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Structural Analysis of Multicomponent 
Reaction Models: 
Part I .  Systematic Editing of Kinetic and Thermodynamic Values 

The consistency of a chemical reaction scheme depends in part on the 
numerical values given for its kinetic and thermodynamic constants. Part 1 
of the present two-part treatment provides 1) a systematic procedure to re- 
duce the given values to a self-consistent form, and 2 )  a proper selection of 
parameters whenever the values are to be improved by a subsequent regres- 
sion analysis. Various completeness and consistency tests are described, in- 
cluding a search for illegal reaction loops arising from assumptions of irre- 
versibility. The procedure is implemented on a computer and is illustrated 
with two examples. 
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SCOPE 

The purpose of this article is to demonstrate a syste- 
matic procedure for analyzing a given reaction network 
and the proposed kinetic and thermodynamic values. This 
procedure includes consistency tests, which should be per- 
formed when several data sources are available, or when 
any of the reactions are treated as irreversible. It includes 
completeness tests, to determine whether additional ki- 
netic and thermodynamic values are required. It includes 
the construction of a consistent set of kinetic and thermo- 
dynamic values from the raw data. Finally, there is a se- 
lection of adjustable parameters among the kinetic and 

thermodynamic variables, to allow adjustment of the model 
to fit additional data from reactor experiments. 

It should be noted that the present analysis is not con- 
cerned with selecting a reaction network, but rather 
with testing the consistency of a given network. Nor is 
any attempt made to combine several inconsistent data in 
a least-squares sense; that can be done in a subsequent 
regression. The present procedure selects a subset of the 
proposed kinetic and thermodynamic values, and com- 
pares any redundant values with the solution thus ob- 
tained. 

CONCLUSIONS AND SIGNIFICANCE 

We provide a systematic procedure for editing raw ki- 
netic and thermodynamic coefficients in multicomponent 
reaction models. The procedure includes several com- 
pleteness and consistency tests, as well as compact param- 
eterization when the model is to be improved by regres- 
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0001-1541-80-3085-0098-$00.85. 0 The American Institute of Chem- 

Stewart. 
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sion of additional data. The procedure also relieves the 
engineer of the tedious kinetic and thermodynamic calcu- 
lations required to bring raw literature values into con- 
sistent form, It is particularly useful for large reaction net- 
works, or when values from several sources are to be com- 
bined. For example, in the n-butane pyrolysis model given 
by Blakemore and Corcoran (1969), our procedure shows 
that the initiating reaction (1) should be considered re- 
versible for consistency with the other reactions given. 
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Several procedures for systematic computer coding of 
chemical kinetic schemes have appeared over the last 
few years (e.g., Silvestri and Zahner 1967, Dickinson and 
Gelinas 1976). These schemes are designed for simul a t' ion 
of reaction schemes; they do not attempt to analyze the 
legality of a proposed reaction model nor the consistency 
of its kinetic and thermodynamic constants. Since the 
literature demonstrates that errors in problem formulation 
can occur even with moderately complicated reaction 
schemes, the present analysis was developed to prevent 
such mistakes. 

PROBLEM STATEMENT 

The first steps in reactor simu!ations are the postula- 
tion of a reaction scheme and a literature search for rele- 
vant kinetic and thermodynamic values. Here, we assume 
that these steps have been completed and that a set of 
relevant kinetic and thermodynamic values is provided in 
some or all of the following forms. 

Kinetic Values (for Non-Equilibrium Reactions) 

ki(Ti) 

k j ( T j ) / k , ( T j )  

Ej(Tj) 

Ej( T j )  - El(  Ti) 

Forward rate constant for reaction 1 
at temperature Tj 
Ratio of forward rate constants for re- 
actions j and 1 at temperature Ti 
Forward activation energy for reaction 
j ,  assumed indepmdent of temperature 
Difference of activation energies for re- 
actions i and 1, assumed independent 
of temperature 

Thermodynamic Volues 
Standard Gibbs free energy of species i 
at temperature Ti 
Difference of standard free energies of 
species i and k at temperature Ti 
Standard enthalpy of species i at  tem- 
perature Ti 
difference of standard enthalpies of 
species i and k at temperature Ti 
Bqui-ibrium constant for reaction i at 
temperature Tj 
Raiio of equilibrium constants for re- 
actions i and I at temperature Tj 
Standard enthalpy change for reaction i 
at temperature Tj 

AH,( Ti) -  AH^ ( Tj) Diderence of standard reaction en- 
thalpies for reactions i and 1 at tem- 
perature Tj 

hGj = - co 

Here the subscripts i and k are used for species, and i and 
I are used for reactions, In addition, the molar heat ca- 
pacity CPi for each species is considered to be given as a 
function of temperature. Any units consistent with Equa- 
tions (1) - (4)  and (8)-(16)  may be used; note that Ej 
must be in temperature units. 

Whenever the simulation is part of a regression of re- 
actor data, the initial kinetic and thermodynamic values 
in the model must be separated into two groups. The first 
group should contain those values that are known with 
sufficient accuracy (known values). The second should 
contain those values that may be adjusted during a subse- 
quent regression (adjustable parameters). The available 
values belonging to the latter group are initial estimates. 
The ratios and differences in the above list of admissible 
data (kj/kl, E j  - El, etc.) allow use of relative ob- 
servations, and relative predictions from structure-prop- 
erty correlations. Specifications of this kind allow adjust- 
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Irreversibility for reaction j 

ment of two values such as El and Ez during a regression 
while the difference El - Ez remains fixed. 

The main task considered here is to convert the avail- 
able values into a sufficient set of kj, Ej, Gi, and Hi values, 
and to select appropriate parameters from among these 
quantities whenever a regression analysis is to be per- 
formed. The selection of Gi and Hi, rather than A G ~  and 
AHj, as adjustable parameters ensures consistency of all 
thermodynamic values. If irreversible reactions are present, 
some of the Gi and Hi values will not be required, and if 
equilibrium reactions are present, the corresponding kj 
and Ej values will not be required. 

FORMULATION OF EQUATIONS FOR KINETIC VALUES 

The kinetic quantities kj and Ej can be determined in- 
dependently of the thermodynamic quantities. The cal- 
culation is straightforward, but is included here for com- 
pleteness. We start by constructing a set of 2 N ,  linear 
equations, in which the unknowns are ln(kj) and Ej  at 
a prescribed base temperature TB,  and N ,  is the number 
of reactions. 

For each available forward rate constant (known or 
estimated) we have an equation 

h [ k j ( T ~ ) ]  4- ( ~ / T B  - 1/Tj) E ~ ( T B )  = In[kj(Tj)] 

(1) 
with a given right-hand term. An Arrhenius frequency 
factor, for instance, corresponds to a rate constant at 
Ti = co. For each available ratio of rate constants, we 
write 

ln [k j (T~)]  - l n [ k t ( T ~ ) I  4- ( ~ / T B  - WTj) &(TB) 
- ( ~ / T B  - 1/Tj) E ~ ( T B )  = ln[kj(Tj)/kl(Tj)] (2) 

provided that reactions i and 1 are both regarded as non- 
equilibrium reactions. These equations include the ad- 
justment of k j  or k j /k l  from the individual base tempera- 
ture Tj to the common base temperature T B .  

For each available activation energy, or energy dif- 
ference, we have an equation 

or 

with Ej treated here as independent of temperature. More 
detailed temperature dependences could be included by 
simple changes of the right-hand terms of Equations (1)-  
(4). In the following development we make the restriction 
that one equation of type (1) or (2) ,  and one of type 
(3)  or (4), must be provided for each non-equilibrium 
reaction. The elementary computation of an Ej value from 
two kj values at  different temperatures is thus omitted 
here, but is easily done before the main solution. 

Equilibrium reactions do not require any forward rate 
constants or activation energies, For these reactions, we 
insert dummy values h[kj(TB)] = E ~ ( T B )  = 0. These 
values do not propagate in the solution, since Equations 
(2)  and (4) are applied to non-equilibrium reactions only, 

E ~ ( T B )  = Ej(Tj) (3) 

(4) Ej(TB) - EI(TB) = Ej(Tj) - El(Tj) 

SOLUTION OF EQUATIONS FOR KINETIC VALUES 

To demonstrate the operations symbolically, we sum- 
marize Equations ( 1) - (4)  in the following reordered form: 

The vector bF contains the known right-hand terms, and 
bE those which are designated as initial estimates for a 
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subsequent regression. The vector u = (u1, uz} represents 
the list of unknowns ln[kj(TB)] and E ~ ( T B ) ;  the dis- 
tinction between the two parts u1 and u2 will develop as 
the solution proceeds. The matrices F11, Flz, F21, and 
Fz2 represent the appropriate coefficients in Equations ( 1) - 
(4) .  In actual computations, the reordering is not neces- 
sary. 

This set of equations is solved by Gauss-Jordan elimina- 
tion (Hildebrand 1952, Isaacson and Keller 1966). The 
solution is performed in two stages. During the first, the 
original columns and rows corresponding to known for- 
ward rate data are open for pivot selection; all rows are 
included in the elimination. When no more pivots can 
be found the matrix equation will be of the form 

[ I  0 F'22 F'lZ] [,";I = [;I] 
Here I and 0 represent a unit matrix and a null (zero) 
matrix. This elimination also defines the elements among 
ln(kj) and Ej which belong to the set ul, namely those 
whose coefficient columns yielded pivots. The remaining 
elements belong to u2. 

If any unknowns u2 are present at this stage, a subse- 
quent regression (not to be treated here) is appropriate 
to determine them. In preparation for the regression, the 
matrix solution must be continued. A copy of b~ and 
F'12 is saved, and all kj and Ej values that appear in u2 
are chosen as adjustable parameters, Then the remaining 
columns and rows (corresponding to initial estimates) are 
also opened for pivot selection, and the solution of Equa- 
tion (6) is continued as far as pdssible. 

The solution will be determinate if and only if 
each column of the coefficient matrix in Equation (5) 
yields a pivotal element, Otherwise, we have an incom- 
plete set of input values (i.e., Equation 5 is rank-defi- 
cient). It is evident that this will happen if no informa- 
tion is entered into a row of Equation (5). Rank defi- 
ciency would also occur if a closed loop of kj/kl or Ej - El 
values were specilied inadvertently; for example, speci- 
fying Ez - El, E3 - Ez, and El - E3 is clearly ins&- 
cient for the determination of El, E2, and Ex. 

If the solution is determinate, it will have the form 

I 0  
c o  ,I[":,]= [?I  (7 )  

and we will either have a complete set of known 
values u = u1 = bF (=  bF) " in the absence of initial 
estimates, or a set of initial values u = (u1, u2} = {by, b','} 
for a subsequent regression. In the latter case, the solu- 
tion u1 = b'F - F'12 u2 saved from Equation (6)  is used 
throughout the regression to relate the dependent quanti- 
ties u1 to the adjustable parameters u2. 

FORMULATION OF EQUATIONS FOR THERMODYNAMIC 
VALUES 

The thermodynamic quantities Gi and Hi can be ana- 
lyzed independently of the kinetic values. This analysis is 
more complicated than the preceding one, because of 
the many different ways in which the thermodynamic 
values can be specified. 

We start by constructing a set of linear equations with 
2N,  + N ,  unknowns. Here N, and N, are the numbers of 
chemical species and reactions. The unknowns are taken 
as Gi, Hi, and A G ~ , ~ ~ ~ ,  at the common base temperature 
T B  previously introduced. Here hGj,inf is used to repre- 
sent a large negative aGj  value for any reaction that is 
treated as irreversible. 

For each available standard free energy (known or 
estimated) of a chemical species, we have an equation 

G ~ ( T B )  ( T B / T i -  1) Hi(TB) = Gi(Ti) T B / T ~  

For each available difference of free energies of species, 
we write 

Gi(TB) - Gk(TB) + (TB/T i  - 1) H ~ ( T B )  
- (TE/Ti - 1) Hk(TB) = [Gi(Ti) - Gk(Ti ) ]  TB/TI  

CI 

+ JTl TB/?' [Cpi(T) - Cpk(T) ]  dT d'i: (9) 

Here and below, all values on the right-hand side are given. 
For each available enthalpy, or difference of enthalpies 

of species, we have an equation 

H I ( T B )  = H i ( T i )  +S,TBCpi(T) dT (10) 
or 

H ~ ( T B )  - H k ( T E )  = Hi(Ti) - Hk(Ti> 

+ L c p i ( T )  - c ~ k ( T ) l  dT (11) 

These four equations include the adjustment of Gi and Ht 
from the individual base temperature Ti to the common 
base temperature TB. 

For each available equilibrium constant (known or 
estimated) we have an equation 

N c  NC 

vji Gi(TB)  f (TB/Tj - 1) 2 vji H i ( T B )  = 
i=l  i = l  

+ J,,: TB/'T' & [AC,j(T) - Ac, t (T) ]  dT dT (13)  

Here the vji are the stoichiometric coefficients for reaction 
1, (i.e. the jth chemical reaction can be written as 2 vji Xi 

= 0 where Xi is the ith chemical species). Since all stan- 
dard-state C,i values are assumed known, we can calcu- 
late ACpj = 2 ~ j i  C,i. If a reaction is specified as irreversi- 

ble, we use the following stoichiometric relation, with a 
coefficient of unity for the term - ~ G j , i ~ f ,  and the given 
value zero on the right-hand side: 

i 

i 

NC 2 vji  G ~ ( T B )  + ( -  AGj,int) = 0 (14) 
i= 1 

Here aGjainf represents a large negative value. 

reaction enthalpies, we have an equation 
For each available reaction enthalpy, or difference of 
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i = l  
or 

Nc 

(qi - W )  H ~ ( T B )  = AHj(Tj) - AHl(Tj) 
i=1 

+ ,fT. [ACpj(T) - ACpr(T)I dT (16) 

These two equations hoId whether the reaction is con- 
sidered reversible or not. 

0 0  0 0 0 

0 S’32 S‘33 S’34 0 

0 Sf42 Sf4S S’44 0 

0 s’52 sf53  s’54 s’55 

0 s’62 s’63 s’64 s’65 , 
SOLUTION OF EQUATIONS FOR THERMODYNAMIC 
VALUES 

The system of equations just given must now be solved 
for enough Gi and Hi values, so that all needed A G ~  and 
aHj values can be computed. To do this, we solve for as 
many as possible of the Gi and Hi values in terms of known 
constants and possibly some unknown Gi and Hi vari- 
ables. Then we check the latter, to see if they have any 
net effect on the required AGj and AHj values. Several 
consistency tests are also performed. 

To demonstrate the operations symbolically we sum- 
marize Equations ( 8 ) - (  16) in the following reordered, 

r , 
V1 

“2 

v3 

v4 

L v5 J 

- - 

Is11 SlZ s13 s14 0 

SZl SZZ s23 s24 0 

s3l s32  s33 s34 0 

s41 s42  s43 s44 0 

s 5 1  s52 s 5 3  s54 s55  

*s61 s62 s63 s84 s65 

Here the vector dFl represents the known right-hand terms 
that will be selected in the subsequent solution; dF2 rep- 
resents any known values that prove to be redundant; dE1 
and dE2 correspondingly represent the selected and re- 
dundant initial estimates; finally, dI1 and d,, denote the 
zero right-hand terms arising from selected and redun- 
dant specifications of irreversibility. At this initial stage, 
it is impossible to allocate the elements between dF1 and 
dF2; between dE1 and dE2; or between dI1 and dI2. That 
selection will be done by the following Gauss-Jordan elim- 
ination. The vector v = (v1, v2, v3, v4, v5) represents the 
unknowns Gi ( T B ) ,  H i (  T B ) ,  and aGj8 inf, as classified be- 
low. The vector v1 represents the pivotal variables Gi and 
Hi that will be selected in the solution of rows dF1; v2 rep- 
resents the pivotal variables selected in the solution of 
rows dE1; v3 represents any unknowns that can be assigned 
arbitrarily (these thermodynamic base values are set equal 
to zero) ; v4 represents the pivotal variables selected in 
the solution of rows dI1; and vg represents a vector of 
symbolic infinite values aGj, inf, usable to denote irreversi- 
ble reactions. The matrices Sij represent the coefficients in 
Equations (8)-(16). In actual computations, we do not 
reorder the rows and columns, but simply label them as 
the solution proceeds. 

The above set of equations is solwd by Gauss-Jordan 
elimination. The solution is performed in four stages. To 
begin, all columns (variables) not corresponding to initial 
estimates for species are opened for pivot selection, and 
all rows with known right-hand terms (dF1, dF2) are 
opened for pivot selection. During the second stage, all 
remaining Gi and Hi variables are also opened for pivot 
selection; the v5 columns, however, will never be opened, 

This two-stage calculation ensures that the parameters will 
be chosen as far as possible among those Gi and Hi vari- 
ables for which initial estimates were specified. As before, 
the eliminations are performed on all rows, although the 
selection of pivots is restricted. When no more pivots can 
be found, the matrix equation will have the form 

The pivot selection during these first two solution stages 
defines the elements in v1 and dF1. We have now solved 
for v1 in terms of the unknowns vz, v3, and v4. The CO- 
efficients in the rows corresponding to d ~ 2  are completely 
reduced to zero. If any non-zero coefficient had been pres- 
ent in a d F 2  equation at  this stage, it would have been 
possible to select that element as pivot and perform one 
more elimination. 

If any unknowns vz, v3, and v4 are present at this stage, 
a subsequent regression (not treated here) may be ap- 
propriate to determine some of them. To prepare for this, 
the matrix solution must be continued. A copy of d ’ ~ 1  
and S12 is saved. Then during a third stage, all rows with 
estimated right-hand terms (#El, d ‘ ~ 2 )  are also opened 
for pivot selection, and the solution is continued. At the 
end of this stage, the matrix equation has the form 

The pivot selection during this third stage defines the ele- 
ments in v2 and dEl .  We shall see later that the variables 
selected for v2, although based on initial estimates, may not 
all be required as adjustable parameters. We have now 
solved for v1 and v2 in terms of the remaining unknowns 
v3 and v4, and the coefficients in the rows corresponding 
to d& have been reduced to zero. 

We are now ready to test the completeness and con- 
sistency of the finite thermodynamic values. To test for 
completeness, we consider the columns corresponding to 
v3 and v4, from which no pivots have been selected, and 
see whether these missing Gi and Hi values are needed. 
From Equation (19), we obtain the other thermodynamic 
variables, v1 and v2, in terms of v3 and v4 

v = d’kl- s’I,v3 - sy4v, 

v2  = di l -  S“ v - Si4v, 
33 3 

Through use of the stoichiometric matrix Y we formdy 
recompute AGj and AHj for all reversible reactions. If 
the reaction model is to be used for non-isothermal re- 
actors, we also recompute all remaining aHj. Any depen- 
dence of a finite AG, or  AH^ on a v3 or v4 unknown indi- 
cates incomplete data. Calculation continues onIy if there 
is no such dependence, i.e., if v3 and v4 are either empty 
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or redundant. Redundancy can arise from irreversibility 
specifications, or from the arbitrariness of certain thermo- 
dynamic base values. 

To test the finite thermodynamic values for consistency, 
we consider the rows corresponding to d i 2  and di2. The 
coefficients in these rows have been reduced to zero, and 
each right-hand element is a measure of inconsistency 
among the finite thermodynamic values. 

This completes the treatment of the finite data, and we 
can make an initial consistency test of the postulated ir- 
reversible reactions. If any row of S’i3 and S:, or of S& 
and Sii ,  is completely reduced to zero, we have a reac- 
tion specified as irreversible, but for which other data 
give a finite A G ~ .  If this occurs, the model should be re- 
vised. 

A fourth solution stage is performed, during which all 
rows corresponding to irreversible reactions ( dyl, dk ) are 
also opened. Recall that the v5 columns are still closed. 
This step prepares for another consistency test of the ir- 
reversibility specifications. At the end of this stage, 
the matrix equation takes the form 

The pivot selection during this fourth stage defines the 
elements in v4 and dll. The v4 variables will all be re- 
dundant according to the completeness test described 
above. 

To examine the consistency of the irreversible reactions, 
we consider the rows of S:; ~ from which no pivots have 
been selected. Each of these gives a linear combination 
of A G ~ , ~ . ~  values which must equal the finite right-hand 
term given in dg. Such an equation represents a reac- 
tion string for which the overall AG is finite. The string 
contains one or more irreversible reactions (identified by 
the non-zero elements of the row) and may contain re- 
versible steps as well. A special case of such a string is a 
closed loop of irreversible reactions, for which the net AG 
of course is zero. However, the string (or loop) is legal 
if the row contains at least one negative element. The 
diagonal elements of S:; are unity; hence, any off-diagonal 
negative element ensures that the net AG for the string 
contains A G ~ ,  inf terms of both signs, and thus can be 
finite, in agreement with the right-hand term. 

To complete the test, we examine the legality of all 
linear combinations of the rows (or reaction strings) in 
S:;, These rows contain a unit matrix (the coefficients 
of the variables v5; see Equation 14). Hence, any differ- 
ence of rows contains + 1 and - 1 as elements and is legal, 
by the sign rule of the preceding paragraph. Therefore, 
we need only examine sums of rows. The legality of all 
possible combinations of rows can be investigated in the 
following way: Search for a column of SLr with no ele- 
ment greater than zero. Then find each negative element 
of that column, and remove the corresponding row (re- 
action string) of S:;. It  is obvious that no matter how 
such a row is added to any other, it will produce a nega- 
tive element in that column and, hence, a legal string. 

Then search for another such column of the reduced 
S I i  and remove additional rows in the same manner. If 
all rows of S:; can be thus removed, the assumptions of 
irreversibility are self-consistent. Otherwise, the original 
reaction scheme contains either a closed loop with one or 
more irreversible reactions, all going in the same direc- 
tion, or a sum of irreversible reactions, for which the 
other data indicate a finite total AG. In either case, the 
reaction scheme must be revised. 

This completes the formal tests of the reaction scheme, 
and the evaluation or initial estimation of the needed 
thermodynamic properties. 

SELECTION OF PARAMETERS AMONG THE 
THERMODYNAMIC VALUES 

If a subsequent regression is to be performed, we have 
to select a basis of adjustable parameters, vza, among the 
variables v2. Let V2b be those elements of v2 that are not 
included in vZa, and set v3 and v4 equal to zero. The values 
in v2b, although based on initial estimates, will be thermo- 
dynamic base values and can be maintained fixed during 
the regression. We now construct the matrix equation 

in which the first set of equations is taken directly from 
the first line of Equation (18).  The last two sets together 
represent the stoichiometric relations for all finite AG, 
and A H j  (the right-hand elements) in terms of the non- 
zero Gi and Hi values. The distinction between the latter 
two sets of equations will appear when the solution is 
obtained. 

Equation (23) is solved in two stages. First v1 is elim- 
inated from the second and third sets of equations, and 
then the latter are solved as far as possible. This gives 
the desired identification of the parametric variables vZ0: 

These equations indicate directly that the variables rep- 
resented by vga form a basis of all the parameters. The 
variables represented by V2b can be maintained as fixed 
base values during the regression. The initial values for 
vza and v2b are given by d’& as shown in Equation (21). 
This implies that we have no need for the right-hand 
sides in Equations (23) and (21). 

EXAMPLE 1 

This example demonstrates 1) the presence and han- 
dling of inconsistent initial estimates; 2 )  the combining 
of known values with initial estimates; and 3) the as- 
signment of constants, base values and parameters when 
initial estimates for regression are provided. 

Consider the following reaction scheme with four com- 
ponents and four reactions, and the indicated set of esti- 
mated and known thermodynamic values, all given at  the 
desired common base temperature: 

a 

b 
PI+ P2 G1 = 10 (est) AHa = 100 (est) 

P2 Pa Gz = 20 (est) mb = 200 (est) 
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C 
P3 e P4 G3 = 30 (est) AHc = 300 trarily to zero, 

d 
P4 e PI 

that the value of H4 is redundant and may be set arbi- 

The consistency test requires examination of rows 4 
and 9. No pivots were selected in these rows; hence the 
original right-hand values, 40 and 400, are redundant. 
The present right-hand terms, 5 and 1000, are the devia- 
tions of the original right-hand terms from consistency 

G4 = 40 (est) 
AG, = 5 

 AH^ = 400 (est) 

TO analyze this set of thermodynamic values we set up 
Equation (17): 

G1 G2 G3 G4 H1 H2 H3 H4 

G1 
GZ 
G3 
G4 

AGc 
aHa 
AHb 
AHC 
AHd 

1 
1 

1 
1 

-1 1 
-1 1 

-1 1 
-1 1 

1 -1 

10 
20 
30 
40 

5 
100 
200 
300 
400 

No columns are opened for pivot selection during the 
first transformation stage, During the second stage, all 
columns are opened and rows (5, S} are opened. This al- 
lows two transformations, giving 

formation is not needed. 

with the chosen solution. The reaction scheme does not 
contain anv irreversible reactions: therefore. a fourth trans- 

The matrix obtained after the third transformation 

G1 
G2 
G3 
G4 

AGC' 
AHa 
AHb 
AHC" 
AHd 

G1 G2 G3" G4 H1 H2 H3" H4 

1 
1 

1 
1 

1 -1 
-1 1 

-1 1 
1 -1 

1 -1 

Here the " indicates that a pivot was selected from the 
corresponding column or row. During the third stage all 
remaining rows are also opened for pivot selection. This 
allows five additional transformations, giving the following 
result in the form of Equation (19) : 

G1' G2" G3" G4" H1" H2" H3" H4 

G1' 
G2" 
G3" 
G4 

AGCO 
AHa" 
AHb" 
AHc' 
AHd 

1 
1 

1 

1 
1 -1 

1 -1 
1 -1 

The completeness test requires examination of H4 (col- 
umn 8) only. No pivot was selected in this column, and 
according to the solution just given we have 

HI = H4 - 600 

Hz = H4 - 500 
H3 = H4 - 300 

in agreement with Equations (20) and (21). A simple 
recalculation of all AH values with these expressions shows 
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10 
20 
35 
40 
-5 
100 
500 

-300 
400 

- - 

stage indicates that GI, G2, G4, HI, and H2 may possibly 
be treated as parameters. To examine how many of these 
should be parameters we set up the coefficient matrix of 
Equation (23) : 

10 
20 
35 
5 
30 

-600 
- 500 
-300 
1000 

AGC' 
AHC" 
AGa 
AGb 
AGC 
AGd 
AHa 
AHb 
AHC 
AHd 

G1 G2 G3' G4 H1 H2 H3' 

1 -1 
1 

-1 1 
-1 1 

-1 1 
1 -1 

-1 1 
-1 1 

-1 
1 
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This matrix is transformed in two stages. During the first 
stage, we open columns (3 ,  7 )  and rows {l, 2} for pivot 
selection and perform two eliminations. During the second 
stage, we open all remaining columns and rows. This al- 
lows G1, Gz, HI, and H2 to be selected as pivots; rank 
deficiency prevents selection of G4. The current estimate 
for G4 may be used as a base value, but should not be 
selected as a parameter in a regression analysis. 

With these modifications, the standard-state thermo- 
dynamic values at T B  become 

G1 = 10 (par) 

Gz = 20 (par) 

H1 = - 600 (par) 

H 2  = - 500 (par) 

G3 = 30 

G4 = 35 H4 0 

H3 = - 300 

giving four parameters and four fixed values; the original 
values 

G, = 40  AH^ = 400 

are omitted. 

AGb* 
AGC 
AGd” 
ilGe 

EXAMPLE 2 

This example demonstrates how assumptions of irre- 
versibility may give rise to illegal reaction loops. Consider 
the following reaction scheme with four species and five 
irreversible reactions: 

r: 1 ; _i _j I -1 1 
-1 -1 

-1  

To examine this scheme, we set up Equation (17)  as 
usual. The free-energy equations contain only the follow- 
ing non-zero coefficients: 

G1 G2 G3 G4 la II? Ic Id I e  

AGa 
AGI? 
AGc 
hGd 
AGe 

-1 1 1 I 1 -1 1 

No rows are opcned for pivot selection during the first 
threc transformation stages. During the fourth, we open 
columns (1, 2, 3, 4 )  and all rows kor pivot selection. This 
allows three transformations, giving 

G1” G2’ G3” G4 Ia I &  Zc Id l e  

1 1  

Since we cannot find a column without positive elements, 
the reaction scheme must contain an illegal string of ir- 
reversible reactions. For instance, an illegal loop { c ,  d, e }  
can be obtained by addition of the two strings found 
above. The rest of the array in Equation (17) transforms 
in the usual way, but has been omitted here for brevity. 

This example corresponds to an isomerization system. 
It was chosen for ease of visualization, and is, in fact, 
solvable by inspection of its planar graph. More com- 
plicated reaction networks are difficult to study graphic- 
ally, but are readily tested by the method given here. 
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Part II .  Formulation of Mass  Balances and Thermodynamic Constraints 
Simulation of chemical reactors requires the formulation of mass bal- 

ances, often coupled with thermodynamic constraints such as ionization and 
chemisorption equilibria. We provide a systematic procedure for selecting 
the smallest sufficient set of dependent variables and a corresponding set of 
mass balances. The procedure depends on the type of reactor, and is devel- 
oped for two common reactor types. The procedure is implemented on a 
computer and illustrated by examples from catalysis and electrochemistry. 

SCOPE 
Several steps are recpired preparatory to simulating a 

chemical reactor. In Part I, we considered the analysis of 
the proposed kinetic and thermodynamic values for the 
reaction scheme. Here we formulate a set of transport 
equations (mass and energy balances) and a corresponding 
set of dependent variables (concentrations, temperature, 0001-1541-80-3086-0104-$00.95. 0 The American Institute of Chem- 

ical Engineers, 1980. 
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