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ABSTRACT

STUDY OF HIGH TEMPERATURE EQUILIBRIUM
BY FREE ENERGY MINIMIZATION METHOD

Gautam Chattopadhyay

Master Of Science in Engineering

Youngstown State University, 1982

Equilibrium composition of a chemically reactive
system can be obtained by free energy minimization method.
The mathematical model was first developed in 1958, which
was further developed to make it applicable to multiphase
systems. A computer program has since been developed to
carry out the neumerical manipulations required to obtain
the equilibrium composition based on this mathematical
model.

This work consists of three parts. First, a review
of the mathematical theory has been done. In the second
part, the method as applied to the situation has been analyzed.
Finally, an analysis of the computer program has been made,
and a number of sample data sets have been run in the program

to demonstrate the capability of the software.

WILLIAM F. MAAG LIBRARY
YOUNGSTOWN STATE UNIVERSITY
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CHAPTER 1

Introduction

Many industrial processes, such as primary ore re-
duction, secondary refining of metals, synthesis of organic
compounds, and combustion of fuels, all have a common prob-
lem. Each of these processes is characterized by a multi-
component, multi-phase, chemically reactive system. The prob-
lem is to calculate the thermodynamic equilibrium composition
of such a system. The traditional attempt at solving this
problem involved solving a set of simultaneous equations
associated with the chemical reactions thought to occur in
the system. There are two shortcomings of this method which
limits its use to very simple systems. First, it is sometimes
difficult to predict which chemical reactions will occur.

More importantly, however, is that the set of equations gen-
erated are usually non-linear. In a complex system contain-
ing many components and several phases, the traditional method
of determining the equilibrium composition usually yields no
results even when used with a computer.

Fortunately, a totally different approach is possi-
ble to solve this problem. This method is based on the ther-
modynamic fact that the sum of the chemical potentials of
all substances in the system must have a minimum value at

€quilibrium. The technique, first suggested by White, et



al,l involves minimizing a free-energy function subject the
condition that mass must be conserved in the system. The
free-energy function is the summation, over all phases, of
the summation of the chemical potentials of the substances
in each phase. There are two advantages to this method.
First, the final solution requires solving a set of simul-
taneous linear equations. Second, the free-energy function
has been generalized so that it is applicable to all systems,
regardless of the number of components and phases existing
in the system.

The problem with the method is how to minimize the
complex free-energy function. White suggested two tech-
niques; namely, the method of steepest descents and Dan-
zig's Simplex computer routine. Both of these techniques
have been used with great success in fuel combustion prob-
lems. These problems involve, however, only a single gaseous
phase in equilibrium with pure condensed phases. The prob-
lem involving equilibrium between variable composition con-
densed phases has not received a great deal of attention.

A computer program applicable to this last problem
has been developed by Eriksson. Eriksson's work is, unfor-
tunately, not well known, and has not been widely used in

metallurgical industry.

1 1W. B. White, S. M. Johnsoh, and G. B. Danzig, 'Chem-
1cal Equilibrium in Complex Mixtures,'" The Journal of Chemi-

cal Physics 28, No. 5 (May 1958), pp. 751-755.




The first objective of this work was to understand
the numerical method that has been used and the algorithm
of the program that utilizes the numerical method. Secondly,
to modify the original program to make it compatible with the
existing computer system at Youngstown State University, and
the final objective was to use the program for a reaction
system which has been studied before and see if the results

obtained from the computer agrees.



CHAPTER II

Optimization By Method Of

Lagrangian Multiplier

The numerical problem is one of optimization of a
multivariable objective function with equality constraint
equations. The method used is the Lagrangian Multiplier and

steepest descent technique.

Lagrangian Multiplier Method

Let the objective function be

y = f (x7, Xgy Xgp vonn xn) (1)

where Xys X5, «... X are the variables and

gp, = ¥ (x;, Xgp weee X, ) =0 (2)
for k =1, 2, 3, .... m are the equality constraints.
Y to be optimum, the first derivative of equation (1) must

vanish. Therefore,

n
dy = T %%T 3x; = 0 (3)

]
=i

for £ 2 ewan M
Also, since all displacements in x; must satisfy equation (2)

n g '
dgy, = e %l ” ¥,
fay3 3%y

for { = 1, 2, 3, .... n
and L = 17

df§ is now formed such that,



m
where A, arem multipliers, values of which will be deter-
mined later. Equation (5) can be expanded as follows
i 3
dF = (3%7 dx; ... 3%— dxn) +
n
XI ( 8x1 de 4 axz X9 gy an n
g ag g
m m m 6
Ay | W7atx, * 5%, ey, +eauatige dx L4 (6)
n
Equation 6 can be rearranged as
. 4 g
dF ( 3%, dx, + l,.a 1 dn, +
*1
3g g
A== d 3y _ 1
m ax, x,) = ( axn dxn ¥ AI axn :
g
)‘m% dx )
n
n m 9g
oF., dF = ¢ ( 44+ 1 xkﬁg)dxi e (7D
i=1 L k=1 <

It may be noted that Equétion (5) and Equation (7) are the
same equation written in different form. Further, in Equation

(5) dF = 0 as dF is composed of two parts which independently

vanish,
Now, to make dF = 0 in Equation (7), values are chosen
m 9g
for Ay for k = 1, 2, 3 ... m such that %i— # I —* 15
s het 9%,
= L
€qual to zero, for £ = 1, 2, ... m. It is imperative that

Since there are m constraints and n variables, n - m
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displacements can be chosen arbitrarily, therefore

g
Ay Ik

F
+
™S

in Equation (7) is equal to zero for 4L = m+l, m+2 ... n.
This yields the modified objective function
m

oy 2R

where all displacements are independent with respect to F.
Therefore, to obtain the stationary point, Equation (8) is

optimized subject to Equation (2) and thus obtain
3F _
FEpartd ()

for L = 1, 2,"'..: "n_and

=0 (10)

for k

"
-

Equation (9) and Equation (10) gives a set of n+m Equations

from which m xks and n-m x4 are to be evaluated, which is
possible. Then substituting A values, appropriate X4

can be determined.

Method of Steepest Descent

Equation (1) is made use of to explain the method of
Steepest descent.
Expanding Equation (1) in Taylor's series around an

arbitrary point ¥ gives



FUX) = £ V) e 0 (y) age £ UL 4,2

gAUT (V) 3
N | B
where # (x) is the value of function at x and Ay is the

displacement in the variables. Now a quantity A is calculated

from the equation

SPRTIRLTIRE R

for each displacement, where x4 are obtained by optimizing
Fo(X)
A is finally created from the expression

A= Kx L.
- min

where K < 1,
Now all x;4 are modified according to the Equation

X, = gy * Alx, - oy

This procedure ensures all x;4 are positive valued but at the
same time as close to the optimum value as possible. It also
ensures that all the displacements are unidirectional. It

is evident at optimum point, £ (X) = £ (V).

WILLIAM F. MAAG LIBRARY
'YOUNGSTOWN STATE UNIVERSITY



CHAPTER III

MATHEMATICAL MODEL

Objective Function

Free energy of a chemical system having a mixture of

n chemical species can be written as

n
G (N) = = fF., (11)
£ =1 %
where, N = Rys Mgy wvee the set of mole nos.
. ' (/N)
£ ng (C; + &n [ni/N})
Ci = GO/RT + ZnP  for gaseous mixture
P = total pressure.
n
N =12 n,
7 B

expanding Equation (11) about arbitrary point ¥ in Taylor

series, .
0 (N) = G (y) +z 20 %iwyrr 20 a8
i TR e T o
N =V
It may be noted here,
3G(N) _ '
. " C»(', + &n (nj_/N) (12)
L
2
8_G(N) . g 1
an,? n., = "N (13)
% &
32G(N) _ 1 -
3"',:3“;2 b 60/L L #FK ... (14)

from Equation (13) and Equation (14) follows that both



G(N) and Q(N) are convex as the second partials for both

the functions are positive.

The free energy for any system can now be general-

ized2 as
1 m
6.1 ( g° RTR ;Bi
= n_ . .
pel fuy PE - 9 pd o . L
g+l m
z zp ( q° RTLn |( fﬁi ‘
A . + o
p:Z L=1 np"' 8 P4 2 Np }) -
q+s+1 Mp "
z z n . g ]
p=q+2 i=1 p+4 p4 (15)
m
P
where N = £ n_.
A U

where phases are numbered consecutively, from p = 1 for gas-
eous phase, p = 2 to ¢ + 1 for solid and liquid mixtures,
p =q + 2 toq + 5 + 1 for invariants dividing Equation (15)

by RT, to make the left-hand side dimensionless, we get

)

0 n .
q / sat 4
noe 1 RT)pi + LnP + Ln (nsf)) +

™M S

n
[y

73](0
N
T ™M =
"
=

n_ . (16)

2Gunnar Eriksson and Erik Rosen, ''General Equ for
the Calculation of Equilibrium in Multiphase Systems," Chenm-

ica Scripta 1973, 4, pp. 193-194.
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Equation 16 is the objective function which needs
to be minimized subject to the constraint equations developed

below.

Constraint Equations

The constraint equations are developed from the fact
that the total amount of each element present in the system
is constant. Therefore, the constraint equations can be

expressed as follows,
q+s+1 m

o) z

p=1 L

P 2 2. Rowt % ST

.y tpiitpi T

(17)
where apij represents the number of atoms, of the fth ele-
ment in the { th substance in the p th phase.

bj = total amount of § th element

Optimization Method

By using the method of Lagrangian method of undeter-
mined coefficient, the following equations can be obtained

from Equation (16) and Equation (17),

(go/RT)pL + An P+ Ln | ;Bi { " -

P
g
Tr.a ., =0 (18)
j=1 4 P4 _
e L - 1, 2, m
4
and p = 7
0 noi £ _
(g” /RT) + B [ 25 | «% 4. (19)
Yo =1 %
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for £ = 1

. p
p = Z,P3; q + 1
0 L
(@ /RT) ST A.a .. =0
pi =1 4 P (20)
for £ = 1

p = Q' +E0,5¢ 78, i..q % 8. +°0

In Equations (18), (19), and (20) Lj are the Langrangian
multipliers. Expanding Equations (18), (19), and (17) in
Taylor series about an arbitrary point Y and neglecting

terms of second and higher order, we obtain respectively,

y_ .
~PL .
(go/RT)pi + n P+ Ln | 7 )

P
L X X
zx.a..+_1°_"-VL=o
TR B U B TS s
FOPILHURSIRY leclm
P
and p = 1
, Yoi
(go/RT) pi + Ln | VE— } -
P
2 X0
T X "y B By P
jo1 4%l T TV (22)

for i =1, 2, ... m

and p

]
~N
-
w.
-
Q
+
—_



m
q + & + 1 77%p
% z a..y,-bj+
p =1 L=1 pLI~pL
qQ * 3 %]
T a (x - 4y ) =0
p = 1 P44 pL p4L
ftor § « ¥, 2, £
In Equations (21), (22), and (23),
m
X e d Yp = ;p Yy
p = X . an p = L
i=1 P£ - B
from Equation (11), we get
' 4
X = - A X TEX s o 5
0.4 Jcp«(; + Up/(_ ((}O/yp) 3":} i%pig
for £ =1, 2, m
P
p =1
goos =& Ze ) 0 | .
where £, - é%éw((g /RTki + Ln P + Ln (!%i/Vp))
for L » 1, 2, m
P
p =1
from Equation (22) we get
ya
L = R ¥y . (X A :
b pr t Ype ([Xp/Yp] }=1 i ap&J)
for £ = 1, 2, 538
p.
p =123, q + 1

ALK 0 "
Where f ¢, = l_’,i ((g /RT)p/(‘. s 'en lgp&/ypl)
for L = 1,2, 3, ... m

p = Y/ By s, g * 1

Summing Equation 24 over £ = 1, 2, ... my

12

(23)

(24)

(25)

(26)

(27)
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Y pilpij (28)

Summing Equation (26) over £ = 1, 2, ... mp for
p =2, 3, ... ¢ + 1 would also result in Equation (18). Sub-
stituting Equation (28) and 1f in Equation (23) and re-

analizing we get,

g« £ & ) Mo
I T Apik+ T ([Xp/Yp) - 1) T a ..y
p=1 k:] K p.—. ,(2:1 p"‘J p’(’ *
q+g+1 v;np q4z-1 ’;np S ik
a X . A =
p=q+1 i=1 P PL = po1 i=1 itk pA é%‘ I

foF f2.1, 2, ... &

where #fpi is defined as per Equations (25) and (27)
o
-

pas & (apii%pin! Ypi

m
oy *E
LW

for 5, R, =1, 2, ... %

Now Equations (29), (28), and (20) constitute a system of

£ + q + s + 1 equations with the same number of unknowns

as follows:

Unknown No
Ak 2
Xp/Yp-1 q+1
x_pi A

For (=1, and p=q+2, q+3, ... q+s+1
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By solving this linear system of equations, the amount of

pure compounds can be directly obtained.
1, i.e. for the gas phase,

To obtain x_.s for p
pL
Equation (14) is used where 143 and corresponding Xp/Yp-1

are substituted.
To obtain X for = 2 togq+} Equation (16)

is used where again Af4 and corresponding Xp/Yp-1 are sub-

stituted.
After obtaining all the xpié’ they have to be modi-

fied to satisfy the final restriction that x 4 must be
pL

non-negative.
This is accomplished by using the method of steepest

descent.
A quantity 7 is calculated according to

fon i = .1, 08, rasesd sl
p

§r Y, X .
pA A 28
oo @ + s + 1 (30)

which is the smallest = is

Now from Equation (20) =«
min
= km . where
min

used to calculate a quantity A such that A

k<1 usually equal to 0.99.
The x 4 are then modified according to x ., = x , +
pd pL pAL
Alx , - y3)

pL pL" "
These x ié are now used as ypib to obtain the next

approximation. This process is continued until difference

between y ig and x ;5 are negligible. The final poA are

the desired optimum values.
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CHAPTER IV
PROGRAM ANALYSIS

The computer program is composed of a main routine,
six subroutines, and three function subprograms. The basic
control transfer between the different subroutines and the
main program is shown in Figure 1.

Minimization of free energy by solving equations is
accomplished in the subroutine GASOL, after the necessary
data have been generated in the main routine.

Input information can be read into the main program
as well as subroutine HETTA, which depend on the nature of
information available. Output is generated by both the main
program and HETTA, which again depends on the required out-
put.

The subroutine SPEQUA has been provided to generate
information related to the equilibrium composition of the
system as required by the user. The user must provide not

only his own functions in SPEQUA, but also his own output

formats.

Main Program

The main program does very little computation work.
Its main purposes are to read-in all the necessary informa-

tion, and to print-out the results as calculated in the sub-

Toutines,
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FUNTION
CPINT
FUNT [ON FUNTION
HEAT S0
INPUT
/ 1 1
SUBROUTINE B MAIN SUBROUTINE
HETTA PROGRAM  SPEQUA
t 1 l
INPUT ] ' | ouTPUT
SUBROUTINE
GASOL
1
SUBROUTINE SUBROUTINE
ABER XBER
/
SUBROUTINE |
FACTOR

Figure 1. Transfer diagram. Flow between the various

Subrogtines and the main program of SOLGASMIX is shown in -
the diagram.
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After all information has been read, the main pro-
gram transfers control to GASOL, which does the required
computation.

Results are then printed out by the main program
or HETTA as the case may be. Further I/0 operation may be
carried out by SPEQUA when necessary.

Finally, execution of the program is terminated by
the main program.

The basic block flow diagram is given in Figures 2,
3, and 4.

Input

Record 1

Input is best described by considering 18 different
records. Each record refers to a specific portion of input
information.

The first line of input is a heading. It can be
anything that identifies the input data or the output data;
for example, "EQUILIBRIUM COMPOSITION OF FLUE GAS". How-

ever, maximum length of this message is 80 characters.

Record 2

In the second line, the total number of elements
(L), the total number of mixtures (MP), the total number of
invarients (MSOL), and the number of species in each mixtufe
are listed. Format for this line is 4012. Maximum number

of species that can be considered is 80, maximum number of



18
Slav}

@ from Ky 3
Peed . Heod\n% l

Read ™O. Qf elements )
Read mo of mixtunes (@ +1)
Read mo ; wuanients (s)
Read wo c n\:e;:.\es W eadh

Mixtrune ’N\‘, fad=12,- %)

Pyt Headh\ng —]

Reed forwmula wawe for

o\\ bﬁ; €5  ond  twe conmesbo-
- Mmdn oww\u\o. unts b

&&\3 v\\ elements . (Codwqq“\

Pynt  A0Tmuln mawe

ona coeﬂ\c\e“\' walyix

Y

. Raaa shecr@s mo chosen as
Refevence Stare 40t all eements

Read flag kAL’
]

N
Read  molay volume Read coefticients
ﬁm nvarenrs | ™M exbression G°
; {-of.c\\\ b\)eae .
|
Print  molax voluwe Ceca 'Y;ro\'\ov\ i @“60"“ )Y‘Qa-j)
rfox radarends. Te«»efa*u%a(ﬂk)
1Y
@*e /T for all species
Continued ,&\' -3 / Contnved m (ia-3
\ . i

{

l Figure 2. Flow Diagram of Main Program.




</ e

Read KVALL Red Ty, Sy, G whes

-ons, h o( iusiov\ & heal

O,‘- VO?O’MSG iow “01 all
hPECies .

v

Regad mMo. ol( npecies
N Raw Material

!

Calcvlsate enthalpy Oﬁ
Rew Mateyal

)

Read Raw Mateyial
*em‘?gyafme oK

Calculate RT
al Apec'\gg,/ : W

l

Reast totel mo. of data
powms to be colculated.

y @

Read amount o wpot
element &0\ all elemems

Y Y

Read 5+e1\'m06 Startingy estimate of 5’1@1%\«3 ehimate  equal
all » :éies m qas thase o F) viously atained

Cshimate kov all SPea'Qg =1.E08, toy ol ohe cebu'\\ byrom COW\YO&‘\’\OH
spec_\e.s = Q0.

| Contmued om fig-4-
© gk

Fi .
1gure 3, Flow Diagram of Main Program (continuation).




Convhinved bom klt'b

Call GASOL

Print Reaction Tem@exa&ou@)
Pyimt Totel Pyessuvie (Atw)

Piint vilbiium  composition
0Y othey oﬂﬂopﬁnie

Calculate heat 1eguiement
far the 7eaction-

Piint  hear enhelby,
em MFT o&'}o‘:\'ion
total e PY-

.Seerhb @
l (B)from kg 3

Read totel pressume
o& swstemw  OY &g{-me
Syste Volume .

See ,\.f)l ©)
® from £193.

Figure 4. Flow Diagram of Main Program (continuation).

20



21

elements and mixtures are 12 and 9 respectively. This im-
plies that the sum of the number of species and total num-
ber of invériants must not exceed 80.

These restrictions can, however, be changed (increased
or decreased) by changing the dimensions of the appropriate

arrays in the program.

Record 3

Record 3 consists of more than one line. The total
number of lines equals the number of species considered to
be present at equilibrium. This is the sum of the number
of species in each mixture and the number of invariants.

The format for each line is 2A5,12F5 0. In this format,

the first 10 characters are used to identify the species.
For example, the species CO2 is identified as CO2 in Columns
1, 2, and 3. Columns 4 through 10 remain blank.

Columns 11 through 70 are used to input the number
of formula units (A) of each element for the species identi-
fied in Columns 1 through 10. Five columns are reserved for
each element.

It is also important to choose an order in which the
formula units of each element are listed for a species. Once

this order is selected, it has to be followed for all species

in the system.

The species in different mixtures are to be listed

1N a definite sequence. The species in Mixture One is input

first. Then comes Mixture Two and so on. For example, it
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can not be input as 1-2-4-3-5 if there are five mixtures in
the system considered. The order has to be 1-2-3-4-5. How-
ever, the species within a mixture can be in any order. If
a species exists in more than one mixture, it has to be listed
separately for each mixture. Another restriction is that
the gas phase mixture must be Mixture No. 1.

The invariant species are entered last after all the
mixtures have been entered.

This procedure is explained with the help of the
following example.

Consider a system which has the following combina-

tion of species and phases:

GAS SO2 N2 O2 S2
SLAG FeO Fe304 SiO2 FeS
MATTE CuZS Cu FeO S
INVARIENTS Cu Cu,S Fe Si

2
This system has six elements (S, N, O, Fe, Cu, and Si), three
mixtures (gas, slag, and matte), and four invariants (Cu, Cuzs,
Fe, and Si). The mixtures 1, 2, and 3 contain 4, 4, and 4

species respectively. The order of elements can be as

follows:
| 1 S
2 N
3 0.
4. Fe
5 Cu




Input is shown in Figure 5.

Record 4

Record 4 has a format 40I2.

23

The species number

which is considered to be the reference state for each ele-

ment is input here (IEL). The

same as listed in Record 3.

lated from the third record, No.

in the record.

order of the elements is the

The species number is calcu-

1 being the first species

In the example of Figure 5, reference state for the

first element, which is S, is species No.

and so on.

as follows:

4; for N it is No.

So the input record for Record 4 would look

B4b2b3151316*

Number 10 could be used rather
state of Cu.

These reference states
output. For example, if there
system, the program will print

against species § But if we

2.
reference for S, the print-out

but against S it would print 0.

Record 5§

than 12 as the reference

are also important in the
were 10 moles of S in the
0.5000E01 under X/Mole,
chose species No. 12 as the
against S2 would be 0.0000E00

1000E02.

Record 5 is a number which acts as a switch in the

*b = blank in column.
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Figure 5. An Explanation of the Input Format.
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flow of the program. The name of the variable is KVAL, which

acts as the switch. There are three possibilities.

1. KVAL = 1.
In this case no heat calculation is done and
values of Gibbs Function are given as thermo-
dynamic data.

2. KVAL = 2.
In this case as well, no heat calculation is
done and Gibbs function is not given directly
as thermodynamic data. Instead AG is calcu-
lated from formation enthalpy, entropy, and
heat capacity which are the thermodynamic
data input to the program.

3. KVAL = 3.
The input in this case is the same as in KVAL = 2
except that heat calculations are also performed.
It, therefore, becomes necessary in this case to
input the amount of reactant species and their
temperature which are done in Records 11 and 12

respectively.

KVAL is input as a negative number when molar volume has to

- be considered for calculating the chemical potential of the
inVariants. However, this capability of the program was not
.lnvestigated in this work.

Record 5 is therefore simply a number input in Column

Which is 1, 2, or 3. Again, the input format is 40I2.
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Record 6
Record 6 is where the molar volumes for invariants

are input, and is not discussed.

Record 7

This input is made if KVAL is equal to 1.

The input in this record is used to calculate the
free energy of a species from the expression

2 ET3+FT4+GT° +HALOG(T)

G = A/T+B+CT+DT
where A,B,C,D,E,F,G, and H are the thermodynamic coefficients
and T is the reaction temperatﬁre.

In the first line of this record the total number
of co-efficients (MGT) that are used is input and then a
number for each co-efficient is input (IGT).

For example, if co-efficients A, B, D, and F are
used, then the input will be

b4b1lb2b4b6
If only co-efficient B is used the input will be

b1lb2

Format for this record is 40I2.

Record 8

In this record values for the co-efficients in the
free energy function for each species (GE) are input, one
line for each species, and the order of species is the same
aS that in Record 3.

Format for this input is 8EIO0.O0.
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Records 7 and 8 are skipped if KVAL = 2 or 3.

Record 9

Reaction temperature is input in this record, which
has the format 8EI0.O0.

Records 10 through 12 are needed when KVAL = 3.
Only Record 10 is input when KVAL = 2.

Record 10

Record 10 supplies formation enthalpy at 298°K, entropy
at 298°K, the specific heat expressions, heat of fusion and
heat of vaporization for each species in the order of species.
More than one specific heat expression becomes necessary
when phase transformation takes place between 298°K and the
reaction temperature. The input format can be followed from
the input guide given in Appendix A.

Records 11 and 12 are needed when an enthalpy cal-

culation has to be donmne.

Record 11

This input record consists of one line which has the
format 40I2. Total number of species in the raw material
(MIN) and then the species number for each of these species

(IIN) listed in the sequence of Record 3 are input.

Record 12

This supplies the temperature of the raw material

(T0) in °K and the format for this input is 8EIO0.O0.
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Record 13 will not be discussed for the reason given

for not explaining Record 6.

Record 14

Record 14 is another switch similar to KVAL intro-
duced in Record 5.

The purpose of this variable called KVAL 1 is to
facilitate the user to change a part of the input informa-
tion after the equilibrium composition has been attained
without disturbing the rest of the information, and then
calculate a new equilibrium composition. For the first
run KVAL1 is either 1 or 2. If it is 1, the computer
generates the initial values for the equilibrium composi-
tion, and if it is 2, the initial values are read in as per
Record 18.

For example, if one has to recalculate the equi-
librium composition at a different temperature, 6 is input
in Record 14, and the control goes to 'Read Record 9' mode,
where new temperature is input. After the computation is
complete, the control returns to 'Read Record 14' mode again.
If at this time no new computation is required, 10 is entered
for KVAL 1 and this causes execution to stop.

The program flow is shown in Figure 3.

In each computation cycle up to 25 sets of equilibf
Tium compositions can be calculated based on variation in the
Taw material input amounts, or the amount of each element

Present in the system.
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Record 15

This record supplies the number of sets of compu-

tations (NPKT) that have to be done in a cycle.

Record 16
This record is an index (KH) which indicates how

the amount of each raw material or element present in the
system varies from one computation to another. Index (KH)
for each of the elements or the raw materials are input sep-
arately in one line in the sequence already established
before. The index works as follows:

1. Variation is irregular from group to

group.
2. No variation.
3. Varies by a constant increment.

Format for this input is 40I2.

Record 17

17A is used when KH = 1. In this case the amount
of an element or raw material species is input one after
another for each group, according to the format 8EI0.O0.
Again the species or the elements are input in the sequence
established before.

When KH = 3, which implies the variation is regular,
the amount need not be entered separately for each group.
The initial amount and the constant increment (STEPX) is

Sufficient. This is done as per Record 17C.
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Record 17B is used when KH = 2, or when the amount
remains constant between groups.

Format for Record 17B and 17C is also 8EI0.0.

Record 18
Record 18 is used when the initial estimate is sup-

plied by the user, which is the situation when KVAL = 1.

Computation

As mentioned earlier, very little computation is
carried out in the main program.

The major computation done in the main program is
evaluating the quantity (go/RT)pi in Equation 16 for all
species.

go-is calculated either from the information input

in Records 7, 8, and 9 from the expression

2 3 4 5

e +ET +FT"+GT +HT1logT (31)

g = A/T+B+CT+DT

or from information input in Records 9 and 10 from the

expression
Ag” = AH - TAS. (32)

However, in this case AH is computed in function
Subprogram HEAT and AS is calculated in function subprogram
S0. Both these subprograms again use function subprogram

sPINT to obtain the Cp/T integral.
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The main program then calls the subroutine GASOL,

which does most of the computation.

Output

The first line of output is the heading as input
in Record 1.

The species and the corresponding formula unit
are then printed.

The free energy co-efficients are printed in the
species order when KVAL = 1. But if KVAL = 2 or 3, the
co-efficients for the Cp expressions for each species is
printed instead in the species order.

Standard heat of formation and entropy for each
species are then printed using one line for each species.
Heat of fusion and heat of vaporization are also included
when phase transformation takes place.

The reaction temperature and total pressure are
then printed.

The contents of the following columns can be iden-

i tified from the respective headings.

Initial amount of species are printed under X/MOLE.
Equilibrium composition (Y/MOLE) are listed in the next
Column. In the third column for gas phase species, partial
Pressure (P/ATM) and mole fraction for species in the con-
densed mixture (MOLE FRACTION) are printed. For invariants
this Ccolumn remains blank. In the last column activity

QACTIVITY) for all species are printed.
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Subroutine GASOL

Most of the computation is done in this subroutine.
The subroutine is written in a manner such that final compo-
sition is reached within the shortest time possible. To do
" that, during the iteration process, when amount of a species

10

become less than 10 ~~, it is made equal to zero. When all

the species in a mixture become zero, that mixture is dropped
all together.

However, when iteration is complete, following checks
are necessary.

Note, free energy of the system can in addition to
Equation 16 be expressed by

G/RT X b, (33)

L
i=1 b

“en

Equation 33 is obtained by substituting Equations 18, 19,
and 20 in Equation 16. Now comparing Equation 33 and 19,
we can say for any mixture which was not included in pre-
vious phase continuation, if the sum of the mole fractions

for that mixture is greater than 1, has to be included.3

For invariants , according to Equation 20, for any
0
non-included species if (g /RT) ., is less than I A. a_.:
P4 j=1 ] Pﬁj
the species must be included in the phase combination.

—

3Gunnar Eriksson, '"SOLGASMIX, A Computer Program for
Ca1Cg1ation of Equilibrium Compositions in Multiphase Systems,"
Chemica Scripta 1975, 8, pp. 100-103.

C 1 ?Gunnar Eriksson, ''SOLGAS, A Computer Program for
:i Culating the Composition and Heat Condition of an Equi-

Tlum Mixture," Acta Chemica Scandinavica 1971, 25,
+ 2651-2658.
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When these conditions arise, for non-included mix-
tures, the one which has the highest sum of mole fractions
is considered in the next iteration.

If none of the above conditions arise, the equi-

librium composition has been obtained.

Computation Steps

From the input information the total number of phase
combinations that are possible is calculated, and each com-
bination is assigned a number.

The same thing is done for the invariants ,

A phase combination is then chosen which has not
been considered before.

f . is calculated as per Equation 24 for p = 1

pL
and as per Equation 27 for p= 2, 3, ... q¢ + 1

“’pjk is calculated as per
n

» m
pik = P |
i=1

apijapik)gpi §oa i, ke = 1, 2, ...k
A linear system of equations as per Equations 29,
28, and 30 is set up
It may be noted here that since during computation
Procedure the constraint conditions must be satisfied at all
times, initial estimate of the species must be carefully
Chosen so that they satisfy Equation 17.

However, this condition can be avoided by using a

€orrection factor C in Equation 17 such that
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m
z T a_,.,-b. = C; nf =1 .
.=1 p‘('j j j 60 J ’ Z} 'a

Substituting this in Equation 29, the objective function is

modified as

q+1 2 q+1 "

p
2 I oA e D X IV.1-1) ¢ & 20 ;
p=1 k=1 b "pjk p=1 L P/ P) )L=1 pif9pi
qgl "?p (f y .] - C. fon § =1, 2 4
= a . & = - = . =, » » o o o
p=1 4i=1 PA3 ps pL 3 g

Now initial estimate need not satisfy constraint equations.
The system is solved by Gaussian elimination method.

The next step is to check if any non-included mix-
ture would lower the free energy of the system. To do that
hypothetical mole-fraction for the species of a non-included
mixture is calculated as follows.

Activity of a species can be written as

4

. 0
L 95 R gy 3 Ty Bpup (34)

and mole fraction

x ,=A ./  , where § ., = activity co-efficient
p4A pL " pd pL
for species i of pth phase.

m
. -P . :
Now if £ x , > 1, the mixture has to be considered.
1

i=1 PL

If the condition exists for a number of mixtures, the phase
for which the quantity is maximum is included in the next
iteration cycle. A new set of Ajé are again calculated and

the same check is made. The process is continued until the
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satisfactory mixture combination is obtained.
The non-included invariants are then checked to see
if inclusion of any of those would reduce the free energy.

0
This is accomplished by checking if @ /RT’)pL is less than

L
LA a . for that particular invariant., If the condition
i=1 4

exists, the process of calculating a new set of xjA is
restarted.

The calculated amounts are then checked for negative
amounts. If negative amounts exist, the method of steepest
descent is used to make them all positive.

After this, if the amount of any species appears to
be less than :lE—lo, it is removed and the amounts thus
arrived at are used as the starting estimate for the next
cycle of calculation.

The computation is complete when subsequent iteration
does not produce significant change in Aj values. The equi-

librium composition has been obtained.

Subroutine ABER

This is a short subroutine, which calculates activity

Abi from the expression

Ape = *pi Fpi.

Where fpi is the activity co-efficients, fpi is

dSsumed to be unity if not otherwise specified. When #

p/(: 1S

M0t unity a suitable fpi expression is introduced in the
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subroutine FACTOR by the user, which is called by ABER when
calculating Api'

Subroutine ABER is called by GASOL whenever necessary.

Subroutine XBER

The main purpose of this subroutine is to check if
a non-included mixture would lower the free energy. To do
that it first calculates the hypothetical activity from
Equation 34. Then evaluate XPZA from which it can be

m
p ,
checked if = x . >1.
i=1 Pt

Here again, Factor is called if activity co-efficients

are not unity.

Subroutine FACTOR

As explained, this subroutine calculates fpi from
user-supplied expressions, where fpi are the activity co-

efficients.

Subroutine SPEQUA

This is a user's subroutine, which can perform calcu-
lations discernible from the equilibrium composition already
compiled.

The whole program has been included in Appendix B
a4S produced from an actual computer printout.

The program is stored on YSU System as RUN OSJOB.
Another copy is stored as TEST OSJOB. The original program

aS procured is also preserved as SOLGAS 0SJOB.




37

CHAPTER V

PROGRAM EXECUTION

Program Modification

A program was obtained on a tape which was directly
loaded on the YSU computer system. Even though it was a
form of FORTRAN, the software was not suitable for execu-
tion on the YSU system. The following modification had to

be made.
Variables

All variables were changed to DOUBLE PRECISION type.
This was accomplished by declaring this at the beginning of
each routine.

The argument type for the built-in subprograms was .
then changed. For example, ALOG had to be changed to DLOG.

This was done by trying to execute the program with
a sample input, and whereever an ERROR MESSAGE appeared,
the change was made.

However, it must be mentioned here that since all
the capabilities of the program were not investigated, which
Means all the statements were not executed, there still may
be a few arguments which are not correct. These can be
Corrected during further investigation, and is a very minor

and €asily correctable situation.
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DO LOOP Parameters

YSU System does not accept any DO LOOP parameters
except simple integers. Therefore, wherever other types
of DO LOOP parameter were encountered, they were changed.
For example,

DO M(I), N (K)

was changed to

MI = M (I)
NK = N (K)
DO MI, NK

Statement Number Sequence

The statement numbers appearing in Columns 1 through
5 in the original program were not sequential. This posed a
serious problem in following the program,'since too many

GO TO statements have been used.

Therefore, all the statement numbers were changed

to make them sequential.
FORMAT Statements

In the original program the FORMAT statements were
Put immediately after the READ/WRITE statement. All FORMAT
Statements were grouped and put sequentially immediately

before the RETURN or END statements of the respective rou-

tines "
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Program Execution

Eight different runs were made. The data files were
DATA FILE 2
DATA FILE 3
DATA FILE 4
DATA FILE 7
DATA FILE 8
DATA FILE 2 and DATA FILE 4 are the same system containing
10 species in total, with one gas phase containing 9 species
and one'invariant . .
Gas phase species are CH4, C2H6, CZHZ’ COZ, co,

0 Hyy H

2r 2T 2 6°
The only invariant considered was C.

0, and CZH

2 moles of C, 4 moles of O and 14 moles of H were
considered to be present in the system, which is equivalent
| to one mole of Ethane and four moles of water.

Equilibrium temperature or reaction temperature was

assumed to be 1000°K.

The difference between the two sets of data is whereas
in DATA FILE 2 the computer generated the initial estimate,
in DATA FILE 4 the initial estimate was supplied as input.

It was found tﬁat computation was faster when initial
€stimate was supplied, rather than generated by the computer.

In both the cases output was the same and agreed with
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available reference.5

DATA FILE 3 is a system containing CO, H,O0, CO

2 21
H2 and O2 in the gas phase. C was the only invariant con-
sidered.

In this case again the initial estimate was supplied
as input data.

DATA FILE 7 is a system containing 4 elements,

S, 0, N, and Cu, gas phase containing 15 species and there
are 5 invariants.

This computation took longer time, but can be con-
sidered very fast, considering the large number of species
considered present in the system.

This file was also used as a test file during modi-
fication of the program. This data file, along with a cor-
responding output, was supplied along with the program when
it was originally procured.

Every time a further modification in the program
was made, this sample file was run to make sure the modifi-
cation was proper.

DATA FILE 8 constitutes the same system as in DATA
FILE 2 and DATA FILE 4, but in this case five different points
were considered by varying the input amount of H and O but

keeping the amount of C constant. The data points represent

5Richard E. Balzhiser, Michael R. Samuels, and John
D. Eliassen, Chemical Engineering Thermodynamics Prentice-
Hall, Inc. (Englewood Cliffs, New Jersey, 1972), pp. 513-527.
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reactions between one mole of Ethane and 4, 3, 2, 5, and 6
moles of water.

All data files and the corresponding outputs as
computer printouts have been reproduced sequentially in
Appendix C.

The file names used are the actual names of data
files in which the data are stored in the YSU computer

system.
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CHAPTER VI

SUMMARY

Findings

A computer program for solving Equations 20, 28, and
29 has been developed by G. Eriksson of the University of
Uméa, Umea Sweden. Eriksson's work required approximately
10 years to complete, and resulted in a program he called
SOLGASMIX. A copy of SOLGASMIX was purchased by Youngstown
State University through a research grant awarded to R. W.
Jones of the Department of Chemical and Metallurgical Engi-
neering by the Research Council.

The major effort of the work presented here concerned
an analysis of SOLGASMIX and a subsequent modification in
order that the program be compatible with the YSU computer
system.

To check if the modification of the program was pro-

per, a number of data files were run and the result obtained

agreed totally with available reference.
It was also found that the program was very fast
and therefore could be used at a very low cost, as computer

time requirements are small.

Conclusion

Even though SOLGASMIX has not yet been very widely
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utilized, it appears to be a very versatile software, capa-
ble of making thermodynamic analyzing of complex multi-
component, multi-phase, chemically reactive system.

The program would be most suitable for high temper-
ature, low pressure systems where equilibrium is reached
very quickly.

When the system behaves non-ideally, reliability
of the results will totally depend on the accuracy of the
thermodynamic data available for the system being investi-
gated.

Recommendations

It is recommended that since the program has been
modified and set up on the YSU computer system, further
work be directed towards using it for non-ideal systems.

An interactive version of the program is also avail-
able. It would also be very useful to set up the interactive
version of the program on the YSU system.

Since a reasonably advanced knowledge of programming
is necessary, it would be a good idea to carry out further
work jointly by the Departments of Computer Science and

Chemical Metallurgical Engineering Departments.
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DATA INPUT GUIDE

PROGRAM SGMXBA
EERERERRREEERR R SR RRR RS ERRRRERRRERERRD

* SNLGASMIX (BATCH VERS [ON) *
AR EAE R AR RERR L AR ERERNEE KR SR XL RRERERERR
*  YOUNGSTOWN STATE UNTVERSITY .
* CHEMICAL ENGINFERING DEPARTMENT *
*  YOUNGSTOWN OHID 44555 _ *
* TELEPHONE 216 742 3020 .

ERERREERRXREARR AR EERRRE ERREREXKE R RERRERR

INPUT GUIODE

RECORD 1 (80AL)
ITEXT HEANING.

RECORD 2 (4012)

L THE TOTAL NUMBER OF ELEMENTS (<=12).

MP THE TOTAL NUMBER OF MIXTURES (<=9).

MSNL THE TOTAL NUMBER OF [NVARTANTS (= CONDENSED PHASES 0OF INVARIANT STOI-
CHIOMETRY).

MNIL) THE TOTAL NUMAFR QOF SPFCIES IN MIXTURE L (GASEOQUS),

UN(2) THE TOTAL NUMBER OF SPECIES IN MIXTURE 2 (CONDENSED),

ETC.

NOTE- THE TOTAL NUMBER OF SPECIES MUST BE <=80. THE TOTAL NUMBER OF MIXTURES
PLUS INVARIANTS MUST BE <=(MPUT - L) IF THE INTEGER VALUE RANGE EXTENDS
TO (2**MPOT - L) (DEFAULT MPQOT VALUE = 48). THE REAL VALUE RANGE IS DE-
FAULTED TO EXP(PNTM) WHERE POTM = 500.

RECORND 3 (2A5,12F5.0)

IDENT IDENTIFICATION FOR SPECIES I.

ACT, 1) THE TOTAL NUMBER OF FORMULA UNITS OF ELEMENT L IN SPECIES I,

A(I,2) THE TOTAL NUMBER OF FORMULA UNITS OF ELEMENT 2 IN SPECIES I,

ETC.

NATE- THERE IS ONF LINE PER SPECIES IN SPECIES NRDER. SPECIES IN MIXTURE 1
MUST RF GIVEN THE LOWEST MUMBERS, ETC, AND THE INVARIANTS FOLLOW LAST.
THE FORMATION OF A SPECIES WILL BE SUPPRESSED [F THE IDENTIFICATION CON-
TAINS THE CHARACTER '#¢ [N COLUMN 10. EQUILIBRIUM ACTIVITIES FOR ALL IN-
VARTANTS AND EQUILIBRIUM MOLE FRACTIOUNS FOR ALL SPECIES IN THE CONDENSED
MIXTURES, SUPPRESSED OR NONSUPPRESSEDy WILL BE GIVEN IN THE OUTPUT. IF
THE EQUILIBRIUM ACTIVITY FOR A SPECIES WILL BE SPECIFIED, THIS SPECIES
HAS TO BE REGARDED AS AN FLEMENT IN ITS CHOSEN REFERENCE STATE.

RECORND 4 (4012)
[EL(1) THE SPECIES NJMBER FNR ELEMENT L IN ITS CHOSEN REFERENCE STATE,

LiL(Z) THE SPFCIES NUMAFR FNR FLEMENT 2 IN ITS CHOSEN REFEREMCE STATE,
ETC.

RECNRD S5 (4012)
KvaL = 1 NO HEAT CALCULATIONS AND VALUES OF GIBBS FUNCTION AS THERMODYNA-
MIC DATA.
= 2 NN HFAT CALCULAT IONS AND VALUES OF FORMATION ENTHALPY, ENTROPY,
AND HEAT CAPACITY AS THERMODYNAMIC DATA.
= 3 HEAT CALCULATIONS AND VALUES OF FORMATION ENTHALPY, ENTROPY, AND
e HEAT CAPACITY AS THERMNDYNAMIC DATA.
E= PUT KVAL NEGATIVE [F MNLAR VALUMES WILL AF CONSIDEREND IN THE CALCULATION
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DATA INPUT GUIDE (continued)

OF THE CHEMICAL POTENTIALS FOR THE INVARIANTS.

CONTINUE WITH RECORD 7 IF KVAL = L AND WITH RECCRD 9 IF KVAL = 2 OR 3.
RECORD 6 (BEL10.0)

VO(M1)  MOLAR VOLUME/CM3 FOR [NVARIANT 1L,

VO(ML+L) MULAR VOLUME/CM3 FOR INVARIANT 2,

ETC.

NOTE- THE MOLAR VOLUMES ARE ASSUMED INUEPENNENT OF TEMPERATURE AND PRESSURE.

CONTINUE WITH RECORD 9 [F KVAL = =2 0OR -3,

RECORD 7 (4012)

MGT THE TOTAL NUMBER NF CNEFFICIENTS IN THE GIBBS FUNCTION EXPRESSION
WHICH CAN BE DIFFEREMT FROM ZERD (G/JMOL—=1 = A/T + B ¢ C*T + D*T*T +
¢ E*T*%3 o+ FRT %24 + G#T#%5 ¢ HeT®ALOG(T) ).

I3TLL) THE NUMHER FOR ONE OF THESE COEFFICIENTS,

IGTL 2) THE NUMBER F(R ANOTHER OF THESE COEFFICIENTS,

ETC.

NOTE—- A IS COEFFICIEMT 1, B IS COEFFICIENT 2, ETC.

RECORD 8 (B8EL0.0)

GE(Is1l) THE VALUE OF CONEFFICIENT IGT(L) FOR SPECIES I,
GE(I,2) THE VALUE OF COEFFICIENT [GT(2) FOR SPECIES I,
ETC.

NOTE- THERE IS ONE LINE PER SPECIES IN SPECIES ORDER.

RECORD 9 (8E10.0)
T THE REACTION TEMPERATURE/K.

CONTINUE WITH RECORD 14 IF KVAL = =1 OR L OR IF KVALL < 9 (DEFAULT VALUE = 9).

RECORD 10 (2E10.0,12/8E10.0)

HF (1) FORMATION ENTHALPY AT 298 K/J.MOL-1 FOR SPECIES I.

st ENTROPY AT 298 K/J.K-LMOL-1 FOR SPECIES I.

NOMCT) THE TOTAL NUMBER OF HEAT CAPACITY EXPRESSIONS FOR SPECIES [ (<=6).

ClIsJsl) THE VALUE OF

ClIsJe2) THE VALUE OF

ClisJe3) THE VALUE OF

ClIsJe4) THE VALUE OF

ClI,Js5) THE VALUE OF IN CP EXPRESSION FOR SPECIES .

ClIyJy6) THE VALUE OF IN CP EXPRESSION FOR SPECIES 1.

TOM([,J) TRANSFORMATION TEMPERATURE J/K FOR SPECIES I.

HOM( 1,J) TRANSFORMATICN FNTHALPY J/J.MOL-1 FOR SPECIES I.

NOTE~ THERE ARE (NOM(I) ¢ 1) LINES PER SPECIES IN SPECIES ORDER. THE HEAT CA-
PACITY EXPRESSIONS MUST BE VALID FROM 298 K UP TO THE REACTION TEMPERA-
TURE (CP/JoK=1"0L—=1 = A ¢ B*T + C/T#%2 ¢ D*[*T + E/T#*3 ¢+ F/SQRT(T)).
THE TRANSFORMATION TEMPERATURE AND ENTHALPY ARE GIVEN ONLY IF THERE (S A
CP EXPRESSION (J + L)

IN CP EXPRESSION
IN CP EXPRESSION
IN CP EXPRESSION
IN CP EXPRESSION

FOR SPECIES I.
FOR SPECIES I.
FOR SPECIES 1.
FOR SPECIES .

TMOO®P
[ SS SN SN S Sy N

CONT INUE WITH RECORD l4 IF KVAL = =2 OR 2.

RECORD 11 (4012)
MIN THE TOTAL MUMBER OF SPECIES IN THE RAW MATERIAL (<=25).

AONAOANOOOOOODNOONONOONNDONODNNNOOONOAO0OOODO 000NN 000




nnﬂﬁﬂ('ﬂﬂl’)nn(lﬁi'nﬂnﬁnnﬂﬂﬁnnﬁﬁﬁﬂﬂﬁﬂnﬂﬁnﬂﬁﬂ!lﬂﬂnﬂﬁﬁﬁﬁ(lﬂnﬁnnn

DATA INPUT GUIDE (continued)

LINCL) THE NUMRER FOR ONE NF THESE SPECIES,
T1INC2) THE NUMBER FOR ANOTHEP OF THESE SPECIES,
ETC.

RECORD 12 (BE10.0)
T0 THE TEMPERATURE NF THE RAW MATERIAL/K.

CONT INUE WITH RECORD 14.

RECNRD 13 (8E10.0)
PYOT THE TOTAL PRESSURE/ATM NR THE NEGATIVE SYSTEM VOLUME/DM3.
NOTE- THE SYSTEM VOLUME [S GIVEN WITH A MINUS SIGN [F THE CALCULATIONS wILL BE
PERFNRMED AT CONSTANT VOLUME.
RECORD 14 (4012)
KVAL 1 = 1 CALCULATE A GROUP OF POINTS WITH NEW VALUES OF THE VARIABLES IN
THE PECORDS 15-17 AND THE STARTING ESTIMATE ACCORDING TO RECORD
18. CONTINUE WITH RECORD 15.
= 2 THE SAME AS FOR KVALL = 1 BUT THE STARTING ESTIMATE WILL BE GENE-
RATED BY THE PR0OGRAM. CONT INUE WITH RECORD 1S.
= 3 THF SAME AS FOR KVALL = 1| BUT THE LAST CALCULATED POINT WILL BE
USED AS STARTING ESTIMATE. CONTINUE WITH RECORD 15S.
= 4 CALCULATE A GROUP (OF POINTS WITH NEW VALUES OF THE VARIABLES IN
RECORD L7 AND UNCHANGED VALUES OF THE VARIABLES IN THE RECORDS
15-16. CONTIMUE WITH RECORD 17.
= 5 CALCULATE A GROUP OF POINTS WITH UNCHANGED VALUES OF THE VARIA-
ALES IN THE RECOROUS 15~17. CONTINUE WITH RECORD 1l4.
= 6 CHANGE THE REACTION TEMPERATURE. CONTINUE WITH RECNRD 9.
= 7 CHANGE THE TOTAL PRESSURF (DEFAULT VALUE = | ATM) OR DEFINE OR
CHANGE THE SYSTEM VOLUME. CONTINUE WITH RECORD Ll3.
= 8 CHANGE THE G EXPRESSIONS. CONTINUE WITH RECORD 8.
= 9 CHANGE SYSTEM. CONTINUE WITH RECORD 1.
=10 FINISH THE CALCULATIONS.

RECORD 15 (4012)

NPKT THE TNTAL MUMRER OF POINTS IN THE GROUP (<=25).

NOTE- THE VARIATION IN N OR LOG A BETWEEN THE PQOINTS IN THE GROUP WILL BE DE-
FINED FOR EACH ELEMENT OR FOR EACH SPECIES IN THE RAW MATERIAL (N = TO-
TAL AMOUNT, A = EQUILIBRIUM ACTIVITY).

RECORD 16 (4012)

KH(1) THE VARIATION IN N NR LOG A FOR ELEMENT 1 (KVAL = -1, Ly -2, OR 2) OR
IN N FOR SPECIES [IN(L) (KVAL = -3 OR 3),
KH(2) THE VAR[ATION IN N OR LOG A FOR ELEMENT 2 (KVAL = -1, ls -2, OR 2) OR
Erc [N N FOR SPECIES IIN(2) (KVAL = -3 OR 3),
NOTE- KH = 1 N VARIES IRREGULARLY BETWEEN THE PUINTS [N THF GROUP,
KH = 2 N [S CONSTANT,
KH = 3 N VARIES BY A CONSTAMT [NCREMENT,
KH = 4 LOG A VARIES [RREGULARLY BETWEEN THF PNINTS [N THE GROUP,
KH = 5 LOG A IS CONSTANT,
KH = 6 LOG A VARLES HY A CONSTANT [NCREMENT.

RECORD 17A (3€10.0)
MIel)  N/MOL FOR ELEMENT J NR SPECIES TIN(J) (KH = 1) OR L0G A FOR ELEMENT J
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DATA INPUT GUIDE (continued)

(KH = 4) AT THE FIRST POINT,
80 Jy2) N OR LOG A AT THE SECOND PNINT,
FTC.

RECORD 178 (REL0.0)
BlJ, 1) THE CONSTANT VALUE OF N/MOL FUR ELEMENT J OR SPECIES IIN(J) (KH = 2)
OR LOG A FOR ELEMENT J (KH = 5).

RFCORND L7C (8E10.0)
RlJel) THE INITIAL VALUE OF N/MOL FOR ELEMENT J OR SPECTES I[IN(J) (KH = 3)
OR LOG A FOR ELEMENT J (KH = 6).

STEPX THE CNNSTANT INCREMENT IN N OR LOG A.

NOTE- THERC [S ONE LINE PER ELEMENT (SPECIES IN THE RAW MATERIAL) I[N ELEMENT
(SPECIES) ORDER. RECORD 17A IS USED IF KH = L OR 4, RECORD 178 [S USED
IF KH = 2 OR S, AND RFCORD 17C IS USED IF KH = 3 OR 6. VALUES OF N <
L.E-8 ARE TREATED AS AREING EQUAL TO ZERO.

CNNTINUE WITH RECNRD 14 [F KVALL > 1.

RECORD 18 (8E10.0)

Yel) STARTING ESTIMATE/MNOL OF THE EQUILIBRIUM AMOUNT FOR SPECIES 1,
Y(2) STARTING ESTIMATE/MOL OF THE EQUIL IBRIUM AMOUNT FOR SPECIES 2,
ETC.

CONTINUE WITH RECNRD 16.




APPENDIX B

The Computer Program SOLGASMIX
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SOLGASMIX PROGRAM (BATCH VERSION)

//E0000777 JOB ($SROUTE3),

// FR

105001 .JONES,CLASS=H

/7 EXEC WATFIV
//SYSIN DD *

$J0B

CSOPTIONS NOLIST

10

20

30

DOUBLE PRECISION A, AKT AKTF,AQy By DAKTF,GoPI,PTOT, T, Y, YF
COMMON A(B0,12) yAKT(80),AKTF(80)y AO(80,12)48(12,25) ,DAKTF(80),
*G(BO) 2 IEL(12) 4L MF(10)oMLILO) sMPyMS,NP,P1{24),PTOT,T,Y(8BO),YF(8O)
DOUBLE PRECISION POTMyRINV,V,YIOT

COMMON /SGAX/ MA, MR, NO(80), POTM, RINV, V, YTOT(9)
DOUBLE PRECISION ASUM,VO

COMMON /SGGA/ ASUM(80),I(PNT(48)e1Se IVARJ,KH(25) MGy MX,M1,NG,VO(B8O)
DOUBLE PRECISION HF ,SoXI

COMMON /SGHE/ HF{80) ¢ ITIN(25), INe IOUT,KVAL Lo KVAL2,MIN,S(80),XI(80)
COMMON /TEXT/ IDENT(80,2)

DIMENSION BIN(12,25), GE(B80,8), IGT(8), MN(10)
CHARACTER*1 [ICHAR, INST, ITEXT(80)

CHARACTER*S [DENT

DATA INST/%es%y

1POTI(1) = 1

KVALL = 9 .

MF(1) =1

POTM = 500.

RINV = 1./8.31433

PTOT = 1.

vV = 0.

DO 10 J = 1, 24

KH(J) = 0

READ (5,900) ITVEXT

READ (54910) L, MP, MSOL, (MN(M)y, M = 1, MP)

MLIL) = MN(1)

MV = MP + 1

MNC(MV) = MSOL

DO 20 M = 2, MV

MF(M) = ML(M-1) ¢+ 1

ML(M) = ML(M-1) + MN(M)

MM = ML(1)

MH = MM + 1

MG = ML(MP) - MNP

ML = MF(MV)

MS = ML(MV)

N1OO = MSOL + MV

DO 30 M = 2, N10O

[POTI(M) = 2%[POT(M-1)

MX = [POT(MSOL+MV)

WRITE (6,920) ITEXT

DO 40 I = 1, MS

XI([) = 0.

READ (5+930) (IDENT(I,J)y J = Ly 20y (ACI¢Jd0e J = 1, L)
NO(I) =1

READ (IDENT(1,2),900) (ICHAR, N = 1, 5)

IF (ICHAR .EQ. INST) NO(I) = -1

WRITE (69940) (IDENT(I,J)¢ J = 1y 2)y (AlL4Jd)e J = 1, L)
00 40 J =1, L
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SOLGASMIX PROGRAM (BATCH VERSION)

(continued)

40 AOLTJ) = ALl,J)
IF (MS .LT. M1) GO TO 51
DO S0 [ = ML, MS
ASUM(I) = 0.
voti) = 0.
DO SO J = 1, L
50 ASUM(I) = ASUM(I) +DABS(A(I.J))
51 READ (5,910) (IEL(J)y J = 1y L)
READ (5,910) KVAL
KVAL2 = [ABS(KVAL)
IF (KVALZ .LT. 3) MIN = L
IF (KVAL = 1) 52,53,65
52 READ (5,950) (VO(I), I = ML, MS)
WRITE (6,960) ((IDENT(IeJ)e J = Ly 2)s VO(I)e I = M1, MS)
IF (KVAL2 = 2) 53,6565
53 READ (5,910) MGT, (IGT(N)y N = 1, MGT)
54 WRITE (6,970) (IGT(N)y N = L1, MGT)
DO 60 I = 1, MS
READ (5,950) (GE(I.N)sy N = 1, MGT)
60 WRITE (6,980) (IDENT(I¢Jd)y J = 1o 2)s (GE(IsN)e N = 1, MGT)
65 READ (5,950) T
IF (KVAL2 .EQ. 1) GO TO 75
CALL HETTA
TEMP = RINV/T
DO 701 = 1, MS
ITEMP = |
70 G(I) = TEMP*(HF(I) ¢ HEATUITEMP,T) — T#(S(I) + SOLITEMP,T)))
GO T0O 92
75 00 80 I = L, MS
80 GUI) = 0.
DO 90 N = 1, MGT
IF (IGT(N) <.LT. 8) TEMP = RINVET$*(IGT(N) - 3)
IF (IGT(N) <.EQ. 8) TEMP = RINV®ALOGI(T)
DO 90 I = 1, MS
90 GII) = GU(I) + GE(I+N)*TEMP
GO 1O 92
91 READ (5,950) PTOT
V = AMAX1(-PTOT,0.)
92 READ (5,910) KVAL1L
GO TO (93+93,93+949151+65+9195495,205)s KVALL
93 READ (5+9910) NPKT
READ (5,910) (KH{J)y J = 1, MIN)
94 DO 120 J = 1, MIN
NLO1l = KH(J)
GO TO (95996+105,95996,105), N1O1
95 READ (5,950) (B(JyN)y N = 1y NPKT)
. GO 1O 120
96 READ (5,950) BC
DO 100 N = 1, NPKT
100 B(JoN) = BC
GO TO 120
105 READ (5,950) B(Jy1), STEPX
DO 110 N = 2, NPKT
L10 B(JoN) = B(JyN-1) + STEPX
120 CONTINUE




121
122
130

140
145

150
151
155

160

170
172

175

180
185

190
195

200

205
900

SOLGASMIX PROGRAM (BATCH VERSION)

(continued)

IF (KVALL - 2) 121,122,145

READ (5,950) (Y(I)y [ = 1, MS)
GO TO 145

DO 130 I = 1, MM

Y(I) = 1.E8

IF (MV .EQ. 1) GO TO 145

DO 140 [ = MH, MS

Y(I) = 0.

IF (KVAL2 .LT. 3) GO TO 151

DO 150 N = 1, NPKT

DO 150 J = 1, MIN

BIN(JoN) = BlJoN)

NP = 0

NP = NP ¢+ 1

IF (KVAL2 .LT. 3) GO TO 172

DO 160 J = 1, L N
B(JeNP) = 0.

D0 L7TO0 N = 1, MIN

I = LIN(N)

XI(1) = BIN(NeNP)

DO 170 J = 1, L

B(JeNP) = B(JoNP) ¢ AlI,J)®XI(I)
CALL GASOL

WRITE (6,990) T, PYOT

IF (V «GT. 0.) WRITE (6,1000) V

IF (IS LE. MX .AND. NG .LT. 1000) GO TO 17S
WRITE (6,1010)

IF (IS «GT. MX) WRITE (6,1020)

IF (NG .EQ. 1000) WRITE (6,1030)

IF (NP —= NPKT) 155,92,92

IF (IVARJ .EQ. 15) WRITE (6,1040)

IF (KVAL2 .EQ. 3) GO TO 195

DO 190 J = 1, L

K = [EL(J) ’

IF (KH(J) .LT. %) GO TO 185

XI(K) = 0. )

DO 180 I = 1, MS

XI(K) = XI(K) ¢ AO(I,J)/A0(KeJI%*Y(I)
GO TO 190

XI(K) = BU(JNPI/AO(K,J)

CONTINUE

WRITE (6,1050)

DO 200 M = 1, MP

IF (M .GT. 1) WRITE (6,1060)

N102 = MF(M)

N103 = ML(M)

00 200 I = N102, NLO3

WRITE (6¢1070) (IDENT(ToJ)oJd=1e2) e XICI)oY(I)eYFIID,AKTLI)
I[F (MS .GE. ML) WRITE (6,1080) ((IDENT(I,J)e J = L1y 20y XI(I),
*Y(I)y AKT(I)y I = M1, MS)

IF (KVAL2 .EQ. 3) CALL HETTA

CALL SPEQUA

IF (NP = NPKT) 155,92,92

sToP

FORMAT(80AL)
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SOLGASMIX PROGRAM (BATCH VERSION)

(continued)

910 FORMAT(4012)
920 FORMAT(°1°,80A1// * FORMULA UNITS®)
930 FORMAT(2AS,12F5.0)
9640 FORMAT(1X, 2A5, 12F5.1)
950 FORMAT(8E10.0)
960 FORMAT(/14X, °*MOLAR VOLUME'/ (1Xs 2AS5, F12.3))
970 FORMAT(/10X, 8("* COEFF*y 12))
980 FORMATILIX, 2A5, 8(1lX, Ell.%))
990 FORMAT('*LT =°, FB.2, ' K'/ * P =¢, IPELO.3y ' ATM?)
1000 FORMAT(®* V =°, IPE10.3y * ATM®)
1010 FORMAT(/* THE EQUILIBRIUM COMPOSITION HAS NOT BEEN OBTAINED®)
1020 FORMAT(' ALL POSSIBLE PHASE COMPOSITIONS HAS BEEN CONSIDERED®*)
1030 FORMAT(®* 999 DIFFERENT PHASE COMB INATIONS HAVE BEEN CONSIDERED®)
1040 FORMAT(/* THE SOLUTION IS NUMERICALLY UNSTABLE®)
1050 FORMAT(/18X, °*X®/MOL®, 9X, °Y/MOL®, LOX, *P/ATM®, 9Xe *ACTIVITY®*)
1060 FORMAT(44X, °*MOLE FRACTION®) !
1070 FORMATI(1X, 2AS, 4(3X, E12.5))
1080 FORMAT(/(1X, 2AS, 2(3X, E12.5), 18X, El2.5))
END
SUBROUTINE GASOL
DOUBLE PRECISION Ay AKT AKTF¢AOs By DAKTFoGoePIoPTOT,To Y, YF
COMMON A(80,12) ,AKT(80)AKTF(80),A0(80,12),8(12,25),DAKTF(80),
*GIB0) yIELIL2) oL oMFILO) o MLILO) yMP, MSo NP, PI(24)PTOT,T,Y(80),YF(80)
DOUBLE PRECISION POTMoRINV,V, YTOT
COMMON /SGAX/ MA, MB, NO(80), POTMy RINV, V, YTOT(9)
DOUBLE PRECISION ASUM,VO
COMMON /SGGA/ ASUM(80) o IPOT (48) 1Sy IVARJoKH(25) yMGoMXsM1,NG,VO(80)
DOUBLE PRECISION ALN.BO+F ¢GV.OPI«Ry YFTOT, YMAX, TEMP
DIMENSION ALN(80) 4B0(12),F(80),GVI80),IFASI9),INR(BOD,ISOL(46),
SMNR (80) yNRI (80) ¢y NSUM(999) ,0PI(12),R(24+25),YFTOT(9),YMAX(80)
LOGICAL IDEAL, IGEN, LIVARJ, LX(80)s LYFTOT, NON
IGEN = .FALSE.
LYFTOT = ,FALSE.
NON = .FALSE.
SLAM = 0.
BMAX = 0.
LO = L
IF (MS .GEe ML) RTI = 1.E-3%101.325*RINV*(PTOT - 1.)/T
~ DO 10O =1, MS
10 IF (MODINO(I)y2) <EQe O) NO(I) = NOCI) ¢ 1
DO 60 J =1, L
BO(J) = B(J,NP)
IF (KH(J) <.LT. 4) GO TO 20
I = [ELWJ)
TEMP = ALOG(10.)*80(J)
B80(J) = EXP(TEMP)
PI(J) = (GII) + TEMP)I/A(I,J)
IF (I <GE. ML1) PI(J) = PI(J) & RTI*VO(I)/A(I,J)
GO TO 50
20 IF (ABS(BO{J)) .GE. 1.E-8) GO TN 60
K = [EL(J)
DO 30 I =1, MS
IF (A(I,J)*A(K,J)) 60,30, 30
30 CONTINUE
BO(J) = 0.




40
50
60

70

80
90

100

110
120

130

.1‘0

ooon

150

160
170

180
190
200
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SOLGASMIX PROGRAM (BATCH VERSION)

(continued)

DO 40 I = Ly MS

IF (A(l¢Jd) «NE. 0o -AND. MOD(NO(I)s2) <NE. 0) NOCI) = NO(I) - 1
LO=10 -1

IF (ABS(BO(J)) .GT. BMAX) BMAX = ABS(BO(J))
IF (MS .LT. M1) GO TO 90

DO 80 I = ML, MS

INR(I) = I

IF (MOD(NO(I)»2) .EQ. O) GO TO 80
GVII) = G(I) # RTIsVO(I)

DO 70 J =1, L

IF (KH(J) <LT. & .AND. A(T1,J) .NE. 0.) GO TO 80
CONTINUE

NO(I) = NOCI) -1

CONTI NUE

00O 120 I = 1, MS

IF (NO(I) .EQ. 1) GO TO 100
AKT(I) = 0.

Y(I) = 0.

YF(I) = 0.

GO TO 120

YMAX(T) = BMAX

0O 110 J = 1, L

IF (KH(J) <.GT. 3 <ORe. AlI,J) .EQ. 0. .OR. BO(J) .EQ. 0.) GO TO L10
TEMP = DABS(BO(J)/A(I.J))

IF (TEMP .LT. YMAX(I)) YMAX(I) = TEMP
CONTI NUE

CONTINUE

MPC = MP + 1

NO 150 M = 1, MP

YTOTI(M) = 1.

I = ML(M)

IF (Y({l) .GT. 0.) GO TO 150

| S

IF (I .GE. MF(M)) GO TO 130
YTOT(M) = 0.

I =1+1

IF (NO(I) .EQ. 1) GO TO 150

IF (I .LT. ML(M)) GO TO 140

MPC = MPC - 1

IFASIMPC) = M

YTATI(M) = -1,

CONTINUE

N1O& = MLIMP)

DO 160 I = 1, N1O4

AKTF(I) = 1.

DAKTF(I) = 0.

IS = -1

NG = 0

GO TO 210

IF (NEG) 260,260,200

NEG = ISOL(K)

Y(NEG) = 0.

CALCULATION OF A NUMBER SPECIFYING THE PHASE COMBINATION
(GAS PHASE = 1, MIX 2 = 2, MIX 3 = 4, MIX 4 = 8, ETC.)



SOLGASMIX PROGRAM (BATCH VERSION)

(continued)

210 ISUM = 0
MSA = 0
IF (MS .LT. ML) GO TO 230
D0 220 K = ML, MS
IF (Y(INR(K)) .EQ. 0.) GO TO 220
MSA = MSA + 1
ISOL(MSA) = INR(K)
ISUM = [SUM + IPOT(K-MG)
220 CONTINUE
230 MPA = 0
NG = NG + 1
IF (NG <EQ. 1000) RETURN
NSUM(NG) = ISUM
DO 2640 M = 1, MP
IF (YTOT(M) .LE. 0.) GO TO 240
MPA = MPA ¢ 1|
NSUMING) = NSUM(NG) ¢ I[POT(M)
260 CONTINUE
IF (NSUMING) .LT. IS) GO TO 250
IF (MPA + MSA .LE. LO) GO TO 440
IF (MSA .EQ. 0) GO TO 250
NG = NG - 1
Y(IsoL(l)) = 0.
GO TO 210
250 NG = NG - 1

RANKING THE INVARIANTS AND CHOOSING A PHASE COMB INATION WHICH
HASN'T BEEN CONS IDERED PREVIOUSLY

ocooOoo0n

260 IF (.NOT. IGEN .OR. NS .LE. M1) GO VO 340
DO 270 K = ML, MS
270 MNR(K) = INR(K)
280 IGEN = .FALSE.
NLOS = MS-1
DO 290 K = M1, N10S
N=K+1 :
IF (ALNIK) .GE. ALNI(N)) GO TO 290
IGEN = .TRUE.
TEMP = ALN(K)
ALNIK) = ALNIN)
ALN(N) = TEMP
ITEMP = INR(K)
INR(K) = INR(N)
INRIN) = ITEMP
290 CONTINUE
IF (IGEN) GO TO 280
DO 300 K = ML, MS
300 NRI(INR(K)) = K — MG
DO 330 N = 1, NG
ITEMP = TABS(NSUM(N))
NSUM(N) = 0
310 M=)
320 M= M+ 1
IF (IPOT(M) .LE. ITEMP) GO TO 320




330
340

350

360
370

380
390

400

410

420

430

450

SOLGASMIX PROGRAM (BATCH VERSION)

(continued)

M=M-1

K= M+ MG

IF (K .LT. Ml) GO TO 330

NSUM(N) = NSUM(N) + IPOTINRI(MNR(K)))
ITEMP = [TEMP - [POT (M)

GO TO 310

NSUM(N) = NSUM(N) ¢+ ITEMP

IS = -1

IS =1IS + 2

IF (IS GT. MX) RETURN

DO 350 M = 1, MP

IF (YTOTI(M) .GT. O.) YTOT(M) = 0.
ISUM = 0

MPA = 1

IF (MSA .EQ. 0) GO TO 370

DO 360 N = 1, MSA

Y(ISOLI(N)) = 0.

MSA = 0

IF (IS .EQ. 1) GO TO 430

ITEMP = IS

M=

M=M+1

IF (IPOT(M) .LE. ITEMP) GO TO 390
M=MN-1

IF (M .GT. MP) GO TO 410

IF (YTOT(M) .EQ. —l.) GO TO 340
MPA = MPA ¢+ 1

YTOT(M) = 1.

NLO6 = MF(M)

N107 = ML(M)

D0 400 I = N1O6, N1O7

IF (NO(I) .EQe. 1) Y(I) = YMAX(I)
GO TO 420

I = INR(M+MG)

IF (NO(I) .LT. 1) GO TO 340

MSA = MSA + 1

ISOL(MSA) = |

ISUM = [SUM + LIPOT(M)

Y(I) = YMAX(I)

ITEMP = [TEMP — [POT (M)

IF (ITEMP .GT. 1) GO TO 380

IF (MPA ¢ MSA - LO) 430,430,340
NG = NG + 1

IF (NG .EQ. L000) RETURN

NSUM(NG) = IS

IF (NG <GT. 1) NSUMING—=1) = IABS(NSUMING-1))
YTOTI(l) = 1.

IF (NG <EQ. 1) GO TO 460

N108 = NG-1

DO 450 N = 1, N108

IF (NSUMING) - NSUM(N)) 450,250,450
CONTINUE

IF (NG .EQ. 2) GO TO 460

ITEMP = —NSUM(NG-2)

IF (ITEMP.LT.0<0ORNSUMING) cEQ.ITEMP.AND .NSUM(NG-1).LT.0) GO TO 460
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470

480

490

500

510
520

530
540

550

560
570

SOLGASMIX PROGRAM (BATCH VERSION)

(continued)

NSUMING-2) = ITEMP

IF (NSUMING) - ITEMP) 460,250,460
MPB = MPA + 1

MPC = MPA

MPA = 0

IDEAL = .TRUE.

DO 520 M = 1, MP

IF (YTOT(M)) 520,470,490

MPC = MPC + 1

IFAS(MPC) = M

NLO9 = MF (M)

NL10O = ML(M)

DO 480 I = NLO9, N11lO

Ytr) = 0.

GO 10 520

MPA = MPA + 1

IFASINPA) = M

MA = MF(M)

MB = ML(M)

DO 500 [ = MA, MB

IF (NO(I) .LT. 1) GO TO 500

IF (Y(I) .GTe YMAX(I)) YUI) = YMAX(I)
IF (Y(I) «LT. 1.E-8) Y(I) = 1.E-8
LX(I) = .FALSE.

ITEMP = M

CALL ABER(ITEMP)

IF (.NOT. IDEAL <OR. M .EQ. 1 .OR. MPB + MSA .LT. 4) GO TO 520
00 510 I = MA, MB

IF (AKTF(I) .EQ. l.) GO TO 510
IDEAL = .FALSE.

GO TO 520

CONTINUE

CONTINUE

FLAM = -0.09

LIVARJ = .FALSE.

LSL = L + MPA + MSA

LS = LS1 - 1

LS2 = LS + 2

GO 70 550

Y(I) = YTOT(MISYF(I)

IF (Y(I) .GT. YMAX(I)) YCI) = YMAX(I)
LX({I) = .TRUE.

CALL ABER(M)

DMIN = l.E-6

IVAR = 0

IVARJ = ML(1) - MS

CALCULATION OF THE COEFFICIENTS IN THE LINEAR SYSTEM OF
EQUATIONS

DO 570 J = L, LSl
DO 570 K = J, LS2
RUJeK) = 0.

DO 610 N = 1, MPA
ITEMP = L +# N
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SOLGASMIX PROGRAM (BATCH VERSION)

(continued)

M = IFASIN)
N1l1l = MF(M)
N112 = ML(M)
DO 600 I = Nlll1, NL12
IF (Y(I) .EQ. 0.) GO TO 600
FLI) = GLI) + DLOGUAKTI(I))
RUITEMP,LS2) = RUITEMP,LS2) + F(I)*Y(I)
DO 590 J = 1, L
IF (A(1,J) .EQ. 0.) GO TO 590
TEMP = A(I.J)=Y(I) .
R(JLITEMP) = R(JLITEMP) & TEMP
RUJeLS2) = R(J,LS2) + TEMP*F(I)
DO 580 K = Jo L
580 R(JeK) = RUJyK) + TEMP*A(I,K)
590 CONTINUE
600 CONTINUE
DO 610 J = 1, L
610 R(JGLS2) = RUJSLS2) = RUJSITEMP)
IF (MSA .EQ. 0) GO TO 630
DO 620 N = 1, MSA
I = TSOL(N)
K= L ¢# MPA + N
R{KeLS2) = GV(I)
DO 620 J = 1, L
620 R(JoK) = A(I,J)
630 DO 640 K = 2, LS1
N113 = K-1
DO 640 J = 1, N113
640 R(KeJ) = R(JWK)
IF (<NOT. NON) GO TO 690
DO 650 J = 1, L -
650 BO(J) = B(J.NP)
DO 680 N = 1, MPA
M = [FASIN)
IF (MF(M) .NE. ML(M)) GO TO &80
MA = MF(M) .
DO 670 J = 1, L
IF (A(MA,J) .EQ. AO(MA,J)) GO TO 670
TEMP = (1o = A(MA,J)/AO(MALJ))=Y(NA)
DO 660 K = 1, L
660 IF (A(MA,K) .EQ. AD(MA,K)) BO(K) = BO(K) + TEMP*A(MA,K)
GO TO 680
670 CONTINUE
680 CONTINUE
690 DO 710 K = 1, L
IF (KH(K) .LT. 4) GO TO 710
DO 700 J = 1, LS1
700 R(JoLS2) = R(JsLS2) = PI(KI*R(J,K)
710 R(K,LS2) = R(K,LS2) + BO(K)

PREPARATION FOR GAUSSIAN ELIMINATION, PIVOTING

o000

DO 770 K = 14 LS
IF (KH(K) .GT. 3) GO TO 770
TEMP = 0.-
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SOLGASMIX PROGRAM (BATCH VERSION)

(continued)

DO 720 J = Ky LS1

IF (DABS{R(JyK)) JLE. TEMP .OR. KH(J) .GT. 3) GO TO 720
ITEMP = J

TEMP = DABS(R(J.K))

CONTINUE

IF (TEMP .GT. 0.) GO TO 730
{F (K .GT. L) GO TO 770

IF (BO(K)) 250,770,250

IF (ITEMP .EQ. K) GO TO 750
DO 740 N = K, LS2

TEMP = R(ITEMP,N)

RUITEMPyN) = RIKyN)

R(KsN) = TEMP

ITEMP = K + 1

DO 760 J = ITEMP, LS1

TEMP = =R(JoK)/R(K,K)

D0 760 N = ITEMP, LS2

RUJeN) = R{JoN) ¢ TEMP*R(K,N)
CONTINUE

GAUSSIAN ELIMINATION

D0 800 N = 1, LS1

K =1LS2 - N

IF (KH(K) .GT. 3) GO TO 800 .

IF (R{KyK) <NEe O« «AND. R(K,LS2) .NE. O.) GO TO 780
PI(K) = 0.

K=K =L = MPA

IF (K) 800,800,190

PI(K) = R(K,LS2)/R(K.K)

ITEMP = K - 1

IF (ITEMP .EQ. 0) GO TO 800

DO 790 J = 1, ITEMP

R{JoLS2) = R(JI4LS2) = PULIKI*R(J4K)

CONTINUE

IF (IVAR .EQ. 0 .OR. IVARJ .GE. 0 .OR. SLAM .LT. 1.) GO TO 1000
DO 810 J = 1, L

IF (DABSIPI(J)) .LT. L.E-4) GO TO 810

TEMP = OPI(J)/PILY)

IF (DABS(TEMP) .LT. l. .AND. DABS(OPI(J)) .6T. 1.E8) GO TO 180
IF (DABS(TEMP - l.) - DMIN) 810,810,1000

CONTINUE

IF (NEG .GT. 0) GO TO 200

PREPARE RANKING OF INVARIANTS

IF (MS .LT. M1) GO TO 860
D0 850 K = ML, MS

1 = INR(K)

IF (Y(I) .EQ. 0.) GO TO 820
ALN(K) = 0.

GO TO 850

IF (NO(I) .EQ. 1) GO TO 830
ALN(K) = -1.EB

GO TO 850
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SOLGASMIX PROGRAM (BATCH VERSION)

(continued)

ALN(K) = -GV(I)

DO 840 4 = 1, L

ALN(K) = ALN(K) + A(I,J)*PI(J)
ALN(K) = ALN(K)/ASUM(K)
CONTINUE

IGEN = .TRUE.

CHECK IF ANY NON—INCLUDED CONDENSED MIXTURES WILL LOWER THE
VALUE OF THE TOTAL FREE ENERGY

DO 870 N = 1, MPA

M = [FAS(N)

CALL XBER(M)

DO 870 | = MA, MB

IF (LX(I) .OR. NO(l) oLTe. 1 .OR. Y(I) .GT. 0.) GO TO 870
IF (YTOT(M)*YF{I) - 1.E-8) 870,870,530
CONTINUE

IF (MPB .GT. MPC) GO TO 940

DO 880 N = MPB, MPC

CALL XBER(IFASIN))

YFTOT(N) = O.

DO 880 I = MA, MB

YFTOT(N) = YFTOTI(N) + YF(I)

IF (IFASI{MPB) .EQ. L) YFTOT(MPB) = YFTOT(MPB)/PTOT
NR = 0

IF (NG .EQ. 1) GO TO 900

NL14 = NG-1

DO 890 N = 1, N1l14

IF (NSUM(NG) .EQ. —NSUMIN)) NR = NR + 1
TEMP = 1.

DO 910 N = MPB, MPC

IF (YFTOTI(N) .LT. TEMP) GO TO 910

ITEMP = N

TEMP = YFTOTIN)

CONTINUE

IF (TEMP .EQ. l.) GO TO 940

IF (NR .EQ. 0) GO TO 920

NR = NR - 1

YFTOT(ITEMP) = 1.

GO TO 900

NSUMING) = —NSUMING)

M = [FASUITEMP)

YTOT(M) = 1.

NL15 = MF(M)

NL16 = ML(M) o
DO 930 I = N115, Nl116

Y(I) = YF(I)*BMAX

GO TO 230

IF (MS .LT. M1) GO TO 960

THE SAME CHECK FOR INVARIANTS
TEMP = 0.

DO 950 K = ML, MS
I = [NR(K)

60
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SOLGASMIX PROGRAM (BATCH VERSION)

(continued)

IF (NO(I)eLToloORCALN(K) LT .TEMP.OR.Y(I).NE.O.) GO TO 950
ITEMP = |

TEMP = ALNI(K)

CONTINUE

IF (TEMP .EQ. 0.) GO TO 960
YUITEMP) = YMAX(ITEMP)

GO TO 210

IF (NON) GO TO 990

DO 980 N = 1, MPA

M = IFASIN)

IF (MF(M) .NE. ML(M)) GO TO 980
MA = MF(N)

DO 970 J = 1, L

IF (A(MA,J) .EQ. AO(MA,J)) GO TO 970
NON = .TRUE.

GO TO 170

CONTINUE

CONTINUE

IVARJ = 0

DO 1010 J = 1, L

orPIty) = PIUJ)

CHECK FOR NEGATIVE CALCULATED AMOUNTS

SLAM = 1.

DO 1030 N = 1, MPA

M = [FAS(N)

NL17 = MF(M)

NLL18 = ML(M)

DO 1030 I = NL17, NL118

IF (Y(I) .EQ. 0.) GO TO 1030

TEMP = F(I) = PL(L+#N)

DO 1020 J = 1, L

TEMP = TEMP - Al(l.J)*PllJ)

F(I) = TEMP=Y(I)

IF (TEMP .LT. SLAM) GO TO 1030

IF (IVAR .LE. 30) SLAM = TEMP

IF (IVAR .GT. 30) Y(I) = 0.

CONTINUE

IF (SLAM <GTe lo) SLAM = 0.999%(SLAM = 0.5)/(SLAM*SLAM)
IF (IDEAL .OR. SLAM .LT. FLAM + 0.10) GO TO 1040
FLAM = AMINL(FLAM®0.10,0.75)

IF (IVARJ JLE. O .AND. FLAM .GT. 0.25) FLAM = 0.25

GO TO 1050
FLAM = SLAM
CALCULATION OF NEW POSITIVELY-VALUED STARTING ESTIMATES AND
WITHORAWAL OF SPECIES FORMED WITH AMOUNTS LESS THAN 1.E-10 MOL
NEG = 0

IF (MSA .EQ. 0) GO TO 1070
D0 1060 K = 1, MSA

I = ISOL(K)

J =L + MPA + K

IF (PI(J) .LT. 0.) NEG = I



SOLGASMIX PROGRAM (BATCH VERSION)

(continued)

IF (DABS(PI(J)).GT.DABSIY(I)) . AND.Y(I)/YMAX([).LT.~1.EB) GO TO 190
1060 Y(I) = PI(J) j
1070 DO 1090 N = 1, MPA
M = [FAS(N)
MA = MF (M)
MB = ML(M)
DO 1080 I = MA, MB
IF (Y(1) .EQ. 0.) GO TO L1080
Y(I) = Y(I) = FLAM*F(I)
IF (Y(Il) .LT. Ll.E=10) Y(I) = O.
1080 CONTINUE
CALL ABER(M)
IF (M .EQ. 1 .OR. YTOT(M) .GE. l.E-8) GO TO 1090
NSUMING) = —NSUMING)
YTOT(M) = 0.
GO 70 230
1090 CONTINUE
IVAR = [VAR + 1
IF (IVAR .EQ. 30) DMIN = 100.*0OMIN
IF (IVAR .EQ. 60) GO TQ 180
IF (IVARJ <.GT. O .AND. SLAM .LT. l.) IVARy = 0
IF (IVARJ .LT. 0 .OR. SLAM .LT. l.) GO TO 560
IF (NEG .GT. 0) GO TO 200
IVARJ = [VARJ ¢+ 1
IF (IVARJ .LT. 15) GO TO 1100
IF (LIVARJ) GO TO 1120
LIVARJ = .TRUE.
GO TO 550
1100 DO 1110 N = 1, MPA
M = [FAS(N)
NL19 = MF(M)
N120 = ML(M)
D0 1110 I = N119, N120
. IF (Y(I) .EQ. 0.) GO TO 1110
IF (DABSIF{I)I/Y(I) - l.E-6) 1110,1110,560
1110 CONTINUE

CALCULATION OF EQUILIBRIUM AMOUNTS FOR PREVIOUSLY WITHDRAWN
SPECIES

oOo0n

1120 DO L1150 N = 1, MPA
M = IFASIN)
CALL XBER(M)

. IF (MA .NE. MB) GO TO 1140
i 00 1130 J = 1, L

1130 IF (A(MA¢J) <NE. AO(MA,J)) Y(MA) = A(MALJ)/AO(MA,J)=Y(MA)

1140 DO 1150 I = MA, MB
IF (NO(I) .LT. 1 .OR. Y(I) .GVT. 0.) GO TO 1150
YUI) = YTOT(M)*YF(I)
IF (oNOT. LX(1) .AND. Y(I) .GT. 1.E-10) GO TO 540
IF (LX(TI) .AND. Y(I) .GT. l.E-8) GO TO 180

1150 CONTINUE

CALCULATION OF HYPOTHETICAL MOLE FRACTIONS IN NON-INCLUDED
CONDENSED MIXTURES AND HYPOTHETICAL ACTIVITIES FOR NON-INCLUDED

o000
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SOLGASMIX PROGRAM (BATCH VERSION)

(continued)

INVART ANTS

IF (MPA .EQ. MP) GO TO 1190

DO LL60 N = MPB, MP

CALL XBER(IFAS(N))

YFTOTI(N) = 0.

DO 1160 I = MA, MB

AKT(I) = 0.

YFTOTIN) = YFTOT(N) + YF(I)

IF (LYFTOT .OR. MPB .GT. MPC) GO TO 1190

IF (IFASINPB) .EQ. L) YFTOT(MPB) = YFTOTIMPB)/PTOT
DO 1180 N = MPB, MPC

IF (YFTOT(N) .LT. l.) GO TO 1180

M = IFASIN)

YTOT(M) = 1.

N121 = MF(M)

N122 = ML(M)

DO 1170 I = N121, NL122

Y(I) = YF(I)*BMAX

IF (MPA .GT. 1) YTOT(IFAS(MPA)) = 0.

LYFTOT = .TRUE.

GO TO 170

CONTINUE

IF (MS .LT. ML) RETURN

D0 1220 I = M1, MS

IF (MOD(NO(I),2) .EQ. O) GO TO 1220

IF (Y(1) .EQ. 0.) GO TO 1200

AKT(I) = 1.

GO TO 1220

TEMP = -GVI(I)

DO 1210 J = 1, L

TEMP = TEMP + A(lJ)*P1(J)

IF (DABS(TEMP) .GT. POTM) TEMP = SIGN(POTM.TEMNP)
AKT(I) = DEXPITEMP)

CONTINUE

RETURN

END

SUBROUTINE ABER(M)

DOUBLE PRECISION A¢AKT yAKTFAQyBeDAKTF+GoPIoPTOT, T, Y, YF
COMMON A(80,+12),AKT(80),AKTF(80),A0(80,12)4B(12,25),0AKTF(80),
*G(80) pIEL(12) Lo MF(L0) +MLIL0) o MPyMSeNP,PI(24)+PTOTT,Y(80),YF(80)
DOUBLE PRECISION POTM,RINV,V,YTOT

COMMON /SGAX/ MA, M8, NO(80), POTM, RINV, V., YTOT(9)

CALCULATION OF ACTIVITIES FROM MOLE FRACTIONS

YTOT(M) = 0. -

DO 10 I = MA, M8

YTOT(M) = YTOT(M) + Y(I)

IF (YTOT(M) .LT. l.E-8) RETURN

IF (M .GT. 1) GO TO 20

IF (V .GT. 0.) PTOT = T+YTOT(1)/(101.325%RINV*V)
YTOT(1) = YTOT(L)/PTOT

DO 30 I = MA, MB .

YF(I) = Y(I1)/YTOT (M)

63
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SOLGASMIX PROGRAM (BATCH VERSION)

(continued)

CALL FACTOR(M)
DO 40 I = MA, MB
40 AKT(I) = AKTF{I)*YF(I) !

RETURN )

END

SUBROUTINE XBER(M) 3

DOUBLE PRECISION Ay AKT yAKTF yAQe By DAKTFyGoePI+PTOT, T, Yo YF
COMMON A(80,12),AKT (80),AKTF(80),A0(80,12)+B(12,25)DAKTF({80),
#G(80) o IELIL12) 5L oMF{10) ,MLI10) yMP; MSoNP,PI(24),PTOT,T,Y(80),YF(80)
DOUBLE PRECISION POTMoRINV,V, YTOT

COMMON /SGAX/ MA, MB, NO(B80), POTM, RINV, V, YTOT(9)

DOUBLE PRECISION QYF

DIMENSION OYF(80)

CALCULATION OF MOLE FRACTIONS FROM ACTIVITIES

oon

MA = MF(M)
MB = ML(M)
DO 30 [ = MA, MB
IF (YTOT(M) .EQ. —=l. .AND. NO(I) .EQ. -1) GO TO 10
IF (NO(I) .LT. 1 .OR. Y(I) .GT. 0.) GO TO 30
. 10 TEMP = -GlI)
00 20 J = 1, L .
20 TEMP = TEMP + ALl J)*PI(J)
IF (ABSITEMP) .GT. POTM) TEMP = SIGN(POTM,TEMP)
AKT(I) = EXP(TEMP)
YF(I) = AKT(I)
30 CONTINUE
IVAR = 0
40 IVAR = IVAR + 1
IF (IVAR .EQ. 60) RETURN
CALL FACTOR (M)
DO 50 I = MA, MB
IF (AKT(I)<EQe0<eOR.AKTF([)oEQel..O0R.YF(I).EQ.0.) GO TO SO
OYF(I) = YF(I)
TEMP = AKTF(I)*YF(I)
YF(I) = YF(I) — TEMP*DLOGIVEMP/AKT(I) )/ (DAKTF(I)*YF(I) + AKTF(I))
IF (YF(I) .GT. 2.*0QYF(I)) YFUI) = 2.*#0YF(I)
IF (YF(I) .LT. 0.5%QYF(I)) YF(I) = 0.5%QYF(I)
50 CONTINUE
DO 60 I = MA, MB
IF (AKT(I)<EQe0e<ORAKTF(I).EQal.-OR.YF(I).EQ.0.) GO TO 60
IF (DABS(OYF({II/YFII) = lo) — 1.E-6) 60¢60,40
60 CONTINUE
RE TURN
END
SUBROUTINE HETTA
DOUBLE PRECISION Ay AKT yAKTF4AQ¢BeDAKTFGoPI PTOT Ty YsYF
COMMON A(80+12),AKT(80),AKTF(80)sA0(80,12)4B(12,25),DAKTF{80),
$G(80) o IELI12) oL oMF{L10) ¢ML(LO) yMPyMSoNP,PI(24)PTOT,T,Y(80),YF(80)
DOUBLE PRECISION C,HOM,TOM
COMMON /CP/ C(80¢6¢6)s HOM(B0,6), NOM(80), TOM(80,6)
DOUBLE PRECISION HF S, XI
COMMON /SGHE/ HF(80),ITN(25)s INy IOUT,KVALL1oKVAL2,MIN¢S(80),XI(80)
COMMON /TEXT/ IDENT (80,2)
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SOLGASMIX PROGRAM (BATCH VERSION)

(continued)

DOUBLE PRECISION HCT HFT

DI MENSION HCT(80), HFT(80)

CHARACTER*S5 [DENT

GO TO (90,90,90:90+,90,50+50,50,10)y KVALL

WRITE (6,500)

DO 20 I = 1, MS

READ (5,510) HF(I)s S(TI)e NOM(I)

N123 = NOM(I)

DO 20 J = 1, N123

READ (5:520) (C(IsJeKdy K = 1o 6)¢ TOM{IoJ)y HOM(I,.J)
WRITE (64530) (IDENT{I.K)e K = 1, 2)y (ClIeJdeK)y K = 1, 6)
WRITE (6,540)

D0 40 T = 1, MS

IF (NOM(I) .GT. 1) GO TO 30

WRITE (645500 (IDENT(I4Jd)y J = 1, 2)s HF(I)s S(I)

GO TO 40

WRITE (645500 (IDENTUI 2J) oJ=192) o HF(I)oS(I)oTOM(Iy1l) HOM(I,1)
N124 = NOM(I)-1

IF (NOM(I) .GT. 2) WRITE (64560) ((IDENT(IK)y K = 1y 2),

*TOMII +J) s HOMIIoJd)y J = 2, N124)

40

50

60

70

80
90

100
110

500
510
520
530
540
550
560

CONTINUE

IF (KVAL2 .EQ. 2) RETURN

READ (5+570) MINs (IIN(N)sy N = 1, MIN)
READ (5,520) TO

WRITE (6,580) TO

IF (KVAL2 .EQ. 2) RETURN

DO 60 I = 1, MS

ITEMP = [

HCT(I) = L.E-3*HEAT(ITEMP,T)

HFT(I) = HCT(I) ¢ l.E-3*%HF(I)

DO 70 4 =1, L

K = [EL(J)

DO 701 =1, MS

HFT(I) = HFT(I) = A(I¢J)/A(KoJ)*HCTIK)
DO B0 N = 1, MIN

I = TIN(N)

HCT(I) = HCT(I) - 1.E-3*HEATI(I,TO)
RETURN

HP = 0.

HR = 0.

D0 100 N = 1, MIN

I = TININ)

HP = HP ¢ HCT(I)*XI(I)

HR = HR = HFT(I)*XI(I)

DO 110 1 = 1, MS

HR = HR + HFTII)=Y(])

WRITE (6,590) HP, HRy HP+HR

RETURN .
FORMAT(/19Xo"A® 310X ¢"B® 1 1Xe"C® y11X9*'D*yL1Xe*E9L1Xo*F*)
FORMAT(2E10.0,12)

FORMAT(8EL10.0)

FORMAT(1X, 2A5, F12.3, S5(1X, Ell.4))
FORMAT(/16X, 'HF298°', 9X, 'S298°', 8X, °*°T TR*, 8X, *H TR*)
FORMAT(LXe 2A5,y F12.3, 2F12.1)
FORMAT(1X, 2A5, 24X, 2F12.1)
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SOLGASMIX PROGRAM (BATCH VERSION)

(continued)

570 FORMAT(4012)
580 FORMAT(/* TO =°*, FB.2, * K')
590 FORMAT(/* ENTHALPY OF HEATING =°, F9.2, * KJ*// * ENTHALPY OF REAC
*TION =%, F9.2, ' KJ'// * TOTAL ENTHALPY =%, F9.2, * KJ*)
END
FUNCTION HEAT(I,T)

CALCULATION OF THE ENTHALPY DIFFERENCE BETWEEN 298 AND T K FOR
SPECIES I

DOUBLE PRECISION C,HOMoTOM
COMMON /CP/ C1804+6+6)y HOM{BO,6)y NOM(BO)s, TOM(B0,6)
IF (NOM(I) .EQe 1 .OR. TOM(I,1l) .GT. T) GO TO 20
HEAT = CPINT(298. 15.t0H(l.ll.C(l.l.li.C(l.l.Z).C(l.l.Jl.Cll.l.kl.c
(1 oLle5) sClI9l96)90e90.,0.)
N = NOM(I) - 1L
DO 10 J = 1e N
K=J+1
TEMP = TOM(I,K)
IF (J «EQe N <ORe TEMP .GT. T) TEMP = T
HEAT = HEAT + HOM(I o J) + CPINTITOMILoJ)sTEMP,CII Kol)oClIeKo2),CII
%3Ke3) oC(I 9K9%) oCUIoKe5)9CUlI9K96)90e90e90e)
IF (TEMP .EQ. T) RETURN
10 CONTINUE
20 HEAT = CPINT(298415¢T+sClIolsl)sCllole2)9ClIole3)sCUlIgle%)eClIyl,5)
®$C(19196)90e790.40e)
RETURN
END
FUNCTION SO(I,T)

CALCULATION OF THE ENTROPY DIFFERENCE BETWEEN 298 AND T K FOR
SPECIES I

DOUBLE PRECISION C,HOM,TOM
COMMON /CP/ C(B0y646)s HOM(B0,6)y, NOM(80), TOMILB0,6)
IF (NOM(I) .EQ. 1 .OR. TOM(I,1l) .GT. T) GO TO 20
SO = CPINT(298.15,TOM(I51)9ClIs102)sCllolo4)90ce0eeClIs1le30,0.,CI(I
S9lol)oC(Iol+5)eClIs1,6))
N = NOM(I) -1
DO 10J = 1y N
K=J+1
TEMP = TOM(I,K)
IF (J <EQe N <OR. TEMP .GT. T) TEMP = T
SO = SO + HOM(I J)/TOM(I4J) * CPINTITOM(I9J)oTEMPClI¢K92),C(IsKe4d
%) 900900 ¢eClIoKe3)90eeClIsKol)oClIoKeS5),ClIeKo6))
IF (TEMP .EQ. T) RETURN
10 CONTINUE
20 SO = CPINT(298.15+T yClI19192)9ClIso194)00e90eoClIs1l93)90.+ClIslsl),C
*([41¢5),ClIsl,6))
RE TURN
END
FUNCTION CPINT(TOsT14CAsCByCCosCDyCE.CFyCGyCHoCI)

CALCULATION OF THE CP AND CP/T INTEGRAL
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SOLGASMIX PROGRAM (BATCH VERSION)

(continued)

DATA 0T0/0./, OTL/0./
IF (TO .EQ. OTO .AND. Tl .EQ. OT1l) GO TO 10

oro = T0

oTL = T1

T2 =70 + Tl

T3 = TOeT1

T4 = T3%T3

TA =T1 - TO

TB = TA®T2/2.

TC = TA/T3

TO = TA®(T2e¢T2 - T3)/3.
TE = TB/T4

TF = 2.%(SQRT(T1) - SQRT(TO))
TG = ALOG(T1/T0)

TH = TD/(T3%74)

Tl = TF/SQRT(T3)
CPINT=CA®TA+CB*TB+CC*TC+COSTDCESTE+CFEeTF+CG*TG+CH*THC I*T]
RE TURN

END

SUBROUTINE FACTOR(M)

. DOUBLE PRECISION AoAKT AKTF 9AQBeDAKTFoGoPIPTOT,T,Y,YF

COMMON A(80+12) ¢AKT(80),AKTF(80),A0(80,12)48(12,25)DAKTF(80),
*G(BO) g IEL(L2) oL oMFUL0) sMLULO) s MP, MSeNP,P1(24),PTOTT,Y(80),YF(80)

FACTOR IS A SUBROUTINE FOR THE CALCULATION OF EXPRESSIONS,
SUPPLIED BY THE USER, GIVING ACTIVITY COEFFICIENTS FOR SPECIES
IN NON-TDEAL MIXTURES OR STOICHIOMETRIC COEFFICIENTS FOR NON-
STOICHIOMETRIC SOLIDS.

THE ACTIVITY COEFFICIENT EXPRESSIONS AND THEIR DERIVATIVES

WITH RESPECT TO THE MOLE FRACTIONS ARE INSERTED AFTER THE
STATEMENT NUMBER WHICH CORRESPONDS TO THE MIXTURE NUMBER. MAXI-
MUM ONE STOICHIOMETRIC COEFFICIENT IS ALLOWED TO DEVIATE FOR
SOLIDS WITH VARIABLE STOICHIOMETRY WHICH ARE REGARDED AS SEPA-
RATE MIXTURES (CF. CHEM. SCR. 1975, 8, 100-3).

A SPECIES FOR WHICH THE AMOUNT BECOMES LESS THAN 1.E-10 MOL
DURING THE ITERATIVE PROCEDURE IS TEMPORARILY REMOVED FROM THE
CALCULATION. THE ACTIVITY FOR SUCH A REMOVED SPECIES IS CALCU-
LATED BY USING THE LAGRANGIAN MULTIPLIERS ACCORDING TO EQN. (2)
IN CHEM. SCR. 1975, 8, 100-3.

DEFINE UPPER AND LOWER BOUNDS ON THE MOLE FRACTIONS I[F MOLE
FRACTIONS FAR FROM THE EQUILIBRIUM VALUES CAN CAUSE EXPONENTS
OUT OF THE RANGE ALLOWED. RECOMMENDED EXPRESSION:

IF (YFUI) .GT. 2.) YF(I) = 2,

AKT(I) = ACTIVITY FOR SPECIES I

AKTF(I) = ACTIVITY COEFFICIENYT FOR SPECIES I

AO(I4J) = A DEVIATING STOICHIOMETRIC COEFFICIENT FOR SPECIES I
DAKTF(I) = DERIVATIVE OF AKTF WITH RESPECT TO YF FOR SPECIES I
G(I) = (MUO/RT) FOR SPECIES 1 s

MF(M) = LOWEST SPECIES NUMBER IN MIXTURE M

ML(M) = HIGHEST SPECIES NUMBER IN MIXTURE M

MS = TOTAL NUMBER OF SPECIES CONSIDERED

67
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SOLGASMIX PROGRAM (BATCH VERSION)

(continued)

PI(J) = LAGRANGIAN MULTIPLIER FOR ELEMENT J

Y(I) = AMOUNT OF SUBSTANCE FOR SPECIES I

YF(I) = MOLE FRACTION OR PARTIAL PRESSURE FOR SPECIES I
CONSULT THE INPUT GUIDE FOR AN EXPLANATION OF THE FOLLOWING
VARIABLES: A(I.Jd)s B(JoNP), IELIJ)s Lo MP, PTOT, T

(3 XsNaNaNaNgl

GO TO (Le2¢39495:697¢8¢9)y M

CONTINUE

RETURN

CONTINUE

RE TURN

CONTINUE

RETURN

CONTINUE

RETURN

CONTINUE

RETURN

CONTINUE

RETURN

CONTINUE

RETURN

CONTINUE

RETURN

CONTINUE

RETURN .

END A

SUBROUTINE SPEQUA

DOUBLE PRECISION Ay AKT yAKTFAQyBeDAKTFGoPIsPTOT,ToY,YF
COMMON A(80,12) ,AKT (80),AKTF(80),A0(80,12),8(12,25),DAKTF(80),
*G(80) o IELIL12) oL sMF(L10) ML(10) MP, MSoNP,PT(24),PTOT,T,Y(80),YF(80)

-

0 ® N &6 wnw & W N

SPEQUA IS A SUBROUT INE FOR THE CALCULATION OF QUANTITIES WHICH
ARE DERIVABLE FROM THE EQUILIBRIUM COMPOSITION.

(s XaNaNal

RETURN
END
$SENTRY
/*®
//FT06F001 DD DSN=JONES cWAT .LIST+DISP={NEWs DELETE),VOL=SER=VOLO11,
//  UNIT=SYSDA,SPACE=(133,(500,100),RLSE)



APPENDIX C

Sample Output from SOLGASMIX

DATA FILE 2

DATA FILE 3 .

DATA FILE 4 . . . . .

DATA FILE 7 .

DATA FILEB.8 %r. o 5 « o » = = =
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DATA FILE 2

A copy of the computer print out of the Data File 2. This
data file constitutes an equilibrium system obtainable from
a reaction between 1 mole of CZH6 and 4 moles of HZO at

1000°K. Initial guess composition would be generated by
the program.

DATA2 FILE
3119
CH4
C2He
C2H2
co2
cn
02
H2
H20
C2H6
c
1067
1
L2 s
«1923E+05
«118LE+06
«lL69TE+06
=+3955E+06
=«2004E+06
o.
°.
=«19264E+06
«L092E+06
o.
1000.00

D) “ e
R
COoOo0ocoooOo0O
. e 0 0
Coococooooo0o

~NOOQMm NN~
.

CoO0VooO0OoOoOOC

OCCmQON=NDQO

QrNNOQOC NS &
.

1

222
2.0
4.0
14.0
10




OUTPUT FOR DATA FILE 2

COEFF

DATA2 FILE
FORMULA UNITS
CH&4 L.0 0.0 4.0
C2Hs 2.0 0.0 4.0
C2H2 2.0 0.0 2.0
202 L.0 2.0 0.0
=) 1.0 1.0 0.0
n2 0.0 2.0 0.0
H2 0.0 0.0 2.0
H20 0.0 1.0 2.0
C2H6 2.0 0.0 6.0
c L.0 0.0 0.9
COEFF 2

CHe4 0.1923E 05
C2H4 0.1181lE 06
C2H2 0.1697E 06
co2 -0.3955E 06
co -0.2004%E 06
02 0.0000€E 00
H2 0.0000E 00
H20 -0.1924E 06
C2He 0.1092€ 06
c 0.0000E 00
T = 1000.00 K
P = 1.000D0 00 ATM

X®/MOL
CH& 0.000000 00
C2HG 0.000000 00
C2H2 0.00000D0 00
co2 0.000000 00
co 0.000000 00
n2 0.200000 01
13 0.700000 Ot
H2n 0.000000 00
C2H6 0.00000D 00
c 0.200000 U1
STATEMENTS EXECUTED= 12134

Y/MOL
0.669910-01
0.96361D-07
0.322390-09
0.546060 00
0.138690 N1
0.570470-20
0.534510 01
0.15209n0 01
0.169440-06

0.000000 00

P/ ATM
0.755590-02
0.108690-07
0.363620-10
0.615910-01
0.156430 00
0.643430-21
0.60287D 00
0.171550 00
0.19L110-07

ACTIVITY
0.755590-02
0.108690-07
0.36362D-10
0.61591D-01
0.156430 00
0.643430-21
0.602870 00
0.171550 00
0.19111D0-07

0.210040 00

3
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DATA FILE 3

A copy of the computer print out of the Data File 3. This

data file constitutes a system containing CO, CO,, H,, O2 and
invarient C at 10000K. The initial guess estima%e was

supplied as input data.

DATA3 FILE
31 1s
co 1.
H20 0.
coz l.
H2 0.
02 0.
c le

65 &

1

12
=«5127E+05
~«4353E+0S
=+9443E+05
oQ

l665005000 «1500E+00 .1000E+0D .1000F +000. 0.




DATA3 FILE

OUTPUT FOR DATA FILE 3

FORMULA UNITS

co
H20
cno2
H2
n2
c

cn
H20
coz2
H2
n2
c

o
2
0
2
0
0

ONON =~
.
[=N-N-R-N- N

COEFF 2
-0.5127€ 05
-0.4353E 05
-0.9443E 05

0.0000E 00
0.0000E 00
0.0000E 00

T = 1000.00 K
P = 1.0000 00 ATM

con
H2N
caoz
H2
02

c

X*/MOL
0.00000D
0.000000
0.000000
0.250000
0.500000

0.750000

STATEMENTS EXECUTED=

.o
-0
.o
<0
«N
.o

00
0o
00
00
00

00

4030

COEFF

Y/MOL
0.5640AD 00
0.64071D-01
0.18592D 00
0.185930 00
0.336590-05

0.000000 00

P/ATM
0.564080 00
0.640710-01
0.18592D 00
0.18593D 00
0.336590-05

73

ACTIVITY
0.56408D 00
0.640710-01
0.18592D 00
0.185930 00
0.33659D-05

0.64525D0 00
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DATA FILE 4

A copy of the computer print out of the Data Filg 4, This
data file constitutes an equilibrium system obtainable from
a reaction between 1 mole of C2H6 and 4 moles of HZO at

1000°K. Initial guess composition is supplied as input data.

DATA4 FILE
31109
CHé4
C2H4
C2H2
cn2
co
02
H2
H20
C2He6
c
L1067
1
12
«4610E+06
«2825E+05
«4060E+05
~+9461E+05
=+4794E+05
0.
0.
=+4603E+05
«2613E+0S
N.
1000.00
1
1
222
2.0
4.0
L4.0 )
«L000E-02 .1000E-02 .1000E-02 .9930E+00 «l000E+01 .7000E-02 .5992E+01 .l000E+01
«10N0E-020.
10

L] . . L Y
cCoooocooO0oo
[ ] o 8 0 0

Coocooococo
CO~ON~NOOO
.«

= NOOOmMm NN~

QONNOQOONS
D)

Coocoococooo

e o
D)




DATA4 FILE

FORMULA UNIT
CH&
C2H4
C2H2
€02
co
02
H2
H20
C 2H6
c

CH&

C2H&

C2H2

co2 -
co Co
n2

H2

H2N -
C2H6

G

T = 1000.00

OUTPUT FOR DATA FILE 4

P = 1.0000 00 ATM

CH&
C 2H4
C2H2
co2
co
02
H2
H20
C2H6

c
STATEMENTS E

S
1.0 0.0 4.0
2.0 0.0 4.0
2.0 0Qd.0 2.0
1.0 2.0 0.0
l.0 1.0 0.0
0.0 2.0 0.0
0.0 0.0 2.0
0.0 1.0 2.0
2.0 0.0 6.0
L.0 0.0 0.9
COEFF 2
0.4610E 04
0.2825E 05
0.4060E 05
0.946 1E 05
0.4794E 05
0.0000E 00
0.0000E 00
0.4603E 05
0.2613E 05
0.0000% 00
K
X*/MOL
0.000000 00
0. 00N000 0N
0.000000 00
0.00000n 09
0.000000 00
0.200000 01
0. 700000 01
0.00000D 00
0.000000 00
0.200000 O1
XECUTED=

6717

COEFF

Y/MOL
0.347630 00
0.518138D-02
0.21955D-02
0.59939n 00
0.112110 o1
0.227410-04
0.442130 01
0.18601D 01
0.357600-02

0.000000 00

P/ATM
0.420330-01
0.62678D0-03
0.265460-03
0.615910-01
0.135550 00
0.274960-05
0.534590 00
0.224910 nO
0.432390-03

ACTIVITY
0.420330-01
0.626780-03
0.26546D-03
0.615910-01
0.135550 00
0.274960-05
0.534590 00
0.224910 00
0.432390-03

0.256060 00

75.



76

DATA FILE 7

A copy of the computer print out of the Data File 7. The
system contains one gas phase containing 15 species and 5
invarients. Initial guess composition is generated by the

program.

LEXAMPLE OF INPUT TO SOLGASMIX
41515
52 2 0.0 0.0
02 0 0.0 0.0
N2 0 2.0 0.0
S 1 0.0 0.0
4 0.0 0.0
6
8

0.0 0.0

cCooo

S4

Sé

S8

0

S0

S02

S03

s20

NO

NO2

cuzs

cu

cu2n

cuo

Cusns

Cun.Ccusns
12 316

Cooocdooo

~O000CONO
.

CO0O000oOOoO0OS0OQ0OOO
(=]
.
[=]
(=]
.
o

OO0 O~ QO NMMMOQ

EEEEEEREREEEEE

O000000O0O0OCOLOO

VIO QO N M = N e
.

0.0

1
12

0.

0.

0.
«1563E+06
«L445E+05
«242TE+0S
«3727E+0S
«l877E+06

~«b64T2E+0S

=+2890E+06
=+2940E+06

-«1214E+06
«TTTTE+0OS
«9573F+05

0.

=+101NE+06

~+9545E+05
=«6594FE+05
=«3946E+N6
= .46T3F+06
1000.00
2
L
222 2
10.00
20. 00
75. 44
20.00
10
/%




OUTPUT FOR DATA FILE 7

LEXAMPLE OF INPUT TO

FORMULA UNITS

S2 2.0 0.0
02 0.0 2.0
N2 0.0 0.0
S 1.0 0.0
S4 4.0 0.0
S6 6.0 0.0
S8 8.0 0.0
0 0.0 1.0
M) 1.0 1.0
s02 1.0 2.0
s03 1.0 3.0
520 2.0 1.0
NO 0.0 1.0
NO2? 0.0 2.0
cu2s 1.0 0.0
cu 0.0 0.0
cu20 0.0 1.0
cun 0.0 1.0
CUsOs 1.0 4.0
CUD.CUSD4 1.0 5.0
COEFF
s2 0.0000E
02 0.0000E
N2 0.0000€
S 0.1563E
S4 0.1445€E
S6 0.2427E
S8 0.3727E
0 0.1877E
SO -0.6412€
s02 -0.2890€E
so3 -0.2940E
s2n -0.1214E
NO 0.7T77€E
NO2 0.9573E
cu2s 0.0000€
cu -0.1010E
cuzn -0.9545E
cun -0.6594€
cusns -0.3946E

CUD.CUSO4 -0.4671E

SNOLGASMIX

2

00
0o
oo
06
05
05
0s
06
05
06
06
06
05
05
no
06
0s
05
06
06

“ 0000
[~R-N-N-N-N-N-No¥=)

00000000 ONOOC

R
[~R-N-NeN-N-)

o

0.0
0.0
0.0
0.0
0.0

o s e 0

[“X-N-N-N-N-N-R-N-Neo NN NoNeNeNoNeNe Rl

NeemrN=NOOD000000000QOQ

COEFF

7



OUTPUT FOR DATA FILE 7 (continuation)

T = 1000.00 K
P = 1.0000 00

S2
02
N2
S
S4
Sé6
sa
o}
SO
sa2
so3
S20
MO
NO2
cuzs

cu

cuzo0

cuo

Lusna
CUN.CUSO4

ATM

X*®/MOL

0.500000
0.100000
0.377200
0.000000
0.00000D
0.000000
0.000000
0.00000D
0.000000
0. 000000
0.000000
0.000000
0.000000
0.000000N
0.000000

0.200000
0.000009D
0.000000
0.000000
0.000000

STATEMENTS EXECUTED=

69854

Y/MOL
0.57607D-06
0.73007D-10
0.377200 02
0.359210-10
0.122310-14
0.45321D0-23
0.114560-31
0.926040-14
0.155790-04
0. 100000 02
0.22569D0-04
0.156340-05
0.454670-08
0. 64R49D0-15
0.14731D-12

0.200000 02
0.000000 00
0.000000 00
0.000000 00
0.000000 00

P/ATM
0.12072D0-07
0.152990-11
0.790440 00
0.75275D-12
0.25631D-16
0.949720-25
0.240060-33
0.194060-15
0.326460-06
0.209550 00
0.472940-06
0.327620-07
0.952780D-10
0.135890-16
0.308700~-14

ACTIVITY
0.12072D-07
0.152990-11
0.79044D 00
0.75275D-12
0.256310-16
0.94972D-25
0.24006D-33
0.19406D-15
0.32646D0-06
0.20955D 00
0.47294D-06
0.32762D0-07
0.95278D-10
0.135890-16
0.308700-14

0. 100000 01
0.33632D-11
0.182390-07
0.55749D-12
0.229260-19

78



79°
DATA FILE 8

A copy of the computer print out of the Data File 8. This
data file constitutes equilibrium systems obtainable from
reaction at 10009K between one mole of C2H6 and 4, 3, 2, 5

and 6 moles of HZO respectively. Initial guess composition

would be generated by the program.

E;H:Ni-gTEAM SYSTEM, LMOLE ETHANE,STEAM VARIES BETWEEN 2 AND 6 MOLES.
CHe 1.0
2 2H4 2.0
C2H2 2.0
co2 1.0
co 1.0
02 0.0
H2 0.0
H20 0.0

2.0

1.0

.

C2H6
c
106 7
1
12
«1923E+05
«LLBLE*06
«1697E+06
-<3955E+06
=:2006E+N6
Ne.
0.
~«1924E+06
«1092E+06
0.

QONN.0.0GN&&
Qo000 QOOoOOoC

COmmON~NOOO
.
CooCcCOo0O0ooC

1L000.00

5
211
2.0
4.0 3.0 2.0 5.0 6.0
}4.3 12.0 10.0 16.0 18.0
0



ETHANE-STFAM

FORMULA UNITS
CHe 1
C2H4 2
C2H2 2
cnz2 1
co 1
02 0
H2 0
H20 o
C2H6 2
c 1
CH4 0
C 2H4 0
C2H2 0
co2 -0
co -0
n2 0
H2 0
H20 -0
C 2H6 0
c 0

T = 1000.00 K
P = 1.0000 00

CH4
C2H4
C 2H2
cn2
co
n2
H2
H20
C 2H6

c

T = 1000.00 K
P = 1.0000 00

CH4
C2H4
C2H2
co2
co
02
H2
H20
C2H6

c

OUTPUT FOR DATA FILE 8

80

SYSTEM, LMOLE ETHANE,STEAM VARIES BETWEEN 2 AND 6 MOLES.

COQULUOoOO0o0COoOo

[*E-N=N-NeN-No oo}l
K
QENNOOON&

COmON~NOOD

e ® 8 8 0 0 8 8 o 0
- X-E-E-X-E-X=-E~)

CDEFF 2
«1923E 05
-11R1E 06
«1697E 06
«3955€E 06
«2004E 06
-0000E 00
.0000€ 00
«1924E 05
+1092€ 06
.0000E 00

ATM

X*/ MOL
0.000000 00
0.00000D 00
0.000000 00
0.000000 00
0.000000 00
0.200000 0L
0.700000 O1
0.000000 00
0.000000 00

0.200000 01

ATM

X*/MOL
0.00000D0 00
0.00000D 00
0.00000D0 00
0.00000D 00
0.00000D 00
0.15000D 01
0.600000 Ol
0.000000 00
0.000000 00

0.200000 O1

COEFF

Y/MOL
0.669°1D=-01
0.963610-07
0.322390-09
0.54606D0 00
0.138690 01
0.570470-20
0.53451D 01
0.15209n 01
0. 169440-06

0.00000n 00

Y/MOL
0.142650 00
0.44989D-06
0. 142460-08
0.34L1780 00
0.151560 01
0.162860-20
0.491380 01
0.80087D0 00
0.835780-06

0.00000D 00

P/ATM
0.755590-02
0.108690-07
0.363620-10
0.615910-01
0.156430 00
0.643430-21
0.602870 00
0.17155D 00
0.19111D0-07

P/ATM
0.18491D-01
0.583160-07
0.18467N-09
0.443030-01
0.19645D 00
0.211100-21
0.63694D 00
0.10381D 00
0.108340-06

ACTIVITY
0.75559D-02
0.108690-07
0.363620-10
0.615910-01
0.156430 00
0.64343D-21
0.602870 00
0.171550 00
0.19111D-07

0.21004D 00

ACTIVITY
0.184910-01
0.583160-07
0.18467D-09
0.443030-01
0. 196450 00
0.211100-21
0.636940 00
0.10381D0 00
0.108340-06

0.46051D 00



OUTPUT FOR DATA FILE 8 (continuation)

T = 1000.00 K

P = 1.0000 00

CH4
C2H4
C2H2
coz2
co
02
H2
H20
C2H6

c

T = 1000.00 K
P = 1.0000 00

CH4
C 2H4
C2H2
co2
co
02
H2
H20
C2H6

c

T = 1000.00 K
P = 1.0000 00

CH4
C 2H4
C2H2
cn2
cn
02
H2
H20
C 2H6

c

STATEMFENTS EXECUTED=

ATM

X*/MOL
0.000000 00
0.00900D0 00
0.000000 00
0.000000 00
0.000000 00
0.10000D0 O1
0.500000 Ol
0.000000 00
0.00000D 00

0.200000 01

ATM

X*/MOL
0.000000 00
0.000000 09
0.000000 00
0.000000 09
0.00000D 00
0.250000 01
0.800000 01
0.00000D0 00
0.000000 00

0.20000D O1

ATM

X*/MOL
0.00000D0 00
0.000000 00
0.00000D 00
0.000000 00
0.000000 00
0.300000 01
0.90000D Ol
2.00000n 00
0.000000 00

0.200000 Ol

45339

Y/MOL
0.269480 00
0.184540-95
0.563290-08
0.15454D 00
0.13501D Ol
0.339100-21
0.412020 01
0.34085D 00
0.355680-05

0.225900 00

Y/MOL
0.363620-01
0.288970-07
0.103210-09
0.71521n 00
0.12484D 01
0.13524N-19
0.56061D0 01
N.232110 01
0.475960-07

0.000000 00

Y/MOL
0.21691D-01
0.106480-07
0.406580-10
0.85274D 00
0.112560 01
0.261030-19
0.57877D 01
0.31690D 01
0.164050-07

0.000000 00

P/ATM
0.432190-01
0.29598D-06
0.903420-09
0.24785D-01
0.216530 00
0.543850-22
0.660800 00
0.54665D-01
0.570440-06

P/ATM
0.36628D0-02
0.291080-08
0.103960~-10
0.720450-01
0.12576D 00
0.136230-20
0.56472D 00
0.233820 00
0.479440-08

P/ ATM
0.19797D-02
0.971830-09
0.371080-11
0.778290-01
0.102730 00
0.238240-20
0.52823D0 00
0.28923D 00
0.14973D-08

81

ACTIVITY
0.432190-01
0.295980-06
0.903420-09
0.247850-01
0.216530 00
0.543850-22
0.66080D0 00
0.546650-01
0. 570440-06

0.100000 O1

ACTIVITY
0.36628D-02
0.291080-08
0.103960-10
0.72045D0-01
0.12576D 00
0.136230-20
0.56472D 00
0.23382D 00
0. 479440-08

0.11604D 00

ACTIVITY
0.197970-02
0.971830-09
0.37108D-11
0.778290-01
0.10273D0 00
0.238240-20
0.528230 00
0.289230 00
0.149730-08

0.716820-01
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