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The ruultirig equilibrium constant for the temperature range from 22%C to 37b°C is |
given by L
' hK"8—178864-'15488/T N .
which predicts both Cho's (32) and Telliers*(140) mouurod conversion wnhm 10% The
only other model cormarm but not identical in smprovod prediction,. corrnponds to
$:-S:~5,-S, species with data from Rau (126) for sulfur species and JANAF (74) for
other species. .

A graphical method for process calculstions robtod‘ to the modified Claus
process was updsted using thermodynamic properties for sulfur frothu (126) snd for
other species in the equilibrium composition from JANAF (74). Cdculauom verify that for
acid gas contsining as lean as 80% H,S, the method predicts reasonable equilibrium
performancl for catalytic converters.

1

’



Mu&ohummmmmmmofmm
T Bopciat aipport of the University- of Alberts is gratefully scknowledged
Mumumwummmmm«wm

m
L4




®

T-bh}of Contents

Chapter ’ Page
usT or TARLES. ' x
usT or nﬂ.-n* xii

1. INTRODUCTION 1
1.1 Rstionsle , 2

1.2 Previous Work ‘ 2
1.3 Obpctvvu - : 3
1.3.1 m :;‘Yop.o.;i:: o? m&fcm ?f thermodynamic 3
132 The equilibrium constant for H,S/SO, system ’ 3
1.3.3 Graphicsl approach to Claus plant design 4

2. LITERATURE REVIEW ; . 5
2.1 Claus process / e 5
22 Work done on the thermodynamic equilibrium conversion 6

3.' THE FREE ENERGY MINIMIZATION PROGRAM 13

4. SENSITIVIT# STUDY 15
4.1 ‘introduction 1%
4.2 Surface chemistry causing squilibrium djscropaf\cy 15
4.3 Quality of thermodynamic data for H,S, SO, and H,0 16

4.3.1 Survey of the thermodynamic properties of H,S, SO, end H,0 ... 16
432 Sensitivity of thermodynamic properties of H,S, SO, snd H,0 ... .. .. 16
4321 Effect of standard heat of formation 19

4322  Effect of standerd entropy ) 28

- 433 Conclqsion : sttt 34
4.4 Sensitivity of sulfur thermodynamic properties 34
441 Survoy on sulfur vapor pressure 34
442 Survey on simplified models for sulfur VapOr pressure ... 37
443 Survey on the thermodynsmic properties of sulfur SPecies ... 43
4431 Heat of formation of S,(g) 46

4432 Heat of formatien of S,(g) 47

vi



-

g\ 4433  Hest of formetion of S, d 49

| 4434  Standerd enropy of Sig) 80

\ 4438  Standerd entropy of S . 82

. 4438 . Sundwd eropy of 84 . 83
4437  Hestcapeoityof S, ... - 84

" 4438  Hest capecity of S, 84

4439  Hest capecity of S, e B8

g 44310 Conclusion 58

44.4 Sensitivity of thermodynamic progortb‘- of sulfur species ... ... 87

444 Effect of standerd hest of formation 57

4442  Effect of standerd entropy ....s ‘ 66

445 Conclusion , 66

45 Synergism S 73

4.6 Testing the model of sulfur vapor pressure dsta 7%

. 4.7 Conclusions and recommendations 82
- 5. EQUILIBRIUM CONSTANT FOR H,S/SO, MIXTURE 83
' 5.1 Introduction 83
5.2 Assumption used in the determination of an equilibrium constant ................ 84

5.3 Result S— 96

. 54 Discussion ... R 97
5.4.1 Discussion on the sverage atomic“runbor of sulfur 97

5.42 Van't Hoff assumption 102

5.4.3 Convergence of K, vs sulfur average stomic number 192

8.44 Comparision with superheited vapor pressure 108

545 Conclusion R 108

6. ANALYSIS OF CLAUS PLANTS ! : 106
6.1 Introduction . | 106

6.2 Bcﬁcioncy of the graphical method 1p6

6.21 Equilibrium turves 106

6.22 Assumptions for acid gas with less than 100% H,S 108

6.3 Use of graphical reaction paths to predict equilibrium conversions ... 113

vii



-

64 Etffect o\ inert
64.1 itroducyon — .
. €42 Effect of inert on burner pertosience
B 6421  Carbon dexide ss inert
’ 422  Nitrogen ss inert
8423 . VEpOr 88 impurity — -
8424  Conclusion .
84.3 Effect of inert on converter performence
6431  Carbon dioxide as inert
8432 Nitrogen as inert
6433

. CONCLUSIONS AND RECOMMENDATIONS

Water vapor as | ity n
644 Accuracy of graphs '

6441 Effect ovﬂoéu of side resctions from CO, or
burner performence

6442 Effect of products of side reactions from CO, in the
furnace on tail gas ciqan up

6443  Effect of other insignificant byproducts on equilibrium
- conversion .

6444 Estimation of the effect of the sccuracy of graph on

85 Application of graphical method to various process situstions ..
65.1 Preheating by indirect hesting ]
65.2 Preneating by direct hesting .

6.6 Finsl comments

7.1 Consclusion -
7.1.1  Sensitivity study
7.1.2 Equilibrium constant for H,S/SO, mixture
7.1.3 Graphical approach to Clsus plant prediction

.7.2 Recommendstions ;
7.2.1  Sensitivity study
722 Software on Claus plant prediction

+7.2.3 Graphical approsch to Clsus plent prediction

viii

123
123
123

124
124
132
132
132
132
138
138
148

1hs
148
183

183
153
1583
157
158
158
159
159
159
159
160

.. 180

160
160



u



;

O NP AW N

13
14
18
18
12.
18
18
20.
21,
22
23
24,
25
26.
27.

28.

of Surmoe o

- Rangs of thermes “M”’m

wmwmm o
mommmm‘;“

.'.'nMﬁ"‘.“st |
Unosrtainty of thermodynarnic 5. 5 e
- ot for suthr spesies

Sufwmmmwuwmouwwwmo
mmmforn,wso,rmﬁm
LMM@.MWMH-C.S/SOJW
Prodcﬁonof\ato'sm

Dwiﬂonofmodcmmmdm
Uuofrmﬁmpmw&fnmmﬁmmcmm
Siopes of adisbatic resction path (dX/dT) for use with Fig. 42 & 43
Effmafco,mmwfmm&hm“ofnctwy)
Effect of N, on burner performance

Effect of H,0 on burner performance

Effect of feed gas CO, impurity on suifur recovery
Vﬁdtyofgwcdmvmonfndhnco,

Effect of fndmsN,hwnyonuﬂrroeonry
Vdmyofmnmdwrmfudgumu,ndco,

Effect of feed ges H,0 impurity on sutfur recovery
Vd‘idty_ofwmﬁcdnmdmnfudwhsri,omco,

128
130
133
137
138
140
143
144
147



rn

xi



LISTOF PIGURES '
Figure ) i ' -
- 1. Vapor pressure data .
2 . Equilbrhm conversion predicted by dlfforont sources
) 3 Conptison between predicted and observed convorsfon
4 Etfect of Ay of H,S on predicted conversion
5 Scnsitiv'ﬂy.-ndysh of A oftH,S'_on predicted: conversion
8. Effect of AH,, of SO, on pradictsd conversion
7. Sormtuvity snalysis of M, of SO, on oqwhbrm convergion
8. » Effect of AH;,,. of H,0 on predicted conversion
=) Sensitivity analysis of BH%,y, of H,0 on predicted corwersion
10. Sonsttmty mdysts of standerd hut of formation of H,S, SO, H,0
11, Effect of entropy of H,S, of,SO, and of H,0
"12. Effect of S*,,, of H,S on pred_ictod conversion
13,  Effect of S*,,, of H,0 on‘prodict'od conversion
14. Effect S°,,, of ,SO,'on predicted conversion
15. K from Rosenbrock fitting method of Braun's data
16. Effect of 8Hy,,, of S, on predicted conversion
.1 7. Effect of N-f,,. of S, on predicted Tconvorsicn
18. Effect of &Hp,, of S, on predicted conversion
19, Sensitivity analysis of AHLy, of S, on equilibrium conversion
20. Sensitivity analysis of DMy, of S, on eduilibriun conversion
21.  Sensitivity analysis of iH},,, of S, on equilibrium conversion
: 22 Sensitivity analysis of standard entropy for S,
\Mt of S, of S, on predicted conversion
24, Sensitivity analysis of standard entropy of S,
25 Effect of S',,, of S, on predicted conv@csionu
26. Sensitivity analysis of standard entropy of S,
27. Effect of S, of &on predicted conversion
28 Sulfur vapor distribution for dif ferent thermodynamic sources
28 Sulfur vapor distribution of distorted thermodynamic properties

Xii

o

12
21
22
24
25

27
29
30
31
32
33
41

60
61
63
64
65
67
68
69
70
71
72
76
77



51.

52.
53.
54.
55.
56.

, 3 N »
Comparison between present predicted and experimental conversion 79

Average stomic number vs sulfur pressure (superheated s
Determination ‘of equiliorium constant st 225+C | 90
Determination of equilibrium constant at 270°C 91
Determination of equilibrium constant at 320°C 92
Determination of equilibrium constant at 370°C | 93
Sulfur sverage atomic number to be used with pseudo-equilibrium constant
expressed by eq. (5.7) 95
Linear least square of equilibrium constants . 98
Comparison between actusi conversion and predicted conversion using linear least
square equilibrium constant ' 100
Prediction of conversion using Rau et al's thermodynamié properties * 109
Graphical method for equilibrium stage design in Claus process 11
Flowsheet for example 3 114
Solution to example 3 (1st stage converter) - s
Solution to example 3 (2nd stage converter) 18
Effect of CO, inert on burner performance 125.
Effect of CO, of inert components on burner temperature 127
Effect of CO, inert on burner conversion 128
Effect of inert heat capacity on burner performance 129
Effect of N, on burner performance 131
Effect of H,0 on burner performance ‘ 134

Effect of 40%CO, acid gas on first converter performance assuming no effect on
equilibrium conversion 135

Effect of 40%CO, acid gas on 2nd converter performance assuming no effect on

equilibrium 136
Effect of N, on first convor;(er performance 141
Effect of N, on second converter performance 142
Effect of H,0 on first converter performance 145
Effect of H,0 on second converter performance 146

Effect of CO, as reactive substance on burner performance 149

xiii



-

57. “mount of products of side reactions vs tempersture
. 58 Effoct of the accuracy of burner conversion on sulfur recovery
C.1 Aceuracy of fitted equirtion for sulfur vapor ‘ |

xiv

154
155

199



1. INTRODUCTION
The modified Claus process is the standard process for converting- hydrogon sulfide to
elemental sulfur. Thoprmpdfncﬂmnmamprocmto
HS+ 180, ———<-> SO, + H,0 ’ (1.1
2HS+ S0, <mwmax> 30§, + M0 (1:2)

reaction furnace and two or more catnlytic converters. Each converter is preceded by a
reheater and foﬂowod by a condenser. in the furnace, reaction (1.1) is carried out with
sufficient air to obtain the stoichiometric ratio of H,S/SO, for reaction (1.2} Resction
(1.2) occurs partly in the furnace (30 - 60%) and partly in the catalytic converters (40 -
70%).Tomaimainﬂumsttmtyinthofwmco.cmsmnstoopontodinomoftho
following two methods :

1) once-through process (for 50 - 100% H,S acid gas),

2)  split-flow process (for 15 - 50% H,S acid gas) (102).

In the second method two-thirds of acid gas bypasses the furnscs, and none at all in the
first ,

Ditferent aspects of the hydrogen sulfide and suifur dioxide resction have been
studied extensively (mechanistic studies, catalyst effects.) together with important side
reactions (COS/SQ, resction, COS/H,0 resction..); however, the H,S$/S0, reaction aiso has
8 reverse reaction, S/H,0, the importance of which varies with the operating
temperature. The effect of the reverse rate of reactions on the global resction and
operating condition has not been investigated in detail. The objectives of this work are to
study the limits of sulfur piant performance by a thermodynamic investigation of the
H,S/S0O, system and to apply the results to a graphical method of prediction for sulfur
plant performance.



1.1 Rationsle,
_ m‘mmmmofmaumm.mwmymmm
the Calculeted equilirium corversion has besn found to be lower than the cbserved
experimental conversion Two reasons are proposed to sccount for this discrepancys (a)
#n experimental error sttributed to additionsl reaction after leaving the reactor and
MfmhMMnmNmemwM
mmmdymic/émmprobmofwmbunmbymof
long reaction times enabling approsch to experimentsl equilibrium from both resctants
and from products; (b) cannot be eliminsted since suifur vapor is an unknown mixture of
dtf'foronthomoloyous species. | ‘
Designing Clsus plant reactors requires knowiedge of kinetic data of both
H,S/SO, and sulfur associstion reactions . Lack of information on the rate of sulfur
associstion and the reverse reaction S/H,0 has forced process engineers to tumn to their
own experience in operstion or to thormodynmc ions. Fortunately the caiculated
equilibrium conversion is lower than the As a result the practice of using
the calculated equilibrium conversi

design or for predicting plant convorsoons has no
serious effect except conservative prediction (4 1 431

1.2 Previous Work ‘

A detsiled review of the earlier predictions of the thermodyna;nic equilibrium is
given in section 22 Some inv.siigators used the equilibrium constants of '
H,S/S0,//S,/H,0 reaction and of sulfur association reactions; others have used the
thermodynamic properties to predict conversion. Their predicted values are asiways lower
than the experimental conversion It is noted that even though the sulfur thermodynamic
data used are scattered, the calculated equilibrium conversions do not significantly differ
from each other. However, the effect of each thermodynamic property on the magnitude
of the predicted conversion can be evaluated using a sensitivity study.



1.3 Objectives o i

| The purpose of this investigation is to study the discrepancy between predicted
and actusl equillbrium conversions in order to improve the squilbrium prediction for the
H,S/SO, system. In this study, only reactionsi(1.1) and (1.2) are considersd to occur, i the
equilibrium mixture is composed.of only H,S, SO, H,0, Sy twith j=1 to 8} and inerts. This
s 8 reasonsbie assumption since Tellier's (140} and Crio's (32) conversion data twhich are
used as data for this study) are in the ‘ e range 400-700 K where other side
reactions such as the formation of hydrogen, of hydrogen polya;ulfidu._ are ingignificant
In the sbsence of knowledge of the rate of sulfur association, oniy the once~through
Process will be considered and sssocistion of suifur atoms in the vapor phese is
assumed to be fast Because of the complexity of the problem, this thesis will be divided
into three main chapters; Eaeh desis with one aspect of the thermodynamics of H,S/SO,
system in a sulfur plant sensitivity snalysis of the thermodynamic ww empirical
wn&mcmmmmnmofmgwwmmatoprmmpm
performance. '

1.3.1 Sensitivity analysis of the effect of magnitude of thermodynamic properties of
species on squilibrium conversion

Several authors have caiculsted the thermodynamic equilibrium conversion of
H,S/SO, system using thermodynamic properties from different sources, including
distorted thermodynamic properties. However, it is difficult to isolats clearly the effect
of each iC property on the oqwhbrmm conversion. To evaluate the role of
each thef iC property, it was decided to cal::ulm the equilibrium conversion as a
function of changes in thermodynamic properties, using the free energy minimiution
method. in particular the effects of enthaipy, entropy and hest of formation for H,S, SO,,
H,0 and S,. S,. S, will be examined "

1.3.2 The equlilibrium constant for H,S/S0, system

An alternstive approach to predicting equilibrium conversions is possibie via the
use of oxpofimor{ta_lly measured equilibrium conversions to generste oqﬁilibriun
constants. This approach will be examined using certain proprietary experimental data



Mmm@mmmmmmw-\mwwm
mmw reistively simpie calculations involving a
wmmmmm&hwm*‘hmof reaction
pmwumSMowaﬂhmmbomtofmcm

1



> 2. LITERATURE REVIEW

There are many excelient reviews of the various academic schermes used for
chemical equilibrium composition caiculstion Those interested are referred to the
literature reviews of Msadsh (96) and McGregor (102) as a first step to a compro'honsivc
mdwﬂmdhgonﬂndwdopmunofhfr,omgymﬁnﬁuﬁonmﬁnduudhﬁs
thesis. '

To provide background for subssquent chapters dealing with*difforont aspects of
the Claus process, this chapter will cover the process description, and previous work on '
Eonversion of H,S/SO, system . "

2.1 Claus process

The Claus process hss been used extensively to reduce hydrogen sulfide to sulfur
since 1898 (34). Increasing demand for natursi gas will likely resuit in this process
becoming even more important in the foresesable future (116). This process has bsen
modified since it was first used.

, Originally, reduction was carried out in a single reactor with bauxite or iron ore as
catalyst Reaction temperature was controlied by the amount of feed gas (55). Sinco the
oxidation of hydrogen sulfide to sulfur is highly exothermic, it was necessary thaf the
feed rate be smail in 1937 Farbenindustrie (2) converted hydrogen suifide to sulfur in
two stages: (1) to sulfur dioxide, then (2) to elemental sulfur. Thus a lowef temperature
can be maintained in the second reactor (catalytic converter) resulting in higher overall
conversion since reaction (1.2) is exothermic in this region.

" Today, Claus piants ususlly consist of a furnace followed by three or four
catalytic stages. Depending on the concentration of hydrogen sulfide in acid gas, two
possible methods are used
1) straight through process,

2)  split-fiow process (102)

The straight through process is suitable for high hydrogen sulfide (>50%) and low
hydroc&bon concentration gas (<1%). In this method air is admitted to the furnace to
oxidize sll hydrocarbons present and just one-third of hydrogen sulfide to sulfur dioxide
in order to obtain stoichiometric ratio of H,S/SO, for reaction (1.2).

5



The split~flow process is also suitable for high hydrocarbon scid gas since only
one—third of the acid gas enters the reaction furnace. The smount of COS and CS,
formed is lowered by d:outkwo-third:, thus decreasing sulfur lossas by sulfur/carbon
ructiomﬂnouﬁctgufromtmfmishmnﬁxcdwihhrmﬂngacidmto
feed to the first converter. To meintain flame stability in the furnace the split-flow
method should have hydrogen sulfide concentration grester then approximately 20%.

Convonioncmdsobohcruuddop.ndinguponwhichrohmmothodisuudto
preheat converter feed gas. To decrease the amount of sulfur lost through entrainment in
tailgas, indirect hast exchange is the best method, foliowed by use of inline burners, snd
lastly, by the hot gas bypass method However, the latter two methods have advantage of
lower capital investment and operation cost (63, 85). Sulfur recovery of up to 97.6% has
been obtained in modified Claus plants with muffied furnace and heat exchangers (116).
Modifications to Claus units since 1976 have been to the last converter involving
continuous operation at a temperature lower than the sulfur dew point Sulfur recovery
has been improved to 99.5% (63,

2.2 Work done on the thermodynamic equllibrium conversion

" Gamson and Ekins in 1953 (55) published calculations of thermodynamic
conversion of H,S/SO, system by applying the equilibrium constant method using the
thermodynamic properties for suifur species compiled by Kelley (79) from Preuner and
Schupp ‘s (122) vapor pressurs data For the stoichiometric ratio of H,S/air mixture,
Gamson and Elkins assumed that sulfur exists only in the forms of S, S, S, over the

temperature range 400- 1600 K . They assuymed the following reactions occurred in the

system:
2HS + 0,-—---- >2H0 + S, 2.1)
38, <=====>§, (2.2)
4S, <=====> 48§, (2.3)
2H,S + 30, <=====>2H,0 + 2SO0, (24)
2H,S + SO, <=====>2H,0 + 1.8S, (2.5)
S; + 20,<=====> 280, (2.6)

The direct oxidstion by free oxygen molecules is very fast; therefore the conversion is

-

&
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only limited by the extent of reactions (2.2), (2.3) l\'ud 2.5).

Their caiculated equilibrium conversion is bdow the oxporimontal conversion.
However their vapor pressure and thermodynamic data are out-dated Preuner snd
Schupp's (122) dsta sre scattered about 20% Fig 1). Kelley's (79) thermodynamic
Properties of reaction (2.2) and (2.3) have been revised many times since 1983,

Peter and Woy in 1960 (1 18) calcu.t.d the equilibrium constant of the overall
Claus reaction from the known standard’ ontropy, oenthalpy and heat capacity of each
component of the H,S/SO, system, assuming only S, present Even with this unreslistic
assumption, their predicted equilibrium conversion is lower than observed values.

Murro and Masdin (1967) (104) used West and Menzies' (149) sulfur vapor
pressure and the thermodynamic properties from JANAF, 1st ed (1965) (73) to caiculate
equilibrium constants for reactions in the H,S/SO, system (0.5% H,S, 0.75% SO,) assuming
only S, S, S, are present over the temperature range 398-508 K. Their observed
conversion is less than or equal to their predicted conversion for feed with less than
20% volume water vapor. The lowest space velocity used was 67 volumes of
'H,S/volume cathr, thus experimental "equilibrium” conversion may not have been reached
yet Their mormodyﬁanic properties and vapor pressure are similar to conditions
described in chapter 4. They also observed that the conversion equilibrium is very
se'nsitivo to the free energy of species. |

Erickson and Rosen (1968) (5 1) regarded Kelley's data (79) as inaccurate. They
applied the free energy minirization method, with all possible species pressnt in the
equilibrium mixture; H,S, SO, N, H0. H, 0O, S, S. S. S, H,S,, SO, SO, except HS, S,
Ss. Sy S, over the temperature range, 550-650 K Under these conditions gases may be
considered to behave ideally as shown by calculating @e fugacities. JANAF's
thermodynamic properties (1965) (73) with Braune's equilibrium constants for Se. S¢. S,
from S,(g) (19) were used Their Caiculated equilibrium compositions was reproduced in
this work (chapter 4) wherein species other than S,, S, S, H,S, SO,, H, are neglected in
the equilibrium mixture from 400 to 1800 K. They did however consider S. to be
significant At 600 K, S, is more abundant than S, in their equilibrium mixture; this is due
to Braune's equilibrium constants which emphasize the significance of S, over other
thermodynamic data sources. (The higher the K, value, the ratio of partial pressure of S,
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and S, from JANAE (1968) (73 and Berkowitz’ (16) thermodynemic properties for S,
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direction of decreasing conversion Fig. 2) in the catalytic region (<700 K) Howgver,
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Bennett and Meisen (10} caiculsted the equilibrium constants of reactions between
H;S and sir assuming 40 species including free radicals present in the equilibrium mixture
over temperature range 800-2000 K. In their Caicuistions, only 25 species were found
to have a concentration grester than 0.1 ppm O, O, H,, H, OH, H,0, N,, NO, NH, SO, SO,
SO, S,0. SH H,S, H,S, SN, S; where j=1,2.8 Bennett and Meisen used the
thermodynamic data taken from JANAF (1965) (73) and Detry's measurements for sulfur
species and Mackie and O'Hare's free energy for H,S, (97). Their equilibrium is between
Gamson and Elking's (3%5) and that of McGregor (102). They aiso noted a maximum
conversion at 1700 K due to the existence of HS and SO, products of further oxidstion
of suifur. The orror in calcuhbngvnpm pressure in this work is t10-‘atm. thus
according to Bennett and Meisen's result only the following species need be considered
in the range of temperature 400- 1600 K: N, H,S. SO, H, SO, SH, §,0, H, S,0, H,S, S
j=2.3..8.

McGregor (102) and Liu (9%) used the data by McBride et al (101) and Kelley's
values (79) (i.e. Preuner and Schupp vapor pressure (122)) for Sc S, assuming oniy S, S,.



e
10
V4
» D
c
4
F
8«
~A
A : Sermgeitrs, R, Kelegy and Melvide.
8 : Properties vem Junaf 3nd Ba and Kelley Bult.408 (1937)
Q[ c : Preperses of (W heve boen changed by
S(ady gog) = §(Mgyy) = 300 CalrMale, §(83,y) = 0.01 CalMole K
5 o =23 100, 8 = 42, 403,y 1,01 = 03
: a, - 8y with far 8, from Aau and
os b amam convergion.
g :
F mwmcm}’d-cmw-mm
8y) = 0.1 Cal/Mole K, §(834q. S = 3.3 and
8y) = 4.2 Cal/Mole K
04 -
0.3 L L 1 L 1 J
400 500 600 700 800 900 1000

Temperature, K

Fig, 2 "Equilibrium Conversion Predicted from Different Sources.



: . T
o A O™

600 Ralies istar by Berrett and Meioen (101 but ighared other oxidetien prosuse 30,
$1 $0. K8, 4 8, S, S, where pertal presawreq amn be s Ngh as 2 10-"een Ther
mwmnmmmmevmw-u
&nawumnmnammwwwmmu
mmmm_wh&MmWOQMuumnm
memnmupmmwmwmw
ww.ronmmmhow.mhmhmumwm
n |

\\a\o'mommmmwm ¥ ~shumine (S-201) using 38 g catayst
mcmmwmammwammmuwumm

mrmmmmmwm«uwwwmdm
xooihakm.a&mﬁchd‘hpo&nwuobﬁmdammmuhousm
Nmmmwmofuﬁtbuvmnwmmmn
Should be at equitbrium & the end of 24 hours Furthermors, since the capacity of the
Wynwrmuhhmmw.rmmmmbomﬂmwh
cmﬁonmmbohfw\e“bymuﬂ\rmm&on

Kwr'n1970““Wyn.ﬁcm&ommcwitz(1965)(14),ﬁwmd
Kutty (1974) (128), Kdloa(lwﬂtwmndBridoHOﬂtomm"\'mdynﬂc
oawwumfwﬁdwuwoﬁnlm.ddwm.frn“gymiﬁuﬁonm
reacted with the stoichiometric amount of 8ir. The equilibrium curve is superimposed on
Fig. 3. The conversion is slightly bettar than McGregor's prediction

Thovq:orprmodttaofﬁudeutly(IZB)ishmcnrocmtioboliovodto
be the most reliable, and is comparable to West and Menzies resuits for high
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Therefore sulfur thermodynamic data are taken from Reu for this study.
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3. THE FREE ENERGY MINIMIZATION PROGRAM

The free energy minimization program FREM used in this study has been written originally
by McGregor (102) for his doctoral thesis. The program calculates the equilibrium
composition of a chemical system by minimizing the total free energy of the system The
program has been modified to accomodate the following improvements over the original
program ‘ '
1) The capebility of csiculating the equilibrium composition and conversion in the

presence of liquid sulfur was added by introducing the constraint that the partial

.

pressure of sulfur may never exceed the vapor pressure of sulfur for the given
ter;zp.rtture.

2)  The capability to calculate frozen dew point (dew point as a result of Iow‘ering the
temperature only for a fixed composition) and equilibrium dew point (dew point at
which all species have been re—equilibrated as a result of lowering the temperature)
of the chemical system at equilibrium

This chapter will briefly describe the theory and modification of FREM program.

FREM

FREM is the computer program that caiculates the equilibrium composition of a
chemical system from the input mole numbers and molar free energy of each species
present in the initial and final composition. Lagrange muitipliers are used to convert a
minimization problem with constraints to a problem ;>f solving a set of noniinear
equations using stespest descent iteration technique. The mathematical equations which
are the basis of FREM are summarized in Appendix A

The detailed description of both the mathematical procedure and the program are
in Chapter 3 and Appendix B of McGregor's thesis(102).

FREMSULFUR: MODIFICATION OF FREM

During this study, the program was modified to calculate equilibrium composition

of gas-liquid sulfur compound system with the constraint that the sulfua; partial pressure

13



Mmay not exceed sulfur vapor pressure. This aspprosch was used instesd of
Mmodymmc properties of liquid suifur and it assumed that the vapor pressure of pure
suifur is not influenced by presence of other components. The same principle can be
used to extrapoiste to other chemicals in the liquid phase when accurate thermodynamic
properties are not available if they are not mixable.

The second modification is the caiculstion of frozen dew point and equilibrated
dew point temperature of a sulfur—sulfur compound mixture after calculstion of the
equilibrium composition The frozen dew point is the saturation temperature of sulfur in
the mixture assuming the ;:ooling process is so fast that the composition remains the
same. The equilibrated dew point is the saturstion temperature of sulfur in the mixture
assuming the cooling process is slow enough for aach species to reach equilibrium. This
is agcomplished through TDEW routine.

The third modification is changing the input data to accept molar free energy data
in the form of standard heat of formation, standard enthalpy, standsrd entropy and ieast
square coefficients of heat capacity functi?:ns.

Other modifications include changing varigble dimensions for efficient use of
storage during this sulfur system study. By changing dimensions the program can
accomodate any number of species and any number of elements. The main problem then
becomes the CPU time used By minor modification certain features can be deleted when
not needed e.g. dew poiﬁt calculation, liquid sulfur at equilibrium calculstion. To facilitate
the analysis of effect of inerts and contaminants upon sour gas processing in a Claus
plant, the programs for equilibrium calculation in the furnace and FREM are used

separately.
ASSUMPTIONS

It is assumed that ideal gas equation of state PV=nRT is spplicable. There are no
solution effects, no interaction between species; only the main chemical r&actions occur.
The volume of the condensed phase is also neglected. It is believéd that these
assumptions will not affect the result much more than the error in thermodynamic data

used to calculate conversions.



4. SENSITIVITY STUDY

4.1 Introduction .
The main reactions in a Claus process sre:

H,S + 1.80, ~—==mn > S0, + H,0 @.1)
H,S + 0.50, —----- >19 S, +HO0 “.2)

or combined to an overall reaction by eliminating oxygen,
2H,S + SO, <======>3/) S, +2H,0 @3

where ) is the average atomic number of sulfur vapor.
Using reaction (4.3), predictions of equilibrium conversion (based upon selected

... thermodynamic properties published in literature) silways seems to be lower than

experimentaily observed conversion.
Possible reasons for the discrepancy between predicted and observed

conversions are:

1) effects which involved the resction mechsnism (surface chemistry) which
purportedly shift the equilibrium limit toward increased conversion (39);

2)  quality of thermodynamic data for H,S, SO, and H,0;

3)  number of sulfur vapor (S, ) species present and quality of respective
thermodynamic data

4.2 Surface chemistry causing equilibrium discrepancy
From mechanistic studies of the Claus reaction, the discrepancy between the
predicted and observed conversions may be a resuit of the non—equilibrium between the
adsorbed and vapor sulfur species. This non—equilibrium can be caused by:
1) slow equilibration between sulfur species S,,S,..S, assuming the surface reaction
on catalyst produces a singie specie;
2) capillary condensation where no equilibration exists between S, formed on the
surface and S; in the vapor phase. (39)
The earlier reason can be refuted by Fig. 3 where predicted conversions assuming

only S, or S, or S, resulting in even lower conversion than when sulfur is a mixture of

15
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all three species.

4.3 Quality of thermodynemic dats for H,S, SO, and H,0

in the free energy minimization method, esch species contributes its free energy
to the system free energy. This contribution is the product of the molar free energy and
the stoichiometric number of moles of species. Therefore insignificant species have little
effect on the resulting equilibrium conversion By the same reasoning. inert species will
“not change the equilibrium conversion besides the dilution effect As a result, only the
thermodynamic properties of H,S. SO, and H,0(g) will be surveyed in this section and
those of the sulfur species in the next section as a basis for the study of the sensitivity
of thermodynamic properties towards calbulatod equilibrium conversion.

4.3.1 Survey of the thermodynamic properties of H,S. SO, snd H,0

A survey of eight different sources of thermodynamic properties from 1937 to
1971 reveals that the thermodynamic properties of H,S, SO, and H,0 have been
determined with the difference of only 115 cal/mole for*standard heat of formation of
M,S, 0.47 cal/mole~K for smd.?y entropy of H,S, and 0.05 cal/mole-K for idesl heat
capacity at 298 K of H,S (Tabl§ 1). The same order of magnitude in the difference in
cited values occurs for SO, and water vapor. Each of the cited values is within the
uncertainty of the others (T sble 2). The hest of formation is measured to the accuracy of
$150 cal/mole, the standard entropy 1$0.01 -cai/mole-K and ideal heat capacity to

$2.70 cal/mole-K.

4.3.2 Sensitivity of thermodynamic properties of H,S, SO, and H,0

Of the eight sources on Table 1, (78, 51, 105, 87, 79, 899, 73. 106) JANAF and
McBride are the most recent, comprehensive sources. The thermodynamic properties for
H,S, SO, and H,0 from these sources are reasonably consistent with each other to within
2%. Since JANAF has a compilation table for S, and is the most recent (1974 addendum),

it is used as a reference.
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In order to achieve a better understanding of the effect of the magnitude of the
tMrmodymrﬁc properties on caiculsted conversion, a sensitivity study was performed
using the standard hests of formation, entropy and heat capacity of H,S, SO, and water
vapor. The effect of sulfur thermodynamic properties will be discussed in the next
section )

The reference conversion is the conversion at a temperature using the
thermodynamic properties from JANAF and Lee (73, 89) assuming sulfur exists as S,, S,
and S, only. The compositon of the initial mixture is 3%H,S, 1.5%S0, and 95.5%N,. For
this composition, Cho's (32) experimental conversion at 700 K is 0.880, compared to the

reference conversion of 0.687, 78% of Cho's experimental conversion

4.3.2.1 Effect of standard heat of formation

For hydrogen sulfide, the standard heat of formation from JANAF (74) (the
reference heat of formation for H,S) is ~4880 csl/mole. The uncertsinty cited by JANAF
is 150 cal/mole (Table 2). The range of heats of formation for H,S is 0.97 to 1.02 of the
reference vaiue (Table 3). the lower value from Evans and Wagman (52) (146 cal/mole
less than the reference value) and the higher value from more recent NBS, Circular No.
500 (107) (or an increase in absolute standard heat of formation of §7.6 cal/mole).

It is observed that the standard heat of formation of hydrogen sulfide should:be
larger for higher conversion (Fig 4); since H,S is a reactant, the larger its heat of
formation, the larger the molar free energy, the smaller the number of moles in order to
decrease the total system free energy.

Sensitivity analysis of the effect of standard heat of formation of hydrdgen
sulfide is studied by plotting the ratio of the standard heat of formation to the reference
heat of formation vs the ratio of corresponding conversion and reference conversion
(Fig 5). The effect of standard heat of formation of hydrogen sulfide upon equilibrium
conversion is approximately linear. At 0.97 of the reference standard heat of formation
(the lowest cited vaiue) the calculated conversion is 0.748 (85% of the experimental
observed conversion). Therefore it is safe to conclude that standard heat of formation of
hydrogen suifide is not the prime reason for the discrepancy between calculated and

observed conversion.
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TaBLE 3
RANGE OF THERMODYNAMIC PROPERTIES
OF H2S, S02 AND H20(g)

standard heat of formation

specie Hf,m range - | Hf,m )
(cdi/mole) (cal/mole)
H2$ -4820 0.97 - 1.02 -149 +9¢ .4
sS02 -70940 0.99 - 1.22 ~709 .4 +1%.607
H20 -857797.9 0.99 - 1.03 -578 +1734

standard entropy

specie St range &(S%n)

( (cal/mole-K) . (cai/mole~-K)
H2S 49 .18 1.00 -~ 1.008 -0.081 | +0.419
sSo2 $9 . 300 0.9899 - 1.001 -0.0€0 +0. 100
H20 4% . 106 1.00 - 1.000 -0.00¢ +0Q.024
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Fig. 4 Eftect of aHP,gg Of H,S on Predicted Conversion.
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The standard hest of formation for sulfur dioxide from JANAF s
~70487 cai/moie 50 cal/mole. The range of hest of formation for SO, is 0.8 to 1.22
of the JANAF vailus or a change of 709.4 cal/mole to - 15607 cai/mole (Table 3). The
lowest value is obtsined from NBS, Circuler 300 (107). The highest vaiue
(~88387 cal/mole) is from Evane and Wagmen in 1982 (82) which was caiculated from
the hest of combustion of H,S by Zeuner and Roth (153), the heat of formation of H,S
and of water vapor. Two other methods were used, the average value is reported The
uncertsinty in this vaiue is unknown and may be large.

Similisr to the effect of standard heat of formation of H,S upon equilibrium
conversion, the standard hest of formation of SO, should be smaller in sbsolute value for
higher conversion (Fig 6). Sensitivity analysis of the effect of standsrd heat of formation
of sulfur dioxide is shown in Fi'g 7. Similar effect to the effect of standard tnat of
formation of H,S is observed However due to the large negative value of sulfur dioxide
standard heat of formation (~70497 cal/mole vs -4820 cal/moie for H,S), the effect of
sulfur dioxide heat of formation is more pronounced as shown on this kind of graph. At
S3.8% reference standard heat of formation of SO,, i.e. corresponding to a decrease of
4397 cal/mole. in standard heat of formation of sulfur dioxide, the conversion equals the
actual observed conversion. Note that 4397 cal/mole decrease in the standard heat of
formation of SO, is an unlikely error compared to the cited error of +50 cal/mole and
the classical method used to derive the reference standard heat of formation. ‘

On the other hand, for water vapor, the smaller the standard hest of formation,
the higher the caiculated equilibrium conversion (Fig. 8) which would be expected. Since
water vapor is a product of the reaction, the smalier the heat of formation (the larger the
absolute value since standard heat of formation of water vapor is negative), the smalier
the molar free energy: Thus the larger the number of moles of water vapor formed Fig
9 shows the effect of the standard heat of formation of water vapor on equilibrium
conversion The calculsted conversion is equal to the observed conversion. when
standard heat of formation of water vapor equals 1041 reference value ie.
2370 cai/moie increase in absolute value. Again this is an uniikely error compared to the

range of literature vaiue 0.99 to 1.03 of JANAF vaiue (Table 3) i.e. corresponding to
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Feed Composition . -

M 3.0% , 7 a
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N, 98.8% -
Range of aH7 208 of SO, - e
osk Kelley U.S. Bureau of Mines, Bull 406 (1937}: —70,940 Cai/Mole
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Legen
A : Reference Conversion, * M-l:m = ~70,947 Cai/Mole
Q4T B : My, ~—70,947 + 700.5 (Janaf 1971)
C : aHP, g4 = —70,947 + 3547.0
H : Obseerved Conversion (32)
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Fig. 6 Effect of aH$, 4 of SO, on Predicted Conversion.
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Equilibrium Conversion of H,S to S,

Feed Composition -

H,S  3.0%
06 80, 1.5% _
N, 95.5%
Range of AH? g4 Of H,O -
NBS Technical Note 270-3 (1968) : —57,796 Cal/Mole
05 - NBS Circulation 500 (1952) : —57,798 Cal/Mole
Legends:
A :_Reference Conversion, AHZ 59 = —57,797.9 Cal/Mole (Janaf)
04 B :)aH2,o4=-57,798 — 578
B C AH:'.‘,“ = 57,798 - 1734
D : AH$ 08 = 57,798 — 1156
H Observed Conversion (32)
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Temperature, K

Fig. 8 Effect of AH;".‘,98 of H,O on Predicted Conversion.
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the différencq in the cited vuyes of +578 cal/mole to -1734 cal/mole from the
reference value, as well as the c‘gtod uncertainty (+t50 cal/mole) and the classical method
used to derive at the reference standard heat of formation of water vapor. The lowest
cited vaiue (~5 1560 cal/molel is from NBS, Circular 500 published in 1952 (107) and the
highest value (-57800 cal/mole) is from Kubaschewski in 1967 (88) who gave as
refersnce the same source (107). The most popular value -57797.9 cal/mole from
JANAF (74) was used ‘as reference standard heat of formation for water vapor. The
influence of standard heat of formation of H,S. SO, and water vapor on equilibrium
conversation over the whole temperature range is illustrated in Fig. 10 where heat of
formation for H,S, SO, and water vapor is changed to the smallest cited value. Water is

most sensitive to the equilibrium conversion.

4.3.2.2 Effect of standard entropy
Secondly the entropy of each species was varied; the same approach used with
heats of formation was employed A similar discussion results (Fig. 11) except that the
effect of the entropy is more pronounced In the caiculation for free energy, F°, the
change in standard entropy S°,, is not divided by temperature as is the change in
standard heat of formation AH;,,,:
FO/RT = ( BHp,,)/RT - (SY/R) (4.4)
For hydrogen sulfide, the actual conversion is predicted if the molar standard
entropy was 0.938 of the reference value or a decrease of 3.05 cal/mole-K (a large
change compared to the uncertainty in the reference value of $0.1 cal/mole) (Fig. 12).
Again no sources cite as low a value as 46.10 cal/mole-K (.e. 0.938 the refersnce value)
For water vapor, the standard molar entropy has to be 47.812 cal/mole—K or 1.06 of the
reference value to predict the actual conversion, again an unlikely value (Fig. 13). For
sulfur dioxide, the standard entropy shouid decrease even lower than 0.9 of the

reference value to predict the observed equilibrium conversion (Fig. 14)



Conversion of H,S to S,

1.0

o
oo

29

0.6 |- _ | ‘ -
_ For SZ°SG°SB
_ Feed, mol % A: Experimenta! Conversion (32) _
H.S 3.0 B: Reference Prediction
2 ) C: AH:'zgs (H,S) = -4820 + 144
SO, 1.5 D: AH{ 298 (SO5) =-70940. + 709
04~ N, g55 E: AHf 798 (H;0)= -57979. -1734
cal/mole
| 1 i ] | 1
400 600 800 1000
Temperature, K
Fig. 10 Sensitivity Analysis of Standard Heat of Formation of H,S, SO,, H,0



r
1.4N% H,8 H0 800
% 700
12[- 7760 e
%m
800 a)\\ \ 8oo
i a0 — 5333
¥ ”Or‘;r:\ ‘
10+ o~
\\
N
\\\:\\
- NN\ ~
k RN
c NN
NN\
5 N
Qa;— - AN
e N
3 N\ N
M\
2
@2/\ \ \:Ei;
@ - —% \\\ \%
Q6 \ \ﬂ/
\ \
\"& . . NN
\ \GOO
@ 1100
(302)
\ 1100
800
" 700
Q2
0 1 B 1 A J
090 095 100 1.05 110

(ST 87 )gef

Fig 11 Eftect of Entropy of H,S and of H,0 and SO,



Equilibrium Conversion of H,S to S,

-3

Feed Composition
06 H,S  3.0%
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N, 95.5% _
Range of S3o4 of H,S _
05 Kelley, Bull 477 (1950) 49.10 + 0.1 Cal/Mole K
Evans & Wagman (1952) 49.57 Cal/Mole K
Legends:
04 A : Reference Conversion ;98 (H,S) = 49.11 Cal/Mole K
B 208 (H,S) = 49.151 - 0.49 (Janaf 1971)
C : S3g (HyS) = 49.151 — 2.46 :
{ Observed Conversion (32)
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Fig.12 Effect of S2gs of H,S on Predicted Conversion.
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Legends:

04} A : Reference Conversion 3,4 (H,0) = 45.106 Cal/Mole K
' B : S3ga(H,0) = 45.108 + 0.45 (Janaf 1871)

C : S%g4(H,0) = 45.106 + 1.804

I : Observed Conversion (32)
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Fig.13 Effect of S35, of H,O (g) on Predicted Conversion.
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N, 95.5%
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05 k- Kelley, KK, Bull 477 (1950) 59.24 + 0.1 Cal/Moie K
NBS Circulation 500 (1952) 59.40 Cal/Mole K
Legends:
A Reference Conversion S2gs (8O,) = 5§9.30 Cal/Mole K
04F B : 83,,(50,) =59.3-06 (Janaf 1971)
I : Observed Conversion (32)
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Fig. 14 Effect of S5, of SO, on Predicted Conversion
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4.3.3 Conclusion
Therefore to reconcile the observed equilibrium conversion, the thermodynamic
properties of H,S, SO, and H,0(g) need to be changed by rather large amounts resuiting in
values outside the expected range. From the survey, the thermodynamic properties of
.S, SO, and H,Olg} have been well documented and determined with high accuracy
through different methods. It is noted that the calculated equilibrium conversion is most
’ sensitive to thermodynamic properties of water vapor. The sensitivity of sulfur

‘ properties will be investigated in the next section .

4.4 Sensitivity of suifur thermodynamic properties

Sulfur vapor is known to be composed mostly of molecules of S, to S, existing
in complex equilibrium whose composition changes with temperature and pressure. The
thermodynamic properties of diatomic sulfur and octatomic sulfur have been determined
with some accuracy at low pressure, using metallic sulfide vapor pressures. The second
law of thermodynamics can be used with sulfur vapor pressure data to determine the
thermodynamic properties#(')f S, to S,. However the accuracy depends on the rate of
interconversion of sulfur species in the vapor phase. Both methods used to determine
the thermodynamic properties of sulfur have their disadvantages. These result in large,
difficult to estimate, unc;ertainties which may be the reason for the discrepancy between
observed and calculated equilibrium conversion. Since sulfur vapor pressure data are the
primary data used in determining sulfur therrﬁodynamic properties, it is necessary to
compare different suifur vapor data before surveying the sulfur thermodynamic

properties and their effects on equilibrium conversion.

4.4.1 Survey on sulfur vapor pressure
The role of sulfur vapor in resolving the discrepancy of equilibrium convession of
H,S/S0, system is very crucial. It is as follows:
1) sulfur vapor pressures are used to determine the thermodynamic properties of
sulfur species which will be used to calculate the equilibrium conversion. Therefore
an inaccuracy in the measured vapor pressure will cause an error in calculated

equilibrium conversion;
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2)  sulfur vapor pressure is used in the present free energy minimization method
instead of the thermodynamic properties of liquid ysulfur which itself is a complex
mixture of differént type of suifur molecules;

3)  thermodynamic properties of sulfur species obtained by other means than these
shouid also describe the suifur vapor composition

Therefore a survey of sulfur vapor pressure will be described here. Many sets of
Vapor pressure dsta have been collected since Regnault (1862) (130). Table 4 summarizes
tﬁis survey.
Baker (4) fitted his data over the range of 663-1073 K
log Platm) = 6.00282 - 3584.42/T - 2.23934x10-'T + 1.14662x 10-¢T? (4.5)
Maximum percentage error = 2.00
Maximum deviation = 0.3 atm.
Above 1073 K, the following equation describes Rau's data(125).
log Pr = —A(1-Tr)/Tr - 10-+.sst-N" (4.6)
A = 16.25 ~-73.85(Zc) + 90(Zc)
b= 180 - 6.20(Zc)
Zc = 0.263
Te = 1313 K
Pc = 1797 atm,

At temperatures below 573 K where there is large deviation from one source to
another, West and Menzies' (149) data are the most “consistent” data ie. there is no
obvious irregularity in InP vs 1/T (T .able 4 and Fig 1). From 373-573 K, West suggested
the equation for vapor pressure:

log Platm) = 6.04892 - 4087.8/T 4.7)
This equation is + 10% error from experimental data

Keliey '(1935) (78) fitted these data for the entire range and derived a more

complex equation,
log P (atm) = ~4940/T - 4.08x10-°T + 9811 (4.8)
Again the equation describes data within 10% error. However Mathies’ (1906) (100) data

indicated a curve and deviated from Waest and Menzies' data at low temperatures (149).



TABLE

SURVEY ON SULFUR

4

VAPOR PRESSURE

Researcher Temp Range (K) Date of Reference
Publication
west & Menzies 448 B84 - 816.24 1929 (149)
Baker 613.66 - 82%.66 1962 (4)
Mathies 483 .36 - 652 .%6 1906 (99)
Rau 823.16 - 1273 .16 1973 (126)
Regnault 660.16 - 827 16 1862 (130)
Berkowttz 623.16 - 373 16 1963 (14)
Fouretier 293 .16 - 353.16 1944 (53)
Taillade 308 .16 - 353 . 16 1944 (136)
Preuner & Schupp 317 .16 - 393 16 1909 (122)

36
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Preuner and Schupp's dsta deviate much from other sources at high temperatures Fig 1).
As expected from the complexity of sulfur vapor species equilibrium the data are
scattered in the intermaediste range as illustrated in Fig. 1.
In the sbsence of a criterion to favor one set of dsta over another, the vapor
pressure dsta were fitted by a least squares program
At high temperstures, above 573 K, vapor pressure foliows the Van't Hoff
equation. The linesr least quare program yieids the following coefficients (equal weight
for sach data point)
log Pimm Hg) = -3518.93/T + 7.71284 (4.9)
Variance = 0.00 1551 ’
Standard devistion = 0.039389
Maximum percentage error = 3.45
Maximum deviation = 1.26 mm Hg.
At low temperatures, below 573 K, the Biot equation gives a better fit than any
straight line. The Rosenbrock method was used to minimize the varisnce:
log P (mm Hg) = 6.46543 -~ 7.63591(0.9983) tas
- 6.936946(0.9908)t7¢ (4.10)
where temperature t is in degree Celsius.
Variance = 0.0056
Maximum devistion = 1.43 mm Hg
Maximum percentage devistion = 4.8%
-
4.4.2 Survey on simplified models for sulfur vapor pressurs
Sulfur vapor is a complex mixture of homologous species. Neither the
composition nor the identification of the species have been determined with certainty.
Since there is a lack of concrete data, many researchers have used a simplified model.
Preuner and Schupp were the first to introduce a model composed of S, S, and S, for
the range of temperatures 300-800*C and pressure 7.5-1182 mm Hg Later Braun et al.
(19) disregarded this mode! and introduced S, into the vapor. Their reasoning is based on
the agreement with the Van't Hoff equation of the temperature dependency of the

equilibrium constants for the formation of the S; from diatomic sulfur. This argument will



38

uwwobymmnowocummmmm and criterion of minimum
Wd*mofummmmrumtoobtdnmmeMh
tun will be used to caiculate the equilibrium conversion of H,8/S0, system
ﬂntoni.domufol{ow:hporcmdwuﬁonofwwmmmio
mmm.mmmmmumonofs,w S. So
S, 11" p«cm devistion is caiculsted using Braun's originel equilibrium constants for
the association of S, to S,, S,, S: The percentage devistion is 0.1 to 22.48% The fitting
is better at low temperature isotherms than higher temperature ones.This deviation is
much lsrger then the error cited in the Peper as attributed to experimental error (2%). The
Rosenbrock hill climbing technique is then used to find more accurate equilibrium
constants using the same sulfur vapor mode! S;-S.~S5-S,
The objective function is ,
=205, -0, rN @.11)
where '
(2Ns,+4Ns, +8Ns, +8Ns,)
- Ns,+Ns,+Ns,+Ns,
but Ns,/ 2 Nsy = P,/TC
Ns./ ENs, = P,
however from reaction 2S,=S,, K,=P,/P,
therefore Ns./f","Ns, = P,K,/TC
Similar for Ns, and Ns,
Ns,/ & Ns, = P, /TC
Ns,/ £Ns, = P, %,

eal

therefore
Yal = (2P, + 4P, + 6P, K, + 8P, % /T (4.12)
N = total data points
"= calculated average atomic number
Ly=experimental average atomic number
7ap Can be caicuisted from average molecular weight of sulfur vapor
which derived from measured density:

Q-p=avorage sulfur moiecular weight/ atomic weight of suifur



K = total pressure in stm from experiment

P, = partisl pressure of S, in stm obtained from the following equation
P, +PK, +PX, + P;‘K, = 4.13)

wNehisadorwwonoiden‘ohwtotdmohhmofhprﬁdmn
P,+P,+P,+P, =

and the definitions of K, K K, are employed

Since equilibrium constants are functions of temperature, each isotherm was
fitted separately. Table 5 shows the final K vaiues, their variances, thew sverage devistion,
jd the rohtivo compogitions of S,, S, S, and S,

The resuiting vaives of K. K, as fitted do not foliow the Van't Hoff equation Fig
15). T reasons for this might ba:

)  Heats of vaporization of S, S, and S: are not constant as assumed in Van't Hoff
equstion,
2)  Other suifur species occur in significant amounts eg S, (31

The original assumption of sulfur vapor being composed of S,. S, and S, is used
with Preuner and Schupp’s equilibrium constants (122) as the initisl guess fowounbrock
fitting of K,, K,. K,, K, at various temperatures. The resuiting equilibrium constants fit the
straight line of Van't Hoff equation better (standard deviation is 3.2%) (Table 6)
log K, = ~14525.33/4.58 T + 21.888 std dev. = 2.32% | @.14)
log Ky = ~21617.65/T + 33.294 .Std. dev. = 3.33% 4.15)
thus Braun's argument for the inclusion of S, is invalid as shown in Fig 15.

Tabie 6 gives the values of equilibrium constants and the goodness of fit for 12
isotherms from Braun's data Agsin the log K vs 1/T curves were not straight lines (Fig
15.) Log K, seems to follow two straight lines, one for high temperatures and one for
low temperatures . The goodness of fit of the K values from the 6 iower isotherms from
the linear least square model is less than for the previous model.

ft is concluded that for Braun's data on vapor pressure of sulfur (19), neither
model is the better. At low temperatures (<900 K, substmospheric pressure) where S, is
insignificant compared to the S, the S;-S,-S, model is adequate. Therefore in the next
section only the thermodynamic properties of S;. S; and S, are surveyed and the sulfur
vapor will be considered to consist of S,, S, and S,

b 4
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4.4.3 Survey on the thermodynamic properties of sulfur species

In the following review the thermodynamic properties of each species will be
considered separately for easy comparison of the merits of each source. Consistency is
taken care of by choosing ideal gases and rhombic sulfur at 298.16 K as the reference
states.

There are two methods of calculating the thermodynamic properties of suifur
species.i.e. (1) by mass spectroscopy and (2) by vapor pressure measurement

The mass spectrometer ionizes each sulfur species at a very low pressure (about
0.001 atm) and the thermodynamic properties are determined by extrapolation to
atmospheric pressure. Besides this questionable extrapolation, the problem is
complicated by the fact that both the determination of the charged fragments of
homoiogous species S,, S, S, S,. S, as well as of true vapor equilibrium are unreliable.

In the second method sulfur vapor pressure is measured as a function of
temperature. Models for sulfur vapor pressure are assumed The most prevalent modals
are S$,-S§,-S, S,-S,~-S,-S, and S; to S, Either the second or third law of
thermodynamics is then used to determine ‘the corresponding thermodynamic properties
for each species. The accuracy of this method depends on the reality of the model and
the accuracy of the measured vapor pressure over the whole temperature range, which
is difficult to satisfy, especially in the intermediate region 555-717 K, as shown in Fig 1.

The standard entropy at 298 K and the heat capacity are usually calculated from
the same spectroscopic data; therefore the data sources and method of calculation will
not be repeated in the heat capacity section.

A large discrepancy occurs between the reported thermodynamic properties of
sulfur species from different sources in the literature (Table 7) (79, 52, 64, 76, 14, 46,
108. 74, 126). As expected the uncertainty is also higher than those of H,S, SO, and
water vapor discussed in previous sections (Table 8). Attempts have been made to foliow
through the assumptions and sources of primary data or other experimental heat data
The vaiues will be chosen on the soundness of assumptions and the most accurate data
available, not on the effect of each vaiue on the equilibrium conversion of H,S/SO, to

suifur.
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After having confidence in the best thermodynamic data used, ‘the refersnce
conversion will be calculated and the effect of each sulfur thermodynamic property on

equilibrium conversion will be studied

4.4.3.1 Heat of formation of S,(g)

The hest of formation of S, varies from 30.68 kcal/mole reported by the NBS
(1968) (108) to 31.2 kcal/mole reported by Rau (1973) (126), the difference is
0.52 kcal/moie (Table 7).

The earliest report on the properties of distomic sulfur available is Keliey's (79)
compllatlon of the heat capacity of S, from Godnev and Sverdin's (60, 61)) data The heat

of formation from Sirh) was then obtained with additions! information from the heat of

reaction
"H,S + (s} = 2HI + Sirh) (4.16)
2H, + S, = 2H,S 4.17)
S, + 20, = 2S0, (4.18)

Data were taken from Preuner (12 1), Randall gnd Bichowsky (124), Pr;uner and Schupp
(122) for the first reaction. The obtained values agree, within experimental error, with
Kelly's latter values derived from the sulfur vapor equilibrium composition at the boiling
point The standard heat of formation of S, is thus obtained as 31.2 kcal/mole. In this
source, sulfur vapor was assumed to be present in S,-S,-S, only.

Evans and Wagman (52) caiculated the heat of formation of S, from reaction
(4.18) using again the data of Preuner (12 1), Preuner and Schupp (122), and Randall and
Bichowsky (124). The average heat of dissociation of H,S is 1953:0.02 kcal/mole, the
heat of formation of H,S at 298 K is -4.82+0.10 kcal/mole as calcuiated earlier. The
resulting heat of formation of S,(g) from rhombic suifur is 30.8410.15 kcal/mole.

JANAF (74), using the third law method with heat of dissociation of S,(g) as
101.5 kcal/mole, arrived at the same vaiue as Evans and Wagman (52). They aiso used the
second law with AHY,,,H,S)=-4.88+0.15 kcal/mole. Since the results obtained from the
third law method are less susceptible to experimental error and the heat of dissociation
of S,(g) is considered established after Brewer's work (22), the JANAF value

30.84+0.20 kcal/mole is used as reference in this work.
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After asbove works, NBS (108) has published a vaiue for AH&,,, of
30.742 kcal/mole. within accuracy of the reference value. This value was obtained by the
third law method, with the partial pressure of S, over sulfur as reported by Berkowitz et
al {(15) and AH;‘,,.(H,S) from Lewis and Randali (93), Kapustinskii and Shamovskii (76),
Thomsen (139) and Zeumer and Roth (153)

Rau et al (126) used thermodynamic properties of S:. S¢. and S, caiculated by
Berkowitz et al (15) Kubaschewski (88) and Evans and Wagman (52) to fit their
experimental measurement of sulfur vapor at high temperature and pressure. To account
for the thermodynamic properties of S,, S, S, S, they assumed the vibrational heat
capacity of sulfur species to be a linear function of the atomic number of the species
and also equality of the fugacities and compressibilities. They found that the heat of
formation of S, at 298 K should be revised to 31.20+0.05 keal/mole.

Due to the complexity of sulfur Vapor and the uncertainty in the thermodynamic
properties of S, to S,, the data of Kelley (79), Evans (52), NBS (108), and Rau (126) for
standard heat of formation the above will be considered only as a range of possible

values .

4.4.3.2 Heat of formation of S,(g)

The heat of formation of S, ranges from 21.212 to 27.78 kcal/mole; the latter
being the earliest reported vaiue, the former the most r’ecent

Kelley (79) assumed the heat capacity of reaction 6S,=8S, to be 2 cal/mole S..
for the reaction 4S, = S, to be 6 cal/moie S, and OH:,(S:) = 31.020 kcal/mole. He
determined the heat of formation of S¢(g) from rhombic sulfur to be 27.78 kcal/mole, a
revised value from Lewis and Randall's (93) earlier work of 22.6 kcal/mole.

Detry (46) used the mass spectroscopy method with a Knudsen cell in conjunction
with West and Menzies' (149) Va8por pressure data to arrive at a value of
24.8+2.7 kcal/mole at 400 K. This agrees with the resuits of Berkowitz and Marquart's
(14) study of the suifur vapor equilibrium composition at low temperature and pressure
using HgS as the source of vapor. Berkowitz and Marquart's also reported the heat of
reaction of 0.75S,=S,(g) at 400 K to be 6.2 kcal/mole, using the heat of formation of S,
and S, from Evans and Wagman (52) and Guthrie et al (64) respectively. Using that

Berkowitz calculated the heat of formation at 400 K of S as 24.46 kcal/mole.
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The NBS (108) in 1968 reported a new value of 24.50 kcal/mole. Kubaschewski
(88) used the same method as Kelisy's (79) but instead of the assumption of constant heat
capacitie? for the sulfur association reactions, he used Braune et al's (19) dissociation
constants of sulfur vapor,and arrived at 27.45:2.0 kcal/mole for hest of formation of
S.g) compared to Kelley's value of 27.78 kcal/mole. As with other vaiues reported by
this author, the uncertainty is too large for practical use.

Braune et al (19) described the suifur vapor as a mixture of S:~5.-5,-S,. Applying
the second law of thermodynamics they found the heat of formation from S,(g) to be
284, 6371 and 92.18 kcal/mole for S, S. S, respectively, and the heat of reaction
0.75S,(g)=S,(g) to be 5.43 kcais/mole (298 K). Detry's (46) and Berkowitz' {14) value using
mass spectrometry is 6.2 kcal/mole at 400 K. Earlier Preuner and Schupp (122) noted
that only consideration of the species S$,-S,-S, is adequate to describe sulfur vapor, and
proposed the heat of formation of S, and S, from S, as 67.1 and 996 kcal/mols,
respectively, and the heat of reaction 0.75S,=S, as 7.63 kcal/mole (298 K). As Braune
(19) and Kelm and Kilian (83) mentioned in their articles, the Preuner and Schupp 's (122)
vapor pressure data is scattered (10%); thus the latter values are more prone to error.

Rau et al (126) used Detry's (46) value 24.56 kcal/mole in fitting their sulfur vapor
density at high temperature and pressure using all sulfur species S, to S, They found no
modification to be necessary.

In trying to resolve the discrepancy between the predicted and observed
conversion in the plant at Lacq (France; for the input stream compositon 3%H,S, 1.5%S0,,
28%H,0 and 67.5%N, at 503-5393 K, using only S,-S,-S,-S, species and with Rau's (126)
values for S, and S,, Tellier and his associates (140) arrived at a heat of formation for S,
of 22.36 kcal/mole, much lower than any other reported vaiues. Using the same
conversion data, Leibovici (0) preferred considering ail sulfur species from 2 to 8 and in
addition assumed a linear 'function of heat capacity with respect to atomic number of
sulfur species. The heat of formation of S, was revised to 21.212 kcal/mole in order to
achieve the experimental conversion.

Due to the wide range of values reported for the heat of formation of S, and the
assumptions involved in each value and/or the reliability of the experimental results (as in

the case of mass spectrometry) the oid value from Kelley (79) will still be used as the
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reference value.

4.4.3.3 Hest of formation of S,

There is a range of 5.8 kcal/mole for hegat of formation of octatomic sulfur
between the lowest vaive reported in JANAF (74) which is 24.20 kcal/mole and the
highest value by Kubaschewski (88) which is 30.0 kcal/mole.

Kelley (79) assumed the heat Capacity of the reaction 4S,=S, to be 6 cal/moie and
using their value of 31.02 for AH:',,.(S,) to obtain the heat of formation of S.
27.09 kcal/mole.

In Bulletin 584 (1960) (8 1) reported heat capacity of S, and S, as

C,(S.) = 4254 + 1.04 » 10T - 5,04 #» 1057~ (4.19)
C,(S,) =872+ 0.16 % 10*T -0.90 » 10°T2 {4.20)
that is
(4S5,=S,) =-766 ~-40% 10T+ 144 » 1057 421
C,

Evaluating this last equation at 298 K and 1000 K. the heat capacity for the reaction
4S,=S, are 6.16 cal/mole and 7.92 cal/moie respectively. However no attempt was made
to account for this temperature dependence of heat capacity since the new values will
not differ significantly from 27.09 kcal/mole, the difference being waell within
experimental error.

Guthrie et al (64) calculated the heat of formation of S, from the partial pressure
of S, over sulfur using the vapor pressure data of West and Menzies (149), Fouratier
(53), Taillade (136), Newman (109) and Bradiey (18). Vapor pressure data were obtained
by various methods, for example, the piston method, to gas entrainment, and Knudsen
diffusion. He also used Eastman and McGavock's (50) calorimetric data for rhombic
sulfur, and Braune's (19) equilibrium constants for the reaction 0.75S,(g)=S(g) The
average heat of formation of S, is 24.23+0.05 kcal/mole. As Rau (126) pointed out, this
value is in error due to the error in calculation and suggested 24.35 kcal/mole as the
correct value.

Detry (1967) (46) calculated the partial pressure of S, in a subatmospheric system
using mass spectrometry with a Knudsen cell and West and Menzies saturated vapor

pressure (149) to arrive at a value of 26.0+2.7 kcal/mole.
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JANAF (74) applied both the second and the third law methods to the .at that time,
seven most recent sources of vapor pressure data ( 109, 18 98, 149, 74, 136, 23)
resuiting in a heat of sublimation of S, of 2420£0.15 kcal/mole, with a correction for
the presence of S, in the gas phase.

NBS (108) in 1968 published technical note 270-3, where the heat of formation
of S, at 298 K was recorded as 2445 kcal/mole. No information on the uncertanty or
the method of calculation was given

Kubaschewski (88) obtained a value with large uncertainty 30.0:5.0 kcal/mole
from Braune's (18} vapor pressure data using the second law method. The error is much
too large for practical application

In addition to Kubaschewski's (88) and Kelley's (79) suggested values, others are
24.05 to 24.45, within experimental error. JANAF (74) applied the third law method
which is insensitive to error in vapor pressure as compared to second law method
applied by Kelley (79). This source also included more recent vapor pressure data of
Magee (1955) (98) and Briske et al (1960) (23) before the availability of Rau's vapor
pressure data (1973) (126). JANAF (74) also gives better agreement between predicted
and observed conversions than when data from Guthrie (64) or Keiley (79) are used. Thus

24.20 was chosen as the reference vailue.

4.4.3.4 Standard entropy of S,(g)

The discussion on standard entropy of sulfur species will be easier to follow f
Tabie 9 is using as a guide. Kelley (80) obtained a vaiue for the standard entropy of S,(g)
at 298 K of 54.40:0.10 cal/moie-K using Herzberg's (68) vibrational frequency of 723
cm-! and Badger's (1) interpretation of spectroscopic dafa for S,(g) . bond distance of
1.840 /: principal moment of inertia of 90 » 10-* g-cm’/molecule, and quantum weight
of lowest energy state. The same value of standard entropy was calculated by Cross (38).

Evans and Wagman (52) corracted the iIsotopic composition for Herzberg's (68)
rotational and vibrational constants of S,(g) resuiting in 5451 cai/moie-K. The NBS (108)
technical note 270-3 (1 968) agrees with this value. as does JANAF (74) (197 1). However
the CODATA (1975) (36) group combined the efforts of the NBS (108) and the institute
for High Temperature of the Academy of Sciences USSR and recommended a value of

54,000 cal/mole using Herzberg's spectroscopic data including that of Barrow, duParcq
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and Ricks (7) and Barrow and duParcq (6).

Tellier proposed that the old value of 5440 cal/mole-K of Kelley (80) was
correct in the determination of the equilibrium conversion of H,S/SO, system using all S,
to S, species. This value is within the range of uncertsinty of JANAF (74) value.

As is customary, all authors have neglected the nuciear spin contribution which is
a reasonsble assumption, as Evans and Wagman (52) pointed out All authors aiso use
spectroscopic data as the .basis for their calculations. With the recent changes in
interpretation of spectra and better squipment, the JANAF's vaiue will be used as the
reference. Note that the vaiues obtained as far back as 1935 (54.4110.1 (78)) are not
much different from the most recent source with isotopic species being accounted for

(JANAF (74) 54 51 cal/mole).

4.4.3.5 Standard entropy of S,(g)

Kelley (80) (1950) used Preuner and Schupp's (122) equilibrium data and entropy
of S, (8%(S,) = 54.402 0.10 cal/moie-K) to estimate S°,,,(S.(g) = 92.0 cal/mole-K. The
probable error is large but difficult to estimate.

Berkowitz and Chupka (15) reassigned the vibrational frequency of S, from IR and
Raman spectra to include complete polarization for a solution of S,. They then used the
normai coordinate analysis of the force field similar to S, (due to the similar structures of
S, and S,). From mass spectrometric data (14), the standard entropy is 84.6 cal/moie—K
agreeing with their previous calculation using heats of reaction from mass spectra (14).

Kubaschewski (88) (1956) recalculated Kelley's (79) value using more recent vapor
pressure data from Braune (19). The value obtained is 89.8 cal/mole—K, lower than Kelley
() but higher than the later value of Berkowitz (15) (1967)

Tellier (140) suggested that a value of 86.7 1 cal/mole-K predicted the equilibrium
conversion obtained at CRL Laboratory when only S,~S,~S,-S, were assumed present
Using the same data, Leibovici (90) of the same Laboratory adjusted all the sulfur
thermodynamic properties from S, to S, and arrived at 82.914 cal/mole-K for S%nlS,).

Due to the large differences in entropy value for S.(g). and the inaccuracy of each
value is large, without any further proof of any value is better than the old vaiue from

Kelley of 92. cal/mole-K, Kelley's value will be used in this work.
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4.4.3.6 Standerd entropy of S,(g

Similar to the csiculstion for S«g. Kelley (80) (19%0) estimsted the absoiute
entropy of S,g) at 298 K to be 108.0 cal/moie—K from Preuner and Schupp's (122
vapor density.

Kubaschewski (88) recaicuisted the standard entropy of S.g using the more
recent vapor density data of Braune et al (19) and arrived st 1125 cal/moie~K. The error
in these values is urdoubtedly large but difficﬁn to estimate due to the method of
caicuiation -

Guthrie (64) reassigned the vibrational assignments of S, from Raman and IR
SpPectroscopy to give better consistency with the vapor prusur; data than Bernstein and
Powling's (12) assignments. The rigid rotator, harmonic oscillator approximation was used
to compute the Ithermodynamic function for S, Transistional and rotational contributions
to the entropy of S,ig) were caiculated from the equations of Wagman (146) The
vibrational contributions were caiculated from t;lb vibrational assignment. The entropy for
the temperaturs range 273-1000 K was calculated S',,,(S,) from this, is
102.76 cal/mole~K. From these thermodynamic properties, the equilibrium constant for
4S,=S,(g was caiculated and compared with the interpretation of vapor density of
Preuner and Schupp (122) and Braune et al (19). The result is still unsatisfactory. The
author suggested the inconsistency arises from the interpretation of vapor density data

NBS (108) (1968) published technical note 270-3 from their data and assigned a
slightly dif ferent vaiue, 102.98 cal/mole—K

JANAF (74) used the most recent assignments from Scott, McCullough, and Kruse
{132) who took into account the inclusion of tor sional forces. The molecular structure.
bond distance and angle were taken from Donochue et al (48). The results are consistent
with the spectra and thermodynamic data of S, As a result, S,98(S,) is slightly higher than
Guthrie's vaiue (102.823 cal/moie-K). .

On the other hand, Tellier and Leibovici, in attempting to predict equilibrium
conversion for H,S/SO,/H,O/SV /N, system. arrived at values of 10276 or 99.785
when only S,-S,-S,-S, were present in the vapor or S, to S, wers present, respectively.

The second value is much lower than any value obtained by thermodynamic methods.



Detry (46) (1987) used mass spectroscopy to measure the entropy of reaction,
S\(@=4S,(g) at 460-625 K (1 10.224.2 cal/mole—K) and arriveq at 126.8+4.2 cal/mole—K
for $%,5(S,) wq(ch agrees with the JANAF.result (124.97 cal/mole-K)

Values | Kelley (79) and Kubaschewski (88) are disregarded due to the large
error associsted which js difficult to estimate. Guthrie's (64) caiculation depends on the
vibrational assignment of IR and Réman bands. Since then many authors have assigned
new vaiues to respond to the accuracy of new spectroscopic techniques. Scott and
McCuliough's (1:_32) vaiue is the most recent obtained and JANAF's vaiues are still in use in
recent handbooks (5,148). For these reasons, the JANAF (74) value was again chosen as

the reference vaive.

4.4.3.7 Hest capacity of S,

. Evans and Wagman (52) used a statistical method with the same spectroscopic
molecular constants as for entropy and used Wagman's equation (146) to calculate G,)(S,)
over thc temperature range, 100-1500 K, obtaining CphinlSy) = 7.76.

Kelley (80) in the compilation of heat Capacity in Bull 584 (1950) seiected as the
best vaiue up to that time,

Cy=872+016% 10T - 09 » 10778 (£1%, T € 298-3000 K) (4.22)
That is, Cyes = 8.185 cal/mole-K, a revised vaiue from the eariier compilation, |

C, =854 +028#% 103T - 0.79 # 10T~ (T € 298-2000 K) (4.23)
or Cpn = 7.735 cal/mole-K, NB; (108) in technical note 270-3 again gave the value of
Cpsn = 7.76 cal/mole—K, as the best vaiue up to 1968.

JANAF (74) using the molecular constants fr- m Herzberg (68) and modified for
natural isotopic abundances, arrived at C,‘,,.(S,) = 776, again the same as Evans and
Wagman's (52). ‘

Due to the consistency between JANAF (74) and NBS (108) and Evans and
Wagman (52), the JANAF value will be used as the reference.

0
4.4.3.8 Heat capacity of S,
.

/. . . . .
. \/Tba only experimental source of heat Capacity obtained for S, is from Berkowitz
and Schupka (15) (1967), from their reassigned vibrational assignment for IR and Raman

/spectra of Engel sulfur vapor
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Cy=31.580 + 0.120 « 10-'T - 4.400 = 10T (4.24)
or Con = 26.67 cal/mole—K. Earlier, Kellay (79) assumed the heat capacity of reaction of
0.75S,=S, to be 2. cal/mole—K and

Cy(S:) = 7.7% + 0.888 » 10-3T0.16 (300~ 1500 K) ‘ (4.25)
C, = 6 cal/mole—K for 4S,=S, -
therefore }
.- GpfSy) = 37.00 + 3552 » 10-'T£0.64 (300- 1500 K) (4.26)
:or

Cy(Sy = 2800 + 2664 * 10-:T+0.64 (300-1500 K) 4.27)

ie. CB”'(S‘) = 28.79 cal/mole~K which is much different from Berkowitz' value (15).
Rau(126) assumed that the vibrational heat capacity of sulfur species is a linear
function of atomic number. Seiecting the heat capacities of S, and S, from Evans and
Wagman's work (52) and Guthrie's (64) respectively, he then added the rotational and
transiational contributions. The heat capacity of S, was calculated to be
C)SJ)=3158-0.120 # 10T - 4.400 » 10T~ (4.28)
or C,‘,,. = 26.67 cal/mole—~K
Similarly Leibovici (90) assumed the total heat capacity of each species rather than
the vibrationai heat capacity to be a linear function of the atomic number of the species.
Then }
C)Sd =313212 + 0943083 » 10T -0.276206 » 10-T2
- 044157 » 10¢T - (4.29)
.. C,,,,, = 26.21 cal/mole~K. This value, wr;en used with their set of equations, predicts
their experimental equilibrium conversion
Since the accuracy of each source cannot be determined, the original value of
Kelley (79) is used as the reference, though this will affect the entropy and sensibie
enthaipy dramatically, especially for temperatures far from 298 K. due to the second
term in the integral (0.9431T/2),
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4.4.3.9 Hest capacity of S,
As montvonod in previous section, Kelley (79), due to the lack of heat cspacity
data in the 30's, suggested _
Cy(Sy) = 37.00 + 3552 » 10-T:0.64 (300-1500 K) | : (4.30).
or C‘,,. = 38.06 cal/mole—K _
From spectroscopic studies, Guthrie (64) calcalatog& )
CyiS) = 42670 + 0.86 % 10T - 5.11 v 105T- “' | 431
o GmidnIT K J -
in a cqfnprohonsivc comparison of heat capacity data fvrom all sources available

up fo 1960, K ?y (81) recommended

Loy

T CySy = 4258%) 1.04 » 10T - 5.04 10T (4.32)
as the best value, b,,,. = 37.18 cal/mole—-K. This equation described Guthrie's results to
within 1%.

JANAF (74) used the most recent assignment for vibrational frequency and

molecular constants, C,,,,(S,) = 37.296 cal/mole—K. Barin and Knackle (5) fitted their tabl -

to the equation:
C,=43323 +0.283 % 1037 -~ 5.44 » 10-T? (1%, 298-2000 K) ' 4
NBS (108) technical note 270~3 (1968) recommended a slightly higher value of
37.39 cal/mole—K at 298 K.
Leibovici (90) suggested
C,=427613 +0.110011 # 10-T - 0.33032 » 10-T?
- 051449 » 10¢T2 {4.34)
or C,‘,,. = 37.27 cal/mole-K
in his thermodynamic properties ad justment in order to prodict experimental conversion
Again JANAF (74) which employs both statistical methods using the [atest
spectroscopic data and molecular constants, will be used as reference due to the

reliability of method and data L

4.4.3.10 Conclusion
In conclusion, JANAF (74) will be used as the primary source of thermodynamic
properties to be used in this work, except for S, where Kelley's (79) value will be used

due to the convenience of squation form over the range of interested temperatures.
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The reasons for choosing these sources are: most recent, most comprehensive
and best availabie data, as well as reliable methods when enough spectroscopic data are
available. The consistency of Kelley (79) and JANAF (74) source has been checked The
reference state is S(irh) at 298.16K and gases st 298 16K since only water vapor is
present in this study. "

Table 10 shows the thermodynamic data to be used in the FREM program to
caiculate the reference equilibrium conversion. ” ”
4.4.4 Sohsltivity of thormbdynnmic properties of suifur species

From the survey it was found that the state functions of the different sulfur
species are not known to an adequate accuracy because of the methods used (sec. 4.4 3).
To assist in the future determination of the thermodynamic equilibrium conversions for
H,S/S0O, system, it is important to study thé effect ok each thermodynamic property on
calculated conversion. Thus a sensitivity study was also done on the thermodynamic
properties of sulfur species. The reference c%«s}on is the sdme as that mentioned in
sec. 4.3.2.

B

4.4.4.1 Effect of standard heat of formation

N The same result as the effect of standard heat of formation for H,S occurs for
sulfur species. Bacause the sulfur heat of formation is positive and sulfur is a product of
the reaction, a decrease in the heat of formation is necessary to increase the calculated
conversion. At the limit of the cited values, the calculated conversion is still iower than
the actual conversion as shown on Table 10 and Figs. 16,17,18. For-example, from Table
10, the lowest cited value for standard heat of formation of S, is 160 cal/mole less than
the reference value of 30.84 kcal/mole, the equilibrium conversion corresponding to this
value of standard heat of formation of S; is shown between iine A and B lower than line
H for observed conversion. From Table 10, the lowest cited vaiue fér standard heat of
formation for S, is 5568 cal/mole less than the cited value of 27.780 kcal/mole or
22.21 kcal/mole. From Fig. 17 line D corresponds to standard heat of formation of S, of
25.88 kcal/mole and line | for standard heat of formation for S, of 24.36 kcal/mole.
Comparing location of these two lines D and | with line H for observed conversion, it is

Clear that with standard heat of formation of S, of 22.21 kcal/mole, equilibrium



TABLE 10

RANGE OF SULFUR THERMODYNAMIC PROPERTIES

Stancard heat of formation
Specties AHY oo Range ACAHY )
$2 . 30.84 0.908 - 1.1012 160 - 36¢0
27.780 0.7996 - 1 3,868 - o0
X 24.20 0.8137 - 1.1194 4,807 - 2,880
y $tandard Entropy
9 .
Species R Range _ '_“(Sau )
s2 54.5%1 . .0.988 - 1,098 0.11 - 8 18
S6 84 .6 1.0 - 1.0878 0.0 - 7.4
ss. 102.828 0.97 - 1.06007 3.038 - ¢.177
Note: Unit for standard Meat of formation Kcal/mole

Unit for standard entropy Cal/mole-K
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Equilibrium Conversion of H,S to S

07 I Feed Composition

H,S  3.0%
SO, 1.5%
N, 95.5% T

06 -
Range of AH,‘m of S,

NBS Technical Note (1 988) : 30,680 Cal/Moie or 99.5% Janaf

Rau & Kutty (1973) : 31,200 Cal/Mole or 101.17% Janaf
05 Legends: .
A : Reterence Conversion AH7 208 ™ +30,840 Cai/Mole
B : aHP,gs (S,) = 30,840 — 308.4 (Janaf 1971)
C AHP g4 (Sp) = 30,840 — 616.8
Q4 - D AH{ 298 (S,) = 30,840 — 1233.6
F A% 298 (So) = 30,840 — 15420
F AH? .98 (Sy) = 30,840 — 1850.4
H Observed Conversion (%2)
03 1 1 1 [ 1 i
400 500 600 700 800 900 1000

" Temperature, K

Fig.16 Effect of AHZ 5og Of S, on Predicted Conversion
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Equilibrium Conversion of H,Sto S
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Q7 -

04 -
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-
Feed Composition
H,8 3.0%
SO, 1.5% N
N, 955% -
Range of AH{ cq Of Sq
NBS Technical Note 270.3 (1968) : 24,500 Cal/Mole
Kubachewskii et al (1 967) : 27,540 2000 Cal/Moie
Kelley K. K., Bull 408 (1987) : 27,780 Cal/Mole
Berkowitz et al (1987) ! 24,380 Cai/Mole
Legen
A : Reference Conversion aHY 298 = 92,510 Cal/Mole
B : AH7.08(Se) = 27,238 — 272.4 CaiyMole (Kelley)(1937)
C : aH},o4 (Sg) = 27,238 - 817.2
D AH‘,"m (S,) = 27,238 - 1382.0
H Observed Conversion (32)
|

4H{ 204 (Sg) = 27,238 ~ 28780
L 1 1

"800

;9
. 500 600 700 30 900 1000

o
.

Temperature, K
; )

Fig. 17 Effect of aH? 294 Of Sq ON Predicted Conversion
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Equl&ﬂum Converslon of H,S to S

61

10
Q9
Q‘ .
——A
P -
Feed Composition 7
- /
07 H,S  3.0% 7
-
SO, 1.5%
N, 985.5%
04 |- Range of aH} o, of S,
Janaf, 2nd Ed. (1971) ! 24,200 = 150 Cai/Moie
NBS Technical Note-270-3 (1 968) 24,450
Kelley Bureau of Minu Bull 4086
os - (1937) : 27,090
Kubachewskii et al (1967) : 30,000 + 5,000
Legends:
A : Reference Conversion AH{ g8 = 24,200 Cal/Mole
Q4 - (Janaf 1
B AH{ 0 = 24,200 - 726.0 Cal/Moie = 23,474
C AH?,08 ™ 24,200 - 1210.0 Cal/Mole = 22,990
H Observed Conversion (32)
0’3 { 1 ' i 1 [} J
400 500 600 700 800 900 1000

Temperature, K

Fig.18 Effect of AHY 294 Of Sg on Predicted Conversion.
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Y

conversion still cannot be predicted. From Table 10, the lowest cited value for standard
heat of formation for S, is 4507 cal/mole less than the cited value of 24.20 kcal/mole or
19.693 kcal/mole. From Fig 18, line C corresponds to standard heat of formation of S,
of 22.99 kcal/mole. Comparing line A and C for standard hest of formation of S, of
24.20 kcal/mole and 22.99 kcal/mole, respectively, and line H for observed conversion. It
iIs clear that even if standard heat of formation of S, is actually lower to
19.693 kcal/mole, equilibrium conversion still can not be predicted. This iowest value of
standard heat of formation of S, is from Kubaschewski (88).a very unreliable source of
data as mentioned in section 4.4.3. From Fig 19 it is found that the conversion is 0.804
actual conversion at 0.9935 of the reference standard heat of formation or a decrease
of 200 cal/mole in diatomic sulfur heat of formation. This is lower than the lowest cited
value of 3068 kcal/mole. For octatomic sulfur, the conversion is 0.88 of the actual
conversion at 0.814 of the reference standard heat of formation, a decrease of
4507 cal/mole from Leibovici value of 19693 kcai/mole. For hexatomic sulfur at 0.800
of the reference standard heat of formation, a decrease of 5568 cal/mole from Kelley's
value of 27.78 kcal/mole the conversion is 1.13 reference conversion or 88% actual
conversion for 700 K. It is also noted from Fig. 21 that the effect of standard heat of
formation of S, on equilibrium convars;on at 500 K, 900 K and 1000 K are almost
exactly the same. This phenomenon is expected since S, is the species causing the
equilibrium conversion to be minimum at 700 K where S¢ occurs in highest concentration.
As temperature decreases or increases from 700 K, the effect of S, is diminished as
amount of S, decreases. At 500 K, 900 K, and 1000 K, amount of S, in the equilibrium
coposition is the same thus standard heat of formation having the same effect on the
equilibrium conversion at these temperature. It is observed that the effect of diatomic
sulfur heat of formation is quadratic while octatomic sulfur effect is linear. However at
about 600 K, diatomic sulfur has no significant effect on conversion since the mole
fraction of S, in the equilibrium sulfur vapor is very small. For the same reason the ef fect

of hexatomic sulfur heat of formation is the same at 500 K, S00 K and 1000 K.
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4.4.4.2 Effect of standard entropy

At the highest cited value ofh standard entropy of distomic sulfur 59.6 cal/mole-K
from Detry (46), the csiculsted conversion is 0.976 of the sctual conversion Fig. 22). Fig
23 shows the effect of 2.18 csl/mole-K increase in standard entropy of S, over the
whole tempersture range 300 to 1000 K This constitutes 5 18 cal/mole-K increase
which is much sbove the 0.1 csl/mole-K uncertainty in JANAF source. For octatomic
sulfur at the highest cited value of 109 cal/mole-K from Kelley (1960), the caiculated
convergion is 089 of the actual conversion, corrospoo:sdinq to an incresse of
6.177 cal/mole-K (Fig 24). Fig 25 shows the effect of 4.2 cal/moie-K inCrease on the
standard entropy of S, over the temperature range 500 to 1000 K. The reference
standard entropy of S, is the lowest cited value (Table 10) However the uncertainty for
standard entropy of S_. is not defined From Fig 26, the actual conversion (1.28 of the
actual conversion) can be predicted if the standard entropy of S, is 0.75 the reference
standard entropy of S, or 63.45 cal/mole-K, a decrou‘o of 21.15 cal/mole—K, an uniikely

value. Fig. 27 shows the effect of 3.30 cal/mole-K of incresse of s

on equilibrium conversion over the whole temperature range 500 to 1000
600 K, the entropy of S, does not affect the conversion while that of octatomic sulfur is
more pronounced This is as expected from the temperature dependence of sulfur

species.

4.4.3 Conclusion

Comparing the effect of S, and S, H,S. SO, and H,0 at 10% devistion from
standard heat of formation reference value, the ratio of conversion is highest for H,0
followed by SO, S, H,S and S, (154,1.34,1.23,1.07.and 1.06). While considering the
effect of standard entropy, H,S is the most sensitive, and then H,O(g). S,. S, and SO,
(1.37,1.30,1.25,1.25, and 1.10). Though the calculated conversion is the most sensitive to
water vapor properties, from the survey of thermodynamic properties, water vapor
properties have been determined accurately by several methods from different reactions.
It is concluded that the heat of formation of S, should be determined more accurately
than that of S, since equilibrium conversion is more sensitive to the heat of formation of

S, than the heat of formation of S,, while the accuracy of standard entropy vaiues of S,
L]
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Equilibrium Conversion of H,S to S

Feed Composition
H,S  3.0% T
04 8o, 1.5%
N, 95.5% -
Range of S3, of £, (g)
05| CodataBull 8, (1971) __ 54.000 £ 0.012 Cal/Mole K
Codata, J. Chem. Phys. 8, 603 (1976) 54.58 =+ 0.01 Cai/Mole K
Legends: o
04 A : Reference Conversion S3ee = 54.51 Cal/Moie K
’ B : S294(8y) =54.51 +0.545 - (Janat 1971)
C : S334(Sy)) =54.51+2.180 -
D : Observed Conversion (32)
0.3 | 1 1 | : ! |
400 500 600 700 800 900 1000

Temperature, K

"Fig.23 Eftect of S, of 8, on Predicted Conversion.
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Equilibrium Conversion of H,S to S,

70

)
10,
09
08
- —A
”
7
07 N
Feed Composition .
H,S 3.0%
SO, ¥ 1.5% -
06 N, 9585%
’Guthrio (1952) _ 102.76 Cal/Mole - K
Kubachewskii (1958) (112.5) Cal/Mole - K* N
0.5 Kelley, Bull 477 (1950) (108.0) Cal/Mole - K*
. NBS Technical Note 270-3 (19€8) 102.98 Cal/Mole - K
Legends:
A : Reference Conversion o
04~ B : S3ye(Sy) = 102.823 + 4.2 Cal/Mole K (Janat 1971)
I : Observed Conversion (32)
*Uncertainty is large but difficult to estimate.
0.3 | 1 1 [l 1 {
400 500 600 700 800 900 1000

Té‘}nperature, K

Fig.25 Effect of S3,, of S, on Predicted Conversion
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Equilibrium Conversion of H,S to S

72

Feed Composition
HS  3.0% .-
04 SO, 1.5%
Ny,  94.5% .
Range of S, of S4 (g)
Berkowitz  (1967) 84.60 Cal/Mole K
A5 Kelley, Bull. 477 (1950) 92.00 Cal/Mole K
Legends:
04 A : Reference Conversion S2es (Sg) = 92.0 Cai/Mole K
B : S2gs (S¢) = 92.00 - 3.30 (NBS Bull 406)
Observed Conversion (32)
Q3 ] | 1 1 | ]
400 500 600 700 800 900 1000

Temperature, K

Fig. 27 Effect of S3o, of Sq on Predicted Conversion.
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and S, is ‘got responsible for the effect on equilibrium conversion since large changes are
needed to bring about the small change in equilibrium conversions.

Again the thermodynamic properties of sulfur species have to be modified to
ridiculous vaiues outside the cited range aﬁd accuracy to predict the observed equilibrium
conversion. It is concluded that more than one thormodynamuc property of any species

or of several species at least need to be changod to reconcile the discrepancy. This is

reasonable and to be expected for consistency, ‘since most standard entropies and heat .

capacities were caiculated from the spectra If the standard entropy is not correct, the
molar heat capacity will also not be correct, which will in turn, affect the sensible
enthaipy. The effect of heat capacity C*, on absolute entropy S,,, and sensibie aqyulpy
H'.5s Can be determined readily, but a complicated correlation exists between standtd

entropy S*,,, and heat Capacity at the reference temperature Chs which are functions of )

€ and py, the energy level and the probability of the corresponding energy level.

4.5 Synergism

To preserve th¢ validity of thermodynamic properties of species, the properties
of species will be maodified first of ait by the uncertainty cited, then the new model of
sulfur vapor will ba determined in order to predict the equilibrium conversion for
H,S/S0O, system before investigation into distorting the sulfur thermodynamic properties.

The uncertainty of each thermodynamic property is listed in Tables 2 and 8. The
thermodynamic . “operties wers changed in the direction of increased conversion. In this
way, the consistency of thermodynamic properties is preserved and the thermodynamic
data sources are still valid When all heats of formation were changed by 200 cal/mole in
the favorable direction, the conversion at 700 K is 0.788 or S0% observed conversion,
assuming only H,S, SO,, H,0, S,, S¢ S, and N, in the product When values of S°,,, were
aiso changed by 0.1 cai/moie~-K, and 3.3 for hexatomic suifur, 4.2 for entropy of
octatomic sulfur then the predicted conversion is 0.830 ie S843% of observed
conversion The effect of changing the standard heats of formation, sensible enthaipies
and standard entropies by the degree of uncertainty results in convord&t of 0.865 ie.
98.3% of observed conversion Fig 2 shows the oqudbnum conversion obtained from

ad;umont using the maccuracy of thormodynmc proportru Line B is the roforonco

¥

b |

- At
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conversion using the cited values of thermodynamic p(bpertios from different sources.
Comparing A and B the changes in equilibrium conversion due to the use of different
thermodynamic properties sources only can improve the equilibrium conversion slightly,
ingignificant compared to the discrepancy of the observed conversion (line E) and the
Caiculated conversion. Line C shows the equilibrium conversion resulting by changing the
standard heat of formation by 200 cal/mole for all specids including S, but not S, and S,
the cited uncertainty, in the direction of increased oquili&:rium conv.r‘fon and the
standard entropy of species by 0.01 cal/mole-K, except for S, and S, and 15,‘5@, where
standard entropy is changed by 3.3, 4.3 and 0.03 cal/mole-K, respectively, .a"ccording to
the cited uncertainties (14) The equilibrium conversion shown by line C is s'tilrbelow the
obseryed conversion (line E) except at the minimu:n conversion around 720 K

The next significant species, S, suggested by Rau (126) and Wakihara (147) is
then included in the sulfur model: $:-S,-S,-S,. Using Rau's thermodynamic properties for

S;. the unmodified conversion is lower than the observed conversion. With the

‘thormodynamic properties modified towards the favorable direction by an amount equal

to the uncertainty , the predicted conversion is higher than the conversion observed by

. Cho (32).

Line D in Fig 2 shows the equilibrium conversion when S, is included in the sulfur
vapor and all the thermodynamic properties are changed by the uncertainty (as line C) in
the direction of increased equilibrium conversion The predicted equilibrium shown by line
D is higher than the observed conversion (line E) However minimum conversion occurs at
750 K instead of 720 K This may be due to incorrect sulfur vapor distribution in this
region (600 to 800 K)

Line F shows equilibrium conversion when only the thermodynamic properties of
sulfur species are changed by the uncertainty. Comparing line F and C, the difference is
due to the effect of the uncertainty of the thermodynamic properties of H,S, SO,. and
H,0(g). The calculation of K; based upon a particular mode! of sulfur vapor will contain
partial pressure terms for each molecular species of suifur. Therefore, care shoﬁd be
tsken when thermodynamic properties of sulfur species are used to predict equilibrium
conversion. They:shauld be used together as a set with the corresponding sulfur vapor
model.
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it should be noted 'that the possibility .of all the thermodynsmic properties
simultaneously having maximum uncertainty in the favorable conversion direction is
unlikely. In addition the sulfur vapor distribution will be altered as shown in Fig 28 and 29
This aiteration of sulfur vapor distribution results in minimum conversion occurring at
750 K instead of 760 K fiine D and B of Fig 2) The resuiting thermodynamic properties
are given in Tible 11. Line D on Fig 30 illustrates the predicted conversion using these
thermodynamic properties. For the same reason the usefuiness of thermodynamic

properties in Table 11 should be tested in other reaction systems which involve sulfur

L . vapor. Since the thermodynamic properties have not been greatly distorted, it is
3 . g‘ ;onnblc 1o expect that they will predict equilibrium in any other systems, in addition to
| B ‘o the lean H,5/50, system.

The sensitivity analysis of availabie thermodynamic properties for the H,S/SO,
system conleded that the $,-S,~S, model cannot predict the chemical equilibria
adequately without distorting the thermodynamic properties of sulfur species by a large
amount However when using' proponiés for $,-S,-S,-S, the equilibrium conversion is
more satisfactorly ‘with the slight u.gystment of th‘e thermodynamic properties of species
within the accuracy cited. Whﬁ\ better experimental sulfur vapor distribution
measurements become availabie, the entropies of S,, S,, and S, will be.detormined more
accurately. With these improved data a more complex model for predicting chemical
-equilibria of H,S/SO, system and between sulfur vhpor molecular species may be
developed. Note that the entropies of S, and S, were changed by an unusually large value
of 3.3 and 4.2 cal/mole-K, respectively, while attempting to predict equilibrium by

distorting thermodynamic data

4.6 Testing the model of suifur vapor pressure data
Sulfur vapor prfuure is the primary measured property used to determine the
: tho!':nodyrwnic propﬂ« of sulfur species, using a reasonable suifur mod.l deduced
from mass spectrometry. In the sensitivity study the thermodynamic properties of sulfur
are determined fom the equilibrium conversions of the H,S/SO, system To be vaiusble
in calculation for systems besides H,5/60,, lﬁoroqamng sulfur properties must be
compatible: with the physical evidence of sulfur vapor composition This section will
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Fig.29 Sulfur Vapor Distribution of Distorted Sulfur Properties
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TABLE 11

OISTORTED THERMODYNAMIC PROPERTIES AT 700 K

Species|Standard Heat Entropy Sensible Enthalpy
of formation
(cal/mole) (cal/mole K) (cal/mole)

H2S -%,020 56 .360 3380
s$02 ~70.747 S8 .45%0 4233
H20 -87,988 42 .349 3590
S$2 30, 640 61.664 3147
se 27.780 84 .60

$7 26,970 97 .41

s8 24,000 141.493 16167
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study the resuiting suifur vapor distribution due to the distortion of sulfur thermodynamic
properties from the sensitivity analysis '

Braune's vapor pressure dsta (1) st slgtmospheric pressure were fitted to their
suggested model S,-S,~S,~S, Their velugs of Ky's do not fit their experimental data well
(20%. a larger than experimental error) The Rosenbrock hill climbing method is then used
to find a better Ki's at each temperature for their experimental data, the percentage
standard deviation is only 5% compaired to 20% for Braun's equilibrium constants. The
Rosenbrock method is aiso used to find better K;'s for sulfur vapor model S,-S,-S, The
resulting In K; vs 1/T has about the same curvature as if only S,-S,-S, existed
significantly (Fig. 15). This is expected from the resuits obtained from mass spectroscopy
by Berkowitz et al. (14) and later by Detry et al. (46), where S. is found to be the ieast
significant species in sulfur vapor at low pressure after S, and Sis Therefore S, was not
included in the suifur Vapor model used in this study for sensitiv lysis of
thermodynamic properties. It is also not included in any calculation used in Chapter 6 in
calculating the oquifbrium ‘%onv’rsion

Wakihara et ai. (147) uud Rys thermodynamic properties for all sulfur species
(126) to find the sngmfncanco of each species in Braune's (19) range of temperatures and
pressures and to test the reliability of Rau's data They conciuded that S, is significant
enough to be included in subatmospheric sulfur Vapor pressure in the range
350-1000°C. The plots of In Kivs 1/T are linsar, suggesting that Rau's data are consistent
and thus relisble. As an extension of this work, Rau's data were also used to calculate
partial pressures of each species for atmospheric and higher vapor pressures using a
program supplied by Rau It is noted that at low temperatures S, is significant even
at atmospheric pressure. Futhermore, S, is significant in the high temperature and
pressure region and S, is insignificant (mole fraction less than 0.001) over the whole
range of temperatures and pressures. Rau used Detry's mass spectra for determination
of the composition of sulfur species for his vapor data Therefore the resulit obtained on
the significance of S, and S, at low and high temperature ranges is the consequence of
the accuracy of Detry's mass spectra data Chao (3 1) also conceded that S, is sugmfncant
in sulfur vapor as well as Inquod sulfur. Therefore a new model of sulfur vapor is adopted
S,-S.-S.~-S.



Cr
When S, was added to the sulfur vapor model S,-S,-S,-S, using Rau's (126)
thermodynsmic data for S, the co;vycrléoﬂ increased only slightly. ' However with the
prmoofs,.wconvuaionmtobommiﬁvotompmm«modynmc
properties. If standard heat of formation and sensible enthaipies of all species are
changed by 200 cal/mole and the emtropy of all species are changed by 0.01 cal/mole-K,
except 3.3 cal/mole-K for S, 4.2 cal/mole-K for S, and 0.03 cai/mole-K for H20(g),
the predicted conversion is higher than those observed by Cho (32) snd Gamson and
Elking (55). This set of data were then used to calculate the sulfur vapor distribution at
! atm which was compared to other onrk (Fig 29). The result is S, becomes more
important than accounted for in previous calculation
Since with the addition of S, the conversion IS improved, it is reasonable to
inClude all other species to assess the effect of the heretofore negiected species on_
conversion Unfortunately when Rau's (126) thermodynamic properties for S{ i=2 to 8.
were used in conjunction with JANAF (74) vaiues for H,S. SO, H,0. the resuiting
conversion is lower than the present referenced conversion (at 700_K, (').722 vs 0.728)
Thus Rau's vaiues of thermodynamic properties for S, to S, (126) are not applicable to
low temperature, iow pressure range. Anothor sxperimental study of the type done by
Rau (126) should to be done for low temperature, low pressure range to find out the
new equations for thermodynamic properties of sulfur species. For the suifur systom
Tegman and Erickson (140) noticed there is an inconsistency between Rau (126) and
JANAF (74) vaiues. This INConsistency may or may not be accbuntod for by the drop in

\uilibriun conversion. Tegman (140) aiso noticed the large deviation from ideality of

ur vapor above 600 K Since a large amount of inert N, was used in this study, the

s m pressure of sulfur vapor is very low, thus the idesl gas law still hoids for this

-

-

4

work, as a check on fugacity confirms.

" The improved model, $:-S,—$,-S,. was used mainly in predicting yield in the
converter temperature renge, 400-700 K Since no data are availsble on equilibrium
conversion at high temperature, the accuracy of this model at high temperature cannot be
checked
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' 5. EQUILIBRIUM CONSTANT FOR H,S/SO, MIXTURE |
X / LW

o 5.1 Introductibs
' A sensitivity anslysis was performed on the H,S/SO, ruct:on by _Systematicaily
_ varying the standard hest of formation, m-mupymmomdmopy of
uchspocmmt!nmnxnrouwdlnnehmohm:pocwsmthomdolof suifur,
$,~S¢-S,-S, Experimentsl equilibrium convcruons obtumd by Cho were used as the
standard forcompmsonwhonwﬁmgmoffoctofudnhormodynumcpropmyon
the predicted equilibrium cdrwomon. This sensitivity anslysis has generated some useful
‘ information on the effect of thormodynamc properties on the oq;ilibnum conversion
1 However the doqru of error mh.unt in the measured properties romanod uncertain as
shown in the following expisnation Knowing the relstive effect of thermodynamic
properties of sach species on equilibrium conversion, one. can attempt to predict the
‘ oquhbrmmconvomohwrﬂwumhdupossibbchmguhthovﬂu«ofmmd )
hest of fonmtnon . sensible enthdpymdmostmduﬂ ontropy f'ornchcon'lponent
.- ~ Howaver the thermodynamic properties (e standard hest of fomut:on sensible
enthaipy, standard ontropyJ are determined from physical dats (cg spectra,’ vapor
pressure..) using quantum My snd thormodynmc principles ard rules. There e two
types of error in the vaiue of a thormody_namcc property o%tmnod from reference
sourcot error in measuring experimental tities and error in the method used to
caiculste thermodynamic properties from the sbove experimental data The second type
of error is not cited with the vaiues of standard enthaipy, standard entrepy, and other
thermodynamic propms may be largt The first type of error may often be smau with

L]

oo

different method is used to arrive at the same result, the error is aimost unkown. /
To illustrate, using the S,~S,-S, model,

2H,S + SO, = 3/2 S, + 2H,0 » , (5.1)

35, = S | (5.2)

as, =, . 5.3)

Kys for each o?‘tha three reactions would be required to define the equilibrium
composition of this system However, if the equilibrium mixture is approximated by one

83

the present advances in Measur sment dev:caa For the second type of orror \ntess a -
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overali reaction of the form of equation (8.4), : h

2H,S 450, =3/ § +2H,0 ot o (5.4)
mlpproxmx, maybcdofnnod “ . : o ! |

Ky = [PBH,0 x Ps/® IP#,SP x PISO,) o e
where Pg = ‘f Ps;

and * ¥ = sverage stomic number for sulfur vapor
To caiculate the correct Kys. measurement of Ps,,__, Ps. at equiljbrium would bo
. roqu:rod At present, such measurements are not bossible.

$.2A tion used in the dotormlhotlp‘n atan oqullib‘ﬂu:m' constant ..
Using iquauon 8.4), the number of g—atom of sulfur vapor may be dctormcqod.
PscmbedetmmdvfmounowofuchS;couldbomeuurodThn be done

experimentally by uang mass spocu'omou'y to determine partial pre os of uch S
Howcvcr fragnom.mcn of sulfur ions in the mass spectrometer \MII creats much .
ufcertainty about the sccuracy of sulfur dmrlbutnon (ikely equivaient to that in the
determination of the thermodynamic properties). The resuiting oqmllbnum constant,
suppasoﬁdy K. would hkoly predict equilibrium conversions with no better accuracy than
those from using the prosont thermodynamic proptrtu&

The ngagonnomnc number of sulfur is a function of both the temperature and
the partial pressure of suifur, and can be estimsted from vaporization of pure sulfur.
Such data hsve been obtained by Preuner and S&upp (122) for low pressure range and
Rau (128) for high pressure ranges. The data from the first two sourcegjllustrated in Fig
31 for the low pressure range are not accurste enough, e.g. 20% deviation at 450°C, 50
mm Hg, as pointed out by Braune (19). This results in.considerable uncertainty concerning
. the values of average atomic number of sulfur at various tafrporaturoswttsd pressures in
the low pressure range.

in the sensitivity analysis, variation in the magnitude of thermodynamic properties
equivaient to errors of the first kind were examined. Calculated equilibrium conversions
were found to be less than observed conversions for those conditions assuming a sulfur
vapor model, S,-S,-S, Published vaiues of standard entropy at 298K for octatomic
sulfur cited an inaccuracy of the order of magnitude of 0.1 cal/moie K. On the other
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Bredicted copversions restad However, wmwommprm éq‘s,

Mmmwnm,rofnwmmuwwm
mmmnsmnwmmmmukw
cmﬂng&-mws&hoﬁfmmmmmw mhm
mmofdwmybmmwwm . ‘

lkamﬁfomofmmeuﬂrdm« Mm“
Wmhufwwmmmwwﬂlbomlycmmhrhrmof

datauudSincoﬂ'nrusoNy 15t IMHﬁmmmucrmd H,Swso,mtho 3

mdnimowmhmmmwhptﬂdprmoofum.pocmwmu
Mmhowbrmmuopb ‘IOOMngdnwnnTublo 12) Then, nochnnoo
mwwmnaﬁcmofuﬂrwhmuﬁrpmpnwodmoub«wmsto
"100 mm Mg is observed st 225°C, less than 0.3 at 270°C, less than 1.1 st 320°C, and lgss
. than 2.60 st 320°C (Table 13LAsarommouumpﬂonoflv-rmatomcmmb«of
suifur as a function of tuvporm_oodydounothuvcmﬂcuncffoctonoqwibrm
conversion for mixture with iow H,S/S0, initial cm ‘

From Fig 31, at low sulfur pressure (<20mm Hg) the sversge suifur stomic
number is dependent upon tempersture and suifur pressure. At higher sulfur pressurs,
thodmtundaoconvorgotoacomhnvaboformolv«mwlﬂratomcmnboratau
tompormnmdprmu oom.whorobotwm?md& -

If a given experimental equilibrium conversion was obtained for reaction (5.4) st a
spegified temperature and pressure, Fig. 31 could provide an a%ﬁtioul condition to be
satisfiod. If an arbitrary value is assumed for suifur pressure, the average sulfur stomic
number may be obtained diroctly from the graph. Knownng sulfur prusuro and the totsl
the othor conpononts can be easily

Calculated, qnablmgK, to be caicuisted as per
for sulfur pressure Ps should lead to &ifforont

© If a similar experiment starting with a different initial composition is trested in the
same way. another set of Ky’ versus 7 resuits. The intersaction of these two curves

(5.5). Different assumed vaiues
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] TABLE
EXPERIMENTAL SULFUR AVERAGE ATOMIC 'i”ll

13

r
re T
s | % 100 ay
T(*°C - v '
220 7.46 ] 7.48 ] 7.46 0.00
260 7.40 | 7.41 | 7.4 0.00
200 1.001 7.0 | 7.30 0.30
30 | 6.10] 6.90.| 720 1.10
400 | 4.20| ¢.10 6.0 | 2.80
490 2.30 | 5.10 | §.80 3.%

«*
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introduced to force these K, - % gfaphs to converge to a near—common sokution.

For, any arbitrary ?,avduoof&, can still be csicuisted, since Ps may siso be
determined once 7 is specified When there are mors than two experimental
conversions, the convergence is not very clesr (Figs 33, 34, and 38), knowiedge of
Mfwusochﬁonuwrﬂuoffoctof spociuonoqilibrhm\‘\suudtomm
pseudo-equiliggium constant K,. The values of K, 3o estimated ai\m four temperatures
corresponding to Figs. 32 to 35 sre listed in Table 14. Asthoruuan this approach, the
aversge .atomic number of suifur is not a function of sulfurpftplprnsuro for
equilibrium data predicted (Fig. 36). \\\.

Additional justification for this approsch was obtsined by using the Van't Hoff
equation to test the temperature dependency of Ky 30 calculsted,

nKy = A/T+8 (5.6)
where A and B are constants. ’

- To summarize, the equilibrium constant for H,S/SO, mixture was calculated in this
chapter using the Yollowing assumptions: *

1} Pseudo equilibrium constant K,' determined by Eq (5.5) is assumed to be a function
of temperature only like the true equilibrium constant, Ky of the overall reaction
(5.4)

2 In Ky is a linear function of 17

3 Suifur averagée atomic number is a function of tomporaturo only.
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Fig, 32 Detarmination of Equilibrium
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Fig. 33 Determinstion of Equillbrium Constant st 270°C
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8.3 Result

In FiJ 32 f'or 225¢C isotherms, the two curves intersect at the average atomic
number of sulfur of 3.28 and equilibrium constant of 150,000.{

“ In Fig. 33 for 270°C isotherms, the curves 6 and 8 (the number indicates the
order of the dsta point fof each isotherm) for 5% initial water concentration do not
intersect with sach other. Therefore only the runs with 28% initial water concentration
wwouudThoqmv«moq:pwsmns.4w«matochof sulfur and
32,700 for the equilibrium constant. Run 5 has been discarded since comparison with run
2 shows that equilibrium has not been reached . Curve 7 has not been used in determining
the equilibrium constant at 270°C since comparison with run 3 aiso shows that
equilibrium was not reached. In run 3, the total pressure of 1090 mbar is slightly lower
than the pressure 1100 mbar of run 7. The corresponding conversions were.0.899 and
0.890, respactively.

In Fig 34 for 320°C isotherms. curves for runs with 28% H,0 initial composition
converge to an average atomic number of sulfur of 5.3 and the equilibrium constant of
3360. On the other hand, curves for runs with 5% H,O initial composition converge to an
average atomic number of sulfur of 6.31 and an equilibrium constant of 4190.
Convergence Clearly occurs at two different equilibrium constants and two different
average atomic numbers of sulfur, with the ‘assunrpf;on that the sulfur average atomic
number and equilibrium constant are both unique functions of temperaturs, one should
expect oﬁly one average atomic number of sulfur and one equilibrium constant for sach
temperature. The average: value for each of the coordinates of the two convergence
points is used as the value for the equilibrium constant (3775) and the average atomic
number (5.81) at 320°C.

In Fig. 35 for 370°C isotherms, the curves 4 and 5 for the runs with 5% initial
water composition do ‘not intersect Runs 1, 3, 6, 8 and 9 for 28% initial water
composition converge at an éverage atomic number of sulfur of 5.06 and equilibrium
constant of 746. Runs 10 and 11 were not shown, comparison with run 9 shows that
equilibrium has not been reached Similarly, runs 2 and 7 were deleted after comparison

with run 6.
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_ The resuits are summarized in Table 14. The linear plot of equation (5.6), the Van't
Hoff equation. was determined using the least square program LLS and vaiues from Table
14. The resuit is shown in Fig. 37, with constants, .

Ky = -17.888 + 18486/T ’ 57

The program LLS is documentad in Appendix B. Table 15 lists the vaiues of Ky

' obtained in the preceding Fig 32 to 35, and compares these values to those predicted
using equation (5.7) In Fig 37, the vertical lines indicate the spread in value for the
" squilibrium constant obtsined. from the intersection of the curves for each tempersture
isoho{m Fig 38 compares the predicted equilibrium constants with the corresponding
nntorsectnon()vduos st the four temperatures. The Ky predicted using equation (5.7) were
used to calcuiste theorstical conversions for the H,S/SO, reaction at the donditions
shown in Fig. 32 to 38. A comparison between the predictions and the lgon snons cited
earlier is shown in Fig 38 The predicted conversions are within 3% of the actual
conversion, Tabie 16 shows that the equilibrium constant described by equation (5.7)
generates values which are withir) 10% of Cho's experimental conversion§ but on the low

side.

5.4 Discussion
The specific argument for the assumptnons - on the calculation of
psauélo—equmbnum constant will be discussed in this section

5.4.1 Discussion on the average atomic number of sulfur

| If there is no effect of other species upon the sulfur distribution, then, at each
temperature the sulfur average atomic number will be nearly constant for the range of
data used. Since there is only 1.5 to 10% H,S and stoichiometric ratio of 2H,S to 1S0, in
the initial mixture with the bulk inert nitrogen, the partial pressure of each species will be
small in the equilibrium mixture (5 to 100 mm Hg as shown in Table 12) Then no change
in the average atomic number of sulfur is observed st 225°C, when sulfur partial
pressure changes between 5 to 100 mm Hg. less than 0.3 at 270°C, less than 1.1 at
320°C, and less than 2.60 at 370°C (Tabie 13). As a result the effect on equilibrium

conversion of the assumption of average atomic number of sulfur as a function of
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LINEAR LEAST SQUARE EQUILIBRIUN CONSTANTS
FOR M23/302 REACTIONS -

AN

T(°¢) %’; from plots K"LI.S)
L/{:\\/ 6.00 o’ 5. 198 .10
270 3.27 40" 3.67 .
320 '3.36 4 . 3.608 .
370 5.38 .6 4.743 10
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-17.886 + 1.5408.30%T
~ ' 3%
. 1.5%802
20 Aw?zgt:gmm“ 28 % H,0
=~ 8.28 8260
5.10320°C. 490370C ©
l - ° T ‘ 1.4$H38
Experimental Conversion 0.7 % SQ,
. \28%H0
o | 1 I8 . 1 N { [ N . |
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Temperature, °C

Fig.38 Comperison between Actual Conversion and Predicted Conversion
Using Linear Least Sc;m Equmbrium‘cmc.
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TABLE 16
PREDICTION OF CHO‘S DaTa (32)
T(x) | %28 | xg02 Prot Xoal Xect | % Dgv.
" Mg,
1
. ]
702 3.10 | 1.8 | 739.5¢ 80.98 | 88.0 | -9.01
353 3-18 | 1.61 | 7134.08 | 94.¢7 9.0 | -3.4
(7.9 3.20 | 1.88 | 737.¢8 88.80 | 97.0 | -5.7¢
ess 3.18 | 1.63 | 738.72° 82.67 | 88.0 | -7.14
(TY.) 3.16 | 1.87 | 741.28 81.70 | 89.0 | -8.20
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tempersture only is not significant for mixtures with low total mole fraction of H,S and
SO, ’

8.4.2 Van’'t Hott sssumption
In the determination of tHe equilibrium constants, the Van't Hoff equation was
used as the criterion. However, the Van't Hoff equation as used herein is only applicable
‘ fora_mmormwhorotmhmdrucﬁoniocm This condition may not be
. fulfilled fqr the H,S/S0, iystom due to the associsted reactions of sulfur. When the heat
| of reaction is not constant, the equilibrium constant can be expressed in the form,
 Rinky=C- BHJT + £y tayn T+ byT/2 + ¢ T/8) 5.8)
With known hest capacities, there sre tweive coefficients C, AH, ny, i=M,S, S0O,,
H,0 and S;, j=2 to 8, or at the minimum six coefficients if Eq (5.4) was used.
. Using equation (5.7) at four temperatures does not provide a sufficient number of
equstions to solve for the unknown 6 to 12 cooffucuonta In the m. of the above,
the heat of reaction was assumed to remain constant

5.4.3 Convergence of Ky vs sulfur average atomic number

1t is well known thst as temperature increases, sulfur vapor molecules dissociate:
the higher the temperature. the smaller the average atomic number. Futhermore, under
stoichiometric conditions the higher the H,S concentration, the higher the conversion, and
honcc a higher sulfur partial pressure. Therefore, using Fig 31, one would anticipate an
increasing sulfur average atomic number with increasing H,S concentration. On the other
hand, increasing the amount of water decreases both the sulfur partial pressure and the
extc@t of reaction. Therefore suifur average atomic number would be expected to
d_ocrus_o with an increase in water initial concentration ’
) However st 270'C. Fig 33 shows that for the runs of 5% initial  water
composition, the curve for 8%H,S is' always lower than the curve for 10%H,S
ie. P (B%H,S> P (10%H,S) contrary to the anslysis in the preceding paragraph An
explanation is offered that run 6 may not have attained equilibrium “conversion If
analytical error were present, then ruﬁ 8 would be high in convorsnon or run 6 low in

conversion As mentioned in the previous section, these two runs were not used in the
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determination of the equilibrium constant However, the equilibrium constant predicts the
actusi conversion for these cases within 1.7% _ .

in Fig 34, for 320C, mamprobbmocwsnthcconvormopoim’ofms
4 and 5. Nambuhprodctodconvonvomd\owhﬁg 38 sre within 71% of the
sctual conversion

For both 270 and 320‘C nom-rrm for rum with 28% initial concentration,
mwvoocmvwmtoaw‘pomhocehm‘ the prediction for
these two isotherms was better than fof the other two isotherms, 22%¢ nnd 370°C.

At 225¢C (Fig 32) the convorgonco point is at a very low average stomic number,
Y =3.28; less than the average dtomic number found for 270°C. Since this is contrary to
experimental evidencs, the suifur aversQe stomic number at 22%5'C was determined by
extrapolating V vs T on Fig. 36 based upon the first two temperatures 320°C and 370°C.
Using these valuo‘o'f- .80 determined, the only data available st 225°C are those shown -
in Fig. 32 In usmg Fig. 32 to predict Ky at the given 7, the average of the two possibie
values ‘of.vK,' was used The predicted conversion was within 1.91% of the actual
cohversion (Table 17).

At 570‘C the corm?on convergence aiso was not clearly established (Fig 35), but
the conjecture sbout the magnitude of the sverage stomic number is satisfied The
prediction is within 3% except for runs number 7 and 8 (5.46%). '

This analysis results in prodnctsons which are better than Tellier's prediction ( 140)
for Aquitaine’s data (90). Cho's equilibrium conversion (32) is predicted within 10% on the
low side (Tabie 16).

5.4.4 Comparision with superheated vapor pressure

Sulfur partial pressure and the average stomic number are then used to compare
with Braun's (19) and Prw and Schupp's data (122) on superheated vapor pressures.
For the 270°C, 320°C and 370°C isotherms, Table 17 shows that the pressure of sulfur
is much higher than the corresponding pressure of purs sulfur for the average atomic
number from Fig. 31. As a result of the values of the actual average atomic number being
higher , Fig 32 to 35 would give vaiues of the equilibrium constant higher than the
chosen values. Consequently the assumption that ¥ = f(T) aslone’is not valid Using equation
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thermodynemic properties approach : '



6. ANALYSID OF CLAUS PLANTS

6.1 lwreodustion

anwmmamumwwmm
Mm‘mhommmmmm.mum
interest and discussion In 1974, Delle Lana, Cho and Liu (84) described an stiermpt o
@raphical methoda. The wtility of & simpls method les in ts. eeee of use by cperstors or
proemn\wprob~mwmpf«woanmwbmdu
comparisons with actusi pient performance. Subssquently, additionsl improverments heve
Mwwhmnnnnmofmmwwmhw
fmmtoimmm-ppruathm.mmnmmwuwm
that detsiled caiculations for 100% H,S acid ges could within limitations be appiled to acid
Moflawwwwmuﬁsfwmwwmrmmmm
_100%H,SMmafurrmvdofhmuprrodm.mmmof
lowuH;Scaano‘hcxmmmwificmforﬁnw
fnixtures are not changing significantly with composition, the graphical method provides
some reasonsbie predictions.

8.2 Deficiency of the graphical method

6.2.1 Equilibrium ourves

The usefuiness of the graphical method depends on the reliability of the family of
Caiculated equilibrium conversion curves. The discrepencies between caiculasted and
observed conversion could not be ignored Fig 3 illustrates this discrepancy.

Fig. 3 aiso iliustrates how uncertsinties regarding the mesn molecular weight of
suifur vapor grestly affect the thermodynamic equilibrium conversion which were
predicted. This issthe fundamental problem in applying thermodynamic properties availsble
for the various species. S,, S,...S;. S, In such a case free energy dsta caiculated using
experimental equilibrium conversion would fkely provide the safest route. By using

108



st
Componert Molee In feed Aelee /n product .
M,S 3 18
co, 1 1
0, 0.78 0
N, 282 282
H0 B 1.8
s 0 (1.800)
® TOTAL 682 + (1.5/9)
To caiculsts pastial presmsres simply via Deiton's Law,
| B TY Y T X
Ny, the total moles of product is needed. Since
Ny = 8.82 + (1.579) |

Thcrofon.?;,dmcndonmmwty, 2.

unmmmmummunm-um

6.2)

8.3
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An obvious error, probsbly the mein weskness In the graphical approach
Originates whan @1 acd ges DY less Tan 100% H,S Content is regarded as & “partiely
wwukmmwmmwrmrr-fmmm
curves are based upon i Initlsl 100% H,S acid gas In which both water and suifur were
f«mm*mmmmuuprrmmmmm«mn
iluetratad in Example 2 :
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Example 2

Consider acid gas with 30% CO, Basis : 100 moles acid gas

After oxidstion reaction: HS+150, +N, ~—~—~ >80, +H,0 +N, +CQ, 6.4)
initial (moles) 70 .35 132 30

After reaction (moies) 47 23 23 132 30

Mole fraction (%) ' 184 90 90 518 117

Consider acid gas with 100% H,S and remove 30% sulfur content of feed

H,S + 1.50, + N, ——~—- > _SO, +H,0+N, (6.5)
initial (moles) 100 50 188 .
After reaction (moles) 66.7 333 333 188

After removing 30% sulfur content of feed (i.e. 30 moles of atomic sulfur), since
H,S and SO, aré always at stoichiometric ratio, the composition of "furnace gas” after

30% sulfur removal is:

H,S = 66.7(0.7) = 46.7 moles (16.0%)
SO, = 33.3(0.7) = 23.3 moles (8.0%
H,0 = 33.3 moles (11.4%)
N, = 188 moles (6.5%)

Comparing these mole fracﬁons with mole fractions of products of oxidation for acid
gas with 30% CO, as shown under in equation (6.4), the assumption results in the larger
amount of water in product stream and larger inert due to larger air requirement. Iin the
furnace these two driving forces (effect of water and effect of inert) are opposite. The
result is not significant However in the converter, the two driving forces enhance each
other. The result is a smaller equilibrium conversion than that obtained without this
assumption This assumption may be sliminated by caiculating thermodynamic equilibrium
conversions for acid gases of different H,S content, ie. a Gomplete set of curves such
as those in Fig. 40 is generated for each acid gas of different H,S content This Question
is evaluated in sec. 6.4

Acidgas constituents are primarily H,S, CO,, N, and small amounts of other
impurities including water vapor. Since the major diluents, CO, and N, are essentially
unreactive gases in the catalytic converter temperature range, their main influence upon

thermodynamic equilibria occurs to the extent that dilution affects equilibria via
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Le Chatelier's principle. This introduces some error into the calculstions but this error is
believed to be small. The smount and type of divluont siso affects the adisbatic resction
path becsuse their siopes, dX/dT, are dependent upon the hest capacity of the gases.
Earlier calculations (44) indicated that this effect is minor for the various gases invoived.

All reaction paths shown in the figures are deveioped on the basis of equilibration
of sulfur species, S,, ... S, at all temperatures. This problem of whether sulfur vepor
equilibrates is not expected to be influential at furnace temperatures where sgdfur occurs
primarily as distomic suifur, and near catalytic converter temperatures where Sy
spproaches S,. In the waste hest boilers after the front—end furnace, ruction'path 3-4,
it is not known whether the homogeneous reaction rate is rapid enough for equilibration
of sulfur vapor molecular species or even further reaction of H,S with SO, or Sy with
H,0 (reverss Claus reaction)? The horizontal reaction psth 3-4 may be interpreted
differently. Point 3 corresponds to'a particular equilibrium value for S, . Cooling at
constant conversion (ie. without further chemical reaction) could maintain this S; . If on
the other hand, homogeneous c.;hemical reaction proceeds while cooling, then the vaiue
of 5-9 will be somewnhat higher depending upon the extent of equilibration possible. |

The final point to be considered arises from the condensation of sulfur when a
stream is cooled to the sulfur vapor dew point temperature. Since the vapor pressure of
liquid sulfur will be a function of the temperature but the partial pressure of sulfur i;
dependent on the molecular species present in the vapor phase, the range of dew points
possible are bracketed by the two yalues predicted theoretically. These dew points
correspond to the quench compositions with and without equilibration of sulfur species
at the conversion described by path 3—4. The two envelopes shown on Fig 40 represent
dew point situations for the 0% and the 50% sulfur removal Curves as indicated. |f

©tooling after a reaction stage proceeds to the enveiope, condensation of sulfur vapor

may oécdr. in tracing horizor{tal reaction paths, the lower dew point is probably the more
realistic one to use because the suilfur vapor generally lies in the vicinity of S, at these
low temperatures.

By assuming all liquid sulfur is removed from condensers, the condensation
envelopes can be used to determine the amount of liquid sulfur removed from the

condensers assuming either:
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1) no further resctions in the cooling devices (quench situstion); in this case the right
branches of the snvelopes is used | -

2 sulfur equilibrstion in the cooling devices (equilibration during cooling); the left
brinches are used _

3) partiat sulfur equilibration in the hesting devices; estimated by comparing the
condenser outiet point position wuth relstive distance to each bréinch of the
onvolopa 2

If cooling occurs with H,S/SO, reaction and sulfur vapor equilibration, the path 3-4 will

~ fall slong the equilibrium curve to some point where the reaction ceases. At this state the

sulfur is quenched at that local vaive of S, . Invarisbly, this state will be at a lower
conversion than that attained in the furnace.

6.3 Use of graphicsl resction paths to predict equilibrium conversions

Fig- 40 shows the reaction path approach described in the original report (44).
While this plot is somewhat approximate, it will be used to describe the method Table 18
summarizes the interpretation for each section of the reaction path shown in Fig 40.

To illustrate the method, Exfimple 3 analyzu a hypothetical modified Claus plant
-with two catalytic converters as doplctod in Fig 41,
Example 3

A flow of 7.50 MMSCFD (measured at 14.65 psia and 60°F) of acid Qgas with the

compasition (in mol per cent),

H,S = 81.37
CO, = 18.31
CH, = 0.32

is to be processed in a modified Claus plant for recovery of elemental sulfur. Adiabatic
combustion of this acid gas with the stoichiometric amount of air required to burn
one—third of the sulfur and all carbon and hydrogon is expected to resch a maximum
temperature of 2152 The combustion gases are then cooled successively to 1695
and to 1215F in two sections of a waste—heat boiler (heat exchanger). Further cooling
of this hot gas is achieved by heat exchange lindirect) with the iniet gases to the first and
second stage catalytic converters. This hot gas is finally cooled to 375 and flows to



114

€ sidwex3 10; 1eeysmoly Iy ‘614

s q s
SUISNINOD / .
) 4
’ (61s) - Vil (165)
| oStv \\ .509
L
N . ¢ ¥3143AN0D | L ¥3L43ANOD
(s0s) _ -~ lismt
sV
L1/ S : vy oSI2L  o5691 L2512
Oty St SUILVIHINA ,
' ¥3iod
‘ . v | 3aswe
. . “
\ ] .
Y\ oSLE
WISNIN0)

)

YiNung

4 o)
atv

uly



Resction

Bath
1 -2

Reaction step (1)

and reaction step (2) to

P

TABLE 18

18

USE OF REACTION PATHS TO DEFINE EQUILIBRIUM

CONVERSIONS WITMIN CLAUS PLANTS

Reseription
Acidgas combustion

in front-end furnace
(rapid resction)

Acidgas conversion
to sulphur in front-end
furnace (slow reaction)

Furnace products cooling
in waste-heat botler

Catalytic conversion of
cooled furnace products
to elementa! sulphur

in tst stage converter

Shenica! Reagtion
H2S + 3/2 02
--> S02 + H20 (1

2H2s + S02
-=> 3/0 Sp *+ 2MH20 (2)

No net reaction

assumed

Reaction (2)

is assumed to proceed to completion

tharmodynamic equi librium composition.
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the suifur separstor whers liquid sulfur is removed (At 378, the sulfur vapor which
remsing uncondensed may be neglected) The gas is then rehested to 480% (via the
indirect heat exchanger), enters the first stage converter and leaves at BOBF. After
cooling to 375, sulfur removal, and rehesting to 430°F, the stream enters the second
stage converter and ieaves st 475 . This stream then enters the finsl sulfur condenser
where it is cooled to 310°%. Liquid sulfur is removed and the resuiting tailgas is
incinerated at 1200, , ‘

The above conditions are representsd on the fiowshest shown in Fig 41. The
temperatures shown in brackets have been converted from & to K to accommodats the
reaction path diagram scsle.

» Use the following data and the reaction path disgram to estimate the following :
1) the "fractional conversion of H,S to S and SO, ” which wouid be -hicipatod for the
temperatures listed in the sbove process description; ‘
2)  the "fractionsl con:lonion of H,Sto S and SO," which 'would be predicted for this
process using a furnace temperature of 1252°F and adiabatic reaction paths.
3) on the basis of 1), how many tons of elemental sulfur would be produced daily?
What % recovery of sulfur does this production rate yield?
Dats
PV =RT, R= 10.7 (psiadcu. ft)/(lb molX*R)
Composition of air is 78% N, and 21% O,.
Atomic weights:
H= 1008 S = 3207 0 =16.00 |
N= 14010 C=1201
Mean specific heat of any gas mixture over the temperature range, 60°F to 1300°,
estimated at 10 BTU/(Ib moliF). '

-~

”

One Ib mole is equivalent to 358 cu. ft at 32°F and 14,7 psia

Reactions involved are:

H,S + 1,5 0, ~—~> H,0 + SO,

2H,S + SO, <---> 15§, + 2H,0

4S8, <~-=->§,

Molecular species of sulfur may be assumed to be entirely S, at 2 152% and entirely S, at



- lower temperatures.
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SOLUT I0NWsing Fig. 42 and 43)
(a) Bss/s: 100 moles of H,S in hypothetical acid gas (100%H,S)

1)

2)

3)

4)

Feed detei/s )
%H,S in acid gas = 81.37
Use of Fig. 42 (or 43), "Fractional conversion of H,S to S, and SO, * implies 100%

" acid gas as basis.

Thus, convert 81.37% acid gas to 100% b;sis via,
x = (H,Sin - H,Souti/H,Sin = (100 - 81.37)/100 = 0.1887
Front-end furnace
Am conversion at max. temp. (=1451 K) is quenched when stream cooled
(X.Thout = (0.86,145 1), located on 18.7% sulfur removed curve * of Fig. 40
First-stage converter
Assuming no reaction occurs in the condenser the conversion st the inlet of first
stage converter is 0.86 . Therefore,
(X.Tin = (0.88,505)
X.Tout = ( ? ,591)
After removal of sulifur pr.oducod in furnace,
H,S unreacted = 100 - 86 =14
SO, unreacted = (H,S)/2 =7 ‘
Total unreacted S 21 !
which locates equilibrium point on “79% sulfur removed curve”
(X, Tlout = (0.943,591) g
Second - stage converter
(X,TNin = (0.943,494)
XTNout=( ? 519)
After condensing and removing sulfur from 1st stage,
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H,S unrescted = 100 - 94.3 = 8.7
$O, mructod = 8.7/2 =29
Total unrescted S :-&-;
which locates equilibrium point on "91.4% sulfur removed” curve
(XTout = (0976819
After condensing and removing sulfur from 2nd stage,
H,S unrescted = 100 - 97.6 = 2.4
SO, unreacted = 2.4/2 =12
ae
Fractional conversion to S, (81.37 feed gas basis)
x= (8137 - 3.6//81.37 = 0.956
blAfter locsting (X, Tiout for furnace at (0.86, 148 1), resction paths may be traced on Fig
42 or 43. Cool thorizontal line) until reach (0.86,505). Continue up adisbatic reaction path
to intersect "79% S removed curve”. }
-<SincoFiga42and43donotcontainadiab.8crucﬁonpm.,moslopoofmo
sppropriate reaction path mey be obtained from Table 19, From Table 19, in the region,
800 to 600K, dX/dT= 0.79 » 10~
On Fig 42, for 1st stage, AT = 100K, AX = 0.079 (conversion units)
On Fig. 43, for 2nd stage, AT = 80K, AX = 0.0632
(Lines. with these siopes may be conveniently drawn on Figs 42 and 43, rupocuvoly
then transported where desired on the figure by pardpl construction.)
From Fig 42, obtsin intersection of 1st stage adiabatic reaction psth with "79% S
removed” equilibrium conversion curve,
(X, Tiout = (0.936,802)
Total urreacted S = 64 + 3.2 = 96
Next equilibrium stage must intersect on the 100 - 9.6 = “90.4% S removed” curve.
Cool slong horizontal line from (0.936,802) to (0.836.494)
From Fig 43, obtain intersection of 2nd stage adisbatic reaction path with "90.4% S
removed” curve,
(X.Tout = (0.970,540)
Total urreacted S; =30 + 1.5 =4.%



Fractionsl m;to 8, 181.37 asit gup banie)

x* 91.37 - 45V01.37 = 0.044

umummmmu
Feed to process: H,$ = 3.00

o, = 0.08

O, = 0.012
Reactions in process
(MHS+180, --> $O,+ M0
2 21,8 + SO, -—> 1.88, + 24,0
(3) O, + 20, -=> Co, + 21,0
x = fractionsl conversion of H,S st burner outlet
= 0.86 (from part b))

(d) From (s} Conversion of H,S to sulfur = 0.958

Suifur production=

121

Stream composition
After H,S After Claus  After CH,  After CH,
Combustion  Resction  Combustion Combustion
X = 096 (S =S) (S =S8y
H,S 4 “ ‘{a iy .w‘ TR 042 042
SO, 1- oY 0.21 0.21
0, 0 0 | 0 0o
N, 5.84 " - gdf 5.73 5.73
H,0 1 258 260 260
Sylor Sy 0 1.19 118 0.29)
co, 0.68 068 0.68 0.69
CH, 0012 0012 o 0
TOTAL 1084 ‘284

9.94

(7.5 » 10¢/358K14.85/14.7)492/52040.8 1 37X0.988K32.07/ 2000} = 245.7 ton/day
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6.4 Effect of inert

6.4.1 introduoction

in the report to CNGPA 1974, Cho et al (32) regarded acid gas of less than 100%
H,S content as a partially reacted acid gas from which sulfur product has been removed
;According to Le Chatelier's principle the removal of sulfur will drive the reaction to the
right to produce more products. ’

At burner temperature the effect of inert also increases the conversion of
H,S/SO, system because S, is formed (volume of system increases). Unfortunately the
increases in conversion are not the samo for these two driving forces on the basis of
the amount of H,S in acid gas. The difference between an acid gas of 80% H,S content
and an acid gas of 100% H,S cdhtent after removal of 20% sulfur is the subtitution of
H,0. N, and some SO, for CO, Water decreases the equilibriw?onversion while CO,
increases conversion. Because of its greater heat capacity, the CU, acts as a heat sink to
decrease the temperature .of the gases leaving the furnace. {ignoring this error is not
significant in many resl reactors because the temperature rise is compensated by the heat
of formation of H, COS.CS,, and CO.) The effect of inerts upon burner performance will
be investigated in section 6.5.2.

At converter temberature, the effect of inert decreases the conversion of
H,S/S0O, to sulfur. However since CO, acts as a heat sink to decrease the temperature of
the gases and increase the possible equilibrium conversion to sulfur, the resulting effects
of these two compromises will also be investigated in section 6.5.3.

&
6.4.2 Effect of inert on burner performance

Assume CO, acts as inert Three cases are considered In case 1, both dilution
effect on equilibrium conversion and heat sink effect on adiabatic reaction path are
calculated. in case 2, the effect of heat sink CO, alone is considered by using the true
adiabatic reaction path and the equivalent to sulfur removal for equilibrium curve. in case
3. approximate graphical approach set up earlier (sulfur removal equivalent) when both

dilution and heat sink effects are ignored is applied.
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6.4.2.1 Carbon dioxide as inert

Table 20 was generated from Fig 44. The limit of the graphical analysis of Claus
plants can be determined through Table 20. At 40% ‘CO, in acid gas, the difference in
furnace conversion (case 1) and the csiculated furnace conversion usin§ assumption of
sulfur removal (case 3) is 0.055, higher than the accuracy of graphs (0.05). Thus for acid
gas less than 40% CO, content, the suifur removal assumption is valid.

Fig 45 shows the burner temperature as a function of CO, in acid gas. The
decrease is aimost linear up to 40% CO, in acid gas then the rate of temperature drop is
doubled. Therefore Figs. 45 and 46 can be used to caiculate the burner exit temperature
and conversion for acid gas up to 40; CO, by subtracting the exit temperature at the
rate of 2 K per % CO, in acid gas. Above 40% CO, in acid gas the result from Fig 46 has
to be modified with the aid of Fig 47 for new burner temperature and conversion
assuming thye mean heat c;apacity of the gas mixture does not change significantly over
the range of 278-1500 K.

From Tabie 20 the effect of CO, inert is to decrease the burner temperature and
the conversion. However the decrease is within the accuracy of the graph (0.05) for acid
gas with less than 40% CO, content

6.4.2.2 Nitrogen ss inert

Table 21 was generated from Fig 48. Table 21 indicates the effect of nitrogen
impurity on burner performance. For 10% N, in acid gas where total inert content is still
less than 40%, the effect is neligible compared to the accs;:f‘acy of equilibrium curve due
to assumptiant of unreactive CO,. It is noted that the exchange of 10% CO, for 10% N,
results in a{d.cruse in inert effect as expected, since the nitrogen heat capacity is
smaller then the CO, heat capacity. Very seldom does acid gas contain above 10%N,, (then
pretreatment of acid gas was needed for economic operation), thus higher N, content
acid gas was not investigated.

The effect of N, inert is to decrease the burner temperature and conversion,
however the effect will be less severe than the effect of CO, Below 10% N, and

30%CO, acid gas, the inert effact is neligible.
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TABLE

20

EFFECT OF CD2 ON BURNER PERFORMANCE
(DILUTION & HEAT SINK EFFECT ONLY)

Acidgas Surner Conversion Surner Temperature
(k)

XH2S |XCO2|Case 1{Case 2|Case 3|Case 1|Case 2|Case 3
100 0 |0.798 |0.798 [O.7%8 1374 1374 1374
20 10 10.79¢ (0.807 |0.808 1388 1387 1373
80 20 |O0.798 |0.818 [0.820 1329 1337 1371
70 30 |0.79%4 |0.82% [0.832 1317 1313 1369
60 | 40 |0.790 |0.836 [0.845 | 1291 | 1286 | 13¢7
o] SO |0.788 {0.8%0 |0.880 1263 125¢ 1368
40 60 |0.784 [O.868 |0.877 12289 1222 1363
30 70 |0.781 |0.883 |0.897 1109 1182 1399
Notes:

1. Case 1: 8oth dilution and heat capacity effect

cons|dered.
2. Case 2: Heat capacity effect considered
3. Case 3:

Soth effects ignored (as per Cho)
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% CO, in Acidgas

Fig. 45 Effect of CO, Inert on Burner Temperature.
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Fig. 46 Effect of CO, Inert on Burner Conversion.
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- . *
TABLE 21
EFFECT OF N2 ON BURNER PERFORMANCE

’
.

Acicagas - Burner Conversion Surner Temperature
. (x) »
%M2S |%N2{%c02|Case 1[{Case 3{Case 1-|Case 1|Case 3|cCase 1-
- : Case 2 Case J
100 o o 0.823] 0.823 1370 1370
90| 10 o 0.823] 0.808| 0.013 1360 1373 13
80{ 10| 10 0.819] 0.820] 0.001 1342 1371 29
eo| 10 30 | 0.811] 0.034| 0.034 | 0.848| 1367 71

NOTE: EQUILIBRIUM CURVES INCLUDING THE DISSOCIATION OF H2$
TO H2 AND SULFUR.
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6.4.2.3 Water vapor as impurity ,

Table 22 was generated from Fig 49. Table 22 shows the effect of water
impurity on burner performance. Water has a retarding effect upon the equilibrium
conversion, but only the dilution and heat sink effects when gon;rlting the adisbatic
reaction paths. From Table 23, the effect of 10% water acid gas on burner conversion is
neligible. Similar to N, impurity, very seidom does acid gas contain above 10% H,0, thus

higher water content acid gas was not investigated.

6.4.2.4 Conclusion

Comparing the effect of CO,, N, and water vapor, below 40% inert content, the
effect upon burner conjersion can be ignored. Water vapor with a higher heat capacity
than for either CO, and N, will have the highest temperature ef fect Howéver water has
lowered the equilibrium curve which causes the adisbatic path intercepting the equilibrium

curves at a higher temperature than expected.

6.4.3 Effect of inert on converter performance
Example 3 will be used to study the effect of inert on converter performance
assuming the condensers operate at the same condition of!\femperature due to the lack

of of plant energy for reheating for the feed condition needed. Following is the result

6.4.3.1 Carbon dioxide as inert

As defined the in previous section, case 1 is the true inert effect Case 2‘is for
heat sink effect only and case 3 using equivalent to sulfur removal method. In case 4
converter exit temperature is assumed to be unaffected by the presence of inert Only 2
acid gas compositions will be considered 20% CO, and 40% CO, acid gas.

Assuming adiabatic operation, the equilibrium conversion at the first and second
converters were obtained for 40% CO, acid gas using the graphical approach as
ilustrated in Fig 50 and 51. Similarly the conversion for 20% CO, acid gas is obtained.
The result is given in Table 23. ‘

From Table 23, the effect of CO, inert as a heat sink and diluent is to shift the
extent of sulfur conversion from the later converter to the previous converter i.e. first

converter carries the most conversion while the importance of the second and third

~
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TABLE 22

EFPEICT OF M20 ON BURNER PERFORMANCE

Acidgas

%H2S | AN2  [%CO2

Burner Conversion

Surner Tempersture

(x)

-

100 o
0] 10
80| 10

10

]

10

0.823
0.811
0.80¢
0.796¢

1370
1360
1342
1308

133
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TASLE 23
EFFECT OF FEED GAS CO2 IMPURITY
ON SULFUR RECOVERY p

Ac idgas Furnace Converter Converter 2
(%c02) ' .
Tota) p.yu:. Total Device
o 0. 806 0.9378 0. 1318 0.979 0.0418
20 0.811 \ 0.9378 0. 12¢8 0.978 0.0402
40 0.814 0.9492 0.1382 0.97¢9 0.0388

Adiabstic Operat 1|cn

0 0. 806 0.9538 | 0.1478 | 0.9828 | 0.029
20 0.811 0.958 0. 144 0.9835 | 0.0288
40 0.414 0.9%8 0. 144 0.9813 | 0.0213
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converters decrease. However the total effect of sulfur recovery only slightly decrease
for up to 40% CO, in acid gas (0.0021)

Frorﬁ Table 24, for acid gas of 40% CO, the 3ssumption of sulfur removal
equivalent predicts the conversion within the accuracy of the graph to the third
significant digit (dx=0.01) though the effect on converter temperature is more

pronounced at second converter.

6.4.3.2 Nitrogen as inert .

Equilibrium conversion at the converters when acid gas contains nitrogen is given
in Table 25 using the graphical method. For acid gas with 30% CO, and 10% N,, the resuilt
from Fig 52 and 53 i¢0.958 and 0.98155 respeactively. From Table 25, when 10% N, 1s
used in;tead of 10%CO,, the conversion duty shift to the second converter and the total
convorsio;\ increases. Carbon dioxide and nitrogen have the same dilution effe;t, CO, has
a higher heat capacity than N, Therefore the higher the heat capacity of the inert the
higher the conversion will be in the first stage conversion.

From Table 26, for acid gas of 30% CO, and 10% N, inert content, the suifur
removal equivalent mefhod gives the conversion within the accuracy of the graph though
this method decreases the importance of conversion duty of each converter. These

errors are approximately the same as 40% CO, acid gas (0.007 and 14 K).

6.4.3.3 Water vapor as impurity v

Table 27 gives the equilibrium conversion at the converters when acid gas
contains up to 10% H,0 with 30% CO, This table was generated using the graphical
method as illustrated in Fig 54 and 55 for acid gas with 10% H,0 and 30% CO, When the
retarding effect of H,0 on conversion is considered together with the dilution and heat
sink effect, water decresses the overall conversion and most significant in the furnace as
shown in Table 27

From Table 28, for acid gas with 30% CO, and 10% H,0 content, the sulfur

removal equivaient method gives the conversion within 1% of the rigorous graphical

method icase 1) and the error in predicted exit converter temperature is the same as

nitrogen.
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TABLE 24

THE VALIDITY OF GRAPHICAL METHOD WHEN ACID GAS HAS CO02

Actidgas Cohvortor 1 Conver ter 2

(%co2)

Case 1{Case 2|Case J|Case 1|/Case 2|Case 3

o 0.9375[(0.937%[0.937%(0.979 (0.979 |0.979

20 0.9378|0.938 (0.9388{0.978 |0.979 ]0.979
40 0.938 j0.938 [0.938 [0.9775}0.87%58|0.9758

Adiabatic Operation

0 0.9535]0.9535(0.933%5{0.9825]0.9825/0.9825
20 0.956810.9%568(0.9578|0.984 |0.984 [0O.983
Y40 0.9%9 |0.9%8 [0.9492]0.9845]/0.9813|0.9769

Adiabatic Temperature (K)

(o] 363 563 563 507 507 507
20 538 558 560 506 S06 50%

40 552 558 571.6 502 503 518




TABLE 28

EFFECT OF FEED @AS N2 IMPURITY ON SULFUR RECOVERY

Acidgas Furnacs| Converter 1 Converter 2
%H2S | XCO2 | AN2 ' Total |Device| Total|Device
) W
100 O | Of O0.808 [0.9373]0.1318][0.979 |0.0e1s
80| 40 O} 0.814 |O.938 |0.124 .977%{0.0398
%0[ 30 | 10( 0.813 |o.93¢ [0.123 |0.979 |0.04a30
Adiabatic Operation
100 (o] O] 0.808 10.9%53%5]|0.147%|0.9828 0.029
60| 40 O} 0.814 |0.9%9 |0.148 [0.9848 0.028%
60| 30 10 0.813 |0.9%8 ]0.148 |0.9845% 0.0263%

S
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THE VALIDITY OF GRAPHICAL METHOO WHEN ACID GAS HAS N2 AND CO2

TABLE 26

Acidgas Converter 1 Converter 2
Conversion Conversion
XH2AS [XCO2 |%N2 [Case 1[Case 2|Case 3|Case i1[Case 2|Case 3

100 (o} 0]{0.937%|0.9373(|0.9375|0.979 |0.879 }[0.979

60t 40 0]10.9%8 [0.938 |0.938 |0.977%]|0.97%8]{0.97%8

60| 30 10]0.936 |0.9378})0.9378{0.979 |0.9805]0.980%
Adisbatic Operation

100 o 010.9%35|0.9%535{0.953%5|0.982%|0.9825|0.9825%

60} 40 0]0.9%9 |0.9%8 |0.9492|0.984%8]|0.9813}0.9769

60t 30 10(0.958 |0.9583[0.9512{0.9845%5{0.981%10.9792
Adiabatic Temperature (K)

100 o] [o] S63 %563 %563 $07 507 507

60| 40 [o] 5%2 558 871 502 503 519

601 30 10 584 1.1.1 568 302 503 509
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EFFECT OF FEED GAS WATER IMPURITY ON SULFUR RECOVERY

TABLE

27

Acidgas Furnace| Converter t | Converter 2
%H2S | %CO2 | %H20 Total|{Device] Total}|Device
i
100 (o] (o] 0.806 [|0.937 |0.131 |0.9879 (O.041
60| 40 (o} 0.814 ]10.938 ]0.124 10.977 |0.038
60| 30 10 0.79% |0.926 10.131 }JO.97% 10.049
Adiabatic Operation

t00| o© 0 | 0.806 [0.983 |0.147 |0.982 {0.029
60| 40 o} 0.814 [0.989 |0.14% [0.984 |0.025
60| 30 t0 0.74% [0.9%0 |0.13%5 [0.981 0.0
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THE VALIDITY OF GRAPHICAL METHOD WHEN ACID GAS HAS H20 AND CO2

TABLE 28

Acidgas 1st Converter 2nd Conver ter
Conversion Converston
XH2S | XC02 [%XH20 [Case 1|Case 2{Case 3|{Case 1|Case 2|Case 3

100 o} 0 |0.9375|0.9375]0.937%|0.979 |0.979 |0.979

60| 40 0 ]|0.938 10.938 |0.938 |0.9778]|0.9758 0.9758

60} 30 10 10.926 |0.9362|0.9362|0.97% |0.9789{0.9789
Adiabatic Operation

100 (o] 0 |0.9535|0.9%35]0.9935{0.982%{0.9825/0.9825%

60| 40 0.9%9 10.9%8 |0.9492({0.984%[0.9813 0.9769

60| 30 10 |0.950 [0.9551]0.9488|0.981 0.9883|0.9747
Adiabatic Temperature (K)

100 o o 563 563 563 507 507 S07

60§ 40 552 558 571 502 503 519

60! 30 10 587 558 572 505 504 308
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6.4.4 Accuracy of graphs

8.4.4.1 Effect of products of side reactions from CO, on burner performance

In studying the effect of products of side reactions from CO, on burner
performance, the following assumptions are necessary:

1) Reactions of formation of H, COS, CS,, and CO do not change the temperature of
the product significantly. .

2)  The oniy effect of these side products is the heat sink effect after the oxidation by
0,

Figs. 45 and 46 show the effect of ignoring the formation of H, at burner
temperature. An increase of 0.006 in conversion of H,S to S and H, can be realized for
40% CO, acid gas.

Table 29 was generated from Fig. 56. Table 29 shows the effect of ignoring the
formation of COS, CS,, CO and H, at burner temperature. At 40% CO, acid gas, the error
causeq by byproduct formation is 0.035 and 4 K. In case 4, COS, CS,. CO. and H, acts as
heat sink in the second part of adiabatic reaction path and the formation of COS, Cs,. CO
and H, is aliowed in generating the equilibrium conversion. However the conversion from
H,S is increased significantly due to the additional conversion to COS, and CS, though this
increase is still within the accuracy of the error due to curve fitting of thermodynamic

data.

6.4.4.2 Effect of products of side reactions from CO,; in the furnace on tail gss clean
up

The effect of products of side reactions from CO, in the burner on tail gas clean
up is calculated for 50% CO, acid gas assuming the converter performance would not
effect the products of CO, side reactions. At 1300K, the equilibrium composition
contains H,, COS, CS,, CO as listed on Tabie 30.

If 98% sulfur in acid gas is converted, the amount of sulfur in COS and Cs,

amounts to 52% of the suifur in the tail gas.
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TABLE 29
EFPECT OF COS. ¢S2. CO. Ma PORBATION ON BURNER
. TENPERATURE AND CONVERGION

Acidgges [Surner Temperature Burner Corversion|Conversion

(R) e to
cos., csa
(%co2) CO ang M2
formation.
Case 1 Cone o case 1 Case 4
(o] 1374 1370 0.798 0.823 0.02%
10 1388 1384 Q.79¢ 0.832 0.03¢
20 1339 1333 0.798 0.8 0.043
30 1317 1312 0.784 0.833 0.039
|
40 1291 1287 0.780 0.82% 0.038
30 1263 1260 Q.788 0.824 0.03¢
€0 1229 1228 0.784 0.823 0.039
70 1189 1190 0.781 +0.824 0.043
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TABLE 30

EQUILIBRIUM COMPOSITION OF BYPRODUCTS

OF S0% C02 ACID GAS AT 1300 K

,qﬁ
pahd

Species Mole Percent
H2 1.06
- COS 0.20
csa 0.006
co 2.13
c(g) ==
CH4 .-

i

<

5y

Amount of S in SC2:

AmSunt of S in COS: 1.04% S in acid gas

C.0055X S in acid gas

Amont of S due to H2 formation: 4.6309% S in actid gas

Increase in conve sion due to side reactions: 0.031.

Y
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¥
EQUILIBRIUM COMPOSITION OF 100% H2S ACID GAS AT 1300 K

TABLE 31

s;oc1ou Mole Percent

H2S 0.087682
S02 0.03891

52 0. 1011614
S3 0.0009 16
S4 0.000021
H20 0.227088
N2 0.562607
H2 0.014241
SO 0.00018%
SH 0.000171

Species with
mole fraction
less than program
error.

$.55,56,57,58,02,C02
C€0s4C€S2,C0,C,CH4,S20, SN

Temp. (K) 1300
Pressure (atm.) 1

Conversion of H2S 0.807
Sulfur -Recovery 0.687
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6.4.4.3 Effect of other irfsignificant byproducts on equillbrium conversion

For ‘100% H,S acid gas the equilibrium composition at 1300K is listed og Table
31

At 1300 K, the insignificant species areS S. S. S, S. S, S, H,, CO,, CS,. CO, C,
CH,, SO, SH, S,0, SN resuiting in the increase of convorsnon from H,S from 0687 to
0.807. _ |

Fig. 57 can be used with Table 31 to estimate the effect of insignificant

byproducts on conversion at‘othara’;;porating tempecature. -
W ’
6.4.4.4 Estimagion of the effact, of the acouracy of graph on pisnt conversion
F : ‘
) The graph shoulg not be used for acid gas above 40% CO, content without
adjustment from Fig 45 and Fig 46. The accuracy of burner conversion predicted is

* 0.035. The error in the equilibrium curve at the converter temperature range is neligible.

o~

The adiabatic slope does not change significantly, thus the guidelines given B&ssufficient
Fig. 58 show the effect of 0.035 uncertainty in burner conversion on the sulfur
conversion calculated for converters. Table 32 summarizes the estimated error in 2 stage
plant conversion using graphsical approach from these graph. The error is less than that

due to the assumption of no formation of COS, CS, CO and tt: The error is most

n (0.0085). Therefore

6.5 Application of graphical method to various process situations é
In this section, procedures for applying the method to various processing
situation for heat recovery or heat transfer {including direct and indPBct methods) will be

examined.

6.5.1 Preheating by indirect heating

Because the graphical method is not an exact method, other short cut calculation
methods may also be incorporated when necessary. Wha? two streams are to
interchange their sensible heat contents but without combining o% the streams, the simpie

heat balance equation is of the form:



Amount of.Speciles

184

: 1 i ! I - ]
1000 1200 1400 1600
Temperature, K
Fig. 57 * . Products of Side Reactions vs, Temperature.
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TABLE 32

EFFECT OF BURNER CONVERSION ACCURACY ON 2 STAGE

PLANT CONVERSION FOR 100% H2S ACID GAS

Device/ Furnace 1st Converter |, 2nd Conver ter

Conversion
Upper Yimit
of burner Conv. 0.841 0.938 0.979
Conversion 0.806 0.937% 0.979
Lower 1imit
of burner Conv. Q.771 0.938% 0.979
Difference 0.03% 0.0028 0.000

Adiabatic Operation

Upper 1imtt
of burner Conv. 0.841 0.9588% 0.983
Conversion 0.806 0.9535% 0.982%
Lower limit
of burner Conv. 0.771 0.945 0.982
Difference 0.03% 0.0088 0.00%
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(My) (Cp) (T, = Tg = (M,) (C) (Tg = T))
In 'Claus process caiculstions, the mean specific heat. per unit mass is nearly constant for
all streams thus enabling the above equation to be soived for T, very simply. Now, the
preheated stream is to be located on the x-T plot for determining additional rassction
paths, e.g at the inlet to a catalytic converter. If T¢ is known, only the second coordinate
X¢ needs to be evaiuated, for the method to proceed. If thePstream being heated is of
known H,S composition, then the composition need only be converted to "fractional
conversion of H,;S to S pius H,0", expressed in terms of original 100% H,S acid gas. This

procedure is generally very simple.

6.5.2 Preheating by direct heating

For economic reasons, converter feed streams 'rrv\ay be preheated by combining
the cooler stream leaving the preceding sulfur condenser directly “with a hotter stream
obtained by bypassing waste heat boiler exit stream or by using an inline burner. The
cAomposition of the bypass stream differs from that of the cool stream by containing
more sulfur vapor. The composition of the much hotter ir}i)ine burner stream generaily
approximates that of the stream in the front—end furnace prior to entering the waste
heat boiler. In both cases, the streams are combined in such proportions that the desired
preheat temperature i§ ma@ngd The use of the simple heat balance to determine the ratio
of masses of the two streams for the desired final temperature still applies. The two
stream compositions are then combined on a relative mass basis to determine the
composition of the combined stream. The H,S content so determined is again converted
to its comparabie X coordinate and the point, (Xp T4, has again been established. (It is not
clear whether the simple inverse lever law may generally be applied on the X-T

coordinate scale; hence, this much simpler approach is not yet recommended.)

:
sV g
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6.8 Final comments N »

The graphical method of evalusting resction paths has t')un used to solve a
number of processing problems posed at the University level Its reliability in predicting
real plant process conditions, assuming thermodynamic oqulibnum is attained at each
stage. has not been tested seversly. in any event, the method is expected to give
conservative answers because of the uncertsinties deriving from the forms of molecular
sulfur vapor present and their thermodynamic properties.

L



7. CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusion

7.1.1 Sensitivity study

Thermodynamic properties of each species have to be changed by a large amount
to predict the experimental conversion By changing each thermodynamic property by a
cited uncertainty (+200 cal/mole for standard enthaipy, +0.01 cal/mole~K for standard
entropy and 4.2 for S, and 3.3 for S,) with sulfur vapor as a combination of S,, S,, S,
and S, The calculated conversion predicts the experimental conversion at 700 K for lean
acid gas .

Comparing the effect of specie standard heat of formation on predicted
conversion, water vapor has the highest effect then SO, S,. H,S, and S,. For standard
entropy effect H,S is the mos$t sensitive then H,0lg). S, S, and SO, Except sulfur
species, thermodynamic properties of other species have been determined to reasonable
accuracy. Thus the thermodynamic properties of S, should be determined more

accurately than those of S,

7.1.2 Equilibrium constant for H,S/S0, mixture
Using experimental equilibrium data from France, equilibrium constant for H,S/S0,
mixture over the temperature range 225°C to 370°C is:
InKy' = ~-17.885 + 1.5466 » 104/T
This equilibrium constant predicts the experimental conversion for iean acid gas

to 10% accuracy.

7.1.3 Graphical approach to Claus plant prediction

By example application, the graphical approach is illustrated to predict sulfur
recovery in the burner and each converter.

Below 40% inert content, Fig. 46 can be used to predict equilibrium conversion up
to the third converter. Tables of slopes of adiabatic reaction paths can be used to predict

the adiabatic temperature.

1889



N AR Tt 18 o e s St s e o 5 e 2 e I el e e g e

160

Above 40% impurity content, sdditional graphs as shown in Fig 40 are needed to

predict conversions in the converters.

7.2 Recommendations

7.2.1 Sensitivity study

Sulfur vapor model has to be modified to include S, to predict equilibrium
conversion for the modified Claus process.

More reliable data on sulfur vapor distribution for intermediate range of
temperature between West and Menzies' and Rau's for determination of sulfur vapor
distribution over the whole temperature range are needed to determine a realistic mode!

for sulfur vapor.

7.2.2 Software on Claus piant prediction

A major expansion of the graphical method would be the prediction of equilibrium
plant performance for split flow and in—line burner without manual precaiculation of feed
composition for each reactor.

Equations of state or generalized compressibility should be used to describe real
gas beha‘viour as well as non-ideal mixtbre behaviour. This may change the resuit

somewhat due to the dipole effect of H,S, and SO, molecules.

7.2,3 Graphical approach to Claus plant prediction

The effects of inerts may be betters examined using mean heat capacity
parameters since inerts lowers the temperature as well as the partial pressure of the
reactive spegies.

The effect of other impurities on the feed should be studied: hydrocarbon,
ammonia. as well as the effect of side reactions.

The graphical approach can be expanded to heip in design equipments besides the
determination of the optimum reaction path by assigning the heat capacity parameter for

each adiabatic reaction path thus the heat load of the devices can be determined.
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NOMENCLATURE

Heat capacity for the formation of S,, cal/mole-K
Heat capacity for the reaction 4S,=S,, cal/mole-K
Free energy, cal/mole

Standsrd hest of formation, Kcai/mole

Sensibie enthalpy from 298 K to T, Kcal/mole
Pseudo-equilibrium constant for H,S/SO, system
True equilibrium constant for H,S/S0O, system
Equilibrium constant for the formation of S, from S,
Equilibrium constant for reaction 2S,=S,
Equilibrium constant for reaction 3S,=S,
Equilibrium constant for reaction 4S,=S,

Number of moies

Number of moles of S;

Number of moles of S,

Number of moles of S,

Number of moles of S,

Mole number of stream 1 to heat exchanger, mole
Mole number of stream 2 to heat exchanger, mole
Pressure, atm.

Critical pressure, atm.

Reduced pressure, dimensioniess

Partial pressure of suifur, atm.

Partial pressure of S,, atm

Partial pressure of S,, atm.

Partial pra'ssure of S,, atm.

Partial pressure of S,, atm.

Gas constant

Entropy, cal/mole-K
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Superscripts

Subscripts
cal

exp

Sulfur vapor with average stomic number
Sulfur vapor with average stomic number i
Termperature, K

Temperature, *C

Critical temperature, K

Reduced temperature, dimensioniess
Temperature of streem 1 to hest exchanger, K
Temperaturs of stream 2 to heat exchanger, K
Finsl temperature of both steams from
exchanger, K

Conversion of H,S/SO, systerg

Critical compressibility

Average atomic number of sulfur

Total pressure of sulfur system,atm

Function

Standard condition, 60°F, 1atm

Calcuisted value
Experimental valﬁe

Final condition

Of component i
Referenced condition

At temperature T and 1atm.

Total value

heat
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APPENDIX A Modification of Free Energy Minimization Programm

Theorstical considerstions

Basically FREM uses the steepest descent method to find the convergence
of the new chemical composition which is the solution of a set of linear equations
deveioped by applying Lagrange muitipliers to minimization problems with
constraint The volume of the condensed phase is also neglected
SUMMARY OF MATHEMATICAL RELATIONSHIPS

in the free energy minimization method only free energy of the species is
needed The equilibrium composition search is a process of finding a set of

non—negative mole numbers which both satisfy thc#uss bal

system free energy. .
Using Lagrange muitipliers, this set of equations is transformed to a set of
non-linear equations which can be solved by appropriate numerical iteration
technigues.
1) Numerical procedure
. In FREM Gaussian elimination is used to solve a set of linesar
équations sét up using Lagrange muitipliers and Tayior series
approximation of system free energy polynomials. The new set of
spocio's mole number will be caiculated until the different between
subsequent caiculstion is less than the critical amount (10* moles).
McGregor's thesis (102) described in detail th: numerical and
mathematical techniques in chapter 3.

When partial pressure of sulfur is greater than the vapor
pressure, the steepest descent method is used to determine the
con'bosition of sulfur vapor as sulfur condenses until partial pressure
equal vapor pressure. .

Since the final moie number is inserted into the original equation:

Xt = =yie; +nlyy /) +y(%/5) + Ly
moorrorduototrmcationinh’.:Gussimdimimtion

v

Y]
2

peas

LN
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effect the equilibrium composition
Mode/ /imitations L
the program is gonorali the modification: arp only applied

for the suifur—suifur ‘compound system or selenium—seienium
ébmpound system where the species present in the gas phase as A1,
A2,.AB (A is the element) and is the only species in the liquid phase.

The program can only caiculate equilibrium compositions using
Vapor prusx}u of sulfur; no other constituents sre allowed to be
present in the quu'id phase. For@o shme resson, the frozen dew point
and equilibrium dew point tonmfltros can only be ;::alculatod for sulfur.
Thermodynamic data file .

Standard hests of format'io?\ and stmc_grd entropies for H,S, SO,
H,0, ;«N” S, and other minor species (SH, HO S;H,. CH,.) when used to
dotoi;mirn the effect of insignifik:int species on .quilibriuzv&onvorsions

are from JANAF,.2nd edition (74). The reader should refer to sec. 4.3.2

and 4.4.3 for justification of this source. Sensible enthalpy (H, - He.,,),
and the different of entropy and standard entropy (S; — S%,) are
Calculated using standard values at 298 K and the fitted heat capacity
coefficients. Depending on t;»e data source for the various species
either of the following forms is used

Cy=a+bT +cT+dm A2)
or C,=a+bT +c/Ti+dT (A.3)
The coefficients a, b, c and d were obtained from linear least square
fitting of the values given by JANAF, 2nd ed (74). The program of linear
least square fitting is listed in Appendix B.

For suifur, heat capacity coefficients for S, to S, and the
standard hest of formation and standard entropies for S, to S, were
taken from Rau(127). File DFREM lists the data used in thermodynamic
data file.

The caiculstion of sensible entflipy and entropy from standard
values is incorporated in the main program, only the linear least square
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heat capacity coefficients are needed from the thermodynamic data file.

2) Program description

et

1)

Original version ‘

.The original program written by McGregor (102) and modified by
Liu (94) and Cho (32) consists of a main program and five subroutines
written in FORTRAN (V.

The main program reads in varisbles characterized the chemical
system specially its initial composition and the thermodynamic data (free
energy coefficients) for all species suspecting to presence in either the
original or final composition. The free energy is calculated from McBride
equation:

F/RT = 8,(1-InT) -a,T/2 -a,T%/6 —-a,T*/16 ~a,T4/20 +a,/T —a, (A.4)
The main program also calculates the molar free energy for each
species and calculates the equilibrium composition by solving a set of
linear equations (102). Test for convergence is included in the main
program before the final equilibrium is printed _

Subroutine GAUSS solves the set of equations A#X=B using
Gaussfan elimination and back subtitution rotating about the elements of |
maximum modulus. |

Subroutine GSET sets up the matrix equation for the set of
equations (102).

Subroutine CONV caiculates the percent conversion of the first
component and of H,S to sulfur if the input order is H,S, SO,,S,. S,...S,.
H,0. N,..

Subroutine NEZE tests for negative or zero amounts of
moleculsr species and takes the corrective action as indicated in White's
paper (150) and McGregor's review (102). h

Subroutine DISTR generates a positive set of moke number for all
species in the system | )

Subroutine FREN Caiculsteg the free energy contribution of each
species to the system frn energy.



3)

2)

) ’ 173

Modified version

Besides a minor change in subroutine DISTR to improve the
accuracy of mass conservation, all the subroutines are preserved as the
original version. Two subroutines are added SCOND and TDEW.

Subcoutine SCOND tests and caiculates the amount of sulfur
condensed so that the sulfur partial pressure is equal to or less than the
sulfur vapor pressure. The sulfur vapor distribution is caiculated in each
imbedded iteration again using the steepest descent method but on@l’?or
the isolated sulfur species. ‘ '_

Subroutine TDEW caliculates the frozen dew poinf' and
equilibrium dew point tempﬁraturos of sulfur from the ﬁquilibrium
composition -

The main program has been modified to read thermodynamic
data as standard heat of formation, standard entropy and heat capacity
coefficients. The program caiculates sensible enthalpy and entropy from
heat capacity coefficients:

Hy—H,,,=a(T-298) + b(T*~288%)/2 + c(T'—298%/3 + d(T*~298%)/4

Y \ + o(1/T-1/298) (A5)
Sr-S1y,,=8IN(T/298) + b(T~298) + c(T'-298%/2 + 4(T*-298%/3
+ e(1/T3-1/298%) (AB)

and the molar free energy is :
F/RT = H/RT + S/R (A7)
Program has the flexibility of reading in also discrete vaiues of
sensible enthaipy and entropy when heat capacity coefficients are not
available or of different functional forms. )
Comment cards in the mainiine program define each variable read
in as data, and the format for the data is easily found by noting the

appropriste READ and FORMAT statements in the program listing.

Listing of the program

“x
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o T L L L I I T TI T
Cx»
C= FREM
C»
C* THIS PROGRAM CALCULATES EQUILIBRIUM
C* COMPOSITIONS FOR COMPLEX REACTION SYSTEMS
C+ USING THE FREE ENERGY MINIMIZATION METHOD
C+ DEVELOPED BY WHITE AND COWORKERS. IT WILL
C* HANDLE UP TO THIRTY DIFFERENT MOLECULAR
C+ SPECIES CONTAINING FIVE DIFFERENT
C« ELEMENTS. FOR SYSTEMS WITH LARGER NUMBER
C+ OF SPECIES AND ELEMENTS, CHANGE APROPRIATE=
C+ DIMENSION STATEMENTS. ANY NUMBER OF CASES =

® B B % ¥ % % % % %

Cx CAN BE ATTEMPTED WITH AS MANY TEMPERATURE =
C* AND PRESSURE DESIRED. *
C= *
C+= INPUT DATA: *
C= NCASE - NUMBER OF CASES *
C= SNAM - NAME OF THE SPECIES *
C= X - INITIAL AMOUNT OF THIS SPECIE =
Cx (EITHER NUMBER OF MOLES OR MOLE=*
C» FRACTION) *
C= A - SPECIE ROW IN MASS BALANCE »
C» CONSTRAINT MATRIX *
C= M - NUMBER OF DIFFERENT ELEMENTS *
C= N - NUMBER OF DIFFERENT SPECIES *
C= T - TEMPERATURE OF THE SYSTEM IN »
Cx KELVIN *
C= PRESS - PRESSURE OF THE SYSTEM IN ATM. =
C= SHTFN - STANDARD HEAT OF FORMATION OF =
Cx THE SPECIE *
Cx S298 - STANDARD ENTROPY QOF THE SPECIE =
C= »

C******t************#t‘**t**#****************‘

174

C THIS SET OF SYSTEM ONLY I.E.S2-58 WITH S SPECIES IN THIS

C ORDER FOLLOW H2S AND S02 IN THE INPUT AND ONLY
C S MAY BE CONDENSED
IMPLICIT REAL=*8 (A-H,0-Z),INTEGER(I-N)
INTEGER P .
LOGICAL L,L1,L2
COMMON /MTDEW/TVP (601
COMMON /TDEWZ/X(30),P
COMMON /MCDEW/SHTFN(3
&CCP(30),DCP(30) ,ECP(3
&CCCP(30) ,DDCP(30) ,EEC
COMMON /NTOT/N
COMMON /TDEWS/TDEW1,T
DIMENSIHQ'SNAM(30,5)
1TSTOR(S JF(30).A(3g
{

29
?C

o ®

(30),BBCP(30),

2NG1(30),Xxx(30) ,Xx0(
U,GX(30),C(30) ,XREF
&,SACP(30),SBCP(30),S
DIMENSION ENTHY(30),
DATAR/1.98718D0/

moowo- -

(30),ACP(30),BCP(30)
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C SET UP TABLE FOR INTERPOLATION OF VAPOR PRESSURE
DO 100 I=1,601
T=300.D0+0.5D0*DFLOAT(I-1)
TLOG=6.46543D0-7.63591D0=*(0.9983D0*=(T-253. 16D0) )
&-6.936946D0+=(0.9908234D0**(T7-253.16) )
VP=10.D0*=*TLOGA760.D0 :
TVP(I,1)=T
100 TVP(I,2)=vP
TR=298. 16D0
EPS=0.5D-8
READ(5, 1)M,N,P,NPT, IFLAG,DT
| FORMAT(515,F15.7,215,4F15.7)
N2=N+P
IF(IFLAG)509,510,509
510 DO 502 I1=1,N2

READ(5,3) (SNAM(I,K),K=1,5) ,Xx(1)
READ(S5,4) (A(I,d),d=1,M)
READ(5,5)ACP(1),BCP(1),CCP(1),DCP(I),
1 ECP(I),SHTFN(I),6S298(1)
502 READ(S5,5)AACP(1),BBCP(1),CCCP(1),DDCP(1),EECP(1)
DO 514 I=1,6N2
514 X0(I)=Xx(1)
509 DO 10 ND=1,NPT
DO 524 I=1,N2
ENTHY(1)=0.D0
524 ENTRY(1)=5298(1)
IF(ND.EQ.1)GOTO 511
512 IF(IFLAG.EQ.0)GOTO 513
511 READ(5, 11)PRESS,T
11 FORMAT(15D15.7)
IF(IFLAG.EQ.1) GOTO 517
T0=T
513 T=TO+DFLOAT(ND-1)=DT
517 DO 516 I=1,N2
516 X(1)=x0(1)
C INITIALIZE FOR SLIQ AND FLAG OF THERMODYNAMIC
C READING USED IN SCOND SUBROUTINE
L1=.TRUE.
SLI1Q=0.D0
C INPUT GASEOUS THERMODYNAMIC READING
WRITE(6,604)
604 FORMAT(1H1,40X,’ THERMODYNAMIC PROPERTIES ‘)
WRITE(6,612)

612 FORMAT (42X,’ JANAF 1971,S PROPERTIES FROM RAU 1973’ )
IF(IFLAG)501,500,501

500 CONTINUE
TTR=TR
ITP=0
TT=T
IF(TT.LE.1000.D0)GOTO 506

507 T7=1000.D0

506 DO 505 I=1,N2
ENTHY(1)=ACP(I)*(T-TR)+BCP(1)/2.D0*(T*T-TR*TR)

&+CCP(1)/3.D0=



519

508

520
521

522

518
523
501

&
&-
&
&

(T#*3-TR*=#3)+DCP(1)/4.D0%(Tw=4-TRen4)
~ECP(I)*(1.D0/T-1.DO/TR) +ENTHY(I)
NTRY(I)tACP(I)*DLOG(T/TR)+BCP(I)*(T TR)+CCP(1)/2.D0=
TeT-TR*TR)+DCP(1)/3.D0*(T#«3-TR=*3)-ECP(])/2.D0=

E
{

(1.D0/7/T«1.DO/TR/TR)+ENTRY(])
505 CONTINUE

ITP=]TP+1

IF(TT.LE.1000.D0)GOTO 520
IF(1TP.EQ.2)GOTO 520

T=TT
TR=1000.00
00 519 I=1,N
SACP (1) sACP(
SBCP(I1)=BCP(
SCCP(1)=CCP(
SDCP(1)=DCP(
SECP(1)=ECP(
N
(
(
(
(
(

-7

TR=TTR
CONTINUE

m\llA"D—s

7,621,621
CP(I) BCP(I),CCP(I),SHTFN(I),S298(1)
ACP(I)*(T -TR) +BCP(1)/2. DO*(T*T -TR**2)
.D0/T -1.DO/TR)
ACP(I)*DLOG(T/TR) + BCP(I)*(T - TR)
2.00=(1.00/T/T -1.DO/TR/TR)
NTRY(I)*S298(I)

N(I),ENTHY(I),ENTRY(I)
GOTO 523

176
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5 FORMAT( 7(D15.7))
619 CONTINUE
WRITE(6,6)SHTFN(I), ENTHY (1), ENTRY (1)
6 FORMAT(19X,’ STANDARD HEAT OF -FORMATION = ' ,D15.7/,20X,
1" SENSIBLE E .
;ngA%ﬁY AT T = ' ,D15.7/,20X,’ ABSOLUTE ENTROPY AT T =
15.
2 CONTINUE
515 1F(N2.GT.30) STOP
IF (N2, llu@ﬂ) GOTO 102
103 1xs-u

DO 70 =119,30
705 X(I1)
102 DO 101 t «1,30

101 XX(II)sx(II)
DO 20 NS=1,28
C DEF OF ¥SULFUR REMOVAL: ¥ OF ATOMS OF S FROM
C THE ACID GAS STREAM
L2=.FALSE.
IF(NS.EQ.1)GOTO 200
CALL SREM(NS,X,N2,N,P,XX,SLIQ,Y,L2)
IF(.NOT.L2)GOT0200
GOTO 199
200 IF(NS.GT.1) GOTO 201
C RECORD INITIAL MIXTURE COMPOSITION
WRITE(6,611)
WRITE(6,7)

7 FORMAT(1H1,40X,' FREE ENERGY v TZATION' /30X, ' MOLE’
1, CULAR SPECIES', 10X, INITIAL E NUMBERS' , 10X,
?g’INITIAL MOLE FRACTION' )

+  _CALL DISTR1(XX,Y,B,N2,M,A)
*  €ALL MOFR(Y,FRC,N,P)
DO & I=1,N2

%8 WRITE(6,9) (SNAM(I,K),K=1,5),Y(I),FRC(I)
. "9 PORMAT (30X,A3,4A4,10X,D15.7,10X,015.7)
C FREE ENERGY MINIMIZATION METHOD BEGINS
201 SCALE=1.
ISTORE=0
DO 12 I=1,N2
NG1(1)=0

FRT = (SHTFN(I) + ENTHY(I) )/ (R«T) - ENTRY(I)/R
C(1)=FRT+DLOG(PRESS)
IF(1-N)12,12,13

13 C(I)=FRT

12 CONT INUE

985 ISCOND=0

JBI=2

999 CONTINUE
ISCOND=1SCOND+ 1
IF(ISCOND.GT.3)STOP
DO 35 JB=1, JBI
DO 14 ITER=1,200
ISTORE=1STORE+1
CALL DISTR1(X,Y,B,N2,M,A)
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<

CALL rnaﬂ,iv C.F, xaxw N,P,NG1)
NG« P+ |

CALL ‘GRET tA,Y 84,688 F.P,M,MG,N.C)
cu.ew m 8,MG,6X) .

\

xS+oLoeiv<1)/vaAn)) -GX(1))

CALL NEZE (
CALL SCOND(
QUIT=1. DO
DO 22 1
IF(NG1(
23 TEST=(X
IF (DABS
24 QUIT=-1. DO
22 CONTINUE
IF(QUIT) 25,25,26
25 DO 27 1=1,N2
27 Y(1)=x(1)
14 CONTINUE
26 DO 32 I=1,N2
1(1)=0
(x(x)) 33,33,34
34 Y(I)=X(1)
T0 32
33 Y(1)=0.000001D0
32 CONTINUE , . :
35 CONTINUE - | -
IF(SLIQ.LT.1.D-6)GOTO 199 '
IF(.NOT.L) GOTO 999
P=1
N2zN+P
X(N2)aSLIQ ;
Y(N2)=X(N2) - ’.
199 CONTINUE .
WRITE(S, 28)T PRESS
28 FORMAT (28X, TENPERATURE(DEG K) = ' ,F7.1,5X,’ PRESSU’
" 1'RE (ATM)=’' ,D15.7)
IF(NS.LE.10)XNS=10. *DFLOAT(NS-1)
IF(NS.GT.10)XNS2100.D0%(0. 905D0+0. 005D00* (NS-10) )
WRITE(8,99)XNS
99 FORMAT(1H + 30X, ' SULFUR REMOVED = ' ,F6.1,3X,’ PER CENT' )
WRITE (6, 29) ISTORE
29 FORMAT ( 1HO, 30X,’ NUMBER OF ITERATION =',15/30X,

7

¢

X,Y,N2,NG1)

X, T PRESS L,L1,N,P,SNAM,SLIQ)
=1,N2
1)) 23,23,22
(I)-Y(I))/x(1)

(Tg T)-EPS) 22,22,24

g=8=%2

e

: f(
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U'ﬂOLECULAR SPECIES’

U,8X,' EQUILIBRIUM MOLE NUMBERS' , 8X,’ MOLE FRACTION" ] .,

T T8 x(II)zY(IL*’ ,
\-" CALL® MOFR (x, FRC, N, P) | :
k -DO 30 I=1;N2 ! -
30 WRITE{(6,31) (SNAI(I K),Ks1.5), C! F C(I) :
31 FORMAT (30X, A3 4A4 10X,015.7,10X,015.7)
CALL COND(X,XX] '
P=0 ’ i Y
N2=N+p 1} . .
CALL TDEW(FRC,T,SLIQ,N2) - 2
609 CONTINUE .
CONV(ND,NS)=(XX{1)- x(1))/xx(1)
, TSTOR(ND) =T .
' DEW1S(ND,NS)=T EUl (
DEW2S(ND,NS)=T y

* 20 CONTINUE : S

706 CONTINUE *R _ .
611 FORMAT (1HY,’ /)
. WRITE(2,300)TSTOR(ND), (CONV(ND, INS) , INS=+, NS),
&(DEWIS(ND, INS), INS=1,NS), (DEW2S (ND, INS), INS=1 NS)
. 10 CONTINUE
300 FORMAT (1X,F8.2/1X, 10K8.4/1X, 10F8.2/1X, 10F8. 2)

STOP
END _
SUBROUTINE DISTR1(X,Y,B,N2,M,A) :
IMPLICIT REAL*8 (A-H,0-Z),INTEGER(I-N) -
DIMENSION X(30),Y(30),B(30),A(30,5)
DO 1 I=1,N2
IF(X(1)) 2,2,
2 X(I)=0. 0000001 DO
1 Y(I)=X(1)
DO 3 J=1,M
B(J)=0.0
DO 3 I=1,N2
3 B(J)=B(J)+A(I,u)=Y(1)
RETURN -
END .

“SUBROUTINE COND(X,XX) :
IMPLICIT REAL*8 (A-H,0- Z),INTEGER(I-N)
* DIMENSION X(30),XX(30)
CONV=(XX(1)-X(1))/XX(1) -
WRITE(6, 1) CONV
*~ + 1 FORMAT (28X,  EQUILIBRIUM CONVERSION OF H2S TO SX AND S02
& (PCT)=', F6.3)
CONV=(XXE1)-X(1)-X(2))/XX(1)
WRITE(B, 2)CONV
"2 FORMAT (28X " EQUILIBRIUM CONVERSION OF
1 H2S TO SX (PCT)=',F6.3)
RETURN
END
SUBROUTINE GSET (A,Y, GA GB Bi.F,P,M,MG,N,C)
IMPLICIT REAL%8(A-H,0-Z], INTEGER {1-N)

g

.
| e—
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JINTEGER P . ; T R -
DIMENSION R(S,5),A(30,30),Y(30),6A(30,30) ,GB(30),8(30),

" &F(30) ,C.(30)

=
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-DO 1 K=1,M oy
DO 1 J=1,K ' ‘ ' .
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JGG=1G+P+1

IGG=1+M+1 K
II1=N+] ~ ;
GA(IG,JG)=A(ll,IG)

GA(IGG dGG)SGA(IG JG) '

DO 9 J=1t, o
JG=J+P+4 s . : A
GA(IG, JG)=R{1G, d)

JG= P?IG+1
IGG=M*1 : .
GA(IG, ) <

SA(I,0)*F(1) @

JGB)+F (1)
13 ~

JGB=M+]+
I1=N+1
GB(uUGB)=C(11)

CONTINUE -

RETURN L o
END '
SUBROUTINE GAUSS (A,
IMPLICIT REAL*8(A-H,
DIMENSION A(30,30),R
M=N- 1

DO 11 d=1,M

R,N,X) :
0-2),IN EGER(I-N)
(30),x(30)

. 5=0.0D0

DO 12 I=J,N N
Us DABS{A(1 Q) —
IF(U-S) T2,1%,112



S112 sdy -
: Ls]
12 CONTINUE
T IF(L- d) 119 19 119

1

1,111,111

-
A

4'58A(L
A L.xiaA(u 1)
14 A(J,I)=S °
S=R(L)
R(L)aR(v)
. R{d)sS
19 IF( DABS(A(J J))-1.D-30) 115,115,15
115 WRITE(6,3)
3 ,'MATRIX SINGULAR')
d))-1.D- 30)
)
) - S*A(I K)
R(I) .
UE .
K=
I=N+1-K -
$=0.0D0
CIF(I-N) 117,17, 117
11? MM=1+1
aj oo 18 J=MM,N
18 S=S#A(IN)*X(d) .
17 x(l)-(RfI)-S) /A(L,1)
RETURN
END

SUBROUTINE NEJE (X.Y
IMPLICIT REAL*8(A-H,
DIMENSION X(30),Y(30
TEST=1.0 DO
DO 1 I=1,N
CIF(NG1(I))
£(X(1)) 3,
3 /SLAM=-0. 99D
IF (SLAM-TES
4 TEST=SLAM
1 CONTINUE
DO 5 I=1

2,2,1-
3,1

O=Y
T)4 11

N
)
+

—— p— —

7,7,5
TEST=
10D 1
0 oo

)
) (

0. 0) 6,6
D

& DU DX
[ R s P |
— g o g
—~——Z
— -0

1(1
7 Y(I

I -
6 0.0

)=1
5 CONTINUE-
RETURN
END

5
0)

z),
NG

NG
I
(

X(I)- Y(I))
) 6,6,5

1)
NTEGER(1I- N)
30)

~

(1 )/(X(I)-Y(I))

>
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S |
suommnm (vcrvmwpnen |
- ImeLicrr [REAL®8(A-H,0-2), INTEGER (1-N)
omnswn Y4301,C(36) NG1(30) ,F{(30).

vm!-o.ooa .
Iy N

o 13&::?&&#(1) o \ o e

I=1 N -
I6(NG1(1}) 3,3,4 . o
m vumcuimt.m(vu)/mm

n |

cz:°u

CONTINUE ‘

2l T e

END '

' SUBROUTINE MOFR® (Y, FRC, N,P)’ ,

JIMPLICIT REAL*8(A-H,0-Z). INTEGER(I-N)

"INTEGER P

DIMENSION Y(30),FRC(30) | )

DEN=0, 000 o

0O 1 I=1,N

DEN=DEN+Y (1)

DO 2 I=1,N

FRC(I)=Y(I)/DEN&

CIF(P) 7,7, . ‘

'DEN=0. 000 : : | ,

DO 3 I=t,P : , . 7

- HIsN+l . .

3 DEN=DEN+Y(II) \ 4 »

D0 4 1=1P o .

II=N+ 'y

8 FRC(IL)=Y(CI11)/DEN O .

7 «CONT INUE , o
SRETURN - g ‘
END .

SUBROUT INE TDEU(FRT T, SLIQ N2)

IMPLICIT REAL*8 (A-H,0-Z), INTEGER(I-N) w
INTEGER P

COMMON /ITDEV/TVP(601 2)

COMMON /TDEWZ/X(30), PRESS

COMMON /FF/PPS

gg¥ggs‘{ﬁggé¢oeu(3o ,51, XDEW(30), YDEW(30) , VP

EXTERNAk. FCT N - -
DIMENSION FRT(30),RO0T(2) -

' oa [\S

[



ccC

30

S ey : ' e . o T ‘c )
SRR 32 ... ﬁi\":“" . Lot ‘
, g o : ' L S - ' : . ’
- N '

& PARTIAL PRESSURE (ATM)
&=’ ,E15,7/20X,’ ACCURACY OF TDEW(e’ ,E15.7, .
&' ERROR CODE=’ ,15) .
ALCULATE TDEW2 (SX EQUILIBRATED)
XI=X(1)+X(2) "
DO 30 I=1,N2
XI=XI+X(1)
DO 170 I=1,30 .
XDEW(1)=0.D0

cf;*;ﬁs_’l.ﬁ!i INDEX OF S SPECIES . W »

. : t : 3 A qp:i . 7 - :. : ’u\‘ s i -
0 L e N e

¢ ', ) # ': . \ A\

! 2 SE . N : ' . "».\
.10, ti)': .4 Co A
o 1,0-8)G0T0 24 3 e

. o o . . " \ \f’:.
9 ! EN. OEW POINT ' o RN
o . bk ‘- ,H,_.'“:" A, ”' ‘“"" ’ ) N

390X, ' PARTIAL PRESSURE (ATMJ»’ ,E15.7) RN
. 24 TINUE : TIRRS
C CALCULATE TDEW! (FROZEN) . . Tl
€PS=0.500 o - : - "\
TEND=100 : =
C CALCULATE INITIAL GUESS FROM VAPOR PRESSURE
20 QUIT=Q o =
DO 31 1vP=1,801 - .
ALPHASTVP (IVP,2) T
IF (PPS-ALPHA)32,33,34 >
- 34 BETAsmALRHA !
QUIT=1 , .
IF(QUIT.EQ.2)GOM 33
QUIT=1 . o
GOTO 31 . o
32 IF(QUIT.EQ.1)GOTO 33 -
IF(QUIT.EQ.2)GOTO 35
QUIT=2
31 CONTINUE
33 XST=TVP(IVP, 1)
GOTO 37
35 WRITE(6,36) : e
36 ggggnl(1x.'ps IS SMALLER THAN AVAILABLE FROM TABLE“)" -
37 CONTINUE -+
2 FORMAT(F15.7) : , :
CALL DRTNI(TDEW1,F,DERF,FCT,XST, EPS,IEND, IER)
IF(IER.EQ.0) GOTO 23 ]
IF(IER.EQ. 1) IEND= IEND#*2
GOTO 20
23 CONTINUE - ,
25 WRITE(6,4)TDEW1,PPS,F, IER 3
4 FORMAT(20X,’ FROZEN DEW POINT(K)=',F6.2, 10X,



140 mw‘ I, 1; 6n.mm+n

1

,mi;zi' . K

. 1=1,7

81

9, 2; 3

READ(2 sps svsz m
mmrlse
NS1GsS
NROOT=1 ) o
1TMAX= 100 ., -

ROOT (1)=TDEW1

CALL ZREAL1(FFCT, EPS,EPS2, ETA,NS1G, NROOT
1 ROOT, ITMAX, IER)

TDEW2=ROOT( 1)

" WRITE(6,5)TDEW2,PPS,VP, IER

5 FORMAT (28X,’DEW POINT (SX EQUILIBRATED)(K)= ,F6.2,
&4X,’ PARTIAL PRESSURE(ATM)=',2E15.7,5X,  IER’ ,13)
22 CONTINUE :
RE TURN
END

SUBROUTINE FFCT(T)
IMPLICIT REAL‘B(A H,0-Z), INTEGER(I-N)

- INTEGER P

COMMON. /FZZ/ADEW(30,5), XDEW(30) , YDEW(30) , VP
COMMON /TDEWZ/X(30)  PRESS
COMMON /FF/PPS ,
DIMENSION CDEW(30),T(2) ,
N=g |

M=2

P=0

TT=T(1)

CALL CDEW2(TT,CDEW) L&

CALL FREM(TT,XDEW, YDEWNN,M,P,CDEW, ADEW)
VP=6.46543D0-7.6353100% (0. 9983D0%(TT-253. 16D0 )
& -6.936946D0% (0.9908234D0%=(TT-253. 1600))
VP={10.D0**VP)/760.D0

XT=0.D0 S

" DO 150 I=1,8

150

21

XT=XT+XDEW(1)
X1=XDEW(9)
'ppsspRESS*XT/(XT+XI)

WRITE(8,21)PPS,VP,TT, ITER, (XDEN(IITR) 11TR=1,9)
FORMAT (1X,’ PS;VP,TDEW2, IER=' , 3E15.7, 15/1X, R
1 XDEW=' ,9E15.7)

FZzPPS-VP

RETURN

184



o

END L -

SUBROUTINE FCT(X,F,DERF)
IMPLICIT REAL»8 (A-M,0-Z)INTEGER(I-N)

COMMON /FF/PPS |
Fe§,46543D0-7. 8359100+ (0.998300** (X-253. 1600) )
& -6.938048D0« (0. 9908234D0«= (X-253. 1800) )
Fs{10.D0*sF)/760.00-PPS :

DERFsDLOG( 10.D0) = (F+PPS)e(-7.63591D0+(0.9983D0%+

§(X-253.16D0) ) »DLOG
RETUR
END .

SUBROUTINE CDEW2(T,CDEW)

IMPLICIT REAL*8(A-H,0-Z), INTEGER(I-N)

¢ /MCDEW/SHTFN{30),5298(30),ACP (30),
aacp; 0),CCP(30),0CP(30)
&, ECP(30]

0. 3400) )

.AACP(30).BBCP(30).CCFP(BO);DDCP(30).EECP(30)

COMMON /TDEWZ/X(30),PRESS
COMMON /NTOT/N

C CPaA+BT+CT#%24DT#s3+ET#=%-2 '

O OO0OO0O0O

Cc .

HTzA(T-TO)+B/2(T##2-T0*#2)+C/3(T*3-T0#*3)
+D/4(Tx4-W0eed)-E(1/T-1/T0)

4

ST=ALN(T/TO)+B(T-T0)+C/2(T#*2-T0*#2)+D/3(T**3-T0%=3)

-E/2(1/T7/1-1/70/70)
C=(SHTFN+HT)/RT-(ST+S5298) /T :

DIMENSION ENTHY(30),ENTRY(30),C(30),CDEW(30) .

CALULATION OF C
R=1.98871800 .- .
TR=298. 16D0 ’
IF(T.LE.1.D3)GOTO 10

20 DO 30 I=1,N.

ACP(1)=AACP (1)
BCP(I)=BBCP(I)
CCP(1)=CCCP(I)
DCP(I)SDDCP{%%

30 ECP(I)=EECP
10 DO 40 Is1 N

ENTHY(I)sACP(I)*(T-TR)
&+BCP(I1)/2.D0#(T*T-TR*TR)
&+CCP(1)/3.D0*(T*=3-TR*#3)
&+DCP(1)/4.00%(T*=4-TRwn4)
&-ECP(I1)=(1.D0/7-1.DO/TR)

ENTRY (1)=5298(1)+ACP (1)*DLOG(T/TR)
&+BCP(1)#*(T-TR)+CCP(1)/2.D0* . PR
&(T*T-TR*TR)*DCP(I)/3.DO*([;*3-TR*
&(1.00/T/T-1.D0/TR/TR) , oy

WRITE(6, 1)SHTFN(I) ,ENTHY(I),ENT@H®
1 FORMAT (1X,’ SHTFN,ENTHY ,ENTRY, TDEW2=:™

40 CONTINUE

00O 50 I=1,N ‘
FRT=(SHTFN(I)+ENTHY (1) )/ (R=T)-ENTRY(1)/T

50 C(I)=FRT+DLOG(PRESS)"

.

a(x-ggi;msno))-oLoeto.gggggo)-s. 3894600+ (0.9908234D0»+



C CALCULATE CDEW f
DO 80 Is=1,8
80 COEW(I)sC{1+2)
XIsx{1)+X(2)
| coegéo)-x 1)eC(1)+X(2)=L(2)
c oW Is11 N

XIBI}QXll),
70 coew {nCDEV(Q)*X(I)*C(I)
. CDEW(9)=CDEW(9)/XI ‘ ‘
¢ rxnu.zucoum) 11=1,8).
. 2%QMMAT(1X,’ CDEW=’ ,9F13.5]
RETURN |
END

SUBROUT I NE FREM(T,XDEW, YDEW,N,M,P,C,ADEW) \
C THIS SUBROUTINE IS USED 'TO CALCULATE THE MIN OF G
C FOR THE SULFUR DEWPOINT IN H2S/S02 ONLY
IMPLICIT REAL=8 (A-H,0-Z),INTEGER(I-N)
INTEGER P
LOGICAL L,L1,L2 =
DIMENSION XDEU(SOk.GA(ao.BO).GB(30).ADEV(30;5).
1F(30),SNAM(30,5) :
1,YDEU(30).B(30).FRC(30).NGl(BO) ,GX(30),C(30)
N2=N+P
L1=.TRUE.
L2=.FALSE.
SLIQ=0.D0
ISTORE=0 | b
I1S2N2+1 : ) '
DO I=1S,30
1 XDEWTI1)=0.D0
DO 12 I=1,N2
NG1(1)=0 )
12 CONTINUE
JBl=2 e
D0 35 uB=1, JBI :
DO 14 ITER=1,200
ISTORE=ISTORE+1
CALL DISTR1(XDEW, YDEW,B,N2,M, ADEW)
CALL FREN (YDEW,C,F,YBAR,N,P,NG1)
MGzM+P+ 1 .
CALL GSET (ADEU,YDEV,GA.GB.B.F,P,M,MG.N,C)
CALL GAUSS(GA,GB,MG,GX)
IF(P)15,15, 16
16 DO 17 1=1,P .
II=]+1
IC=N+]
17 XDEW(IC)=GX(II)
15 CONT INUE

DO 18 I=1,N
IF(NG1(I)) 19,19, 18
19 XDEU(I)=-YDEH(I)'((C(I)+DLOG(YDEH(I)/YBﬁR))—GX(1))
DO 21 dJd=1,M
IG=P+J+1

21 XDEV(I)=XDEU(I)+GX(IG)*KDEN(I,d)*YDEU(I)

186
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.\
18 CONTINUE ‘
. CALL NEZE (XDEW, YDEW,N2,NG1) v
QUIT=1, DO >
D0 22 =t N

2
. 1E(NG1(1)) 23,23,22 X
23 TEST-(XDEH(I)-YDSV(I))/XDEU(I)
IF(DABS(TEST)-EPS) 22,22,24
24 QUIT=-1, DO &
22 CONTINUE
- IF(QUIT) 25,25,28 : ,
25 DO 27 1s1,N2 , ¢
27 YDEW(!1)sXDEW(1) . :
14 CONTINUE ’
26 DO 32 I=1,N2
NG1(1)=0
-34 YDEW(I)=XDEW(]) N
-GO 70 32
33 YDEW(1)=0.000001
32 CONTINUE |, —
35 CONTINUE :
DO 715 11=1,N2 . / . -
715 XDEW(I1I)=aYDEW(II)
RETURN -
END : ’
SUBROUT INE SCOND(X.T,PRESS,L.LI,N,P;SNAM,SLIQ)
IMPLICIT REAL*B(A-H.O-Z).INIEGER(I-N)
INTEGER P - : [ §
LOGICAL L,L1 .
DIMENSION !(30),RAT10(8).SNAM(30.5).FRC(30l
C DATA FOR LIQUID PHASE
IF(.NOT.L1) GOTO 90 > ‘
Li=_FALSE.’ i . ‘.
KKK=N+P+1 -
. READ(1,1) (SNAM(KKK,1),1=1,5)
1 FORMAT(1X,A3,4A4) . ‘
C TEST FOR POSSIBLE CONDENSATION ‘
90 XLOGVP:6.46543DO-7.6359100*((0.9983003*(T-253.1600)))
§-6.936946D0+(0.9908=*(T-253.1600) ) o o ‘
VP=10.D0*==XLOGVP
VP=VP/760.D0

1

YS=0.D0 .
DO 10 I=1,N !

10 FRC(1)=0.D0 - - .
STEST=X(1)+X(2)+2.#X(3)+3.%X(4)+4.%X(5) -

&+5.#X(6)+6.%X(7)+7,=X(8)
&+8.%X(9)+X(10)+SLIQ
DO 20 I=3,9 '
20 YS=YS+FRC(1I)
PPS=YS*PRESS
IF(DABS(PPS-VP)-1.D-4)30,30, 100
100 IF(PPS-VP)80, 30,40
30 L=.TRUE.



’

§ \\'
o

& 1]

RETURN |
ue‘suo.m. 1,0-8) GOTO 40 !

C DISTRIBUTIONOF SULFUR IN THE GAS PHASE

40

50

C NEW COMPOSITION O

60

70

&+6.2X(7)+7.+X(8)
§+8.+X(9)+X(10)+

99

110

C THIS SUBRBUTINE

. RAT!OCI)‘X(11)4

g- .PALSE.
1GRA=0.00
SUM=0.D0
.D8L1Q=0.00
“D0 80 1+2,8
[in]et

X(9)
SIGRA=SIGRA+RATION])
F SULFUR SPECEES
00 60 I=10,N
SUI-SUUOX(I)
SUMsSUM+X(1)+X(2) 7
SBIEUIVP/PRESS*SUI/SIGRA/(1 -VP/PRESS) "
DO 70 Is339
Ils]-1
DSLIQ=DSLIQ+(I~1)=(
X(1)sSBNEWSRATIO(II

SLIQ=SLIQ+DSL! -
STEST=X(1)+X(2]+2, =X(3)+3.%X(4)+4 +X(5)+5.»X(6)

?(I)-SBNEI'RATIO(II))

IF(SLIQ.GE.Q .
S=-SL1Q/8. é
IF(S.GY.X(9) )WRITE(6,99)

IF(S.GT.X(9))STOP

FORMAT(1X,’MODIFY SCOND FOR SLIQ')
IF(S.LE.X(9))X(9)#X(9)-S

SLI1Q=0.D0

RETURN

END

’
X,N2,N/P,XX,SL1Q,Y,L2)
USED TO CALCULATE CONVERSION

SUBROUTINE SREM(

C FROM TOTAL CONVERSION BACK

110

100

IMPLICIT REAL*8(A-H,0-Z),INTEGER(I-N) -
LOGICAL L2
INTEGER P
DIMENSION X(30),XX(30),Y(30) X
IF(NS.LE.10) SREMD=XX (1} =DFLOAT (NS- 1)/10.D0
IF(NS.LE.10)GOTO 110
SREMD=XX(1)*(0.005D0*(NS-10)+0. .90500)
(?RSMBOLE SLIQ)GOTO 200

=XX(1)/8.00- SREHD/B 0o
J=XX{1)+XX(11)

E INERT SPECIES IF REQUIRED
)

—m e O~~~

X(14)

H W
>
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7]

‘o~¢|--n--i--n¢- |
’ 00 ' ’ o
';?ﬁl 2000. ‘

mv.:

g Afui'c sumr | °
8.84,0. 28, g..0..- 7sooo..3‘zoo 5. 4

'3"‘“:3:: - 3 b

..o "." °o |.m
0 17‘0-’ 0.,-70047.

.

,“0’.
.50.3,

rnxarouxc LF 0 .

12 .854,0 00t04 0.,-185400.,33810.,84.39
12.854,0.00104.0. .0, -155400 ,33810..64.39.
reraaiouxcosULrui o o

0.
-282000.,34810.,74.22,
82000.,34810.,74.22,

19.092,0.00078 .0.
19.092,0.000783,0.,

PENTATUIIC SULFUR' g .0 0 )
25 558,0. ooozss 0.,-377100.,26140.,73.74,
25.558,0.000253,0.,0.,-377100.,26140.,73.74.

NEXATOMIC SULFUR’ 0.0

0. 0.
31.58 0.00012,0 , ~440000. 24360 ,84.6,
31.58,0.00012,0. 0 -440000.,24360.,84.86,
?EPTATOHICOSULFUR 0.0 0 0.

37.038,0.000813,0. , -472300. 27170, 97 41,
37.038,0.000613,0. -472300.,27170.,97. 41,
OCTATOMIC SULFUR

.o
8. 0. 0. 0.
42'67,0. 00086, 0. o -511000.,24320.,102.76,
42.67,0.000886,0 -511000.,24320.,102.76,
0.
-3,0
-3,0

uowAronxc SULFUR 0. o .
3892077D4.66680.

O

5. 523448 0.3125724D- 0,0.

5.523448,-0.3125724D- 0,0.3892077D4,66680. ,
0.

NATER VAPOR
1.

2. 0.
8. 12 -0.200-2,0.660-5,-0.30-8,0.,-57797.9, 45. 106
7.14,0.21D-2,0. 98D-6,-0.4D-9, 0.,-57787. 9,45 106,

0
0,0.
0.0.0.
0.0

NI1TROGEN 5565 728 N
6.899,-0.35970-3,0.19D-5,-0.6690-9,0.,0.,45.77,
6.899,-0.3597D-3,0.19D-5,-0.6690-9.0..0..45.77
“OXYGEN 1479.5 )

2. 0. 0.
6.424,0.2287D-2,-0.31240-8,-0.1090-9,0.,0. .49. ,
6.424,0.2287D-2,-0.3124D-6.-0.1090-9.0. 0. 49 "

CARBON DIOXIDE 739.75

0.
L Y
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APPENDIX 8 Computer w for Determination of Equikbrium Constant
TN".MX containg thopcl'og'mqud in.dl'iq:tor 5. |
us o .

mwowmu‘;smmmnommwdwlmformx,'vs 1T.
Outpmfromﬂisproyunismdndmforﬁgal
ND : number of dsta points
BP : temperature K), the independent vaiuve
RT : equilibrium constant valus, the dependent vaiue
Output : '
RT : In K, the dependent vaiue
BP:'VT,th.hdopmﬂmtvduo
D : the diffarence in calculated and input value for In K,
D2 : the square of the difference in caiculated and the input value
AO ; the intercept ._ )
A1 the siope of the fitted straight line

s



,_dubgauu»-‘

10

20

11

21

36

DIMENSION BP(21) RT(21) D(21),D2(21)

FORMAT(312)
FORI‘T(214)
FDRIAT(

: "AD=’ ,4X,E15.7,/,"
BPII),I=1, ND)
ND
P

CONT INUE

READ(8,5) (RT(I),I=1,ND)

DO 20 I=1 ND

RT(I)=ALOG(RT(I))

CONTINUE

BP2=0.

BP1=0. ' -
BPRT=0.
RTY1=0.

DO 11 I=1,ND
BP1=BP1+BP (1
BP2=BP2+BP (] )=
BPRT=BPRT+BP
RTY1=RTY 1+RT
CONTINUE
CC=ND=BP2-BP 1»BP1
AO=(RTY1*BP2-BP1*BPRT)/CC
A1=(ND=BPRT-BP1*RTY1)/CC

DO 21 I=1,ND

D(I)=RT(I]-AO- A1*BP(I)
D2(1)=D(1)=D(1)

CONTINUE ’

WRITE(6,2)

DO 36 I=1,ND

WRITE(SG, 4)RT(I) BP(I),D(1),D2(1)
CONTINUE

WRITE(6,6)A0,A1

STOP

END

)

}*BP (1)
(I)*RT(I)
(1)

xéanr'.1ox.'aé'.9x,'o'

Als’

, 98X, 02" )
»4X,E15.7)

193
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Conv

194

This program computes the. oqulibrm conversion for esch data from the

equilibrium constant and suifur average stomic number. Output from this-program is used

as deta for Fig 38.

Notatiort

input :

T =stemperatire (*C)

N =number of data point

XK Hequilibrium constant

XST = erved equilibrium colnvcrsion
OH2S = inifial concentration of H2S
0502 = initial concentration of SO2
OH20 = initisl concentratign of H20
Pl = total pressure in mbar

XNU = sulfur average stomic number
Output

X = caiculated equilibrium conversion

Y

F - =the difforoncé between calculsted and observed equilibrium conversion

PS = calculsted sulfur partisl pressure

P

/
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EXTERNAL FCT .

COMMON XK.SX,TOTM,PS.OH2S.0$02.0H20.PI.XNU
FORMAT(8F10.5)

FORMAT(15,F15.7)
FORMAT(1X,7E14.8.I3.2E14.6) =
FORMAT(IX,’OH20’.10X,’0$02’,10X.’0H20’,
&10X,'PI',12X,' X', 13X,
&’F’.13X,‘XST'.11X,'IER’.2X,’XNU’,11X.'PS')
FORMAT (45X,’ T=' ,13,/C’)

READ(5,2)1IT ‘

~—

,OH20,0802,0H20,P1, XNU
0.986923

(X,F,DERF,FCT,XST,EPS, IEND, IER)
WRITE(6,3)0H20,0502,0H20,P1,X,F,XST, IER, XNU, PS
CONTINUE
STOP
END

SUBROWPINE FCT(X,F,DERF)

COMMON XK, SX,TOTM, PS,0H2S,0S02,0H20, P1, XNU
H25=0H2S*(1.-X) |

S02=0S02-0H2S+X/2.

S=0H2S*X*1,5/XNU

H2030H20+0H2S$* X

TOTM=100.+S-0H2S*X/2.

EXP=1.-3./XNU

PS=S/TOTM*PI*760.
Fz(S*=(3,/XNU)*H20%H20/H2S/H2S/S02
&*((TOTM/PI)»=EXP))-XK
DU1DX=4.5+0H2S/XNU/XNU* (S** (3. /XNU-1. ) ) *H20%H20
&+S** (3, /XNU)*2. *H20+0H2S
DV1DX=-2.%0H2S#0H2S* (1. -X) = (0S02+0H2S%(0.25-0. 75%X) )
Ul=(S==(3,/XNU) ) *H20*H20 |
V1=H2$*H25%502
DUDX=DU1DX/V1-U1/V1/V1+DV1DX

U= (S*=(3./XNU) ) *H20%H20/H2S/H25/502
V=(TOTM/PI)== (1, -3 _/XNU)
DVDX=(1.-3./XNU)»(TOTM/P1)%=(-3./XNU)
&*((-0H2S5/2.+1,5+0H2S/XNU)/P1)

DERF =DUDX#*V+U*DVDX

RETURN ,

END
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Notation
ot B

. X0 = initisl valus Of sulfur avarage stomic number
DELTA = step of sulfur average stomic number
OH2S” = initial mole number of H2§
0S02 = initisl mole number of SO2
OH20 =WthofHéO

R
A\ =toulprmcnmbar
XK = pquilibrium constant



)
+0802(10) ,0420(10),PI(

DIMENSION X0( 10 ;DELTA(lo) LOH2S(10),
1
+XN2(10) ,H2S (1 10, '$82(10) s(10) H20(1 ).

+SI1GM(10},XK (10

XNUs§, ‘
DO 2 II=1,10 , |
READ(5,101) XO(I1I),DELTA(L])
 READ(S’ 101)0H25(115.0502(II).DH20(11) PI(11)
101 FORMAT (4F15.7) |
XN2(II)!100 ~0H2S(I1)- 9885311) -0H20(11)

PI(II)tPI(II)‘O 986823/ 1

., WRITE(8, 103)

103 FORMAT (4K, X' , 14X, K’ )

DO 1 I=1,10 |

XsXO(11)+DELTA(RM )»1
IF(OH2S(11).LTH.*0S02(11)) GOTO 10
H2S(11)x0H2S(I])=(1.-X)
S02(11)=0S02(11)-0H2S(11)xs2.
S(I1)=0H2S(11)eX*1.5/XNU
H20(11)=0K20(11)+0H2S (11)#X

GO TO 11
10 S(II)=QS02(.I1)=X=3./XNU
~ H20(I1T=0H20(11)+0S02(11)eX%2.
SO2(11)=0S02(11)=(1.-X) L
H2S(L1)=0H2S(11)- 0502(11)*xa2. .
11 SIGI(II)=H25(11)+SO2(II)+S(I1)*H20(II)+XN2(II)
- EXP=1,-3./XNU -
XK(I1)=H20(I1)=H20(I1I)*(S(I1)*(3./XNU))/S02(11)
1/H2S(11)/H2S(11)=(SIGM (11)-exp)/(p1(11)w~sxp)
1 WRITE(6,100)X,XK(11)
100 FORMAT(2X,F6.2,5X,F12.4)
2 CONTINUE
STOP

END

197
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@ Pitting

. ‘ tted 1o the Biot equetion using
mmmwumm fitting of vapor pressure
deta. The resulting vapor pressure equation is ‘ ‘
log vpimm Hg) = 6.46543 - 7m1mm'.ma.'
? ' —mm-m.u

Toww&mﬁm.muicrmmunuwdwdﬁwmﬁomm

cooffidmglvmbywm&mm aam-ﬂmmwuwrm-ntormm
~..Vapor curve and compered to West & Menzies' data Table C.1 is the result of program.

TrnfMofthiqu:orprwomﬁonmshownhFigCI 4

Table C.1
» . Result of Sulfur Vapor Fitting
Em'emm VAPOR PRESSURE ~ VAPOR PRESSURE
x . ’ MM HG) (ATM)
400.00 0.0532 - 0.0000700
410.00 ' 0.0864 : 0.0001268
42000 o.1e8s - . 0.0002217
430.00 0.2880 0.00037%0
440.00 0.4676 0.0006152
450.00 0.7460 0.00098 15
48000 1.1598 0.0015261
470.00 1.7609 0.0023170
480.00 26156 0.0034416
500.00 54393 0.007 1570
510.00 | 7.8375 0.0100493
520.0 10.5538 0.0138863
540.00 19.2945 0.0253875%
550.00 25,5808 00336590
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