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PREFACE

Calculating chemical reaction equilibrium by the free energy
mihimization method is convenient especially for multi-component multi-
reaction systems. A computer program based on this method was obtained,
tested, aﬁd modified. The program was used to study the thermbdynamic,
equilibrium and efficiency of the Claus process which is commonly used
for converting hydrogen sulfide in acid gases to sulfur. ‘The study con- |
sidered all possible reaction products including the eight sulfur poly-
mers that were generally neglected in previous studies. Several vari-
ables that might influence sulfur recovery in a Claus plant were
examined. In addition to considering sulfur recovery the concentrations
of sulfur containing components in the plant tail gas were determined.
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CHAPTER 1
INTRODUCTION

Whenever a chemical reaction is allowed to take place, whether on
paper or in a full-scale plant, chemists and chemical engineers
desire to know the composition of the product that is expecfed at
thermodynamic equilibrium. The equilibrium yield represents the maxi-
mum yield obtainable under specified reaction conditions of temperature
and pressure. Knowledge of the yield can help process designers and
plant operators adjust reaction conditions or use catalysts to maximize
production of desired products and eliminate or reduce undesired side
reactions. v

To many persons chemical equilibrium is characterized by a single
equilibrium constant which allows equilibrium compositions to be easily
ca]cu]afed. A simple example is the reaction between molecular and
atomic hydrogen,

1

7 === (1-1)

The reaction equilibrium constant is related to thermodynamic data

i

and partial pressures by the following equation:

M (1-2)

172
P
()

. o
K= e-AG /RT =



From Equation (1-2) and the ideal gas law the composition'of the gas
can easily be determined at any temperature and pressure. In some
cases two or three reactions proceed simultaneously and two or three
non-linear equations similar to Equation (1-2) have to be solved
simultaneously for product composition.

The need for accurate composition data, therefore solution of.
many simultaneous reaction equations, became apparent as people begén
to study chemical processes at extreme temperatures and pressures and
as environmental regulations became more strict. In combustion prob-
lems such as the Claus process furnace, where the hydrogen sulfide
rich gaé is burned with air, more than twenty-five reactions can take
place simultaneously involving as many as fifty chemical species.
Nearly all of these reactions have to be considered for accurate
composition data because we are not only interested in the concen-
trations of the dominant spécies‘but also in the minor species present
in the ppm range as well. Clearly a digital computer is necessary
to carry out the calculations for such large systems.

There are basically two methods for ca]cu]atihg chemical equili-
brium :compositions for multi-reaction systems. The firstAi§ the
equi]ibrium“const;;£ %eth0d, and the second is the‘%ree energy minimi-
zation method. Both methods are based on the same principle for the
condition of chemical equilibrium; that is, minimum free energy. The

principle can be expressed mathematically as:

(th)T’p =0 (1-3)



The meaning of Equation (1-3) is that the equilibrium state of a closed
system at constant temperature and pressure is that state for which the
total Gibbs free energy is a minimum with respect to all possible varia-
tions in composition. Depending on the details of how Equation (1-3)
is developed, the end result will be either the equilibrium constant
methodvor the free energy minimization method (41).

The equilibrium constant method has been in use for many years
and is the one usually described in thermodynamic textbooks (4, 36).
In this method selected independent overall reactions are written and
their equilibrium constants determined. The chemical species involved
in these reactions are usually called key components in order to
distinguish them from other species which are present in the reaction
system, but neglected. Expressions such as Equation (1-2) are
written for these key reactions, and are solved simultaneously by
algebraic reduction or some other numerical technique (41). The
equilibrium reaction equations are usually non-linear and their
number and complexity increases as the number of species in a reaction
increases.

The disadvantages of a generalized equilibrium constant method
are (25): a lot of bookkeeping; difficulties with component selection;
numerical difficulties with compositions that become extremely small;
difficulties in testing for the presence of some cohdensed species;
difficulties in extending the generalized method to non-ideal equa-
tions of state. v

The above difficulties are less found in the free energy

minimization method. According to Gibbs (10) at equilibrium the free



energy of any system is at a minimum. This concept is illustrated
in Figure 1 where the free energy of the -mixture of H2 and H in
reaction (1-1) at 3000°K and 1 atm is plotted against the partial
pressure of H2. The minimum free energy occurs at PH2 = 0.855 which
is exactly the value obtained by the equilibrium constant method,
Equation (1-2). However, this examp]é is trivial and the picture
becomes more complicated as the number of reactions increases. Here
the free energy minimization method becomes very helpful. With this
method individual equilibria are not considered, as such. Rather,
the possible product species are indicated and the distribution of
these species is determined using a completely general mathematical
technique to give a minimum free energy for the system. The mathe-
matical procedure usually requires no prior knowledge of the chemistry
of the system nor does it require accurate initial guesses. What it
requires is a specification of the reaction conditions (say-tempera-
ture and pressure), the initial elemental composition, and the pro-
duct species. From this information the equiiibrium composition can
be calculated.

A versatile compﬁter program was developed by NASA (14) to cal-
culate complex chemical equi]ibrium'compositions by the free energy
minimization method. The program contains its own thermodynamic data
file.

One of the objectives of this work is to examine and test the

free energy minimization technique with several simple reactions and

compare the results against those obtained by the equilibrium con-
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stant method or reported in the 1iterature. The NASA computer program
was obtained and modified for this purpose. Once the results of the
program were satisfactory, it was used to study the Claus process.
This process is very widely used for the conversion of hydrogen sulfide
in natural gas streams to sulfur. The Claus process is important
economically for the production of sulfur and environmentally for the
reduction of the concentrations of air polluting sulfur compouﬁds in
effluent gases released to the atmosphere. Due mostly to the latter,
efforts are continuously being made to improve the efficiency

of the process. However almost all of the published research is based
on old thermodynamic data and on selected reactions. Also, some of
the assumptions usually made with regard to the sulfur vapor composi-
tion are not quite accurate.

The objective here is to examine calculationally the equilibrium
and the efficiency of the Claus process usihg the Tatest published
thermodynamic properties of the sulfur compounds. The effects of
impurities in the acid gases, such as carbon dioxide, water, hydro-
carbons, and ammonia, on the efficiency of hydrogen sulfide con-
version and recovery and on the tail gas composition is to be studied.
Several other Ciaus process parameters are to be exémined. These
studies would have been extremely difficult to conduct without the

powerful free energy minimization technique.



CHAPTER 11
LITERATURE REVIEW

Computation of Chemical Equilibrium

by Free Energy Minimization

Prior to 1958 all chemical equilibrium calculations were carried
out using the equilibrium constant procedure. Key components and
reactions in the éystem were usually selected and their non-linear
governing equations were solved simultaneously in closed forms or using
numerical gpproximation. In 1958 White, Johnson, and Dantzig (40)
suggested that equilibrium compositions be calculated by the free energy
minimization technique. Soon their method attracted many of the people
making thermodynamic calculations, especially calculations for multi-
reaction systems. The development of lTarge core digital computers and
their availability to do the tedious numerical calculations was the
main factor behind the success of the free energy minimization method.
The method became the modern way of calculating equilibrium compositions.
Oliver et al. (32)‘reviewed the classical equilibrium constant solution
and explained the free energy minimization technique with a methane
water reaction example taken from Dodge (6). They indicated that the
equilibrium constant method relies on experience to reduce the number
of reactions to a managable one to be solved by trial and error, simul-

taneous equations, etc. Thus the solution is not general and each



reaction system will require reexamination and reevaluation. Erroneous
results can occur if any of the important species or reactions are not
included in the calculations.

Oliver et al. stated the advantages of the energy minimization
method over the equilibrium constant method. These advantages include:
capability to consider all pos$1b1e product ﬁpecies without having to
| worry about individual reactions; generality of mathematical procedures;
no necessary prior knowledge of the chemistry of the system.

An excellent review of the calculation of complex chemical equi-
1ibria was provided by Zeleznik and Gordon (41). They reviewed some
of the pertinent thermodynamic principles and derived the equations
that are used in the computation of chemical equilibria. They briefly
discussed some of the calculating techniques that are aVailab]e for
solving the non-]iﬁear chemical equilibrium equations. The authors
stated that, compared with other methods, the descent Newton method is
the best method for calculating equilibrium composition and thermo-
dynamic derivatives. The two methods for calculating chemical equili-
brium compositions, free energy minimizatfoﬁ method and equilibrium
constant method, were compared in the article and some applications
were discussed.

The book by Van Zeggeren and Storey (39) is considered a major
contribution to the Titerature of the thermodyanmics of compliex
chemical equilibria because it provides a critical survey of the
analytical techniques developed in many countries over the past quarter

century.



Several computer programs have been written to calculate chemical
equilibrium compositions utilizing the free energy minimization
technique. Ma et al. (27) developed a computer program to compute
complex equilibria compositions given fixed temperature, pressure,
the amounts of the chemical elements, and the éhemica] potentials of
possible chemical species at the pressure and femperature}specified.
A preliminary estimate of the compositions and the amounts of the
various phases is obtained by direct minimization of Gibbs' function
using a modified Naphtali (39) method. This estimate is then used
to obtain an exact solution by application of the Newton-Raphson
method (15) to the set of non-linear equations describing the equili-
brium condition. The author states that the latter procedure was
necessary because all of the direct minihization methods produce a
truncation error which is intolerable.

Boyd et al. (2) developed a computer program to calculate
equilibrium compositions in multicomponent, mu]tiphase mixtures. The
program converts the Gibbs free energy of the mixture into an uncon-
strained form, then minimizes using the Powell method. The program
can handle up to three multicomponent phases and fifteen components,
~and it can handle adiabatic calculations.

The NASA program (14) was developed in 1967 and has undergone
several improvements and modifications since then. It calculates
equilibrium composition by minimizing free energy, and has been used
to solve hundreds of problems. The program is developed for ideal

gases but can handle condensed species up to severa] percent by weight.



10

In this case condensed species are assumed to occupy a negligible

volume and exert a negligible pressure compared to the gaseous species.
Detailed description of the prdgram will be found in Chapter ITI and
reference (14). This program contains its own thermodynamic data file
and is able to calculate the various thermodynamic properties of the
chémica] species. In this work, the computer program was modified and
tested by several examples. Also, the data file was expanded. Then

it was used to study the equilibrium and efficiency of the Claus process

for converting hydrogen sulfide in natural gas streams to sulfur.
Thermodynamic Fundamentals

The condition for equilibrium may be stated in terms of any of
several thermodynamic functions such as the minimization of the
Gibbs free energy or Helmholtz free energy or the maximization of
entropy. If temperature and pressure are used to characterize a thermo-
dynamic state then the Gibbs free energy is most easily minimized
because temperature and pressure are its natural variables.

The total Gibbs free energy of a single phase (gas phase) for a
mixture of’n chemical species at a specified temperature and pressure

is given by:

’ n

t _ -

6t D Ny (2-1)
=

The above function is to be minimized with respect to the number of

moles of each species in the mixture (Nj) at constant temperature

1
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and pressure. This minimization is usually subject to certain
constraints imposed by material balances which will be discussed

later in this section. The chemical potential “j is given by:

0 P 0
. = . + : . . -
My = g RT zn(fJ/fJ) (2-2)

and the fugacity %j is related to the fugac%ty coefficient $j by

A

fy = yy05P (2-3)

The standard state for gas is taken as the hypothetical ideal-gas
state of the pure gas at 1 (atm) pressure. If the system pressure

is expressed in atmospheres then.

0 _ -
| | fj 1 | (2-4)
Also if ug is arbitrarily set equal to zero for all elements in
their standard states, then for compounds
0 _ ,n0 ‘ -

where Ang is the Gibbs free energy change for the standard formation

reaction of species j.

Combination of the above five equations after rearrangement gives

n n n
Fe Y neeg; (D 2.
= . . + . . .
G ' NJAGfJ ( . NJ)RTJLnP + RT . NJ n NJ
j=1 J J

(2-6)
n n n
- RTZNjILn(ZNj) + RTZNjJLn ¢j
J J J

The yj have been eliminated in favor of the mole numbers Nj. The
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problem now is to find the set (Nj) which minimizes G' at constant T
and P subject to the constraints of the material balances. The stan-
dard solution to this problem is through the method of Lagrénge's
undetermined mu]tip1iefs. Constraints imposed by-thé mass balances
should be incorporated in the expression for Gt.

In a chemically reacting system the molecular species are not
conserved but the mass is. Let B? be the number of atomic weighfs
of the ith eiement present in the system as determined by fhe initial
composition of the mixture. Let 33 be the number of atoms of the ith

element present in each molecule of chemical species j. Then for each

element i,
- no _
j=1
or
0 _
B1 - Bi =0
where n
Bi = :2: Nj aij i=1, ... ., 2
J=1

Equation (2-7) is multiplied by an undetermined Lagrangian constant

A and the equation is then summed over all i giving:

(2-8)

M-
>
-l
L)
[oo)
—
}
=)
- O
S
i
Q

—d

i=
The above quantity is zero and can be added to Equation (2-6) to

yield
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n n n
t o}
G =z - 262, Z . z an N,
. NJ AGfJ + NJ RT&nP + RT NJRn NJ
=1 J=1 =1
(2-9)
n n n L
~ 0
- RT :E: szn :E:Nj + RT N:2n¢, + ZE: k1(B1-B1) =0
j=1 j=1 j=1 i=1

Differentiating the above equation and setting the derivative equal to

zero to meet the equilibrium criterion

26" -
aNJ. -
T,P,Ni#j
we obtain
A0 ~
.+ + . . .. = -
AGfJ RT&nP RTsLnyJ + RT9vnq>J + ZA1a1J 0 (2-10)
i=1 '
J=T1,...,5n

There are n such equations. In addition there are % material balance

equations of the form

n n
-0 - _
DIRZIT R V0 Y PR T (2-11)

j=1 j=1
where % is the number of elements present in the species which make up

the system. Also, the yj must satisfy

nv ’
Z i1 (2-12)

j=1
This provides a total of n + ¢ + 1 equations. The unknowns in these

equations are the yj of which there are n, the As of which there are
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n
% and the term :E: Nj giving a total of n + & + 1 unknowns. Therefore,

Equations (2-10)2 (2-11) and (2-12) can be solved for all the unknowns.
Equation (2-10) was derived assuming that all the $j's are known.
If the phase is an ideal gas, then each ;i is equal to unity and
Equation (2-10) reduces to: |
%
AG?-J. + RTanP + RTany; + Z Ajass = 0 (2-13)
i=1
For real gases each éj is a function of the various yj which are
to be calculated. Thus an iterative procedufe is required which is
initiated by setting the $j equal to unity. Solution of the equations
then provides a preliminary set of yj. For cases of 1ow.pressures or
high temperatures this result is usually adequate. When it is not,
an equation of state is used together with the calculated yj.to give
a new and more néar]y correct set of ;j for use in Equation (2-10),
and a new set of yj is calculated. The process.is repeated until

successive iterations produce no significant change in the values of

Y-

As can be seen from the above derivation, with the energy‘mini—
mization method, the question of what chemical reactions took place
never enters direct]y into‘ahy of the equations. A1l we need db is
specify the product species. The numerical solution of the above

equations is discussed in detail in Chapter III.
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The Claus Process

Process Features

The Claus process.is commonly used for converting hydrogeh sulfide
in acid gases to sulfur and recovering the pure sulfur as a liquid.

The basic reactions are:

3 —
ZHZS + 502 - 35 + 2H20 + Heat (2-15)

The process works well for gas streams containing greater than about 20%
hydrogen suifide; The feed acid gases are usually produced from gas
sweetening plants which separate the hydrogen sulfide along with carbon
dioxide from natural gas streams (11). The original Claus brocéss was
reported by Chance and Claus in 1885 (9). Since that time, it has
undergone extensive investigation and major modification so there is
little resemblance between the original proceés flow scheme and
what is being used in industry today. Gamson and Elkins (8) presented
an excellent review of the process history and development. They also
reviewed in deta11 its thermodynamics, equilibrium and efficiency.
More recent investigations and reviews of the Claus process are avail-
able in the literature (1,3,11,19-24,33).

Presently, variations of the process are used depending upon the
HZS content of the acid gas feed, investment cost, and other factors
(34,38). The primary difference between these variations or designs
is the manner in which heat balance is maintained in the process.
Although the many design variations will not be discussed here, two

basic flow schemes will be briefly described.



Figure 2 shows a typical "once-through" Claus plant flow scheme.
This scheme is used when the HZS concentration of the acid gas is
high enough to produce a stable flame in the combustion zone of the
furnace. The acid gas feed entérs the reaction furnace and is burned
with sufficient air that the HZS/SO2 ratib in the tail gas is 2 to 1.
This is the theoretically optimum ratio for maximum sulfur conversion.
The hot combustion products flow from the furnace to the waste heat
boiler and the first condenser where they are cooled to about 322°K.
The heat is used to generate high and Tow pressure steam in the waste
heat boiler and the condenser respectively. Condensed sulfur is with-
drawn from the bottom of the first condenser. Most of the sulfur re-
covered in the Claus plant is formed in the combustion step. The Coo]ed
gases coming out of the first_condenser are reheated before entering
the first catalytic reactor. Reheating is necessafy in order to keep
the temperature in the reactor above the sulfur dew point because 1liquid
sulfur will cause plugging and catalyst deactivation. In the reactor,
HZS énd 502 react on a bauxite catalyst to form sulfur and water. The
products of the reaction are cooled in the second condenser and 1iquid
sulfur is removed. Cooled gases are then reheated and fed to the second
reactor. Further conversion of HZS to sulfur takes place in the second
reactor and liquid sulfur is removed in the third condenser. In some
cases there is a third or a fourth reactor’but that is determined by
process -economics and type of tail gas clean-up process. The tempera-
ture of the liquid sulfur in the condensers must be maintained below
433%K because the viscosity increases very rapidly above that tempera-
ture, and the sulfur becomes so thick and viscous that it is very

difficult to remove (30).
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If the acid gas entering the Claus plant is Tow in HZS (below
approximately 25%) then the "Split Flow" scheme shown in Figure 3 is
employed. The reason for this arrangement is that there is not suffi-
cient heat of reaction to raise the entire acid gas stream to satis-
facotry temperature levels. Therefore, only about one third to two
thirds of the acid gas enters the furnace for combustion. The combus-
“tion products, which usually contain 1little hydrogen sulfide, flow
through thelwéste heat boiler as in the previous scheme. After that
they are combined with the unburned portion of the acid gas feed to
form a single stream with an H23/502 content ratio of 2 to 1. This
stream flows to the first catalytic reactor. The rest of the flow
scheme in the "Split Flow" arrangement is similar to that of the "once
through" process.

The preheating before the reactors is usually done by one of the
following methods:

1. Hot gas by-pass, where a portion of partially cooled waste

heat boiler effluent is diverted to mix with and heat the
~ condenser outlet before entering the first reactor.

2. Auxiliary in-line burners, which burn a small side stream of
acid gas with air to produce hot gases thét are then mixed
with the condenser effluent.

3. Gas-to-gas exchangers, where the condenser effluent is heated
by exchanging heat in a heat exchanger with the outlet stream
from the next reactor.

4. Indirect heat exchange with: combustion product gases in the
waste heat boiler.

5. Indirect heaters, using either fuel firing or steam heqting.
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The above preheating methods are listed in general order of

increasing cost and in general order of increasing overall sulfur

conversion efficiency (12).

There are many design and operating considerations for the Claus

process discussed in the literature (34,38). Goar (12) listed the

major variables and criteria to be considered as:

1.
2.

~N O O D

(o0]

9.

Composition of acid-gas feed.

Combustion of acid gas.

For a once-through scheme, retention time of combustion géses
at elevated temperatures.

Catalytic-reactors feed-gas temperature.

Optimum reheat scheme(s)

Space velocity in reactors.

Sulfur condensing temperatures.

Coalescing and separation of entrained sulfur from condenser
effluent gases.

Turndown of plant throughput.

The three major process control variables in a Claus plant are (11):

1.
2.

H,S to SO2 ratio which must be maintained at 2 to 1.

Catalytic reactors inlet temperatures to avoid either excess
or low temperatures in the reactors.

Sulfur condenser outlet temperatures to maintain low viscosity

of liquid sulfur.

Claus Reactions

The Claus reaction is deceptively simple (28). The overall

reaction is:
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30— ‘ -
3H,S + 3 0, =35 + 3H,0. (2-16)

Reaction (2-16) is normally written to take place in two steps. First
a portion of the hydrogen sulfide is burned with a Timiting supply of
air in the Claus furnace to produce sulfur dioxide and water

3 . .
HZS + Vi 02 T——ﬁ 502 + H20 + Heat. (2"]4)

The second step is a combination of the sulfur dioxide and hydrogen

sulfide in the catalytic reactor to produce‘sulfur
A -
2HZS + 502.‘____ 3S + 2H20 + Heat. : (2-15)

The heat given off by reactions (2-14) and (2-15) is -124 kcal/gmole
HZS and -35 kcal/gmole 502, respectively yielding a total of -159
kca]/g mole H,S for reaction (2—16), (7).

If reactions (2-14) and (2-15) were the only reactions taking
place, the Claus process would be a simple one from which to predict
'yields and/or sulfur production. There are, however, many side reac-
tions that can occur. Hyne (16) has listed some of the possible reac-
tions that might occur in the combustion zone of a Claus sulfur process.
His suggested réactions are summarized in Table I.

- The presence of impurities in the acid gas multiplies the number
of possible reactions that can occur. Some possible side reactions
involving hydrocarbons and carbon dioxide are shown in Table II.

In addition to the multiplicity of chemical reactions that may
occur in the Claus process, there is a variety of forms in which sulfur
vapor or liquid can exist. The reactions for formation of these dif-

ferent sulfur species, based on 52, are:
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TABLE I
SOME FURNACE REACTIONS

H,S + 0

9 2————-> H02+HS

H,S —> HS + H
H+ HS —> HS + H,

HS + 0, —> SO + OH

OH + H,S —> Hy0 + HS

OH + HO, —> H,0 + 0,

S0 + 0, —> S0, + 0
0+st———9 OH + SH

SO+ 0 —> sog———> S0, + hv
S0 + SO —>>5,0,

HS + HS——> H, + S

2 2

HS + HO —> H,0 + S
S+0—> SO
S+S5S—> S,
502+0+VM———> SO5 + M
SO+ 0, + M—> S0, + M

S0, + H, —> S0, + H,0




TABLE II
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SOME POSSIBLE SIDE REACTIONS IN THE CLAUS

FURNACE AND REACTORS

Hydrocarbons ——>» (C0,, CO, H

2° 2

C02+HS————~\COS+H0
—

2 2

CH4 + SO2 —~———-5' CoS + H20 + H2

3
CO2 + 502——~—->COS +50,

€O + S = CO0S

CH, + 28, —CS, + 2H

2 ~—— 72

S

4 2

2C0 + S

—>CS, + CO2
S ‘

2 2

0, H

2
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25, ==, (2-17)
2s, p—— Sq | (2-18)
25, =5 (2-19)
35, =5, | (2-20)
1S, s | (2-21)
2 52 =57

45, 5 (2-22)

A11 of the foregoing greatly complicates the procedure for esti-
mating sulfur recoveries from Claus sulfur plants. Originally hand

or desk calculations considered only reactions (2-14) and (2-15) in

combination with sulfur species 52, 56’ and S Gamson and Elkins (8)

g
presented a scheme for calculating the equilibrium composition based
bn the equilibrium constants fqr these reactions.

Other, more recent, investigators (1,7,33) used the computer
to calculate equilibrium compostions but their calculations were based
on selected reactions and did not include all species known to be
present at equilibrium. Reasonably accurate predictions of sulfur
recovery can be made by such procedures. However, major variations
in tail gas composition frequently result. |

Carbonyl sulfide and carbon disulfide, whose formation reactions
are shown in Table II, are of particular importance to Claus plant
operators and designers. These compounds seem not to be affected by
present Claus catalysts and wind up either depositing on the catalyst

surface and reducing its activity or passing through the process

unchanged and adding to the total sulfur values in the tail gas.
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Goar (13) used a proprietary computer program to study the affects
of impurities in the feed acid gases on the Claus process efficiency
and tajl gas composition. However, his calculations were a]so‘based
on selected reactions and did not include all species present in the
furnace or the reactors. His gehera] conclusions were that the pres-
ence of impurities reduced the conversion, raised the operating and
equipment costs for Claus plants, and increased the costs for the

tail gas desuifurization plants.



CHAPTER III
THE FREE ENERGY MINIMIZATION PROGRAM

The free energy minimization computer program used in this study
was developed by NASA (14). Program equations and numerical techni-
ques as well as tests and modifications that were made during this

work will be examined in this chapter.
Equations Describing Chemical Equilibrium

Fundamental Equations

A1l gases are assumed to be ideal and interactions between

phases are assumed to be negligible. The equation of state for the

2

or > ' » (3-1)

= nRT _J

The above equation is assumed to be correct even when small amounts of

mixture is

PV = nRT

o |T©o

condensed species (up to several percent by weight) are present. In
this case, the condensed species are assumed to occupy negligible
volume and exert negligible pressure compared to the gaseous species.
In Equation (3-1) the volume and moles refer to gases only while the
mass is for the entire mixture including condensed species. The term

"mixture" will be used in this chapter to refer to mixtures of species

26
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as distinguished from mixtures of reactants which will be referred to
as "total reactants."

The molecular weight of the mixture is defined as:

=1 -

M= -1 - (3-2)
- .
2 "
3=

where: m v
n= Z " \ (3-3)
=1

Among the n possible species which may be considered in a mixture,
gases are indexed from 1 to m and condensed species from m+l to n.

Based on the above assumptions, the chemical potential can be

written as:
n.
0 _l)
M + RT 2n (n + RT 2n patm j=1,...,m
M5 = (3-4)
0 .
“j j=m+l,...,n

where ug is the chemical potential of species j in the standard state.
For a gas, the standard state is the ideal gas at unit fugacity. For
a pure liquid or solid, the standard state is the substance in the
condensed phase under a pressure of one atmosphere. Generally, the
numerical values of ug found in the Titerature (17) depend partly on
a term involving units of atmospheres. Therefore, to be consistent,

pressure Patm in Equétion (3-4) must be in units of atmospheres.
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The necessary equations for calculating equilibrium compositions
by free energy minimization were derived in Chapter II. They are
Equations (2-10), (2-11), and (2-12). Rewriting the first two équa-

- tions to be per unit weight of mixture, we obtain:

2
uy + ZE: Aiaij =0 j=1,...,n (3-5)
i=1
n
:E: n.a,. - b% =0 i=1,...,8 (3-6)
3% T
§=1 |

If the thermodynamic state of the mixture is specified by an
assigned temperature and pressure, then we have the additional pair
of trivial equations

T= T0 (3-7)

P = P, (3-8)

The above four equations permit determination of the equilibrium
compositidn.
For the case of constant pressure combustion the thermodynamic

state is specified by Equation (3-8) and by

h=h - (3-9)

instead of Equation (3-7). Here, h is the enthalpy of the mixture

and h0 is a constant equal to the enthalpy of the total reactants. The

expression for h is
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n

h = :E: n. (H2). -
2, "jlH); (3-10)
J=1
The equafions required to obtain equilibrium compositions are
not all linear in the composition variables and, therefore, an itera-
tion procedure is generally required. The iteration technique and the

Gibbs iteration equations will be discussed next.

Iteration Technique

The Newton- Raphson method is probably the most popular (and is
certainly the best known) method of’finding numerical roots for
a set of non-linear equations. In this method the finite-difference
approximation to the. total differential serves as the basis for the
“iteration procedure. The method will be illustrated by a simple |
example before going to the free energy equatiéns.

Let f, and f, be two non-linear functions of x and y such that

—
H
]

(en]

f , =
) 1(%:¥) (3-11)

f
o

f2 = fz(xsy) -

and let their simultaneous solution be xo,and Yo For any other

values of x and y, say Xy and Yk

o)
" (3_]2)
folxioy) # folxgyy) | |

f'l (XK,yK) # f'l (Xo,y
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or

. Af] = f'](xoa.yo) = f](XK"yK)
Af

(3-13)

I

Y - fz(xosyo) - fz(szyK)

Assuming that f1 and f2 are differentiable, the total differentials
of (3-11) are |

Bf] af]
df, = — dx + — d
o of of
-2 _2
df2 = =X dx + 5y dy

The finite difference forms of these equations are:

(af]) (af])
-l a—x‘—' Ax + a—y—— Ay

(afz) (afz) (3-15)
Afz X 4 Ax + 5—5/— Ay

If the difference terms Af] and Afz and the analytic expression for

Af

the partial derivatives are evaluated numerically at the point Xgs Yio
the correction variables Ax and Ay can be determined, since Equation
(3-15) is a simultaneous linear set of equations in the correction
variables. Equation (3-15) is not exact, therefore:

X = (x, + Ax) # X

Va1 = (g + 8y) # ¥,

But X+ and Yk+1 will in general be a better approximation to Xy
and Yo than Xk and Ygo The process of solving for corrections Ax and
Ay is repeated until Ax and Ay (or Af1 and Afé) are sufficiently small.

The general Newton-Raphson iteration formula is



Xeap = % - 07 (KR (3-17)

The iteration is performed by truncating the Taylor expansion of

f(x) after the first derivative.

Gibbs Iteration Equations

The Newton-Raphson method is used to solve for corrections to

31

initial estimates of compositions nys Lagrange multipliers P moles n,

and (when required) temperature T. The correction variables are-

AN nj(j=1,..,,m), A”j (j=m+1,...,n), Aen n, m = —Ai/RT and agen T.

After’making dimensionless those equations containing thermo- -

dynamic functions, the Newton-Raphson equations obtained from Equa-

tions (3-5), (3-6), (3-3), and (3-9) are:

% : 0
‘ (HT)j “Hs
AN nj - ZE: a;; Ty - Atn n - AT = —% J=1,...
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m n

o o ) )
z’ ajg Ny BN ng + Z 2y 805 = by - by k=1,...,% (3-20)
=1 j=m]

m m
:E: ny AN g -namn=n- :E: n; (3-21)

Jj=1 J=1
m 0 n 0
n.(Ha). (H:)
ﬁf_J_..T_J_ AN n. + _T_L AN +
RT J RT
j=1 j=m+1
(3-22)
n 0 ‘
n.(Cy). h -
_J Py -0
:E: R ANT RT
j=1
|

Equations (3-18) to (3-21) are used. to obtain corrections to the
estimates for problems with assigned thermodynamic state (T, P).
Likewise Equations (3-18) to (3-22) are used with assigned thermo-
dynamic state (H,vP).

If a chemical system contains many species, then we would have
to solve a large number of simultaneous equations. However, by a
simple algebraic substitution this large number of equations can be
greatly reduced. If we substitute the expression for A!Lnj obtained
from Equation (3-18) into Equatibns (3-20) to (3-21), and if Equation
(3-19) is written with signs reversed, the resulting reduced equa-

tions are:



33

L om n m
i=1 j=1 j=m+] j=1
(3-23)
m 0 m
ay:n;:(HT) a, .n.u
ki gt T’j - _ kj 3"J _
:E: = aanT = (b - b ) +’:E: ——lﬁf——- (k=T,...,8)
J=1 j=1
:E:aijﬂi + RT ANT = e (j=m+1,...,n) (3-24)
i=1 ,
g .m _ m m nj(H$)j
z z a'ijnjwi + Z nj -~ n\Ann + z — 7 AMnT =
i=1 =1 j=1 =1
m m nons ,
n - Z N +z ol (3-25)
J=1 - J=l
. m aijnj(H$)' n (H?)J
Z Z“’_RT Ty ¥ z T |5
i=1 J=1 j=mt1
m 0 n 0 m 0
n.(H-). n.(Cp) n.(H+)
AT agn a4 P 3T aenT =
RT R R2T2
J:] j:'] J:]
h -h o n (HO) ..
o T°373 _
D N A - G
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The above equations and others are listed in tabular form in
reference (14).

A summary of the correction equations required for the two types
of constant pressure problemS'of concern here are as follows (i=1 to
%, j=m+1 to n):

Type of Problem Equations Required Correction Variables

Assigned temperature (3-23),. (3-24), (3-25) s AN, AR N
and pressure (TP) J

Assigned enthalpy (3-23), (3-24), (3-25) Tis An., AN N
and pressure (HP) (3-26) : aenT?

After obtaining the above correction variables, the corrections for
gaseous species Agfn njA(j=5,...,m) are obtained from Equation (3-18).
In order to achieve convergence the size of the corrections must be
controlled before they are applied. For convergence discussion,
_initia] estimates procedures, and condensed phases problems the reader

is referred to the literature (14).
Computer Program Description

Original Version

A computer program (Fortran IV) was developed by NASA to calculate
complex chemical equilibrium cbmpositiong by the free energy minimiza-
tion method. The program is based on the equatibns and assumptions
that hqve been discussed in the previous section. It also contains a
thermodynamic data file. A detailed description of the program and its
use is provided by Gordon and McBride (14). Only a brief description

will be given here.
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The computer program is composed of a main program and sixteen
subroutines. A subroutine tree diagram is shown in Figure 4. The
program can be divided into five modules.

General Input Module. This module is controlled by the main pro-

gram. The module sets up input required by all application modules.
Input data include the following:

1. THERMO data. The main program reads the thermodynamic data
cards for all species and writes the data on disk or tape.
Subroutine SEARCH pulls the data for the appropriate species
for a specified chemical system from disk or tape and stores
the data in core. |

2. 'REACTANTS cards. These cards are read and processed by sub-
routine REACT. There is one card for each reactant. The
reactant card must give the chemical fofmula and the relative
amountbof the reactant in terms of moles, mole fraction, mass
or mass fraction. For HP problems, an assigned enthalpy is
reqﬁired f-"or any ‘reactant that1s notm T-HE_IiMO data file and
is totally consumed in the reaction.

3. INPT2 namelist data. The main program initializes the
variab]es; reads and writes the problem designation and
data such as T, P, o/f, and converts some of the data to
the form required by the remainder of the program.

4. BLOCK DATA. These data are set and remain for the entire
computer run. Data such as atomic weights of the chemical
elements are stored here.

5. Composition Estimates. These estimates and associated variables

are set for the first iteration for the first point only.
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——REACT
| SEARCH
NEWOF——— HCALC—— CPHS
MAIN—
SAVE
. —CPHS
EQLBRM———MATRIX
) —
L THERMP— GAUSS
OUT1
— EFMT
ouT2—
L——VARFMT
ouT3

Figure 4. Subroutine Tree Diagram
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Application Module. The application module is called from the

main program according to the type of problem designated in namelist

INPTZ.

Subroutine THERMP is the application module for TP and HP

problems of interest in this study. The module controls the flow of

the program until the problem is completed. Control is then returned

to the main program where the next code card is read. The module

is responsible for:

1.
2.
3.

Reading any additional input for the particular problem.
Doing any calculation peculiar to the problem.

Calling routine§ in the additional input processing module

as required.

Setting a point number NPT and setting certain variab]es‘
required for the assigned thermodyhamic states for that point
if they have not already been set in the main program.
Calling the equilibrium module (subroutine EQLBRM).

Printing special output‘for the problem and calling the

output module to print general output.

Equilibrium Module. The equilibrium modu]e calculates thermo-

dynamic properties and compositions at a given point NPT. This module

is controlled by subroutine EQLBRM. Subroutine EQLBRM calls three

subroutines:

1.

CPHS to caTcu]ate thermodynamic functions of the individual
species such as specific heat, enthalpy and entropy at a
specified temperature and pressure. :
MATRIX to set up the matrix according to the Gibbs iteration
equatioﬁs discussed earlier.

GAUSS to solve the set of simultaneous linear iteration
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equations constructed by subroutine MATRIX. The solution is
accomplished by performing a Gauss reduction using a modified
pivot technique. In this modified pivot technique only rows
are interchanged. The row to be used for the elimination of a
variable is selected on the basis that the largest of its
elements, after division by the leading element, must be
smaller than the largest element of the other rows after

division by their leading elements.

Additional Input Processing Module. This module consists gf
routines which are called for several purposes:
1. NEWOF is called by an application module to adjust values of
b?, Pgs and h /R for each oxidant to fuel ratio (o/f).
2. SAVE is called to save or move composition data‘from one point
- to another. The purpose is to use the calculated resu]tS from
a previous point as initial estimates for the current point.
3. HCALC is called from NEWOF to calculate enthalpies for reac-
tants if the enthalpy values are not indicated on the reactant
cards.
4; CPHS 1is called by HCALC to calculate thermodynamic functions

for an individual reactant using the THERMO data.

Qutput Module. The output module consists of the three subroutines

VARFMT, EFMT, and OUT1 with two entries OUTZ and OUT3. OUT1 Tists data

given on the REACTANTS cards as well as o/f, %F, and Py 0UTZ2 T1ists
the properties Patm? T o(g/cc), h(cal/g), S(cal/(g)(k)), (BZnV/aZnP)T,

(aznV/aznT)p, C.(cal/(g)(k)). There is an option for listing these

P
values in SI units, OUT3 Tists equilibrium mole fractions of the .

reaction species. Subroutines VARFMT and EFMT are called from OUT2
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and OUT3. VARFMT adjusts the number of decimal places in a variable
format according to the size of the numbers. EFMT sets up a special

E-type format for printing density and mole fractions.

Modified Version

The NASA computer program was written to calculate equilibrium com-
position for certain reactants at a thermodynamic state specified by
constant temperature and pressure, constant enthalpy and pressure, con-
stant entropy and pressure, constant temperature and volume, or constant
entropy and volume. The program did not have any continuation capabili-
ties, that is, it could not do a series of calculations based on the
origina]vreactants or feed. In order to conduct the Claus sulfur pro-
cess studies, the program was modified to do all the process eqﬁi]ibrium
calculations in one run. Starting with the acid gas and air feed to the
furnace, the program calculates the adiabatic temperature and equilib-
rium composition then uses these compositions as the feed to the first
condenser. It calculates the equilibrium composition in the condenser
at a specified temperature and pressure. Also, the amount of liquid
sulfur recovered in the condenser is calculated and removed from the
gas stream before entering the first reheater. The reheater equilib-
rium composition is calculated at a specifiedltemperature and pressure.
The reheated gas then enters the first reactor which is assumed to
operate adiabatically and at constant pressure. The reactor product
equilibrium composition and temperature are determined. The program
continues to repeat the calculations for any specified number of con-
densers, reheatérs, and reactors. A1l possible product species with

thermodynamic data in THERMO data file are considered in each stage.
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However, the user has the option of omitting from consideration, putting
as inert or as active any chemical species in the stream. The meaning

of these and other code words that were added to the program are:

MOD OMIT - The listed species are omitted from considekation
as product species.

MOD INERT - The Tisted species are not allowed to react, but
are considered in all métekial and energy balance
calculations.

MOD ACTIVE - The listed species are allowed to react after

| being treated as inert in the previous calculation
point.

MOD REMOVE - The amounts of the Tisted species are to be removed

from stream (remove liquid sulfur from gas stream).
Other modifications included changing some variable dimensions.b The
number of reactants and the total number of elements were increased to
25 each. The number of elements was increased in order to accomodate
the MOD INERT featurés. The program can handle up to 150 speciés of
which 15 can be declared inert.

’The process feed composition indicated on the reactants cards can
be in weight fraction or mole fraction. A sample listing of Input Cards
for a Claus process calculation is given in Appendix A.

Although the modified program was mainly used for the Claus process
study, it is éomp]ete]y general and can be used for studying any other

process. A flow diagram of the new main program is shown in Figure 5.
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Thermodynamic Data File

The library of therhodynamic (THERMO) data used in this study
contains data for over 100 reaction species (solid, liquid, and gas
phases of a species are counted as a separate species). Most of the
data are taken from the JANAF tables (17) and from reference (14).
The data literature source is indicated in file for each species.
Literature sources of some species of interest in this study, such

as the sulfur compounds, are indicated in Table II1.

Least Squares Coefficients

For each reaction species, the specific heat, enthalpy, and
entropy as functions of temperature are given in the form of least

squares coefficients as follows:

CO

P _ 2 3 4

H 8 33 o 3 3 35 4 3

Rtz T3 T g T g Tty (3-28)
S° a a a

T 342,743,754 -
REapnT +a, T+ > T+ 2T+ 2T +a, (3-29)

For each species, two sets of coefficients are included in THERMO
data file for two adjacent temperature intervals, 300°K to 1000°K and
1000°K to 5000°K. The data have been constrained to be equal at 1000°K.
Most of the coefficients a, to ay are taken directly from NASA
literature (14). For the species listed in Table III, the thermo-

dynamic functions are taken from the indicated references for reduction



TABLE III

THERMODYNAMIC PROPERTIES LITERATURE SOURCES

Chemicé] Species

Literature Sources

CH,
CNZ
COS
C,H

26

C3Hg

C4H1p(n)
Cahyo(1)
CgHyp(n)
CgHyp (1)
HCO
HNCO
HNO
HNO,
HNO,

HyS (Tiquid)
HyS,
HCO

NH

17
17
17
17
37
37
37
37
37
17
17
17
17
17
17
29
17

17
17

17
17
17
17
17,18
18,5
18,5
18,5
18,5
18,5
18,5

43
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to coefficient form. The format and listing of coefficient data are

given in THERMO data file Appendix F.

Assigned Enthalpies

For each species, heats of formation (and when applicable heats
of transition) were combined with sensible heats to give assigned

enthalpies H?. By definition,

0 _ 0 0 0 | _
Hy = Hagg 15 * (Hr - Hygg 15)- (3-30)
. . 0 _ 0 .
We have arbitrarily assumed that H298.15 _'(AHf)298.15' Equation
(3-30) then becomes
o _ 0 0 0 -
Hp = (8HE)pgg 15 * (Hy - Hagg 15)- (3-31)

In general, H? # (AHg)T for T # 298.15°K. For reference elements

H 0.

(4H2) 205 15 = Hogg.15 =
Assigned entha]pies of reactants are required for constant

enthalpy and pressure problems. If the values are not indicated on the/

individual reactant cards, thé program will automatically calcu-

late them from THERMO data file at the inlet conditions using équation

(3-28).
Program Evaluation

We have not been able to find in the literature any direct
comparisons between chemical equilibrium compositidns calculated by
the free energy minimization method and those calculated by the gqui-
1ibrium constant method or obtained by other techniques. Such compari-

sons are necessary to assess the accuracy and reliability of the free
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energy minimization basic equations and numerical computation.
Several test cases were used for this purpose, and four of them are
given here starting from a simple reaction system to a much more com-
plex one.

Case 1.

Consider the water-gas shift reaction

CO + H,0 :_¥C02 +H, (3-32)
Let the feed stream contain:
Component ‘ Mglgg
co , 3
H,0 1
co, | 2
H, 1

This is a non-equilibrium composition. Calculate the equilibrium
composition at T = 1000°K and P = 1 atm assuming that the gases are
ideal and no other species are formed.

| The equilibrium composition calculated by the equilibrium con-
stant method is reported in Perry's handbook (35). Table IV contains
the literature composition and that calculated by the free energy
minimization program. The free energy minimization results are very
close to those reported in the literature. The slight differences
are most probab]y due to minor differences in the thermodynamic data

used.
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TABLE IV
COMPARISON OF EQUILIBRIUM COMPOSITION FOR CASE 1

Species Literature (35) Computer Program | ay|%
Co 0.391 .0.39004 0.25
H20 0.106 0.10433 1.58
C02 0.323 0.32424 0.38
H, 0.180 0.18139 0.77
Case 2

Assume that chemical equilibrium is established at one atmosphere
and 1000°K in a system containing CH,, H,0, co,'coz, and H,. The
initial charge is 2 moles of CH4 and 3 moles of HZO‘ What is the
equilibrium composition?

The equilibrium composition determined by the free energy minimi-
zation program and that calculated by Smith and Van Ness (36) are
compared in Table V. The agreement is satisfactory.

Case 3

Lees and Ryan (26) calculated the equilibrium composition variation
with temperature for a sulfur plant feed using a free energy minimiza-
tion procedure. No Tiquid sulfur was removed from the system. The

equilibrium conversion of HZS to sulfur vapor was calculated. The

feed gas composition is:
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Component Mole Fraction
CH4 0.032
co, 0.050
HZS 0.232
N, 0.507
02 0.179

Their results are shown as the solid lines in Figures 6 and 7. Figure
7 is an expanded scale showing the concentrations of the minor species.

TABLE V
COMPARISON OF EQUILIBRIUM COMPOSITION FOR CASE 2

Species Literature (36) Computer Program lay|%
CH4 0.0199 ©0.0205 3.00
H20 0.0995 0.0991 0.40
co 0.1753 0.1737 0.91
C02 0.0359 0.0371 3.34
H2 0.6694 | 0.6696 0.03

The present free energy minimization program was used to calculate
the composition and the conversion for this case, and the results are

shown as points on the figures. Except for small differences in the

S8 and 56 concentrations (Maximum about 5% at 300°F) the agreement
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is excellent. The differences in 58 and 56 concentrations could be
due to the more recent thermodynamic data for the sulfur species that

are used in this study.

Case 4.

Meisen and Bennett (31) studied the reactions taking place in a
Claus process furnace considering all possible product species. Their
‘numeribal calculations were based on the equilibrium constant method.
The feed to the Claus furnace was assumed to contain 85% HZS and 15%
002 and was oxidized with a stoichiometric amount of air (79% N,
and 21% 02). The total system pressure was 1 atm, and §11 gases were
assumed ideal. They calculated the partial pressure variation with
temperature and found that 30 compounds had partial pressures exceed-
- ing 10'7 atm for at least some temperatures between 600°-and 2000°K.
Their composition data were presented graphically in four figures.

In an attempt to check their results, the current free energy
minimization program was used to calculate the equilibrium composi-
tion for this system. Since the gases are ideal, the partial bres-
sures are equal to the mole fractions. The computed mole fractions
are preSented in Table VI. Species with concentrations less than 0.1
ppm? are not included. The data agree satisfactorily with what is
reported by Meisen and Bennett; there are, indeed, 30 species
with mole fractions exceeding 10'7 in the 600° to 2000°K temperature
range.

From the results of the above four test cases and others, we
conclude that the present free energy minimization method and program

are giving satisfactory results. The accuracy of the results will



TABLE VI

EQUILIBRIUM COMPOSITION VARIATION WITH TEMPERATURE FOR CASE 4

H

2

Temperature,oK

Species 600 800 1000 1200 1400 1600 1800 2000
co - 0.0000113  0.0002945  0.0023357 0.0083847 0.0173245 0.0257728 0.0320659
coS 0.0000071  0.0001615 0.0003888 0.0005333 0.0005516 0.0004458 0.0003164 0.0002147
co, 0.0547178 0.0518253 0.0499258 0.0473696 0.0408619 0.0315117 0.0226644 0.0159317
Cs, -- ~ 0.0000001 0.0000007 0.0000137 0.0000169 0.0000142 0.0000010 0.0000006
CS -- -- -- -- -- 0.0000002  0.0000005 0.0000011
-- -- -- - 0.0000007 0.0000107 0.0000865 0.0004545
H, 0.0000063 0.0001943 0.0017914 0.0079545 0.0209001 0.0388688 0.0588852 0.0788868
H,0- 0.2833610 0.2095320 0.2101590 0.2198730 0.2192700 0.2104350 0.1956020 0.1772970
H,S 0.0264231 0.0831720 0.0739097 0.0564085 0.0416471 0.0293338 0.0204794  0.0144537
HoS, 0.0002918 0.0017340 0.0009018 0.0004028 0.0002010  0.0001010 0.0000497  0.0000228
NH. -- -- -- -- 0.0000002  0.0000003 0.0000003 0.0000003
NO - -- -- -- -- 0.0000001 0.0000014  0.0000093
N, 0.5832540 0.5541940 0.5393960 0.5354540 0.5307640 0.5252610 0.5196270  0.5138540
0 -- -- -- -- -- -- -- 0.0000004
OH -- -- -- -- 0.0000001 0.0000022 0.0001858 0.0001003
0 -- -- -- -- -- -- -- 0.0000004

LS



TABLE VI (Continued)

Temperature,oK

Species 600 800 1000 1200 1400 1600 1800 2000

S -- -- - 0.000002 0.0000037 0.0000381 0.0002309 0.0009562
SH -- 0.0000001 0.0000055 0.0000602 0.0003140 0.0010095 0.0023722 0.0045036
SN -- -- -- -- -- 0.0000004 0.0000018 0.0000067
SO -- 0.0000002 0.0000072 0.0000449 0.0004606 0.0018476 0.0055069 0.0129550
SO2 0.0133461 0.0419871 0.0377177 0.0328809 0.0347682 0.0413995 0.0496101 0.0565732
SO3 -- -- -- -- -- -- -- 0.0000002
520 0.0000363 0.0012991 0.0018477 0.0018283 0.0018486 0.0019399 0.0019983 0.0019646
52 0.0005549 0.0408612 0.0819562 0.0942319 0.0997442 0.1003190 0.0966885 0.0896959
S3 0.000751 0.0028925 0.0015530 0.0005777 0.0002769 0.001501 0.0000872  0.0000526
54 0.0000411 0.0006545 0.0000833 0.0000100 0.0000021 0.0000006 0.0000002 --

55 0.0014941 0.0031309 0.0000485 0.0000012 -- -- -- -

56 0.108850 0.0048922 0.0000124 -- -- -- -- --

S7 0.0086844  0.0024568 0.0000019 -- -- -- -- --

58 0.0168220 0.0010027 0.0000001 -- -- -- -- -~

[A]



undoubtedly always depend on the accuracy of the thermodynamic data

used. Certainly, the program is efficient and very convenient.
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CHAPTER IV

CLAUS PROCESS RESULTS AND ANALYSIS
OF RESULTS

Sulfur Vapor Composition

Sulfur vapors are very complex in composition; molecules from 51

to S, are known to exist in equilibrium. However, due to the Tack of

8
reliable thermodynamic data for the sulfur po1ymers>53, 34, 55, and

S7 they usually have been neglected. Almost all previous Claus process
investigators have assumed that the sulfur vapor is represented by 52,
56’ and Sg (8,12,26).

Detry et al. (5) presented new thermodynamic data for all the
sulfur polymers based on mass spectrometric measurements. These data
are probably the best in the open literature. Kellog (18) used the
data provided by Detry et al. and deduced a series of free energy
equations for the interconversions of the various sulfur molecules as
shown in Table VII.

Based on these recent data, equilibrium calculations were made to
predict the composition that would exist at a given temperature con-
sidering all possible sulfur species. The results of these calculations
are presented in Figure 8. The concentratibn of 55, and certainly S7,
is sufficiently high to raise a question as to whether or not these

species should be included in the Claus sulfur process calculations.
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TABLE VII
SULFUR VAPOR EQUILIBRIA

Equilibrium 2G° vs T (400° to 700°K)
2s(L) = s, 32458 + 8.20TanT - 92.380T
3/25, = Sg -13687 - 0.50TenT + 22.843T
2, =S, 29053 - 1.80TenT + 50.031T
5/2S, = Sg -50351 - 3.80TenT + 84.905T
3S, =S 69463 - 6.00TenT + 118.510T
7/25, =S, -82750 - 7.20TenT + 141.601T
4s, = Sg -100980 - 8.00TenT + 168.242T

Least squares coefficients in THERMO data file for the sulfur
polymers in the temperature range 400° to 1000°K are based on Kellogg's
data. For temperatures higher than 1000°K, the coefficients for 52,
56’ and 58 are obtained from the JANAF Tables (17) while for the
species S3, S4, 55, and S7 the coefficients derived from KeT]ogg's
equations were used. The concentrations of these latter species are
extremely small, therefore the use of Kellogg's data in the high
temperature range is not introducing major errors in the calcula-
tions. Actually for the Claus process study the important tempera-
ture range, where all sulfur species are present in significant
quantities, is 400° to 700°K. At high temperatures the sulfur vapor

is almost totally 52.
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Guidelines for Free Energy Minimization

With the powerful energy minimization technique and the capability
of considering all chemical species, certain assumptions and guidelines
had to be developed for conducting the Claus process calculations. The
basis for all calculations reported in this thesis is a simple three
reactor "once-through" Claus sulfur conversion process as shown in
Figure 2. The reheat before each reactor is by indirect heat from the
combustion zone or some other source. Typical Claus plant operating
conditions are assﬁmed. The assumptions used throughout this work are
summarized below:

1. A1l gases are assumed to be ideal.

2. Thermodynamic equilibrium is achieved at the fufnace and

the catalytic reactors.

3. Heat losses from the furnace and the reactors are assumed
to be negligible.

4. Acid gases are burned with sufficient air that the
H25/502 ratio in the tail gas is 2 to 1.

5. Streams entering the catalytic reactors are preheated to
temperatures equal to the dew point temperatures of the
product streams. This insures that no sulfur condensation
will take place in the reactors.

6. A1l condensers are assumed to operate at 417°K where 1iquid
sulfur flows readily (30).

7. Acid gases entering the Claus process are assumed to be
saturated with water at 311°K And 1.429 atm.

8. Air entering the furnace is assumed to be 50% saturated
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with water at 297.22°K.
9. The furnace pressure was assumed to be 1.429 atm (21 psia).
The pressure then gradually decreases to 1 atm in the fourth
condenser. The assumed pressure profile throughout the
process is indicated in the results tables.
The necessity for some guidelines is clearly illustrated in Table
VIII in which the results of calculations using various options in the
free energy minimization téchnique are presented. The gas considered
in the calculations reported in Table VIII had a high concentration of

HZS' The exact composition is:

Component Mole %
H .

23 89.72

CO2 4.98

CH4 0.80

H20 4.50

The first case considers only the combustion furnace followed by
one condenser. All species present in the natural gas or formed in
the furnace were allowed to reach their equilibrium composition at
condenser conditions. The sulfur recovery of 99.39% clearly does not
in any way résémb]e the actual production from the first condenser
of a Claus unit, even with high HZS concentration gas feed. This
means that some modifications must be made in the free energy minimi-
zation procedure if the results are to reasonably predict Claus
process sulfur recoveries.

The second case used the same acid gas composition. In the

combustion chamber and the reactor bed all species present were

¥



TABLE VIII
OPTIONS IN THE FREE ENERGY MINIMIZATION CALCULATIONS

Case 1 2 3 B )
Thermodynamic €0, COs, CO2, Hop, H2S and S02 Were As in Case 3 Plus
Condition Equilibrium, H20, HpS, and SO2 Not Allowed to No Mass or Heat Con-
o A11 Species Were Not Allowed to React in Condensers siderations in Conden-
Considered React in Condensers and Reheaters sers and Reheaters
and Reheaters

Furnace

1st Condenser

Recovery % 99.39 71.17 47.80 48.44
Reactor #1 v

Tin(oK) 502 529 529

Tout 637 620 624

% Recovery 13.79 37.44 37.49
Reactor #2

Tin 490 , 490 490

Tout 524 523 527

% Recovery 10.62 10.44 10.07
Reactor #3 v

Tin 458 457 457

TOut 467 466 466

% Recovery 2.65 2.61 2.37
Total Sulfur
% Recovery 99.39 ‘ 98.23 98.29 98.37
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allowed to react to their equilibrium composition. However, in the
condenser carbon monoxide, carbonyl sulfide, carbon dioxide, hydrogen,
water, hydrogen sulfide and sulfur dioxide were considered to be inert
and incapable of reaction at condenser temperature. The difference

in sulfur recovery in the first condenser is very striking.

The third case treated HZS and SO2 as non-reactants in the con-
denser. The resuTts here are primarily different by shifting a con-
siderable amount of the sulfur conversion duty from the first condenser
to the first reactor chamber.

In cases two and three the species treated as being inert were
still included in the heat and material ba]ances. In case four the
HZS and SO2 not only were not allowed to react but were completely
withdrawn from the reaction mixture. The higher sulfur recovery in
both the first condenser and the first reactor are caused by the
higher concentration resulting from omitting the HZS and SO2 from
~ the gas analysis.

Case two above probably most closely represents the reaction
behavior in a real Claus unit. Reaction rates for reactions involving
the compounds listed as inert are slow at typical sulfur condenser
or reheater temperatures (8,20). Therefore, in our investigations
of the Claus process, all species will be allowed to react and reach
their equilibrium composition in the furnace and the reactors.

In the condensers and the reheaters carbon monoxide, carbonyl sulfide,
carbon dioxide, hydrogen, water, hydrogen sulfide, and sulfur dioxide
will be treated as inert. Other species, including the sulfur polymers,

will be allowed to react to reach equilibrium.
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Effect of Considering A11 Sulfur Polymers

As mentioned earlier most investigators have neglected in their
Claus process calculations the sulfur polymers 53, 54, 55 and S7.

By examining the sulfur vapor equilibrium composition presented in
Figure 8,_we realize that 55 and S7 are present in high enough concen-
tration that they should be included in any accurate equilibrium and
yield calculations. To check their affect, a series of calculations
was carried out using the modified free energy minimization approach
(CO, COS, CO,, Hy, Hy0, H,S, S0, inerts in condensers and reheaters).
One case considered all forms of sulfur while the other considered
only 52, 56 and 58‘ Two types of acid gases were used. The results
of the calculations are summarized in Table IX.

The typical acid gas contained 73.0% HZSvand 20.0% C02. The
sulfur recoveries at each stage of the Claus process are close for
the two cases. After the first condenser and two reactors sulfur
recovery is 94.93% considerihg all forms of sulfur and 94.45% con-
sidering only 52, 56 and 58' After three reactors the total
recovery is even closer 98.01% and 97.88% respeétive]y‘

The same comparison was made for sulfur recovery from pure
HZS gas burned with air. The sulfur recovery from the first con-
denser and two reactors is 96.11% considering all forms of sulfur and
95.63% considering only 52, 56 and 58' After three reactors the total
recovery is 98.43% and 98.26% respectively.

From the standpoint of predicted sulfur yield there appears
to be little difference in sulfur recovery whether all sulfur species

are considered or only the traditional 52, 56 and Sg species are
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TABLE IX

COMPARISON OF SULFUR RECOVERY WHEN ALL OR SOME OF THE SULFUR POLYMERS
ARE CONSIDERED IN CLAUS PROCESS CALCULATIONS

Feed Type Typical Acid Gas* Pure HZS Gas

A11 Sulfur Only 52, A1l Sulfur Only 52’
Case Species Sgs S Species Sgs S
Considered Consigered Considered Consigered

Sulfur Recovery %

Condenser #1 68.54 68.54 73.49 73.48
Condenser #2 . 13.27 12.37 13.28 12.39
Condenser #3 13.12 13.54 9.34 9.76
Condenser #4 3.08 3.43 2.32 2.63

* Typical Acid Gas Composition

Component Mole %
HZS , 73.0
CO2 20.0
H20 3.8
CH4 2.5
C2H6 0.4
C3H8 0.1

C4H]0 0.2
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considered. The maximum difference is about 0.48% for two reactors
while the minimum is about 0.13% for three reactors process.

Table X shows the three reactor process tail gas composition which
results from the comparative calculations on sulfur species. The tail
gas compositions shown are for a typical acid gas and for pure HZS gas.
The only significant difference is in the concentration of HZS and SO2
in the tail gases. These are slightly higher if only 32, 56’ and 58
are considered than they would be for all forms of sulfur. For a
typical acid gas with all forms of sulfur considered the HZS plus SO2
concentration in the tail gas is 3914 ppmv while with only 52, 56’ and
S8 considered the HZS plus 502 concentration is 4415 ppmv. This is a
12.8% increase in sulfur tail gas concentration between the two cases.
For pure HZS the increase is 15.6% from 4220 to 4879 ppmv. These’dif-
ferences can be significant for tail gas cleanup processes and for
environmental considerations. With the availability of thermodynamic
data for all the sulfur species, and with the convenience of the free
energy minimization program, all sulfur speéies should be taken into

consideration when conducting accurate Claus process calculations.
Effect of Impurities in the Acid Gas Feed

Acid gases derived from natural gas streams usually contain
measurable quantities of one or more impurities. These impurities can
be hydrocarbons, carbon dioxide, water, and possibly ammonia or amine.
The impurities can reduce the efficiency of the Claus process and
create costly prob]ems affecting design, maintenance and opefation.

In the combustion zone they cah produce materials that participate in

side reactions and/or compete for the sulfur molecules formed. Some
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TABLE X

COMPARISON OF TAIL GAS COMPOSITIONS WHEN ALL OR SOME OF THE SULFUR
POLYMERS ARE CONSIDERED IN CLAUS PROCESS CALCULATIONS
(Mole Fractions)

Feed Type Typical Acid Gas Pure HZS Gas
Case A11 Sulfur Only S,, A1l Sulfur  Only Sp,
' Species S6s Sg Species S6, S8
Species Considered Considered Considered Considered
CO2 0.086977 0.086964 -- --
HZO 0.309511 0.309128 0.343751 0.343239
HZS 0.002609 0.002943 0.002813 0.003252
HZSZ 0.000006 0.000008 0.000007 0.000009
N2 0.599432 0.599339 0.651862 0.651727
502 0.001305 0.001472 0.001407 - 0.001627
Sg 0.000001 -- 0.000001 --
56 0.000027 0.000027 0.000027 0.000027
S7 0.000014 -- 0.000014 --
S - 0.000120 0.000120 0.000120 0.000120
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of the products of these reactions, such as carbonyl sulfide (COS) and
carbon disulfide (CSZ)’ seem not to be affected by present Claus cata-
lysts and either deposit on the catalyst surface reducing its activity
ok,pass through the process unchanged and add to the total sulfur
values in the tail gas.

The affects and the fate of the various impurities in the acid
gases were studied utilizing the modified free energy minimization
program. The base case for comparison is a relatively clean, high
HZS concentration gas that contains approximately 90% HZS’ 5% COZ’

5% water, and a trace of hydrocarbons. Results of the Claus process
calculations for this feed are presented in Table XI. kInc]uded in

the table are the pressure and temperature pfofi]es across the process,
the concentration profiles for all species present at equilibrium

(with concentrations higher than 1 ppmv), and the sulfur yield at

each condenser. Complete results for the base case are given as a

computer program sample output in Appendix B.

Carbon Dioxide

Two cases were run to demonstrate the affect of feeding excessive
amounts of CO2 to a Claus sulfur process. In cases 2 and 3 in Table
XII, the C02 concentration was elevated at the expense of HZS con-
centration with hydroéarbon and water content remaihing essentially
constant. The affect of higher CO2 concentration in the acid gas feed
on the furnace temperature is shown in Figure 9. The furnace tempera-
ture decreases dramatically as the 002 concentration increases. The
complete Claus process temperature and concentration profiles for

cases 2 and 3 are given in Appendix C. Figure 10 shows the affect



TABLE XI

SPECIES CONCENTRATIONS AND SULFUR RECOVERY ACROSS THE CLAUS
PROCESS FOR THE BASE CASE

Furnace Conc'h]:nser Reg?ater Res%tor Conggnser Reheater
Pressure (atm) 1.429 1.3609 © 1.3269 1.2929 1.2248 1.1908
Temperature (°K) 1524 17 502 637 417 490
Chemical Species Mole Fractions: ‘
co 0.004695 0.004277 0.005211 - -- --
cos ) © 0.000197 0.000179 0.000218 0.000004 0.000004 0.000004
coz 0.012931 0.011778 0.014349 0.020188 0.019484 0.020333
C52 0.000001 -- -- -- -- .-
H 0.000003 -- -- - -- -
Hz 0.031865 0.029022 0.035360 0.000014 0.000014 0.000015
HZO 0.233758 0.212906 0.259399 0.315856 0.304847 0.3181'21
HZS 0.039644 0.036107 0.043992 0.030214 0.029161 0.030431
H252 0.000181 0.000471 0.000574 0.000326 0.000315 0.000329
N2 0.539200  0.419110 0.598345 0.610839 0.589550  0.615221
OH 0.000001 - - - .- -
S 0.000014 - - - -- -
s(L) - 0.179424 - - 0.041748 --
SH 0.000666 - -- -- -- --
S0 0.001005 - .- -- -- --
SO2 : 0.036964 0.033667 0.041019 0.015249 0.014718  0.015358
503 - 0.000873 0.000893 .- 0.000009 -
520 0.001979 0.000099 0.000634 ¢. 000054 0.000025 0.000054
S, 0.096684 -- 0.000001 0.000841 -- 0.000001
53 0.000211 -- -- 0.000083 - -
. S 0.000001 -- -- 0.000031 -- --
55 - -~ 0.000001 0.000587 0.000001 0.000004
56 -- 0.000016 0.000003 0.002500 0.000021 0.000047
S7 ’ -- 0.000008 0.000001 0.001507 0.0c00N 0.000021
58 i - 0.000072 0.000001 0.001708 0.Q00094 0.000061
Stage Sulfur Recovery % n.g - .- 13.79 --

Total Sulfur Recovery % n.az - -- 84,96 --



TABLE XI (Continued)

Reactor Condenser Reheater Reactor Condenser Tail
12 #3 #3 #3 #4 Gas
Pressure (atm) 1.1568 1.0887 1.0551 1.0207 1.0000 1.0000
Temperature (%K) 524 417 458 467 417 417
Chemical Species Mole Fractions:
co -- .- - -- -- -
cos -- -— - - - -
C02 N 0.020469 0.019891 0.020565 0.020600 0.020450 0.020624
Cs, -- -- - - - -
H - - - - - -
Hz 0.000001 * 0.000001 0.000001 - - --
H20 0.342578 0.332894 0.344186 0.350471 0.347915 0.350873
HZS 0.008552 0.008310 0.008592 0.002943 0.002921 0.002946
N252 0.000043 0.000042 0.000043 0.000007 0.000007 0.000007
NZ 0.619238 0.601732 0.622144 0.623202 0.618656 0.623916
OH -- - .- - -- -
S - - - .- - -
s(L) -- 0.032815 - -- 0.008430 --
SH -- -- - -- -- --
SO -- -- - - - -
SO2 0.004293 0.004172 0.004313 0.001471 0.001461 0.001473
504 -- -- - -- - --
SZO 0.000002 0.000002 0.00002 - -- -
S2 0.000017 -- -- 0.000001 -- -~
53 0.000002 -- .- - == --
Sy 0.000001 -- -- - -- -
55 0.000102 0.000001 0. 000002 0.000013 0.000001 0.000001
56 0.001222 0.000024 0.000041 0.000262 0.000026 0.000027
S? 0.000842 0.000012 0.000020 0.000165 0.000014 0.000014
SB 0.002638 0.000106 0.000090 0.000865 0.000119 0.000120
Stage Sulfur Recovery % 10.62 -- -- 2.65 --
Total Sulfur Recovery % 95.58 - - 98.23 -

67



68

of feed gas CO2 impurity on furnace effluent composition (expressed as
moles/mole acid gas feed).‘ In all cases, the concentrations of NH3,
NO, N02, SN and HCN are smaller than 1 ppmv and are considered
negligible. Interestingly, the CO concentration (and amount) is a
maximum with approximately 35% C02. This undoubtedly is caused by the
fact that the combustion zone temperature drops sharply when the C02
concentration goes to 75%. Although the concentration of COS continues
to increase as the CO2 content in the acid gas increases, the amount of
effluent seems to have a maximum with approximately 55% CO2 in the feed.
Also, the amount and concentration of C52 havé a maximum at approxi-
mately 45% C02. In all cases, the equilibrium concentrations of COS
and CS, are much Tower than plant data indicate (19). This fact will
be discussed in a later section after the various impure acid gases

are considered.

TABLE XII

CLAUS PROCESS ACID GAS FEEDS WITH CARBON
DIOXIDE IMPURITY

Case 1 . 2 3
Base Case
Component Mole % Mole % Mole %
‘HZS 89.72 49.84 20.00
co, 4.98 45.22 75.32
CH4 0.80 0.44 0.18
H20 4.50 4.50 4.50

Total 100.00 100.00 100.00
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Figure 9. Affect of Feed Gas Carbon Dioxide
Impurity on Furnace Temperature
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Claus process sulfur recovery results for the high CO2 con-
centration feed gases are compared against the base case in Table XIII.
" Due to changes in feed composition, the reactor inlet temperatures
(which are equal to reactor product gases dewpoint temperatures) in
cases 2 énd 3 are generally lower than those in the base case. This
has the effect of’s1ight1y increasing the sulfur recovery and compen-
sating for some of the impurity affects as illustrated in Table XIII.
If reactor inlet temperatures for cases 2 and 3 were assumed to be
the same as those in the base case, then we would observe a decrease
in the overall conversion as CO2 impurity increases. Otherwise the
presence of CO, seems to merely shift a considerable amount of the
sulfur conversion duty from the first condenser to the second with

no affect on the overall sulfur recovery.

TABLE XIII

AFFECT OF FEED GAS CARBON DIOXIDE IMPURITY
ON SULFUR RECOVERY

Case 1 2 3

Reactor Inlet Base As in Recal- As in Recal~

Temperature Case Case 1 culated case 1 culated
for this for this
case case

Sulfur Recovery %

Condenser #1  71.17 64.68 64.68 47.88 47.88
Condenser #2  13.79 21.75 21.48 42.11 41.43
Condenser #3  10.62 9.50 10.03 . 5.95 7.61
Condenser #4 2.65 2.21 2.14 1.67 1.31

Total Recovery % 98.23 98.14 98.33 97.61 98.23
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The tail gases for the three cases, each case with its own calcu-
lated réactor inlet temperatures, are compared in Table XIV. The con-
~centrations of COS and CS2 in the tail gases are less than 0.1 ppmv
indicating that these compounds almost totally react in the reactors.
The change in total sulfur emissions for cases 2 and 3 is smaller than
might be expected in a real Claus plant because of the low furnace
temperature and small combustion air requirement.

In summary, carbon dioxide in the acid gaseé acts mainly as an
inert diluent. It lowers the effective partial pressure of hydrogen
sulfide, but it does not require additional quantities of combustion

air and does not seem to cause major side reactions.

Hydrocarbons

In this comparison study the hydrocarbon concentration was
increased from 0.8% in the base case to 5% and 15% with corresponding
decrease 1in HZS concentration. The hydrocarbon was assumed to be
totally methane. Compositions for the new cases are given in
Table XV.

Excessive hydrocarbon content in the acid gas feed increases
combustion air requirement, furnace temperature, and due to production
of additional inerts the Claus process gas flow increases. This
generally results in a larger plant size and lower conversion of HZS
to sulfur. Hydrocarbons may also enter some of the side reactions
Tisted in Table II which lead to formation of COS and CSZ' These
two compounds do not seem.to react well on present Claus reactors

catalyst and might either deposit on the catalyst surface and reduce



AFFECT OF FEED GAS CARBON DIOXIDE IMPURITY

TABLE XIV

ON PROCESS TAIL GAS FLOW
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Case

1

Base Case

Effluent Gases

(moles/mole acid gas feed for each case)

o,
Hy0
HpS
,S,
N,

2

Total Flow

Total "S" equivalent
to atmosphere:

(atoms/mole acid gas
feed)

(atoms/mole HyS feed)

Change in sulfur
emissions %

0.

057763

.982727
.008251
.000019
. 747466
.004126
.000003
.000076
.000039
.000336
.80804

.015847
.017663

0.
0.

o

N O O O O O o o

456555
566666

.003881
. 000008
.970845
.001937
.000002
.000053
.000028
.000239
.000213

.008270
.016592

.06

0.
0.
0.

o O o o o o o

754864
254655
001223

.000002
389587
.000612
.000001
.000037
.000020
.000168
.401169

.003550
.017748

.48
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TABLE XV

CLAUS PROCESS ACID GAS FEEDS WITH
HYDROCARBON IMPURITY

" Case , 1 2 3
Base Case
Component Mole % Mole % Mole %
HZS 89.72 85.74 76.27
co, 4.98 | 4.76 4.23
CH4 0.80 5.00 ‘ 15.00
HZO 4,50 4.50 4.50

Total 100.00 100.00 100.00
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its activity or pass through the process unchanged and add to ‘the
total sulfur values in the tail gas.

The results of equilibrium calculations for cases 2 and 3 are
presented in Appendix D. The affect of feed gas hydrocarbon impurity
on furnace effluent composition is shown in Figure 11. The amount of
CO2 and CO produced in the combustion zone increases as the hydrocar-
bon content of the acid gas increases. COS and CS2 are only slightly
increased. The affect of feed gas hydrocarbon impurity on Claus
prbcess sulfur recovery is presented in Table XVI. The total sulfur
recovery decreases from 98.23% for the clean or base case to 98.00%
and 97.4% for cases 2 and 3 respectively.

The tail gases for the three cases are compared in Table XVII.
The major affects of hydrocarbon impurities on tail gas flow and com-
position aﬁd on sulfur emissions to the atmosphere or to the tail gas
clean-up processes are apparent. Increasing the hydrocarbon content
in the acid gas feed from 0.8% to 5%, as 1h case 2, results in an
increase of about 12% in the tail gas flow and of about 13% in total
sulfur emissions. If the hydrocarbon content in the feed gas is
increased to 15%, as in case 3, the resulting increase in tail gas
flow and in total sulfur emissions is about 40% and 47.4% respectively.

In order to insure high efficiency of the Claus process, the
hydrocarbon content of the acid gas feed musf be extremely small.
Some corrective measures in the design of acid gas sweetening plants
need to be taken to achieve this. For "physical solvent" sweetening
processes that have excessive heavy hydrocarbons in the acid gas, a
vcharcoa] adsorption unit should be considered for treating the acid

gas prior to sending it to the Claus plant (13).
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TABLE XVI

AFFECT OF FEED GAS HYDROCARBON IMPURITY
ON SULFUR RECOVERY

77

Case 1 2
Reactor Inlet Base As in Recal - As 1in Recal-
Temperature Case Case 1 culated Case 1 culated
for this for this
case . case
Sulfur Recovery %
Condenser #1 71.17 70.09 70.09 65.07 65.07
Condenser #2 13.79 11.79 12.45 8.55 10.39
Condenser #3  10.62 13.01 12.37 19.47 - 17.88
Condenser #4 2.65 3.10 3.09 4.28 4.06
97.40

Total Recovery % 98.23 97.99 98.00 97.37




TABLE XVII

AFFECT OF FEED GAS HYDROCARBON IMPURITY ON
PROCESS TAIL GAS FLOW
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Case

Base Case

1

Effluent Gases

(moles/mole acid

gas feed for each case)

20

HZS

H

Total Flow

Total "S" equivalent
to atmosphere:

(atoms/mole acid gas
feed)

(atoms/mole HZS feed)

: Increase_in sulfur
emissions %

- O O o o

nN O O O o o

.057763
.982727
.008251
.000019
.747466
.004126
.000003
.000076
.000039
.000336
.800804

.015847
.017663

o O

w O O O o o

12.

.097594
.030963
.008829
.000022
.988979
.004415
.000003
.000083
.000049
.000375
.131304

.017108
.019953

97

0.

1

w O O O O o N o o

47.

192332

. 145825
.010018
.000024
.563153
.005008
. 000004
.000104
.000055
.000469
.916990

.019855
.026034

39
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Ammonia and Water

~ Impurities in acid gas feeds to Claus plants can include ammonia
from gas treatment plants or refineries and water vapor. In our com-
parative stddy, one case was run with the addition of ammonia and
another with increased water concentration. The compositions for the
two cases as well as for the clean or base case are listed in Table
XVIII. The calculation results including pressure, temperature, and
concentration profiles across the Claus process for these two cases

are given in Appendix E.

TABLE XVIII

CLAUS PROCESS ACID GAS FEEDS WITH AMMONIA
AND WATER IMPURITIES

Case Number 1 2 3

Impurity Base Case , NH3 H20

Component Mole % Mole % Mole %
HZS 89.72 75.63 70.46
C02 4.98 4.20 3.91
CH4 0.80 0.67 0.63
H20 4.50 4.50 25.00
NH3 -- 15.00 --

Total 100.00 100.00 . 100.00
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The affect of ammonia and water impurities on the furnace pro-
ducts is shown in Table XIX. The addition of ammonia had little affect
on CO production while water actually suppressed its formation. The
presence of ammonia and the additional water seem to slightly suppress
the formation of COS. Some possible reactions of ammonia in Claus

plants are (3):

2NH3 === N2 + 3H2 (4-1)
2NH, + 231 0, ———> N, + 3H,0 (4-2)
2NH, + % 0, ————3 2N + 3H,0 (4-3)

Reaction‘(4-1) is simply the thetma] decomposition of ammonia.
Reaction (4-2) is the complete oxidation of the hydrogen in ammonia
which most 1ikely occurs with oxidizing conditions in the furnace.
The oxidation of both nitrogen and hydrogen in ammonia is represehted
by reaction (4-3). |

The combustion condition for case 2 in this study was probably
an oxidizing condition. Almost all of the ammonia reacted to form
nitrogen. The equilibrium concentration of NO in the combustion
zone was only about 0.14 ppmv which means that reaction (4-3) is
not important at the furnace temperature (1607°K). Equilibrium con-
centration of NH3 in the combustion zone was about 0.4 ppmv.

The combustion products (nitrogen and water) tend to depress the
Claus reaction, reaction (2-15). Nitrogen acts as an inert diluent
while water is a Claus reéction product in addition to being an inert.

The affect of ammonia and water in the feed gases on the sulfur

recovery is presented in Table XX. The presence of ammonia in case
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TABLE XIX

AFFECT OF FEED GAS AMMONIA AND WATER IMPURITIES
ON FURNACE EFFLUENT COMPOSITION

Case 1 2 3
Impurity' Base Case Ammonia in Water in
Feed Gas Feed Gas
Species (moles/mole (moles/mole (moles/mole
acid gas feed) acid gas feed) acid gas feed)
co 0.015216 0.015884 0.007197
cos 0.000638 0.000403 0.000410
002 0.041908 0.031032 0.032256
C52 0.000003 0.000001 0.000001
H 0.000010 0.000034 0.000003
H2 0.103271 0.136879 0.066153
H20 0.757584 0.804163 0.691586
HZS 0.128482 0.101482 0.113372
H252 0.000587 0.000349 0.000551
NH3 B 0.000001 ——-
N2 1.747489 1.904661 1.205562
OH 0.000003 0.000008 . ——
S, 0.000045 0.000099 0.000012
SH 0.002158 0.003041 0.000973
SN | - 0.000001 -
SO 0.003257 0.005152 0.001388
502 0.119796 0.123055 0.091194
520 0.006414 0.005250 0.005378
52 0.313342 0.244489 0.200054
53 0.000684 0.000363 0.000521
S4 0.00003 0.000001 0.000004
Total Flow 3.240892 3.386348 2.750339

Furnace Temperature,oK 1524 1607 1444




TABLE XX
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AFFECT OF FEED GAS AMMONIA AND WATER IMPURITIES
ON SULFUR RECOVERY

Case 1 3
Impurity Ammonia Water
Reactor Inlet Base As in Recal- As 1in Recal-
Temperature Case Case 1 culated Case 1 culated
for this - for this
case case
Sulfur Recovery %
Condenser #1 71.17 67.92 67.92 65.85 65.85
Condenser #2 13.79 12.60 13.44 17.51 17.33
Condenser #3 10.62 13.78 13.09 11.41 11.50
Condenser #4 2.65 3.42 3.28 3.11 3.11
Total Recovery % 98.23  97.72 97.88 97.79

97.73
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2 decreased the overall recovery by 0.5% while additional water in
case 3 caused a reduction of 0.44%.

The tail gas flow for the two cases is compared against the base
case in Table XXI. The increase in sulfur emissions for the ammonia
case is 23.39% while for the additional water case the increase is
25.84%. Goar (13) presented similar results for a Claus process with
two reactors and hot gas bypasses. Although the two results cannot be
directly compared due to different reaction conditions and assumptions,
they indicate the necessity for removing or reducing the impurities

before entering the Claus plants.

Production of CS, and COS in the |

Claus Furnace

The equilibrium concentrations of C52 and COS calculated in this
study and presented in Figures 10 and 11 are much below observed plant
data. This has been observed and reported by Kerr (19) who found
from collected plant data that CS2 concentration in the furnace
effluent is directly proportional to the hydrocarbon content of
the acid gas feed. For example, when the total carbon from hydro-
carbons in an acid gas is 0.8 mole % the C52 concentration in the
furnace effluent is about 0.8 mole %. The observed high concentration
is probably due to kinetic limitations - rapid CS2 formafion from
hydfocarbon impurities. This can be supported by the experimental
observation that sulfur reacts with hydrocarbons at rates orders of
magnitude greater than oxygen with hydrocarbons (20). Figure 10

indicates that C52 is also formed from CO reacting with 52, though
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TABLE XXI

AFFECT OF FEED GAS AMMONIA AND WATER IMPURITIES
ON PROCESS TAIL GAS FLOW

Case 1 2 3
Impurity Base Case Ammonia Water
Effluent Gases (moles/mole acid gas feed for each case)
Co, 0.057763 0.046869 0.045388
H20 0.982727 1.025959 0.984533
HZS 0.008251 0.008534 0.008449
HZSZ 0.000019 0.000021 0.000022
N, 1.747466 1.896507 1.372612
50, 0.004126 0.004267 0.004223
55 0.000003 0.000003 0.000002
S6 0.000076 0.000079 0.000064
S7 0.000039 0.000042 0.000034
58 0.000336 0.000357 0.000289
Total Flow 2.800804 2.982638 2.415617

Total "S" equivalent
to atmosphere:

(atoms/mole acid gas
feed) 0.015847 0.016483 0.015662

(atoms/mole HZS feed) 0.017663 0.021795 0.022228

Increase in‘sulfur _
emissions % 0.0 23.39 25.84
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this reaction is governed by overall system equilibrium. Some possible
reactions involving CS, and COS are given in Table II (page 23).

The production of COS in a C]éus process furnace appears to be
related to equilibrium production of CO. According to Kerr neither
COS nor CO exhibit any meaningful trend, individually, for various
plant feeds as a function of hydrocarbon or hydrogen sulfide. But he
observed that their sum exhibits the same trend as predicted by thermo-
dynamic equilibrium at the adiabatic flame temperaiure. He concluded

that COS is probably formed from CO reacting with sulfur:

CO+S ﬁ oS (4-4)

Kerr presented a chart similar to that shown in Figure 12 comparing
plant test data with the results of his equilibrium calculations. The
results of the acid gases studied with impurities in this work are
summarized in Table XXII and shown in Figure 12.‘ The agreement with
the data of Kerr is good and the curve through the present data appears
to have the same shape. Therefore, the higher than thermodynamic
equilibrium concentration of COS in the Claus furnace could be due

to rapid formation of COS from CO and sulfur vapor.

Sulfur Recovery After a Fourth Reactor

The sulfur recovery after a fourth reactor in a Claus process
was calculated for rich and lean acid gases (cases 1 and 2 in
Table XII). The results are presented in Table XXIII. For the rich
acid gas feed, the fourth reactor increased the overall sulfur

recovery by 0.69%. For the lean acid gas feed, the overall sulfur
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recovery was increased by only 0.51%.
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These increases in sulfur

recovery probably do not justify the cost of adding a fourth reactor

to a Claus plant especially if a tail gas cleanup unit is included.

Only for very large plants, with high levels of sulfur emissions,

would a fourth reactor be considered.

TABLE XXII

EQUILIBRIUM CONCENTRATIONS OF (CO + COS) IN CLAUS FURNACE

HZS in Acid Gas Mole % Dry

(CO + COS) Mole % Dry, S-Free

93.95
93.95
89.78
79.86
75.90
66.00
52.20

0.73
0.50
1.31
2.55
2.66
2.29
1.98

TABLE XXIII

SULFUR RECOVERY AFTER FOUR CLAUS REACTORS

Acid Stage

Gas Total )
Feed Furnace Reactor Reactor Reactor Reactor Recovery %
‘ #1 #2 #3 #4
HZS—Rich 71.17 13.79  10.62 2.65 0.69 98.92
HZS—Lean 64.68 21.48 10.03 2.14 0.51 98.84




CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS
Conclusions

The free energy minimization method for calculating chemical equi-
Tibrium is convenient especially for handling mu]ti—component multi-
reaction systems. With this method individual equilibria are not
considered, as such. Rather, the possible product species are indicated
and the distribution of these species is determined using a completely
general mathematical technique to give the minimum free energy for the
system. The mathematical procedure requires no prior knowledge of the
chemistry of the system nor does it require accurate initia1'guesses.

A computer program which calculates chemical equilibrium by the
free energy minimization method was obtained and tested by several
examples. The results of the program agree with equi]ibrium data in
the literature.

The program was modified to enable the user to make process
equilibrium calculations at constant temperature and pressure or con-
stant enthalpy and pressure. The thermodynamic data file was expanded.
The program was made more flexible in that any species could be
included or excluded, declared inert or active at any stage in the
process calculations. Condensed species could be removed from the

reaction mixture.
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The modified free energy minimization program was convenient to

use, and proved to be successful in conducting the Claus process study.

From the Claus process investigation, the following conclusions

can be drawn:

1.

About thirty compounds produced in the Claus process have
concentrations exceeding 0.1 ppmv and should be included

in any accurate Claus process calculations.

A11 sulfur polymers should be considered in Claus process
calculations. Their neglect can cause up to 16% difference
1nltota1 sulfur concentration in the tail gas.

Certain guidelines need to be drawn to take care of kinetic
Timitations to the reactions of some compounds. Kinetic
limitations to CO, COS, COZ’ Ho H,0, HZS-and SO2 reactions
in condensers and preheaters can be accommodated by treating
them as inert.

Equilibrium concentrations of COS and CS2 in the furnace
product gas are much below observed plant data which mean
that kinetic Timitations are important.

The presence of impurities in the acid gas feed causes a
reduction in furnace sulfur conversion, a reduction in
overall plant sulfur recovery, and an increase in sulfur
emissions in the tail gas. Impurities generally increase
the volume of process gas leading to a larger Claus plant
size.

Acid gas ammonia impurity seems to totally burn to nitrogen.

The equilibrium concentrations of catalyst poisonous
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compounds HCN, NH3 and NOX in the furnace product gas are
less than 1 ppmv.

7. A fourth reactor in the Claus process can increase the
overall sulfur recovery by about 0.69%. This might not be

enough to justify the cost of adding it.
Recommendations

The Modified free energy minimization computer program is a
general purpose program. It can be further improved and modified
to do any particular process calculations. Before using the program
the thermodynamic data file will have to be checked to see if it
includes all possible reaction species. If it does not, then the
thermodynamic data Wi11 have to be obtained first. Without any
doubt the present thermodynamic data file needs to be expanded.

Currently the program assumes that gases are ideal and that

interactions between phases are negligible. A major improvement
to the program would be to use an equation of state to allow for
non-ideal conditions. Accommodation of phase interactions in freé
energy minimization techniques needs to be studied.

From the Claus process study the following recommendations for

further work are made:

1. The computer program should be used to study an operating
Claus plant. The program equilibrium results should be
compared against plant data and the stages that do not seem
to operate at equilibrium should be identified. The rea-

sons for not reaching equilibrium should be examined. The
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computer program should be modified if it is to be used

for plant simulation.

The kinetics of COS and C52 reactions in the Claus furnace
need to be studied. A method, theoretical or empirical,

to simulate COS and 052 production in the furnace need to
be developéd and incorporated in the program.

The present computer program needs to be modified to handle
different Claus process flow schemes. The program can be
expanded to conduct equipment design calculations.

The possible use of the computer program in Claus plants

optimization and/or monitoring should be explored.
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EREREEY FRR
CESEEDABRE IR ERFRER R AR KRR E
REACTANTS
H « S 1. 00
C 1. 0 - 2. [s 10}
c 1. H 4. oo
H 2. C 1. 00
0 2. 00
N 2. []4]
H 2. 0 1. 00
CMLTY C4H10( 1) H202
CML Y CH €302
OoMIT CN2 C2H
CMIT Nk NH2
CMIT CchH2 CH20
CMIT C4H11INC2(L) H20(L)
OMIT NCO h20
OMIT N204 N205
oMIT HNCO N2H4
CMIT c(s) C
OoMIT Ca Cc5
NAMELISTS

EQUILIBRIUM CALCULATIONS FOR THE CLAUS PROCESS

Rk ESRER

FURNACE AR RER B AL SRR ERE R E SRk hkk kR R
0.90710 G31l1.0 F
0. 06500 G311.0 F
0.0C380 G311.0 F
0. 02410 G311.0 F
0.23C78 G297.22 G
0. 76004 6297.22 C
0.00s18 G297.22 O
C2HTING(L) CS5H12(1)

N a3
C2N HO2
N3 c20

CN H2S(L)
HCO HNO
H20(S) NO3
C5H12(N) N20
H202 HNO2
€2 Cc3
CNN S$(S)

CINPT2 HPaT,P=1.429,CF=T,MIX=1.910920,0FNEXT=1.910920,

TRACE=1.E~15 EEND
SEBRERB RS RERE AR SR ENSRAERESE

MOD INERT cos caz2
MaD INERTY H2C H2S
MOD OMIY Ché CH3
INSERT stu)

NAMELISTS

EINPT2 TP=T,P=1.3609,7=417,
TRACE=1.E-15 GEND
SARARRRRREASERERAREIRR R RS
¥GD REMOVE su)
NAMELISTS
EINPT2 TP=T,P=x1.3269,T=502,
TRACE=1.E~-15 E&END ’
LR L LRI SIS AR R L L 2

MCD ACTIVE cos coz2
MCD ACTIVE H2G K25
NAMELISTS

GINPTZ2 HP=T,P=1.2929,
TRACE=1.E~15 LEND
ARRBFERARER SRR R BRE RN EE

MOD INERT cCs co2
MOD INERTY H2C H2S
NAMEL ISTS

EINPT2 TP=T,P=1.,2248,T=417,
TRACE=1.E-15 GEND

CGNDENSER # 1
H2
$02

AEBREEXREEEEEE R IR SR RR LRSS

REHEATER # 1 S&&ssksssstnxssdanshxsboss

REACTOR # 1 tttt;ttottttt‘tttt%ttttttttv
H2
sc2

CONDENSER # 2
H2
s02

AR AKERERREEE LR PR RE SRR %S
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BEREEREREECRR SR RE S R USSR ek R
MOD REMOVE stL)
NAMEL ISTS
EINPT2 TPaT,P=1.1908,T=490,
TRACE=1.E~15 LEND
ERREREERREE SN NSRS R RERRE

MOD ACTEVE cos co2
MCD ACTIVE H20 r2S
MAMELISTS

EINPT2 HP=T,P=1.1568,
TRACE=1.E-15 GEND
REESERRERR AR R KRR AR RAR KRR

MOD INERT cas co2
MOD INERT H2C H2S
NAMELISTS

EINPT2 TP=T,P=1.0887,T=417,
TRACE=1.E-15 EEND
PSR 232 E22 S S ST 2322022 22 1 ]

MOD CMIT C2Hé6 C3H8
*0D CMIT C2H2 C2Hée
MOD OMIT cs2
MOD OMIT [o¢}

MCD REMOVE Sty

NAMELISTS

EINPT2 TP=T,P=1.0551sT=458,
TRACE=1.E~15 &ENC
ARIRKBIERRARKRRE RS ERR SR &

MOD ACTIVE H20 H2S
MOD ACTIVE CCs cc2
NAMEL ISTS

EINPT2 HP=T,P=1.0207,
TRACE=1.E-15 E&END
AR EGRRARRRERRR SRR R BRE AR KR

MOD INERT cGs . caz
MOD INERT H2C H2S
NAMELISTS

EINPT2 TP=T,P=1.0000,T=417,

TRACE=1.E-15 &END
KEFRREREERERER B R SRR R RS R R R RS

MOD REMOVE siL)

NAMELISTS

EINPTZ TP=T,P=1.0000,T=417,

TRACE=1.E-156END

TREREEEERRE SRR AS%x END OF CALCULATIONS -~ ALI G. MAADAH

REHEATER # 2 Y Ty P T P Y TS T Y T L P

REACTOR & 2
H2
s02

SRS REE RS AEEERE R R Rk kR kR K%

CONDENSER # 3
H2
so02

AEERESRRRRERRB X IR BE LR SRR RN

REHEATER # 3 #5#2ssid sttt idkssntanss

C4HLO(N)
C2N2 HCN
€S SN

REACTOR ¥ 3
so2
H2

FEERRER SRS REEREERRRAR AR R RR A S

CONDENSER # 4 *snddskagkk skt kkknbs
H2

s02

TAIL GAS EEREEREERRREERRKEREERSRES RS

SEREEREERERKEREE KRR K
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ssssxessse  EQUILIBRIUM CALCULATIONS FOR THE CLAUS PROCESS

EREEEEEREKE

AXRRREX TR RN R RN RRR R R hkK S KK FURNACE EERERR SRR AR R R B SR RERE IS IRE R
FEACTANTS
H 2.CCCC S 1.0C00 0.0 0.0 00 0.0 0.907100 0.0 G 311.000 F .0
C 1.0C00 O 2.0000 0.0 0.0 00 0.0 0.065000 0.0 G 311.000 F 0.0
C 1.0000 H 4.0000 0.0 0.0 00 J.0 0.003800 0.0 G 311.000 F 0.0
H 2.CCCC O 1.0000 0.0 0.0 00 0.0 0.024100 0.0 G 311.C0C F 0.0
s} 2.0C0C 0.0 0.0 0.0 00 0.0 0.230780 0.0 G 297.220 0 0.0
N 2.000¢C 0.0 0.0 0.0 00 0.0 0.760040 0.0 G 297.220 0 0.0
4 2.C000 O 1.0C00 0.0 0.0 00 0.0 0.009180 0.0 G 297.220 (3] 0.0
CMIT C4Hl0LI) H202 C2HTNO (L) C5H12( 1)
CML Y CH c302 N 03
CMIT CN2 C2H C2N HO2
CMIT NH NH2 N3 c20
CNIT CH2 CH20 CN H2S (L)
CMIT C4H1INO2(L) H20(L) HCO HNO
cvIT NCO N20O H20(5S) NC3
CMTT N204 N205 CSh12 (N) N20
cMIT HNCO N2H4 H202 HNO2
CHLT c(s) C c2 c3
CMIT Cé4 cs CNN S(s)
NAFMELISTS
SPECIES BEING CONSICEREL IN THIS SYSTEM
J 6/69 CH3 J 3/61 CH4 J 9/65 CO 4 3/61 COS J 9/65 CO2
J 6/61 CS2 J12/62 CS J 3761 C2H2 J 9/65 C2H4 L 5772 (2H6
J 3761 C2N2 AGMOO1l C3HS AGMOOL C4HLIO0(N) J 9/65 H L12/69 HCN
J €/¢2 HNO3 J 3/61 H2 J 3761 H20 J12/65 H2S J12/65 H2S2
J $/65 NH3 J 6/63 NO J 9/64 NO2 J 9/65 N2 J 6/62 C
J12/70 OH J 9/65 02 J12/765 S(L) J 6/7L S J 6/67 SH
J 6/61 SN J 6/71 SO J 6/61 S02 J 9/65 S03 J12/765 S20
J12/65 S2 AGMO02 S3 AGMO02 5S4 AGMQ002 S5 AGM002 S6
AcCMCCZ S7 J 6/64 S8
CF = 1.61€920
EFFECTIVE FUEL EFFECT IVE OXIDANTY MIXTURE
ENTHALPY HPP(2) HPP(1) HSUBO
(KG-MCL)(CEG K)/KG -0.17472676E+03 ~0.14935472E6+02 -C.69829193€E+02
KG-ATCMS/KG BOP(1,2) 8oP(I.,1) BO(I)
k 0.56856615D0-01 0.10191313D-02 0.202012060-01
S 0.26616835D-01 0.0 0.91437874D-02
[ 0.17138018D-02 0.0 C.58874S170-03
Q0 0.42916264D-02 0.14933860D0-01 0.11277891C-01
N 0.0 0.542626080-01 C.356215580-01
PT H S C 0 N
1 -10.862 ~-11.360 -15.742 -24.783 -13.154 16.000
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THERHGDYNAHIC EQUILIBRIUM COMBUSTION PRCPERTIES AT ASSIGNED

PRESSURES
WT FRACTICN ENERGY STATE TEMP DENSITY

CHEMICAL FCRMULA {SEE NOTE)} CAL/MCL DEG K G/CC
FUEL K 2.00000 S 1.00000 0.90710 -4774.699 G 311.00 0.0
FUEL C 1.Cco00 G 2.00000 0.06500 -93933.312 G 311.0¢C 0.0
FUEL C 1.00000 H 4.00000 0.00380 -17785.781 G 311.00 0.0
FUEL H 2.C0000 0 1.00000 0.02410 -57692.C78 G 311.0C 0.0
CXILANT O 2.00000 0.23078 -6.614 G 297 .22 0.0
CXICANY N 2.00000 0.76004 -6.536 G 297.22 0.0
OXICANT H 2.00000 0 1l.C0000 : 0.00918 ~-57802.1723 G 297.22 0.0

0/F= 1.9109 PERCENT FUEL= 34.3534 EQUIVALENCE RATIO= 2.6216 PHI=2.9313 REACTANY DENSITY= (.0

THERMCLYNAMIC PROPERTIES

Py ATHM 1.429C
T. CEC K 1524
RHC+ G/CC 3.45G43~-4
ks CAL/G -138. €
Se CAL/(GH(K]) 2.0564
Fe MOL W7 3C.274
(CLV/CLP)TY -1.0048C
(CLV/DLY) P 1.0718
CPy CAL/(GHLK) 0.402$
TCTAL MCLES 0.033032

MOLE FRACTICNS

CH2 1.1445-14
CHa4 4.30C4-12
cc 4.69535-3
cos 1l.S56€54~4
ca2 1.29310-2
Cs2 6.73294-7
Cs 3.89476~8
L 3.47463-¢
HCN 2.1624-10
r2 . 3.18649-2
+20 2.33758-1
H2S - 3.96436-2
+252 1.81484~4
AH3 3.46795-7
NG 4.25367~-8
NO2 8.3756-15
N2 . 5.39200~1
o] 7.3599-11
CH 7.67168-17
c2 2.5203-1C

001



S 1.38543-5

SH 6.£65859-4
N 1.64331-7
so 1.0C493-3
sc2 3.69639-2
s03 2.33887-8
sa2c 1.978€95-2
S2 9.66839-2
S3 2.10995-4
S4 1.28%522-¢
S5 3.5217198-8
<6 5.33¢€4-1¢C
S7 1.58C2-11
<8 5.30€3-14

ADDITICNAL PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS WERE LESS THAN 0, 10000E~14 FOR ALL ASSIGNED CONDITIONS

C2r2 C2H4 C2H6 C2N2 C3H8 C4H10(N) HNO3 stL)

NCTE. WEIGHT FRACTION OF FUEL IN TOTAL FUELS AND OF OXIDANT IN TOTAL OXIDANTS

Lot



(A2 232222 3 ]

SESEEEERE SRR X XRX XSRS RS SR

MCC INERT cos
MOD INMNEFRT H2C
MOD CMIT CH4
INSERT S(L)
NAMELISTS

co2
H2S
CH3

NO INPTZ VALUE GIVEN FOR OF, EQRAT, FA,

CF = c.C

ENTFALPY
(KG-MCL)(CEG K)/KG

KG-ATCMS/KG
P

EA=-Nalk”}

ccs
cc2
H2

H20
H2S
sc2

H S
1 -13.543 -4.037

EFFECTIVE FUEL
HPPL2)
-0.69829239E+02

80P(1,2)
0.341585450-04
0.660680420-02
0.155119600-03
0.25368790D0-03
0.356215580-01
0.64958532D0-05
0.427133710-03
0.105255540-02
0.77214672D-02
0.130950120-02
0.122C9862D-02

c 0 N
-11.483 -49.279 -11.708

CONCENSER # 1

H2
s02

OR FPCT

EFFECTIVE OXIDANT

0.0

[-NeR-NeoRoN-NoNeoNeoNoNel

[~N-NoN-NeN NoNeNoNeNe)

EQUILEBRIUM CALCULATICNS FOR THE CLAUS PROCESS

SEEES REE X

A2 22 R 222222 222 222 2222t t

HPP(1)

BOP(I.1)

cos co2
-76.141 -143.369

H2
-18.914

MIXTURE
HSUB0
-0.69829239E+02

BO(I)
0.341585450-04
0.66068042D-02
0.155119600-03
C.253687900-03
C.356215580-01
0.649585320-05
C.427133710-03
C.105255540-02
0.772146720-02
0.130950120-02
0.122098620-02

H20
-93.689

H2S

-33.648

saz
-118.588

20.000

20l



THERMODYNAMIC EQUILIBRIUM PROPERTIES AT ASSIGNED

TEMPERATURE ANC PRESSURE

THERMCCYNAMIC PROPERTIES

Pe ATH 1.3609
T, CEC K 411
RHC+ G/CC 1.33644-3
K, CAL/G -552.C
Se CAL/(G)K) 1.5623
Fe FCL T 33.602
(CLv/CLP)T -1.€0017
(CLV/CLT)F 1.0045
CP, CALZ(G)(K) 0.2854
TCTAL MCLES 0.036261

MCLE FRACTICNS

cc 4.27715-3
cas 1.79112-4
cc2 1l.177715~-2
Ccs2 lL.4676-11
+2 2.90224-2
r20 2.12906-1
F2¢S 3.61C72-2
r252 4.70795-4
NH3 9.05772-8
A2 4.91101~-1
stL) 1.79424-1
SO 4.8051-13
sC2 3.36666-2
sa3 8.73C20-4
s2c 9.87888-5
€2 1.29074~-8
S3 1.52€65-5
sS4 1.17139-5
$5 4.65248~7
S6 1.59845-5
s7 8.46168-6
<8 7.21895-5

ADDITICNAL PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS WERE LESS THAN 0.10000E-14 FOR ALL ASSIGNED CONDITIONS

cs C2H2 C2H4 C2k6 C2N2 C3k8 C4HLO(N) H HCN HNO3
NO NO2 b} OH 02 S SH SN

€ol



ssxsxeesss ECUILIBRIUM CALCULATICNS FOR THE CLAUS PROCESS #*ssirssss
SAERRERER IR ERR SRR SR 0XS 4% REHEATER £ 1 #3250k k84S R RSN E R KRR XK

MCC REMCVE siL}

S(L) REMOVEC: 0.6507172D0-02 KG-MOL/KG ( 0.20864590+03 KG/KG) OF CRIGINAL PROCESS FEED.
NAMELISTS .

AQ INFT2 VALUE GIVEN FOR OF, EQRAT, FA, OR FPCT

CF = Cc.C
EFFECTIVE FUEL EFFECTIVE OXIDANT MIXTURE
ENTHALPY . HPP(2) HPP{1) HSUBO
{KG-MCL)IDEG K)/KG -0.51605347€+03 0.0 -C.51605347E+03
KG-AT(MS/KG 80P (1,2) 80P(I,1) 80(I)
H 0.431646790-04 c.0 0.431646790-04
S 0.12590141D-03 0.0 0.12590141D-03
(o C.196017950-03 0.0 0.19601795D0-03
c 0.320574450-03 0.0 €.32057445D0-03
N 0.450134250-01 0.0 0.450134250-01
ces 0.820852930-05 0.0 0.82085293C-05
cc2 0.53975044D-03 0.0 0.539750440-03
H2 0.133CCc688D-C2 0.0 €.133006880-02
20 0.97572848D-02 0.0 0.975728480-02
H2S 0.16547601D-02 0.0 C.16547601D-02
sc2 0.154290760-02 0.0 0.154290760-02
PT H S C ] N cos co2 H2 H20 H2S sQ2
1 -12.756 =5.357 -13.008 ~42.609 -11.834 -69.756 —124.491 -19.165 -82.170 -32.950 -104.449

volL



THERMODYNAMIC ECUILIBRIUM PROPERTIES AT ASSIGNED

TEMPERATURE AND PRESSURE

THERNCCYNAMIC PROPERTIES

Pe ATH 1.3265
Ts, CEG Kk 502
RHC, G/CC 8.56377-4
ty CAL/G -€83.1
Se CAL/ZIGI(K) 1.9396
k, NOL BT 2¢€.58%
(DLV/CLP)T -1.00001
(DLy/CLT)P 1.0004
CP, CAL/(GI(K) 0.29117

TOTAL MCLES 0.03761%

MOLE FRACTIONS

cc 5.21117-3
. €os 2.18225-4
cc2 1.43494-2
cs2 1.2630-10
+2 3.53601-2
H2C 2.59399-1
F2S 4.39G621-2
k252 5.73544-4
MH3 1.51024-17
N2 5.58345-1
SH 2.2502-132
sC 2.0468-10
s02 4.10185-2
S03 8.92516-4
20 6.33809-4
s2 8.16C17-17
<3 4.38¢€88-8
€4 1.16578-8
$5 5.12€852-1
S6 3.09762~-6
s7 8.63423-7
8 1.36C73-¢

ADCIT ICNAL PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS WERE LESS THAN 0,10000E-14 FOR ALL ASSIGNED CONDITIONS

[ C2H2 C2H4 C2HE C2N2 C3r8 C4H10(N) H HCN HNO3
NO NO2 [« OH g2 S{L) S ’ SN

G0l



sssssxssss EQUILIBRIUM CALCULATICNS FOR ThE CLAUS PROCESS *s&ess3ssss

L2322 32 RS 22 2 2222 22ttt d Ll REACTOR #

MOC ACTIVE cas co2 H2
MCD ACTIVE H20 H2S s02
NAMEL ISTS .

NO INPT2 VALUE GIVEN FOR CF., EQRAT, FA, OR FPCT

CF = C.C
EFFECTIVE FUEL

ENTHALPY HPP(2) '
(KG-MCL)(CEG K)/KG -0.34373730E+03
KG-ATCMS/KG BOP(I,2)

H 0.25527392p-01

s C.33317776D-C2

C 0.74397692D-C3

c 0.142513840-01

N 0.450134250-01
PT H S [+ 0 N

1 -13.6€S5 -5.41% -19.177 -42.773 -12.035

1 EII RIS 23223 R 22 222 22 2222 2 )

EFFECTIVE OXIDANT MIXTURE
HPP(1) HSUBO
0.0 -0.34373730E+03

BOP(I,1) BO(I)
0.255273920-01
0.33317776D0-02

€.14251384D0-01
C.450134250-01

0.0
0.0
0.0 C.743976920-03 .
0.0
0.0

24.000

90l




THERMCDYNAMIC EQUILIBRIUM COMBUSTION PRCPERTIES AT ASSIGNED

PRESSURES

THERNCCYNAMIC PROPERTIES

Py ATH 1.292S
T. CEC k 637
RHC, G/CC 6.70926-4
te CAL/G -€83.1
Se CAL/(GI(K) 1.9751
k. FOL WT 217.14C
{CLV/CLF)TY -1.00182
oLv/oL TP 1.0538
CPy CAL/(G)(K) 0.4154
TCTAL MCLES 0.036846

MOLE FRACTIONS

co 5.11788-8
cas 4.02246-6
cc2 2.01e77-2
csz 1.8484-10
r2 1.44509-5
r20 3.15€56—-1
k28 3.02139-2
H2S52 3.26480-4
NH3 1.25860-9
N2 6.10839-1
SH 2.0735-1¢C
sC 3.3272-140
sQ2 1.52491-2
sC3 2.1136-12
s2c 5.35619~-5
s2 8.41450-4
S3 8.25818-5
sS4 3.C9¢36-5
S5 5.867135~4
s6 2.49682-3
17 1.50669-3
<8 1.708C7-3

ADDITICNAL PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS WERE LESS THAN 0,10000E-14 FOR ALL ASSIGNED CONDITIONS

cs C2H2 C2H4 C2H6 C2N2 C3H8 C4H10(N) H HCN HNO3
NO NQO2 c OH G2 S(Li S SN

L0l



ERE 2 L P22 L 33

AR SRER XX SRS R KR A SR KR KX K KKK

MOD INERT cas
MOC INERT H20
NAMEL ISTS

co2
H2S

NC INFT2 VALUE GIVEN FOR OF, EQRAT., FA,

CF = c.C

ENTHALPY
{KC-MOL)(DEG K)/KG

KG-ATCNMS/KC

ZOOwnT

ccs
ccz2
H2

H2Q
KZsS
sc2

PT H S

1 -14.366 -3.548
A0C S(UL)

1 -12.¢74 -4.037

EFFECTIVE FUEL
HPPL2)
-0.34373730E+03

BOP(I, 2)
0.240586850-04
0.165651930-02
0.18857108D-08
019754054005
0.45013425D-01
0.14820971D0-06
0.743826820-03
0.53245136D-06
0.116378850-01
0.111324940-02
0.56186078D-03

[4 0 N cos co2 H2 H20 H2S 502
-21.010 -51.387 -11.749 -80.239 -143.132 -26.821 -93.596 -34.128 -119.682

-21.493 -50.899

CCNDENSER # 2

H2
sq2

OR FPCT

=11.746

ECUILIBRIUM CALCULATICNS FOR ThHE CLAUS PROCESS

EFFECTIVE OXIDANT
HPP(1)
0.0

BoP(I, 1)

[efeNeNoRoNoNoNoNoRoNeo
o s 8 0 0 6 % 3 8 0 o
[cX-R-NoN-NeNoNeNoNoNeo)

-80.233 -143.126

XEEESXEE KK

EESESRERBRKEREEEREE S S IR KK

MIXTURE
HSUBO
~0.34373730E+03

8o(I)
C.240586850—04
0.165651930-02
€.188571080-08
C. 19754054005
0.450134250-01
C.148209710-06
0.743826820-03
0.532451360-06
C.116378850-01
C.111324940-02
0.561860780-03

-26.815 -S3.591 -34.122 -119.676

30.000

6.000

801



THERMODYNAMIC ECUILIBRIUM PROPERTIES AT ASSIGNED

TEMPERATURE AND PRESSURE

THERMCCYNAMIC PROPERTIES

Pe ATKH 1.2248
T. CEE K 4117
RHC, €/CC 9.78473-4
+o CAL/G -153.2
Se CAL/ZIGI(K) 1.8437
______ ¥, MOL BT 27.33¢
(CLV/CLP)T -1.C0014
(CLV/CLT)F 1.0035
CP, CAL/ZLCIIK) 0.295¢
TOTAL NCLES 0.03817¢

MOLE FRACTICNS

cc 4.93950-8
cos 3.88226~¢
ccz2 1.94841-2
H2 1.39472-5
+20 3.04847-1
H25S 2.91609~-2
H252 3.15038-4
MH3 4.18¢€¢67-8
N2 5.89550~1
S(L) 4.17482-2
sQ 1.2337-13
£C2 1.47176-2
<03 8.77687-6
$20 2.53645-5
s2 1.67479-8
3 1.98C89-9
S4 1.51993-6
S5 6.03679-7
S6 2.07406-5
s? 1.09794-5
<8 9.36689-5

ADDITICNAL PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS WERE LESS THAN 0.10000E-14 FOR ALL ASSIGNED CONDITIONS

cs2 Ccs C2H2 C2H4 C2HéE CZN2 C3H8 C4HLCIN) H HCN
ENC3 NO NO2 a CH 02 S SH SN

601



saaskxntkes ECUILIBRIUM CALCULATIONS FOR THE CLAUS PROCESS **®&ssxéss

LERE 2L 22 R2 222 S R 2 2L 222 REHEATER # 2 PR R 2L 22 22 2R R 2222 222222 2 1

MCD REMCVE stL)

siL) REMOVED: 0.1261248D-02 KG-MOL/KG ( 0.4044065D-01 KG/KG) OF ORIGINAL PRCCESS FEEOD.
0.15937850-02 KG-MOL/KG ( 0.51103100-01 KG/KG) OF CURRENT STREAM.

NAMEL ISTS

NO INFT2 VALUE GIVEN FOR OF, EQRAT, FA, OR FPCT

CF = C.C
EFFECTIVE FUEL EFFECTIVE OXIDANT MIXTURE
ENTHALPY - HPP(2) HPP(1) HSUBO
(KG~MCL)} (CEG K}/KG -0.43317358E+03 0.0 ~0.43317358E+03
KG-ATCMS/KG BOP(I,2) BOPII.1) BO(I)
H 0.253543730-04 0.0 0.253543730-04
s 0.661133130-04 0.0 0.661133130-04
c C.198726630-C8 0.0 0.198726630-08
c 0.2081791 40-05 0.0 €.208179140-05
N 0.474376360-01 0.0 0.474376360-01
cGs 0.156191590-06 0.0 0.15619159C-06
cc2 0.783885820-C3 0.0 €.783885820-03
H2 0.561126670-06 0.0 0.561126670-06
r20 0.122646460-C1 .0 0.122646460-01 °
H2S 0.117320370-02 0.0 0.117320370-02
sc2 0.59211994D- 03 0.0 0.59211994C-03
eT H s c 0 N cos co2 H2 H20 H2S sg2 -
1 ~13.582 -4.794 -21.274 =-46.590 -11.857 =-74.610 ~126.512 =-27.035 -83.453 -33.506 -107.231 32.000

oLL



THERMCDYNAMIC ECUILIBRIUM PROPERTIES AT ASSIGNED

TEMPERATURE AND PRES SURE

THERMCCYNAMIC PROPERTIES

Py ATH 1.1908
T+ "CEC K 490
RHC . G/CC T.68195-4
by CAL/G -174.4
Se CAL/Z{G)(K) 1.574C
M, FOL T 25.93¢
(CLV/CLP)TY -1.00000
(DLv/CLTP 1.0001
CPy CAL/ICHI(K) 0.26¢€2
TCTAL MCLES 0.038553

MOLE FRACYIONS

co 5.15459-8
cas 4.05131-¢
cc2 2.03325-2
cs2 5.3038-14
2 1.45545-¢
+2C 3.18121-1
25 3.04307-2
k252 3.281796~4
AH3 1.72485-8
N2 6.15221-1
SH T.9425-14
sC 7.0071-12
$02 1.53584-2
sQ3 L.08518~-7
€2C 5.36206-5
g2 1.26456-¢
<93 1.11510-7
$4 5.03325-8 -
S5 4.28426-¢
6 4.74589-5
§7 2.13220-5
€8 6.13671-¢

ADDITICNAL PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS WERE LESS THAN 0.10000E-14 FOR ALL ASSIGNED CONDITIONS

[ C2H2 C2H4 C2HE& C2N2 C3r8 C4H10IN) H HCN HNO3
NO NO2 C OH 02 S{t) S SN

LLL



tasxseexxs  FECUILIBRIUM CALCULATICNS FOR THE CLAUS PRCOCESS #*s%stsxsx

PRk EESE kxR SRk kR e khxk st REACTOR #

MOC ACTIVE cos ca2 H2
MCC ACTIVE H2C H2S s02
NAMEL ISTS

NC INFT2 VALUE GIVEN FOR OF, EQRAT, FA, OR FPCTY

CF = 0.C
EFFECTIVE FUEL

ENTHALPY HPP(2)
(KG-MCL) (CEG K} /KG -0.38971777E+03
KG-ATCMS/KG BOP(I,2)

H 0.26902177D-01

s 0.183159320-02

c 0.784044000-03

] 0.150188960-01

N 0.474376360-01
PT K 3 c o N
1 ~14.596 -4.605 -21.051 =-49.663 -11.917

2 SR SRS REBERE XK AR A RE S KR KK ELK

EFFECTIVE OXIDANT MIXTURE
HPP(1) HSUBO
0.0 —~C.38971777€E+03
BOP(I.1) BOCI)

0.0 €.26902177D-01
0.0 0.183159320~-02
0.0 0.784044000-03
0.0 €.15018896D-01
0.0 C.474376360-01

25.000

alLL




THERMOOYNAMIC EQUILIBRIUM COMBUSTICN PRCPERTIES AT ASSIGNED

PRESSURES

THERMCODYNAMIC PROPERTIES

P, ATH 1.1568
Te CEC K 524
RHC, CG/CC 7.02177-4
ke CAL/G ~-174.4
Ss CALZICHIK) 1.9793
My MCL BT 26.107
{CLv/CLPR)Y -1.€0055
(CLV/CLT)F 1.0204
CPy CAL/LE)(K) 0.357%
TOTAL MCLES 0.038303

POLE FRACYICNS

cc 5.7789-1C
-€os 2.61092-1
cg2 2.04691-2
Cs2 7.6366-13
+2 8.59C71-17
H2C 3.42578-1
H2S 8.55150-3
t252 4.30330-5
NH3 1.31¢€2~-10
L] 6.19238-1
SH - 2.7079-12
e 4.8438-13
sQ2 4.29228-3
03 2.88137-14
$2C 1.76933-6
s2 1.67546-5
s3 2.15€653-6
<4 1.30470-6
S5 1.02472-4
S6 1.22175~-3
s7 8.42009~4
S8 2.63768-3

ACCITICNAL PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS WERE LESS THAN 0.10000€-14 FOR ALL ASSIGNED CONDITIONS

cs C2H2 C2H4 C2H6 C2N2 C3r8 C4HLO0(N) H HCN HNO3
NG NO2 G OH 02 stu) S SN

ELL



ek ERER S

SRR R AR ERE R R R ABR AR KRk RRK

POC INERT
FOC INERT
NAMEL ISTS

cas
H20

caoz
H2S

NG INPT2 VALUE GIVEN FOR OF, EQRAT, FA,

CF =

0.C

ENTHALPY
{KG-MCLI(CEG K} /KG

KG-ATCMS/KG
H

FT
1

S

(o

C

N
ccs
cc2
H2
K20
H2S
sce

H
-15.394

ADC S(L)}

1

-14.947

S c 0 N cOS co2 H2 H20 H25 s02
~3.593 -36.999 -54.611 -11.802 -83.093 -143.237 -29.763 -93.634 -35.509 -121.068

-4.037

EFFECTIVE FUEL
HPP(2)}
-0.38971777€+03

BOP(I,2)
0.32966079D-05
0.133958630-02
Ce999999980-17
0.677709750-07
0.47437636D-01
0.100006650-07
0.784034000-03
0.329C51910-07
0.13121857D-01
0.327550260-03
0.164446550-03

-37.885 -53.72

CONDENSER # 3

H2
sQ2

OR FPCT

EFFECTIVE OXIDANT

0.0

00000000000
D)
00000000000

1 —-11.8C0 -83.C088 -143.233

EQUILIBRIUM CALCULATICNS FOR THE CLAUS PROCESS

SRESXFRKER

EEREEXARK KR KR KRR EE R ERRKER

HPP(1)

BOP{I.1)

MIXTURE
HSUBO
—C.38971L7T7E+03

BO(1)
0.32966079D0-05
0.13395863D-02

© 0999999980-17

0.677709750-07
0.474376360-01
0.100006650-07
C.784034000-03
0.329051910-07
C.131218570-01
C.327550260-03
0.164446590-03

—-29.758 -93.630 -35.505 -121.064

45.000

6.000

vLL



THERMCDYNAMIC ECUILIBRIUM PROPERTIES AT ASSIGNED

TEMPERATURE ANC PRESSURE

THERMCDYAARMIC PROPERTIES

Fe ATH 1.0887
Te CEC K 417
RHC, €/CC 8.34572~4
H, CAL/G -809.9
Se CAL/LG)IK) 1.58083
My MOL BT 26.23C
(DLV/0LP T ~1.0001¢%
(CLy/CLT)P 1.003¢
CPy CAL/ICH(K) 0.323¢
TOTAL MCLES 0.03941¢€

POLE FRACTICNS

CCs 2.53711-7
co2 1.98905-2
K2 8.347€5-1
H2C 3.32894~-1
H2S 8.30S76~3
+282 4.18138-5
AH3 1.80118-9
N2 6.01732-1
S(L) 3.28145-2
<o 8.3322-15
sa2 4.17191~-3
so3 2.09686-5
s20 1.71302-¢
s2 1.90172-¢8
.83 2.24930-9
4 1.72588~-9
S5 6.85477-1
6 2.35510-5
7 1.24671~-5
s8 1.06361~4

ADDITICNAL PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS WERE LESS THAN 0.10000E-14 FOR ALL ASSIGNED CONDITIONS

cc cs2 Ccs C2H2 C2H4 C2H6 C2N2 C3H8 C4H10(N) H
HCN HNQ3 NO NO2 a OH 02 S SH SN

GLL



ssssassess  ECUILIBRIUM CALCULATICNS FOR THE CLAUS PROCESS #%%s$dssss

ARRAEEARERRE KSR REEE SRR E K% REHEATER # 3 PR 22 2222 22 22 R 22 22 B2 222t d

¥a0 CMIT C2H6 C3Hs C4b10(N)

¥OC CMIT C2H2 C2H4 C2N2 HCN

MCO CMIT cs2 cs SN

oD CMIT co

MCC RENCVE S(L) N

StL) REMOVED: 0.9712824D-03 KG-MOL/KG ( 0.3114319D-01 KG/KG) OF ORIGINAL PROCESS FEED.

C.12934680-02 KG-MOL/KG ( 0.4147375D-01 KG/KG) OF CURRENT STREAM.
NAPELISTS

NO INPTZ2 VALUE GIVEN FOR CFe EQRAT, FA, CR FPCT

CF = c.C
EFFECTIVE FUEL EFFECTIVE OXIDANT MIXTURE
ENTHALPY HPP(2) HPP(1) HSUBO
(KC-MCL)(CEG K)/KG ~0.4522724€E+03 Cc.0 -C.45227246E+03
KG-ATCMS/KG BOP(1,2) BOP(I,1) BO(I)
H 0.34392464D-05 0.0 0.343924640-05
S 0.481139290-04 0.0 C.48113929D-04
sC2 0.171561900-03 0.0 0.171561900-03
c 0.70703306D-07 0.0 0.707033060-07
N 0.494901790-01 C.0 C.494901790-01
ccs 0.10433376D-07 0.0 0.104333760-07
co2 0.817957770-03 0.0 0.817957770-03
H2 0.343289400-07 0.0 0.343289400-07
HZ0 0.1368961 70-01 0.0 C.13689617D0-01
H2S 0.34172278D-03 0.0 0.34172278C-03
PT H S S02 o} N cos Cco2 H2 H20 H2S
1 -14.784 —4.476 -113.583 -51.580 -11.868 -79.705 -133.247 -29.894 -87.540 -35.135 22.000

9LL



THERMODYNAMIC EQUILIBRIUM PROPERTIES AT ASSIGNED

TEMPERATURE AND PRESSURE

THERPCLCYNAIMIC PROPERTIES

Ps ATH 1.0551 '
Te CEC K 458
RHC+« G/CC 7.05864~4
ke CAL/C -834.3
S, CAL/IG)(K) 2.006¢&
¥y MCL WT €.142
(CLv/CLPY -1.00000
(oLv/CLT)P 1.0001
CPy CAL/(EIIK) 0.3016

TCTAL MCLES 0.039774

MCLE FRACTICNS

cas 2.62317-1
co2 2.05€52~2
H2 8.63103-7
K20 3.44186-1
H2S 8.59163-13
H2S2 4.32334-5
NH3 1.02419-6
N2 6.22144~1
SH 2.8099-15
SO 6.1881-14
s02 4.31343~-3
SC3 3.9637-11
s2C 1.777€3-¢
s2 2.66258-17
£3 2.66237-8
S4 1.49594-¢
s5 2.36915-6
6 4.14926-5
§7 2.00405-95
s8 8.97383-5

ADCITICNAL PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS WERE LESS THAN d.lOOOOE—lk FOR ALL ASSIGNED CONDITIONS

H HNO3 NO NO2 a OH 02 S(L) S

LLL



ssssesxses ECUILIBRIUM CALCULATIONS FOR THE CLAUS PROCESS

ERER 22 22 RO R 22 R 2222222 22 REACTOR #

MCC ACTIVE H20 H2S $02
*CC ACTIVE cos ccz H2
NAMEL ISTS

NC INFY2 VALUE GIVEN FOR CF, ECRAT, FA, OR FPCY

CF = c.¢C
EFFECTIVE FUEL
ENTHALPY HPPL2)

{KG-MCL M CEG K) /KG ~0.41$83984E+03
KG-ATCKFS/KG BOP( I, 2)
H 0.280661870-01
S 0.5614C905D-03
[ 0.81796820D-03
Cc 0.156687370-01
N C.494901790-01
PT H S C a N
1 -15.542 ~4.281 -22.374 -54.468 -11.896

*EEERSEEKE

3 AEEXXRFREERKEEESR SRS LS RS ER

EFFECTIVE OXIDANT
HPPL1)
0.0

BOP(I.+1}

22.000

MIXTURE
HSUB0
-0.41983984E+03

80{( 1)

C.280661870-01 -

0.561409050-03
€C.817968200-03
C.156687370-01
C.494901790-01

8LlL



THERMODYNAMIC EQUILIBRIUM COMBUSTION PRCPERTIES AT ASSIGNED

PRESSURES

THERMCCYNAMIC PROPERTIES

Pe ATYH 1.02C7
T, CEC & 467
RHC, G/CC 6.T70754-4
H, CAL/C -834.3
Se CAL/LGHIK) 2.0098
Mo NMCL WT 25.18¢
(DLV/CLF)T -1.00018
(OLV/DLT}P 1.0077
CPy CAL/LC)IK) 0.3284
TOTAL MCLES 0.039706

MOLE FRACTICNS

cos 3.37432-¢
co2 2.06004-2
H2 1.24867-7
20 3.50471-1
+2S 2.94291-3
r2S2 T.27925-6
NH3 2.60E5~-11
¥4 6.23202~1
SH 2.38C8-15
S0 4.55715-1¢
sc2 1.47143-3
s03 1.2026-15
20 1.18C26-1
s2 8.07331-7
S3 1.03808-7
S&4 7.29430-8
S5 1.28201-5
S6 2.61565-4
s7 1.64S78~4
s8 8.64S512~4

ADCITICNAL PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS WERE LESS THAN 0.10000E-14 FOR ALL ASSIGNED CONDITIONS

H HNO3 NG NO2 a OH az2 stk S

6LL



A2 2222 2

EEEA 2SS 2 S 2 S RIE 222 2 222 212 )

MOC INERT cos
NOC INERTY H20
NAMEL ISTS

c02
H2S

MO INPT2 VALUE GIVEN FOR QOF, EQRAT, FA,

CF = c.C

ENTHALPY
{KG-MCLI(CEG K)/KG

KG-ATCMS/KG
H

S
H2S
c
N
sc2
[of ol
cc2
H2
Hz0

PT H

1 -16.150
ADD S(L)

1 -15.880

S
~-3.768

~-4.C37

EFFECTIVE FUEL
HPP(2)
~0.41983960E+03

BOP(I,2)
0.57806512D-06
C.386130500-03
0.116852140-03
0.468638230-08
0.4949C17S0-01
0.584250640-04
0.133982160-08
0.81796686D0-03
0.495801260-08
0.139159470-0C1

H2S 0
~36.661 -57.053

-36.660 -56.514

CONDENSER # 4

H2
sc2

OR FPCT

EFFECTIVE OXIDANT
HPP{1}

0.0

BOP(I,1)

0000000000

CO000000O0O0

N sa2
-11.841 -122.224

-1l.841 -122.223

ECUILIBRIUM CALCULATIONS FOR THE CLAUS PROCESS

cos

co2

EEEER AR LR

AR RRAXREX ISR EEEE LS SRR R

M XTURE
HSUBO
-0.41983960E+03

8otI1)
€.578C65120-06
0.386130500-03
C.11685214D-03
0.468638230-08
C.49490179D-01
0.584250640—-04
0.133982160-08
0.817966860-03
0.495801260-08
0.139159470-01

H2

H20

-85.224 -143.31€ -31.776 -93.697

-85.223 -143.31% <=31.775 -93.696

24.000

5.000

021



THERMOOYNAMIC EQUILIBRIUM PROPERTIES AT ASSIGNED

TEMPERATURE ANC PRESSURE

THERMCDYNAMIC PROPERTIES

Fe ATH 1.0000
Te DEC K 4117
RHC. €/CC 1.36871-4
ke CAL/G -850.3
Se CAL/(G)IK) 1.9752
Fo MCL WT 25.214
(OLV/DLP)T ~1.00016
(CLV/TLT P 1.003¢
Py, CAL/LCGI(K) 0.3079
TOTAL MCLES 0.0399%8

MCLE FRACTICNS

as 3.34971-8
co2 2.04501-2
+2 1.23956-1
t2C 3.47915-1
H2S 2.92144-3
r252 7.22598-6
AH3 1.1755-1¢
N2 6.18656-1
s{L) 8.4303C-13
sc2 1.46069-3
sC3 5.3856-13
s20 1.17165-1
£2 2.12260-8
£3 2.51C55-6
S4 1.92€34-5
S5 . T7.65C94~-17
6 2.62863~5
s7 1.39151-5
8 1.18715-4

ADDITICNAL PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS WERE LESS THAN 0.10000E-14 FOR ALL ASSIGNED CONDITIONS

b HNO3 NO NO2 [ OH 02 S SH SO

L1



#sdxs%60xs  ECUILIBRIUM CALCULATICNS FOR THE CLAUS PROCESS *%%333s%xx

FAEXERERXBER AR RR R KKK R Kk TAIL GAS SERRBEEEARERURERREEERERRE R &
MOD REMCVE Sl
stLl REMOVED: 0.2427039D-03 KG-MOL/KG ( 0.77820570-02 KG/KG) OF ORIGINAL PROCESS FEED.

C.33719640-C3 KG-MCL/KG ( 0.10811860-01 KG/KG) OF CURRENT STREAM. -
MAMEL ISTS '

NO INFT2 VALUE GIVEN FOR CF, EQRAT, FA, OR FPCT

CF = c.C !
EFFECTIVE FUEL EFFECTIVE OXIDANT MIXTURE
ENTHALPY HPP(2) HPP(1) HSuBO
(KC-NCLI(CEG K)/KG ~0.4394003G9E+C3 .0 -0.43940039E+03
KG-ATCMS/KC BOP(I,2} BoP(I.1l) 8ot 1)
H 0.58438339D-06 0.0 €.58438339C-06
S 0.49468980D-04 0.0 0.49468980D0-04
H2S 0.118129340-03 0.0 C.11812934D-03
a 0.47376046D-08 0.0 0.473760460-08
A €.500311080-01 0.0 €.500311080-01
scz 0.590636520-04 0.0 C.59063652D0-04
CCs 0.13544659D0-C8 0.0 0.135446590-08
cc2 0.82690727D0-03 0.0 0.826907270-03
H2 0.50122039D0-08 0.0 0.501220390-08
K20 0.14C680490-01 .0 0.140680490-01
T H S H2S Q N sa2 cos co2 H2 H20
1 -15.880 —4.C037 -36.660 -56.514 -11.8641 -122.223 -85.223 -143.315 -31.775 -93.696

écl



THERMODYNAMIC EQUILIBRIUM PROPERTIES AT ASSIGNED

TEMPERATURE AND PRESSURE

THEERFCCYNANIC PROPERTIES

Pe ATH 1.00CC
T, CEE K 4117
RHC, G/CC 71.28905-4
He CAL/G -£60.C
Se CAL/(G)IK) 1.9931
¥y MCL WT 24,541
{DLV/CLF)T -1.00000
(DLV/CLT)F 1.0001
Py CAL/LC)IK) 0.3011
TCTAL MCLES 0.040094

MOLE FRACTICNS

cas 3.37¢€19-8

€02 2.06240-2

H2 1.25010-7

+20 3.5C€73~1

r2S 2.94€28~3

r2S52 T.28741-6

NH3 1.1855-1¢C

L¥4 6.23916-1

02 1.47311-3 -
Sc3 5.4317-13

s20 1.18163-7

€2 2.14C065-8

s3 2.53190-%

S4 1.94271-9

£5 7.71599~-1

S6 2.65(98-¢ -
ST 1.40334-5

S8 1.19724~4

ADDIT ICNAL PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS WERE LESS THAN 0.10000E-14 FOR ALL ASSIGNED CONDITIONS

L HNQ3 NO NG2 G OH 02 S(L) S SH

€elL



APPENDIX C

CLAUS PROCESS RESULTS FOR ACID GAS FEEDS
WITH CARBON DIOXIDE IMPURITY

124



TABLE XXIV

SPECIES CONCENTRATIONS AND SULFUR RECOVERY ACROSS

THE CLAUS PROCESS FOR AN ACID GAS FEED WITH

CARBON DIOXIDE IMPURITY (CASE 2)

Furnace Con;!ﬁnser Reg]eater Re;(l:tor Con;;nser Reggater
Pressure (atm) 1.4290 1.3609 1.3269 1.2929 1.2248 1.1908
Temperature (OK) 1252 417 505 613 a7 483
Chemical Species Mole Fractions -
co 0.012350 0.011522 0.013313 -- -- .-
cos 0.002008 0.001873 0.002164 0.000030 0.000029 0.000030
CO2 0.190166 0.177348 0.204911 0.224124 0.21457 0.225940
cs, 0.000005 -- -- - -- -
HZ 0.008486 0.007914 0.009144 0.000007 0.000007 0.000007
H,0 0.204172 0.190411 0.220004 0.258393 0.247380 0.260487
HyS 0.042624 0.039751 0.045929 0.021513 0.020596 0.021687
H252 0.000279 0.000296 0.00341 0.000211 0.000202 0.000213
N2 0.434922 0.405608 0.468646 0.476655 0.456338 0.480517
S{L) -- 0.134704 -- - 0.050332 --
SH 0.000075 -- -- - -- --
S0 0.000109 .- - -- - .-
SO2 0.032057 0.029896 0.034543 0.010863 0.010400 0.010951
503 - 0.000491 0.000402 - 0.000003 --
520 0.001565 0.000084 0.000594 0.000029 0.000018 0.000029
S, 0.070823 -- 0.000001 0.000438 -- 0.000001
Sq 0.000354 -- - 0.000047 -- -
S4 0.000005 - -- 0.000020 -- --
SS -- -~ 0.000001 0.000519 0.000001 0.000004
SG - 0.000017 0. 000005 0.002786 0.000021 0.000046
57 - 0.000009 0.000002 0.001798 0.000011 0.000021
Sg -- 0.000076 0.000003 0.002569 0.000093 0.000067
Stage Sulfur Recovery % 64.68 -- -- 21.48 --
Total Sulfur Recovery % 64.68 -- -- 86.16 -
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TABLE XXIV (Continued)

Reactor Condenser Reheater Reactor Conﬂenser Tail
#2 #3 #3 #3 #4 Gas
Pressure (atm) 1.1568 1.0887 1.0551 1.0207 1.0000 1.0000
Temperature (°K) 507 417 450 455 417 417
Chemical Species Mole Fractions
co .- - - - -- --
£0s 0.000002  ©0.000002 0.000002 -- -- --
CD2 0.227067  0.222295 0.227842 0.228090 0.227041 0.228253
cs, -- .- - - - --
H2 - - -~ - - -
H20 0.278243 0.272396 0.279193 0.283100 0.281799 0.283303
HZS 0.005500 0.005384 0.005518 0.001939 0.001930 0.001940
HZSZ 0.000023 0.000022 0.000023 0.000004 0.000004 0.000004
Nz 0.482851 0.472705 0.484500 0.485024 0.482795 0.48537
S(L) -- 0.024350 -- -- 0.005308 --
SH - - - - - --
S0 - -- - -- -- -
SO2 0.002758 0.002700 0.002768 0.000968 0.000963 0.000969
S04 -- -- - - - -
$,0 0.000001  0.000001 0.000001 - - -
S, 0.000007 - - -- -- .-
53 0.000001 -- -- -- -- --
Ss 0.000001 -- -- -- -- --
55 0.000059 0.000001 0.000002 0.000007 0.000001 0.000001
55 0.000832 0.000024 0.000038 0.000167 0.000026 0.000027
57 0.000568 0.000013 0.000019 0.000102 0.000014 0.000014
S8 0.002088 0.000107 0.000094 0.000599 0.000119 0.000120
Stage Sulfur Recovery % 10.03 -- - 2.14 --
Total Sulfur Recovery % 96.19 -- - 98.33 -~
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TABLE XXV

SPECIES CONCENTRATIONS AND SULFUR RECOVERY ACROSS THE
CLAUS PROCESS FOR AN ACID GAS FEED WITH CARBON
DIOXIDE IMPURITY (CASE 3)

Furnace COm‘ienser Rehfater Rea:;cor Condenser  Reheater
Pressure (atm) 1.4290 1.3609 1.3269 1.2929 1.2248 1.1908
- Temperature (%K) 883 a7 509 561 417 465
Chemical Species Mole Fractions .
co 0.000539  0.000524  0.000559  ~- - -
cos 0.002160 0.002091 0.002230 0.000025 0.000023 0.000025
€0, 0.506832  0.490564 0.523201 0.53199 0.506595  0.536424
cs, ~ 0.000002 - -- - - -
HZ 0.000348 0.000337 0.000359 0.000002 0.000015 0.000015
H,0 0.12889 0.124753 0.133053 0.171027 0.162862  0.172452
H,S - 0.042882  0.041505 0.044267 0.009245 0.008803  0.009321
HZSZ 0.000600 0.000580 0.000169 0.000067 0.000064 0.000067
> : 0.262971 0,254531 _ 0.271464 0.274574 0.261466 0.276862
s(L) -- 0.062565 -- -- 0.055613 -
S0 0.000001 - -- - - -
SOz 0.022875 0.022141 0.023614 0.004665 0.006662 0.004706
SO3 - 0.000229 0.000098 -- -- -~
5,0 0.000782  0.000069 0.000510 0.000006 0.000005  0.000005
5, 0.029786 -- 0.000002 0.000078 -- --
53 0.000782 -- - 0.000010 -- --
S4 0.000097 -- -- 0.000005 -- -
S 0.000148  0.000001 0.000002 0.000271 0.00000 0.000003
56 0.000085 0.000018 0.000012 0.002387 0.000020 0.000040
S7 0.000021 0.000010 0.000004 0.001694 0.000011 0.000018
S8 0.000003 0.000082 0.000007 0.003956 0.000092 0.000076
Stage Sulfur Recovery % 47.88 - -- 41.43 -

Total Sulfur Recovery % 47.88 -- - 89.31 --



TABLE XXV (Continued)

‘Reactor Condenser Reheater Reactor Condenser Tall
#2 #3 43 43 Gas
Pressure (atm) 1.1568 1.0887 1.0551 1.0207 1.0000 1.0000
Temperature (%K) 475 417 434 436 417 a7
Chemical Species Mole Fractions
co -- - - - - --
cos 0.000001 0.000001 0.000001 - - -
COZ 0.537606 0.532614 0.538392 0.538605 0.537735 0.538739
CS2 : - - - .- - -
HZ - - - - -- --
H20 0.180060 0.178387 0.180323 0.181700 0.181406 0.181765
HZS 0.002170 0.002149 0.002173 0.000872 0.000871 0.000873
HzS2 0.000006 0.000006 0.000006 0.000001 0.000001 0.000001
N2 0.277460 0.274884 0.277867 0.277975 0.27752§ 0.278044
S(L) -- 0.010734 - -- 0.001864 --
SO -- - -- - -- --
502 0.001087 0.001077 0.007089 0.000436 0.00435 0.000436
S04 o - s o o -
S50 - -- - - - -
Sy 0.000001 - - - - -
53 - -- - - -- --
Sq = == - - - -
Sg 0.000017 -- 0.000001 0.000002 0.000001  0.000001
S6 0.000327 0.000024 0.000031 0.000071 0.000026 0.000026
S7 ) 0.000212 0.000012 0.000016 0.000041 0.000014 0.000014
S8 0.001051 0.000108 0.000102 0.000294 0.000120 0.000120
Stage Sulfur Recovery % 7.61 -- - 1.31 --
Total Sulfur Recovery % 96.92 -- - 98.23 --
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APPENDIX D

CLAUS PROCESS RESULTS FOR ACID GAS FEEDS
WITH HYDROCARBON IMPURITY
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TABLE XXVI

SPECIES CONCENTRATIONS AND SULFUR RECOVERY ACROSS THE
CLAUS PROCESS FOR AN ACID GAS FEED WITH

HYDROCARBON IMPURITY (CASE 2)

Furnace Comﬁnser Retﬁater Reac‘:%or COn;hzznser Reh:;ter
Pressure (atm) 1.4290 1.3609 1.3269 1.2929 1.2248 1.1908
Temperature (°K) 1592 417 494 646 47 492
Chemical Species Mole Fractions
Co 0.008867 0.008185 0.009691 -- -- --
cos 0.000256 0.000236 0.000280 0.000007 0.000007 0.000007
CO2 0.018233 0.016830 0.019925 0.030549 0.029728 0.030728
(:S2 0.000001 -- - - - -
H 0.000008 -- -- - -- -
H2 0.036825 0.033992 0.040243 0.000017 0.000016 0.000017
Hzo 0.222896 0.205750 0.243585 0.295214 0.287287 0.296940
H,S 0.031196 0.028795 0.034091 0.030003 0.029198 0.030179
HyS, 0.000118 0.000513 0.000607 0.000325 0.000316 0.000326
N, 0.557536 0.514648 0.609285 0.622736 0.606014 0.626377
OH 0.000002 -- -- -- -- --
S 0.000027 -- -- -- -- --
s(L) -- 0.155513 -- -- 0.032534 --
SH 0.000865 -- -- -- -- -
S0 0.001458 -- -- -- -- --
S0, 0.037247 0.034381 0.040706 0.015143 0.014736 0.015232
SO3 -- 0.000950 0.000960 -- 0.000010 --
szo 0.001741 0.000103 0.000619 0.000059 0.000027 0.000059
52 0.082586 -- - 0.000985 -- 0.000001
53 0.000137 == -- 0.000091 -- -
Sa 0.000001 -- -- 0.000032 -- -
Sg -- -- -- 0.000524 -- 0.000004
56 -- 0.000016 0.000005 0.002005 0.000021 0.000048
S7 -- 0.000008 0.000002 0.001460 0.000011 0.000021
S8 -- 0.000074 0.000003 0.001166 0.000095 0.000060
Stage Sulfur Recovery % 70.09 -- -- 12.45 --
Total Sulfur Recovery % 70.09 - - 82.54 --
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TABLE XXVI (Continued)

Reactor Condenser Reheater Reactor Condenser Tafl
¥ #3 #3 #3 Gas ~
Pressure (atm) 1.1568 1.0887 1.0551 1.0207 1.0000 1.0000
Temperature (%K) 526 417 458 467 417 417
Chemical Species Mole Fractions
co - -- -- - - -
cos -- -- -- -- -- -
C02 0.030934 0.030064 0.031079 0.031132 0.030906 0.031167
(:S2 - -- -- - -- --
‘H - - - .- - -
Hy -- - -- . - -
HZO 0.321147 0.312110 0.322651 0.328869 0.326481 0.329244
HZS 0.008398 0.002816 0.008438 0.002816 0.002796 0.002820
HyS, 0.000043 0.000042 0.000043 0.000007 0.000007 0.000007
N2 0.630446 0.612706 0.633397 0.634468 0.629862 0.635192
OH -- - .- - -- --
S - ol - - - -
s(L) -- 0.032673 -- - 0.008390 .-
SH -- - .- .- -- -
] - -- - - -- -
SO2 0.004217 0.004984 1 0.004237 0.001408 0.001398  0.001410
503 - - - - - .-
5,0 0.000002 0.000002 0.000002 - - -~
S2 0.000018 -- -- - - --
53 0.000002 -- -- -- - --
S4 0.000001 -- - -- -- 0.000001
Sg 0.000011 -- 0.000002 0.000013 -- 0.000001
S¢ ~ 0.001234 0.000024 0.000041 0.000260 0.000026 0.000027
S; 0.000848 0.000012 0.000020 0.000164 0.000014 0.000014
Sg 0.002602 0.000106 0.000090 0.000861 0.000119 0.000120
Stage Sulfur Regovery % 12,37 -- -- +3.09 --
Total Sulfur Recovery % 94.91 -- -- 98.00 -

131



TABLE XXVII

SPECIES CONCENTRATIONS AND SULFUR RECOVERY ACROSS
THE CLAUS PROCESS FOR AN ACID GAS FEED
WITH HYDROCARBON IMPURITY (CASE 3)

Furnace Com:enser Reheater Re;gl:tor Con;’ignser Rer'\gater
Pressure (atm) 1.4290 1.3609 " 1.3269 1.2929 1,2248 1.1908
Temperature (%K) 172 417 481 667 417 491
Chemical Species Mole Fractions
co 0.018574 0.017597 0.019731 -- -- -
cos . 0.000278 0.000263 0.000295 0.000015 0.000015 0.000055
COZ 0.025450 0.024110 0.027033 0.048198 0.047453  0.048398
CS2 - - - ~ - -
H 0.000029 -- -- - -- -
Hy 0.043323 0.041042 0.046018 0.000023 0.000023 0.000023
H20 0.203626  0.192907 0.216294 0.259374 0.255368 0.260453
Hy$ 0.018646 0.017664 0.019806 0.030028 0.029565 0.030153
HyS, 0.000048  0.000619 0.000694 0.000327 0.000322 0.000328
N, 0.590407 0.559328 0.627138 0.642528 0.632604 0.645202
OH 0.000007 -- -- -- -- -
S 0.000069 -- -- -- -- .-
s(L) .- 0.108307 - -- 0.019558 -
SH 0.001174 - - - -- --
S0 0.002560 - - - - -
S()2 0.038804 0.036760 . 0.041218 0.015156 0.014922  0.015219
503 o - 0.00181 0.001174 -- 0.000015 --
5,0 0.001294 0.000115 0.000580 0.000076 0.000031 0.000075
5, 0.055653 - - 0.001411 -- 0.000001
S3 0.000056 -- - 0.000113 -- --
Sy - -- - 0.000033 .- --
55 -- -- -- 0.000406 -- 0.000004
S6 -- 0.000017 0.00009 0.001212 0.000021 0.000047
S; - 0.000009 0.000003 0.000613 0.000011 0.000021
Sg -- 0.000078 0.000008 0.000487 0.000096 0.000059
Stage Sulfur Recovery % 65.07 -- -- 10.39 --
Total Sulfur Recovery % 65.07 -- -- 75.46 --
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TABLE XXVII (Continued)

Reactor Condenser Reheater Reactor Condenser Tail
1 #3 13 #3 #4 Gas

Pressure (atm) 1.1568 1.0887 1.0551 1.0207 1.0000 1.0000
Temperature (°K) 526 417 458 466 417 417
Chemical Species Mole Fractions

co - -- -- - - --

cos - - - - - --

co, 0.048737  0.047329 0.048972 0.049050 0.048717 - 0.049102

cs, -- - - - - --

H . - - - - -

H2 - -- - - - -

H,0 0.285085  0.276846 0.286455 0.292216 0.290232  0.292527

HZS 0.007775 ° 0.007553 0.007815 0.002555 0.002538  0.002558

HZSZ 0.000040 0.000039 0.000040 0.000006 0.000006 0.000006

N, 0.649515  0.630744 0.652638 0.653671 0.649233  0.654368

OH -- -- - - - -

[ - - - - - -

s(L) -- 0.033552 - - 0.007847 -

SH - -- - - - -

S0 -- -- -- -- -- -

SOZ 0.003905 0.003792 0.003924 0.001277 0.001269 0.001279

: 503 - - - -— - .

5,0 0.000002  0.000002 0.000002 -- - -

52 0.000018 -~ - -~ -- -

53 0.000002 -- -- -- - -

Sa 0.000001 -- -- -- - .-

Sg 0.000107 -- 0.000002 0.000012 0.000001 0.000001

56 0.001261 0.000024 0.000041 . 0.000247 0.000026 0.000027

S7 0.000869 0.000012 0.000020 0.000155 0.000014 0.000014

58 0.002679 0.000106 0.000090 0.000811 0.000119 0.000120
Stage Sulfur Recivery % 17.88 -- -- 4,06 --
Total Sulfur Recovery % 93.34 - - 97.40 --
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APPENDIX E

CLAUS PROCESS RESULTS FOR ACID GAS FEEDS
WITH AMMONIA OR WATER IMPURITY
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TABLE XXVIII

SPECIES CONCENTRATIONS AND SULFUR RECOVERY ACROSS THE
CLAUS PROCESS FOR AN ACID GAS FEED
WITH AMMONIA IMPURITY

Furnace Condenser Reﬁater . Rea;%or Com:;nser Reh;ater
Pressure (atm) 1.4290 1.3609 1.3269 1.2929 1.2248 1.1908
Temperature (°K) 1607 47 493 637 417 490
Chemical Species Mole Fractions
co 0.004690 0.004373 0.005068 -- - --
cos 0.000119 0.0001107 0.000128 0.000003 0.000003 0.000003
COZ 0.009164 0.0085428  0.009900 0.015421 0.015019 0.015505
(ZS2 - - - - - -
H 0.000009 -- -- - . -
Hz 0.040421 0.037682 0.043672 0.000014 0.000014 0.000014
H20 0.237472 0.221384 0.256574 0.311556 0.303447 0.313258
HZS 0.029968 0.027938 0.032379 0.028574 0.027830 0.028730
HZSZ 0.000103 0.000521 0.000604 0.000295 0.000287 0.000297
Nz Q.565406 0.527103 0.610887 0.624107 0.607861 0.627515
OH 0.000002 -- - -- - .
S 0.000029 -- -- -- -- -
S(L) -- 0.137341 -- -- 0.031339 --
SH 0.000898 - - - - -
SO 0.001521 -- -- - - --
SO2 0.036339 0.033877 0.039262 0.014415 0.014040 0.014494
503 -- 0.000921 0.000903 -- 0.000008 --
SZO 0.001550 0.000104 0.000612 0.000048 0.000024 0.000048
S2 0.072199 - - 0.00764 -- 0.000001
S3 0.000107 -- -- 0.000072 -- --
S4 - -- -- 0.000026 -- --
55 -- -- 0.000001 0.000470 0.000001 0.000004
S6 -- 0.000017 0.000005 0.001921 0.000021 0.000048
S7 -- 0.000009 0.000002 0.001086 0.000011 0.000021
S8 -- 0.000076 0.000003 0.002060 0.000095 0.000062
Stage Sulfur Recovery % 67.92 -- -- 13.44 --
Total Sulfur Recovery % 67.92 -- -- 81.36 --
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TABLE XXVIII (Continued)

Reactor Condenser Reheater Reactor Condenser Tail
12 ] #3 #3 #4 Gas -
Pressure (atm) 1.1568 1.0887 1.0551 1.0207 1.0000 1.0000
Temperature (°K) 522 417 458 467 417 417
Chemical Species Mole Fractions
co -- -- - - .- --
€os -- -- - - -- -
(:02 0.015603  0.015188 0.015672 0.015697 0.015589 0.015714
C52 - - - ~- - -
H - - - - - -
Hy © 0.000001 0.000001 0.00001 - - --
0 0.336212 0.327270 0.337692 0.343606 0.341245 0.343977
H,S 0.008148  0.007932 0.008184 0.002858 0.002839 0.002861
HyS,y 0.000040  0.000049 0.000040 0.000007 0.000007 0.000007
N2 0.631368 0.614576 0.634148 0.635164 0.630799 0.635849
OH -- - - - - --
S - - - - - -
s(L) - 0.03869 -- -- 0.007944 --
SH -- - -- -~ -- --
SO -- -- - -- -- --
SO2 ' 0.004090  0.003981 0.004108 0.001429 0.001492 0.001431
303 -- -- -- -- -- --
5,0 0.000002 0.000002 0.000002 - - --
S2 0.000015 - -- 0.000001 -- -
S4 0.000002 -- - -- -- -
Sa 0.000001 - -- - -- --
Sg 0.000095 -- 0.000002 0.000012 0.000001 0.000001
Sg 0.001146  0.000023 0.000041 0.000250 0.000026 0.000027
5; 0.000785 0.000025 0.000020 0.000156 0.000014 0.000014
Sg 0.002493 0.000107 0.000090 0.000820 0.000119 0.000120
Stage Sulfur Recovery % 13.09 -- -- 3.28 --
Total Sulfur Recovery % 94.45 -- - 97.73 -
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TABLE XXIX

SPECIES CONCENTRATIONS AND SULFUR RECOVERY ACROSS THE
CLAUS PROCESS FOR AN ACID GAS FEED
WITH WATER IMPURITY

Furnace Cong:nser Rek‘ieater Re;?tor Cong;nser Rer;;ater
Pressure {atm) 1.4290 1.3609 1.3269 1.2929 1.2248 1.1908
Temperature (%K) = 1444 a7 504 626 a7 4
Chemical Species Mole Fractions
co 0.002979 0.002749 0.003255 - -- --
cos 0.000170 0.000157 0.000185 0.000003 0.000003 0.000003
CO2 0.013353 0.012318 0.014585 0.018380 0.017646 0.018525
cs, -- - - - - -
H 0.000001 - -- - -- -
I-l2 0.027386 0.025262 0.029912 0.000013 0.000012 0.000013
HZO ‘ 0.286298 Q.26410'I 0.312705 0.371045 0.356219 0.373964
HZS 0.046933 0.043294 0.051262 0.030796 - 0.029566 0.031039
HZSZ 0.000228 0.000397 0.000470 0.000320 0.000307 0.000323
N, 0.499070  0.460376 0.545102 0.555918 0.533704  0.560292
OH -- -- - - - --
S 0.000005 -- -- .- -- .-
s(L) - 0.155625 - - 0.047471 --
SH 0.000403 -- - - -- -
SO 0.000574 ~~ -- -- - --
56, 0.037752  0.034825 0.041234 0.015539 0.014918  0.015661
503 - 0.000703 0.000662 - 0.000007 --
520 0.001813.  0.000094 0.000621 0.000044 0.000023 0.000044
S2 0.082817 -- 0.000001 0.000630 -- 0.000001
53 0.000216 - -- 0.000065 -- =
54 0.000002 -- - 0.000026 - --
55 0.000002 - -~ 0.000574 -- 0.000004
55 -- 0.000016 0.000004 0.002743 0.000021 0.000048
S7 -- 0.000009 0.000001 0.001719 0.000011 0.000022
58 - 0.000074 0.000002 0.002185 0.000093 0.000062
Stage Sulfur Recovery % 65.85 -- -- 17.33 --
Total Sulfur Recovery % 65.85 -- -- 83.18 -
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TABLE XXIX (Continued)

Reactor Condenser Reheater Reactor Condenser Tail
12 #3 #3 3 ¥4 Gas
Pressure (atm) 1.1568 1.0887 1.0551 1.0207 1.0000 1.0000
Temperature (°K) 524 a7 461 an 417 417
Chemical 'ébecies Mole Fractions
co -- -- - - -- -
cos - - -- -- - -
co, 0.018646 0.01827. 0.018733 0.018767 0.018621 0.01870
Cs, -- - - - -- -
H - - . -- - - -
Hy 0.000001 0.000001 0.000001 -- -- --
Hy0 0.398434 0.387329 0.400277 0.407072 0.403910 0.407570
HZS 0.009464 0.009200 0.009508 0.003493 0.003466 0.003498
H252 ) 0.000048 0.000046 0.000048 0.000001 0.000009 0.000009
N, 0.563897 0.548180 0.566505 0.567530 0.563121 0.568224
OH -- - -- -- -- --
3 -- - - - - --
S(L) -- 0.032354 -- -- 0.008981 --
SH -- -- -- - -- --
SO -- -- -- . - -
SO2 0.004750 0.004618 0.004772 0.001746 0.001733 0.001748
SO3 -- C - -- -- -- -
5,0 0.000002 0.000002 0.000002 - - -
5, 0.000017 -- -- - -- --
54 0.000002 -- -- -- -- --
Sa 0.000001 -- -- -- - --
Sg 0.000102 -- 0.000003 0.000015 -- 0.000001
S6 0.001209 0.000024 0.000043 0.000284 0.000026 0.000027
57 0.000832 0.000012 0.000021 0.000179 0.000014 0.000014
58 0.002595 0.000106 0.000088 0.000904 0.000119  0.000120
Stage Sulfur Recovery % 11.50 -- -- 3.11 --
Total Sulfur Recovery % 94.68 -- -- 97.79 --
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“APPENDIX F

LISTING OF THERMO DATA FILE
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FOR EVERY SPECIES:

FIRST CARD CONTAINS: SPECIES NAME, THERMO DATA SOURCE,ATOMIC COMPOSITICN,STATE,

TEMPERATURE RANGE.

THE SEVEN HIGH TEMPERATURE LEAST SQUARE COEFFICIEANTS ARE IN CARDS TWO AND THREE

LOW TEMPERATURE COEFFICIENTS ARE IN CARDS THREE AND FOUR.

BEGIN FILE LISTING:

300.000 1000.000 5000.000
ctsi J 3/761C 1.

0s 300.000 5000.000

0.13604942E 01 0.19182237€-02-0.8404038SE-06
-0.65713870€ 03-0.80070207E 01-0.44778053€ 00
-0.4C459298E-08 0.21134939E-11-0.94280688E 02

0<16448707E-09-0.116726T0E-13
0.53691002E-02-0.39775571E-06
0.16840791E Ol ~

[ J 3/7€1C 1.
0.25810663E 01-0.14696202€-03
0.85216294E. 05 0.43128879€ 01

-0.26770064E-09 0.87488827E-13

C+ L12/66C 1.E -l.
0.25118274E 01-C.1735S784E-04
0.21667721E 06 0.42861298E 01

oG 3€0.000 50C0.000
0.74388084E-07-0.79481079E-11 0.58900977E-16
0.25328705€ 01-0.15887641E-03 0.30682082E-06
0.85240422E 05 0.46C62374E 01

0G 300.000 5000.000
0.95042676E-08-0.22188518E~11 0.18621892E-15
0.25953840E 01-0.40686645E-03 0.68923669E-06

-0.52664878E-C9 0.15083377E-12 0.21666281E 06 0.38957298E Ol

c- J 9/€65C 1.E 1. G 300.000 5000.000
0.24470591E 01 0.11286428E-03-0.78591462E-07 0.19778614E-10-0.11105555E-14
0.69972969E 05 0.42356992E 01 0.24925640E 01 0.53153068E-04-0.13307994E-06
0.13951379E-09-0.52150992€~-13 0.69955757E 05 0.3S811657E 01

CH J12/67C 1.H 1. 06 300.00C 50C0.000
0.22673116E 01 0.22C43000E-02-0.62250191E-06 0.69689940E-10-0.21274952E-14
0.70838037€ 05 0.87889352€ Ol 0.35632752E 01-0.2C031372E-03-0.40129814E-06
0.18226922€~-08-C.86768311E~-12 0.70405506E 05 0.17628023E Ol

CHe J12/71C 1l.H 1l.E -1. 0G 3C0.000 5000.000
0.27466401E+01 0.15496991E-02-0.52858324€6-06 0.86132075E-10-0.50909775E~14
0.1G483672E+06 C.46994695E+01 0.35601593E+01-0.22478101E-03-0.26341623E-06
0.16716214€E-08-0.89478626E~12 0.19460363E+06 0.41570213E+00.

CH2 J12/72C 1.H 2. G 300.0 5000.0 .
0.27525479€+01 0.39782047E-02-0.14921731E-05 0.25956899E-09-0.17110673E-13
0.45547759€+405 0.66534799E+01 0.35883347E+01 0.21724137E-02-0.13323408E-05
0.19469445E-08-0.89431394E-12 0.45315188E+05 0.22627869E+01

CH3 J 6/69C 1.H 3. G 300.0 5000.0
0.28400327E 01 0.60865086E-02-0.21740338E-05 0.3604257T6E-09-0.22725300E-13
0.16449813E 05 C.55056751E Ol 0.34666350€ 01 0.38301845€6E-02 0.10116802E-05

-0.18859236E-08 C.668C3182E-12 0.16313104E 05 0.24172192E 01

CH4 Jd 3/761C 1.k 4. G 300.0 50C0.0
0.15027072E Ol 0.10416798E-01-0.39181522€-05 0.67777899E-09-0.44283706E-13

-0.99787078E 04 0.10707143FE 02 0.38261932E 01-0.39794581E-02 0.24558340E~04

-0.22732926E-07 0.69626957€-11-0.10144950E 05 0.86690073E 00

CH20 J 3/61C 1l.h 2.0 1. G 300.0 5000.0
0.28364249E Ol 0.68605298E-02-0.26882647E-05 0.47971258E-09-0.32118406E~-13

-0.1523603LE 05 0.78531169E 01 0.379637T83E 01-0.257017856-02 0.18548815E-04

-0.17869177E~-07 0.55504451E-11-0.15088947E 05 0.47548163E Ol

SPUNEPWUNPUNDIPWUNERPWUNERIWUNEPWUNEIRONEEWNEPWEN-
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CN J 6/69C 1.N 1. G

300.000 5000.000

0.36036285E 01 0.336443906-03 0.100289335—0@—0.163181666—10—O.36236722E—15
0.51159833€ 05 (0.35454505E Ol 0.37386307E 01-0.19239224€E-02 0.47035189€-05

~0.31113000E-08 0.61675318E-12 0.51270927E 05
CN+ J12/70C 1.N 1l.E -1. [e]¢3
0.36522919E+01 0.81427579€E-03-0.20853348E-06

0.34490218E 01
300.000 5000.000
0.29071604E-10-0,17865094E~14

0.21560182E+06 0.43916310€E¢01 0.36175018E+#01-0.2C179550E-02 0.79359855E-05

-0.77300616E-08 0.247984T7E-11 0.21578134E+06
CN- J12/70C 1.N 1.E 1. 06
0.2947T1725E401 0.14988427E-02-0.575795476-06

0.52579527E+01
300.000 5000.000
0.1CLl77789E-09-0.674T78503E-14

0.63644338E+04 0.63743952E¢01 0.37034310E+01-0.14896426E-02 0.31864701LE-05

—0.14831305E-08 0.48121663€E-13 0.62335826E+04
‘CNN J 6/€66C 1.N 2. G
0.48209