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The pgrpésegf’ this. study was to mvestigate-the kmtnﬁ:s of the r,iuffh Claus
raaction, . ¢ LI
' 2 H,0 + 3/x Sx =—» 2 H,S + SO,
. s h"
This was done by obtaining Sp:crtﬁ/zanvefsmﬂ data at various partial pressures of
sulphur and water, from which inttial rates of the reaction are caiculated. based on
octatonic sulphur

Kaiser S-20 1 catalyst, (primarily gamma-aluminal was used m an Autociave Berty
(internal recycie) type reactor Liguid sulphur and water were vapourised angd mixed with
nitrogen as a carrier gas to form the feed stream The rsaction products, water and
nitrogen were analysed on a sulphur —free basis by gas chromatography and an electronic
iNtegrator was used to measure the paak areas.

A total of 173 steady state runs were performed, yielding 163 finite rate
measuraments and 18 inihal rates Ten initial rates were calculated st a constant water
partial pressure of 3720 Pa and at partal pressures of suiphur varying from 266 Pa to
2955 Pa. which was the full range that was possible with the experimental appargtus.
The remaning eight initial rates were obtained at a constant sulphur partial pressuré of
756 Pa and a variabie water partial pressure, from ¥537 Pato 21,443 Pa The balance
of the feed streams was always nitrogen. For each set of experimental runs, the space
!vslﬁcstnes ranged from 50 to 220 hr'! and tﬁg pressure and temperaturewere heid

constant at 1.46 atm (1479 » 10 Pa) and 592 K respectively Two more initial rates
were obtained at temperatures of 624 K and 653 K, employing an additional 10 finite
rate measurements

A rate function of the form, 1

a b 2
-Rw = A [exp(-E/R TN] (Pw) (Ps,) /(1 + K, Pw]

-Rw = rate of reaction with raspect to water. mol/hr g cat,

Pw = partial pressure of water, Pa,



™ &
=
R

Ps, = partial pressure of S, Pa .

was found-to fit the data The following values of the parameters were obtained,

‘ &
) A =05004
F .
-B'R = -7994
. a =089
3

The temperature 1s In Kelvin and the partial pressures are » Pa This rate squation
was found to be consistent with earlier work by McGregor (197 1, and Liu (1978). who
studied the forward reaction rate at the University of Alberta The form of thae rate

equation s the same as that suggested by them, and the values of the parameter K,
: ’

@EHH’!E@ in this work are similar The initial rate of the raﬁgr"sa reaction is less by a
obtained by them for the forward reaction However, a reaction rate equation
incorporating both a forward and reverse rate tarm’ using all the finite rdte data obtained
was not developed A direct comparison of the two expressions was not therefore
made ,

A total of 52 finite rate da!ta at high catalyst loadings (10.0066 g) were used to
estimate the maximum conversions obtainable in a Berty type reactor (CSTR) The
resulting experimental conversions were found to be greater than the predicted
thermodynamic conversions at the same temperature Some possible gxplanatiéﬁs for

this discrepancy were examined &



ACKNOWLEDGEMENTS

The author 1s indebted to Dr. |G Dalla Lana of tha department of Chemical
Engineering at the University of Alberta for his guidance and patience over the course of
this work

ire addition. the support and encouragement of his wife Joene. especially in the
latter part of this study, are gratefully acknowledged

The financial support of the University of Alberta and the Canagisn Gas

f
i
' 4
LA
et
i
i
t
' 3
= e - - .



d Chapter

11
1.2
13

2 LITERATURE SURVEY e e

21
22
23

3 EQUIPMENT DESCRIPTION AND Of

31
32
33
34

35

36

38

3.10
31

Table of Contents

Background ... e

Purpose of this Study . . .

p—

Exparimantal Approach s sttt

N, B

Introduction o .

The Claus Reaction . . e i,

~

_ ¥
Claus Reaction Kinatics ... . OO -

0
m
mw
»
4
2

introduction .. .. . e

Experimental System e s s e

Nitrogen Feed System . ...

Sulphur FEed SyStem . ...

361 Gradientless Reactors ... .

371 Autoclave Berty Reactor Description ..o 2

3.7 1.1 Reactor Operation ...

Sulphur Condenser ... . . . e e s oAb m st

381 Operation . . ... . e s s RSRE S Seenseeeeete

Secondary CONUeNSers ........oomvsmssone.

- 391 Operstion ... ..o

Gas Chromatograph ......... R,

Process Measurements ...

3111 Prassure ... R

1 Vil



312
313
314
EXPERIMENTAL PROGRAMME .. . TS SO

41
42

43
44

RESULTS e s
51

5.2
53

- Anslysis of Sl data ...

3113 Flow Rates . ...

3114 Process Comtrol ...

Calibrations ... e
9

Mgtanals ......... o L

Alternative Equipment . ..

-

Introguction

Preliminary ExpOriments ..o
421 System Inertness ...

422 Ideal Mixing and Bulk Dif fiSION ...

423 Catalyst ACUVIty .. D s oo
424 Volume of the Reactor .. ...
425% Repeatability of GC. Peak Areas ...
426 Ideal Gas Law ... S ——
427 Sulphur Vapour EQUINDIILM it e L

428 Intra-phase APoro DiffUSION . ressissssssnns

Kinetic Experiments ...

Experimental Procedure ... e

441 Start-up ... oo e nee

442 Running ...
[ ]

443 Shutdown ... e e esnam e smennean

444 Mantenance ...

Data Reductipn ..........................

N
45 1 Initial Rate Calculation ...

INtrOQUCHION o ereeeiimeen —

511 SuiphugDependence ...

512 Water Dependence ...

5.1.3  Temperature Dependence

Analysis of W data ...

vili



563 Water Order ...

Analysis of Temperature Data ... .. .. . s

DISCUSSION .. S £ -

561 Discussion of E'rn:rs; ....... ceveeerusseses Y 4

564 Temperature Varation ... . eeeeeessesees s e

565 CompansbnofRates ... ... eemesssessnsssenns R -1

566 Comparison of Equilibria ... ..o 87

6 SUMMARY - CONCLUSIONS AND RECOMMENDATIONS ... B8

BIBLIOGRAPHY ... O S — S - & |

APPENDIX 1
APPENDIX 2
APPENDIX 3
APPENDIX 4

Calibrations . ... .., SO .-

Sample Calculations and ANBlYSIS ..............memesoeresesemmsenssrnes 113

" Computer Programs ... e ... 130




Table
41
51
52
53
54
55
56
57
58
59
N\ 510

\A-"IT

A-12
A-13
“A-14
A-15
A-16
A-17

List of/Tables

2

Critioal Constants and Fugacity Coefficients . . .. ...

DataSets §I . . . . ...

Sulphur Intial Rate Data ... ... ..

‘Data Sets WI

Water Intial Rate Data .. ... ... .~

Comparison of Rate Equation Parameters .

Space Time Data at 654K 623K and 592K ... .. .

Femperature Intial Rate Data ... . . . ... ..

Activation Energy Data ... . et e e s s e '

Comparison of Equiibria ..
]

Comparison of Sulphur and Water Rates of Resction ...

Sulphur Feeder Calibraton Data ... ... ... .

Water Syringe Feeder Calibration, 1/100 range ...

Calibration of Differential Pressure Cell ... ... ...

.108

Pressure Transducer Calibration .

Calibration of Gas Chromastograph. Hydrogen sulphide ............

Calibration of Gas Chromatograph, Sulphur Dioxide ...

.. 106

107

- 109

110

111




33

List of Figures

f

Experimental System ... S S,

AUTOCIaVE Berty ROSCTOr ... ..o ceionbn e

Order with RESPECT 10 SUIBIUL | o incertomsms oo e s

Water Initial Rate plots ... —

nerangeezress

Ternperature Dependence ... ...

Expermantal Equilibria ... ... ...

Sulphur Feeder Gear Arrangement ...

GC. Calibration ADPEIEIUS oo

xi A1

‘U‘.

[



1. INTRODUCTION

1.1 Background

— Sulphuru: acid 1s unchallenged as the world s leading industrial chemical (26.57).
Indeed, its total annual production may be used as a measure of the industrial prosperity
of a nation (26) It is not then surprising that, of the fifty milhion tons of sulphur
produced annually (1976), the great majority 1s used in the production of sulphuric acid
57). 1t follows that sulphur production s a particularly important facet of the chemical

. industry.

During the eighteenth and nineteenth centuries. the elemental sulphur deposits
found in Sicily were the main source of sulphur Towards the end of the nineteenth
century. howaever the Frasch process (after its ;ﬁvgﬁtaﬁ Hermannh Frasch) bacame almost
the sole source of sulphur. This process produced cheap, high purity sulphur from the
unique dome deposits of Louisiana and Texas This sulphur was of such high quality and
low cost that. even when shipped across_the Atlantic to Europe, it was cheaper than the
conventionally minad Sicilian product (57)

At about.the same time that Frasch was granted a patent for his process. a British
inventor, CF. Claus. obtained one for a process that entailed the burning of hydrogen
sulphide in air over bauxite to produce elemental sulphur and water (17} This process

! only became industrially sigﬁifié;ﬁt as a major source of elemental sulphur from 1960
onwards, with the development of the natural gas industry at Lacq in France and in
Alberta, Canada (57) Since 1970, however, half of all the sulphur produced worldwide
annually has been recovered ;ulphur {from hydrocarbon processing). obtained mostly by
maeans of the Claus process (57)

The natural gas réservas of Lacq and Alberta are designated as being "sour” That
is to say, they cdntain significant quantities of hydrogen sulphide -- in some cases as
much as forty percent This is a highly toxic and corrosive gas that readily oxidises to
"suiph: dioxide, which is only sl;ht}y lass poisonous (57). Yet sulphur dioxide is more
hlzardous because it is soluble in water and forms sulphurous acid The acid rain of
environmental concern is essentially sulphurous acid (61). Clearly, sour gas is unsuitable

either as a fuel or as a feedstock to other chemical processes. The Claus process has

] .

\



proved to be a successful méthod of "sweetening naturai gas. particularly st the
welthead, so that the gas may be safely tf,an;pc:&&ﬂ by mpeline to a processing plant As
a result, the process has bacome a major means of producing raw sulptwr sven though.
in essence, this element 1s merely a byproduct of the necessary gas sweetening process.

There have been several modifications to the original process as patented by
Claus (57) These have been reviewed in the naxt chapter. The most mportant

modification was the splitting of the reaction into two independent steps: in the first, n

hydrogen sulphide was partially burned in a waste heat boiler and in the second, the
sulphur dioxide produced was reacted with the remainder of the hydrogen sulphide in a
catalytic reactor By this means, the large heat of I:EJEtiéﬁ was dissipated without the
damage to the catalyst which had been a problem in prgvi@uévarsmﬁs of the proceass.

The process can be summarised by the following chemical reactions

H,Sig + 3/2 O,igg =+ SO,g + H,0(g) N & I 1
’ AHe,, = 520.1 kJ
2 H,Sig) + SO,ig == 2 H,0ig + 3/8 S,ig) A § )

&h{ vapour has been known for many years (4), to exist as several molecular
speciés ccnt.:iﬁi:ﬂg dif ferent numbers of sulphur atoms The basis of equation 1.2 above
is octatonic sulphur. In actuality, the suiphur species may range from monotonic to
octatonic and even higher, depending on the temperature and partial pressure of sulphur.
As a consequence, suiphur vapour 1S made up of a distribution of these spacies. At low
pressure, the vapour is aimost entirely S, while at high temperatures, S, pradominates.
At intermediate temperatures, the distribution of species may be predicted by the Gibbs
free enrgy.of the system McGregor (56) developed a computer program whose
function Was to minimise the Gibbs free energy of the sulphur system. This was revised
by Truong (8 1) and also by Razzaghi (72) to include ﬁ- "best available” thermodynamic
‘data and also other species encountered in the Claus Fllf:tlt:ﬂ. Many workers have
reported that the equilibria predicted using thermodynamic dsta do not corraspond to



those achieved experimentaily (28,53.56). This has been considered to be due to
imprecise thermodynamic data (56). The experimental difficulties in obtaming accurate
 data on the various sulphur species are great The data on the 0dd numbered sulphur
species in particular, are subject to large discrepancies depending on the source. In
order to minimise the effect of such inaccuracies, the present work will consnﬁar the
sulphur species S, S.. S,. and S, to be present in the reacting system There is a rnuc:h
mwwnofmmbmmswcummdmmmhﬂsmﬁs
(81). The Claus reaction then takes the foliowing form

2HS+S0, =& 3/85+2H0 ... . (13
2s, =& S, e
3s, & S, ... R s
as, = S, S e

)

Thus. if the kinetics of the reaction are determined via equation (1.3). the equations (14
to (1.6) are assumaed to be in equilibrium. The odd number sulphur specigs have baen
ignored, since the uncertainty in the free energy data of these specias is much higher
than that associated with the even number species Using the data that are available, it is
found that the odd numbered species are a small percentage of the total sulphur (72). An
illustration of the ;ifference between the two distributions is given in Appendix 2. The
sulphur equilibrium reactions are assumed to equilibrate rapidly and reaction (1.3 s .
assumed to be rate—determining. It should be noted that. while historically the overall

reaction :

H,S + 1720, —> H,0@ + 1/8S4g) . . .am
AHe,,, = 628.3 kJ/mol

has been called the Claus reaction it is resction (1.2), the catalytic reaction itsalf, whech
has come to be known ss the Claus resction, alithough it should more properly be
referred to as the modified Claus reaction. Since reaction (1.2} is sulphur yield limiting, it

shall be referred to as the Claus reaction in this work.
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# Further improvements to the Claus process have had the aim of increasing the
sulphur y'eid For example increased yiald has been achieved by means of improved
boiler design (20.42). H,S burner design (25), and control of the H,S/air ratio (9) The
development of improved catalysts (20,66 and the use of more optimal operating
conditions in the catalytné reactor have alsd improved the yiald

Stricter regulations governing the permitted levels of sulphur ermission have
forced further improvements to sulphur recovery plants (57,65 66) Since mpurities
such as ammonus (from amine treatment plants) or hydrocarbons (for example, methane
from natural gas) can significantly reduce the conversion of hydr’c}géﬁ sulphide the
pre-treatment of the feed stream for their removal i1s required. This can also greaatly
increase the concentration of hydrogen sulphide (16,30.31) More important than these
improvements, though. has been the development of Claug tail gas clean—up units to
process the Claus effluent stream even further (33.65.76.88) Such units are now used
extensively and can increase the sulphur recovery from approximately 97% to over 99%
In an exothermic reaction. the equilibrium yield 1s favoured by low temperatures

Decreasing the temperature also increases the sulphur molecularity towards eight This
will reduce the partial pressure of sulphur in the product stream and as a rasult, incraasa
the equilibrium yield Obviously, therefore. it is advantageous to operate the Claus
catalytic reactor at as low a temperature as possible. Modern developments have been
directed at taking advantage of this (32,33). even to the extent of operating the Claus
converters at a temperature below the dew point of sulphur, as in the Coid Bed

Absorption (CBA) process

1.2 Purposs of this Study

The equilibrium of the catalytic reaction (1.2) has been found to be the limiting
fa&:tar governing the yield in the Claus reaction. There is a significant dascraplncy
between the experimental equilibrium conversions obtained by several workers (4,23.28)
and the conversions predicted by the "best available’ thermodynamic data It would be
useful to obtain empirical data on the forward and reverse rates of the catalytic reaction
in order that the equilibrium may be more accurately evaluated since at equilibrium, the

forward and reverse rates are equal With this addiugasl knowledge. the dasign and




control of Claus plants may be made more precise (20) .
The rate of an equilibrium reaction such as the Claus reaction will be regarded as

the addition of two separate rates representing the forward and backward reactions.viz.,
-

R =R +R (1.8)

w

in the piﬁiguis case of thz Claus reaction. the forward reaction has been the subject of
much research and this has been surveyed in Chapter (2) However, there has been no
7‘ study of the reverse Claus reaction published. although 1t has been considered briefly n
some forward reaction studies.

The purpose of this study is to determine the kinetics of the reverse Claus

raaction
2 H,0+3/85, —> 2H,S + 80, .. 19

The kinetics of the forward reaction have been satisfactorily determined and the rate

equation is of the form (22):

1 Y2

-Rso, = k, Ph;s) Pso,) 110)
T K Pwi a0

it is the intention of this study to seek a comparable expression for the reverse reaction
If the rate expression is to exhibit thermodynamic consistency with equation (1.10)

sbove. a form such ds equation (1 11) is suggested

a b
=Rw = k,; Pw) (Ps}

S0

The above equations apply individually, only to the special case of the initial rate
of resction, where no products are present to take part in the appropriate reverse

reaction The forward and reverse rate expressions may be combined in a general



om

equation of the following form. which represents the overall rate of the Claus reaction

c d 7 8 b
Rw =k, Ph,s) (Pso,) - k. Pw) (Ps)) .

O,
The parameters K, and K, will be equal since they represent the adsorption equilibrium
constant of water and hence will be a function of the temperatire only.

This empirical expression may be useful in the design and control of Claus plants

L4

1.3 Experimental Approach
An equilibrium reaction 1s perhaps most “;“y investigated by using the method of
initial rates. This approach was empioyed by McGregor (56) to investigate the forward

Claus reaction The mnrtial rate is that rate of reaction which occurs in the absence of any

pr_odum
'/

-Rw = k Pw Ps, L 113

By obtaning finite rate data at various space velocities. it 1s possible to derive the
initial rate. The data is oxtrapqiated to obtain the rate at zero conversion The theoratical
analysis 1s outlined in Chapt;rﬁ'four Once the initial rates have been determined, the
parameters of the rate equation may be derived by applying a combination of linear and
non-linear regression anslyses to an assumed form of the rate expression. There are
three effects studied in this work ' The varistion of the rate of the reverse reaction with
(1) the partial pressure of sulphur. (2) the varistion of the rate with partial pressure of

water; (3) the effect of temperature on the_late.
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2. LITERATURE SURVEY

»

21 IptrodnactiOn

Although the literature contains many references to the Claus process. these are
n the main of a descriptive rather than a theoretical nature This survey will concentrate
on that section of the literature which i1s pertinent to the kinetics of the Claus reaction
itself Other aspects of the Claus process have been extensively reviewed eisewhere.
notably by Truong (81). Liu (53). Cho (15). L (52), and McGregor (56) Otﬁer reviews are
available for the period up to 1970 by Piigrnim and ingraham. (69) and for 1970-75 by
Chandier (13).

2.2 The Claus Reaction
The resction,
H,S + 3/2 O, —> sulphur + water . A A b

;

-

had been well known as a laboratory demonstration reaction from the early nineteenth ‘
century (18;, but it was C.F Claus who. in the 1880's, first designed a commercial
process using it (17). His patent of 1887 describes a process for the recovery of
elemental sulphur from caicium suiphide The sulphide. when trested with carbonic acid.
produces hydrogen sulphide which subsequently reacts with air over one of several
catalysts. including bauxite, to produce sulphur

in 1887, the Chance brothers (12) were granted a patent for a commercial
process for the recovery of elemental suiphur from the waste gases of the Le Blanc
process (57) This process for producing sodium carbonate was responsible for a grest
deatl of the poliution in nineteenth century England during the height of the industrial
Rewglution (26). The Chance application of the Claus process represents its first use in
the field of poliution abstement

Reaction (2.1} is highly exothermic, however. and the Chance—Claus process
proved very difficult to control 69) As a consequence. n 1937, LG Farbenindustrie
modified the process and effectively eliminated the problem of temperasture control (2).



This was achieved by burning one—~third of the hydrogen suiphide with air in a waste heat
boiler, and producing sulphur dioxide. This sulphur dioxide was then reacted with the
remainder of the hydrogen suiphide to produce the final products. elemental sulphur and
water Hence the original reaction takes place in two stages:

5

H,S + 3/2 0, —» SO, + H,0 (1000 *C) , 2

AH =520 - 577 kJ

1}

2 H,S + SO, —> 2 H,0 + 3/x Sx (250 *C) (2.3)
AH=88- 130kJ!

The major fraction of the total heat of reaction is thus dissipated in the furnace section.

present Claus plants. '

-

2.3 Cisus Resction Kinetics

The adoption of the Claus process as a primary method of desulphurisation of
natural gas and. as a result. of sulphur production. has prompted research on the kinetics
of the Claus reaction. -

Pilgrim and Ingraham (69) reviewed the process and its kinetics up to 1970. while
Chm-diq (13) reviawed sulisequent deveiopments between 1970 and 1975. The
oﬂphtig;, however. of thase reviews is on the practical aspects of the process itself

T’ku first raference to the reaction in the literature 1s by Cluzel (18)in 1812 He:
noted thit no sulphur would be produced if the gases were first dried by passing them
over calcium chioride Lewis et al., (49.51,70) studied the equilibrium of the H,S/S0,
system in a series of papers. Their work, published in 1918, demonstrated that the
reaction is reversible and sisc that it is heterogenecus. The rate of the reaction was

reported as being high in both directions. An equilibrium constant was calculated. but thus

! The heats of reaction are given as ranges since they represent the actuasl process
reactions. The temperatures migrn:;rn are not therefore precise. The distribution
of suiphur species will slso be subject to variation



The first quantitative work was performed by Taylor and Wesley in 1927 (79)
This work confirmed the heterogeneity of the reaction Despite reported difficulties in
analysing the reaction products, snd in particular. determining the suiphur partial pressure.
they ventured an estimate of the rate equation for the reaction on glass, which they
reported to be of the form

-Rh,s = k (Ph,s)-! Pso,) (2.4)

The :,.rthars: discussed what the nature of the resction mechamism was likely to be but
this was essentially speculation since. at that time, there was a dearth of experimental
data on the adsorption of the various species on glass

in 1937. Undintsava and Chufarov reported (83 84) that hydrogen sulphide and
sulphur dioxide would not react homogeneously at temperatures between 250 and
350 *'C. They also found glass, alumimum, and aluminium oxide to be good catalysts in
addition. ron and iron oxide were reported to exert only a weak catalytic effect

Mul:thy and Rac (62), in 1952, studiad the reaction over meatallic sulphide catalysts
using a batch recycie reactor at 25 *C. The condensation of sulphur on the catalyst
prevented steady state from being attained since the surface area of the catalyst was
changing They reported that, at this temperature. the reactigy would not proceed with
any of thc;:gtalysts tasted uniess water was prasant

’Thé v;rark of Gamson and Elkins. reported in 1953, represents the first

comprehensive study of the Claus reaction (28} The reaction was studied n an integral
reactor over Porocsl catalyst (an activated bauxites) Space time versus Eén\;hisign data
were obtained but no attempt was made to derive a rate equation A hypothetical sour
gas plant feed stream. comprising 6 75% H,S. 3.39% S0, 26 83% H,0, and the balance.
230 .to 300 *C. were employed. The authors were careful to caution that the kinetic data
of this study were inconsistent with their thermodynamic analysis of the Claus resction in
that the experimental conversions were higher than those caiculsted from free energy
data

in 1957, Hammar (38) studied the reactions invoived in a suiphur plant technology.



10

squation for the Ciaus reaction

Cormode, in 1865, studied the Claus reaction using a recycle flow reactor

apparatus but the analysis was not precise enocugh to allow him to come to a firm 7

conclusion ‘ \
Munro and Masdin (60) reported, in 1967, that water significantly retarded the

rate of reaction This effect was attributed to Le Chateher s principle  They employed

activated alumina and molecular sieve as catalyst over tﬁa temperature range of

1DD‘BDQ“C at a space velocity of 70 vol H,S/cat \;al hr The water content in the feed

was variad from 5 to 20 % '
Landau et al. (47) concluded in therr results, published in 1968, that diffusional

effacts were rate limiting Unfortunately. they did not state whether pore or fim

' diffusm;ﬁ was occurring and, in addition, they did not describe therr experimental

equipment nor the catalyst charge sizes. it is impossible, therefore, to determine what

type of diffusion. 1f any. was occurring

d A raport by the Atiad Chemical Corporation in 1970 (1) on Claus process kinetics

contains a comprehensive literature survey A dynamic flow system and Porocel LPD

catalyst were used The experimental conditions were varied over the following ranges

the temperatures were baetween 200 and 370 *C, residence times between 0 125 and

250 saconds and feed concentration of H,S between 1 and 6 % It was reported that

the rate of reaction was so fast that equilibrium was attained within 0.5 seconds The

observed equilibrium was found to be higher than that which had been predicted using a

mathematical model that considered the sulphur vapour to be composed solaly of S,

The following rate constant for the reactiort was derived ,

k = 61.66 sxpl—1305/T L o 25

assuming the reaction to be first order in all reactants. The temperature was measured in
Kelvin, but pressure units were not given and a full rate equation was not developed
The work of Struck et al, (74) was carriad out st low temperatures, below the

sulphur dew point The reaction was found to go aimost to completion, in accordance
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with the prechcted thirfnadyﬁsﬁg‘i squilibrium st these temperatures At 182 *C, the
achieved conversion was higher than that prechcted. and at 100 :C. tha conversion wias
close to 100%

The first serious attempt to derive a rate equation for the Claus reaction was
made by McGregor in 197¢ (56), as part of an extensive programme of research being
carriad out at the University of Alberta in a series of BO experments involving the use
of an external racycle rg:&tc:r contaning Porocel catalyst. the reaction was studied by
means of initisl rate expariments over the range 208-287 'C  The following parameters
were derived
Ea

7589 = 451 cal
0828 + 00951

orger wrt H,5
order wrt SO, = 04170111

Various mechanistic equations were fitted to the data but no attempt was made to
ciscriminate batween the models. Water was observed to exhibit a barely perceptible
autocatalytic effact at low partial pressures. and a marked retardation at tugh partial

surface of the catalyst Finally. no evidence of a homogeneous component to the rats of
resction was found
By applying non-hnear data reduction techmques to ali the available data. an

empirical rate expression incorporating a reverse reaction term was obtained
-Rso, = 1.292 exp(-7 100/RT] [(Ph,s)*** (Ps0,)**"* - 0.504 (Pw) *"!] . (26

However. as the variances were large, there was a need for more data
The empirical axpressions derivad by McGregor wers found to correiate the data
as well as any of the mechanistic models he proposed The results reported by Hammar

and by Cormode were compared with it The expressions of Hammar (38) correlated the
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data well, although the actual data could not be compared The work of Cormode 19
was in reasonable agreement. though the actual rates were higher

in 1972, Karren (39) was unable to obtan steady state reaction data because he

The retarding effect of water was noted. as was the extent of sulphur loading on the
catalyst

Dalla Lana et al in 1972. took the data analyses of McGregor further (22), and
conciuded that, on statistical evidence. the reverse reaction term of equation (2.5) could
not be justified They postulated that the retarding influence of water was more likely to
be due to adsorption of water on the catalyst They derived a different squation using

]

McGregor's data

-Rh,s = Ag 1 121 expl-7440/R
Ap ,

The term Ae/Ap was introduced by McGregor to allow for varistions in specific surface

area between different catalysfs or even between different forms of the same catalyst

the stoichiometry of the reaction

in 1978, George (30) performed an initial rate study of the Claus reaction using
cobalt molybdate catalyst A fixed bed integral reactor was usad A tempersturs range
of 240-450 *°C and pressures of up to 1.3 atmospheres were employed The foliowing

rate equstion in the form of equation (2 6) sbove was devsioped .

-Rso, = k, Ph,s))/ [1 + 0.10 Pw] 28

The actual experimental orders were
H,5 —> 0.93 - 0.96
7 SO, — 0.02 - 0.08
\ T;lériﬁtlvif@ﬁ energy was found to be
Ea = 5.5 kcal/mol
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it was concluded that sulphur did not catalyse the reaction as had been suggestad
by Hammar (38) Water agam retarded the reaction and this affact was allowed for by
the adsorption term. (the denominstor) in equation (2.7) In addition film diffusion affects
were found to be negligible and it was suggested that pore diffusion was significant

From his axperiments in 1975 to evaluate a copper—doped catalyst Cho (19)
concluded that conversions greater than the' theoretical equilibrium were obtained The
effect of external concentration gradients was negligible The reverse reaction was
thought to be significant aithough its visible rate was negligible. .

Dalla Lana et al (21) derived, in 1976. a rate equation for the Claus reaction using

data obtained by Liu 1n hus work on the pure gamma alumina catalyst

n

*Rs@; -
‘ (29

This equation is nearly (dentical to that derived from McGregor's study (22) The simi,t:?ity
between equations (2.6) and (2.8) was remarkable since sach was derived from data on
two dif ferant catalysts.

The likely mechanism of the reaction was investigated and a
Langmuir —Hinshelwood rate expression was derived. based on the following surface

reaction step which was considered irreversible and rate controlling -

H,SAI* + OAI®" — H,0AI" + SAI" 42110
-
where Al" is a lewis acid sitq on the catalyst surface.
The postulated mechanism led to the following rate equation .

- 05/ 2
-Rso, = k (Ph,s) Pso,) /| [Psn/K,) (1 + Pw/K,]

where n, the average size of the suiphur molecule. is approximately 7 The sulphur term
is then negligible and the expression is similsr 1o equation (2.8).



14

Kerr ot al in 1976, reported that thay had found a second order equation to spply
In ther experiments involving bauxite and activated f\um catalysts (42) This was

reportad as being.
A
oH,;Si/dt = -k [H,S][SO,] + k. [H,0][Sn] (212)
whera, f : b
k =24149 exp| -2526/7 ]
and, f ) *
Ea = 502 kcal/mol

The experiments were carried out in 8 Macroscopic vesse! under isothermal conditions
with fiow rates. tamperatures. compositions, and pressures corresponding to those
attained n the sacond. third, or fourth catalytic c:aﬁv#tirs of an industrial plant

in 1977. Blanc et al. (8) deveioped an essentially empirical reaction model which

inCluded terms to account for the reverse reaction. The equation was given without

units .
-Rso, = k exp[-E/RT] (Ph;s) (Ps0,)** = (1/K*) (Pw) (Ps)*- o
[T+ CPwi*? S {2.13)
wharae,

This equation was applicable at temperatures greater than 270 *C. The power of the
denominator term could be varied over a large range without the sum of tha squared
davistions between the axperimental and the computed values changing graatly. This was
explainad by the fact that the factor multiplying the water adsorption term, and the
power of the denominator are very highly correiated.

Tha catalyst used by Blanc et al. was activated alumina, type 5—10. and ths data
were collectad over the temperaars r:ﬁg; 270-370 °C. Feed concentrations of H,S
ranged from 2.5 to 10 %, while the ratio of SO, to H,S ranged from 0.4 to 0.6. The
amount of water in the f;éd was varied from 5-35%. General results were as follows

the overall order is greater than 1 . the order with respect to suiphur 18 not zero ; the
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overall rate increases with temperature : the activation energy is small ;\yvnm' vapour
favours the reverse reaction and docrmes. the forward reaction . the ro\:ct»on is very
fast - there are no film diffusion effoct:s . snd pore diffusion effects are spparent

in 1978, Liu (53) studied the Claus reaction as catalysed by gamma-alumina (Alon),
using a recycle reactor and employing infra—red anslysis to measure the reaction rate.
The follo'wing rate equation was derived -

. L2

-Rso, = by, exp{-E;,/RT ] (Ph's) (Psos) .5 '
+ D,y XPITE, s e (2.14)

by = 872 10
b, = 116w 10°
E,/R = 3509 t 254
- E./R = 3158 y

N
N\

N
This equation is very similar to that developed by McGregor. who used the Porocel

-

{bauxite) catalyst

Evidence of the reverse\ruction was sought by introducing Claus reaction
products. Since hydrogen sulphide and sulphur dioxide were not subsequently detected.
it was conciuded that the reverse rsaction was negligible. This test was performed at
210 and 320 °C. The Eitrogen fiow used was 40 mi/min. with saturated sulphur at
300 *C. Water was introduced at 1.95 « 10 gmol/min. The model deveioped by
McGregor was found to correlste this data well. The t;rm Ph,s (Pso,)y2 ) was found to
be vital to a good fit Water was observed to have a significant retarding effect on the
resction, as did sulphur. Film diffusion was negliqiblc; and it was concluded that pore
diffusion could be disregarded providing the catalyst weight was below 250 mg

in 1978, Grancher (34,35) reported on the work performed by the Aquitaine
research group & Lacq in France. A rate expression was Betermined, but it was not
reported in these papers. The author reported that the expression had the following
features: the order with respect to H,S was 1. snd with respect to SO,. 0.5; and there
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was inhibition due to water The reaction was reported to be limited by internal diffusion
resistances. The validity of the model was checked by comparison with the Lacq plant
itsalf

Finally, the paper by Liu et al. published in 1980 (50), summarises the state of the
art with respect to kmétic‘:s,studues of the Claus reaction. The authors conclude that use
of arate equation is an aid in making process calculations and that these are "sensitive’ to
the various rate expressions In particular. the reliability of these rate expressions i1s
increased when they are based on surface chemistry studias There is still. however no
reliable method for predicting either the thermodynamic properties or the dynamics of
the sulphur vapour ‘Bquilibruum, and this i1s a hability L s final conclusion is that the
particular catalyst used 1s merely a matter of preference, unless special conditions
otherwise dictate For example, the presance of hydrocarbons in the feed stream may
introduce significant quantities of carbon sulphides. CS, and COS. If this is the case, it
would be advantageous to employ a catalyst which promoted the decomposition of thase

species in addition to catalysing the Claus reaction.



- S ——————— i b = w g

in his .study of the forward reaction in that an initial rate study was made of the Claus
reaction system There are. however, several /mportant diffarences In particular, the
réactants, water and sulphur. are not vapours at room temperature and pressure As a
result, the feed and reactor are different Several different versions of the exparimental
equipment were employed in an effort to determine which, with respect to smoothness
of flow, ideal mixing, et cetera, was the most satisfactory The most succassful is
shown in Figure 3.1 below The sslient features of some of the alternative systermns
empioyed are discussed in the final section of this chapter This is the system used to
obtain the rate data of this sfgdy Anothar significant dif ference between the McGregor
study and this one is the use réf a Berty—type internal recycle reactor. The external
recycle reactor of McGregor s work has several disadvantages for the water/sulphur

reaction system The merits of the Berty reactor vis—a—vis the external recycle reactor

will be discussed in detail

3.2 Egperimental System

A diagrammatic representation of fhé experimental system is shown in Figure 3 1
It shows a stream of dry mitrogen which is pre~heated to 375 °C in an oven [11] 2 Liquid
sulphur from a syringe pump [10] is added in the same preheat oven [11]. The
temperature is above the sulphur dew point and the sulphur vapourises. The water
component is added by a SYFEQE pump [12] and 15 heated to the temperature of the feed
line and vapourised It is than added to the feed stream irﬁmgdi:taiy}qf@rg it enters the
reactor [13] The reactor effiuent is passed to a sulphur condenser [ 14] which eliminatas
most of the Unreacted sulphur. The product stream is then split, with a small portion of it
being led to the gas chromatograph by way of a final suléhur condenser [ 15], and then is
expelied through a verit to tha atmospherae.

The numbers in square brackets following an item of equipment refer to Figure 3.1.

17



Figure 3.1 Experimental System

Equipmant List

1. Nitrogen eylinder

2. Drier

3. Rotameter

4 Neaedie vaive

5. Differential flow controller

6. Fead pressure and tempersture sensors
7. Ditfersntial prassure cell

8. Fead control valve

9. Reactor prasgurs sensofr ’
10. Sulptwr syringe

1. Prshest Oven

12 Water syringe feeder

13, Berty reactor

14, Suiphur condenser

15. G.C. sscondary condensaer

16. Secondary sulphbur condenser
17. Water condensaer

18 Resctor pressure control valve

19. Sulphur Syringe Reservoir
20. Sulphur Syringe Oven
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The main stream continues through to a final sulphur condenser [ 16] and a water
condenser [ 17] before being vented via a control valve [ 18] to the atmosphere
The system had several drawbacks and some advantages which will be elaborated

upon in the ndividual sections below

3.3 Nitrogen Feed System

Linde Gas Products high purity mitrogen was regulated to 60 Ib/in’ [ 1], a pressure
which was adequate for the entire range of flow rates employed Each new nitrogen
cylinder was analysed for oxygen using the gas chromatograph A molecular sieve

column was used at roorm\temperature Every nitrogen cylinder was fQund to be free of

caicium sulphate [2] in order to remove any water that was present. A smail amount of

“drierite” |calcium sulphate coloured with cobalt] was used as an indicator of the

valve of the ré.:t,amgter was kept fully opan and the rotameter served only as a visual
ndicator of the flow Immediately after the rotameter. a Nupro needie vaive [4MG] was
employed [4). This valve provided the fine metering of the nitrogen flow A Moore
diffgrgﬁﬂil flow controller [635D-L] was placed downstream of the needis valve to
smooth any small fiuctuation in flow [B] This type of controller provides constant mass
flow independant of pressure changes

The temperature and pressure of the nitrogen feed stream were measured (6]
immadiately before the differential pressure celi [7] which measured the volumetric flow.
Temperature was measured using an Iron—-constantan thermocouple, and pressure by
means of a USG pressure gauge. which was accurate to 0.1 psig The volumetric flow
rate was measured by a Foxboro differential pressure cell [§13 DL] and controlied by a
Foxboro controlier and monitored by a Foxboro chart recorder. Volumetric flow rates
of between 0-2 litres per minute at a prassure of 8.5 psig were obtainable

The nitrogen stream was then fed into the preheat oven [11] where it was passed

through a 12 foot coil of 1/8 inch staniess steel tubing and was preheated to 375 °C
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before it was ied to the sulphur mixing vessel

&

3.4 Sulphur Fead System

The sulphur component of the feed was added by means of a hquid syringe
feeder driven [10] by a constant speed motor The hquid sulphur was led into the
preheat oven [11] which was mantained at a tgméaratur'e of 375 *C, whera it entered a
muxing vessel via a SYFMQQEWE’UFR:ZIIB and contacted the prasheated nhrogen This
mixture then entered a surge tank 1o allow it to equilibrate

The cylinder of the sulphur syringe had an internal diameter of 1 inch and a
working length of 5 inches Th® entire syringe [ 10, nm:_,ﬁ;clmg the reservorr [19], was
anclosed in-s tempersture-controlied oven [20] that w;s annumd at 140 *C This
temperature was chosen to ensure that no plugging occurred at the oven axit and also to
maintain the liquid sulphur in the low ~viscosity state. Sulphur undergoes molecular
restructuring at about 159 *C and there is a dramatic increase in viscosity (80).

The sulphur syringe was filled from a higquid suiphur reaservor |[19] The reservor
was sealed from the syringe by a valve A second valve was inserted between the
syringe and the mixing oven. This arrangemant aliowed an on-stream refiling of tha
syringe which disturbed the steady - state conditions only momentarily This arrangemaent
also ensured that no air would enter the syringe while it was being filled with sulphur.
The seal of the syringe piston was made using two teflon "Q"-rings The material of
construction was 316 staniess steel The reservoir vaive was a Whitey ORM2, rated to
232 °C The syringe valve was a Whitey SS-NBS4-HTP. rated to 316 *°C

The syrings pump itsalf was driven by a constant speed motor This drove a gear
train which could be altered to supply any one of six different speeds. The rotary

motion of the gears was translated into horizontal displacement of a push rod by maans
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3.4.1 Opweration

Over a period of tme, it was found necessary to replace the tefion "O"~rings
because they tended to wear Great care was taken to ensure that no ar remained in the
syringe after the replacement of the O -rings was complete This was achieved by
repeatedly filling the syringe with sulphur and then expeliing it into the reservoir - This
was done a mimmum of three tmes An added precaution was taken by filling the
reservorr only as required shortly before réﬁll;ng the syringe itself Additional problems
were encountered due to the reservoir valve leaking snd this required replacement on

two occasions

3.5 Water Feed Systam
A Sage instruments model 355 syringe pump [12) was used to add the water

component of the feed stream A 20 mi syringe was used for all runs This size was

pressure was not so great that it slowed the pump In contrast with the sulphur feed. the
water flow could be adjusted fractionally over a wide range of flow rates (vide
Appendix 1)> The water was vapourised by heating the final 10 cm of the water line to
the temperature of the reactor feed line. about 325 °C  The water was then added to the
nitrogen and sulphur stream at its pont of entry into the reactor [13)

The mixing of the two streams was achieved using a Swagelok “T" fitting A

the centre of the main feed stream via a syringe-type nozzie Perfect mixing of the feed
stream was ensured by operating the reactor at high speed. at or ;lbp&ra 1200 rpm. This
was checked by conversion versus speed tests, (v/de Praimmary Experiments.

Section 4.2)

31.5.1 Operstion

The syringe pump itself was found to perform satisfactorily in all ranges. There
was a need. however, 1o keep the water flowing long after the sulphur flow had been
stopped to prevent the sulphur back diffusing up and plugging the 1/16th inch tubing

which served to deliver the vapourised water
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There are a wide choice of reactor types available 1o the researcher in the field
of chemical reaction kinetics (10,73). The reasons why a particular reactor is chosen
depend on a large number of factors including the nature of the reaction. the type of
data required, and the reaction regime that i1s of interest Several reviews have been
published to aid in the discrimination between the various reactors (3.43.75) Carberry
(11 suggests that the ideal' laboratory reactor for the study of catalytic kinetics 1s one
which operates 1sotharmally over a wide range of conversions at steady st:-‘ta and with a
well-established residence tme. while facilitating the direct determination of the rate law
Accepting thase criteria. it appears that the continuous stirred tank reactor has the most
suitable characteristics As a consequence much effort has been devoted to designing

laboratory reactors which approach continuous stirred tank (CSTR) operation, and which

will also accommodate a heterogeneous catalytic reaction Kiperman (44) credits Temkin

with first proposing the term 'gradientiess reactors” for these reactors. since the quality
of being well mixed ensures the alimination of both temperature and intraphase

concantration gradients

3.6.1 Gradientisss Reactors

The use of gradientiess reactors in particular, has been reviewed by Sunderland
(75) and Kiperman (43) The first reactor of this type was the axternal recycle reactor in
which a pump recirculates a fraction of the reactants through a packed bed The studies
of McGregor (56) and Liu (52) at this university were performed using a reactor of this
type. Butt et al (9) and Perkins and Rase (68) discuss the use of this particular type of
reactor. ' f?/

The external recycle reactor has several disadvantages The external tubing and
pump represent considerable dead voluma compared to the volume of the packed bad
This results in long rasidence times wq\gh may be undesirable, aspeacially in the kinstic
study of a fast reaction Also. depending on the temperature of the reaction, it may be
necessary to cool the recycla stream before it raaches the pump and rehaast it before it
‘enters the reactor This would be awkward, espacially if thers were a danger of one of

the componeants condensing at a cold spot in tha recycle loop. as in the case of the



partial oxidation of methanol to formaidehyde (27) In this reaction, the
paraformaldehyde may condense (27) Obviously, this may be a problem with raverse
Claus raaction studies, since not only are high temperatures invoived ( > 600 K). but
significant sulphur partial pressures are also ernplc:ygid Sulphur is notorious for its
tandency to é;i:ndgnse at inconvernant places.

In order to avoid the limitations of the external recycle reactor, internal recycle
reactors were developed The first such was the so-called Carberry, or spinning basket
reactor (Tajbl et al. 78) This reactor is similar to the simple CSTR except that the agitator
1s constructed to form a basket in which the catalyst 1s contamned. Such g reactor was
designed and built in this department by Turner (82) who also described its operation
- The main dlsaavsntagé of this reactor is that it 1s impossible to arrange the catalyst and
phase since there are inevitably velocity gradients in such a mixed vessel

The inharent prc:;blgms of both the external recycle and the spinning basket
reactors may be eliminated by using an internal recycie reactor There are many reactors
Qf this type, and most have the common festure that the vapour has a definite path for
circulation around the reactor vessel during which it passes through a packed bed
These reactors have been reviewed by Bennet et al (3) and by Sunderland (75) Each
v;ri;t;cm on the intarnal recycle theme has its own particular merits and demerits

The reactor developed by Berty et al (6) was adopted for this study since this
reactor s well documented (5.6.55) and, most importantly, the spinning basket reactor
(SBR) developed by Turner (82) could be adapted to the Berty reactor configuration
relatively easily An important advantage of the Berty reactor, although not used in this
study. is that it is possible to measure. or calculate, the actual mass velocities through the
catalyst bed and thus reproduce. if desired, industrial reactor conditions . The mass
velocities may be caiculated by directly measuring the pressure drop across the catalyst
bed and using Leva's or some similar correlation This was the method used by Berty

et ai (6) to evaluate the performance of this type of reactor



3.7 Berty Reactor
The spinning basket reactor of Turnar was converted to a Berty reactor by
extending the reactor casing and fitting internal baffies and an impeller Extensive
experimentation usirig a full size Lucite model determinad that a forward/curved bladed
impeller performed bast, though high speseds of over 2500 rpm were r q;;nrgd to
achieve visible flow through the packed bed even at a low catalyst loadings (1-2 g To
achwave the requwred fiow pattern, it was found that the clearance of the impeller had to
be as low as possible so that bypassing of the catalyst bed was reduced to a minimum
This testing was performed using a hot wire anenometer with smoke from hot solder
to 4000 rpm and it was anticipatad that this would be well in axcess of that required to ‘

ensure (deal Berty reactor operation The residence time distribution of the reactor was

test, however. 1n which conversion was plotted against /mpeller speed, indicated that this
was due to simple mixing with bypassing. and not to circulation. The results of the
convarsion vs. rpm test determined that ideal mixing and circulation could be ensured
only at impelier speeds of greater than 3000 rpm

Attempts to obtain steady st;ta kinetic data were frustrated because the catalyst
activity appeared to increase ovar the course of aven one run. This was found to be due
to carbon dust originating from the lower high—temperature graphite bearing, entering

the reactor and providing additional catalytic material The stainless steel shiald whose
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oven was too small and this was not possible. Ultimately, the fraquency of mantanance
that was required to cléan the reactor vessel and aiso replace the carbon bearing made it
desirable to use shother reactor

An Au*tc;c:lava Berty type reactor was obtamned to replace this reactor. This
r'nctcu: was similar to that deveioped by Ea:\r et al. (6), and usad by Mahoney (55) in

studies of n—heptane 1somensation. [t was further evalusted by Berty (5). This is the



reactor shown in Figure 3.2 and its specifications are :

Volume = 664cm’
Catalyst Volumne = 257 cm!
- ] f
- Max RPM = 1500
L 8

Max Prassure = 2000 pmi
. - Max Temperature = 2500 K
Catalyst Bed Diameter = 254 cm

impaeller Diameter = 1016 cm
Kuchcinsk! and Squires (46) have developed an empirical set of equations for use
in determining whether or not the Berty reactor will function properly (i.e. without

significant temperature and concentration gradients), during low pressure operstion

densitiss 11 15 difficult to mamntain sufficiently high mass velocities in tha reactor. in order
to alminate temperature and concentration gradients, a lower pressure imit of 45 psig
(31 = 102 Pa) shouid be observed The mass velocity of the gas through the catalyst bed
governs the thickness of the stagnant boundary layer at the catalyst surface and in order
had established that the Berty reactor could operate satisfactorily at 1 atmosphere by
examining the reactor performance in the reaction of CO with O,

The equations that Kuchcinski and Squires derived were based on the following
reasoning

If an adiabatic catalyst bed is assumea and the conditions are at steady state. the

hest generated by the reaction i1s equa’ *o the “est removed by the gas phase,

nAH

mCp AT

Using the Colburn ; factors (90), the mass and heat transfer coefficients can be

sstimated and the hast and mass balances yield
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Figure 3.2 Autoclave Berty Reactor
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Q=rp AH=haAT
N=rpr =kalX
From these, it i1s possible to calculate A X and AT directly

equations were derived to estimate the change in temperature and conversion across the
catalyst bed for any set of reaction conditions

The Reynoids number is defined as being.

¥
Re = (799 * 1049 (M P/T) (rpm/ 150044 Dp/ L) /@y u) 3

for Re < 50.
AT =112rp AHPr*4 (T/MP) * (1500/rpmi** (4/(L/Dp)** |
[Cp (ay P (u)) ... 132

AX =47000rp v (T/PR4/
[(a w )2 Dim)%7 (M/ & )¢ (rpm/ 1500)*$ (4 Dp/L)*#)
. (3.3

The full calculation and the definitions of the variables are given in the Appendix 2 and
the homenclature. For this work, the Reynolds number in the reactor is about 20 This
+esults in a conversion of 0.05% across the bed and a temperature difference of 0.02 K.
Thus these calculations support the assumption in this work of gradientiess operation on
the Berty reactor. . »
3.7.1 Autociasve Barty Reactor Description
of 316 stainless steel iInclhuding the gasket which sesled the reactor vessel. The impelier
was driven by a Magnedrive drive shaft which operates by a magnetic coupling, thus
sealing the reactor from the main drive.

Hest to the reactor was supplied by three separate heating elements. These were

fitted inside a heating jacket which slipped over the reactor housing. The two main
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heaters, gach rated at 2000 watts, covered the outer wall while the third, rated at 1000
watts, cavaﬁ?a tha top The two man heaters were linked in series and supplied by a
208 volt supply. The top heatyr was connected to a 110 volt supply The main heaters
were controlled using a Foxboro controller. whereas the top heater was controlied using

a Variac

protect the heaters from overheating This was set to' 500 °C. The Magnedrive shaft
was protected from the hot reactor by a water jacket The water flow rate was
monitored by a conductivity switch which would cut the heater power should the flow
cease The reactor temperature was monitored with Chromel-Aiumel thermocouples
Lastly, iron-constantan thermocouples were inserted between the oven casing and the

reactor wall to act as the sensors for the controlier

3.7.1.1 Reactor Operation

1 The reactor screws were tightened to 175 ft-lb, using a torque wrench appliad
in incremants of 25 ft-ib cross-rotationalty

2. The reaction temperature was reached. starting from a cold reactor, after about
six hours. The reactor was kept hot over a period of several runs.

3 All rure were carried out at 1200 rpm and the tachomaeter was found to ba

accurate. This instrument was checked using a stroboscope.

e

4 Cooling to room temperature took about three to four hours.
€100 anti—galling lubricant was applied to the screws at each dismantiing. This was
carefully cleaned off each time and no problems were encountered with seized screws.
Throughaut this work; ﬂé reactor performed without any trouble, except
towards the end when it was discovered that sulphur had back diffusad past the tap
besring and condensed on the shaft The added friction caused the magnetic coupling to
slip. The amount of sulﬁhur WAaS v,er'y small. however. in comparison to the langth of time
the reactor had been in operation and it was extremely unlikely that it had an effect on



3.8 Suiphur Condenser

modification to adapt it 16 high sulphur flows. The main addition was a sulphur raservoir.
This coliected all the sulphur that condensed and had sufficient capacity to require only )
infrequent emptying This vessel was added because it was found that liquid sulphur
would plug the line leading to the top of the apparatus. This would cause pressure
fluctuations eventually leading to excessive entranment and plugging of the downstream

system.

3.8.1 Operation

The sulphur condenser's performance was satisfactory considering that it was
found impossible to remove all the sulphur in one condanser even at 115 ¢C (just above
the melting point of 113 °C) It is likely that this was due to the formation of sulphur
mist, a problem in industrial plants (9 1)

{Approximately every two to three sulphur syringe fillings, the reservoir was
removed, and emptiad with the ad of a propane torch It was found that vibration from .

the circulation fan motor tended to loosen some of the Swagelok fittings over a period

of time and it was important to ensurgghat these were tight at the beginning of a series

of runs in order to aliminate laaks

3.9 Secondary Condansers

A small amount of sulphur was found to entrain from the main sulphur condenser.
the first cold spot encountered. A system of three sacondary condensers (15,16,17)
was used to cope with this problem. This was operated in the following manner (the

vessel numbers refer to Figure 3.1) .

1. Vessel 16 was unheated. It was packed with glass wool in the top section and
sulphur and some of the watr vapour, too.

2 Vessel 17 was required to condense the remaining water, otherwise it would
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condense in the line to the controi vaive Bdth vessels had valves so that the
condensed water could be drawn off rapidly

3 Vessel 15, in the GC sample line. was filled with 316 stainiess steel turnings and
served to remove the entrained sulphur in this line. This vessel and the line
downstream were heated to approximately 80 °C to ensure that no water

condensed before it reached the GC.

The line from the sulphur condenser to vessels 15 to 17 was maintained at a

temperature similar 1o that of the sulphur condenser

3.9.1 Operstion

The main condensing system worked satisfactorily and the load on the secondary
condensers was rarely too high. When it was, however, the entrance to vessel 15
became plugged. Usually, this was found to be due to the fact that the temperature of
the main condenser had risen. The vessel flange could be removed and the plug

eliminated by melting it, using a propane torch.

3.10 Gas Chromatograph

A Hewilett Packard 5700A gas chromatograph was used in conjnction with a
Hewlett Packard 3700A integrator to perform the product analyses

The product stream with the sulphur component removed was sampied manually
for 12 seconds. The sample was passed through a five foot Chromosorb 108
1/8th inch column, using Helium at a flow rate of 35 mi/min  The column oven
temperature was 90 °C. A thermal conductivity detector (TCD) analysed the sample

composition. The temperature of the TCD was 115 °C and the current 160 mA.
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The GC was calibrated several tmes throughout the course of the experimental
programme in order to ensure that the response factors remained constant The
overheating of the column oven required the replacement of the columns and the TCD
filaments The new columns and operating conditions altered the response factors
slightly. Otherwise, the response factors remained constant The calibration procedure
and results are reported in Appendix 1

A sample chromatogram s shown below in Figure 3.3 S;mple analysis, at a
sensitivity of 003 mV/min. and allowing for the slight tailing of the water peak, -took
between five and eight minutes depending on the water concentration On the average.
ten samplings per hour could be made.

Previous studies performed by Liu (53) and Cho (15) had determined that a column
consisting of Chromosorb 104 (4ft) and Poropak Q-S would satisfactorily separate the
Claus reaction components. A column of this type was used initially, howaver,
Chromosorb 108 gave a better separation and was adopted instead. The tailing of the
water peak was less and the elution time shorter This advantage may have been due to

the iow concentrations of H,S and SO, involved.

3.1 Process Messsuremaents

3.11.1 Pressure
1 Atmospheric measured by a Fischer mercury barometer in the neighbouring

laboratory, reading in mmHg.

2. Nitrogen measured using a USG gauge, calibrated at 8.5 psig, reading accurate to
0.1 psig
3 Reactor - measured just upstream of the sulphur mixing, using a Dynisco

pressure transducer PT25-30 and a Foxboro chart

reacorder.
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3.11.2 Tempersture
1 Feed sensed by an iron—Constantan thermocoupie

2 Reactor sensed by a Chromael-Aiumel thermocouple

All thermocouples ware connacted to a Honeywaell 24 point chart recorder

calibrated to read 0-30 mV The reference thQF,I:;LTE was 0 °C, using an ice~water

&

bath ' : ]

3.11.3 Flow Rates

=

1 Nitrogen Volumetric flow rate measured by a dif farential pressure cell,
2 Water Mass flow rate obtained from the syringe pump calibration.
3 Sulphur Mass flow rate obtained from the syringe pump calibration.

.

3.11.4 Process Control

\ Nitrogen flow Moore differential flow controller
2 Reactor pressure Foxboro controlier
3 Reactor temperature: Foxboro controlier.

3.12 Calibrations

1 Pressure Transducer
cm Hg = 0.89557 « R% + 001379 =

where R is the chart reading P

2 D/P Cell

Q! (i/min)? = 0.089984 » R% - QD?gm
3 Thermocouples -7

Reactor - Accurate to within recorder reading. +0. 15 mV.

4 - Water Syringe Pump’ |
| Range 0.01:- G (g/min)
Range 0.001:= G (g/min)

466522 » 104« R% - 93262 = 10"

456200+ 10*% R% - 1.0665 » 10~
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5. Suilphur Syrmge Pump

Gear g-atoms S,/min

L = 4.686 » 10 \ )
H1 = 7376 % 10!

L2 = 9979« 10-?

H2 = 14817 10"

L3 = 19420+ 10+

H3 = 30729 = 10

6 G.C Response Factors

2
H,0 = 08747 + 0.01918 « moi% - 0.00091 » (Mol%)

H,S = 1841969
SO,

12077

3.13 Materials
Specifications sﬁpphgd by the manufacturers
Nitrogen . Linde Gas products High Purity 9989% = . . = A O, main impurity -
Sulphur - Fisher nf grade sublimatad <. .. ... . HO main impurity
Water  Triple distilied (24) 9999% e N, main impurity
Catalyst - Kaiser S201 alumina »
area 380 mi/g ‘
. ' chemical composition,
S0, 0.02%
' Fe,0, 002%
TiO, 0.002%
Na,0, 0.3%
AlLO, 93.6%
" loss on ignition 6.0% !
size, 8-9 mesh, 2.00-2.38 mm~,
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3.14 Alternative Equipmant

Over the course of this study, several forms of equipment were either modified
or ciscarded The reactor used in the preliminary sieges of this wc:ﬂr. and the reasons
for discarding it have been discussed This was replaced manly because it FB'QLHFBE!
frequent maintenance The original gas chromatograph, a Microtek 2003. was replaced
with a Hewlett Packard 5700 for the same reason The recorder baseline often became
noisy This problem was attributed 1o an indetectable ar lask and was not encountered
with the Hewlett Packré gas chromatograph.

The main disadvantage of the experimental systerm was the rregularity that was
observed in the water feed when both the sulphur and water pumps were operating.

Two approaches could be taken in the attempt to solve this problem

1 Suiphur Feeder

Since the syringe pump itself appeared to operate smoothly, the root of
the pcoblem was likely to be the successive drops of suiphur evaporating
irregularly in the sulphur mixing vessel The surge vessel was inserted to smooth
the flow. This vessels capacity was large enough to accommodate the flow
between one sulphur drop and the next No difference in the flow characteristics
was observed between high and low flows of sulphur and so it was unlikely that
an even larger vessel would have aased the problem

The replacement of the pump itself with a suiphur saturation system was
considered Many operational problems waere anticipated, however, and the use
of such a system would have required the entire rebuilding of the reactor feed
system. It was decided to continue with the syringe pump in order to determine

whether sufficiently precise data could be obtained with the original equipment

2 Water Feed
It was possible that the fead fluctuation was due to tha actusl viriation in
' the water flow itself. It would have been possible to eliminate this using a water
saturator. Since this equipment would have been considerably easier to build and

'tost than the suiphur ssturator, preliminary tests were made smploying a water
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saturator without the equipment required for the fine metering of the flow. This
apparatus consisted of two water spargers in series. immersed in a
thermostatically controlied wWater bath

Unfortunately. several problems were encountered. The system had a mgh
prassure drop which rastricted the flow rates that could be obtained with the
normal pressure available from a standard nitrogen cylinder (60 to 70 psigl The
fixed sulphur flow rates meant that the water flow had to be easily adjustable.
This was especially desirable in view of the amount of data recuirad in an
experimeantal initial rate study. The main reason, however, that the saturation
system was discarded was the fact that the scale deposited in the sulphur mixing
vessels proved to be catalytic, and it was necessary to add the water feed just
before the feed straam antered the reaactor In order to allow a sulphur saturation
to ;:parite, two stresms, one of water/nitrogen and the other of
sulphur/nitrogen, would have to be blended By careful control of the
compositions of aach stream and the ratio of ther flow rates the required feed
stream composition could be achieved A much more complex feed system
would therefore have been required in order to improve on the one used in this

work

To summarise, it is likely that the above problems could be solved, but that a very
much more complicated and expensive feed system would be necessary. This would
probably involve the use of water and sulphur saturators, and inciude tha use of two
separate feed streams. S/N, and H,0/N, Each of these streams would require on-line
analysis and precise flow measurement and control A sulphur saturation system would
require precise control of high temperatures, 300 - 400 *C, and of nitrogen flow rates,

in order that the particular feed flows required could be quickly and reliably obtained



4. EXPERIMENTAL PROGRAMME

4.1 Introduction

The Claus reaction 1§ a reversibie reaction with the squilibrium favourng the
reverse reaction, that 1s. the production of sulphur and water With such a reaction, itis
necessary to consider both the forward and the reverse components in any kinetic
snalysis. This requwrement necessarily doubles the number of parsmaters to be
deterrmined by the data reduction. it 1s advantageous. therefore. to simplify th- rate
equation by considering the special case of the invital rates. This will set the product term
in the overall rate equation at zero. in which case the reaction may be regarded as a

single. irreversible one For example. for the general gas phase reaction

A+B =¥ C+D

4.1)
the general rate equation is of the form
—-Ra=k,PaPb-k,PcPd
; ' - 4.2)
in the nitial rate case. the last term —> O,
~R(iritial rate) = k, Pa Pb
4.3

The number of axperimants ra&uiraa to collact initial rate dats 1s far greater than
that required for irraversibie reaction studies, since a serias of firte rate data points are
required to obtain one ihitial rate datum. The initial rate method, hQWEV;E reducas
considersbly the total number of parameters that must be estimated from the data This
aliows the data to be used to obtain more specific information on the reaction rate. Also,
the data is not wasted since, once the forward and reverse terms have been determmed,
ail the data collected may be used to estimate the form of the overall rath equstion. The
present study does not include such an analysis of all the data

McGregor (56) used the initial rate n’\-“md to investigate the forward Claus
reaction He fallaﬁ:é the data analysis suggistld by Mezaki and Kittre#! (59). This work
will adopt that same doproach. Essentially, the following argument is spplied (48)

38
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The mass balance for a CSTR yieids .
-R = Fa Xa/W1t e ... (44)
Rearranging this we obtain ;
' Xa = -R Wt/Fa S 7.¥

A plot of Xa versus Wt/Fa will yield a smooth curve. the siope of which, at a
gven conversion and reciprocal mole flow rate, 1s equal to the rate of reaction

Howaever. this rate of reaction 1s not the overall rate of reaction since the molar feed rate

“to the catalyst bed is not the same as the molar feed rate to the reactor In the imit, as

Wt/Fa ==> 0. Fa --> infinity  the mole feed to the bed and the reactor are aimost
identical As a result. the slope of this curve at the QF;QIF\, that 1s. zero conversion, will be
equal to the intial rate of rasction

The siope at the ofigin may be derived from the experimental data by fitting the
painis with some smooth curve that passas through the origin by L;sing a lesast squares
parameter estimating technique Mezak: and Kittrell (59) suggested using the nonlinear

curve,

<
Hii

A tanh(B X)

AN
where X is the independent variable snd Y the dependent variable. A and B are
parameters which must be determined by a least squares analysis This curve has the
.advantage that its derivative at the origin, which 1$ equal to ( A#B ) . may be calculated
analytically (Appendix 3) Thus. the initial rates may be obtained quickly from a non-linear
least squares fit of thus function to the data A series of conversion vs.
(mole flow rate) ! curves will therefore yieid the initial rate vs partial pressure data

required to pefform an empirical study of the reverse reaction

reaction can be calculated By conducting initial rate runs at dif ferent temperatures, it is
possible to determine the apparent activation energy and the temperature dependence of :
the rate constant by a plot of loglk) vs. 1/T (48).



4.2 Preliminary Experiments
Several preliminary experiments were necessary to ensure that the rate data

obtained were raliable

4.2.1 System Inertnass

Imtially. and at several times throughout the experimental study, the reactor
equipment was tested for catalytic activity. This was done simply by feeding the
reactants into an empty reactor and testing for reaction products. The spinning basket
reactor system originally used (82) was found to be catalysing the reaction. By careful
cleaning of the sgquipment, the reaction products, attributable to residual carbon dus? in
the reactor. were reduced 1o a negligible amount Though the Autoclave reactor was
found to be unreactive at the beginring of its use, after a period of time reaction was

discovered to be taking place in the sulphur mixing section. This was attributed to a

vessel It is believed that this material originated in the sulphur syringe itself, possibly
from the teflon "O"-rings, and possibly from the valve packings The vaives themselves
had to be replaced on two occasions because they leaked Complete cleaning of the
interior of the sulphur mixing vesseis proved to be impossible. so they were replaced
The probiem was effectively sirminated by placing the water feed just before the
reactor The deposit was effactively trapped by the mixing vassels and thare was no
further problem with extraneous reaction Unfortunately, however. this arrangement
preciuded the use of water saturators for the water feed

Particular attention was paid to the possibility of reaction within the sulphur
for system inertness were carried out with the full experimental system which included
the sulphur condenser Since liquid sulphur was present in the condenser and no
hydrogen sulphide or sulphur dioxide were detected, it was concluded that liquid sulphur

L ]
did not catalyse the reaction
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4.2.2 |deal Mixing snd Bulk Diffusion
All reactors of the CSTR configuration must be evaluated to ensure that the basic
asswnptu:m of ideal mixing 1s valid The Berty reactor can easily be tested by running the

the reactants across the catalyst bed 1s no longer infiuencing the reaction rate Figure 4.1
shows a plot of conversion versus impalier spead This shows a ragime in which the
impelier spead has no effect on the conversion As the figure indicates. ideal mixing is
achieved at impeller speeds af grester than 1000 rpm

The fead acﬁdrtnons used in this test were more severe than those used in the
kmetic runs. A higher space velocity snd catalyst loading ensured that the actual kn:atu:
experiments would be carried out under ideal mixing conditions. An impelier speed of

- 1200 rpm was therafore chosen for all runs.

The impeliar spead expariment-also detarmined that naither interphase, nor bulk
diffusion effects, were rate imiting.

(A similar experiment with the Turner spinning baskat raactor determined that
much hgher speeds were required 1o ensure ideal conditions pertained inside the reactor
vessel because of the small diameter of the impeller)

4.2.3 Catalyst Activity 8

It is essentiai in any heterogeneous catalytic study that the catalyst activity remain

constant over the period of the experimants, @tharwnlsg it bacomes an additional varishie,
one which i1s difficult to quantify The analysis of the deactivation of catalysts is a
specialised field of study In this study, Kaiser $201 alumina catalyst was used This 1s
reported to be a very robust catalyst (67) which maintains its activity over long periods
of time.

It was found that the apparent activity of the catalyst in the Turner spinning basket
reactor system increased with time. This was stiributed to carbon dust rather than to any
real increase in activity.

With the Autoclave reactor, the activity of the catalyst was found to remain

constant over the period of the axperimantation.
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4.2.4 Volume of the Reactor

The volume of the reactor was measured in the following way. For an ideal gas at
constant temperature, P V = constant From this relation, the volume of a vessel may be
calculated The theoretical analysis 1s given in Appendix 1.

Figure A—-1.2 in the appendix illustrates the apparatus used to determine the
reactor volume A cylinder of known volume (500 n*) was filled to aba!ut 70 psig and
connected via a valve to the reactor Atmospheric pressure was recorded and the valve
was opened slowly to allow the gas to expand into the reactor ideally This procedure
_was repeated six times and the voiume of the reactor was calculated each tme. The
actual reactor volume was taken as the average
4.2.5 R.po-tlbilit\; of G.C. Pesk Arsas #

- The accuracy of any reaction study is limited by the reliability of the product
sampling techniques. It was found that the water syringe feed gave a constant water
flow rate as shown by the GC water peak area For example, for one particular flow

rate,

+

" Average H,0 Paak Areaa % = 1.920 = 0.0590 (3.07%)

The syringe was calibrated for the entire range of flows to be encountered, and the
actual water composition in the stream was known. It was this method that was used to
calibrate the GC water pesk. The introduction of the sulphur feed, however, caused the
water peak to fluctuate by as much as 10% As a consequence, it was decided to ;
calculate the water feed concentration directly from the products using the hydraggni
sulphide peak in order to establish the actual water feed.

From the product snalysis, the molar flows of H,S and H,0 were calculated From
the reaction mass balance, the molar flow rate of water in the feed stream must be equal
to the sum of the H,S and H,;O product flows.
the water feed rate and as a rasiilt the sctual water feed flow was unknown. The

materiasl balance across the reactor can now be checked by the g—atom balances on



oxygen and sulphur anly

An important consequence of using this method is that the observable error
associated with the product analysis is distributed between the calculation of the water
feed and the product, rather than being concentrated in the product analysis. This will be

discussed more fully in the discussion section 5.8.

4.2.8 |deal Gas Lew

In the material balance calculstions used in deriving the rate data in this study. the
ideal gas law has been assumed to be valid This assumption s shown to be valid by
calculgion of the component fugacities. (Lewis (50). Pure component fugacity
coefficients may be estimated using generalised compressibility charts and the principle
of eorrasponding states. The critical constants and the reaction systam are shown
below. The fugacity coefficients are estimated from the generalised property charts of
Newton (64). It 1s apparent that, at the temperature and pressure of the raactor, the
fug:«:rty coefficients are very close to unity. Though the charts are not pracise at such
low reduced pressures, the error is but a few percent At room temperatures,
McGregor (56) indicates the gases may all be treated as ideal. Sulphur is not part of the

material balance at room temperature

Tabie 4.1 Critical Constants and Fugacity Coefficients.

Specias Te (K) Pc (atm) Zc Pr Tr (600K) Y
{1.46atm)

N, 126.0 335 0.291 0.0436 476 1.0

H,S 3736 889 0.284 0.0164 1606 10

S0, 4307 778 0.269 00188 1.393 1.0

H,;Z) 6474 2183 0.230 0.0067 0927 10

5 1313 1797 0.2 0.0081 0.457 098

The critical property data were obtained from JANAF (36) thermochemical tables

for all species except sulphur whose properties were obtained from Rau et al(71).
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reach an equilibrium distribution of species. Although data is available on the equilibria of
the various sulphur specieé, none i1s avallable on the rates of these reactions. Berkowitz
{4) considers these rates briefly He raports that there is evidence that the rate of
equilibration of the sulphur species 1s slow He suggests that the activation energy of the

equilibration i1s probably reiated to the strength of the sulphur=sulphur bond in the ring.

A largs surface area is reported as being an aid in achieving equilibrium sulphur vapour
The nature of that surface was also a factor. Qualitative experments to determine the
rate of equilibration were made over the range of 300-350 K

The temperature and design of the suiphur mixing systam ware such that they
would tend to improve the rate of equilibration. The sulphur mixing vessel was tilted at
an angle of approximately 25° from the vertical. This would ensure that the liquid sulphur
droplets would fall directly onto the vessel wall providing a large surface area for
evaporation. The sulphur inlet line was 1/16 inch stainless steet tubing which projected 1
inch into the vessal and which had been filed to resemge):yrmge needle. This
arrangemant ensured that the incoming suiphur contacted“he nitrogen flow directly and
the needle itself provided as large an area as possibie for evaporation. A surge tank was
also added to increase the time available for the mixture to equilibrate. Thare is no
simple test, howeaver, to detarrmine whather the assumption that the sulphur vapour

equilibrium is attained is a reasonable one

4.2.8 Intra-phase Pore Diffusion

Diffusional resistances within the catalyst pellet may be rate—limiting (10, 48, 73).
These affects depand on the relative rates of diffusion and on the surface reaction The
single pore modai, as analysed by Levenspiel(48), shows that the rate of raaction will be
diffusion—limitad if (L k/D} < 0.5 Thus, for small L, pore length (that is, small catalyst

pellet). slow reaction rate, and high diffusion, it is less likely that pore dif fusion will be

-t is possible, then, to test whether such an effect is present by a seriss of

axperimants measuring the conversion versus catalyst peliat size McGregor (56)
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performed this test with two catalyst sizes, 0.6 mm and 0.25 mm The rate of reaction
was much higher with the smane.r catalyst pellet McGregor concluded that the rate was
. proportional to the external surface area of the catalyst George (30} and Landau et al.
{47) determined that. with pellet diameters of over 2 mm. all the rate function
paramaeters, except the rate constant, remained constant Liu (53 analysed his ir studias
of the Claus reaction using criteria suggested by Hudgin (89) and also by estimating the
effectiveness factor. He used catalyst wafers 2 mm thick. He concluded that pore
diffusion was insignificant in his studies : ' .
No test for pore diffusion effects was made in this study McGregor's v
conclusion that the reaction rate was proportional to the exte:nal area of the catalyst is
assumed to be valid in this study. The catal{«st size used in McGregor's work was 0.6 mm
as compared to 2 mm in this study The reaction rate. however. is much less == by a
tactor of ten . (see Appendix 2) - so that the possibility of rate—limiting pore diffusion is
much less. The possible effect of significant pore dif fusion resistance in the light of the

data obtained in this work will be examined in the discussion section, 5 8.

4.3 Kinetic Experiments

The reverse Claus reaction is a function of the partial pressures of water and
sulphur, and of temperature. Since it was expected from}he results of previous studias
on the forward reaction (30,53,56 ) that water adsorptior; would inhibit the reaction, the
easiest parameter to 1solate and evaluate was that of the order of the reaction with
respect to sulphur, since in that case the water partial pressure is kept constant as is the
reaction temperature. Having established the sulphur order of reaction, the dapendence
of the reaction on the partial pressure of water can be investigated with a view to
establishing whether or not water does indeed inhibit the reaction, and whether an
adsorption term in the rate expression can satisfactorily explain this inhibition. Additional
runs at higher temperatures may then be made in order to investigate the temparature

dependence of the reaction.
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4.4 Experimental Procedure
4.4.1 Start-up
initially. the entire system was flushed with nitrogen The termperatures of the
various sections were adjusted when necessary. The entire system including the praheat

oven, sulphur condenser, et cetera. took about ten hours. when starting from r«:::;*ﬁ
temperature. to come up to operating temperature About one hour before running, the
flow rate of nitrogen was set to that required for the experimental runs in order to allow
the tempearatures to aquilibrate.

The flow rates of N, and H,0 were determined by the particular sulphur syringe
gear that was engaged The settings that were required to obtain these flow rates were
calculated from the calibration equations for the D/P cell and the water syringe pump
respectively.

Once the temperatures and pressures were as required, the water feed and
reactor fan were started It was important to check at this stage that the system was
functioning as expected. since it was possible that the water feed line had become
blocked The gas chromatograph was used to check that the required partial pressure of
water was being achieved
’ Once the system had come to reasonable steady state, as determined by the
temperatures, flow rates and G.C. analysis. the sulphur flow was started. The appropriste
gear having been engaged. the sulphur feed valve was opened. Unfortunately. the only ‘
indication of sulphur flow was the appearance of reaction products in the ef fluent
stream When starting from a suiphur-free system, it would be one to two hours before
the sulphur feed was fully established and steady state attained.

The required feed rates having been attained, quantitative analysis of the product
stream was possible The reaction products were monitored over a pariod of about an
hour in order to establish the true steady state reaction. The general procedura was to

obtain six analyses at the steady state which might then be averaged.
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'4,41 Running
Once the system was operational. the steady state could be altered quite rapidly
by adjusting the feed ratés of the reactants The reactor returned to steady state within
15 minutes of its being c:hénggd, In thus manner, several runs could be made in one day
It was important that the tenapgr‘at;rss and.pressures of the system ba monitored
regularly to ensure that any problems, especially plugging by sulphur, were detected

quickly.

4.4.3 Shutdown

After a seras of runs were eérﬁpletéd, the system was shut down it was
important that this be done carefully to avoid sulphur condensing anywhere other than
inside the sulphur condensers This was achieved by immediately shutting off the sulphur
feed and closing the sulphur feed valve, thus isolating the syrings from the main system
The relative amount of sulphur passing through the reactor could be estimated by a
continuation of the monitoring of the product stream with the GC On Svar';’ge, 1t took
about 60 minutes for the amount of reaction products to become negliglible At this
point, the ww feed was stopped. Full nitrogen flow was mantained for another 30 to
60 rainutes and then was reduced to a few cc's per minute The drain vaives of the final
condensers were opened &t this point to drain off the collected watar and also to ensure
that the low flow nitrogen had free passage

The entire system was left at the operating temperature overnight so that the next
set of runs could be begun quickly This was also found to be axtremely useful as an

extra precaution aganst the condensation of any raesidual suiphur in the linas
4.4 4 Maintenance

the sulphur condenser The condenser was not arranged so that this could be performed

on-line. Though on-line cleaning would have been sn advantage, the modification

and therefore decreased the need for cleaning.
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The build up of scale inside the sulphur mixing vessels was the only other serious

problem This was bypassed by placing the water feed just before the reactor

4.5 Data Reduction

Most of the experimental measurements of temperatures, pressures. and flow
rates. were obtaihed in terms of a percentage of full scale readings on an electronic
. recorder. \The rest were obtained by a variety of other means. Atmospheric pressure,
for example. was read from a barometer in mm Hg Feed water flow rates were
obtained from the calibration equation of the syringe pump (see Appendix 1) and aiso
from the reaction mass balance Nitrogen feed pressure was read in psig directly The
temperature recorder, to degrees Celsius using the thermocouple tabies from the CRC
handbook (14) and the calibration factor. The pressure data were converted to absolute
prassures in atmospheres according to the calibrationweguations as derived in Appeandix 1
The nitrogen flow rate was converted to litres per minute by means of the calibration
equation as shown 1n Appendix 1

The product CGH‘\BQSH!GHS‘WBFB calculated from the gas chromatograph peak
areas for each component as shown in Appendix 2 These gave a mole per cent on 2
sulphur free basis The actual mole percentages were obtained using the mass balances
The ideal gas law was applied to all species and the nitrogen gas stream served as a basis
for calculation since this component was inert and the same amount comprised the fead
and the product streams From the calculated nitrogen flow and the product
compositions, the molar flow rate of each of the products was obtained

The equilibrium distribution of the sulphur species was estimatad by using the
Gibbs free energy minimisation method and by assuming that only the sulphur species
5. 5. S, and S, were present in the vapour It is known that this is only an approximate
method of estimating the suiphur species distribution (72) but these species were chosen
with the view that the free energy data on them are the most reliable available

The fractional conversion was obtained from the difference in the molar flow

rates of each of the resctants.
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The partial pressures of all species were calculated using the calculated sulphur
species distribution. and assuming these species to be in equilibrium with each other. the v
mole fractions of the other species. and the total pressure

A computer program for carrying out these calculations, including the processing
of the raw data and the reactor material,bslance. 1s shown in Appendix 3 A listing of this
program. a flow chart describing its operation. and a detsiled caiculation of one set of

raw data is given

4.5.1 Initial Rate Calculstion

In order to obtain initial rate data, it was necessary to plot convarsion versus the
inverse molar flow rate and obtain the siope of the resutting curve at the origin. This was
done by fitting the curve Y = A tanh (B X) by means of a non-lIinear curve fitting
technique The method used was that of Meyer and Roth (58) and it proved axtremaely
effective in the calculation of a least squares estimate of the parametars of the Tanh
function, provided that the experimental data had been scaied to ensure that the
exponentials were small The initial rate 1s given by the derivative of the function at the
origin. This function may be differentiated analytically as shown in the Appendix. Thus,
the initial rate is obtained by multiplying the non-linear least squares estimates of the

parameters A and B Appendix 3 hists the program used to fit this data



8.1 Introduction

A total of 173 finite rate experiments were performed Of these. 113 were
performed at a constant temperature and water partial pressure From this data, the
initial rate of reaction is derived for 10 sulphur partial pressures In addition, the
equilibrium conversion is estimated for 6 different sulphur partial pressures Of the
remaining runs, 50 were carried out at constant sulphur partial pressure and a further 8
initial rates were obtained. An additional 10 runs were performed at two higher
temperstures, yielding another two nitial rates.

Each indwvidual run 15 identified by a five character name. viz

SI04A, - Sulphur Initial rate data aet,
ia. sulphur partial pressure varying.
04 10 » nominal total sulphur percentage in feed (0 4%).
A, individual run identifier

hence,

WIQ 1A - Water Initial rate data set.
ia water partial pressure varying
01, nominal percentage of water in the feed (1%)

A, individual run identifier.

WTSEHA - Water Temperature run,
ie. mitial rate with high water partial pressure and higher
4emperatures for the series of runs.
8. ﬁa;-ninal percentage of water in the feed. (6%)

A, individual run identifier

A total of 53 runs were made at iow space velocities during the deveiopment of
the reactor system These determined the experimental conditions required to obtan

repestable data and also provided a series of dsta sets from which it is possible to

(%]

1
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astimate the equilibrium conversions
Prior to reducing the quantity of catalyst employed in order to atiow the taking of

initial rate data, the GC oven ran “wild’ Inexplicably, the oven heater was suddenly given
full current. and the temperature rapidly increased, baking the column and fouling the
thermal conductivity datactor fildments. The column and the fuaments wa%e replaced and
the GC recalibrated T'h; problem recurred on two occasions, however a lead thermal
fuse was used to protect the column from overheating and there was only a short
interruption in obtaning the experimental data As a result of this prgbleﬁ‘\. all the
experimental runs used to obtan the initial rate data were performed ;ftar the G.C had
been re-calibrated. from October 1980 on Runs conducted prior to this date were not
used in the initial rate analysis but were used to determine the equilibrium conversion
The GC calibration for these prelminary runs 15 tharefore shightly different

Appandix 3 contains both the computer programs and sample outputs that were
used to caiculate the valuss of the kinetic parameters of the reaction The computer
program EXPTCAL was used to analyse the raw data obtained from each run A sample
of the main output from this QFQQfSﬁ:\ 1s given after the program histing. A summary of
each and every run that was performed 1s contained in Appendix 4 The program
REGRSS was used to analyse the conversion/space time exparimental data The
subroutine NLSYST astablished the non-linear least squares fit to the data The output
from this program illustrates the experimental data points and the least squares estimated
points. This output is contained in Appengix 4 The program IRANAL was used to
caiculate the least squares estimate of the parameters of the function which it had been
suggested would describe the water dependency of the reaction (equation 1 1). The

output from each of the various estimates of these parameters is given in Appendix 4.

%.1.1 Sulphur ngir_vécﬁéi

intial rate experiments were performed to determine the order of the reverse
Claus reaction with respect to sulphur. These were performed at 8 constant pressure.
temperature, and partial pressure of water The partial pressure of Eulpﬁu’ WaS v-nnd
over the entire range that the experimental system would permit The mole fraction of

sulphur(8) ranged from 0 14 - 2 0%. corresponding to a partial pressure of
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266 - 3000 Pa The partial pressure of water was heid constant at about

2.5%. ie. 3700 Pa The temperature was 592 K and the pressure. 146 stmospheres. A

rates At jeast 3 runs were made for each set of conditions at molar feed flow rates as

high as possible in order to obtan data near to zero conversion

The water dependence of the reaction was analysed by performing initial rate
experiments at a constant suiphur partial pressure of 753 Pa  The temperature and

pressure were equal to that used in the suiphur experiments. that 1s 592K and 146 atm

respectively. The mole fraction of water used varied from 1 to 14 5% and eight
dif ferent partial pressures were employed. The partial pressure of S, was about 0.5% of

the Esul pressure. A total of 50 runs were made over a range of inverse moiasr feed
rates tjf 1 - 40 g hr/mol !

A minimum of § runs were made at aach sﬁ of conditions. Five runs were
possible since the water feed rate could be smoothly varied over a wide range. As with

the S| experimental series. the highast molar feed rates possible were employed.

5.1.3 Tempesrsturs Depsndencs

Two additional initial rate data sets were carried out at teamperatures above
592 K. namely 624 K and 653 K Higher téﬁ"lf}érit;fés wera chosen to avoid any
probiems that might have arisen by operating close to the sulphur dew point At the
partial pressures of sulphur empioyed, the sulphur dew point was around 550 K. The
partial prassures of the reactants were kept close to that of the 592 K set of runs,
WI06E, although exact correspondence could not be achieved since the higher
temperatures are axpected to alter the sulphur species distribution An additional 10
runs were performed which, combined with the WIO6 data set, give the initial rate of

resction at three termperatures



5.2 Anslysis of S! data
A total of 62 runs were performed at a constant water partial prassure in order
to establish the dependence of the reaction on the partial pressure of sulphur. These
runs are summarised in Table 5 1 below The full raw data are given in Appendix 4 The
conversion and space time data calculated in the initial data analysis. are usad to obtan
the rtial rate of reaction Figure 5 1 iliustrates this data for one data set SI04 The
results of the non-linear curve fitting program REGRSS are contned in Appendix 4 and
» these show both the experimental data and the fitted data The run SI25B was not used
in the data analysis since the calculated conversion was much lower than that suggested
by & smooth curve through the remaining points  An inspaction of the raw data reveais
that the prassure in the experimental systenr was much lower than usual for an
experimental run This would suggest for example, that a drain valve had been left open
This would reduce the molar feed rate of nitrogen and water increasing the relative
muﬁt of sulphur and as a result this run cannot be used for initial rate analysis
Having obtainad the initial rate data, the partial pressure of sulphur(8) may be
plotted as a function of the rate of reactign to illustrate the relationstip between the two.
A simple plot of rate against partial pressure yields a curve. The form of the rate »
equation that 1s thought to pertain (equation 1 11) suggests that a log-log plot will show a
straight line, the slope of which is the order of the reaction with respect to sulphur The
log—log plot (Figure 5.2) shows the data collected at various sulphur concentrations and
indicates a straight ine correspondence This plot 1s used to derive the order of reaction

with respact to sulphur by linear regression,

order wrt 5, = 0.397 + 12%

The limits of accuracy have been determined from the siope varisnce as shown in '

Section 5.6 1.



5104P
S1040
SI04N
slo4Q
SI04R
51045

Avgs

_SIOSH
SI051
SI05J
SI105K
Avgs

SI06!
SI06K
sio6J

DATA SETS Sl (summary)

PRESSURE
Atm
14783
14736
14783
14754
14757
14780
14787

14757
148089
14792
14792
14789

14839
14792
14816

WATER
perceant
1.8063
21248
2.1514
21921

20736
20480
20062

SULPHUR

" percent

01692
01723
01781
01862
01786
0.1858
Q1784

0.2594
0.2435
0.2507
02194
0.2433

0.2896
0.2938&
0.3057

55

Wt/MOLES X

g hr/mol
16753
21374
336.05
12698
80914
62844

317.69
20443
6070
7951

11984
58.76
7481

Conversion
0.0903
01089
01343
00876
0.0586
00463

0.1341
0.1128
0.05416
0.06101

0.0935
0.05022
0.07074




Table 5.1 continued.

RUN

SI08L
SIoBM

SIOBN

51080
5i108Q
SI0BR
sS108s
SI08T
sio8u
5108v
slosw

Avgs

SI0K
siQJ
SioL
SI1ON
SI1oM
S0P
si10Q
51100
S110S
5110R
S110U
Si107

Avgs

PRESSURE
Atm
14608
14728

14683
14681
14759
14771
14749
14820
14769
14792
'14821
1.4755

" 14669
1.4680
14669
14?51a
14551
1.4749
1.4820
1.4820
14793
1.4397
1.4596
1.4584
14680

WATER
20413
22316
20014
21379
21380
21159

771

]
[k 0]

SULPHUR
percent
03939
03742
04072
04066
04127
04014
0.3792
0.3809
04062
04145
0.4027
04013

06120
0.6048
0.6037
06141
06114
0.6287
0.6056
06352
05741
06036
05737
0.5857
0.6008

Wt/MOLES
g hr/mol
46954
30996
23543
23547
188.48
147 80
7496
9691
7188
5601
3704

288.22
44366
22463

. 14425

22300
70.12
4560
9059
5365
17870 4

| ]

w‘
b N
~

X
Conversion
0.0887
00999
0.0864
00876
00874
00801
0.0544

0.0708
0.0728
0.0696
00667
0.0762
0.05090

0.04327

0.06182
0.05608
0.0697

0.03038
0.04138



Table 5.1 continued.

RUN

S115G
SI15H
S5t
Si1sJ
S115K
SI15M
SI5L
SI15N
S1150
St15Q
SI15P
Avgs

PRESSURE TEMP

Atm
1.4669
1.4633

14751

14771
14783
14820
1.4796
14691
14742
14617
1.4596
14729

K

593.15
593 15
593 15
59115
53115
59115
59115
592 15
59415
59115
£9115
5915

WATER
percent
23538
22116

22999 -

2.3088
2.3948
24319
22564
2.2650
31418
24200
2.7280
2.3871

SULPHUR
percent
08776
0.8684
0.8456
08770
0.8929
0.8580
08772
0.9070
0.8688
0.9011
09276
0.9015

57

WU/MOLES X

g hr/mol Conversion
27542 00613
21326 00574
13853 0.0586-
1336 08576
86.80 0.0554
4365 0.0440
67.30 0.0472
5094 00379
3368 0.0455 .
1648 ' 00247
25.39 0.0312



Table 5.1 continuad.

RUN

‘SI20A
5120C
S120B

Avgs

SI25A
Si258
Si25C

Avgs

SI30A
S1308
Si30C

Avgs

SI35A
SI1358
SI35C
Avgs

14832
14814
14826
14824

14767
14791
14767
14776

59115
591.15
593.15
5922

591.15
59215
593 15
5922

593 15

593.15.

5383.15
593.2

WATER
percent
26142
26342
28231

2.6905

25436
2.1694
1.9308
22146

24213
25302
27816
25777

SULPHUR
percent
12235
1.253%
12738
1.2503

14018
16016
13233
1.3626

1.7430
17752
1¥534
17572

2.0464

20267
19433
2.0055

58

WH/MOLES X

g hr/mol
31.95
15.84
2447

31.35
2364
1593

30.60
2373

1545

1518
2350
3052

Conversion
00367
00227
0.0327

0.0336
0.0166
0.0232

0.0306"
0.0295

00223

0.0218
00267
00280
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Table 5.2 Sulphur Initial Rate Data
Pressure = 149352 » 10*Pa .

Temperature = 582 K

Water = 3489 Pa
Modsel Y = A tanh B X)

Data Set A B AnB ppS, sum of sqs
mol/g hr » Pa

[Va]

100
5104 0.1385 0.5300 7.3405 266.9 1.388410- ¢
sigs 01370 06201 84954 3646 4806410 ¢
Si06 0.1247 081852 10.165 4473 237910 *
S108 00911 0.9947 9.059 600.0 2.329#10- ¢
sho " 007081 1.658 11.740 8937 1603#10- ¢
sns 005499 2567 14.116 1345 2.129%10- ¢
SI20 004586 3516 16124 1848 9.622%10"
S128 003802 4459 16953 2043 3802%10- %
S130 003353 = 5365 18989 2639 1.147#10- ¢
s138 0.02937 6.353 18.659 3077 8.954#10- *
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Data Sat S104
Fitted Curve, Y = A tanh(B X)
O fitted points

Tempersture = 591.2 K

Partial Prassure S, = 266.9 N/m’

Partial Prassure of water = 3490 N/'m?

Catalyst weight = 0.6079 g
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Figure 5.1 Sulphur Initial Rats Plot
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Rate {S,) imol/g v}

4 = gxperimentsl data
Pressure = 1.47 atm
Temperaturs = 592 K

Partial Pressure of Water = 3450 N/m’

Weight Catalyst = 0.6079 g

Figure 5.2
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5.3 Analysis of W/ data
A total of 51 finite rate data points were obtained in order to derive the initial
rates used to establish the water dependence of the reaction Some 8 of these wera *
discarded and were not used in the determination of the initial rates The conversions of
runs WIO6C, WIOBC. WIN0C, Wi12C, WI5C and WI15D were all suspected as being
too low and when they were repeated. this suspicion was confirmed. These runs weara
all performed consecutively and the probable cause of the error was problems with the
sulphur feeder It is likely that the "low" range of sulphur syringe gears had bsen
erronecusly engaged This would result in less reaction than would be expectad at the
assumed sulphur feed rate and as a result the conversions were corraspondingly iow.
The conversion caiculated for the run WIOEF is 20% less than would be pradicted
by a smooth curve through the remaining data An analysis of the raw data indicates that
the molar ‘feed rate of water was more than 10% less than the average for the run. This
compares with a variation of +5% for the other water feeds As a consequence, this
datum was not included in the initial rate analysis.
The WI data sets are analysed in the same way as the Sl data Dus to the more
"flexible control of the water flow rate, it was possible to obtain at least five and usually
six separate data for each data set Unfortunately however. the proximity to the orign
was limited by the sulphur flow ratas which wars fixed.
A summary of the space time/conversion data is given in Table 5.3 below Figure
5.3 illustrates the experimental data for the data set WIO1 The initial rates that are
derived from the experimental data are given in Table 54 The full fitted data are given in
'the Appendix. )
Figure 5.4 illustrates the logarithmic relationship between rate and water partial
pressure. The data have been fitted by eye and a curvilinear relationship has baen

assumed.



TABLE 5.3

RUN

WIO 1A
wi0 18
wio1c
WI0 1D
WIO1E
WIO1F

Avgs

WIO2A
WI028
WI02C
WI02D
WIO2E
WIO2F
WI02G

Avgs

WIO4A
wioaB
WI04C
‘Wio4D
WID4E

Avgs

D\

AT

14737
14710
14648
14753
147861
14708
14720

14714
14612
14730
14722
14761
14720
1.4896
14708

1.4737
14652
14730
14722
14761
14721

TEMP
K

\[?m‘ \m\

(5] m
o w
L% T

un
v
o

593.15 |

591.15
59115
5922

59315
59315
59215
£591.15
59315
591,15
591.15
5922

593.15
59215
591.15
593 15
59315
592.4

A SETS W (summary)

WATER

percent

11436
09815
09918
10381
10070
09818
10266

22368
1.8135
1.9366
1.8204
20106
1.8234
1.8071
1.9355

SULPHUR

percent

0 4846
04838
05040
05048
05055 -
05131
05006

0.4906
04998
05031
05051
0.4986
05141
0.3945
04865

0.4905
04953
05073
05024
05063
0.4999

WUt/MOLES X

g hr/maol

4752
3517
2769
1746
1377
36.39

2455
1946
1425
984

6.89

1963
1492

Conversion

0.1357
01113
01114
0.0957
0.0843
01208

0.1242
0.1044
0.096 1
0.07%6 .
0.0587
0.0987
0.0995

01103
0.0964
00838
00636
0.0501



Table 5.3 continued,

WIO6A
wi06B
wIi06C
wI06D
WIOEE
WIO6F

Avgs

WI10A
wIi10B
w110C
wi10D
WI10E
VW1DF
WI10G
tAvgs

PRESSURE
Atm
14648
14531
14742
14664
14702
14696
1.4637

14652
14519
14730
1.4687
14772
1.4696
1.4666
)
14628
1.4531
14648
1.4746
14761

"1.4720

14708
1.4695

TEMP
K

591 15
59115
59115
89315
593 15
58115
592.2

591.15
59115
591.15
593 15
593 15
59115
5920

592 15
59115
59315
592 15
593 15
59115
59115
5918

WATER
percent

5.7800

' 54334

53927
5.2939
56162
49378
55310

7.0672
6.8031

 7.8088

7.7498
7.5824
7.5663
74338

87717
8.0704
94982
96183
96578
9.2684
9.3607

9.3951

SULPHUR
percent
04968
05137
05039
05103
05096
05189
05076

04981
05188
05039
05671
05082
05163
05187

05011
05196
05041
05161
05100
05183
05170
0.5162

64

Wt/V\QES X

g hr/mol
g48
657
509
345
251
570

777
5.29
as
258
186
370

6330
3976

2920
1910
1465
3889
3002

Conversion
011416
0.09410
004214
005877
004911
006596

0.09028
0.07833

" 004519

0.05138
004358
0.06404

011130
007023
0.03694
0.04455
003187
0.06786
0.05797



Table 5.3 continued,

RUN

WI12A
wi128B
wi12C
wi12D0
WI12E
WH 2F
WI12G
Avgs

WI15A
wi158
WI5¢
WI15D
WI15E
WI15G

avgs

PRESSURE
Atm
14616
14584
14730
14748
14749
14708
1.4696
14892

14616
14554
14730
14722
14725
1.4696
1.4677

TEMP
K

59315

593.15
59115
593 15
59315
59315
59115
5922

WATER

percent

11.6000
114576
114909
117187
11.3656
12.3749
12.1966
11.823 -

14.2480
14.3046
14.0629
14 1088
149369
1.37828
14318

5

05112
05134
05096
05152
05126

65

W1/MOLES X

g hr/mol
4702
3134
2371
1555
1.250
2879
2.296

Conversion
009142
006651
003074
0.03831
003285
006362
0.05043

007816
006148
0.02909

001844
002700
004322



Table 5.4

Dats Set

win
wio2
W104
wWIi06
wIio8
wit0
w2
wns

Watsr initial Rate Data

Pressure = 148810 % 10° Pa

Tempersture = 592 K

Sulphur = 756 Pa

A

0.1262
0.1218
0.1197
01272
0.09271
01883
01198
0.1069

Model Y= A tanh B X)

B AsB
mol/g hr =
1 000
005544 ~ 69965
0.07327 89243
0.1127 134902
. 0.1496 190291
02442 226400
0.1046 . 196962
0.2051 245711
0.2447 261582

PP water

Pa

sum of sqgs

2.397%10 -
2.098#10 -
1223«10
1.837#10 -

E.Btnm'
1.186#10 -

1.657+10 -

3.402%10 -

66
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Data Sat WIO!
Fitted Curve, Y = A tanh (B X)

0.100
O = fitted data
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Pressure = 1.47 stm

0.07% Tempersture = 592 K

0.050

0.025
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Partial Pressure of Water = 1538 N/m!?

Catalyst Weight = 0.86079 g

' Wt Cat./mol feed (water) (g hr/mol) .
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Figure 5.5 illustrates the relationship between the partial pressure of water and the
reaction rate. This curve is the fit given by the modified damped least squares method
Meyer and Roth (58), see Appendix 3) of the function .
b -n
fl 1=aPwl *[1+c Pw) e ®.1)
wheren = 0,%,1,2.3
In order for the computer program to run successfully, it was necessary to scale
the initial rate data so that the dependent and indepsendent variables were of the same
order of magmtude-. This was done by multiplying tr?e rate of reaction By 10 and dividing
the partial pressure by 10000 The actual function being fitted i1s therefore . ¢
b n

fi )= -Rw» 10=2aPw/104% /[1+¢c(Pw/109) . 5.2

Table 55 shows the values of the parameters that were obtained aft/er descaling the

resuits of the program

Table 5.5 Comparison of Rate Equation Parameters

n a k,*10° b c(K,* 109 Sum of Sqgs.
0 0.1925 117.84 05228 0.0000 2.327 » 10
Y2 0.2839 28.367 07196 1040 1.032 # 10!
1 0.3557 7.3238 0.8790 0.7461 6.907 #10-
2 0.8358 69140 0891 0.2742 5449 «10-¢
3 0.3215 6.1696 0.8751 0.1576 5170 % 10

The choice of scaling factors a-ffocts the solution obtained. However, a thorough
invbstigation of the effect of different sets of scaling factors determimed that those
chosen gave the iowest sum of squares. An asiternative solution resched by scaling the
partial pressure by a factor of 100 and the rate by 1000, resuits in an order for water
of .bém 2. The log-log plot of this data Figure 5.4) does not give a straight fine,

indicating theTetarding influence of the denominator term on the rate. The, slope of this
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5.

Iine as Pw i!'> 0 will be the order of the reaction with respect to water Taking the first
three points of the plcﬂe siope is about 0.7, and this permits both orders of 1 and 2
to be valid The valuq‘f 1 is the more probable.

The parameters estimated by the program are the “a". "b’ and "¢ in equation 5.3
above The parameter “8" is equal to the rate constant times the sulphur partial prassure,
(&, Psx _where “x" has been determined to be 0.39. from the S| data analysis). Thus the
"k,” in Table 5.5 is the rate constant of the reaction as caiculsted from the parual
pressure of sulphur. Parameter “b" is the order of the reaction with respect to water.
Parameter "c" corresponds to the water adsorption equilibrium constant It should be
borne in mind that this parameter s temperature dependent No attempt was made to
determine the nature of this temperature dependency m this work.

A listing of the man program IRANAL. and the subroutine NLREG is given in

Appendix 3. -

5.4 Amiysis of Temperaturs Data

Two additional data sats were obtained at higher temperatures. A summary of the
experimental data is shown in Table 58 Note that the dats set WTBL is the same a¥ the
set WIO6. Table 5.7 lists the initial rate data The data was snalysed in light of both of
the previous data and the rate constant derived from that data

The rate con"stmts were calculated from the inmal rate data by substituting the
values of the kinetic parameters obtaned m the rate equation. viz.

i

k, = —Rw [1 + 0.2742 Pw) I/ [PsI* PwI*) L B3

The copstant in the rate equation denominator is also temperature dependent but is
assumed to Wt Table 5.8 shows this data Figure 5.6 shows the plot of log k,
against reciprocal temperature. Trus figure indicates the straight line relationship that
exists between these quantities. ‘1 3

1



Table 5.6

RUN

WTEHA
WTEHB
WTEHC
WTEHD
WTEHE

Avgs

WTEMA
WTEMB
WTeMC
WTEMD
WTE6ME

Avgs

WTELA
WT6ELB
WT6ELC
WT6LD
WTELE
WTELF
WT6ELG

avgs

14709
14708
1.4650
146839
14638
14670

1.4648
1.4531
14742
14664
14702

' 14708

1.4696
146

[ ]
~

TEMP

WATER
percent
6.0065
57703
58999
59485
58035
58857

6.2727

6.1704
58092
53953
5.8065
58908

5.7800
54334
5.3927
5.2939
56162
5.6752
49378
55319

SULPHUR
percent

0 3668
0.3788
0.3800
04016
GE%ED
0.3810

04968
05137
05039
05103
05096
05136
05189
0.5080

Space Time Data at 654 K, 623 K and 592 K
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Wt/MOLES X

g hr/mol
879
590
453
285
232

B 31
549
457
335
229

Ww o o o
4 . I YR e TR L B -9
m W -~ m

M

570

Convarsion
0.23271
0.18592
019119
0 14256
012032

019677
0 15534
013203
0.10042
007618

0.11416
0.09410
004214
0.05877
0.04911
0.06264
0.06596
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Table 5.7 Temperature initial Rate Data
Pressure = 14670 » 10* Pa

Tempersture = 592 K. 624 K and 653 K.

Data Set A B AxB PP S, PP water sum of sqs
mol/g hr Pa Pa
»100
WT6L 0.1271 01498 19040 753 8204 . 1.917%10
WTEM 0.2441 0 1346 32856 566 8756 2.454%10-
WT6H 0.2296 0.2437 55954 440 8759 5. 185%10-
Table 5.8 Activation Energy Data
T Rate W  Water Sulphur Kk Indk) AT
x) mol/g hr  pp Pa pp Pa 10" K)
592.2 0.019040 8204 753 70154 -14170 16886 * 10
824.2 003286 8756 566 13088  -13546. 160205 » 107 i

653.2 0058562 8758 440 24848 -1290% 153093 %10
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'

Taking the natural logarithm and calculating the slope of this ine gives the quantity —E/R,
the ratio of the activation energy to the gas constant The intercept of this line is equal
to the natural log of the Arrhenius parameter A

Thus, .

-E/R = -7994 K -
A =05004  ........ e S (5.4)

8.5 Thermodynamic Equilibria
The first 51 experimental runs were performed at low space velocities and high

catalyst loadings. Under such conditions. the reaction goes virtually to compietion and
the equilibrium state s approached. These runs were basically of a preliminary nature,
being used to investigate the operating characteristics of the experimental system. They
are therefore subject to greater error than the later experimental runs, and there Is
considerable scatter In particular. the measurements of temperature and compositions
contain more uncertainty and these will affect the caiculated equilibrium to a greater
extent than, for example, the uncertainty in the actual flow rate. since the flow rate has
little }fect on the conversion in this regime.

| Figure 5.7 iIIustnt‘s the data used to estimate the experimental equilibria The
experimental equilibria are estimated by a "frae—hand  fit of the data. since the data
displays a high degree of scatter. However. the trend of the data is quite clear. The
conversion of water has been plotted in comparison with the thermodynesmucally
caliculsted equilibna at the same temperature pressure and feed composition Tabie 5.9
illustrates the various equilibria that were estimated from Figure 5.7 (Exptl Xw) and those

obtained from the thermodynamic calculations (EQuil Xw).



Tabie 5.9

Compasrison of Equilibris

Sulphur(B)% !
0.1654
0.2239
0.2758
04000
06218
08912

Exptl Xw
0180
0.180
0.205
0210 .
0.250
0.280

Equil Xw
0128
0132
0138
0147
0.156
0.161
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5.8 Discussion

5.8.1 Discussion of Erron

The study of the kinetics of a reversible reaction can be made from either side of
the equilibrium. When the equilibrium of the reaction lies well to one side at the
temperature of interest. the kinetic study is complicated by the necessity of obtaning
precise dsta on the minority products which may be present only in small very amounts
in the case of the Claus reaction, the equilibrium conversion of H,S i1s around 80% st 600
K so that the maximum mole fraction of H,S i1s only about 0 1 In an inrtial rate study the
dasta must be obtained as far from equilibrium as possible and so in the case of this
reaction. the reaction products H,S and SO, are less than 1 % of the reactor product
stresm. As a resuit. the major uncertainties associsted with the ‘colloc'tlon of the
experimental dats sre contained in the product anslysis. The average percentage
uncertainty in the measurement of the GC peak areas are for H,S, SO, and H,0
respectively, 246, 338 and 2.65 %. The uncertsinties in the other expermental
measurements are small, beng less than 1 %, except in the case of the Differential
Pressure recorder which included an uncertsinty in reading the instrument of about 4 % at

low scale deflections. viz,
4 Scale reading 5 £ 0.2 —> 4 % error

Since the volumetric flow rate is proportional to the square root of the sca:o deflection,

the actual error is 2 %.

Similarly p
Pf, Scale reading 9.0 £ 0.1 —> 1.1 % error

Patm, " " 700 mmHg £ 0.1 —> 0.014 % error
Pr, ~ " 460t 0.2 — 04 % error
L P " 60102 —> 1 Kerror

Tr, - " 450t 02 —» 2K error.



The average uncertainty in the sulphur and water feeds are 18 and 17 % respectively
The most significant uncertainty In the data was caused by the operation of the
water and sulphur feaders. The operation of the water feeder sione produced a staady
flow. as evidenced by the fact that the repeatability of tha GC peak area test (Section
4.2.5), which determined that the fluctuations due to the water feeder were 2.87%, was
calibration data (Appendix 1. show that the suiphur flow uncertainty was not affected by
the choice of flow rate As a result, it is not possible to BR:;T;IE the unevennass in the
the uncertainty in the product analysis must derive from aithar the use of the two
feeders at once. or the effect that the vapourisation of sulphur had on the flow. Since it
was not known whather tha sulphur faads actually affected the watar fead or not, the
water feed was determinad in the analysis by back calculating from tha products. using
stbichiometry and the G.C. calibrations. This calculation will not eliminate the error
involved in the analysis since only the H,S component was used to caiculate the H,0 in the

feed . and the overall mass balance could still be checked using the SO, component
!

There are tyo meathods that may be used to estimate the uncertainty associsted
with the dltﬁ. .
1 Calculation of the H,5/50, mole ratio nd

2 Caicuiation of the oxygen g—stom balance over sach run

The H,5/50, mole ratio throughout the course of this study was within 5% of 2,
the stoichiomatric ratioc This ratio determinas that the Cuu: reaction stoichiometry 1s
being followed. The calculation of the product sulphur and the feed water using this
stoichiometry is therafore valid ‘

The difference in the g-atom balance on oxygen is around 3% This indicates that
the mass balance across the reactor 1s correct since there was no source of oxygen
except in the feed water and the oxygen balance has been caiculated from the product
mole flow rates assuming Claus reaction stoichiometry. The g-astom balsnce on
hydrogen produces slightly larger differences than the oxygen balance. about 3.5%. Ti‘\is.
figure illustrates the error associated with calculsting the mole flow rates from the H,S

and SO, G.C pesaks

&

-
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As would be expectad. bacause the water feed rate 1s ncreasing n the W! data
sets the percentage uncertanty decreases with increasing water feed. since thefrelative
size of the H,S component to the water i much lass

Alternative sources of error include questioning the validity of using the Gibbs

free energy minimisation technique to estimate the equilibrium distribution of the sulphur

othar method of directly measuring the suiphur species distribution and as a
consequence, no mathod of measuring the uncertainty of this method It 1s assumed té
be small in comparison with the errbrs associated with the product analysis.

It i1s @vident that there is only a small amount of error associated with the mass
balance across the reactor Howaeaver, an additional source of error 15 introduced by the
uncertainty in the feed flow rates of water and sulphur. The average variation in the
water feed rate for the S| data sets was 9.4% The variation in the sulphur flow rates
was 3.6% The corresponding figures for the Wi data sets were 4.0 and 2.9%
respectively The much smaller error in the water feed rates for the W data sets is due
to tha much highar water feed rates sﬁplavgd The average uncertanty in the Si data is
therefore about 10% and in the WI dats set. 5% Ha\:-mgsa uncertmnties affect the initial
rates is not s:rr}:ly determined since aach individul! datum Has a variable influence on the
siope and shape of the fitted c::;*ve sccording to its position Te sstimate the uncertanty
in the initial rate data it is simpler to look at tha@ata itself

The varisnce of the siope of the line 1s gixgn by, (40),

Sb* = (Syh/  (x - xV’ ... (55

and the confidence band for the si‘ is given by”

bxtShb

i _ whers t is obtained from the "t distribution. In the case of the log-log
piot of the Si data, Figure 5.2, with 10 data points, there are B degrees of freedom At

: th: 90% confidence level, the siope of the line 1. -



0.397 + 0.047 (12%)

The errors associated with the Wi data sets are less than those with the Sl data
sets Thewverage fit varance of Figure 5.5 13 2.6%. the maximum varisnce beng n the
point closest the ongin  Such a low variance is a result of the fact that 3 parameters
were used to fit the data This 18 evidenced by the fact that only a8 small improvement in
the value of the sum of squared™is achieved with increasing power of the denominstor
term The uncertanty in the finite rate data is 7% m: that the uncertanty in the dernved
kinstic parameters must be at jeast 7%  As a consequence. the values of the parameters
will be rounded off 10 two significant figures.

The WT data are subjediho the same magnitude of error as the WIO6 data set
The rate constants are therefore subject to a compounded error of 15% (85). The
activation energy is c:k:mn-d from only three points, the linear alignment of which s
planly fortuitous. as can be seen from the foregoing analysis. The error in the activation

energy may be caiculated using the maximum and rmervimum values, obtmned from the

5.8.2 Sulpiwr Order _
The order of the resction with respect to suliphur was determined to be 0.397
This value was cbtained by perforrmng a least squares analysis on all the sulphur mitial

rlh runs Since the partisl pressure of water was 3721 Pa. stoichiometric restrictions.
2H,0+3/8S, ¥ 2 H,S + 50,

might be thought to limit the range of the validity of the data for suiphur order derivation

to a maximum sulphur (8) partial pressure of (3721 « 3/16) Pa, ie 698. In taking the

logarithms of the rate equation, the following relationship is ab%d :

log(-Rs) = log k) + & log Ps) + log [tPwI] ‘
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and so the use of all the initial rate data is justified in obtaining the order of the rgagaﬁ -

forward reaction have been found to be equal to one half the stoichiometric coefficient
of the species as given by equation 2.7 Afthough the forward rate aquations are
essentially emprrical . it 1s reasonable to expect that such a relationship would be found

for the reverse reaction orders. since there are thermodynamic restrictions which

order with respect to suiphur that would be expected following this relationship 1s
0.1875 The experimental order is almost twice this Indeed it would require an average
sulphur species of about 4 to make the order O 4 by this relationship. Since there i1s a
distribution of sulphur species. it 1s unreasonable to presume that only S, I1s reacting with
water. This shown by the Comparison of Rates section below (5 6.5) If it is assumed
that there 1s decomposition of the sulphur molecules, then the actual Claus reaction may
be taking place with sulphur whose average number of atoms is around 4, even although

the 'spacies S, is but a small fraction of the suiphur vapour. There are thermodynamic

)

hrmitations which will determine the nature of the sulphur species on the surface but as
has been said previously, the exact distribution of sulphur species in the vapour is
unknown, far les@liPn a solid surface. By this rg;sc;iﬁﬁg, the order of the reaction with
temperature This effect couid bé used to determine whether the above argument is

vahd

5.6.3 Water Order

Previous work (30,53.56) had established that the rate of the forward Claus
reaction was retarded by méigffact of water adsorbing on the catalyst surface It was
to be expected, then, that this effect would be observed in this study and that. as a
result, it would not be possible to determine the order of the reaction with respact to
water simply by holding the suiphur partial pressure constant and varying the water partial
pressure. Therefore. the expected form of equation is fitted to the initial rate equation !



"and the kinetic parameters are sstimated using a least sm;s analysis

Table 5.5 contains the results of this technique The "best fit" of the data is given
in the case of n=3, which 1s marginally more exact than the case of n=2 Thase two
functions are apparently significantly better than the next best fit of n=1. However, the
;éﬁ;m:atnaﬁ of the statistical method of discrimination known as the 'F test determined
that it was not possible to discriminate between the fits given by n = % and higher. The
lack of fit of each) model is characterised by the sums of squares of the deviations,
hence the ratios of the sums of squares of the residuals to each model to that of n=3

(§5i/553) ara,

$S0/883 S$%/S83 §51/553 " §82/883

450 200 1.33 : 1.05

At the 90% confidence level and with 7 degrees of freedom, the test statistic is 278 At
thus confidence level, therefore, f;t, is only possible to state the water is inhibiting the
reaction, and that it is not possible to determine the ordar of the inhibition,

The derivation of these parameters is a matter of some subjective judgment,
since numerical techniques cannot gusrantee that the global minimum least squares
estimate of the parameters will be found. A number of initial guesses were employed
and sach mmiﬁm found, was compared both to the previous minima and the initial guess
which achieved the loweast minimum was noted.

It was necessary to scale the data in order for the mcm%:d to converge. It would
converge rapidly and reliably for thase functions when the rm‘mfnum value was below 10
For this reason. the rates were multiphed By 10 and the partial pressure diw,dad by
10000, The allowance that must be m.:de for the scaling values s illustrated in
Appendix 2 in the Calculstion of rate constants section,

Uncertanty in the data for the water runs is less than that contained in the sulphur
run data This was probably due to the low flow rate of sulphur employed and this would
lessen errors due to sulphur vapourisation and equilibration uncertainties In addition, the

higher water flows employed sllowed a larger margin of sbsolute error. The greater



degree of confidence

Allowing for the 7 % error thatttends the fit of the model to the water initial

rate data and noting that the tendency of the model will be to reduce the order of the

indicates that the order with respect to water Is greater than 0.7, since this is the limiting
slope of the experimental data This supports the non-linear regrassion result that the
order is 1 This is evidence that the parsmeters derived by the method are not spurious
The denominator parameter K, has the value 2472 » 10 ! where th- units are
are 0.00600 and 0. 00433 respectively units (mm Hg)' In comparable units these -‘:\
sqivalent to 45; 1D‘=’ and 318 « 10 The adsorption terms are of a similar order of
magnitude The term s temperature dependent since it corresponds to an adsorption
term. and so 11 15 expected that with increasing temperature it will decrease. This wgrk’
was performed st 592 K whersas the previous work was carried out at about 530 K. 80
thus trend is reflected. This 1s in spite of the fact that three different gatalysts, Porocel, a

commercial bauxite. and 2 gamma-aluminas. Alon and Kaiser S-201 (this work), are
smployed
5.6.4 Tempersturs Variation '

Figure 5 6 ililustrates the variation of the rate constant with temperature The
activation energy derived from this 1s 66.5 kJ Only tfflee temperatures were available
- '#nd so only three data points are used to derive the activation energy: this vaiue, .
therefore, has a limited range of validity The lower temperature was Iimited by the dew
point of the sulphur vapour becsuse it was desirable to operate significantly above this in
order to ensure that condensation of sulphur would not occur. The maximum ’

tempersture was limited by the high temperature cut-out protection of the reactor. 'l;l‘n!
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could have been adjusted but would have required a significant rebuifding of the
controller - an undesirable step at the late stage in the study
Calculatioh ?ﬁe rate constant at the lowest tmrgture‘ can be done in two
ways. either ;ectly from the measured rate of reaction or eise from the "a" parameter
derived from the water data reduction .r
kiratel = 64606 » 10 °
70154 » 10~

kia)

The difference, which is 8 %, measures the difference between the rate function, which
includes the reaction order with r%pe:t to sulphur, and the experimantal function. This
is a maasure of the consistency .

~  The degree of unamrtainty that should be ascribed to the activation energy 58 ~
function of the accuracy with which the r;tg constant is measured This is estimated to
be about 15 %, which laads to approximately 26 % error in the activation energy

Tr}e activation energy may be compared to the activation energias for the

forward ceaction These have a ’vgl_ue of 30.TkJIn tha case of McGregor's studies and
3075 for Lius work. Since the Claus reaction i1s exothermic there ought to be a higher
activation energy for the reverse reaction. Allowing for the degree of error that is
associated with the activation energy d;ﬁvad in this study, these are of c:t:mpargblg
rnagnitudéi The reverse reaction activation enargy ought to differ from the forward
activation energy by the heat of reaction which i1s in this case is about 100 kJ/mol, so
there is plainly a large discrepancy nvolved, which i1s not explained by the fact that a
different catalyst is bemg employed The error associated with the activation energy
calculation 1s large however, the maximum value of the activation energy is only 80 kJ
which 1s 50 kJ less than the value that 1s impled from the forward reaction activation

intial rate runs using more temperatures in an effort to re-assess this data
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-
5.6.5 Comparison of Rates

tt would be expected that the caiculated ratés with respect to either caﬁ'@a;gnt
ought to be in stoichiometric ratio to the other since only the Claus reactior’is taking .‘
place However, this is not the case since the rate with respect 1o sulphur (8) neglects
the caméanaﬁts ;::f the overall sulphur reaction rate that is due to the other sulphur
species. TRe rates of all the sulphur species were calculated and the overall
stoichiomeatric ratio of water and sulphur rates was calculated On average. there was a
difference of 12.8% in the rates This difference was found to be correlated with the
water feed rate

A positive deviation shown in Table 5 10 reflects a higher water reaction rate than
that expected frorh simple stoichiometry. The higher the water feéd rate. the more the
watar reaction rate exceeds tﬁE‘SIQIEhiéFﬁEtﬁE rate This relationship 15 probably due to
uncertainties in the product analysis; particulaly in the water component 1t is probably
exacerbated by the caiculstion of the water feed rate from the hydrogen sulphide
component, since the error is probably associated wirth the tailing of the water peak at
high mole fractions, and this error would have been minimisad if the water feed rate had
been measured directly This deviation represents the imit of accuracy of the
experimental data ie 13% Since the error is not random. it will have an effect on the
caiculation of the kinetic parameters Since the rate 1s exaggerated at high mole
fractions, the inhibiting effect of water will be reduced There will also be a tendency to

increase the apparent reaction order with respect to water.
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Table 5.10 " Comparison of Sulphur and Water Rates of Resstion .
D;is Seat % Daviation Data Set % Deviation
S104 145 WI01 -190
S105 -175, ; wi02 -130
Stoé ’ -145 wio4 : + =258
SI08 ‘ -110 WI06 +100
S0 -11.2 wI08 +125
SI15 | -10.0 Wit . +158 :
SI20 . 1o < wWi12 v +180
s125 -80 WI18 +185
S130 -125 ’
S135 -115

Appendix 2 contains an axample calculation of the rate of the forward reaction
This is compared to the rate of the reverse reaction at identical conditions. The rate of

the forward reaction is 9 75 times that of the reverse resction

5.6.6 Comparison of Equilibris
As shown by Table 59, the thermodynamic equilibria are consistently below the
sxperimentally determinad equilibria This 1s the same relationship that was noted for the

approach to the aquilibrium for the faf{fvard reaction. It is not possible therafors, to

too low or too high. These results indicate that a more complicated mechanism may be
at work which causes tha discrepancy. however, as thase data are not very precise and
are greatly scatterad, they can only be used as an illustration that this relationship may be

found



6. SUMMARY - CONCLUSIONS AND RECOMMENDATIONS
E ]
45
Conclusions — Kinetic results
1 The empirical rate equation for the Claus reaction indicated by this study is ;
- . a b 71
" -Rw.= A expl-E/RT) Pw} (PsJd /(1 + K, Pw}]
whersa
A = 05004
-E/R = -7994
a=089 4
b=039
K,=2742 % 10
Tamperature in Kelvin. pressure in Pa, rate in mol/hr g cat
2 The order of reaction with respect to water i1s In agraarﬁgﬁf with the order
requirad by tharmodynamics This is not the case with the sulphur component
3 " Inhibition by water 1s confirmed by statistical evidence It was not possible to
determine the order of the inhibition !
4, The relative rates of reaction are within 13% of the stoichiomatric ratio There

was a corralation between the water feed rate and the error that would deprass

the inhibition and increase the water order slightly.

5 The parameter K, corresponding to an adsorption equilibrium constant, is of the
same order of magnitude as those values measured by Liu and McGregor for the
case of the forward raaction. This inchcates that this work is consistent with the
previous work on the forward Claus reaction.

6. The activation energy of the reverse reaction is found to be of comperable order

with that for the forward reaction. Tha activation energy that 1s calcuisted

indicatas that the Revearse Claus raaction is andotharmic but the differenca in the
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forward and reverse acfivation enargies 1s less than that predicted by the heat of %
reaction ;
The ex-pensneﬁtal equilibria are significantly higher than the thermodynamic
equilibria * C \ B d

Conclusions - Equipmerit Performance

The use of two liquid 5yriﬁ§§'féad§rs FQE the reactant feeds had the advantage
that the feed rates could ba{:d;usted rapidly and precisely. However. the
combination of tha two led I‘G l;frg’é fluctuations in the water feed, probably due
to the sulphur feeger | ]

The Berty reactor operated smoothly and without problems throughout the
course of this study, except that a small amount of sulphur back -diffused past
the impelier shaft seal and condensed on the water cooled shaft This was a
neghgible amount of sulphur and was readily removed

The performance of the sulphur condenser was very sensitive to termparature
varigtion. This problem was successively eliminated by adding secondary
condensers The condensing system as described in this work performed waell
with only minor plugging occuring in the G.C line This was related to a
temperature risa in the main condenser

The performance of the gas chromatograph and electronic integrator was in
general very good The Chromosorb 108 column provided excelierit separation
of the reactor product components In particular the waiar response had less
“tailing” than had been experienced with other columns S;Jﬁh the combination of
Ppropak S and T used earlier 7
The GC. calibration apparatus was awkward to use In particular, the piston that
expelied the gas mmture was extremely difficult to move, even with the aid of a

jack. The system allows fairly rapid calibration of the GC. but is clumsy.
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Recommendations
1 The principle source of error in this work is the uncertainty in the feed
composition It s likely that both liquid feedefs contributed to this. and In

¢ ’
- addition*thé vapourisation of sulphur may be partty (or wholly) responsible

Further studies should have as a primary objective the establishment of steady  /
feed flows. as evidenced by the product analysis. whnch ought to\be constant, and
consistent with a mass balance employing the calibrations It 1s therefore
suggested that the feasibility of a feed system involving the use of water and
sulphur saturators be nvegtigated

2 The gas chromatograph is a satisfactory method of obtamning the mole fractions
of the produ;:ts on a sulphur free basis. However. with the reverse reaction,
sulphur is a significant fraction of the gas mixture and it would be advantageous
to be able to measure the sulphur component’in order to compiete the mass
balance This could be achieved by condensing the sulphur component of a
sample product stream over a measured period of time This would permit the
calcuiation of the mass flow rate of sulphur

3 With regard to the uncertainty in the feed composition, it would be advantageous
to measure independently the feed composition rather than rel&‘ung on the feeder

L
calibrations This would aiso enable the smoothness of the fesd stream to be

e

monitored. It s therefore recommended that provision be >ma‘c,jg to measure the
mass fraction of sulphur in the feed stream,' A similar method to\ that suggested
for the sulphur product measurement m-nght be employed. mcludnng G.C analysis
to obtain the water component

4 It was found in the early stages of this work that much of the tubing and vesseis
used in building the early versions of the experimental equipment was catalytically
active. It is strongly recommended that g*oat care is taken to ensure that only
316 stainless steel is used in the fabrication of equipment for Claus reaction

studies and that all tubing and vessels in contact with the reactants be kept

scrupulously clean

-
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Pre—axponental factor

intial rate parsmeter

Surface Alurmsnium atom

order with respeact to water

exterior surface area » shape factor. m' / mihed)
order with raspect to s&lpmr

intia rate parameter

rate equation parasmeter s
spacific heat. J/Kg K

catalyst particle diameter, m
diffusion coafficient, mi/s
activation enargy

equilibrium

mole flow rate of a. mol/s

fugacity

heat transfer coafficient W/m? K
heat of raaction. J/kg mol

rate constant

rata constant of forward raaction

mass transfer coefficient. kg mol/m’ s

' rate constant of reversa reaction

equilibrium constant

equilibrium constant of adsorption term, forward
rasction

equilibrium constant of adsorption term, reverss
catalyst bed depth, m

=l
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¢
Fnabcull‘ weaight
mass flow rate, kg/s
absolute reaction rate, kg mol/s
mass flux, kg mol/s
partial ﬁ:rassuri. Pa
unit of pressure. Pascal (N/m?)
stmospharic prassure, mmiHg
critical pressure, stm
fesd pressurs
partial pressure of H,5 Pa
Prandtl number
reactor Pressure )
partal prassure!af sulphur, where n s the sverage
size of the suiphur molecule
partial prassure of SO, Pa
partsl pressure of t:;tal sulphwr, Pa
partial pressure of S, Pa
heat evoived, J
raaction rate, kg mol/s kg cat
rate. g mol/tv g catalyst
rate with raspect to hydrogen sulphide,
rate with respect to sulphur (8)
rate with respect to sulphur dioxide
rate with raspact to water
gas constant
Reynoids numbaer
impeller speed
standard deviation of the siope
standard deviation of y over x

ternpersture, K
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criticalpmper ature. K N
feed temperature, K

rasctor tnrrplﬂfua K .
weight of catalyst, g
conversion 7 L3
conversion of I
maan x

fugacity coefficient
viscosity

density

shape factor

stoichiomatric coefficient
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APPENDIX 1 Cailibrations

Calibration of Equipment

1. Sulphur  Syringe

Figure A-1.1, Sulphur Feeder Gear Arrangement

[}
i J

- - —

0T JI:]

5 E
J

Six speeds are possible with the above gear train These are arranged in

_>-
—
—»-
oY)

the following progression
Gear A engaged. B disengaged. —= high range
Gear A disengaged.B engaged. -— |ow range

Gear S engaged with 1. 2 or 3. —= 3 speeds In each range
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Calibration was achieved by using the micrometer scale located on the piston rod
Using this scale, it was possible to measure the rate of travel of the syringe piston. This
speed could then be correiated to the weight of sulphur expaelied from the syringe Cs\'r,gr
the same period of time The ratio of sulphur weight to distance should be the same for

each gear. The Table A-1 1 illustrates the calibration data obtained

Table A-1.1, Sulphur Feeder Calibration Data

Ggsr‘ . Mass flow Piston speed Ratio Average flow
g/hr cm/min g/cm mol S, /hr
L1 3.3827 4486 1386 14937
H1 53429 7.376 1423 2.3952
L2 88395 ' 96619 1414 30201
H2 10811 = 14817 14.10 46413
L3 13588 19420 1428 59999
H3 21.008 2.9729 14.18 82763

The deviation from the mean ratio does not appear to be related to a particular
gear or range of gears and 5o a "corrected” sulphur flow was calculated using the mean
ratio. -

The calibration data were obtained at an oven temperature of 135 °C The length
of time for each sampling was not less than 30 minutes A single comparison run was

performed at 173 °C, that is, above the liquid sulphur transition point (75).
« H2 1.0507 g/hr 0.14847 cm/min 14.13 g/em

From this result, it can be seen that the sulphur oven temperature has little effect
on the piston operation over this temperature range It was necessary to ascertain this
as the variation of the density of sulphur was not known In addition, it indicated that the
peffafrnincg of the syringe was independent of the sulphur viscosity, since the viscosity

transition temperature i1s about 159 *C
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Water Syringe Feeder

The calibration of thus piece of equipment was carried out over the
bottom two ranges of the capacity of the instrument. designated 1/1000 and
1,100 These ranges covered the entire réyof flows to be used in the kinetic
expariments The advdntage of using a largé capacity syringe in conjunction with
the pump. eg infrequent refilling, is limited by the ability of the pump motor to
generate sufficient power to overcome the added friction As a r’ésuit of this
lirmitation, a 20 mi. syringe was used throughout the period of thus study This
size was sufficient to accommodate at least one complete run. even at high flow
ratas

The calibration was carried out by filling the syringe with distilled water
and running the pump over various timas of up to six hours in the case-af very
low flow rates. The discharge was collectad in a narrow necked flask. Care was

above the water surface. The error was estimated to be less than 1%, which was
ﬁ,agligibl; N comparison to the error associated with the pump itself especially at
low flow rates, as shown by Tables A-1.2 and A-1.3

Eight measurements were made over the entire 1/1000 range, from 100
to 900 percent maximum flow Six measurements were made over the 1/100
range, from 50 to 500 percent maximum flow. The two sets of data were fitted

by a linear least squares regression The results are shown in the following

Tabies, A-1.2 and A-13
Reactor Pressure Transducer .
The reactor prassure transducer was calibrated against a marcury

manometer open to atmosphere. It was calibrated with the reactor system at the
operating temperature in order that variations due to temperature would be
minimised Thae atmospheric pressure was maasured by a barometer. Tha
foliowing Table A-1.5 contains the calibration data obtained.
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Differential Pressure Cell

The dif ferential pressure cell was calibrated using a precalibrated dry test
meter. The system pressure at which the calibration was carried out was set 1o
8.5 psig. which was approximately the average operating pressure The
calibration data is shown in Table A-14

7
Gz:s Chromatograph

The response of the gas chromatograph torthe hydrogen sulphide and the
sulphur dioxide components of the product streams was cali‘bratéd using sample
gas mixtures of known composition The apparatus used for this 15 illustrated by
Figure A- 1.2 and was originally constructed by McGregor(51 )

The sample mixing chamber was a five Iitre capacity lucite cylinder and
was equipped with a moveable piston and mixing fan The lucite cylinder had been
calibrated by McGregor and this was checked and found accurate. thus the
volume of the cylinder was known as a function of piston position

Foliowing the calibration procedure as described by Cho (15). the entre
calibration apparatus was purged with N, for some two hours before use. The
cylinder was allowed to fill with pure nitrogen via line A, and was allowed to
coma to room temperature and pressure. The gas burette and line B were purged
with the gas of current interest and a volume of gas was trapped in the gas
burette. The height of the mercury reservoir was adjusted to bring the gas in the
burette to atmospheric pressure, as was indicated by the water manometer

The trapped gas was compressed to about 10 psig by increasing the
height of the mercury reservoir. thus forcing the gas into the lucite cylinder via
line B The residual volume left in the burette was measured and the volume of
gas that had been forced into the cylinder was known by difference.

C~
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The cylinder myxture was allowed to mix thoroughly using the fan for
about 20 minutes The gas was then forced ttwough the GC sampling valve by
| raising the piston Sevéal samplings were tsken of each mixture and the average
peak areas calculated

Since only small amounts of these two gases were expected in the
product strpam, all calibration mixtures were I;epf below 1% The following
Tables A-1.6 and 1.7 summarise the calibration data taken

Calibration of the water peak ares was someawhat dif ferent, since the
above apparatus was useless for high water concentrations. The water syringe
feader that has baen described above was used in conjunction with the nitrogen
D/P cell to establish the GC water rasponse factor Using the syringe feeder and
D/P calibrations, mixturas of known H,0O/N, composition were obtained These
were mixed using the reactor impeller and fed directly to the GC An attempt
was made to calibrate the G.C water reponse using gravimetric dnalysis using
“Drierite” and molecular seive, however, the results were subject to large
variations The calibration data obtained are given below in Table A-18

The rasponse factors for H,S and 50, are constant The response factor
for H,0 1s shown to be a function of the mol percent of water, since the
intercept of the least squares straight line is much larger than zero. (0.09237) At
smalil concentrations of water there would be a large error due to the assumption
of a constant value for the rasponse factor The calibration has bean performeg
during the experimental runs, from less than 1% to greater than 145 In order to
rmimirmise the effact of the variation in the response factor, the water paak
calibration data were fittad using a quadratic equation This data 1s contained in
Table A-1.9 The mole fraction of water must now be obtained by an iterative
tachnique A response factor i1s assumed and the mole fraction calculated The
response factor is recalculated and the iteration is performed until the mol

Appendix 2



Table A-1.2 Water Syringe Fesder Calibration, 1/1000 range

X = Percentage flow / 100

Y = Mass Flow, g/min # 100

-
The Coefficients of the Polynormal

A, = -0 10665
A, = 045620

Calibration Data

X measured Y observed Y calculated
1.000 03624 - 0.34955
20000 078271 080575
40000 1.72394 171815
50000 217974 ‘ 21744
6.0000 26178 263055
6.0000 31193 308678
8.0000 3524 354295
9.0000 39973 399915
Variance = 0.000335
Standard Deviation = 0.018297
Maximum Pct Error = 3548072

?

The calibration squation is therefora,

PCT error
255
294
034
0.25
048
1.04
055
0.05

mass flow (g/min) = 45620 #» 10-* X(percent flow) ~ 0.106865« 10-

. A=1LY)



Table A-13

Water 8yringe Feeder Caiibration, 1/100 range
X = Percentage flow / 100

Y = Mass Flow, g/min # 10

The Coefficients of the Polynomial
A, = -009326
A, = 046653

Calibration Data

X measured Y observed Y caiculated

0.5000 0.14293 0.14000
1.0000 0.38800 0.37326
2.0000 0.82693 0.83979
3.0000 1.29130 1.30631
4.0000 176830 177;84
50000 225310 223936

Variance = 0.000164

Standard Deviation = 0.012788
Maximum Pct Error = 3798551

The calibration equation is thereforae,

PCT error
205065
379855
155478
116246
0.19987
060977

mass flow (g/min) = 046653 » 10! X (percent flow) - 0.009326

s

106

. (A=1.2)
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Table A-1.4 Calibration of Differential Pressure Cell
;( = Chart Percent )
Y = Flow Rate squared. (I/min)? _f:
The Coefficients of the Polynomial
A, = -0.05350
A, = 0.08998
Calibration Data

X measured Y observed ' Y calculated PCT error
32500 0.22966 0.253895 404475
7.2500 059247 0.59889 1.08349
7.7500 063072 064388 208628
13.750 1 19806 118379 119158
18500 1.64552 161121 208484
21500 191421 ' 188117 1.72629
22000 ' "1.89946 192616 1.40536
28750 259748 262354 100325

Variance = 0.000595

Standard Deviation = 0024393

Maximum Pct Error = 4 044746
The calibration equstion is therefore, . S

Q (*/min) = 0.08998 X (chart percent) = 0.08380 . ... ... . (A-13
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Table A-1.5 Pressute Transducer Calibration
X = Chart Percent
Y = Pressure Cm Hg :
The Coefficients of the Polynomial
A, = 001383 "
A, = 089567
Calibration Data
X measured Y observed Y calculatad PCT error
32500 300000 292434 2518689
10.000 900000 896954 0.33841
32000 284000 286721 095808
40.000 360000 358367 045374
60750 54 4000 8544198 003832
65.000 58.0000 582259 0.38955
70500 634000 631517 0.39184
Variance = 0036751
Standard Deviation = 0.191707
Maxirmurm Pct Error = 2518686
The c.!hbrmﬁn -qunlcm is therefore, : sﬁ
PriCmHg = DBSSE?XWHM* ao‘laea,_ g ASLA)
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Table A-1.6 Calibrstion of Gas Chromatograph, Hydrogen sulphide

X = H,5/N,area

Y = (H,S/N,)mol

The Coefficients of the Polynomial
A, = -0.00198
A, = 184419

Calibration Data

X meaasured Y cbserved Y calculsted PCT error i
0.06540 0.12840 011863 7.60692
008110 0 14860 0.14759 0.68208
0.08753 016290 015944 212118
009820 - 017500 017912 235547
0.15440 026990 . 028277 ! 476669
016160 0.30210 0.29604 2.00482
0.16510 0.30430 0.30250— 059215

m

0.26600 0.47700 048858 24269
0.29430 ’ 053690 054077 0.7202
041690 077720 076686 1.32986
Variance = 0000065
Standard Deviation = 0.008073

o

Maximum Pct Error = 7606923

The calibration squation is therefore, ‘
Responss Factor H,S = 184419 R / S k-
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Table A-1.7 Calibration of Gas Chromstograph, Sulphur Dioxide
X = (SO,/N,)area -

Y = (SO,/N,)mol i

The Coefficients of the Polynomial
A, = 0.00508
A, = 120770 .

Calibration Data

X measured ' Y observed Y calculated PCT error
0.09162 011260 0.11573 277797
012760 016820 015918 536201
014700 . 017250 018281 586116
0.20310 0.25660 0.25036 243080
025050 032172 0.30761 438058
0.25700 0.30820 031546 202384
0.27630 0.32810 0.33877 3.25093
037100 = - 044870 045314 0.98856
' Variance = 0.000079 .

Standard Deviation = 0.008881
Maximum Pct Error = 5861156

The calibration equation is therefore, i
Reponse Factor SO, = 1.20770 e e .. A-18)



T RE TR s -

Table A-1.8 Calibration of Gas Chromatograph, Water

X = H,0/N,)area é
Y = (H,0/N)mol '
1U/N, ﬁ

The Coefficients of the Polynomal
A, = 104680

W

Calibration Data

X maasured Y observad Y calculated
0.7648 086370 X ogo2se
12280 132530 1.37248
21471 221600 234005
28680 293040 309460
33325 346080 358200
68273 750950 7.23924
95966 10.88890 10.1381
13.830 : 13.9340 145696
’ Variance = 0.035997
Standard Deviation = 0.189729
Maximum Pct Error = 8 19377 .

The calibration equstion is therefore,

Response Factor H,0 = 1.0468

A}

PCT error
32770
343218
529994
5.30658
3.38499

337341

819377
436255



Table A-1.9

T

Water Response Factor Varistion

X = mol % H,0

Y= Fmsp@ﬁéa Factor, (H,0/N,area / (H,0/NJmol

The coefficients of the polynomial.

- X measured
075900
1.20800
1.80200
2.78800
362600
6.39100
943700
IEJSDéD

AQ = 087473

A1=001918
A2

-0.00091

Calibration Data

Y observed

0.88550
092281
0.82810
0.87870
1.08715
0.90910
094822
099250

Y calculated

0.88876

,'0.89657

0.90633
092110
093226
0.95997
097430
097278

Variance = 0.005181

Stanglard Deviation = 0.071976

Maximum Pct error = 14.2471

The calibration Qt:;!ticm is therefore,

mFmﬂ' H.D &87473 + QD]SIB mm - DDBDS’I MP ) o

»*

PCT error

0.36826
284383
944654
482561
1424710
559573
275076
1.98731
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APPENDIX 2 Sampie Calculations and Analysis

This Appendix begins with a definition of the names used to identify each of the
variables n'ecessary- in the data-reduction The experimental raw data from a singie run is
used to illustrate the agphcatlon of the calibration data and the determination of the feed
and reactor conditions The establishment of the actual feed and reactor compositions is
complicated by the fact that sulphur exists as a distribution of several dif ferent spacies
The derivation of the equations used to estimate the actual feed and reactor
compositions will be given below and the iterativae technique used to obtain the iclutim ’
to these equations will be described in detail. The various kinetic paramaters are then
calculated. ~

There then follows the calculation used to obtain the volume of the reactor and
the estimation of the validity of the assumption of ideal (gradientiess) Berty reactor
operation as developed by Kuchcinski and Squires.

Examples of the calculation of the rate constamts are then given, followed by the
caiculation of the forward rate of reaction. Finally, the c::rﬁipar'iscm of the two feasible

sulphur species distributions is given

Sample Caiculations

Thé foliowing calculation uses the experimantal data obtained from the run
WIO1A The tion follows the scheme of the data analysis program EXPTCAL,
which is list in. Appendix 3. The variables are subject to calibration, whose derivations

can be found in Appendix 1.

In general, the variables can be identified by this key :

A = area F = feed - Gr = mass flow

HO = water ' HS = H,S N=N,

P = pressure R = reactor . RT =R » Temperature
S = sulphur $0 = SO, s

V = volumetric flow X = conversion Z = molar flow rate




The raw data for run WIO 1A were :
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Variable (name) Exptl value
Weight of catalyst (WT) 06079 ¢
D/P cel; chart % (DP) 164 %
Atmospheric Pressure (ATMP) 705.0 mm Hg

Feed Pressure (FP)

835 Ibs/nﬁ%g

Reactor Prassure (RP) 465 % -
Feed Tamperature (TF) 7 340C
Reactor Temperature (RT) - 318.0°C
Feed water area % (AWF) 1.2905
Sulphur feed rate (ZS1F) 0.0014937 moi/min
H,S area % (AHSP) 0.10306 %
S, area% (ASOP) 00883
H,0 area % (AWP) 11220
Volume of reactor (VR) 664 cm’
The first step in the data analysis was to apply the calibration equations to tha raw’
data and obtain the actual axperimental conditions. |
Convert temperatures to Kelvin 7
= 307.15K L

Feed Temperature, TF = TF + 27315
315

Reactor temperature, TR = TR +27 581,16 K

Convert pressures to Newtons/metre’
Atmospheric pressure, ATMP =ATMP # 101325/780 = 93922.3 N/m?

Feed pressure, FP = FP/14.17)% 101325 + ATMP = 1493287 N/m? -

Apply calibration equation A- 1.4 to obtain the reactor pressure

e et e




Reactor Pressure, RP = (0.89957#RP-0.32023»101325/76.0 + ATMP
= 1492641 N/m?

Volumetric fiow of nitrogen, apply calibration equation A-13
|

VN = (0.14167 » DP - 0.096994) » 0.001 = 3678924 » 10-* m!/min

§

Caleulation of N, flow from the ideal gas law,
A

molar fla@ N, ZN =FP =« VN/(B314+TF) = 2182272 % 10-? mol/min

To calculate the mol percentages of H,5, SO, and H,0 in the product stream on a
sulphur free basis. the response factors (RF) from the calibration equations A-17 to
A-189 are applied .

RFHS = 1.92045

RFSO = 1.32023

RFHO

087473 + 001918 WP - 0.00091 WP?

whara WP = mol% water in GC product stream

Then, mol% H,S (HSPL=100 » RFHS #» AHSP / DEN
whaera,

DEN = (RFHS » AHSP + RFSO #» ASDP + RFHO » AWP +10 #
(100-AHSP-ASDP-AWP)

Similarly, mol% SO, (SOP) = 100 » RFSD » ASDP / DEN
and, '

100 # RFHO = AWP / DEN

mol% H,0 (AWP)

&

Since the response factor for water is a function of the mol% of water, the
following iterative procedure was performed. '
1 Assume the value of #FHO. the water response factor

2 Calculate the mol% of H,0, H,S and 50,.
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3 From equation A- 19, calculste the corresponding response factor
4 Compare this response factor with the previous one, if they differ by more than

5« 10%. repeat steps 2 to 4 until RFHO converges
5 Stop.
The mole percent of water in the feed (WF), 1s calculated from AWF by the same

procedure, ie.

100 « RFHO » AWF/ (RFHO « AWF #» 1.0 » (100 - AWF)

mol% H,0 feaed

Once again iteration is required to determine RFHO.

Following this procedure. the results that are obtaned are .

For the feed, )
RFHO =0.89576
WF = 115754
For the product,
RFHO = 0.893073
WP = 100200
HSP = 0197155
, SDP =01168572
The mol flow of water in the feed 1s therefore,
ZWF = WF « ZN / (100 = WF) = 213182 # 104 mol/min
The total mass flow rate of the feed is,

GFT = ZN » 28 + ZWF » 18 + ZS1F » 32 = 0.56 1620 g/min

This completes the preliminary calculations on the raw expearimental data The
calculation of the fiow ratass of the product stream components is left until after the

distribution of sulphur species is caiculated.
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Caicuistion of Feed Composition

Because sulphur vapour is an equilibrium distribution of several specias. it is
necessary to use an iterative technique t¢ estabiish the actual mole fractions and mole
numbers. The method used in this work was developed by Razzagh (74 )

Only the sulphur species S,. S,. S, and S, have been included. since these spgéiis
are most likely to be present and since there s no definitive data on the equilibrium
composition of suiphur vapour. The data available on the even numbered speces ars the
most reliable (74). |

the ‘nllowing set of reactions .

2H,S+ SO, == 3/85,+2H,0 K1

S, e4s, K2
'S, 28, K4
S, = 4/3 S, K6

The Ki are the equilibrium constants of each reaction These reactions form a consistent
set of' non-redundant reactions and are used to calculate the thermodynamic equilibrium
of the Claus reaction /

From thermodynamics, K, = exp(-A G*/RT). hence the the equilibrium constants of
these reactions can be caliculated from the Gibbs free energy data on the species in the
reaction system. For any system at equilibrium, the Gibbs frae gﬁgrgy 1S 8 munimum, and
since the equilibria of the above reactioné can also be caiculated in terms of the partial
pressures of the species, there 1s a system of equations which can be soived. and the
equilibrium mole fractions of the species obtamned

The mass balances on the total mixture and on the sulphur component form two
equstions in several unknowns. However, agplying the constraints imposed by
stoichiometry and thermodynamics, the number of unknowns can be reduced to only two.
This is a pair of non—linear equations in twc: unknowns, therefore thay may be soived by
2 suitable iterative technique. The derivation of these equstions and the method of their

solution empioyed in this work, is given below.
A



Assume unit mole of inlet gas composition Yw Yn, Ys,
Let X be the conversion of H,0 at any time
From a mass balance. the following equations are derived

Y'w = Yw = X Yw

Yin, = Yn,

Yih,s = X Yw

I
wF
>
<
b

Y'so, = %

Y's, = a,

Yis, = a,
Y!SG = a, 2
. A
7 Yis, = a,
whaere (! ) denotes products, and ﬂﬁ a's are the unknown amounts of the sulphur spacies
present in the product Total moles (Nt), in the product, is therefore,
Nt=Yw+¥Yn +¥% XYw=+a +a,+a +a, e A=20Y)

Performing a mass balance on the sulphur spacies,
Sin=8Ys,
Sout=XYw+¥ XYw+2a,+4a, +6a, +~8a,

BYs,=XYw+¥XYw+2a,+43,+6a, +8a,

For ideal gases, Keg = Kp =3 _P'/) _Pi

where Pi = the partial pressure of species i.
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==> K2

=> K4

%-:::- K6

= 18 Nt —_— g = KZ ¥ " E,\ €13
L ‘ {&W'— } (A-23)

K4 = a,P}

n
3
‘ 2
|
W'

E

a - e Nt

—>a = {KE " '.Pi.)l}'lv-ﬂ.

1”



substituting (A-2.3) (A-2 4) and (A-2.5) mto (A-2.2)
Hu*ams-gpun-"*aq
Ntl.ll

EY:,EB/EXYW*E(K:‘ Py &8 + 4 (K4 a,
Nt Nt

This equation is a function of two variables only. a, and Nt Let
A = (K2 P,
B = (K4 Py
C = (K6 P+

]

then substituting in A-2.5 and rearranging. the following function is obtained

F(D) = (3/2 X Yw NtW79) + (2 A a,%9) + (4 B a,** Nt*¥) + (6 C a7 Nt*)
+ (8 (a,~Ys) Nt*?%) = O

A-l B;jwiﬂ—cliw}
.. (A-28)

substituting similarly in (A=2.1)
Fo(d) = Nt-?t — Nt (Yw + Y, + ¥ X Yw) =
+a, Nt+2 =0
==> two non-linaar aquations IN two unknNowns.
The Newton—Raphson techrique is used to obtain the solution This Fﬁiﬂﬂd
requires the Jacobian matrix, and hence the partisi derivatives of the equations must be

evaluated
These are found by straightforwardly differentiating squstions A-2.6 and A-2.7

above, ViL
Bf.la.l.=A;. -8.19 *25;,-‘*’Nt'“*45(::.“-“NF’+BNF"
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3f,/a Nt = 1125 X Yw Nt*1* + 0 + B 2, Nt-+"s + 3 C a,*" Nt-**

3t,/da,=0-0-A~-BNt = CNt + 2 Nt A2

Af,/ Nt = 1.75 Nt*-s ~ 0.75 Nt-+3(Yw + Yn,+ ¥ X Yw) = 0 =

0.25 B a, Nt-%" + C a, Nt* + 0.75 s, Nt-*" )
(A=2.12)

To solve equations A-2.6 and A-2.7 for Nt and a, tha constants in these

‘ -q:%:t;ans must be evalusted and so the equilibrium constants K1, K2, K4, K6, must first
be calculated These are obtasined from the Gibbs free energy of the species. The Gibbs
free energy of each species is caiculated using the standsrd free energies and specific
heat data as given\by Rau(7 1), In the case of the sulphur species. and JANAF (36) for the

others. The Gibbs/ free energy of each species is calculated from the relationship

G=a»(YO-logT-1/2bT-1/6cT =1/12dT
1720 6 T* +§/T - g - H/T2

where T = temperature in Kelvin, and the constants a to h are the empirical constants of
the specific heat polynomials as given by Rau and in JANAF The derivation of the above

relationship may be found in the CRC handbook (14) (page D-61).

Por H,S,

9

39163 # (1 - logB93)) + 35138 » 10~ 593/2
- 421913+ 10 593'/6 ;
t+ 27454 » 10~ 533*/12 - 4.85831 » 583'/20
-3609./6/593 - 2.366 - 0 i
-296403

H

Gh,s
Similarly,

Gso, = -91.00975%
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Gs,= -2.039625 .
Gs, = -948614

Gs, = -25.38013

Gs, = -35.30612

The changes in the free energy are caicuisted for sach reaction. For exampie
as, —> S, -
AG=4 Gs, - Gs,
Thus, =-2039625+4 + 3530612 = 2714762 ( = DFRT2)
Similarly.
DFRT4 = 16.338
DFRT6 = 146596
~ DFRT81 = 797693
The equilibrium constants are then caiculsted from the following equation.
K2 = exp(-DFRT2/RT)

1621571 » 101
8.0593723 » 10 *
K6 = 0.2308563

K81 =34329075 « 10 -*

Thus, K2
K4

The feed composition can now be caiculated using multiple iterations.
The mole fractions of hydrogen sulphide and sulphur dioxide in the feed are zero.
The mole fractions of nitrogen and water are estimated assuming the suiphur to be
entirely S, The total mole fraction is assumed to be 1.0. For the case of the feed. tha
conversion is 0.0. The assumption. as a first estimate, that the feed consists entirely of
S, alliows the calculation of the feed moiar fiow rste,
total feed moles, ZFT= ZN + ZWF + 251F/'&0 = 0.0 1860356 mol/min
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The initial mole fractions can now be caiculated.
YW = ZWF/ZFT = 0.01145918

YS8 = ZS1F/8.0/ZFT = 001993638

YN = ZN/ZFT = 09785044

1]

The subroutine NLSYST s called. having first determined the various constant
inputs requirad. A B and C The other constants D and E are requirad but both of these
sre functions of the water and nitrogen mole fractions and are subject to change as the

correct mole fractions of 5, is obtamned

Operation of NLSYST

The two functions and their partial derivatives sre evaluated using the first guess
estimates. An external subrouting LEQT 1F is called from the IMSL program library to
solve for the roots of the functions. The subroutine obtains the solution of the set of

linear equations,

AX=B
»
Matrix A contains the lacobian matrix and hance this scheme foliows the Newton
Raphson iterative technique where, |

x; = x; — f(al/fMx)

The system of equations 1s solved repeatedly until f, and f, = 0, to within 10-*

The functions are re—evaiusted and when the value of each is within a certain
tolerance, the routine raturns to the main program with the new :stimﬁgs of Nt and Vs,

The mole fractions of every species are now caiculated using equations (2.2) (2.3)
and (2.4). :

mf S, = [KB Ys, » Pr-33/Nte-13) 0.7
The partial pressures and mass flow rates of sach component are calculated :
PPi = mfi » Pressiatm) #» 10 1325IN/m?/stm)
GFi = mfi sMWi » ZFT, the total mole flow rate
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The actual sulphur feed mass flow rate i1s calculated |
SGFA = ZS1F = 320 g/min
and the suiphur feed mass flow rate is calculated,
| SGF = SGFi

The constants D and E contain the initial values of YN YW and YS8 and 5o the
Newton Raphson techruque must be re-apphed using the new estimatas of tS-ue mole
fractions Two tests are therefore performed to test fa% overall convergence
1 The total mole fraction i1s evaluated. Since unit mole of feed has been assumed,

the total mole fraction wili converge to 1.0 The actual mole feed is adjusted

according to the componant mol fraction, viz

3

ZFT, » TFMF (total mol fraction fead)

The mole fractions are now recalculsted using this new estimate of the total mole
feed rate
2 The mass balance on sulphur is evaluated in order to obtain a new estimate of

YS8, viz.,

(YS8), = SGFA/SGF » (YS8), = actual mass flow S/ calculated mass flow
The constants D and E can now be recalculated and the routine NLSYST is called

repeaatedly until both TFMF and SGFA/SGF = 1.0

Caleulation of actual flows
The feed composition and the relative :fnaunts of the various sulphur species are
obtained in this manner
The volumetric feed f\p\g 1s calculated from the ideal gas law,
" VFT = ZFT #RT/RP
Before the rate of reaction can be determined, the distribution of sulphur species for the
reactor conditions must be glir;ul;tad. This is done in a similar manner to. the feed

composition, only in this case the conversion does not equal 0 .



ZN = as before
ZWF = WP « ZN/(100 - WP)
Therefore, conversion = (ZWF - ZWP)/ZWF !
The initral guess to be fed to NLSYST is calculated The total moles is again
assumed to hg 1.0. The mole fractions of nitrogen and water are calculated again

assurming all the sulphur is in the S, form. _

Total pf'@d\jét molas = ZN + ZWP+ZS1F/80 %10 - 3/16 X)
--> YN = ZN/ZPT ’

ZSVF/80# (1.0 - 3/16 X)/ZPT

YW = ZWP/ZPT YS8

obtained as in the case of the feed composition.

The volumetric flow is calculated from the ideal gas law .

VPT = ZPT « RT/RP

The atom balances on each of the slements are calculated, for Hydrogen for

axample,
‘ AHF = mf H,0 feed » ZFT » 2.0
AHP = mf H,0 product #* mf H,S product # ZPT#» 2.0

Evsailustion of kinetic variables

The various kinetic variables can nhow be evaluated,

Residence time, =0.001 » Volume of the reactor/(volumetric flow prod *80) s
¢

Space velocity => sv = 1/t

Conversion of water, as bafiare,, = (ZWF-ZWP)/ ZWF

Conversion of sulphur 8, = (MF S,#ZFT = MF S,p » ZPT) /(MF S,f » ZFT)
Water rate of reaction, = (ZWF - ZWP)/WT mol/s g cat

Sulphur rate of reaction = (MF S, » ZFT ~ MF S,p » ZPT)/ WT mol/s g cat
WFS = WT/(MF S, #» ZFT » 80)

X - axis of mnitial rate plots
WEW = WT/(ZWF « 60.0) g mol/hr

The remainder of the program deals with printing the output.



Barty Resctor ideal Operstion

The set of equations derived by Kuchcinski and Squires were developed using a
reactor similar to the one used in this work. They caution that the constants of thase
equations will be different for other Berty reactor configurations. However. since they
usad an Autoclave reactor 1t 15 probable that these equations sre applicable to the reactor
usad in this study. 7
For Reynoid's number < 50, the following equations apply.

2/3 ¥ % -~ 1/4
AT=112raAHPr T/MP (1500/rpm)  (4/(L/Dp) 7] .
[Coagprtimps . SO A 1)

AX = 47000 r p v (T/Pp-4/
. (@ ¢ 1= Dim)” (M/ 14 124¢ (rpm/ 1500)% (4 Dp/LP-2)

M =29 s =6/D=1890
P=15%10° Pa V=1
T=600K k=3 10"%Kg/ms

rp =667%10 kgmol/s v =1
'u\hs 1890 m’/ m'bedl Dim= 13 104
H= 10" J/kmol Pr = 0.68
Cp = 1000 i -

Re = 168
X=487+% 10
T=200% 101K
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Calculstion of Reactor Volume
The volume of the reactor was determined by experment in the foliowing
manner. A large vessel of known volume was connected to the the sesied reactor via a8

valve. A pressure gauge was inserted to measure the pressure as shown in Figure A-2.1.

Figure A-2.1 Measurement of Reactor Volume

>

The large vessel was pressurised using the building compressed air system to
about 70 psig and _co?nected to the reactor as shown The pressures in the vessel and
the reactor were recorged. the reactor pressure being assumed to be the same as
atmospheric. The valve was then opened slightly, to sliow the gas to flow slowly nto the
reactor, and the pressure was allowed to equilibriate. This final pressure was then
roco‘:ded. The following assumptions allow this process to be used to caicuiate the
volume of the reactor. The air is assumed to behave as an ideal gas. and the process is

isothermal. The volume of the reactor can be obtained viz



Conditions for vessel 1, P, V, and n,
Conditions for the reactor, P, V, and n,. Let () denots final conditions.
Applying the ideal gas law,

P,V,/m=P,V,/n, =RT

nm=n+nand V=V +V,

—> PL(V, + V))/In, + ny) = P, V,/n,

n, =P, V,/P,V)n

1]

—> PV, + V/inl1 + P, V,/P, V,] = P, V,/n,

which on raasrranging yieids,
V, = V,P' = PJ/(P, - PY)
The volume of vessel 1 was 500 in’, masphené pressure was 700 mmig and

temperature was 25 °C.

Calculation of Rate Constants

¥

Equation 5.2 is t )odel which has been fitted to the initial rate data,
b

. . n .
10 =aPw/10% /(1 +¢c Pw/10% )

With n=2, the parameters a. b, and c have the values, 0.3358, 0.8911 and 0.2740
respactively.
=Rw = (Pw/10% 0.3358/ ( 10 (1 + 274 =10- ! Pw))

=

-Rw =9.1655 # 10 Pw / (1 + 274 » 10-* Pw)

1

_ k = 91555 » 10-4/(Ps "
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Since Ps, = 753 N/m*, and the order with respect to sulphur 1s 0.39

k=9 1555« 10-4/(7531 = 6 4606 » 10-"
This will equal the least squares value of the rate constant since it is derived from the
lesst squeres fit to the modei.

The rate constant may be caiculated directly from the aach initial rate viz,

k = ~Rw (1 + K Pwp/ (Pwi** Pg, o)

1.904 » 10-1 + 2.74 » 10! 82041/ (8204°4* 7530.19)

70154 » 10"
Comparison of Forwasrd and Reverse Reaction Rates
From Table 5.8, the initial rate of the reverse reaction at a partial pressure of
8204 N/m? water and 753 N/m? suiphur, and a temperature of 592 K, is
0.01904 mol/g hr.

~ Using equation 2.2, the rate of the forward reaction is given as,

~Rh,s = 1.121 exp(-7440/RT) (61.5) (5.6)**/ ( 1 + 0.00423 6 1.5)

= 0.17995

Thus the forward reaction is 9.75 times the rate of the reverse reaction
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Comparison of Sulphur Species Distributions

At a temperature of 592 K, and a pressure of 146 atmospheres and a mole
percentage of sulphur of 0.388, the distributions of the sulphur species that are
predicted from the thermodynamic data are as follows,
Species mol % (8) mol % (even)
S, 00 ‘
s, 303 | 574
S - . 0aa o -
. 0.26 ‘ 0.27 |
S, _— 335
S, ' , 3644 60.06
S, 2110
S, 354 3593

The distributions are very similar although that which includes only the gven
species has an average molecule size which is slightly smalier, 6.4 as opposed to 6.7 for

the complete distribution.
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APPENDIX 3 Computer Programs

This Appendix contains listings of the computer programs used in the analysis of
the experiments! data There are three main programs. EXPTCAL IRANAL and ADSREG,
each of which uses a subroutne. The subroutine NLSYST 1s employed by EXPTCAL, and
the subroutine NLREG is used by both IRANAL and ADSREG

The raw data analysis and kinetic data calculation were performed by the
FORTRAN computer program EXPTCAL (for EXPerimenTal CALculations) The caiculations
performed by this program have beéﬁ illustrated in Appendix 2 The basic outiine of the
program is shown by the flow diagram below

EXPTCAL employs a subroutine NLSYST (for Non-Linear SYSTem) This routine
solves the non-linear pair of equations in Nt, the total mole fraction and Ys,, the sulphur
mole fraction using the Newton—-Raphson technique. A flow chart outlining the main
sections of this subroutine is given NLSYST calls a subroutine LEQT 1F from the IMSL
{international Mathematical and Statistical Library) This routine solves a linear system of
equations of the form. A X = B The values of the kinetic variables of interast are
calculated by EXPTCAL A full isting of the output from this program can be found in
Appendix 4.

The main program IRANAL (for Initial Rate ANALysis), sets up the non—linear curve
fitting subroutine NLREG (Non-Linear REGression). IRANAL caiculates the form of the
function being fitted and its derivatives. The important festures of this program -nd its
subroutine are alaborated on below

The main program ADSREG, (ADSorption REGression). fits the water rate function
to the data using the subroutine NLREG. Several versions of this program were used

depending on the power of the denominator term in the model.
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Flow Chart of EXPTCAL . ' '

-,

N\

v
Read in exptl dats

Apply calibrations
Calcuiate Sulphur reaction squilibria

Caiculate constant mput to NLSYST

Make initial guess of feed composition

Caicuiste variable nput to NLSYST

13

Call NLSYST L

-
;gd Re-sstmate YSB,

>
sulphur mole fracuon

Evaluste S mole fractions

Evaluate Partal pressures and mass flows l

v



Is S-feed = S mass flow calc? —

Evaluate all mole fractions

Is the total mole fraction = 1.0? e —

Calculate conversion
,ivéung first guess to NLSYST for products
Calculste varisble nput 1o NLSYST
Call NLSYST
* as avove
_Calculate Atom baiances

Kinatic Calculations

{ - . Prmnt output

132



Flow disgram of NLSYST +

Call from main.

input from main preg—in

S — —

Evaluate functions

2]

mpare functions

Tolerance met?

Caiculate derivatives

Scale derivatives

Call LEQT1F

Estimate X{1) and X(2)

Tolershce met?
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EXPTCAL

Experimental Calculations

o 2 e ok ol o 2k i ak i o e ok a ok ol 3k ok 3k xk ol 3k ik ok ol 3 Sl A ol 3 s S ok e o o ae S o a ok

OOOOO0O0

—
C MAIN PROGRAM FOR EXPERIMENTAL ANALYSIS
C FEED ASSUMED TO CONSIST OF N2, H20 AND S8

C CLAUS REACTION :- 2.H2S + S02 <=> 2.H20 + 3/8.58 81

INPUT TO THIS PROGRAM SHOULD BE IN THIS
FORM : -
NREP, NO OF COPIES OF OUTPUT REQUIRED
IREP, TERMINATION CODE, NEGATIVE IF NO
MORE DATA

ARE THE RUN NUMBER FOLLOWED BY THE
DATE IN THE FORM 02/04/66.
WT IS THE WEIGHT OF CATALYST USED
RPM IS THE IMPELLER SPEED
DP IS THE D/P CELL CHART READING %
ATMP 1S THE ATMOSPHERIC PRESSURE IN MM.HG
FP IS THE FEED PRESSURE IN PSIG
RP 1S THE REACTOR PRESSURE IN CHART %
TF IS THE FEED TEMEPERATURE IN CELSIUS
TR IS THE REACTOR TEMPERATURE IN CELSIUS
AWF IS THE AREA ¥ OF WATER IN THE FEED
ZS1F IS THE GM-ATOM FLOW OF SULPHUR FEED
AHSP, ASQP, AWP ARE THE AREA %'S OF
H2S, SO02 AND WATER RESPECTIVELY
IN THE PRODUCTS ,
THE DATA REQUIRED FOR THE CALCULATION OF

FROM UNIT 7 WHICH IS ATTACHED TO THE
GEN1, A LISTING OF WHICH IS GIVEN
FOLLOWING THIS ONE

IMPLICIT REAL*8(A-H,0-Z,$)

DIMENSION X(2),FRAC(7),F(2, SPN(?) SNAM(7) ,F
# FMF(8) EMF(8),FPP(8),EPP(8 G (8),GP(8),CHEM(8
# RUNDAT{16) ,FRT(7) « 7

DATA CHEM/'N2 .’ ,'H20 ',"H2S ’,'SD2 ',’S2 ','S

&S6 ','S8 '/

DATA wMOL/28.01,18.02,34.08,64.06,64.13,128.26,

&192.38,256.51/

4.52 <z> S8 28
2.54 <2> S8 48
4/3.56 <=> S8 68

RUNDAT(I), STRING WHOSE FIRST FIYE MEMBERS

THE SULPHUR SPECIES EQUILIBRIA ARE READ

HH
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c GIBB'S FREE ENERGY DATA INPUT

D) SNAM(IJ
FR

41 FORMAT(/

READ(7,42)
42 FORMAT(4E1
10 CONTINUE

C
C EXPERIMENTAL DATA INPUT
c

A0=0.87473

A1=0.01918

A2=-0.00091

A02=1.15950

A12=0.00227

A22=0.00106

RFHS=1.92045

RFSD=1.32023

RFHS2=1.84419

RFSD2=1.20770 .

DATA S /'S'/

I1TA=0

ICT=5

ICu=4

WRITE(9,7)
7 FORMAT (' $*+=$FONT=1200.B0OLD.9. FIXED LANDSCAPE .1’ ,/," 1",
/,"4' ,60X,' RAW DATA TABLES',/,'+ ,60X,’ RAW DATA
TAELES’ /1111, 45X ,'Wt.Cat.- units are Grammes',
//,45X%, ‘RPM - 1n§eller speed, Revs per Minute’,
//,45X,'D/P - differential pressure cel)
reading Chart Percent’,
//,45X,' ATMP - atm@5§h3r1c pressure, mmHg' |
//.45xi’FP - feed pressure, psig’
//.45X < RP - reactor pressure transducer reading, ',
‘Chart PEFCEﬁt'
//,45X, feed nitrogen temperature, Celsius’,
//.QSXifTP reactor temperature, Celsius’,
//,45X," AWF - Area Percent water in feed’,
//,85X,"ZS1F - mol flow S1 feed, Mol/Hr' ,
//,45X,' AHSP - Area Percent H2S in product,
sulphur free basis’,
//,45X," ASDP - Area Percent S02 in product,
sulphur free basis’

n-nmmmnumnummmnummmmmm
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//,45X," AWP - Area Percent water product,
‘free basis’,/)

READ(S5, 12} NREP

FORMAT (11)

READ(S5,14) IREP

IF(IREP.LT.0) GOTO 28

FORMAT (12}

READ(5,2) (RUNDAT(I),I=1,16)
FORMAT(16A1)

READ(5,15 ) WT,RPM
FORMAT(F8.4,F6.0)

READ(5,4) DP,ATMP ,FP ,RP,TF,TR
FORMAT(F6.2,F6.1,2F6.2,2F7.2)
READ(5,6) AWF,6ZSIF
FORMAT(F8.4,F10.7)
READ(5,8)AHSP,ASDP, AWP
FORMAT(3F8.4) -

ICT=ICT+1

IF(ICT.NE.6)GOTO 3

I1C=6

IPAGE=1

ICT=0

GOTO §

IC=0

IPAGE=0
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sulphur’,

WRITE(9,1) IPAGE,IC.(RUNDAT(I).1=1.16).WT.RPM,DP.

ATMP.FP,RP,TF,TR,AVF.ZS1F,AHSP.ASDP.AUP
FORMAT(I1,/,11,

12X, RUN’ ,5X,'DATE’ ,4X,’ Wt.Cat.’, 3X,’ RPM’
4X,'D/P’,4X,‘ATMP',3X,’FP’,4X,’RP'.5X.'TF’

' OX, " TR",

/,13X,16A1,F8.4qF7.0,F7.2.F8.2,F6.2.F7.2.F7.2,F8.2,
/,13X.’AWF’.6X,’ZSlF’,7X.'AHSP’.5X,'ASDP'.5X.'AVP’,

/.12X,F8.4.F11.7,F9.5.F9.5.F9.4./)
END OF INPUT
FEED VARIABLE MANIPULATION

VR=664.0

TF=273.15 + TF

TR=273.15+7TR

RT=8.314=TR

ATMP= ATMP=*101325/760.

FP=FP*6895+ATMP
RP=(0.89557«RP-0.1383)%101325/76.0+ATMP
VN=DSQRT(0.08998*DP-0.05350)%0.001
IN=FP=VN/8.314/TF

IF(IREP.EQ.2)GOTO 86

RFHO=1.0
WF=AWF*RFHO/(RFHO*AWF+(100.0-AWF) )*100.0
RFHOP=WF* (WF*A2+A1)+A0 .

IF (DABS(RFHOP-RFHO).LT.0.00005) GOTO 43
RFHO=RFHOP

GOTO 44



43

86
34
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46

88
35

89

OO0 W

CONTINUE
GOTO 87

RFHO=1.0

WF=AWF «RFHO/ (RFHO*AWF+( 100.0-AWF ) ) *100. 0
RFHOP=WF* (WF*A22+A12 ) +A02

IF (DABS(RFHOP-RFHO).LT.0.00005) GOTO 33
RFHO=RFHOP

GOTO 34

CONT INUE

ZWF=WF*ZN/ (100, -WF)

GFT=ZN*28.01+ZWF=18.02+2S1F*32.064

CALCULATION OF FEED COMPOSITION ]
ZT IS THE MOLE FLOW OF SULPHUR IF ALL $1 _
USED AS AN ESTIMATE TO FIND
THE EQUILIBRIUM COMPOSITION

PRESS=RP/101325.
T=TR .

CALCULATIONS INCLUDING THE CALIBRATIONS A ~
AREA X'S TO MOLE ¥%'S

IF(IREP.EQ.2) GOTO 88

RFHD=1.0
DEN:RFHD!AUP*RFHS‘AHSP*RFSD*ASDP*
1.0=(100.-AWP-AHSP-ASDP)
WP=AWP*RFHO/DEN*100.0
SDP=ASDP=RFSD/DEN=100.0
HSP=AHSP*RFHS/DEN=*100.0

RFHOP=WP=* (WP=A2+A1)+A0
IF(DABS(RFHDP!RFHD).LT.O!QDOOS) GOTO 46
RFHO=RFHOP

GOTO 45

CONTINUE

GOTO 89

RFHO=1.0

DEN=RFHO*AWP+RFHS 1*AHSP+RFSD1*ASDP+
1§O¥(1OD.EAHP§AHSPiASDP)
WP=AWP*RFHO/DEN=*=100.0
SDP=ASDP=RFSD1/DEN*100.0
HSP=AHSP*RFHS1/DEN*100.0

RFHOP=WP=* (WP=A22+A12)+A02
IF(DABS(RFHOP-RFHO).LT.0.00005) GOTO 89
{RFHO=RFHOP

GOTO 35
CONTINUE
ZWP=WP=ZN/(100-WP)
ZHSP=zHSP*ZN/( 100-HSP) I
ZSDP=SDP*=ZN/(100-SDP)
IWF=ZWP+ZHSP
IWF=WF*ZN/(100.-WF) o
GFT=ZN*28.01+ZWF=18.02+2S1F*32.064

£ g e
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ZFT=ZN+ZWF+ZS1F/8.0
CALCULATION OF REACTION EQUILIBRIUM CONSTANTS

DO 20 J=1,7

RE(d 1)*(1.-DLOG(T))-FRE(J,2)=
(J,31%T=T/6.

} )= ( T**B)/12 -FRE (
}/T-FRE(J,7)-FRE (.

},5)*(T==4)/20.
8)/1/1

LC.

CDNTINUE
DFRT21=2.=FRT(1)+FRT(2
DFRT41=2 . 0=FRT (1 )+FRT |
DFRTS1=2.D*FRT(1)+FRT(
DFRTB1=2.0%FRT(1)+FRT(2
RK21=DEXP(-DFRT21)
RK41=DEXP(-DFRT41)
RK61=DEXP(-DFRT61)
RK81=DEXP(-DFRT81)
DFRT2=4.0%FRT(4)-FRT(
DFRT4=2.0%FRT(5)-FRT (7
DFRT6=4.0/3.0*FRT(B)-F
RK2=DEXP(-DFRT2)
RK4=DEXP(-DFRT4)

RK6=DEXP(-DFRT6)
CALCULATION OF FEED COMPOSITION

) -
2)
2)-
)
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ASSUMPTION THAT FEED 1S S8, (FIRST APPROXIMATION)

YHS=0.0

YS0=0.0

YW=ZWF/ZFT
YS8=2S51F/8.0/ZFT
YN=ZN/ZFT

.0
PRESS**B!RKQ)**D 25
RESS*RKd):*D 5

] (‘
1
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LU o B

m

wr

[P B

»

»

O

S,

w

O

"

]

>

o

<

wn

MMMOMO —
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X

1 Iw=1,50

IW.EQ.50) GOTO 32

+YW+0.5=CONV=YW

.5%«CONV*YW-8. 0=YS8
LSYST(X,A,B,C,D,E,F,W)

B

*x3%X(1))==0,25
(1))**0 5
**(1.0/3.0)%X(1))==0.75
+FMF (7 )+FMF(8)

=(RK2=(PRESS/X (2
(RK4*PRESS/X(2)
(RK6* (PRESS/X (2
N+YW+FMF (5)+FMF (
=YN

-n
x

))
* X
2))
6)
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PRESS=101325.
WMOL (1 )=ZFT

‘,Mv
(-lr

CONTINUE
SGF=0.0
DO 18 [=5,8
SGF=SGF+GF (1)

SGFA=ZS1F=32.064

IF (DABS(SGFA-SGF).LT.0.1D-08) GOTO 19
DS=SGFA/SGF .
X(1)=XIP*DS

YS8=X(1) -

XIP=X(1)

GOTO 21

ZFT=gFI=TFNF

YN=IN/ZFT
szzuF/ZFt,ff

YS8=FMF {8

X(1)=XIP

X(2)=1.0

1F (DABS(TFMF-1,000).LT. 0.10-08) GOTO 22
CONT INUE

VFT=ZFT«RT/RP

CALCULATION OF REACTOR CONVERSION

CONV=(ZWF-ZWP) /ZWF

X(2)=1.00

XIP=X(1)

XW=CONV

ZPT=ZN+ZWP+(1.0-0.1875%XW)*2S1F/8.0

YN=ZN/ZPT

YW=ZWP/IN

EMF (3)=2HSP/ZPT

EMF (4)=2SDP/ZPT

YS8=(1.0-0.1875%«XW)*ZS1F/8.0/2ZPT

DO 25 Iw=1,50

IF(IW.EQ.50) GOTO 32

D=YN+YW+0.5+CONV=YW

E=1.5«CONV*YW-8.0%YS8

CALL NLSYST(X,A,B,C,D,E,F,W)

EMF (8)=X(1)

EHF(S)-(RKE*(PRESS/K(E))!*3*X(1))**Di25

EMF ( E)=(RK4-PRESS/X(2)T§(1))f*D.S
X(2) )=

EMF (7)=(RK6*(PRESS/ **(1.0/3.0)%Xx(1))=*0,75
EMF(1)=YN

EMF(2)=YW

TEMF=YN+YW+EMF (3 ) +EMF ( 4)*EMF(5)*EMF(S)*EMF(7)+EMF(B)
GPT=0.0

139
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, RATES8= (FMF (B)*=ZFT-EMF(8)=*ZPT)

DO 23 I=1,8
EPP(1)=EMF(1)*PRESS*101325.
GP(I)=EMF(1)=wMOL(I)=ZPT
GPT=GPT+GP(1I)

CONTINUE

SGP=(EMF (3)+EMF (4)+2 . 0%EMF (5)+4 . 0*EMF (6)+6.0*EMF(7)+
48.0+EMF (8))*32.064+ZPT

IF(DABS(SGFA-SGP).LT.0.1D-08) GOTO 24
DS=SGFA/SGP
X(1)=XIP=DS
YSB=X(1)
XIP=X{1) y
GOTO 25
ZPT=ZPT=TEMF
YN=ZN/ZPT
YW=ZWP/ZPT
EMF (3)=ZHSP/ZPT
EMF(4)=ZSDP/ZPT
YSS:EM (8)

X12)21 0

IF (DABS(TEMF-1.000).LT7.0.1D-08) GOTO 26
CONTINUE

ATOM BALANCES

AHF=FMF (2)*ZFT%2.0
AOF=FMF (2)*ZFT

. ASF=Z51F

ATF=AHF +AQF +ASF
AHP= (EMF (3)*2.0+EMF (2)%2.0)*ZPT
AQP= (EMF (4)#2 . O+EMF (2))*ZPT

ASP= (EMF (3)+EMF (4)+2,  0%EMF (5)+4 . 0+EMF (6)+

6.0%EMF (7)+8.0=EMF (8) ) *2ZPT
ATP=AHP+AOP+ASP
VFT=ZFT*RT/RP/60.0
VPT=ZPT*RT/RP/60.0
GFT=GFT/60.0

GPT=GPT/60.0

AHD= (AHP-AHF ) /AHF*100.0
AOD= (AOP-AOF ) /AOP*100.0
ASD= (ASP-ASF)/ASP*100.0

KINETIC CALCULATIONS
TAU=0.001=VR/VPT/1000.

SVE1QD/TAU ,
(ZHF ZWP)/ZWF

XSB E(8)*ZFT-EMF (8)=ZPT)/(FMF(8)*ZFT)
XS6= (FM (T)#ZFT-EMF (7)%ZPT)/(FMF(7)*ZFT)
XS4z (FMF (6)*ZFT-EMF(6)*ZPT)/ (FMF(6)*ZFT)
XS2= (FMF (5)*ZFT-EMF (5)*ZPT)/(FMF(5)*ZFT)
RATEW=(ZWF-ZWP) /WT/60.0 T/

0.0
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RATESG= (FMF (7)*ZFT-EMF (7)*ZPT)/WT/70.0
ATES4=(FMF(6)*ZFT-EMF(E)*ZPT)/UT{SD.D
ATES2=(FMF (5)*ZFT-EMF(5)*ZPT)/WT/50.0

RATEWS=RATES8%16.0/3.0

*+RATES6+4.0+RATES4*8.0/3.0+RATES2%4.0/3.0

RATED=(RATEW-RATEWS)/RATEW * 100.0 '

WFS8=WT/(FMF (8)*ZFT=60.0)

WFS6=WT/(FMF (7)*ZFT=60.0)

WFS4=WT/(FMF(6)*=ZFT=60.0)

WFS2=WT/(FMF(5)*ZFT=60. O)

WFW=WT/(60.0*ZWF)

OUTPUT

FULL CALCULATED VARIABLES

OOOOOOO0O

DO 31 J=1,NREP
WRITE(6,80) (RUNDAT(I),I=1,6), (RUNDAT(I), I=7,15)
90 FORMAT(Ht,////////,19X,"RUN ' ,6A1,15X,’ DATE ' QA1)
WRITE(6,91) wT
91 FORMAT(/,19X, ' CATALYST KA S$S201 ‘' ,4X,F10.4,' G')
WRITE(6,92) PRESS,T,RPM
92 FORMAT (/, 19X, PRESSURE (ATM) ‘' F12.5,10X,
1" TEMPERATURE (K) ‘' ,F12.2,10X,’ FAN SPEED = ' ,F6.0,’ RPM )
WRITE(6,27 ) RATEU RATESB
¥RATESSE, RATES4 RATES2 RATEHS RATED
27 FORMAT(/ 42X, ’WATER’ 10X, '58' 12X,°S6" ,12X,' 54",
&12X,'82",
&/.19X,’RATE (MOL/S G CAT)' ,5(2X,E12.5),/,19X,
& RATE (WS) = ' E12.5,

.. & MOL/S.GM CAT’ ,5X.’% DIFFERENCE = ' FB.2)
WRITE(6,94) TAU,SV,ZFT,ZPT,GFT, GPT, VET,VPT
94 FORMAT(/ 19X,  RESIDENCE TIME = ', F8.2
5,” S’ ,/,19X,’ SPACE VELOCITY = ' E12.4," (1/S)',//,
119x "MOLE FLOW FEED = E12,4i53,’PRDDUCT ' E12.4,
& MOL/S',/,19X,'MASS FLOW /.
2'FEED = ' ,E12.4,5X,’ PRODUCT ' ,E12.4,' G/S'./.
319X, VOL FLOW FEED = ' ,E12.4,5X,’' PRODUCT ‘ ,E12.4,
4' M3/5,/)
WRITE(6,97)

97 FORMAT(46X,' FEED',40X,’ REACTOR' ,//, 19X, SPECIES’ , 1X,

&' MOLE FRACTION' ,

22X, "PARTIAL PRESS’ 3X.’MASS FLOW' |

37X,’MOLE FRACTION' .1X.’' PARTIAL PRESS', 2X. |

4'MASS FLOW' ,/, 46X, "(PASCAL)' ,7X," (G/S)", 24X, '(PASCAL)

58X, (G/S)" ,/) | .

DO 95 I=1

/60
/60
CHEM(I).FMF(I) FPP(1),GF (1), (EMF (L), EFPG!)

95 ¢ CONTINUE )
96  FORMAT(19X,A4,3X,E12.5,4X,E12.5,4X,E12.5,
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37

29

11

82

83
71

70

80
81

85
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14%,E12.5,2X,E12.5,3X,E12.5)
WRITE(6,98) XW,XSB.XS6. XS4, XS2 |
FORMAT(/, 39X, WATER' , 11X,’ S8/, 12X,' $6' , 12X, 54" ,
&12X,' 82" |
&/,19X," CONVERSION ,S5(FB8.4,6X))
WRITE(6,99) WFW,WFS8, HFSS WFS4, WFS2
FORMAT (19X, WT CAT/MOL FEED ', 5(2X . E12.5)/)
WRITE (6,37)AHF, AHP,AHD, AOF , AOP . AOD, ASF  ASP " ASD
FORMAT(19X,’ ATOM BALANCES ~ FEED’,10X.’ PRODUCT’ ,5X.
& %DIFFERENCE’ ,/,
*19X,’ HYDROGEN' ,E12.5,2X,E12.5,5X,F6.2,/, 19X, OXYGEN &,
*E£12.5,2X,E12.5,5X,F6.2,/, 10X . ’SULPHUR’ LE12.5,2X,E12.5.
&5X . F6.2,/)
WRITE(6.29 ) RK21,RK&1,RK61,RK8
FORMAT(/,19X,’ EQUILIBRIUM CONSTANTS ,//.24X,'RK21=""
&D13.6,5X,' RK41=" |
#D13.6,/, 24X ’RKS1’ ,D13.6,5X,’ RK81 *,D013.6)
WRITE(6,30 J RK2,RK4,RK6
FORMAT(/,24X,' RK2=' ,013.6,3X, RK4=' ,D13.6, 3X ., +
"RK6=' ,D13.6./)
ICU=ICU+1
IF(ICU.NE.5) GOTO 11
1C=6
IPAGE = 1
1CU=0
GOTO 9
I1C=0
IPAGE=0
IF (RUNDAT(1).EQ.S) GOTOD 82
FA=WFW
XA=XW
GOTO 83
FA=WFS8
XA=XS8
WRITE(11,71)IPAGE,IC
FORMAT(I1,/11,9X, RUN’ , 4x,’ DATE' 6X,'PRESS',
83X,  TEMP' ,3X," WT CAT', 3x "S.V.' 8X. WI/FA CONV” )
HRITE(11 70) (RUNDAT (1) ,1=1,16),PRESS,T,WT,SV,FA. XA,
8)

(FMF(1),1=1,8), (EMF(1) 1=1. , S
FDRHAT(1D 6A1,F8.4,F7.1,F9.4,E12.4,F8.2,3X,F8.5,
0X,

.3
0 1
1 1
&/, 15X, N2’. "WATER' ,7X."H2S’ 9.  $02" , 11X 827 11X,
& S4" , 11X, 86’ ,11X,' S8’ |
&/,10X,8E13.

FMF(E) FMF

FMF (8) =FMF

ITA=ITA+1

IF(ITA.GT.1) GOTO 85

WRITE(10,80) (RUNDAT(I),I=1,4)

FORMAT (1H1,20X,’ DATA SET ' ,8A1,//)

WRITE(10,81) |

FORMAT (17X, RUN' , 2X, " PRESSURE (ATM) " , 2X
&' TEMPERATURE (K) " 2x "WATER(%) FEED',2X,
&' SULPHUR (%) FEED’, G.HR/MOL FEED’,4X,’ CONVERSION’ )

WRITE(10,84) (RUNDAT(I),1=1,5),PRESS, T FMF(2)

)
1
1
6
5,/ FEED’ ,/,10X,BE13.5," PRODUCT' ,//)
(2)%100.0 ‘

(8)*100.0

2
8
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&FMF (8)
&FA, XA
84  FORMAT(/,20X,5A1,F11.6,6X,F7.2.6X,
&F10.6,9X,F10.6,6X.F13.6.F13.6)
31 CONTINUE
IF (IREP.GT.0) GOTO 13
32 WRITE(6,36 )
36 FORMAT(///,20('*'),//, 10X," FEED CONCENTRATION NOT
& CONVERGED' ,//,20("=' ]
STOP
END

(o2}

E

SUBROUTINE NLSYST(X.AiE.C,Df F o)
THIS SUBROUTINE SOLVES A SYSTEM OF TWO NONL INEAR
EQ'S BY NEWTONS'S METHOD.

OO0 N

IMPLICIT REAL*8(A-H,0-2.§)
DIMENSION FSAVE (2) X(2) F(
WKAREA(12), XSAVE(21

2,1),DF(2,2),

)

+ 38 FORMAT(5D14.5)

M=1

1as2 -

IDGT=0 “
MAXIT=50 : ™~
FTOL=.1D-09
XTOL=.1D-08 .
DO 48 I=1,MAXIT
DO 10 uy=1,2
10 XSAVE(J)=X(J)
A4R=X(1)==0. 25
ZTdR:X(E)**O 25
FO1,1)=E+2.0%A%A4R/(ZT4R#*#*3)+4 0=B*=A4R/(ZTAR*ZTAR)+
&6. O*C!AAR**S/ZTQR*S 0=X(1)
F(2,1)=A*A4R/(ZT4R**3)+B*A4R*A4R/ (ZT4R*ZT4R)
&+C*A4R=+3/ZTAR +X(1)+D-X(2)
ITEST=0

).GT.FTOL) ITEST=ITEST+1
)

FlJ,1)=
20 CONTINUE
IF(ITEST.NE.O) GO TO 30
RETURN
30 DF(1,1)=0.5%A/(A4R*ZT4R)%#3+2 . 0%B/(A4R*ZTAR) =%+
84.5%C/(AAR=ZT4R)+8.0
DF(1 2)=(=-1.0/X(2))*(1.5=A=A4R/ZT4AR*=3+
& 2.0%B*A4R*A4R/ZT4R*»21.5%C+A4R**3/2T4R)
DF(2,1)=0,25%A/ (ZT4R%A4R) %340, 5=
/(ZTAR®A4R)*#2+0 . 75%C/ (ZT4R*A4R)+1.0
F(2,2)=(=1.0/X(2))*(0.75+«A*A4R/ZT4R»*3+
0.5*B%A4R=A4R/ZTAR**2+0 . 25+Cx (A4R**3)/ZT4R)-1.0

&B
D
&
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ITEST=ITEST+1

, IDGT ,WKAREA, 1ER)
<

— — —_— i
o p— p— - — —
et e~ fhaalt o
e O = T = = -
— - e =Y
L ™ Ll e O e 25— =
O-—-0O0—0 - w
el NS S TE R %
e =~ O R
O S O e, = .
— e e Y e~
o O T O — e DD

—— - —— v L — —

e ™ e O e ™ Ll E,T

O 00— 0O > > — 3

LR T AT | e . - | .
\l:,)\..;l:ESSD))QD
O = D — v~ > > «— 40 M
- e - . oW oy — — -
A & B A R S e T
T e O J o O — — — ) —
L — L Ay e e & e 1 e e (O W
(el el ot o SR G THPPENFL TN

TO 39

0) GO
) GOTO 47

.0
.0

D0 50 Jy=1.2 -
IF (DABS(F(dJU,1)).GT.XTOL)

CONTINUE

.o ~
] e

50
C

THE RESULT

) GO TO 49

RINT

.EQ.O

ITEST

IF{
48 CONTINUE
RETURN
49 RETURN

C IF XTOL MET P
END

C



Operation of IRANAL snd NLREG

H:wng obtained conversion versus mole flow rate dats it remains to fit ﬁm dlu
with a surt:blg function to obtain the initial r:t’} from the siope at the origin This slope
may be obtained in several ways. A smooth curve can be drawn tirough the plot and the
slope estimated by eye A spline curve can be fitted to the data A non-linear function
can be fitted This latter approach was used smcie it was consistent and also made use of
ali the data The eye—fit would not be consistent, and the spline curve places a gt‘ut deal
of emphasis on the point closest the origin  All these methods were applied to the data,
and the nonlinear curve fitting technique proved the most reliable. However, each
method gave similar results, indicating that the use of each technique was vaiid

The curve. A = tanh{B x). was usad to fit the experimental data This curve has the
advantage that at the origin the slope is aqual to A*B, the two parameters which are
estmated by the least squares technique

y = A tanh(B x)
dy/dx = A sech'{B x

Hence aty = x = 0, dy/dx = A B, since, sech*(0) = 1.0

The least squares estimates of the parameters was obtained using the modified
damped least squares (MDLS) non—-hnear curve fitting technique davalapad by Mayer snd
Roth (58) This method is illustrated by Wolfe (87)

The prc:g%ar*ﬁ IRANAL listed below, reads the experimental data and calis the
subrowutine NLREG. which returns with the vaiues of the parameters A and B, as estimated
using the MDLS method. A flow chart of this method can be found in the references
cited sbove. This program requires two subroutines MODEL and MDER. MODEL

calculates the value of the curve being fitted to the data
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MDER evaluates the derivatives with respect to the paramét’afsi viz

y = A tanh(B x)
dy/dA = tanh(B x)
dy/dB = A sechB x) x

The MDLS aigorithm is based on the Gauss-Newton procedure. It is reported by
its authors to be a relisble and efficient method of solving a genersl non—linesr laast
squares problem. In this work, the method proved to be fast and relisble The fitting on
the Tanh curves had no difficulties. The fitting of the water function was shgﬁtly mores
difficult since the variables required scaling in order that a solution couid be obtained
This scaiing of the data has been described in Appendix 2

The program ADSREG is included for completeness. although it is basically the
same as IRANAL The difference lies in tl:e form of the function that is of interest and of

course its darivatives
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IRANAL

MAINLINE PROGRAM FOR NON-LINEAR CURVE FITTING
OF:
Y = A=TANH(B.X)

FDR INITIAL RATE DATA ANALYSIS

REAL LAMBDA |
DIMENSION DAT(5)
DOUBLE PRECISION X(2),Y(15).T
DATA FSTAT, TSTAT,EXPVAR /1.
12 READ(4,80) ID -
80 FORMAT (12)
IF(ID.LT.0) STOP
READ(4,50) (DAT(1),1=1,5)
50 FORMAT (54 1)
READ(4,40) TEMP,ET,ATM, EAT
40 FORMAT(F6.1,F5.2,2F12.8)
READ(4,60) SXP,ESXP,WP, EWP
60 FORMAT (4F 12.5)
READ(4,10) N,M,L,LAMBDA,GAMMA
10 FORMAT(312,F5.2,E10.2)
READ(4,20) X(1),X(2)
20 FDRMAT(?FS 2)

U'l-
m—-u

<

WRITE(5,70) (DAT(I),I=1,4),TEMP,ET,
& ATM,EAT,SXP,ESXP,WP,EWP, 7
70 FDRMAT(// "DATA SET ‘*L4M1,//,
&' TEMPERATURE = ' ,F6.1," K # ',
&F4.1,/,' PRESSURE = ' ,F7.4, ..
& ATM  # ' F7.4,//,' SULPHUR ',
&F12.5," % # ' ,F12.5,/, WATER ',
&F12.5,' % # ' ,F12.5.//,
&5X,’ SCALING FACTORS',/,2X,
& CONVERSION = ' ,E12.5,/,
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&2X,' PARTIAL PRESSURE = E12.5,//)
CALL NLREG(N,M, L X,Y, T U LAHEDA
&GAMMA  FSTAT, TSTAT EXPVAR)
IF(ID.GT. 0) GOTO 12
STOP
END

EVALUATION OF THE FUNCTION

SUBROUTINE MODEL (Nt M1 ,N,M,L,X,T.1,VALUE

DOUBLEPRECISION X (N1/,T(M L)

VALUE=X(1)*(DEXP(2. D*X(E)*T(I 1)1-1.01/
#(DEXP(2.0%X(2)*T(1,1))+1.0)

RETURN

END -

—

EVALUATION OF THE DERIVATIVES WRT THE PARAMETERS

SUBROUTINE MDER(N1
DOUBLE PRECISION X
D(1)=(DEXP(2.0%X(2
#(DEXP(2,0%X(2)*T(]
DUMI=2.0/(DEXP (X
#DEXP (-1, Dtx )*T
D(2)=X(1)= v 1)
RETURN
END ’

ﬂ Al o~ o
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ADSREG

Initial Rate analysis

MAINLINE PROGRAM FOR NON-LINEAR CURVE FITTING
OF : '
Y = CeWexN/(1+K=W)==2 0

FOR INITIAL RATE DATA ANALYSIS

ID NEGATIVE IMPLIES NO MORE DATA
FOR ANALYSIS
THE NEXT THREE INPUT LINES ARE THE
SPECIFICATIONS OF THE DATA SET
N - NUMBER OF DATA POINTS
M - THE-NUMBER OF PARAMETERS BEING ESTIMATED
L - THE NUMBER OF REPEAT DATA POINTS
ALAM AND GAMMA ARE VARIABLES GOVERNING THE
RATE OF APPROACH TO THE SOLUTION, SET
ALAM TO O AND GAMMA TO 10%**(20) AS FIRST
“GUESS.
) ARE THE INITIAL GUESSES OF THE PARAMETERS
ARE THE DEPENDENT VARIABLE VALUES
L) ARE THE INDEPENDENT VARIABLE VALUES
ARE THE WEIGHTING FACTORS FOR EACH
DATA POINT, NORMALLY EQUAL TO 1

X(1
Y(I)
T(I,
wil)

*tiiiii&iﬁiittﬁtitt*t$ﬁi!i!tilt*?!iﬁﬁtiiiiit!*#!!

DIMENSION DAT(S)

DOUBLE PRECISION X(3),Y(1
DATA FSTAT,TSTAT,EXPVAR /
READ(4,80) 1D

FORMAT (12)

IFCID.LT.0) STOP
READ(4,50) (PAT(I),I=1,5)
FORMAT (5A 1)

READ(4,40) TEMP,ET,ATM EAT
FORMAT (F6.1,F6.3,2F7.4)
READ(4,60) SXP,ESXP,WP,EWP
FORMAT (4F12.5) : .
READ(4,10) N,M,L,ALAM,GAMMA , '
FORMAT (312,F5.2,E10.2) ¢ '
READ(4,20) X{1),X(2),x(3) | ~

FORMAT (3F5.2)

DO 11 I=1 .M

1 (15)

5),T(15,1),w
1.5,2.5,0.0/



VLTI, 1) ,W(1)

11 READ(4,30) Y(I

)
DAT(I),1=1,5),TEMP ,ET,ATM, EAT,
v

{
30 FORMAT{3F12, 9
WRITE(5,70)

70 FDRHAT(// 'DATA SET ' ,5A1,//,’ TEMPERATURE
= K
&F6.3,/, ’PRESSURE "LFT.4,0 ATM  # ' F7.4.//,
&' SULPHUR ' , |
8F12.5,° % # ' F12.5,/,'WATER ' F12.5,' % # ',
&F12.5,//)
WRITE(5,90)

", F6.1,

90 FORMAT(//,10X,"Y = CWwxN/((1+KeW)xx2 .0}/ //)
CALL NLREG(N,M,L,X,Y,T.W, ALAM,GAMMA , FSTAT . TSTAT, EXPVAR)
IF(ID.GT.0) GOTO 12
STOP X

~ END

c i

C  EVALUATION OF THE FUNCTION

C
SUBROUTINE MODEL (N1,M1,N,M,L,X,T,1,VALUE)
DDUBLEFRECISIDN X(N1) T(M,L) |
VALUE= (X(1)#T(I,1)exX(2))/((1.0+X(3)sT(1,1))s%2.0)
RETURN
END

C g

C EVALUATION OF THE DERIVATIVES WRT THE PARAMETERS <

C
SUBROUTINE MDER(N1,M1,N,M,L,X.T,1.D)

DOUBLE PRECISION X{N1),D(N1),T(M,L]
DI1)aT(I,1)weX(2)/((1.0+X(3)*T (] 1))%%2.0)
DUMI=X(1)%T(I,1)eex(2] N
D(2)=DUMI*DLOG(T(1,1))/(( o X(3)*T(1,1))»*2.0) '
D(3)=DUMI*(-2.0)sT{1. 1)/((3] 0+X(3)#T(I,1))==3.0)

RE TURN
END



C
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= *
* NLREG »
* *
* non-linear regression *
e sle ol ok ok sk o sk o ol o ok e ol e ol 3 o o ol o o o e o ol ol ok o O R

SUBPROGRAM FOR NONLINEAR LEAST-SQUARES REGRESSION
METHOD OF MEYER AND ROTH PRESENTED IN SECTION 7.7 OF

WOLFE,M.A.,'NUMERICAL METHODS FOR UNCONSTRAINED
DPTIMIZATIDN’ VAN NOSTRAND REINHOLD,(1978)

R.B.NEWELL JULY, 1979

SUBROUTINE NLREG (N,M,L,X,Y,T,W,ALAM, GAMMA,
. =FSTAT,TSTAT,EXPVAR)
INTEGER GTEST, ITEHP(1D)EJTEMP(1D)
DOUBLE PRECISIDN X(N),Y(M) , T(M, L),
* XTIL(10) ,F(25) ,FTIL(25), 5(10) A(25
*,Q(10,10),P(10), TEMPN(10) . TEMPNN ( 1¢
* ALAM,GAMMA , FSTAT, TSTAT . EXPVAR
« BETA,EPSO,EPSY, EPS2 EPS3
'S, STIL, GTP,GMAx TT,TP,DABS,DSQRT
DATA NT.M1 / 10,25 / ,
DATA BETA,EPSO,EPSt1,EPS2,EPS3 / 1.D-05,.5D-06,.5D-06,
C.5D-06,1.D-04 /
LT=6
WRITE (LT,890) LT
890 FORMAT (' TERMINAL’ ,I3,’ - ENTER LUN FOR FULL OUTPUT')
LU=7
DO 13 IK
13 XSVE(IK)
NF=0
ITER=0

OU‘I(

M)
0),XSVE(10)
10) '

1,N
=X{IK) :

C
C INITIAL VALUES OF F AND S
C
I=1
8000 CONTINUE
XTIL(I)=X(TI)

I=]+1
IF(1.GT.N)GO TO 8001
GO TO 8000

8001 CONTINUE | |
CALL FANDS (N1,M1,N,M,L,XTIL,Y,T,W,FTIL,STIL,NF)

C START OF A MAIN ITERATION



10

900

8002

8003
8004

8005

802

S04

OO0

906

8006

8008

8009

8007
8010
8012

8014

ITER=ITER+1

IF (LU.GT.0) WRITE (LU,800) ITER

IF (LT.NE.LU) WRITE (LT,900) ITER

FORMAT (' ===x=xxxxxexsssxsxsxsx MAIN ITERATION',I5)
$=STIL

I=1 . ¥

CONTINUE

X(I)sXTIL(T)

I=sI+1

[F(I.GT.N)JGO TO 8003

GO TO 8002

CONTINUE

I=1

CONTINUE

FII)=FTIL(I) -
I=1I+1

IF(I.GT.M)GO TO 8005

GO 7O 8004

CONTINUE

IF (LU.GT.0) WRITE (LU,902) (X(I),I=1,N)
IF (LT.NE.LU) WRITE (LT 902) (x{(I),I=1,N)

FORMAT (5D15.5)

IF (LU.GT.0) WRITE (LU,904) S

IF (LT.NE.LU) WRITE (LT,904) S

FORMAT (* SUM-OF-SQUARES 1S’ ,D020.5)

SET UP THE LINEAR EQUATIONS

IF (LU.GT.0) WRITE (LU,906) ALAM
FORMAT (' ALAM [S' ,D15,4)
CALL AX (N1,M1 ,N,M,L,XTIL,T,A,TEMPN)
I1=1

CONT INUE

G(I)=0.D0

K=1

CONTINUE

G(I)=G(l)+A(K, I)iF(K)ﬁU(K)
K=K+1

IF(K.GT.M)GO TO 8009

GO TO 8008

CONTINUE

TEMPN(I)=-G(1)

I=]+1

IF(I.GT.N)GO TO 8007

GO TO 8006

CONTINUE

I=1

CONTINUE

J=1

CONTINUE

Q(Iid)SO,DO

K=1

CONTINUE
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Q(1,U)=Q(I,J)+A(K, 1)}*=A(K,J)*W(K)

KzK+1 )
IF(K.GT.M)GO TO 8015
GO TO 8014

8015 CONTINUE

IF (1.EQ.J) Q(I,Ju)=Q(l,Ji=(1, DD*ALAI)

Jed+1 .

- IF(J.GT.N)JGO TO 8013

GO TO 8012
8013 CONTINUE

I=I+1

IF(I.GT.N)GO TO 8011 -

GO 70+« 8010 : : 4
8011 CONTINUE . ‘ : .

TRY TO SOLVE LINEAR EQUATIDNS

YOy

CALL SOLV (N1 ,M1,N,Q,P, TEMPN, TEMPNN, ITEMP, JTEMP,
&EPSO,ISING) -

IF(ISING.EQ.0)GO TO 8016

GO TO 8017 .

8016 CONTINUE ‘

C
C CALCULATE (G)T.(P)
¢ -

GTP=0.00
I1=1
- 8019 CONTINUE : e f 3
~ GTP=GTP+G(1)=P(I) : ',
I=1+1 . - )
IF(I.GT.N)GO TO 8020
GO TO 8019
8020 CONTINUE
C .
C AND CHECK THE SIZE OF (P) . !
C .
I=1 ' : .
" GTEST=0r
8021 CONT]NUE ,
IF(DABS(P(I)).GT.GAMMA*DABS(X(1))) GO TO 8023
GO TO 8024 .
8023 CONTINUE
C
GTEST=4"
: WRITE (LT,910)
910 FORMAT (/' ##### EXCESSIVELY LARGE GRADIENT RN /)
B GO TO 8025 » -
8024 CONTINUE '
8025 CONTINUE
I=1+1
IF(1.GT.N.OR.GTEST.GT.0)GO TO 8022
- GO TO 8021
8022 CONTINUE . .
GO TO 8018 ,



C
C
C

C
C
C

)

C
C
C

OO0

C
C
C

C
C
C

C
C
C.
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8017 CONTINUE
8018 CONTINUE

FIRST MAIN CHOICE, ON SEARCH TYPE.

IF(ISING.EQ.1.0OR.GTP.GE.O0.DO.OR.GTEST.GT.0)GO TO 8026
‘ GO TO 8027
8026 CONTINUE

DETERMINE GMAX

GMAX=0.D0
I=1

8029 CONTINUE
TT=DABS(G(1))
IF(TT.GT.GMAX) GO TO 8031
GO TO 8032

8031 CONTINUE

GMAX=TT
LMAX=1
GO TO 8033 <
8032 CONTINUE
8033 CONTINUE

I=1+1 ' ; j \,ﬂé

IF(I.GT.N)GO TO 8030
GO TO 8029

8030 CONTINUE i
'SECOND MAIN CHOICE ON SEARCH TYPE
IF (GMAX.LE.EPST)GO TO 8034
GO TO 8035
8034 CONTINUE
PERFORM A GRID SEARCH

IGRID=1
CALL GRID (N1,M1,N,M,L,X,XTIL,Y,T,W,FTIL,STIL,NF,LU)

STOP IF NO SOS IMPROVEMENT

I1sTOP=1
IF (STIL.GE.S) GO TO 90

OR GO ON TO ANOTHER ITERATION

GO TO 8036
8035 CONTINUE

PERFORM A LINE SEARCH

IGRID=0 : .
I=1




8037 CONTINUE .
P(I1)=0.D0C .
I=1+1
IF(I.GT.N)GO TO 8038
GO TO 8037
8038 CONTINUE
., P(LMAX)=-G(LMAX) . ‘
CALL LINE (N1 ,M1,N,M L X,P,S XTIL,FTIL,STIL,Y,T,
&W, NF,LU)
ALAM=4 DO=ALAM
8036 CONTINUE
GO TO 8028
8027 CONTINUE
C.
C PERFORM A BISECTION SEARCH
C

IGRID=0
CALL BISCT (N1 M1 NM L, X,P, S XTIL,FTIL,STIL,
=Y, T,W,BETA,GTP,NF,LU)
ALAM=ALAM/4.DO
8028 CONTINUE

IF A GRID SEARCH WAS DONE

IF(IGRID.EQ.1)GO TD 8039
GO TO 8040
8039 CONTINUE
C
C SKIP THE CONVERGENCE TESTING

C
GO TO 8041
8040 CONTINUE

¢ ,
C CHECK CONVERGENCE
C

TP=0.D0
I=1
8042 CONTINUE ’ :
TP=TP+(XTIL(I)-X(1))*=(XTIL(I)-X(I))
I=1+1 :
IF(I.GT.N)GO TO 8043
GO TO 8042
8043 CONTINUE ,
IF(DSQRT(TP).LE.EPS2)GO TO 8044
GO 70 8045 ‘
8044 CONTINUE

ICONV=1
GO TO 8046

8045 CONTINUE - »
IF(DABS(STIL-S).LE.EPS3*S) GO TO 8047
GO TO 8048 .

8047 CONTINUE
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C

9Xele

C

OO0 OO0

ICONV=2

GO TO 8049
8048 CONTINUE
ICONV=0
8049 CONTINUE
8046 CONTINUE

TRY A GRID SEARCH IF CONVERGENCE INDICATED

IF(ICONV.GT.0)GO TO 8050
G0 TO 8051
8050 CONTINUE

I=
8053 CONTINU|
X(I)=XTIL(I)

I=]+1
IF(I.GT.N)GO TO 8054
GO TO 8053

8054 CONTINUE
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CALL GRID (N1,M1iN,M,L.X,XTIL,Y.TiH-FTIL,STIL.NF,LU)

ISTOP=2
STOP IF NO SOS IMPROVEMENT
IF (STIL.GE.S) GO TO 90
OR GO ON TO ANOTHER ITERATION
. GO TO 8052
8051 CONTINUE
8052 CONTINUE
8041 CONTINUE
DO ANOTHER ITERATION IF WITHIN LIMIT

ISTOP=3
IF (ITER.LT.200) GO TO 10

STOP PROGRAM WITH APPROPRIATE PRINTOUT .

90 IF (LU.GT.0) WRITE (LU,950) ITER
IF (LT.NE.LU) WRITE (LT,950) ITER

950 FORMAT (' ##A#######¥ OPTIMIZATION HALT

C I5,” ITERATIDNS')
8056 IF (ISTOP.EQ.1) GO TO 8057
GO TO 8058
8057 CONTINUE
IF (LU.GT.0) WRITE (LU,952)
IF (LT.NE.LU) WRITE (LT,952)

E

D AFTEkg%

952 FORMAT (' NO SOS IMPROVEMENT AFTER ILL-CONDITIONED’ ,

C ' GRID SEARCH' )
GO TO 8105 7
8058 IF (ISTOP.EQ.2) GO TO 8059



GO TO 8060
B059 CONTINUE
IF (LU.GT.0) WRITE (LU,954) ICONV
IF (LT.NE.LU) WRITE (LT 954) ICONV -
954 FORMAT (* NO SOS IMPROVEMENT FROM A GRID SEARCH’,
C ' AFTER CONVERGENCE CHECK' ,13)
GO TO 8105
8060 CONTINUE
IF (LU.GT.0) WRITE (LU,956)
IF (LT.NE.LU) WREITE (LT,956) °
956 FORMAT (' MAXIMUM ITERATIONS EXCEEDED WITHOUX ',
C ' CONVERGENCE' )
8105 CONTINUE
NC=M=NF+M«N=ITER
IF (LU.GT.0) WRITE (LU,958) NC
IF (LT.NE.LU) WRITE (LT 958) NC
958 FORMAT (’ EFFECTIVENESS MEASURE IS ',110)
WRITE (LT,960)
960 FORMAT (' ENTER LUN FOR FULL PRINTOUT (0=NONE)’)
LU=5
IF (LU.EQ.0) RETURN
I=1
8106 CONTINUE
XTIL(I)=X(])

I=1+1 -
» . IF(1.GT.N)GO TO 8107
GO T0O 8106

8107 CONTINUE
CALL FANDS (N1,M1,N.,M, L,
CALL STATS (Nt,M1,N,M,L
C TEMPN,TEMPNN, ITEHP. JT
C EXPVAR LU, XSVE)
RETURN

END szsss

AND S =

SUBROUTINE FANDS (N1,M1,N,M
_DOUBLE PRECISION XTIL(N1) F
.S, VALUE
"$20.00
=1 .
8108 CONTINUE ’
CALL MODEL (Nt,M1,N,M,L,XTIL,T,I,VALUE)
F(I)eVALUE-Y(I)
SeS+F(1)F(I)eW(I)
I=1+1
IF(1.GT.M)GO TO 8109
GO TO 8108
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8109 CONTINUE

NF=NF+1

RETURN

END
C
Cegsss_s-!!!;sis;_—,!!!,;;isaa_!,,_‘=-=___!,,-s;;i—,_—;!,!

SUBROUTINE AX (N1,M1,N,M,L,XTIL,T.A,TEMPN)
DOUBLE PRECISION T(M,L),XTIL(NT) A{M1,N1) TEMPN(N1)
. I=1
8110 CONTINUE
CALL MDER (N1,M1,N,M,L,XTIL,T,1,TEMPN)
J=1
8112 CONTINUE
A(I,J)=TEMPN(U) i
JeJ+1 ) .
IF(J.GT.NJGO TO 8113 . .
GO TDO 8112
8113 CONTINUE
I=1+1
IF(I.GT.M)GO TO 8111
GO TO 8110
8111 CONTINUE
RETURN
END

CALCULATE P IN THE RELATION (Q).(P) = (T)

SUBROUTINE SOLV (N1,M1,M Q,P, T, TEMP, IROW, JROW,

*EPS, ISING)

DOUBLE PRECISION Q(N1,N1),P(N1),T(N1),TEMP(N1,N1)

= DSQRT,DABS,EL ,AL,AMULT ,EPS

DIMENSION IROW(N1),JROW(N1)

ISING=1
C
C SET P TO T AND IROW TO ZERO
C

8114

1.GT.M)GO TO 8115

Ll e o B W

W O~ m
Mo m
O ~—
. h; .,
“—

— et [} et ¥

GO TO 8114
8115 CONTINUE
C
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C COPY Q INTO TEMP
C

c
¢
C

o
C
C

8116
8118

8119

8117

J=1
%DNTINUE

=1
CONTINUE ' ' .
TEMP(I,J)=Q(I,J) : ’
I=1+1

IF(I.GT.M)GO TO 8119
GO TO 8118
CONTINUE

Jsd+1 .

IF(J.GT.M)GD TO 8117 ’ .
GD 10 8115 : : LT
CONTINUE

FOR EACH OF THE M COLUMNS IN TEMP

8120

Juz1
CONTINUE

FIND THE LARGEST ELEMENT IN THE COLUMN

8122

8124

OO0 OO0

8123

EL=-1.D35
I=1
CONTINUE

AL=DABS(TEMP(I,Jd))

IF (IROW(1).EQ.0.AND.AL.GT.EL) GO TO 8124
GO TO 8125 |
CONT INUE g . -
EL=AL K | -

IL=] 7
GO TO 8126

5 CONTINUE
5" CONT INUE

I=1+1

IF(I.GT.M)GO T0O 8123
GO TO 8122

CONTINUE

CHECK ON MAGNITUDE FOR CONDITIONING

IF (EL.LT.EPS) RETURN

SAVE ROW POSITION

* IROW(

- FORWARD

8127

IL)=
JROW(JJ):
ELIMINATION PHASE

I=1
CONTINUE



C

C FOR EACH ROW NOT YET ELIMINATED

C

8129

OO0

OO0

8132

8133
C

IF(IROW(I).EQ.0)GDO TO 8129
GO TO 8130
CONTINUE

CALCULATE A MULTIPLIER

AMULT=TEMP(1,JJ)/TEMP(IL,JJ)
TEMP(I,dd)=0.D0

ELIMINATION ON TEMP

JzJu+1 g
CONT INUE | .
TEMP(I,J)=TEMP(1,J)-AMULT*TEMP(IL,J)
JzJ+1

IF(J.GT.M)GO TO 8133

GO TO 8132

CONTINUE

C ELIMINATION ON P
C

o
ww
- O

1

8128

8121
C

P(1)=P(l)-AMULT&P(]IL)

GO TO 8131

CONTINUE

CONTINUE

I=1+1

IF(1.GT.M)GO TO 8128

GO T0 8127

CONTINUE ‘
JsdJ+1 -
IF(JU.GT.M) GO TO 8121

GO TO 8120

CONTINUE

C BACKWARD ELIMINATION FOR EACH COLUMN

C

Ju=M

8134 CONTINUE

C

IL=JROW(JJ) .

C FOR EACH ROW DUE TO BE ELIMINATED

C

I=1

8136 CONTINUE

IF(I.NE.IL.AND.TEMP(I,JJ) ,NE.0.DO) GO TO
GO TO 8139

C8138 CONTINUE.
C CALCULATE A MULTIPLIER
C

AMULT=TEMP(I,JJ)/TEMP(IL,JJ)

8138

160



EL

alele]

8139
8140

8137

8135
C

TEMP(I,JJ)=0.D0
IMINATE ON P

P(1)=P(1)-AMULT*P(IL)
GO TO 8140

CONT INUE

CONTINUE

I=1+1

IF(1.GT.M)GO TO 8137
GO TO 8136

CONTINUE

JJzud-1

IF(JJU.LT.1) GO TO 8135

GO TO 8134
CONT INUE

C NORMALIZATION PHASE

C
8141

8142

‘ﬂ

I=1 .

CONTINUE

IL=IRDU¥%{
P(I)=P(I)/TEMP(I,IL)
I=1+1

IF(I.GT.M)GO TO 8142
GO TO 8141

CONTINUE

C REARRANGE ROWS

o

8143

8144
8145

8146

J=1
CONTINUE
IL= IRDU(J)
TEMP(IL,1)
JzJ+1
IF(J.GT.M)GO TO 8144
GO TO 8143

CONTINUE

J= 1

CONTINUE
P(J)=TEMP(uy, 1)

J=J+1 :
lF(q.GTiM)GQ TO 8146
GO TO 8145

CONTINUE

ISING=0

RETURN

END

=P(J)

WHERE I = 1,2,
E(I)

1]

1.

PERFORM A GRID SEARCH OF S(X*GAHMA(J)*X(I)*E(I))
N AND U .
UNIT VECTDR

., 4

161
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SUBROUTINE GRID (N1 M1 N, M L X, XTIL,Y, T, W,FTIL,
«STIL,NF,LU)

DOUBLE PRECISION GAMMA (4)  X(N)  XTIL(N1),Y(M),T(M,L),
«FTIL(M1) W(M), SMIN,STIL,S

DATA GAHHA/i1DDi* 1DD .01D0,-.01D0/

IF(LU.GT.0) WRITE (LU,900) -

900 FORMAT (' GRID SEARCH: PRINTOUT OF STIL XTIL)
SMIN=1.D+35 :
I=1

8150 CONTINUE
XTIL(1)=X(1)
1=1+1
IF(1.GT.N)GO TO 8151
GO TO 8150

8151 CONTINUE x
U= 1 =

8152 CONTINUE !
I=1

8154 CONTINUE

C CALCULATE A SEARCH POINT

(1 DD*GAM A(J))
(I-1)=X(I-1)

XTIL(I)=XTIL(])=
IF (I.GT.1) XTIL

EVALUATE THE $SOS .

OO0

CALL FANDS (N1,M1,N,M,L, XTIL,Y,T,
IF (LU.GT.0) WRITE (LU,910) STIL,
910 FORMAT (5D15.5)
c
c CHECK 1T

IF(STIL.LT. SHIN)GD TO 8156
GO TO 8157
8156 CONTINUE »

SMIN=STIL .

JMIN=J

IMIN=1I

GO TO 8158
8157 CONTINUE
8158 CONTINUE

I=sl+1
IF(I.GT.N)GO TO 8155
GO TO 8154

.

8155 CONTINUE
XTIL(N)=X(N)
Jd=d+1
IF(J.GT.4)GO TO . 8153

LS
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GO 70 8152
8153 CONTINUE
C .

C SET UP THE MINIMUM POINT
C
XTIL(IMIN)=XTIL(IMIN)=(1.DO+GAMMA (JMIN))
CALL FANDS (N1 ,M1,N M, L, XTIL,Y,T,W,FTIL,STIL, NF)
~IF (LU.GT.0) WRITE (LU 920) STIL
920 FORMAT (' MINIMUM STIL IN GRID IS’ ,D15.5)
IF (LU.GT.0) WRITE (LU,910) (XTIL(IL;I=1.N)
RETURN
END

C PERFORM A LINEAR SEARCH

g__,-___-‘_-_*‘__L-i;;jfzi___!i_____i_--__i_-,ii__

c |
SUBROUTINE LINE (N1,M1,N,M,L,X,P,S XTIL,FTIL,STIL,
C  Y,T,W,NF,LU)
DOUBLE PRECISION P(NT),X(N),XTIL(N1) ,FTIL(M1),Y(M),
. H(M))SE ,STIL,S,PTP,H, TP SBAR, ALPHA,DEL ,DSQRT . DA Bs
«T(M,L
SE=0.D0
STIL=S
c \

C CALCULATE (P)T.(P)

c ,
PTP=0.D0
I=1
8159 CONTINUE
PTP=PTP+P(1)*P(])
I=1+1
IF(1.GT.N)GO TO 8160
GO T0 8159
8160 CONTINUE
c
C CALCULATE H

¢
 H=(S-SE)/PTP/2.D0 ‘ C ]
TP=.5D0/DSQRT(PTP) - o

IF (TPLT.H) H=TP S - ,

FIRST SEARCH

8161 CONTINUE . ) , S
SBAR=STIL o T, S
H=2.D0sH o o C _ ' o

=1 Y

8163 CONTINUE
XTIL(I)=X(I)+H=P(])
I=]+1
IF(I.GT.N)JGO TO 8164

oot
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GO TO 8163
8164 CONTINUE
CALL FANDS (N1.M1.NM, L XTIL.Y T, W FTIL,STIL,NF)
IF (LU.GT.0) WRITE (LU,900) H,STIL
900 FORMAT (' FIRST LINBAR SEARCH: H =" ,015.5,
C ' S0S = ,D15.5
IF (LU.GT.0) WRITE (LU,910) (XTIL(I),I=1,N)
910 FORMAT (5D15.5)
IF(STIL.GE.SBAR)GO TO 8162
DO 100 IK=1,N
100 X(IK)=XTIL(IK)
S=STIL
GO 10 8161
8162 CONTINUE
c
C SECOND SEARCH

c
ITR=1

8165 CONTINUE
ITR=1TR+1
ALPHAzH*H*PTP/ (STIL-5+2.D0*H*PTP)
IF(ALPHA.GE.0.25D0*H.AND.ALPHA.LE.0.75D0*H) GOTO 8167

: GO TO 8168 ,

8167 CONTINUE

DELiéLPHA
IDEL=0
GO TO . 8169
8168 CONTINUE
DEL=0.75D0=H
IF (ALPHA.LT.DEL) DEL=ALPHA
IF (H/4.D0.GT.DEL) DEL=H/4.D0
IDEL=1
8169 CONTINUE
I=1 C
8170 CONTINUE > s
XTIL(I)= X(I)*DEL-P(I)
I=]1+1
IF(I.GT.N)GO 1O 5171
GO T0 8170 ,
8171 CONTINUE
CALL FANDS (N1 ,M1 N, M L, XTIL,Y,T W,FTIL, STIL,NF)
: IF (LU.GT.0) URITE (LU 923) DEL STIL
920 FORMAT (' SECOND LINEAR SEARCH: DEL =',D15.5/
C * 508 =’ ,D15.5)
IF (LU.GT.0) WRITE (LU,910) (XTIL(I),I=1,N)
IF(STIL.LT.S) GO TO B172
GO TO 8173 _ _
8172 CONTINUE *
DO 110 IK=1,N ‘
110 X(IK)=XTIL(IK)
S=STIL

ICONV=1
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- GO TO 8174 ‘ ‘ A
8173 CONTINUE : i
IF (IDEL.EQ.0) H=DEL -

8174 CONTINUE ,
IF(ICONV.EQ.1.0R.ITR.GT.15) GO TO 8166

GO TO 8165
8166 CONTINUE Cﬁﬁ:?
IF(ITR.LE.15) GO TO 8148 :
)

15)

DO 8147 1=1,N
8147 XTIL(I)=x(1

S=STIL
8148 CONTINUE

RETURN

END
C
Ci;-;g;-i§---i!i§,i_!;,i_!__§_-i__igi,-ég‘,_=_s;,,‘__§_-
C

.C PERFORM A BISECTION-TYPE SEARCH

C =
C_s;-s!-a!ss-;-as—;_!i!-a_;_!;!;s;;,--;;,-s-,s,;,;,a-;;-

SUBROUTINE BISCT (NT.H1,N,H;L.X.P.S,XTIL.FTIL.STIL,
C Y.TiH.EETA.GTP,NF;LU) '

DOUBLE PRECISION X(N).P(N1).XTIL(N1),FTIL(M1),Y(H),
*T(MiL)iU(H)PALPHAiSTIL.S;BETA,GTP :

IF (LU.GT.0) WRITE (LU,900) BETA,GTP
900 FORMAT (' BISECTION SEARCH WITH BETA =’ ,D15.5,

C " AND GTP =’ ,D15.5) ’
ALPHA=2.DO
8175 CONTINUE
ALPHA=ALPHA/2.DO
I=1

8177 CONTINUE
XTIL(I)=X(1)+ALPHA=P(])

T=]+1
IF(1.GT.N)GO TO 8178
GO TO 8177

8178 CONTINUE ' X
CALL FANDS (N1,M1_N.M,L.XTIL.Y,T.U,FTIL.STIL.NF)
IF (LU.GT.0) WRITE (LU,910) ALPHA,STIL
910 FORMAT (‘' ALPHA =',D15.5," S0S = ' ,D15.5)
IF (LU.GT.0) WRITE (LU,920) (XTIL(I),I=1,N)
8920 FORMAT .(5D15.5)
IF(STIL;LE,(S*Q.DD*BETA*ALPHA*GTF)) GO TO 8176
: GO TO 8175
8176 CONTINUE
RETURN
END
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SUBROUTINE STATS (NI,M1.N.M,L,YlT.U,XTIL.FTIL.STIL,
C A,O,P.F,TEMPN,TEMPNN.ITEMP.JTEMP,EPSO.

C FSTAT,TSTAT,EXPVAR,LU, XSVE)

DOUBLE PRECISION Y(M).T(M,L),U(M),XTIL(N1#,FTIL(M1),
«*A(M1,N1),
*CQ(N1,N1),P(N1),TEMPN(N1),TEMPNN(N1,N1).F(MI).XSVE(NI)
‘.STIL.EPSO,FSTAT,TSTAT,EXPVAR.S1.S2,YBAR,PROP,VAR
‘,XU,XL.C,SBND.SAVEI,SAVEJ,XT,XP,VARY.DBLE.DSQRT,DABS

DIMENSION ITEMP(N1) JTEMP(N1)

WRITE (5,900) N

800 FORMAT (0’ ,/." NONLINEAR REGRESSION’
C .’ PROGRAM' ,//,' METHOD OF MEYER AND ROTH FROM’
C ,' THE TEXT OF WOLFE,M.A.',/, NUMERICAL"
C ,’ METHODS FOR UNCONSTRAINED OPTIMIZATION' ,
C /.” VAN NOSTRAND REINHOLD, (1978)." ,//," ESTIMATES’
C ,” FOR THE' ,13,’ PARAMETERS ARE:’ . /]
WRITE (5,910) (XTIL(I),I=1,6N)
810 FORMAT (6D12.4)

WRITE(5,915)

915 FORMAT(//,” THE INITIAL PARAMETER VALUES WERE:' ,/)
WRITE(5,910) (XSVE(I),I=1;N)
WRITE (5,920) STIL

920 FORMAT (/' WEIGHTED SUM-OF-SQUARES I1s',012.4,///7/)
00 20 I=1,M :

20 FTIL(I =FTIL(I)+Y(1])
WRITE(5,930)

930 FORMAT('PREDICTED Y’ ,’ ACTUAL Y’
« 'WEIGHTING' ,’ X VALUE')
DO 25 IK=1,M
25  WRITE(5,940) FTIL(IK),Y(IK),W(IK),T(IK,1)
940  FORMAT(11D11.4) ‘ .
WRITE(5,950)
950  FORMAT(’ 1’ )
- RETURN g
END . | -



APPENDIX 4 Resuhlts

This Appendix contains the full experimental results as given by the data analysis

computer programs The raw experimental data thst was obtained has been summarised

and only the fead and product mole fractions have been given There are four sections,

each of which is preceded by a description of that section.

1.

The first section contains an example of the full output that was obtaned from
the program EXPTCAL and illustrates the kinetic and thermodynamic data that
were calculated using this program

The next section contains a summary of all the experimantal data that were
obtained throughout the course of this study.

The third section prasents the output from the non-linesr least SQUAFes program,
NLSYST using the main program IRANAL. It contains the best fit estimate of the
parameters of the Tanh curve. A and B, and hence the initial rates.

The final section contains the output from the non-linear least squares program
using ADSREG as the main program. ADSREG is a main program similar to
IRANAL but éaﬁtming a different function. This function gives the best fit
estimates of the parameters which model the water dependence of the reverse
Claus reaction

A listing of the computer programs that were used is given in Appendix 3.
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RATE(WS) = total sulphur rate # stoichiometry.
The volumetric feed i1s caiculsted st the reactor conditions.
The feed partial pressuras are those at the reactor conditions.

The following reactions have ther equilibrium constants designated as follows,

2H,0+3/8S, eSO, +2HS  RK81
2H,0+3/65, S0, +2H,S  RK61
2H,0+3/4S, SO, +2H,S  RKA4!
R 2M,0+3/25, @ SO, +2H,S  RK2)
4s,es, RK2

2s, ¥ S, RK4

4/3s, & s, RKS
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Summary of All Experimental Data

Expianation of terms,

SI04A, sulphur initial rate data set, 0.4% total sulphur.

WIO 1A, water initial rate data set. 1% water in feed
WT6BHA, Temperature data set. 6% water, High temperaturae
D0600. Diffusion tast data set, impalier speed 600 rpm.
PRESS = pressure in atmospheres.

TEMP = temperature in Kelvin.

WT CAT = weight of catalyst, g

S.V. = space velocity. 1/s.

WT/FA = inverse mole flow rate, g hr/mol.

CONV = conversion

The feed and reactor mol fractions of sach component are given

-
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Results of Fltﬁ;p«imm:l Dats to the Tanh Function

The identifying code for each data set was illustrated at the beginning of the last
section. A summary of the expermental conditions at which the data was obtained is
given. The average percentaga deviation from the mean value is given after the '# sign
The factors by which the axperimental data have been scaled in order for the program to
run are noted next These will affect the actual value of the slope at the origin The
estimates of the parameters A and B foliow The initial guess of the parameters s
local minimisation of the sums of squares. It should be noted too, that the actual value of
the weighted sum of sduares is dependent on the scaling factors.

The table that follows lists the experimental data and the least squares estimate of
 the dependent variable. The X vaiues are the scaled inverse mol feed rates. The Y values

are the scalad conversions

\‘\fh’fs
2 4
-



DATA SET SI104

TEMPERATURE = 591.2 K # 0.0

PRESSURE = 1.4767 ATM # 0.1300
SULPHUR 0.17840 % # 4.00000
WATER 2.06620 % # 6.70000

SCALING FACTORS
CONVERSION *  0.10000E+01
PARTIAL PRESSURE * 0.10000E-01

NONLINEAR REGRESSION PROGRAM
METHOD OF MEYER AND ROTH FROM THE TEXT OF WOLFE,M.A.
NUMERICAL METHOOS FOR UNCONSTRAINED OPTIMIZATION
VAN NOSTRAND REINHOLD, (1978).
ESTIMATES FOR THE 2 PARAMETERS ARE:

0.1385E+00 0.5300E+00

THE INITIAL PARAMETER VALUES
0.5000€E+00 0.5000E+00
WEIGHTED SUM-OF -SQUARES IS 0.1388E-03

PREDICTED Y ACTUAL Y WEIGHTING X VALUE >
0.0 0.0 0.1000E+01 0.0

0.4450E-01 0.4630E-01 0.1000E+01 0.6284E+00
0.5601E-01 0.5861E-01 0.1000E+01 0.8091E+00
0.8131E-01 0.8760E-01 0.1000E+01 0.1270E+01
0.9840E-01 0.9035E-01 0.1000E+01 0.1675E+01
0.1125E+00 0.1090E+00 0.1000E+01 0.2137E+01
0.1309E+00 0.1343E+00 0.1000E+01 0.3361E+01



" DATA SET SI105

TEMPERATURE = 592.3 K # 0.1 7
PRESSURE = 1.4789 ATM # 0.1500
SULPHUR 0.24325 % # 6.12000
WATER 2.69740 % # 10.82000

SCALING FACTORS 7
CONVERSION = 0. 10000E+0Q1 .
PARTIAL PRESSURE * 0.10000E-01

VAN N@STRAND REINHOLD, (1978)
ESTIMATES FOR THE 2 PARAMETERS ARE:

0.1370E+00 0.6201E+00

€3

THE INITIAL PARAMETER VALUES WERE:
0.5000E+00 0.5000E+00
WEIGHTED SUM-OF -SQUARES IS 0.4806E-04

PREDICTED Y ACTUAL Y WEIGHTING X VALUE
0.0 0.0 0.1000E+01 0.0
0.6254E-01 0.6102E-01 0.1000E+01 0.7951E+00
0.4925E-01 0.5416E-01 0.1000E+01 0.6070E+00
0.1169E+00 0.1129E+00 0.1000E+01 0.2044E+01
0.1317E+00 0.1342E+00 0.1000E+01 0.3177E+01



DATA SET S106

TEMPERATURE = 581.4 K # 0.1

PRESSURE = 1.4813 ATM  # 0.1300
SULPHUR 0.29798 % # 2.21000
WATER 2.54520 % # 13.87000

SCALING FACTORS
CONVERSION = 0.10000E+01
PARTIAL PRESSURE * 0.10000E-01

NONLINEAR REGRESSION PROGRAM
METHOD OF MEYER AND ROTH FROM THE TEXT OF WOLFE,M.A.

NUMERICAL METHODS FOR UNCONSTRAINED OPTIMIZATION
VAN NOSTRAND REINHOLD, (1978).

ESTIMATES FOR THE 2 PARAMETERS ARE:
0.1247E+00 0.8152E+00

THE INITIAL PARAMETER VALUES WERE:
0.5000E+00 0.5000E+00
WEIGHTED SUM-OF-SQUARES IS 0.4640E-04

PREDICTED Y ACTUAL Y WEIGHTING

' 0.0 0.1000E+01 O

74 0.4059E-01 0.1000E+01 0.38 C
554E-01 0.5022E-01 0.1000E+01 0.5876E+00 -
: 01 0.7074E-01 0.1000E+01 0. 74¢€ 0C
0.9353E-01 0.1000E+01 O



DATA SET S108

TEMPERATURE

PRESSURE

SULPHUR
WATER

METHOD OF MEYER AND ROTH FROM THE TEXT OF WOLFE ,M.A.
NUMERICAL METHODS FOR UNCONSTRAINED OPTIMIZATION
VAN NOSTRAND REINHOLD,

SCALING FACTORS
x 0.10000E+01

CONVERSION
PARTIAL PRESSURE =

0.10000E-01

-
592.0 K # 0.2
1.4755 ATM  # 0.3600
0.401306 % # 3.20000
2.15840 % 10.40000

NONL INEAR REGRESSION PROGRAM

(1978) .

ESTIMATES FOR THE 2 PARAMETERS ARE:
0.9947E+00

0.9107E-01

THE INITIAL PARAMETER VALUES WERE:

0.5000E+00 0.5000E+00

WEIGHTED SUM-OF-SQUARES 1S 0.2329E-03

PREDICTED Y

(ejeojololololololololole)

.0

.3212E-01
.4607E-01
.5590E-01
.5761E-01
.6794E-01
.8193E-01
.8688E-01
.8940E-01
.8935E-01
.9106E-01
.9069E-01

(ejolofolofolelofololola)

ACTUAL Y

.0

.4017€E-01
.4946E-01
.5732E-01
.5447E-01
.6168E-01
.8018E-01
.8744E-01
.8642E-01
.8770E-01
.8870E-01
.9990E-01

(ejolefojolefololololoNe)

WE IGHTING
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01

(ojolofofoleloJoleoloNe]

X VALUE

.0

.3705E+00
.5601E+00
.7189E+00
. 7496E+00
.9692E+00
.1478E+01
. 1885E+01
.2354E+01
.2338E+01
.4695E+01
.3100E+01

213



DATA SET SI10

y
/

TEMPERATURE = 5892.0/K # 3.6

PRESSURE z 1.4680 ATM # 0.1000
N

SULPHUR 0.60076 % # 3.60000

WATER 2.39120 % # 14 . 10000

SCALING FACTORS
CONVERSION = 0.10000E+01
PARTIAL PRESSURE = 0.10000E-01

NONL INEAR REGRESSION PROGRAM

METHOD OF MEYER AND ROTH FROM THE TEXT OF WOLFE,M.A.
NUMEFR ICAL METHODS FOR UNCONSTRAINED OPTIMIZATION
vAN NOSTRAND REINHOLD, (1978).

ESTIMATES FOR THE 2 PARAMETERS ARE:
0.7081E-01

0.1658E+01

THE INITIAL PARAMETER VALUES WERE:
0.5000E+00 0.5000€+00
WEIGHTED SUM-OF -SQUARES IS 0.1603E-03

p
0
0
0
0
0
0
0.
0
0
0
0
0
0

REDICTED
o ¥

.3023E-01
.3682E-01
.4523E-01
.5036E-01
.5820E-01
6412E-01
.6964E-01
.7043E-01
.7072E-01
.7073E-01
. 7080€E-01
.7081E-01

Y

eJojofojololaofolololoXoleo]

ACTUAL Y

.0

.3038E-01
.4138E-01
.4327E-01
.5607E-01
.5086E-01
.6182E-01
.6676E-01
.6970€E-01
.7620E-01
.6969E-01
. T080E-01
.7280€-01

(eJojoNoleololoJololaololeoYo)

WEIGHTING
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+0Q1
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000€+01

ejoleloleololofololololole)

X VALUE

0

.2751E+00
.3476E+00
.4560€E+00
.5365E+00
.7012E+00
.8058E+00
.1443E+01
.1787€+01
.2230E+01
. 2246E+01
.2882E+01
.4437E+01



DATA SET SI15

TEMPERATURE = 591.5 K # 0.1
PRESSURE = 1.4729 ATM # 0.6500
SULPHUR 0.90153 % # 6.91000
WATER 2.38710 % # 6.60000

SCALING FACTORS
CONVERSION = 0.10000E+01
PARTIAL PRESSURE *= 0.10000E-01

NONLINEAR REGRESSION PROGRAM
METHOD OF MEYER AND ROTH FROM THE TEXT OF WOLFE,M.A.
NUMERICAL METHODS FOR UNCONSTRAINED OPTIMIZATION
VAN NOSTRAND REINHOLD, (1978).
ESTIMATES FOR THE 2 PARAMETERS ARE

0.5499E-01 0.2567E+01

THE INITIAL PARAMETER VALUES WERE:
0.5000E+00 0.5000E+00

WEIGHTED SUM-OF-SQUARES IS 0.2129E-03

PREDICTED Y ACTUAL Y WEIGHTING X VALUE
0.0 0.0 0.1000E+01 0.0
0.2198E-01 0.2474E-01 0.1000E+01 0. 1649E+00
0.3151E-01 0.3121E-01 0.1000E+01 0.2540E+00
0.4443E-01 0.4405E-01 0.1000E+01 0.4366E+00
0.5163E-01 0.4725E-01 0.1000E+01 0.6730€E+0d
0.5373E-01 0.5543E-01 0. 1000E+01 0.8681E+00
0.5491E-01 0.5864E-01 0.1000E+01 0. 1385E+01
0.5499€E-01 0.5741E-01 0. 1000E+01 0.2133E+01
0.5499E-01 0.5131E-01 0.1000E+01 0.2754E+01
0.5488E-01 0.5760E-01 0.1000E+01 0.1336E+01
0.4750E-01 0.3790E-01 0.1000E+01 0.5094E+00
0.3842E-01 0.4550E-01.0.1000E+01 0.3368E+00



DATA SET SI20

TEMPERATURE = 591.5 K # 0.1
PRESSURE = 1.4590 ATM # 0.4300
SULPHUR 1.25030 % # 2.00000
WATER 2.69050 % # 4.30000

SCALING FACTORS
CONVERSION =  0.10000E+01
PARTIAL PRESSURE * 0.10000E-01

NONL INEAR REGRESSION PROGRAM

METHOD OF MEYER AND ROTH FROM THE TEXT OF WOLFE,M.A.
NUMERICAL METHODS FOR UNCONSTRAINED OPTIMIZATION

VAN NOSTRAND REINHOLD, (1978).

ESTIMATES FOR THE 2 PARAMETERS ARE:

0.4586E-01 0.3516E+01

THE INITIAL PARAMETER VALUES WERE:

0.5000E+00 0.5000E+00

WEIGHTED SUM-OF-SQUARES IS 0.9622E-06

PREDICTED Y ACTUAL Y WEIGHTING
0.0 0.0 0.1000E+01
0.2320E-01 0.2271E-01 0. 1000E+01
0.3194E-01 0.3271E-01 0. 1000E+01
0.3709E-01 0.3673E-01 0. 1000E+01

X VALUE
0.0
0. 1585E+00
0.2447E+00
0.3196E+00
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DATA SET SI25

TEMPERATURE = 592.2 K # 0.2
PRESSURE = 1.4795 ATM # 0.3600

SULPHUR 1.36260 % # 4.10000
WATER 2.51840 % # 8.00000

SCALING FACTORS
CONVERSION =  0.10000E+01
PARTIAL PRESSURE * 0.10000E-01

NONLINEAR REGRESSION PROGRAM
METHOD OF MEYER AND ROTH FROM THE TEXT OF WOLFE,M.A.
NUMERICAL METHODS FOR UNCONSTRAINED OPTIMIZATION
VAN NOSTRAND REINHOLD, (1978).
ESTIMATES FOR THE 2 PARAMETERS ARE:
0.3802E-01 0.4459E+01

THE INITIAL PARAMETER VALUES WERE:
0.5000E+00 0.5000E+00
WEIGHTED SUM-OF -SQUARES IS 0.3802E-17

PREDICTED Y ACTUAL Y WEIGHTING X VALUE
0.0 0.0 0.1000E+01 0.0
0.2324E-01 0.2324E-01 0.1000E+01 0.1594E+00
0.3364E-01 0.3364E-01 0. 1000E+01 0.3135E+00



DATA SET SI30

0.2

TEMPERA TURE 2 ! 0. B
.5825 ATM # 0.0600

PRESSURE

L
n
R s ]
[ ]

SULPHUR 1.75200
WATER 2.21460

SCALING FACTORS |
CONVERSION *  0.100D0E+01
PARTIAL PRESSURE * 0.10000E-01

NONL INEAR REGRESSION PROGRAM
METHOD OF MEYER AND ROTH FROM THE TEXT OF WOLFE,M.A.
NUMERICAL METHODS FOR UNCONSTRAINED OPTIMIZATION
VAN NOSTRAND REINHOLD, (1978).
STIMATES FOR THE 2 PARAMETERS ARE:

0.3353E-01 0.5365E+01

m

THE INITIAL PARAMETER VALUES WERE:
0.5000£+00 0.5000E+00 -
WEIGHTED SUM-OF -SQUARES IS 0.1147E-05

PREDICTED Y ACTUAL Y WEIGHTING X VALUE
0.0 0.0 0.1000E+01 0.0
0.2280E-01 0.2239€-01 0.1000E+01 0.1545E+00
0.2866E-01 0.2952E-01 0.1000E+01 0.2374E+00
0.3111E-01 0.3062E-01 0.1000E+01 0.3060E+00
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DATA SET SI35

TEMPERATURE = 593.2 K # 0.0

PRESSURE = 1.4776 ATM # 0.1000
SULPHUR =~ 2.00550 % # 2.70000
WATER 2.57770 % # 7.20000

SCALING FACTORS
CONVERSION = 0.10000E+01
PARTIAL PRESSURE = 0.10000€E-01

NONL INEAR REGRESSION PROGRAM
METHOD OF MEYER AND ROTH FROM THE TEXT OF WOLFE,M.A.
NUMERICAL METHODS FOR UNCONSTRAINED OPTIMIZATION
VAN NOSTRAND REINHOLD, (1978).
ESTIMATES FOR THE 2 PARAMETERS ARE:

0.2937E-01 0.8353E+01

THE INITIAL PARAMETER VALUES WERE:
0.5000E+00 0.5000€E+00
WE IGHTED SUM-OF -SQUARES 1S 0.8954E-07

PREDICTED Y ACTUAL Y WEIGHTING X VALUE
0.0 0.0 0.1000E+01 0.0

0.2192E-01 0.2182E-01 0.1000E+01 0.1519E+00
0.2655E-01 0.2679E-01 0.1000E+01 0.2351E+00
0.2818E-01 0.2803E-01 0.1000E+01 0.3052E+00



DATA SET WIOt

TEMPERATURE =
PRESSURE

SULPHUR
WATER

METHOD OF MEYER AND ROTH FROM THE TEXT OF WOLFE,M.A.
NUMERICAL METHODS FOR UNCONSTRAINED OPTIMIZATION

582.2 K # 0.2
1.4722 ATM # 0.3100
0.50240 % # 2.10000
1.03250 % # 1.00000

SCALING FACTORS
CONVERS ION
PARTIAL PRESSURE =

* 0. 10000E+01

0.

10000€+01

NONLINEAR REGRESSION PROGRAM

VAN NOSTRAND REINHOLD,

(1978) .

ESTIMATES FOR THE 2 PARAMETERS ARE:

0.1262E+00 0.5544E-01

THE INITIAL PARAMETER VALUES WERE:

0.5000E+00 0.5000E+00

WEIGHTED SUM-OF -SQUARES IS 0.2397E-03

PREDICTED Y

0
0
0
0

0
0
0

.0

.8120E-01
.9439E-01
. 1150E+00
.1218E+00
. 1250E+00
.1212E+00

ACTUAL Y WEIGHTING

0.0
0.8434E-01
0.9576E-01
0.
0
0
0

1115E+00

. 1208E+00
. 1357E+00
.1113E+00

O000000O

. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01

(ejolofololol o]

X VALUE

.0

. 1378E+02
. 1746E+02
.2769€E+02
.3639E+02
.4769E+02
.3517E+02
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DATA SET WIO02
TEMPERATURE

PRESSURE

SULPHUR
WATER

592.2 K

# 0.2

1.4708 ATM  #

0.48652 %
1.93550 %

SCALING FACTORS
CONVERSION
PARTIAL PRESSURE =

NONL INEAR REGRESSION PROGRAM

METHOD OF MEYER AND ROTH FROM THE TEXT OF WOLFE,M.A.
NUMERICAL METHODS FOR UNCONSTRAINED OPTIMIZATION

#
#

* 0.10000E+01
0. 10000E+00

VAN NOSTRAND REINHOLD,

(1978) .

0.3400

8.50000
7.80000

ESTIMATES FOR THE 2 PARAMETERS ARE:
0.1218E+00 0.7327E+00

THE I\ITIAL PARAMETER VALUES WERE:
0.5000eE+00 0.5000E+00

WEIGHTED SUM-OF-SQUARES IS 0.2098E-03

PREDICTED Y

[ejojelololofofa)

.0

.5680€-01
.7521E-01
.9493E-01
.9717€E-01
. 1085E+00
. 1088E+00
. 1153E+00

(eJeolelololotoNo)

ACTUAL Y WEIGHTING

.0

.5877E-01
. 7568E-01
.9618E-01
.9950€-01
. 1044E+00
.9873E-01

. 1243E+00

OOOOOOOO

. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01

COQOO0O0O0O

X VALUE

.0

.6900E+00
.9844E+00
. 1425€+01
. 1492E+01
. 1947E+01
. 1963E+01
. 2455E+01
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DATA SET W104

TEMPERATURE = 592.4 K # 0.2
PRESSURE =z 1.4721 ATM * # 0.3200

SULPHUR 0.49985 % # 1.70000
WATER 3.68195 & # 6. 10000
SCALING FACTORS *

CONVERSION = 0. 10000E+01
PARTIAL PRESSURE * 0.10000E+00

1S

NONL INEAR REGRESSION PROGRAM

METHOD OF MEYER AND ROTH FROM THE TEXT OF WOLFE ,M_A.
NUMERICAL METHODS FOR UNCONSTRAINED OPTIMIZATION

VAN NOSTRAND REINHOLD, (1978).
ESTIMATES FOR THE 2 PARAMETERS ARE:
0.1197E+00 0.1127E+01

THE INITIAL PARAMETER VALUES WERE:
0.5000E+00 0.5000E+00
WEIGHTED SUM-OF -SQUARES IS 0.1233E-04

PREDICTED Y ACTUAL Y WEIGHTING X VALUE

.3837E+00
.5460E +00
.7438E+00

0.0 . 0.0 0.1000E+01 0.0
0.4875E-01 0.5012E-01 0. 1000E+01 O
0.6558E-01 0.6358E-01 0.1000E+01 0
0.8198E-01 0.8381E-01 0.1000E+01 0
0.9807E-01 0,9644E-01 0.1000E+01 0
0.1097E+00 0. 1104E+00 0. 1000E+01 O

. 1025E+01
. 1381E+01
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DATA SET WI06

\ TEMPERATURE = 592.2 K # 0.2 o
YRESSURE £ 1.4637 ATM # 0.5000
SULPHUR 0.50760 & # 1.50000
WATER 5.53100 & # 3.80000

SCALING FACTORS

CONVERSION = 0.10000E+01
PARTIAL PRESSURE = 0.10000E+01

NONL INEAR REGRESSION PROGRAM

METHOD OF MEYER AND ROTH FROM THE TEXT OF WOLFE,M.A.
NUMERICAL METHODS FOR UNCONSTRAINED OPTIMIZATION

VAN NOSTRAND REINHOLD,

(1978) .

ESTIMATES FOR THE 2 PARAMETERS ARE:

0.1272E+00 0.1496E+00

THE INITIAL PARAMETER VALUES WERE:

0.S000E+00 0.5000E+00
WEIGHTED SUM-OF-SQUARES IS 0.1837E-04

PREDICTED Y ACTUAL Y
0. C 0.0

.4572E-01 0.4911E-01
.6042E-01 0.5878E-01
.9588E-01 0.9410E-01
.1131E+00 0. {142E+00

o

elelofeale

WEIGHTING
0.1000E+01
0.1000E+01
0. 1000E+01
0. 1000E+01
0. 1000E+01

-,

VALUE

0

.2516E+01
.3453E+01
.6563E+01
. 9490E+01

jeojeoleleofe]
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DATA SET wi08

TEMPERATURE

PRESSURE

SULPHUR

WA

METHOD OF MEYER AND ROTH FROM

TER

592.0 K

1.4666 ATM

0.52170 %
7.35400 %

SCALING FACTORS
CONVERSION
PARTIAL PRESSURE =

#
’

# 0.2

¥ 0.6300

5.10000
5.40000

* 0.10000E+01
0. 10000E+01

NONL INEAR REGRESSION PROGRAM

NUMERICAL METHODS FOR
VAN NOSTRAND REINHOLD

ESTIMATES FOR THE 2 PARAMETERS ARE:

0.9271E-01

0.2442E+00

(

1978) .

THE" INITIAL PARAMETER VALUES WERE:
0.5000E+00 0.5000E+00
WEIGHTED SUM-OF -SQUARES IS 0.2882E-04

PREDICTED v AQBAL v
0 0.0 VN
3944E-01 0.4358E-01
5183E-01 0.5138E-01
6667E-01 0.6405E-01
7972E-01 0.7834E-01
8865E-01 0.9029E-01

0
0
0
0
0
0

WE IGHT ING

1000E+01

. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01

lofeololalale]

THE TEXT OF WOLFE,M.A.
UNCONSTRAINED OPTIMIZATION

X VALUE
.0

. 1860E+01
.2586E+01
.3709E+01
.5294E+01
.T779E+01
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DATA SET WIt2

TEMPERATURE

PRESSURE

SULPHUR
WATER

METHOD OF MEYER AND RbTH FROM THE TEXT OF WOLFE,M.A.
NUMERICAL METHODS FOR UNCONSTRAINED OPTIMIZATION
VAN NOSTRAND REINHOLD,

= 592.0 K # 0.1

= 1.4692 ATM # 0.5400
0.51258 % 0.40000
11.82300 % # 3.80000

SCALING FACTORS
* 0.10000€E+01

CONVERSION
PARTIAL PRESSURE =

0.10000E+01

NONLINEAR REGRESSION PROGRAM

(1978).

ESTIMATES FOR THE 2 PARAMETERS ARE:

0.1198E+00 0.2051E+00

THE INITIAL PARAMETER VALUES WERE:

0.5000E+00 0.5000E+00

WEIGHTED SUM-OF-SQUARES IS 0.1657E-04

PREDICTED Y

0.
0.
0.
0.
0.
0.
0.

0

3009E-01
3695E-01
5258E-01
6352E-01
6790E-01
8939E-01

OO0O000O0O0O

ACTUAL Y WEIGHTING

.0

.3285E-01
.3831E-01
.5043E-01
.6362E-01
.6652E-01
.9014E-01

OOOOOOO

. 1000E+01

.10005*01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+0O1
. 1000€E+01

X VALUE

0.0
0.1252E+01
0.1555E+01
0.
0
0
0

2296E+01

.2880E+01
.3134E+01
.4702E+01
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DATA SET WI15

TEMPERATURE = 592.2 K # 0.2

PRESSURE = 1.4677 ATM # 0.3300
SULPHUR . 0.50290 % # 3.00000
WATER 14.31800 % # 3.30000

SCALING FACTORS

CONVERSION =  0.10000E+01

NONL INEAR REGRESSION PROGRAM

. _ ) o o [4
_METHOD OF MEYER AND ROTH FROM THE TEXT OF WOLFE,M.A.
NUMERICAL METHODS FOR UNCONSTRAINED OPTIMIZATION

VAN NOSTRAND REINHOLD,

(1978).

ESTIMATES FOR THE 2 PARAMETERS ARE:

0.1069E+00 0.2447E+00

THE INITIAL PARAMETER VALUES WERE:

0.5000E+00 0.5000E+00
WEIGHTED SUM-OF -SQUARES IS 0.3402E-04

PREDICTED Y ACTUAL Y WEIGHTING

E
0 0.0
.2446E-01 0.2700E%01
.4759E-01 0.4323E-01
E-01 0.6148E-01
E-01 0.7817E-01

0

0
0
0
0

. 1000E+01
- 1000E +01
. 1000E+01
. 1000E+01
. 1000E+01

X VALUE
0.0

0.9519E+00
0.1956E+01
0.2515E+01
0.3831E+01
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DATA SET WI10

TEMPERATURE
PRESSURE

SULPHUR
WATER

METHOD OF MEYER AND ROTH FROM THE TEXT OF WOLFE,M.A.
NUMERICAL METHODS FOR UNCONSTRAINED OPTIMIZATION
VAN NOSTRAND REINHOLD,

SCALING FACTORS
* 0. 10000E+01

CONVERSION
PARTIAL PRESSURE =

0.10000E+01

501.8 K # 0.1
1.4695 ATM # 0.6300
0.51620 % # 0.70000
9.39510 % # 2.60000

NONL INEAR REGRESSION PROGRAM

(

1978) .

ESTIMATES FOR THE 2 PARAMETERS ARE:

0.1883e+00 0.1046E+00

THE INITIAL PARAMETER VALUES WERE:

0.5000E+00 0.5000E+00

WEIGHTED SUM-OF -SQUARES IS 0.1086E-03

PREDICTED Y

OCO0O000O0OO0

.0

.2864E-01
.3714€E-01
.5727E-01
.7267E-01
.7412E-01
. 1092E+00

(ojojofolololo)

ACTUAL Y

.0

.3187E-01
.4456E-01
.5797E-01
.6787E-01
. 7024E-01
. 1113E+00

OO0O0000O0

WE IGHT ING

1000E+01

. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+0 1
. 1000E+01

OCOO0OO0CO0OO0O

X VALUE
.0

. 1465E+01
. 1910E+01
.3002E+01
.3890E+01
.3976E+01
.6330E+01
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DATA SET WT6L

TEMPERATURE = 592.2 K # 0.2
PRESSURE = 1.4637 ATM # £.5000

SULPHUR 0.50800 % # 1.18000
WATER 5.53190 % # 3.09000

SCALING FACTORS

CONVERSION = 0. 10000E+01
PARTIAL PRESSURE * 0.10000E+O1

NONLINEAR REGRESSION PROGRAM
METHOD OF MEYER AND ROTH FROM THE TEXT gsfwggFE M.A.
VAN NDSTRAND REINHQLD (1978) .
ESTIMATES FOR THE 2 PARAMETERS ARE:
0.1271E+00 0.1498E+00

THE INITIAL PARAMETER VALUES WERE:
0.5000E+00 0.5000E+00
WEIGHTED SUM-OF -SQUARES 1S 0.1917E-04

PREDICTED Y ACTUAL Y WEIGHTING X VALUE

0.1131E+00 0.1142E+00 0.1000E+01 0.9480E+01
0.9596E-01 0.9410E-01 0.1000E+01 0.6570E+01
0.6041E-01 0.5877E-01 0. 1000E+01 0.3450E+01
0.4566E-01 0.4911E-01 0. 1000E+01 0.2510E+01 '
0.0 0.0 0.1000E+01 0.0
*
X Fal



DATA SET WTEM

TEMPERATURE
PRESSURE

SULPHUR
WATER

SCALING FACTORS i
= 0. 10000€E+01

CONVERSION

PARTIAL PRESSURE =

1.0

2.97000
5. 28000

0. 10000E+01

’ .
™ & 0.5000
#
¥

NONL INEAR REGRESSION PROGRAM

METHOD OF MEYER AND ROTH FROM THE TEXT OF WOLFE,M.A.
NUMERICAL METHODS FOR UNCONSTRAINED OPTIMIZATION

VAN NOSTRAND REINHOLD,
ESTIMATES FOR THE

0.2441E+00 0.1346E+00

(1978) .

THE INITIAL PARAMETER VALUES WERE:

0.5000E+00 0.5000€E+00

PREDICTED Y
0.0

). 1970E+00 0.

). 1534E+00

J.1031E+00
0.7293E-01

0
0 0
0.15 00 0
0.1337E+00 O.
0 0
0 0

&

ACTUAL Y WEIGHTING

.0 0.1000E+01
1968E+00 0. 1000E+01
0. 1553E+00 0.1000E+01
1320E+00 0. 1000E+01
0. 1004E+00 0. 1000E+01
.7618E-01 0. 1000E+01

lejololelolel

2 PARAMETERS ARE:

WEIGHTED SUM-OF -SQUARES IS 0.2454E-04

X VALUE

.0

.8310E+01
.5490E+01
.4570E+01
.3350E+01
.2290E+01

-
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DATA SET WTGEH
TEMPERATURE = 653.2 K ¢ 1.0 :

PRESSURE = 1.4687 ATM # 0.5000
SUL PHUR 0.29560 % # 1.40000
WATER 5.88570 % # 1.49000

SCALING FACTORS
CONVERSION = 0. 10000E+01

PARTIAL PRESSURE *= 0.10000E+01

NONL INEAR REGRESSION PROGRAM
METHOD OF MEYER AND ROTH FROM THE TEXT OF WOLFE,M.A.
NUMERICAL METHODS FOR UNCONSTRAINED OPTIMIZATION
VAN NOSTRAND REINHOLD, (1978).
ESTIMATES FOR THE 2 PARAMETERS ARE:

0.2296E+00 0.2437E+00

THE INITIAL PARAMETER VALUES WERE:
0.5000E+00 0.5000E+00
WEIGHTED SUM-OF -SQUARES 1S 0.5185E-03

PREDICTED Y ACTUAL Y WEIGHTING X VALUE

0.2231E+00 0.2327E+00 0.1000E+01 0.8710E+01
0.1841E+00 0.1912E+00 0.1000E+01 0.4530E+01
0.1415E+00 0.1426E+00 0.1000E+01 0.2950E+01
0.1175E+00 0.1203E+00 0.1000E+01 0.2320E+01
0.0 0.0 0.1000E+01 0.0

0.2051E+00 0.1859E+00 0.1000E+01 O.5900E+01
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Results of Estimating the Water Dependence of the Reaction

This section follows the format of the previous pne. In this instance. the X values
are the partial prassures of 7witar The Y vaiues are the rates of reaction with respect to
water. The particular form of the rate equation that is being fitted is given after the dats
summary at the top of each page The parameters, C. N and K are estimated n that order

by the program
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DATA SET WRATE

TEMPERATURE = 592.1 K # 0.170

PRESSURE = 1.4684 ATM # 0.0

SULPHUR 0.50622 % # 2.90000

WATER 0.0 % # 4.90000
v

Y = CeWexN/((1+K=W)xx0Q Q)

NONL INEAR REGRESSION PROGRAM
METHOD OF MEYER AND ROTH FROM THE TEXT OF WOLFE,M.A.
NUMERICAL METHODS FOR UNCONSTRAINED OPTIMIZATION
VAN NOSTRAND REINHOLD, (1978).
ESTIMATES FOR THE 2 PARAMETERS ARE:

0.1930E+00 0.4885E+00

THE INITIAL PARAMETER VALUES WERE:
0.5000E+00 0.5000E+00
WEIGHTED SUM-OF-SQUARES IS 0.1764E-02

\

PREDICTED Y ACTUAL Y WEIGHTING X VALUE

0.7731E-01 0.6996E-01 0.1000E+01 0. 1536E+00
0.1051E+00 0.8924E-01 0.1000E+01 0.2880E+00
0.1439E+00 0.1349E+00 0.10@DE+01 0.5479E+00
0.1755E+00 0.1903E+00 O.1000E+01 O.8230E+00
0.2028E+00 0.2264E+00 0.1000E+01 0.1106E+01
0.2274E+00 0.2420E+00 0.1000E+01 O.1398E+01
0.2544E+00 0.2457E+00 0.1000E+01 0.1759E+01
0.2793E+00 0.2616E+00 0.1000E+01 0.2131E+01



[ ]
Lad
[ ]

DATA SET WRATE

TEMPERATURE = 592.1 K # 0.170
PRESSURE = 1.4684 ATM 7 0.100
SULPHUR 0.50622 % # 2.90000
WATER 0.0 % 4.90000

Y = CeWeeN/((1+K*W)=%0 5)

NONL INEAR REGRESSION PROGRAM
METHOD OF MEYER AND ROTH FROM THE TEXT OF WOLFE,M.A.
NUMERICAL METHODS FOR UNCONSTRAINED OPTIMIZATION
VAN NOSTRAND REINHOLD, (1978).
ESTIMATES FOR THE 3 PARAMETERS ARE:
0.2839E+00 0.7196E+00 0.1040E+01
THE INITIAL PARAMETER VALUES WERE:

0.5000E+00 0.5000E+00 0.5000E+00
WEIGHTED SUM-OF -SQUARES IS 0.1032E-02

X VALUE
. 1536E+00

WEIGHTING
. 1000E+01

PREDICTED Y
.6847E-01

ACTUAL Y
0.6996E -0 1

jejeojelolololololh

.1017E+00
. 1470E+00
.1811E+00
.2082E+00
.2306E+00
.2534E+00
.2728E+00

=jejoleojolofelo]

.8924E-01
. 1349E+00
.1903E+00
.2264E+00
.2420€E+00
.2457E+00
.2616E+00

jejejelolololol ‘O

. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01

jojeololalslolole

.2880E+00
.5479E+00
.8230E+00
. 1106E+01
. 1398E+01
. 1759E+01
.2131E+01



DATA SET WRATE

TEMPERATURE = 592.1 K # 0.170
PRESSURE = 1.4684 ATM # 0.100
SULPHUR 0.50622 % # 2.90000
WATER 0.0 % # 4.90000

Y = CeW=s=N/((1+K=W)=x1_0)
NONL INEAR REGRESSION PROGRAM
METHOD OF MEYER AND ROTH FROM THE TEXT OF WOLFE.M.A.
NUMERICAL METHODS FOR UNCONSTRAINED OPTIMIZATION
VAN NOSTRAND REINHOLD, (1978).
ESTIMATES FOR THE 3 PARAMETERS ARE:
0.3557E+00 0.8790E+00 0.7461E+00

THE INITIAL PARAMETER VALUES WERE:
0.5000E+00 0.5000E+00 0.5000E+00
WEIGHTED SUM-OF -SQUARES IS 0.6907E-0:

PREDICTED Y ACTUAL Y WEIGHTING X VALUE

(oJoJololololoXe)

.6149E-01
.9803E-01
. 1488E+00
. 1857E+00
.2129E+00
.2337E+00
.2527€E+00
.2671E+00

SCO00000O0

.6996E -01
.B924E -01
. 1349E+00

. 1903E+00
.2264E+00
.2420E+00
.2457E+00
.2616E+00

lelejeolololelolal

.1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
. 1000E+01
.1000E+01

. 1000E+01

lelejeololololale]

.1536E+00
. 2880E+00
.5479E+00
.8230E+00
. 1106E+01
. 1398E+01
.1759E+01
.2131E+01



DATA SET WRATE

TEMPERATURE = 592.1 K -+ # 0.170

PRESSURE = 1.4684 ATM # 0.100

SULPHUR 0.50622 % # 2.90000

WATER 0.0 % ¥~ 4.90000
R
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Y = CxWxxN/((1+K*W)=x2 0)

'NONLINEAR REGRESSION PROGRAM
METHOD OF MEYER AND ROTH FROM THE TEXT OF WOLFE,M.A.
NUMERICAL METHODS FOR UNCONSTRAINED OPTIMIZATION
VAN NOSTRAND REINHOLD, (1978).
ESTIMATES FOR THE 3 PARAMETERS ARE:

0.3358E+00 0.8911E+00 0.2742E+00
0.5000E+00 0.5000E+00 0.5000E+00
WEIGHTED SUM-OF -SQUARES IS 0.5449E-03

PREDICTED Y ACTUAL Y WEIGHTING X VALUE

0.5824E-01 0.6996E-01 0.1000E+01 0.1536E+00
0.9513E-01 0.8924E-01 0.1000E+01 0.2880E+00
0.1485E+00 0.1349E+00 0.1000E+01 0.5479E+00
0.1879E+00 0.1903E+00 0.1000E+01 0.8230E+00
0.2163E+00 0.2264E+00 0.1000E+01 0.1106E+01
0.2365E+00 0.2420E+00 0.1000E+01 0.1398E+01
0.2528E+00 0.2457E+00 0.1000E+01 0.1759E+01
0.2625E+00 0.2616E+00 0.1000E+01 0.2131E+01



DATA SET WRATE

TEMPERATURE =
PRESSURE &

SULPHUR
WATER

Y = CxWxxN/((1+KxW)=xx3 0) e
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NONL INEAR REGRESSION PROGRAM
METHOD OF MEYER AND ROTH FROM THE TEXT OF WOLFE,M.A.
NUMERICAL METHODS /#OR UNCONSTRAINED OPTIMIZATION
VAN NOSTRAND HOLD, (1978).

ESTIMATES FOR THE 3 PARAMETERS ARE:
0.32156E+00 0.8751E+00 0.1576E+00

THE INITIAL PARAMETER VALUES WERE:
0.5000E+00 0.5000E+00 0.5000E+00
WEIGHTED SUM-OF-SQUARES 1S 0.5170E-03

N
o

PREDICTED Y ACTUAL Y WEIGHTING X VALUE

0.5808E-01 0.6996E-01 0.1000E+01 0.1536E+00
0.9468E-01 0.8924E-01 0.1000E+01 0.2880E+00
0.1481E+00 0.1349E+00 0. 1000E+01 0.5479E+00
0.1881E+00 0.1903E+00 0.1000E+01 0.8230E+00
0.2169E+00 0.2264E+00 0.1000E+01 0.1106E+01
0.2372E+00 0.2420E+00 0.1000E+01 O.1398E+01
0.2530E+00 0.2457E+00 0O.1000E+01 0.1759E+01
0.2615E+00 0.2616E+00 O.1000E+01 0.2131E+01



