . . 9,602

T 8.075 - 8.%02 8.520
7,457 . 7.929 . 7.867

. 6.066  6.368  '6.398

4.528 . 4190 4,773
3.892. 3o C L 3,785

2808 2,539 - 2,534

R . . S o .

© VARIANCE . = 04001113 .-
" STANDARD DEVIATION = 0.033365°

| MAXIMUM PCT ERROR- = 0.775749

ERROR

0.212

 0.441

0.216
0.775

0.472
0.342

0.173

216
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~ TABLE B. 2

. DP=CELL CALIBRATION .
(FEED PRESSURE AT 25 PSIA)

X = RECORDER READING (SQRT OF PER CENT)
Y = FEED FLOW RATE (SCFH)
' THE_ COEFFICIENTS OF THE POLYNOMIAL ARE
A0 = 0.08793
Al = 0.94999
A2 = 0.00099
REGENERATED DATA

' X MEASURED

Y OBSERVED = Y CALCULATED - PCT) ERROR
. = - - ‘\

 9.894  9.403  9.390 7
. 9.050 8.588 . 8.604 \ZTTZE/““\\/f
7.937 . 7589 | Lv;sés"f 0.308 “
6.892 | 5;559= B 6;533 '“ 0445
6.253 . 5.978 5.989 A T
4,950 . 4,762 4,766 0.086
3.240.° 3,234 3.155 . 2.426°
2‘3§7:;f ‘ffl: 2~?96 ‘ff 24349 2.348

VARIANCE - "= 0.001578 L |
 STANDARD DEVIATION = 0.039724 - S .
" MAXIMUM PCT ERROR. = -2, 426989 |
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TABLE 8, 3

DP—CELL CALIBRATION
(FEED PRESSURE AT 20 PSIA)

- - '
X = RECORDER READING (SQRT OF PER CENT)
Y = FEED FLOW RATE (SCFH)
THE COEFFICIENTS OF THE POLYNOMIAL ARE
A = -0.06161
Al =~ 0.87416

A2 = -0 .00 318

REGENERATED DATA

X MEASURED Y OBSERVED Y CALCULATED
9.818 - 8.208 _ 8.213
9.311 . 7.791 7.801
8.438 ;. 7.098 7.087
7.064  5.977 5.954
5.899 . 4,990 4,984
4,837 4,076 4,092
3.479 2,915 2.941
2,098 | 1.778 1.758

'VARIANCE =~ . = 0.000302
ETANbAhp DEVIATION = 0,017332 g
MAXIMUM PCT ERROR = 1,105066

Y.

PCT

ERROR
0.069
0.133
0.145
0.377
0.116
0.396
0.892
1.105

218



Foxboro 6430 HF electronic consotrol recorder. The refer-
ence absolute pressure for the calibration was obtained
by adding the barometric pressure to the mercury manometer
reading. The calibration da%g were fitted to a straight
line by means of a linear least-square fitting technique

and the results are listed in Table B.4.

B-3 Reactor Gauge Pressure Transducer:

"

The reactor gauge pressure transducer (Statham

. PG-732TC-10-350) was calibrated in the same way as des-
cribed for the feed ébsolute pressure transducer cali-
bration. The data which represent the relation between
the percent reading on the recorder and the mercury mano-
meter reading was obtain;d after the reactor‘system
reached steady state through which pure nitrogen was
fldwing. Siﬁce the normal oper&tioual condition of the
reactor system was in the high temperature range of
arouna 250°K, the reaétor pressure transducer wés cali-~
brated at elevated temperatures of 480°K, 500°K and
560°K; A»frequentnhlfuncqioning of the reactor pressure
transdgt was found. Whenever any malfunctioning {vgs
detected, the transducer was checked and recalibrated
for next runs. The results of calibration #1 were used
for runs A, B, C, .D, E and J. The calibration equation
#2 was used fo:'rUnsNF and G, while the calibration equa-
tion ¢ 3 was uae§ £or other runs. The calibration re-

sults ére-shownvin Table B.5 through B.9. .

219
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TABLE B. 4
FEED ABSOLUTE PRESSURE TRANSDUCER CALIBRATION

X = RECORDER READING (PER CENT) *
Y= ABSOLUTE PRESSURE (MM-HG)

THE COEFFICIENTS OF THE POLYNOMIAL ARE

A0 = T44.61367 | B c
i Al = 12.71505
~ REGENERATED DATA |
X MEASURED ° .Y OBSERVED Y CALCULATED =~ PCT ERROR
2.900 ~ 7181.100 = 781,487 . 0.049
5.900 820 . 5007 819,632 - 0.105
- 13.800 921.900 - 920.081 04197
20.500 . 1004.900 1005.272 0.037
29,400 1115. 500 1118.436 ); 0.263
—  38.900 .  1237.200 1239.229 4 oares
1524300  1413.800 © 1409.610 0.296
7 65.500  1576.300 . 1577.449 0.072
' VARTANCE = 5.136350
 STANDARD DEVIATION ‘ ‘

2266351

MAXIMUM PCT ERROR -

0.296308

Q
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TABLE B, 5

REACTOR GAUGE PRESSURE. TRANSDUCER CALIBRATION #1
{AT 480  DEGREE K) ° :

'RECORDER READING (PER CENT)
GAUGE PRESSURE ( MM=HG)

.o

X
Y
THE COEFFICIENTS OF THE POLYNOMIAL ARE

A0 = 8.92106

¢
Al = . 4.,41818

. )

REGENERATED DATA.

X MEASURED . Y.OBSERVED Y CALCULATED  PCT ERROR
6.100 36300 35.871 1.179.
 11.300 59.500 58.846 - 1.098
22,150 1 196.906;"A-  106.783  , - 04108
351159  163.300 . 164.220 . 0.563
504500 2:.700 232,039 " 0.580
77.500 352,000  351.330 © 0.190
90.600  ©  409.600 469,268 .. 0,095
VARIANCE = . 0,644358

. STANDARD DEVIATION = 0.802719
MAXIMUM PCT ERROR = 14179151



TABLE’B; 6

VREACTDR GAUGE PRESSURE TRANSDUCER CALIBRATION #1

(AT 500 .DEGREE K)

X = RECORDER READING (PER CENT)

Y = GAUGE PRESSURE ( MM=HG ).

THE'CDEFFICIENTS DF;THE_POLYNDMIAL,ARE,

AD = 14,52163

Al = 4.33165

X MEASURED 6 Y OBSERVED

6.000
14.3oo'§
-'264000
V#a,iso
58,800
73.500

95,600

: VARIANCE

.STANDARD DEVIATION =
“MAXIMUM.PCT ERROR

REGENERATED DATA

40,500
7791001
126,600

201,400

269,100

332,600

. 429,000

= 0.157432

0.396778
a.'9;824627

Y CALCULATED
40,511

76;4695
 127.144

201.432

269,222

332.897

428,627

.

i

o~

PCT ERROR

0.028

0.824

0.430

0.016

0.045

o
0.086

0.089
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TABLE B. 7

'REACTDR G AUGE PRESSURE TRANSDUCER CALIBRATIDN #1

(AT 560 DEGREE K)

= RECORDER READING (PER CENT)
= GAUGE PRESSLRE (MM=HG )

X
Y

THE COEFFICIENTS OF THE POLYNOMIAL ARE -
A0 = 15, 83784

‘Al = - 4.32817

REGENERATED DATA

X,MEAsuagpf; o} OBSERVED oy CALCULATED

4200 34,500 ”i‘ 34,016
11.500 - 66.200 _65.611
17.000 89,600 89,416
28.400 - 138.300 . 138,758
 59.706 o ase.t00 187.666
 58.1000 266,400 z@i,304
73.200 1_‘_333.000- "'" 332T6ib
. 91.500 | .’,éiégsboL »_-,_4i1}865'

.VARIANCE e '= ~0.451480" |
~'STANDARD DEVIATION = 0,679323 =
_ MAXIMUM PCT ERROR = 1.402393

PCT ERROR

1.402
- 0.888

0.204

0331

A 'o.’s;v »

0.339 . -

0.102

0.177

2230



TABLE B. 8

. REACTDR GAUGE PRE
AT 560 DEGREE. K).

SSURE T

&

RANSDUCERACALIBRATIDN #2

&ECORDER READING ( PER CENT)

W = GAUGE PRESSURE (MM~ HG)

THE COEFFICIENTS OF THE " POLYNOMIAL ARE

A0 = 1. 81

i

15,100 63,000
| 26.800  108.000
33,300 ~ 135.000 .
39,000 160000 -
50 .000 207.000
61,600 *;254 000
63,300 - " 261,000
‘780.aoo' 326,000
92. 2oo;v 374,000

379

4,05037 |

REGENERATED DATA |

"X MEASURED  ° Y OBSERVED

) VARIANCE

STANDARD DEV!ATIDN =

Y CALCULATED
62,974
1 110.363
n‘7136;691_
159,778
264.332 -
251.31$”
';zsg;zoz"
'329;baal
375,258

]=v 5.2165%

f MAX!MUM PCT ERROR

72:263§85
2.188647 .

PCT ERROR

0.040

2.188

?1.252’

l.288 .

,1.05§

"1.071

. 0.945

0.336

224
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TABLE B. 9

.o

REACTOR - GAUGE PRESSURE TRANSDUCER CALIBRATION #3

(AT 560 DEGREE K)

X =-Rscnknea READING (PER CENT).

Y = GAUGE PRESSURE (MM—HG)_

THE CDEFF!CIENTS OF THE PULYNOMIAL ARE

N e

27. 66422.

AL = R 4.19851.

X MEASURED. -

¥ OBSERVED
" 20,000 | '112.0001

31.700 161000
42,800 207,000
- 47.800 231.000
'1f54.000'

‘ ‘,64.000_]
' 83.000

VARIANCE

STANDARD DEVIATION -

’ nAxIMun PCT Ennnn

'REGENERATED DATA

252,000
294,000
3718.000

4

3 680093

§2;13145156}_

1.91335§'

v CALCULATED
111,634
_S160.757
- 207.360
228,353
255;384=
é96.3§9 .
_3?6;i41

PCT ERROR -

0.326

‘0,150
0.174

10145

0,946

04491

.
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N 544, Therm0coup1es:.,

The thermocouples for measuring the reactor inlet"

h and outlet temperatures were calibrated using a platinum
resistance thermometer as the temperature standard in a
'fluidized sand bath at the instrument shop. The cali—

brated results .are shown in Table B 10 and B. 11.

B-5. Water Feeder:

226

‘<;.;. The syringe pump for water injection (Sage model'—b.

355) was calibrated by a gravimetric method.: The‘flow
'range of the syringe was set at the scale of 1/160; The
water sample was received in a 5 ml weighing bottle. To

eliminate evaporation loss during the calibration period

;;a capillary tube stopper was used to connect the syringe-"
'outlet to the weighing bottle. The weight of the sampled |

. water received for a certain time interval ‘was converted

'to the volume of water by dividing it with its density.p

The data for water density (1) was corrected for differ- ,

;ent temperatures as shown in Table B. 12.- The calibration L

'f?presults are shown in Table B. 13.j

. T

o l; Perry. J H.,‘ Chemical Engineers Handbook”, 4th ed.,
New York, 3-70, 1963.:_- ,
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TABLE 8,10 . -

3 THERMDCHUP[E[CALIBRATION Fnk REA;TOR,INLET?TEMP.

X = RECORDER READING (MILLIVGLT)

Y = TEMPERATURE (DEGREE CENT!GRADE)

. THE COEFFiCIENTS oF THE'PoLvNonlAL.ARE'[
A0 = ' |
AL =

X MEASURED

1.40878

18.31152

REGENERKTED’DATA |

7 oaseaveo
" 1034 . 20.5i0
EV 2075 © 37.950
7. 970»E.L,' 149,35
"14 211fi 261.510
20,254 ’371g646f_‘“
26, 235, 481.960

VARIANCE

11“325134

S STANDARD DEVIATION = 1.151166

v'¢ALCULATED

20,342

39,405,
147,351
261,633
372.290

- 481.866

MAXIHUM PCT ERROR 3. 8344592'

‘.‘:s.'

PCT ERROR

- 0.814

3.834
1.338

0.047

0.183

- 0,019

227 .
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 TABLE B.11°
THERMOCNUPLE CALiangrroN FOR REACTOR OUTLET TEMP.

X.= RECORDER READING - (MILLIVDLT)
Y = TEMPERATURE (DEGREE CENTIGRADE)
i

THE COEFFICIENTS OF THE POLYNOMIAL ARE
A0 = 2. 51827 |

AL = 18.21650

| B REGENERATED DATA
X MEASURED Y OBSERVED v CALCULATEDVf.PCf ERR0Rl;
1,034 o 20,510 ‘_' 3 21.354 [' 4.5
1.949 : ‘;37.§5Q. 38,022 04190
L7.969 149,35 : 147.685 o 1.114
iﬁ;zaé | . 261.510 e .261;a12 S 6.115‘
20.296 - - 371.610 “‘ 372.246'; o *'vo.1§9 o
260309 J 4s1.96q =ﬂ. 481;776':,. . 0.038

0.802073

fVARIANCE ,ﬁf
{srAnoano DEVIATION = 0.895585
F~MAx1ggM P¢T_ERRDR_ = 4.115689 .



o VARIANCEA;  ;-'-'=~¥0.049418 C

229

TABLE B.12
' CALIBRATION»nF wATEé”PEEo PUHP’

X =" ADJUSTMENT READING (PER CENT AT 1/100 SCALE)
Y = FEED RATE (CC H20/HR)

THE coEFFICIENTS 0F’fHE.poLYNQMJKL ARE
A0-= . 0.31009 L |
Al = 0.52032

| | REGENERATED DATA |
X MEASURED Yy oasenveo ;;? v CALCULATED PCT Eaéoa,.
| 1o.ooo . s.388 o . 5.513.° )”2;315 .
'20.000;   {‘:16;549w ~ ii“1b5716'}r“7 _ f.1;22i
36,969_ﬁ o 46;107“ c15.919 . -i.{§5: SR

50,000 ., 25.993 - . 26,326
1704000 36,869 - | 36,732 04371

STANDARD DEVIATION = 0.222303"
 MAXIMUM PCT ERROR = 2.315128

ey
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TABLE B.13
'DENSITY CORRECTION OF FEED WATER

X = FEED WATER TEMP. (DEG. C)
Y = DENSITY OF WATER (GM/CC)

THE COEFFICIENTS OF THE POLYNOMIAL ARE
A0 = 1.00244

b

. a1 = -0.00022.

I - iREGENERATED'QATA' | |
F‘TX‘MEASURED | -;Y’bssskvsd V'vchLCULATED 1.écT'ERkoa
_10.090', 'f:f”.o.999 i:'_ 'A'_;;ooo c - 0.043,
1s.000 04999 . 0.999 . o.010
120;060"1. - '“'?q;ééé'ﬁ, s 0.997 0,034

© 25,000 C0.997 0.996 - 0.033

Cees

30,000 . 0.995 . . 0.995 © 0.007 ..

- 35,000 . 0.994 . 0.99 . . 0.041

 VARTANCE .. = 0.000000 -
STANDARD DEVIATION = 0.00034¢
__MAXIMUM PCT ERROR =




o y.  APPENDIX C

»DERIVATION OF EQUATIONS FOR ADIABATIC REACTION PATHS IN

THE FRONT-END BURNER I SRS
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C-1. Adiabatic Reaction Path in the Front-End Burner

Section (l): v

The oxidation reaction between H,S and air to form
Sdé and'H20 is assumed to be the only reaction to oceur
l)‘in the burner section (1) ‘in Figure 6.

K-
o AH. o q (1)
S + 3/2 o, —238 |

H, 0, 50, + HyO
No. of moles, initial: 3 1.5 | 0 0
final: = (3-X)  1.5(1-X) X' X

| o | et (AL
where x is the number of moles of st cgnverted to 802.
- Since the adlabatlc condltlon durxng the reactlon
"'perlod 1n the burner may be assumed, the total enthalpy
.,of the system should remaln constant before and after the- o
j_reactlon. Then the follow1ng energy balance equatlon canf'

"f,be wrltten by referrxng to Flgure 6.

‘ﬂ;"é Ciil + 1 5 c SR 5.64+2) c +*YC d + X
3 Poy, p,, T (3:64+ D c Ps } T AH298(1)
H S B N, >co,

.A;qlfi {(3;x)fcp=»‘5+.1.5.(1-x) cp,. + (5.64 + Z)‘cp~. + X Cb
. = » €. - - ) ) b 4 ) . . 1 ?
g8 RS 0y _ TN, TS0,

CUWEG HYC )} aT =0 ... (A2



where Y and 2 represent the number of moles of co, and

the excess nitrogen present in the feed stream as inert

gases.

v

The heat capacity of the gaseous component i may

be described as a function of temperature (70) such as

—

c. . \ 2 (3-1)
r = R Z T A.
p,i g 5%1 Aij (A. 3)

where Aij = temperature coefficients for the thermodynamic

property function

and i= 1 for H,S
i= 2 for so, - | tg? |
i= 3 for Sg " ) ’ e o
)
i= 4 fpr SG‘“ %
i= .5 for éz
i= 6 fo; HZO
i="7, for N,
e
i =’ 8 fgr:ﬂz
++i= 9 for o,

i =10 for co, |
Then equatiqn (A.2)~can_be integrated'to‘givev

(A.4)

WX

S conversion in-the:burner section (1) =
. ’ ’ -0 ' B . . _
whgrg, x.a,ag . FHT({AHzge(l)b-‘Rg . PHEA?}: (A.5)
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. . 5 . oy . : T ‘J—-T k)
FHT = I "{Aljv +‘1.5 Agy + (5.64 +2) A,y + Y Aloj}(—‘——)"

' c-2. Adiabatic Reaction Pathli

Section (2):

In the burner seetibnv(Z) iq FigureVG,‘the“reac—
) tion between,HZS and 502 oecurs according:te equation

(A.8) following reaction (A.1l) in the burner seCtion (l).

o
: . AH, oo (2)
- Hoos 3
2 Hys + 50, 28 H0 + 38, . %
- No. of moles,,initiél: ?»f_2‘ 1 ' ‘_t 1 0
final:  2(1-X)  (1-X) (1+2X)  1.5X

® s 00 0 s (A.S)
%' HWhere"X'is’the couversipﬁ of,st to elemental sulfur.
Furthermore the aséociation-dissociabién reaCtioﬁs

. between sulfur spec1es are assumed to occur 81multaneously W
. By o

’ w1th reactlon (A 8)

&

Uy



° - N 3 .
. BH,aq (8) .
3 82‘ 29§v > SG

[P

(1=03=v,) (1.5 X) . v; (1.5 X) -

o ;
o (9) <.
4 Sz __2.9._8__._)8
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(a.9),

(A.10)

the following energy balance equation can be f

erived by referrlng to Flgure 6 on the ba31s of the adla-,*’

batic. conditlon of the reactlon system w1th1n the burner.""””

o

.A;_jfi»n Pogy Pra P,
B T e ,“2"

4+ 2 xemm, 8(2) + v (1 5x) AH298(8) + v, (1 5’0 AH298(9)

.+f {2<1-X) C
o
298 -;HZ‘S_‘:‘,‘ C L Prso,

. 0

NS0 €t v G+ G.60D) G,

' . e R ,A, —
, ‘:‘,‘: -,‘, P 86 o Sa B

{2¢ - +¢ s c + (5 6& + z) cp

oA+ (1+2x‘)‘Cp

Yar

é)(lj%X?gP,“

(A ll)

,By the same procedures as in (C-l) the»followmng results 1

-.gean be ohtained.:
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‘ Total conver81on in the front-end burner

= a« 2x)/3 . o (A.12)
' where>; o | '
‘X = R+ FHI/(DH —'Rg‘- PHEAT) S (a3
. .5 o . R T .J-—Tsj
- FHT -351 {2 Ayt AZJ + (5.64 + 2) Ay f Y Ajgy * | }( 3 )
L . ﬁ" - . : v : (A.14)'.

‘DH = 2 AH 8(2) + 1.5 vl ' H298f(8) + 1.5 v, AH298 9

[}

- o e (al18)

. ‘-5 ) . . -' v'; . Vv
PHEAT = T {24, + Ay, = 2 A, - 1.5 (1‘—\: )

e 17T 237 " e A53 0.5 "1 Y
A . ,f_.i_;;f, o 298j - T3J -
o S = 0375 v, ¢ Ay} (= —=~ ) (n.16)
SRR U ~

i

L" ; A llsting of the computer program BURNZ, uSed tQ

_solve the above equatlons,'ls included.
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. : o
.t*****#***************:*******************************:

. C
. C * ) : *
o * MAINLINE BURN1 E - S %
C * ) ’ *
c "% THIS PROGRAM COMPUTES ‘THE ADIABATIC REACTIDN PATH =
o * IN THE FRONT-END BURNER SECTION (L)doF A CLAUS UNI.T*
c * ACCORDING TO REACTION (1.1). _ *
c * *
c * N =-NUMBER OF conpouuos N THE REACTIDN %
o * . "~ MIXTURE : %
c * A = TEMPERATURE COEFFICIENTS OF A THERMDDYNA-*
N * . " MIC FUNCTION FOR HEAT CAPACITY(FOR LOWER *
. C * . THAN 1900 DEG K) - *
C * _AA = TEMPERATURE GDEFFICIENTS OF A THERMODYNA —*
- .C . * MIC‘F FOR HEAT CAPACITY(FOR HIGHER*
c * ~ THAN. 1888 “PEGK) *
c * .Y = NUMBER" oF notes DF CARBON DIOXIDE IN THE *
c . * . - _ FEED *
c *o Z = NUMBER OF HOLES OF -EXCESS . NITROGEN IN o *
- C . * © " THE FEED , L%
o * TFD“= FEE®\TEHPERATURE T , - , Sk
- C * PT =*TOTAL PRESSURE IN MM HG .
C x p ) *
-C ******#****t ki ****************************************

-

DIMENSION A(ze,S).AA(zo.S).TF(S).TT(S).TP(5),TR(5).:
1C(zo.5).er(5) L
° READ(S5,1 ) N
1 FORMAT (115)
DO 3 I=1,N o : B
“READ(595) (A(14d)yd=1,5) . P
FORMAT( SE15.7) o B
DO 4 1=1,N
‘READ (5,5) " (AA(I.J).Jsl.S)
READ(S,8) Z,Y :
. FORMAT(2F10.5) o AR
 WRITE(6,10) - = "~ . o
10 FORMAT(1H1,25X,*ADABATIC TEMPERATURE-CONVERSION : . //K
;% CALCULAZION'Y -~ . .~ = = :
TR(1)=10008. Lo ‘ :
: D0 77 I=1,4 : - A A
71,Tn(1+1»=1000.*TR¢1) ‘ : I
- DO 88 NNr1913 ’ : o Sy
' XXI*O. . : : . : - '
© TFD=300.+ 50,%NN . | ' L
© T WRITE(6,11) TFD . a o -
_ 11'FDRHAT(///28X,'INLET TEHPERATURE = .Fb 1/)
) ‘WRITE (6,101) L
‘191 FORNArtsox.'EXIf TEMP. .sx.-cowvensxonv.lsx.cox/or'/)

P !\nw—'

A
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" «eslCONTD)

TF(1)=TFD S
TT(1) =298, . ' : o ;
DO T8 I=1,& .
TF(!+1)'TFD*TF(I)
78 TT(I+1)=298.*TT(I). -
‘ DD 99 NC=1,30
TTPR=TFD+5° %ENC
FHT =0,- , S S
- PHEAT=0. . S e
TP(1)=TPR T .-
DO 31 I=1,4 o
31“¢p(1+1)'TPR*TP(I)
DO T4 I=1,5" :
74 TPP(1)=TP(1)
. .DO 81 I=1,N
‘DO 81 J=1,5
81 .C(IsJ)=A(1,4J) o :
: _IF(TPR-I ‘0.) 64964,55
55 :

61 Ti - *

DO 22 J= 1,5 S ' T
FHTaFHT+(3.*C(1’J)+1 5%C(9,J). +45 64+Z)*C(7,J) +Y*C(10
Ly JdN)R(TP(Y) =TFEIN /9 R ST
.22 PHEAT=PHEAT +(C(1,J)+1. 5*c«9.J) -C(qu)-C(6,J))*(TP(J)_"
C Rx=TT(NNI/I - o
. IF(TPR-1000.) 91.91.92
92 IF(L=1) 93,93,91
93 D095 I=l4N - ;'a,ny »
. DD 95 J=l,8 . .
95 C(IsJ)=AA(I,d) . =~ .
DO 39 1=1,5 . . v
TT(I)=TRCI) . L e S
. TE(I)=TR(1) L ey R
39 TP(I)=TPP(I). RS s SR
. L=mL+l - '
- 60 TD 64

CALCULATION UF CDNVERSIDN AT THE EXIT TEMPERATURE

B!
I
”

'”“91*x1-1.937*FHT/¢123924.9+1 987*PHEAT)
. DXDT= (&1-xx1)/50.,_‘~ .

v XX1=X1 ' '
O WRITE(6,102) TPR.XI,DXDT | U
102 FORMAT{38X,F10,1s5X,F10, 3,zox,e1z sy L o
T IF(X1=140)  96496,88 LT
“!6;1F(TPR—1'...) 99,99,94 e

94 TE(1)14TFD
UTT(1)=298,
DO TTT 1-1.4
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eee (CONTID)

O TTUI+1) =298 & TT (1)

777 TF(I+1)=TFD*TF(I)

99 CONTINUE" , -

88 CONT INUE . ' : R
'CALL EXIT L .
END -



XX s Xa Nz Xt Bate N2 Xk RakalakakalatzR2la s ke e s R

" 7i‘TR(x+1)-1ooo.*rR(1)

L%
o *
*

%* .
"
*
L 3
*®
*
*
*
*
*
&
L

o *x
B
*
*
*
*
*
*
*
*
*
&

.T***************##****#********************************

ACCNRDING
DISTRIBUT

",N(’ =
A =

ZT?

DH2
DH3
DH4
TFD
PT

nwinlln

-DIMENSION

THIS . PROGRAM COMPUTES THE ADIABATIC REACTION PATH - =
IN THE FRONT-END BURNER SECTION (2) OF A CLAUS. UNIT*

NY fvg

-

240

MA!NLINE RURN2. - o %

. %

TO REACTION (1,.,2) ASSUMING EQUILIBRIUM
ION OF SULFUR SPECIES ’ S

NUMBER OF COMPOUNDS IN THE REACTION

MIXTURE
TEMPERATURF COEFFICIENTS OF A THERMODYNA-

MIC FUNCTIONN FOR HEAT. CAPACITY(FDR LOWER

; THAN "1000 DEG K) *
TAA =

TEMPERATURE COEFFICIENTS DF A THERMODYNA—*
'MIC FUNCTION FOR HEAT CAPACITY(FOR HIGHER*
"THAN- 1000 DEG K) *
'NUMBER oF MOLES OF CARBON DIOXIDE IN THE

FEED

NUMBER OF MOLES OF EXCESS NITROGEN IN ,
-THE FEED. .
HEAT OF° REACTION IN HZS SOZ REACTION'

HEAT OF ‘REACTION IN 452—58 REACTION
_FEED TEMPERATURE S
‘TOTAL PRESSURE IN MM HG

*****#*************************#*****#**************

A(ZO,S),AA(ZO,S) TF(S)vTT(S),TP(S).TR(S)v-,

1FHTL(5)'FHTH(5)'PHTL(5),PHTH(S) A
'READ(5,1 L N - _ :

1 FORMAT (115

D03 1=1,N
3 READ(545)

TR(1)=1000.
DQ 77 I=l44 "

)y o ‘
‘A(IOJ)'J=1'5)

' 5 FORMAT(, 5E15.7)
DO & TalyN -
4 READ (5,5) -

(AA(I,J)oJ 1.5) T

DO 88 .NN=1,23

- READ(548) -2
8 FORMAT(5F10
" WRITE(6410)°

10 FORMAT(1H1,

.Y.OHZEDHB.DH# ©
2V - f

zsx.iAoAaArtc TEMPERATURE CONVERSIDN

. * CALCULATION')

‘READ(5,5%) .

fsa FDRMAT(ZFIO

Tﬁu,br
21

3 3% 3 % g

*
*
*
*
*
‘HEAT OF REACTION IN 3S2-S6 REACTION = %
*
*
*
*
2%,
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T L. (CONT'D)

WRITE(b,ll) TFD - : » S
11 FORMAT(///ZBX"INITIAL TEMPERATURE '§F6 1/)
- " WRITE (6,101) '
101 FORHAT(3OX,'FINAL TEMP';SX.'CONVERSIUN'915X,'DX/DT'/)
‘XX2=0,33333 G
T =TFD . T .
L TT(1)=298. ST S
- DO 78 1=1,4 L
B TR(I+1)=sTFD®RTF(I) -
78 TT(1+1)=298 .+ TT(I) |
DO 600 J=1,5 : : '
FHTL(J)=2, *A(le) +A(29J)+(5 64+Z)*A(7,J)+Y*A(10'J)
*+A(6yJ) '
- 600 FHTH( J) = Zo*AA(19J)*AA(29J’+(5.64+Z)*AA(7,J)+Y*AA(10
T S eAR(6,D) |
' DO.99 NC=1,30 - R
TPR=aTFD+ 10, *NC*(-I;)**M" . -
FHT =0, . o _
PHEAT=0. . e
TP(1)=TPR e o L
© DO 31 TI=l,4
31 TP(I+1)=TPR*TP(I)
' PS2=PT/760. A ’
" CALL FREM(PSZ,TPR,XNI,XNZ)'
.DH=2.*DH2 +1l.5% XNl *Dﬂ3 +1le5% XNZ *DH4'
__DD 500 J=1,5 ~
'PHTL(J)=2 *A(19J)+A(29J)~2.*A(60J)—1 5*(1¢-XN1-XN2)*A
1689 J)=0,5%XN1*A(4,yJ) =0, 375*XN2*A(39J)
- 500 PHTH( J) = Zu*AA(lpJ)*AA(ZQJ) =2.%AA(64J)=-1, 5*(1.~XN1 XNZ
1)*AA(59J)-0 5*XN1*AA(49J)~0 375*XN2*AA(39J) .

FOR BOTH TFD AND TP& LﬂHER THAN 1000 DEG L

T ( FFD=1000., ¥ 333.335.426‘.~;
335 IF (TPR=1000.) 3363365691 °
- 33600 337 J=1,5
 FHT=EHTEFHTLIJ) *(TE(J)=TP())7J

 H3§7‘PHEAT=PHEA?+PHTL(J)*(TP(J)-TT(J))/J

‘~;~co T0 91 ) o ‘ | *»';‘
FOR TFD HIGHER THAN 1000 DEG K AND TPR LONER THAN
/1000 DEG K | , B o

’426 [F(TPR~1000, ) 427, 427,560
.. 427 DD 438 J=1,5
P FHT:#HT+(FHTH(J)*(TF(J)-TRLJ)) +FHTL(J)*(TR(J)-TP(J)))
T g .
‘-4za PHEAT-PHEA?#PHTL(J)*(TP(J)-TT(J))/J
GB TO 91



R e ~..;(CONf'n)‘

:C .'_.. FOR BOTH TFD AND TPR HIGHER THAN 1000 DFG K

560 DO 561 J=1v5 : o '

o FHT=FHT +(FHTH(J)*(TF(J) =TPLJN)I/J.
561 PHEAT=PHEAT: +(PHTH(J)*(TP(J)—TR(J)) +PHTL(J)*(TR(J)
CoR=TT(JIN) V7Y -

S soT0 o1 , , A _
C. . FOR TFD LOWER THAN 1ooo NEG. K AND TPR HIGHER THAN

c 1000 DEG K

691 oo 692 J= 1.5 S o ' .
FHT=2FHT + (FHTH(J)*(TR(J) TP(J)) +FHTL(J)*(TF(J)
*<~TRIM ) /J -

692 PHEAT=PHEAT +(PHTH(J)*(TP(J)-TR(J))+PHTL(J)*(TR(J)
—TT(J)))/J‘“ e _ . .

C. CALCULATION oF CﬂNVERSIDN AT THE EXIT TEMPER ATURE
91 X251.987HEHT/( - DH  -1. 987*PHEAT) ; .
7 X2=0.33333+2,%x2/3.
DXDT = (xz-xx2) /10, *(-1')**M)
, XX2=X2 - .
L U WRITE(64102) TPR,xz,nan
© 102 FORMAT(30X,F10.145XyF10.3,12X,E12. 5)
oo IF(TED-950.) - 1000,999,999
1000 M=2
* . 60 TO 993
999 M=1 = T
998 IF (X2-1,0) 99,99,88
. 99 CONTINUE - - J
88 CONTINUE
© . CALL EXIT
:‘END 3

242



'APPENDIX D

. A ,
ESTIMATION OF. EFFECTIVE DIFFUSIVITY

‘ 2433



 p-2.

244

.

Molecular Diffusivity of S0,:

To estimate the molecular diffusivity‘of so

2

throughvnz, Wilke-Lee cdrrelation (1) can be used.

where

oAb

LPor -

'ar~#“550°x;j-n*57x-atm,

~ (0.00107 - 0.000246‘/ I, Ty p3/2 / 1T
_'( o VM “Bi) v M

»:...:;... '(D.i)

"MA,- moiecular weight of SO2 = 64
My = molecular v\ye':l'ght.ofA,'N‘2 = 28
‘ e r, +r

A "B

rABA=icéiiision‘aiaﬁ§ﬁer,_A :é —

T fo? 802} 4.290 A N .
4-” ' . . \‘ - - o
ry for Ny =3.681 A |
“ID collision integral for diffusion = f ( )
(2) = — — : -
<»AB_ B _ /. . : - 181 -
= % % = /91.5)(252) = 1isl.s486

'?152- = 3. 612,; thén 1,®) 2 0.45

AB

! ’.

TR
(12)

Wilke, C R.,vand Lee, C Y.: I & EC,. 47, 1253 (1955).
Perry, J.H.; 'Chemical Engineers Handbook“ dth ed.

14-20,21, 1963._';1



. 00107 - 0.000246 )(sso) 1
o 3( «/n‘ 3’: ‘Vowtar

AB o (3 9355) (0.45)

v

= 0. 4215 om /sec'"

_ ‘ The above estimated value was used as the molec-
.Oular diffusivity of So2 in the Clens reactant mixture by
assuming the Cleus feed gas as a binary mixture of SO

and Nz.. .

D-2. Knudsén?niffusivityfof‘SOé: _

;From equation (2.23)

ks

. Dgy = 9.7 x_1o3 hp (ﬁi) o T (2.23)

KA

/'ﬁhete Rp = average radius of a pore = 80 A from the dete :

' of Chuang (18).
Then at T = 550°K -

D. .

- m" (3.7x 103)(80 XlO ) (w)

= 0.02275 cm’/sec.

D-3. 7Effect1va{biffusiv1t§;r'
| To astimate the combined diffusiv1ty, equation ‘
(2. 21) ‘can be used,. TP o

245
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l-ayA

% = 52 + (2.21)
AB KA
where
S Ng . ,
a = o= = 0 Dby assuming N, component is stagnant.
A .
‘Then ki
1.1 1 _ 1 1 - '
'D ¥ Dy ' Den _ 0-4215 * §To7EVE T 46.3285
D= 0 02158 cm /sec.

ol
&ow the effectiVe diffusivity can’ be estimated by

'applying the parallel pore model or equatlon (2. 20),

»‘4 Dé7évp;?) ' .‘ ._ ) ,‘ » (2.20)
"~ where v
| » 't = void.fractien of a catalyst pellet, taken as
0.35, ~ E
| T = torthosity faeter,qtakeﬁ'ae‘4.0,
- Then '~1‘ _e o _ -v9 : o to'vv"--~.‘t° “gf

= (0.02158) (935, _. - R IS R
Dg ‘0-92{58)(175f): 0.001888 cm“/sec. . . .5 [ [ .

. ) . . AR . ‘_«‘ :
X N . i,




SIMPLIFICATION OF MODELING EQUATIONS

8

N
“.
AN
A o
N\
e "
N
.{c
.
‘!P
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. ) {
E-1. ~ﬁo'deling;ﬁ'qgatibns:_
General modellng equatlons are presented'in"
Chapter If} |
'dc‘f A k_ d?cf ., R
Vint @z * € (Ce = Cg) LT =0 - (3.8)
B -7 4z’ :
. . Ah h AB h » : .
pf pf 1nt dZ €g - Tg) €R., (TQ B Tf) =0
ceseccscna (3.9)
: Am k-m- (CST_. Cf)_ + nng' "oy (_Ps'- Ts) =0 (3."19)
. R . S '1t,' az;rs B
. e e s (3.11)
. .
where ’
o o : %.
o REEES 4 Pst P‘so'z,
T (Ps' TS) = 1.28"x 10 = — . — .
' S S (X + 0.006 PH O).
o 2
axp [ —;330 ] (1.7)

1 248
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i)

(

7/

Simplification‘of'Modeling;Equations}r'

Assume the ax1al dlsper51on is- negllglble compared

-to the convectlve mass transfer due to bulk motlon,

jthen the last term can be neglected 1n equatlon

ii)»

iii).

‘then the 1ast term 1n equatlon (3 9) can be neglect—

(3. 8)

ASsume the axiaIKCOndﬁctionvthrcdk‘f_atalystgﬁellets

is negllglble compared to: the convective heat trans-v

(£

fer due to bulk motion 1n the fluld phase, then the‘A'wb

1ast term in equatlon (3 11)can be neglected.

Assume adiabatlc condltlon 1n the reactor system,L

2

ied.

‘iv)

then the reactlon rate expre551on can be rearranged

by the follow1ng relatlonsL

-

2 P

)
fl

so, S

p . =P =+2(P = Paa )
H,0 ~'HZO'i ; soz’ ;17'592i‘

where the subscrlpt i repfesents the 1n1t1a1 condl—
tion in the feed stream. . The reactlon rate expres—

sion,.therefore, becomes_'

Ty (Pg, Ts) L JP 3/2
= 2.56 x 10 - . ' z
| P2 e T2
ep (F20, - ED

{Assume the st01chlometrle feed ratlo of st an SOZ,:"hw



ﬂﬁ{?,

Now introduce dlmenSLOnless varlables to Slmpllfy

the general modellng equatlons w1th Wﬁe above assumptlons.

.ag o AH

| Let
. l‘ &\v -
L= 2 ,
_Sei m % _ e %%
Cfi f _ £i L T
\ T _ ¢
- Tes = Ty _Tgs - Tg T e Ay
bp = —Sp—— 8, = - (E.4)
- Tfd £i : .
Then ‘ , }
Cf = Cep (17 Xg) 4 -Cg = Cgy (A% (E.5).
| Te = Ty (- o) ;Ts -:=-Tfi (1= 08,) (E.6)
ﬁy combining'equatlons (3 8) and (3 9),
! . :
Am km é lcf)”AHv“'Ah'h (Tg = Tg) =0
or“ . , ) ~ '
S W . oA h (T - T)) :
: ) _ \tg f .
AmAkm_(Cs' Cg) = AH.g ’ (E-7)
From equations.(B,exgux3.7) and (E.7), g3
Ahh('r =—3-p'c" . ar,
AH c AH f pf B :Lntai—
. dC : b c ' ;dT . ‘ 1
. az

250
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By using equatlons (E.5) and (E 6), equatlon (E. 8) can be h

integrated to get a Xg - ef reIatlonshlp.

o

X, . peCp T, o, .
f e . ax. = X pf "fi .f‘de :

i £i, 7 fF AH ’ £
o . IR 7o g

e x. = PESr T
e Xe T T %
BH Cgy

.Xf

Pe Cpf Tei

(E 9)

Equatlon (3.6) can be descrlbed in terms of conver—‘

 sion by employlng equatlon (E 5).

){.
s

- .. where

S ; . d 4»4»
Ep V. . == C (1 -x ) =
B “int- ., fi S f | |
Ay Ry fogy (- xQ) " Cg (- X}
,'.“»de = Am-km’ (x ;'er : P
“t dz € Vipt -~ 8 £
or T T By (g = Xg)
_ EAntky
i SN a
: ‘B "int .

rrom'equat;Ansifz.v), (E 5) and (E.6),

B Kn Cgy (1‘—»xs)’— Cey (1 - X ) =

A, RT o
'. ZH:'4'?fi'sl - e?’ _'?fi {1 - Gf)

Ak Cee . <
0 _=-Am m £1 . 'ﬁ“xs) AH

(3.12)

(E.iO)‘”

(E.11)



R

AH Cgy

__f_ pf " fi

Ag

s

AH Cgy -

S P L S ff .

Pe Cpr Tei

. o

Amrkm:cfi Kﬁ‘

Bp B Ty

s -

. 252

By jntroducing equation (E.9) to equation (E.11), s

- An Xm Cei

Ay B Tgy

8y = (g - Ag) Xg + Ag X

,{xf_

- xs) Ag
(E.12)

(E.13)

:>_~ (E{14)

Now-equaﬁion (3. 8) cah bé'described‘in‘terﬁs,of

convers;on only since P -and Tg

of conversion.,[

o .

Then the reaction rate expression becomes—~

NEICHA

Ry

= .

Xé{

= R 'T C =
%) _
(1 -2, -2y x

.8

g1

Pey

£i {1

rs (P8iT§) Pp N

R
g

(1 - Xs)-

)

T

e g 132
Ry (£,5))

£i

can be expressed in terms

(1 - 8,) Cgy (1 -X)

£~ Rg

"-5kA7'- A ) Xg - Ag x }

Xs} _(1»— Xg)

(E.15)

(E.16)

A

(A

4

’A$~f1

f2)

7 exp *?§) ' KEal7):i‘



where Ry "M FmCem (E.18)

3/2
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‘ ce w 10-4 | e
Ay = (2.56vx 10 ) Py n Pfi o | . (3_19)

‘B

= 1.4 o 006 (? o l'+_2'pfi) D (E.20)

R
hii

(E.21)

I’
]

- 0.012 B,

Ag = 223 (Ei22)
g Tfi - ' :

o £y =1 = X L (B3

2 £

. Fihally_equation k3.8$ becomes;f‘
| '3/2'
Ay (£,£,) 3/

£

S ‘ -+ Ag
: T e - : .6 '
e - A, (X, - X)) + - ‘exp (2—0_=

4 5 1l

(3 13)

The computer program MODEL, used to solve equatlons

(3 12) and (3 13) simultaneously, is’ llsted.

£, = 1 - (A; - Ag) Xg - Ag X : S Ema2s)
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T****#******#***********#******************************

THIS PRDGRNM 15 USED T0 PREDICT THE PERFORMANCE DF %
BMEATALYTIC. REACTOR BY A ONE DIMENSIONAL TWO *
DEL. . _ : %,

4
b of
L}

PT

bz
EB
‘DB
DENSP’
DE
XL
© . XHS,
XHO
. XSO
XS
VS
TF

'J.TEMPERATURE COEFFICIENTS OF A THERMODYNA-*

ﬁ ulyn‘ulru nurn'nllu "

- . . *
MAINLINE MODE L L x
; oo

S %

‘MIC FUNCTION FOR HEAT CAPACITY(FOR LOWER *

.. THAN 1000 DEG Ky - *
" TEMPERATURE COEFFICIENTS OF A THERMODYNA-*

MIC FUNCTION FOR- HEAT CAPACITY(FOR HIGHER %
THAN- 1000 DEG K) @

TOTAL PRESSURE OF SYSTEM(MM HG)
"DIAMETER OF CATALYST. PARTICLE(CM)
INCREMENT OF INTEGRATION .
POROCITY OF BED -

DENSITY. OF--BED :

DENSITY DF CATALYST PARTICLE

. EFFECTIVE DIFFUSIVITY(CM**Z/SEC)
TOTAL DEPTH OF BED. _

MOLE FRACTION OF H2S IN THE FEED
MOLE FRACTION OF H20 IN THE FEED
‘MOLE FRACTION OF SO2 IN- THE FEED
MOLE FRACTION OF SX IN THE FEED
SUPERFICIAL VELOCITY oF FEED_
-FEED TEMPERATURE e

' DIMENSION TT(5).TR(5)' AL( 795)9AH( 7y5).A

12

. 4
g

',f,1o FORMAT{ 8F10.4)

11

READ (54 5)
DO 4  1=14N

‘READ( 5, 5) .

" COMMON . AL yAH . g . o

" READ (5,12) o T
FORMAT( 112
DO 3 I=14N

N
,c

(AL(I,J’.J=1,5)

(AH(!,J)vJ=195)

FORMAT (5E15.7)-

READ{ 5,10 )

PT,DP,DZ,EB,DB,DENSP,DE,XL

"READ(Sy11) xns.xso,xﬂn,xs
FORMAT( 6F10.5)

| READU5,41)

TFO=TF
AT=AM

'Anas,épgggi’*EB) 'frTli; P f_,;
R=1. 937'1 N -

vs.vrﬁ
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88

55
. C2=DB*PFO%%]1,5%0,17  * 2.565—0&

.o o . B 255

ces (CONT'D)

RR=B2.06%760.

" VINT=VS7EB -

‘WMOL=_ 28, *(1.-XHS XSO-XHO-XS) +34,%XHS +64.*XSO +18.
1XHO +64,%XS
‘PFO=PT%XSO
"PHO=PT*XHO -

~ CFO=PFO/RR/TFN
| PS=PT®XS

A3z1l. +0.006% (PHO+2.%*PF0O)
PE=PFN T

PS2=PT/760.

20

27

TO=298, -

.TR(I)#ZQB.

DO 20 J=1,4%

TR(J+1)=298, *TR(J)

WRITE( 6, ZW
FORMAT(IHI,///,14X,'LENGTH',BX,'XF',GX,'XC',?X,'THF'
17X,'THC‘,8X,'TF',8X,'TC',7X,'XN1',7X.'XN2',8X,'DH'//)
XF=0, .

- b0 1000 111-1,1001

17

21

TT(1)=TF

DO 77 J=1r4

TT(J+1)=TFRTT(J)

 DENST=PT*WMOL /RR/TF: . S
'VISCO=0,00025+0., 000034*(TF-473.)/100.
CPE= AL(7,1)

DO 21 L=1ls4 - .

CPE= CPF+AL(7,L+1)*TT(L)'

. CPF=R®CPF/28., -

XK=0,2976/3600. )
D=0.010996% TF+*1. ,5/PT/0.44

- G=DENST*VS.

"SC=V1$CO/DENST/D'
PR=VISCO*CPF/ XK .

" RE=GXNP/VISCO

RRE=RE*%0,41-1,5

~ 'XJD=0.725/RRE -
. XJHe1,10/RRE -
_rXKM:XJD*G/DENST*SC**(-Z /3.)

H=XJH®XCPF*G#*PR** (=2,/3,)

" TF(ITI-1) 88,88)44
44

CALL FREM (PS2,TFyXN1,XN2 ) >
_CALL HTORN (TF,XN1,XN2, Ry TT,TRsDH)
60 TO. 55 A .

3 XN1=0.135 .
" XN2=20.865

‘DH=11250, <1, 5*(XN1*22673. +x~2*24753 )
CloAMKXKM®CFO - -

. c?;;é;o 006*(PHO+2.*PFO)
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-

e Wes (CONTOD)

C4=0.012%PFD

C5=-7350./R/TFOD

"Al=XL®AMXXKM/VINT/EB

A2=DH*CFO/DENST/CPF/TFO ;-"i ~ .

"~ A3=C1*DH/AT/H/TFO
. CALL NEWTN{XF, A29A3,C1,C2,C39C4 C5,XC)

25

1000

~1001

TC=TFO*(1.~THC)

2=DZ*(LI1~ 1)

_THF=A2%XF

THC= (A2-A3)% XF+A3*XC
TFeTFOX(1.~THF) !

N

WRITE(6425) ZyXFyXC, THF,THC;TF,TC,XNI,XNZ,DH
FORMAT( lOXyQFIO 5y F10.2 )

CALCULATE BULK~FLUID'CONDITIONj,

'CALL RKGS (AlyDZ'XC,XF)
" CHK=1,0-XF -

IF( ABS(CHK) ~1.0E-07) 1001,1001,1000
CONTINUE 5

CALL EXIT - : R

© END
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.»****************#t#**#********m***********************Q
i . . *
*x SUBROUTINE HTORN *
* *
% THIS SUBROUTINE CALCULATES THE STANDARD HEAT OF RE *
% ~ACTION OF THE CLAUS REACTION CONSIDERING THE EFFE %
* =CT OF EOUILIBRIUM DISTRIBUTION OF SULFUR SPECIES «
* AT A DIFFERENT TEMPERATURE \ *
L3 *x
'************************************#*****************
SUBRDUTINE HTORN (T,XNI,XNZ, Ry TT,TR, DH)
DIMENSION’ TT(S)yTR(S)'AH(7 5)y AL(T45)
COMMON AL 4AH -
N=5. : ‘
' HR=11250.-XN1*22673 *1e5- x~2*24753.*1 5
. IF(T=1000.) 20,20,30
" 20. DO 50. J=1,N
SO HR=HR+({ 2,%AL (64J)+1, 5*(1.-XN1 “XN2)%AL(5,J)+0. S*XNI*AL
1(45,J) +0.,375%XN2*AL( 3, J)—Z.*AL(I,J)-AL(Z,J)) *(TT(J)—‘
2TR(J)) /7J%R. .
G0 TO 100
© 30 DO 40 J=1,N '
40 HR=HR+{ 2, *AH(b.J)+1 5*(1.-x~1 XNZ)*AH(S:J)+0 S*XNI*AH
1(4,J) +0, 375*xN2*AH(3,J)-2 *AH(I,J)-AH(Z,J)) ®¥(TT(J) =
. 2TR(JY) /J%R , o , . Coe
100 DH=HR , o : . ,
RETURN

END
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******#*****#***********#*****************************
*.

ok iR o SUBRDUTINE NENTN

*
*
* *
* THIS SUBRDUTINE IS TO SOLVE MODELLING EQUATION #
* (3,13) AND GET THE CONVERSIDN ON THE CATALYST SUR-= %
' ACE AT A GIVEN. CONVERSION IN THE BULK FLUID USING *

(SENTON -RAPHSON ITERATION. TECHNIQUF %
* *
‘*****t********************************************#***

SUBROUT INE NewTN(xF,Az,Aa,c1,cz.ca,C4 CS,XMM)
NDIMENSION X(500) , _
F1{X)=1.-X
F2(X)=1,=XF%(A2=-A3)=-A3*X
F3(X)=F1l(X)®F2(X) .

F4(X)=C3~-C4%F3(X).

FS(X)=EXP(C5/F2(X)) .

FI(X)=Cl*(XF=X) +C2*F3(X)**1 S%F5(X ) /(F4(X))**2..
DF(X)= =Cl +C2%FS5(X)*(1.5%(F3({X))%*%0, 5*(—F2(X)—A3*F1(X

1)) Z(F&(X)) %2, —(F3(X))*%]1,5%2 % (C4*xF2(X)+A3%C4*F1(X)

2) /(F4(X))#%3, +A3%CS*(FL(X) J#k1.5/(F4(X))}¥%2,/(F2(X))

3%%0 .5 ) ' o : ‘
GIX)=X=F(X)/DF {X) oo

INITIAL GUESS OF X
X(1)=XF+0.002
CALCULATE CONVERSION AT CATALYST SURFACE

DD .99 I=19499

X1+ =GIX(1))

ESP=ABS((X(I+1)=X(I)) / X(I+1))

"IF(ESP-0,0001). 100 ,100-499

99
190

- 55

77

88

CONTINUE R
IF(1=499) 88.55,55 ST
WRITE(6,77)

FORMAT( /10X ' NO CUNVERGE'/)
XMM= X{ I+1)

RETURN -

“END
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‘***************************#**************************

, SUBROUT INE RKGS
THIS SUBROUTINE IS TO INTEGRATE THE MODELLING EQU-

REACTOR USING RUNGE-KUTTA-GILL FOURTH ORDER INT F-
GRATION PROCEDURE .

* %
* *
* %
* *
% ATION (3.12) FROM THE INLET TO THE OUTLET 0OF THE *
* *
* %%
% *
* %

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

SUBROUTINE RKrS(Al.Dz.xc,v)
FIY)=Al*(XC=Y)
D1=DZ*F(Y)

-N2=DZXF(Y+D1/2. )

N3=DZ%F(Y+0.,207107%D1 +0.292893%D2 )

D4=DZ*F(Y=0,707107%D2+1.707107%D3 ).
Y=Y + (D1+D4)/6., +0.0976310%D2 +0.,569035%D3
- "RETURN S C .
~END ; - R
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APPENDIX F

ASYMPTOTIC SOLUTION FOR EFFECTIVENESS FACTOR
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ek, ,

ﬁ@L.} Check the. Validity of the Isothermal Catalyst Pellect

nn

i

Assumption: e .3

The validity of, the assumption of an isothermal
catalyst pellet may be checked by théﬂvalue of the heat of
reaction parameter, 8, at the inlet condition of the

icatalyst bed. &
’ D C

B = (- AH) Es_i;i'
e s

it

7

0.001888 6.7 x 10~

= (26000) ( —) )
| -7 73.39 x 1074 06
( cal ) ( ‘cm /sec . )(mole/cmB)
mol,efso2 ca17’ °K*sec 5K

-4

1.7449 x 10
‘5 0 -
‘ The}efLre the whcle pellet'can be treated in a

iscthermal“condition, and there is no need for an. energy

balance equatlon to calculate the effectlveness factor.

.-

F-2. xodeling Equation for'the Effectiveness Factox;
R —

N A general materlal balance equatlon within a

catalyst pellet can be wrltten as’

_ _ - o a
S = ———72(+‘—~—352-- L r (,T)=0 . F.l
| P e | :
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where a=0 for a flat slab pellet
§ s S
a=1 for a cylindrical pellet
a = 2 for a spherical pellet
To check the wvalidity of the asymptotlc solution,

the conceptof Thlele—modulus, @, can be employed for this

particular reactlon condition.
/[P > 5 - | ©(3.14)

(2.56 x 1074 psl's

‘where r (P TS)

2
[1 + o. oos(pH20 it 2Py - 2 ps)J
' 7350 =
EXP (- g5

g s

(2.56 x 10 %) (20. 6545) %

"(2.2604 - 0. 012 x 20. 6545)

. -7350
EXP (17587 % 556
= 7.6047 x 107° (g mole 50,/
' sec-gm catalyst)

0.3175

.o R =‘(-4—1r—*) cm

- Y - = -
Then o = 1 (0:3175, // 1.53 x 7.6047 x 1070 _ 5 35
0.001888 x 5.957 x 10

Since the estlmated value of Thlele modulus is

larger than_s.o, the catalyst pellet may be approx1mated by



a flét‘Siab model. The modellng equatlon can be obtalned

q« from equatlon (F 1) by lettlng a equal to zero.

- where

d2 C 22‘ e h'_ ‘
_A—ie - r (P, T.) =0_ ' (F.2)

In 'a dimensionless form,

2 (. T) :
.d__;’_,. - ?,23 ’EE‘EE"‘%‘) =0 ’ (F.3)
ag s s’ ’s . L S
c P | | |
vy B - B . ' @, 4)
s -3 i -,
R S TL
E = % N (F 5)
*
. ~p_r_ AP., T_) o
2~ r? B_s_ s’ s (F.6)
: e .8 .

(2.56 x 10" pl-5 7350
S
» 7 EXP (g=5—)
{1 + 0. oos(p + 2P, - 2P )} g~s
H‘ZO' ' f‘t’k&
| -5 L2 (F.T7)

263
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whe;e C; =1+ 0.006 (PHZO,i + 2 Pf,i) |
! , :
Cy, = 0.012
€3 = G/ i
‘ : o a
Now equation (F.3) becomes, °
) 1.5
’ 9—;-‘f ¢§ (C3 - Cz)2 : 2 —x =0 (F.8)
ag‘ . : (C3 - C,¥) '
with ' boundary ‘conditions -
¥ =0 at £ =0
u . > d‘f _ . ‘ _ - .
b | & = 0 at £ =0 (F.9)
e y=1 at E£=1

F-3. Asymptotié Solution for the Effectiveness Factor:
- .. . . ‘ . . .:;) .A —_' R
. An asymptotic solution of equation (F.l) can be

obtained from the solution of equation (F.8). To solve

.equation (F.8), let

. avy
7% " Y =

- / ! -
. Then equation (F.8) becomes,

s > (c; - C, ¥)

(F.10)

- After multiplying both sides"of'equation (f;IO) by d¥ and

' rearranging, equation (F.10) can be integrated such as

A *;[y(€=l) g ( ; )2"T=1 yle5 (
. o . ydy = 9% (Cc,-C,  qm——gv2 A¥  (F.11)
o ) ye=n) e T2 )y 16 c;N) .
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The integration on the right hand side of equation (F.11)
can be done analytically to obtain a value of 50.008. Then

2 2

, » 2 .
2 ' o 2 ,
= 2 ¢f (0.1094 - 0.012) (50.008)
-0 2
= 0f9488§ va'.
or. Y(€=l)i= 0.9741 ?f

The>efféctivehéssmfactor'cap be calculatedlaccording
to its definition.

- Actual d1ffusxon rate into the pores .
Reaction rate within the catalyst peilet ‘

CARey \
Here actual diffu51on'ff,'3— (De g%)'(d Gp )
- 7/ e Pp
o v*v:\ ) = D (‘C‘:E') (g_‘g-) ’(—"_—"6 )
- | f/;//‘ . - e'R ;‘€=1 dp pp»
// // o
t 3 Q‘
: ' = r_. (p_, T)) vy ?
// ;z s (£=1)

reaction rate = rg (Ps"Tsy

B .
3 N . s ' -
. . . . . T

Therefore ,
n = 'I'Y(E#l) = = (0.9741 ¢f)
.¢f ! _ Qf
2.9223 °_ .2.9223 -
f * L ' -
g"g{iﬂ: -
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. APPENDIX G .

¢

 DERIVATION:OF COLLOCATION EQUATION
FOR INTERNAL RESLSZANCE OF CATALYST PELLETS
b ’ L

Y LA

N



The general material balance equation for an iso-

. vyttnal ‘spherical catalyst pellet becomes

- d°c_ 5, dcC o o
| E;Eg’ tr HEB b, fp (Bpr Tp) =0 - (1)

267

c, P, | - o
. r,' - ] {ni‘\ S o -
equation (G.1l) becomes "
a®y . 2°aY _ g 42
where ¢ rep¥Wpsents Thiele
_ R, L
o, = 3 ’
._But':"aé'was" s'hown; ‘inﬁ«* endix E;- .
i b : U Ll - (c3"-,,,,c2)‘2 e
sPar Tg) (g -cy; )7 | L
where Cl f 'L+ 0. 006 (PHzo + 2 Efw
| ey = 0.012 , .
N _ o 2
C3 = C,/Pg )
- Now equatlon (G.5) becomes . ‘
"‘“32 J N - )
. ) I : 1.5
2 a4y .2 2 R
v , -+ - 9 ¢ (c, -C =0
a;z";.rag R N T
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To check the‘validity of thé flat slab model for a
spheriéalvcatelyst in eolving eQuétion (G.6),'an'approximeé
rttion method can be applied for the steeplyvdescending
concentratlon proflles w1thin the catalyst pellet, which was
' orlglnally proposed by Paterson and Cresswell (76) in terms-
of the effectlve reaction 'zone defined by the reélon beyond
whlch_the reactant concentration becomes essentially zero N
.where no reac¢tion can ocdur as a consequence. 'To,apply‘thiév

reaction zone concept the reagtionjinterphase g1 is defined

as o
.,'5 - EI N ’ L3 - .f- ) )

1

_ In equation (G.7) x varles from,;ero to one for the
;vggﬁe of § between EI and one. Now eq@gtlon (G. 6) can beil
‘described in terms of the reactlon 1nterphase by u51ng

‘equatlon (G,7). ' .

R R . o 2 ,
Toid 2 R

(1 - €)% ax®

., gls L |
LT 3T e, -0 | :
Boundary conditions are o : %
¥ =1 at x=1 . (G.9)
‘W‘s'o,-.§§ =0, pt x=0 . (6.10)

It should be noted here that the boundary condltlon
(G, 9) is the Dirichlet type rather than the Neumann type in

_this problem. That,is becauae the approxlmate value of the

g
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_-Sheerod number in this particular case is

k_d ' \ : :
= . p . 10 x 0.3 _ a
Sh 5, =5 0018 166

So'thetratio of the convective mass’ transfer effect
in the external film to the diffusiVe mass transfer effect
w1th1n the pore 'is around 166.,'Thereforehthe external
resistance is 166 times less than the 1nternal re81stance.v
Here the assumptlon that the bulk gas concentratlon can be
'rrgorously used as. the cataiyst surface concentratlon to

" calculate the effectlveness factor. Actually‘the bulk gas

gase!@bncehtratlon is- different from the catalyst surface

.,J;J,

Vconcentratlon as was 1nd1cated in the study on the effect of:
‘the external reslstances.‘ H0wever, thls glfference has
negligible effects on’ thé calculated value ‘0of the effectlve-
’ness factor on that assumptloﬁﬁsince the major res;stance

- exists in,the'inner“part of the catalyst.

By emplOylng the- Paterson and Cresswell's collocation
itechnique (76) improved by Van Den Bosch and Padmanabhan (90»
the concentration proflle in the reactlon zone can be appro-
"xrmated by a parabola. N N |
| 3 ¥ ¥, iz E o S S (6.11)

S . \_‘ o R S
. As exoectea\i{x“the internal collocation technique,
’ equation (G.11) already satisfles the boundary conditions
-_(G 9) and (G 10)." From the ‘boundary condltlon (G.9), ¥

4becomes one in equation (G 11) to make
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¥y, = x.2 ' : | (G.12)

for any collocation point i. By subétituting equation

(G.12) into equation (G.8) the collocation equation can be

obtaihed.
2, 4 | X4
o 3
2 | 2 X N
- 9 Qs (C3 - C2) ~‘0 (G.13)

2

L

Thetcptimum cdllocation'point caﬁ be taken as

\f& \ré%bmmended by~Van Den Bosch and Padmanabhan (90)
for the hlgh réact1v1ty model
For" iﬁb value of xl = 1 and calculated value of

2
-9, EI can*gL obtalned from equatlon (G 13) to see the

s
appllcablllxy of the hlgh react1v1ty model using the false ]
'position 1teration method.‘ If the. hlgh react1v1ty model 1s

' really applicable, then the efflctlveness factor can be

calculated as C %:
| | D () ‘at" 4 . .
. €=1 6 1 ay o
n=-— : . = (=) (G.14)
o .-rs(Ps*'?s)- '_dp Pp -3 02 dg” &=1 :
But R .
I -

8 By combing equatlons (G 14) and (G .15)

ey e
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Then the concentration profiles become u51ng
equations (G. ll) and (G.6),
v = (;;—;—2-5)2 - ac+m? - (G.17)
‘ I | _
A listing of the computer program COLLO, used to

calculate the reaction interface EI,’is_included,



OO0

#*******************#*********************************

.READ(S,IO) PT - SRR .
10 FORMAT(1F10.5)
'~ READ(5,12) XHO,XSO :
12 . FORMAT(2F10.5) , - <
LDPHO=PT*XHO o
'PFD= PT*XSO @

ASSUME NEGLIGIBLE CONCENTRATION. DIFFERENCE IN
EXTERNAL FILM

PC=PFO | :
Cl=1.+0. 006*(PHO+2 *PFO) i
¢2=0.012 o _ ‘ » , -

. C3=Cl/PC S ks
' DO 100 J=1,16 '
H=4,0 +J
CALL FALS2 (C24C3yH, 21)
IF(Z1) 77,77,90
WRITE(6, 60) '
60 FORMAT(1H1y///19Xv'THIELE',7x,'REACTIDN' 2X,
1* EFFECTIVENESS' y/18X, 'MODULUS',6X, ' INTERFACE', 9X,
2' FACTORY /) :
EFACT=2. /H%%2./(1e=21)/3.
100 WRITE(6,20) H,ZI,EFACT,
20 FORMAT(//IOX,BFIS 4)
G0 TO 99 ‘
77 WRITE(6,88) ‘ -
88 FORMAT(IHI,///IOX"THE REACTION INTERFACE IS NOT',"
1' GREATER THAN. ZERO.' /) - ‘

- 99 . CALL EXIT

END .

g .

* *
* MAINLINE COLLO *
% ‘ ‘ ‘ , *«
% THIS PROGRAM COMPUTES THE EFFECTIVENESS FACTOR OF *
% A ALON CATALYST FOR THE CLAUS REACTION UNDER CON- *
% DITIONS WHERE THE REACTION INTERFACE IS GREATER *
- % THAN ZERO USING A INTERNAL COLLOCATION METHOD. *
* ‘ - L%
* PT = TOTAL PRESSURE ' ox
* XHO = MOLE. FRACTION OF H20 *
* XSO = MOLE FRACTION OF s02 . *
*® *
******************************************************

272
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**#**#****************&*******************************

SUBROUTINE FALS2

POSITION ITERATION METHOD.

*
*
R
% THIS SUBROUTINE COMPUTES THE REACTION INTERFACE
*
*
*
*

S22

33
44
70
99
100
55

77
88

*

o

**

*

FROM THE COLLOCATION EQUATION USING THE FALSE- *
b3

’ *

*

e 2 e ok ik 3 e ¢ o0 e e e el e 2 e e 2 o o 2k ek e ok ke e o e e e ok ok ok R o o ok K ok Xk

SUBROUTINE FALS2 (C2,C34HyXMM)

DIMENSION XM(500) '

FIX)=24/(1la=X)%%2, +4, JCLla=X)IEXT /(X+(1a=X)XXT)=(H*(C3
1-C2)% X I*%1,5/(C3- CZ*XI**Z.))**Z. *9,

XI=0.,707107

XL=0.0
XR=1,0 .
XM( 1)-00
DG 99 I=1,499 ‘

XM{I+1)=(XL*F (XR)~ “XR*F(XL)) / (F(XR)I=F(XL))
IF(F(XM(I+1)) *F(XL)) 22,33,44

XR=XM(I+1) '

GO TO 70

XR=XM(I+1)

XL=XM({(I+1)" ' v
ESP=ABS((XM(I+1)=-XM(I}) /XM(I+1))
IF(ESP-0.001) 100,100,99 B

CONTINUE . '

1F(1-499) . 88,55 55

WRITE(6,77)

FORMAT(/10X,'NO CONVERGE /)

XMM-XM(I+1) .
RETURN '

END

e
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APPENDIX H

-

NUMERICAL SOLUTION FOR EFFECTIVENESS FACTOR

BY WEISZ AND HICKS' METHOD .

I
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H~1. Numerical Solution for the Effectiveness Factor:

Use can be made of th& equation (G.6)

2 ' 1.5
¥+ é_g-s‘*i -9 2 (c-c)f X -0 (G.6)
dg (C,-C,¥)
3 72
with the boundary conditions of
Yy = 1 at £E =1
qavy

a-z—=0 at E=0

Equation (G.6) can be transformed by introducing a new

variable -

Theén equation (G.6) becomes

-

2y : 1.5
a“y 2 4y 2 2 2 ¥y
+ =2 %L . 9 g3 ¢ %Q ey ——r =0 (H.2)
i 2 X ax s :3 2 (C3—C2W)2

Equation (H.2) can be numerically solveq ﬁy the open-end
method.with a known initial value instead of treating it as
a tﬁo-point boundary value problemjuwhich’was originally
proposed by Weisz and HicksA(97);b ¢

| - The computing prqceaures are

(1) Choose an arbitrarybﬁélue of a ¢ ’

(2) Assume an initial value of ¥=0 at x=0.
{3) Inteéra#e thé eduation up to ¥=1, and get the

‘ vélue df x;af that point. -

N

(4) Solve for é’using a = % = 1 at ¥=1 from the

»

boundary conditions. .

N
it
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(5) Solve for<® using condition (l) : I e B
(6) Solve for effectlveneiﬁ factor Yy the relation
T "‘ra"l ."crf’ RV
s a o : .\,
X The condition (6) can be derived from the definition
of the effectiveness factor,f o ﬁﬁ@ .“

. .-since | ..

Déc—s - — ;v;u-
')‘ 2 L
IJ?S'TS) R P . (30 )
n -.’—*1-5» %'(gébx-l
»(3°s> ‘ ‘ J
T o o *
302 X x=i t
L sﬂminJ¢ a
Bquation (H 2) can be transformed into two first R . e
,,‘_forder difﬁerential eguations by 1etting ) o ', _5 = ‘
g;_g‘y_x‘.a- i,,,- 5;i" *i S ‘1;“, ' '*Hﬁ§3):
~_Then | | | |
o ' : ,A 3 1.5‘_7/; .'-h - |
| §§+ 3y 9 .\2.5 (ca-cz) ”"—'L—I* 0o --(n.4)_ :

B . 1;,) A e
Equation (H 3) and (H 4) can be solved simultaneouely N

‘uusing the*Runge-Rutta-Gill integration procedure. To deter-ij

‘ 'mine the value of the indeterminate form of —2lon the left '
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e . ..-k;',. . 1 .
© hand side “in equetion»(ﬂ 4) uqe can be made of the

'hospital's theoremoat x=0 .

.o

o - IR . |
: lim : ‘2 S 28y - . - ' . : b4 : v
i e .- >
“Naw equation (H 4) becomes, at x-O . L Toa
‘g§.= 3»a2¢§ (c —cz)2 ———-————7' S - (H.6)
SRnE T w8 ) (c _Cz\” ‘ / o

. , o d : © .
e For 6ther points thaﬁ x-o, equation (H 4) still .

o

o applies. | Y S _ _
) zhe cdmputer program CHOWH was used to calculate the
B effectiveness factor by applying Weisz and Hicks' method to-

ythe Claus reaction system and also 1isted.~

©

OJVVK—Z,» Difference in Thiele Modulus Between At the Inlet and

- At the: Outlet Condition

The retio of the Thiele modulus at’ the reactor bed.
. s.outlet condition to that at inlet condition can be written

EPRENEE ¢ -]

R T A (B aTy) C, R - o
B rb—vr aﬂ S e
ot R BT . o R

'7:?by using the definition o% the Thiele modulus, equation
_13 lﬁ), and alsuming constant pellet density and effective
: diffusivity slong the,bed. In equation (H 7) subscripts

o and i rep:esent the outlet and the inlet condition |

: respectively._*""/

e




1' ; 'Y . '
'i If the donominator .change in the reaction rate

e
.expression may be ignored equation (H 7) can be described

i J .
',in terms of concentrtion and temperature at the inlet and

outlet of the cataly bed
e [e.. 0.5 T 1.5 -
) [ 80, " 80 :
= (E——), (=) . EXp {
II ' / si A -Tei ’ ;( _ Tso

E
9
. Assuming 98 percent conversion an

d i’ - «550°K,

Tso - 680“!(, equation (H. 8) gives N ' ‘ ‘
o [ 0.5 1.5 . R
S - / (,5}5-) <53-6“°)\ EXP {yL329

r; rw‘m m’}

0. 839

"l,&‘he,re’f_o// ,' ﬁrom the calculated value of & in Appendix F.

.49‘:'-

e oo.- 0,839,0i s:,(0.839)'(5.3823)'.=',4,4'

. . : . . [ °
[ . /
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B XaXa o NaXaXaXoXataNatatz Rz TaaTats)

-V***t*************t**#********************************

i *
* 'MAINLINE CHONH "
3 *
* THIS PROGRAM conpures THE EFFECTIVENESS FACTOR OF %
W A ALON CATALYSY IN A CLAUS REACTOR USING THE WEISZ =
*. AND chxs HETHOD DU _ *
* *
x T - TOTAL PRESSURE T - N
- _ XHO0 . = MOLLE FRACTION OF H20' T Tk
% XSO - = MOLE FRACTION OF $02 o L
T e - PRMT(1) = STARTING ‘POINT OF INTEGRATION *
x PRMT(2) =’ END POING OF INTEGRATION ’ *
* PRMT(3) = INCREMENT OF INTEGRATION *
"% . PRMTt(&) = ERROR BOUND OF INTEGRATION . *
% NDIM = NUMBER ‘OF. DIFFERENTIAL EQUATIONS *

- % ’ * .
: *****#*tttt****t*ﬁt##*#**#*t&*t***t*******************

EXTERNAL FCT,OUTP - :
" DIMENSTON. Y(Z)gDERY(Z)'PRMTQS)'AUXCG,Z)

COMMON C2,C3,AH° -

‘READ(5y10): - PT

/10, FORMATUIF10.8)
T READ(Sy 12). xno.xso
|| 12 FORMAT(2F10.5)

~¢“' PFO=PT#XSO

PHO=PTRXHO

‘..

» ASSUHE NEGL!GIBLE C ENTRAT!ON DIFFERENCE IN
EXTERNAL FILH B e

. pempRO L
o R 61.10*0-006“9“0*2.*PFO’
o C2u0.012 1 SETELETTA
~ C3=C1/PC . ",”fifﬁf»,}{' SO
"Hklliiévla)
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4_18 FGRHAT}IHI;I/IZ#X,'THIELE';bX,'EFFECTIVENESS'l 24X, -

I‘HODUtUS"BX,'FACTDR'II )
DD“”lOO KK-1'41 o



 88 88 85

" 100

:_ 'o-oi-’ (CONT 'n)

IF(KK-24) 50,60,60

Y(1)= - o.os-o.o1t«xx-19) J -
/GO TOD 90 - B
_1F(KK=33) . 70,8080
_Y(l)-0.0l-0.00I*(KK-ZB)

GO'T0.90
v(1)-0.001-0.0001*«&«-32;

'Y(2)=0, -
“DERY(1)=0.5 .

"DERY(2)=0,5 : ) : '
CALL nUNGE(PRMT.v.DERv.NDIM.lHLF.Fcr.ouTP.AUX)

CONTINUE
CALL EXIT

v END
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\ L

,***#t*t**.*#*#*##***t#**t#***t*‘tt*********#**********

: SUBROUTINE FCT

3

3
»® *
* ' ' o
* THIS. SUBRDUTINE GIVES THE‘ORDINARY DIFFERENTIAL *
R EOUATIONS TO BE SOLVED TO THE SUBRBUTINE RUNGE.. *
* *
* *

#ﬁ*‘****‘#.*&****************#************#**#t***** :

" SUBROUT INE Fcrtx.v.penv) o o B
. DIMENSION Y(Z),DERY(Z) : : - - . .
COMMON £25C3 AH : . o
 DERY(11=Y(2) B
CIFtX) 20920430 - o o
30 DERY(2)w —2.*Y(2)/X+4AH*(C3-C2)/(CB—CZ*Y(1)) ) AK2 L %9, *
1Y(1)%%],.5 . , e .

. GO TD 40. ~ S :
20 . DERY(Z)-(AH*!C3-CZD /(C3-C2*Y(l)) DRE2,RY (1) %%]  5%3,

40 RETURN. = - e
END .
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- - %
SN
B ot ) ##t******t*‘**####*****#‘#‘###ﬁ*#**t****##t*#*tt*t*#t*
c el LT suaanurlue RUNGE L L e
g " %
c t THIS: SUBROUT INE SOLVES -THE SY$TEMS nF oanxunav .
C % DIFFERENTIAL EQUATIONS SIMULTANED -v -THE RUNGE-*
C € * KUTTA-GILL METH WITH THE. TEST Ofy§ Yy =
cC - & _ : .
C | **tt*******#**t*#‘*’*#**‘**#t " ):**t*t**#*#
- susaourlue RUNGE (PRHT.Y,DERY; ”?cr.ourp AUX )
c - .
DIMENS ION v«z).oeav«z».aux(s.z).A(a) 8(4)06(4)'PRMT(5)
DO ') T=l,NDIM
1 AuxtaoI’=0.06666661#DERY(!) _
. X=PRMT{1) , o
. XEND=PRMT(2), . - "~ .
CHePRMTU3)
“PRMT({5)=0, e L
9 CALL Fcrtx.v.nERV) Y N
© - ERROR resr B o e
o IF(H*(XEND-X)) 33.37.2 o
_%\c.‘” : PREPARATIONS FOR RUNGE-KUTTA nerunn )
‘ z AU1180,5 | )
A(z:ao,zqzaoaz
~A(3)=1,707107 .
A(‘i-b.1666§67

‘a}t“ QQ!):Z.Y - -‘L'“;ﬂiﬂjff 4{ﬂ[t“: ' ' S _ - g._f 
o R 2)mYe * o A S o :



%

osan

L T

11
_.;2
14

ow

_

ooe {CONTYD) ’ »

IREC=0
HaMH+H
!Hﬁk--l
ISTEP=O

1END=O.

"+ START OF-A RUNGE-KUTTA STEP

CIFC(XH=XEND)#H)  746,5

He XENN=X
1END=1

RECDRDING OF INITIAL VALUES OF THIS STEP
CALL OUTP(XvY'DERY.IREC'NDIH PRNT)

»

CIF(PRMT(5)) 40,8,40 4 S )
ITES Te0 . - g
9 !S$EP-ISTEP+1 B : - P

' sraar oF INNERNDST RUNGE—KUTTA LooP

: Jll

10

CAJ=ACIY - T
BJ=BlJ) ,

- CJ=C{J) '

- D0 Il I=1oNDIM .

a

RL=M®DERY(L) - . s
" R2=AJ*(R1=BI®AUX(6,1)) S

CUYCTISY(IIMR2 -

R2=R2+R24+R2-
QUX(G'I)CAUX(&qI)+R2-CJ*R1
TF(J=4) 12915'15 IR

Jmdel .
IFtJ=3).: 13v14v13

REXAO, 5EH - -
CALL: bcr«x.v.oenv»

'*GD RL 10

Euo aF !NNERNOST RUNGE-KUTTA LOOP .

“‘wfsst;qEEAFQuRFCY;f:jT 7f
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THERE IS NO POSSIBILITY FOR TESTING



16
17

18
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e+« (CONTID)

D0 17 I=1oNDIM

AUX (& I)=Y(])
ITEST=]

 ISTEP=ISTEP+ ISTEP -2

IHLF= THLF+ ] , : : ' BN

S RmX =t - i o

19

He=Q 5%H _
DO 19 I=i,NDIM - LA

V(I mAUX(1y]1)

- DERY (1) =AUX(2,1)

AUX(6.I)-AUX£3,I)

GO TO 9

21

-22

23

2

C 28

- 26

. u*!STEP-lSTEF+lSYEP—4
- mx-x-ﬂ

IN casE ITEST-I,TESTING OF- ACCURACY IS POSSIBLE
IMON=ISTEP/2 o R ;

TFUISTEP-IMOD-INOD) - 21,23,21

CALL FCT(X Y ,DERY)
00 22 I=1,NDIM
AUX(Sy 1) =Y (])
Auxcv.ttaneav(x)

‘GO TO 9

COHPUTATION OF - TEST VALUE DELT
DEL?-OQ

‘DO 24 1-1;Noxn

DELT-DELT*AUX(G.I)*ABS(AUX(4pI) -Y{1))
IFIDEtT-PRNTCQ)) 28yZBv25

| ERROR Is. TOO "GREAT - |
!F(INtF-IOJ zs,aa.ae L w2

. -26 B0 27 1sl,NDIN
27

ABR(*»I)‘IBX(S:I)

N Y

IHLEyNDIM s PRMT)



31

32

33

34
38

- 36
37
38

.o-"anT'D)

IF(PRMT(S)) 40,430,40
PO 31 I=1,NDIM
Y(I)=AUX(1,1)

DERY (1) =AUX(2,1)
IREC=IHLF

IFLIEND) 32,32,39

INCREMENT GETS DOUBLED

IHLF= [HLF=1

ISTEP=ISTEP/2 :

HuHe+H | .
TFUINLF)  4433,33

IMOD=ISTEP/2

I (ISTEP-IMOD-IMOD] 4,344

IF(DELT-0.02*PRMT (4)) 35,35,4
IHLF=IHLF=1

ISTEP=ISTEP/2

HeHEH
GO TO &

RETURNS TO CALLING PROGRAM
THLF=11 N
CALL FCT(X,Y,DERY]

GO TO 39 -
IHLF=12
60 TO 39

JHLF=13 - - '
CALL. DUTP(XoY’DERY,IHLF'NDIM PRMT)

RETURN.

END
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A0AtA0A0n0n

,:00

100

R % I J

“#“*‘*“‘.‘“#.“"““‘###tttt‘###‘#t*#“‘##tt#*##"

'SUBRQUT INE OUTP

SUBROUT INE RUNGE

-
*

* EFACT = EFFECTIVENESS FACTOR -
* H = THIELE MODULUS
. :
]

‘O““‘#t‘..‘t.?“‘*#‘."#t.t..‘#‘#t“t“tt“#‘#.#‘i

SUBROUTINE OUTP (X,Y ¢DERY, IHLF,NDIM, PRHT)

DIMENSION Y(2)4DERY(2),PRMT(S)

COMMON C2,C3,AH N
WRITE(6,40) XoY(1)y¥(2),yIHLF

FORMAT( 10X,3F10.5, 110 )

IF(l.-Y{1)) 200,100,50

Y{(2)=Y2 + (Y(2)~-Y2)%(1,0-Y1) / (Y{1)-Y1)
X=m XX+ (X=XX)%(1,0-Y1) /7 (Y(1)-Y1)

H= AM® X

EFACTCX‘Y( 2) /30/“'*20

WRITE (6,80) HJEFACT

FORMAT( /720X ¢2F10.57 ) .

PRNT(S) =1, T

XX=0, “

Y1l=0,

Y2=0,

GO TO 60

XX=X

Yi=Y{1l)

Y2=Y(2)

RETURN

END

THIS SUBROUTINE SPEC IES THE OUTPUT OF THE

*
E
[
E
*®
]
|
|
L

286



APPENDIX I
'SAMPLE CALCULATION OF DATA REDUCTION
c L
o 6‘»1




I~1. Input Datau

Imput data were o;t.rod on ragquest after keyboard
queuing the material dbalanoce program; MTBAL, on the remote
tJ.l&ypc. A typical input request seqgquence is listed in
Table I.1l. All entered input data were preceded by a ">"
and each input request precedes the input data. A typical
éutput of the processed data is also listed in Table I.2.

I-2, PReduction of Input Data:

I-2.1 Temperature (°C)

a) Treactor inlet = 1,40878 + 18.31152 x (M.V.)
b) Treactor outlet = 2.51827 + 18.21650 x (M.V.)

1-2.2 Pressure (mm Hg)

a) pf‘.d (abs.) = 744.61367 + 12.71505 x (PCT)

b) P (gauge) = 1.81379 + 4.05037 x (PCT)

reactor
for rums?” and G.

:mactor (gauge) = 27.66422 + 4.19851 x (PCT)

for runs H, I, K and L

Pr.gctor (gauge) = .15.83784 + 4.32817 x (PCT)

', I-2.3 peed Flow Rate (SCFH)

. a) FFy, = 0.08793 + 0.94999 /PCT - 0.00099 x (PCT)

b) composition correction for the feed mixture

4
Prve = =l
o _~HI¥U ¢« .

qm1.

14

for runs A, B, C, D, E and J.

288
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Ly, (ml/gmole)

i i
i'=1 N, 28 - 22402.10
i=2  Hps 34 22176.10
i=3 cos = 60 - 22417.51
i=4 $0,° 6a 21901.63
pN2 = 28/Vi g
g ‘ PN, 4 :
FPyrx - ffn:.(pnlx)

I- 2 4 Gas Chromatograph Data

a) ATN 1 = 1,07781 + 0. 17031 x (ATTEN $1 Settlng)
" ATN 2 = 1.17312 + 1. 76047 X (ATTEN $2 setting)
bf dorrected area of N2 -, peak
' ‘i) For runs A, B C,. b, E and J
corrected area = measured‘arga'
'i1) For runs F, G, H, I, K and L
corrected grea‘=‘measured arearx’(ATN 1 x

(ATN 2)

c) calculate average area for each component

d) ulate area.ratiosr-Agzo/Anzfn COS/ANZ and

‘ As°2/3“,2

(1) Braker, w.,_and Mossman, A.L., "Matheson Gas Data Book",
i;h ed., Mathgson Gas Products, East Rutherford N. J.,
71.’ e
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e) calculate molar ratios from GC calibration

equations: o o
i) Por runs A, B, C, D, E and J . <S:‘
Mﬁés/nué—sxo.olzss + 0.94687 x (Anzé/auz) x 100
Mcos/My, = 003809 + 0.72771 *. (Acog/Py ) x 100

Msbz/uuz.; 0.11839 + 0.84600 x (ASOZ/ANé) x 100

'ii) For runs F, G, H, I, K ‘and L

ans/”n‘,*a9f9°733gf 0.89481 x’fAnzs/ANZ) x 100

llﬁ;w

COS/MN
/MN

 f)‘calcu1at§ mole fractions

0.00149 f‘0.65325 xvsﬁcos/aNz) x 100

ll

0f02466 + 0.77038_x.(3502/AN2) x¢1oq

. FDCOM, or PRCOM; = 100/ (100 + Mﬂzs/MN

© .

cos/MN Mso /Mﬁ )

- FDCOM, = FDCOHllx (MH S/MN )/100 o
~ FDCOMy = FDCOMl x (Mcos/MN )/100 SR
FDCOM, * Fncoul x (Mso /MN )/100 - {7”,*

‘I-2 5 water Feeder'

‘a) ml/HR = 0 31009 + 0 52032 x (dial settlnq)

b) gm/HR . (ml/HR)/(l 00244 - 0. 00022 x TH 0)'
S , e 2~
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I-2.6 ~ngpounent Flow Rates x

" a). average molar volume (££° /mole)

"AVGMV = I (viax FDCOM )/28317 016
“i=1 .

- Qhere 28317.016 is a'converslonlfactor from
£t3 tomi. - KN

b) chponehe.fiow,rate (gmole/HR)

‘E.‘FNz ;-."FD‘_COM.'L x (F MIX/AVGMV).

FFy,g = FDCOMp X (F MIX/AVGMV{

\f 2 FFCO’S - E_?DCOM3 x(FFMIx/AVGMV )

h -
&l
i

sozf FDCOM, xf(F#Mix/AVGMV)

~ FFHEO.:M(Qm-Hzo/HR)/IB,OSBS , _ ‘..,¢\¥“

cf_component flow rate (SCFH)

= Fncon2 x FFMIX SRR . - R
Fuog' = Foceu3ex FFyrx -

FRCOM, x FFyry.

I-2.7 -

L —
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Peo, = FFcos f»Pcos"

Y

Pgn = 1.5 x (FF HyS. 9H255+>FFCOS - ?cos)/“
where n is'theAavetage3number Of etoms‘in a sulfur

tmolecule..

@

1-2.8 Space Velocity (SCFH[gm cat.) and Space Time

" {gm cat/SCFH)

 SVypy = FFypy/WC o STymix < 1/8v MIX
g B.Fnzs/WC' :g f'srazswf“l/SVEés

-8V
. HZ

’Svcbs"_Fcos/W¢5 - 8T, j= 1/svcos. L

,svsog-a Fso, /wq .. st e 1/svSoz

'where WC is the weight of catalyst 1n gram

i—Z.QI'Fractional Conversions

- scm = (FF, o - )/FF
. HS st 3 st n? |
CoseN = (FFcos COS)/EFCOS' SR T

vv,sozcn = (FFSO2 )/FF802

*152;10 Cbrreetionqof Feedjgggpggitien for Water Injection
o : , e FFi o -. v» o 0 B
e FDCOMi —g—ﬁ—éjfe R TR T

:;11??{}1 Partial Pressures in the Reactor (mm Hgl

*fgigx'Preactor K ." SN




L aes
;whefé Si=1 for N2 - - »
. ;:L _ 2 for . st | |
j;; - 3" ‘ for_ Cdé_
1=4 for ' so,
1=6 for oo,

:ﬁi-i,7.i“for‘ Sn

7;1-3; Samg;p Calculation for Rnn F-6~_

I 3 1- Gas Chromatqggggh Data.

a) attenuator settings

ATTEN 41 = 10. 0 I
. ATTEN #2 = 5.0 .
?Q) feed-analysisv f~‘ ,f,f

N, -rf“ﬁs  ‘COS*. - 80,

e

- Measured area = 201267 203878 279190 117223
' 200960 200308 ‘278458 114565

oy 201201.*263é§3ﬂ;276263i 122204
‘co rocted areaQ5583325  2O3§78"i279190y 117223 
7481 ‘?fzopﬁds“ 278458 114565 -

1494 203233~ 276263 . 122204

rrected 5579876 202473 277970 117997
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'é)'prbdnct’gnalysis"“ p _ |
N, - B,s  cos S0, -

Measured area 199037 133398 244301 62466

_ 199785 131616 244920 63089

T ED

200025 132677 243946 62988
' Correctsd area 5521462 133398 244301 62466
I - 5542213 131616 244920 63089
5548870, 132677 243946 62988

- 'Avg. corrected 5537515 . 132564 244389 62848
‘ area . . . o e e

' d):irea ratios
R i | /Feed . . Product |
LAy g/Ay.  ° 0.036286 0.023939 7

. Reog/Pg.. . - . 0.049817  0.044133
AL /A, .  0.021147 .  0.011349
Rso,/Pw, - s e |

. - ) mole ratios (percent)
R A ]L;v?QAd»' ' product
7 3.2s4238 . 2.1d9m6. 7

 3.252006 2881498

1.653783 ©  0.898964
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4
£ mole.fractiong

‘ Eé_ed - Product

af 0.924549 0.9449211
 H,S - 0.030087 | 0020291
é@s;‘:- :'ko;050074 - fo;oz7202
‘<A'S¢2  _  o.b1sigb " 6.008486
I;S,zl i :tatur§¢3 5c§" . .. o

= 1.40878 + 18.31152 (15.40)

a) Itﬂ&_@tci‘ dnlet
L = 283.41

“b) tréacubi;ébgleg =2, 51827 + 18 21650 (15 40)
. . _— J . L= 283 05 .
.’.I'f"‘ar'v-_j Preasure (m Hg_)_ - | _ o
a) Pfeed (abs )= 744 61367 +_12 71505 (40)

ﬁs 1253 22

b) Preactor (gauge) - 1. 81379 + 4.05037 (55)
o = 224 58
?‘c) M:moapherj.c pressure = 705 6

?1;:3;12 reed‘rlow-aate'(scrn
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py. = 28/22402.1 = 0.00125

FFy oy = 905225 x (.00125/.001326) > = 8.789

I-3.5 Cogpbnnnt rid& Rates
). AVGMV =(.92455x22402.1 + .03009x22176.1 +
. .03007x22417.51 + -01529x21901.63)
o //28317 oi6
S = 790624 (£e3 e
'b) aoupan-nt tlow rates (:Z:I%}HR)

" rrué = 0. 92455 x 8. 789/0 790624_§'10,2718

FRy o = o.oaods x 83789/0;7' 624 =. ' 0.3345

‘ FFCOS,-jo;osoOV‘x 8.789/0.790624 = 0.3343

Fso - o.biSésfx;s.789/0.790654 10,1700
2 SR |

‘o

"c)ﬁeomponent flow rates (SCPH)
25 = 0 03009 x 8 789 = 0 26‘46@

-f?éos = o 03007 x a 789 =" o 254291

P = 0.01529 X'8.789 = 0.13438

:(oxﬂzozsl/o 944021) = 0.22091

D 027202/0 944021) = 0. 29616

,90348610‘9§4021) - 0.092391
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Py -0+ (0. 3345 - 0. 2209) = 0.1136

.

By = O 3343 - o 29616 - 0.0381 . (

Pg, = 1. .5 x (o 3345 - o. 2:09 + 0. 3343 - 0. 29616)
PR 7.27 |

o ‘m 0.0313 T

»l:;3;7‘“s cq_Volocit-“"’”'

C SVypy = 8.789/2.0213 = 8.6057

Tsvg g = 0.26446/1.0213 = 0.2589

]

o

]

N B
wn .
@

'<é20526i29/1¢b213>‘

]
o
]
o
W
=t
(-]

= 0.13438/1.0213
~ 'QT;" §ﬁ1/8;6057 4"0L11627j D

"7sg'w'55u1/o 2589 = 3. 8625

’_\ ..«
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\\;;/7 9?u2“"'(;9°?77¢ x 9jof;8)/11.07626‘- 863.59

-bp'- ~- (9.2§991'x §3o;1a)/11.o7q26 = 18.56

PP = (o,zsslgji’sao;le)/11.67626,- 24.88
-‘(6.052#5 x §30518)/11;07026"—’ 7.6
-1-'(Q;I§§§ x 950.13)/11,95026 - 9.55
.iiebil.f(o;baéii.ssoila?/;i.ovozslf";;20

= (0.0313 x 930.18)/11.07026 = 02.63

k, The proceased data inrrible I,z-wére based'upon

tha following units"

- gram .

o

‘ ;wu1ght of catalyst

Do wuturg s ¢egrees Ke]failih'_

5‘7presuure

9

nm‘gg'dbsolutef‘

’ fSCFH/gm catalyst- .'

'“:nfspaeo vnlocity ff
B apace tine : . gm catalyst/scrﬂ
“ cate E,g"scra e

'74;i{jfractiona1 conversion




a2

STV ERIRIINIILINIRILIOINIOICICIOOON

' FREE FORMAT INPUT STYLE. THE RAW DATA AND THE

) ##********#*****t***#*******##***#************#*****

#tt**###*‘####*tt*#*#t*****ttt###*#ttt*#t*t*#tt**t*#ht
* .

*« " MAINLINE MTBAL

- _

* THIS PROGRAM conpures THE MATERIAL BALANCE IN THE
* INTEGRAL BED REACTOR FOR H2S~S02-C0S-H20 REACTION
* SYSTEM. INPUT IS REOUESTED ON THE TELETYPE IN A

* PROCESSED DATA 'MAY BE- ENTERED IN USER DEF INED DISK
* JFILES BY THE PROGRAM

* ‘
* 'PRESSUkEooboooooooM" HG

* SPACE VELOCITY ceoeSCFH OF -A FFED GAS/GM-CAT
*® SPACE TIMEceeeoese oGM=CAT/SCFH NF A FEED GAS
% . COMPOSITION.ceeeeMOLE PERCENT

*x VOLUNE.--ooooo-...STANDARD CURIC FEET

*

*x
*

*
*
%*
*
*
®
*
*
*
*
*
*
*
*
*
',CATALYST ﬂEIGHT...GRAM *
x
*

DEF!NE FILE 100 (13'119.U'NEXT) 200(13,94.U.NEXT)

: DINENSIDN PRS(B)QTEMP(Z)’PRESS(3)oFDCOM(10),PRCOM(10)
Sk,

IBAL(Z' 7),V(4),TC(293),PC(2'2)oDPC(3)oPCR(4g6).HG(2)'

1FCR{4,6)

_-DATA PCI?#4.61367912.71505; 1. 81379y4-95037/

-DATA.V/22402;10122176 10422417, 519‘&90}.631
DATA TC/1.,40878,18.31152,2.51827,18.21650/

‘DATA HC/0.31009,0.52032/

.:DATAZDPC/0.08793'O 94999,-0 00099/

" CALL GETTY(LUNR}

LUNH—LUNR e Ty,
ISTRT=Y = o oS

~IEND=0

: HR!?E(LUNH’IZIi .
FORMAT('FILE STORAGE FLAG(I-STORE,Z—NG)'/'FUNCTION FLY
lo'lﬁll;PROC'NEﬂfDlTA OR . Z-PRDC FILE DATA)'/'PRINT FLa*

‘_k" c

3slsrnx,o.xsu~c.o.xpn IEROR) o

+AT WHAT RUN NO. IN FILE TO.

299



300

...tcnm'm '

* STARTY)
CALL FFINP(LUNRvZoO'NUM,O ISTRT,IERHR)
IF(IEROR) 998.36,999 .
36 ISTRT=ISTRT~-1
" IEND=ISTRT+NUM
34 ISTRT=ISTRT+1
- NFILsISTRT

READ (100¢NFIL) NFIL,NFDCR.NPRCR' RUNyWC o TEMP, ((FCR (I ,
1J), PCR(!vJ)9!‘104’0J'l,6)'PRS HPCT,HTMP,ATMP

WRITE(LUNR, 123) ISTRT
123 FORNAT(°RUN Nﬂ.'lXoA‘91Xv'FINISHED')
60 TO 35

READ DATA FRON TTY
- 88 HR!TE(LUNH99O) :
90 FORMAT('WT OF CATALYST(GM) $ NUMERIC FILE NO.')
CALL FFINP(LUNRv291.NC.O,NFIL,IEROR) g
IF( 1EROR) 998,101,999
101 WRITE(LUNW,100)
-100 . FORHAT('RUN NO.,NO. 0F FEED G. C..Nﬂ. 0F PROD. G.C.")

CALL FFINP(LUNR'3 3,RUN OqNFDCR O,NPRCR‘IEROR)
-IF{1EROR ) 998'1039999 :
103 WRITE(LUNW,105) - ‘ ‘ ' c
105 FORHAT!'TEHP-REACT. INLET,DUTLET, PRESS—FEED;REACT;,D
) */P CELL" .

" GALL FF:N#(LUNR.S.l.TEMP(l).1,r;np(2»,1.PRs (1) 41,PRS
'102) 919 PRSI3) 4 IEROR) | 4
“1oa IF(IEROR) 998,144,999 T . .
104 WRITE(LUNW,106) e
. 106 AT(: GIFY H20 FEED puun PCT 'AND TEMP')

-

Sy

,CALL FFINP(LUNkvzt11HPCTOIQHTH99IEROR)
~TF{IEROR) 998,107,999

1107 NRITE(LUN“leO) o

QIDQTFUR"AT !'AT"OSPHERIC PRESSURE')

“ﬁ,'fﬂcALL FFINP(LUNR,!yloATHP.tEROR)
C U IFCIERBRY - 993,10?.999 |
_loq_ug;fsctunu.x 3




116

117

120

40
35

eee (CONT!N)

IF(IEROR) 998 +116,999
CONTINUE

WRITE(LUNW,117)
FORMAT('RPROD. G.C. ARFAS?)

DO 120 I=),NPRCR '
CALL FFINP(LUNR.b.l.PCR(lol)'loPCR(loZ)olpPCR(l-3).1

*'PCR(I’Q,DIOPC

IR(I+5)914PCR(1,46),IERNR)
IF(TEROR) 998.120'994
CONT INUE

GO TO (40,35), ISTOR
STORE RAW DATA IN DISK FILE -

“RITE‘IOO'NFIL’ NF!L'NFDCR’NPRCR RUN HC’TEMP;((FCR(],
IJ)'PCR(l'J)'I'lp‘)'J-1'6).PRSpHPCT HTMP ATMP

CALL CHROM(FDCOM, FCR ,NFDCR)

- CALL CHROM( PRCOM,PCR yNPRCR )

DO 444 I=),2

’"TEMP(I)-TC(1.1)+TC(2.1)¢TEMP(1)

444

TEMP{I)=TEMP(I) + 273, g
CDNTINUE ' '

H20 FEEO RATE CALCULATION (CC/HR)

HRATEGHC(I)*HC(Z)*HPCT

234

flé‘

_i7

H20 FEED RATE IN GRAM/HR
HRATE=HRATE /(1. oozaﬁ-o.ooozztnrnp )
IF(HPCT) 23.23.2& : :

HRATE=0
REACTION TEMPERATURE
-nrsﬁp-trsnpizyfrenpcl)i/2.i

CALCULATE ABSTRACT PRESSURE OF FEED STREAM AND
REACTOR =~ . '

-Pnesscltao.'

PRESS(2)=ATHMP
DO 17 I=1,2

"*pnessc1)-p«£$311»+acc!.1)tpns¢1)**«1’1)_
1-11

-pnssscz)apnesscz)4ﬂcc1.zttpnsczx**(
FEED HIXTURE FLnn RA?E B

R
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102

eee {CONT'N)

PRS(3)wPRS(3)%»0,9%
PRFESS(3)=0,
NO 19 [I=1,3

19 PRESS(3)=PRESS(3)+DPC (1) *PRS(3)*%(]-1)

/~ﬁan RATE CORRECTINN

M(“) )/ (FOCOM(1)=V(1) +FDCOM(2)*V(2) +FDCOM{3)=»V

<L(§ (2R, %FNCOM{ L)+ 34, %FDCOM(2) +60.%FDCOM(3)+ 64 =
1F

10

) +FNCOM( &) 2V (&)
PRESS(3)=PRESS(3)* (28./V(1)/ROMIX) «%0.5
FH2S = PRESS(3)*FDCOM(2)

FCOS = PRESS(3)*FDCOM(3)

FSO2 = PRESS(3)®FDCOM(4)

SPACE VELOCITY AND SPACE TIME

SV=PRESS(3) /WC
ST=1,/SV
SVH2S=FH2S/ WC
SVCOS=FCNS/WC
SVS02=FS02/wWC
STH2S=1,/SVH2S
STCNS=1,/5vCOS
STS02=1./SVsS02

MATERIAL BALANCE

AVbHV.(FDCON(l)‘V(1)+FDCOH(2)‘V(2) +FDCOM(3)=V(3)+FDCO
1M(4)*V(4)) /28317.016 .

FEED COMPONENT FLOW RATE (GM=MOLE/HR)
DO 10 J=1i4 X
BAL(1,J) = FDCOM(J)*PRESS(3)/AVGMV
WFA = WC/BAL(1,2)
WFB=MC/BAL(1,3)

H20 FEED RATE (GM=MOLE/HR)

 BAL(1,5)=HRATE/18,0588

B Rnoouqr Cuupos:rxnns

~B&L(291) Ay BAL(I91)

. BALE2¢ 2)=BAL (2,1) *PRCOM(2) /PRCOM (1)

BALLI2¢3)28AL(241)*PRCOM(3) /PRCOM(1 )
CBALC294)=B8AL (2,1 )#PRCOMT4) /PRCOM( 1)

flaAL(2'5)¢3At(l.5) + BAL(1,2) - BAL(2,2)



22

21

20

11

12
13

43

A : ee« (CONT'D)

BAL(2, 6)4?,BAL(§:§TXBAL(293)

BAL( 2, K? 1.5 =% (BAL(I,Z)—BAL(2,2)+BAL(;,3) BAL(Z 3),I

AVERAGE MOLECULAR NEIGHT 0OF SULFUR
INITIAL ASSUMPTION - XS=8R, :

PPS = PRESS(Z)/7601*BAL(2,7)/8.

CALL FREM({PPS,RTEMP,XS)

PR S1= PRESS(Z)/?bO *BAL(247) /XS
IF(ABS((PPS- PRSl)/PRSl) -0.005). 20,20,21
PPS=PRS1

GO 70 22

BAL(2,7)=BAL(2,7)/XS

H2S/S02 RATIO

FHVS=BAL(1,2) /BAL(1,4)
PHVS=BAL(2,2) /BAL(24)
FCVS= BAL(1,3)/BAL(1,4)
PCVS= BAL(2,3)/BAL(2,4)
CONVERS T1ON | L
H2SCN=( BAL(1,2)-BAL(2,2)) /_BAL(1,2) TN
COSCN= (BAL(1,3)-BAL(2,3)) / BAL(1,3)
SO2CN= (BAL(1,4)~BAL(2,4)) / BAL(1,4)

ADJUST FEED COMPDSITION HITH H20 FEED

'TOT =0,

PO 9 J=1,5 -

TOT=TOT+BAL(1,J)

ho 11 J=1,5 ' ‘
FDCﬂM(J)-BAL(l J)/TOT*IOO. ‘ o : -

PARTIAL PRESSURE IN THE REACTOR

TOT=0. .

DO 12 J=1,7 ,
JOT=TOT+BAL(2, J)

DO 13 JU=1,7 :
PRCUN(J)?BAL(Z,J)*PRFSS(Z)/TDT

DATA OUTPUT
GO TO (43,44), IPR
TTY 0uTPUT .

CALL DUTPT(RUN'PRESS,RTEMP,FHVS.PHVS FCVS PCVS H2SCN,

- 303
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1COSCNy SOZCNy FPCOM, PRCOM 4 BAL y LUNW Y SVySTySVH2S,ST <
1H2S, SVCOS,STCDS,SVSOZ,STSOZ.TEMP,IPRJ ! - A
44 GO TO (41,42). ISTOR-

FILE DUTPUT

. 41 WRITE(200'NFIL) WCsRTEMP,PRESS,RUNyBAY,FDCOM,PRCOM,
1H2SCN, COSCN,SDZCN,HFA,HFB,FHVS,P‘HV%  FC S,PCVS XS,SV,
ISVHZS'SVCOS,SVSOZ .

42 IF(ISTRT IEND) 34465 ,65

998 WRITE(LUNW,997) - o o

997 FORMAT(! FFINP CALL ERROR (EXIT CALLED)
GO TO - 65

999 WRITE(LUNM+996) : ' o .

996 FORMAT(' KEINP INPUT ERROR (EXIT CALLED|™) i

65 CALL EXIT < | , i
END- :




O0O000O0A

 NG1(1)=0 ‘ : |
. “FRT:FRE(1'1)*(1.-ALOG(T))*FRE(I,Z)*T/Z.-FRE(I 3)*T .
u1**2/6.—FRE(l,4)*T**3/Iz.-FRE(I,5)*T**4/20 +FRE(I,6)/T—

| ’4;IF(I-N)12y12v13
13 CUI)=FRT = .
© 12 CONTINUE

R ' - "~ 305

*****#***********##****##***t*************#***********r
kL : . : *
* SUBROUTINE FREM - _ . %
* ' ' Com %
* SUBROUTINE FREM 1s. USED TO CALCULATE EQUILIBRIUM *
* COMPOSITIONS FOR: SULFUR MOLECULES BY FREE- ENERGY #*
*® MINIMIZATION METHnn-gz' : *
* *
* *

**#***#****************# *************** *#*******#*** L.

SUBROUTINE FREM(PRESSoTvXS) : ; ’ A
" DIMENSION FRE(3'7)vX(S),GA(3v3)pGB(B),C(BlvF(3)'A(393)'h‘

. 1yY(3) 9B{3) yNGL(3),46GX(3)

DATA FREI7;783896GE*0006.0892429E+00y2.6999349E+007

i 124 5099820E-02,1, 88248565E-0296+2749549E~03,-3,7148310E~- .
'i205.-2.78612335-05’-9 2870775E-0692.6157310E~0841.96179

383E~08,6.5393276E+09,-7, 1209128E-12’-5 3406846E~12y-1.
47802282E~1241.01145B4E+04, 1. '1264370E+04y 1,4504935E+04,

. 54,7621792E+00,7,3202322E+00+1. 05342225+01 /"

DATA A/G.,é.’Z.,b*O o/
- DATA Y/lerlerle / L : o o e
- DATA B/16.92*0 0/ . o - - S
M=1 »

N3 '
. NO 12 I=1yN

<

2FRE(I, 7). S | | . R
C(1)=FRT+ALOG(PRESS) =~ - N ]' e o

D0 14 ITER=10300 R
CALL. FREN (YVC’F’YBAR N' NGI)
L MGE=ME L .
'CALL GSET (A'Y’GA'GBQ ’F" H MG'N) s
“CALL GAUSS‘GAQGB'"G'GX) : v T
- DD 18 1=l N .
CUOTRINGLCTN) 19019'18 L

‘19"X(I)=-Y(I)*((C(I)+ALUGIY(I)/YBAR)}—GX(I))

: DO, 21 J'l!““
- 16=. " J+1 '

- ZI,X(I)#X(I)*GX(IG)*A(I,J)*Y(I) e
18 CONTINUE . ST

"CALL -NEZE |x,vgN ,Neliv;,”."

xrf;;fOU‘T'lo&v%‘ . . {v :Ubk iU
B U}DD*ZZ I‘IrN ' S




IF(NG1(1)) 23,23,22

23

- . 24

22

28
27

14

. 26

34

’TEST=(X(I)-Y(I))/X(If' e
IF ( ABS(TEST) iO.SE-O4) 22922424

QUITS"IQ

CONT INUE

IF(QUIT) 259254926
DO 27 I=1,N .~
Y(I)=xX¢1).

CONT INUE -

ND 32 I=lyN

‘NG1(1)=0 . :
TTR(XCI)L) 33,33.34‘_

Y{I)=X{1)

60 TO 32

"33

.32

Y(1Y=0, 000601v

CONT INUE

fxs:«a.*v(1)+6 *Y(2)+2.*Y(3))
. RETURN = . R
END . SR o * 

e s (CONT'D)

7 AYLLI+Y(2)+Y(3))
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-

*t****##*******#*#******#******#****#*****************

SUBROUTINE OUTPT

MAINLINE MTBAL DN THE TELETYPE _ Y

1

*#**#*******#*************t********************#*** *

SUBROUTINE OUTPT(RUN,PRESSyRTEMP' FHVS,PHVS.FCVS,PCVS,v

IHZSCN'CDSCN.SDZCN.FDCOM,PRCOM,BAL,LUNN.XS.HC.SV,ST,
2SVH2S, STH2S4ySVCOS,STCOS,SVS02, STS02, TEMP, IPR )
.DINENSIDN PRESS(B) PRCOM(?)9FDCDM(7),BAL(2,7)'TEMP(2)

. "HRITE(LUNNvl) RUN S ) '
l'FﬂRMAT(//// 7X,'RUN NUMBER',BX,A4,///)

A12.HRITE(LUNw9210) o

1210 FORMAT( 7X,'WT. OF. CATALYST ';1x.slo 31

’”»I-”7v»uaITEtLu~u,250)ffcgﬁ»" - ~ -
. 250 FURMAT(/ 7X.'HULECULAR',5X'.FEED,’6x"PARTIAL PRESSUR-,

. WRITE(LUNW,219) TEMP(I),TEMP(Z).PRESS(Z) .
219 FORMAT(/ 7X,'REACTOR INLET TEMP_ 'yF7.2,/ Xy -
1¢REACTOR OUTLET TEMP ,F7 2 / 7, 'REACTION PRESSURE?,

: 2F11 2//)

HR!TE(LUNW'77&)§y.ST,SVH259$THZS SVCOS;STCOS'SVSOZ )
*OSTSD2

;778 FORMAT - (- BZX"SPAéE VELOCITY',BX,' SPACE TIME',/ 7X,A

1*BASE ON TOTAL FEED GAS',4X,F1l0, 3,10X,F10 3y/ TXy'BAY,
2'SE ON H2S FEED RATE!'45X,F10, 3,10X,F1043,/ 7Xy*BASE',
3¢ ON COS™ FEED . RATEY y5X4F10.3,10XsF10,3,/- 7X,'BASE N,

”:; 4t SD2. FEED RATE',SX,Flo 3,1ox,F1o.3 ={

WRITECLUNW,218) 'pRESS(ai

"1218 FORMAT(II 7Xp'VOLUMETRIC FEED RATE'9F9 39/)

HRITE(LUNHoZZO) HZSCN;COSCN9$DZCN

¥

” *
* ' B ' ‘ B

. . THIS SUBRDUTINE SPECIFIES THE OUTPUT FORM OF THE *
* *
* *
* *®

307

220 FORMAT(/ TX,"CONVERSION OF W25 ,3x.F7.2,/ 7x.'co~vea'"

Ly *SION ‘OF .COS

4 'd3x'F7.2v17x.'CONVERSIDN OF $02.43X,
C2FTe2/ ) L »
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L NRITE(LUNNoZII) (FDCOM(J)’PRCOM(J)yBAL(I'JivBAL(ZgJ) ‘

*xyJmly5)
',7X'F6 2’ 9X' Fbol 8X,F7. 3v2x'F7 34/

';~211 FORMAT . (/10X 4% N2
1/10Xy VH2S® ; TX sF60299X ¢ F6e1 98X gFT a3+ 2X»FT a3, 7/10X,

29COSY s TX o F6e29 9K sF6e198X sFTe392X oFT347/10Xs 502", TX,
BF6.2,9XyF6. 198X, FTe3,2X,FTs 39 /710X 'H20! 37X F6.2,9Xy

#F6.198X'F7o3v2X.F7 3y )
- WRITE(LUNW4911) (FDCOM(I+5)9PRCOM(I+5)9BAL(19I+5)9

o IBAL(Z,I+5),181’2) S
911 FORMAT (IIOX,'COZ’v7X'F6 2'9X’F6 198X sF7. 3,2X,F7 3,/

1/10X,'SX "7X.F6 2;9X.F6 118X9F7 392X'F7 3

R WRITE(LUNW,212) XS L ' _
»izlz FORMATL//y: TX.'AVERAGE NO OF SULFUR ATOMS/MOLECULE =

‘J IF (lPR-Z) 13.12.13
gs.keruan R
1ﬂ5 END
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*****************#*#‘**********************‘;*********
. *

*

= : ' . SUBROUTINE CHROM o %
x SUBRDUTINE CHROM IS USED TO CALCULATE THE\COMPO- %
*  SITION OF FEED AND PRODUCT STREAM FROM THE GC AREA®

* RESULTS . ‘ A *
o , ] . .

t*#****************#**********************************

oooo0o0onn

SUBROUTINE CHRDM(CDMP.CR:N)

DIHENSION COMPth)ch(4v6),HSN2(2)'SDN2(2) COSNZ(Z)
g ATN( 2) .

-DATA HSNZ/O 00733,0 89481/.50N2/0.02466y0.77038/
. DATA CDSNZI-O 00149,0. 65325/

DATA ATN/IO:OvS-O/ :

XN-N

"~éf"v conaecreo AREA OF. N2 PEAK

DO 20 Lal,N . |
zo CR(I,I)-CR(I.!)*(I 76047*ATN(2)+ 1 17312)*(0 17631
t*ATN(1)+1.07781) o o

o AVERAGE AREA os EACH PEAK

oo 1. J=1.6 ",;(:}y;'_~ S R ~ o
CR(‘ JIBO.  :'f,T'V. 3~ o ‘_; : S i o
oono 1 I=1;N. S e . ,
SRR B CR(4.J)-CR¢4.J: +CR(I,J)IXN RIS T

L IFICRUG2Y) 3,3.5 S R : '

”333 HNRAT=0, - - : . -

IR 1 : I B AN : ' o
»}_,S;HNRArsnsuztlx + H5N2¢21*CR(4,2)/CR(4.1)*100. S
SR | 1F(CR(4,4)) 898,9 _ B
: 'NRAT-O. T

2(2)*0&(4'3)/CR(4,1)*100.
NRAT*SNRAT+CNRAT) o

“zo-conp(3»



2 X2 X2Y2X2 232 = 0

 11

x
* - SUBROUTINE GSET
*

* IS SULVED US ING SUBROUTINF GAUSS.
*
********#***************#**********************#*****

*
o
x
% THIS SUBROUTINE SETS UP THE MATRIX EQUATION WHICH *
R
*
*

SUBROUT INE GSET (A'YvGAyGB'B’Fo "MyMGyN)
DIMENSION R(3,3)9A(3o3)oY(3)’GA(393)oGB(3)98(3),F(3)

‘NO- 1 KelyM

D01 J=1,K

fGA(IG,JG):R(IG.J)
J6= I1G#1 '

"16G=Mel
‘GA(IGG.
. DO 10

R{JyK)=0,0 ‘

DO 2 I=)yN : ' ’
R(JQK)IR(J'K)*A(IpJ)*A(IoK)*Y(I)
R{KyJ)=R{JeK) . - e
DO 3 I=l,MG

DO 3 J=1,MG.

GA(I,J)=0.0 - o o
‘DO & 1G=1,M S
DO 'S ImlyN -

GA(IG,I)'GA(IG’1)+A(I'IG)*Y(I)

DO 9 UmleM

Jmge 1o R

 )=GA(IG 1?

' GBI =B(N

10
S JGBa=MEY
~,gstJsa)-o.“ : _
-DO11 T=loN- e e
‘GB(JGB)BGB(JGBJ+F(I) e T
‘*,,;Reruan e Seteten oD

G81J)=GB( +A(iﬁJl¥F(Ii

***************#******#***************************i***

310
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S O00ONhONOAN

* _
suenuurtne GAUSS S

*
. ‘ .
* THE FUNCTIUN OoF TH!S SUBRDUTINE 18 TO SOLVE THE

* SET OF EOUATIONS Ax*X=B USING GAUSSIAN ELIMINATION
¥ AND BACK SUBSTITUTION RDTATING ABOUT THE ELEMENT

* MAXIMUH HDDULUS.

»*
*#*******.*“ ****#*****#*#*****#******** **#* 22 Neok ****

SUBRUUTINE GAUSS (A9R9N9X’

DIMENSION A(3v3)9R(3’9X(3)
‘MeN-1
00 11 J=I'M

. $=0. ,f3° N

DO 12 1=J, N

Sy ABS(A(I.J!)-'( T .

12

119 S

L S=ATLYTY R o _ ’
AL T AL, Iy o S RN o
T SmR{L)

RIL)=RIJ) o o

‘R{J)=S -

IR ABS(A(JoJ)) 1.5-301 1159115;151

~WRITE(643)

" FORMAT (1H g'MATRIX SINGULAR') B

RETURN' = S : a

M= g1

;“Dﬂfll xsnn.n

L ',;TjF(u-S) 12,124112
112

Lsk o R & .
CONTINUE ‘ - | S

IF(L=J) 119919.119

DO 16 I=J,N

AlJdyI)=S

?’:tttt*#ttt**tt***tttttttt*tt*ttt************ttttt*****‘

*®
*
*
*
*®
*
*
*
*
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18 SuSeA(T,J1%X(J)

C1T.XCIIm(RUE)=S)/A(T, 1)

RETURN.
END

e e (CONT M)

312
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SUBRDUT I NE FR EN

)

* *x
* *
* THIS SUBROUTINE CALCULATES THE . FREE ENERGY %
*x CONTRIBUTIDN OF EACH SPECIE TO THE. SYSTEM. B
* *
# *

: ******t#******************#***#t#*************#*****

SUBROUT!NE FREN (Y’C,F,YBAR'N' NGl)

 DIMENSION Y(3)’C(3)pF(3),NGI(3)

YBAR=0,0 :
00 1 I=1,N

| YBAR=YBAR+Y (1)

DO 2 'I=1,N : '
IF(NG1(1)) 393v4
FLI)=Y{T)*(C(] )+ALOG(Y(I°)/YBAR))

#***#***************#***‘****t**t#*******t************

GO TO 2 o L Lo

FL1 )_-0.0

confluue-
RETURN

END -
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t##tt#ttt**t*#t*t*#******#tt#*#*****#*****#*****# e 2 e
.= . . : *
" R SUBROUT INE ‘NEZE . *
® ’ . ) : *
* THIS SUBROUTINE TESTS FOR NEGATIVE OR ZERO AMOUNTS *
* 0OF MOLECULAR SPECIES AND TAKES THE CORRECTIVE *
t ACTION AS INDICATED IN THE METHOD aevrew. *

*

*

***#****#*#**#**#*#*‘***#*****#**#***t***************

'SUBROUTINE ‘NEZE (Xo¥oN NG1)
DIMENSION X(3)vY(3)9NGl(3)
"TEST=1,0 )
DO 1 I=1yN :
"IF(NGL(I)) 2'211 : - '

2 IFIX{TI)). 3,3, . o o v

"3 SLAM-~0.99#Y(I)/(X(I)-—Y(I )y

!F(SLAM-TEST)l’v‘fQI . . o .
4 TEST=SLAM o ‘ B R >
'l CONTINUE S ,, : : ;

DO 5 !‘I'N . ) ) . . f

IF(NGI(I))797 5. ' R :

X(I)-Y(I)+TEST*(X(I)-Y(I)) .

IF{X(1)=0.10€E-10) 6.6.5 o : \

z

6§UNOOb> PR Ny
NGL(TI=1 . 5 IR o
5 CONTINUE o - | S

. RETURN ‘
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TABLE I.1l

>QMTBAL ,
FILE STORAGE FLAGC1-STORE.2-NO).
FUNCTION FLAGC1-PROC NEW DATA OR 2-PROC FILE DATA)

s

PRINT FLAGC1- TTY.E*NONE)

»>2 1 1

wT OF CATALYST(QH) S NUNERIC FILE NO.
‘»1.08213 1

RUN NO.»NO« or FEED 6. Cooﬂﬂ' oF PROD. &-C.
pF-06 3 3

TEMP-REACT. INLCTDOUTLETa PR!SS'FEED.REACT-.D/P CELL
" »1Sed4 15.4 40. SS.° 91.0 ’
SPECIFY H2O FEED PUNP PCT AND TEMP

)'o .0 :

ATMOSPHERIC PRESSURE

>70S.6

FEED G.C. AREAS‘NQ:"QSDCOS:SOQ:HEO.C02

 >201267 203878 279198 ll7223 o0

>200960 200308 278458 114565 0 e

 §2’|2‘| ‘2A3L33 276263 122204 @ 0

" PRODs G+C. AREAS

>199937 133398 244301 62466 32932 21117
»19978S lSI‘l‘ 244920 63089 30115 20994
>200025 132677 243946 62988 27868 20994

315
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TABLE I.2

RUN NUMBER F-96 o

WT. OF CATALYST 1021

REACTOR INLET TEMP $56. 40

REACTOR OUTLET TEMP  $36.6S

REACTION PRESSURE 938.18

SPACE VELOCITY SPACE TIME

BASE ON TOTAL FEED GAS . 8.611 8.116
BASE ON H2S FEED RATE 8.259 ~ 3.859
BASE ON COS FEED RATE 8.258 3.861

BASE ON SO2 FEED RATE 8.131 7594

VOLUMETRIC FEED RATE L 8.795

CONVERSION OF H2S 8.33
CONVERSION OF COS 8.11
' CONVERSION OF S02 - 8.4S°
MOLECULAR  FEED PARTIAL PRESSURE MATERIAL BALANCE
SPECIE COMPOSITION IN REACTOR FEED PRODUCT
(MOLE PERCENT) MM HE) CGM-MOL ) /HR)
N2 92. 43 - 863.5 19.285 10.285
HeS " 3.08 . 18.5 8.334  e.521
44 3.00 . 2A.SB . 8.334° 0.296
S0 1.5 7.7 0.170 8.092
W0 e.88 . 9.5 . e.eee @.113
cee ‘®.88 . 3.2 ®.000  ©.638

sX - e.88 ' 26 | "9.008 ~ 8.831

AVERAGE NO OF SULFUR ATOMS/MOLECULE = - 7.27

-
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 EXPERIMENTAL DATA FILE
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é

Experimental data were tabulated using the follow1ng

symhglic representation.-“

< . ‘. 2
. 3

4 'a—A

Attenuation scheme;

i )<

‘éatalyst type}

y—alumina

5.4% Cu -

12.08% Cu

16.07% Cu.

(Kaiser S-201)

alumina

- alumina

alumina

2 = attenuation scheme II in Appendix A

.3 =
Experimental
R
'B = COS
c = coé.'.
. ’b'#'COéy
| Eﬂ=i¢9§
F = cos
&= oo
B = cos
e cos-
f e

atgenuation scheme III in Appendix A
: s a

s' .

run;

reaction on catalyst type 2"

reaction on catalyst'typeA2

‘-'Soz’feactiCn‘on catalet type

J

reaction on catalyst type 2

Sozﬁreaction on catalyst type

—_

-Sdé'reaction on'catalyst type

vafsoz reaction on catalyst type
ffeaction on'catalyst type 1.
fTest of bifunctional characteristics of

'catalyst type 3

802 reaction on catalyst type

318
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K = Maximum obﬁéinablguconvérsidn_bf\st'r soz.
reaction on.catalyst type 1 (SV = 100 hr-1)
L = Maximumfbbtaihablé conversion'of'Hés —'802

1

‘reééﬁion'oﬁ“éatalyst tYpe_l (SV = 4 hr )~



8901 . *0 . G602  °*€£4002Z = °T2LE ‘0 . *989  °9gz122
‘€58 °0 *120Z 826022 *868€  °0 CISL9  *SL8612
*0£8  *0 *6661 ~ *4£1022 ..ﬁﬁ‘. %9219 *l2ew1T

20 S0 seH . eN' - 20S TTs0d  szH 2N

- - —as

va¥v 29 19nQOMd - . - . v3wy 99 0334 -

2 0°0 0°0 9°1y. 8°90L . . 0°0§ - 9v°ST  0v*ST 01201  Z 20

WHOS dW3l 12d (¥H/) SS3¥d . SSIUd LT c:wkw‘__ LM 3dAL NOY
CONLY.0ZH U CACS WLV WOLO¥ 13N L3I LD uvd .

o

*680T "0 *I9IZ 418022 °Z2E 0 . °Z969 ‘05861z
6111 *0 . °8L0Z.  *S9202Z - °800%  *0 ST ‘e9v91Z .
.,,amﬁﬂ.o,;.ﬁmﬁw,.omocmm...,¢ﬁmm.o:A,.»v»w.._,-mc-..»:+w:

- - - ——

SO0 SeH eN . 20S . S0D - SZH N

208
V3w 29 19000¥d. . . - V3wV 99 0334

" Z 0°0 0°0 0°Zs 6°90L 00§ - .z¢¢umm _:.o¢.mﬂ o010z 1oey

-

WHIS dW3l 12d (¥H/) SS3ud SS3ud . - dW3L dW3L UM 3dAL MY
NIV 0ZH.  *A*S WLV 0104 ., L3N0 13WI - 4¥D D

.M.
L JE N EER 78 7 ) 1Y

L o ravevr



321

'80°0 €10 ---= 2L0°6 ---- 99°9€6.  §0°9S§ 1%°965 - 802 ..
6%°0 . 62°0 ---- _  610°L1 ---- »1°8E6 60°956 G0°96S. " - L0~D
21°0 . G1°0° ==—- 02201 -—-- . H1°8e€6 ~ 1%°98S ~ 1%°9ss = 90-2
01°0  60°0  =-—— 9LI*L —m-- #G°LE6  G0°955 . 60°96s  S0-D
1 90°0 L0°0 . ~---- - 660°9 . ==== " . H6°GE6  G0°99S - 60°9¢s  ¥0-D)
. 00°0 €0°0 === 68%°% --=— = . HH°GE6  $0°96S 60°96s €0~
00°0  -T10°0  —=-= . LL6®Y ==—= °  HH°2€6 50°96S 60°96S . . Z0-2
91°0 , 80°0 . ===-=  YHL°G === 96°2t6-  50°96G  19°96¢  10-)
=== L2°0 ~=== €96'8 -—--=- . %5°G€6 - $0°965  G60°9Sss . 80-9.
| mmm=  19%°0 . === 89%°91 --=— 42°0%6 ~ 18°LS§ ~ 6L°95¢  10-%
Lmm—— 6E°0  ~e-— 94911 ~—-- %2°0%6 8L°9SS  8L°99S - 90-8
——<e 920 ====  06%°L  m=—— "96°6€6  BL°9SS . 8L°9SS  50-9
~=== 50°0 = ~==- = 216°€ ---- - 49°6€6 §0°966 . §0°98s %0~
———— U0 . ==== N\ 266°H . --—- - 66°6€6 . G0°98§ - BL'9SS €08
“e=s= 11°0 ==== . 910%°¢ . ~-==*  H6°9€6 ~ 8L°995  HI°LeS  TO-9.
== €1°0 © ===- . 60L°G - ~=== . $E°0€6 ~ BL°9SS  BL°9SS ~10-¥
$L°0 =-=- 89°0  -===_ L16°E  HE°TY6  8L°9GS  §0°966 90-¥
89°0 ----' €9°0 = ---- - CT9°C #1°096 . BL°99S  §0°9SS - SO~V
2L°0  -===  €L°0  ———=  69G°6 -~ - H40°6£6  LB*LSS - BL®9SS . Q=¥
CIL°0 === 20w G6E®9 ¥6°8E6 T ¥y LGS G0°9G& - - €0-V .
0L°0 -=-= 69°0 ..---- _ L16°G.. ~¥0°686  ¥I°LSS ' . §0°9S§ . 20~V
99°0 . -==~ 69°0 . -=--  20L°% ~ ¥I°6E6 . BL°9GS = 60°9§5 - TO-V -

205 . s02  SZH © s02  SeH . SS3ud  dwal dwal
- NOISY3ANOD - 3WIL 39vdS . ¥OLD¥ . 13n0 . L3IND

-

| YLV 0355320¥d
R AL TS



322

. 18°0
G9°0

70
%9°0
s»°0
2s°0
09°0

28°0°

GL*°0
LL®°O
€L*0
L9°0
s%°0

9%°0°
-00°0
00°0

00°0
20°0

- 50°0
£0°0

6E°0
11°0

60°0
91°0

%0°0
60°0

11%0
L1°0

¢1°0

01°0
1 60°0
90°0

L2°0.

1200
10°0

© €0°0
. 90°0

80°0

€0°0.

- 86°0-
AN

9€°0

€5°0

0%*0

E°0
.O¢QOJ

9L*0
¢Leo

1L°0"
oL°0

L9°0

9L°0.
€L°0

§90°91 .
198°¢
(T2 A8
- G9g* L
GvL°E

L 9gh
. 82€°S.

~ 996° L
800°9
€8€°S

CT16L*y.
29y
109°L1
ot1°el

L6G°Y

61e°s .

2269

1 009°21

7 919°91

825°6

~G91°%Y

- 682°9

1zteol

85° €26
81 °0€6
81°0€6

. 85°626
85626
8T°0€6
89°0€6
$0°1€6
40°1€6
- H0°1€6°
%9°1€6
49°1€6

. 42°1€6.
9626
. %2°926

- $2*926

LZLST
698°¢€
L92°L .
LSL°E
oyl .
862°6G
G8L%Y
00g€°*Y
918°€
265°€
HE6°HT

HHHI. J.@ $2°926 ¢

ro5Z6

cm - 92°926

46°626 - EZ°9SS

60°96S
G 0°949
€2°H6S
2€°699
60956
60°946S

60°98S
8L°9GS
96 °86S"
y1°LSS
€2°89S .
L8°LSS

60°95S
L8°LGS
50955
G095
097866
£2°86S

s

65795

mq.mowwwm.
© . 8L'9SS

50°966
| wecEss

60966
.G 0*966

- 09866
.a:ommmmmm

. H

§0°96S -
£2°45S

60°95S
50°955 -

48°€GS
L7°€SS

LY*€SS |
€2°v5S

Yas 1158
149965

o115

 ~cm

S0d

, .MNIm
zo~w¢w>zoo".,

$00

INTL 3IVdS

'SS3¥d -
W1 -

~STH

© LY0 03§S300Yd

4wl
131400

¢

(UINNTINODIZ®F 378VL




323

910 75°0
65°0 BE°0
SE°0
$2°0

€1°0
_21°0
‘0 110
°60°0 . 11°0.
60°0 11°0
L0°0  .60°0
“L0°0  90°0

0
0

0 - ,12°0
0

0

88€°€
-820°8"
- 08L°G
€06°¢

v6E°Y
92LY
cLLl
s88°L

198°g
969° 4.

1

YLY°ET

€66°L

»8L°6

 9L8oE

1

622°y

€E98°€

1¢e*y

9,8°1T

§86°L
918°5
. 1L89%%
112y
€98°€

. €2°0€6 .

- £6°626

1 €£6°626

E9°826

E¥*826
B19°91 - 8L°1€6
. BG°€E6

86°€EH

. B8'EE6 -

13

80 *H¢€6

88°€E6

80°vE6

 60°965
19°955
19°955

19%95¢
18°LSS

- 89°6S¢
. 8L*99%
"§0°966 .
60°95¢

2€°556
$0°956

50955

50°966

1%°966

. 60°965
. 60°9ss

§0°965

. ‘BL®9SS

60%965

. 50%955
 $0°9S6
. 60%°956

- G0=H-
U OH
CEO-H
20N -
10
& H F?Q
909
fﬂwﬂblﬁﬁ
J:NQIQm

S0 SZH-
NOIS¥3IANOD

\

WQU, . SeH |
3WIL 3IV4S

.. mmm¢mm.

¥0LJ¥

dWaL
137100

V1va, 03S$300Md

(GIANILNGD)Z*r 378VL -

. 80°965

"dW3l

mIMﬁﬁﬂum

R kwﬂ.zzmw




324

.w .
! o o
L2°0 - 669°9  SO°€  B0'€  S6°€6  6E'ZE6  60°956 .
82°0  169°9 . 41°Z 2I°€  2L°%6 ..  62°C€6  §0°96
L2°0 §%L°9  69°1. I1I'E 61°66 . 62°066  $0°966 -
. 92°0 L8L*9 . . ZZ°1  T1°€ - 99°66 ~  62°0€6 = §0°9g¢s
12°0  618°9  §L°0  90°€ 8196 . .62°0€6 mo.omm;_
9070 €11'9 20 9T'E  1€°9 68°1€6  S.0°9%S -
(S09)  (S02)° - uZH  SO3. N sS3ud  dwdl .

NOISY3ANDD mzmﬁtmu<am . zomhwwoa:ou cmwu S mchuu : mhmah:o.

<»<o cmmmmuozu
_.Cmaz_hzou.w.aomdm<h



325

1 661°9

 60°95¢6

€2°866

- NOIS¥3ANO)D

- 3WI1 39VdS

s

- Viva 43$S320¥d-

131100

 (UIONILNGD)Z*F 378VL

© o EWL

[

%0°0 L0°0  ~-=-- _ - Y °426

€0°0 L0°0 ---- TGHT*Y mee=  44°H26 S0°9SS - €2°8SS

0°0 80°0 ~-—- S61°9  ===w S Y9926 §0°96S €£2°86S

€0°0. 80°0. =---=  G6T'®  --—-— .. ¥H°%26 §0°95  €2°8SS

€0°0 " L0°0 -=-- . 661°9. ¢ ~—iee 2h*H26 §0°95S £2°86S -
8%°0  --==  0S°0  :====' 7gG°§ Y9° 926 60°965 - €2°8GG

L9*0 ==e=  6H°0 ——-= "7 266°G 99926 §0°955 €2°86S

Ly*0  ====  0G°0" ———— 266G HH°H26 - G0°965 - €2°8SS

9H°0 | —=—= ' g¥°Q ———— 266°§ 99926 §0°956  €Z2°85S

99°0  -=== 640 - ===~  265°G" 49° 526 §0°96S .- €2°86¢

10°0  '60°0 =--= " QI1*9 =--e- . #0°426 §0°96S . LB*LSS
€£0°0 80°0 - ---- 0TT1%9 = ==== " $0%°926 . 60°96S  L8"1GG

10°0 80°'0 ----- 0T1%9  ===- $0°%26 §0°9SS . 18°LSS

" %0°0 -7 80°0  ~-== 0T1°9  ~=w=e. %0°%26 - 60°9SS LB*LSS
LO°0" 60°0  ~=-- 0T1°9 ., ==== '40°%26-  60°96S  LB°LSS

W90 m=-= . 6%°0 L m——= . 81S°S - H0°%26 ~ BL*9SS - €9°SSS

€9°0 === 6%°0 ——— 816°S . %0°%26  BL®9GS - 89°6SG

0 - ====  06°0 === - 8I6°G - 40°%Z6 ' .BL"°9GS 89°GSG
EY°0 == 6%°0° - ———=  g1G°G, %0°%26  BL°9SS 897656

99°0 ===~ . 16°0 —=== . B1S°G: - ¥0°%26. BL°9SS  89°SSS

§6°0°° 01°0  0§°0  19€°9 - G8S°S . #2°%26 . G0°9S§°  8L°96G
. ¥6°0  T1°0 €S°0 ' 19€°9  S8S°G . 42°%26.- . S0°9GS < BL9SG
16°0 11°0  6%°0 . 19€°9 . 686°S H2%Z6  60°965 BL°9G5° 10

208 S0) - SZH-  S02 ‘SCH $S3¥d . dW3l dW3l NN
¥012¥ e



326

68°0 0°y LS°T  91°€ 6266 . SGZ°TvL. - OL°6S9
68°0° . 0°v  €9°T. BI*€  LI°S6 - SL°BEL - 90°8§9.
L6°0  0°% T 8S°T 02°€ 12°66 - GBLEL . HI*v (9
'86°0-  -0"% . 19°1 ' BI"€E .02°66 = GO°WEL - ZE°'SSS
. '88°0 0°%: " 06°T - “OT°€- - BE®SG6 ~ . 9G°6EL - BL°TOL -
CLL*0.  0°001 9S*T  60°E SE°G6 - G9°GEL - Z9y*EO0L
~§8°0  0°00T. . 84°T 60°€ . 1%°66  SI°9%L - L6°959
88°0 ° - 0°001  15°1 . OI'E ' 2€°S6  G¥°6EL  YI°H09
26°0 ° © 0°00T - - 2S°1 ' 60°C - LE°S6 ' GY'BEL . ' 667G
$6°0° " -. 0°001, ° . 2§°T .me.m.p“¢¢nmo U 90°82L - SB76S

=~

. .(SZH)  (¥NOW ¥3d} . 205 . iSZH - Nz _  ,mmmuaM.‘_.erpwh
NOISYIANOD ' *T3A-30ves zc_p_mna:au G4 WLy 131100 .

. .

© VAVO 63553004d

© (QINNILINGDIZ*F FT8VL



