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PART I
ABSTRACT

An experimental investigation of the reaction of HZS with
SO2 in the presence of a commercial bauxite catalyst (Porocel) was con-
ducted in a stainless steel recycle reactor operated at steady-state
flow and thermal conditions. Reactor feed and product compositions,
measured by a process gas chromatograph, and the total volumetric feedv
rate enabled the calculation of a reactor material balance from which
the isothermal reaction rate could be determined.

A series of 80 experiments, performed at four different
temperatures between 208 and 287?C and at varying partial pressures
of HZS’ SO2 and HZO’ was conducted to provide data in the region of
industrial interest. Mechanistic rate equations fitted the data vell,
although no attempt was made to discriminate between rival models.

Several characteristics of the reaction were revealed. The
activation energy for the forvard reaction was 7589 + 451 calories and
the order was 0.828 + ©.0952 and 0.467 + 0.111 with respect to H,S and
502, respectively. The error terms represent the 95% confidence limits
of the estimates. The reaction takes place predominantly on the outer
surface of the catalyst. Film diffusion did not limit the reaction
rate in the experimental equipment and theoretical calculations suggested
that the same is true for most cormercial sulfur plant reactors. Hater

vapor displayed a barely perceivable autocatalytic effect on the re-
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action at very low partial pressures and a marked retardation effect at
high partial pressures. This effect, the magnitude of the activation
energy, and the goodness of fit of a Freundlich-based rate expression
supports the view of others that the reacting species were hydrogen
bonded to surface hydroxyl groups.

Commercial sulfur recovery processes were reviewed and the
thermodynamics of several sulfur plant reactions were analyzed using
the free energy minimization technique. A different sulfur recovery
strategy which incorporates the features of the Modified Claus and

Townsend processes has been recommended for improved sulfur recovery.

PART II

Following Part I of this thesis, the research equipment used
to study the kinetics of the reaction of HZS with SO2 was interfaced
to an IBM Data Acquisition and Control System. Part II of this thesis
describes the interface between the laboratory reactor and the computer,
and the programs and operating procedures which were developed for on-
line data acquisition and reduction.

As a rule, the research equipment was not operated in the on-
line mode for the kinetic study primarily because reliable gas chromato-
graph monitoring software for the computer had not been fully developed
by the time the kinetic study was completed. However, a fully documented
example of an online kinetic run is presented which made use of a temporary

6.C. monitoring scheme devised for this purpose, but which was intolerably
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inaccurate for the procurement of precise kinetic data.

At the termination of this research program, the development
of an improved gas chromatograph monitoring software system by the
personnel of the Data Acquisition, Control and Simulation Centre was

underway.
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PART I
KINETIC MEASUREMENTS



CHAPTER 1
- INTRODUCTION

1.1 Background
For more than a century it has been known that HZS reacts
with SO2 according to the equation

— 3
ZHZS + SO2 - 2H20 + ;-Sx . (1.1)

This work describes a study of the kinetics of this reactfon over a
commercial bauxite catalyst known as Porocel. The reaction has become

of great importance for the recovery of sulfur from refinery and sour
gases and it is surprising how little fundamental work has been published
about the nature of the reaction.

A major source of sulfur in Canada is hydrogen sulfide which
occurs in abundance in natural gas in Alberta and in acid-gas streams
found in many petroleum refineries. Numerous recovery schemes exist
and are described in the literature review but the modified Claus process,
which involves reacting HZS with-SO2 over bauxite catalyst, is most com-
monly used. The overall reaction which takes place in the recovery of

elemental sulfur from HZS is

3 — 3
3H25+'2'02— 3”20 ’;SX (].2)




Since the reaction is highly exothermic (aH = - 145 to - 173 kcal), the
modified Claus process is designed to cope with it in two stages to re-
duce reactor costs and increase conversion [47]. These stages are

(i) free flame combustion:

3 _
HZS + 7-02 -—-HZO + SO2 (1.3)

A = - 124.3 kcal, T = 250°C, P = latm

and,
(ii) catalytic oxidation:

3

2H,S + SO 0+ ;-Sx . (1.1)

2

M = - 14.7 kcal, T = 250°C, P = latm.

Over 80% of the total heat release occurs in the first stage. The
second stage occurs in catalytic converters which are vital to obtain-
ing high yields of sulfur.

In view of the need for increased natural gas sweetening
facilities, for improved air pollution control in refineries, and the
crowing world demand for sulfur, an investigation of the oxidation of
H,S with SO

2 o over commercial bauxite catalyst was initiated at the

University of Alberta in 1964 by Cormode [15].



1.2 Previous Work on the Catalytic Reaction of HZS with SO2

A detailed review of earlier investigations of the catalytic
reaction, hereafter referred to as the Claus reaction, is given in
Section 2.2.2 of the literature survey. Many investigators have studied
the Claus reaction more or less qualitatively, but their results were
misleading because they permitted water to condense in the reaction
system. The reaction of HZS and SO2 in the presence of water was commonly
used as a lecture-room demonstration as early as 1812 [101].

The Claus reaction kinetic data which Cormode [15] measured
in a recycle flow reactor packed with Porocel catalyst have been com-
pared to the results of the work reported herein in Chapter VI. Other
results which are discussed include those of Gamson and Elkins [35] who
have obtained a limited amount of space time vs. conversion data for
one feed composition which was fed to a fixed bed integral reactor.
Gamson and Elkins also studied the thermodynamics of the reaction.
Hammar [44] also studied the Claus reaction in an integral fixed-bed
reactor over a cobalt-molybdenum-alumina catalyst, in a 1:1:10 ratio,
respectively.

The surface chemistry of Y-alumina, the catalytically active
constituent of bauxite for the Claus reaction [22], has also been dis-

cussed in the literature review.

1.3 Approach and Extent of Present Work

Rate studies on the reaction of HZS and SO2 over a bauxite

catalyst were performed in a recycle flow reactor in preference to dif-



ferential or integral flow reactors. The use of a differential bed
flow reactor requires very precise feed and product stream analyses to
obtain reliable rate measurements since only a small change in com-
position occurs across the differential bed. Difficulties in formu-
lating synthetic feed mixtures containing sul fur vapor would be anti-
cipated. A differential reactor offers the advantage that nearly
jsothermal rate data can be obtained since only a small temperature
rise takes place across the catalyst bed for exothermic reactions. The
use of an integral reactor avoids the synthetic feed mixture problem
and thus the requirement of high analytical precision however, the
experimental rate data so obtained are unlikely to be isothermal for a
reaction as highly exothermic as the Claus reaction. The recycle reactor
consists of a catalyst bed through which a large portion of the product
stream is recycled after mixing with the incoming fresh feed. Because
of the considerably reduced conversion obtained per pass, the perfor-
mance of the recycle reactor approximates that of a differential reactor
and isothermal data can be more easily measured. Because of the large
number of passes (recycle to feed flow ratio is roughly 20:1), the
overall conversion across the reactor provides large changes between
the composition of the feed and that of the product stream.

The experimental program described in Section 6.1 was designed
to reflect the operating conditions encountered in the catalytic stage
of commercial modified Claus sulfur plants. The region of HZS’ SO2 and

HZO partial pressures and the temperature range which were investigated



are compared to plant conditions in Table 1.1. A sulfur plant with
100% HZS acid gas composition and 50% conversion of HZS to sulfur in

the waste heat boiler was used as a basis for comparison. The temper-
ature range for commercial plants is shown in Figure 3.2, an equilibrium
plot of percent conversion of HZS to sulfur vapor versus temperature,

on which Gamson and Elkins [35] indicate the region for the catalytic

reaction.

Table 1.1

Comparison of Experimental Program with a Sulfur Plant

Experimental Commercial Sulfur Plant (latm)

Program 1st Converter 95% Conversion
H,S pressure (mmHg) 12-62 83 8.8
S0, pressure (mmHg) 10-45 41.5 4.4
H20 pressure (mmHg) nil-120 116. 250.
Temperature (°K) 481-560 460-600

The range of operating conditions in the experimental program
represents the plant operation well except for the water vapor partial
pressures. A higher water vapor pressure was not studied because it
was anticipated that high steam content would damage the recycle pump,

a sliding-vane compressor which depended upon the lubricating quality
of graphite for smooth operation. Considerable "vane-chatter" prevailed
when the water vapor pressure was raised to 150 mm Hg.

Film and pore diffusion effects have been considered both 1n



theory and experimentally in this program. A brief discussion of the
theory in Section 2.4 and application of it in Appendix D suggests that
the reaction is not limited by bulk mass transfer and that the Claus
reaction takes place predominantly on the external surface of the bauxite
catalyst.

Since the incentive for carrying out this research project
has been to contribute information which will improve sulfur plant
reactor design and operations, and thus help to reduce 502 emissions
to the atmosphere from sulfur plants, the other reactions which can
take place in modified Claus plants have also been reviewed. This re-
view emphasizes the scope of chemical technology which must be examined

to upgrade sulfur plant design and operation.



CHAPTER 11
LITERATURE REVIEW AND THEORY

2.1 Industrial Sulfur Plant Technology

2.1.1 Sulfur Recovery Processes

A numSer of processes exist for recovery of sulfur from manu-
factured or natural gases cdntaining hydrogen sulfide. The majority of
these schemes fall in one of four categories:

(i) dry bed-catalytic conversion

(ii) dry bed adsorption-catalytic conversion
(iii) 1liquid media absorption-air oxidation, and
(iv) 1liquid media absorption-direct conversion.

Dry bed adsorption-catalytic conversion is used in the Haines
process [42]. Hydrogen sulfide from a sour gas is adsorbed on a bed
of zeolites until the bed is saturated with HZS' The bed is then re-
generated with hot sulfur dioxide, obtained from burning part of the
sulfur product in air, which reacts with adsorbed hydrogen sulfide to
produce sulfur vapor. The effluent vapor is condensed and stored as
liquid sulfur.

Liquid media absorption-air oxidation is usually best suited
for gases containing 1-1000 grains of HZS per 100 standard cubic feet
of gas [92]. The Thylox and Perox processes [57] are typical examples
of this recovery scheme. Absorption of HZS occurs in a‘slightly alkaline
solution containing oxygen carriers which oxidize the HZS to sulfur.

The solution is generated with air which also acts as a flotation agent



for suspended sulfur in the liquid. Arsenic-activated potassium car-
bonate, sodium arsenate or thioarsenate, and aqueous ammonia in hydro-
quinone are commonly used tiquid media.

The Townsend process {103] is an example of the liquid media
absorption-direct conversion category. Here, an aqueous Soz-rich
organic solvent such as triethylene glycol contacts the sour gas and
simultaneously sweetens and dehydrates the gas and converts the absorbed
HZS to sulfur. Sulfur product is burned to SO2 which is absorbed by the
glycol prior to contacting HZS' It is theorized that the water present
in the glycol catalyzes the reaction.

Dry bed catalytic conversion, the principal concern of this
thesis, first became a commercial process for the recovery of sulfur
from HZS produced in coke ovens between 1883 and 1887 [12]. In the
1940's large-scale processing of sour gas and effective sulfur recovery
commenced with the operation of the gas processing units at McKamie,
Arkansas by the Arkansas Fuel 0i1 Company [28].

In gas processing terminology, sour is a term which is used
to describe gases containing appreciable quantities of HZS and/or C02.
For natural gas, strict residue gas specifications require that HZS and
CO2 be almost completely removed. Two absorbents are commonly used in
industrial practice: monoethanolamine (MEA) and diethanolamine (DEA).

A correctly designed MEA system will produce a residue gas containing
less than 0.1 grain of HZS per 100 cu. ft. High molecular weight hydro-
carbons also tend to absorb into MEA and for refinery gases containing

high percentages of these heavy hydrocarbons, DEA was found to be an



effective HZS absorbent [28]. Dimethyl formamide is another success-
ful absorbent used for removing HZS from 1ight hydrocarbon streams.

The two gaseous offstreams from the absorption unit are
called the sweet gas stream, which exits from the absorber, and the
acid gas stream, which leaves the absorbent regenerator. The latter
stream flows to the sulfur recovery unit and may contain from two to
one hundred percent HZS if the plant is based on the Claus process.

When designing a dry bed catalytic conversion type of sulfur
recovery unit, three distinctly different types of processes are avail-
able: the once-through process, the split-stream process and the direct
oxidation unit. Figure 2.1 schematically describes the flow in each
type of plant. There are many variations of flow schemes within each
type of plant however, they will not be dealt with here.

The straight-through and split-flow processes both involve
burning one-third of the acid gas stream with air to produce the SO2
necessary for the Claus reaction. The free flame combustion and catalytic
conversion stages of the modified Claus process were described in the
Introduction. The direct oxidation process invoives reacting the HZS
with the oxygen in air over catalyst, as indicated by the following
reaction,

2

2HpS + 0y + = 2,0+ TS . (2.1)

No burning of HZS takes place in this type of plant.
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FIGURE 2.1: DRY BED CATALYTIC CONVERS ION SULFUR PLANTS(29)
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Design of sulfur plants is discussed in numerous papers [35,
39,82,84,105] and the literature describing sulfur plant operations is
also quite prolific [2,11,41,84,106]. Table 2.1 indicates the primary
guidelines for selecting one of the three sulfur plant flow schemes
depicted in Figure 2.1.

The level of HZS content in the acid gas exerts the strongest
influence on plant selection. Flame stability in these plants is af-
fected by the HZS concentration. At low levels of HZS in the acid gas,
it is not possible to maintain adiabatic HZS combustion hence, the
direct oxidation process is employed. The 2/3 by-pass or split flow
is used at intermediate HZS levels since only 1/3 of the acid gas is
ever burned. Since there is no sensible heat loss to thé remaining
2/3 of the stream, flame stability is enhanced. High concentration
HZS acid gas streams experience relatively few problems maintaining

effective combustion.

Table 2.1

Sulfur Plant Selection Criteria

Straight Split Direct
Physical Constraint Through Flow Oxidation
Acid gas composition 50-100% 15-50% 2-15%

H,S H,S H,S
2 2 2

High HC content Least Acceptable Acceptable
in acid gas acceptable
Necessary efficiency > 93-95% > 87-93% > 80-85%
of sulfur recovery
Heat recovery Highest Moderate Lowest

efficiency
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High acid gas hydrocarbon content, say 2 to 5%, causes the
formation of COS and CS2 in the burner zone of these plants [97]. Since
they are very difficult to remove, it therefore is desirable to by-pass
2/3 of the acid gas to minimize the formation of these two compounds.
Substantial amounts of soot are also formed in the burning process if
hydrocarbons are present [10] which causes catalyst fouling. Pan-
American [28,40,41] indicates that saturated hydrocarbons can bé dealt
with in their process, but unsaturated hydrocarbons adversely affect

the direct oxidation process and only traces can be tolerated.

2.1.2 Claus Type Sulfur Plant Design and Operation

The conventional Claus type sulfur plant involves a series of
conversion and condensation steps. In designing sulfur plants, industry
attempts to reach an economic balance between capital investment and
sulfur recovery subject to reasonable.air pollution constraints.

A.R. Valdes has formulated the problem of how to design the
waste heat boiler and used a computer program to solve it [106]. Al-
though heat transfer mechanisms have been rigorously formulated and in-
corporated into the solution, Valdes assumes that gas composition is
known and invariant from the burner end of the firetube to the outlet
of the boiler. The equilibria between HZS’ 502’ H20 and the various
sulfur species are highly temperature-dependent and the associated
heats of reaction are considerable [35]. Therefore, it would be most
desirable if this assumption could be eliminated by assuming that equili-

brium composition exists at the temperatures encountered as the gases
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pass through the boiler. The heat balance could then be adjusted as
the equilibrium shifts.

Opekar and Goar [82) have proposed and developed a computer
program which optimizes sulfur plant design. They assume that hydro-
carbons are completely oxidized to CO2 and water, which is not strictly
true. Side reactions occur in waste heat boilers to produce appreci-
able quantities of COS and CS2 from CO2 and hydrocarbons. These con-
stituents contribute roughly one third of the sulfur losses emitted
from sulfur plants {10].

The literature appears to be generally scanty with regard to
firetube boiler design, with the objective of minimizing COS, 052 and
soot formation, indicating a lack of fundamental research on flame
technology. |

The literature on the actual design of catalytic converters
is also sparse. Opekar and Goar [82] used the Gamson and Elkins method
[35] for calculating adiabatic converter equilibrium conversions used
in material and energy balance calculations. No information is given on
how the converter size or geometry were selected.

Valdes [105] considers the optimum operating temperature for
catalytic converters to be 475°F. Below this temperature, the rate of
reaction of HZS and SO2 will limit conversion and above 475°F, the
equilibria of the system will limit the conversion. No reference is
made in his article to the source of the statement regarding kinetics

however, at temperatures below 475°F, sulfur will condense, poisoning
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the catalyst.

To maintain reasonably low reaction temperatures, Valdes
suggests that two or more converter beds are much more efficient than
one. Carbon deposition occurs primarily in the top layer of the initial
catalyst bed (two to six inches from the top of the bed) thus carbon
residue poisoning is not important if bed thicknesses exceed six inches
by a sufficient margin.

Petrunic [90] has recently indicated that contemporary sulfur
plants still experience operational difficulties. Bauxite catalyst of
2/4 mesh size proved to be lacking in mechanical strength in Canadian
Fina's Wildcat Hills sulfur plant. Resultant disintegration during
service caused the formation of excessive catalyst fines which created
intolerable converter pressure drop. Regeneration produced more fines
from catalyst deterioration and they were generally dissatisfied with
bauxite catalyst which varied physically and chemically from shipment
to shipment. This problem was solved when they used a new catalyst which
was called activated alumina, K-201. The K-201 activated alumina was
in the form of hard, spherical particles with diameter 1/8 to 1/4 in.

The Wildcat Hills plant also encountered problems in poor
sulfur separation in the sulfur condensers. This can be attributed to
sulfur fog formation which can be predicted [52]. Inline separators

installed after the catalyst beds removed virtually all of the entrained

sul fur.



15

2.2 Fundamental Research Performed on Sulfur Plant Reactions

Although the primary focus of the work reported herein con-
cerns the Claus reaction, this section will also deal with other re-
actions which conceivably take place in sulfur plants and which are
increasingly more important from the standpoint of air pollution abate-
ment.

The major source of sulfur compound air pollution emitted
from different plants vary with the type of jnstallation, however, it
is generally conceded that the major contributors inplude:

(i) wunreacted HZS and 502,
(ii) ¢S, and c0S, and
(ii1) entrained sulfur vapor.
Therefore, the remainder of this section will deal with published re-

search related to these problems.

2.2.1 Carbon Disulfide and Carbonyl Sulfide Reactions

Most commercial HZS streams contain appreciable quantities of
CO2 and light hydrocarbons. It has been established [10] that the high
temperature combustion of such a gas results in the conversion of part
of these carbon compounds to COS and CSZ' Thus, the free flame combus-
tion zone of a sulfur plant is one source of these two pollutants.

Merryman and Levy [67,68,69,70] have investigated the kinetics
and mechanism of the combustion of HZS—air mixtures and C0S-air mixtures

using a mass spectrometric flame sampling technique.

For COS combustion, the depletion rate of COS was found to be [67]
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_d[cos] _ . _
o reos = g [€0S] [0,] (2.1)
1 29,100 -1

where, ks = 8.24 x 10 Yexpl- 2 mole”! sec
For HZS combustion the overall rate expression is not so simple, but

the overall reaction rate is predicted by [68]

dH,S]
-—qr— = - rHZS = k6 [HZS] [0] (2.2)

where, kg = 1.45 x 10'° exp [- éﬁgggi cC mole”! sec™.

Aside from the work of Levy and Merryman, very little funda-
mental research results are available on the burning process in sulfur
plants. Opekar and Goar [82] have suggested that some of the following

overall reactions may occur:

C, + Hy8 = €05 + Hy0 (2 3)

Co + %‘52 == (0S (2.4)
205 + 0, = €0, + (5, (29
COS + H)S = €S, + K (2.6)

2C0 + 5, = 0, + C52 (2.7)
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C+s,= G5, (2.8)
2005 + 30, = 250, + 200, (2.9)
2008 + S0, = 3 S, + 200, (2.10)
€S, + S0, = 35, +C0, (2.11)
25, + S0, = 35, + 2008 (2.12)

smith [30,31,80] has studied the following heterogeneous re-
action over a silica catalyst,

CH4 + 252 = CS2 + 2H,S . (2.13)

cat 2

This suggests that it may be possibie that C52 could be formed in the
catalytic converters of sulfur plants however, plant data have not been
released which could substantiate the possibility that alumina is also
catalytically active for this reaction. Furthermore, kinetic considerations
indicate [30,31,80] that this reaction occurs very slowly even on silica
gel at Claus converter temperatures.

On the other hand, the literature [14,34] suggests that bauxite
is an effective catalyst for converting CS2 and COS with SO2 to sulfur

in the following reactions:
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| — 3
2005 + S0, = 20, + $'S, (2.14)

CS, + S0, = €0, + 35, (2.15)

Gamson and Elkins [35] studied reaction (2.14) using bauxite
catalyst and found that with a gas stream composition of 5.5% COS,
2.75% SO2 and 91.75% N2 (volumetric basis) yie]dé of 90% or better
were attainable between 250°C and 300°C at a space velocity of 200 std
cu.ft./(cu.ft. catalyst)(hr). A typical sulfur plant space velocity
falls between 650‘and 900 std cu.ft./(cu.ft. catalyst)(hr) [16] and so,
conversions for reaction (2.14) may be limited in commercial bauxite
converters by the short contact time.

From available Claus sulfur plant data [95], the amount of
COS and CS2 which is removed, even in three converter units, is very
marginal. In view of this fact and the reported efficiency of bauxite
catalyst for catalyzing reactions (2.14) and (2.15), it is possible that
the HZS and SO2 may be poisoning the catalyst for these reactions.
This could result from HZS or SO2 having a much higher affinity for the
same active centre required by the COS and 052 for their catalytic re-
action.

Cameron and Beavon [10] suggest another means of CS, and cos
removal, which involves hydrolysis to hydrogen sulfide by reaction with

water,
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cos + H20 = HZS + CO2 (2.16)

¢S, + 2H

2 20= ZH

oS + €0, (2.17)
Ample water is released by the Claus reaction to provide the necessary
reactant for the COS and C52 and the equilibrium is very favourable for
completion of these reactions. However, reaction rates are very slow
over bauxite catalyst even at temperatures as high as 650°F. The authors
claim to have found another catalyst with much higher activity than
bauxite for the reactions. They indicated that these organic sulfur
combounds contribute one-third or more to the total losses of sulfur

to plant stack gases.

2.2.2 The Claus Reaction

Gamson and Elkins [35] studied the Claus reaction in an integral
reactor (18 in. long by 1.5 in. diameter) packed with 4/8 mesh Porocel
catalyst. A hypothetical sulfur plant acid gas stream containing 100%
HZS which had undergone 69.4% conversion in a waste heat boiler formed
the basis for selecting the reactor feed composition of 6.78% HZS’

3.39% 502. 63.00% N2 and 26.83% HZO by volume. The integral reactor
was operated at four space velocities (240, 480, 960 and 1920 (scf gas)/
cu.ft. catalyst)/(hr) and three temperatures (230, 260 and 300°C). At
these twelve operating conditions, the overall conversion of the HZS

was measured and the results were plotted on a conversion vs. space

time diagram. The article [35] states that in a typical experiment,



Table 2.2

Space Velocity - Conversion Data of

Gamson and Elkins [35]

Space Velocity Temperature Total
SCF/(cu.ft. catalyst)(hr) Conversion

(°C) (%)

240 230 97.9

240 260 9.7

240 300 94.8

480 230 96.9

480 260 95.8

480 300 9.4

960 230 96.0

960 260 95.2

960 300 94.0

1920 230 93.8

1920 260 93.4

1920 300 92.9
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the catalyst was charged and brought to temperature. After passing
reactants through the reactor for fifteen minutes, the fractional
conversion was measured using wet chemical techniques. This implies
that no time was allowed for conditioning the catalyst. Also, nothing
is stated about catalyst bed temperature rise. The data which were
obtained in the Gamson and Elkins study are presented in Table 2.2.
These data provide a basis from which a reactor could be sized, but
only for the feed composition which they used and only between 230 and
300°C. However, these authors cautioned that their kinetic data was
inconsistent with their thermodynamic analysis of the Claus reaction
because they measured conversions which were higher than thermodynamic
equilibrium conversions for the same temperature and pressure.

Murthy and Rao [79], using a batch recycle reactor, studied
metallic sulfides as catalysts for the Claus reaction and found that at
25°C the reaction would not proceed with any of their catalysts unless
water was present. In fact water exhibited an autocatalytic effect with
silver sulfide. They also studied the reaction over cobalt thiomolybdate,
cobalt sulfide, and molybdenum sulfide. They postulated that the re-

action took place in the following sequence:
HZS + SO2 = stzo2

H25202 = HZSO + S0 (2.18)

HZSO = H,0 + S

2
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SO + HZS = H20 + 25 .

The first step was considered to be rate-controlling, but this mechanism
could not be tested against their data since they permitted sulfur to
condense on the catalyst during their runs. Sulfur deposition would
likely foul the catalyst, which meant that accurate, steady-state rate
-data were not measured.

Pyrex glass surfaces were studied as catalysts for the Claus
reaction by Taylor and Wesley [161]. Their results can.be sunmari zed
by the following rate equation which includes a term to account for

the area of the glass surface,

5
S PSOZ (2.19)

where AE is the area of the glass surface. In the course of their
investigation they found that no measurable homogeneous reaction took
place at 580°C and that water vapor would not react with liquid sulfur
in their sulfur condenser. As indicated by the above equation, they
noted that overall reaction rates were proportional to the glass surface
area, thus revealing the heterogeneous nature of the reaction.

Udintseva and Chufarov [104] also noted that HZS and SO2
would not react homogeneously between 250°C and 350°C. Glass, aluminium
and aluminium oxide were reported to be effective catalysts for the
Claus reaction while iron and iron oxide exerted only a weak catalytic

effect.



23

In an activation study of bauxite catalyst, Landau and
Molyneux [62] concluded that the Claus reaction was a diffusion-con-
trolled process. This conclusion was based on the fact that catalytic
activity increased with smaller particle sizes. These authors did
not state whether it was film or pore diffusion which was controlling
the reaction rate. Since they provided no equipment description or
catalyst charée sizes it was not possible to examine what type of
diffusion, if any, prevailed. Therefore the usefulness of this con-
clusion was rather limited.

Hammar [44] has made a substantial contribution to the in-
formation available on the kinetics and mechanism of some of the sulfur
plant reactions. He studied the following reactions primarily over

cobalt-molybdenum-alumina catalyst mixtures,

Hy + & S, == HyS (2.20)

2H,S + S0, = 2H,0 + s, (2.21)
HyS + (1.5-n)0, = Hy0 + (1-n)S0, + Sy (2.22)
S0, + (3-n)H, = 2H,0 + (1-n)H,S + TS, - (2.23)

Hammar used glass differential flow reactors for obtaining rate measure-
ments. In his study of reaction (2.20) he concluded that sulfur reacted

in the adsorbed form but that the interior surface of the catalyst was
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not available for reaction due to capillary condensation of the sulfur.
This conclusion was based on the observation that above a critical
sulfur concentration the reaction rate very abruptly decreased. His
glass equipment catalyzed the Cléus reaction, (2.21), but only an in-
significant amount compared to that from the catalyst. Before his pro-
duct analytical train, Hammar condensed the sulfur vapor on glass wool
and water was removed and gravimetrically determined by adsorption on
Dehydrite. It was observed that the Dehydrite catalyzed the reaction
only when it became visibly moistened and therefore it was renewed
after each run. This author attempted this same approach for water
determination and found that even if the Dehydrite was not visibly
moistened, sulfur would form on the dessicant at room temperature.
Furthermore, it was found that Dehydrite can adsorb and retain small
amounts of HZS' Therefore, the method was discarded and it is sug-
gested that the water determinations of Hammar which were used di-
rectly for calculating fractiqnal conversions were systematically high
since more than just the weight of water on the Dehydrite was being
measured.

Hammar concluded that the reaction rate decreased as the
partial pressure of sulfur vapor was increased. However, he did not
prepare synthetic feed mixtures which contained sulfur. This conclu-
sion was based on the fact as the fractional conversion of HZS in-
creased, the reaction rate decreased more, than it should have for the

decreased HZS and SO2 partial pressures which accompanied the higher
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conversion. On the basis of this observation he can not say that it

js sulfur vapor and not water vapor or, for that matter, either product
species which retard the reaction. With regard to sulfur vapor, he
noted no sudden decrease of reaction rate at conditions where suifur
vapor capillary condensation was likely to take place and he concluded
therefore that the Claus reaction takes place predominantly on the ex-
ternal surface of the catalyst. Hammar used the Kelvin equation given

below to predict iﬁé occurrence of capillary condensation in pores,

0
Pi \ _ (2V) (o) (cose
ln(pis) = L(r—k*-(%%)——)- . (2.28)

The following mechanism for the Claus reaction was postulated
by Hammar. Both HZS and SO2 are adsorbed on adjacent active centres

and HZS dissociates. This gives a primary reaction of,
S0, + HY + SH = HS - SO - OH . (2.25)

He could not suggest how the intermediate reacted further but offered
two possibilities. Ore case involved,
OH
HS + SO +OH + H' + SH” —HS+ S+ SH . (2.26)
OH
This product permits water to split off and sulfur, in the form of 53,

adsorbs on the catalyst. The S3 formed initially mbines with other
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53 adsorbed on adjacent sites and the desorption occurs from a network

of adsorbed sulfur. The other case involved a propagation reaction

whereby,
9" QH + HZS
HS-S-SH+502= HS «+ S+ S¢S0 ¢« OH ——
OH OH
' (2.27)
OH OH HoS OH OH OH
. . 2 . . .
HS - S - S+« S §H o > HS - S -[S-§-S]ﬁ§- OH
OH OH OH OH OH

Water is split off from all of the jntermediates at different rates
and the sulfur formed will be distributed according to some probability
function.

Cormode [15] studied the Claus reaction over commercial
porocel catalyst using a recycle flow reactor. He suggested that HZS’
itself, was decomposing to a very limited extent in his apparatus how-
ever, the accuracy of the analytical procedure used did not permit him
to make a firm conclusion on this matter. A quantitative comparison
of the kinetic data measured by Cormode and the work rcported herein

is given in Section 6.9.

2.2.3 Dissociation Reactions of Sulfur

Sulfur vapor shows an apparently variable molecular weight
dependent upon the temperature and pressure at which it exists. Kelly [55]
has taken the data of Preuner and Schupp [91] and derived equations for

the calculation of equilibrium constants at any temperature for the
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following reactions,

452 = 3 (2.28)

) = S¢ (2.29)

Braune, Peter and Neveling [8] found that their experimental data re-
quired the presence of S4 as.well as 52, S6 and S8 for adequate ex-
planation. Both Preuner and Braune performed vapor density measure-
ments. Berkowitz and Marquhart [5], using a mass spectrometric technique,
confirmed the presence of 52, S3, Sas SS’ 56’ S7, and 58 and negligible
amounts of S9 and 5,4 around 400°K.

No direct measurements of the rates of dissociation and
association of sulfur species seem to be available. The question is
raised because it is necessary to know whether equilibrium is attained
when calculating the average molecular weight (or vapor density) of
sulfur vapor to determine its partial pressure. Hammar [44] assumed
sulfur species equilibrium throughout his work. Smith [70,30,31], in
his study of the previously discussed catalytic reaction,

4

CH4+-;Sx= )

+ 2H,S , (2.13)
cat. 2 2

determined a rate expression which treated sulfur vapor pressure as
that which would be exerted by a sulfur specie with the average mole-

cular weight of the vapor. That is, he assumed that the sulfur vapor
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dissociation reactions were very rapid. Since the rate constant
strictly followed the Arrhenius law, this was taten to be evidence
that this assumption was correct.

The equilibrium distribution of sulfur species between 100
and 800°C and at 1 atm pressure is shown in Figure 3.1. Chapter III
deals with the calculation of equilibrium compositions using the free
energy minimization method. In this work it was also assumed that the
sulfur vapor was a mixture of the species 52’ 55 and 58 at chemical

equilibrium.

2.2.4 Bauxite and Alumina Catalyst

It is clear that all reactions involving two phases must in-
volve an interfacial reaction before the bulk process can occur. This
is true of heterogeneous catalytic reactions and it is of interest to
consider the fundamental aspects of gas-solid interfacial phenomena as
they apply to the Claus reaction.

The regularity of atomic species arrangement associated with
the structure of a crystalline material ends at the surface of the ma-
terial. At this surface, irregular bonds occur and the surface atoms
are subject to an asymmetric distribution of forces. This state of
strain can be reduced either by rearrangement of surface atoms or by
adsorption. In the latter process, molecules of a foreign substance
are added to the surface thus relieving the strain and causing a de-
crease in free energy at the surface.

Catalytic aluminas are transition intermediates which occur
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in the process of dehydrating the a- and f-aluminium trihydrates to
the stable crystalline material, corundum. The three aluminas of
catalytic interest are ao-, y- and n-Az2 03. Their different structures
are their most distinguishing feature and they are dependent on en-
vironmental conditicns such as temperatufe, pressure and ambient
moisture.

Boehmite, which has been suggested by Landau [62] to be the
catalytically active phase of bauxite for the Claus reaction, can be
written as y- Azz 03 . HZO' The structure is made up of double sheets
of oxygen octahedra with aluminium ions at their centres. Hydrogens
are asymmetrically placed be;ween the hydrogen bonded pairs of oxygen.
Deer [22] suggestes that it is a metastable material which decomposes
at around 300°C yielding the nearly anhydrous y-alumina.

Peri [85] has proposed a statistical model of a dehydroxylated
alumina surface which is useful for describing the different types of
surface sites. He suggests that five different types of surface
hydroxyl groups exist and that they are distinguished by the number

and orientation of neighbouring 0°2 and A3

ions. These other ions
offer two other possible surface sites. The square lattice depicted

in Figure 2.2 indicates the surface situation which Peri's model pre-
dicts. The five unique surface OH sites have been verified using infra
red techniques, and they are labelled as A, B, C, D and E in Figure

2.2 [43].
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+ DENOTES AZ3* IN LOWER LAYER

FIGURE 2.2: COMPUTER MODEL OF A DEHYDROXYLATED
ALUMINA SURFACE (85).
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2.2.5 Gas-Solid Studies Performed on Alumina and Bauxites

Landau et al [62], have considered the activation and de-
activation of bauxite catalyst and the effect of water on the Claus
reaction. They found that the high catalytic activity of bauxite or
alumina catalysts.coincided with good dessicant properties of the
solid and, that on bauxite catalysts, iron sulfate formed after only
a few hours of operation. Their observations led them to believe that
iron suifate in bauxite tended to promote the formation of aluminium
sulfate. Catalyst deactivation was directly attributed to the aluminium
sulfate. Water was found to retard the reaction at high partial pressures.

In a kinefic study of the reactions of HZS with bauxite and
COS with bauxite, Korobeinichev [58] concluded that COS, undergoing

the hydrolysis reaction,
cos + HZO = HzS + CO2 , (2.16)

on bauxite accelerates the reaction of HZS with ferric oxide in the

bauxite according to the following reaction,

1 1 1
HZS + 3 Fe203 = 3 FeS + 3 Fe52 + HZO . (2.30)

The author stated that this interaction of reactions can be accomplished

with the aid of some active intermediate product which he did not specify.
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Analagous effects were also observed in the system CS2 - HZS - bauxite.
Deo, Dalla Lana and Habgood [24] have studied the adsorption
and surface reactions of HZS and SO2 on four catalysts, including y-
alumina, using an infrared technique. They concluded that,
(i) both HZS and SO2 are physically adsorbed to y-alumina,

(ii) strong hydrogen bonding exists between both H,S or SO2
and surface hydroxyl groups of type D in Figure 2.2,

(iii) a chemisorbed form of SO2 exists on y-alumina which re-
acts with HZS according to the Claus reaction and,

(iv) the function of the catalyst is to primarily bring the
reactants together in a suitable orientation, most pro-
bably through hydrogen bonding.

The chemisorbed form of SO2 was explained as a sulfate-like structure
shown below.
0 0

N\ y/
\ V/
\ W/

7N
/7 N

V4 A
N

Maclver, Tobin and Barth [74] studied the surface properties
of well characterized samples of n- and y-alumina. They found that

after removal of physically adsorbed water, y-alumina contained 7% by
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weight water and n-alumina contained 4.5%. This "excess" 2.5% water
dn y-alumina could be desorbed below 300°C and could originate from
three sources which are:
(i) condensation of surface hydroxy1 g}oups,
(ii) molecular water bound to the surface, and
(7ii) chemically bound water incorporated into the lattice as
internal hydroxyl groups.

Based on their rather extensive literature survey of work in this field
and their own experience, Maclver et al concluded that the excess
water corresponded to a monolayer of molecular water, hydrogen bonded
to surface hydroxyl groups and that the remaining 4.5% water could be
accounted for by condensation of surface hydroxyl groups.

DeRosset and associates [25] determined the isotherms of HZS
adsorbed on y-A2203 from HZS/H2 mixtures over the temperature range of
260°C to 560°C. Isosteric heats of adsorption ranged from 25-38 k.cal/mole
of HZS depending on the degree of predrying of the alumina. They found
the adsorption to be ideal based on entropy calculations. The number
and strengths of the adsorption sites indicated to DeRosset et al that
they were Lewis-acid sites formed by stripping oxygen anions from a
spinel surface exposing incompletely coordinated aluminium cations. The
HZS’ like water and ammonia, reacts as a base at these sites and forms
an A2-S bond.

According to the electrical measurements of Heldt and Hasse [46],

alumina is essentially an insulator with an activation energy of 2.38
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to 2.50 e.v. for conduction.

This review of bauxite and alumina is very limited considering
the available published material describing work in this field. Addi-
tional references are recommended for more comprehensive information

available on these catalysts [22,43,72].

2.3 Adsorption, Surface Reaction and Related Rate Laws

In heterogeneous kinetic studies, one observes the reactants
and products in the gas phase rather than in the actual surface phase
in which reaction occurs. This leads to the distinction between the
true rate law expressed in terms of surface concentrations and the
apparent rate law dependent upon the various gas pressures. The true
and apparent rate laws for a system are related by the adsorption equili-
brium since this connects the surface with gas phase concentrations.

To discuss all of the adsorption isotherms which describe
adsorption equilibrium would add unduly to the bulk of this literature
review however, to omit them would 1imit the interpretation of the
kinetic data which has been measured in this program.

Laidler [61] points out that there are three important features
of chemisorption related to the kinetics of surface reactions. The
first is that after a surface has become covered with a single layer of
adsorbed molecules it is essentially saturated preventing further chemi-
sorption. This is the unimolecular layer and has been emphasized by
Langmuir [63] in his work.

The second feature is that chemisorption may have an appreci-
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able activation energy and hence may be a slow process. It is generally
agreed that chemisorption on oxides involves appreciable activation
enerqy.

Thirdly, there is frequently a considerable variation in the
adsorptive capacities of the various surface sites. This is called
surface heterogeneity and the concept has led to the belief that chemical
reaction occurs on active centres on catalysts which correspond to
lattice defects on the surface. These active centres have been en-
visaged by Boudart [6] as constantly being created and destroyed with
the movement of excited electrons in the lattice.

Although numerous adsorption isotherms have been successfully
fitted to adsorption data and have some theoretical basis, in adsorption
theory, the Langmuir isotherm is of great importance equivalent to that
of the ideal gas law [61]. The Langmuir expression for the fraction,

6, of a surface covered by a gas at adsorption equilibrium is

_ kP
61. = -]—+—K—p—1' (2.31)

where p. is the partial pressure of the gas and K is the equilibrium
constant. Zeldowich [109], in trying to derive an isotherm which in-
corporated the concept of surface heterogeneity and the Langmuir ad-
sorption isotherm, arrived at an isotherm which was synonymous with

the Freundlich equation, which had been regarded as an empirical equation.

The Freundlich equation may be written in the form,
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6; = K pi]/" , (n>1) (2.32)

and, as Thomas [102] points out, it should no longer be criticised for
predicting progressively increasing surface coverage with increasing
pressure because according to the derivation of Zeldowich [109], which
is available in a simplified version due to Laidler [61], the isotherm
is expected to be valid only at low coverages [102]. In several systems
involving the chemisorption of gases on metals and oxides, the Freundlich
equation has been found to be strictly applicable and Thomas [102] sug-
gests the following references to be consulted to see éxamp]es [32,102].
A selection of isotherm equations and their applicability is
given in Table 2.3 which vas compiled by Thomas and Thomas [102]. The
Langmuir and Freundlich equations have been invoked to provide a basis
for arguments which attempt to justify the use of Freundlich-based rate

equations for data correlation which are discussed in Chapter VI.

2.4 Mass Transfer in Heterogeneous Catalysis

The investigation of catalytic reactions is complicated by
the fact that the process frequently involves diffusion as well as
chemical phenomena. The overall rate of a catalytic reaction is liable
to be determined by one of the following steps:

(i) diffusion of the reactant molecules to the catalyst surface,
(ii) adsorption of the reactants on the surface,
(iii) reaction in the adsorbed layer,

(iv) desorption of the product molecules, and
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(v) diffusion of the product molecules away from the vicinity of

the catalyst surface.

Table 2.3

A Selection of Adsorption Isotherms

Name Isotherm Equation App]icabi]igz

. K P; Chemjsorption anq
Langmuir ei = m physical adsorption

. - 1/n Chemisorption and
Freundlich ei K Pi (n>1) physical adsorption
Henry v, = K P; Chemisorption and

physical adsorption

Temkin 8 =-% &n C0 P; Chemisorption
Brunauer-Emmett- Pi N N (k-1) Pi Multilayer physical
Teller (BET) v;(pi°-pi) Kvp, VY K pi° adsorption

In kinetic studies it is desirable to eliminate steps (i) and (v) as
rate controliing steps, however film diffusion is often encountered
industrially. Pore diffusion also can exert a profound effect on the
observed kinetics of a reaction and consequently, confuse the interpre-
tation of the rate data. Therefore, the theory of mass transfer and its

effect on reaction rate measurements is reviewed in this section.
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2.4.1 Film Diffusion

Gas passing over a catalyst surface develops a boundary layer
through which reactants and products are transported at rates which de-
pend mainly on the nature of the bulk stream flow [96]. This is generally
referred to as boundary layer or film diffusion.

Data on mass transfer from gas to solid are commonly expressed

in terms of a mass transfer coefficient, kG’ defined by,

- s
N, = kG (pi - p; ) . (2.33)

The flux and pressures refer to the ith

constituent in the chemical
system.
Dimensional considerations [96] lead to the following basis

for mass transfer data correlation:

= f(NRe,NSc) . (2.34)

A graphical correlation of jD versus Npg is available [96] which is

very useful for obtaining kG from the following equation,

ke P
- & y2/3
= = Ngo~ - (2.35)

J
D Gy

In the absence of diffusivity data, the Lennard-Jones ex-

pression [49] has been suggested [96] as a reasonable theoretical ap-
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proach to estimating diffusivities,

3 1/2
0.001858 T [(M]+M2)/M]M2]

D.,, = . (2.36)
12 3
Poa O

From estimates of mass transfer coefficients, it is possible
to evaluate the molecular diffusion rates of constituents to and from
the catalyst surface. When applied to a catalyst bed, the overall
" rates can be determined. The above equations were applied in Appendix
D in order to estimate whether or not film diffusion is a rate-limiting
feature of the Claus reaction-for flow conditions in the experimental

equipment and in modi fied Claus sulfur plants.

2.4.2 Pore Diffusion

After reaching the external surface, constituents can enter
or leave catalyst pores by one or a combination of three mechanisms,
involving ordinary diffusion. According to Sherwood [96], surface dif-
fusion has not been studied extensively and available data [54,38]
jndicate that it contributes very little to the overall transport pro-
cesses through a porous mass.

Ordinary gas diffusion occurs in pores if gas-gas molecular
collisions predominate. The effective diffusivity, D]z,eff' may be
employed to relate the mass flux to the total cross-section of the
porous solid, where

D12, eff * "1 (2.37)
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The tortuosity factor, 1, is roughly 1.5 to 2.0 for unconsolidated
particles, but may be considerably larger for consolidated porous
media such as typical solid catalysts.

If the gas density is low, or if the pores are very small,
or both, the molecules collide with the pore wall much more frequently
than with each other. Under these conditions, Knudsen diffusion pre-
dominates and the criterion for Knudsen diffusion is that the pore
diameter be approximately ten times smaller than the mean free path
of the gas at the temperature and pressure of interest. Satterfield

and Sherwood [96] give the Knudsen diffusion coefficient as

2 .
= ) /T
DK eff = 19,400 m M— . (238)

From a practical point of view, one would 1ike to have a
criterion which used measured values of reaction rate, effective dif-
fusivity, reaction order and so forth which could then be used to
discern whether a reaction is operating near the pore-diffusion con-
trolled regime. As Peterson points out [89], it is important to know
whether measured rate data represent catalytic kinetics or interaction
between catalytic kinetic and mass transport phenomena. Weisz and
Prater [107] developed a criterion for power law kinetics however,
Peterson [88] showed that it was much too liberal when applied to re-
actions which possessed strong product inhibition. Peterson (87]
offered a criterion which resulted from an asymptotic solution of the

partial differential equations which describe the conservation of mass
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and energy for the reaction system. However, the derivation for a
specific case is rather complex. Hudgins [50] developed a solution
to this problem by a method similar to that of Anderson [1].

The development of the criterion for absence of diffusion
control which Hudgins suggested is now described. The Taylor ex-
pansion for the rate about an external concentration of reactant is,

) rnu(co)
r(C) = r(CO) + (C-Co)r'(Co) + (C-CO) -—ET—__'+ .o (2.39)

in which he ignored second order and higher terms. He then assumed
that the concentration profile inside the catalyst particle could be
approximated by
- 2
¢ - C0 = p(x°-1) (2.40)
where Xx = C/CO. Substituting Equation (2.40) into (2.39) and inte-
grating over the sphere he obtained,

1

4 i F=r ] (1 + ©{x-1) lr'(c")] amx dx (2.41)
3 0 ! r(COS ’

which after rearrangement led to,

o2 G,
R R (o (2.42)

o

where T is the overail rate and "o is the rate corresponding to CO.
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In order to have the overall rate, r, approximately equal to the rate
obtained if the particle were completely accessible to CO’ the final
term of Equation (2.42) must be small, and Hudgins suggested 0.05 for

jts maximum value. Therefore,

9 r'(CO)
5 I'[F(-(%-)'—] < 0.05 . (2.43)

A steady state mass balance on the sphere gave,
?v =SD a—rl . (2.44)

The concentration gradient at the surface was evaluated from Equation

(2.40) and, since S/V = 3/p0' for a sphere,

r
——8%—- =6l . (2.45)

The T from Equation (2.45) was substituted into (2.43) to give,

r ;)0‘2 r(CO)
5 < 0.75 FTTEET , (2.46)

which was cleared of the fraction by changing 0.75 to 1. On this

basis, the criterion for absence of diffusion control was taken as

=1 1
l‘c—o'——b—'(-c—'m (2.47)
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which Hudgins indicated was a simple generalization of the Weisz-Prater
crtierion.
Hudgins' criterion has been used in Appendix D to establish

whether or not diffusion is significant in the Claus reaction catalyzed

by bauxite.

2.5 Recycle Reactors

In Section 1.3, reasons were given for using a recycle re-
actor to study the Claus reaction. Perkins and Rase [86] have dis-
cussed the advantages and disadvantages of using recycle reactors for
kinetic research and they are now reviewed. Advantages:

(i) Near isothermal conditions exist in the catalyst bed. Re-
cycle rates ten times larger than fresh feed rates, for
instance, would give one tenth of the temperature rise
which would occur in an adiabatic differential reactor
operating with the same overall conversion.

(ii) High recirculation rates permit high gas velocities past
the catalyst without the use of excessive quantities of
reactants. Theoretically, mass transfer could be enhanced
until even for very rapid reactions the bulk mass transfer
rate would no longer influence the rate of reaction.

(iii) Low conversions per pass of reactant through the catalyst
bed can be accomplished without limiting the total conver-
sion to very low values, which would introduce errors

through analysis.
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Disadvantages:
(i) An excessive time period may be required for such a system
to reach steady state if the recycle system is large.
(i) Pressure drop may be higher than those observed in ordinary
differential reactors.

(iii) One should use a continuous method of analysis for such a
-reactor. In addition to these disadvantages, this author
comments that it may in some cases be difficult to obtain
a reliable, inert recycle pump.

In this program, at least six months were spent developing and build-
ing the recycle blower which is described later. Another advantage
js that it is possible to obtain direct measurement of reaction rates
at finite levels of conversion and, as previously indicated, at near
jsothermal conditions.

Although the concept of the recycle reactor was first pro-
posed by Dohse [26] in 1930, its application has been relatively sparse
in kinetic studies until recent years. However, users of this technique
[9,20,65,86,100] have expressed enthusiasm for it as a research tool.
The recycle reactor and its behaviour will now be reviewed.

Consider the recirculation reactor in Figure 2.3 where 2
reactant stream of fixed composition and flow rate is fed to the re-
actor loop. Let the conversion of the selected reactant A be zero at
the reactor inlet, XA] just before the catalyst bed and fo just after

the catalyst bed. Also, assume that the rate of reaction is the same
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at all points in the catalyst bed for a specific run.

With no recycle, XA] = 0., and a steady state material

balance gives,

X
- _Af :

vhere (- rA) is measured at some average conversion, i.e. at average
reactant concentratlon values, of the streams entering and 1eav1ng the
catalytic bed. Thus xpc > Xpy > Xpq- Since (fo'XAl) may be large,
choosing to use an average rate may lead to serious error.

Now suppose that a part of the product stream is recycled.
As the recycle rate increases, the incoming feed is mixed with more
product stream causing XA] to approach XAf’ Thus the error in the
assumption of a constant rate decreases accordingly. So at high re-

cycle ratios,

(-rp) .y = (-rp) _ e (2.49)
"a’av NETWFyy .

where the rate is measured at the exit stream conditions. At high
recycle rates, this type of reactor may properly be considered to be
a perfectly mixed backmix reactor.

The validity of the assumption that a recycle reactor is
in fact a perfectly mixed backmix reactor can be assessed by con-

sidering its residence time distribution. Rippin [93] has developed

the RTD for a recycle reactor in the following way. The time for a
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single passage through the recycle reactor is:

) '
R _ 8
TRJT - THR™ (2.50)
where VR = reactor volume
R' = recycle flow to feed flow ratio
Q = volumetric flow rate of feed
e' =

mean residence time, VR/Q

An amount QAt of material entering the system between time t = 0 and

At will reach the reactor exit at time 9'/1+R. But a fraction, R'/1+R',
is returned in the recycle so that the amount leaving the system with
age 0'/1+R' is Qat/1+4R' and the fraction of material in the outlet with
this age is 1/1+R'. An amount of recycle material, QAtR'/14R', passes
through the reactor again, and, on reaching the reactor exit for the
second time, its age is 20/1+R. The fraction of the original material
in the outlet stream is now 1/1+R'(R'/1+4R'). After i passes through

the reactor, the age is i6/1+R' and the fraction of the original material
in the exit stream is 1/1+R‘(R'/1+R')i']. The RTD will thus consist

of an infinite series of impulses or delta functions spaced at intervals

of 6'/1+4R' and whose magnitude decreases as a geometric series.

1

' i- it
f(t) = | o (gn) ot - ) - (2.51)

1

We~ g
—

Rippin then points out that for large R, the RTD reduces to
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that for a CSTR: 1/6' exp(-t/8').

Perkins and Rase [86] confirm that a recycle reactor behaves
as a backmix reactor when R'is greater than 10. Zwietering [111],
points out, however, that a knowledge of the RTD of a con;inuous flow
system is not sufficient for the description of the state of mixing.
He introduced the concept of‘'maximum mixedness" which is most easily
understood by regarding the state of maximum mixedness for a system as
that state for which the mixing model reduces to the nonsegregated
condition. Danckwerts [19] degree of segregation, J, is the ratio
of the variance of ages between points to the total variance of ages

in the reactor.

Rippin found the degree of segregation for a recycle re-

actor to be:

J= TZ'R"TT}F‘TW' . (2.52)

For a plug flow reactor, R'=0 and J=1 the reactor is completely
segregated. For the recycle reactor with R'very large, J approaches
zero implying complete molecular mixing. Gillespie and Carberry [68]
indicate that the mixing state of the recycle reactor reduces to the

nonsegregated, micro-mixedness condition as R' is increased to values

above 20.
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CHAPTER III
DETERMINATION OF EQUILIBRIUM COMPOSITIONS

3.1 Background

When a chemical reaction is being studied, it is desirable
to know the distribution of products that will exist at thermodynamic
equilibrium. The classical approach to solving this problem uses the
equi1ibrium constant method however, this procedure becomes unwieldy
when many Ehemica] reactions occur simultaneously. Gamson and Elkins
have used this method for calculating equilibrium compositions for the
Claus Reaction [35]. Several techniques for determining the equilibrium
composition of complex system reaction systems have been reviewed by
Zeleznik and Gordon [110].

In 1958, White et al [108] devised a method for calculating
equilibrium composition by minimizing the system free energy using a
steepest descent technique. The free energy minimization method was
extended by Kubert and Stephanov [59] to include not only gaseous but
also condensed phases. In 1962, Oliver et al [83] demonstrated the
method applied to a methane-water reaction system. Since the free energy
minimization method has been used in this study, the mathematics of the

procedure will now be reviewed.
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3.2 Review of the Free Energy Minimization Method

For the determination of equilibrium composition, the only
specie property needed is the molal standard (Gibbs) free energy
function, F/RT. The basic assumption of thé method requires that the
gases behave ideally.

The total free energy of a mixture of N gaseous components

is expressed as

F(X) =
1

f. . (3.1)

ne1Z
——d

The free energy contributed by a gaseous specie is given by

f, = x;(C;+en xi/-i) , (3.2)
where, Ci = (%;). +4nP . (3.3)
. i

The determination of the equilibrium composition requires
finding a non-negative set of mole numbers, X, which will minimize the
total free energy of the system, F(X). This set of mole numbers must

also satisfy mass balance considerations so that
N 3jj % ° b, (j=1,2,...,M) . (3.4)

let Y = (y],yz,...,yu) be an initial guess for the mole

numbers of the gaseous species_(x],xz,....xN). Choose Y such that it
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is a positive set and satisfies the mass balance constraints. The

free energy is

N
F(Y) = .z] yi(ci”‘" yi/ﬂ (3.5)
1:
_ N
where y= 1 ¥ (3.6)
i=1
Let Ai =X Yy A' =X -y

An expression, Q(X), is obtained as an approximation for
F(X), the minimum free energy, by using a Taylor expansion about the
initial guess, Y. Using this expansion technique, and substituting
in values of the partial derivatives aF/axi, the following expression

can be obtained

n

T~

A, 1 2
yir- =1 6.
LI

ne-==

Q(x) = F(Y) (c;een y,/y) B + 7

i=1 i=1

In order to find a better approximation to the desired solu-
tion, Q(X) is minimized subject to the mass balance constraints,

Equation (3.4). First it is necessary to define G(X) in the manner
M N
G(X) = Q(Xx) + jél m (bj - izl 23 x;) (3.8)

where the i are Lagrange multipliers. Then set
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3X) - g, i=1,2,...0N

X,

The change in free energy with a change in the moles of the gaseous

species becomes

3 (1) . [ Y X )
=lc.+an () +[—-2- § m oa.;=0. (3.9)
Now, solve for x, in Equation (3.9)
Y F
Xy = - yi(c1.+9.n —) + yi(:) + 2 (“jaij)yi . (3.10)
y y §=
Summing over i in this equation gives
M Y5
7. (3.11)

! R

m. a..y: = y.Llc.+an
FE N B B AL T I
(3.12)

N
Let ik T ki = izl (aijaik)yi jok = 1,2,...,M

Substitute Equation (3.10) into Equation (3.4). This gives M equations

which together with Equation (3.11) give M+1 linear equations in the

unknowns Ty, Tos Tgae-- Ty and x/y as follows:

N
=b, + § ag f;

1 _
Q](?) + Y‘” TT] + r]zﬂz + ... ¢ r]HnM 1 i i



53

X -

az(? Py ¥ Ty + -oe ¥ Yopy = b, + 1 2;,f; (3.13)
% . _.
y .

N
where @, = ) a:sYs

To find the new values of the xi's, it is necessary to sub-
stitute the values of the aj's, x/y and yi's into Equation (2.10). The
- procedure is repeated until the differences between subsequent iterations
are small enough to satisfy some arbitrary convergence criterion.

1f the computed set of new mole numbers X; include negative
numbers, the computed values of mole numbers are not used in the next
approximation. It is desireable that the species not be negative or
zero. The method of eliminating negative species is arbitrary within
the limitation that the mass balance must be adhered to. One such way

is to choose A so that

yi' = ‘y1' + )\(x‘i-y‘i) (3-]4)
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is not negative or zero. For yi' being zero, A becomes

O (3.15)

Therefore X is set to some fraction (usually .99) of A'. As it was

previously mentioned, all of the mole numbers must be greater than

zero for this method tp work.

3.3 Applications of the free Enerqy Minimization Method

3.3.1 Comparison with Gamson and Elkins Data

A computer program was written to carry out the free energy
minimization calculations. Good agreement was noted between the re-
sults from this method and those from Gamson and Elkins [35] for the
equilibrium between molecular species of sulfur at various temperatures
using the same free energy data [55]. A graph indicating the distribu-
tion between the various sulfur species 52’ 56 and 58 at one atmosphere
pressure is shown in Figure 3.1, and the program output from which the
points for the graph were obtained is in Appendix B. Since the agree-
ment was good, the method was used for determining the average molecular
weight of sulfur vapor in the recycle reactor which, in turn, was used
to calculate the mole fraction of sulfur in the reactor.

The free energy minimization method was also used for calcu-
lating the equilibrium conversion of HZS and SO2 to sulfur according
to the following definition of conversion:

S ¢+ ZS2 + 656 + 858
Fractional conversion =
st + SO2 + S 252 + 656 + 858
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where the molecular formulae refer to the mole fraction of each specie
at equilibrium. A sTight discrepancy may be seen between this work and
that of Gamson and Elkins when equilibrium conversion was plotted against
temperature as seen in Figure 3.2. The differehce arises from the
source of free energy data. Gamson used the data of Kelley [55] while
that of McBride et al [112] was used in this work.

The program output for Figure 3.2 is given in Table B.1,
Appendix B. It should be noted in this table that only very minute
quantities of hydrogen could be formed at the experimental conditions
employed by Cormode [15] in his kinetic study. and so, the observation
that hydrogen sulfide may form both hydrogen and sulfur is thermo-

dynamically unlikely.

3.3.2 Analysis of Miscellaneous Sulfur Plant Reactions

The literature survey indicated that a large number of re-
actions are taking place in sulfur plants. Some of these reactions
have been analysed for thermodynamic equilibrium conditions and the
results of the analysis are presented in Table 3.1. All of the studies
were conducted at a total pressure of one atmosphere and stoichiometric
ratios of reactants diluted with nitrogen. The computer output for
the four temperatures shown in Table 3.1 as well as the results for
intermediate temperatures is given in Appendix B in Tables B-3 to B-11.

The results shown in Table 3.1 indicate that it is possible
to remove almost all of the COS and CS, from sulfur plant tail gas

streams according to the first four reactions. Table 3.1 also shows
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the reactions through which COS and CS2 can be formed. Since COS and
CS2 emission from sulfur plants accounts for approximately one-third
of the sulfur loss, and since it is thermodynamically possible to re-
move 98-100% of the COS and CSZ’ it is suggested that a search for an
effective catalyst for any of the first four reactions in Table 3.1
would have considerable merit. It is further suggested that bauxite

catalyst does not promote any of the first four reactions to the ex-

tent required for effectively removing COS or CSZ'

59
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CHAPTER IV
DESCRIPTION OF EXPERIMENTAL EQUIPMENT

4.1 Feed Preparation and Metering System

The feed system was designed so that it would be possible to
supply the reactor with a gas stream of constant flow rate and com-
position over long periods of time. Also it was considered desirable
to be able to change the feedstream flow rate to the reactor and still
have the composition remain constant. These primary objectives exerted
considerable influence on the selection and configuration of equipment
shown in Figure 4.1.

Each gas bottle was equipped with its own pressure regulator,
and, in the case of nitrogen, 2 second regulator was placed in series
with the first. This was done to improve the control of nitrogen
prégsure upstream of the flow controller, since, as the bottle contents
depleted, the bottle pressure dropped.

Calcium sulfate, packed in 500 cu cm stainless steel cylinders,
was used as a drying agent for N, and HZS’ Silica gel was used for
drying 502. This was done to prevent reaction in the feed sygtem
since HZS and SO2 readily react with one another in the presence of
water.

Glass rotameters with stainless steel balls vere used to
measure the magnitude of each gas stream flow rate. The flow rate of

each gas stream was set manually and controlled by the diaphragm flow
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controllers depicted in Figure 4.2. A1l of the process lines were
stainless steel 316.

The particular constant differentia]-type flow-controller
which was used required that the upstream pressure remain constant.

A constant flow of gas is maintained through the external needle valve
by maintaining a constant pressure drop across it. The differential
applied to the valve is determined by the spring loaded diaphragm in
the controller. This diaphragm determines the action of valve plunger
to automatically control the flow of gas through the needle valve at
the required rate. A feedback line connected from the upstream side
of the needle valve to the top of the controller holds the differential
pressure across the valve and diaphragm at the same value. Since the
differential across the diaphragm is maintained constant by the loading
spring, it follows that the differential across the needle valve is
constant. This needle valve required sixteen turns from closed to full
open.

The mixing of different gases is not generally considered a
difficult operation, and a simple mixing venturi was designed and fabri-
cated for blending the three constituents of the feedstream. This is
shown in Figure 4.3.

A small portion (approximately 20 cu cm per minute) of the
feedstream is continuously vented to the gas chromatograph for analysis.
Also another fraction of the feedstream is vented through the back
pressure controller. The size of this fraction depends on the required

amount of the feedstream being sent to the reactor. The equipment is
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operated so that the sum of the two flow rates is held constant over

a series of runs in which the flow-rate of the feedstream is varied.
The feedrate was calculated from the measurements of tempera-

ture and pressure taken from the thermocouple, absolute pressure trans-

ducer and differential pressure cell shown in Figure 4.1. The flow

rate was controlled by the Foxboro control valve. A 500 cu cm surge

tank was inserted between the control valve and the D/P cell to provide

some capacitance in the control loop.

4.2 Feed and Product Analysis

Both the feed and the product streams of the reactor were
analysed using a process gas chromatograph. A small fraction of both
streams was continuously fed to a stream selector valve located inside
the chromatograph's heated compartment. Peripheral valving could be
adjusted so that no back pressure change would take place in either
stream when the selector valve position was changed. The stream selector
valve flow configuration is shown in Figure 4.4, Valve A which may be
called the feed sample throttling valve can be adjusted to match the
pressure drop which the flowing stream undergoes across the reactor
and the sulphur condenser. Hence when the selector valve position is
changed, the pressure of the sample in the sample loop remains the same.
valves B and C are set to match the pressure drop between the stream
celector valve and the discharge of the sample loop in the sampling
valve. This discharge passes through a valve (for sample pressure

control) and into the vent manifold. Thus by setting B and C to cause
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the appropriate pressure drop, the stream selector valve position can
be changed without upsetting steady state flow conditions in either
the feedstream or the product stream. The setting of these valves is
arrived at experimentally.

An oven, shown in Figure 4.5, was fabricated to house the
sampling valve, bdckflush valve, stream selector valve and thermal con-
ductivity detector of the gas chromatograph. Heated air inside this
compartment was circulated by means of a four inch diameter fan and
its temperature was controlled by a Honeywell R7161 proportional plus
reset temperature controller.

A Beckman model 320 process chromatograph programmer supplied
the four-filament thermal conductivity detector with power and con-
trolled the operations of the chromatograph: sampling, backflushing
and change of output signal attenuation. The control of these operations
is implemented by means of a cam and microswitch system depicted in
Figure 4.6. When a micro switch falls into the slot on its cam, its
position is changed (open or closed) and its control action is carried
out. The output signal of the detector was usually monitored by a Sargent
model SR millivolt recorder.

A dual column arrangement was provided whereby the first
column could be backflushed while forward flow was maintained in the
second colum. This arrangement was necessary so that water, a reaction
product, could be trapped in the first column and subsequently removed

during an analysis cycle. The columns which were used and the operating
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conditions of the chromatograph are given in Figure 4.7, a sample
chromatogram. It is notable in this diagram that the areas of the
- component peaks are obtained by the number of deflections made by
the arm of the disk integrator. The repeatability of this device is
demonstrated on four nitrogen peaks in a row shown in Figure 4.8.
Sample size was held constant and, as indicated, the area remained
constant at 99 counts.

A number of ways have been suggested in the literature
for analyzing fér hydrogen sulfide and sulfur dioxide mixtures using
gas chromatography. A complete separation of air, HZS’ SO2 and A has
been reported by Obermiller [81] using Poropak Q in a novel dual
column arrangement. A similar separation has been shown [4] to be
possible using two columns; one four foot column packed with 15% Ucon
on 40/60 mesh Teflon T-6 and the second a composite column of 5 feet
of Chromosorb P followed by 7 feet of molecular seive 13X. Beckman
recommends the use of polyethylene glycol 15% by weight on acid washed
chromosorb G in a 20 foot column. Silica gel [33] has also been success-
fully used for the separation of air, COZ’ cos, HZS' CS2 and SO2 mixtures.

A1l of the above methods appear satisfactory in the figures
depicted in the respective articles. The polyethylene glycol-chromasorb
G column combined with a silica gel colum used in this work provided

chromatograms with much less tailing on the SO2 peak than the method re-

commended by Beckmann.
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4.3 Fluidized Sand in Air Bath

After passing the air through a Webster Auto Drain air fi]ter-
to remove water and oil, it was heated in both 6 kilowatt and 3 kilo-
watt Chromalox immersion heaters. The first heater was equipped with
a Chromalox AR-5514 on/off thermostat and the air temperature leaving
the second heater was controlled by a Honeywell type R7161 proportional
plus reset temperature controller. This preheated air was admitted
to the fluidized bath through a porous bronze disk located below the
base of the recycle pump.

The fluidized bath, depicted in Figure 4.9, contained the
recycle pump, recycle loop, reactor and the temperature and pressure
measuring elements necessary for taking data. It was made from 10
inch schedule 40 pipe and flange mounted to the reactor stand. The
top section could be raised and lowered using an American Power Pull
hand winch. The overall height of the bath was 18 inches and the top
section was 15 inches.

As a fina) heat source, 12 cross section curving strip heaters
were bolted longitudinally to the top section of the bath. This 1.5
kilowatt energy source provided even heating around the circumference
of the bed and was controlled by a Foxboro 625M temperature controller
with proportional, reset and derivative action.

An easily removeable 2 inch thick asbestos sheath enclosed
the fluidized bath. Conductive heat losses from the base of the bath

were reduced by drilling 1/2 inch diameter holes through the reactor
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stand around the circumference of the fluidized bath.

Air left the fluidized bath through a cyclone which was de-
signed to knock out entrained sand and return it to the bath. Flow
was restricted between the bottom of the cyclone and the bath by a
1 inch teflon seated Crane ball valve.

To permit the addition of water vapor to the reactor feed-
stream, a "T" was installed just after the feed preheat coil as shown
in Figure 4.9. Distilled water was supplied at accurately measured
and constant rates by a 100 cu cm syringe microfeeder driven by a
synchronous motor. This apparatus was fabricated in the department
shop and is described elsewhere [51]. The liquid water was passed
through an 18 in. long coil which was situated in the fluidized bath
and connected to the above-mentioned "T". This coil vaporized the

water so that steam was mixed with the reactor feedstream.

4.4 Recycle Loop and Reactor

A colour photograph of the recycle reactor is shown in Figure
4.10 where it is apparent that the recycle loop is 1/2 inch diameter
stainless steel 316 tube. A1l of the Swagelok fittings were lubricated
with an antiseizing compound called "Silver Goop" manufactured by the
Crawford Fitting Company. This antiseizing compound reduced the “weld-
ing action" of fittings while they were exposed to high temperatures
for extended periods of time.

At the top of the recycle loop is a bellows valve constructed

entirely from stainless steel 316. This Nupro valve was included in the
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loop to provide some load for the sliding vane compressor. While ob-
taining the performance curve for the recycle pump, it was found that
considerable "chatter" of the vanes would result with the unloaded
pump in the recycle mode.

The reactor assembly, depicted in Figure 4.11, was also
fabricated from stainless steel 316. The 4.5 inch long reactor tube
was threaded at each end to accommodate Swagelok nuts and ferrules.

At the top, the inside diameter was bored so that a 1/2 inch tube
could slide into it for two inches. The reactor "basket" slides into
this area and is secured in place by the 1/2 inch tubing which is
attached to the reactor tube using a Swagelok nut and ferrules.

This basket is easily removeable for changing catalyst. It
is 3/4 of an inch long and at the bottom a thermocouple guide has been
press-fitted into the walls of the basket. The guide hclds the thermo-
couple in the centre of the catalyst bed and also supports the 200 mesh
stainless steel screening.

when a catalyst charge is made, a mixture of 1/16 inch and
1/64 inch diameter stainless steel balls are placed on top of the
screen to such a depth that the end of the thermocouple will be in the
centre of the catalyst bed. The catalyst is then poured in and then
a 3/16 inch layer of these balls is placed above the catalyst bed.

The purpose of these balls is to enhance heat transfer from the catalyst
bed. )

A thick-walled section of stainless steel, located below the

reactor tube, was fabricated to secure the pressure transducer and
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Swagelok fittings to the recycle loop. As indicated in Figure 4.11,
the fittings seal the reactor bed thermocouple and the reactor product
Tine. The inside diameter of this unit is the same as that for 1/2
inch tubing, and at the top the outside diameter is the same as well.
Hence it could be fitted to the reactor tube using the conventional

nut and ferrules. Another thermocouple guide was press fitted into

the top of this device and stainless steel screening was secured to
this guide. This was done to prevent catalyst pellets from falling
into the recycle loop when the catalyst bed was changed. There was

a possibility that a pellet could fall through the hole for the thermo-

couple when a charged reaction tube was removed from the loop.

4.5 Recirculation Pump

A sliding vane compressor was built in the department for
use as the recycle pump. Stainless steel 316 and graphite are the
only materials of construction expoéed to the process stream. Com-
pletely oil and grease free, this unit was designed to operate at
temperatures as high as 800 degrees Fahrenheit.

The rotor, sliding vanes and shaft are the on’y moving parts
in the pump body. Centrifugal force holds the vanes tightly against
the housing for a uniform efficient seal as shown in Figure 4.12. The
direction of rotation of the rotor is indicated by the curved arrow
drawn in the pump cavity.

when the compressor is operating, gas is drawn in through

the suction port and passes through the suction channel. This channel
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was milled into the end plate and tapers from a depth of 0.000 inches
at the shallow end to 0.375 inches at the deep end. The straight
1ine drawn across the suction channel marks the end of the taper at
a depth of 0.375 inches. The discharge channel was milled uniformly
also to a depth of 0.375 inches into the 0.500 inch thick end plate.

As depicted in Figure 4.12, sliding vanes A and B are
drawing gas in through the suction channel. Vane C has just terminated
drawing gas into the pump cavity (14) and the leading edge of vane B
will start to compress this gas as it approaches the discharge channel.
The leading edge of vane C is forcing gas out of the discharge port
while vane D is providing a seal to prevent gas leakage from the dis-
charge side through to the suction side of the compressor.

When assembled, the clearance between the rotor and the end
plates is 0.005 inches. The rotor was tightly secured to the drive
shaft by two set screws and a key inserted into keyways on the rotor
and shaft. By using the two ball bearings below the water cooled
seal (Figure 4.13) as thrust bearings, the vertical position of the
shaft was held steady.

Although not apparent in Figure 4.13, the compressor body
is mounted on the reactor stand in the centre of the fluidized bath
near the bottom. Preheated air is admitted to the bath from below
the reactor stand and up through the sintered bronze ring located
below the pump body. This arrangement was chosen in order that the

recycle pump be close to the main heat source of the bath. It is



KEY FOR FIGURE

End Plate

Pump Discharge Channel
Graphite Bearing Heusing
Beit Hele

Pump Suction Channel (deep end)
Pump Suctien

Pump Suctien Pert

Reter 6
Vane Slet

Drive Shaft

Pump Discharge 5,

Sliding Vane (A) ‘

Pump Bedy
Pump Cavity

R EBen~anawnm

FIGURE 4.12: RECYCLE PUMP BODY AND END PLATE




KEY FOR FIGURE

Alfen Nut
Graphite Bearing
Pump Reter
Pump End Plate
Pump Body
Aluminium Wedge Ring
Shaft Housing

Pump Shaft

Pereus Brenze Plate
10 Preheated Air Inlet
11 Reacter Stand -
12 Asbestes Gasket

DO NNEBWN =

13 Water Cosled Shaft Seal

&i@

18 Bearing Housing
15 Thrust Bearing
16 V-Balt Pulley
17 Thrust Ring

-

@—\

0

[ ]

18 Tie Bar
19 Sieeve Ring
20 Vane Siet

SRR PR RIAR

o0

FIGURE 4.13: SECTION A-A OF PUMP ASSEMBLY



81

important that sulfur not condense in the compressor while operating,
otherwise considerable damage would result to the vanes and pump body
surfaces.

This design eliminated the leakage problem. The pump body
and end plates were ground to an optically smooth condition at the
contact faces and eight uniformly tightened allen nuts provided suffi-
cient interfacial pressure to form a good seal. Possible leaks be-
tween the shaft housing and the bottom end plate of the pump were
prevented by using an aluminium wedge gasket. Since aluminium has a
higher thermal coefficient of cubical expansion than stainless steel,
the seal became tighter as the pump assembly was heated up. A John
Crane type 8B1 water-cooled mechanical seal averted gas leakage around
the drive shaft. An asbestos gasket was used to avoid leakage between
the base of the shaft housing and the Crane seal.

The Crané seal, shown in Figure 4.14, performed very well
throughout the program. Cooling water was filtered by a Nupro 4FR
inline filter, and temperature and pressure indicators were installed
on the drain line. Water flow rate was set manually by adjusting
valves before and after the mechanical seal. The exit water flow
rate was maintained at roughly 70 degrees Fahrenheit and the water
pressure held to a level slightly below the reactor pressure. A
Honeywell pressuretrol type L404B adjustable pressure switch was added
to the cooling water inlet line to cut power from the pump motor if the

filter plugged or the water stopped flowing to the seal. The configu~
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ration of these protective devices is shown in Figure 4.15.

A one horsepower variable speed motor (Reliance type DM) was
used to drive the pump. Power was transmitted between the motor and
the pump by means of a V-belt. Circuit breakers were located in the
motor starting switch and in the variable speed drive unit to prevent
damage which could be caused by electrically overloading the system.

Performance curves were obtained for the recycle pump both in
the recycle mode and with the discharge vented to the étmospheré.
A dry test meter, manometer, stopwatch and thermometer provided the
necessary data to determine flow rate corrected to standard cubic
feet per minute. The performance data is tabulated in Table 4.1 and
the curves are depicted in Figure 4.16. The pressure on the pump dis-
charge was not varied since it was felt that the reactor recycle loop
including the catalyst bed would offer less resistance to flow than

the dry test meter which was used in this test.

4.6 Sulfur and Yater Condensers

The product stream from the reactor passes through the stain-
less steel 316 sulfur condenser shown in Figure 4.17. This device was
wound with nichrome wire which provided the heat source to maintain the
condenser temperature above the dew point of water and below that of
sulfur. To prevent carryover of sulfur into the gas chromatograph or
into the vent line, twenty stainless steel baffles were added to the

condenser as indicated.

Since stainless steel tends to lose the alloy properties which
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Table 4.1

Open Flow Mode

Recycle Flow Mode

Time Head Flow Rate Time Head Flow Rate
1.167 0.8 3.14

0.919 1.2 4.02 1.292 1.8 2.88
0.750 1.7 4.95 1.073 2.0  3.48
0.632 2.3 5.92 0.894 2.4 4,20
0.533 3.5 7.15 0.800 3.1 4.73
0.463 5.4 8.43 0.770 3.7 4.96

Atmospheric Pressure

Atmospheric Temperature

706.2 millimeters of mercury

72.0 degrees Fahrenheit

Time - number of minutes elapsed for the flow of four cubic

feet of air through the dry test meter.

Head - static pressure in centimeters of mercury at the entrance

of the dry test meter.

Flow Rate - standard cubic feet per minute.
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prevent corrosion where it has been welded, the baffle plates were not
welded to the central spacer bar, but secured as shown in Figure 4.17.
Similarly, the flange plates at the ends of the condenser were welded
from the outside. This precaution was taken with all of the fabricated
pieces of the equipment.

It has been pointed out [13] that HZS and SO2 react together
in the presence of liquid water, and thus it was necessary to maintain
the sulfur condenser above the water dew-point. To avoid sulfur plug-
ging problems in the condenser vent line which would result from this
reaction, a glass water condenser was included as depicted in Figure
4.17. Here, the water reaction product was condensed on glass wool

prior to venting the product stream.

4.7 Process Measurements

A1l temperatures were ﬁeasured by stainless steel shielded
iron constantan thermocouples. The seven thermocouples which vere moni-
tored were situated in the following areas; catalyst bed, reactor wall,
fluidized bath, two in the sulfur condenser, gas chromatograph and the
reactor feed line. Figures 4.1, 4.8 and 4.10 clearly indicate their
location.

The millivolt signal from the thermocouples was adjusted by
an Acromag mode! 323 electronic 0°C reference and then measured by a
Honeywell 24 point Electronik 16 millivolt recorder. The recorder was
equipped with an integral solid state calibrator, chart span selector

(5 millivolts to 5000 millivolt span) and a millivolt suppression unit
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with a range of 0 to 10,000 millivolts.

The accuracy of the recorder, which was usually run with a
5 millivolt span, was regularly checked with the integral calibrator
and a Leeds and Northrup model 8686 millivolt potentiometer. The
integral calibrator proved to be a very reliable facility. Also the
electronic zero reference unit was occasionally checked againét an
jce bath and it proved to be very accurate needing no adjustment
throughout the investigation.

A Foxboro 6430 HF electronic consotrol three-pen recorder
moni tored the 10 to 50 milliampere signals sent to it by the two abso-
lute pressure transducers and differential pressure cell in the system.
A Foxboro 610 AR power supply was necessary for both the feed pressure
transducer and the d/p cell. The reactor pressure transducer was
powered by a Kepco KG-25-0.2 power supply unit and interfaced to the
recorder through a Foxboro 693 AR EMF to current converter.

The calibration of each of the absolute pressure transducers
was checked at least weekly with the same procedure used for calibra-
ting them. Frequently, siight adjustments had to be made to these de-
vices to maintain the calibration, however, the chart reading error
was never more than one percent.

The differential pressure cell was checked at the same time
as the pressure transducers but not as frequently since it was fairly
repeatable and rarely gave an error more than 0.5 percent of full scale.

Again the normal calibration procedure was used for this verification.
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4.8 Operation of Equipment and Experimental Procedures

4.8.1 Catalyst Treatment

Porocel is a commercially-used catalyst and was selected for
this study. Since it was a commercial catalyst which had been acti-
vated by the manufacturer, the pretreatment only included steps to
ensure constant catalyst activity in the day-to-day operation of the
equipment.

After loading a fresh batch of catalyst, the reactor temper-
ature was raised to 500°F and held there for 24 hours. A slow stream
of dry nitrogen was passed through the catalyst bed during this period.
This was done to remove combined water. The catalyst surface was then
exposed to HZS by adding HZS to the nitrogen feed-stream to give an
approximate molar composition of 95% N2 and 5% HZS' The HZS reaction
with the catalyst surface was manifested by a sharp rise in the catalyst
bed temperature when it was added to the nitrogen. The completion of
this interaction was marked by the existence of small and repeatable
changes in the bed temperature when the HZS was turned off and on.

The exposure generally lasted for six hours.

SO2 was then added to the slow NZ/HZS stream going to the re-
actor and the Claus reaction was allowed to proceed for at least two
hours before kinetic measurements were made. The catalytic activity
was always highest with fresh catalyst and generally became stable

after this two hour period.
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4.8.2 Fluidized Bath Startup

The fluidizing air and cooling water to the recycle pump
seal were always turned on before any heater to the fluidized bed was
started. The gate valve which controlled the air flow rate was ad-
justed to give 8.0 psig on the line pressure gauge between the valve
and the bath. This corresponded to about 50 scfm of air which ade-
quately fluidized the sand bed. The water flow rate was adjusted so
that the pressure switch on the pump's power supply was activated and
no less than 1 gpm of water flowed. The pressure switch setting was
maintained at approximately 1 psi below the operating pressure of the
reactor. This practice was followed to prevent water leakage into the
reactor in the event of a seal failure. The two air preheaters and
the fluidized bath heater were then turned on at the appropriate settings.
Usually, the reactor would reach the desired operating tempera-
ture within 2-1/2 hours. The first air heater was always turned to a
setting of 550°F but, since it was capacity limited and could not heat
the air to this temperature, it was always on. The second heater's
controller was generally set at 150°F above the desired operating
temperature since there was a considerable heat loss around the base
of the fluidized bed. This controller had proportional plus reset modes
of temperature control. The fluidized bath temperature controller was

usually set very close to the desired reaction temperature.

4.8.3 Execution of Kinetic Measurements

The sulfur condenser was turned on at least twenty minutes
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before any kinetic run was made. The nichrome wire windings on this
unit received energy from a rheostat which was manually set to main-
tain the temperature in the condenser above 100°C.

While the condenser warmed up, the flow rates of N2, HZS and
SO2 were adjusted to provide what would be required for the maximum
feed rate to the reactor and the desired feed composition as analysed
by the gas chrométograph. While adjustments to the flow rates were
being madé, the gas was bled to vent through the feed-1ine back-pressure
controller and no feed gas was permitted to reach the reactor. The
feed back-pressure controller was set to give the desired feed pressure
which was maintained constant throughout a set of runs with constant
feed composition.

The recycle pump was started after the desired feed composi-
tion was attained and flow at the specified rate was started to the
reactor. Fine adjustments to the fluidized bath temperature were then
made and steady state temperatures were usually achieved within five
minutes.

The desired reaction pressure was obtained and controlled
by manually adjusting the product stream back-pressure controiler and
the GC product vent valve. These settings were very easy to make once
experience had been obtained running the equipment.

For most runs, two product and at least one feed chromato-
grams were taken. The former were to verify the existance of steady-

state reaction conditions and the latter to ensure that constant feed
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composition was being maintained.

The measurements which were recorded for a steady-state
run included the following: catalyst bed, reactor wall, and fluidized
bath thermocouple readings, feed and reactor absolute pressure -trans-
ducer readings, feed D/P cell reading and chromatogram component areas
as measured by the disk integrator.

The sulfur condenser removed sulfur vapor from the product
stream, but the sulfur merely accumulated at the bottom of this de-
vice. Periodically the sulfur had to be removed by disconnecting the
water condenser, passing a slow nitrogen stream through the reactor
and subsequently the condenser, and heating the condenser above'the
boiling point of sulfur. The sulfur vapor was discharged into the

room air until the condenser was reasonably clean.

4.8.4 Termination of Kinetic Measurements

At the end of a series of runs, the fluidized bath was usually
left hot and the HZS and SO2 gas streams were turned off. liitrogen
was purged through the entire system for at least fifteen minutes to
avoid unnecessarily excessive time of contact between HZS and SO2 in
the feed system, reactor and analytical equipment. This practice was
followed to prevent the reaction of HZS and SO2 in the presence of
water which could get into the equipment by diffusing back from the

water condenser and being further propagated as a reaction product.

4.8.5 Periodic Equipment, Maintenance, and Accuracy Tests

As previously indicated in Section 4.7, the D/P cell and abso-
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lute pressure transducers were checked against the calibration data

at regular intervals using normal calibration procedures. The carrier
gas flow-rates and filament current of the gas chromatograph were
checked and adjusted to calibration settings every day that kinetic
measurements were being made. Also, the calibration of the gas chromato-
graph was checked by making up an N2’ HZS and SO2 mixture of known
composition and running its chromatogram at least once a week during

the more active periods of the research program.

The equipment did not require much in terms of preventative
maintenance. The six-port diaphragm valves of the process GC were
opened and inspected for wear and dirt, however, they were always
clean and never leaked. The 1/2 litre of dessicant in the stream driers
was changed every month to be certain that moisture did not enter the

system.

4.8.6 Catalyst Activity Test

To determine if the catalyst activity was remaining constant
throughout the course of a series of runs and between different catalyst
batches, one feed composition and temperature were repeatedly analysed
and compared on a space time conversion plot. The results of the activity

tests are discussed in Chapter VI.

4.9 Materials

The Matheson Company [75] specified the following minimum
purity limits on the gases supplied:
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g N2 99.996% (prepurified grade)
S0,  99.98% (anhydrous grade)
HZS 99.5% (C.P. grade)

Samples of the gases from their cylinders were analysed using a gas
chromatograph and nitrogen impurity was present in the 502. The con-
centration of N2 in the SO2 was found to be 0.3%. Using a mass
spectrometer, trace quantities of COS, 602, and CS2 were found in
the HZS but were not measured quantiatively. These compounds were not
detected using the gas chromatograph.

The catalyst used in this investigation was donated by
Minerals and Chemicals Philipp Corporation of Menlo Park, New Jersey.
The properties of the catalyst were given on a data sheet supplied by

the company.

Porocel Sulfur Recovery Catalyst

Volatile material 6%
Chemical composition Ai203 89.0%
(Volatile free basis) Fezo3 5.0%
1,0, 2.8%
$;0,  2.6%

Insoluble 0.6%

Surface area 215 mz/gm
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CHAPTER V
REDUCTION OF DATA

5.1 Introduction

A1l of the process measurements which were read from labor-
atory recording devices were punched on computer cards and read into
the nonprocess data processing program (NPRDP). A Fortran listing of
NPRDP is shown in Appendix C and the input data and resulting output
for each experiment follows the listing. A sample calculation and
error analysis are also provided.

NPRDP was set up to calculate and print out the material
balance across the reactor, the reaction temperature, and the re-
action pressure. From the material balance calculations, the follow-
ing information also was printed out: feed and product HZS/SO2
molar ratios, percent conversion of HZS and 502, reaction rate of

HZS and 502, and the weight of the catalyst divided by the molar feed
rate of HZS‘

5.2 Ideal Gas Law Assumption

The ideal gas law is inherent in the calculation procedure
and the validity of its use will now be considered. After Gibbs
developed the concept of chemical potential, Lewis [71] proposed a
new variable called fugacity, f, which was related to chemical po-

tential, u, in the following way,
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p = RT anf + 6, B (5.1)
where 8 is a function of temperature only and p is based on one mole
of material. Using the first and second laws of thermodynamics [99],

the following relationship can be developed from Equation (5.1},

- wm (5.2

When the pressure to which Equation (5.2) is applied approaches zero,
the behaviour of all substances approaches that of an ideal gas. Hence

at very low pressures

d(anf) = d(anP) . (5.3)

If upon integration the constant of integration is chosen as zero, the

fugacity is equal to the pressure, or

f* = p* (5.4)

where the superscript symbolizes a pressure approaching zero where
the fugacity is equal to the pressure.

One method of determining pure component fugacities employs
the principle of corresponding states and uses generalized charts to

arrive at the value of the fugacity coefficient, ¢'
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v 5
cb-p . (5.5)

This approach was used for determining ¢' for the components of
interest at the operating conditions of the experiments.

The critical constants and the reduced temperature and
pressure for each component are given in Table 5.1 based upon data
taken from The Matheson Gas Data Book [75]. In Table 5.2, the fugacity
coefficients [103] are given for conditions in the recycle reactor as
well as those which existed for calibration of the gas chromatograph
and analysis of feed and product streams. It is apparent that at the
conditions in the reactor (roughly 533°K and 1 atmosphere) the fuga-
city coefficients for all of the species would be very close to 1.000.
Unfortunately, ¢' data were only availabie down to reduced pressure
of 0.10 however, the trend in the data indicates that the ideal gas
law is applicable under these conditions. The same holds true for
conditions of room temperature and pressure except possibly for 502‘
Haywood [45] indicates that SO2 may be considered to be a perfect gas
at normal atmospheric conditions.

The values which were used for the molecular volumes [75] of
these compounds are given in Table 5.3.

Throughout this work, including calibration of the gas

chromatograph, the equation of state for an ideal gas was employed,

Pv = RT . (5.6)
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Table 5.1

Critical Constants and Reduced Properties

of NZ’ st’ SO2 and HZO
Critical Constants Reduced Re?uced ;emgeratu;e
Compound T _,°K P /A Pressure 533°K 293°K
c? c,atm c (1 atm.)
N2 126.0 33.5 0.291 0.0299 4.24 2.32
HZS 373.6 88.9 0.284 0.0112 1.43 0.784
SO2 430.7 77.8 0.269 0.0129 1.24 0.680
H20 647.4 218.3 0.230 0.0046 0.825 --
Table 5.2

Fugacity Coefficients at 533°K and

293°K and One Atmosphere

Reduced ¢' at 533°K and 1 atm. ¢' at 293°K and 1 atm.

Pressure N2 HZS SO2 H20 N2 HZS 502

0.4 1.000 0.967 0.939 0.363 0.993 0.551 0.168
0.3 1.000 0.977 0.958 0.482 0.995 0.730 0.220
0.2 1.000 0.98 0.974 0.719 0.997 0.900 0.325
0.1 1.000 0.995 0.991 0.906 0.999 0.966 0.640
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Table 5.3

Molecular Volumes

Compound Molecular Volume
(1iter)
N, 22.40360
H,S 22.14424
S0, 21.88930

The number of moles of a component has been calculated by

Y
ni = v—- > (57)

Iy

1

and the volume at measured-temperature and pressure was converted to

standard conditions using

7 . (5.8)

For a mixture of ideal gases, the mole fraction, volume fraction and
partial pressure as a fraction of the total pressure are all equal [99]

and this useful fact has also been employed.
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5.3 Reactor Material Balance

Using the readings of the D/P cell, absolute pressure trans-
ducer, and the gas chromatograph, it is possible to carry out a ma-
terial balance calculation for the reactor. The total volumetric
feed rate to the reactor at standard conditions of 0°C and 1 atm is
called FFO. Then the molar flow rate of any component, FFi, can be

calculated,
FFy = (FFg)(y;)/(Ty;v;) - (5.9)

The denominator of the above expression represents the average molar
volume of the gas mixture at standard conditions.

It is assumed that nitrogen passes through the reactor as an
inert component, so the product flow rate of N2 equals that entering

the reactor,

FPyo = FFyp - (5.10)

N2

Therefore the product flow rate of HZS and SO2 can be expressed as
- * x
Fpi = (FPNZ)(yi)/(yNZ) (5.]1)

The asterisk was added to the above y; because the symbol does not re-
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present the mole fraction of the component in the bulk product stream.
The y; is the mole fraction of component i in the product stream after
the sulfur and water vapor have been removed.

From the equations (5.10) and (5.11) all of the streams de-

picted in the following figure are known except for FPS and FPH

X 20 .
FFNé—9] -’¥PN2
r~

FF .| Recycle Sulfur Water Trap Fp

stﬁ — Reactor Condenser =]  Column  [=31=>""H,S
Fen —>FP

S0,~> S0,

(FF) o) FP FP
H20 S, HZO

Assuming that all of the sulfur contained in the HZS and
SO2 which reacted formed sulfur product, then

FPg = (FF

X

FF

2 2

The water could be calculated in two ways,

FP

= 2(FFen -FPeq )
H,0 50, 50,

2
(5.13)

or FP
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The two answers should be the same if the GC analysis of the feed and
products streams were perfect but since this was not the case, the

average of the two results was taken.

FP

o = (2FFsq -FPgg ) + FRy g = PPy g)/2 - (5.14)

2 2

An indication of the accuracy of the balance was obtained by performing

a hydrogen balance,

FP, = FF

H, H.s - FP - FPy o - (5.15)

H,S

2 Ho

This term, of course, should be zero. For experiments which involved
the addition of water, FFQZO’ to the reactor feedstream, Equation (5.14)
was modified by adding to it the molar feed rate of water.

The rate of reaction of HZS and SO2 were obtained directly
from the reactor material balance by subtracting their product flow
rates from their reactor feed rates and dividing the result by the
weight of catalyst in the reactor. Such kinetic data are referred to
as finite rate data in this thesis and are calculated as shown in

Equation (5.16),

- rHZS = (FFHZS-FPHZS)/H . (5.16)

This equation is mathematically the same as Equation (2.49), which
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states

" T ” (XHZS)(FFHZS)/N : (2.49)

More than 80% of the kinetic data presented in this thesis
are finite rate data. To augment these data, the conversion and
space-time data which were also measured with each run were correlated
to provide initial rate data. This approach is discussed in Section

6.5.

>

5.4 Partial Pressure of Reaction Species

The composition of the effluent from the reactor is very
close to that of the reacting mixture since at high circulation rates
the recycle reactor behaviour is the same as for the perfectly mixed
backmix flow reactor. Thus, the partial pressures of the reacting
species may be determined from the composition of the product stream.

In turn, the composition of the product stream was calculated from the

material balance,

(FP ) (vy)

5 = m. (5.17)

It was not possible to use FPS in Equation (5.17) since
sulfur vapor exists as a mixture of 58’ SG and S2 molecules. The re-
lative amounts of each sulfur species present at equilibrium are de-

pendent on the temperature and pressure of the sulfur vapor system.
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The average molecular weight of sulfur in the vapor was determined
by using the free energy minimization method which was discussed in

Chapter 1II. The FPs was replaced in the material balance by FPS

X
where,

FPSx = FPS/X " (5.18)

where X is the average number of sulfur atoms in the sulfur vapor mole-

cule.

Since the reaction mixture behaves like an ideal gas mixture,

then the partial pressures could be calculated as follows,

Py = (y;)(P) . (5.19)
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CHAPTER VI
PRESENTATION AND DISCUSSION OF EXPERIMENTAL RESULTS

6.1 Experimental Program

The kinetics measurements” for the Claus reaction were ob-
tained with the following objectives: the data should permit corre-
lation of and discrimination between mechanistic kinetic models for
the system. It should also yield an empirical rate equation adequate
for plant design if sufficient confidence could not be expressed for
any of the mechanistic type models.

In modified Claus type sulfur plants, HZS and SO2 mole fractions
rarely exceed 0.10 in the catalytic converters where the Claus reaction
takes place. Accordingly, in this investigation the upper concentration
levels of HZS and SO2 were set for 0.10 mole fraction. Existing sulfur
recovery plants operate only slightly above atmospheric pressure and,
so, in the research program, the reaction pressure was held to slightly
above one atmosphere.

The temperature range decided upon was also consistent with
plant operating conditions, the lowest possible temperature above the
sulfur dew point. Minimum and maximum temperatures were 208°C and
287°C respectively.

It was also recognized that substantial water vapor partial

pressures existed in sulfur plant converters, so facilities were pro-
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vided to study the effect of excess water vapor on the reaction rate.

It was therefore felt that the state variables for this re-
action could be studied within the range of industrial interest and
yet with sufficient scope to allow correlation of a useful rate ex-
pression and inferences to be made on the reaction mechanism.

Table 6.1 summarizes the experimental program. Each run
has been assigned an alphameric number which consists of two letters
and an integer. The first letter refers to the temperature level at
which the run took place. The second letter designates the feed com-
position for the run. The integer assigned to each run number dif-
ferentiates between the feed flow rates to the reactor. Generally,
the lowest number corresponds to the slowest feed rate.

Four exceptions were made to this numbering convention.
Runs which have been labelled CAT1, CAT2, ... are catalyst activity
tests which took place at experimental conditions corresponding to CB.
The number refers to the batch number of the catalyst charge. Runs
with X as the second letter have been carried out under feed composition
conditions which correspond to the letter A, and the intent of the run
has been to operate at high conversions of HZS' FMS denotes runs which
were executed using a finer mesh sized catalyst than that used for the
rest of the experimental program. Finally, HW applies to runs which
took place at high water partial pressures by adding water to the re-

actor feed stream.

Tables in Appendix C contain the kinetic data which were ob-
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Table 6.1

Experimental Program

1st Letter-Temperature 2nd Letter-Composition

Letter (Degrees Kelvin) (Mole Percent)
N, HS S0,
A 559 88.39  7.93 3.68
B 501 92.50  3.82 3.68
¢ 515 94.37  1.95 3.68
D 481 87.11  7.51 5.38
E - 90.73  7.63 1.64
F . | 92.66  1.94 5.40
6 ; 9%.23  2.05 1.70
H - 90.43  3.84 5.73
K - 94.35  3.89 1.75
X - 88.39  7.93 3.68

FMS Activity Test on fine mesh catalyst
HW Kinetic data taken at high water levels
CAT Catalyst Activity Test
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tained in this investigation. The data have been presented in three
groups; directly measured finite rate data, catalyst activity test data,

and initial rate data which were determined from plots of HZS fractional

conversion versus reactor space time for HZS'

6.2 Test for Homogeneous Reaction

The first experiment performed on the equipment was one
which tested for thé existence of homogeneous reaction. With no catalyst
in the reactor, a feed stream with a composition of approximately 88%
N2, 8% HZS and 4% SO2 was used. The reactor temperature approximated
500°K and the recycle pump was running at a dial setting of 9 throughout
this test. It was found that chromatograms for both feed and product
streams were the same within the limits of experimental error and so it
was concluded that homogeneous reaction was not occurring to any signi-
ficant extent in the reactor. The experimental error is discussed in

Appendix C.

6.3 Bulk Mass Transfer Test

The recycle reactor is ideally suited for determining
whether bulk mass transfer (film diffdsion) is the rate-controlling
step in heterogeneous catalytic reactions. By simply holding all of
the state variables (feed composition, feed flow rate, temperature and
pressure) for the reactor constant and changing the rate of recircu-

lation, it is possible to determine whether mass transfer is rate con-

trolling.



In the film diffusion test which was performed, the vari-
able speed drive on the recycle pump was set at dialyreadings of 4.,
6., 8. and 10. which corresponded to recirculation rates of approxi-
mately 2.3, 3.5, 4.75, 5.0 scfm. At each dial setting, a product
chromatogram was taken and, in each case, they were jdentical within
the limits of experimental error (indicated in Appendix C).

It was concluded that film diffusion was not significant
and that the reactor was behaving as a perfectly mixed backmix re-
actor. Unfortunately, the recycle pump could not be run slowly enough
to demonstrate departure from these ideal conditions. This was due
to the nature of the pump drive, powered by a direct current motor
which would not turn over at dial settings below 3.5.

The data for this series of runs is tabulated under run
CB-2 in Appendix C and the chromatograms are given in Table 6.2. In

Appendix D, theoretical calculations indicated that at a dial reading
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of 5.0 on the recycle pump the bulk diffusion rate of HZS to the catalyst

. surface could be more than 250 times as rapid as the rate required to
sustain the surface reaction at 500°F and 30.4 and 15.2 mm Hg pressure
for HZS and 502, respectively. For similar temperature and pressure
conditions, calculations indicated that the film diffusion rate for
modern sulfur plants could be 7.5 times as fast as that necessary to
sustain the surface reaction. When the partial pressures of HZS and

SO2 are increased, this ratio of 7.5 would decrease.
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Table 6.2

Chromatograms for Film Diffusion Test

Stream Pump Dial Recirculation Component Areas

Sampled ‘Reading Rate (scfm) N2 HZS SO2
Feed - 90.5 219.5 259.0
Feed 90.5 220.0 258.0
Product 4, 2.30 90.2 190.0 242.0
Product 6. 3.50 90.2 191.5 243.0
Product 8. 4.75 90.2 192.0 242.5
Product 10. 5.00 90.1 190.0 240.0
Product 7.5 3.90 90.2 190.0 242.0
Product 7.5 3.90 90.1 192.0 242.0

For the ensuing experimental program, the pump dial reading
was maintained at 7.5 which corresponded to a flow rate of 3.90 scfm
through the catalyst bed. This flow provided recycle ratios which
averaged at 25 for the rate measurements. This is better than two
times the recycle ratio of 10, above which, a recycle reactor behaves

like a backmix reactor.

6.4 Catalyst Activity Test Results

As indicated in Section 5.1, the catalytic activity was re-
latively higher for freshly loaded catalyst, and a procedure was followed
which avoided taking kinetic measurements under these conditions. To
ensure that constant catalytic activity was prevailing, runs at the

feed composition and experimental conditions which corresponded to CB
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were made periodically and the results were compared on a fractional
conversion (XA) of HoS versus space time (WFA) plot. This not only
served to check the catalytic activity, but also demonstrated the re-
peatability of the experiments.

The catalytic activity appeared constant within the limits
of experimental error for all cases. In Figure 6.1, the results of
all of the activity tests are plotted as well as those for run series
CB. The dotted lines on either side of the solid line indicate the
limits of experimental accuracy as determined in Appendix C.

Catalyst activity tests were performed at the discretion
of the experimentalist. Generally, activity tests were carried out
before and after long series of runs and in particular, if the equip-
ment had been cooled down and then reheated because of a necessary
repair or new catalyst charge. Normally, the fluidized bath temperature
was maintained at all times between runs, for days at a time.

The results of the activity tests and run series CB are
given in Table C-3 in Appendix C. Three batches of Porocel catalyst
28/35 mesh were used for the runs. Activity tests denoted ACT1 were
performed on catalyst batch number 1 which weighed 0.4995 grams. This
batch was used extensively for kinetic measurements. Catalyst batch
number 2 weighed 1.5141 grams and was used for the high conversion
run series. Catalyst batch 3 weighed 1.1530 grams and was used for

the runs made at high levels of water partial pressure.
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e Catalyst charge #1,run series CB
s Catalyst charge #1,activity test
s Catalyst charge #2, activity test
v Catalyst charge #3, activity test
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WFA (gm catalyst)/(gm mole H2S /hr.)

FIGURE 6.1: CATALYST ACTIVITY TESTS
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6.5 Initial Rate Data

From plots of fractional conversion of HZS and reactor
space time with respect to the HZS feed rate, it is possible to
determine the rate of reaction at zero percent conversion of HZS
by taking the slope of such a plot at the origin. Since this is
not as immediately clear for a recycle reactor as it is for a dif-
ferential reactor, the mathematics of obtaining rates from such plots
will now be reviewed.

Consider the sketch of a recycle reactor shown in Figure
2.3. The following material balance equation describes the dif-
ferential change in fractional conversion of component A with a

differential change in weight of catalyst in the reactor.
FAO (1+R") dXA =T dw (6.1)

This equation is being applied in the "differential reactor sense”
since the total flow of component A past the catalyst at zero con-
version is used. The prime is used on XA because it refers to the
conversion across the catalyst bed and not across the recycle re-

actor as a whole, X,. These two conversions are related by the fol-

lowing equation.

XA = XA/(14R') (6.2)



Differentiating Equation (6.2) and substituting into Equation (6.1),

the following result is obtained.

FAO dXA =T dW

Equation (6.3) may be integrated and rearranged to give:

X
dX
A_ W _
. L ST
r FA
o A 0

which is valid at low values of XA.

(6.3)

(6.4)

Holding the catalyst weight constant and permitting the

feed rate of component A, FAO’ to vary when the above equation is

differentiated, corresponds to finding the reaction rate taken from

derivatives taken at the origin on conversion versus space-time plots.

Differentiating, Equation (6.4) becomes

dXA
rp = d(WFA)
. dXA
or YA = G(WFAY

The initial reaction rates were obtained by fitting the

conversion-space time data to the function

X = Atanh[B(WFA)]

(6.5)

(6.6)

(6.7)

15
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and analytically differentiating at the origin. The curve fitting
was carried out using Rosenbrock's method which is described in
Appendix E.

The derivative of the above function with_respect to WFA

is

dXy 2
TWFRY = (A)(B)(sech“[B(WFA)])

(6.8)

At WFA = 0, which corresponds to the initial rate of reaction, the

above derivative reduces to

dXA
TRy ° (A)(B) . (6.9)

This method was proposed and applied by Mezaki and Kittrell [77]
on space time-conversion data taken by Johnson [53] on the vapor-phase
dehydration of secondary butyl alcohol over a commercial silica-alumina
cracking cataiyst.

Table 6.3 summarizes the results of fitting the conversion-
space time data and also indicates the calculated initial rates. Using
the fitted hyperbolic tangent functions, the space-time conversion
data were calculated at thirty five points for each of the eighteen

sets of data. These calculated points were used for plotting the
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curves shown in Figure 6.2, which also shows the experimentally me-
asured space time-conversion data.

The ideal gas law was used in conjunction with the average
feed composition and reaction pféssure for each of the sets of runs
for determining the partial pressure of reactants which would exist
for each initial rate. These initial rate data are shown in Table

C.4.

6.6 Experimental Test for Pore Diffusion

Porocel catalyst, 28/35 mesh, was used throughout the experi-
mental program for measuring kinetic data. To test if pore diffusion
was limiting the reaction rate, a finer mesh-sized catalyst (48/65
mesh) was subjected to the normal pretreatment procedure and then
kinetic measurements were taken at exﬁerimental conditions similar to
those for run series CA.

After one run it was very clear that this finer mesh catalyst
was much more active than the 28/35 mesh material, so the pretreatment
time span was tripled. The results from the three ensuing kinetic
measurements are shown on a conversion-space time_pIot in Figure 6.3
along with those of run series CA.

The activity of the smaller catalyst particles was obviously
much higher than that of the catalyst particle size used in the ma-
jority of the experiments. The jnitial rates of reaction which were
obtained by the previously déscribed hyperbolic tangent fitting pro-

cedure are shown in Table 6.4 as well as the external areas of the
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No.

AB
AC
BA
BB

CA
cB
cc
CD
CE
CF
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CH
CK
DA

&

Initial Rate Data Determined From

Table 6.3

Fitting a Hyperbolic Tangent Function

Parameter Values Fit
A B Variance
32.7480 1.26700 0.0485
37.2910 0.54262 0.0000
38.3180 0.25993 0.0000
23.5153 1.44195 0.0000
41.3226 0.35167 0.0289
72.0617 0.10762 0.3362
24.1780 0.99983 0.0632
41.8180 0.30316 0.0127
34.9180 0.19497 0.2344
196.3460 0.14900 0.0003
132.8240 0.13472 0.0645
31.2100 0.32707 0.0000
25.8230 0.23634 0.0000
51.4540 0.32945 0.0000
197.3260 0.04899 0.0002
38.9446 0.36094 0.0001
51.5323 0.14600 0.0000
15.9675 0.31023 0.0000
51.6322 0.92734 0.3923

Initial

Rate

0.4149
0.2023
0.0995
0.3390
0.1453
0.0775
0.2417
0.1267
0.0680
0.2925
0.1789
0.1020
0.0610
0.1695
0.0966
0.1405
0.0752
0.0495
0.4788

120
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two different sized catalyst particles. In both cases, the same re-

actor feed composition and reaction temperature were used.

Table 6.4

Pore Diffusion Test Results

Catalyst Particle Diameter  External Specific Initial Rate
Mesh Size Max Min Avg Surface Area of Reaction
(Tyler Std) _(cm) (cm)  (cm) (cmg/gm) (g.mol./hr.g.cat.)
28/35 0.0595 0.0420 0.051 46.2 0.242
48/65 0.0297 0.0210 0.025 94.1 0.479

From the results shown in Table 6.4 it is clear that the
catalyst activity is almost proportional to the external area of catalyst.
The external area of the catalyst was estimated using the average
particle diameter shown above, a specific gravity of 3.3 for bauxite
and assuming a cubical particle shape. The area ratio of the 28/35
mesh catalyst to the 48/65 mesh catalyst is 1:2.08 and the ratio of
the initial reaction rates is 1:1.98. 1t is therefore concluded that
only the external area of the catalyst was actively catalyzing the re-
action in this kinetic study. A

A third catalyst of smaller particle size was not tested
since it was anticipated it would be too fine for use in the reactor.
It could cause a very high pressure drop in the recycle loop with the

added danger that it could have been blown through the catalyst support
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screen and into the pump.

The absence of pore diffusion effects is analogous to what
Hammar [44] observed with his cobalt, molybdenum and alumina catalyst.
He observed that when the level of sulfur vapor partial pressure was
jncreased beyond the region where sulfur capillary condensation should
have taken place, no sudden decrease in the reaction rate occurred.

On this basis, he concluded that the reaction was taking place pre-
dominantly on the outer surface of the catalyst.

Calculation of effective diffusivity and subsequent testing
of a reaction rate diffusion control criterion [50] as shown in Ap-
pendix D, led to the conclusion that the Claus reaction would be limited
by pore diffusion if the pores were not plugged. The criterion re-
quires that [50] for the absence of pore diffusion control of a re-
action the following inequality must be satisfied,

S
™) (e < (g} (r{C)/v* (Co))-
The value of the left hand side of this inequality was found to be
0.16 sec versus a value of 0.011 for the right hand side. This means
that the pore diffusion interaction with reaction phenomenon could
have been observed if the surfaces were available for reaction.

It is most probable that sulfur vapor, which is primarily 58

at 260°C, is slow in diffusing out of the catalyst pore and is forming



a monolayer or more on the internal surface. The high activity of
fresh catalyst could result from jnitial internal area utilization

which later diminishes because of sulfur buildup on the surface.
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Sulfur buildup on internal surfaces is visualized as follows:

when a monolayer or more of sulfur forms on the capillary walls, the
effective diameter is so reduced that reactants cannot diffuse in and
more likely, 58’ which may have been formed within the pore, cannot
diffuse out. Sulfur thus remains permanently inside the catalyst.
This hypothesis is supported by tests which were performed
on fresh and used catalyst by Mr. M. de Germiny [23]. Using BET-N2
adsorption measurements, fresh catalyst surface area measured at
148 mz/gm and used catalyst from the same batch at 56 mz/gm. The
surface area reduction can be attributed to reduction of the pore dia-
meter. Subsequent differential thermal analysis of the used catalyst
failed to detect the presence of sulfur in the material. It was felt
that the measurement device was not sensitive enough to detect the
sulfur which likely formed less than 1% of the mass of the sample. On
the other hand, electron probe measurements indicated the absence of
sulfur from fresh catalyst but approximately 10% sulfur content uni-

formly dispersed within used catalyst.

6.7 Examination of the Effects of Species Partial Pressures and

Temperature on the Kinetics of the Claus Reactions

The outline of the experimental program describes the ranges

of feed compositions and temperature which were used in this study.
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Figures 6.4 to 6.6 graphically show how the reaction rate was affécted

by the state variables. Each point on the plots is an expérimenta]]y
measured piece of kinetic data. Excluding initial rate data, the measured
rate data were recorded at varying levels of HZS and SO2 conversion.
Fortunately, the conversion range was small enough that corresponding
changes in Sx and H20 pressure did not cause excessive scatter in the

data on plots which do not take these changes into account.

Figure 6.4 shows how the reaction rate varies with HZS partial
pressure with SO2 as a parameter. It is apparent that the order of the
reaction with respect to HZS pressure remains constant with varying
levels of 502. The reaétion order with respect to HZS calculates at
0.84 using the slopes of the lines shown in Figure 6.4. A cross plot
of Figure 6.4 would provide a graphical estimate of 0.50 for the order
of the reaction with respect to 502. As will be seen later these esti-
mates of the reaction order agree with those obtained from correlating
the kinetic data to an empirical rate expression.

It is also notable in Figure 6.4 that in general the initial
rate data points (open symbols) were lower than the finite rate points
(dark symbols). At first it was felt that there was some form of systematic.
error in reducing the data, since the high water activity experiments,
discussed later, indicated that water retards the reaction. However,
no error could be found.

What has been observed is possibly a very unique effect.

At low levels of water content, the presence of water enhances the number

of hydroxyl groups on the catalyst surface which in turn provides more
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sites for HZS and SO2 adsorption. At higher levels of water content,
after all of the possible hydroxyl groups were formed, the water com-
petes with the reactants for these adsorption sites.

Figure 6.5 displays how the temperature affects the kinetics
of the reaction and again it is seen that the reaction order with re-
spect to HZS remains fairly constant at different temperature levels.
The initial rate points were not included here to avoid cluttering the
plot, but the same trend would be observed as with Figure 6.4 if they
were included. From cross plots of the data in Figure 6.5; the
activation energy for the reaction calculates at 7530 calories. Again
this comes close to the estimate arrived at by curve fitting.

From Figure 6.6 it can be seen that as the partial pressure
of water increases, the forward rate of the Claus reaction decreases.
An increase in the velocity of the reverse reaction most probably
causes the observed reduced forward rate at higher water vapor pressures.

Figure 6.7 shows isorate lines drawn on a graph with percent
conversion of HZS and SO2 to sulfur and temperature as coordinates.
The data points were obtained from plots of the high conversion data
(series A,B,C and DX) with reaction rate plotted against percent con-
version. Unfortunately the equipment was not designed for operating
at high conversion levels and therefore very little confidence could
be expressed in these data. To obtain high conversions, it was necessary
to operate at very low feed flow rates and it is felt that the associ-
ated flow rate measurement error could lead to errors of 100% in the

measured reaction rate.
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The objective of the high conversion series was to provide
directly measured data in the form presented by Kubota [60] which
would facilitate sulfur plant reactor design and staging according

to a method recently applied to Claus reactors by palla Lana [17].

6.8 Correlation of Experimental Data by Rate Equations

An objective of the research program was to determine the
parameters of empirical rate expressions fitted to the experimental
kinetic data. Also, the data would be tested with mechanistic models
which would be selected on the basis of previously described charac-
teristics of the heterogeneous reaction of HZS with 502. Finally, an
attempt should also be made to fit the rate data to a more comprehen-
sive mechanistic model with the mutually rate-controlling steps of
reaction adsorption and subsequent bimolecular surface reaction.

The Rosenbrock method of rotating coordinates [94] satis-
factorily minimized the error variance of the fitted rate expressions.
A Fortran listing of this computer program and documentation of the
algorithm are given in Appendix E.

Rosenbrock's method was originally intended to provide para-
meter estimates for an initial guess for a nonlinear least squares
program however, the latter approach did not reduce the sum of residual
mean squares of the errors of the correlation below that achieved using
Rosenbrock's method so it was deleted from the fitting process.

Experimental data were divided into 11 groups of results,

each group being obtained at a characteristic set of reaction condi tions.
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The reason for doing this was to avoid confusing the correlation re-
sults. For example, if a rate expression without a temperature term

. was correlated to find the reaction order with respect to HZS and 502,
only data taken at one temperature level shdu]d be used and not all of
the available data. These data banks are listed in Table 6.5. Iso-
thermal data refers to kinetic measurements taken at approximately
242°C and at HZS and SO2 partial pressures which range from 12 to 60
mm Hg and 10 to 45 mm of Hg, respectively. The total pressure of the
reactor was held constant at 840 mm Hg. These data weré-pfegented in
Figure 6.4 along with the initial rate data for the experiments. Non-
jsothermal data depicts the results obtained at 515?K and the three other
temperatures which were studied as well. Figure 6.5 exhibits all of
the non isothermal data points. Initial rate data were calculated by
the procedure discussed in Section 6.6, and the results from high
water composition tests were obtained from experiments jn which water
was injected into the reactor feed stream using the microfeeder.

After a bank of data had been correlated to a rate expression,
the covariance matrix was calculated to obtain a measure of the re-
liability of the parameter estimates. In the covariance matrix the
diagonal elements are the variances, and their square roots are the
standard deviations of the parameter estimates [64]. Off diagonal
elements indicate the interdependence of the estimates of the various
parameters. The g5% confidence intervals for parameters were obtained

by multiplying the standard deviations by twc. This is often referred



Table 6.5

Data Banks for Correlation

Bank - Number of
Number Bank Description Data Points
1 Isothermal 24
2 Isothermal Initial Rate 9
3 142 33
4 Nonisothermal 40
5 Nonisothermal Initial Rate 12
6 4+5 52
7 3+6 85
8 2+5 21
9 1+4 52
10 High water + 1 32
n 10 + 4 60

to as two sigma intervals [64]. An explanation of how the covariance
matrix was constructed and a listing of the Fortran program which was

used is given in Appendix E.

6.8.1 Empirical Rate Expressions

Several empirical rate equations were fitted to the kinetic
data. Initially they were simple and became more complex as more in-

formation was gained about the reaction order with respect to specie

132
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partial pressures and about the reaction activation energy. This ap-
proach reduced the tendency of the correlation program to converge on
unreasonable parameter estimates, since initial guesses for some para-
meter values, which were required by the Rosenbrock program, could be
made fairly accurately. The more complex empirical expressions were
not unimodal in the parameter space and several initial guesses were
attempted before correlation coefficients were finally accepted.

Table 6.6 summarizes the results which were obtained for the empirical
rate expression parameter estimates.

The first rate equation in Table 6.6 was fitted to isothermal
data measured at 515°K for obtaining the order of the forward rate
expression with respect to HZS and SO2 at one temperature. The orders
were found to be 0.832 + 0.0745 and 0.437 + 0.0834 respectively. The
third rate expression which includes an activation energy term, was
fitted to nonisothermal kinetic data measured at 481, 515, 541 and
559°K. The reaction orders with respect to H,S and S0, were 0.963 +
0.0448 and 0.359 + 0.135. Since the nonisothermal data were measured
at a higher average temperature than the isothermal data, it is possible
that the reaction order increases with respect to HZS and decreases
with respect to SO2 as the temperature increases. However, the 95%
confidence limits for the order estimates indicate that they could
both be the same for the two sets of results and so, the data do not
permit us to conclude that the order changes with temperature.

The apparent activation energy of 7589 + 451 calories per
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mole may be lower than the true activation energy for the reaction.
Under strong pore diffusional resistance the observed activation enefgy
may be as low as one-half of the true activation energy [102]. Since

it was previously concluded that virtually none of the catalyst interior
was being used, it is more likely that the measured energy of activation
is representative of the diffusion free value.

Another problem involved with the credibility of this activation
energy is whether or not the empirical rate expression 1is representative
of the mechanism of the reaction. This type of rate equation corresponds
to the Freundlich adsorption isotherms for HZS and SO2 and suggests
that a surface reaction between chemisorbed species is rate 1imiting.
This isotherm is expected to be valid only at low surface coverages [1021.

The empirical rate expressions do correlate the kinetic data
as well as the mechanistic equations which are discussed later. A
Freundlich-based rate equation is reasonable for summarizing the kinetic
data. The work of Deo et al [24] suggested that the function of alumina
catalyst is to orient the physically-absorbed reacting molecules. Since
it is probable that only a small fraction of these molecules are pro-
perly oriented for reaction, the reactive adsorbed molecules would
correspond to a sparsely covered surface to which the Freundlich adsorp-
tion isotherm may be applied.

The magnitude of the activation energy, 7589 cal/1 gm mole,
suggests that the chemical reaction is an easily activated process

since activation energies for most chemical reactions are commonly in
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the range 10,000 to 50,000 calories per gram mole [18]. For the forma-
tion of hydrogen bonds, activation energies range from 4,000 to 7,000
calories per mole. Therefore the activation energy of the Claus re-
action suggests that hydrogen bonded molecules may be involved. Evidence
has been given [24] for the existence of physically adsorbed, hydrogen-
bonded and chemisorbed HZS and SO2 on alumina.

The remaining rate expressions in Table 6.6 were correlated
in an attempt to take into account the effect of water which definitely
retards the chemical reaction at high partial pressures. Before dis-'
cussing the rate equations, it is important to consider this water
effect in conjunction with the postulated mechanism.

The previously cited work of Maclver et al [74] indicated
that on y-alumina water would form hydroxyl groups with dehydroxylated
aluminium ions and, subsequently, it would hydrogen bond to surface
hydroxyl groups after all of the aluminium ions were hydroxylated. In
this work, initial rate data tended to measure lower than finite rate
data and it has previously been suggested that water reaction product
autocatalyzes the Claus reaction at low valves of reactant fractional
conversion. The water injection experiments unrefutably showed that
high water partial pressures retard the reaction. These observed
phenomena are the final pieces of information which support the hydrogen-
bonded reactant theory, and they are explained with the help of the
MacIver work. At low levels of conversion, the water product of reaction

forms surface hydroxyl groups which serve as sites for hydrogen bonding



137

HZS and 502. At high conversion and correspondingly high water partial
pressures, the water competes with HZS and SO2 for surface hydroxyl
groups since the water also hydrogen bonds to them. Thus, water re-
tards the reaction by imposing this competition for surface hydroxy!
groups. As was previously stated, it is most probable that the re-
verse Claus reaction rate is increased as the water partial pressure
increases. Therefore it is the combination of site competition and
reverse reaction which causes the lowered apparent forward rate at
higher water partial pressures.

The rate expressions shown in Table 6.6 which take into
account the effect of water have considerably larger confidence limits
on the reverse reaction rate constant and order than those found for
the forward reaction. This reflects the relative amounts of kinetic
data available for correlating the forward and reverse reaction rates.
Only eight runs were carried out at conditions of high water partial
pressures where the reverse reaction would be substantial whereas for
data bank 10, of the 32 data points, 24 observations were made for the
forward reaction rate with negligible reverse reaction.

The most comprehensiye rate expression which could be fitted

to the data is at the bottom of Table 6.6. It has the following form:
= - n_ P
r =k, exp( E,/RT) (PpPg-k_1Pg) - (6.13)

Again, the confidence limits on k_y and p are large and more experi-
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mentation would be necessary to reduce them.

This expression is indeed empirical and implies that the
activation energy for the forward and reverse reaction rates are equal.
This of course is unlikely. It is also implied by this rate equation
that sulfur product does not play a role in the reverse reaction which
again is unknown. Nevertheless, the data were too few to permit esti-
mation of the reverse reaction activation energy or the effect of
sulfur on the reverse reaction. More experimentatién would be nec-
essary for studying these parameters.

The usefulness of the above rate equation should not be over-
looked because it should give reasonable estimates of reaction rate
for reactor design. Most Claus type sulfur plants incorporate sulfur
condensers between catalytic converters so sulfur vapor partial pressures
are generally low.

Since it has been shown that only the external surface of
the catalyst is accelerating the reaction, the form of the rate ex-
pression should be altered so that the external surface area of plant-
sized catalyst may be incorporated into the equation. A suitable form

of equation (6.13) would be
' AEP n p
r= (A?E-) (ky exp(-E,/RT) (PRPE-k-1P¢)) (6.14)

where AEP is the specific external area of catalyst used in the plant

and AEE is that for the catalyst used in this study.
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6.8.2 Mechanistic Rate Models

Several different rate expressions which were derived by
using the Langmuir adsorption isotherm were correlated to the iso-
thermal data using the Rosenbrock program. As was previously mentioned,
no rate expression was derived which could correlate the data better
than -the empirical rate expressions.

Since the adsorption equilibrium constants for the first
two rate expressions shown in Table 6.7 are negative, it is concluded
that adsorption of either reactant to the catalyst surface is not
rate-limiting.

The three rate expressions, which Hammar [44] found to cor-
relate his Claus reaction kinetic data best, also fitted the rate data
of this study reasonably well. These included 2nd and 3rd order re-
action between adsorbed HZS and adsorbed SO2 and the third expression
was the reaction between adsorbed SO, and both fragments.of a dis-
sociated HZS molecule adsorbed on the surface. A1l three of these
mechanisms could be equally well fitted by a Freundlich-isotherm-
based rate expression if the surface coverages were Tow.

No attempt has been made to discriminate between the models
listed in Table 6.7, however, as one reads the list, at least ten of
the rate expressions correlate the data better than the rest as indi-

cated by the variance of the fit.
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6.8.3 Reaction Mechanisms with Mutually Rate-Controlling Catalytic

Process Steps

Bradshaw and Davidson [7] successfully correlated an eight-
parameter expression to ethanol dehydrogenation kinetic data obtained
by Franckaerts and Froment. Their approach was to assume that the
steps of reactant adsorption, reversible surface reaction, and product
desorption were all taking place at the same rate without any single
step assumed to be rate-contro]]iﬁg which, of course, reflects the
true situation more closely. Their generalized rate expression is
obtained by simultaneous solution of the nonlinear algebraic equations

which describe the rate processes. The solution is given by

8+ A2 - anc

r= - 2A )

The details of what A, B and C represent will be described later.

One of the problems which arise, in using the above expression
as a rate equation, lies in deciding which sign to use for i_/Bz - 4AC.
It was not possible for Bradshaw and Davidson to prove that one sign
is invariably correct for all conceivable parameter valuesl However,
by invoking Descartes' rule of signs in conjunction with the macro
terms A, B and C, they found that to obtain positive roots for r the
negative sign worked in 80% of the cases when a solution was possible.

A model which corresponds to surface reaction between ad-

sorbed HZS and SO2 with no product inhibition has been developed in
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Appendix F. It has the following form,

r=-B-Bz-4AC
7R
where,
PM PM PPM
e T
kg kD kg D
ko ka0 kg
2
PP.L
c- (CAB
D
D=1. + KAPA + KBPB
K. K
A 5g
M=o+ T
Kn Kg

For more insight into the constants of the above rate expression, the
reader should consult Appendix E of the thesis. For the rate equation,
six parameters were necessary and had to be estimated by the data corre-
lation program.

It was very difficult to estimate these parameters since the
term enclosed by the square root bracket would often go negative re-
gardless of the sign which preceded it and consequently the computer

program would stop due to this error condition. when the square root
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term did not go negative, the correlation routine would converge after
only a few axes rotations on a set of parameter estimates which did
not provide a very low fit variance. This was attributed to the highly
nonunimodal nature of the error in parameter space. A typical set of

results is given below:

kA = 0.228

ké = 0.346

KA = 0.101

Kg = 0.0952

ko = 0.161

L = 0.161
3

Fit variance = 2.08 x 10 ~.
This expression does not fit the data as well as a three parameter
empirical expression which fits the same data with a variance of
2.57 x 10-4. Of course the overall rate expression with the correct
parameter estimates could likely do a better correlation job than the
empirical equation, but the above set of parameters and variance re-
present the best fit which could be obtained after several different
sets of initial guesses for the parameters.

It is concluded that overall rate expression correlations
should not be attempted without some knowledge of the order of magni-
tude of the parameters. Even then, the overall expression for the
rate involves numerous constants and as suggested by Smith [98] could

become very unwieldy.
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6.9 Comparison of this Work with the Results of Other Investigators

Cormode [15] carried out thirteen rate measurements on the
Claus reaction at 507°K and 1 atm pressure. The feedstream to his re-
cycle reactor contained HZS concentrations varying from 2.2 to 6.3
mole percent and the ratio of HZS to SO2 was maintained at 2:1 in all
runs. Conversions of HZS ranged from 0.5 to 2.0%. He used Porocel
catalyst which had an average particle diameter of 0.068 cm compared
to the particle diameter of 0.051 cm which was used in this work.

The rate expression, described by Equation (6.12) and cor-
related to the kinetic data obtained in this study, provided rate
estimates for the Claus reaction at the experimental conditions in
Cormode's work. These rate estimates and the measured rates of
Cormode are given in Table 6.8 along with the experimental conditions
which prevailed while Cormode noted the reaction rates.

In eleven of the thirteen cases, Cormode has measured a
higher reaction rate than what the empirical rate expression of this
thesis predicted. This suggests that either his catalyst was more
active than the one used in this study or one of the two programs had
a systematic error in measuring the reaction rate. Another possibility
is that the ratio of catalyst particle specific areas is not exactly
equal to the inverse ratio of the diameters. This is how the AEllAEE
term in the rate expression was calculated. If AEI/AEE js taken as

1.0 the predicted values of reaction rate are higher than the measured

rates.
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Table 6.8
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Reacting Mixture Composition Observed and Predicted Percent
?nn]e percent) Reaction Rates Deviation
Cormode Predicted
Data Values
((?m moles)/(hr)/
N2 HZS SO2 H20 Sy .....{gm catalyst))
95.10 2.99 1.50 0.34 0.07 0.0496 0.0428 - 13.7
96.40 2.20 1.10 0.25 0.0% 0.0349 0.0279 - 20.0
95.21 2.71 1.39 0.57 0.12 0.0459 0.0369 - 19.6
93.95 3.43 1.70 0.76 0.16 0.0626 0.0503 - 19.6
93.27 3.87 1.96 0.75 0.16 0.0622 0.0605 - 2.7
92.20 4.23 2.10 0.80 0.17 0.0672 0.0684 + 1.8
91.31 4.88 2.43 1.14 0.24 €.0975 0.0823 - 15.6
91.91 4.66 2.35 0.89 0.17 0.0760 0.0783 + 3.0
91.29 4.89 2.44 1.14 0.24 0.0970 0.0827 » 14.7
90.53 5.38 2.68 1.17 0.24 0.1014 0.0946 . - 6.7
89.07 5.95 2.92 1.71 0.35 0.1490 0.1068 - 28.3
88.34 6.33 3.11 1.84 0.38 0.1610 0.1165 - 27.6
89.37 5.75 2.87 1.37 0.28 0.1268 0.1035 - 18.4
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In view of these uncertainties, it is concluded that agree-
ment between the Cormode data and the empirical expression is satis-
factory. The manufacturers of the catalyst indicate that it varies
in composition according to the source of the bauxite. The sample
which Cormode used was received from the manufacturer one year earlier
than the sample which was used in this study.

Using a catalyst of cobalt, molybdenum and alumina in a
1:1:10 ratio, Hammar [44] investigated the kinetics of the Claus re-
action. Th1s catalyst had a surface area of 291 m /g, a pore radius
of 20.7 A and a pore volume of 0.301 cc/g. The catalyst was pre-
pared using a precipitated alumina-water slurry in which CO(N03)2 6H20
and (NH4)6 . M07.)24.4H20 salts were dissolved. After an unspecified
period of vigorous mixing, the slurry was filtered and the filter cake
was dried. Unfortunately, the grainsize of the catalyst was not measured.

Since Hammar observed no severe reduction in the rate of the
Claus reaction at conversions of HZS high enough to cause capillary
condensation in the catalyst pores, he concluded that the reactidn
takes place predominantly on the external surface. The same observa-
tion was also made in this investigation.

Without knowing the particle diameter of Hammar's catalyst
it is virtually impossible to compare his results with this work in
a quantitative way. This is because the units of the reaction rates
which Hammar published were based on per unit mass of catalyst. If
rate was given in terms of external area rather than mass, his data

could be compared to this work. Nevertheless, it is notable that the
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mechanistic rate equations which correlated the data of Hammar best

also correlated our data better than most of the other proposed models.
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CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

7.1 Performance of Equipment

The experimental apparatus used in the study of the Claus
reaction functioned well in most respects. Reactor feed composition
and flow rate control were excellent, and feed and product composition
analyses were satisfactory since the reactor material balance could
be closed to within 2%. The repeatability of experiments was good as
was discussed in Section 6.4. Catalyst bed temperature could be main-
tained constant within + 0.25°F of the steady state average va]ue:
However it was difficult and time-consuming to operate the reactor at
a prespecified temperature. Usually the bed temperature could be
brought to within 2°F of the desired temperature and this margin de-
creased after more operating experience to 1.5°F.

The recycle pump proved to be very reliable after at least
six months of construction and development time had been spent. High
temperature gas-recycle reactors should be designed to avoid making
use of heated gas-moving equipment. If possible the gas should be
cooled before entering the pump and heated upon leaving so that the
blower can operate at room temperature. In this project such an ap-
proach would have permitted the use of a commercially available blower

and resulted in considerable saving of time and effort. Unfortunately,
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this method could not be used since it was necessary that sulfur not

condense at any point in the recycle reactor.

7.2 Evaluation of Measured Rate Data

The rate data measured on the Claus reaction were curve-
fitted to four empirical rate equations. In the experimental program,
fonwérd reaction rates have been measured in the presence of HZS and
SO2 partial pressures which vary from 12 mm Hg to 62 mm Hg and 10 mm Hg
to 45 mm Hg respectively. This covers the range of industrial impor-
tance for modified Claus sulfur plants in which HZS partial pressure
rarely exceeds 70 mm Hg in the first catalytic converter.

It has been confirmed that the reverse Claus reaction is
important since at high water partial pressure the measured reaction
rate was substantially lower than rates measured under similar experi-
mental conditions except for lower water partial pressure. This is
in agreement with the work of Molyneux et al [62] which is discussed
in Section 2.2.2. Hammar [44] has given a qualitative indication that
jncreased sulfur vapor partial pressure severely retards the forward
rate of the Claus reaction.

In sulfur plants, water vapor partial pressure approaches
250 mm Hg. The experimental water injection apparatus when operated
at full capacity provided water vapor partial pressure of only 120 mm Hg.
In view of the rétarding effect of water, which is quantitatively ap-
parent in the rate expressions described in Section 6.8.1 and Figure

6.6, and of sulfur vapor, the Claus reaction kinetic studies reported
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herein cannot be regarded as being complete. More investigation is
required to quantify the inhibition effects of water and sulfur vapor
in a study which spans industrial conditions. Only then can a reli-
able rate expression be deyeloped which is satisfactory for sulfur
plant reactor design. Later in this chapter, a discussion is pre-
sented which advocates the use of a different catalyst for sulfur
plant converters.

The Claus reaction kinetic data of Cormode [15] was the
only previous work available with which one of the rate expressions
developed in this study was quantitatively compared. The standard
percent deviation between rates measured by Cormode and rates pre-
dicted by the rate expression was 16%. Generally, the data of Cormode
measured higher than the predicted rate.

No direct comparison of rate data could be made with the
results of Hammar [44] since it was proven in both studies that re-
action was taking place predominantly on the external catalyst surface
and no particle diameter data was published along with the kinetic
data measured by Hammar. The Langmuir-Hinshelwood kinetic models
which correlated his data best also fitted the kinetic data of this
study better than many of the other attempted models.

Experimental reaction rate measurements were made between
481°K and 560° which spans reported industrial converter operating
tenperatures. The activation energy for the forward reaction was 7600

calories per gram mole. This was determined by correlating the rate



measurements to the following rate expression,

- . n

There has been no nonisothermal Claus reaction rate data reported
in the literature from which an activation energy could be calcu-
Jated and compared to the value reported herein.

It is concluded that the empirical rate expressions,
which summarize the kinetic data obtained in this project, provide
reaction rate estimates for the Claus reaction which would fall with-
in the standard deviation band reported for each rate expression.
The basis for making this conclusion is that reaction rate values
predicted by one of the expressions agreed with the rate measurements

of Cormode within its standard deviation band.

7.3 Reaction Mechanism

Deo et al [24] propose that the function of the catalyst may
be to bring the reactants together in a suitable orientation, most
probably through hydrogen bonding. No inferences have been made from
this work which would dispute this mechanism and some of the observa-
tions support it.

The data could be correlated to empirical rate expressions
which have a theoretical basis in the Freundlich adsorption isotherm
at low surface coverages. This is discussed in Section 2.3. Although

there is most probably a high coverage of hydrogen bonded HZS and SO2
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to surface hydroxyl groups, the fraction of these which assume the
proper orientation for reaction would likely be very low. It is con-
cluded that this surface situation simulates sparse surface coverage
and validates the use of Freundlich adsorption isotherms for formu-
lating rate equations.

The apparent activation energy of 7589 calories per mole
is inside the range of hydrogen bond energies which span 2. to 10.
kilocalories per mole [48]. This leads to the conclusion that the
apparent activation energy could be close to the energy required for
forming the hydrogen bonds which Deo et al [24] report and tends to
support their hypothesis for the reaction mechanism.

At low partial pressures (<10mm Hg) water vapor appeared
to be exerting a slight auto-catalytic effect on the reaction and at
higher partial pressures (> 20 mm Hg) water vapor was retarding the
Claus reaction. This phenomenon was discussed in Sections 2.2.5 and
6.7. Briefly, water forms surface hydroxyl groups on alumina (the

principle constituent of bauxite) which is dehydroxylated and sub-
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sequently after no more groups can be formed on the surface [74] hydrogen

bonds to them. The observed effect of water on the Claus reaction is
explained as follows. At low partial pressures (and fractional con-
versions of HZS) its presence is promoting the formation of surface
hydroxyl groups which serve as reaction sites for HZS and 502‘ At
high partial pressures, water competes with HZS and SO2 for these

sites and thus retards the reaction.



- 156

7.4 Evaluation of the Catalyst

Activated bauxite catalyst is employed by a majority of
modified Claus sulfur plants in their catalytic converters. The
practical problems which have been experienced are attributable to
low mechanical strength and high iron content [16, 62] which is
characteristic of most commercial bauxite catalyst. The lack of
mechanical strength permits catalyst fines to form while converter
beds are filled and subsequently these fines plug process piping [16].
Bauxite does not stand up satisfactorily to regeneration because
heating it to 1000°F at 1 atm, which is necessary for regeneration,
causes further loss of mechanical strength and substantial particle
disintegration [62]. The regeneration process is essentially a con-
trolled sulfur burning process. The iron in bauxite will sulfate
under sulfur plant operating conditions, and the iron sulfate causes
the y-alumina to sulfate resulting in a loss of activity [62]). It
js therefore concluded that high iron content bauxite should not be
used as Claus sulfur plant catalyst and that grades of bauxite which
exhibit superior mechanical strength are preferable.

In Section 6.6 data were presented which showed that the
Claus reaction was taking place predominately on the external surface
of the catalyst. Hammar [44] concluded that the same situation pre-
vailed on the cobalt-molybdenum-alumina catalyst which he used for
studying the Claus reaction. In both cases, most of the pores had
diameters between 20 : and 30 g . It is therefore concluded that

the catalyst effectiveness factor was well below 1% for the bauxite
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0
and that pore diameters far greater than 30 A would be a necessary
prerequisite for a catalyst to have significant usage of its total

available active surface.

7.5 Suggested Processing Scheme for Higher Sulfur Recovery

In view of available process technology and some of the
findings of this work, the author suggests that the processing scheme
which is shown in Figure 7.1 would be more effective for increasing
sulfur recovery above currently attainable levels of conversion.
Higher conversions are possible because the reaction product, water,
is removed before the final converter which enables the reaction
equi]ibriuﬁ to sﬁift further to the right.

The scheme involves the combustion of HZS to form SO2 as
is typical of most sulfur plants. Either the split stream flow or
2/3 by-pass flow scheme can be employed. Furnace effluent is fed to
a small converter which should contain a cheap catalyst such as bauxite.
The function of this catalyst bed is not only to promote the Claus re-
action, but also to guard against carbon deposition in the second
converter by retaining carbonaceous combustion products from the
burning process. fhis first reactor should have the following design
features: easy access to the catalyst bed for changing charges and,
thermowells which probe deep enough into the bed to sense reaction
temperature. When this catalyst is completely deactivated as indi-
cated by bed temperature rise measurements, it should be replaced.

The second catalyst bed should contain a high quality alumina
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catalyst such as the K-201 activated alumina recommended by Petrunic [90].
This should be a larger bed however, it would not tend to deactivate

as rapidly as bauxite [90] most probably because of the lower iron
content [62] which should be expected in a more expensive catalyst.

From available process data [90], it appears that only the external
surface of this catalyst is employed by the Claus reaction.

Water is next removed in the Townsend reactor which follows
the second converter. This would be in the form of a sieve plate
absorption column which would be designed for fouling service, Tri-
ethylene glycol would dehydrate the gas stream as it passed through
the column and also promote the Claus reaction in the 1iquid phase.
Steam produced in the waste heat boiler could be used for regenerating
the triethylene glycol.

A final conversion unit on the plant would provide the final
conversion step for the Claus reaction. A heater would be necessary
to warm the reactants up before the final converter and it is suggested
that an indirect-fired heater or a steam condenser be used for this
service. In-line burners have been used in the past, but it is this
author's opinion that they cause the formation of impurities such as
CSZ’ COS and soot and water combustion products which unfavourably
influence reaction kinetics, equilibrium and catalyst activity.

The catalyst in this final converter should be a large pore
sized alumina (in excess of 150-200 2) or perhaps a zeolite. It is
anticipated that such a catalyst would be more than 100 times as active

as bauxite since the internal surface area would be available for re-
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action. It is not expected fhat”Sévere heat transfer problems would
develop because most of the HZS would have been converted to sulfur
in previous processing steps. Therefore a very dilute acid gas stream
would be dealt with in this reactor.
Of course there are many unanswered questions about such
a sulfur recovery scheme. The economics could make it prohibitive
however it is anticipated that no stack or incinerator would be re-
quired for such a plant. In many cases, the stack accounts for 1/3
of the capital outlay for sulfur plants. Impurities such as COS,
002 or C52 could deactivate the triethy]ene glycol. Triethyleneglycol
carry over into the zeolite catalyst bed could permanently poison it.
It is this approach that is necessary to significantly con-
tribute to "high efficienty" (> 99.99%) sulfur recovery. Overall con-
versions of 95 and 96% are not sufficient for really large sulfur
plants which produce 100 tons of sulfur per day. The unrecovered 4%
of sulfur amounts to 8 tons per day of SO2 emission and contemporary
plant managers and ecologists are both agreeing that the solution to

pollution is not dilution through the use of high, expensive stacks.
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NOMENCLATURE

Meaning
constant estimated by curve-fitting conversion-space
time data
external surface area of catalyst used in this experi-
mental program (cm2/gm)
external surface area of catalyst to which rate expressions
developed herein are applied (cmz/gn)
number of atoms of the jth kind in the ith specie
constant estimated by curve-fitting conversion-space time
data
total number of atoms of the jth type
concentration (mo]es/cm3)
)
molecular diffusivity of component i in component j
(cn?/sec)
Knudsen diffusion coefficient (cmZ/sec)
particle diameter (cm)
activation energy {cal/gm mole)
reactor feed rate of component A (gm mole/sec)
reactor feed rate of component i (gm mole/sec)
reactor product rate of component i (gm mole/sec)

total system free energy (cal)



162

fugacity (mm Hg)

free energy of component i (cal)

molar velocity (gm mo]e/sec/cm2 of bed cross-section)
Danckwert's degree of segregation

adsorption equilibrium constant

constant

forward rate constant

reverse rate constant

molecular weight of component i

order or reaction with respect to HZS

diffusion flux (gm mole/sec/cmz)

Reynolds number

Schmidt number

order of reaction with respect to SO2

total pressure (mm Hg or atm)

partial pressure of component i (mm Hg or atm)

saturated vapor pressure of component i (mm Hg or atm)
vapor pressure of component i at solid surface (mm Hg or atm)
order of reaction with respect to H20

total feed rate to reactor

gas constant (1.98 cal/gm mole/°K)

recycle ratio (ratio of recirculation flow rate to reactor
feed flow rate)

reaction rate (gm mole/hr/gm catalyst)

Kelvin radius (cm)



=

< &+ =1 w

measured reaction rate (gm mole/hr/gm catalyst)
total surface area of porous catalyst (cm2/gm)
temperature (°K)

time (sec or hr)

geometric volume of catalyst pellet (cm3)

molar volume of component i (cm3)

volume adsorbed (cm3)

volume adsorbed to form a monolayer (cm3)

weight of catalyst (gm)

fractional conversion

fractional conversion of component A before catalyst bed
fractional conversion of component A after catalyst bed
C/Cy

number of moles or mole fraction of component i (depending
on application)

total number of moles

heat of reaction (K cal/gm mole)

porosity (void fraction)

recycle reactor residence time (sec)

fraction of solid surface covered by component i

chemical potential

distance from centre of catalyst pellet (cm)

catalyst pellet radius (cm)

surface tension (dyne/cm)
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Lennard Jones force constant
tortuosity
collision integral for diffusion

molar volume of liquid (cm3/g mole)
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CHAPTER 1
INTRODUCTION

1.1 Data Acquisition and Control

The use of online digital computers for process monitoring
and control in industrial and research applications is a very rapidly
expanding field. Fortunately, even in its infancy, online computer
technology is being described extensively in the literature.

Fehr (3) reported, in his M.Sc. thesis, numerous Titerature
references concerned with practical problems that online computers
pose such as online computer-process interfacing and data acquisition
and control software. This thesis provides an excellent starting-point
for an introduction to this subject.

In the realm of online computer applications in 1aboratory
work, the analytical chemist is adapting and using this new tool with
success and enthusiasm. A recently published monograph (4), "Computers
in Analytical Chemistry", reports on laboratory computers and their use
in the field of mass spectrometry, X-ray spectography, NMR spectrometry,
gas chromatography and infrared spectrometry. A wealth of information
js available from the articles and bibliographies which comprise this
textbook.

A 1968 staff article in Chemical Processing reports that an
Argus 400D computer has been successfully interfaced to a research re-
actor for studying the thermal cracking of carbon tetrachloride. The

function of the computer was to bring the experimental equipment to pre-
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specified operating conditions and maintain it there while measurements
were being taken. Controlled variables included reaction temperature
and pressure, individual feed rates to the reactor, and the operation
program of a process gas chromatograph. Only the product stream com-
position was measured by the GC whose thermal conductivity signal was

monitored three times per second.

1.2 Objectives and Approach of this Work

The objective of this study was to provide a process/computer
interface and software scheme whereby kinetic data for the HZS/SO2 re-
action systems could be obtained accurately, online and reduced to
meaningful results within seconds of the completion of an experiment.
Furthermore it was also hoped to demonstrate the operation of an online
reactor and to provide a basis for evaluating the feasibility of using
it extensively in future research endeavours.

The approach taken aimed at achieving these objectives as
simply as possible. Communication from the research laboratory to the
computer was made possible through the use of four coding buttons and
a fifth one for interrupting the computer. Information from the com-
puter was printed out on an IBM 1053 typewriter located in the laboratory.

The interface hardware involved terminal strips on the back
of the main control module on the stand alone system connected by an
appropriate cable to the back of the computer. The cable distance
covered roughly 300 feet through two inch conduit.

The software for data reduction was almost the same as for
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the offline data reduction brograms and therefore only minor programming
changes were necessary in adapting the latter to online needs. Addi-
tional programs were necessary for reading the coding buttons, queuing
the appropriate data reduction program, storing raw and reduced data

on disk files, file housekeeping, and providing information flow to

the laboratory typewriter. An 1BM-developed gas chromatograph monitoring
package of programs was found to be unworkable after substantial effort
by Mr. P. Coxhead, DACS centre personnel and this author. It was re-
placed by a more simple scheme originally devised by Mr. M.H. Berry (1)

and modified for this application by the author.
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CHAPTER 11
ONLINE DATA ACQUISITION FROM THE RECYCLE REACTOR

2.1 Communication Between the Computer and the Laboratory

A form of remote communication between the experimental apparatus
and the IBM 1800 was essential since the two facilities were situated on
different floors of the building. The nature of the experimental apparatus.
required the full-time presence of an operator if an experimental run was
to be successful. It was also necessary to issue instructions to the
computer during a run if online data acquisition and reduction was to
be effective.

Four button switches for coding and a fifth one for interrupting
the computer served as communication from the laboratory to the computer
and provided the operator with fourteen different possible codings and
associated programmeable commands. The backlight of the interrupt button
would go on when the computer had begun to service the interrupt and would
go out when the instruction coded on the other four button switches had
been carried out.

An IBM 1053 typewriter was used primarily as a verification
device which printed out messages in the laboratory. The printout from
the 1053 indicated what instruction had been executed after an interrupt
had been received by the computer from the laboratory. Also, the 1053
would print out a warning message if there had just been a computer
failure of a severe nature. Figure 2.1 shows the flow of information be-

tween the process and the data acquisition sysiem.
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2.2 Recycle Reactor-Computer Interface

A nineteen individually twisted shielded-pair 22 gauge copper
wire cable was run through two-inch conduit from the laboratory to the
computer room, a distance of roughly 275 feet. A record of the con-
nections which were made is given in Table 2.1.

Noise problems were not anticipated however, the following
procedures were carried out to check if significant electrical inter-
ference did exist over the 300 feet between the two ends of the cable.
Using a Leeds and Northrup model 8686 millivolt potentiometer, a one
millivolt signal was placed on one of the pairs at the laboratory. In
the computer room, another potentiometer was used to measure the signal.

No fluctuations or drop in voltage of this signal was observed at the
second potentiometer. Also in the computer room, this 1 millivolt dc
signal was monitored by a high speed, high sensitivity Beckman model 6-D
Dynograph for high frequency noise. Again, no electrical interference
could be detected.

As indicated in Table 2.1, the process measurements to be monitored
by the computer were millivolt signals in the 0-50 millivolt range and
voltage signals in the 0-5 volt range. The millivolt channels were used
for the iron-constantan thermocouple signals which were all zero referenced.
in the laboratory and sent up to the computer via copper wire. Figure 2.2
depicts the configuration of the thermocouple-computer interface. This
approach was used instead of using the electronic zero referencing facility
at the computer so that the use of thermocouple extension wire could be

avoided. As a result, the cable could be used at a later date for any
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Table 2.1

Computer Interface Points

Computer Pin Pin Unit
Pin No. Description Address Serviced
02 0-20 MVAI 75 G.C. Detector
03 0-20 MVAI 67 Rctr. Bed Temp.
05 0-20 MVAI 69 Rctr. Wall Temp.
10 0-20 MVAI 74 F1. Bath Temp.
60 0-50 MVAI 60 G.C. Temp.
61 0-50 MVAL 61 Rctr. Feed Temp.
34 0-5 VAI 34 D/P Cell
36 0-5 VAI 36 Abs. Press. Feed
37 0-5 VAI 37 Abs. Press. Rctr.
0 D3 (1801) 070 Code Button
] D3 (1801) 070 Code Button
2 D3 (1801) 070 Code Button
3 D3 (1801) 070 Code Button
4 B3 (1826) GP3ADP1  Interrupt Button

180

Wire Colour

+ve -ve
Red _ Green
Blue Black
Orange Green
Green  Black
Red White
Blue White
Blue Red
Yeliow Red
Yellow Black
Orange Black
Red Brown
Green  White
Red Orange
Brown Black
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type of process measurement.

The 0-5 volt channels were used for monitoring the 10-50 milli-
ampere signal which drives the Foxboro recorder pens. The procedure here
was to place a 100 ohm resistor (+ 1%) in series with the signal and the
voltage drop across the resistor (1-5 volts) was read by the computer.
Figure 2.3 shows the configuration of this interface.

The five buttons which were used for communicating from the
laboratory to the computer were interfaced to the computér as indicated
in Figure 2.4. These vere Honeywell 7A1CC alternate action two pole
switches. The four coding buttons on the left in Figure 2.4 were wired
so that the button back 1ights would illuminate when the button was de-
pressed and the coding contact was made. The interrupt button light was
wired to an electronic contact operate (ECO) unit on the computer so
that the on-off status of this light could be programmed. A 20 volt
1 ampere capacity power supply unit was fabricated to provide current
for the button lights.

The four coding buttons were tied into the first four bits of
a digital input group on the computer. The fifth button was connected
to an interrupt on the computer which when activated caused a program
to read the coding on the other four buttons as well as close the circuit
ECO which illuminated the .light in the back of this button. When the
program which corresponded to the button coding had finished its execu-
tion, the ECO was opened and the interrupt button light would go off.

The computer pin labels and location are provided in Figure 2.4.
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The output signal of the thermal conductivity cell in the gas
chroma;ograph was wired to a 0-20 millivolt analogue input channel on
the 1800. Accordingly, the attenuators on the process gas chromato-
graph were adjusted to prevent overdriving the maximum range of the
channel.

For computer monitoring of a gas chromatograph, it was
essential that the act of sample injection be tied into the monitor
software on a real time basis that was reasonably repeatable. This
was necessary because the user had to "a priori" specify to the monitor
routine the absolute retention time of the reference peak and the time
bands between which the peaks would come off. The real time linkage
was achieved by making use of an ECO on the computer to close and open
the circuit which initiated the motor drive on the gas chromatograph
cam system programmer. An electrical diagram for this interface is
shown in Figure 2.5. One of the cams on the programmer (timer control)
closes another microswitch which sustains provision of power to the
cam system motor drive after the ECO cuts out. At the end of the pro-
granmer cycle this microswitch opens and the cam system comes to rest
at the same place from which the cycle was jnitiated. Only when the
computer closes the ECO again will the cycle restart, and the time at
which this occurs is known to the computer. Since sample injection is
controlled at a specific point in the programmer cycle by a cam, the

real time 1inkage was possible.
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2.3 Software Schemes

2.3.1 Software Implementation of Data Acquisition

Process measurements such as temperatures, absolute pressures,
and orifice differential pressures were monitored every sixty-four
seconds throughout the course of a run and a.maximum of thirty data
points per run could be stored. Only a small amount of user computer
programming was required to institute data acquisition which was done
through the use of loop records.

2.3.1.1 Loop Records

A 1oop record is the standard means by which the user can
provide the computer with the specifications to be imposed on a control
loop in a process or on computer monitoring of a process measurement.
In the case of data acquisition, two loops can be used for each process
variable to be measured. The first is a data acquisition loop which
obtains the measurement and the second is a data accumulation loop in
which a number of these measurements may be stored. A list of the in-
formation which the user supplies to the computer to "build a data
acquisition loop" is given in Table 2.2. The coding which was used
for this project is also included as well as the information specified
by the coding. A computer listing of the eight data acquisition loops
which were built is given in Table 2.3. Finally, the same approach
is used to describe the data accumulation loops in Tables 2.4 and 2.5.
Note that the example given for the data accumulation loop is the

one which stores the measurements collected by the example used for a
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data acquisition loop.

A documentation of the reacfor/computer interface wiring is
provided in Table 2.1 and Table 2.6 lists the loop record numbers and
computer pin addresses which were applied to the process measurements
taken from the recycle feactor. The scanning frequency of all process
measurements was 64 seconds except for the thermal conductivity cell
signal which was scanned every second.

2.3.2 Supervisory Software

Computer listings of all the software which was necessary
are given in Appendix A. Two disk resident Fortran programs called
DMOO1 and DM0O2 were developed to perform the tasks necessary to achieve
online data acquisition and reduction capabilities in the user appli-
cation sense. Both programs relied heavily on other system software
which will not be dealt with extensively herein.

Three Assembler programs were written by the DACS centre
staff to interface the laboratory coding buttons with DMOO1 and DMOO2.
A skeleton subroutine called PNTO05 responds to the laboratory interrupt
button and queues PICO5. PICO5 reads the specified digital input group
(i.e. the coding on the four coding buttons) and queues DMOO1 or DM002
dependent upon the value of the high order bit (i.e. the status of one
of the coding buttons; on or off). The value of the remaining bits is
saved for interrogation by BTNSW, which is the third program developed
by the DACS center. BTNSW is queued by either DM0O) or DMO02 depending

on which was queued by PICO5 and the value of theremaining bits (i.e. the
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010101
010102
010201
010202
010301
010302
010401
010402
010501
010502
010601
010602
010701
010702
010801
010802

COOF
7FFF
COOF
7FFF
COOF
7FFF
COOF
7FFF
COOF
TFFF
COOF
TFFF
COOF
TFFF
COOF
TFFF

Data Acquisition Loop Records - Listing

Table 2.3

600F+00067
3000 7FFF
600F+00069
3000 7FFF
600F+00074
3000 7FFF
600F+00060
3000 7FFF
600F+00061
3000 7FFF
600F+00036
3000 7FFF
600F+00037
3000 7FFF
600F+00034
3000 7FFF

0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0090

9100+20000
0000
9100+20000
0000
9100+20000
0000
9100+20000
0000
9100+20000
0000
9100+20000
0000
9100+20000
0000
9100+20000
0000

0000

0000

0000

0000

0000

0000

0000

0000

0000

0000

0000

0000

0000

0000

0000

0000

0000

0000

0000

0000

0000

0000

0000

0000

189

TFFF

7FFF

7FFF

TFFF

TFFF

TFFF

7FFF

7FFF
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011101
011201
011301
011401
011501
011601
011701
011801

Table 2.5

Data Accumulation Loop Records - Listing

0625
0625
0625
0625
0625
0625
0625
0625

6008
6008
6008
6000
6008
6008
6008
6008

0101
0102
0103
0104

0105
0106
0107
0108

0000
0000

0000

0000
0000
0000
0000
0000

0000
0000
0000
0000
0000
0000
0000
0000

0000
0000
0000
0000
0000
0000
0000
0000

191



Table 2.6

192

Loop Record Names and Purposes

Loop Record

Computer Pin

Purpose of the Loop

Number Address Record
0101 67 Acquire reactor bed
temperature
0102 69 Acquire reactor wall
temperature
0103 74 Acquire fluidized bath
temperature
0104 60 Acquire G.C. temperature
0105 61 Acquire feed temperature
0106 36 Acquire feed absolute
pressure .
0107 37 Acquire reactor absolute
pressure
0108 34 Acquire feed d/p cell reading
0109 Acquire thermoconductivity
cell signal
0111 Accumulate data from loop
0101
0112 Accumulate data from loop
0102
0118 Accumulate data from loop
0108
0119

Accumulate data from loop
0109 and buffer to disk
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coding on the buttons) is used to direct command to a particular part
of the queued coreload for execution.

The tasks to which DMOO1 hés access include supervision of
loop records, disk files and reduction of process measurements and
kinetic data. Dependent upon the laboratory button coding, the follow-
ing commands are executed by DM0O1:

(i) Turn 1oop'records on
(i) Turn loop records off
(iii) Extract data from accumulation records and files, reduce
it, and store it on files
(iv) Zero accumulation records

(v) Execute data file house keeping procedures .

Turning a loop record on or off and zeroing an accumulation record are
relatively simple to program by using system subroutines, OPER, NONOP
and RSLP, respectively. The programming technique is available in the
listing of DM0O1. Extraction of data from accumulation records involves
the use FNDLP and LPAD system subroutines and an understanding of loop
record configuration which must be learned from system documentation.
Similarly, recovery of data from disk files and disk file housekeeping
work can be programmed in Fortran by the user and the techniques are
shown in the program listing.

The reduction of data which is performed by DM0O1 is calcu-
lated in virtually the same fashion as in the offline mode which has
been described in Part I of this thesis. In fact, 90% of the offline
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data reduction program has been incorporated into DM0O01 for this purpose.
Calibration coefficients had to be altered for the online program and
these were shown in Appendix A of Part I. The necessary GC data for
data reduction were recovered from disk files and the way in which
these data were determined is dealt with later.
The three disk files which were used will now be described.
FILE 80 provided storage space for reduced analog measurement data
which is recovered for run documentation when output is desired. FILE
81 was a temporary storage file for chromatogram area measurements.
DMO01 called on this file when in the process of data reduction. FILE
82 was a storage file for reduced kinetic data. DM006, which was an-
other disk resident Fortran program, could be queued upon demand while
~ in the computer room. This program would read the data files and print
the run documentation on the line printer and punch the results on
cards for future machine reproduction.
DM002 carried out the following operations, again depending
on the button coding in the laboratory:
(i) Initiate CG monitoring and control
(ii) Terminate GC monitoring
(ii1) Label chromatogram results on disk files (i.e. feed
or product)
(iv) Indicate the attenuation level of the HZS peak (N2 and

502 attenuations were constant).

GC monitoring software was devised such that after it had been initiated,



195

the appropriate coreload would requeue itself every seven minutes which
became the cycle time of the process GC. Términation of GC monitoring
prevented this cycle from continuing. This software is dealt with
later. After a GC run was completed, it was necessary to tell the
computer which of the feed or product streams had been analyzed. This
was done by entering the appropriate coding at the end of each GC run.
Similarly the HZS attenuation level was required for proper GC data
analysis and this also was entered through the coding buttons.

Both DMOO1 and DM002 were programmed to type on the 1053 type-
writer which was located in the laboratory. This was very useful for
confirming that the operation which was requested by the coding buttons
had actually been performed by the computer. Also, DACS centre per-
sonnel had a system program which would relay warnings to the laboratory
typewriter if the computer was having stability problems which could
jeopardize the success of online data acquisition and reduction of an
experiment.

2.3.3 Gas_Chromatograph Monitoring Program

As was stated in the Abstract, a reliable gas chromatograph
monitoring package of programs was not available for this project. Mr.
P. Coxhead, in his M.Sc. thesis (2), modified a generalized set of "IBM"
written programs so that it would simultaneously monitor four gas
chromatographs on the University of Alberta IBM 1800 computer. Pursuant
to Mr. Coxhead's efforts, this author, with considerable assistance

from University of Alberta DACS Centre personnel and an IBM systems
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engineer, spent four months attempting to utilize the revised software.
The effort was unsuccessful and IBM made the decision to commit them-
selves to reorganizing and condensing their GC software package which
consisted of no fewer than 108 separate coreloads.

Independent of the IBM GC system, Mr. M.W. Berry (1) deve-
loped a GC monitoring scheme which was adequate for a particular
distillation column control application, bui was intolerably inaccu-
rate for use in this author's kinetic study. The problem was that
the highest attainable scanning frequency of the thermal conductivity
cell signal was one point per second. A ten points per second scanning
rate was necessary to achieve accurate integration of the N2 and HZS
peaks, which were much sharper than those in Mr. Berry's application.
However, his program was modified and adapted for demonstration pur-
poses to the software scheme used in this study. The modified version
was called DMGC.

Fundamental to integrating chromatogram peak areas while
online is the necessity to provide the computer with the capability
of recognizing the start and end of a chromatogram peak. This has
been achieved by examining the derivatives of the thermal conductivity
cell signal with respect to time. The relationships between a chromato-
gram peak and its derivatives are shown in Figure 2.6 and are self-explanatory.
The behaviour of the derivatives are used to detect the beginning and

end of a peak as shown in Table 2.7.
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Table 2.7

Signal Derivative Behaviour with

GC Peak Events

Event First Derivative Second Derivative
Behaviour Behaviour
Peak Start 0>+ ve 0~ + ve
Peak Maximum + ve >~ ve minimum
Peak Finish -ve=>0 +ve~+0

Peak areas were integrated numerically using Simpson's Rule.
To improve the accuracy of the integration at the apex of the sharp
N2 and HZS peaks, a short subroutine called APEX was added to Mr. Berry's
program. APEX curve fitted the last three points before a peak maximum
to a line in order to obtain the slope and similarly the first three
points affer a peak maximum. From the slopes of these lines, the apex
area which lay between the last point before a peak maximum and the first
point after the maximum could be determined. This procedure was essential
even for demonstration purposes. Area correction to compensate for
baseline drift of the GC was also provided in the original program. Since
this program is documented in Mr. Berry's M.Sc. thesis (1), the reader
is directed to this reference for a more detailed explanation of the
operation of the program.

The thermal conductivity cell signal was monitored at one point

per second and temporarily stored in a data accumulation record which
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periodicaj1y buffefed its contents to disk. The monitoring started when
the appropriate section of DMO02 was executed. This part of DM002 was
also responsible for closing the ECO on the computer which started the
process GC programmer operating. Also, by using system subroutines
DEFER and QUEUE, DMO02 at this point was arranging for DMGC to be

queued at the end of the programmer cycle seven minutes later. When
DMGC was executed at the end of the cycle, it recovered the numerical
version of the thermal conductivitycéll signal from disk buffer files
using system subroutine NIGBD and disk FILES 83 and 84. DMGC with its
subroutines reduced the data to peak area measurements and transferred |

these results to FILE 81 for later use by the data reduction section of
DMOO1.
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CHAPTER III

OPERATION OF THE RECYCLE REACTOR ONLINE

The procedure for operating the recycle reactor online was
the same as that described in Part I. After the equipment was operating
at steady state with the desired set of process variables, the buttons
in the laboratory were given the appropriate codes and the computer would
execute the operating commands upon demand from the interrupt button.
A typical run required the following instructions to be entered by the
coding buttons and the computer would send the corresponding message
of confirmation (between asterisks) back to the laboratory via the
1053 typewriter:
(i) Turn loop records off
*%%| 00P RECORDS ARE OFF***
(ii) Zero loop records
*%%| O0P RECORDS ARE ZERQED***
(iii) Initialize GC area file
***GC FILE INITIALIZED***
(iv) Initialize analog data file
***ANALOG MSMT. DATA FILE CLEARED***
(v) Initialize kinetic data storage file
***KINETIC DATA STORAGE FILE CLEARED***
(vi) Turn loop records on

wa*| 00P RECORDS ARE ON***
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(vii) Initiate GC monitoring
*%%GC NOW BEING SCANNED***
At this stage the computer would start the process GC programmer which
controlled sample injection, output signal attenuation changes, and
back flushing. At the end of the chromatogram, DMGC would analyze and
reduce the data to area measurements, send the results to FILE 81 and
restart the programmer. Again, another ***GC NOW BEING SCANNED***
message would be sent to the laboratory typewriter. Enough space was
provided in FILE 81 for eight sets of GC results, however a typical
run would only require two sets of results; two feed analyses and two
product analyses. Following these four analyses, the commands which
remained were:
(viii) Turn loop records off
*x%x| O0P RECORDS ARE OFF***
(ix) Enter HZS attenuator reading
***HZS ATTENUATION = 9, 4¥%**
(x) Label chromatograms (feed = 1, product = 2)
***CHROMATOGRAM LABELLED 1***
**kCHROMATOGRAM LABELLED 1¥**
***CHROMATOGRAM LABELLED 2%**
***CHROMATOGRAM LABELLED 2%**
(xi) Recuce the measurements to kinetic data
***DATA REDUCTION COMMENCING***
***NO, ANALOG DATA SAMPLES IS 22%**
**ANO. RUNS STORES IS 1%**
***DATA REDUCTION COMPLETED***
***GC AREA STORAGE FILE CLEARED***

After such an online run was completed, subsequent experi-



ments required only the following commands:

(1)
(i1)
(iid)

(iv)
(v)
(vi)
(vid)

Sufficient storage space was available to allow the kineti

carry out eight experiments without having to leave the laboratory.

where DM006 could be executed by queuin
writers.

printer and also punch the numerical data on computer cards for future

Zero loop records

Turn loop records on

Initiate GC monitoring

Run the experiment to completion
Turn loop records off

Enter HZS attenuator reading
Label chromatograms

Reduce the data

The stored kinetic data were recovered in the computer room

DMO06 would read the files, print the results on the line

machine reproduction.

g it from one of the 1816 type-

202
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CHAPTER IV

PRESENTATION AND DISCUSSION OF RESULTS

On the first three pages of Appendix II-A, the results of the
only online run which was successfully completed are given. They are
self explanatory and so, a description will not be dealt with here.

A much more comprehensive statistical analysis could have been
given to the analog measurement data such as the confidence limits on
each process variable. Data such as these could ultimately be used for
eStab]ishing the reliability of correlation parameter estimates.

The repeatability of the SO2 peak area measurement (the
broadest peak) was reasonable however, it was poor for both the nitrogen
and HZS peaks which accounts for the poor material balance results on
the third page of output. The latter two peaks were very sharp and,
as was previously explained, their areas could not be accurately
measured with a scanning frequency of only one point per second. It
is worth mentioning that at a scanning frequency of 10 points per second
on the original IBM GC pack, the repeatability of nitrogen peak inte-
gration was one part in 10,000 for the runs which were attempted. In
this run it was 4 in 60 and the chromatograms on both feed and product
indicated much better repeatability than this on the chart recorder
“and disk integrator.

Although the coding buttons provided sufficient flexibility
for sending instructions to the computer, a keyboard typewriter which
could afford conversational communication with the 1800 could obviate

the need for the 1053 and the coding buttons and provide a much more
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versatile interface between the kineticist and the computer. Such an
arrangement would be a necessity if computer control of the experiment
were to be implemented.
The programming could have been arranged to reduce the
number of operating commands which were necessary during an online
run. Nonetheless, to enter a command required less than 5 seconds
so that no more than a minute was spent pushing coding buttons during
an experiment. The online user software was developed in stages and
as the need for a new instruction was recognized, it was developed and
assigned a new code. Over the long term, all the programs should be
improved in”organization.
Operating the equipment online provided the following advantages:
(i) Unbiased data measurement free from human error (conditional
that programs and hardware are error free);
(ii) Capability of multiple data samples for statistical analysis
with no human effort;
(iii) Hardcore documentation of experimental results and, of course,
machine calculation of these results.
Ultimately, computer control of the experimental apparatus
would provide the following additional benefits.
(i) Potentially around the clock operation of the apparatus rather
than just while the operator is present.
(ii) Online design of experiments based on stored results, data
trends, and requirements for more accurate correlation para-

meter estimates.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

The operation of a kinetic research reactor with data acquisi-
tion capabilities has been successfully demonstrated. Although this
author did not have the satisfaction of a complete online kinetic program,
the online approach is recommended based on the previously discussed
benefits which were experienced for the one demonstration run.

The need for a user-oriented, trouble-free and reliable gas
chromatograph monitoring package of programs is a prerequisite to this -
type of research. Existing software at the University of Alberta was
not satisfactory and it is recommended that a concerted effort be ap-
plied to this need jmmediately and before future online kinetic research
endeavours commence. Examination of other proven software schemes such
as those of Varian or Digital Equipment Corporation may prove expeditious
It is stressed that a proven system should be operational before future
kinetic research programs be attempted online. This may require the

equivalent of another M.Sc. endeavour.
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PART I
APPENDICES



APPENDIX A
CALIBRATION OF EXPERIMENTAL EQUIPMENT



A.1 Introduction to Equipment Calibration

This appendix is concerned with describing calibration procedures,
documenting the calibration data, and fitting experimental and calculated
results to power series using linear least squares. A power series poly-

nomial is of the following form:
- 2 -
y = aptax+ ay + ... (A.1)

Calibration in the form of curves, in most cases, has been
preempted by fitting the data using least squares and indicating the
standard deviation and variance of the fit. This is reasonable, since
graphical plots of calibration data were not used for reducing measure-
ments to meaningful kinetic data, only the polynomials generated by the
curve-fitting process. In calibrating the gas chromatograph, the data
were necessarily plotted to demonstrate that the analyses were being
carried out in the linear range. Table A.1 summarizes the values of the
correlation barameters which were employed in the data reduction programs
for calculating the kinetic data. Independent variables in this table
which are indicated as percent have been read from a recorder with a scale
of 0-100. For the IBM 1800 computer, the percent means 100 times the
digital reading of the analog input channel divided by 32767.

Tables of data in this appendix which display the results of
the least squares fitting process in most cases provide more significant

figures in the numbers than is justified. This is because the computer
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correlation program was written with F-type output formats which could
be useful over a wide range of number magnitudes and yet remain more
readable than E-type formats.

Throughout this appendix, reference is made to calibration
coefficients for variables whose values were measured by an IBM 1800
computer. These parameters were used for the online procurement of
kinetic data which is discussed in Part II of this thesis. The infor-
mation is included here since the equipment calibration for both off-

1ine and online modes of operation was performed simultaneously.

A.2 Calibration of Thermocouples

Ten thermocouples were tested before they were installed in
the equipment. The test procedure involved immersing each thermocouple
and a mercury thermometer in a stirred, temperature-controlled oil bath -
and noting the electrical signal produced by the thermocouple and simul-
taneously the temperature registered on the mercury thermometer. The
reading of a second mercury thermometer, placed at the midpoint of the
exposed length of the first thermometer's mercury thread, was also taken
for purposes of stem correction calculations. Figure A.l1 shows the
physical arrangement which was used for obtaining the calibration data.

Voltages were measured by a Leeds and Northrup model number
8686 millivolt potentiometer which had a marked resolution of 0.005 milli-
volts. The mercury thermometers which were used were manufactured by
Dr. Siebert and Kiihn Company, Oberkaufungen, West Germany. The North

American distributor, Fisher Scientific, indicatedthat these thermo-
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FIGURE A.1: CALIBRATION OF THERMOCOUPLES



meters were manufactured according to the specifications and accuracy
set forth by the National Bureau of Standards which require the accuracy
to be within + 1/2 of the resolution (i.e. the finest marked gradation).

The following table gives the range and resoltuion of these thermometers.

TABLE A.2 RANGE AND RESGLUTION OF CALIBRATION
THERMOMETERS FOR THERMOCOUPLES

Temperature Range (°C) Resolution(°C)
0 - 60 0.1
50 - 100 0.1
100 - 150 0.1
150 - 200 0.1
200 - 350 0.2

The uncorrected calibration data are recorded in Table A.3.
Since the thermometers were of the immersion type, the readings had to

be stem-corrected. The stem—corrected temperature is given by equation
a2l

t. - 0.000]56L(to - te) tt, (A.2)

where, tc = corrected temperature

(])Shoemaker, D.P. and Garland, C.W., "Experiments in Physical Chemistry"
p. 379, McGraw-Hi11 Book Publishing Company, Inc., New York, 1962.
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TABLE A.3 THERMOCOUPLE CALIBRATION DATA

Thermocouple Temperature (°c)
Description Millivolts
Feed 0.00 54.60  98.50
Temperature 0.015 2.816 5.16
Gas 1 0.00 54.55 98.10
Chromatograph 0.013 2.831 5.191
Gas 11 0.00 54.55 97.95
Chromatograph 0.013 2.831 5.183
Sulphur I 0.00 54.65 98.00 194.7 194.6
Condenser -0.018 2.865 5.242 10.641 10.615
Sulphur I1 0.00 54,55 98.10 199.2 199.9
Condenser -0.004 2.841 5.199 10.785 10.826
Catalyst 0.00 98.60 195.4 249.0  307.6
Bed -0.015 5.220 10.622 13.537 16.902
Reactor 0.00 98.60 193.50 248.3 308.6
Wall -0.021 5.229 10.501 13.510 16.977
Preheater 97.10 193.00

5.094 10.404
Fluidized 0.00 54,75 $8.20 196.20 246.6 309.2
Bed +0.015 2.840 5.181 10.641 13.409 17.000
Recycle 0.00 97.45 191.9 249.2
Valve +0.015 5.073 10.361 13.512

Note: The above data do not have stem corrections applied to the
thermometers.



TABLE A.4 STEM CORRECTED THERMOCOUPLE CALIBRATION DATA

Thermocouple
Description

Feed
Temperature

Gas I
Chromatograph

Gas I1
Chromatograph

Sulphur I
Condenser

Sulphur I1
Condenser

Catalyst
Bed

Reactor
Wall

Preheater

Fluidized
Bed

Recycle
Valve

0.00
0.015

0.00
0.013

0.00
0.013

0.00
-0.018

0.00
-0.018

0.00
-0.015

0.00
-0.021

0.00
+0.015

0.00
+0.015

54.60
2.816

54.55
2.831

54.55
2.831

54.65
2.865

54.55
2.8

54,75
2.84

Temperature (°C)

Millivolts
98.90

5.16

98.50

5.191

98.35

5.183

98.40 195.5
5.242 10.64
98.50 200.0
5.199 10.785

99.0 ~ 196.2 249.9 310.5
5.22 10.622 13.537 16.902

99.0 194.3 249.2 311.5
5.23 10.501 13.510 16.977

97.50 193.8
5.094 10.404

98.60 197.0 247.5 312.1
5.181 10.641 13.409 17.000

97.85 192.7 250.1
5.073 10.361 13.512



TABLE Ae5
LEAST SQUARES FIT OF STDe IRON CONSTANTAN THERMOCOUPLE DATA

X MEASURED

VOLTAGE (MILLIVOLTS)

Y OBSERVED = TEMPERATURE (DEGREES CENTIGRADE)

THE COEFFICIENTS OF THE POLYNOMIAL ARE
AQ = 541754

Al = 18404088

REGENERATED DATA

X MEASURED Y OBSERVED Y CALCULATED  PCT ERROR
104780 2004000 1954898 00050
114899 2204000 2194923 00034
124012 2404000 2400129 04053
144120 2604000 2604154 04059
154220 2804000 2794999 04000
164330 3004000 3004025 04008
174430 3204000 3194870 04040

VARIANCE = 04012399

STANDARD DEVIATION = 0s111354
MAXIMUM PCT ERROR = 04059509..
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L = length of emergent stem measured in scale degrees
to = observed temperature
te = average temperature of emergent mercury qo]umn.

The stem-corrected calibration data are given in Table A.4.

The three most important temperature readings are taken at
the reactor bed, the reactor wall and in the fluidized bath. To compare
their calibration results with standard iron-constantan thermal electric
data, the standard data were fitted using linear least squares between
200 and 320 degrees Centigrade. The results of this fit are given in
Table A.5 and it is noted that the standard deviation is close to 0.1
degree Centigrade. Using the coefficients generated by the straight-
line fitting process, the electrical data obtained in the calibration
were inserted into the straight line equation and the calculated temper-

ature was compared to that observed. This comparison is given in Table

A.6.

TABLE A.6 COMPARISON OF THERMOCOUPLE CALIBRATION
DATA WITH STANDARD DATA

Thermocouple Measured Measured Calculated

Description Voltage Temperature Temperature Error
(mv) (°c) (°C) (°c)

Reactor Bed 13.537 249.9 249.6 0.3

Reactor Bed 16.902 310.5 310.3 0.2

Reactor Wall 13.510 249.2 249.1 0.1

Reactor Wall 16.977 311.5 311.7 -0.2

Fluidized Bath 13.409 247.5 247.3 - 0.2

Fluidized Bath 17.000 312.1 312.1 0.0
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Considering the errors which were observed between the standard
data(z) and the calibration data, the coefficients for the straight-line
fit of each thermocouple were adjusted so that ne error would exist be-

tween measured and observed temperatures. These coefficients are given

in Table A.7.

TABLE A.7 CALIBRATION COEFFICIENTS FOR THERMOCOUPLES
STRAIGHT LINE COEFFICIENTS

Thermocouple Straight Line Coefficients

Description a, 3y

Standard Data 5.4175 18.0409

Reactor Bed 5.3155 18.0706

Reactor Wall 6.6860 17.9544

Fluidized Bath 6.3627 17.9853
A.3 Calibration of Feed Pressyre Transducer

The Foxboro 611 AH absolute pressure transmitter was calibrated
by using a five foot mercury manometer which had a resolution of 1 milli-
meter. A nitrogen cylinder was fitted with a Moore nulimatic pressure
regulator (model number 41-50) and connected to the transmitter and
manometer. The Foxboro 6430 HF electronic consotrrol recorder was oper-
ational during the calibration and readings were taken at five psia inter-

vals between 15 psia and 40 psia. Also, the voltage signal obtained by

(Z)Heast. R.C., editor, "Handbook of Chemistry and Physics", 49th edition,
E-107, The Chemical Rubber Co., Cleveland, Ohio, (1968).
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dropping the 10-50 milliampere signal from the transducer across a 100 ohm
resistor, was measured by the IBM 1800 computer. The points obtained are
given in Table A.8.

These data were fitted to a straight line using Tinear least

squares and the results of the fit are given in Tables A.9 and A.9A.

TABLE A.8 FEED PRESSURE TRANSMITTER CALIBRATION DATA

Barometric pressure = 70.06 cm.Hg.

Manometer Absolute Recorder Computer
Readin Pressure Chart Reading Reading
(cm Hgi (psia) (%) (%)
7.56 15.0 0.0 | 19.94
33.43 20.0 20.0 35.77
59.31 25.0 40.0 51.59
85.18 30.0 60.0 67.42
111.06 35.0 80.0 83.25
136.93 40.0 100.0 99.08

A.4 Calibration of Reactor Pressure Transducer

The Statham PA732TC-50-350 absolute pressure transducer was
calibrated with the same technique used with the feed pressure trans-
mitter except that the reactor pressure transducer was calibrated at
245°C, the anticipated reactor temperature. This pressure transducer
is temperature-compensated and tests carried out at 200 and 260°C showed

that the drift in the instrument's output at constant pressure over this



TABLE A9

A=12

LEAST SQUARES FIT OF FEED ABSOLUTE PRESSURE TRANSDUCER DATA

X MEASURED

Y OBSERVED

ABSOLUTE PRESSURE (PSIA)

THE COEFFICIENTS OF THE POLYNOMIAL ARE

AQ = 15400000

Al = 0425000

REGENERATED DATA

X MEASURED Y OBSERVED Y CALCULATED
04000 15000 15000
234000 206000 204000
404000 254000 254000
606000 30,000 30,000
804000 35,000 354000
1004000 424000 404000
VARIANCE = 0000000

STANDARD CEVIATION =

MAXIMUM PCT ERROR

04000000

s (04000000

FOXBORO RECORDER CHART READING (PERCENT)

PCT ERROR
04000
0000
04000
04000
06000

0000



A=13
TABLE Ae¢9A

LEAST SQUARES FIT OF FEED ABSOLUTE PRESSURE TRANSDUCER DATA

X MEASURED IBM 1800 COMPUTER READING (PERCENT)

Y OBSERVED

ABSOLUTE PRESSURE (PSIA)

- THE COEFFICIENTS OF THE POLYNOMIAL ARE
AQ = 8070123

Al = 0631590

REGENERATED DATA

X MEASURED Y OBSERVED Y CALCULATED PCT ERROR
194940 15000 154000 06002
350770 206000 204001 06005
514590 25000 244998 0e005
67420 304000 294999 0002
8342590 354000 354000 0000
95408 404000 404000 0e001

VARIANCE = 0000000

STANDARD DEVIATION = 0000913

MAXINUM PCT ERROR = 00005645
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temperature range was negligible. However, when the temperature was
lowered to 20°C, the drift in output was perceptible.

The results of the calibration procedure are given in Table
A.10 and the least squares fit of this data is given in Tables A.11 and
A.11A. |

TABLE A.10 REACTOR PRESSURE TRANSMITTER
CALIBRATION DATA

Barometric Pressure = 704.4 mm.Hg.

Fluidized Bath Temperature = 244°C

Manometer Absolute Recorder Computer
Readin Pressure Chart Reading Reading
(mm Hgi (mm _Hg) (%) (%)
0.0 704.4 49.90 59.25
42.5 746.9 51.75 60.66
70.5 774.9 52.80 61.52
120.0 824.4 54.80 63.14
183.0 887.4 57.30 65.19
234.0 938.4 59.40 66.84

A.5 Calibration of Feed Differential Pressure Cell
The D/P cell for the reactor feed line was calibrated by
passing a constant flow of nitrogen through it and measuring the nitrogen

flow-rate with a dry test meter and stopwatch. Before the calibration
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TABLE Asll

LEAST SQUARES FIT OF REACTOR ABSOLUTE PRESSURE TRANSDUCER

X MEASURED I8M 1800 COMPUTER READING (PERCENT)

Y OBSERVED

ABSOLUTE PRESSURE (MM HG)

THE COEFFICIENTS OF THE POLYNOMIAL ARE
AQ0 ==1123463061

Al = 30485020

REGENERATED DATA

X MEASURED Y OBSERVED Y CALCULATED PCT ERROR
594250 704400 7040244 0e022
600650 7464900 747742 0112
614520 7744500 774274 0¢080C
630149 82644400 8244251 0«018
654190 887400 887494 0010
664840 9384400 9384397 0000

VARTANCE = 06231465

STANDARD DEVIATION = (.481108

MAXIMUM PCT ERROR = 04112852



TABLE AellA

A=16

LEAST SQUARES FI1T OF REACTOR ABSOLUTE PRESSURE TRANSDUCER

X MEASURED = FOXBORO RECORDER CHART READING (PERCENT)

Y OBSERVED = ABSOLUTE PRESSURE (MM HG)

THE COEFFICIENTS OF THE POLYNOMIAL ARE
AO = =534,.85083

Al = 24480598

REGENERATED DATA

X MEASURED Y OBSERVED Y CALCULATED
494900 7044400 7024967
51750 7464900 748858
524800 7744900 774904
544800 824400 824516
574300 887400 886e531
594400 9384400 9386624

VARIANCE s  le341284

STANDARD DEVIATION = le158138
MAXIMUM PCT ERROR s 06262233

PCT ERROR
00203
0e262
04000
0e0l4
00097

0+023
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was carried out, the accuracy of the dry test metgr (American Meter
Company , Model Number 5M210, Serial Number 7838179) was checked against
a gasometer.

Nitrogen was passed through the dry test meter and into the
five cubic foot gasometer. The gasometer had previously been calibrated
by filling the bell shaped top with water and noting the net weight_
change with change in height of water. Three runs were carried out at
three different volumetric flow-rates in order to obtain the calibration
factor for the meter and to see if this factor varied with different
flow-rates passing through the meter. The average results of runs taken
at the three flow-rates are given in Table A.12 and the calibration
factor is plotted in Figure A.2.

At four different levels of absolute pressure (22.5, 25, 30
and 35 psia), as indicated by the feed absolute pressure transducer, the
D/P cell was calibrated using the calibration factor established in the
gasometer test to correct the apparent nitrogen flow-rate. A short com-
puter program called FDOCAL was written to document the measurements which
were taken and the calculated results are given in Tables A.13 and A.14.
FDCAL was also used to translate the calculated results onto punched
cards to provide input for a least squares fitting program. The results
of the least squares fit of the calculated results are presented in
Tables A.15A to A.15H. Here the flow-rate in standard cubic feet per hour
(60°F, 1 atm pressure) is correlated by a second degree polynomial to
the square root of the percent reading taken by the recorder or computer,

as the case may be.
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TABLE A.12 CALIBRATION DATA FOR DRY TEST METER

Run Apparent Volume Actual Volume Apparent Calibration
Number (Dry Test Meter) (gasometer) Flow Rate Factor

(cu ft) (cu ft) (cuft/min)
1 1.890 1.870 0.151 0.990
2 1.852 1.870 0.362 1.010
3 1.804 1.870 0.584 1.037

Note: Actual Volumd = (Dry Test Meter Reading)(Calibration Factor)
Barometric Pressure = 694.4 mm Hg

Room Temperature = 72°F

when flow data are obtained at pressures between 22.5 and 35
psia, the flow-rate is calculated according to the curve fitted data
at 22.5, 25, 30 and 35 psia by using the square root of the D/P cell
reading, and the flow at the intermediate pressure is obtained by a
Newton interpolation polynomial routine. This is described in Appendix
C, Reduction of Data.

" The purpose of FDCAL and description of the input data is given
at the start of the Fortran listing of the program. The only calculations
performed by the program are the calculation of the square root of the
D/P cell reading taken by the Foxboro recorder and the IBM 1800 computer
and the calculation of the flow rate in scfh using the following equation

Q= (o) () (2 c.F.) (A.3)
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FIGURE A.2: DRY TEST METER CALIBRATION FACTOR
VARIATION WITH APPARENT FLOW RATE.
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TABLE Ael3

EXPERIMENTAL RESULTS FOR D/P CELL CALIBRATION

TIME FCR 1 ATMOSPHERIC FOXBORO RECORDER 18M 1800

CUBIC FOOT PRESS TEMP D/P CELL ABS PRESS COMPUTER

OF GAS FLOW (MM HG) (DEG F) {PCT) (PCT) {(PCT)

{MINUTES)

34000 70448 6840 90400 39480 90472
3¢257 7048 68e0 75410 40610 78498
44030 70448 6840 49480 40410 59404
50167 70468 6840 30625 40410 43463
54207 70448 6840 20420 40400 35671
BebT6 70G45 6440 10400 39490 2767
24533 7095 6440 90450 8060 91,11
24796 70946 E4e0 T4480 80400 78674
34425 70847 6440 4970 80420 5896
44363 7090 663 30610 7940 43451
54357 70GC 66e3 20400 80400 35455
74301 70549 6440 10010 8020 2775
74820 70448 6740 10400 60400 27467
54658 70448 €70 20400 60400 35455
44697 70448 6740 30400 60420 43444
34640 70448 6740 50400 60400 59420
34000 70669 6440 75420 59490 79406
24747 70649 6440 90,00 6000 90672
84590 7072 6640 10,00 30400 27467
€281 70762 6640 20400 30600 35455
44815 70742 6649 35400 3C.00 47630
44000 7C649 6740 50400 302400 59420
34500 70646 664C 55400 32400 71,12

3el4l 70645 654C 80.0C 30400 82485



TABLE Aelé

CALCULATED RESULTS FQR D/P CELL CALIBRATION

RUN
NOo

PR RO RS N - 00 0 0 s D S
bNNHOND(DNIO‘U'J-‘NNHO\O(DﬂO\U‘PNNH

FEED FLOW METERING SYSTEM FLOW
ABS PRESS D/P CELL COMPUTER RATE
(PSIA) SQRT(PCT) SQRT(PCT) (SCFH)

24495 Se48 9452 18601
25402 8466 8.88 18401
25402 7.05 Teb68 18401
25402 5e49 6460 18401
25400 4449 597 18401
24497 3016 526 18401
35415 9e51 SeS54 18401
35,00 8eb4 8487 18401
35405 7404 Te67 18401
34485 5s48 6459 1801
35,00 4ael? 5496 18401
35405 3417 526 1801
30400 3616 5426 18401
30400 4ol 5496 184C1
30405 547 6459 18401
30400 707 TebS 18401
29497 8e67 8489 18401
30400 9e48 952 18401
22450 3.16 5426 18.01
22450 Lot 5096 18401
22450 5491 6487 18.01
2250 Te07 7669 18401
22450 8406 8e43 18.C1

22450 Be94 9410 184C1

A=21
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TABLE Aeld

LEAST SQUARES FI1T OF FEED D/P CELL AT 22¢5 PSIA

X MEASURED FOXBORO RECORDER CHART READING (SQRT(PCT))

Y OBSERVED FLOW RATE (SCFH)

THE COEFFICIENTS OF THE POLYNOMIAL ARE

AQ =0e62199
Al = Oeb61645

A2 = =0e00476

REGENERATED DATA

« MEASURZD Y OBSERVED Y CALCULATED  PCT ERROR
50460 34160 34161 04049
84870 40470 4e471 04028

114620 54910 54898 0+2C0

144010 74070 74079 00137

164090 84060 84063 0s046

184010 84940 84935 04049
VARIANCE = 04000054

STANDARD DEVIATION = 0007393
MAXIMUM PCT ERROR = 00200529



LEAST

X MEASUREC

Y OBSERVED

TABLE Ael5A

SQUARES FIT OF FEED D/P CELL AT 2245 PSIA

1BM 1800 COMPUTER READING (SQRT(PCT))

FLOW RATE (SCFH)

THE COEFFICIENTS OF THE POLYNOMIAL ARE

AQ =

Al

A2

X MEASURED

6¢460
84870
114620
144010
164090

18.010

VARIANCE

34644361
025890

0400310

REGENERATED DATA

Y OBSERVED Y CALCULATED  PCT ERROR
154260 50245 04270
54960 54984 0e410
64870 64871 0e022
74690 74680 0el122
Be430 Be4l3 0el94
94100 Sells Oel54
= 04000272

STANDARD DEVIATION = 00016496

MAXIMUM PCT ERROR = (e410928

A=23
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TABLE Ae158

LEAST SQUARES F1T OF FEED D/P CELL AT 25 PSIA

X MEASURED = FOXBORO RECORDER CHART READING (SQRT(PCT))
Y OBSERVED = FLOW RATE (SCFH)

THE COEFFICIENTS OF THE POLYNOMIAL ARE
AO = 0e89847
Al = 1068443

A2 = 0.02117

REGENERATED DATA

X MEASURED Y OBSERVED Y CALCULATED  PCT ERROR
5486 186729 184763 06291
84666 174166 174085 00457
74056 134845 134839 04041
5 ¢499 100744 104803 00545
X-TA 84917 84896 0e231
34162 6o4h5 60436 0sl28

VARIANCE s 00026264

STANDARD DEVIATION = Ce051226
MAXIvUM PCT ERROR = 0e 545683



TABLE Ael5C

LEAST SQUARES FI1T OF FEED D/P CELL AT 25 PSIA

X MEASURED = IBM 1800 COMPUTER READING {SQRTI(PCT))

Y OBSERVED = FLOW RATE (SCFH)

THE COEFFICIENTS OF THE POLYNOMIAL ARE
A0 = =13,471168
Al = 4¢37971

A2 = =-0e10222

REGENERATED DATA

X MEASURED Y OBSERVED Y CALCULATED
94524 184729 184730
8887 17¢164 17137
Teb84 134845 134906
60605 10744 104759
50976 8917 8.+811
5261 6¢445 64500

VARIANCE = 00003769

STANDARD DEVIATION = 04061397

MAXI%Uv PCT ERROR

14182604

PCT ERROR
04006
0el55
0e439
0e135
1e182

0862

A=25



LEAST

X MEASURED

Y OBSERVED

TABLE As15D

SQUARES F1T OF FEED D/P CELL AT 30 PSIA

FOXBORO RECORDER CHART READING (SQRT(PCT))

FLOW RATE

{SCFH)

THE COEFFICIENTS CF THE POLYNOMIAL ARE

AQ =
Al =

A2 =

X MEASURED

34162
4eb72
5477
74071
84671

SelB5

VARTANCE

074086
1494287

0401777

REGENERATED DATA

Y OBSERVED

Te062

9.811

11866

15+388

184947

206754

STANDARC CEVIATION =

wAXI¥UM PCT ERRDOR

0eC00873
0eC29552

Ceb18578

Y CALCULATED

7062
94785
11915
154367
184926

206772

PCT ERROR
0e004
Ce263
Qe&lB
Oel3s
Q0ell2

0089

A=26



LEAST

X MEASURED

Y OBSERVED

TABLE Ael5E
SQUARES FIT OF FEED D/P CELL AT 30 PSIA

IBM 1800 COMPUTER READING (SQRT(PCT))

FILLOW RATE (SCFH)

THE COEFFICIENTS OF THE POLYNOMIAL ARE

AQ =
Al =

A2 =

X MEASURED
50261
5963
64590
Teb94
84891
9e524

VARIANCE

=15486578
5603013
=0e12491

REGENERATED DATA

Y OBSERVED Y CALCULATED PCT ERROR
Te062 Tel40 14100
94811 9687 14255

114866 114861 0e041
15.388 154442 0e349
184947 184984 0el96
204754 204713 00195
= (0005432

STANDARD DEVIATION = 06073707

MAXIMUM PCT ERROR = 14255190

A=27
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TABLE Ael5F

LEAST SQUARES FIT OF FEED D/P CELL AT 35 PSIA

X MEASURED = FOXBORO RECORDER CHART READING (SQRT(PCT))
Y OBSERVED = FLOW RATE (SCFH)

THE COEFFICIENTS OF THE POLYNOMIAL ARE

AQ 0679547

Al = 206285

A2 = 0402462
REGENERATED DATA

X MEASURED Y OBSERVED Y CALCULATED  PCT ERROR
90513 224657 224648 00040
Be648 204447 2046478 0el48
7004 164595 164562 04203
5486 12.880 124854 04205
4et72 100448 104513 04620
34178 74625 74600 04338

VARIANCE = 04001541

STANDARD DEVIATION = 0039262
MAXIMUM PCT ERROR = (0620169



TABLE Ael5G6

LEAST SQUARES FIT OF FEED D/P CELL AT 35 PSIA

X MEASURED = IBM 1800 COMPUTER READING (SQRT(PCT))

Y OBSERV:ID

= FLOW RATE (SCFH)

THE COEFFICIENTS OF THE POLYNOMIAL ARE

AO

Al

A2

X MEASURED
94545
84873
74678
64596
54963

5268

VARTANCE

STANDARD DEVIATION =

MAXIMUM 2(T ERROR = 0Qe74C012

=16690591
5431977

=0612390

REGENERATED DATA

Y OBSERVED

224657
206447
164595
12.88C
10448

74625

= 0005624

0e074994

Y CALCULATED

224584
204544
164638
124795
104410

Te682

PCT ERROR
0320
Qeb7l
0254
0e657
0360

0e740

A=29
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**%**%****%**%*%%*%%**%%**%%%*%%%%%%%%%****%%**%*%*%%*

* MAINLINE FDCAL

# THIS PROGRAM WAS WRITTEN TO DOCUMENT THE

i
I
I
3

* CALIBRATION DATA TAKEN Oiv THE FEED D/P CELL»s REDUCE*

% THE DATA TO USEFUL UNITS OF FLOW AND MEASUREMENT

# AND PUNCH THE CALCULATECD RESULTS OUT ON CARDS TO
¥ PROVIDE INPUT FOR A LEAST SGQUARES FITTING PROGRAM
* INPUT DATA

* N - NUMBER CF CALIEBRATIG. RUINS

* NPAGE = PAGE NUMBER OF FIKST RAGE OF QUTPUT
#* NCOPY = NUMBER OF COPIES OF OUTPUT DESIRED
* NR - RUN NUMBER

# Allsl) = TIME REQUIRED FOR ONE CU FT OF GAS
* FLOW (MIN)

* AlIs2) = ATIOSPHERIC PRESSURE (MM HG)

* Alls3) = ROOM TE-PERATURE (DEG F)

#* Alls4) = RECORDER READING (D/P CELL)

* AlIs5) = RECORDER READING (ABS PRESS)

# AlIs6) = COMPUTER READING (D/P CELL)

* AlIs7) = DRY TEST METER CALIBRATICN FACTOR

¥

*

DIMENSION A(25910) 9iR(25)
REAC(599) NonNPAGEsNCOPY

g FORMATI(315)
DO 2 I=1lsn

2 READSISs1) SRUIIslAlIs0)2u=197)

1 FORVAT(IS95X97F1Ce5)
DO 5 NC=1anCOPY
WwRITE(693) NPACE

3 FORMATUIY1Yy //77/756Xs A=V 912977177/
1 35X 'TABLE AWl3'///7 918X
SeVEXPERIMENTAL RESCULT
1S FCR O/P CELL CALIBRATICH'/ )

WRITE(694)

& FORMAT( 1UXe'TIME FOR 1 ATHOSFRER]IC FOXECRC
$ RECORDER ig
21 18203'/ 10X9'CUBIC FOCT FRESS TEPp D/F CELL
¢ ABS PRESS CC
3MPUTER' 7/ 10Xe'OF GAS FLOw (M4 =G) (OEG F) {PCT)
$ {PCT)
L (PCTI'/ 11X (MILLTES)'/)

20 5 I=1sN
5 WwRITE(698) (Allrudru=lsb)
6 FCRMAT(13X’F503'5XlF5ol’5XoF40104X9F5-296X|F50205X
$eF5e2)

HPAGESNPAGE+]

CC 17 IslsN

TPCORZA(192)/7765e#53Ce/LAl193)+4600)

3
¥*
*

X % % % % % % % % k¥ ¥k %k ¥ X

*****%***%*****%*%%**%*%****%%*%*****%******%******%*
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MAINLINE FDCAL s ee (CONT'D)

FLO=TPCOR*1-/A(Iol)*éO.*A(Io?)
Allsa)=Al194) %045
All96)=A(196)%%0e5
Al195)=A(195)#0e25+150
17 CONTINUE
DO 7 NC=1sNCOPY
" WRITE(6920)NPAGE
20 FORMAT('1', [1/77966Xs A=t 129/7//)
WRITE(61910)
10 FORMAT( /7/77932X9 ' TABLE Ael&?// 15X9'CALCULATED RESULTS
$ FOR D/P CEL
1L CALIBRATION'/)
WRITE(6911)
11 FORMAT(16X»s'RUN FEED FLOW METERING SYSTEM FLOW!
$/ 18X 'NO ’
1ABS PRESS D/P CELL COMPUTER RATE'/ 22X ' {PSIA)
$ SQRT(PCT) SC
2RT(PCT) (SCFHI'/)
DO 7 I=1sN
WRITE(698) NR(I)9A(Io5)9A(104)¢A(106)9FLO
7 CONTINUE
8 FORMAT(14X915’3XOF50291X03(5X’F5.2))
CALL EXIT
END
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where, Q = flow rate (scfh)
P = barometric pressure (mm Hg)
T = room temperature (°F)

t = time required for one apparent cubic foot of gas

flow (min)

A.6 Correction Applied to Differential Pressure Cell

The d/p cell was calibrated at 22°C with pure nitrogen. Since
the orifice meter was used for measuring the flow-rate of a mixture of
Nys HZS and 502, this flow rate was corrected to allow for the difference
in density between the mixture and the pure nitrogen.

In orifice meters, the pressure loss from form friction is
considerable and, in fact, the orifice plate is a meter which maximizes

form drag. Thus the general meter equation may be written in the following

form:
A
/29 (- —')
- _ c
Vi © CO —S-T-L (A.4)
_1? -1
S
0
where: C° = orifice coefficient
9. = dimensional constant
AP = pressure drop across orifice
p = gas density

wn
-
L

= cross sectional area of pipe
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(%24
n

0 cross sectional area of orifice hole

vy = average gas velocity through pipe

The variation of discharge coefficient with Reynolds number
for sharp edged orifices, as presented by Brown and Associates(3),
indicated that no correction of the orifice coefficient was necessary
for the mixed gas stream. From Tables A.16 and A.17 it is apparent that
the change in C0 js less than 0.5 percent between pure nitrogen and a
gas mixture of 90% Nos 5% HZS and 5% S0,. Hence no correction was ap-
plied to account for variation of discharge coefficient.

Physical property data shown in Table A.16 were taken from
Perry(4) and the following equations were used for calculating the

density(s) and viscosity(6) of the gas stream mixtures:

3
PMix = 1.2] XiP5 (A.5)

where, PMix = density of gas mixture (latm, 60°F)

mole fraction of component i

x
e
n

density of component i (latm, 60°F)

©
—te
1}

(3)Brown G.G. and Associates, "Unit Operations", John Wiley and Sonms, Inc.,
New York, p. 158 (1950).

(4)Perry, J.H., (ed.), "Perry's Chemical Engineers’ Handbook", 4th ed.,
p.3-71 and 3-197, McGraw Hill Book Company, Inc., New York, 1963.

(S)Smith, J.M. and Van Ness, H.C., “Introduction to Chemical Engineering
Thermodynamics", pp 103-107, McGraw Hi11 Book Company, Inc., New York, 1959.

(G)Bird, R.B., Stewart, W.E., and Lightfoot, E.N., "Transport Phenomena",
p. 24, John Wiley and Sons, Inc., New York, 1960.
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TABLE A.16 PHYSICAL PROPERTIES OF PURE NITROGEN
AND REACTOR FEED MIXTURE (1 atm, 60°F)

Nitrogen Feed Mixture
Density (1b/cuft) 0.074 0.084
Viscosity (c p) 0.017NM 0.0164
NRe (6.0 scfh) 8200 9700
NRe (16.0 scfh) 21,900 25,900

Note: Feed mixture is 95% NZ’ 5% HZS’ 5% 502,(molar basis)

Reynolds number is based on orifice diameter of
0.020 in.

TABLE A.17 VARIATION OF ORIFICE
COEFFICIENT WITH Npg

Npe Orifg;70Co:fgi§g§ntf
— P

8,000 0.617

10,000 0.616

20,000 0.613

30,000 0.610




3
MMix iZ] 3

X

3=

where, Bix = viscosity of gas mixture

M.-J- u.-%— M. ]
0, = Lo+ Fﬁé 20+ (A (pﬁ#zjz
b8 i Hj i
¥y viscosity of component i
M =

Xi¥

molecular weight of component i
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(A.6)

It is apparent from Table A.16 that there is a considerable

difference between the density of pure nitrogen and the gas mixture, thus

the necessity for the flow correction.

Since the orifice geometry and C0 remained constant for both

pure nitrogen and the gas mixture, equation A.2 can be rewritten to give:

ol

Q = k(&H?

where: Q = volumetric flow rate
2g
k= k' Cyl—go—) /2
S
_12 -1
S0

(A.7)

k' = constant to convert from average velocity to volumetric

flow rate.
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For pure nitrogen:

1
Ap \2
Q, = k(22 (A.8)
N2 “eyp
For a gas mixture:
1
AP 2
Qs , = k(=) (A.9)
Mix Ppi x
Dividing equation A.8 by A.9 gives:
Q Py 1
N2 = ( MIX)Z (A.]O)

Ovix PNz

Therefore, the corrected volumetric flow rate for the gas mixture is

- o (N2 2
Quix = Quz(q‘i‘;) (A.17)

This correction is applied in the data reduction program.

A.7 Calibration of Gas Chromatoaraph

It was necessary in this investigation to design an apparatus
which could be used for making mixtures of nitrogen and hydrogen sulfide
or of nitrogen and sulfur dioxide of accurately known composition within
a reasonably short time period. A description of this apparatus and the
procedure followed for making up a known calibration mixture is given
first, followed by the documentation and discussion of the experimental

and calculated results.
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A five litre capacity lucite cylinder equipped with a circu-
lation fan and moveable lucite piston was used for preparing calibration
mixtures of known composition. Lucite, stainless steel 316 and teflon
all exhibited inertness toward nitrogen diluted HZS and 502 in this equip-
ment. The fan was driven by a magnetic-coupled motor. The magnet on
the process side of the cylinder was coated with a spray-on form of
teflon.

To make accurate samples of calibration gases, it was-necessary
to determine the volume of the calibration equipment accurately. The
estimation of this volume included taking into account the irregularities
which are found at each end of the cylinder. The mixing fan volume was
determined by water displacement and along with the volume of the "hex"
nut and piston rod protrusion, this combined volume is subtracted from
the total volume. The residual volume from these calculations measured
11. cu cm. The cross-sectional area of the cylinder was 151.192 sq cm

(diameter = 13.876 cm) and so, the volume of the cylinder was given by

Vc = 11. + (151.192)(L) (A.12)
where, L = distance in cm between piston and end of cylinder
V_ = volume in cu cm
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TABLE A.18 VOLUME OF GEOMETRIC IRREGULARITIES
IN GAS CHROMATOGRAPH CALIBRATION EQUIPMENT

Description Volume
Magnet housing, valves + 66 cu cm
Hex nut, washer, piston :

rod - 15 cu cm
Impeller, magnet, bracket - 40 cu cm
Residual Volume 11 cu cm

Referring to Figure A.3, the procedure for making up calibration

mixtures is now described step-by-step:

1.

Note the barometric pressure, room temperature and the
temperature of the water bath.

Fill the gas burette with mercury up to the top valve as
shown in Figure A.3.

With the mixing fan on, flush the cylinder with pure nitrogen
for three up-and-down cycles of the piston to remove previous
gas contents.

Flush line B with pure nitrogen to eliminate any HZS or SO2
gas which may be present.

Fill the cylinder with pure nitrogen to the desired volume
(i.e. piston position) through line A and then close the

valve on this line at the cylinder.
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Open the cylinder to vent for 60 seconds to enable the
nitrogen in the cylinder time to equilibrate with atmos-
pheric pressure, and then close the three-way valve at the
cylinder.
Purge 1ine B with the desired calibration gas, e.g., HZS’
for 60 seconds at least, to fill it with pure HZS' Note
that the flow goes from the HZS bottle through to vent.
Fi1l the gas burette to the desired volume of HZS with the
HZS flow still in the purge mode. Remaining in the purge
mode is a safety precaution taken to prevent blowing out
the gas burette with HZS‘
Isolate the gas burette from the HZS flow using the top
valve.
Turn off the HZS flow, but leave 1ine B open to vent to
give it a chance to reach atmospheric pressure.
Measure the exact volumetric reading at atmospheric pressure
by manipulation of the mercury reservoir and using the water
manometer as the reference pressure.
Isolate the burette from the water manometer, isolate line B
from vent, 1ift the mercury reservoir, and then open the
burette to line B. Keeping at least a 5 cm head of pressure
in line B, open the cylinder and force the HZS into it.
Close the valve on the cylinder, bring line B back to atmos-

pheric pressure by adjusting the mercury level in the burette
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and checking with the reference water manometer, and again
note the reading of the burette.
13. Allow the fan to mix the cylinder contents for at least ten

minutes.

During the calibration process, a large amount of experi-
mental data was recorded for each run. To organize this data, document
it and calculate meaningful results, a computer program, GCCAL, was
Qritten. A computer listing of GCCAL is given on the following pages,
and the data are documented on the next 21 pages. A summary of the
calculated results is presented in Table A.19 for the peak areas ob-
tained by the disk integrator on the recorder.

The internal standard calibration method was employed. While
several methods for obtaining quantitative gas chromatographic data are
available, the internal standard technique was selected because the
form of data correlation lends itself easily to curve fitting. For un-
known mixtures, the repeatability of sample size within 1imits is not
necessary and it is also applicable to the relatively low concentration
levels which were used in this investigation. This method is fully de-
scribed in a report published by Hewlett Packard(7).

Following the selection of an internal standard (in this case,
nitrogen), the response characteristics of standard mixtures (prepared

with the previously described equipment and procedures) must be deter-
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mined.

Each standard mixture was analyzed under the same conditions
(described in Chapter 3). The areas of the peaks were determined simul-
taneously by the disk integrator on the recorder and the IBM 1800 computer
GC-pack (described in Part II) two times, and the area response ratios
were determined (e.g. 100x H,S peak area/nitrogen peak area) and plotted
as abscissas. The corresponding molar ratios were plotted as ordinates
to obtain the straight lines shown in Figures A.4 and A.5. A summary of
this data for the disk integrator appears in Table A.19 and the least
squares coefficients for straight line fitting of the data is given in
Tables A.20 to A.20.C.

Since nitrogen was used for diluting the reactor feed consti-
tuents, the internal standard is present in all gas stream analyses.

From the area response ratios (100x H,S area and 100x SO2 area/N2 area),
the molar ratios (Y] and Y2) can be determined from the previously fitted

data and from this the sample composition calculated by solving the fol-

lowing equations.

Yo * Yhos * Yso. = (A.13)
2 2
Ynzs/Ynz = v, (A.14)
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TABLE A.19 GAS CHROMATOGRAPH CALIBRATION RESULTS

Run Component Component Component/Nitrogen Ratios
Number  Calibrated Attenuation 100x Molar Ratio 100x_Area Ratio
1 H,S 9.8 1.05 1.70
2 H,S 9.8 2.12 3.52
3 HyS 9.8 3.48 5.83
4 HoS 9.8 4.40 _ 7.51
5 HoS 9.8 5.48 9.16
6 HyS 9.6 2.12 2.91
7 HyS 9.6 3.48' 4.83
8 HoS 9.6 4.40 6.24
9 H,S 9.6 5.48 7.73
10 HoS 9.6 7.91 11.27
n H)S 9.4 3.48 4.42
12 HyS 9.4 4.40 5.61
13 H)S 9.4 5.48 6.98
14 HoS 9.4 7.91 10.13
15 H,S 9.4 10.12 12.98
16 s0, 9.8 2.26 4,52
17 50, 9.8 4.64 9.37
18 S0, 9.8 6.23 12.69
19 50, 9.8 6.60 13.29
20 S0, 9.8 8.63 17.39

9.8 11.27 22.75

N
o
v
o
N
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TABLE A.20

LEAST SQUARES FIT OF GAS CHROMATOGRAPH DATA

X MEASURED

100X H2S/N2 AREA RATIO

Y OBSERV:ID 100X H2S/N2 MOLAR RATIO
NOTE = H2S ATTENUATOR=948

= AREAS MEASURED BY DISK INTEGRATOR

THE COEFFICIENTS OF THE POLYNOMIAL ARE
AC = 0404182

Al = 0458877

REGENERATED DATA

X MEASURED Y OBSERVED Y CALCULATED
1700 1.05C 1e042
3452C 20120 2¢114
54830 34480 36474
74510 44400 4elb?
94160 54480 54435

VARIANCE = 04001544

STANDARD DEVIATION = (040392695

MAXIMUY 2(T ERROR = 14443906

PCT

ERROR
04690
0268
Oel61
ledd3

Ce820

A=46



TABLE As20A

LEAST SQUARES FIT OF GAS CHROMATOGRAPH DATA

X MEASURED 100X H2S/N2 AREA RATIO

Y OBSERVED

100X H2S/N2 MOLAR RATIO
NOTE = H25 ATTENUATOR=G.6

= AREAS MEASURED BY DISK INTEGRATOR

THE COEFFICIENTS OF THE POLYNOMIAL ARE
AO = 011291

Al = 0469209

REGENERATED DATA

X MEASURED Y OBSERVED Y CALCULATED
24910 24120 24126
4¢830 34480 34455
64240 44400 4e431
74730 54480 5e462

11270 | 74910 Te912

VARIANCE = 04000484

STANDARD DEVIATION 0022010

MAXIMUM PCT ERROR

0e718485

PCT

ERROR

A00326

04696

0e718

0e313
0«036

A=4T



TABLE A+208B

LEAST SQUARES FIT OF GAS CHROMATOGRAPH DATA

X MEASURED = 100X H2S/N2 AREA RATIO
Y OBSERVED = 100X H2S/N2 MOLAR RATIO
NOTE = H2S ATTENUATOR=9+4

= AREAS MEASURED BY DISK INTEGRATOR

THE CCEFFICIENTS OF THE POLYNOMIAL ARE
AC = 005473

Al = 0¢77558

REGENERATED DATA

X MEASURED Y OBSERVED Y CALCULATED
44420 34480 34482
54610 44400 44405
64980 50480 54468
104130 7910 7911
124980 104120 10,121

VARTANCE = 04000045

STANDARD DEVIATION = 04006763

MAXIMUM PCT ERROR = 0s213619

PCT ERROR
.0080
0e¢130
0e213
04017
04017

A=48



A=49
TABLE Ae20C
LEAST SQUARES FIT OF GAS CHROMATOGRAPH DATA

X MEASURED 100X SO02/N2 AREA RATIO

Y OBSERVED

100X S02/N2 MOLAR RATIO
NOTE = S02 ATTENUATOR=9.8

= AREAS MEASURED BY DISK INTEGRATOR

THE COEFFICIENTS OF THE POLYNOMIAL ARE
A0 = 0400437

Al = 049468

REGENERATED DATA

X MEASURED Y OBSERVED Y CALCULATED  PCT ERROR
4452) 24260 2¢241 0809
94370 44640 4e642 0051

124690 64230 64285 04894

134290 64600 64582 04261

174390 84630 8e612 0206

224750 114270 114265 0041
VARIANCE = 0000817

STANDARD DEVIATION = 04028584

MAXIMUM PCT ERROR = 04894632
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A.8 Gas Chromatograph Data Reduction Program

A computer program, GCCAL, was written in Fortran to document
the calibration data for the gas chromatograph. The required input data
js indicated in the program heading and the input data formats can be
found in the program listing which follows.

The calculations performed by GCCAL are listed below.

1. Calculate the number of moles of nitrogen in the cylinder

using
- (1. + (151.102) (L)) (BB) (585 )(MVN ) (A.16)
where, NN2 = pumber of moles of nitrogen
L = distance between piston and end of cylinder
(cm)
RT = room temperature (°K)
BP = barametric pressure (mm Hg)
MVN2 = molecular volume of nitrogen (cu cm at 0°C)

2. Calculate the number of moles of calibration gas (either HZS

or 502) using

273.
NCG = (VCB) (g )(7 )(MVCG) (A.17)
where, NCG = number of moles of calibration gm of gas
VCG = volume of calibration gas admitted to

cylinder (cu cm)
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BT

water bath temperature (°F)

MVCG

molecular volume of calibration gas (cu cm
at 0°C)

Calculate molar ratio and sample composition

MR]00 = (100.)(NCG)/(NN2) (A.18)
where, MR]00 = 100 times the molar ratio of the calibration
gas to the nitrogen

N

¥i = F]—“‘_fg (A.19)

where, Y = mole fraction of component 1

n.

i number of moles of component i

Calculate the corrected areas and obtain the area ratios

times 100.
CA1 = (MAi)(Zl. - (2.)(ATTEN1)) (A.20)
where, CA1 = corrected area of component i peak
MA1 = measured area of component i peak
ATTEN1 = attenuation used for component i.

Where applicable, averages are taken for measurements. The

results of the chromatograph calibration are given on the
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pages following the program listing.

(8)

The molecular volumes which were used for the three gases are:

N, - 22403.60 cu cm

HZS - 22144.24 cu cm

502 - 21889.30 cu cm

(B)The Matheson Company, Inc., "Matheson Gas Data Book" 4th ed., p. 287,
371 and 447, Herst Litho Inc., New York, N.Y., 1966.
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nn

A=53.,

36 36 3 36 36 3 36 36 3 36 36 3 3 I 3 3436 36 3 30 3 30 W 38 36 36 3 3 3¢ 330 36 36 36 3 3 36 3 36 3 H 3 I 3 36 433

MAINLINE GCCAL

3*

3* *
*# . 3
# THIS PROGRAM WAS WRITTEN TO DOCUMENT THE DATA #*
# TAKEN FOR THE CALIBRATION OF THE PROCESS GAS #*
# CHROMATOGRAPH AND REDUCE THIS DATA TO CALCULATED #*
# RESULTS USEFUL FOR THE INTERNAL STANDARD PROCEDURE *
* FOR THE CALIBRATION OF GAS CHRCMATOGRAPHS. *
* INPUT DATA *
#* NSET = NUMBER OF SETS OF DATA ¥*
#* NCOPY = NUMBER OF COPIES OF CUTPUT DESIRED #*
* NPAGE = PAGE NUMBER COF FIRST PAGE OF OUTPUT *
# NRUN = CALIBRATION RUN NUMBER *
# NCROM = NUMBER CF CHROMATOGRAMS TAKEN *
#* IPEAK = PEAK NUMBER CALIBRATED #*
* sees2 = H2S *
# s0e3 = 502 #
* AREA FLAG

#*
%
#*
#*
*
#*
*
*
3
#*
3#
*
»*
*

1comp

eeel - COMPUTER AREAS INCLUDED
see0 = NO COMPUTER AREAS
RTEM

APRES
BTEM
v(il)

*
*
*
RCOM TEMPERATURE (DEG F) *
ATMOSPHERIC PRESSURE (MM HG) *
WATER BATH TEMPERATURE (DEG F) *
DISTANCE BETWEEN PISTON AND END OF *
CYLINDER (CM) *
*
*
#*
*
*
*
#®

V(2) = vOLUME OF CALIBRATION GAS (CU CM)
RDG(1)= AREA OF NITROGEN PEAK

RCG(2)= AREA OF CALIBRATION GAS

RDG(3)= ATTENUATION FOR NITROGEN

RDG(4)= ATTENUATION FCR CALIBRATION GAS

36 3 36 3 M 3 e S I 30 3 3 36 I 9 36 38 363 I 6 I J 3 36 36 3t 30 35 30 30 e 3 3691 b 3 I 3 I3 36 2 e IF 9 2

DIMENSION SNAMG92) 9SMVI3)sV(2)9RCGITIWAVE(T) sSTOREL2D
$97)

DATA SMV/22403e600221444249216E930/

DATA SNAM/VHYDR's'OGEN'9"' SUL''FIDE' s 'SULF'»'UR D!
Se'ICXI's'DE Y/

READI(591) HSETH»NCOPYINPAGE

00 2 ISET=1eNSET

REAS(391) NEUNINCROMeIPEAKICCHP

READ(S593) RTEMISTENMIAPRESIVI1IsVI2)

STEYP=273,

SPRES=T760,

RTEV=(RTEM+4806e) /108

STEM= (BTEV+4604)/168

CALCULATION QF SAYPLE CCPCSITION

-
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(0]

MAINLINE GCCAL eee (CONT'D)

Vi1)=(1lle+1510e192%V(1))

XMCAL=V(2)*STEMP/BTEM*APRES/SPRES/SHV(IPEAK)

TOTM=XMN2+XMCAL
XMN2=XMN2/TOTM%100
XMCAL=XMCAL/TOTM*10Cs
RMOL=XMCAL/AMN2#10C.
KPEAK=IPEAK=~1

READ AND PROCESS PEAK AREA DATA

NCAT=0

DO &4 I=1+7

AVG(11=040

DO 5 ICRCM=19NCROM
NCAT=NCAT+1

READ(593) RDG
RDG(5)=RDG(2)#(21e=24%*RDG(41))
RDG(4)=RDG(2)
RDG(2)=RDGI1I#{21e=24#*RDG(3))
TCTA=RDG(2)+RDG(5)
RDG(3)=R0G(2)/TOTA*#10C.
ACG(8)=RCG(5)/TCTA%100.
R0G{71=RDOGI5)I/RCC(21#100s
DC 6 I=1s7
AVG(1)=RDGII)+AVGI(]]

DG 20 J=197
STORE(NCATU)=RDCY)
CONTINUE

DC 7 1=1+7
AVGIIY=AVGI(I)/NCROK

AT=NCAT+1

0O 21 J=197
STORE(NCATL)=AVGIY)
IFLICCMP) F£998

1cerpP=C

C T0 14

CCLTINUE

At CROV+]

232 %NN
DO 23 IC=1,nCOPY
wRITEL8917) NFPAGE

A=54

wRITE(6910) KQU\tRTEVQSTEH’A?RESlV(l)o(SHAH(JoKPEAK)

Sausleblevi2)

WRITE(Ss1Y) X 2915 AY (weSPEAKI 9=l es) ok CALIRILIL

wRITE(6912)
SRITELS913) (SLAYLJIKPEAK I 1umindt)

WRITELS925) ((STCRE(IsW)su=lsTel=l0

IFLICCHP=11231026026



MATNRINE GCCAL eeo (CONT!D)

24 CONTINUE
WRITE(6916)
WRITE(6915) ((STORE(Isdlsu=lsT)sI=nleii2)
23 CONTINUE
NPAGE=NPAGE+1
CONTINUE
FORIATI(SIS)
FORMAT(TF1045)
FORXATI 15X s 'CALIBRATICH SAMPLE NUMBER'9I139//7/10X
Ss'SAMPLE PREP
1ARATICHN CONDITIONS!//12Xs'ROCYM TEMPERATUREwseesvssee!
33FTels! DEG K
2"//12X"8ATH TEHPERATURE-...-.:..."F701" DEG K'!/
S5/124Xs 'ATMOSPHE
3RIC PRESSUREesssae! 9FTals! Min HG's//12Xe'VOLUME OF
S NITROGENeossesos
Ga'9FTels! CC's//12Xs'VOLUME OF 's&ALsFTels! CCT)
11 FORMVAT! //910Xs!'SAMPLE COMPCSITION (OLE PERCENLTIY/
S/12X9 '"WITROGEN
loesecoensos!sFS5a2s//12X04Abr  sen'sFbe29//12Xs"1C0K
S MOLAR RATIOsee!
2F5e2)
12 FORMATI( //791l0Xs'DISK INTEGRATOR AREA RESULTS (THE LAST
$ SET IS THE
1AVERAGE) '/)
13 FORMATI 19X e ' NITROGEN" s12XK94A6 95X 1COX 9/ /11X
Syt INPUT ' 93 X9 'CORR!
24X PCT OF'95Xse'INPUTY 93X "CORR Y 94X 'PCT CF' 53X
SetAREAY /11X9'AREA
2V 34K s VAREA 94Xy " TCTAL  96Xs YAREAY 94Xy YAREA' 96Xy ' TOTAL!
SrEX 'RATIC/)
15 FORIATIGXIFC e L 12Xk 9F Tals2X9Fbels2Xk150eld12A9F60192X0F002
395X9F6el/)
16 FCRIMATL /910X 'CCAPUTER AREA RESVULTS (THE LAST SET 15
$ THME AVERAGE
11173
17 FCRNATUIY1V9//7/686Xs A="9129//)
CALL EXIT

EnD

OwrE N



CALIBRATION SAMPLE NUMBER 1

SAMPLE PREPARATION CONDITIONS

ROOM TEMPERATUREessessoees
BATH TEMPERATUREesssacsees
ATMOSPHERIC PRESSUREsscses
VOLUME OF NITROGEMNessessee

"VOLUME OF HYDROGEN SULFIDE

29343
29343
70561
385142

4040

SAMPLE COMPOSITION (MOLE PERCENT)

NITROGSxeseeosnsssses GB8e96
HYDROGZY SULFIDEese 1403

100X “OLAR RATIOsse 1405

DEG K

DEG XK

-
A
.

ccC

A=56

DISK INTEGRATOR AREA RESULTS (THE LAST SET 1S THE AVERAGE)

NITROGEN

INPUT CORR PCT OF
AREA AREA TOTAL

10340 5047 «C 98431
1010 494940 9Ee23

102.0 4998.C G832

HYDROGE.: SULFICE

1RPUT
AREA

CORR PCT CF
AREA TOTAL

2605 1,68
84,40 1:66
8542 1.67

100X

AREA
RATIC

1.71
1669

l.7C



CALIBRATION SAMPLE NUMS

ER 2

SAVFLE PREPARATION CONDITIONS

RO0M TEMPERATUREsssseesnes
BATH TEMPERATUREessescsses
ATMOSPHERIC PRESSUREseesss
VOLUME CF NITRCGENesssze0s

VOLUME OF HYDROGEM SULFIDE

29348 DEG K

29343 DEG K

706

1 MM HG

" 385142 CC

8Ce8 CC

SAYPLE COMPOSITION (MCLE PERCENT)

NITROGSNesossssseee 97491
HYDROGEN SULFIDEwes 208

1C0X MALAR RATIOees 212

DISK INTEGRATOR AREA RESULTS
WITRCGEN
InPUT CORR °CT OF

AREA AREA TOTAL
940 460560 55459
S48 464542 9659

S4eb 4b2546 F6e573

(THE

A=57

LAST SET IS THE AVERAGE)

HYDROGEN SULFIDE

INBUT
AREA

112490
117.0

11645

CORR
AREA

PCT OF
TOTAL

3440
3440

344¢C



CALIBRATION SAMPLE NUMBER 3

SAMPLE PREPARATION CONDITIONS
ROCH TEYPERATUREsessssasss 29346 DEG K
BATH TEVPERATUREeesosccoss 29348 DEG K
AT“OSPHERIC PRESSUREsssess 70347 MY HG
VOLUME OF NITRCGEMeesssess 385102 CC

VOLU“E OF HYDRCGEN SULFIDE 13247 CC

SAMPLE CJ/FMSITION (MOLE PERCENT)
NITROSE M ecoansoasse G5453
HYDRZGE™ SULFIDEwes 3¢36

100X MOLAR RATIOeee 24438

515¢ I“TEGRATO? AREA RESULTS (THE LAST SET IS THE AVERAGE

LITROGEN HYDROGEM SULFIDE 10CX
[PUT CORR eCT OF INPUT CORR PCT OF AREA
AREA KREA TCTAL AREZA AREA TOTAL RATIC
G540 468444 Foals 15540 274 o _5.53 585
ST7s3 4733243 4451 197.0 27548 5ets8 548C

S6e3 &T71c47 S4L 469 19643 27541 £45C 5483



CALIBRATION SAMPLE NUMBER &

SAMPLE PREPARATION CONDITIONS

ROOM TEMPERATUREeseeessseso
BATH TEMPERATUREssescecssess

ATMOSPHERIC PRESSUREsessse

29441

DEG K

29441 DEG X

59645

M4 HG

VOLUME OF NITROGEN-.-...-. 385102 CC

VOLUME OF HYDROGEN SULFIDE

16746 CC

SAMPLE COMPOSITION (MOLE PERCENT)

NITROGENesseosoevns 95478
HYDROGEMN SULFIDEesos 4421

100X MOLAR RATIOess 4440

A=59

DISK INTEGRATOR AREA RESULTS (THE LAST SET 1S THE AVERAGE!

NITROGEN

INPUT CORR PCT OF
AREA AREA TOTAL

9040 4%41Ce0 93,00
BSGeE 44CCa2 93.00

6§99 44021 53400

HYDROGER SULFIDE

INPUT
AREA

23648
23643

23645

CORR
AREA

33145
33C.E

331.1

PCT OF
TOTAL

65495
6459

6499

100X



CALIBRATION SAMPLE NUMB

ER 5

SAMPLE PREPARATIOM CONDITIONS

ROOM TEMPERATUREsscesossans
BATH TEMPERATUREeessesseee
ATMOSPHERIC PRESSUREesssees
VOLUME OF NITROGENseeseaes

VOLUME OF HYDROGEN SULFIDE

SAMPLE COMPOSITION (MOLE PER
NITROGENssseoo oo 94480
MYDROGEMN SULFIDEess 5419

100X MOLAR RATIOees 5448

29340
29340
70147
385142

20846

CENT)

A=60

DEG K

DEG K

MM HG

cC

cC

DISK INTEGRATOR AREA RESULTS (THE LAST SET IS THE AVERAGE)

NITROGEN

INPUT CCRR PCT OF
AREA AFEA TOTAL

9Ce3 H44962 31.55
912 LLR2 45 51le€1l

91,1 446503 31460

HYDROGEN SULFIDE 100X
INPUT CORR PCT OF AREA
AREA AREA TOTAL RATIOC
25145 4081 8440 9417
25340 41042 8438 9eld
25242 40G.1 839 9.16



CALIBRATION SAMPLE NUMB

SAMPLE PREPARATICN CONDITION
ROOVM TEMPERATUREsssesesacs
8ATH TEMPERATUREesscecasses
ATMOSP-HERIC PRESSUREseescs
VOLUYE OF NITRCOGEMNessseesos

VOLUME °F HYDRCGEM SULFIDE

SAVPLE COMPOSITION (MOLE PER
NITROGEN..I....‘... 97.91
HYDROGEN SULFIDEees 2408

100X MOLAR RATIOees 2012

ER 6

S

293.8 DEG K

29343 DEG K

7C6s1 MM HG

385142 CC

80+.8 CC

CENT)

A=E1

DISK INTEGRATOR AREA RESULTS (THE LAST SET IS THE AVERAGE)

\

NITROGEN

INPUT CORR PCT OF
AREA AREA TOTAL

9440 4506490 97417
9449 460640 S$7.17

9440 460640 9717

HYDROGEN SULFIDE

INPUT
AREA

7445
7445

Y

CORR PCT OF
AREA TOTAL

134,1 2082
134,11 2482

134,1 2482

- 100X

AREA
RATIO

2491
2491

2091



A=62
CALIBRATION SAMPLE NUMBER 7

SAMPLE PREPARATION CONDITIONS
ROOM TIMPERATUREesessessss 29346 DEG K
BATH TZ'FERATUREsecssssase 29348 DEG K
ATMOSAHERIC PRESSURE«ecess 7037 MM HG
VOLUME OF NITROGENesessees 385142 CC

VOLUME OF HYDROGEN SULFIDE 132.7 CC

SAMPLE COMPOSITION (MOLE PERCENT)
NITROGENesoecso s G6eb53
HYDROGEN SULFIDEZses 3436

100X MOLAR RATIOesee 30448

N1SK INTEGRATOR AREA RESULTS (THE LAST SET IS THE AVERAGE)

MITROGEN HYDROGEN SULFIDE 10CX
INPUT CORR PCT OF IMPUT CORR PCT OF AREA
AREA AREA TOTAL AREA AREA TOTAL RATIO
974C 475340 95436 12745 22945 4460 4482
972 47532.C 95437 12840 23Ce4 Leb2 LeB4

97.0 475340 G538 12747 22949 4461 4483



CALIBRATION SAMPLE NUMBER 8

SAMOLE PREPARATION CONDITIONS

200M TEMPERATUREsescescsscs
BATH TEMPERATUREeeossasscss
ATMOSPHERIC PRESSUREsssuse
VOLUME oF NITROGENsessaese

VOLUME 7F HYDROGEN SULFIDE

29441 DEG K
29441 DEG K
69645 MM HG
3851e2 CC

16746 CC

SAMPLE COMPNSITION (MOLE PERCENT)

NITRCGENosesososscoss 05478
HYDROGEN SULFIDEese 4e21

100X MOLAR RATIOees 4040

A=63

DISK INTEGRATOR AREA RESULTS (THE LAST SET IS THE AVERAGE)

NITROGEN

INPUT  CORR PCT OF
AREA AREA TOTAL
90e6  4439¢4  94el5
91e7 469343 94408
9lel 446663  Sbel2

HYCROGEN SULFIOE

INPUT CORR PCT OF
AREA AREA TOTAL
15340 2754 S5e84
15740 28246 591
15540 279.0 5487

100X

AREA
RATIO

620
628

6e24



CALIBRATION SAMPLE NUMBER 9

SAMPLE PREPARATION CONDITIOMS

00 TEMBERATUREessovessne
BATH TEMPERATUREsoessenese
AT“0OSPHERIC PRESSUREscsese
VOLUME OF “ITROGENoeeeenee

YOLUME OF HYDRCGEN SULFIDE

293.0
293.0
70147
388142

20846

SAMPLE CCY¥POSITICH (MOLE PERCENT)

NITROGENsssseosanss 94,80
HYDROGEM SULFIDEees 2019

30X MOLAR RATICees 5448

DISK IMTISFATOR AREA RESULTS

MITROGEM

1MoUT  CORR PCT OF
AREA AREA TOTAL

9448 453544 82422
S50 455540 9282

9442 456542 92.52

DEG K
DEG X
MV HG
ccC

ccC

A=t 4

(THE LAST SET IS THE AVERAGE)

HYDROGEN SULFIDE

INeuT
AREA

18G64C

20C0

16645

CORR eCT CF
AREA TOTAL

35842 7.7
36C.C Tel?

359.1 Te17

fery
[®]
(@]
P

s I



CALIBRATION SAYVPLE HUMBER 19

SAVPLE D2ESARATIONM COMDITICMS
200Y TEYDS2ATUREesvesaceso 29348 DEG K
BATH TEVSEZATUSZseseessose 29308 DEG K
AT“OSDIEFIC PRESSUREeeesss 70248 MY HG
YOLUVE CF NITROGEMNeossoeess 385142 CC

VOLUVE AF HYDROGEN SULFIDE 2Cle4 CC

SAVPLE CO¥POSITICHN (MOLE PERCENT)
QITRQGEH......:.... 92-66
HYDROGE" SULFIDFeee 7433

100X MCLAR ZATIC

7+51

NISK INTEGRATOR AREA RESULTS (THE LAST SET 1S THE AVERAGE)

NITRCGE™ HYDRCGE', SULFICE 1CC

1007 Co”RR oCT ¢ INPUT CCRR PCT OF AREA
AREA AREA TCTA AREA ARZA CTAL RATIO
2,1 L25146 B8C .82 28543 51448 12,14 11.2¢
8G 62 6325160 RC . &2 27247 490.8 Cs1l1 11.25



CALISFATION SAMPLE NUMBER 1l

SAMPLE SREPARATION CONDITION
ROO TEYPERATUREssseseseas 29346 DEG XK
BATH TEMPERATUREeesssssoce 2938 DEG K
AT 4OSPHERIC PRESSUREsessce 70347 Mr HG
VOLUME OF NITRCGENeeseseee 3851.2 CC

VOLUME OF HYDRCGEN SULFIDE 13247 CC

SAVPLE COMPCSITICK (MOLE PERCENT)
NITROGE iesesncovens 95.63
HYDROGEN SULFICEs e 3436

100X MOLAR RATIOCese 3e4E

DISK INTEGRATOR AREA RESULTS (THE LAST SET 1S THE AVERAGE)

MITROGEN HYDROGE!i SULFIDE 103X
INPUT ORR pCT OF INPUT CORR PCT OF AREA
AREA AREA TOTAL AREA AREA TOTAL RATIC
91.0 44594C 93475 8948 1973 Le24 Lett3
97.C 475362 35476 9545 2101 4023 Lol 2

94 el 46060 G5.76 925 20348 Le23 Lel?d



CALIBRATION SAMPLE NUMBER 12

SAMPLE PREPARATION CONDITIONS

ROOY TEMPERATUREessesoaess

BATH TEMPERATUREsssescasse

2941 DEG K

29441 DEG K

ATMOSPHERIC PRESSUREsssess 69645 M HG

VOLUME OF NITROGENeseessss

VOLUME OF HYDROGEN SULFIGE

385142 CC

167+.6 CC

SAMPLE COMPCSITION (MOLE PERCENT)

NITROGENeesssseasne 95.78
HYDROGEN SULFIDEeee 4&e21

120X MOLAR RATIOsee 4440

A=6T

DISK INTZAFATOR AREA RESULTS (THE LAST SET IS THE AVERAGE)

MITROGEN
INPUT CORR PCT OF
AREA AREA TOTAL

9445 453544 94ebT
923 450840 Q4468

9343 45717 94458

HYDROGEN SULFIDE

INPUT
AREA

11845
11540
116.7

CORR PCT OF

AREA TOTAL
26047 5432
25340 531

25648 531

1COX

AREA
RATIO



CALIBRATION SAMPLE NUMBER 13

SAMPLE PREPARATIOM CONDITIONS

ROOM TEMPERATUREsesesssene
BATH TEMPERATUREseeesecese
ATMOSPHERIC PRESSUREssssss
VOLUME OF NITRCGENesssoese

VOLUYE OF HYDROGEN SULFIDE

29340
29340
7C1a7
38512

20846

SAMPLE COYENSITION (MOLE PERCENT)

HIqusEﬂ.l..loll..i 94080
HYDROGEM SULFIDEsee 5419

100X “0OLAR RATIOees 5648

A=68

DISK INTEGRATOR AREA RESULTS (THE LAST SET 1S THE AVERAGE)

NITROGEN

INeuUT CORR PCT OF
AREA AREA TOTAL

S4eC 460640 53445
G848 L8831 .6 93,47

S543 471847 93445

HYDROGEN SULFIDE

INPUT
AREA

14545

15342

149,.8

CORR PCT OF
AREA TOTAL

32243 6e53
3237.0 652

32946 653

100X

AREA
RATIO

699
6¢97

6498



A=69
CALIEFATION SAMPLE MUMBER 14

SAMPLE 2REFARATION CONDITIONS
ROOM TEMPERATUREseesenssses 2938 DEG K
BATH TEMPERATUREssscev e 2938 DEG K
ATMOSPHERIC PRESSUREssaeses 70248 MM HG
VOLUME OF NITROGEMeseoveee 385142 CC

VOLUME OF_HYDROGEN SULFIDE 301le4 CC

SAVPLE CoMPOSITION {MOLE PERCENT)
NITROGENseeossosense 92466
HYDROGEN SULFIDEsee 7433

100X MOLAR RATICees 7491

DISK IMNTEGRATOR AREA RESULTS (THE LAST SET 1S THE AVERAGE)

NITROGEN HYDROGEN SULFIDE 100X
TMPUT CORR PCT OF INPUT CORR PCT OF AREA
AREA AREA TOTAL AREA AREA TOTAL RATIO
9245 453245 90482 20840 45746 917 1009
91le4 44TR 6 90477 207.0 455 ¢4 9422 10e16

9145 450543 9C.890 20745 45545 9420 10.13




CALIBRATION SAMPLE NUMBER 15

SAMPLE PREPARATION COMDITION
ROOM TEMPERATUREsesssccess
BATH TEMPERATUREeocessssene
ATMOSPHERIC PRESSUREseeess
VOLUME OF NITROGENeseswsoes

VOLUVE OF HYDROGENM SULFIDE

S

29444
29447
70243
38512

38549

SAMPLE COMPOSITION (MOLE PERCENT)

NITROGENesesssosese 90480
HYDROGEN SULFIDEess 9019

100X MOLAR RATIOees 10,12

A=70

DISK INTEGRATOR AREA RESULTS (THE LAST SET 1S THE AVERAGE)

NITROGEN -

INPUT CCRR PCT OF
AREA AREA TOTAL

9345 4581e5 88652
93.+5 458145 88408

9345 458145 88450

HYDROGEN SULFIDE

INPUT
AREA

27040
271.C

27Ce5

CORR
AREA

59440
59642

59%,1

PCT OF
TOTAL

11,47
11.51

11,49

1CCX

AREA
RATIO

12496
13,01

12.98



CALIBRATION SAMPLE NUMBER 16

SAMPLE PREPARATICHN COHDITIONS
RODM TEMPERATUREsssessssse 29545
BATH TEMPERATUREsesacscecs 29545
ATMOSPHERIC PRESSUREsesese 70346
VOLUME CF HITROGENeessnscs 38512

VOLUYE CF SULFUR CIOXIDE 8542

SAVPLE CO“PCSITICH (MOLE PERCENT)
NITROGENI.......... 97-78
SULFUR CIOXIDE ese 2621

100X MALAR RATIOees 2425

M4 HG

ccC

cC

A'?l

DISK INTEGRATCR AREA RESULTS (THE LAST SET 1S THE AVERAGE)

“~ITRCGEN SULFUR DICXIDE
IueUT CORR PCT OF INPUT CCRR
AREA AREA TOTAL AREA AREA
G248 454782 95465 1474 20643
Q975 478240 95468 1540 2156
9542 465447 Se€7 15C47 210465

PCT CF
TOTAL

100X

AREA
RATIC

Led3
4e5C

be52



CALIBRATION SAMPLE NUMBER 17

SAMPLE PREPARATICM COMDITION
ROOY TEMPERATUREeceeseosss
BATH TEMPERATUREsessessess
ATHOSPHERIC PRESSUREsesans
VOLUME OF NITROGENesssoese

VOLUYE OF SULFUR DICXIDE

S
29641
29646
69744

385142

17543

SAMPLE COMPOSITICN (MOLE PERCENT)

NITRCGENeossseesseoe 95455
SULFUR CIOXIDE ses 4ebé4

100X MOLAR RATIOses 4464

DISK INTEGRATOR AREA RESULTS
MITROGEN

INPUT CCRR PCT CF
AREA AFEA TOTAL

925 &

N

2265 91s4l
918 640842 91443

92.1 451563 91e42

DEG K
DEG K

M HG

ccC

A=T2

{(THE LAST SET IS THE AVERAGE)

SULFUR CIOXIDE

INPUT

AREA

306440

CCRR
AREA

L2546
421t

42345

PCT OF
TOTAL

8e58
Be56

857

100X

AREA
RATIO

Ge3E
G436

937



CALIBRATION SAMPLE NUMBER 18

SAMPLE PREPARATION CONDITION
ROOM TEMPERATUREessessoeas 29545 DEG

BATH TEMPERATUREsecssccas 29646 DEG

K

K

ATMOSPHERIC PRESSUREsasces 59606 Ml HG

VOLUME OF NITROGEN-.c...ot 3551.2 CC

VOLUME OF SULFUR DICXIDE 234486 CC

SAZPLE COMPOSITION (MOLE PERCENT)
NITRCGENeveessssese 94-13
SULFUR DIOXICE XX 5486

100X MCLAR RATIQees 6623

DISK INTEGRATOR AREA RESULTS (THE LAST SET IS THE AVERAGE)

NITRCGEN SULFUR DICKIDE
INPUT CCRR PCT OF NPUT CORR
AREA AREA TOTAL AREA AREA
G245 422245 88466 41440 37946
G248 530742 88e81 43540 37246
92.5 453G 8 88473 Liled 57661

PCT OF
TOTAL

11433
1l.18

1126

100X

AREA

RATIC
1247€
12459

12465



CALIBRATION SAMPLE NUMBER 19

SAMPLE PREPARATION COWRDITIONS

RCOM TEMPERATURE.-..-.-.-.
BATH TZYFERATUREseesscvses

ATMOSPHERIC PRESSUREsssesee

29646 DEG K

29646 DEG K

696a1

M HG

VOLUYE OF NITROGEMNesecsers 285142 CC

VOLUME OF SULFUR CICXIDE

24843 CC

SAMPLE COMPCSITION (¥CLE PERCENT)

NITROGENsessessoaan G248¢C
SULFUR DIOXIDE eee €419

100X MOLAQ'RATIOooo 6460

DISK INTEGRATOR AREA RESULTS (THE LAST SET IS THE AVERAGE)

"W ITROGEN

IMPUT CCORR PCT OF
AREA AREA TCTAL

9143 44737 8825
93e2 45568 8E¢28

9242 45202 BEe25

SULFUR CICXICE

INPUT

AREA
42542
43340

4291

CORR
AREA

5552

PCT CF

TOTAL
11674
11.71

11.73

100X

AREA
RATIC

13630
13427

13429



CALIBRRATION SAVPLE NUMBER 20

SAVPLE PREPARATION CONDITIOMS

ROOM TEVPERATUREssseesssen
SATE TEVPERATUREsveeesessn
ATMOSPHERIC PRESSUREsesess
VOLUME OF NITROGENesssesss 385102

VOLUME COF SULFUR CICXIDE

25646

296465

59448

32543

SAMPLE COMPOSITICN (MOLE PERCENT!

NITROGEMNesesean
SULFUR DICXIDE

100X MOLAR RATI

[ 3 N 92.04

00..

DEG K
DEG K
MM HG
cC

cC

A=75

915K IMTEGRATOR AREA RESULTS (THE LAST SET IS THE.AVERAGE)

“ITRCGEN

1VBJT CCR2
AREA AREA

8G el 438046
645 L4341 e

89-3 22¢ oS

SULFUR DIOXIDE

INRUT
AREA

54142

CORR
AREA

75748

759.2

75845

PCT OF
TOTAL

14074
14488

14.81

102X

AREA
RATIO

17429
1749

17439



CALIBRATION

SAMPLE MNUMBER 21

SAMPLE PREPARATICHN COMDITIONS

ROOM TEWPERATURanooce-o»o
BATH TEMPE?ATURE!Qo-'eu.oo
ATYOSPHERIC PRESSUREeeesen

VOLUME OF NITROGENl.aOQQQQ

VOLUME OF SULFUR DIOXIDE

2658
29548
6G674C
38512

L2442

SAAPLE COMPOSITICH (MOLE PERCENT)

HITROGENssaesnoeens £9 .86

SULFUR DICXIDE

eee 10413

100X MOLAR RATICess 1le27

DEG K

A=76

DISK INTEGRATOR AREA RESULTS (THE LAST SET IS THE AVERAGE)

INPUT
AREA

82e&

SITROGEN

CORR
AREA

wicheb

PCT OF
TOTAL

gle51
81.41

Blebs

SULFUR DIOXIDE

IneuT
AREA

57840

CCRR
AREA

34942

PCT OF
TOTAL

18448
18.52

18.53

100X

AREA
RATID



A-77

A.9 Least Squares Data Correlation Program

A computer program was written in Fortran IV basic to esti-
mate the parameters of power series polynomials which were fitted to the
calibration data. The program is divided into a mainline and three sub-
routines and comment cards at the start of each routine describe its

purpose. The form of the polynomial is

y=ag+tax+ azx2 + ... (A.1)

and it is suggested that Fraberg(g) be consutled for the mathematical

details of the curve-fitting process.

(g)Frﬁberg, C.E., “Introduction to Numerical Analysis", p. 278, Addison-
Wesley Publishing Company, Reading, Mass., 1965.
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11
12
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A=78

A 3636 3 36263 I 3 2 36 I I I I I I I I T e 2 263 I I 66 6 I I3 T I 3696 K 69 39

* *
» MAINLINE LEAST »
* *
# THIS PROGRAM WAS WRITTEN FOR FITTING A MAXIMUM OF #
# 50 DATA POINTS TO POWER SERIES TYPE POLYNOMIALS OF *
* ANY ORDER UP TO A MAXIMUM OF FOURTH DEGREEs *
*  INPUT DATA *
* NCASE = NUMBER OF SETS OF DATA *
* NCOPY =~ NUMBER OF COPIES OF OUTPUT DESIRED  #
* N = NUMBER OF DATA POINTS »
* M ~ DEGREE OF POLYNOMIAL *
* NTL = NUMBER OF CARDS FOR TITLE »
» NPAGE = PAGE NUMBER OF OUTPUT »
* NPLT = DATA REGENERATION FLAG *
* ¢+40=REGENERATE GIVEN DATA ONLY *
» ¢ 0o 1=REGENERATE GIVEN DATA PLUS 20  #
* INTERMEDIATE POINTS *
» DES(K) = ALPHANUMERIC DESCRIPTION OF THE TITLE #
» Y(I) = DEPENDENT VARIABLE *
* X(I) = INDEPENDENT VARIABLE *
* *
T3k 3 2 3 3 38 3 3 30 2 b 3 3 b e 336 B B3 6 2 I T WA I I3 T I 99 3 I I I 9 I W I 33 % 9% %

DIMENSION X(50)9sY(50)9A(5005)9P(20+20)9V(20)92(20)
$S9IDES(10915) s SNAM

1(5)

DATA SNAM/'AQ =191A1 =1y1A2 =1,043 1,154 =/
READ(5s1) NCASEINCOPY

DO 9 NC=1¢NCASE

READ(Ss1) NoMoNTLsNPAGESNPLT
FORMAT(515)

DO 11 NT=1eNTL

READ(S5912) (DES(NTsK)9K=1915)
FORMAT(15A4)
FORMAT(10X915A4/)

MMsM+1

DO 2 I=lsN

READ(S5+¢3) X(I)sY(I])
FORMAT(2F1045)

DO 4 IslsN

00 & J=l MM
AllodisX{])na(y=]1)

DO 5 IsleMM

DO 5 Jsl oMM

P{leJ)=0os

DO 5 K=lN
Pllod)aP(leJ)+A(Kel)*A(KJ)
DO 6 I=]losMM

vil)=s0,

00 6 J=1sN
VII)sV(I)+Y(JIRA(Je])



A=79
MAINLINE LEAST see (CONT!D)

CALL GAUSS(PsVeMMsZ)
DO 16 ICOP=1sNCOPY
WRITE(6910) NPAGE
10 FORMAT('1'9///966Xs'A="91214/)
DO 17 I=1sNTL
17 WRITE(6913)(DES(IOK)!K=1’15)
WRITE(698)
8 FORMATI{ ///+10X9'THE COEFFICIENTS OF THE POLYNOMIAL
$ ARE '/)
DO 15 1I=1sMM
15 WRITE(697) SNAM(I)s2(1)
7 FORMAT(15X9A4sF11e5/)
16 CALL REGEN(X’Y’Z!MMON)
IF(NPLT) 999914
14 CALL POLYN (XsZ oNoMM)
9 CONTINUE
CALL EXIT
END



P XaXaXaXaXaKaXe

b

3

A=80

******************************************************

*
SUBROUTINE POLYN *
*

*
#*
*
* POLYN SUPPLIES REGENERATED DATA AT POINTS INTER=  *
* MEDIATE TO THE GIVEN DATA. *
* %*
%* *

****************************************************

SUBROUTINE POLYN(XsZsNsMM)

DIMENSION X(50)92(20)

WRITE(691) :

FORMAT(///932%9 'PLOT TEST DATA'//25X'X CALCULATED' 94X

$9'Y CALCULATE
10'/)

XMAX=0 e

XMIN=99999.

DO 2 I=1»sN
IF(XMAX=X(I)) 39394
XMAX=X (1)

4 IF(X(I)=XMIN) 59592

5
2

XMIN=X(1)

CONTINUVE

DELX= (XMAX=XMIN) /20
Xy=XMIN

DO 6 1=1920

CAL=0.

D015 JslsMM
CALSCAL+Z(J)uXY®#%(J=1)
WRITE(69¢7) XYsCAL
FORMAT(24X92(F10e395X))
XY=XY+DELX

RETURN

END



NnNONNNNONN

A=81

******************************************************
SUBROUTINE REGEN

THIS SUBROUTINE REGENERATES THE GIVEN DATA AND

*
*
%*
%*
* CALCULATES THE VARIANCE AND STANDARD DEVIATION OF
* THE FITe

*

*

* %k %k *k Xk Xk *k

263696 3 296 96 36 36 3 3 36 2 3 3 96 3 3 2 I I 36 9 9 6 3 36 3 I 636 363 9 36 I 36 96 I J I I I W AKX

SUBROUTINE REGEN(X»YoeZ sMMseN)
DIMENSION X(50)9Y(50)92(20)
WRITE(691)
1 FORMATI(///+29Xs 'REGENERATED DATA'//10Xs!'X MEASURED's5X
$9'Y OBSERVED
1'95Xs'Y CALCULATED'#3Xs'PCT ERROR's/)
VAR=0.
HI=0e
DO 2 1=1sN
CAL=0»
DO 3 JsleMM
3 CALaCAL+Z(J)#X (1) #R(J=])
CAT=ABS(Y(I)=CAL)
PCE=CAT/Y(1)%#100,
VAR=VAR+CAT##2
IFIHI=PCE)49492
H1=PCE
WRITE(685) X(1)eY(1)sCALSPCE
FORMAT( 9X94(Fl0e395X)/)
VARsVAR/ (N=1)
DEVaVAR®##0,5
WRITE(696) VAReDEVHI
6 FORMAT(//910X'VARTIANCE 2V3F10e6//10X
$9!'STANDARD DEVIATION
1 2'9F10e6//10X9 'MAXIMUM PCT ERROR =!9F1046)
RETURN
END

wn e
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112
12
119

14

19
115

15

111

16

11

117

18
17
500

A=82

336 I3 9 3 I I I I 36 I I I I I I H I I 36K I I I I KK I K I I I I3 IE I I I I B I 3 I I I %I

SUBROUTINE GAUSS

* *
%* *
* *
* THE FUNCTION OF THIS SUBROUTINE IS TO SOLVE THE *
* SET OF EQUATIONS A*X=B USING GAUSSIAN ELIMINATION %
* AND BACK SUBSTITUTION ROTATING ABOUT THE ELEMENT *
* OF MAXIMUM MODULUS. *
* *
* *

I I I 2 e I I I 6 I 3 I I I I I T I I I I e Fe I 36 H I I I I 2 I I I I W I AW I I K I I A I I K

SUBROUTINE GAUSS (AsRsN»X)
DIMENSION A(20920)9R(20)9X(20)
MzNe=]

DO 11 u=1sM

S=Q.

DO 12 I=Js»N

Us ABS({A(Llsd))

IF(U=S) 129125112

SsU

L=1]

CONTINUE

IF(L=J) 1199199119

DO 14 I=JsN

S=sA(Ls])

AlLoI)SA(Js])

AlJsl)=S

S=R{L)

R(L)=R(J)

R{J)=S .
IF( ABS{A(JoJ))=14E=30) 1159115915
WRITE(6+3)

GO TO 500

MMz U+l

DO 11 IsMMsN

IF( ABS{A(lsJ))=14E=30) 119111slll
S=A{IIJI/ALT9J)

AtlsJ)=040

DO 16 K=sMMsN
Al{lsK)sA(JoK)=SHA(TK)
R{1)sR(J)=SHR(])

CONTINUVE

DO 17 Ks1leN

IsN+l=K

S=060

IF(I=N) 117179117

MM=l+l

DO 18 J=MMN

SuS+A({led)®*X(J)
X(1is(R{1)=S)/A(]»l)

RETURN

FORMAT (1H »'MATRIX SINGULAR!')



A=83
SUBROUTINE GAUSS eee(CONT'D)

END



APPENDIX B
DOCUMENTATION OF THE FREE ENERGY MINIMIZATION METHOD



The free energy minimization procedure was programmed in
Fortran IV basic to solve the problem of finding the composition of
a given mixture of gases when it reaches thermodynamic equilibrium
at a given temperature and pressure.

The Fortran program, listed on the following pages, is
broken up into a mainiine and five subroutines. The purpose of
each subroutine is stated in the comment cards at its beginning.
Comment cards in the mainline program define each variable that is
read in as data, and the format for the data is easily found by noting
the appropriate READ and FORMAT statements in the program listing.

Output from the program includes one copy of the data, en-
titled Data Echo Check, and the specified number of copies of the
tabulated equilibrium data. Following the program Tisting is an
example of the data input (as used for Exampie 1), its data echo check
and the eleven examples which were solved using the free energy minimi=-
zation program, FREM.

It is pointed out that the expression for F/RT which is used
in this program is taken from McBride and associates(]) where the

coefficients for many compounds are available.

2 3 4 a
F _ 1. T | T 6 _
il a](l.-znT) -h T AT TR P i i .(B.1)

Two ways are provided which may be used for calculation of

percent conversion of a particular starting component. For NCON = 1

(1) McBride, B.J., Heimel, S., Ehlers, J.G., and Gordon, S., "Thermo-
dynamic Properties to 6000°K for 210 substances involving the
first 18 Elements", NASA, 1963.
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(vefer to program listing), the percent conversion of the first com-
ponent for which mass balance data was read in is calculated using

the following equation.
Pct. Conv. = (X(])0 - X(])E)/X(l)0 (B.2)

where X(])0 = number of moles of component number 1 initially
X(l)E = number of moles of component number 1 at equilibrium.

For NCON = 2, the conversion of HZS to sulfur is calculated and the

mass balance data for the first five compounds should be entered in

the sequence indicated in the program listing.

Pct. Conv. = (8.X(1)E + 6.X(2)E + 2X(3)E + X(4)E)/X(5)0 (B.3)

where X(])E number of S8 moles at equilibrium

X(2)E = number of S¢ moles at equilibrium
X(3)E = number of S2 moles at equilibrium
X(4)E = number of S moles at equilibrium
X(5)0 = number of HZS moles initially .

It is assumed in this second method of conversion calculation that there

was no sulfur existent in the starting chemical mixture.
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B=3

******************************************************

FREM

THIS PROGRAM CALCULATES EQUILIBRIUM COMPOSITIONS

% FOR COMPLEX REACTION SYSTEMS USING THE FREE ENERGY
» MINIMIZATION METHOD DEVELOPED BY WHITE AND

% COWORKERSe 1T WILL HANDLE UP TO TWENTY DIFFERENT

% MOLECULAR SPECIES CONTAINING TEN DIFFERENT
ELEMENTSe ANY NUMBER OF CASES CAN BE ATTEMPTED WITH
AS MANY TEMPERATURES AND PRESSURES DESIREDs

*x %k % %k %k X

*

*

*

* INPUT DATA

* NCASE = NUMBER OF CASES

* DES PROBLEM TITLE

* M NUMBER OF DIFFERENT ELEMENTS

* N NUMBER OF GASEOUS SPECIES

* NCON CONVERSION CALCULATION FLAG

* ee01=CALCULATE CONVERSION TO SULFUR
* eees0=DELETE THIS CALCULATION
*
*
*
»*
*
*
*
*
#
*
*

NCOPY = NUMBER OF COPIES OF OUTPUT DESIRED

ANAM SYMBOLS FOR ELEMENTS

SNAM THE NAMES OF THE SPECIES

X THE AMOUNT OF TH1S SPECIE PRESENT 1IN
THE STARTING CHEMICAL SYSTEM (EITHER
NUMBER OF MOLES OR MOLE FRACTION)

A -~ SPECIE ROW IN MASS BALANCE CONSTRAINT
MATRIX

FRE - COEFFICIENTS FOR FREE ENERGY EXPRESSION®*

: *
*************Q***************************************

* % % % %k X * %k %k %k k ¥ Xk X * Xk k k k k X

DIMENSION SNAM(20) oFRE(2007)oX(20)oGA(ZOoZO)oGB(ZO)
$9GX(20)9C(20)
loF(ZO)-A(ZO:ZO)oY(ZO)oB(ZO)’FRC(ZO)oNGl(ZO)oOTPT(ZO
$910) 9 ANAM{10)
2+DES(20)

DATA XNAM/'X'/

s##% READ IN DATA

READ (59¢1) NCASE

DO 205 ICASE=1sNCASE
READ(5964) (DES(J) eux1920)
FORMAT(20A4)

READ(591) MaNsNCONINCOPY
FORMAT(515)

N1=N+2

READ(594) (ANAM(J)eJmloM)
FORMAT(20A1)

DO 2 I=1lsN

READ(543) SNAM(I’Q(A(I.J)oJlloMIQX(I)



W N W

6

FREM o-o(CQNT'D)

FORMAT (A491X910F50)
READ(595) (FRE(I9K)sK=1s7)
FORMAT (5E1547)

##% ECHO CHECK DATA

DO 43 NCOP=1sNCOPY
WRITE(696) (ANAM(J)sJu=1sM) s XNAM

FORMAT('1v9///7+39Xs'DATA ECHO CHECK's//37Xs*MASS
$ BALANCE MATRIX!'/

1 /25X9 'MOLECULAR' 92X920(2XsA192X))

65
66

40
41

43
42

11
13

12

WRITE(6965)

FORMAT (25X s 'SPECIE!/)

DO 66 1=19N

WRITE(6940) SNAM(II)s (A(I9J)sJ=19eM)eX(I)
WRITE(6941)

FORMAT (27X 9A495X910(F4e291X)/)
FORMAT(//936%X9!FREE ENERGY DATA'/)
DO 43 I=1sN

WRITE(6942) SNAMII) o (FRE(IsJ)ou=1s7)
FORMAT (10X A4 9s4EL15e7/14X93EL157/)
CALL DISTR(XsYsBsNsMsA)

JBI=2

DO 208 ICAT=1,+50

DO 10 NC=1910

READ(5911)PRESSST

FORMAT(5F10e5)

IF(T=e01) 20692061913

OTPT(1eNC)=T

OTPT(2sNC)=PRESS

s#% CALCULATE F/RT RATIOS

DO 12 I=1sN
NG1(1)=0

FRT'FRE(I'I)*(I--ALOG(T))-FRE(IoZ)*T/Zo-FRE(IoB)*T**Z
$/6

lo-FRE(Ich)*T**3/120-FRE(IoS)*T**4/20o+FRE(Io6)/T-FRE(I
1+7)

CtI)=FRT+ALOG(PRESS)

DO 35 JB=1l,481

sa% COMMENCE FREE ENERGY MINIMIZATION

DO 14 ITER=1,100

CALL FREN (YoCoF o YBARINING])
MGENM+]

CALL GSET (AsY9sGAsGBsBF sMIMGIN)
CALL GAUSS(GA»GB MG GX)



19

21
18

23

24
22

25
27
14
26
34
33
32
35
150

151

36

10

FREM ese

B=5
(CONT'D)

x#% CALCULATE THE CURRENT AMOUNT OF THE ITH SPECIE IN

*#%% THE SYSTEM

DO 18 I=1sN

IFINGL(I)) 19919918
X(I)=-Y(I)*((C(I3+ALOG(Y(I)/YBA
DO 21 J=1lsM

1G=u+1
X(I)=X(I)+GX(IG)*A(I.J)*Y(I)
CONTINUVE

CALL NEZE (XoYsNoNG1)

QUIT=1

#%% TEST FOR CONVERGENCE

DO 22 1=19N
IF(NGL(I)) 23923922
TEST=(X(I)=Y(I)}/X(1)
IF(ABS(TEST)-O.IE-OB) 22922424
QUIT==1,

CONTINUE

IF(QUIT) 25125926

DO 27 I=1sN

Y(1)=X(1)

CONTINUVE

DO 32 I=1sN

NG1(1)=0

IF(X(I)) 33933934
Y{1)=sX(1)

GO TO 32
Y{1)304000001
CONTINUE

CONTINUE

DEN=Q0

DO 150 I=1sN
DEN=DEN+Y(])

DO 151 IslsN
FRC(1)=Y(1)/DEN

DO 36 1=39N1

Ils]=2
OTPT(IWNCI=FRCIIT)
JB1=1

IF(NCONY10910+7
NCPsN+3
OTPT(NCPUNC)IBo’FRC(1)+60*FRC(2
OTPiiNCPONC)IOTPT(NCPONC)*IOOO/
$+FRC(6))

CONTINUE

##s PUNCH OUT RESULTS

R))I=GX(1))

}+2o*FRC(3)+FRC(4)
(OTPTINCPONCI+FRC(S)



B=6
FREM 200 {CONT'D)

206 NPT=NC=1
IF(NPT=1)20592059207
207 DO 208 NCOP=1sNCOPY
WRITE(6945) (DES(J)9J=1920)9(OTPT(19J)9u=1sNPT)
45 FORMAT{('1Y//////20%X920A4///10X'TEMP (DEG K) '910(F540
$92X))
WRITE(6930C) (OTPT(29J)sJ=19NPT)
300 FORMAT(10Xs'PRESS (ATM) '910(F5392X)/)
WRITE(6275)
75 FORMAT(10X» 'MOLECULAR'923Xs'EQUILIBRIUM MOLE
$ FRACTIONS'»/10Xs'SPEC
11EY /)
DO 47 I=3sN1
I1=1=2
47 WRITE(6346) SNAMIII)e(OTPT(Isd)eu=1sNPT)
46 FORMAT(12XsA496X910(F6ebslX)/)
IF(NCON)208+208+203
203 L=N1+1
DO 2000 J=1s10
2000 OTPT(L9J)=99499
WRITE(69204) (OTPT(LsJ)9sJ=1sNPT)
204 FORMAT(/910Xs'PCT CONV's5X910(F54292X))
208 CONTINUE
205 CONTINUE
CALL EXIT
END
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e YaXaXakaXaNaXaKaNal

10

11

B=7

X 36 2696 36 36 3% 3 3 3636 36 3 3 3636 36 636 36 3 3 36 36 3 36 336 3696 36 36 36 3 36 36 3 36 30 I3 96 9 3 3 3

GAUSS

*
*
*
* THIS SUBROUTINE IS LISTED IN APPENDIX A
»*
%*

*
»*
*
*
*
3636 96 96 6 9 6 96 36 3696 I 36 5 36 3 9 I 3636 I 36 9 36 H 3 3 36 3690 36 26 3¢ 9 3 3 W 36 36 I I 20 I 32N H K

END

******************************************************

* *
* GSET *
* *
# THIS SUBROUTINE SETS UP THE MATRIX EQUATION WHICH *
* CORRESPONDS TO EQUATION (16) IN THE REVIEW OF THE *
% METHODe THIS MATRIX EQUATION 1S SOLVED USING *
* SUBROUTINE GAUSS. *
* *
* *

****************************************************

DIMENSION R(20920)9A(20920)9Y(20)9GA(20920)9GB(20)
$9B(20)9F(20)

DO 1 K=1oM

DO 1 J=lskK

R{JsK)=0e0

DO 2 1I=1»sN
RIJIK)ISR(JIKI+ALT o )AL sK)I®Y(])
R{KesJ)aR(J9K)

DO 3 I=a14MG

DO 3 JUsleMG

GA(19J)=0e0

DO 4 1G=leM

DO 5 I=1sN
GA(1Gs1)=GA(IGe1)+A(19]G)*Y(])
DO 9 usliM

JGsJy+l

GA(IGeJG)=R(IGYJ)

JGu1G+l

1GG=M+]

GA(IGGeJG)=GA(IGe]l)

DO 10 JslM

GB(J)=B(J)

DC 10 I=1N
GBlJISGBIJI+A(TsJ)%F(])
JGBaM+]

GB{JGR)=0.0

DO 11 I=1sN
GB(JGB)SGBIJGB)Y+F (1)

RETURN

END
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B=8

******************************************************

#* *
* NEZE *
» *
# THIS SUBROUTINE TESTS FOR NEGATIVE OR ZERO AMOUNTS #
% OF MOLECULAR SPECIES AND TAKES THE CORRECTIVE #*
* ACTION AS INDICATED IN THE METHOD REVIEWs *
* *
*************************************%****************
DIMENSION X(20)sY(20)9NG1(20)

TEST=1.0

DO 1 I=lsN

IF(NG1(1)) 29291

IF(X(I)) 39391

SLAM==0499%Y({I}/{X(I)=Y(I))

IF(SLAM=TEST) 49491

TEST=SLAM

CONTINUE

DO 5 I=1sN

IFING1(I))T79795

X(I)=Y{I)+TESTH(X(I)=Y(I))

IF(X{1)=0e10E=10) 69695

X(11=040

NGl(I)=1

CONTINUE

RETURN

END
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B=9
******************************************************
*

DISTR *

*

*

* *
% THIS SUBROUTINE IS USED TO GENERATE A POSITIVE SET *®
% OF MOLE NUMBERS FOR ALL SPECIES IN THE SYSTEMe *
* *
# %*

****************************************************

DIMENSION X(20)sY(20)9B(20)9A(20+20)
DO 1 I=1sN

IF(X(I)) 29291
X(11=00000001
Y(1)=X{1)

DO 3 J=1sM

B(J)=0e0

DO 3 I=1sN
B(J)=BlJI+A(TsJ) %Y (])
RETURN

END
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******************************************************
*

FREN *

»*

»*

%*
*
*
¥ THIS SUBROUTINE CALCULATES THE FREE ENERGY
+ CONTRIBUTION OF EACH SPECIE TO THE SYSTEMs
*
¥*

****************************************************

SUBROUTINE FREN (YOC’FQYBAR’NONGI)
DIMENSION Y(ZO)OC(ZO)OF(ZO)’NGI(ZOI
YBAR=040

DO 1 1I=1sN

YBAR=YBAR+Y(1)

DO 2 1=1sN

IFI(NGL(I)) 39394
F(I)=Y(I)*(C(I)+ALOG(Y(I)/YBAR))
GO TO 2

F(1)=0e0

CONTINUE

RETURN

END
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S8

S6

S2

H2S

02

s02

N2

H20

He

DATA ECHO CHECK

MASS BALANCE MATRIX

MOLECULAR H N

SPECIE
S8 000 000
S6 0¢C0 0400
s2 0«00 0400
) 0400 0400
H2S 2400 0400
02 0e00 0400
s02 Ce00 0400
N2 0400 2400
H20 200 0400
H2 2000 0400

Ce7753897E 01
~0¢7120913E=11

006089242E 01
~0e5340685E~11

042699934E 01
-0¢1780228E=11

0e2913725E 01
=0¢1170898E~11

03916307E 01
0e4858436E=12

0e3718994E Ol
0e2708218E~-11

0e3225713E 01
0e2139273E~11

03691615E 01
=0e9977224E=~13

Qe4156501E Ol
O0el423365E~11

Ce2846085E 01
~0e3309342E~11

o S

0.00
0400
000
0.00
0«00
200
2400
0.00
1.00
C.00

8400
6400
2:00
1,00
1.00
Ce00
1.00
Q.00
0.00
0.00

FREE ENERGY DATA

Qs00C
0400
CeCO
Ce00
200
1.00
Q.00
3e76
000
0«00

0+2505982E=-01
0«1011458E 05

0¢1882486E=01
0s1126437E 05

0e6274955E=C2
041450493E 05

0e3129406E=03
0e3256827E 05

=0e3513867E=03
~0¢3609558E 04

=0+2516728€=02
~0¢1057670E 04

0e¢5655121E=02
=0¢3690447E 05

=0e1333255E=-02
=0e1062833E 04

=0e1724433E=02
-0e¢3028877E 05

0¢4193211€-02
=0¢9672537€ 03

-0¢3714831E~0C4
0+4762179E 01

=0e27861232E=04
0+7320232€ 01

=049287077E=05
0¢1053422E 02

=0e2609251E=05 -

0e3568115E 01

0e4219131E=05
02366004E 01

0«8583736E=C5
03908G70E 01

=0¢2497021E=06
09817705E 01

0e2650310E=~05
022287498E 01

045698231E=05
=0+6861624E 00

=009611934E-05
=0s1411785E 01

0e2615731E=0Q7
0¢1961798E=07
0¢6539328E=08
0e3138244E=08
~0e2745366E=08
=08299872E=08
=064220677E=08
-0.9768834E;09
=0e4593C05E=-08

0¢9512266E=08
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APPENDIX C
REDUCTION OF DATA AND ERROR ANALYSIS
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C.1 Mathematics of Data Reduction and Sample Calculation

A step by step procedure is outlined below which indicates
how a set of experimental measurements is reduced to kinetic data
using the data reduction program, NPRDP. The sample calculation is

given for run number CB-1 for which the following measurements were

taken:
Reactor Bed Temperature 13.11 (millivolts)
Reactor Wall Temperature 13.10 (mi1livolts)
Feed Pressure Transducer 38.70 (chart pct.)

Reactor Pressure Transducer 55.00 (chart pct.)
D/P Cell 12.30 (chart pct.)
Catalyst Weight 0.4955 (grams)

Chromatogram Results

. Feed Product
N2 HZS SO2 N2 HZS SO2

Attenuation -14. 9.8 9.8 -14. 9.8 9.8

Area 90.5 222. 258.5 90.0 179.5 234.
Area 90.5 221. 259.0 90.0 178.5 234.

The following equations, many of which were developed by
instrument calibrations, are used in NPRDP and the sample calculation
is given below.

Component area = (Average meas'd. area)(21.-2. x Attenuation)



HZS:N2 molar ratio = 0.0418/100. + 0.5888 x (HZS Area/N2 Area)

502:N2 molar ratio = 0.0044/100. + 0.4950 x (SO2 Area/N, Area)
Reactor bed temp. = 5.3155 + 18.0706 x (Meas'd. millivolts)
Reactor wall temp. = 6.6860 + 17.9544 x (Meas'd. millivolts)
Feed system pressure = 15. + 0.25 (Meas'd. Chart Pct.)
Reactor pressure = - 534,85 + 24.806 (Meas'd Chart Pct.)
Feed Flow (22.5 psia) = 1.2265 + 1.5367 +¥ + 0.0381 Y
Feed Flow (25.0 psia) = 0.8985 + 1.6844 ¥ + 0.0212 Y
Feed Flow (30.0 psia) = 0.7409 + 1.9429 /¥ + 0.0178 Y
Feed Flow (35.0 psia) = 0.7955 + 2.0629 ¥ + 0.0246 Y

The results of using these equations are given below:

N2 area, FD. = 4434.5

310.1
S0, area, FD. = 362.25

HZS area, FD.

N2 area, PR. = 4410.0
H2$ area, PR. = 250.6
SO2 area, PR. = 327.6

HZS/N2 molar ratio, FD. = 0.0415
SOZ/N2 molar ratio, FD. = 0.0405
HZS/N2 molar ratio, PR. = 0.0336
SOZ/N2 molar ratio, PR. = 0.0368

c-2



By solving the set of equations given below, the feed composition may

be calculated.

Y, +Y + Y = 1.0
N2 HZS SO2

Yy S/Y = 0.0415

ALY

Yoo /Yy = 0.0405
502 N,

where Yi = mole fraction of component i. The solution to these

equations yields the following feed composition (molar basis):

N, - 92.41% *
HoS - 3.84% *
S0, - 3.74% *
Feed H25/502 ratio - 1.027 *
Reactor bed temp. = 242.2°C
= 515.2°K
Reactor wall temp. = 241.9°C
= 514.9°K

(515.2 + 514.9)/2
515.04°K *

Reaction temp.

Feed system press.= 24.67 psia

Reactor press. = 829.4 mm Hg *

Cc-3



Feed Flow (22.5 psia) = 7.085 SCFH
Feed Flow (25.0 psia) = 7.067 SCFH
Feed Flow (30.0 psia) = 7.774 SCFH
Feed Flow (35.0 psia) = 8.333 SCFH

Since the feed system pressure is given as 24.67 psia, it is likely

C-4

that the Newton Interpolation polynomial routine would calculate a flow

of magnitude very close to that found for 25.0 psia. So this flow is
selected as the flow rate of nitrogen at 1.0 atmosphere and 60°F (SCFH)
which would exist at the measured conditions. The basis for flow rate

density correction is given in Appendix A, and the formula is:

Frmix =

where FFMix = flow rate of mixture at 0°C, 1 atm.

FFN = flow rate of nitrogen at 60°F, 1 atm.
2

pN2 = density of nitrogen at 0°C, 1 atm.

Pmix = density of mixture at 0°C, 1 atm.

As indicated in Chapter V, Section 2, the ideal gas law was assumed to
apply so it makes little difference whether densities are taken at 0°C
or 60°F. The molecular volumes indicated in Table 5.3 were used for

calculating densities.

oN, = 28./22.403 = 1.2498



3
Pix = 121 M x ¥3/) ¥q Y5

29.574/22.3725

1.32189

where Mwi = molecular weight of component i
Y; © mole fraction of component i
v = molar volume of component i (1itre)

) 1.2498,1/2,492.
Fryix = 7-067 (T32T9) (520 5
= 6.5015 = FFy

This answer is very close to the computer output for CB1 which is 6.484,
therefore, selecting the flow of 7.067 as calculated for 25.0 psia is

reasonable.
The material balance calculations have been described in

Chapter V. The molar feed rate of a component is taken as

FF, = (FFg) (y;)/(ly;vy)

where FF,i = molar feed rate of component i

FF0 = yolumetric mixture feed rate at 0°C and 1 atmosphere

¥; mole fraction of component i

\

’ molecular volume of component i at 0°C, 1 atmosphere



Taking F0 as 6.484, the following molar feed rates are calculated.
) Yivi = 22.3725 litre

FFN, = 6.484 x 28.317016 x 0.09241/22.3725
2
= 7.583 gm moles/hr *
FF = 0.315 gm moles/hr *
HZS
FF.n, = 0.306 gm moles/hr *
SO2

It has been pointed out that nitrogen passes through the

system unreacted, so

PP, = FF, = 7.583 *
Ny N,
FPst = FPN2 (molar ratio of HZS/NZ)
= 7.583 x 0.0336
= 0.256 *
FPso = 7.583 x 0.0368

= 0.279 * -

The product rate of sulfur is calculated on the basis that

all of the reacted HZS and SO2 go to the formation of sulfur.

FP. = (FH,*Fen Py c-Peq /X
Sx 2s SOZ HZS S0,
= (0.315 + 0.306 - 0.256 - 0.279)/7.4
= 0.011 *
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The method of arriving at X = 7.4 will be discussed later.
The product rate of water is calculated on the basis of the
amount of HZS and SO2 reacted.
Py

= (2(Fen ~Pen ) * Fy < = Py o)/2.
20 50,750, * THyS T THyS

(2.(.306-.279) + .315-.256)/2
0.057 *

Now, there will be an error in the material balance due to
inaccuracies in the chromatogram area measurements. This error is
established by calculating the product rate of hydrogen.

P, =F

-P, . -P

H2 HZS HZS HZO
= 0.315 - 0.256 - 0.057
= 0.002 *

The average molecular weight of sulfur, X, is calculated
using free energy minimization as described in Chapter III. The average
molecular weight is a function of the temperature (reaction temperature)
and the total pressure of the sulfur species. A value of X is guessed
and using it, PS is calculated using the product flow rates to deter-
mine its mole frgction and subsequently its partial pressure. The free
energy minimization routine, given the sul fur partial pressure and

temperature,will calculate the average molecular weight of sulfur based
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on sulfur specie distribution (see Chapter III, Figure 3.2). The
latest value is compared to the last calculated and if the error ex-
ceeds 0.5%, the latest value of the average sulfur gas molecular
weight is used for the next guess. The cycle continues until the
' error criteria is satisfied. This approach assumes that sulfur
vapor is at equilibrium and the basis for this assumption is discussed
in Section 2.2.3 of the literature review.

The partial pressures of each of the species in the reactor
are calculated on the basis of the product stream composition assuming

that the ideal gas law applies.

FP,
(reactor pressure) (==
3FP,

p, =

P;z - 829.4 (J359) = 768.2 *
Py5 = 260 *

P, T 82 *

P07 57 *

SEARE

pH2 =0 *

Other data which is calculated by NPROP and is printed out

includes:
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Weight of Catalyst/(feed rate of HZS)

0.4955/0.315
1.57 = WFA *

Reaction rate of HZS = (FHZS-PHZS)/WC

(0.315-0.256)/0.4955
0.1180 *
(0.306-0.297)/0.4955
0.0560 *

Reaction rate of SO2

Product HZS/SO2 ratio = PHZS/PSOZ

0.256/0.297

0.9201 *

100. (FHZS'PHZS)/ Fnzs
100.(0.315-0.256)/0.3]5
18.55 *

Conversion of HZS(Pct.)

Conversion of SOZ(Pct.) 100.(0.306-0.297)/0.306

9.05 *

A1l of the foregoing numbers which are marked by an asterisk

are part of the print out of the computer program.

C.2 Error Analysis of Kinetic Data

The estimation of the reliability of the kinetic measure-
ments may be performed by replicating an experimental run several times,
calculating the mean value of reaction rate or percent conversion or
whatever and then estimating the standard deviation of the errors.
Caution should be exercised when using this approach, however, because

it is possible that instrument calibrations would remain constant during
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the replication process, but be subject to drift throughout the ensuing
experimental program.

Rather than use this approach, the experience which has been
obtained from the long term operation of the equipment is built into
the error analysis. The following represents what is felt to be the
combined error of instrument reading and reading of the instrument by
the operator:

Foxboro chart readings + 0.25%
Thermocouple millivolt readings + 0.005 MV
N, area measurement + 0.25%

H,S area measurement + 0.50%

S0, area measurement + 0.75%

Using these error estimates, the measurement readings for
curve CB were perturbated and the results tabulated below were calcu-

lated using the data reduction program. It was found that the H,S

2
area measurement was the most important from the stand point of error

in the data. Therefore, this was the only measurement perturbated to
obtain the table below. The high conversion was estimated by increasing
the feed HZS area by the possible error and decreasing the HZS area in
the product chromatogram by the possible error.

From this it is seen that in the more pessimistic sense, the
error in conversion level is as high as 0.85% which leads to a rate
measurement maximum error of 12% which applies to run CB4. For run

CB1 the error would be 4.55%. It is felt that since product chromatograms



TABLE C.1 ERROR ANALYSIS OF HZS CONVERSION

Run
Number

CB1
cB2
CB3
CB4

Percent Conversion
High Measured Low

19.36 18.55 17.73
13.31 12.47 11.61
10.7 9.85 8.99

7.93 7.10 6.25

were replicated twice and feed chromatograms were taken around six

times in a series, that the most pessimistic case as given does not

exist and that the average rate measurement error is in the neighbour-

hood of 5%.

C.3 Data Reduction Program, Reduced Data and Data Summary Tabies

The data reduction program, NPRDP, was written in Fortran IV

basic. Data input symbols and formats may be obtained by consulting

the Fortran listing on the following pages which also describes the

calculation sequence and the intent of the various subroutines.

Preceding the program listing are Tables C.2, C.3 and C.4

which summarize experimental finite rate data, catalytic activity test

data and experimental initial rate data. Immediately following the

program listing is the data output from NPRDP for every experiment

which was carried out.
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C=14-

******************************************************

* *
* NPROP %
* *
# THE INTENT OF NPRDP 1S TO REDUCE RAW PROCESS *
% MEASUREMENTSs TAKEN FROM LABORATORY RECORDERSS 70 *
* USEABLE KINETIC DATA. *
* INPUT DATA *
* NCASE = NUMBER OF SETS OF DATA *
* NRUN = RUN NUMBER *
* NFDCR = NUMBER OF FEED CHROMATOGRAMS *
* NPRCR = NUMBER OF PRODUCT CHROMAGRAMS *
* INCOM = COMPUTER GC RESULTS FLAG *
* s 000=NO RESULTS INCLUDED *
* ses1=RESULTS INCLUDED ARE TO BE *
* AVERAGED WITH DISK INTEGRATOR *
* RESULTS *
* ese2=USE ONLY COMPUTER RESULTS FOR GC *
* ANALYSIS *
* NCOPY = NUMBER OF COPIES OF OUTPUT DESIRED *
* TEMP = HONEYWELL Mv RECORDER READINGS FOR *
* REACTOR BEDs WALL AND FLUIDIZED BATH *
* PRESS = FOXBORO RECORDER READINGS FOR FEED ABS *
* PRESSUREs REACTOR ABS PRESSURE AND FEED*
* DIFFERENTIAL PRESSURE CELL *
* WwC - WEIGHT OF CATALYST o *
* ATTEN = GC ATTENUATION LEVELS FOR N2» H2S AND ¥
* 502 *
* CR = CHROMATAGRAM AREA RESULTS FOR N2» H2S #
* AND S02 MEASURED BY THE DISK INTEGRATOR#*
* AND THE COMPUTER *
* *
*

******************i****************************i*****

DIMENSION CR(696)vTEMP(3)oPRESS(B)oATTEN(b)oFDCOM(?)
$9PRCOMIT) 9BALL

1297 VI3)9T(293)9P(292)sDINT(3)9DP(393)sFDP(3)
DATA V/22402e6C122144424921889430/

DATA T/5o315591800706:6-6860917.954496.362701709853/
DATA P/154800259=53448519244806/

DATA DP/O.89850106844v00021290o740991.942990.0178
$90679559260629900¢

10246/

DATA DINT/25e9306935¢/

s#% READ IN DATA

READ(591) NCASE

FORMATI(515)

DO 100 IN=1sNCASE

READ(591) NRUNSNFDCRoNPRCR 9 INCOMINCOPY

READ (5145) (TEX¥P(JU) 9um193) o (PRESS(U) sumle3)9uC



15
14

17
16

19

10

C=15

NPRDP 0o (CONT!'D)

FORMAT(7F104e5)

READ(595) (ATTEN(J)sJu=193)

DO 8 I=1sNFDOCR

READ(595) (CR(I1su)eu=146)

CALL CHROM (FDCOMsCRIATTENsSNFDCRs INCOM)
DO 9 I=1sNPRCR

READ(595) (CR(Isd)rJ=116)

CALL CHROM (PRCOMsCRSATTENSNPRCRsINCOM)
DO 14 J=193

%#%#% CALCULATE TEMPERATURES FROM CALIBRATION COEFFSe

TMP=Q+

DO 15 I=1s2 '
TMP=TMP+T (I sJ)*TEMP () %% {]=1)
TEMP(J)=TMP

%%% CALCULATE ABS PRESSURES FROM CALIBRATION COEFFSe

DO 16 J=1s2

PRS=00

DO 17 I=1s2

PRS=PRS+P(19J) #PRESS{J) *¥(]=1)
PRESS(J)=PRS

##% CALCULATE FLOW RATE

M=3

PRESS(3)=PRESS(3)%#0e5

DO 19 J=1»3

FOP(J)=00

DO 19 I=193
FDOPLJU)SFDPIJ)+DP (1 4J)#PRESS(3)%%(1=1)
CALL NIP (MsDINTIFDPIPRESSI1) sPRESS(3))

##% FLOW RATE COMPOSITION CORRECTICN

ROMIX=(ZBQ*FDCOM(1)+34.*FDCON(2)+6Q.*FDCOM(3))
$/(FOCOM(1)#Vv{1)+FDCO
IM(2)#V(2)+FDCOM(3)#V(3))
PRESS(3)=PRESS(3)1%#(28¢/VI1)/ROMIX)#%0e5

ux® CALCULATE MATERIAL BALANCE

0O 10 J=143
BAL(10J)'FDC0M(J)*PRE$S(3)/V(J)*283170016
BAL(291)=BAL(1s1)
BAL(ZOZ)'BAL(Zol)'(PRCOM(Z)*Vll)/PRCOM(I)/V(Z))
BAL(2'3)OBAL(Z,I)*(PRCOMI3)*V(l)/PRCOM(I)/V(3)l
BAL(294)m24#{BAL(193)=BAL(2+3))
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NPRDP ess (CONT'D)
BAL(295)=BAL(192)+BAL(193)-BAL(2’2)-BAL(293)
%%% CALCULATE AVERAGE MOLECULAR WEIGHT OF SULFUR

PRS=PRESS(2)/760-*BAL(2o5)/80

22 CALL FREM(PRSIRTEMPXS)
PR51=PRESS(2)/760-*BAL(295)/XS
IF(ABS((PRS-PRSI)/PRSI)-0.00S) 20920921

21 PRS=PRS1
GO TO 22

20 BAL(2+5)=BAL(2¢5)/XS
RTEMP‘(TEMP(1)+TEMP(2))/2.+273.
BAL(2o6)=BAL(102)-BAL(292)-BAL(294)

%#% CALCULATE REACTION RATES

RXHZS=(BAL(192)-BAL(202))/WC
RXSOZ=(BAL(193)-BAL(293))/WC

#%% CALCULATE FEED AND PRODUCT H25/502 RATIOS

FDRAT=BAL(192)/BAL{193)
PRRAT=BAL(292)/BAL(293)

#%% CALCULATE CONVERSION OF H2S AND S02

HZSCNB(BAL(I’Z)-BAL(ZoZ))/BAL(I:Z)*IOO.
SOZCN‘(BAL(I.B)-BAL(203))/BAL(IoB)*lOO.
PRESS(B)=PRESS(3)*283170016

xx% CALCULATE PARTIAL PRESSURES IN REACTOR

TOT=0¢
DO 12 J=1l95
FDCOM(J)=FDCOM{J) #1000
12 TOT=TOT+BAL(2+J)
DO 13 J=195
13 PRCOM(J)'BAL(ZoJ!*PRESS(Z)/TOT

#xx DATA OUTPUT

DO 100 1COP=19NCOPY
CALL OUTPT(NRUNORXHZSORXSOZoRTEMPQPRESSOPRCOMoFDCOM
€ sFDRAT9sPRRATBA
1L 9H2SCN 9 SO2CN)
100 CONTINUE
CALL EXIT
END
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******************************************************

*
* OUTPT *
%* *
» OUTPT HAS THE SOLE FUNCTION OF WRITING OUT THE *
» CALCULATED RESULTS ON THE LINE PRINTER *
#* *
»* *

****************************************************

SUBROUT INE OUTPT (NRUN’RXHZS!RXSOZ’RTEMP’PRESS’PRCOM
$9FDCOMyFDRATHP
lRRAT’BAL’HZSCN’SOZCN)
DIMENSION PRESS(3)’PRCOM(7)9FDCOM(7)’BAL(ZQ?)
WRITE(695)
5 FORMAT('1!)
WRITE(691) NRUN

1l FORMAT(////10Xs 'RUN NUMBER'»13» /3TXe 'UNITS'//18X
$9'MASSesssecssse
IOQGRAM'//ISXQ'PRESSUREooooooooMILLIMETERS OF MERCURY!'/
$/18Xs ' TEMPER
1ATURE s e s e ¢ DEGREES KELVIN'//lSX"TIME-o-.oooooo.nHOUR'/
$/18Xy ' COMPOS
11TIONe e e e MOLE PERCENT'//lBX"VOLUMEoo.ooooo-oSTANDARD
$ CUBIC CENTI
1IMETER!'//18X9 'REACTION RATEe e s GM MOLES/ (HR=GM OF
$ CATALYST)'///)

WRITE(693) PRESS(3)

3 FORMAT(IOXO'VOLUMETRIC FEED RATE MEASURED BY D/P CELL!
$911XsF9e1/)

WRITE(692) RXHZSORXSOZQRTEMP’PRESS(Z)

2 FORMAT (10X s 'REACTION RATE OF H2S'9FTe4s5X s 'REACTION
$ RATE OF 802 )
1'F7¢4//10Xs'REACTION TEMPERATURE ' 9FT7e295X s VREACTION
$ PRESSURE
1'F7e1/)

WRITE(66) FDRAT!PRRAT;HZSCN’SOZCN

6 FORMAT(10Xs'FEED H25/502 RATIO ! sFTe495X »'PRODUCT
€ HM2S5/502 RATI
10"F?o“//lOXQ'CONVERSION OF H2S t sFTe295X
s ¢! CONVERSION OF S02
1 '9FTe29///)

WRITE(694) (FDCOM(J)OPRCOM(J)’BAL(IOJ)'BAL(ZQJ) yJsl
$16)

4 FORMAT(IOX!'MOLECULAR'05X0'FEED'l6Xi'PARTIAL PRESSURE!
$euXe ' MATERIA
1L BALANCE'//IIXO'SPECIE'QQX'COMPQSITION'!QX"IN
$ REACTOR' 48X 'FEED
1 PRODUCT!'//13X9 N2 '|7X’F60209X0F6o1o9X0F7o303X
$yF7e3//13X9'H2S!
107XIF60299X’F60109X0F7-303X’F7o3//13X0'502'07X0F602|9X
S9yF6e199XsFTe
1303X0F7o3//13X0'H20"7XOF6.299X0F60109X0F7o393X0F7o3/
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OUTPT e es (CONTI!D)

$/13Xs'SX 'e7X
19F6e299X9F6el99X92(FT0393X)/ /13X H2'8X9F6e299X9F6e199X
$92(F7e393X))

RETURN

END
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CHROM

CHROM CALCULATES STREAM COMPOSITIONS FROM THE

* *k X Xk

COEFFICIENTS DETERMINED USING THE INTERNAL STANDARD*

PROCEDURE

#*

*

*

* .

* CHROMATOGRAPHIC AREA RESULTS USING THE CALIBRATION *
*

*

*

*

»*
#*

3636 3636 3 3 3 6 36 3636 36 3 9 36 3 3 3 36 36 3 3 3 3 36 3 36 36 36 36 3 2 I 3 3030 36 38 I 33 6 36 36 636 3 I 6 K

SUBROUTINE CHROM(COMPsCR9ATTENSNs INCOM)

DIMENSION COMP(7)sCR(696) »ATTEN(E) sHSN2(293) 9SON2(2)

SHYCHSN2(293)9CS

o wm

15

11

12

13

14

10N2(2)
DATA HSN2/0e041890058889001129104692190405479047756/

DATA SON2/0¢004490e4950/

DATA CHSN2/0.0620v00582490o02329007115v0002249007901/

DATA CSON2/=0e115790e5037/

XN=N

DO 2 J=113

ATTEN(J+3)=ATTEN(J)

DO 1 J=1r6

CR(&69J)=0s

DO 1 I=1sN
CR{69J)ZCRI69UI+CRITIsJI*(21e=2¢*ATTEN(J) ) /XN
IF(9¢6=ATTEN(2)) 39495

Ml=1

GO TO 6

Ml=2

GO TO 6

Ml=3
HNRAI‘HSNZ(10M1)/1000+H$N2KZ'MI)*CR(6'2)/CR(691)
SNRAI=SON2(1)/1004+SON2{2)%CR(693)/CR(691)
INCOM=INCOM+1

GO TO (15011011) 9 INCOM

HNRAT=HNRAL

SNRAT=SNRAL

GO TO 14
HNRAC=CHSN2(19%1) /100 +CHSN2(29ML)%#CR{695)/CR(604)
SNRACECSON2(1)/1006+CSON2(2)%CR(696)/CRI694)
IF(INCONM=3) 12913913

HNRAT= (HNRAC+HNRATI) /2
SNRAT=(SNRAC+SNRAL) /2.

GC TO 14

HANRAT=HNRAC

SNRAT=SNRAC

COMP(1)21e/(1e+HNRAT+SNRAT)
COMP(2)314=COMP(1)=SNRAT#CONP (1)
COMP{3)314=COMP(1)=HNRAT#CO¥P (1)

INCOM= INCOM=]

RETURN



C=20
CHROM ¢es (CONT'D)

END
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******************************************************
*

NIP *

*

*
*
% NIP CARRIES OUT AN INTERPOLATION USING NEWTONS *
% INTERPOLATION POLYNOMIAL ' *
# *
* *

**********;*****************************************

SUBROUTINE NIP(MsXsYsBXsSX)
DIMENSION X(3)sY(3)eYX(3)9F(3)
DO 1 I=1sM
F(I)=0s

DO 1 J=1lsl

D=1le.

DO 2 K=1l»l
CO=X(J)=X(K)
IF(CD) 29392
CD=1l,

D=D*CD
FII)=F(1i+Y(J)/D
YX(1)=F(1)

DO 4 1=2M
[I=]=1

D=1l

DO 5 J=alsll
C=BX=X{J)

D=C#D
YX{1)=sD*F(I)
SX=0.

DO 6 I=19M
SX=SX+YX (1)
RETURN

END
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******************************************************

*
3*
%*
*
*
*
%*
»*
*
*
3*

*
SUBROUTINE FREM *

*

THIS SUBROUTINE AND ASSOCIATED SUBROUTINES GSET)» *
GAUSS AND NEZE ARE USED FOR DETERMINING THE AVERAGE®#*
MOLECULAR WEIGHT OF SULFUR AT THE TEMPERATURE AND *
PRESSURE OF THE EXPERIMENTAL RUNs THESE SUB= *
ROUTINES WILL NOT BE LISTED HERE SINCE THEY ALREADY#*
APPEAR IN APPENDIX Bes THE F/RT DATA FOR THE SULFUR*
SPECIES 1S EMBEDDED IN FREM AS A DATA STATEMENT. *
*

*****************************************************

SUBROUTINE FREM(PRESS#T#XS)
END



APPENDIX D
ESTIMATION OF FILM AND PORE DIFFUSION RATES



D.1 Physical Properties

The physical properties of NZ’ HZS and 302 must be known

before mass transfer rates can be estimated. Table D.1 lists the

physical properties which were used in this Appendix.

TABLE D.1 PHYSICAL PROPERTIES. OF N2,
oS AND S0, AT 500°F, 1 Atm.

Physical Molecular Specie

Property Units N2 HZS 502 Reference

Density 1b/cu.ft. 0.0400 0.0492 0.0936 (1)
gm/litre 0.640 0.788 1.498

Viscosity Cp 0.0275 0.0230 0.0204 (2)

Critical

Temperature °K 125.9 373.4  430.2 (3)

Molar Volume mi/gm mole 31.2 32.9 44.8 (4)

at Normal

Boiling Point

Diffusivity in 9

Nitrogen cm-/sec 0.436 0.342 Estimated

(1) Perry, J.H., "Chemical Engineers Handbook", 4th Ed., McGraw Hill,

New York (19), p 3-71
(2) 1bid, p 3-197
(3) 1bid, p 3-100
(4)  1bid, p 14-20



D-2

D.2 Calculation of Film Diffusion Coefficients

Data on mass transfer from fluid to solid in gas systems are
commonly expressed in terms of a mass transfer coefficient, kG’ de-

fined by,
N'i = I.(G(pi'pis) . (2'35)

Chilton and Colburn(5) suggested the following basis for correlating

mass transfer data,

KoP
Sy

By SC = f(NRe) . (2.36)

1t is usual to plot jD versus NRe' where

kP
i = -'-Gd— ne/3
Figure 2.1 in Satterfield(6) gives the variation of jb with Np,, and
this information combined with the physical property data was used for
estimating mass transfer coefficients in the N2 - HZS - SO2 system.
Mass transfer coefficients have been calculated for two

examples which both use a gas stream composition of 94% NZ’ 4z HZS and
2% SO2 (molar basis). Using the methods described in Appendix A, the
density and viscosity of this fluid mixture were found to be:

(5) Cchilton, T.H. and Colburn, A.P., Ind. Eng. Chem., 26, 1183 (1934).

(6) Satterfield, C.N. and Sherwood, T.K., "The Role of Diffusion in
Catalysis", Addison-Wesley Publishing Company, Inc., Reading
Massachusetts (1963), p 33.



o = 0.000628 gn/ml (500°F)
0.0765 1b/cu.ft. (60°F)
4 = 0.0269 Cp

The first example applies to the recycle reactor where the
flow rate is expected to be 3.0 scfm through a bed of 28/35 mesh catalyst
pellets and the bed has a cross-sectional area of 0.963 cm2.

The second example is for a sulfur plant using commercial
Porocel catalyst pellets, cylindrical in shape, with a length of 1.25
cm and diameter 0.80 cm. Modern Claus type sulfur plants are designed
with converter space velocities in the range of 650 to 900 scfh of gas
per cubic foot of catalyst bed vo]ume(7)- On this basis a converter
space velocity of 775 scfh gas per cubic foot of catalyst is selected
for this example. The catalyst is contained in horizontal drums 60 ft.
long and 13 ft. in diameter with flow downward through the bed which is
packed to a depth of 3 to 4 ft(7). These numbers were used for deter-
mining that the cross sectional area of bed perpendicular to the mean
flow path is 0.286 ft2/ft3 assuming that the gas is evenly distributed
and the bed depth is 3.5 ft.

The calculation results for estimating the mass transfer co-
efficients for both examples are presented in Table D.2. The values
for 3D were obtained from Figure 2-1, Satterfield and sherwood(6) .

The experimental program proved that film diffusion is not a

(7) Cunliffe, R.S., "Optimizing Conversion of Hydrogen Sulfide to
Sulfur", paper at the 19th Canadian Chemical Engineering Conference
and Third Symposium on Catalysis, Edmonton, Alberta, October, 1969.

R T T
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rate controlling phenomena for the Claus reaction in the recycle reactor
and also that, for all intents and purposes, only the external surface
of the catalyst is effective for catalyzing the reaction. The non-
existence of film diffusion control in the recycle reactor will now be
verified, and the sulfur plant data will be examined to see if bulk
mass transfer is limiting in the selected situation.

For 28/35 mesh catalyst, the external surface area pergram is

calculated from

A = 3-5- . (p.1)

For both spherical and cubical particle geometry, Equation D.1 reduces
to

- _b
A = To° (D.2)

p'p
Examination of the crushed catalyst particles leads one to bglieve
that they are more cubical than spherical in shape. Equation D.2 yields
AE = 46.2 cmZ/gm when the average cube side length is taken as 0.051 cm
and the density of bauxite as 2.55 gm/ml(a)-

At the given pressure and gas stream composition, the partial
pressures of HZS and SO2 are 30.4 and 15.2 mm Hg respective1j. Sub-

stituting these values into the following rate expression which was cor-

(8) gpcit, Perry, J.H., p 3-89.



related to the kinetic data, a value of 0.12 gm mole HZS/(hr)(gm

catalyst) was obtained for the reaction rate.

- n
r = Ky Exppr PRB (0.3)

TABLE D.2 CALCULATION RESULTS FOR ESTIMATION OF MASS
TRANSFER COEFFICIENTS FOR H,S AND SO,

Recycle Suifur
Reactor ) Plant
dp(cm) 0.051 1.149
P(atm) 1.0 1.0
6(gn/sec.cnt) 1.803 0.02814
Bylam mole/sec. cn’) 0.0622 0.00097
Nee 341.63 120.20
Ng (HyS) 0.982 0.982
Ng(S0,) 1.252 1.252
iD 0.078 0.1
kG(HZS)(ﬂm-Engé——o 0.00486 0.000135
sec.cméatm

kg(S0,) 0.00817  0.000116
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The values of the parameters and their confidence limits are given in
Table 6.6.

Since the area per gram of catalyst is known for the 28/35
mesh catalyst that was used in the kinetic study, thé reaction rate
will be expressed in terms of external surface area for comparison

with the diffusion equation.

_r
Y‘AE = KE (0-4)

From Equation D.4, e = 0.12/46.2 = 0.0026 gm-moles/(hr)(cm2 catalyst).
If film diffusion is rate controlling, it is reasonable to
assume that the partial pressure of HZS on the catalyst surface is
zero in Equation 2.35. This being the case, the possible diffusion
flux was calculated at 0.70 gm-mo]es/(cmz)(hr) which is more than 250
times as rapid as the flux required to sustain the surface reaction.
Similarly, the HZS diffusion flux for the sulfur plant example
calculates at 0.0195 gm-mo]es/(cmz)(hr). This is 7.5 timzs as rapid as
the flux required to sustain the surface reaction. In this case, it
is evident that, as the partial pressure of HZS further decreases and
the same ratio (2:1) of HZS to SO2 mole fractions is maintained, the ratio
of mass transfer rate to chemical reaction rate increases.
In conclusion, theoretical calculations as well as experi-

mental data indicate that film diffusion does not limit the Claus re-

action in the experimental apparatus. It also appears that the same



holds true for full scale sulfur plants.

D.3 Interrogation of a Pore Diffusion Rate Control Criterion

Pore diffusion phenomena and underlying theory have been
treated in Section 2.4.2 of the literature survey, so it will only
be stated here that the criterion of Hudgins was the one selected for
testing. It was selected because it is simple to apply, and it was
considered to be conservative (perhaps even more so than necessary
(9)). This criterion requires that

2
AL < (Ll (2.48)
T Wepr  Cg (Gl '

The same conditions which were used for estimating film dif-
fusion rates will also be applied here. Since there was no measurement
of reaction rate at these conditions, it will be assumed that Y= r(Co)

and that Equation (2.48) can be approximated by Equation D.5.

2

d

D] (D.5)
Ders T (Co)

The empirical expression for reaction rate described by Equation
(6.12) will be used for estimating r'(Co).

A decision must be made on how to calculate Deff’ Is the
pore diffusion ordinary or of the Knudsen type? Rather than belabour

(9) peterson, E.E., Chem. Eng. Sci., 23, 94, (1968).
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the point of which mechanism predominated, the theory of the transition
region as given by Scott et a1(10) was considered. These authors
suggest that if D12/Dk is large, Deff = Dk,eff and, conversely in the
other Timit with Dy5/Dycnayys Dess becomes a function of Dyp: There-
fore D12,eff and Dk,eff were both calculated using Equations (2.39)
and (2.40) respectively. Surface area measurements obtained using
the BET method gave a total surface area of 148 mZ/gm(]]) for the
bauxite catalyst used in this investigation. Values of 6 and T (catalyst
void fraction and tortuosity) are not available for bauxite and values
of 0.812 and 0.85 are used in these calculations. These values were
determined by Henry et a1(12) for pure alumina catalyst pellets. The
results which were obtained for ordinary and Knudsen effective diffusion
coefficients using the above data and previously described experimental
conditfons were 0.417 and 0.0158 cm2/sec respectively. Since the ratio
of the two diffusion coefficients (DIZ/Dk) is greater than 25, it is
assumed that Knudsen diffusion is the predominant diffusion mechanism
and that D e = 0.0158 cmz/sec.

Equation (6.12) was revised so that Py could be expressed in
terms of PA. Since st and SO2 were fed to the reactor in stoichio-

metric proportions in the selected experimental conditions, then

Py = ()(Py) (0.6)

(10) Scott, D.S., and Dullien, F.A.L., A.I.Ch.E.J., 8, 113, (1962).

(m DeGermany, M., University of Alberta, Edmonton, Alberta, un-
published work, 1970.

(12) Henry, J.P.B., Chennakesavan, B., and Smith, J.M., A.I.Ch.E.J.,
1, 10, (1961).




and Equation (6.12) becomes
- m n
r= (k])(EXPF])(PA) (PA/Z) (D-7)

Equation (D.7) is next adjusted so that the units of r correspond to
those required by Equation (2.48).

m+nc mEn
() (D.8)

(o) (k) () BT
(3600.) (2)"

From Equation (D.8),

o dr (op)(k])(Epr])(RT)m+n(CA)m+n-1

U (3600.) (2)"

() (ky) (Eyppq ) (RT) ()™
(3600.)(2)"

= 02, sec']

For this calculation, the following numbers were used:

3
p. = 2.55 gm catalyst/cm _
P (gm-moles H,S){m gy ™"

ky = 2.198 —(ryTgm-catalyst)
EXPF] = exp(-7589/1.98/533)

R = 82.057 x 760. (mm Hg) (cm®)/(gm-mole)/(°K)

T = 533°K
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PA = 30.4 mm Hg

0.963
0.359

m

n
This result yields a value of 0.011 for 1/r'.

The value of poZ/Deff’ which should be less than 0.011 for
the absence of pore diffusion control, calculates at 0.04 when 0.0255 cm
and 0.0158 cm2/sec are used for o, and Deff respectively. It there-
fore is concluded that the criterion of Hudgins for the absence of

pore diffusion control has not been satisfied.



APPENDIX E
DATA CORRELATION AND PARAMETER CONFIDENCE LIMITS



E.1 Parameter Estimation Procedure

The problem of optimizing functions with nonlinear parameters
has been approached in a variety of ways. Most techniques involve an
jterative scheme which hopefully converges on the correct solution
after having started from an initial guess of the parameter values.
Nonlinear Last Squares(1) js such a technique, however it is very
sensitive to the initial parameter estimates, and when "bad guesses"
are made for them, the method often will not converge.

Similarly, Rosenbrock's Method of Rotating Coordinates(2’3)
requires an initial set of parameter estimates however, the procedure
is designed to be insensitive to bad guesses. It optimizes the con-
vergence path by combined rotation of the ridge tracking vector and
adjustment of the stepsize.

To describe Rosenbrock's Method, the following nomenclature
is used:

X = (x],xz,...xM); a set of M independent variables

Y ; a single dependent variable

A= (A].Az,...,xp) ; a set of P parameters

Y = £(X,A); a functional relationship either to be fitted to data

or optimized

“)Rubin. D.I., Chem. Eng. Prog. Symp. Series, 59, 42, (1963).

(Z)Rosenbrock. H.H. and Storey, C., "Computational Techniques for
Chemical Engineers”, 64, Pergamon Press, Toronto, 1966.

(3)H11de. D.J., “Optimum Seeking Methods", 151, Prentice Hall, Inc.,
Englewood Ciiffs, N.J., 1964.



v].vz,v3,...,vp; a set of P unit orthogonal vectors

€185 ++5€,5 @ set of P step lengths

p
8(Y,f(X,A)); the variance of the fit. Simply replace this with
Y if one is trying to optimize the function y = f(X,A).
The computational procedure follows the sequence now given:

I A set of P unit orthogonal vectors is generated

vy = (1 0 0...0)
v, = (0 1 0...0)

) =(0 0 0 ... 1)

A set of P parameter estimates is guessed.

A= (x],xz, ceeshl)

p

A set of P stepsizes are provided

)

(e] ,82, s .ep

IT &(y,f(X,A)) is evaluated using the initial estimates.

IIT A is now modified by changing it to A'(A+v]e]) and then
8(y,f(X,A"')) is evaluated. If this change was favourable



IV

(i.e., 8(y,f(X,A')) < G(y,f(X,A))), then A is replaced

by A' and e, is mu]tipliéd by 3. Next A'(A+v2e2) is used
for calculating 8(y,f(X,A')) and so on. If a change was
unsuccessful (i.e., 6(y,f(X,A')) > 8(y,f(X,A))), the e

is multiplied by - 0.5. The successive changes in A

then are eqvq, Vg, «ees epvp, Vg -eo This process is
continued until oscillation occurs. That is, until for
each parameter a successful step has been followed immedi-
ately by an unsuccessful step. This definition of oscil-
lation should be strictly adhered to.

Next, the axes are rotated according to the following pro-
cedure.

Let A] = (Ai+1'Ai) = (a-n CIPIRPY a1p)
A, = (0 CIPARRE a]p)

A =(0 0 ...2 )

P
Note that Ai+l - Ai js the total change in the parameter
values which took place in part III. That is, an is the
sum of the successful steps taken for x].

N ) L B M )

E-3



Then one uses A2 to construct a vector BZ’ normal to Vi

B, = A, - (A2 v](Z))v%Z)

2
B
(2) _ 2
V2 T IS, IT
p-1

Note that Ryv; = 321

In the above equations, A1 js the vector representing the
total progress made since the axes were last rotated and
v%Z) is a unit vector parallel to A]. This procedure, set
forth by Rosenbrock in his article(4), js called the Gram

Schmidt orthogonalization process.

A description of input data symbols and their formats is pro-
vided in the heading of the Fortran listing of the program. The number

of parameters and independent variables which the program can handle is

(4)Rosenbrock, H.H., article in “A Survey of Modern Algebra", 192, ed.
?irkoff, G., and MacLane, S., The Macmillan Company, Hew York, N.Y.
953.
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limited to 5 each due to the dimensioning of vectors and matrices.
This number of course can be increased by modifying the dimension state-
ments.

It should be noted that the names which are assigned to the
parameters should be entered on the appropriate card in the same order
as they are used in the equation for the function. For example, suppose

one desired to correlate the following expression to data:

- (-Z/RT) oK1 pK2
Rate KO e PA PB

Here the parameters are Kg, Z, K] and K2 and the independent variables
are PA, PB and T. If the cards on which the names of the parameters

and independent variables were punched up to be entered as

K0 L K K2
PA PB T

then the equation which should be entered in ROSE and VARIA is:

FUNC = PART(1)*EXP(-PAR1(2)/(1.98*X(J,3)))*X(J,2)**PAR1(3)
...*X(J,2)**PAR1(4)

An alternate approach to entering the function to be cor-
related would be as follows:
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R =1.98

K0 = PARI(L)

Z = PARI(2)

Ky = PAR1(3)

K, = PAR1 (4)

Pp = X(3,1)

Pg = X(9,2)

T = X(9,3)

RATE = KO*EXP(-z)/(R*T))*PA**K-l*PB**K2
FUNC = RATE

In both cases, there is a need for avoiding undefined variables and
maintaining consistency with the input data.

Fbl]owing the 1isting of ROSE, the parameter estimates and
regenerated data for Equation 6.10 are given. A different set of
values for the parameters are found in the computer output than what
is found in Table 6.6. The reason for this is that the program was
run in single precision on an IBM 1800 for demonstration purposes only.
For accurate parameter estimates, the program was executed on the
1BM 360 in double precision and the results of such runs are given in

Table 6.6.



E.2 Estimation of Parameter Interval

It was assumed that the error of the fit was normally distri-

buted and with such a distribution, the Tikelihood function may be

written as
2 . n
Le) = (2no)) Fexpl- =5 T (y; - F(x,.8))%]
20° i=1
where n = number of observations
x = state variables vector
B = parameter values
02 = variance estimate

(y; - £(x;,8)%/(n-1)

n
ne-13
-

i

The inverse of the posterior variance-covariance matrix may

be written as

-2 anLle) -3 anL(e) - 8% an L(e)
2 . LI )
V- - 2® enL(e) - 2% an L(e) - 9% gn L(e)
2 . o0
aB]BBz 382 BBZBBP

- anile) -2%anLle) - 3% 2n L{e)

]
3BlaBp aapaaz d Bp

This is a positive, definite, symmetric matrix which may be inverted by
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using Brown's method(s) to give the variance-covariance matrix.
The natural logarithm of the above 1ikelihood function is

written as:
n
i L(e) = 3 an(2ne?) - 2—‘2 Ll v £(x;,8)1% .
o 1=

The partial derivatives of the natural logarithm of the likeli-

hood function with respect to the parameters may be written as:

f
o on L(e) _ (-2 ot i (
= - ¥;-f5)
9B 202 E] aBJ
I O B
T E gk T Wy
-—%—l: y.-f. -
2B; @ ge i asz EFJ
o2 gn L(e) _ 1 2°f, “i of;
B 3B, =‘i 2 {(y4-f3) "B"a'B‘ ‘E;}]

The covariance matrix, C, is a measure of the reliability of
the parameter estimates. This matrix expresses the manner in which
variations in the observations would affect the parameter estimates.

The diagonal elements of C are the variances and their square roots

(5)grown, R.G., "Smoothing Forecasting and Prediction”, 353, Prentice-
Hall, Englewood Ciiffs, N.J., 1962.



are the standard deviations of the parameter estimates. Off-diagonal -
elements indicate the interdependence of the estimates of the various
parameters.

Below is an example of the partial derivatives of a rate
exbression which were required for calculating the partial derivatives
of the logarithm of the 1ikelihood function. The likelihood logarithm
derivatives are the elements found in the inverse of the variance-

covariance matrix.

- £ = MyN P
Y‘-f—k-l PAPB-k-] PC

- of _ ]
W PAPS

of _ MoN

of _ myn

3f _ _pP
*_; C
of _ P
"3'p"' = (k-] Pc)(m Pc)
2
o f _
—-2'-00

Q
~
-—
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Q
-+

(ky PRPR) (an Pp)°

4

@
3

N

Q
-H

- myn 2

5

2¢

3—2-'-'- - (k_-| PE) (2" Pc)z
p

(-5

9 f _ /pMyN
o, (PPg)(2n Pp)

2
o f _ n
skyan (PaPg) (2n Pp)

o f -
I Ty = 0.0
2
3 f
= 0.0
ak]ap
2
o f _ n
== (K pg‘pB)(m Py)(2n Pp)
2
o f  _
W- 0.0
iz_f-z 0.0
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The computer program, CONLM, which estimated the confidence

limits was written in Fortran IV basic and is listed on the following

pages. Following the Tisting is the variance-covariance matrix for the

above example.
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306 98 30362098 3696 903636 363636 362 96 363 90 38 3090 362 00 069636 3536 98 369090 94 36 9636 3636 2696 96 96 96 90 36
MAINLINE ROSE

THIS PROGRAM WAS WRITTEN TO OPTIMIZE FUNCTIONS

* WITH A MAXIMUM OF 5 NONLINEAR PARAMETERS USING
ROSENBROCKS METHOD OF ROTATING COORDINATESe IT
MAY BE USED TO MAXIMIZE OR MINIMIZE AN
UNCONSTRAINED UNIMODAL FUNCTIONs ANDs IN THE CASE
OF DATA CORRELATIONs IT WILL ESTIMATE PARAMETERS
IN ACCORDANCE WITH THE MINIMUM VARIANCE CRITERIONs
TO DETERMINE IF A FUNCTION IS UNIMODAL IN THE
REGION OF INTERESTs A NUMBER OF DIFFERENT INITIAL
GUESSES FOR THE PARAMETERS SHOULD BE ATTEMPTEDe

*
%*
*
*
*
%*
*
*
*
*
*
*
*
*
INPUT DATA - *
PLEASE NOTE THAT FOR CURVE FITTINGs ALL OF THE #*
DATA BELOW MUST BE ENTEREDs BUT FOR FUNCTION *
OPTIMIZATION ONLY THE DATA MARKED WITH A * IS *
ENTERED. *
# JTYPE = PROGRAM CONTROL FLAG »*
seel=MAXIMIZE A FUNCTION *
0002=MINIMIZE A FUNCTION *
0003=CORRELATE DATA TO A FUNCTION *

NFIT1 = NUMBER OF SETS OF DATA TO BE *
"""" CORRELATED *
NUMBER OF INDEPENDENT VARIABLES *

NUMBER OF DATA POINTS TO BE FITTED »*

NAMES OF THE INDEPENDENT VARIABLES *

VALUES OF INDEPENDENT VARIABLES *

VALUE OF DEPENDENT VARIABLE *

NUMBER OF FUNCTIONS TO BE CORRELATED #

FUNCTION NUMBER TO BE CORRELATED »

THE NUMBER OF PARAMETERS *
NORMALIZATION FLAG *
00e0=NORMALIZATION DESIRED *
see1=NORMALIZATION NOT DESIRED *

MAXe NOe OF STEPS BETWEEN ROTATIONS

MAXe NOe OF ROTATIONS »

NUMBER OF CARDS FOR PROBLEM TITLE *
ALPHANUMERIC DESCRIPTION OF TITLE »*
NAMES OF PARAMETERS »
STEPSIZE *
™

*

*

*®
e

<
s LR

*
Pal
0
Z

Ml
M2
NTL
DES
PNAM
SS
PAR1

® % %k % % ¥k *x

INITIAL GUESSES FOR PARAMETER VALUES

f\f\f\f\f\(\f\(\r\(\(\f\(\f\f\(\f\(\(\(\f\(\(\(\(\f\(\(\(\f\(\f\f\(\(\(\(\f\f\f\f\(\(\(\(\(\

#*
*
*
*
*
*
*
#*
*
*
*
*
*
*
*
*
*
*
»*
»
# M
*
»*
#*
»
*
*
*
*
»
#
*
#*
*
#
»*
*
*
#*
#*

3 3 3636 30 36 4 3 38 3 3 3 % % 3 3 I 30 36 3 3 I 36 3 T 6 9 b A0 B 0 350 36 90 3 36 96 4 3 B 38 30 36 4 96 200

INTEGER P
REAL®8 KOsK1lsK29KI K4

DOUBLE PRECISION SSeVAR1 9VARZ29VAR3 sCT R
SsTePAIPBIPC

1PD¢DEV s FUNC » SMXMN



3ar2

400
401

402

253

E=-13
MAINLINE ROSE e0e {CONT!D)

DOUBLE PRECISION ELAM(5)s0V(595) 9PARL(5)9PAR3(5) sX(50
$95)9Y({50) 9BKI(

115046)

DIMENSION DES(ZO)lPNAM(6)9XNAM(7)!XRUN(lOO)oIBK(#le)
$9KS(5)9KSF(5)
19KF(5) sARUN(100) sVX(6)

DATA XNAM/'H2S!9'S02'9'H20"'s?'SX 's! 1y! 1ot '/

DATA M1sM2/100+50/

DATA IBK/l'240000’2503390’00193300’0934’730000974’8590
$909349854010
1913024’28085o28033'74085913’24’34073086-101o000/

DATA PNAM/' KO "' K1 's' K2 "' K3 "' K& 'yIVARe '/

SMXMN=1+D+00 -

#%% READ IN DATA BANKS

DO 400 I=19150

READ(59401) ARUN(I)s(VX(J)oJ=196)

DO 372 J=lib

BK(1sJ)=DBLE(VX(J))
IF(BK(I91)=1eD+03)40094009402
CONTINUE

FORMAT (2X 9AGsFTel012XoFTe4912X94FTel)

#x% READ IN CORRELATION DETAILS

DO 300 NFT=19100

READ(591) PsKPNsNTLINFUNCsNBANK
FORMAT(515)

IF(P=10) 2392349301
WRITE(6928)

FORMAT(1H19///)

DO 24 I=1oeNTL

READ(592) (DES(J)9eJ=1920)
FORMAT (20A4)

WRITE(6927) (DES(J)eJu=1920)
FORMAT(10X920A4)

READ(5912) SSs (PAR1(J) sJ=19P)
FORMAT(8D10+3)
NN1=1BK{1sNBANK)
NN2=1BK (2 9NBANK)
NN3sIBK{39NBANK)
NNé&=IBK (49 NBANK)

J=0

DO 250 IsNN1sNNZ2

JeJ+l

XRUN(J)=ARUNI(T)
Y{J)=BK({1s2)

X(Je1)sBK(Iel)

DO 250 K=295




250

252

251

29

14

67

85

E=1l4
MAINLINE ROSE ese (CONT'D)

JU=K+2

X(JeK)=BK(I9JJ)

IF(NN3) 25192519252

NN1=NN3

NN2=NN&

NN3==1

GO TO 253

N=J

WRITE(6929) (PNAM(J)sJ=19P)sPNAM(G)
FORMAT(//910Xs'ROTATION NOe's6(5X9A496X1//)

x#% GENERATE INITIAL SET OF ORTHOGONAL VECTORS AND
#%% NULL SCALING FACTORS

DO 5 I=1sP
KSF(11=0
PAR3(1)=PARL(])
DO 67 I=1»P

DO 6 J=19P
OV(19J)=0,0D+00
OV(IeI)=1e0D+00

##%% CALCULATION OF FUNCTION VALUE FOR INITIAL GUESSES
CALL VARIA (PAR19KSFsPsVAR29NsNFT9X9YsNFUNC)
VAR2=VAR2#SMXMN

VAR1=VAR2

VAR3=VAR1
COUNT=0o

%% COMMENCE ROSENBROCK ALGORITHM
DO 7 KKK=1sM1l

xux GENERATE INITIAL STEPSIZES AND SUCCESS/FAILURE
*u# FLAGS

DO 85 I=19P

ELAM(I1)=SS#(10eD+00) ##KSF (1)
KS(1)=0
KF(I)=0

#uu COMMENCE RIDGE TRACKING

DO 80 KLP=1eM2
DO S0 Il=1eP

sxs ADJUSTMENT OF PARAMETERS
DO 9 1I=lyP
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nrnN

101

10

13

81

505
82

90
80
83

E=15
MAINLINE ROSE e0e {CONT'D)
PARL(I)=2PAR1(I)40V(ITy1)*ELAMIIL)

##% CALCULATE NEW FUNCTION VALUE AND COMPARE TO oLd
*#%% ONE

CALL VARIA (PAR1 sKSF 9P s VARZ2 sNsNFToXsY s NFUNC)
VAR2=VARZ2#SMXMN '

COUNT=COUNT+1e

IF{VAR1=VAR2) 109101101

x%% SUCCESSFUL STEPs ADUST STEPSIZE AND SET SUCCESS
xxx FLAG

VAR1=VAR2
Ks(I1)=1
ELAM(II)=ELAM(I1)#3,0D+00
GO TO 81

%% UNSUCCESSFUL STEPs RETURN TO PREVIOUS PARAMETER
x#% VALUES» ADJUST STEPSIZE AND DIRECTION AND SET
#x# FAILURE FLAG

DO 13 I=19P
PARL(I)=PAR1(I)=ELAMIII)#OVIIIsI)
CONTINUE
ELAM(II)=ELAM(I1)/(=240D+00)
KF(I1)=KS(II)

KS(II)=0

s##x TEST FOR OSCILLATORY STEPPING STATUS AND MAGNITUDE
#u# OF STEPSIZE

DO 82 I=1yP
CT=ELAM(1)/PARL(T)
CTEST=DABS(CT)
IF(CTEST=14D=08) 824824505
IFIKF(I)) B2990982
CONTINUE

GO TO 83

CONTINUE

CONTINUE

CONTINVE

### R0TATION OF AXES
CALL R0TAT(PIPAR1IPAR3IOV)
sa% DATA OQUTPUT

DC 40 [=1yP
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MAINLINE ROSE 00 (CONT'D)

PARL1(I)=PAR1(1}/({10e4D+00)*%#KSF(I))
40 CONTINUE
WRITE(6926)KKKe {PARL(I)sI=1sP)9sVARI]
26 FORMAT(10XsI597X97D1548)
DO 17 I=1sP
PARL1(I)SPARL(I)%#({(104D+00)%*KSF(1))
17 PAR3(1)=PAR1(1)
IFIDABS{VAR1=VAR3)=1eD=12) 309309310
310 VAR3=VAR1
IF(KPN) 793097
7 CONTINUE
30 IF(KPN=1) 102+100s102
102 KPN=1
CALL TORM (PsPAR1#KSF)
DO 11 I=1yP
11 PAR3(1)=PAR1(])
GO TO 14
100 DO 31 I=1sP
31 PARL(I)SPARL(I)/((10eD+00) %#%KSF(1))
WRITE(6918) (XNAM(J)sJ=1s3)
18 FORMAT(//+40X »!'DATA REGENERATION'//10X9s 'RUN
$ DEVIATION CALCULATED
1 OBSERVED '94X9!TEMPe'92X93(5X9A393X)/10Xs"'NQe! 912X
S+ FUNC VALUE FU
INC VALUE'/)
DO 15 J=1»N
FUNC=04D0+00

*#%% FOR DATA CORRELATIONs INSERT FUNCTION NEXT

R=198D+00
T=X(Jsel)
PA=X(J92)
PB=X(J93)
PCaX(Je4)
PD=X(J95)
KO=PAR1(1)
K1=PAR1(2)
K2=PAR1(3)
K3=PAR1(4)"
K4=PAR1(5)
GO TO'(2000201!2020203020402050206’20702080209)ONFUNC
200 FUNCEKO#PA##]45#PB/(1le+K1¥PAN%45)
GO TO 210 '
201 FUNC'KO*PA**105*PB/(1.+K1*PA’*.5+K2*PB)
GO T0 210
202 FUNC'KO*DEXP(-KI/(R*T))*PA**.BbZ“*PB**03563
GO TO 210
203 FUNC=2KORDEXP(=K1/(R#T) ) #PA%#*K2#PE##,3563
GO TO 210



204
205
206
207
208
209
210

le
15
300
301

E=17
MAINLINE ROSE 00 (CONT!D)

FUNC=K0*DEXP(-K1/(R*T))*PA**KZ*PB**KB

GO TO 210
FUNC=K0*PA**2*PB/(1-D+00+K1*PA+K2*PB)**3

GO TO 210

FUNC=K0*PA*PB/(1oD+00+K1*PA)

GO TO 210

FUNC=K0*PA*PB/(1-D+00+K1*PB)

GO TO 210
FUNC=K0*PA*PB/(10D+00+K1*PA**05+K2*PB)**3

GO TO 210
FUNCSKO*PA**OQS*PB/(100+00+K1*PA**005+K2*PC)**2
CONTINUE

DEV=Y(J)=FUNC

WRITE(6916) XRUN(J)oDEVoFUNCoY(J)o(X(JoI)oI=194)
FORMAT(10X!A4901002901003’2X!2D1003'301103)
CONTINUE

CONTINUE

CONTINUE

STOP

END
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36 9 9 3 9 H 3 3 A I 36 W W I 383 I 36 I 336 I 3 I I I I I W3 I I I 36 W W 3636 K I3 I W W 363 I K W36
VARTA

THIS SUBROUTINE CALCULATES THE VALUE OF THE

»*
*
*
*
* FUNCTION TO BE OPTIMIZED» OR THE VARIANCE FOR
* CURVE FITTINGe

»*

*

* %k %k &k Xk Xk ¥k

9 36 36 96 9 3 3 I I 369 36 9 I I I 3 I 36 96 3 36 I3 36 9 I K 3 3 T 3 I 36 I K K I I I F I I I I

SUBROUTINE VARIA (PAR1sKSFsPsVAR2sNINFT9XsYsNFUNC)
INTEGER P

REAL%*8 KOsK19K29K39Ké

DOUBLE PRECISION DEV2sTsRsPAIPBIPCHPD
s FUNC»VAR2

DOUBLE PRECISION PAR1(5) sX(5095)sY(50)

DIMENSION KSF(5)

DO 5 I=1yP

PARI(I)=PARI(I)/((10eD+00) %%KSF(I))

DEV2=0,0D0+00

DO 2 J=1sN

#%% FOR DATA CORRELATIONs INSERT FUNCTION NEXT

zX(Jsl)

R=1,98D+00

PAzX({Je2)

PB=X{J93)

PC=X{Je4)

PDaX({Jeb)

KO=PAR1 (1)

K1=PAR1(2)

K2=PAR1(3)

K3=PAR1(4)

K4=PAR1(5)

GO TO (200920192029203920492059206920792089209) #NFUNC
FUNCEKO®PAX#]1e5%#PB/(1e+K1%PAR®,5)

GO TO 210
FUNCEKO#PARR]LoS#PB/(1s+K1#PARR5+K2#PB)
GO TO 210
FUNCeKORDEXP (=KL1/ (R#T) ) #PA%®,8624%#PB¥% 43563
GO TO 210
FUNC=KO#DEXP (=K1/ (R#T) ) #PAXNXK2%#PB%%#,3563
GO TO 210
FUNC=KO#DEXP (=K 1/ (R#T) ) #PAX®K24PB#%K3

GO T0 210

FUNCEKO#PA®R2#PB/ (1eD+00+K1#PA+K2#PB ) #%3
GO TO 210

FUNCaKO®PA®PR/(1sD+00+K14#PA)

GO 7O 210

FUNC=KO#PA#PB/ (14 D+C0+X12#PB)

GO TO 210



208

209
210

VARIA ese {CONT'D)

FUNC=K0*PA*PB/(1.D+OO+K1*PA**-5+K2*PB)**3
GO TO 210
FUNC=K0*PA**0¢5*PB/(1-D+OO+K1*PA**O-5+K2*PC)**2
CONTINUE -

DEV2= (Y (J)=FUNC)*%#2+DEV2

CONTINUVE

CFT=FLOAT(N=1)

VAR2=DEV2/DBLE(CFT)

DO 3 I=19P
PARL(I)2PAR1(I)*((104D+00) **KSF(1))
RETURN

END

E=19 .
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E=20

******************************************************

ROTAT

SCHMIDT ORTHOGONALIZATION PROCESSe

% % k * Xk X%

*

*

*

* TH1S SUBROUTINE ROTATES THE AXES USING THE GRAM
*

*

*

*****************************************************

SUBROUTINE ROTAT(PsPAR1sPAR3s0V)
INTEGER P :
DOUBLE PRECISION S9509DOG
DOUBLE PRECISION A{5+5)9B(595) sPARL(5)9PAR3(5)90V(55)
DO 1 I=1P

DO 1 J=19P
AlleJ)=0e0D+00
Bl1sJ)=040D+00

DO 2 I=1yP

DO 2 J=1sP
Al1yJ)sPARL(J)=PAR3(J)
B(IsJ)=A(T9J)

S0=0,0D+00

DO 3 J=19P
SO=S0+A(1leJ)%%2

S=SO**#0e5

DO &4 J=lyP
OVIilsJ)I=A(194)/S

DO 5 I=2yP

Ml=1=1

DO 6 K=lM]

DOG=0+0D+00

DO 7 J=alsP
DOG=DOG+OVI(KeJ)#A(KsJ)

DO 8 JslsP
Bl{lsJ)=B(lsJ)=DOG*OV(KsJ)
CONTINUE

S0=0.0 D+00

DO 9 J=1leP
SO=SO+8(1ey) ##2

S=xS0##0e5

DO 10 J=1lsP
OVIIeJ)=B(IeU)/S
CONTINUE

RETURN

END
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F6 I I 36 36 I 36 3t % I K 36 I I 33 I I 363 3 I I I S 30K K I F 33 3 363036 K 3 36 3096 36 I 3 I X 36K K

TORM

#*

* »*
* %*
* THIS SUBROUTINE MAPS THE PARAMETERS BETWEEN Ol *
* AND 140 *
»* *
* *

36 36 3 2 U 36 I I K 3 36 96 I 3¢ 36 9 I I 6 I I 3 I 6 3 3 3 36 I 36 96 I3 e I I I I I W IR EF NN

SUBROUTINE TORM (PsPAR1#KSF)
INTEGER P

DOUBLE PRECISION PAR1(5) PPl
DIMENSION KSF(5)

DO 1 I=1yP

KSF(11=0

DO 2 I=1»yP
PP1=DLOGIO{(PAR1(I))

IF{PPLl} 3444

KSF(l)sPPl=1

GO TO 2

KSF(1)=PP1

CONTINUE

RETURN

END
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€0=~302T9560€°0
€0=-302T19660€°0
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£0=3%76062T9€E"0
£0=38629€86%°0
E0=3HLHH9G6T8*0
20=-386€€520T°0
20=3%2686%ET*0
20=~3065€9702°0
20=-3€2€L12€€°0
20=30TTTIWLEH*D
20=39€99.8€%°0
20~38T128%6E%°0
20=36€%200%%°0
20=~38€89626%°0
20=-31L€82€9%°0
20=3866491806°0
20~322€860€5°0
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20=36890069.°0.

20=3€£00L068°0

20=3TTIL15626°%0

T0=-366LL2922°0
*HVA

3e021€9€L*0
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372

400
401

402

253

250

E=24

******************************************************

MAINLINE CONLM

*

#

% THE PURPOSE OF THIS PROGRAM IS TO CALCULATE THE

% VALUE OF THE ELEMENTS OF THE VARIANCE=COVARIANCE
* MATRIX WHICH CORRESPONDS TO A PARTICULAR RATE

% EXPRESSION WHICH HAS BEEN CORRELATED TO DATA

# RESULTING IN A NORMALLY DISTRIBUTED ERROR OF FIT
* INPUT DATA

* VX = VECTOR OF RAW DATA TO WHICH RATE

* EXPRESSION WAS CORRELATEDe

* M = NUMBER OF PARAMETERS IN RATE EXPR'N
* NBANK = DATA BANK NOs TO WHICH RATE EXPR'N
* WAS CORRELATED

* DES = ALPHAMERIC DESCRIPTION OF RATE EXPRIN#*
* *
*

% %k % ¥ % %k >k %k k k k %k %k Xk

*****************************************************

DIMENSION X(lOOoS):Y(lOO)’BK(100o6)oDES(20)’IBK(Qoll’
SeVX(6)sA(696)

19D(636)

DATA IBK/19240000025!3390900103390’0034v730090074v8590
$9093498590+0
1913024028985028'3307408501302403497391’24986993’13024
$934973/

DO 400 I=14150

READ{59401) (VX(J)9d=1196)

DO 372 J=1146

BK(IsJ)mVX(J)

IF(BK(191)=14E+03)40094009402

CONTINUE

FORMAT (2X04X9FTel912XoFTe4312X94FTel)

##»% READ IN CORRELATION DETAILS

READ(591) MsNBANK sNPAGE sNCOPY
FORMAT(515)

READ(592) (DES(J)9eJ=1920)
FORMAT(20A4)

NN1=1BK (19sNBANK)
NN2=1BK (2 s NBANK)
NN3=1B8K {3 ¢ NBANK)
NN&4=18K (4 s NBANK )

J4=0

DO 250 IsNN1oNN2

Jad+l

Y{J)=BX(]42)
X{Jsl)=B(Io1)

DO 250 X=245

JJBK+2

X(JexK)=BK(loJJ)



E=25
MAINLINE CONLM +ee{CONT'D)

IF(NN3) 25192514252
252 NN1=NN3
NN2=NN&4
NN3==]
GO TO 253
251 IF(NBANK=10) 2000920002001
2001 NBANK=0
NN1=86
NN2=93
GO TO 253
2000 N=J
CALL VCOVM(XsYsAsDsMoN)
DO 5 1=1eM
DO 5 J=lM
5 D(19d)=D(I9J)/(A{Ts1)%%0e5%#A(Jsu)*%0e5)
CALL NVERT(D»M)
DO 6 I=1leM
6 VX(1)=1e/A(191)%*045
DO 7 I=lsM
DO 7 J=lsM
7 A(TeJ)sDIIsJ)*VX(T)®VX(J)
DO 30 ML=1sNCOPY
WRITE(6928)
28 FORMAT(1H1s/////)
WRITE(6927) (DES(J)eJ=1920)
27 FORMAT(10X920A4)
WRITE(6929) .
29 FORMATI(//925Xs!VARIANCE=COVARIANCE MATRIX FOR
$ PARAMETER ESTIMATES!
1)
DO 30 I=1leM
30 WRITE(6920) tAlTIsu)eu=1oM)
20 FORMAT(/910X96E1545)
CALL EXIT
END
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‘***************************************

SUBROUTINE VCOVM

THIS SUBROUTINE CALCULATES THE INVERSE
POSTERIOR VARIANCE=COVARIANCE MATRIXe

E=26

36 3 S0 H 6 R R

*
*
¥*
*

AS INDICATED*

WHICH DESCRIBE THE PARTIAL DERIVATIVES OF THE RATE *
*

EQUIN WITH RESPECT TO 1TS PARAMETERS MUST BE

INSERTED o

**********************************************

SUBROUTINE VCOVMIXsYsAsDsMeN)
REAL KOsK19K29K39K49K5

*

*

*

#

*

% BELOW» AN EQUATION FOR THE RATE EXPR'N AND EQU'NS #
*

*

*

*

*

3 HH I H*

*
%*
¥*

DIMENSION A(606)’D(696)’G(696),GG(6)9X(100'5)’Y(100)

DATA KOOKI’K29K3’K49K5/000018’00828000467

59067579060/
VAR2=0.
R=1.98

DO 10 I=1sM
DO 10 J=1lsM
D(1sJ)=2040
DO 1 L=1sN
T=X(Lol)
PA=X(Ls2)
PR=X{Ls3)
PC=X(Ls&)
PD=X{(L+5)

*»#%#INSERT FUNCTION AND NECESSARY DERIVATIVES NEXT

FUNC=K0*PA**K1*PB**KZ'K3*PC**K#
FEFF=KO#PA*#K] ¥PB#%K2
GG(1)2PARXKL#PBH#*#K2
GG(Z)’GG(I,*KO*ALQG(PA)
GG(3)=GG(1)*KO*ALOG(PB)
GGl4)s=PCHEK4L
GG(5)'-K3*PC**K4*ALOG(PC)
G(1s1)=0s
G(Z’Z)=FFFF*ALOG(PA)*’2
G(3’3)=FFFF*ALOG(PB)*’2
Glset)=00
G(505)’-Kaipc**KQ*ALOG(PC)**Z
G(IQZ)’FFFF/KO*ALOG(DA)
Gl1y3)=2FFFF/KO%*ALOG(PB)
Glle41=0s

G(1+51=00
6(203)'FFFF*ALOG(PA)*ALOG(PE)
Gl29412040

G(295)=040

Gl3s0)=040

90400215



SUBROUTINE VCOees (CONT!D)

G(3+5)=040
Gl495)==PC#¥K4*ALOG(PC)
DF=Y(L)=FUNC
VAR2=VAR2+DF##2

#%%SET UP MATRIX

DO 1 I=1M

DO 1 J=IM

IF{I=J) 39291
D(I’I)=D(I-I)+DF*G(I'I)-GG(I)**Z
GO TOo 1 '
D(I’J)=D(IvJ)+DF*G(IoJ)-GG(I)*GG(J)
D(Jel)=D(1sJ)

CONTINUE

VAR2=VAR2/FLOAT (N=1)

DO 4 I=1M

DO &4 J=1sM

A{lsJd)==D(I9J)/VAR2
Dilsd)=A(1sJ)

RETURN

END

E=27



E=28

******************************************************

*
SUBROUTINE NVERT *
*

raXaXaXaXakakaXs

o0

12
13
14

10

*

*

# THIS SUBROUTINE INVERTS THE MATRIX GENERATED BY
*

#*

*

*

VCOVM USING BROWN'S METHOC. *
%*

*

***********************%****************************

SUBROUTINE NVERT(AsN)
DIMENSION A(696)9B(696)
DO 1 L=1oN

AMX=0+

DO 2 I=1sN
IF(AMX=A(191)) 39292
AMX=A(T91)

K=1

CONTINUE
B(KsK)==1e/A(KsK)

DO 4 J=1lsN
IF(J=K)59495
BiKyJ)3=A(KeJ) ¥B (KsK)
B(JsK)=B(KsJ)
CONTINUE

0O 6 I=1sN

DO 6 J=1sN

IF(J=1) 69797

IF({I=K) 89618

IF(J=K) 94699
BlIsJd)sA(I s )=BIIsKI*A(JIK)
CONTINUE

DO 14 I=1sN

DO 14 J=1lsN

IF(I=K) 11914911l
IF(J=K)12914912
1Ftu=1) 13sl4slo
B(lyu)=B(Jsl)
CONTINUE

DO 1 I=leN

PO 1 uy=1sN
AllsJ)sB(I9J)
CONTINUE

DO 10 I=1»N

DO 10 J=1sN
Allegl==B{10J)

RETURN

END
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APPENDIX F
DEVELOPMENT OF A RATE EQUATION WITH MUTUALLY
RATE-CONTROLLING CATALYTIC PROCESS STEPS



F.1

As was discussed in Section 6.8.3, a rate equation was
developed which featured mutually rate-controlling catalytic process
steps. The development of this rate equation is given below. To
simplify matters, the reverse reaction was ignored in this instance.
In the development which follows; A = HZS’ B = 502, L = concentration
of all sites on the catalyst, PA = partial pressure of HZS and

. CA = concentration of HZS adsorbed on the catalyst surface.

Adsorption of A:

. Ca
Adsorption of B:
. CB
- ' D
r=Kg (PBCQ - KB) (F.2)
Surface Reaction of ads. A wnd ads. B ignoring reverse kinetics:
r =K' Cy (F.3)
R L A"B :

Ignore desorption of products:
From site inventory,

L= cz + (:A + cB (F.4)



From these four equations, CA’ CB and Cg must be eliminated.

From equations (1) and (2)
_ r

(F.6)
B .

These expressions for CA and CB may be substituted into the rate ex-

pression to give:

v S __r __r

The C, may be eliminated from (7) by solving for it in (4) after re-
placing CA and CB by their expressions in (5) and (6). L is considered

constant.

r

L=C + (- K;T + Py c) Ky + PB c) Kg (F.8)
KA KBr
L= cl-K;rr+PAKAC2-K;_+ PBKBCZ
K K
(L+E'-\-rr+rg-rr)
A ]

C = (F.g)
(1 + PAKA + PBKB)



Replacing equation (9) for CL into equation (7) for rate resuits in:

K K,
Lrghor s By
r= Ky & Kpkg(= 2o + Pyl a 8 1)+
R L "A"B A A]-I-PAI_\+PKB
K KB
L+ r+os—=r
(- Lot b, sk B 7 (10)
KB B 1+PAKA+PK
Let D=1+KAPA+KBPB
_g S
Ko = Kp' T KnKp
P K K
A A B
r=K(-pr+-—=(L+zrr+z=rr)
0 KA KA KB
P K K
A B
(-—r-r‘*'—(L'*'—'rY“*'—rY‘))
KB D KA KB
K
Let e ey B
A g
. PL PMPF PL P.Mr
- r A A __r B B
-r’Ko('KAI+D+ D)(Q‘+D+ D) (]])
This equation is now expanded:
2 2
v r2 _PBL r-PBML-PAL r+PAPBL +PAPBHL
] L} LY ] ]
K0 KA KB KAD KAD kBD D2 D2
2 2
PMr BMLr PAPBM r

kB D D DZ

F-3



2L el P | PaPp"
neulll oy Rl e
P.L P, P.PM
b - g g Ag+ 2280
o Kl K D
2
P.P.L
+ (B3 -0
D
Equation (12) is of the form
A +Br+C=0
-8 +/B% - 4AC

where r= - 7

(12)

Examination of equation (12) leads to the conclusion that

the following parameters must be determined:

Ka

F-4
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APPENDIX II-A
ONLINE DATA ACQUISITION AND REDUCTION PROGRAMS



H25/502 PROJECT=RUN NUMBER

REACTOR DATA

[1=A=1

LOOP RECORD DATA EXPRESSED IN PERCENT

TEMPERATURES (DEG C) RECORD AVERAGE MAXIMUM MINIMUM STD DEV

REACTOR BED 25046
REACTOR WALL 23847
FLUIDIZED BED 21843
GAS CHROMe 9846
REACTOR FEED 2348

NUMBER

101
102
103
104
105

ABSOLUTE PRESSURE (MM HG)

REACTOR FEED 11603
CATALYST BED 859.2

FD RATE (SCFH) 64012

NUMBER OF DATA SAMPLES TAKEN WAS 22

106
107

108

RDG
27419
25486
58493
25481

5405

43454
63430

27429

RDG
2Te44
26406
59¢34
26416

5407

44497

63456

27470

RDG
22499
23412
53476
20464

5402

l4e72

63400

27402

0¢91E-01
0¢67E=01
0+10E 00
0e94E=0l

0+10€E 00

Oe¢l1lE 00
0s13E 00

0e«70E=01



STREAM
DESCRIPTION

FEED
FEED
PRODUCT
PRODUCT

MOLECULAR
SPECIE

N2
H2S

s02

H25/502 PROJECT=RUN NUMBER

[1=A=2

COMPUTER INTEGRATED PEAK AREAS

N2

0¢61627E 05
0¢56018E 05
0458984E 05
0461921E 05

FEED MOLE
FRACTION

H2S

0¢14183E 06
0el44T2E 06
0¢75039E- 05
0¢72252E 05

$02

0«18836E 06
0¢18991E 06
0410861E 06
0¢11062E 06

PROCUCT MOLE

FRACTION

048993
060779
040227

09458
0e0410

00130



[[=A=3

RUN NUMBER 1
UNITS

MASSesseeessees s GRAM
PRESSUREesseses e MILLIMETERS OF MERCURY
TEMPERATUéEoooooDEGREES KELVIN
TIMEseecoossoeee s HOUR

COMPOSITIONsseesMOLE PERCENT
VOLUMEsssesesess STANDARD CUBIC CENTIMETER

REACTION RATEseeGM MOLES/(HR=GM OF CATALYST)

VOLUMETRIC FEED RATE MEASURED BY D/P CELL 22156442

REACTION RATE OF H2S 043885 REACTION RATE OF SO2 041048
REACTION TEMPERATURE 244460  REACTION PRESSURE 58902
FEED H25/502 RATIO 343808 PRODUCT H25/502 RATIO 3s1105
CONVERSION OF H2S 49485 CONVERSION OF S02 45049
MOLECULAR FEED PARTIAL PRESSURE  MATERIAL BALANCE
SPECIE  COMPOSITION  IN REACTOR FEED PRODUCT
N2 89493 77501 84894 84894
H25S 7479 3349 04779 04390
502 2427 1048 04230 0125
2o 0400 2640 04000 04299

sx 0400 543 04000 04061

H2 0400 Te7 0:000 04089
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[1=A=4

******************************************************

3#* *
* OMOO1 *
»* %*
* DMOOl IS A DISK=RESIDENT PROCESS CORELOAD WKICH 1S #
% QUEUED BY PICOS5s DMOO1 WAS WRITTEN TO SUPERVISE  #
% LOOP RECORDSs DISK FILES AND REDUCTION OF PROCESS #
% MEASUREMENTS AND CHROMATOGRAM DATA TO KINETIC DATA #
% ON LINEe THE DATA STATEMENTS BELOW PROVIDE DMOO1l #
* WITH THE FOLLOWING INFORMATION *
%  LPHEX = LOOP RECORD NUMBERS IN HEXADECIMAL FORM *
# LPID = LOOP RECORD NUMBERS IN DECIMAL FORM *
* RGE = SPAN OF EACH LOOP RECORD *
* T - FITTED POLYNOMIAL COEFFSe FOR TEMPERATURE#*
% PRESS = FITTED POLYNOMIAL COEFFSe FOR ABSs PRESSe*
# pP = FITTED POLYNOMIAL COEFFSe FOR FDe DP CELL*
PEEY - MOLECULAR VOLUMES OF N2»s H2S AND S02 »
* *
% THE STORAGE FILES GIVEN BELOW ARE USED FOR THE »
% FOLLOWING PURPOSESs *
%  FILE 80eesSTORAGE FILE FOR ANALOG MEASUREMENT  #
* DATA WHICH IS RECOVERED FOR RUN »
* DOCUMENTATION WHEN OUTPUT 1S DESIRED #
%  FILE BleesTEMPORARY STORAGE FILE FOR CHROMATO= #
* GRAM AREA MEASUREMENTS »
%  FILE 82+4¢STORAGE FILE FOR REDUCED DATA TO BE  #
* RECOVERED WHEN OUTPUT 1S DESIRED *
* *
*****f************************************************

DEFINE FILE 80(9+100sUsIPLAC)

DEFINE FILE 81(30s7sUsIDM)

DEFINE FILE 82(2009129U9sKDM)

DIMENSION LPID(16)sLPHEX{8)sLPAD(8)sIDATA(8960)sFDATAL
1598)sRGE(8) 9T(10) sPRESS(292)9DP(393) sFLO(3)9sCR(3)sFDCR
1(693) sPRCR{693) sPREN(3) 9FOCOM{T) sPRCOM(T) 9 IDUM(100)
$yvi3)

DATA LPHEX/ZOlll0201;2oZOllSsZOlleZOllE'20116910117
$920118/

DATA LPID/0101+0102+0103+0104901059010690107+0108+0111
$+01129011390
111490115901164011790118/

DATA RGE/3%#20e92%#50093%]¢/

DATA T/56315506¢6860060362792%#5¢460391840706917e9544
$117.585392%18,

10369/ '

DATA PRESS/8¢701290031569=11234639304850/

DATA DP/=136¢711704437979=0610229=156865895¢0301
$20612099=164905995
1431989=0¢1239/

DATA 1DUM/100%0/

DATA V/224030601022144e¢24921889430/



0o

10
101

12

301

[1=A=5
DMOO01 e oo (CONT'D)
LUN=9

#»%% BTNSW IS A SUBROUTINE WHICH READS THE STATUS (ON
*%% OR OFF) OF THE COMMUNICATION BUTTONS AT THE
*### RECYCLE REACTOR

CALL BTNSW(OsN1)

CALL BTNSW{1sN2)

CALL BTNSW(29¢N3)

INIT=2
Nz4®(N1=1)+2%#(N2=1)+N3

GO TO (2939495969 79899) N

#%% TURN LOOP RECORDS ON

DO 10 I=1916
CALL OPERI(LPID(I))
WRITE(LUNs101)

FORMAT (5X¢ ' ###%_00P RECORDS ARE ON%##x1!,/)
GO TO 100

%% TURN LOOP RECORDS OFF

DO 11 1=1s16
CALL NONOP(LPID(I))
WRITE(LUN»300)

FORMAT (5X9 ' ##%#%L00P RECORDS ARE OFF*x##!,y/)
GO TO 100

*##% EXTRACT DATA FROM ACCUMULATION RECORDS

DO 12 Is=ls8

CALL FNOLPI(LPHEX(I)sLPAD(1))

LPI=LPAD(I)+4

NWORDaLD(LPI =7

DO 12 J=19NWORD

LPIsLPAD(])+6+y

IDATA(I»d)=LDILPI)

WRITE(LUNS301)

FORMAT (5X ¢ ' ####DATA REDUCTION COMMENCING*%#%!,/)

##% PROCESS THE DATA

LPI=LPADI(1)+4
NWORDsLD(LPI)=7

#ue CALCULATE MAXIMUMs MINIMUMs AVERAGE AND STANDARD
ss® DEVIATION OF LOOP RECORD READINGS

DO 14 =18



16
17
18
15

19

14

102

29

30

31

32

Il=A=6
DM0OO1 eee {CONT'D)

IAVG=0

IMAX=0

IMIN=32767

DO 15 J=19NWORD
IAVG=1AVG+IDATA(19J)/NWORD
IF( IMAX=IDATA(I9sJ)) 16916917
IMAX=1DATA(TI9J)
IF(IDATA(TIsJ)=IMIN) 184189415
IMIN=IDATA(I9J)

CONTINUE

IDEV=0

DO 19 J=1sNWORD
IDEV=IDEV+IABS(IDATA(I+J)=1AVG) *¥2
IDEV=(IDEV/ (NWORD=1) ) %#%045
FDATA(191)=1AVG/327467
FDATA(201)=IMAX/327467
FDATA(391)=IMIN/327067
FDATA(591)=1IDEV/327467
CONTINUE

WRITE(LUN9102) NWORD
FORMAT(10Xs'NOe OF ANALOG DATA SAMPLES I1S'9134/)

x#% ASSIGN SPAN TO AVERAGE RECORD READING

DO 29 J=18
FDATA(49J)=FDATA(1sJ)#RGE(J)

%% CALCULATE TEMPERATURES

DO 30 J=1l95
JJdsJ+5
FDATA(40J)8T(J)+T(JJ)*FDATA(40J)/100-

»## CALCULATE ABSOLUTE PRESSURES

DO 31 J=1s2
JJIEJ+S

FDATA(#OJJ)'PRESS(loJ)+PRESS(29J)*FDATA(4’JJ)
### CALCULATE FEED FLOW RATE UNCORRECTED

FDATA(498)=FDATA(198)%#%045

0O 32 J=1s3

FLO(J)=0e

DO 32 [=193
FLO(J)RFLO(J)+DP (19 ) #FDATA (498 ) n#(]=1)
FD1=sFDATA(496)

CALL NIP(FLO#sFD1sFD2)

FDATA(498)=FD2
FDATA(496)=FDATA(496)#760e/140e7



103

201
202

204
203

205
200

[1=A=7
DMOO1 eee {CONT!D)

READ (80'1) NEXTsNRNS
IPLAC=NEXT

WRITE(80'IPLAC) (FDATA{49J) sLPID(J) sFDATA(1sJ)9FDATALZ

$9J)1FDATA(3
14) sFDATA(S59J) 9J=198) sNWORD

NRNS=NRNS+1

WRITE(LUN9103) NRNS

FORMAT(10Xs 'NOe RUNS STORED 1S5'sl13s/)
NEXT=IPLAC

FIND(8O'1)

WRITE(80'1) NEXTeNRNS

#%% PROCESS GAS CHROMATOGRAPH DATA
NFD=0

‘NPR=0

READ(81'1) ICOUN

READ(82'1) ILN30

WRITE(82'ILN30) ICOUN

DO 200 ICHRO=2sICOUN

READ(81 ' ICHRO) IFLAGY (CR(J)9u=193)
ILN30=1LN30+1

WRITE(82'ILN30) IFLAGY (CR{J)9u=193)
IF(IFLAG) 20092009201

IF(IFLAG=2) 202192035200

NFD=NFD+1

DO 204 I=193

FDCRINFDo1)=CRI(I)

GO TO 200

NPR=NPR+1

DO 205 I=193

PRCRINPRsI)=CR(1])

CONTINUE

x*x% OBTAIN FEED AND PRODUCT CONMPOSITION

CALL CHROM(FDCR#FDCOMINFD)

CALL CHROM(PRCRsPRCOMNPR)

ILN30=ILN30+1

WRITE(82'ILN30) (FDCOM{J) sum193) 9 (PRCOMIV) 9u=193)
ILN30=ILN30+1

w## DENSITY CORRECTICN 1N FEED FLOW RATE

RON2228e/VI(1)
ROMIX'ZS-/Vi129FDCOM(1)¢3ho/V(2)*FDCOM(2)+64-/V(3!

S#FDCOM(3)

FDATA(“08)'FDATA(408)’(RCN2/ROMIX)**0-5

s## TEMPERATURE CORRECTION IR FEED FLCWw RATE



302

40
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42

306

8
9

[1-A=8
DMOO1 00 (CONT'D)

EDATA (4 98)=FDATA(498)#( (FDATA(495)+2734)/2954)%%045
PREN(1)=FDATA(496)

PREN(2)=FDATA(497)

PREN(3)=FDATA(4148)

RTEMP= (FDATA(493)+FDATA(492)+FDATA(491)) /30

CALL BALAN (PRENIFDCOMsPRCOMSRTEMPILN30C)
ILN30=1ILN30+1

WRITE(82'1) ILN3O

WRITE(LUN2302)
FORMAT (5X9 ! #%%#DATA REDUCTION COMPLETED*%x%%!4/)

x»#% 2ERO GC AREA STORAGE FILE

DO 40 I=1430

WRITE(81'I) (IDUM(J)sJ=1s7)

WRITE(81'1) INITSINIT

WRITE(LUN9303)

FORMAT (5X ¢ ! ##%#GC AREA STORAGE FILE CLEARED*#%%!4/)
GO TO 100

##% 2ERO THE LOOP RECORDS

DO 13 =18

CALL RSLP(LPHEX(1)K)

WRITE(LUN304)

FORMAT {5X s ' ## %% OOP RECORDS ZEROED*###1,4/)
GO TO 100

x%% ZERO STORAGE FILE ANALOG MSMTe DATA

DO 41 1=199

WRITE(80'I) (IDUM(J)»J=1+100)

WRITE(80*1) INIT

WRITE(LUN#305)

FORMAT(5Xy ' #u%#ANALOG MSMTe DATA FILE CLEARED#%##%!,/)
GO 70 100

##% ZERO KINETIC DATA STORAGE FILE

DO 42 1219200

WRITE(82'1) (IDUM(J)sumlsl2)

WRITE(82'1) INIT

WRITE(LUN»306)

FORMAT(5Xy ' ###%K INETIC DATA STORAGE FILE CLEARED#### 1,
$/)

GO TO 100

CONTINUE

CONTINVE




[1=-A=9
DMO01 e0e (CONT!D)

100 CALL RESET
CALL VIAQ
END
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******************************************************

*
* CHROM *
»* *
% SUBROUTINE CHROM CONVERTS GC PEAK AREAS TO *
* QUANTITATIVE ANALYTICAL RESULTSe THESE AREAS ARE  *
* MEASURED BY THE GC PACK AND STORED ON A DISK FILE *
% FROM WHICH THE AREAS ARE AVAILABLE. *
3* *
******************************************************

SUBROUTINE CHROM (CReCOMPoN)

DIMENSION COMP(7)’CR(693)’ATTEN(B)’CHSNZ(2:3)cCSONZ(Z)
DATA CHSN2/0006201o0.5824900023240007115100002236
$90e79005/

DATA CSON2/=0010977+100671/

DATA ATTEN/=144994891063/

XN=N

READ(82'1) ILN30sATTEN(2)

DO 1 J=1»3

CR(69J)=00

DO 1 I=1sN
CR(6'J)=CR(69J)+CR(I,J)*(Zlo-Z.*ATTEN(J))/XN
IF(Se6=ATTEN(2) 139495

Ml=1

GO TO 6

Ml=2

GO TO 6

Ml=3
HNRAC=CHSNZ(10M1)/100.+CHSN2(2’Ml)*CR(6o2)/CR(691)
SNRACSCSONZ(I)/100.+CSON2(2)*CR(693)/CR(691)
COMP{11=14/(1e+HNRAC+SNRAC)
COMP(2)=1e=COMP (1) =SNRAC*CO¥P{1)
COMP(3)=1¢=COMP (1) =HNRAC*CONMP (1)

RETURN

END
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[1=A=11
******%***********************************************

¥
* BALAN *
* *
# BALAN CALCULATES THE MATERIAL BALANCE ACROSS THE *
# RECYCLE REACTOR AND FROM THIS OBTAINS REACTION RATE#*
% AND PARTIAL PRESSURESe THIS INFORMATION IS STORED *
# ON A DISK FILE FOR LATER RECOVERYs *
*
*

*
*****************************************************

SUBROUTINE BALAN (PRESS’FDCOM’PRCOMORTEMP’ILN30)
DIMENSION PRCOM(7)’FDCOM(7)lBAL(Z’?)lPRESS(3)9V(3)
DATA V/22403060022144024’21889.30/
WC=1e
DO 10 J=13
10 BAL(10J)=FDC0M(J)*PRESS(3)/V(J)*283170016
BAL(291)=BAL(1s1)
BAL(Z’Z’=BAL(2!1’*(PRCOM(Z)*V(1)/PRCOM(I)/V(Z))
BAL(2’3)=BAL(201)*(PRCOM(3)*V(1)/PRCOM(I)/V(B))
BAL(204’=(20*(BAL(1!3)-BAL(2,3))+BAL(1’2)'BAL(2’2))/20
BAL(2!5)'BAL(1’2)+BAL(1’3)-BAL(202)-BAL(203)
RTEMP=RTEMP+273
PRS=PRESS(2)/760¢%*BAL(255) /8¢
22 CALL FREM(PRSIRTEMP#XS)
PR$1=PRESS(2)/760@*8AL(295)/X5
IF(ABS((PRS'PRSI)/PRSI)‘0.005) 20920921
21 PRS=PRS1
GO TO 22
20 BAL(2+5)=BAL(295)/XS
BAL(296)=BAL(112)'BAL(202)-BAL(294)
RXH2$=(BAL(112)'BAL‘202))/WC
RXSOZ=(BAL(193)-BAL(Z!3))/WC
FDRAT=BAL(192)/BAL(193)
HZSCN‘(BAL(IOZ)'BAL(ZOZ))/BAL(I!Z)*lOOo
502CN'(BAL(1'3"BAL(2’3,)/BAL(103)*1000
PRRAT=BAL(292) /BAL{2+3)
PRESS (3 )=PRESS(3)#283174016
TOT=0s
DO 12 J=1le5
FOCOM(J)=FDCOM( ) #1100
12 TOT=TOT+BAL(2sJ)
DO 13 J=195
13 PRCOM(J)'BAL(ZOJ)*PRESS(Z)/TOT
RTEMPsRTEMP=2734
WRITE(82'ILN30O) pRESS(3)’RXHZS’RXSOZ.RTEMPOPRESS‘2)
$»FDRAT
ILN30sILN30+1
WRITE(82'ILN30) PRRAT sH2SCiN9S02CN
DO 100 J=196
ILN30=ILN30+1
100 WRITE(82'ILN3O) FDCOM(J)oPRCOM(Jl’BAL(IOJ)QBAL(Z’J)



[1=A=12
BALAN ees (CONT!D)

RETURN
END
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[1=A=13

******************************************************

SUBROUTINE FREM

* *
* *
» *
* THIS SUBROUTINE AND ASSOCIATED SUBROUTINES GSETs - *
% GAUSSs FREN AND NEZE ARE USED FOR DETERMINING THE *
%* AVERAGE MOLECULAR WEIGHT OF SULFUR AT THE TEMPER~ *
% ATURE AND PRESSURE OF THE EXPERIMENTAL RUNe THESE %
* SUBROUTINES WILL NOT BE LISTED HERE SINCE THEY *
% ALREADY APPEAR IN APPENDIX 8 OF PART Ie *
* *
******************************************************

SUBROUT INE FREM(PRESS»T9XS)
END
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*************************************%****************

DMO02

¥*

*

*

# DM0OO2 1S A DISK RESIDENT PROCESS CORELOAD WHICH IS
%* QUEUED BY PICOS5s 1S PURPOSE IS TO SUPERVISE THE
* GAS CHROMATOGRAPH PEAK AREA DETECTION ROUTINES.

%* THE PEAK AREAS ARE TRANSFERRED TO FILE 81 FROM

% WHICH THEY ARE LATER RECOVERED BY DMOO1l FOR DATA
* REDUCTIONe

*
*

****************************************************

EXTERNAL DMGC

DIMENSION LPID(2)sIDUM(T)sLPHEX(2)
DATA LPID/010990119/

DATA IDUM/T7%0/

DATA LPHEX/20109920119/

DEFINE FILE 81(3097sUsIDM)

DEFINE FILE 82(2005129U9sKDM)

LUN=9

INIT=2

CALL BTNSW(OsN1)

CALL BTNSW(19N2)

CALL BTNSW(29N3)
NBo#(N1=1)+2%#(N2=1)+N3

GO TO(1lsl9l9293949596)9N
READ(81'1) ICOUNsIFINC
WRITE(81'IFINCIN

IFINC=IFINC+]

WRITE(81'1) ICOUNSIFINC
WRITE(LUN®53} N

FORMAT(/95X s 1 #%x%% CHROMATOGRAM LABELLED ! 912! #xs%xt)
GO TO 7

DO 10 I=1930

WRITE(81'I) (IDUM(J)su=19T7)
WRITE(81'1) INITHINIT
WRITE(LUNSS4G)

FORMAT(/95Xe ! #u%% GC FILE INITIALIZED #innt)
GO To 7

ATT=948

GO TO 8

ATT=Ge6

GO TO 8

ATT=94:4

READ(82'1) ILN30

WRITE(82'1) ILN30ATT
WRITE(LUN®S55) ATT
FORMAT(/95X et e H2S ATTENUATION sl gFlboly? #Num!])
GO TO 7

CALL DOUT1(109991)

CALL TIME (IHReIMINSISEC])
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12

13

DMO02 s (CONT!'D)

CALL RSLP(LPHEX(2)sK)

DO 11 1=1»2

CALL NPER(LPID(I))

CALL DEFER

CALL QUEUE (DMGC35909994500)

CALL TIME(JHRsJUMIN9JSEC) _
ITIME=3600*(JHR-IHR)+60*(JMIN-IMIN)+JSEC-ISEC
IF (15=ITIME) 13913912

CALL DOUT1(10+9+0)

WRITE(LUNS51)

FORMAT (/910X #%#% GC NOW BEING SCANNED %xxl)
CONTINUE

CALL RESET

CALL VIAQ

END

[1=A=15
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*************%****************************************

DMGC

% ¥ %k %k X

DMGC 1S A DISK RESIDENT PROCESS CORELOAD WHICH IS
QUEUED BY COMMAND FROM DM002e ITS PURPOSE IS TC
SUPERVISE THE GAS CHROMATOGRAPH PEAK AREA DETECTION*
AND DETERMINATION SUBROUTINESe THE PEAK AREAS ARE *
TRANSFERRED TO DISK FILE 81 FROM WHICH THEY ARE *
LATER RECOVERED BY DMOO1l FOR KINETIC DATA PROCESS= *
ING AND REDUCTION. *

*

*****************************************************

INTEGER RECSZsDKINsDKOUTsERRLPERRZ
DIMENSION LPID(Z):LPHEX(Z)’IDATA(SOO)oSTART(S)oEND(S)
SINTIME(3) sARA

1(3)

DEFINE FILE 81(3097sUsIDM)
DEFINE FILE 83(6493209U»100)
DEFINE FILE 84(293205U»J00)
DATA LPHEX/20109+20119/

DATA LPID/010990119/

DATA END/lOZo’240.94300’00!0./
DATA START/554910249170050e304/
LPDI=LPHEX(2)

NOPTS=2450

RECSZ2=320

NRECS=2

DKIN=83

DKOUT=84

LUN=9

NUMBR=3

CALL NONOP(LPID(2))

CALL NONOP(LPID(1))

C EXTRACT DATA FROM BUFFER USING GBDAT

CALL NIGBD (LPDIoNOPTS’RECSZoNRECSvDKIN’DKOUTONT1ME
SIERR1IERRZ)

WRITE (LUN#23) ERR1IERR2
23 FORMAT (20X#'ERR1 ='y16/20Xs'ERR2 ='416/////)

C 2ERC ACCUMULATION RECCRC

CALL RSLP(LPHEX(2)9X)
IF (ERR2=10) 29217
2 WRITE (LUN»3)
3 FORMAT (10X s !#xsnsnunnns NUMBER OF CATA LESS ToAi 10 ##
X2222 222 AWNA
GO TO 8
7 CONTINVE



pMGC + 0o (CONT'D)

READ(84'1) (IDATA(J)sJ=19320)
READ(84'2) (IDATA(J)sJ=3219450)
CALL PKARA (START$ENDs IDATAsROPTSsNUMBRARA)
READ(81'1) ICOUN

1DUMY=0

WRITE(81'ICOUN) IDUMY1ARA
ICOUN=ICOUN+1

WRITE(81'1)ICOUN

CONTINUE

CALL VIAQ

END

[1=A=17
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336 3 36 3 9 36 36 96 96 3 36 36 36 3 3 96 3 9 3636 36 3 9 I 3 36 3 3 3 3636 3 36 26 W 330 96 36 3 H R K I 36 3 e H WK I

PKARA

WHICH WERE DETECTED BY PKFNDe SIMPSONS RULE

* *
* *
* *
* PKARA CALCULATES THE AREAS OF THE PEAKS *
* *
* INTEGRATION IS USED TO CALCULATE THE AREAS. *
#* *
* *

23 36 3 3 36 3 36 36 3 3 36 36 3 36 336 2 363 9 3 I 3 3 3 % 3 36 I3 36 3636 36 6 3 36 3 J 6 I 2 30 I H M3

 SUBROUTINE PKARA (STARTYENDsYsNPTSsNUMBRARA)
INTEGER Y(1)

DIMENSION AREA{(5)9START(1)9END(1)9BCARA(5)9ARA(3)
SING(3)

COMMON 1END(S5) sNPEAKIISTRT(5) sNAPEX(5)9BSARI(S)
H=1le

LUN=9

NPEAK=0

CALL PKFND (YsNPTSsNCOND)

1S THERE ANY PEAK FOUND BY SUBROUTINE LIUPK
IF (NPEAK) 250925091
NO PEAK WERE FOUND

250 WRITE(LUN»251) NPEAK
251 FORMAT(5Xs!#% NO PEAKS FOUND IN DATAs NPEAK='915s! s#x!
$/77)
GO TO 8
1 CONTINUE
IF (NCOND) 334933434

END OF DATA DURING PEAK ELUTION

34 WRITE (LUN#35)

35 FORMAT (15X '#=#=% END OF DATA DURING PEAK ELUTION #=#
S=% 1///)

33 CONTINUE

SOME PEAKS HAD BEEN FOUND

DC 120 K=1sNPEAK
AREA(K)=0

APEX- 1S REQUIRED FOR 1ST AND 2ND PEAKS

IF (K=2) 4194495

5 L=]lEND(K)=ISTRTI(K)
[APFL=3
AR1=0.
XsFLCAT(L) /2.
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[1=A=19
PKARA ese(CONT'D)
L=L/2
CHECK NOes OF INTERVALS EVEN OR QDD
IF (X=L) 22422921

ODD NUMBER OF INTERVALS ADD ONE INTERVAL TO PEAK

IEND(K)=IEND(K)+1
IBGN=ISTRT(K)+1
JEND=IEND(K)=1

GO To 20
ISTR=1STRT(K)
L=IEND(K)=ISTRT(K)
CALL APEX (L3sYsAPARA$ISTRoIFLsIBF)
L=IFL=ISTRT(K)
1APFL=0

JEND=IFL
IBGN=1STRTI(K)

GO TO 6
L=IEND(K)=1BF
IBGN=1IBF
JEND=IEND(K)

CHECK IF NUMBER INTERVALS EVEN OR ool

X=FLOAT(L) /20
L=L/2
IF(X=L)20+20910

ODD NUMBER OF INTERVALS ADD ONE INTERVAL TO PEAK

IF(IAPFL) 12912911
JEND=1END(K)=1

GO TO 20
IBGN=ISTRTI(K)+1

SIMPSONS RULE INTEGRATION

JIENDSJUEND=2

DO 40 IsIBGNsJJENDsZ
AREA(K)ﬂAREA(K)+Y(I)+4.*Y(I+1)+Y(I+2)
AREA(K)SAREA(K)®#H/3e
IF (K=2) 12691269127
CONTINVE

IF (1APFL) 14914915
CONTINVE

AR1=AREA(K)
AREA(K)=Q4

[APFL=]
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127

120

122

90

125
8

PKARA e0e {CONT'D)

GO TO 16

CONTINUE
AR2=AREA(K)
AR3=AR1+AR2+APARA

BASE=LINE CORRECTED AREA

BCARA (K)=AR3=BSAR(K]
CONST=BCARA(K!/FLOAT(NAPEX(K))
GO TO 120

CONTINUE

BASE=LINE CORRECTED AREA
BCARA(K)=AREA(K)-B$AR(K)

CONSTSBCARA(K)/FLOAT(NAPEX(K))
CONTINUE

CHECK IF NOs CF PEAKS FOUND = NOs SPECIFIED

IF (NUMBR=NPEAK) 12291259122
CONTINUE

WRITE (LUN»SO)

[1=A=20

FORMAT (15X ! ¥tk NUMBER OF PEAKS FOUND DIFFe FROM

$ SPECIFIED #*=%~
1%t ///17)
CONTINUE
CONTINUE

RETURN

END
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C 333036 3 3 B 2000 3636 46 3 320903 36 5003 30K RN AR K HH R IR A RHR
C *
C #* PKFND *
C * *
C * PKFND DETERMINES PEAK EVENTS BY EXAMINATION OF THE *
C . % FIRST DERIVATIVE OF THE THERMAL CONDUCTIVITY #*
C * DETECTOR SIGNALe PERTINENT DATA 1S TRANSFERRED #*
C # BACK TO PKARA FOR CALCULATION OF PEAK AREAS. #*
C * ™
C 36 36 36 96 3636 36 36 696 36 36 96 96 36 36 36 3 26 36 304303 H R H NI MK RHIIRRHH R R RHARF
SUBROUTINE PKFND (YsNPTSsNCOND)
INTEGER Y(1)
DIMENSION NEN(5)#NST(5)
COMMON IEND(5).NPEAK01$TRT(5)’NAPEX(S)oBSAR(5)
DATA DBSTDBEND s ITEST/3e0916093/
DATA DRVliDRVlA’ICFST’ICFED!NGHG/O.’0000’0’0/
NPEAK=0
H=1le
NCOND=0
LUN=9
BSAR(11=0s
BSAR(2)=0s
BSAR(3)=0.
BSAR(4)=0,
BSAR(5)=0s
NDATA=NPTS=4
DO 200 I=3sNDATA
DRV1B=DRV1
C COMPUTE FIRST DERIVATIVE AT Y(i)
DRV1=DRV1A
C COMPUTE FIRST DERIVATIVE AT Yii+1)
C SEVEN POINT LEAST SQUARES ESTIMATE OF FIRST DERIVATIVE
DRV1A=3u*(Y(I+4)-Y(1-2))+Zo*(YtI+3)-Y(1-1)}+
1Y(1+2)=Y(])
DRV1A=DRV1A/ (28 e%H)
C 1S5 PEAK IN PROGRESS
IF{NCOND)1091094C
C PEAK IS NOT PROGRESS
C CHECK FIRST DERIVATIVE FOR PEAK STAKRT

10 IF(DRV1=DBST) 200120423

C CONFIRM PEAK START ITEST TIMES
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PKFND e es (CONT'D)

ICFST=I1CFST+1
IF(ICFST=ITEST)200430+30

PEAK HAS STARTED

NCOND=1

INCREMENT PEAK COUNTER
NPEAK=NPEAK+1

IF (NPEAK=5) 3009300301
CONTINUE

SAVE INDEX OF STARTING POINT
1STRT (NPEAK)=1=1TEST+1
11ST=1STRT(NPEAK)
NSTUINPEAK)=Y(11ST)
1CFST=0

GO TO 200

CHECK FOR PEAK END
HAS FIRST DERIVATIVE GONE +VE TO =VE

IF{NGHG)50950s70
IF(DRV1)60920C»200

FIRST DERIVATIVE HAS GONE +VE TO =VE
NGHG=1

SAVE INDEX OF PEAK HEIGHT
IF (Y(I)=Y(I=1)) 41945945
NAPEX (NPEAK)=Y(I=1)
IMAX=I=1

GoC TO 70

NAPEX (NPEAK)=Y(])

IMAX=1

CHECK FOR PEAK END
IF(DRV1+DBEND)200+80+80
CONFIRM PEAX END
ICFED=ICFED+l

CHECX FOR START OF NEw PEAX

[I=A=22
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77
78

87

33

22

38

31
35

201

37

88

200

202

PKEND  ses (CONT'D)

IF{DRV1=DBST) 77975975
ICFST=ICFST+1

GO TO 78

ICFST=0
IF(ICFED=ITEST1200+87+87

PEAK END
SAVE INDEX OF END POINT

IEND(NPEAK)=1

NEN(NPEAK)=Y (1)
NFRNT=NAPEX (NPEAK ) =NST (NPEAK)
NBK=NAPEX (NPEAK ) =NEN(NPEAK)
L=IEND (NPEAK)=ISTRT (KPEAK)

CHECK IF THE DETECTED PEAK IS NOISE

IF (L=10) 33433922
NPEAK=NPEAK=1

GO TO 37

CONTINUE

CHECK IF THE DETECTED PEAK IS BASELINE DRIFT

IF (NFRNT=500) 31431s38

IF (NBK=500) 31931935

YES DECREASE PEAK COUNTER
NPEAK=NPEAK=1

GO TO 37

CONTINUE

IF (NPEAK) 2029202»201
CONTINUE

BSAR(NPEAK)=(FLOAT(NEN(NPEAK)+RST(NPEAK)))
$#(FLOAT({IERDINPEAKI=1STR
1T(NPEAK) )1 /20

CHECK FOR IMMEDIATE START OF ~Ew PEAK

CONTINUVE
IF{ICFST)88988925
ICFED=0

NCCND=O

NGHG=0

ICFST=0

CONTINJE

GO TO 400
CONTINJE

WRITE (LUN#203)

1I=-A=23
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PKFND 0o e (CONT'D)

203 FORMAT (10Xs'#%#x% NPEAK=0 *xx%¥!1///)
GO TO 400
301 CONTINUE
WRITE (LUN»302) NPEAK
302 FORMAT (10Xs!'NPEAK ='915///)
400 CONTINUE
RETURN
END
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********%****%****************************************

*
APEX

*

* *
* *
% APEX IS USED TO ANALYTICALLY CALCULATE THE AREA OF *
# THE APEX OF SHARP PEAKS. *
* *
# *

****************************************************

SUBROUTINE APEX (NPTSsYsAPARASISTRIFLIBF)
INTEGER Y(1)

DIMENSION SM{8)9X(11)

DATA X/Oo’1002093094095096-97-o8o,9o’100/
DO 20 I=1»8 ' o

SM(I)=0.

M=3

ISTRT=ISTR+1

NPT=NPTS+ISTR

DO 1 I=ISTRTeNPT

DER2=Y(1)=Y(I=1)

DER3=Y(I+1)=Y(I)

IF (DER3) 19192

1F (DER3=DER2) 393,l

DER&4=Y(I+2)=Y(I+1)

IF (DER4) 5919l

1F (DER4+DER2=2+%DER3) 69697

IBF=1+1

1FL=1

GO TO 8

IFL=1+1

IBF=142

GO TO 8

CONTINUVE

DO 9 I=lsM

JE]1+M

JlsIFL=1+1

J2zIFL=M+]

J3=I18F+]=1

SM(1)=SM(1)+X(])

SM(2)=SMi{2)+Y(JUl)

SM{3)mSM(3)+X (1) %Y (J2)

SMia)=SM{4)+X ()

SM(5)=SM(5)+Y(J3)

SM(6)BSM(6)+X(J)#Y(JU3)

SM{T)SSMIT)I+X(])##2

SM(B8)sSM{B)+X () #e2

CONTINUE
AIF'(M’SM(3’-SM(1)‘SM(2))/(M*SM(?)-SM(I)**Z)
AlS‘(M‘SM(é)-SMth)GSH(S))/(M*SV(B)-SM(“)**Z)
AOF'(5M(7)*5“(2)-SM(3)*5M(1))/(M*SM(7)-SN(1)**2)
AOBI(SV(B)*SV(Ei-SM(&)*SN(#))/(M*SM(S)-SM(Q)**Z)
ApAQAﬂ(AOF'AQS)**Z/(ZO*(AlS'AlF))-X(M)*(A0F+X(M1*A1F
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APEX s 0o {CONT'D)

$/2e)+X(M+L)%(A
UOB+X (M+1)%A1B/2s)
RETURN
END
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326 36 36 96 6 36 96 36 56 3 36 96 6 63 3 36 36 36 2 36 396 36 9 36 3 90 26 96 3 A I 3036 96 36 3 36K e W BN H KR

* *
* DMO06 *
3#* *
* THE PURPOSE OF DM0O6& IS TO EXTRACT PROCESSED FROM #
* FILES AND WRITE IT OUT ON THE LINE PRINTER OR CARDS*
* FOR FUTURE MACHINE REPRODUCTIONe *
*

*

*
296 36 9 P 35 36 36 26 36 9 36 36 35 3 I 3 36 36 36 3 3 36 336 3 35 36 H 30 0 90 3 I I 0 I 36 3 33 2K eI 0 2N

DEFINE FILE 80(99100sUsIPLAC)
_DEFINE FILE 82(2009129sUsKDM)

DIMENSION COL1(8)9ICOL2(8)sCOL3(8)sCOLL(8B)ICOL5(8)
$9COLE(8 ) sNRUN(B)

DIMENSION FDCOM(?)oPRCOM(?)oBAL(Zo?)oPRESS(B)oSNAN(Z
$93)

DATA SNAM/'FEED"' 'o'PROD' 'UCT 'o'DELE','TED v/
LUN=6

ILN30=2

IPLAC=2

READ(80'1) NEXTsNRNS

READ(591) NCOPY

READ(S591) (NRUN(J) sJ=1sNRNS)

FORMAT(1015)

READ(594) WC

FORMAT(5F10e5)

DO 2 I=1sNRNS

READ(80O'IPLAC) (COL1(J)9ICOL2(J)9COL3(u)9COLLIV)
S9COLS(J) o COLE(J)

1u=198) s NWORD

READ (591) NDUM

WRITE(597) NRUNI(I)

WRITE(596) (COL1(J) o ICOL2(U)COL3(J)COLLIY)
$eCOLS(J)9COLE(UY) s

ly=1481)

FORMAT(F10e¢591594F1045)

WRITE(597) NWORD

FORMAT!{IS)

DO 8 K=1lsNCOPY

WRITE(693)

FORMAT('1')

WRITE(699) NRUNI(I)

FORMAT(////925X9'H25/502 PROJECT=RUN NUMBER's13)
WRITE(LUNYZ1)

FORVAT(///013X0'REACT0R DATA LOOP RECORD DATA
$ EXPRESSED IN PE

1RCENT!/)

WRITE(LUN22)

FORMAT(10Xs ! TEMPERATURES (DEG C) RECORD AVERAGE
$ MAXIMUM MINIMUM ST

1D DEV'!/31Xs!NUMBER RDG RDG ’RDG'/)
WRITE{(6923) (COLL(J) 2ICOL2(J)sCOL3LU)ICOLLIY)
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DM0O06 ese (CONT'D)

$9COLS(J)9COLE(J)
1u=195)
23 FORMAT{11Xs'REACTOR BED 'F6-1,2X’I4a3(2XoF6o2)0E9o2//

1 »11Xs 'REACTOR WALL 'F6ol’2X9I4a3(2X9F602)oE9o2//
1 911Xy 'FLUIDIZED BED'F6.192X.19,3(2X9F602)0E9-2//
1 »11Xs 'GAS CHROMe. 'F6.192X’I403(2X’F6o2)oE9.2//
1 »11Xs 'REACTOR FEED 'F601’2XQI4,3(2X9F602)'E902//
$ ) :

WRITE(6924) (COLl(J),ICOLZ(J)oCOL3(J)oCOL4(J)
S9COL5(JU) sCOLELI) Y

1U=618)

24 FORMAT(10Xs!ABSOLUTE PRESSURE (MM HG)'//11X9'REACTOR
$ FEED 'sFb6el92
1X0I4,3(2X9F602)oE9n2//11X9'CATALYST BED 'sF6ele2Xrl&
$93(2X9F662)9E9
1¢2///10X9'FD RATE (SCFH)"F7-3'1X’1403(2X0F602)0E902)
WRITE(LUN»36) NWORD

36 F?RMAT(////:IOX.'NUMBER OF DATA SAMPLES TAKEN WASt13
Sefel)

8 CONTINUE
READ{(82'ILN30) ICOUN
I1COUN=1COUN=2
DO 12 1CHRO=1sICOUN
ILN30=ILN30+1

12 READ(82'ILN30) ICOLZ(ICHRO),COLI(ICHRO)’COL3(ICHRO)
$9COL4 (ICHRO)

ILN30=ILN3C+1
READ(82'I1LN30) (FDCOM(L)oL=1o3)o(PRCOM(L)9L=lo3)
DO 16 K=1sNCCOPY
WRITE(693)
WRITE(6914) NRUNI(I)

14 FORMAT(////+25%9 'H25/502 PROJECT=RUN.NUMBER'913)
WRITE(6915)

15 FORMAT(///olSXo'STREAM’912X!'COMPUTER INTEGRATED PEAK
S AREAS'//10X»
l.DESCRIPTION'OlOX!'NZ"11X"H2$'OIIXI'SOZ'/)

DO 17 L=19ICOUN
LK=IcoL2(L)

17 WRITE(&918) {SNAMIJILK) s J=192)9COLLILIICOLIIL)
SyCOoL&(L)

18 FORMAT(12X02A4’6X03(Ello593X)/)

WRITE(6935) (FDCOM(L).PRCOM(L)9L=193)

35 FORMAT(///015X0'MOLECULAR' »6Xs'FEED MOLE' 16X
&4 'PROCUCT MOLE!

197717 XO'SPECIE'OBXO'FRACTION'QBXQ'FRACTION'//IBXO‘NZ'
S910X9Fbelbsll
2X9F604//18XO'H25"9XvF60“911X9F6o4//18X0'SOZ'09X'F604
5011X’F6051

16 CONTINUE

WRITE(597) ICOUN
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DMOO6 s oo {CONT'D)

DO 19 L=1sICOUN
LK=ICoL2(L) :
19 WRITE(5920) (SNAM(JsLK) su=192)sCOLL(L) sCOLB (L) sCOLAIL)
20 FORMAT(2A493(E11e593X)) :
ILN30=ILN30+1
READ(82'ILN30) PRESS(3) sRXH2S9RXSO2sRTEMP#PRESS(2)
$9FDRAT
RXH2SsRXH2S/WC
RXS02=3RXS502/WC
ILN30=ILN30+1
READ(82'ILN30) PRRAT#H2SCN»SO2CN
WRITE(5926) (FDCOM(L) sL=193) 9 (PRCOM(L) sL=193) ‘
WRITE(5926) PRESS (3 ) sRXH2S9RXSO2yRTEMP sPRESS (2) 9FDRAT
WRITE(5926) PRRATIH2SCN9SO2CN
26 FORMAT(6F1045)
DO 30 JK=196
ILN30=ILN30+1
READ(82'ILN30) FDCOMIJK) 9sPRCOM{UK) 9BAL {1 9JUK) 9BAL(29JK)

30 WRITE(5931) FDCOM(JK ) s PRCOM(JK) 9BAL {19 JK) 9BAL{29JK)
31 FORMAT(4F1045)

KRUN=NRUN(T)
DO 25 K=1sNCOPY
CALL OUTPT(KRUN.RXHZS’RXSOZ9RTEMP,PRE$$oPRCOMoFDCOM
$9FDRATsPRRATsBA
1L sH2SCN9SO2CN)
25 CONTINUE
ILN30=ILN30+1
2 CONTINUE
CALL EXIT
END
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******************************************************

* *
* OUTPT *
* ' *
% OUTPT HAS THE SOLE FUNCTION OF WRITING OUT THE *
* CALCULATED RESULTS ON THE LINE PRINTER *
* *
5630 96 36 96 396 366 2690 H0 0606 3636060 30 H 00930 00 3 FE I 0600 00 3K I HIII IR KR R H AN

SUBROUTINE OUTPT (NRUN’RXHZSORXSOZ’RTEMP’PRESS!PRCOM
$9FDCCMIFDRAT 9P
1RRATsBAL 9sH2S5CN 9 SO02CN)
DIMENSION PRESS(3) sPRCOM(T) sFDCOM(T) 9BAL (29 7)
WRITE(695)
5 FORMAT('1")
WRITE(691) NRUN
1 FORMAT(////10XsRUN NUMBER' 913 /3TXs YUNITS!//18X
S9etMASSeseesssens
locGRAM'//18X0'PRESSURE-..oooooMILLIMETERS OF MERCURY!'/
$/18X9s ' TEMPER
1ATUREee s ¢ e DEGREES KELVIN'//18X"TIMEOOOOOOOOOoocHOUR‘/
$/18%9 'COMPOS
1ITIONes e s e MOLE PERCENT'//le"VOLUME.OOOCOOOOOSTANDARD
$ CUBIC CENTI
IMETER'//18X9'REACTION RATEseeGM MOLES/ (HR=GM OF
$ CATALYST)'///) v
WRITE(693) PRESS(3)
3 FORMAT(10X»'VOLUMETRIC FEED RATE MEASURED BY D/P CELL!
$911X9F9el1/)
WRITE(692) RXH2SsRXSC2RTEMP9PRESS(2)
2 FORMAT(10Xs!'REACTION RATE OF H2S' 9FTe4 95X 9 'REACTION
s RATE OF 8902
1'F7e4//7/10X9 'REACTION TEMPERATURE '9FT7e295X 9 !'REACTION
$ PRESSURE
1'F7.1/)
WRITE(696) FDRATIPRRATsH2SCN9SO2CN
& FORMAT(10Xs'FEED H25/502 RATIO !t JFTets5% »'PRODUCT
$ H25/S02 RATI
10" 9FT7e4//10X s 'CONVERSION OF H2S b 4FT4295X
%9 'CONVERSION OF 502
1 V1 9FT7e29//7/7)
WRITE(694) {FDCOM(J) sPRCOM(JY 9BAL (19U ) 9EALIZ00) yJel
$96)
4 FORMAT(IOXo'MOLECULAR'05X0'FEED'06X0'PARTIAL PRESSURE!
SeuXxXs ' MATERIA
1L BALANCE'//IIXQ'SPECIE'94X'COMPOSITION'o#Xo‘IN
$ REACTOR' 18X !'FEED
1 PRODUCT!' /713X 'N2 19 TXsF662909X9F6e199X9FTe393X
SsFTe3//13X9H2S!
107X9F60209X0F6o109X0F703!3XtF703//13X0'SOZ'07X0F60209X
SeF6e199X9FTe
13’3XoF703//13X0'H20'07X’F60209X0F601o9XoF7.303XoF7.3/
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OUTPT +so (CONT!'D)

$/13Xe 15X 17X
1!F602’9X0F60109X02(F7O3Q3X)//13X'H2'BXiF602l9X’F60199X
$92(FT7e303X))

RETURN

END



