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- PREFACE

A kinetic study was made of the vapor
phase catalytic oxidation of toluene. In this
study a flow reactor was used to collect kinetic
data in the high toluene concentration re giéns .
These data were used in an attempt to calcu-
late reaction rate constants and orders. The
conclusion reached is that the oxidation of
toluene is too complex to be given a simple
kinetic equation which assumes that the rate
is proportional to the products of the concen-
tration of the reactions raised to some power.

I wish to thank the entire staff of the
‘School of Chemical Engineering at Oklahoma
State University for their help and guidance.
1 éspecially wish to thank Dr. R. N. Maddox
and Dr. J. M. Marchello for their advice in

making possible this study.
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CHAPTER 1

INTRODUCTION

As the chemical industry has increased in complexity, there has
‘been an increasing need for the utilization of more exact methods in the

design and operation of equipment. Design and operating problems fall
into two general classes. The first is that of the equilibrium processes
in which the system is assumed to be at thermodynamic equilibrium.
The second type of problems are those in which the system can not be
assumed at equilibrium and it is necessary to consider the rate at which
the process occurs. One of the most important rate controlled processes
in the chemical industry is that of the chemical reaction itself.

Reaction kinetics is the study of the time dependence for chemical
reaction. At the present time reliable information on reaction rates is
available for comparatively few reactions. Of the reactions which have
information available, many are of little practical importance.

Among the important classes of reactions needing study is the
catalytic partial oxidation of hydrocarbons. Toluene was selected as a
substance which would provide a fruitful field of study in this area. An
important characteristic of toluene is that it is the simplest member of
the family of aromatic hydrocarbons with asphaltic side chains. A know-

ledge of the characteristics of toluene oxidation would provide a basis



for the study of the oxidation of ino re complex compounds such as the
xylenes. The study of the oxidation of toluene aléo offers an important
-end in itself. This process has been used for years as an important in-
dustrial source for benzoic acid and benzaldehyde (5). . The reaction is
normally carried out over vanadium pentoxide or some similar metallic
oxide or combination of metallic oxides. The catalyst which is used in
a particular situation is determined by the desired products, by the
desired temperature and by economic factors.

- With the above factors in mind a study was made of the oxidation
of toluene in the. presence of vanadium pentoxide. The following were
the goals of this study:

1. To measure the rate of oxidation of toluene
in the vapor phase in a flow reactor using
vanadium pentoxide catalyst.

2. To determine the order and rate constants
for the data obtained in part one.

3, To calculate the Arrhenius constants for

the rate constants at different temperatures.



" CHAPTER II
SURVEY OF REACTION KINETICS
The Basic Rate Equation

The rate.of a chemical reaction is-expressed as the amount of
‘material produced or consumed per unit time (22). The rate is an ex-
tensive property. To eliminate this difficulty it is normally found
desirable to define the reaction rate as the extensive reaction rate per
unit volume. This can be expressed mathematically in the following
manner (26):

=~y Yajeo (2-1).
The negative sign arises because the substance A is disappearing by
reaction.

.Equation (2-1) may be put in a more useful form with the aid
of the law of mass action. This law may be stated as: ''The rate of a
chemical reaction is proportional to the active masses of the partici-
pants' (26). The problem with this statement is the interpretation of
the term "active mass.' It is common practice when making calcu-
.lations to assume that active mass means concentration (26). However,
some authorities (9) feel that the thermodynaniic activity éhould be re-

garded as the proper "active mass.' This theory has not yet been



verified. One major problem that prevents the application of activity
to the solution of chemical rate equations is that in those cases in which
the concentration and activity should give different answers the reactions
are frequently too complex to conveniently study. Also, kinetic data are
normally so poor that in all but the most non-ideal solutions any error
due to the use of concentration would be within the error in the kinetic
data.

The law of mass action may be expressed in mathematical terms
for a reaction of the type:

aA + bB + cC— Products (2-2).

The mass action rate expression for the above equation is as follows:

[a =k ci & c§ 2-3).

The order for a component is defined as the power (a, b,
c, etc.) to which the concentration of the component is raised in the rate
equation. The order of the reaction is defined as the sum of the orders
of each of the components. In the case of a complex reaction, which
proceeds through a number of intermediate steps, equation (2-3) normally
is not applicable. It is still found that an equation similar to equation
(2-3) may often fit the reaction. In this case, the rate depends on
the concentration to some power. Thus the rate equation for the reaction
in equation (2-2) becomes
Ty =k CA"C: cg (2-4)
where: 7,/ and {are constants
for that particular re-

action.

In this case a pseudo order is defined in a similar manmer to the order.



The pseudo order with respect to compoments A, B and C is defined as
, and Trespectively. Likewise the pseudo order of the reaction
is defined as the sum of the pseudo orders of each component.
In order to obtain a differential equation one may combine
equation (2-1) with (2-3) to obtain the following expression:
d

'”V _a = kC Cy Cc (2-5).
de

The Flow System

Two major reasons can be given for the study of reacting sys-
tems under flow conditi;on. The first is that the flow system makes
possible the study of fast reactions (5). Batch methods require that
samples be taken at very short time intervals, whilé in a flow system
it is only necessary to change the flow rates to study the time depend-
ence of the reaction. Perhaps even more important than the time element
is the fact that a very large percentage of industrial processes utilize
flow systems., While the design engineer may frequently extend batch
data to flow systems, the results are at best doubtful (11). Such
factors as back mixing and wall effects present problems which are not
present in batch systems. The scaling up of flow reactors presents
similar problems, but in general it may be done on a much sounder basis
than if batch data were utilized.

To completely analyze a flow system, the tramsitory behavior
of the reactor should be considered. However, a steady state may be
effected which will permit an analysis of the reactor. When formu-

lating the mathematics for the steady state condition, it is normally



assumed fhat there is no back mixing and the velocity profile is con-
stant across the diameter of the reactor. Hougen and Watson (10)
point out that the above conditions are a good approximation in all but
very large diameter reactors. By considering a material balance over
a differential vblume of the reactor under steady state conditions, the
following equations are obtained:

,AdVR = moles converted in the section

F dX = reduction in the number of moles of A,

A A

By equating these terms the following equation is obtained:

AdVR = Fu dX ,
or dXA
A = Fa—v - (2-6).

This equation is sometimes seen in another form which may be obtained
as follows:

. A simple material balance will show that

or
NA
X =
A F
A
thus r’ = dNA (2~7).
dVR

This expression is frequently used as the defining expression

for the reaction rate in a flow system.



-Catalytic Systems

In catalytic systems the-reaction rate normally will depend on

- the surface area of the catalyst rather than on the reactor volume,
Thus equations (2-6) and (2-7) must be modified. Probably the sim-
plest method of doing this is to follow the system of Hougen and
Watson. (10) and assume that the surface area is proportional to the
mass of catalyst. . An equation similar to-equation (2-6) may be written

as follows:

"dW = F dX 2-8)
r A A (
dX
then /-:F A (2-9).
A 4dw
A

.Equation (2-9) may be used to define the reaction rate in a catalytic
flow system. In a manner which is similar to the method used to ob-

tain equations (2-7), equation (2-8) may be transformed to

dN
r: _ A (2-10).
dw

The above equation may then be combined with equation (2-4) or
some other expression for the rate of reaction and used to determine
the concentration at any point in the reactor and for flow rate provided
a solution to the equation exists.

The Effect of Temperature on Reaction Rates

To investigate the-effects of temperature on reaction rates, it

is convenient to consider certain properties of a chemical reaction at



equilibrium. The equilibrium constant for a chemical reaction, in an
ideal solution, may be expressed as follows:
c a C b C c
A B c (2-11).
1 n n
CL CM CN

The above-equilibrium constant is for a reaction of the form

K =

aA + bB + ¢cC%1L + mM + nN.
It may be noted that a chemical reaction at equilibrium has no reaction
rate. For this reason it is necessary that at-equilibrium any reaction
rate in the forward direction have an equal reaction rate in the reverse
direction or
e = Iy (2-12).

Then from equation (2-3)

a b c 1 m n
= C =
kf CA CB Cc kR L CM CN gz__ls)
k c 2 ¢ b C c
or f = A B C (2-14)
k o 1 m n
R L CM CN

which when combined with equation (2-12) gives

ke - g (2-15).

k
R

This shows that the equilibrium constant for the reaction is the
forward reaction rate constant divided by the reverse reaction rate
constant.

To obtain a relation between the temperature and reaction rate,



Arrhenius considered the variation of the-equilibrium constant with
temperature. The-equation which relates temperature and equilibrium

constant is given as follows: (14)

JInK = AH (2-16).
T

2
RT
Then by substituting equation (2-15) into (2-16) it is found that:
2 1n k J ln k

ik R _CAH (2-17).
2T I T RT*

Arrhenius, after examination of equation (2-17), assumed that there
was some type of energy term associated with both the forward and re-
verse reaction rates such that:

s A (2-18).
v RT?

Equation (2-18) may then be integrated assuming E to be constant to

obtain:

Q-E/RT (2-19)

k=A
where: A is a constant of inter-
gration.
Equation (2-19) has exp_lained with reasonable accuracy the variation of
reaction rate with temperature in all cases thus far studied (28).
It is also found to explain fairly well complex kinetic phenomena

such as catalytic reaction. This is true although E probably includes

the results of several processes such as absorption and desorption.
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CHAPTER III

OXIDATION REACTIONS

One of the more important types of industrial reactions is the
oxidation of hydrocarbons. The study of these reactions may be sub-
divided into such groups as liquid phase reactions, gas phase reactions,
homogeneous reactions and catalytic reactions. While all types of oxi~
dations have caused at least some interest, the catalytic vapor phase
oxidation of hydrocarbons seems to be of somewhat more importance
to the chemical process industries than the other types. The reason
for this importance is that such compounds as aldehydes, ketones and
acids are frequently produced by such means (7). The mechanism of
these reactions has been investigated, however, the theory has not
been completely established and very little kinetic data is available.

Mechanism for Oxidation

The basic order for the oxidation of hydrocarbons is one con-
sisting of the reaction of the hydrocarbon to an alcohol, to an aldehyde
and to an acid., That is,

O2 2 92 (3-1).
R——3 ROH » RO Y ROOH

While these steps are in general correct they frequently do not

present the complete picture. The method by which the oxygen attacks

10
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the hydrocarbon is composed of a number of steps, any one of which
could -easily control the kinetics of the reaction. The initiation of oxi-
dation has been studied extensively without reaching any comprehensive
theory which will provide an explanation for all cases (16). It should
be noted that the oxidation mechanism frequently is highly dependent
on temperature (12). The path which such reactions follow is thought
to consist of a series of free radical and peroxide complexes. In cata-
lytic oxidation the catalyst is thought to have the function of providing
a free radical as follows:
RH + X—>HX + R° (3-2).

From this point the free radical normally forms a peroxide by

a reaction of the form.
R® + O,—>R-0-0 (3-3).
At this point a number of steps are possible. One such step which
seems to be fairly probable is an oxygen splitting off the peroxide and
the resulting compound combining with the hydrogen catalyst complex
to give a half mole of oxygen and a mole of alcohol.
R-0-0 + HX—>R-0 + 30, + HX—>ROH + %oz + X (3-3).

One of the problems involved in the study of such reactions is that it
is extremely difficult to fix the concentration of the free radicals. It is
also difficult to analyze for the peroxide complexes. Detailed discussions
of oxidation reactions may be found in any one of the reference works on

the subject (3, 17, 18).
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Toluene Oxidation

Toluene has been oxidized with air or oxygen in industry for
many years (5). The primary products of this oxidation depend largely
on the temperature and the type of catalyst used in the oxidation. With
low temperatures, i.e. under about 400 degrees centigrade, and in the
presence of vanadium pentoxide catalyst, the yields appear to be largely
benzoic acid. However, at higher temperatures a higher percentage of
benzaldehyde is produced. In general, vanadium pentoxide will tend
to produce benzoic acid while other acceptable catalysts will tend to
produce benzaldehyde. In addition to the benzoic acid and benzaldehyde
a number of other products have been observed in the oxidation of tolu-
ene (8). A list of the observed products is as follows:

Carbon Dioxide

Water

Maleic Anhydride

Anthroquinone

Phenol

Quinone.
In the experiments which have been made on this oxidation, the air to
toluene ratio was rather large. About sixteen percent toluene was found
to be the highest with a more typical figure being about five or ten per-
cent (8).

In general, it is found that the oxides of most transition metals
will serve as a catalyst for the oxidation process. Vanadium pentoxide
appears to give better yields at lower temperatures than the other com-

pounds. However, it is found that a mixture of vanadium pentoxide and

one of the other oxidation catalysts will frequently be more desirable
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than the pure vanadium pentoxide (4).

Mechanism of Toluene Oxidation

While studies have been made on the oxidation of toluene, it is
not possible to state with certainty what the complete mechanism is.
One of the facts that stands out about the mechanism of this reaction
is the point of attack of the oxidation. In toluene, as in the oxidation
of most aromatics with side chains, it is found that the oxygen will
attack the side chain before the benezene ring is involved in the pro-
cess (3). At present, the only study which proposes any relatively
complete mechanism is that by Suvorov, Rakiov and Anchia (24). These
workers establsihed that the following steps exist in the oxidation of

toluene over vanadium pentoxide.

o 0
ICI ICI
CH, CH,00H e’ i e
o — |
S HCHO | I 3 Il o)
g /7 C C C
-0 Nigeo” ™
|l
o (o) o I0|
CHpOH _ CH=0 C-0-0-H C-OH l
- Hp
> il ST co,
+
H,0
“e% ;

This mechanism is not complete because of the obvious omission of the
series of steps by which oxidation is initiated. The oxidation initiation
mechanism is probably very similar to the free radical steps mentioned

previously.
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Kinetic Studies

The kinetics of the reaction of toluene-and oxygen have not been
studied-extensively. The first extensive set of experiments on the re-
action were made by Maxted (15). These experiments were not truly
kinetic studies-because not enough data were reported to permit the |
calculation of orders and rate constants. However, these data are use-
ful in obtaining an-idea of quantative yields at different flow rates. An
investigation was made by Sasayama (21) in which he concluded that
the rate did not depend on the toluene concentration. However, a
later study by Mars and Von Kreleven (14) caused doubt on this conclu-
sion. The latter workers, using a fluidized bed of vanadium pentoxide
catalyst, found that the rate should depend on both oxygen and toluene

concentrations.



-CHAPTER IV
EXPERIMENTAL APPARATUS

A flow reaction system was constructed in order to study the
kinetics of the partial oxidation of toluene. The main piece of experi-
- mental apparatus was a flow reactor with both preheating and reaction
chambers. Inlet and outlet flow meters were provided to measure the
flow rates of all pertinent streams. The exit stream from the reactor
was also -equipped with a condenser, a caustic scrubber and a silica
gel adsorber. The inlet stream was provided with a silica gel adsor-
ber and a manometer. Heat for the reactor and preheat system was
supplied from heating tapes wound around the system. Both thermo-
couples and thermometers were provided in order to ascertain the
temperature at selected points in the system.

The. Reactor

The reactor consisted of a twelve inch long piece of three
.quarter inch black iron pipe. The catalyst was held in place by spun
glass, which in turn was held in place by wire screen. This reaction
chamber was wound with heatihg tape so the temperature could be con-
trolled.

Upstream from the reaction chamber were two preheat sections.

15
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The primary function of the first was to vaporize the liquid toluene
which was fed to the reactor. This section was constructed of one
quarter inch standard steel pipe thirty inches long. The section was
provided two inlets, one for air and the other for toluene. A ten inch
long portion of this section was packed with small stainless steel pack-
ing. The purpose of this was to provide better heat transfer and thus to
improve the vaporization of the toluene. The heat source for this sec-
tion was a heating tape wound around the pipe. The second preheat
section consisted of a thirty-six inch section of one-half inch pipe wound
with heating tape. This section was intended to preheat the gaseous
misture before it entered the reaction chamber.

The entire preheat and reaction system is shown in Figure 1.
The heater which is shown downstream from the reaction chamber was
to prevent any liquid from condensing and collecting in the bottom of the
systemm. This heater consisted of a short piece of heating wire. The
entire system was insulated to prevent heat losses.

Flow Streams Before Entering Reactor

There were two flow streams which entered the reactor. The
first of these was a toluene line. This line came from a reservoir,
passed through a Matheson T 602 rotameter and through a needle valve
before entering the reactor. The second flow line passed air through
silica gel filter to remove any water which might be present. At this
point a manometer filled with carbon tetrachloride was connected to the

flow line in order to measure the pressure drop across the system.
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The air was then passed through a Matheson T-601 rotameter, through
a needle valve and into the reactor. Figure 2 shows the complete sys-
tem.

The Flow Stream Leaving the Reactor

After leaving the reactor the flow streams were first passed
through a glass condenser to remove the toluene and other condensa-
bles. After passing through the condenser the stream was fed to a
five liter flask in order to collect the condensate. The gas leaving
the collection flask was then passed through a caustic scrubber. This
scrubber consisted of a two liter flask packed with Berl saddles and
filled with concentrated sodium hydroxide solution. The purpose of this
scrubber was to remove any carbon dioxide from the stream, leaving
only oxygen and nitrogen. From this point the gas was passed through
a silica gel dryer to remove any water or organic material which re-
mained in the stream. The gas then was fed through a soap bubble
flow meter and to the atmosphere.

Temperature Measurement

The temperature was measured at five points in the equipment.
Two of these measurements were made with mercury in glass ther-
mometers. The other three measurements were made by means of
copper constantan thermocouples. Copper constantan was selected as
the thermocouple material because of its large voltage-to-temperature
ratio. The two glass thermometers were placed so as to note the tem-

perature of the air entering the system and of the gas leaving the system.
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Two of the thermocouples were mounted in wells. One of these wells
was in the reaction chamber above the catalyst and the other was below
the reaction chamber as shown in Figure 1. The third thermocouple
was mounted on the outside of the reaction chamber to measure the wall
temperature. The thermocouples were connected as shown in Figure 3,
The potentiometer used was manufactured by Leeds and Northrup Com-
pany and was sensitive to about two degrees centigrade with the copper
constantan thermocouples.

The Electrical System

The only-electricél equipment used in the apparatus was the
heaters. The heaters were wired to variable voltage transformers as
shown in Figure 3. It should be noted that heaters B and C were
powered from the same transformer. The resistances of the heaters

were as follows:

Heater Location Resistance
A Reactor 26 OHMS
B Second Preheat Section 13.5 OHMS
C First Preheat Section 26 OHMS
D Bottom of System 2.5 OHMS.

The heating tapes used for heating tapes A, B and C were rated to oper-

ate at temperatures up to 500 degrees centigrade.
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CHAPTER V

EXPERIMENTAL PROCEDURE

The experimental apparatus described in Chapter IV was used
to collect rate data on the oxidation of toluene. The toluene used in
the experiment was technical grade ( 95 mole percent) toluene manu-
factured by Phillips Petroleurmm Company. The composition of the
material was checked by a gas phase chromatograph and found to con-
tain approximately 95 percent toluene. No impurities other than ethyl
benzene were observed., The air was obtained from a compressed air
line, The catalyst was chemically pure vanadium pentoxide manufac-
tured by the Harshaw Chemical Company.

Calibration of Instruments

Before attempting to run the equipment the rotameters and
thermocouples were calibrated. The air rotameter was calibrated with
the aid of a stop watch and soap bubble flow meter. The toluene rota-
meter was calibrated by use of a graduated cylinder and stop watch.

The calibration curves for these instruments are included in Appendix G.
The scale of the potentiometer was marked in degrees Fahrenheit for
use with an iron-constantan thermocouple. The copper-constantan

thermocouples were checked at the ice point, the boiling point of water

22
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and the melting point of lead with the potentiometer. These checks were
then used to verify that the thermocouple calibration charts for iron-
constantan (25) and for copper-constantan (23) could be used to convert
the temperature to degrees centigrade.

Preparation for the Experiment

Before taking experimental data, the catalyst was weighed into
the reaction chamber and the depth measured. Three problems were
then solved. The problems were:

l. The system was freed from leaks.

2. The pressure drop across the apparatus
was reduced.

3. Uniform flow was produced.

The first problem arose from several small leaks in the system.
It was solved by simply pressuring the system, locating the leaks with
soap solution, and tightening the fittings. After it appeared that all of
the leaks were stopped the system was checked by passing air through
it and making a material balance to prove there were no leaks.

The problem of high pressure drop arose from liquid condensing
in the bottom of the reactor and blocking the outlet. This problem was
solved by simply adding a heater at the bottom of the reactor to prevent
condensation before the gas reached the condenser.

Non-uniform flow arose because of a heat transfer problem in
the evaporator section of the reactor. The toluene, after being fed,

frequently would not immediately vaporize. This problem was solved
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by packing a section of the vaporizer. This permitted better heat trans-
fer, more uniform vaporization and thus a reasonably steady flow.
Before making a series of runs it was necessary to take several
preparatory steps. The silica gel dryers, having absorbed water from
previous runs, were regenerated. This was done in an oven at about
200 to 300° C. This drying lasted for about two hours. After the dryers
had been regenerated and cooled, the heaters on the apparatus were ad-
justed to permit the equipment to come to the proper temperature before
operation. One to two hours were allowed for this operation. Shortly
after the heaters were turned on, the air line was opened to permit the
complete oxidation of any material which might have remained from
any previous runs. Finally, the toluene reservoir was filled and the
collection flask downstream from the condenser was emptie.d.

Operation of the Experiment

The first step in the operation of the equipment was to adjust the
flow rates to the desired level of operation. The transformers were
then adjusted to the proper settings for the desired operation tempera-
ture. The range of voltages used on the transformers in order to ob-

tain temperatures from 250 to 500 degrees centigrade were as follows:

TRANSFORMER VOLTAGES
I 75-120 Volts

I 80- 95 Volts
III 15- 20 Volts.

It was found that the reactor could be controlled at any temperature in

the range of interest. Any time the flow rate was changed it was
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necessary to readjust the heater so as to compensate for the different
rate of heat removal.

In all cases the toluene flow rate was set at 4.80 x 10'4 gram
moles per second and the air flow rate was varied. The air flow rates
ranged from about .25 x 1074 gram moles per second to 1.8 x 10-4
gram moles per second. The flow rate out was measured with a soap
film flow meter because changes in density would not permit the use of
a rotameter. After one run was made, the flow rate of oxygen was
changed and the heater readjusted. The process was continued until the
entire flow range was covered at that operating temperature. The data
recorded from such runs were:

1. Temperature of the gas leaving the reactor.

2. Temperature of the gas in the reactor.

3. Wall temperature of the reactor.

4. Temperature of the air entering the system.

5. Temperature of the gas leaving the system.

6. Feed rate of toluene.

7. Feed rate of air,

8. Gas exit rate from the system.

9. Pressure drop across the system.

10. Atmospheric pressure.

After collecting the data at one temperature, the transformers were re-
adjusted so as to permit study at another temperature. In this manner

data were collected at reactor temperatures of 237, 309, 364 and 416°C.



26

.Shut Down

After a series of runs were made, the -apparatus was shut down.
. The-electricity was turned off and the valve on the toluene flow line was
closed. The air was normally left running in order to oxidize any or-

ganic materials which might remain in the system.



CHAPTER VI
PRESENTATION AND DISCUSSION OF RESULTS

The methods used in the previous chapter were used to obtain
the data which are presented in Tables I through IV. These tables in-
clude the ten pieces of information which were recorded, the total volu-~
metric flow rate and the number of moles of oxygen reacted per unit
time. The temperature of the reactor was taken to be the temperature
above the catalyst heéd. This was done because the thermécouple that
measured this temperature was actually located in the reactor while
the thermocouple below the catalyst bead was not. The following were

" the dimensions of the catalyst bead;

- DEPTH 1.70 centimeters
VOLUME 4,74 cubic centimeters
MASS OF V205 - 3.,3136 grams.

These data were used to attempt to calculate rate constants and orders
for the oxidation of toluene.

.To compute the rate constants, the work of Sasayama (19) was
assumed to be valid, e.g. the rate is independent of the concentration of

toluene.  Equation (2-10) may then be written

>

dNg
- 2 = kCG, (6-1)

=
a aw
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TABLE 1

EXPERIMENTAL DATA FOR TOLUENE OXIDATION AT 238 DEGREES CENTIGRADE

Temp. Temp. Toluene Air Feed Exit Air Oxygen
in ~ EBelow Enter- Exit Atmos- Feed Rate Rate Rate Reacted

Reaction Reaction Wall ing Air Air pheric Pressure gm.moles gm.moles gm.moles gm.moles Volume

Chamber Chamber Temp. Temp. Temp. Pressure Drop sec. x sec. X sec. x sec; x Flow
e “c % °c e mm Hg mm Hg 10° 10% 104 10° cc/sec.
238 123 311 35.0 37.0 739.2 T2k 4.8n 1.457 1.300 1.57 27.0
236 123 310 34.4 37.0 739.2 7.1 4.80 1.187 1.050 1.37 25.7
237 123 309 34.4 36.5 739.2 7.1 4.80 .7980 .6887 1.09 24.0
236 128 309 34.4 36.0 739.2 6.8 4.80 -5139 .4612 .527 22.8
237 128 309 33.9 36.0 739.2 6.8 4.80 . 3432 .2715 <417 22.1
237 128 309 33.9 36.0 739.2 7.1 4.80 1.365 1.134 2.31 26.5
237 128 309 33.9 36.0 739.2 y £ | 4.80 1.014 .8916 1.17 25.0
235 128 309 33.9 36.0 739.6 T-3 4.80 .6239 .5704 =835 = 23,2
237 155 319 33.3 36.0 739.6 7.1 4.80 1.732 1.475 2.52 28.1
238 155 310 33.3 36.0 739.6 7.1 4.80 1.564 1.238 3.26 27.4
238 155 310 33.3 36.0 739.6 /0 | 4.80 1.251 1.054 1.97 26.1
239 155 310 33.3 36.0 739.6 Tl 4.80 1.385 1.135 2.50 26.7
239 155 310 33.3 36.0 739.6 753 4.80 .9815 .8719 1.10 25.0
239 155 312 33.3 36.0 739.6 7.1 4.80 .8213 L7672 -541 24.3
239 155 310 33.3 36.0 739.6 751 4.80 .7329 .6778 .461 23.8
239 155 312 33.3 36.0 739.6 7.3 4.80 .6062 .5481 .581 23.3
239 155 310 33.3 36.0 739.6 7.1 4.80 .5672 .5114 .558 23.1
239 155 310 33.3 36.0 739.6 7.1 4.80 -4027 . 3836 -191 22.5
239 155 310 33.3 36.0 739.6 7.1 4.80 1.611 1.304 3.07 27.7
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TABLE II

EXPERIMENTAL DATA FOR TOLUENE OXIDATION AT 309 DEGREES CENTIGRADE

Temp. Temp. Toluene Air Yeed Exit Air Oxygen .
in Below Enter- Exit Atmos- Feed Rate Rate Rate Reacted

Reaction Reaction Wall ing Air Air pheric Pressure gm.moles gm.moles gm.moles gm.moles Volume

Chamber Chamber Temp. Temp. Temp. Pressure Drop sec. x sec, x sec. x sec. x Flow .
°c °c °c °c °%c mm Hg mm Hg 10 19 10% 10¥ ccl/sec.
310 165 407 33.3 37.5 739.9 7.9 4.89 1.843 1.479 3.64 31.7
310 185 407 31.7 34.0 744.0 7.8 4.80 1.336 1.184 1.52 29.1
310 145 407 32.2 34.0 744.0 7.1 4.80 .8302 .7767 -538 26.7
311 145 404 3z2.2 34,0 743.0 7.1 .4.80 _.3641 .3231 .410 24.6
308 150 404 32.2 34.0 744.0 8.0 4.80 1.468 1.367 1.01 29.6
311 170 404 32.2 34.0 744.0 7.7 4.80 1.016 .8824 1.34 27;6
307 190 410 31.6 33.5 743.4 8.0 4.80 1.704 1.437 - 2.65 30.7
307 192 410 31.6 33.5 743.4 8.0 4.80 1.628 1.397 2.31 30.3.
307 4 193 410 31.6 33.5 743.4 7.6 4.80 .4675 .4517 .158 24.8
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TABLE IV

-EXPERIMENTAL DATA FOR TOLUENE OXIDATION AT 416 DEGREES CFENTIGR.ADE

Temp. Temp. Toluene Air Feed Exit Air - Oxygen
in Below Enter- Exit Atmos- Feed Rate Rate Rate Reacted

Reaction Reaction Wall ing Air Air pheric Pressure gm.moles gm.moles gm.moles gm.moles Volume

Chamber Chamber Temp. Temp. Temp. Pressure Drop secé. x sec. x sec. x sech Flow
°c °c °c °c °c mm Hg mm Hg 10 104 104 10 cc/sec.
4ié i52 512 37.8 49.0 740.4 7.1 4.80 1.532 1,271 2.62 36.8
416 168 508 37.8 46.0 740.4 7.1 4.80 .8418 .7290 1.13 32.7
4i5 152 508 37.8 45.0 740.4 6.5 4.80 .5475 .4493 .982 31.0
4186 i75 512 37.3 44,0 740.4 6.5 4.80 L2777 .2340 .437 29.5
415 175 510 37.3 44.0 740.4 7.1 4.80 1.699 1.429 2.70 37.7
415 1€8 508 37.3 43.5 740.4 6.8 4.80 1.003 .8344 1.69 33.6
415 230 5086 ~32.2 36.5 739.2 7.1 4.80 1.706 1.366 3.40 37.8
417 230. 512 32.2 36.5 739.2 7.1 4.8C i.177 1.002 1.78 34.8
416 22¢ 312 32.2 36.5 '739.2 7.1 . 4.80 .8708 . 7391 1.417 33.0
416 230 . 32.2 36.5 739.2 7.1 4.80 1.616 1.320 2.96 37.3

0¢



TABLE HI

EXPERIMENTAL DATA FOR TOLUENE OXIDATION AT 364 DEGREES CENTIGRADE

-

v. Temp. Temp. Toluene Air Feed Exit Air Oxygen

< -in Below Enter- Exit Atmoes- FeedRate Rate Rate Reacted
Reaction Reaction Wall ing Air Air pheric Pressure gm.moles ' gm.moles gm.moles gm.moles Volume
Chamber Chamber Temp. Temp. Temp. Pressure Drop - sec. x sec. x sec. x sec. x Flow
¢ °c °c °c °c mm Hg mm Hg 10% 104 104 10° cc/sec.
: 364 - 220 458 33.3 36.5 736.5 7.2 4.20 ' 1.809 1.589 2.20 35.6
365 221 458 33.3 36.5 736.5 7.2 4.80 1.645 1.334 3.11 34.8
365 190 458 33.3 37.0 735.5 7.2 4.80 1.576 1.295 2.72 34.4
365 190 - " 458 33.3 37.0 736.5 7.2 4£.80 1.412 1.168 2.44 33.6
364 170 "~ 458 33.3 37.0 736.5 6.8 4.80 1.147 .9236 2.18 32.1
365 - 215 . 458 33.3 38.0 736.5 6.8 4.80 .9216 .8076 1.40 30.9
364 ’ 215 458 33.3 37.0 736.5 6.8 £.8¢ - 7507 .6536 .918 29.9
364 215 458 - 33.3 37.0 736.5 6.8 4.80 .6493 -5855 .638 29.4
364 215 458 32.8 37.0 736.5 6.7 4.80 : -.4954 .4816 .138 28.6
363 215 458 T o32.8 37.0 736.5 6.6 4.80C - L3171} -2975 -196 27.6
363 215 458 32.8 37.0 736.5 T 6.6 4.80 .2656 .2266 -390 27.3
363 215 " 458 32.8  37.0 736.5 7.1 7

4.8C 1.460 = 1.205 2.55 33.

Te
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The concentration of oxygen may be expressed as the moles of oxygen
per second fed less the moles of oxygen per second reacted over the gas

volume flow rate. Thus:

2 O (6-2)

This may be combined with equation (6-1) to obtain

F. _N. \o
dNo, [ 0,70,

dw Q

Depending on the value for ¢ the above equation will have one of the solu-

tiohs that follow:

dN
O, . P
2 = k (Fo - No, Y
dNoz

=1
kK w
Q
k
kg
)
But if & 21

N o
4 YO ‘ o
% W = 2 (FOZ," N.Oz) dNp,

o
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K =_f1 . | (1-0)_ (1-2)
EJ—W (’1‘1'3\) [(F 0z = Noy) Fo,

K ) (1 -

In order to check to see if the reaction is first order, it is only necessary

to plot the term In. QZ as a function of the reciprocal of the
FOZ - NOZ

volumetric flow rate for each temperature. Should this be the proper

order then a straight line with a positive slope through the zero intercept

would be obtained.

—
N
o
7
{
N [N
)
il <
L——'f‘ Slope = kW
[
3
Q 10
Figure 4
Fo
LOG, [ 2 ].AS A FUNCTION OF 1/Q
Fo, -YNo, |

Figure 5 is this function plotted for data at 309 degrees centigrade. It

may be noted that this data clearly does not fit the first order rate ex-

pression.
To find the order and rate constants when the order is something

other than unity equation (6-5) must be used. . One method of using this
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expression to find the order and rate constants is to make a least-mean-
square fit of the equation to the experimental data. This approach pre-
sents the problem that the form of equation (6-5) does not lend itself to
the methods normally used in curve fitting, However, Deming (2) pre-
sents a method which enables one to fit, by an iterative procedure, any
equation. An outline of this method may be found in Appendix:E. This
method was programed for the IBM 650 Computer and a fit attempted.
Unfortunately, the computer would not converge to an answer. It was
then decided to plot the term FOZ(l -&) -—.(FOZH NOZ)(1 -2) as a
function of the reciprocal of the volumetric flow rate used to the -
power, for various values of 2~ . This plot should be linear and pass

through the zero intercept. That is:

=

]
e N
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N
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B
|

:Slope = kW (1 -A)

(1-2)

N
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' Figure 6

o
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2

~N
o,
In order to accomplish this the IBM 650 Computer was programed
to calculate (la)a— and (F()ZmNQZ)(l -o) fromd~ = 0 toé’; 4 at intervals of

one tenth. Figures 7 through 10 give selected results of such calculations
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at a temperature of 309 degrees centigrade. The conclusion to be reached

: . P
from these plots is that an expression of the form rOZ = kCoz will not

fit the data. The data for the other three temperatures give very nearly
the same results as for 309 degrees centigrade.
It was then assumed that the rate was also influenced by the con-

centration of toluene. Mathematically, this is expressed as follows:

dN
_ o > £
lo, - WZ’ =k Co, Clorl,. (6-6)

The concentration may be expressed as follows:

F N
Co,= _ %27 %
Q (6-7)
Cto1 T Fiol - Nio1-
Q
Equation (6-6) then reduced to
> é
dN, F NnH . F Niat
02 =kl 02 - O;I [ tol . "- tol R

A e B

dNo, _. 1 ,>+F > ¢
— 2 =k(7) (FO2 " NOZ) (Fio1 = Niop)
dN +

0, « k (lQ_)} d aw

—— |
(Fo, - No, T - N )16

+ N, dN
—15-3' # w- [No, o,
(Fo, = No,) (Fto1 = Nio1)
0

Since, in general, the oxygen concentration is not great when

k (

compared with the toluene concentration, it is probably valid to assume
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that the term (Fio1 = Nio1) may be replaced by a term (Fy, - ANOZ).
where A is a constant. This is equivalent to assuming that the toluene
reacted is proportional to the oxygen reacted regardless of their in-
dividual concentrations. Again, since the oxygen concentration was
small when compared to the toluene concentration, it was assumed that

the term (F

- AN ) should not be too sensitive to the value of A so
tol 02

long as it is not far from the proper value. For this reason, complete

oxjda.tion to benzoic acid was assumed and the value for A was selected

-

as 2/3. Thus equation {6+8) reduced to an equation of the form

: : - dN,
(Fo, - No,)¥ (Fro1 - 2/3.No)F

0
The above equation presents the difficulty that it may not be integrated

unless values for )'and f are known and even if they are known the
equation méy be integrated only for special cases. . It was decided that
it would be well to attempt to make a least-mean-square~fit of equation
(6-9) to determine 2~ ﬁ and k. To do this, it vi'va.s necessary to resort
to the methods of Deming (2) to obtain a fit. In addition, the usual pro-
blems equation (6-9) must also be integrated and differentiated by numeri-
cal methods. These techniques are discussed in such sources as Salva-
dore and Baron (19, 20). A program to make this fit on the IBM 650
Computer was written. This program is included in Appendix D. This
program would not converge to an answer for the experimental data.

At this point it was again noted that if the toluene concentration

was large when compared with the oxygen concentration, the term
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(le -2/3 Ntol) could be set equal to the toluene feed rate. Then

equation (6-9) may be written as follows:

N dN,
+6 8 o S
<P o, - No,)

(]
This equation may be integrated to obtain

(1- 3'“‘(1 )+6W = (1 )F[ z(l—‘} )—(Foz-Noz)“""ﬂ

when:
> #1
or
k1/QW= (1/}?,:(:,1)p 1n( F02 )
Fo, - No,
when
F =1

By use of the tables for (%))' and FOZU"}')— (Fo, —NOZ)(I" ) pre-
v:iou‘sly prepared, plots of FOZ(I'&"-— (Foa- NOZ)U"}) as a function of
{2 ) ma.y be obtained. This was investigated and the results were
very similar to those obtained when it was assumed that the rate depen-
ded only on the oxygen concentration. The plots of Foz(l"}’—(Foz -
NOZ)(I"‘;’) as a function of (}d_f}-"' ¢ were essentially the same as Figures
7 through 10. This would seem to imply that the rate of reaction may
not be expressed as proportional products of the concentrations raised
to some power.

As shown in equations (3-3) and (3-5), the oxidation reaction is

very complex. It is, therefore, very possible that the rate could actually



depend on any number of steps. This would provide a very plausible

43

explanation why the data could not be fitted to a kinetic equation of the -

usual form. .



CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS
Restatement of Thesis Goals

The study off the oxidation of toluene was started with several
goals in mind. These goals were met with varying degrees of success.
The original goals were:

1. To measure thé rate of oxidation of toluene in
the vapor phase in a flow reactor using vanadium
pentoxide catalyst.

2. .To determine the order and rate constants for
the data obtained in part one.

3. To calculate the Arrhenius constants for the rate
constants at different temperatures‘;

The first of these goals was met by taking experimental data on
the apparatus described in Chapter IV. These data consisted of inlet
flow rates for toluene and air and the outlet flow rate for air. By
material balance, it was possible to convert the information into a
form which would give the rate of reaction. These data displayed some
scatter but they were sufficiently smooth to permit plotting for the pur-

pdse of obtaining orders and rate constants.

44
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The second goal was not met. The analysisvof‘ the data which was
presented in Chapter VI showed that the data could not be fit to the form

lo, = kCo, Crol.
While the equation is normally assumed to apply to chemical reactions,
it is not too surprising that it is not sufficient to predict the rate of oxi-
dation of toluene. The peroxide and free ‘radical mechanism as pre-
sented in Chapter III presents a number of complex steps which could
easily complicate the reaction to such a degree that a very complex
rate equation would be needed. In addition to the steps in the oxidation,
equation (3-5) also presents a reaction of sufficient complexity to give
an extremely difficult rate expression.

The final thesis goal could not be reached for the same reasons
that the second goal was not attained. The calculation of activation
energies requires rate constants and they could not be calculated for
this reaction.

Conclusions

It is possible to reach three conclusions from this study. They
are:
1. The equation rOZ = k.C‘?‘;2 'Ct‘ii , which is usualiy
assumed to apply in chemical kinetics, will not
agree with the data for the catalytic oxidation of
toluene in the vapor phase.

2. The kinetics of the catalytic oxidation of toluene in

the vapor phase is controlled by a complex mechan-
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ism such as free radical and peroxide formation.
3. The reaction of oxygen and toluene in.the vapor
phase will require considerably more study before

any kinetic expression is written.
-Recommendations

The following recommendations are made for the study of cata-
lytic oxidation of toluene in the vapor phase. It is recommended
1. That more extensive studies be made of the
reaction of toluene and oxygen.
2. Tl;at any future studies attempt to establish the

concentration of the intermediate reactants.
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APPENDIX A

Table of Nomenclature

Ag = Area of annular opening of rotameter tube at its largest
crossection.
A = The crossectional area of rotameter tube just below the

rotameter float.

Ag = Crossectional area of rotameter float.

A,B,C = Chemical compounds on the right side of a chemical
equation.

a,b,c = Moles of compounds A, B and C.

CA = Concentration of Component A.

Cr =  Rotameter constant.

E = Activation Energy.

Fa = Molar flow rate of Component A.

g = Gravitational constant.

H = Enthalpy.

K = Equilibrium constant for a reaction.

L,M;N = Chemical compounds on the left side of a reaction equation.

l,m,n = Moles of compound L, M and N.

M = Mass flow rate.

Na = Moles of Component A reacted per unit time.
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-Pressure.

Volume flow rate.

Universal gas constant.

- A chemical radical.
- A free radical.

‘Rate of reaction of Component A.

Absolute temperature.
Volume.

Volume of rotameter float.

‘Reactor volume.

Mass of catalyst.

Catalyst.

Moles of Component A reacted per mole of Component A.

The value for | NOZ d. NOZ
’ Fw -Ne~ 1 -
(Fo,-No,)* (Fo, 2/3 No,)

¥

Orders with re ‘p%ct to various components.
Moles of Component A at time ©.
Time.

Density.

- Density of rotameter float.

Molecular weight.



APPENDIX B
AOutline of Calculations

Convert the pressure drop across the apparatus from milli-
meters of carbon tetrachloride to millimeters of mercury.

Find the pressure at the inlet to the reactor by adding the pressure
drop across the apparatus to the atmospheric pressure.

Find the flow rates corresponding to the rotameter readings from
the graphs in Appendix G.

Calculate the inlet molar flow rate for air at the temperature and
pressure at which the rotameter was calibrated.

Correct the above flow rate for temperature and pressure by the
method outlined in Appendix E.

Calculate the outlet molar flow rate from the volume flow rate,
which was obtained from the soap bubble flow meter, by use of
the ideal gas law.

-Convert all thermocouple readings to degrees centigrade by use
of the emf-temperature tables (23, 25).

Calculate the total moles entering the reactor by adding the
entering air flow rate to the entering toluene flow rate.

Calculate;, by the ideal gas law, the volume rate of flow through

the reactor.
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Calculate the moles of oxygen consumed in the reactor per unit
time by s.ubtracting‘the -effluent air rate from th-e-‘--en»tering‘ air
rate.

Calculate the feed rate of oxygen from the-feed rate of air (air

is 20.99 percent oxygen).

F
.Calculate 1/Q andln ©2 for the purpose of making

plots similar to Figure 5.

-Enter the data in the computer programs.



APPENDIX C

1
[oN

A Computer Program to Calculate and

,Foz(l-}) _ (Foz_ NOZ)(I-)')

This program was written to calculate the values for (-—%—) and
.[Foz(l“}) -(FOZ - NOZ)(I"\‘{] for-every data point at various values for
o+ The purpose of these calculations was to compare the various values
for o in order to determine if any order would provide a solution to the
rate-equation rOZ =k Coaz'. The values of &~ were varied from zero to
four -at intervals of 0.1. The program was written for use with the
IBM 650 Computer in fortran language.

-Data Input

All data must be placed on a standard data card with a 12 punch
in card column 73. The data for the program must be placed in the
following form:

FIRST CARD
Card Columns 1-10

The number of pieces of data to be analyzed in 10 x 0 fixed point
notation.

Card Columns 11-20

The number 0000060001.
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The Data Cards
One card must be included for-each piece of data.
Card Column 1-10
The flow rate of air into the reactor in gram moles per second,
in IBM floating point notation.
Ca-rd Columns 11-20
The moles of oxygen reacted per unit time measured in gram
moles per second, in IBM i;loating point notation.
Card Columns 21-30
The volume flow rate measured in cubic centemeters per second,
in IBM floating point notation.
Program Operation
The program uses the standard fortran board, program decks |
‘and console settings. If it is desired to process more than one. set of
data, fchen it is only necessary to place the additional data behind the
original information. - Any such data should be in the same form as-
above. Not more than fifty pieces of data should be processed in any:
one set of data.
Program Output
. The output from this program consists of one card giving the
value for A and then a card for each piece of input data. The output
is'in the following form:
- First Card

Card Columns 1-10

The value for reaction order in IBM floating point notation.
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:Data Cards
‘One card is punched for each piece of input data.
-Card Columns 1-10
The value for 1/Q in IBM floating pbint notation.
Card Columns 11-20
The value for - (F(l""‘) - (F - N)(l""‘))in IBM floating point
notation. |
This information will be produced for each value for 4 starting
with 4.0 and going to 0.0.

The Program

Card Number ‘Statement
1 000000 DIMENSION X(50), Y(50), Z(50)
2 000001 Q(50)
3 000010 READ 1, N, .1
4 000000 J =1
5 000020 READ 2, X(J), Y(J), Q(J)
6 000000 Z(J) = 0.2099% (S(J))
7 000000 IF (J - N) 3, 4, 4
8 000030 J = J + 1
9 000‘000 GO TO 2
- 10 ' 000040.A = 4.0
11 | ' 000150 CONTINUE
12 | 000000 PUNCH 1, A

13 0000007 =1



14

15

16

17

18

19

20

21

22

23

24

25

26

000050 B = (1.0/Q(J))**A

000000 C = ((Z(J) = Y(J))*

000001 (1.0~ A) — Z(J)**(1.0 nA))

000000 PUNCH 2, B, C
000000 IF (J - N) 6, 7, 7
000060 J = J + 1

000000 GO TO 5
000070-CON'I‘INUE
000000 IF (A) 10, 10, 9

000090 A= A-0,1

000000 GO TO 15

000100 IF(I) 14, 14, 1

000140 END
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APPENDIX D

A Computer Program to Make a Least Mean
Square Fit of the Rate Egquation

A program was written to make a least mean séuare fit of equation
(6-9). ‘This program’was written using the methods of Deming (2) which
are described in Appendix F'. This required that Equation (6-9) be set
in the form:
P = (X AL, Ap---Ap) + .
. If the independent variable is the reciprocal of the volume flow rate,

then the equation may be treated as follows:

- N
. (_%fwf_w = ‘o, 4 O, | (D-1)
(Fo, - Nop) (Fop-2 Nop)
A 3
1 = ;.1_ Z(l/;-{-.@ ))
- Q ok -
.,\ . .
where: Z = 02 d 02
~ Fo,-No,)(Fo,-2 No,)
0
Thus @ = ( z)(l/(a-"'?)) -1
kW, Q (D-2).

\
/

It is then necessary to calculate the derivatives o G/Jd a‘-dﬁ/)é’ and

2 @/F k in order to use the me{thod of Deming. The partial,, with re-
spect to the reaction rate constant, presents no problem and may easily
be shown to be:
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[(Yere)) -]
) .

> @/ok= (;3”_ z (R‘z’x’i) (D-3).

The derivatives with respect too- and § present a more complex pro-
blem. In this case, it is necessary to findy (U)V/3-X where both U and

V are functions of X. The result of the differentation is not usually

found in differential calculus tables. However, it may be found as follows:

InUV=VvVinU

dlngv=v dlnU 4, ydv
ax ax

1/u¥d UV/ax =Y du +1nudv
U ax ax

d UV/dx = vulv-1) du  yVin u 4V
ax X

If equation (D-4) is used to findo- @/ and >~@/o~F from equation

(D-2) the following results will be obtained.

1)(1 az)_( | (Z )(lla"*'@)ln(z )
kW 2 o }+5

| - 1 (3
-;-- (&+5 )(kW ZVa+8

(D-5)
(1 -1)1 =z 1 2 2 (1/3'+(9)

9? gsz’3'5 G 4B - G & Z)
(D-6)

The problem of calculating the quantity Z and its derivativeso Z/ 3 2~ and
J2/2- @ arise at this point. Unless the values of >-and £ are known,
the function may not be integrated. In fact, it may be integrated only for
specific values for & and 6 . The solution to this problem is that only
numerical values for the function and its derivatives are required. This
enables the use of Simpson's. Rule (19) to find the values for. Z. To find
the‘values for - and € , it is necessary to resort to other numerical

methods. Salvadori and Baron (20) show that:
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2G/dX=1_(3¢; -4G + ) | (D-7)
2h
where: @; is the value of the function
af;:a point X
'@ is the value of the function
at the point (X-H)
@1 is the value of the function
at the point (X-2h)
h is any number.

The error in such a calculation is of the order of h squared. The
value of the derivatives may now be evaluated by calculating, by Simp-
son's Rule, the values of Z at (9=, £ ), (o, B -h) and (& . ﬁ -2h) to find
2Z/)@ and at the points (¢, § ), (> -h) and ( -2h) to find >-Z/>¢".

Data Input

- All data must be placed on standard data cards with 12! punches
in card column 73. The data for the program must be placed in the
following form:

-First Card
Card Columns 1-10
The number of pieces of data to be processed in 10 x 0 fixed
point notation.
Card Columns 11-20
The mass of the catalyst in grams using IBM floating point

notation.
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Card Columns 21-30
The number of subdivisions to be used in the application of
‘Simpson's Rule. This must be an even number greater than four and
entered in IBM ﬂoatingvp‘oi.nt notation.
Card .Columns 31-40
An initial guess as to the order with respect to oxygen (d»)".
- This must be entered in IBM floating point notation.
Card Colum;jrls 41-50
An initial guess for the order with respect to toluene ( g)o
This must be in IBM floating point notation.
Card Columns. 51-60
-An initial guess for the reaction rate constant (k). This must
be in IBM floating point notation.
Card Columns 61-70
The ratio of the moles of toluene consumed in the reaction to
moles of oxygen consumed in the reaction. This number is normally a
assumed to be 2/3. IBM floating point notation must be used to enter
this quantity.
-Second Card
Card Columns 1-10
This position should contain one of three 10 x 0 fixed point num-
bers depending on whether it is desired to process any other data than
the set which is originally fed.
-Option A

If the set of data being fed is all that will be processed then
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enter the value 0000000000,
Option B
If it is desired to enter another set of data after the initial values
have been fed without changing any of the information on the first card
except the number of pieces of data. - Enter the number 0000000001.
Option. C
If it is deisred to enter another set of data after the initial values
have been fed and it is desired to change any or all of the information on
the first card, then enter the number - 0000000001.
-Data Cards
One card must be made for every point that it is desired to in-
clude in the fit.
-Data -Cards
Card Columns 1-10
The feed rate of air in gram moles per second using IBM floating
point notation.
- Card .Columns 11-20
The rate of consumption of air measured in gram moles per
second using IBM floating point notation.
-Card Columns 21-30
The volume flow rate through the reactor in cubic centimeters
per second, using IBM flbating point notation.
-Card Columns. 30-31

The toluene feed rate measured in gram moles per second using
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10 x 0 fixed point notation.

Should Option C be used on the second card, then both the first
and second cards of the new data should be the same as above.

Should Option B be used on the second card, then a card with
the following information should be placed ahead of the data cards.

Card Columns 1-10

The number of data points in the»se;ond set of data in 10 x 0

fixed point notation.
Card Columns 11-20

A fixed point number which gives Options A, B, or C in the same

‘manner as above.
Operation of Program

This program uses the usual fort.ran boards, decks and console

settings. i
-Program Output

The program output is in two sections. The first simply gives
the quantities d\, @ and k at the end of each iteration. This continues
until the values for all quantities agree within one-half of one perc.ent.
The second group of cards prints the quantities 1/Q A+f , kW 1/Q >-+€
and-Z for each piece of data fed.

The Program

Card Number ‘Statement
1 C00000 CURVE FIT FOR ORDERS AND
2 C00000 RATE CONSTANTS

3 000000 DIMENSION Y(35),. Z(35), Q(35)
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11

12

13

14

15

16

17

18

19

20

21

22

23

24
25
26

27
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000001 T(35,§.G’I(f6)

000010 READ 1, N, W, AA, A, B, C, AAA, I
000000 J = 1

000020 READ 2, Z (J), Y (J), Q(J), T(J)
000000 Z(J) = 0.2099%Z(J)

000000 IF(J-N)3, 4, 4

000030 J = J+1

000000 GO'TO 2

000040 PUNCH 1, A, B, C

000540 SAA = 0.0
000000 SAB = 0.0
000000 -SAC = 0.0
000000 SAO = 0.0
000000 SBB = 0.0
000000 SBC = 0.0
000000 SBO = 0.0
000000 SCC = 0.0
000000 SCO =.0.0
000000 J = 1

000440. AI:= A
000000 BL = B
000000 K =1
000050 CONTINUE

000000 AX =.0.0



28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

000000 -E = Y(J) (3.0) *AA)

000000 XX = 0.0

000060 XXX = (1.0/((Z(J)-XX)**AL*
000061 (T(J)~AAA¥XX)**BL))

000000 AX = AX + E*XXX

000000 XX = XX + E*-3.0

1l

000070 XXX = (1.0/((Z(J) ~ XX)**AL*
000071 (T(J)-AAA*XX)**BL))*4.0
000000 AX = AX + E *XXX

000000 XX = XX + E* 3.0

000080 XXX = (1.0/((Z(J)-XX)**AL%*
000081 (T(J)-AAA#*XX)**BL))%*2.0
000000 AX = AX + E*XXX

000000 XX = XX + E#3.0

000090 XXX = (1.0/((Z(J)-XX)%*AL*
000091 (T(J)-AAA*XX)**BL))*4.0
000000 AX = AX + E *XXX

000000 XX = XX + E*3.0

000000 IF (XX/Y(J)+0.3*E-1.0)10, 11, 11
000100 CONTINUE

000000 GO TO 8

000110 XXX = (1.0/((Z(J)-XX)¥*AL*
000111 (T(J)-AAA*XX)**BL))

000000 AX = AX + E *XXX

000000 GI(K) = AX
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54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76

17

66
000000 IF (K-3) 12, 13, 13
000120 K = K+1
000000 AL = AL - 0.1
000000 GO TO 5
000130 K=K + 1
000000 AL = A
000000 BL, - BL - 0.1
000000 IF (K-5) 14, 15, 15
000140 CONTINUE
000000 GO TO 5
000150 DIA - (50O>!<(3.,O>I<GI(,'1‘.)-4°O*GI(Z)
000151 +GI (3)))
000000 DIB = (5.0%(3.0*GI(1)-4.0%GI(4)
000001 +GI("5.)))X
000180 RO = (1.)/Q(J) - ((1.0/(¢?==W))=kGI(1)
000181 ))#k(1.0/(A + B)))
000000 RAA=-(1. o/(A+B)*((1!0/f(C*W)),‘»:«*
000001 (GI(1)))**((1.0/(A+B))-1.0)*
000002 ((1.0/({C*W))*DIA)
000000 RAB = LOGEF ((1.0/(C*W))*(GI(1)))
000001 *{(1.0/(C*W)*GI{(1)*%)1.0/(
000002 A + B))*(1.0/((A+B)*%2))
000000 RA = RAA + RAB
000000 RBA = (RAA/DIA)*DIB

000000 RB = RBA + RAB
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78 000000 RC = (1.0/(A+B))*((1.0/C*W))

79 000001 *(GI(

80 000002 1))##((1.0/(A+B))-1.0)%((1.0/

81 000003 (C**2%W))*GI(1)0

82 000000 SAA - SAA = RA*%2

83 000000 SAB = SAB = RA*RB

84 000000 SAC = SAC = RA*RC

85 000000 SAO = SAO + RA*RO

86 000000 SBB = SBB + R B¥*%2

87 000000 SBC = SBC = RB*RC

88 000000 SBO = SBO + RB*RO

89 000000 SCC = SCC = RC¥%2

90 000000 SCO = SCO + RC*RO

91 000000 IF (J-N) 19, 20, 20

92 000190 CONTINUE

93 000000 J = J + 1

94 000000 GO TO 44

95 000200 DELT = SAA%SBB*SCC+SAB*SBC*SAC
96 000201 - SAB*SAB#*SCC - SAA*SBC*SBC

97 000202 + SAB*SBC*SAC - SAC*SBB*SAC

98 000000 AELT = SAC*SBB*SCC + SBO*SBC*SAC
99 000001 +SAB*SBC*SCO - SCO*SBB*SAC*SAO*
100 000002 SBC*SBC - SBC*SAB*SCC

101 000000 BELT = SAA*SBO*SCC + SAB*SCO*SAC
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103
104
105
106
‘107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125

126
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000001 = SAO*SBC#SAC - SAC*SBO*SACHSCO*
000002 SBC**SAA - SAB*SAO*SAC

000000 AO = AELT/DELT

000000 BO = BELT/DELT

000000 CO =(SCO - SBC*BO -:SAC*AO)/SCC

000210 A

= A - AO
000000 B = B - BO
000000.C = C-CO

000000 PUNCH 2, A, B, C

000000 IF (ABSF(CO/C)-0.005)22, 24, 24
000220 CONTINUE

000000 IF .(.ABSF(BOIB)-O.005)23,V 24, 24
000230 CONTINUE

000000 IF(ABSF(AO/A)-0.005)25, 24, 24
000240 J = 1

000000 GO TO 54

000000 AL = A
000250 J =1

000000 AL = A
000000 BLL = B

000260 CONTINUE

000000 BUD = (1 oo/Q(J))**(A{ B)
000270 AX = 0.0

000000 E = Y(J) / (3.0%AA)

000280 XXX = (1.0/({(Z(J))
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129
130
131
‘132
133
134
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136
137
138
139
140
141
142
143
144
145
146
147
148
149

150
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000280 XXX = (1.0/((Z(J))

000281 (T(J)=AA~A*XX)**BL))

000000  AX = AX + E*XXX

000000 XX = XX + E*3.0

000290 XXX = (1.0/({Z(J)-XX)**kAL*
000291 (T(J) - AAA*XX)*BL)*4.0
000000 AX = AX + E*XXX

000000 XX = XX + E#*3.0

000300 XXX = (1.0/(Z(J)-XX)%*AL%*
000301 (T(J)-AAA*XX)**BL))*2.0
000000 AX = AX + E*XXX

000000 XX = XX + E*3.0

000310 XXX - (1.0/((Z(J)-XX))**AL%*
000311 (T(J)- AAA*XX)**BL))*4.0
000000 XX = XX +-E*3.0

000000 IF(XX/Y(J)+0.3*E-1.0)32, 33, 33
000320 CONTINUE

000000 GO TO 30

000330 XXX = (1.0/(({Z(J)-XX)#*AL*
000331 (T(J)~-AAA*#XX)**BL))

000000 AX = AX + E*XXX

000000 AUD = ((1.0/Q(J))**(A + B))*W*C
000000 PUNCH 3, BUD,. AX, AUD

000000 IF(J - N)34, 35, 35



151
152
153
154
155
156
157
| 158
159

160

000340 J = J'+ 1
000000 GO TO 26
000350 CONTINUE
000000 IF(I)37, 38, 36
000360 READ 3, N, I
000000 J = 1

000000 GO TO 2
000320-CONTINUE
000000 GO TO 1

000380-END
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APPENDIX E
Description of the Least Mean
Square Method of Deming (2)

' The method of Deming will provide a least~mean-square-fit for

any function of the form.
@ (X, Y, a3, ap, ---a,) =0 (E-1)

where: aj, ap, ---a,are constants.
In this method, the experimental error may be weighted between X and
Y. ‘fhat is, it is possible to -assume what the-error in X was when com-
pared with the error in Y. This is not done in the usual methéds of
curve fitting. ‘'The usual assumption is that one variable is free from
error.

-While the general least-mean-square-fit is of interest, it is
sufficient for the purpose of fitting the kinetic equations to consider the
method of fitting an equation of the form.

Y =0 (X, Ay, a ———-an? (E~2)
It is also sufficient to assume that the observed values of X are correct
or that all error lies in the observed value of Y.

- The basic technique for the fitting of equation (E-2) involves
several steps. The steps are:

1. Set equation (E-2) in the form
G =@ (X, a;, a, ---ap) L Y
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Find the derivities}()/éal,ag/) a, e D QL ag
Assume values for aj, ap ---a,

For each set of (X, Y) in the data calculate the

followin-g:‘ @, JO/ﬂ‘ ays ”‘Q’Q az, --- 'éj"%h_

Form system:of;linear equations

NEBY 4 AT ATIE, - £5%,
A+ Azis% %*‘“ "»’—a% 3, - 2%1?
E _l o _[ | |
ASBEY, + e zwﬁé L z-;&{%%’ -£ ﬂ‘a—?

selve the system of squations in step 3 o2

Al’ AZ """An

Calculate a.second approximation for the values

aj, ap, ---ay with the equation:

7 :
If all a” y are sufficiently close to ays then the least-

mean-square-fit to equation (E-2) has been obtained.
If not, then with the adjusted values of ay return to
sfep 4 and repeat the process until sufficient agreement

is obtained.



APPENDIX F

Equation for Correction of a Rotameter
for Temperature and Pressure

M = C_.A, ~\/,2g (7f—F)ﬂVf (F‘—l)
A (1-(A,1A1)%)

Then at any given rotameter reading g, A,, Aj, V¢ are constant.

The ratio of the flow rates of two materials at the same rotameter read-

ing is as follows:

afze Prfe-PryVe

My L Cr; 4 ,
s T T -
Cr, A [ 28 P2 (Pi-F2) Vi |
e - (o)
Al
Moy [P Py (F-3).

Mz Tr, VPP Pay

In the case of a gas, the density is very small when compared

with the density of a glass or steel float. It may thus be assumed that

Thus c

C -
M- Ry A - Ry (F-4).
Mz  Cr, 2 P Cr,

It may now be noted that small changes in flow rate make little
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difference in the value of the rotameter coefficient then it'may be

assumed that CR1 = CRZ. This leads to the result:

My =of A (F-5).
M, P2
If the ideal gas low is assumed to apply the density of a gas is found

to be:

P= pyY (F-6).
RT

Since the gas for both flow rates are the same, the following relations

hold:

Fir . P1T21% (F-8).
F, P2T1J

It should be remembered that the above equation is only valid for gases
when the flow rates are very nearly the same because of the assumption

that the coefficients are equal.
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