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ABSTRACT 

Numerical solutions are needed to carry out kinetic calculations 

of multiple -reaction systems, 

Two types of consecutive-reaction models are studied here: 

consecutive-competitive, and consecutive-reversible (with one re

versible step). For the consecutive-competitive reaction model, we 

determine the effect of an excess of either of two reactants on (a) the 

time for the system to react to a given conversion, and on (b) the rela

tive yields of intermediate and final products. An excess of either re

actant is an important design factor, because it may minimize the re

quired reactor volume and maximize the production rate of the desired 

product. 

Several different kinds of consecutive -reversible cases are studied. 

These include cases where all the reaction steps are first-order and 

cases in which there is at least one second-order step. Except for 

isolated second-order cases, only the all~irst-order cases can be solved 

analytically. The second-order cases are solved numerically using a 

fourth-order· Runge-Kutta method .. In cases which contain a second

order step, the proportions of intermediate and final products are de

pendent upon the initial reactant concentration regardless of which re

action step is second-order. 
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For plug-flow or batch reactors, we pr~sent the <:;alculational 

results as graphs or tables of either conversion or dimensionless con

centrations as a function of dimensionless time for each model con

sidered. For continuous stirred-tank reactors, graphical results are 

given for the consecutive-competitive mode1 and for certain consecu

tive-reversible systems. The graphs and tables are useful both for 

design and for interpretation of experimental data. The required calcu

lations were done on the IBM 650 and 7090 Computers. 
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I.· INTRODUCTION ., 

Kinetic calculations on multiple-reaction systems are difficult to 
.,_ 

carry out, not only because of the large number of parameters involved 

but also because analytic solutions for these reaction models often do 

not exist; ·additionally, numerical solutions may not be available. 
- • .!'. ... • : ._. ' ~ 

Two typ~s of consecutive-reaction model systems are analyzed 
. . 

in this work; ;the consecutive-competitive type,_ and the consecutive

reversible type .. The models are as follows: 

Type 1. 

Type 2. 

A+ B -c 
A+ C-D 

aA~bB 

b' B'~ cC 

. Type l, the consecutive-competitive model,, is studied to determine the 

effect of an excess of either reactant on the time required to reach a 

~iven conversion, and on the relative yields of intermediate. C and .final 

• product D. An excess of either of the· reactants is an important design 
' ' ; ·'· 

. factor that aids in minimizing the required reactor volume or maxi

mizing the production of the desired product. In Type 2,, which is the 

general consecutive-reversible model, the cases covered involve three 

of the four possible reactions, with aU three reactions first-order or 

with combinations of one second-order and two first-order reactions. 

Numerical solutions are obtained for the second-order consecutive

reversible models and they are compared to the corresponding first

order cases. For the plug-flow reactors and the single-compartment 

continuous stirred-tank reactors, product yields and time to react to a 

given conversion are compared. Also, equations are presented that 

one can use to determine the concentrations of reactants and products 
. . j 

in each tank of a series of continuous stirred-tank reactors. Constant 

. volume and temperature, with ideal reactor behavior, are assumed 
'F .! - ',', 

for all the calculations. The results of the calculations are presented 
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as graphs and tables of conve-rsion, ,in terms of reduced concentra

tions, as functions of dimensionless time. These results are useful 

for both design problems and fo~>d~termination of readi'ori-mechanism 
' > -. 

and rat~ coefficients frorri exp-erimental data. 

The 'consecutive-competitive reaction :has been the subject of 

numerous studies, but mainly for the case of equivalent amounts of 

initial reactants. Als~, past work has been oriented' primarily toward 
't ' ' : ; . . . 

determination of rate coefficients from experimental data. Frost and 

Schwemer
1 

presentedan algebraic solution for the yield struct~~e in 

the case of equivalent amounts of reactants, along with graphs of con

version versus dimensionless time, and tables of time ratios. Burkhard 
2 

gave more complete tables of time ratios and dimensionless time as a 

function of conversion. Our work i_s focused mainly on the problem of 

design rather than on the determination of rate coefficients. Here, we 

determine the effect of an excess of either reactant on the time required 

to' react to a given conversion, and on the product yields at a gfven time. 

Graphs o£ con_.:ersion ver-sus dimensionless time are presented for 

three ratios of initial reactant concentrations,. and graphs of yieid 

structu~e are given over a full range: 

For consecutive- reversible models, only the first-order cases 

can be solved analytically (except for isolated second-order cases). 
' 3 

Lowry and John present a general equation for these first-order cases 

wh-ere either or both steps are reversible. An approximation method 
' ,• ' ' ' ' ' ' : ' '4 

for cases with a second-order reaction step was proposed by Hill; 

this method seems inherently inaccurate and difficult to use. McDaniel 
; 5 ' ' ' ' 

and Smoot developed an approximate solution for one of the first-order 

cases but have' not extended it 'to the corresponding second-order case. 

Higg1ns 
6 

has demonstrated the use of both dig:ltal and analog computers 

for solving typ:lc~l ~nzyme reactions, which,are generally consecutive 

but non.:.competitive. The Michaelis-Menten mechanism 7 was solved 

for a limited range of rate-coefficient ratios and initial reactant pro

portions, using the analog-computer. The Michaelis-Menten mechanism 

is as follows: 

\1' 
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.and 

In our work, second-order cases are solved numerically oil the 

IBM 7090 Computer using the Runge-Kutta method. 
8 

To estimate the 

truncation error for the solutions of the second-order 'cases' a first

order case is solved both numerically and analytically and the two re

sults are compared. Also, a first-order and .a second-order case are 

compared in terms of the dimensionless time to react to a given con

version and yield structure. Graphs of dimensionless time versus di-

. mensionless concentrations are presented for three kinds of consecutive·~ 

reversible models, and tables are presented for five other models. In 

addition, graphs are given for determining the three rate coefficients in 

one of the second-order/first-order cases by a time-ratio method. 

The analysis of the consecutive-competitive reaction model is 

given in Sec. II which covers the derivation of equations, method of 

calculation; and a discussion and interpretation of results. Sectioniii 

presents the analysis of the consecutive-reversible models. The first 

two models considered are all-first-order cases; eacli ofthe next six 

cases include a second-order reaction step. Analytical solutions are 

given for the all-first-order cases. An outline of the derivation of the 

fourth-order Runge-Kutta equations, which are used to solve the second

order cases, is given in the Appendix. Examples are giv~'nwhich illus

trate the use of the graphs for solving various types of problems. 
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II. CONSECUTIVE-COMPETITIVE REACTION MODEL 

We now consider the following reaction: 

kl 
A+ B C, 

A+ C kz > D. 

This complex reaction is consecutive with respect to B and C, and par

allel with respect to A. Reactant B and intermediate C compete for co

reactant A; both reaction steps are second-order. A common example 

of this reaction model is the saponification of a symmetrical diester 

such as ethyl succinate. The reactant A represents the hydroxide ion, 

B represents the diester, and C the monoester. Another example is 

the hydrolysis of an acetal in which the hemiacetal is formed as an inter

mediate; in this case the first step is much slower than the s.econd step 

and the reaction appears to be a simple sec.ond-order reaction. 

This reaction model has been the subject of many previous studies 

which cover only the case where the initial concentration of A is twice 

that of- B .. ~ These proportions ar:e the,equivalent· amounts for-complete' 

reaction, in which all of A and B disappear to yield only D. In the 

present work, this model is examined to determine the effect of an ex

cess of either reactant. 

A. Plug- Flow or Batch Reactors 

1. Equations 

The rate equations are 

dA/dt = - k
1 
AB - k 2AC, 

dB/dt = - k
1 

AB, 

dC/dt = k 1 
AB - k 2AC, 

and 
dD/dt = k 2AC 

By material balance we obtain 

and 

C = 2(B
0 

- B) - (A
0 

- A), 

D = B - B - C, 
0 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

v· 
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where A, B, C, and D, are now the concentrations ofthe ·respe'ctive 

components; k
1 

and k
2 

are the rate coefficients; and subscript o 

designates initial reactant concentrations. The algebra is simplified 

by introducing dimensionless variables a, 13, and T, and parameters 

K. and w, where a = A/ A
0

, 13 = B/B
0

, 'T = B
0

k 1 t, K = k 2/k1
, and 

w =A /B .. Substituting Eq. (5) into Eq. (1) and expressing there
o 0 

suiting equation in terms of the dimensionless variables and parameters, 

we obtain 

da 
dT- - al3 - K.a (2 - 213 +wa - w) 

Equation (2) in dimensionless form is 

dl3 
dT = - wal3 

Dividing Eq. (7) by Eq. (8), T is eliminated and we have 

da _ !: (a) = 13 + K (2-213-w) 
dl3 13 wl3 

Equation (9) integrates to 

r 1 1 K ·L, l-2K 1 
a = l_w{ 1- K) J 13 + w{l- K ~ 13 + ( l-

(1-a)w = 2 -[l:K J PK -[:=;Kj P 
or 

2 
w) ' 

The material-balance equations in dimensionless form are 

and 

C (l-a)w 
..,..,..---=<-=-- = 2 -
(l-13)B

0 
1-13 

....... ....,D........:=-- = (l-a)w _ 1 
(l-13)B 1-13 

0 

For the special case of K = 1.0, Eq .. (9) integrates to give 

a = - ~ J, nl3 + 213 + l - 2 
w w w 

or 

(l-a)w = 2 + 13 i.nl3 - 213 . 

(7) 

(8) 

(9) 

(l 0) 

( ll) 

(12) 

(13) 
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Thus Eqs. (10), (11), (12), and (13), give the yield structure for the 

plug-flow or batch reactor. 

Equation (8) is used to determine the elapsed time of the reaction. 

Substituting for a in Eq. (8) from Eq. (10), we obtain 

dJ3 =~___!___] [3Kfl + l- l-2Kl [32 f (2 -w)f3 • 
dT K-1-~ K-1 

- . 

(14) 

Equation (14) can be integrated only when K = 0, 0.5, or ao , provided 

also that w = 2.0 . The following equations for T and a are then ob

tained: 

and 

K = 0, 

K : 
1-a 

0.5, T = 
a 

K = ao , T = 

a= 

2 
a = [3 

a=f3. 

[3 + l 
-2- ( 15) 

(16) 

(17) 

For other values of K and w, Eq. (l4) must be integrated numerically. 

A program for the IBM 650 Computer was written to compute values 

of a for given values of [3 with Eq. {l 0) or ( 13), and to integrate nu

merically the equation 

df3 
{a)(f3) = l 

w 

1.0 r---

\ 6[3 

~ {Q)("f3) 

{18) 

where 6[3 is the increment, 73 is the average value of [3 in the incre

ment, and a is the value of a calculated from 73. 

2. Calculations 

The integration was performed for 13 values of K and three 

values of w, with a [3 range of 1.0 to 0.001. A total of 139 [3 incre

ments were used, in the following sequence: 
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l3 Range l3 Increment 

l.O to 0.3 0.02 

0.3 to 0.1 0.01 

0.1 to 0.03 0.005 

0.03 to 0.01 0.001 

0.01 to 0. 005 0.0003. 

0.005 to 0.001 0.0001 

For the case of K = 0.5 and w = 2.0, the analytical solution given by 

Eq. (16) and the numerical computer solution compare as ~hown below: 

l3 T by Eq. (16) T by Computer Error,% 

0.50 0.41416 0.41416 

0.28 0.88967 0.88965 o.oq2 

0.02 6.07100 6,06195 0.15 

3 .. Discussion of Results 

Figure 1 is a graph of conversion of B as a function of the 

amount of A reacted divided by B , or (1-a)w, with parameters of 
0 

K. The slopes of the curves, at any conversion of B, correspond to 

the rate of disappearance of B with respect to that of A (i.e,, 

dB/dA). At K = 0, only the first step of the reaction occurs; thus 

l-l3 plotted' against (1-a) w is linear with a slope of unity. At values 

of K greater than 0, the rate of disappearance of B is less Uiim that 

of A, which results in slopes less than unity. At low values of K 

·(with the first reaction step being fast relative to the second step), 

the initial slope is close to unity,. but decreases as the conversion of 

B increases;· this decrease occurs because the concentration of the 

intermediate builds up rapidly. As K approaches infinity,' the slope 

approaches a constant value of 0.5 because the concentration of C re

mains low during the course of the reaction; thus the complex reaction 

appears to be a simple second-order reaction, 
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Figure 1 shows that exactly equiv'alent amounts of A and B are 

reacted at complete conversion of B when w is equal to or greater 

than 2 (equivalent amounts of reactants or excess A), With w less than 

'2 (excess B) and complete conversion of A, (1-a) w becomes equal tow, 

the ratio of A reacted to B reacted is less than 2 (but still greater 

than w). Hence less than the amount of excess B is left unreacted, 

and some intermediate C is present. 

Figure 2 is a graph of 1-13 versus K, with (1-a) w values as 

parameters, This graph, which is a cross plot of :fig,. 1 at selected 

yalueS Of {1-a)w, is USeful for determining the value Of K from experi

mental data. 

Figure 3 presents a graph of the ratio of D produced to B 

· reacted, and C produced to B reacted, C/{l-13)B , 
0 

as a function of 1-13 with parameters of K, At high v'alues of K' the 

ratio of D produced to B reacted increases sharply with increasing 

conversion of B; the reverse occ.urs for low values of K, At 

K = 2, (1-13) versus D/(l-13)B is· linear with a slope of unity; one can 
0 . 

easily see this linearity by substituting 2 for K 'in: Eq; ·(10), substituting 

· · the resulting value of (1-a) w into Eq. (12) and simplifying to obtain 

1 - 13 = 
D 

{l-13)B 
0 

. Figure 4 shows T as a function of 1-13 with families of w and 

parameters of K. As shown in Fig. 4, T changes very little with K for 

the case of excess A. This occurs because the. time for ~ny given con

version of B becomes less dependent on the amou11:t of A consumed by . ' . ' . ' ~ 

reaction :W.itl1. the intermedi9-te .C. Since, B :is a reactant fpr just the 

first, step, excer;;s B spreads the. curves for various values of K to a 

gr_eater extent than for the case of excess A or equivalent amounts of 

reactants. In this case K has a gr~at effect upon the concentration of 

A, and therefore T. is mu,ch more dependent upon K. At T = oc, with 

. w :::. 1.0, the terminal points of the T curves correspond,to_ratios of A 
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reacted to ·g reacted t h a. t are less than 2 (but still gre?-ter 

than 1). Hence there is less than the amount of excess B left unreacted 

and some intermediate C present. At w = l.O, there is twice the equiva

lent amount of reactant B initially present. A conversion equal to one

half the conversion for the cases of equivalent amounts o£ reactants or 

excess A (w ~ 2) gives equal amounts of B reacted. Thus, the curves 

for w = 1.0 are to the right ofthe curves for w ~ 2.0. 

4. Interpretation of Results 

a. Effect of 1<. The time to react to a given conversion o£ either 

A orB is, of course, dependent upon the two .rate coefficients. A higher 

value of k
1 

decreases the time to react to any conversion of either A 

or B at any value of 1<. For lower values of 1<, ·the dimensionless time 

T is less for reacting to a given conversion of B, because the first 

reaction step is fast relative to the second step. However, for a given 

conversion of the coreactant A, T is greater for low values of 1< · be

cause the intermediate C builds up rapidly but reacts slowly with A. 

As shown in Fig. 3, the yields of intermediate C and final pro

duct D depend upon the value of 1< at any conversion of B. A low value 

of 1< rE"sults in a greater yield of C at any given conversion of B or any 

given value ofT. 

b. Effect of w. An excess of reactant B(w less than 2) increases 

the reaction rate of the first step and gives a greater yield of C at a 

given amount of B reacted. An excess of A(w greater than 2) increases 

the rate of both steps equally and therefore does not favor either C or D 

at a given amount of either A or B reacted. 

In all cases, the yield ratio of D to C is given by the following 

equation, obtained from Eqs. (11) and (12): 

D (1-a)w- (l-!3) 
C- 2(1-13) {l-a)w (19) 

An example of ratios of D to C, obtained at a given amount of B reacted, 

is shown below for K "" 2; we note that k
1 

t == TjB
0 

• 
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B 
l-f3 (1-a) w !.1-a D/C kl t w 0 T 

2.0 1.0 0.80 1.45 0. 72 4,34 1.60 1.60 

4.0 1.0 0.80 1.45 0.36 4.34 0.50 0.50 

1.0 2.0 0.40 0.56 0.56 0.67 0, 76 0,38 

At a given conversion of A, ratios of D to C obtained for K = 2 are 

shown below. 
B w 0 1-a 0 -a.) w l-f3 D/C T klt 

2.0 1. 0 0.80 L60 0.86 6.17 2.30 2,30 

4.0 LO 0.40 1.60 0.86 6.17 0.62 0.62 

LO 2.0 0.80 0.80 0.52 L 17 1.46 0.73 

An w ·of 2.0 corresponds exactly to the equivalent amounts of A and B; 

w = 4.0 corresponds to twice as much. A as the equivalent. amount; and 

w = 1.0 corresponds to twice as much B as the equivalent amount. When 

there is initially twice the equivalent amount of a reactant, a conversion 

equal to half the conversion for the limiting or equivalent reactant cases 

gives equal amounts reacted. 

The reaction time (shown above in the last column) for a given 

·conversion of B is reduced more by using excess B (w = J.) than by ex

cess A (w = 4); for a given conversion of A, excess A reduces the time 

more than excess B does, This results because A is a reactant for both 

reaction steps, whereas B is a reactant for just the first step. 

As stated previously, excess A has no effect on the yield ratio 

of D to C at a given conversion of either A or B. However, at any finite 

.reaction time, excess A favors production of the final product D. At 

k 1t (or T/B
0

) = 1, and K = 2, the following values of.D/C are obtained de

pending upon the value of w, 

w B T kl t l-f3 (1-a.)w 1-a. D/C 
0 

2.0 1.0 1.0 1.0 0.71 1.22 0.61 2.55 
4.0 1.0 1.0 1.0 0.94 1.83 0.46 17.80 
1.0 2.0 2.0 1.0 0.56 0.88 0.88 1.33 

~ 

.. 
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At extremely high or low values of K the yield ratio (D/C) is less de

pendent upon an excess of either reactanL 

B. Continuous Stirred-Tank Reactor (CSTR) 

1. Equations 

By material balance, with substitution of previously defined di-

mensionless variables and parameters, we obtain 

an,d 

a 
n 

13n-l- 13n 

wl3 T 
n n 

an_ 1- an ::: T a 13 + K Ta (2- 213 + a w-w) nnn n n n 

(20) 

(21) 

where subscripts n and n-1 designate values in (or leaving) tank n 

an,d tank n,.,.l respectively, and r is the dimensionless mean residence 

time in one tank. We substitute for a in Eq. 
n 

(21), solve the resulting 

equatic;m for T n' and obtain [ ( l3 _13, )] 
1 + K n-1 n 

13n 
7 = n 

If L 0 is substituted for a and 13 
1 

in the above equations, we 
n-1 n-

(22) 

have the equations for a single stirred-tank reactor, with a feed con-

sisting entirely of reactants. 

2. Interpretation of Results 

Figures 5, 6, and 7 present the same type of yield structure 
' 

graphs as given, for the plug-flow reactor case, and Fig. 8 shows 

curves of conversion of B versus T for a single CSTR. At a given 

conversion of B, the continuous stirred-tank reactor always favors pro

duction of final product D compared to the plug-flow reactor. This 

is easily seen by comparison of Figs. 3 and 7. Production of D is 

favored because the reactor composition is assumed to be at the exit 
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value; the intermediate C is continually present at its higher exit 

concentration, giving a greater reaction rate for the second step than 

the average rate of this step in the plug-flow reactor. 

Excess reactants (either A or B) have the same respective di

rectional effects on the yields of intermediate and final products as in the 

plug-flow reactoro However, at a given conversion of B, the incre

mental yield of C is greater when using excess B than it is in the plug

flow case. At a given time, the incremental yield of Dis less when 

using excess A, and for C it is greater when using excess B. Also, 

for obtaining a given conversion of A or B, an excess of either re

actant has a more pronounced effect in reducing the reaction time. 

The general case consists of a number of continuous stirred

tank reactors in series. If the total volume of the reactor is divided 

into more and more separate tanks, the yield structure and the time to 

' react to a given conversion approach that of a plug-flow reactor. 

Given the volume of each tank in series, the compositions leav

ihg each tank can be calculated by successive application of Eq. (21) 

and (22); it is necessary to solve a cubic equation to obtain the exit 

l3 of each tanko 

Co Evaluation of Rate Coefficients 

The rate coefficients can be evaluated by using the time- ratio 

method. Frost and Schwemer
1 

and Burkhard 2 give tables of time 

ratios as a function of K , and 'T as a function of K and a. Their 

tables are valid only for the case of equivalent amounts of reactants. 

The value of K is determined from the measured time ratios. Knowing 

K, values of 'T are obtained for various values of a, and k
1 

is cal

culated by dividing 'T by B t . 
9 0 

French reduces the two reaction steps to first order by intro-

ducing a new independent va.riable which is a combination of the con

centration of the coreactant A and time; this allows integration of the 

rate equations. Letting d8 ;:,: Adt in Eqs. (l) and (2), we have 
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and 

The above equations integrate to 

and 

A=A -B [2-o 0 

-k () 
B = B e . l 
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By plotting the experimental values of A as a function of time and 

graphitally· integrating values of () as a fu:nction of time are 

obtained. The values of k
1 

and k
2 

can then be determined from the 

above equations. 

Wideqvist 
10 

uses the same method· as French, ·.,butin addition 

.. employs two graphical integrations to eliminate the transcendent parts 

of the equations. 

The method of French or Wideqvist is not as rapid as the time

ratio method; however, it. is not necessary that the reactants be pres

ent in equiv(l.lent amounts; and pre calculation of the· conversion-time 

grid is not required. 

Powell
11 

demonstrated the usefulness of a versus log T plots 

for determining the rate coefficient and reaction mechanism. ·The di

mensionless time and concentration are defined as 

r = kAn-l t 
0 

a= A/A 
0 

where n is the reaction order and the other variables and parameters 

are defined as in the present study. Experimental values of a are 

plotted versus log time; the experimental curve should match the 

theoretical curve (a versus log r) if the reaction mechanism is the same 

as the assumed mechanism except that the experimental curve is shifted 

by an amount -log kAn-l The rate coefficient is thEm calculated from 
0 

values of r, A and time, at equal valuesofaonthetheoretical and 
0 

experimental curves. 
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From the data given in this work, the rate coefficients can be 

evaluated from just one data point (although more than one data point 

would be recommended)" We obtain the value of K from Figs, 1, 2, 3, 

or Eq, (10) by using the measured reactant concentrations" At K and 

at the measured conversion of B .and time, a value of 'T is obtained 

from Fig. 4; k
1 

is then calculated from T, This method is not re

stricted to equivalent amounts of reactants, it is very rapid, and it is 

usually sufficiently accurate for obtaining rate coefficients to be used 

for reactor design purposes, However, like the Frost-Schwemer method, 

it requires precalculation of the entire conversion-time grid in order to 

evaluate the individual rate coefficients. 

D, Applications 

As mentioned in the Introduction, all calculations for preparation 

of the graphs were done with the restrictions of constant. volume and 

temperature, and for idealized reactor behavior. 

In liquid systems, changes in density during the reaction may 

cause changes in volume, but these changes are generally smalL For 

gas-phase systems, a change in the total number of moles due to the 

reaction will cause a change in volume as a function of conversion. The 

graphs are valid for the following case where there is no change in the 

total moles: 

and 
A+ C-+ D + F, 

Because constant volume is assumed, the residence time in a 

plug-flow reactor is the same as the time in a batch reactor; therefore 

the charts for the plug-flow case are also applicable to the batch case, 

The following examples indicate the use of the graphs in solving problems 

with the above restrictions, The effect of an excess of either reactant 

on the required reactor volume for a given production rate of C or D is 

shown in Example l" Example 2 is an optimization problem in which the 
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best feed rate is found in order to obtain the maximum production rate 

of final product D. Example 3 is a calculation involving two CSTRu s 

1n series. 

The charts can also be used to determine the rate coefficients 

for. a reaction where the mechanism is known to be consecutive-com= 

petitive. 

Example L 

A consecutive-competitive reaction takes place at constant 

volume and temperature in an aqueous solution. A tubular (plug-flow) 

reactor with a volume of 10 ft
3 

is used, under the following conditions 

("mole gu indicates lb molecular weight): 
3/ . F = 10ft sec (feed rate), 
3 

k 1 = 1.0 ft /sec mole, 
3 

k 2= 0.5 ft /sec mole, 

B = l.O mole/ft
3

, 
0 and 

w;:: 2,0 0 

a, What is the conversion and production rates of C and D? 

and 

T=Bk]V/F=LO 
0 . 

l = 13::::0.75 (from Fig, 4), 

w(l-a) = 1.00 (from Fig. l); hence 1- a= 0.50; 

C = 2B 0-13) =A (1-a) = 0.5 mole/£t 3 , 
0 0 3 

D=B 0=13)-C=0.25mole/ft, 
0 

CF = 5 mole/sec, 

DF = 2,5 mole/sec, 

b, With w = 1.0, what reactor volume is required to obtain a production 

rate of C the same as in (a) above? 

In this case B = 2.0 mole/ft
3 

and A = 2,0 rnole/ft
3

, The 
0 0 

concentration of C in the final reaction mix must be 0,5 mole/ft
3

. 

Thus, we have 
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F= 5.0/C, 

and 
F = 10- 5.0/[ 2B (1-(3)-A (1-a}] 

0 0 

By trial and error, we find the volume at which the right side of the 

above equation is equal to 10. The following tabulation is made: 

v r=(B
0

k
1 
V)/F 

l-(3 {l-a)w 1-a 5.0/[2B
0 

(l-(3)-A
0 

(l-9-}] 

3.0 0.60 . 0.36 0.40 0.40 7.8 

2.0 0.40 0.28 0.30 0.30 9.6 

1.8 0.36 0.26 0.28 0.28 10.4 

3 
By interpolation, the required reactor volume is about 1. 9 ft . Values 

of 1-(3 are obtained from Fig. 4 (at w = 1.0), and (1-a)w are obtained 

from Fig. 1 o 

c. With w = 4.0, what reactor volume will give a production rate of 

D the same as in (a) above? 

In this case B = LO mole/ft
3 

and A = 4.0 mole/ft
3

. Using 
. . 0 0 

excess A does not have an effect on the relative yields of D and C; 

therefore, the same conversion of Bas in (a) above will give the required 

production rate of D. 

At w = 4.0 and (1-(3) = 0.75, T = 0.42 (from Fig. 4) and the 
3 

reactor volume V = 4. 2 ft . 

Example 2. 

3 
Given the same data as in Example 1 except that B = 2.0 moles/ft , 

0 

at w = 2.0, what feed rate will result in the maximum production rate of 

D? The following tabulation is made: 

v 
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Feed rate 
v 1:..!3 D 

D DF 
(£t3/ sec) 

r=BoklF (l-j3)B 
(mole/ft) (mole/ sec} 0 

10 '200 0.89 0.500 0.890 8.9 

12 L66 0.86 OA55 0. 783 9A 

15 L50 0.84 OA30 0. 720 10.8 

20 LOO 0. 75 0.340 0.510 1002 

The values of l-!3 are obtained from Fig. 4 at K = Oo 5 and .w = 2.0, 

and values of D/(l-j3)B are obtained from Fig. 3. The maximum pro-
o 3 

duction rate of D is about 10.8 mole/sec at a feed rate of 15ft /sec. 

Example 3. 

With two CSTR 1 s in series,wha,t~.g.re the production rates of 

C and D, based on the following information: 

and 

1. 0 ft 
3 
/min 

1.0 ft
3 
/min mole 

3 
l. 0 mole/ft 

w = 2.0 . 

3 
Volume of first CSTR: V 

1 
=700ft . 

3 
Volume of second CSTR:V 2= 3.0 ft 

For the first CSTR: 

and 

7
1 

= B
0

k
1 

V 
1
/F = 7.0, 

1-!3
1 

0.80 {from Fig. 8), 

( l-a
1

)w == L44 (from Fig. 5), 

l-a
1 

= Oo7Z. 

For the second CSTR, Eqs. (20) and (22) are used to solve for the con

versions of A and B, and the production rates of C and D: 

a
1 

= 0.28, 

!31 = 0.20, 

and 
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Substituting a
1 

and 13
1 

into Eq. (22) we solve for 13 2 by trial and 

error and obtain 13 2 = 0.1. We then use Eq. (20) to splve for a 2 and 

obtain a 2 = 0.16 7. The concentrations of C and D are found as follows: 
3 

C 2 = 2B
0

(1-13 2)- A
0
(l-a2) = 0.134 mole/ft, 

and -~ '" D 2 = B
0

(1-13 2)- c 2 = 0.766 mole/ff. 

And the production rates of products are 

and 
CF = 0.134 mole/min, 

DF = 0. 766 mole/min. 
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IlL CONSECUTIVE- REVERSIBLE REACTION MODEL 

We now consider a group of consecutive-reversible reactions 

for which the general model is 

and 
aA ~bB 

b 1 B ~ cC 

The cases covered here will involve three of the four possible reactions, 

with all three reactions being first-order or with combinations of one 

second-order and two first-order reactions 0 If all the reaction steps 

are first-order, the differential equations are linear in the dependent 

variables (concentrations); successive differentiation yields a higher

order linear equation having a single dependent variable and constant 

coefficients which is easily solved analyticallyo For the second-order 

cases, the higher-order equation so obtained cannot be solved analyti-· 

cally except in the sim.plest caseso The second-order cases are solved 

numerically using a fourth~order Runge-Kutta method (due to Kutta). 
8 

Eight cases are studied; two all-first-order, and six second

order-first-order caseso The results are presented in graphs or in 

tables of dimensionless concentrations as functions of dimensionless 

time with ratios of rate coefficients as parameterso Calculations were 

made for 25 ratios of rate coefficients for each model considered. The 

calculations were done on the IBM 650 Computer for the cases where it 

was possible to derive an algebraic equation, and the other cases were 

solved numerically on the IBM 7090 Computero The Fortran statements 

for the 7090 program are given in Appendix C so that the program can 

be applied to cases involving four rate coefficients which are not 

covered in the present studyo 

Any stoichiometry may be applied to the reaction models be

cause the calculated dimensionless-concentration values, as functions 

of the ratios of rate coefficients and dimensionless time, are dependent 

only upon the kinetic mechanism of the reaction modeL Consider the 

above general reaction system; the material balance is 
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b' 
-A)- - C, 

c 

where A, B, and C are the concentrations and a, b, bu, and c are the 

combining-proportion coefficients of the respective components" Nor- t. 

malizing the material balance by dividing through by bA /a we have 
0 

a+~+ y = l, (23) 

where the dimensionless concentrations are 

and 

a= A/A , 
0 

~ = aB/bA , 
0 

y = abu C/cbA 
. g 

(24) 

(25) 

(26) 

In each of the models considered, both the stoichiometry and: 

the mechanism are shown by chemical equations" 

A" Model l 

We first consider the following model in which aU the reaction 

steps are first-order; this is one of the cases treated by Lowry and 
3 

John. 

Mechanism· 

A 

General stoichiometry·. 

In this reaction all of A is ultimately converted to an equilibrium 

mixture of B and C. The rate equations are 

dA/dt = - k
1 

A, '} 

dB/dt =[k1b/a]A- k 2B + k 3 C, 

and 
dC/dt = [ k 2c/b'] B - [ k 3c/b'] C 

In the above rate equations, k
1 

is in terms of A molecules, and k
2 

(27) 

(28) 

(29) 

and k 3 are in terms of B molecules. Introducing the dimensionless 

concentrations a,~. and y defined by Eqs. (24), (25), and (26)· r.espectively, 

and dimensionless time, T = k,t, we obtain 
.1 

• 
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da.jdT = - a., 

dl3 I d T = a. + K;_ 2 'I - "-113 , 

dyjdT = kll3 - ~e 2y, 

(30) 

(31) 

(32) 

The case of the plug-flow reactor gives the following equations. 

Substituting l-01.-13 for y in Eq. (31), we have 

(3 3) 

Differentiating Eq. (33) with respect to T, and substituting for da./dT 

from Eq" (30), we obtain 

d
2

~ =-a. o-~2)- (K:l + ~2) ~e 
dT 

Solving Eq. (33) for o.{l- K
1 

), and substituting into Eq. (34),we have 

(34) 

d
2

13 dl3 
-:.---2 f (l + Kl + K:2) dT + (1'\l + 1'\2)13 = K.2 • (3 S) 
dT 

Equation {35~ is a linear equation with constant coefficients, and its 

general solution is 

(36) 

The three constants c
1

, c
2

, and c
3

, are found by using the following 

boundary conditions: 
K .113 

At T = c, we have 13 + y = l, and y = -
K 

2 

therefore, ,we know C 
1 

= K: 2/ ( Kl + K: 2 ) . 

At T = 0, we have l3 = 0; therefore we have C
1 

+C 2 + C 3 = 0, 

a.= l, and, from Eq. (31), dl3/dT = l. 
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Differentiating Eq" {36) with respect to T, setting T = 0, and sub

stituting l. 0 for d~/ d T, we have 

Kz-1 
Cz· ::: l- K l -1<:2, ' 

and 

Thus the final solution for the plug-flow case is 

~2. "'z-1 
13 = ~l+~z + o-~1-.'Kz) 

and from inspection of Eq. (30~ we have 

-r m = e 

Figure 9 is a graph of y as a function of T, for five values of ::t~t 1 each 

with five values of ~2.. 

The general equations for the continuous stirred-tank reactor. 

(CSTR).-case .are 

~n = 

and 

{lt-T"n)(!3n-l + !<·.2.T'n) + {l-!<:z)T'na.n-1 

O+T' )(1+1<: 27 +~ 17 ) n n n 

a. = n 

a 
n-1 

l+T' ·n 

The. computations for the CSTR are based on the feed being all A so 

that 01. ~ = l and !3 1 = 0. Figures lOA and lOB are graphs of y as n-.a n-
a function of r for a single GSTR. The same 25 combinations of -~l 

and x2 used for the plug-flow reactor were also used for the continuous 

stirred-tank reactor. We can compute cases consisting of two or more 

. tanks in series by successively using Eqs. (39) and (40). if we are given 

the -number of tanks in series, their volumes, and the volumetric feed 

rate. 

I 

,, 
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step reversible. Within each group of curves at a con
stant Kl ,values of K 2. from left to right are 0.1, 0. 3, 
1.0, 3.0: Batch or tubular flow reactor. 
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I.OIT~~-lOA. Conversion ratio Y (= C/A
0

) versus dimensionless 

for consecutive reaction steps (1,2) with second step 

Er••vers:Lbl.e (3); all first-order; continuous stirred-tank 
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For givenvalues of K:
1 

and K
2

, as the complete reaction of A 

is approached, it takes about four times longer to reach any given pro

portion of C in .a CSTR as in a plug-flow reactor. 

Since simple relations, Eqs. {38) and (40), are available for a 

as a function of 7", graphs only of y versus 7" are given for this re

action modeL 

B. Model2 

We now consider an aU-first-order model where the first re

action step is reversible: k 

l
,.. A~B kl 

aA~bB 
Mechanism < k

3 
kz 

B~C 

General stoichiometry ~k3 

b'B~ cC 

In this reaction all of A is ultimately converted to C. The rate equations 

are 

and 

dA/dt = - k 1 A+ k 3B, 

dB/dt = [ k 1 b/a] A- [ k 3bja] B - k 2B, 

dC/dt = [ k 2c/b'] B , 

(41) 

(42) 

(43) 

In the above rate equations k
1 

and k
3 

are in terms of A molecules, 

and k 2 is in terms of B molecules, As in Model l, we introduce the 

dimensionless concentrations a, j3, and y, and the dimensionless time, 

7" = kl t : 

and 

where 

da/dr = - a+ K 1j3, 

dj3/d'T = - ~ 1 13-2<.2 13 +a, 

dy/dr ::: K 213 , 

Kl = bk3jak1 and Kz = k 2/k1 

(44) 

(45) 

(46) 

The above equations have been solved for the plug-flow case with the 

following resu.lts? 
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01. :::; 
.. "'z -r 

e + (47) 

and 

(48) 

where 

).2 = 
and 

~3 = 

Figures llA and llB are graphs of a versus r, and Figs. 12A and 

12B show y as a function of T • 

By material balance, the general equations for the continuous 

stirred-tank reactor (as first derived in the present study) are 

and 

a -
n 

a. 1 + 1(2~ -;;: n- n 

13n = ~ · _z j - Kz"' -
(1+-r) I----=--+ (~<l+i<z)"' 

1+-r 

(49} 

(50) 

The computations for the CSTR a.re based on having the• feed to the re

actor entirely A, so that an-I = 1, 0 and 13n.,..l = 0. Figures 13A and 

13B present graphs of a versus T, and Figs. 14A and 14B are graphs 

of y versus r. 

At a given conversion of A, the continuous stirred-tank reactor 

favors production of final product C, compared to the plug-flow reactor. 

Of course the time to reach a given conversion in a CSTR is much 

greater than for a plug-flow reactor. 

\ 
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. i 

...... , .... C._ Model 3 

We next consider a more complicated case in which one of the 

reaction steps is second--order. 
kl 

A E ')> 2B 
Mechanism kz 

kz 
B > C 

General stoichiometry: 

This reaction is the same as Model 2 except that the reverse step is 

second-order, As an example, this reaction model corresponds to a 

biologically important reaction in which glucose forms lactic acid as the 

intermediate and carbon dioxide as the final product. 

l. Plug-flow or Batch Reactors 

a. Equations. ·The rate equations based_ on the general stoichi

ometry are 

and 

I 

2 
dA/dt = k 3B - k 1 A, 

dB/dt = [ k 1 b/al A - [ k 3b/a] 

dC/dt = [ k 2c/b'] B, 

(51) 

(52) 

(53) 

where k
1 

and k3 are in terms of A molecules, and k 2 is in terms of 

B molecules. By introducing the dimensionless concehtrations and di

mensionless time, T = k
1
t, we obtain 

2 
dn/ d T = K 113 - a , {54) 

2 
dj3/dT = a - K1j3 - Kzj3 , (55) 

and-
dy/d,T = K zl3 , (56) 

where 
2 2 

K 
1 

= b A k
3
ja k . 

0 . l 
and 
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and a, 13, and. y are defined by Eqs. (24), (25), and (26), respectively. 

Differentiating Eq. (55) ~ifb: respect to T, we have 

(57} 

Substituting for da/dT from Eq. (54) we obtain 

d213 : 1<- A 2 dl3 - 2.K A dl3 
-:-:T --11-' - a - ~4 dT --11-' dT (5 S) 

i dT' . , 

After solving 'Eq. (55) for a and substituting for a in Eq: • (58); we 

have 

(59) 

Thus a differential equation in terms of just one dependent variable is 

obtained. It appears that this nonlinear equation.can b~ solved only by 

an approximation method or by a numerical method. 

b. Calculations. In this work Eqs. (54) and (55) are solved simultaneously 
. 8 

by using a fourth-order Runge-Kutta method (due to Kutta) on the 

IBM 7090 Computer. 

The fourth-order Rup.ge-Kutta method approximates the integral 

curve to fourth-order accuracy; the truncation error for C!- single inter

val is proportional to the fifth power of interval spacing. There are no 

errors in the coefficients up to the fourth-order. By contrast to some 

alternative methods, the evaluation of derivatives is not required. Also, 

the method does not require the use of function values at preceding times. 

A change in spacing can be easily made at any intermediate stage of the 

calculations. A description of how the Runge-Kutta method works along 

with a brief outline of the derivation of the coefficients which give fourth~ 

order accuracy is given in the Appendix. 

Values of a and 13 were calculated as a function of T, and y 

was obtained by material balance. Also, by linear interpolation of all 

the results, values of a and T were obtc..ined for values of y in in

crements of 0.05 to y = 0. 9, and 13 was obtained by material balance, 
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c. Estimated Error. A small value of the spacing, b.-r, is required 

both to minimize the culmulative truncation error and to maintain stab

ility in the calculations, The value of b.-r was automatically decreased 

in the program until the calculations were stable, 

The total truncation error is dependent on the size of b.-r, the 

total 7, and the form of the function. To estimate the error in the 

Runge-Kutta method for Model 3, the analogous all-first-order reaction 

(Model 2) was solved analytically l usirtg Eqs. (47) and (48)] and also 

numerically by the Runge- Kutta method, The total error in T for 

·Model 2 is less than 0.5lo/o for the case which requires the longest time 

to reach a value of y = 0, 9. This error is probably all truncation error 

because rounding-of£ errors do not appear in the final significant figures 

retained. Since the equations for Model 2 and Model 3 are quite similar, 

the error computed for Model 2 is believed to be approximately the error 

for Model 3, The truncation error for Model 3 could not be estimated by 

performing the calculations at a given b.-r and at one-half the given b.:t 

because b.'ff was continually decreased during the calculations in order 

to maintain stability, 

d, Interpretation of Results for Model 3, Figures lSA and 15B present 

graphs of a versus T, and Fig, 16 is a graph of y as a function of T. 

Obviously, the time to rea.ct to a given conversion is a Junction of the 

three rate coefficients. 

Atagiven k 2/k
1 

(=~< 2 }. as k 3jk
1 
(=a2 ~< 1 jb

2A0)isincreased, 
the dimensionless time T increases for a given conversion of reactant. 

This results because the rate for the reverse reaction of the first step 

is increased relative to that of the second reaction step. 

Also, for a given set of rate coefficients, increasing the initial 

concentration of reactant A tends to increase T for any given con
o 

version because the reverse reaction of the first step is second-order. 

At higher values of A , the fractional conversion of A to B will be 
0 

slower because of the increasing influence of the second-order back re-

action {B..,. A). Moreover, the concentration of intermediate B at a 
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given a is not directly proportional to A ; thus, this lower relative 
0 

concentration of B results in a slower second step (B -C). 

All the cases for various values of the three rate coefficients are 

between the following reaction limits: 
k 

A EC 
1 ;;. . 2B 

. k3 

kl k4 
A ;;. B C . 

For the first limit (where k 2 = 0), A
0 

has a pronounced effect on the 

time to react to a given conversion. At the second limit (where k 3 = 0), 

A has no effect on the time-conversion relationship. 
0 

This decrease in rate of conversion with higher values of A is 
0 

seen from the graphs of a versus T with parameters· of 1<:.
1

, from 

Eq. (54) where the parameter '5
1 

appears in the positive term, and 

from the fact that ~\ is directly proportional to A
0

• 

e. Comparison of Model 2 and Model 3. In Model 2, all the reaction 

steps are first-order; thus the rate of conversion of A is independent 

of the initial concentration of reactant, A. 
0 

Also, the values of a,(), 

and '{ are independent of A . However, in Model.3 the time to react 
0 

to a given conversion is a function of A as discussed above; therefore, 
0 

at a given time, the values of a, (3, and yare dependent upon A . The 
0 

yield ratio of intermediate B to final product C depends upon. A at a 
0 

given set of rate coefficients and elapsed time for Model 3 only. 

As seen from the a. versus T graphs, the conversion (1-a) for 

Model 3 is greater than it is for Model 2 at the same values of ~l, ~2 , 

and T. However, for Model 3 the parameter K.
1 

is a function of A
0

, 

whereas for Model 2 it is not. If the value of A for Model 3 is in-
o 

creased, the value of f-. 1 is proportionately increased, and the con-

version is decreased at given rate coefficients and any time. Thus, 

the time to react to a given conversion for Model 3 may be greater than 

or less than that for Model 2 depending upon the value of A
0 

in Model 3. 
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2, Continuous Stirred-Tank Reactor (CSTR) 

By-material balance we obtain the general equations for the CSTR: 

and 

The above 

spectively. 

a. 
n-1 

2-
a = a T _/S

1
13 7 , 

n n n n n 

- 2-
13 1 - 13 = 1<. 213 7 + .~< 1 13 7 ~ a 7 n- n . n n n n n n 

equations are the counterparts of Eqs. (54) and (55), 

Solving Eq. (60) for a we have 
n 

a = n 

2-
a 1 + 1<:113 7 n- n n 

1+7 
n 

{60) 

{61) 

re-

(62) 

Substituting for a in Eq. (61) and solving for J?n we obtain _ )~ 1/2 
n . _ [ 2 4lq7r{ ( an~1 7n 

-(K2 7n + l) +(k27n+l) - 13n-l + -
13 = " _:.__; 1 + 7n 1 + 7n · 

n . 

1 + 7 n 
{63) 

Equations (62) and (63) may be applied to the case of any number of tanks 

in series, For a single CSTR with all the feed consisting of reactant A, 

a 
1 

= 1.0 and 13 
1 

= 0. Figures 17 A and 17B are graphs of a versus 
n- n-

T, and Fig. 18 is a graph of y as a function of 7. The factors influencing 

the conversion time are directionally the same as for the plug"'flow case. 

3. Evaluation of Rate Coefficients 

The rate coefficients can be evaluated from experimental data by 

using the time-ratio method. Because there are three rate coefficients 

(two ratios of rate coefficients), two independent time ratios are re

quired. These time ratios are used to evaluate ~. 1 and ~. 2 . Additionally, 

we measure the time to obtain a given conversion to evaluate the rate co

efficient for the forward reaction of the first step. 

Figure 19 shows the ratio of times at a = 0. 35 and a = 0. 7, and 

Fig. 20 is a graph of the ratio of times at '( = 0. 5 and Y = 0.05, as functions 

of k
1 

and ~<: 2 . Figure 21 is a graph of 7 at a = 0 .. 35 as a function of 
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2.95 3.1 3.5 4.0 5.0 6 7 8 10 15 20 

(r)a=0.35/ (T)a=0.70 

MU B-1527 

Fig. 19. Time-ratio plot for given a. values, in consecutive
reaction system with two first-order-forw~rd steps and 
reverse of first step second-order; Kl =(b A

0
k 3 )/(a2k 1); 

Kz=kz/kl. 
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6 8 
(T) Y= 0.5 I (T)Y-:. 0.05 

10 

MUB-1528 

Fig. 20. Time-ratio plot for given y values, in consecutive 
reaction system with two first-order forward steps and 
reverse of first step second-order; K 

1 
=(b2 Aok3)/ (a2k 1); 

K 2 = k2/kl. 
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1.04 1.05 I I L2 1.3 1.5{ ) 2 
T a= 0.35 

4 6 8 10 15 20 

MU B-1529 

Fig. 21. Dimensionless-time plot for 35% of A unreacted, in 
consecutive reaction system with two first-order forward 
steps a_rd reverse of first step second-order; 
Kl = (b A

0
k 3 )/(a2k 1); Kz = kz/k 1. 
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~l and K 2 . The values of Kl and ~< 2 which satisfy both time ratios 

are obtained from Figs. 19 and. 20. Knowing ~l and -~2 • we obtain 7" 

at a= 0.35 from Fig. 21; from this, we calculate 

kl = ~ ~) Q = 0. 35 . 

The remaining rate coefficients are calculated from ~l and K:_ 2 . 

The rate coefficients can also be evaluated by fitting the data to 

graphs of computed results; in this way "~l and -~2 are determined, 

and the rate coefficient for the first forward reaction !s computed as 

above,at any selected value of a., 

D. Models A-I, A-II, A-Ill, A-:-IV, and A- V 

Five additional consecutive- reversible reaction models were 

computed by the Runge-Kutta method (previously described) in the 

IBM 7090 Computer. The same fi:y,e values 'for ''~+'and: K·2 q_s;ed:"i'ni)p~e~ 

vious models C~;re a:lso us.ed ,here., Tables of results showing dimension

less time and concentrations are given in the Appendix. The following 

table shows the kinetic mechanism and general stoichiometry for the 

·models, the dimensionless time T, and the dimensionless parameters 

Kl and K2 • 

Appen- Reaction model 
dix Kinetic mechanism Stoichiometry 'T K 

1 
K 
-2 

k k2 
A-I 2A~:::k B, B ----;;:..; C aA~ bB, b 1 B--.;;:.. cC klJ\: bk3j~A0k 1 k 2/A

0
k

1 
3 

k k 
A-II A+ B. 2B~C aA~ bB, b 1 B-----;;. cC kl t bk

3
jak

1 
bA

0
k 2/ak

1 3 

A-III 
kl kz 

bA0~/ ak 1 ck3jb 1 k 1 
A~B, 2B 'k > C a A ___,. bB, b 1 :!;>~ cC k1t 

3 

A-IV 
kl 1<z 

b 1 B~cC k2/Aok1 c ~/b' A
0 

k1 
2A--:;;;. B, B~ C aA~bB, k

1
A

0
t 

3 
2 

kl B~ 
c bA k

3 A-V 2C aA~bB, b'~ cC kz/k1 
. 0 

A---?- B, kl t 
- b 1 2akl 3 
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In Models A-I and A~II, k
1 

and k
3 

are in terms of A molecules, and 

k 2 is in terms of B molecules. In Models A-III, A-IV, and A- V, k
1 

is in terms of A molecules, while k
2 

and k
3 

are in terms of B 

molecules. For all the models, a, p, and 'I are defined by Eqs. (24), 

(25), and (26), respectively. 

For us to use the computed results of these models, the reaction 

to be evaluated must have the same mechanism as the model. However, 

for Models A-I, A-IV, and A- V the second-order reaction step may in

volve two different compounds or species. 

E. Applications 

The graphs and tables for all the consecutive-reversible models 

are based on constant volume and temperature, and on idealized reactor 

behavior. Since constant volume is assumed, the calculated results for 

the plug-flow case and batch case are the same. 

All the graphs and tables are applicable to liquid systems where 

changes in volume are usually small. For gas -phase reactions, the cal

culated results are valid if there is no change in total .moles due to the 

reaction. Assuming the kinetics is the same as the stoichiometry, 

there is no change in total moles for the all first-order cases, but there 

is for all the first-order-second-order': cases. 

The following examples indicate the use of the graphs for solving 

problems with the above restrictions. Example 1 shows the effect of 

initial reactant concentration, in a first-order-second-order model, on 

the reactor volume required for a given production rate of final product C. 

Example 2 indicates that the conversion of A is independent of initial con

centration of A for an all-first-order reaction. The solution of two 

CSTR 1 s in series is given in Example 3. 

Example L 

A consecutive-reversible reaction with the following mechanism 

takes place in the liquid phase in a tubular-flow reactor at constant 

temperature and density: 
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k 
A~2B, 

3 
k2 

B---;;> C. 

The following data are given: 

and 

. -1 
k

1 
= 1.0 m1n , 

k 3 = .0. 75 ft
3 
/min-mole, 

. -1 
k 2 = 1.0 m1n , 

F = 5 ft
3 
/min. 

a. With an initial reactant concentration of 1.0 mole/ft
3

, what reactor 

volume is required to produce 4.30 mole/min of product C? At this 

reactor volume, what is the conversion of A? 

and 

. 3 ·• 
C = 4. 30/5 = 0. 86 mole/ft , 

y = C/2A = 0.43, 
0 

K
1

= 4A
0

k 3jk
1 

= 3, 

K:2 = kz/kl = 1, 

T = k
1 

V /F = 1. 8 (from Fig. 16 ). 

The r~actor volume is V = 9.0 ft
3

• 

The conversionis 1-a = 0.6 7 (a = 0. 33 from Fig. 15B). 

3 
b. If A = 3.33 mole/ft, what is the reactor volume required for the 

0 

same production rate of C as in (a) above? What is the conversion 

of A? 

_Kl = 10, 

y =0.13, 

and 
T = 0.76 (fromFig. 16}. 

The reactor voiJ.ume is V = 3. 8 ft
3

. 

The conversion is 1-a = 0. 34 (a = 0.66 from Fig. 15B). 
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Example 2. 

and 

where 

and 

Given the following reaction and data 

k 
A'l<~> B, 

k2 
B--..;> C, 

k1 1.0 min 
-1 

= ' 

k3 0. 75 min -l 
= ' 

k2 1.0 min 
-1 

= ' 

F = 5 ft
3 
/min 

v = 9.0 ft
3 

what is the conversion of A? 

and 

K1 = k3/k 1 = 0, 75, 

K2 = k2/k1 = LOO 

T = k 1 V jF = 1. 8, 

1-a = 0.70 (a= 0 .. 30 from Fig. 11B). 

The conversion in this case is independent of the initial concentration of 

reactant, bec11use all the reaction steps are first order. At this conversion, , 

'I= 0.45 and C ='I (A
0

) .• 

Example 3. 

The reaction given in Example 2 occurs in two CSTR' s in series. 

Given the following data, find the conversion of A and the value of final 

y: 
. -1 

k
1 

= 2.0 m1n , 

. -1 
k 2 = k 3 = 6. 0 m1n , 

3 
volume of first CSTR = 10 ft , 
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3 
volume of second CSTR = 10 ft , 

and 
' 3 

feed rate F = 5 ft /min . 

For each CSTR ~ 1 = K
2 

= 3.0 and 7' 
1 

= "'i 2 = 4.0 The first CSTR is 

solved by using the graphs. The second CSTR is solved using the re

sults_ from the first CSTR, and Eqs. (49) and (-50). For the first CSTR 

we have 

and 

a.
1 

= 0. 325 (from Fig. 13B), 

y
1 

= 0.620 (from Fig. 14B), 

f31 = 1.0 - 0.1 - 'Y1 ;:: 0.055 . 

Usingthese values of a.
1 

and {3
1 

in Eq. (50) we obtain 

{3 2 = o.o2o. 

Substituting for a.
1 

and {3
2 

in Eq. (49) we ha~e 

a. 2 = 0.114, 

1-a.2 = 0.886, 

and 
y 2 = 1-a.2 - 13 2 = o.866. 
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IV. CONCLUSIONS 

A. Consecutive-Competitive Reaction Model 

( 1) The following conclusions are made concerning the time to 

react to a given conversion: 

(a) For a given conversion of B, the time is reduced more by 

using an excess of R tha;n .by using:.an. excess of the co-reactant A. 

(b) For a given conversion of A, the time is reduced more 

by using an excess of A than by using an excess of B. 

(c) The time to react to a given conversion of B becomes 

less dependent on the value of K as the initial concentration of A is 

increased. 

(2) The following conclusions are made about the relative yields 

of intermediate and final products: 

(a) At a given conversion of either A or B, excess B favors 

production of the intermediate C. 

(b) Excess A favors neither C nor final product D at any 

given conversion of either A or B. 

(c) At a given time, excess B favors production of C, and 

excess A favors production of D. 

(3) The rate coefficients can be evaluated with sufficient accuracy 

for design purposes from just one data point (although more than one data 

point is recommended). 

The reaction mechanism is easily checked by fitting the experi

mental curve of conversion versus time to the computed curve of con

version versus dimensionless time. 
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B. Consecutive -Reversible Reaction Models 

·' (1) Consecutive-reversible reactions with second-order steps 

cari be solved accurately by using a fourth-order Runge-Kutta·method on 

a digital computer. Using the maximum spacing for stability, the trun

cation plus round-of£ error is about 0.5% maximum. A change in spacing 

can be easily made at an intermediate stage of the calculations; therefore, 

the maximum spacing for stability can be found during the course of the 

calculations. 

(2) In models which contain a second-order step, the proportions 

of intermediate and final products are dependent upon the initial con

centration of reactant regardless of which reaction step is second-order. 

(3) A double time-ratio method can be used to determine the 

values of the three rate coefficients from experimental data. However, 

the rate coefficients are more easily determined by fitting the experi

mental curve of conversion versus time to the computed curves of con

version versus T. 
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NOTATION 

Designate components (in chemical equations) 

Concentration of A, B, G, D in moles/unit volume 

Combining-proportion coefficients for components 

A, B, and C 

Volumetric feed rate 

Rate Coefficient 

Designates values 1n (or leaving) tank n 

Designates values in (or leaving) tank n-1 

Designates initial reactant concentrations 

Designates time 

Reactor volume 

Dimensi.~nless concentration of A, B, C 

Increment in 13 for numerical integration 

Dimensionless parameter of relative rate coefficients 

Dimensionless time 

Dimensionless mean residence time 

Spacing interval in numerical calculations 

Ratio of initial reactant concentrations, A /B 
0 0 



-65-

. ACKNOWLEDGMENTS 

The authors express gratitude to Professor Alan So Foss and 

Professor Richard Eo Powell for their helpful assistanceo Thanks are 

also due to the California Research Corporation for their adjustment of 

Mro Siewert 1 s schedule, which made it possible for him to complete his 

thesis work for the M.o S. in chemical Engineering, reported herein. 

This work was done under the auspices of the U.S. Atomic 

Energy Commission. 



-66-

APPENDIX - CONSECUTIVE-REVERSIBLE REACTION MODELS 

A. Fourth-Order Runge-Kutta Method 

The following is a description of how the process works along 

with a brief outline of the derivation of the coefficients· that give fourth

order accuracy. 

1. Consider a first-order equation 

dy/dx = f(x, y) . 

2. Our starting point is x = x
0

, y = y 
0 

• 

3. The slope is evaluated from the differential equation at 

x , y ; the first approximation to the integral curve 
0 0 

is a straight line between (x , y ) and (x +h, y +k ) , 
0 0 0 0 0 

where 
k = hf (x , y ) . 

0 0 0 

4. Now a fraction m of the spacing h is used to evaluate the 

next slope at (x + mh, y + mk ). A new move for y 
0 0 0 

is obtained as 

k
1 

= hf (x + mh, y + mk ) . 
0 0 0 

5. A third slope is estimated from moves k
0 

and k
1 

at 

[ x
0 

+ nh, y 
0 

+ (n-r) k
0 

+ rk
1

] . The next estimate for 

the move in y is 

k 2 = hf [ x + nh, y + ( n- r) k + r k 
1 

] . 
0 0 0 

6. The process is continued to give a fourth estimate for the 

change in y as follows: 

k 3 = hf [x
0 

+ph, y
0 

+ (p-s-t) k
0
+sk1 +tk2 ] 

Thus we have estimated the slope of the integral curve at four points in 

the interval; the calculation of each slope, after the first estimate, is 

based on the preceeding estimates of slopes, and the change in y is 

evaluated for each estimate of the slope. The move in the y direction 

is 

where 
a+b+c+d = 1. 0 . 



The coefficients are now choosen to give accuracy to the fourth-order 

(correct as far as terms in h 
4

). To find the coefficients, we expand 

both sides of the above equation in a power series in h. Terms up to 

the fourth-order are equated to obtain the values of a, b, c, d, m, n, r, s, t, 

and p. When this is done, we obtain eight equations inten unknowns. 

The equations imply that p = 1.0, and according t.o the Runge-Kutta 

rule, m""' 0.5. These values of p and m are then used to obtain the 

remaining eight values which .are: 

a = 1/6, r = h = 1/2, 

b = 1/3, 
s = 0 

c = 1/3, and 
d = 1/6 ' t = 1 

With the above values of m, n, r, s, t, and p the independent variable 

assumes values only at the beginning, midpoint, and end of each interval. 

T'hus the equations are 

where 

and 

The Runge-Kutta process. can be applied to the solution of simultaneous 

equations such as Eqs. (54) and (55). With these equations, the slopes 

are functions only of the dependent variables, 

da/dT = f' (a,l3) 

and 
df3/dT = f (a, 13) 

rfhe Runge-Kutta formulas are 

and 
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where 

. k = .6.rf 1 (a., l3.), 
0 . 1 1 J. = .6. r£ (a. , 13 . ) , 

0 1 1 

k 1 = .6. rf' (a i + ~ k 
0 

, jl = .6.rf(ai + ~ ko' 13i + ~ jo) 
. 1 

kz = .6.rf' (ai + 7 k1' 
. ,6. .£( 1 k A 1 . ) 
Jz = r a.i + 2 1' "'i + z J 1 ' 

and i designates the i_th iteration. The starting point for the calculations 

is 

and 

a = 1 , 
0 

"=13 ='T =0. 
0 0 0 
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B. Tables of a, !3 and y versus T 



K1 

T 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
1.050 
1.219 
1.438 
2. 370 
3.278 
4.210 
5.192 
6.243 
7.380 
8.624 

10.000 
11.540 
13.286 
15.299 
17.668 
20.532 
24.125 
2tl.881 
35.736 
47.272 

K1 = 
0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.735 
1.1!>9 
1 • .5.52 
1.942 
2.341 
2.760 
3.206 
3.688 
4.217 
4.804 
5.470 
6.238 
7.147 
8.258 
9.678 

11.612 
14.529 
19.821 
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Table A-I. Composition vs. Time for Two Consecutive Reaction 
Steps with First Step Reversible (2A ~ B, B ~C). 

0.10 

a 

0.9525 
0.9095 
0.8 705 
0.8349 
0.8023 
0.7724 
0.7448 
0.7193 
0.6957 
0.6738 
0.5084 
0.4755 
0.4406 
0.346'1 
0.3035 
0.275tl 
0.2565 
0.2415 
0.22!Hl 
0.2170 
0.2056 
0.1941 
0.1823 
0.1699 
0.1568 
0.1427 
0.1273 
0.1104 
0.0912 
0.0686 

0.10 

0.9525 
0.9095 
0.8705 
0.8349 
0.8023 
o. 7723 
0.7447 
o. 7192 
0.6955 
0.6"136 
0.5886 
0.4846 
0.4212 
0.3762 
0.3415 
0.3134 
0.2896 
0.2688 
0.2500 
0.2325 
0.2158 
0.1994 
0.1829 
0.1658 
0.1477 
0.1278 
0.1052 
0.0782 

AND K2 = 

i3 
0.0474 
0.0900 
0.1285 
0.1634 
0.1951 
0.2239 
0.2503 
0.2745 
0.2967 
0. 3170 
0.4605 
0.4854 
0.5094 
0.5511 
0.5465 
0.5242 
0.4935 
0.4585 
0.4212 
0.3830 
0.3444 
0.3059 
0.2677 
0.2301 
0. 1932 
0.1573 
0.1227 
0.0896 
0.0588 
0.0314 

AND K2 = 
0.0471 
0.0891 
0.1265 
0.1600 
0.1900 
0.2169 
0.2410 
0.2628 
0.2823 
0.2999 
0.3614 
0.4154 
0.4288 
0.4238 
0.4085 
0.3866 
0.3604 
o. 3312 
0.3000 
0.2675 
0.2342 
0.2006 
0.16 71 
0.1342 
0.1023 
0.0722 
0.0448 
0.0218 

0.10 

'Y 

0.0001 
o.ooo~ 

0.0010 
0.0017 
0.0026 
0. 0037 
0.0049 
0.0062 
0.0076 
0.0092 
0. 0311 
0.0391 
0.0500 
0.1000 
0.1500 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.-1000 
0.7500 
o.8ooc 
0.8500 
0.9000 

0.30 

0.0004 
0.0014 
0.0030 
0.0052 
0.007!l 
0.0108 
0.0143 
0.0181 
0.0222 
0.026~ 

0.0500 
0.1000 
0.1500 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.7500 
0.8000 
0.8500 
0.9000 

K1 

T 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.583 
0.769 
0.951 
1.136 
1.328 
1.533 
1.754 
1.998 
2.272 
2.586 
2.956 
3.406 
3.977 
4.746 
5.867 
7. 716 

11.416 

K1 -

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.554 
0.667 
0.787 
0.918 
1. 06 3 
1.230 
1.424 
1.656 
1. 94 3 
2. 311 
2.800 
3.486 
4.517 
6.240 
9.688 

0.10 

a 

0.9525 
0.9095 
0~8704 

0.834!l 
0.8021 
0.7721 
0.7444 
0.71<J7 
0.6'149 
0.6727 
0.6391 
0.5757 
0.5257 
0.4837 
0.4471 
0.4142 
0.3840 
0.3557 
0.3287 
0.3025 
0.2765 
0.2504 
0.2234 
0.1949 
0.1641 
0.1297 
0.0910 

0.10 

0.9525 
0.9095 
0. 8 704 
0.8346 
0.8018 
o. 7716 
0.7436 
0.7171 
0.6936 
0.6711 
0.648j 
0.6058 
0.5664 
0.5288 
0.4925 
0.4566 
0.4211 
0.3850 
0.3482 
0.3102 
0.2708 
0.2298 
0.1871 
0.14z-T 
0.0968 

AND K2 

0.0463 
0.0860 
Q.1199 
0.1488 
0.1734 
0.1942 
0.2118 
0.2265 
0.2386 
0.2486 
0.2609 
0.2743 
0.2743 
0.2663 
0.2529 
0.2358 
0.2160 
0.1943 
0.1713 
0.14 75 
0.1235 
0.0996 
0.0766 
0.0551 
0.0359 
0.0203 
0.0090 

ANC IC2 = 
1..).0441 
0.0778 
0.1033 
0.1220 
0.1355 
0.1447 
0.1504 
0.1535 
0.1545 
0.1539 
0.1517 
0.1442 
0.1336 
0.1212 
0.1075 
0.0932 
0.0789 
0.06~0 

0.0518 
0.0398 
0.0292 
0.0202 
().0129 
0.0073 
0.0032 

1.0 

'Y 

0.0012 
0.0045 
0.0097 
0.0164 
0.0245 
0.0337 
0.043'1 
0.0548 
0.0665 
0.0787 
0.1000 
0.1500 
0.2000 
0.2500 
0. 3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0. 7500 
o.aooc 
0.8500 
0.9000 

3.00 

0.0034 
0.0127 
0.0264 
0.0433 
0. 062 7 
0.083!l 
0.1059 
0.1288 
0.1519 
O.l15C 
0.2000 
0.2500 
0.3000 
0.3500 
0.4COC 
0.450U 
0.500(; 
o.550C 
0.6000 
0.6500 
0.700C 
0.7500 
o.8coc 
0.850(.; 
0.9000 
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Table A-I, continued. Composition vs. Time for Two Consecutive Reaction 
Steps with First Step Reversible (2A ~ B, B ~C). 

K1 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.565 
0.6!!2 
0.807 
O.Q45 
1.100 
1.278 
1.48 7 
1.738 
2.049 
2.447 
2.977 
3.117 
4.827 
6.675 

10.363 

K1 = 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.547 
0.661 
0.793 
0.949 
1.136 
1.365 
1.651 
2.020 
2.511 
3.198 
4.229 
5.947 
9.382 

0.30 

a 

0.9527 
0.9103 
0.8719 
0.8371 
0.8053 
o.T161 
04 7492 
0 .. 7243 
0.7012 
0.6796 
0.6538 
0.6120 
0.5729 
0.5356 
0.4991 
0.4630 
0.4268 
0.3900 
0.3522 
0.3133 
0.2730 
0.2312 
0.1880 
0.14 32 
0.0970 

0.30 

0.9527 
0.9100 
0.8713 
0.8359 
0.8033 
o. 7732 
0.7453 
0.7194 
0.6952 
0.6726 
0.6527 
0.6091 
O.!i651 
0.5206 
0.4757 
0.4304 
0.3!!45 
0.3381 
0.2913 
0. 24.39 
0.1961 
0.1478 
0.0990 

ANC K2 = 

13 
0.0438 
0.0771 
0.1019 
0.1200 
0.1328 
0.1414 
0. 1466 
0.1493 
041500 
0.1491 
0.1462 
0.1380 
0.1271 
0.1144 
0.1009 
0.0870 
0.0732 
0.0600 
0.0478 
0.0367 
0.0270 
0.0188 
0.0120 
0.0068 
0.0030 

AND K2 = 
0.0370 
0.0559 
0.0642 
0.0667 
0.0660 
0.0636 
0.0605 
0.0570 
0.0536 
0.0502 
0. 04 73 
0.0409 
0.0349 
0.0294 
0.0243 
0.0196 
0.0155 
0.0119 
0.0087 
0.0061 
0.0039 
0.0022 
0.0010 

3.00 

y 

0.0034 
0.0126 
0.0261 
o.042s 
0.0619 
0.0825 
0.1041 
0.1264 
0.1488 
0.1713 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.7500 
0 •. 8COC 
0.8500 
0.9000 

1o.oo 

0.0103 
0.0341 
0.0645 
O.O'l74 
0.1307 
0.1631 
0.1942 
0.2236 
0.2512 
0.2771 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.7500 
o.8ooc 
0.850C 
0.9000 

K1 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
1.050 
1.789 
3.294 
4.921 
6.698 
8.651 

10.!!12 
13.223 
15.939 
19.035 
22.610 
26.!!07 
31.836 
38.01'l 
45.880 
56.343 
/1.20 B 
94.572 

138.403 

K1 -

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.824 
1.387 
1.966 
2.590 
3.274 
4.032 
4.880 
5.83A 
6.933 
!!.202 
9.699 

11.501 
13.729 
16.579 
20.400 
25.877 
34.575 
51.101 

1.00 

a 

0.9535 
0.9133 
0.8184 
0.8480 
0.8214 
0.7980 
o. 7774 
0.7592 
o. 7432 
0.7289 
0.6438 
0.6082 
0.5796 
0.5556 
0.5312 
0.5062 
0.4805 
0.4542 
0.4271 
0.3992 
0.3704 
0.3406 
0.3097 
0.2776 
0.2't42 
o.2on 
0.1724 
0.1335 
0.0922 

1.00 

0.9535 
0.9133 
0.8783 
0.847!! 
0.8210 
0.7974 
0.7765 
0.7580 
0.7415 
0.726!! 
0.6610 
0.6045 
0.571::) 
0.5443 
0.5181 
0.4916 
0.4646 
0.436!! 
0.4082 
0.3786 
0.3480 
0.3162 
0.2833 
0.2489 
0.2129 
0.1751 
0.1353 
0.0931 

ANC K2 

0.0463 
0.0862 
0.1206 
0.1504 
0.1762 
0.19!!6 
0.2181 
0.2352 
0.2500 
0.2630 
o. 3313 
O.J418 
0 •.. ~204 
0.2944 
0.2688 
0.243!! 
0.2195 
0.1958 
0.1729 
0.1508 
0. 1296 
0.1094 
0.0903 
0.0724 
0.0558 
O.C408 
O.C276 
0.0165 
0.0018 

ANC K2 = 

0.0461 
0.0853 
0.1188 
0.1473 
0.1717 
0.1926 
0.2104 
0.2257 
0.2387 
0.2497 
0.2890 
0.2955 
0.2785 
0.2557 
0.2319 
0.2084 
0.1854 
0.1632 
0.1418 
0.1214 
o. 1020 
0.0838 
0.0667 
0.0511 
0.0371 
0.0249 
0.0147 
0.0069 

0.10 

y 

0.0001 
0.0005 
O.OC1G 
0.0017 
0.0025 
0.0034 
0.0045 
0.0056 
0.0068 
0.0081 
0.0249 
O.O'JOO 
0.1000 
0.1500 
0.200u 
0.2500 
o.300u 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.750C 
0.8000 
0.8500 
O.<JCOC 

0.30 

0.0004 
0. 0013 
o.oc2s 
0.004'! 
0. 00.73 
0.0100 
0.0130 
0.0163 
0.0198 
0.0235 
0.0500 
0.1000 
0.1500 
0.2000 
0.2500 
0.3000 
0.3500 
0..4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
o.75oc 
0.8000 
0.8500 
0.9000 
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Table A-I, continued. Composition vs. Time for Two Consecutive Reaction 
Steps with First Step Reversible (2A ~ B, B ~C). 

K1 

T 

0.050 
0.100 
0.150 
0.200 
U.250 
0 • .300 
0 • .350 
0.400 
0.450 
0.500 
0.540 
0.651 
0. leBO 
0.933 
1.116 
1 • .340 
1.620 
1.981 
2.461 
3.134 
4.144 
5.828 
9.195 

K 1 = 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
U.350 
0.400 
0.450 
o.soo 
1.0~0 
1.282 
1.509 
2.560 
3.631 
4.769 
5.998 
7.3.39 
8.814 

10.4~2 

12.287 
14.368 
16.763 
19.568 
22.931 
27.084 
32.430 
39.733 
50.689 
1Q •• ~0 7 

o.1o 

a 

0.9525 
0.9094 
0.8702 
0.8342 
0.8011 
0.7706 
0.7423 
0.7160 
0.691':> 
0.6687 
0.6517 
0.6081 
0.5643 
0.5200 
0.4752 
0.4299 
0.3841 
0.3379 
o.2'H 1 
0.2438 
0.1960 
0.1478 
0.0990 

0.30 

0.9527 
0.9104 
0.8723 
O.CI379 
0.8068 
0.77.84 
0.7526 
0.7290 
0.7073 
0.6874 
0.5456 
0.5115 
0.4862 
0.4233 
0.3952 
0.3163 
0.3599 
0.3439 
0.3276 
0.3109 
0.2934 
0.2753 
0.2563 
o.236J 
0.2152 
0.1927 
0.1687 
0.1426 
0.1140 
0.0818 

ANC K2 = 

0.0372 
0.0563 
0.0649 
0.0676 
0.0669 
0.0645 
0.0613 
0.0578 
0.0543 
0.0509 
0.0483 
0.0419 
0.0357 
0.0300 
0.0248 
0.0201 
0.0159 
0.0121 
0.0089 
0.0062 
0.0040 
0.0022 
0.0010 

ANC 1<2 = 

0. 04 71 
0.0891 
0.1267 
0. 160 3 
0. 1906 
0.2179 
0.2426 
0.2650 
0.2B52 
0.3037 
0.4249 
0.4489 
0.4638 
0.4767 
0.4548 
0. 1.237 
0.3901 
0.3561 
0.3224 
0.2891 
0.2566 
u.2247 
0.193 7 
0.1637 
0.1348 
o. ron 
0.0813 
0.0574 
0.0360 
0.0182 

10.00 

0.0103 
0.0343 
0.0649 
0.0982 
0.1320 
0 .164':l 
0.1964 
0.2262 
0.2542 
0.2805 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.7500 
o.8ooo 
0.8500 
0.9000 

0.10 

0.0001 
o.ocos 
0.0010 
0.0017 
0.0026 
0.003t 
0.0048 
0.0060 
0. 00 74 
O.OC8'> 
0.029j 
0.039t 
0.050G 
0. 100L 
0.1500 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
o.5COC 
0.5500 
0.6000 
0.6500 
0.1000 
0.7500 
0.8000 
0.8500 
0.9COC 

K1 

T 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.753 
1.205 
1.635 
2.073 
2. 533 
3.025 
3.562 
4.156 
4.820 
5.576 
6.451 
7.483 
8. 734 

10.298 
12.346 
15.204 
19.620 
27. 110 

K 1 ~ 

o.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
o.soo 
0.595 
0.190 
0.':183 
1.181 
1.J90 
1.616 
1.864 
2.141 
2.458 
2.827 
3.269 
J.817 
4.524 
5.486 
6.895 
9.198 

13.721 

0.30 

a 

0.9527 
0.9104 
0.8723 
0.8379 
0.8067 
0. 77 82 
0.7523 
0.7286 
0.7068 
0.6867 
0.6059 
0.5156 
0.4633 
0.4269 
0.39Bil 
0.3751 
0.353':1 
0.3338 
0.3141 
0.2942 
0.2738 
0.2524 
0.229b 
0.2058 
0.1799 
0.1517 
0.1207 
0.0859 

0.30 

0.9527 
0.9104 
0.8722 
0.8377 
0.8063 
0.7776 
0.7514 
0."/272 
o.1osu 
o:6tl44 
0.6492 
0.5898 
0.5431 
0.5038 
0.4693 
0.4379 
0.4086 
0.3805 
0.3530 
0.3255 
o.29 n 
0.2688 
0.2385 
0.2062 
0.1713 
0.1336 
0.0'126 

ANC K2 = 

r:: 
0.0469 
u.08B2 
0.1247 
0.1570 
0.1857 
0.2111 
0.2337 
0.2538 
0.2716 
0.2875 
0.3441 
0.3844 
0.3867 
0.3731 
0.3512 
O.J249 
0.2961 
0.2662 
0.£359 
0.2058 
0.1762 
0.1476 
o.1202 
0.0942 
0.0701 
0.0483 
0.0293 
0.0141 

ANC KZ = 

0.0461 
0.0852 
0.1182 
0.1461 
0.1696 
0.1893 
0.2056 
0.2191 
0.2301 
0.2390 
0.2508 
0.2602 
0.2569 
0.2462 
0. 2 30 7 
O.Zl21 
0.1914 
0.1695 
0.1470 
0.1245 
0.1023 
0.0812 
0.0615 
0.0438 
0.0287 
0.0164 
o.u074 

o. 30 

0.0004 
0.0014 
0.0030 
0.0051 
0. co' ( 
0.010/ 
0.014C 
0.0171 
0.021t 
0.025~ 

0.0500 
0.1000 
0.150C 
0.2000 
0.2500 
0.300C 
0.350(; 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0. 7000 
0. 750C 
0.8000 
0.8500 
0.9000 

1.ou 

0. 001£ 
0.0045 
0.0096 
0.0162 
0. 0241 
0.0331 
0. 04 3\J 
0.0~36 

0.064'1 
0.0766 
0.1000 
0.1500 
0.2000 
0.250C 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.7500 
o.8uoc 
o.esoc 
0.9000 
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Table A-I, continued. Composition vs. Time for Two Consecutive Reaction 
Steps with First Step Reversible (2A ~ B, B-+ C), 

K1 

T 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
.0. 350 
0.400 
0.450 
0.500 
0.639 
0.868 
1.104 
1.357 
1.634 
1.942 
2.292 
2.694 
3.165 
3.727 
4.412 
5.27 2 
6.390 
7.918 

10.154 
13.787 
20.872 

K 1 = 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.603 
0~738 

0.885 
1.049 
1.238 
1.457 
1.117 
2.032 
2.422 
2.922 
3.583 
4.503 
5.874 
8.144 

12.657 

1.00 

a 

0.9535 
0.9132 
0.8i80 
0.8471 
0.8198 
0.7955 
0. 7 73 ·1 
0.7541 
0.7364 
0.7202 
0.6819 
0.6333 
0.5944 
0.5603 
0.5284 
0.4913 
0.4662 
0.4347 
0.4023 
0.3689 
0.3344 
0.2 985 
0.2612 
0.2224 
0.1819 
0.1396 
0.0952 

1. 00 

0.9535 
0.9130 
0.8773 
0.8455 
0.8169 
0.7910 
0.7673 
0.7455 
0.7252 
0.7064 
0.6711 
0.6309 
0. 5926 
0.5550 
0.5176 
0.4798 
0.4414 
0.4022 
0.3620 
0.3207 
0.2783 
0.2349 
0.1902 
0.1445 
0.097:i 

ANC K2 ; 

0.0453 
0.0824 
0.1127 
u.1373 
0.1573 
0.1733 
0.1861 
0.1961 
0.2038 
0.~097 

0.2181 
0.2167 
0.2056 
0. 1897 
0.1716 
0.1527 
0.1338 
0.1153 
0.0977 
O.OBI1 
0.0656 
0.0515 
0.0388 
0.0276 
0.0181 
0.0104 
0.0048 

ANC K2 = 
0.0431 
0.0747 
0.0974 
0.1133 
0.1240 
0.1308 
0.134 5 
0.1360 
0.1359 
0.1344 
0.1289 
0.1191 
0.1074 
0.0950 
0.0824 
0.0702 
0.0586 
0.0478 
0.0380 
0.0293 
0.0217 
0. 0151 
0.0098 
0.0055 
0.0025 

1.00 

0.0012 
0.0044 
0.0093 
0.0156 
0. 02-2 9 
0.0312 
0.0402 
0.04'18 
0.0598 
0.0701 
o.lcoo 
0.1500 
0.2000 
0.2500 
0.300C 
0.350<.; 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6:i00 
0. 7000 
0.7500 
o.8coo 
0.850U 
0.9000 

3.00 

0.0034 
0.0124 
0.025'• 
0.0412 
0.0591 
0.0782 
0.0982 
0.1185 
0.1389 
0.1592 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.750C 
0.8000 
0.8500 
0.9000 

K1 -

T 

0.050 
0.100 
0.150 
U.200 
0.250 
0.300 
0.350 
U.400 
0.450 
0.500 
u.514 
0.696 
0.838 
1.006 
1. 20-, 
1.454 
1.761 
2.156 
2.682 
3.419 
4.523 
6.361 

10.035 

K1 = 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
o. 350 
o:4oo 
0.450 
0.500 
1.050 
1.817 
2.747 
5.517 
8.558 

11.918 
15.656 
19.S47 
24.591 
30.015 
36.294 
43.672 
52.495 
63.278 
16.824 
94.458 

118.539 
153.740 
205.725 
291.830 

1.00 

a 

0.9534 
0.9122 
0.8752 

,0.8416 
0.8107 
0.7821 
0.7555 
0.1307 
0.7075 
0.6857 
0.6560 
0.6120 
0.5675 
0.5227 
0.4774 
0.4317 
0.3855 
0.3389 
0.2919 
0.2443 
0.1964 
0.1480 
0.0991 

3.00 

0.9557 
0.9211 
0.8938 
0.8723 
0.8552 
0.8417 
0.830!l 
0.8221 
0.8151 
0.8094 
0.7845 
0.7730 
o. 7611 
0.7275 
0.6933 
0.6587 
0.6234 
0.5876 
0.5512 
0.5141 
0.4763 
0.4377 
0.3984 
0.3583 
0.3173 
0.2754 
0.2325 
0.1885 
0.0698 
0.0-152 

ANC K2 = 

0.0364 
0.0543 
0.0619 
u.0639 
0 .• 0630 
0.0607 
0.0576 
0.0544 
0.0512 
0.0482 
0.0440 
0.0380 
0.0325 
0.0273 
O.U226 
0.0183 
0.0145 
o.e111 
0.0081 
u.00.57 
u.0036 
0.0020 
0.0009 

ANC K2 = 

0.0442 
O.U785 
0.1053 
0.1262 
0.1426 
0.1555 
0.165_5 
0.1734 
0.1795 
0.1843 
0.1985 
0.1948 
0.1889 
0.1725 
0.1567 
0.1413 
0.1266 
0. 1124 
u.o988 
0.0859 
0.0737 
0.0623 
0.0516 
0.0417 
0.0327 
0.0246 
0.0175 
0.0115 
0.0802 
0.0248 

1u.OU 

-y 

0.0102 
0.033S 
0.0628 
0.094S 
0.1263 
0.1573 
0.1869 
0.214'1 
0. 2413 
0.2661 
0.300U 
0.350U 
0.4000 
0.4500 
o.soou 
0.5500 
0.6000 
0.6500 
·o.noc 
0.7500 
o.8oou 
0.8500 
0.9COC 

0.10 

0.0001 
0.0004 
0.0009 
0.0015 
0.0021 
0.0029 
0.0037 
0.0045 
0.0054 
0.0063 
0.0170 
0.0322 
o.050C 
0.1000 
0.1500 
0.200(; 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.7500 
o.8ooc 
0.8500 
0.9000 
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Table A-I, continued. Composition vs. Time for Two Consecutive Reaction 
Steps with First Step Reversible (2A ~ B, B·~ C). 

K1 

T 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.3~0 
0.400 
0.4.~0 

0.500 
1.075 
'l.027 
3.072 
4.228 
5.515 
6.959 
!l.596 

10.470 
12.642 
15.197 
11l.258 
22.004 
26.719 
32.868 
41.283 
5j.6ll 
73.664 

112.764 

K1 = 

0.050 
0.100 
0.150 
U.20U 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.790 
1.141 
1.527 
1.958 
2.442 
2.994 
3.627 
4.364 
5.235 
6.283 
7.572 
9.202 

11.339 
14.280 
18.616 
2S. 715 
39.658 

3.00 

a 

0.955/ 
0.9210 
0.8936 
0.8718 
0.8544 
O.ll403 
O.ll289 
0.8195 
O.Bl17 
O.ll052 
0.7b77 
o. 7326 
0.6981 
0.6631 
0.6L75 
0.5914 
0.5546 
0.5171 
0.4790 
0.4401 
0.400~ 

0.3601 
0.3187 
0.2765 
0.2333 
0.1891 
0.1437 
0.0971 

ANC K2 

o.0439 
0.0171 
0.1038 
0.1239 
0.1393 
0.1512 
0. 160 3 
0.1672 
0.1724 
0.1l63 
0. 1823 
0.1674 
0.1519 
0.1369 
0.1225 
0.1086 
0.0954 
0.0829 
0.0710 
0.0599 
0.0495 
0.0399 
0.0313 
0.0235 
0.0167 
0.0109 
0.0063 
0.0029 

3.00 ANC K2 = 

0.9557 
0.9207 
0.8928 
0.8701 
0.8515 
O.ll359 
0.8226 
0.8112 
0.8011 
o.7<JZO 
0.7515 
0. 7136 
0.6771 
0.6404 
0.6031 
0.5652 
0.5266 
0.4874 
0.4474 
0.4067 
0.3652 
0.3229 
o.279B 
0.2357 
0.1907 
0.1447 
0.0976 

0.0432 
6.0751 
0.0987 
0. 1160 
0.1285 
0.1374 
0.1436 
0.1478 
0.1505 
0.1519 
0.1485 
0.1364 
0.1229 
0.1096 
0.0969 
0.0848 
0.0734 
0.0626 
0.0526 
0.0433 
0.0348 
0. 0271 
0.0202 
0.0143 
0.0093 
0.0053 
0.0024 

0. iO 

0.0003 
0.001,j 
0.0026 
0.0044 
0.0063 
0.0085 
0.010<J 
0.0133 
0.015<J 
0.0185 
0.0500 
0. 1000 
0.1500 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.550C 
0.6000 
0.6500 
0.7000 
0.7500 
0.8000 
0.8500 
0.9000 

1.00 

0. 0011 
0. 0041 
0.0085 
0.0139 
0.0200 
0. 026 1 
0.0331 
0.0410 
0.0485 
0.0560 
0.1000 
0.1500 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.7500 
0.8000 
0.8500 
0.9000 

Kl 

T 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.558 
o. 730 
0. 921 
1.136 
1.382 
1.666 
2.000 
2.3'J6 
2.877 
3.473 
4.234 
5.239 
6.634 
ll. 710 

12.141 
18.944 

3.00 

a 

0.9556 
0.9200 
0.8907 
0.8660 
0.8445 
0.8254 
0.8082 
0.7923 
0.7776 
0.7637 
0.7484 
0.7075 
0.6675 
0.6274 
0.5868 
0.5457 
0.5040 
0.4617 
0.4187 
o. 3751 
0.3307 
0.2857 
0.2400 
0.1936 
0.1463 
0.0984 

ANC K2 

(3 

0. 0411 
0.0683 
0.0859 
0.()969 
0.1033 
0.1066 
0.1078 
0.1075 
0. 1062 
0.1043 
0.1016 
0.0925 
0.0825 
0.0726 
0•0632 
0.()543 
0.0460 
0.0383 
0.0313 
0.0249 
0.0193 
0.0143 
0.0100 
0.0064 
0.0037 
0.0016 

3.00 

'Y 

0.0033 
0.0117 
0.0233 
0.0371 
0.0522 
0.0680 
0.0841 
0.1002 
0.1163 
O.l32U 
0.1500 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.7500 
0~8000 

0.8500 
0.9000 

K1 = 3.00 ANC K2 = 10.00 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
u.500 
0.652 
0.799 
0.96<J 
1.170 
1.411 
1.705 
2.071 
2.542 
3.168 
4.043 
5.353 
7.533 

11.886 

0.9553 
0.9180 
0.8854 
0.1!560 
0.8290 
o.803<J 
0.7!:104 
0.7582 
o. 7373 
0.7175 
0.6632 
0.6182 
0.5729 
0.5272 
0.41!11 
0.4347 
0.3879 
0.3407 
0.2932 
0.2452 
0.1969 
0.1483 
0.0992 

0.0348 
0.0502 
0.0560 
0.0570 
0.0557 
0.0535 
0.0509 
0.0483 
0.0457 
0.0437 
0.0368 
0.0318 
0.0271 
0.0228 
0.0189 
0.0153 
0.0121 
0.0093 
0.0068 
0.0048 
0.0031 
0.0017 
o.ooo8 

0.009'1 
0.0318 
0.0586 
0.0870 
0.1152 
0.1426 
0.168-7 
0.1935 
0.2170 
0.2392 
0.3000 
0.3500 
0.4000 
0.450·0 
0.500C 
0.5500 
0.6000 
0.6500 
0.7000 
0.7500 
0.8000 
0.8500 
0.9000 
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Table A-I, continued. Composition vs. Time. for Two Consecutive Reaction 
Steps with First S.tep Reversible (2A ::::::: B, B -C). 

K1 

T 

o.oso 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
1.050 
2.993 
6.376 

13.313 
21.006 
29.592 
39.246 
50.190 

K1 = 
0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
1.050 
2.210 
4.556 
7.158 

10.06 3 
13.330 
17.035 
21.275 
26.183 
31.936 
38.782 
47.082 
57.377 

K 1 = 

0.050 
0.100 
0. 150 
0 ."200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.749 
1.489 
2.309 
3.226 
4.258 
5.429 
6.770 
8.324 

10.147 
12.318 

10.00 

a 

0.9624 
0.9416 
0.9300 
0.923~ 
0.9197 
0.9175 
0.9161 
0.9152 
0.9145 
0.9140 
0.9099 
0.8966 
0.8742 
0.8315 
0.7884 
0.7450 
0.7013 
0.6512 

10.00 

0.9624 
0.9414 
0.9295 
0.9226 
0.9183 
0.9155 
0.9135 
0.9119 
0.9106 
0.9094 
0.8980 
0.8753 
0.8324 
0.7893 
0.7458 
0.7020 
0.6578 
0.6134 
0.5685 
0.5233 
0.4778 
0.4319 
0.3841 

10.00 

0.9623 
0 •• 9408 
0.9279 
0.9195 
0.9135 
0.9088 
0.9048 
0.9012 
0.8978 
0.8945 
0.8789 
0.1:1357 
0.7923 
0.7485 
0.7044 
0.6600 
0.6153 
0.5702 
0 •. 5248 
0.4790 

ANC K2 = 

0.0375 
0.0580 
0.0693 
0.0755 
0.0789 
0.0807 
O.G817 
0.0822 
0.0825 
0.0826 
0.0821 
0.0797 
0.0758 
0.0685 
0.0616 
0.0550 
0.0487 
0.0428 

AND K2 = 
0.0373 
0.0575 
0.0685 
0.0744 
0.0775 
0.0791 
o.o8oo 
0.0803 
0.0804 
0.0804 
0.0786 
0.0747 
0.0676 
0.0607 
0.0542 
0.0480 
0.0422 
0. 0 366 
0.0315 
0.0267 
0.0222 
0.0181 
0.0159 

AND K2 = 
0.0367 
0.0558 
0.0657 
0.0707 
0.0730 
0.0740 
0.0743 
0.0742 
0.0739 
0.0735 
0.0711 
0.0643 
0.0577 
0.0515 
0.0456 
0.0400 
0.0347 
0.0298 
0.0252 
0.0210 

0.10 

)' 

0.0001 
0.0003 
O.OGO/ 
0.0010 
0.0014 
0.0018 
o.oo22 
ci.0026 
0.0030 
0.00~5 
o.oo8C 
0.0237 
0.0500 
0. 1000 
0.1500 
0.2000 
0. 25-0C 
0.3QOO 

0.30 

0.0003 
0.0010 
0.0020 
0.0031 
0.0042 
0.0054 
0.0066 
0.0078 
0.0090 
0.01.02 
0.0233 
0.0500 
o.i.ooo 
0.150(). 
0.2000, 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 

1.00 

0.0010 
0.0034 
0.0065 
0.0099 
0.0135 
0.0172 
0.0209 
0.0246 
0.0283 
0.0320 
0.0500 
0.1000 
0.1500 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 

T 

14.952 
18.219 
22.388 
27.904 
35.567 
46.970 

K 1 = 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.606 
0.918 
1.268 
1.662 
2.110 
2.624 
3.221 
3.922 
4.759 
5. 776 
7.040 
8.657 

10.799 
13.71:12 
18.230 
25.599 
40.252 

K1 = 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.572 
o. 745 
0.942 
1.170 
1.434 
1.746 
2.119 
2.574 
3.142 
3.870 
4.838 
6 ·189 
8.212 

11.574 
18.281 

a 

0.4329 
0.3863 
0.3395 
0.2922 
0.2445 
0.1965 

10.00 

0.9620 
0.9391 
0.9235 
0.9116 
0.9015 
0.8923 
0.8838 
0.8755 
0.8675 
0.8597 
0.8437 
0.7995 
0.7550 
0.7103 
0.6652 
0.6198 
0.5741 
0.5282 
0.4818 
0.4352 
0.3882 
0.34lb 
0.2933 
0.2453 
0.1970 
0.1483 
0.0992 

10.00 

0.9612 
0.9341 
0.9118 
0.8917 
0.8728 
0.8549 
0.8377 
0.8212 
0.8054 
0.7901 
0.7693 
0.7229 
0.6763 
0.6296 
0.5825 
0.5353 
0.4878 
0.4401 
0.3922 
0.3440 
0.2956 
0.2469 
0.1980 
0.1489 
0.0995 

0.0171 
0.0137 
0.0105 
0.0078 
0.0055 
0.0035 

ANC K2 = 

0.0350 
0.0513 
0.0586 
0.0615 
0.0622 
0.0620 
0.0613 
0.0604 
0.0595 
0 .• 0584 
0.0563. 
0.0505 
0.0450 
0.0397 
0.0348 
0.0302 
0.0259 
0.0218 
0.0182 
0.0148 
0.0118 
0.0090 
0.0067 
0.0047 
0.0030 
0. 0017 
o.ocio8 

AND K2 = 

0.0296 
0.0390 
0.0411 
0.0407 
0.0395 
0.0380 
0.0365 
0.0351 
0.0338 
0.0325 
0.0307 
0.0271 
0.0237 
0.0204 
0.0175 
0.0147 
0.0122 
0.0099 
0.0078 
0.0060 
0.0044 
0.0031 
0.0020 
o.oo11 
0.0005 

)' 

0.5500 
0.6000 
0.6500 
0.7000 
0.7500 
o.8coo 

3.00 

0.0030 
0.0096 
0.0180 
0.0270 
0.0363 
0.0456 
0.0549 
0.0640 
0.0730 
o.o8U:l 
0.1000 
0.1500 
0.2000 
0.2500 
o. 3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.7500 
o.8ooo 
0.8500 
0.9000 

10.00 

0.0091 
0.0269 
o. 0471 
0.0676 
0.0877 
0.1071 
0.1257 
0.1436 
0.1608 
0.1774 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.7500 
o.8ooo 
0.8500 
0.9000 
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Table A-II" Composition vso Time for Two Consecutive Reaction 
Steps with First Step Reversible (A~ B, 2B ~C). 

-,;:c =-- --o-:ro--A-Nn-tc?--,; O."to· l<T - 0.10 A N"ln<T -;-- -1-.-o<J 

T a t3 "Y T a t3 "Y 

0.050 0.9513 0.0486 o.oooo 0.050 0.9513 0.0486 0.0000 
-o.oqq 0.9051 0.0'94-6 o.oooo 0.100 0.9053 0.0943 0.0003 

0.149 0.8617 0. 1 381 o.oooo 0.150 0.8617 0. 13 72 0.0009 

0.199 0.8204 0.1793 0.0002 0.200 0.8204 o. 177 3 0.0022 

0.249 0.7814 0.2181 0.0004 0.250 0.7814 0.2144 O.Q_041 

0.299 0.7444 0.2548 0.0007 -~-u 1J.fli7tzt 0~27<"87 o;ooos 
0.349 0.7094 0.2894 0.0010 0.350 0.7094 0.2802 0.0103 

---o-.- 3·9 9 o-;;-o7E3 0.3220 0.0015 0.400 0.6762 0.3090 0.0147 

0.449 0.6450 0.3528 0.0021 0.450 0.6448 0.3352 0.0199 

0 •. 499, 0.6153 0.3818 0.0027 0.500 0.6150 0.3589 0.0259 
0.550 6-.-5876 0.4086 0.0036 0.632 0.5527 0.3972 0.0500 
1. 050 0.3772 0.6054 0.0172 0.964 0.4172 0.4827 0.1000 

1.550 0.2551 0.7056 0.0392 1.108 ~ "()~~ -o.Tsmr 

2.050 0.1836 0.7503 0.0660 1.310 0.2999 0.5000 0.2000 
2. 550 0.1413 -6-.7638 6~6948 1.511 0.2544 0.4955 0.2500 
3.050 0.1157 0.7602 0.1239 1. 719 0.215R 0.4841 0.3000 
3.550 0.0998 0.7476 0.1524 1.939 0.1825 0.4674 0.3500 
4.050 0.0896 o. 7305 0.1797 2.178 0.1534 0.4465 0.4000 

4.550 0.0827 o. 7115 0.2057 --z~-zt-z;-3 ·o.ITIB 0.4221 o;A-soo 
5.471 0.0745 0.6754 0.2500 2.743 0.1052 0.3947 0.5000 

6.642 0.0679 0.6320 0.3000 3.090 O.O.S55 0.3644 0.5500 

7.987 .0.0623 0.5876 0.3500 3.503 0.0683 0.3316 0.6000 

9.554 0.0572- 0.5427 0.4000 4. Oll 0.0535 0;2964 0.6500 

11.407 0.0522 o-.-4•it7 o:45oo 4.661 0.0410 0.2589 0.7000 

13.624 0.0472 0.4527 0,5000 ---s-;:;z;-T <J;n3m3 0.2191 0.7500 

16.335 0.0423 0.4076 0.5500 6.824 0.0224 0.1775 0.8000 

19.718 0.0375 0.3624 0.6000 8.918 0.0156 0.1343 0.8500 

24.064 0.0326 0.3113 0.6500 13.044 0.0098 0. 0901 0.9000 

29.857 0.0279 0.2720 a.1ooo 
37.957 0.0231 o--:2268 0.7500 .K1 = -o:T~NI:JI<7-=--J.OO-
50.099 0.0184 0.1815 0.8000 
70.319 0.0137 0.1362 0.8500 

110.728 0.0091 0.0908 0.9000 0.050 0.9513 0.0485 0.0001 
0.100 0.9053 0.0937 0.0009 

. 0.150 0.8617 0.1353 0.0029 
K1 - a. to AND K2 - O.JU'- 0.200 0.8204 0.1730 0.0065 

0.050 0.9513 0.0486 o.oooo 0.250 0.7813 0.2066 o.o ll9 

o. 100· 0.9053 0.0946 o.oooo 0.300 0.7443 lJ--;nQJ 0.0193 

0.150 0.8617 0.1379 0.0002 
0.350 0.7092 0.2620 0.0286 

0.200 0.8204 0.1788 0.0006 
0.400 0.6759 0.2841 0.0399 

0.250 0.7814 0.2l73 0.0012 
0.450 0.6444 0.3026 o.o 528 

-o-;-3UU 0.7444 0.2534 --o-;;lJ\JlT 
0.500 0.6145 0.3181 0.0673 

0.350 0.7094 0.2873 0.0032 
0.592 0.5680 0.3319 0.1000 

0.400 0.6763 0.3190 0.0045 
0.685 0.4830 '"'D.16ti9 O:T5UO 

0.450 0.6449 0.3487 0.0062 
0.819 0.4363 0.3636 0.2000 

0.500 0.6153 0.3764 0.0082 
0.956 0.3922 0.3577 0.2500 
1.097 0.3504 0.3495 0.3000 

1.051 0.3807 0.5692 0.0500 
1.505 0.2612 0.6387 0.1000 

1.242 0,3105 0.3394 0.3500 

1.901 0.1969 0.6530 -rr~T!iOO 
1.393 0.2723 0.3276 0.4000 

2.295 0.15.40 0.6459 0.2000 
1.555 0.2364 "lJ."JI 3-5 --{)~0 

2.706 0.1235 0.6264 0.2500 
1. 734 0.2027 0.2972 0.5000 

3.149 0.1012 0.5987 0.3000 
1.935 0.1710 0.2789 0.5500 

3.641 0.0844 0.5655 0.3500 
2.166 0.1413 0.2586 0.6000 
2. 43.8 0.1135 0.2364 0.6500 

4.198 0.0716 0.5283 0.4000 
4.844 o.o616 rr;-4ll1f3 --u-.-z;-smr 2. 770 0.0878' 0.2121 0.7000 

5.608 0.0535 0.4464 0.5000 
3.192 0.0643' 0. 18 56 IJ.75TIO 

6.533 0.0466 0.4033 0.5500 
3.764 - 0.0436 0. 1563 0.8000 

7~682 0.0404 0.3595 0.6000 
4.623 0.0263 0.1236 0.8500 

9.152 0.0348 0.31.51 0.6500 
6.168 0.0134 0.0865 0.9000 

11.106 0.0293' 0.2706 0.7000 
13.833 u:--u74T o. 2258 0.7500 
17.912 0.0190 0.1809 0.8000 
24.691 0.0141 0.1358 0.8500 
38.213 0.0093 0.0906 0.9000 
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Table A-II, continued. Composition vs. Time for Two Consecutive Reaction 
Steps with First Step Reversible (A~ B, 2B-* C). 

T 

0.050 
0. 100 
0.150 
0.200 
0.250 
n-~·"Jon 

0.350 
0.400 
0.450 
0.500 
0.586 
0.392 
0.548 
0.701 
0.854 
·r ;-o 1 o 
1. 1 71 
1.339 
1.'515 
1. 712 
l. 941 
2~220 

2.578 
3.072 
3.858 

K1 = 

0.050 
0.550 
1.050 
1.550 
2.050 
2.550 
3.050 
3 •. 550 
4.050 
4.550 
5.481 
6. 923 
8.565 

10.459 
12.665 
15-:-268 
18.387 
22.193 
26.943 
33.042 
41.163 
52-:515 
69.520 
97.822 
54.344 

0.10 1\NO ~2 

a 

0.9<;13 0.0482 
0.9052 0.0917 
0.8616 0.1291 
o.8203 o.159!l 
o. 7812 0.11:141 

-u-.lzt40 0.2025 
0.7087 0.215fl 
0.6752 0.2249 
0.6434 0.2307 
0.6132 0.233<; 
0.5686 0.2313 
o. 5746 0.1753 
0.5150 
0.4609 
0.4107 
0.3637 
0.3190 
0.2763 
0.2351 
0.1960 
0.1588 
0.1233 
0.089H 
0.0586 
0.0309 

0.1849 
0.1890 
0.1892 
0.1862 
0.1809 
0.1736 
0.1648 
0.1539 
0.1411 
0.1266 
0.1101 
0.0913 
0.0690 

0.30 AND K2 = 

0.9515 
0.6075 
0.4267 
o. 3305 
0.2719 

··o.248-6 
0.2298 
0.2178 
0.2092 
0.2024 
0.1922 
0.1793 
0.1669 
0.1546 
0.1423 

··0.1302 
0.1180 
0.1060 
0.0940 
0.0820 
0.0701 

··o:a583 
0.0465 
0.0348 
0.0231 

0.0484 
0.3889 
0.5578 
0.6359 
0.6670 
6.6744 
0.6699 
0.6597 
0.6470 
o. 6333 o. 6.077 
0.5706 
0.5330 
0.4953 
0.4576 
0~4197 
0.3819 
0.3439 
0.3059 
0.2679 
0.2298 
o. f916 
0.1534 
0.1151 
0.0768 

10.00 

"Y 

0.0003 
u.oo29 
0.0091 
0.0'197 
0. 0 346 
0.0534 
0.0754 
0.0'}97 
0.1257 
0.1528 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.7500 
0.8000 
0.8500 
0.9000 

0.10 

o.oooo 
0.0034 
0.0153 
0.0335 
0.0549 
0.0775 
0.1002 
0.1223 
0.1436 
0.1641 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.1000 
0.7500 
o.8ooo 
0.8500 
0.9000 

Ri 

T 

o~osn 
0.099 
0.149 
0.199 
0.249 
0.299 
u~·349 

0.399 
0.449 
0.499 
0. 55.9 
1.116 
1.632 

2:11-2 
2.606 
3.138 
3.729 
4.396 

--~-ill!. 
6.063 
7.141 
8.448 

10.071 
12.153 
14.913 
18:-759 
24.500 
34.027 
52.998 

K 1 = 

0.050 
0. 100 
0.150 
0.200 
0.250 

-u·:-3ou 
0.350 
0.400 
0.450 
0.500 
0.653 
0.944 

-T:T77 
1. 407 
1.642 
1.R90 
2.159 
2.456 

-r.-TIT 
3.179 
3.636 
4.191 
4.886 
5.789 

-,;-(f2b 

8.843 
ll.816 
17.658 

a 

·-p.9'il5 0.0483 
o.9062 o.0936 
0,8637 0.1359 
0.8238 0.1754 
o. 7865 o. 2122 
o. 7515 0.2464 

tl:ITlll 0. 2782 
o. 6879 o. 3076 
0.65Ql 0.3349 
0.6320 0.3602 
o.6o73 o.3824 
0.4114 0.5385 
0.3150 0.5849 

-o.i62ci ci~-5879 
0.2278 0.5721 
0.2031 0.5468 
0.1836 0.5163 
0.1669 0.4830 
0.1518 0.4481 

o:l377 o:4i22 
0.1241 0.3758 
0.1108 0.3391 
0.0977 0.3022 
0.0849 0.2650 
0,0722 0.2277 
0.0597 6~ 1902 
0.0474 0.1525 
0.0353 0.1146 
0.0233 o. 0766 

0.30 AND K2 = 

0. 9 515 0. 04 8 3 
0.9062 o. 0934 
0.8637 0.1353 
0.8238 0.1739 
o. 7864 0.2094 

- rr:75T4 0;2419 
o. 7185 0.2715 
0.6876 0.2983 
0.6586 0.3225 
0.6314 o. 3442 
o. 5679 o. 3tl20 
0.4456 0.4543 

-~i1-s-J 0~ 4646 
0.3348 0.4651 
0.2936 0.4563 
0.2587 0.4412 
0.2283 0.4216 
0.2012 0.3987 

-rr:T7b1! . 0 ; 3 T3.1 
0.1545 0.3454 
0.1340 0.3159 
0.1151 0.2848 
0,0974 0.2525 
0.0809 0.2190 

----u-:~5 · ·u; 1844 
0.0509 0.1490 
0.0372 0.1127 
0.0241 o. 0158 

6.30 

"Y 

0.0000 
o.oooo 
o.oooz 
0.0006 
0.0012 
0.0020 
0. 0030 
0.0043 
0.0058 
0.0077 
·o.o1o2 
0.0500 
0.1000 
0.1500 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
o.6oeo 
0.6500 
0.7000 
0.7500 
o.8ooo 
0.8500 
0.9000 

1.00 

o.oooo 
0.0003 
0.0009 
0.0021 
0.0040 
0.0065 
0.0098 
0. 0 139 
0.0187 
0.0243 
0.0500 
0.1000 
0.1500 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.7500 
0.8000 
0.8500 
0.9000 
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Table A-II, continued. Composition vs. Time for Two Consecutive Reaction 
Steps with First Step Reversible (A~ B, 2B ~C). 

K1 

0.050 
0.100 
0.150 
0.200 
0.250 
"{J.30U 

0.350 
0.400 
0.450 
0.500 
o:610 
lJ.7TI 
0.862 
1.014 
1.171 
1.332 
1.50;3 
--r.mo 
1.899 
2.138 
2.416 
2.750 
3.165 
T.7U7t 
4.453 
5.610 
7.757 

0.050 
0.100 
0.150 
o.'2oo 
0.250 

---u:-mu -
0.350 
0.400 
0.450 
0.500 
0.604 
0.434 
0.600 
0.762 
0.923 

--r:\YB1J 
1.256 
1.432 
1.622 
1.839 
2.097 
~ 
2.830 
3.417 
4.383 

0,30 AND K? 3.00 

a f3 

0.951.5 o. 0482 0.0001 
0.9062 0.0928 0.0008 
0.8636 0.1334 0.0028 
o. 8237 0.1698 0.0063 
0.7863 0.2021 0.0115 
0.7511 -u-;2302 0.0185 
0.7180 0.2544 0.0274 
0.6869 0.2750 0.0379 
0.6575 0.2923 0.0500 
0.6299 o. 3065 0.0635 
0.5805 0.3194 0.1000 
o.5o38-u;v•eT -o-;I500 
0.4571 0.342!! 0.2000 
0.4132 0.'3367 0.2500 
0.3714 0.3285 0.3000 
0.3316 0.3183 0.3500 
0.2942 0.3057 0.4000 
o. z 592 -u:2'Tor-u;4~oo 
0.2262 0.2737 0.5000 
0.1950 0.2549 0.5500 
0.1654 0.2345 0.6000 
0.1374 0.2125 0.6500 
0.1111 0.1888 o. 7000 
o.0866 -mJ'--o~-r50o 
0.0642 0.1357 0.8000 
0.0442 0.1057 0.8500 
o.026<'l o.o73o o.9ooo 

0.9515 0.0480 0.0003 
0.9062 0.0908 0.0029 
0.8636 o. 1213 0.0089 
0.8235 0.1571 0.0192 
o. 7859 0.1805 0.0335 
o. 7503 --o-;T980 o.0516 
o. 7167 0.2106 0.0725 
0.6849 0.2193 0.0957 
0.6547 0.2247 0.1204 
0.6261 0,2277 0.1460 
o. 5766 o. 2i33 0.2000 
0.5836 0.1663 0.2500 
o. 5231 o. 1768 0.3000 
0.4684 0.1815 0.3500 
0.4180 0.1819 0.4000 
0.3708 --u;1791 0~4500 

o. 3261 0.1138 0.5000 
0.2832 0.1667 0.5500 
0.2426 0.1513 0.6000 
0.2041 0.1458 0.6500 
0.1672 0.1327 o. 7000 
o. ~ 318 --u;mT -u-;7500 
0.0982 0.1017 0.8000 
0.0667 o. 0832 0.8500 
0.0384 0.0615 0.9000 

K1 

0.050 
0.550 
1.050 
1.550 
2.050 
2.550 
3.050 
3.550 
4.050 
4.550 
5.282 
7.954 

10.957 
14.356 
18.236 
22.706 
27.915 

34.o63 
41.432 
50.428 
61.657 
76.077 

--~-280 
122.130 
162.354 
229.309 
363.049 

Kl = 

0.050 
0.550 
1.050 
1.404 
2.292 

--3:232 
4.277 
5.454 
6.797 
8.339 

10.129 
12.240 
14.762 
17.833 
21.657 
26.554 
33.060 
42.135 
55.694 
78.207• 

123.059 

1.00 AND K2 

a f3 

0.9524 0.0475 
0.6693 0.3276 
0.5613 0.4280 
0. 517 8 0. 4614 
0.4982 0.4701 
o.4873 o:-4699 
0.4798 0.4664 
0.4736 0.4619 
0.4680 0.4570 
0.4626 0.4520 
0. 4550 _0 !_!!449 

-o:4295 o.4204 
0.4039 0.3960 
0.3785 0.3714 
0.3530 0.3469 
0.3276 o. 3223 
0.3022 0.2977 
o.2768 o.-273i 
0.2515 0.2484 
0.2262 0.2237 
0.2009 0.1990 
0.1757 0.1742 
0.1505 0.1494 

-o~i53 0.1246 
0.1002 0.0997 
0.0751 0.0748 
0.0500 0.0499 

1.00 AND K2 = 

o.1o 

'Y 

o.oooo 
0.0029 
0.0105 
0.0206 
0.0315 
0.0426 
0.0536 
0.0643 
0.0749 
0.0852 
0.1000 
0.1500 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0~6500 
0.7000 
0.7500 
o.aooo 
0.8500 
0.9000 

0.30 

0.9524 0.0475 o.oooo 
0.6688 o. 3223 0.0087 
0.5570 0.4124 0.03<14 
0.5214 0.4285 0.0500 
~698 0.4301 0.1000 

0.4391 0-~4108 0.1500 
0.4120 0.3879 0.2000 
0.3855 0.3644 0.2500 
0.3591 0.3408 0.3000 
0.3329 0.3170 0.3500 
0.3067 0.2932 0.4000 
o.28o6 o.269\ o~45oo 
0.2546 0.2453 0.5000 
0.2287 0.2212 0.5500 
0.2029 0.1970 0.6000 
0.1772 0.1727 0.6500 
0.1516 _.Q.!l~-~ 0.7000 
0.1261 0.1238 0~ 7506 
o.1oo1 o.o992 o.8ooo 
o. 0754 o. 0745 o. 8500• 
0.0501 0.0498 0.9000· 
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Table A-II, continued. Composition vs. Time for Two Consecutive Reaction 
Steps with First Step Reversible (A~ B, 2B ~C). 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.750 
1. 13 7 
T~-501 

1.880 
2.294 
2.755 
3.278 
3.880 
4.582 
5.413 
6.416 
7.654 
9.225 

11.293 
l"4~T51 
18.383 
25.347 
39.095 

K1 = 

1.00 AND K2 1.00 

a 13 

0.9524 
0.9093 
0.8703 
0.8350 
0.8030 
o;7T39-
o.7475 
0.7235 
o. 7016. 
0.6816· 
0.6169 
0.5298 

-().·4-flTJ 
0.443A 
0.4110 
0.3805 
0.3510 
0.3221 
0',2936 
0.2654 
0.2375 
0.2099 
0.1826 
0.1556 

- --o:TZ88 
0.1024 
0.0764 
0.0506 

0.0475 0.0000 
0.0903 0.0002 
0.1287 0.0008 
0.1629 0.0019 
0.1933 0.0035 
0.2202 0.0057 
0.2440 O.OOA4 
0.2647 0.0116 
0.282Y 0.0154 
0.2987 0.0196 
o. 3'330 0.0500 
o. 3701 0.1000 
0.3686 0.1500 
o. 3561 0.2000 
o. 3389 0.2500 
0.3194 0.3000 
0.2989 0.3500 
o. 2778 0.4000 
o. 2563 -0.4500 
0.2345 0.5000 
0.2124 0.5500 
0.1900 0.6000 
o. 1673 0.6500 
o. 1443 o. 7000 
0.1211 0.7500 
0.0975 0.8000 
0.0735 0.8500 
0.0493 0.9000 

1.00 AND KL = 3.00 

0.050· 0.9524 0.0474 0.0001 
0.100 0.9093 0.0898 0.0008 
0.150 0.8703 0.1270 0.0026 
0.200 0.8348 0.1593 0.0057 
0.250 0.8026 0.1870 0.0102 

·o~1oo - o-~-7732' o.21o5 o.o162 
0.350 o. 7462 0.2301 0.0235 
0.400 o. 7215 0.2464 0.0320 
0.4.50 0.6986 0.2596 0.0417 
0.500 0.6775 0.2702 0.0522 
0.685 0.6209 0.2790 0.1000 

----cJ.838 0. 5656 -----u~-28"43 - 0.1500 
1.049 0.5177 0.2822 0.2000 
1.263 0.4731 0.2768 0.2500 
1.488 0.4326 0.2673 0.3000 
1.732 0.3954 0.2545 0.3500 
2.005 0.3599 0.2400: 0.4000 

--z~--JT4 o. 3258 ---u;;z2:n o.45oo 
2.672 0.2925 0.2074 0.5000 
3.095 0.2599 0.1900 0.5500 
3.604 0.22BO 0.1719 0.6000 
4.236 0.1967 0.1532 0.6500 
5.049 0.1662 0.1337' o. 7000 
·o. T7t4- o:TJ"bJ ·-o:TTJB -o;75UU 
7.726 0.1073 0.0926 0.8000 

10.262 0.0791 0.0708 0.8500 
15.139 0.0518 0.0481 0.9000 

K1 

0.050 
0.100 
0.150 
0.200 
0.250 
o·;3oo 
0.350 
0.400 
0.450 
0.500 
0.984 
1.174 
T~ 
1.570 
1.797 
2.060 
2.373 
2.758 
T.LTI 
3.929 
4.945 
6.755 

K 1 = 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.950 
4.515 
8._136 

13.668 
30.468 
41.175 
63~865 
80.672 
86.522 
93.698 

110.244 
124.054 
153.131 
169.052 
204.726 
253.5'H 

1.00 AND K2 to.oo 

0.9524 0.0003 0.0472 
0.9092 0.0027 0.0879 
o;a1oo o.oo83 0.1215 
0.8342 0.0175 0.1481 
o.soq o.o3o1 o.1684 

----o;77UE" o.o4s7 --o~ !1;133 
o. 7424 0.0636 0.1939 
o. 7159 0.0831 0.2009 
0.6909 0.1038 0.2052 
0.6672 0.1251 0.2075 
0.4847 0.1652 0.3500 
0.4358 0.1641 0.4000 
0. 3 899 ·-u.-l6UO --u-;'4500 
0.3470 0.1529 0.5000 
0.3065 0.1434 0.5500 
0.2675 0.1324 0.6000 
0.2295 0.1204 0.6500 
0.1924 0.1075 0.7000 

---u-;-rsc;z --o·;nln7 u.75oo 
0.1212 0.0787 0.8000 
0.0877 0.0622 0.8500 
0.0559 0.04.40 0.9000 

3.00 

0.9547 
0.9176 
0.8872 
0 .• 8623 
0.8419 
0.8252 
0.8115 
0.8003 
0.7910 
0.7835 
0.7538 
0.7324 
o. 7_645 
0.7229 
0.6322 
0~5882 
0.5266 
0.4886 
0.4769 
0.4643 
0.4534 
0.4295 
0.3879 
0.3654 
o. 3287 
0.2883 

AND K2 = 

0.0453 
0.0824 
0.1127 
0.1375 
0.1578 
0.1744 
0.1879 
0.1990 
0.2080 
0.2154 
0.2425 
0.2426 
0.1855 
0.1998 
0. 196 3 
0. 19-12 
o. 1734 
0.1614 
o.i58-1 
0.1532 
0.1109 
0.096<:1 
0.0809 
0~0792 
0~0728 
0.0673 

0.10 

o.oooo 
o.oooo 
0.0001 
0.0002 
0.0003 
0.0004 
0.0006 
o.ooo8 
0.0010 
0.0012 
0.0036 
0.0250 
0.0500 
0.0172 
0.1114 
0.2206 
0.3000 
0.3500 
0.3650 
0.382~ 

0.435? 
0.4736 
0.5312 
0.5554 
0.5985 
0.6443 
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Table A-II, continued. Composition vs. Time for Two Consecutive Reaction 
Steps with First Step Reversible (A~ B, 2B ~C). 

K1 3.00 AND K2 

T a P 

0.050 0.9546 
0.550 0.8180 
1.050 0.7661 
1.550 0.7436 
2.050 0.7315 
2.550 0~7231 
3.050 0.7162 
3.550 0.7097 
4.050 0.7036 
4.550 0.6976 
6. 268 0.6778 
9.839 0.6400 

13.852 0.6022 
18.393 0.5644 
23.576 0.5267 
29.548 0.4889 
36. 506_ 0.45_!_2 
44.717 0.4135 
54.557 0.3758 
66.567 0.3382 
81.559 0.3005 

100.807 0.2629 
J26._1t3~- 0.2253 
162.264 --0~ 1877 
215.933 0.1501 
305.253 0.1125 
483~639 0.0750 

0.0453 
o. 1733 
0.2174 
0.2316 
0.2353 
0.2353 
0.2340 
0.2323 
0.2304 
0.2285 
0. 2221 
0.2100 
0.1977 
0.1855 
0.1-132 
0.1&10 
0.1487 
0.1364 
0.1241 
o. 1117 
0.099'• 
0.0870 
0.0746 
0.0622 
0.0498 
0.0374 
0.0249 

Kl = 3.00 AND K2 = 

0.050 
0.550 
1.050 
1.550 
2.oo;o 
2.550 
3.050 
3.550 
4.050 
4.550 
5.884 
7.510 
9.382 

11. 551 
t4::io7 
17.160 
20.875 
25.495 
31.411 
39.262 -- s<:i":2a2 
66.537 
93.636 

147.578 

0.9546 
0.8178 
0.7523 
0.7147 
0.6890 
o.66a5 
0.6506 
0.6342 
0.6189 
0.6043 
0.5687 
0.5304 
0.4922 
0.4540 

--O.ttl59 
0.3778 
0.3398 
0.3018 
0.2639 
0.2260 

--o-~-fsa-2 

0.1504 
0.1127 
0.0751 

o. 0452 
0.1524 
0. 1939 
0.2079 
0.2105 
0.2085 
0.2048 
0.2006 
0.1962 
0.1919 
0.1812 
0.1695 
0.1577 
0.1459 
o-.1340 
0.1221 
0.1101 
0.0981 
0.0860 
0.0739 
o. 0617 
0.0495 
0.0372 
o. 0248 

0.30 

o.oooo 
0.0085 
Oo0163 
0.0246 
0.0330 
0.0414 
0.0497 
o.o 579 
0.0659 
0.0738 
0.1000 
0.1500 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.7500 
0.8000 
0.8500 
0.9000 

1.00 

0.0000 
0.0296 
0.0536 
0.0772 
0.1004 
0.1228 
0.1444 
0.1650 
0.1847 
0.2036 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.7500 
0.8000 
0.8500 
0.9000 

T 

0.050 
0.099 
0.149 
0.199 
0.249 
0.299 
0.349 
0.399 
0.449 
0.499 
0.648 
1.018 
1 ~490 
1.978 
2.520 
3.133 
3.831 
4.636 
5~ 575 
6.689 
8. 033 
9.693 

11.799 
14.571 
18.402 
24.071 
33.393 

K 1 = 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
1. 445 
1.136 
2.062 

--r.zt3"6 
2.870 
3.385 
4.007 
4.780 
5. 775 
~TIS 

9.055 
12.157 
18.103 

hOO AND K2 

a P 
().9546 
0.9175 
0.8869 
0.8616 
0.8406 
0.8229 
0~8078 

0.7949 
0.7835 
0.7735 
0.7543 
0.1190 
--0~6614 

0.6196 
0.5797 
0.5401 
0.5006 
0.4613 
0".4221 
0.3830 
0.3440 
0.3052 
0.266'> 
0.2279 

--o-~T895 

0.1513 
0.1132 

0.0452 
0.0817 
0.1108 
0.1338 
0.1518 
0.1657 
0.1764 
0.1844 
0.1905 
o. 1949 
0.1956 
0.1809 
0.1885 
0.1803 
0.1702 
0.1598 
0.1493 
0.1386 
0.1278 
0.1169 
0.1059 
0.0947 
0.0834 
0.0720 
0.0604 
0.0486 
0.0367 

3.00 

-y 

0.0001 
0.0007 
0.0021 
0.0044 
0.0075 
0.0113 
0.0157 
0.0206 
0.0258 
0.0314 
0.0500 
0.1000 
0.1500 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0. 6 500 
0.7000 
0.7500 
0.8000 
0.8500 

3.00 AND Kl = 10.00 

0.9546 0.0449 
0.9174 0.0801 
0.8864 0.1066 
0.8603 0.1259 
o. 8378 0.1395 
o;8T8T 0.1488 
0.8004 0.1548 
0.7844 0.1586 
0.7695 0.1607 
0.7556 0.1616 
0.5660 0.1339 
o. 5222 0.1277 
0.4800 0.1199 

---o·;-z;-31f3- --o. 1116 
0.3969 0.1030 
0.3557 0.0942 
0.3148 0.0851 
0.2741 0.0758 
0.2338 0.0661 
o.t93 r o;-o562 
0.1541 0.0458 
0.1149 0.0350 
0.0761 o. 0238 

0.0003 
0.0024 
0.0068 
0.0137 
0.0225 
0.0330 
0.0446 
0.0569 
0.0696 
0.0827 
0.3000 
0.3500 
0.4000 
o.-4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.7500 
0.8000 
0.8500 
0.9000 



-81-

Table A-II, cont~nued. Composition vs. Time for Two Consecutive Reaction 
Steps with First Step Reversible (A~ B, 2B ~C). 

K1 1C.OO /1\C 1<2 0.10 

0.050 
0.100 
0.150 
0.200 
o:2-sc 
0.300 
0.350 
0.400 
0.450 
o!5oc 
1.050 
2.008 
3.840 
5.445 
8. 115 

a 

c.9e1e 
0.9394 
0.9266 
-~·9192_ 
0.9149 
C.9124 
0.9109 
0.9101 
C.9C96 
0.9C93 
0.90I:i5 
0.9078 
o.9C6'• 
0.9052 
0.9032 

10.413 0.9C15 
l2.712 O.!l'i98 
15.519 0.8<;78 
is. o 2 4---- o. e 9 ~" 
20.933 
25.554 
29.67'i 
34.469 
40.032 
46.494 
51.371 

0.8'i3!:! 
0.8~05 
0.887'5 
O.!Jil41 
c.flec2 
C.fl757 
C.B723 

O.C384 
o.cto6 
O.CT34 
_o. esc e 
O.C85G 
G.C875 
0.0889 
O.C897 
O.C9C2 
C.C9C4_ 
O.C9C8 
O.C907 
O.C9C6 
O.C9C4 
C.C9C2 
O.C901 
O.CB'i9 
O.C897 
c.cec;5 
o.C893 
C.CH90 
o.cBA7 
O.Cfl83 
0.0879 
q.cs75 
0.0872 

o.ccoo 
o.ococ 
o.ccoo 

_O.CC01 
O.OC01 
O.CC01 
0.0002 
0.0002 
O.OC03 
O.C.CC3 
o.ocoe 
O.C015 
0 .CC3C 
O.CC44 
o."oc6s 
O.OC84 
0.0103 
0.0125 
0.0145 
0.016<; 
ci. c2o5 
0.0238 
0.0276 
O.C31<J 
o.c36~ 
0.0406 

K1 = 1C.OO ANC K2 = 0.30 

0.050 0.9616 
0.100 0.9394 
Q ._1_~ ()_ -_Q_,_'-}_~ 6? 
0.200 C.9191 
0.250 C.'JI48 
0.300 0.9122 
0.350 C.9107 
0.400 0.9098 
0.450 0.9092 
·o·:-56if - c. 9oee 
1.o~o c.9on 
1.489 0.9063 

_2 • 4 5 1.. ·-c • 9_o 41 
-5 • 18 0 0 • 8 'i 8 1 
7.720 C.fl<;26 

10.946 C.8857 
15.519 o.876o 
20.933 C.8649 
?9.67<1 0.847~ 
40.032 o. 8-277 
56.759 0.7977 

o.C3e4 o.ocoo 
0.0606 o.ocoo 
o_, t; 1 33_ _____ o ._Q~ 01 
O.C8C7 C.OC-02 
O.C849 0.0003 
O.C874 0.00.04 
0.0887 o.ooos 
O.C895 O.CC07 
O;C900 0.000!: 
o.c903 o-.cCog 
O.C905 
0.0904 
6.~_902 
O.C8CJ6 
O.CS90 
0.0884 
O.G874--
0.C863 
0.0846 
O.Q826 
C.C7S6 

o.ccn 
o •. cCJ-3 
o.oc5f 
0.0123 
0.0184 
C.026C 
0~0366 
0.0488 
0.068C 
0.0897 
0 ~ 1227 

K1 = 1C.OO ANC 1<2 = 1.00 

0.050 0.9616 0.0384 O.COOO 
0.100 0.9394 0.0605 0.0002 
0.150 0.9265 _0~0732 __ Q_!_~Qt, 
-o~26c ____ C~9ie9-- O.C804 O.GCO/ 
0.250 0.9144 0.0845 0.001C 
0.300 0.9117 0.0869 0.0014 
0.350 C.910G O.C882 O.OC18 
0.400 C.9C88 O.C890 0.0022 
0.45C C.908C U.C894 0.0026 
-o~-5oc ____ c:9c74 o.os% ---o:cc-3o 

a 

.J,_ .. Q?_9 _____ o. 9qo 
2.332 c.s93tl 
4.688 c.8772 
6.596 0.8642 

13.770 0.8187 
21.783 0.7732 
30.790 c.1211 
40.990 0.6822 
52.6}9 0.6~67 

0.08<;6 
o~c8€7 
0.!=870 
O.C858 
0.0813 
0.0768 
0.0723 
0.0678 
O.C633 

K1 = 1C.OO ANC 1<2 = 
0.050 0.9616 
0.100 C.9393 

_o~_l5_Q_ G_·9Z(,L _ 
o.2oo c.91-84 
0.250 0.9134 
0.300 0.9102 
0 • .350 0'.9079 
0.400 0.9062 
0.450 0.9047 --a-.--soc- --c .9o3·4-· 
1.0~0 0.8916 
1.565 O.i:l210 
2.347 0.8654 
4.804 0.8198 
7.543 c.7742 

10.618 0.7285 
14.09l: 0.6829 
18.062 0_.63_?3_ 
22.629 0.5918 
27.945 0.~'•62 

34.213 c.soot 
41.719 0.4':i50 
50.873 0.4095 

O.C383 
O.C602 
Q,C7)6 
0.07'>6 
0.0835 
O.G8':)7 
0.0868 
0.0875 
O.C87R 
o.c879 
0.0871 
0.0861 
0.0846 
O.C802 
0.0758 
0.0715 
O.C67l 
0.0627 
o.c5s2 
o.cs3s 
0.0494 
O.C45U 
0.0405 

K1 = 1C.OO ANC 1<2 = 

_0_. C,C_7_<, 
0.0176 
O.C35E 
o.osoc 
O.ICOC 
0.1500 
o.2COC 
0.2500 
0!300C 

3.00 

0.0001 
o.oco~ 

0. 0~_12_ 
O.OC2C 
0. OC3C 
O.OC41 
0.0052 
.0. 0064 
0.0075 
a:ccai 
0.0213 
0. 03.2<; 
0.0500 
0.1COC 
0.1500 
0.2000 
o.zsoc 
0.3COC 
0.3500 
0.4000 
0.4500 
c.5COC 
0.5500 

lO.CO 

0.050 0.961~ O.c3e2 O.CC03 
0.100 C.939C O.C594 O.OC16 

. _O!_l~Q_ 0.9254 0.0_709 O._OC37 
o.2oo - c:-9i6s-- o.c77o o.oo65 
0.250 0~9102 0.0802 O.CC96 
0.300 0.9054 O.C817 0.0129 
0.350 0.9013 0.0825 0.0163 
0.400 0.8976 0.0827 0.0197 
0.450 0.8942 0.0827 0.0231 ·a ~-soc) --- a ~-a9o9 o. c s2 6 o ._0265 
o.851 o.8691 o.C809 o.osoc 
1.655 0.8Z31 O.C769 0.1COC 
2.548 0.7772 O.C728 O.l':iOC 
3.546 0.7312 0.0688 0.2000 
4.610 0.6853 0.0647 0.250( 

___ 5_._~'!_6 __ Q_.l?}'t4 ____ 0.0606 0-19_90 
7.408 0.5936 0.~~64 0.3500 
9.103 0.5477 0.~523 0.4000 

11.092 0.5019 C.C4ei 0.4SOC 
13.464 0.4561 0.0439 o.scoo 
16.342 0.4104 0.0396 0.5500 
J--2!...91£_ _ _9__..~£_"} __ O,f;__35} __ 0~6COC 
24.478 0.3190 0.0310 0.6500 
30.518 0.2733 0.0267 0.7-COC 
38.914 0.2277 0.0223 0.7500 
51.418 o.1e21 o.o179 o.ecoo 
66.sso o.1451 o.co49 c.e5oc 
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Table A-III. Composition vs. Time for Two Consec'utive Reaction 
Steps with Second Step Reversible .(A - B, 2B ~C). 

K1 

T 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0. J 50 
0.400 
0.450 
0.500 
0.~50 

0.600 
o. 650 
0.700 
0.750 
0.800 
0.850 
0.900 
0.950 
1.551 
1.727 
2. 59'> 
3. 490 
4.553 
5. 930 
7. 9 79 

12.095 

K1 = 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.550 
0.600 
0.650 
0.700 
o. 750 
o.aoo 
0.850 
0.900 
0.950 
1.551 
1.8 
2o9ZL 
4.425 
8.690 

0.10 AND K2 

0.9512 0.0488 
0.9048 0.0951 
o. d607 0.1392 
o.ts187 o.1810 
o. 7788 0.2208 
o. 7408 0.2585 
o·. 1047 o.2942 
0.6703 0.3281 
0.6376 0.3602 
0.6065 0.3906 
0.5769 0.4194 
0.5488 0.4466 
0.':>220 0.4724 
0.4966 0.4967 
0.4"124 0.5196 
0.4493 0.5413 
0.4274 0.5617 
O.'t066 0.5810 
o. 3867 0.5992 
0.2120 o. 7474 
0.1780 0.7720 
O.Ul43 C.r3252 
o.,J104 o.J196 
0.0106 o. 7894 
0.0027 o. 7473 
0.0003 0.6997 
o.oooo 0.6500 

0.10 AND K2 = 

o.1u 

o.oooo 
o.oooo 
0.0001 
0.0002 
0.0004 
0 .• 0007 
0.0011 
0.0016 
0.0022 
0.0028 
0.0037 
0.0046 
0.0056 
0.0067 
0.0080 
0.0094 
0.0108 
0.0124 
0.0141 
0.0406 
c. o 5 a·o 
c.10GO 
L. 1 ;,c.! 
c.2000 
0.2500 
0.3000 
0.3500 

u.30 

0.9512 
0.':1048 
0.8607 
0.1:1187 
o. 7788 
0.7408 
0.7047 
0.6703 
0.6376 
0.6065 
0.5769 
0.5488 
0.5220 
0.4966 
0.4724 
0.4493 
0.4274 
0.4066 
0.3867 
0.2120 
0.1611 
0.0539 
0.0120 
0.0002 

0.0488 o.oooo 
0.0951 u.oooo 
0.1392 0.0001 
0.1810 0.0002 
0.2208 0.0004 
0.2585 0.0007 
0.2942 0.0011 
0.3281 0.0015 
0.3603 0.002l 
0.3907 0.0028 
0.4195 0.0035 
0.4468 0.0044 
0.4 725 O.OO':i4 
0.4969 0.0065 
0.5199 0.0077 
0.5417 0.0090 
0.5622 0.0103 
0.5816 0.0118 
0.5999 0.0134 
0.7508 0.0372 
o. 7889 c.o5oo 
o. 8461 0.1000 
0.8380 0.1500 
0.7998 0.2000 

K1 

T 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0. 450 
0.500 
0.550 
0.600 
0.650 
0.100 
0.750 
0.800 
0.850 
0.900 
0.950 
1.551 
2.527 
4.116 

K1 = 

0.050 
0.100 
0. 150 
0.200 
0.250 
0.300 
0. 350 
0.400 
0.450 
0.500 
0.550 
0.600 
0.650 
0.700 
0.750 
o.soo 
0.850 
0.900 
0.950 
1.551 
2.527 

0.10 AND K2 1.00 

a f3 

0.)512 
0.9048 
0.8607 
O.d1b7 
o. 1788 
0.7408 
0. 1041 
0.6703 
0.6376 
O.b065 
O.':i769 
0.'>41i8 
0.5220 
0.4966 
0.4724 
0.4493 
O.'t274 
0.4066 
O. B67 
0.2120 
0.0799 
0.0163 

0.0488 o.oooo 
0.0951 o.oooo 
0.1392 0.0001 
0.1811 0.0002 
0.2208 0.001)4 
0.2585 0.0007 
0.2943 0.0010 
o. 3282 0.0014 
0.3604 0.0019 
o. 3909 0.0025 
0.4198 0.0032 
0.4472 0.0040 
0.4731 0.0048 
0.4977 0.0057 
0.5209 0.0067 
o. 5429 0.0078 
o.%37 o.oo89 
0.~834 0.0101 
O.b020 C.Ol1'3 
o. 7598 c.o2e3 
O.il664 G.0537 
0.9085 0.0752 

0.10 AND KZ = 3.00 

0.9512 
0.9048 
0.8607 
0.8187 
0.771i8 
0.7408 
0.7047 
0.6703 
0.6376 
0.6065 
0.5769 
0.5488 
0.5220 
0.4966 
0.4724 
O.<t493 
0.4274 
0.4066 
O.J867 
0.2120 
0.0799 

0.0488 o.oooo 
0.0951 o.oooo 
0.1392 0.0001 
0.1811 0.0002 
0.2208 0.0004 
0.2586 0.0006 
0.2945 0.0009 
o. 3285 0.0012 
0.3608 0.0016 
0.3915 0.0020 
0.4205 C.002'> 
0.4482 0.0030 
0.4744 0.0036 
0.4992 0.0042 
0.5228 0.0048 
0.5452 0.0055 
o. 5664 0.0062 
0.5866 C.0068 
0.6057 G.C075 
0.7723 O.Ul58 
0.8954 0.0247 
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Table A-III, continued. Composition vs, Time for Two Consecutive Reaction 
Steps with Second Step Reversible (A~ B, 2B ~C). 

K1 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.550 
0.600 
0.650 
0.700 
0.750 
o.8oo 
0.850 
0.900 
0.950 
1.050 
1. 480 
1.868 
2.258 
2.675 
3.144 
3.695 
4.385 
5.324 
6.821 

10.700 

K1 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.550 
0.600 
0.650 
0.100 
0.750 
o.8oo 
0.850 
0.900 
0.950 
1.551 
2.527 

0.10 AND KZ 10.00 

0.9512 
0.9048 
0.8607 
0.8187 
0.7788 
0.?408 
0.7047 
0.6703 
0.6376 
0.6065 
0.5769 
0.5488 
0.5220 
0.4966 
0.4724 
0.4493 
0.4274 
0.4066 
0.3867 
0.3499 
0.2276 
0.1545 
0.1046 
0.0690 
0.0432 
0.0249 
0.0125 
0.0049 
0.0011 
o.oooo 

0.0488 o.oooo 
0.0951 0.0001 
0.1390 0.0003 
0.1806 0.0007 
0.2199 0.0013 
0.2571 0.0021 
0.2921 0.0033 
0.3250 0.0047 
0.3560 0.0064 
0.3851 0.0084 
0.4123 0.0107 
0.4378 0.0134 
0.4616 0.0164 
0.4838 0.0196 
0.5045 0.0232 
0.5237 0.0270 
o. 5415 0.0311 
0.5579 0.0355 
0.5732 0.0401 
0.6001 0.0500 
0.6724 0.1000 
0.6955 0.1500 
0.6954 0.2000 
0.6810 0.2500 
0.6568 C.3000 
0.6251 0.3500 
0.5875 0.4000 
0.5451 0.4500 
0.4989 0.5000 
0.4500 0.5500 

0.30 AND K2 0.10 

0.9512 
0.9048 
0.8607 
0.8187 
0.7788 
0.7408 
0.7047 
0.6703 
0.6376 
0.6065 
0.5769 
0.5488 
0.5220 
0.4966 
0.4724 
0.4493 
0.4274 
0.4066 
0.3867 
0.2120 
0.0799 

0.0488 o.oooo 
0.0951 o.oooo 
0.1392 0.0001 
0.1811 0.0001 
0.2209 0.0003 
0.2588 0.0004 
0.2948 0.0005 
o. 3290 c.ooo7 
0.3615 0.0009 
0.3924 0.0011 
0.4217 0.0013 
0.4496 0.0016 
0.4762 0.0018 
0.5014 0.0020 
0.5254 0.0023 
0.5482 0.0025 
o.5698 o.oo28 
0.5904 0.0030 
o.6100 o.oo32 
o.7823 o.oo58 
o.9119 o.oo82 

K1 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.550 
0.600 
0.650 
0.700 
0.750 
o.8oo 
0.850 
0.900 
0.950 
1.078 
1.549 
1. 999 
2.491 
3.086 
3.909 
5.449 
6.705 

10.921 
17.790 

K1 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.550 
0.600 
0.650 
0.700 
0.750 
o.8oo 
0.850 
0.900 
0.950 
1.193 
1.873 
2.831 
4.116 
6.705 

0.30 AND K2 0.30 

0.9512 0.0488 o.oooo 
o. 9048 0.0951 0.0001 
0.8607 0.1390 0.0003 
0.8187 0.1806 0.0007 
o. 7788 0.2199 0.0013 
o. 7408 0.2571 0.0021 
0.7047 0.2921 0.0032 
0.6703 0.3251 0.0046 
0.6376 0.3561 0.0062 
0.6065 0.3853 0.0082 
0.5769 0.4126 0.0104 
o. 5488 0.4382 o.ouo 
0.52.20 0.4621 0.0158 
0.4966 0.4845 0.0189 
0.4724 0.5054 0.0223 
0.4493 0.5248 0.0259 
0.4274 0.5428 0.0298 
0.4066 0.5596 0.0338 
0.3867 0.5751 0.03.81 
o. 3403 0.6097 0.0500 
0.2125 0.6875 0.1000 
0.135'> 0.7145 0.1500 
0.0829 o. 1171 0.2000 
0.0457 o. 7043 0.2500 
0.0201 0.6799 0.3000 
0.0043 0.6457 0.3500 
0.0012 0.6312 0.3676 
o.oooo 0.6189 0.3811 
o.oooo 0.6180 0.3820 

0.30 AND K2 1.00 

0.9512 0.0488 0.0000 
0.9048 0.0951 0.0001 
0.8607 0.1390 0.0003 
0.8187 0.1806 0.0007 
o. 7788 0.2200 0.0012 
o. 7408 0.2572 0.0020 
0.7047 0.2923 0.0030 
0 .• 6703 o. 3254 0.0043 
0.6376 o. 3566 0.0058 
0.6065 0.3860 0.0075 
0.5769 0.4136 0.0095 
0.5488 0.4395 0.0117 
0.5220 0.4639 0.0141 
0.4966 0.4867 0.0167 
0.4724 0.5081 0.0195 
0.4493 0.5282 0.0225 
0.4274 0.5469 0.0256 
0.4066 0.5645 0.0289 
0.3867 0.5810 0.0323 
o. 3034 0.6466 0.0500 
0.1538 0.7462 0.1000 
0.0591 0.7909 0.1500 
0.0163 0.8033 0.1804 
0.0012 0.8054 0.1934 
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Table A-III, continued. Composition vs. Time for Two Consecutive Reaction 
Steps with Second Step Reversible (A~ B, 2B ~C). 

K1 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
o. 350 
0.400 
0.450 
0.500 
0.550 
0.600 
0.650 
0.700 
o. 750 
0.800 
0.850 
0.900 
0.950 
1.5')1 
2. 527 
4.116 

0.30 AND K2 3.00 

a 13 

0.9512 0.0488 o.oooo 
o. 'J048 0.0951 0.0001 
0.8607 0.1390 0.0003 
0.8187 0.1807 0.0006 
o. 7788 0.2201 u.OOll 
0.7408 0.2575 0.0017 
o. 7047 0.2928 0.0025 
0.6703 o. 3261 0.0035 
0.6376 0.3577 0.0047 
0.6065 0.3875 0.0060 
0.5769 0.4157 0.0074 
0.5488 0.4423 O.OOH9 
o. '>220 0.4674 0.0106 
0.4966 0.4911 0.0123 
0.4724 0.5135 0.0141 
0.4493 0.5347 0.0160 
0.4274 0.5547 0.0179 
0.4066 0.5736 0.0198 
o. j867 0.5915 0.0218 
0.2120 o. 7437 0.0443 
0.0799 0.8526 0,0675 
o. 0163 0..9013 u .0804 

K1 = 0.30 AND K2 = 10.00 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.550 
0.600 
0.650 
0.700 
0. 1'>0 
0.800 
0.850 
0.900 
0.950 
1.551 
2.527 

O.'J':>12 0.0488 0.0000 
0.9048 0.0951 0.0001 
o. 8607 0.1391 0.0002 
O.i:l187 0.1808 0.0004 
o. 7788 0.2204 0.0008 
o. 7408 0.2580 0.0011 
0.7047 0.2937 0.0016 
0.6703 o. 3276 0.0021 
0.6376 o. 3597 0.0027 
0.6065 0.3902 0.0033 
o. ':>769 0.4191 0.0040 
0.5488 0.4466 0.0046 
o. 5220 0.4726 0.0053 
0.4966 0.4974 0.0060 
0.4724 0.5209 0.0067 
0.4493 0.5432 0.0074 
0.4274 0.5644 0.0081 
0.4066 0.5846 0.0088 
0. 3867 0.6037 O.OO'J'> 
0.2120 o. 7712 0.0168 
0.0799 0.8964 0.0237 

K1 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.651 
0.892 
1. 098 
1.294 
1. 491 
1.696 
1.916 
2.158 
2.434 
2.758 
3.158 
3.685 
4.469 
6.051 
6.705 

10.921 
17.790 

K1 = 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.660 
0.912 
1.132 
1.346 
1.568 
1.808 
2.080 
2.403 
2.814 
3.400 
4.512 
(>.705 

10.921 
17.790 

1.00 AND K2 0.10 

a 13 

o.·J512 o.o4H7 c.oooo 
0.'1048 0.094'1 0.0003 
o. 8607 0.1383 0.0010 
0.6187 0.1790 0.0023 
o.n88 0.2110 o.0042 
o. 7408 0.2522 0.0069 
o. 7047 0.2848 0.0105 
0.6703 0.3147 C.C150 
0.6376 0.3421 0.0201 
0.6065 0.:~670 0.()265 
u.5216 0.4284 o.o5oo 
0.4098 0.4902 0.1000 
0.3334 0.5166 0.1500 
0.2742 0.5258 0.2000 
0.2252 0.524A 0.2500 
0.1835 0.516'> 0.3000 
0.1473 0,5027 0.3500 
0.1156 0.4844 0.4000 
0.0878 0.4622. 0.4500 
0.0635 0.4365 0.5000 
0.0426 0.4074 0.5500 
0.0252 o. 3748 0.6000 
0.0115 0.3385 0.6500 
0.0024 0.2976 o. 7000 
0.0012 0.2888 c. 7100 
o.oooo 0.2715 o. 72tl5 
o.oooo 0.2702 o. 7298 

1.00 AND K2 = 0.30 

0.9512 0.04B7 O.COCO 
0.9048 0.0949 0.0003 
o. 8607 0.1383 0.0010 
0.8187 0.1790 0.0022 
O. 778tl 0.2170 C.0042 
o. 7408 0.2523 0.0068 
o. 7047 o. 2850 0.01()3 
0.6703 0.3150 0.0147 
0.6376 0.3426 0.0198 
0.6065 0.3677 0.0258 
0.5169 0.4331 0.0500 
0.4017 0.4983 0.1000 
0.3225 0.5275 0.1500 
0.2603 0.5397 0.2000 
0.2085 0.5415 0.2500 
0.1640 0.5360 0.30.00 
0.1250 0.5250 0.3.500 
0.0905 0.5095 0.4000 
0.0600 0.4900 0.4500 
0.0334 0.4666 0.5000 
0.0110 0.4390 0-!>500 
0.0012 0.4L!Z 0.5776 
o.oooo 0.4180 0.5820 
o.oooo 0.4179 0.5821 
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Table A-III, continued. Composition vs. Time for Two Consecutive Reaction 
. Steps with Second Step Reversible (A~ B, 2B ~C). 

T 

0.050 
0.100 
0.150 
0.200 
0.2'>0 
0.300 
0.350 
0.400 
0.450 
0.500 
0.695 
0.990 
1. 270 
1. 5 76 
1.946 
2.461 
3,.433 
4.116 
6.705 

10.921 

K 1 = 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.550 
0.600 
0.650 
0.700 
0.750 
0.800 
0.850 
0.900 
0.950 
1.299 
1. 9 74 
2.527 
4.116 
6.705 

10.921 

1.00 AND KZ 1.00 

a i3 

0.9512 
0.9048 
0,d607 
O.illR7 
o. 7788 
0.7408 
0. 10 4 7 
0.6703 
0.6376 
0.6065 
0.4990 
0.3717 
0.280H 
0.2069 
0. 14 30 
o.oess 
0.0324 
0.0163 
0.0012 
o.oooo 

o.0487 d.oooo 
0.0949 0.0003 
0.13H3 C.C010 
0.1791 C.C022 
0.2172 G.0040 
0.2527 0.0065 
0.2856 C .COCJ7 
0.3160 0.0137 
0. 3440 C.CLJ3 
0,369il C.02:l7 
0.4510 o.c:soo 
0.5283 0.1000 
0,5692 0.1500 
0.5931 0.2000 
0,6070 c.25GO 
0.6145 0.3000 
0.6176 0.3500 
0.617'J C.3657 
0.6180 0.3807 
0,6180 C.3H19 

1.00 AND K2 = 3.00 

0.9512 0.0487 o.oooo 
0.9048 0.094Y 0.0003 
0.8607 0.1384 0.0009 
o.81!l7 0.1793 o.oo;w 
0.1788 0.2177 0.0035 
0.7408 0.2535 0.0056 
0. 7047 0.2870 C.OOtl3 
0.6703 0.3183 0.0114 
0.6376 0.3474 0.0150 
0.6065 o. 3745 0.0189 
0.':>769 0.3998 0.0233 
0.5488 0.4233 0.0279 
0.5220 0.4451 0.0328 
0,4966 0.4655 0.0379 
0.4724 0.4845 0.0431 
0.4493 0.5023 0.04!14 
0.4274 0.5188 0.0538 
0.4066 0.5342 0.0592 
o. 3867 0.5487 0.0646 
0.2728 0.6272 C.1000 
0.1389 0.7111 Col500 
0.0799 0.7459 C.1742 
0.0163 o. 7822 0.2015 
0.0012 o. 7906 0.2082 
0.0000 0.7913 0.2087 

K1 

T 

o.oso 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
(),400 
0.450 
0.500 
0.550 
0.600 
0.650 
0.700 
0.750 
0.800 
O.ll50 
0.9.00 
0. 9 50 
1.551 
2.527 
4. 116 

K 1 = 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0·.5.00 
u.594 
0.728 
0.854 
0.91l0 
1.108 
1.244 
1.389 
1.549 
1.729 
1.935 
2.178 
2.480 
2.875 
3.455 
4.565 
6.705 

10.921 
17.790 

1.0C Ar-.0 K2 10.00 

0.9512 
0.9048 
O.b6U7 
0.8167 
o. 7788 
0.7408 
0. /04 7 
0.6703 
0.6376 
0.6065 
o.S769 
0.'>488 
0.5220 
0.4966 
0.4724 
0.449j 
0.4274 
0.4066 
0.3867 
0.2120 
O.U"f99 
0.0163 

0.0487 o.oooo 
0.0949 0.0002 
0.1386 o.oou7 
0.1798 0.0015 
0.2187 c.oozs 
0.?554 0.0038 
0.2901 0.0052 
o. 3228 0.0069 
o. 3536 0.00!17 
o. 3828 0.0107 
0.4103 O,Cl£7 
0.4364 C.014H 
0.461U 0.0169 
0.4843 0.01')1 
0.5063 0.0213 
o.5272 o.02J5 
0.5470 0.0256 
0.5657 G,0278 
o.58j4 c.c2·~'J 

0.7367 0.0514 
(),i!4'J2 0.0709 
0.'1025 O.O!J12 

3,00 Al\0 K2 = 0.10 

o.'l512 o.o4o7 o.ooo1 
0. ') 0 4 8 0. 0 ·~ 4 2 C • 0 0 V1 
0.860"! 0.1364 0.0029 
0.8U!7 0.1H7 u.0066• 
O. /788 0.2091 0.0121 
0./408 0.2396 0.01'16 
o. 7047 0.2662 0.0291 
0.·6703 0,2892 0.04G5 
0.6376 0.308/ 0.0537 
0.6065 0.3?50 C.C6~5 
0.5520 0, 34HC 0.1000 
0.4830 0.3670 0.1500 
0.4256 O.H44 0.20CO 
o.:H56 o.3744 c.25oo 
0.3302 0.3698 C.3000 
0.28H4 0.31.16 0.3500 
0.2493 0.3507 0.4000 
0.'2125 U.3375 0.4500 
0.1776 0.3224 0.50GO 
0.1446 o. 3054 0.5500 
0.1133 0.2861 0.6000 
0.0839 0.2661 C.65CO 
0. 0 56 6 0. 2 4 -~ 4 0. 7 0 c 0 
0.0317 0.2183 0.7500 
0.0104 0.1896 0.8000 

0.0012 0.1708 0.8280 
o.oooo 0.1668 0.8332 
o.oooo o.1667 c.·nB 
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Table A-III, continued. Composition vs. Time for Two Consecutive Reaction 
Steps with Second Step Reversible (A~ B, 2B ~ C)o 

Kl 

T 

o.o 50 
0.100 
0.150 
0.200 
0. 2 50 
0.300 
0.350 
0.400 
0.450 
0. 5"00 
0.602 
0.741 
0. 8 74 
1.007 
1.146 
1.296 
1.461 
1.648 
1.868 
2. 137 
2.489 
3.006 
4.034 
4.116 
6.-ro5 

10.921 

K 1 = 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
o. 350 
0.400 
0.450 
0.500 
o. 632 
0.790 
0.948 
1.115 
1.303 
1.521 
1.791 
2.155 
2.724 
4.155 
6.705 

10.921 

K 1 = 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 

1.00 AND Kl 0.30 

a t3 -y 

0.9512 0.0487 0.0001 
0.9048 O.O'J4J C.OOC9 
o. 8607 0.1364 0.0029 
0.!:!187 0.1748 0.0065 
o. 7788 0.2093 0.0119 
o. 7408 0.2::199 0.0193 
o. 7047 0.2667 C.02b6 
0.6703 0.2899 0.0397 
0.6376 0.3098 0.0526 
o.6065 o.3266 o.o669 
0.~475 0.3525 0.1000 
0.4767 0.3733 0.1500 
0.4176 0.3824 0.2000 
0.3654 0.3846 0.2500 
0.3179 0.3H21 0.3008 
0. 2737 o. 3763 0. 3500 
0.2321 0.3679 0.4000 
0.1925 o. 3575 0.4500 
0.1546 0.3454 0.5000 
0.1181 0.3319 0.5500 
O.OH31 0.3169 0.6000 
0.0496 0.3004 0.6500 
0.0178 0.2822 0.7000 
0.0163 0.2813 0.7024 
0.0012 0.2711 0.7277 
o.oooo 0.2702 o. 72'J8 

3.00 Af'.O K2 = 1.00 

0.9512 0.0487 0.0001 
0.9048 0.0943 0.0009 
0.8607 0.1365 0.0028 
0.8187 0.1750 0.0063 
0.1788 0.2098 0.0114 
0.7408 0.2408 0.0183 
o. 7047 0.2683 0.0270 
o. 6703 0.2925 0.03 72 
0.6376 0.3135 0.0489 
0.6065 0.3J17 0.0617 
0.5318 0.3682 0.1000 
0.4540 0.3960 0.1500 
0.3877 0.4123 0.2000 
o. 3278 0.4222 0.2500 
0.2720 0.4280 0.3000 
0.2186 0.4314 0.3500. 
o. 1668 0.4332 0.4000 
0.1160 0.4340 0.4500 
0.0658 0.4342 0.5000 
0.0157 0.4343 0.5500 
0.0012 0.4343 0.5645 
o.oooo 0.4343 0.5657 

3.00 AND K2 = 3.00 

0.9512 0.0487 
0.9048 0.0943 
0.8607 0.1367 
0.8187 0.1756 
0.7788 0.2110 
o. 7408 0.2432 
o. 7047 0.2722 
0.6703 0.2984 
0.6376 0.3220 
0.6065 0.3433 

0.0001 
o.ooo9 
0.0026 
0.0057 
0.0102 
0.0160 
0.0231 
0.0313 
0.0404 
0.0502 

T 

0.729 
0.961 
1.227 
1.565 
2.054 
3.008 
4.116 
6.705 

10.921 

K1 = 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.693 
1.207 
2.019 
2.5?7 
4.116 
5.711 

K1 = 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
o .. .soo 
0.581 
0.671 
o. 765 
0.864 
0.971 
1.088 
1.217 
1.363 
1.531 
1.728 
1.968 
2.275 
2.702 
3.402 

a 

0.4826 0.4174 0.1000 
0.3828 0.4672 0.1500 
0.2934 0.5066 0.2000 
0.2093 0.5407 0.2500 
0.1283 0.5717 0.3000 
0.0495 0.6005 0.3500 
0.0163 0.6123 0.3714 
0.0012 0.6176 0.3812 
o.oooo 0.6180 0.3820 

3.00 Af'.O K2 = 10.00 

0.9512 0.0487 0.0001 
0.'1048 0.0944 0.0007 
0.8607 0.1372 0.0021 
0.8187 0.1770 0.0043 
o. 7788 0.2140 0.0072 
0. -r408 0.2484 0.010H 
o. 7047 0.2804 0.0149 
0.6703 0.3102 0.0194 
0.6376 0.3381 0.0243 
0.6065 0.3641 0.0294 
o. 5001 o. 449.'J 0.0500 
0.2990 0.6010 0.1000 
0.1329 0.7171 0.1500 
0.0799 0.7S23 0.1673 
0.0163 o. 7948 0.1889 
0.0033 O.FJ67 0.2000 

10.00 AND K2 = 0.10 

o. 9512 o. 0484 0.0004 
0. ')048 0. 0922 c. 0030 
0.8607 0.1301 0.0092 
0.8187 0.1614 0.0199 
o. 7788 0.1862 0.0350 
o. 7408 0.2052 0.0540 
c. 7047 0.2190 0.01b3 
0.6703 0.2287 0.1010 
0.6376 0.2350 0.1273 
0.6065 0.2387 0.1547 
0.5595 0.2000 0.2405 
0.5111 0.2500 0.23fH 
0.4654 0.3000 0.2346 
0.4215 0.3500 0.228'5 
o. 3788 0.4000 0.2212 
0.3371 0.4500 0.212'1 
O. 2962 0. 5000 O. 203R 
0.2560 0.5500 0.1940 
0.2165 0.6000 0.1835 
0.1778 0.6500 0.1722 
0.13<J8 C. 7000 0.1602 
0.1029 0.7500 0.1471 
0.0672 0.8000 0.132H 
0.0334 0.8500 0.1166 
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Table A-III, continued. Composition vs. Time for Two Consecutive Reaction 
Steps with Second Step Reversible (A~ B, 2B ~C). 

K1 - 10.00 A~C K2 

TAU A 8 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.4~0 

O.SQO 
0.589 
0.683 
0. 7 81 
0.886 
1.000 
1.126 
1. 269 
1.433 
1.627 
1.1:!67 
2. 177 
2.624 
3.431 
4.116 
6.105 

10.921 
17.790 

K 1 ~ 

0.050 
0.100 
o. (50 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.517 
0.619 
0.725 
0.839 
0.966 
1.108 
1. 273 
1.4 70 
1. 716 
2.043 
2.528 
3.514 
4.116 
6.705 

10.921 

0.9512 
. 0. ·JD48 
o.u607 
o.aun 
0.77b8 
o. 7408 
0.7047 
0.6703 
o. 6376 
0.6065 
0.554'1 
0.'>053 
0.4581 
0.4125 
0.36!l1 
0.3244 
0.2813 
0.2387 
0.1965 
0.1548 
o. 1134 
0.0726 
o. 03.24 
0.0163 
0.0012 
o.oooo 
o.oooo 

0.0484 
0.0922 
0.1301 
0.1616 
0.1866 
0.205'/ 
0.2202 
0.2304 
0.2374 
0.241H 
0.2451 
0.2447 
0.2419 
0.237'J 
0.231'1 
0.22'56 
0.2187 
0.2113 
0.2035 
0.1952 
0.1866 
o. 1"774 
0,1676 
0.1633 
0.1592 
0.1589 
0.1589 

10.00 AI\D K2 ~ 

0.9512 0.0484 
0.9048 0.0923 
0.8607 0.1304 
o. 8187 0.1622 
o. 7788 0.1880 
o. 7408 0.2083 
o. "/047 0.2240 
0.6703 0.2360 
0.6376 0.2450 
0.6065 0.2517 
o. 5967 0.2533 
0.5387 0.2613 
0.4844 0.2656 
0.4320 0.2680 
o. 3808 0.2692 
0.3302 0.2698 
0.2800 0.2700 
0.2299 0.2701 
0.1799 0.2701 
0.1298 0.2702 
0.0798 0.2702 
0.0298 0.2702 
0.0163 0.2702 
0.0012 o. 2702 
o.oooo 0.2702 

0.30 

c 
0.0004 
0.()030 
0.0092 
0.01'17 
0.0346 
0.0533 
0.0751 
0.0993 
0.1250 
0.1517 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.~500 

0.6000 
0.6500 
0.7000 
0.7500 
c.8poo 
0.8204 
c.B3<J6 
0.8411 
0.8411 

1.00 

0.0004 
0.0029 
0.0089 
0.0191 
0.0332 
0.0509 
0.0713 
0.0937 
0.1174 
C.1418 
0.1500 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.7135 
0.7286 
0.7298 

K1 = 10.00 AI\C ~2 3.00 

TAW A B c 
0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.578 
o. 712 
0.860 
1.029 
1. 2 29 
1. 4 76 
1.801 
2.280 
3.222 
4.116 
6.705 

K 1 = 

0.050 
0.100 
0.1~0 
0.200 
0.250 
0.300 
0.350 
0.400 
O.ft50 
0.500 
0.599 
0.828 
1.096 
1.438 
1.932 
2.888 

0. 'J 512 
0.9048 
0.8607 
0.8187 
o. 7788 
0.7408 
0.7047 
0. 6 70 3 
0.6376 
0.6065 
0.5609 
0.4905 
0.4231 
0.3574 
0,2926 
o.22H6 
0.1652 
0.1023 
0. 0 399 
0.0163 
0.0012 

0.0484 0.0004 
0.0924 0.0028 
0.1310 0.0083 
0.1638 0.0174 
0.1914 0.0298 
0.2143 0.0449 
0.2333 0.0620 
0.2492 0.0805 
0.2626 0.0998 
0.2741 0.11_94 
0.2891 0.1500 
0.3095 0.2000 
0.3269 0.2500 
0.3426 0.3000 
0.3574 0.3500 
o. 3714 0.4000 
0.3H48 0.4500 
0.3977 0.5000 
0.4101 0.5500 
0.4147 0.5690 
0.4176 0.5811 

10.00 Al\0 K2 = 10.00 

0.9512 
0.9048 
0. 8 60 1 
0.8187 
0.7788 
0.7408 
0.7047 
0.6703 
0.6376 
0.6065 
0.5492 
0. 43 7l 
o. 3344 
0.2376 
0.1451 
0.0558 

0.0484 
0.092A 
0.1326 
0.1681 
0.1996 
0.2278 
0.2533 
0.2763 
0.2974 
0.3167 
0.3508 
0.4129 
0.4656 
0.5124 
0.5549 
0.5942 

0.0004 
0.0024 
0.0067 
0.0132 
0.0216 
0.0313 
0.0420 
0.0534 
0.0650 
0.0766 
0.1000 
0.1500 
0.2000 
0.2500 
0.3000 
0.3500 
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Table A-rv. Composition VSo Time for Two Consecutive Reaction 
Steps with Second Step Reversible (2A ~ B, B .......:: C). 

K1 0.10 AND K2 u.10 Kl 0. 10 AND K2 1.00 

T a [3 "Y T a [3 "Y 

0.050 0.'1524 0.047~ o.OOu1 0. 0 50 0.9524 0.0475 0.0001 
0.100 O.YOlJ1 O.O<J04 C.0005 0.100 0.<)091 0.0905 0.0005 
0.150 O.H6Y6 0. !294 0.0010 0.150 0.8696 0. 12<J5 0.0010 
0.200 o.eJ:n 0.164'! 0.0017 0.200 O. H1.B 0. 16 50 0.0016 
0. 2 50 0.8000 0.1974 o.oo26 0. 2 50 O.t!OOO 0.1'176 0.00<'4 
0.300 0.76Y2 0.2271 0.0037 0.300 0.7692 0.2274 0.0034 
0.350 0.7407 0.2544 0.0049 0.350 0.7407 0.2549 0.0044 
0.400 0.7143 0.2795 0.0062 0.400 0.7143 0.2802 0.0055 
0.450 0.68'17 0.3027 0.0016 0.450 0.6897 o. 3037 0.0066 
0.500 0.6667 o. 3242 0.0091 0.500 0.6667 0.3255 C.C078 
0.950 0.5128 0.4608 0.0263 0.950 o.:>128 0.4674 0.0198 
1. 455 o. 4073 0.5427 0.0500 1.551 0.3920 0.5732 0 .CJ341:l 
2.440 0.<:'908 0.6092 (;. 10 0 0· 2. 527 C.2A35 0.6640 0.0524 
3. 451 0.2247 0.6253 0.1500 4.11.6 0.1'155 0.7370 0.0675 
4.566 0.17'/7 0.6:?03 0.2000 6.705 0.1298 0.7931 0.0771 
5.859 0.14~8 0 ._6042 0.2500 
7.437 0.118~ 0.5H15 0.3000 
9.510 0.0952 o.554tl 0.3500 

12.587 0.0736 0.5264 0.4000 
18.722 0.0507 0.499.3 0.4500 1<-1 0.10 AND K2 3.00 

K1 = 0. 10 AND K2 = 0.30 o.oso o. 'l524 0.0475 0.0001 
0.100 0.4091 0.0905 0.0004 
0.150 0.8696 0.1296 0.0009 

0. 0 50 0.9524 0.047') 0.0001 0.200 0.8333 0.1652 0.0014 
0.100 0.9091 0.0904 0.0005 0.250 0.8000 0.1979 0. 0021 
0.150 0.1:696 o. 1294 0.0010 0.300 0.7692 0.2?80 0.0028 
0.200 0. H333 0. 1649 0.0017 0.350 0.7407 0.2557 0.0035 
0.2'JO 0.8000 0.1974 0.0026 0.400 0.7143 0.2814 0.0043 
0.300 0./692 0.2272 0.0036 0.450 0.6897 0.3053 0.0051 
0.350 0.7407 0.2545 o.ob4b 0.500 0.6667 0.3275 O.OO'>H 
0.400 0.7143 0.2797 0.0060 0. 9 50 0.5128 0.4752 0~0120 
0.450 0.6897 0. 30 30 0.00/4 1.551 0.3920 0.5906 0.0174 
0.500 0.6667 0.3245 0.0088 2.527 0.2835 O.p944 0. 02 21 
0.950 0.~128 0.4626 0.0246 4.116 0.1955 0.7790 0.0255 
1. 'j 51 o. J920 0.5590 0.0440 6.705 0.1298 0.8423 0.0279 
2.527 0.2835 0.6290 0.0874 
4. 116 0.1955 0.6676 0.1369 
6.705 0.1298 0.6850 0.18'>2 
8.073 o. 1102 0.6898 0.2000 

10.921 0.0839 0.6980 0.2181 K1 0.10 AND K2 10.00 

0.050 0.4524 0.0475 0.0001 
0.100 0.9091 0.0906 0.0003 
0.150 0.8696 0.1298 0.0006 
0.200 o. 8333 0.1657 0.0010 
0.250 0.8000 0.1981 0.0013 
0.300 0.7692 0.2291 0.0016 
0.350 0.7407 0.2573 0.0020 
0.400 o. 7143 0.2835 0.0023 
0.450 0.6897 0.3078 0.0025 
0.500 0.6667 o. 3305 0.0028 
0.950 0.5128 0.4826 0.0045 
1.551 0.3920 o. 6022 0.0059 
2.527 0.2835 0.7095 0.0070 
4.116 0.1955 0.7966 0.0079 
6.705 0.1298 0.8616 0.0086 
9. 720 0.0933 0.8988 0.0079 

12.064 0.0765 0.9188 0.0046 
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Table A-IV, continued. Composition vs. Time for Two Consecutive Reaction 
Steps with Second Step Reversible (2A ~ B, B ~C), 

Kl 

T 

0 .o 50 
0.100 
0.1?0 
0.200 
0.250 
0.300 
0.3?0 
0.400 
0.4?0 
0.500 
a. 7 37 
1.169 
1.574 
1.985 
2.416 
2.881 
3.395 
3.980 
4.663 
5.493 
6.565 
8.073 

10.60fl 

K1 

Q .o so 
0.100 
0. 1 ~0 
0.200 
0.250 
0.300 
0. 3 50 
0.400 
0.450 
0.500 
0.762 
1.241 
1.723 
2. 2 55 
2.879 
3.662 
4.745 
6. 5 36 

11.200 

0.30 

a 

o. 1524 
0.9091 
0.86'16 
O.d333 
0.6000 
0.76<12 
0. 7 40 7 
o. 7143 
0.6897 
0.6667 
0 • .57':>7 
0. '•612 
0.3fl8'j 
0.3350 
0.292fl 
0.2'>77 
o. 2275 
0.?.009 
0. 176 7 
0.1540 
o. 1322 
0.1102 
O.Ofl6? 

0.30 

0. 'J 5 24 
o.Y091 
0.<:>696 
c. d333 
O.AOOO 
0.7692 
0. 7 40 7 
0.7143 
·o. 6891 
0.6667 
0.?676 
0.'•464 
0.3672 
0.3073 
0.~579 

0. ?146 
0.1741 
0. 1327 
0.0820 

AND Kl 

0.0473 
0.0895 
0.1274 
0. 161:; 
0.1'J22 
0.219'l 
0.24~0 

0.2677 
0.2882 
0.306') 
o. ·n43 
0.4388 
0.461'> 
0. 46 50 
0.4572 
0.442.~ 

0.422':> 
0.3991 
0.3733 
0.3460 
O. H 78 
0.2898 
0.263R 

AND K2 

0. 04 73 
0.0895 
0.1?75 
0.161h 
0.1923 
0.2202 
0.2453 
0.2682 
0.2889 
0.3078 
0.3R24 
0.4536 
0.4828 
0.4927 
0.4921 
0.4854 
0.4759 
0.4673 
0.46BG 

0.10 

0.0004 
0.0014 
O.OOJO 
0.0052 
0.0078 
0.0108 
0.0143 
0.0180 
0.0221 
0.0264 
0.0500 
0.1000 
0.1')00 
0.2000 
G.Z500 
0.3000 
0.3')00 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 

0.30 

0.0004 
0.0014 
0.0030 
c. 0051 
o.oon 
0.0106 
0.0139 
0.0175 
O.C214 
0.0256 
o:osoo 
0.1000 
0.1500 
0.2000 
C.2500 
o. woo 
0.3500 
0.4000 
C.4500 

T 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.950 
1.'>51 
2.527 
4. 116 
6.705 

K1 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.4?0 
0.500 
0.950 
1.551 
2.527 
4.116 
6.705 

I< 1 

0 .o 50 
0. 100 
0.1?0 
0.200 
0. 2 so 
0.300 
0.350 
0.400 
0.450 
0.500 
0. 9 50 
1.551 
2. 527 
4.116 
6.705 
9.720 

11.604 

0.30 

a 

0.-15£'4 
0.'10'11 
0.8696 
0.8133 
O.rJOuO 
0.1692 
0.7407 
o. 7143 
0.6897 
0.6667 
0 • .-, 12fl 
0.3'120 
O.lfl3'> 
0. 1 Y5':i 
O.I?.Y8 

0.30 

0.9524 
0.')091 
0.8696 
O. H3JJ 
0.3000 
o. 7692 
0.7407 
o. 7143 
O.b8'17 
o.u667 
O.'j128 
o. ~920 
0.2835 
0.1955 
0. l2Y8 

0.30 

0.'1'>24 
0.9091 
0.%96 
O.rl333 
o.eooo 
0. 7692 
0.7407 
o.tlld 
0.6897 
0.6667 
0.'>128 
0. 3920 
0.2835 
0.19'>~ 

0.1298 
0.0933 
0.0793 

AtllD Kl 

0.0'4/j 
0.0896 
0.1276 
0.1618 
0.192H 
o.22or; 
0.2464 
0.2697 
0.2910 
0.3106 
0.4311 
0.5122 
0.5769 
0.6;>97 
0.6733 

AI\D K2 

0.047l 
0.0896 
0.127R 
0.1624 
0. 1 Y3cl 
o. 222'> 
0.2 1•89 
o. 2731 
0.2'156 
0.3163 
0.4527 
0.5585 
0.6541 
o. 7126 
0.7916 

AND K2 

0. 04 73 
0.0899 
0.1?.B5 
0.1637 
0.1961 
0.2259 
0.2535 
0. 2790 
0.3026 
0.3251 
0.4 738 
0.5908 
0.6958 
0.7812 
O.t.I44Y 
0.8886 
0.8944 

1.00 

-y 

O.COlJ4 
C.0013 
c.co2g 
0.0049 
0.0012 
c.co,n 
0.0121< 
c.ou,o 
O.C1Y3 
C.C228 
c.u~q 

C.U9':>ll 
C.13'Jh 
0.174H 
0. l9iJ'J 

.1.00 

1....0003 
0.0013 
C.0026 
C.0043 
0.0062 
c.ooe2 
0.0104 
0.0126 
0.0148 
0.0170 
c. 0 34 4 
0.049~> 

0.0624 
c.0719 
G. 0 7 K(, 

10.00 

O.OOOJ 
0.0010 
0.0019 
0.0029 
C.OO:J9 
c.0049 
0.00'>8 
0.0067 
0.007':> 
O.C08~ 

0.0134 
0.0172 
C.02C6 
0.0233 
0.0253 
c. 0 ll:!l 
C.02(J3 
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Table A-IV, continued. Composition vs. Time for Two Consecutive Reaction 
Steps with Second Step Reversible (2A ~ B, B ~C). 

K1 

T 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.4';0 
0.500 
0.585 
o. 773 
0.957 
1.146 
1.345 
1. 559 
1. 793 
2.057 
2.361 
2. 721 
3.166 
3.744 
4.562 
5.864 
6.705 
8.389 

Kl 

0.050 
0.100 
0.150 
o.zoo 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.600 
0.801 
1.004 
1.219 
1.453 
1.717 
2.024 
2.396 
2.872 
3.523 
4.522 
6.357 

1.00 

a 

0.'1524 
0.9091 
0.8696 
0.8333 
o.uooo 
0.7692 
0. T407 
0.7143 
0.6897 
0.6667 
0.6311 
0.5642 
0.?109 
0.4660 
0.4264 
0.3908 
0.3580 
o. 3.272 
0.2976 
0.268'8 
0.2401 
0.2108 
0.1798 
0.1457 
0.1298 
0.1066 

1.00 

0.9524 
0.9091 
0.8696 
0.1:!333 
0.8000 
0.7692 
0.7407 
0.7143 
0.6897 
0.6667 
0.6250 
0.5553 
0.4990 
0.4507 
0.4077 
0.3681 
o. 3307 
0.2945 
0.2584 
0.2211 
0.1811 
0.1359 

AND K2 

0.0464 
0.0864 
0. 120 7 
0. 150 3 
0.17?5 
0.1971 
0.2155 
0.2310 
0.2440 
0.2549 
0.26d'l 
0.2R58 
0.2891 
0.2840 
0.2736 
0.2592 
0.2420 
0.2228 
0.202.4 
0.1812 
0.1599 
0. 139 2 
0.1202 
0.1043 
0.098'ol 
0.0934 

A,._O K2 

0.0464 
0.01:!64 
0.1208 
0.1505 
0.1759 
0.1978 
0.2165 
0. 2 324 
0.2459 
0.2574 
0.2750 
0.2947 
0.3010 
0.2993 
o:zn3 
0~2819 

0.2693 
0.2555 
0.2416 
0.2289 
o.n89 
0.2141 

0.10 

0.0012 
0.0045 
0.0097 
0.0164 
0.0245 
0.0337 
0.0438 
0.0547 
c.0663 
0.0784 
0.1000 
0.1500 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.7500 
0.7713 
0.8000 

0.30 

0.0012 
0.0045 
0.0096 
0.0162 
0.0241 
0.0330 
0.0428 
0.0533 
0.0644 
0.0759 
0.1000 
0.1500 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 

K1 

T 

o.oso 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0,500 
0.661 
0.924 
1.2 26 
1. 603 
2.122 
2.941 
4.568 
6.705 
9.532 

Kl 

0.050 
0.100 
0.150 
0.200 
0. 2 50 
0.300 
0.350 
0.400 
0.450 
0.500 
0.950 
1. 5 51 
2. ?27 
4.116 
6.705 

K1 

0,050 
0.100 
0.150 
0.200 
o. 2 50 
0.300 
0.350 
0.400 
0.450 
0.500 
0.950 
1.551 
2.527 
4. 116 
6.705 
9.350 

11.162 

1.00 

a 

0.9524 
0.9091 
0,8696 
o. 8333 
0.8000 
0.7692 
0.7407 
o. 7143 
0.6B97 
0.6667 
0.6023 
0.5200 
0.4494 
0.3843 
0. :i204 
0.2538 
0.1796 
0.129B 
0,0950 

1.00 

0,9524 
0.9091 
Q,tl696 
O.d333 
0.8000 
0.7692 
0.7407 
0.7143 
0.6897 
0,6667 
0.5128 
0.3920 
0.2835 
0.1955 
0.1298 

1.00 

0.9~24 

0.9091 
0.8696 
0.8333 
0.8000 
0.7692 
0.7407 
o. 7143 
0.6897 
0.6667 
0.?128 
0.3920 
0.2835 
0,1955 
0.1298 
0.0966 
0.0822 

A/'\0 K2 

0.0464 
0.0865 
0.1212 
0.1512 
0.;1772 
0.1999 
0.2197 
0.2369 
0.2520 
0.2652 
0.2977 
O. BOO 
0.3506 
0.3657 
Q.37'l6 
0.3962 
0.4204 
0.4400 
0.4550 

ANO K2 

0.0465 
O.OS68 
0.1220 
0.1530 
0.1805 
0.2050 
0.2270 
0.2469 
0.2651 
0.2817 
O. 31HZ 
0.4683 
0.5433 
0.6061 
0.6538 

A"'O t<-2 

0.0466 
0.0876 
0.1242 
0.1573 
0.1875 
0.2152 
0.2408 
0.2645 
0.2866 
0.3072 
0.4453 
0.5541 
0.6520 
0.7317 
o.791J 
0.8468 
0.8362 

1.00 

'Y 

0.0012 
0.0044 
0.0093 
0.0155 
0.0228 
0. 0 309 
0.0396 
0.04Hfl 
0.0584 
0.0681 
0.1001} 
0.1500 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0. 4 3 02 
0.4500 

3.00 

0.0011 
0.0041 
O.OOH4 
0.0137 
O.Oi'l5 
0.0258 
0.0322 
0.03H8 
O.C4'i3 
0.0517 
0.1000 
0.1397 
o. 1 nz 
0,19H5 
0.2164 

10.00 

0.0010 
O.OOB 
O.OObj 
0.0094 
0.0125 
0.0156 
0.01tl5 
0.0212 
0.0237 
0.0261 
0.0419 
0.0539 
0.0644 
0.0728 
0.0789 
0.0565 
0.0816 

.. 
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Table A-IV, continued. Composition vs. Time for Two Consecutive Reaction 
Steps with Second Step Reversible (2A-+ B, B ~C). 

K1 3.00 AND K2 0.10 l<l 3.00 AND K2 1. 00 

T a f3 "Y T a f3 "Y 

0.050 0.'1524 0.0442 0.0034 o.oso 0.9524 0.0442 O.OOH 
0.100 O.<J091 0.0782 0.0127 0.100 0.9091 0.0786 0.0123 
0.150 0.8696 0.1041 0.0264 0.150 0.8696 0.1052 0.0253 
0.200 o. 8333 0.1233 0.0433 0.200 o. 8333 0.1257 0.0410 
o. 2 50 0.8000 0.1373 0.0627 0.250 O. !iOOO 0.1414 0.05tl6 
0.300 0.7692 0.1471 0.0837 0.300 0.7692 0.1534 0.0774 
0.350 0.7407 0.1535 0.1058 0.350 0.7407 0.1625 0.0967 
0.400 0.7143 0.1572 0.1285 0.400 0.7143 0.1694 0..1163 
0.450 0.6897 0. 1588 0.1516 0.450 0.&897 0.174'5 0.1358 
0.500 0.6667 0.1588 0.1746 0.500 0.6667 0.1783 0.15'50 
0.556 0.6428 0.1572 0.2000 0.623 0.6163 0.1837 0.2000 
0.669 0.5991 0.150'1 0.2500 o. 774 0.5637 0.1863 0.2500 
0.791 0.'>585 0.1415 o.3ooo o.-9.50 0.5129 0.1871 0.3000 
0.924 0.5198 0.1302 0.3500 1.162 0.4626 0.1874 0.3500 
1. 0 74 0.4823 0.1177 0.4000 1.429 0.4117 0.18R3 0.4000 
1.246 0.44'>3 0.1047 0.4500 1.782 0.3595 0. 190 5 0.4500 
1.449 0.4084 0.0916 0.':>000 2.276 0.3053 0.1947 0.5000 
1.696 o. 3710 0.0790 0.5500 3.021 0.2488 0.2012 0.5500 
2.007 0.3326 0.0674 0.6000 4.266 0.1900 0. 2100 0.6000 
2.414 0.2930 0.0570 0.6500 6.761 0.1289 0.2211 0.6500 
2.975 0.2516 0.0484 0.7000 
3.797 0.2085 0.0415 0.7500 
-5.115 0.1636 0.0364 0.8000 
7.560 0.1169 0.0331 0.8500 

K1 3.00 AND K2 3.00 

0.050 0.9524 0.0443 0.0033 
0.100 O.<J091 0.0793 0.0116 
0.150 0.8696 0.1073 0.0231 

K1 ·- 3.00 AND K2 0.30 0.200 0.8333 0.1301 0.0365 
0.250 0.8000 0.1491 0.0509 
0.300 0.7692 0.1650 0.0658 

0.050 0.'1524 0.0442 0.00::!4 0.350 0.7407 0.1787 0.0806 
0.100 0.9091 0.0783 0.0126 0.400 0.7143 0.1906 0.0951 
0.150 0.8696 0.1043 0.0261 0.450 0.6897 0.2012 0.1092 
0.200 o. 8333 0.1239 0.0428 o.soo 0.6667 0.2106 0.1227 
0.250 0.8000 0.1383 0.0617 0.950 0.5128 o. 2704 0.2168 
0.300 o. 7692 0.1486 0.0822 1.551 o. 3920 0.3190 0.2891 
0.350 0.7407 0.1556 0.1037 2.527 0.2835 0.3657 0.3508 
0.400 0 .• 714 3 0.1601 0.1256 4.116 0.1955 0.4057 0.3989 
0.450 0.6897 0.1625 0.1478 6.705 0.1298 0.4366 0.4336 
0.500 0.6667 0.1634 0.1699 9.175 0.0983 0.4517 0.4500 
0.569 0.6:573 0. 162 7 0.2000 
0.690 0.5918 0.1582 0.2500 
0.821 o. 5492 0.1.508 0.3000 
0.968 O.S083 0.1417 0.3500 
1.136 0.4682 0.1318 0.4000 K1 = 3.00 AND K2 10.00 
1. 334 0.428.4 0.1216 0.4500 
1.577 0.3"882 0.1118 0.5000 .. 1.882 0.3470 0.1030 0.5500 0.050 0.9524 0.0446 0.0030 
2.285 0.3044 0.0956 0.6000 0.100 0.9091 0.0814 0.0095 
2.846 0.2601 0.0899 0.6500 0.150 0.8696 0. 1130 0.0174 
3.678 0.2138 0.0862 0.7000 0.200 0.8333 0.1409 0.02'>7 
5.037 0.1657 0.0843 0.7500 0.250 0.8000 0.1661 0.0.339 "' 0.8000 7.652 0.1156 0.0844 

0.300 0.7692 0.1891 0.0416 
0.350 0.7407 0.2103 0.0490 
0.400 0.7143 0.2299 0.05.'>8 
0.450 0.6897 0.2482 0.0622 
0.500 0.6667 0.2652 0.0681 
0.950 0.5128 o. 3798 0.1073 
1.551 0.3920 0.4706 0.1314 
2.527 0.2835 0.5526 0. 16 38 
4.116 0.1955 0.6196 0.1850 
6.705 0.1298 0.6787 0.1915 
8.321 0.1073 0.6975 0.1952 

10.328 0.0883 0.7786 0.1331 



-92-

Table A-IV, continued. Composition vs. Time for Two Consecutive.Reaction 
Steps with Second Step Reversibl~ (2A-+ B, B ~C). 

K1 

T 

0.050 
0.100 
0. 150 
0.200 
0.250 
0.300 
0 •. i50 
0.400 
0.450 
0.500 
0.653 
0.784 
0.938 
1. 125 
1.354 
1.642 
2.015 
2.515 
3.225 
4.310 
6. 1 71 

K1 = 

0.050 
0.100 
0. 150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.551 
0.668 
0.804 
0.967 
1.164 
1. 408 
1.719 
2.127 
2.685 
3.496 
4.781 
7.149 

10.00 AIIIO K2 

Q 

o. J524 
0.9091 
O.H6911 
o. ti333 
O.tiOOO 
o. 7692 
0. 140 7 
o. 7143 
0.6!197 
0.6667 
0.6050 
o. '>607 
0.515'-J 
0.4707 
0.4249 
o.J7b6 
o. B18 
0.2845 
Q.l36 7 
0. 188 3 
0.1195 

10.00 

0.'1'>24 
0.9091 
0.81196 
o. H3B 
0.8000 
0.7692 
0.7407 
o. 7143 
0.6897 
0.6667 
0.6447 
0.5997 
0.5543 
0.5085 
0.4621 
0.4152 
c. 36 78 
0.3199 
o. 2714 
o. 2225 
0.1730 
0.1228 

0.0373 
0.0566 
0.065~ 

0.0685 
0.01->81 
0.0660 
0.0631 
0.0599 
0.0566 
0. 0 53~ 
0.0450 
0.0393 
0.0341 
0.0293 
0.0251 
0.0214 
0.0182 
0.0155 
0.0133 
0.0117 
0.0105 

Al\0 K2 = 

0.0373 
0.0':'>68 
0.0660 
0.0694 
0.0696 
0.0681 
0.0658 
0.0631 
0.0604 
0.0578 
0.0553 
0.0503 
0.0457 
0.0415 
0.0379 
0.0348 
0.0322 
0.0301 
.0.0286 
0.0275 
0.0270 
0.0272 

0.10 

I' 
0.0103 
0.0343 
0.06'+9 
0.0982 
0.1319 
0.1647 
0.1%1 
0.2258 
0.2538 
0.2799 
O.J'>OO 
0.4000 
C.4500 
0.5000 
0.55GO 
0.6000 
0.6500 
c.1ooo 
0.7500 
0.8000 
0.8500 

O. iO 

o.oio3 
0.0341 
0.0644 
0.0912 
0.1304 
c. 1627 
0.1935 
0.2226 
C.249':1 
0.27~'.> 

0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
p. iooo 
0.7500 
0.8000 
0.8500 

K1 

T 

0 .o 50 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.590 
0.723 
0.8H2 
1. 0 76 
1.318 
1.626 
2.036 
2.603 
3.442 
4.808 
6.705 

K 1 = 

0.050 
0.100 
0.150 
0.200 
0. 2 50 
0.300 
0.350 
0.400 
0.450 
0.500 
0.563 
0.721 
0.916 
1.163 
1.490 
1. 937 
2.589 
3.625 
5.536 
6.705 
8.321 

K1 = 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.719 
1. 051 
1.551 
2.385 
4.116 
5. 311 
6.592 
7.869 
9.395 

10.00 A"'D K2 

Q 

0.'!524 
0.9091 
0.8696 
O.!i333 
0.8000 
o. 7692 
0.7407 
0.7143 
0.6897 
0.6667 
0.6291 
o.5H05 
0.5314 
0.4818 
0.4315 
0.3808 
0.3295 
o. 2776 
o.n?2 
0.1722 
0.1298 

10.00 

0.9524 
0.90<J1 
O.l:l696 
0.8333 
0.8000 
o.76<J2 
0.7407 
0.7143 
0.6897 
0.6667 
0.6399 
0.?813 
0.5221 
0.4622 
0.4017 
0.3406 
0.2787 
0.2163 
0.1530 
0.1298 
0.1073 

10.00 

0.9524 
0.90<J1 
0.8696 
O.H333 
0.8000 
0.7692 
0.7407 
o. 7143 
0.6897 
0.6667 
0.5820 
0.4875 
0.3920 
0.2955 
0.1955 
0.1585 
0.1317 
o. i127 
0.0962 

i3 
0.0374 
0.057~ 

0.0678 
0.0726 
0.0746 
0.0749 
0.0746 
0.0738 
0.0730 
0.0722 
0.0709 
0.0695 
0.0686 
0.0682 
0.0685 
0.0692 
0.0705 
0.0724 
0.0748 
0.0778 
0.0807 

At\0 K2 = 

0.0377 
0.0593 
0.0723 
0.080Y 
0.0871 
0.0919 
0.0961 
0.0998 
0.1032 
0.1063 
0.1101 
0.1187 
0.127<J 
0.1378 
0. 1483 
0.1594 
0.1713 
0.1837 
0.1970 
0.2322 
0.2424 

liND K2 = 

0.0385 
0.0644 
0.0846 
0.1018 
0.1173 
0.1314 
0.1445 
0. 1566 
0.1680 
o.pa6 
0.2180 
0.2625 
0.3080 
0.3545 
0.4058 
0.4599 
0.7273 
0.4942 
0.4858 

1.00 

I' 

0.0102 
0.0334 
0.0627 
0.0940 
0.12,4 
0.1558 
0.1847 
0.2119 
0.2374 
0.2612 
0.3000 
0.3500 
0.4000 
0.4,00 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.7500 
0.1895 

3.00 

0.0099 
0.0316 
0.0581 
0.0858 
0.1129 
0.1388 
0.1632 
0.1860 
o.2on 
0.2~70 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.6380 
0.6503 

10.00 

0.0091 
0.0265 
0.0459 
0.0649 
0.0827 
0.0994 
0.1148 
0.1291 
0.1424 
c.1547 
0.2000 
0.2500 
0.3000 
0.3500 
0.3987 
0.3816 
0.1410 
0.3931 
0.4180 



K1 

't" 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
o.95o 
1. 2l2 
1. 936 
2.599 
3.275 
3.993 
4.779 
5.669 
6.708 
7.988 

K1 = 
o. 050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
o. 450 
0.500 
0.950 
1.551 
1.948 
2.638 
3.313 
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Table A-V. Composition vs. Time for Two Consecutive Reaction 
Steps with Second Step Reversible (A~ B, B ;= 2C). 

0.10 AND K2 

a r?> 

0,9512 
0.9048 
0.8607 
0.81!l7 
o. "1788 
0.7408 
o.io47 
0.6703 
0.6376 
0.6065 
0.38-67 
o. 2920 
0.1445 
0.0745 
0.0379 
0.0185 
0.0084 
0.0035 
0.0012 
0.0003 

0.10 

O.<J5·12 
0.9048 
0.8607 
0.8187 
o. 7788 
o. 1408 
0.7047 
0.6703 
0.6376 
0.6065 
0.3867 
0.2120 
0.1427 
0.0715 
0.0343 

0.0486 
0.0947 
0.1382 
0.1794 
0.2183 
0.2551 
0.2899 
0.3227 
0.3537 
0.3830 
0.5807 
0.6580 
0.7555 
0.7755 
0.7621 
0.7315 
0.6916 
0.6465 
0.5988 
0.5497 

AND K2 = 
0.0486 
0.0947 
0.1382 
0.1794 
0.2183 
0.2551 
0.2899 
0.3227 
0.3537 
0.3830 
0.5808 
0.7165 
0.757j 
0 .·7785 
0.7657 

0.10 

'Y 

c.ooo1 
o. o_oo 5 
0.0011 
0.0019 
0.0029 
0.0040 
0.0054 
0.0069 
O.OO!l6 
0.0105 
C.0325 
0.0500 
0.1000 
0.1500 
0·2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 

0.30 

0.0001 
0.0005 
0. 0011 
0.0019 
0.0029 
0.0040 
0.0054 
0.0069 
0.0086 
0.0105 
0.0325 
0.0716 
0.1000 
0.1500 
0.2000 

Kl 

't" 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.550 
0.600 
0.650 
0.700 
0.750 
0.800 
0.850 
0.900 
0.950 
1.000 
1.056 
1.-126 
1.308 
1.505 
1.724 

K l = 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.550 
0.600 
o. 6.50 
0.700 
0.750 
Q.800 
0.850 
0.900 
0.950 
1.000 

Kl = 
0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0•400 
0.450 
0.500 

0.10 AND K2 

a r?> 

0.95i2 
0.9048 
0.8607 
0.8187 
0.7788 
0.7408 
0.7047 
0.6703 
0.6376 
0.6065 
0.5769 
0.5488 
0.5,.220 
0.4966 
0.4724 
0.4493 
0.4274 
0.4066 
0.3867 
0.3679 
0.34\19 
0.3243' 
0.2703 
0.2221 
0.1784 

0.0486 
0.0947 
0.1382 
0.1794 
0.2183 
0.2551 
0.2899 
0.3227 
o_.-3538 
0.3830 
0.4106 
0.4.366 
0.4612 
0.4843 
0.5060 
0.5265 
0.5458 
0.~639 

0.5809 
0.5969 
0.6119 
0.6329 
0.6754 
0.7107 
o. 7397 

0.10 ANC 1<2 = 
0.9512 
0.9048 
0.860/ 
0.8187 
0.7788 
0.7406 
0. 704/ 
0.6703 
0.6376 
0.6065 
0.5769 
0.548!l 
0.5220 
0.496.6 
0. 4 7 24 
0.4493 
0.4274 
0.4066 
O.H67 
0.367\1 

0.10 

0•9512 
0.9048 
0~8607 

0.1!187 
0.7788 
0.7408 
0.7047 
0.6703 
0.6376 
0.6065 

0.0486 
u.0947 
0.13!l2 
0 .l 794 
0.2183 
0.2551 
0.2899 
0.3228 
0.3538 
0.3830 
0.4106 
0. 4 36 7 
0.4613 
0.4844 
0.:.062 
0.5267 
o.:,461 
u.5642 
0.5813 
0.5974 

ANC 1<2 = 
0.0486 
0.0947 
0.1382 
0.1 7'14 
0.2183 
0.2552 
0.2899 
0.3228 
0.3538 
0.3831 

1.00 

'Y 

d.CCCll 
0.0005 
0.0011 
0.0019 
o.oc2g 
0.0040 
0.0054 
0.0069 
o.OC86 
o.·o1os 
.0.0124 
0~0145 
0.0168 
0.0191 
0.0216 
0.0241 
0.0268 
0.0295 
0.0323 
0.0352 
0.0382 
0.0428 
0.0543 
0.0672 
0.0819 

3.00 

o.ooo1 
o.ocos 
0.0011 
O.CC1'> 
0.0029 
o.oo4c 
0.0054 
O.CC6<; 
O.OC86 
0.0104 
0.0124 
0.014:. 
0.0167 
0.019(j 
0.0214 
0. 02 39 
0.0265 
0.0292 
O.CJ1'1 
c.C34'1 

lO.CO 

0.0001 
0.0005 
o.oc 11 
O.CC1S 
0.002'1 
0.0040 
0.0054 
O.OC6S 
0.0086 
0.0104 
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Table A-V, continued. Composition vs. Time for Two Consecutive Reaction 
Steps with Second Step Reversible (A-+ B, B ~ 2C). 

K1 

T 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.950 
1.551 
2.527 
4.116 
5.300 

1<.1 = 
0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.950 
1.551 
2.581 
2.978 
3.452 

0.30 

a 

0.9512 
0.9048 
0.8607 
0.8187 
0.7788 
o. 7408 
0.7047 
0.6703 
0.6376 
0.6065 
0.3867 
0.2120 
0.0799 
0.0163 
0.0050 

AND K2 

f3 
0.0484 
0.0937 
0. 1361 
0.1758 
0.2128 
o. 2473 
0.2795 
0.3094 
0. ~H73 
0.3631 
0.5220 
0.5955 
0.5630 
0.4258 
0.3450 

0.30 At-<0 K2 = 
0.9512 
0.9048 
0.8607 
0.8187 
0.771:l8 
0.7400 
0.7047 
0.6703 
o. 6376 
0.6065 
0.3867 
0.2120 
0.0758 
0.0510 
0.0318 

0.0484 
0.0937 
0.1361 
0.1758 
0.2128 
0.2473 
0.2795"• 
0. 3094 
o. 3373 
0. 3631 
0.5223 
0.5980 
0.5742 
0.5490 
0.5182 

0.10 

y 

0.0004 
0.0014 
0.0032 
0.0055 
O.OOH4 
o.c1l9 
0.0151:! 
0.0202 
0.0251 
0.0303 
0.091:3 
0.1926 
0.3571 
0.5579 
0.6.500 

0.30 

0.0004 
0.0014 
0.0032 
0.00'>5 
0.0084 
c.Oll<-J 
0.01'>1:! 
0.0202 
0.0251 
o.tl303 
0.0909 
0.1900 
0.3500 
0.4000 
0.4500 

Kl 

T 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.666 
1.018 
1o 34 3 
1o 6 76 

•KL -

0.050 
0.100 
0.150 
0.200 
0.2'>0 
0.300 
0.350 
0.400 
0.4'>0 
0.500 
0.550 
0.600 
0.650 
0.700 
o.75c 
0.800 
0.850 
0.900 
0.950 
1.000 

K 1 = 
0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 

0.30 

a 

Oo9512 
0.9048 
Oo8607 
0.8187 
o. 7788 
o. f401:l 
0.7047 
0.6703 
o. 6376 
0.6065 
0.5139 
0.3614 
0.2612 
0.1872 

At-<D K2 

f3 
0.0484 
0.0937 
Ool361 
0.1758 
0.212tl 
0.2473 
Oo2'795 
0.3095 
o. 3373 
0.3632 
0.4361 
Oo5386 
0.5888 
0.6128 

C:o30 ANC K2 -

Oo9~12 

0.9C4d 
0.8607 
0.818( 
Oo778u 
o.740d 
c.7C4/ 
0.6703 
o.6H6 
c.6o6~ 

C.5769 
Oo5481:l 
0.'>22li 
0.4966 
C.4724 
0.449) 
0.4274 
0.4066 
C.3867 
0.367'1 

0.30 

Oo9512 
0.9048 
0.860"1 
Oo8187 
Oo7786 
o_. 74QB 
Co7C47 
0.6703 
Oo6376 
0.6065 

Ooli41:l4 
u.L9H 
0.1361 
(j. l 75 8 
G.2128 
0.2473 
0.27'75 
u.J09'> 
O • .J174 
u. J634 
0.3875 
0.40<J9 
0.4306 
0.449<J 
0.4677 
Uo4842 
u.4~<J5 

0.:>136 
0.~266 

0.:.387 

ANC K2 = 
0.0484 
0.0931 
0.1361 
Oo1758 
Oo2128 
0.2474 
0 0 279 7 
OoJ098 
o. 3378 
Oo3640 

1.oc 

y 

0.0004 
0.0014 
0.0032 
0.0055 
O.COtl4 
Oo0119 
Oo0l51:l 
0.0202 
t.:.o2:,o 
0.0303 
o.o5-oo·: 
0.1000 
0.1500 
0.2000 

3.00 

O.OC04 
0.0014 
0. OC 32 
O.OC55 
O.OC84 
0. 011 '7 
0.01~2 

0.0201 
0.024-1 
0.0301 
0.035'> 
0.0413 
0.0473 
0. 05 J j 

C.C:i9<; 
0.066~ 

o.cnt 
0.079'7 
O.CE66 
0 0 09 34 

10.00 

0.0004 
O.OC14 
O.CC32 
Oo0C55 
0.0084 
0.0116 
OoCl57 
0~0199 
0.0245 
0.0294 
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Table A-V. continued. Composition vs. Time for Two Consecutive Reaction 
Steps with Second Step Reversible (A~ B, B ~ 2C), 

K1 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.684 
0.826 
0.965 
1.103 
1.244 
1d90 
1. 544 
1.707 
1.885 
2.083 
2.307 
2.569 
2.890 
3.315 

K1 = 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.686 
o. 8 30 
0.972 
1.115 
1.263 
1.419 
1.587 
1.772 
1.982 
2. 230 
2.535 

1.00 AND K2 

a t3 

0,9512 
0.9048 
0.8607 
0.8187 
0.7788 
O.H08 
0.7047 
0.6703 
0,6376 
0.6065 
0.5047 
0.4378 
0.3812 
o. 3319 
0.2883 
0.2492 
0 • .6131 
0,1814 
0.1518 
0.1246 
0.0997 
0.0767 
0.0557 
0.0364 

1.00 

0,9512 
0.9041:1 
0.8607 
0.818T 
o. 178.8 
0,7408 
0.7047 
0.6703 
0.6376 
0.6065 
0.5038 
0.4361 
o. ·.nab 
0.3281 
0.2830 
0.2421 
0.2047 
0.1700 
0.1378 
o. 1077 
0.0793 

0.0476 
0.0905 
0.1291 
0.1637 
0.1947 
0.2223 
0.2467 
0.2682 
0.2870 
0.3033 
0.3453 
0.3622 
0.3688 
0.3681 
0.3617 
0.3508 
0.3363 
0.3186 
0.2982 
0.2754 
0.2503 
0.2233 
0. 1943 
0.1636 

AND K2 = 
0.0476 
0.0905 
0.1291 
0.1637 
0.1947 
0.2223 
0.2467 
0.2682 
0.2811 
0.3035 
0.3462 
0,3639 
0.3714 
0.3719 
0.3670 
0.3579 
0.3453 
0.3300 
0.1122 
0.2923 
0.2707 

0.10 

-y 

0.0012 
0.0047 
0.0102 
0.0175 
0.0265 
0.0369 
0.0487 
0.0615 
0.0754 
0.0901 
0.1500 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.75.00 
0.8000 

0.30 

0.0012 
0.0047 
0.0102 
0.0175 
0.0265 
0.0369 
0.0486 
Q.0615 
0.0753 
0.0900 
0.1500 
0.2000 
0.2500 
0.3000 
0 •. 3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 

K1 

0.050 
o.1oo 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.693 
0.844 
0.998 
1.160 
1.338 
1.542 
1.788 

K1 -

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.550 
0.600 
0.650 
0.700 
a. 750 
o.8oo 
0.850 
0.900 
0.950 
1.000 
1.050 
1.092 

1.00 AND k2 

0.9512 
0.9048 
0.8607 
0.8187 
0.7788 
0.7408 
0.'7047 
0.6703 
0.6376 
0.6065 
0.5003 
0.4300 
0.3687 
0.3135 
0.2624 
0.2141 
o. 1673 

1.00 

0.0476 
0.0905 
0. 1291 
0.1638 
0.1947 
0•2223 
0.2468 
0.2684 
0.2875 
0.3041 
0.3497 
0.3700 
0.3813 
0.3865 
0.:3876 
0.3859 
0.3827 

ANC K2 = 

1.00 

-y 

0.0012 
0.0047 
0.0102 
0.0175 
0.0265 
0.03li~ 
0.0485 
0.0612 
0.0749 
0.0894 
0.1500 
0.2000 
0.2500 
Q.3000 
0.3500 
0.4000 
0.4500 

3.00 

0.9512 0.0476 0.0012 
0.9048 0.0905 0.0047 
0.8607 0~1291 0.0102 
o.81a7 · o~16je --- o.-olis 
0.7788 0.1948 0.0264 
0.7408 0.2225 0.0367 
0.7047 0.2471 0.0482 
0.6703 0.2690 0.0606 
0.6376 0.2885 0.0739 
o~6o65 --- ·a:3·a-5T-- ·o.os7e-
o.5769 o.3209 0.1021 
0.5488 0.3345 0.1167 
0.5220 0.3465 0.1314 
0.4966 0.3573 0.1461 
()_._4:_724_ 0.3669 0...1607 
a.4493 -o~Ti56--o-:--i'75o
o.4274 o.3835 o.J891 
0.4066 0.3908 0.2027 
0.3867 0.3975 0.2158 
0.3679 0.4037 0.2284 
0.3499 0.4096 0.2405 
0.3356 0.4142 0.2502 

K1 = 1.00 AND K2 = 10.00 

0.050 . 0.9512 -- Q_~()'!_7_6 ___ 9..!,QP_q_ 
o~ioo"'--o-.-9048 0.0905 0.0047 
o.l5a o.8607 .0.1291 0.0102 
0.200 0.8187 0.1639 0.0174 
0.250 0.7788 0.1950 0.0261 
0.300 0.7408 0~2231 0.0361 

~:~~~-- g~!~~~ -§-:illt-'-t~~!! 
0~4~0 0,6376 0.2917 0.0706 
o.5bo o.6065 o~3107 o.o82a 
0.550 0~5769 0.3283 0.0948 
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Table A-V, continued. Composition vs. Time for Two Consecutive Reaction 
Steps with Second Step Reversible (A ~ B, B ~ 2C). 

K1 

T 

0.050 
0.100 
0.150 
0.200 
o.2SO 
0.300 
0.350 
0.400 
0.450 
0.500 
0.673 
0.764 
0.950 
1.186 
L55i 
2.103 
2.~27 

K 1 = 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.770 
0.950 
1.216 
1.551 
1. 988 
2.527 

3.00 AND K2 

a 

0.9512 
o. J048 
O,IJ601 
O.i:l187 
o. 77ti8 
0."/408 
0.7047 
0.6703 
0.6376 
0.&06~ 

0.5103 
0.4660 
0.3fl67 
0.~056 

0.2120 
0.1222 
0.0749 

3.00 

0.9512 
0.9048 
0.8607 
O.ll187 
0.7788 
0.1408 
0.7047 
0.6703 
0.6376 
0.6065 
0.4630 
0.3867 
0.2964 
0.2120 
0.1370 
0.0799 

~ 

0.045:1 
0.0820 
0.1115 
0.1350 
0.1')32 
0.1672 
0.1775 
0.1847 
0. 189 5 
0.1921 
0. 189 7 
0.1840 
0.1677 
0.1444 
0.1120 
0.0778 
0.0615 

AND K2 = 
0.0453 
0.0820 
0.1115 
0.1350 
0.1533 
0.1673 
0.1771 
0.1850 
0. 1900 
0. 192 8 
0.1870 
0.1741 
0.1536 
0.1320 
0. 1130 
0.0998 

0.10 

'Y 
o.c03'i 
0.0132 
0.0278 
0.0463 
0.0680 
0.0920 
0.1178 
0. 14 50 
0.1729 
0.2014 
0.3000 
0.3500 
0.4455 
u.550o 
0.6760 
0.8000 
0.8586 

0.30 

0.0035 
0.0132 
0.0277 
0.0463 
0.0679 
0.0919 
() .1177 
0.1446 
0.1724 
0.2006 
0.3500 
0.4391 
0.5500 
0.6561 
0.7500 
0.8203 

K1 

T 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.692 
0.950 
1.174 
1.551 
1. 84.0 

K 1 = 
0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.950 
1.045 
1.265 

K 1 = 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.550 
0.600 
0.650 
o. 1o'o 

3.00 AN!'l K2 1. 00 

a 

0.9512 
0.9048 
0.8607 
0.8187 
0.7788 
0.7408 
0.7047 
0.6703 
0.6376 
0.6065 
o.soo8 
0.3867 
0.3094 
0.2120 
0.1590 

0.0453 
0.0820 
0.1116 
0.1350 
0.1534 
0.1676 
0.1783 
0.1862 
0.1917 
0.1955 
0. 1992 
0.1945 
0.1906 
0.1891 
0.1910 

'Y 

0.0035 
0.0132 
0.0217 
0.0462 
0.0678 
0.0916 
0.1170 
0.1435 
0.1707 
0.1980 
0.3000 
0.4187 
0.5000 
O.S989 
0.6500 

3.00 AND K2 = 3.00 

0.0035 
0.0131 
0.0277 
0.0461 
0.0673 
0.0906 
0.1152 
0.1405 
0.1659 
0.1910 
0. 3132 
0.4000 
0.4')00 

0.9512 
0.9048 
0.8607 
o.tna7 
o. 7788 
0.7408 
0.7047 
0.6703 
0.6376 
0.6065 
0.3867 
0.~518 

0.2825 

3.00 

0.9512 
0.9048 
0.8607 
0.8187 
0.7788 
0;,7408 
0.7047 
0.6703 
0.6376 
0.6065 
0.5769 
0.5488 
0.5220 
0.4966 

0.0453 
0.0820 
0.1116 
0.1352 
0.1539 
0.1686 
0.1801 
0.1892 
0.1965 
0.2024 
0.2400 
0.2482 
0.2675 

AND K2 = 10.00 

0.0453 O.OC35 
0.0820 o~·Q131 
o.tll8 o.o·us 
0.1358 0.0455 
0.1554 0.0658 
0.1117 0.0874 
0.1859 0.1094 
0.1987 0.1310 
0.2107 0.1517 
0.2224 0.1711 

- a·.-2 3·4a-··--a·.-ia91 
0.2456 0.2056 
J.2574 0.2205 
0.2692 0.2342 

• 
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Table A-V, continued. Composition vs. Time for Two Consecutive Reaction 
Steps with Second Step Reversible (A"~ B, B ~ 2C). 

K1 

T 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.6 71 
0.765 
0.864 
0.971 
1.088 
1.217 
1.363 
1.531 
1. 728 
1.968 
2.275 
2.702 
3.402 
4.116 

K 1 = 
o.oso 
0.100 
0.150 
0.200 
o. 2 50 
0.300 
0.350 
0.400 
0.450 
0.500 
0.950 
1. 551 
2. 527 
4.116 
6.705 

10.921 

10.00 

a 

0.9512 
0.9048 
0.8607 
0.8187 
0.7788 
0.7408 
0.7047 
0.6703 
0.6376 
0.6065 
0.5111 
0.4654 
0.4215 
0.3788 
o. 3371 
0.2962 
0.2560 
0.2165 
0.1778 
0.1398 
0.1029 
0.0672 
o. 0334 
0.0163 

10.00 

0.9512 
0.9048 
0.8607 
0.8187 
o. 7788 
0.7408 
0.7047 
0.6703 
0.6376 
0.6065 
0.3867 
0.2120 
0.0799 
0.0163 
0.0012 
o.oooo 

AND K2 = 

f3 

0.0484 
0.0922 
0.1301 
0.1614 
0.1862 
0.2052 
0.2190 
0.2287 
0.2350 
0.2387 
0.2389 
0.2346 
0.2285 
0.2212 
0.2129 
0.203/:i 
0.1940 
0.1835 
0.1722 
0.1602 
0.1471 
0.1328 
0.1166 
0.1069 

A~D K2 = 
0.0484 
o. 0922 
0.1301 
0.1616 
0.1866 
0.205'1 
0.2202' 
0.2304 
0.2374 
0.2418 
0.2344 
0.2064 
0.1791 
0.1633 
0.1592 
0.1589 

0.10 

0.0004 
0.0030 
0. 00'12 
0.0199 
0.0350 
0.0540 
0.0763 
0.1010 
0.1273 
0.,1547 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.7500 
0.8000 
0.8500 
0.8768 

0.30 

0.0004 
0.0030 
o.oon 
0.01'17 
0.0346 
0.0533 
0.0751 
0.0993 
0.12'>9 
0.1517 
0.3789 
0.5816 
0.7410 
0.8204 
O.S396 
0. 8411 

K1 

T 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.950 
1.551 
2.527 
4.116 
6.705 

10.921 

K 1 = 

0.050 
0."100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.950 
1.551 
2.527 
4.116 
6.705 
8.280 

K 1 = 

0.050 
O.lOO 
0.150 
0.200 
0.250 
0.300 
0.3?0 
0.400 
0.4?0 
0.500 
0.550 
0.600 
0.650 
0.700 
0.750 
0.800 
0.850 
0.900 
0.950 
1.qoo 
1.050 
1.104 
1.220 
1.439 

10.00 

a 

o.9512 
0.9048 
O.S607 
O.S187 
0.7188 
0.7408 
0.7047 
0.6703 
0.6376 
0.6065 
0.3867 
0.2120 
0.0799 
0.0163 
0.0012 
o.oooo 

10.00 

0.'1512 
o. ')048 
0.8607 
O.H1H7 
o. 7788 
0.7408 
0.7047 
0.&703 
0.6376 
0.6065 
0.3H67 
0.2120 
0.0799 
0.0163 
0.0012 
0.0003 

10.00 

0.9512 
0.9048 
0.8607 
0.8187 
0.7788 
0.740S 
0.7047 
0.6703 
0.6376 
0.606? 
0.5769 
o.548s 
0.5220 
0 .It '166 
0.4 724 
0.4493 
0.4274 
0.4066 
0.3867 
0.3679 
0.349'1 
0.3316 
0.2'153 
0.2373 

Al\0 K2 

(3 

0.0484 
0. 092 3 
0.1304 
0.1622 
0.188C 
0.2083 
0. 2 2'40 
0.2360 
0.2450 
0.2517 
0.2691 
0. 7701 
0.2702 
0.2702 
0.2702 
0.2702 

Af\0 KZ = 
0.0484 
0.0924 
0.1310 
0. 1638 
0.1914 
0.2143 
0.2333 
0.2492 
0.2626 
0.2741 
0.3357 
o. 3750 
0.4022 
0. 414 ., 
0.4176 
0.3497 

ANI: K2 = 

O.C383 
0.0599 
O.C721 
O.C796 
o.C854 
0.0909 
o.c97o 
0.1038 
0.1113 
0.1193 
0.1277 
0. 1364 
0.1452 
(). 1541 
0. 1629 
0.1715 
0.1800 
0.1883 
0.1964 
0.2043 
0.2119 
0.2199 
0.2360 
0.2627 

1o 00 

o.ooo4 
0.0029 
0.0089 
0.0191 
0.0332 
0.0509 
0.0713 
0.0937 
0.1174 
0.1418 
0.3442 
0.5179 
0.6499 
0.7135 
0.7286 
0.7298 

3.00 

o.ooi.J4 
0.002 s 
0.0033 
0.0174 
0.0298 
0.0449 
0.0620 
0.0805 
0.09'18 
0.1194 
.0.2775 
0.4131 
0.5179 
0.':>690 
0.':>811 
0.6500 

10.00 

0.010'> 
0.0353 
0. 06 72 
0.1CU 
o.l35e 
0.1683 
0.198 3 
0.2259 
0.2511 
0.2742 
0.2953 
0.3148 
0.3327 
0.3493 
o. 3648 
0.3792 
0.392t. 
0.4051 
0. 41.68 
0.4278 
0.4381 
0.4485 
0.4688 
0.5001 
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C. Fortran Program 



r 

UAUX F!RSi SU Of O.OUATJ0/11!> 
SuOROUTIIIIEUAvx 
ll!~t.N:.ION T I 27 J 
COMMON ToNo8lob2 
T!61"l•O-l 141-115J-Cil•l i"J-82*1141 
Tt71:62•11 .. 1 
RETUI<N 
DAUX .SELONLJ ::.1:.1 Of EIJUAiiONS 
SUoROUT l/>oE i.lAUX 
UJr-oENSION 11271 
COMMON To,.,.o8lo82 
Tl61=l•O·TI41-TI!iJ•IH*TI41-D2*TI41**2 
TIII"'~C2•TI41*•2 

RETUf<N 
END 
LoAU).. TrURO St.T OF EOUAilUNS 
SUSROUl!Nl OAUX 
OJ,..,ENSION 11271 
COMMON Tolllol:llo82 
TI6J=llo0·114J·Tt511**2•6l"li"J-52*TI.:O) 
TI71•B2•TI4J 
I<.ETURN 

'"' OAUX FOURl,., Si:.T Of- i:.Q.JATION5 
,:,UbROI.ll li~i:; OAvX 
I.JIMlN..)iON Tl l7 J 
COMMON ToNo3io32 
1161 =loO•TI4J·f I ~J-bl"l 141-bl*T !4) 
Tl7J=Ol•ic .. J 
RETVR"' 

'" DAUX FifTH St:T OF ~QUAT IONS 
SUE!ROUT!NE DAUX 
O[ME,NSION 11271 
CO,.MON ToNo8lt82 
T I 6 I >=loO-T I 4 I-T I 5 I -61*114 J **2+62*1 l ~ J 
T I 7 I •81*1 1"1**2-82*1 I ~I 
RETURN 

''" OAUX S!KlM S~1 OF I:.G!VAT IONS 
~U8ROU1JNE DAI.JX 
DiMENSION T I l7) 

COMMON ltNtEilt82 
TlbJEilo0-114l-Tl?li**2•Bl*TI41+82*11!>J 
T(T)eE!J•TI4J-B2•Tt?J 
RETUR"' 

"0 DAUX S~Vi::NTH SET OF ~OUATIONS 
::.uCROLTJNE DAUX 
OI"'U't.:.JON 11.!71 
COMMOr>l loNoOlt82 
TIQJ:Jo0-TI.,I-Tt51-b1*11'+l+b2*11 !>!**2 
I I 'I I =t:H •T I'+ J -Ol•T 1 !>I**~ 
RETURN 

"" 
UAV-" t.I\:>MIM ~t.l V~ f:.OVAiJOr.~ 

5U8ROUT INE DAUX 
DIMENSION 1 UTI 
COMMON TtNt8lo82 
116JmJ.O-li'+J•1 l!ii-Bl*l14l+B2*TI:JI 
TI7J•b1*T I4J-B2*TI51 
RETURN 

E.Nt> 

THREE RECYCLESo 
A2 GO~tRNS THE Silt OF !Hi:. INTER,...ALo 
A4 tXCl:.I;U~ lc.RO IH' 1171 HA!> hiO TERMS r_~u!LIBklUM LIMJTEDo 
FREQUENCY 601lo2o21 tl0l2160olo3J t1000110Qoli.J0oll ,·lOUlliOOtltll tlOl 

1313o11t511ltlt3)t611ltit4l 
DIMENSION 1127JoAI.Il000JtCt>12000JtCU2000J!lTI20001oTOI'JCI361 
COMMON ToNoB1oB2 
JJEQ 

'. 1 
CT=Oo05 
L•1 
READ 12o!TOPI(( I Jo i"lt 361 
READ 1oNoAltAl.tA3oA4oA5oAboA7ol Till o1•2o71oTHo!:RtSMtNXI.oK 
SAVIOR: ER 

1010 Rt;AD2oBloB2 
ASSIGN' 1014 TO IR 
JFIA4) 18o16o4001 

4001 ER" $AVER,.Jdll!i:H+D211 
18 AAil I " loO 

BBII! .• OoO 
c.Cil! ".o.o 
WA a loO 
wa., o.o 
WC" OoO 
WT" OoO 
WOT 2 Oo05 
PRINT 12loiTOi'lCI I It 1•1t361 
PRJNi 4oS1od2 

100<: CALL Ro<.J 
Oi:loO - 1141 - II:>) 
IFITI!>II5lo60ob0 
IF 101 I ~1o 806 • 806 

SOb IFIT14J)5loS08t8U7 
807 IFIT14l-loi80Ctl!08o51 
BOB If !ti51-0o91152o!i2t51 

~2 T I 31 "Go05 
50 J=J+l 

AAIJI=lo-114J-TI51 
BB!JI=TI<ol 
CCIJJ=TtSI 
Tl !JI =112 I 
WA = AAIJI 
wa 2 Tl41 
wC"' TI'JI 
wT • 1121 
oiDT" 1131 . 

1012 1FITI51-ClllOOOolOO.:~ol004 
1000 IF 11 I 2 I -i /"II lOCi! tl001t ~ 006 
1001 JF!TI:>l-ERJ 2000ol007ol007 

2000 lfiJ-N..:l l 1002ol002o2001 
1003 PRJNT3oTI21oAAIJlolliHJJoCCIJJoJ 
1005 ChCT+OoO~ 

GO TO 1000 
1004 FAC= IC1-CCIJ-ll 1/llliJJ-CLIJ-lJ I 

5AvAcFAC*IAAIJI-AAIJ-II )+AAIJ-1) 
5AVil=FA(*IIJBIJJ-8BIJ-1li+BBIJ-11 
SAVC=CT 
SAVT..,.FAC*ITTIJI-TTCJ-1 J J+TTIJ-11 
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IFISAvC-t::RJ500o500oi007 
:>OO PR!Nl3oSA"•To5AVAoi:>AVBo5AVCtJ 

CT•CT+Oo05 
(;0 TO 1012 

1006 113l•A2*TI21 
(;Q TO 1001 

1007 PR!Nl 7ol Till JoAAillo\iilll I o((( llol•2t2ll 
55 PRINT<IoiTTilloAA!llotlfllllo((ll)ol•22oJo101 

JJJ " J - XMOOFIJ.!OI + 1 
PRINi C!oiTTIIJoAAI llti:HHI ltC'-IIJol"JJJtJJ 

1013 GO TO 1Ro 11014o200'l 
1014 IFIL-KI 1008o!Ollol0ll 
1008 L"'L+1 

'. 1 cr•o.os 
DO 1009 1•2•2000 
AA11l<>Oo 
88111"0• 
CCIII"'Oo 

1009 TTili•Oo 
TI2J=Oo 
Tl31•oO:> 
Tl41"'0o 
1151"0• 
GO TO 1010 

lOll CALL EXIT 
511121 "fiT 

Tl4! • wa 
Tc5J • we 
TI3J • BM*TI3) 
CALL RK! 
01 • loO- 1141- Tl!il 
IFITI!iiJS00t801o80l 

801 !FIOIISOOo80'1o809 
809 !FITI4JJS00o8lio810 
810 IFITI<ol-lol8llo8llt600 
811 !FITI5J-0o91J52o!i2t600 

BOO Tl21 • WT 
Tl<ol • we 
Tl!i! .. we 
Tl31 • 6M*1 131 
CALL Rl<.l 
Ql. 1,0-1141-1151 
IF IT I~ J I 6'2 o605 o 805 
IFIQI162o612o812 

!H2 lfiTIIoll62o6llooSL3 
813 IffT14J-1ol814o814o62 
614 lfiTI51-0o91152t52o62 
1>2 1121=\orl 

TI4J=¥1'0 
T I 5 I~.,:: 
T I 3 J ~OM• T I J I 
CALL i'<i<.l 
01•1.0-TI,.!-115! 
IFIT15JJ61o901o901 

'101 lfiOllblo90Yo909 
90'1 lf1TI4JI6lo91lo9LO 
'HO !FCTI.OJ-lol9llo9llo61 
911 IFI T 151-0 1 91 J52o?2t61 

61 lf1J-20156t56o57 
57 PRINT 9oiTTilloAAiiloB61lloCCIJJol•2o2ll 

ASSIGN 2003 TO IR 
GO TO 5!> 

56 PRINT lOt I TTl 1JoAAII J o6bl l JoC(tl J o1<~2oJI 
ASSIGN 2003 TO IR 
GO TO 1013 

2001 PRJNlllollill)oAAillobBIIloC(IJJol•2olll 
ASSIGN 2003 TO IR 
GO TO 55 

2003 PRINT 12lo110P1Cill ol"1t361 
PkiN1 13• llll•i32oWAnlllt"'(•"'l ,.,Di tAAIJ 1 tE!lliJ! o((. IJJ • I I I JJ oUT t~lt I 141 

loTI5ltTI21oTI31oCloTHo8Mo[RI 
ASSJ(;flo 1014 TO 1R 
GO TO 1013 

1 FORMAT I 2! 2 o6F 10 o2/6F10 o2/3F6 o4o 21 5 J 
2 FORMATI2Fl0o2l 
3 FOR~A11IH F7o)o3F9o4ol7l 
lo FORMATI20HOSOLU110N~ FOR r...l "oF6o2ol1H AND Kl ~ ol·(u2//3XoSHlAUt 

17XolHAoBXolH8oCXo1HCo!iXolHNJ 
7 FORMATI4lHOS0L.UllON COMPL!::TtO BY C GREATER lHAN 0o9133H THE FIR~T 

1TI::N DATA POINTS FOLLOW/IlH F7o3o)r\lo4) I 
8 FORMATI,.SH /llH f7o 

13o3F9o4)1 
9 fORMATI32HOSOLUT JON CUMPLE.TEO BY A MJNU~ d/33H IHE HRST TEN OATA 

!POINTS FOLLO\oiii1M F7o3o3F9o4)J 
10 FORMATI32HOSOLUTION COMPLETED BY A MINUS 6/23ri ALL DATA f-'01NTS FOL 

lLOW/IlH F7o3o3F9o41 I 
11 FORMATI14HOJ EXCEI:.ilS l00/33ri THE FIRS~ TEN DATA POJNl!> FCILL0.,/11H 

lF7o3t3F9o411 
12 FORMAT ll2A6J 

121 FORMATI1Hltl2A6/11H ol2A61 l 
122 FORMAT IIH+41Xo5Fl0o41 

13 FORMATIIMOolOXo3H'-I=of6o2t3HK2:F6o2/4HOWA•FlOo7o3H\oii!=F)Qo7o3HWC:fl 
lOo7o.:lH<!T=FIOo7o4H.,'0T=F10oi/4H AA=F10o7o3HBB=FIOo7t3HC(•flOo7o3HlT"' 
2Fl0o 7 o4H OT =F LOo 7/loH Ql•F lOo To )Hi 4= ~ 10o 7o3HTS=~ lOo 7o 3H 12=F lOo 7 t4H 
3T),.fl0o7/27Xo3riCl=FlOo7o)riiH=F10• 714H BM=flllo"/oi:.Ao3HI:.R:FJOo,7l 

EHO 

RUNGt-i<.UTTA JNTEGRATJOI't :.UbROUTJNE 

TWO 51MULTANE0US EOUATIONSo 
SUt>ROUT JNE RKJ 
DIMENSION 11271 
COMMON I 
Yl• Tl41 
Y2 cc Tl5! 
TEE ~ 113 J 
CALL OAUX 
(KOl "T£E•TI61 
CK02 •>TEE*TI7J 
Tl4l = Yl + CKOl/2• 
Tl51 • Y2 + CK0212o 
CALL OAUX 
CKll • TEE•TI6J 
CK12 • TtE*TI71 
T(4J • Yl + CKll/2• 
il!iJ "Y2 + CK12/2• 
CALL OAUX 
CK21" TI:.E•Hiil 
CK22 • TEE*TI71 
T 14) • Yl + CK21 
TIS! m Y2.+ CK22 
CALL OAUX 
CK31 • TEE*TI!il 
CK32 ~ T~E*117! 

.112). l(2l + !131 
114) " Yl + ICK01 + 2o*CI:.ll + 2o*CK21 + CK31J/6o 
Tl51 • Y2 + CCK02 + 2o•CK12 + 2o*(K22 + CK321/6• 
RETURN 
EHO 

MUB-1523 
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