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ABSTRACT

The oxidation of o-xylene was investigated in an integral packed

bed reactor using a KZSO 4 promoted vanadium pentoxide catalyst on a

TiOZ support.

Reaction products consisting of nine chemical components were

analyzed by a new temperature-programmed gas chromatographic technique

using three different columns to effect separation.

A kinetic model based on the REOOX (catalyst reduction and

oxidation) mechanism was employed. The statistical method of experimental

design for parameter estimation based on M.J. Box's modification [116] of the

Draper and Htmter method [47] ,,,,as used. Statistical analysis based on

the eigenvalue-eigenvector method of Box et al. [45] indicated correlation

among the responses and this method was used to transform the multiple

response data for use in estimating the parameters in the kinetic model.

Since parameter estimates in the model were available from

Wainwright's previous work [Z6], the method of Hoffman and Reilly [124]

which is based on Bayes' theorem, was used to transfer this prior infonn­

ation on the parameters to the present experimental system.

The kinetic data obtained from using the new chromatographic

technique developed in this study were found to be consistent. The kinetic

model of Wainwright [26] for this reaction system was fitted to the multiple

response data obtained from this study. The adequacy of this model in

representing the. data was also tested. The use of the statistical teclmiques

in experimental programs to develop kinetic models was found to be extremely

effective. Some of the difficulties in using them are outlined.
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NOTATION

C. Concentration of comprulent i in gm mole/liter
. 1

Ca Concentration of oxygen, gm moles/liter

E Activation Energy, calories/gm mole

E Active site parameter, calories/gm moleas

k Reaction rate constant, liters/gm catalyst hr

ka Rate constant for oxygen uptake either by reaction or adsorption

liters/gm catalyst hr

n Stoichiometric coefficient gm-mole of oxygen consumed/gas

n~le of hydrocarbon reacted

R Gas constant, calories/gm mole oK

r Rate of reaction, gm mole/gm catalyst hr

r Rate of oxygen uptake either by reaction or adsorption liters/
a

gm catalyst hr

T Temperature oK

W Mass of catalyst, grams

8, ~ Fraction of catalyst surface sites in fully oxidized state at

steady state.

Subscripts

r denotes hydrocarbon reactants

Superscripts

*

NOTE:

denotes transformation

The prime symbol (') 1S used throughout to denote the transpose
of a matrix.

- Xl -



n

p

m

y

T*

v

Det

y.
1

e*

e

a

v

n

x

NOTATIONS FOR STATISTICAL TEo-INIQUE~
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measured response

an rxl vector of the expected value of the responses

temperature at the center of design oK

flowrate of o-xylene in cc/minute

flowrate of oxygen in cc/minute

fImITate of nitrogen in cc/minute

Reactor temperature in oK

Variance-covariance matrix of the responses (Chapter 4)

determinant

the pxl prior parameter estimates

the pxl vector of parameter values at 1vhich the model is linearized

th 1 f h · th . .e va ue 0 on tel lteratlon

the Nxl vector of errors

the pxl vector of true parameter values; this

any pxI vector of possible values for ~* (Chapter 7)

tbe posterior lIlE<JIl with linearization at the posterior mean

standard deviation

the error covariance n~trix equation 7.2.4

number of observations

vector of independent variables at the uth trial

the nxp matrix of partial derivatives

the rxl vector of values of dependent variables at the uth trial
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p

the nxl vector of deviations between the measured and the

expected values

the number of parameters

Subscripts

denotes matrix or vector

Abreviations.
ox o-xylene

orA o-tolualdehyde

PI phthalide

PA phthalic anhydride
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Q-IAPTERI

INTRODUCTION

1.1

In chemical engineering, the investigation of a chemical reaction

generally involves a study of its kinetics and the underlying mechanism.

Tni.s type of study often involve the fonnulation or the development of a

kinetic or reaction model. A kinetic model can be described, in general

tenns, as a convenient and reasonable representation of the reaction rates

which \Vhen used in conjunction with a reactor model \ViII provide an

estimate of the concentration of the reactants and products in the exit

stream for any given operating conditions. It may not be unique, but

should at least be consistent with knmm, data and pennit both interpolation

and some extrapolation [69]. The fonn of a kinetic model is often suggested

by the reaction mechanism. In heterogeneous catalysis, the mechanism of a

solid-catalyzed reaction is often not adequately understood at the mole­

cular level. A direct implication of this is that the mechanism upon

which a kinetic model is developed is usually assumed without adequate

proof. If the kinetic model fits the experimental data, no claim is made

concerning the mechanism of the reaction or even the uniqueness of the

model. The agreement may be held to support the assumed reaction mechan­

ism and in addition may further provide some insights as to the direction

in which further \Vork is needed in elucidating the true reaction mechanism.

Mechanistically based models are to be preferred over the empirical models

not only because they can lead to fundamental scientific development, but

-1-



2

also because they are more parsimonious and hence provide better estimates

of the response for a given experimental effort. A reaction model serves

three main purposes:

i) Reactor design.

ii) Elucidation of the reaction network so that conditions and

a suitably selective catalyst can be used to control yields

of one or more of the intermediates i.n the reaction.

iii) For providing an understanding of the behaviour of an exist­

ing reactor.

1\10 types of mechanisms have become very popular for describing

oxidation of a-xylene on vanadia catalysts.

i) 111e REDOX medlanism of Mars and Van-Krcvelen [12] which

assumes that a steady-state is reached in the catalyst when

the rate of reaction between the hydrocarbon and the oxygen

of the catalyst becomes equal to the rate of reoxidation of

the catalyst by the oxygen in the feed.

ii) 111e Steady-State Adsorption Mbdel [S.S.A.M.] of Shelstad,

Downie and Graydon [3] which asSllll1es that the reaction takes

place between adsorbed oJl..ygen and the gas phase hydrocarbon.

Both these models yield the same overall rate equations and distinction

cannot be made by taking kinetic measurements. Hl:JlCe support for one

model based on kinetic measurements means support for both. In this study,

the REOOX mechanism is assumed.

111e gas phase catalytic oxidation of a-xylene occurs by a complex

mechanism which involves a number of consecutive and parallel steps

reSUlting in the fOl~tion of the desired material, phthalic anhydride,
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which is an intennediate compound. It is well established that the best

contacting pattern for this class of reactions, in which the desired pro-

duct is an intennediate, is one in which the mixing of fluids of different

composition is minimum. This nonna1ly requires operation in a packed bed

reactor in which the flow pattern approximates that of plug flow. Hydro­

carbon oxidation reactions are highly exothermic and due to inefficient

heat exchange apparent in fixed bed-reactors, the formation of a hot spot

is specially favoured. Hot spots are known to lower yield, reduce select­

ivity and increase hazards of operation. M:>reover, due to deactivation

of the catalyst, a packed bed is not suitable for long-tenn continuous

operation, and it becomes necessary for the catalyst to be regenerated or

a new one installed. The difficulties of heat removal and catalyst de­

activation encountered in the operation of a packed bed reactor has been

sunnounted by the use of a fluidized bed reactor. Hence fluidized bed

reactors have become widespread for use in hydrocarbon oxidation [96]. The

major disadvantage of this reaction is that large deviation from plug flow

exists and there is significant backmixing. Furthermore, the flow patterns

are difficult to define and hence it is not possible to predict perfonnance

to any degree of certainty [97, 98, 99]. It has also been noted that

phthalic anhydride has not been successfully produced from orthoxylene

in a fluidized bed reactor. Sherwood [23] and Graham [24] have compared

the operation of a fluidized bed reactor with that of a fixed bed in the

industrial manufacture of phthalic anhydride from orthoxylene and naphthalene.

The disadvantages of both the packed bed and the fluidized bed

reactors may be overcome by the use of a transported bed reactor, in which

the reactant and the product gases pneumatically convey the catalyst
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particles in a vertical tube, by cocurrent transport. Transported bed

reactors have been used successfully in catalytic cracking operations

[25]. A pilot scale unit of this reactor has been built in this lab­

oratory and previous studies [41, 26] have been carried out towards

evaluating its perfonnance for o-xylene oxidation. Furthennore, the

studies of Wainwright and Hoffman [100] was the first to be reported in

the literature on a pilot scale transported bed reactor in which a

reaction was carried out in a reas'Jnably defined condition of dense

phase conveying. The following advantages of a transported bed reactor

have been noted [26].

i) The flow pattern of the gas and solids approximates to plug

flow. This means that the residence times of the reactant

and product gases can be better controlled.

ii) The operation is continuous and regenerated solid catalyst

is continuously being added while partially deactivated

catalys t may be withdrawn.

iii) Good heat transfer rates exist between the particles and the

gas and between the solid/gas slurry and the wall. In ad­

dition, because the solid is continuously added and removed,

it becomes a significant heat sink for the heat of reaction;

thus under large solid loadings the reactor is essentially

isothennal.

The disadvantages include the following:

i) Since ele solid is pneumatically conveyed, operation may be

limited to dilute concentration of solids (catalyst). On

the other hand \vainwright [26] has been able to demonstrate
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smooth operation at very high solid loadings (voidage ~O.77).

lVhether other solid-gas systems on a large scale can operate

at these loadings is yet to be demonstrated.

ii) High attrition rates of the catalyst may occur. Also the

solids may cause erosion of the reactor internals. These

phenomena will be determined by the catalyst and its support.

iii) The equipment is complicated especially the catalyst recovery

system.

Any further attempt to evaluate the performance of the transported

bed reactor requires that the behaviour of the catalyst be determined

lIDder well-defined reactor conditions. This nonnally requires that a

kinetic model be developed for the o-xylene oxidation reaction in a bench­

scale packed bed reactor. Although the major problem associated with the

packed bed reactor is that of inefficient heat removal, this is not too

severe in small scale laboratory work and reactors can be designed to

approach isothermal operation [126]. Also,Or1ickas [127], Shaw [21]

and Wainwright [26] have demonstrated that a small-scale reactor can be

operated essentially isothermally and provide good integral data which

may be used to estimate kinetic parameters in reaction models.

The present investigation is thus aimed at obtaining an adequate

kinetic model for the o-xy1ene oxidation reaction using a packed bed

reactor and it is di rected towards providing useful information for further

work on the transported bed reactor.

In order to carry out this investigation most efficiently a

sequential statistically-designed experimental program was adopted. The

sequential design procedure used was similar to that of M.J. Box [116].
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In this approadl, the operating conditions for a set of experiments having

a number of nms equal to the number ?f paraneters in the proposed model

are established on the basis that the experimental responses should provide

the minimum variance on the parameters. These experiments are carried out;

the responses are then used ivith appropriate statistical techniques to

reestimate the parameters in the kinetic model. The entire procedure may

be repeated if the more precise parameter estimates are required. Each

set of experiments is determined on the basis of the location of all prior

experiments and the current parameter estimates from those experiments.

Since preliminary work had been conducted on the reaction system

being presently con.sidered [26], the parameters in the model were estimated

by using the statistical techniques of Hoffman and Reilly [124]. This

technique employs Bayes' theorem to provide a criterion for the 'best'

parameter estimates in situations where information on parameter values,

together with their inherent lll1certainty, are to be transferred from one

experiment to another. The mathematical models describing the data in boUl

experiments need only share some common parameters.

1.2 Objectives of the Experimental Program

The main aim of the project was to employ statistical experimental

design techniques to develop a kinetic model for the o-xylene reaction,

catalyzed by a titania-supported vanadium pentoxide catalyst, using the

integral data from a bendl-scale packed bed-reactor.

This study is directed towards providing useful information for

further work on ~le pilot scale transported bed reactor.



GIAPTER 2

LITERATURE REVIEW

2.1 General Introduction

=:>0rn~V-rn3

Phthalic anhydride production is a process of considerable import­

ance. It is derived by oxidation of o-xylene or naphthalene

o
II

0C)O<E--~
V-t ~o

a-xylene phthalic anhydride naphthalene

An examination of the stoichiometry of the reaction reveals that in the

absolute sense o-xylene is the prefered raw material. The theoretical

yields are as follows.

a-xylene (0.72 pounds)

Naphthalene (0.86 pounds)

-+

-+
phthalic
anhydride (1. a pound)

Other factors contributing to recent decisions to use o-xylene include

availability of feed-stock, low price and low transportation costs. Other

raw materials suitable for oxidation to phthalic anhydride are methylated

naphthalene and phenanthrene. However, the partial oxidation of these

hydrocarbons is accompanied by more heat of reaction than even the con-

version of naphthalene and already difficult problems of thermal control

are aggravated thereby. Moreover, these materials are not as abundantly

available as o-xylene. The traditional outlets for phthalic anhydride

-7-
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include plasticizers, alkyds and saturated polyesters. The specific uses

of these products are discussed in [~7].

Despite the importance of the o-xylene oxidation reaction, the

kinetics and the reaction neuvork have not yet been clearly established.

Most of the early work on oxidation of o-xylene has been concentrated

on studying the effects of variables such as tile reaction temperature, air­

to-o-xylene ratio in the feed, contact time, type of catalyst and type of

reactor (fluidized bed, or fixed bed) on the yield of phthalic anhydride.

These studies were directed towards optimizing the yield of phthalic

anhydride [29, 48, 50-55]. Marek and Hahn [48] have reviewed the early

studies up to 1931. Most of the references to o-xylene in this review deal

mainly with patents. Dixon and Longfield [2] have provided an excellent

review of the literature for work carried out in the period bebveen 1931 and

1959. A review of tile a-xylene oxidation publications until 1966 is con­

tained in [12].

In spite of the large volume of work that has been published on

o-xylene oxidation, a reaction mechanism that completely describes reaction

rates and product distribution has not yet appeared in the literature. This

can be ascribed to the following:

i) The hydrocarbon-catalyst interaction is very complex.

ii) Little was lU1derstood all the influence of the materials used

to support the catalyst nor of the promoters used to affect

reaction rates and selectivities. It is now lvell established

[9, 10, 11, IS] that the product distribution depends upon

the nature of the catalys t support.
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The review of some of the papers which have appeared recently in

the literature will be presented in the following sections.

2.2 Reaction Mechanism and Kinetics

Two types of mechanisms have been used to evaluate and describe

IIUlch of the experimental heterogeneous catalytic data in the literature.

These are

i) The LangnRlir-Hinshelwood Mechanism, in which adsorption

equilibrium is assumed to be established reactants and

the molecules react while adsorbed.

ii) The Rideal mechanism in which equilibrium adsorption of only

one of the reactants is assumed to be established. Reaction

then occurs directly on collision of a gas molecule with an

adsorbed molecule or atom.

However, these mechanisms have not been successfully applied to describe

the o-xylene oxidation reaction. In 1954 Mars and Van Krevelen [12]

applied the REOOX mechanism to the catalytic o-xylene oxidation reaction

with encouraging results. The REOOX mechanism assumes that adsorption

equilibrium is not established but that a steady state is reached in the

catalyst when the rate of reaction between the hydrocarbon and the oxygen

of the catalyst becomes equal to the rate of reoxidation of the catalyst

by the oxygen in the feed stream. Hence the so-called catalyst is not

really a catalyst in the chemical sense since in this proposed mechanism

it actually enters into the reaction mechanism and does not merely promote

the reaction by lowering the required activation energy. This mechanism was

also used by Mars and Van-Krevelen [12] in their studies of the oxidation
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of benzene, toluene, naphthalene, and anthracene in a fluidized bed of

200-300 micron catalyst particles. The reactor was made of pyrex and

the catalyst contained 9 weight percent vanadium pentoxide and 21 weight

percent potassium sulphate on a silica-gel support. Since the publication

of their paper in 1954, the Mars and Van Krevelen approach has enjoyed

considerable popularity; the recent paper of Mathur and Viswanath [78J

contains many references to its uses.

In a paper published in 1961, Shelstad, Downie and Graydon [3]

proposed the Steady State Adsorption Mechanism [So S.A.M. J• This aSS1.ID1es

that a steady state is established in the catalyst when the rate of adsorP­

tion of oxygen on the catalyst becomes equal to the rate of removal by

reaction with hydrocarbon from the gas phase .

.An example of the application of the RErox mechanism is in the

formulation of the basic rate equations involved in the o-xylene oxidation

reaction. Here, this forITll.l1ation is demonstrated by considering the

simplest case in which all the reaction products have been llurrped together

as one. Basically, there are two steps involved in the REDOX mechanism.

Step 1:

Aromatic compound + oxidized catalyst -+ oxidation product +

reduced catalyst.

If the rate of hydrocarbon oxidation is considered to be first order

with respect to hydrocarbon concentration and first o~der with respect to

the fraction of active oxygen sites 6,

r = k C e
r r r

2.2.1

Then, if n moles of oxygen are required per mole of hydrocarbon, the rate
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of oxygen removal from the catalyst surface becomes

2.2.2

Step 2:

Reduced catalyst + oxygen 7 oxidized catalyst.

If the rate of catalyst oxidation is considered to be proportional

to the oxygen concentration in the gas phase and to the number of the

reduced sites, then

2.2.3

At steady state, the rate of oxygen removal from the catalyst by reaction

with the hydrocarbon becomes equal to the rate of oxygen supply to the

catalyst from the gas in the reoxidation process.

i.e. n k C e = k C (1-0)
y r a a

or

e k C +nk Ca arT
2.2.4

and from 2.2.1

2.2.5
k k C Ca r a r

Tr = k C + n k C
a a r r

It should be noted that this identical rate equation 2.2.5 can also be

derived by applying the S.S.A.M. n~chanism of [3J. In fact agreement

between the rate equation 2.2.5 and the experimental data would not be a
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proof of the correctness of the assumed reaction mechanism. It has been

established that several postulated mechanisms yielding the Langmuir­

Hinshelwood type of rate expression can often be fitted equally well to

experimental data. Several examples of this have been considered in [69].

Both the S.S.A.M. and the REOOX mechanisms have become very popular

for describing the o-xylene oxidation reaction on vanadia catalysts. It

will be of interest to discriminate between these mechanisms using kinetic

data. However this is not possible since the rate expression for the

overall rate of reaction is identical in both cases. Distinction may be

possible in initial rate studies, using 018 in the catalyst or in the

feed. If the mechanism is assumed to proceed through the REOOX mechanism,

then the chemisorbed oAygen must be removed from the catalyst surface

prior to reaction. A major difficulty may be that of removing the chemi­

sorbed oxygen. Support for the S. S.A.M. has come from several studies

[6, 17, 7, 3]. This support may be considered weak due to considerable

non-catalytic reactions and unstable catalytic activity evident in some

of these studies. These can be ascribed to the fact that sulphur dioxide

was not present in the feed. Simard et al. [16] studied the oxidation

of o-xylene on vanadia catalyst. The feed contained only nitrogen and

o-xylene. Their results showed that the amoLUlt of oxygen contained in

the reaction products was in excess of that which could be obtained if

only the chemisorbed oxygen participated in the reaction. It was then

concluded that the catalyst oxygen contributes, at least in part, to the

oxygen involved in the oxidation. Vrbaski and Mathews [36] also came to

the conclusion on the basis of the results they obtained lvhen o-tolualdehyde

was oxidized over vanadia catalyst in a stream of nitrogen.
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Some of the results of recent studies, especially from Russian

'workers in this field indicate that both the S.S.A.M. and the REDOX

mechanism may be responsible for the oxieation reaction. Andreikov et ale

[70] investigated the mechanism of the vapour-phase oxidation of naphthalene

on a vanadia catalyst by a pulsed microcatalytic method. The results of

their work were explained as follows

i) The initial attack on the aromatic nolecule is always

produced by the oxygen from the catalyst lattice.

ii) Further oxidation of the labile intermediate compounds can

occur with the participation of the lattice oxygen and the

participation of adsorbed forms of oxygen in the case when

the rate of reoxidation of the catalyst is low.

Blanchard and Louquet [71] also carried out butene oxidation

reaction on VZOS-TiOZ' VZOS-M003 and BiZ03-M003 catalyst systems with

018 enriched oxygen in a circulating apparatus at 300°C. They arrived

at the following conclusions:

i) When a highly selective catalyst is employed only the oxide

oxygen enters into the oxidation products.

ii) When catalysts are used which exhibit low or JOOdium select-

ivity, the reoxidation of the reduced surface centers due to

migration of oxide ions do not proceed effectively enough

and that the adsorbed oxygen, or even the oxygen of the gas

phase participates to varying degrees in this oxidation.

With less selective catalyst, the participation of the oxygen

of the gas phase becomes more significant.
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2.3 a-xylene Oxidation Reaction Networks

It is valuable to have available a rate expression for the fonn­

ation of phthalic anhydride which includes the rates of the individual

steps in the reaction network. M:>st of the early studies on analysis of

multistep reaction nebvorks have traditionally been done by subjective

interpretation of product distribution data, and there were no supporting

rate studies carried out to test the proposed schemes. Hence these studies

provide mainly qualitative infonnation. M:)Yeover, confusion existed as

to the sequence of steps in the o-xylene oxidation reaction. This con­

fusion can now be understood in view of the fact that different types or

support materials were used in these studies. In general, there appears

to be three main factors which tend to influence the product distribution

in the catalytic o-xylene oxidation reaction. These are:

i) The nature of the catalyst support material. The results of

Kakinoki et al. [10, 11] and Wainwright [26] strongly support this

view. 111is will be discussed further in Section 2. 7.

These studies indicate the importance of including all in­

fonnation to describe the catalyst, support and promoters/

modifiers since the reaction network and products are deter-

mined by the composition and nature of the entire solid

material.

ii) The extent of homogeneous oxidation reaction. This is

further discussed in Section 2.5.

iii) The oxidation state of the catalyst. It has been shown

[16] that the active oxides for partial oxidation are V20S
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and VZ0
4

. 34 . Catalysts having lmver oxiuation states produce considerable

amounts of total oxidation products [5].

Juusola [Z8] and Paetkau [41] have provided excellent reviews of

most of the early literature pertaining to o-xylene reaction networks,

covering the period beti-;een 1955 and 1966. Some of the more recent

papers in the literature will now be discussed. Herten and Froment [4]

studied the gas phase oxidation of a-xylene on a V
Z
05 (French synoxy)

SiOZ-supported catalyst in a quasi-isothermal laboratory fixed bed reactor.

The studies were conducted in the temperature range 3Z5 to 402°C. The

following reaction scheme was postulated. In this scheme all

CO + C02

o

0
\1

I
~ c--' o
~ C"-/

/./ II
o

phthalic anhydride
l'

>O
~ CJIO

~ GI3

o-tolualdehyde",~

o >~
O~ ~ --0 ~

,.-/ >-
/pC

I
HZ

phthalide

I
O~~-7

o-:x.'ylene

Figure 2.3.1 - Reaction Network of Herten and Froment

products were formed in primary reaction steps, but this conclusion was

based on the slopes of selectivity curves extrapolated back to zero conver-

sion from their lowest value of 25 percent. Also their data did not

provide any direct support for the secondary reactions included in this

scheme.
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Juusola [Z8] proposed the network of Figure 2.3.2. from studies

carried out on the oxidation of o-xy1ene and o-to1ualdehyde on a SiOZ-sup­

ported catalyst. He concluded that o-tolualdehyde, p-benzoquinone and

COZ were

COZ+ C02

o 0

~CHO, ~-COOH 011 0-11

V-013--:> V-rnr> I ..? ~:::o -"" I h ~.:::o
o-to1ualdehyde o-to1uic phtha1ideHZ phthalic 0I "- "- "- :id : anhydride

'- '- I
........ I
'~ '/()~~-0 o~

o-xylene I, I" Io
p-benzoquinone

--
Figure 2.3.Z - Reaction Products of o-tolualdehyde

Oxidation Connected in a Plausible
Sequence

formed in primary reaction steps. This conclusion was based on data

obtained at very low conversions (less than 5 percent) of a-xylene.

It should be noted that when reactions are carried out at very low con-

versions, changes in product distribution may not be noticeable and in

addition conclusive identification of stable products cannot be made.

Secondary reactions (as shown in Figure Z.3.Z) were also considered to

be occurring on the basis of studies carried out on the oxidation of
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o-tolualdehyde. It is to be noted that in view of the interaction effects

reported by Luybarskii et al. [76J, the processes occurring Mlen o-tolualde-

hyde is oxidized may not necessarily represent those taking place on the

catalyst when the primary reactant together with some intermediates are

also competing for catalytic sites.

Wainwright [26] studied o-xylene oxidation over a silica-gel

supported catalyst using a fixed bed reactor. The scheme of Figure 2.3.3

was proposed. Tnis scheme was based on a qualitative evaluation of the

se1ectivi ty data obtained on the catalyst. It retains the main features

of the more complex reaction networks proposed by Berten and Froment [4J

and Juusola [28]. Phthalic anhydride, phthalide,

[C02 + CO]

I \o :::--7O~~?
o-xylene o-tolualdehyde

~Tar

O~ COOB

~ CH3

o-toluic acid

0 9
I C-- O

~-r--

Pohtha~i12
I 0 .~:-O

II
o

phthalide anhydride

Figure 2.3.3 - Reaction Nebvork of Wainwright
for Reaction on Silica gel Catalyst

and o-toluic acid have been lumped together since they \vere present in

small quantities and were formed sequentially from o-tolualdehyde. A step
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leading to tar formation from o-xylene was also evident in this scheme.

The tar formation was considered to o~cur solely from the cracking of

o-xylene. This scheme proposed by Wainwright is simpler and more practical,

for reaction modelling purposes, than those of other workers reported

earlier, in that it involves fewer parameters to describe it.

Boag et al. [72] applied quantitative modelling techniques to the

o-xylene oxidation reaction data gathered in a recirculation reactor. The

catalyst employed was vanadium oxide, potassium sulphate promoted, on

a silica carrier. The following reaction network was found to be adequate

for describing the oxidation process.

[CO + C02]

°Ii
--7> 01 C::: °

~ ~
phthalicO

anhydride

phthalide

Figure 2.3.4 - Reaction Network of Boag et al.

This scheme is similar to that proposed by Betten and Froment [4]. The

component mass balances for such a reactor are algebraic, rather than

differential equations. This suggests that the estimation of parameters
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in the kinetic model is greatly simplified.

Lyubarski et al. [76J also studied the catalytic oxidation of

o-xylene and its partial oxidation products in a gradientless reactor

by a flow circulation method on a high temperature vanadium silicon carbide

catalyst. The following scheme was proposed.

1

~ 0- L,o
v-~ ,-

./ phthalic 0
/' anhydride ~

~ rn3~ 01 rno :> [CO + C02 + H20]V- rn3 ~ rn3

o-xylene o-toluadehyde

o
C~

(
"'- 0

c~
maleic anh dride

Figure 2.3.5 - Reaction Scheme by Lyubarski et al. [76]

The model was based on a qualitative analysis of the product distribution

data. However, in their study, o-xylene together with its oxidation products

were used as feed in the oxidation process. In this way the mutual

effect of the various components of the reaction mixture on the rate of

the separate steps in the process was determined. It was established

that the presence of phthalic arulydride in the gaseous mixture lowered

the rate of maleic anhydride oxidation. A similar 'interaction effect'

has also been reported by Roiter et al. [77].
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Few studies have been carried out on o-xylene oxidation on

titania-supported vanadia catalyst. This is because titania-supported

catalysts have only been developed relatively recently [31].

Vanhove and Blanchard [108] studied o-xylene oxidation at low

conversions, on different arnOl.Ults of vanadium pentoxide on titania from

o - 100 mole percent. The highest selectivity faY phthalic anhydride

formation was obtained on a catalyst which consisted of 12.5 mole percent

V20
S

on Ti0
2

• Reactions were carried out at 450°C in a reactor made of

pyrex. The reaction network of Figure 2.3.6 was developed~ based on a

qualitative evaluation of the product distribution data. Further in their

work [75] the reaction intermediates were then oxidized over this catalyst

at 400°C for the purpose of defining the reaction paths of the intermediate

compounds. In the case of o-tolualdehyde oxidation, it was observed that

both the fonnation of phthalide and phthalic anhydride occurred with

measurable rates, whereas in a-xylene oxidation the initial rates for the

formation of these intermediates was found to be negligible. The reaction

network of Figure 2.3.6 was proposed.

O GiO .

1# GI3~ Q~.CO"O

~ OTA ~ Ornz.-7f ~ CO"""-

/' \ ~ I --0 PA

O
'~ 013 ~ CO /'

.~ CH3 ~ PI

OX ~
~ CO + C02

Figure 2.3.6. - Reaction Network of Vanhove and
Blanchard for o-Xylene Oxidation
and Titania Catalyst
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Wainwright's network differs from that of Vanhove and Blanchard

in that it does not consider the oxidation of phthalide and phthalic

anhydride to carbon oxides to be significant (on the grotIDds of the

more stable ring structure), nor does he consider the direct reaction of

o-tolualdehyde to phthalic anhydride without going through the phthalide

intennediate. This network will be discussed further in section 7.1.

Allen [123] proposed a reaction network similar to that of

Figure 2.3.6 for o-xylene oxidation on titania-catalysts. His network

contained, in addition to that of Figure 2.3.6 a route leading the formation

of phthalic anhydride directly from o-xylene.

It is important to note that all networks proposed for o-xylene

oxidation on titania catalyst so far have been based on only qualitative

evaluation of product distribution data; none has been suggested by

experiments which were designed specifically to detennine the actual

mechanistic route.

2.4 Oxidation of the Intennediate Compounds

Besides the studies on o-xylene oxidation, several workers [36,

39, 5, 74, 28, 75, 76] have also oxidized various intermediates for the

purposes of defining the secondary reactions.

Two factors must be considered if secondary reactions are to be

defined by oxidizing intermediate products (as feed) on o-xylene oxidation

catalysts:

i) In view of the 'interaction effects' [76] rate constants

observed for the secondary reaction when intermediates are

oxidized may not represent those that are actually occurring
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when the primary reactant (o-xylene) is oxidized.

ii) The catalyst/reactant in~eractionmay be such that the

secondary reactions observed to be taking place when inter­

mediates are oxidized may not necessarily represent those

occurring when the primary reactant is also competing for

catalytic sites.

lvith these in mind, some of the studies conducted on oxidizing the inter­

mediates will now be discussed.

In the period between 1954 and 1967 some studies were carried out

on oxidizing the products of o-xylene oxidation [36, 39, 5, 74], namely

the following intermediates: o-methylbenzyl-alcohol, o-tolualdehyde,

o-toluic acid, phthalide, and phthalic anhydride. Reaction have been

carried out at low conversions using different vanadia concentrations and

different support materials; moreover only products formed in significant

amount have been included in the reaction schemes. Furthermore, the schemes

have been based on qualitative interpretation of the data with a plausible

sequence of reactions being guessed for the products. In view of these

facts, most of these studies have resulted in different reaction schemes

being proposed for the same oxidation reaction. Most of these studies have

been reviewed in detail by Juusola [28]. A brief review of some of the more

recent studies follows.

Q~~~~!~Q~_~g_~:!~!~~!~~l~~

Vanhove and Blanchard [75] studied the oxidation of o-tolualdehyde

in a tubular reactor (pyrex) over a VZOS-Ti02 catalyst at 450°C. They
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concluded that phthalide and phthallc anhydride are fonned from o-tolualde-

hyde according to the scheme of Figur~ 2.4.1, since the formation of these

compounds occurred initially with rneasuratle rates. From the examination

of their Figure 1 [75J, the distribution curve for phthalic anhydride seems

to have been extrapolated from the lowest conversion of 10 percent. The

following reaction schemes was proposed.

0":::--->7 I GI2_0
C /'

~ II

phthalide 0~

tI~ [CO + C02]

0,,=- LBO

I ~. GI3

o-toluaJclehyde
""-, , 0

~Oll
I # ~

. 0
phthallc

anhydride

Figure 2.4.1

Lyubarskii et ale [76] studied o-tolualdehyde oxidation using a

high temperature vanadium pentoxide catalyst at 400 - 460°C. A Langmuir-

Hinshelwood type of rate expression was found to describe the overall

rate of o-tolualdehyde oxidation. The proposed scheme is similar to the

o-tolualdehyde reaction scheme presented in Figure 2.4.1. The concentration

of o-tolualdehyde, oxygen, water-vapour and carbon dioxide was found to

affect the rate of o-tolualdehyde oxidation.
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Vanhove and Blanchard [75] oxidized solutions of o-toluic acid

and phthaldialdehyde in o-xylene (methyl l4C) over V205-TiOZ catalyst.

(The solution containing 80 to 90 percent of the compound to be oxidized.)

100 percent conversions were achieved in these case~ thus suggesting that

these intermediates are strongly adsorbed; hence their formation in the

gas phase is expected to be negligible under all (:ond.itions. In the initial

conditions ,vhere o-X)r]ene yields only o-tolualdehyd.e, o-toluic acid yields

phthalide together with phthalic anhydride. Phthaldialc1ehyde yields phthalic

anhydride. The resu.1ts are consistent with the observations reported in

the early studies by Bernardini and Ramacci [74].

Lyubarskii et al. [76] oxidized phthalic anhydride over a high

temperature vanadium pentoxide catalyst in the temperature range (440°C

to 500°C). The oxidation was considered to occur by two parallel pathways;

one to maleic anhydride and the other to carbon monoxide and carbon dioxide.

The rate of phthalic anhydride to the carbon oxides was sho\'Jll to be in­

dependent of the phthalic anhydride concentration. These results are con­

sistent with those of Hughes and Adams [5]. Bemadini and Ramacci [74] also

using a high temperature vanadium based ~atalyst, showed that at temperatures

below 380°C only carbon oxides were formed.

~hleic anhydride is generally considered to be oxidized to

extensive oxidation products CO, C02 [76, 74] while phthalide has been
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oxidized, over VZ05 silica-gel supported catalyst, in the temperature

range 420°C to 440°C 1vith 98 percent, yields to phthalic anhydride [74].

2.5 Homogeneous Oxidation of o-xylene

The study of homogeneous oxidation of o-xylene (i.e. with no

catalyst) is very important, not only because its slow combustion char­

acteristics can be studied, but also because it can influence the results

of catalytic reaction studies. Wright [27], Loftus and Satterfield [19]

have carried out studies on homogeneous gas phase oxidation of o-xylene

in quartz and borosilicate glass flow reactors at 1 atmosphere pressure.

and at 650°C and 475°C respectively. The results in [19] show that the

rate of reaction is first order with respect to o-xylene. The rate constant

was given by the following equation

In k = 10.5 - 20,000/RT 2.5.1

where k is the first order rate constant sec- l and the activation energy

is ZO,OOO cal/gm mole. The results reported in [27, 19] also show that

the oxidation reaction is very complex since a wide variety of products

are formed which indicates that a large number of reactions are simultaneously

taking place. In fact earlier studies [64, 75] were hampered by the lack

of an adequate analytical method to analyze the product formed.

The mechanism of the homogeneous reaction is quite different from

that of the catalytic reaction and it is only in the studies of Wright

[60, 61] that a detailed analysis of reaction products arising from the
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homogeneous reaction was first reported. The major products in the study

of Wright [27] are methylvinyl-benzene., toluene, benzene, and o-tolualdehyde

while that of Loftus and Satterfield are o-xylene oxide. One cannot tell

from these studies whether the material of the reactor internals made

any significant contribution to the reaction. For example, Wainwright [26]

found that silver solder significantly promoted the complete oxidation of

all products from the o-xylene oxidation reaction even at relatively low

temperatures.

It has been shmlTI by several workers [60, 61, 62, 63] that the

homogeneous reaction does not form phthalic anllydride so that the overall

yield of phthalic anhydride in catalytic reactions will be reduced by homo­

geneous oxidation. Mann [14] has reported an uncorrnnonly high reaction rate

on work conducted on the homogeneous reaction in an aluminum reactor. It

was stated in the report that the reaction rate was time dependent. However,

it has been suggested that the aluminum reactor used might have contributed

significantly to the reaction.

Bhalla [1] carried out studies on homogeneous oxidation of o-xylene

in a stainless steel flow reactor. 0 -xylene oxide was the main reaction

product. This result agreed with the studies of Loftus and Satterfield

[19]. It was suggested that the temperature for the catalytic reaction

study, depending on the catalyst, be maintained in the range 380°C to 430°C

in order to minimize the contribution of the homogeneous reactions [1].

Juusola [28] also made a thorough examination of the temperature

limit at which a non-catalytic or blank reaction becomes significant. It

was found tllat at temperatures belrnv 315°C, in a stainless steel reactor,

this reaction would be insignificant. TIlis result does not agree directly
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with those of Bernardini et a1. [104] in which similar studies were con-

ducted in a type 316 stainless steel reactor. It was observed that at

temperature lower than 380°C, the blank reaction was apparently insignificant.

These observations suggest tllat the homogeneous (blank) reaction

should be studied in any particular reactor to ascertain the upper working

temperature below which the homogeneous reaction may be considered negli-

gible. With careful selection of materials this should not be a constraint

on the study of the catalytic reaction.

2.6 Catalyst Properties

The type of catalyst traditionally used mainly for o-xylene oxidation

is generally classified as the 'Gelman' catalyst. A typical 'German-type f

catalyst contains about 10 percent V20S and 20-30% K2S04. Silica gel

and titanium dioxide are the most corrnnon support materials.

Kakinoki et a1. [9] has described methods for preparation of these

catalyst supported on silica gel, gypsum and titanium dioxide. Vanadium

pentoxide results from the oxidation of vanadium. It is a yellowish red

powder which is sparingly soluble in water [30].

Recently, a new catalyst was developed [31] for o-xylene oxidation.

It is covered by Canadian Patent No. 873904 and has the following properties:

Surface area: 5 m2/gm

Bulk density: 1.2 gm/cc

Average Particle Size: 65 microns

Probable Composition (based on patent literature)

percent by weight: VZOS 6.0%, SbZ03 6.0%

K20 2.0%. Ti02 84. %

S03 2.0%
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This type of catalyst (with particle size 50/70 mesh) was used in the

current study. This was obtained from the research laboratories of W.R.

Grace and Co., Baltimore, Maryland [26].

lhe nature of the support materials has been found to be most

important in determining catalys t activity and selectivity [9, 26]. The

influence of both the solid support materials (i.e. silica gel, titanium di~

oxide) and S02 will be discussed briefly with reference to the literature.

2.7 Influence of the Support Material on a-xylene Oxidation

For o-xylene oxidation, Simard et al. [16] have suggested that~

a catalyst of small surface area and low sensitivity to promoter addition

is to be preferred over one that is highly porous. A highly porous catalyst

can lead to over-oxidation possibly because the intermediate oxidation

products are caught in the pores and are further oxidized to undesirable

products before they can diffuse out of the catalyst. The surface areas of

silica gel supported catalysts are usually between 5 to 8 orders of magnitude

greater than those supported by titanium dioxide. For o-xylene oxidation

differences in product distributions exist for SiOZ and Ti02 supported

catalyst. For instance higher yields of phthalic anhydride have been ob­

tained using the Ti02 supported catalysts [26,66, 10]. Several workers

have also sholYn that the SiOZ supported catalysts are highly selective for

0- tolualdehyde formation I"hile those supported on Ti02 are highly selective

for phthalic anhydride formation. The major reasons for this and other

differences observed in the product distribution are not completely under­

stood. Kakinoki et al. [10] carried out a series of studies in \~lich oxygen
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was adsorbed on the following support materials (i) silica gel, (ii) titaniwn

dioxide, (iii) gypslUll , (iv) carbonmdwn. Langmuir-type isothenns were

obtained for the adsorption of oxygen on all catalysts at 400°C. The

oxygen adsorbed, for each support was expressed as the equilibrilUll volwne

of oxygen adsorbed per unit area of the catalyst. o-xylene oxidation

reactions were carried out on these catalysts at temperatures ranging from

Selectivities for the formation of phthalic anhydride,

carbon dioxide and carbon monoxide were measured at these temperatures.

The results indicated that the Ti02 supported catalyst had the highest sel­

ectivity for phthalic anhydride a.i'ld the highest oxygen adsorption. The

Si02 supported ca.talyst had the lowest selectivity and the lowest oxygen

adsorption. The other catalysts exhibited intennediate adsorptions and

selectivities.

Finally, a factor of some significance is the type of interaction

set up between the catalyst and the substance undergoing oxidation. High

catalyst selectivity requires also that the catalyst system interact

favourably with the substance undergoing oxidation. For instance, in

naphthalene oxidation, excellent yields of phthalic anhydride have been ob­

tained with catalysts supported on Si02 but low yields have resulted when

o-xylene was oxidized on the same catalyst system. Another point relating

to the catalyst/reactant interaction is that tar formation has been reported

when o-xylene 'vas oxidized on silica gel supported catalysts [26] while the

fonnation of tars was not observed using a titania support one.
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Z.8 The Import~~ce of S02 Addition as Catalyst Promoter

The importance of sulphur trio~ide as a catalyst addition has been

demonstrated by Kakinoki et al. [10]. In their investigation, they pre­

pared catalysts supported on titanium dioxide, silica gel, and gypsum.

They noticed that differences in catalyst activity occurred when 'hot press'

naphthalene (containing some sulphur impurities) and pure naphthalene

were employed as raw materials. The catalyst activity remained constant

when 'hot press' naphthalene was fed but a gradual decrease in catalyst

activity was observed when pure naphthalene ",as used as the feed. During

this deactivation, which was allowed to continue for 100 days, the phthalic

anhydride yield had dropped considerably. Sulphur dioxide was then added

to the feed stream and Ivithin 48 hours, the original catalyst activity

was restored. On the basis of these results, it was concluded that the

sulphur level in the feed was important in determining the catalyst activity.

Once this fact >vas established it became necessary to determine the

optimum sulphur level in the feed to maintain the catalyst activity at a

particular operating condition. Since vanadium pentoxide is used corrmer­

cially to oxidize sulphur dioxide, it should be noted that at high sulphur

dioxide concentration the sulphur dioxide will be competing with the o-xylene

for active oxidation sites. Mizushina et al. [1] investigated the effects

of sulphur trioxide levels on the activity of a VZOS-TiO/KZSO4 catalyst.

The catalyst contained 0.5 moles of KZS04 per mole of VZOS and a large

amount of sulphur trioxide. Several catalyst samples of this type were

prepared. A sample was then placed in a reactor and the reactor was immersed

in a salt bath. Different sulphur trioxide levels were achieved in the catalyst by
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varying the salt bath temperature and the duration of heat treatment. The

amount of S03 contained in the catalys~s was observed to decrease with

increasing treatment temperature. a-xylene oxidation was then carried out

using these Gltalysts. No S02 was added to the reactant feed stream. The

results show that an optimum S03 level of 5 percent by weight in the

catalyst was needed for high selectivity ill phthalic anhydride formation.

However, Wainwright [26J points out that during the tests with this

catalyst when the phthalic anhydride yield was the highest the o-xylene con­

version was 100%. This suggests that the o-xylene was fully oxidized near

the entrance of the bed; therefore the actual optimum concentration of

SO 3 for maximum phthalic anhydride yield may be even higher.

Mizushina et al. [11] have also demonstrated that a certain amount

of S03 is lost from the catalyst due to temperature effects. The amount

of S03 'evaporated' front the catalyst was found to increase with increasing

temperature. By carrying out naphthalene oxidation using 'hot press'

feedstock at 410°C and 435°C, this group observed that the rate of catalyst

deactivation was much greater at 435° than at 410°C. The catalyst activity

was restored soon after S02 was introduced in the feedstream. Wainwright [26]

observed a similar behaviour with another silica gel supported catalyst

(American Cyanamide Aero PM). He also observed that repeating an exper­

iment at a lo\ver temperature follmving reaction at an elevated temperature

produced a loss in catalyst activity for a Ti02 supported catalyst. It is

thus apparent that the sulphur dioxide present in the feed was not adequate

to restore the amount of S03 lost due to thermal decomposition. The relative

rates of sulphur trioxide production (and then take-up by the catalyst)

or loss from the catalyst appear to be a factor in determining the catalyst
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activity.

Barishnikov et al. [68] studied the role of sUlphur dioxide in

the oxidation of naphthalene to phthalic anhydride on a fixed bed of V20S/

K2S04 silica gel supported catalyst. S02 (0.5 volume per cent) was added

to the naphthalene/air feed stream before the catalyst bed; in the form

of pulses of one minute duration. This case was then compared with that

in which S02 was introduced continuously to the feed stream. From their

experiments, the folloliing conclusions were drawn

i) Some sulphuric acid was formed in the period when S02 was

introduced continuously into the naphthalene/air feed

stream over a prolonged period.

ii) The sulphuric acid formed ,~as responsible for the marked

fall in catalyst activity apparent in their study [Figures

2,3, of 68]. The acid was active in blocking the active

centers of the catalyst.

iii) The poisoning action of the acid was reversible as the catalyst

exhibited its enhanced activity after the acid was removed.

In general there has not been agreement as to the optimum

quantity of S02 required to maintain the catalyst activity for a given

reaction condition. This quantity, however, will depend on factors such

as

i) The nature of the catalyst support and promoter material.

ii) The reactor temperature and flow conditions.

Considerable experimentation of the type conducted by Kakinoki et al.

[10] will be necessary at lower conversions in order to kno,~ if there is a
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narrow optimum 503 level.

111e mechanism by \vhich 502 promotes the catalyst activity has not

been completely understood, but recently it is becoming generally accepted

that VZOS.503 is responsible for the catalyst activity. On the basis of

studies of Kakinoki et al. (10], the following reaction steps occur when

o-xylene reacts with the catalyst in the presence of air.

i) V20S.503 + VZ04 + 50Z + ZO [used in hydrocarbon oxidation]

ii) 502 + VzOS + VZ04 + 503

iii) V204 + 02 (air) + VzOS

The action of KZ504 in the catalyst is considered to stabilize the amount

. of free 503 in the system, thereby maintaining a constant amount of VZOS'

S03' TIle role' of K2S04 as catalyst promoter will be reviewed in the follow­

ing section.

2.9 TIle Role of K2504 as Catalyst Pron~ter

As early as 1940, Frazer and Kirkpatrick [8Z] and Kiyoura [83]

reported that i-he promoting action of the alkali metals in vanadium pentoxide

catalyst was dne to the formation of higher sulphates known as t.he pyro-

sulphates. These materials have lower melting points than the correspond-

ing sulphates and may form a eutectic mixture with sulphates. The pyro­

sulphates also have the ability to dissolve appreciable quantities of

vanadiLlTIl oxides. V20S/K25207 on TiOZ or silica gel supports is a glassy

amorphous substance [80]. ,The melting point of VzOS is generally arolITld

700°C but conf~ion exists as to the melting point of the potassium

pyrosulphate.
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It is desirable to determine whetller the catalyst exists in the

fonn of solid or melt wIder reaction conditions, since this may lead to

a better Wlderstanding of the performance of a KZS04-doped catalysts. For

instance, a structural change in the catalyst, which may take place prior

to melting can influence significantly the activi ty and selectivity of the

catalyst. Riley [79] stated that the melting point of VZOS-KZSZ07 occurs

at a minimum temperature of 370°C. If this is the case, then the catalyst

system would be liquid at reaction temperatures. Various other workers

have also detennined the melting point to be ZlO°C, 300°C, 360°C and

414°C [79,78]. In the phase diagram of Kiyoura [83] for the KZS04-VZOS

system, the melting point was shm'l1l to be 440°C which is far above the nonnal

reaction temperatures. Tandy [84] also examined the systems of alkali

metal sulphates in equilibrium with SOZ-S03-air mixtures. His experiment

covered a temperature range of 380°C to 600°C with VZOS and metal sulphates

including KZS04. He stated that in the range between 440°C and 600°C a

liquid is produced that is a vanadium compoWld dissolved in alkali pyro­

sulphate melt.

More recently, the role of KZS04 in the catalyst is generally con­

sidered to be that of supplying S03 to VZOS resulting in the formation of

VZOS.S03 complex which is thought to be responsible for the catalytic

activity. Kakinoki et al. [9] carried out a series of studies from 310°C

to 400°C using a VZOS-KZS04, TiOZ supported catalyst and also with a similar

catalyst, but containing no KZS04. The results of these studies have led

them to conclude that the role of KZS04 is merely to stabilize the free

S03 content of the catalyst and thus ensure a constant VZOS-S03 complex.
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Various patents suggest that the optimum S03 to K20 molar ratio is approx­

imately 2.



GIAPTER 3

EXPERIMENfATION

3.1 Description of the Apparatus and the Flow System

A diagramatic sketch of the experimental apparatus, is shown in

Figure 3.1.1. This system was similar to that used by Wainwright [26]

in his packed bed studies. The flows of nitrogen and oxygen from high

pressure cylinders (Canadian Liquid Air) were controlled by needle valves

and measured by calibrated capillary flow meters. The nitrogen and oxygen

flowed through a mixer into a three way ball valve which directed the gas

either into the o-xylene saturator and then into the reactor or bypassed

the saturator when the catalyst was to be regenerated. The saturator was

a j acketted glass vessel, containing a coarse porous fri t through which

the oxygen-nitrogen mixture was admitted. Water from a constant temperature

bath circulated through the jacket to maintain the vapour pressure of

o-xylene at a desired level. A manometer was also used to measure the

pressure at the exit of the reactor so that the required partial pressure

of o-xylene in the feed could be attained by raising or lowering its vapour

pressure. The pressure in the measurement section of the gas flow system

was maintained at 80 em of mercury by a back pressure regulator and was

neasured by a U-tube manor.~ter; this ensured a constant calibration for the

gas metering system. A stream of sulphur dioxide was mixed with the main

gas stream after the saturator and before the inlet gas sample valve.

During all these experiments, the flow of a sulphur dioxide-nitrogen mixture

-36-
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Legend for Figure 3.1.1

B Back pressure regulator

F Capillary flowrneters

GC Gas chromatograph

HC Heater coil

MS Stirrer

M ~fumometer

N Needle valves

NR No return valves

P Preheater

R Reactor

SB Salt bath

S o-xylene Saturator

T Three way ball valve

TC Chromel/alumel thermocouple

V Gas sample valves

W Water flow through the saturator jacket
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(0.502 mole percent 50Z) was adjusted to maintain 0.01 mole percent 50Z

in the feed gas. This flow was measured by a capillary flowmeter. The

manometer on this meter contained Meriam fluid having a density of 2.95.

The reactor consisted of a 0.475 em I.D. by 14 em long, type 316

stainless steel tube. This tube was immersed in a well-stirred molten

salt bath (7% NaN0 3, 40% NaN0Z' 53% KN03 eutectic mixture) which was

heated by a coiled 5Z50 W, Z30 V, 330.Z em long chromalox heating element

inunersed in the bath (30.48 em high x 30.48 em diameter). Reaction temp­

erature was measured by two chromel-alumel thennocouples silver soldered

at two axial positions on the outer reactor wall. This temperature was

controlled to within + O. 5°C by adjusting a variable transformer on the

heater system. The reactor was fitted with a preheater tube made from a

6 em length of 1/8 inch O.D. stainless tubing.

The reactor was packed with 1.0 gram of -50/+70 mesh catalyst

particles which were sieved from a catalyst sample obtained from W. R. Grace

(Baltimore, Md.). The packing depth was about 9 em; the catalyst was held

in place by a loose packing of glass wool.

The pressure in the reactor was measured by a mercury manometer.

The gas stream leaving the reactor passed to the gas chromatograph sample

valve, via a two way vent valve. In order to prevent the condensation of

reactants and products all lines after the saturator through to the

reactor exit were maintained at approximately ZOO°C by two hot air guns

(IZA, IZOV). The reactor exit valve was fitted with a l/Z inch O.D.

diameter, 8.9 em long stainless steel tubing to direct the product gases

into a cold trap, where most of the organic materials were condensed and
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collected. TIle stainless steel tubing was heated by an electric heating

tape (2.0A, l20V) to prevent the prod~ct materials from condensing

before the cold trap. A thermocouple was installed in the sample valve

compartment so that tile temperature of the valves did not exceed 220°C.

11lese valves should not be subjected to temperatures above 250°C.

3.2 Experimental Proce~re

1.0 grrun of V20S-TiOZ supported catalyst of the type described in

section 2.6.1 was placed hi the reactor. The catalyst was conditioned by

passing a mixture of nitrogen and oxygen containing 0.01 volume percent

sulphur dioxide through the reactor for at least twelve hours. During

catalyst oxidation (regeneration), the temperature, oxygen and nitrogen

flowrates were set equal to those at which the next experiment was to be

conducted.

After the catalyst had been oxidized, o-xylene was then introduced

into the gas stream by switching the oxygen/nitrogen mixture to the saturator.

At the end of the previous run, the saturator was filled up to 80% its volume

with o-xylene to ensure constant o-xylene level in the reactant gases

during reaction; also the temperature of the saturator bath was set at a

level such that when o-xylene was introduced into the gas stream it was

of the desired concentration. Wainwright [26) had shown that the catalyst

activity and selectivity decreased monotonically from an initial high

value. It was determined in his and these experiments that approximately

24 hours were required to reach steady state activity and selectivity. In

general several measurements were taken in the period 24 to 32 hours. It
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was assumed that the steady-state was reached when three samples taken

at one hour intervals had composition that differed by less than 5 percent.

Following the steady state experiments, the nitrogen, oxygen and

the S02 flowrates, the o-xylene concentration, and the reactor bath temp­

erature, were changed to that desired for the next experimental run (inlet

analysis were taken to ensure this). o-xylene flow was stopped and the

reoxidation of the catalyst followed for the next twelve hours.

3.3 Reaction Product Analysis

Chemical reaction studies require knowledge of the composition of

the feed and product streams entering and leaving the reaction zone. Gas

chromatographic methods for the separation and analysis of mixtures con­

taining the fixed gases and other aliphatic hydrocarbons in the literature

have been reviewed in [102]. These techniques are often con~lex and require

special equipment to effect complete separation of the components.

The method employed in this study involves the use of a porapak

Q (80/100 Mesh) column for the separation of water and the non-condensable

products N2' O2, CO, CO 2' while the separation of the organic components

was achieved by temperature programming a silicone gum rubber column. The

basic experimental set up was similar to that used by Wainwright [26] with

some modifications.

The chromatographic conditions were as follows:

i) Carrier gas (Helium flowrate) = 85 mls per minute at ambient

conditions

ii) Filament current = 250 rnA
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iii) Temperature of the injection port = 200°C

iv) Temperature of the sample valve compartment = ZOOoC

A diagram of the gas sampling valve system for feed and reaction

product analysis is shmvn in Figure 3.3.1. To begin an analysis of the

product stream, the gas stream leaving the reactor was passed to the gas

chromatograph exit analysis sample valve. A sample (approximately 5 cc at

S.T.P.) was initially passed to a 12.7 em length by 1/8 inch O.D. stainless

steel column. packed with 50/80 mesh porapak Q. The materials passing

through this column. or retained by it can then be directed either to a 488.0

em by 1/4 inch O.D. stainless steel column. packed with 80/100 mesh pora­

pak Q or to a similar column packed with silicone gum rubber (10% Se 52 on

Chromosorb W, high performance, 80/100 mesh) by the use of a Carle

Switching valve.

The operating procedure for analysis of the product stream is as

follows: A helium stream containing no sample is referred to as the ref­

erence gas while that carrying a sample is named the carrier gas.

i) The short porapak column (12.7 em long) was cooled to near

ambient temperature by the use of an air line. The column

switching valve was in the position such that the carrier gas

stream passed through the 488.0 em porapak Q column which

was immersed in a dry ice-trichloroethylene mixture at -78°C.

This mixture was contained in a Thennos flask. The reference

gas passed through the silicone gum rubber column which was

kept in the oven at 125°C. The sample was then introduced

through the exit analysis sample valve.
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Figure 3.3.1:

lhis figure sho,~s the analysis system in position for the separation

of NZ' 02' CO. In order to separate CO 2, H20, the Porapak Q ColUIm 1S

transferred into a Thermos flask containing boiling water at 100°C.

For the position corresponding to the separation of the condensable

materials, following the elution of H20, the column valve is switched and

the salt bath at 220°C is raised.



Legend for Figure 3.3.1.

1. Carrier gas Helium

2. Valve compartment must be kept at

temperatures around 205°C

3. Inlet gas sample valve

4. Gas from saturator

5. Exit gas sample valve

6. Reactor

7. Porapak Q Column 50/80 Mesh

8. Column at ambient temperature

9. Column switch valve

10. Molten salt bath (lowered)

11. Reference gas Helium

12. Dry-ice trichloroethylene mixture

13. Porapak Q Column 80/100 Mesh

14. Thennos flask

IS. Blank column

16. Silicone gum rubber column

17. Vent stream.
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The short Porapak column at the ambient temperature trapped

all the condensable materials except water while the fixed

gases and water passed to the 488 em Porapak column. The

nitrogen, oxygen, and carbon monoxide were eluted in that

order from the 488 em Porapak column..

ii) Following the elution of carbon monoxide, the 488 cm Porapak

Q column was transferred into a thermos flask containing

boiling water at near lOODC. Carbon dioxide and water were

then eluted in that order. A typical chromatogram is shm'i11

in Figure 3.3.2.

iii) After the water had been eluted, the column switching valve

was turned into its second position such that the carrier

gas was switched to the silicone gum rubber column. About

five minutes after the switching, the molten salt bath at

220 DC was raised such that the short Porapak column (in­

cluding the fittings) was completely immersed. The condensable

products maleic anhydride, o-xylene, o-tolualdehyde,

phthalic anhydride and phthalide were driven from the short

column into the silicone gum column contained in the oven.

The temperature of the oven was then programmed from 125°C

at the rate of 6°C per minute for 16 minutes.

Maleic anhydride, o-xylene, o-tolualdehyde, phthalic anhydride and phthalide

were eluted in that order. After the elution of phthalide, the salt bath

was lowered and the oven was cooled to 125°C. Figure 3.3.3 shows a typical

chromatogram and Table 3.4.1 gives a list of the retention times and the

elution temperatures of the various components.
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The whole procedure was then repeated to analyze another reactor

sample. The blank column (Figure 3.3:1) was a 488 cm x 1/4 inch outside

diameter made of stainless steel. It contained no packing and was in­

stalled to control the base line drift due to the temperature programming

of the silicone gum rubber column.



so

3.4 Calibration of Gas Chromatograph.

The reaction products analyzed by the gas chromatograph can be

grouped as follows

i) The fixed gases - nitrogen, oxygen, carbon dioxide, and

carbon monoxide.

Ii) Water vapour.

iii) Organic components .- o-xylene, o-tolualdehyde, phthalic

aWlydride and phthalide.

In order to obtain accurate illlalysis of the reaction products, it was

necessary to calibrate the gas chromatograph. .An internal standard tech­

nique was adopted. The molar response factors (fc) were determined for the

product components, relative to nitrogen (internal standard). The molar response

factor of nitrogen was taken as equal to one. The molar response factors

were calculated from [42].

Ac Ws Mc
fc = As x Wc x Ms x fs 3.4.1

where As is the area of the internal standard peak, Ac is the area of the

component peak, Wc is the weight of the compound, Ws is the weight of the

internal standard, Mc and Ms are the molecular weights of the component and

standard respectively and fs is the molar response factor of the internal

standard.
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Procedure

i) fg~s.t_g~~~~

The calibration apparatus is shown in Figure 3.4.1. TIle sample

vessel was flushed (by evacuating and filling) several times with nitrogen

to remove any impurities. The sample vessel and the lines leading to it

were evacuated by the use of a vacuum pump. About 5 cc of water at room

temperature were injected into the vessel through the septum. Enough time

was allowed for tIle water vapour to attain saturation at the temperature

of the thermostat. lne vessel was then filled to a required partial

pressure with each of the fixed gases (02, CO, C02 and N2). When a part­

icular component had been introduced into the vessel to a required pressure;

all the valves were closed and the lines leading to the vessel were evac­

uated before the next gaseous component Ivas introduced.

The gases in the vessel were then allowed to mix for

several hours (in excess of 12 hours) before samples were analyzed by the

gas chromatograph. The temperature of the thermostat was kept at or

below room temperature, the sample line, the sample valve compartment and

the lines leading to and including the short Porapak column were kept

above the room temperature. This was necessary to prevent condensation

of the water vapour.

Several samples were prepared 1n this way. The concentrations of

components in the samples were varied to cover the ranges that were

expected in the experimental program.

Table 3.4.1 includes the relative molar response factors obtained

for the fixed components.
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Legend for Figure 3.4.1.
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l. Manometer

2. Thermometer

3. Thermostat

4. Bath water

5. Sample vessel

6. To gas chromatograph sample valve

7. Vacuum pwnp

8. Injection septum
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Calibration mixtures were made'by mixing together known quantities,

by weight of o-xylene, o-tolualdehyde, phthalic anhydride and phtha1ide

in a 100 ml volwnetric flask. The mixtures were diluted to volume by

dioxane or acetone. Analysis of the samples by the gas chromatograph

"-Jere then obtained by inj ecting a one micro liter sample into the inj ection

port. The temperature of the colW1U1 oven wa~ kept at ZOO°C during the in­

jection period to ensure that no condensation of the organic materials

occurred in the lines carrying the sample from the injection port, through

the oven to the sample valves. The temperatures of the injection port,

the sample valve compartment and that of the lines leading to the short

Porapak column were maintained a little above 200°C.

Responses for these components were obtained relative to 0­

xylene. Absolute calibrations were then made for o-xylene and nitrogen

by injecting known quantities of these compounds, as a gas using the cal­

ibration apparatus shown in Figure 3.4.1. The molar response factors of

all the organic components were then calculated relative to nitrogen.

Table 3.4.1 presents the relative molar response factors, the

retention times and the elution temperature of all components.



Component Retention Elution ReI. Molar
time Temperature Resp. factors

Nitrogen 7.0 -78°C 1.00
Oxygen 9.1 -78°C 0.97
Carbon monoxide 12.2 -78°C 0.92
Carbon dioxide 19.2 100°C 1.17
Water 23.2 100°C 2.56

o~,:xylene 3.3* 150°C 3.04
o-tolualdehyde 6.0 165°C 3.19
phthalic anhydride 12.1 202°C 3.34
phthalide 13.0 Z06°C 3.Z8

* The retention time for the organic components was taken
as the period from the start of the temperature programming
to the elution of the component.

Table 3.4.1
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The values of the molar response factors, reported in the literature,

for these component are given in [101].



rnAPTER 4

DESIG'J OF EXPERIMENTS FOR
PARA1\1ETER ESTIMATION

If experiments are not carefully designed, the experimental responses

may be such that the estimates which can be obtained for the parameters

are not only imprecise, but also highly correlated. Statistical design

of experiments for mechanistic models relies on expressing objectives

mathematically and then optimizing this criterion with respect to the

settings of the independent variables. The fonn of the theoretical mode:!-

is either known or is 'tentatively entertained'. These designs are then

used as a guide to detennine where to locate the experimental points in

the independent variable space in order to obtain the most precise

estimates of the parameters in the model with a given precision in the

measurement of the responses.

In this investigation, the criterion recommended by M.J. Box [48]

and Draper and Hunter [47] was used. In the case under consideration,

this criterion requires that

D =
n r 1
~ X V X-u - .:.:.uu=l

4.1

be maximized over the control variables: o-xylene and oxygen concentration,

total flo1vrate (residence time) and reactor temperature. Here:
r

X is the matrix transpose of X

-56-
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dll l (~l) d~l (£1)

del
...... de

X
p

u =
rxp

dT)r(Il ) d~rC.~.I)
---- 8del

...... de
p

e =

V is an est imate 0 [ the V'ariance- covariance matrix of

of the responses.

11· is the expected value as calculated from the model of
1

tl .th1e 1 response.

This criterion for a non-linear multi-response model lS equivalent to

minimizing the asymptotic jomt confidence region of the estimated para-

meters. This criterion does not, however, guarantee that the confidence

region is spherical. For cases in which it is required that the confidence

region be spherical, the above criterion must be modified to provide

a compromise design [43, 44, 110].
an-

It is of importance to note that the derivatives eel can only be

independent of the estimates of the parameter values if the response

function ~ is independent of~. For non-linear response functions, such

as the case in this study, the values of the derivatives 8J1d hence the

efficiency of any particular design will depend upon the current best

estimates C!) of the parameters. Poor estimates usually result m poor

designs. For this reason, the logical sequence would be to use a sequential

procedure. In this approach, parameter estimates from preliminary exper-

iments would be used to plan a second set of experiments and the

results of this set would then be used to reestimate the
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parameters and plan a third set of experiments and so on [45, 46]. In this

research program, initial parameter estimates of the reaction nodel were

available from several prelinrinary experiments perfonned by Wainwright

[26J. Initial estimates of the variance-covariance matrix (~ of the

responses (Table 4.3) were also estimated using replicate data from this

study, that is V was estimated from the following relationship:

1 m
V.. = -1 L (Y'k-Y') (Y'k -y.)

1J m- k=l 1 1 J J
4.2

where m

i ,j

y.
1

is the number of replicates

are nurrber of responses

is the arithmetical average value for the i th

response

Often, it is more practical from an expel Lmental point of view

to design blocks of experiment in a sequential manner. This is only

slightly less efficient [47] than the sequential approach of designing

only one experiment at a time. If P parameters are to be estimated in a

model, a block of experiments will nonnally consist of at least p exper-

iments.

The determinant D, of equation 4.1 was evaluated over the full

range of control variaLles as indicated in Table /1, J. The experimental

program of Table 4.1 is identical to that used by Wainwright [26] for

a-xylene oxidation on the titanium dioxide supported catalyst in an

integral packed bed reactor. A discussion on the limits of the experimental

program is contained in the Ph. D. thesis of Wainwright [26]. Actually,

the maximization of this determinant could be achieved by a direct grid
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search, but because of the high computer time expenditures involved,

a Monte Carlo technique was employed [55, 118]. This procedure, together

with a criterion which ensured maximum spread in the experimental con­

ditions, was also used by Shaw [21]. An algorithm of this technique is

reported in Figure 4. 1. A lis ting of the computer program used is

shown in Appendix B. 150 trials were involved before choosing the oper­

ating conditions for the first set of experiments. These are presented

in Table 4.2.



- --1.
Read in data
Variance-covariance matrix (~
No. of prior exper.iments
Determine V-I--

\~
Is prior infonnation matrix Z.

no
[X' y-lX] available?
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L
I -1 3.

Read [X V X] for all the prior
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.\v
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\~
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Obt-ai;--[-CX-0VX] fr~_m -----r II.

subroutine MATRI Z

r---k-=-l-----~----------, 12.

[AXTVX]k+ [BXTVX]l + [BXTVX]2+ ...

.•• +[BXTVX]NP + [GXTVX]
IAXTVxl k = DeL of [AX1VX]k

._----',I· -
-'~

k = k+1 13.
[AXTVX]k + LAXTVX]k_1 - [BX1VX]k_ i
[CXTVX] ; Determine IAXTVXI k

14 [AXTVX]k -(- [AXTVX]k 15.

-----' no + [BXTVX]k - [CXTVX]
,---------lJL-------t 16.

[BX1VX]k + [CXTVX]

no .------k-=-lNJ-
P
-?------, 17.

no -1L K_T_= NPICK ?

yesJ

r:::::l 20.
~

19.

Figure 4.1: A simple algorithm showing steps
involved in the experimental design
program.
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!1: o-xylene % oxygen Reactor Total gas Catalyst0

level level temperature flow (at weight
N.T.P.)

Upper
llisign 3.0 30. 390. 300. 1.0
Limit

Center
of 1.5 20. 370. 200. 1.0
Design

Lower
llisign 1.0 10. 350. 100. 1.0
Limit

Table 4.1: Experimental Program
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% a-xylene % oxygen Reactor Total flow
temperature at N. LP.

°c mLS/rnin.

1. 2.3 27.3 350 267.6

2. 2.9 14.5 354 186.3

3. 2.8 11.2 383 232.2

4. 2.5 20.3 378 217.2

5. 1.2 26.3 356 118.0

6. 2.8 29.6 372 253.5

7. 3.0 23.6 357 101.9

8. 2.6 14.5 380 117.1

9. 2.9 11.1 371 143.6
10. 2.9 27.4 355 182.6

11. 2.5 27.0 357 185.4

Table 4.2: Experimental Runs Dictated
by the Design Program
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OX OTA PI PA CO/CO2

-

OX 5 - . 1174xl04 .5080xlO2 . 2383x104 2•5659xlO .379lxlO

OTA -.1174xlO4 . 2697xl04 .1926xlO3 4 .19l7xlO3•8628xlO

PI 2 .1926xlO3 2 .6688xlO3 .1822xlO2.5080xlO .1834xlO

PA .2382xlO4 •8628xl04 •6688xl03 .3l86xlOS .6639xlO3

CO/CD2 .379lxlO2 .19l7xlO3 2 3 .18l6xlO2.1822xlO .6639xlO

Table 4.3:

Variance-Covariance Matrix of the Responses Evaluated From [26].
This data is used for experimental design.



rnAPTER 5

EXPERIMENTAL RESULTS

5.1 Approach to Steady-State Operat~on

An application of the REDOX JIlechanism in formulating the basic rate

equations for o-xylene oxidation has been considered in detail in Section

2.2. The rate of hydrocarbon oxidation, considered to be first order with

respect to hydrocarbon concentration is given

2.2.1

The parameter ep, representing the fraction of active sites available for

oxidation, for a freshly oxidized catalyst is considered to have a value

close to unity. When hydrocarbon oxidation is taking place on the catalyst,

the value of ep decreases lmtil a steady··state value is reached. 111is value

is given by equation 2.2.4,

k C /(k C + n k C)a a a a r r

and since the model has been formulated on the basis of ep achieving a steady-

state value, the experimental responses used for estimating the parameters

must pertain to the catalyst when it reaches its steady-state activity. In

this study, the steady-state condition was reached by the catalyst after the

reactor was on stream for approximately 24 hours at a given condition.

Figures 5.1.1 and 5.1.2 show the approach to the steady-state operation on

the catalyst.

- 65 -
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In order to obtain a meaningful and consistent set of data on a

catalyst, experimental runs should be conducted on a catalyst of constant

activi ty . This implies that standard runs mus t frequently be carried out

to nxmitor the steady-state catalyst activity. In this study, standard runs

were conducted at the set of experimental conditions corresponding to mid­

range experimental conditions, (Table 4.1.1). A standard run involved re­

oxidation of the catalyst and then on-stream oxidation until steady-state

was achieved. In some cases this standard run was carried out irrnnediately

after another experiment without reoxidizing the catalyst. These latter

experiments indicated that:

i) A further 24 hours was required to achieve the steady-state

operation following changes in operating conditions.

ii) The final steady-state activity of the catalyst was different

from that reached when a standard run was carried out directly

following the reoxidation of the catalyst.

Thus each of the steady-state experiments, including the standard runs,

reported in this study was carried out after reoxidation of the catalyst

following an experimental run according to Section 3.2.

One set of experiments consisting of eleven experimental runs was

desi~led according to the statistical technique described in Section 4.1.

A total of nine experimental runs at the different reaction conditions shown

in Table 4.1 were carried out as it was not possible to carry out all the

eleven experiments within the time allotted for taking experimental measure­

ments. In all a total of 5 standard runs were carried out throughout the

steady-state experimental program. It was expected to fit the model using

the experimental data obtained from the current study and those available from

Wainwright's study [26].
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Tables 5.1.1 and 5.1.2 represent the steady-state data obtained in

the current study. For an experiment, the steady-state data were taken

in the period from 24 to 32 hours as described in Section 3.2.

5.Z Initial Long Term Deactivation

It is important to have a catalyst which did not exhibit any long

term decrease in steady-state activity. Wainwright's experience suggested

that some initial conditioning of the catalyst is required to stabilize its

activity, that is a number of cycles of reduction and reoxidation are required.

This deactivation seems to be related to the am:>Unt of free sulphur trioxide

which is present in the catalyst. In tum, this amount seems to be deter­

mined by the amount of sulphur dioxide which is present in the gas stream

(feed). Experience suggests that when a new batch of a TiOZ supported/KZS04

promoted catalyst is first placed in the reactor at a high temperature some

of the free S03' which is known to exist in the catalyst~ is lost due to

evaporation (desorption). The addition of SOZ in the feed stream does com­

pensate for some of the S03 which is lost, but an equilibrium rrn..1St be reest­

ablished; this establishment of the equilibrium level of the free S03 also

seems to require using the catalyst 1IDder reaction conditions. Hence, at

the start of the experimental program, fresh catalyst was placed in the

reactor and its activity was monitored, for several days by conducting standard

runs.

The initial S03 level of the fresh catalyst was reported to be Z.O

weight percent (Section 2.6). In this study, the amount of S02 introduced

in the feeds tream was only 0.01 percent of the total gas flow. Under these

conditions, the steady-state activity as indicated by the a-xylene reaction



------ --,-f --- -I' --.---
I tl Idi ncaction Can i tlons r~xlt COI1CclltrutjOJl g1iiJl10Lc~/ litCl~~\.l.O

-
Oxygen ITota1 flowE~\l)Crimental Temperature o-Xy1ene Reaction

RlUl °c Concentration Concentration at N.T.P. Rate OX OTA PI PA CO2 CO ~arbon H2*
Nwnher gm moles/ gm mo1es/ (cc/min) gm mo1e/hr gm alance Ba1.

liter x 104 liter x 104 x 103 l
!

426 350 3.945 74.80 267. 3.55 223.6 12.92 9.543 80.57 111.22 14.3~ 1. 00 1. 00
428 370 3. 758 51.64 200. 3.18 205.5 12.08 7.652 89.95 118.07 17.8 0.99 1.01
430 I 354 5.209 36.64 181. 3.57 327.5 15.52 12.04 111.7 155.53 12.771 1.04 0.94
501 370 3.837 51.38 200. 3.08 235.0 12.92 9.849 84.00 98.50 14.601 1. 05 0.90
512 370 3.675 51. 91 200. 2.93 219.5 11. 59 6.514 87.11 105.76 17.45 1.04 1.16
5IS 378 6.489 50.29 212. 3.714 440.0 23.30 13.45 91.72 127.37 18.4:- 1.01 1.10
517 356 3.081 60.55 117. 2.68 132.6 6.253 5.286 176.4 240.43 59.77 1.08 0.98
523 357 6.460 50.87 99. 3.91 324.5 16.98 10.71 235.5 284.4 57.00 1. 02 ;).82
524 370 3.501 53.58 200. 2.98 203.4 10.96 5.758 92.03 110.10 18.40 1.04 1. 01
527 380 5.734 30.58 114. 2.644 379.8 18.11 7.443 128.7 159.34 24.95 1.02 0.94
52~) 355 5.798 25.76 140. 2.842 380.1 16.19 5.895 110.7 129.93 20.2"'1 0.98 0.93
53: 355 7.055 75.45 177. 3.568 408.2 18.67 6.956 105.5 139.9 22.20 0.92 0.88
605 370 3.871 52.38 200. 3.150 226.3 11.91 6.573 93.80 120.59 20.01 1.02 1. 07
610 I 383 5.980 26.90 226. 2.708 422. 19.12 4.35 45.60 85.4 50.79 0.94 0.92

* Hyu.rogen balance is not expected to have the same accuracy as carbon balance since the measurement of the water
peak was found to have considerable variance (from replicated calibration runs).

Table 5.1.1:

Steady-state Reaction Data for the Oxidation of o-Xy1ene on
Titania-supported Vanadia (experimental measurements)
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I Reaction Conditions Conversions and Selectivities

Experimental Temperature !!: O-xylene %Oxygen Total Flow k2 x 103 ~arbon H2*0

Run °C Level Level mls/min (Reaction Rate) OX OTA PI PA CO2 CO Sa1ance Ba1.
Nwnber N.T.P.

426 350 1.44 27.27 262. 3.55 34.7 10.9 8.04 67.90 11.70 1. 51 1.00 1. 00

428 370 1. 55 21.33 200. 3.18 39.9 8.94 6.39 71.70 11.20 1. 75 0.99 1.01
430 354 2.116 14.92 181. 3.57 32.9 9.68 7.51 69.70 12.1 1.00 1.04 0.94

504 370 1. 582 21.25 200. 3.08 33.95 10.75 8.01 69.45 10.29 1.52 1. 05 0.90

512 370 1.519 21.44 200. 2.93 35.47 9.61 5.40 69.83 10.93 1. 81 1.04 1.16

515 378 2.620 20.52 212. 3.714 24.95 7.95 8.95 62.75 10.90 1. 53 1.01 1.10
517 356 1.381 27.08 117. 2.68 62.95 2.78 2.35 78.25 13.35 3.305 1.08 0.98

523 357 2.977 23.45 99. 3.91 49.15 5.42 3.43 75.15 11. 35 2.275 1.02 0.82

524 370 1.44 22.02 200. 2.98 38.38 8.693 4.598 74.05 10.80 1.858 1.04 1. 01

527 380 2.68 14.303 114. 2.644 31.90 10.3034.217 72.50 11.233 1. 767 1. 02 0.94

529 355 2.58 11.49 143.6 2.842 28.47 10.73 3.897 72.97 10.77 1.673 0.98 0.93

531 355 2.765 28.206 177. 3.568 26.0 13.13 4.207 68.60 12.30 1. 793 0.92 0.88

60S 370 1.583 21.47 200. 3.152 36.5 9.17 5.06 72.20 11.60 1.93 1.02 1.07

610 383 2.48 11.17 226. 2.708 16.8 21.5 5.25 53.30 12.20 7.76 0.94 0.92

:~ Hydrogen balance is not expected to have the same accuracy as carbon balance since the measurement of the water
peak !Vas found to have considerable variance (from replicated calibration runs).

Table 5.1. 2:

Steady~State Reaction Data for the Oxidation of o~Xy1ene on
Titania-supported Vanadia (conversion and selectivities)
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rate was found to decrease as shown in Figure 5.2.1. These results indicate

that the catalyst activity declined gradually for a period of approximately

five days, but after this time it stabilized.

The experimental program using the experinental conditions suggested

by the design procedure was then begun. The catalyst activity was monitored

at five times during the fifty day period of this experimental program and

as shown in Figure 5.2.2 it remained constant during that time. Hence, it

is expected that the catalyst activity was essentially constant during the

time that the data was collected for the other experimental conditions em-

ployed. I t is noted from the examination of the standard runs reported in-

Tables 5.2.1 and 5.2.2 that the steady state data were quite reproducible

and consistent. Also, a comparison of these standard runs with those of

Wainwright (Figure 4.9 of [26]) indicates that the activity of the catalyst

employed in the current study was higher than that of Wainwright. This in-

formation is presented in Table 5.2.3.

Average activity of catalyst
as measured by standard runs.
gm mole/gm.catalyst.hr

Current study
(Figure 5.2.2.)

3.18

Wainwright
(Figure 4.9 of [26])

2.20

Ratio Current study
Previous study

Table 5.2.3

3.18= =2.20 1.45
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CHAPTER 6

REACTION MODEL

6.1 Equations for the Reaction Scheme

The reaction model in this study 15 similar to that proposed by

Wainwright [26] for o-xylene oxidation on the Ti02-supported VZ05 catalyst.

Figure 6.1.1 represents the reaction netlvork.

(2) O~ CHO

~ GI3

t OTA
k121
(l)~ GI3

~CH3
OX

°1\

k (3) QC
-~~-> I --=:::-0

# ~2
PI k (4) °
~34011I .C

C02 + CO . ~ ~
(5) PA 0

Figure 6.1.1: Reaction Netlvork for o-Xylene
Oxidation on Ti02 Support

Wainwright [26] has demonstrated that the rate of o-xy1ene conversion had very

little, if any, temperature dependence in the temperature range 350-390°C.

This was attributed to the loss of S03 from the catalyst. This matter has

already been discussed in Section 2.8. An active site parameter (Es/{ Rci - ~*)})

was included in the rate expressions to account for the loss of activity. The

reaction model, in this study also includes this active site parameter.

The reaction lTIodel also includes a relative catalyst activity para-

meter, ks ' This parameter estimates the activity of a catalyst relative to

- 75 -



This parameter is expected to account for
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another. Because Waimvright's catalyst was found to be less active than the

one used here, it was found convenient ~o introduce this additional relative

catalyst activity parm1~ter, k .s

the difference in catalyst activity from one catalyst to another and if

correct, should mean that the remaining parameter vaJues are essentially the

same from one catalyst batch to another. TIlis would have important rarnifi-

cations for future studies on this catalyst system.

Equations for the reaction model are established as follows:

Rate of disappearance of o-xy1ene

6.1.1

Rate of formation of o-tolualdehyde

6.1. 2

Rate of fa rmatj all of phthalide

6.1. 3



Rate of formation of phthalic arulydride

Rate of formation of CO and C02

Rate of oxidation of the catalyst

r = k C (I-e)a a a

Rate of oxygen consumption (r )a

o-xylene ~ o-tolualdehyde

o-xylene ~ CO/C02

r = nkSC16
alS

o-tolualdehyde ~ CO/C02

o-tolualdehyde ~ phthalide

77

6.1.4

6.1. 5

6.1.6

6.1. 7

6.18

6.1. 9

6.1.10
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phthalide ~ phthalic anhydride

6.1.11

6.1.12

i.ee 8 =:

k Ca a

6.1.13

where n is the stoichiometric coefficient for the fonnation of carbon oxides.

This coefficient is calculated from the experimental selectivity data as

follows

The logarithm of the catalyst activity parameter~ k was used since thiss

procedure would ensure that it remained positive during the parameter estim-

ation procedure.
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The reaction mJde1 thus becomes

r
[k +~ (,!. - \) J

dC
1

_ -k C (k +k)C *e s R r T'
a a 12 5 1

dt - ""ka.....:C;:.-a..::.:+-.,.,(k,....:1::.::2:.-+n--;kr--s....)~C-l-+---;-(kr-2-3-+"7"(n--....".1..,....) kr-S"""""')"""r'C'--
Z

-+--rk-
34

'C"-3

6.2 Reparameterization of Pre-exponential Factors

6.1.14

6.1.15

6.1.16

6.1.17

6 .1.18

It must be noted that the rate constants were reparameterized according

to a base temperature T*. This procedure is the Hunter and Atkinson [129]

repararneterization technique. This was necessary here, since we are interested

in obtaining uncorrelated parameter estimates, etc.

i.e.

where T* IS the base temperature corresponding to the center of design. In
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this study

where

*K = K ea a

-E / (643 x R)a

* * *This means that the values of Ka , K12 , ... K5 were estimated instead of K
a

,

K12 , ... K5 •



GIAPTER7

PARAMETER ESTH1ATION

7.1 Introduction

In many instances in research, previous studies on a particular

system have been carried out and reported in the literature. These studies

provide prior information either as raw experimental data or as parameter

estimates in a mathematical rode!. It therefore becomes useful to include

this prior information or the estimates of parameters in the current

analysis or model formulation given the new data from the experimental

system at hand. In the present work prior information in the fonn of exper­

imental data and parameter estimates for the proposed kinetic JIDdel were

available from Wainwright's experiments on an integral packed bed reactor

[26]. Because the experimental information was limited to that from nine

nms, which were not designed for parameter estimation, the parameter

estimates were not of sufficient precision to really evaluate the adequacy

of the JIDdel. Hence, it was required to estimate the parameters in the

model using this prior information together with the experimental data

obtained from the present study.

Before proceeding to estimate the parameters in the multi-response

model using conventional methods, it was necessary to examine the two sets

of data very carefully to ensure that one set was consistent ''lith the

other. That is, for the two sets of data, the following criteria must be

satisfied,

- 81 -
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i) The responses should be essentially the same from both

experimental systems. In particular, it was important that

both the catalyst activity as indicated by the o-xy1ene

conversion or reaction rate from the standard runs (center­

point experiments) was essentially the same.

ii) The variance-covariance matrix from the experimental responses

should be essentially the same in both systems.

If the above conditions were not satisfied, the model predictions based

on the resulting parameter estimates would be both biased and uncertain.

It has already been established in Section 5.2 that the catalyst

employed for the present study was more active than that used by Wainwright.

The problem thus became that of finding an effective and correct method of

transferring information from Wainwright's experiments to the current one.

Many of the methods used in chemical engineering to transfer information

from one experiment to another have been less than satisfactory.

Recently Hoffman and Reilly [124] have developed an efficient

statistical technique for transferring information from one experiment

to another. This method employs Bayes' theorem in which prior information

on the parameters (best prior estimates and the variance-covariance matrix

of those parameters) is combined with the current experimental information

(multiresponse data and an estimate of the variance-covariance matrix for

those responses) to provide posterior parameter estimates and information

as to their precision. In this case (as described) the statistical inference

is not subjective since this is what might be termed 'hard' information.

TIlis procedure also allows the researcher to include estimates of parameters
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in a model \'Jhich are not detennined f-rom experimental measurements hut

rather express his 'degree of belief' that a parameter has a certain value. When

such estimates of parameter values and their variances are included in the

analysis the resulting statistical inference is thus subjective.

Their recent paper considered the application of this technique

to the hydrogenolysis of butane reaction. Kinetic para.rreters were deter­

milled from a bench scale, integral packed-bed reactor. These parameters

were then transferred to a model for a fluidized-bed reactor in which the

saI11e chemlcal reaction occurred. The parameter estimates were updated and

two additional parameters in the fluidized bed model were estimated from

"Cle data obtained from the fluidized bed reactor. A useful point about

this technique is that the uncertainty in all sources of infonm.tion is

considered. Also a more realistic estimate of the uncertainty in all

parameter values is contained in the posterior information of the parameters.

This teclmique was used in this study and its statistical background

is reviewed below.

7.2 Parameter Estimation Technique

Let the mathematical model, for the measured responses obtained in

the present study, be represented by the following expression

Y ::: n(x , e*) + E:
-'-U - --u - -1.l

7.2.1

lu is the

iment.

thvector of values of the measured r-responses for the u exper-
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..!l lS the vector of expected values predicted from the model responses at

the uth trial given the vector of parameters e* and the vector of

independent variables ~.

E: is the error at the uth trial
-u

By the use of Taylor's series, the model can be linearized in the neighbour-

hood of some vector r of parameter values, tllat is

Z ::: X~* - .r) + E: 7.2.2

where

z == .fy - n(x , 1.)1 uth element
'-'-U - -u

It, j element

u element

There are n observations and p parameters.

The prior information about the parameter is expressed by

e* N(a, Q) 7.2.3

8~': is asswrec1 to have a multivariate nonual distribution vJi th mean a and

covariance matrix U. The error vector E: is also assumed to be normally

distributed with mean 0 and covariance matrix V

i.e. E: N(Q y) 7.2.4
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The values of a., !:! and Yare mown numerically. By applying the Bayes I

Theorem, Hoffman and Reilly [124] have shown that the posterior distribution

of e* is normal and synnnetric and is expressed by

P(~*/rJ

7.2.5

It is clear from equation 7.2.5 that the JOOst likely set of pararreter value

is the posterior mean vector. This vector contains the best choice of 1.,

the vector of values for e* about which the JOOdel is linearized. By

setting the pos terior mean in equation 7. 2 .5 equal to 1- and s irnplifying,

the following relationship is obtained

-1 ' -1!:! (a.-r) + X Y... ~ = 0 7.2.6

This is the condition for the most recent set of parameter values 1. to

become the posterior mean. Equation 7.2.6 becomes difficult to solve as

both X and z are functions of 1.' A better approach has been derived from

equation 7.2.5 by linearizing the model at the set of parameter values Yo.
-1

The posterior mean on the (i+l) iteration, y. l' is given by equation
-~+

7.2.7

where To = (y-l+X'y-1X)-1[U-l(a.-y)+X'V-lz]
-1 - - - - - - - - - -

X and z are calculated using Yo.
-1
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Equation 7.2.7 is solved iteratively Wltil the correction Ii between Yi +l

and y. becomes vanishingly small.
-1

The following suggests the iterative method of solution

1)

2)

3)

Guess a starting value for y.
-1

Calculate the correction T.
-1

Correct y. to the best estimated value for 8.
-1

find y'+l by adding T. to y .•
1 -1-~

That is

4)

5)

Recalculate T. after using y'+l
-1 -1

Repeat 3 and 4 until the correction T. becomes vanishingly
-1

small.

If the converged values of 1. is represented by 1-, the posterior mean with

the model linearized at those values, the posterior distribution of 8* 1S

given by (equation 7.2.5)

c.~(1+!'y-I!1-l} 7.2.8

7.3 Transformation of the Observed Responses

lVhen several responses are observed, in each experimental run, the

use of all the independent responses gives more precise estimates of the

parameters ~ than just one response.

Box, Hunter, MacGregor and Erjavec [45] have pointed out that

difficulties can be experienced in the application of some parameter estimation

techniques, if linear relationships exist among the measured responses.

Three types of dependencies \vere considered.

i) Linear dependencies among errors. This situation can occur

when the method of multiresponse analysis does not satisfy
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the assumption that the errors committed in an experimental

run are all uncorrelated.

ii) Linear dependencies arrong expected values of responses. This

occurs when the material and energy balances, or the steady-

state Cffildition require that certain linear relationships

exist among the expected values of the responses.

iii) Linear dependencies in the data, This occnrs when the

responses are not detennined independently. An. example of

this is the normalization of chromatographic data .

.An. experimenter should c1etennine each response independently, and having

done so should refrain from forcing observed responses to satisfy theoretical.

relationships that be believes to be true.

In this study, the eigenvalue and eigenvector analysis, presented

in their paper, was used to detennine whether linear relationships were

present among the data. The r.lethod considers a matrix

i ::: 1 ... r 7.3.1

of deviations from individual averages.

Yiu is the value of the originally measured response 1

t1 th . l"lat le u experlmenta trla

y. is the arithmetical average for response i for all the
1

experimental runs
,

The eigenvalues Ak and r-dimensional eigenvectors ~ of D D are such that

if there are ml independent exact linear relations in the data, there

will be ml zero eigenvalues. Also the size of the remaining II1z=m-ml
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eigenvalues \\]ill depend on the experimental errors, that 1S,

,
E(AJ := (n-l)~ ~ ~k 7.3.4

W]lere ~ is the rxr covariance matrix for the errors in the r responses.

The sample estimate i for replicate runs (Table 7.3.1) was substituted

in equation 7.3.4 to yield estimates of all the Ak's.

Table 7.3.2 presents the eigenvectors and eigenvalues of D Dr.

The expected values E(A
k

) of these eigenvalues as calculated from equation

7.3.4 are also included on the Table 7.3.2. From Table 7.3.2, it is

obvious that the values of 1. 2 and >"3 would have been zero were it not

for the round-off errors. Hence there are only 3 independent responses in

the data.

Before any meaningful analysis of data can be conducted the two

dimensional singularity resulting in A2 and >"3 being equal to zero must

be removed. As it was not possible to pinpoint the true singularity

relationships, the rrethod of empirical eigenvectors was adopted in this

study. Using this approach, the final analysis of data was conducted on

three linearly independent combinations of all the five observed responses.

Following Box et al. [45], the transformation of the responses was carried

out as follows

*

*
YZu := ~lu

*Y := Z y
3:1 -5-<--u

7.3.5



Table 7.3.1

Variance-Covariance Matrix of the Observed Responses

89

Rl R2 R3 R4 R5

Rl 0.1824E-09 0.7235E-ll 0.1356E-IO -0.2600E-IO -0.6462E-IO

R2 0.7235E-Il 0.5287E-12 0.1106E-II -0.1822E-ll -0.3217E-II

R3 0.1356E-IO O.l106E-ll O.2535E-ll -0.4757E-Il -O.I020E-IO

R4 -O.2600E-IO -0.1822E-ll -0.4757E-ll 0.1525E-IO O.3787E-IO

R5 -0.6462E-IO -0.3217E-ll -O.1020E-IO 0.3787E-IO 0.1150E-09



Table 7.3.2
,

Eigenvectors and the Eigenvalues of Q. Q Matrix

i A. E(A.) Eigenvectors (presented rowise) z.
1 1 -1

1 o.1288E-06 0.304lE-07 O.9978E+OO 0.4442E-Ol -0.4906E-Ol O.2041E-02 O.6713E-02

2 O.362lE-23 O.4326E-09 O.6565E-Ol -0.5733E+OO 0, 8162E+00 -O.2652E-Ol O.9591E-02

3 -O.8020E-16 O.2168E-07 O.7064E-02 O.1017E-01 O.8227E-02 0.3540E+OO o.9351E+OO

4 O.2706E-06 O.4600E-09 O.2687E-02 -0.S376E-Ol -O.3479E-02 O.9341E+OO -0. 3530E+OO

5 O.S991E-07 0.3728E-09 O. 792 7E-02 0.8163E+OO O.5756E+OO O.3826E-01 -O.2853E-Ol
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thwhere for an experimental run at the u trial,
,

l.u = [yl' Y2' Y3' Y4' y5].

= vector of the original 5 observed responses at the

uth set of experimental condition,

and I.~ is the vector of linearly independent responses

obtained by carrying out the transformation of equation 7.3.5.

In order to obtain the point estimates of the parameters for a consistent

set of experimental data, one should minimize the determinant lvl \vhere

Ivl *= {(y.
-1

* '* *E(y.)) (y. - E(v.))} i,j = 1,2,3
-1 -J LJ 7.3.6

and

where the notation' denotes the matrix transpose operator.

This could be the case if prior infonnation was not available. It is the

Box and Draper (56] criterion and it is used if an estimate of U1e co-

variance matrix for the response is not available. Otherwise a least

squares (multiresponse) criterion should be used.

i.e. for the least squares criterion (linearizing about parameter

set ~*), the best parameter estimates are given by

7.3.7

The Hoffman and Reilly equation 7. 2. 7 reduces to this if no prior information

was available

Le. a = a u- l = O.
- -'
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Surrunary of Prior Infonnation

The prior infonnation required in equations 7.2.3, and 7.2.4

comprises the following:

i) The initial parameter estimates (~

ii) The covariance matrix on the initial parameter estimates (!D

iii) The covariance matrix for the errors in the observed responses

(~

These will be considered in turn.

7.4 Initial Parameter Estimates (a)

Because the catalyst activity for the current experiments was shown

to be higher than that in Wainwright I s experiments, it was necessary to

introduce a catalyst activity parameter into the model [Section 6.1]. The

catalyst used in the previous study was assigned a lUlit activity, and the

activity of the catalyst employed. in this study would. be estimated relative

to this value.

In order to simplify analysis, the initial estimate of the activity

parameter for the data gathered in this study was assigned a lUlit value.

Since this parameter was assumed to be normally distributed and was to be

estimated with wide variance; it became necessary to work with the logarithm

of this parameter rather than the parameter itself to preclude the possibility

of negative parameter values. An estimate of the variance on this parameter

was based on the maximum and the minimim values that were expected for it.

This value was expected to lie between 1/4 and 4 with an expected value of

1.0 (-tn k = 0). Therefore,s
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in 4 = 2 * 0 = 1.3863

Le. iJ = 0.69315

-+ oZ = 0.48045

where 0 is its standard deviation. The initial estimate of the covariances

between this parameter (;t1Z) and the remaining parameters in the JOCldel

would be zero since its mean value estimate was independent of the others.

Parameters (Xl' a Z' ••• 0'11 were estimated from the data of Wainwright

using the technique of Box and Draper {56] which can be applied in the multi·-

response situations. The best estimates of the parameters 0"1' (;tZ'··· 0"11 are

obtained when the posterior uensity fWIction of the parameters is maxi­

mized or when the determinant I~l is minimized with respect to the parameters

aI' a Z' ... all'
Here S is a r x r matrix and its determinant is represented by

7.4.1

and

n(x ,a) = E(n.(x ,a) + E. )=u - 1 -'U - lU

i = I, Z, ... r response

u = 1, Z, ... n experiments

E denotes the expectation operator

For a more detailed presentation of this parameter estimation procedure,

the reader is referred to the Ph.D. thesis of Wainwright [26]. Table

7.S.1 Presents the parameter values~. It must be noted that in view of

the linear dependencies found to exist in the data, (section 7.3) the

parameter estimates 0.1 ' a Z' ... all must be detennined by applying the method
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of empirical eigenvectors as discussed in Section 7.3. Hence the detel1llinant

Ivl in the expression 7.3.6 must be mi1;1imized. This was not done by Wainwright;

however, his parameter estimates were used directly.

7.5 ii) Covariance Matrix of the Paran}2.ter Estimates {U(.::)}

In its present form, the Hoffman and Reilly method requires an

estimate of the covariance matrix of the parameter estimates as determined

by lvaimvright. An approx.imation of this matr.ix can be obtained as follows.

It is well knmvn [128] that the variance-covariance matrix for

the parrureters for a linear nodel can be estimated from:

7.5.1

For a non-linear model, as is the case here, linearization of the model

using the best estimates of the parameters can be used to obtain !, viz:

~:::: [
on(x ,e)- -u-

86 ]6 :::: a

where a :::: {aI' 0. 2 , ••• all} and 25u refers to the uth trial. The use of

equation 7.2.7 requires knowledge of the variance-covariance matrix of the

experimental responses. This method assumes that the model n is correct.

Hence .Q(0 represents the total uncertainty due to the kinetic model and

the estimated parameters (0.1' a Z"" all)' Again, the covariances between

0.12 and all the other parameters in the nodel are zero.

TIle resultant 12 x 12 covariance matrix was evaluated and is

presented in Table 7.5.1. It mus t be noted that in view of the dependencies



Table 7.5.1

Prior Parameter Distribution

Prior Mean (~

O.223E+Ol! O.18SE+02! O.3S0E+031 O. 839E+03 I O.24SE+Oll-o.207E+OS!-O.25SE+osl-o.234E+OS!-O.280E+OSI-O.230E+OS! O.180E+OSj O.OOOE+O

Prior Covariance ~ntrix {V(8*)}

O.721E-02 O.201E-02 -O.490E-Ol -O.887E+OO -O.228E+Ol O.980E+08 -O.980E+08 -O.980E+08 -O.980E+08 O.980E+08 O.980E+08 O.OOOE+O
O.201E-02 O.251E-02 -O.381E-02 -O.852E-Ol -O.441E+OO O.179E+08 -O.179E+08 O.179E+08 -O.179E+08 O.179E+08 O.179E+08 O.OOOE+O

-O.490E-Ol -O.381E-02 O.534E+OO O.112E+02 O.285E+02 -O.225E+09 O.225E+09 -O.255E+09 O.255E+09 -O.25SE+09 -O.255E+09 O.OOOE+O'
-O.887E+OO -O.852E-Ol O.112E+02 O.260E+03 O.571E+03 O.925E+09 -O.925E+09 O.925E+09 -O.925E+09 O.92SE+09 O.92SE+09 O.OOOE+OI
-O.228E+02 -O.441E+OO O.28SE+02 O.S71E+03 O.231E+04 O.272E+IO -O.272E+IO O.272E+IO -O.272E+IO O.272E+IO O.272E+IO O.OOOE+OI
O.980E+08 O.179E+08 -O.22SE+09 O.925E+09 O.272E+IO O.439E+19 -O.439E+19 O.439E+19 -O.439E+19 O.439E+19 O.439E+19 O.OOOE+O(

-O.980E+08 -O.179E+08 O.225E+09 -O.925E+09 -O.272E+IO -O.439E+19 O.439E+19 -O.439E+19 O.439E+19 -O.439E+19 -O.439E+19 O.OOOE+OI
O.980E+08 O.179E+08 -O.22SE+09 O.925E+09 O.272E+IO O.439E+19 -O.439E+19 O.439E+19 -O.439E+19 O.439E+19 O.439E+19 O.OOOE+O(

-O.980E+08 -O.179E+08 O.22SE+09 -O.925E+09 -O.272E+IO -O.439E+19 O.439E+19 -O.439E+19 O.439E+19 -O.439E+IO -O.439E+19 O.OOOE+O(
O.980E+08 O.179E+08 -O.22SE+09 O.92SE+09 O.272E+IO O.439E+19 -O.439E+19 O.439E+19 -O.439E+19 O.439E+19 O.439E+I0 O.OOOE+O(
O.980E+08 O.179E+08 -O.22SE+09 O.92SE+09 O.272E+IO -O.439E+19 -O.439E+19 O.439E+19 -O.439E+19 O.439E+19 O.439E+19 O.OOOE+J(
O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+19 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+O(
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in data discussed in Section 7.3 n and y must be transfonned using the
-u :.-u

method of empirical eigenvectors. Also the parameters aI' aZ"" all

used in estimating DCa) must be those obtained by minimizing the deter-.
minant Ivl of equation 7.3.6. This was not done in obtaining the data

presented in Table 7.5.1. This together with fact that the method used,

in this section, for obtaining the y(::) matrix assumes that the model

IS adequate may have resulted in very wide variances being associated

with the activation energy parameters.

7.6 iii) The Covariance Matrix of the Observations

The five replicated data obtained in this study were used to

estimate the covariance matrix L. The linear dependencies in the data were

removed by transforming the observed responses according to the techniques

discussed in Section 7.3 as follows:

Cy~ - l:1;)'CY~ - y1;)
-1 1 --1 -1

7.6.1

where y~ = zk y.
-1 --1,

k = 1, 4, 5 for all the replicate data (m=5) and

y. is a vector of the originally measured responses given by
-1

* .y. 1S a rnxr matrix of the transformed responses;
-1

r is the nwnber of linearly independent responses (r=3);

~k is a lxS eigenvector (k = 1, 4, 5) of Table 7.3.1.

Livas estimated and the matrix IS presented in Table 7.6.1.
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In the statistical tedlTIique of Hoffman and Reilley [124], the use
A

of the coveriance matrix L was simplified by factoring it into two triangular

pairs of matrices.

~ ,
i.e. E = T T 7.6.2

and equation 7.2.1 was rewritten as

,-1 ,-1
T Iu = 1:

,-1
T)(x ,e*) + T--u- E:.

-1.
i = 1, 2,

to • ~ n 7.6.3

The covariance matrix of the error term in this equation can be shown to

be the identity matrix [125]. Hence, the model in the form of equation

7.6.3 becomes easy to apply.

from the covariance matrix r. of the transformed observations
,-1

is presented in Appendix B. Table 7.6.2 presents the T matrix.

The computer program for obtaining the inverse of the upper trian­
,-1

gular matrix I

7.7 Analysis and Results

The parameters in the model were estimated using the i terative

technique of equation 7.2. 7. The computer program employed for the parameter

es timation was developed by Hoffman and Reilly and was modified so that it

could be used in this study. A listing of this program as applied to the

present study is contained in Appendix B.

A total of 6 iterations were required before convergence was

achieved. This required less than 4 minutes on the CDC 6400 computer.



Table 7.6.1
A

Variance-Covariance Matrix of the Transfonned Responses CD

98

1

1. 0.17993E-09

2. -0.1431SE-ll

3. 0.lS807E-lO

2

-0.143lSE-ll

0.27167E-ll

-0.804S2E-12

3

O.lS807E-IO

--0.804S2E-12

O.26676E-ll

Table 7.6.2
! -1

Inverse Upper Triangular Matrix T

1 2 3

l. O.74SS0E+OS O.48370E+04 -0.8lS40E+OS

2. O.OOOE+OO 0.60798£+06 O.23829E+06

3. O.OOOE+OO O.OOOE+OO 0.94970E+06
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The final parameter estimates together with infonnation as to their precision

are presented in Table 7.7.1.

Table 6.8.3 indicates that the correlation coefficients of 612 with

the remaining parameters are reasonable, considering the fact that the

model was inadequate (Section 8.2). Also the normalized change in the

activation energy parameters appear to be very small (Table 7.7.2). It

is important to note that the prior covariance matrix of these parameters

had very large variances (see Section 7.5).



Table 7. 7.1

Posterior Parameter Distribution

)osterior Means (~

O.283E 02 I 0.18SE 02/ 0.349E 031 0.822E 031 0.241E 011-0.1S6E 051-0.280E 051-0.202E OS/-0.339E 051 -0.1976 05 I 0.237E 051 0.3S0E O(

)osterior Covariance ~~trix {V(e*)}

O.237E-02 o . 111E- 02 -0.l30E-01 - O. 287E+00 O. 240E- 03 o .539E+00 0.393E+00 -0.909E+01 -0. S18E+01 0.740E+01 0.134E+02 -0.637E-0:
O.111E-02 0.299E-02 0.310E-02 0.3876-01 0.654E-03 -0.130E+02 -0.517E+01 -0.370E+01 0.730E+01 -0.1376+02 0.206E+01 -0.205E-0:

-0.130E-01 0.310E-02 0.148E+00 0.366E+01 0.496E-03 -0.785E+02 -0.299E+03 0.3776+02 0.9376+02 -0.106E+03 -0.823E+02 0.349E-0:
-0.287E+00 0.387E+01 0.366E+01 0.10SE+03 -0.252E-01 -0.149E+04 -0.300E+03 0.344E+03 0.189E+04 -0.131E+04 -0.114E+04 0.623E-0:
lJ.240E+03 0.654E-03 0.496E-03 -0.252E-Ol 0.404E-02 -0.241E+02 0.191E+02 -0.156E+02 0.232E+02 -0.331E+02 -0.239E+02 o .152E-0;
u.539E+00 - 0 .130E+02 - O. 785E+02 -0.149E+04 -0.241E+02 0.820E+06 -0.226E+06 o .436E+06 -0.106E+07 0.500E+06 0.294E+06 -0. 91ClE+0:
O.393E+00 -0.5176+01 - O. 230E+02 -0.300E+03 o .191E+02 - O. 226E+06 0.2976+06 -0.278E+06 0.252E+06 -0.190E+06 -0.274E+06 0.738E+OJ

-0.909E+Ol -0.370E+01 0.3776+02 o . 344E+03 -0.156E+02 0.436E+06 -0.278E+06 0.554E+06 -0.506E+06 0.614E+05. 0.986E+04 -0.347E+0:
-0.518E+Ol 0.730E+01 0.9376+02 o . 189E+04 0.232E+02 -0.106E+07 0.252E+06 -0.506E+06 0.1584E+0 -0.152E+06 -0.219E+06 o .103E+0;
0.740E+01 -0.137E+02 -0.106E+03 - 0 . 131E+04 -0.331E+02 0.500E+06 -0.190E+06 o .614E+05 -0.512E+06 0.754E+06 0.619E+06 -0.137E+0:
o.134E+02 0.206E+01 -0.823E+02 -0.114E+04 -0.239E+02 0.294E+06 -0.274E+06 0.986E+04 -0.219E+06 O.619E+06 Oo971E+061-00147E+O:

-0.637E-03 -0.205E-03 O. 349E- 02 o .623E-01 0.152E-02 -0.916E+01 0.738E+01 -0.347E+01 0.130E+02 -0.137E+02 -0.1476+02 0.880E+0:

l-'
o
o



Table 7.7.2

Normalized Change in Parameter Estimates

101

Parameter Prior Mean Prior Standard Posterior Posterior Movement
Deviation Mean Standard

Deviation

i IV ..
A

[V(8*) ]~~2 (o..-8.)/Iv ..CI.. 8.
1 11 1 11 1 1 11

1 0.223E+0l 0.8490E-03 0.238E+01 0.486E-01 -0.1767E+02

2 0.185E+02 0.5008E-03 o.185E+02. 0.478E-01 0.000 E+OO

3 0.350E+03 0.7309E-02 0.349E+03 0.384E+00 o.1368E+OJ

4 0.839E+03 0.1613E+02 O.822E+02 0.102E+02 O.10S4E+Ol

5 O.285E+Ol 0.4803E+02 0.241E+01 0.636E~01 0.9161E-02

6 -0.207E+05 0.2095E+10 -0.156E+05 0.905E+03 -0.2434E-05

7 -0.255E+05 0.2095E+lO -0.280E+05 0.545E+03 0.1193E-05

8 -0.235E+05 0.2095E+10 -0.202E+OS 0.744E+03 -0.1575E-05

9 -0.280E+05 0.2095E+10 -0.339E+05 0.126E+04 0.2816E-05

10 -0.230E+05 0.2095E+10 --0.197E+05 O.869E+03 -0.1575E-05

11 0.180E+OS 0.2095E+I0 0.237E+05 O.985E+03 -0.2721E-05

12 O.OOOE+OO 0.2095E+10 0.3S0E+00 o.297E-Ol -0.1671E-09



Table 7.7.3
A

Correlation Coefficient Between 612 and the

Remaining Parameters of the Model

i j p ..
1J

1 12 -0.44

2 12 -0.15

3 12 0.31

4 12 0.21

5 12 0.81

6 12 -0.34

7 12 0.46

8 12 -0.16

9 12 0.28

10 12 -0.53

11 12 -0.50

12 12 1

p.. is the estimate of the correlation coefficient between the
1J

parameters i and j.

102



CHAPTER 8

EVALUATION OF 1HE REACTION M)DEL

Once a model has been proposed and the parameters in it have been

estimated from experimental data, there still remains the problem of

testing its validity.

The following points are considered in the evaluation of the model:

i) It is important that the values of the parameter estimates

bear some relationship to those obtained by other researchers on similar

systems. In particular, the activation energies must be positive and

approximately what have been found for this particular type of reaction

wi th the catalyst used. In the literature, very few studies, if any, have

published results of parameter estimation of o-xylene oxidation in tubular

reactors using the TiO Z supported catalyst.

ii) Test for lack of fit:

To test for lack of fit the mean square lack of fit for each

of the transformed responses was compared, through an appropriate F-test

with the mean square pure error as determined from replicate experimental

runs. This test was conducted using the expected values of the transfonned

*responses, y. as calculated by the model at the experimental conditions
-1

for each experimental measurement. These data are presented in Table

8.1. The test for lack of fit is shown in Table 8.2. The model was found

to be inadequate as the mean square lack of fit (MSLF) was too large

compared to the experimental error variance (MSPE).

The values of the observed responses along with their predicted

- 103 -
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values are plotted and presented in Figures 8.1 to 8.5. An examination of

these plots indicates that a-xylene conversion was predicted fairly well

(within 5%) but considerable error existed on o-tolualdehyde, phthalide}

phthalic anhydride, and the carbon oxides (within 25%).

iii) The plot of the residuals (the observed response-minus the

expected value of the response) versus the independent variables and the

run numbers are shown in Figures 8.6 to 8.9. It is demonstrated by these

plots that the residuals do not show any appreciable correlation 'vith the

run numbers or with the independent variables.



Table 8.1

Observed and Predicted Values of
the Transfonned Responses

105

RUN RESPONSE 1 RESPONSE 2 RESPONSE 3

No. OBSERVED PREDIClED OBSERVED PREDICTED OBSERVED PREDICTED

426 0.224E-03 0.211E-03 0.308E-04 0.360E-04 0.173E-04 0.123E-04
428 0.206E-03 0.216E-03 0.359E-04 0.400E-04 0.155E-05 0.146E-04
430 0.328E-03 0.347E-03 0.449E-04 0.256E-04 0.217E-04 o.207E-04
504 0.235E-03 0.222E-03 O.384E-04 0.399E-04 0.181E-04 0.lS0E-04
512 0.220E-03 0.213E-03 O. 379E- 04 0.406E-04 0.148E-04 0.145E-04
515 0.441E-03 0.452E-03 0.341E-04 0.339E-04 0.296E-04 0.310E-04
517 0.135E-03 o.107E-03 O.S88E-04 0.692E-04 0.740E-04 0.673E-OS
523 0.327E-03 0.351E-03 0.994E-04 O.875E-04 0.219E-04 O.218E-04
524 0.204E-03 0.198E-03 O.405E-04 0.422E-04 0.137E-04 O.135E-04
527 0.381E-03 0.397E-03 0.547E-04 0.418E-04 0.217E-04 0.280E-04
529 0.38IE-03 O.419E-03 O.505E-04 O.204E-04 0.196E-04 O.2SOE-04
531 0.409E-03 O.407E-03 O.414E-04 0.665E-04 0.219E-04 O.247E-04
605 0.227E-03 0.230E-03 0.379E-04 0.423E-04 0.149E-04 O.156E-04
610 0.423E-03 0.416E-03 O.269E-05 0.8I2E-05 o.197E-04 0.292E-04



Table S.2

Analysis for Lack of Fit

fugrees of * * *
freedom Yl YZ Y3

-- ---~
_. -

S.S.R. 42 0.559E-OS 0.224E-OS 0.206E-09

SSPE 12 O.8S4B-09 o.4S6E-IO 0.110E-IO

SSLF 30 O.47lE-08 a.23gB-08 O.195E-09

MSLF 30 5.68 18.2 19.7
MSPE 12

F 2.47 2.4'7 2.47(30,12,0.95)
-
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Table 8.3

Final Parameter Estimates

i Parameter Symbol e·1
(95% confidence interval)

1 k 0.4889E+06 ± 0.2009E+05a
2 k12 0.5966E+11 ± 0.3086E+09

3 kZ3 0.2519E+10 ± 0.5543E+07

4 k34 0.2601E+15 ± 0.6477E+12

5 kS 0.1177E+08 ± 0.6212E+06

6 E lS637. ± 1810.
a

7 E12 27983. ± 1090.

8 E23 20187. ± 1488.

9 E34 33846. ± 2520.

10 ES 19684. ± 1738.

11 EAS 23671.99 ± 1970

12 k 1.4195 ± 0.0600s
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CHAPTER 9

DISCUSSION OF RESULIS

An active site parameter was included in the model to accOlmt for

the loss of activity with temperature probably due to loss of SO 3 in the

catalyst. This parameter was assmned to obey an exponential temperature

dependency, as discussed in Section 7.1, and it may not mdel the thennal

deactivation behaviour of the catalyst very accurately. It must be noted

that precise estimates of the kinetic parameters can be obtained for the

TiOz catalyst model only when the catalyst has been adequately modelled.

It will be necessary, in the future, to design experiments primarily to

model the thermal deactivation behaviour of the catalyst.

The paper of Vanhove and Blanchard (discussed in Section 2.3)

represent the report of very few studies, in the Iiterature, in which

radioactive tracers have been used for defining the reaction paths in­

volved in o-xylene oxidation on vanadium pentoxide catalyst supported on

titanium dioxide. It is important to note that of the sophisticated

approaches that have been applied to the establishing of reaction networks

(or mechanisms) for complex reactions such as the one considered in the

present study, the use of isotropic tracer techniques has been most useful

in providing unambiguous answers. It was demonstrated in their work that

phthalic anhydride is formed directly from o-tolualdehyde and phthalide.

In the present study, phthalic anhydride was considered to be formed only

from phthalide. In addition the assumption made that the formation of

CO and CO 2 directly from the phthalic anhydride and phthalide was

- 117 -
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insignificant, may not be vaLid. It may be necessary to oxidize o-tolualdehyde,

phthalide and phthalic anhydride independently, to determine the significance

of several of the reaction steps not included in the model of section 6.1.

The most probable models can be set up and the information derived from

oxidizing these intermediates, for instance, the relative rate of formation

of carbon oxides from o-tolualdehyde, phthalic anhydride and phthalide, the

rate constants and the activation energies of the significant steps will be

useful in planning future experiments for a-xylene oxidation, designed to

discriminate among po:~ LLtlatcd models.

In addition HUWles and Adams [5] have observed that a lower oxidation

catalyst increased the rate of oxidation of phthalic anhydride to CO2 and

CO and maleic anhydride. This suggests that sites of lower oxidation state

in the catalyst, produced by partial oxidatlOn of the aromatic compolIDd, may

be active for total oxidation. Perhaps, the rate of oxidation of o-xylene

and o-tolualdehyde to CO/C02 is not dependent on ep(the oxygen active sites)

but on (l-¢).

The results of the center point experiments conducted in this study

demonstrates that no long term deactivation was apparent in the catalyst,

within the period of steady experimentation lasting a total of fifty days.

This finding suggests that even when experimental design teclmiques are

applied to this catalyst, consistent data can be ohtained. It must be

noted that it has been demonstrated in [26] and [28] that some vanadia

catalysts supported on silica gel exhibited long term decays that ,vere

dependent on the past temperature histories of the catalysts.

The temperature during the reoxidation period of the catalyst appearsto

determine the catalyst activity for the steady-state experiments. Wainwright[26]
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had attempted to stabilize the catalyst activity by reoxidizing the catalyst

at temperatures of at least 20 0 e higher than that at which the steady-state

experiments were to be conducted. In the present work, the reoxidation

temperature of the catalyst was set equal to that at which the steady-state

experiments were to be conducted. The resulting catalyst was higher in

activity and more stable than that of Wainwright. It has also been demon­

strated elsewhere [26, 28] that catalysts of different 'stability and activity

can be produced depending on the heat treatment or the reoxidation temper­

ature of the catalyst.

It has been demonstrated in this study (Section 5.3) that the amount

of S02 introduced in the feedstream may not have been enough to maintain

the original activity of the fresh catalyst. This suggests that the S02

in the feedstream may be increased to a level such that the SOZ content of

the catalyst during operation becomes equal to that of the original fresh

catalyst. In this case, it is expected that a suitable catalyst of higher

activity would result.

The ratio of the activity of the catalyst employed in the present

study to that of the previous study was calculated to be 1. 45 (see Section

5.2) as determined from the relative rates of reaction of the center point

experiments. A value of 1.42 was estimated for the relative activity para-

meter, k by employing the statistical technique of Hoffman and Reilly
s

[124] to transfer information from the previous experiment to that considered

in this study. This demonstrates the effectiveness of this technique.

At a constant a-xylene saturator bath temperature and gas flrnvrate,

the o-xylene concentration in the feed was observed to vary. TIlis variation

did not enable accurate control of the o-xylene concentrations in the feed.
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Thus true replicate measurements could not be obtained and this resulted

in an inflated estimate of the covariance matrix of the responses. It is

important to note that true replicates are necessary for the accurate

estimation of the covariance matrix which is necessary for testing for

lack of fit in the model lIDder consideration.



GIAPTER 10

CONCLUSIONS AND CONTRIBUTION TO KNOWLEDGE

10.1 Contribution to Knowledge

1) A new chromatographic technique has been developed and applied

successfully in this work.

2) This study has dem::mstrated the use of statistical techniques

in reaction kinetics, - the following were demonstrated:

i) Design of experiments for parameter estimation;

ii) The use of Box et al. [45] technique for determining

the existence of linear relationships among the data;

iii) The application of tIle Hoffman and Reilley [124] technique

for transferring infonnation to a catalytic system

when catalyst activity changes.

3) Useful inforn~tion concerning the reaction model and the cata]yst

activity have been obtained in this study.

4) The proposed reaction model (Wainwright's model) discussed in

Chapter 5 was fmmd inadequate and reconunendation for future

work is discussed in Section 10.3.

10.2 Conclusions

This study has demonstrated that the reaction model, for o-xylene

oxidation on vanadium pentoxide catalyst supported on titanium dioxide,

considered in this study is inadequate.

Hmvever, useful information has been obtained in this study and

recommendations have also been made that will be helpful in planning

future studies to develop more suitable reaction models.

- 121 -
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10.3 Recommendation for Future Work

Further attempt to elucidate the reaction network should include

the oxidation of the intennediate compounds as discussed in Chapter 9.

Probable reaction models should be set up and the statistical techniques

of experimental design for model discrimination should be employed to

develop a suitable kinetic model. The use of the Hoffman and Reilly [124)

parameter estimation technique has been applied successfully :in this work;

also suitable computer programs for applying this technique in the current

work have been developed. These together with the data gathered in this

study may be of some use in obtaining precise parameter estimates when a

suitable model has been developed.

Further studies need to be conducted to contribute more understanding

to the catalyst behaviour. In particular, experiments should be designed

primarily to model the thermal deactivation of the catalyst.

Further wor-k on tile development of a suitable reaction model will

require accurate control of o-xylene in the feed. Results of tests carried

out on the o-xylene saturator indicated that the reactant gas was not

saturated with o-xylene at the operating bath temperature. It is suggested

that the height of the saturator be increased to allow saturation of the

gas with o-xylene.

Tne hot air guns (12A, l20V) used for heating the sample valve

compartment to prevent the condensation of the product material were not

suitable for continuous operation as required in this study. These heaters

often developed electrical noises which interfered with the voltage signals

from the gas chromatograph. Accurate interpretation of peak areas from
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the chromatograph by the integrator could not be made under such conditions.

Hence these heaters had to be replaced very often. It is important that

future work employs stronger, industrial type air guns.
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APPENDIX A

Equipment Specification

Gas chromatographic technique

l. Gas chromatograph

Manufacturer Varian Aerograph
Model 1520
Features Matrix temperature programmer
Detector Thermal Conductivity
Filaments Rhenium Tungsten eWX)

2. Integrator

Manufacturer Hewlett Packard
.MJdel 337GB

3. Recorder

Manufacturer Johns Scientific
.MJdel 29l/M'f

4. Gas Sample Valves

Manufacturer
Type
Catalogue No.

Carle Instrument Inc.
Micro volume switching valve with zero dead volume
2014

Chemicals-Liquid and Solid Components

1. Ortho:x:ylene
Analytical and packed bed reactor

Manufacturer
Catalogue No.
Grade

2. Orthotolualdehyde

Manufacturer
Catalogue No.
Purity

Matheson, Coleman and Bell
XXI 7
Chromatographic quality purity: 99+%

Aldrich Chern. Co.
11,755-2
Gas chromatographic

- 131 -



3. Phthalic Anhydride

Manufacturer J.T. Baker and Co.
Catalogue No. 0272
Purity Analytical

4. Phthalide

Manufacturer Fisher Scientific Co.
Catalogue No. 17827
Purity Laboratory grade

5. Dioxane

Manufacturer Fisher Scientific Co.
Catalogue No. D-lll
Purity Laboratory grade

6. Trichloro-ethy1ene

132

Manufacturer

Electric heaters

1. Air gtm heater

Manufacturer
Catalogue No.

2. Immersion heater

Manufacturer
Catalogue No.

3. Refractory heater

Manufacturer
Catalogue No.

J.T. Baker

W.J. West Away Co. Ltd.
HAS-018K

WCOR (120V, SOOW)
745601-7950

Fisher Scientific Co. Ltd.
11-463-0100B

4. Reactor salt bath heater

Manufacturer
Catalogue No.

Canadian Chromalox Co. Ltd.
13045

5. Reactor exit block heater

Manufacturer
Catalogue No.

Canadian Chromalox Co. Ltd.
C-202



6. Electrothermal heating tape

133

Manufacturer
Catalogue No.

Gases

Fisher Scientific Co. Ltd.
HI 351

1. Heliwn: Canadian Liquid Air Limited

2. High Purity Nitrogen: Canadian Liquid Air Limited

3. Oxygen: Canadian Liquid Air Limited

4. Carbon dioxide: Canadian Liquid Air Lirnited

5. Carbon monoxide: Canadian Liquid Air Lirnited

6. SUlphur dioxide (0.5%), Nitrogen (99.5%) - Calibrated standard.
Matheson of Canada.
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PROGRAM NO 1:

The following program converts raw chromatographic peak area data into

experimental inlet and outlet concentration and to punch data for

parameter estimation programs.
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c
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

C

C
C

C
C

c
C

PRCG~AN TST(INFUr~OUrpUT,PUNCH,TAPE5=INPUT,TAFE6=OUTPUT,TAPE7=FUN
iCH) .

FOllCWING is A PROGRAH TC CONVERT RAW DATA INTO EXPERr~ENTAL
INLET AND OUTLET CONCENTRATIONS AND TO PUNCH DATA FOR FAFAMETE~
ESTH'ATION MID EXPERII1ENTAL DESIGN PROGRAMS.
++~.~~++++++~++.~+ •••+++.¥~~.+++~•••++4 ••• +++++•• +.+++•• ++++++++.+.+

PHTHALIC ANHYDRIDE REACTOR MODEL.
SiEAOY STATE AOSORPTICN MODEL.

e-XYLENE OXICATION REACTION DATA
¥ •• ++~ •• +•••••••4 ••+++.+ ••••••• +•••• + •• +••••+.+++••••••••••••••••••••
TOXA~A8$OlUTE TEMP (K) .
TOX-TEMPERATURE OF O-XYLENE SATURATOR (0)
F02-FLCWRATE OF OXYGEN CC/~IN.
FN2- FLOWRATE OF NITROGEN CC/HIN.
TA-TAt!9+273.2
PAH8-A8S0LUTE PRESSURE AT WHICH F02,FN2, ARE ~EASUREO, MH.HG.
TAHO·T~HPERATU~E AT WHICH FOZ, FN2 ARE MEASURED
KRUN-EXPERIMENT ~U~ NUMBER
A1..8-CONSTMHS IN OXYLE~IE VAPOUR PRESSURE CORRELATION
VPCX-VAPOUR PRESSURE OF CXYLENE
02,N2 J,OX,-FLOWRATES IN HOLES IMIN. .
Y02 , YN2 t YOX-MOLE FRACT10NS
TR,pR,- E~P(C),ABSOLUTE PRESSUqE AT REACTOR INLET
COX!CC2,CN2-CO~CENTRATIONS OF COMPCNENTS (GM MOLES/LITER)
Y-CO~CENTRATIO~S IN HERSON SUBROUTINE (G~.HOLE/LITER)
FR-~OLE FRACTION OF EXIT
V€·EXPERl~ENTAL EXIT CONCENT~ATION (GM. MOLES/LITER)
AI-AREA OF INLET ANALYSIS
AO-~REA OF OUTLET ANALYSIS
R~-RELATIVE RES~ONSE
RA-RATIO

1t2tJ,4tS,6t7,8tg-OXtOTAtPI!FAICC2,02tN2,H20,CO RESPECTIVELY
1u S MAA FuR r024$UPPORT~C CATALYS
W-WEIGHT CF CATALYST t GRAMS .
OELP-PPESSURE CROP AGROSS REACTOR lMM. HG.
PT- TOTAL ABSOLUTE PRESSURE IN REACTOR!MM.HG.
~IN IS STOIGHIOt'ETRIC COEFFICIE~T FOR CARBON OXIDE FORMATION
~COIFY THIS EXFRESSION ACCCROI~LY IF OTHER CCMFOUNOS A~E TO 8E LUMPED

+~.+.++.~~~++~+¥~~~.+++~ ••+.+++.+++~.++.4++.++++••••••••••~+++~+.+•••
OI~ENSION Y(10)
OIHENSIon ARRAYC25f2S)
OIME~SION RH(iO},A Cl0),AO(10},RA(10),YE(10),FR(10)

REAL M/1N 2
RELATIVt ~OLAR RESPONSES FOR ALL COHPCNENTS
DATA F~/3.a4,3.1q13,28,.3.34,1.20,O.97,1.0,2.S7,1.0G,1.el
NNEXP-EXPERIHENT SET Hu~t8ER.
NSfT IS TrE fWI~BER OF DIFFERENT REACTIOH CO~IOITIONS
REnO(S,997) NNEXP
READ(5~997>tISETS
00 5000 KKK=l,NSETS
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556

801

c

c

c
c
c

c

c

c

c

c

c

ZERO STORAGE ARRAY -ARFAY(I,J)
00 11 I=1,25
DO 11 J=1 t 25
ARRAY<I.tJ}:O.

11 CCtl T! NUt.

REAO(S,997) KRLN
REAO(St800) TA~07PAM8JTOX1F02,FN2,TR,PR,DElPt~
~E.AO(5,800) AICl' !AIOJ),AJ,(7)
REAO ANALYSIS GATA
CAlCCLATE CONCENTRATIONS AND VOLUMETRIC FLCWRATE INTO REACTOR
FLOWS IN ~OLES /UNIT TIME
T/1:TM-1e+273.2
OEN=22400.¥TA~75Q./(273.2·FAHB)
02=FC2/0EN
N2=Ftl2/0EN
QEACTOP EXPERI~8ITAL CONCITlONS
GRAOF=OELF/H
PT=PK
CAlCULAIE HOLE F~ACTION CF a-XYLENE
RA(1)=C I(1)/AI(7»~(RM(7)/RH(1»
RA(S)=(AI(6)/A!(!»·(RH(7)/RH(o»
YOX=KA(1)/(1.+RAC1)+RA(6»
RAA:f'A (1)
RAO=RA(6)
ox= (C2+H2).YOXI ('1.-YOX)
T=TR+273.2
FGAS=(02+~2+0X)·22400.~T~760./(273.2~PR)

CALCULATE CONCENTRATIO~S IN REACTOR IN "OlES/CC.
CQX=CX/FGAS
G02=C2/FGAS
CN2=N2/FGAS
~~ RIT E<6, 9 98) NNE'~ P, KRU"
WRI1E{6,5S~)

~~!t~ ~~,~§~~ A1(1) tAl.(o) ,A1(1) ,
HRITE{o:ge~) ToX,Fc2,FN2,TAHB,PAH8,FGAS
WRITEC6l990)TR,PR,W,DELP
FA C:: CX¥ b 0•
HFAO=W/FAC
A=9998.5
8 =a•lit 7S5 1
VPCX =la.o~~«(-a.218S¥A)/(273.2 +TOX»+8)
flOA IS THE NUMBER CF EXIT ANALYSIS CONDUCTED AT EACH EXPERIMENTAL COND.
REAO(S,997)NOA
00 300 IIl::1t"CA
P'E~O(5,24C} IME
REAO(5 l 800) (AOC!),I=1,10)
WRITE(o,5S?l
WRI1E(o,SEO)
WRITE (6 t556) (AOt!) ,!=1, 1.0)
FCRtJAiC OF12.2}
CALCULATE EXPERIMENTAL E~IT CONCENTRATION
2~(j~~(~~1It9AC(7»~(RM(7)/RM(I)'
CALCCLATE WATER RESPONSE



JGPAt- TST

C

C

C

C

C

C

C

C

00 820 I=1,10
SU~=SU~'+RA(I>
POUT=FP-OELP
CCNS=273q2+POUT/(22.400~760.~T)
00 803 1=1,1Q
F'R <I) =P.A (1) /SU~!
YE(I)=FR(I)·r.O~S
SET CC~CENTR~TI0NS FOR I~TERGRATIO~
CCNCENT~A1IONS IN GH-HCLES/LITER

F'GASS=FGAS~1.0E-03
WRITE(6,975) VFOX,yOX
Y(1)=COX·1.0E 03
Y(2)=O.
YCH=O.
Y(4)=0.
Y (5)=0.
Y(6)-:co2·1.0E 03
Y(7}=CNZ"'1.0E 03
Y(8)=0.
Y (9) =0.
Y(10)=0.
GAS FLOWRATE (LITERS/SEC)

RH20=RA(2)+RA~3}¥2o +RA(4)~3. +(RA(S)+RA(9»+5./8.+RA(10)~1.5
CALCULATE OXYGEN RESFONSE
~AC=~A(2)+RA(3)~2oTRA(4).3o +RA(5)+10.5/8.0+RA(9)·6.5/8.0 +RA(10)+

11!5
CALCULATE OVERALL STOICHIOHETRIC COEFFICIENT
CSN=(RAO-RA(6»/(~AA-RA(1)l
CALCULATE OXYGEH BALMICE (STOICHIOMETRIC 02 OUT-11EASURED 02 OUT>
08:(RAO-R~C)/R~(o)
COU=(RAD-RA(6) )/RAC
CALCULATE STOICHIOMETRIC NUMBER FOR CARBON OXICES FORMED:m ~ ( (R A (5 p. 10 05 H· (RA ( g) ... e" 5) ) / (R A( 5) +R A( 9) )
WATER RESPONSE RATIO (OBSERVED VALUE/CALCULATED VALUE)
HRR=RA(8)/RH20
CAReeN 9ALANCE
RA8=RA(1)+RA(Z)+RA(3)+RA(4}+(RA(S)+RA(9»/8.+RA(10)

1. 0.5
C8R=KAB/RAA
HYOROGEN EALANCE
RHe~~A(i)+~A{2)~~.O/500 +RA(3)+3.0/S.0 +RA(4)~2.0/S.0 +RA(8)/4.0 +

lR A( 1 C) Ii+- 0
HBR=RHB/RAA
CALCULATE CONVERSICN AND SELECTIVITIES
CCNIJ=f'AB-RA (1)
YIELC=CONV/RAB
SOiA=RA(Z)/CONV
SP!=RA (3) fCOtIV
SPAA-.::RA(4)/CONV
SC02=RA(S)/(CONV~8.)
sea -'::RA(9)/(CO~V~8.)
SMAA=RA(1Q)/CONV
SU/4=O.o

PAGE07/19/77 21.:4.17FTN 4.E+L.28TS73/73

en 3

820

cc

C
C
C
C

c
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FGASS=FGA5S/60.
HRITE (6,976) Y(1) ,Y(6) ,V(7)
00 5 1=1,9
4RI1AY (IlJ)=Y<I)

c: cotHlNUt.
00 6 K=10,18
I1=t<"9
AR~~Y(KLJ)=YE(II)

6 CONTINUt
C AGe co AND C02 cONCENTRATIONS FOR USE IN PARAMETER ESTIMATION

ARRAY(14,J)=AR~AY{1~,J)+ARRAY(18,J)
AR~AY(1g J)=T
ARRAV(ZO;J):OELP
ARRAY(21,J)=H
ARRAY(22,J)=PT
AR~AY(23,J)=FG~SS
ARRA1(24 t Jl=GRAOP
\·1 RI TE (6 , c 2 2 )
WRITE (6, 231>
4RITE(6,811) Y!ELD,SOTA,SPI,SPAA,SC02,SCO,SHAA
WRITE(G,226)WFAO
\oJ RIT E (6 , 8 1 2) COli
HRITE(6,913) WRR
WRITEC6,912) HER
vlRITE (6,223)
VlRITE (6,9~9) 08,~IN,CSN ,COU
WRI1E(6,810)
WRITE (G 230)
WPITEC6;311) (YE(!) ,1=1,10)

~~if~~~'~~d~ .
WRITE (6:811> <FR(!) ,1=1,10)
WRITE(IS,2~2)
HRIT E (61 2 3 3 ) <ARR AY <I , J) , I =1, 24)
RRATE::YIElD/WF~O

C ~5~6~(3Af~1~0~R~A~AMETER ESTIMATION AND EXPERI~ENTAL OESIGN FROGRAMS
WRITE C7, 234) K~UH ,NN
HRITE(6 432) KF<UlJ?NN
HRr TE( 7 : 2 33) 0 RR AY CI , J) , I =1 , 24)
VlRITE(01.77) TII"E

4 CONTINUt
8 GONTItWE
3 COf\TINUE

WRITE(6 1 291)
300 CONTINUEsooa GCt-iTINUE
997 FOQtolAT (13)
240 FCRHftTCF10.5) .
998 FOR~~~T<1H1,10Xl ~EXPT. SET NO. Jf. 13, 10Xl"RUN hUMBER :Jf.!3/1)
98f FORMATC Jf. TEMPERATURE OF C-XYlENE SATUKATOR = Jf.F6.14 0EG.C.Jf.I/

1 ¥- O:WYG£tl FLO~RATE =.. F6.2 -¥-CC/MIN.·/
2 -¥- NITROGEN FLCW~ATE = .. F6.2 .. CC/MIN·//
3 .. MHHEtn T£~'IPE~ATURE :: • F6.1 ... OEG.C.""I
4 .. /HIBIEtn PRESSURE=iI'. F7.1 .. MM.HG .... II
5 .. iCTAL FlOWRATE AT REACTOR TEMPERATURE AND PRESSURE = +F7.2
6 i/o CC/HIN .}
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I1S-­

38
438

INPUT::
TAPE6=

END. EXIT

4.38
1038

FT NRPV.

Ol.TPUT::
TAFE?::

INFCI. INPCR.

1038
1548

ourCI.

PUNCH::
TST

OUTCR.

30

xroy.
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PROGRAM NO.2:

Program for the statistical design of experiments for parameter estimation.



ATTACH~YHSLreo
ATTIlCH:1i¥t.CL!8.
ATTt\CH~SSFlI8.
FTN(RCUNa=4/+-1CPT=2~i,R=3)
lOSET{LI8=!HSL18)
LOSEi(L19=MACLle>
LDSET(LI8=SSPLIE)
lGO(PL=8000)

PROGRA~ TST(INPUT~OU1PUT,PUHCH,TAFE5=IHPUT,TAPE6=OU1PUT,T~PE7=PUN
lCH)

C ""·.y...,.· ....... .'f..ltIpROGRA11 FOR THE EXPERIHE~IT.AL DESIGN ...... ~ ... lIf.Jl.Jf. .. Jf.f.

~
C
C
C
G
C
C
C
C
C
C
C
C
C
C
C
C
C
C
c
8
c
C
c
cc
C
G
C
C
C
C
C

FIVE INDEPENDENT VARIABLES -FOX,FC2,FN2,TR,W
FCX-FLOHR~Tf OF OXYLENE IN CC/MIN
F02 -FLCWqATE OF OXYGEN IN CC/HIN
Ftl2 -FLCI,RATE OF ~~rTRCGEti IN CC/HIN
TR -TEMPERATURE AT REACTOR INLET IN OEG. CENTIGRADE
TAM8 t PAM8 -AMBIENT TEMPERATURE AND ABSOLUTE PRESSURE AT WHICH
FC2,FN2 A~E MEASURED IN ~H HG.
tiP- NUIol8ER OF PARAMETERS
HEXP- NUM8EF OF EXPERIMENTS
THERE N~ NO. OF FJmS IN ONE EXPERIMENT
NR -NO OF INDEPEN~ENT RESPONSES.
T8ASE -BASE TEMPERATURE USED FOq REPARAHETERIZATION BY
HUNTER IATKINSON METHOO.
FGAS -TOTAL GAS FLOW I~ CC/~!N.
OElP -PRESSURE DROP IN REACTOR IN M~ HG
SIG~A -ELEMENTS OF THE VARIANCE-COVARIANCE ~ATRIX.

g~~,N~~2~XC~~L~~~~~~~T~~T~ghESo;H~~~PCNENTS IN GH HOLE ILITER.
OELF-PRESSUPE O~OP 4C~OSS REACTOR IN HH HG
PT -TOTAL ABSOLUTE PRESSURE IN REACTOR IN MM HG.
CO ,el -ARE CORRELATrc~ COEFFICIENTS OF GRADP EXPRESSED
AS A FUHCTION OF TOTAL GAS FLOWRATE CFGAS)
NPqICR -~c OF PRIOR EXFERIMENTS AVAILABLE FCR DESIGN.

ceHMCNI PARA1/KAI~Kq12I,KR23I,KR34I,KR5I,EA,E12,E2J,E34,€S
COHMeN IP~RA 3/EA~ .
COMMONI MEP/ T H PT,GBAOP
cCHHaN/coNsTA/'pl~e,co,cl,TAH8
CO"'lMON ICONST INN1R ,;iE X,t-iP ,NC
DIMENSICN GCl1 1 )
Dr"lEHSICN AXTV~(11,11) ,8XTVX<11, 11,11) ,CXTVX(11,11)
OI~ENSICN GV~(~)1HV~(5)
DP1ENSICN SIGtAA(~,?)' .
CIMENSICN PPC11,11)lPHC11,11)
CI~ENSICN SXTVX(11, 1)
or~ENSICN OXTVX(11,11,11)
DIMENSION GXTVX(11,11}



c
r;
c
cc
c

c
c

c
c

c
C
G

c
c

OIHENSICN ASYH(66),AlU{E6)
OPiENSICN F'OXCii) ,F02(iU,FH2(11) ,TR(11)
OIMENSrCN SX1(11),SX2C11),SXJ(11),SX4C11)

~~~5 ~~It~~C2~A~~~~tE~N~~~fA!~~§3:INITIALESTIMATES OF' PRE
-EXPONE~TIAL FACTORS ARE ALREADY REPARAHETERIZED BY HUNTERI
ATKINSON METHOO.
REACCS,13) NPICK
REAO(S,13) NPRIOR
READ (5, 35) CO,e1
REAO (S, 1) KAI tKP 12t, KR23I1KR34I, KRSI
REAO(5,2) EA,l:.12,E2,J,E34,t5,EAS
RE"O(5,36)PT
NR=5
N1== 11 .
NEXP=11
NSIG=5

RE~O IN EXPERIMENTAL DATA
REAO(St2) NN,TAMO,PAH8
WRITE l6 17) .
REl\O(S 7~ «SIGHA(I,J>,J=1,S)lI=1,5)
WRITE(~,77> «SIG~A(I,J),J=1,~),I=1,5)
I~VERT THE VARIANCE-COVARIANCE ~ATRIX.
CALL ~INV (SIGMA,NSIG,DISIG,GVH,HVH)
HRITE(6,118)
WRIT E( 6 ,77) « SI GHA(I, J) , J= 1 ,5) , 1= 1., 5)

USE AVAIl~8lE PRIOR INFC~HATICN -IF ANY
IF (NPRIOR .IT. 1> GO TO 50
88 ~~ l~l~'~~P
FP(K 1 L>=O.

l4g ca~TrNUtco 39 I=1 1NFRIOR
WRITE (6,1~4) I
WRITE(6,210) NPRIOR
OC 39 M=1,NP
READ (5 1 390) (PM(M,N) ,N=1,NP)
WRITE(b,75S)
WRITE(6,570) (PHCM,fO ,N=l,NP)
CO 39 1<=1,NP
PP{HtK)=PP(H,K)+PM(M,K)

39 CO"lTINUE
W~!TE (6,.2239)
00 312 M=11NP
WRITE(6,75~}
WRITE(6 1 510) (PP(H,N),N=1,NP)

812 CONTINUE
50 CONTINUE

h'R!TE(1; 51)
WRITEC6;52) KAI,EA,KR12I,E12,KR231,E23,KR34I,E34,KR5I,E5
\'IRITE(6,81>EAS



c

c
c
c
c

131

wRYTE{o1l6eU Pi
WR!TE(6,4~6) HPICk
WRITE (6,731)
WRITE(6,888)

DO 131 lS-:i,NP
CC 131 KS=l NP
AXTVX(KS,LSJ =0.
GXrVX(KS,LS)=O.
CO·HHWE

00 61 I=1,NP
101 CONTHlUE

FCX(I)=RA~F(A)
F02(I)=RAt-.FCA)
FtJ2<I)=PAf\FCA)
TR(I)=RANF(A)
W=l.a
FCX(I)=FOX(Il~11.0 +1.0
FC2(I)=F02CI)·110. +10~
FN2(I)-:FN2(!)-200. +(100. -(FOX(I)+F02(!»)
TR(I)-:TR(I)·40.0 +350.0
Z1=FCXCI)/CFN2C!)+Fn2CI)+FOXCI»
Z2=F02(!)/(FN2(Il+F02(I)+FOXCI»
IF(Z1 .LT. 0.01 .OR • Z1 .GT. 0.03' GO TO 101
!F(Z2 .LT. O.iO .aR. 22 .GT. 0.30 )GO TO 101

C STORE THE INITIAL GUESS OF THE OESIGN EXPERIMENTS.
SX1 (I> =FCX (1)
SX 2(!) =F02 (I)
SX3<I)=FN2C!)
SX4(I)=TR C!)
W~ I TE (6 t4 7 0) I,. SX1 <I ) l SX2 <I) ,S X3 ( I) , S X4 (!) , W
CAtL MA RIZ(FOX,F02,FN2,TP, BXTVX(l,l,I),SIGMA,!)

61 CCNTINUE
G
C
C

G
C
C

314
216

USE AVAILABLE PPIOR INFCRMATION -IF ANY
IF (NPRIOR .LT. 1> GO TO 216
CC 314. IA=1,NP
00 314 JA-:l,NP
AXTVX(IA,JA)=AXTVX(IA,J~)+PP(IA,JA)
GXTVXCIA,JA)=AXTVX<IA,JA)
CONTINUE
CONTINUE

Zr."'1AX=O.
OOH~X::O.
00 q99 KT=1, NPICK
He=1
I'!~=o

100 CCN1INUE
C GEtU:RATf EXPERn1ENTAL RlNS BY THE USE OF RANOCM
C Nu~eEPS IN THE RANGE 0.0 TO 1.0

FCXCl):FAflF(A)
F02(1)=PA~F(A)



3fl8

1~4

401

FN2 (1> =RANF (A)
jIHj)=RANF(A)
FOX(i)=FOX(l)~li~O ~i.O
fC2(1)=rQ2C1)·110.u fl0.0
FN2(1)=~N2(1)~200. ~(100.-(FCX(1)+F02{1»)
TR{l)=TR(l)~hO. +350.
Z1=FCX(1)!(FN2(1)+F02{1)+FOX(1»
Z2=FC2(1)/(FN2(1) +F02(1)+FOX(1)
IF(Zl .LT. 0.01 .OR • Z1 .GT. 0.03 ) GO TO 100
I~{Z2 .LT. 0.10 .OR. 22 .GT. 0.30 )GO TO 100
CALL HATRIZeFOX1 F02,FN2,TR, CXTVX,SIGMA,l)
00 14 tJ=l,NEX~
00 3 J=1,NP
00 :3 K=l "IP
OXTVX(J,R,~C)=BXTVX(J,K,~C)
eXTVX(J,K1~C)=CXTVX(J,K)
AXTVX(J t KI=GXTVXeJ,K)

3 CCNTINUt
oC 339 1= 1 , ~IEXP
DO 339 J=1,NP
CC 3 39 K= t , ~i F .
AXTVX(J 1 K)=AXTVXCJ,K)+8XTVX(J,K,I)
COtlTHIUt:.

VCViFS-STORAGE MaCE CCNV£RSICN OF MATRICES
-FULL TO SYMPETRIC iI~SL-LI8RARY.

feb~c~~~Ir~~e:l~~'lH~l~~t~~~lNANT OF A POSITIVE DEFINITE MATRIX
IN SYMMETRIC ST-RAGS MOOE ,IS~L-LrBRARY.
CALL LUOECP(ASYM,ALU,11,Dl,D2,IER)
OET=Dl~2~~02
HRITE(ot2009) OET
FCR~AT(oX!~O E T = ~ E15.5 )
IF (OET.Lt. OOMAX) GC TO 144
CO~AX= OET
HM=H
CCNTnlUE
DC 4 j=l,NP
00 L K=1 NP
8XT~X(J,-~,MC)=OXTVX(J,K,MC)

4 CCNTINUC:
HC--=MC+1

14 CO~lT ItltJE
WRITE(G,401) KT,.MM,OOHAX
FC~HAT(10~,6X,~KT=· 1316X1·H~=· I3,&X, ·OOMAX=·,E15.5 )
IF (OoHAX .GT. ZOMAX) liO TO 34
GC TO ggg

34 CCNTHIUE
zor1AX=OOHIlX
SX1(~N)=FCX(1)
SX2(t' H)=FC2(1)
SX,3(Hr~)=F~2(1)
SX4(Htn=TR(1)
oC 3138 I =1 ,~!P
CO 388 J=1,1':P
ex:vX<!tJ,MM)=CXTVXCI,J)
cc~n DIUt:.
OC 58 I-=1,NP
DO 58 J=1,~~P

2009

c



C
G
C
C

sxrvx(!2 J >:AXTVXCI,J)
38 CCNTYNUt.

PRI~T·7.tA SET OF EXPERIMENT HAS BEEN REPLACED
999 CONTINuE



c
c
c
c
c

~cc

c

c

c
c

c

SU~ROVr!NE MATR!Z (FOX F02 FN2 TR OXTVXtSIGMA KK)
CC~MONI PA~Al/KAriK~12f,KR~3I,KR34I,KR51,EA,EI2,E23,E34,ES
COMHON IPARA 3/FAS
COH~aN/CCNSTAI PAH81CO,Cl,TA~B
CCHHCN/CONST/NN1R~NcX,NF,rJC
CO"l~at(/STRA,(/ARRAl
COMMCNIREFAR/TBASE,RT
COMMON/ OERI FGAS
CO"1HOti/DEP/YY
ca~HCN IHER/T HWW PTtGRACP
OI'{ENSICN I\RRAY(2S,~O) YU(iO) PO (is) ,'f{10) ,YY(10)
DI~ENSION XTVX(11,11)lXisrG{11~S),8XTVX{11,11),SIGMA(S,S)
DIMENSION OELTA(11 11J
oI ~ E t1 S! eN F OX ( 11 ) , ~ 02 (11) , FN2 ( 1U ,TJZ <t 1)
DI~ENSICN XTC11,S),XH(S,11)
REAL KAI,KR12I,KR34I,NN,KR5I,KR23I,N2

NEXP=11
NR-=5w=www
C~LCULATE FLOWRATE OF C2 AND N2 ALSO GAS FLOWRATE AT REACTOR
CONCITICNS IN CC/~rN
p~:: P T
TfI=TAM8+273.2
OEN=224QU.~ TA·760./(213.2.PAMB)
02=F02{Kl<)/OEN
N2=F~12 CKK) IDEN
T:T~(KK)~273.2
V0 X=FOX ( KK) / { FN2 ( KK) +F0 2 ( KK) +FOX ( KK) )
OX=(02+N2)¥YOX/(1-YOX)
FGAS=(02+N2+0X)~2241a.~1·76a./(273.2~PR'
CALCULATE CONCENTRATIONS IN REACTCR IN ~OlES/CC
caX=CX/FG,~S
C02=02/FGAS
CN2=tl2/FGAS
SET CONCENTRATIONS IN G~ -MalES/LITER
FGAS:FG~S~1.0E-03
)'(1)=CO'X"1.0E 03
Y(2)=O.O
Y(3)=Q.
'f ( tJ ) =0 •
Y(5)=0.
y(o)=C02"'1.0E tl3
YCn=CNZ"1.0E 03
yeil)::!).
y(g)=o.
)'(10)=0.
EXPRESS GAS FLOWRATE I~ LITERS /SEC
FGAS=FGAS/EO.
GRAOP=CQ+FGAS"C1

T8ASt"=~7n.n



c
c

c
c
c
C

c
c
c
c

182

172

18

i8ASE=T6ASE+27342
R:::"hS~72
rSTAR=(T8ASE-T)/{TBASE¥T)
Ri=TSTAP/R
SET UP TCLERANCES,STEF LENGTH,BOUNOARY CONDITIONS
FOR INTERGRATION.
X.:: o.
DX=O.oos
lOLKH=1.0E-08
ox~rN=o.OC01
N=5
CELX=W
FO(1)=KAI
PO(Z)=KR12I
FO(3)=KR23I
PO(4)=KR34!
FO(5)=KR51
PO(6)=EA
PO(7)=E12
PO(8)=E23
PO(9)=E3 l4
PO(10)=E5
PQ(1U=EAS
CO 182 1=1,10
YY(I)-::,(!)
CALL HERSCN(X,DElX,OX,O~~IN,TOLKM,N,PO)
YO(1)=YY(1)
'(0(2)=YY(2)
YO(3)=Y'(3l
YO(4)='('(4)
YO{S)=y'(S)

SET UP THE (OIFFER£HTI~L) X-MA'TRIX
OELT~P=1.0 E-05
00 113 J=1,NP
ps=p 0 (J)
poeJ)=POeJ)+OELTAp·POeJ)
CC 172 1=1,10
YYCI)='((!>
cx=o.oosx=o.
CALL HERSCN(X,OELX,OX,OXMIN,TOLKM,N,PO)
'(1)=YY(1)
Y(2)='('(2)
Y(3)='(Y(3)
Y{lt)=YV(4)
Y(5)='('(5)

g€LT!~Kl~);l~~(K)-YC(K})/(OElTAP.PS)
PO(.J)=ps
CONTINUE

SET UP CETE~~INANT FeR EXPTAl DESIGN CRITERIO~.
00 91 J::::1,NR

~~(K;~)::::~ECt~~J,K)



c

C

c
C
C
C
C
C
C
r,
C
C

cc

XM(J?K)=DELTA(J,Kl
16 CCNTrNUE .
91 CONTINUE .

G~DRC -GENEPAl ~ATRIX PRCCUCl ROUTINE· SSP LIBRARY
CAL L GHPPa(Xit srGf"l A~ XTSI G, ~l P ,}I R, NR)

E~q~UT~M~~~(~T~~~'~~t~i~XF~k'~~~N~~?ERIMENTS.
CO 151 IA=l,NP
CO 151 JA=1,NP
eXjVX(I~,JA)=XTVX(IA,JA)

lSi CONTINUE
RETURN
END

SU8ROUTINE HEPSON (X,OEtX!OX,OXHIN,ToLKM,N,FO)
INTEGRATES FFOH X TO (X+OElXJ
ox IS ESTIMATE FOR INTEGRATICN STEP NECESSAFY
OXMIN IS ~IN!MUH STEP lENGTH TO BE PERMITTED
TCLKH IS REQUIRED ACCUR~CY
N IS NUt-<8ER OF OEPEt/OENT VARIABLES
ceNTROl TRANSFERRED TO FIRST LABEL IF INTEGRATION FAlLS,X AND YCI)
THEN CONTAIN NEW VALUES
ceNTROl TRAtiSFERREO TO SEcm~o LA8EL IF INTEGRATIOf\ FAILS, X AND
YCI) THEN CONTAIN MOST RECENT COR~ECT VALUES

~~M~a~~E~A2~I7KA~~K~i~I:~~~3~~~~~~f,R~~~,~i~£1~,E(3,E34,£5
CCHHon /PARA 3/EAs
co'mON/CEP/Y
CC'1MCN/GRAD/OY
COMHCN/CONST/NN,R,NEXtNF!NC
CCHHCN/~ERI TLW1PPTT,ijR~OP
CCHHONI OERI FFGAS
CCl<lMGU/ERROR/ERR
CCHMON/REFAR/T8ASE,RT
OIHENSIC~ V(10),YOlOC10),FKCS,10) ,OY(10)
OIHENSICN PQC12}
REAL KAI,KR12I,KR34I,NN,KR5I,KR23I,N2

FGAS:FFGAS
PT::PFTT
KAI=PO(l)
KP12I=poca
KC<23I=PO(3)
KR34I=PO(4)
KR5I=PO(5)
EA::PO(o)
E12-=FD (7)
E2l::POCI})
E34=PO(9)
E5=PO(10)
EAS=FO(11)
ISW=Q
X~A)(::H
TOLA=5.-TClKH
FIN1S=OELX/OX+D.5
1'OL8=TOLA/32.
lIiTS=FIt'lTS
IF(INTS.LT.l)INTS=1



101

'-,

160

6
C

4
C

5

C

C
20

DX=OELX/lhTS
F?-:Uli=OX/3",
GO TO 4

C E~RCR C~ECK
1 IF(ERR.GT.TOlA) GO TO 20

IF(€RP.LT.TOl8) GO TO 21
C INTEGRATICN SATISFACTORY, CALCULATE NEW POI~TS .C • ._._.--~-~ __ ._~ __ 4~.~ __ • ~_. __••••_-_. • __ .~_._••• __ ••••_

C ·~¥¥¥THE NEXT 17 CARDS ARE tier pART OF THE STANDARD HERSON ••• ~ •••
C 'f.lio4Jt. THEY CALCULATE THE VOLlIt~E Ct-IMIGE QUE TO R£ACTION "'.,:Jf..,.l' ~

3 00 2 != 1 N .
2 Y(I)=VOL~(!)+O.S ... FK{11I)+2.0 ... FK(4,I)+0.5 ... FKC5,I)

IFCY(i) .LE. 0.0 ) Y( ):0.0
IF(YC2) .LE. 0.0 ) Y(,)=O.O

C OXYGEN BALANCE-- OXYGEN TO CC2 ANC H20
Y(6)=YOLO(6}-(Y(2)~YCLO(2»-{YC3)-YOLC(3)}"'2. -(Y(4)-YOLD(4»43.0­

lCYCS)-VOlC(5»+10.5/8.0
Y(:3> =YO L 0 ( 8 ) +(y ( 2) "YO L C( 2) ) ,~ (Y (3) - YO L0 ( 3) ) ... 2. 0 +(Y(4) -YO L D( 4) ) + 3 •
1+{Y(5)-YOLD(~»·5./8.

C CORRECT CCNCENTRATIONS FOR I~CREASEn ~LOW AND DECREASED PRESSURE
PT~~=PT -GRAOp.OX
YOLO (7) =Y (1)
VCLFLUS=O. ,
00 200 KK=1 t 8

200 VOLPLUS=VOlPLUS +FG4S llL (Y(KK) "YOLO (KK»
VMOLE=22.400¥760.~Tlt273.2·PTN)
VOLFLUS=VOLFLUS·V~OLE
FGASN=(FGAS~PT/FTN)+VCLPLUS
RATIC=FGAS/FGASNC __ ._~ __ •• ~_~.__ •• __ ~. __ •• __ •• • __ • __ .w .------ ••------~

00 ,10 KK=1,6
210 Y(KK)=Y(KK)¥RATIO

FGAS=FGASN
PT=PiN
IF(ISW.LT.l) GO TO 101
RETURN
IFtXt-lAX.GT.X+OX} GO TO 160
OX = XHAX-X
ISH=1
CONTINUE
IF(INTS.EC.1) PETU~~
INTS=HITS-l
PR~SERVE CURRENT VALUES
XCL C=X '
IN THE NORMAL RUNGE KUTlA HERson THE 8 WOULO BE REPLACED BY N
~gL3 cf>;y1!)
IF(Y(l) .LE. 0.0 ) YOLO(1)=O.O
IF{Y(2) .LE. 0.0) YOLO(2)={).O

SKIP STEF AOJUST~ENT IF OX IS ~AST STEP
IF (I~W.EQ.1) GO TO 510
IHAlF=O
GO TO 9
ER~OR E~CESSIVE, HALVE STEP
O)(=O.?"'DX
IF(OX.LT.OXHIN) ,GO TO 19
Ir-;TS=INTS iINiS
IH<\lF=1
GC TO 8

C STEP LENGTH TOO SMALL, INTEGRATI0~ FAILS



c
c
c

c
c

c

c
C

c

c

c

C

c

c

19 X=~(OlO
00 23 r=t~8

23 yq>:VQU]O}
REtURN
ERQOR S~Allt STEP LENGTH HAY BE r~CREASEO IF FQSSIBLE
C~ECK IF' STEP PREVIOUSLY HALVED (PREVENTS CYCLING)

21 IFCIHALF,EO.1) GO TO 3
CHECK IF INTS EVEN
IOUBLE=INTS/2
IF({IDUBLE·2),EQ.INTS) GO TO 22
NCT pOSSrELE, INTS 000
GO TO 3
DOUBLE STEP LENGTH

22 I"T~=IOU8LE
DX=2.~OX
GO EACK TO LAST POINT, ANC INTEGRATE WITH NEW OX

8 F~UlT=OX/~,

7 ~~!r=90CCiI>
X=XCLO

510 COIiT HWE
HA!~ INTEGRATION P~OCESS STA~TS HERE ~~~+
ADVANCE X BY OX

9 CALL OEPIVSfX,N)
00 18 IS=1,~
GO TO (31,30,32,33,30),I5

31 X=X+FHULT
GO TO 30

32 X=X+-O,5·FtJULT
GO TO 30

33 X=XClO+CX
UPDATE YOl

30 00 10 !-= 1, N
FKCIS,I)=FHULT~CYCI)
GC TO (11,12,13,14,10) ,IS
pREDICTOR AT (X+DX/3.'

11 V(I)=YOLO<!)+FKC1 !l
IF(Y(1) .LE. 0.0 i Y(1)=O.O
GC TO 10
COR"ECTOR FQO CX+OX/3.)

12 r(I)=YOLOCI)+O.5~CFK(11I)+FK(2,I»
IFCY(2) ,LE. 0,0 ) Y('J=O.O
GC TC 10
ADVANCE TC (X+OX/2,'

13 ~(I)=YOLO(r)+O.37S·FK(1,I)+1.125·FK(3,I)
GO TO 10
ACVANCE TO (X+OX)

14 Y(r)=YOLO{I)+1.?~FK(1,!)-415·FK(3,I)+6.0-FK(4,!)
10 CCIHINUE

JF(IS.EQ.5) GO TO 16
EV4LUATE CFPIVATIVES
CALL OERIVS(X,N)
GO TO H3
eN LAST INTEGRATION, EVALUATE ERRCR

16 ER~::Q,O
CO 17 1=1,N .
EI:A8S(~K(1,I)-4,5·FK(3,I)+4.0·FK(4,I)-O.S·FK(5,I»
IF(EFlR.LT.En Er;~=EI

17 CCNTINUE
18 CC~I TnWE



GO TO 1
ENO

0.3791£+02
0.1917E+03
O.1822E+02
0.6639E+03
0.1816E+02

12351.

0.23S3E+04
0.8628E+04
0.6688£+03
O.31aeE+05
O.663gE+03

O.5080F.:+02
0.1926E+0.3
0.1834E+02
0.5688E+03
0.1822£+ 02

t.
t
t

150
a

-13.713Q 34307.828
O.220~E+010.1894E+020.3519E+030.e320E.030.2946E+Ol
-3084S. -27307. -25018. -29392. -24426.
1 a0a.
9.~242 20.00 760.00

a.5559E+05 -U.117~E+04
-0.1174E+04 0.2697£+04

a.SQaOE+02 O.1926E+OJ
O.2383E+O~ O.862~E+D4
0.3791E+02 O.1911E+03

6400 END OF PECO~O
6~QO END OF RECORD
6~ao ~NC OF RECORD

coTor ESO

I-'
VI
N



PROGRAIvl NO.3:

This program was used to estimate the (prior) variance-covariance

matrix of the parameter estimates (!:D.

153



cc
c
c
c
c
c
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

cc
c

50

PROGRAM TSTCINPUT t OUTPUT,PUNCH,TAPE5=INPUT,TAPE6=OUTPUT,TAPE7=PUN
i CP)
.·~·~~•• ··VAR-COVAR MAT~IX ~C~ PARAMEiER ESTTMATES~····+.····+·~··
¥¥···¥··~·~ETHOO ASSUMES MOGEL IS ADEQUATE +~~.~ ••••••••••••••• +••

··~······TI02 SUPPORTEC CATALYST -REACTION HOCEL·········~···~··C
._.~---_ ..-_.-.----....~_.~._-----.- ..---

NP. NUH8ER OF PARAMETERS
NEXP- NU~8EP OF EXPERI~ENTS
NR -NO OF INDEPENOE'H RESPONSES.
TeASE -BASE TEMPERATURE USED FOR REPARAMETERIZATICN BY
HUNTE~ IATKINSm~ H::T~OC.
FGAS -TCT~L GAS FlO~ IN CC/MIN.
OEL~ -PRESSURE DROP IN REACTOR IN MM HG
SIGMA -ELEMENTS OF THE VARIANCE-COV~RIANCE MATRIX.
CCX! C02! C~!2 -CONCENTRATION OF COI.JPONENfS IN GM MOLE /LITER.
DELp-PREsSURE DROP ACROSS RE:ACTOR IN Mn HG
PT -TOTAL ABSOLUTE PRESSURE IN REACTOR IN HM HG.

I~PLICIT OOUPlE PRECISIONCA-H,O-Z)
OOUELE NN '
CCUeLE KAT KR12I,KQ231 KR31~I,KR5I
CCHMONI PARI1/KAI,K~12I:K~231,KR34I,KQSI,EA,E12,E23,E34,E5
ceMMON IPAPA 3/EAS
COH~CN/CAT/T!DELP~W,PT,FGAS,GRADP
CCt~ MeN I FACT 0RI FA CT
ceHMON ICC~ST/NN,R,NEX,HF,NC
OIMENSION 8XTVX(11111) ~THE(12,12)lAR~AY(25 25)
OIHENSICN SIGMA(515),.T~ES(5,1),VV(Ij,5>,RES{$),RRES(1,S)
OIMENSICN GVHeSJ, HVMCS)
OIt..lENSICN G1VM(12) ,111VM(12)
CIt..lENSICN G2VM(12} ,\.f2VM(12)
DIMENSION XVCS),YVCS)

REAO(S11202) KAI,KR12I,KR23I,KR34I,KR5I,EA,E12,E23,E34,ES,EAS
WPITE(b,51l '
WRITEe6,S2) KAI,EA,KR12I,~12,KR23I,E23,KR34!,E34,KR5I,E5
WRITE<o,$1)EAS
Nq:5
NP=11
NEXP=9
KP.=l
L=1
CO 50 I-::1,NP.
00 SO J=l,NR
SI G~f J\ <I 1. J} =0.00
CO·H INUt
WRITE(6 62)
00 60 I:1,NEXP
DC 71 J=1,NR
RE~O(5,61) xveJ),YV(J}
RESeJ)=xV{J)-yveJ)



RRES(L,Jl=PES(J)
iRES(J L)=RPESCL J)
WPITE(6J.c3) XV(Jr,YV(J~,RES(J}

71 CCNTINUE::
GALL OGHPRO(TRES,~~ESIVV,NR,KR,NRl
FACT=5.COO/(9.OOO~5.0UO-11.000)
CO 80 II=1,NR .
a0 8 0 J J-= 1 , ~,1 R
SrGHA(II,JJ):SIGHA(II,JJ)+VV(rI,JJ1~FACT

8 0 C0~lT I NUE
60 CONTINUE

PRINT~,tV~R-COVAR NATR!X CF CBSERV.~
Wf'ITE(6 177> «SIGr~A{I,J), J=1,S) ,1=1,5)

~ TAKE THt INVERSE OF SIGMA
NSIG=5
CALL OMINV(SIGMA,NSIG,OISIG, GVM, HVM)
WRITE(6,11t')
WPITE(6,77) «SIGMA(I,J),J=1,S),I=1,S)
co 103 IU=1, 12
00 103 JU=1,12
UTHECIUtJU)=O.

103 CONTINUE
00 97 MH=1,~~F.XP
REAOC5,98) KPUN!NN
REAO(!5t1202) (ARi~AY(I!J),I=1,24)
WRITE(b,1,02) (ARRAYcr,JJ ,I=1,24)
CCX=ARRAY(1 J)
C02=ARRAY(5~J)
GN2=,ARI:(AY C7,Jl

6Ee~~~~Hi~~~,J)
\{=A1:RAY( 21 t J )
PT= ARRAY ( 22, ,J)
FG~S=ARFJ\'f(23,J)
GRAOP=A~RAY{24,J)
C~LL MATRIZ(COX,C02,CN2,EXTV~,SIG~A}
00 101 IU:l,~.jP

8~HEl~o,Jcl~~ot~~(IU,JU)+8XTVX(IU,JU)
101 CCNTINUE
9" CONTINUE

PRI~T·I tINVERSE VA~-COVAR ESTIMATES FOR PARA~ETER ESTIMATESt
tl1SIG.:: 2
CALL O~INV(UTHEtN1SIG,OlSIG,G1VH,H1VH)
N2<:lIG=12
gItE(~~f~a\~¥~~:2~~£G,C2SIG G2VM H2VH)
WPITEC6 1202) (UT~E(KP,JPJ ,JP=I,12) ,KP=1,12)
~P:::ITE(7;1202) «UTHE(KP,JP) ,JP=l,lZ) ,KP=1,12)

1202 FC~~AT(~C20.12}
77 FO~HftT(501S.511)

~l ~g~~~+ ~ ~ ~}/;,~51I~;~ ~~kau~~ ~~H~X6~o~s:g~l ~ ~~ i~iT Iml ENERGIES.'/)
~2 FO~HAT(· ADSORPTION +f5X,. KAI= ~,011.4,7Xl· EA= ·,F14.411

1+ OXYLENE-OTA ·6X,·~R12 = ~,011.417X,+E12= ·,f1~.411
2~ OTA-PI +6X,+KRc3I= ·,Dl1.4,7X1 -E23= ·,F1~.411

~; b~~A~~~S-C02 .~~;:·~§§~;=.:o~I~44:7~;l~~;4~,~14:~i;)11
333 FC~~AT(5X1.gD12.4)

61 FCq~AT(2C20.12)



62
63
66

118

913
99
gel

991
1201

MATRIX OF THE OBSERVAT

C
C
C
C
G

C

c
c

SU3ROUTIHE MATRIZ <CCX2C02,CN2,8XTVX,SIGHA)
I~PlICrT OOU13lE PREGISrCN (A-H O-Z)
DOUBLE PRECISION KAI,~R12!,KR2!I,KR34I,KR5I,NN
caUBLE PRECISION N2
CC~MCN/ FAPA1/KAltKR12I,KR23I,KR34I,KR5I,EA,E12,E23,E34,E5
CCMHCN IFAR~ 3/EAS
CC~HON/CCNSTINNtRINEXjNFtNC
CCMHON/REFAR/TBASE,RT
CCl..f KO~1I CA TIT! DEL Pt H'-i W, Pl ,FGA S, GRA CP
COM~CN/FACTOR/FAC
CO 1H-l eN IDE FlY Y
OIMENsrCN ARRAY{25 50} YO(lO),PO(15) Y(10) YV(10)
OPH~t1SICN XTVX(11, dJ ,XiSIG{11,5) ,8XTVX{11,!U ,SIGHA(S,S)
OI~ENSICN XTC11,S"XHl5,11)
CIMENSICN DELTA(11,11)
OI~ENSICN DOYYCS,11)

NEXP-::9
NF<=r;
}-j=IiHW
Y(1)=cox
Y(2)=O.DO
V(3)=O.DO
Y(~)=Q.DO
YL»=O.DQ
Y(o)=C02
Y(7)=CN2
V(!3)=O.OQ
Y(9)=O.OO
Y(10)=O.CO
TeASE=37fJ.O
TeASE=T8ASE~273.2
R=-1.CJ872
TSTAR={T8ASf-T)/(T8ASE~T)
RT=TSTAR/R
SET UP TCLEPANCES,STEF LENGT~,80UNOARY CONDITIONS
FOR INTERGRATION.
x=o.ca
ox:: a. 005CO
TOLKH=1.0Q-CB
OX~IIt-.=O.0001DO



cc
c
c

c
c
e

1e2

172

1~

~"::: :;
eeL X:V-l
PD(1)=KAI
poe n-=KR12Y
FO(3)=J<R231
PO(4)=J<r.:34!
PO(:J)=KI='SI
POCE)=EA
PO(7):E12
POCO)=E23
PO(9)=E3k
FOel0)=E5
P0C11)=EAS
00 182 !:1,10
YY(I)=Y(I)
CALL HERSCN(X,OElX,OX,CXMIN,10LKH,N,PO)
YO(1)=YY(1)
YO(2)=YYC2)
YO(3)=YY(3)
YO(l~)=YYCI~)
YO(S)==Vy(S)

SET UP THE (DIFFERENTIAL X-MATRIX
OELTAP=1.0 E-01
00 1~ J:1,NP
PS=POCJ)
poeJ)=POCJ)+DELTAP·oOeJ)
CC 172 1=1,10
YY(!):Y(!)
ox==O.005x=o.
CALL MERSCHCX10ELX,DX,OX~!N,TOLKM,N,PO)
00 18 K=l,NRpoeJ)=ps .

E~l~~~~~~~~l~~}~r£~~~K»/(DELTAP~FS}
CONTINUE

oC 9 1 J: 1 , ~1 R

~¥(~;5)==~Ett~~J,K)
XMCJtK):DELTAeJ,K)

16 eCNTINUE
91 cc~HINUE

C ~~~~~;~ ~~~tXTVX_ MATRIX FOR ONE EXPERIMENTS.
C GMPRO -GENERnL t!ATRIX PReDuel ROUTINE'" SSF LI8RARY

F~If'iV=1.0/FACT
CALL OG~P~O(XT!SIGHA,XTSIGJNP,NR,~R)
CALL OGHFROeXTsIG,XM,)(TVX,NP,HR,NF)
co 151 IA:1,NP
CO 151 JA=1,t-JP
RXTVX(!A,JA)=XTVX(IA,JA'~FAINV

151 CCNTHIUE
710 FCRPAT(2X,11010.4)
111 FORMATC5X, .Y·,5013.4)



712
714

c
c
c
c
c
c
c
~
c
C

c
c

c

G
C
C

SU~~OUTINE HERSON CXIOELX,OX,DXHI~,TOLKH,NtPa)
IMPLICIT DOUBLE PREC SICN CA-H O-ZJ
OOU8LE PRECISION KAI)KRI2I,KR2~I,KR34ItKR51 ,NN
INTEGRATES FROM X TO CX+CElX)
OX IS ESTIMATE FOR INTEGRATICN STEP NECESSAFY
OX~IN IS ~INTMUM STEP LENGTH TO BE PERMITTED
TOLKH IS qEQUIREO ACCURACY
H IS ~IUH8ER OF OEPElWENT VARIA8L ES
CONTROL TRANSFERRED TO FIRST lASEL IF INTEG~ATION FALLS,X AND V{I)
THEN CONTAIN NEW V4LUES
CONTROL TRANSFERRED TO SEcmlO LA8EL IF INTEGRAiIOt'. FAILS', X AND
Y(1) THEN emlTAIN MOST RECErn CORRECT VALLES
IN EITHER CASE~ OX CONTAINS CUR~E~T STEP lENGTH
COMMeNI PARA1/KAI!KR12I,KR23I,KR34I,K~SI,EA,E12tE23,E34,E5
COHMON IPARA 3/EAs
GO'" MC~II CEPlY
CCl1HCN/GRAO/OY
COM~CN/CONST/NN,R,NEX,NF,NC
COMMCN/OAT/T,OELP,H,PPTT,FFG~S,GRAOP
CC~iHCN/ERROR/ERR
COMMON/FEFAP/TBASE,qT .
CIHENSION V(iO) 7YOLO{10) ,FKCS,10) ,OY(10)
DIMENSION PO(12J

FGAS=FFGAS
PT=PPTT
KAI=PO C1)
KRln=PO(2)
KR23I=PO(3)
KR34I=PO(4)
KR5I=POCS)
EA=PO(5)
E12=PO(1)
E21=POCB)
E3{~=POCg)
E5::PO(10)
E"S=PO(l1>
ISH=O
XHJ\X=W
TCLA=5 .... TOlKt-I
FIN1S=OELX/OX+O.5
TOL8=TOLA/32.
INTS=FINTS
IFCINTS,LT.1)INTS=1
OX=OElX/It\TS
FtJULT=OX/3.
GO TO 4
ERROR CHECK

1 IF(ERR.GT.TOLAl GO TO 20
IF(EFR.LT.TOLB) GO TO 21
INTEGQATICN SATISFACTORY, CALCUlA1E NEW POINTS
_.-._~_._----~--_._----~--~----_ ..---..._--~..._.-.._--.--.--------~-.

~·~+~THE NEXT 17 CAqOS ARE NCT PART OF THE STANDA~D HERSO~ ~ •• ~~ ••

.....
V1
00



101

160

6
C

4
C

5

C

C
20

210

c

C

c

c

c

c
c
c

~.~.~ THEY CALCULATE I~£ VOLUME CHANGE DU€ TO REACTIO~ ••• ~~.~~+..~~....
3 CO 2 1=111':
2 V(I)=YOLU(Y)+O.5.FK(i?r)+2~Q.FK(4,I)+O.5~FK(5pr)

IF(Y(l) .L=. 0.0 ) V(l)=O,O
IF(Y(2) oL~. 0.0 ) Y(2)=O.O
CXYGEN BALANCE-- OXYGEN TO CC2 ANC H20
Y(6)=YOlD<6)-CY(2)-YOLO(2»-(Y(3)-YOLC(3»)·2. ~{Y(4)-YOLDC4».3.0-

1(Y(S)-YCLOCS»·10.S/8.0
Y(1)=YOlO(8)+(Y(~)-YOLO(2»+(V{3)-YOLC{3»·'.O+(Y(4)-YOLD(4»·3.

!+(YCSl-YOlOCS»+5./S,
CORRECT COllCENTPAT!CNS FCi< r~CREASED· FLOW AND OECREASED PRESSURE
PTN=PT ·G~AOp·DX
YGLO (7') =Y (7)
VOLPLUS=O.
00 200 KK=1 1 e

200 VCLPLUS=VOlPLUS +FGAS~(Y(KK)-YOLO(K~»
V~OLE=22.40D~760,~T/(273.2~PTN)
VCLFLUS=VClPLUS·VMOLE
FGASN~(FGAS·PT/PTN)+VOLPLUS
RATIC=FGAS/FGASN .

~9K~~~y~~Kf.~ATIO
FGAS=FGASt-i
PT=FTN
IFCISH.LT.1) GO TO 101
RETURN
IF(XHAX.GT.X+OX) GO TO 160
OX = XHAX-X
rSW=1
CCtiTINUE
IF(INTS.EG.1) RETU~/l
INTS=INTS-1
PRESERVE CURPENT VALUES
XOLC=X
IN THE NORMAL RUNGE KUTTA HERSON THE 8 WOULD 8E REPLACED BY N
CO 5 1=1,8
YOLO (I) =y (!)
IF(V(1) oLf. O.U ) YOLO(1)=O.O
IF(Y(2) .Le. 0.0) YOLl:(2}=O.O

SKlo STEP AOJUST~ENT IF ex IS LAST STEP
IF (ISH.EO.i) GO TO 510
II-IAlF=O
GC TO 9
ERRCR EXCESSIVE, HALVE STEP
OX=O.S""OX
IF(OX.LT.CXMIN) GO TO 19
It'ITS-=INTS -tINTS
IHALF=l
GO TO 8
STEF LENGTH TOO SMALL, INTEGRATIO~ FAILS

19 X=XCLO
DC 23 1=1,8

23 Y(!>=YOLC(I)
RETURti
ER~(R SMALL, STEP L~NGTH MAY 8E I~CREASED IF FCSSlSlE
CHECK IF STEP PPEVICUSLY HALVED (PREvENTS CYCLING)

21 If(IHAlF.EQ.1) GO T1 3
CHECK IF INTS EVEN
IOU8LE=INTS/2



C

C

C

c
c

c

c

c

c

c

c

c

!F(CYDUeLE~2).EO~INTS' GO TO 22
Ncr POSSIBLE, INTS ODD
GO TO 3
DOUBLE STEP LENGTH

22 INTS=IOU8LE
°GXO'= ~! ""CKOXTO LAST~A POINT, AND INTEGRATE WITH NEW OX

8 FIJULT=OX/3.

7 ~~!r=~oCO~!>
X=XCLO

S10 CONTINUE
~AIN INTEGRATION PROCESS STA~TS HERE ~~~~
AcV MICJ;: X BY OX

9 CALL OERIVSeX,N}
00 18 IS=1 S
GO TO (31,30,32,33,.30) ,IS

31 X:X ... FHULT
GO TO 30

32 X=X+O.5.l1-FfJULT
GO TO 30

:33 X=XOLO+CX
UFDI\TE YCT>

30 00 10 I-=l,N
FKCIS,I'=FMULT¥CY(!)
GC TO (11,12,13,14,10),15
PF~OICTOR AT (X+OX/3.)

11 Y(!'=YOLO{I)+FK(l,I'
IFCY(1) .LE. 0.0 1 YC1'=O.O
GO TO 10
CORRECTOR FOR (X+OX/3.,

12 YCI,-=YOLOCI'+O.S·CFK{1,!'+FK(2,I»
IFCYC2' .LE. 0.0 ) Y(2J=O.O
GO TO 10
ADVANCE TO (X+OX/Z.)

13 Y(1)=YOLO(I)+O.31S~FK(1,I)+1.125.FK{3,I'

ggvI~c€OTO (X+OX) .
14 Y(I)=YOLOCI)+1.5·FK(1,I)-~.5~FK(3,I}+6.0·FK(4,I)
1 0 CC~lT INUE

IF(IS.EG.S) GO TO 1&
EVALUATE OEPIVATIVES
CALL OERIVS{X,N)
GO TO 18
ON LAST INTEGRATION, EV~LUATf ERROR

16 ERR=O.O
DC 17 I-=1~N .
EI=DAeS(F~(1,I}-4.5·FK(~,I)+4.0~FK(4,I)-O.S~FK(5,I»
IF(ERR.LT.EI) EFR=EI

17 CCNlINCE
18 ceNT HlUE

GO TO 1
END

SU8ROUTINE DERIVS(XtN)
I~PLICIT DOUBLE PREGISICN (A-HtO-Zl
OOU8LE PRECI~ION KAI,KR12!lKR2JI!KR3~I,KR51 ,~N
ocueLE PQECISION KA,KG12,~~23tKR~,KR3~
COMl-1mllGR ~O/OY



c
c
c
C

10

G
C
C
C
C
C
C
C
C
G
C
C
C

GO 1'1 MeNI PAR A1/KA 1: ~ K:~ 121, KR23 i ,KR3 4I, I<~SI, EA, E12, E23, E34, E5
CC~HON IPARA 3/EASCCM,MON/O£P/V
gg~~gN~gg~~+}2~;k~~~~;~~~~8,GRAOP
CCMHON/REPAR/TBASE,qr
OI~ENsrCN Y(10)tOY(10)
~···THIS SUBPOU INE CALCALATES THE RATES OF ALL REACTIONS AT EACH STEP OW

CALCULATE ~ArE CQt,lSTANTS FRCH PRE-EXPONENTIAL FACTORS AND
ACTIVATION ENERGIES
KA=KAI·rEXPCEA·Pi)
KP12=KR12I·OEXP(E12~RT)
KF23=KR23I·DEXP(E23·RT)
KR5=KR5I-CEXP(ES¥RT)
KR34=KR34I·DEXPCE34+RT)
ASF=DEXP (EAS,,"o,T)
V::l./(FGAS~3EOO.)
QEN= (K A'" Y (6) ... (KP 12+:lN'" KR 5) .y. Y (1) + (KR 23 +(N N- j) ¥ KR 5) '" Y ( 2) +KR3 4. Y (3) )
CY (1):: (-V¥-KA"Y (6)'" (KRt '~KP5)·Y (1) ,·nSF/DEN
OY(2)=(V+KA.y.Y(6)·(Kq12·Y(1)-(KR5+~R23)·Y(2»)·ASF/OEN
OY(!)=(V¥KAJf.Y(6)+CKQ23·'CZ)-KR34+YC$»)+ASF/OEN
OY(~)::(V~KAJf.Y(6)·KR~4~Y(3»~ASF/DEN
OY(5)=(8.0Jf.V~KA~V(6)·KR5·(Y(1)+Y(2»)~ASF/DEN
RETURN
END
SUBROUTINE QGMPROCA 8 ~ N H L)
I~PLICIT DOUBLE PRECfsfo?J tA-H,O-Z)
OIMENSICN A(1),BC1),R{1)
IR=O
IK= .. H
00 10 K=1,L
IK=IK+M
CO 10 J=1,N
IR=IR+1
JI-= J-N
18=IK
RC!R)=O
00 10 r=l,M
JI=JI+N
rG=r8+1
RCIR)=RCIR)+ACJI)·SCIB)
RETURN
EN f)
SUBROUTINE OHH1V(A!N,O,L,M)
OCUI3LE PRECISION A,u,8IGA,HOLO
OIHENSICN A(1) ,L (1J, H(1)

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
IF A OCU~LE PPECISION VERSION CF THIS ROUTINE IS DESIRED, THE
THE C ~UST ALSO BE REMOVEC FRO~ DOUBLE P~ECISICN STATEMENTS
APPEARING IN OTHER RCUTItIES USED IN CONJUNCTIOtl WITH THIS
ROUTH-lE.

............•................. ~ .
SEARCH FOR LARGEST ELEMENT



c

'10

c
C
C

c
C
G

C
G
C
C

G
C
C

D=i .. O
NK=-N
DC 8G K=1,N
NK=nKtN
L('<)=K
l"'(K}=K
KK:NK+I<
8IGA=ACK!O
~~=~2 d:~rN
00 20 I=K,N
IJ=IZ+I
IFCOA8S(8IGA)-OABS(A<IJ})} 15,20,20

15 8IG.A=A(IJ)
LCI()=I
MC!<)=J

20 CCN1INUE
INTERC~At~GE PQWS

J=LCK)
IF(J .. K) 35,35,25

25 KI=K-N
00 30 I=l,N
KI-=KI+N
HOLD=-A CK!)
JI=J<I-KofJ
A(KI)=ACJIl

30 AeJI} =HOLO

INTERCHANGE COLU~NS,

35 I=H (10
IF(I-K) 45,45,38

38 JP=W" CI-U
CC 4 a J= 1,N
JK=NK+J
J!-=JP+J
HCLO-=-A{JK)
AeJK)=A(JI)

40 AeJI) =HOLO
OIVICE COLUMN BY MINUS PIVOT (VALUE OF PIveT ELEMENT IS
CONTAINED IN SIGA)

45 IF<arGA) 48,46,48
46 0-=0.0

RETURN
48 00 55 I=1tN

IF(I-K} 5u,55,50
50 11<=rO<+1

ACIK)=A(IK)/C-SIGA}
55 CCNTINUE

REDUCE ~ATRIX

00 65 !=1,N
IK-=NK+I
IJ=I-N



.1849000000000+02
-.2169900000000+05
-,2296000000000+05

,214E5lt8680450-03
.11g20E6q39320-0~
.S074g1979~EuDoo05
.5510113049970-04

cc
c

c
c
c
c
c
c

c
cc

00 55 J=1,N
!J=IJ+N
I F <I .. K) 6 0, 65 , 6 C

EO IF(J-K) 62,65,62
E2 KJ:::IJ .. I·... ~

A(IJ)=A(IK)-ACKJ)+A(IJ)
6S CCNTINUE

DIVIOE ROW BY PIVOT
kJ=KooN
DC 75 J=1,N
KJ=KJ+N

7Q !~~j;~1(k3!;§fl~
75 CON lINUE

PROOLCT OF PIVOTS
C=Oo¥o8IGA

REPLACE PIVOT BY RECIPROCAL
J}.CKK)=i.O/BIGA

~o CmnINUE

FINAL ROW AND COLUMN INTERCHANGE
K=H

100 K=(KooU
IF(K) 150,150,105

1051='-(10
IFCI-K) 120,120,108

108 JO=N-CK-1)
JR=Il'" cr-!)
00 110 J=1,N
JK=JG+J
HOLIJ=ACJK)
JI=JR+J
A UK) =-A CJ!)

110 AUI) =HCLO
120 J=/<1(K)

IFtJ-K) 100,100,125
125 KI=K-N

OC 130 I=1,t:
KI=KI+N
HOLO=ACK!)
JI=KI-K+J
AP~I)=-A(J!)

130 /!. (JI) =HOLO
GO TO 100

150 RETURN
E N a

.2232000000000+01

.26~8aOQOOOOOO+01
-.2~01200000000+05

.2043000000000-03

.115~aCOOQOOOOoo04

.4~92QOQOOOOOO-05

.6658000000000-04

.3495000nOOOOO+03
-.2552700000000+05
.18012~7S90000+05

.8389000000000·03
-.23~0800000000+05



.8877GaODOOOCO-04 ~93~t713526350-04

:~~~g~~~~~~~~g:8J :!~~~~~f~~~~fg:~~
.4i01000UOOOGO-05 .~124g84924€30-05
.49S0000000000-0~ ~~671548584960-04
.8022000000000-04 .82024S5309730-04
.3103QOOOOOOOO-03 .31~E636939580-03
.2Q19~aOOOOOQO-04 .1813508871160-04
.55320JOOOOOOC-05 .68688gJ460490-05
.,81EOOOOOOOOO-04 .SQ330294230S0-04
.106saaOOOOOOO-03 .10'701668aO~0-03
.2735aaooaOOOO-03 .264S1e3400S90-03
.1352000000000-04 .1538711070530-04
.5466000000000-05 .5848837713780-05
.4608000000000-04 .579E142588610-Q4
.649300000000C-04 .9056735807060-04
.6032aOOOaOOQO-04 .6~27549266J40-04
.5D31uoooooaOD-05 .3'85291360080-05
.5630000000000-05 .1448E58155g70-05
.1019000000000-03 .1063474587510-03
.1652000000000-03 .13737~S922170-03
.1653000000000-03 .1745032526050-03
.8914aOOOOOOOO-05 .986370E572740-05
.3g1EaOOOOOOOC-05 .3686484309770-05
.2716100000000-04 .2312520590gaO-04
.2660000000000-04 .4~51700973130-04
.1305000aOOOOO-03 .1635273418290-0~
.6500000000000-05 .8626091045590-05
.4811000000000-05 .4142953792080-05
.92gS000000000-04 .5399698390020-04
.1094000000000-03 .92211305262 7 0-04
.2269000000000-03 .22a42e~704060-03
.126S00000000a-04 .120e2~g867340-04
.697810000000C-DS .5800889576510-05
.14~700QOOOOOO-03 .13629gE465S00-03
.2459000000000-03 .213519S923210-03
.4171000000000-03 .4275802782030-03
.1493000000000-04 .186~00508ge70-04
.~21000aOOOOOO-05 .75694Ei.51278D-05
.364g~aOOOOOOO-04 .1521741264970-0~
.35770DOOOOOOO-04 .551~52~3599S0-04

30~ .964540000000Q+01
.3489000000000-03 o.

o. .498~OOOOoooaO-02
o. .2043000000000-03

.6sseoooooOOOO-04 .8~770QOOOOOOO-04

.2762000000000-03 .1896000000000-04

.1000JOOOOOOOO+01 .1014000000000+04
30 7 .S483400000000+01

.2~37000000000-03 O.
O. • 131 75000000 000- 0 I:
o. .15J8UOOOOOOOO-03
.4950~OOOOOOOO-04 .6022000000000-0~
.2164000000000-03 .2039000000000-04
.1000000000000+01 .114500000000D+O~

~08 .962~~OOO~OOOO+C1
.51110aoaOOOOO-03 O.o. .7~0100000aOOO-02o. .310~OooooooaO-03
.5816~OOOOOOOO-04 .1065000000000-03

o•
.1996000000000-01
.1155000000000-0~
.3932000000000-02
.6432000000000+03
.5454000000000-02

o.
.2043000000000-01
.9566000000000-05
.6697000000000-02
.6232000000000+03
.6920000000000-02

a•
• 1944000000000-01
.2019000000000-04
.581EOOOOOOOOO-02

o.o•
• 4692000000000-05
.1707000000000-01
.1460000000000+03
.1~600000000QO+03

o.
O•

• 4t01000000000-05
.1702000000000-01
.20~OOOOOOOOOO+03
.20~ooooooaOOO+03

o.
O•

• 55320~OOOuooo-os
.1582000000000-01



'-.

.2723000000000-03 02330000000000-04

.1CGOOQOCOGOOQ+Ot .ii5iOOOOOnooo+o~
J09 ~97S23uOOOOOOD+oi

.391200000000D-03 o.
O. .2208000000000-02
O. .2735GGOaOOCOO-03
.4608ryOOOOOOOO-C~ 06493000000000-04
.203~aJOOQOOOO-03 .1149000000000-0~
.1QOOOOOOOOOOO+01 .8g20000000000~a3

310 .9481300000000+01
.2114000000000-03 O.

o. .6~180000aoaOO-02
o. .6G32UOOOOOOOO-04
.101~OOOOOOOOO-03 .1~52QOOOOOOOO-03
.4254000000000-03 .4201000000000-04
.lQO~OOOQOOOOO+01 .89&0000000000+03

311 .95E7000000COO+01
• 2575000000000-03 a.o. .28840000000QO-02

O. .1ES3000000000-03
.27 160nOOOOOOO-04 .2660000000000-0~
.1149000000000-03 .6206000000000-05
.1000000000000+01 .11560COOOOQOO+O~

~13 .95c~600000000+01
• 2~34000000000-03 O.

O. of 21+19 0a0000000- 02
o. .1105000000800-03
.g29S~nOOGOOOO-04 .1094000000 aO-03
.3634000000000-03 .256000000oaoo-o~
.1000000000000+01 .8S70aOOOOOOOO~03

31~ .9640Z000DonOO+Ol
• u462000000000-03 O.

O. .6812000000UOO-02o. .2269000000000-03
.1447~OOOOOOOO-03 .2459000000000-03
.61~3000000000-03 .5285000000000-0~
.1QOOOOOOOOOOO+01 .8890000000000+03

315 .9618700000000+01
• 5650000000000-03 o.

O. .2B35000000000-02
o. .4171000000000-0~
.3S4~~OOOOOOOO-O~ .3577DOOOOOOOO-O~
.1572000000000-03 .7381000000000-05
.1000~OOQOOOQO+01 .1133aGOOOOuoo+o~

ENOLISTING
i G~OO ENe OF RECORD
t 6400 END OF RECORD
t 6~OO END OF RECORD

66632000000000~03
o7680000000000~02

o.
.1899000000000-01
.13,2000000000-04
.178S00000aOOO-02
.66320UOOOOOOO+OJ
.3218000000000-02

O•
• 1495000000000-01
.5031000000000-05
.5230000000000-02
.6632000000000+03
.3213000000000-02

O•
• 2482000000000-01
.8914000000000-05
.2123000000000-02
.6632000000000+03
.7445000000000-02

o•
.201EoaOOOOOOO-01
.6500000000000-05
.164EOOOOOOOOO-02
.6232000000000+03
.3040000000000-02

O•
• 1563000000000-01
.1265000000000-04
.519EOOOOOOOOO-02
.6232000000000+03
.3026000000000-02

O•
• 2518000000000-01
.1493000000000-04
.2090000000000-02
.6232000000000+03
.7173000000000-02

COTOT 108

.2250000000000+03

.22500UOOOOOOO+03

a.
o.

.5466000000000-05
.• 1725000UOUOOO-01
.8000000000000+02
.8000000000000+02

o.
O•

• 5630000000000-05
.1375000000000-01
.8000000000000+02
.8000000000000+02

o•
O•

• 3916000000000-05
.2020000000000-01
.219000000000D+03
.219000000000D+03

O.
o•

• 4811000000000-35
.1863000000000-01
.72000000oaouO+02
.7200000000000+02

o•o.
.5978000000000-05
.1459000000000-01
.720000uooaOOO+02
.7200000000000+02

o•o•
• 5210000000000-05
.2184000000000-01
.1780000000000+03
.118UOOOOOOOOO+03
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PROGAAM NO.4:

This program was used to estimate the inverse of the upper triangular

matrix from the steady state replicate data obtained in the current

study. The upper triangular matrix was fonned by factoring the variance­

covariance matrix on the observations into two triangular pairs.



J. - _

33

500

2002
2003

200~

PAIRS

50

c
C
C
C
C

ATTACH,IMSLI8.
ATTACH,SSPLI8.
FTNCROUNO=+/+ -t OPT=2,T, R=3)
LDSETCLIB=IHSLIE)
LOSETCLI8=SSPLIB)
LGO.

PROGRAM TST (INPUT,OUTPUT,PUNCH,TAPE5=INPUT,TAPE6=OUTPUT,TAPE7=PUN
1CH)

THIS PROGRAM FACTORS A POS1TIVE DEFINITE MATRIX INTO TWO TRIANGULAR
THE FOLLOWING SUBROUTINES ARE USEO FROM MACMASTER UNIVERSITY
COMPUTING CENTER LIBRARY.
HX¥~I~s'~go~~Pt~~N~5~lt~~~CE MATRIX ON THE TRA~SFORMEO RESPONSES.
OIH~NSION CC(3,3),AAC6)iOO(3~3)

8J~~~118~ H1~f:I\!=§::~~'jr~~~12',U~(6)
OIMENSION S(3,3)
DIMENSION AIII3,3), SIGM4C3,3)
N=3
READ (5,60) «ccn ,Jl ,1=1,3) ,J=1,3)
00 33 I:::1,N
00 33 J=l,N
CONTINUE
WR1TEC6,60) «CCCl ,J), 1=1,3) ,J=l, 3)
00 50 1:::1,3

gg(I5i3)=~clf~J)
CONT NUE
CALL VCVTFS(CC,N,N,AA)
~~f~T.~U~i2~l~~o~i~N~~i~ji'~f~hENTS'
WRI TE (b, 66) ( UL n ) , I ~ 1 ,6)
1<=0
00 2001 1=1,N
00 2000 J=l,l
I<=K+ 1

2000 AC1fJ)=UlCI<)
2001 CON 1HUE

NK=N-l
00 ~oa3 I=l,NK
II=!+1
00 ,002 J=I1,N
AUtJ)=O.
COli INUE'
00 2004 I=1,N
~~INf~=li(~~gRI}RIANGULARt
WRITE(~,60) (UUtJ) tJ=11N) ,I=l,N)
PRINT. t tUPPER TRIANuULA~~
00 SOD I=l,N
~~J f~~Ad;JJN
HRIfE(6,6QJ «S(!,J) ,J=1,N) ,I=1,N)
IDIGT=O
CALL LINV2FCS1N,NtAI,IOIGT,WI<K,IER)
PRI~T. tINVER~E uF UFPER TRIANGULARt
WRITE(~,70) «AICI,J),J=l,N),I=l,N)
IOIGT=O
~~~~. kINY?E!~I,N,N,AII,IOIGT,WKK,I£R)



O.15801E-10
- a•804 52E -12a•266 76E - 11

800

60
70

66

WRITEC6,10) CCAIICI,J),J=l,N),I=1,N)
00 800 I=1,N
00 800 J=1,N
S CJ J I) :::eAl I CI, J)
HSA=O
CALL HPRC (AII,S,SlGMA,N,N,HSA,HSA,N)
PRINT·! ;tSIGHA~
WRITE Cbl 70) C(SIGMA CI,J) ,J=1,N) ,I=1,N)
FOR~AT(.3E15.5)
FO~HATCJE12.5)
FORHATC20X,E12.S)
STOP
END

O.17993E-C9 -0.14315E-11
-0.14315E-11 0.27167E-11

0.15807E-10 -0.80452E-12
END LISTING

6~OO END OF RECORD
6~OO END OF RECORD
6400 ENe OF RECORD

eDTOT 80

i-'
0\
00



PROGRAM NO.5:

This program provides information relating to linear dependencies

in the measured multiresponse data.

169



CO 1 J=1,NEX
00 1 I=l,~lR
II=I+9
V(J,I)=APcAYCII,J)
00 2 J=1,NP
YSUIHJ)=O.ODO
00 3 J=l,NR
CC If K==1,tJEX
YSUHeJ)=YSUH(J)+YCK,J)
Y8AR(J)=VSUH(J)/1~.OOO

88 g R~i'~EX '
CTCM,L)=V(M,L)-YBARCL)
O(L1. r.,,=OT(H,U '
CONTINUE
CALL OGHPRD(D,OT,DOT,NR,NEx,NR)
HV=O
CALL OEIGEN(ODT,EVECT,NR,HV)
l-/I=ITE(6,2S0}
HRI TE (6, 29g) CCEVE CT ( 1, J) , 1= 1, NR) ,J= 1 , ~~ R)
WPITE(6,2C?U
Wl<ITE(6,299) (DOTCI,!) ,I=l,tIR)
KV=l
KS:5
FACT=14.0DO-1.000
WP.ITE(6,144)
CO 6 J:1,NF
~~CT~1,1);Et~cTeI,J)

c

C
G
C
C
C

1

2

Fnl.
LGOCPL==2000)

PROGRAM TST(INPUT,CUTPU1,PUNCH,TAFE5=INPUT,TAPE6=OU1PUT,TAPE7=PUNt
1 H) ,

THIS PROGRA~ PROVIOES IhFOR~ATION RELATING TO CEFENOENCIES IN THE
HULTIRESPCNSE ANALYSIS
SEE TEe I- NOH ETPIC S VOL. 15! ~1C• 1, FE BRUARY 19 7 3 • ( PAGE :5 3 )'
HEX IS THE NUMBER OF EXPERIMENTAL RUNS
NR IS THE NUMBER OF MEASURED RESPONSESOF THE HODEL.
r~PLICIT COUBlE: PRECISICN (A-H,O-z)
CCUBLE PRECISION NN
CIMENSICN ARRAY(25,50)~~(14,5)

gi~~~§I~~ 6~Y~~~§J~~~5~i4)
OI~ENSICN OOT(5,~) .
OIHENSICN EVECT(S 5)
OIMENSION VECT(11~),SIG~A(5,5),VSIG(1,S),VECTTe5,1}
DEPT NE OA TA cm~sTA ..n s
NEX=14
Nr,::5
~E<\O CS,SSS) «SIGHA (l,J) ,!=1,S), J=l,S)
Rf. A0 (5 , 101) ~l EX
00 10 J=l,NEX
RE40(S,102) KRUN!NN
REAO(52103) CtlR!'?AY(I,J),I=1,24)
WPITE(o,104)
WQITEC6,10S) KRUN,NN
WRITE(6,lQ3) (ARRAV(I,J),I=1,24)
CCNTINUE
.~~~+~.~ ..... +~ ••~~+ •• ¥+++++~++•••••• +.+.+ •• ++.++ ••+.++4 ••••••••••

4
.~

5

10
C
C

'-"



'_.

7

6
C
144 .
101
102
103
104
10S
2g9
291
290
5S5

cc
r,
c
c
c
c
C
C
C
C
C
G
C
C
C
C
C
C
C
C
r.
C
r.
Cc
C
r.
c
r.
c
c
c
c
c
C
G
C
C

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
sUe~OUi!~E EIGEN
PURPCSE

CO~FUTE EIGENVALUES ANC EIGENVECTORS OF A REAL SYMMETRIC
~Ji.T~IX

USAGE
CALL EIGEN(AtR,Ht~V)

OESCRIFTION OF PAR~~ETERS '
A - ORIGINAL MATRIX (SYMMETRIC), DESTROYED IN COMPUTATION.

PESULTANT EIGENVALUES A~E DeVELOPED IN DIAGONAL OF
HATRIX A IN OESCENDING ORDER.

R • RESULTANT MATRIX OF EIGENVECTORS (STORED COLUHNHISEt
IN SA~E SEQUE~CE AS EIGENVALUES)

N - OPDER OF MATRICES ~ AND R
MV- I~PUT CODEo COMPUTE EIGENVALUES AND EIGENVECTORS

1 COMFijTE EIGENVALUES ONLY CR NEED HOT BE
CIHENSICNEC Bur MUST STILL APPEAR IN CALLING
SEQUENC£)

RE~1APKS
ORIGINAL ~ATRIX A MUST BE REAL SYM~ETRIC (STORAGE MODE:1)
MAT~IX A CANNOT ee IN lHE S~ME LOCATICN AS MATRIX R

SU8~OUTINES AND FUNCTION SUBPROGRAMS REQUIRED
NONE.

METHOO
OIAGONALIZATION METHOD ORIGINATED BY JACOBI AND ADAPTED
8Y VON NEUMANN FOR LARGE COMPUTERS AS FOUND'IN tMATHEHATICA
HETfJCOS FOR CIGIT,1L CO~PUTERS1, £D1TEC 8Y A. RALSTotl AND
H.S. WILF t JOHN WILEY ArlO SCNS, NEW YORK, 1962, CHAFTER 7

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••



c
c
c
c
c
c
C
r.
c
c

Cc
c
C
c
c
c
C
C
C
C
C
C
C

10

15
20

C
C
C

25

30

35
(~ 0

C
C
C

~5
~O
::;5

C
C

OIHENSICN A(1),RCi)

..............• ••••• 109 •••••••••••••••••••••••••••••••••••• 0 •••••,
IF A OOUBLE PRECISION VERSIOH CF THIS ROlTINE IS DESIRED, THE
C IN CCLUMN 1 SHOULD BE REMOVEO FROM THE DOUBLE PRECISION
STATE~ENT WHICH FCLLCWS.

. .
DeUBLE PRECISION AO~,ANCRMtANRMX,lHR,X,Y,SINX,SINX2,COSX,

ioaUBlE PRECISION ~,~~~R~~~!~NRMX,THR,X,Y,SINX,SINx2,caSX,
1 COSX2,SINGS

THE C MUST ALSO 9E REHaVEC FRO~ DOU8LE P~ECIS!CN STATEMENTS
APPEARING IN OTHSR RCUT1NES USED IN CONJLNCTla~ WITH THIS
ROUTINE.
THE OOCBlE PRECISICN VERSION OF THIS .SUBROU1INE MUST ALSO
COtnAIt'! DOUBLE P~ECISICN FORTRAn FUNCTIONS. SORT IN STATEMENT
40, 68, 7~, AND 78 MUST BE CHANGED TO OSQRT. ABS IN STATEMENT
62 MUST BE CHANGED 10 DABS. .

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
GEtlE RA TE IOENT I TV ~ ATRI X

IFCMV-1) jO,25,10
IQ= .. N
00 20 J=l,N
IQ=IQ+N
00 20 I=1,N
IJ=IO+I
RCIJ)=O.O
IF<I-J) 20,15,20
RCIJ)=1.0
CC~HINUE

COMPUTE INITIAL AHD FI~AL NORMS CANORM AND ANORMX)
ANORM=O.O
00 35 1=1,N,
00 35 J=IdN
IF CI-.J) 3 ,35, 30
IA=I+(J4J-J)/2.
ANORM=ANORH+A{IA)·ACIA)
CC~ITINUE

l~~~~~~~t1t~6s~~f'c~~ORH)
ANR~X=ANO~H~1.0E-6/FLOAT(N)

IN IT! ALIZE !t·IO! CA TORS AND caMP to T£ THRESH CL C, THR

INlJ=tJ
It-'R=ANORM
THR=THR/FLOAT(N)
L=1
M=L+l

COMPUTE SIN AND COS

•



125

130
135

115
120

lOS
110

60 !'iC=\i'1~H"'HJI2
lQ=CL~L-L)/2
L/J=L +"111

E2 IFCOA8S(ACLH»-THR> 130,65,65
65 I~I)=1

LL=I +LQ
~!'l=ihHQ
X=O.5+(A(Ll)-ACMM»

68 Y=-AClM)/ OSQRT(A(L~)~A(LH)+X~X)
IF{X) 70,75,75

70 'Y=-V
75 SINX=Y/CSQRT(2. 0" (1.0+ «(SORT Ci. Q-Y"'Y»»

SPl )2=SINX"SINX
78 COSX=OSQRTC1.0-SINX2)

GCSX2=COSX"'COSX
SINGS =SIt\X"COSX

ROTATE L ANO M COLUMNS
ILQ=Nof/oo (L-i)
IMQ=N" (1'1-1)
00 125 I=1,N
10= C!"'I-I> 12
IFC!-L) 80,11S,eO

80 IFCI-M) 8S,115,90
85 It"=I+HQ

GO TO 95
I"=~+I()
IFCI-L) 100,105,105
IL=I+LQ
GO TO 110
IL=L+IQ
X=~(IL)"COSX-A(rM)JfSINX
A(IH)=ACIL)~SINX+ACIM)"'COSX
ACI U =X
IFCHV-l) 120,125,120
ILR=ILQ+I
ItJR=HiQ+I
X=q(ILP.}·COSX-R{I~R}"SINX
RCI~R)=R(ILR)·SINX+~CIHR}"COSX
R<ILR)=X
CCNTINUE
X=2. 0'" A (UO"'SHICS
Y=ACLL)"CCSX2+A(MH)JfSINX2-X
X=A(LL)JfSINX2+A(HM)~COSX2+X
ACLH)=(AClL)-ACMH»"'SINCS+ACLH)· CCOSX2-SINX2)
A(lL)=V
ACHH)=X

TESTS FOR CO~PLETICN

TEST FeR M= LAST COLU~N

IFCH-N) 135,140,135
H="i+l
GO TO 60

TEST FeR L = SECONe FROH LAST COLUMN

gO
<35

100

c

c
c
~
c
c

cc
c

G
G
C



-.6~620-10
-.3,170-11
-,10200-10

COMPUTING CENTER,

-.2~OOO-10
-,18220-11
-,47570"'11

.13550-10
,11060-11
.25350-11

,72350-t1
,52e70-12
,11060-11

C
G
C

c
c
c

c

iuO !FCL-(N-i') 145~i50~i4S
145 L::L+1

GO TO 55
150 IF<INO-l) 160,155,160
1~5 ItlD=O

GO )'0 50

CCHPARE THRESHOLD WllH FINAL NCRH
lEO IF(THR-ANRHX) 165,165,45

C
C SORT EIGENVALUES AHD EIGENVECTORS
C

lE5 !rl-=:-t-;
CO 185 I:1,N
IC=IQ+N
LL:I+ n"I-I)/2
J(J-=W" (I-2)
CO 185 J-=r,N
JO=JG+N
tJIJ=J+(J::JJ-J)/2
IF(ACLL)-A(MM)} 170,185,155

170 X=~(lU
AClL)=AOHO
A (H~I) :X
IFCHV-l) 175,185,175

175 00 180 K=1,N
IL~=IQ"K
IIJ~=JQ+K
X=RtILR)
RCILR)=R(IMR)

180 RnHR)=X
18S CO~tT INUf.

RETURN
E ..~ 0
SU8ROUTINE OGHPRD{A,.B!R!N~HIL)
OGHPRO -MATPIX PROQUCT HOuT NE
CCUOLE PRECISION VERSIG~ CF GMPRO
SSP -lIERAKY ROUTINE -H~CMASTER UNIVERSITY
IMPLICIT DOUBLE PRECISION (A-H,C-Z)
OI~ENSICN A(1),8{1),R(1)

! P-:: a
!K=-t!
00 10 K=1,L
IK=IK+M
00 10 J=1,t-l
IR-=:IR+1
JI-:: J-N
18-=IK
RCIR)=Q
00 10 I=1,M.
JI-::JI+N
18=18+1

10 R(IR)=RCIR)+A(JI)·SC!8)
RETURN
E~Q

.113 240 -09
,72350-11
,1356D-10

~.



,,15250-10
.37870-10

-.26000-10 ~.ie22D·1i ·.47570~11
-.6462Q-1d -~32i7D-ii ~o10200~iQ

1/+
426 .100438000000D+02

.3945000000000-03 O.
O. .74800000000aO-Q2
o. .2236000000000-03

.80S9ryOOOOOOOD-04 .1256000000000-03

.244500000000C-03 .1~32000000000-Q~

.1000000000000+01 .10ggaCOooOOOO+04
428 ~998030000000D+01

.375P.OOOOOOOOO-03 O.
O. .5164000000000-02
O. .2J55000000000-03

.aggS0080000aO-04 .13Sg000800000-03

.384500 000000-03 .1783000 00000-04

.1000~aoooOOCO+01 .S72QOOOOOOOOO+03
430 .1019630000000+02

.5209000000000-03 O.
O. .3664000000000-02
O. .3275000000000-03

.1117000000000-03 o1S8JOQOOOooao-o~

.1917000000000-03 .1277000000000-D4

.1000000000000+01 .9620000000000+03
504 .99~4000000000+01

.~~370000000QD-03 O.
O. .5138000000000-02
O. .2350000000000-03

.8400000000000-04 .1131000000000-03

.924900000000D-04 .1~600000QOOQO-04

.1000aooooOOOC+01 .9720000000000+03
512 .993260000000C+01

.3675000000000-03 O.
O. .5191000000000-02
O. .2195000900000-03

.8711000000000-04 .1231000000000-03

.4986000000000-03 .1745QaOOOOOGO-O~

.1000JOOOOOOQO+01 .97DOoooooonOO+03
515 .10U0510000000+02

.648g000000000-03 O.
O. .5029000000000-02o. .4~OOOoooooonO-03

.9172aaOOOOOOO-C4 .1~58000000QOO-03

.4148~0010000n-D3 .1~4JOOODOOoao-o~

.1000000000000+01 .1005000000000+04
523 .9~32300000000+01

.6460000000000-03 O. '
O. .5087000000000-02
O. .3245000000000-Q3

.2355000000000-U3 .3414000000000-03

.2904~OOOOOOOD-03 .S70000000ooao-o~

.1000000000000+01 .8~20000000000+03
524 .g927100000000+01

• 3501000000000-03 O.
O. .53~8000000000-02
O. .2034UOOOOOOOO-03

.9203aooooooOO-04 .1285000000000-03

.2631000000000-03 .11400000000aO-G~

.1000QOOOOOOOO+01 .9770000000000+03
527 .9954800000000+01

.31870-10
,,11500-09

o.
.19;4000000000-01
.1292000000000-04
.5766000000000-02
.6232000000000+03
.71g4000000000-02

O.
.2762000000000-01
.1208000000000-04
.3960000000000-02
.6~32000000000+03
.6158000000000-02

O.
.2042000000000-01
.1S52000000000-0~
.2792000000000-02
.6272000000000+03
.5788000000000-02

O.
.1813000000000-01
.1292000000000-04
.~ogQaoaOOOOOO-02
.6432000000000+03
.6151000000000-02

O.
.1865000000000-01
.1159000000000-04
.~150000000000-02
.6~320000000DO+03
.6220000000000-02

O.
.190QOOOOOOOOO-01
.2330000000000-0~
.4122000000UOO-02
.6512000000000+03
.65~1000000000-02

O•
• 1597000000000-01
.169€OOOOOOoaO-04
.3~onoooooOOOO-02
.6302000000000+03
.3~42000000000-02

O.
.1867000000000-01
.109EOOOOOOOOO-O~
.4053000000QaO~02·
.6432000000000+03
.617100000000D-02

o.o.
.95430QoaaOOOo-os
.1711000000000-01
.1540000000000+03
.1540000000000+03

O.
O.

.7652000000000-05

.1667000000000-01

.1120000000000+03

.1120000000000+03

o.
O.

.1204000000000-04

.18~~OOOOOJOOD-Ql

.1000000000000+03

.1000000000000+03

o.
O.
.98~9000000000-0S
.1683000000000-01
.1120000000000+03
.1120000000000+03

O.
O.

.6514000000000-05

.1E69000000000-01

.9700000000000+02

.9100000000000+02

o.
O.

.1345000000000-04

.1714000000000-01

.91000000000uO+02

.9700000000000+02

O.
O•

• 1071000000000-04
.1561000000000-01
.41000000000JO+02
.~100000000000+02

o•
O.

.5758000000000-05

.172500000000Q-01

.9500000000000+02

.9500000000000+02



.5734QOOOOOOOO~03 u~
Q. .3058000000000·02
O. .379&000000000-03

.i282QOOOOOOOO-D3 .le~30000000QO-03

.Z473aooooooar-03 .249€GOOOOOCOO-04

.1000000000000+01 .8720000000000+03
529 .99€1600000000+01

.57geOOOOOOOOO~03 o.
o. .2576000000000·Q,
O. .3~01000000000-03

.1107000000000-03 .1502000000000-03

.2232000000000-03 .2~27000000000-04

.1000000000000+01 .8790000000000+03
531 .9950800000000.01

.7Q55GOOOOOOa~-03 o.
0. .7545000000COO-Q2
O. .4082000000000-0J

.105saOOOOOOOQ·03 .16210000000QO~03

.254G~OOOOOOQO-Q3 .222000000ooao-o~

.1000000000000+01 .9920UQOOOOOOO+03
60~ .9930S0000000D+01

.3871000000000-03 o.
O. .5238000000000-0,o. .2263000000000-03

.9380100000000-04 .140EooooaoaaO-03

.5~74aOOOQOOOO-03 o2001000000ono-o~

.1000000000000+01 .9800000000000+03
610 .8968800000000+01

.5980000000000-03 D.
Q. .26gnO~OOOOOOD-02
0. .4220000000000-03

.S38000000000D-04 .1350tlOOOOQUOO-03

.1?290aoaOOOOO-03 .5a60000000QOO-O~

.1000000000000+01 .g~SooooooaOOO+03
517 .970~400aOOOOO+01

.3081000000000-03 o.
O. .6J55000000000-02
O. .1326000000000-03

.1764000000000-03 .3J02000000000-0~

.4424000000000-03 .5g77000000000-0~

.1000aooooOOOC+Ol .8?50000000UQO+03
Eno t ISTHIG

t 6~QO ENG OF RECORD
1. 6400 END OF RECORa
t 6~OO ENG OF RECORQ

O.
• 177S000000000-0i
~1~liOOOOOOOOO-04
.256000000000D-02
.6532000000000+03
.~015000000000-02

O.
.1930000000000-01
.1619000000000-04
.2390000000000-02
.6282000000000+03
.47810~OOOOOOO-02

O.
.1750000000000-01
.1867000000000-04
.469tOOOOOOOOO-02
.62a2000000000+03
.5344000000000-02

O.
.1882000000000-01
• 1191000000000-04
.4223000000000-02
.6432000000000+03
.6200000000000-02

O.
.2080000000000-01
.1910000000000-04
.21700IJOOOOOOO-02
.6562000000000+03
.721~0000000uO-02

o.
.15950000000aO-Ol
.6253000000000-05
.5~460aOOOOOOO-02
.6Z92000000000+03
.38 7 6000000000-02

o•o.
.74~3000000oao-os
.iE55000000000-01
.5500000000000+02
.5500000000000+02

O.
O.

.5895000000000-05

.1753000000000-01

.6500000000000+02

.6500000000000+02

o.
O•

• 6956000000000-05
.1600000000000-01
.1000000000000+03
.1000000000000+03

o.
O•

.6513000000000-05

.170~oooooaOOO-Ol

.8500000000000+02

.8500000000000+02

o.
O•

• 4400000000000-05
.1860000000000-01
.1000000000000+03
.1000000000000+03

o.
O•

• 5286000000000-05
.1128000000000-01
.5~OOOOaooaOJO+02
.5500000000000+02

CD TOT :. 05



PROGRAM NO.6:

This program was employed to estimate the parameters in the model

using the statistical technique of Hoffman and Reilley [124].

177
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c

cc
c

cc

2

3

PRCGRAM TST (I~PUTtOUTPUT,FUNCH,TAPE5:INFUT,TAFE&=OUTPUT,TAPE7:PUN
iCH) .

""·H -Il'llF r VE HlO EH:~IOENT RES peN SES-OX ,OTA ,flA, PI, CC2/CO
IMPL1CIT OOUgLE PRECISION (A-H,O-Z)
f)CU8lE Hl'i
CC~~tN ISiOIC/NN
COMHCN/EIGIIT/Z
QI~E~SION ARRAY t25 50>
OI~ENS!OH X(14.15)t'Y(14,3),GA~(12)lALPH(12),U~1(12,12)tVM1(12112)
nI fI EN S ION 1/112 ( F! 112) ,T ( 12) , Wi (12) ,x 0 ROW (15) ,F en ,0 C~, 1/:::) ,F 0 ( 3 )
OIt-!€NSION IR(12),rC(12)
(')!HO;STOH VYY(3l
DIMENSTON Z(3,5)



! ~ I 1.5/73 T5 F'TN 1+.6+428 PAGE

41.
201

400
1

222

C
20
21
E66

leo 4
1001

22
10 (l,
tD i

102
103

104
1 {) ~
106

CKS-·

:!Ee IfIGVTI 28 ISiCICI



2

·----_._--------------------- >--------

TER00270

TER01700
TER01710
TEt<01720

248 IDEPI 2R In,::,;.!



? 3/73 FTN 4.E+428 07/29/77 04.45.54 PA(

TER00370
TER00380
TER003QO
TER00400
TEQ00410
T£R00420

C

C

1

C

C

2

C

3
C

4
C

--

SU8RCUTXNE NEWALG<~~F,NI~OCNCEP,XOATA,YOATA,GAM,FACT,ALPH,UM1,V~1,TER00010

2¥~~'~*~i,~~~~W~~~O~q~t~e~I »- ~~~S8~~8
r~FlrCIT CaUBLE P~ECISION (A-H O-Z)
QI~ENSION XOATA(N~NrNC)lYDATA(~,NOEP)lGAH(P)1ALPH(P),UH1(PtP),V~1 TER00060

2( P , P) tT ( P) , W1 ( F>, xDR ow (r-.IN C) ,F (rHE P) ,u (N t EF 'I p) ,IR(P) , Ie (P) , FO ( NO EPT EP. 00 070
3),VM( P;P) T£R00080

rNiEGER P TER00050
INJTI~LIZE VH1 AND T TER00090
00 1 !Pl=1,P TEP.00100
Wl(!P1)=ALPH(IPt)-GA~(!P1) TERootiO
ac 1 IP2=YP1,P TE~00120
VH1C!P1~IF2)=UMlt!Pip!P2) TE P 00130

g~L~~~gu~~O~~~!'6NtE !bC~R~l~T!NG CONTRIBUTIONS TO VM1 MID T il~~~l~~
~e~CU!~~=~O~EL MID ITS DERIVATIVES +~~~~i~~
00 2 IIN01=1,N!ND TER001AO
XORG~(IINC1)=XCATA(rN11IINC1) TER00190
CALL VALUESCPtNIND,NDEF,FACT,XDROW,GAH,F,O,N1,FO) TER002DO
ADO CONTR18UTLONS - TEQ00210

~~~5of~1~~1;f~~~~)-F{IOEP1) t~~~~~~g
~~o~!B~~11f~1) t~~~g~~~
T(lfl)~T(ipl)+X.! TER002EO
nc 3 I P 2=IP1,P TE~00270
V111 Cl F1 , IF 2) =v~ it I P1 , ! P2' +X" a(I 0 EP 1 tIP 2) TE~ 0a2 ~ 0

- FIll TN LCWER TRIANGLE OF VH1 AND GtNERATE VM2 AND W1 TERQOZ90

?'~{tFl~;T1f~1' t~~~~~1g
DO 4 IP2=IP1tP TER00320

~H~~i~~~ftf~;~ +~~~g~,~VH2CIP1,IFZ)=Z TER00350
VM2 CIF2.tlfU-=Z
CeN! !NUl:
GALCULATE CORRECTION AND AFPLY IT
CALL lNEn~O(VH1,P,P,P",IR,IC,IER)

g~~~I~ir~~A~(IF1)+T(IP1)
QETUIHl
END

LA9ELS--
.1 TO
.? tD

LNEQNO

08oe

VALUES VCMPYO

• 2 I-O I 08 10 08 It: o



p
• w

1"\."73773

1

2

5

Eo
8

9

11

123
12

14

1S

16

17

SUE~CUT:NE MINVRnC~,IA!HA~OETAIIER,rR,!C)
OOU8LE h(IA J IA),DETA,PIV,r!Vl,rEMP
QTHENSIONIRCMA),ICCMA)
IER=O
IJ01I=1,HA
IR (1)-=0
IC(!)-=O
rJETA=1.000
i)012~IJKl-::ltHA
CAll5UBMXOtA,IA,IA,HA,HA,IR,IC,I,J)
PIV=tJ(I,J)
f)Eitl=PIV"'rETA
IF(PIV.EQ.O.OO)GOT017
I'R(!)=J
ICCJ'-=I
PIV=1.00/FIV
rJOSK--::1,HA
A(I,Kl=A(!,~)~~!,
A<I,J'=PIV
OCg~=ilMA
IF CK• Er,h I ) r, OT 0 g
PIV1:::A (K t J)
OC8L-=1,MA
ACK,L)::A(K1Ll·PIV1¥ACI,Ll
ACK 1 J)-=PIV
CCNTINUE
PIV1=.ACI,J)'
OC111<=1 HA
A(K,J'-=!PIV"'ACK,J)
A<I t Jl=PIV1
cc~ HiUE
f1C16I=1,MA
K=IC(!)
I-1-=JHCIl
!FCK.EO.!)GOT016
OE'T~="OETA
0014l=1,HA
TE~ F-= f\ ( K, II
ACK,U=ACI!L)
AC!lL>=TEf'lP
l')01'?l=1,M~
TEtJP=A{L,~)
AtL 1 t'l)=A<l,!)
A CL,J'=TEtJP
rCC/'l)=K
IRCK)=t-',
r,C~TJNUf:
REiU~N
IE'?=1
~ETURN
ErIC

rER00610

TER00630
TERQ06C+O·
TER00650
TER00660
TER00670
TER00680
TER006g0
TER00700
TER00710
TER00720
TER00730
TEROQ74Q
TER 0O-'S 0
TE~00760
TER00770
TEROQ780
TERQ0790
TE~00800
TER00810
TER00820
TER00830
TER00840
TER001350
TER00860
TE~00870
TEROOB130
TEPooe90
TER00900
TER00910
TER00920
TER00930
TER00940
TER00950
TER00960
TER00970
TER00geo
TJ::R00990
TE~al0ao
TER010iO
TER01020
TER01030
TER010c.O
TER01050
TER01060
TER01070
TER0108U
TEt?01090
TER01100
TER01110

~
co
N



SU8RCUTINE V~LLES(P1NINO.tNLEP,.FACT,X,GAH,F,O,T~ETA,FO)
IMFLICIT caUBLE PR~r.;ISION (t\-H,O-Z,
nnEGER ?
TJIt/ENSlON X<N!~O> l.G~~(P) ,F(NOEP) to (NOEP).P) ,THEiA(P) ,FO(NCEP)
HeGEL IS EVALUATEu UNDER GIVEN C~NOITICNS
OG 1 IP1=1,P
THEiA(IP1)=GA~(IP1}
CALL ~OOEl(XtT~ETA F')
OERIVATIVES ARE CALCULATED
[')0 2 IP1=1,P
OEli~=FAC1·GAMCIP1)
IF<!F1 oEe. 12) OElTA=FACT
THETA(!P1)=THETAtIP1)+CElTA
CALL MOOEleX t THETA 7FO)
THETA(IP1)=GAHCIP 1J
r)O 2 !OEP=l NOEP
O(ICEP,IP1)~(FC(IOEP)-F(IOEP)}/DELTA
~ETL:~N
r:.:~l 0

sueRCUTINEVCMP'J(A,I4)JA~HAlNA1W,X)
;) CU0LEA n A? J A) '; 1'1 ( NA) ~ SUM l< ? )( (H A)
003K::i,HA
SUI"K::O.OOO·
n0 1l:: 1 ,. NA
SU~K:SUHK.A(K,L)~W(L)
XCK)=SU"'1K
QETUFN
ENe

TER01120

TERa11~O
TER01150
TER01160
TER01110
TE~01190
TEP011QO
TER01200

TEROOLt30

TER004t?O
TEROOLtGO
TER00470
TER00480
TERQ0490
TEP00500
TER00510
TER00520
TER00530

TER00540
TER00550
TER00560
TER00570
TER00580
TER005C30
TER00600

.---------_. ------------------- H
------'----_._--------

1
3

2

C

1

C

MODEL

LAEELS--

1 IO 08 • 2 ID 08

~p.-

r A 08 \lA~-t1IM DE\.lA 0 1&78
C A ce VA~-OIM F.t\Cl 0 AU 08
l' A oe VAR-CIM GAM D AU OB VAR-DIl"
T U 17 2~ IPl I U i7iB
1 SUAROUTINE NCEP I ~u OB
I AU oe P I AU OB
C A 08 VA~-OIH VALlES - 1538 ENTRY
0 A . 08 VAR-OIM

GPA"-UNIT lENG'T~ 17 SYMBOLS
STCRAGE USEr) .195 SECONDS
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6

21

12

o
10

TE~01l.00
TER0160

TER0161
TER01430
TE~01440
TER01450
TER01460
TER01470
TE~01480
TER01490
TER01500
TEP01510
TER01520
TERQ1530

TE~01540
'TER0155Q
TEC:;01560
TEP01570
TERQ1580
TER01Sg0
TER016ilO
TER016iD
TER01620
TER01630
TER01640
TER01650
TEP01660
TE~01670
TER016.~O
TER01&90
TE P 01700
TER01710
TER01720
TER01730
TER0174Q
TER017~O
TF-R01760
TER0177Q
TE~017eo
T'ER01 7 90
TER01800
TER01810
TER0182C
TEQ01330
TER01840
TEC!01850
TE~Ola60
TER01870
TER01880
TE~01890
TER01900
TER01Ql0
TFQ0192Q
TP;101930
TE R 01940
TER01950

SUeRCUT!NElNr:n~D~A,!A,JAIH~W,IR Ie IER)
OOU8lE A(IA,JA)l4(MA),OETtPfv,PI~1'~IV2,TEHP
~oueLE SMALL,8IG, OETt,FAC OR
or~ENSION!R(~A),IC(~~)
~=}lA
':)=0.
tf.R=O
lJE1=1.0DO
'lET1=1.000
~C2K=1!HA
IR (IO=u

2 IC(K)=O
f1020K=11 MA
BIG=CA8~;( ACKt 1»

~ULT!PL~ 6Y 1 -- 15NC~EO
SM,OLl=9IG
f1021J=2 Htl
TEHP::CABS (A (l( In .
rF(TE~p.G1.8r~)BIG=TEHP
rF(TE~p.LT.SMAlL)S~ALL=TEHP
rE",p~O/\BS OHIO)
IF{TE~p.GT.8rG)O!G=TEMP
IF(TEHP.LT.SMALllS~AlL=TEHP
IF<S~All.EQ.O~COry)SMALl=1.000
IF(8rG.E0.0.0DO)~OT020
FACTCR=1.UOO/OSORTC8IG·S~AlL)
OEi1=OFT1/FACTOR
IJO"J=1 Htl
A(KiJ)=I{KIJ)~FACTOR
4(K)=W(~)~FACTCR
cc~ 11r,UE
CALlSU8MXOCA,IA,'A,HA,MA,IR,IC,I,J)
PIV=A 0,,1)
IJEi=FIVif.OET
IF{C~BS(PIV),li,l,Oa-10)GOT01G
IRf!)=J
rCCJ)=I
PIV=l,DO/PIV
r)C6 K=1, ~{A
A(J,K)~A(I,K)·PIV
l~ <I p: WCI ) 'I P I V
~C1Qt=1 MA
I F CIe (L r•NS, Q) GOT 0 10
P!V1=A<I,U
OOgK=1 MA
!F(K.~~,I}A(K,l}=A(K,l)·PIV1~A(K,J)
CCNTINUE
P I V2-.:: w(!)
l)012K=1 HA .
rF(K.~E:I)4(K)=W(K).PIV2~A(K,J)
S=S+1.
P:(S,lT,R)GOT03
0015 J-.:: 1, ~ A
I<=IC(J)
l=If1 (J)
IFCK,En,J)GOT015
TEtJP=H{J)

22

cO
3
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TER01Q60
TER01970
TEROlg~O
TEROICJgO
TER02000
TER02010
TER02020

TEI<02030
TER02040
TER020SD---- _.m_. d -0 ---.-- --------,-. • -----~ • ._._h.

!rl(J)-=\HK)
ti ( K) :: TEt1 Prc (l)::::K
IRCK)-::::l
DET=-OET

15 CCI'lTINUE
16 A(111)=DET~OEi1
HULTIPl'f p.'f 1 - ... TGNCREQ

rF(D~eS(OET).LT.l.00-09)IER::1
RE'TURN
END

4
S

SUeRCUT!NESU8H~lj(Al!A~JA,MA,NA,rR,IC,I,J)
~CUBL£ A(IA,JA),rE~T,x
ljI~ENSIONIR(MA),IC(NA)
I-:::: 0
.1=0
TESi'=O.Ono
:)05K=1,HA
tF(I~(K).NE.O}GOi05
OC~l"=1 NA
IFCIC(t'.NE.alGor04
X=t,08SCACI( L»
IF(X,LT.TEST)GCT04
I:: I<
,J ='L
TES1=X
CCNT1NUE
CCN1'lNUE
RE1URN
END

TER01210

TE~01230
TER01240
TER012S0
TER01260
TEP01270
TER012.30
TER01290
TER01300
TER01310
TER01320
TER01330
TE~01340
TER01350
TERQ1360
TER01370
TER01380
TER013<30

60B .5 o 648

o .0 U
I A
! t1U
I /J
1 U
TAU

o ­
t

ae VAR .. OHI CABS C INTRINSIC
08 IA I AU 08OE VAR"OIH TO I ~u 09 VAR"OIt".... ,
013 JA I AU OB

1068 l I U 1078
08 HA I AU 00

728 'ENT~Y TEST 0 112B
1108

OGRA~-UNIT LENGTH
H SiC~AGE USEe

17 SYMOOLS
.12g SECCNQS
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c
C
r
C
C
C
C
C
C
C
e

.r,
e
c
cc
c
c
c
Cc
C
cc
c
c
c
cc
c
c
c
c
c
c
Cc
c
C
c
C
c
c
c
r,
e
c
C
e

c
c
c
C

........ " 0.···· .. · .• ·· •.....•.•............•... 0•..........•
st:eRourINE Elr;EN
PURPOSE

CCHFUTE EI~ENVAlUES AND EIGENVECTORS OF A REAL SYMMETRIC
MATRIX

tJS,OGE
CALL EIGEN(A,~,N,"V)

DESCRIPTION OF ~A~A~ETE~S
A - ORIGIN'L MATRIX (SY"~ETRIC)! DESTROYED IN CCHPUTATIC~.

RESUlT~NT EIGENVnLUES ARE OtVELOFEO IN OIAGCNAL OF
MATRIX A IN DESCENDING ORDER.

P - RESULTANT ~ATRIX OF EIGENVECTORS (STeREO COLUHNHISE,
IN SAM~ SEqUENCE AS EIGENVALUES)

N - ORO£R OF MATRICES A AND R
JJV ... HIPUT CODE

o COMPUTE EIGENVALUES ANO EIGENVECTOQS
1 CO~PUTE EIGENVALUES ONLY (R NEED NOT BE

OIMENSIO~€C eUl MUST STItL AFPEAR IN CALLI~G
SEQUENCE)

REMARKS
ORIGINAL ~ATFIX A MUST BE REAL SYMMETRIC (STORAGE HCDE=1)
MAT~IX A CANNeT BE IN THE SA~E LOGATIO~ ~s MATRIX R

s~eROUTINES A~O FUNCTIOh SUep~OGROHS REQUlqED
NONE

~EiHOQ
DIAGONALIZATION METHOD ORIGINATED BY JACOBI AND ADAPTED
BY ~ON NEUMANN FOR LORGE CO~PUTERS AS FOUND IN t~ATHEHATICA
HET~OOS FOR DIGITAL COMPurERSt, EOITEO S~ A. ~ALSTON AND
H.S. WILF, JOHN HILEY ANO SONS, NEW YORK, 1962, CHAPTER 7

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
OI~E~SION A(1),RC1)

,
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
!F A OCUBLE .PRECISICN VERSION 01= THIS RCUTINE IS OESIPED, TI-£
C IN CClUMN 1 SHOllO 8E REMOVED FRO~ THE tOUSLE PRECISION
STATEMENT WHICH FOLLOWS.

DOU8LE PRECISICN AIR,ANO~H,ANR~X,THR,X,Y,SINX,SINX2,COSX,
1 CoSX2,STNCS
oouelE PRECISICN A,R,ANORMl~NR~X,THR,X,Y,SINX,SINX2,COSX,

1 COSX2,S!N~S

H'E C /JUST ~LSO BE REMOVED FRC·~ DoueLE PREcrS·ION STATEMENTS
~PPEARING Ih OTHER ROLTINES USEO IN CCNJUNCrION WITH THIS
RcuTnl E.
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'~' •••• O••••• ' ••"' ••••• "'.'~" ••• '~' •• '.O ••• '.'.60.' ••••••••

T~E DOV8L~ PR£CrSrCN VERSIO~ OF THIS SUeROUTINE ~UST ALSO
CONTAI~ DOUBLE PRECISIO~ FORTRAN FU~CTICNS. SORT IN STATEMENT
ltO, 68 1 7'3, AtID 7~ ~UST 8E CHANGED 10 'OSQ~T, ASS IN STATEMENT
E2 MUS' BE CHANGEOTO CABS,

GENERA1E IDENTITY MATRIX

rF(~V-1) 10,25,10
10 I n=-f'/

00 20 J=1,N
IQ=IC+N
1")0 20 I=1,N
IJ~IO"'!
~(!J)=O.O
IF<I .. J) 20,15,20
R(IJ)=1, 0
GCf\T!NUE

teMPUTE INI1I~L AND FIN~L NORMS (ANOR~ AND ~NORMX)

ANCRtI=IJ,O
00 39 I=1,N
oC 3S J=I, N
IF{I-J} 30,35t30
IA=I+(Jl"'J .. J)/2
ANOP~=ANOR~+A(IA)¥A(IA)
GCNTINUE
IF{n~CRH) 1651165,40
ANCRP=1.414¥OsCRr(ANOR~'
ANRM)=ANORM¥1.0E-6/FLCATCN)

INITIALIZE INDICATORS AND COMPUTE THRESHOLO, THR
I Nt='O
THq=~NCRH
THR=THR/FlCAT n)
L=1
~:::L"1 .

CC~PUTE SIN AND COS
110= {tJ"'t-\-Hl/2
LQ~{V'''L-L)/2
Uh:l+?JQ
IF ( CAe S (A (L M) ) • TH R) 130, e5,65
INC:::1
l.L=l+lO
11t':::M"~Q
X::: 0 • S" {A (L L , • A (M>~) )
Y= .. ~(L~)I OS0Rl(~(LM)"'A(LM)+X¥X)
IFf X) 70,75,75
y=-y
SIt\x=Y/OSCRT{2.0~<1.0+(OSQRT<1.0-Y"'Y»»
SINX,=SINX"SINX

1~
20

C
C
C

25

30

35

40

C
C
C

4?
;0
55

C
C
C

60

6:'
65

68

70
7'3

c
c
cc
('
cc
cc
c
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c
c
c

cc
cc
c

c
c
C

c
c
c
c

78 COSX=CSQRill.d-STNX2)
COSX2=COSX"'COS~SINes :sr~x"'cosx

KCTATE LAND H COLUMN~

IlC=l\-- Cl-1)
ItJC-=P'''' CM-!)
fJO 125 !=1,N
!ll=(!"'I-!)/2
IFCI-Ll 80,115,80

80 rF(I·~) 8S,115,9~
8S rH-=!+~O

GO TC 95
~o ItJ=tH!Q
913 IFU"U 100,10~"105

100 IL-=!"LQ
GC TC 110

10; IL=l-+ro
110 X=ACIL'·CCSX-ACIM1.SINX

A(I~)=A(IL)·SI~X+A(IH)·COSX
A<IU=X

11:5 I F o~ V- 1) 1 20, 1 25., 1 20
120 ILR::llQ+!

IMR=!/o'Q+!
~=q(ILR)"'COSX-R(!M~)"'SINX
~(I~~)=R(Ilq)"'S!NX+R(IHR)"'COSX
~CIun-=x

125 ~C~T!NUE
X=Z.O·A(L~)·SINCS
Y=~CLl)·CC$X2+A{~M)·S!NX2-X
X=A(LL)¥SINX2+AC~H)"'CCSX2+X
A Cun:: (A <LL) - A Hllvl) ) 'If. SI NCS+A (un II- CC OSX2-S!N X2)
!\(LL)=Y
A(~~)-=X

TESTS FOR CCMPLETION

TEST FeD, M -= LAST COLUMN
130 IF(~-N) 135,140,135
135 H-=IH1

GO iC 60

iESi FeR L = SECOND FROM LAST CCLUMN
140 IFCL-CN-1» 14~,150,145
1/+ ~ L=L"'1

r,C lC 55
15 0 r F (I ~ C· 1) 1GO, 155 , 160
155 INO='O

GO TC 50

CC~PARE THRESHOLD WITH FINAL NO~H

150 IF(TH~·ANRMX) 165,165,45



c
c

16 ~

170

175

SCRT EIGEtivAUJES ANa er'GENVECTORS

IQ=-N
flC 185 !=1,N
I Q-.: 10 +N
LL'= I'" ( I· I" !) / 2
JC=N.lIcr ... Z)
00 1~5 J= I,N
JQ-.:JQ+N
'1 M:: J" ( J. J - J) /2
IF(ACll)-ftCMM» 170,taS,18~
X=lI(Ll)
A <LU=A01f#)
AC!iI")=X
I F( MV- 1) 175, 1 e5, 175
00 ie 0 K= 1,N
!lq=HHK
ItJti-::JQ+K
X=!i OLR)
R(1lR)-::R.(!~R)
ROtJR)=X
CCNT1NUE
~€TUf;N
ENe

r f I~ "T' ...... .,"0

OSQ?T.

LA8ELS--
.10 108 .. 1S 358 .20 0 478 .2~ 55
• 3 ( 6ee .3S 0 1178 .40 1308 .45 160
• r; 0 171B .55 1738 ,&0 17~9 .62 20S
.65 221E ,&8 2528 .70 31E8 .1~ 321
.78 357e .. ao 4178 .S5 4238 • CJ C 430
.CJS 4338 oS 100 437B .105 lt448 .11ll 447'
• t 15 5348 .120 5378 .12S () 642fJ .130 1037
,135 1rl42P. • 140 104EB .145 10SH) .1SO 105&\
.1135 10608 .160 10&4B .1&5 10738 .179 1137:
.t 75 11648 .180 IO 08 .185 0 12238

HAP--

D A 09 1 ANORM 0 13028
n 1V'49 cos )( 0 13128
0 13?5€ DABS 0 INTRINSIC

N 1233 e £NTR'Y OSQRT, 0 B.E.F.
R INTRI~SIC I I tJ 1276B
! 13~28 IJ I 13318 f-'
I 1340e ILQ I 13006 00

r 1341e 1M I 1'3378 ~

I 13058 IHR I 13428
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C

c

c

c

c

sueRCUiINE HERSON(XIOELX!Ox,OxHr~lTOLK~,N)
!fiFLICIr DOIJOlE PKECISION (A-K,o-Z)
IN1EGRATES FP.O~ ',( TO (X"OEUO
OX IS ~STl~ATE FOR INTEGRATION STEP ~ECESSARY
DX~IN IS ~lNIMUM STEP LENGTH TO 8E PER~ITTEO
TClK~ IS REOUIRED ACCU~ACY
H IS t'iUHBER OF OEPENDENT VARIAelES
CONTROL TRANSFERRED TO FIRST LA8El If INTEGRATION FAllS,X ANC YCI)
T~EN CONT~IN NEH VALUES .
CCN'~OL T~ANSFERREO TO SEeeNe LABEL IF INTEGRATION FAILS, X AND
Y(I> THEN CONTAIN MOST ~ECENT CORRECT VALUES
IN EITHER CASE, DX CONTAINS CURRENT STEP LENGTH
CO~t"CN/DEF/Y
CC~ t{ C,': I GPAD / 0V
CC~}JCN/DE'R/FGllS
CC~HCN/MER/T,OEL?,W,Pi,GRAOP
CC~MCN/ERROR/ERR
GC~MCN/REPA~/TBASE
OI~ENS!ON Y(iO>,VOLD(10),FK(5,10>,OY(10)

ISW-=G
XMAX='rl
TOL,~~S • .If.TClKH
~r~i5=CELX/OX.O.5
iCl8=iOlA/32.
rNiS~FINTS
IFCINTS.ll.1)INTS=1
D'l(=GELX/!~TS
F~UlT=OX/~.
r,C TO 4
ER!1Ci< CHECI<

1 !F(ERR.GT.TOL~) ~O TO 20
i~{~~~A~±C~O~~tI~~A6fo~9, CALCULATE NEW PO!NTS

3 1)0 2 I=11.N
2 Y(!)~YOl[)(I)+n.5.lf.FK(11I)+2.0·FK(4tI)+O.S~FK(5,I)

OXYGEN E~LANCE--O~Y~EN To ce2 AND H2o
Y(6)=YOlO(6)-(Y(?)-YOLOCZ»-(YC3)-YOLO(3».lf.2.-CY(4)-VOLO(4».lf.3.-(Y
1(5)-~OlOC'»·10.5/At

WATER PRCQUCEO FROM ALL ~EACTIONS
Y( 8) =YCl 0 (13) + ( y('2) - YO LC( 2) ) .. ('1 (3) - YO lO en ) .. 2.... CY (4) - YOLO (4) ) .If. 3.... ('1

1(5)-YCLOCS»+5./8.
c
C CORRECT CONCENTRATIONS FOR I~C~EASED FLOW ~HD DECREASED PRESSURE

PTN=FT -G~AOp.CX
yeLC (7)='1 (7)
VCLPI.US=O.oa , 0 0 1< '<=1 ,. 8

200 VCLPlUS=VCLPLuS+fGAS+(Y(KKl-YOLO(KK»
V~CLE=22.400+7eO.·T/(273.2¥PTN)
VClPLUS=VClPLUS·VMOLE
FG~SH=(FGAS.lf.pT/PTN)+VCLPlUS
~AiIC=FG~S/FGASN

210 ~~KKf;$(KK~~~lt~o
FGAS::FGASN
PT=P1N

c
c
c
Cc
c
c
c
c
c
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IF(lSw.LT.1) GC TO 101
RETU;!"

101 !F(X~AX.Gl.X+OX) GO TO 1&0
I)X -:: X~AX"X
ISH::1

100 CCNTXNUE
I F U tI TS • EO. 1) l' E1 URH

(, IN'TS-:::INTS-1
PRESE~VE CURRE~T VALUES

4 XCLC:X
IN TPE NORMAL RU~GE KUlTA ~ERSCN THE 8 NOULO BE REPLACED BY N
5 ~gL6d}~~~Il
S~!P STEP ADJUSTMENT IF OX IS LAST STEP

IF (ISW.EC.1) fO TO 510
IHAlF~O
GO TC q
ERROR EXCESSIVE, HALVE STEP

20 OX=O~5""OX
IF(OX.lT.CXMIN) ~O TO 19
IN1S=INTS+INTS
IHAlF-:::1
GC 1C 8
Sj~F LENGTH TOC SMALL, INTEG~ATICN FAILS

19 X=XOlD
OC 23 r=1 t '13

23 YCI)=YCLD (!)
RETUl::N
ERPCR S~A~l! SiE~ lENGTH M~V BE INCREAseD IF PCSSIBLE
CHF.C~ IF wT.P PR~VIOUSLY HALVEC (PREVENTS CYCLING)

21 I F ( H' ALF • E11. t) GO TO 3
CHECl< IF TIHS EVEN
IOUELE=IN1S/2
!F (CICtJeLE""2) .EO. INTSl GO TO 22
HCT FOSSreLE, IHTS ODD
GC TC 3oauelE STE~ ~E"GTH

22 INTS=!OU8lE
rJX=2."OX
r,o e~CK TC lASl POINT, AND INTEGRATE WITH NEW ex
F IJ tJL 1=OXI ~,
IJO 7 t~1J.8
V{1) =VCL u (I)
X=XOlO
CCNilNUE
~A!N INTEGP.AT!CN P~OCESS STARTS HERE ••••
ACVJlt--·C~ X BY QX

o CALL OERIVSfX,N)
00 HIS.:! 5
GO 1t (31,30,32,33,30) ,IS.

31 X=X+F~ULT
GC TC 30

32 X=X+O.5·F~ULT
GO TO 30

33 X=XClC+OX
UPCATE VCt>

30 ')0 10 I=1,N

C

C

c
C

c

c

c

C

C

8

7

S10
C
C

c
c
C
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c

c

c

c

c

C

FK(IS,X)=F~ULT¥OV(I}
GC 1C (il,12,1~,14,10),IS
PREOICTCR AT (X+UX/3.)

11 YCI):YOLO(I)+FK(l,!)
GO lC 10
CCl;~ECTOR FOR (X"'OX/3.)

12 Y(l}='(CLD (I)+·O.5~ (FK(1,Il+FK(2,I»
GC iC 10
AavAN CEre ( l( +CXI 2. )

13 Y(I)~YOLO(I)+o.375~FK(1,!)+1.125.FK{3,I)
GO 1C 10 .
AOV.oNCE TC (X+(XJ

14 Y(I)=YCLDCI}+1.5~FK(1,I)·4.5.FK(3,!)+6.0¥FK(4,1)
10 CCNT1~UE

IF<IS.EO.5) GO TO 16
EV~LlAiE CERIVAiIVES
GALL OERIVS(X,tO
r,O iC 18
ON l~ST INi€G~~TI0N, EVALU~TE ERROR

16 ERR~O.C .
00 1:7 !-::1,H
Er=O~RS(F~(1tI'-4.5~FK(3,I)+4.0¥FK(4,I)-o.5·FK(5,I»
IF(ERR.lT.EIJ ERR=€I

17 CCN1HlUE
18 CONTINUE

GO 1C 1
ENe

• 2 IO 08 .3 1111fJ .4 551
.6 5578 .7 In OB .8 671
.10 U 12178 .11 102713 .12 104E
,.14 11l t 18 .16 123~B • 11 10 c
,. 1<3 6308 .20 eaSB .21 64E
,. 23 IO OB .30 177B .31 74j
• 33 1668 .101 5zea .160 55,
,. 210 IO 08 .510 720B

OCl<s· ...

248 IOEPI
128 IMER I

--
OERIVS GOTOER.

L~8ELS-·

• 1 1028
.5 IO oe
,<3 7218
• 13 1077€
t 1~ (1 1332e
.22 6Eoe
.32 7528
.200 IO 08

28 IOERI
28 IREPARI

28 IER~ORI 2413 IGRAOI
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--~TT~-TS- FTN 4.6+428 07/29/77 04.45.54 PAG

OCKS--
28 ICO~lSTI 248 IOr:.PI 2B IOERI 24B IGPAO/

14 e IPAR.Ail 28 ISTOICI

"1AP--

) C 12B IPARA11 OEN 0 3578
5 - 3328 ENTRY DY 0 OB IGRADI 10

0 08 leER/ KA 0 DB IPARA11
0 U 3~1.8 f<R12 0 2B IPARA11
C U 31~ 7 {; K~23 0 48 IPARA11
C U 351E KR34 0 ~B IPAF.A11
C U 3lj 38 KRS 0 108 IPARA11
C U 355 e N I AU OB
C 08 ISTOICI RT 0 08 ICONSTI
C 353e X 0 AU 08
0 08 IOEP/ 1n

21 SYMBOLS

.560 S!.:CONOS

o.
O•
.95~300000000D-OS
.171100COOOO~D-01
.15~OooooooaOO+03
.1540000000000+03

n.
.1Q54000000000-01
.12gZ00000000D-04
t?7G600000aOOD-02
.6232000000000+03
.7194000000000-02

O.
• 74~OOOOOOOOCry-02
.22J60000000QO-~3
.12~6GQOOOOOO~-03
.1~J20QCOOOOOO-04
.10g9000QOOOOQ+Q4
ARRAY(I,Jl

10000- 04
)0001"'-03
1000e"01
'AL CATA -

)G~A~-UN!T LENGTH

1 STCRAGE USEr)
·Al CATA - APRAY(I,J)
~ ::: 426
!A0
1000C-03



·iOOOOGOOOOOOC+Oi !g7700aOOOOOOOt03 ,617100nOOOOOO m 02 .9500000000000+02
EXPER !\~ENTAl 'CATA co RR4Vn,Jl
l:(LN NL';..j8f.R = 527

NN= Q.9S4t'O
.~73~oaaoooooe-03 o. .l). O.

o. .30S80000000aO-02 .1179000000000-01 o.
O. .3798000000000-03 .1611DooooooaC-04 .74~3aOOOOOOOO-05
.12~20ryOOOOOOc-n3 .18~3000000000-03 .2560000000000-02 .16~5000000000-01
.247300aoooooe-03 .24 60~OOOOOOO-O4 .6532000000000+03 .5500000000000+02
.1000000000000+01 ,872000UOOOOOO+03 .4015000000000-02 .5500000000000+02
~XPER!~ENTAL OATA ... ARRAY U,.Jl
RLf.! NU~8ER = 529

NN= 9,9E160
o5798Q~OOOOOOO-03 o. n. o.

O. .2S76COUOOOO~0-02 .1Q30000000000-01 O.o. .350100l000a~O-03 .161gnOQOOOOOO-O~ .5~g5000000000-n5
.11070aooooooo-n3 .1?O2000000000-0~ .2390000000000-0 ,1753000000000-01
.22120aOOOOOOC-03 .202100]DOOaOO-04 .6282000000000+03 .6500000000000+02
.10QOn~aQOOOOC+Q1 .87900crOOOOOtO+03 .4781000000000-02 .6500000000000+02
E):Pr:R!t~ENTAL CATA - AP'RI\Y CI,J)
Rl,,;H NUHBER = 531

NN= S.950flO
.70550QQOaaOOC-03 o. 'D • O•

o. .754saOOOOOOOD-02 • 11S00000QOOQO-O~ O.o• .4062000000000-03 .186700000000C-0 .6Q5GOOOOOOOOO-OS
• 1nS500000QOnO-03 .1621000000000-03 .46g100QOOOOOC-02 .1600000000000-01
.254600000000C-03 .?22000noooonO-04 .6282000000000+03 .1000000000000+03
.100000000000~+O1 .992000]nOOUCO+03 .5344000000000-02 .1000000000000+03
€XPERr~ENTAL nATA - ARRAVU,J)
qUI NUH8EP. :: 6DS

NN= 9.930'50
.~e71000000000-03 o. II • O.o. .S2180000000nO-02 .1a~2000~OOOOO-01 o.

O. .22630000000(0-03 .11Q100000000C-04 .6573000000000-05
.~3~QOO~OOOOOO-Q4 .1~OEOUOOOOOCO-D3 .4223000000000-02 .1704000000000-01
.~B140Q OOryOOO-03 .2 01000000000-04 .6432000000000+03 .8500000000000+02
.10nOOQOOOOOOC+01 .9~aoonCOOOOCD+03 .6200000000000-02 .8500000000000+02
~~PERIMENTAL rATA - ARRAY{!,J)
q l; t1 NUI~ 8ER '= €10

HN= 8.Q6880
.~g~OOOOOOOOOC-03 O. ~. o.

O. .26g0000UOOOCO-02 .2080000000000-01 O.

O:s~~oooooanOQO-U4 .k220aOOOOOO~O-03 .1910000000000-0~ .4400000000000-05
.135Q~On~DOO 0-03 .2170000IJOOOOO-O ,1860000000000-01

.1529000000000-03 ,fOr,OOOOOOOOOO-04 ,6562000000000+03 ,1000000000000+03

.1000000000000~O1 .9850000000000+03 .7214000000000-02 .1000000000000+03
E~PERIHEtITAL CAiA .. ARRAYtI,Jl
Rt.: N ~lUH8ER = 511

UN-= S.70440
• 30~10aOOOOOOO-03 o. u• o.

o. • 60550~OOOOOOO-O2 .1595000000000-01 O•
'-' O. .13~60~lOOOOOO-O3 .E2~3000000000-05 .52~600000000D-05

.17E4nOOOOOOOO-03 .30020 0000000-Q3' ,5~4eQUOOOOOOO-02 .1728000000000-01

.~424000000000-n3 .SQ7100000000D-04 .6292000000000+03 .5500000000000+02

.1000000000000+01 ,87~uooonooonO+03 .3876000000000-02 .5S00000000000+02
ALPH

,1849000000000+02 .34gS000000000+03 .8389000000000+03.?21~oaOOOQOOO+01 f-'
.28480000QOOoa~01 -.2n6QQOOOOQOOQ+05 -.2552100000000+05 -.2340800000000+05 ID

-.280120000aooc+o; -.2296000000000+05 .180124159000C+05 O.
..,.

Ut'1
-.941552g743180+04 .2~46220112870+04 -.4870781065880+02•J1J._J~L8.5.ll..2:3-Z O.t.1)S
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RUN NUl-l8ER :: 4Ze

m~== g f) q 803 C
.375aOOOCOOOC~~03 J .. nc O.o. ~5i640000000aO-Q2 ~27~2000nOOOOO-Oi O.

O. ~2055000DOOOCO-03 .1208000000000-04 .7652000000000-05
.~99?~ry~OOO~OC·04 .1359000000000-03 .3960000000000-02 .1661000000000-01
.384S00000000C-03 .• 11830aOOOOo~O-0~ .6412000000000+03 .1120000000000+03
.100000000000C+Ol .972000011000 0+0 .6156000000000-02 .1120000000000+03
~~PERI~ENTAl OATA ~ A~RAYU,J)
R.UN NU~8ER :: 430

NN= 10.16E30
.5209000 00000-03 O~ ;0. . O.

O. .366400~OOOOOO-O2 .20q200000UOOO·01 a.
O• .3275000000000-03 .155200000QQOC-04 .120400aCOOOOO-04

• 11170~QOOOOOD-03 .168!a~OOOOOOO-03 .2192000000000-02 .18~400000QOOO-01
.1Qt70aaOOOOOC-03 01277000000000-04 .6272000000000+03 .1000000000000+03
.100aoooooOOOC+01 .96200UCOOOOOO+03 .518800000000C-D2 .1000000000000+03
~XPERrHENTAl OATA - AR~AYn,J)
l<LN NU~BER == ?O4

NN= 9&98400
.38370aOOOOOOC-03 o. I) • O.

O. • 5138000000000-02 .1873000000000-01 O.
O• .2350000000000-03 .1292QOOOOOOOO-04 .9849000000000-05• ?4000~Ooooooc-o~ .11~100CCOOOCO-03 .409QOOOOaUOOC-02 .1683000000000-01

.S24900000aOOC-04 .1~600aOOOOOOO-04 .64J2000000000+03 .1120000000000+03

.10QOOnOoanOOC.01 • 91? 0 00'0000000"0 J .6151000000000-02 .11200000DOOOO+03
EXPERI~ENTAl CATA - ARRA\' U,Jl
RUN NU"f8ER :: ~12

NN:: 9.93260
.367500000000C-03 O• O. o.o. • 5 t'3 j 00"0 Q000 00- 02 .1865000000000-01 O•

Q• .219S00COOOOOD-D3 .1159000000000-04 • &51~aOOOOOOOO-05
• 8711000000000-04 81,11000000000-03 .~1S0000000000-02 .166 000000000-01
.~q860~aOOOOOC-03 .17450UOOOOOQO-04 .E432000000UOD+03 .9700000000000+D2
.1000QOaOOOUQO+01 .9110000000000+03 .622000000~OOO-O2 .9700000000000+02
EXPEPIYENTAL rATA • A~RAVCI,J)
C(L:N NUli8ER = 51S

NN:: 10. C0510
• E4890UOUOOOOC-03

D:50290nODoonOO-02 0:190QOODOOOOOO-01
o•o. O.

Q. .44DoornOOOOOO-03 .2330000000000-04 .1345000000000-04
.~17200000000r.-G4 .14580UOnOOO(O-O~ .4122000000000-02 .1714000000000-01
.~14801~OOOOOD-03 .1643000000000-04 .6?120nOOOOOOC+03 .9100000000000+02
.10000aaooOOOC+01 .1a~5aooooooaO+04 .6541000000000-02 .9700000000000+02
EXPERIMENTAL rATA • a~R.AV(l,J)
RCN NUMBER:: 523

NN== 13.83230 o.• E45000000000C-03 . O. '3 •o. • ;031000000000-02 .lS970U~OOOOOO-01 o•o. .3245cocnOOOOO-03 .15gaOa OOOOOC-04 .1011000000000-04
.21S;O~QOOOOOC-03 .341400000aOQO-O~ .3~O8000000000-02 .1561000000000-01
.2g0~O~~Q~OOOO-03 .5700001000000-04 .6302000000000+03 .4130000000000+02
.10000~OOOOOOC+01 .852uaOOOOOOOO+03 .3~42QOOOOQaaO·02 .4100000000000+02
EXPERIMENTAL tATA - ARRAVCI,J)
~CN NU~BER = 524

HN-: g ~2710
.~5010~QOOOOO~-03 O. lJ. O. ~o• •~3~800UUOOOtO-02 .1861000000000-01 O• ~

O. .ZO~4QO~OOOO(~·03 .10geOOOOOOOOO-04 .5156000000000-05 V1

.g203000aOnOOQ-O~ '.12650DOOOOOOO-03 .40S3000000000-02 .11,5000000000-01

.2631000000000-03 .184000l0000aO-04 .6432000000000+03 .9500000000000+02
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PROGRAM NO.7:

This program was used to evaluate the predicted values of the transformed

responses from the model, given the final parameter estimates obtained

from program 5. NM'\X, the nwnber of the minimization of determinant

criterion was set equal to zero. With NM\.X specified, this program will

estimate the parameters in the model according to the Box and Draper

[56] Criterion as given by equation 7.36 on page 91.



++++ ..........
_.--~ ..-._----.-·--I------._.__ ._- ...

READ INIT!AL PA~AMETER ESTIMATES
N01E THAT INITIAL ESTIMATES OF PRE EXPONENTIAL FACTORS ARE ALREADY

REPARAHETERIZEO BY HUN1€R/ATKINSON HETHOD
READ(56113) KAI,KR12I,KR23I~KR34I,KR5I,EA,E12,E23,E34,E5,EAS,ACTY

~~IZ~!.l:~ ~e,E12,E~~lB3tNEE~~~~IMENTALDATA ++ .
REAO (5, 101>t\EX
00 10 J=1tNEX
REAO(S,10Z)KRUN 1 NN
REAOCS 2 103) CARRAY<I,J) ,1=1,24)
WRITE(b,tOS)KRUN,NN
HRITE(o,104)
HRITECot103) (ARRAYCI,J),I=1,24)

10 CONTINUE
WRITE (6,9g4)

c

c
C

C

c
c
c

C

C

ATTaCH,I"I\CLIB.
FTNCPOUN~=.I+-iOPT=2,T,P=3)
LDSETCLI9=MACL e)
LGO (PL=32000)

PROGRAM TST (INPUT,OUTPUT,PUNCH,T~PE5=INPUT,T~PEG:OUTPUT,TAPE1=PUN
1CH)

C °ROGRAH 2
C THIS PRCGRAM CALCULATES KINETIC PAR~HETERS BY BOX - DRAPER METHOD
C THE FOLLO~ING SUBROUTINES ARE USED
C······+····~+· SUBROUTINES••••••••+••••
C SPiPl'(
C OBJECT
C t'lE~SON
C OE~IVS
C DETER
C -~-----._--~--C"'+·+·4+
C ·····FIVE INOEPENDE~T RESPONSES-OX OTA PA PI C02/CO

CO~~ON/PARA1/KAI,KR12I,KR23I,KR34I:KR5t,EA,EI2,E23,E34,E5
CO~MON/PARA3/EAS
COHHON/CONST/NNtR,NEX,NP,NC
CO~~ON/STRAY/ARRAY
CO~HON/REFAR/TBASE
CO'1HON/EIGE~/Z
COHMON/ACTIV/ACTY
DIMENSION ARRAY(25,50),XX(11)
gi~~~~ig~ ~~61 ~l
+++.++.... CURRENT ESTIMATES OF PARAMETRRS •••++•••
REAL KAI,KR12I t KR23I t KR34I,KR5I,NN

++4•• + CuNSTAH S +.++++•••
NR "--RESPONSES
TBASE =370.0
HR=5

TBASE IS TEMPERATURE USED FOR REPARAMETERIZATIO~ BY HUNTER/ATKI~SON
HET HOD
R=-1.9872
NP HUMBER OF PARA~ETERS
NP=11
NC=5
NMAX HAXIHUH NUMBER OF MINIHIZATICNS OF DETERMINANT CRITERION
NM~ x= 0c

c
Cc
C



........

WPITECo,993) KAI,EA,KR12I,E12,KR23I,E23,K~34I,E34,KR5I,E5
WRITE(o,10B) EAS
WPITECo 90G) ACTY
FORHATC!X t

4ACTIVITY FACTOR=4,E12.5)
FOqHAT(4EzO.12)
FOR~AT(GX! • ACTIVE SITE PARAHETER = +, F13.S)
RE4D(5,555) «zeltJ)lJ=1,S)lI=113)
PRINT·! tOTHORGONAL cIGENVE~TOR~t
WPITE(bI.S55) HZ CI, J) ,J=1,5) ,1=1,3.
FORHATC!)E15.5)
NORMALISE PARA~ETERS 4.~~ •••••~ •••••••+4.4•••••~••••••+

NORMALIZE INITIAL PARAMETER ESTIMATES
00 11 I=1,NP
XXC!)=1.

11 CO~THWE

55?
C
C
C

c
C
C

C

C
C

C
C
C
C
C

TBASE=TBASE+Z73.2
CO~~VERT INITIAL ESTIMATES OF REPARAHETERIlEO PRE EXPONENTIAL FACTORS FOR
PRINTING ACTUAL VALUES
RKO (1) =KA I"EXP (EAI CT BASE"'R»
RKO(Z)=KR1214EXPCE12/1T8ASE+R»
RKO(3)=KR23I"ExpeE23/(TBASE·R»
RKO(4)=KR34I4EXPCE34/CTBASE4R»
RKOCS)=KR5I·EXPCE5/(TBASE·R»
HRITE(6 1 1000) (RKOCl) ,L==l,NR)
R=1.9~7z
CALL OPTI~ISATION ROUTINE
CALL SIHPLX(NP,NMAX,XX)

•••••••••• FORHAT STATEMENTS
101 FCR~ATC!3)
102 FOR~ATCI315X43F8.4)
103 FOR~AT(8E o. )
104 FORHATC2X,. EXPERIMENTAL DATA - ARRAY(I,J) .)
105 FOR~AT(2X, • RUN NUMBER =.,I3,I,lX, ·NN= .,Fl0.5)
106 FOR~AT(8Fl0.0)
9g4 FORHATC/21X 1 JFREOUENCY FACTOKS· oX ·ACTIVATION ENERGIES +1 )
993 FCRHATC4 ADsORPTION. 10X,E13.4,10X,F12.0 1

1 • CXYLENE - OTA. 7Xt£13.4,10X,F12.0 I
2 • OTA-PI414XtE13.4tr22.01
4 ·PI - PA • EZ6.4 FZ2.0 I
4 • ORGARNICS - CO~"6X,E13.4,F22.0/)

1000 FORHAT(lX,5E15.4l
STOP
END
~~q~~~~I~~T~6~Pb~(~~t~~~~!~~~N CNELOER AND MEAD MODIFICATION)

PROGRAM IS BASED ON ALGORITM SHOW IN COMPUTER J.,~OL.7,308 (1965)
ANQ ON EXISTING PROGRAMS
or~ENSION U(12),PH!(11)lX(11,12)tPHIHC11),PHIS(11),PHILC11),

1 PHIO(l1> ,PHIR(lU,PHlc(1t) ,PHIE,(11)
DIMENSION XX(11)

c---~--~--~-_·__ ·~~----~~---_·
C XCI,J) I NO.OF PARAHETERS J=1 INITIAL CALCULATION POINT
C EPS ERROR TOLER,AUCE
C NHAX MAx. NUHBER OF FUNCTION EVAL~ATIONS
C K NUMBER OF I~OEPENCENT VARIABLES IN OBJECTIVE FUNCTION



C

C
C

cc
C
C

100

ALPHA BETA GA~MA REFLECTION CONTRACTION EXPANSION COEFFICIENTS
ALPHA=1.0
8€'TA=0.S
GAHr-!A=2.0
EPS=1.0E-Oe
OELTX=O.2
K=NP
KK= K+1
NCOUNT=O
VA~IABLE INOICATING SIHPLEX METHOD ~AS STOPPED
CO~VER=O. HWT STOPPED) ,CONVER=1. (STOPPEC)
COI-lIJER=O.
UH=US=UL=O.
A~ ONLY ONE INITIAL ESlIHATE IS READ FOR EACH PARAMETER THE OTHER

POINTS IN THE SIMPLEX ARE SET UP 8Y INCREMENTING THESE ESTIMATES AS
FOLLOWS ~-----------~-._---- •••_--
~AqIABLES ~X(I) APE NORMALISED WITH RESPECT TO INITIAL VALUES
00 100 !=11K
XCItU=XXC,L)
CON INUE

c·-·----··-----~·----···------00 3 J=2,KK
00 1 I=1,K

1 X(I,J)=XCI,1)
3 X(J-l,Jl=X(J-1,1)+OELTX

c ---.-----------~.---- ••C EVALUQTE FUNCTION INITIALLY AT K+1 FEASIBLE POINTS
2 00 6 J=l,KK

00 4 I=ltK
PH!(l)=XII,J)

4 CONTItWE
NCOUNT=NCOUNTtl
CALL 08JECT(PHI ,SUMtNCOUNT)
IFCHCOUNT.GT.NMAX) Go TO 48
IFCCONVER.EQ.1.) GO TO £t8

6 U ( 1) =SUH
GO TO 8

8 cmn INUE
C FI~C RELATIVE ORDER OF FUNCTION VAL~ES

UH=U (1)
JH= 1

~~(G~Jt:[t~~H)GO TO 10
UH=U (J)
JH= J

10 CONTHWE
UL-=U (1)
JL-= 1
00 12 J=2 t KK
IFCU(J).G .ULl GO TO 12
UL:U(J)
JL-=J

12 CONTINUE
US=UL
00 14 J=l,KK
IF(J.EQ.JH)GO TO 14
IF(U<J).LE.US)GO TO 14
US= U(J)



c

c

c

c

c

c

c

JS~ J
1~ CONTINUE

OBTAIN THE CORRESPOfiOING INOEPENDENT VARIABLES
00 16 I=1,K
PHIH(I)=X('I,JH)
PHIS(I)=X(I,JS)

16 ~~ff~i~=!~~fN~5~NT'UH,USfUL,(PHIL(I)!I=1'K)
17 FORNAT( X,·NO',I4,-FUNC • H S L·,3E 2.~,·LO~ VAR~,10F7.4)

IF(NCOUNT.GE.NMAX)GO TO 48
IFCCONVER.EQ.1.)GO TO 48
CALCULATE THE CENTROID
00 20 I=1,K
SUH=O.
2~(J~Ed~~~~~o TO 18
SUH=SUH+X(I,J)

18 CONTINUE
20 PHIC(!l=SUH/CFLOATCK»

REFLECTION
00 21 I=1,.K
PHIR(I)=PHIO(I)+AlP~A·(PHIO(I)-PHIH(I»
IF(PHIR<I).LE.O.DS) P~IR(I)=O.05

21 CO~TINUE ·
NCOlNT=NCOUNT+1
CALL OBJECT(PHIR, UR,NCCUNT)

19 ~§~~~~~I~;~REFLECTION.)
IF ( (U S• GE•UR) • AN o. (U R• G'E • Ul ) ) GOT 0 2! 8
IF(UR.LT.UL)GO TO 32
IF«(UH.GT.UR).ANO.(UR.GT.US)GO TO ~O
CONTRACTION (I.E. UR.GT.UH)

23 00 2~ I=t,K
PHIC(!)=PHIO(Il+BETA·(PHIH(I)-PHIO(I»
IF(PHICCI).LE.O.OS) PHIC(I)=O.05

2l+ COt~TINUE
NCOUNT=NCOUNT+l
CALL OBJECT(PHIC1 UCtNCOUNT)
SUCCESSFUL CONTR CTIoN
WRITEC6,2S)

25 FO~MATC1X,.CONTRACTION·)
IF(UC.LT.UHlGO TO 44
SHRINKING (I.E. CONTRAC-TION Ut~SUCCESSFUL)
00 26 J=1,KK
IF(J.EQ.JLlGO TO 26
00 29 !=1,K
XCI(J)=.S·(X(I,J)+PHIL(!»

29 CON 1INUE
26 CO~~TINUE.

27 ~~~~~~~l~:lsHRINKING~)
GO TO 2
REPLACE PHIH BY PHI~ ANO RESTART

28 00 3 0 1= 1 ,. K
30 XC!,JH)=PHIRCI)

U(JH)=UR
GO TO 8
EXPANSION (I.E. UR.LT.Ul)

32 ~~I~1If~~~~O(I)+GAH~A.(PHIR(I)-PHIOtI»

• .. -

N
o
o



c
c

C

c

IFCPHIEC!).LE.O.OS) PHIECI)=O.05
34 CO~TINUE

NCOlNT=NCOUNT+l
CALL OBJECTCPHIE, UE,NCCUHT)
WRITECo,3S)

35 FORHATC1X',.EXPANSION·)
!FCUE.LT.uL)GO TO 35
UNSUCCESSFUL EXPANSION
GO TO 28
SUCCESSFUL EXPANSION (REPLACE PHIH BV PHIE)

j~ ~~I;3Hf~~~~ECI)
UCJH)=UE
GO TO 8
REPLACE PHIH BY PHIR AND CO~ITRACT

40 DO 42 1=1,K
XCI,JH)=PHIR(!)

42 PHIHCI)=PHIRC!)
U( JH)=UH=UP
GO TO 23
SUCCESSFUL CONTRACTION

44 DO 46 !=1,K
46 XCI,.JH'=PHICCI)

UCJH)=UC
GO TO 8

lotS CONTINUE
RETURN
ENO
SUB~OUTINE OBJECT (XXX,SUM,NCOUNT'
CO~~ON/REPAR/TBASE
CO~HON/QEP/ y
COHHON/STRAY/ARRAY
COHMON IPARA1/KAI!KR12I1KR23I1KR34I,KR5I,EA,E12,E23,E3~,E5
COHMON/PARA2/KA fKR12,KR,3,KR3*,KR5
CO~MON/PARA4/AS rES
COloiHON/PARA3/EAS
gg~~g~~~~~]t~~~~~:~;~t~~R~gp
CO\lj~ON/CEP/F&AS
COHMON/ERROR/ERR
COtiHON/EIGEN/Z
COHHON/ACTIV/ACTY
DIMENSION ARRAY(25,50)
DPIENSIONA (144)
OI"1ENSICHVC1tl'
DI"iENSICN YY(10)
OI~ENSIOH XXX(11)
DIMENSION RES(5,50)
OI"1ENSION ZEO(50)
OI~ENSION YC~L(~t50)
DIMEHSION S~R(10),RSS(10)
Dr~ENSION ARRAC251S0)
OPiENsrON YYYC3,50)
DI'1ENSrON ZC3,5)
~~:tK~!:~~i~~K~~j~R~~~;~~~KR5I,NN
TOT=O.
00 215 !=1,50
D025J=1,5
RES(J,Ip:O. N

o
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25 COti T1 NUE
00 6888 LH=1,5
SSR (UO =0.0
RSS(UO=O.O

8~85 CONTINUE
NMAX=()
NP=5
00 ~ 1=1,25
At!)=O.

4 CONTINUE
~~x1If~18~~XXX(I»

3 CONTINUE
RKA=KA1·XXX (1)
RK12=KR12I+XXX(3)
RK23=KR23I+XXX(S)
RK14=KR34I+XXX(7)
RKS= KR5 p'XXX cc:n
EAC= EA· XXXC2)
E12C=E12"'XXX(~)
E2JC=E23"XXX(c)
£34C=E34· XXX (8)
E5C=E5+XXX(10)
EA'SC=EAS. XXX( 11)
I1RITE(6,777)

777 FO~HAT( II t 21X t .FREQUENCY FACTORS. 6X ·ACTIVATION ENERGIES +/)
WRITE(6,17o)RKA~EAC,RK12,E12C,RK23,E23C,RK34,E34C,RK5,E5C

776 ~~~~~f~~2£g§o~~ffoN. 10X,E13.4t10XtF12.0 1
1 • OXYLENE - OTA·7X,£13.~,10X,F12.u I
2 + OTA-P!·14X1E13.4~F22.01

~++P~RGA~~~SE~bC~~~~i~~i3.4 F22.0/)
220 FOQHAT(1X,'" ACTIVE SITE PARAMETER = ·,Fl0.4)

C
00 201 J=1,NEX

~~!r=lR~!~(!,J)
2 CONTINUE

T=ARRAY(19,J)
OELP=ARRA~(20,J)
w= ARRA Y (21 l J)

~~A~~~~~~if2~:J)
... ~RREAOpPA=RAAERETAYER(,I2Z~tJB)Y ATKISON-HU~'T~RC T T ~ t 11 ~ HETHOQ-K=KO.EXP«E/R.(l/T-l/TO»·· .. ···++

TSTAR=(T8ASE-T)/(TBASE+~)
RT=TSTAR/~
KA=RKA"'E~P(EAC+RT)
KR12=RK12+EXPCE12C4RT)
KR23:RK23·EXP(E23C·RT)
KR34=RK34 4 EXPCE34C"'RT)
KR5=RKS·EXPCE5C 4 RT)
ASITES=EXP(ACTY)·EXP(EA~C4RT)

221 FORHATC1X,· FRACTION OF ACTIVE SITES =+,E12.4)
'3 88 C0~n I NUE

c-_·~---_·_-------~_·-·-·_--_·_---·-_·_---_·_-------~---.-.--------------.------x=o. .
DX=.005
TOLKM=1.0E-Oe

N
o
N



c
c
c

c

C

201

C

9995

q997

6598

6697

5600

6699
6601

20

DX"1IN=O.OtlOl
N=5
OEL x=w
¥~k~s~5~~C~J~E2t~6'~€s~~~§~ST~~~~'~~NTER1HACGREGOR,ERJAVECFOR~ 3 INDEPENOENT LINEAR COMBINAtIONS OF THE EIGEN~ECTORS i:ap~~~
OB~ERVEO RESPONSES.
AR~A(10,J)=ARRAY(10,J)~ZC1,1)+ARRAY(11JJ).ZC1,2)+ARRAY(12,J)·Z(1,J

ll~~~~~r~j~~~~~i~ll~;jf~~~~:t~~~k~l~ll~,J).zC2'2)+ARRAY(12,J)~ZC2,3
llR~~~~~~Jr~~k~iiii~~jf~~~~~i~t~k~liili~J).Z(3,2)+ARRAY(12,J).Z(3, 3
1)+ARRAYC13,J)·Z(3,4J+ARRAY(14,J)·Z(3,SJ

TOT=TOT+l.
ZEOCJl=TOT
TR4NSFORH THE PREDICTED RESPONSES.
YYYC1,J)=Y(1)'ZCl,1)+YCZ)·Z(1,Z)+Y(3)·ZC1,3)+YC4)+ZC1,4)+YCS)+ZC1,

15 )
VYY ( Z, J l =YCU .. ZC2, 1) +y C2) .. ZC2, 2) +Y<:5) .. ZC2, 3) +VC4) ... ZC2 ,4) +YC5 ) • ZCZ ,

15)
YYY(3,J)=Y(1)'ZC3,1)+Y(Z)·Z(3,Z)+YC3l+ZC3,3)+YC4)+Z(3,4)+YCS)·ZC3,

15 )
KK=O
00 201 JJ=1,3
rI=JJ+9
RES(JJ,J)=ARRACII J)-YYYCJJtJ)
CALCULATE THE RES;DUAL SUM of SQUARE FOR EACH RESPONSE
SS~ (JJ) =SSR (JJ) +PES (JJ,J) +RES (JJ ,J)
00 201 K=1,3
tII=K+9
KK=KKfot
B=(ARRACIltJ)-YYY(JJ,J»·CARRACIII,J)-YYYCK,J»
B=8+100000000000.
A{KK'=9+ACKK)
cmnINUE
IFCNCOUNT.LT.NMAXlGO TO 20
NCOUNT=O
CALCULATE RESIDUAL SUM OF SQUARES
SSR (4) =SSR (1) +SSR C2) +SSR (3)
WPITE(or 999S )
FO~MAT( OXt·THE RESIDUAL SUMS OF SQ~ARES .)
WRITE(0,99~7' SSP(1),SSR(2)lSSRC3)tSSR(4)
FO~HAT(1Xl·R1=.,E13.5,~R2=.,t1J.S,.K3:·,E13.5,.TOTAL=·,E13.5,1/)
HRITECo t 6fl98)
FC~~ATC20Xl ·RESPl ·,20X,·RESPZ+,20X,+RESP3+ )
rIRITECOI66g7)
FO~MAT(6X,3(1X~·OBS·,10X,·CAL·,5X»
00 0601 J=1,NEx
00 6600 JJ=1,3
II=JJ+9 .
YY(JJ)=ARRACII,J)
CONTINUE
WRITEC6,6699) CYYCI),YYYCI,Jt,I=1,3)
FO~MAT(1X,3(2E10.3,5XJ)
CO~TINUE
CmHINUE
t~= 3
CALL OETER{AtD,N)
WRI TE (0 , 3 01) 0 , NC 0 UNT
SU'1=D

FI~E

N
o
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C

C

c

c

N
o..,.

~Qt FO~MAT(lX,5E15.~)

~~t ~g~~2~~~~~~1~~~~~~~~~f~g~T;~~~Q;~~~g~'~~~:A~~~s/cC.).1I
1 • OISTANCt· 57X ·CARaON+ )

,:,\62 fO;;',HAi( 13'( "'O-XYLE~~E. ax "·OTA· 7X "'"I'HTHALIOP' 3X .PHTH.ANhYO.+ ,.x
t ·~IOXIOE· lX ·OXYGEN+ SX +HITROGEN+ lX ·HATEp· 4X ·P~ESSURE. 4X
~ "'E~ROR·I)

g~O FO~~AT(F6.~,3X,~E13.3,F9.l,E13.3)
RETURN
E~F)
SUg?OUTINE HERSON (X r DELX 1 0X,DXHIN,TDLKM,tl>
I~:EGRATE~ F~OH x To (X+uELX)
OX !S ESTIHATE FOP. INTEGKATIC~I STEP NECESSA~Y
OX~IN IS ~INIMUH STEP LENGTH TO BE PE~~ITTEO
rOLKM IS QfOUI~ED ACCURACY'
I~ IS NU H8ER OF OE PC: 'wnlT VA RIABL ES
CO~TROL TRANSFERRED TO FIRST LABEL IF INTEGRATION FALLS,X AND VCI)
THEN CO~ITAHI NEH VALUES
CONTROL TRANSFERRED TO SECONe LABEL IF INTEGRATION FAILS, X AND
yct) THEN CONTAIN HOST RECENT CORRECT VALUES
Ih EITHER CASE I OX CONTAINS CURRENT STEP LENGTH
CO~HON/PARA4/ASITES
CO~HOH/PAQA2/KA,KP12,KR23,KR34,KR5
co~~aN/OEP/Y ,
CO~~C~U GRAO/OY
CO~HON/CONST/NN,R,NEX,NP,NC
CO~HONIOER/FGAS
COHHON/HER/T,OELP,W,PT,GRADP
CO'iHONIERROP/ERR
CO~HON/~EPAP/TBASE
DI"1ENSION Y(10) tYOLu (10) !.FK(5, 10) ,Oyt 10)
REAL KA,KR12,KR~3,K~34,K~?

ISl-/=O
XHA x= w
TOL~=5."TOLKH
FINiS=OELX/DX+O.5
TOL8=TOLA/32.
I tJT S=FIN TS
IF(INTS.LT.l)INTS=l
DX=OEL)(/!~""S
FI"ULT=OX/3.
GO TO 4
EP~OR CHECI(

1 IF(ER~.GT.TOLA) GO TO 20
IF(ERR.LT.TOLB) GO TO 21
INTEGR~TICN SATISFACTORY, CALCULATE NEH POINTS

-3 00 2 I=l,N
IFCY(t) .LE. 0.0) YC1>=O.O
IF(Y(2) .LE. 0.0) V(2)=0.0

? '( ( ! ) :: VOL 0 CI ) +a.5" FKC11 I ) +2. 0" FKC41 n +0 • 5.1f. FKC5 , I)
CXYGf~ BALANCE--OXYGEN Tu C02 AND H2u

Y(6)=YOLO(6)-(Y(Z)-YOLO(2»-(Y(3)-YOLD(3»"'2.-(Y(~)-YOLO(4»·3.-(Y
t (5) .. YOLD(S) )·10.5/~.

W~TER PRODUCED FROM ALL REACTIONS
y ( S) ='( 0L0 ( 8) + (Y ( 2) -'( OL 0'( 2) ) + ( Y( 3) - YO LC( 3) ) ... 2. + (Y (4) • YOL D(t.) ) ... .3 •• ( Y

1 (5) -YOLO(S) )·5./8.
~
~ CCPQECT CCNCENT~ATrONS FOR INCREASED FLOW AND DECREASED PRESSURE

PTl~=pr -GRADP"OX

c
r.
c
r.
r.
r.
~
~
G
C



c
c

c

c

C

c
C

C

c
c

c

C

- ._--

VOL 0 (7) =Y (7)
VOLPLUS=O.

200 SgL~~3s~~otpEus +FGAS~(Y(KK)-YOLOCK~»
VHOLE=22.400·760.·T/(273.2·PTN)
VOLPLUS=VOLPLUS·VMOLE
FGASN=(FGAS·PT/PTN)+VOLPLUS
RATIO=FGAS/FGASN
00 210 KK=1,8

210 Y(KK)=Y(KK)·RATIO
FG.~ S= FGASN
PT= FTN
IFCISW.LT.1) GO TO 101
RETURN

101 IF(XHAX.GT.X+OX) GO TO 160
OX = XMAX-X
rSW=l

160 CONTINUE
IF(INTs.Ea.1) RETUR~

6 I'.TS=INTS-1
PRESERVE CURRENT VALUES

l+ XOLO=X
IN THE NOR~AL RUNGE KUTlA ~ERSON THE 8 WOULD 8E REPLACED BY N

00 5 1=1,8 .
IF (Y C1) • LE: • 0 .} YOL 0 C1 ):: 0 • 0
IF (Y C2) • LE. 0.) YOL 0 ( 2) =O. 0

5 YOLDCI)=Y(!)
SKIP STEP ADJUSTMENT IF OX IS LAST STEP

IF (ISW.EQ.U GO TO 510
IH~LF=O
GO TO 9
ER~OR EXCESS!VE, HALVE STEP

20 0)(=0.5"oX
IFCOX.LT.OXMIN) GO TO 19
INTS=INTS+INTS
IHl\LF=1
GO TO ~
STSP LENGTH TOO SMALL, INTEGRATION FAILS

19 X=XOLO
DO 23 1=1,8

23 YC!)=YOLO e!l
RETURN
ERROR S~ALL~ STEP L~NGTH MAY BE INCREASED IF FOSSIBLE
CHECK IF STtP PREVIOUSLY HALVED (PREVENTS CYCLING)

21 IF( IHALF'.EQ.1l GO TO :}
CHECK IF IHTS EVEN
IOU8LE=INTS/2
IF«IOUBLE~2).EQ.!NTS) GO TO 22
NOT POSSIBLE, INTS 000
GO TO 3 .
DOUBLE STEP LENGTH

22 INTS=IDUBLE
OX=2."OX
GO BACK TO LAST POINT, AND INTEGRATE WITH HEW OX

8 F,.,ULT=OX/3.

7 ~~rr=~ocDi!)
X=XOlo

::10 CONTINUE
HAI~ INTEGRATION PROCESS STARTS HEP.E "+~,,

N
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c
9

31

32

33
C

30

C
11

C
12

C
13

C
14
10

C

C
16

17
18

c

ADVANCE X BY OX
CALL DERIVS(X,N)
00 18 IS=1 5
GO TO (31,30,32,33,30),1S
X=X+FHUlT
GO TO 30
X=X+O.S"'FMULT
GO TO 30
X=XOLO+OX
UPDATE YCn
DO 10 !=1 N
FK(lS,I)=FHUlT40Y(I)
GO TO (11,12,13,14,10),IS
PR~OICTOR AT CX+OXI3.) .
Y(I)=YOLO(I)+FK(l,I)
GO TO 10
CORRECTOR FOR (X+DX/3.)
YCI)=VOLO(!)+0.S4{FKC1,I)+FK(Z,I»
GO TO 10
ADVANCE TO (X+OX/Z.)
YCI)=VOLOtI)+O.37S 4FKC1,I'+1.12S4 FK(3,I)
GO TO 10
ADVANCE TO (X+OX)
Y(I)=YOLO(Il+l.S·FK(1,!)-4~54FKC3,I)+6.0·FK(4,Il
CONTINUE
IF(!S.EQ.Sl GO TO 16
EV~LUATE DEPIVATIVES
CALL OERIVSeX,N)
GO TO 18
ON LAST INTEGRATION, EVALUATE ERROR
ERR=O.O
00 17 I=l,N
EI=ABS(FK<11!'-4.S 4 FK(3,I)+4.0 4 FK(4,I)-O.S4 FK (S,I»
IFCERR.LT.E' ERR=EI .
CONTINUE
CONTINUE
GO TO 1
END
SUBROUTINE OERIVSCX,N)
CO~HON/GRAD/OY
COHHON/OEP/Y
COliHON/CER/FGAS
CO~HON/CONST/NN R NEX Nf Ne
CO~HON/PARA2/KA;Kk1Z,~R2~,KR34,KR5
CO~HON/PARA4/ASITES
OI~ENSION yel0)tOYC10)
REAL KA,KR12 KRl3 KR3~ KR5
REALKAl t KR1Zi t KRZ§I,KRi4I,KR5I,NN
V=AsrTE~/CFGAs·3600.)
OEN=KA·Y(6)+CKR12+NN+KRS)·YC1)+CKR23+CNN-1.)4KRS)·YCZ)+KR34+Y(3)
OY(1)=-V4 (KR12+KRS)+KA+Y(1)·Y(6)/OEH
OY(Z)=V+KA4Y(E)+(KR12+Y(l'-KR23+Y(Z)-KRS+YC2»/DEN
DY(!)=V+KA+Y(6)+(KRZ3+Y(Z'-KR34+Y(3»/OEN
OY(~)=V+KA"'Y(5)·KR34"'Y{3)/OEN
OY (5) =8.'" V'" K,d +KP5'" V(6) + (Y CU +Y C2) ) ID EN
RETURN
EN')
SU9ROUTINE DETEPCA DtN)
OI~ENSION A(144),Ll1t~) ,M(12)
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c
r,
cc
c
c
C
C
C
r.
C
C
C
C
C
C

DETERMINANT PART C; MCMASTER PROGRAM HINV

DESCRIPTION OF PARAMETERS
A • INPUT HATRIX~ DESTROYED IN COMPUTATION AND REPLACED BY

RESULTANT INvERSE.
N - ORDER OF ~ATRIX A
D - RESULTANT DETERMINANT
M - WORK VECTOR OF LENGTH N
l - WORK VECTOR OF LEHGTH N

METHOD
THE STANDARD GAUSS-JORDAN MET~OD IS USED. THE DETERMINANT
IS ALSO CALCULATED. A DETERMINANT OF ZERO INDICATES THAT
THE MATRIX IS.SINGULAR
SEARCH FOR LARGEST ELEMENT

0=1.0
HK=-N
00 80 K=1,N
NK=NK+N
L(K)=K
HOO=K
KK=NK+K
8IGA=A(KK)
~~=~~ (J:~ rN
00 20 I=K,N
IJ=IZ+I

10 IF( A8S(BIGA)- ABS(A(IJ») 15,20,20
15 BIGA=A{IJ)

L(K)=I
H(K)=J

20 CONTINUE
C
C INTE~CHANGE ~ows
C

J=l (K)
IF(J-K) 35,35,25

25 KI=K-N
DO 30 I=1,N
K!=KI+N
HOl 0= -A (KI>
JI=KI-K+J
A(KI)=A(JI>

30 A(JI) =HOLO
C INTERCHANGE COLU~NS
C

35 I=M(K)
IF(!-K) 45,45,38

38 JP=N"'(!-1)
DO 40 J=l,N
JK=NK+J
JI= JP+J
HOLD=-A(JK)
A(JK)=A(JI>

40 A(J!) =HOLO
C
C OIVIDE COLUM~ BY MINUS PIVOT (VALUE OF PIVOT ELEMENT IS
C CONTAINED IN BIGA)
C

N
o
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N
o
co

.821941610451E+03
-.201865710734E+05

.350300402337E+JO

c
c

c
c
c

c
c
c
c
c

45 IFCBIGA) 48,46,48
46 D=a.O

RETU~N
46 00 55 1=1 N

IFCI-K) 50,55,50
50 IK=NK+I

ACIK)=A(IK)/(-BIGA)
55 CONTINUE

REDUCE MATRIX

00 65 I=l,N
IK=NK+I
IJ=I-N
00 65 J=l,N
IJ=IJ+N
IF C1- K) 60, 6~ , 60

EO IFCJ-K) 62,65,62
62 KJ=IJ-I+K

A(IJ)=ACIK)+ACKJ)+A(IJ)
65 CONTINUE

--------~--~--~-~-----_._--------._---~--- .._-._-----.--.._-~----DIVID£ ROW BY PIVOT
KJ=K-N
00 75 J=l,N
KJ=KJ+N

70 I~~i)~l(~Sr)§i~R
75 CON lItWE

PRODUCT OF PIVOTS
O=O+BIGA

REPLACE PIVOT BY RECIPROCAL
ACKK)=1.0/BIGA

80 CONTINUE
R£TURN
EN~

.237733297S44E+01 .1852483~9895E+02 .34858956385eE+03

.241296152204E+01 -.156369136569E+05 -.279826444459E+05
-.338462012401E+05 -.196835985995E+05 .236719891269£+05

14
426 10.0436
0.3945E-030. Q. O. O. 0.7480£-020.1954£-010.
a. 0.2236E-030.1292E-040.9543E-050.8059£-040.1256E-030.5766£-020.1711E-01
O.2445E-030.1432E-D~C.6232E+030.1S40E+030.1naOE+Ol0.1099E+040.7194E-020.1540E+03
428 9.9603
O.31SgE-030. O. O. O. 0.5164E-020.2762E-010.
o. 0.2055E-030.1208£-040.7652£-050.8995£-040.1359E-030.3960E-020.1667£-01
0.3845E-030.1783E-040.6432£+030.1120E+030.1000E+010.97ZOE+030.6156E-OZO.1120E+03
430 10.1963
O.5209E-030. O. O. O. 0.3664E-020.2042E-010.
O. O.3215E-030.1=52E-040.1204E-040.1117E-O~O.1683E-030.2792E-020.1844E-01
0.191 7 £-030.1277E-040.&272E+030.1000E+030.1000E+010.9620E+OJO.5788E-020.1000E+03
504 9.9840
0.3837E-030. O. O. O. 0.5138£-020.1873E-010.
O. 0.2350E-030.1292E-040.9849E-050.8400E-040.1131E-030.4090E-020.1683E-01
O.9249E-040.1460E-040.643ZE+030.1120E+030.1000E+01Q.97ZCE+030.6151£-020.1120E+03
512 9.9326



O.3E75E-030. O. O. O. 0.5191E-020.1865E-010.
O. 0.2195E-030.1159E-040.6514E-050.8711£-040.1231E-030.4150E-020.1669E-01
O.~986E-030.1745E-040.6432E+030.9700E+020.1000E+010.9700E+030.6220E-020.9700E+02
515 10.0051
O.6t.89E-alO. O. O. O. 0.5029E-020.1909E-010.
O. 0.4400£-030.2330£-040.1345£-040.9172£-040.1458£-030.4122E-020.1714E-01
0.4148E-030.1843E-040.&512£+030.9700£+020.1000E+010.1005£+040.6541E-020.9700E+02
523 9.8323 .
0.6460E-030. O. O. O. 0.5087E-020.1597E-010.
O. 0.3245£-030.1698E-040.1071E-040.2355£-030.3414E-030.3808E-020.1561E-01
0.2904£-030.5700E-040.6302£+030.4100E+020.1000E+010.8520E+030.3442£-020.4100E+02
524 9.9271
0.3501E-030. O. O. O. 0.5358E-020.1867E-010.
O. 0.2034E-030.1096E-040.5758£-050.9203E-040.1265E-030.4053E-020.1725E-01
0.2631E-030.1840E-040.6432£+030.9500E+020.1000E+010.9770E+030.6111E-020.9500E+02
527 9.9548
0.5734£-030. D. n. O. 0.3058£-020.1179E-010.
O. 0.37geE-030.1811E-040.7443E-050.1282£-030.1643E-030.25&0£-020.1655E-01
0.2~73£-OJO.2496E-0~O.6532E+030.5500E+020.10aOEt010.8720E+030.~015E-020.5500E+02
52g g.g616
0.5798E-030. O. O. O. 0.2576E-020.1930E-Ol0.
o. 0.3801E-030.1619£-040.5895E-050.1107£-030.1502E-030.2390E-020.1753E-01
O.2232E-030.2C27E-O~O.6282E+030.6500E+020.1000E+010.8790E+030.4781E-020.6500Et02
531 9.9506
0.7055E-030. O. O. O. 0.7545£-020.1750£-010.
O. 0.4082E-030.1867E-04C.6956E-050.1055E-030.1E21E-030.4691E-020.1600E-01
O.2S46E-030.2220E-0~O.6282E+030.1000E+030.1000E+010.9920E+030.5344E-020.1000E+03
60S 9.9305
0.3~71E-030. o. O. O. 0.5238E-020.1882E-010.
O. 0.2263£-030.1191E-040.6573E-050.9380£-040.1406E-030.4223E-020.1704E-01
o.5e74E-030.2001E-O~D.&432E+030.8500E+020.1000E+010.9800E+030.6200E-020.8500E+02
610 8.96 e8
0.5980E-030. O. O. O. 0.2690E-020.2C80E-010.o. 0.4220E-030.1910E-O~0.4400E-050.5380E·040.1350E-030.2170E-020.1860E-01
O.1529E-Q30.5060E-04D.656ZE+030.1000E+03D.1000E+010.98~OE+030.7214E-020.1000E+03
517 9.7044
0.3081£-030. O. O. O. 0.6055£-020.1595E-010.
O. 0.1326E-030.625lE-050.5286E-050.176~E-030.3002E-030.5446E-020.1728E-01
O.4424E-330.5977£-0~O.6292E+030.5500E+020~1000E+010.8750E+830.3676E-020.5500E+02

0.99 7 78£+00 0.4~419E-01 -0.~9063t-01 0.20~OEE- 2 0.67130£-02
O.26~66E-02 -0.53756£-01 -O.3~169E-02 0.93406E+00 -0.35301E+00
0.79268E-02 0.81633£+00 0.57555E+00 0.38364E-01 -0.28530E-01

ENlJLISTING
t 6~OO END OF RECORD
t 6~OO END OF RECORD
t 6400 ENe OF RECORD

COTor 766
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APPENDIX C

EXPERIMENTAL CONDITIONS AND RESULTS

The fo1lolving table (C.l) lists the experimental conditions used

and the product composition measured for the packed bed experimentation.

To simplify the presentation the following column headings have

been adopted. The coding system is as follows.

1. Run munber

2. Temperature of reaction (OC)

3. Total gas flow at inlet conditions (cc/min at N.T.P.)

4. Inlet o-xylene concentration (gm moles/liter) x 104

5. Inlet oxygen concentration (gm moles/liter) x 104

6. Total absolute pressure in reactor (m m Hg)

7. Pressure drop across reactor (m m Hg)

8. Carbon balance ratio

9. Hydrogen balance ratio

10. Exit o-xy1ene concentration (gm moles/liter) x 106

11. Exit o-tolualdehyde concentration (gm moles/liter) x 106

12. Exit phthalide concentration (gm moles/liter) x 106

13. Exit phthalic anhydride concentration (gm moles/liter) x 106

14. Exit carbon dioxide concentration (gm moles/liter) x 106

15. Exit carbon monoxide concentration (gm moles/liter) x 106
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Table C.l

Table of Experimental Conditions and Results

I~~T CONDITIONS

1 2 3 4 5 6 7 8 9

426 350 267. 3.945 74.80 1099. 154. 1.00 1.00
428 370 200. 3.758 51.64 972. 112. 0.99 1.01
430 354 181. 5.209 36.64 962. 100. 1.04 0.94
504 370 200. 3.837 51.38 972. 112. LOS 0.90
512 370 200. 3.675 51.91 970. 97. 1.04 1.16
515 378 212. 6.489 50.29 1005. 97. 1.01 1.10
517 356 117. ~'1.081 60.55 850. 41. 1.08 0.98
523 357 99. 6.460 50.87 977. 95. 1.02 0.82
524 370 200. 3.501 53.58 872. 55. 1.04 1.01
527 380 114. 5.734 30.58 879. 65. 1.02 0.94
529 355 140. 5.798 25.76 992. 100. 0.98 0.93
531 355 177. 7.055 75.45 980. 85. 0.92 0.88
605 370 200. 3.871 52.38 985. 100. 1.02 1.07
610 383 226. 5.980 26.90 875. 55. 0.94 0.92

PRODUCT COi\IPOSrTIO;.Js

1 10 11 12 13 14 15 16

426 223.6 12.92 9.543 80.57 111.22 14.30 10.0438
428 205.5 12.08 7.652 89.95 118.07 17.83 9.9803
430 327.5 15.52 12.04 111.7 155.53 12.77 10.1963
504 235.0 12.92 9.849 84.00 98.50 14.60 9.984
512 219.5 11.59 6.514 87.11 105.76 17.45 9.9326
515 440.0 23.20 13.45 91.72 127.37 18.43 10.0051
517 132.6 6.253 5.286 176.4 240.43 59.77 9.8323
523 324.5 16.98 10.71 235.5 284.4 57.00 9.9271
524 203.4 10.96 5.758 92.03 110.10 18.40 9.9548
527 379.8 18.11 7.443 128.7 159.34 24.95 9.9616
529 380.1 16.19 5.895 nO.7 129.93 20.27 9.9508
531 408.2 18.67 6.956 105.5 139.9 22.20 9.9305
60S 226.3 11.91 6.573 93.80 120.59 20.01 8.9688
610 422.0 19.12 4.35 45.60 85.4 50.70 9.7044


