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Chapter 1 Introduction

Most chemical processes involve two major oper­

ations, namely chemical reaction and. component separa­

tion. Distillation is one of the most widely used unit 
operations for separating components of a mixture. Dis­

tillation can be carried out under steady-state conditions 

or under unsteady-state conditions. Furthermore, a chem­

ical reaction may or may not accompany distillation. 

The combination of these operational modes yields the 

following four categories of distillation operations

(1) Steady-State Distillation without Chemical Re­

action

(2) Unsteady-State Distillation without Chemical Re­

action

(3) Steady-State Distillation with Chemical Reaction

(^) Unsteady-State Distillation with Chemical Reaction

The operation belonging to the first category has 

been almost thoroughly investigated and the chemical en­

gineering literature is full of articles on this subject. 

The second, category, the unsteady-state distillation 

without chemical reaction, has become the subject of many 

investigations during the last two decades. The avail­

ability of modem electronic computers as the tools for 

studying the unsteady-state behavior has certainly con-



tributed to the advance in this field. The raost com­

prehensive treatment of unsteady-state distillation 

without chemical reaction is provided by Holland ( 36).

Comparing with the first and second categories, 

the technical papers on the subjects belonging to the 

third and fourth categories are so few that they can be 

counted on the fingers cf both hands. Experimental in­

vestigation of unsteady-state distillation accompanied 

by chemical reaction started from a series of batch 

distillation experiments in a distillaticn column per­

formed by Backhaus in 1921 for esterification cf ethyl 

alcohol and acetic acid. Since the theoretical analysis 

cf an unsteady-state distilation accompanied by chemical 

reaction, i. e., Category Four, is so difficult that 

Othmer in 1943 shifted to a series of experimental in­

vestigations on steady-state reaction-distillation 

systems, i. e., Category Three (3,^,17,18,28,19). How­

ever, a theoretical model for a steady-state reaction- 

distillation column to treat the experimental results 

such as obtained by Othmer was not developed until 

Marek (^5) in 195^ presented a McCabe-Thiele graphical 

method to study the effect of chemical reaction on dis­

tillation.

A theoretical model for the unsteady-state distil­
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lation accompanied by chemical reaction, i, e., Cate­

gory Four, has not been reported in the literature. 

Therefore, the purpose of this study is to develop such 

a mathematical model and also to obtain experimental 

data which will then be used to demonstrate the appli­

cation of the theoretical model proposed. It is hoped 

that this work serves as the first attempt to remove 

the last unknown, represented by Category Four, in the 

total system of distillation operations. Since the 

system to be treated is very complex, this first the­

oretical and experimental study deals with a distil­

lation column of a single perfect tray. This approach 

ena.bles a better understanding of. the fundamental, con­

cepts and at the.same time provides building blocks for 

a more complicated column of multiple distillation trays.

Mathematically, methods for solving a steady-state 

reaction-distillation system, Category Three, are much 

simpler than those for solving an unsteady-state dis­

tillation system, Category Two. However, thermodynamics, 

reaction kinetics and mass transfer problems involved 

in a system of Category Three are much more complicated. 

Two different types of reaction are usually associated 

in the reaction-distillation systems treated in the liter­

ature, one of them is the nonpolar hydrocarbon system 

represented by the work of Grayson and Streed in hydro­
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cracking gas oil (25) and the work of Saito in alky­

lating meta-para xylene complex with an aluminum chlo­

ride catalyst (56). The other is the polar system typi­

cally represented by esterifications between alcohols 

and carboxylic acids.

It is rather astonishing that a close examination 

on all these known reaction-distillation systems "in­

cluding the most recent work of Babcock (3), reveals 

no fundamental concepts in describing the effects of 

chemical reaction on thermouynamic vapor-liquid equili­

bria, nor the effect of mass transfer on chemical re­

action rate expressions.

According to Hougen, Watson and Ragatz (37)» lack 

of ideal-solution behavior is attributed to chemical 

reaction and to differences in molecular size and polar­

ity among the different components present. Therefore, 

the liquid activity coefficients with the effects of 

chemical reaction should be different from those without 

the effects of chemical reaction. However, Davies and 
Jeffreys (11) correlated a set of van Laar constants 

for liquid activity coefficient from "physical" vapor­

liquid equilibrium data and then applied them into a 

system with chemical reaction, where the reaction can 

only occur at the presence of a catalyst (12). The 

term, "physical" is used to indicate that the equili­
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brium data are measured without the effects of chemical 

reaction. Therefore, the term "chemical" can be used 

to represent the vapor-liquid equilibrium data measured 

with the effects of chemical reaction as well as to 

distinguish it from the above-mentioned "physical" 

vapor-liquid equilibrium data. The approach made by 

these researchers is then not appropriate.

A correJation of "chemical" vapor-liquid equil- 

brium data has been attempted by Hirata and Komatsu ( 
32,33f3^) for esterification between alcohols and car­

boxylic acids. However, the effects of chemical reaction 

on vapor-liquid equilibrium data were not mentioned. 

Grayson and Streed (25) correlated the vapor-liquid 

equilibria of the reaction products of hydrocracking 

gas.oil, but they treated them only from the point of 

view of "physical" vapor-liquid equilibria. However, 

since their data for the correlation were obtained 

from "chemical" vapor-liquid equilibrium, their corre­

lation may be properly reapplied to similar reaction . 

systems. Their correlation may be used with care for 

a hydrocracking system which differs greatly from the 

system used by Grayson and Streed, for example, coal 

liquefaction systems. Different reaction systems exert . 

different reaction effects on vapor-liquid equilibrium 

data.
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The Grayson and Streed correlation has exactly the 

same framework as that used by the well known Chao and 

Seader (9) correlation, which is based on "physical" 

vapor-liquid equilibrium data. Therefore, a comparison 

between the two correlations may provide some useful 

information about the chemical effects. In order to 

gain a better understanding of the reaction effects 

on vapor-liquid equilibrium, a reaction-distillation 

system of esterification between acrylamide sulfate 

and ethyl alcohol is experimentally investigated in 

this work.

The major difference between this reaction system 

and'the previously investigated esterification systems 

is that this has a much larger heat of reaction. It 

is selected in this work because it is anticipated that 

a large heat of reaction may promote the evaporation of 

immediately produced volatile compounds, and thus may 

provide some useful information about the reaction 

effects on vapor-liquid equilibrium. Correlations will 

also be made on the "chemical" vapor-liquid equilibrium 

data which are experimentally obtained in.this study. 

The data and correlations should be new additions to 

chemical engineering literature.

The effects of mass transfer and reaction kinetics 

on the distillation with chemical reaction has been 



completely ignored by previous authors. Therefore, 

some fundamental concepts about interface mass transfer 

with chemical reaction will be incorporated into the 

theoretical model. The application of Hatta's film 

theory (28,29,30,31) will be extended to the absorption 

of reactants as well as the evaporation of volatile 

products. Since the interface properties such as in­

terface concentration, film thickness, interface area, 

etc., can not be measured directly, these effects will 

be correlated as a function of operating parameters.

It is found that Holland’s recommended methods for 

solving Category Two problems are not suitable for 

solving an unsteady-state distillation problem with 

chemical reaction. New techniques are therefore de­

veloped in this study. Holland’s techniques require 

three to four initially guessed values for obtaining 

convergent solutions for the bubble point ( or the dew 

point ) and the outlet vapor flow rate. The techniques 

developed by this study, however, require only one 

initially guessed value to obtain all the convergent 

solutions.

Therortical solutions with respect to different 

system variables for the mathematical model of a semi­

batch distillation accompanied by chemical reaction will 

be attempted first. Their qualitative characteristics 
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are analyzed. A good quantitative evaluation of the 

theoretical model can be made only if all the values 

of system parameters are accurately obtained from ex­

isting experimental data, or predicted from reliable 

correlation methods. Approaches for getting all the 

required data for a complicated reaction system such 

as the one used in this study, are presented and dis­

cussed. Finally, the applicability of the proposed 

theoretical model is tested with the experimental 

data obtained in this study.
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Chapter 2 Literature Survey in the Related Fields

As mentioned in the previous chapter, this study 

is the first attempt at developing the mathematical 

model of unsteady-state distillation accompanied by 

chemical reaction (Category Four), there is no direct 

reference nor previous work in the literature which is 

related to this subject.

However, the proposed study requires knowledges in 

the following three major fields:

1. Vapor-liquid equilibria in presence of chemical 

reaction

2. Effects of mass transfer on reaction rate and vice 

versas

3. Mathematical methods for solving the problems of 

unsteady-state distillation.

Therefore, the literature survey has been made for the 

above three fields. Since the second item shown above 

will be presented in details later in Chapter only 

literature on the other two items will be discussed in 

this chapter.

2.1 Vapor-Liquid Equilibria Accompanied by Chemical

Reactions
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The ’'cheinical" vapor-liquid equilibria is that 

measured in the presence of chemical reaction. The 

conventional "physical” vapor-liquid equilibria does 

not involve any chemical reaction between components of 

the mixture.

There are only two types of correlations reported 

in the literature for "chemical" vapor-liquid equili­

brium data. The first is represented by the Grayson 

and Streed correlation (25) which is developed for the 

vapor-liquid equilibrium data of hydrocracking heavy 

gas oil. The second type is represented by the Hirata 

and Komatsu correlation (32) which is based on the data, 

of esterification between ethyl alcohol and acetic acid. 

The methods of correlations between the two systems 

are different because the Grayson-Streed correlation 

is for nonpolar hydrocarbon systems while the Hirata 

and Komatsu’s correlation is for polar organic compounds. 

However, both methods have a similar basis in correla­

tion of vapor-liquid equilibrium data, i.e,, the cor­

relation was made from multicomponent vapor-liquid eq­

uilibrium data experimentally obtained.

It is well known that a conventional correlation 

for "physical" vapor-liquid equilibrium data of a mul­

ticomponent system starts with the constituent binary 

systems and then applies appropriate mixing rules and 
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interaction parameters to combine these binary systems 

to a multicomponent system. For a system in the presence 

of chemical reaction, binary vapor-liquid equilibrium 
data for the.two reactants can not be obtained.because as 

soon as two reactants are mixed, the reaction products - 

will immediately appear in the system. As reaction pro­

gresses, the molal quantity of a reactant changes from 

time to time if it is a batch process. For a continuous 

steady-state process a residence time of a reactant changes. 

These situations are different from "physical** vapor­

liquid equilibrium, where combination of vapor and liquid 

molal quantities of a component is always equal to its 

original molal quantity.

In order to demonstrate the difference between the 

"physical" vapor-liquid equilibria and the "chemical" 

vapor-liquid equilibria, and the difference between the 

above two types of "chemical" vapor-liquid equilibria, 

the work of Grayson and Streed and that of Hirata and 

Komatsu are discussed briefly as follows.

2.1,1 Vapor-Liquid Equilibria Accompanied by Chemical 

Reaction for Nonpolar Hydrocarbon Systems

Grayson and Streed employed a steady-state continuous 

flow scheme to obtain vapor-liquid equilibrium data of 
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the heavy gas oil hydrocracking system. According to 

Grayson and Streed, the hydrocracking conditions must 
be at temperatures above 600 °F and presure above 1000 

psia (25). Although their equilibrium data are obtained 

in the presence of chemical reactions, they treated them 

as "physical" vapor-liquid equilibrium data by utilizing 

the framework of the well known Chao and Sender cor­

relation (9)« The Chao and Sender correlation is devel­

oped from the vapor-liquid equilibrium data of hydrogen 

and pure hydrocarbons. However, the hydrocarbon mix­

tures used by Grayson and Streed are the products obtained 

from hydrocracking heavy gas oil at different reaction con­

versions. Since the two correlations have the same frame­

work, the difference between the two correlations may 

provide useful information on the effects of chemical 

reactions on the vapor-liquid equilibrium. Before com­

paring for the difference between the two correlations, 

it is necessary to present briefly the correlation me­

thods employed by the above researchers.

Under the framework of Chao and Seader, or Grayson 

and Streed, the vapor-liquid equilibrium ratio, herein 

defined as equilibrium K-value for convenience, is cal­

culated through a combination of three factors $

Xc-,K = y/x = (2-1)



where
j/? = fugacity coefficient of component i in the 

liquid phase

. = activity coefficient of component i in the 

liquid phase

= vapor fugacity coefficient of component i 

in the vapor mixture.

The quantity is a well-defined thermodynamic 

property under conditions where the component actually 

exists as a liquid. At conditions where the component 

cannot exist as a pure liquid but is dissolved in the 
liquid phase of a system, the quantity J/? becomes hy­

pothetical. This hypothetical region exists when the 

system temperature is above the critical temperature 

of the component or when the system pressure is below 

the vapor pressure of the component. A liquid fugacity 

coefficient correlation for this hypothetical region 

in addition to the existing subcritical region was first 

developed by Chao and Seader from experimental "physical” 

vapor-liquid equilibrium data at moderate temperatures, 

i.e., the reduced temperatures of from 0.5 to 1.3 or tem­
peratures from -100 °F to 500 °F as cited in their paper 

(9)« Their correlations give an average error of 8.7 
for 2696 data points.

Grayson and Streed employed the same correlation
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methods to correlate their high temperature “chemical" 

vapor-liquid equilibrium data in addition to the Chao 

and Seeder's low temperature data. The average error of 

their correlation is 7.0

Determination of the liquid fugacity coefficient in­

volves solving Equation (2-1) in the form:

K. <b.

1 i

As mentioned previously, are experimental data, so
V ? can be calculated only when 4^ and can deter­

mined by other methods. The above authors computed £ 
from the Redlich-Kwong correlation (5^) and '1^ from 

the Hildebrand correlation (37). The Redlich-Kwong 

equation requires only two constants for each component. 

They are critical temperature, Tc and critical pressure, 
i

P . Any two-constant equation of state cannot be expected ci.
to yield great accuracy. Therefore, usage of the Chao 

and Seader correlation is limited to the following con­

ditions :

Pressures: up to 2000 psia

Temperatures:
Hydrogen and Methane: -100 to 500 °F

All hydrocarbons
> : T = 0.5 to 1.3 

except methane J

Hildebrand correlation for liquid activity coefficient
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is derived from the regular solution theory (37)• Accord­

ing to the regular solution theory, the activity coeffi­

cient of component i in a multicomponent mixture is given 

by In = vi( - 8 )2/RT (2-4)

where v^ is the liquid molar volume, is the solubility 

parameter ( the square root of the cohesive energy density), 

and 8 is the volume-fraction average solubility parameter 

for the solution.

Since regular solutions are characterized by the absence 

of any specific physical interactions between molecules, 

the theory should apply only to solutions of nonionic, non­

polar, or slightly polar molecules. According to Hougen, 

Watson and Ragatz(3?), liquid activity coefficient is affected 

by molecular size and polarity as well as chemical reaction. 

Therefore, this theory does not apply to a system v/hich in­

volves any chemical interactions in producing new molecules 

from reactant molecules. Simply using the regular solu­

tion theory to estimate liquid activity coefficient for 

the reaction system of hydrocracking of heavy gas oil does 

not take into the account of the effects of chemical re­

action on liquid activity coefficient. However, the cal­

culated liquid fugacity coefficient, using the Grayson~ 
Streed "chemical" vapor-liquid equilibrium data and Equation 

(2-la) includes the effects of chemical reaction. After 
the liquid fugacity coefficients Jv? are calculated
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from Equation (2-la) based on the experimental data, they 

are then correlated within the frame work of Pitzer’s modi­

fied form of the principle of corresponding states, 

Accordingly, is given by

log = log u) log /V (2_5)

The first term on the right-hand side gives the fugacity 

coefficient of simple fluids characterized by a zero 

value of the acentric factor. The second term accounts 
for departure of properties of real fluids from those of 

the simple fluids.
( o \ (i x

The two quantities J/'^'and . are dependent 

only on reduced temperature s.nd reduced pressure. They 

are fitted v/ith approximating functions. The quantity 

is given by

log = Aq + A1 /Tr + A2Tr + A3T^ + A^T^ +(A5 +

A6Tr + A?Tr)Pr +(A8 + A9Tr)Pr ' loS Pr 

(2-6)

where A through A^ are empirically fitted constants, o 9
The quantity Is given by

log -^.23398 + 8.65803 T - 1.2206/T^ - 3.1522^ 
zi r r

Tr3 - 0.025(Pr - 0.06) (2-7)

The coefficients in Equation (2-6) for the Chao and 

Seader correlation are different from those for the 
Grayson and Streed correlation, while Equation (2-7) 

is applicable to both correlations except that Tr
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must be set equal to unity whenever it exceeds one for 

the Grayson and Streed correlation. The constants for 

Equation (2-6) for the two correlations are given in 

Appendix A.11,

The "chemical" vapor-liquid equilibrium data by 

Grayson and Streed were obtained at temperatures greater 

than the upper temperature limits of the Chao-Seader 

correlation, and at pressures from 1000 psia to 3000 

psia. The suitable checking points to compare the two 
correlations are then at temperatures close to 500 °F 

or the reduced temperature of 1,3, and at pressures be­

tween 1000 psia and 2000 psia. As the two correlations 

for C2+ hydrocarbons are generalized functions, a pro­

perly selected compound can be used to represent the 

general behavier of the two correlations. It is found 

that isobutane is an appropriate compound because at 
500 °F, it has a reduced temperature very close to 1.3*

For hydrogen and methane, both correlations are 

obtained on the basis that the acentric factors for 

the two components are equal to zero. Each of the two 

components has its individual constants for Equation 

(2-6). Thus, the comparisons are made for the three 

compounds, namely hydrogen, methane and isobutane.

Table 2.1 lists the comparison between the two 
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correlations for the liquid fugacity coefficients, )??, 

of hydrogen, methane and isohutane at 500 °F.

Table 2.1 Comparison of Liquid Fugacities determined 

by (Cr-S) Correlation and the Grayson Streed 
Correlation for J/? at 500 °F for Hydrogen, 

Methane and Isobutane

at 1000 psia at 2000 psia

C-S G-S °,o Dev. c-s. G-S % Dev.

Hydrogen ^.3 5.0 16 2.5 2.8 12

Methane 3.05 5.0 61)- 1.51 2.75 80 .

Isobutane 0.626 1.02 63 0.265 0.68 157

Small deviation between the two correlations is observed 

for hydrogen. However, for methane and isobutane, the 

Grayson-Streed correlation gives much higher liquid fu­

gacity coefficients than those by the Chao-Seader corre­

lation. For an even clearer illustration of these dis­

crepancies, the liquid fugacity coefficients for methane 

at 1000 psia and 2000 psia are plotted as a function 

of temperature and shown in Fig. 2.1.

As mentioned previously, the Grayson-Streed correla­

tion is obtained on the basis of both their ovm high 

temperature data and the Chao and Seader low temperature 

data. Therefore, it is natural that the two correlations
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have good agreements at low temperature. However, at 

higher temperatures, near the upper limit of the Chao- 
Seader correlation, y? calculated by Grayson and Streed 

correlation is appreciably higher than that obtained by the 

Chao-Seader correlation, implying a positive effect of 

chemical reaction on the vapor-liquid equilibrium K-values 

for methane. Further discussion on this positive effect 

of chemical reaction on the vapcr-liquid equilibrium 

K-values will be presented later in Chapter 6 along with 

the experimental results obtained by this work.

2.1,2 Vapor-Liquid Equilibria Accompanied by Chemical 

Reaction for Polar System

The other available correlation for "chemical’' 
vapor-liquid equilibria, was reported by Hirata and Komatsu 

(32) in 1966 for the following esterification reaction 

between ethyl alcohol and acetic acidi

CHoCOOH + CoHe0H -- Ho0 + CHqC00CoHc ,o Qx

Their experiments were performed in an Othmer Still at 

atmospheric pressure. Thus, their system is a batch pro­

cess, Like the conventional measurement for “physical" 

vapor-liquid equilibrium data, a vapor sample is obtained 

as condensate by using a small overhead condenser while 

the liquid sample is directly obtained from the liquid
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holdup* When a. vapor sample is not taken, the vapor con­

densate is returned, to the liquid holdup as a- refltu: stream.

This technique is good for measurement cf "physical" 

vapor-liquid equilibrium data because of the continuous 

refluxing which enables both the liquid and vapor composi­

tions to reach at their steady-state values as well as to 

be in equilibrium. However, for obtaining "chemical" 

vapor-liquid equilibrium data, this technique requires 

a special attention because the liquid composition changes 

continuously until chemical equilibrium is reached. The 

vapor sample in the condensate trap is actually in equili­

brium with the liquid mixture of sometime ago when the 

condensed vapor just left the liquid surface. In other 

words, there is a time lag between vapor sampling and 

liquid sampling. If the heat flux of the Othmer Still 

is small, the vapor flow rate will be small which induces 

a large time lag between the vapor sample and the liquid 

sample obtained. This time-inconsistent-vapor and liquid 

samples will, of course, give erroneus results. In general, 

the faster the reaction or the smaller the vapor flow rate, 

the greater the effects of the time lag. Since the heat 

flux to their Othraer Still was not given, and since con­

sideration of reaction kinetics was not made in their 

paper, it is impossible to check the effect of time lag 

on their vapor-liquid equilibrium data.
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In a batch ’’chemical” vapor-liquid, equilibrium 

system, the liquid composition changes continuously 

as the reaction proceeds. Thus, the bubble point of the 

liquid mixture also varies as a function of. time at 

isobaric operation. The instantaneous reaction rate of 

the system depends not only on the concentrations of 

reactants but also on the temperature. A conventional 

batch measurement of reaction rate in the liquid phase 

can be made isothermally at a subcooled temperature. 

At a subcooled temperature, an isothermal condition may­

be mechanically controlled by adding heat into or removing 

heat from the system. However, in a "chemical*’ vapor­

liquid equilibrium system, temperature varies as the 

composition is changed by chemical reaction. Thermal 

control over a boiling reaction system can change the 
vapor flow rate but can not adjust the liquid composition 

to reach the exactly desired bubble point of a batch 

mixture.

In correlating their "chemical" vapor-liquid equili­

brium data, Hirata and Komatsu did not use standard ther­

modynamic procedures such as the van Laar Equation, the 

Margules equation, etc,, for liquid activity coefficient 

for polar organic compounds. Instead, for the least 

volatile component, acetic acid, they correlate its 

K-value as a linear function of the bubble pointi
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K1 = 0.0225 t - 1.666, t>71* °C

= 0.001, -t<7^ °C (2-9)

where t is the bubble point in °C. The above equation 

implies that the K-value of acetic acid is not sensitive 

to the variation in the liquid composition.

For the other three volatile components, ethyl al­

cohol, water and ethyl acetate, their K-values are ex­

perimentally proven to be dependent on both temperature 

and liquid composition in a peculiar way.

The measured instantaneous "chemical’' vapor-liquid 

equilibrium K-values for the three volatile components 

are all linearly proportional to the reciprocal of the 

absolute temperature of the instantaneously measured 

liquid bubble point. The initial composition of a mixture 

must satisfy the hypothetical zero conversion which means 

that at least one product, water or ethyl acetate, should not 

be present initially. Moreover, their results show that 

slopes for the these linear equations are same not only 

for all zero hypothetical conversions but also for all 

three volatile components. The correlating equation for 

the K-values of ethyl alcohol, water and ethyl acetate 

can then be given as followss
^oo + B<T ai (2-10)log Ki

where is only a function of the initial composition of a
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volatile component. For example, for a mixture of which 

the initial liquid composition ist

x^ (acetic acid) = 0.^9 

(ethyl alcohol) = 0.44

x^ (water) =0.0?

x^ (ethyl acetate) = 0. , 

the corresponding B^’s are

B2 = 6.492

B^ = 6.438

B^ = 6.704 .

Each calculated B^ is then plotted as a function of 

liquid mole fraction. For" example, B^ is plot­

ted as.a function of x2 for each constant x^ for 

all the experimental runs with x^=0. Such plots can 

be seen very arbitrary because B2 can also.be plotted 

as a function of any combinations of x^, x2, x^ and x^. 

Furthermore, to convert such a graphical representation into 

"a computer program, requires tedious curve fittings and 

interpolations between any two constant x^es. There­

fore, the correlation used by these authours for K9. J) 
and are impractical'for computer application.

In this study, the reaction system is also -composed 

of polar compounds ." However, a different method based 

on the standard thermodynamic procedures will be used to
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correlate the vapor-liquid equilibrium data. The de­

tails are discussed in Chapter 6.

2.2 Unsteady-State Distillation

The beginning of the quantitative analysis of the 

unsteady-state operation of a distillation column was 

marked by the work of Marshall and Pigford in 19^7 (^7)» 

who formulated the differential equations that describe 

the transient behavior of a plate of a distillation 

column. These authors demonstrated the use of Laplace 

transforms for solving various types of distillation 

problems. The following simplifying assumptions were 

made in order to obtain analytical solutions.

(1) linear vapor-liquid equilibrium relationship 

of the form y=mx+b, where m and b depend only 

upon the identity of a component
(2) total liquid and va.por flow rates are independent 

of time

(3) liquid holdup on a tray is independent of time

(4) vapor holdup is negligible

(5) a complete liquid mixing on a tray

(6) a binary system

In 1950, Lapidus and Amundson (40) extended the 

method of Marshall and Pigford to obtain transient re­

sponse of an absorber. A. single volatile component was 



transferred between two inert phases. The carrier 

liquid phase was taken to be nonvolatile and the carrier 

gas was taken to be insoluble in the liquid phase. - Also, 

a linear equilibrium relationship that was independent 

of temperature was employed. Later in 1953> Acrivos 

and Amundson (1) obtained solutions to this same problem 

by use of an analog computer. In addition to linear 

equilibrium relationships, they also employed nonlinear 

equilibrium relationship for their analog computer simu­

lation.

Since then many workers had proposed different methu; 

for solving various types of distillation problems, but 

the number of assumptions made above were not reduced 
until 1964 when Waggoner applied a combined scheme of 

the Thiele and Geddes method with Holland’s 0 method of 

convergence (59)•

In Waggoner’s method, any.type of vapor-liquid equi­

librium relationship can be used and the total molal va­

por or the total liquid flow rate is not necessary to be 

constant. The variation of total flow rates reflects the 

effect of the energy balance on each tray representing a 

more realistic situation. However, the following sim­

plified assumptions are still required:

(1) Constant liquid holdup

(2) Negligible vapor holdup
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(3) for an ideal tray

Y. = E?K.x. for a non-ideal tray 
1111

where = vapor tray efficiency as defined by Holland*

In 1966, Holland compiled major unsteady-state dis­

tillation problems in his texbook (36) and recommended 

the uses of an implicit method for integration and his 0 

method for convergence. Since his method is the most 

general approach for solving an unsteady-state distilla­

tion problem, it is briefly reviewed here. It is noted, 

however, that the problems treated by him are the dis­

tillation in absence of chemical reaction.

A system of unsteady-state distillation with the 

above three assumptions can be illustrated by Fig. 2.2.

hi,IN, Li,IN

hi,OUT, Li,0UT Vi,IN,

Vi,OUT, Hi,OUT

Hi,IN

Fig, 2.2, Holland’s Model for Unsteady-State

Distillation
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The unsteady-state component material balance equation 

can be represented by Equation (2-11)

dM.i 
dt = I'i,IN + V.vi,IN — Li,OUT — Vi,OUT

Rate of - 'inlet 'inlet' 'Outlet' Outlet

Accumulation Liquid vapor Liquid • Vapor

of Mass in Flow + Flow - Flow + Flow

Liquid Holdup, Rate bRate ^Rate .Rate

i=l» eee> n (2-11)

where
n = number of components

= molal liquid flow rate for component i

V\ = molal vapor flow rate for component i
I>L = molal quantity of component i in the liquid 

holdup
The overall material balance is written as

dM = Lin + VIN - LOUT - VOUT
dt

Rate of ' 'Total 'Total> 'Total 'Total

Accumulation Inlet Inlet Outlet Outlet

of total = Liquid 4- Vapor Liquid — Vapor

Mass In the Flow Flow Flow Flow

Liquid Holdup, ..Rate Rate , . Rate x *Rate

(2-12)
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where
Ltm = Total liquid inlet molai flow rate IN
V"in = Total vapor inlet molal flow rate

= Total liquid outlet molal flow rate out
Vqut”Total vapor outlet molal flow rate

n
M = SI M. = Total molal liquid holdup on the tray 

i=l 1

In his applications, Holland assumed that the liquid 

holdup ( either molal or volumetric ) is constant. 

If taking constant molal holdup case.as example, the term, 
dl-l/dt, is equal to zero, and Equation (2-12) is reduced to

^IN + ^IN “ ^OUT ” VqUT =: ® (2-13)

The unsteady-state overall energy balance can be 

expressed by

,YOUTHOUT -Ql (2-14)

at 4 sj LINhIN -r V hINnIN L h•^CUT OUT
'Rate of

Accumulation

of Energy

in the

'Rate of Inlet'

Energy

with

Inlet Liquid

+

'Rate of'

Inlet

Energy

with

'Rate of

Outlet*

Energy

with
^System ^Flow , Inlet

Vapor

Flow

Outlet
Liquid

Flow I /
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'Rate of Out-"’ 

let Energy 

with Outlet

^.Vapor Flow

'Rate of

Heat Loss 

to the 

.Surrounding,

wherei

hIN = Inlet liquid enthalpy per mole

^OUT ~ liquid enthalpy per mole

= Inlet vapor enthalpy per mole

hg = Enthalpy of holdup on the tray (assuming 

negligible vapor holdup) per mole

Ql = Net heat transfer rate from the system to 

the surrounding

It is noted that no heat of solution is considered 

in Holland’s model. No analytical methods have been 

available for solving an unsteady-state distillation, 

with variable total flow rates and exact vapor-liquid 
relationships. Thus, they have been solved by numerical 

methods.
According to Holland, the following numerical 

methods can be applied to solve an unsteady-state dis­

tillation problem. They may be divided into three 

general classes:

(1) Predictor methods

(a) Euler’s method

(b) Runge—Kutta method
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(2) Predictor-Corrector Method

(a) Two-points Formulas

(b) Milne's Methods

b.l. Milne's Method I (Three-point Formulas)

b.2. Milne's Method II (Five-point Formulas)

(3) Implicit and Corrector Methods

(a) Implicit Methods

(b) Corrector Methods

Detailed discussions on the above methods are 

given in Holland's book (36). Since this study deals 

with an unsteady-state distillation accompanied by chemical 

reaction for a single distillation tray, the following 
discussion will be limited to Holland's method for a 

single distillation tray without chemical reaction. 

His method will be compared later to the methods developed 

by this work.

Since there are no differential equations which can 

represent the outlet vapor rate, Vou,p, and the system 

temperature, T, these two quantities are solved by trial- 

and-error for each integration step. Holland's method 
employs two @'s for such an unsteady-state distillation 

system. They are defined as follows,

(..Li,QUT\ = A (.1:iJ. OUT ) 
\ V / "-I \v 1\vi,OUT/co x x vi,0UT/ca
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V. I vi,OUT/ co ca
(2-16)

where

( ) $ calculated value

( ) : corrected value after multiplication

of O's
6-1 and 60 are two assumed values. Methods of selecting 

these two for convergent solutions will be discussed 

later in this section. The formulation for the two 
calculated quantities, (Lit0UI/V.>0UI)ca and (M^/V._0UI)ca, 

shown in the above two equations is discussed first as 

follows.
The integrated form of Equation (2-11) can be

expressed by

t + Atf n
J (LitIN + Vi,IN " LijOUT “ Vi,OUT^dt

=M. I - M. I
X+At

(2-1?)

If the integration is approximated by the implicit method, 
as recommended by Holland, Equation (2-17) is reduced to

Li,IN + Vi,IN " Li,OUT " Vi,OUT +0"(Li,IN + vi,IN " Li,OUT

* V?.OUT> “ A"* “1 " “l’

which may be solved for V0UT to give



33

V = J T, + V + O"(L? + V° - L°VifOUT (•L,i,IN Vi,IN itIN i,OUT
"Vi,CUT) + /{ 1 + (4 )

4.| VU1 X , V U X

+ (1/x^t) (I5i/Vif0UT^ j (2-18)

where
jiX = multiplier for the implicit method (0<>tL^.l)

At = size of an integration step
O' = (l-A)//!.

t = time at the end of nth integration step

By the definitions, the following relationships can be 

established.

Li,0UT XiL0UT LOUT (2-19)
Vi,OUT yivr0UT KiVOUT

and

M. x.M M
= y™y = pvy t.2-20)vi,OUT yiv0UT riv0UT

where

= liquid mole fraction of component i

= vapor mole fraction of component i
Ki = ^i^i = vaPor“li(luid equilibrium ratio of com­

ponent i

It is no bed that only an .ideal tray will be discussed 
here, therefore the vaporization efficiency E? is set 

to unity. For an assumed outlet vapor flow rate, (Vp.,,^)
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the corresponding assumed outlet liquid flow rate,

^OUT^a1 can be calculated from Equation (2-13).

Substituting Equations (2-19) and (2-20), and the above 

two assumed values into Equation (2-18) gives the cal­

culated outlet vapor flow rate of component i as followst

^Vi,0UT^ca = { Li,IN + Vi,IN + ^Li,IN + Vi,IN

“ Li,OUT " Vi,OUT^ +

/ |1 + (L0UT/V0UT)a(l/Ki) +

(l/MAt)(M/V0UT)a(l/Kij} (2-21)

The corresponding values of 0UT and can be cal­

culated by use of the following relationships, after 

(V. nTim)^^ has been determined.j. p u u x c a,

Li,OUT = Vi,OUTAi (2-22)

Mi = ^M//LOUT^Li,OUT (2-23)

where
Ai “ ^OUT^i = alDSorP'i:;ion factor (2-24)

The above calculated values can now be used to determine 
the two corrected molal ratios, (L. mTm/V. ATTm)^^ andi,OUT' 1,0JT co 
(MiAi,out^co* Equations (2-15) and (2-16). If these 

two molal ratios are substituted into Equation (2-18), 

a corresponding corrected outlet vapor flow rate,

(V^ Quy.)co can be calculated. If Equations (2-15) and
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(2-16) are substituted into Equation (2-18)^. the 

corrected value, (V^ Qu«p)c0» can "th611 ^e directly- 

expressed as a function of all the calculated values 

determined from Equations (2-21) through (2-24) as 

follows,

*Vi,0UT^CO = lLi,IN + Vi,IN + + Vi,IN " Li,0UT

- Vi.OUT1 + +

S-l^i.OUl^i.OUT^ca +

♦ ••iAi.our)} (2-?-5)

Again, the corrected and can be determined

from Equations (2-22) and (2-23)• These corrected values, 

^i.oui’co- (h.our’oo and <Mi>co can be c°n3i4erei as 

convergent solutions if and only if they can satisfy the 

criteria for a specified set of operating conditions0 

If the operating pressure is assumed to be constant 

throughout an unsteady-state operation, the criterion 

for a. convergent solution is established on the basis 

of temperature requirement. The criterion can be an 

isothermal or a nonisothermal operation.

a<> Isothermal Distillation Tray

There are two 5’s to be determined. Therefore, 

two criteria are required for testing convergent solu­

tions, For an isothermal distillation tray, the first 
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criterion is that the vapor leaves at its dew point, 

which is constant throughout an unsteady-state opera­

tion. Mathematically, this criterion can be represented 

by

2 ^i.OUT^co^i 
-----------  = 1

^^i.OUT^co
(2-26)

The second criterion is that the summation of all the 

corrected molal quantities of individual component in 

the liquid hold-up must be equal to the specified constant

total holdup» ^(Mik = M (2-2?)

Define the difference between both sides of Equation 

(2-26) as
^o^= ^^itOUT^co £7

and that of Equation (2-2?) as

go^-l, So) = - M*

(2-28)

(2-29)

The two 9’s having convergent solutions are then the

values which can satisfy g_^ = gQ = 0, simultaneously. 

The values of 9 and are found by use of the Newton- 

Raphson Method. In this method, the following equations 
are solved repeatedly for 6and OQ until a set of 

values for 9 _1 and ©0 of the dersired accuracy is obtained, 

9 5.1 g i
+ —---- A 9 + —’Ll—z^O = o (2-30)

o
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Sr. ■*"  X/1---- 1 = (2~31)

* Vi,IN “ Vi,0UT “ Li,0UT^ + /

0 ae_i -1 $5 o 0
where

6-i,z +i “ 6- 1 2 and z denotes the trial number, 

and

^0o - 60fZ+i - 60|Z

To initiate the calculational procedure, three 

values must be assumed by utilizing Holland’s method. 
They are V0UT, and $0. For every assumed value of 

V0UT*  ’there is a corresponding value of LqUT found by 
Equation (2-13) to give (LQUT/V0UT^a’* Then, the corres­

ponding values of (Lj_f QUT/Vif oUT^ca and ^i^i, OUT'ca 

are found by use of Equations (2-15) and (2-17). These 

quantities are held fixed at these values throughout 

the succession of trials required to find the $’s for 

the given time period. Let A 1 and 0 be the two
0‘s at the iteration number equal to z. The functions 

g * and g_ and their derivatives are then evaluated at 

this iteration step. The partial derivatives may be 
evaluated at the assumed set (6 1 „) by use of“•X । Zi । O । u 
analytical expressions for these quantities. For 

example,

92 1 n . , < n= । ^i.OUT^i,OUT^ca. (Li,IN + Vi,IN + ^^i.IN



38

, i+ 0_1(LitOUTAitOUT)ca + 0O (Mi/Yi|0UT.)ca,

(2-32)

After and Qo have been determined, the S's to be 

assumed for the next trial are given by

^-l,z+l ~ ^-l,z (2-33)

^o,z+l =Sorz -^2-34)

The above procedures are repeated until |g_1| and jS0| 

are both less than allowable error limits... The finally 

corrected values of 0UT, 0U(p and T.I^ are then the 

convergent solutions for this integration step. These 

convergent solutions become the initial conditions cf 

the next integration step. Solutions for the next 

integration step can be obtained by following exactly 

the same trial-and-error procedures stated above.

The solution for an unsteady-state isothermal 

distillation has been discussed as above. Now, let’s 

discuss the case for a nonisothermal distillation tray.

b. Nonisothermal Distillation Tray

For a nonisothermal distillation tray two criteria 

are also required for convergent solution because, the same 

two Q’s are unknowns. One of the two criteria is the same 
as Equation (2-23) and repeated as follows:
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So < 9-1, - 11 (Mi>co -

l-LINnIN + VIMHIN ~ LOUThOUT ' VOUTHOUT ” +c;^'lNhIN

< -y O 'LT^ Q *7
INnIN " IJOUTnOUT - OUT OUT *

= ('■:h8 - M°hs) (2-35)

The instantaneous temperature of the system is then the 

temperature that can satisfy the above energy balance 

equation. Let 6 ( 9 00) be the difference betv/een

both sides of Equation (2-35 ) with outlet vapor and liquid 

rates expressed as corrected values of (VA,Tm) and (Ln,Tm) " OUT co OUT CO.

Then,
g-f( ^-1, = LINhIN + VINHIN ~ (L0UT-coh0UT " ^VOUT^co

TJ Q , #1* Ct i W O 7J 0 y 0 h 0 V 0 -[T 0
OUT WL ° L IN IN IN IN ” OUT OUT ' OUT OUT

(2-23)

The other must be setup from the energy balance^Equation 

(2-l^)/because temperature is an unknown. In an integrated 

tion form, Equation (2-14-) can be expressed as 
tn+At

(L * * *jNhIN + VINHIN ~ LOUThCUT " VOUTHOUT
^t* 
n

= Mhs I - Mhsl 
ltn+M Sltn

When the integral appearing on the left-hand side of this 

equation is approximated by use of the implicit method, 

the following result is obtained,
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- 6l) - /75t fMhs ' M°hs] (2-36)

The two corrected values, (vq-utT)C0 and ^oUT^co can be 

calculated by following exactly the same procedures as 
those used for the isothermal case as described previously. 

The system temperature at the elapsed time of an integra­

tion step is then obtained by trial-and-error until the 

following criterion is satisfied.

g_l( e_lf6o) = 0. (2-37)

The trial-and-error procedures are described below.

For an assumed set of vqtj<p and- there
are the corresponding set of (M. )__ and (V. niTm)_n J- U U J,yvUJLUUe

The corrected vapor and liquid mole fractions can then 

be determined by the following definitions: 

^'”i^co (x ) - —i_co_kXi;co M 
and

(y.) = .(Yi.w2c°
£(Vi,0UT'co

From these corrected vapor-liquid relationships, 

corresponding temperature can then be determined 

the vapor-liquid equilibrium relationship of the

This newly determined temperature becomes.the assumed tem­
perature for the next trial-and-error calculations. As soon 

as two convergent- Q’s are found, the latest (vquT)C0 

(2-38)

(2-39) 

a 

from 

system.
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(Mi)co and assumed temperature become the convergent 

solutions for this integration step for a nonisothermal 

operation. If the heat loss term, is zero, the 

nonisothermal distillation tray is reduced to an adiabatic 

distillation tray. For an unsteady-state adiabatic dis­

tillation tray, its criteria of convergence and the me­

thod of solution are exactly the same as those for an 

unsteady-state nonisothermal distillation tray as pre­

sented here.

Although Holland’s 0method is applicable for solving 

an unsteady-state distillation without chemical reaction, 

it can not be used to solve a general problem of unsteady- 

state distillation accompanied by chemical reactions. 
According to Equation (2-18), the basic concept of Holland’s 

method is to obtain vapor-liquid molal ratio for each 

component so that the 9 method can be used according to 

the definitions of Equations (2-15) and (2-16). In order 

to obtain such a molal ratio, all the molal quantities 

which are dependent variables must be liner. Otherwise, 
a form of MiMj ^Li,OUT^ ^^i^ will be ob-

Vi,OUT ’ Vi,OUT * Vi,OUT 

tained, where n and m are integers unequal to unity, 

and i and j are different component idenitity numbers. 

The above nonlinear forms are some of the possible reac­

tion rate terms. Therefore, only unsteady-state dis­

tillation system with first-order reaction can be solved 



42

by the 9 method. However, all the known practical dis­

tillation accompanied by chemical reaction systems 

have reaction orders equal to two or higher and Holland's 
0 method is then not applicable, in Chapter 4 a new 

method is developed to solve a general problem of un­

steady-state distillation accompanied by chemical 
reaction. Furthermore, Holland's 6 method requires four 

initially guessed values. They are outlet vapor flow 

rate, V0UT, temperature, T, 9 0 and 0 The nev/ me­

thod developed here will require only one initially guessed 

value, which is the outlet vapor flow rate, VnTrT.
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Chapter 3 Mathematic Model for Unsteady-State

Distillation with Chemical Reaction

3.1 General Mathematic Model for Unsteady-State

Distillation with Chemical Reaction

As discussed earlier Holland (36 ) has made an

intensive investigation on unsteady-state distillation* 

However, his study has limited to those systems where 

no chemical reaction takes place. Therefore, it is 

believed that this study is the first attempt to de­

velop a general mathematic model for unsteady-state 

distillation accompanied by chemical reaction.

A system of unsteady-state distillation accom­

panied by chemical reaction is best illustrated by 

Fig. 3.1.

Fig, 3«1 Material and Energy Balance Around a

Distillation Tray with Chemical Reaction
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The following assumptions are made for developing 

the mathematic model,

(1) The liquid phase is completely mixed,

(2) The vapor holdup on the tray is negligibly 

small,

(3) The reactions occur only in the liquid film 

or the bulkphase liquid.

i=l,...,n (3-1)

The unsteady-state material balance for component 

i can be expressed as
dMi 
dt

= Li,IN + Vi,IN " Li,OUT

f Rate of

Accumulation

Inlet

Liquid

'l

+
Inlet

Vapor

Outlet

- Liquid

of Mass in

Liquid Holdup ,

Flow

__ Rate

Flow

Rate

Flew
[ Rate

Vi,0UT

Outlet

Vapor

Flow

Rate

+

+

vRi

Net Rate of Mass

Generated by

Chemical Reactions

where

n =number of components
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= molal liquid flow rate for component i

= molal vapor flow rate for component i

= net rate of component i produced
. and/or consumed by reaction

= Molal quantity of component i in the liquid 

holdup

v = Total volume of liquid holdup.

The overall material balance can be written as
dM
dt •

s= lin + VIN " lout

Rate of Total Total Total

Accumulation Inlet Inlet Outlet

of Total Kass Liquid Vapor - Liquid

in the Liquid Flow Flow Flow

Holdup y Rate < / RateX X1 Rate

n
" VOUT + v^_ R.

i--l 1 (3-2)
<
Total

Outlet

Total Net

Rate of Mass

- Vapor

Flow

Rate

+ Generated 

by Chemical

Reactions

where

LIN =Total liquid inlet rate,, molal quantity



^OUT = ■Co’i'a^ liquid outlet rate, molal quantity

= Total vapor inlet rate, molal quantity

V VOUT

M

n
2 
i-1

Ri

= Total vapor outlet rate, molal quantity 
n

= *? M., Total molal holdup on the tray i=l 1

= Total net rate of mass produced and/or 
consumed by chemical reactions

Holland (36) assumed that all the trays have constant- 

holdup, implying that dM/dt is equal to zero for a constant 

molal holdup, or is a fixed value,where is molal

liquid density, for a constant volumetric holdup. However, 

the Holland assumption is not necessarily valid for the 

problem in hands where chemical reactions occur. Thus, 

for the present development a more realistic postulation 

of the liquid holdup being a time-dependent function is 

adopted.

The unsteady-state overall energy balance can be 

expressed as follows:

d
aT Mh„ dt s — LINhIN + V H vINnIN

Rate of Rate of Rate of

Accumulation Inlet Inlet

of Energy as Energy Energy

in the with Inlet with Vapor

System Liquid Flow .Flow



where:

w L0UTh0UT vouthout

Rate of

Outlet

- Energy

with Liquid

Flow

- QL +

Rate of

Heat Loss

to the 4-

Surrounding

Rate of

Outlet

Energy

with Vapor

Flow

j=i J R’J

Rate of

Heat

Generated

by Reaction^

(3-3)

hjN =Inlet liquid enthalpy

h0UT =Ou"t liquid enthalpy

vapor enthalpy

Hqut =0utlet vapor enthalpy

hs ^Enthalpy of holdup on the tray

( assuming negligible vapor holdup)

=Net heat transfer rate form the system to 

the surrounding

R. =Rate of reaction for reaction j
J

-aHo , = heat of reaction .of Reaction 1rtf J
Nr =Number of reactions

It is noted that heat of solution is assumed negligible 
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and thus not shown in the above equation. All the enth­

alpy terms shown above represent the molal enthalpies 

for the mixture.

The rate of accumulation of energy, i.e, the left- 

hand side of Equation (4-3), can be rewritten in terms 

of temperature change as follows.

d <UvI dha dT---(Mh ) = h ----+ M--- 2----
dt s dt dT dt (3-1*)

Since the term dhg/dT is equivalent to heat capacity 

Cp at temperature T, Equation (3-4) can now be rewritten 

as

d(Kh ) dM dT
S „ v. .1 r-we.^nrev. lie it jiii ■ ** j J wk

dt S dt £ dt (3-5)

wheret

T is the temperature of liquid holdup. Equation 
(3-5) is substituted into Equation (3-3), and the term 
dMh -A- shifted to the right-hand side of the equation. sdt

The temerature change with time can then be expressed as

dT
MCP TT = LINhIN 4- V H - L h - V H IN IN OUT OUT OUT OUT

p -i)
3 Sdt

nr
-Ql + sz R-

L Fi 3
(3-6)

Equation (3-2) is introduced to Equation (3-6) and a 

proper algebraic rearrangement will yield the following 
dK

equation where the --- disappers,
dt
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1dT

n

(3-7)

j=l J 
n
i=l 1

R»j

V +VOUT

hs^LIN + VIN " LOUT ”

dt MCd
LINhIN + YINHIN - LOUThOUT “ VOUThOUT

Thus, the unsteady-state distillation accompanied 

by chemical reaction can be mathematically formulated 

into Equations (3-1), (3-2), and (3-7) • It should be 

noted that since the liquid on the tray is assumed to 

be completely mixed, the variation of local tempera­
tures and concentrations vdthin the liquid bulk is 

considered to be negligible. The proposed general mo­

del, i. e., Equations (3-1), (3-2), and (3-7) are the 

basic working equations from which analytical cr nu­

merical solutions can be obtained for a given specific 

reaction-distillation system.

3.2 Unsteady-State Distillation without Chemical Reac­
tion (Category Two Problems).

In the case, the distillation is not accompanied 

by chemical reaction, the reaction terms in Equation 

(3-1), (3-2), and (3-3) can be equated zero.

Then, the following equations are obtained, 

dMi
” Li,IN + Vi,IN " Li,OUT ” Vi,0UT (3-8)
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dM
~= LIN + VIN “ L0UT " V0UT (3-9)
dt 

d
—-(Mhg) = Lir,hIN + yinHin “ L0UTh0UT " V0UTH0UT 
dt

-ql (3-10)

The above equations are identical to those devel­

oped by Holland ( 36 ) for unsteady-state distillation

without chemical reaction. Since no temperature term is 

shown in Equation (3-10), temperature should be obtained

by trial-and-error. The iteration, procedure is proposed 

by Holland ( 36 ), If the rate of accumulation of 

energy in Equation (3-10) is changed into the rate of 

temperature change, the resulting equation is Equation (3-7) 

without the reaction term. It can be written as follows $

dT

dt
: LINhIN + VINH1M ” LOUThOUT “ V0UT,i0UT “ hs^

‘ P ' >
LIN + VIN ” LOUT “ V0UT J (3-11)

The above equation can give the instantaneous tempera­
ture without trial-and-error on the temperature term. Also 

t
if Holland s method is used to solve the above rate 

equations, as stated before the tray must have con­

stant liquid holdup implying the steady inlet and out­

let streams.

Equation (3-10) is then reduced to



°- L * * *IN + VIN ’ LOUT " VOUT

Li,IN + Vi,IN " Li,OUT ” Vi,OUT + vRi = 0 (3-13)
n

LIN + VIN “ LOUT " V0UT + v i^1Ri = ° (3-1^)

LINhIN + VINHIN "" LOUThOUT ” VOUTHOUT ” QL

(3-15)

The above equations are identical to those proposed 

by Marek (^5) and Belck (5) and utilized by Davies and 
Jeffreys (12) for analysis of their steady-state

Or LIN + VIN LOUT + VOUT (3-12)

3.3 Steady-State Distillation with Chemical Reaction

(Category Three Problems).

On the other hand, if the distillation is accom­

panied by chemical reaction but it is operated at steady­

state conditions, the derivative terms in Equation (3-1)» 

(3-2), (3-7) can be set to zeroi 

dM. = Q 
dt

= odt u

Substituting the above to Equations (3-1)» (3--2), 

and (3-7) yields the following sets of equations.

) = 0 
Am J
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experimental data.

The methods of solution for above algebraic equa­

tions can be obtained by graphical procedures or analy­

tical solutions for distillation with a single and sim­

ple chemical reaction.

3.^ Steady-State Distillation without Chemical ..Reaction 

(Category. One Problems).

Equations (3-13)» (3-1^)। and (3-15) can be reduced 

to the mathematical model for the steady-state distilla­
tion without chemical reaction. This can be accomplished 

by substituting R^=0 into Equation (3-13)» (3-l/+)» and 

(3-15)• The following equations are then obtained.

Li,IN + Vi,IN “ Li,0UT “ Vi,0UT " 0 (3-16)

+ VIN ~ ^OUT - VOUT “ ® (3-17)

LINhIN + VINHIN " LOUThOUT ” VOUTHOUT “ QL=0 (3-18)

The above are the familiar model to represent the steady­

state distillation without chemical reaction. Many arti­

cles have been published about the solutions for those 

equations.

3*5 Semi-Batch Distillation with Chemical Reaction

V/hen the outlet liquid flow is not present, the gen-



eral system shown in Figure 3.1 is reduced to a semi­

batch distillation accompanied by chemical reaction.

For this case,

Li,OUT = LOUT =: 0

and the general model is reduced to the following set 

of equationi

dM.
"dt“ = Li,IN + Vi,IN " Vi,OUT + vRi (3-20)

-ftT = lin + VIN " VOUT + Vi:|1Ri (3-21)

dT f
"dt" + VINHIN " VOUTHOUT " QL

+ M LIN + VIN " V0UT
d —.L

n
+ V r R.) (3-22)

i=l 1 )

The simultaneous solution of the above equations 

for a complex system including several simultaneous reac­

tions will be given in the next chapter.

Summarizing, generality of the proposed model can

be best illustrated in Fig. 3*2



Inter-Relations Among
Theories of Distillation

Fig. 3-2.
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Chapter 4 Theoretical Model for Semi-Batch

Distillation Accompanied by Chemical

Reaction

4,1 Basic Mathematical Model and Reactions

The mathematical model for a semi-batch dis­

tillation accompanied by chemical reaction can be 

obtained by reducing the general model as shovm in 

the previous chapter. These are repeated below.

■- l1|IN + VlfIN - V11OUI + (3-20)

=LIN + VIN " V0VT + <>21i

(jm 1 (
“ MSp (LIN hIN * VM K1N ~ V0UT HOUT

"Q1 + S Rj('61iR,j) - hs ( lin 
V *

VIN " VOUT + Ri )) (3-22)

The simultaneous solution for the above model now 

will be given in this chapter. The system for which 

the solutions are developed is the esterification 

of acrylamide sulfate and ethyl alcohol* The product, 

namely ethyl acrylate, is distilled into the vapor phase. 

The proposed system is best illustrated in Figure 4,1..

Initially, a known volume of the equilibrium



Feed
Preheater

A
Vi,OUT

Components
1, 2, 3, & 5

t Heat Loss 
Surrounding

Fig. ^.1 Semi-Batch Distillation
With Chemical Reaction

Ox
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solution containing acrylamide, sulfuric acid, acryla­

mide sulfate is prepared and charged to the reaction­

distillation tray. The equilibrium relationship can 

be represented as

Equilibrium Reaction

CH2CHC0NH2 + H2S0^ CH2CHC(0H)NH2HS0^ (4-1)

acrylamide sulfuric acid acrylamide sulfate.

The method of preparing the above solution and other 

experimental set-ups and procedures for this study are 

described in more details in the following chapter. 

The continuous feed, liquid and vapor, of ethyl alcohol 

and water, are charged to the reaction-distillation 

tray. The tray is a micro-sieve tray, with perfora­

tions of 60 - 75/t* As soon as ethyl alcohol comes 

into contact with acrylamide sulfate, the following 

three chemical reactions occur.

a. Major Reaction - Esterification

ch2chc(oh)nh2hs + c 2h5OH
acrylamide sulfate ethyl alcohol

= CH9CHC00C2H5 + NH^HSO^ (4-2)
ethyl acrylate ammonium bisulfate

b. Minor Side Reaction - Dehydration

KaSOl
2 G9H.0H C9H.OC,Hr. + Ho0 (4-3)  

ethyl alcohol diethyl ether water

The catalyst for the reaction is H2S0^ which is present 

in the solution.
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c. Minor Successive Reaction

Another by-product, ^-ethoxy-ethyl propionate is 

produced from two successive reaction routes. One of 

them is the addition of ethyl alcohol into the main 

product, ethyl acrylate. The other is the reaction 

between ethyl alcohol and the intermediate complex, 

CgH^00(°HjNHgHSO^ , whose formation will be dis­

cussed later in this chapter. The combined reaction 

may be represented by the following third-order re­

action with respect to acrylamide sulfate and ethyl 

alcoholi
ch2chc(oh)nh2hso£!, + 2C2H^0H
acrylamide sulfate ethyl alcohol

C2H50C2H4C00C2H- + NH^HSO^ (4-^)
^-ethoxy-ethyl propionate ammonium

bisulfate

From the above three equations, it is obvious that the 

system is a complex mixture including the following 

nine separate chemical species

Identifying 
Subscripts

1

2

3

Compound
Names

Ethyl Alcohol

Ethyl Acrylate

Water

Diethyl Ether

Chemical
Formulas

c2h5oh 

CH2CHC00C2H5 

h2° 

c2h5oo2h5
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5 p-Ethoxy-ethyl 
Propionate

C2.H50C2H^CC)0C2H5

6 Acrylamide 
Sulfate

CHoCHC(0H)NHoHS0i,

7 Sulfuric Acid

8 Ammonium 
Bisulfate

NH^HSO^

9 Acrylamide CHgCHCONHg

It is noted that at the time of the initial introduction 

of the ethyl alcohol-water mixture to the system, the 

reaction moves slowly and a negligible amount of vapor 

containing ethyl acrylate is produced. The heat of 

reaction and the heat of condensation of the feed vapor 

provide the energy to raise the system temperature 

rapidly until it reaches the bubble point of the liquid 

mixture. With the continuous feed of the volatile 

ethyl alcohol-water mixture, the reactions proceed, 

yielding the vapor products which include ethyl acrylate. 

In addition to ethyl acrylate, the outlet vapor contains 
four other components, namely, ethyl alcohol, water, di­

ethyl ether and ^-ethoxy-ethyl propionate. The semi­

batch distillation system to be dealt in this investi­

gation does not have an outgoing liquid stream. The 

liquid holdup on the tray contains all the nine components 

which are listed earlier.



60

The fundamental equations, i. e., Equations (3-20) 

(3-21), (3-22), derived in the previous chapter are 

readily applicable where the component subscript i ( 

from 1 to 9 ) represents for each compound respectively 

There are basically four reactions occuring in the 

system and the reaction subscript j ( from 1 to ^ ) 

represents the four reactions, i. e., Equations (4-1), 

(4-2), (4-3), (4-4), as follows.

Reaction Identifi­
cation Subscript j.

Reaction Reaction
Equation

1 Esterification (4-2)

2 Dehydration (4-3)

3 Successive Reaction (4-4)

4 Equilibrium Reaction (4-1)

4.2 Reaction Mechanisms

4.2,1 Structural Formula of Molecular Complex, Acry­

lamide Sulfate

Before discussing the kinetics and mechanisms of 

the reaction system, a complex reactant, acrylamide 

sulfate, should be understood first. Three formulas 
( 38,57»6o ) have been proposed to represent acrylamide 

sulfate. They are:
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CH2CHC(OH)NH2HS0^ ( A]

CH^CHCONHoH^SO., f B)

CHgCHCONH^HSO^ (Cj

Among them, formula (A) is a better representation on 

the basis of the electron affinity theory and the 

structure of the reaction by-product, i. e., -ethoxy- 

ethyl propionate. V/hen acrylamide is added into the 

aqueous sulfuric acid solution to form acrylamide sul­
fate, the proton H+ is dissociated first from the sul­

furic acid. It attaches immediately onto the most 

electronegative carboxyl oxygen. Then the electron 

in the double bond of the carboxyl group will shift 

to the oxygen to neutralize the proton. A positive 

carbonyl ion is then formed as shown below.

OH
CH2= CH - + H —CH2=CH-C+ (4-5)

NH2 ^^2

The electron shifts further from the unsaturated carbon 

to the positive carbonyl ion and leads to the following 

ionic resonance formi

f /OH + .OHI CH?=CH-C+ CH9-CH=C<^ I (4-6)
L NH? ^NHO J

(D) LE)

The overall chemical reaction for yielding the 

main product, ethyl acrylate, from the mixture of
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acrylamide, sulfuric acid and ethyl alcohol can be 

shown as

,0
CHa^CH~C^ + M9SOIl + C9HcOH2 2 4 2 5

(3 o( 0 
ch9=ch-c^

Xo”g2h5 + NH4HS04 (M)

The reaction shows the addition of high electronegative 

oxygen of ethyl alcohol onto the carboxyl carbon of 

acrylamide. Therefore, this carbon is an electron 

acceptor.

A further reaction of ethyl acrylate with ethyl

alcohol gives the by-product,p-ethoxy-ethyl propionate $ 
.0 el o

CH9=CH-Cy' + CJi.OH ch9-ch-c^'
■"0-C2H5 2 5 c ’2^ ^0S2H5

(4-8)

The addition of ethoxyl oxygen onto the ^-carbon of 

ethyl acrylate also indicates the ^-carbon is an elec­

tron acceptor.

The above discussion justifies the ionic resonance 

form (4-6). Except a strong acid, a strong base or 

their salts, a compound seldom dissociates completely 

to its ionic forms. Acrylamide sulfate is no exception 

and, therefore, there exists a structural formula with
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covalent bond for acrylamide sulfatet

CHo=CH-C-0S0^H2 i 3 (^-9)
NK2

Of course, the covalent bond should be in equilibrium 

with the ionic bond, which can be expressed as followsi

CHo=CH-C-0S0oH CH 
+NH2

(4-10)

During the alcoholysis, electrophilic ethoxy1 oxygen 

should first attack the ionic molecules, then the co­
valent bond dissociates instantaneously into ionic 

bond to supply the ionic reactant for further alcoho- 

lysis.

4.2.2 Preparation of Acrylamide Sulfate

Three methods have been reported in literature for 

preparing acrylamide sulfate. A different reactant is 

used to react with sulfuric acid in an aqueous solution.

1. Starting with acrylamide ( 57 ):

ch2chconh2 + h2so4 —ch2chc(oh)nh2hso4
(4-1)

2. Starting with acrylonitrile ( 27 ):

ck2chcn + h2o + HgSo^ ch2chc(oh)nh2hso^

(4-11)
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3* Starting with ethylene cyanohydrin ( 57 )$ 

CHo(0H)CHoCN + HoS0>. --- CH^CHC(0H)NHoHS0,,

(11-12)

It was reported that the reactions starting with acry­

lonitrile or ethylene cyanohydrin are accompanied by 

side reactions and consequently not all the reactants 

are converted to the sulfate. On the other hand, the 

reaction starting with acrylamide is not accompanied 

by a competitive side reaction. Therefore, for this 

study, acrylamide sulfate is prepared by reacting acry­

lamide with sulfuric acid in an aqueous solution as 

represented in Equation (4-1).

4.2,3 Esterification of Acrylamide Sulfate and Ethyl

Alcohol

Two different reaction mechanisms can be postulated 

depending on the concentration of water in the mixture. 

If a large amount of water is presented in the acryla­

mide sulfate solution ( 57,2), most of acrylamide sul­

fate will be hydrolysed to produce acrylic acid first* 

CH9CHC(OH)NH9HSO..* Ho0 - CHoCHC00H + NH>,HSO.,c. c. 4 c ' 4 *r
acrylic acid (4-13)

Then acrylic acid reacts with ethyl alcohol to yield 

the desired product, ethyl acrylate:

CH CHCOOH + CH OH — CH9CHCOOC9H< + H90 (4-14)



The mechardsms of the above reactions are best explained 

from the structural point of view as presented in Section 
, + OH

In the ionic resonance form [
k xnh2

/0H \ < /0H '
CHo=CH-C+ | , the structure CH9=CH-C+4 ^NH2 / k d ^NH2

r + .OH *1
is much more stable than CH9-CH-C^ I because 

xnh2

hydroxyl group -OH and amine group ~NH2 have very high 

electron-negativity, which will suppress the electron 

of unsaturated carbon from moving to the positive car­

boxyl carbon. Therefore, the hydrolysis is proceeded
< /0H 1 ‘

mostly with the stable ion I CH?=CH-C+ :
U \nh2 j

/OH 6. .H ?H /H
CHO=CH-C+ + ,0 —> CHosCH-C-Otu C^-15)2 • \w 2 [ Hnh2 h

Then, the proton is released from the hydroxyl oxygen 

and shifted to amine groups

OH u OHI /-H ।
CH=CH-C-O+ —CHo=CH-C-0H (4--16)I ^h 2 I:nh9 n +NH7

4*
Since -NH^ is an electron acceptor, the electrons 

on hydroxy] oxygen will shift to the adjacent carbon 

and the proton is then released from it. The shift of 
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electrons to the carboxyl carbon expels the electrons 

in C-N bond. Free ammonia is then released and com­

bined together with protron to form ammonium ion:

:0H n
CH2=CH-C-0H —► CH2=CH-C\. + nhJ

The mechanism for the consecutive alcoholysis of 

acrylic acid is initiated also by the proton which is 

abundant in the dilute sulfuric acid solution:

z 0 . x OH
CH?=CH-C z + H —s* CH?=CH-C+ (^-18)

XCH 4 ^-OH

Both the hydroxyl oxygens with high electronegativity 

suppress the electron of unsaturated carbon from coming 

to the positive carboxyl carbon and give the stable
< + /°H

structure of the ionic resonance form I CH9-CH=C
/OH 1 4 OH

y* CH9:=CH-C+ I e
OH 4

Then the carbonyl ion reacts with ethyl alcohol

/OH H /H
CH9"CH-C+ + *0 —> CH9=CH-C-O+ (4-19)■-0H ’^C2H5 ^h"C2H5

The proton is then released and attached onto the hy­

droxyl oxygen

OH CH
I / |

CH =CH-C-O+ \ —* CHo^CH-C-OCpHr (4-20)
:oh 2 5 • h2o+
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+
The group -OHg will attract the electron from another 

hydroxyl oxygen. The proton is then released from the 

oxygen. Also the addition of electrons on the cai;bo- ■ 

xyl carbon will expel the water molecule. The water 

molecule is then combined with proton to form hydro- 
e^enium ion H^O s

CH9=CH-C-OC9H< CH9=CH-C^ + H~0 (4-21)
\ J nn Lf JH20+ Ul,2H5

The above reaction in a dilute sulfate solution 

yields acrylic acid as intermediate by-product, and 

hence substantially reduce the yield of the desired 

product, ethyl acrylate.

Thus, the other reaction in the solution having 

small amount of water should be investigated to deter­

mine the preferrable reaction conditions. With a small 

amount of water, the water is used mostly to dissociate 

protons from the sulfuric acid which in turn initiates 

the formation of acrylamide sulfate. The esterifica­

tion of acrylamide sulfate and ethyl alcohol can be 

represented by

CH2CHC(0H)NH2HS0Zj- + C^OH

CH2CHC00C2H5 + NH^HSO^ (4-2)

Its reaction mechanism can be explained starting with
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/OH
the stable ionic structure CH9=CH-C+ of acry-

NH2

lamide sulfate. It reacts with ethyl alcohol in the 

following manner,

^OH ?H / H
CH9-CH-C+ + 0 —► CH9=CH-C-O+2 ^NH2 ^c2h5 nh2^c2h5

(^-22)

The rest of steps leading to the product, ethyl acry­

late, are similar to those of hydrolysis leading to 

the acrylic acidt

OH u -OHl /a. I
GHo=CH-C-0+ —► CH^CH-C-OCyH,,2 । \ H 2 । 2 5NH2 u2rt5 +NH3

—6, CH9=GH-C^ + NHZ (4-23)
V

From the above analysis, appropriate amount of 

water is then selected here according to the previous 
worker( 2? ) so that the yield of acrylic acid becomes 

negligible while enough protons can be produced to ini 

tiate the esterification.

4.2,4 Side Reactions

As mentioned in Section 4,1, there are two import­

ant side reactions which produce volatile by-products, 

namely diethyl ether and A-ethoxy-ethyl propionate.



a., Production of Diethyl. Ether:

The mechanism of forming diethyl ether from ethyl 

alcohol in the presence of as catalyst can be 

thought of a series of the following successive reactionst

CoH^OH + H9SO.l --- C^H^OSO-H + H90 (4-24)

CgH^OH + CgH^OSO^H --- CgH^OCgH^ + ^80^(4-25)

CgH^OH + CgH^OSO^H---(C^O^SC^ + HgO (4-26)

C^H.OH + (CoHc0)9S0, --- C.H.OSO^H + CoHhOC^Hc
c c c ——— c j 5 a- 3>

■ (4-2?)

The overall results of the above reactions can be given 

by the following equationt

2 CoHc0H --- C9H<OC9H£; + II902 5 --- 2525 2 (4-28)

b. Production of ^-Ethoxy-Ethyl Propionatet

The formation of A-ethoxy-ethyl propionate is 

obtained from two successive reaction routes. They 

are t

/OH 
ch9^ch-c+ 1 + C9Hc0H ■ 2 x nh9 •* 5

Ed]

CH2CHC00C2H5+ nh£

+0 H OH
^jOC^COOC^ (4-29)
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and
+ ,0HCH?-CH=C^ J + C ’H^OH

xnh9 D
IE)

slow < /OH
---► G9Hc0CoH/,C+( 2 5 2 4 \

(F)

+C2H,0H
fast* c2h5ocAcooc2h5 +nhJ (4-30)

The first step of Equation (4-29) is formation of the 

desired product, ethyl acrylate. It is a fast reaction.

Its mechanism has been discussed in Section 4.2,3. The 

last step of this successive reaction is formation of

the by-product, ^-ethoxy-ethyl propionate. Its mecha­

nism begins from the formation of carbonyl ion by the

addition of proton into ethyl acrylate.

CHp=CH-C^ +
002«5

CH2=CH-C4
OH

00 pH.
J

(4-31)

Since the ethoxyl group, -OC^H^, is much less elec­

tronegative than amine group, -NHp, as in the previous 

case, the other resonance form I CHp-CH=C^ will
x'OC2h5j

. + .OH vbe comparably more stable than | CH9-CH=C x ]. Also,
I ^nh^

the steric effect of larger molecular groups OH and

OC^H^ prevent alcohol from adding to the carboxyl carbon 
of formula [G], Therefore, the mechanism for this side 

reaction can be represented as fellows:
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OH + .OHCH2=CH-C+ —* CHpCH^C^ (^-32)
^0C2H5 0C2H5

Hx. + .OH ^OH
O', + CH2-CH=C^ —» CH?-CH=C'

C2H5 0C2H5 /V 0C2K5
cX SH 

D

g -OH .
ch9--ch=c^ + H (^-33)

0C2H5

The proton released in the above equation then attaches 

on the unsaturated <V-carbon because it has much less 

steric hinderance than carboxyl carbon:

-OH , .OH
CH9-CH=C^ + H —CH? — CH-C+ (4-34)
6c?h. 0C2H5 00 ?H. H ^0C2H5

The positive carbonyl ion then attracts the electron 

from hydroxyl oxygen and then proton is released again 

to give the by-product, ^-ethoxy-ethyl propionates

/OH .0 .CH2-CH?-C+ —CH^-CHp-C^ + H (4-35)
'oC2H5 '0C2H5 OC2H5

The proton is then a catalyst for the above addition 

reaction.

Equation (4-30) is an alternate reaction route 

leading to the by-product, ^-ethoxy-ethyl propionate. 

Since formula [.Ej is much less stable than formula (Dj 

as mentioned in Section 4,2,1, the following addition 

reaction is then a very slow reactioni



?2

+ .OH

NH2

. ,OH
+ ‘o^ —* ch9-ch=c^

' X(,2H5 k m2 
C,Hr H

D

(M6)

Following the same mechanisms given in Equations (^-33), 

and (4-3^)» the product of the above reaction proceeds 

to the intermediate complex ion,
/OH .

CH;,-CH;>-C+
OCnH„ hn2

ch2-ch=c

c2H H

ch2-ch=
^2H5

/OH
0'
xnh2

.OH
CH;>-CH;)-C+I X MU-OC2H5 m2

+ H+

(M7)

Formula (F)with bisulfate ion, MSO^ gives the interme­

diate complex, CgH^OCgH^C(GH)HH2HS0^ as mentioned, in 

Section ^.1.

As soon as the above positive carbonyl ion is formed 

and more ethyl alcohol is added, the hydroxyl oxygen

in ethyl alcohol will attach onto the carboxyl carbon.

CH9-CHo-C+ । c <L 
00 9Hh

OH

nh2
*.Q

* ^c2h5

?K 
ClU-CHsrC-.0+ (4-38) 
oc2h5 nH2 u2n5

Shifts of proton and formation of ammonium ion are

similar to those shovmi in Equation (4-23).
OH Hx ^OH

CH2-CH2-C-0r \ -» CH2-CH2rC-0C2H5 
OC-H, Ml, u2n5l OC-H, +NH,

_____ _ /
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^h2-ch2-c^ 
0CoHc 

D

0 

oc2h5
(M9)

Since the reaction rate for this stage is much faster

than the previous stage,the yield of the intermediate 

complex, CrjH^OCgH^C(OH)I1H2^30^ is then essentially 

negligible, Summerizing the mechanisms described above, 

the formation of p-ethoxy-ethyl propionate can then be 

represented by the following overall reaction.

CHoCHC(0H)NH9HS0k + 2 C9HcOH 
c -r £ j

—► C^^OC^COOCgH^ 4- NH^HSO^ (^-^)

^,3 Reaction Rate Expressions

ip.3,1 Esterification of Acrylamide Sulfate

Since the amount of water presented in the system 

is small, the reaction mechanism of esterification is 

best expressed by Equations (ip-22) and (4-23). Since 

the transient electron shifts can be considered to be. 

instantaneous and since the ionic structure of

OH
CH9=CH-Cil 3 dominates the reaction, the overall
' nh2
reaction may oe represented by its equilivalent mole­

cular formula as shown in Equation (4-40).
kl

CH2CHC(0H)NH2HS02j, 4- C2H^0H —

CH2CHCOOC2H5 4- NH^HSGj^ (4-40)



As most of product, CH2CHC00C2H5 is distilled and leaves

the system, the above reaction can be considered as a 

second-order irreversible reaction. Then, the rate 

expression of producing ethyl acrylate by the above 

overall reaction can be expressed as
R' = k1C1C6 (4-41)

where

R| = reaction rate yielding ethyl acrylate, 
g-mole/l-min

= reaction rate constant, 1/g-mole-min

CL = concentration for component i, g-mole/1

The Arrhenius equation states that
-En /I,9871

k = k0 e 0 (4-42)

where

k = frequency factor
Eq = activation energy, cal/g-mole
T - absolute temperature, °K

Substituting Equation (4—^2) into Equation (^-41) vzith 

the corresponding subscript gives
, -E -/I.9871

R1 = kol 6 C1C6

where

Eol ” ac'tiva‘t-on energy for the rate constant k^ 

k0^ = frequency factor for the rate constant k^
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l*k3»2 Production of Diethyl Ether

The reaction forming diethyl ether as represented 

by Equation (^-3) can be v/ritten as a second-order re­

versible reactioni

2 c2h5oh c2h5oc2h5 + H20 (4-44)
k-2

However, the product, diethyl ether, is very volatile 

and thus the concentration of diethyl ether in the liquid 

phase is negligibly small. Under this condition, the 

backward reaction may be neglected and the reaction 

treated as a second-order irreversible reaction. The 

rate of producing diethyl ether is then expressed by

Rg = k2Cl (A-AS)

where

Rg = production rate of diethyl ether 

k£ = forward reaction rate constant

4.3.3 Formation of /3-Ethoxy-ethyl propionate

The overall reaction expressed by Equation (^-4) 

has been shown in Section h-,2.5 as a combination of two 

consecutive reactions. It is repeated below

CHoCHC(0H)h,H9HS0,L + 2 C^H.OH

—C2H5OC2H4COOC2H5 + NH4HSO4 (M6) 



?6

Since the reactant, ethyl alcohol, is supplied conti­

nuously and the product, p-ethoxy-ethyl propionate is 

partly vaporized and removed from the reacting mixture, 

the reaction can be considered as an irreversible third- 

order reaction. The rate equation is, then, written

R3 = k3c2c6

where

= production rate of ^-ethoxy-ethyl propionate

3 = rate constant for Reaction 3»

4-.3»^ Equilibrium Reaction Forming Acrylamide Sul­

fate Complex

The acrylamide sulfate is not continuously charged 

to the reaction mixture, but is formed instead in the 

reaction mixture by the following reactioni

CH9CHC0NKo + HoS0,l —CH9CHC(0H)NHoHS0.1 (^-1)

When acrylamide is dissolved in the aqueous sulfuric 

acid at a ratio of about as used in this work,

acrylamide crystal can be seen in equilibrium with the 

brown product, acrylamide sulfate in the mixture at the 

temperature below the melting point of acrylamide, 
8^,5 °C. However, when the temperature is increased to 

the range of 90 - 130 °C as used in this study, acryla­

mide sulfate is formed almost instantaneously . Accord­



ing to American. Cynamid Company ( 2 ), molten acryla­

mide polymerizes vigorously vdth evolution of heat. 

Since no polymerization (viscous material ) has been 

found in any of the acrylamide sulfate solutions pre­

pared in this experimental system, it is evident that 

acrylamide is stabilized in the form of molecular com­

plex, acrylamide sulfate. Amount of free acrylamide 

in the sulfate solution is then negligible. Thus, it 

may be assumed that all the added acrylamide is converted 

into acrylamide sulfate for the experiments being in­
vestigated. V.'hen the temperature exceeds 135 °C,-acry­

lamide sulfate may be decomposed because strong odors 

can be detested from the liquid. To avoid such a" decom­

position at high temperatures, and to avoid the equili­

brium reaction at low temperatures, the moderate tem­
perature of 90-130 °C is chosen as an appropriate range 

for this study.

The molal quantity of the acrylamide sulfate complex 

can be represented in terms of initial molal quantity of 

acrylamide and its consumptions by the reactions. All 

the added acrylamide is consumed to produce acrylamide 
sulfate while acrylamide sulfate is consumed to produce 

two components, namely ethyl acrylate and ^-ethoxy-ethyl 

propionate as follows.

(i) For producing acrylamide sulfate



CHoCHC0NHo + H9SO,l —> CH9CHC(OH)NH9HSOZl (4-1)

(ii) For producing ethyl acrylate

Equations (4-1) and (4-2) can be combined together 

stochiometrically:

CH9CHCONH9 + H9SO>, —> CH9CHC(0H)NH9HS02l (4-1)
Z Z Z H* Z Z H*

CH2CHC(0H)NH2HS0Zj- + C2H50H —> CH2CHC00C2H5 + NH^HSO^

•(4-2)

CH9CHC0NH9 + H9SC,. + C9Htf0H CH9CHCOOC9Hc + NH..HS0..
Z Z Z Z j Z D Hr

(4-48)

(iii) For producting ^-ethoxy-ethyl propionate

CHoCHC0NHo + H9S0>, —> CH9CHC(0H)NH9HS0,l (4-1)
Z Z Z h* Z Z 4

CH9CHC(OH)NH9HSO.l -I- 2C9Hc0H —» C9H(-OC9HhCOOC9Hr z z^r z z 2) v
+ NH^HSO^ (4-4)

CHoCHCCNH9 + H9S0l + 2C9H£:0H —> C9HcOC9H>iCOOC.Hz;2 2 2 4 2 5 2 5 2 4 5

+ NH^HSO^ (4-49)

Nov/, let represent the total molal quantities of 

component i in both liquid and vapor phases. Stochi- 
ometric consideration of Equations (4-1), (4-48) and 

(4-49) then lead to the following expressionst

Moles of initial acrylamide sulfate = Q j 

= Moles of total added acrylamide = Ao r’X4-50) 
7 » V I

Moles of acrylamide sulfate consumed = A2 + A^J
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Thus, the amounts of acrylamide and sulfuric acid re­

mained in the reaction mixture at any time can be re­

presented by

H7 = M71O - m9|0 W-51)

M9 = 0 (1f-52)'

where Mr, Q is the molal quantity of sulfuric acid 

presented in the initial mixture. Since acrylamide 

sulfate is very nonvolatile.

A6 M6 (4-53)

Equation (4-53) can be incorporated with the relation­

ships given in Equation (4-50) to give

M6 88 M9,0 “ ( A2 + A5 )

4.4 Individual Rates of Mass Appearance and/or Dis­

appearance

4.4.1 Ethyl Alcohol

Ethyl alcohol is involved in three chemical reac­

tions, i.e., Reactions (1), (2) and (3). The molal 

rate of ethyl alcohol consumptions by the reactions is 

v( + 2 + 2 ).

Substituting the above into Equation (3-20) for ethyl 

alcohol yields 

dM-
” " L1,IN + V1,IN ■* V1,OUT. ” V(R1 + 2R2 + 2R3^ 

(4-55)dt
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^.'4.2 Ethyl Acrylate

Both liquid and vapor feeds to the system contain 

no ethyl acrylate. Therefore,

L2,IN = V2,IN 0

It is the main product of the esterification and leaves 

the system as a part of the exit vapor. It may be 

consumed by addition of ethyl alcohol to give p-ethoxy- 

ethyl propionate. However, the formation ofp-ethoxy­

ethyl propionate is a very slow reaction and has been 

proved to be more dependent on the concentrations of 

ethyl alcohol and acrylamide sulfate. Thus, the molal 

reaction rate of ethyl acrylate is mostly attributed to 

Reaction (1), vR^. Substituting this quantity into 

Equation (3-20) gives the equation for rate of appea­

rance of ethyl acrylate in the system.

dM?
"TT " " V2,0UT + vRi (^--56)

^.^.3 V?ater

All the streams entering and leaving the system 

contain water. It is also formed as a by-product by 

Reaction (2) of which main product is diethyl ether. 

Its rate of formation is vR^ and Equation (3-20) can 

be written in the following form for water.
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dlvU 
----- - T, + v - V + vRdt 3,IN 3.IN 3,OUT n2 (^-57)

4.^.^ Diethyl Ether

The feeds contain no ether and it is produced by 

Reaction (2). Thus, the rate-of mass change of di­

ethyl ether is expressed as 

dMn
■ = - Vj|f0UT + vR2 (4-58)

4,4,5 ^-Ethoxy-Ethyl Propionate

The source of ^-ethoxy ethyl propionate is Reac­
tion (3). It is volatile and leaves the system in the 

exit vapor. Thus,

dMr
V = - V5,0UT vR3

4,4.6 Acrylamide Sulfate

Acrylamide sulfate does not enter and leave the 

system. It is only consumed by chemical reactions 

within the system. Differentiation of Equation (4-54) 

gives the rate of consumption of acrylamide sulfate as 
a function of production rates of ethyl acrylate and 

(?-ethoxy-ethyl propionate as follows s
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dI4z dAo (1ACJb = _( __2_ + ) (4_6o)
dt dt dt

Now, the rate of production of ethyl acrylate can be

expressed as

dAy
—- = vR- (4-61)
dt x 

where v is the volume of total liquid in the system.

The production rate of p-ethoxy ethyl propionate can 

be expressed by Equation (4-47) v/hich can be rewritten 

as followsi

dAr
-- = vR. (4-62)
dt 3

Equations (4-61) and (4-62) can be introduced into

Equation (4-60) to yield

dMA
—2. = -. v( R + R ) (4-63)
dt 1 5

4.4.7 Sulfuric Acid

Sulfuric acid is charged to the system only once 

before the system operation. It is very nonvolatile. 

Its presence in vapor condensate can not be detected by 

titration with barium chloride solution. Since sulfuric 

acid is also not generated or consumed by chemical reac­

tions, it has a zero molal rate of change obtained 

from differentiation of Equation (4-52) with respect to 



8.3

time.

dM9
—1 = o

. dt
(4-64)

4.4.8 Ammonium Bisulfate

The sources for ammonium busulfate are Reactions

(1) and (3)» Thus,

dMo—2. = v( R1 + R„ ) (4-65)
dt 1 5

Ammonium bisulfate is a very nonvolatile solid. The

outlet vapor contains no trace of.it.

4.4.9 Acrylamide

dM
Similar to sulfuric acid, the expression for — 

dt
can be obtained by differentiating Equation (4-53).

dMQ 
-- -2. = 0
dt

(4-66)

4.4.10 Overall Rates of Mass and Energy Changes

Summation of Equations (4-55) to (4-59) and (4-63) 

to (4-66) gives the overall mass change rate as follows: 

dM
VIN + ^IN " VOUT ~ vR3 (4-6?)

where



8^

LIN L1,IN + L3,IN

V = V 4- VVIN VlfIN 3,IN

5
VOUT = Vi,OUT

The heat loss from the system to the surrounding 

can be represented by the heat transfer rate equation.

Q = U.a:( t - Tn ) (4-63)
L 1 x O

v/here

= inside heat transfer area

IL = overall heat transfer coefficient in terms

of inside heat transfer area

Substituting this equation into Equation (3-14a) yields 

the following expression for temperature change in the 

system
dT 1 y 3

~dt~ = MCp + VinHin " VOUTHOUT + v

dM- . ) - U.a.( T - T ) - h 1 (4-69)
nf J XI u t>

4.5 Mass Transfer Effects on Reaction Rates

4.5*1 Hatta’s Film Theory

The reaction rates as discussed in the previous 

sections are affected by mass transfer of molecular
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species at the interface. The mass transfer effects 

are very complex, but its characteristics can be ana­

lyzed and discussed by the use of Hatta’s film theory 

(28,29,30,31 )• Though actual reactions involved in 

the present study are the pseudo-high-order reactions, the 

film theory will be initially considered for a first- 

order irreversible chemical reaction. A basic mathe­

matical model developed will then be modified and ex­

tended to the present system. Let the reaction be

k
A ——* P (^--70)

where

A= reactant

P= product

k= reaction rate constant

In this study, the reactant enters the system through 

both gas and liquid feed streams. The case with only 

gas feed stream will be discussed first. Its liquid­

gas interface can best be postulated by Fig. ^.2.

According to Hatta’s film theory, for any given 

moment, the rate of change of mass flux by diffusion v/as 

set equal to the chemical reaction rate, assuming the rate 

of accumulation in the thin film is comparable very small 

and negligible. The relationship can be expressed as
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Gas Liquid

Fig. ^.2 Gas Absorption Accompanied
by Chemical Reaction

os
h 
d8

Fig. ^.3 Fraction of Unreacted Reactant
Entering the Liquid Bulk

Liquid

Fig. U.4 Concentration Gradient for a Very
Fast Reaction During Gas Absorption
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C) c
ov —= kC (^-71)

<ixwhere
x = axial distance

k = reaction rate constant

C = concentration of dissolved gas reactant in 

liquid film
<9= diffusivity of dissolved gas reactant through 

liquid film

The corresponding boundary conditions are
(1) x = 0 C = Ci (^-72)

(2) x = S C = Cb (4-73)

where
<T = film thickness

C. •- interface concentration of reactant A

0^ = concentration of reactant A in liquid bulk

A solution for Equation (4-71) can be obtained 

readily in the form of

C = A^inhtfx + A2cosh<^ x (Z1—7/4,) 

where

The boundary conditions (4-72) and (4-73) can be sub­

stituted in Equation (4-74) yielding the following 
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expression for the concentration of reactant A within 

the liquid film,
C,sinhwx + C.sinh<^( <T - x )

C= - ------- ----- i----------------
sinh<X<f

(^-75)

The rate of diffusion of solute A into the liquid is 

obtained from
_3(-Cb + Cj^coshcX^)

x=0 sinh
(M6)

Also the rate of diffusion of solute A into the bulk 
of the liquid is obtained by substituting x =£ s

» - C^ccshoCiT)
N, = (M7)

dx x=§ sinh

Of the solute A entering the liquid phase, the fraction
6 reaching the liquid bulk without reacting is given by

C. - C, cosh(2 = ---- L—— (^7S)
C^cosh - Cb

The reacted fraction € of solute A for equal to zero 

is shown in Fig. ^.3.

For a very slow reaction, i.e., ~* 0, all

the absorbed reactants enter the liquid bulk without 

reaction. For a fast reaction, the solute disappears 

very quickly as it moves across the liquid film. For 

a very fast reaction, the dissolved A is entirely con­

sumed by the reaction within the liquid film as shown 

in Fig.
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The boundary conditions for such a situation are

(1) x=0 G = Ci (^-?2)

(2) x=^ C = 0, 0 < (S 5 1 (4-79)

The solution of Equation (4-71) with the above bound­

ary conditions is

C . sinh - x )
G = —i--------i---------  (4-80)

sinh c^S($*

Next, consider the case where a liquid reactant
A diffuses through the liquid film toward the gas phase. 

Its gas-liquid interface can be illustrated by Fig. 4.5. 

The rate equation, boundary conditions, and solution 

for this case are identical to Equations (4-71), (4-72), 

and (4-73) for gas-absorption accompanied by chemical 

reaction except that the concentration in liquid bulk, 

is greater than that at the gas-liquid interface,

For a very slow reaction, i.e., > 0, all the

reactants diffused from the liquid bulk are evaporated 

into the gas bubble without reaction. For a fast reac­

tion, the solute disappears very quickly as it moves 

across the liquid film. For a very fast reaction, the 

dissolved A is entirely consumed by the reaction within 

the liquid film as shown in Fig. 4.6. The boundary 

conditions for such a case will be

(1) x 0 = 0 (4-79)
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Gas Liquid

Fig. 4.5 Concentration Gradient for Liquid
Evaporation with Chemical Reaction

Gas Liquid

Fig. ^,6 Concentration Gradient for A Very-
Fast Reaction During Liquid Evaporation
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(2) x = 8 0 = Cb (^-73)

The solution of Equation (^-71) with the above bound­

ary conditions can be solved readily:
C, sinh o( ( x - fiS )

0 = —------- ----- L--  (W1)
sinh dS (1 - )

There is no reactant A entering the gas bubble and 

Equation (^-81) can be obtained from a more general 

solution of Equation (^-75) by proper substitution.

Finally, consider a combined case in which the 

reactant A is supplied from both gas bubble and liquid 

bulk. For a very fast reaction, the reactant A coming 

from the gas bubble completely disappears in the film 

at x and that coming from the liquid bulk dis­
appears at x ="^8 as shown by Fig ^.7» Since this is 

a combination of Fig ^.3 and Fig ^.5, the solutions for 

the concentration gradients are identical to Equations 

(4-80) and (4-81) except that the fraction shown in 

Equation (4-81) should be replaced by The complete 

solution for this case are as follows:
0. sinh c/( 3(5" - x ) r

( 0 = —i----------------- o-S x (4-82a)
1 sinh o<pS '

C = 0 |3(T5 x (4-82b)
C, sinh ( x - ^(S ) 

0 — __x_ ... ________ ■
sinh ( 1 - ^ )

A specie! case for the above equations is applied when

(4-82c)
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Gas Liquid

Fig. ^-.7 Concentration Gradient for A 
Moderate Fast Reaction with 
Reactant Coming from both Gas 
Bubble and Liquid Bulk

Liquid

Fig. 4-e8 Concentration Gradient for A
Moderate Slow Reaction with
Reactant Coming from both Gas 
Bubble and Liquid Bulk



the two concentration curves become zero at the same

point, i.e,, • The solutions become
C.sinh <V( B5 - x )

f 0 = —i---------— --- 0 £ x < g$ (it-SBa)
\ sinh c<|Sd

Chsinh c2( x - bS ) _r e lc=__b----- ------- V---  (4-83b)
sinh ( 1 - £ )

For moderate reaction rate, the two concentration 

curves will intersect at a point and have same con­

centration, Cm as shown by Fig. ^.8. The boundary con­

ditions for such a situation include the following two

sets t

X = 0 C ■= ci (4-72)
Set 1 (

X = C = CK (4-84)

Set 2 <
X C = c m (4-84)

■ X = s. C = cb (4-73)

The solution of Equation (4-86) and the above boundary

conditions can be obtained readily as

C sinh o^X + C.sinh c/( bS - x ) ( C = —2------------ 1----------------- , (4-85a)
) sinh '

C„sinh ( 5" - x ) + C. sinh o( ( x - BS ) 
\ k in u v

sinh 1 - p )

(^-85b)

Again, if C^ is equal to zero, Equations (4-85a) and

C+-85b) can then be reduced to a special case whose
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solutions are represented by Equations (4-83a) and (^-8j>b)

Now, if the interface area of all the bubbles in 

clear liquid volume, the rate 

consumed by reaction in the 

the bubbles will be

(^--86)

A more general form of the reactant concentration 

the system is a cm /cmv 
of mass produced and/or 

liquid film surrounding

-« akC ax

yield the rate o

the liquid films

Idx

ak

c/sinh^l-^)

°b

o(sinh

ak

gradient, i.e., Equation (4—85a) 

stituted into Equation (4-86) to

and (4-85b), is sub-

x;
— Id

ak I C . C, ,
--------------- 1 - ”Cosh<X(^-x) + —cosh o<(x-Sd) 
sinhcZAX 1 - £)

Cn( cosht/p^T-l) - CL(l-cosh^

C 0.coshotx - coshot'( 5(T - x )
sinh L C)i

generation or consumption within
r Cms 

» J akC dx = ak J -- -
1 0 *0 u

/^C^sinh <X( x ) +
sinh ^^5* 

bsinho/( x 

sinh<XS ( 1 - $ )
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ak(Cm+cp (coshcxj?£-1) ak(Cm+Cb)£cosh

<Vsinh

(^87)

c^sinli

It will be of interest to predict the behavior, by the 

above equation, of the system under extreme conditions.

If the diffusional mass transfer rate is very large 

compared to the reaction rate, the mass transfer re­
sistance will be very small such that J*—*»0. With 

<$*-—0, Equation (^-S?) can be reduced to zero:

Lim
ak (Cm+C p (c osh

akc dx = Lim
c/sirdicX^j'

+ Lim
0 o/sinh ^(l-p)

Lim ■
S -<■ o

ak(C +C.)1 m x

cosh

ak(Cm+Ci) , ^^sinhoC^S* akCC^C^) 

^(l-^)sinh r-Jd-jS) 

c^(l-^)cosh eid (1-

= 0

This means that the production or consumption is almost 
none within the liquid film and that all the reactions take 
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place in the liquid bulk if the diffusional mass trans­

fer, rate is extremely large.

On the other hand, if the reaction rate is ex­

tremely high compared v/ith the diffusion rate, Equations

(i4—82a), (4-82b) and (U— 82c) can be substituted into

Equation

dx dx

dx

c^sinh

dx + / 0

cosh ^(irtT-x) 
tfsinh k 1

akcb f

(4-86) givingi

akG; (
---- 5=-~- j sinh C^(8d-x) 
sinh&'p^ ’

akC, 
+ —------- sinh

sinh cZ^(l-p)

- akC^

akCL (cosh -1) ak.0^ [cosh <V<£(l-f )-l]
—-—— —  —------  + —   .... ....

o(sinh o<j36' cVsinh ^^(l-J )

(4-88)

If there is no liquid feed, i.e M = 0, the overall

amount of reactant consumed within the film will depend 

on gas-liquid interfacial solubility only, and no 

reactant diffuses into the liquid bulk from the vapor 

bubbles. On the contrary, if there is no vapor feed, 

i.e., CL= 0, there will be no reactant appearing in 

the generated vapor bubbles.
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^.5.2 Reaction in Liquid Bulk

Since the liquid portion of the feed contains a 

reactant, ethyl alcohol, the reaction also takes place 

continuously in the liquid bulk. The rate of mass 

production and consumption in the liquid bulk is de­

signated and can be expressed as follows.
= kC, ( v - aS ) (^-89)

D D

where v is the clear liquid volume. It should be noted 

that the volume of liquid bulk excluding the film is 
represented by ( v - aS ).

4.5.3 Overall Rates of Mass Production or Consumption

Since a component is consumed or produced both 

within the liquid film and in the liquid bulk, its 

overall mass rate of production or consumption can be 

expressed as

v/T = Wf + wB
Substituting Equations (4-87) and (4-89) into the above

yields
ak(Cm+C^) (cosh cx^-l) 

o< sinh o^Sd-
+ kCb(v - al)

akiC^+C^) (^cosh ck<f(l-p)-^ 

c< sinh ^(l-ZS)

(4-90)

If the reaction rate for a unit volume is designated 

by R,p, then
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Equating Equations (^-90) and (^-91) gives

1 ' ak(C +C.) (cosh 

k o/sinh
ak(C +Ch)rcosh^(l-^)-l)
---- ---------- -J.---L_ + kG (v _ a$) 

c/sinh c<ti(l-j3)------ D

or,
aS ak(C +C. )(cosho/&T"l) 

= kC (I- - —) t —ia_2=--------!---- -
v c^v sinh

ak(Cm-$-Cb)(cosh

o<v sinh p<<r(l-p)
(^-92)

4-.5s^ Mass Transfer Effects Correction Factors

In order to account for the mass transfer effects, 

a mass transfer correction factor is introduced to the 

following intrinsic rate expression,

RT = (^-93)

mass transfer correction factor on the intrinsic 

rate expression

intrinsic rate constant
Crpt concentration measured from an overall liquid 

sample

Equating the exact solution, Equation (4-92) and the 

defining equation, Equation (4-93) gives

where

'6

kt
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, C. aS a(C.4-C ) (cosh o^&T-l)
T = -b (l----- ) +--- l-m-------- -----

C- v c/ CipSinhoi^d" 

a(C^Ct|)[cosh.J<^(l-f)-l] 
c^vcTsinh o^S(l-p) '

Equation (4-94) contains three terms which represent 

the mass transfer effects on reaction rates, namely 

film thickness, interfacial area, and interfacial 
concentration. These three terras,^, a and cannot 

be measured directly and separately. Therefore, it 

is convenient and practical that the correction factor, 

is introduced to lump the three unmeasurable vari­

ables into one.

As the values of the liquid film thickness, the 

interfacial area, and the interfacial concentrations 

are affected by the system operating conditions, the 

mass transfer effects correction factor is character­

ized by the same system parameters. These parameters 

are numerous and include those related to physical 

dimensions and shape of the apparatus, operating and 

flow conditions, and transport properties of the system. 

It is too ambitious to study> the effects of all the 

parameters on the correction factors. For the present 

study, therefore, the number of the parameters of which 

the effects are to be investigated is limited to four. 

These variables are?
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1. Initial system temperature and surrounding 

temperature, Tq

2. Total feed rate, F

3» Relative ratio of feed vapor to total feed,-]^

4. System temperatur, T

Thus, the correction factor, 7^, can be expressed by
V To’ F,^, T ) (4-95)

It is noted that the first three variables, TQ, F, and 

change from one experimental run to another but are 

set equal to certain constant values during a given 

run. The system temperature T is a time-dependent 

function during each run. It is assumed that '^-function 

is a product of two separate functions as follows:

To, F,^, T ) = ^S(TO, F,^).^t(T) (4-96)

The above approach is useful because one functioning, 

which is not time-dependent, is separated from the other 

which is time-dependent. It is further assumed 

that the temperature dependent function,is related 

to temperature in a functional relationship similar to 

the Arrhenius Equation, namely,
-Ei,/RT

7^t( T ) = e ‘ (4-97)

where
R = gas constant = 1,987 cal/g-mole-°C 

Substituting Equation (4-97) into Equation (4-96) gives 
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the following expression for the mass transfer coeffi­

cient factori

1 = Is1?! ’ ’Is
-Ey'RT 

e (4-98)

It is recalled that the Arrhenius Equation relates the 

reaction rate constant k to temperature as follows

k = k0 e
-E^RT

(4-99)

Substituting Equation (4-98) and (4-99) into Equation 

(4-93) yields

f -Eti/RT ] -E /RT]

■ t... • -1*' *

or
-E/RT

Rm - Km e m • CT (4-100)

where

Em “ E,'t + Eo (4-100a)

K„ = Vo (',-100b)

Furthermore, if an intrinsic reaction rate equation

Rt = kmCT (4-101)

is adopted for expressing the overall reaction rate 

which indicates not only the reaction kinetics but 

also the mass transfer effects, the constant, k , can m
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"be represented by the Arrhenius-type equation
-E /RT

e (4-102)mm

It is emphasized that the terms, k , Ero, and K , as m m m 
defined by their respective equations, include the 

variables representing the contributions from both 

reaction kinetics and mass transfer.

Mr,5.5 Pseudo-High-Order Reactions

As discussed earlier, the chemical reactions en­

countered in this study are more complex and pseudo-high- 

order reactions. The mathematical analysis and models for 

the rate expressions including mass transfer effects 

for such reactions v/ill be extremely complex but the 

basic approach in deriving Equations (4-100) to (4-102) 

may be extended to the high-order reactions. Thus,

For Reaction 1 ---  Esterification
-Em 1/RT

R1,T ” km,lCl,TC6,T = Km,l e * C1,T°6,T

(4-103)

For Reaction 2 ---  Dehydration
2 -E /RT 2

R2,T = V2Ci,T = Kn,2 e ’ Ctr

For Reaction 3 —— Successive Reaction

2 -E o/RT 2
Ro m = k m Cz m - K o e C1 fXz mm,3 ltT b,T m,3 1,T 6,T

(4-105)
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The rate equations should then be used to calculate the 

respective rates, R^*s, in the series of equations 

derived in Section ^.^.1 through ^.^,10.

4.6 Relationship between the Vapor and Liquid Composition

Both chemical reaction and mass transfer affects the 

vapor-liquid relationship of a reaction-distillation system. 

The effects of chemical reaction on a vapor-liquid equili­

brium system reflect in the activity coefficients while 

the effects of mass transfer deviate the system from 

vapor-liquid equilibrium. In order to reduce the mass 

transfer effects to the minimum and consequently to obtain 

a perfectly or nearly perfectly mixed tray as assumed 

previously, a micro-sieve distillation tray equipped with 

with a high speed stirrer and three baffle plates is then 

employed. The micro-sieve tray ( 60-75 ) produces very 

tiny bubbles resulting in large interfacial area as well 

as excellent mixing. The stirrer and the baffle plates 

provide good mixing and good contact with the vapor bubbles 

as well as liquid droplets. Therefore, it is reasonable 

to consider that the sieve tray used in this study can 

be treated as an ideal tray and the vapor leaving the 

tray is momentarily in equilibrium with the liquid mixture 

on the tray.

The equilibria mole fractions of component i in the 

vapor and liquid phases may be related by the following 
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definition.

yi = Kixi (^-106)

where

Kf = vapor-liquid equilibrium ratio 

= vapor mole fraction 

= liquid mole fraction

When a chemical reaction is present in the liquid phase, 

it proceeds until the chemical equilibrium is attained. 

The vapor-liquid concentration relationship which is 

sought for the distillation accompanied by chemical re­

action is, in general, not that under the chemical equi­

librium. Instead, the interest is to determine the re­

lationship of vapor and liquid compositions while they 

are still under the influence of active chemical reaction. 

A typical example is the vapor-liquid equilibrium re­

lationship obtained by Hirata and Komatsu (32,33,34), as 

mentioned previously in Section 2,1.2, for the esterifi­

cation of acetic acid and ethyl alcohol.

CHoCOOH + C^H.OH -. - ' CHoCOOC^H. + H90 (4-10?)

For the present study, it is also assumed that there exists 

an instantaneous equilibrium at any moment between the 

vapor leaving the system and the liquid remaining in the 

system. The instantaneous temperature so measured is 

considered to be the bubble point of the liquid corres-
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ponding to vapor-liquid equilibrium.

Component i in vapor and liquid are in equilibrium 

if,and only if, fugacity of vapor phase is equal to that 

of liquid phase.

fY ™ f^ (4-108)

where

f^ = vapor phase fugacity

fP = liquid phase fugacity

The vapor phase fugacity is related to the vapor phase 

mole fraction through the vapor phase fugacity coeffi­
cient 4^ by

fY = ^y^ (4-109)

where

- vapor phase fugacity coefficient

P = total system pressure

y^ = mole fraction of component i in vapor phase

The liquid phase fugacity fP is related to the 

liquid phase mole fraction by an activity coeffi­

cient and a standard-state fugacity. In this study, 

the liquid solution is extremely complex. As discussed 

in Section 4,2.,- it contains nine compounds as well as ' 

their associated ionic species. These ionic species 

are all initiated by the protons supplied by sulfuric 
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acid at the presence of water. The amount of free sul­

furic acid in the liquid solution is essentially fixed 

for all the experimental runs at any instance. The 

amount of water is increased due to a continuous feed 

and a dehydration reaction but decreased due to a con­

tinuous evaporation. The resulting amount of water 

from the above three functions gives an almost constant 

water mole fraction in the liquid solution. Therefore, 

the effects of the liquid compositions of all the ionic 

species:on the activity coefficients of the nine com­

pounds in the system may have little variations. There­

fore, it is reasonable, as a practical application, to 

set up vapor-liquid equilibria for this reaction-dis­

tillation system only based.on the thermophysical pro­

perties of these nine compounds. That is, all the ionic 

species are included in their corresponding compound. 

Since all the compounds in the system are condensable, 

the following form given by Prausnitz, et al. (53) for 

the liquid fugacity coefficient of a condensable compo­

nent is then adopted here.

K0>

O -H
 

tH•H

11

h
) -H

 
S-i

rP v^ dP*
1 —-— ) (4-110)
>pr RT

where

f?^ = standard-state fugacity, i.e., fugacity of 

pure liquid i at temperature T adjusted to 
the reference pressure Pr
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= activity coefficient of component i at tem­
perature T adjusted to the reference pressure Pr

= partial molal volume of i in the solution at

temperature T.

The standard-state
Pr

fiL = pi^i exp
Jpi

fugacity'is given by

vi_k_ dP )
RT

(4-111)

where
p? = saturated vapor pressure of pure liquid i

4>? = fugacity coefficient of pure vapor i at 

temperature T and pressure p°, and
vP = molar liquid volume of pure component i 

at temperature T.

Since the solution in the system is far from critical 
conditions, v^ and vP are of negligible difference. 

Equations (4-110) and (4-111) can then be combined and

simplified to

exp ( (4-112)

Also, at low subcritical conditions, the liquid molar
T

volume v^ may be considered to be independent of system

pressure (53)» Equation (4-112) may be further reduced 

tot
fi ^iPi^i exp

v^(P-p?)

RT
(4-113)



Substituting Equations (4-109) and. (4-113) into Equation 

(4-108) gives the following vapor-liquid, equilibrium 

relationship.

<v^(P-p?))
^.y. P = H.x.p?4>? exp —---- (4-114)

J. d. x x x x prp

Equation (4-114) can now be incorporated, with the de­

fining equation, Equation (4-106) to yield, the following 

expression fo t
Y: expfvhp-p?)/RTj

K. = —- = —--------1---- 1------ (4-115)
xi

The exponential term, exp (v^(P-p?)/RT), in the above 

equation is called. Poynting factor. At atmospheric 

pressure, the highest calculated. Poynting factor is 
1.009 for ethyl alcohol at 130 °C. This term can then 

be simply set to unity. Also at the low pressure the 

vapor mixture may be considered to be an ideal gas and 

ideal solution. Thus, the vapor fugacity coefficient 

in the mixture, may also be set to unity without 

significant error.

With the assumptions that 4\=1.0 and exp 
£vP(P-p?)/RT^ =1.0, Equation (4-115) can now be 

reduced to the following working equation

v - (4-116)  
^i P

It is noted that fugacity coefficient of pure vapor, 
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cannot be omitted from the above equation because its 

value for ethyl alcohol at the highest operating tem­
perature, 125.^ °C is only 0.837» which is 16.3 % below 

unity. The three-parameter general correlations by 

Prausnitz, et al. are used for estimating the fugacity 

coefficients of pure vapors. Their correlations are 
shown in Appendix A.12. For vapor pressures, p?, the 

Antoine Equation given in Appendix A.5 is used. Its 

three constants are either obtained from the literature 

or fitted from vapor pressure data by the computer pro­

gram BSOLFIT given in Appendix C.5*

In this study, the instantaneous vapor and liquid 

compositions are measured experimentally. Thus, Re­

values are obtained from experiments. The only unde­

termined quantity in Equation(q-116), liquid activity 

coefficient, can then be calculated from the following 

rearranged form of Equation (^-116).
yiP

= p? = x.*?P? (lp-117)

However, there are some difficulties when using the

above equation for calculating activity coefficients
of either very volatile diethyl ether or four very 

nonvolatile components, namely acrylamide sulfate,

sulfuric acid, ammonium bisulfate and acrylamide. For 

very volatile diethyl ether, its liquid mole fraction, 
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Xp can not be measured accurately. For the four very 

nonvolatile compounds, their vapor mole fractions, y^, 

can not be determined properly either. These are all 

due to the facts that diethyl ether is not detectable 

in the liquid phase and the four very nonvolatile com­

pounds are not found in the vapor condensate. Since 

the activity coefficients of diethyl ether and all the 

nonvolatile coinpoxmds are not important for vapor-liquid 

equilibrium calculations, it is expeditious to lump 

all the very nonvolatile compounds as a pseudo-component 

and to treat diethyl ether as a gaseous product from de­

hydration, The pseudo-component is designated as very 

nonvolatile material. Summarizing, the liquid mixture 

to be considered for correlating liquid activity coeffi­

cients, as will be shown in Chapter 6, contains the 

following five readjusted components.

Readjusted Component 
Identity Number

1
2
3
Zi.

5

Component Name

Ethyl Alcohol
Ethyl Acrylate
Water
^-Ethoxy-ethyl propionate
Very Nonvolatile Material

Mr.7 Numerical Method for Solution of Unsteady-State 

Distillation Accompanied by Chemical Reactions

The mathematical model for the semi-batch distil­

lation accompanied by chemical reaction is represented
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by a series of differential equations developed in Chapter 

3. Because of its complexity# an analytical method for 

simultaneously solving this set of equations is not 

available. Therefore, a numerical method is applied. 

As happened so often the system has more unknowns than 

the number of equations. It then demands a trial- 

and-error integrating procedure. Holland ( 36 ) has 

proposed the 9-method for solving an unsteady-state 

distillation in absence of chemical reaction with a 

constant holdup. His method is not applicable to the 

present problem since the liquid holdup, on the tray is 

not constant and the reaction rate expressions are 

nonlinear here, A new convergence method is proposed 

in this study to solve the model developed for the 

unsteady-state distillation accompanied by chemical 

reaction.

4.7.1 Reduction of Unknown Variables in V/orking Equa­

tion

In order to reduce the number of unknov/n variables, 

and to rewrite the model into forms for easier numerical 

solutions, the following relationships are introduced 

to Equations (4-55) through (4-59) and (4-63) through 

(4-66),

(1) Vapor compostion
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Vi,OUT ~ yiVCUT

(2) Vapor - liquid equilibrium

yi=“^--- Xi

(4-118)

(4-119)

(3) Liquid molal holdup

Mi = xJA (4-120a)

or

M. M.
x. = — = (4-120b)
1 M iz. M.

i=l 1

After substitutions and certain rearrangements

(4) Reaction rates

R1 R1,T = Km,l
-Em 1/RI

o 111»A r* r*e C1,TC6,T (4—103)

R2 ~ R2,T = Km,2
e -Em,2/RTC2
6 CltT (4-104)

R3 88 E3,T = Km,3
-Em o/RT 9p 3 n" r*e G1,TL,6,T (4-105)

(5) Concentration

M.
Ci T = — if i v (4-121)

Equations

(4-55) through (4-59) and (4-63) through (4-66) can be 

rewritten to the following set of equations

+ v vcuA rK R -En,l/RT
1,™+V1,IN-—------ ------ (Km,le

-E™,
, 2 .3/RT M1IV16

.2 '
MiMz -Eto 9/RT M?
 1 + 2Km 2e „ + ^6 ,r-------- hi, 4 v m,3
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(/4--122)

dM2 T2P^ M2Voui -B, /RT M1M6
t:-------- ;------7,— * Kn,ie "v~

-Em ,/RT M?
K e m»2 —±-^m,2e v

VoUT 4 K -En,2/RI H1 
dt PM v
^ = .^^OUT + k eA,3/RT$6 

dt PM m’3 v2

(4-124)

(4-125)

(4-126)

dH6 

dt

-Em VRT M-Mz -Em o/RT M?Mz
K ie h1’1 4-6 -K^e n'y -M
m,l v m,3 2

(4-127)

dM9—6 = 0 (4-123)
dt
dMp -Em VRT M-Mz -E^ -/RT M2Mz
— = Km.e Tn-1 -l-i + K ,e -±,6.
dt m’1 v v2

0

(4-129)

(4-130)

It is noted that 9 unknowns Vi,OUT are eliminated

and replaced by a new unknown, total vapor rate ( VQUT ).

The above equations can be substituted into Equation 
(4-6?) to yield another equation for the total mass change.



-E /KT M?M6
- t. 4. v _ v - K e1 * ———^IN VIN OUT m,3 y2 (4-131)

The values of heats of reaction needed in Equa­

tion (4—69) can be calculated from heats of formation 

by applying Hess* law. The heats of formation are 

obtained from literature or estimated by reliable 

correlations. All the determined heats of reaction 

along with related data sources and correlation methods 

are given in Appendix A,10, The reaction rate equations 

and the heat of reaction expressions are substituted 
into Equation (4-69) to yield the following new equa­

dt

tion for the temperature change with time $

dT If
— - --- It. h + V H - V HriNniN virriN v outputhcp I

-Em 9/RT IA?
* 7^ (-AHR,3>Km,3e

-E o/RT M?Mz dMh
e lb  y a (T - T) - h ~ (4-132)

v4 11 0 sdt^

-E^ VRT LLMz
)K e -4-^ 4-

R,l; m,!6 v *

Again, the liquid enthalpy and vapor enthalpy required 

in the above equation are obtained from literature or 

estimated from the reliable correlations. Appendix 

A.7 and Appendix A,8 have detailed discussions on these 

two items.
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Since the clear liquid volume, v, is required for 

calculating the reaction rates for all the three reac­

tions, it is necessary to formulate its rate equation. 

The difference between the feed rate and the leaving 

vapor rate contributes most of variation in the clear 

liquid volume. Assuming excess volume induced from 

mixing and composition changes by chemical reactions 

is negligibl small compared to the above mentioned 

factor, the rate of change of the clear liquid volume 

can be represented by the following equations

dv 5 P’i
dt i^l ?.

# i

5 V.r i.OUT (^-133)

where

= liquid density for component i at the 

temperature of the reacting liquid mixture
Fi = Li,IN + Vi,TN ~ feed ra1:e for component i

-In order to compare the measured vapor molal.con­

densates by the mathematical model, it is then necessary 

to write rate equations for the vapor condensates of 

individual components as well as of the total mixture. 

Let PL be the instantaneous vapor condensate com­

ponent i and Nm the instantaneous total accumulated 

vapor condensate. Then the relationship between and 

Vi,OUT can be exPressed by "the following definitions
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dN.__ £ — v
dt i.OUT (4-134)

The above definition can be incorporated with the defi­

nitions of Equations (4-118) and (4-119) to give the

following working equations for the rates of change of

Nj. and N^:

dN.
—= ( 
dt

<p?4>? M.
'l11^1 1 \ v

' VOUT•P M UU1

dNT 

dt
“ ^OUT

i= I,***, 5 (4-135)

to (4-139)

(4-140)

Now, it can be summerized that there are 19 unknowns

( m-l ,e*i N^,***, N^, T, M, V, N^, 

solved simultaneously from 18 equations* which can be 

recapitulated as follows.

dM.
~ = f^( ***» Nj., •••»

Nt, Vout ), i = 1, 9 (4-141)

to (4-149)

dT
— = f10 (4-150)
dt 1U

dM
— = fn (4-151)
dt

dv
— = f12 (4-152)
dt
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dN.
— = ^12+i’ ’'•» 5 (^-153)

dt

to (4-157) 

dNT
— = f18 (4-158)
dt 10

The boundary and initial conditions given for the solu­

tion are the initial liquid compositions, the inlet 

liquid and vapor compositions and surrounding or oil 

bath temperature.

A trial procedure begins with an assumed value for
v OUT which is the total vapor outlet flow. Then, th

integrations and solutions are obtained for the remai­

ning 18 variables by the Runge-Kutta method. The de­

tails are given in the next section.

Trial- and-error procedure requires a means of 

checking whether the assumed value is correct. For 
this solution, the criterion is that the sum of the 

component compositions in the outlet vapor must be 

equal to unity.

5
X2 y5 = 1.0 (4-159)
i=l 1

Substituting Equation (4-119) into the above equation 

yields 

52Z --1- =1.0 (4-160)
i=l P
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If an error function of is defined,

1.0 (4-161)

A set of solutions ( T, M, v, N^, •••,

Nrp ) is obtained when an iteration of the trial— and— 

error procedure reaches an oZ-value within the allowable 

tolerance 6. The trial-and-error procedure is best 

illustrated by the flow diagram given in Fig. 4.9*

4.7.2 Runge-Kutta Method

The Runge-Kutta method ( 8 ) has been used widely 

for obtaining satisfactory numerical solutions for dif­

ferential equations. It is also used in this study for 

solving the above 18 simultaneous differential equations. 

Let t^ and ta+^ represent, at the (z-H)th integration 

step, the previous time and the elapsed time respectively. 
The Runge-Kutta method makes use of the values of x° z 

and tz to predict x® values where x° stands for any 

of the 18 dependent variables. It is based on Taylor’s 
series of expansion of x? about t. The evaluation of the 

terms which are higher than the fourth order is not 

necessary for most applications, and the Runge-Kutta 

fourth-order method is discussed here.

In order for a uniform and easy discussion of the
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Fig. U.9 Flow Diagram for Integration 
Procedures by.Trial-And-Error
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procedures, the 18 dependent variables are represented 
by the above mentioned mathematical terms, x? as follows.

0 = M A1 . rll
• e 9

xg ~ ^9

4o =T

XH = M 
o x12 = v 

x?3 = N1 
9

x°7 = N5

x°8 = Nt

Then, a general representation of a working equation 
can be written for variable x?t

dx?
- fl< XV VOUT> <^162>

Then, the Runge-Kutta formula can be represented as 
At

X1 z+1 = X1 z + 1 + 2Gi 2 + 2Gi 3 + °i it 1
X , X X y z X । X, X , w X । ) X i *r

(^-163) 

where

At = Size of integration step

G1 1 = f< tz- X1 z- VOUT z 5 (4-1611.)

Gi 2 = f( Xi z + 1’ V0U- z+1 ) (Z|-165)
XpX x f Zi Z, XfX UUijZTT2
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Gi,3 = tz+|’ Xi»z + 2 MGi,2’ V0UT,z4~ (^-166)

Gi,^ ~ ^l’ xi,z + AtGit3» V0UT,z+l (^-167)

With the exception of V0UT z+1, V 1VOUT,z+|’ the values

of individual terms in the right-hand sides of the above 

equations are available from the calculated results of 

the previous step. The first assumption is made for the
(1)value of V0IJT 2 which is then designated as Vv '. If 

the very small time interval At is chosen so that VQUT 

can be represented as a linear function of time, then

VOUT,Z4™ “ 2 VOUT,z + V0UT,z+l 

or
V 1 = — ( v 4- }vOUT,z+g 2 K v0UT,z v 1 (^-163)

Thus, x? can be calculated by Equation (4-163) after

G. G. 9, G, and G. < are determined by Equations 
(4-164) through (4-167). It Is noted that during the course 

of computation, the computation requires values for vapor 

pressure, activity coefficient, and reaction rate con­

stants. These values will be obtained by appropriate 

correlations which are given later in Chapter 6.

When a set of x? „,1*s is obtained, the value of 
i,z+l

the error function o( is calculated by Equation (4-161).

If the absolute value of o( is less than the tolerance,

then the trial procedure is terminated for the (z4-l)th 
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step. The last assumed, value of VqUT and the last 
calculated values of x?’s are the desired solutions.

These values are then used as the starting values for 

another series of trial-and~error calculations for the 

next time interval. However, if the absolute value of 

the calculated error function is greater than the toi­

lerance, a new series of must be assumed and the 

new iterative computations by the Runge-Kutta equation 

should be repeated. How quickly a good convergence can 

be obtained will depend on the method of assigning the 

next assumed value of

4,7.3 Convergent Method

The convergent method is essentially a linear in­

terpolation ( or extrapolation ) of the previous results. 

Mathematically, it can be stated that

v(k+2) =
v(k)<j((k+l)  v(k+l)^(k)

,(k+l) "Tk)
” dl

(4-169)

In order to avoid unreasonable extrapolation at the

beginning of using the above equation, the first iter­
ative pair of error functions, 06^ and must '

satisfy the following criterion:

,(k) ,(k+l)oc ck 0 (4-170)
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These error functions can be obtained by repeatedly
(1)adjusting the first assumed value of V ‘ until a pair 

of assumed values of and can produce a

pair of error functions to satisfy the above mentioned 

criterion. The adjusting function employed is expressed 

as follows:

vCm+i) = ( + p jin v(l) m = le k (Z|._i7i)

where m is number of adjustments on and p is an
(1) arbitrary value having the same sign with that of oi> ',
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Chapter 5 Experimental Investigation

5.1 Experimental System

5.1.1 Design of Experimental System to lleet the Pro­

cess Requirements

A general system of the semi-batch distillation accom­

panied by chemical reaction was illustrated previously 
in Figure 4.1, The experimental scheme proposed here is 

developed to meet the conceptual design. The first 

task in designing the experimental system is to provide 

the mechanisms whereby the following three operating param­
eters can be measured consistently and accurately-.

(1) Initial and Constant Surrounding TemperatureTQ

(2) Feed Flow Rate, F

(3) Relative Ratio of Feed Vapor to Total Feed,

A constant temperature bath is used to satisfy the first 

condition,. In order to avoid any operating difficulty la­

ter, the initial temperature of each experimental run 

is adjusted to the surrounding tempei'ature, The initial 
liquid holdup On the reaction-distillation tray is made 

up of the very nonvolatile reactant, acrylamide sulfate. 

The separately prepared acrylamide sulfate is charged 

to and kept in the reaction-distillation tray until its 

temperature becomes equal to the surrounding temperature,



12.5

with the maximum tolerence of 0.02 °C. When this tray 

temperature is reached, the other reactant, ethyl alcohol, 

is introduced, to the tray.

A variable-speed pump is used to feed the liquid, 

ethyl alcohol, the more volatile reactant, from a sto­

rage container to a preheater. The feed rate of the 

liquid ethyl alcohol is measured by a rotameter installed 

in front of the preheater. The second design condition 

is thus met. The preheater is a simple tube submerged 

in the oil bath. The ethyl alcohol is heated and partially 

vaporized. While it passes through the preheaterj the 

tiny vapor bubbles and liquid droplets are dispersed into 

the reaction-distillation tray through the perfc-T-ations. 

The bubbles and droplets stir and mix the liquid hold­

up on the tray with the aid of a high-speed stirrer such 

that an assumption of a complete mixing on the tray can 

be justified.

Although the tube preheater is simple it has a cer­

tain limitation.. For a given liquid feed rate, a given 

oil bath temperature and a given tube length and material, 

there is a definite corresponding ratio of vapor to 

feed. The heat input to the preheater cannot be manipu­
lated independently. In order to provide different ratios, 

two different types of tubes are used. A copper tubing 

is used to provide a high heat flux and consequently a
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high vapor to feed ratio while a glass tubing is adopted 

for a low vapor to feed ratio.

A large oil bath is selected so that a constant 

temperature can be maintained even though there is a 

constant transfer of heat from the oil to the preheater. 

Furthermore, the cold feed to the preheater is installed 

far away from the reaction-distillation tray. This is 

done because most of heat flux from the oil to the pre­

heater occurs in this region and consequently a constant 

oil temperature in the vicinity of the reaction-distilla­

tion zone can be further guaranteed.

The left section of Figure 5«1 is an illustration 

of the experimental setup to measure the above three 

operating variables. As soon as ethyl alcohol is mixed 

with acrylamide sulfate in the reaction-distillation 

tray, the three reactions, i.e., esterification,de­

hydration, and successive reaction, take place immediately 

In order to satisfy the assumption that the tray is a 

perfect tray, a stirrer driven by a motor and three baffle 

plates are furnished. Uniform temperature and concen­

tration distribution in the liquid holdup are obtained 

with these assistances. The instantaneous liquid tem­

perature is measured by a thremocouple and the instantane­

ous liquid sample is obtained by a syringe as shown in
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Fig, 5*1• The remaining section of Fig. 5»1 shows a 

special design for sampling a vapor condensate. Its 

concentration is not only dependent on time but also 

affected by chemical reactions. Details of its flow 

scheme are discussed in the next section as follows.

5.1.2 Experimental Arrangment for Vapor Sampling

The reaction products as well as unreacted ethyl 

alcohol may absorb enough heat to be vaporized. The 

conventional method to obtain a vapor sample is first 

to use a water cooler to condense this vapor stream. 

However, in this study, the vapor condensate collected 

must be an instantaneous sample corresponding to the 

liquid sample withdrawn. The vapor travelling time from th 

vapor-liquid interface to the sample bottle of the vapor 

condensate must be accurately measured. The convention­

al water cooler can not provide a substantial temperature 

driving force to make a very fast condensation. The - 

condensation involves complicated heat and mass transfer. 

Furthermore, the conventional method often leaves a cer­

tain amount of vapor condensate in the condensation tube 

and causes a mass loss. Therefore, the vapor condensate 

collected by the conventional method cannot closely 

relate to the vapor which leaves the vapor-liquid inter­

face. A special design for sampling a time-dependent 
vapor condensate is then required this study.
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The present method of vapor condensate sampling 

includes two specific features, one using helium as a 

carrier gas and the other liquid nitrogen as a cooling 

medium for the condenser. The use of helium as a carrier 

gas reduces the time lag for the vapor sample to reach 
the condenser. Liquid nitrogen (B.P., —195 °C) provides 

a large temperature driving force to condense the vapor 

sample quickly without condensing the helium carrier gas. 

Furthermore, liquid nitrogen is the least expensive . 

cryogenic liquid available.

Helium is supplied by a pressurized helium tank as 

shown on the left-hand side .of Fig. 5*1 • A rotameter 

is used to measure its flow rate. The boundary of the 

mathematical model considered in this study is only large 

enough to enclose the liquid holdup. Once the vapor 

leaves the liquid holdup and is heated up to a slightly 

higher temperature to keep it from refluxing back to the 

system, the vapor temperature beyond the boundary will 

have negligible effect on the system energy and material 

balances. In order to prevent the condensation before 

the vapor reaches the condenser the vapor temperature in 
the vapor stream is raised about 5 °C higher than the li­

quid temperature. To maintain this temperature in the up­

per section of the equipment the carrier gas was preheated 

before it is introduced to the system. All the rest of 

the vapor path is also maintained at about the same high 
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temperature to avoid vapor condensation before it reaches 

the sample bottle* The heat required for maintaining 

high temperature in these sections is supplied by heating 

tapes. Since these temperatures do not enter into the 

system analysis, accurate temperature controlling devices 

are not required.

During preparation for an experiment, all the vapor 

and gas lines are cold. Since helium is too expensive 

to be used to warmup the system, a much less expensive 

nitrogen gas of intermediate grade is then used for thi.s 

service. A three-way valve has been equipped for select­

ing either nitrogen or helium for different operating 

requirements.

The vapor sample bottle is immersed in liquid 

nitrogen and functions as a vapor condenser. It has 

two stages. The connecting tube between the two stages 

must be free in the air. Since liquid nitrogen is ex­

tremely cold, most of vapor condensate can be trapped 

in the first stage. The remaining small amount of 

uncondensed vapor components is crystalized and fil­

trated by a section of fine fiberglass in the second 

stage. Finally, the non-condensible helium gas is dis­

charged through the vent. It is noted that if the con­

necting tube between the two stages is also immersed 
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in liquid nitrogen, vapor will be crystalized gradually 

inside the tube until it completely block the vapor 

passage. This, of course, will lead to an explosion 

causing ruptures of part of the equipment.

Although two vapor sample bottles are connected 

to the hot vapor line, only one of them is in service 

at any particular instant. The other is prepared ready 

for next vapor sampling* Since liquid nitrogen can 

also condense the oxygen in air, the helium is used 

to purge the air in the vapor sample bottle before 

the latter is used to collect the vapor condensate* 

The purge helium line is shov/n at the bottom of Fig., 

5*1. Its flow rate can also be measured by a rotameter.

The complete experimental system of semi-batch dis­

tillation accompanied by chemical reaction is shown 

in Fig. 5ele



1.32

5.2 Chemicals

5.2.1 Reactants and Related Chemicals

1. ACRYLAMIDE

The highest purity grade of acrylamide manufactured 

by Eastman Kodak Company is used in this experiment. 

It is a white crystalline solid with a melting point 
of 8^.5 °C. Since its vapor pressure is only 20 mm*Hg 

at 130 °C compared to 336o-mm Hg for ethyl alcohol at 

the same temperature, it is then treated as a nonvola­

tile component in the system. It is thermally stable 

and has a long shelf life as compared with some ether 

vinyl monomers, if the environmental temperature does 

not exceed its melting point. For example, even after 
2^ hours at 80 °C, a pure sample shows little or no poly­

mer formation (2). However, to maintain its highest 

purity for a long period, all the samples are stored 
at 5 °C in a refrigerator.

Molten acrylamide polymerizes vigorously with evolu­
tion of heat( 2 ). Even for a small amount, it is 

recommended that the solid acrylamide should not be 

heated above the melting point without due precautions. 

In this study, acrylamide is dissolved in concentrated 

sulfuric acid to form the molecular complex, acryla­

mide sulfate. The temperature of the acrylamide 
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sulfate solution may be above the melting point of 

acrylamide without any polymer formation. It is assumed 

that if the molal quantity of sulfuric acid is in ex­

cess of that of acrylamide, all the acrylamide is con­

verted into acrylamide sulfate. That is, the amount 

of free acrylamide in such a acrylamide sulfate solu­

tion is negligible.

2. SULFURIC ACID

As mentioned previously in Section 4.2.3. if a 

large amount of water is presented in the acrylamide 

sulfate solution, esterification between acrylamide 

sulfate and ethyl alcohol will produce appreciable 

amount of by-product, acrylic acid. This by-product 

can be reduced to a negligible amount by reducing the 

water quantity in the acrylamide sulfate solution. 

Thus, the concentrated sulfuric acid must be used for 

preparing acrylamide sulfate.

A 89.6 Wt sulfuric acid solution is used for all 

the experimental runs in this study. This concentration 

is within the range recommended by Hardman et. al. (27). 

The small amount of water in the acid is used mostly 
to dissociate protons (H+) from the sulfuric acid which 

in turn initiates the formation of acrylamide sulfate.

The above-mentioned sulfuric acid solution is made 
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by diluting the 95-98 V/t sulfuric acid of Fisher Sci­

entific Company. The water used for dilution is spe­

cially treated. Deionized water is redistilled twice 

with the addition of 0.5 Wt potassium permanganate 

solution. The potassium permanganate solution can des­

troy some organic compounds in the water which are not 

removed by an ion exchanger. The redistilled water has 

been tested by a gas chromatographer, which shows no 

trace of peaks other than that of water.

The diluted sulfuric acid is titrated by a dilute 

sodium hydroxide solution. Since the acid concentration 

of the sulfuric acid solution in the experiments is very 

high, a sulfuric acid solution sample for the concen­

tration determination is prepared in two stages. The 

first stage is to take about 3 grams of the 95-98 $ sul­

furic acid and dilute it by adding about 50 ml of water. 

All these quantities can be accurately measured by the 

electronic balances available in the University of Houston 

Chemical Engineering Department, Then take a known volume 

of this newly diluted sulfuric acid solution and titrate 

it by a dilute sodium hydroxide solution.

The normality of the dilute sodium hydroxide solu­

tion can be deteimiined from a standard acid solution. 

This standard acid solution is prepared by dissolving 

a known amount of potassium phthalic acid in a known 
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amount of water. The potassium phthalic acid, used here 

is obtained from Matheson? Coleman & Bell,

Since sulfuric acid has very strong tendency to 

absorb moisture from the air, it is recommended that 

this prepared 89*6 V/t $ sulfuric acid be stored in a 

desiccator. The sulfuric acid stored even for a month 

in the desiccator has shown no change in concentration.

3. ETHYL ALCOHOL

Pure ethyl alcohol manufactured by Commerical 

Solvents Corporation can be obtained from the University 

of Houston Chemistry Department store room.

Ethyl alcohol is the major reactant for esterifica­
tion, It is prepared as a 86 V/t c/o aqueous solution. 

The small amount of water presented in the feed stream 

is to make up the water evaporated from the liquid hold­

up, Without this small amount of water in the feed stream 

a reduction of water in the liquid holdup reduce the 

amount of protons which is necessary for the formation 

of acrylamide sulfate. The lack of the protons may lead 

to other serious side reactions. The concentration of 

aqueous ethyl alcohol solution used in this study is 

also within the range recommended by Hardman et. al, 

(27).
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5.2,2 Reaction Products and Related Chemicals

1, ETHYL ACRYLATE

Ethyl acrylate is the major product of this reac­

tion system.

It can be easily polymerized at the time when it 

is produced by esterification. Therefore, a small a- 

mount of polymerization inhibitor, hydroquinone (about 

0.5 V/t %) must be added into the acrylamide sulfate so­

lution to prevent the polymerization. Both ethyl 

aerylate.and hydroquinone are maufactured by Eastman 
Kodak Company,

2. DIET1FYL ETHER

Diethyl ether is a trace by-product of this system. 

An analyzed reagent grade of diethyl ether from Matheson 

Coleman & Bell is adopted for blank test in gas chroma- 

trography.

3. -ETHOXY-ETHYL PRIPIONATE

^-Ethoxy-ethyl pripionate is another trace by­

product in the system. Since it is not available com­

mercially, all its properties including its relation­

ship with other components in the gas chromatography 
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tities have little effect on the entire system’s be­

havior because it is a trace component in the system.

5<>2.3 Chemicals for Gas Chromatography

1. CARBOWAX 1000

The columns in gas chromatography used,in this study 

are prepared by the author. Three types of chemicals are 

required for packing a gas chromatographic column. 

They are used as stationary phase, support and solvent. 

For selection of stationary phase, McReynolds* book, 

"Gas Chromatograph Retention Data " ( 4? ) has been 

referred. The column must be able to separating 1-pro- 

panol and acetone in addition to all the five volatile 

components in the system. 1-Propanol is used as a re­

ference compound while acetone is a solvent for the 

vapor sample. Detailed functions for these two addi­

tional compounds in the samples will be discussed later 

in this Chapter. Comparing the retentions times for 

the above seven components in the McReynolds* book, 

it is found that Carbowax 1000 is the most suitable sta­
tionary phase and is, therefore^adopted for this study.

2« CHROMOSOB W, 80/100
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According to Horvath (1^), almost any analytical 

problem in gas chromatography can be solved with columns 

made of diatomaceous supports. The acid washed chromo­

sorb is a common diatomaceous support. It is chosen as 

column support for this system. Small partical size 

of the support increases the pressure drop along the co­

lumn. However, it can provide more surface area for 

the same total amount of support. Selection of particle 

size should then be judged from these two factors. It 
is found that 80/100 mesh acid washed chromosob can pro­

vide desired separation and is then used in this system.

3. ETHYLENE CHLORIDE

Selection of solvent in correspondance with a sta­

tionary phase is specified in most of oommerical catalogs 

of gas chromatographic columns. The solvent is used 

to dissolve the stationary phase and then to coat it on 

the column support. For carbowax 1000, ethylene chloride 

should be used. The manufacturers of the above mentioned 
chemicals are listed, as follows.

Carbowax 1000
Chromosob W 80/100

Ethylene Chloride

Acetone

1-Propanol

Variant Aerograph

Fisher Scientific

Fisher Scientific

Fisher Scientific

Fisher Scientific
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4, HELIUM

In addition to the above three chemicals, helium 
is used as a carrier gas in gas chromatography. A 

helium with minimum 99-995 purity is used in this work. 
It is also used as carrier gas for the vapor sampling 

system. The gas is a product of Union Carbide,

5.2.4 Miscellaneous Chemicals

1. SILICONE FLUID .

Dow Corning 200 dielectric silicon fluid has low 

vapor pressure, low viscosity, moderate heat capacity 

and high dielectric constant at high temperature. It 

is recommended by the manufacturer to be used as heating 

medium of a high-temperature oil bath. The silicon 

fluid is supplied by Lubri-Kote Company, Houston, Texas.

2. LIQUID NITROGEN

• Liquid nitrogen is used to condense vapor samples 

as mentioned previously in Section 5-1• A liquid nitrogen 

tank with a capacity of 160 liters is used in this ex­

periment. It is manufactured by Union Carbide and 

supplied by IWECO, Houston,

3* glycerine

Glyerine with purity is used in this work for 



140

calibrating overall heat transfer coefficient and rela­

tive ratio of feed vapor to total feed. This compound 

is obtained from Curtin Scientific Company, Houston.
It has extremely low vapor pressure ( 1.5 mm Hg at 130 °C) 

and is infinitely miscible with water and ethyl alcohol. 

Therefore, it can absorb these feed vapors with negli­

gible amount of vapor loss above the liquid surface.

The heat of condensation of the feed vapor is used prin­

cipally to increase the temperature of glycerine. From 

the temperature rise of glycerine, the relative ratio 

of feed vapor to total feed can be determined. Detailed 

techniques of using glycerine for determining the rela­

tive vapor ratio will be presented later in Section 5»^®

5.3 Major Experimental Units of the System

5»3»1 Reaction-Distillation Tray and Its Accessories

The reaction-distillation tray and its accessories 

are illustrated in Fig. 5*2. The reaction-distillation 

tray is the portion below the Teflon gasket as shown in 

the figure. The wall of the reaction-distillation tray 

is a 2" standard pyrex pipe, i.e., it has an inside 

diameter of 2.068" and wall thickness of 0.125“.

A micro-sieve Pyrex disc with pore sizes of 60-75 

is fitted onto the bottom of the pipe as the distilla-
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tion tray. The disc has a thickness of 1/8" and dia­

meter of 20 millimeters. Below the disc, the 2'* pipe is 

connected to a capillary glass tubing with 1.0- 
inside diameter and 1/4" outside diameter. A stirrer 

is suspended above the sieve tray. This stirrer 

is housed in a stirrer guide and driven by a motor. 

Detailed descriptions on the stirrer guide and the motor 

will be presented later in this section. This stirrer 

is employed to provide good mixing in the liquid 

holdup. Its 10-mm shaft is equipped with- four 
symmetric flat blades, each of which is 15° declined 

from the vertical line. This decline in blades enables 

the liquid to make up-and-down mixing. The blade is 7 

mm wide, 10 mm long and sweep out a circle of 24-mm 

diameter making the ratio of stirrer radius to the pipe 

inside diameter of about 1 : 2,1. The stirrer is posi­
tioned so that the blades are 1.5" above the sieve dis­

tillation plate. To improve mixing, 3 glass baffle plates 
are provided. Each baffle is 1/4" wide, 1/8" thick and 

3«5" long. The clearance between the baffle plate and 
the pipe wall is 1/8" to avoide mixing dead spots. 

The baffle plates are connected to the pipe wall only 

at two points as shown in Fig. 5.2. At the stirring speed 

of about 1000 rpm, as used in this system,very uniform 

temperature and concentration distributions can be ob­

tained. The temperature distribution can be tested by 
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moving the thermocouple positions while the concentration 

distribution of the liquid is directly obtained by sam­
pling at two different positions simultaneously by sam­

pling syringes. Details on temperature measurement 

and liquid sampling will be discussed later in this 

chapter.

The portion above the Teflon gasket up to the top 

edge of the larger'horizontal pipe is the area for vapor 

withdrawal. It looks like a T-shape pipe joint. The 

vertical part is a 2" glass pipe flange and the hori­

zontal part right on the top of the flang is a 2" glass, 

pipe. Total length of the 2" horizontal pipe is 5 inches. 

At each of its two ends, the pipe is reduced conically 
and then connected to a 1/2" glass tubing. At the left­

hand side the 1/2" glass tubing is only 1.5" long. 
It is connected to a 1/M-" copper tubing by a re­

ducing union. The copper tubing is enclosed in a heat­

ing ta,pe and served as a preheater for the carrier gas, 

helium. The preheated helium carrys the up-coming vapor 

and leaves this vapor withdrawal section. It then enters 
the 1/2" horizontal tubing at the right hand side of 

the unit, and eventually goes to the vapor sample unit. 

In order to prevent vapor from condensation, the larger 

pipe portion is surrounded by a heating mantle obtained 

from Curtin Scientific Company. The rest of small tub­

ings ( 1/2" & 1/4-" ) are all wraped by heating tapes 



All the temperatures along the vapor path are manually 

controlled by transformers. This operation is justified 

because the purpose is not to obtain accurate tempera­

tures but to get temperatures greater than dev/ points of 

the entire gas-vapor stream.

On the center top of the large horizontal pipe, 

there are one stirrer guide and three vertical ports. 

As mentioned early in this section, the stirrer guide 

is used to house the stirrer for stable operation. 

Silicon fluid is used as lubricating fluid, and sealing 

material in this gap. The silicon fluid may flow down 

along the stirrer shaft and enter the reaction-distilla­
tion tray due to high-temperature operation and partial 

dissolution of silicon fluid in organic compounds. To 

prevent it from contaminating the liquid mixture, a 

small Teflon holder is installed on the stirrer rod 

right beneath the stirrer guide to hold the 

grease as shown in Fig. 5»3» Since the thermal ex­

pansion of Teflon is much higher than that of glass, 

the hole at the bottom of the Teflon grease holder must 

be small enough such that at the operation, temperature, 

it still can tightly hold on the glass rod. Therefore, 

the installation of the Teflon holder on the glass rod 

must be performed at a temperature higher than the system 

operating temperature. This device is very helpful for 

avoiding the grease contamination in a reaction system in 
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yolving organic vapors. In this experiment, the accumulated, 

grease is only about 0.2 ml compared to more than 100 ml 

vapor condensate for. a complete run. The amount of vapor 

dissolved in the grease is even smaller and thus negligible. 

The stirrer is driven by a reversible and variable- 
speed (0-6000 rpm) motor with 1/4-0 horse power. Both 

motor and speed controller are manufactured by G. K. 

Heller corporation. A short piece of thick rubber tubing 
is used to connect the stirrer rod and the motor shaft. 

The rubber tubing used here is to reduce the stress of 

stirrer rod on the stirrer guide and to avoid breaking 
stirrer shaft or stirrer guide.

The port on the left-hand side among the three ver­
tical ports are the largest one. It is 5/8” in diameter, 

and 1,125:' in height, and used as the feed entrance of 

acrylamide sulfate at the beginning of each run. It is 

also used as a thermocouple path. The other two ports 
are both 1/4-" diameter and 1" high. The center port is 

a path way for liquid sampling syringe and the right­
hand port is used as a thermocouple path. The midpoint 

of the right-hand port is connected to a glass tubing 
of 1/8" O.D. and 1" long. This 1/8" glass tubing is 

connected to a pressure guage (0-5 psig) by a flexible 

Tygon tubing for measuring the operating pressure of the 

reaction-distillation system.
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5,3/2. Temperature Measuring System

5.3.2.1 For Reaction-Disti-llation Tray and Its 

Accessories

Two sets of iron-constantan thermocouples are used 

for measuring the temperatures in the liquid holdup 

as well as in the vapor 'withdrawal area. These two 

sets have the same configuration as shown in Fig. 5.4, 

Each, set constains a hot junction, a reference junction, 

two sleeves, two leads, and two recorder* adaptors.

The reference junction is immersed in a tubing 

containing Dow Coming dielectric silicon fluid. Since 

the tubing is immersed in an insulated ice bath, the 
temperature of the silicon fluid can achieve a stable 0 °C 

reference temperature after an overnight immersion of 

the tubing in the ice bath. It is noted that the direct 

immersion of thermocouple in the ice bath sometimes may 

lead to inaccurate reference temperature if the ice bath 

contains impurities, especially ionic impurities.

The hot junction is immersed in the reaction-dis­

tillation tray. Since the reaction system is very cor­

rosive, coating metal on the hot junction as well as on 

the thermocouple sleeves must be properly selected. 

It is found from the experiment that type—316 or type- 

34? stainless-steel coating can be completely destroyed 
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in only one run. However, inconel, an nickle alloy, 

has excellent resistance to this reaction system. 

Throughout the entire experiments, only one inconel- 

coated thermocouple is used without replacement.

Two constantan cords from the thermocouple leads 

must be welded together at point C as shown in Fig. 

Thus, when the hot junction is immersed in a hot fluid, 

the difference in conductance between the tw'o metals 
/ will produce a net thermo-electrical current. This 

current is then detected and converted into voltage by 

a "Honeywell 19" two-pen recorder. For iron-constantan 
thermocouple, 0.05 mv is equivalent to about 1 °C 
if the reference temperature is 0 °C. The conversion 

table for the iron-constantan thermocouple used in this 

system is given in Table B.l of Appendix B.

The hot junction for measuring .the liquid temperature 

is located at about one third of total liquid height from 

the liquid surface. At the first ten minuites of each 
run, the bottom temperature is about 1 °C higher than 

that at the above-mentioned location. This is because 
all the heat of reaction cannot be dispersed fast enough 

and is absorbed in the liquid: phase in this section. 

Hovzever, after the initial period, a uniform temperature 

throughout the liquid holdup can be achieved with the 

same apparatus described in Section 5»2. The mathemati­

cal model for semi-batch diatillation accompanied by
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chemical reactions deals with the above operating 

period of uniform temperature distribution.

The hot junction for measuring the temperature of 

the carrier gas-product vapor is located at the inter­

section between the center of the 2“ horizontal" pipe 

and the right-hand edge of the vertical 2'* pipe. This 

location was considered as an ideal point for obtaining 

average temperature of the gas-vapor mixture,

5*3.2.2. For Isothermal Oil Bath

Since oil bath temperature is constant throughout 

a run, it is not necessary to use thermocouple for mea­

suring temperature, A calibrated thermometer is then 

employed for measuring the temperature of silicon fluid 
in the oil bath. Deionized boiling water (100 0C) and 

deionized ice water (0 °C) are the two checking points- 

for this calibration,

5*3e2,3 For Cryogenic Temperature

Temperatures cf the carrier gas, helium, in the vapor 

sample bottle are well below the ice point. They can not 

be measured by any thermometers. But the thermocouples 

presented in Section 5.3*2,1 can be used for this purpose 
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with a minor modification. The required modification 

is to shift the Kero reference point on the Honeywell 

19 Recorder from one end of the recorder chart to the 

other end. Thus, negative voltages can be shown on 

the recorder charts. Conversion of this negative volt­

age to a corresponding cryogenic temperature is also 

given in Table B. 1 of Appendix B.

5.3«3 Preparation of Nonvolatile Reactant, Acrylamide

Sulfate

The molal ratio of acrylamide to sulfuric acid 

used for preparing acrylamide sulfate for all experi­

mental runs is about 1:1.2, For comparison, each run 

uses about one mole of acrylamide. This acrylamide sul- 

fate solution is prepared separatly outside the reaction­

distillation tray as described below.

The weighed concentrated sulfuric acid (89.6 V/t ) 

of desired quantity is heated in a 250-ml glass beaker 

over an electric heater. The temperature of the sulfuric 
acid can be increased rapidly up to 60-70 °C under agi­

tation. The temperatures are measured by the calibrated 

thermometer described in Section 5»3»2, which is mainly 

used for measuring the oil bath temperature. Then, the 

weighed acrylamide of desired quantity is gradually added 

also under agitation into the sulfuric acid in about 30 

seconds. Because heat is evolved from the reaction be­
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tween these two components as well as supplied by the 

electrical heater, the liquid temperature can be further 
increased up to 115-125 °C after all the desired quantity 

of acrylamide is added. The temperature is normally 
about 10 °C above the desired oil bath temperatures.

Since the prepared acrylamide sulfate must be fed through 

a glass funnel, which is nonnally at room temperature, 

the liquid temperature is then decreased down to about 

the oil bath temperature. Whenever there are differences 

between these two temperatures, it is necessary to wait 

for about 25 minutes before the absolute difference be­

tween the two temperatures becomes less than an allowable 
error of 0.02 °C. Then, an initial liquid temperature . 

equal to the oil bath temperature (surrounding temperature) 

can then be reached.

As mentioned earlier, ethyl acrylate from esteri­

fication between acrylamide sulfate and ethyl alcohol 

may polymerize as soon as vinyl group is freed from the 

molecular complex, i.e., acrylamide sulfate. Thus, 0.2 .

V/t of hydroquinone is then added into the acrylamide sul­

fate solution before feeding ethyl alcohol into the re­

action-distillation tray.

5«3»^ Volatile Reaction Feed System

Volatile reactant, ethyl alcohol is prepared as an 
86 Wt $ aqueous solution. Sufficient amount of ethyl 

alcohol solution for one run is stored in a 250-ml 
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calibrated glass cylinder- The solution is first pumped 

from the cylinder and its rate measured by a rotameter. It 
is then preheated by "the heat from the hot silicon fluid., in 

the oil bath before entering the reaction-distillation 

tray. Details on the storages, cylinder pumping device, 

rotameter and feed preheater are described as follows.

5.3.^.! Storage Cylinder and Flow Rate Measurement

A capillary glass tubing with outside diameter of 
1/4" and inside diameter of 1 mm is immersed into the 

ethyl alcohol solution in the cylinder. Its open end is 

located 1 centimeter above the bottom of the cylinder. 

The other end is outside of the cylinder. It is reduced 

and then connected to a flexible Tygon tubing with out­
side diameter of 1/8" and wall thickness of 1/32“. 

This Tygon tubing is extended to a pump for pumping the 

solution from the cylinder to the reaction-distillation 

tray.

When suction is obtained from the pump, the ethyl 

alcohol solution will enter the open end of the capillary 

tubing. The solution level instantaneously reduced in 

the cylinder can then be read from the readings marked 

on the cylinder.

With the amount of the solution consumed and the cor­

responding time measurement, the feed rate of the solu­

tion can be determined. Thus, this storage cylinder 



with calibrated, volume serve as a.storage tank as well 

as a device for fine flow rate measurement.

However, this device can not be used for controll­

ing the desired flow rate. A rotameter is installed 

for presetting the desired flow rate for each run. 

The rotameter is located right after the discharge 

stream from the feed pump. Giliaount No. 260 flowrator 

is used for this service. Its calibration will be 

presented later in details in Section

5»3»^»2 Feed pump

A polystalic pump manufactured by Bucher Instru­

ments is very suitable for delivering continuous small 
liquid stream ranged from 2 ml/hr to 1000 ml/hr. in 

this system, the observed flow rates are ranged from 60 

to 120 ml/hr, which are well covered by the capacity . 

of this pump.

The pump has four parallel rotating stainless-steel 

cylinders. On each rotating cylinder, there are ten 

stainless-steel bearings. All the cylinders are attached 

to a variable internal motor, whose rate can be con­

trolled by a dial on the top panel of the pump as shown 

in Fig,5«5» The Tygon tubing mentioned in the previous 

section is pressed against on five of the ten bearings 

for each rotating cylinder. The liquid solution then 

moves in the same direction of the rotating cylinder



Fig. 5*5 Feed Pump
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when the five bearings press the Tygon tubing against 

a fixed vertical wall. Although the flow pattern pro­

duced by polystalic puinp is slightly peristatic, the 

amplitude of the peristalsis is constant and very small. 
For example, for ethyl alcohol fed at 2 ml/min or 120 

ml/hr the rotameter reading is 60 + 0,2, The peristal­

tic duration is only 0,4 seconds. Therefore, this flow 

pattern can be considered to be constant and stable. 

Though there are four rotating cylinders, only one of 

them is in use at any time.

5*3»^«3 Feed Preheater

For the best feed rate measurement, aqueous ethyl 

alohol solution is fed to the system in liquid state at 

room temperature. The solution is then preheated to . 

the desired relative ratio of vapor to total feed. As 

mentioned in previous sections, the solution is preheated 

by the heat from the hot silicon fluid in the oil bath. 

Heat transfer surface is a glass tubing wall, or a 

copper tubing wall, or both of them in series. If 

low relative ratio of vapor to total feed is desired, 

only a segment of glass tubing directly connected to 

the bottom of the reaction-distillation tray is used 

as preheater. This preheater is illustrated in Fig.
5.6,a. The heating section is an eleven-inch long 

capillary glass tubing with inside diameter of 1 mm 

and outside diameter of The free end of

the heating tubing is connected by a swagelog elbow 
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union to an upward glass tubing of the same size. The 

other end of the upward glass tubing is reduced to a 

size such that it can be fitted and connected to the 
1/8" tygon tubing extended from polystalic pump. It is 

noted that the free end of the heating glass tubing must 

be kept in a position that the elbow union is still under­

neath the surface of the oil bath. This is because the 

free end of the glass tubing should be connected to a 

copper tubing for high relative ratio of vapor to total 

feed. If the union is exposed to the air, the vapor from 

the copper tubing will be condensed. Heat loss caused 

by this false installation will lead to serious error in 

determining relative ratio of vapor to total feed. The 

preheater for higher relative ratio of vapor to totfil 
feed is illustrated in Fig, 5»6.b.

In addition to the glass heating tubing mentioned 
early in this section, a 48" long of spiral copper 
tubing with outside diameter of 1/4" is used to increase 

vapor ratio in the feed stream. At the downstream of 

the copper tubing, a pressure gauge of 5 psig is attached 
on the tubing to measure the pressure of the feed stream 

at this point. For a given oil bath temperature and a se­

lected flow rate, there is a corresponding pressure. This 
pressure can be kept almost constant throughout a run im-
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liquid feeo

Fig. 5»6'd Feed. Preheater for High Relative

Ratio of Vapor to Total Feed.

Fig, 5*6a Feed Preheater for Low Relative

Ratio of Vapor to Total Feed
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plying that the feed flow rate can be steadily maintained. 

Calibration of relative ratio of vapor to total feed will 

be presented later in Section

5»3»5 Vapor Sampling System

Vapor sampling system starts from the cylinder vrith 
carrier gas helium to the vapor sample bottles immersed in 

liquid nitrogen. Helium is delivered by pressure drop 

at a fixed flow rate for all experimental runs. The rate 
is set at 4.5 standard cubic ft per hour or 2170 ml/min. 

Since the total volunie in the helium path from the vapor 

withdrawal section to the vapor sample bottle is 250 ml, 

the above-mentioned carrier gas rate then reflects a 

time lag of only 0.11 minutes compared a total of about 

120 minutes of operation time for each run. The error 

caused by the time lag of vapor sample to liquid sample 

can then be reduced to minimum.

Vapor withdrawal section has been described in 

Section 5«3»1« Here the discussion is devoted to vapor 

condensation in liquid nitrogen, which is contained in 

a 1200 ml dewar for good insulation.

Two-stage sample bottles are used for trapping vapor 

sample by liquid nitrogen and shown in Fig. 5»7. The 

first stage is a small glass bottle with very thin wall 

thickness. It has a diameter of 1.125" and height of 

2", which can be used to contain vapor condensate up to
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Fig. 5*7 Vapor Sample Bottle



25 ml. Two inlet and outlet glass arms are connected 

to "both sides of the upper edge of the bottle and ex­

tended straight upward. The inlet arm has a flat opening 

end v/hich can be attached onto the hot tubing extended 

from the vapor withdrawal section. The outlet arm of ' 

the first-stage bottle is connected by a U tube to the 

second-stage bottle.

The second-stage bottle has two paralled vertical 

glass tubings with an outside diameter of 1" and a length 

of 5"• They are on tops of a shallow cylinder of 3” in 

diameter and 1" in height. This shallow cylinder is 

designed to allow the entire sample bottle sitting stably 

on the table or weighing pan. One of the two vertical 

tubes is, of course, connected to the above-mentioned 

U tube and the other is connected to a flexible rubber tube 

by a special Teflon cap. The female screw in the Teflon 

cap is fitted to the male screw on the glass tube for 

connection. A hole is punched on the center of the 

teflon cap. Then a small segment of teflon tubing with 

outside diameter slightly greater than the hole is forced 

into the hole for tight connection betv/een the teflon 

tube and teflon cap. The free end of the teflon tube 
is then connected to a vent gas line by a piece of flexible 

rubber tube. The sample of the vent gas can then be 

taken by a gas sampling syringe at the flexible rubber 

tube for analysis.
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Within the two parallel vertical tubes and the 

shallow cylinder, fine glass fiber is packed for fil­

tration purpose. The outlet temperature of the exhausted 

gas in the bottle beneath liquid nitrogen level is mea­
sured to be -192 °G by the thermocouple described in 

Section 5*3*2.3• At such cryogenic temperature all the 

vapors in the system become crystals. Although most of 

vapors are condensed in the first stage of the vapor 

sample bottle, the rest of vapor may become particles 

suspending in the helium stream. These particles can 

not be adsorpted simply by glass wall. Therefore, fine 

glass fiber must be provided for a complete collect.ion 

of all the vapor components by filtration.

Since the product vapor mixture is a continuous 

stream, the sampling devices should permit an immediate 

shift of the vapor stream from one sample bottle to 

another without any mass loss. Therefore, two vapor 

sample bottles must be connected in parrallel to the 

hot helium-vapor line for this purpose. The deices are 

illustrated in Fig. 5*8.

The down-stream tubing for hot helium-vapor stream 

from the reaction-distillation tray extends for 13 inches 

before bended vertically downward for 3 inches. A small 

port is installed at the elbow as a path way for thermo­

couple. The port is covered by a silicon rubber cap for 

sealing. The vertical tube is then connected to a three-
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way stopcock. The other two ways of the stopcock are 
connected, to two symmetric glass tubes with 30 0 decli­

nation. The declined tubes are then bended downward 

vertically for adopting two vapor sample bottles by 

tubing unions.

At the center points of the two declined tubes, 

the declined tubes are connected to another set of 

three-way stopcock unit. The free end of its three paths 

is connected to helium gas cylinder by a flexible rubber" 

tubing. The purpose of this device is to expel air in 

the vapor sample bottle by helium before it is surrounded 

by liquid nitrogen because oxygen in the air is conden­

sible at liquid nitrogen temperature. The flow rate of 

this helium stream can also be measured by a rotameter.

It is noted that the glass tubing in the regions 

with hot vapor stream are wrapped" by heating tape to 

prevent vapor from condensing on the tubing walls.

5»3»6 Liquid Sampling System

As the reaction-distillation tray is immersed in 

an oil bath, liquid samples should be taken from the 

sample port located on the top of the 2" horizontal pipe 

as shown in Fig. 5*2. The distance between the liquid 

holdup and the sample port requires a syringe with an 8"- 

long needle. Gast stainless-steel of type-316 is used 

as the material of the needle. It has much better cor­
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rosive resistance to the reacting liquid mixture than 

the weld type~316 stainless steel used for coating on 

thermocouple as mentioned previously. For more than 

one-hundred liquid samplings no visible corrosion on 

the needle, i.e., no visible reduction in needle dia- ' 

meter, is found.

To overcome high liquid head in the long syringe 

needle, a Glenco gas-tight glass syringe is used. It 

has a maximum capacity of 10 ml with an adapter fitted 

to Hamilton syringe needle with gauge number of 18. 

The strong suction of this gas-tight syringe greatly 

reduces the time required for taking a liquid sample.

Since acrylamide and ammonium bisulfate in the 

system are in solid state at room temperature. If the 

syringe needle is not preheated before liquid sampling, 

these two compounds will be crystalized inside the needle 

as soon as the needle is pulled from the hot liquid holdup. 

The crystallized compounds block the path way of the 

needle and make sampling become completely impossible. 

Thus, a copper tubing with a sealed end is used for 

preheating the needle. The copper tubing is immersed 

in the hot oil bath and has an outside diameter of 1/8" 

and a length of 8", For similar reason, another piece 

of copper tubing immersed in the oil bath is also used 

to preheat the glass syringe to avoid crystallization 
in the syringe. This copper tubing has a larger diameter 
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of ?/3" and a shorter length of 6". The syringe and 

syringe needle must be inserted into the above mentioned 

two heating tubes at least 5 minutes before taking liquid 

sample. Thus, the temperatures of the syringe and the 

syringe needle can become high enough to maintain the 

liquid sample as a clear brown liquid solution. The 

liquid sample is then injected into a liquid sample 

bottle. The liquid sample bottle is illustrated in 
Fig. 5«9. It is a 1/2" x 2" cylindrical vial. A silicon 

rubber stopper with reversible sleeve provides path way 

for syringe needle and simultaneouly gives an excellent 

seal for the bottle.

6-lL/^NE RU£>ti.ER.

NEEPLE

L-I^uip Sample

WATE^.

Fig, 5»9 Liquid Sample Bottle 
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In order to terminate reactions in the liquid sample, 

cold water is used to quench the liquid sample. Since 

the liquid sample becomes partially crystallized at low 

temperature, this cold water also becomes a good solvent 

for dissolving all solid compounds in the liquid sample. 

As the bottle is entirely closed, injection of liquid 

sample will increase the internal pressure of the bottle. 

This increased internal pressure reduces sample injec­

tion rate and even pushes away the rubber stopper. There­

fore, all the liquid sample bottles are partially va­

cuumed in advance by a gas-tight syringe to provide fast 

sample injection rate and to secure the rubber stopper.

During the sample injection, the needle tip must 

not be in touch with cold water in the bottle. Otherwise, 

nonvolatile compounds may be crystallized in the needle 

to block the sample path way. As soon as the sample is 

injected into the water, the sample bottle is shaked 

violently to speedup quench function as vzell as dis­

solution of solid compounds in the sample. A clear liquid 

solution is then obtained, and immersed in ice bath for 

sample analysis.

5.3*7 Sample Analysis by Gas Chromatography

Gaw Mac Model 69-500 Gas Chromatography is used 

in this system for sample analysis. Its detector is a 

thermal conductivity cell. Although a hydrogen flame 
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ionization detector is more sensitive to organic com­

pounds, it cannot be used here because the system con­

tains water. Its oven can house two columns of same 

size, and same packed material for producing same chro­

matograms. As mentioned in Section 5*2, gas chroma­

tographic columns used in this work are self prepared. 

Since good separation for the components in a sample 

greatly depend on the quality of a packed column, pre­

paration of the packed column is then presented first 

in this section.

5»3t7»l Preparation of Packed Column

Carbowax 1000 and Chromosob W 80/100 have been 

selected previously as stationary phase and support 

respectively. The next step is to coat Carbowax 1000 
on Chromosorb V/ 80/100. A desired amount of Carbowax 

1000 is dissolved in the solvent,methylene chloride» in 

a flask. The corresponding amount of Chromosorb V/, which 

makes 35 V/t °jo of Carbowax 1000 on this support, is placed 

in a shallow porcelein dish. Then pour the methylene 

chloride solution in the Chromosorb W with constant and 

mild stirring. The solvent is then gradually evaporated 

from the dish, v/here heat is supplied from a heater 

underneath it. The temperature of the heater is gener­

ally controlled slightly below the boiling point of 

the solvent. For this case, temperature is adjusted at 
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about 40-50 °C. As soon as the coated support is com­

pletely solvent free, it is then ready for being packed 

into a column.

According to Horvath ( 14 ), small-diameter columns 

with inside diameters from 2-3 mm are most adequate 

for analytical purpose. Thus, the tube used in this 

work have outside diameter of 1/8" and inside diameter 

of 3/32", which is equivalent to 2.4 mm. Two six-foot 

stainless-steel tubes of the above mentioned size are then 

cleaned and dried for column packing. The method of 

packing the coated support into the stainless-steel tubes 

is illustrated in Fig. 5» 10.

The method employs a vacuum pump to provide a suc­

tion force such that the support can be forced into the 

tube. It is used here because it is easy to operate and 

its low pressure drop across the column does not seri­

ously crush the particles of the support.
The tube is declined 45-60 0 from the floor. On 

its top, it is connected to a small glass funnel by a 

small segment of flexible Tygon tube. To pack the column, 

the packing material is fed into the column from the 

funnel. At the bottom of the tube, it is connected to 

one end of a Nupro filter by a tube union. The other end 

of the filter is further connected to the vacuum pump. 

In the filter, the filtration is performed by a 50-60 yj- 

sintered metal which prevents the packing material
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from entering the vacuum pump. The upper space of the 

filter is filled with glass beads to serve as the fil­

tration media and thus reduce the amount of the packing 

material falling into the filter. Although pressure drop 

presents the entire column tube, the small inside dia­

meter of the tube reduces incoming flow rate of the sup­

port. Therefore, tapping must be applied by a metal bar 

on the tube. It is better to tap the tube up-and-down 

lightly until the packing is finished. The packed column 

is then removed from the packing system and inserted with 

fine glass fiber on both of its ends. All the Pro­
cedures are then repeated for packing the another column. 

Finally, both of the column tubes are bent into coils and 

connected by Swagelog tube fittings onto the tube adaptors 

in the column oven of the gas chromatography.

Now, the next step is to condition the prepared 

columns. At first, each column is only connected to 

the sample injection chamber. The other end is let free 

to avoid the contamination of detector filament at the 
beginning of column conditioning. Helium of 99*995 % 
is used as carrier gas. The flow rate is set at 30 ml/min 
The oven temperature is adjusted at 125 °C, maximum 

suggested temperature for the Carbowax 1000. The column 

is then operated overnight at the above mentioned con­

ditions. Next, the column is attached to the tube adaptor 

in the oven, which is connected to the detector. The 
detector temperature is set at 110 °C while the oven 
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temperature is reduced, from 125 °C to 100 °C and the 

carrier gas is increased from 30 ml/min to 50 ml/min 

with a gauge pressure of 60 psig» The current of the de­
tector filament is set at 180 ma at 110 °C detector 

temperature. The current may be adjusted slightly higher 

or lower than 180 ma depending upon the size of the sam­

ple, After another 24- hours, a stable base line can be 

obtained and no impurities can be observed from the 

chromatograms. The column is then ready for sample ana­

lysis. It is operated isothermally.

5e3e?e2 Sample Analysis

1, Vapor Samplej

Most of vapor sample is in solid state when it is 

removed from the liquid nitrogen bath. The vapor sample 

bottle is then flushed by warm water until the entire 

vapor sample becomes liquid state. This step takes about 

30 seconds. The bottle is then weighed by an electronic 

balance to get total weight of the sample. Since some 

vapor sample is caught in glass fiber, about 60-ml ace­

tone per sample is added into the bottle to extract it 

out and also to mix uniformly all the vapor sample.

For better results, 1-propanol is used as reference 

compound in gas chromatographic analysis. The amount 

of this reference compound must be known. It can be 
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calculated from the difference between the weights of 

bottle before and after the addition of 1-propanol, 

A typical gas chromatogram for a vapor sample is shown 

in Fig. 5ell* Very clear peak separation among all the 

components including acetone and 1-propanol in the sample 

bottle can be observed. This demonstrates that the 

prepared column is excellent for analyzing the compounds 

in this system. The peak area for each compound is 

measured by a Hudron planimeter. The measured area 

for each peak should be devided by the antenuator shown 

on the top of the peak. The resulting areas for all 

the compound then has the same basis.

Although water peak has a long tailing because of 

its high polarity, its relatively small quantity in the 

entire sample does not produce a significant effect on 

analysis for major compounds such as ethyl acrylate and 

ethyl alcohol. The area ratio of a component to 1-pro- 
panol as measured above dees not reflect actual weight 

ratio betvzeen the two components. Therefore, relationship 

betvzeen area ratio and weight ratio for a component to the 

reference compound, 1-propanol must be determined 

from blank test on gas chromatography. Calibration 

between these ratios will be presented later in Section 
5.^.

2. Liquid Sample
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The molal quantities in the liquid holdup are cal­

culated from the instantaneously stochiometric balance 

on the basis of the accumulated feed quantities, vapor 

condensate, and reaction relationship. Therefore, only 

relative ratios among ethyl alcohol, ethyl acrylate, 
diethyl ether, and ^-ethoxy ethyl propionate are needed 

to be determined. No reference compound is used in liquid 

sample because the presence of sulfuric acid in the liquid 

sample can cause serious side reactions with 1-propanol, 

and thus produces unclear gas chromatograms.

A typical gas chromatogram for a liquid sample is 

shown in Fig. 5«12* A slight shift in base line is caused, 

by the deposit of nonvolatile compounds and sulfuric acid. 

This shift may be assumed to have negligible error in 

determination of relative areas among the different peaks. 

Because of the effect of sulfuric acid, inorganic non­

volatile compounds, the peak of ethyl alcohol has a tailing 

effect which overlaps the peak of ethyl acrylate. The 
relationship between the two over-lapped compounds has 

been determined by blank test. The shaded area all be­

longs to ethyl alcohol and that of the unshaded peak belongs 

to ethyl acrylate. Since large amount of water is used 

to quench the liquid sample and to dissolve its solid 

compound, the peak of water in the gas chromatographic 

chart is then very large. Since the quanity of water



Fig. 5*12 Gas Chromagraphical Analysis of

A Typical Liquid Sample
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produced can be calculated from the amount of diethyl 

ether produced, its peak in this chromatogram is not 

used to determine its quantity. It is noted that diethyl 

ether does not show on the chart of the liquid sample. 

All the diethyl ether produced in the reaction is evapo­

rated and appears in the vapor condensate sample. Cali­

bration of gas chromatographical area ratio as a func­

tion of actual weight ratio will be presented in Section 
5.^.

5.4- Equipment Calibration

Several equipment used in the experimentaJ. system 

are calibrated by the procedures described below.

5e^.l Feed Flow Rate

The feed flow rate is one of the three operating 

parameters in the system. It is measured by a Roger 

Gilmont rotameter. For calibriation purpose, a three- 

way stopcock is equipped on the top of the rotameter. 

One of the two outlets of the stopcock goes to the reac­

tion-distillation tray. The other is a free end. During 

calibration , this free end is attached by a glass cylin­

der as a collection bottle while aqueous ethyl alcohol 

solution flow through the rotameter. For a preset ro­

tameter reading, an accumulated amount of ethyl alcohol 

solution is weighed with respect to the measured time 
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interval. Then the mass flow rate of the feed can he 

calculated for its corresponding reading on the rota­

meter. If a volume flow rate,is preferred, the density 

of the prepared aqueous alcohol solution can be used to 

convert the mass flow rate into.the volume flow rate. 

All the calibrated volumetric, feed rate for the Gilmont 

rotameter is given in Fig. B.2 of Appendix B,

5.4.2 Overall Heat Transfer Coefficient Across the Wall 
of the Reaction-Distillation Tray

. Boiling water, boiling ethyl alcohol and nonvolatile 

glycerine are the three materials used to simulate the 

liquid mixture in the reaction-distillation tray. Over­

all heat transfer coefficient for each of the above three 

materials across the wall of the reaction-distillation 

tray is measured separatly. Since the variations among 

the three sets of measured overall heat transfer coeffi­

cient are small, their average value is then used as a 

simulated overall heat transfer coefficient for the reac­

tion-distillation liquid mixture. Detailed techniques 

for measuring the above three sets of overall heat 

transfer coefficients are described as follows,.

5.4.2.1 Overall Heat Transfer Coefficient of Boiling 

Water in the Reaction-Distillation Tray

A fixed amount of water is preheated up to about 
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90 °C and then put into the reaction-distillation tray. 

The oil bath temperature is set higher than the boiling 

point of water such that water in the reaction-distilla­

tion tray can be heated up to its boiling point and also 

kept boiling at the boiling point. It is noted that no 

water is fed into the reaction-distillation tray during 

this measurement. Thus, all the heat transferred across 

the wall of the reaction-distillation tray contributes 

to evaporate water vapor. The amount of heat transferred 

can then be calculated from water vaporization rate and 

■heat of vaporization of water by the following equation;
Q = 'Xh2ovh2o (5-1)

where

Q = heat transfer rate across the wall of the reac­

tion-distillation tray
V -H20=vapor mass flow rate of v/ater, i,e, vaporization 

rate

H20=heat of vaporization of water

From the definition of overall heat transfer coefficient 

Q can be alternatively represented by

Q = - T) (5-2)

where

= inside heat transfer area of the reaction­

distillation tray
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= overall heat transfer coefficient referred 

to inside heat transfer area

Tq = oil bath temperature

T = liquid temperature in the reaction-distillation 

tray

Equating the above two equations and removing the term, 

ai^To "" other side give the following working 

equation for i

ui
ah2o vh2o

(5-3)

The water vapor rate, Q, can be calculated from 

the amount of water vapor condensate collected within a 

measured time interval. The experimental apparatus 

introduced in Section 5«3«6 for vapor sampling can be 

used to measure water vapor condensate, and a stop watch 

to measure the time interval. If the temperature driving 

force, (T - T), which is constant throughout a measur­

ing period, is not large, evaporation rate will be small. 

And, if the temperature driving force is too small, 

amount of water evaporated will be too small. This may re­
duce the accuracy in calculated total heat transfer rate 

across the wall of the reaction-distillation tray. There­

fore, three oil bath temperatures, 105 , 110 and 115 °C, 
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which can provide moderate temperature driving forces, 

are used. Before calculating heat transfer area, a^, 

the aerated volume must be determined first.

The.aerated water volume is calculated from the 

following equation: 

where

v„ = aerated water volume a
V/ » amount of water in the reaction-distillation o 

tray at the beginning of measurement

Wc = amount of water vapor condensate collected 

at the end of measurement 
f= water density at 100 °C 

6 = volumetric ratio of aerated water to clear 

water
The term, 6, is predetermined to be 1.06. The procedures 

are described below. The clear water volume is calculated 

from water quantity and water density. The aerated 

volume is obtained by first measuring the height of the 

aerated water and then using the calibration chart given 

in Fig. B.3 of Appendix B for the volume of aerated water.

When the aerated volume, v , is determined from 
Equation (5-^)* its corresponding heat transfer area, which 

can not be directly measured in this reaction-distillation 
system, can be obtained from a calibration curve also given 

in Fig. B»3. For computer calculations in the program
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MODEL, this calibration curve has been fitted by a poly­

nomial equation. The program MODEL is a computer simu­

lation for the mathematical model of semi-batch distilla­

tion accompanied by chemical reaction.

Now, all the terms on the right-hand side of Equa­
tion (5-3) are known, the overall heat transfer coeffi­

cient, U^, can then be calculated. Since the reaction­

distillation liquid is mixed by a stirrer at about 1000 

rpm, the overall heat transfer coefficient of the boil­

ing water is also measured at the same stirring speed. 

The measured results are listed as follows.

Tn °C 
o.

(To-T), °C Uj, cal/min-°C-cm2

105 5 0.180

110 10 0.184

115 15 0.185

An average value of 0.183 cal/min-0C-cm^ for the above 

three quantities is then used to represent the overall 

heat transfer coefficient of boiling water in the reac­

tion-distillation tray.

5.2 Overall Heat Transfer Coefficient of Boiling

Ethyl Alcohol in the Reaction-Distillation Tray

The method and equations given in the previous 
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section are also used here to measure overall heat trans­

fer coefficient of boiling ethyl alcohol in the reaction­

distillation tray. Three oil bath temperatures, 85, 90 
and 95 °C are used to provide temperature driving forces 

close to those shown in the previous section. It is 
noted that boiling point of ethyl alcohol is 78.^^°C. 

The results are listed as follows.

To. °C (Tq-T), °C U^, cal/min-°C-cm2

85 6.6 0.150

90 11.6 0.152

95 16.6 0.152
o 2An average value of 0.151cal/min- C-cm is then used 

to represent the overall heat transfer coefficient of 

boiling ethyl alcohol in the reaction-distillation tray.
e

5A.2.3 Overall Heat Transfer Coefficient of Nonvola­

tile Glycerine in the Reaction-Distillation 

Tray

Vapor pressure of glycerine is very small* There­

fore,: during the determination of overall heat transfer 

coefficient using glycerine, there is no vaporization 

of glycerine in the reaction-distillation tray. All 

the heat transferred from the oil bath then contributes 

to increase the temperature of glycerine. The glycerine 
is also completely mixed in a. similar manner as used in 
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the two previous cases. For any instant, the energy "ba­

lance require that the rate changes of heat transfer and 

internal energy increase should be equal. Thus,

w al = viai(T0-T> <5-5)

At atmospheric pressure, the differential internal 

energy, dE, may be approximated by

dE= d(h-pv)^ dh -

Substituting the above relationship into Equation(5-5)

yields MCP a< = uiai<To-T)

If the temperature range is narrow, an average heat capacity 

Cp, may be used to replace without any significant error* 

Then the above equation can be readily integrated to give 

the following working equation for overall heat transfer 

coefficient:
T -Ti

MC In

where

1 =subscript to represent the initial conditions

2 =subscript to represent the final conditions

C =average heat capacity
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Two oil bath temperatures, 105 and 115 °C are used and 

the temperature rise for glycerine is in the range of 
70 to 85 °C. The results are listed as follows.

T_ °G U., cal/min-°C-cm2
O $ 1

115 0.1^9

105 0.1^5
An average value of 0.1^7 cal/min-°C-cm^ is then used 

to represent overall heat transfer coefficient of non­

volatile glycerine in the reaction-distillation tray.

5.4.2.^ Overall Heat Transfer Coefficient of the

Reaction-Distillation Liquid Mixture

The reaction-distillation liquid mixture contains 

both volatile components such as ethyl alcohol and. water, 
and very nonvolatile components such as sulfuric acid and 

ammonium bisulfate. Therefore, a simulated overall heat 

transfer coefficient calculated from an average of the 

above three experimental overall heat transfer coefficients 

is then used for the reaction-distillation liquid holdups. 
The calculated average value is 0.16 cal/min-°C-cm2. 

Since the liquid inside the reaction-distillation tray 
is boiling and under a vigrous stirring, its resistance 

to heat transfer should be much smaller than that of the 

silicon film on the outside wall of the reaction-distillation 

system. The silicon fluid is vei'y nonvolatile and. sti/ted 
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mildly. The silicon film on the outside of the glass 

wall and the glass wall itself are the major components 

of the overall heat Transfer resistance. This is verified 

by the fact that the overall heat transfer coefficients 

determined by using the three different fluids in the • 

system are about the same. Thereforet the use of an . 

average overall heat transfer coefficient is justified.

5.‘+.3 Relative Ratio of Vapor to Total Feed

• The relative ratio of vapor to total, feed is used 

to calculate the inlet enthalpy of the feed stream. 

According to the definition of the system, the inlet 

enthalpy of the feed stream should be that at the micro 

sieve tray entry, or more precisely, right before its mixixjg 
with the liquid holdup. Because of the glass-blowing tech­

nique, the feed glass tube is connected to the bottom of the 

reaction-distillation tray as a whole piece. Thus, the 

feed enthalpy is best measured v/ith the same preheater 

(feed tubing) and under the same operating conditions 

as used in the reaction-distillation system except that 

glycerine is used as liquid holdup. The incoming aqueous 

ethyl alcohol solution is absorbed into glycerine with­

out chemical reaction. VZhen the vapor in the feed stream 

is absorbed by glycerine, an appreciable amount of heat 

v/ill be released because the absorbed vapor is condensed 
into the liquid holdup. This released heat of conden-
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cation will then increase the temperature of glycerine.

The overall heat transfer coefficient across the wall of 

the reaction-distillation tray with such an additional 

insulation by Teflon sheet is then measured by the same 

procedures described in Section The new measured
overall heat transfer coefficient is 0.056 cal/min-°C-cm2, 

which is much smaller than the original 0.16 cal/min-°C-cm2.

The instantaneous energy balance around the reaction­

distillation tray can be repressented by

-^(Mh)=ViNHIN + LINhIN + U.ai(To-T)

For a small measuring period, average liquid holdup, 

heat capacity, and heat transfer area may be employed. 

Then, the above equation can be reduced to the following 

equation:
^p = VINHIN + LINhIN + UiapTo“T)

Integration of the above equation yield:

VIMHIN + LINhIN _ T2 " Tle
Uiai 0 t5'7)

where

U.a.

S5p

At = measured time interval
T^ = temperature of glycerine before absorbing ethyl 

alcohol solution
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T2 = temperature of glycerine at the end of a mea­

suring period

At a high ethyl alcohol concentration, equilibrium 

compositions of vapor and liquid very close. Therefore, 

it may be assumed that the vapor composition is the same 

the feed composition. Thus, the inlet "enthalpy can be 

expressed as a function of heat of vaporization, total 

feed rate and relative ratio of vapor to total feed as 

followsi

VINHIN + LINhIN = hPF 

where

= relative ratio of vapor to total feed

F = total feed rate

X - heat of vaporization of feed stream

hp == liquid enthalpy for total feed at the exit tem­

perature of the preheater

Substituting the above equation into Equation (5~7)

and rearranging the equation will give the following 

working equation to determine the relative ratio of

vapor to total feed.

uiai

A.F

r T2 Tte-

, 1 + e- c<At
(.5-8)

As mentioned in Section glass tubing is

used for generating a low relative ratio of vapor to 

total feed and copper tubing plus the above mentioned 

as
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glass tubing is used to generate a high relative ratio 

of vapor to total feed. For each set of operating con­

ditions; _i.e., oil bath temperature, feed rate, and tub­

ing material, the experiments are repeated twice.

The average value of ^‘s determined by Equation (5-8) 

is plotted in Fig. B.4. of Appendix B and its smoothed 

curve is used as the calibration for relative ratio 

of vapor to total feed. Figure B.4 shows that at a 

higher flow rate, the relative ratio of vapor to total 

feed is smaller if the other operating conditions such 

as the oil bath temperature and tubing material do net, 

change. Though an increase in inside flovz rate can 

increase the inside film heat transfer rate, it is too 

small to affect an overall heat transfer coefficient.

SAeU Relation between Weight Ratio and Area Ratio 

in Gas Chromatography

As mentioned in Section 5»3«5* 1-propanol is used 

as the reference compound in gas chromagraphical analysis 

Therefore, for each volatile compound except (^-ethoxy 

ethyl propionate in the system, serveral samples with 

different weight ratios to 1-propanol are prepared for 

blank test. The peak areas of the test compound and 

1-propanol from the chromatographical analysis are then 

integrated by a Hudron planimeter. The weight ratios 

are then plotted against the corresponding area ratios 
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as shown in Fig.B.5 of Appendix B. It is found that ethyl 

acrylate and ethyl alcohol have the constant relation­
ships between the ratios. But the similar relationships 

for water and diethyl ether are functions of weight 

ratios. As mentioned in Section 5«2, -ethoxy-ethyl 

propionate can not be purchased from commercial sources 

for use in a blank test. Since the system contains only 

a trace amount of this by-product, any error introduced 

by a simplifying assumption is negligible. It is assumed 

that the weight and the area ratios for this compound are 

the same.

All the smoothed curves in Fig, B.5 have been fitted, 

into polynomial equations and used by the computer program 

LABDATA, That is, all the gas chromatographical analysis 

obtained from area ratios into actual weight ratios by 
these polynomial equations is in the program LABDATA.

Heat of Reaction for the Reaction between 

Acrylamide and Sulfuric Acid

Heat of reaction for the reaction between acry­
lamide and sulfuric acid is required for calculating heat 

of formation of molecular complex, acrylamide sulfate. 

Then the heat of formation of acrylamide sulfate is used 

to calculate the heats of reaction for esterification and 

successive reaction, on the basic of Hess* law. The heat 

of reaction between acrylamide and sulfuric acid is 



190

measured as follows.

A 250-ml beaker containing 131-3 grams of sulfuric 

acid solution of 89.6 Wt which is equivalent to 1.2 

moles of pure sulfuric acid, is immersed in the oil bath 
at 80 °C. Temperature of sulfuric acid is finally- 

reached at 80 °C. Then, 71.1 grains or 1 mole of acryl­

amide at the room temperature, 25 °C, is added into the 

sulfuric acid solution under continuous stirring. The 

released heat from the reaction between sulfuric acid 

and acrylamide not only melts crystalline acrylamide 

but also raise the temperature of the formed acrylamide 
sulfate solution to 89.2 °C. The heat of reaction is 

then equal to the heat required to melt acrylamide and 
raises temperatures of acrylamide from 25 °C to 89.2 °C 

and sulfuric acid from 80 °C to 89.2 °G. The calculation 

procedures are given as follows.

1. Heat of Fusion of Acrylamide:

General correlation for.heat of fusion has been 

unsuccessful. However, entropies of fusion of homologous 
compounds are generally very close while those of heter­

ogenous compounds are v/idely apart as shown below.

Paraffins

n-Hexane

n-Heptane

Entropy of Fusion 
cal/g-mole-°K

17.51

18.37
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Naphthene

Cyclohexane 2.28

l,cis'-2-Dimethyl  Cyclohexane I.76

Aromatics
Benzene 8.4-3

Toluene 8.83

Therefore, the best estimate for heat of fusion is to 

use the entropy of fusion of a homologous compound v/ith 

known heat of fusion or entropy of fusion. The closest 

compound to acrylamide with known heat of fusion is 

cyanamide (52). It is then used to estimate the heat of 

fusion of acrylamide as follows.

Compound

Cyanamide

Acrylamide

Melting Point 
°C

44

84.5

Heat of Fusion 
Kcal/g-mole

2.09

x

x=2.09x y = 2.36 Kcal/g-mole

2. Sensible Heat:

For pure sulfuric acid
Cp = 0.38 cal/g-°C

= 131.3 x 0.896 x 0.38(89.2 -80) x 10”3

= 0.41 Kcal/g-mole acrylamide

For water
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= 1.0 cal/g-°C
P
h2 = 131.3 x(l-0.89o) x 1.0(89.2-80) x IO-3

=0,12 cal/g-mole acrylamide

For acrylamide
Cp = 0.60 cal/g-°C

= 71.1 x 0.60 x(89.2 - 25.0) x 10”3

= 2.73 Kcal/g-mole acrylamide

3. Heat of Reactions

Difference in heat capacities between the reactant 

and the product is assumed to be negligible. Then heat 

of reaction for this reaction, Reaction is equal to 

the sum of the above four energy terms:

f 1 h2 3
=2.36 + 0.41 + 0.12 + 2.73

=5.62 Kcal/g-mcle acrylamide

5.5 Experimental Procedures

5.5.1 Preparatory Work

1. Turn on the gas chromatographic equipment at 

least 48 hours before sample analysis.

2. Prepare vapor sample bottle follovdng the method 

given in Section 5.3.5.

3. Prepare liquid sample bottle following the method 
given in Section5.3.6
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^-o Before the addition of silicon fluid into the 

oil bath, assemble experimental apparatus according to 

the flow scheme shown in Fig. 5»1»

5. Add silicon fluid into the oil bath, turn on the 

heater and the stirrer, and set the desired temperature 

of the oil bath.
6. Feed nitrogen gas into the vapor withdrawal system 

for preheating the system.

7. Turn on heating tapes and heating mantle along

the vapor withdrawal line and set the desired temperature.

8. It takes at least an hour before the constant 

temperatures both in the oil bath and the vapor with­

drawal system are reached.

9. Preheat the liquid sample syringe and syringe 

needle following the method given in Section 5»3.6.

10 Shift the above nitrogen gas to carrier gas 

helium,

11. Feed the auxiliary helium into the vapor sample 

bottles to expel air in the bottles,

12, Two minutes later, pour liquid nitrogen into 

the 1200 ml dewar to immerse vapor sample bottles about 
1/2“ below the U tube of the bottle,

13. Another three minutes later, close the auxiliary 

helium stream and open the carrier gas helium stream.

14, Prepare nonvolatile reactant, acrylamide sulfate 

solution following the method given in Section 5»3»3
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15. Pour the above prepared acrylamide sulfate 

solution into the reaction-distillation tray through 

the largest vertical port.

16, Seal the largest vertical port by a large Teflon 

stopper equipped with a silicon-Teflon rubber, and seal 

other two vertical ports with silicon rubber stopper 

with reversible sleeves,

1?. Insert thermocouples through the above mentioned 

silicon-Teflon rubber or silicon rubber stopper for 

measuring liquid and carrier gas temperatures.

18, As soon as the temperature in the liquid holdup 

(acrylamide sulfate solution) become the same as oil 

bath temperature, or the difference between the two tem­
peratures becomes less than 0.02 °C, the system is ready 

for conducting an experiment on semi-batch distillation 

accompanied by chemical reaction.

5»5o2 Reaction-distillation Experiment and Vapor 

Liquid Sampling

19» First close the feed line to the reaction-distilla­

tion tray but open the flow path to the glass cylinder. 

The latter is used for the feed rate adjustment and 

calibration.

20. Tum on the feed pump and adjust its variable dial 

for the rotameter reading equivalent to the desired flow 

rate.
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21. As soon, as the desired flow rate is obtained, 

turn the three-way stopcock to shift the feed flow from 

the glass cylinder to the reaction-distillation tray.

22. Notice that a sudden decrease in rotameter 

reading can be observed at this moment because a sudden 

vaporization occurs in the preheater and consequently 

increases the pressure drop across the micro-sieve tray. 

Therefore, readjust the dial on the feed pump immediately. 

It takes only 5 to 15 seconds to get another steady and 

constant flow at the desired flow rate.

23. At the desired sampling time, take the liquid 

sample by a Glenco gas-tight syringe through the liquid 

sample port.

2^-. Inject the liquid sample into the cold liquid 
sample bottle to quench immediately the reaction.

25e Immerse the liquid sample bottle in an ice bath to 

keep it from reacting. Then take the vapor sample by shifting 

the helium-product vapor stream into a previously empty 

bottle for next vapor sampling. The shifting can be 

accomplished by truning the three way stopcock on the 

upper part of the gas-shifting device shown in Fig. 5-8•
26, Remove the vapor sample bottle with the vapor 

condensate from the gas-shifting device. Seal the bottle 

with a silicon rubber stopper and then flush the bottle 

surface with tap water until all the frozen solids are 

melted.
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2?6 Clean the contaminated syringe and syringe needle 

used in Steps 23 and 2^ for liquid sampling. If spare 

syringes and syringe needles are enough for a complete 

experimental run, this step can be skipped. Otherwise, a 

longer time period between two samplings must be allowed 

because this step requires at least 5 minutes. The 

cleaned syringe and syringe needle are then preheated 
following the method given in Section 5.3.6.

28. Replace the liquid nitrogen-containing dewar, 

which was used to condense the previous vapor sample, 

by an empty dewar. Attach a new empty vapor sample 

bottle on the gas-shifting device. The empty dewar 

should be adjusted so that the empty vapor sample bottlo 

can be suspended right above its center bottom.

29. Blow auxiliary helium stream through the empty 

vapor sample bottle to expel the air in it for about 

two minutes. Then, pour liquid nitrogen into the dewar 

to pre-cool the vapor sample bottle. The liquid nitrogen 

level should be about one centimeter below the horizontal 

connecting tube in the sample bottle.

30. Repeat Steps 23 through 29 for next set of liquid 

and vapor samplings until the end of an experimental run.

31. Remove reaction residue from the reaction-dis­

tillation tray and then clean all the experimental appra- 

tus for next experimental run.



32. Finally, analyze all the collected vapor and 

liquid samples by the gas chromatography following the 

methods given in Section 5«3»7»2.
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Chapter 6 Analysis of Experimental Data 

and Correlation of Operating 

Parameters

6,1 Treatment of Experimental Data

Data obtained from the experiments, described in 

the previous chapter include the followingi

(1) Composition analyses of vapor and liquid samples 

by gas chromatograph

(2) Accumulated vapor condensate for each vapor sample

(3) Instantaneous liquid temperature

The above data were obtained for different sets of opera­

tion conditions. Three operating parameters discussed in. 

Chapter U- define the conditions for each experimental run. 

These operating parameters aret

(^) Initial and constant surrounding temperature

(5) Feed rate of aqueous alcohol solution

(6) Relative ratio of vapor to total feed

Among the above six different data,-values of items (^) 

and (6) are used for energy balance calculations only. 

For the system investigated in this study, the energy 

balance calculations are required for solving the mathe­

matical model of the semi-batch distillation accompanied 

by chemical reaction. The energy balance based on the 

mathematical model will be discussed in next chapter.
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Thus, data analysis presented in this chapter will deal 

with the remaining four items, i.e., Items (1), (2), (3) 

and (5)« These are required for correlating "chemical” 

vapor-liquid equilibria and reaction rates. The corre­

lations, in turn, provide numerical values for verifying 

the mathematical model as discussed in Chapter ?•

6.1,1 Vapor and Liquid Compositions

The individual vapor molal quantities of a vapor 

sample can be calculated from its total weight and gas 

chromatographical analysis obtained in the previous 

chapter. The required calibration curves for converting 

the relative area ratios to the weight ratio of a coin- . 

ponent to 1-propanol are given in Fig. B.5 of Appendix B. 

The vapor molal quantities for a compound determined above 

at different time intervals are then added to get the ac­

cumulated vapor molal quantity. The derivative of the 

smoothed curve of this accumulated quantity at any moment 

then becomes its instantaneous molal flow rate. The indi­

vidual accumulated vapor molal quantites can be typically 

represented .by Run 1 and plotted in Fig. 6.1,a. The results 

show that the relative content of the main product, ethyl 

acrylate, is very high-at the early stage due to an active 

esterification, and becomes smaller then those of ethyl 

alcohol and water at the end of the run due to a conti­

nuous feed of the later two compounds and a much less 
active esterification. Very low contents in diethyl ether 
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and ^-ethoxy-ethyl propionate indicate that the two side 

reactions, dehydration and successive reaction, are very 

minor.

The total vapor molal quantities calculated from 

the above individual molal condensates, and the liquid 

hold-up temperatures are plotted as a function of time 

and shown in Figs, 6.1.b through 6A for the nine experi­

mental runs made in this study. During the first ten 

minutes of the reaction between acrylamide sulfate and 

ethyl alcohol, the amount of vapor condensate collected in 

the vapor sample bottle is negligibly small. A rapid tem­

perature rise of the liquid holdup is observed for this 

time period. These phenomena indicate that the reacting 

liquid mixture during the first ten minutes is stil.l beluw 

its bubble point. Therefore, the heat released from 

chemical reactions are absorbed entirely by the liquid 

mixture to raise its temperature.

When the temperature reaches its maximum value it 

indicates that the liquid mixture has reached its bubble 

point. Then, the additional release of heat of reaction 

is. consumed by vaporizing the volatile product and other 

components. The accumulation of the vapor condensate 

becomes noticeable. After this maximum point, the liquid 

bubbling temperature, starts to decline as more of the 

relatively cold ethyl alcohol is fed into the system and 

as the liquid composition changes because of reactions. 

Heat of reactions is sufficient enough to vaporize pro­

ducts and other volatile compounds. The vapor condensate
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is accumulated steadily almost at a constant rate. Runs 

1 through 9 exhibit the similar behavior. Generally, 

the higher the feed rate and the higher the relative 

ratio of vapor to total feed, the higher the maximum 

temperature obtained. This is because a higher feed 
rate yields a higher reaction rate and consequently re­

leases more heat of reaction. The higher relative ratio of 

vapor to total feed provides a larger inlet enthalpy.

In order to make sure all the collected vapor samples 

are obtained from a boiling liquid, the data points used 

for evaluating the semi-batch distillation accompanied 

by chemical reaction are those after the maximum liquid 

temperature of each run. Since, usually, the maximum 

temperature is reached after the second sampling, the 

third sampling time is taken as the zero time in the data 

correlation and analysis.

Since the variation of accumulated vapor molal quan­

tities, as a function of time, is rather moderate, they 

can be properly fitted into a polynomial equation. Then, 

the instantaneous vapor molal flow rate for each com­

ponent is obtained as the derivative of its corresponding 

polynomial equation.

As mentioned in Chapter 5» there is a certain time 

lag, though small, between the vapor and liquid sampling. 



This time lag can be calculated from the vapor molal 

flow rate. The total vapor molal flow rate is first 

calculated as the sum of all the individual molal flow 

rates. Since the system is operated at atmospheric 

pressure, the ideal gas law can be used to convert total 

vapor molal flow rate into total vapor volumetric flow 

rate. Other information required is the carrier gas 

(helium) flow rate and the volume of the entire vapor 

flow path. It is found that the time lag between vapor 

generation and vapor collection is between 0.2^- to 0.^-1 

minutes for all the experimental runs of this study.

These time lags are relatively small. However, these time 

lags are not ignored but are taken into account 

for correcting the sampling time. For the mathematical 

model analysis, the vapor and liquid samples should be 

at equilibrium,

6.1.2 "Chemical" Vapor-Liquid Equilibria

Molal quantities determined in the previous section 

can be used to determine instantaneous vapor and liquid 

compositions at the vapor-liquid interface. With the 

calculated vapor and liquid compositions, the correspond­

ing K-value for "chemical" vapor-liquid equilibrium can 

be readily determined.

From the above determined K-value, liquid activity
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coefficient can be calculated by Equation (4-117) which

is repeated below

K4P y.P

The vapor 

constants 
(|) from

as given in Appendix A.12. The activity coefficients 

calculated from Equation (4-11?) for all the five vola­

tile components in the system are correlated by the me­

thods presented later in Section 6e2,l.

6,1.3 Reaction Rates

Ethyl acrylate, the main product of the reaction 

system, appers in both liquid and vapor phases. There­

fore, its overall production rate should be equal to the 

sum of its rate of flow to the vapor condensate and its 

rate of accumulation in the liquid holdup. The volume 

of the liquid holdup • is equal to its original volume 

plus the net change. The net change is the difference 

between the liquid volume of the entering feed under 

the tray conditions and the volume of the accumulated 

vapor condensate. With these information, the reaction 

rate can be calculated.

(4-11?)

can be calculated from Antoine

coefficient

the correlations of Prausnitz and his coworkers

1 " d>?P?
“i i

pressure, P?

given in Table A,5 and fugacity

For determination of the dehydration rate, i.e.,
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for the second reaction, numerical values of the vapor 

molal flow rate of diethyl ether are only required.

Diethyl ether is totally vaporized and it is not detectable 

in the liquid mixture. For the successive reaction, i.e., 

the third reaction, its reaction rate can be calculated 

from the vapor molal flow rate and accumulation rate of 

(S-ethoxy ethyl propionate in the liquid. A procedure 

similar to that for esterification can be used. The 

liquid concentrations of all the components in the liquid 

mixtures can be determined analytically as discussed in 

Chapter 5» The rate and the liquid composition data are 

substituted into Equation (^-103) through (4-105) to 

obtain three corresponding rate constants, km 1^,. 

and km If these three rate constants can be properly 

correlated as a function of the three operating parameters, 

the reaction rates under different operating conditions 

can be estimated. The correlations of the reaction rate 

constants will be presented in Section 6.2.2,

Based on the methods described above computer program 

LABDATA was prepared and used to treat all the laboratory 

data. The program listing input data and calculated re­

sults for all the above experimental results are given 

in Appendix C.l,

6,2 Correlations of Parameters
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6.2.1 Correlation of Activity Coefficient for "Chemical” 

Vapor-Liquid Equilibria

The conventional correlation of activity coeffi­

cients must satisfy the Gibbs-Duhem equation, the basic 

thermodynamic relation to treat the nonideality of a 

liquid solution. However, in this study, the activity 

coefficients of several compounds and their associated 

ionic species can not be measured. These compounds in­

clude the very volatile compound, diethyl ether, and 

the four very nonvolatile compounds, namely acrylamide 

sulfate, sulfuric acid, ammonium bisulfate and acryl­
amide. As mentioned in Section ^.6, the purpose of 

this correlation is to predict accurate vapor mole frac­

tions from the known liquid compositions, A hypothetical 

liquid solution,^containing four volatile components, 

namely ethyl alcohol, ethyl acrylate, water and -ethoxy- 

ethyl propionate, and one pseudo-component, "very non­

volatile material", is then used as the basis of this 

correlation. The pseudo-component, "very nonvolatile 

material", is a lumped parameter obtained from lumping 

together the four very nonvolatile compounds and their 

associated ionic species.

Even for a hypothetical liquid solution, a con­

ventional correlation equation which can satisfy the
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Gibbs-Duhem equation can make better prediction of 

activity coefficient than an arbitrary function. 

Therefore, a good correlation equation for the activity 

coefficients of the four volatile components may be 

selected from the five well-known correlations of Wilson, 

van Laar, Margules, Wohl, and Hala.(11).

Sabylin and Aristovich (55) made a comparison of 

the five correlations with the "physical” equilibrium 

data of 30 ternary and U quaternary systems. It was 

concluded that the Wilson equation gives the best pre­

diction while the Wohl and Hala equations are least 

successful in predicting good multicomponent dat. The 

superiority of the Wilson eciuation to predict multicom­

ponent data from the binary data, implies that the 

mixing rule and the function forms proposed by Wilson 

are also superior. The Wilson method is then adopted 

here as the basis for developing the correlation for 

the multicomponent "chemical" vapor-liquid equilibria.

6,2.1.1 Working Equation

The Wilson equation for a multicomponent system 

can be represented by the following equation.

N N x A
(6-D
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where

In equation (6-la), and are the liquid molal 

volumes of the pure components i and j and ( 

is an empirically determined energy term. Since the 

temperature range for this reaction-distillation system 
is small, the Wilson constant,A.., is treated as a

* J 
constant, independent of both temperature and pressure.
It is noted that the binary Wilson constants (A,. and />., ) 

KJ JK
are the only parameters appear in Equation (6-1). The 
parameters, Ai • A.., A.. , etc., should be equal to unity., 111 J J

In order to clearly understand the characteristics 

of the 'Wilson equation, its simplest form, that is the 

binary form, may be examined. For a binary mixture, 

Equation (6-1) is reduced to

Ai o
——)X9 (6-2a)
xrx2 “

In -Infx.+A x )- (—-12-----———)x, (6-2b)
x1+A,^2 4,x1+x2

In -ln(X|+AL2x2^ +
A 12

Xl+ ^12X2

If a mixture is an infinitely diluted solution of com­

ponent 1 its compostion can be expressed as
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o,

and

x2 ----1.

With the relationships, equations (6-2a) and (6-2b) are 

reduced to

In ^ = - In A12 + 1 -A21 (6-3a)

In ^2 = 0 (6-3b)

The activity coefficient of a component at an infinite 

dilution is then a function of A1o and Ani while the 

activity coefficient of pure component is unity.

For an ideal solution A12 = Thus, de­

viation of the parameters from unity is an indication of 
the nonideality of the solution. If both Ai9 and A2 

are greater than unity, becomes less than unity ac­

cording to Equation (6-3a). That is, the solution ex­

hibits negative deviations from ideality. However, if 

they are both less than unity, positive deviations from 

ideality can be observed. It is possible that one para­

meter may exceed unity and the other less than unity for 

cases where deviations from ideality are not large.

Although the Wilson equation used in this work is an empir­

ical form, the relationship between the calculated activity 

coefficients and the Wilson constants should have the same 

characteristics as discussed above.



6e201.2 Data Regression
21^

For a five-component system, total number of re­

quired Wilson binary constants is 5x(5-l):=20, which ex­

cludes all the unity terms, A11, » andA^^.

Now, the desired correlating equation, Equation(6-1) 

has twenty undetermined constants. These twenty con­

stants can be obtained from regression of experimental 

data by SUBROUTINE BSOLVE, which is suitable for either 

linear or nonlinoa?? fit of the experimental data by the 

method of least-squares. This subroutine employes either 

the Newton Raphson Method or the Steepest Descent Method 

for obtaining convergent solutions. There are two other 

computer programs developed and used in this study.

One is SUBROUTINE FUNG, which is used to calculate the 

activity coefficient based on the given functions. Ths 

other is SUBROUTINE DERIV which calculates the partial 

derivative of activity coefficient. The form of functions 

used in this work is the general simultaneous equation, 
Equation (6-1). Since the number of undetermined con­

stants is very large, it will be too cumbersome to list 

all the twenty individual derivatives calculated by 

SUBROUTINE DERIV. Instead, they are grouped into the 

following three general cases.

Case 1$ 
91n xk xixk
3Aik A AijXi +(AAiix1)2 (6-'ta)

J j=i J
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v/here k i

Case 2:

Sin xk
S A x 
jil w 1

where k 4= i

Case 3»

Sln^
3Akm

J

(6-4-b)

(6-^c)

where k * m * i

All the above subroutines are included in the program 

"CHEMiCT” which is listed in Appendices C.3.1 — C.3»3. 

The input data and constants for the program are also 

shown in the Appendices.

By the definition as given in Equation (6-la), 

A-.- must be a positive value. Therefore, the lower 
* J

bound of A is set equal to zero during the data 

regression. Since the range of experimental tempera­
tures are only between 90 °c and 130 °C, the difference 

of tempereture effects on activity coefficients are 

very small compared to the effects of composition on 

the solution nonideality. Since the system is operated 

at constant pressure, can be treated here as a function
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of only composition. With the above assumptions, the

fitted values of A.. by the program CHEItilCT are as J
follows,

A
12

0,0709 ^21 0.49^

^13 0. A31 1.41

^1^ 0. ^Xi 0.

A15 0,6?? A51 13.2

A23 0. A32 9.11

0.271 a2 0.

A25 0, A52 0.

10.9 A^3 0.0269

A35 6.02
A53 3.91

% 0. A5^ 6.91
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o.5 i.o 5.0 io.o 50 .'.oo
EXPERIMENTAL ACTIVITY COEFFICIENT

Fig. 6.5 Comparison of Calculated Activity Coefficients by
The Wilson’s Equation To Experimental Activity 
Coefficients
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The calculated activity coefficients using the 
above coefficients and Wilson’s equations are plotted 

against the experimental values as shown in Fig.6.5* 

The agreement between the calculated values and the 

experimental data are satisfactory, especially for 

the reactant ethyl alcohol and the most polar component, 

water. Larger deviation can be seen for the activity 

coefficient of the two volatile products, ethyl acry­
late and ^-ethoxy ethyl propionate. This larger devia­

tion may be explained as follows. The mole fractions 

of these two products in the reacting liquid are very 

small, only up to 0.0525 for ethyl acrylate and 0-.G076 
for ^-ethoxy ethyl propionate. It is not unusual that 

the percentage error for measuring a very small Quan­

tity is larger than that for measuring a large quan­

tity. Furthermore, determination of a smaller peak 

area from the gas chromatograph also has an inherent 

larger percentage reading error.

Since the liquid mixture contains mostly the non­

volatile material, the activity coefficients of the 

four volatile components are affected by their mole­

cular relationships to this nonvolatile material. 

Water is a very polar compound. Its presence helps 

sulfuric acid to generate proton for promoting the
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formation of acrylaaide sulfate. Its affinity to the 

nonvolatile liquid mixture is then very high and thus 

its activity coefficient is the smallest among the four 

volatile components. These lev/ water activity coeffi­

cients can be characteristically represented by the

fitted Wilson constants for the binary pair of water 

and nonvolatile meterial. The constants are A55=6.02

and As discussed earlier high values

give lov; This is consistent with water activity 

coefficient deterained for water here. For reactant 

ethyl alcohol, activity coefficients in the pair with 
the nonvolatile material are such that A^1 is greater 

than unity while is less than unity. For the main 
product, ethyl acrylate, '%2=0, ^his indicates 

that ethyl aery'-late has very large activity coefficients.

which are not affected by the liquid compositions of 

the system components. Instead, this large product ac­

tivity coefficient is affected by the large heat of 

reaction of the system as explained below.

During the production of ethyl acrylate, a large 

amount of heat of reaction is released (please see the 

calculation by Hess' Law as given in Appendix A.10), 

If ethyl acrylate were a nonvolatile meterial, this heat 



220

would be uniformly distributed in the liquid solution 

through a mechanical mixing resulting in the rise of 

liquid temperature. However, ethyl acrylate is a vola­

tile component with low heat of vaporization. The heat 

of reaction immediately becomes available as the heat of 

vaporization for the reaction product. Therefore, the 

vapor stream becomes very rich in ethyl acrylate. The 

liquid temperature is reduced because the part of its 

enthalpy is also used to vaporize ethyl acrylate.

For the by-product, (^-ethoxy ethyl propionate, 

its binary V/ilson constants with nonvolatile material

Since its mole fraction in

the liquid is extremely small, its activity coefficient 

may be considered at inifinite dilution. At infinite 

dilution, its activity coefficient in a binary system 
may be represented by Equation (6-3 ) and repeated be­

low with corresponding subscripts

InT^ = + 1

Although i-s much greater then unity, it is still a 
small term compared to -InA^^ where Aapproaches zero. 

Therefore, the calculatedTis the largest among the

four components. This unusually larae activity coefficient 
for by-product ^-ethoxy-.-ethy 1.propionate is- another .indica­

tion of substantive effect of chemical reaction on vapor-



liquid equilibria

In a "physical" vapor-liquid equilibrium system, 

the activity coefficients in a multicomponent mixture, 

as mentioned in Chapter 2, are generally developed from 

the data of its constituent binary systems. Therefore, 

the activity coefficients of its any two constituents 

have the same relative order-of-magnitude as they are 

in a binary mixture. However, in a "chemical" vapor­

liquid equilibrium system, such as the one used in this 

study, a reverse order of magnitude for some binary/ pair 

can be observed.

As an example, the binary system of ethyl, acrylate 

and ethyl alcohol is considered. The activity/- coeffi­

cients of ethyl acrylate calculated from the present 

"chemical" vapor-liquid equilibrium data fall between 

3 and 12. They are much higher than those of ethyl al­

cohol, which are between 0.45 to 1.4. However, the ac­

tivity coefficients of these two compounds calculated from 

the "physical" vapor-liquid equilibrium data of Loginova, 

et al. (43) show a reverse trend. The activity coeffi­

cients of ethyl alcohol are between 1.0 "to- 9.45, v;hile 

those of ethyl acrylate are between 0.53 "t0 2.56.

Based on the above analysis of the present experi­

mental data and on the comparison between the Chao-Seader 
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"physical” vapor-liquid, equilibrium correlation and the 

Grayson-Streed "chemical" vapor-liquid equilibrium cor­

relation, given in Section 2.1, it can be concluded that 

chemical reaction do have a definite effect on vapor­

liquid equilibrium. One of the causes yielding, definite 

effect of chemical reactions on vapor-liquid equilibrium 

is the release of the heats of reactions. For Grayson 

Streed hydrocracking system, the reaction kinetics are 

extremely complicated. However, the exothermic reactions 

of the system can be typically represented by the hydro­

cracking of n-decane as shown belowx

Heat of Reaction, 
Kcal/g-mole Jig 

n"C10H22 + H2 ** C3H8 + n-C7H16 "3.66

n-C10H22 + H2 ---* n~Cl|H10 + n"C6H14 -3-81

n”C10h22 "r ^2 *" 2 n-C5H10 -4.J1

The average heat of reaction for hydrocracking of n-decane 

is then equal to -3.86 Kcal per gram mole of hydrogen 

consumed. This heat of reaction per gram mole of hydrogen 

consumed is somewhat different if the reactant is a dif­

ferent type of hydrocarbon such as naphthene or aromatic, 

or a different size of hydrocarbon such as n-heptane or 

n-hepta-decane,

If hydrogen consumption is very large for a hydro­
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cracking system, the exothermic heat of reaction per 

mole of a heavy hydrocarbon must be very large, implying 

that this system has a high reaction conversion. Hydro­

cracking can be performed thermally. It can be further 

promoted at the presence of a catalyst. Since these two 

types of operation have different reaction kinetics, 

resulting in different conversions, their heats of reaction 

are then different and.so are their effects of chemical 

reaction on "chemical" vapor-liquid equilibrium. There­

fore, for a reactor effluent from a catalytic bed, the 

vapor-liquid equilibrium pattern right after the cataltic 

bed may be different from that at a remote separation 

zone without the presence of- catalyst. When measuriitg 

"chemical" vapor-liquid equilibria for such a. system, it 

is recommended that the residence time and the variation 

in "chemical" vapcr-liquid equilibrium from the catalytic 

bed to the separation zone should be taken into account.

6.2.2 Reaction Rate Constants

The reaction rate constants, km, 1 k o and k Q de- m,2 m,3
fined in Section 4-.5*^ can be expressed in the following

Arrhenius type equations:

im, 1

k-- m,2

km,3

= K oe m, 2

= Qem,3

= Km 16 m,l
-Em VRT m, 1'
-En,2/RT

-Em,3/RI

Taking the logarithm of the above three equations gives the
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following general formi

log km,l = 10g Km,l ~ 2,303 KT- * 3 (6~5)

For each experimental run, km are then plotted 
against 1/(2,303 RT) on semilog graph paper v/hich is 

shown as Fig, 6,6 for esterification reaction. It is 

observed that for the first hour of operation, i.e,^ the 

first 5-6 experimental points, the above plot yields 

straight lines. Furthermore, these straight lines are 

parallel to each other indicating that the activation 

energy for all the nine experimental runs are the same 

for the first five to six data points. This is a sig­

nificant experimental confirmation of the assumption mede 

for this study. For the rest of each experimental run, 

the reaction rate is greatly reduced and the temperature 

is decreased as the time progresses. This phenomenon 

is an indication of more active side reactions near the 

end of an experimental run. The possible side reaction 

may be the decomposition of acrylamide sulfate and the 

formation of alkyl sulfates (CgH^^SO^ and CgH^HSO^, which 

are generally the transition components for the formation 

of diethyl ether.

For the first five to six points of each run, a 

universal activation energy can now be introduced to
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make further simplification. The procedures are stated 

below.
For a data point in the run s, Equation (6-5 ) is 

rewritten, with the activation energy in Kcal/(g-mole), as 

1000 Eg
los Ks - 2.303R v; = 10g S=1* "s (6'6 1

vzhere
no = number of experimental runs
Eg = universal activation energy in Kcal/(g"mole)

Define -f . = 1000/(2.303RT .)
2 s» J b» J
$s,j = loe ks,j-

anii Fs = log Ks.

Equation (6-6 ) can then be reduced to

Fo - E_ , s=l, • • •, no (6-7 )S S / S,J S,J * ’ ’ S v '

The difference betvzeen the experimental and calculated 

values of log Kg for the data point j in the run s is 

equal to that between right-hand side and left-hand side 
of Equation (6-7). Mathematically it can be represented 

as follows:

. = 3 . - F + Es,j ^s,j rs ^s 7s,3
(6-8 )

The variation for all the data points, where the universal 

activation energy concept can be applied, is written accord 

ing to the definition:



where

->
(F 2s

S=1
2 
s, j

cr^ -■ variation

n - number of runs = 9

3 = number of data points for run s.

(6-9 )

Substituting Equation (6-8 ) into Equation (6-9 ) gives

the following working equation

2<T s
3=1 S, J

ws (6-10)

The least-squares, method requires that

and
aFs

0, s=l,-*-e ng

The corresponding (ns + 1) simultaneous linear equations

can now be obtained by differentiating Equation (6-10)

with the above (nQ •+!) constraints;

and

(6-11)

Equation (6-11) can be further simplified as followsi
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From Equation (6-12),

(6-U)

Substituting Equation (6-14) into Equation (6-13) gives 

the follovdng solution for E, the universal activation 

energy:

The value of the universal activation energy, E, 

is obtained by the above equation with all the experimental 
data points. Then Equation (6-14) can be used to deter­

mine Fs for each run. The frequency factor, Km is
Fs 

simply calculated as 10 .

The above procedures for data reduction are also 

used for the dehydration and the successive reactions. 

These procedures have been programmed into the computer 

program RXNRATE which is given in Appendix C.4. The 

reduction of all the experimental data by the computer 
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program RXNRATE yields the activation energies and fre­

quency factors for the three reactions of all the experi­

mental runs. They are summarized in Table 6.1. As shown 

in Table 6.1 the average percentage errors for the three 

reactions are small, which justify and confinn the appro­

priateness of the proposed rate expressions for the three 

chemical reactions dealt in this study.

The above data reduction has shov/n that a 

specific behavior of each experimental run can be re­

presented by a single factor, namely Frequency Factor. 

Thus, the different effects of interface mass transfer 

on reaction rate can now be discussed quantitatively 

in terms of the frequency factors. Furthermore, sjnce 

the interface properties such as interface concentration, 

film thickness, etc, cannot be measured directly, the 

frequency factor be used to represent the overall effects 

of these properties on the reaction behavior. As dis­

cussed earlier the interfacial properties are functions 

of the three operating parameters, i.e., the initial and 

surrounding temperature, the feed rate of aqueous ethyl 

alcohol solution, and the relative ratio of vapor to 

total feed. These operating conditions for all the ex­
perimental runs are listed in Table 6.2,

The frequency factor may now be quantitatively re­

lated to the operating parameters as follows, assuming
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I

Table 6.1 Arrhenius Constants

Esteri­
fication

Dehydration Successive |
Reaction

Activation Energy 
E# Kcal/g-mole 35.56 ^7.97 52.88

^XUnits K prlO-17 -23K oxl0 v
K oX10~2°
S f J

Run 1KN. s» 1 
1/g-mole-min 1/g-mole-min l2/(g-mole)2-

__ jain______ __
1 2.59 1.01 3.51

2 2.93 0.93 2.70

3 3.08 1.82 5.35

4 3.12 3.21 5.02

ue
nc

 
or
s

5 3.85 2.60 6.25
o1 +?
0) 0

nJ 6 3.96 2.11 3 = 71
Ph

7 ^.02 1.69 3.37

8 7.^1 7.11 13.79

9 10.21 3.60 1?«95

Average Percent­
age Error of' 3.77 6.29 12.6

K .
S,1

ks,l=Ks,1e-3556o/RT

ks,2 = Ks,2 e-zJ-9970/RT

ks,3 “ Ks,3 e-52880/RT

R = 1.98? cal/g-mole-°K

T = temperature in °K 
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that each parameter has independent influence.

Ks,l ’ s2(F) s3(/') (6"16)

where

. = frequency factor for reaction i and run s, i
number s

Tq = initial and surrounding temperature

F = feed rate

= vapor fraction of feed stream

g^t g^, and g^ = independent functions

It is assumed that each independent function, g^, has . 

two constants to represent the effects of its correspond­

ing parameter. The following function form is found to 

be very suitable,

gp-f) = (f+ b/2

where
To, F or^.

V/ith the above relation, Equation (6-16) can be rewritten 

as
b9 bAKs,i = b7(TIN + hp (F + b3) b5) (6"17/)

where the constant br, is an adjusting factor to match 

the relative magnitudes between K_ 1 and three g.*s.

Although there are only nine frequency factors 

to fit seven constants for the above equation, the



Table 6.2 Operating Parameters

Run Number Initial Temp.z°C Feed Rate, ml/min Vapor 
Fraction

1 115 1.56 0.82

2 115 1.736 0.3^

3 111.5 1.^96 0.69

111.5 1.558 0.60

5 111.5 1.192 0.70

6 110.0 1.1^7 0.55

7 110.0 1.^65 0.76

8 106.0 1.26 0.85

9
—_____________

106.0 1.506 0.0

* Relative Ratio of Vapor to Total Feed

VjD ro
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operating temperatures in the nine runs have covered 

the applicable reaction temperature range. Therefore, 

these nine experimental runs were considered to be suffi­

cient to demonstrate how the basic information required 

for this study can be obtained. The constants in Equa­

tion (6-1?) are determined by the computer program BSOLFIT. 

The program is developed on the basis of the BSOLVE 
techniques, which was described in Section 6.2.1 and is 

listed in Appendix 0,5* The working equations for the 

three reactions with appropriate constants obtained by 

the computer program BSOLFIT with the data of Table 6.1 

and 6.2 are given as follows.

Esterifications

Kni t = 0.196(To - 104)"0,571 x (F + 0.9H)"0*501 

x( if/ + 0.0W)"°‘13 xl°18 l/(g-mole)-min

(6-18)

Dehydrations
K =! 1.3K T - 103)"1*12j' x ( F - 0.661)"0*258 
Km,2 J V o

x(^+ 0.01) 0,131 xlO23 l/(g-mole)-min (6-19)

Successive Reactions
K = 7.22(Tq - lO^) '0*885 x (F ■ 0.16^)1,8/1-

x(lp - O.?^)"0*^ xlO25 l2/(g-mole)2-min (6-20)



The calculated frequency factors from Equations 
(6-18) to (6-20) are plotted in Figures 6.7 - 6.9 and 

compared to the experimental frequency factors listed 

in Table 6.1. For the esterification reaction, the 

agreement is very satisfactory. However, for the de­

hydration and the successive reactions it is only fair. 

The experimental runs with intermediate operating con­

ditions exhibit larger deviations. Thus, the simple 
correlation model as given by Equation (6-1?) may be 

inadequate for the correlation of these two reactions. 

Fortunately, these two reactions are minor compared wltiii 

the esterification reaction. Therefore, a somewhat larger 

error in their frequency factors would not significantly 

affact the prediction of the system behavior. Therefore, 
their fitted equations, Equations (6-19) and (6-20) may 

still be adopted by for the simulation studies which will 

be presented in the next chapter.

Since Equation (6-18 ) can accurately predict the 

frequency factors for the main reaction, esterification, 

it can be used to discuss the effects of operating con­

ditions on the frequency factor. The major advantage of 

this equation is to express the three operating pa­
rameters, J , F, and y as separated variables, if any 

two of the three operating conditions are kept constant.

the effect of the third operating condition can be readily
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derived from Equation (6-18 ) as an independent parameter. 

If the effect is expressed as the ratio of frequency- 

factors of Condition 2 to Condition 1, the three inde­

pendent effects can be expressed as followsi

KF,2' = F2 + °*9il -0.501

kf.A'Y" fi +

(6-21)

(6-22)

-0.13 (6-23)

where subscripts 1 and 2 stand for Condition 1 and Condi­
tion 2, and subscripts T, F, and xp stand for To, F and 

respectively. If Condition 1 is taken as the operating 

condition giving the smallest frequency factor and Con­

dition 2 giving the largest frequency factor within the 

boundary of the operatiing conditions used by this study, 

then the largest independent effects by the three oper­

ating parameters can be determined from the above three 

equations. The results are summarized in Table 6.3. 

These results demonstrate that the frequency factor is 

most sensitive to the initial and surrounding temperature 

To, and least affected by the volatile reactant feed 
rate, F. If the initial and surrounding temperature is



Table 6.3 Largest Independent Effect of Operating

Conditions on the Frequency Factors

Independent Operating 
Parameter

Condition 1 Condition 2 Ratio of Frequency 
Factors Ko/K1 

c 1

Name Symbol_ unit

Initial and 
Surrounding 
Temperature

To °C 115 106 2.65

Volatile Re­
actant Feed 
Rate

F ml/min 1.12? 1.736 1.13

Ratio of
Vapor to 
Total Feed

— 0.85 0,0 1.48

xO
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increased from 106 °C to 115 °C, the frequency factor 

will be reduced by a factor of 2.65. This implies that 

the reaction occurs mostly in the liquid film due to 

a high reaction rate at a high temperature. If the 

vapor fraction in the total feed is reduced from 0.85 

to zero, the frequency factor will be increased by a 

factor of 1.48. This implies that the film reaction is 

reduced to the minimum by introducing a totally liquid 

feed stream. The volatile reactant feed rate mostly 

contributes to increasing the concentration of the 

volatile reactant, ethyl alcohol, in the liquid, holdup 

Its effect on the frequency' factor is then small.
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Chapter 7 Verification of Theoretical

Model and Parametric Evaluation

7.1 Theoretical Solutions

Two conditions must be met and satisfied for any 

theoretical model to predict the system behavior accu­

rately. First, the model must be developed on the 

sound theoretical foundation. Secondly, the physical 

and chemical data to be applied and used in the model 

must be accurate. Thus, before analysing the system 

behavior predicted by the model, the preparation of 

accurate physical and chemical data will be discussed, 

7*1.1 Physical and Chemical Data Required for System 

Analysis

The physical and chemical data required in this 

system consist of two groups. One group is the data 

related mainly with material balance equations and the 

other for energy balance.

The data for material balance are essentially these 

related to

(1) Chemical vapor-liquid equilibria

(2) Chemical reaction rates

The correlations of the above data, with the experimental 



data obtained by this work, were discussed in details 

in Chapter 6. They will not be repeated here.

The data for energy balance equations include:

(1) Liquid and vapor enthalpies

(2) Heats of reactions

(3) Overall heat transfer coefficient

As mentioned in Chapter 3 heat of solution is assumed 

to be negligibly small compared to heats of reactions 

or latent heats of vaporization. Therefore, th? enthalpy 

of a mixture, either liquid or vapor, is determined by- 

adding the enthalpies of individual components. The 

enthalpy of a pure liquid component is calculated from 

heat capacity data according to the definition with 
datum temperature of 0 °C. If liquid heat capacity, 

0^, is related to temperature by the following poly­

nomial equation:

Cp = ai + a2T + a3T2 + a^T3 (7-1)

where
Cp = liquid heat capacity in cal/g-°C

T = temperature, °C

a^, a2, and a^ = constants for a component, 

then liquid enthalpy can be readily obtained as

h = aiT + (l/2)a2T2 + (l/3)a3T3 +- (lA)a^ (7-2)
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Therefore, only liquid heat capacity data are re­

quired for obtaining the constants, a^, a^, a^ and a^. 

The data regression by the least-square method is made 

using the computer program POLYFIT, as described in 

Appendix C.6. The computer program employs the Gauss 

elimination method to solve simultaneous linear equations.

The liquid heat capacity data for ethyl alcohol

(15) i ethyl acrylate (1?), water (52), diethyl ether

(16) , and sulfuric acid (52) are available in the liter­

ature. For other compounds of which data are not avail­

able in the literature, reliable correlations are used. 
For example, the method of Johnson and Huang (39# 52) is 
used for predicting the liquid heat capacities at 2u °C. 

The method is based on the idea of additive contribu­

tion from constituent atomic groups. The correlation
is relatively accurate, with 5 and 16 per cent average 

and maximum deviations. For estimation of the heat ca­
pacities at temperature other than 20 °C, the Watson 

expansion factor (23) method is employed. Estimation 

of liquid heat capacities for the components without 

available literature data are discussed in details in 

Appendix A.7, All the constants of Equation (7-1)» de­

termined by the program POLYFIT from either available 

literature data or the above mentioned estimated data, 

are listed in Table 7.1.



Table y.l Liquid Enthalpies and Heat Capacities

Cp al + 8-2^ a^T*- m3

h = + a2T2/2+ a3T13/3+ a^T^A

cp = cal/g-°C ; h = cal/g ; T = °C

Component Name al a9 x 10^ a^ x IO'’ aZj. x lo7 Ref.

Ethyl Alcohol 0.53150 2.2012 0.7202^- ( 15 )

Ethyl Acrylate 0.^5560 0.48312 0.17086 - ( 17 )

Water 1.0060 -0.31738 0.34230 - ( 52 )

Diethyl Ether 0.53002 0.97143 1.10120 ( 16 )

|3-Ethoxy-ethyl 0.44220 1.0364 0.26786 - (Est.)
Propionate

Acrylamide Sulfate 0.51106 -2.6872 2.5080 -0.46642 (Est.)

Sulfuric Acid 0.47433 -5.4866 4.1811 -0.81692 ( 52 )

Ammonium Bisulfate 0.42665 -2.3368 1.7822 -0.34821 (Est.)
(Solid)

Acrylamide 0.56106 1.1766 0.19831 0.017361 (Est.)
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The vapor enthalpy can be treated as the ideal gas 

enthalpy because the system is operated at atmospheric 

pressure. The ideal gas enthalpy of a volatile compo­
nent, except ^-ethoxy-ethyl propionate, at the boiling 

point is equal to the sum of the heat of vaporization 

and the liquid enthalpy at that temperature. The vapor 

enthalpy at other temperatures is calculated from the 

heat capacity data following the similar procedure as 

employed for determining the liquid entholpy. Vapor heat 

capacities and heats of vaporization for ethyl alcohol 

(15), ethyl acrylate (17), water (52), and' diethyl 

ether (16) are available in the literatures.

The heat capacity or the enthalpy data for S-ethoxy- c 
ethyl propionate are not available in the literature. 

They are, therefore, calculated by the correlations. 

The Giacalone method (21) is used for estimating heat 

of vaporization at its normal boiling point. The method 

has an average error of 3 and maximum error of 10 % 

(52). For the estimation of heat of vaporization at 

other temperatures, the Watson temperature correlation 

is used. It is relatively accurate with 4-.7 % average 

error for 24-7 organic compounds (21), For detailed 

procedures of the estimation, refer to Appendix A.8.

All the vapor enthalpy, data determined from the 

procedures stated above are then fitted into poly­
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nomial equations by the program POLYFIT» The fitted 

constants along with the vapor enthalpy equation are 

listed in Table 7»2.

The second set of data needed for energy balance 

calculations is heat of reaction. As mentioned in the 

previous chapter, Hess’ law is used to calculate heat 

of reaction. To utilize Hess' law, heats of formation 

for all the reactants and the products must be obtained 

first. Since neither experimental data nor estimation 

methods are available for obtaining the heat of for- 

mation of the molecular complex, acrylamide sulfate, 

a special procedure is then used to calculate its 

heat of formation.

As mentioned in Section heat of reaction for

Reaction 4, the formation of acrylamide sulfate from 

acrylamide and sulfuric acid, or Equation (4-1), is 
measured to be -5*62 Kcal/g-mole. Then from this heat 

of reaction, heat of formation for the molecular complex, 

acrylamide sulfate can be estimated from the following 

equation according to Hess' lawt

Hf,6 = Hf,7 * Hf,9 +AHR,4

where

H^. = heat of formation



Table 7,2 Vapor Enthalpies at 1 Atme

*>H - a- + aoT + aQ T + ,..
1 2 J

T « temperature, °C

H = ideal gas enthalpy, cal/g

Propionate

Component al a2 a^xlO^ a^xlO? Ref.

Ethanol 227,0 0.3630 33.973 (15)
Ethyl Acrylate 96* 0 0.2387 67.20 -0.132 (16)
Water 597.6 0.14-200 0.102 (52)
Diethyl Ether 90.0 0.314-50 0.375 (16)
(3 -Ethoxy-ethyl 79.7 0.3695 - 6.211 8.929 (Est.)
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6,7,9 = subscripts for acrylamide sulfate, sulfuric 

acid, acrylamide, respectively 
= -5.62 Kcal/g-mole.

The heat of formation for sulfuric acid, at 25 °C, H, r,,
i. 

is available in the literature (48) v.’hile the heat of 
formation of acrylamide at 25 °C is estimated from the 

method of Anderson, Beyer and Watson (22). The ABW method 

is the only available method, which contains heat of for­

mation of a basic amide group, formamide (HCONHg). If 

the estimation starts from formamide, instead of other, 

simpler atomic groups as used by other estimation methods, 

the estimation error can then be reduced to minimum. 

Therefore, this method is adopted in this work for esti­

mating heat of formation of acrylamide. After the heat 

of formation of acrylamide sulfate is determined, by 

Equation (7-3), heats of reaction for all the three major 

reactions can then readily be calculated from the follovzing 

equations by utilizing Hess* law.

(1) For esterification, or Reaction 1, or Equation (4-2) 

^HR,1 = Hf,2 + Hf,8 " Hf,6 " Hf,l

(2) For dehydration, or Reaction 2, or Equation (4-3) 

ahR,2 = Hf,3 + Hf,4 " 2 Hf,l

(3) For successive reaction, or Reaction 3. or Equation 

(4-4)
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AHR,3 “ Hf,5 + Hf.8 ~ 2 Hf,l ~ Hf,6 (7-6) 

The contribution of the net heat capacity between 

reactants and products to the heat of reaction, for the 

above three reactions, is found to be very small compared 

to the calculated heat of reaction. Therefore, heats of 
reactions at 25 °C, determined from the heats of forma­

tions at 25 °C by the above three equations, are used 

for the entire temperature range.

All the required heats of formation shovzn in Equa­

tion (7-4) through (7-6) are listed in Table 7«3^ Their 

literature sources or the methods of estimation used are 

given in Appendix k.9. The detailed procedures for de­

termining the heats of reactions of the above three reac­

tions are discussed in Appendix A.10. . Table 7.4 is a 

summary of the heat of reaction determined and used in 

in this chapter for analysis of the mathematical model.

The last data required for energy balance calcula­

tions is overall heat transfer coefficient across the 

system wall. It is determined experimentally as described 

in details in Section 5«4.2.3.

7.1.2 Solution of Theoretical Model
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Table 7*3 Heats of Formation

No. Component Phase Kcal/g-mole Ref.

1 Ethyl Alcohol L -66.35 ( 52 )

2 Ethyl Acrylate L -92.46 (Est.)

3 Water L -68.32 ( 52 )
14- Diethyl Ether L -65.2 ( 52 )

5 P-Ethoxy-Ethyl Propionate L -160.81 (Est.)
6 Acrylamide Sulfate L -245.91 ('■

7 Sulfuric Acid L -193.69 ( 52 )
8 Ammonium Bisulfate s -238.99 (Est.)
9 Acrylamide L -46.6 (Est.)

Table 7eh. Heats of Reaction.

Reaction No. Reaction Equation Heat of Reaction 
Kcal/g-mole

1 Esterification (4-2) - 19.2

2 Dehydration (4-3) - 0.82

3 Successive Reac­
tion

(4-4) - 21.2

4 Equilibrium Reac­
tion
(Complex Formation)

(4-1) - 5.62
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As mentioned in Chapter the Runge-Kutta fourth- 

order method was used for numerical solution of the pro­

posed mathematical model. This method can be shown (8) 

to be convergent, that is,

lira f y. - y.(t.)J = 0 (7-7)
At->0 k 1 1 1

where

t^ = independent variable 

yi^i^ = ^rue solution 

y^ = numerical solution 

zit = size of integration step

To obtain an exact solution y^(t^) the size of inte­

gration step should be approaching zero, which is equi­

valent to requiring infinite integration steps. This 

is nor practical. Instead, the size of an integration 

step is determined on the basis of considering both the 

desired accuracy and the computer time required to achieve 

this accuracy. Table 7*5 listed the calculated vapor con­

densate for Run No. 1, using four different integration 

steps, i. e., At = 1, 2, 4, and 8 minutes. Though no 

analytical solution can be obtained for comparison with 

these four sets of numerical solutions, the criterion 

of Equation (7-7) can be used to justify that the smaller 

the integration step the close the numberical solution 

can approach the true solution. Significant differences



Table 7-5

Effect of Integration Step Size on

Calculated. Total Kolal Vapor Condensate

Integration Step Sizes

minutes 1 min. 2 min. 4 min. 8 min

0 0.432 0.432 0.432 0.432
J4- 0.563 0.568 0.556
8 0.676 0.678 0«676 0.665

12 0.789 0,789 0.784
16 0.902 0.901 0.900 0.397
20 1.012 1.011 1.009
21-V 1.121 1.120 1.119 1.110
28 1.229 1.227 1.225
32 1.336 1.334 1.333 1.329
36 1.442 1.440 1.438
^-0 1.549 1.547 1.545 1.533

1.657 1.654 I.651
48 ' 1.765 1.763 1.760 1.749
52 1.875 1.872 1.868
56 1.986 1.983 1.979 1.964
60 2.098 2.095 2.090
64 2.211 2.208 2.204 2.189
68 2.326 2.323 2.318
72 2.443 2.440 2.434 2.418
76 2.561 2.558 2.552
80 2.680 2.677 2.671 2.655



in vapor molal condensate between the 4-minute step siz,e 

and the 8~minute step size can be observed. As the in­

tegration step size is reduced to 1 minute, the improve­

ment from 2-minute step size becomes very small, for 

example, less than 0.08 % at t “ 80 minutes. Therefore, 

the step size for the numerical integration was then 

selected as 2 minutes throughout this work, except a fev; 

severe cases such as adiabatic simulation where a smaller 

step size should be used for convergent solution.

7.2 Effects of System Parameters on Theoretical Solution

Among many independent parameters defining the system, 

three operating parameters are chosen as variables for 

the experimental investigations. They are initial and 

surrounding temperature, volatile reactant feed rate, 

and relative ratio of vapor to total feed. The effects 

of these three parameters on the system behavior will 

be discussed in details in this section. Furthermore, for 

a better understanding of the system characteristics, 

the system response to two other parameters, though not 

independent variables, will also be analysed. They are 

heat of reaction and overall heat transfer coefficient. 

For each of the above five system parameters, discussions 

are presented for the following three system responses:
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(1) Ethyl Acrylate Vapor Molal Condensate

(2) Total Vapor Molal Condensate

(3) Liquid Temperature

In a semibatch operation, the feed rate is generally 

limited to a certain range such that the system can be 

operated reasonably. For example, if the feed rate is 

too small, it will take a long time before the boiling 

point of the liquid mixture is attained. On the other 

hand if the feed rate is too large, the liquid holdup 

may increase rapidly such that liquid may overflow to 

the vapor flow path as entrainment. Since Fur. No. 3. is 

at a flow rate which is about in the middle of the appro­

priate flow range used in this study, all its system 

parameters are then used as the reference parameters for 

the discussion.

7.2.1 Effects of Heat of Reaction

Heats of reactions for this particular reaction 

system has been determined from Hess1 law as described 

early in this chapter. Since heats of formation of 

several compounds required for such determinations are 

estimated, the calculated heats of reactions should have 

some degree of uncertainty. Because of this uncertainty, 

the analysis should be made to determine the effects if 

the estimated values of heat of reaction are erroneous.
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The calculated value of heat of reaction for esteri­
fication is - 19.2 Kcal/g-mole. Five other values, namely 

-35» "30, -25, -10, and 0 Kcal/g-mole are chosen to de­

termine the effect if the correct heat of reaction were 
not -19»2 Kcal/g-mole, No positive heat of reaction is• 

used because the system being studied is exothermic.

Fig. 7.1 snows the plots of the liquid temperature 

as a function of time. For the case where the released 
heat of reaction exceeds 35 Kcal/g-mole, the liquid tem­
perature becomes greater than 135 °C when time reaches 

12 minutes. It has been experimentally verified tha-o 

the acryla.mide sulfate solution prepared in Section 5«3»3 
decomposes near the vicinity of 135 °C. The decomposition 

can be detected easily by the smell of ammonia, one of 

the decomposed products. No actual measurements have 

been made for such decomposed vapors. If the absolute 
heat of reaction is lower, say at 30 Kcal/g-mole, the 

liquid temperature reaches the maximum which is slightly 
below 135 °C at t=28 minutes. Before reaching the maximum 

temperature, the system behavior is similar to the above 

"mm-away" case. High heat of reaction forces out ap­

preciable amount of volatile components and thus increases 

the bubble point of the liquid mixture.

After reaching the maximum temperature, more volatile
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components are either absorbed or produced in the li­

quid phase and more nonvolatile reactant (acrylamide 

sulfate) is consumed as time proceeds. Thus, the bubble 

point of the liquid mixture starts declining after the 

maximum temperature. If heat of reaction is small such 

that heat of generation is less than the net heat re­

moval, the liquid temperature decreases continuously 

from the beginning of the run. This phenomenon can be 

recognized by the temperature lines of at -19.2, 
-10, and 0 Kcal/g-mole in Fig. 7.1. The effect of heat 

of reaction, as compared to its base value of -19.2 
Kcal/g-mole can be summarized as

Difference in 
Heat of Reaction
(A1IR,1 *

Kcal/g-mole

Maximum 
Temperature 
Difference

°C

-10.8 +11.7

- 5.8 + 3.8

+ 9.2 - 3.8

+19.2 - 6.2

Max. Temp.
Difference per 
Unit Change of . 
Heat cf Reaction
°C/(Kcal/g-mole)

1.08

0.66

0.^1

0.32

The results show that the maximum temperature difference 

per unit change of heat of reaction is least at zero heat 

of reaction and largest at the highest investigated heat 
of reaction of -35 Kcal/g-mole.
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When the released heat of reaction is higher than 
19«2 Kcal/g-mole, more ethyl acrylate can be produced 

and collected in the vapor condensate as shown in Fig. 

7.2. This is because the reaction rate can be repre­

sented by the Arrhenius equation. As discussed earlier, 

the higher heat of reaction yields a higher liquid tem­

perature which in turn results in a higher reacting rate. 
For the case of = - 35 Kcal/g-mole, it was stated 
that the liquid temperature reaches above 135 °C after 

12 minutes of operation and that the product deccmposi- 

tion occurs. Therefore, no molal quantity of ethyl acry­

late vapor condensate is shown in Fig. 7.2 after this 

point. For all the other selected heats of reaction, 

the molal quantities of ethyl acrylate vapor condensate 

are plotted up to t = 80 minutes so as to include all 

the data points used in Chapter 6 for correlating re­

action rate expressions. At the operating time of 80 

minutes, the difference of the collected amount of 

ethyl acrylate vapor condensate can be summarized as 

follows.

Difference in Difference in Molal %
Heat of Reaction Ethyl Acrylate Difference
hr,i - < -19-2> Vapor Condensate
Kcal/g-mole Moles

-10.8 40.112 +14.7
- 5.8 +0.045 + 5.9
+ 9.2 -0.055 - ?.2
+19.2 -0.100 -13.1
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As shown in Fig. ?.3» during the early stage of the 

reaction, the variation of total vapor molal condensate 

is still appreciable, depending on the amount of heat 

of reaction released. This phenomenon reflects the high 
heat of reaction forcing out more volatile components from 

the liquid mixture. However, the differences are nar­

rowed near the end of reaction because the esterification 

reaction rate becomes very small and consequently the 

effect of heat of reaction is greatly reduced.

7.2.2 Hea.t Transfer Coefficient

The overall heat transfer coefficient vzas measured 
previously as 0.16 cal/min-°C-cm^ using the similcjr fluids5 

If the system is operated adiabatically, i. e., no heat 

is transfered through the system boundary, the liquid, tem­
perature rises very rapidly and reaches 135 °C in less 

than 8 minutes as shown in Fig. If the insulation

material can be adjusted to give an overall heat transfer co­
efficient of 0.08 cal/min-°C-cm^, the decomposition temperature 

of 135 °C, may also be reached rapidly in about 17 minutes. 

However, such "run-away" temperatures are reached only 

when the initial and surrounding temperature ( TQ ) is 

high, or the relative ratio of vapor to total feed ( )

is large, or both. Run 1 is operated under such conditions. 

For Run 9, the initial and surrounding temperature is
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sei; to 106 °C, and the relative ratio of vapor to total 

feed is zero, which are respectively lower than those 

of Run 1. As shown in Figo 7*5 the maximum temperature 
is only 118.5 °C even the system is operated adiabatically. 

Therefore, undesirable high operating temperatures can 

be avoided even for an adiabatic operation if the above 

mentioned two operating parameters are properly adjusted.

Now, return to Fig. 7.^. The overall heat trans­

fer coefficient can be increased if the material of the 

pyrex wall of the reaction-distillation column is re­

placed by the corrosion-resistent metal such as inccnol. 

Then, the liquid temperature will rapidly approach the 

surrounding temperature as shown by the lines of high 

overall heat transfer coefficients, ranged from 0,20- 
0,32 cal/min-°C-cm2. As shovm in Fig. 7.5> the liquid 

temperature may even go below the surrounding temperature. 

Usually this occurs only in the system where the feed 

is totally or nearly totally liquid.

If the overall heat transfer coefficient is small, 

the reaction temperature is higher, resulting in higher 

product yield. This phenomenon is illustrated in Fig. 
7.6. The relation between product yield and overall 

heat transfer coefficient at the reaction time of 80 

minutes can be summarized as follows.
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U, cal/min-0C~cm2 Ethyl Acrylate, moles

0.12 0.852

Oc16(measured value) 0.752

0.24 0.701

0.32 0.678

During the early stage of reaction, small overall heat 

transfer coefficient leads to higher liquid temperature, 

which in turn forces out more volatile components from 

the liquid mixture to give a higher total vapor molal 
condensate as shown in Fig. 7*6. At the end of the re­

action, all the liquid temperatures approach-, the surround­

ing temperature as illustrated by Fig. 7»^» Therefore, 

the effect of overall heat transfer coefficient on total 

vapor molal condensate is greatly reduced as shown in Fig.7.7.

7.2.3 Initial and Surrounding Temperature, TQ

The initial temperature as discussed in Section 5.1.1 

is set equal to the surrounding temperature to avoid fur­

ther complicating the system. Fig. 7-8 gives the temper­

ature history of the system at four different initial and 

surrounding temperatures, TQ. For all the four cases, 

liquid temperature approaches to the surrounding temper­

atures. There is a temperature cross-over between the 
110 °C and 106 °C lines. The cr.oss-ovc-'f is caused by two 

factors. One of them is frequency- factor, 'and the other
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is heat loss. The ratio of the frequency factors of 
the 106 °C case to the 110 °C case can be calculated 

from Equation (6-29) as given in Chapter 6. It is found 
that the frequency factor for the 106 °C case is 1,87 

times that for the 110 °C case. Therefore, during the ' 

early stage of reaction, the 106 °C case produces more 

heat of reaction, resulting in a higher liquid temperature. 

As time proceeds, higher heat loss due to a higher tem­

perature driving force across the reactor wall for the 
106 °C case rapidly brings dov/n'its. liquid temperature line 

and then crosses over the 110 °C line. If two sets of ini­

tial and surrounding temperature are very apart arj in the 
eases of 115 °C and 106 °C, there is no cross-over because 

the less heat loss at 115 °C con maintain higher liquid 

temperature during the run.

For this system, the reaction rate constant is higher 

for a lov/er initial and surrounding temperature. It is 

resulted from a higher frequency factor for this lower ini­

tial and surrounding temperaure and a high starting 

liquid temperature, which in turn gives a high value 

for the Arrhenius exponential term. Therefore, the 
product yield at 106 °C is very high as shown in"Fig., 

7.9.

At a higher surrounding temperature with a higher



130

120
M

115

H
110

602010 30 8070

M Ox XO

105 
o

M cu 
rl

Fig. ?.8 Liquid. Temperature — Effect, of
Initial and Surrounding Temperature

Operating Conditions for Run 1 
ahr = -19.2 Kcal/g-mole

K1
U = o,16 cal/min-°C-cin2
F = 1.56 ml/min

0.82

^0 50
TIME, MINUTES

125



Et
hy

l 
Ac

ry
la

te
 V

ap
or

 M
ol

al
 C

on
de

ns
at

e

TIME, MINUTES

N>

Fig. 7.9 Ethyl Acrylate Vapor — Effect of' 
initial and Surrounding Temperature

o



271

initial temperature, the temperature driving force is 

small, consequently there is less heat loss through 

the vzall of the reaction-distillation column. There­

fore, the liquid temperature is higher and there is more 

volatile vapor leaving the liquid mixture as shown in 

Fig, 7.10.

7.2.^ Feed Flow Rate, F

As mentioned early in this section (7.1.3)« feed 

flow rate can be neither too large nor too S’./all for 

a semibatch system if the appropriate operating range 

is to be maintained. T-ie selected flow rates in thjs 
study are between 1.0 and 2.0 ml/min. Since the feed 

flow rate during Run 1 is an intermediate rate, le56 
ml/min,, this flow rate along with the above mentioned 

feed rates are then used as the typical cases for the 

following discussions.

The liquid temperature during a run is plotted in 

Fig. 7.11 for three different rates. At the smallest 

feed rate, the liquid temperature in the early stage of 

reaction is the lowest. At the smallest feed rate, the 

concentration of ethyl alcohol in the liquid is lowest. 

Thus, its reaction rate is the slovcest with release of 

the least heat of reaction. As the reaction continues,
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the content of* volatile components in the liquid mixture 

becomes much less. Therefore, its bubble point even­

tually becomes the highest among the three cases. This 

cross-over of the liquid temperature lines happens 

frequently; for example, the temperature cross-over 
between the cases of 1.56 and 2.0 ml/min. feed rates is 

at 21,5 minutes and similarly between 1,0 and 1.56 ml/min. 

at 42 minutes.

Since a high feed rate reduces the liquid temper­

ature in the long run, it does not proportionately in­

crease the product yield. Fig. 7*12 shows that thc- 
product yield at 2.0 ml/min. feed rate is slightly higher 

than that at 1,56 ml/min. during the first 60 minutes 

of operation. However, its yield becomes smaller after 

60 minutes of operation. With little improvement in the 

product yield, this excessive increase of volatile com­

ponents, introduced by the feed, will reduce the product 

concentration in the vapor condensate collected. Selec­

tion of a proper feed rate is, therefore, very important 

for obtaining the desired product concentration. However, 

it should be noted that many operating parameters interact 

and, therefore, the selection of feed rate should also be 

considered in accordance with other parameters, such as 

overall heat transfer coefficient, initial temperature, 

surrounding temperature and relative ratio of vapor to
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total feed.

As can be expected, a higher feed rate, containing 

volatile components, produces more total vapor condensate. 

This is shown in Fig. 7•13* The difference in the amounts 

of accumulated total condensate at the different feed 

rates is very large compared to the similar variation 

in the product yield.

7.2.5 Vapor Fraction in the Total Feed

It has been shown earlier in Fig. 7•5* that the 

liquid temperature becomes less than the surrounding 

temperature if the feed is totally liquid. The illustra­

tion is shovm for the case of a. low initial and sur­
rounding temperature of 106 °C. However, a similar phe­

nomenon can be observed for the run with a high initial 
and surrounding temperature of 115 °C, as long as the 

relative ratio of vapor to feed rate is low. The latter 

is shovm in Fig. 7«1^« The liquid temperature becomes 
lower than the surrounding temperature, 115 °C, at t= 

20 minutes if the feed stream is totally liquid. As the 

relative ratio of vapor to total feed is increased, the 

liquid temperature increases substantially, especially 

at t=22 minutes. No "run-away" temperature is reached 

because the outgoing vapor carrys away some of this heat
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flow to maintain a moderate temperature operation. 

However, if the system is operated adiabatically and 

with the feed of totally vapor, the liquid temperatures 
may reach the "run-away" temperature of 135 °C.

As shown in Fig. the higher vp the higher the

liquid temperature. The corresponding product yield 

is then higher for the cases with higher 'p values, except 
the case of ^O. At low the ethyl alcohol concen­

tration in the liquid is high. As discussed in Section 

6.2.2, at lovz p, the frequency factor is also high. 

Therefore, a combination of low temperature, high fre­

quency factor and high liquid concentration, os requ.i:vt-u 

for calculating reaction rate constant, may give a higher 

product yield at a lower as shovm in Fig. 7.15.

At the constant feed rate of F-1.56 ml/min., the 

amount of total vapor condensate increases as the vapor 

fraction of the feed is increased. It can be reasoned 

simply that a feed with a higher content of vapor bring 

with it more heat which is in turn used for vaporization. 

This can be shown by Fig. 7.16.

7.3 Comparison of Theoretical and Experimental Results

The previous section has presented the parametric 

evaluations of the unsteady state system behavior, using
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the proposed mathematical model. Now, the discussion 

should be. extended to examine how accurately the pro­

posed mathematical model represents and predicts the 

actual experimental results obtained in this study. 

The three operating parameters for all the nine experi-. 

mental runs are given in Table 6.2, while their initial 

values are shown in the computer print-outs of the pro­

gram LABDATA detailed in Appendix C.1.3.

Since the proposed theoretical model includes eight­

een simultaneous differential equations, as presented in 

Chapter 4, eighteen initial conditions are required for 

the solution. These initial values are given, more con­

veniently, in the computer print-outs of the model si­

mulation program, MODEL. They are included in Appendix 

C.2.3* Although there are eighteen dynamic quantities, 

as mentioned above, which can be used for comparing the 

theoretically calculated and experimentally measured 

values, only those with great importance are selected 

for presentation here. Among the selected are the accu­

mulated vapor molal condensate and the liquid temperature. 

Since the liquid compositions provides useful information 

on the distribution of the volatile components between 

vapor and liquid as well as on the reaction conversion, 

they are also included in this comparative study.



7.3el Comparison on Vapor Molal Condensates

Since ethyl acrylate is the main product and ethyl 

alcohol is an important unreacted reactant in the vapor 

phase,they are the two vapor molal quantities of greatest 

importance, V/ith the additional knowledge of the amount 

of total vapor molal condensate, the relative purity of 

ethyl acrylate in the condensate can be determined. There­

fore, these three quantities are to be evaluated in this 

section. No discussions will be presented for the rest 

of components in the vapor, such as v/ater,diethyl ether 

and ^-ethoxy ethyl propionate, because water is not a 

product and the other two compounds are by-products with 

only trace quantities.

The comparisons between theoretically calculated 

and experimentally measured results for the above three 

important quantities are presented in Figures 7.17 - 7»25» 

one for each experimental run. The comparisons are made 

for the dynamic behavior of .the system during the initial 

80 minutes operation.

For the main reaction product, ethyl acrylate, the 

agreement between the theoretical and experimental values 

is very satisfactory except Run 9 where the theoretical 

calculations give an average error of 0.095 moles, i. e., 

approximately 23 It is noted that one of the original



VA
PO

R 
I.
IO
LA
L 
CO

ND
EN

SA
TE

Results Vapor IiT.i.s.l Condensate, Run 1



Fig. 7.18 Comparison of Theoretic al biodel and Experimental
Results — Vapor? Mo lai Ccnl.cnsate, Run 2



2.5
VA

PO
R 

MO
LA

L 
CO

ND
EN

SA
TE

Fig. 7.19 Comparison of Thaorevicr.l ’f.o.iol and Experimental 
Results — Vapor I-iolal Cc-ndOT/sate, Run 3



2.5
VA

PO
R 

MO
LA

L 
CO

ND
EN

SA
TE

ro
•$3

Fig. 7.20 Comparison of Theoretical Model and Experimental
Results —- Vapor Molal Condensate, Run 4



2.5
VA

PO
R 

MO
LA

L 
CO

ND
EN

SA
TE

Fig. 7.21 Comparison of Theoretical Model and Experimental
Results — Vapor Molal Condensate, Run 5

288



Fig. 7.22 Comparison of Tl-eoretical I'iodPl and Experimental
Results — Vapor Ivolal Cor.ocnsate, Run 6



VA
PO

R 
MO

LA
L 

CO
ND

EN
SA

TE

Fig. 7.23 Comparison of Theoretical ir.odel and Experimental
Results — Vapor Mola.l C-'r/lonsate, Run 7

w
<5



2.5

Fig. 7.2^ Comparison of Theoroti -.c.i ?<Cdel and Experimental 
Results — Vapor Lo.Lal vm^onsate, Run 8

VA
PO

R 
MO

LA
L 

CO
LD
ER
'S
 AT

E



Fi;> 7,25 Compariscn of Theoretical Pic.del a^,d Experimental
Results:v'apoz* Kiolsl Gondencar.o, E>dn 9 

VA
PO

R IC
C

LA
L C

0M
D

IL
N

3A
T



293

reactant, acrylamide, for all the nine runs was prepared 
to be in the range of 1.00? t 0.021 gram moles. There­

fore, the molal quantities shown on thes graphs for 

ethyl acrylate essentially reflect total conversion of 

the reactant, acrylamide, to the main product, ethyl 

acrylate.

For ethyl alcohol, an unreacted volatile reactant, 

the theoretical prediction is also satisfactory except 

Run 3, where the quantity of the predicted vapor ethyl 

alcohol is 0.14 moles above the experimental data, 0,96 

moles at t=78,7 minutes. This is equivalent to the dis­

crepancy of 14.6

The theoretical model also predicts fairly accurately 

the experimentally measured amount of the total vapor 

molal condensate. The average deviation is 7*9 % over 

the 47 data points covered in the nine runs. The maxi­

mum devi.ation occurs in Run 9 with an absolute average 

error of 19•5 while the best prediction is seen in Run 

5 with an absolute average error of only 1.2 %.

In view of the complexity of the mathematical model 

and of the reaction system, the agreement between the 

theoretical and the experimental results is excellent.

7.3*2 Comparison on Liquid Temperature
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Fie;. 7.28 Comparison of Liquid Temperature, 
Run 7 to Run 9
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The liquid temperature has significant effects 

on reaction rate and vapor-liquid equilibria, as de­

monstrated in the correlation work discussed in Chapter 

6, Since, the description of the physico-chemical system 

includes several energy terns such as heat of reactions, 

heat loss, enthalpy of feed stream and enthalpy of leav­

ing vapor, an accurate prediction of the liquid temper­

ature is dependent on the accuracy of the prediction or 

the measurement of these energy terms.

Comparison between theoretical and experimental 

liquid temperatures is given in Fig. 7-26 through 7-28 

for all the nine runs. Although experimental temper­

ature were measured continuously by a Honeywell 19 re­

coder, only discrete experimental temperatures at each 

sampling time are used here for comparison. The agree­

ment for Runs 2, 3, 4, 6 and 7 are very satisfactory. 

For the other four Runs, 1, 5> 8 and 9$ the predicted 
temperatures are 1 to 3 °C higher than the experimental 

values. As shown in the figures, once a higher predicted 

temperature is reached, the temperature profile remains 

high for a period of time because of consequential con­

tribution from heats of reaction.

Maximum temperatures are predicted by the model for 

Run 5» 6, 8 and 9* This phenomenon indicates that net 
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accumulated energy estimated for the early stage of 

reaction is too high. As demonstrated in Section 7.2, 

the maximum temperatures can be obtained when the heat 

of reaction is high, or the overall heat transfer coef­

ficient is small, or the relative ratio of vapor to feed 

is large.

Since the temperature deviations of 1 to 3 °C give 

very small errors in predicting the experimental molal 

quantities of vapor condensate as demonstrated by graphs} 

Figs. 7.17 - 7»25f these temperature deviations arc- con­

sidered to be insignificant and acceptable.

7«3«3 Comparison on Liquid Mole Fractions

If the agreement in total vapor molal condensate 

between the theoretical and experimental results of the 

total vapor condensate is satisfactory, the agreement on 

total liquid molal quantity should also be satisfactory’. 

This is because the sums of the liquid and vapor quanti­

ties should be stochiometrically constant for each com­
ponent except of p-ethoxy-ethyl propionate which is pr- 

sented in trace quantity. The variation of ^-ethoxy- 

ethyl propionate quantity is not significant on the total 

picture.

The most severe test of the theoretical model is 
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whether it is able to predict the liquid composition. 

The comparison of liquid mole fractions of individual 

components can provide useful informations about dis­

tribution of volatile components between vapor and li­

quid as well as the conversion of reactants.

Since the theoretical model gives the best pre­

diction for Run 7 and the worst prediction for Run 9 as 

to both the vapor molal condensate and the liquid tem­

perature, the comparisons on the liquid composition will 

be made for these two runs. Fig. 7*29 presents the com­

parison of liquid mole fractions for seven liquid com­

ponents in Run 7» The agreements between the model and 

the experimental results are excellent for all the seven 

components. Acrylamide is not shown in the figure be­

cause it is assumed to be completely converted into acryl­

amide sulfate. Another component, diethyl ether was 

totally vaporised and not detectable in the liquid phase.

Fig. 7.3C is a similar presentation for Run 9, which 

is considered to be the worst case for matching the ex­

perimental and theoretical values of total vapor- molal 

quantity. But it is amazing how well the model predicts 

the experimental liquid compositions for even Run 9. The 

agreements between the calculated and "the experimental 

mole fractions of each component in the liquid phase are 

excellent, except of the ethyl acrylate. This may be
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due to an under estimation of liquid activity coeffi­

cient of ethyl acrylate at low temperatures. A better 

correlation of multicomponent "chemical" vapor-liquid 

equilibrium data is needed. In fact, until the present 

study, there was no "chemical" vapor-liquid equilibrium 

correlation available on the sound thermodynamic basis. 

The present approach of using the Wilson-type equation, 

as presented earlier, is the first attempt for such a 

correlation.



Chapter 8 Conclusions

The following conclusions have been drawn from 

this studyt 

_! A general and theoretical model for unsteady state 

distillation accompanied by chemical reaction is pro­

posed. The model is a general model since it can be 

reduced to represent all the four basic cases of dis­

tillation operation. With substitution of proper llmiti 

values to certain terms of the equations, the proposed 

general mathematical model yields the theoretical equ­

ations for

(a) March Pdodel for Steady-State Distillation 

with Chemical Reaction
(b) Holland Model for Unsteady-State Distillation 

without Chemical Reaction
(c) Thiele-Geddes Model for Steady State Distil­

lation without Chemical Reaction

2 The model contains 18 simultaneous differential 

equations. Even for a simpler system of nonisothermal 

system of unsteady-state distillation without chemical 

reaction, Holland’s numerical solution of such equations 

requires that at least four values must be initially 

assumed. Hov/ever, the numerical solution proposed in 
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this study requires only one assumed initial value, 

i.e.f the outlet vapor flow rate. The proposed proce­

dure is based on the Runge-Kutta method and the solu­

tion converges very rapidly,

2 In order to verify the proposed theoretical model, 

the experiments were conducted to determine the system 

responses of a semibatch ( therefore unsteady-state ) 

distillation accompanied by chemical reaction. The chem­

ical reactions involved are esterification between acryl­

amide sulfate and ethyl alcohol to produce ethyl acrylate, 

and the associated side and competitive reactions. The 

experimental apparatus and procedures developed were 

sound because the reproducible results were obtained. 

It is concluded that the apparatus and the procedures 

can be readily adopted for other distillation systems 

with different reactions.

The experimental results compare very satisfactorily 

with the theoretical predictions by the mathematical 

model. The quantitative predictions of the accumulated 

total vapor condensate by the model agree with the experi­

mental values, with the average error of 7»9 for all 

the nine experimental runs. The maximum deviation was 

observed for Run 9 which is 19 • 5 ?>.

2 The agreement between the experimental and the cal­

culated values for the vapor condensate of ethyl acrylate. 
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the reaction product, is very satisfactory. So is the 

similar comparison for ethyl alcohol, one of the major 

reactants. The excellent agreements imply that not only 

the mathematical model is theoretically sound but also 

the correlations for the reaction rates and for the 

vapor-liquid equilibrium are good.

6 The liquid temperature calculated by the model de­

viates from the experimental values with an average de­
viation of 1.2 °C for the entire experiments. It is 

noted that the magnitude of 1.2 °C temperature deviation 

is too small to yield any significant error in predicting 

the accumulated vapor racial condensates.

2 Another proof of the soundness of the theoretical 

model is that the calculated liquid compositions of each 

component agree excellently with the measured values 

by the chromatograph.

8 The attempt by the V/ilson-type equation, which vzas 

made to correlate the "chemical" vapor-liquid equilibrium 

data, is found to be satisfactory. The proposed method 

is more useful for computer calculations than that employed 

by Hirata and Komatsu, who correlated "chemical" vapor­

liquid equilibrium data by discrete equations.
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£ The mass transfer effects on chemical reactions 

were correlated, by the film theory and the Arrhenius- 

type equation. The activation energy in the Arrhenius 

equation is found to be uniform for the three reactions 

involved in the system. The frequency factor is suc­

cessfully correlated by a general function of the three 

operating parameters, initial and surrounding temper­

ature, volatil reactant feed rate, and vapor fraction 

in the total feed. The major advantage of the general 

function is to express the three operating parameters 

as separated variables. Therefore, their individual 

effects on the frequency factor can be evaluated. It 

is found that the frequency factor is most sensitive 

to initial and surrounding temperature and least affected 

by volatile reactant feed rate. If the initial and 
surrounding temperature is increased from 106 °C to 

115 °C, the frequency factor will be reduced by a factor 

of 2,65, This implies that the reaction occurs mostly 

in the liquid film due to a high reaction rate at a high 

temperature. If the vapor fraction in the total feed 

is reduced from 0.85 to zero, the frequency factor will 

be increased by a factor of 1.48. This implies that 

the film reaction is reduced to the minimum by intro­
ducing a totally liquid feed stream. The volatile re­

actant feed rate mostly contributes to increasing the 
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concentration of the volatile reactant, ethyl alcohol 

in the liquid holdup. Its effect on the frequency 

factor is then small.

10 With the above sound general correlatios for the 

"chemical" vapor-liquid equilibrium and the chemical 

reaction rate expressions, the system characteristics 

are then investigated by the appropriate parametric 

studies using the theoretical model. The increase c.f 

heat of reaction promotes the product yield as well 

as the liquid temperature increase. If the system 

is operated adiabatically, it can reach very rapidly 
to high liquid temperature of 135 °C at which the de­

composition of acrylamide sulfate rakes place. Since 

the tendency is particularly apparent if the feed, 

contains a larger fraction of vapor, the proportion of 

liquid in the feed may be increased to avoid the un­

desirable decomposition. In a case with a large pro­

portion of vapor in the feed, the liquid temperature 

is initially high. But as the reaction time progresses, 

the liquid composition moves tovzard the higher content 
of volatile materials, resulting in the lowering of the 

liquid temperature. The product yield does not increase 

proportionately with the vapor content in the feed.

11 The effects of chemical reactions on distillation 
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behavior are very complex» At this time, no simple and. 

general methods are available to predict these effects. 

Heat of reaction, particular if it is significantly 

large, certainly affects the distillation. For example, 

the esterification encountered in the present system 
has the heat of reaction of -19.2 Kcal/g-mole. The 

heat released by the reaction is faii-ly large and directly 

influences the vapor-liquid equilibrium and thus the 

distillation performance.

12 A chemical reaction within a given distillation system 

affects directly its vapor-liquid equilibrium, then, in 

turn, the distillation performance. More specifically, 

the value of liquid activity coefficient of the same 

compound differs depending on whether the system is in 

physical equilibrium or accompanied by chemical reaction. 

Thus, it is concluded that a chemical reaction affects 

distillation behavior mainly by changing the value of 

liquid activity coefficient or by supplying the latent 

heat of vaporization.

13 The present model of a single-tray distillation 

accompanied by chemical reaction can be used in the 

future as a building block for a more complicated multiple­

tray distillation problem. This is recommended as a 

follow-up to the present study.
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NOMENCLATURE

A^ » Total molal quantities of component i in both 
vapor and liquid phases

: Inside heat transfer area

Cb : Concentration of reactant A in liquid bulk

C^ t Concentration for component i, g-mole/l

0^ $ Average or rnolal heat capacity

C : Liquid heat capacity at temperature T, cal/g-A;

Crj, i Concentration measured from a overall liquid
sample

S> i Diffusivity of liquid through liquid

Eo : Activation energy, cal/g-mole

Eol t Activation energy for the rate constant k1

E° $ Vaporization tray efficient defined by Holland

F : Total feed rate

F^ t Feed rate for component i

f^L : Standard-state fugacity, i.e., fugacity of pure 
liquid i at temperature T adjusted to the reference 
pressure, Pr

Hp t heat of formation

hp t Liquid enthalpy for total feed at the exit 
temperature of the preheater



310

hin s Inlet vapor enthalpy

hIN i Inlet liquid, enthalpy

hout : Outlet vapor enthalpy

^OUT 1 Outlet liquid enthalpy

-^HR i
J

i Heat of reaction of reaction j

hs. 8 Enthalpy of hold up on the tray (assuming-
negligible vapor holdup)

Ko 8 Frequency factor

K01 : Frequency factor for the rate constant

8 y^/x^=vapor-liquid equilibria^, ratios

i Rate constant for reaction i

. $ Frequency factor for reaction i and run
number s

t Molal liquid quantity for component i

t Total liquid inlet molal quantity

■^OUT * Total liquid outlet molal quantity

M ; ^M.=Total molal holdup on the tray
i=l 1

8 Molal quantity of component i in the liquid 
hold up

n 8 Number of components

Uj 8 Number of data points for an.experimental run

nr 8 Number of reactions
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ng $ Number of experimental runs

nT i Total vapor molal condensate

P i Product or total pressure

P? j Saturated vapor pressure of pure liquid 1 
at temperature T

Q s Heat transfer rate across the wall of the
reaction-distillation tray

8 Net heat transfer rate from the system to 
the surrounding

8 Net rate of component i generated and/or con­
sumed by reaction

Rj 8 Rate of reaction for reaction j

At 8 Integration step size, or measured time
interval

T 8 Absolute temperature, °K or liquid temperature
in the reaction-distillation tray in °C

t 8 Temperature in °C, oi' time in minutes

Tq : Oil bath temperature or initial and surround­
ing temperature

T^ 8 Temperature of glycerine before absorbing 
ethyl alcohol solution

T2 1 Temperature of glycerine at the end of a 
measuring period

t^ 8 Independent variable

Tm 8 Melting point in degree Kelvin

t„ t Time at the end of nth integration stepn 0
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: Overall heat transfer coefficient in terms
of inside heat transfer area

v i Total volume of liquid holdup

a : Aerated water volume 

$ Molal vapor quantity for component i 

V?
1

i Partial molal volume of i in the solution at
temperature T

$ Molar liquid volume of pure i at temperature T

VTJ1, $ Total vapor inlet molal quantity

^CUT : Total vapor outlet molal quantity

VATTm $ Outlet vapor flow rate at the previous time uUT,3
of the z th integration step

z+1 j Initially assumed at the elapsed time of 
the (z+1)th integration step

WQ $ Amount of water in the reaction-distillation 
tray at the beginning of measurement

V/c i Amount of water vapor condensate collected 
at the end of measurement

t Liquid mole fraction

y^ $ Vapor mole fraction 

yi(ti) $ True solution of a dependent variable

! Activity coefficient of component i in the
liquid mixture



Mass transfer correction factor on the in­
trinsic rate expression

Film thickness

Heat of vaporization

Heat of fusion at melting point

Heat of vaporization of water

Fugacity coefficient of component i in the 
liquid phase

Vapor fugacity coefficient of component i 
in the vapor mixture

Fugacity coefficient of pure saturated vapor 
i at temperature T and pressure P?

Relative ratio of vapor to total feed

(1-/)/^.

Variance

Volumetric ratio of aerated water to clear 
water

Multiplier for the implict method

Acentric factor

Water density at 100 °C

Liquid density for component i at the tempera 
ture of the reacting liquid mixture

T » F or o
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Appendix A Basic Physical and Chemical Data

■ As mentioned in Chapter 1, a good quantitative 

evaluation of the theoretical model can be made only 

if all the values of system parameters are accurately 

obtained from existing experimental data, or predicted 

from reliable correlation methods. In a reaction-dis­

tillation system, the system parameters include those 

for material balance calculations such as vapor-liquid 

equilibrium ratios and reaction rates, as well as those 

for energy' balance calculations such as liquid and 

vapor enthalpies, heats of reaction and heat transfer 

rate across the system boundary.

Since some of these parameters are determined and/ 

or calculated on the bases of more fundamental physical 

and chemical data, the lathers must be very accurate too. 

The fundamental physical and chemical data used in this 

study include the following twelve items.

(1) Normal Boiling Point (NBP)

(2) Critical Temperature (T )

(3) Critical Pressure (P )

(^) Liquid Density (f)
(5) Vapor Pressure (p°)

(6) Acentric Factor (^)
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(7) Liquid Enthalpy (h)

(8) Vapor Enthalpy (H)

(9) Heat of* Formation (Hf)

(10) Heat of Reaction (^H^)
(11) Fugacity Coefficient of Pure Liquid ( P0)

(12) Fugacity Coefficient of Pure Vapor ( 4>°)

This Appendix presents and discusses the sources 

of experimental data for the above physical and chemical 

properties as well as the methods used for estimating 

the values if experimental data are not available. 

The discussions are followed by tables summarising 

the final data, both experimental and predicted, for 

the compounds encountered in the study.
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A.l Normal Boiling Point (NBP)

Estimated NBP

1 -Etho^-cth}/-! propionate

FORI4UL/it C2H50C2H^C00C2H5

METHODi Three methods may be used for estimating the 

normal boiling point according to the compilation 

of Gold and Ogle (20). They are the Burnop Rule, 

the Watson Method, and the Atomic Number correla­

tion. The last one is the best method with an 

absolute average error of only 3*38 Lp for 90 

organic compounds. However, it can be used only 

for specific homologous series such as ketones, 

aldehydes, etc. Since the ester group is not; 

included in this correlation, the next best method, 

Bumop Rule is then adopted here. The Burnop 
Rule has an absolute average error of 28.^-7 ?» for 

255 orgnnic compounds. Any other chemical and physi 

cal-, properties derived from-thiv-boiling point must 
be used with care. Since ^-ethoxy-ethyl propionate 

is trace in the system, any errors induced from 

this approximation should have little effects on 

predicting the system behavior. The Burnop Rule 

states that



VZ =: M log10 Tb + 8^P^ (A-l)

where

W = atomic contribution

M = molecular weight
oT-g = normal boiling point in K

ESTII.1ATION DETAILS:

Atom Atomic 
Contribution

No. of 
Atoms

Subtotal 
Contribution.

C 23.2 7 162.4

II 10.9 14 152.6

0 51.0 3 153.0

Total Atomic Contribution 468.0

Double Bond Contribution 16.1

W = Total Contribution 484.1

M = 146.2

Then, solve Equation (A-l) for Tg

484.1 = 146.2 Log10 TB + 8/14'6.2

TB = 446.2 °K = 173.0 °C 

2. Acrylamide

FORMULA i CH2CHC00NH2

METHOD : The molten acrylamide (M.P^ 84.5 °C) poly 



merizes vigorously and exothermally.before 

it reaches the normal boiling point. How­

ever it becomes very stable when it forms a 

molecular complex, acrylamide sulfate, with 

sulfuric acid at a temperature well above 

its melting point. Therefore, many thermo­

physical properties of acrylamide and acryl­

amide sulfate are-estimated on an assumption 

that they have same thennophysicaL properties 

of compounds with similar molecular structure* 

The following comparison method is then uved 

for estimating the normal boiling point of 

acrylamide.

ESTIMATION DETAILSt

Comparison of Amide Group

Compound Formula NBP,°C Ref.
Ethyl amide CH.CONHp 222 (52 )

Butyl amide CH3CH2CH2C0NH2 216 (52 )

Propyl amide (CH^CHgCONHg) = + 216 .
2

= 219°C

Comparison between Double Bond and Single Bond
Ethyl Propionate ch5ch2cooc2h5 99.1 °C

Ethyl Acrylate CH2CHC00C2H5 100.1 °C

Double Bond Contribution +1.0 °C
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pseuo-NBP of acrylamide = 219 + 1 =220 °C

The experimental and the calculated values of NBP for 

the compounds are summarized in Table A.l,

Table a.1 Normal Boilin-? Points

_No e Component NBP, °C Ref.
1 Ethyl Alcohol 78.4 ( 52 )
2 Ethyl Acrylate 100.1 ( 17 )
3 Water 100.0 ( 52 )
4 Diethyl Ether 3'4.6 ( 52 )
5 -Ethoxy-ethyl Propionate 173 (Est.)
6 Acrylamide Sulfate Not in use -

7 Sulfuric Acid 340.0 ( 52 )
8 Ammonium Bisulfate 490.0 ( 52 )
9 Actylamide 220 (Est.)
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A.2 Critical Temperature ( Tc )

Estimated T_ c

1-Ethoxy-ethyl propionate

FORI.iULA : CoHc0CdH.iC00CdHc;
2 5 2 H- 25

METHOD $ The Lydersen method is generally recom­

mended for estimating critical tempera­

tures of organic compounds (18, 52). The 

absolute average error by the method is 5»1^ 

on the basis of 216 organic compounds. This 

method is adopted here. The Lydersen method 

(^-3) states that

T= = tb/5

and
0= 0.56? +£..dt-(2>t)2

(A-2)

(A-3)

where

A t = group contribution

ESTIMATION DETAILS !

Atomic 
Group

Group Con­
tribution, At

No. of 
Group

Subtotal 
Contribution

-ch2 0.02 4 0.08

-CH^ 0.02 2 0.0^

-0- 0.021 1 0.021



326

-coo- 0.0^7 1 0.0*17
0.188

0= 0.567 + 0.188 -(0.188)2 = 0.7197

T = ^6.2/0.7197 = 620.0 K = 32+6.8 °C 

2, Acrylamide

F0RI.1ULA : CH2CHC00NH2

METHOD t The Lydersen method is also adopted here.

ESTIMATION DETAILS:

Atomic Group Con- No. of Subtotal
Group tribution? At Groups Contributio

ch2= 0.018 1 0.018

=CH- 0.0 1 0.0

-0=0 0.0E0 1 0.0*1

-NH2 0.031 1 0.031
0.089

0 = 0.567 + 0.039 -(0.089) 2 = 0.6*18

Tc = (220 + 273.2)/0.6*18 = 760.8 °K = ^87.6 °C



Table A,2 Critical Temperature

No. Compound
T_ °C
_2j

Ref,

1 Ethanol 243.1 ( 15 )

2 Ethyl Acrylate 288.0 ( 1? )

3 Water 374.1 ( 49 )
4 Diethyl Ethyl 193.8 ( 16 )
c ^-Ethoxy-Ethyl Propionate 346.8 (Est.)

9 Acrylamide 48?.6



k»3 Critical Pressure (P )
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Estimated P~c

1, -Ethoxy-ethyl Propionate

FORMULA iC^H^OCoH/.COOCoH. c 5 2 4 2 5
METHOD t The Lydersen method is also recommended 

for.estimating critical pressures of 

organic compounds(52 ). It has an absolute 

average error of 3.7 % for 182 compounds.

The working equation is given as follows (4s)

MP = ------------
(0.34 H-Z^P)

where

M = molecular weight

4P = atomic group contribution

ESTIMATION DETAILS t

Atomic 
Group

Group Con­
tribution, z>p

NO. of
Groups

Subtotal 
Contribution

-ch2j -CH3 0.22? 6 1.362

-coo- 0.4? 1 0.^70

-0- 0.16 1 0.16

1U6 1.992
p — . atm.c ~ O ** /lO • 5/ (0.324- * 1.992)z
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2. Acrylamide

F0RT4ULA tCH2CHC00im2

METHOD :The Lydersen method given by Equation (A-9)

is also used.

ESTIMATION DETAILS

Atomic 
Group

Group Con­
tribution

No, of 
Groups

Subtotal
Contribution

ch2= 0.198 1 0.193

=CH- 0.193 1 0.193

-0=0 0.290 1 0.290

-NH2 0.095 1 C.C95

p= =(0.
71.08

,3'4 + 0.781)2 =56.6 atm.
0.7'1

Table A.3 Critical Pressures

No. Component Pc Atm Ref.
1 Ethyl Alcohol 62.9 ( 15 )

2 Ethyl Acrylate 36.3 ( 17 )

3 Water 218.2 ( Zj.9 )
4 Diethyl Ether 35.5 ( 16 )
5 ^-Ethoxy-ethyl 26.9 (Est. )

9 Acrylamide 56.6 (Est. )
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A.^ Liquid Density (^f) t

Estimated

1, 8-Ethoxy-ethyl Propionate

FORIvIULA i C2H50C2HZj-C00C2H5

METHOD : There are ten methods available for estimating 
liquid density ( 19 ). The first 'Guggenheim 

method is considered to be the most suitable 

for the compounds dealt in this system con­

sidering both accuracry and availability of 

the basic data required. The working equa­

tion can be represented by

Pr = 1 + 1.75(1 - Tr)1//3+ 0,75(1 - Tr)

(A-5) 

where

Tr = reduced temperature 
= fVc = reduced density 

= critical volume c
The critical volume is estimated by the 

Lyderson method as shown below.'
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Atomic 
Group

Group Con­
tribution, ZkV

No. of
Groups

Subtotal
Contribution

-CH^ -CHo3 55 6 330

-COO- 80 1 80

-0- 20 1 20
430

V"c = Z (AV) = ^30 c.Ce/g-mole =2.94 c.c./g.

fc " VVC = 0.34 g/c.c.

The critical temperature Tc can be obtained 

from Appendix A. 2« Then for any given tem­

perature a corresponding liquid density can 
be calculated by Equation (A-5).

2. Acrylamide

FORiVJJLA : CHnCHCONH

METHOD i The First Guggenheim method, or Equation

(A-5),is used. The required critical volume

1?8

of acrylamide is estimated as follows.

Atomic 
Group

Group Con­
tribution,

No. of 
Groups

Subtotal 
contribution

ch2=, ch= 45 2 90
C=0 60 1 60

-NH2 28 1 28

Vc = 178 c.c./g-mole = 2.505 c.c./g. 

fc = 0.399 g/c.c.



3<> Acrylamide Sulfate

FORI.TULA $ CH2CHC(0H)NIi2HS0Zj,

METHOD iAssume that the liquid molar volume of this 

molecular complex is approximately equal to 

the sum of the liquid molar volumes of its 

two pure constituents. Then

111

vi; (a-5)
where

liquid molar density for component i

1/p = liquid molar volume

Ammonium Bisulfate

FORIuULA t NH^HSO^

METHOD iAramonium bisulfate is a dissolved solid 

in the liquid solution. Its molar volume 

may be assumed equal to the average molar 
volume of ammonium sulfate, (NH^)2S0^ , 

and sulfuric acid, HgSO^. Then,

1 < 1
— = -----------  +
J 8 LZdnLjpSO,, 

4 2 4
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At a low operating pressure, liquid density is only a 

function of temperature. The densities obtained from 

either the literature or Equation (A-5) are then fitted 

as a function of temperature according to the follow­

ing polynomial equation.
/i = a. i 4 a T -h a. JP2 (A-6)

The program POLYFIT given in Appendix 0.6 can be 

used for data regression to obtain the coefficients 
of Equation (A-6). These determined coefficients for 

the nine components in this system are summarised in 
TABLE A.^.



i

1

2

3

5

6

7
8

9

Table A,^- Liquid Densities

where
f = liquid density, g/ml
T = temperature, °C

Compound a. 11.1
ai,2 x 103 a. 0 x 10-’

1 p J
Data 
Sources

Ethyl Alcohol o.79800 -0.75060 -0.16369 ( 15 )

Ethyl Acrylate 0.93971 • -0.94345 -0.16369 ( 17 )

V.'ater 0.10067 -0.25200 -0.22973 ( 52 )

Diethyl Ether 0.73271 -0.88333 -0.32738 ( 16 )

-Ethoxy--ethyl Propionate 0.97266 -0.87446 -0.014881 (Est.)

Acrylamide Sulfate 1.^734 -0.95768 +0.0031945 (Est.)

Sulfuric Acid 1.8511 -0.99000 •• ( 52 )

Ammonium Bisulfate 1.81^1 -2.7500 — (Est.)

Acrylamide 1.1^52 -0.76236 -0.38601 (Est.)



335

A.5 Vapor Pressure (p°)

Est.iiiiated p°

1o B -Ethoxy-ethyl Propionate 

FORJMULA i C0H£,OC0H,,COOC0Hc
c 3> Mr D

METHOD 8 The Riedel correlation is a suitable me­

thod. among the "reduced" correlations (24) 

for estimating vapor pressure* considering 

both accuracy and availability of corre­

lating parameters. There are four different 

forms of the Riedel Correlation, The third 

form is most suitable for the compound being 

studied and thus presented here as follows.

i°S10 p° = - ^(Tr) - toc- 7 Wr) (A-7)

$(Tr) = 0.118 4(Tr) - 7 log Tr (A-8)

y<Tr) = 0,0364 4>(Tr) - log Tr (A-9)

^(Tr) = 36/Tr4- 42 log Tr - 35 - Tr6 (A-10)

r Tn _ In P x
o/c =0. 9076 [ 1 + —~J (A-ll)

where
P? = P°/Pc
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op = vapor pressure
= T/T^r ' c

The required critical temperature (T ) and 

critical pressure (p ) are obtained in 

the previous sections.

The vapor pressure data obtained from eitlier the 

literature or the above Riedel method can be cor­

related by the following Antoine equation
lop- n0 - A - . C \A-12)log10 p A B + T

v.'here
o ,rp = vapor pressure, mm H£

T = temperature, °C

A,B,C -- Antoine constants

The Antoine constants for the five volatile com­
ponents in the system are obtained and given in Table a.5<>

Table a,5 Antoine Constants for Vapor Pressure

No. Component A B C Ref.
1 Ethanol 8.1629 1623.2 228.98 (26)

2 Ethyl Acrylate 6.9773 1283.1 212.19 (17 )

3 VZater 7.96681 1668.2 228.0 (26)
iv Diethyl Ether 6.89227 1051.3 227.^-3 (26 )

5 ^-Ethoxy-ethyl Propionate 8.3190 2691.9 318.38 (Est.)



A.6 Acentric Factor (w) :

The acentric factor is defined as

CO= - 1 -(log Pr)T^ = Oe? (A-13)

It is a factor to account for the degree of de­

parture of a real fluid from a simple fluid. It is 

used in this study for. estimating fugacity coefficient 

of a pure vapor by the Prausnitz general correlation 

(53)* The acentric factors of ethyl alcohol, water and 

diethyl ether are given by. the Pransnitz compilation 

(53) while those of ethyl acrylate and ^-ethojy-ethyl 

propionate can be calculated from Equation (a-13) 

utilizing the vapor pressure data estimated in Section 
A.5» Table a.6 is a list of the acentric factors for 

the five volatile components.

Table A.6 Acentric Factor

No. Component Acentric
Factor

Ref.

1 Ethanol 0.637 ( 53 )

2 Ethyl Acrylate 0.329 (Est.)

3 Water 0.3^ ( 53 )

Diethyl Ether 0.283 ( 53 )

5 3-Ethoxy-ethyl Propionate 0.557 (Est.)
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A.7 Liquid Enthalpy ( h )

Liquid enthalpy is only dependent on temperature 

at low pressure and can be calculated from liquid heat ca­

pacity by
,Th = j Cp dT (A-U)

/m
d 

where

Cp = liquid heat capacity 

= datum temperature

h = liquid enthalpy

If liquid heat capacity is expressed by a polynomial 

equation,
Cp = a1 + + a3T2 (A-15)

and the datum temperature is chosen as 0°C, the liquid 

enthalpy can be obtained readily by integration of 

Equation (A-14):
h = aiT + a2T2/2 + a3T3/3 (A.16)

Therefore, only liquid heat capacities are required for 

obtaining liquid enthalpies. The liquid heat capacities 

are estimated for the compounds for which measured data 

are not available.

Estimated Liquid Heat Capacity, C£
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• P -Ethox;/-ethyl propionate

FORMULAi CgH^OCgH^COOCgH^

METHODi The heat capacities of organic liquids at
20 °C may be simply evaluated with relatively 

good accuracy ( 5 and Per cent average and 

maximum errors ) with the additive-contribution 

method of Johnson and Huang ( 39 ). The working 

equations can be expressed by

C* = E Atomic Group Contributionsp, ZU u
(A-l?) 

where

C on°r' - molar heat capacity at 20 °C
P ; ZU U

Heat capacities calculated in this manner 
at 20 °C may be used to calculate the constant 

b of the following Chow and Bright general cor­
relation; (10, 23)

GoJ2,8 = bM 
. P

Once the constant b is determined, the equation 

can be used for calculating a heat capacity at any 

temperature. Since the system is operated at atmos­

pheric pressure and the reduced temperature en­

countered in this study is less than 0.65, the fol­

lowing Watson expansion factor is used (52)

0.17^5 - 0.0838 Tp 



3^0

The following working equation is obtained by 

combining the above two equationsB

C ( 0.17^-5 - 0.0838 T^ )2,8 = bM (A-18) 
p ~

ESTIMATION DETAILS i

For %, 20 °C

Atomic Group Con­ No. of Subtotal
Group tribution Group Contribution

CH^ 9.9 2 19.8

-ch2 6.3 4 25.2

-C00- 14.5 1 14.5

-0- 8.4 1 8.4

Cp, 20 °C

Molecular

=67.9 Cal/g-nole-

Weight = 146.2

°C (Molal Basis)

67.9C OA = ------ - = 0.464 Cal/g-°C ( Mass Basis)
p, 20 L 14,6,2

Determination of b using %,2o°c

0.464( 0.1745 - 0.0838 x )2,8= b
346.8 t 273.2

b= 0.007893

!2LS at Other Temperatures

2

Cp = 126.69(0.1745 " 0.0838 Tr)* 2*8

2. Acrvlamide

FORMULA ; CHgCHCONH
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METHOD sThe Johnson-Huang method given by Equation 

(A-l?) and the Watson expansion factor method 

given by Equation (A-18) are also adopted here.

ESTIMATION DETAILS 1

For %, 20 °C

Atomic Group con- No. of S 0 l-rll.
Group tribution Groups Contribution

ch2= 6.3 1 6.3

=CH- 5*4 1 5*4

c=o 14,7 1 14.7

-NH2 15.2 1 15*2
= 41.6

Molecular Weight = 71*06

CP" > 20 r> — 41 € 6 _ ^1, / On°C ’ 71.06 “ -alzg- c

For 0 at P Other Temperature

O.5854( 0
20 + 273 * 2 )2-8. b

• — UeUO>O X
487.6 + 273.2

b = 0.007253
Cp = 137.S8( 0.1745 - 0.00838 Tr)2*8

3. Acrylamide Sulfate t

FORIhULA 1 CHoCHC(0H)MHoHS0,,
C. C Hf



METHODt The enthalpy of acrylamide sulfate is equal 

to the sum of the enthalpies of its two cons­

tituent compounds, acrylamide and sulfuric 

according to the assumption made in Chapter 7• 

Its molal heat capacity can then be readily 

determined, by definition, from the following 

equation.

cp,6 = < CP,7 + —G CP,9 ’ (A-19)

where M stands for molecular weight.

Ammonium Bisulfate

F0RI.IUL.4s

METHOD: The method used for acrylamide sulfate as stated 

above is also used here. Accordingly, the heat 

capacity of ammonium bisulfate can be expressed 

in terms of those of sulfuric acid and ammonium 

sulfate as follows,
1 n(NHz,)7S0z, _ J

P,3 " 2 I Mg up,7 + Mg Up,(NH- )2S0Z|-J

(A-20)

Liquid heat capacities obtained from the literature 

or estimated by the above mentioned methods are then fitted 

to Equation (A-15) by the computer program POLYFIT given 

in Appendix 0.6. The fitted coefficients are listed in 

Table A•7•



Table A.7 Liquid Enthalpies and Heat Capacities

Cp = ai + a2T + a^T2 + a^T^

h = atT + a2T2/2+ a3T-3/3-r a^/U-

Component Name

C = caP

al

.l/g-°C ; h = cal/g ; T = °C

a£i- x 107 Ref.
3 a? x 10^ a^ x 10^

D ______

Ethyl Alcohol 0.53150 2.2012 0.72024 — ( 15 )

Ethyl Acrylate 0.45560 0.48312 0.17086 — ( 17 )

Water 1.0060 -0.31738 0.34230 — ( 52 )

Diethyl Ether 0.53002 0.97143 1.10120 ( 16 )

(3-Ethoxy-ethyl 
Propionate

0.44220 1.0364 0.26786 •— (Est.)

Acrylamide Sulfate 0.51106 -2.6872 2.5080 -0.46642 (Est.)

Sulfuric Acid 0.47483 -5*4866 4.1811 -0.81692 (52 )

Ammonium Bisulfate 
(Solid)

0.42665 -2.3368 1.7822 -0.34821 (Est.)

Acrylamide 0.56106 1.1766 0.19831 -0.017361 (Est.)



A.8 Vapor Enthalpy ( H )

A vapor mixture at atmospheric pressure may be 

treated as an ideal gas without a significant error. 

Two methods are used to obtain vapor enthalpies for 

the five volatile, compounds. The first method uses 

the following equation to calculate vapor enthalpy.

,TH = 7l0 + j Cp dT (a~21)
0 V

where
H = vapor enthalpy at temperature T °C

'Ao heat of vaporization at 0 °C

C = vapor heat capacity pv

This method is applied for the first four volatile 
compoxmds. The data format 0 °C and C for these

-- v 
four compounds are available in th? literature«
For the least volatile compound, '9-Ethoxy-ethvl r-ro- 

pionate, none of the above data are available. It is 

then more convenient to obtain its vapor enthalpy from 

the previously estimated liquid enthalpy plus heat of 

vaporization for a given temperature. Thus,

H=)1t+ h (A-22)

where
XT = heat of vaporization at temperature T



Since vapor pressure of ^-ethoxy-ethyl propionate in 

the system is always less than atmospheric pressure, 

the vapor enthalpy obtained from the above equation 

may be treated as an ideal gas enthalpy.

Estimated Heat of Vaporization, X

FORMULAt CoH£;0CoH2LC00CoHe

METHOD: There are four methods v/hich may be used to 

estimate heat of vaporization at the normal 

boiling point (21). The Giacalone correlation 

is most suitable for this compound, consider­

ing both accuracy and availability of correlat­

ing parameters. His method is presented here 

as follows.

R Tb Tc in Pc
B ( Tc - Tb )M (A-23)

The above equation has average and maximum 

errors of about 3 and 10 per cent, respectively.

For heat of vaporization at other temperatures,

the Watson temperature correlation can be employed 

and is expressed as follows:



^6

(A-2<l)

where
‘Xgi = heat of vaporization at temperature T

T = t / T 1B,r 1B/ 1c

The average absolute error of Equation (A-2^-)

is I4-.7 c/3 for 2M-7 organic compounds.

ESTIMATION DETAILS:
From TABLE A.l, Tfi = 1?3 °C = ^6.2 °K

From TABLE A.2, T c = 3^6.8 °C = 620 °K
c,5

1B,r o20

From TABLE A.3, Pc = 26.9 atm

From Equation (A-23)

■h 1.937 x AA6,2 x 620 x In 26,9
as = 620 - Wor2"y"3rwo,2

= 71*2 cal/g

From Equation (A-2^)

1 - TA = 71.2(----- -----)°*38
1 1 - 0.7197

°r Ar = 115.42( 1 - Tr)0,33

From Equation (A-22)
H5 =^T,5 + h5

or
H5 = 115.^2( 1 - Tr)0-38 + h5 (A-25) 



The vapor enthalpy of p-ethoxy-ethyl propion­

ate can now be calculated, from Equation ( 

A-25) as a function of temperature ( or re­

duced temperature).

The vapor enthalpy calculated from either Equation 

(A-21) or Equation (A-25) is then fitted into a poly­

nomial equation again by the program POLYFIT given 

in Appendix C66. The fitted coefficients and vha data 

sources for the five volatile compounds arc listed 

in Table-A.Se

Table A,8 Vapor Enthalpies at 1 Atm»

H = a^ + **" ’ ’ ’
T = temperature, °C

H = ideal gas enthalpy, cal/g

Component al a2 a^xlO^ a^xlO7 Ref
Ethanol 227.0 0.3630 33.978 ( 15)
Ethyl Acrylate 96.0 0.2337 67c20 -0.132 ( 16)
water 597.6 0.^200 0.102 ( 52)
Diethyl Ether 90.0 0.3^50 0.375 ( 16)
0-Ethoxy-ethyl 
Propionate 79.7 0.3695 - 6.211 8.929 (Est.:



A.9 Heat of Formation ( )

The heats of formation presented in this section 

are all evaluated at normal reference temperature, 25 
°C. They are needed for calculating heat of reaction 

by Hess'- rule in the next section.

Estimated H^

1, Ethyl Acrylate

FORMCIA i CH9CHCOOC9Hc 
C J

METHODS The heat of formation of ethyl acrylate in 

the liquid state is estimated by two steps. 

The first step is to estimate its heat of 
formation in the ideal gas state, namely H^, 

by the method of Andersen, Beyer and Watson 

as mentioned in Chapter 7• To reduce error 

to a minimum, a largest molecule of "close 

size and structure", ethyl propionate, is 

used as base group. The second step is to 

estimate its heat of vaporization by Equations 
( A-23 ) and (A-2^) following the precedures gives 

in Section A,8. Then, its heat of formation in 
the liquid state, namely H^!, can be readily 

calculated.

ESTIMATION DETAILS
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(1) 2 ( Ideal gas heat of formation )s

Kcal/g-mole Ref,

Base Group

Ethyl Propionate
CHoCH9COOCnH£:3 <- j

-112.36 ( 52 )

Double Bond Contribution 4-30.0

ch2chcooc2h5 -82.36

(2) %2 -) 10,1____

(3) 2 -92.46

2. ^-Ethoxy-ethyl propionate

FORIfiULA: C^OC^^OOC^

yiETHODt The same method used for ethyl acrylate 

is employed,

ESTIMATION DETAILSt

(1)
Kcal/g'-mole Ref,

Base Gioup

Ethyl Propionate

CH3CH2C00C2H5 -112.36 ( 52 )

Contribution of Secondary CH^

to CHoCH^CH^COOC^H. . -5.2

Contribution of Substitution

of CH^ by -OH to



35c.

HCCH?CH2C00C2H5 -32 a 7

Contribution of Substitution 

of H in OH group by CH^ to 

ch5och2ch2cooc2h5 *9.5

Contribution of Secondary 

ch^ to c2h^oc2h4cooc2h5 -7.0

-1^7.76
(2) X. x) , Ig.Oj

(3) -160.81

3. Ammonium Bisulfate

FORMULA $ NH^HSO^

METHODt Heat of formation of solid ammonium bi­

sulfate is assumed equal to the average 

heat of formation of solid sulfuric acid 

and ammonium sulfate. It is defined as II

ESTIMATION DEATILS:
Kcal/g-mole Ref.
-193.69 ( 52 )

Zfu5iOn,7 -------- ( 58 )

h$ n -196.24

s
Hf, (NH^ )2S0^ ------—--- ( 52 )

Hf,8 = ((-196.24)+(-281.74))/2

= -238,99 Kcal/g-mole

W S-1



4« Acrylamide!

FORMULA! CH2CHC0NH2

METHODS The method used for ethyl acrylate

is employed.

ESTIMATION DETAILS;
(1) h^9

* Kcal/g-mole Ref

Base Group
Formamide, HCONHg -^9»5 ( 5<-

Contribution of Primary CH^

Substitution to CH^CONHg -9-0

Contribution of Secondary CH^

Substitution to CH^Cl^CON^ -5«0 

Contribution of Double Bond

to ch2chconh2 4-30.0

-33.5

/I9 -) -13.1

(3) H^9 -^6.6

Experimentally Determined

5. Acrylamide Sulfate;

FORI-iULA ; CH2CHC (OH) NH2HS 0

METHOD; Acrylamide sulfate is a molecular complex.

Its-heat of-formation can not be estimated 
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by any available correlation methods. There­

fore, it must be determined, from the experi­

mental heat of reaction data between sulfuric 

acid and acrylamide and their heats of formation 

by Equation (7-3) as discussed in Chapter 7.

Hf,6 = Hf,7 + Hf,9 + ^HR ( 7-3 >

From Section of Chapter 5» 
= -5.62 Kcal/g-mole

From Perrys* Handbook (52),

n = -193.69 Kcal/g-mole

From the previous section,

H^ Q = -^6.6 Kcal/g-mole 
19 y

Then, the heat of formation of acrylamide 

sulfate can be readily calculated by Ecu­

tion (7-3).

Hf,6 88 (-:i-93.69) + (-^6.6) + (-5.62)

= -2^5.91 Kcal/g-mole.
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Table k.9 Heats of Formation

No. Component Phase Kcal/g-mole Ref.

1 Ethyl Alcohol L -66.35 ( 52 )

2 Ethyl Acrylate L -92.^6 (Est.)

3 Water L -68.32 ( 52 )

Diethyl Ether L -65.2 ( 52 )

5 -Ethoxy-Ethyl Propionate L -160.81 (Est.)

6 Acrylamide Sulfate L -2^1-5»91 (Exp.)

7 Sulfuric Acid L -193*69 ( 52 )

8 Anmon1um Bic ulfate s -2.38,99 (Etit.)

9 Acrylamide L -^6.6 (Est.)



A.10 Heat of Reaction, (AHR)

The heats of reaction for the three reactions 

encounterred in this study are determined by Equation 

(7-4) through (7-6), using the data listed in Table A.9.

The details of calculation are given below*

for Reaction 1, Esterification:

From TABLE A,9

Hf,l = ”66-35

hi o = -92.^6 
f ,2

4 = -2^5.91 J. p

4,8 = -238-?9

Substituting the above data into Equation (7-^) gives

=(-92.46) + (-238.99) - (-245.91) - (-66.35) 

= -19*19 = -19*2 Kcal/g-mole

2, a Hr for Reaction 2, Dehydration:

From Table a.9



4.1 ■= -66-35

o = -68.32 * p >
4,n. = -65-2

The heat of reaction for Dehydration can now be readily 

calculated from Equation (7-5)»

AHR2= 4,3 + 4.4 - 24,1 < 7-5 )

= (-68.32) + (-65.2) - 2(-66.35) 

= -0.82 Kcal/g-mole

3. for Reaction 3$ Successive Reaction
k3

From TABLE A.9.

= -66.35

lA = -160.81 
1 > 5

/ = -245.91 J. o
4>8 = -238.99

Then, the heat of reaction of Successive Reaction can 

be determined from the above four heats of formation by 

Equation (7-6) as follows.

^HR3=4,5 + 4,8-4,6-24,l <7-6)

=(-160.81)+(-238,99)-(-245.91)-2(-66.35)

= -21.19= -21.2 Kcal/g-mole



Table A.10 Heats of Reaction

Reaction 
No.

Reaction Equation Heat of Reaction
Kcal/g-mole

1 Esterification (^-2) -19.2

2 Dehydration (M) - 0,82

3 Successive Reac­
tion (W) -21.2

Mr Equilibrium Reac­
tion

(4-1) — . 6 ?

(Complex Formation)



Appendix A.11 Fugacity Coefficients of Pure Liquid (y/0)

Table 11 Constants of Equation (2-6) for Deter- 
mining Fugacity Coefficients of Pure Liquid

Constant G r sy s on - S t r a o d Correlation Chao-Seader Correlation

Hydrogen Methane Simple Fluid Hydrogen Methane Simple Fluid

Aq 1.50709 1.36822 2.05135 1.96718 2.43840 5.75748
A1 2.74283 -1.54831 -2.10899 1.02972 -2.24550 -3.01761
A2 -0.02110 0. 0. -0.054009 -0.34084 -4.98500
A3 0.00011 0.02889 -0.19396 0.0005288 0.00212 2.02299
kia. 0. -O.OIO76 0.02282 0. -0.00223 0.
A

D 0.008585 0.1.486 0.08852 0.008585 0.10486 0.0842?
*r; 0. -0.02529 0. 0. -0,03691 0.2666?
A7 0. 0. -0.00872 0. 0. -0.31138
A8 0. 0. -0.00353 0. 0. -0.02655
A9 0. 0. 0.00203 0. 0. 0.02883

kjj V-T*. -si
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A, 12 Fugacity Coefficient of Pure Vapor (<j>0)

Fugacity coefficient of pure vapor is estimated, 
by Prausnitz* three-parameter general correlation (53)• 

The correlating equations arei

log = log^o) log^S1^

log^o)= ( (0.57335/Tr - 3.0?56)/Tr - 5.6036)/'i?r

- 3.5021

and
log^1^ ((((((((((( 0.012039/Tr - 0.015172)/’’,,

- 0.06860^)/!^ + 0.02^365)/Tr + O.K-937) 

/Tr + 0.18927)/Tr - 0.121/-l-7)/Tr 

-0.i0666)/Tr _ lii662)/Tr + 0.12666)/Tr

-b 0.31661 )/Tr + ^.3539)/Tr - 3.769^ 

where
TT =-7T-:= reduced temperaturer 1c

co. = acentric factor 1
The required critical temperature Tn and eccentric 

factor can be obtained from Section A.2 and A.6, respec­

tively .
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Appendix B Calibration

The five calibration curves and one calibration table 

are included in this appendix. The methods of calibra­

tion and the respective data sources are described in 

Chapter 5» The calibration curves and table are listed 

as follows:

Fig.. B.l Calibration Curve for Helium Flow Rate

Fig. B.2 Calibration Curve for the Flow Rate of 
86 Wt Io Aqueous Ethyl Alcohol Solution

Fig. B.3 Calibration Curve for Weight Ratios of

Volatile Components to 1-Propanol in 

the Gas Chromatography
Fig. B.^ Interelations among Volume of Liquid

Holdup, Inside Wall Surface Area, Liquid

Height on the Reaction-Distillation Tray

Fig. B.5 Calibration Curves for Vapor Weight

Fraction in Feed Stream as a Function of

Feed Rate

TABLE B.l Calibration Table for Iron-Constantan

Thermocouples
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Q Ethyl Alohol
A Ethyl Acrylate

G.

□ Water

O Diethyl Ether

0.0 1.0 2.0 3.0 ^.0

ma

9.0

Carrier Gas:
Currents 180
Cell Temperatures 110 °i

C. Conditions:
Column: 35 Wt % Carbowax 600 on 

80/100 Mesh Chromosorb V7;
0D; 100 °C
Helium

5.0 6.0 7.0 8.0
A./A , G. C. AREA RATIO TO 1-PROFANOL
V propanol,

Fig. B.5 Calibration Curve for Weight Ratios of Volatile
Components to 1-Fropanol in the Gas Chromatography



U iim i n i will in ii m ■■■ ■wiwimhi ■■ii uni—■ ■■ mm err utiti

CAT.lBRArrrOX TABAT,S FOR THLKMOCOl Pf JJS (Cuiiilnncd)

SJROX-CONSTANTAX TIIERMOCOLTLES(MomiiEn Isis)
(Electromotive Force tu Absc-lut* Mi.’Evolu. Tr.rpratures in Drgrv.i C 

(hit. 19-15). P.< 'crrri'1** Junctions at 0l C.)

-jCQ
-uq

-7 C6 
-7.40

•7.69 
- 7.43 -7.45

-7.7<
-7.49 -7.51

-7.73
-7.54 -7.5.. -7.59 -7 5! -7 r ra

-!7t( — 7 12 -7.15 -7 Is -7.21 -7.24 -7.27 - . 3? -7.32 -7.35 -7 / .3
-I err -6.S2 - 6 85 -C.S8 -6 9! -6 94 — 6.f«7 — , |l , -7.f? -7.06
-15-j -6.53 -6.53 — 6 56 -6 M -0.63 -6.66 -6.6) -G.72 -C// -6.;£a

-nd
-6.16 -6.19 -6 26 -6.29 -6 38 -C.3C. -6 40 -6.43 -6/rg

-l?0j -5.SO -5.S4 --5 ^7 -5 9! -5.94 • 5.9.4 -r. oi • / 05 -6 -o. r;a
-12C--5.42 -5.4C. -5 50 — 5.54 -5 5? -5.Cl -5 _f. r.q -5 72 -5.7.1
-lie -5.03 -5 07 -5.H -5.15 -5.19 -5 23 .. f. n 7 -5 31 -5.35 -5 3 .M
-iQO -4.63 -4.67 -4 71 - 4.75 -4.7‘J -4.8.3 -4.37 -4.91 -4.Pa -4/?g

-9C -4.21 -4.25 -4.30 -4.34 -4.38 -4 42 -4 45 -4 50 -4.55
— SO -3.7S -3 82 -3 87 -3.91 -3.95 -■LCD -4.C-i -4 03 -4 13 -4.rlg
-;o -3.34 -3 38 -3.4.3 -3 47 -3 5 '2 ••’.56 -3.69 -3/5 -3/9 -3.7n
-6*J -2.89 -2.94 -2.9S -3 03 -3.C7 -3.12 -3.18 -3 21 — /. ?.t -a.-- 4
-50 -2,43 -2.45 -2.52 -2.57 —2.52 -2.66 -2.71 -2.75 —2/v “2£1
-40: 1.96 -2.01 -2.05 -2J0 -2.15 -2 20 — *?. *>4 --2.29 -2 34 -2.:/

-30 -1 48 -1 53 -1 58 -1.63 -1.67 -I 72 -I;;? -1.62 -1/7
— ‘j i* -1.C-0 -1 04 -1.0) -1.11 -1.1 -l.?4 -1.2r« -1 -1 39
-10 -0.5? -0.55 -0 00 -0 65 -0.73 -0.75 -6 SO -0 r5 -O.i.3 -0/ E

(-)O C.W -0.05 -O.*O -0.15 -0.20 -0.25 -0 30 -0.35 -0.40 --O.4«6i

(+)0 ON 0.05 0.10 0.15 0 20 0.25 0.20 0 ?5 P.40
10 o.x 0.5c 0 61 o ec- 0.71. 0.76 0.81 C/6 0/1 O.b- H
20 1.C2 1.07 1.12 1.17 1.22 1 28 1.33 1.38 1.43 l.r J
30 1.54 1.59 1.64 1.69 1.74 1 SO 1/5 1/2 1 9> 2.(Z9
40 2.C5 2.11 2.16 2.27 2.32 ? »: 2.4'? <> *
50 2.59 2 O'. 2 69 -.i': 2. SO 2.S5 2.S0 2/6 3/«i 3/;|

60 3.11 3.17 3.22 3.27 3.33 3 38 3/3 3.49 3.54 3 /(1
70 3 65 3.70 3.16 3.Cl 3.S6 a . 3 97 4.(2 4.0 j
SO 4.19 4.24 4 29 4 35 4 -iO 4.4n 4.51 4.56 4/2 4/7K
90 4.73 I «s 4 S3 4. £9 4.M 5.0) 5 05 5.10 5. IG S.2!tj

ICO 6.27 5.c2 5.35 5.43 5.<S 5.51 5.59 5.05 5.7Gj 5./1

no 5.81 5.86 5.92 5.87 C.03 6.05 6.14 6 19 6.95 6.S7B
12G 6.36 6 4i G.<. r. 'c2 6.5$ 6 C3 6/.? 6 74 C.Ti 6/5S
130 6.90 6.?5 7.01 7.(7 7.K' 7.18 7 7 *- « / .i« 7/ J
140 . <? t 7. ul 7.55 7 62 7.6? 7.73 i 7 Si 7 SO 7.e.:S
150 S.£O 8 06 8.12 8.17 8.23 8 28 S.34 8.35 £.45 8-^g

ICO 8.56 8.3! 8.67 8.72 S.Te s 34 8 SO 8.95 q f.q
e.c/

170 9.11 9 17 9 22 9 ?S fl 33 '3 39 9 44 9.50 9 50
ISO I. L'n 9 72 C 7^ 9.83 9 S J r. q . !v (0 10 Ci 10. n 10.17]
190 10 22 10 2o 10 24 10.3? ii* 10.5 f KV5C 10.01 10.67 10.7:4
2>w 10.7S i0.S4 iO Sj 10.15 i:. 11.6a 11/2 11.17 11.23 11.2 J

210 11 34 11. 11 45 11.50 11.56 11 S2 11 67 11.73 11.78
220 11 89 11 95 12 t<. 12.0*. in »" 12.17 12.27 12.28 12 54 12 CjJ
239 12.45 12.50 12 56 12.!?2 12.67 12.73 ' 7 12.31 12/9 r.'/vg
2!0 13.01 13.03 13.12 13.17 13 23 13.28 A 4 •3 40 13.15 13.510
250 13.56 13.62 13.67 13.73 13 78 13.84 13/1 13.95 14. Vv 14'0r:fl

2*-0 14.12 K',17 14.23 14.25 14 84 14.39 14.45 14.50 14/6
14/'|

270 14. C7 14.72 14.7? 14. ;3 14 6? 14/1 15.3? is. c; 15 11 !5.17fl
2i0 15/22 15 28 15.33 15.3? 15.41 15 5-0 15.53 15/1 lb// 15.725
2^0 15 77 15 83 15 •< 15.94 16 (ti 1. Ca 1C.11 16 IG lu 22 16.27 fl
300 10.33 16.08 16.44 15 49 lu 5a 16.60 lu cs 16.71 1C.77 16.K2g

310 16 85 16-.93 16.99 17.C4 17 10 17.15 17.21 17.26 17.32 17 37a
320 17.43 17.48 17.54 17.60 17.65 17.71 17.55 i. 17/-/

17/«J

330 17.^ 18 U1 | C f',i 18.15 IS 29 IS 2b 18 32 J8..37 1-.43 18. i J
; 34U 19.54 V.. .■? I C l^c it- 7*: i 1V8J . * -j 18/2 is.;/

3/0 lu.C-i 19 14 ;•! 19 2J 1,.?! !•<;- i:. 1 lj.4 = 1^.53

TABLE B.l Calibration Table for Iron-Con­

stantan Thermocouples
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Appendix C Computer Programs

C.l Program LABDATAi For treating the laboratory data 
ft

of semibatch distillation accompanied by

chemical reactions

C.1.1 Program List

C.1.2 Input Data

C.l.3 Results

C.2 Program MODEL: For solving the mathematical modol 

of semibatch distillation accompanied by 

chemical reactions

C.2,1 Program List

C.2.2 Input Data

C.2.3 Results

C.3 Program CREMACTi For correlating liquid activity 

coefficients under the effect of chemical 

reactions

C.3.1 Program List

C.3.2 Input Data

C.3.3 Results

C.ip Program RXNRATEt For calculating activation energy 

and frequency factor for reaction rate con­

stant
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C.4,1 Program List

C.^.2 Input Data

C.4.3 Results

0,5 Program BSOLFITt For fitting data into nonlinear 

equation by the BSOLVE technique

0.5•! Program List

0.6 Program POLYFITi For fitting data into polyncriial

equation by the Gauss elimination method
0.6,1 Program List



Celel Program List for Program LA.BDAT/i
LAPIJATA CDC 77/0 1/29 PAGE 1

3o8

pr oG'h Av LAI^DAT A (IN2UT <OUTPUT« TAPE 8= INPUT. TAPE TAPE? » TAPE6 = CUTUUT )
1< F A I. M < *< P
Cnvf.-O-j CCto) « JJJ.YPN( 10)
D11 < F S i G M a ( 9 » 5 ) » A C V S ( 5 « 5 ) « V r-. ( j 0 e 5) e X o ( 1 0 • b ) « G A v m A ( 1 U < 5 ) i C H ( 5 » 5 ) $ 

1 h'\: ( 1 0 ) <['(10.9) . XX ( 1 0 < 9) e YY ( 1 0.5) < 99 ( 1 0.4) ,799(10,9) . CS ( 1 0 «h) ,
2Ek (10 <5)Dl^-r.-jST ON /-Kb) . BP ( 5) , CP ( 5) .mi- (9) , YF (9) , XL ( 1 0 ) . XV ( 1 0) ,
1NT(10) ,PG(10) .T(10) <YI (5) ,XVC(10) ,X(1 0) ,99(10) ,DI (9) ,Q(10),YSA(10)
2, r.-) (1 0) < 93 ( 10) , VC ( 1 0) < NT ( 1 0 ) . VI (;d) , DELV ( 1 0) , V ( 1 0) »TLAG ( 10 ) , VY ( 1 0)
3, xc-U^ ( 1 0) . SY^b ( 10 ) < PF Pi? (20) .STDEV (20) • NAME ( b) . YS ( 9)
4, FK1 (10) ,(10) ,PF 3(10),PT I MV(10) ,TC(5) ,OMEGA(5)

Data name/i ohalCOhol «1 OHaCf yLATE .IOH'vATEp ,
* 1OHE1 Hr 9
R E A o ( 7 , 1 0 ) 
R F h D ( 7 , 1 0 ) 
RFAD(7, 14 ) 
READ(7, 11 ) 
R E 4 D ( 7 , 11 ) 
READ (7. 11 ) 
R E t. [) ( 7 , 1 4 ) 
RE AD ( 7 < 1 b ) 
RE AD(7,11) 
RE AD(7,1 1 ) 
RC=d2.03 

55 R F v- 1M 0 5
READ(R. 1 0 ) 
MUI =M[J4 1

,IOuPwOPIONATE/
<J RET
M j M < M V
( ( A (K, J) , J = 1 ,M ) , !<=1 , MM)

( Mv; (<) , K= 1 , MM ) ■
( T C ( I ) « I - 1 < M V)
(OMEGA(I),1=1,MV)
((ACVS(J•<)<K=1,M }.J=1,MV)

(AP(J),BP(J)tCP(J),U=1,MV)
XF
(Yr" ( J) • J=1 ,f'M)

JSTOP* MU
10 Fopmai(815)
11 FORMAT ( t'c 1 0 , 0 )
1? F OPMAT ( brl 1 6.5 )
] 4 F OR MA T ( br" 1 4 c 5 )
15 Format(5F1o . o)
16 Format(3F1n.o)
02 Format(OF 1 0.0)
00 Format ( 1 Hl •///I x . BUP'JM NO. ,12)

1 kFAD(5,10) N1,1 SET
RF AD ( 5< 1 1 ) FEED.ui2SD4 , AMI DE ,RT « TT ,H?O . YI1 ,RH0A , FRACTI 
N=Ml-2
R’-AD(5, 11) ( XL ( I ) < 1 = 1 ,N1 )
PE AD(5, 11) (XV(I) ,1 = 1,N1 )
RFAD(5,11) (NT(I) ,I=1 ,N1 )
PE AD (5.20?) ( (V-3( I < J) , J=1 ,mV) <PG( I) , 1=1 ,N1 )
RPAD(5« 15) ( (XP(I,J) ,J=1< MV) «1 = 1,N)
R F A D ( 5,1 1 ) ( T ( I ) * I = 1 , N )

DFTFRMI NATION OF. INSTANTANEOUS VAPOR OliANTITJES AND TIME. LAGS

JJJ=1
YI (1)=YI 1
YI (3)=1 .-YI (1)
YT(2)=0.
Y I (4)-0.
YI (5) =0.
DO 20b 1=3,N1
I 1 = 1-2



LARDAT A CDC 77/01/29 PARE 2

>'VC ( I I) =XV ( I)-XL (3)
0 h X (11 ) - x L ( I ) - X L ( 3 )

IF(ISFT.EQ.fi) GO TO 84
Dfi 22 9 J --1 < tv 1
RF(I)--0.
DO 229 J=1»MV
K-VG(I» J)/Db(J)
Cvr.= ACVS ( J, 1 )
DO 20 3 < =

05 CVF-CVS*ACVS ( J,K) (K-l )
RZ.upi--CvS
Rq I) =^S( I) *PA
RO ( T J) =RA*OT ( I )

29 COOTIX'OE
Do 20R 1=1«N1
DO 20R J=1»MV

OR RM(I»J)=9M(I»J)/RS(I)
DO 210 J=2,M
11 = 1-1
NJ(I)=NT( I ) <NT (II)
DO 210 J=1.MV

10 RM(I«J)=RM(I.J)*RN(II»J)
Go TO 85

84 DO 80 1=1.M
Do 86 J=1.mv

86 RM(J,J)=VG(1♦J)
P6 DO 211 1=1.N

DO 211 K'-lfMM
D ( I » K ) - p- ( < . 1 )
DO 211 J=2.M

1.1 D ( J , k ) - D ( I . K ) + A ( K , J ) » T (I ) ( J- 1 )
DO 212 K=1.MM
Di(K)-0 .
DO 212 J"-l . M

12 DI (K)=OI(K) *A (K«J)»TI«*(J-l)
VO--H20/OI (3) +AMIDE/DJ (6) +H2S04/DI (7)
H20M = Rp0/M ‘.v (3 )
H2SO4 = MC:5O^/MP ( 7)
AMir)E=AMIDE/71.06
v, 0 = H 2 o, V. <• H 2 S o 4 ♦ A MI D E
Do 213 I=1.N
J = l + 2
Q ( T ) = F E F i)» X L ( J)
Q(I)=0(I)*RH0A
01 ( I ) =() ( I ) ^YI 1
03 ( I ) =-J ( I ) •:>( 1 .-YU)
V 0M = VD+ 01 ( I ) /[) ( I . 1 ) +03 ( I ) /D ( I ,3) - on (J . ] ) /[) ( I . 1) -PN ( J. 2) /U ( I -

1 (j , 3) /u ( 1 . 3) -RN ( J. 4) /i) ( I .4 ) -RM (J ,b ) /D ( I . 5)
1 3 VC(J) =323.1-VON

DO 2 It- J=1.mv
80231^=1.0

31 VY(K)=-'N(K + 2.J)
Y c. ( J) = Y F ( J) / 1 ().
CALL. L S T S9R ( N . MU • X V C . V Y . X F . Y S ( J) . PF RP ( J) . R T DE V ( J ) )
8 0 2 1 6 -< = 1 . N
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}6 (k . j) =ypn( K) /miv (j)
Do K=1.N
Tf>p = YPP (K » 1 )
DO 290 J=2.DV

90 THP=TNR+YPP(K.J)
VP-TL'P-PC^ (T (><) +273.16) / (PT/760, )
TLAG (-< ) = VC ( K ) /VP+ 25 0, / ( 21 7 0 . + VP )

1 9 X wc (K ) -XVC (l<) -TLAG ( K)
DO 220 J-ltOV
DO 23A X=1»N

3 a V y ( K ) = d 0 ( < + 2 ♦ J)
L = ,.-V + ,J
CALL L^TSQP (Li,,MHXVC»VY,X.F»YS (J) ♦REPP cd tSTDEV (L) ) 
DO 220 JL=1»MU1

29 CH(J,JL)=CC(JL)
DO 221 i = l»ri
DO 221 J=1»MV
YY(I,J)=CH(J,1)
Do 22 2 JL- 2 * *■'U1

22 YY ( I , J) =YY ( I » J) + CH (J, JL) <:-X (I) (JL"1 )
iFCYYd.J) .LT. 0.) YY(I»J)-0.

21 CO^TIMJE
DETFPMIMATIDH OF INSTANTANEOUS LIQUID QUANTITIES

DO 88 ]=1,0
AP(I<1)=XP(I,1)»0.913
XP(I,2)=X»(It2)*1.274
DI(1) =01 ( 1 ) -YY (Id)
VIJ ( 2) = - Y Y (I , 2)
DJ (3) =03(1 )-YY(I .3)
V.'I (4) =-YY (It 4)
w ] ( 5 ) = - Y Y ( I e 5)
DELV(I)=0 .
DO 35 K=l«Mv

35 DEL Vd)-DELV(I)+NI (K) /D (I »K)
V (I ) =V() + I)ELV (I)
Cl = l.+ ( 0.4602»XO(I.2)+0.626*XP(I .5) )/xp (Id)
C2=^I(1)-O.^602^YY(I« ?)-1 ,244»YY(1« 4)-0.626»YY(I« 5)
AX(1d)=C2/C1
X x (I . 2 ) = X ° ( 1 t 2) «• X X ( I d ) /X P ( I • 1 )
XX (I , 4) =XP (1,4) *XX( Id) /X.P (Id)
XX (I ,5) =XP ( 1,5) oXX ( I d ) /XP( I d )
X X (I , 3) = v I ( 3) + >120 ♦ 0.2432* YY (I d )

8^ Ct'PTl'-.iiE
Do 72 1=1•N
Do 7 2 < = 1.MV
X X ( I «>d = X X (I , K ) / m .d < )

72 YY (I d' ) =YY ( I , K) /Mv; (■< )
Do 73 1=1,N
AGP=xx(I,2)+YY(I,2)+XX(I,5)+YY(I,5)
XX ( I ,6) = Av.] |)F> aCP
XX ( J«7)=H2SO4-AMI DE
XX (1 , >-) =ACP

73 CCMTINUF
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D;-: BG 1 = 1 .M
w t (I) = n.
Un bo

;O v.'T ( J ) =PT ( I ) X ( B J}
D 0 37 1 =1 ' r<
Un 37 K=1,«V

V! CS ( I , =XX ( I , 'V) *YY ( I'K)
DLlr^lMaTIO''! OF I'-lSTAMTANEOUS REACTION OATES

UO 61 J=2wMV
IF(J.F0.3) GO TO 61
1F(JOGT.3) JM=J-2
LL = L+ JY
CaM L LSTSUP (KM Vij. X . CS (1 i J ) i XF » YF (J) < PEPO ( LL ) $ ST DE V ( LL ) )
DO 64 J=19N

>4 RP ( I * Jv) "YPN (I)
?1 CONTI XIJ E

UO 471 1=19M
DO 47) J=l.RV

?1 Rn ( I t J) =N\'( I 9 J) / MJ ( J)
Do 4 3a 1 = 1« N
RY ] ( J ) =PR ( 1 9 1 ) <'V ( I ) /XX ( I , 1 ) /XX ( I 9 6)
P h- B ( 1 ) = Op ( I 9 2 ) V ( I ) / ( X X (I ♦ 1 ) ) 2
PK3 ( 1 ) =PR ( I 9 3) v ( V ( I ) /XX ( I « 1 ) ) <: c-2/XX ( I 9 6)
RTI NV(I)= 218.53/(T(I)+ 273.16)

?,4 YSA(])=YY(l91)*YY(l9?)*YY(l93)*YY(l94)-f-YY(l95)
IF ( IM, El. 1 ) (50 TO 606
GL’TTE (5« 500) ISET
v n I T E ( 6 9 1 3 J )

31 F OJ-k'AT (/IX9 12HDEFINITI0NS-)
WPITE(6.112)

32 F0R!-MT( 3X9*PEAL TIME IS COUNTED FROM THE MOMENT ALCOHOL IS FIRST
1 mjxfD r-AlTH ACRYLAMIDE SULFATE'"/3X, ^ADJUSTED TIME IS COUNTED FROM 
2Thp mD'.MNT STUDIES FOR DISTILLATION ACCOMPANIED BY ChEmICAL RtACTI 
30 NS HE (51NO/3X 9 ^ADJUSTED TIME MUST SEGI''! RIGHT OR SLIGHTLY AFTER TH 
4E REACTING LIOuL) MIXTURE BECOMES bO I L I NGR-//1 X 9 I n I T I AL CONDITIONS 
5 ROR THE REAL TIME'"-/)
WR JTE ( 59 11 3) T I . VO «v.'O 9 A^IDE 9H2S04 9 H20'-'

13 FoRPaT ( 2X 9 5HTEMP= . F7.2» 2H C 9 3X 9 4H VOL = « F 7.2.3H ('L93X9bHT0T LIG’ = 9 
' IF 7.4 9 MOL 9 3X 9 6H AmipE = 9Fb, 39 4H MOL 9 3 X 9 6HHp SG'»= « F b , 3 9 4 H MOL 9 3x 9
2 6Hv.-A T ER = 9 F 6.3 9 4 H mqL)
wcvITE(b.ll4) F E F •) 9 Y I ( 1 ) 9 Y I ( 3 ) . F R A C T I
FOP’-I A I ( / 1 x . 1 ^-F FEU CONI) I t I O‘M//2X 9 5hr atE= . Fb . 4 , 7H '■M/M I N 9 4 x , H-iALCn 

IHOL = 9 F A,4 , ] 2H *T FPACTI0N9‘+X9bHv'ATER=9F6.49 12H ^T F H ACT I O-N 9 4X ,
21 •- h V A D 0 R F R A C T I 0 N = 9 F b . 4 )
P R 1 T E ( 6 9 1 0 1 1 )

11 F f'RMAT (//I X . c-M! XT'JRE OUAN'TITTFS AND REACTION RATES VS ADJUSTED TI^ 
lt.<>)
v-RITE (6 - 1 15)

]5 Fr>r MAT (/4 x « 4HTI ME 9 4 X . BHTU'E I. AG 9 8 X . ah TFMD , 5 X 9 7HL I 0 VOL'bxM
♦7hL IQ mOL 9 5X 9 7RV A R MOL'AX'bHACR h A T F 9 4 X 9 Khk OR R A T F 9 4 X 9 H riPRO RATt.) 
v.'PTTE (69 1 44 ) ( X ( I ) 9TL AG ( I ) 9 T ( I ) 9 V ( I ) . WT ( I ) 9 YSA ( I ) 9 (Rp ( I 9 J) 9
*3=193)9l=19N)
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, 4 f Of. Mat ( E A . 2 » F 1 2 • 5 t PF 1 2 ♦ ?,» 2F E2,5 ♦ 3F 1 2 « 7 )
k p J T E ( b • 1 0 3 3 )

33 Fnt-MAT (//I X IMS! AMTAMEOUS LIQUID ‘•'OLAP QUANTITIES VS ADJUSTED IJm 
)Ef>)
w P J T E ( A ’ 1 0 3 )

0 3 Fop-iAT ( / A X , AHT TIE ♦ 5X , 7H AL CtlHOL t AX , LHAOYL ATE « 7X « 5HW ATEP ♦ 7X » SUET HEP
♦ , Y , lOHPPOP I ONATE « bx 1 ThCOMPLL X 1 7X. 1 5Hh2S0A . 5X « 7KNH AHSOA )
Vj;? J 1 , 1 0 A ) ( X ( I ) t ( X X ( I » M < K = ] « M *-') i 1 = h N)

0 4 Fopmat (f-H, ?, 12.6}
v.'i'ITF ( b . 32 0 )

20 FOPPAT (//I/,^ACCUMULATED VAPOR MOLAR OUANTITIES VS ADJUSTED TIME'--)
<1R I T E ( 6 » 3 4 O )

4 0 FORMA] (/RX t 4HT1VE15X.7HALCOHOL,4X » 8HACRYLATE,7 X » SHwATER » 7x1
♦ 5HFTM-R.2X«1OHPROPIONATE )

4 3 F OR MA T ( / 4 X i 4H T I -Hl ‘3X t 7 H AL CCiHOL i 4 X i ShA CRYL ATE * 7X . 5HM ATER « 7 X »
<■ 5 HF THEM i 2X , 1 OHR-'OP I ONATE t 7X «5hvRAT E )
WRITE (69310) ( X ( I ) . (YY(bK) »K = 1 *MV) t I = 1 9 N)

10 F OPR AT ( c ,3 «. 2 9 5 F ) 2.6)
}2 E C‘Ri: AT ( F 8 « 2 » b F 1 ? . 6)

WRITE ( 6 e 5 0 5 ) I S E_ T
05 format(1H19///I X?3HRUN no. «I2t)2H (CONTINUED))

kR)TF(6.390)
90 FORMAT!//!/*^INSTANTANEOUS TOTAL MOLAR QUANTITIES VS ADJUSTED TIME

+ « . 16X • c-REACTl GN RATE CONSTANTS*)
WRITE" ( 6 « 3 4 2 )4 2 format (/ 4x»4 htI me »5x» thalcohol• 4x * bhacrylatE « 7X.e SHwATEP » 7X ♦

+ 5HFTHEp•2X.10HRRDPION ATE « 2X <1 OH 10 0 0/2,3RT 9 2X t1OHACR PCONSTi2X »
♦ 1 oHr’Qp RC0NST $ 2X 9 1 0 HRR0 F C0NST )
WRITE ( 6 9 1 OS) ( X ( I ) • (CS ( 1 *K ) «K = 1 , MV) , PT I NV ( I ) » R!<1 ( 1 ) , RK2 (I ) t RK3 ( 1) .

+ 1 - 1 9 N )
05 Format(Fo,2♦QF12«6)

write(h932m)
24 FORMAT(//IX,*ACCUMULATED VAPOR QUANTITIES VS REAL TIME*)

k P ] T E ( 6 9 3 4 0 )'WR ITE ( 6 9 31 0 ) ( XV ( I) « ( RN (I .K ) 9 K=1 9 MV ) , 1 = 1 , N1 )
96 L1=LL+1

L2 = LL + ?
JJJ-2
CALL LsTSOP(N,mu,X,T*XF*YF(1)9PEPR(L1)<STDEV(L1))
DO 40 1=19MX^UM(I)=0.
DO 40 J=19mM

40 X RUM ( I ) =XSl)M ( I ) +X X ( J . J)
CA| L L TSCjR ( M 9 mJ . X « XSUV' * X F . YF ( 1 ) « PF RR ( L 2) 9 R T DFV ( L 2) )
Tr»lL = TI

. Do 4 3 1 = 1 ♦ m
DO a3 J=19mv
Ypc ( I , J) -"CH (J, ?)
IF(MUI.LT.3) 30 TO 43bC ?9 K=3,vui

29 YRi- (],J)=YPR(T9J)*FL0AT(K-])»Ch(j9K)»X(I)»*(K-?)
IF (YPP( I* J) .LT.O. ) YRF?(I»J)=0.

43 (RMTINIJS
DETFRM1MATI0N OF INSTANTANEOUS VAROR-LI QUID EQUILISRIm ,
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n n >.J I

UG 4] J =
Do 4 1 J - 1 s MN'

n XX ( J , J) =x x (I, j) ZXS'JV ( I )
Ufi 44 1 = 1,0
SYr'P ( J) =0 , 
bn 44 j-i,"v
YPP ( I . J) =YPP ( T , J) /'•■'/- (J)

44 SYPP(I)=SYPR(I)*YPP(I,J)
PT = P1 /7G0.
DO 4b T=1«M
PO 4 5 J = l,f'V
¥Y(I,J)=YPn(I,J)/SYPP(I)
PS=10 ,<: » ( AP (J) - BP (J) / (CP( J) *T (I) ) ) /760.
IF (Jo 50.4) Go TO 56
IF(XX(I,J)-0.00001) 58,58,59

58 Ek(I,J)=100.
GA'-MA (I , J) =100.
GO TO 45

59 F.K ( I, J) =YY ( I, J) /XX ( 1 , J)
16= (T ( I ) *273.16) / ("I C ( J) + ?73.18)
PHI SO={ (0.57335/TP-3.0766)/TO + 5.6086)/TP-3.50 21
Ph] Sl = ( ( ( ( ( ( ( ( ( ( ( 0 . 01 2089/TP*-0.0 151 72) / TP-0,068604 ) / TP* 0.0243G5) /

1 TP*0.14 437)/TP*0.18927)/TP-0 . 1214?) /TP-0. 10 666) /T.P-1.1662)/T'^
20.12666)/Tp+0.31661)/TP+4.3539)/TP-3.7694
F'HIS=1 0 .<'•:> ( PHISO + OYEGA ( J) c-PmI SI )
Gamma(I,J)=PT»EK(I.J)/PS/PHIS

4 5 Cr^TI‘!jE
v.t'iTE (6.350)

50 FopmAT (//IX ,*Ik4STADTANEOUS LIQUID MOLE FRACTIOb- VS ADJUSTED TImE<')
V.’PITE (6,103)
WPJTE (b, 104) (X ( I ) , (XX ( I , K) ,K = 1 ,MM) , 1 = ] o,M)
W p IT E ( b * 3 6 0 )

60 FOPMAT (//lx, SIMSTANTANEOUS VAPOR MOLE FRACTIONS AMD TOTAL VAPOR Fl.
10w RATE VS ADJUSTED TIME*)
W P I T E ( 6.3 4 3 )
WRITE(6.312) (X(I)♦(YY(I,K)-K=l,MV)tSVRR(I),1=1,M)
R I T F- (f">, b 0 5 ) I S E T
WRITE(6,3^0)
FORMAT (//I X,* INSTANTANEOUb EQU1LIPPIUM CONSTANTS VS ADJUSTED TIME*

1 )
w R T T F ( 6,3 4 0 )
w R T T E ( 6 » 3 1 4 ) ( X ( I ) , ( E K ( 1 . K ) , K = 1,3 ) • E K ( I , 5 ) , I = 1 ♦ V)

14 Format(Fb.2*3F 12.6. 12X,Fl 2.6)
x. 4 17 6(6.370)

70 Focmati /lx,“INSTANTANEOUS LIQUID ACTIVITY COEFFICIENT VS ADJUSTED
1 TIME*)
w P J T F ( 6 • 3 4 0 )
WRITE(61J14) (x(I),(GAMMA(1,K),K=1,3).GAMMA(I.5),I=1♦M)
WRJTE(6»404) MJ

fiz, FnpMpT (//////IX,“SUMMARY OF ERRORS FOR CURVE FITS--*, IP. * DEGpFt R 
10LV."T.-I ALS* )

*RJTF (A,A 0 6)
05 FormaT(//1X,“VAPOR FLOW PATES*)

WPI TF. ( b , 4 07 )
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?57h

G? Fr>-’«AT ( 21 Xt»VAP()^ PATE VS VAPQP «•» 1 0/» <-VA?OQ PA]E VS LIQUID «
♦/21X»»AUJ'JSTED TIME ^EFGPE# i 1 OX • ^ADJUST ED TIME AFTER ",/
•i 1 IX .2(1 OX, -"-TIME LAG CORRECT *))
w1 ‘ J T E (6*401- )

OS Fn^ AT ( 1 1 X , 2 ( 1 0X • 20h--------------------------------------------) )
r.Pl 1 F. (6 . » 1 n )

10 IVjtc.vAT ( 1 4 X * 2 ( AX , 1 1HA6S PCT E P R < 3X ? 1 ? >' S T A9 D A RD DEV)/)
DO 419 1=1*PV
I X-] +5

19 ViujU. (6,41 1 ) MA)iE(I) , PERP(l) , STDEV(I) «PERD(IX) . STDEV(IX)
11 Fnrv,v.AT (2X ,AlG*2X*4Elci.5)

y,' d I T F ( 6 « 4 1 2 )
12 FORMAT (//IXf-REACTIOU RATE'"- /2?X,8HACF RATE « 7X , P-HRQR RATE, 7X,

♦ b prj pc^ p •a 1 E)
1-.DITL ( 6* 4 ) 4 ) (PERP ( I ). 1 = 1 1 , 13)

la Format (/3.X - 1 PHABS PCT ERR «3E15.5)
won E ( 41 6) (STDF V ( I ) , 1 = 1 1 < 13)

16 Format ( 3;<, 1 EHSTAOuARr- DEV,3Elb.5)
IF(ISFT"JScT) 1,9>9»999

99 lF(JSTOP-2) 555.9999,9999
MO STOP

E F D



LAHOATA CDC 77/01/24 PAGE 6 ^75

Shr-ROiH I ME LSTSQ*-? ( N , K « X A « YA uXF « YF tPFPPtSTDEV)
U I ••'EMc. J OM X A ( } ) ■> Y A ( 1 ) « YCAL ( 1 0 ) , XSUM ( 1 0 ) ♦ A ( 6» 6) 
Common ca(6),jjj»ypm(io) 
Un io j=l
X A(I)=XA(I)»XF

1 0 Y A ( J ) = Y A ( I ) <:• Y F
C /i ( 1 ) = 0 .
DO 12 .1=1,0

1? CA(1)=CA(1)+YA(J)
X^liM ( 1 ) =M
K ] 1
D('i 14 1 = 2 , K 1
CA(J)=0,
DO ]4 J=l,0

14 C A ( I ) =C A ( I ) * Y A ( J ) c- ( X A ( J ) ) *» ( I - 1 )
KK = 2*<4-1
DO 16 I=2,KK
XSUM(J)=0-
Uo 16 J=1

1 6 XSUM(J)=XSUM(I)+XA(J)(J-1)
Do 16 I. = 1 iA 1
DO IB J=1,K1
L=I*J-1

18 A(I,J)=XSUM(L)
DO 20 1=1»K1
Do 24 J =1,K1
DFT=A(J I)
CA(J)-CA(J)/A(J,I)
DO 24 L = 1 ,K 1

24 A(J,L)=A(J.L)/DET
DO 20 J=1,K1
IF(J.FO.I) GO TO 20
CA ( J) =CA ( J) -CA ( I)
Do 2fa L = 15 K1

2b A (J ,L.) - A ( J, L) - A (I ,L )
20 CONTINUE

DO 28 1=1,KI
28 CA(I)=CA(I)/A(I , I )

C A ( 1 ) =CA( 1) /YF
DO 30 1=2,Kl

30 CA(1)=CA( 1J /YF^XF^o(I-1)
DO 32 I=1,N
XA(I)=XA(1)/XF
Y A ( J ) =Y A ( I ) /Y*7
YOAl(I)=Ca( 1 )

, DO 32 J=2,K1
32 YCAL ( I ) =YC AL ( I ) +CA (J) »XA ( I ) (J-1 )

DC. 34 1 = 1 ,M
YDM(I)=CA(2)
ir(Kl.LT.3) GO TO 34
Do 36 0=3,21

3 a Y D,-‘ ( I ) = Y p O' ( I ) + FLOAT ( J-1 ) yCA ( J) OXA ( I ) ( J-2)
GO TO (38,34) « JJJ

3B IF (YP’J ( 1 ) ,LT. 0. ) YpM(I)=0.
34 continue
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PEPP-0,
STl't V-U .
Nk' = M
I > O A c T — 1 * f"!
del y-ycal ( i ) - ya ( i 5
IP ( A H s(Y A(J ) ) v Y F-.o 01 ) 4 4,46,46

!( Zt N ,« - f-4 M - 1

GO TO A?
ft6 PF(?p^pfq^ + ABS (DELY/YA ( I ) )

ST OF V = STl)EV + Dr-LY-"-DEL Y
'Va Cr;\iTlMijE

STPEV-SOPT (STDEV/FLOAT (r-JM-I ) )
PEpp---DEP^/F LO AT (NM) « 1 00 .
RETURN
EMD



,lc2 j.npu.t Data for Program LAP.DA'fA
377

4 "i V. i v i) Ci - G . 7 b 0 b (i F£ - 0 3 -0 . 1 b3b0[- -05
. ..1 v 1 c + 0 0 ~ G . 4 <i 3 5 E - 0 3 — 0.16.16 4 F: -Ob
« 1!)(.’(' 7 !• 4 (> 1 -i".. <52L’i.'.l-.-03 -0.220/35-05
. "i 3 >'(14 0 0 -O.hH333F:-O3 -0.3273»b-Ob
r v.'/t tia 4 DO - 0 . h 7 4 o 6 r - 0 3 - 0 . 1 4 H 3 ] t- - 0 6
.14 7 3 41" 4 0 1 -tj . 457b£.<I- -03 0.31 945F-07
. 1 - 5 J B 4 0 1 -0.4 4 f) fi 0 r - 0 3
. .1 b ) M 1 «- 4 () J . 2 75 0 Or.-0 2
.07 ] i) 0 , ll IB.0 Ib 7 4,05 147.2 169,14 96.03 115.05
1 7->-r. 37^.1 193.6 346.B
1 ( .324
. 4 1 3 (j (; r -i- () ()

0.34^ 0.263 0.557
. j I'l- 40 I
, I (: (' 4- G I -0.756172-01 0.1 54325-01
. b97400 u. looi 0!-:-oi
, l O(iG GF 4 0 I 
t. -> )423, 2 22c<.0y
73 l?63. 1 21? . 1 0
f ■ • I ] 6 6 4 . 2 22>?.O
227 1G51. 3 227.43
4(> ]795. 2 211.67

I . o 10.0 100. 100. 1 . o 1 0 V 1.0



1
71.9 7 62.0 115.0 11.0 0.86

378
0 . <.2C]

rl'.?
1 .5 r? e 3 5

31.0 4 3.57 57.9 5 74.92 8 3.0 103,d?

?t>.«. 7 7 31.53 44.17 58.33 75.4 3 ,83.53 104,33
( 133. 53

1 ?. ? 1 ? 16,3233 18.6303 19.997 24.5075 19.027 2 2.6 5 4 7
] ‘ . 1 ^0 
C'l> . 22 4 . 1 . 0 . 928.
1-00. 162. 40 . 14 . 4 3 0.
1 . 2 3 0 . 52. 72. 928.
PPH() , 260 . 92. 142. 920.
3 3^?. 4 20. 100. 204. 8 9 6.
1 r B 0 . 234 . 92. 234. 7 36.
h K f_> . 54 2. 112. 310. 1432.
3 r b e 364 « 84 . 212. 816.
?Cb. 54 4 , 92. 178. 928.
?CC) . 65 f). 86. 163. 1216.
3('. • 0 .
1^. 4.
1 B . c.
13. 7,
6 . 5.
4.5 4 .

4 .
3. 4 ,

'i 1 1?3.16 120.33 118.47 116.99 115.65 114.93 114.-2
0 2
5 1 ?b. ? 70.33 765. 115. 12.51 0.86 0.325

20.17 30.53 42. 52, 64.92 73.83 9 0.2 5
1 1)5.1

2 0.75 31.47 4 2.67 52.88 65.5 8 79.5 9 0.8 3
/ r' lib.-
1 13.323 I) 15.5898 17.5507 12.7385 Id.3210 21.1943 16.7986
1 ’■.> 0 1 C'.‘.<-i57

1 >'4. 534. 10. 0. 4 6 7 2.Z, Zt K , 60 . 6. c*, 120.
u 7u . 53. 16. 10. 1 o 3 .
3^4 , 3 f -i . 1 4 . 26. 176.
i. 3 0 . 96. 16. 6 4. V H e
67 2. 1?2. 32. 6Q . 3 b e

V 2 3 6. 32. 94 . SbB e
31 b. l«0. 18. 70. t* H e

• ? < 4 , 236. 14. 63 . U o 0 .
• * • 2 - . h • -.r, . 4 0 .

3.
•

4 .
*■ । e 3.
? V e 5.
2 7 • 6 .
1 '< . 4 .
M e 3.

*1 7 ] 7-0 . <>*- 118,26 114.07 111.23 110.2 1 u 9,6 i 1'6. -



s
3

1 ? h r 1 73.02 768. 111.5 13.3 .86
379
, r' 2!. i

j bl 31.4/’ 40.67 51,62 75. 8 5.62 9 9.0 8L 3 1 ? . fi M *
1^.7 ? 33.1 7 41.33 52,03 70 . bl 86.12 99.7] ?5. fi 3
1 . MO1" 12.2565 1 1.0025 13.4326 ?A . 2902 20.7939 18.2722> 7 ?•(»•! 3 4 A-
) . 0. 3. . 0 4 0 3.1 b. 2. 2. 0. 20 ,] 1 v. J 1 . 4 . 2, 52.
) ?b. 26, 7. 12. 72.7 f.. 20. 4. 4 . 52.
? b 0 . 38. 16. 18. 6 0 .144. 48. tv t. 20. 56.4 4 , 34 . 12. 4 0 .
lb. 50. 8. 28. 116.] ) ?. 114. 12. 55. 192.c- n. • 04 4 . 6.
?.b . 8.

8.
??. lb.
3? e 14.
r'r* 14.] C'. 6.13 1 1 6 . " 6

4 115.8 114.45 1 12,9 109. 10 7.9 107.
':? 122.3 69.85 760.2 111,5 12.1 .86 . ^26

1^.17 25.0 6 36. 59. 73.33 85.17 9b = bl

7
1 b. 25.83 36.83 60.4? 74.42 87. 100.
1 .525 7 12.0440 15.7124 31.5077 19.4365 19.0522 1 b . 5 >6h
32. 30 . 40. 0. 100.75 . 25. 3. . 0 104.372. 25. 4 . 6 . 152.1 .-5. 30. 16. 1 0 . 76.3 320 . 194, 90 . 132. 720 .1 25. 44 . 16. 26 . 11b.5 . 4 8,- 19. 12.5 10 2.
* e 50 . 22. 2 0 . J 4f) ,
2[-f'. 23 0. 40 . 54 , 512.'? 2 .
>1 . 3.5f-* 3.57.5 5.5" • 4 .

4 .
a „ H r>.t' 1 I 7 . M 1 1 1 5 . 1 2 113.6 112.41 111.6 111.52
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236. 38. 14. 14. 132.
1 ?H. ’ 40 . 10. 12. 164.
22 6. 112. 14. 14. 32 0 .
'a ‘ . 28. 6. 14 . 12 8.
< >• . 2 e
42. 4 .
"?u. f-. ,

16.
1 2.
L. H e •

•1 -L 3 1 6 . *1 1 115. 112.7 1 1 I) , 10b. 10 7. b



381
I

] Pb. 7 71.2 7 6 0 e 110. 13.6 .86 . l-' b '

1 o . u 3 3 0.5 44.22 59.52 7 3.55 93.58 1 0 .k . 8 2

pn. 1 7 31.1 4 4 . b 3 60.17 74.03 91.72 109.22

<■ . P^3iv 13.921 18.4603 20.4970 18.543 2 3 » 6 9 81 23,37-8
1 3

<4. <"• . lb. 2. . 6 80 .
] c 56, 17 6.. 48. 8. 6 0 8.
1 ^6^ . 2bb. 40 . 36. 752.
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1 1'hR , 60 5. b4 . 18 0. 1104.
1 20(1 . 5b 6. 8 0 . 94 . 976.
4 r o. 26 6. 44 . 37. 44 8.
f>U , 60 0. 56. 124. 1072.

Le. , 3.5
3 c-. 6.0
^5 , 9.0
pn. 3.5
7.U. 5.5
7 ♦ 6.
IP. 4.5

7 11^.92 116.32 114.07 111.74 110.71 110.03
b

] 25 . R 71.03 752.3 106. 11.4 0.86 0.82 6
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>' 7.33 .4 4 .271 .032 1 .
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(1 33.32 3. b b 1.26-9 1.12 1 .

u n . 2 <• 4.3 1.53 1 . b 8 1 .
r S 'a 7.7 -> 2.4 5 r 1 .
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6' "I . 2.
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=■ 1 . 17.
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C.1.3 Results from Program LABDATA

Each run contains three pages of computer out­

puts to represent the treated experimental data. The 

major v/ork of this program is to convert measured 

temperature, feed rate, total vapor condensate and 

analytical results from Gas Chromatography into vapor 

and liquid molal quantities, reaction rate and all 

associated quantities. The items shown on the com­

puter printouts are explained as follows.

Page 1 -

1. INITIAL CONDITIONS FOR THE REAL TIME
TEMP = inital and surrounding temperature, °C

VOL « clear liquid volume, milliliters

TOT LIQ = initial total liquid molal quantity 

AMIDE = initial molal quantity of acrylamide 

H?S0^ = initial molal quantity of sulfuric acid 

H2O = initial molar quantity of water

2. FEED CONDITIONS

RATE = feed rate of aqueous ethyl alcohol solution 

ALCOHOL = weight fraction of ethyl alcohol 

WATER = weight fraction of water

VAPOR FRACTION = vapor to feed ratio by weight

3. MIXTURE QUANTITIES AND REACTION RATES VS ADJUSTED

TIME



384.

TIKiE = adjusted time as defined in the computer 

printouts

TIME LAG = time lag for vapor condensate from its 

leaving laquid surface to vapor sample 

bottle

= vapor travelling time, minutes

TEMP = instantaneous liquid temperature

LIQ VOL ~ instantaneous clear liquid volume, ml

VAP MOL = accumulated total vapor condensate, g-moles

ACR RATE = reaction rate of esterification,g-moles 
/min.-ml

ROR RATE - reaction rate of dehydration, g-moles 
/min.-m?L

4. INSTANTANEOUS LIQUID MOLAL QUANTITIES VS ADJUSTED

TIME

All the terms are well defined

5. ACCUMLATED VAPOR MOLAL QUANTITIES VS ADJUSTED TIME

All the terms are v/ell defined

Page 2 -

1. INSTANTANEOUS TOTAL MOLAL QUANTITIES VS ADJUSTED

TIME ... REACTION RATE CONSTANTS

1000
1000/2.3 RT = --- ------------ -----------------

(2.3)(1.98?)(temperature in °K )



ACR RCONST = rate constant of esterification, 
ml/g-mole-min.

ROR RCONST = rate constant of dehydration, 
ml/g-mole-min.

PRO RCONST - rate constant of successive reaction, 
( ml/g-mole) /min.

2. ACCUMULATED VAPOR QUANTITIES VS REAL TIME

All the quantities are in g-moles.

3. INSTANTANEOUS LIQUID MOLE FRACTION VS ADJUSTED TIME

All the terms are well defined

INSTANTANEOUS VAPOR MOLE FRACTIONS AND TOTAL

VAPOR FLOW RATE VS ADJUSTED TIME
V RATE = total vapor flow rate, g-moles/min.

Page3 -

1. INSTANTANEOUS EQUILIBRIUM CONSTANTS VS ADJUSTED TIME 

All the terms are well defined.

2. INSTANTANEOUS LIQUID ACTIVITY COEFFICIENT VS ADJUST 

TIME

All the terms are well defined.

3. SUMMARY OF ERRORS FOR CURVES FITS-3 DEGREE POLYNOMIALS 

In order to calculate vapor flow rate and reaction 

rate, all the instantaneous molal quantities are 

fitted with respect to time into third order 



polynomial equations. The errors for each set of 

data fit are represented by absolute average per­

centage error and standard deviation.



">,rFI1' ITTOtJc-
=F,'I. TIV- ic cniJMFr) FROM THF MOMENT ALCOHOL IS FI°ST '•'IXED WITH ACPYLAyTnr SULFATE
ADjiiqTED TI‘''E IS COUNTED Fpom THE mov^mt STUDIES FOR DISTILLATION ACCOMPANIED RY CHEMICAL ’FACTIONS PEGIN
ADJUSTED TTMF must REGIN RIGHT OR SLIGHTLY AFTER THE REACTING LID'.'ID MIXTURE BECOMES BOILING

INITIAL COMOITTONS for THE real TIME

rFVR= 115,00 C VOL= 136.ao Mu TOT_LIO= 2.P989 mql AMIDE= 1.012 MOL H?S04= 1.277 mol WATER= .611 MOL

FEED COMDITTOL'S

RATE = 1.56np MI./MIN ALCOHOL^ .8600 WT FRACTION WATER= .1400 WT FRACTION VAPOR F«ACTION= .8200

MIXTURE OUAMTITJPS and REACTION RATES VS ADJUSTED TIME

T J *. F Tlvc LAG TEMP Lio VOL Lin mol VAP MOL ACR RATE ROP RATE P=0 RATE
0 , CO .33651 125.41 156.03 2.50867 .43191 .0091911 .0004011 .0009354

12. r'7 .31394 123.16 155.23 2.45009 .70411 .0077382 .0003765 ,0008345
F 6. 95 .2R213 120.«3 154.10 2.78919 1.04793 .0062251 .0003495 .0007109
4?. .27416 118.47 Ihr.47 2.90723 1.49586 .0044439 .0003194 .0005528
57. 00 .26329 116.99 151.00 2.97113 1.87056 .0035763 . 0002975 .0004244
7?. 52 .25108 115.65 149.01 3.01878 2.34641 .0024800 .0002729 .0002614
A £ . 0?-" .2424° 114.93

—
" 146.75 ' 3.03711 2.85341 .0015700 .0002500 .0000885

101 . •<s .23617 114.82 144,60 3.03171 3.31313 .0 01’9350 .0002315 0.0 0 0 0 0 U 0

INtTANTAUEnilS LIOUID MOLAR QUANTITIES VS. ADJUSTED TIME

” ■ T 1 m F ALCOHOL ACRYLATE ■ water ETHER PROPIONATE COMPLEX H2SO4 M949SO4
. O.oo .341391 .092631 .708134 0.000000 o.oooooo .604895 .264688 .324926
12.67 .393764 .088969 ,880844 0.000000 .009999 .559089 .26^688 . 452732

"26.95 .473730 .072049 ".956222 0 . o 0 0 0 0 0 . 010684 .454814 .264683 .557007
43.92 .542430 .051457 1.022043 0.000000 .014791 .363927 .264688 .657694
67.00 , S k5 5 4 .035252 1.05«135 0.0 0 0 0 0 0 .015662 .294765 . 2644H8 .715'156
72.52 .610177 . .030400 1.087264 ’ 0.000000 .014425 .236773 .26469A .775048
t-F .02 .621146 .022793 1.104494 0 . o o 0 0 C 0 .012167 .201737 .264688 .810084

101.35 .620249 .013277 1.112224 0.000000 .009450 ,191874 .264688 .819947

ACCUMULATED VAPOR molar QUANTITIES VS adjusted TIMF . ----- -- -------- - -------------

TIME 
_ o.co 

12.57 
24,95 
4 3.92 

'57.00 
72.52 
88.02 __ 

101.35

ALCOHOL 
,065494 
. 163300 
.387560 
.522672 
.72]949 
.996576 

1.31 2596. 
1.618057

ACRYLATE 
.229716 
.346500 
.460!’.30 
.570165 
.636540 
.696160 
.736098 
.755680

WATER 
.128481 
.176524 
.250353 
.360130 
.459044 
.539745 

_.731770 
.860724

ETHER 
.005636 
.010522 
.015740 
.021413 

'.025445 
.029870 
.03392! 
.037128

PROPIONATE 
.002580 
.007’74 
.013444 
.021481 
.027582 
.034062 
.029026 
.0-1540

VO
--- to



JMSTANTANE qiic TOTAL VOLAR QUANT ITIES VS ADJUST? D TIME REACTION PA TE CONSTANTS

T I *-<E ALCOHOL ACRYLATE WATER ETHER PROPIONATE inno/R.3=T ACR RCONST POP =const PRO PCONST
0.0 0 .404885 .322346 .926615 .005636 .00258,0 .548285 6.115397 .537017 284.445787

"1P.57 .537065 .435559 1.057367 .010522 .017173 .551398 5.456R91 .376892 231,970560
,R5 .781289 .532=79 1.206576 .015740 ' .024 128 .5=4659 4.452343 .2399=2 165.403=52

A3. PR 1.045102 .621622 1.382173 .021413 .036272 .5=5001 3.63=273 .165514 123.638=54
-'57.no j .307504 .671792 1.517179 ,025446 .043264 .5-0118 3.107630 .131008 96.100=21

7?.52 ].606763 .726560 1.677009 .029870 ,048487 .54R048 2.557874 .109227 = 5.8 41'840
e . 0 2 1 .933742 .758=01 1.836264 .033921 .051194 . 5 = 3 0 9 1 1.=3=687 .095075 24.491023

101.35 2.23 = 305 .763957 1.972948 .037128 .050990 .5=3251 1.136122 .086999 0.000000

ACCUVULATEO VAPOO qi iantittes vs REAL TIME

_ TT'-'E ALCOHOL . ACRYLATE WATER . _ . ETHER PROPIONATE
10.A? .000871 .000786 .008424 .000008 0.0 0 0 0 0 0
20. S7 ,029=06 . 103254 .055763 .002612 .000511

___31.58 .0=2646 .222863 . .125736 . . .006113 .0=3228
4A. 17 .1=1397 .359876 ,178842 . 0 10284 .006834
58.33 .276130 .475847 .265572 .014924 .012136

___ 75.43 .544612 .563017 .346469 .022002 .022213
r. .7->213« .603901 .456903 .027099 .03=122

104.33 ,948353 .727777 .600697 ,028550 .032556
-119.67 . ].316864 .740595 .741867 _____ .033952 .038412

133.33 1.646258 .749462 .863598 .037585 .042269

INSTANTfiNEnilS LIOHin "OLE FRACTION VS ADJUSTED TIMF

. TIMF ALCDHOL. ACRYLATE .. . WATER - ETHEP PRODIONATE COMPLEX H2S04 NH4HSQ4
0.00 .13608= .036924 '.318151 0.000000 0.000000 .273809 .105509 .129521

12.57 . 14 = 686 .033572 .332383 0.0 0 0 0 0 0 .003773 .210970 .099879 •170=37
.2 6.95 . . 169845 .025832 - - . .342831 ... .0.000000 .003830 .1=3063 .094898 .199702

4 3.92 . 1865 = 0 .017700 .351552 o.oonooo .005088 .121740 .091045 .22629=
57.00 .197081 ,0116=6 .356139 0.000000 .005273 ,0OR983 .089087 .240668
72.52 .202127 .010070 .360167 . o.oonooo .004779 .078434 .087651 .256742
f .<■. C 2 .204519 .007505 .3=36=6 0.000000 .00=006 ,0=4424 .087151 .256729

101.35 .2045=7 .004379 .366864 o.oonooo .003117 .0632=9 .0=7307 .270457

INSTANTANEOUS VAROP MOLE FRACTIONS AND TOTAL vapor FLOW PATE VS ADJUSTED TT-.'E

TINE ALCOHOL acrylate WATER ETHER PROPIONATE VsATE
0.0 0 .327526' .4=3575 .153760 .019501 .01563= .0?''57G

___ 12.57 .3 = 8 = 59 ,380955 . . 19 = 23 0 . .01=56=, .017789 .022724
26.95 .44=2=5 .288=52 .230533 .013938 .01=391 - .02507=
= 3.92 ,609=50 .204355 .257043 .01]535 .017217 .027689

___ 57.00 . .552=10 .1520=4 . ..... .269 = 23 .. .. . .010054 .01=230 .0295=6
7 2.52 .600392 .1007=6 ,278.337 .00=607 .011=7= .031700
66.02 .645467 .05=48.7 .281021 .007420 .0076O4 .033 = '16

_ . 101.35 ,6=3008 .027708 .279453 .006562 .003269 .035272



rMSTANTaNt'nnq EOilTL.TRPIltM CONSTANTS .vs ADJUSTED TIME

TI“E ALCOHOL acrylate WATER FTHEP PROPIONATE
o.on 7.405778 13.096401 .483291 100.000900

IP.57 2.6)4374 11.347407 .590374 4.714=69

PS.95 ? e 3 o A 3 11.18216? .672439 4.801321
43.9? 2.732613 11.545717 .731167 3.384029
57.00 2.804090 12.818165 .757634 2.8855?1
7 2.=? 2.970368 10.00811? .772799 ?.469679

P a . n ? 3.1=6028 7.793407 .772744 1.898136

101.35 3.338467 6.327256 .761735 1,048590

INST AMJANFOuS LIOliID ACTIVITY COEFFICIENT VS 'ADJUSTED TIME

TIM?
0.00

ALCOHOL
.572884

acrylate
7.74 10,47

V ATFP 
.220218 .. . ...

ETHER PPORIOMATE
1 0 0,000000

12.57 .6=9509 7.072706 , 267840 22.527482
26.95 .707950 7.369938 .352011 24.957217

____ 4 3.92 .7=0950 R.060Q0B .4)]793 _ _ 19.163815
57.00 .634713 9.283515 .446980 17.284738
7 2.52 .917300 7.495861 .475687 15.659167

__  =6.0? .9Q44 1 2 5.944233 .486695 12.P»8376
'101.35 1.055140 4.839434 .481451 6.817569

SIJMMAPY OF fppopS FOP CURVE FITS— 3 DEGREE POLYNOMIALS

VAPOR FLOW OATES
VARDO PATE VS VA°OP ________ VAPOR RATE VS LIOUID 

AOJIJSTSD TIUF ARTER 
TIME LAG COPPFCTIDN

--------------- -

ADJUSTED TIME PEFORE 
time lag correction

A«S PCT ERR STANDARD DEV" "’ASS PCT F9R STANDARD DEV

alcohol _ ,74?51E*01 .172142+01 .74?09E*01 .17216F+01

ACPYLate .2P5PhF*01 .192762*01 .285722*01 .192725*01
WATER .20909F+01 .1642HF+00 .200098*01 .164282*00
FT^FP .368 JAR*01 .681642-01 .368152*01 .6=1792-01
OPOPIONATF ,6«655E*01 .195672+00 ,68590R*0I .195652*00

REACTION pate
ACR RATE

ARS RCT oop .54S90E+00
STANDARD DEV .35369E-0?

POP RATE PPO PATE

.61763r-10 ' .77446= *01

.94537E-14 .1P087E-0?



r.SFTM TICA'C-
= r,'-L. TT'-'F TS COU^T^n FOQM TME moment. ALCOHOL IS EI^ST mixed with ACevLAvj0E SULFATE
AEjiistFO time IS COUNTEO Fdom THE MOMENT STUDIES FOP DISTILLATION ACCOVPA>■'IED BY CHEMICAL REACTIONS BEGIN
ADJUSTED time must BEGIN RIGHT no SLIGHTLY AFTER THE REACTING LIQUID MIXTURE BECOMES1 BOILING

INITIAL COMr.iTTOMS FOo THE REAL TIME

_  TFmp= 115.00 C VDL= 137.79 ml _TOT.LIO= 2.9779 MOL AMIDE= .997 MOL ^2504= 1.287 MOL wATER= .694 mql

FEED CONDITIONS

PATF = 1.73*-0 ALCOHOL= .B60e WT FRACTION WATFR= .1400 WT FRACTION VAPOR FRACTIONS .3400

'mIXTI;pe OUANTITTES and REACTION PATES VS ADJUSTED TIME

TIME TImp iAG TEMP LIO VOL LI'O MOL VAP MOL AGP PATE POD PATE PRO PATE
' 0.0 n , ?/> H 7 3 123.57 163.16 2.6054? .43814 .0110038 . OC 03o53 , 0 004955
11.^7 .30784 120.65 165.6A 2.88715 .67444 .00 84700 ,0003406 .0004792
21.47 .27710 1 IB.26 . 167.19 3.02478 .91176 .0065471 .000/956 .0004587
3 . 3 R .25193 114.07 168.24 3.16339 1.25806 .0044575 .0002413 .0004/48
4 8.30 .23365 111.28 168.51 3.26183 1.68037 .0027051 .0001875 . 0 0 0 3 7 H 9
59.7? .??0Hr 1)0.20 _ 168.18 3.31017 2.06041 .0014521 .0601470 .0003330
71.H7 .’1926 109.60 "'167.38 " 3.33317 2.48451 .0000269 .0001036 . 0 0 0 2 r c 2
84.57 .20176 108.80 166.04 3.32466 2.98193 .CC05620 .0000705 .0002133

INSTANTANEOUS I JOUID MOLAR QUANTITIES VS ADJUSTED TIME

TIME ALCOHOL ACRYLATE WATER ETHER PROPIONATE complex H2S04 VH4USQ4
0. o 0 ,4]8144 .079233 .907816 0.006000 .003525 .691470 .289941 .305/93

11.47 .539163 .076599 .079780 0.000000 .004907 .57]331 .289941 .4/5432
21.47" .62576*. .067728 ’ 1.039740 0,0 0 0 0 0 0 .004821 .496403 .289941 .500360
34.79 ,Z005H7 .062887 1.109335 0.000000 .003874 .419473 .289941 .577291
4 6 . o .745:;4n .053766 1.168896 0.000000 .006523 .3-7001 ./89941 .533763
59.72 .794178 .050448 1.20)497 ’ 0.0 0 o 0 0 0 .007345 .32o050 .289941 .667714
71.57 .79360? .031523 1.218729 0.0 0 0 0 0 0 .005609 .32176/ .2H99-.] .475001
84.57_ .801698 .027095 1.203739 o.onoooo .005429 .301971 .28.994 1 .694792

accumulated VAPOR MOLAR OHANTITIES VS ADJUSTED.TIME

TIME ALCDHQL ACRYLATE WATER FTHEP PROPIONATE"
0,00 .07787? .221134 .13224 8 .or- 54F, 7 .001401

11.47 .1/8494 .337102 .192310 .069704 .006825
21.47 . .224105 .416746 .246959 .01288,3 .01 1 066

__ 3-. 30 .407286 .494522 .324794 .01634? .016008
4 u . 3 0 .4S4 365 .552638 .423208 " .019323 .020836
6 9.7? .969496 .585356 .510766 .02-731 .024565
71.S7 1.184909 .609520 .630089 .022742 .028349
8 4.57 1.498659 .62Q715 .797096 ’ .023901 .032658



IMSTA-'-TAHFmiS total MCLAP QUANTITIES VS ADJUSTED TIME pr-fiCTTON PATE CONSTAMTS

TIME ALCOHOL ACRYLATE WATED ETHE° PROPIONATE 1 0.00/2.3PT ACP RCONST P0° PCQNST PRO PCQNST
0.00 .090016 .300367 1.040064 _ _.005487 .004926 .550828 6.209472 .365875 109.333'212

11.07 .667657 .413700 ’ 1.172090 " .009704 .011732 .554912 4.55564? .194115 79.207877
?1 .<*7 . R 0 a H 91 .464473 1.286699 .012883 .0)5887 .558301 3.523680 .126206 65.962112
30.39 1 . 107873 .557409 1.434129 . 0 16347 .019881 .56a 3A2 2.551791 .082701 58,398748
0 H « 3 0 1.610300 .606404 1.592104 . 010323 .027359 .5fcR437 1.683497 .056788 53.264167
5^.7? 1.673674 .635804 1.721263 .02]231 .031910 .570039 1.104975 .042350 49.144958
71.57 1.C7RR)1 .641043 1.854818 .022742 .0 3395.9 .570932 .607569 .028853 38.740586
80.57 2.300357 .656810 2.000835 .023901 .037982 .572128 .365424 .018201 30.290933

ACC'JMJLATEn VA'-’OS QUANTITIES VS PEAL TIME

__ TIME ALCOHOL ACRYLATE WATER fcTHER PROPIONATE
8.92 .000390 .000390 .00491R .000020 0.000000

20.75 .023310 .110290 .067226 .001422 .00026?
31.47 .07hO30 .225371 .134530 .005560 .001711
42.67 . 14/4566 .3470R? .192520 .010279 .006622
52.RR .230191 .414?59 .256692 .012660 .011959

___ 6 5.58 . . 3 3 p 1 0 9 .502991 . .325628 .016686 .016183
7 9.50 .6'15403 ,547652 .424778 .01ol?2 .020299
°O.“3 . 9 2 6 6 R .684769 .5]4514 .02]189 .024672

. 102.7? 1.175“53 .616747 .656354 .023092 .029092
1 1 5 . " 0 1 .5164-6? .6278R5 .799442 .023815 .032470

INSTANTANEOUS LIQUID MOLE FPACTION VS ADJUSTED TIME

__ TIEF ALCOHOL ACRYLATE WATER ETHER PROPIONATE COMPLEX H2SO4 NH4HS04
0.00 .IHR]?! .029396 .336799 0.000000 .001308 .254535 .107568 .113263

11.47 , 1.R6746 .026531 ,330359 0.000000 .001700 .197887 .100425 .147354
___ . 21.^7 . . . 2 0 6 8 R 6 .022391 , . .343741 0.000000 .001594 .164112 .095855 .165420 .. _

3 a , 3 9 .2?]467 .019880 .350680 0.000000 .001224 .132602 .091655 . 182491
44.30 ,228688, .0164R3 .358356 0.000000 .002000 .111287 .088880 .194297

__ 59.72 .23QR57 .015240 ...362971 . ... 0.0 000 0 0 .002219 . (,994 06 .087591 .201715
71.57 .238092 .009457 .344737 0,000000 .001683 .096533 .086987 .202510
84.57 .241137 .008150 .362064 0.0 0 n 0 0 0 .001631 .090828 .087209 .208951

INSTANTANEOUS VADDD mole FRACTIONS AND TOTAL VAROP FLO1-1 PATE VS ADJUSTED TT vE

TI'-’F ALCOHOL ACRYLATE WATER FTHFP RPOPIOMATE '/RATE
0.00 . .073627 .602457 .276336 .020954 .018865

. .11,47 .324916 .399653 .238195 .01R271 .Olwvs- .0??p.03
21.47 e 4 *■* 7* 4 A ,280R44 .225067 .011761 .(■ 16('31 .095136
34.39 - .c.TCiMhQ .176912 .226076 .008446 . 0 1 2 7 0 R .0?-, -,6 7

.. 4m.30 , 6 3 4 7 R 4 .105932 ,242984 ,005866 ,0 10'. 36 .081975
59.7? ,^50^86 .069472 .266088 .004256 .009 7y7 ■ C* 3 4 54 9
71.57 .644147 .047011 .297279 .00?034 .008629 . C ? 7 0 9
8 ■<.'■•7 . 6 1 4 3 R 4 .036529 .33895] .001786 > 0 0 8 .’> 7 1 • tz 1 *1 • (

vo
NO



J'J5T4?.Tfl.KJE<'ij<s EO'ITLIAPIUM CONSTANTS VS ADJUSTED TIME

TI vs 
o. no 

11.47 
21.47 
?4.30 
4 2.30 
59.72. 
71.57 
24.57

ALCOHnt.
.4744^4 

] ,7^0594 
2.253240 
7.200199 
2.775756 
2.P1O42p 
2.705449 
2.5477B2

ACPYLATE
20.494256
15.063729
12.542729
5.599127
6.426532
4.55R454
4.970585
4.452202

WATER
.p.20478
.701599
.654759
.644670
.678053
.733083
.815051
.°36163

ETHER PROPIONATE 
20.360884 
11.747123 
10.0°ni 17 
10.377958 
5.218424 
4.190202 
5.127848 
5.130888

INSTAWTANFouS LIn,'ID ACTIVITY COEFFICIENT VS ADJUSTED TI^E

TIME ALCOHOL acrylate WATFr ETHER DROPIONATE
0.00 . 1 1 8923 12.700462 .396653 96.242627

11.47 .473668 1 0.0 1 0 .8 0 4 .370928 61.705617
21.47 .450301 8.837005 .372649 57.874358
34.39 .842615 6.964917 .419021 ____ 69.696302
4 8.30 .974029 5.404909 .452425 39.0R7828
59.72 1.G2n«22 3.943735 .540394 32.690141
71.57 .RQ4P4P 4.369082 .612827 40.959718_ . - .... ... .. .
84.57 .96)095 4.023956 .722707 42.300270

SUMVAOY OF ERRORS FOR CURVE FITS— 3 DEGREE POLYNOMIALS

VAP0P FLOW RATES
VAPOR PATE VS VA°OP 
ADJUSTED TIME RE^ope 
TIME LAG COOPECTIOM

VAPOR RATE VS LIQUID 
ADJUSTED TIME AFTER 
TIME LAG CORRECTION

ARS PCT ERR STANDARD DEV AGS “CT ERR standard dfv

ALCOHOL .361?AF*01 .746182*00 .36242F+01 .746785*00
ACRYLATE . 1 1 nr,?F*01 •57696E+00 . 1 1044F* 01 .57630E+O0
WATFp . 1 1 367F*01 . 1 18945*00 .11350F*01 . 1 18855*00
ETHFp . l°I65-*01 .21964E-01 .19150F + 01 .21955E-01
DPQDIONATF .227275*01 .67296E-01 .22766E+01 .67224E-C]

REACTION PATE
ACP PATE POP PATE

APS PCT fop 
STANDARD DEV

.346545*00

.2P744E-02
.29924E-10
.40696F-14

DP0 RATE

.382578*01

. 7O992E-03
V.)
"sO 
TO



DEFI^ITIONe:- 
’F^L.T.Tvc . is-COUNTED.. THE- 5? OMENT.-ALCOHOI IS -FIRST...*!! XEJX WITH. A CP VLA1^ I DE SULFATE_____________________  
ADJUSTED TTMF IS COUMTED FDt)M TuE moment STUDIES FOR 01 ST ILL AT IQV A CCON'P A v I ED 9Y Ch~^ICAL REACTIONS REGIN 
ADJUSTED TIVF MUST BEGIN RIGHT OR SLIGHTLY AFTER THE REACTING LIOUID FIXTURE BECOMES ROILING

   

INITIAL COMniTTONS FOR THE REAL TIME

T£MP=. 111.50 C .VOL". 139.2,9 Ml TOT. .LIQ=—3. 0413-MDI AMIDE=. l.OES. MOL H2S0‘f-_.i. 27.5.. MOI WATER=—.733 

REED CONDITIONS
  

RATF=l.AOfn M(_/MIN ALCOHOL= .8*00 NT FRACTION WATEfl=-.14OO WT FRACTION VAPOR FRACTIONS .6900

   
MIXTURE OUAntITTES AND REACTION PATES VS ADJUSTED TIME-

 

--------- TIME -TIME -LAG_______ . .. TEMP .....— LIO.VOL- _____LIO.MOL ______ VAP MOL ____ ACR PATE-. ... ROR PATE_____,PRD PATE 
0.00 .31740 118.03 177.70 2.85516 .12560 .0079597 .0005198 .0009599
9.20 .30304 116.86 178.45 2.°5539 .375R4 .0073100 .0004585 .0008594

_____20.15____ ____ .28670_______ .115.80 —._____ 179.12_ ..... 3.06550 _______ .61664 ____ .0064973 . . . 0004139. __ _- 0007474 
43.53 .6536* 114.45 179.51 3.24588 1.18*50 .0046192 .0003213 .0905468
54.15 e ?4.Q47 1 12.90 179.06 3.29513 1.47199 .0037018 .0002899 .0004719
.67.61_ .23772. .10 9.00. . 177.80 .3.35040 1.85923 .0024812 ...0002593 .0003917.   
78.65 .22931 107.90 176.34 3.35160 2.19929 .0014310 .0002431 . 0003381
92.51 ’ .21991 ' 107.00 173.75 3.35584 2.65842 .0004429 .0002324 .0002861

INSTANTANEOUS LIQUID MOLAR QUANTITIES VS ADJUSTED TIME

TIME
0.0 0

ALCOHOL
,453074

ACRYLATE
.127607

WATER
.998985

ETHER
0.000000

proriomate
0-000000

COMPLEX
.803898

H2S04 
.247907

VH4HS04
.223685

_____ 9.20_______ .531154 ______ .105688 ____ 1.035362 ____ .0.000000. ____  .007693 ____  .735378, . - . .247907 ____ .291204 
20.15 .607408 ,096177 1.075016 0.000000 .OU 409 .654469 . 247907 .373113
43.53 .698055 . 1 12065 1.143177 n. o o n o o o .017092 .478812 .247907 .548771

____ 54.15_______ .'rb5118 _______. 06434 0 _____1.165199_____ _ 0.0 o n 0 0 _____ ______.462759_ _____ .2^790 7 ____ _ .564793___
67.01 .807387 .n67°96 1.183651- 0.0 o O 0 o 0 .015880 .409366 .247907 .618217
70.61, .Hl^631 .057826 1.190009 0.0 0 0 0 0 0 .019644 .37*950 .247907 .650632

____ .92,61_______ -.84J097 _______.041498' ;_____1.185464_____-0.000 000. ______ .013292- ______.362201___ _____.2479Q7_____ _.665381. ___ 

_a C C U v u L A.T EEL. V aP o R m o l AR . Q U A m t ITIE 5 . V:S_ A p J u s ; E D_T IU E    

T I^E ALCOHOL ACRYLATE WATFR E THFR prorionate
0,. 0 0__ .04 19,62 —____ ,095009___ ___ ,,044999______ ..,003563. ______ .001069 _  
9.20 .008402 .174360 .101507 .008105 .003463

20.15 .165360 .258068 .171824 .012930 .006559
43.S3„______ .40«731______ .405176 ______ .336699.021461 _____ ,014438    
54.1 5 .5*1925 ' .456713 .4}9895 .024701 .018761
'•■■7.61 .742125 .509268 .534379 .02*389 .025073
78.66, ,95^065______ ,.542110 ____ _ *36901. _____ .031161 ,. .031053 -    
92.61

  

].234659 .570818 .778703 ,034464 .039773

 



__IMST-AjV.'LANKOIIS—TO.T AL—MOUXR—QUA^-I.TJ^S—VSl-AD JUSTE.D__T.IME_____ ___

 

______S E AC TJ 2N_R AT E_CC NS I AMTS.  

TImf ALCQHOL acrylate WATER ETHER PROPIONATE 1000/2.3RT ACp‘RCONST »OP ’CONST PRO PCONST
______ 0.0 0. _______.494036- ______ .222616_____ JI ..043994____ ___ .003563 .. _____ .001069, ____ .559629,_____ 3.983491- _____ a <^^9959_ .183.695450.

9.?0 .619557 .2^0049 1.136869 .008105 .011157 .560305 3.335145 .296311 131.573279
20.15 .77376A .355145 1 .246840 .012930 .017969 .56133? 2.927528 .200952 99.306952
Ad.53 _____ 1.1067A6_ ______ .517240_____ JL.479877_______ .021461_ _____ .031530 ______ .563788. 2-460834— _____ .118364_„ 75.513160.,
b<*.15 1.317043 .521053 1.585094 .024701 .043740 .566052 1.871959 . 088oh7 55.851030
6 7.61 1.569511 .577263 1.718031 .028389 .040053 .571829 1.334752 .070867 46.402984
7 E , k ft 1,776696 .599936 1.826910 .031161 _ .050697 .573479 _____ .817713 _ .063975 _41.61'573?.
R2.61 2,074755 .612316 1.964168 .053065 .574>J37 .024518 .057216 33.791561

ACCUMULATED va°dr quantities vs REAL TIME

____  TIME.
9.53

____ ALOQMQL,
.000886

____ ACPVLATE____
.000365

WATER ETHER PROPIONATE
0.000000 .000006 0.000000

19.72 .008869 .013546 .006369 .001402 0.000000
33.17 .050131 .106285 .045667 .004557 . C 0 .18 8 4
41.33 .68453? .181393 .106994 .008241 .004422
52.03 .169669 .255590 .190257 .01196? .006506
70.87 .384856 .379463 ,280094 .021424 .012458
86.1? .462474 .406227 .024170 .018613
99.TO .765805 .508800 .554768 .028183 .025357

110.83 .541296 e6 4 5 65 .03144] .031748 
125.08 1.251094 .573084 .781854 .034685 .040081

INSTANTS NEOUS LIQUID MOLE TRACTION VS ADJUSTED TIME

TIME ALCOHOL acrylate WATER ether PROPIONATE COMPLEX _______ H?S04_ NH4HS04  
0.00 .158686 .044693 .349888 0.000000 0.0 0 0 0 0 0 .281560 .086828 .078344
9.20 .179724 .035761 .350330 0.000000 .002603 .240165 .083883 .098533

2 n . 1 5 .198143 .031374 .350682 0.000000 .003722 .213495 .080870 .121714
43.53 .?15059 .034525 .352193 0.009000 .005266 .147514 .076376 .169067
54.15 .?3?197 .019526 .353613 0.000000 .007581 .14(1447 .075234 .171403
67.- -.1 ,?4098? .020295 .353286 o.nooooo .004740 .128194 .073993 .184520  
7 8.66 .?4 1524 .017?0? .354001 0.006000 • 0 C S 4 4 .112134 .073747 .193549
92.61 .250339 .012366 .353254 0.000000 .003961 .107932 .073873 .198275

INSTANTANEOUS VAPOR MOLE FRACTIONS AND TOTAL VAPOR FLOW RATE VS ADJUSTED T I

TIVF ALCOHOL acrylate WATER ETHER PROPIONATE V PATE
O.CO .211401 .449951 .300241 .025865 .012543 .0-70096
9.?0 .284906 .386082 .294314 .022027 .012671 .0 8 

20.15 .380572 .318885 .290249 .018213 .013082 • 0 ? / *£ .">
4 3.53 .4803=8 .202528 .290091 .01232? .014670 » ; • f
54.15 .52105] .159893 .292965 .010467 .0156.25 .07771-1
67.61 .562299 .113438 .298578 . 00 8703 .016982
78.66 .588824 .080815 .304505 .007669 .01818- .031 71! 4
92.61 , 61 a 3 6 A .045728 .313304 .004?0f- .019793 .034139 

 



I'J£IE.Q11ILLSJ’JL'_M_CON5TANTS VS ADJUSTED TI_____________________________________________________________________ _ __________________________________________________

   

TIME ALCOHOL ACRYLATE WATER ETHER PROPIONATE
______ o.on___ 1.332195 JO.067497____ ___ .358 105_____ _100.0 00 0 0 0.  

9.20 1.5«5?41 10.796173 .340105 4.867270
20.15 1.814707 10.164017 .327669 3.5’4819
43.93_____?,? 3 S7 51______5. AO 9 A________ . A? 3671 2.7555’5 
54.15 2.24400? A. 188772 .828490 2.061138
67.61 2.333366 5.589537 .845146 3.582810

_____73.65. _____ 2.417925 — ...4.693043___ __ .860182___________ ____________ 3.112401 
92.61 ?<454 1 4fr 3.597911 .886907 4.997329

_.1NST A'.'TANEOt'S. L I nUlD .ACTIVITY COEFFICIENT _ VS-ADJUSTED .-JT-I-ME-  

TIHF ALCOHOL ACRYLATE WATER ETHER PROPIONATE
______0.00 _____313 A 3 4 4________.7.151463 ______.493838_____ _______________ 100.000000 

9.20 .477158 7.906254 .501590 29.528718
20.15 .562475 7.643653 .511031 22.190802

_____ 4 3.53.716973____ 4.564728——.530^47—13.512042  
54.15 , 794643 6.629886 .561389 14.534421
67.61 .878473 5.011072 .650748 2Q.4]9438
7b , ^4 .Q403Q4 4.337141. _»6870?9. .26.698382 
92.6 1 .980432 3.497370 .730055 44.439047

 

   

SUmuapy OF FPRODS FOR CURVE FITS— 3 DEGREE POLYNOMIALS
      

VAPOP FLOW PATES
 VAPOR. PATE—VS-VAPOP VAPOR..RATE... VS -LIQUID
ADJUSTED TIM? REFORE ADJUSTED TIME AFTER
TIWE LAG CORDECTION TIME LAG CORRECTION

  

 

 ...,?y-

<JX

 

AR$ PCT E.RR STANDARD DEV 

___ .13948-E + OO___  
.308895*00
.2297RE+00

___ .54435E-01____
.66102F-01

A8S PCT FRR

____..19663E + 01 —
.885952*00
.525552*01 

___ .32695E*01— .
.10894F*02

standard dfv

___ . 13895E+00____
.30911E*OG
. 22999c- *00
. 543692-0i   
.661462-01

___ A LCOH.O L_________
ACRYLATE
WATER

___ ETHER____________
PRDRIONATF

--------- .19743E + 01-—
.88415E+00
.525O2E+01

_____ -32748E + 01____
, 1 088RE + 02

REACTION RATE
ACR RATE ROR RATE PRO PATF

AHS PCT ERR .19472E-‘O1 .56018F-1 1 . 11 497E + 02
STANDARD DEV .11912E-01 .13729E-14 .259R9F-02



IOMc-
PFCL TIME IS COUNTED FROM THE moment ALCOHOL IS FIRST MIXED WITH aCpvi_avT0E SULFATE
ADJUSTED TIME IS COUNTED FROM THE MOMENT STUDIES FOO DISTILLATION ACCOMPANIED RY CHEMICAL REACTIONS BEGIN
ADJUSTED TIME MUST BEGIN RIGHT OP SLIGHTLY AFTER THE REACTING LIQUID MIXTURE BECOMES "BOILING

INITIAL CONniTICNS FOR THE REAL TIME

TEMP= 111.RO C VOL= 134.12 ML TOT LIO= 2.9021 MOL AMIDE= .984 M.OL H2S0A= 1,2*7 MOL WATER= .672 MOL

FEED CONDITIONS
RATF=1.557R ML/MIM ALCOHOL= .8600 WT FRACTION waters .i4oo wt fraction VAPOR FRACTIONS .6000

MIXTURE OUA-'TITIES and REACTION PATES VS ADJUSTED TIME

. TIME TIME LAG TEMP LIQ VOL LIO mql VAP MOL ACR RATE POR RATE PRO PATE
0.0 0 .39015 1 19.46 162.22 2.57020 .20084 .0081780 .0004171 .0010704

10.92 .33H25 117.91 163.63 2.72996 .40Q48 .0070556 .0005505 .9008797
3? . u2 .27643 115.12 164.00 2.96764 .93052 ,C04Q540 .0007024 .0005384
4t- .25 .?R689 113.60 162.82 3.05593 1.32204 .0035244 .0007085 .0003674
60.09 , 24959 112.51 161.28 3.10544 1.67284 .0024951 .0006622 .0002501
73.^9 .24267 111.60 15R.OR 3.13755 2.09571 .0021646 .0005528 .0001429
9 4 . f 7 .23769 111.52 155.23 3.15287 2.76662 .0111128 .0002612 .0000322

INSTANTANEOUS LIQUID MOLAR QUANTITIES VS ADJUSTFD TIME

__  . Tp'E
O.CO

10.9?

ALCDHOL
.334454
.432274

ACRYLATE 
. 114545 
.097155

water 
.874261 
.944945

FTHFR 
0.000000 
0.000000

ordpicmatE
0.000000 

.008644

CQmolEX 
.745238 
.661446

H2S04 
.263406 
.263406

XJH4U1SO4 
.218297 
.322090

____ 33.92 ,606889 .046633 1.051775 0.000000 .013404 .520201 .263406 .463334
48.25 .660244 .036341 1.098181 0.000000 .014227 .443993 .263*06 .539542
6 0.09 .690632 .026556 1.129073 0.0 0 n 0 0 0 .011341 .601689 .263406 .581«4b

____ 73.59 ......... .606956 .019630 1.163549 0.000000 .010479 .362435 .2634Q6 .621100
94.67 .675530 .011759 1.221661 0.000000 .006975 .329136 .263406 .654399

ACCUMULATED VADQP MOLAR QUANTITIES VS adjusted TIME

_____ TIME ___ ALCDHOL ACRYLATE water . . ETHER PROPIONATE
O.CO .043488 .103202 .050849 .002756 .000551

10.52 .051462 .212367 ,094654 .00R075 .003923
___ 33.92 .271900 .389578 .232504 .022820 .013719

48.25 .460502 .468490 .339548 ..033011 ,non 4a5
60.09 . .653435 .518189 .434285 .041171 .025760

_ . 73.59 .911339 .560185 .543939 .049440 .030807
94.6 7 1.387268 .600594 .705406 .05R279 .0350’0



TOTAL MOLAR QUANTITIES VS ADJUSTED TIME REACTION RATE CONSTANTSAMEOl'S

TIME alcohol ACRYLATE WATER ETHER propionate 1000/2.3RT ACP PCCNST POP RCONST PRO PCONST
0 .no .37704? .217746 .925110 .002756 .000551 .596594 5.183416 .604863 329.0«0896

10.R? .513736 .309522 1.039599 .0CB975 .012567 .558800 4.037874 .482101 190.564686
33.92 .860769 .4362)1 1.284279 .022820 .027123 .562815 2.564954 .310713 . 75.0R2952
4 R. 25 1 . 1P07A6 .504831 1.437730 .033011 .034711 .566027 2.124201 .264439 50.319350
6 0.09 ' "1.344066 .544745 1.564257 .041171 .03710? .546624 1.741216 .223913 33.04=931
73.59 . 1.600295 .579814 1.707489 ,049440 .041285 .567964 1.363215 .181038 20.542881
= 4.67 2.062798 .612353 1.9?7068 .058279 ,04?045 .568083 .776923 .088866 5.164531

ACCUMULATEn VADOR quantities vs peal time

TIME
6.33

ALCOHOL 
.000209

acrylate
.000043

WATER 
.000172

FTHEP
.000051

PROPIONATE
0.000000

~ "1 6,0 0 .005353 .010086 .014398 .000429 0.0 0 0 0 0 c
25.R3 .036389 .108936 .043155 .001441 .000851
36.8 3_ .09=534 .213138 .114016 ,n]0054 .003819

"60.42 .278531 .400115 .932105 .023116 .013791
74.4? ,466585 .470924 .335134 .031490 .021996
87.00 .683681 .524731 .459603 .04=57? .026076

"10 0.00 " ".940598 .561588 " .553327 .051777 .030761
120.17 * 1.389036 .601308 .70487? .057690 .035233

INSTANTANEOUS LIQUID MOLE FRACTION VS ADJUSTED TIMF

TI'*E 
0.00 

10.9?
"33.92 

48.25 .
_ 6 0.0 9 

7 3.59 
94.67

"alcohol 
.130128 
. 158345 
.205176 
.216053 
.222394 
.222133 
.213582

ACRYLATE 
.044566 
.035589 
.015714 
.011892 
.008552 
.006256 
.003718

WATER 
.340153 
.346139 
.354414 
.359360 
. 363868 
.37084-6 

_ .386251

ETHER
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

propionate 
0.000000 

.003166 

.004517 

.004655 

.003652 

.003340 

.002205

complex 
.297735 
.242291 
.176291 
.145289 
.120350 
.1)5515 
.104063

H2SO4 
.102485 
.096487 
.088759 
.086195 
.084821 
.083953 
.083281

NH4HSD4 
.084934 
.117983 
. 156129 
.176555 
.187363 
.197957 
.206900

INSTANTANEOUS VAPOR MOLE FRACTIONS AND TOTAL VAPOR FLOW PATE VS ADJUSTED TIME

TVE alcohol ACRYLATE WATER ETHER PPOPIOMATE V R A T E
0.00 .11]688 .652675 .195075 .025202 .015359 .016549

__10.92 .?546?9 ,461«41 .237986 .027596 .017947 .019 9 r. 0
33.9? '.43°399 .243310 ".271966 .027167 .018158 {• 9 q 7

48.25 .820135 .165969 .27?959 ,024708 .016229 « j ? S 7 6
_6C.O9 __ .578347 .120007 .266191 .021707 .013747 .03051s

73.59 " " .640503 .080937 .251325 .017252 .009983 , (13PC 4 3
94.57 .737349 .039688 .213178 .007852 .001932 .033269



IMST£>.'TAMSniiS FOUILTRRTUM CO'-.'STANTS VS ADJUSTED TIMF

TIVE ALCOHOL ACRYLATE water ETHER PROPIONATE
0.0 0 .H50299 14.644999 .573493 100.000000

10.92 1.A0R071 12.977234 .687546 5.667993
33.R2 2.14157? 15.483791 .767369 4.0199P.0
4E . ?5 P . 4 0 7 4 4 3 13.R56431 .759569 3.486104
b0.09 2.60055? 14.033328 .731559 3.764228
73.59 2.ER3416 12.936922 .677707 2.989037
S<t.t>7 3.4523oa 10.676622 .551916 .876106

IMSTANTANEO'JS LTOllTO ACTIVITY COEFFICTFMT VS ADJUSTED TIME-

TIME alcohol acrylate WATER ETHER PROPIONATE
0.00 .238250 9.955608 .31?451 100.000000

10.92 _ .468524 9.164696 .393138 . _  - 32.728981
33.9? .66061? 11.725488 .479252 25.7770?4
48.25 .784617 10.985626 .498073 ?3.687233

— 60.09 . .875349 11.360064 .496914 ___ 26.672315
73.59 .9062?? 10.722373 .474171 ?1.93R458
94.67 1.195526 8.865763 .387168 6.450625

.SUMMARY OF ERRORS FOR CURVE FITS— 3 DEGREE POLYNOMIALS

.VAPOR FLOW PATES

------------------------- ------ -

VAPOR DATE VS VAPOR 
ADJUSTED TIME BEFORE 
TIME LAR CORRECTION

VAPOR PATE VS LIQUID 
ADJUSTED TIME AFTER 
time LAG CORRECTION

APS PCT E°P STANDARD DEV AI3S PCT Epp standard dev

ALCOHOL .58561E»01 .38122E+00 .587055*01 .382755*00
acrylate ,7244?E*00 .237015*00 •73157E*00 .23=135*00
WATER .640255*01 .196975*00 .649695*01 .197255*00
ETHFo .19997E*02 .125605*00 .19Q785*02 .125735*00
PROPIONATE .62723E+C1 .P.2926E- 01 .622695*01 .827R1E-01

REACTION PATE
ACR RATE POP rate PRO RATE

APS PCT Foo .69592E+00 .269335-10 .145265*0?
STANDARD DEV .33R47E-02 .32037E-14 .705475-03



D- FPIT T TQMe:- 
2EA! TP;P J.5-C0!J\'TED .FO0M,. TuiE_.M0i',ENT_ALCCH0L._IS_ F.rR3T_ "1X5.0. .WITH .ACRYLAMIDE-SULFATE     
ADJVSTFD TIMr IS Cni'MTSD FROM THE MOMEX'T STUDIES r0° DISTILLATION ACCC-md A MI ED SY CHEMICAL REACTIONS SERIN 
ADJUSTED TIME MUST REGIN RIGHT OR SLIGHTLY AFTER THE REACTING LIQUID MIXTURE 9EC0YES "SOILING 

 

    

       
INITIAL COMDITTnNS FOP THE REAL TIME

TEMR=_111*50 -C VOL= .136.58 ..Ml I0I_LIQ.=—2^9.488—MOI A.MIDE = _.l ..0 23. MOI H2SO4=...l.254. ,M0l WATER= .672-MOI 

FEED GOmDItTONS
 

RATE=1.1920 ml/mim ALCOHOL= .8600 WT FRACTION WATER= .IAQ0 WT FRACTION VAPOR FrACTTON= .7000

 
MIXTURE QUANTITIES AND REACTION PATES VS ADJUSTED TIME

----------TIME... . .. -TIME -LAG----- _____  TEM.P.— .— LIO -VOL----------- LIO MOL-_____ VAP .MOI______ .ACS RATE. _____ POP .RATE- ____PSD . RATE —
0.0 0 .40039 118.86 163.44 2.5424R .20576 .0074508 .0003143 .0005839

13.92 .387H0 116.80 162.13 2.66646 .43731 .0067901 .0003284 .0006431
_____ 29.58 ______  .3662?___ -___ 115.47_. _____ 160.48_______ .2.78431-______ .71600 ... . .0059267 _____ .00034 0 9.____  . 00 051 83 — 

4 3.00 .34756 114.16 158.86 2.86420 .97571 .0050951 .0003485 .0105214
5b.93 .31320 113.07 156.66 2.934]6 1.31613 .0039981 .0003542 .000314]

_____ 70.39__ —..301R6._______ 112.71___ ______154.85_______ 2.05943- _____ 1.58695 .. 00 31 351 ____ .0003560. ___ . 0001034 -
8*.17 .27967 111.63 152.36 2.95826 1.94616 .0020157 •0003^55 0.0000000

  
INSTANTANEOUS LIQUID MOLAR QUANTITIES VS ADJUSTED TIME

_____  TIME1______ ALCOHOL.___ acrylate . __ :____ WATER. ______ ether. __ PROPIONATE _____ COMPLEX_______ H2S04 ____ . N H 4 H S 0 4______ _______________________ .. _____ __ .. . .

0.0 0 .315402 .110475 .858602 0.000000 .003932 .807022 .230999 .216057
13.9? .402017 e0^^569 .916297 o.oooooo .009504 .70278-. .230999 .320295

.29.59 .459412 . . .072886 .981261 ... .0.00000 0 ..016675 .586569 . .. ..230999 .436410 - - . . -
4 3.0fi .502658 • 055786 1.02O]40 0.000000 .021539 .51000u .230999 .513071

• 58.93 .541373 .053031 1.066809 0.000000 .018873 .429264 .230999 .593815
_____ 70.39.______ .566802 _____ .047795 ____ 1.075054, _____0.0 on 0 0 0. ___015701. ______ « 3 ** 5 5 5 8_______ -.230999,_____-.537421_____________________________ _____________________

84.17 .599982 .036945 . 1.057389 0.000000 .009861 .350718 . 230999 .572361

ACCUMULATED VARflR MOLAR QUANTITIES VS ADJUSTED TIMF

T T nr .ALCOHOL ACRYLATE— WATER -.ETHER- PROPIONATE ., - .
o.oo .042997 .101651 .058527 .002530 0.009000

13.92 .092218 .224980 .111613 .007057 .001242
29.5.8 -.184940 ..341679 -.171910.- ..012301 _ .005171 .. ...... ____ _______
43.00 .292696 .424707 .231337 .016929 .010039
58.93 . .450535 .504927 .321153 .022531 .0 I6G85
70.39 .581760 .551544 .404661 _ .026602 .022382.............................. .
84.17 .756434 .596669 .532664 .031508 .0 28 8-36

  



_________ R EA C LLO X_ P. A TE._C O NE TAN ES  _ltisT AXT& N Ez-llS—T QTAI__ v0 L 6 P—DUA N TXLIES—V_S__ArMU STECULLME

TIME ALCOHOL ACRYLATE WATER FTHEP PROPIONATE 1000/?.3PT ACP PCbNST POP RCONST PRO PCONST
_____ n , o o________, 35R399.U___ .212125._______ ,9L7)?9___ ___ , 0 0.?bRO__ _ ____,003932 ______ f 5 5 7 4 4 6_ _____ 4.790581._ _____ .515384 _ 194.292,051  

13.9? .494235 .309549 1.02R1 10 .007057 .010746 .560391 3.896484 • 3294-1 5 148.826391
29.SR .644351 .414564 1.153171 .012301 .021846 .552309 3.528981 .259113 12«.70?R25
43.00 ___ ,79^353_ _____ ,4814°3 _____ ] .260477 ____ .0169?R_ ___ .031577 ____ .564210 _____3.157412 .21912? _102,l1446?
58.93 .991909 .557957 1.307962 .022531 .035857 .555803 2.698157 .189330 61.266917
70.39 1 . 1 4H563 .599339 1.479715 .026602 .038083 .566331 2.220847 .171582 20.005447
84.17 1.354416 .633614 1.590053 .031508 .038747 .557020 1.459408 .100479 0.000000

A.CCUvLiLaTED_ VAPno QUANTITIES vs.£_EAL .TIME   

TINE ALCOHOL acrylate WATER ETHER PROPIONATE
) ? . 0 0 .001647 .000164 .001875 .000004 0.000000   
19.75 . 0 0 6 R 2 1 1 .014009 .009013 .000532 0.000000
32.25 .042550 .102915 .05986? .002580 0.000000
46.33 .095521 .226343 .112172 .007211 .001033 
62.08 .125043 .344054 .166497 .012429 .005034
75.50 .299106 .430226 .246946 .017048 .010835
9i.no # 4 <* S 3 *** .499533 .311953 .022397 .016826   

102.87 ,590624 .556752 .409805 .026941 .022281
116.47 .761662 .597285 .538259 .031614 .029260

    

INSTANTAMEniiS LIQUID MQLE FRACTION VS ADJUSTED TIME
 

TIME ALCOHOL ACRYLATE WATER ETHER PROPIONATE COMPLEX H2S04 NH4HS04
0.00 .124 (i53 .043451 .337701 0.000000 • 0 0 1 5 4 5 .317414 .090856 .084979

13.9? . 150768 .031716 .343637 o.oonono .003564 .263564 .086631 .120120  
29.58 .165000 .026177 .352425 0.0 0 o o o o .005989 .210705 .082965 .156739
4 3.00 .175497 .019826 .359311 0.0 o 0 0 0 0 .007520 .178063 .080550 .179132
5 8.93 .184607 .018074 .363582 0.000000 .006432 .144299 .078727 .202380  
70.39 .191524 .016150 .36 3264- 0.000000 .005305 .130315 .078055 .215386
84.17 ,?02H16 .012489 .357437 0.000000 .003333 .11°556 .078086 .2272R3

  

INSTANTANEOUS VAPOP 'mole FRACTIONS AND TOTAL VAPOR FLOW PATE VS ADJUSTED TI'-'E

TImp ALCOHOL ACRYLATE WATER ETHER PROPIONATE '/ P T E
0.00 .143823 .588697 .247190 .019351 .000938 .01

13.92 .274619 .477809 .218038 .019189 .010345 .017113 
?9.5H .382271 .363667 .218606 .018358 .017099 .OJA'S.?
43.00 . .441974 .279186 .241660 .017250 .019931 . 0 ? 0 2 0 2
5P .^3 ,479140 .196938 .287852 .015657 .020413 , 07 5 ? 4
70.39 .487631 .14R597 .329060 .0144?? .019290 e ''"l 4 5 11 *»
84.17

 
.482606 .104479 .383197 .01292? . 016796 ,027515

  

 



lXSJj6!lTANE.nUS_EQUILIBP.ILiM_ CQNSTANT5_V$_A D JU.SJE P_TJ
TIME ALCOHOL acrylate WATER FTHEP PPD=IONATE

_______0.00__ ___ 1.159375.____13.5484Q7.___ ____ .731978____ .606599   
13.92 1.821469 15.065425 .634501 2.90228329.5m 2.316791 13.892467 .620291 2.855147
43.no 2,513416 14, OH 17Q1..672563 2.b50350   
58.93 2.896867 10.895623 .791713 3.173578
70.39 5.546057 9.263032 .905842 3.6359?3
66,17 37962? A, 365910 1.072069 5.03A79C. 

TMSTAViT AMEf'liS LIQUID ACTIVITY COEFFICIENT VS ADJUSTED TIME

TIME ALCDHOL ACRYLATE WATER FTHER
 

PROPIGMATE
0.00 .328928 9.390434 .408603 3.400628

_____13.92_____ ..546666.___ 10.993891. ______ .377821_________ _________________ 17.566760    
?9 • 5 .721418 10.486772 .385265 18.168955
4 3.80 .813514 10.988620 .435599 17.726560

_____ 56.93 _____-.865135 _____8.743643 . ______.531095 _________ — 22.13147 1   
70.39 .856947 7.502088 .614777 25.709717
84.17 .826063 6.967612 .753598 37.150528

    

_SUM.v.a«Y—OF_FP»OaS . FOR-CURVE-FITS--—3  

   

    

-DEGREE-POLYNOMIALS------------------------  

—VAPOR—FLOW-BATFS-— ------------------------------------------------ -
VAPOR RATE VS VAPOR 
ADJUSTED TIME PEFORE 

  TIME LAG CORRECTION-

    
VAPOR RATE VS LIQUID 
ADJUSTED TIME AFTER
-TIME-LAG. CORRECTION . 

AMS PCT ERR STANDARD DEV A9S PCT ERR STANDARD DEV 
  

ALCOHOL
ACRYLATE

------WATER--------------
ETHER
RRODI0NATF

.11105E*01 

.679]6E+00 
..21A7RE + 01- 
.534359*00 
.618299*01

13477E*00 .11)04F+01 .135222+00
300002*00 .479488+00 . 3 0 1 4 0 E * 0 0
132262*00----- ___ .218998 + 01- - ------- . 13237E + 00 
752812-02 .534942+00 .754852-02
53082E-01 .619532*01 .531522-01

   

REACTION RATE

AMS RCT FOR
--------STANDARD-DEV. 

   

 ACR RATE ROP. PATE..pro RATE., . 

.364?9E*00 .40M62F-11 .543069+01

.22064E-02.620 04 E-15 .1061 5E-02  



OS'r'Tr'ITICMc-
= rAL TIMF IS COUNTED F^OM T^E MnvF.NT ALCOHOL IS FIRST «IXED WITH ACR YL A M TOE S'jlFATE
ADJUSTED TIME IS COUNTED From THE moment STUDIES FOR DISTILLATION ACCOMPANIED RY CHEMICAL REACTIONS 3EGIN
ADJUSTED TIME MUST PFGIN RIGHT OP SLIGHTLY AFTER THE REACTING LIQUID MIXTURE BECOMES ROILING

INITIAL COnniTTDNS FOP THE REAL TIME

TFmp= 110.n0 C VCL= 133.33 ML_ TOT .LIQ= 2.PS67 MOl_ AMIDE= 1.016 mql HESC-a- 1.226 MO[_ wAtER= .714 MOL

FEFD CONDITIONS

'PATF=1.1470 mL/MIN ALC0Hql= .8600 WT FRACTION WATER= .1400 NT FRACTION VAPOR FRACTI0N= .5500

MIXTURE QUamtitTFS AND' REACTION RATES VS ADJUSTFO TIME

T Tmc TIMF LAG TEMP _ LIO VOL LIO1 mql VAR MOL AC= RATE R0R PATE PPQ PATF
0. on .50110 ‘ 118.34' 155.63 2.53738 .33001 .0078523 .0001328 .0004537

12.00 .47924 116.81 156.62 2.66626 .A9735 .0067068 .0001999 .0003878
26.RO .394AO 115.00 156.35 2.78901 .7322A ,0('54160 .0002534 .0003067
42.R3 ' .3A410 * ' ~" 112.70 ISA.84 2.HR165 1.03401 . op40^47 . 0002778 . 0002137
61.Cn .34041 110.60 152.72 2.97023 1.49811 .0027557 .0002601 .0001079
73.m3 ,32955 _____ 109.00_ _ 151.54 3.00751 1.69169 .001=139 .0002191 .000031=
82.83 .32371 '107.80' 151.13 3.02567 1.69817 .0013712 .0001764 O.OnQOOOO

INSTANTANEnuS LIO'lID MOLAR QUANTITIES VS ADJUSTFO TIME

TT 6 E ALCDHOL acrylate WATFr ETHER PPO°IONATE COMPLEX ■ H?SO4 MH4HS04
n. no .316017 .087630 .905??8 0.000000 .002462 .738085 .209716 .278239

12. on .371656 . 10 6635 .956507 0.000000 .0954?! .622450 .209716 .393875
26. 50 .473099 .06751? 1.013355 • 0.000000 .009010 .563574 .209716 .462750
4?. 83 .541035 .044471 1.068971 o.oonooo .011123 .472781 .209716 • 5435^
61 . on .575R29 .038991 1.117961 0.000000 .010407 .3=1801 .?n971b .624523
7 . 83 .n?5460 1.142885 o. o o n n n n .008494 .368000 .209716 . 650324
82. 83 .61953? .017603 1.154973 o.oonooo .007518 .357531 .209716 .658793

OUANTITIES VS ADJUSTEDACCUMULATED VAPOR MOLAR

TIME ALCOHDl ___ ACRYLATE ____ WATER ETHER PROPIONATE
n.no '" .053337 .186560 ".085659 .002866 .001587

12.no .085902 .278835 . 124745 .004882 .002:982
26.50 .159836 .38129? _.177973 .008205
42.83 .286495 .480489 .24697? .012594 .007456
61.00 ,47«724 .564518 .336712 .01 I55R . 0 1 0 6 C 7
73.8 3 .645328 .603345 __ .409345 .020651 .013024
8 2.8 3 .776748 ‘•61HH70 .465397 .022439 .914802



INSTANTA'iEr.'jS TOTAI, REACTION PATE CO^STANTSMOLAQ QUANTITIES.VS ADJUSTED TIME

TIME ALCOSOL ACRYLATE WATER ETHER PROPIONATE 1000/2.3RT ACP PCONST POP RCONST poQ OCONST
0.00 .36Q354 .274190 .990857 .002866 .004049 .558136 5.239388 .206990 149.102136

12.no .4S7S67 .3R6471 1.081251 . 0 04882 .008404 .560376 4.540611 .226622 I 10.6?7B3«
26.SO .632934 .448304 1.191327 .008205 .013947 .542989 3.233272 .177024 60.517403
42.H3 .K27S31 .524960 1.315983 .012594 .C18534 .556345 2.472651 .146932 37.021753
61.00 1.0RSSS3 .6035-19 1.454o73 .017552 .021015 e 5 4.4 4 1.862121 .119363 19.310569
73.63 1.2499S6 .628805 1.552231 .020651 .021519 .b71^?9 1.310639 .090839 5.467848
s?, 63 1.396279 .636473 . .1.620280 .022439 .022320 .573630 . 935544 .069456 0.000000

_ACCU>'ULATEn VAPOR QUANTITIES VS REAL TIME

TIME ALCOHOL ACRYLATE WATER ETHER PROPIONATE
12.00 .001959 . . .........0 0064 9 . . .020261 .000010 0.000000
21.57 .nil 225 .041640 .020261 .000639 0.0 0 <; 0 0 0
37.75 .082265 .188479 .084701 .002432 .001507

__ 50.33 .090058 .. .280491 . .. .128191 . 0 06286 .003397
64.87 .166377 .388649 .184000 .007292 .004637
87.58 .348120 .516161 .272120 .014501 .008675

___ .98.53 ____ .483620 ____ .565883_____ _.339131 . .. .018200 .011163
111.58 .653502 .602489 .418783 .020419 .012407
120.67 .77879? .620029 .462906 .022507 .015138

INSTANTANEOUS LIQUID MOLE FRACTION VS ADJUSTED TIME

T I ME ALCOHOL. ACRYLATE WATER ETHER PROP I ONATE COMPLEX H2S04 NH4HSO4
0.00 .124845 .034536 .356757 0.000000 .000970 .290885 .082651 .109656

12.00 .13939? .039994. . .358745 0.000000 .002033 .233454 .078655 .147726
26.50 .169629 .024206 .363338 0.000000 .003230 .10449,4 .075193 . 165919
42.83 .187103 .015379 .369676 0.000000 .003843 .163499 .072525 .187970

___ 61.00 .194204 .013127 .376369 0.000000 .003504 .131909 .070606 .2102M
73.83 .201039 .008465 .380011 0.000000 .002824 .121696 .069731 .216234
82.83 .204759 .005818 .381725 o.oooooo .002485 .118166 .05931? .217735

INSTANTANEOUS VAPQP MOLE FRACTIONS AND TOTAL VAPOR FLOW RATE VS AD.JUSTED T*mE

T J MP ALCOHOL ACRYLATE WATER ETHER CPOPIDNATE '/RATE
0.00 .125017 .615850 .240626 .010344 .0 08363 .'11 /841

_ 12.00 ,263763 .495779 .228821 .013314 .00832? .015011
26.50 .367486 .383498 .226070 .014620 .OnSSps .017833
42.83 .466320 .278594 .232505 .014204 .00837f .0'9555
61.00 .557661 .173408 .248379 .012075 .008477 .021537
73.83 .616?73 .100978 .264391 .009685 .00 3-/72 . i; 9 2/ 26
82.83 .656363 .049443 .277950 .007592 .008532 .023236

O



FOIITLTP.PTUM CONSTANTS VS ADJUSTED TIME

Tivc ALCOmol ACRYLATE WATER ETHER PROPIONATE
0. n o 1.oniTflo 17.P3235R. .673020 fl . 6 1 P. 3 3 4

1?.no 1.APOA Q9 12.396219 .63763= 4.092732
? . 1 6 n 4 n S lS.H4pO?S .622203 2*577275

u? . A3 ? . t. P ? 3 1 c 1 R. 1 1 SI r,4 .62=944 2.176600
61.00 ? . P 7 1 S 2 H 1 3.2 0 9 '> 9 .699900 2.419276
73. H3 •3, r. a 5 9 3 I 11.Rpspss .605746 3.035036
H2.E3 1.P0SS43 496370 _.72A142 3.462004

INSTANTANEOUS LTOiJTO ACTIVITV COEFFICIEh|T VS ADJUSTED TIME

TIME Al COHOt. ACRVL ATE WATER FTHEP propionate
0.00 .257=67 12.469879 .381096 49.095677

17.00 , (l <1 Ip 9.016323 .378447 ?4»6H]’-il f !
26.u0 ,651253 12.062405 .391005 16.64078°
42.63 ,B36354 14.627174 .425594 15.347020
61. on ].023632 1 1.2f.4723 . 47»20fl 18.507329

73. E3 1.145254 10.6102=0 .531528 24.726810
62. =3 . 1.240659 7.605106 .578956 29.753977

SiJvMAPY OF EPPOPS FOP CUPVE FITS-- 3 DEGPEE POLYNOMIALS

VAPCQ FLOW OATES
VAPOP PATF VS VADOR VA°Oo DATE VS LIOUlD
ADJUSTED TIME REFOPE ADJUSTED TIME AFTER

.. _____TIME LAG correction TTME LAG CORRECTION

A PS PCT ERR standard DEV APS PCT FOR STANDARD ofv

"“ALCOHOL . 14075E*01 ,21654E*00 .140035*01 .215225*00

ACRYLATE .52735E*00 .232.322*00 .527325*00 .232315*00
k’ A T r D ,15599F*01 .99241F-01 .155305*01 ,SSPSOF-O1

ETHER .A36?4E»01 ‘ .55HP8F-01 .835745*01 .5NB44E-0 1

oroolDNATF .51183F+01 .62226E-01 .511885*01 .622255-01

REACTION RATE
ACP PATE

AUS PCT ppp .!A273F*0l
STANDARD OFV .9533AE-0?

ROD RATE

21163E-10 
ITSTPE-IA

poo PATE

.?S175F*nl

.3S5R7F-03



OCFIN'TTTON<;~
»EAI. TIME- IS COUMTFD F^QM THE vomFNT ALCOHOL IS FI^ST v.txED WITH ACPYLAMtdE SULFATE
AOU'ISTED TImf IS COUNTED FPOn THE MOMENT STUDIES FOR DISTILLATION ACCOMOfiMJED RY CHEMICAL REACTIONS BEGIN
ADJUSTED time MUST PEGIN RIGHT OR SLIGHTLY AFTER THE REACTING LIQUID MIXTURE BECOMES BOILING

INITIAL CC^'OITTONS FOR THE'rEAL TIME

TFMPs 110.00 C VOL= 13R.48 ML . TOT LIO= 3.0385 MOL AMIOE= 1.002 MOL H2S04= 1.282 MOL WATER= .755 MOL

FEED CO^'DITTO^|S

RATc"=1.4bSn “L/MIN ALCOHOL= .8600 WT FRACTION water= .1400 wt fraction vapor FRACTIONS .7500

MIXT'JOF OUAMTITTFS AND REACTION PATES VS ADJUSTED TIME

TIUF- TI*'P LAG TEMP__ LID VOL LIO MOL VAR MOL ACO RATE RQP PATE PRO RATE
0.00 .SPR?? '120.77 164.84 2.68972 .316°3 .3108451 .0003246 .0007003

13.7? .33159 118.92 164.69 2.86613 .56R85 . 0 0 >-■ i 8 0 9 .0003110 .0004697
_ ?R.O? .295P0 _ 116.32 163.91 3.01500 .90635 .0056545 .0002948 .0002755

4 3.05 .27364 114.07 162.74 3.108R2 1.25871 .0037499 .0002790 .0001559
53.0? .2821? 111.74 160.49 3.18355 1.82166 .0017141 .0002549 .0000821
7Y. 3? .24570 110.71_ 158.43 3.20410 2.28722 .0007035 .0002353 .0001022
92.00' .24133 '110.03 156.41 3.20261 2.72522 .0001926 .0002169 .0001764

INST Ai-'TANEnuS LIQUID MOLAR OUANTITIES VS ADJUSTED time

TImp ALCDHDl ACRYLATE WATER ETHER PROPIONATE COmolEX H2S04 ^H4HS04
0.0 0 .334808 .126927 .94]537 0.000000 .004840 .714460 .279637 .287510

13.72 .422734 .121689 1.030110 0.000000 .0099'94 .573783 .279637 .428187
2 9.02 .505509 .110893 1.107308 0.000000 .000687 .46?739 .279537 . 53923 I
43.05 .565284 .093077 1.16025? 0.000000 .008695 .307207 .279537 .604763
6 3.08 .622177 .06]863 1.210338 0.oonooo .007568 .346256 .279637 .555714
74.32 .620404 .055204 1.231570 0.0 0 0 0 0 0 .006315 .313149 .270637 .688821
92.00 .647887 .027133 1.240556 0. oonnon .005432 .316703 .279637 .685267

ACCUMULATED VAPOR MOLAR OUANTITIES VS ADJUSTED TIME

TImp ALCDHDL _ ACRYLATE WATER FTHFP PROPIONATE
0.00 ’ .052611 .15497?" .104365 .004213 .000766

13.72 . 115609 .291300 .149169 .008574 .005204
20.0 2 .254014 .409025 .220479 .013209 .009626
43.05 .434991 ".489787 .303491 .017235 .013204
6 ? . ': A. .765600 .568737 .447106 .022584 .017546
78.32 1.060674 .607037 _ .57?°19 .026320 .020264
o?.00 1.347434 ■ .6304)5' .695666 .029414 .022287



REACTION RATE CONSTANTST^CTANTANEOVS TOTAL mqlap OUAMTITIES.V$ ADJUSTED TIME

TIMF ALCOHOI ACRYLATE WATER FTHER propionate 10O0/2.3RT AC» rconst POP rconst PRO RCONST
o.nn .3R74I9 .251905 1.045902 .004213 .005606 .554743 7.473510 .477376 237.587783

13.7? ,53«343 .4129A9 1.179279 ,005574 .01519= .5=7361 5.554533 . 286589 124.230146
E9.f'2 .759523 .519915 1.327787 .013209 .019313 .56}0Hl 3.962153 .189064 62.601479
43.05 ) .0OO27A .552864___ _ 1.463743 .017235 .021899 .564342 2.717=80 .142067 32.538518
63 .OR 1.3P7R67 .630600 * 1.657444 .022584 .025114 .5=7755 1.276942 .105662 15.770849
7S.32 ] .690078 .662242 1.804480 • .026320 .026579 .369281 .565487 .094112 20.675628
92.00 1 .9953?n .657549 1.936222 ,029414 .027719 .570292 .146776 .080817 32.463331

-I

ACC’jviiLftTEO VADOR OUANTITIES VS REAL TIME

time ALCOHOL ACRYLATE WATER FTHER PROPIONATE
. . 10,17 , .001483 . , . .001904 ___ .002741 .000076 0.000000

2 0.17 , 014684 .050558 .037152 .002182 .000197
31.10 .051304 .158555 .099023 .004256 .001243

. 44,83 . .121852 ,_____ .290344 . .166147 .008672 .004506
60.17 .256607 .413963 .212199 .013383 .009497
74.03 .434631 .491764 .298613 . 017354 .014265
91.72 . .724619 ._____ .560067 _____ .438953 .021692 .017121

109.22 1.064545 .608075 .573331 .026725 .019491
122.92 1 . 350567 .630645 .696426 .029319 .022711

INSTANTANEOUS LJOIITD MOLE FRACTION VS ADJUSTED TIMF

time
0.00

ALCOHOL 
. 124477

ACRYLATE
.047190

HATED 
.350050

FTHER
0.000000

PROPIONATE
.001799

COMPLEX
.265626

H2SQ4 
.103965

NH4MS04
.106892

_ 13.72 . 147493 .042458 . ..359407 0.009000 .003487 .200194 .097566 .149395
29.0 2 ,167664 .036780 .367266 0.000000 .003213 .153479 .092748 .179849
43.05 .181827 .029939 .37320? 0.000000 .002797 .127764 .089947 .194525

_ 63.08 . 195435 . - ..01943? . .380185 0.000000 .002377 .108764 .087838 .205969
78.32 . )96437 .017229 .384373 9,0 0 n 0 0 n .001971 . U 9 7 7 3 4 .0H7275 .214981
92.00 .202299 .008472 _.387357 0.000000 .001696 .098889 .067315 .213971

IN$TANTANEntIS VAPOR MOLE FRACTIONS AND TOTAL VAPOR FLOW PATE VS ADJUSTED TIME

TIME ALCOHOL ACRYLATE WATFP FTHER ppopionatf VPATE
0.00 .137404 .668520 .154039 . 019553 .020484 .01=602

_ ’ 13.72 . .336969 _____ .436807 .195623 .015398 .015203 . 0 2 0 1 9 =
29.02 .471112 .279628 .225386 .012436 .011439 ,0?3702
43. C 5 .549331 .186598 .244488 .010546' .009038 .026452
63. OR .617513 ____ .103055 _ ,264246 .008608 .006577 .029=08
78,32 ,64=774 .064816 .275752 .007494 .005164 .031401
92.00 .660=08 .043946 .284479 .006660 .004107 .032564
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__ IMCTAMTANEnilS. FOUILTRRIUM_-CONSTANTS, vs ADJUSTED TIMF

TIME ALCOHOL ACRYLATE WATER ETHER PROPIONATE
0.00 ].103SSO 14.1666P6 .440047 1 1.384082

13.72 2.2R46j7 I0.2RA065 ,544294 4.359934
2R.02 2.ROOM.O 7.602615 .613686 3.560288
43.05 3.021lf4 6.232686 _____ . 655109 3.231348
6 3.00 3.1FQeAB " 5.303341 .695047 2.766787
78.3? 3.292526 3.761963 .717408 2.6 2 0 0 4 2
P2.0 0 3.266436 5.187101 .734409 2.421406

instantaneous liquid ACTIVITY COEFFICIENT VS ADJUSTED TIME

TIME AI.COHOl ACRYLATE water ETHER PROPIONATE
O.OQ .295776 9.325998 .230178 59.148271

13.7? .643320 7.085057 .301482 24,24437?
?9.o? •a4Q5: 8 5.464450 .368830 21.812203
4 3.05 .972637 4.846140 .423018 21.559256
63 . riH 1,087000 4.378397 ___ .483960 20.192701
78.32 1 . 166R‘ 7 3.190405 .516647 19.904729
92.00 1 . 1HD7< 4 4.478259 .540854 18.892585

SUMMAPY of FDDOOS IfoP CURVE.FITS--.3 DEfiPEE POLYNOMIALS

Vapod FLOW rATFS
VAPOR RATE VS”VAPOR 
ADJUSTED TIME REFOoE 
TIME LAG CORRECTION

APS PCT ERR STANDARD DEV

ALCOHOL •12521F+01 .120205*00
acrylate .558715*00 .204245*00
water .350905*01 .164245*00
ETHER .726235*00 .161565-01
PPOPIDMATF .932795*01 .97693E-01

VAPOR FATE VS LIQUID 
ADJUSTED TImp AFTER 
TIME LAG CORRECTION

ABS PCT ERR STANDARD DEV

.125E8E*01 .l?ObAF*oo

.46R87F*00 .2060?E*n0

.3sn73c*01 .164P1E+OO

.7?394E*00 .16166E-01

.93213F+01 .97768E-ni

REACTION PATE

At-S PCT ERR
STANDARD OFV

ACR RATE

.47792E*00
»4?623E-0?

POP RATE

2P122E-10
25639E-14

pro PATE

.35950F+01

.6S219F-D3

-P-
O
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DEFI^rrTON'C- I
P?AL Tlvr J’S COUNTED FOOM TuE moment ALCOHOL IS FIRST mjxFD HITH ACRYLAMtdF SULFATE
Ar''J'1STfr> TTMF is COUNTED FROM T«E mqm^nt STUDIES FOR DISTILLATION &CCOvp»mIED RY CHEMICAL REACTIONS PEGIN
ADJUSTED TIME MUST BEGIN RIGHT OR SLIGHTLY AFTER THE REACTING LIQUID vixtII»F BECOMES- ROILING

INITIAL COMOTTIONS FOP THE REAL TIME

TEmo= 106.00 C. VOL= 135.79 ml TOT LIQ= 2.°157 MOL AMIDE= 1.000 mol H2S04= 1.283 MOL wATER= .633 MOL

FEED CONDITIONS

DATE=i.2bon ml/mim ALC0HOL= .8600 WT FRACTION WATEP= .1400 WT FRACTION VAPOR FRACTIONS .8500

MIXTURE QUANTITIES AND REACTION PATES VS ADJUSTED TIME

_ _. TIME . TIME LAG . TEMP LIO VOL LIO MOL VAP mql ACR PATE POP PATE P=D RATE
0.00 .32041 115.71 165.86 2.40603 .13304 .0113640 .0005178 .0008334

11.00 .33115 1 14.94 162.45 2.67167 .36118 .008R632 .0005030 .0006770
____ 20.00. . .33742 113.42 . 160.51 2.72651 .54801 .0072277 .0004835 .0005621

30.10 .32687 111.97 159.09 2.7R835 .75957 .0055255 .0004539 .0004472
41.00 .32467 110.80 158.20 2.R5241 .99225 .0039795 .0004125 .0003399

____ 74.00 .30058 10Q.36 156.58 2.9 9 5 o 5 1.74887 .0011410 .0nO2284 . 0 0 G 1 2 0 1
4 4.00 .27778 107.39 153.80 3.02653 2.26575 .0007686 .0000738 .0000640

INSTAMTANEntlS LIQUID MOLAR OUAMTITIES VS ADJUSTED TIME

____ TIME . . ALCOHOL ACRYLATE hater ETHER PROPIONATE . complex H2S04 NM4HS04
0.00 .306817 .146505 .868283 0.000000 .001798 .765755 .282345 .234527ll.no .343980 .140294 .896803 0.000000 .007967 .64f.?01 .282345 .354081

20.0 0 .37157'2 ,1397°0 .920947 D.oonnoo .011579 .561576 .282345 .438705
3 0.10 .415431 .128352 .948506 o.onoooo .013435 .495279 .28.2345 .505003
41.00 .468876 . 1 0 8,9 0 5 .978326 0.000000 .013679 .448703 .282345 .551578

__  74.nn ___ .556059 .079636 1.063697 n.oonooo .013023 .354136 .282345 .646145
94.00 .574021 .055052 1.107164 0.000000 .007667 .339607 .282345 . 560674

ACCUMULATED VAPOR MOLAR quantities VS ADJUSTED TIMF

__  TIME__ alcohol ACRYLATE WATER ETHER OPQDTONATE
O.on .032761 .086224 .010575 .003458 0.0 e 4 0 0 0

11.00 .069637 .203103 .076641 .009082 .002716
2 0.00 .I 17422 .?8?273 .129731 .013526 .005063

'SOHO . 189486 .355490 .188597 .018267 .007726
41.00 .288598 .418341 .251662 .022997 .0i 0 653

____ 74.no'____ .717564 .533411 .444003 .033817 . 0 n n 71 .
94.00 1 .066539 .571581 .565364 .036893 .026374



REACTION SATE CONSTANTS_LM<,T AN-TANEntjS TOTAL MOLAP QUANTITIES VS ADJUSTED T’ME

TP'E ALCDMOL ACRYLATE WATER ETHER d?OdIONATE 1000/2.3RT ACR RCCNST OCR PCQNST PRO CCONST
0.00 .3?Q5RS .232729 .R7AR57 .003458 .001798 .561.962 8.022461 .912363 318.042323

11.on .413617 .343307 .973445 .009082 .010583 .563077 6.550538 .690576 233.657496
?o.no . 4PH.R04 .42206? 1.050677 .013526 .016643 .548290 5.559615 .562133 186.775121
30.10 ____. f. 0 4 M ] 7 .46364? __1.137103 .01«267 .021161 .567419 4.272268 .4]R370 132.418351
41.00 .7^7473 .527246 1.229^69 .022997 .024332 .569]48 2.992279 .296841 86.221852
74,0 0 1.?736?3 .613047 1.507700 .033817 ,033098 .571290 .907245 .115681 26.895555
R4.00 1.640560 .626634 _ 1.672528 .036893 .034040 .574248 .606430 .034436 13.529227

ACCUMULATED VAopD QUANTITIES VS REAL TIME

time alfohol ACRYLATE WATER ETHER propionate
10.36 0.000000 .000300 0.000000 .000054 0.000000
20.35 .007779 .022775 'o.oonooo " .001296 0.000000
30.35 .030536 .073219 .024423 .003658 .000217
41.35 .071496 .216062 .057171 .009341 .002207
50.35 .124031 .312117 .114343 .012756 .00489]
60.45 .184176 .332834 .204263 .017400 .007609
71.35 .286629 .40)962 .266430 .024703 .011413
04.35 "*".721133 .549795 .430173 .033099 .019633
84.35 I .066855 " .565578 .571159 .037149 .026562

INSTANTANEOUS LIQUID MOLE FRACTION VS ADJUSTED TIME

TIME ALCOHOL acrylate WATER ETHER PROPIONATE COMPLEX H2S04 NH4HS04
0.00 .117734 .056218 .333182 0.000000 .000690 .293840 .108343 .089994

11.00 .128751 .052512 .335671 0.000000 .002982 .241871 .105681 .13253?
2 0.00 .136281 .051270 .337774 0.000000 .004247 .208069 .103555 .160903
3 0.10 .1489R8 .046032 .340167 0.000000 .004813 .177624 .101259' .181112
4 1.00 .164379 .038)80 .342982 0.000000 .004706 .157307 .098985 .193372
74. CO .185660 .026889 ' .355152 O.oonooo .004350 .11624] . 094271 .215738
9 4.60 .189663 .018190 .365820 0.000000 .002533 .112210 .093290 .218294

e

INSTANTANEOUS VAPOR MOLE FRACTIONS and TOTAL VAPOR FLOW PATE VS ADJUSTED TI^E

TP-’E ALCOHOL acrylatf WATER ETHER PROPIONATE v 0 A T E
0.00 . 10 8359 .562378 .291927 .024874 .012461 .02081 a

11.00 .214022 .462486 .286680 .024269 .01254? .020725
20.00" .2=6696 .385996 .281503 .023226 .012579 .020819
30.10 .383109 .307888 .274908 .021505 .012589 .02]]04
41.00 __ ,4 88504 .234688 .267090 .01=074 .012563 .02)627
7 4.00 .64397? .09?6?0 .241814 .009298 . .012296 .024569
9 4.00 .696453 .061438 .227365 .002698 .012045 .027345
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INSTANTANEOUS EOUIITPRHJM CONSTANTS VS ADJUSTED TIME

TINE ALCOHOL acrylate WATER ETHER PROPIONATE
0.00 .92037A 10.003577 .876179 18.062702

11. no' 1.662297 8.807304 .854051 4.205774
20.0 0 2. 1770H?. 7.528618 .833406 2.961955
30.m 2.571410 6.688641 .808154 2.612850
41.00 2.A3A474 6.146886 .778730 2.619725
74.00 3.463664 3.483385 .680875 2.826705
94.0 0 3.672055 3.377594 .621523 4.755141

INSTANTANEOUS LIQUID ACTIVITY COEFFICIEMT VS ADJUSTED TIME

T I‘<5 ■ ALCOHOL ACRYLATE WATER ETHER PROPIONATE
0.00 .280142 7.385919 .531441 112.024661

11.00 _ .516950 6.630366 .530887 26.871026
20.00 .706657 5.891575 .543959 20.054576
30.10 .869891 5.433614 .552856 18.708359
41.00 .993190 5.148026 .553490 1°.631486
74.00 1.265704 3.030003 .507455 22.415134
94.0 0 1.420355 3.096449 .494632 40.778548

summary OF epoods FOR CURVE FITS— 3 DEGREE POLYNOMIALS

__VAP0R .FLOW RATES
VAROR RATE VS VAROO 
ADJUSTED TIME HEFOPE 
TIME LAG CORRECTION

VAPOR PATE VS LIQUID 
ADJUSTED TIME AFTER 
TIME LAG CORRECTION

APS PCT ERR STANDARD DEV APS RCT ERR STANDARD DEV

alcohol ..27fl5QE*Cl . 1 A279E + 0G .27951E+01 . 18352E + 00
acrylate .693P8E+01 . 1965QF + 01 ,6°543F4.01 .19691E+01

___ WATpP _________ . 17297E + 02 ,224448+00 .17293F+02 .2°.414E + 00
. ETHER ,408665+01 .67215E-01 .40P44F+01 .67187E-01

ddOPIQNATF .2831RE+02 .66729F-01 .283155*02 .66666E-C1

REACTION RATE

AAS PCT FOP 
Standard oev

ACR PATE

.56R76F*00

.3431 IE-02

POP RATE

.13097E-10

. 1816RE-14

poo RATE

,4S9?pp*01
.SA349E-03



r)rF I' JTTCI'"::-
r.F«l Ti«r TS cniP'TFP FPOM THS FOMENT ALCOHOL IS FJR<;T MIT-0 wJTH ACPVt.AMIf'F Sl'L^ATF
AT'JIISTFO TI^fis Cntlk'Trn Fdom THF mOmfmt STUDTFg FOJ DISTTLLAt ion ACCOvDfl>jTFr) Fiv C^SHJCAL REACTIONS BEGIN 
At'Jl'RTFD TIMF MIJFT RFGIN SIGHT OP SLIGHTLY AFTER THF PEACTTNR LIOHII) MlXT|iOE BECOMES BOILING

INITIAL COMDITIOMS fop THE REAL TIME

TEMR= 106.nn c VOL= 137.40 ML TOT LIO= 2.9706 MOL AMIDE- 1.006 MOL HES04= l.?93 mol WATER= .672 MOL

FEED COnUIttoms

ratf = 1.50ao m|./min ALCOHOL= .8600 WT FRACTION WATEP= .1A00 NT FRACTION VAPO» FPACTlONsO.OOOO

mIXTUpf QUAf'TTTTCS AND REACTION DATES VS ADJUSTED TIME

TI'-'E TIME LAG TEmp LIO VOL LIO vql VAR mql AC" DATE POP RATE PJO PATE
0.00 .76380 110.80 175.50 2.8251 1 .23682 .0093422 .0071945 .0007131

12. hs . 16864 108.47 177.56 3.01435 .45510 .0074428 .0001962 .0005449

29.28 .35107 105.00 182.40 3.26803 .74331 .00522«2 .0001913 .0003696

41.76 . '4?505 102.60 186.57 3.4426° .97179 .0037770 .0001823 .0002722
C-5.4 1 .?o3?n 100.38 190.72 3.62123 1.25561 .0023501 .0001666 .0001972
71.64 98.00 193.22 3.77762 1.61729 .0017350 .000142? . 0 0015«O

be.to .R3??3 97.90 19R.39 3.85737 1.98822 .0001169 .0001147 .0001521

T^ISTA^'TA^lF.nl|S LJOIIin MOLAR QUANTITIES VS ADJUSTFD TIME

. . TIME
0.00

12.66
29.28
41.76
55.61
71.--6 1
66.60 1

ALCQHOL 
,447400 
.566378 
. 7050k5 
.818174 
.93A3«2 
.04*370 
.087870

ACRYLATE 
.153557 ' 
.129316 
. I 34 339 
.1216.03 
.094154 
.063P93 
.034400

WATER 
.928691 

1.017205 
1.125164 
1.200533 
1.280798 
1.364470 
1.433800

FTHER 
0.000000 
0.000000 
0.006000 
0.000000 
0.000000 
0.030000 
0.000000

PROPIONATE 
.002644 
.008629 
.010624 
.015467 
.016070 
.009964 
.008475

COk’DLEX 
.726725 
.6?8<.82 
.501271
,438390 
.400958 
.375283 
.357070

H2S04 
. 286630 
.286630 
.286630 
.266530 
.286630 
.286630 
.286630

NH4HS04 
.279467 
.377710 
.504921 
.567802 
.605233 
.530909 
.6*9122

ACCUMULATEn VAPOR molar QUANTITIES VS ADJUSTED TIME

.. ..TIME ALCOHOL ACRVLATE WATER E THEO PROPIONATE
0.00 . O a O 65 .122646 .068983 .002506 .O0O620

12.65 .105128 .236620 .105227 .00498? .003144

29.2 8 .213879 .353777 .161258 .008216 .006180
4 1.76 .321736 .422006 .208864 .010552 .008636
56.91 .478726 .483978 . .267858 .0130?s ,012022
71.65 e7nRpPA .539897 .338876 .015469 .017055
65.50 .950602 .583211 .405116 .017253 .023036

;.a
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PFACTION' PATE CONSTANTSINST ftMTONFr'IiS TOTAL k’OLAo O'fANT ITIPS VS ADJUSTED TTVE

TI ^E ALCOMOI. AC'-’YLATE WATER ETHER PROPIONATE 1000/2.3RT ACR PCOMST POP ’CONST PRO ’CONST
0,00 , aP R4AS .276?03 .997674 .002506 .003264 .560148 5.042564 .170498 150.920198

I?,65 .671506 .365037 1.122432 . 0 0 4 9 ? 2 .01 I’Tl .572623 3.7 1 2546 .10°.595 85.206897
?R./n .0]RU64 .4«S117 1.2P6422 .00)’ 21 6 , 0 1 A p o 4 .577877 2.698192 .070193 49.337890

41.76 1 .,133 50 0 .54,3659 1.409397 .010562 .024103 .541568 1.979104 .051558 32.75°578

Hu. S I 1.417106 .675133 ' 1.548656 .013028 .027101 ,5,64024 1.191266 .036083 20.312852
71.66 1.7S?365 ,603590 1.703346 .015469 .027019 .588776 .509253 .025039 14.352836
H S . S 0 ?.047472 .617610 1.A3«916 .017253 .031512 .59OJ66 .057911 .018646 14.194684

ACCII-HILATFD VAOOO fliiANTITTFS VS REAL TIUE

TL'-'F
1 o , 5 p

ALCOwni, 
,000969

ACRYLATE
.000526

WATER
. 002371

ETHEO
.000003

PPOPIDNATE
0.000000

20.98 .005821 .010911 .018612 .000312 0.0 0 0 n 0 0
34.08 ,042995 .123901 .069817 .002536 .0004,26
U _ Q Q .108219 .242161 .105388 .00493? .003932
83.33 .216989 .358572 .165533 .008553 .005365
76.0 3 ,32406ft ,418907 .208987 .010480 .009397
9 0.00 .48408] .483934 .266631 .012910 .01 15,14

106.70 ,710700 .545782 .34366o .015726 .017633
119.67 .069184 .582641 .406322 .017236 .023105

TNSTANTANEohS LTOUTD MOLE FRACTION VS ADJUSTED TIME

Tlf-’F 
0.00 

12.65 
29. c 8 
4 1.76 
65.6 1

"'71.68
85.60

ALCOHDll 
.158365 
,187894 
.215752 
.2369]3 
.269)33 
.276992 
.282024

ACRYLATE 
,064364 
.042900 
.04J107 
.035348 
.026001 
,016940 
.008918

WATER

.337454 

.344294 

.348720 

.353691 

.361198 

.371704

ether 
0.000000 
o.oonooo 
0.000000 
0.000000 
0.000000 
0.000000 
0.000000

PPOPIOAATE 
.000936 
.002HS3 
.003251 
.004493 
.004164 
.002638 
.002197

CDv=LEX 
.257237 
.20'^497 
.153386 
.127339 
.110724 
.90934.4 
.0’2568

H2S04 
.101458 
.095089 
.087707 
.083258 
.079153 
.075876 
.074307

NH4HS04 
.098922 
.125304 
.154503 
.164930 
.167135 
.157012 
.168281

IMSTANTAMEni'S VAPOR MOLE FRACTIONS AND TOTAL VAPOR FL0U RATE VS ADJUSTER TI vE

• Tl''6 ALCOHDl. ACRYLATE WATER ETHER pROPinNATE VPATE
0.00 .266241 .569956 .150324 .011113 .012366 .017498

12.65 ,624656 .472670 .180520 .011452 .O]O904 .017132
2 9 . r 8 .43)104 .342794 .2048t?3 .01 078.5 . 0 1 0 4 5 2 .017135
4 1.76 .511169 ,258089 .209075 .009598 .011170 .. 0 ] 8 OO 7

AS.C1 .69]078 .184240 .204079 .007°-33 .012770 268
71.66 ,660217 .131179 .187832 .005723 .015049 ,02^ 4 4
85.50 ,7O35ftA .105862 .169444 .003969 .017137 . 0 7' 8 9 0 0

-T- 
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IM^TSf'TAMEnnc: FnijTLTRRItlM C^m^TANTS VS ATJUSTFO TIMF

TIME alcohol ACRYLATE WATER ETHER PROPIONATE
n.no 1.6)0040 1n.486089 .457291 13.211312

12. FS ’ . 727329 11.nissso .534946 3.809114
29.PR 1 . 0 R P ] 4 S 8.339049 .595023 3.214066
41.78 2.168771 7.30]326 .602131 2.4M4?i?
55. c.] P.P-iORA? 7.0H59;37 .576998 3.066831
71 .F6 2.3O 3526 7.743656 .520025 5.705781
s s. s n ?,404779 11.670681 .45sp57 7.799560

JMCTAh-TAMEahs LTAUir, ACTIVITY CnEFFICIE^T VS ADJUSTED TTVF

Tivc zj.rn^i acrylate WATER ETHER PROP I ONATE
0.00 ,57797? 8.965281 .331807 101.067998

12.68 * 6 61 0 5 10.015710 .419218 31.941891
29.28 ,H47ono 8.327)76 .524044 34.996166
4 1.76 , Q K G H p 3 7.79n9?5 .576737 26.451568
55.91 ).117 n 0 9 8.048561 .506911 35.794925
71'. 66 16 9.416235 .583968 73.685102
hS . 5 n 1 .361432 14.85986? .530410 105.109995

SUYVARY OF ERRORS FOR CURVE FITS— 3 DEGREE POLYNOMIALS

VAPOR FLOW FATES
VAPOR PATE VS VAPOR 
ADJUSTED TTmE RFFODF 
TIuE LAG CORRECTIOM

ALCOHOL 
ACPYiatE 
k' A T 9 
ET^F R
DROPIDMATF

APS PCT fop STANDARD DEV

.237E6E4.00 

.TEQCiPEtOO 

.OR45AE+00 

. 17SV0F*01 

.153nFE*02

,373RAF-01 
.34X93F+00 
.A3843E-01 
.14147F-01 
.Rn230F-01

VAPOR PATE VS LIQUID 
ADJUSTED TIME AFTER 
ttmE LAG CORRECTION .

ARS PCT FP=

.23A60F*00 
,7A465F4.nn 
,9S577F4.no 
.17SR3F+0J 
.1S327E *0?

STANDARD dev

.37240E-nl 

.35049E*00 

.43«^?E-01 

.1A157E-C1 

.902472-01

REACTION RATE

APS PCT FDD
STAK'DAPD DFV

ACP RATE

. l?291E*01 

.641172-02

POP PATE PRO PATE

.184Q7F-10 .sn1ope*O 1

.12S33F-14 .13240F-n?



PAfaE 1
Ce2el rrograin List for Program MODEL

MOlJf L CDC 7 7/01/29

PPOGRAM MODEL (INPUT < OUTPUT , {Apr 5 = ] NP'JT « TAPE6 = 0UTPUT )
COMMON M'.<,MV,v,^hvF,V«Y(5) , YIN (5) « Pmu ( 9) . X (18) , X 1 (18) , XL AMD A {

1 s HINT »HOU TOT « HL OSS* HP XN * HDX DT V., CPm[)tDT
CfH-i-'OM /BLOCK 1 / ZmPHO ( 9,5) ♦ pCpL ( 9« 5 ) , AH VO ( 5,5) , T I N ♦ PC , ARK 1 t E 0 1 , 

1 A^r ? 4 t’O 2* AQk 3 , E 0 J ♦DHP 1 . UHH2 ♦ D HP 3 » QU AL F « UO « F EE! >P
COMMON /BLOCK?/ AP ( 5 ) t HP ( 5) » CP ( 5) » TO ( 5) pt . S U Ml Y 9 DY, QNiT » OMEGA ( E
Common /PL0CK3/ pm( pi) , TI mf. ^TP’El ,DTImE,vn
DIMENSION RP ( 9) » IDEM (9) * PMO ( 1 8 ) « Y() ( 5)

x (1) -- X(9) LIQUID MOLE FRACTIONS
RM(D --- PM(9) LIQUID MOLAR QUANTITIES
RM, ( j n ) = TO mpE MATURE
RM ( 1 1 )-I. I QU ID TOTAL MOLAR QUANTITY
RM ( 1?) --CLEAR LIQUID VOLUME
RM(13) -- RM(17) ACCUMULATED VAPOR MOLAR QUANTITIES
PM ( ] R) =ACCU'-'(iL ATED VAPOR TOTAL MOLAR QUANTITY
Y(l) --  Y(5) EQUILIBRIUM VARQR MOLE FRACTIONS
V=INSTANTANEOUS MOLAR EVAPORATION PATE 

?7

16

28
30

13

READ(5,24) 
R F A D ( H. 1 2 ) 
RE AD(5.12) 
R E A D ( 5 * 1 2 ) 
R E A D ( 5 , 1 1 ) 
READ(S,11) 
RFAD(5»11) 
RrAD(5i14) 
RE AD ( -3« 1 1 )

MM tMV<M.NN
( ( A.OHO ( I 4 J ) 4 J= 1 4 M ) . I = 1 , MM ) 
( ( A CPI. ( I ♦ J ) 4 J= 1 4 M ) 4 I = 1 4 M M ) 
( ( ARVO ( I 4 J) 9 J=1 4 M) 4 1=1 4 MV) 
(RVuV ( I ) 4 1 = 1 4 MM)
( T C ( I ) 4 I = 1 4 M V)
(Qv-EGA ( I ) « 1 = 14 MV)
(AR(I) 4 BP(I) 4 CP(I) 41 = 14 MV) 
EG 1 * E0 2 4 EO 3* PC

READ (5 4 27) ( ( XL A.'-IDA ( I 4 J ) » J= 1 4 5 ) * I = 1 , 5)
F nr-MAT ( bF 1 0.0 )
READ(b4H7) (IDEN(I).1=14MM) 
DO 16 1=14 MM
DO 16 J=14M
A who ( I , J) --ARH3( I , J) *1 00 0. /PMtf (I ) 
AC PL(I * J)=ACFL(I * J)ORMW ( I )
Conti n-jf
DC) 28 I = 1*MV
Do 28 J = 14 m
AmvO(I 4 J)=AHV0(I 4 J)*RMR(I)
RFAD(5«2A) 
PEAD(b. 1 1) 
READ(6411) 
RE AD(b*11) 
R r A D ( 5 . 1 1 )

1SET
TIN.FEEDV.RHOIE'fPTiV
(Pv( I) ,I = 1,NN)
(Y(I)41=1,MV)
( Y I N ( I ) * I = ) , m.v )

Dn 15 1 = 14 MV
Y TN ( I ) =YIN ( I) <.-FEEDVc-RHOIN/RMv< (I )
FFFDP=YIM(1)♦YIN(3)
YIN(1)=YIM(1)/peedr
Y I m ( 3 ) = 1 . - Y I N ( D
PT=PT/760, 
UO 444 I = 14h'N

• 4 4 Rvn (I ) =pm ( I ) 
DC. 44 3' 1 = 1 4 MV

4 3 Y(> ( I ) =Y ( I )
V 0 = V



M 0 U E L 77/01/29 PAGE 2GDC
415

11 FOPMAT(8F10,0)
1/ FOPMAT(5E1 Ae5)

Fopmat(3F10.0)
24 FOPMAT(Al 5)
87 Format(yA6)

002 RF AD ( 9.1 1 ) (JHR1 «i)HR2,OPR3aJ0 •Ql'ALE
kF AU (5,1 1 ) DTIvE , ATJME ,TSLT » DVFu,EPS
vi P I T F ( 5,1 ? 9 ) I S E T

1/9 Ff-PMAT ( 1H1 » 2"X »7H-?i)N MQt,J.3)
WPT TF (6 « 1 &•< ) Q'J Al. E , DT I v.E, LJO »[)F<R 1

144 FORMAT (//X , 21HINLET VAPOP FPACT I 0N'= , F5.2 * 5X t 22H I XJTE GRAT I ON S'il-."P-SI 
IZfcr. ,F7, ?«th M JNUTES//2X , 3HU0- , F5.2, 1 4H CAL/CM/-MI N-C« 5X > Uh'DUP 1 = , 
IF 0,1,1 OH CAL/G MOL/)
APKl = ?. 303-:- ( 1 8. 19607-0.57 1 (16->* ALOG1 0 ( T IN-1 04. ) - 0,1 3054-:t,4LOGl 0 ( 

JOUALF-ii'/ . 044739) - 0.50 1 06^ ALOG1 0 ( 0.91 1 2 + FEEDV) )
AP»<2=p.30 3<' (24.3061 -1 . 1396^ALOG1 0 (T) L'-l 03.22) *0.1 3061 c-ALObl 0 (

IGIIALE + O . 01 ) - 0,25786*Al.0Gl 0 (FEEDV-0.66092) )
Apk3=2.303-:' (26.72 1 73- 0.88507-:'Al.OG 1 0 ( T IO- 1 04 . ) - 0.3 99>i6< AL OG j 0 (

IGlIALE* 1.8434) -0.16398»ALOG1 0 (6.7684 + FEFDV) )
Rmc=Rm(2)*PM(5)+RM(14)*RM(17)
JJ-O
TIMF, 1=0 .
SlH'Y-1.
Rf.-T = 0 .
DO 25 vJ = l»VM

25 RMT=P'-<T + PM ( J)
DO ZG 1=1,EM

25 X ( I ) =:?M (I )/RMT
WRITE(6,100)

100 FDPMAT(//IX,41HINITIAU CONDITIONS BASED ON ADJUSTED TIME/)
DO 70 I = 1 , vV

70 RP(I)=Y(I) -
RP(6)=V
RP(7)=SUMY
R P ( 8 ) - 0 .
R P ( 9) = 0 .
DO H8 1=1,MM
JD=1+9
V.-PITF (6,1 01 ) I , X ( I ) . I , RM ( I ) < JP .RM ( JP ) , IDEM ( I ) • RP ( I )

101 Ff.RE.PT (3x . 2HX ( ♦ I2,/H) =, F9.5,6X , 3HRM ( , I2,2H) - , F9.5,6X , 3hRM ( , 12,
12H)=,Fl 1.5,6X,A6.F11.5)

72 VprEV=-0.1
I T F P = 0
Vk' = V + Dv9

540 ITFR=ITER+1
IF(ITFR.GE.20) GO TO 18
CALL RUN<UT
IF(APE(DY)-EPS) 18,18.20

20 1F(VDRFV) 600,600,615
600 Sl|MYP = S'JMY

VPREVrVN
I F ( D y ) 6 0 5.1 8.6 1 0

605 Vm = 0.75<>V\
L>Yl=l)Y
GO TO 840



k1IjL.'E L. CMC 77/0 l/?<) PAGE 3
^16

10 VMrVM»i.i?b
Dy]“DY
GO TO uViO

)5 IE~ (DY^'T'D h/O. 1 3; 600
26 I F (( ( Vf '-VPP-)/V\!) .1 Tr ) . C-C'G) GO TO 18

SLOPE- ( 1JJ.'Y"S;Jvyp ) / (vb|..VPLr V)
V P p F V - V \
S|iVYP = $U'-’.Y
V t ' ~ V >>; - f i Y / S L 0 P E
GO TO 5MJ

18 TI-O:.]-T ]
V--W
DO 51 M

51 R F ( I ) - 'X 1 ( 1 )
rtv-t] •o:i/atire

R-f-P-PTY-FLOAT
11'(A8S (2TO)-O.'" 3 ) 769 » 780 - 788

8 9 f. p J T E ( 6 ♦ 1 C " ) T 1LI • I 7 E P
02 Foc^.MaT (///)X$5H1 t-.H MI NOTE S i 1 5X i 21 HMU^-BER OF ITERATIONS^,

113/)
DO 186 I - 1 -• YV

86 RP( I ! -v (I )
PP(6)rv
RP ( 7 ) -S'J'*/
RP(o)-.)Yl
R P ( 9 ) = P 7
Do 8 9 I - 1 $ ki-Yi
J p ~ I + 9

69 VPJTE (6 < 1 0 1 ) J-X ( I ) . I ..RM ( I ) ( jp) t 10Pm ( I ) , RP ( J )
i1. P } TE (t »1 0A ) H] rJT ♦ HO:.! TOT , HL OSS » Pr> <fl, Hl>x DT'-'. C p y 0 T D T

0 A F Ci p A I ( 3 X ♦ t' H !■' I M' = » F 9.3 •> 3 x « 6 H (•« p U T 0 ■> R 9 . J « 3 X , 61 > F L 3 S S - s F 9 < 3'3 X *
1 phppxmS-", r 9 « 3» 3X - fcHRO,-'DT= F 9.3» 3/ < , F9 „3 )

88 IF (TI •••E 1-TSET ) 7?.72,999
9° Pi-AD (5,2^) IRFP

GO TO (30,32,99P),TREP
3 8 D (> 4 34 I~1,NN
3<y hV(l)=p‘.,0 (I)

D O 4 3 3 I - 1 « n V .
33 Y(I)-YO(1)

V=\/0
GO TO 1002

98 Stop
E.MD



l-'O del CDC 7(/U1/P9 PAGE 4
^1?

Slii'PD,JTl>'JF RUDKiJT
COMMOM mm ,MVt .VF , V« Y ( S) , YIlM (5) , RMW ( 9) ♦/(IB) , X 1 ( 1 8 ) ♦ XL AMD A (5,5 ) 
COMMOM /BLOCKS/ RM(18) ,TI ME,TI ME 1 *DTI MF»VN 
CfifU'D-.i /ML0CK4/ FF(1H)
DI MENS 1 ON G1 (1(5) . G2 ( 1 fi ) . G3 ( 1 8 ) , G4 ( 1 8)
DO 10 J=1«MN

0 XI ( 1 ) =RM( I )
VF = V
T p.‘L = TIMFl
CkLL Fl'NC
DO IB I=1»NN
G1 ( 1)-DTI ME6FF(I)

2 XI (I) ==?m ( J ) +G1 (I) /2.
VF=(V+VN)/2.
TIMF-TIME1+D1IvE/2.
call yvalue 
call func 
Do .14 1=1 ,NN
fc?(I)=DTlME*FF(I)

4 XI(I)=3M(I)+G?(I)/2.
Call yvalue 
call func 
Dp 16 I-liNM 
63(1) OTImF c-FF ( I)

6 X 1 ( I ) =t>M ( J ) +63 ( 1 ) /?..
V 8 = 90
TIbE = TIME + DTI1'E/2» 
call yvalue
Call Fl|MC
Do IP 1=1.MN
64(1)=DTIME»FF(I)

B XI ( J ) ( I) + ( 61 ( I) +2.<>G2 ( I) +2.«G3 ( T ) +G4 (I ) ) /6.
call YVALUE 
RETURN 
END



MODEL CDC 77/0] V?9 PAGE D
^18

SlILPOUT J^E YVAL'JE
COvMO*f mm, mv, VF, V. Y ( 5) . Y IM i 5) , PMi.t ( 9) , X ( 1 B) , X 1 ( 1 8 ) , XL AM DA ( 5,5 )
CO'-’MOM /KLOCK1/ A9H0(9,5) «ACPL (9,S) ,AHV0(5,5) , T I M , PC , a^'K 1 , E 0 1 ,

1Ap,<2.F0?, APK3.E03tDHQ] ,DHP2,DI-.u3i()UALE,U0,FEEDR
CDmmosj /BLOCK?/ AP ( 5) , BP (b) .CP (b) . TC ( 5) . PT . SUM y , D Y ♦ RMJ . O«EG A ( 5 )
CO.vPOM /PLOCK3/ RM ( ] ’3) . TIME. TIME 1 . DTP’E ,VN
COMMOX! /BLOCK AV FF(1B)
DIMENSION XG(5).GAMma(5).SUM(5)

CALCULATE LIQUID MQLE FRACTIONS
Rmt=0.
DO 10 1=1. MM

10 Rmt = Rmt + x. 1 ( I)
DO 11 ]=1.MM

11 X(I)=x1(I)/PMT
CALCULATE VAPOR MOLE fractions

TK=X](]0)+273.16
X G ( 1 ) = X ( 1 )
X G ( 2) = X ( 2 )
X G ( 3 ) " x ( 3 )
X G ( 4 ) = X ( 5 )
XG(b)=].-XG(1)-XG(2)-XG(3)-XG(4)
Do 42 1=1,5
SUM(I)=0.
U O 4 2 J = 1 , 5

4 2 SIJm(I)=SI|M(I) *XG( J)»XLAMDA(I.J)
DO 44 1=1,4
Sl!*’T = O.
DO 46 K = 1.5

46 SUMTr^UV-T +XG ( K) <XLAMDA ( K, I ) /SUM (K)
44 Gamma(I)=EXP(1.-ALOG(SUM(I))-SUMT)

GAMMA(5)=GAMMA(4)
D 0 31 I = 1 , M V
IF(I.F0.4) GO TO 31
PS=10 . ( AP ( I ) - 8P ( I ) / (CP ( 1 ) + X ] ( 10 ) ) ) /760.
Tc- = TK/ ( TC ( I ) +273.16)
PHJS0=( (0.57335/TP-3.0 7 66)/TP + 5.6086)/TR-3.5021
PHTS1=(((((((((((0.012089/TR-0.01517?)/TR-0.0b8604)/IR+0.024365)/

1Tp+0.14937)/Tp+0.189?7)/TP-0.12147)/TR-0.10666)/TP-1.1662)/TP+
20.12666)/TR+ 0.31661)/TP +4.3539)/TR-3.7694
Puis = 1 o (PHI so +OMEGA ( I) •"•PH I Si )
Y ( I ) =6A-.',VA (I ) p s P rl I S<:'X ( I ) /PT

31 CONTIMilt
RATF2 = EX=>( ARK2 -E02/PC/TK ) } ( 1 ) »<-?/X 1 ( 12)
y (4)-PATF2/VF
SJJMY = 0 .
Dn 12 1=1,MV

1? 5iimy = gjmy + y (I)
UY = SUMY-1 .
return
E i ■



■VO DEL CDC 77/01/29 PAGE 6

^1.9.

Sli'ipQUT I ME FUMC
CDMFOM (5) .YIN(5) ,RMW(9) ./ (] A) ♦xl (18) tXLAMDA(D«M

1 > H 1 MJ . HO'JI DT • HLOSS i H9XN » KDX DTM < CPMDjDT
C(!.--f.'C)M /BLOCK 1 / AR HQ ( 9 t 5) < ACPL ( 9.5) . AH'/O ( 5,5) •TlM.RCtARKltEOlt

1 ApK ? 4 E o 2 » A t- K3 4 E"0 3 « OHP 1 « Oh 92 • DHP3 ♦ OU AI F , (JO , F EE DR
COvMg.m /RLDCK4/ FF(18)
U I ’TK'S I OM CPL ( 9 ) » HL ( 9 ) * HL I M ( 9 ) » H J M ( 5) t HV I m ( 5) « HV ( 5 ) i RhO ( p )Un ]5 T-l.MM
F>hO ( J ) =APhO ( I ♦ 1 )
CPL(I)=ACPL ( I « 1 )
HL(1)=ACPL(I * 1)0X1 (10)
HL IM ( I ) -ACPL (1,1) OTI.M
DO lb J=2.M
RHO(I)=RnO( I ) +A9H0(I,J)»X1 (10)»»(J-l )
CDL(I)-CPL ( I) +ACPL(I,J)oxi (10)oo(j„1)
HL ( I ) =HL ( I ) +ACPL ( I . J) c-X 1 ( 1 0) ooj/FLOAT (J)

15 HLJM(I)=HLIN(I) + ACyL (I,J)oTIMooj/FLOAT(J)
DO 16 I-l.MV
HV ( I ) =.->E-V0 ( I , ] )
HV] ri ( I) =AHVO ( 1, 1)
DO 16 J=2,v
HV (I ) = HV ( I ) + AuvO ( I s J ) ox 1 ( 1 0 ) oij (J-} )

16 HVI M ( 1 ) =HVI N ( I) * AH VO ( I ♦ J) oj I'Jo-:> ( J-) )
DO 18 I-l,vv

IB H] M ( 1 ) =HLI M ( I ) o ( ] .-OU ALE) * H V I N ( I ) « Q (I A LE
TK = X1 ( 10)+273.16
RA.TE1=EXP( APK1 -E 0 1/RC/TK ) ox 1 ( 1 ) o x 1 ( 6 )/X 1 ( 1 2)
R.atE2 = 9XP( APK2 •’t:02/RC/TK) oxi ( 1 ) ot^vxi ( 12)
RATE.3 = EXP( AP<3 -E 03/PC/Ti< ) ox 1 ( 1 ) Oi>2ox 1 ( 6 )/X 1 { 1 2 ) o<>2
FF (1 ) = Y IN ( ] ) op EEDR-Y ( 1 ) o V F-R A TE 1 - ? . o ( p/i TE2 + R A TE 3 )
FF (2)--Y(2)ovF + RATEl
FF(3)=YIN(3)offEDR-Y(3)ovF+RATE2
F F ( 4 ) = 0 .
FF(5)=-Y(b)OVF+RATE3
F F ( 1 2 ) = 0 .
DO 126 3=1,5
FF(12)=FF(12)+(FEEDRoyiM(J)-VFoY(J))/RH0(J)
X(: = Xl(2)+Xl(5)+Xl(14)*xl(17)
FF (6)=-RATE1-RA1E3
F F ( 7 ) = 0 .
FF(8)=PATE1+PATE3
F F ( 9) = 0 .
RMYCP-0.
riDxDT’^O.
HIf.-T = (i .
HOUTOT=0.
DO 20 J=l,
PmxCp=9vxCR+X1(3)OQPL(3)

>0 Hny [)y.i = HD> E-TM + Hl ( 3) OFF ( 3)
DO 22 3=1*MV
H T ' T = NI N T + H I N ( 3 ) o F F F D P o Y I N ( 3)

'2 H(,(ITOT = HOLITOT*HV (3) oy (3) ovFV9=X 1 ( 1 ?) ol , Q 5c. ] ooo ,
TlUL = TIN
JF(VS-lb0.) 50,90,51



420

MO^FL CDC 77/01/29 PAGE 7

50 UA-|J(ii:-AF ( VG )
GO TO 65

51 IF(VS-172.A) 52<52053
52 XP = ]-.3 750* ( VS-1 50 . )/A9.6

US1=1./(1,/UG+l6.ANALOG(XP/1.125))
UA = lj(i<; 1 50.4 +IIS1 » ( AF (VS)-1 50 . A )
GO TO 65

53 1 P ( V S ~16 7.4) 5 4i5 4,5 5
5 4 UA = lJ0<-150.4+ ( AF (VS) -1 72.4 ) / (1 ./U0 + 4.74) + 22.4 / (1 ./UO + 4 . )

Go TO f-5
55 IF(VS-?12.2) 56t56.57
56 XP-1.6750-(VS-187.4)/91,6

US3 = 1./(1./U0< 4. + 16.ANALOG(XR/1 .125))
UA-IJO*! 50.4*22.4/ ( 1 ./UO + 2. ) +10.9/ ( 1 ./IJO + 2.3 7) + ( AF ( VS) -183.2) ':ilS3 601065

57 UA-IJO* 1 50.4 + 22.4 / ( 1 . /UO + 4 . ) + 1 0.9 / ( 1 . /HO + 4.74 ) + 29. / ( 1 ./|J(H 4.04 ) + 
lU0-::-(AF(VS)-212.2)

65 HLOSS--LIA^ (X 1 ( 10) -TOIL)
np>'M = DHR 1AT E 1 + 0HR2<!,R AT E 2 +DHP3AT E 3
FF ( 10) = (HIHT-HOJTOI-HLOSS + hRXN-HDXDTM/RMXCP
CPm[)TDT = FF ( 10 ) c-RMXCR
FF(ll)=0.
DO 26 J-l.MM

25 FF (11)=FF(11)+FF(J)
Do 27 J=13.17
JJ-J-12

27 FF(J)=Y(JJ)*VF
F F ( 1 8 ) = V F
PFTLIRM
End



MODEL CDC 77/01/20 PALE 8

function af tvsi
AF^AH . H4A-0.1 2787<WS* 0 , 0 1 1 OO'^^VS^^P-O . 495 16E-0A ^vs^«3* 0.797 1 5E-07 

l^VS'" ^4
»FT URO
E MD



2.2 Input Data for Program MODEL 422
5 u' 1

7-n.ijin ... oo - ■). ? v. o »■f)i'."- 0 3 
•• '■1 /) + (> 0 — (1 , <4 3 L) £ - 0 3

-0 . ?5?()C'*-".-0 3 
? 5 c"(1 f + 0 0 ™ 0 . k 3 3 3 31" - 0 j
v7?6tr + 00 -0 . hE-03
1 4 7 3 4 * 0 1 - 0.4 5 7 6 ts E - 0 3
1^51 If +01 -0 .'■+9OUOE~O3
n-)4h-+ni -n, 375i)OE-02 
1143?f-" + 01 -0.7L-23f-.E-03
?31‘aUr+iH) 0.22012E-02
-tESEUf-'+ GO 0.48312E-03
) 0 0 h 0 £ 4 f) 1 - 0.3 1 7 3 f f7 - u 3

0 (:2> 4 0 ii 0 . *+7 1 4 3E-03
S43^i)u+(;o 0 . 1 03h/i £-02
711 C'bE 4- 00 -0.2f.872E-('2

— 0 . 1 6 J 6 9 b - 0 5
-0.1 636‘)E-05
-0.22973E-05
-0.3273HF-05
-0.148815-06
0.31945F-07

-0.38801F- 0b
0.720245-05
0 . 1 7056F-05
0.34230F-0b
0.11 f)12F:-04 
0.267865- (i 5
0.2bObOF-On -0.4 66425-07

47483^ 4 0 0 -0 , b48.('.(v-_-02
+2bb5c+00 -0.2336bE-02 
3 hl 0 h f- 4 0 0 0.1 17 b £-02
2 2 7 0 01- + (i 3 0.3 6 3 0 0 £ + 00
-/ 5 (I 0 0 +■ + C> 2 0.2 3 '.‘i b 9 E + 0 0
297 6 Of-+ 03 0.4200 0 £ + 0 0
*+0 0 004 4 02 0.3450i,E+00 
79 5^eiF+0? 0.36940E + 00 
0 7 1 ('■■ 0 , 1 1 1 K . 0 1 6

0.41b11 £ - 0 4 -0.81^826-07
0.178221-04 • -0.34821F-07
0 . 1 9 8 81 E - 0 5 0 . 1 7 3 h 1 E - 0 8
0.33975F-03
0.67200F-03 "0.13211E-07
0 . 1 020 OF-05
0.37500F- 0 5

-0.62110E-04 0.892906-06
74.06 147.2 169.14 L» 8.0 d 115.03

202. 374.1
0,32-4 0.344

9 l'->23.2 222.98
3 )283.1 212.19
hl lrbh.2 228.0
27 lf:S3.3 227.43
b 1795.2 211.67
. 47970. 52880.

0.079872 0.
5 1.0 0 .
7 4.1 Ot.9 1 .

0. 0.029937
o, .3.9135

= Y ( 2 ) - ¥(?.)= Y ( 4 ) = Y ( 5 )
1.58 0.8 2 6

i,] . r^2(-3 1 .78-134

193.8 352.8
0.283 0.2b8

1.987 
0. 0.57698
0.27093 0.
10.673 b.0193
1 . 0.
6.9154 1.

= VDATL= SUf-Y= [)Y1 =
762. 0.02057
0. 0.

DY =

e Q 5 .254bb5 « 3 2 <4 ■/ 2 6
12 8.u1 2.5 0 8 d 7 .15603 .065494 .229716 .125481 . (IO D 5 3 b

“ .45191
2 6 ,4 h 3 b 7 b .18 3 7 5

O. 0.14
. «2 ('. 21 2 0 0 .

4 . 8 3 .

1.73+- . 8 2 5
4 4 .079233 .9-078-18

.019501 .015638
0 . 0 .
0.16 ('.82
0.008 O.uOOl

7 6 5. • () 1 8 K ->
. 0 . 00 382^ -.5^147 ^,^^964 1 ^30b-'--4 j

1 2 5.8 7 2.59^42 .16315 .077872 .221134 .1322+8 . f * 0 :> + - 7
0 1 . 4 3b I 4
<7 . 0 2 4 h 7 ,275135

(' . 0.14
. >20. 21200.

4. "87.

.020954 .025529
0 . 0 .
0,1b .34
0.008 ' 0.0001



1 . .H'^h 768. .02009
, 9 9 l"' 9 •> 5 .0 .0 . 80 3898 .247 90 7

] 1 d . 0 3 3 « b 5 ■? 1 b .17 7 7 . 04 0962 .095009 . 04499'9
. 1'5 5’' *
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0.2,3 Results form Program MODEL

Each integration step contains forty two instan­
taneous quantities. They are defined as follows.

X(l) to X(9) = liquid mole fractions for components

1 to 9
RM(1) to RM(9) = liquid molal quantities for components

1 to 9
RIA(10) = liquid temperature

RM(11) = total liquid molal quantity

RJ.'1(12) = clear liquid volume

RM(13) to Rivl(17) = accumulated vapor molal condensate

for components 1 to 5

RIvl(18) = accumulated total vapor condensate, g~moles

Y(l) to Y(5) = vapor mole fractions for components

1 to 5
V RATE = vapor flow rate, g-moles/min.

SUMY = calculated total vapor mole fraction

DY1 = deviation in total vapor mole fraction right

before the last iteration

DY = deviation in total vapor mole fraction after the 

last iteration
HINT = total feed enthalpy, cal/min.

HOUTO = total outlet vapor enthalpy, cal/min.

HLOSS = convection heat loss across the reactor wall, 
cal/min.

HRXN3 = total heat generated by chemical reactions,
cal/min
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HDMDT = hs~5^~ shown in Equation (4-132)

MDHDT = = MC^ -~™ shown in Equation (4-132)



 

INITIAL COf'niTinvt; RASED ON ADJUSTED TIME

X (
X (

1) =
2) =

.13603

.03602
DM (
PM (

1) =
2) =

.34139

.09263

- - — - — - - • — • — • — — ——-----------  - ------- -------
Y(l) =
Y(2) =

.32753

.48355
P M ( 1 0 ) = 
PM(H) =

125.41000
2.50367

------- X ( 3)= ' •.31«16 -- -- PM ( 3) = .79813 • ------  PM(12)= ■ ------ . 15603------------ ~Y C 3)- — - .15376 . ... . - ------ ----------------
X ( 4) = 0.00000 DM ( 4) = 0.00000 RM(13)= .06549 Y(4) = .01950
X ( 5) = 0.00000 PM ( 5) = 0.0 0 0 0 o DM(14)= .22972 Y (5) = .01564

- -X ( 6) = .P73»l ' DM ( 6) = .6H68.9 PM(15)= - ' . 12846 VRATE= .02057
X ( 7) = .10661 CM ( 7) = .26469 PM(16)= .00564 C| IM Y - 1.0 0 n 0 0
X ( H ) = .12052 PM ( 8) = .32493 . PM(17)= .00258 DY1 = 0.00000

------ X ( 9) = - 0.00000 ■ PM ( 91 = 0.00000 --------- RM ( ) 3 ) - — ------- .43191------------- ~ DY = O.OOOOO . „ _ _ . --------- --------------

TIVE= A.no m|NIIT~S NUMBER OF ITERATIONS;: 14

41.044 ' MDHDT=' 139.R12

------ X ( •11 = ", 14050 RM ( 1)= ■ ".35184 - - PM(IO)= —123.77776 Y( 1 ) = .27726
X ( 2) = .02703 PM ( 2)= .06768 PM(H)= 2.50424 Y (2) = .42760
X ( 3) = .32161 DM ( 3)= .80540 PM(12)= .15174 Y(3) = .25411

------- X ( '4) = _ n.oonno PM ( 4)= 0.00000 .......PM(13)=— -.10173 : Y ( 4 ) = - .03285
X ( 5) = .00112 pM ( 5)= .002«O RM(14)= .29397 Y(5) = .0081?
X ( 6) = .25721 PM ( 6)= .64411 RM(15)= .16290 VRATE= .01181
X ( 7) = .10870 OV. ( M - • PM(16)= .00780 - c;|_iMy = .99993
X ( b ) = .14644 PM ( H)= .36771 PM(17)= .00326 DY1 = -.00022
X ( 9> = 0.00000 • DM ( 9)= 0.00000 RM(18)= .56753 DY = -.00007
HINT = ‘“3183.406 - HOUTD= " 153.116 HLOSS= 223.095 ""HRXNS= 193. 661 HDMDT=

  

TIME= 8.00 MINUTES MUMPER OF ITERATIONS= 11

x C“1)=" ".14512 ''' RM( 1 ) = ;36686' " RM (I 0 ) 4— 'T24.27339 ”“V(I)= " .30667
X ( 2) = .08406 PM ( 2) = .06082 RM(11)= 2.52793 Y(2) = .39319
X ( 3) = .3288? PM ( 3) = .81.858 PM(12)= .15017 Y(3) = .26540
X ( A) = o.oonno RM( 4) =" ■ 0.00000 ' PM(13)=" " " .1 3403 " - " Y (4) = " .02176
X ( 5) = ,00204 - PM ( 5) = .00515 PM(14)= .33911 Y (5) = .01294
X ( 6) = .23825 RM ( 6) = .60227 PM(15)= .19151 VRATE= .02112
X ( 7) =" “"". 10471 —T" RM ( 7) = "".26469 RM (16) —.00970 ----------— SUVY= " " .99995
X ( 8) = .16201 PM ( 8) = .40955 RM(17)= .00448 DY1 = -.00017
X ( 9) = o.oonno RM ( 9) = 0.00000 RM(18)= .67665 DY = -.00005
HINT =' "■T»-.3.4n6 —— HOUTO= 272.650 HLOSS= 232.275 '"HOXNS= 203.662 HDM3T = -.357 " mdmdt= ■■■-63;000-----------------

12.00 MINUTES MUMPER OF ITERATIONR= 10

X ( 1)=“ ".14829 "" PM( 1)=- .37782 PM(10) = •' 124.33357---------- Y(I) = .32699
X ( 2) - .02201 PM ( 2) = .05608 RM(H ) = 2.54783 • Y ( 2 ) = , 3 6 4 7 b
X ( 3) = .32585 PM ( 3) = .83021 PM(12)= .14852 Y(3) = .2718?

—. x ( 4), 0,00000 DM ( 4) = 0.00000 R'! (13) = . 1699} " " " Y ( 4 ) = .02038
x ( 5) = .00283 PM ( 5) = .00721 RM(14)= ,38190 Y (5) = .0’60?
X ( A) = .21909 PM ( 6) = .56049 PM(15>= .22188 VOA IE: .0r461

------- X ( -7) =-----. 103“9---- -' ” P M ( 7) = .26469 ------ PM( 16)=' ------ .<’1 ) 72--------- -- <liMy = 
X ' K) = .17714 RM ( 8) = .45133 RM(17)= . 0 0 1 4 |iv J - - . 0 0 O "1 6

N)
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X ( 2) = .020B9 PM ( 2) = ' .0528R RM(U)= 2.56844 Y(2) = .34113
X ( 3) = .32747 DM ( 3) = .84160 PM(12)= .14708 Y (3) = .27622

------ X ( - » ) = —n.onnpo ----------0f1 ( 4) = "0.00000 ------------RM( 1 3) -- ---------- .20760 --------------Y(M _ ." ' .01997 - ------ ... — ---------------------
x ( M = .00749 PM ( 5) = ,00897 PM(14)= .42150 Y (5) = .01302
X ( 6) = .20281 PM { 6) = .52040 PM(15)= .25259 VRATE= .02603

------- X ( -7) =- — . 1 0305 - PM ( 7) = -— -■-PM(16)= .0139?" SUMY=~ .99997 —
X ( 8) - .19133 PM ( 8) = .4914? PM(17)= ,00807 UY1 = -.00012 ■
X( «).= 0 . n n 0 0 0 PM ( 9) = 0.ooooo RM(18)= .90075 ny = -.00003

-------HINT ='--383.406 -----------HmlTr)- "334.283 '---------- HLr>85= 2287611 " " • HRXNS= 191 .936 HDMOTs -13.423 " - - MBHDT* " " 10.871" ~

TIMR= 20.00 MINUTES NUMREP OF ITEPATIOMS= 8

------- Vtl)------ .15446 —6- — DM ( I)= —.40013 ------•.-RM(10)=-- 123.90115— ----------- Y(l)= " .36179 . . .. _ —------
X( 2)= .01947 PM ( 2)= .05044 pm(U)= 2.59055 Y (?) = .31947
X( 3)= .32929 QM ( 3)= .85303 RM(12)= .14589 Y(3) = .27934

------- x( -ai=—n.ooooo------------ "PM ( 4)- --o.ooooo —- RM(13)- .24672 Y(4) = " .02000 ............. — --------  . ----------- -------------
X( 5)= .00403 RM ( 5)= .01044 RM(14)= .45807 Y (5) = .01931
X( #•)= . 18634 PM ( 6)= .48272 PM(15)= .28331 VRATE= .02657

------- X (-7) =------- . 1O?1 7------------ RM ( 7) =------.26469 ------ — PM (16)=------ — .01619 — <;ijmy= - - .99'491 - . - . — - .. ------ ------——--------
X( 8)= .20424 RM ( 8)= .52910 PM(17)= .01015 DYl = -.00030
x( 9;= o.onono PM ( 9)= 0.00000 PM(18)= 1.01095 DY = -.00009

------- HINT"=-----363.406 —-------- HOUTO= - 340.447 -------- HL09S= • 220", 881 —- — HPXNS= 179. 747 HDMDT= -18.023 MDHDT= " 152

number of iterations 9rTur= 24.no

— X( - lr=------- .15809 ---------- RM( 1)=------.41330 ----------PM(10)=—-123.50342 Y( 1 ) - - .37960 • -------- ---- . . _ — --------------------

X ( 2)= .01848 PM ( 2)= .04832 PM(11)= 2.61440 Y(2) = .29837
X ( 3)= .33072 RM ( 3)= .86463 RM(12)= .14495 Y(3) = .28175

-------X ( -4 ;-—0.00000 —-------PM ( 4)= -0.O00O0 " -...... PM(13)=-----------.28720 ------------ ¥ ( 4 ) = ,02013 _ . _ . _. . ----------
X ( ) = ,00445 DM ( 5)= .01163 ‘ RM(14)= .49179 Y(5) = .02012
X ( 6)= .17127 RM ( 6)= .44777 PM(15)= .31390 VRATF= .02668

------ X ( -7)=------.10124- --------- PM( 7)=- .26469 --------- DM( 16)=------------- .01549 -------------qi|MY = .99996 ■ - - . ----------- -- ---- ------------
X ( 8)= .21575 . . PM ( 8)=. .56405 RM(17)= .01231 DY1 = ".00013
X ( 9)= 0.00000 RM ( 9)= 0.00000 RM(18)= 1.11963 0Y = -.00004

-- ----- Ml NT =—363.406 -----------HOUTO= 341.020 -------- HLO-;s= - 210.756 -------—HRXNS= 166,,300 HDmDT= -15.599 ■ "■ - MDHDT=-"--6.472"

NUMBER OF ITERATIONS 9TIME= 28.00 MINUTFS

------- * (- -11---.16214 ",----- PM (- 1 )- - .42799- - PM(10)=— 123.02986 ------- ---¥(i) = .39825
X ( 2) = .01753 PM ( 2) = .04628 PM(H)= 2.63967 Y ( 2) = .27726
X ( 3) = .33199 PM ( 3) = .87635 PM(12)= .14424 Y(3) = • 2 'i 3 5 S

------ x ( 4 ) =----0,00000 ---------- RM ( 4) = -0.00000 --------- RM(13)=-------------,32921 ------------ Y ( 4 ) = " .lUJ021 ---- -----
X ( 5) = .00475 RM ( 5) = .01254 ■ PM(14)= .52284 Y(5) = .02059
X ( 6) = .15747 RM ( ‘ 6) = .41566 PM(15)= .34438 V R A T c = .02652

----- X ( 7) = .10027 DM ( 7) = ,26469 ■ ■— RM ( 1 6) =......... . 020fl0 ™ s<;my = .99097
x ( p) = .22585 p -4 ( 8) = .59617 PM(17)= .01451 UY1 = -. o:) n 1 ?
X ( 9) = 0.0 0 n n 0 RM ( 9) = 0.00000 RM(18)= l.?271<- DY = -.00003

-------HjNT-= — 363.406 ---------- HGUTO= 339.524 - ------ HLORS= 198.923 — -HRXMS= 152 ,637 HDvi)T = -12.469 M9HP7= - --9.935 —



X ( 4) = o. oonno DM ( 4) = o.nonoo put 13)= .372°6 v f 4 ) = .02017
— X ( 5) = - .00445 ----- "PM ( 5) = .01320 • - RM ( 1 4 ) ='-------.55140" -------  Y(5)= ,02080

X ( 6) = .144Q0 PM ( 6) = . 3H629 RM(15>= .37*53 VRATF= .02658
X ( 7) ■- . 0<?o?9 PM ( 7) = .26469 pm (16)= .0231 1 SI!yY = .99997

------ X ( R) = ~ . 7340.4 --------pM ( 8) = .62553 - ' RM( 17) = •• . 01673 ........... OY1 = -.00011
X ( 0) = o.onoon PM ( 9) = 0.00000 PM(18)= 1.33389 DY = -.00003
HINT = 343.404 H0llTn = 338.142 HLnsS= 186.006 HPXN$= 139. 416 HDVOT= -9.446 Mr>HDT= -11.R80

— ivr 36.no MJNUTES mumrfp OF TTERATIONS= 9

X ( 1) = .17111 RM ( 1 ) = .46074 PM(10)= 121.95713 Y(l) = .43722
- X ( 2) = .01562 ........ RM ( 2) = .04205 — PM(11) = " " 2.69269 ■- Y(2) = .23550

X ( 3) = .33415 PM ( 3) = .89976 Rm(12)= .14335 Y < 3) = .28647
X ( 4 ) a 0,01) 0 0 0 QM ( 4) =' 0.00000 PM(13)= .41869 Y(4) = .01999
X I 6) = e 0 0 0 6 -l“" RM ( 5) = — .01 363 "■ ' PM ( 14) = " 57764 ' " - Y(5)= .02080
X ( 6) = .13353 PM ( 6) = .35954 PM(15)= .40536 vrate= .02661
X ( 7) - .09*30 PM ( 7) = .26469 PM(16)= .02540 SUMY = .99997

— Y ( F ) = 24224 " ' RM ( 8) = .65228 RM(17)= ----- ".01396 " - OY1= -.noon
X ( 9) = 0.oonno PM ( 0) = 0.00000 PM(18)= 1.44039 DY = -.00003
HINT = 563.406 HOI)TO = 337.674 HLOSS= 172.472 HRXNS= 126 .974 HDmDt=

—
6.838 MDHDT= -12e9?7

. '40.00 ^TMIITFS MUMPEP OF ITERATIONS 7

X ( 1 ) = .17679 PM ( 1) = .47806 PM(10)= 121.39382 Y(l) = • 4 S655------- x (
?) = " ,01465 ' "" PM( 2) = .03984 " PM(H) = 2.71946 ........ Y(?)= .21545 .............................. ........

X ( 3) = .33607 DM ( 3) = .91121 PM(12)= .14311 Y ( 3) = .28749
X ( 4) = o.nonoo PM ( 4) = 0.0 0 0 0 0 RM ( 13) = .46661 Y (4) = .01965-------x f

c) = -.00809 RM( 5) = .01383 ' PM(14)= ------- .60176 --------- 'Y(5)= .02064 ................................. .... ..............
X t 6) = .12327 PM ( 6) = .33521 PM(15)= .43606 VPATE= .02674
X ( 7) = .09733 DM ( 7) = .26469 PM/16)= .02767 S('VY = eq9QQ0
v ( n) - .24QP0 PM ( 8 ) = ♦ 7 1 PM(17)= .02118 ' - ' OYl= -.00974 " ' ' * ---------------
X ( 9) = 0.0 0 0 0 0 PM ( 9) = 0.0 o 0 0 o PM(18)= 1.54710 r>f- = -.00010
HIM = 363.406 HOUTO= 338.666 HLD5S= 158.674 HRXNS= 115. 470 HDMDT= -4.807 MDHDT= -13.557

NUMRER OF ITEPATIONS= 7 " ""

b?
\G

—HMFs - -44.00' MIvjtiTFS-----

X ( 1) = . 1 8046 RM ( n = . 49552 RM(10)= 120.83349 Y(l) = .47559
------ X (- 2 ) = ■ .01369 DM ( 2) = ,03760 RM(11)= 2.74586 ' Y(2) = .19638 ' --------------------------------

X ( 3) = .33592 RM ( 3) = .92937 PM(1?)= .14295 Y(3) = .28833
X ( 4) = n . o o n o 0 PM ( 4) = 0.00000 pm(13)= .51685 Y (4) = .01924
X ( 5) = '" .00504 ~ " PM ( 5) = .01385 - RM(14)= ' ' .62389 Y(5) = .02035 ' - --------------------------
X ( 6) = .11493 . PM ( 6) = .31310 PM(15)= .46704 .02693
y ( 7 > = , p c fi 4 o PM ( 7) = • r 6 *♦ b 9 RM(16)= .92991 SiiVY = .99990

-------X ( 8) =" ‘ ’ D *1 ( 8) = .69872 RM(17)=" ------ .02338 ' • 0X1= -.0 0071 --------------- -----
X ( 9' = n.ooono PM ( 9) = 0.00000 °M(1H)= 1.654*0 11 Y = - . n e !>) 0
* 1 T = 363.406 HOUTO= 340.123 HLbSSs 144.92f. H9XNS= 104 .981 HDML)T= -3.143 MOiHOTs -13.520 4.'

48. on- VTMiiTFS MIJMRFp QF I TEP ATI ONF



X ( 4) = .1087? DM ( 6) =
X ( 7) = .694=0 PM ( 7) =

--------X ( 8) =-- .25936 — DM ( 8) =
X ( P) = 0.0 0 n n 0 PM ( 9) =
HI1MT = 3r3.406 PODTOx

.20300 PM(15)= .49^36
PM(1M= .03211 

■ .71803 PM(17)=-------- .02557
0.00000 PM(15)= 1.75260

342.633 HI.OSS: 131.484

VPAYF= .02718
O(|MY= .0'1991

' nri= -.00059
DY= -.00009

S= 95.519 HDMDr= -1.938 MnppT= -13.255

 
-52.00 ■■■ - NIIMRFP OF" ITEPATIDMS=- 7*-

 

X ( 1) = .18943 DM { 1 i = .52968 PM(IC) X 119.75587 Y(l) = .51061
------- x ( 2) = - ' .01184--] —- qM ( 2) = - .03317 -- RM( 1 1 ) - - 2.79626 ---------  - Y(2)= ' .16207

X ( 3) - . 3 T 7 4 2 . 1 DM ( 3) = .94351 PM(1?) s .14222 v ( 3) = .28956
X ( 4) = 0,00 >) 0 0 RM ( 4) = ,0.00000 PM(13) .62469 Y(4) = .01822

------- X ( 5; = - .0047 6• -■■ QM( 5) = .01338 -- - PM( 14) ---------- . 66285 -------- Y(5) = -■ .01945
X ( b) = . r 9 9 ? 3 PM ( 6) = .27469 PM(15) .53008 VRATE= .02749
X ( 7) = .09446 RM ( 7) = .26469 PM(16) .03428 SI.IMY=: .99991

------- X ( f ) =-“- .2634 1----------- RM ( 8) = .73713 - — P.M( 1 7) — --------- .02773 DY1 = -.00065
X ( 9) = n, n n n n 0 DM ( 9) = 0.00000 PM(1B) - 1.87194 0Y = -.00009
HIM = 3 4 3.4 0 6 HOUTO= 345.822 HLOSS= 118,503 HRXNS= 87. 031 H0MDT=

-

-1.099 MDH0T= -12.790

— 66.00-MImutes---------- ------ -■ NIIMPEP OF ITERATIONS'-- 7

X ( n = .19340 PM ( I)- .54591 RM(10)= 119.25183 Y(1 ) = .52633
——- -X ( 2) = --.01101 - - - - PM { 2) = - .03105 ------ PM(11) = — - 2.819«1 ■ -- Y (2) = .14703 — .

X ( 3) = .3381 1 PM ( 3) = .95339 PM(12)- .14280 v(3) = .29001
X ( U ) r. 0.0 0 r r. 0 DM ( 4 » =■ 0.60000 RM(13)= .6823? Y (4) = .01767—-X ( C)_ -- ,004^9 ■ ■ QM ( 5) = .01294 ------ PM(14)=------ • .67R98 - - - • Y (5) = .01888
X ( 6) - . 0 91 9 p\-.. 6) = .24799 PV(15)= .56223 VOATE= .02784
X ( 7) = .0931-7 RM ( 7) = e ? |Ci4 r>9 RM ( 16)- .03640 SIJMY =

—-X ( U) r - . 7 33 ----- PM ( 8) = .75383 ----- R-M (17)=-------- -.02R86 - -------- r>Yi = -.00065 .. . —
X ( C) = <1,00000 PM ( 9) = 0.00000 PM(18)= 1.98260 DY = -.00008
Hi)-.'T = *63.406 ' HOJTO= 349.466 HLO8S= 106. 115 HRXNS= 79. 453 HDMDT- -.547 MDH0T= -12.174

——"7 7 M = - 60 .00 MIMUTFS - NIJMREP OF ITERATIOMS= 7 - • - - — •

X ( 1 ) = .19752 PM ( 1) = .56136 PM(10)= 118.77650 Y (1) = .54074
------- x f -?) =■ • -.0 1021 ----------- RM ( 2) = .02903 -- - pm(11)- - - 2.84209 ■— — Y(2) = .13344 .......... ............. .. ........................

X ( .33876 RM ( 3) =' .96273 PM(12)= .14279 Y (3) = .29039
x ■: 4) = O , 0 0 0 0 0 RM ( 4) = 0.00000 RM(13)= .74238 Y(4) = ,01722------ . 4) =• — -.90437 -------- -- PM ( 5) = .01241 RM(14)=---------- .69572 - --------- Y ( 5) = .01323 - . _ --------------
X ( 6) = .08640 PM ( 6) = .24273 RM(15)= .59485 VPATF= .0282?
X ( 7) = .09313 RM ( 7) = .26469 RM(16)= .03849 SilMfs .O-,'q-.12

------ X ( ' 8 ) = - .27 061 — PM ( 8) = .76909 PM(17)= - - .03194 ' ' ' ' OY1 = - , 0 n 0 5 3 - * — — — 
x : 9) = 0.90000 P^ ( 9) = 0.00000 RM(18)= 2.09487 r>y = >,1’0193
rt I M = 363.406 HOI)TO = 353.374 HLnss= 94.411 HRXNS= 72. 710 HDMDT= -.215 Mr)pr)T= -11.453

" TTVF= 64.00 MT mutes MllvpFR Or ITEPATIOM8-: 7

X( 11= .20116 PM( 1)= .57503
9M( ?)x

3)-

PM(1O)= 118.33204
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V (3? -

.55386 
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Hl‘IT = 363.406
) = U . V V ‘I u u

Hf)UT0= 357.3^0
c.r„.ie<l U'- -.'.lU'JV-

HLOSS= 83.445 HPXN6= 46.717 HDMDTs -.045 MDHDT= -10.667

-time = ' '68 .00 minutes ------ NUMBER OF ITERATIONS-- ' 7 ' -............. . . - - . . .. — — —----- -- — ------------- —

X ( 1 ) - .20453 PM ( 1) = .58967 RM(10)= 117.91938 Y(l) = .56571
---- X ( 21 = ■- .00879 " - - - E?M ( ?) = . 02534 -- RM(H) =— 2.88259 ------------  Y ( 2 ) - .11034 -- -- - --------------------------------—

X ( 3) = .339°9 DM ( 3) = .98004 PM(12)= .14278 Y (3) = .29102
> ( 4 ) = n.onnno RM ( 4) = 0.00000 PM(13)= .86945 Y(4) = .01608

-- X t 57= - .003H6 ------- PM ( 5) = • .Olli?' " RM(14)= ' .72353 Y(5) = .01678 _ — ---------- --------------------

X ( 6) = .07489 PM ( 6) = .21588 RM(15)= .66148 VROTE= .02893
X ( 7) = .0918? RM ( 7) = .26469 PM(16)= .04256 SUMY =
X ( u) = .27612 PM ( 8) = .79594 ■ - pm(17)= ’ " " .0 3595 DYI = -.00061
X ( 5) = n. o o o n o PM I 9) = 0.00000 RM(18)= 2.32320 DY = -.00008
HINT = 363.406 HOUTO= 361.391 HLOSS= . 73.246 HRXNS= 61 .394 HDMDT= .012 MDHOT= -9.849

-TIVE = - -72.00 MjfvjfjTFS ’■ NUMREP OF ITFRATIONS= 7

X ( 1) = .20762 PM ( 1) = .60227 PM(10)= 117.53842 Y(l) = .57637
----- X (" 2) = — . 0 0 8 1 6 --------- PM ( 2) = .02368 ' — PM(H) = 2.90082"- ' Y(2)= . 10055 " ........................ "

X ( 3) = .34057 PM ( 3) = .98793 PM(12)= .14277 Y(3) = .29130
X t 4 ) = 0.00000 PM ( 4) = 0.00000 PM(13)= .93623 Y (4) = .01551

— XT 5) = .00359" " “ DM ( 5) = .01042 - PM(14)= " '- ' .73583 " Y (9) = .01599 ' '
X ( 4) = .07033 PM ( 6) = .20403 RM(15)= v 6 9 5 4 8 VPATE= .02929
x ( 7) = .09125 RM ( 7) = RM(16)= i 0 4 4 54 S(IMY = .99992

-----X ( P) = .27847 1 PM ( 8) = .80790 ' "" RM(17)= """ " - .03787 DY1 = -.00060
X ( «) = 0.00003 RM ( 9) = 0.00000 Pk' ( 18) = 2.4 396.5 DY = -.00008
Hjh-'T = 9*-3.406 HOUTO= 365.283 HLOss= 63.615 H Q X N S = 5 n .662 HDMDT= -.005 MDHDT= -9.025

_TImE=‘ 76.00 MINUTES"" NUMBER OF TTERATIONS= "7

X ( 11 = .21045 PM ( 1) = .61403 RM(10)= 117.18836 Y(l) = .58594
x ( ?) = .00759 RM ( 2) = .02216' rm : 11) = 2.91775 Y : 2) = .09205
X ( 3) = .34114 RM ( 3) = .99535 RM(12)= .14274 Y ( 3) - .29159
x ( 4 ) = n. n n n n o PM ( 4) = 0.00000 pm(13)= 1.00499 Y(4) = .01518
X (" 8 ) =" ~ ' . 0 n 3 3 > " PM ( 5) = .00969 PM 1 14) =" """ " .74720" Y ( 5 ) = .01517 ......................................... ..
X ( p) = .06617 RM ( 6) = .19307 pm(15)= .72993 VRATE= .02962
X ( 7) = .09072 RM ( 7) = .26489 rm(16)= .04648 SUMY = .R9993
x ( h) = .28061 PM ( 8) = .81875 RM(17)= ....... " . 0 3971 "" ' r)Yi = - . (! V 0 59
X ( 9) = o.ooono PM ( 9) = 0.00000 P.M ( 18) = 2.55747 CY = orcnz

__ hint = 963.406 H6)UTO = 368.999 Hi_riss = 55.138 HRXNS= 52 .44? HDMDTa -.067 MDMDT= -8.21'

-TI’T= "-80.00 MINUTES NUMBER "OF ITERATIONR=- "7 "

x ( 1) = .21302 PM ( 1) = .62408 RM(10)= 116.86783 Y( 1 ) = .-,9a = 1
X ( 2) = .00708 PM ( 2) = .02075 PM(H) = ’ 2,93344 Y ( 2) - , n«i43
X ( 3) = .34169 RM ( 3) = 1.00232 RM(12)= .14271 Y(3) = .29185
X ( 4 ) - o.ooono RM ( 4) = 0.00000 PM(13)= 1.07560 Y (4 ) = .01479
< ( =■) = • .00806 " - " ' DM ( 5) = .00896 " PM(14,= --------- .75773 - v ( =,: ,01433
< ( h } s .0N2-5 DM ( 6) = .18291 P M ( 1 5 ) = . 7 6.4 7 9 V'-’ATE -- .02994



—TTVF-7 - -t<4.00 MI\'t:T€S---------------------- ---  - " WIIMREff OF ITE'?ATIOMc:= - 7

X ( 1 ) = .?1936 RM ( 1 ) = .63487 RM(10)= 116.57510 Y(l) = .60218
------- X ( ?)-' - - .00^6,0.......— RM ( ?) = ■ - .0194 7 ----------RM(11)= - ■2.94796 ■ - Y ( 2 ) = " .07767 - ............................................. ..

X ( 3) T .34??3 PM ( 3) = 1.00887 R'M( 12) = ,14266 Y(3) = .20217
X ( 4 ) = n. o n o n o RM ( 4) = 0.00000 PM(13)= 1.1479? Y ( 4 ) = .0)443

------- X f --.onpRO - rm; 5) = — ■ .00824 ' ------- PM(14)= —------ 2 76750 - ------ Y(5) = ... ,01 347 - - " " --------------------------------------
X ( b) = , 05^4 OM ( 6) = .17346 PM(15)= .90005 VOATFx .03CP4
X ( 7) = .0R979 PM ( 7) = .26469 PM ( 16) = .05029 S<|MY = . 99093

------ X ( Hl = ----- RM ( H) = .83836 ■ - - R M ( 1 7 ) = “...... e (14 31 4 - -- 1)Y1 = •- -.0OQ58 ------------ ------------- -------
X ( 9) = o. o n n n o RM ( 9)-• 0.00000 RM(18)= 2.79698 f)Y = -.00007
HINT = 3 «- 3.4 0 b HOUTO= 375.753 HLn«:s = 30.915 HRXN$= 45 .313 HDMDT= -.243 MDHDT= -6.706

-TIMF ■ R8.n0 MTNUTES"" NIIMBFR OF ITERATIONS= 7 ....... .

X ( 1) = .21748 DM ( 1 ) = .64403 PM(10)= 116.30820 Y(1 ) = .60906
— —X f -?) = - .OOM 7----------- DM ( ?)- • .01829 ----- - RM(11)= -■ -2.96141 -------------- Y(?)_ .07)65 - - — —------------

X ( 3) = .34275 RM ( 3) = 1.0)502 RM(12)= .14261 Y ( 3 ) = .292+8
X ( 4) = 0.00000 PM ( 4) = 0.00000 RM(13)= 1.22181 Y (4) = .01411

------- X ( - C7) --- '.00255---- ■ PM ( 5) = .00755 —-----P M ( 1 4 ) =- -------- .77659 -------------Y (5 » = - -.01262 .............. ................... - — * - • -------------
X ( 6) DM ( 6) = . 1646s PM(15)= .83568 VP6TF = .03051
X ( 7) = .08938 RM ( 7) = .26469 PM(16)= .n5215 SIIMY = .99'493

------ X ( «) = ' .28607 — - ' PM ( ' 8) = .84716 — - PM(17)= --------- .04473 - --- DYla ' -.00057 . . . . -------
x ( 9) = 0.00000 RM ( 9) = 0.0 0 0 0 0 PM(18)= 2.91850 DY = -.00007
MINT = 363.406 1 8011)10 = 378.756 HL05S= 33.285 HRXNS= 42 .284 HDMDT= -.330 MOHDT= -6.021

—TIme = — -92.00 MINUTES' - - ■ - -- NUMBER OF ITEOATI0M9= - 7 •

x ( 1 ) - .21039 RM i 1) = .65244 PM;10)= 1 16.06507 Y(l) = .61524
------- X t ■ z'* y -, 9 e 17 r - •— RM ( 2) = •• .01720 - - PM( 1 1)-- ------ 2.97385 -------  .. Y ( 2 ) = - .06631 • — ■ — • -------------

X ( 3 * * ? 4 ? ? n pv, ( 3) = 1.02080 RM(12)= • )4P55 Y ( 3 ) = .29279
X ( 4) — 0.0 0 0 0 0 RM ( 4) = 0.00000 RM(13)= 1.29714 Y(4) = .01382

------ X ( 5) - - ,00232 -------- RM ( 5) = .00689 PM(14)= ■ -• .78507 - - • - Y ( 5) = .01177 _ _ . _ ---------------
X ( 6 ) 3 . 05260 RM ( 6) = .15644 RM(15)= .87166 VP4TE= .03077
X ( 7) S .08901 PM ( 7) = .26469 PM(16)= .05399 $1 IVY = .99993

-------X ( f ) — - - .28764 -- RM ( 8) = .85538 - - PM(17)= ----- -- .04623-■....... — OY1 = -.00057 ......... - • ------------------ ——
X ( 9) — 0.0 0 O 0 0 CM ( 9) = 0.00000 PM( 18) = 3.04107 DY = -.00007

' H] NT T. 363.406 Hf)UTO = 381.509 HLOSSa 27.245 HRXNS= 3°. 550 HDMDT= 408 MDHDT= -5.390

NUMBER OF ITWrlONRs ■ 7------------- ------—TTME= —96.no MIMIJTF.S--'

X ( 1) = .22113 DM ( 1) = .66014 P M ( 1 0 ) = 115.84359 ¥ (1 ) = .62078
------- X ( -2)— -— .00543 - --------- QM ( 2) = --.01621 ------- RM(in=- -- 2,98536 ---------- Y(2)= .06154

X ( 3) = .34376 PM ( 3) = 1.02624 RM(12)- .14248 Y ( 3 ) = .29311
X ( 4) = 0 . oonno PM ( 4) = 0.00000 PM( 1 3; = 1.37380 Y ( 4 ) '= .01366

------ X ( 5)= ■ - .00210 • - — - rm( 5) = .00626 ------- P M ( 14) =—------ . 79298 ------ -- - Y ( 5 ) = ,01093
X ( 6 ) = .04982 DM ( 6) = .J 4873 P M ( 1 5 1 = .90797 VRATE= .03100
X ( 7) = . 0 8 8 <• 6 PM ( 71- .26469 RY(16)- .05581 R!|MY = . 9 9 9 r. >

----- * ( k S, ■- . —- .2691 1 ■ ---- PM( 8) -■ .86309 ------ RM (17)=.- ■ -------.04763 ............... r)Yl -, n 0 5 5
X ( 9) = 0.00000 PM ( 9) = 0.0 0 0 0 0 R « { 1 8 1 = 3, 16 4 5 1 DY = - . 0 n7

kOVI.C-



IMTTIAL CO*'nTTTOMS PASFD ON ADJUSTED TIME

X ( 1) s .15513 DM ( 1) z .41814 PM(10) s 123.57000 Y'l) = .07363
X ( ?) — .02940 QM ( 21 s .07923 DM(11) z 2.69542 Y (2) = .60246— - X (- 3) .336H0 ------ PM ( 3) z ,90782 --- PM(12) = "*■ --------. 16316 --------- ' V(3)= ' .27634
X ( 4) 0.00000 PM ( 4) - 0.00000 PM(13) z .07787 Y (4) = .02095
X. ( 5) s .00131 QM < 5) s .00353 PM(14) z .22113 v(5) = .02663— X ( 6) s .?C6R3 DM ( 6) — .69147 DM(IB) = - ■ .13225 VRATE= .01887
X ( 7) z . 10757 PM ( 7) z .28994 RM(16) z . 00549 SU'W = 1 .00000
X ( • r-) z .11396 PM ( 8) 5 .30529 rm(17) z .00140 ?)Y 1 z 0 .00000
X ( 9) z 0.0 0 0 0 0 “ ‘ RM ( 9) X 0.00000 PM(18) z ----- .43814 " " ' DY= - 0 .00000

__ __ _ ___ ________ __

TIME= 4. on MIMIITFS NUMBER OF ITE°ATIOMS= 15

------ HINT =• P3A.4O8 HOUTO= 111.069 HLOSS= 141.86? ’Hpxn~= 165.534 HOMOT= 71.723 MOHDT= 79.478

x r 11 = - ”■.16050 PM ( 11 = .43708 pm(10)= 119.92464 ■ Y ( 1 ) = .36267
X ( ?) = .0267? RM ( 2) = .07277 RM(11)= 2.72328 Y (2) = .33104
X ( 3) = .33P?6 PM ( 3) = .92118 PM(12)= .16196 Yl3) = .26504

-------X ( 4) = o.oonno • ' - PM( 4) = o.onono DM(13)= .12061 Y (4) = .03015
X ( 5) = .00204 PM ( 5) = .00565 PM(14)= .26387 v (5) = .01107
X ( 6) = .23940 DM ( 6) = .65194 PM(15)= .16477 VRATE= .00874

------X ( 7) = ' .10647 1 DM ( 7) = .28994 DM(16)= • .00721 R!|MY = .99997
X ( 8) = .1?662 PM ( A) = .34482 RM(17)= .00264 DY1 = -.00012
X ( 9) = O.oonno PM ( 9) = 0.00000 DM(18)= .557)7 DY = -.00003

number OF ITERATIONS 9TIMP= 8.no MIN'JTFS

--------X(-1)=
X ( 2) =

17017
.02645
.33877

- - ~ pM (
PM(
PM (

11 =
2) =
3) =

.47384

.07366

.94329

RM(10)= 
RM(11)= 
PM(12)=

118.95119
2,78445 

.16342

------ Y(l)=
Y(2) =
Y(3) =

.39977

.30658

.26655X ( 3) =
------- X ( 4) =' * O.COnnn RM ( 4) = o.oonno P»(13)= ' .16461 - Y(4)= .01448

X ( 5) = .00250 PM ( 5) = .00696 RM(14)= ,?9?14 Y (5) = .01257
X ( 6) = .22277 RM ( 6) = .62030 RM(15)= .18832 V°ATF= .01820

------- X ( 7) =’ - .10413 ■4 7) = .28994 “• ' ' RM( 16) ="■■ -------- .00836 ------------ S|IMY = .99994 " ' •••• ............. ........
X ( 4 1 = .13520 PM f 81 = .37646 DM(17)= . 00370 rivi = - , 00O35
X ( 9) = n.onono RM ( 9) = 0.00000 RM(18)= .64517 DY = -.00006
Hl MT = "'238.498 HOUTO= 231 .157 HLOSS= 113.277 “ HDXNS= 147.825 ROMB T= 34.791 MBHlOTs 7.097

TT*-e= 12.00 MINUTES number OF ITERATIONS 8

• Y ( 1) =■ .17924 ' RM ( 1)= ■ .50881 RM (10) =• 117.82029 Y(D- .43166
x ( 2) = .0?5?A PM ( ?) = .07176 RM( U ) = 2.83874 Y(?)-- .27739
X ( 3) = .3394? RM ( 3) = .96354 RM(12)= .16451 Y(3) z .26608

“ X( z.) = n . 0 n. 0 n 0 pM ( 4) = o.onnon RM(13)- .19438 Y (4 ) = .01163
X ( 5) - .00279 PM ( 5) = . 0079? RM(14)= .31958 v ( 5 ) - ..01320
X ( A) = .20864 PM ( 6) = .59226 PM r15) = .213r>“ VD.ATf7- .02171
Y ( 71 = ’ .102)4 PM ( 7) = . ?P.<)94 DM(16)=- ----- .00942 '
V ( 4) = , ) m 4 9 DM ( 8) = .40450 P '• ( 1 7 ) = .03494 n v : - -.nonh



"vifmnc r<

------ X C 13 - ----- ,1R774 RM ( 1) = .54237 RM(10)= ' 116.50199 ------------ Y(])- .46124 . .. . • — - ■ .............—-----------

X ( 2) = . 02378 RM ( 2) = .06869 RM(11)= 2.R8R97 Y(2) = .24934
X ( 3 ) = .34014 RM ( 3) = .92266 RM(12)= .16545 Y(3) = .26587

------ X t 4) = — n. n n o n o ------- C?M( 4) = 0.00000 RM(13) =--------- .23395 ------------- Y(<|) _ .01012 ------- ------------ ---------
X ( S) = , 1) (.pLC, RM ( 5) = .00R55 RM(14)= .34600 Y (5) = .01340
X ( 6> = . 19"' 35 OM ( 6) = .66726 PM(15)= .24013 V»ATE= .02401

-------X (-7) = — . 10 n 3 - ----- RM ( 7) = - .28994-- -- RM ( I 6) = —------ .01046 ---- -—----- ciiMY= - ■ .99897 - — ............... ..... - • —
X ( h) = .14867 RM ( R) = .4 295 0 • RM(17)= .00627 0Y1 = .00018
x ( 9) = • n. o o n n o RM ( 9) = 0.00000 RM(18)= .63940 DY = .00003

------- M T M T ■= -23H.4PH- —HOUTO= 30? .514 HLOSS- 54.406----- H9XMS= - 117,478 Hf>MDT = 16.874 MDHDT= -17.818 "■ . ------ ---------------------------

TIME = 20.00 mtnutFS NUMBER OF ITERATIONS^ 6

-------x < 13 = --- .19551 — - QM ( 1 ) =.........57384--------- .... DM(10)= - 115.89477-------------- Y(1)= ■ - ,48.793 ------------- --  — --------------

X ( ?) = .02217 QM ( 2)= .06506 RM(U) = 2.93516 Y(2) = .22366
x ( 3) = .34091 RM ( 3)- 1.00063 Rm ( 1 2) = .16624 Y ( 3 ) = .26584

------- X ( - 4) = --0.00000- --------  OM ( 4)= 0.00000 -------- • RM (13)=-— — - .2R831- --------- Y(4)= .00913 ' - . . ---------- ----------------------

x ( 9) = .00304 PM ( 5)= .00892 RM(14)= .37043 Y (5) = .01335
X ( 6) = .18588 PM ( 6)= .54470 RM(15)= .26769 VRATE= .02566

------ X ( 7) = ----- .09878 - ---------< 7)= - .28994-------- - RM (16) = —------ .01149 --------  SUmyt e99u9i .................- - -- ------------------------

X ( 6) = .15402 PM ( 8)= .45206 RM(17)= .00766 DY1 = .00105
X ( 9) = . n. c- n o r> n RM ( 9)= 0.00000 RM(18)= .94277 DY = .00009

------HTK‘T =? -- 238.498 ■ -H0UT9= 322.327 HLOSS = 29.720-—HRXNS= - 106.411 HOMDT= 12.907 MDHPT= -20.045 —--------

NUMpEp OF ITF.Q1TIONS= • 7TI^Cs ?4.00 VTNLITES

----- X ( 1 ) ~ - - .20251 ----------- RM( 1 ) = - .60297 -----  - RM(10)= - -1 15.09325 —- Y( 1 ) = .51168
X ( 2) - .02057 RM ( 2) = .06125 PM(11)= 2.97754 Y(2) = .20076
X ( 3) .34173 RM ( 3) = 1.01751 DM(12)= .16691 Y ( 3 ) = .26597

-------X ( 4 ) o. o c n n o ---------- RM( 4) =. o.oonno ■ ------ pM( 13)=-.------ .34225 - - ■ Y(4) = .00841 ■
X ( 5) .00306 PM ( 5) = .00910 RM(14)= .39318 Y(5) = .01314
x ( 6) .175:13 RM ( 6) = .52415 PM(15)= .29630 VPATE= ,02695

--------X i- 7) X--• « 0 9 ’’ 3 4 ■ — RM ( 7) = .28994 ------ RM(16)= --------.01247 ----------- - 5UMY= .99996
X ( 8) s .15873 RM ( 8) = .47262 RM(17)= .00909 DY1 = .00044
X ( 9) S 0.0 0 0 0 0 PM ( 9) = 0.00000 RM(18)= 1.0501 0 DY = .00004

------ HINT =— • 238.498 — HOUTO= 337 .546 HLOSS= 7.840"-----HRXNS= ----- 97. 216 HDMDT= 10.237 V3HDT= -19.y09

TI«E= 23.n0 MINUTES NUMBER OF ITERATIONS= 7

------ X (
X (
X (

1 ) = -
2) =
3) -

- .20875- 
.01906 
,34359

----- PM( 1)= .62964 RM(10)= - 
RM(H) = 
»►'( 12) =

1 14.38270-
3.01630

.16747

- Y (1 ) =
Y(2) = 
v (3) =

» 53 250
,1-1)61
.26619

.............. —------ -- - ------------------------- ----- ■ ’
RM (
PM (

2) = .05749
3) = 1.03335

-----  X ( 4) =■ ■ neonnno - - - QM ( 4)= -0.00000 ----- - RM(13)= - .40053 -----  Y ( 4 ; = .90785 ........... -------------------- -
X ( 5) = .00302 RM ( 5)= ,00912 RM(14)= .41434 v (5) = .0128?
X ( 6) = .16752 RM ( 6)= .50528 R.M( 15) = .32593 VPATE= .02800

----- y ( "n- .09612 RM ( 7)= .28994 PM(16)= .01343 SUMY- ,R9R96 ... 's__O
x ( >-) = .16254 RM ( 8)= .49148 PM(17'= .01053 DYlr - .') 0 fj 4 2
x ( 9) = n . 0 0 0 0 0 PM ( 9)= 0.00000 RM(18)= 1.16116 nr- -. o 0 n 0 4

--------- j k • T = - 238,498 HOUTO= 349.971 HLOSS= -1 1 .-'99 £ 'r e 44 4 * )m')T= ^.<(78 MJHDT= -18.704 .. .



X ( 3) = . 3 4 3 4 R DM ( 31= 1.04RR0 PM (I?) ■= .16793 v<3) = .86648
------ x i 4) =- • 0.0 n n n 0 - ------- DM ( 4)= -0.00000 ---------- RM(13)=------ - . 4<.?E4- - - y(4) = .0073R

X ( 5) = , 0 0?RR PM ( 5)= .00903 PM(14 ' = .43399 Y (5) = .01843
X ( 6) = .159^6 OM ( 6)= .48785 PM(15)= .35651 V R A T F. = . O2.t'-#8

-- v ( -7) =■ - .09501 - -- PM( 7)= . ?8<>94 RM(16)= - - .01435- " RHMYz
x I ) = .16876 PM( 81= .50891 P“(17)= .01103 OYl -- .00041
X ( R) = 0.0 0 n n f) PM ( 9)= 0.00000 P M ( 1 8 ) = I , ?7:,66 f'• Y = - .00004

---- NIA'T = ■ ?3«.4oe " HOUTO=: 360.603 HLOSC= " -28.R61----- H9XN5= " 8?.8?1 MDMDT= 6.7)6 M9hot= -17.139

---- HINT =~" ?3A,4OR- "H0UTO= 369.883 HLOSS = " -4<t.?0? HPXM8= 77.110 uDMDT= 5.419 MDHDT= ”15.49?

TIME s 36 • no minutes NUMPEP OF ITEPATIONS= 7

----- X ( 11 - - - .?191? —" DM (' 1 > = .67579 - PM(IO>= "113.19515 " Y( 1) = .56632
?»( ?) - .01<-40 PM ( ^^ = .05057 pn(11)= 3.08408 Y(2) = .1478?
X ( 3) 2 .34440 PM( 3) = 1.06216 PW(1?)= .16831 Y(3) = .?66R3

------ y ( ) = " 0 , 00000 ' PM ( 4) = o.onooo • ~ " PM( 13) = . 52885------- Y (4) = .00700
v ( 6) — .00?R7 PM ( 5) = ,00885 PM( 14) = •45 e ? 7 Y(5) = .01199
X ( 8) .15293 PM ( 6) = .47165 PM(15)= .38797 VPATE= .02972
X ( *7) — .0940 1 " ■ PM ( 7) = .28994 RM(16)= .01525 SilMY = .99996
X ( 8) - .17027 PM ( 8) = .52511 PM(17)= .0134? DY1 = ‘ -.00040
X ( 9) = c . n n n n 0 QH / 9) = 0.00000 RM(18)= 1.39331 DY = -.00004

NIIMRER OF TTERATIONFr 7TIMF= 4O.nO MI'JUTFS

------ X ( 
x ( 
X (

1) =
?) =
3) =

— .22338 "" 
.0'1526 
. 34834

PMC
PM (
PM (

1)="
2) =
3) =

" .69554 ' *"
.0475? 

1.07528

PM( 10) = —112.6994 0---------
RM(11)= 3.11365
PM(12)= .168.60

- Y(l)=
Y (2) =
Y (3) =

.57988

.13465

.26723
X ( 4 ) =’ 0.0 0 0 0 0 '" PM ( 4) = 0.0 0 0 0 0 PM(13)= " .59822 - Y(4) - .00667
X ( 5) = .00276 PM ( 5) = .00861 RM(14)= .46928 Y(5) = .01152
X ( 6 ) = .144A2 PM f 6) = .45651 PM(15)= .42024 VRATE= .03042
X ( 7) = “ .093)2 ' PM ( 7) = ,PR994 RM(15)= .01613 " " RUMY = .99995
X < u) - .17361 PM ( 8) = .54025 RM(17)= .01484 DY1 = .00040
X ( 9) = n. n n n n 0 RM ( 9> = ■0.00000 RM(18)= 1.5138? PY = .00004

— Mil■IT = ' 238.498 " HOUTO= 378 .069 HLOSS= -57.847 HPXN5= 72. 147 KDMDT= 4.316 MDPDT= -13.893

TImF= 44.00 minutes NUMBER OF ITERATIONS:: 7

— x r i) = " .22711 QM( 1)= ,71329 PM(10)= 11?.25833 Y(l) = .59153
X ! ?) = .01425 PM ( 2) = .0447 4 RM(11)= 3.14069 Y(2) = .12329
X ( 3 ) = .34831 QM( 3'= 1.08764 RM(12)= .16883 Y(3) = .26757

----- X ( 4) = ' n,onnno - " " 9M( 4)= o.onooo PM(13)= .67063 Y (4) = .00539
XI =' ) = .00245 PM ( 5)= .0083? RM(14)= ,48516 Y (5) = . 0 1 I C 4
x ( (■ ) = . 1 4 0 - 3 QM ( 6;= .44231 PM(15)= ,.45326 VP4TE= .0*105

------X ( 7) = - .0923? ---------PM ( 7)= .28994 " P '■» ( I 6 ) = " ---- .0 1699 " SI!MY = .999
X ( 8 ) = .17684 PM ( 8) = .55446 Rm(I?)= e 0 1 6 ? 4 Dvl = .'■'0040
x ( 9 ) = n, n n n n 0 DM ( 9) = 0,00000 P M ( 1.8 = 1,^3692 D V = . 6 0 1) C 4

— - Hi'f.-T = 23S.4OR MOUTON 385.329 HLOSS= -69.997 67.801 MDMOT-- 3.36 3 MDHDT= -12.401

TT /•--= 48.on ‘-'pJUTFS NIIMRER OF JTFRA rl CMS ■: 7



X ( 6) = .13550 PM ( 6) = ,4?B9? PM(15)= VRATE= .03)62------- y f 7) = — .09)60 PM ( 7) = .2F994 P«(16)= - -- . n 17 •< zl ■ C!|MY = .99996
X ( F) = . I 7 Q ."■! 9 PM ( 8) = e 5 M K 4 PM(17)= ,01759 OY1 = .,10040
X ( 9) = 0 . o G 0 0 o PM ( 9) = 0.0 o o n o RM(18)= 1.76235 r>v = .00004

------- H I IT s . 4CIM -H0UT0= 391 .785 HLOSS= -RO.R?8 ' •"Hr:-'ns = "63.967 Hr)M0T = 2.547 MDHDT= -11.038

NUMRFP OF TTERATIOMS= 7TI-1F= 52.00 MIMUTFS

-------X (
X ( 
x (

1) =
?) =
3) =

- .23.3?r
.01254 
.34R96

RM (
RM (
RM (

1) = .7435] -
2) = .03999
3) = 1. 11 0 3 o

PM(10)=" 
PM(11)= 
PM(12)—

111.51398-
3.18817

.16911

Y (1 > =
Y(2) =
Y(3) =

.51040

.10493

.26864
------ X ( 4) =. o.oonno " "" RH( 4)= 0.06000 p M (1 3) =' -. .......... .82337 — Y(4) = .00594 . . - ----------— -- ------------- ---- _ . _.

X ( 5) = .00940 DM ( 5)= ,00766 RM(14)= .51394 V ( 5) = .01005
X ( 6) = .130=6 PM ( 6) — • 6! <> 2 6 RM ( 1 5).= .52129 VPATE= .03212

— X ( 7) = - * , n P H n 4 -- - pM ( 7)=- .20994 PM(16)= " ------- .01866 Sl'MY= • • .99995 ............................................... " " -------------------—--------------------------------------------------- ---------

X ( 6) = # 1 n Q PM ( R)= .56050 PM(17)= .01891 <>Y 1 = . 0 O 0 3 9
X ( 9) - 0.60000 DM ( 9)= 0,60000 RM(Ifl)- 1.83987 DY = .00004

--------HINT = ■ HOtlTO = 397.533 HLOSS= -90.499 - - HPYMr = • 60.56? hDMDT = 1.R36 MDHPT= -9.810 . . ------------------- ----------------------- ----------------------

TIME= 56 .00 MINUTES NtlMRER OF ITERATI0N5= 7

------- X ( D =i -■ .235(9 RM( 1)= .75634 RM(10)= -111.19958 Y(1 ) = .61796 ' ' ' ----------------- " -
X ( 2) = .01183 RM( 2)= .03797 RM(11)= 3.20904 Y(2)= .09750
x ( 3 ) - .349?4 RM( 3)= 1.12072 RM(1?)= .16917 Y(3)= .26917

--- X ( » ) = 0.000no --- ■ pm< 4;= 0.000on ■ RM(I3)= ' - '.90317 . . y(4)_ .00575 - - ------------—---------------- -------
X ( =- ) T ,00228 RM( 5)= .00731 RM(14)= .52705 Y(5)= .00958
X t 6 ) = .12=97 RM( 6)= .40425 RM(15)= .55620 VPATE= .03257

-------x< 7)= • - . 09035 •• " RM( 7)= " .28994 - ■ ■ RM(16)= • - .0194? ---- SIIMY= .99996 - - ---------------------- ' -----
X ( 8 ) = j «<1 R"1( 8)= .59251 RM(17)= .02018 DY1= -.00039
X ( 9) = 0.0 0 0 n 0 RM( 9)= 0.00000 RM(1H)= 2.,01928 C Y = -. 00004

-------MINT =- — ?3R.49R •—NOUTO= 402.655 HLOSS = - -99.147------ HRXNS = 57.518 HDMOT= 1.221 M9ho>T= -8.713 ......................... ....................................

NUMbEP OF ITERATIONS^ 7TTVE= 60.on minijtFS

------- X (- 1)=' - -.23785 ■ ------- -- RM ( 1 )= - -.76785 -------- ■PM(10)=---- 110.91744------------y;1)= --- .62452
X ( 2) = .01120 RM ( 2)= .03615 RM(11)= 3.22826 y (2 :> = e n Q : 9 ?
X ( 3) = .35022 QM ( 3)= 1.13060 rm(12)= .16920 Y(3)' = .26973

------- X < 4) = o.oonno —......... PM ( 4)= 0.00000 RM(13)= — ----- .98493 ---------- v(4)= ■ .005so
x : 5) = .00216 RM ( 5)= .00697 rm(14)= .53942 Y (5) r .00911
X ( 6) = .12168 PM ( 6)= .3928? RM(15)= .59163 VPAT~= .03297

--- X ( 7) = — .08961 | RM( 7)= .28994 rm(16)= ■ .02027 .. ... . ctfMYs .^9996
X ( 8) = .18708 QM ( 8)= .60394 PM(17)= .02141 DYlf .00039
X ( 9) = o.oonno DM ( 9)= 0.00000 RM(18)= 2.15038 DY- .00004

------ Mix ■T =: - 238.498 -■ HOUTO = 407,220 HLOSS= -106.896 - HPXMS= -- •54.780 hijmot-- .590 VDHDT= -7.737

< ( ?1 =

64.00 MIMIJTFS NUMBER GF ITERATIONS;: 7

.23974 oh< 1)= .77819 pm< IO, = U0.66 356 • Y ( 1) - .63023

.01063 RM( 2)= .03450 pm(11)- 3.24601 Y(2)=
Tin n j». f lx — 1 11400 . !h<')o V < - . F7O3O



X ( 9)
— hivt • =

o.noi'on pv{ g;^ o.ooooo PM(ifi;= p.p^pgg dy- -.00004
P3R.4Q3- HOUTD- 411.290 HLOSS= -113.P53"- nox\'=;= -52.302 hhmdtb .2?5 vownrs -6.872

TIVE= 68,00 MIM'IT^S HDMREP OF ITfRATIOMCs 7

—"" xc I) = "".24138 • RM ( 1)- " ".78750 ------'cm(10)= " 110.43449 - ■ ■ Y (1) = .63583 . - -------. ... ------ . --------- _ .

X ( ?) = .Oin i? RM ( ?)= .03302 RM(11)= 3.26242 Y ( 2 ) : .08030
X ( 3) = .35216 RM ( 3>= 1.14891 PM(12)= .14915 Y ( 3 ) - .27005

------ X ( 4) =-■ 0.0 0 n 0 0 ■ RM ( 4)= 0.00000 CM(13)= " 1.15355 Y(4) = .00533 — . ..--------------------------------- ------------------------------ --

X ( S) = .001Q3 RM ( 5)= .00629 P M ( 1 4 ) = .56224 Y<5) = .008??
X ( 6 1 = .113R7 PM ( 6)= .37149 PM(15)= .6639? vpate= .03365
X ( 7> = " ", 0 A A 0 7 PM ( 7)= .28994 ------- P M ( 1 6 ) = ■ """ .02183 SIIMY- ,99996 — - ------------------ ---------------------------------------—

X ( ?) = .1Q165 RM ( 8)= .62527 R M ( 1 7 ) = .02372 D Y 1 ~ — .00039
X ( 9) = 0.0 0 0 0 0 RM ( 9)= 0.00000 RM ( 18) = 2.41696 DY = .00004H,K :T = 2?8,< 96 "" HO’JTO = 414.921 HL.OSS = -120.114" " HRXNS="" ""50.048 M,9MDT= -.154 MDHDT=" " -5.107 ----------- ------- ---- —--------- ------

72,00 ■'IMJTFS NIIMRER OF ITERATIONS= 7TI->5 =

x r i) =" "", .P4?8? '
.00946
.35X12

” PM (
PM (
RM (

1) = "—.79589 ........
2) = .03167
3) = 1.15742

RM(10)=-- 
RM(11)= 
RM(12)=

110.22716
3.27765

. 16909

-- -- V(l)~
Y ( 2 ) -:
Y(3) =

.63962

.07585

.27148
X (
X (

2) =
3) =

------- X ( 4) = 0.00000 " RM ( 4)= 0.00000 OM(13) = --- 1.24005 --------- Y(4)=: .0052?
X ( 5) T .0018? RM ( 5)= .00597 PM(14)= .57281 M f i ) = . 0 n 7 8 0
X ( 4) = .11029 RM ( 6)= .36150 PM(15)~ .70070 VP.ATE = .0 339

-------X ( 7) = ,08546 " RM ( 7)= .28994 PM (1 6) - -- - .02260 ----------- SliMVs .999'46 " ■"
X ( 8) = .193“? PM ( 8)= .63526 p M ( 1 7 ) = .03481 2Y1 = .00039
X ( 9) = 0.00000 PM ( 9)= 0.00000 PM(18)= 2.552,14 9Y = .00004

------ HI \ :T = " "238.498 " —HOUTO= 418.163 HLOSS= -125.763 " HPXNSs "47.985 HDMDT= -.485 MDHDT= -5.432

TIW.E= 76.00 MINJT-S NIJMRE9 OF ITERATIONS= 7

— X ( 1) = .24408 OM ( 1) = ".80347 PM(10)= 11 0.03394 "' Y(l) = .64348
X ( 2 ) = .00925 RM ( ?) = .03044 RM(11)= 3,29182 Y (?) = .071HB
X ( 3) = .35407 RM( 3) = 1.16553 RM(1?)= .16900 Y ( 3) = .27208
X < 4) = — 0.00 00 0 DM ( 4) = 0.00000 " '" " "RM( 1 3) = - —"1.32781-------- " - Y ( 4 ) = """ .00512
X ( 5) = .00172 RM ( 5) = .00567 RM(14)= . SH?90 Y (5) = .00740
X ( 6) = # 10^90 DM ( 6) = .35191 RM(15)= .73780 VPATE= .03420

------ X ( 7) = “ , n p p n r - _— . PM ( 7) = ,2P094 -• " RM (16)=-' . 02338 "" •" .99996
X ( 8) = .19500 OM ( 8) = .64485 PM(17)= .02585 I>Y1 = -.00039
X ( 9) = 0,0'000 0 QM ( 9) = 0.00000 RM(]8)= 2.68841 DY-- •-. 00004
HINT =" P3R.4og -- HOUTOs 421,061 HL0S5= -130,074" - HPXN^= "46.088 »DMDT- -.764 «3HDT- -4.836

TIME - 60.00 mimutFS NIlMpra OF ITERATI 7

X ( 1) - .24518 PM ( 2 ; = .81033 RM(10)= 109.86751 Y (1) = .64691 ------------ .
x ( 2) = .00887 RM' 2) = .02932 RH(11)= 3.30503 Y(?) = -06831
x * 3) = .35K00 PM ( 3) = 1.17329 .7M( 12) = ,16889 Y ( 3 ) v. .27269------ x f '*1 -= n , n 3 n rf n PM ( 4) - 0.00000 RM(13)= - 1.41670 Y ( 4 1 = .’l ^55 3 . ----------------------- ------------------ --
,x I = . n J 5 3 RM ( 5) = .00538 RV(14)- Y',5) = . 0 7 o 3



6^.00 mimutFS MUMPER OF TTERATTOMP= 7TIME =

C-IT- QM (” 17=------- .81656------------ RM ( 10) =-— 109.71084" ........... ■Yd)= ...........64995 " ----------- -• " ---------
X ( ?! = ,noss? DM ( 2)= . 025?8 DV(H) = 3.31738 Y(2) = .06510
X ( a; = .3^FO2 9/4 ( 3)= 1.18072 R M (1 2) = . 16877 Y (3) = .27339

4) ■= *v M ( 4 ) = 0 • U • 0 0 0 '' rm ; 131 1.5056') ' 1 " Y ( 4 ) = • 09495 . -. .
X ( 5) = .00154 QM ( 5)= .00511 RM(14)= .60177 Y(5; = .00667
X ( ft) = . 1 o '> 2 RM ( 6)= .33351 PH(15)= .81320 VRATE= .03464

— X f -7) = ■------ .05.710 --------------RM ( - T/= —.2F094------------ P M ( 16) =--- ------- ; fi ? ft R 5 ------------- <*|fVY= - ---- .ogqq;-) - -...................  • ............... - —
y ( f-) = . 1 9 1 o 4 RM ( 8)- .66205 R M ( 1 7 ) = • .02779 dyi ■- -.00039
X ( R) = o.nonoo . PM( 9)= 0.00000 R M ( I 8) = 2.95379 DY = -.00004

------ H IMT-- ------HOUTD=- ■ 425.978 ■ HLOSS=- -13R.733--1—HPX.*'JS= " --42.708 HO'■1DT= -1-193 - MDMDT= -■-3.846-

TI'4F= 88.00 MTMDTES NIJMRER OF ITEP6TI0MS= 7 •

------x ( -1) =--------.24409 -------- — PM (■ -1 ) = -—.82224--------— PM( 10) =■—m9-.5671R---------— Yd j =.........— .65265 •' - ................  -...............
X( 2)= .00821 RM ( 2) = .02732 RM(11)= 3.328R6 Y(2> = .06218
X( 3)= .35Au? RM ( 3) = 1.18783 RM(12)= .16854 Y ( 3; = .27390

------ X ( —4 } a----0,00000--------r- -PM (■-4 ) - ■0.00000-------- dm (.13) =------- } .597 43------—-----Y(4)= - .00488 ■ -------------------------------------------
X( H)= .00)46 OM ( 5) = .00486 RM(14)= .61053 Y (5) = .00634
X( 6)= , .09770 £?M ( 6) = .32525 RM(15)= .85134 VPATE= .0348?

------X (- 7) = — .087)0------- /- - DM ( 7) = -— .28994--------— pm( 16) =------- -.0 2559 — -- ----RIi*my= - .99995 ................ .................... -■ ■ —
x( «)= .20172 PM ( 8) = .67151 RM(17)= .02870 DY1 = .00039
X( 9)= 0.00000 RM ( 9) = 0.OOOOQ RM(18)= 3.10272 DY = .00004

---- MINT =—238.4R8------- H( )UTO = 428. 066 HLOSS —■■ — 1 4 3 • 5 n 7' H 9 X S - —"•* 4 * .192 ■HDMDT= -1.353 - mdhdT=.......-3.436 -



[NITIAL COMfilTTn'-IS RASED ON ADJUSTED TIME

X ( 1 ) = RM ( 1) = .4530? RM(10)= 118.03000 Yd) = .21140
X ( ?) = .04 AO9 PM ( 2) = .12741 RM( U ) = 2.85516 Y(2) - .44995
X ( 3) = - ;?40KQ QM ( 3) = .pOAPg PM ( 1?) =• --------. 1 7770 ---------- - v ( 3) = .30024
X ( •») = n.noooo PM ( 4) = 0.00000 PM(13)= .04096 Y ( 4 ) = .025a7
X ( S) = 0.00000 RM ( 5) = 0.00000 PM(14)= .0950 1 Y (5) = .01254
X < 0 ) = .29’^8 PM ( 6) = .80390 PM(15)= •- " . 04500 - ----- -VPATE= .02010
X ( 7) = ,00403 PM ( 7) = .24791 p M i 1 6 ) = .00356 SUMYs 1.00000
X ( h) = .07>-'34 PM( 8) = .22368 PM(17)= .00107 DY1 = 0.00000
X ( 9) = o . o n n n o ' J----- PM ( 9) = 0.00000 PM(18)= ------ .18560 DY = 0.00000

TIMF = 4.00 minutes NUMBER OF ITERATlONSs 10

•-'"X( 1) = ".16240 RM ( 1)= .46524 PM(10)=" ' 116.80649 Yd) = .36391
X ( 2) = .03984 RM( 2)= .11414 RM(11)= 2.86480 Y(2) = . 35588
X ( 3) = .35181 PM ( 3)= 1.00787 RM(12)= .17550 Y(3) = .25953

------X (- 4 ) = 0.00000 PM ( 4)= 0.00000 '"PM(13j=--------  . 08328 Y(A)_ - .01645
X ( 5) = .80072 RM ( 5)= .00205 PM(14)= .13909 Y(5) = .00415
X ( 6) = .260]1 RM ( 6)= .77094 PM(15)= .07576 VPATE= .01790
X ( "7) = “■ .08654 D M ( 7)= .24791 RM(16)= "" ".00493 Sl.!MY = 4 99994
X ( H ) = ,08089 . PM ( R)= .25665 RM(17)= .00137 DY1 = .00030
X ( 9) = 0.00000 RM ( 9)= 0.00000 PM(lfl)= .30365 DY = .00006

----- MINT = ' ""307.274' " HOUTOa 226.257 HLOSS =' 148.900 HRXNS= ' 151.757 u-3MDT = 16.372 M3HDT= 67.502

TIVE= 8.00 MINUTES NUMREP OF ITERATIONS:; 9

“X ( 1) =■— "•.16687 RM ( 1)= .48161 RM(10)= '115.59798. Y(I ) = .38435
X ( 2) = .03672 PM ( 2)= .10598 RM(H) = 2.88617 Y(?) = .33213
X ( 3) = .3582] RM ( 3)= 1.01941 RM(1?)= .17434 Y ( 3 ) = .2633?

~ X ( 4) = 0.00000 RM ( 4)= 0.00000 RM(13)= ' .12358 Y(4) = .01351
X ( 5) .00127 PM ( 5)= .00367 PM(14)= .17594 Y(5) = .00656
X ( 6) = .26640 RM ( 6)= .74002 PM(15)= .10385 VPAT=" = .02275

—X ( 7) = ~ .08689 ------ DM ( 7)= .24791 PM(16)= .00621 -- si;my = .99997 . . .
X ( 8) = .09964 RM ( 8)= .28757 RM(17)= .0019? DY1 = . 0 0 0 1 1
X ( 9 ) = n.o on no PM ( 9)= 0.ooooo RM(18)= ,41068 DY = .00003

—PTMT = • 307.274 HnuTO= 287.068 HLOSS= 141.295 - ' HPXNS = 147.913 ^DM0T= -1.913 MDHDT= 28.737

TIMF= 12.00 minuTFS NUMBER OF ITEPATIONRs 8

.. x.{.
n = .17085 - ' PM( 1) = •' .49652" ------- RM(10)=- -1 16.35449 - - V (1.1 .40235

x ( 2) = .0340? O,M ( 2) = . 09887 RM ( 11 ) = 2.90524 Y(?) .31033
X ( 3, = .'354=.? PM( 3) = 1.03033 PM(12)= .J 7321 Y(?) .26633

- X ( ■ O,n no 0 0 ' " PM ( 4) = 0.00000 PM(13)= .16637 - ■ Y(M .01259
X ( 5) = .00173 DM ( 5) = .00503 RM)14)= .21074 Y f 5 = - .00836
X ( 6 ) = .24435 PM ( 6) = .71014 DM(15)- .13260 V p & 7 F .02512

—X (■ -7) ■= ■ ■ . n 4 ms o " - " PM( 7) = .24791 PM(16)= ■■ - ,<'0755 ■ • Cj fM* - .99095
X ( i" 1 - .109?= OM ( 8) = .31744 PM(17)= , 0 f. ■! 8 0 t) •'} T - . n .) i) ? 7



------- X (■ 11 =
X ( ? > =
X ( 3) =

------ .17445-----------RM(- 1 ) = * .51036 - ■
2) = .09277
3) = 1.04000

pm (10) = 
PM(11)=

-116. 10323----------- Y(l) = .41859
.29069
.26885

.03171

.35^75
9M (
PM (

2.92562
.17216

Y(?) =
Y(3) =

------- X (- &).= - ~ 0.0 0 0 0 o . - — DM ( 4 ) = 0.00000 - — ■ um (13; = -- - -.21 129- - - - Y(4)= ■ .01227 . — ------- -----------------------------

X ( 5) = . n o ? i ? PM ( 5)= .00620 pm(14)= .24348 Y ( 5 ) = .00956
X( 6) =

-------Xf-7)=r
PM ( 6) = .6«134

7) = .24791 --------
PM(15)= .16182 VRATEs- - c;ijmy = .02632

.99997f) ►* £* "f DM ( PM ( 1 6 ) ="
X ( H ) . 1 1p?5 DM ( 8)= .34624 PM(17)= .00379 DYl = .00015
X ( o > = o. n n n n o DM ( 9)= 0.00000 RM(18)= .62760 r>y= .00003

------- MINT = '307.274 ■ HOiJTr> = 330.963 HL05S= 126.099 -----MDX^-'S- ' 138. 169 HDMDT= -12.928 v9Hr)T = 1.310

Tivr = 

--------X f—Il ='

20.O0 viMUTFS

DM (

MIJMRFR Or

' 1 ) = ' .5234? ■

' ITE9ATI0MS= 7

Y(1 )=' " - .43339 ' '• 1 < f 7b PM(10)= I 15.84533
X ( ?) = .02072 RM ( 2)= .0H750 PM(11)= 2.94452 Y (?) = .27296
X ( 3) = ,35590 DM ( 3)= 1.05090 PM(12)= .17118 Y (3) = .27098

------- X (-<.) = --p.00000 — - - PM ( 4)= 0.00000 ■ - * PM (13)= - ------- .2580 8-—- — " Y(4)= .01217 - — .— ----------------
X ( 5) = ,00244 PM ( 5)= .00720 PM(14)= .27434 V (5) = .01044
X ( 6) = .22199 DM ( 6) = .65365

7) =  .24791 ----------
RM(15)=
PM ( 1 6) = ■-

.19143
------ .0103?

VPATEs .02694
.99995 .X (" 7 ) = , 0 4 2 9’ RM (

X ( ^ ) = .12509 RM ( 4)= .37393 PM(17)= .00490 DY1 = .00050
X ( 9 ) -- hT>?t - 0,00000 RM ( 9)= 0.00000

338.295 HLOSS=
PM(1H)= .73b97

132.
DY =

851 HDMDT=
.00005

-13.785 MDHDT= -3.070 "■907.274 MUWTU= 1 1 6 » b 6 ^PXNS-

?4.C0 UINUTFS NIIMRFR OF TTERflTIDNSc 7Tlvr =

-------X (- 1 ) = ------, 18086-
.02798
.35797

---------RM(
PM (
RM (

1) = .53590
2) = .08291
3) = 1.06069

- PM(10)= ' 
PM(11)= 
RM(12)=

115.58641
2.96305

.17028

— - ■ Yd) =
Y(2) =
Y(3) =

.44705

.25687

.27280
X (
X (

?) =
3) =

-------X (- <= ) = n . r>o on 0 --------- PM ( 4)= 0.00000 ------- PM(}3)--- ------ .30663 ------------ Y(z,) = .01215
X ( =■) - .00272 RM ( 5) = .00805 PM(14)= .30345 Y ( h ) = .01107
x ( 6) = .21164 PM ( 6)= .6?709 PM(15)= .22137 VPATE= .02728

------- X ( 7) = - .08367 - ' PM ( 7)= .24791 PM ( 16) = - ------ .01173 —- -- chmy= • .99995
X ( 8) = .13516 PM ( 8)= .40050 PM(17)= .00609 DY1 = .00047
X ( 9) = 0.0 on no PM ( 9)= 0.00000 PM(18)= .84676 DY = .00005

------- 6YMT = — 307.374 --- H0UT9 = 342.17? HL05S= 111.331-—hpxms= 127.407 HDMDT= -13.605 M9HDT- - ' -5.217

TIM2 = 28.00 mjmutF.S NIJMREP OF ITERATIONS = 7

------ X (- 1 ) = -----  . 18380- ■ DM ( 1) = .54794 - ■- PM( 10) = ■ 11 5 • 3 2 4 0 4 • ......-------yd; s .45974
x ( 2) = DM ( 2) = ,07883 PM(U) = 2.98125 Y (2) = .242)6
X ( 3 ) = PM ( 3) = 1.07020 RM(12)- .16945 Y ( 3 ) = .27435

--------x f u ) - - 0» 9 n n a o - - DM ( 4) = - 0,00000 -- PM(13)= -------„ # 3 5 5 7 Q ----------- Y ( 4 ) = .01215 - —
X ( 5) = .00205 RM ( 5) - .00878 RM(14)= .33097 Y (5) = .01153
X ( 6) = .2018] PM ( 6) = .60166 PM(15)= .25159 V R A T E = ,.0 27 4 9

-------X( 7)= — - . 0 h 3 1 6 - - - • DM ( 7) = .2479J CM ( 16) = ■ -■ ..01116 SIIMY = e 0 U q G 5 - f - - — - - - — - - -
X( ^) = .14287 DM ( 8) = .4259? PM ( 1 7) = .00784 nr) = - . c 0 0 4 6
X ( 9) = n. i) n o n n PM ' 9) = 0.00000 9 m d b ) = .95695 PY = - . 0 0 0 O p 0

—— -4 TM = 307.274 ■ ■ hOIITO = 344 .304 HL0S5 = 104.005 - - HDXHS2: 121.925 u-'M()7= -12.962 -6.237 --------  ... ... .



X < 1) = . .< -> m / 9M ( J ) - 1 . U ! v*(1f)= . 1 h 6 6 M y (-i : = . C r 11 C
X ( 4 > = o. o o n ;> n QM ( 4)= o.noooo PM(13)= ,40648 Y ( 4) - .01714

------ X ( 5»=- "■ .0031 3 ---- --  * DM( 5)= .00630 PM(14)= ■ "' .35703 Y(5) = .01186
X ( 6) = .19761 ( 6)= .57736 RM(IS)= .23709 VPATE = .02764
X ( 7) = .08766 PM ( 7)= .74791 PM(16)= .01460 S'IVY = .ooc;B5

..... x ( A) = -".1 SOI 2 ............ PM( R)= .4502? ” PM(17)= ' . n 0 8 6 4 ny) = -.00046
X ( °) = 0 . oonnn DM ( 9)= o.noooo R m ( 1 B ) = ).06757 DY = -.00005
nr IT = 307.774 HOLITO = 345.890 HLOSS= °6.7?1 HPXNS= 115.490 HDMDT= -17.151 MDHDT= -6.696

TTVP= ' 36,nt) ^TMJTFS NUMBER OF TTERATIONF=- 7

X ( 1 ) = ,18079 PM( 1)= .57102 RM(10)= 114.79823 Y(l) = .48282
— X ( 2) = .02380 PM ( ?)= .07180 PV ( 1 1 ) = 3.01669 " Y ( 2 ) = .21604

X ( 3) = .36082 PM ( 3)= 1.08846 PM(12)= .16798 Y ( 3) = .27691
X ( 4) = O.OOOnO DM ( 4)= 0.00000 RY(13)= .46165 Y (4) = .01211
X ( S) .00378 -1 ( 5)= .00990 RM ( 14) = '" ".38173 ....... Y(5)= .01208
X ( 6) = .18370 PM ( 6)= .55418 RM(15)= .31283 VR6TE= .02777
X ( 7) = ,08218 PM ( 7)= .24791 RM(16)= .01604 SIIMY = . 99995
X ( •)) =" .15693 ' PM ( 8)= .47341 ' - DM(17)= ---- ,00998 DY 1 = .00045
X ( 9) = o.onnno PM ( 9)= 0.00000 PM(18)= 1.17849 DY = .00005
MINT = 307.274 HOUTO= 347.106 HLOSS= 89.506 HRXNS= 111.165 HOMDT= -11.309 mdhdt= -6.864

~TTMF= 40.00 "TNUTFS NUMBER OF TTERATIONS= 7

X ( )) = .19188 PM ( 1)= .58214 RN(10)= 114.53804 Y( 1) = .49339
------ X ( 7) = ' .02264 DM( 21= .06870 RlV(ll)= ’ 3.03388 ' Y(2)= .20432

x ( 3) = .36166 PM ( 3)= 1.09723 RM(12)= .16733 Y(3) = .27796
x ( 4) = 0.00000 PM ( 41= 0.00000 pv(13,= .61623 Y(4) = .01207

------ X ( 5) = “ .00340 PM ( 5)= .01031 DM(14) = -- - .40517 Y(5) = .01221
X ( fc) = .17637 DM ( 6)= .53207 RM(15)= .34382 VRATE= .02789
X ( 7) = .08171 DM ( 71= .74791 R M ( 1 6 j = .01748 S11 m Y = ,09095

------- X ( 8) = .16=33 ' ' PM ( 8)= ' .40652 RM ( 17)= ' ------.01134 r.)Yi = .00045
X ( 4 ) = O'. 0 0 r 0 0 PM ( 9)= 0.00000 R M ( 1 8 ) = 1.2698.9 DY = .00005
m t t x 307.274 HOUTO= 348.250 Hl_OSS = 82.392 HDXN5= 105.997 9DMDT= -10.499 MOHDT= -6.872

—rjMF-= — 44.no MINUTES' ' ........................ NUMBER OF ' I TER ATI 0NS=' "7

X( 1) = .19438 RM( 11= .59300 RM(10)= 114.28168 Y(l) = .50340
------ X (• 7) = - .02157 " " RM ( 2)= .06580 DM( 1 1 ) •- ' 3.0,5069 — - ■ Y(?)= ' .19357

X ( 3) = .36246 RM ( 3)= 1.10576 RM(12)= .16672 Y(3) = .27H)'0
X ( 4) = 0. on no 0 RM ( 4)= 0.00000 RM(13)= .57218 Y(4) = .OIc'ii}

— X ( 5) = .00349 RM( 5)= .01064 RM(14)= . 4 274 4 Y (5) = .01222
X ( 6 ) = .16750 RM ( 6)= .51099 RM(15)= .37504 V R A T F - .0280?
X ( 7) = .04)26 RM ( 7)= .24791 RM(16)= ,011)93 RIJ.MVx ,99995

------X ( °) = .16934 DM ( 8)= .51659 ' ' RM(17i=- ------ .01271 -.............. DY1 = .00045
X ( 9) = 0.00000 RM ( 9)= 0.00000 RM(IS)= 1.40174 DY = .00005
HIX:T = 3 n 7.2 7 4 HOUTO= 349.416 H|.0SS = 75.4)3 HRXMS= 101.021 80MD'r = ••9.748 MOHDT= -6.786

46,no vjmutes ■ NUMBER OF ITERATICNFS 7



X ( 6 ) = .16006 DM ( 6) = .4P0R2 RM(15)= .4GbH0 VRATF= .02814
X ( 7) = ,n^nP3 DM ( 7) = .24791 R M ( 1 6 ) = .02037 5! !M Y- e Q u Q 9 5
X ( R) = " . ITAaR - - ----- pv( a; = .53666 PM(17)= — ' .01410 - ~ nv]= . o n o <+ 5
X ( n.r.onno PM ( R) = 0.00000 R m ( 1 a) = 1.51408 0Y = c 0 0 0 0 D
HINT = 307.274 HOUTO= 350 .638 H|.OSS = 60.598 HRXNS= 96.257 ROMOTs -9.066 MDHDT=: -5.639

—TtvFr 52, no vinutFS ------- - ' NIJMRFPOF I TEp AT T OMS = " 7 ' ------- -

  

X ( 1) = .19912 PM ( 1)= ,.61389 PM(10)s 113.78532 Y (1 ) = .52186
--------X ( 2) = -- .0194? ------- OM( 2)= .06049 D M ( 1 1 ) = -3.08303 Y(?) = .17345

X ( 3) = .36396 RM ( 3)= 1.12210 PM(17)= . 16562 Y(3) = .28054
X ( 4) = 0 , no on 0 RM ( 4)= 0.00 000 PM(13)= .68807 Y(4)= . .01185

--------X ( 5) = .00359 ------- PM( 5)= ' .01136 PM ( 14) = —-- .46876 '" Y ( 5) = .01225 ■ "
X ( 6) = .18503 PM ( 6)= .47180 PM(15)= .43820 VRATEs .02827
X ( 7) = ,08041 PM ( 7)= .24791 PM(16)= .02181 r:imy = .99995

---------X ( -8) S -.IKO?? ------- Q.j, ( 8)= .55579 - -■ PM( 1 7) ='■ ------.01549 --------- OY1 = .09044 ■ "
X ( 9) = 0.0 0 0 0 0 PM ( 9)= 0,00000 OM(18)= 1.62892 !?Y = .00005
HT NT = no?.274 HOUTO= 351.922 HLOSS= 61.971 HPXNS= 91.715 mhmDT- -5.451 M3HDT= -6.452

------------ --- mijmrep of ITERATIONS:: —7----------- -------—TfMF=— 56.no MfMUTFS--

X ( 1 ) - .20136 PM ( 1)= .62391 PM(10)« 113.54721 Y(l) = .53037
------ X ( 2) = .01973 - - PM ( ?)= .05804 RM(I1)= 3.09652' - ■ - - - Y (2) = .16439

X ( 3) = .36446 PM ( 3)= 1.12992 PM(19)= .16512 Y(3) = .28127
X ( 4) = 0.00000 PM ( 4)= 0.00000 PM(13)= .74793 Y (4) = .01176

------- X ( a 1 = - - .06360 ------- ( 5)= .01116 ------ RM(14)= ■ ------- .48793 ------------ _ .01217
X ( 8) = .14638 PVl ( 6)= .45358 PM(15)= .47013 VRATE= .02841
X ( 7) = .06001 PM ( 7)= .24791 RM(16)= .02324 RIIMYs .99995

------ X ( H) = —.18625 8)= .57401 PM(17)= ,01688 — nvi = .00044
X ( 9) = n. o o n o o PH ( 9)= 0.00000 PM(18)= 1.74028 DY = .00005
HINT = 307.274 HOUTO= 353.262 HLOSS= 55.551 HRX 4'5 = 87.401 HDMOT= -7.901

—times —60.no MINUTES • h'UMREP OF - ITERAT ICNS=- • 7

X ( 1) = .20351 PM ( 1)= .63363 RM(10)= 113.31671 Y(l) = .53842
X ( - c ) —.01789 .— QM ( 2)=- ■ .05570 ....-- RM(11) = —- 3.11353 -------------Y^j _ .15586
X ( 3) = .36534 PM ( 3)= 1.13750 PM(12)= .16465 Y (3) = .2«194
X ( 4) = 0.0 n 0 n 0 DM ( 4)= 0.00000 pm(13)= .80902 Y (4) = .01166
X t -8)=-— # f) 0 3 0 ------ — PM( 5)= ' .01121 ------- RM(14)=— -------.50620 - - .........Y (5) = .01206
X ( 6) = .140)0 PM ( 6)= .43621 rm(15)= .50229 VOATE= .02854
X ( 7) = .07962 PM ( 7)= .24791 PM(16)= .02467 SI.'YY = .99995
X ( =-)=■ --- *1' - DM( 8)= .59137 ' " pm(17) = —--- '.01626 -- ■ ■ DY1 = *• a 0 0 0 4 ifr
X ( 9) = n.onnnn DM ( 9)= 0.00000 RM(18)= 1,85419 DY = -.00 f. 0 5
MINT = 307.274 HOUTO= 354.645 HLOSS= 49.353 H P X M = 83.313 Hr>M!)T = -7.409

M0HDT= -6.235

MOHOTs -6.001

— T I MF = , no MJMJTFS

X ( 1 ) = 
*! ?)s

.?05R7

.01710

. 3 a f a <4

MUMREP OF ITERATIONS^ 7

RM ( 
o~l ( 
RM (

11 =
2) =
3) =

.6A303

.053AH
1.14RH4

RM(10) = 
Rv ( 1 ’ ) = 
R M I 1 ? ) s

iia.r-R'.??
3.; R fl 5 

. ’ <«■ 2 0

V(l) =

Y ( ? 1 "•

. 5 4 6 0 4

. 1A7F 5



t-iJ’xT = 307. P74 H0UT0=s 356.05P HL0SS = 43.365 H3KNS= 79.446 H3Mt)T= -6.970 M?HDT= -5.753

~TIMt’T 68.00 VTNUTFS ' WIJMPFQ OF ITF9 A T10^5= 7

X ( 1) = .20754 PM(- 11 = .6521? RM(10)= 112.88017 Y( 1 ) - .55323
------ X ( 2) = - " .01634 - - ..... rm ; 2) = .05135 - - PM(11)= ' 3.14206 ---------- Y(2)_ . .14032 ------------------------------------- -------------------------------------- ----------

X ( 3) = .3660? DM ( 3) = 1.15195 PM(1?)= .16378 Y(3) = .28318
X ( 4 ) =• n.ooono PM ( 4) = 0.00000 PM!13)= .93475 V (4) = .01146

------ X ( c) = - .00366 PM ( 5) = .01115 " PM(14)= - .54020 " Y(5)= .01176 ..................................... -------- --- ------
X ( 6) = PM ( 6) = .40387 PM( 15) = .56731 VOATE= • 0 2 H R ?
1 ( 7 ' - .07800 PM ( 7) = .24701 PM ( 16) = .02752 St |Mv s .99995

-- - X ( 6) = " .19060 - DM ( 8) = .62371 .............. PM(17)= - •.02100 ' ' - DY1= .00044 " ■ ■ - ■ • - -......
X ( A) = o. o o o n o RM ( 0) = 0.00000 RM ( H) = 2.08366 DY = .00005
HI XT = 307.274 HOUTO= 357 .485 HLOSS= 37.655 HRXMS= 75.792 HDMDT= -6.578 MDHDT= -5.497

'IIJMREP of ITE9ATIONS= 7—rrvF= ’~ 7J.no VTMIITFS"-

x ( 1) = .20043 PM ( 1)= .66088 PM(1o)= 112.67455 Y(l) = .56001
X ( 7) = " "'.01563 -' --- PM ( ?)= .04933 ----- RM(U)=—— 3.15558 ■ - Y(2) = .13324
X ( 3) -. .36723 PM ( 3)= 1.15882 PM(12)= .16337 Y(3) = .28376
X ( 4) =. 0.00000 PM( 4) = 0.0000 0 PM(13)= .99930 Y(4) = .01136
X ( 5) = " ,00350 " *" " DM ( 5)= .01106 PM(14) = ' »55604 Y (5) = .01158
x t 6) - .12371 ' RM ( 6)= .38881 RM(15)= .60016 V9ATF= .02896
X ( 7) = .07656 DM ( 7)= .24791 PM(16)= .02893 6'imy = <9Q995
X ( P) = ’ .20743 ”■ RM( 8)= .63877 RM(17)= .02236 ■ 071 = .00044
X. ( u) = 0.00000 DM ( 9)= 0.00000 RM(18)= 2.19922 OY = ,00005
HI MT = 367.274 HOUTO= 358.914 HL0S5= 32.164 HRXMS= 72.342 HDMDT= -6.226 MDHDT= -5.237

—TT«F= 76.00 MtMUTFS" NUMAEH OF ITERATIOMCs 7

X ( 1 ) = .71123 PM ( 1)= .66931 PM(1o)= 112.47746 Y ( 1 ) = .5664]
X ( 2) = ' .01496 PM( 2)= .04739 PM(H) = ' " 3.16859 Y ( 2) = .12660
X ( 3) = .36782 PM ( 3)= 1.16547 RM(12)= .16298 7(3) = .28431
X ( L ) = 0.00 n no DM ( 4)= 0.00000 pm ( 13) = 1.06493 Y(4) = .Obi ?6
X ( 5) = " ".0 0 345 5)= "" .0109? ' PM(14)= .57115 " V (5) = .01138
X ( 6) = .11817 PM ( 6)= .37443 RM(15)= .63323 voat-:= .02910
X ( 7) = >07w?4 RM ( 7)= .2479] PM(16)= .03034 S11M Y - .99995

------ y ( 3) = .206] 3 - - - RM( 8)= .65315 PM(17) = - .02369 -- - ■ [)V1 _ - . 00 4-.4
X ( 9) = 0.0 0 0 0 0 PM ( 9)= 0.00000 RM(1H)= 2.31533 DYr. -.00005
HI' T = 307.274 HOUTO= 360.333 HLOSS= 26.912 H9XMS= 69.086 -o') Ml •■7- -o.y09 M?HDT= -4.976

—nvF= “ 80.00 MTMUTFS NijMAFP OF ITEc4TI0NS =
X ( 1) = .21795 QM ( 1 ) = .67742 R M ( 1 0 ) = 1 1 2.28'387 Y ( 1 ) = .5 7?<-4
X ( 2) = .01432 DM( 2) = .04555 RM(1))= 3.18111 Y (2) = , 1 2035 6
x ( 3) = .36879 RM ( 3) = 1.17190 RM(12)= .18261 v ( 3) = .28484 C
X ( 4) = n. o o n n n PM ( 4 j = 0.00000 PM(13)= 1.13159 7(4) = .0’116
< ( - y 1 - ,00378 ■ - PM ( 5) = .01076 P M ( ] 4" ) = -------- .65557 - v ; 5 • - -.61117 -------------------------- -------------------------------- ■ - -
*■ ( *■ 1 - . i ‘ o ’• 9 RM ( .) ’■ =: . 3 A n 6 q r? f 1 5 ) = V < I'. T < - . 0 23- r • * el • —V . _ *• ! T , I 4 r* ■ • * _ f* . 7 "x '* •J- | u . •



MUMRFR OF I TF°A T I 0Mc;= " " 7 •—Tint's - R^.rO VIM1ITFS

X ( 1) = .214R8 RM ( 1)= .60515 PM(10)- 112.11045 Y(1 ) = .57811
------- X ( -?)=■ —-.01371- ------- PM ( ?) = • .04378 - RM( 1 D = ---3.19307 - - - - Y (?) = . 11445 ■ ' - - - ------ ------------- — -

X ! 3) = .3hPR5 RM ( 3)= 1.17808 RM(1?)= .16224 Y ( 3) = .28536
X ( />) 0.00000 RM ( 4 ) = 0.0 0 0 0 0 RM ( 13) = 1.10920 Y (4) = .01106

------- X ( A) = -- .00 331 ------------- PM ( 5)-— .01056 PM(14) — ------ .39937-------------  v ( 5, .01094 - - ............ - -- ~- * — ..................
X ( A) = .1 OARS PM ( 6)= .34756 P M ( 1 5 ) = .70005 VRATP= .02037
X ( 7) = .07704 RM ( 7)= .24791 RM(16)= .03314 <; 11 m v s .99995

------- X f M) = - -.Rl?1?? ----- PM( 8)= .68002 ----- RM(17)=- .02631 ............. n y i ~ * .0 0044 - ---------- — ---------------------------- ——
X ( ■n = 0.nonno PM ( 9)= 0.00000 RM(18)= 2.54925 DYr ,00005
HI XT = 307.374 HOUTf) = 363.159 RLOSS= 16.910 HPXNS= 63.125 HDMDT= -5.378 m?HDT= -4.293

— TT«F= - A8.ro MJM'JTFS ■ - NUMHEP-OF ITEPATIO-JSS- 7 " ----------

X (
-------- X (

1) =
21 =

.21612
------.01314

RM ( 
' - PM (

11 = 
"?) =

.60259
-".04209 ------

RM(10)= 
RM(H)=-

111.93934 
----- 3.20458----------

Y(l) = 
" Y(2)=

.58344

. 10897 -..............................-
X ( 3) * .36949 PM ( 3) = 1.18406 RM(12)= .16189 Y(3) = .28586
X ( 4) = 0.00000 PM ( 4) = 0.00000 RM(13)= 1.26792 Y ( 4 ) = .01097

--- 1 f h) = ----- .00323 ------ --------pM ( 5) = - .0 1035 --------- OM( 14) =■---------. 6 1 2b5-------- - Y(5)= " .0 11)71
* ( fc) = .10454 PM ( 6) = .33500 PM(15)= .73377 VPAT5= .02949
X ( 7) = .07735 PM ( 7) = .24791 PM(16)= «, 0 3 4 5 4 5! IM f = .99995

------ X (• 8) - — ".2161? +------- PM ( 8) = " " ' .69258 -------- RM(17)=--------  .02759 -- - "" PY1 = -. 00044 ' ' " - --------------------------—~ ------
X ( 0) = 0.0 0 0 0 0 RM, ( 9) = 0.00000 PM(18)= 2.66701 0Y = -.00005
Air IT = 307.274 .HOUTO= 364 .479 HLOSS= 12.451 H9XNS= 60. 394 MDMDT = -5.136 MDHDT= -4.126

—TTX'F=- -92.00 «TMilTES - ---- niimrfp OF ITERATIONS 7 --------------------- . . _ . - _ —--------------- ----- --------- --

X ( 1 ) = .21760 PM ( 1 ) = .6997? RM(10)= 111.77548 Y(D- .58847
--------X(-?)=-- -.01259 — - RM ( 2) = - " e0&049 RM( 11)=*' 3.21565 " ■- Y( 2) = .10380

x ( 3) = .37001 RM ( 3) = 1.}5984 PM(12)= .161c5 Y (3) = .28634
X ( 4) = 0.0 0 0 0 0 RM ( 4) = 0.00000 RM(13)= 1.33744 Y (4) - .01088

------- X ( - ■-->)= - —.00314 ----------RM ( 5) = .01011 - PM(14) = - - -.62515 - " Y(5) = .01047
X ( 6) = .10044 " PM ( 6) = .32299 RM(15)= .76769 VPATE= .02961
X ( 7) = .07709 PM ( 7) = .24791 RM(16)= .03592 5|IMY = .99995

— -X (- 8) =---- " ". ? 1 9 11......- PM ( 8) = .70459 ------ ■ RM( 17)=-------- -.02885 ------------ OY1 = .00044 . ------- -- -------------------------------------------------

X( 9) = 0.0 n 0 0 n DM < 9.' ~ 0.00000 PM(18>= 2,78523 DY- . 'J 0 0 0 5
hJMT = 307.274 HO,JT') = 365. 737 HL.08S = 8.186 HPXNS- 57.810 -<DMOr= -4.907 MDHDT= -3.932

—r 1 - •— 96.00- MJNtlTfS- MUMPED nF ITERATIONS^ 7 - - .. . . -- --  ---- —w.—

y < 1 ) = ,21on0 PM ( 1) 5 .70b57 RM(10)= 111.61877 Y ! 1 ) - n 5'^32
— X ( -?)=------ ,01208 - - PM ( 2) .03896 • ■ DM( 1 1 ) = ••• 3.22630 - y ' -: k .09894 ---------------- ----- . ------------------------------ -- . . .

X ( 3) = .37052 RM ( 3) •• 1.1954? PM(i?)= .16122 Y ( 3' = ,?86r-0 •
X ( 4) = n . 0 0 0 n 0 RM ( u} r- 0.00000 OM(L3)= 1.40 781 Y(4) = .01079

----- X ( 5) = • .00306 RM t 5) t- .00986 PM(14)s .63720 V ( 5) - . r. IIP] -• - - — ----- --- —-— •—• ------*

X ( h t = , n 9 a h 5 RM ( 6) - .31148 PM(I5)= .4’0180 V R A T r = .0?9?3
X ( 7) = , o * 10 a PM t 7) - .24791 RM(16i= .03731 sijMY-- , 9999*. "V

---- -X ( M ) K .22196 RM f A ’ - .71610 DM(17!- .03008 r 1 v ' 2 - . 0 0 4 4 . ------------------ .. _ -

/ ' 7) r r . r <\ n n (i Ov - 0 , r. 0 c 0 0 03 ( 1 8 j = ? , c> )') 9 1 liv- -.00) 0 5
— T ‘ T - < . 7 ? u ! - rv- 1 . h 1 0- 5 <; ~ 4.: ’• ■> ) v । - in r - - t *4 •• •A H ~ T T. - 3 „ 7 2 8



INITIAL COvniTTOMS RASED ON ADJUSTED TIME

X (
X (

1) =
?) =

.13013

. a <- 4 s 7
RM (
DM (

1) =
2) =

.33445

.11455
RM(10)=
PM(11)=

119.46000
2.57020

V(l) =
Y(2)-

.11169

.65267
----- X ( 3) = “ - .340 15 '■■■ PM ( 3) = ,H74?6 "' RM(12)= ----- .1622? Y (3 ) t . 10505 - - ~ ------ ----------------------------

X ( 4) = n. n o o o o PM ( 4) = o.nonoo R M (1 3) = .04349 Y(4) = .02520
X ( R) = n. noo n o RM ( 5) = 0.00000 RM(14)= .10302 Y (5) = .01536

— - x ( x-) = .?U773 ------ - ■ PM ( 6) = .76524 ' - ■ RM(15)= ----- '.0 50 US ' ' ■' VPATE- . 0 1 655 ---------------------------------------------
V ( 7) = , 1 n ? 4 q PM ( 7) = .26341 RM(16)= .00276 SHMY = 1.00000
X ( = . 0H4Q3 PM ( 8) = .21 rl30 RM(17)= ,00055 DY ’.= 0.00000

-------X ( R) - ■p.nopno “ " PM ( R) = 0.00000 " ‘ RM( 1K) = - ' - .20094 f.)Y = O.OOnoo • ' ■ ----------------------- ------ --------- --------------

NUMBER OF ITERATIONS:: 3TIvr= 4.O0 MINUTES

-------X ( ■ 1) =■--------,14147-------------- RM ( 1 ),= • - .37238 ' - -• PM(10)=--119.49185 - Y(l) = .28442 ■

X ( 2) = .04299 PM ( ?)= .11315 RM(H) = 2.63221 Y(2) = .44866
X ( 3) = .34100 PM( 3)= .89760 PM(12)= .16347 Y(3) = .24993

------ X ( «I = 0.00000 —,— QM ( 4)= 0.00000 - — PM(13;= -— . 05267 ------ - Y ( 4 ) - .01190
X ( ‘'I = .0005? PM ( 5)= .00215 RM(14)= .13643 Y (5) = .09505
X ( 6) = .27766 PM ( 6)= .73086 RM(15)= .06861 VPATE= .02507

------ X f 7) =•- ■, t ri n n 7 -------- pt ( 7)= .2634’ ■ - RM(16) = - - ■ ■ .00388 StJMY-
X ( 9 ) = , n q 5 q 9 PM ( 8)= .25267 PM(17)= .00077 DY1 = .00622
X ( 9) = 0,00000 PM ( 9)= 0.00000 PM(18)= .27285 DY =

------ WtAjT =■ 291.012 - houtd= 318.817 HLOSS= 213.198 ------HDX*-JS= ' 168.903 HDMDT = -15.228 MDHDT=' -55.072

TIME = 8.nO MINIHFS MUMPER OF ITERATION'S® 7

----- X ( 1 )=- — .15073 --------  RM( 1)= .40356 ■ pm<10)= 118.60892 ...... ........ Y(l)= .31877 -------------------------------------------------
x ( 2) = , 03'874 PM( 2)= .10640 PM(U)= 2.67738 Y(2)= .40725
X ( 3 ) = .342?3 PM( 3)= .91654 RM(12)= .16351 Y(3)= .25308

------- X (-4) = - 0.06 9 0,0 ----- PM( 4)= 0.00000 RM(13)= — -.08945 Y(4)= .01281 — - —------------- —---------- -
x ( 5) = ,00147 9M( 5)= .00394 RM(14)= .17410 Y(5)= .00807
x ( 6) = .26053 PM( 6)= .69755 RM(15)= .09085 VRATF= .02381

-------X(■7)= - eqQ£<1£4.---------- PM( 7)= .26341 ------- pm( 16) =.... - -.00518 ---------- 6UMY= ,99997 - ■ -...................—--------------------------------------------
X ( p ) = w 1 n tvo ? PM( 8)= .28599 R-(17)= .00137 DY1= -.00022
X ( 9) = 0,00000 RM( 9)= 0.00000 PM(1B)= .36119 DY= -.00003

---------II NT » •P°l.81? — HOUTO= 302 .589 HLOSS = 191,067----- HQY.NSs • 158.960 HDMDT- -7.098 MDHDT= -35.785 ..............-- ---------------------------------

TIvE = 12.00 MINUTES MUMPER OF ITERATIONS 7

— X( -1) - ------.15914 ------ - DM ( 1) = .43279 RM(10)=-- 117.02740- vvir- .36075 ---- ------------------------------

x ( 2) = .03675 DM ( 2) - .09993 RM( 1 1 ) = 2,7195'J . 37023
X ( 3) = .34361 PM ( 3) = .03445 RN'!12)= .16350 Y ( 3 ) = .25597

- - X ( 4 ) = n.noono RM ( 4) = 0.00000 RW(13)= .12023 Y (4) = .01304 . .. . ....... ......... • - •-

X ( 6 ) = .no 19Q PM ( S) = .00542 PM(14)= ,20954 Y (5) = ,00996
X ( 6) - .24409 PM ( 61 - .66626 Pm(15)= .114)5 VPATE= .02377

- ’ ( 7) RM ( 7) = .26341 RM (16)= .(>0649 I.IIMV; t Q 9 9 Q C. . . .. .. —

Z I r .11647 RM ( 8) = .31727 P X* I 1 7 ) = e <’ a ? ? 1 D 1 a - * 0 1 0 3^
1 — < 1 •. . T n / * J 1 — n r, a n n n 17) Na * 1 x — 7*. e* w? • - . r .•r. 1..



X{ 1) ----- .16579 PM( 11 = .46016 PM(I 0) = 117.11975 Y(l) = .38020
X ( ?) - .03400 PM ( 21 = .09379 PM(H) = 2.75891 Y(2) = .33706
X ( 3) . 344R4 PM ( 3) = .95139 PM(12)= .16344 Y(3)- .25852
X ( 4) -■ n.nnnoo' ' ' PM ( 4) = 0.00000 PM(13)- — .15487- Y ( 4 ) = .01299
X ( 9) ,00240 PM ( 5) = .00663 RM(14)= .24281 Y <5) = .01119 .
y < < ) - .230R6 PM ( 6) = .63691 P«(15)= .13845 VO4TF= .02414
X ( 7) = ' " .09647 — 1 PM ( 7) = .26341 - RM(16)= •- - -. 00782 S!)My = .99996
X ( ») 2; .12664 PM ( H) = .3466? PM(17)= .00321 OY1 = .00039
X ( 9) - 0.60000 PM( 9) = 0.00000 PM( 1 A) - .54679 DY- .00004
HT'"T " 201.812 ' HOUTO= 305 .245 HLOSS= 151.664'----- HRXN5= 139.913 Hr)MOT = -3.173 MDHDT= -22.031

TI‘’F.= 20.00 MJNUTES N-IMHFR OF ITEQATIONS= 7

X( 1) = 17374 PM ( 1) = .48575 PM(10)= ■ "116.47033 — " Y (1 ) = .4Q709
X ( 2) = .03149 PM ( 2) = .08803 PM(11)= 2.79577 Y (?) = .30733
X ( 3) = .34604 PM( 3) = .96744 PM(1?)= .16336 Y ( 3) = .26074

— y r 4) = -o.ooooo ' RM ( 4) = 0.00000 RM(13)= --------.19319 — Y(4) = .01280
X ( 5) = .00272 RM ( 5) = .0076? RM(14)= .27396 Y(5) = .01198
X ( 6) = .21707 PM ( 6) = .60940 PM(15)= • I 636^ VPATE= .02462

— y ( 7) =- .0942? - - — p m ( 7) " .26341 - PM(16)= ---------- . 0091 7 — - ■ " SilMY = , UQQ95
X ( 8) = .13382 PM ( 8) = .37414 P M ( 1 7) = .00435 DY1 = -.60Q41
X ( 9) = o.ooooo PM ( 9) = 0.00000 PM(18)= .64360 DY = -.00005

— Hl'ir = 1 ?oi.R]? • - HOUTO= 310.511 HLOSS= 134.343 - HRXMS= 131.179 HD^DT= -2.690 M3HDT= -19.17?

NHMREP OF TTE94TI0NS= 7TIMf= ?4.nn ‘•'TNlJTES

—X( I)=" .18007
.OPR?}
.347)9

' “ RM (
PM (
PM (

1) = .50967
2) = .08267
3) = .98266

RM(10)= 
PM(H) = 
PM(12)=

115.87025
2.83035

.16327

Y(l) =
Y(2) =
Y ( 3 ) =

.4315?

.?8073

.26256
X ( 
x (

2) =
-3) =

------ X ( 4) = ~ 0,00000 ------- RM( 4)=‘" 0.00900 " " ; PM(13)=" “ -.?350r ------  Y ( 4 ) = .01256 ....................
x ( 5) = .00297 PM ( 5)= .00841 RM(14)= .30310 Y ( 5 ) = . 0 1 ? 4 8
X ( 6) = .20620 PM ( 6)= .58360 PM(15)= .18967 VR4TE= .02513

— X( 7)= " ' .09306 •— PH( 7)= ' .26341 PM(16)= " .01052 SHMY = ,99495
X ( 8) = .14130 " ' RM ( 8)= .39993 RM(17)= .00557 OY1 = -.00043
X ( 9) = 0.00000 PM ( 9)= 0.00000 R m ( 1 8 ) = .74279 DY = -.00005

----- 8JM =■* ?ol.81?* HOUTO= 316.184 HL0S5= 118.314 HPXNS = 123.005 85MDT = -2.455 M0HDT= -17.226

TIMF = 2rt.n0 MTMUTES MUMPER OF TTEPATIOMRr 7

X( 1 ) -• 18583 RM ( 1 ) = .53201 -' RM(10)= 115.31383 Y(l) = .45353
X ( ?) - .02714 RM ( 2) = .07771 RM(H) = 2.R628? Y(2) = ,25695
X ( 3) r .34830 RM ( 3) = .99713 PM(1?)= .16317 v(3) = .26332

— x ( 4) 2 0.00000 -- PM ( 4 ) = 0.00000 RM (13) = .29010 Y(4) = .01228
x ( r) - .00316 PM ( 5) = .00904 RM(14)= .33034 Y(5) = .01277
X ( 6) - .19541 RM ( 6) = .55941 RM(15)= ,21645 voate= .0?66 3

“ X ( 7) - .oopni PM ( 7) = .26341 P M ( I 6 ) = .01186 SI IMY = . 9 9 □ 9 5
y ; 8) .14815 PM ( R) = .4241? RM(17)= .00685 I)Y1 = - . 0 0 H 3
x ( '-) o . 0 0 0 n o  M ( 9) = 0.00000 PM( 1-)) = .844 1 8 DV = -.09005

---- n'T '■7 - 7=1.91? H0UT9= 321 .794 ML.05S = 103.451 HPXMS= 115.390 - -2,321 VjH'DTt -15.723



:< ( <<) =■ n.noono DM ( 4)= 0.00000 RM(13)= .32H?9 Y(4) = .01199
--- 11- 5) - —’ .003?9 - — RH ( 5)= .00^5? PIV ( 1 4 ) = . 3 '■> 5 "i 0 ' ~ ' ■ V (5) = .01290 - ------ -------

x < 6) - .1 RM ( 6)= .53671 RM(15)= .24394 VDATF= .02611
X ( 7) = .09104 RM ( 7)= .?6341 DM(16)= .01321 Si If'Y = .99905

------ X ( - •k) = — .1^443- - - <,M ( S ) =T .446^? P-» (1 7) = - ' .00810 ' ■ DYlr • 0004a --------------- ----------------------- - - -
X ( ^) - 0.00000 DM ( 9) = o. o o o o n R V ( 1 5) n .04752 r>y = .09005

■ H* • T = ?91.Ml? H0U70= 327.186 HLOSS= P9.651 H9XMS= 108.329 ^-DMDT = -2.239 M3HDT= -14.457

—T1m5 == - ■ 36.00 MINUTES ........... - - ■ NIJMRFR OF ITERATIOMRs- 7 - .

X ( 1)= .1OKR6 RM ( 1)= .57231 RM(10)= 114,31694 Y( 1) = .49158
x t- ? ) — — , n ? 3 s h -- RM ( 2)= .06891 - PM(11)= - 2.92201 - — - v(2) = .21671
X ( 3)= .35044 RM ( 3)= 1.0239R RM(12)= .16294 • Y ( 3) = .26704
X ( . 4 ) = 0,00000 RM ( 4)= 0.00000 PM(13)= .37936 Y(4) - .01170

------ X ( ■ 5)= - - ,00338--------- PM ( 5)= ■ .00987 ■ *- - DM(14)= ------.37963 . ......... V ( 5 > = .01292
X ( '■ ) = . 1 7638 OM( 6)= .51539 ■ RM(15)= .27202 V D A T = .02657
X ( 7)= .09015 PM ( 7)= .26341 RM(16)= .01454 S u V V - .99995

—x (. m ‘021 --------- -DM ( 8) = .46«14 • -- PM( 17) = - - - -.00955 - ------ ()YI= • .00044
X ( 9 ) = 0.0 0 0 0 0 RM ( 9)= 0.00000 pM(18)= 1.05297 DY = .00005
HID T = 291.812 HOUTO= 332.315 HLOSS = 76.832 HRXNS= 101.807 9DMDT= -2.193 MDHDT= -13.33

40.00 MJNtlTFS - " MUMPER OF ITERATI0N8=- - r - - • ....................- -- • -.......  -

X ( 1 ) - .20022 PM ( 1)= .59044 RM(10)= 113.87093 Yd) = .50776
------- x t - 2) ----- .02205 ----------- PM ( 2)= .06503 rm m) = ■— - - 2.94597 -......... —v (2) = .19975 ......... ...... ............ . . -------------------- -----——

X ( 3) x .35146 RM ( 3)= 1.03645 RM(12)= .16282 Y ( 3) = .26818
X ( 4) — 0.00000 PM ( 4)= 0.00000 RM(13)= .43314 Y (4) = .01141

------- X ( ■ 5) — .00343 ---------- DM ( 5)= - .01011 • •- RM (14)=-- -------.40198 - --------- -- Y ( 5) = .01256 - -- • . ---- -- - _ --------------------------------------------

X ( 6) — .16797 RM ( 6)= .49534 RM(15)= .30083 VR6TF= .02701
X ( 7) PM ( 7)= .26341 PM(16)= .01587 SI |MY = .99995

—7 c M T • 1 - RM ( 8)= - .48820 - RM(IT)= ...... .0]094 ------ 071 = .00044
X ( °) 5 II. ooono RM ( 9)= 0.00000 RM(18)= 1.16013 DY = .00005
HID •J" = 2=1.612 >HOUTO= 337.173 HLOSS = 64.927 H9XNS= 95.800 HDMDT= -2.178 MDHDT= -12.309

MIIMRFR OF .ITERATION'S - 7—TTmc- —44. nn MTMtfTFS...........................— ■

X ( 1 ) = .204)9 PM ( 1)= .60732 RM(10)= 113.45583 Yd) = .5223R
■ x r * 2) = - e Fl ? 11 *1 (5 — - - RM( 2)= .06146 dm(11)=■ '-2,97431 ......... Y 1 2) = , 1 “.4 5 8

X ( ” .35246 RM ( 3)= 1.04834 RM(12)= .16269 Y ( 3 ) =
X ( 6) =

- 5 ) = - 
*- ) =
7) = 
H) =• —

0.0 0 0 n 0 RM ( 4) = 0.00000
5) = - .0 1025
6) = .47645
7) = .26341

RM(13)= .48944
-- RM(14)=--------  .42285 --"..... -

RM(15)= .33016
RM(16)= .01718

■ RM ( 17)=-—------.0 1234 - ----------

Y ( t'. ) = .01113
X (
X (
X (

■ . 00 3<*5 ■
.16019
.08856

- .17049

■’ , " PM (
PM (
PM (

-- -pMt

■ ■ Y f 5 f =■

0Y1 -

c .) J r. 7 ?

■ -X ( 8)- ' .50 70 8 - - ■* _ f; 0 0 A A
X ( 9) = 0.00000 DM ( 9) = 0.00000 RM(18)= 1,2689c DY- - . 0 V, ■-) 0 5

.-T;mc

MT =.

r........48

2P1.Al>

vim*)

HOUTO=

TFS -

341.759 HLOSS

MUMPER

= 53.877 HRXMSx 90.?

OF ITERATIDHT^ ~

;77 -IDMOT = -R.188 MDHDT= -11.359
' " ' ' ' ■ ’ ........... ..

-J

n m / ' t - A P Q A. D»« ' 1 H ' e * 2 7 . n’-'r.P ?



HTX'T = H0U10= 346.916 HLO$S= 43.076 85»r.’33 ^D‘19T= -P.458 m9hdt= -10

X ( 7) = .05786 RM ( 7) = .26341 RW(16)= ,niu4R 5||«Y = .990=6
t ( p) = - . 1 7 5 0 « • - RM( 8) = .5P490 ‘ ' rm(17)= -■ - .01374 OY1 = -.00043
X ( 9> = n .onnno RM ( 9) = o. o o o o n RM ( 18) 1.37955 OY = -.00004

NIIMREP OF I1ED4TION$= 7-TIVE= ' 52.nn MINUTES -

X ( 1 ) = .21107 PM( 1)= .63747 PM(10)= 112.72363 Y( 1 ) = .54715
— X ( 2) = .014'25 " PM ( 2)= .05512 DM(11)= ■' 3.02023 Y(2) = .15883

X ( 3) = .35441 RM ( 3)= 1.0704} RM(12)= .16238 Y(3) = .27105
X ( 4) = 0.0 0 0 0 0 PM ( 4)= 0.00000 RMd^i^ .60909 Y (4) = .01051

---- X ( D) = .00341 ' PM ( 5)= .01029 RM(14)= .46101 Y (5) - .01232
y ( 6) = .14S?R RM ( 6)= .44179 PM(15)- .39048 VO4TE= .02821
X ( 7) = .0«721 PM ( 7)= .26341 RM ( 16) =. .01977 S! imy = .99996
v ( P) =” '.17937 " ...... PM( 8)= .54 174 RM(17)= " ' .01514 ' " " 971= .00043
X ( 9 ) = 0.0 o o n 0 RM ( 9)= 0.00000 RM(IP)= 1.49166 dy = .00004
Hp !T = 201.Pl? . HOUTO= 350.636 HLOSSs 33.812 HRXM5= 80.602 M9M9T= -2.404 MOHnT= -9

859

_TTmF=’ 56 .00 mtmiitfs' .............. iJIJMRER OF I TER4TIONR="" 7 ”"

X ( 1 ) = .21406 PM ( 1)= .65098 PM(10)= 112.39481 Y( ] ) = .55771
"" x ( . 2) = " .01721 ” RM( 2)= ,05233 RM (U)= 3.04 117 Y (2) = .14793

X ( 3) = .35536 PM ( 3)= 1.08070 RM(1?)= .16222 v (3) = .27187
X ( 4 ) =: 0.00000 PM ( 4) = o.onooo PM(13)= .67201 Y(4) = .01038

" X( 5)= .00336^ RM ( 5)= .01022 RM(14)= ’ .47842 Y (5) = .01206
X ( 6) = .14003 RM ( 6)= .42585 PM(15)= .42137 VRATt= .02853
X ( 7) = .08661 RM ( 7)= .26341 PM ( 16)= .02105 9(iMY = .99995

‘ x ( -) = " .'18338 RM ( 8)= .55768 rm(17)= .01653 DY1 = .00044
x ( 9 ) = O . O 0 0 0 0 PM ( 9)= 0.00000 RM(18)= 1.60511 DY = .00005
H\T = 291.812 H0UTO= 354.204 HLOSS = 25.189 HRXM5= 76.331 H'OMOT = -2.390 M9HDT= -8

160

Tivc = 60,00 MTMIITFS niimrer OF ITERATIONS= ■■ 7

x ( 1 ) — .21678 PM ( 1)= .66355 PM(10)= 112.08892 Yd) = .56723
X (- 2) .01626 RM ( 2) = " ’ .04977 ' ■’ ' DM(11) = "" """3.06090 " ■ Y(2) = .13813
X ( 3) r .356?8 PM ( 3)= 1.09055 PM( 12) = .16205 v(3) = ,272s4
X ( 4) o.onooo PM ( 4)= o.ooono RM(13)= .736/9 v; 4) = » C ■ 1 h
X ( 5) - 00330 " ' RM ( 5)= .01009 "" PM(14)= .49485 ■/ (r.: = . 9 ] j 7 9
X ( 6) — .134]9 RM ( 6)= .41075 RM(15)= .45269 V 9 A T '7. r , (1 2 S1' 4
X ( 7) — PM ( 7)= .26341 RM(16)= .02231 - .999=5

...... K (
6) =. ■ ‘ .18713 DM ( 8)= .57279 RM(17)= "----- r n ] 7 9 0 r) y; = -. n ■? 0 4

* ( 9) — o. n o n n o RM ( 9)= 0.00000 PM(18)= 1.71084 Dy -.conns
HIM T 291.812 HOUT9= 357.596 HLOSS = 17.171 HRXN9= 72.393 HJ.'MDT- -2.401 M?HDT= -8

"Tivr= 64.nn MIMIITFS NUMBER OF ITERATIO^R= 7

x ( 1 ) = .21927 PM ( 1) = .67525 PM(10)= n 1.HOA 46 Y (1 ) = .57583
x r = - . n 18 4 n P M f 8) = .04741 r M t ) 1 , - 3.0794--1 y ■: ?, - . E'-i 30

( 3 i - .-5719 QV. ( 3 1 ~ 1.0 9996 p'M 12; - .16182 Y ; 3 > = . ? 7 ?. 7

489

629



WIMT •- ?CI,P)? HOUTG= 360.794 HLOSS = 9.71A H)XMS= 68.760 M-.MDTx -2.426 MDHDT= -7.515

-TIME=----- 6H .no minutes''' NUMRER OF ITER6TT0Ms= 7 -

x ( 1 ) = .22155 RM( 1) = .68614 PM(10)= 111.53998 Y{1) = .58359
1 f-2) =-- - .01460 ----------RM( ?) = '.04523 '' " PM( 1 1 )=-----  3.09701 ------ ' Y(2)= .12133
x ( 3) = .35l,C-8 PM( 3) = 1.10898 PM ( 12)- .16170 v (3) = .27407
X ( 4) = n.nonno rm< 4) = 0.00000 ■ RM(13)= ,«7140 Y (4) = .00977

— X ( *') = -- .0031 4 -------- DM( 5) = .00972 ' - PM(14)= .52504 ............. Y(5)= .0111°. -
x ( 6 ) - .,12359 0M( 6) = .38277 PM(15)= ,51655 VPATE- .02939
X ( 7 ) = .08505 RM( 71 = .26341 PM(1#S)= .02480 RIIMYs .99995

— X f H) = -- ,19398 -- -- RM( 8) = .60076 - PM(17)="------.02058 - • DY} = .00044 - -
X ( 9) = n.nonno pm( 9) = 0.00000 RM(18)= 1.95279 0Y = .00005
HINT = P°l.ni2 houto= 363 .795 Hl.OSS= 2.794 H9XNS = 65.404 HDMDT= -2.457 MDHDT= -6.916

-TTME = — 72 .no minutes-- ■ - NUMREP OF ITERATIONS'- 7 -----—
x ( 1 j = . 223A3 1) = .69627 RM(1O)= 111.29407 Y ( 1 ) - .59062

-----X ( "2)=---- .01358---------PM ( 2) = - ".04322 ---------- PM(H)= -—3.11353 .. .. y :2) = ■ .11411
X ( 3) = .359C>5 RM ( 31 = 1.11761 PM(1?)= ' .16152 Y(3) = .27475
X ( 4 ) = n. ooino dm( 4) = 0.00000 PM(13)= .94099 Y (4) = .00959

----- X f -5) = — .00 305 ■ - RM( 5) = .00949 ----- PM(14)=------ '.53896 -------------- Y(5)_ .01087
X ( 6) = ♦11^77 DM( 6) = .36979 PM(15)= .54905 VPATE= .02965
X ( 7) = , 0RM( 71 = .26341 om(16)= .02603 SIJMY = .99995

— X (- 4) - . 1971 2----------PM ( «) p - .61374 .......... PM(17)= -------- .02189 -------- DY1_ . . _ .00043 -
X ( 9 ) = n.onnnn dm( 9) = 0.00000 PH(18)= 2.07088 UY-; .00005
HINT = ?R1.H12 HOUTO= 36.6 .601 HLOSS= -3.638 HRXN$= 62.299 m')mDT = -2.490 MDHDT= -6.361

-TI-'P-— 76-.00 '•TMtiTFS--------- --  ------- MUMPER OF ITERATIONS:; 7------------

X ( 11 = .22553 DM ( 11= .70570 RM (10) = 111.06538 Y(l; = .59700
— x (-- 2)=r--~ .01321- — RM ( 21= - .04135 - - PM(11)=- -- 3.12911 -------- Y (2) = .10756

X ( 3) = .35981 RM ( 31= 1.12588 PM(12)= .16133 Y ( 3 ) = .27541
x ! u ) = n. c o n 3 0 PM ( 4)= 0.00000 RM(13)= 1.01196 Y (4) = .00943

—X ( » — - - - .00295 -------- DM ( 5)= .00924 - --- RM(14)=- ..... .. .55818---------- - Y (5) = - .0 1055 - - - --
x ( 4) = .11422 PM( 6)=. .35742 RM(15)= .58190 VPATC:' = .02988
X ( 7) = .08418 DM ( 7)= .26341 PM ( 16) = .02725 SUHVs ,99)95

— x ( H) = - - -. ?nno<# ------- DM( A)= .62612 - PM(17)= ------ .02317 ■ I,)Y1 = . r> fi 0 4 3
X ( 9) = r. 0 0 n 0 0 PM ( 9)= 0.00000 RM(1R)= 2.18995 DY= . - .00005
HI MT = 291.812 HOUTO= 369.218 HLOSS= -9.614 HPXNS= 59. 42 3 H,3Mr)T = -2.521 MDHDT= -5.848

mumper OF ITcRATIOMS= - 7-TI«F=----- 80-.n0 mtmijtfS - --
X ( 1 ) = .22727 PM ( 11 = ■ .71449 RM(10)= 1 10.85259 Y( 1 ) - . 6 0 2 8 f

— X ( - 2 ) = • - .01260 - PM( 2) = .03961 94(11)- 3.14382 - Y ' 2 1 .10 18 ('•
X ( 3) = .36045 DM ( 3) = 1.13380 Rm(12;= ,16113 V(3) T .2(6 --16
X ( 4 ) = 0,1)0000 DM ( 4) = o.onono pm!13)= 1.081-20 Y (4) ,90928

-X (■ 5) r: ... ,002^1 DM ( 5) = .00897 PM(14)-- --- -- e '< 7 — v (5) ,9 10?3
X 1 6) = . i n 4 3 QM ( 6 ) .34'161 RM( 15) = ^.170-=! V D T L - " ’■n 1



-TTv~= ■ 1'4. no MTMfITFg- - ■ MIIMRfR OF TTEQnTlnMS= 7

X ( l) = , 23RR6 PM ( 11? .7226R PM(10)= 1]0.65445 v (1 ) = .60508
— xc '?) = “ . 0 1203 -- ' • PM( ?) = .03799 PM(11)= 3.15771 Y (2) = .09615

X ( 3) = .36147 PM ( 3) = 1 . 1 4 1 A 1 RM(1?)= ,16093 Y(3) =• .27669
x ( 4) = n. o n n r o PM ( 4) = 0.00000 ' PM(13)= 1.15763 Y(4) = .009]4

--- X ( F ) = .0 027=. " r p.M( 5) = .OOH69 pm 114)= ; .57671 y<5) = .00990
x ( *>) = . 1 n =■ n 7 DM ( 6) s . 3-R432 PM(15)= .64558 V°aTF= .03031
X ( 7) = . 0 R 3 4 2 PM ( 7) = .26341 PM(lh)- .02965 pi IMy = .99906
X ( ») = .PORAO PM ( R) = .64921 P v. ( 1 7 ) = .02564 I)Y1 = .00043
x ( = o. n r n n o PM ( 9) = 0.00000 PM(14)= 2.43077 DY = .00004
HI»)T = 241.412 HOIITO = 373 .918 HLOSS= -20.335 HPX''!S = 54.267 HOMOT= -2.569 «')HDT= -4.936

TTVF= ■ PR.no '-<IM!ITFS "" MI.IMRER OF ITEPATIOMF= 7

X ( 1) = .23032 py ( 1 ) = .73031 PM(10)= 110.4698] Y ( 1 ) = .61259
x c 21 = ~~ .0)IP] ------ 0 M ( 21 = .0364R PM(11)- "" 3.17084 Y(2) - .09117
X ( 3) = .36227 PH ( 31 = 1.14R70 pm(12)= .16073 Y ( 3) = .27731
X ( ■») = 0.0 0 0 0 0 PM ( 4) = 0.00000 PM(13)= 1.23215 V (4) = .09901
X ( R) = .002A5 PM( 5) = .00541 Pv I 14)= ■ - - . 5 p H 1 2 " - Y(5)= .00997
X ( X-) = • .10203 PM ( 6) = .32352 PM(15)= .6R237 VPATE= .03050
X ( 7) = .05307 PM ( 7) = .26341 PM (16).= .03063 9I|MY = .990P5
X ( R) = .20414 DM ( 8) = .66001 PM(17)= .02553 r>Yi = .00043
X ( 9) = 0.0 0 0 n 0 DM ( 9) = 0.00000 P M ( 1 R i = 2.55240 0Y- ,00004
M T HT = 291.512 HOUTO= 376 .019 HL0S5= -25.142 H 9 X M 5 = 51.950 hDM0T= -2.583 MDHPT= -4.532

~TIVE= 92.00 «TMIJTFS NIIMRFR OF TTER6TIO\I,;= 7

x ( 1) = .23-166 PM ( 1)= .73744 RM(10)= 110.29756 Y (1 ) = .61730
X ( 2) =" .01102 PM ( 2)= .03507 "" " pm(h) = -3.1R327 " Y(2) = .08660
X ( 3) = .36506 PM ( 3)= 1.15571 RM-12)= .16052 Y ( 3) = .2779?
X ( 4 ) - r>. 0 0 n <■- 0 DM ( 4)= 0.00000 RM(13)= 1.30769 Y ( 4 ) = .00889
X ( 5; = ".00255 " DM ( 5)= .00511 PM(14)'= ' .59901" Y (5) = .00924
X ( 6) = .09F38 DM ( 6)= .31317 PM(15)= .71645 VPATE= .03058
X ( 7) = .08275 DM ( 7)= .26341 PM(16)= .03201 RIIMYs ' .49996
X ( P) =' - .21059 _ pM ( R)= " .67036 ---------- PM(17) = " -------. 02798 - - — ()Y1= "" - .00043
X ( 9) = 0.00009 DM ( 9 ) = 0 . O 0 0 0 0 P M f 1 8 ) = 2.67477 DY =
MJ-JT = 2=1.R12 HOUTO= 377.96H HLOSS= -29.620 HPXMSr. 49.7R5 M3MDT- -2,590 M0Hpr= -4.161

-TJUFx- 96.00 VJNUTFS JUMPER "OF ITEPATIOK'Rz 7

x ( 1 ) — .23269 PM ( 1) = .74410 RM(10)= 110.13669 Y ( 1) = .62134
V ( 2) .01056 PM ( 2) = .03375 PM(11)= 3.19505 ¥(?) - ,02239
x ( 3) s ,36383 PV ( 3) = 1.16244 PM(12)= .16031 Y(3>- . ? 7 -15 3
X ( 4) - r..norno PM ( 4) = 0.00000 PM(13'= 1.38417 Y : 4 > = ,'108 ? 8

"" X ( 6) .00245 DM ( 5) = .00782 p M ( 1 4 ) = .60943 Y ! 5) - .0086?
X ( 6) — .0^4 Pl DM ( 6) = .30325 RM(15)= .75079 V '■"> r> T = = .0 10 8 5
X ( 7) - # O R V -4 DM ( 7) = .26341 PM(16)= ..'J 3 3 1-8 SI|VY = , a p 0 p c.

- ■■ X ( ’) - V'T.? PM { R) - . 60.022. PM (17); — . 0 2'4 10 n v i — - . 0 '• 1' i, 3
< ; > - n , n n •> n o DV ( 9) = 0.00000 PM(18)- 2 . ? M' i A 9 Y - - , 1) ('•■•■Oa



TMTTTAU COMOITTTMS RASED DM ADJUSTED TIME

X (
X (

1 ) = 
?J =

.IPAOS 
,041^8

RM (
PM (

1) =
2) =

.31540

.11048
RM(10)= 118.86000
RM(n)= 2.54249

Y(l) =
Y(2> =

.14382

.58870
------ X f 3) = -•.33770 --- - -----PM ( 3) = ' .85860------ - PM( 1?) =----------- . 16344 ............... Y(3)= .24719 - ■ - ■ ■ - ---------------------------------------------- -------

X ( A ) = n, o o n n n DM ( 4) = 0.00000 PM(13)= .04300 Y(4) = .01935
X ( R) = .00185 RM ( 5) = .00393 rm(14)= .10165 Y(5) = .00094

----- X < t-l - - .3174] " --------- PM ( 6) = .80702 — ' pm(15)=— -.0585 3 VR»TE= ' .01624 ........................... .... - ------- -----------------------
X ( 7) = .00086 PM ( 7) = .23100 RM(16)= .00258 Rl)MY = 1.00000
X ( P) = .08498 RM ( 8) = .21606 PM(17)= 0.00000 0Y1 - 0.00000

------- X ( - o . o n n n 0 ----------- 0M ( 9) = 0.00000 ---------- PM(18)=--------.20576 ................ 0Y = o.ooooo -■ - — ----------------------- ------- -

T I VF 4.00 MIMUTES number of■ ITERATIONS:: 5

----- X ( 1)- ------.13045 --------- PM ( !)•= - .33880 -----  ' RM(10)- -- 120.17700 ------  Y(l)= .24374 - ...................
X ( = .;04M i RM ( ?) = .11975 pM(U)= 2.59720 Y(2) = .49006
X ( 3) = .33845 RM ( 3) = .87903 RM(12)= .16485 Y ( 3) = .23951

------- X { 4) =•- n. o n o n o -........ PM ( 4 / = 0.00000 — R» ( 1 3)=----------.05411 --------- - Y(4) = .0’625 - ■ ----------------------------------  -
X ( C') = ,no?i4 QM ( 5> = .00555 RM(14)= .12508 v (5) = .01040
X ( P ) = .P^734 DM ( 6) = .77225 PM(15)= .06980 VOAT^= e 0 1 5 8

------- X (- 71- ----- „ o M Q 4 — ----- QM ( 7) = - .23100 - - ■ Pm(16)=—— ,00386 ----- <;iivv = .99995 ........................ - ---------- -------------------------- —
X ( 8) = ,09688 RM ( fl) = .2508? RM(17)= .00044 DY 1 = .00650
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------- MJ MT - -?47.??2 - - HOUTO = ?47 .356 HLOSS= 221.510------ HRXNS= 176.671 HDMDT = -20.164 MDHDT= -24.809 ' - ------ ’

t:mf = 8.00 “imi ITES NUMBER OF ITERATIONS^ 6

— ■ X ( •] ) = - . 13435 " 1 " RM( 11 = '.35288 - RH(10)=----J 19.63731 Y(l) = .25882 ■ •— -- -- --------
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------ X ( -4) = 0.00000 - - RM( 4) = 0.00000 rm(13)= .07236 Y(4) = .01724 --- — --

X ( 5) = PM ( 5) = .00703 R M(14)= . 15 9 8 7 Y(5) = .01190
X ( 6 ) - . ? a a 1 m PM ( 6) = .73689 RM(15)= .09722 VRATF= •01«43

-------X t ", )=- •” .08795 —------D M ( 7) = .23100 — RM ( 16 ) =------- --  .0052? - ■ ■ SI'MY = ,QO99? —------------------------------ .
X ( P) = .IO034 PM ( 8) = .28719 PM(17)= .00126 I’Y1 = .00066
X ( M ) = 0.00000 PH ( 9) = 0.00090 RM(18)= .32650 DY = .00008

-------HIVT = 24 7.222 —HOUTO= 236 .619 HL05S = 216.616 ' HRXNS= 173.056 R'-yMr>T = -15.501 «DHDT= -17.455 .. - —----------- ------------

l?.nO mtmijt^S NUMRFP OF ITEPATIONS= 8

—-x ( 11 = — . 13854 ----- PM ( 1) = .36791 PM(10)= 119.14126- - Y ( 1 ) = .27513
X ( 2) = .04427 PM ( 2) = .11757 PM(]I)= 2.65557 v(2) = .45093
X ( 3) = .34181 DM ( 3) = .90770 P«(1?)= .16355 Y ( 3 ) = .?-<343

- - X ( «) = 0.0 0 O n 0 PM( 4) = 0.00000 RM(13;= .09184 Y(4) = .0'1751
X ( ‘-) = . o r. ? i 3 PH ( 5) = .00831 RM(14)= .19239 Y ( 5 ’ = .01297
X ( 6) = .264?! DM ( 6) = .70164 RM(15)= . 1 04 ;;p V'-’ATE-- .03836

--- X ( ?) = ,04^09 DM ( 7 ) = .23100 RM(16)= ,0065 ’-1 O|M¥ = , CO'lQH
> ( .12105 PM ( 8) - .32144 R'i( 171 = 8 VI - , 0 -.1 (1 ) 3
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NIJMR'R Of- lU^ATlUWSS H1*1.00 MJNIJTES

— X (
X (
X (

11 =
2) =
3) =

. 1 A?R5 "

.04300

.34037

DM (
DM (
PM (

1) = .38343
2) = .11540
3) = .92158

PM(1O)= - 118.67109
PM(U)= 2.68393
RM(12)= .16293

Y(l) = 
Y (2) = 
Y(3) =

.29207

.43083

.24574
---- -- x ( Ci} r * o.oopnn * " ■■ QM ( 4 ) = 0.0 0 0 0 0 " " ■ P M(13)= ' • .1127 8 Y(4) = .01759 — - - —

X ( 5) = .00381 RM ( 5)= .00943 PM(14)= .22582 v ( 5) = .01375
X ( *•) = .?44 36 PM ( 6)= .88927 pM(15)= .12289 VRATE= .01852

------ X ( 7) = '.Qaao? - DM ( 7)= .23100 ------- rm ( 1 6 ) =---------. 00 797 -■ c;UuY = .99998 — . -------

X ( ) = .13183 DM ( P)= .35381 PM(17)= .00316 DY! = .00014
X ( <?)=• 9,onnnn PM { r;= o.oonoo RM(18)= .47272 DY = .00002

— MJ *-T = 247.22? " - HOUT0= 236.324 HLOSS= 1Q0.549 HPXNS= 154.383 HOMDT- -12.084 mqhrTs -13.184 —-----  —.

TIUE= 20.00 VTNUTES NUMREP OF ITERATI0NS= 6

X (
X (
X (

1) = '■
2) =
3) =

■;14720
.04152
.34408

RM (
RM (
PM (

1) =
2) =
3) =

.39907

.11255

.93500

PM(10)= "
RM(11)=
PM(12)=

118.23973
2.71112 

.1623?

' Y(l) =
Y (?) =
Y(3) =

,30933
.41067
.24821

X ( 4 ) = " 0.00000 ’' ' PM( 4) = 0.00000 RM ( 1 3) ="' ------ .13535 Y(4) = .01737
x ( 5) = .00384 DM ( 5) = .01041 RM(14)= .25728 v (5) = .01433
X ( 6) = ,23c:55 PM ( 6) = ,63862 RM(15)= .14)38 VRATE= .01904
X ( 7)= " "".0x620 RM ( 7) = .23100 PM ( 16) = ,00936 - " - SI)MY = .99991
X ( P) =. .14181 CM ( R) = .38446 PM( 17) = .0042? r.Yi = .00075
X ( 9 ) = ■ n . n n n o 0 RM ( 9) = 0.00000 RM(18)= .54749 0Y = .00009

"HINT = 247.222 HOUTO= 242 .596 HLOSS= 176.111 '"HRXNS= 146.433 HDMDT= -12.668 MDHDT= -12.383

TI'JE= 2A.O0 vimijtFS NUMREP OF !TFPATIONS= P

' " X'( 1 ) = " .15145 PM( 1) = .41450 RM(10)= 117.83454 Y(l)= .32643
X ( 2) = .03988 PM ( 2) = .10915 RM(11)= 2.73688 Y(2)= .39059

_ y ‘ 3) = . 34684 RM ( 3) = .94788 RM(1?)= .16168 Y(3)= .25069
- ■ X ( 4) = 0.00000 DM ( 4) = 0.09000 RM(13)= .15969 " Y(4)= .01750

X ( 5) = .00412 DM ( 5) = .01126 RM(14)= .28784 Y(5)= .01476
X ( 6) = .22?70 RM ( 6) = .60950 RM(15)= .16944 VRATF= .01920
X ( 7) = . 08440 D M ( 7) = .23100 RM(16)= " .01079 91JMY= .99998
X ( 8) = .15111 PM f 8) = .41358 RM(17)= .00533 DY1= -.00013
X ( 9) = 0.00000 PM ( 9) = 0.00000 RM(18)= .62373 DY= -.Of-0 0 2

------ RI NT ="' 247.??2 "•'HOUTG=: 244 .160 HLOSS= 165.284 HRXNS= "139.158 HDMDT-= -11.702 MQHDT= -11.361

Ti^Fs 28.00 MINIIJFS NUMBER OF I TER ATI ONP = 8

- X ( 1) =■ .15563 DM ( 1) = .42981 PM(10)= 117.44398 Y<] ) = .3.4 329
X ( 2) - .038?! RM ( 2) •■= .10554 PM ( 1 1 ) = 2.76180 Y(?) = ,370 <"-5
X < 3) = .34773 PM( 3) = ' .96037 pm(12)- .16105 V ( 3) = ,2520r

--- X (- 4) = 0.00000 ' — RM t 4) = 0.00000 p M ( 1 3 ) = .18562 ■ v < 4 ) = » '»1 7 ? 8
X ( 5) = .00485 DM ( 5) = .01201 RM(14)= .317?? V ' 5) - • o 1 s n h
X ( 6) = .21067 DM ( 6) = .58182 P M ( 1 5 ' = .17^91 MDATES ,01940

--- X ( 7) = .08364 RM ( 7) = .23100 RM(16)= .01223 9iiv C =
X ( 8) = .lr'97 7 DM ( 8) = .44126 99(17)= ,00549 nv , -, n n <j j 3
X ( C ) = 0.0 0 r* 0 f, RM ( 9) = 0.00000 RM'18)= ; 0 'I 8 7 ()Y = -« n c;;r; <

- - • T = -•4 HO'J7C = 246 .195 H..0S6- 157,942 - 132.28? 8TM7! r- 1 ? • 7 3 d M9Mr,T= -10.696

-----------,h>



X ( 4 ) = 0. oonoo DM ( 4) = 0.0 0 0 0 0
r i i r. j -
P^(13)= .21316 Y(4)c .01753

- • X ( 5, = — .no<f54 ----- -- PM ( 5) = .01266 - ' " PM ( 14 - = ■ .3454? Y(5) = .0 1530 ..................-- ------------------ --------
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--X t - - -.16793 ----------- pM t 8) = » 4 6 7 5 6 " RM( 1 7) = ■.00768 DY1 = .00013 " ' ' - -------------------------------------------------
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0.00000

PM (
RM (
RM (

- .09799 " "
.98420
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Y(3) =
Y (4) =
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0.0non 0 pm(
247.?2? HOUTf) =

8) =
9) =

250 MDHDT= -9.729
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------- . 0 10 13-
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.00013
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0.00000 RM(

,00493 — RM(
.14969 RM(
.03095 PM(

■.18884 ------- R M (
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X( 7)= .08036
-----  X( 8)= -•.]940?

x ( o) - n. n o n o o 
HINT = ?47.??2

OM( 7)= .23100 dm(16)=
' OM( 3)= .5^'0 30 Di>(17) =

9M( 9)= 0.06000 PM(18)=
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.01973 OIJMY = .99998
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-- X ( ?) = .07’06,4 ' RM( 2)= .08290 RM(11)= 2.89490 Y (2) = .26652
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X ( 4 ) = o.noooo RM ( 4)= 0.00000 RM(13)= .37433 Y(4) = .01756

“ "X ( ) = , 0 0 P 0 6 ‘ DM( 5)= ' .01463 RM(14)= - .46920 Y(5) = .01550
X ( 6) = . 1528? RM ( 6)= .44241 DM(15)= ,304^9 VRATF= .02063
X ( 7) = .07980 PM ( 71= .23100 Rm(16)= .02128 qtJMYs .99998
X ( F) " . ?n058 ........ OM ( 8)= .58067 RM(17)= . 0 1 3 9 3 - ■ • ■ OY1= .00012
X ( 9) = 0,00000 PM ( 91= 0.00000 RM(13)= 1.18141 ()Y = .00002
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"""TIME
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= - 56.00 MTM'JTES .................. MijMRFR ' OF ITERATIONS^' 8 '

Y(l) = .448481) = .18146 RM ( 1)= .52886 PM(10)= 115.10503
X ( 2)=." ■;opt?i - RM( 21= .07931 RM(11)= '• 2,91449 Y(2) = .25168
X ( 3) = .35595 RM ( 3)= 1.0374? RM(12)= .15736 Y(3) = .26690
X ( 4) = 0.0 0 0 O o PM ( 4)= 0.00000 PM(13)= .41108 Y < 4 ) = .01749

■ X( 5 ) = ' "“.00508 — y• •• DM( 5) = .01481 RM(]4)= ,49068 ” " "" Y ( 5 ) = .01541
X ( 6) = .14916 RM ( 6)- .42306 rm(15)= .325^9 VPATE= .0208?
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XI F ) = " ■.21092 --------- PM( 8)= " .61841 .......... RM(17)=" —“ .0 1551 r>Yi = -.fiOOl),
X ( 9 ) = 0.00000 RM ( 9)= 0.00000 RM ( 181 = 1.34795 DY = -.90 00e
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'JUMPER OR ITER6TI0NS= "8-—rTVF= ■—68.00 MINUTES
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------ X ( -?) = .02331 --------- PM ( 2)= ' .06921 .......... (11 j - ■ - 2.95908- ------- Y(2)= ,21168 - - ' - • ----- ----------— ■ - - -----
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------ X ( 8) - --.?1976 • ' - RM ( 8)= .65240 RM (17)-.' - .01908 DYS .0001 1 - - ---------......
X ( 9) = 0.0 0 0 0 0 PM ( 9)= 0.00000 FM(18)-.- i .sr'4? DY = .00002
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NUMPEP OF - ITERATIONS - 8------------—TIMe =  72.00 MfNUTES --

X ( 1) = .19318 RM( 1)= .57682 RM(10)= 114.03989 Y(1 ) = .49555
------- X < 21 = -- .02214- ----------- RM( 2)= - .06610 - RM(I 1)= - --2.95593 - - Y(2)= . 1'9980 --------------------------------------------

X ( 3) = .35969 RM f 3)= 1.07400 RM(12)= .15576 Y(3) = .27270
X ( 4) = P.Ooono RM ( 4)= 0.00000 RM(13)= ,57195 Y(4) = .01712

-------X ( 4) = --- .00500 - - PM ( 5)= .01493 P M ( 1 4 ) = —- .56488 Y(5)^ .01481 .. . .....
X ( 6) = ,11883 PM ( 6)= .35480 rm(15)= .41870 VDATE= .02155
X ( 7) = .07736 RM ( 7)= .23100 RM(16)= .02911 SHMYs eQ9Q9R

-------X < 5) - • —.22381 -----RM ( 8)= ,66«27 ------- RM( 17) = --------- .02036 DY1 = .noo io .................................. —--------------------------------------------
X ( 9) = n.onnoo RM ( 9)= 0.00000 PM(18)= 1.60331 OY = .00002
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—TIME=------76.00-■m’NUTFS - - ■ - -... MUMHER ; OF • I TERA T I ONS= '8  
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-------X ( 2) = - -.02102 PM ( 2) = .06311 PM(11)= - 3.00213 Y (2) = .18861 .................. ---------

X( 31 = .36053 RM ( 3) = 1.08237 PM( 12) = .15540 Y(3) = .27395
x ( 4 ) = n.onnoo RM ( 4) = 0.00000 PM(1?)= •6154? Y(4) = .01701

------- X ( 5) = - • - .00404 -----------RM ( 5) = ,01484 CM(14)= ..... .58370 Y (5) = . 0l«5? - - --------------------------- -------—
X ( 6) = .11318 PM ( 6) = .33979 PM(15)= .44241 VP.’TE = • 0.? I 7 2
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------ X(-8)=- - .22X60 --------RM( 8) = .68328 RM(I?)=" ------ .02164 -,A 0 n 1 a ■■ ■ - ........... -
X ( 9) = n.nonpo RM ( 9) = 0.00000 PM(18)= 1.68984 C-Y^ ••, 0 O 0 0 2
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— TTvf=t—- 84 .n0 M]-\iijTF5" NUMRER OF ITERflTTDMS= 6

> ( 1) = .200^7 RM ( 1)= .60R?4 RM(10)- 113.35327 V ( 1 ) = ,52456
------ X t =- —" .0)RR7 ---------- PM ( 21= " .05753 RM()1)= ” 3.03261 - - Y(2)= .16819

X ( ?) = .362]4 RM ( 3)= 1.09524 PM(1?)= .15473 v(3) = .?76?5
X ( 4) = 0.00000 DM ( 4)= 0.00000 RM(13)= .70597 Y(4) = <01673

—- X ( R) = " .00479 ----- --- DM ( 5)= .0145? ' RM ( 14) = .614 93 Y (5) = .01417
X ( 6) = .10?«6 DM ( 6)= .31194 PM(15)= .49070 VRfiTE= .02209
X ( 7) = .07617 RM ( 7)= ,23100 RM(16)= .03385 R! 12 V .99991

-- - X ( H) = .?3460 RM ( 8 ) = .71114 - " " PM(17)= ' • ' .••?417 DY1 = .00085
X ( = 0.00000 RM ( 9)= 0.00000 RM()8)= 1.36499 DY = .00009
HIM = 247.<22 HOUTOs 274.680 HL0S5= 48.170 HDX^'S = 65.18? H9MDT= -4.603 MDHDTs -5.842

—ri-F = 88.00 MIMIJTES NUMBER OF ITER&TIONS= 5

X ( 1)= .20278 RM ( 1)= .61786 RM(10)= 113.14449 Y ( 1 ) = .53313
X ( ”2) =------ .01R03 RM ( 2)= .05493 PM(11)= - 3.04693 Y(2) = .15890
X ( 3)= .36291 RM ( 3)= 1.10575 PM(12)= .15442 Y(3) = .27732
X ( 4 ) = 0.00000 RM ( 4)= 0.00000 PM(13)= .75295 Y (4) =. .01652

------X c ’5)= '.00470" PM ( 5i= .01431 PM(14)= ~ ------ .62942 - -• - y(5) = .01393
X ( 6)= .09813 RM ( 6)= .29901 RM(15)D .51527 VRATF= .02223
X ( 7)= .075«l RM ( 7)= .23100 PM(16)- .03543 RIIMY = .99991
X ( 8)= .23764 RM ( 8)= .72407 RM(17)= .02541 ' " DY1= ,00085
X ( 9) = 0.0 0 0 0 0 RM ( 9)= 0.00000 RM(18)= 1.95355 0Y = .00009
Hl M = 247.222 HOUTOs 276.099 HLOSS = . 42.785 HRXMS= 62.054 HDMDT= -4.279 M9HDT= -5.329



INITIAL COMDITTONS BASED ON ADJUSTED TIME

X (
X (

I) = 
?) = , 0 30.S4

DM (
(

D =
2) =

.3160?

.08763
RM(10) 
RM(11)

= 118.34000
2.53738

Y(1 ) =
Y(?) =

.12502

.61585
------- X f -3» = ------ .35676------- PM (- 3) = - .90523........... PM(1?) "" " . 15E 53 --------- Y ( 3 ) - .24043

X (
X (

------ X (

=
5) =

=

C.00000
.00097

----  , ?ariM9 -

PM (
PM (
PM (

A) =
5) =
6) =

0.00000
.00246

- .73809 -------

RM(13)
RM(14)

■■ RM ( 1 5) ■ .

.05334

.lf'656
-------- .08566

Y ( 4 ) =
Y(5) =

........ VPATF"

.01034

.00836

.01284
X ( 7) = . 0«?is5 PM ( 7) = .2097? RM(16) .00287 SfjMy = 1.00000
X ( B) = . 1 0^6 PM ( 8) = .P7«?4 RM(17) - .00159 0*1 = 0.00000

-------X ( R; = - o.ooono---------- RM ( 9) = 0.00000 — RM(18) SJ -- .330 01' ---------- Dv = 0.00000

TIMF =: 4.00 MINUTFS NIIMRER OF TTFPATIONRs 7

--------x r 1 V=r---."13002- ------------RM ( 11 = .33888 —PM(10)= "119.38584" ----------- Y(D = .26048
X ( 21= .04164 RM ( 2) = .10851 RM(!1)= 2.60628 Y(2) = .43657
X ( 3)= .35620 PM ( 3) = .92835 RM(12)= .15849 Y(3) = .2571?

------- X ( 4)= - n.oon on -----------PM ( 4) = — 0.000GO RM(13)= -- -------.06075 - " ■ " - Y ( 4 ) = .03764
X ( C-X= .00172 PM ( 5) = .00449 RM(14)= .19920 Y (5) = .00815
X ( 6)= .26948 RM ( 6) = .70234 RM(15)= .09323 VPATE= .00958

— x ( 7)= —",08047 — - RM( 7) = .20972 pm( 16)= -- .00445■ — - s:‘my = .99997
X I P)= .12047 PM ( 8) = .31399 RM(17)= .00178 ()Y1 = .00018
X ( R)= 0,00000 RM ( 9) = 0.00000 RM(1H)= .36023 DY = .00003

------- HINT = —?O?.501 — HOUTO= 119. 611 HLOSS = ' 230.703 —MRXN5= 180.020 9DMDT= 21.947 MDKDT=1 10.260

TIme= 8.00 mini)TFS NUMBER OF TTERATIONS= 8

------- X (-1 ) =—-. 13325 ■ - — — rm ("-1) = - .35346 — ■ PM(10)=--118.61635 Y(l)= .27198 ........ - ...................
X ( 2)= .04544 RM ( 2) = .12054 RM(1D= ?. 6525 5 Y(?)= .43690
X( 3>= .35666 RM ( 3) = .94606 RM(12)= .15955 Y(3)= .25478

-------x< 4)=—o.oonoo -------- RM ( 4) = 0.00000 -- pm(13)=------ .07451 ■ ------- Y(4)= .02610
X( 5)= ,00243 RM ( 5) = .00645 PM(14)= .22179 Y(5)= ,01020
X( 6)= .25081 RM ( 6) = .56527 RM(15)= .1064? V R A T E = .0133?

------ X ( -7 ) =-----,07906- --------- PM ( 7) = - .20972 ---■ - PM(16)=-------- .00595 SliMY= .RB’-'Rd ..
X( <■)= .13234 RM ( 8) = .38105 RM(1Z)= .00227 DY1= -.00026
x ( 9)= n.ooooo RM ( 9) = 0.00000 RM(1R)= .41159 D'= -.00005

------ HINT = - -202.501- -- HOUTD= 170 .070 HLOSS =•- 226.773 -■ HRXNS = 173.4?P. nDMO’s £.317 v*)HDT3 -26w?32

NUMBER OF JTERATIONS= 6TI«F= l?.00 .MINUTES

------ X (■ - 1 ) r-.-- -. 1 3779 - - RM ( 1) = .37157 ■ RM(10)= 117.67141 ■ y (1; = .28543
X ( ?)=. .04740 RM ( 2) = .12783 RM(ll).- 2.<9662 Y (2 ) = .42555
X ( 3) = .35719 RM ( 3) = .96320 PM(12)= . 1604 1 Y<3) = .25229

---- X ( 4 ) = 0. n n n n 0 • RM ( 4) = 0.0 0 0 O 0 RM(13)= .08960 Y { 4 ) = .02435
X ( 5) = ,00206 RM ( 5) = .0G79R F.-M( 14) = .24508 Y ( 5) = .01135
X ( 6) = .?3456 PM ( 6) = .63257 Ru(15)= .12009 VR ’.TE = .01357

-----  X ( 7)= ■ .07777 RM ( 7) = .2097? ■ PM (16) = .Pl>73» 511M Y = .99996
V ( u ; r .14231 RM ( .8) = .38375 o v / j i) - 0 2 u 6 DY 1 T. -.0002?



----X( 11 = -----.14314' •- pw ; 1)= .30216 RM(10}= 116.80273 Y(D = .30394 ............................... ..............
X ( 2) = .04R?4 RM ( 21= .13217 PM(U) = 2.73965 V(2) = .41020
X ( 3) = .35773 RM ( 31= .08005 RM(12)= .16120 Y(3) = .25102

- - X ( A) = " "0.0 00 0 0 DM ( 4)= - 0.00000 pm ( 1 3) = " " .10595 Y(4) = .02273 ---  _ --------

X ( R) = .00337 RM ( 5)= .00924 PM(14)= •15 Y ( 5 ) = .01207
X ( ,22080 PM ( 61= .60326 PM(15)= . 13399 VDATE= .01405

— X f 7) = - .076^5 D A ( 7).= .20972 R M (1 6) = "— .00975 5liMY= ' .99997 • -- — ------------------------- — —
X ( r ) = .15077 PM ( 8)= .41306 PM{17)= . ’>0 351 DY1 = .00020
X ( 0) = 0.0 0 0 0 0 RM < 9)= 0.noooo rm(18)= .>2069 DY = .00003

NT = 202.501 HOUTO= 177,963 HLOSS= 179,853 H P K N S =: 1 1 Z « t) HP MD r =: 6. .7 4 5 MDHDT= -24.114

MUMPER OF ITERATIONS^ 8TI«E= 20.00 u'IMUTES
X ( 1)=“ .14806 RM ( 1)= .41392 RM(10)= 116.00722 Y(1 ) = .32291 . _ ---------- -  ...

X (
X ( 

------ x C
X (
X (

?) =
3) =

.04820

.35832 
o. oonno

.00369

.20737

PM (
RM (

2) = .13403
3) = .99634
4) = 0.00000
5) = .01025
6) = .57661

PM(H)= 2.78058
RM(12)= .16186

Y(2) =
Y(3) =

.39271

.25055
4 ) =
5) =
6) =

RM (
RM (
DM (

P M ( 1 3 ) = . 1 2 4 t) 2
RM(14)= .29121'
PM(15)= .14841

Y(4) =
Y(5) =

VPATE=

.02125

.01254

.01469
X ( f) -
X ( 1- ) =
X ( 0) = 

----- MINT = '

,0 ( 8 i* v 
.15814 

o. oonno 
202.501 '

RM (
RM (
RM (

"H0UT9=

7) = .20972
8) = .43971
9) = 0.0 0 0 0 o

185.718 HLOSS=

Rm(161= ' .01009
RM(17)= .00422
PM(18)= .57813

159.283 "" HRXNS=

SUMY =
DY1 = 

DY = 
125.873 HDMDT=

.99997

.00018

.00003
5.755 MDHDT= -22.383 — —--- -----

TIVE= 24.00 MINUTES NUMREP OF ITERATIONS’: 8

X ( I) = ’ .15468 " PM( 1)= .43602 RM(10)= "115.28151 " Y(l)= .34236
X ( 2) = .04748 RM ( 2)= .13385 RM(M) = 2.81893 Y(2)= .37415
X ( 3) = .35898 RM ( 3)= 1.01193 RM{12)= .16237 Y(3)= .25065

------ X (■ 4) = ’ ' 0.0 0 0 0 0 ~ DM ( 4)=~o.oonno RM(13)= ' ------ .14411- .............. Y(4)= .01998 ------ ------------- -------------------------------

x ( U>) = .00393 RM ( 5)= .01108 RM(14)= .31427 Y(5)= .01283
X I 6) = .19587 QM ( 6)= .65213 PMf15)= .16350 VRATF= .01539. x ( 7) = .07440 rm ( 7)= .20972 RM(16)= " .01140 c;|!my= ,09997 • - - ---------------------- -
X ( 4) = e 1 A <* A 7 DM ( 8)= .46419 P M t 1 7 ) = .00498 DY1= -.00016
X ( 9) = 0.00000 RM ( 9)= 0.00000 RM(18)= .63828 DY= -.00003

----- HIX< 1 3 '"202.501---* HOUTO: 194.210 HLOSS= 14 0.400- - - HR XfIS = 115.951 i-inMDT= 4,402 MDHDT= -20.561 .. —---------------------------- ---------------

NUMRER OF ITERATIONS’: 8TIMC'= 28,00 MINUTES

------X (-
X (
V (

1) =
2) =
3) =

. 16042

.04629

. 359.69

PM(
RM (
RM (

1) = .45797
2) = .13214
3) = 1.02683

RM(10)=
RM(11)=Rm(12!=

114.61110
2.85475 

.16274

Y ( 11 ---
Y (?) =
Y < 3 ) -

o 6) 6' 4 »j5516 
.25106

---X c 4) = n.oonno RM ( 4)= o.onooo - -■ RM(13)= " ' " .16630- " - - Y(4) = .01910 ' " - --------------- .. --- -------------------------------------------------------

X ( 5) - .004J2 PM ( 5)= .01176 PM(14)= .33716 v (5) = .01300
X ( *■) = .18547 RM ( 6)= .52947 PM(15)= .179?8 V O A T.: - .i-i-’-ii V
X ( 7) = .07346 DM ( 7)= .20972 RM(16) = .01270 sumy = .99997 . . . . . - . ------- --- —. . .

X ( 8; = .17054 DM ( 8)= .48686 RM(17)= .00580 nYi = .00019
X ( 9) = n.non no PM ( 9)= 0.00000 DM(18)= .70106 DY: .00003

—- VT -- 2 o , - n 1 HOUTO= 200.352 HLOSS= 124.766 -l P X N 8 = 1C7.518 m;3M0T= .735 M9hut= -18.834 — ---------------------------- —------



X ( A) = n.ooooo 9H ( 4)= 0.00000 Pu(13)= .10059 Y(4) = .01813
X ( 5) = * 0 (i u f* b RM ( d)= .01230 P M ( 1 4 ) = .3^958 Y (5) = .01303
X ! <M = . 17F01 RM ( 6)= .50037 DM(15)= .19569 VRATE= en1665
X ( 7) = , 072*-l PM ( 7)= .20972 RM(16)= .01398 SUMY = .,99993

------- X C K) =— .17507 RM( 8) = .50795 ' PM(17)= .00665 " ’• DY1= .00014 - —
X ( <> ) = 0.OOOOO RM ( 9) = 0.0 0 0 0 0 RM ( 18) - .76625 DY= ' - .00002
HIM = 20?,SOI HOUTO= 209.232 HLOSS= 108.654 HPXMS=: 100.316 uOMDT= 2.134 MDHDTs -17.203

MI.IMRER OF TTERATIO^SS 8— rr,iE= —36.no mimutes-----

X ( 1) = .17135 RM( 1)= .50018 RM(10)= 113.46348 Y(l) = .39878
------- X ( 2)r - .04301 DM( 2)= .12554 - PM( 1 1 ) = ' 2.91906 Y(?) = ,31794 ----------- ---------------------.---------

X ( 3) = .36127 RM ( 3)= 1.05456 RM(12)= .1631? Y ( 3) = .25279
X ( <*) = 0.ooooo PM ( 4)= 0.00000 RM(13)= .21717 Y(4) = .01737

— X ( 6)= - -• . 00436 ■ -1 - RM( 5)= .01 273 ■ ■ R v ( 1 4 ) = - — .38190 - - - Y(5)= .01309 ' ----------------------------------------------
X ( 6) = .16739 RM ( 61= .48861 PM(15)= .21286 V R 4 T E - .01731
X ( 7) = .07184 R A ( 7)= ,2097? RM(16)= .01526 SIIMY = .99998

------- X ( -8)= -—.18078- * PM ( 8)= - .52771 - r - RM(17) = -— .00 754- ‘ ' DY1 = .00013 ■ ......................
X ( 9) = 0.00000 PM ( 9)= 0,00000 PM(18)= .83418 nv= .00002
HINT = 20?.501 HOUTO= 217.176 HLOSS= 94.103 HRXNS= 94,118 MDMDT= .791 MDHDT= -15.451

- TIMF= — 40.00 MiNUTFS- - MilMAER OF ITER»TIONS= 8 ----- -------------------------------------------

X ( 1 ) = .17638 RM( 1)= .51985 PM(10)= 112.97702 Yd) = .41610
------ X ( ?) = — ■. 04] 09------ --- RM ( 2)= .12112 -- ■RM(11)= - — 2.94741 .................... Y ( 2) = .30011 • • - ............. — —........................................... .............

X ( 3) = .36212 RM ( 3)= 1.06733 RM(12)= .16314 Y(3) = .25396
X ( 4) = 0.ooooo PM ( 4)= 0.00000 R m ( 13 ) = .24600 Y(4) = .01676

------- X ( 5) = - - ,00443 -------- RM ( 5)= - .01307 -- PM(14)=.. - .40366 Y(5) = .01305 ------------- ------------------------------------- —
X ( 6) = .15947 RM ( 6)= .47001 PM(15)= .23074 VRATR= .0179]
X ( 7) = .07115 PM ( 7)= .20972 R M ( 1 6 ) = .01654 SI IMY = .99998

---- X ( ■6) =- .]H935----- >------ PM ( 8)= - '.54631 - - - - PM( 1 7) =' ----- -.00846 ----------- f)Yl = .00012
X ( 9) = 0.0 0 0 0 0 PM ( 9)= 0.00000 RM(18)= .90464 DY = .00002
HI f T - 202.501 HOUITO = 224,344. HLOSS = 81.029 HRXNS= 88.726 HDMDTs -.343 MDHDT= -13.804

■-TIVF=------4*^00 MTMUTES--------------------------------- NUMBER OF ITERATIONS^ "8

X ( 1) = .18108 PM ( 1) = .53844 PM(10)= 112.54168 Yd) = .43245
------ X t ?)=- -- .0391 1- - ------- RM( 2)= - ■ .11630 PM(11)= -— 2.97351 " Y(2) = .28301

X ( 3) = .36301 PM ( 3) = 1.0794? PM(12)= .16306 Y(3) = .25527
X ( 4) = 6.0 0 O n o RM ( 4) = 0.00000 RM(13)= .27698 Y(M = .0)6?7
X ( e o n <4. {•. k '• ;• ' RM ( 5) = .01331" P M ( 1 4 ) =: .42486 Y (5) - . 0 1290
X ( 6) = .15216 PM ( 6) = .45244 RM(15)= e?a930 VPATE= • 0 1 6
X ( 7) = .07063 RM ( 7) = '.20972 PM(16)= .01782 StiVYs .99993

------ X ( 8) = .18964 ' RM ( 8) = .56389 PM(17)= .00=41 DY’s -.0001?
X ( 9) = n , o n n n n RM ( 9) = 0.00000 DM(1H)= .97739 DY = -.00002
HI NT = 202.501 HOUTO= 230. 756 HLOSS= 69.30.5 HRXNS= 83.979 HDYD7 = -1.276 viDHDT= -’2.305

—TT^F- AH.no viMUTES NUMHFP OF ITERATIOMCS



SIIMY= .99938
PY1= -,00011

DV= -.00002
79,753 h3MDT= -2.023

X ( 6) = . 14S3< RM ( 6 ) = . ».1 ->! h V”I ID) = * c <7 n *4 *7
X ( 7) s .06996 PM ( 7) = .2097? PM(16)= ,01910
x; °) = ' .19368 PM ( 8) = .56056 PM(17)= .01038
X ( - ) —' 0.00000 PM ( 9) = 0.00000 PM(18)= 1.05220
HI h' T = ?02,50l H0UTO= 236 .451 HLOS$= 58.794 HPXNRs 8DHDT= -10.968

~TTME= " 52.00 '■'I'llITFS "" ' NllMRER OF I TER ATI 0^5= R

X ( 1 ) = . 18950 RM ( ])= .57229 PM(10)= 111.80161 Y(l) = .46222
-- x r ?) = .03517 PM ( R)= .10620 PM(11)= 3.01991 Y(2) = .25133

X ( 3) = . .36484 RM ( 3)= 1.10177 PM{12)= .1626R Y ( 3) - .25813
X ( 4 ) = 0,0 0 0 O o PM ( 4)= 0.00000 R M ( 13 ) - .36502 Y { 4) = .01556

- X ( 5) = .00451 ‘ - RM( 5)= .01361 RM(14)= ' .46525 V(5) = .01275
X ( 6) = .13904 PM ( 6)- .41990 Rm( 15) = .28826 VRATE= .01937
X ( 7) = ,06944 PM ( 7)= .20972 RM( 16) = .02038 RI|MY = .99998

-- X ( 8) = ' .19780 -■ ' RM( 8)= ' .50642 RM( 17) = ' '.01137" FY1 = -.00011
X ( 9) = n. o o o n o PM ( 9)= 0.00000 PM(18)= 1 . 1 28'34 DY = -.00002
HJNT = 202.50] HOUTO= 241.486 HLOSS= 49.359 HDXNR= 75.950 MOMD1'= -2.605 MDHOTs -9.790

NUMREP OF ITERATION'S- 6TIMES ~56-.n0" mi^utES

X ( 1) = ,19323 PM ( ])= .58750 PM(10)= 111.48891 Y (1 ) = .47550
- X ( 2)' = ■■ .03326 PM ( 2)= .10112 PM(11)= 3.04040 Y(2) = .23679

X ( 3) = .36576 RM ( 3)= 1.11206 DM(12)= .16243 v < 3 ; - .25963
X ( 4) = n.ooooo PM ( 4) = 0.00000 PM(13)= .38195 Y (4) = .01528
X ( 5) = " ' .00450 PM( 5)= .01367 PM(14)= " .48440 Y(5) = .01260
X ( 6) - .13313 PM ( 6)= ,40477 PM(15)= .30861 VRATE= .01979
X ( 7) = ,06858 PM ( 7)= ■ .2097? PM(16)= .02167 sumy= i .99990

— ■ X ( 9) = .20114 DM( 8)= .61155 RM(17)= " .01236 EY1 = . 0075
X I 9) = o.onnno PM ( 9)= 0.00000 PM(18)= 1.20733 DY = .0 >010

_HINT = 202.501 Hf)UTO = 246.325 HuOSS= 40.339 HC>XN3 = 72.507 mdmDT= -3.160 MDHDT= -8.497

Timf= 6O.rn mjmijtES NUMBER of ITERATIONS 6

x ( 1 ) = .19667 RM ( 1)= .60172 RM(]0)= 111.20688 Y ( 1) = . 4 81‘ 0 9
"-x !" ?) = .03144 RM( 2)= ' .09620 RM(11)=" 3.05955 Y ; 2) = .2231'?

X ( 2) = .36668 RM { 3)= 1.12188 RM(12)= .16214 y ;'? > - .26113
X ( 4) = 0.0 o 0 n 0 PM ( 4)= 0.00000 RM(13)= .42056 ' y-A’- .015'V>
X ( 5) = .00447 PM ( 5)= .01369 RM(14)=: .50276 r(5)- .01245
X ( 6) = .12757 RM ( 6)= .39031 RM(151= .32-445 \i p ,L T = .0 21" 1 5
X ( 7) = .06854 RM ( 7)= .20972 DM(16)= .02296 RU’-‘Y= . 9;.'9^ -)

■ X ( 8) = - .20461 PM( 8)= .62602 PM(171= .01337 ■’>Y1= -. 00075
X ( 9) - 0,00000 DM ( 9)= 0.00000 PM(18)= 1.28718 r>Y-- -.00010
HJf ■T = 202.501 HO'JTO = 250.566 HLOSS= 32.84’2 HpXNE- 69.36] -.OMOT-- -3.572 mdhDT= -8.025

NUMREP OF ITERATI0NRS 6■Tivp= 64.00 MINUTER

X' ]} = • 1 RM ( .1) = ,61502 PM(]0)= 110.94916 Y (1 ) .49970
— x ( 2)= " RM ' 2) = .09149 PM(1))n 3.0' 749 Y r2) - .2104 i

x 1 ' ■> , = EM ( .3) -- 1 . 13127 PM(12)s . 1 ■ ■ 1 •: 3 /()):- .2625]



KJM = P0?.S01 Hnuro= 254.027 WLOSS= 26.0R8 H9XNS= 66.430 h[)mOT= -3.789 MDHDT= -7.396

NUMBER OF ITERATIONS:: 6TfMC =-----6H.R0 y I N‘)TF S "

X ( 1) = .20277 RM ( ])= ,62745 RM(10)= 110.7!2}5 Y(l) = .51046
—- X ( ?)=--.02411- - - RM ( 2)= " .08699 - - RM(11)- ----- 3.09434 - Y(2) = .19853

X ( 3) = .36049 RM ( 3)= 1.14024 RM(12)= .16151 Y(3) = .26404
X ( 4) = 0.00000 DM ( 4)= 0.00000 RM(13)= .50241 Y (4) =• .01476

- - X ( 5)= - .00440-— - R«( 5)= .0136? PM(14)- ' .53714 Y(5) = .01211
X ( 4) = .11738 PM ( 6)= .36320 DM(15)= .37243 VRATE= .02069
X ( 7) = .06777 p>4 ( 71- .20972 DM(16)- .02556 SIIMY = , qp991

- X ( H) = - - .21107-------- * PM ( R)= .65312 •■ OM(17)= - .01538 0*1 = .00075
X I f»» = 0,0 0 0 0 0 PM ( 91= 0.00000 PM(18)= 1.45051 DY = .00009
HI MT = 202.501 HOIJTO = 256.645 HLOSS= 19.831 HRXNS= 63.680 9?MDT= -3.797 MDHDT= -6,499

MUMPER OF TTFRATIONS= 6■TIVE =----- 72.00 MINUTES r

X ( 1) = .20548 PM ( 1) = .63908 RM ( 10) = 110.49402 Y(l ) = .52045
— ,x < ?)=r— • .02660 ' ■ QM( 2) = .08274 - - ~ RM(11) = -.....-3. 1 1 023- ------- Y ( 2 ) = .18744

X ( 3) = .36937 PM ( 3) = 1.14883 RM(12)= .16118 Y ( 3) = .26543
X ( 4) = o.ooono ( 4) = 0.00000 RM(13)= .54543 Y ( 4 ) = .01464

— X ( H) = .00435 - ■ - PM ( 5) = .01354 RM ( 14)- -- .55319 Y (5) = .01193
X ( 6) = .11269 PM ( 5) = .35048 RM(15)= .3945] VDATE= .0209?
X ( 7) = .06743 PM ( 7) = .2097? PM(16)= .02686 5Umy = .9990]

— X ( U » — — ' .21408 ......... P M ( R) = .66585 RM(17)= ------ ,01638 • ' - !)Y1 = .00076 ..........................
X ( 9) = o.oonoo DM ( 9) = 0.00000 PM(18)= 1.53372 0Y = .00009
HI* <T = 202.501 HOUTO= 259 .203 HLOSS= 14.H0 HRXVS= 61.106 h.?mDT = -3.623 MDHDT= -5.884

TIME- - -76.00 MINUTES- NUMBER OF ITERATIONS= 6

X ( 1) = .29798 RM ( 1) = .649,98 PM(10)= 110.29207 Y(l) = .52973
— x t- f ) ST -- .o?519 - -- RM ( 21 = •.07873 PM(11)= -- 3.12525 ■ Y ( ?) = .17712

X ( 3) = .37023 RM ( 3) = 1.15708 RM(12)= .16085 Y(3) = .26677
X ( 4 ) = 0. oonoo RM ( 4) = 0.00000 PM(13) = .58«73 Y(4) = .01454

- -X (- 5) = -----.00430------------ PM ( 5) = .01343 PM(14) = ■■■■-- .56852 - - ■ Y ( 5 ) ■= .01175
X ( 6) = .10824 RM ( 6) = .33827 RM(15)= .41594 VRATE- = .02113
X. ( 7) = .06710 RM ( 7) = .2097? PM ( 16) = .02817 SUMY = .99991

— X f “) = — .?1396 --------- PM ( 8) = • .67806 RM(17)= ----- --  .01738 OY1 = -.00076
X ( 9) = 0,00000 PM ( 9) = 0.00000 RM ( 1 8) = 1.61782 DY = -,00009
HIMT ■= 202.401 HOUTO= 261.564 HLOSS= P.«24 H»XNS= 5H.676 MOMOT= -3.H25 MOHDT- “5.386

NUMBER OF TTERATIONRs 6TIMF= 80.00 mjmutFS
X ( 1 ) = .?10?9 PM ( 1 ) = .66019 PM(IQ)= 110.104?! Y(l) = .53834

- - K ( ?) = .0?3H8 PM( 2) = . 07497 RM( 1 U = 3.13949 Yf?) = .16752
* ' 3) = .37108 DM ( 3) = 1.16499 pw(1?)= .16053 Y(3) = . 2 6 8 0 6
X < 4 ) = o. oonoo PM ( 4) = " o.ooono .63522 Y (4) = .01444

- y t h 1 r - - .004?3 PM ( 5) = .0]329 ,583]5 v(5) = .Cl!56
t . - .10461 *>*v5 ‘ 6) - .32854 D M ( I 5 ) - .4397O VPATE= . 0 7 • 3 3

• » - * t. . f'. D M < 7 ' = .2047? D M f ] = . G-’M'.H CIP-.Y: < q a q q I



MUMPER OF ITERAT1ONS=- 6— bit, no VTM'JTES

X ( 1) — .?1?43 RM ( 1)= .56978 PM(10)= 109.92869 Y(l) = .5463?
- X ( ?1 •s • '.OPP65 ■PM( 2)= .07144 RM(11)= - ~-3.15301 - Y(2) = .15859

X ( 3) .371R0 RM ( 3)= 1.17261 RM(12)= .16021 Y (3) = .26930
X ( ) p.nnnno 5-1 ( 4)- o < nnonn DM(13)= .68181 Y(4) = .01435

"X ( 5) = - .00417 " ■ ■ RM ( 5)= .01314 DM ( 14) = ------- .59712 ------ y (5) = .01137
X ( t) e 0 Q Q Q Q DM ( 6)= .31527 PM(15)= .46277 VPATE= .02150
X ( 7) - • .O^X-Rl RM ( 7)= .20972 RM(16)= .03080 SllMY = .99991
X ( H) = .???34 ' — DM( 81= ’ .70105 RM(17)= .01935 r>Yi = .00076
X ( c) — 0.00000 DM ( 9)= 0.OOOOo PM(18)= 1.78840 DY = .00009

MT 202.501 HOUTO= 265.6R2 HiO5S= -.651 HPXNS= 54.187 H9MDT= -3.753 MOHDT= -4.591



IMITI&L COMPITTONS RASED ON ADJUSTED TIME

X ( 1) = .1244P ( 1) = .33481 PM(10)= 120.77000 Y( 1 ) = .13740
X ( 2) = ,047’9 QM ( ?) = .12693 PM(11)= 2.68972 Y(?) = .46852

------ X ( 3) = .35005 PM( 3) = .94154 "' PM(12)= .16484 Y(3) = ,15404
X ( 4) = o, n n n n o QM ( 4) = 0.00000 PM(13)= .05261 Y (4) = .01955
X ( R) = .onjoo PM ( 5) = .00484 pv(14)= . 1 c 4 9 8 Y(5) = .02048

------ y ( 6) = .26943 -' ' PM ( 6) = .71446 DM(15)= .10437 “ VOATE= .01660
X ( 7 ) = .10307 PM ( 7) = .27964 RM(15)= .00421 R|JMY = 1 . 0 0 0 0 0
X ( 8) = .10449 QM ( H) = .20751 RM(17)= .G0077 DY) = 0.0O000

----- X ( G) = 0.00000 PM ( 9) = 0 . C 0 0 0 0 R M ( 1 8) = .31693 0.0 O 0 0 0

TTVE= 4.00 MT'1UTES NUMpFR OF ITERATIONS 9

" "X ( I ) = ’.13216 RM ( 1) = .36016 RM(10)= 119.34712 Y(l) = .26495 ----

X ( 2) = .04343 RM ( 2) = .11891 PM(11)= 2.72522 Y (2) = .44905
X ( 3) = .35151 RM( 3) = .95795 DM(12)= .16408 Y ( 3) - .?63?3
y'( 4 ) = ~0,00000 PM ( 4) = 0.00000 PM(13)= .07529 Y ( 4 ) = .02211 • • • - • — - -—-------

X ( 5) = .00242 RM ( S) = .00659 RM(14)= .19706 v (5) = .01059
X ( 6 ) =? .24470 PM( 6) = .67775 RM(15)= .12706 VPflTF= .01637
X ( 7) = .10261 ‘ . RM ( 7) = .27964 RM(16)= .005«l SIIMY = .99993 - - - ----------------

X < H) = .11°97 PM ( 8) = .3242? RM(17)= .00165 DY1 = .00040
X ( 9) = 0.00000 DM ( 9) = 0.00000 PM(18)= .40635 DY = .00007
MIX■T = "" 320.473 "HnuT0= 209 .828 MLOSS= 253.369 HPXMS= 170.368 POM!)T = 14.766 MDMDT= 12.879 —

NIIMRED OF ITERATIONS RTI«F= 8.00 MINUTES

" x r 1 ) .14012 " ’ PM( 1)= .38778 P m ( 1 0 ) - 11 8.70994 Y ( 1 ) = .29509
X ( 2) - .04124 PM ( 2)= .11413 RY ( 1 1 ) = 2.76738 Y(2) = .41699
X ( 3) = .35289 PM ( 3)= .97575 RM(12)= .16403 Y(3) = .25714

" X ( <*) '0.00000 PM ( 4)= 0.00000 R m (1 3 ) = " .09280 Y(4) = .01876
X ( 5) - .00293 . PM( 5)= .00812 PM(14)= .2331? Y (5) .01197
X ( 4) - .23271 PM ( 6)= .64400 PM ' 15) = .14837 VRATE = *04023
-X ( 7) - .10105 PM( 7)= " .27964 ■ PM (16 ) =— -------.00739 SUMY ~ _ Zt > •.) >4 ♦.
X ( 8) - .12935 RM ( 8)= .35797 RM(17)= .00260 D V I = - , n n.. 7 R
X ( 9) 0.0 0 0 0 0 PM ( R)= 0.00000 RM( 18) = .48948 L)V t it 0

-------HP ,T - 720.473 ■HOUTO= 257.953 HLOSS= 234.036"" HPXMR= 161.055 MDHDT= -10.728

time = 12.00 x'INUTES NDMREp OF ITERATIONSs 8

"■ X( I)= .14749 RM ( 1) = .41385 PM(10)= 113.05!;45 Y (11 = .32306
_ ----------- ---------------------------

X ( 2)= . .03=73 RM ( 2) = .10869 RM(11)= 2.“O597 Y ! 2) =
X ( ?)= .35367 PM ( 3) = .99239 PM(1?)= .16385 V (3 ’ = .29016

-- X ( a 1 = fi.oonn PM ( 4) = n. nonoo PM(13)= ' . I 2581 v ( 4 ) = ,01800 - - kJ
X ( ”)= .no 136 RM ( 5) = .00943 DM ( 1 4 ) = . 2-- 794 Y ' 5 ) = .01292
v ( 6)= .214)8 DM ( 6) = .6122? PM(15)= .1708'3 VRATE= .02170
T ( 7 ) z , C Q 5 " PM ( 7) = "" .27964 " ' " DM( 16) - - . 00 90 3 " 9! 1M Y l .99997

X ! h ) - } 3 a q n DM ( 8) = .38976 Dh* ( 1 7 ) =: ,003^0 DY 1 - -.00 0 1 5
1 ' < ’ _ r w n t, *, t n d*« : Q) - n, f'lni D *" ( 1 U - . 0 > 3



X ( T ! = 1P434 DM ( 11= .43363 PM(10)=' 117.44119 v(l) = .34933 -• ' ’ - • - * -— - - - — -— ——
X ( ?) = .03433 QM ( 2)= .1031? RM(11)= ?.84208 Y (2) = .35650
X ( 3) = .34473 DM ( ■ 3)= 1.00617 PM(1?)= .16362 Y(3) = .?a?76

------ X ( 4)= " O.nnnnf)- " ' ' ' DM( 4)= 0.00000 RM (13) •- .15603 Y ( 4 ) = .01771 • -......... - - -
X ( 5> = .00371 DM ( 5)= .01055 O M ( 1 4 ) = .30109 Y (5) = .01357
X ( r .20409 DM ( A)= .5623? PM(15)= . 1 94 3(1 VR.3TE = ,0??50

------ X ( 7) = - ' ■ -w nqq-?Q - - — Q M ( 7)= .27964 RM(16)=' ' .0107? RITMV- ,94496 - - • ------ ------------ - -------------- ----- --
X ( H) = .14745 DM ( B)= .41-365 PM(17)- . r n 4 M 9 nyi = .00010
X ( = n.finnno QM ( 9)= 0.00000 RM(]d)z e 6S'?58 f)Y = .OdOO?

------ HI MT - -■ 3'30.473' -1MOUTO= 284.998 ML0SS2 199.108 - H P X s-' S " 142.643 9DMDT= -4.551 UOHDT= -16.439 ...-------— ------- ------ --------

TIUF= ?0.00 MTMUTFS MUMPER OF ITERflTIOM<:= 7

------- X ( n = — 16070 '----- - PM ( 1)= .46219 -------- RM( 10)‘= ■ II6.P6I84 ------ -- Y ( 1 ) = .37393 . . .. ----—-----------------— •.—
X ( 2) -■ • . 0 3 ’ 9 4 RM ( ?)= .0976? PM(11)= 2.87610 Y(?) = .32944
X ( 3) = .35475 RM ( 3)= 1.02318 QM(1?)= .16337 Y ( 3 > = .26505

— - X ( 4) = - 0.0 0 0 0 0 - . ■ RM ( 4)= 0.00000 QM(13)= ■ ■ .18930 Y(4) - .0175? --------------- - ------- --- . .

X ( 6> = ,00400 QM ( 5)= .01150 PM(14)= • 33246 Y (5) = .0140?
X ( 6) - .19270 RM ( 6)= .55423 Rm(15)= .?1851 VPATP^ .0?309

-------X ( 7 ) = -' .09723 ' -- - ■ 9M ( 7)= .27964 RM(16)- .01243 q 1.1 m v = .99995 - . . . ------------- ----------------

X ( P) = . ] 5 5 s R RM ( 8)= .44774 rm(17)= .00616 |IY1 = .00044
X ( O) = p.onooo RM ( 9)= 0.00000 RM(18)= .75710 r>v= .00005

------ MP>T =- 720.473 “ HOUTO= 291.610 hLOSS= 183.475 - HRXNS= 134.075 9nMDT= -4.690 MDHDT= -15.848 .. — . --- - ------------ --------

- — — — • . w- . . wwe
TIME = 24.00 mimijtFS MUMPER OF ITEQATI0M5-X 7

------ X ( 
X ( 
X (

— X (
X (
X (

------- X (
X ( 
X ( 

------- H I

11 
?) 
3) 
<*) 
5) 
A)
7)
8)
9) 

AT

=

.16663 "

.03173

.35674
■ - 0,0 0 r> 0 0

. n 0 4 ? 3

.’6154
--.00615

.16303
0. o n 0 n 0

" 3Q0.473

" r "

“HOU

RM ( 
RM ( 
QM ( 
PM ( 
QM ( 
PM ( 
DM ( 
RM ( 
QM (

1) = ,48460
2) = .09229
3) = 1.03749
4 ) = 0.0 0 0 0 0
5) = .01229
6) = .52784
7) = .27964 ■ -
8) = .47413
9) - 0.00000
297.066 HLOSS

RM(10)= 116.31957
RM(H)= 2.90828
RM(1?)= .16312
pm(13)= ..... .22550
("•'(14)= , . 36206
dm(]5)= .24343
RM(16)= - - .01417 
OM(17)= .00749
PM ( 18) = .8.5053

= 168.487 HOXMS =

Y(1 ) =
Y (?) =
Y (3) =
Y (4) =
Y(5) = 

VQATE=
• ■ ■ 91 1M Y =

1.1 Y 1 =
DY =

125.978 HDMDT=

.39690 

.30434 

.26708 

.0173? 

.01430 

.02157 

. q 9 j 0 5 

.06044 

.00005
MDH0T=

---- ---------  ...

- •*’ s •» t -14.976

TI«E= 2P.C0 vTMUTFS MIIMRFP OF T TEPA TI O.MF = 7

-------X c 'I 1 = --.17214 pM( 1 )= - .50587 ........ QM(10)=—115.81073 .... - - ■ y ( ! ; _ .41826
X ( 2) = .02967 RM ( ?)= .08719 PM(H)= 2.93877 Y (?) = .281??
X ( 3) = .35769 RM( 31= 1.O511A RM(12)= .16288 Y (3) = .26449

------X ( 4) = 0,00000 -" - QM* 4) = - ■ 0.00000 PR ( 13) =----------.25450 ------ -- Y ( 4 ) = .0171?
X ( 5) = .00440 DV ( 5)= .01294 DH(’ti)= .3899? Y(5) = .01447
X ( A) = .17’18 RM( 6 ) = . 5 0 3 0 A DM().5)= . ?h°0 1 V 9 A 1 5 = .02401

— ■ X ( 7) = .09815 PM ( 7}= .?79A4 RM(16)= .01592 ' ■ QI IMY = „ 0 4 q R c;
X ( A ) = . 1 A977 DM ( P)= .49691 RM (17)= e.-|nqq6 r>Yi = .00045
X ( 9; = n . 0 0 0 n 0 RM ( 9)= 0.00000 PM(18)= .94575 !")¥=: — .00005

------ •T - - 220.473 A HnuTn= 301.896 HL09S= 1 55.232 - ■H5X\,^ = 118.35A HAM-JTS —4.247 M3Hnr= -14.057



X (
X (

3) = 
“ ) =

.3S«61 
n. o o n n o

RM (
DM (

3)= 1.06423
4 > = o. noono

PM(12)= 
pm(13)=

.16265

.30617
Y(3)= .27050
Y(4)= .01689

"X ( F) " " . 0 0 4 R 3 "DM ( 5)= .01346 PV(14)^ - " '".41613 Y(5)= .01453 _ . - _ . ----------- -------- -

X ( f.) .16167 DM ( 6)= .47^78 PM(15)= .29520 VOflTE= .02442
x ( 7) = .0^423 DM ( 7)= .27364 PM(16)= .0176P c; 11 m Y = . 9 m u a 5

— . — X ( F) - '.17306 DM ( 8)= .52213 p*‘( 17) = .01027 ;>/’= -. 00045
X. ( S') - n, n n n n o DM J 9)= 0.00000 PM ( 1.8) = 1.04253 ■3Y= -. 00005
HINT R?o.473 HnUTO= 306.356 HLOSS= 142.429 HQX'MS = 111.209 UDM0T= -3.941 M3HDT= -13.162

... _ __________ _____________________________ ______ __

—TT'J"r= ' 36.00 VTMUTES " NUMREP OF ITcPATTONS= 7

X ( 1 ) = .12107 PM ( 1)= .54493 PM(10)= 114.90041 Y(l) = .45630
X ( 2) = “.02593 PM( 2)= .07764 PU(11)= 2.99460 Y(2) = .24045
X ( 3) - .35061 PM ( 3)= 1.07658 DM(12)= .16239 Y(3) = .27206
X ( ■4) = 0.on on 0 PM ( 4)= 0.00000 PM(13)= .35063 Y (4) = .01661

------ X ( 5) = "".00462 r*“ PM( 5)= .01385 ' "" DM(14)='" .4408R Y(5) = .01453
X ( 6 1 = .15290 PM ( 6)= .45780 PM(15)= V°ATE= .02490
X ( 7) = . 0 9 0 3 •) PM ( 7)= .27064 RM(16)= .01945 PUMY = .90996

------ X ( 6 ) = .18169 ' ----- PM ( ft)— .94408 PM(17)= ------  .01171 r>Yi = .00044
X ( 9) = 0.00000 PM ( 9)= 0.00000 PM(18)= 1.14162 DY = .00004
Hl1‘iT = 320.473 HOUT<0 = 311.B62 Hl.OSS = 128.890 HPXNS= 104.683 R9m0t= -4.052 MDH[)T= -11.543

NIIMRER OF ITERATIONC;= 7-TIVF= 40.60 MINUTFS

X (
X (

1)
7)

.18634
; ..02425

PM (
PM (

1) = .56277
2) = .07325

DM(10)=
PM(H) =

114.48983
3.02014

Y ( 1 ) =
Y(2) =

.47306

.22263
X ( 3) -7 .3603ft RM ( 3)= l.OARSfl RM(12)= .16214 Y ( 3 ) = .27342
X ( 4) - o.ooono PM ( 4)= 0.00000 PM(13)= .39749 Y(4) = .01638

— " X ( 5) = .00468 *" PM( 5)= .01413 PM(14)= .46413 Y ( 5 ) = .01446
X ( 4) — .14479 PM ( 6)= .4372R PM(15)= .34958 VPATE= .02526
X ( 7) . 09'289 PM ( 7)= .27964 PM(’6)= .02122 9IIM.Y- .99994
X ( f) - .13607 RM ( R)= .56469 DM(17)= ' . 0 1 317 0X1 = -.00046
X ( 9) n . n n n n n RM ( 9)= 0.00000 PM(1R)= 1.24204 L)Y = -.00006
9] NT - 320.473 HOUTO= 315.72ft HLOSS= 11ft.104 ' HPXMS = 98.561 MDMDT = -3.750 MDHDT= -11.049

flvF = " 44,"no mtnutEs NUMREP OF JTEPATIOMS= 7

X ( 1) = .19040 PM ( 1)= .57966 PM(10)= 114.10126 ' Y ( ’ ) = . 4 ft v 4 S
x C 2) =" ■' .02272 RM( ?)= "" .06916 RM(11)= 3.64446 Y(2) = . 2 0 6> 3 R
X ( 3) = .36121 PM ( 3)= 1.09970 PM(12)= .16191 Y (3 1 = e 2 7 '4 6 3
X ( 4) = 0.00000 PM ( 4)= 0.00000 RM(13)= . 4 4 .6 6 0 Y (4) = .01613
X ( ft) = .00470 PM ( 5)= .01431 RM(14)= .4R595 Y (5) = .01435
x ( 6) = . 1 3726 RM ( 6)= .41788 PM(15)= .37759 V°ATE = .02559
X ( 7) = .09185 PM ( 7)= .27964 DM(16)- .02298 SUMY = .99994
X ( 8) ="" .19185 PM ( 8)= ' .58400 RM(17)= .01465 DYl - -.">0046
X ( :-) = 0.00000 RM ( 9)= 0.00000 PM(IR)= 1.34376 .6 Y = -.00006
rll‘ T = 880.473 H0UT3= 319.321 HLOSS= 107.9U HRX NS = 92.824 -3. moruTs -10.482

"”TIVE- 4P.no vtmiITFS numrep OF TTFRAtjonss 7



X ( - .130^7 pm ( 6) =
7) =
8) =

.39961 PM(15)= .40593 V P A T E = 
5I!MY = 

nv) = 
DY = 

87.465 H9VDT

.02590
, R 9 R R 4

-.00045
-.00006
= -3.187 MDHDT= -9.889 . _ -----------------------------

v( 71= . O^ll^ pvi( .27M64 RM(16)= .02475
------- > ( « ) =------. 1 0*->7A " ' Q'< ( .60236 ...... RM(17)=-------- .0161?

x < 9)= n.ooono pm ( 9) =
322

0 • 0 n fi 0 n o m (1 81 - 1,64574
ni*’T = ??0.473 HOUTO = .733 HLOSS= 08.2^2 H9X'M5 =

—-rivE= - - 52.M '"T'ltlTES -

X( 1)= .1976 A om( 1) =

iMIIMPEP'OF. ITERATIO'jPs— 7 ------

.61075 pM(10)= 113.3^692 Y(l) = .51558 •

- --------------------------------------------------

------ X 2) = - , 3 ----- o« (
X ( . 3)= .36 23 1 QM(
x t 4>, = o,nnnon dm <

?) =
3) =
4) =

■ .06107 DM(11>= -3.08960
1.12095 RM(12)= .16143
0.00000 RM(13)= .65110

' Y(2)=
Y ( 3 ) =
Y(4) =

.17805

.27669

.01563
- X ( 6; -- „ 00467 ■ ■ PM (

x ( M = .1237 6 . Pv;
x ( 7 ) = . 0 p n c 1 p m (

------X ( 6 ) -------- , 20 034 -------  PM ( 
x t m ) =-o. n o n n n p m (

5) =
6) =
7) =
8> =
9) =

.01443 ' —" pm(14) = - -- .52570

.38238 rm(16)= .43479

.27964 RM(16)= .02651

.61959- - RM(17)=- -- .01759
0.00000 SM(18)= 1.55094

• ■ Y(5)=
VPATE=

9UMY =
' - 0 Y 1 =

DY =

.01400

.02620

.URRR4
-.00046
-.00006

. . -------------------------- -------

PI-->T = 220.473 HOUTO=

—TIM3- 56.00 mjmiitFS-- -
X( J)= .20004 PM(

326

11 =

.012 HLO$S= 89.196 HRX\"*,=

MDMFiEP OF ITERATIONS - 7 ■-

.6250? RM(1O)= 113.05089

82.474 HOMDT

Y(l) =

= -2.°63

.52748

MDHf)T = -9.298 ------- ---------------------------------------

------x f ?) =•— . 0 1 PP3 ---------PM ( 
X( 3)= .3A35H------------ PM(
X( 4)= 0.00000 PM(

--------x ( 4) = - , 00402 ■ " ■ ■ DM ( 
x ( 6) - . 1 1771 PM(
X( 7)= .0J990 9M(

?; =
3) =
4) =
5) =
6) - 
l',=

.05858 ' - RM(11)=--------- 3.11050
1.13092 PM(12)= .16128
0.00000 RM(13)= ,60626

.01437 ----- DM( 14) =--------- .54382

.3 6 614 PM (15)= ,44406

.27964 RM(16)= .02826

- - " Y ( 2) =
Y(3) =
Y (4) =
Y ( 5 ' = 

VRATF=6I|.my =

.16573

.27758

.01538

.01378

.02649

.99995

...................... — ----------------------

------- X t ' .2044 1 ---------- PM (
x( 0)= 0.0 0 on 0 PM (

8) =
9) =

- .63583 ------- RM(17) = —- --.01906
0.00000 RM( 18)= 1.6563?

DY] =
DY =

-.00046
-.00005

------ — — ...—-------- -

HJMT = 3'20.473 6101170 =

--T’M”= - 60.00 MTMijTfc

X( 11= .20397 PM(
- -rt-?)=------ .01774-------

X( 3)= .36433 PM(
x{ 4)= o.oonro pm;

-------rt '51 =------ .00466---------------PM (
x ( 6)= .U20P PM(
X( 71= . 0AO33 RM!

------ X ( A) =------, ?0»02 ............ - PM (
X( M>= 0,00000 PM(

329

1) =
2) =
31 =
4) =
51= -
6) =
7) =
8) =
9) =

.173 HLOSS= 80.636 HRXN'S =

MUMPER OF TTERATIOMRx 7

.63848 RM(10)= 11?.76200

.05552 ' - PM(H)=--------3. 13034-
1.14047 RM(12)= .16109
0.09000 RM(13)= .66324

" .01425 -------- PM(14) =------------- '.5.5088
.3'5080 RM(15)= .4|-;375
.27964 RM(16)= .03000

■ .66117....... . PM(1 7)=-....... .02052
0.00000 PM(18)= 1.7628?

77.833 mrmDT

Y(l) =
- ' - Y(2! =

Y ( 3) =
Y(4) =

---------- v(5)=
VRATE=

6l|MYS
DY] =

!)Y =

= -2.781

.5383°

. ] 5 a 9 
,2784 0. 
.01513
-Cl 354
. 02676
. 9 9 -a 15

-.00046
- . 00 0 0 5

M9HDT= -8.721

—---------------------- --------

HIMT - 320.473 HOIITO =

- Tl'tr= 64.00 ‘•T-)i|7PS

X( 1)= .20676 RM(
----- -■ < ?)= ' ' .0167 3 - 1 - OM(

I .'•)"= .36'05 RM (

33?

1 ) =
21 =
3> =

.217 HLOSSs 72.68,0 HPXM? =

NUMRFP OF ITF.RATI.OM6= 7

.65117 RM(10)= 112,46649

.05267 DM(ii)= 3.14915
1.14962 »k(!?}r , lr.090

73.5?4 -3MDT

Y ( I; =
Y ( 2) =
Y ( 3 ) =

= -2.637

.54839

. 1 4 4 23

. ? 7 9 1 7

MDHDT= -8.162

^66 
,

i । i



X ( U) -

--TM =
n, n u n n o
3?n. 473

0M( Q)-- 0.00000 PK*(14',= 1.h?i,40
H0UT0= 335.141 HLOSS= 55.005 HJXVO-- 5Q.r,?s

L't- (I I'd
PPMI)T= -P.525 MDHnT= -7.426

TI'1'- ' 68.00 MINUTES NtJ^PEP OE 171QTIOVS" 7

X ( ]) = .20R?9 QM ( 11 = .66312 RM( 1 0’ = 112.19052 Y ( 1 ) = .55755

- X ( 2)r .01570 QM( r 1 — .05001 p v ( 1 1 j = ' 3.!6t.9R v (?) = * 1 3 4 8

X ( 3) = .36077 QM ( 3) = 1 .14R40 OM112)- .15071 Y(3) = .27989

X ( 6 ) = o. o o o o o PM ( 4) = 0.onooo RP <13? = .78220 v (4) = .01464

- X ( = .00437 DM ( 5) = .01385 PM(14)- .69;-i? v e 5 \ = .01301

X ( 4) = .10106 PM( 6) = .32259 RM ( 15) = . 5 5 4 ? H v O f. T1-9 .02728

X ( 7 i = .00430 DM ( 7) = .27964 RM(16)= .03344 91 IM Y r ,99995

* ( 8 ) = .2140? ( 8) = .67938 P” ( 17) = .02340 DY1 = -.00046

x ( <#) = 0,00000 PM ( 9) = 0.00000 RM(18)= 1.97903 DY = - . 0 ) 3 0 5

MT = 330.473 HOUTHI 337 .940 Hl.OSS = 4 7.8 Q.R HQXMS= 65.815 HOMDT = -2.438 Y3H0T= -7.112

TJmTx "72.00 mjshitES Ntl^RER OF TTE9ATI0MS= 7

X (
X (

1) =
?) -

.21180

.01493
DM (
PM (

1) =
2) =

.67436

.04753
RM(IO)-: 
DM ( 1 1 ) =

111.93626
3.18388

Y(1 ) =
Y(2i =

,86594
.12629

X ( 3) - ,36647 DM ( 3) = 1.16680 RM(12)= .16052 Y(3) = .28058

X ( 4) = 0 , OOQOO DM ( 4) = 0.00000 PM(13)= .84400 Y(4) = .01442

X ( ,00427 DM ( 5) = .01358, P M ( 1 4 ) = .60644 Y (5) - .01272

X ( ) = .09724 DM t 6) = .30949 P *•> ( 1 5 ) = .58507 VRATE= .02753

X ( 7) - .0-->7a 3 DM { 7) - .27964 RM(16)- .03515 <:!|my = . 9 9 9 9 5

X ( p ) = " .21746 D-* ( 8) = .69237 RM ( 17) = .02481 • DY1 = -.00045
n . 0 0 0 0 0 DM t 9) = 0.00000 RM(]8)= 2.06864 0Y = -.00005

i-tl ■ 320.473 HDtJTO = 34 0 .610 HLOSS= 51.228 HRXNS= 62.371 90MDT = -2.372 MDHOTs -6.622

TI-'Fk —76.00 MTNiJTES' MUMPER OF I TER ATI0M4= 7

X C 1) = .21405 PM ( 1) = .68493 RM < 1 0 ) •= 111.60583 V (1) - .57363

>■ ( ') - .01413 PM ( 2) = .."4522 PM(11)= 3.19998 Y ( 21 - .11846

y ( 3) = .36-7 1 5 PM ( 3) = 1.17485 RM 1 1 2 ) = .16033 Y ( 3) - .28)24

X ( n.oonoo DM ( 4 ) = 0. oorno P“(13)= .90722 Y(4;:.- . 0 ; 4 2 0

( C) = ' .001-15 DM ( 5) = ,01328 cm{14)=" —.619 98" 1 T> } ~ . 0 i 2 4 2

X ( <■ ) = ,09?c.l DM ( 6) = .29729 PM(15)= .61621 V ;j 5 r •; » .02775
X ( 7) = 0 H 7 • 9 PM ( 7) = .27964 »( 1 6 ) = . o3t-,85. <-iMYr .99r,95

X ( ►-)=:" '22622 DM ( 8) = ' .7046,8 RM(17)= "" " .0 26 <10 ‘ t) Y ) x -, 0 0 r, a 5

x ( 0 ) ~ 0,00000 , r v( 9) - 0.0 0 0 0 0 p m ! 1 h) = 2,19r:,20 r.v = - . 6 C 0 0 ■>

TVT ' 320.'.7 3 HOUTO= 343 .149 81.055 = 44.974 HPXM1- 5 ^172 = -2.322 MDHDTs -6.157

'TImE= ' 80.06 VIV.ITOS MUMPER C'R TTS^.'i 10>:S= 7

> ( 11 = .2161? DM ( 11 = .69486 R m •' 1 0 1 = 111.471 3 «■ Y 11 ) = .58069

X ( 2) = . 013 39 DM ( 2? = .04306 Rm (11,-- ".21504 Y(2) - , 1 1 1 2

X ( 3) = . 3 6 72 PM * 3) = I.16257 P ( 1 2 ) - .16 0 14 Y ( 3) = . 2r. 1 8 7



"TIve= —84;nn' mtmutes- NUMBER OF TTERaTIONF= ”7 ""

X ( 1 ) = .21A06 PM ( 1)= . .7O4?0 RM 110) = 1 1 1.26093 Y (1 ) = .58717
------ x (•-?) =" ,ni?7r h- PM (" ?)= ' ’ .04104 RM (1 I) = "■"*'3.2?939' Y ( 2) = . 1047O .

x ( 3) = „ 3H44R PM ( 3)= 1.IR996 pm(12)= , ! 599*. Y(3) = .28240
X ( U ) = n.nnnoo PM ( 4 ) = 0.0 0 0 0 0 P M ( 1 3 ) = 1.03759 Y ( 4 ’ = .01381
X f-^) = " .06390 * ""PM( 5)= ' .01259 RM(14)- " ,64404' . ....... • Y(5) = .01179
X ( f- ) = .OHSnO RM ( 6)= .27449 PM(15)= .67945 VOATE= .02818
x ( 7; = , 0 m c; 9 RM ( 7)= .279^4 pm(16)= .04021 q*JMy = . 99995

-X ( -P) = ■ ‘ .223P7 - - pm ( 8)= ’.72748 pm(17)= "" r ' "" OY1 = . 0 0 0 4 p
X ( 9) = n. n n o ri n RM ( 9) = n. o o o o o PM(18)= 2.42297 0Y = .00005
HINT = 320.473 HOUTO= 347.83? Hl.OSS = 33.626 HOXNS= 53.431 HOM0T= -2.251 mdh0T= -5.302

NUMREP OF ITEPATI0N5= 7-Tlvc=------88,nn VTMUTFS

x ( 1 ) - .21°85 PM ( 1)= .71297 PM(10)= 111.06374 Y(l) = .59312
x ( / 1 u .61207 — *' RM ( " .03915 --------- RM(11)- • "3.24298 y , 2) - ,09866
X ( 3) = .3691? DM ( 3)= 1.19705 PM(12)= .15977 Y (3 ) = .28307
X ( 4) = n.oonoo RM ( 4)= 0.00000 PM(13)= 1.10457 Y(4) - .01353

------- X (- =•) = --- ..0 0 3 76 - PM( 5) = ' ' .01221 --------- PM(14)= - .65645 --------- Y(5)= # 0 1 ] 4- 7 ’ - . . ---------------------------- - -----
X ( 6) - •08]38 RM ( 6)= .2639? PM(15)= .71153 VDATF = .02837
X ( 7) = .08493 DM ( 7)= .27964 pm(16)= .04187 RUMY = ,9PQ95

------- X ( 4) = — .22768 ™ - PM( R)= • .73805 ----- Rm(17)= - — .03024 — • - • pyi = .0 0045 . -----------------------------------
x ( 9) = 0.0 0 0 0 0 RM ( 9)= 0.00000 RM(18)= 2.53608 DY = .00005
UT‘' T = 320.473 HOUTO= 349.977 HLOSS= 28.485 HRXNS= 50.852 h?mDT= -2.225 MDHDT= -4.912

"TI

X (

=- 92.00 MJNUTFS

RM (

NUMBER OF ITERATIONS:;-• 7

Y (1 ) =
-- ■ Y(2)=

Y ( 3) =
Y (4) =

.... . . y (5! _
VOATE=

51 IMy =
— - -- |->Y1 =

()Y =
48.445 h0m3T=

.59859

.09311

.28355

.01345

.01115

.02856

.99995
,00043 • • ■
,00005

-2.2G1 MOWOTs -4.546

1 ) = .22151 J)= .72120
2) = .03738
3) = 1.20385
4) = 0.00000
5) = ’• .01 181 - ■
6) = .25386
7) = .27964
8) = .74811
9) = 0.00000

351.995 HLOSS

RM(10)= 110.8789?
RM ( 1 1 ) = - 3.25585
PM(12)= .15958
dm(13)= 1.17266

- PM(14)= ------ .66738
RM(15)= .74388
RM(16)= ,04353

-• RM(17)= - .03153
PM(18)= 2.64995

= 23.670 HRXMS=

T- < C ) -
X ( 3) =
X ( 4 ) = 

— V ( 5) - --
X ( 6) =
x ( 7 ) = 

---- X ( 8) -
X ( 9) = 
HI MT =

. O 1 1 O 8 8 <

.36975 RM(
0.oonoo RM(
•. 00 363------ - RM(
,07707 ■ RM (
,08689 RM(
.22077 -----------RM (

0,00000 R“(
320.473 HOUTO=

. -------------------------



iMirrai. co'iciitthms fiased on adjusted time

TIM;= 4.00 MJNtlTFS NUMRER OF ITERATIONSs 4

X ( 1) = .11773 QM ( 1: = .36682 °M(10)= 115.71000 Y ( 1) = .10836
X ( P) = :.ora?? PM ( 2) = .14651 RM(11)= 2.60603 Y (2) = .56238

' X ( ?) = . 3 3 3 ] 8 PM ( 3) = .86828 p v (1 2) = " " " 7 .16586 Y (3) = .2°193 ---------- ------------------------------------- ----- -------------------

X ( A > = o. n o o a o PM ( 4) = 0.0 0 0 0 0 DM(13)= .03278 Y (4) = .0248?
x ( S) = ,00069 RM ( 5) = .00180 PM(14)= .08622 Y (5) = .01246

~ " X ( = .?90?4 ■ RM ( 6) - .76675 PM(15)= .01058 VRATE= .02082 -------- - _ . -----

X ( 7) = .10634 QM ( 7} = .28234 PM(16)= .003'*6 9|IMY = 1.00000
X ( H) = „0HOQ9 PM ( 8) = .23453 PM(17)= 0.0 0 0 n 0 DY] = 0.00000

— - X ( 9) = 0.0 0 0 0 0 ‘ RM ( 9) = 0.00000 P M ( 1 8 ) = '"'.13304 " DY = 0.00000 -------------- ------------------------------—--- -------- -- -

----- --- — . —i

HIMT = "06.337' HOUTO= 236,782 HLOSS= 301.731" -HPX^Sx 241.395 4DMDT= -21.723 MOHDT= 20.943

X ( 1 ) = 
X ( 2) =

. 12039 '

.06066

.33512

* PM (
RM (
RM (

1) =
2) =
3) =

"" .32035
.16141
.89176

PM(1O)=
RM(U) =
RM(12)=

"118.03739
2.66098 

.16692

Y(l) =
Y '2) =
Y (3) =

.19917

.54059

.21541X ( ?) =
X ( 4) =' *0.00000 ’ RM( 4) = 0.00000 "" " "9^(13) = -------- .04287 — Y(4)= .03630 . ... . ---------------------------------- ----------
X < 8) = .00182 D t-A { 5) = .00484 R m ( 1 4 ) = .11426 Y(5) = .00857
X ( 6) = .27037 PM ( 6) = .71944 PM(15)= .02166 V9ATF= .01908
X ( 71 = - .10611 RM ( 7) = .28234 PM(16)= .00615 S'I'MY = 1.00004 - . ------ - - . - . - _
X ( 8) = .10554 RM ( 8) = ( .28084 PM(17)= .00033 f) Y 1 = .00188
X ( 9) = 0.0 000 0 PM ( 9) = 0.00000 PM(]8)= .18675 DY = .00004

NUMREP OF ITFRATIONS= 8TIVF= 8.00 MTNljTFS

X ( I) = "'.11938 PM ( 1) = .32043 RM(10)=" 117.88885 Y (1) = .20154 • - - ........ - • —
X ( ?> = .06114 PM < 2) = .16410 PM(11)= 2.69411 Y(2) = .53512
X ( 3) = ,33D63 PM ( 3) = .9089? RM(12)= .16522 v (3) = .21744

" X ( "4 ) = ,0.00000 ' RM ( 4) = 0.00000 RM(13)= " *" .05948 Y ( 4 ) = .03424 .. ------ - --------------------- -----------
X ( 5) = .00299 PM ( 5) = .00803 PM(]4)= .15893 Y (5) = .01157
X ( 6) = e PM ( 6) = .66802 PM 1 15) = .03962 VRATF= .01997

" X ( 7) = "*"".10519 r""" RM ( 7) = ' .28234 ■ PM(16)= ...... .00910 e o q q -------- -----------------------------------------------

X ( 8) = . 12379 PM ( 8) = .33226 RM(17)= .00119 1.) Y 1 = -.onnjs
X ( C) = 0.00000 PM ( 9) = 0.00000 RM(18)= .26944 i)Y = -.00008
HINT = 296.337 * HOUTO= 255 .523 HLOSS = 315.839' HPXN5= 243.566 hD«DT - 782 ‘OHQTs -2.676

—

— - - - - -------------------------------- ---------- --

TI ■'t = 12.00 MTNUTFS NUMRER OF ITERATIONS- 8

x"( 1") = .12021 RM ( 1) = .32603 PM(10)= 117.53882 * Y(1)= .20821 ------------- ---------------------- —
* \ 2) = .06115 RM ( 2) = .16583 RM(11)= 2.71210 Y (2) = .52363
X ( 8) = .34]75 PM ( 3) = .92686 PM(12)= o16395 Y i 3 ) = .21937 — ■
X < 4 ) = 0,0 o o n 0 RM ( 4) = 0.00000 RM( I 3) = .07553 4(4)=: .03546 Ox
X ( 5 ) = .00706 DM ( 5) = .01075 R M ( 1 ti ) = .20043 Y l 5 ) .01726 \D
X ( 6) = .2?on 1 PM ( 6) - .62109 rm(15)- .05674 VPATF= .01903
>* i 7) = .10411 DM ( 7) = .28234 PM(16)= .0120] SffMy- .99993 -■ - ..... ....... ........... ...............................
* : . l?'"-2 DM ( H: ■.379?0 RMt17)= . n ? D i u 1) Y I - -.00031<* • r< .7 <. > a r 4 • 1 i \ — M A ;• 7 n nv- f1 Ci



NHMRfp OF TTEWflTlONSs 0 'TI lh.no mjmijtfs

y ( 1) = .12246 RM ( 1)= .33602 RMflO)= 117.00798 Y(l) = .21867
X ( 2) = .06040 RM ( 2)= .16644 PM(11)= 2.74404 V 12) = .50847
X i 3) = .34444 RM ( 3}= .04543 RM(12)= .16307 Y(3) = .22154

— x ( 4) = n. n o n n o ------- RM ( 4)= 0.00000 D M ( 1 3 ’ = .09149 Y(4) = . 0 36 72 - - ------ ------------------------------------ — —
X ( 8) = .00474 RM ( 5>= .01312 D M ( 1 4 ) = .23898 V ( 5 ) = .0)433
X ( n) = . 21 n« RM ( •6)= .47812 P M ( 1 5 ) = .07331 VC4TF= .01830

— X ( 7) = .102«J "• - — DM ( 7)= .28234 °M( 16) = -• ------ .01489 ---------- qilMVT .94993 ■ - ■ - ---------- - —--------------------------- - --------
X ( 8 ) = .15325 RM ( 8)= .42216 DM(17)= .00322 DY] = .00031
X ( 8) = n. o o o n o DM ( 9)= 0.00000 Pm(18)= .42230 DY = .00007

----- S - ?c:4,377 ■■-HnuTO= 233.393 HLOSS= 293.333 - - 80X93 = 203.644 ^3M?T= -15.786 Mr)Hr)T= -10.959 - -------- ------------------------—--------

TTV'E= ao.no •-'IMUTFS NllMRfP OF TTE;MTIONF= 8

— V(- -1) T" — .1757 3 — • PM ( 1) = .34931 PM(10)= 116.63312 .............. Y(l)= .23220
> ( 2) - . 0 6 n 0 2 PM ( 2) = .16675 RM(111= 2.77815 Y (2) = .49148
X ( 2) .347GH rm ; 3) = .98425 RM(12)= .16242 V ( 3 ) = .22412

---- X f 4) — n . n 0 n n 0 QM ( 4) = O.OOOOn P m ( 1 3) = - .10792 Y(4) = .03711
X ( 5) .00648 PM ( 5) = .01522 RM(14)- .27535 v ( 5) = .01507
X ( f ) = .19390 RM ( 6) = .53867 PM(15)= .08943 VRATE= .01825

----- X (■ 7i s- - ■ .10 16 3 ■ PM * 7) = .26234 -• PM(16)=- .0:777 6llMY = ,99094
X ( ") a .164] 6 QH ( 8) = .46161 RM(17)= .00429 DY1 = .00014
X ( 9 > n. n'nnno RM ( 9) = 0.01)000 rm r1n1 = .40498 DY = .00002

-----UfMT = 1 296.337 HOUTMt 232 .245 HLOSS= 276.59V - 9 P X 5 = 187.466 MDM()T = -13.104 mdhDT= -11.889

TpE: 24.1’0 ^T'HJTFS MifMRFR OF ITEOATTO^S= 8

■ — X ( 1)=- - .12969 - RM( 11 = .36477 RY ( 10) = 116.12467 - Y(1 ) = .24758 ................. .......... .......... -- _ _
X ( 2) = .05475 DM ( 2) = .16524 PM(11)= 2.81266 Y (?) = .47219
x i 3) = .34047 PM ( 3) = .98295 P « ( 1 2 ) = .16187 Y(3) = .22672

— 7 ( 4 ) = • n.nnnno RM ( 4) = 0.00000 OM(13)= .12538 Y ( 4 ) = .03796 — —--------------------- *• — -

x < 5) - .00607 DM ( 5) = ,01.708 DM(14)= .31028 Y (5) = .01558
« ( 6) = ,17450 6) - .50228 dm ( 15) = .10580 VDATE= .01801

— t ( 7) = , 1 0 n 3 p " — " Q M ( 1) = .28234 RV(16)=- ------.02067 StiVY = ,9'-R93 ---------- --------- ----------------- ----------

X ( 4 ) = .17706 RM ( 8) = .49801 R--1 ( 17) = . n 0 5 41 DY1 = .00039
X ( = n,nn 0 n 0 RM ( 9) = 0 . n 00 0.0 R M ( 1 8 ) = .58746 DY = .00907

------H I hr T X ■ ■ 206.3 37 " • HO1ITO = 228 .611 HLOSS= 263.452 - - HRXMS= ■■ 17;1.892 HDMDT= -9.688 80807= -13.146 ' ----- - ------—

MUMPER nF TTER6TI0MS= 828.no ‘-IMITES

- - X ■1 )=■ ~ * .13420 " RM ( 1)= ■■ .38219 PM(10)=- 115.504 11 •• - " Y(B = .25453
X 2) = .05717 RM { 2)= .16281 c M ( 1 1 ) = 2.8479Q. Y (2) = .45140

3) = .35170 RM ( 3)= 1.99163 DM(12)= .16146 Y(3) = .22933
- . V 4 ; = n . n 0 n 0 0 • ... . 4)- 0.00000 DM(13)- - -- .14385 Y ( 4 ) = .03055

X 5 ) = .006=8 RM ( 5)= .91373 RM(14)= • 34 34 7 Y (5) = .91592
> e i = .16458 Pxl ( 6)= .48873 PM(15)= .18??1 VDA 7 E = .91793
X 7) = . 61.8 1 4 CM ( 7)= .28234 DM<16)= .02361 5!<MY = .9-»9o3
X r- ) = .18484 R-.|( H)= .53155 PM(17)= .00554 DY I = -.00030
* 9) T n , 0 0 n n 1) DM ( 9 ) = 0.0 n 0 0 0 P M I ’ 8 ) = .6=939 DY = -.90007

'■ ! :"t-, ■>? M 8 • ‘ T ': - '•'-'7, 111 5! ncsi V <L <, 8 y ] -tOY-.'S - 39.450 8nv,r)T- -7.122 ■•'DHDT= -13.91

4-"-' -

Gt



X ( 3) = .35379 PM ( 3)= 1.02014 R9(1?)= .16115 Y(3) = .23197
X ( 4) = n . n 0 0 n 0 PM ( 4) = o.ooonn RM(13)= .16359 V ( 4 ) = .038^9

- X ( K) = .00700 * PM ( 5)= .0?01R RM(14;= .3751? Y (5) = .01615
X ( 6) = .151“3 RM ( 61= .43750 RM(15)- .13881 VRATE= .01799
X ( 7) = .097°? RM ( ?)= ,?«?34 PM ( 16) = .0?b57 cijmy = .99994
X c R) = - .19507 QM ( 81= .56248 RM(17)= ' ■ .00770 DY1 = -.00030
X ( Q) = 0.00000 RM ( 9)= 0.00000 PM ( 18) = . 7 1 I ; c DY = -,0000b
HI •JT = ?°6.337 HOUTO= ??7.239 Hl.OSS = ? 3 6.6 8 9 HRXNS= 147.137 hDYOT = -5.203 MDHDT= -14.251

rivr= 36.no MIMIITES " mumrfo OF 7 TER at I0NR= «

x ( 1 ) = .144?? DM ( 1)= .4?O96 RM(10)= 114.51532 Y( 1 ) = .30189
"" "X r ?) = .053?l “ r dm ( ?)= .15531 PM(H)= "■ "2.91879 Y(2) = .40814

x ( 3) = .35°78 RM ( 3)= 1.03844 PM(12)= . 16090 Y (3) = .23457
X ( a ) = 0.00000 RM ( 4)= 0.00000 RM ( 13) = .18479 Y(4) = ,03°05

~ > f '5) = ■ .00735 -“T RM( 5)= .02146 PM ( 1 4) = .40538" ......... Y ( 5 ) = .01629
X ( 6) = .140?! RM ( 6)= .40925 rm(15)= .15569 vrate= .01813
X ( 7) = .09673 PM ( 7)= .28234 RM(15)= .02957 SIIMY = .99994

— X (■ P) = ,?0?49 ”------ DM( 8)= .59103 RM(17)= .00887 " " DY1= .00029
X ( °) = n. o n n n o DM ( 9)= 0.00000 RM(18)= .78334 DY = .00005
HT\T = ?°6..337 H0UTO= 228.519 HLOSS= 221.715 HPXNS= 135.865 8DMDT= -3.772 MDHDTs -14.261

TIyE= 40.CO vjmutFS NIJMRFP OF TTERATIONF= R

x ( 1 ) = .14948 RM( 1) = .44148 Rm(10)= 113.98669 Y(1 ) = .32134
X ( ?) =" - .05093 ’ RM ( 2) = .15041 RM(11)= 2.95349 Y ( 2 ) = .38606
x ( 3) = .35768 RM ( 3) = 1.05639 RM(1?)= .16069 Y(3) = .23715
X ( 4) = 0 , n o n n n RM ( 4) = 0.00000 RM ( 13) = .20762 Y(4) = .03904
X ( " 5) =" .00764 DM ( 5) = .02258 PM(14)= .43433 Y(5) = .01635
X ( 6) = .12064 DM ( 6) = .38289 RM(15)- .17293 V?ATE= .01834
X ( 7) = .09560 DM ( 7) = .28234 RM(16)= .03261 5IJMY = ,99994
X ( ' F ) = .20904 ■" RM ( 8) = .61739 .... RM(17)= .01007 OY1 = .00028
X ( 9) = o.oonno RM ( 9) = 0.00000 PM ( 18) = .85628 DY = .00006
HI NT = 296.337 HOUTO= 230,,631 Hl_OSS = 207.9B6 HRXNS= 125.560 HDMDT= -2.700 vfDHDT= -14.020

TIME r. 44 ."on mtmhtfs MIJMREP OF ITERATT0N5=' "8" "

X ( 1) = .15477 RM ( 1)= .46235 RM(10)= 113.47431 Y ( 1 ) = .34091
x ( / ) 3 ’.04 39 J' PM ( 2)= .14491 RM(H)= " 2.98739 Y(2) = .36407
x ( 3 } = . 35°50 DM ( 3)= 1,07397 RM(12)= .16050 Y(3) = .23969
X ( 4) = o.oonno RM ( 4)= 0.00000 RM ( 13)= .2321r> Y (4) = .03893

"""" X ( F ) = " .00768 RM ( 5)= .02353 DM(14)= .46203 Y (5) = .01635
X ( n) - .1’002 DM ( 6)= .35853 RM(15)= . .19058 VQATE= .01850
X ( 7) = .0°451 RM ( 7)= .28’34 D M(16)= .0 3b6H RllMYs
X ( " 8 ) = - " .21432 DM ( 8)= .64175 pM(17)= — ,01128"' DY1 = -.00027
X ( 9) = 0.0 O 0 0 0 OM ( 9)= 0.00000 PM(18)= .93016 DY = -.00006
HI MT = 207.337 HOUTO= 233.308 HLOSS = 194.66] HRXMS= 116,,147 MOMCT = -1.890 MDHDT= -13.596

Trvr------ 4'4.r.O «T'IHTFS" NUMRER OF TTEQATIOMR- ~H



AV )
x ( 7) = . M 1 r* M l

/y^uh PM (
r>)= e /• '^-r-4
7) =: -P.-.734

k *• v i r.') - 
&«(16)=

e r J r d m 
,03H7a

vvKjr2
Cf |V¥ =

• IM 
,99094

' X ( r ) — A * " " D M ( 8 ) = . 6 « 4 P S’ DM(17)= -- -.01?50 -- - rY1_ .000-26
X < r<) n.'-fr-io oM. ( 9)= 0.00000 DMf i p, ) - 1 . n (, 5 i p [) y z — .00006
HJh T — HOIITO = ?36.34«S h: n$S - 16 1.d-:;5 ho ymS- 107.555 «DmDT= -1.265 MDnr)T= -13.045

1 1 v = 2. no ■ ■ MUMRES of itepatIomf p ... _

X ( 1 ) =: ,16A)4 SM( H- .50403 P.-«i1f;)= n 2.51390 Y (1 ) = .37943
x r pi — .04347-------- ' DM( 21= ' .13267 DMti;)=- - 3 9 0 b ? ? 0 - ■ Y (2) = .32118
X ( 3) . ?X'?°6 DM ( 3)= 1.10 70,4 P V ( 1 p } = .16016 V (3) = .24465
X ( A ) n, o o n n o d y ( 41= 0.oooon 13) = , ? a 6 B a Y(4) s .03548
x r ■ 51 ' .GOAPO----- DM ( 5)= .02501 ’ " PM(14)= - ".51373 ' ‘ Y(5)= .01621
X ( 6) , 1 0 3 ? 4 a M ( 6 1- , 3 : 5; •> RM(15)= .22725 VPATEs .01919
X ( 7 j - e n' > i q m ( 1\=. . PM ( 16) = .04192 <: r ?'.* Y = .99994

-------X ( r '- .P p 4 4 A "‘ ~' 8M( B)= . O.MAif- ------ • PM( 17) = "" ■' .01374 " " ' D * 1 s . 0 0(125 ‘ -------------- -------------------------------
X ( r i - n. non rip pm < 91 =- 0.000 0 PM ( J S) = 1.OBI 26 DY = .00006
H.l *T PO6.33 7 HO'JTO = 23D,59i ><LOSS = 169.646 HOXMS= 99.711 ul6MDT = -.77.3 MDHDTs -12.416

—ri'-.'=----- 56, -.fi >'l "MUTES' N'JMREP OF ITEP',riOMS= R

X ( 1 i = .17013 f 1)= .52450 RM(10)= 112.0699? V(l) = .39801
---------X ( 2) = -.04003 ay ( .12619 ' " PM ( 1 1 ) = - ---3.08297 ------  v(2)= .3006? . . ----------------------------------- _ . .

x ( 3) -- .36461 9 ( 2)- l.i?409 RM(12)= .16001 Y (3) = .24706
X A ) - n. oo nn n ( 4) ■- 0.00000 PM(13)= .31706 Y (4) = .03819

— 11 V1 .1 -• „nr^pg j - - DV( 5)= .02556 PM(14)=--....... .53777 ------- - Y(5)= .01608 .................. ............—--------------------------

I t > n: .09503 ( 6)= .29576 OM(15)= .24631 VRATE= .01949
X 1‘ 7 ) .09158 PM ( 7)= .282 34 RM ( 16) = .04508 ^livyz .99995

--------- X ( — • ?. ? p b ? - - - h'M ( 9) = • .70452 - • RM(17)=-— .01500 - - PY1= -.00024 ................................ ............... ........................

X ■ 9) = 0.00000 PM ( 9)= 0.90000 RM(18)= 1.16862 DY = -.00005
n m.T = 206.337 Hr>uTO= 24?„933 HLOSS= 155.069 HoyNJS = 92.546 HOMOT = -.374 MDHDTs -11.745

— T!vF- -- 60.00 vI‘'ltlTES- - - - ' NIJMREP Oc TTERATION$= - A

X ( 1) = .1 ■•40? PM ( 11 = .54447 PM(10)= 1 1 1.650 89 Y ( 1 ) = .41595
------- X f -?) = — - n n 2 c* u 4 ----------- RM ( 2) - .11964 pm(n)=•- — 3,11261 ............. Y(2)= .28080 - -----------------------------------------------

X ( ?.) - . J”*-?! pv ( 31 = 1.13988 pm(I?)= .ISSMf, Y * 3> = .24940
X ( 4) = p, 0 r> n p 0 ( 4 ) = 0.00000 R M ( 1 3 ) - .34917 Y ( 4) = .03787

------- y ,. 6) = # nnR?5 ----------PM ( 5) = - .02599 ' - - PM(14)-- ■ .560'-9 Y 5 ) - .01593 - ■ .......
X f 6) = , 0 a 0 ? 5 PM ( 6) = ,27779 pm ( 1 5; # •> s S c. V P A T r = .01980
X ( 7) = .09071 PM ( 7) = .26234 PM(16)= . fi 4 H ? 7 6Hmy = .99995

------ X ( *•) = — . 23212 ------ QM ( f )= ’ .73P49 RM ( l? ) - ■■■ ■ - ■ - 0 ’ h 7'^ I) Y 1 ■= -.00023 .........................- - .
X ( 9) = n, n n n n n PM ( 9) - 0.0 0 n 0 0 PM(18)= 1 , 2'1 ?P0 DY = -.00005
htvt = PO5."37 HOUTO= 246. 294 HLOSS= 147.141 85.994 HDMDT = -.040 MDHDTs -11.063

r l' - I

— TTVE= - 6*,00 ‘••r\,‘ITF$ - OF' I TE° ATI(?*.S= H

x ( 11 = .17^51 RM, ( ]) = .56387 PM(10)= 111.25643 X ' 1 ) = .43315
X f -?) = — „ /) <- P 1 - - ph; 2)= .11312 ■ R*' (11) = ■j-.l'-HP- V ( > z .2618?
XI ■ 1 = -1 77 6M( 2;= 1.15519 - *? ; 1 J ' . 1 v 1 - .?5;60



HTMT = 7^6.317 HOUTD- 249.624 HL 039= 136.933 M9XMS= 79.994 ■l3'-!r'T= .243 93HPT= -10.391

63,OP vpiiiTrs MijwpfQ Pr ITE9STTr-,'!‘:.T BTT*--? -

X ( 1} = .1 A 3OR QM ( 1)= .88261 om '10)-= 110.8;'d4,4 y ; 1 = .44955
- — y ( ? > = .03367 ' p M ( 21= .10669 dm; l 'Li = ?»' D* 5 2 V ' 2 ) = .24374

x < 3) = .36927 PM( 3)= 1.17004 PMf12)= „ 1 ~ 91- c, V ( 4} .26390
x ' 4) - n. n 0 n n n PM ( 4)= 0.00000 DM(13)- . 4 I v 0 7 */ ! •* \ = .03720
X ( 5) = .00038 ' ' PM ( 5)= .n?65? Pt' ( 14) = . 6 n6 9 Y(5) =■ .01555
X ( 0 ) = .07760 PM ( 6)= .24586 PM ( 1 5 ) = . 3 0 6'.2 VP-' fF = .02040
X ( 7) = . n.“4] 1 PM ( 7)= .28234 PM(16)= .05471 911M V - .99995
X ( q) = .23 8 1 6 " PM ( 8)= .75472 •RM( 1?)= - . 0 1 h 7 9 rsvi = -.00021
X ( 9) = n.nnnnn pM ( 9)= 0,00000 RM(18)= 1.39803 DY = -.00'105
HJ1‘■T - 296.337 HOUTO= 252.891 Hl.nsS = 127.1 Rd HOX s!S = 74.490 ■(•3MDT= .492 viDHDTe -9.742

NUMRFP OF TTE9ATIDNS= 8ri'JF= ‘ 72.no MTMUTFS

x ( 1 ) = .16801 PM ( 1)= .60065 PM (10) - 1 1 0.53733 Y(1 ) = .46510. y ( 2) = .03)44 4 PM ( ?)= .10044 PM ( 1 1 ) = 3.1=482 Y ( 2) = .22661
X ( 3) = .37073 PM ( 3)= 1.18443 OM(]2)= .15947 Y(3) = .25604
X ( 4) - 0 , i) n n n n PM ( 4)= 0.00000 RM(13)= .45680 V ( 4 ) = .03685
X ( c ) = ' .00835 PM ( 5)= .02668 P M ( 1 4 ) = - .62200 Y ( 5 ) = .01535
X ( 4) = .072 PM ( 6)= .23110 o«(16)= . 32742 VPATF= .02069
X ( 7) -• .08038 PM ( 7)= .2“?34 R M ( 1 6 ) = .05796 5i|My = .99995

------  X ( 6) = .24075 DM ( 8)= .769 IB PM (17)= - - ' . 02007 DY1 = -.00020
X ( C.) = n.onono PM ( 9 ) = 0.0 0 0 0 0 PM t 16) = 1.4^023 0Y = -.00005
NT1 •>T = 2r 6.337 HOUTO= 256.078 HLOSS= 1 .1 8.1 0 8 HRXNS= 69.433 RD MDT= .709 M3HDT= -9.125

76.00 ‘'TMIJTPS NUMBER OF ITFRhtjoN3= 8- TI'-'F-

X ( 1) = .19)90 PM ( 1)= .61794 PM(10)= 110.21013 Y(l) = .47978
------- X ( 2) = ’ .02932 PM ( ?'= .09440 PM(U) = 3.22005 Y(2) = .21045

X ( 3) = .37215 PM ( 3)= 1.19835 RM(12)= .15935 Y (3) = .25811
X ( 4) = 0.0 0 0 n 0 PM ( 4)= 0.00000 PM(13)= .49631 Y(4) = .03650

------- x r- 5) - — , n n r 3 q -- DM t 5)= ■" .02673 " " PM(14)=■ .64019' Y(5) = . Oi'.-.: 3 .................
X ( 6) = . |>O75‘' DM ( 6)=. .21762 RM(15)= .349=0 VPA72= ,0209b
X ( 7) = .087. R PM ( 7)= .28234 PM(16)= .06122 5||MY = .99996

—( H = — .24306 " PM ( 8)= .78766 DM(17)=" .02134 DY1 = .00019
X ( 9) = o.onnoo QM f 9 ) = 0.0 0 0 O 0 p m ; 1 3) = 1.56 ?57 :IY = .00004
MTXT = 2=6.337 HOUTG= 259.175 HLOSSs 1 0 9.586 M 3 X C = 7^4.7 78 9i'.MgT = .398 MOHOTs -8.544

number OF TT€R^TI34'«t« 3TTvr = ' 'BO.no MTNllVFS

X ( 1 )- .:956 7 O’t ( 1) = u a 3 4 4 7 PM \ 0) iOP.onDA/, v t n = ,.49357
X ' 2: = .02/31 DM ( 2) = . .'18861 PM : 1 : = 3.24425 Y ( 2) = .19526
X ( 3) = .37=63 DM ( 3) = 1.21184 DV ! L 2 ) = a =924 Y ' 3) = .26009
X ( “) = 0 , 0 n n 0 PM ( 4) = 0. n r, 0 n n pM (13) = .5=766 v ( 4 ; .036’3

"if f ■' , - " . n 3 - 3 - r*M( ) = . 0 2 7 1 C : 1 '> = 7 31 ■v - 5 } - , o :0
* X . *;. ) > -' p.- v • R ) = . 7 "■ 0 . £ . 1 ~ ■t / r ‘ v 9 iir: =



rJUMRER OF TTEP6TI0^iS= " RTTVE-::----- R4.nO' ^TMUTFS

X ( 1 ) = .19900 PM ( 11= .85022 DM(10)= 109.61354 Yd) = .50649
- * X ( Pl = ' 0PS43 ---- PM( 2)= ,08310 pm ( 1 1 1 = 3.26745 Y ( 2) = .18105

X ( 3) = .37487 PM ( 31= 1.224 AR pm(12)= . 1. 5914 Y ( 3 ) - .26198
X ( 4 ) = 0.00000 PM ( 41= 0.00000 PM(13)= .58047 Y(4) = .03575

— X ( s) = ------, onu}5 -----------PM ( 5)= ,02862 - - ' PM( 14) =•- ------ .67338 Y(5) - .01467 ' ......
X ( 6 ) = PM ( 61= .19331 RM(15)= .39320 VdATE= .02151
X ( 7) = .08841 Q-1 ( 71= .2R234 PM(16)= .06778 C!I^Y = .99996

----- X ( 8) - .?4aq7-1-------- PM ( 8)= " .80897 ...... ..... PM ' 1 7) = ■ ------.023RR - - - <)YJ = .00018
X ( t-l = 0.0 0 0 o 0 PM ( 9)= 0.00000 DM(18)= 1.73354 DY = .00004
HII..T = P48.3^7 H0UTO= 265.091 HLOSS= 04.064 HP> MS = 56.523 H9M0T= 1.199 MOHDT= -7.495

-T$vt=- -• 88.00 ^PHITES.......................................NI.IMRFR OF T TE» A T 10N$ = •' 8

x ( 11 = .20221 PM ( 1)= .66520 PM(10)= 109.34149 Y(l) = .51855
----X ( ;’)=■ -----.0?867 - ------ PM ( 2)= - .07788 ■- - RM(11)= -- 3.2RO66 Y ( 2 ) = .16780

X ( 3) = .37818 PM ( 3)= 1.23750 PM(12)= .15905 Y (3) = .26380
X ( 4) = 0.00000 PM ( 4)= 0.00000 PM(13)= .62498 Y (4) = .03539

---- X ( 4) - - .00404 ---------- PM ( 5)= .02646 .......... PM(14)= ■ — - •— .68546 ■ Y(5) = .0144?
x ( ->) = .06843 PM ( 6)= .18234 PM(15)= .41601 VPATF= .02177
x ( 7) = .08503 RM ( 7)= .28234 p M ( 1 6 ) = .97108 SIIMY = .99996

— X ( 8) - - .24864 ------- PM ( R)= .81794 PM(17)= ------ .02514 nri = .00017
X ( 9) = n.oonno PM ( 9)= 0.00000 PM(18)= 1.82810 DY = .00004
Hlh'T = 206.337 HOUTO= 267.913 HLOSS= 86.994 H D x N 5 = 52.860 93MDT= 1.313 MDHDT= -7.023

TIMF = 9? .00 mjnjijtFS NUMRFR OF TTERATIOMRs 8 - -

x ( 1) = .20520 PM ( 1)= .67942 PM(10)= 109.08530 Y ( 1 ) = .52977
—- X ( 2) = -■ .02203 ------- PM ( 2)= .07295 pm(U)= — -3.31094 Y ( 2 ) = .15547

X ( 3) = .37745 PM ( 3)= 1.24970 PM(12)= .15897 Y (3) = .26553
X I 4 ) = 0.0 0 0 0 0 PM ( 4 ) = 0.0 0 0 0 o pm(13)= .67103 Y(4) = ,03501

- * ( 5) = -" .00 793 - - PM ( 5)= .02624 PM(14) = - -- .70260 Y (5) = .01418
X ( 6) = .05198 . RM ( 6)= .17209 PM(15)= .43924 VRATF= .02202
X ( 7) = .08828 DM f 7)= .22234 PM 16)= .07437 SI!MY = .99996

-----X ( M) = " .250) 4 ----- RM ( 8)= .82819 - RM ( ] 7 ) = ■ .0253*; 0YI = .00016
x ( O) = o.onnoo PM ( 9)= 0.00000 PM(1R)= 1.907d DY = .00004
HIM>T = 2-6.337 HOUTO= 270.647 HLOSS = 80.340 HPXMS.t 49.471 HDMOT= 1.404 vDHr?T = -6.582

-T!vf 3 - 96.00 MIN'JTES - - NUMBER OF' ITEHATIONBs- ' ft

X ( 1) =’ .20799 RM ( 1) = .69289 RM(10)= 100.8439;) Y (1 ) - .54019
-- —x ( 2) = - .02051 1 - PM ( 2) = .06832 PM(11 )= - • 3.•’3130 Y ( 2 ) = .14404

X ( 3) - .37868 PM ( 3) = 1.26149 9M(12)= .15899 Y ( 3 ) = .26718
v ( /.■ ■ = 0.0 0 o o o RM ( 4) = o.oonno RM (13)= .7•855 Y(4) = .03463

----- H *"■ 1 r .007w0 RM ( 5) = .02597 PM(14)= ,71885 Y (5) - .01393
X ( 6) = .04978 RM ( 6) = . 16250 PM(15)= .46288 VRATE= .02225
X ( 7) •- .08476 DM ( 7) = .28234 Pft(16)= <.07767 6:.'my = .9R9R7
> • 4 1 = .261hq ■ RM ( 8) = .83778 RM(]7)= ,02764 - ny; = -.00015
r C. ) . o r o o 'i PM ( 9 ) = o.onnoo p i < r i h ; = 1 . c c' ' 2 1 Dv = -.00 n ••) 3



.in UHP1= JVt-UU.U LAL/b

IMTTTAL COtTITinsiS PASED ON ADJUSTED TIME

X ( 1) s .1S«37 PM ( 1 ) = .44740 PM(10)= 110.80000 Y ( 1) = .25624
X ( 2) T. , 05415 PM( ?> = .15356 pm ( 1 1 ) = 2.32511 V(2) = .56996

- - X ( 3) .32 = 73 PM ( 3) = .92869 pm(12)= .17550 Y ( 3) = .15032
X ( -» ) - 0.0 0 0 0 0 PM ( 4) = 0.00000 DM(13)= .04207 Y(4) = .01111
X f c ) -• .00094 PM ( E) = . 00?6'4 PM(14)= .12265 Y ( 5 ) = .01237

— X ( O) " .2*'7 2 4 PM ( 61 = .7?f-7? DM(15)- ' . () 6 8 9 8 VDATfc= .01750
X ( 7) x e 1 n ] PM ( 7) = .28663 OM(16)= .00251 CHMy- 1.00000
X ( » ) - e ncinap QM ( 8) = .27047 PM(17)= .00062 DY1 = 0.00000

— -X ( — n.nnooo PM ( P) = 0.60000 PM(18)= .23682 DY = 0.00000

TIM" = 4.no 'TES NUMREP OF ITERATIONS^ 10
- - —---

~— X c 1) - ""'■.16 40 0 - ■ DM ( 1 ) = .48661 PM(10)= 111. 84853 ---------- Y(l)= .31092
X ( ?) s .062^9 PM ( ?) = .18349 PM(11)= 2.93146 Y (2) = .40906
X ( 3) s . 326'>7 DM ( 3) = .96349 om(1?)= .18039 Y (3) = .20009

----- X ( A) — * ■ n.nnnnp . — PM ( 4) = 0.0000O PM(13)= ' ---------. 04913 " Y(4)= .07189 -
X ( 5) - .p017? PM ( 5) = .00506 PM(14)= .13240 Y (5) = .00798
X ( .23350 PM t 6) = e ^R449 PM( l-D) = .07376 V9ATE= .00390
X ( 7) = . " .09778 PM ( 7) = . 28663 RU(lh)= .00431 <;iivy = .99994
X ( b- ) - .10074 PM ( 8) = .32170 PM(17)= .00077 0Yl = -.00023
X ( N) 0.00060 DM ( 9) = 0.00000 PM(18)= .26181 DY = -.00006
HTh T - ^5 e n7 HOUT0> = 46 .754 HlOPS = 151.781 ■h°xns= 214.124 RDMDT = 63.655 MDHDT= 46.992

NUMREP OF ITERATIONS:: 6TI *E= 8.00 mtmiitES

"" X ( 1) = "" .17018 PM ( 1) = .51503 P“(10)=" 111.98112 Y ( 1 ) = .33698
X ( 2) = .07072 DM ' 2) = .21403 PM(U) = 3.02635 Y '2) = .42230
X ( 3) = . 32929 PM ( 3) = .99656 PM(12)= .18450 Y ( 3 ) = .2044?
X ( 4) = """0.00000 DM ( 4) = 0.00000 ’ P M ( 1 3 ) = "" ' .06014 Y(4) = .02546
> ( S) = .00262 RM ( 5) = .0079? RM(14)= . 14646 Y (5) = .01080
X ( 6) = .21038 PM ( 6) = .63669 RM(15)= .08059 VOATE.= .01233
<(" 7) = .09471 DM ( 7) = ' .28663 ' • PM (16)=---------- .00550' SllMY = , QGgc,5 - • -

X ( H) = .12209 PM ( 8) = .36=50 pm(17)= .00110 DY1 = .00029
X ( 9) - O. ooono PM ( 9) = 0.00000 PM(18)= .29525 DY = .00005
HINT = 95.057 HDUTO= 154. 147 HLOSS= 174.221 HPXNS= 228.546 HDMDT= 27.557 MDHDT= -32.321

NIIMREP OF ITERATIONS- 8TIME— 12.00 MINUTES

’ X ( 1) = .17506 PM ( 1 ) = .54401 RM(10)= 110.80169 " ' vm = .35137
x ( ?) = .07523 DM ( 2) = .23379 RM(11)= 3.10761 Y (2) = .41095
x ( ?) = . 33042 DM ( 3) = 1.02681 PM(12)= .1=745 V ( 3 ) = .20099

- " X ( 4) = 0.000=0 RM ( 4) = 0.00000 RM(13)= .0764-5 Y (4) = .02459
X ( = ) = .00328 PM ( 5) = .01019 RM(14)= .16624 Y (5) = .01197
v ; 6 j = . 19125 ■ DM ( 6) = .59433 RM( 15) = .09020 VPATE= -dI 151

---------X f " T } ---•.09273---------- PM ( 7) = .2=663 " ■- PM(16)=- -------- .00677 -- S'1MV = . 9 9 9 -> 7
r i t.r. , ; 3 >- c, -> DM ( 8 ) = .41186 DM(17)= .00164 UY1 = - . 0 O 1 M

r. ’ r- ,1 •Mil G T ■ n dm 1' n r.‘ m / 1 r i 5 . 24 - Ov-



10.-1 II '■IN’JftS rouMurH or iitHnnuvs:t 1

------- y r- 17= * •.1RI70 ------------RM ( 11= ' " .57976 DM ( ’ 0 ) = " ■■ 109.67272- ■ ' ' ■ Y ( 1 ) = .37072
X ( 2) = .077Q7 PM ( ?)= .24878 PM(11)= 3.19068 Y(2) = .39524
X ( 3) = .33139 RM ( 31= 1.05736 R M ( 1 2 ’ = .19053 Y(3) = .19879

------- X ( 4) = c e nnnno ------- DM ( 4)= o.noooo - - pv(13)= " ----- .09317 "" Y(4) = .02259
X ( 5) = .00375 DM ( 5)= .01196 DM(14)= .1P482 Y(5) = .01254
X ( 6) = . 17802 PM ( 6)= .55842 RM(15)= .09941 VPATF= .01163

■■ X f 7) - ‘ ■ , n K o q ) O M ( 7) = • r b 6 3 R i'" ( 1 6) = SIJMYr e 9*49 97
X ( X- ) = .14114 DM ( 8)= .44777 RM(17)= .00221 I.)Y1 = .00015
X ( R) = n. n o n n o RM ( 9)= 0.00000 DM(18)= .38876 DY = .00003

-------HI-IT = - - <18.057 ' " HOUTO= 145.686 HLOSS- 114.25?-—Hpxrjo = 166.222 yDM0T= 35.073 MOHOTs -34.731 ”

MIJMPER OF ITER4TI0NF= RTIVF= 20.00 UTN'JTES

------ r C 1) =- - .18935 -------- PM (. 1)1= -'.61930 - RM(10)= -'108;R1203- ------------ Yd) = .39212 -
X ( 2) = .07926 PM ( 2)= .25038 RM(H)= 3.27243 Y(2) = .37744
X ( 3) = .33335 PM ( 31= 1.06759 RM(1?)= .19353 Y (3) = .1974?

— - X ( 4 1 = - n.nonno --------- p^( 41= o.oonoo — RM(13)=-------- .11 145 Y(4) = .02021
X ( 8) = .00408 PM ( 5)= .01334 RM(14)= .20325 Y (5) = .0127R
X ( 6) = .16116 PM ( 6)= .52740 DM(15)= .1068,8 V r> a T E = .01231

------- X ( 7)-' - .08759 ------— ( ■7) = .2.8663 -- - RM(16)=--------  .00901 -■ 8UMY = .R9997
X ( 8) = .14031 PM ( R)= .47880 RM(17)= .00282 DYl = -.00015
X ( 9) = n.ononn PM ( 9)= 0.00000 RM(18)= .43552 DY = -.00003

------ «!• <;T = 05.057 ---■HOUTOt 153.872 HI.OSS = «3.743 —HRXNS= 144.290 8DMDT = 35.505 MDHf)T= -33.773

NUMREP OF ITERZ'TIOE,C:= 8 rTVE- 24.00 vj^llTFS

------ X ( -1 T = — .19714------------ RM( "1) = ■ .66062 -- — RM(10)= " 107.62619 " Y(1)= .41387
X ( r ) = .07939 RM( 2)= .26604 RM(11)= 3.35103 Y(?) = .35883
X ( 3) = .33737 RM ( 31= 1.11714 RM(12)= .19630 Y(3) = .19664

------ X ( “I = - 0.0 0 0 n 0 - ■ PM ( 4)= 0.00000 - - RM(13)=■ - .13215 Y ( 4 ) = .01782
X ( 5) = .00430 OM ( 5)= .01441 RM(14)= .22206 Y(5) = .01282
X ( 6) = .14927 PM ( 61= .50020 RM(15)= .11896 VRATE= .01330

------- X ( 7) = — .08563 — - - PM ( 7)= .28663 R*'(16)=- --------.01003 — ■ <;|!my = .99998
X ( 8) = .15100 PM ( R)= .50599 PM(17)= .00348 OYl = -.00013
x ( 9) = 0.00000 PM ( 9)= 0.00000 RM(]8)= .48768 DY = -.000(1?

------ MJMT = — *'5.057 — HOUTO= 165.891 HLOSS= 54.909 ■ —MPXN5 = 126.979 MOMDT = "<1.410 MDHDT= -32.174

TTUF= 28.00 MINUTES NUMREP OF I TER AT I ONE-" 3

----------X (- 1)=--- ;20504 — •' RM( 1)= .70237 RMflO) = - 106.71967 - Yd) = .43501
X ( 2) = ,0716? PM ( 2)= .26930 PM(11)= 3.42554 v ( ? ) .34016
X ( 3) = .374=10 RM ( 3)= 1.14583 P M ( 12) = .19879 Y(3) = .19634

------ x ( 4)=---- 0.00000 -------- PM( 4 ) = 0.0 0 0 0 0 PM(13) = • --- .15577 V ( 4 ) = .01575
X ( S) = ,00444 RM ( 5)= .0152? DV(14)= .24142 Y (5) = .0)273
X ( r ) = .13695 PM ( 6)= .47607 R M ( 1 S) = .12987 V d 4 T E = .01443

------ X ( 7) - - ,08767 - - pM ( 7)'= .28663 P*il6)= .01100 q 1 • M y = .99998
X ( ) = .16476 QM ( 8)= .5301? RM( ]7) = .00418 riY 1 -.0001 1
X ( 9) = r,. 00 ono RM ( 9)= 0.00000 RM (18) = .5431? DY = -.00002

——•— •- I * ■T ■ ■ HO!ITO = 179.702 HLOSS= 27.945 ■ - = 113.046 M3H0T= -30.126



X ( .3) = .33^73 PM ( 3)= 1.17357 RM (]?)=: .20097 Y(3) = .19643
X ( 4) = p.oonof) PM ( 4)= 0,00000 RM(131= . 18266 Y(4) = .01402
X C 5) = .004F? RM ( 5)= .0153? " ‘ PM ( 1 4 ) = "■ "■ .25129 " ' Y(5)= .01254
X ( M = .13000 PM ( 6)= .45443 PM(15)- .14169 ■vrate = .01565
«( 71 = .08200 PM ( 7)= .28453 PM(16)= .01)94 9I|MY = .99993

-------X ( «) = .18785 P M { R)= .55176 PM(17)= —~ .00495" I)Y1 = .00056
X ( <,) = p . c 0 n p o RM ( 91= O.oo000 PM(IB)= .60325 0Y = . •") 0 o 1 0
HI- !T = <-5,057 HOUTO= 194.490 HLOSS= 2.91 1 4PXM5= 101.684 M-)MDT = 27.366 MDHDT= -28.026

TIm5 = 36.no mtmiitFS MI1MPFP OF ITtRATT0W5= 6

XI 1 ) = 
X ( 2) =

.22010

.07521 "
PM( 1)= .78377
PM( 21= .26783

PM(10)= 105.14541 Y(l)= .47378
RM(11)= ' 3.56100" Y(2)= .30428 ------------ ------------ ------------------------

X ( 3) = 
x ( 4) = 

""'"XI 5) =

.33708 
n,oon xo 
"". 0 04<-6 " ."

om( 3)^ 1.20035
PM( 4)= 0.00000"pm( 51= .01624

PM(12)= .20287 Y(3)= .19687
PM(13)= .21281 Y(4)= .01271" rm(]4)= .28154"" ’ "Y(5)= .01225

- - _ ------  -----------------—-----

X ( 6 ) = 
X ( 7) = 

--------X ( 8) = 
X ( Q ) = 
m I ;-i T =

.122J1 RM( 61= .43484
,OH|149 RM ( 7)= .?«663
.16.045 PM ( R)= .57135

o.ooonn PM( 9)= 0.00000
95.057 HOllTOs 207.760 HLOSS

PM ( 15) = .15444 V9»T-"= .01675
RM(16)= .01286 sumy= .99992
PM(17)= "--.00575" ' DY1= -.00052
PM(1H)= .66800 r>Y= -. 00008

= -19.400 HRXMS= 92.299 o,-,MDT= 24.547 MDHDT= -25.461

. ------------------------------------

—TIMF=' 4 0.00 np; IITFS" MIIMRSP OF ITFOATI0NS= 6 - -------- —----------------------  —

< ( 1 ) = .22706 RM ( 1)= ,P,?246 PM(10>= 104.47341 Y(l)= .49118
> ( 2) = " -" .0.7293 "1 " RM ( 21= .26415 " PM(H) =------- 3.62212" " Y(2)= .28752 ----- ______-------- -  _

< ( 3) = . 33863 PM ( 31= 1.22619 PM(12)= .20451 Y(3)= .19761
X ( 4 ) X O.ooonn PM ( 4)= o.nooon Py(13)= .24532 Y(4)= .01163
X ( 51 = " .00456 PM ( 51= .01652 PM(141= .30199 Y(5)= .01199 ...................... ...... ........ —
X ( 6) - . 1 151.1 PM ( 6)= .41695 DM(15)= .16811 VPATE= .01785
Xi 7) - .07013 PM ( 7)= .28663 PM(16)= .01374 SI|UY= .99993
> { ) = e j K f* M PM ( 81= .58924 v 'v* ( 1 / ) — ♦ () fJ h S M 1 - -. 00049
X ( 9) = o.nonnn PM ( 91= 0.00000 RM(1M)= .73720 DY= -.00007
HI.‘if = 95.057 HOUTO= 220.949 HLOSS = -40.008 HRX6S= 84.507 HDMDT= 21.720 MDHOT= -23.097

—rTvF=—" 44; no mtnutfs---- .......... - " " MIJMRER OF ITFpatI0MS = " "b"-"- " ................ .........................

X( 1)= .23359 DM(
-------X("2)= -'.07042" " PM(

X( 31= .34006 RM(
X( 4)= 0,00000 PM(

" x( =;= .00453 PM(
XI Mr .10 806 RM (
X( 7!= .07701 PM(
y ,'-'’)= " . 1 r.464 " - PM (
X( 9)= O.00 0 n 0 PM(
ht\>t = 05.067 HOUTO =

11= .85939
?)= .25906
31= 1.25109
4) = 0.00000
5) = .n1667
6) = .40049
7) = .28663
8) = .60570 ' ""
9) = 0.coooo
233.495 HLOSS

PM(10)= 103.87163 Y(?)= .5;>7?6
PM(I1)= -- 3.67903 Y(?).-. ,27154
RM(12)= .20589 Y(3)= ,19-;5r,
RM(13)= .26314 Y(4)r .01076
RM(14)= " -.32251 Y(5)= .01168
PM(15)= .18270 V»4T:= .01889
PM(16)= .31461. SI1MY= .99994

"" PM(17)= . 00745 "■ "" 0X1 = -.00047
PM.(IH1= .81070 OYr -. 00036

= -58.691 HPXMS= 77.960 H,)M0T= 19.063 MDHDT= -20.850

*■ —■--------------------- — •—----- -

—, ----- ’,/T/nn — NijmrFR- OF rTESATTDN'Ss ~5 "



UJHT = 05.(157 HniJTOs 245.179 HL03S= -75.Ar,5 HR*NS= 72.404 HQvir)T= 16.643

X ( A) = . 1 U _V i* P'4 ( A ) = . -■'65^3 RM ( 15) = .1951r VPATir .01987
X ( 7) = .07540 PM ( 7) = .28663 pm ( 16) = .01546 OljMY- .Q9495

------- X c 0) ="— . 1 6539 "" PM ( 8) = .62096 '— dm(17)= — ' . 00836 nvi = -.00045
x ( 4) = n.oonon PM ( 9) = 0.00009 PM(1H)= .8P625 DY = -.09005

MDHDT= -18.755

NUMBER 'OF TTER4TI0N~= ' 6 ---------------—71^5=----- 52.no MTMUTFS-------

x ( 1 ) = .24528 DM ( D= ,92744 RM( 10) =: 102.85313 Y(l) = .53570
------ X ( ?) = - '■ . 0 6^05 — ----- RM( 2)= .2u547 - • ' RM(11 ) = -- 3.7R115 ----- ' Y ( 2 ) = .24254 - '

x ( 3) = .34334 RM ( 3)= 1.2R821 RM(12)= .20802 Y (3) = .20122
X ( 4 ) S n . n n o n o RM ( 4)= 0.000no RM(13)= .36632 Y (4) = .00448

------- X ( 5) = .00442 DM ( 5)= .01671 ------ RM(14) = ---  .363?a --------- Y(5)= ' .01102
X ( / = .04812 PM ( 6)= .37100 PM(15)= . 21 ■» 5 1 VP/)TF = .02077
x ( 7) = .07440 PM ( 7)= .28663 RM(16)= .01631 SI|VY = .94995

----- X ( «) = --- . 16749 - - - PM ( R)= .63519 RM(]7)- -------- .00427 -------- I)Y1= ■ - .00044
X ( Q) = 0 . no.mo PM ( 9)= 0.00000 PM(18)= .46956 DY- .00004

T = 45.067 HOUTO= 255,914 HLOSS= -40.864 HRXN8= 67,639 RDMDT= 14.484 MDHDT= -16.837

MUMRFR OF - TTER5TI0MS =-T1uF=------ 56.00 MINUTFS-- - -■

X ( 1 ) = .25646 RM( 1)= .95850 RM(J 0) = 102.42329 Y(l) = .54824
------ X f 2) = ------.06232 - — - PM ( 2)= .23850 P«(11)=- - -3.82695 Y (2) - .2/926

X ( 3) = e 3 4 s r> 5 RM ( 3)= 1.32051 RM(12)= .20381 Y(3) = .20276
X ( 4) = o. o o n n n DM ( 4) = 0.00000 PM(13)= .41240' Y(4) = .00902

------- X ( 5) = — .00436 —i - PM( 5)= .01663 - -- RM(14)=--------- .38321 ■ ---------- Y(5)= .01068 - - ■
X ( 6 ) - .09346 PM ( 6)= .35766 pM f15) = .83156 M9IX'S£ = .02150
X ( 7) = .07490 PM ( 7)= .28663 P'1 ( 16) = .01714 51JMY = .94995

------  )( { 8) = — .16446 - -4-- - PM ( 8)= .64853 ....... PM(17)=■ - --.01019 DY1 = .00043
X ( 9) = o.oonno DM ( 9)= 0.00000 rm ( 18) = 1.05432 DY = .00004
HT^.'T = 95.057 HOUTO= 265.692 6L0SS= -104.602 MPXMS- 63.510 HDMDT= 12.584 MDHDT= -15.107

—TI“E»-—SO.OO-mtnijTES-- ■ •• . MHmREP OF TTERATION'S= 2 ------------

■x f 1 ) = . 25523 RM ( 1)= .98765 RM( 1 0) = 102.04090 Y(l)= .554*4
------ -x<- -2) = ------ .0596? -- RM( 21= -■ .23070 • • RM(11)= - -'-3.86970- - -- Y(?)= .21681 - - ■ - -

X ( 3) = .34600 DM ( 3)= 1.34202 RM(12)= .20947 Y(3)= .20444
X ( 4) = 0.00000 DM ( 4)= 0.00000 pm(13)= .461?', Y(4)= .00859

------- y ( C)~ ------. 00426"— -------PM ( 5)= .01650 ------ D M ( 1 4 ) S’ -- .40/79 Y(5)= .01035
X ( 6) = .03918 C’1( 6)= .34508 RM(15)= V9ATC=- .02248
X ( 7) = .07407 DM ( 7)= .28663 PK' (16) = .0170- Siivy= J.-'.OOO?

------ X ( 8) - ---- .170^4 — -- RM ( 8)= .66111 RM(17)---— -....0 1 1 1 1 D''i= -0 01885
x t 9) = r,, o 0 n n 0 DM ( 9)= 0.00000 DM(18)= 1.142.55 DY= .0000?
-TAT - R5.057 HOliTO = /■’6.240 HLOSS = -117.004 59.8.6.3 -<1-)v,DT= 10.473 MDHDT= -14.769

•5^, no. vr>h|T=<; - NIIMP5P OF ITFRATIONFr: 7 -

X( })= „25<!An
* ( VI - ------ . (14AM
X ( 31.1T . 3A >c.c

• r . r ■ n

R’1( 1)= 1.01442
om< ?)= • .P2270

( 3 ; 1 , "<#V7«
CH ( 4 1- 0 . bfO-.l 0

PM(iO)= 101.6--270 
RMt111= ■ 3.R0O54
Cv *•* *, J ? ) T , '? 0 0 9 r>

pv r i - =■ . c. V- 4.b

Y (1) =
Y (?) =
Y ( 3 > =
Y r <• i =

.5^042

.20507

. 29 515



x( «)= o.onnoo 9)- o.nooon dm(13)= i.?3313- Dy=
hIMT = 05.097 HOUTO= 253.085 HLO$S= -123.001 n»yMS= 56.692 iDMDT= 9,355 MDHDT= -12.600

— TTvE= " 68.00 vTMUTES" " MUMHER OF ITrcfiTIO1'IS= 7

X ( 1 ) = .26381 PM ( 1)= 1.04045 PM(10)= 101.38041 V(I) = .58021
--- t ( -2) = "" . 05438 ----------( 2)= .21A64 PM(11)=---■’3.94687 ---------- Y(?)_ ■ 19^05 .............. . ’

x < 3) = .3503^ pm r 3)= 1.38284 PM(12)= .21039 Y ( 3 ) = .20796
x ( A) = 0.00000 RM ( 4 ) = 0.00000 PM(13)= .56652 Y (4) = .00805

- ■ X( 5) - .00408 "■ DM ( 5)= .01612 -- P M ( 1 4 ) = ’ .44054 Y(5) = .00970 - . . - - . .
x ( ) = .05157 DM ( 6)= .32194 RM ( 15)= . .28763 VRATEs .02365
X ( 7 ) = .072^2 RM ( 7)= .28663 R M t 1. 6 ) = .01955 CJIJMY- e9U9Q^

----- X ( H) = ‘ .177,37 PM ( 8)= .68425 PM(17)= .0 1296 DY1 = .00021 " - .......................— ---------------
X ( ^ ) = 0.00000 DM ( 9)= 0.00000 PM(18)= 1.32646 DY = .00002
i--T*'T = 05.057 801170 = 289.973 Hl.OSS = -138.127 MPXM9= 53.833 -iOMDT = 8.212 Mf)HDT= -11.166

-TIME-- - 72.00 " vj\|jtFS * NUMRER OF TTFPATIONS= 7 — • . -- - - — —.. .... . —

X ( 1 ) = .26729 PM ( !)= 1.06432 PM(10)= 101.09809 Y ( 1 ) = .58925
------ X ( 2) =------ . C‘- ]87 -■ RM( 2)= .20662 - RM(11)=- -”3.98189 ' Y(2)= .18372 — ... . ------------------- ---

X ( 3) = ’ .35216 RM ( 3)= 1.40224 RM(12)= .21071 Y(3> = .20990
X ( 4 ) = 0,00000 PM ( 4)= 0.00000 RM(13)= .62261 Y(4) = .00783

-----y f c; = „rn390 PM ( 5)= .01588 R«(14)= * 4 5 B 5 9 Y(5) = .00938 — .. _ ...-----

X ( 6 ) = . 0 7 p 1 6 RM( 6)= .31122 RM(15)= . 30766 VRATE= .02420
X ( 7) = .07198 PM ( 7)= .28663 RM(16)= .02036 SIJ,MY = .99998
X ( P ) = .174-3 PM ( 8)= .69497 RM(17)= .01387 DYl = -.00021
X ( 9) = 0.00000 PM ( 9)= 0.00000 DM(18)= 1.42212 DY = -.00002
HJ \'T = 05*057 , HOHTn= 2.96.309 HLOSS = -147.200 51.255 mdmdT = 7.201 MDHDT= -9.997

TIMF = ■ '76 .no MINUTES XJIIVRER OF ITERATIOMS= 7 ' ’ ' ' '

X ( 
’ X ( 

X ( 
X ( 

"X ( 
X ( 
X (

1 ) -
2) f
3) =
4 ) =

6) =
7) =

.27866

.04949

.35394
0 . n 0 n 0 0

.00369 -

.07497

.07139

RM ( 
PM ( 
RM ( 
R.M (
RM ( 
RM ( 
PM (

1) = 1.08665
2) = .19871
3) = 1.42102
4) = 0.00000
5) = .01563
6) = .30101
7) = .28663

PM(10)= 100.84182
PM(H)=' ' 4.01482
RM(12)= .21095
PM(13)= .68079
PM(14)= " ,47607
RM(15)= .32831
pm(16)= .02117

Y ( 1 ) =
Y (2) =
Y(3) =
Y (4) =

■ ' Y(5)=Vdatf- =
6UMY =

.59759

.17401

.21166

.00765

.00908

.02459
, t)L,998

- - —

—

X ( 
X ( 
'H 7

8) ='
9) =

AT r

.17565 -* ' RM( 
o.nnano rm(
95,457 Hr>UTP =

8) = .70519
9) = 0.00000
302.072 HI.0S5

' PM(17)= -'”.01476
pM(18)= 1.51988

= -155.417 4Ryws=

" ' nvi=
DY = 

48,912 9'imdt
-.00D22
-.00002 
= 6.326 v.DHDT = -9.011

rxvF=--- 80.no UT\'UTF5 ' ' NIIMReo OF T TEO AT 10\'5= ’ 7

X ( 1) - .2737A PM( 1) = 1.10753 RM(10)= 100,60828 Y(1 ) = .60530
>: 2).- ,44720 RM ( 2) = .19097 RM(11)= 4.04586 Y(?) = .I64RR

1 j ■* .35572 RM ( 3) = 1.439?0 RM(12)= .21113 Y ( 3 ) = .21353
"x ; ~ ~ C V ( 4) = 0.00000 PM(13)= .74090 Y(4) = .00749

_ . - - . r 1 ( ■> ) - 4 1 6 IT PM(14)- ,49294 Y ( 5 ) = f? 0 R 7 3
, . - . u r " t 1..' - . '1 4 9 ■> -: Vrat: = > 0 -) I



0.3cl Program Liot for Program CHEMACT
ChbvACT CDC 77/01/29 PAGE 1

^-80

PPC-GPAM CHL’MACT (INPUT. OUTPUT., I A DE 5= I E'Pt JT • T A PE 6 = OU T PUT ) 
COh-i- GN K , N. MG. X (60 « 7 ) < XLAmDA ( 5.5) , f.'M. MCOMP . SUM ( 60.5) » KK
Cut’MON /G1 / Y ( 2 AO ) . YU AL (2 AO ) • IB CODE ( 2A) . G‘.<AX ( 24 ) . BMJ N ( 2a) . H (25) .

1 PH I . F N:j . FL Af 'D A . T AU < E PS I L N * PH I MIN « ] f ’DE X . KO DE , I TEr<, ST DE VS 
DIMENSION DEV(240) .TITLE(20) 
RPAD(5.103) (TITLEd) .I--1.20)

1 03 FOPMAT(20A4 )
50 RFAD(n.9) K.N. IUlJMMY.MGtNCOMP.NSET.KK
9 FORMAT(815)

NR=:M<-VG
DO 10 1=1 »<K
BHAX(I)=10000.

10 Bl-P'( J) =0.
IF(KK.EQ.K) GO TO 60
KK)=KrC*l
DO 31 I-KK1.K
BmIN'( 1 ) -- 1 00.

31 BvAX(J)=1 000 .
60 RFAD(5.14) (L'(IHI = 1.K)

d (K * 1 ) = 0 .
NCOMP1=NCOMP-1

70 DO 1000 1 = 1 • N
0 00 RPAD ( 5. 14 ) (X (I . J) . J=1 .NCO'-iPl ) . Y ( I) , Y (I +N ) , Y ( I + 2^ N) .Y (I*3*N)

DO 62 1 =1 *. N
X S - 0 .
DO 83 J=1.\'COMP1

R3 XG=:XS + X ( 1 .J)
62 X ( I . L'COMP ) ~ 1 » -XS

IF(JDUmmY.EO.NCOMP) GO TO 80
NCOMP2 = NCC<mP+1
DO 63 J-.NCOMP2* IDJMMY

63 FFA()(5.1A) (X (I < J) t 1 = 1 ,N)
D 0 6 4 I " 1 , N
DO 64 J=NC0MP2.IDUMMY

64 X(J«J)=x(I,J)*273.16
14 FORMAT(8F10.0)
80 Do 81 1 - 1.NN
81 Y(J)=AL0G(Y(I))

RFAD(5.14) STDEVS
Fi'Li-'-O.
Fl/-mDA = 0 .
TAI 1=0.
LPSILM=G.
Phjmin=o.
IMDEX=0
DO 12 1 = 1. K

12 IPCODE(I)=-1
k M T E(6.10 0)

100 Format ( 1H 1///2Y . SHIKIOLX . 1 X . 4HK0DE . 8X , HOST DEV. 1 1 X . 2HB1 , 1 1 X ,2HB2, 11 X 
1.2HB3.1 1X♦2HU4.1IX.2HH5.11X.2Hh6.11X,2887/)

30 CALL HSOLVE
STOEV--G0RT (PHI/FLOAT (EN-l ) >

■ 1F(INDEX.GE.NSET ) KODF=-1
r.'P TIE ( h. 1 02) I MOF X . KODF . STDEV . ( B ( I ) , I - 1 . K )

10? Fo-->mAT(2X.2I5,5F]3.5./<:(25Xi7F13.5))



h-81

CHK'-tACT CDC 77/0l/?9 PAGE 2

IF(KGDE) 40,40*27
27 IFf IK'DFX.LT.NSEI ) GO TO 30
40 00 25 I -1 »Iy‘N . . _ ... . ...... ................

DFv ( 1 )-YCAL(I)-Y(1)
25 CO'-'TI Ml.lE

k-PITF (6,203) (TITLE(T) ,I = l»20) 
±03 Fnr-MAT ( 1H1//1X.20A4)

V/PTTE (b, 104 )[04 FOPMAT (//1 X., 5HP0I MT , 9X . 2HX1 « OX, 2HX2 , OX , 2HX3 t 9X, 2HX4,9X , 2HX5,
17X.4HT9YS,7X,^HTSUP/)
WPJTE(A,106) (I,(X(I,J),J=1,7)«1=1»N)

iOS FORMAT(1X,15,7F11.5)
W PIJ F ( 6,1 2 0 )

I 20 FOPMAT(IHl/Z/lX,5HP0INT»7x,4KLNG1,bX,5HLNGC1 * 8x,3HDEV,7X,4hLGG2
16x.5HLNGC2,8X,3HDEV/) _ _ ......... ,
DO 92 1=1,0
L 1 = I + M ..9? WRITE (6,94) I, Y ( I ) « YCAL ( I) , DEV ( I) < Y ( LI ) , YCAL (L 1 ) » DEV (L. 1 )

94 format(1x,i5,pFi1.5)
WRITE(6,122)122 Format ( 1 H 1/// 1 X < 5H?0I NT ,7X, 4HLNG3,6X , 5HLNGC3,8X , 3HDEV « 7X , 4HL.NG4 
lbX,5HLNGC4,8X ,3HI)EV/)
Do 96 I=1,N
L2=I*2<:-N ..... . . ____________
L3= I + 3;;N96 WRITE(6,94) I,y (L2) ,YCAL(L2) -DEV(L2) ,Y(L3) ,YCAL(L3) ,DEV(L3)
Do 82 1=1,NM
Y(I)-r);P(Y( I) )

8? YCAL(I)=EXP(YCAL(I))
WRITE(6,129)

). 29 Format ( ) H 1 // / 1 X ,5HP01 GT , 9x , 2HG1 , 8X , 3HG1 C , 9X , 2HG2, BX , 3HG2C , 9X ,
12HG3,8X,3HG3C,9X,2HG4< 8X3HG4C/)
Do 84 1=1,N 
L1=I+N
L2=I+2^N ..
I 3 ~ J + 3 N

8 4 WPITE(6♦9o) I ,Y(I ) ,YCAL ( I) • Y (Ll) ,YCAL(L1) ,Y ( L2) ,YCAL(L2) ,Y ( L3) , 
1YCAL(L3)

93 format(1x,15,8F11.5)
write (6,1.08) STDEV

iob format(ihi//2ox<ighstandagd deviation^,fio.5//20X,
116HFIT-TED CONSTANTS) ....
write(6,114) <i(i).1=1,ki

114 F0OMAT(22X,2HB(,I2,2H)=,E13.b)
77 READ (6,9) I DT  .. :

GO TO (50,60,70,80,90),IDT
90 STOP

END . . ...... . .. ...



PAGE 3
^•82

77/01/29CDCCHF-macT

SltHPOUTJ'jE BSOLVE
C 0 h M (j xj K « H P 01 M T iG « X ( 6 0 i 7 ) « xl_ A u D A ( 5 v 5 ) < 9 t K1 C 0 M P i S U M ( 6 0 ♦ 5 ) , K K 
COMMON /Gl/ Y(240)« 7(240) »IHCODE(24) .RvAX(24) ,PMIN(?A) ,B(25)♦
1PH j < Frjil »FL AMDA»TAU* EPSILN^PhiP’TNt INDE * « KODE «I TEP» SIDE VS
D J MENS T O‘J 7ET 4 ( 24 0) « ALPHA (24 ) , A JA COB ( 24 0 i 2a ) « G ( 24 ) « A ( 24 » 24) $ 
IOMEGA(24)sASCALE(?4,2d)♦DELTA(24)
KPI=K*1

1 0 0

I F(FLAVDA.LE.0.0) FLAMDA=0.01
IFdMDP X.Gl .0) GO TO 30 0
IF(FMJ.LF.O.O) FNU=in,0
J F (TA’J. LE . 0 , 0 ) TAU=0.001
IF (EPSIL'N.LE.O. 0) EPSILM=0.00 002
IF (Pr« Jm] \i.LT. 0,0) PHJMIN=O.O
KFY = 0
DO 100 J-l.K
IF (IHCODE(J) .NEoO) KEY = KEY*1

101.

IF(KFY.G1.0) GO TO 101
KODE=-3
GO TO 150 0 ' " ’ ..... .
IF(N.GF.KEY) GO TO 102

102
KOOF"~ 2
GO TO 1500
IF ( ItVDFX.C-T.O) GO TO 30 0

20 0
DO 20 0 J--1«K 
alpha ( ji -h (j) " • ........

3 0 0
Go TO 900
1 F (PHIM J .GT. DH1 . AND. INDEX . GT . 1 ) GO TO 400

30)
Do 307 J-ltK
I- ( IhCODE ( J) ) 3GU307.303
CALL OE21V(J♦JTEST♦3«ZETA)

30?
DO 302 i-1.N
AJACO-- ( 1 ♦ J) =ZET A ( I)

30 3
IF(JTFST.FE.-l) GO TO 307
IECODf. (J) "I
DEl. = 0.001 '■■APS (Es ( J) )
IF ( ABS (H ( J) ) . LT . 1 . 0E-04 ) r>EL = O . 00 00 1
IF (R(J)+DFL.LE.BMAX(J) ) GO TO 304 
ALPHA(J)=B(J)-DEL

304
DFL=-DEL Gn io 3(i5
ALPHA(J)-5(J)*DEL

3 05 call fi.inc ( alpha . zet A)

3 0 6
ALPHA(J)=5(J)
DO 306 1=1.N
AjaCOH(I♦J)=(ZETA(I)-Z(I))/DEL

307 C Of,' 11 MH E
4 0 0 DC, 4 0 6 L L ~ 1 ♦ K
401

1f ( I HCODE (LL) ) 401»404t401
G (EL)=0.0

4 0?
D 0 4 0 2 J J ="1 . N
G (LL ) =G (LL ) ♦ A JAC()r-< ( JJ.LL ) w ( Y ( JJ) -7 ( J J) )

4 03

Do 403 JJ=1.K
A (LL*JJ)=0.0
Do 4Q 3 m v,- 1 , m
A ( LL ♦ JJ) = A (LL. JJ) + A JACOB (MM.LL ) <> A J A CO:? (. J J)



CHEM^Cl CDC 77/01/29 PAGE 4

IF(A(LL*LL) .GT.1.0E-20) GO TO 406
0 4 DO 40 5
05 A (LI-« JJ) =0.0

A (LI. vLL ) = 1.0
G ( L L ) - 0.0

06 COMIHJE
GN’OPM = O» o
DO 407 1 = 1 , K

,07 Gl!OPM = GMORM*G ( I ) *»2
DO 500 1=1,K

>00 OMEGA(I)=SOPT(A(I«I))
DO 501 1=1,K
6 (I)=G(I)/OMEGA(I)
DO 501 J=1«K

>01 A (I « J ) = A ( I , J) / ( 0 M E G A ( I} * 0 !'• E G A ( J ) )
FLAM = FL AV.DA/FNU
ITEP=1
Go TO 503

502 FLAM=FL A^FNU
503 DO 504 1=1,K
>04 A(I , I ) =A(I,I) +FLAM

Do 50 6 I- 1,K
DO 50 5 j-l,l<

505 ASCAl.F ( I , J) =4 (J , J)
6 0 6 A S C A L E(1< K p1)= G(I)

DO 603 L=1,K
LL=L*1Dr> 600 M = LI.,KP1

60 0 ASCALF(L,M)=ASCALE(L»M)/ASC ALE (L,L)
DO 603 M=1.K
IF(L-M) 601,603,601

601 DO 602 J=LL,KP1602 ASCALE (^, J) =ASCALE (M, J) -ASCALE ( L , J ) » A SC Al. E ( M , L )
603 COMTIMIE

DL.N'OA’Mx 0.0
DC-PPO 0 = 0.0
DO 701 I=1,K
DFL.TA ( I ) =ASCALE ( I ,KP1 ) /OMEGA ( I)
I F (I (3CGDE ( I ) . E 0.0 ) GO TO 7 0 0
Al5HA(J)=A*/AX1 ( 5 ••11 M ( I ) ,AUIN1(BMAX(I) ,R(I)*DELTA(I)) )

700 DLM0RM-D1.90PM +DELTA ( I ) <><■ 2
DGPPOD = DG'--POD + DELTA (I ) <-G( I) IOMEGA (I )

701 DrLTA(I)=ALPHA(I)-R(I)
C0SGAm=D3PP0D/(SORT(DLNOP’^GNORM))
JOtjAD = l
IF(COSGAM) 800,601,601

P.00 JC‘UAD = 2C()5GAV = -COSGAM
801 COPGAM=AMIN1 (C3SfrAM, 1 . 0)

Gam.ma = APC0 (COS 3 AL') >1 PQ .0/3.14 159265
IF (JOJAD.GT.1) GAMMA=lH0.n-GAMMA

900 call fumc(alpha«?eta)
XPHl=0.0
Do 90 1 1 = 1, N. ■ . ■XRHI =>'FJH I ♦( Y ( I )-7ET A ( I ))•>'"'2



CHt^ACT CDC 77/01/29 RAGE 5

3M

'1 COMTIMUE -
STDEV=SDRT(XPHI/FLOAT(N-l)) 
IF(STDFV.LT.STDEVS) GO TO 1A00 
IF(IND?x.GT.O) GO TO 1000 
KODE-K
GO TO 1404

000 IF(XPHI.GE.PHI) GO TO 1300
KODE=0
DO 1100 1=1»K

1109 IF (ARS(DE"LTA(I) )/(TAU*ABS(ALPHA(I) ) ) .GT.EPSILN) KODE = KODE+1 
IF(KODE.EO.O) GO TO 1200
IF (FLAM . GT . 1.0, Aa'D. GAMMA. GT. 90,0) KODE = -1
GO TO 1401

1200 lF(FLA-i.GT. 1.0. AND.GAMMA.LF.45.0) K0DE = -4 
GO TO 1401

'300 IF(FLAM.GE.1.0E*0B) GO TO 1301
ITFR=JTER*1
Go TO 502

1301 KODE=~1
GO TO 1509

l400 KODE=0
IF ( INDE X.EO.O) GO TO 1402

1.401 FLAMDA = FLAM
(402 DO 1403 I=1.K
1403 Dm =Ai_pmA (I)
i 4 0 4 Of) 14 05 J = 1 ♦ N
LAOS Z ( J) =7ETA ( J)

PH I=XPHI
1500 IMDEX = 1N'JEX*1

RETURN
END
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CHFMACT CDC 77/01/29 PAGE 6

FUNCTION APCO(Z)
X=7
KFY = 0
IF(X.LT.(-1,0)) X=-1.0
IF(X.GT.1.0 ) X=1.0
IF(X.GF. (-1.0) .AND.X.LT. 0.0) KEY=1
EPS=1.F~12
I F ( AE3S ( X)-FPS ) 20,2 0*30

20 A9CO=1.57079633
GO TO 40

30 X-/-GS(X)
ApCO= ATAN( SNPT(1.0-X*X)/X)
I r(KEY.EO.1) ApC0=3.141 59265-ARCO

40 RETURN
FM[>



CHEM ACT COC 77/01/29 PAGE 7
-^86

SUBROUTINE LAMDA(H)
Com mom « . M. MG , X (60* 7) , XLAmDA (5,5) ,NN, NCOMP, SU*-i ( 60 t 5 ) « KK 
DIMENSION 5(1) 
DO 70 J1=1,NCOMP 
DO 7 0" J2=1,MCOV-R 
IF(J1-J2) 40,42,44

40 J=( Jl-1 ) <■■ (NCOMP-l ) ♦ J2-] ... .
60 TO 46

44 J=(JI-1)»(NCOMP-1)♦J2
46 XLAMDAt JI = J2) =B( J) ’ " 

GO TO 70
42 XLAM[)A( J] , J2) =1.0
70 CONTINUE " 

Do 10 1-1,N
Do 10 IS=)•NCOMP 
Sil!’ ( I , IS) =0 .
IP (IS.F0.5.AND.KK.LT.K) GO TO 20
DO 25 J = 1..NCOMP

25 SUM(],IS)=SUM(I,IS)+X(I,J)*XLAMDA(IS>J) 
GO TO 10

20 DO 30 J=1,NCOMP
3 0 SLiM(I«]S)=SUM(I,lS)*X(I,J)ftXLAMDA(IS,J)tiEXP(B(J<-KK)^(1000./ 

1 X ( I , 7 ) - 1 0 0 0 . / X ( I , 6 ) ) )
io Continue 

PETIIOX! 
end



CH F.w ACT CDC 77/01/29 PAGE B
^8?

SU9R0UTIMF FUNC(H,YCAL)
Commom K » N•MG« X(60♦7) « XLAMDA(5« 5) <NNtNCOMP,SUv(60» 5) » KK 
dimension b (1) * ycal (i) ♦si.'m(go«5)
Call LAMOA(R)
Do 20
DO 20 *1 = h M6 . 
J=(M-1) <\|+I
SUMT-0.
Do 30 KS=ltNCDMP
I F I K9 . F 0.5 » AND. KK ,LT . K) F =E"XP (B (KS*KK ) * ( 1 00 0 . /X (I ♦ 7 ) - 1000 . /X ( 1,6) )

1) -1 SumT = SUMT<-X (I t KS ) “XLAMDA ( KS t M ) / SUM ( I , KS ) VF
) YCAL(J)=1•-ALOG(SUM(I? M) )-SUMT
RFTUPN •
END
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SlH-POtlTlNE DE. PI V ( J » JTEST s R » ZE*T A ) -
COMHON K,D'tEG,X (60.7) t X I. AmD A ( 5.5) » NN. NCOf‘P . SUM ( 60 t 3 ) »KK
U J MENS I OX' B (1 ) « 7E T A (1 ) . SUM ( 60.5)
IF(J.GT.KK) GO TO 30
J]=FLOAT(J-l)/FLOAT(NCOMP-1 ) +1
J2=J-(J 1-1>(NCOMP-1)
IF(J2.GE.J1) J2=J2+1
GO TO 35

30 J)=5
J?=J-KK

35 DO 20 M=1.MG
DO 20 I=1.N
L=(M-l) "N+I
iFtJl.EQ.b.AND.KK.LT.K) F = EXP(B(J)M1000./X(I»7)-10 0 J » / xi »^ ) ) )
IF(J.RT.KK) GO TO 50
IFtJl.NE.M .AND»J2eNE,M ) GO TO 40
JJ = J1
ZETA^L)=(“X(ItJJ)/SUM(ItJI)*X(ItJI)(I»J2)*XLAMDA(Jl»M)/SUM(I.JI)

1 <t-:s ?*F ) »F
4 0 ZETA \tf = X ( I ♦ JI ) -;'X (I ♦ J2) ^X.LAMD A ( JI . m ) /SUM ( I . JI ) c-og^F'^P

Go TO 2050 G=) 000 ./X(I.7)-I 0 00 ./X(I»6)
zrTA^>=Kn.51>»XL»°r>MJl-«><>r«G/suK(I.Jl>-(-l.-x<I.M)<.F/su«(I,Jl>

1)
GO TO 2 0 . , .60 F k- = E X D ( H ( K K + *') ( 1 0 0 0 « / X ( I i 7 ) - 1 0 0 0 . / X ( I • b) ) )ZFTA (l_) =X (1 »JI) »XLAM()A (JI .M) ( I . J2 ) oF<>FM->G/SUM (I. JI) ^*2

20 COMTINUE
JTFST-0
rftupn
END



? Input; Data for Program CHSLIACT ^89
F0? LIOJID ACTIVITY ।COFFI TCI EM it Y f.ILSD\»S; E Cl i J A T I 0 ■'i

50 5
0 .

4 5
0.

50 20
.68 .486 .0 .41 0,

?_ 11 . 6.05 0. 0. .028 0.
0. 4.1 6.73 10. -10. 10. -10.
. 03357 .3324 .003773 .6595 7.0727 .2878 22.5 3
. 0^553 .3423 .00383 .7080 7.370 .3520 22.96
.0177 .3516 .005088 .7810 8.06 .4118 19.18
.01137 .3561 .005278 .8347 9.2835 .4470 17.28
.01007 .3602 .00478 .9173 7.496 .4757 15,66
.007505 .3637 .004006 . 9944 5.944 ,4 867 12.29
.02239 .3437 .001594 .6503 8.837 . 3726 57.8 7
« 016*H .3594 .0020 .9740 5.405 .4824 39.0 3
. 01524 .3630 .002220 1.0208 3.944 .5404 32.69
.009457 . 3647 .001683 .9969 4.369 .612 8 4 0.96
.00815 .3621 .001631 .9611 4,024 .7228 42.30
.0358 .3503 .0 026 .477 2 7.91 .50? 29.53
.0314 .3507 .00372 .5625 7.64 .511 22.1 9
.0345 .352 .00527 .719 4.565 .531 18.51
.0195 .3536 .00758 .7546 6.63 .56] 4 14.53
. 0203 .3533 .00474 .8785 5.01 , 650 7 29.42
.017? ' .354 .005844 .9404 4.34 .687 26.7
.01237 .3 533 .003961 .9804 3.4 97 .7301 44.44
, 0 3559 .3461 .00317 .4655 9. 165 .3931 32.7 3
.0157 .3544 .004517 .6696 11.73 .479 2 5.78
.0119 .359 .00466 .7856 10.99 . 4 98 23.69
.00855 .3639 .00365 ,875 11.36 .4 969 26.67
.006256 .3700 .00334 . 9962 10.72 .4742 21.94
.03172 .34 36 .00356 .5467 11.0 .3778 17.57
.0262 .3 524 .00599 .7214 10.49 .385 18.17
.01982 .3593 .00752 .8135 10.99 .4 356 17.73
. 0 1 <5 0 7 « 3 6 3 6 .006432 . 8b5 8.744 o 531 22.13
.01615 .3633 .005306 .8569 7.502 .615 25.7
.01249 .3574 .003333 .8261 6.96 8 .7536 37.15
.03999 .3587 .002033 .5444 9.018 .3784 24.68
.0242 .3533 .00323 .6813 12.06 .391 16.64
. 01538 .3697 .003848 .8363 14.63 .4256 15.35
.01313 .3764 .003504 1 . 023 11.26 .478 18.51
.008465 .3801 .002824 1.145 10.61 .5315 24.73
.G05«2 .3817 .002485 1.24 7.81 .579 29.7 5
. 0 4 246 <3594 .003487 . 6433 7.085 .3015 24.24
.03678 .3673 .003213 .8495 5,584 .3688 21 .81
. 0 29 9^ .3732 .0028 .9726 4.846 .423 21 .56
.01943 .3802 .00238 1.087 4.38 .4 84 20.19
.01723 .3844 .00197 1.167 3.19 <5166 19.9
.00847 .3874 .001696 1.181 4.478 .54 1 18.89
.-0525 .3357 .002982 .517 6.63 .531 26.8 7
.0513 .3378 .004247 .7067 5.89 2 • 5't 4 20.05
.04 6 .3402 .004818 .870 5.434 .5529 18.71
.03818 .343 .004976 .9932 5.148 .5535 19.63
.02659 .3552 .00435 1.2657 3.03 .5075 22.4 2
.0429 .3375 .002863 .6606 10.0? .4192 31.94
.0411 .3443 .00325 .8479 8.327L .524 31.0
.03^35 .3 487 .004493 .9898 7.79 .5757 26.4 5
.02601 .3537 .004164 1.117 8.0 5 .596 35.79
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0.3.3 Results from Program CHEMACT

This program correlates liquid activity coefficient 

under the frame work of Wilson's Equation. The BSOLVE 

technique is used for data regression. The terms in the 

computer outputs are explained as follows.

Pages 1 to 3 -

INDEX = number of iterations

KODE = an indication for program convergence

0 = Program converges to a preset accuracy.

-1 = Program converges but does not converge 

to a preset accuracy after certain num­

ber of iterations. The final standard 

deviation represents the accuracy that 

the selected function can get at this 

point.

positive numbers = Program requires more 

iterations

STDEV = standard deviation

81 = constants B^, Bg, and B^^

82 = constants B2, BQ, and B^^

83 = constants B^, B1Q and B^?

84 = constants B^, B.^ and B1g

85 = constants B^, B.^ and

86 = constants Bz, B1 n and Bori
o’ 13 20



B7 = constants and.

Page 4 -

XI to X5 = liquid mole fraction for components

1 to 5

Page 5 and 6 -
LNGi = ln1., i = 1, •••» h-

LNGCi = calculated In/Y^

DEV = LNGCi - LNGi

Page 7 -
Gi =/1v i = 1, 4-

GiC = Calculated

Page 8 -
WiIson's
Constant

Wilson's
Constant

B( !) = A 12 B(ll) = A 34
B( 2) = A X3 B(12) = /\ 35
B( 3) = Au B(13) = A 41
B( = A 15 Bd1*) = A 42
B( 5) = A 21 B(15) = A 43
B( := A 23 B(16) = A 45
B( 7) = A 24 B(17) = A 51
B( 8) “ A 25 8(18) = A 52
B( 9) = A 31 B(19) = A 53
B(10) = A qg B(20) = A 54
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----------4 7 — ------. .75776 — I 0.02000 6.02933 - . ii 1 q ? n ■' ' . 6 5'<' 3 3 i .94,10 0 29.'-3U]3 ------------------------------------------------------------------------------------ —
46 , A 4 7 O 0 .87654 8.32700 5.4 0 0 n 9 .52400 .607; 3] . oosi'-n 28.80825
<*0 . cpo-'O .95354 7.7O000 5.22130 .57370 a a e £15 0 n n 2 4 3 S

-------- c,0 - 1 .1’700 -1.02398 ------  8.05000 " 5.13577 .69600 .5<'-. . 1 75.79000 ?S.A.-+7C;V ■■ ----------------- ‘ ----------- -------------------------- --------- ~



FITTED COMSTfiNTS
!)= „70A7?E-01 -

R ( ?) = 0. " " "
R i 3)- 0.
O( 4)-

----- R ( 5) = .494R0E-<-nn ■ - 
R( 6)= 0 .
p( 7)3 .?7nu3r*on

- - a t p > = - n. —
Ft -?)= .14117R-.ni
F(10)= .9106RF-.G1

• - p(11>= '.:nH73"*op —
R(l?)= .601935*01
H (1 3) = 0 .

----- R ( 1 4 ) = 0 .
R(13)= .?r?O37c.-11
H(16)= 0 .

-■ F(17)= .131735*0?------
R(1R)= n.
D(1R)= .391355*01

----- R(?0)= .691545+01 -■



Ct4-,1 Frogran List, for Program RXNPJiTE
QXMPATE Cf)C 77/01/29 PAGE 1

5'30

puoGP AM PX>jPATF ( INPUT * OUTPUT • TAPE 5= IMPUT s TA PEG-OUTPUT )
DIMENSION \SET( 10) ,PFTID(7U0) *X(7, 10) ,¥(?♦ 10) iXSU'MlO) »YSUM( 10) 
l»YCAL(7f10).DELT(7«10)-FKM(IO).TITLE(20)

1 PF AD(G. 10) L?ICONTO
10 FOrMAT(1615)

PEr0(5.10) (MEET(I) «I=1,L)
RFAD(b.lL) (TITLE ( I ) * 1 = 1•20)

16 Fopm.AT (20AA)
XYS=O.
X XS = O .
DO 20 J=1.L
Me-NSET(J)
XSlJM. (J)=0.
Y p 11M ( j) = 0 .
DO 20 1=1,NS
RE AD (5.39 ) SET ID ( I » J) »X(I»JHY(I»J)
Y(1.J)=ALOG10(Y(I.J))
XFUM(J)=XSUM(J)♦X(I.J)
YSUM ( J) =YSL'M ( J) + Y ( I . J)
XYS=XYC; + X ( I ♦ J) <>Y ( I ♦ J)
X> S = XXS + X ( 1 » J) -<'2

20 ComTINIJE
30 F 0 P M A 1 ( A 8.2 X » 2 " 1 0 o 0 )

XSXS=O.
XSYS=0 <,
DO 50 J=1.L
XT)S=XSXS<XSU"(J)»»2/FL0AT(NSCT(J))
X SYS'- X SYS + X StiO ( J ) •» YSUM ( J) /FLOAT ( NSE T (J) )

50 CtiMTINUE
STDEV=0.
NSUM=0
E-- ( XYS-XSYS ) / (XSXS-XXS)
DO 70 J=1«L
Fkm (J) = ( XSUM ( J) »E*YSLJM ( J) )/FLOAT(NSET (J) )
NS=N'SET (J)
DO 80 1=1.NS
Y C A L ( I . J) = F !< M (J)-X(I«J)^E
DP'LT ( I • J) =YCAL ( I . J) -Y ( I »J)

h 0 S T D F V = 8 T D E V * D E L T ( I . J) D E L T ( I . J)
c; 11 m = \! j '■< + \ s

!■<>• (J) - 1 0 .*■-■( F<M ( J) )
70 CONTINUE

STI''FV = S^:;T (STDFV/FLOAT (NSL'M-l ) )
?.: 1 T E ( . 1 1 P ) ( T I T L il ( I ) t I = 1 • 2 0 )

H5 FfOMAT ( 1 H 1 ////I X . 20 l\u )
v.s- 1 T *■ ( N . 1 o 0 ) t.100 Fr.-MAT (/IX. 28.UNIVERSAL ACTIVATION F N- pG Y = . F 7 . ? • 1 2 m XCAL/b ■'■•(.Lt.//) 

(f, . 1 0 2410? F (m%T ( 1 a . ONSET I D . 4 y . 1 crtF PFOl.ih NCY F A CT OR • 5 X , 1 0 8 1 0 0 0/2.3R T . 1 0 X ,
Ibt-LOG < .5X . IOmCALC LOG K , 6X . PRljE V 1 AT 1 O1'/)
DO 10o .1=1.L
N8=NSFT(J)
I )O 1 O 4 I = 1 » NS1 P4 hOHE ( 6.1 9b) SF T I D ( I . J) .FKM ( J ) * X ( J » J) • Y ( I . J ) . YC AL ( I . J ) 1 DF-LT ( I . J) 

mb FORMAT(IX.AF»2XtElfa.4»4F15.6)



5C1

Enn

p v s| d A T E. C D v. 77/01/29 PAGE 2

WPTTE (<-'* 1 1 0) STDEVj0 Fc-PMAT (//?x » 20HST AX'DAPD
IF(IC0NID.E0.1) GO TO 1
STOP '

DEV I ATI Ohl - <F 1 1 .5 )



.'-Uz; Input i)avu for Program RXKRATE 
y 1

5 5 5 5 5 4 5 4’1 r I CATTON
H-l , L 4K2-<5 6.1154
Jl -2 .551328 5.4563
JI -3 , 5546 59 4.4523 ■»

»1 ■" . 558.0 0 1 3.6883
> 1 - 5. .c- 6 0 1 1 8 3.1076
'2-1 . 550M,2d 6.209
)?-? .554912 4.556
J2-3 .558301 3.5236
12-4 .564342 2.552
!2 -5 .568437 1.683
>3-1 .558629 3.8535
-3-2 .560305 3.3351
-3-3 .561832 2.9275
3 - 4 .563788 2.4808
,3-5 .566052 1.8720
4-1 .556594 5.1834
4-? «5 58.8() 0 4.0379
4-3 .562»15 2.5650
4 *. .565027 2.1242
4-5 .566624 1.74125-1 .557446 4.7906
5-2 .560391 3.8965
5-3 . 56230 9 3.52905-4 .56421 3.1574
5-5 . 4 6 5 p 0 3 2.6952.
e-i .558)86 5.2394
(-2 .560376 4.5406
fe-3 .562989 3.2333
6-4 .866345 2.4727
6-5 .569444 1.8621
7-1 .554743 7.473d
7-2 .557361 5« 554 5
7-3 .561081 3.9622
7-u • 564 34 2 2.7179
6-1 .561962 8.0225
b-2 .563077 6.5 5 0 5
*' - 3 .56529 5.5596x-4 .567419 4.2723
r-5 .569148 2.9923
5-1 ,469148 5.0426
y-2 .572^23 3.7125
5-3 . =1778 7 7 2.6981
5-4 .^81558 1 . 9791



1
5 5 5 5

A-f Lj \i
] -) « 5 4 H 2 5 5 .5370
1 ,551345 ,3769
1 ~3 ,554554 .240 0
] -tv . 5b30(1 1 . 1 655
1~5 .5601 1b .1310
2-1 , 5 5 0 4 2 5 .3689
?-? .554912 .1941'> „ 3 ,558301 . 1 262
'c'-tv .564362 . 0 827
2-5 .668437 .05679
3-1 .558629 .4 50
3~? .560305 .2963
3 - 3 ,561832 .20095
3-4 . 563788 .1184
3-b .566052 . 0887
4-1 .556594 .6049
4- ? .558800 .4821
4-3 .56281 5 .3107
6-4 »565027 • 2646
4-5 ,566624 .2239
5-1 .557446 .5164
5-2 ,560391 .3294
5-3 .562309 .2591^"3 ™ /t .56421 .2191i- ,, c\ .565803 . 1 893
t* ■ z .5 60 37 6 .2266
6- * 3 .562989 .1770 -

, 5 66 34 5 . 1469
5 , 5694 4 4 .1196

f-- - f> .571829 .090'34
7-1 , 554 7 4 3 .4778
7-2 ,557361 . 2 8n 3
7-3 ,561081 . 1 892
7-4 ,56431-- 2 .1421
5-1 .56196? .9124
b-2 .56307? .6906
b - 3 , 56 5 24 ".5621
H-4 . u 6 7 4 1 9 .4184
b -5 .569 1 -73 .2968
b-1 .86914 .Li . 1 70b
4-2 . 8 7 ? 8 2 3 e 10 8 6
4-3 .477877 . 0702
5-4 .48156b .05157



0
5 h 5 5

S5IV E r-E ACH ON
1-1 .^43345 2P.4 .4
1 -? .45134b 232 . 0
1 -3 ,554454 16b , 4
1-4 .454001 133 .6
] •• > .:■ t .0 1 1 b 95. 1
2-1 .550433 109 . 3
t — 2 .454413 79. 21
f- ** •> ,1 • 5 E 3 0 1 65. -)b
? - 4 , 4 (.4 3u 3 5». 4 0

*• 5 ,466437 53. 26
.■'"1 .556639 183 . 7
3 - 2 .450305 131 .6
3 - 3 ,461 ’>.33 99. 3 0
3 ~ 4 .463758 75. 51
3 - 5 «566052 55. 85
4-1 «. 556 59 4 32 9 . 1
4 - > .558600 190 . 6
4-3 .563815 75. 0 8
4. - 4 ,5b5027 50. 32
4 - 5 » 5 7.6 62 4 33. 94
5-] t457446 194 .3
5-? .5'30391 148 .8
b -3 .57.230 O 128 , 7

■> — .55421 102 . 1
11 — ,565803 61 . 27
L- 1 .5 581 8 6 1 49 ,1
i, — <■ .580376 I 10 .6
b - 3 . 8629.89 60. 52
(-> - 4 .566345 37. 0 2
6-5 .569444 19. 31
7-1 . 554 74 3 237 • 6
7-3 .557361 124 .2
7-3 .561081 62. 6 0
7-4 ,564342 32. 54
H-l .561962 318 . 0
^-3 . 5 6 3 0 7 7 23 3 . 7
L' - 3 .56529 186 . 8
b-4 .867 4 19 132 »4
B-5 ,569]4b 86. 22
4-] . 46.9] 4r 151 . 0
4-2 .472623 tib, 21
4-3 ,577477 49, 3
4-4 ,481568 32. 7 5

4 b 4



0.^.3 Results from Program RXNRATE

The program is used to fit reaction rate constants 

into the Arrhenious equation. The terms shown on the 

printouts are explained as followsi

Pages 1 to 3 -
1000/2.3RT = see definition shown in Section. C.1.3

K = rate constants, units being the same as those 

for ACR RCONST, ROR RCONST, and PRO RCOKS'j;

given in Section C.1.3



ESTFPIFlC<mnN

35.65 KCAL/G “OLEii'UVFPSaL ArTIVATTON FNFRGY =

in rpFOiJFNCY FACTOR 1 000/2.3PT LOG K CALC LOG K

c- t 0 1-1
0 1 -?.

.2591F*21 .548285 .786425 .867515
,2591F*21' .551398 .736898 .756538

t 1-3 .2591F+21 .554659 ,648584 .640285

SET n ] -4 .25912*21 .558001 .566826 .521145

SET Ol-s .25O1F.21 .560] ]8 ,402425 ,445675

SET 0'^-1 .29338*21 .550828 .793022 .830615

SET f'?-? ,2933c"*21 .554912 ,658684 ,685023

SET r-?-3 .29332*21 .558301 .546987 .564207

SET n<--4 .29338*21 .664342 .406881 , 3 4 8 H 4 9

SET P > - E .2933^*21 .568437 . 226084 , 2 0 ? 8 6 4

SET C?-l 
n 3 - ?

.30792*21 ,558629 .58.9223 .57 1640

Sr T .3079F*21 .560305 .5231'19 .513892

S -T 0 3-3 .3079^*21 .561832 .466497 , b. 54 5 5

SET 0 3-4 .30792*21 .563788 ■,394592 .389725

0 s-s .30792*21 .566052 .272306 .309 0 "1 5

fl £4-1 
re-?

.3]16F*21 ,556504 .714615 .051303

.31’42*21 .558800 .406156 .572660

SET f. 4>-3 .31162*2’ .562815 .409087 .-*29 52 8

S st Oz* -4 .31162*21 .565027 .327195 .350671

S^T
0Z4-C. 
OH-1 
GS-?

. 31 16F.*?’

. 3 » 5 3 F * 2 ’
.566624
.557446

.240849

.680390
.293739
.713208
.608221.38532*21 .560391 .590675

5^T bS-3 .38532*21
.32532*81

.562309

.564210
.547652
.499330

.539845

.472076

.38-32*21 .565803 .430591 .415286

SCT n^-1
Ch-?

,30662*21 .558186 .719282 .498143

SET
.lt<1F*21 ,560376 .657113 .620071

SET Oh- 3 .3955E*21 .562989 .509646 ,526919

SET pH- 4 ,39552*21 • 566 34 5 .39317] ,407280

SET 0 6-5 . 3952,2*21 ,569444 .220003 .296802

S- T 07-] .40202*21 .554743 .873524 .,c,27q53

SET 0 7-? .4020E*21 .557361 .744645 .734623

ss T 0 7-3 .40202*21 ' .561081 .597936 . 6 0 2 0 0 7

CET 0 -4 .40202*21 .564342 .434233 .485755

n.r - 1 .7411r »2i .561962 .904310 .885280

SET !)>--? . 7 4 2 * 2 1 .563077 .816274 . 796531

SET 0 H - S .74112*21 .565290 ,74504* .717639

SE ft --4 .74112*21 .567419 .630662 .64174]

0 r* - S .74115*21 .569148 .476005 . 5 u 0 1 0 3

c^'C" *■ os-i
nr--?

. 1021E*22 .569148 . 702655 .719419
r- C T . 10218*22 .572623 .569566 . 5U5533

Sr T 0^- -3 .10215*22 .577877 .431058 .405236

SET OC..4 .10215*22 .581568 .296468 .276654

STo\r;&r-D nFVTATIOhl = .03689

DEVIATIOM

.081090

.019640
-.008299 
-.045681 
-.046750

.037593

.026439

.017220
-.058032
-.023220

0155H3
- . 0 0U217
-.007042
-.004467 

.036709
-.053312
-.033495

.020441

.023476

.052891

.032819

. 017546
-.007806
-.027254
-.015305
-.021138
-.037042

.017273

.014108

.026799
-.045571
-.010022

.004071

.051521
-.068030
-.019743
-.027405

.011080
,104095 
.018765 
,075871

-.027822
-.019814



oeHYO^fiTiOM

V':-S^L. ACTIVATION EX:EOSY= ...47.97 KCAL/G MOLE

C r T IO_. ...rpro!jF\ir:Y FACTOP 1000/2.3PT LOG K CALC LOG K . DEVIATION , .. .................

<r r-r 0] -i .10137*27 .54A2S5 -.270076 -.297721 -.027696
c r ** o; . lOK-E* ’7 .5513?8 -.423774 -.447064 -.0232-0 .................... . ' _ ____
SET 0 I -3 . 1 C L"F*?7 .5-4559 -♦619789 -.603506 .016283
SET C, 1 - 4 .1013^*27 .S5R0D 1 -.781202 -.743834 .017368

■ T fl • •“ S .10)?E»?7 .560118 -.882729 -.865394 .017334 _
set r. ;■ -1 . ° 1 ? 7 F * -1 a . A50F.2R -.433091 -,464042 -.031851
SET -?i? - 7 .<?]?’F*26 .=54312 -.71 1 = 74 — • 6 s') ft 6 7 .051108
Sr 7 0- 3 .91?7F*26 .554301 - . P O ft Q 4 ] -.82 1450 .075491 • . • . _
A’-"7 1 I /•' ■» .A’?7E-26 .564342 -1 ♦ OP?494 -1 . 1 13259 -.030764
c c 7 n . 3 . o ] ? 7 E * 2 6 »s 6 « 4 3 7 -1.245723 -1 -30O71 1 -.063983
r r t f; 7 - 1 . 1FO7E*27 ,5SR4?9 -.346787 -.542605 -.195817 ....................
e.ET n >.. v . 1A07F + 27 .560305 -.52824ft -.62300° -.094740
^ET -?-3 . I P07F*.?7 .501D32 -.696912 -.696265 .000647
SET 'i: -4 . 1 c 0 7 E ♦ 2 7 •f? 3 T -.926648 -.790101 .136547 „ ___
S r T n?-3 . 1FC7E*?7 .566052 -1.052076 -.80.3714 .153363
SET m-i . .3 ? r.c F * 2 7 .556594 -.218316 -.196036 .022280
^CT (}<•-? . .3?C55*?.7 .558-300 -.316-363 -.301°66 .014997 "

C *• (•i-3 . ? 2 0 A F ♦ 2 7 , 5 6 . 5 -.507659 - „ u 9 ft 4 ft ; .013178
SET Oo -4 -12 c1c-r *77 .565027 -.577410 -.600598 -.023148
A-7 04^5 . .3 ?. 0 ' s . ? 7 ,5^66?4 -.649946 -.677212 -.027267
ACT ns-l .26016*27 ,5S7446 -.287014 -.327608 -.040594
SET 0 5-2 .P601E*27 ,5603°l -.482276 -.468891 .013386
SST ns-3 .pA01F*27 .562309 ■ -. 5 o- 6 5 3 3 -.560°04 .02562«
s- 7 n c ■ a .240 IF*27 .564210 -.^^9358 -.652102 .007255
S17 T 0 r--A .24012*27 .565503 -.722849 -.728524 -.005675
Ar 7 r f--2 .?ir«F*2. .560376 — # 6 4 ft. 7 0 -.55°512 .085228
SET C^-3 .21042*27 .562959 -.752027 -.684867 .067160
SE7 ot.-4 .21 OWE*27 • 5 fi b 3 4 5 -.832978 -.845467 -.012588
S7 7 fb-A . ?1 OAF*27 *5694^4 -.922769 -.9Q4A37 -.072266 « . . _
S67 T L6-6 75 7 1 p - 0 -1.041723 -1 . 10 8954 -.06723?
A- 7 07-1 . 1687E*27 # 5 5 4 7 4 3 -.320754 -.385877 -.065123
SE7 07-? .lb»7E*?7 .557361 - , 5 4 7 ? 1 -.511472 .030949 ............... ........... ........

SrT 07-3 . 1AP.7E*27 .561081 -.723379 - #*>'34034 ,033)45
AA7 07-4 .14R7F*27 .564342 -, a k 7 4 n 6 -.846376 .001029
$77 Ob-l .711?F*?7 .561962 -.039815 -.107408 -. 0 6759 3 . . _ ________ ;________
SEI OH-p .71122*27 .563077 — • 16 0 7 7 3 -.160899 -.000125
AE7 (if-- 3 .71122*27 •ssspQQ - . 2 = 4 1 8 6 -.267065 -.015878
SET Of--4 .71122*27 .56741$ -. 37.8408 -.369201 .009208
$E7 n.4-5 .71}PE*?7 .569148 -. a ;• 7 5 3 6 -.452147 .0753M9
$E7 OS-1 .35^22*27 .S6O148 -.768276 -.745102 .020174
SET iV1-? , 3SOf c* ?7 .572623 - e Q A . ft ]_ 7 0 - . 9 1 8 1 0 .04°350 .......................
er- 04-3 .ASQPF♦27 .577877 -1.153663 -1 . 166864 -.013201
SET ') - -1* .36°qF *27 .5°1568 -1.287603 -1.343935 -.056332

STaxLAoD n^VIATIQN 06006 c



sVlCCFSSJVF dSACTTOV
IIMIV^OSAL ACTIVATION FN"PGY= 52.88 KCAL/G MOL'-'

^FT If' FDFOI'rNCV FACT0O 1000/2.GST LOG K CALC LOG K DEVIATION

tETt 01-1
M-?
0 1 -3

.3812F+32

.3C12F*32
.545255
.551398

2.45?930
2.365488

2.540894
2.386265

.095064

.019777

SET ."812F-3? .554859 2.218536 2.21280° -.006726

SET 91-4 .38125*32 .85X001 2.092018 2.036070 -.06691. P.

SET 01 -s .38125*32 .560) 1 fl 1.Q7fllPl 1.924114 * . 0 54 0 66

SET 0 2-1 
n?-2 -

.27015*32 .560828 2.038620 2.301319 .262699

.27015*32 .554012 1.H9P7P0 2.085340 . 18 6 56 0

t 0?-3 ,2701c*32 .558301 1.819?81 1.906115 . 0 fl 63 4

SET n 2-<* .27015*32 .564342 1.766413 1.H«6641 ’-.17=772

SFT n?-s .27015*32 .56X437 1.726401 1.370080 -.356321

SET 03-1
O'5-?

,83815*32 ,558629 2.264109 2.185751 -.078358

SET .83515*32 .560305 2.119256 2.097117 -.022139

SET
SET

t>?-3
03-4

.5381r.32
3515*32

,561x32
,563788

1.996949
1.878004

2.014363
1.912921

,019413
.034916

SET 0 3-5 .538)5*32 .566052 1.747023 . 1.793191 .046168

SET 04-1
04-?

.501 88.32 .556504 2.517328 2.265497 -.251831

SFT ,80158.32 .558800 2.280123 2.148834 -.131288

SET 0 4-3 .50185*32 .662815 1.875524 1.93660 4 . 0 6 0 9 “ 0

CRT 0 4-4 .50185*32 .565027 1.701741 1.819524 . 1 17783

SET O 4.-5 .50185*32 .566624 1.530712 1.735068 .204356

n^-i
0 5-?

.6252E* 32 .567446 2.288473 2.315902 .027430

SFT .52525*32 .560391 2.172603 2.160158 -.012445

SET OF-3 .82525*32 .562309 2.109579 2.058726 -. 0b'?852

SET <• c- -(x .5?5?5*32 ,564210 2.009026 1.958193 -.050833

SET 05-5 .82525*32 .565803 1.787248 ].873948 .086701

SET 0h-l
Oh-?

.37098.32 . .558186 2.173478 2.050005 -.123473

$FT .37095*32 .560376 2.043785 1.934188 —.109567

SET 0*^-3 .37095*32 .562989 1.781899 1.796002 .014103

.SET 06-4 .37095*32 .5''63'5 1.563436 1.618522 .050086

(’4-5 .77095*32 ,5604^4 1.2h5782 1.454634 . 1 6 fl >15 1

SET 07-1 '
07-2

,37675*32 .564743 2.375846 2.190057 -.185790

SET .33(78*32 .557361 2.094122 2.0 61 6 G 6 . -.042516

(17-3 ■ .33675*32 .561081 1.796574 1.854876 .05830?

SFT 07-4 .33675*32 .564342 1.6)2418 1,882421 .170003

SET Ob-1 . .13798.33 . .561962 2.502427 2.420708 -.081719

SET n >• - ?. .13795.33 .663077 2.348669 2.36)742 —.006917

SET 04-3 .13795*33 .546290 2.271377 2.244709 — . 0 ? 6 b 6 8

0H-4 .13795*33 .567419 2.121888 2.132116 .010230

c;ft Ob.-5 . 13795*33 .469148 1 , u 3 6 4 0 9 2.0404fll .105073

S'T
SET

09-1
HQ-2

,17958*33 .569148 2.170977 ?.156025 -. 023952
117958.33 .572623 1.930491 1.97125° .04n752

09-3 ,17955*33 .5 77A77 1.6931=9 1 ,6933r-6 ,001199

SET 09-4 .17955*33 .581568 1.515211 1.49820.'' -.017009

STANoapD PFVIATION 11937 Lri 
O 
C3



0,5.1 Program List for Program BSOLFIT
HViLFIT CDC 77/0F/01 PAGE 1

509

BSOLFIT(INPUT,OUTPUT♦7APE5=INDUT»TAPEb-OUT PUT)
Common K « M. x (‘t 0 ? A ) ■> STDEVS c,-7t D-M l-mhCOMMON /ol/ Y(bO) «YCAL(60) . IP,CODE (7) ,E^AX(7) »PMIN(7) .0(7) .PHI,EMU 

+ Fl t ‘A\)U «1 AU* EPS I LN, PH 1 MIN, I M')F X . KOBE . 1 T t P r v c .DIMENSION DEV(bO) .PCTDEVlbO) .XX(60,A) . YY(60) .YYCAL(60) ,XNAmE(4)
D A 7 a X N AMF./?HX 1 « 2HX 2 » 2H X S « k'H X /

50 NFADCH.S) K.N.IUUPNY.IXE,IYF
9 FOPmat(615)
*PFAn(^,14) STDEVS
READ (5,14) ( p.MAX ( I ) ■> I = 1 ’ F )
R F A L> ( 5 . 1 4 ) ( R YI''! ( I ) . I " 1 ♦ K ) 

b 0 P F A D (r->, 1 4 ) ( H ( I ) * 1 = 1 «f< )
7 0 Do 1 G 00 J--1 • I DlJM'-iY

7 0 0 RF aD(5.14) (XX(I.J) ♦ I = 1 • N)
I T E R 1 = 1 0 0
DO 10 20 J--1,IDU-1MY
Do 1020 1=1,N

0 2 0 X ( J,J)-X X(I,J)
80 READ(5,14) (YY ( I ) « 1 = 1 *N) ,,, qlIF (1YF.E,'P.2.0p.IYF,ED.3.0R. IYF.E'j.4) PEAD(5.14) Bh 

Cail NF V.'F UL'C ( Y ♦ YY « N , I YF « BB)
14 FOPPAT(8F10.0)

F NU-0 .
FL AMD A-= 0 .
T L (1 = 0 .
EPS J LN=0.

I1 'PF- X = 0
DO 12 I-1,K

12 1HCODF(I)=-1
1 () 0 FORM A T U H 1 /// < 2X . 5HI NDEX , 1 X , 4 HK ODE < 8 X , 4HOHI N . 1 0 X . 2 H J1 » 1 0 X , 2HH2 , 

110> 12H^3,1 OX,2HU411 OX,2PHU.1 OX « 2HB6)
30 CALL “SOLVE

5 t fi F" V - S r-' R T ( P H I / F L C A T ( N •* 1 ) )
IF ( lihDFX.GE . ITEP1 ) KODE = -1z-Di TF ( h 1 1 02 ) T N-OEX .<DDE . SIDE v , ( B ( I) 1 1 = 1 • K )

10R H'icmAT (2X .215.8E12.5)
u0,40.27

27 1 F' ( IN DP X- 11 ER 1) 30 *40 <40
4 0 PrT'-^f'•

DO 2 5 1 = 1 ’S'
UM/ ( I ) = YCAL (I ) - Y ( I )
Cr'MTJ’J.r.

>04 H,”^a^i/z/3x..»u»$net> vt=,u«tes*//sx.i»'’»»T»Ta5x.tnY*i,i2x
1 5>- yC ALU * 1 3> .Ar'ut '/M )z.'-ITh (-^10>_.) (T*Y(] ) .YCAL(l) ’OEV(I) .I^l.N)

jQb F hpmmT(I 10,3E17.5)
C<»LL Dh" VI I MC ( Y C-IL , Y YC al ’ N ‘ I Yr • PH >
U(> Hb I-1*N
Dt'V ( I ) -YYCAL ( I ) -Y Y ( I )
] F ( Ams ( YY ( I ) ) , GT . 1 . I)F-Or,) bO Tf' 56
PCTO1- V ( 1 ) = 0 .
GO TO 57



5io

HS')Lf-'IT CDC 77/02/0) PAGE 2

55 PCTL'FV ( I) =DE V ( I ) /YY ( I ) / . 0 1
57 Pc.tm^pcTM* ABS ( 9CTDEV ( I ) )
55 CGMTIMJE

PCTM=PCTv/FL0AT(N)
Wiv n F ( 6 < 20 7 ) ( X A.ME ( J ) « J= 1 ’ I 0l)wMY )

-'0 7 f CP MAT ( 1 H 1 // / t 3X »t:"OP I G I NAL VAPIABLES*w//lt5X«lHY»12XtAHYCALil3X»
1 3 h [ i E. V » 4 ( 1 A X ? A 2 ) ) 
UM 700 1=1-N

7 0 0 WPITC ( 5 • 205 ) YY ( I) « YYCAL ( I) * DE V ( I ) , ( X X ( I » J ) »J=1»IDUMViY)
?0B hfiPPAT (7E16.5)

VPTTE(G»10b) PCTM«STDEV10P FORMAT (///20X22 3 ■1 FAN PFPCE^ITAGE EPPOR=:»F8.3/20Xt22HSTANDAr?D DEvIAT
1IOM =,FlO.5//20X.16HFITTLD CONSTANTS)
WPlTF(b»114) (IH(I)s1=1jK)

)]4 EpoMAT(22X«2HB(»I 2i2H)=»E13.5)
7 7 RE A0(5,9) IDT

GO TO (50,50,70»B0»90),IDT'
90 STOP

end
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I^CODE (7 ) « A^'AX (7 ) t UM IN (7 ) « B ( 7) tPHl tFMI

SUhPOUTIHE BSOLVE 
common k .m,x ( ao• <ptdevs
CnmMON /31/ Y ( 60) ♦ 7(C0) <+ AMDA^TAtliEPSILN^PHIMiN,INDEX.KOULtITEP ^cr.nx
DI-.'ENSJD'! 7ETA(G9) ,ALPHA(7) , A JACOB ( 60.7 ) .0(7) . A ( 7.7 ) . OMEG A ( 7 ) ,
Im^CALE(7,8).DELTA(7)
KU51=K*1I E ( F L A ’-'J) A . L E . (i. 0 ) F L A M D A = 0 • 0 1
I E ( I F!DE X , GT . 0 ) GO TO 30 0
IF (FMi.LE.0.0) 0011=10.0
IF (TAiJ.LE.O.O) TAU=0o001
IF ( EPS I LN • LE . 0.0 ) t[J S IL1'-1 =0.00 002
IF(PhJMlN.LT.0.0) PHlMJN=0.0
KEY = 0
Do 100 J=1.K

00 J. F ( I FiCODE ( J) . N'E . 0 ) KEY = KEY+1
lE(KEY.GT.O) GO TO 101
KQDE=-3
GO TO )50 0

01 1F(N.GE «KEY) GO TO 10 2
KODE=-?
GO TO 1500

02 1 F (1NF)F'X . GT » 0 ) GO TO 300
DO 200 J=1.K

00 Alpha (j) =ri( J)
GO TO 900:00 IF(PHI MIN,GT.PHI.AND.INDEX.GT.1) GO TO 400
DO 307 J-l.E
1F(IHCODE(J)) 301.307.303

101 call depiv(j»jtest.b./eta)
Do 302 I=].N

102 AJACOB(I 1 J)~7ETa(I)
1F(JTEFT.NE.-1) 60 TO 307
I f-.CODE ( J) =1 .

10 3 D F I = 0 . i") 0 1 A Fi S ( 3 ( J ) )
IF (AHS(B(J) ) .LT.I .OE-04) DEL=0 . 0000 1
1 F ( H ( J) +’DE L . L E . BMAX ( J ) ) GO TO 304
/O, ( J ) =u ( J ) -del
OH =--')EL
GO TO 305

jl)4 Al?FA(J)=«(J)+DEL
305 CALL F I'JC ( ALP'MA . /ET A )

/a L f A (._!)='' ( J)
t. 0 30', 1 = 1.0

306 AjAC.')-(I-<n=(7ETA(l)-7(I) )/l"lEL
3 0 7 ‘ C o r TIM.' f
‘tOO im 4 0*'. lL = 1*K

1F ( I hCMIjF ( lL ) ) 40 1 ,404.40 1
4 0 1 G (1. L ) =11 . (i

UN 40/ JJ=1,N
*. OP G (lL) (LL) ♦ A JACOB ( J J <LI. )•::( Y ( JJ) - 7 ( JJ ) )

D D 4 0 1 J J - 1 t 6
A(LL«JJ)=M.O 
DO 403403 A(LL« JJ)^A(LL.JJ)*AJACOb(MM,LL)»AJACOP(MM.JJ)
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IF(A(LL»LL).GT.1.0E-20) GO TO 406
4 ()4 DO 4 0 5 JJ= 1 * K
't0 5 A (LL-JJ) =0.0

A(LL «LL)=1-0
G (L L ) = 0.0

4 06 COMTIM'.lE
Gh.'OPM-o . 0
DO 407 1=1»K

407 Gf''PPM = f;i':nc?y <-G (I)
Dn 500 I=1•K

500 0>.-F,GA ( I ) =SDPT ( A (I , I) )
DO 501 1=1’K
G(I)=G(I)/OMEGA ( I )
DO 501 J=1’K501 A ( J » J ) = A ( I < J) / ( O:-1EGA ( I ) IOMEGA ( J) )
FLAM = FL AMDA/FM'J
ITFP=1
GO TO 503

502 FLAM = FLAM---FNU
503 Do 504 1=1»K
504 A(J »I)=A(IiI)♦flam

DO 506 I=1iK
DO 505 J=liK

505 AsCf'LE ( I » J) ^A ( J » J)
506 ASCALE(ItKP1)=G (I )

DO 603 L=1 »K
LL=L+1
DO 600 v1=LL»KPl

60 0 AS C Al.E ( L < M ) = A SC ALE (If M) / A SC aLE (I.» L )
DO 603 m-i,k
I F ( L-m) 601,603’6 01

601 DO 602 J=LL,KP16 0? AscALE.t Mt J) = ASC''LE ( M, J) - ASCALE (L, J) f-ASCALE ( M,L)
60 3 COL’TIMIJE

□ L h'()PM=0.0
06050*)= 0.0
Dn 701 1=1-K
DL I TA ( I )=mACALE(I*<pl)/O^EGA(I)
I f ( I-CODE ( I ) . E'n . 0 ) no TO 700
PLbUfc ( ] ) - Ay Ax 1 (HMpi ( I ) , AM I 01 (h’MAX ( I ) . k ( I ) ♦DLL! » < 1 ) ) )

7 00 Ul DELT A ( I ) -f*?
OC-P^nr) = DGbPODtr.ELTA ( I ) -"-G ( I ) -"-OMEGA ( I )

7 01 U F I T /> ( T ) = A i_ P h A ( I ) - ( I )
Ct U-AMzOSFuOb / (S J6T ('H h.nLv-D'.') )
J; A iy<r.'= 1
I r ( C n A A M ) 8 0 0 . b 0 1 .0 1

MOO J-'.iU.D- ?
C (ic (-■ a '■ - -C. DAG A m

HOI C I'1 A b A ' ’ = A m J >; 1 (COS •> k « 1 • 0 )
6 a = f.MCO (CDSGAV) <> i m 0.0/3.14159265
IF ( J A 5 . (U . 1 ) ■.-> 4 MM A= 160.0-6 A MM A

9(i() C<-|L h U )C ( AL P ■’ k ’ 2 t 1 A )
Xui:l = o. 0
i) n 0 0 1 I = 1 , O

. xmm J = xoHI ♦ ( Y ( I) - ZET A ( I ) ) <: <>2
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1 Conti u E
SI DE V-SO'-'’T ( XPHI /FLOAT (N'-l ) )
I F ( STDFV.LT.STDEVS) GO TO 1*00
I F(IMPS X,GT.0) GO TO 10 0 0
KO[iF = <
GO TO l60^

000 I F ( XPrll .GE »PH1 ) GO TO 1300
KOOE = 0
DO 1100 I = bK , ,

100 IF ( APS (DELT A ( I ) ) / ( T AU + APS ( ALPHA ( I ) ) ) . GT. EPS I L-D ) KODE = KOOE+ 1
]F(KODE.EP.O) GO TO 1200I F ( F L AM . GT . 1.0 . AND . GApA-. A. bT . 90.0 ) KODE = - 1
GO TO 1401200 I F(FLAm,GT.1.0.ADD.GAMMA.LE.45.0) K0DE=-4
GO TO 1401

300 IF(FLAm.GE.1.0E*0B) GO TO 1301
1TFQ-1TE9+1
GO TO 502

301 KOi'F--]
Go TO 1500

4f0 0 KCirD-=O
IF(I DDE X.FO.0) GO TO 14 02

401 Fl_AMDA=FLAM
4 02 D(> 1 4 03 1 = 1 tK
.403 H ( I ) - A L D H A ( I )
Vi 0 4 Do 14 0 5 J - 1 1 N
1405 Z(J)=7ETA(J)

P HI - X P HI
1500 1 Mi)L X= I MDEX* 1

RFTUPD
Ef-'D
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SURPOUTIME K'EWF'J^C (Z«77 «N« IFUNC ♦ A )
DlHFM<;iO\' 7 ( 1 ) » ZZ ( 1 )
GO TO (10,20t30«40,50.60.70*80)«IFUNC
DO 15 I=1
Z ( I ) = 7 7 (I )
RFTURM
Do 25 I=1 , N
7 ( I ) - 7 7 ( I ) * A
RFTliPN
DO 35 I = 1 v 6J
Z(T)=(7Z(I)*A)/100.
RFTUpN

Do 4 5 I = 1 . N
7 ( J ) = 1 . / ( 7.7 ( I ) + A )
RETURN
DO 5 5 I — 1<N
7(1) --ALOG1 0 (77(D)
RF1UPM
DO 65 J -1 »N
Z(1)=ALOG(77(I) )
RFTURN
DO 75 I = Db!
7 (1 ) - 1 o .*<:• ( 7.7 (I ) )
RETURN
DO 85 I-l.N
7. (D =FXP (72 (I ) )
RETURN
END
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SIJPPOUTIX'E PEVFUNC (7,7Z*N« IFUt>-C»A)
DI .vFNSTOM 7(1), 7 Z(l)Gn TO ( 1 0«20,30<40,50,60,70,50) , IFUNC
DO 15 1=1,M
Z7 ( I ) =/ ( I )
PF TUP’'i
DO 25 1=1
7.7(1) =7 (I) "A
PF TUPM
Df) 35 I=1.M
77(I)=10n.-::-Z(T)-A
kFTURN
DO 45 1=1,N
Z7(I)=1./7(I)-A
RFTURN
DO 55 1=1 ,N
Z7(I)=1O.** (7 ( I ) )
PFTURN
DO 65 I=1,U
7.7 ( I) =F XR (7 ( I ) )
RFTURN
Do 75 I=1,N
27(1) =AL0G.l 0(7(1))
RFTURN
DO 55 I=1,U
77(1)=AL0G(7(I))
RETURN
END



bSOLUT cue 77/02/01

FiimCTIOXI APC0(7)
DC'lHLt. PPLCISIOM X*Z»EPS
X = 7
K F Y - 0
IF (X.LI.<~1-0)) X"-1.0
IP (X.GT.l.o ) X = l.oIF (X.GF . (-1 .0) .A'JD.X.LT.O.O) KF.Y=1
LPS=1.00-12
IF (DAPS(X)-EPS) 20,20.30

2 0 !>■ p C 0 - 1.5 7 0 7 9 6 3 2 5
bn TO 40

3 0 X -DAH3(X)
/\ d ( 0 - i') A T A \ ( DS 0 91 ( 1 » 0 ■* X X ) / X )
IF(KEY.EQ.1) APCO=3,1415925b-APC0

4 0 KETUi>,'l
EX‘D

. 5^-6
PAGE 8
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SU^^O'JT INF. FUNC (H » YCAL)
Cn^OM K,N, X ( 40.4) , STDEVS
DIMENSION «(1),YCAL(1)
Dri 10 I-1,N
VC AL ( I ) ”-5 ( 1 ) OAL0G1 0 ( x ( I « 1 ) +H ( ?) ) +P ( 3) oALOG) 0 ( X ( I , 2) + B (4 ) ) +H (5) <>
1ALOG1G(X(I.3)+P(6))♦R(7)

10 CnfTP'tJE
RF-TLIPN
f- M[)



1 0
15

20
?5
3 0
35
40
4 5
50
55

60
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7 2
74
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518
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SIJO^OJT If-'E DEPI V ( JTEST , ‘-i, ZETA )
CONMOM X(40<4)«STDEVS
UV-FN^IOXI h ( 1 ) . ZETA ( 1 )
GO TO ( 1 I) • 2 0 i 30 » 4 0 t 50 « 6 0 » 72 ) • J
D(- 15 J=1»m
ZFTA ( I ) =Al.0Gl 0 (X ( I ♦ 1) *5 (2) )
Gr to 70
Do 25 I - 1«N
7 f- T A ( T ) - 5 ( 1) / ( X ( I , 1 ) * B ( 2 ) )
GO TO 70
Do 35 1 = 1.5'
ZU A ( I ) =4LOG1 0 ( X ( I . 2) » B (4) )
Go TO 70
DO 45 1=1,0
?r TA ( I ) ='y- (3) / ( X ( I . 2) *5 (4) )
GO TO 70
DO 55 I = 1 , Xi
ZF TA ( J ) = ALOG1 0 (X ( I . 3) + H (6)")
60 TO 70
DO 65 1=1»M
Z F. T A ( I ) = H ( 5 ) / ( X ( I , 3 ) + B ( 6) )
GO TO 70
U i; 7 4 I = 1,M
Z F IP ( I ) = 1 .
JTFST=0
Rl- T iIB,XI
EMO

PAGE 10
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519

PPOGPAM POLYFIT ( INDUT , 01 ITf'UT-* T APE 5‘-I NPl !T . T A PEG = OU T PU F )
U J ME N SI ON X ( 70) » Y ( 7 0 ) , Y Y ( 70 ) <. X X ( 7 0 ) « YYCAL ( 70 )
CO.vmom 0(6) t JJJtYPX! (70) «YCAL(70) »PCT(70) «PF PRtSTDEV

20 20/0(5,10) N?IX,1Y.JJJ
1 0 F < M 5)

READ(5,12) XF»YF 
1? format<kpio.0) 
22 PFAD(5‘12) ( X X ( I ) , I - 1 -> N )

IF(I X.F0.?.02.I X.EU.3.OP.IX.EO.4) REA0(5»12) A
C a* L L F11N C (X . X X t N ♦ IX « A )

24 RE4D(5.1?) (YY(I) ,I - 1 tN)
B (IY.F0,2.0P.lY.E0.3.0P. IY.E0.4) PEAD(5»12) B
CALL F(.INC(Y,YY,N, IY.B)

25 RE AU(5.10) K
M=K*)
CALL LSTSOP (K'tK.X.Y.XF.YF) 
call revfunc(ycal»yycal>n,iy,B) 
2 p 1 T E ( 6,1 0 0 )

100 FOOMAT(1H]///»6X16HORIG X»8X»6H0RIG Y«5X»9HORIG YCAL?7xt7riM0DIF X, 
17X.7I-IV0DIF Y, 4X, IO'-iMODIF YCAL « 7 X ♦ 7HPC T ERR« 4 X , 1 0 HDt RI V AT I Vt /}
WRITE (6,102) (XX (I) ,YY(D ,YYCAL(I) , X ( I ) . Y ( I ) , YC AL ( I ) . PCT ( I ) , YP(J ( I ) 

1» T = 1 ♦ N)
10? F(> d V A T(9 E14.5)

kP.ITE (6,104) PERR.STDEV
104 FodmaT(///3X,19HABS. PERCENT ERROR=,F6.3/3X,19H5TANDA RD DEVlATION = 

1,F A.5//3X,IGhFITTED CONSTANTS)
V. RI T E ((- ♦ 1 2 0 ) ( J t C (I ) , I - 1 , K 1 ) 

120 Enp:-',AT ( 5X s < HC ( , 12,2H) =« E1 3.5)
RFAb(5«10) IDT
GO TO (20*22,24,26,25),IDT 

28 stop
E MO
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SURROUTIME LST9D9 (MtK.XA, YAw-XEtYP) 
UJMENSTCIM X A ( 1 ) , Y A ( 1 ) « yCAL ( 70 ) ,XS UP (70) i A ( 6 « 6) 
common ca (o ), jj j, yp\' (70) < ycal (7 o) »pct < 7 o) .perp* st dev 
DO 10 1=1»N
XA(I)=XA(I)«XF

10 YA ( I)=YA( I)^YF
CA(1)=0.
DO 12 J=1»M

12 CA(1)=CA(1)+YA(J)
XSIIP ( 1 ) =\!
K]=K+1
DO 14 1=2.Kl
CA(I)=0 .
DO 14 J=1.U

14 CA(J)=CA(I)+YA(J)«(XA(J))««(I-1)
KK=2»K*1
DO 16 1=2. KK
X91IM ( I ) =0 .
Do 16 J- 1 . w

16 X^'UP ( 1 ) -XSUP ( I ) *XA ( J) ■»» (1-1 )
DO 18 1=1.K1
DO IB- J=1.Kl
L=I*J-1

18 A(I.J)-XSUM(L)
DO 20 1=1? *<1
DO 24 J=1«K1
DFT = A(J »I)
CA(J)=CA(J)/A(J.I)
DO 24 L=1»K1

24 A(J.L)=A(J?L)/DET
DO 20 J = 1 .Kl
IF(J.EO.I) GO TO 20
CA(J)=CA(J)-CA(I)
DO 26 L=1.K1

26 A(J«L)=A(J?L)-A(I.L)
20 Cn'JTIYijE

Do 2B T=1.K1
2 8 CA(I)-CA(I)/A ( I . I )

Ca( 1)=CA( 1 ) /YF
Do 30 J = 2 « K 1

3 0 C A ( I ) =C A ( I ) / Y F KF *«• ( I ~ 1 )
DO 32 I=1.M
X A ( I ) = X A { I ) / X ~
Y L ( I ) - Y A ( 1 ) / Y 17
YCAl ( I ) =0 A ( 1 )
Do 32 J = 2’x1

32 YOuL ( I ) = YC/>L ( I ) *CA ( J) »XA ( 1 ) »* (J-l )
DO 34 1 = 1*:.'
Ypm ( ] ) i> ( >*i
IF (Kl .LT.3) GO TO 34
Do 36 J=3.13S Yp" ( 1 ) = ( I ) ♦FLOAT ( J~1 ) ^CA ( J) OXA ( I ) <:<>( J-2)
GO T(« ( 3^ * 34 ) . J JJ

38 IF (YPV ( I ). .1 T.0.) YPM(I)=0.,.
34 ComTImDE
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Pfdp=o.
STr>(-v = o,
N ;v - N
DO A? I-1«M
UELY=YCAL(I)-YA(I)
IF ( A hc, ( Y A ( I) ) * Y F - , 0 0 1 ) 4 4,4 6 , A 6

44 K'v.-r.jM-i
GO TO 4?

45 ppDp=PE9D*ARS(DELY/YA(I))
PCT (I)=DFLY/YA ( I ) •-• 1 0 0 .
S r p F v = S T') E V + D E L Y <> D E L Y

4? COMTIMIJF
ST()EV = Sr)PT (STDEV/FLOAT (NjM-1 ) ) 
pepr = pf:p-,/float (no) -ioo.
PFTUR
(-.0 0
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SlU^OLIT I ME FlJ^CtZ ->71 IFlhX'C.A)
Dp/lPSIO*..' 7(1) <7.7. (1 )
GO TO ( 1 0 » ?0 » 30 t 0 » 50,60,70 1130 ) » I FU'VC3 r, ijo ]b 1 = 1» m 

15 7. ( I ) =7/ ( I )
PF TUtvm

>n Un ?5 i=1♦n
? 5 Z ( 1 ) = 7 7 ( I ) + A

PF TUPM
30 DO 35 1=1«M
35 Z ( J ) = (7 7. ( I ) +A) / I 00.

PF1 UP:-1
Ml U 0 4 5 I - ] » \i
4 5 Z (I ) = 1./(7 7(I)* A)

PF TUP-5
50 Do 55 J=],M
55 Z (I ) =ALC331 0 (ZZ ( I) )

PF'TIJPM
60 U (i 65 1 = 1 i
65 Z ( J ) =AL03 (ZZ ( J) )

uFTUP5
7 0 Do 75 1 = 1 9,'m
7d Z (I) = 10.-:h-, (ZZ(I) )

pr I IJH M
FC DC? 5 5 1 = 1,0
F-- 7. ( 1 ) 3 (.77. ( T ) )

PETUPVI
Lun


