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ABSTRACT

In a Comtinuous Stirred Tank Reactor (CSTR),
Ceviations from perfect mixing can occur bhoth on the
macro and micro scales. The macro scale deviations are
covered by the deviation of the residence time distribution
(RTD) from a well stirred residence time distribution
(WS RTD). A number of models for incomplete mixing
in a CSTR have been suggested to cover the micro mixing
deviations from maxinmum mixedness., The Ripﬁin—Ng randonm
mixing mocel and Weinstein's Consecutive Reactor model
are deeme’l to be the most suitable nmodels for incomplete

nixing in a single CSTR.

The Rippin-Ng model has been extended to cover
complex kinetics for homogeneous isothermnal reaction. The-
effects of the reactants entering through different feed
nozzles have been formalised and quantified. Some
estimates of the Rippin-Ng mixing parameter (RT ) have

been obtained for dilute aqueous solutions.
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CHAPTER I

INTRODUCTION

Mixing is one of the most widely used chemical
engineering operations, and is employed for processing an
extremely diverse range of materials. The objective
of mixing is homogenisation, manifesting iteelf in a
reduction of concentation or temperature gradients or
of both simultaneously. The systems t;fmixed may consist
of fluids or particulate solids or both. This present
work will be restricted to the mixing of completely
miscible low viscosity fluids of the same density, and
all future statements will be assumed valid only for such
fluid - fluid systems. In such systems two types of
motion may occur: |

a) Spontaneous

b) Forced

Spontaneous motion is effected by the motion
of fluid particles due to the influence of molecular
diffusion, mass transfer by free convection. Although
this is the only mechanism for motion on the molecular
scale, it is not of great importance for the movement
within liquids on the larger scale, as 1t proceeds far
too slowly. FPorced convection may result either by the
handling and treatment of fluids e.g. pumping, geating,
cooling etc., or by stirring with an impeller. All
future comments will be restricted to homogeneous liquid

systems only. I,
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The initial research in this field was
directed towards the solution of practical engineering
problems. lMost of the early workers concentrated on
finding the mixing time (33) and power requirements
(31, 32) for a wide range of impeller types, impeller
and tank sizes and geometry,liquid properties and other
operating conditions. These empirical studies solved
some of the then existing problems, but contributed little

to the understanding of the mechanism of mixing.

One of the branches of chemical engineering
affected by mixing is chemical rezction engineering.
In the earlier stages of its development, the batch type
of reactor was widely employed. With an inérease in
product demand and higher labour costs, it was found possible
to operate continuous reactors with much greater econony
than the corresponding batch systems. In the batch
reactor, the reaction time and stirrer speed could be
varied relatively easily to compensate for the inconsistencies
in the mixing. However, with confinuous reactors, the
conversion is determined by a number of operating conditions,
and the interaction between these conditions is generally
more complicated than for the corresponding batch system.
In view of this and the larger capital investment in a
continuous system, incentive was provided to understand

more about reactor design and operation.
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Homugenewus industrial chemical reactions
are performed chiefly in two types of continuous reactors:-

(1) Plug flow reactors.

(2) Continuous Stirred Tank Reactors (CSTRs)

In a plug flow reactor no attempt is made to
induce mixing in the direction of flow, whereas for a
CSTR a definite attempt is made to mix the fluids, generally

by meens of stirring with an impeller.

A perfect plug flow reactor is defined as one
having perfect mixing in the radial direction and zero
mixing in the axial direction, whereas the contents of a
perfect CSTR are homogenseous at all points within the

reactor ie. perfectly mixed.

In practice these conditions do not occur, and
both types of reactors will deviate by varying amounts from
the idealized form. In a non~ideal CSTR, deviations
from perfect mixing may occur in two forms:-

I) Macro mixing deviations

2) Micro mixing deviations

Macro mixing is the large scale mixing
phenomenen, and as determined by the residence time distribution
(R.T.D.), is in general, a complicated function of the
geometry of the system, the physical properties of the
fluid, and the rate of flow of the fluid. The RTD
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frequency funetlon far a perfect CSTR is given by
(&) = 4 exp (-tfT)
where T is the mean residence time.of all molecules
leaving the system at any instant -(I.1)
If the RTD frequency function of the CSTR is different
from this, deviation on the macro scale occursfrom the

perfect mixing reguired for the ideal CSTR.

The micro mixing is the small scale phenomenon
and often has a lesser effect on the conversion. Whereas
the macro mixing determines the time of residence of a
molecule in the flow system, the micro mixing determines
the environment or concentration history this molecule
experiences during that time. This concept may be further
illustrated by considering a "point" of fluid. Danckwerts
(4) defined a "point" of fluid as being a very small volume,
but still large enough to contain many molecules. When
a point enters the system, it consists of molecules of the
same age, but in the general case of different life
expectations (see Chapter 2.2 for definition).  When
a point leaves the system, it consists of molecules of the
same l1life expectation, but in general of different ages.

If the entering point does have a distribution of residence
times associated with it, then somewhere in the system there
is a transition from a grouping of molecules by identical
ages to one of identical 1life expectations. If, for a

well stirred system i.e. one having a RTD frequency
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funcbion given by eguation (I1.I), this transition occurs
immediately on entry, verfect micro mixing results. In
all other cases a deviation from perfect micro mixing

occurs.

At first, CSTRs were assumed ideal, and an
empirical safety factor used for design purposes (5).
Kramers applied the mixing time to the concept of RTD
(12). It was shown that for a non-first order reaction,
a knowledge of the miero mixing is necessary to predict
conversion (34). Danckwerts (4) showed it possible to
determine an upper . - and lower limit of conversion,
and calculated the limiting conversions for a well stirred
RTD. The upper limit of conversion is achieved with
complete segregation, when the order of reaction is greater
than one. Perfect mixing (for a well stirred RTD) results
in the lower limit of conversion. FPor reactions of the first
order, these limits coincide, while the reverse occurs

for reactions of order less than one.

Zwietering (30) extended these ideas to cover
the case for any arbitrary RTD, and showed that perfect
molecular mixing cannot occur unless the RTD corresponds
to that for a well stirred system. He defined a state
of maximum micro mixing compatible with any arbitrary RTD

as being the state of meximum mixedness (Chapter 2.2.).
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Compirore voemreogatdm: iw 'b‘hgquot.idally pnsaible with

any arbitrary RID.

Weinstein (26) developed the Consecutive Reactor
model for mixing in a CSTR. Rippin and Ng (I6)
defined a mixing parameter, the knowledge of which would
make it possible to predict exactly the conversion with
any arbitrary RTD, and Ng (I8) evaluated the equations for
the case of a secohd order reaction with premixed feeds.
This work is applicable to isothermal homogeneous reaction
between two fluids of the same viscosity and density which

are also completely miscible.

The aim of this work is to extend the Rippin‘~
Ng medel to cover more complicated kinetics, and also to
quantify the behaviour of systems when the feed streams enter
through two separate feed nozzles i.e;:unpremixed feeds, in
addition to the normal case for premixed feeds. The same
constraints as for the work of Rippin and Ng, will apply
to the density, viscosity and miseibility of the system.
An attempt will be made to find reliable values for the mixing
parameter. The theoretical work will cover the following
kinetics: |

I, A +B=C

Irreversible Second Order Reaction

(Impremixed)

2. 2A -~ 2B =-¥ 2C

Consecutive Premixed Reaction.
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Se A+B-=C
C 4 B—=E

Consecutive Parallel Reaction
(Premixed and Unpremixed)

4. A+B~—=B + B

Autocatalytic Reaction
(Premixed and Unpremixed).,



CHAPTER 2

LITERATURE SURVEY

2.1, Application of RTD to Mixing in Flow Systems

Danckwerts (3) developed the application of
the RTD to the analysis of mixing in a flow system, angd
showed that the conversion for g second order reaction
with a well stirred RTD (WSRTD) i.e. & frequency function
of Y. Cxp (-¥JT ) would be higher for complete
segregation than with perfect mixing (4). To describe
the degree of mixing in a fluid, he used the concepts
of "concentration at a point" and "age of fluid at a point"

A "point" has been defined in Chapter I.

The age o. of a molecule is defined as the time
which has elapsed since the molecule entered the flow system,
and the variance of the ages of all molecules in the flow

system is given by

Vay &K = - )% ~(2:1)
where < is the mean age of all molecules which are in the
flow system at some particular instant. The mean age at
a point « p 1s defined as the mean age of all molecules
forming the point at any instant, and the variance between
the mean ages of the points is given by

Vare{ p = ‘W -(2.2)
Danckwerts (4) defined a new parameter called the degree

8
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of segregation d4 as
J = Var « p/Var«, = Tz;::jfj'éj/f%:;?:TT 2 - (2.3)
He also showed that when the RTD frequency function is given
by )= M exp(~tfcYi.e. I CSTRs RTD, with J = 0
perfect mixing results, while J = I represents the state

of complete segregation.

This process of analysid was further developed
by Zwietering (30), who showed that whereas complete
segregation and the corresponding value of J = I could
in theory occur with any arbitrary RTD, that when the
RTD is different from a I CSTRs RTD i.e. when the RTD
frequency function # Yo exp (“tltj y the value of d

cannot be zero, and perfect mixing
‘pannot ocecur. He calculated the minimum value of J for

/!
various RTDs, and defined the state of mixing when
d is a minimum for any given RTD, as the state of maximum
mikedness (Section 2.2). This state represents the

least amount of segregation compatible with the RTD.

2.2. Maximum Mixedness

Zwietering (30) defined the life expectation
of a molecule at a given instant as the further time the
molecule will spend in the flow systemn. If the total
residence time of the molecule in the flow system is %,
and the age at any instant @ . «Z@ , then N is defined
by

t= ANe + K@ - (2.3)
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The life expectation frequency function is

defined as V/()s) and at any given instant w{x)d’\
is the fraction of molecules in the system that have a
life expectation between A and A+dN. The cumulative
life expectation distribution'VfLK) , associated with

Qﬁ(iﬁ » 18 the fraction of molecules in the system that
have a life expectation less than/x . The age frequency
and life expectation frequency functions of a point p

are %69{?() and LV{’(%) respectively, with {P{aﬂ)andw&,x}

being the corresponding cumulative distribution functions.

Using these definitions, two conditions which
precisely define maximum mixedness in a steady flow systen
nay be stated (30):-

1. Por each point, the molecules within it

will leave the system at the same moment

ive. W (%)= fr XN AP
o\ g N> P _.(2.4)

that is, the cumulative lifé expectation
distribution function at each point is a step
function.

2. Points with equal life expectations are

mixed, or at least have identical age distributions

Epay = g (Ard)  —25)
It has been shown (30) that the degree of

gsegregation J is a minimum when these two conditions

gre fulfilled.
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2s3, Maximum Mixedness Conversion

Zwietering (30) designed twe reactor models
to show that complete segregation and maximum mixedness
are complementary phenomena. The first was the perfect
plug flow reactor for complete segregation, with side exits
of negligible volume. The flow rates through the exits
are regulated such that the resulting RTD conforms to the
required form. The maximum mixedness reactor consists of
a perfect plug flow reactor with side entrances of negligible
volume. In both cases radial mixing is assumed perfect at
all cross sections. The second reactor is the same as
for the completely segregated case except that the flow is
exactly reversed, and hence RTD is the same in the two cases.
It can be shown that this maximum nixedness reactor fulfills

the two conditions in Section 2.2.

By a material balance around an isothermal
maximum mixedness reactor, the following equation for

concentration may be obtained .
= $(Aapny] + £ [A- Ao

1= FON) ~{2-¢)
where f LA(M\] is the batch chemical rate expression

LY
AN

as o function of A . The boundary condition for the
integration of equation (2.6) is dﬂ]d\:o at A= To |,
This follows from the fact that at N = o° i.e. at
the entrance to the reactor, the concentration of A is

bounded and positive.  However, the very small fraction
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of molecules at high residence time do not affect the
conversion to a significant extent. For the purposes
of numerical integration it is sufficient to assunme
&Aj;})\,g@ at A=4 T . The value of A at N = 4Cmay be
obtained if the limit fl{,\)/“_ FLa) at A = oo can

be evaluated.

Zwietering (30) integrated equation (2.6) for
the case of sinmple first and second order reactions with
the RTD of 2 and 3 CSTRs, for wvarious values of the
dimensionless rate constant X I. He also showed that with
a I CSTRs RTD, the concentration is constant at all points

in the maximum mixedness reasctor.

2.4, The Generalised Mie¢rc -~ Mixing Model

e —

Weinstein (26) conceived a generalised micro
mixing model, which is based upon Zwietering's model for
segregated flow, and obtained from it by rearrangement.

Two further conditions were added:-

I. The fluid is in a segregated state when it

enters the reactor, since all molecules have an

age zero at this stage.

2. The fluid is in a state of maximum mixedness

when it leaves the reactor, since all molecules

have a life expectation of zero.

The rearrangemnt of Zwietering's model is done

as follows. Each portion of the flow which exits through
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a side tube is in fact placed in a separate reactor.
All these reactors are then placed next to each other on
a life expectation scale, as represented in Figure 2.I.

The chemical conversion from this arrangement is given

/ T A
Yer = YV AN ) 5

where'Y' is the dimensionless concentration of the desired

by

product. This is exactly the same as obtained from
Zwietering's segregated flow model. The model for
maximum mixedness is obtained by removing the horizontal
lines between the separate reactors, and allowing tranaverse
nixing of all molecules with the same life expectation, but -
no longitudnal mixing. |

Any intermediate degree of mixing is readily
represented by allowing for transverse mixing between
some of the reactors, for values of greater than 2zero,
as represented in Figure 2.2. This mixing may either
continue between the reactors until the exit at A= O ,
or some of the reactors may be closed off from the main

area after mixing over a limited region of N .

Another mehtod of depicting this general model

is shown in PFigure 2.3.
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ALTFRNATE PARTIAL MICRO-MIXING MODEL

The two-headed arrows indicate mixing between two
reactors which produces the following conditions:-
I. The concentration in both reactors
becomes the same at the axial position of
the arrow, the fow rates remaining umchénged.
2 The mixing may occur through.any=
reactor wall, but may never affeét a feed
stream before it enters the reactor.
This model 1is a general representation of the
micro mixing phenomenon, and there is no state of
mip#o-mixing;which cannot be represented by it.

Unfortunately there is no single parameter that
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chardcterises the vesulting mixing, There are a
large number of parameters associated with each separate
reactor, and there are in fact an infinity of parameters for
the whole model. Weinstein (26) made no attempt to
derive the equations associated with this general model,
but proceeded to define two parameters from each of which
an approximate model of the mixing is obtained. These
are
I. An age which separates the reactor into
two parts. One part contains molecules younger
than this age in a segregated condition. The
other part contains molecules older than this
age in a state of maximum mixedness. This
leads to the Consecutive Reactor model.
2. An age which separates the entering fluid
into two parts. One part has a residence time
greater than this age and is always in a maximum
mixedness condition. The other has a residence
time less than this age and is always in a
segregated condition. This leads to the Parallel

Reactor model.

2.5, The Consecutive Reactor Model

In this model, all the flow entering the reactor
remains segregated up to a2 dimensionless age 95‘ '
and then mixes except for those molecules which have a

. . . . RS
dimensionless residence time less than § , and go
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directly from the segregated state to the exit.
The segregated section of the flow may be illustrated
by means of Zwietering's segregated flow reactor
(Section 2.3.), with the important difference that the
reactor is of finite length equal to jy' y, the dimensionless
age before mixing.

The fluid that leaves this segregated reactor
having A}o , must now be distributed in such a manner
that all fluid with A= O leaves together. This is
achieved with Zwietering's maxinum mixedness reactor
(Section 2.3%.), with the following alterations:-

1. The side tubes bring in fluid of concentration

}((\1 ) instead of the fresh reactants.

2. The scale of )\ is rearranged such that

the fluid leaves the-reactor at A = 3ﬁ‘1: .

Thig is due to the fact that the fiuid has already

spent a tine 'y’“t: in the segregated flow

reactor.

The resulting model is depicted in PFigure 2.4.
Weinstein (26) showed that

Yoo = J Yy ) frydy + Yol )[ )y
where Ym (y'”) is obtained by integrating the ma;-lrgu?n-i ;)
mixedness equation from

y=4 to y=y .

This model concurs with the intuitive recasoning
that fluid which passes through the reactor rapidly
i.e. has relatively a very small residence time, will
be nixed very little, while that having a large residence
time will be well mixed.
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A comparison between this model and the Rippin-Ng

model {(Section 2.8) will be made in Chapter 3.2.

2.6, The Parallel Reactor Model

In this model, (see figure 2.5.) the entering
fluid is divided into two sections. The first section
consisting of molecules with a residence time less than

b | T is led intoasegregated flow reactor,
while the second section consisting of the remainder
of the flow is led into a maximum mixedness reactor.
The volume of fluid@ entering 1nt§ the segregated flow
reactor per unit time is q f fy) dy, and emerges
with the average concentratlon

Yeeg = §.0¥(9) )by - (29)

The volume of fluid flowing into the maximunm

mixedness reactor is T 3 3
f o T f
segregate d
fl ow
IR L
«£,Y

[
q/f(y‘d
y‘

3 1 3 3 ¥ 3
maximum mixedness flow
4 — — — — — M
ALY

S GURE 2-5
PARACLEL REACTOR MODEL
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“ {\d
% S x f“j? M per unit time and emerges with a
concentration Ym(o) because it spends the whole of
its residence time in this reactor. The final concentration

is given by
L= (T fopdyat ¥ M7 fiy)yd
Ytz (0 V0 K994 Ymlodf (1) 4
,.(;afC()
Weinstein (26) states that the Oonsecutive Reactor
model represents the actual conditions of micro=mixing
better, because in it all of the entering fluid remains
segregated for at least a very brief interval of time.
A more detailed comparison is drawn between these two

models in Chapter 3.2.

2.7 Weinstein's Results.

Weinstein (26) studied the effect of the RTD
and micro mixing on the following types of reaction:-
I) Isothermal Irreversible Reaction
kI
A s B
2) Isothermal Reversible Reaction
‘W}

A B

3) Isothernal Consecutive Reaction

I k2
2h wmip 2B waui» 20

4)  Isothermal Consecutive Parallel Reaction
A+B b= g ¥
C+B —— E

5) Adiabatic Irreversible Reection
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He showed that the impulse RTD is the mcjst
favourable for both Isothermal Irreversible and
reversible reactions indegpendently of the micro mixing,
and that a narrowing of the RTD will favour conversion.
This also applies for most cases for Consecutive and
Consecutive Parallel reactions, but the situation beecomes
more complex with Adiabatic resctions. For Adiabatic
reactions, the micro mixing can have the same order
of magnitude effect as the RTD under certain circumstances.
Programs were devised fto integrate the mixing equations
for all five types of reaction with I,2 and 5 CSTRs
RTD, for both the Consecutive and Parallel Reactor models.
The following general conclusions were arrived at:-

I. For complex reactions where side reactions

destroy the precduct at an appreciable rate, early

micro mixing is detrimental to reactor performance.

2. Late micro mixing may prove beneficial to

reactor performnance with conplex reactions.

2.8. Rippin - Ng Model

Rippin and Ng (I6) defined two envirommants
experienced by a molecule during its life span in the
reactor. The first is the entering environment, in
which complete segregation occurs, and the molecule is
always in the neighbourhood of molecules with which it
entered the system i.e. other molecules having the same

age. The second is the leawving environment, in which
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a molecule is in the neighbourhood of other molecules
with the same life expectation A , and in this environment

all molecules are in the state of maximum mixedness.

Zwietering's two models (Section 2.3) each
correspond to the case where a2 molecule spends the whole
of its life span in one of these two environments, and
hence always experiences either complete segregation or
maximum mixedness during the whole of its residence time

in the system.

Rippin and Ng (I6) showed that intermediate stages
of mixing could be attained by having the molecule spend
a part of its time in each of the two environments.
The molecule enters the system in the entering environment,
and 1s then transferred at an earlier or later stage into
the leaving environment. However, molecules of life
expectation A z (& in the entering environment will
go directly to the exit without passing through the leaving
environment. The earlier the transfer occurs, the

greater the micro mixing in the system.

The feasibility of this model may be illustrated
by considering a CSTR with a well mixed region around the
impeller. Material entering the reactor may remain
in the entering environment for a period, but as time

progresses, some or all of this material will be drawn into
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the impeller region, which forms the region from which

it will eventually leave the reactor.

A number of models suggest themselves for the
division of the residence time between these two environments
.8

A) Every 'point'! spends the same fraction of

its residence time between the {two environments.

B) The rate of transfer of material from the entering

to the leaving environment is proportional to the

anount of material remaining in the entering
environment.

c) The rate of transfer of material from the

entering to the leaving environment is proportional

to the concentration difference between the two

environments.,

Model (B) corresponds to a guasi-turbulent mixing
process, in which 211 material still in the entering
environment has an equal chance of being drawn into the

leaving environment.

Model (C) corresponds to the situation where
diffusional transfer of material predominates over the
random mixing of Model (B). This could be regarded as
a quasi~laminar mixing process, and would be suitable

for the case of spontaneous mixing. Mixing of low
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visocoeitbty 1iapuids 1is generally performed in the turbulent
region of fluid mixing for which Model (B) appears to be

the most suitable model.

2.8.1 Model B

The age distribution of the molecules in the
outlet stream from the reactor is fixed by the RTD.
9f the molecules which reach the outlet at the sane
instant, some will have spent the whole of their residence
time in the entering environment, while others will have
been transferred at an earlier or later stage to the
leaving environment, and only at the outlet from the reactor,
will these molecules be mixed with those which have spent
the whole of their life time in the entering environment.
The constant of proportionality for transfer between
the two environments is the Rippin - Ng mixing parameter
R. This mixing parameter has been assumed independent
of the concentration of reagents and reaction rate constant,
and should be constant for fixed hydrodynamiec conditions
in a given sytem i.e. constant flow rates and stirring
speed. The knowledge of the value of R will make it
possible to evaluate the conversion exactly for a system
of known RTD and kinetics. The Rippin - Ng model is

depicted in PFigure 2.6.
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2;8.2 General Equations for the Rippin-Ng Model

Let m= the amount of a particular material

in the reaction time t

—-dm
Br
TE i
m = mo €xp(- Rt) - (2.10)
wheremo = value of mat t = e

Zwietering (30) has shown that if {l*)dw is
the volume fraction of material in the outlet stream

having an age between £ and o + d , then

%(4\7\) det d) = YT flec+r)dxXcl A

— (2-1)

is the volume fraction of material in the reactor having

an age between X ando{+4 s , and life expectation

between 4\ and ?\ -}— d )\ .
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The fraction of material of age @ remaining
in the entering environment is e,xp(-— Rd) from equation
(2.10). Thus the fraction in the leaving environment
is {1~ erp {- KZ")] . In order to Getermine the
concentration (a) in the outlet stfeam, the fallowing

gquantities are required:-~

(a) Total volume of material with life expectation

_h kd’ )'0 'V d }\ PRV )
-\ d\N (= iar — VAA RAYY
2 VAN [T (o p) do = V2 [ Ty a
= T VdA | .
1 - (2172)
where ¥ is the total volume of the reactor contents.
(b) Volume of material in the leaving

environment with 1ife expectation A\ to A ¢k A
x CU\ —(213)

(c) Rate at which material of life expectation
A to A4 N is transferred from the entering
to the leaving environment = R (Volume of material
of life expectation A to A &+ A > in the
entering environment)

- \/R‘Ed/\ i e;Y\\?(“‘ ;;\L) S;OL-A-—\)A\,,

- M RV f;k}\
_g.—-"

(a) The rate at which reactant of life expectation

A to A\« G\_ A\ is transferred from the entering

to the leaving environment
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VR _dh g :" Q(R) exp (- TA) Ha‘*\)do(

©
~(2)

LT e J VR AN
The mean concentration at the outlet ig that

—
——

- W
o

obtained by mixing together, as specified by the RTD,
the material in the ieaving environment of zero life
expectation, and the material still in the entering

environment with zero life expectation.

The concentration in the leaving environment
is determined as a function of the life expectation by

solving the material balance equation:-

rate of change of = rate of supply from
gwantity of reactant entering environment
in the leaving environment - rate of disappearance

by reaction.
-(2.16)
1f @1 is the concentration in the lesving environment
and.'f(&tn}the rate of batch disappearance of A per unit
volume, since A increases in the opposite direction

to real time, we have

-,

- d{EiLj - QQRE“"Ef (a"“}
A A

oy s fed) v R[Baclao)
) (217

—
where II, III and IV are as defined by equations (2.I2 to
2.15)
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When R = »a , this equation is reduced to tlhat
for Zwietering's maximum mixedness case (Section 2.3),
where the leaving environment comprises the whole reactor.
The boundary condition for equation (2.1I7) is the sane
as that used by Zwietering i.e. iﬁg-&,‘ jihz O ok

A= o (c.f. equation 2.6).

The concentration at the exit from the reactor

may be evaluated from

— — .
& oeni¥ = TL ﬂ&»*ﬁ@"’szo - {2-18)
It nay be observed by examining the forms of
II and IV that at the extreme values R = g and R = o y
the expression for al exit . corresponds to that for a
completely segregated and maximum mixelness reactor

respectively.

2.8.3 Oimple Seccond Order Irreversible Reaction

Ng (1) investigated the specific case of a
seconl order irreversible reaction with any arbitrary
RTD and premixed feeds. Computer programs were developed
to find the exit concentration for a given value of < .,
and also to find the value of fz'l.corresponding to a given

experimental conversion.

An experimental investigation using the hydrolysis
of ethyl acetate by Na OH in dilute agueous solution

was carried out, and some values of R obtained.



This experimental work is discussed in greater detail

in Ghapter 6.

2.9. Other Studies

2.9.1 Mixing and Segregation

Worrel (27) studied mixing and secgregation in
a CSTR using the second order reaction between sodium
thiosulphate and hydrogen peroxide. Conversions at
various stirrer speeds were measured. At low speeds of
stirring substantial segregation was reported. In some
comparisons of the experimental conversion with the two
limiting conversions, the values of the limiting conversions
were obtained using the experimentally measured RTD.
The conversion data was also correlated against horse

power input, terminal mixing time and recyecle ratio.

La Rosa and Manning (I4) measured segregation
in a CSTR using second order hydrolysis reactions. The
reaction conversion was measured at various stirrer specds,
and the increase in conversion at low stirrer speeds
attributed to segregation. However, since the experimental
RTD was not used in the calculations, the conclusions
drawn were incorrect. These results were partially
corrected (I7), and the recalculated results indicate

little segregation under these experimental conditions.
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Wu (28) used the hydraolysis of ethyl formate
in his study of mixing in a CSTR, and restricted the work
to runs with a stirrer speed greater than I00 rpn. The
data obtained was compared with a special circulation

mocdel as well as six other models. Most of the results

agree with the corresponding maximum mixedness conversions.

Gillespie and Carberry (2,36) have put forward
a recycle reactor in which part of the effluent from a plug
flow reactor is returned to be mixed with fresh feed Befare
re—-entering the reactor. It has been shown that at the
extremes of zero and infinitely large recycle, this reactor
becomes a plug flow reactor and a C3TR respectively.
For many cases the calculation of the conversion or yield
for the recycle reactor is relatively straightforward in
comparison with the calculations required for the plug flow
reactor with eaxial dispersion or the tanks in series
mocel. Rippin (I5) has shown that the recycle reactor
l1a always a maxinum mixedness reactor, and hence unsuitable

for the study of incomplete micro mixing.

2.9.2 Standard Reactor

Work in the field ef mixing has been performed
on a large number of combinations of tank geometry,
impeller type, size and location within the tank,
making comparison between the data of various workers
difficult. In practice, no arrengement is equally

suitable for all applications. In orcder to facilitate
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Pty

the comparison of data obtained in the future, ¥onoeken

et al (25) have suggested a 'Standard Reactor' with

the following characteristics:-

II
24

The tank is a flat bottomed cylinder.

The impeller shaft is coincidental with the

tank axis.

3. The liquid depth is equal to the tank
dlameter.
4, Equal amounts of the fluid are found above

and below the impeller.

5

The tank is fully baffled i.e. there are

four vertical baffles each having a width 0.1

tines the tank diameter D.

6.

The impeller is a six bladed disc turbine

of turbine diameter ¢ blade length: blade height

T i inidhe ratio 20:5:4; the turbine diameter is

D/3.

This is a suitable type of vessel to stuly

incomplete mixing, as such reactors are widely used in

practice.

However, for many applications a more suitable

position for the impeller would be D/3 from the bottom

of the tank.

It would appear that Voncken partly

chose this position of the impeller to simplify the flow

pattern for

his mixing model (23).
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2.9.3 Digpersion and Circulation Tine

As a part of an investigation into the nature
of imperfect mixing, a study was made of convective flow
in turbine-stirred baffled vessels, by measuring the
response to a pulse of an ionic tracer. The pulse
was injected into the impeller zone and the response
measured by a conductivity cell placed near the impeller.
The circulation time was obtained from these response
curves., A dimensionless group containing the circulation
time, the impeller speed and the ratio of the impeller
diameter to the tank diameter was found to correlate well
over a large range of variables with the impeller
Reynolds number. For predicting chemical conversion
in imperfectly mixed CSTRs, Voncken, Holmes and Dekker
(25) found that besides the circulation time the dispersion

occurring during the circulation is also of importance.

Voncken, Holmes and Hartocog (24) cdevised a two
parameter model to predict the chemical conversion in
imperfectly mixed systems. The two parameters in question
are the circulation time and the Bodenstein number, which
is & dimensionless group characterising the disperion.

This model is restricted in its applications to premixed

feeds only.

Voncken, Rotte and ten Houten performed batch and

continuous flow experiments, (23) using a 'Standard Reactor!
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{see Section 2.9.2), and found ‘that the circulation
time of the recirculation flow, the exchange between
the upper and lower compartments, the momentum of the
incoming feed stream, and the location of the feed inlet

are the main factors influencing the pulse response

curves,



THEQORETICAL SECTION

CHAPTER 3
THEORY
F.L Introduction.

Weinstein (26) developed the Consecutive Reactor
and Parallel Reactor models for nixing in a CSTR, and
Ng (1I8) developed the Rippin-Ng random mixing model.
Various other models have also been suggested (2,23,28,
33), but the abovementioned appear to be the most
appropriate to characterise mixing in a single CSTR, and

hence will be considered in greater detail.

I\)l
.
no

Choice of Model

A comparison of the two models put forward by
Weinstein (26) would result in a more favourable verdict
for the Consecutive Reactor model. The Parallel
Reactor model suffers from the disability that in it
some of the fluid (i.e. the fraction flowing through
the maximum mixedness section) is mixed instantaneously
on entering the reactor. It is intuitively felt that
all of the fluid should remain in the segregated state

for at least a very short period.

The Consecutive Reactor model while fulfilling
this condition has the disadvantage that molecules of age

greater than y*I: change from the segregated to the
23
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maxinum mixedness state in a very abrupt fashion,
and no molecule of an age greater than y* L. can
be found to be present in the scgregated state. Also,
not a single molecule of age less than y*j;‘ can be mixed

with other molecules within the system, except at the

outlet from the reactor.

The Rippin-Ng model is a more sophisticated
version of the Consecutive Reacter model, and assumes a
random transfer of molecules from the entering to the
leaving environment i.e. the number of molecules of a
certain species transferred from the entering to the
leaving environment is proportional to the number of
molecules of that species present in the entering environment,
The constant of proportionality R determines the actual |
nunber that do get transferred. This method of transfer
between the entering environment (completely segregated)
and leaving environment (maximum mixedness state) appears
nore likely than the wholesale mixing of segregated molecules
which occurs in the Consecutive Reactor model, once these

. . * —
have been in the system for a time exceeding y .

The advantage of the Conseccutive Reactor model
in its present form lies in its relative simplicity.
Should the difference between the two models be small in
practice, a case could be made for the Consecutive Reactor

model. However, though the Consecutive Reactor model has
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already been developed by Weinstein (26) to cover some
complicateld reaction kinetics, it has yet to be developed
in a form whereby it can handle any given arbitrary RTD
data in numericazl form. Ng (I8) has developed the Rippin-
Ng model to handle any arbitrary numerical RTD for the case
of a simple second order reaction. In orcder to facilitate
the comparison between these models, and also to extend
the usefulness of the Rippin-Ng model, it was decided to
extend it to cover the following types of reaction kinetics:-
I. Consecutive Reactions
on XL 2p X2 oc

2e Consecutive Parallel Reactions

A+ H, ¢

D Autocatalytic Reactions

A+B X B +3

Unpremixed Feeds

I\N
AN

Whereas studies of incomplete mixing with chemiecsal
reaction in a CSTR, when the feed streams are premixed
before entry to the reactor, have been made before, so
far no attempt has been made to study incomplete mixing
with chemical reaction without this premixing of the feed
streams. Ng (I8) studied the case of a second order reaction
with premixed feeds, and in his experimental work a premixer
preceded the entry of the streams into the main reactor.

The theoretical studies of Weinstein (26) assumed the
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perfect premixing of feeds, but failed to state this

assunption explicitly.

FIGURE 31
UNPREMIXED AND PREMIXED POINTS

In the case of premixed feeds, Pigure 3.1 -IT1 ,
the segregated 'point' consists of molecules of both
A and B, well mixed in the proportions of the feed
concentrations, while with unpremixed feeds Pigure 3.1 -1
the segregated 'point! will consist of either molecules
of A or molecules of B, but not of both. When we have
a reaction between two molecules of different species,
Danckwert's (4) has shown that for a simple reaction of

order greater than one, segregation results in greater
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converwsion than perfect mixing, provided the feeds are
premixed. However, with unpremixed feeds and complete

segregation, zero conversion will result.

With a simple second order reaction between two
molecules of the same species e.g.

2A ~=% 2B
unpremnixed feeds will still result in greater conversion
than the corresponding conversion
with premixed feeds, provided the feed streams are of
different concentration. When the feed streams are of
the same concentration, no difference in conversion will

result.

In a cascade of reactors (with no premixer) in
which all the fresh reactant enters the first reactor, the
first reactor ﬁéy be treated as having unpremixed feeds,
while all subsequent reactors have premixed feeds. Should
fresh reactént be introduced at any later stage, a part
of the feed will &e premixed i.e. that flowing from the
previous reactor, and the remainder unpremixed, producing

a more complicated situation.

The effect of uhpremixed feeds on the measurement

of segregation is discussed in Chapter 7.I.
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3.4 to 3.7 Derivation of Isothermal Mixing

Equations for the Rippin-Ng Model.

3.4, Second Order Irreversible Unpremixed Reaction

A+ B .Eaep C
In order to determine the average concentration
in the outlet stream from the CSTR, the following quantities
are required
(a) the total volume of material with life expectation
between A and A ~ & N
- L Vdx _g:"“ FlrN) d ot
= I1.Va A (3.1)
(b) the volume of material in the leaving

environment with life expectation between A

ana A = O ﬂ i .
LV AN S = {:l - 2Mp {- Kd):’ g—lvl?'* Ydot
= IT.Vd.\ ) (3.2)

(e) the rate at which material of life expectation
A to A= & XN is transferred from the entering

to the leaving environment ]

S RLE VON § Ton(-Ra) flen) dod ]

=R V ITII aN ’ (3.3.)

(a) the rate at which reactant of life expectation
A toh*d N is transferred from the entering

to the leaving environment

=V R ao IIT AN (3.4)

This is due to the fact that with unpremixed feeds,
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no reaction can occur in the entering environment
(Section 3.3). The gquantity of reactant of life expectation
M toadd N in the entering environment is given by
IIT ao Vd A (3.5)
The concentration of reactant in the leaving
environment (al) 1s determined as a function of the life

expectation by solving the material balance equation:

da% = KI A3 [Bo-I + AL} - REIII [I-AL]
where AL= %1/a0 Bo= bo/ao I;[md 7z =MMT (3.6)
The boundary condition for equation (3.6) is
dAL/dz = 0 at 2z = ©& . Por numerical integration it
has been shown by Zwietering (30) that the mixing equation
is relatively insensitive to the starting value of AL,

and that a starting value of & = 4 is sufficient to perform

this numerical integration.

The outlet concentration is obtained by mixing the
stream from the leaving environment with the stream going
directly from the entering environment to the exit (i.e.
molecules having zero life expectation (}\) but still in
the entering environment), in proportions compatible with
the RTD, and is given by

.

A EXIT = [ TT AL + 111} (3.7)
=+ Z =0

-

It may be pointed out that the second term of the
numerator of (3.7) takes this form due to the fact that
no reaction occurs in the entering environment. In the

general case Bo ¢ I, and B EXIT is given by
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B BXIT = [:II.BL + III Bo‘} (3.8)
‘ I 1 z=0

It is not possible to integrate these and the

other mixing equations analytically, and the numerical
integration of all the mixing equations will be discussed
in Chapter 4, except equation (3.6) which is used in the
unpremixed feeds experimental work, and is discussed in

Chapter 7.

5. Consecutive Premixed Reaction

where B is the desired product.

Assuning that the initial concentrations are known,
the knowledge of any two concentrations will permit the
third to be obtained by a simple mass balance, This
system has been tackled for the case of premixed feeds
only. Since it involVes a second order reaction between
two molecules of the same species, the difference
in conversion between premixed and unpremixed feeds is much
smaller, than would be the case for a system involving
two reacting molecules of different species., In this case,
reaction will still occur in the entering environment
with unpremixed feeds. (see Section 3.3)

The batch kinetics may be represented as

da = kIa2
at
4b - y1a% - k2 B2

at (3.9)

-

-y



from which A = 1
I+KT y
mn ‘%, = —X k23
(I+KT y ) (3.10)
where B = b/ao, y = /1
KI = kI a0 , K2 = kyao L.

b.c., at ? =0 B =20

The boundary condition assumes that Bo = o i.e.

in all cases we start with pure A.

The nixing equations for the Rippin-Ng model

take the form:

2 )
dAL _ pg A+ Rt(ul AL ~ IV (A)})
dz
I
8BL | 7 AI,2 + K2 BL2 + Rt_(III BL - IV (B:))
dz

1T (3.11)
where I1 and III are defined by equations (3.2 & 3.3)

) = [ 77 exp (- RTY) f(tif?f) zb!
{9 = Kt 4

e = f T ey) expl~RTY) f(‘i‘*"‘)d?'

b

(3.12)
where B(y) is that value of B obtained by the integration
of equation (3.I0) from ¥=0 to Y=Y For programming
purposesg, the following substitutions were made in

equations (3.I1)
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RT IIL/ITI = (Ti5)

RT IV(A)/II = (T°6)
RT IV(B)/II = (777)
to give
SAL - 7 ap? & (T15)AD - (T 6)
dz
d-;i = -KI A2 + K2 BL® + (5)BL - (W7) (3.I3)
2

The boundary conditions are obtained by putting
dAL/dz=0, ABL/dz=0 at ==4 Zwietering's boundary conditions ,
and solving the resulting simple simultaneous equations,

and are given by

AL = \—('15)+J‘(':5)2+4(1i6)K1 ‘
L N
BL = r- (fi5) + ri(nB) v 4 (7)) 2! ‘
L 2K2 __j Z=d
(3.14)

The mixing equations (3.I2) are now integrated

- simultaneously, using the boundary conditions (3.I4),

from z=4 to z=0, whence the concentrations at the outlet

from the leaving environment are obtained. The concentrations
at the exit from the reactor are given by

ﬂ

A BXIT = LII JAT, + IV LA)_I

|

b

il

B EXIT

1
II BL + IV (B)‘I
7=0 (3.15)
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where R EXIT is the desired conversion.

3.6 Consecutive Parallel Reaction
¢c+B F2.m

where C is the desired product.

In the general case, assuming the initial
concentrations are given, the knowledge of the concentrations
of any two of the four substances will permit the other two
concentrations to be obtained from a simple mass balance.

It has been assumed that Co, Eo are both zero for all cases.
The cases of premixed and unpremixed feeds will be treated

separately, and these yield significantly different results.

2.6.1 Batch Kinetics

The kinetics for batch reaction are given by (I0):

da

= «kI ab
at
4d _ _yT ab - k2 be
at

8C - ¥T ab - k2 be
at
ao

i

a + ¢ + e

It

bo = b + ¢ + 2e

b - 2a-c = bo - 2a0 = -fo (3.16)

Since we wish to tabulate the values for A only,
and obtain the other batch concentrations by substitution

(see Chapter 4.6), we will now proceed to obtain a



44
relationship between A and B, from which 211 concentrations
nay be obtained using an equation involving A and a tine

parameter only.

Substituting Lo = lo/ao, X = k2/kI, B = b/ao

and T = kI aot in equations (3.I16)

dh _ A

ap

L= 4B (K-1) Kk (8°+ 1o B)
cB . _ (2K - I) +K (Lo + B)
aa

A (3.17)
Substituting Lo + B = U we obtain

au

2 =-(x-1) (3.18)

A
. K
Using the integrating factor A™ to integrate
equation (3.18) we obtain
~ ' '8
B= - (2E-1I)A-fo+o014a (3.19)
-
(I-X)
where CI the constant of integration = IAT-K)

By substitutions in equation (3.16) the following relationship

between A and ¥ is obtained

b _ g1 | (2K=1) 4% - (Bo-2)a-p¥ * T

dy ( 1-K) IX

where y = /T
b.c. A=TIaty =0 (3.20)
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The other concentrations are obtained by substituting

the value of A in equations (3.I6 and 3.I9).

3.6.2 Consecutive Parallel Premixed Reaction

The nixing equations for Consecutive Parallel

premixed reaction take the form:

SAL _ ¢1 a1 BL + RYUTIZ AT - TV()
o2 1
S0 = KT AL BL + K2 BL CL + RT_(ITTEL-TV(B))
dz IT
Q?.I; = - XI AT BT + K2 BL 0L + RC{I7I o1 -1v(c)
G
IT

(3.21)
where IT and IIT are as defined by equations (3.2 and 3.3)

IV(A):JOQ Q&P(~Rfj)/ﬂj)¥fﬁ+%3 Aj
IV(B) = f o gxp(-ﬁfy) B(&) f{wfz)ng
IV (0) = [ axp(“»&tﬂ)54j}f“*7) Ay

(3.21 A
where A(¥) the batch dimensionless concentration of Y

obtained from equation (3.20)
The following substitutions were made for programming
purposes:
RT ﬁr/f':: ('ﬂ'S)
RT M (a1 = (TNe)
RT U 4&@)‘/4« [T )
gt i ley/ T = (779)



+0 give

AL w1 AT, BT (Y7 5) AL - (T\6)

48L _ ¥T AL BL + K2 BL CL + W5 BL - N7

o

dCL . el ———

—— = -KI AL BL + X2 BL CL +W5 CL - 418 (3.22)
¢z

Applying Zwietering's boundary conditions and
rearranging the resulting simultaneous equations, the
following cubic in BL is obtained:

B =05 wikz]
BT - (35 (e awy) +(@7-T) i Ke
i -2 TigKyKa] |
¥OL] —(05)2 o (Fiay(Ts) (K + k2 ) =(1Ts) TBcg
= (TS)HTE) K ] ’ |
¥ AT\ = o (3.23)
where all terms are evaluated at z=4. Equation (3.23)
may now be solved by the Newton iterative method, and

the other two initial values obtained from

AL = ‘ TT6

=4 Be Ty 4 k:\EZL_‘rfz.:l*

L = T3 +0g - ﬁ'S‘BLN{
MTE4+ 2 k2 BL JZ7F L

(3.24)
The mixing equations (3.22) nay now be integrated
from z=4 to z=o0, to obtain the concentrations at the exit

from the leaving environment.
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The average concentrations at the outlet fron

the reactor are given by

A BXIT = \ IT.AL + (R 6)3

- T 7=0
B EXIT = YII.B-L + (3 D}

b I- 4=0

i

C EXIT \ II.CL + (3 8)}
. 2=0

b z- (3.25)

where C EXTIT is the desireld conversion.

3.6.3 Consecutive Parallel Unpremixed Reaction

The mixing equations with unpremixed feeds

take the form:

SAL g1 AT BL + RTIII (AL-I)
dz
11
aBL
8BL _ K1 AL BL + K2 BL CL + RTIII (BL-Bo)
dz
II
a0L . —
&CL _  _x1 AL BL + K2 BL CL + RT.ITI CL
&z
I1

where II anc¢ IIT are as defined by equations

(3.2 and 3.3) (3.26)

It may be noted that since the entering environment
is in a segregated state, no reaction occurs between
A and B, and the concentration of C is zero in it.
This accounts for the absence of C in the stream being

transferred from the entering to the leaving environment.
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Applying Zwietering's boundary conditions, the
following cubic for the initial value of BL is obtained:
BL \«. (TT 1) KI KE—‘
L f_-(T 1)° k1 - ()2 k2 + (T1T) XI X2 Bo
~2 ("TiI) KI K2}

+BL E- (T?I) + ('TI)2K1B0+ ('i'il)2 K2 Bo
-~ (¥ I) KIJ
+( I\I) =

where Th: TITL/II (3.27)

il

and all terms are evaluated at z=4.

The other initial conditions are obtained fron

AL = ( {3 .\

Z = 4 t VI + KI BL ! Z=4
L = K I Bo - 131 BL |
Z =4 I + 2K2 BL J Z=4 (3.28)

After integrating equations (3.26) from z=4 to
Zz=0, the concentrations at the exit from the reactor

may be obtained from

A EXIT = waI AL + 111‘1
o 2=0
B EXIT = \ IT BL + IIT B;T
:_ £ Jz=o
C EXIT = II CL ]
L = Z=0 (3.29)

3.7 Autocatalytic Reaction
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Batch Kinetlces

KT
A+B e B +B

The second order Autocatalytic rcactinn is

of particular interest because it has yet to be studied

under conditions of incomplete mixing. The batch

kinetics may be represented as

or

3.7.2

da

&t
= =KIa (a0 + bo =-a)

-kI ab

|
It

Substituting y =t/

-

% x1al1+Bo-al]
ay S
A (y) = I + Bo
I + Boexp KT (I + Bo)|
i.e. rate constant (r) = Oy A% — Cph (5.30)
Mixing in a Batch Reactor

(3.30),

By differentiating the reaction rate vs A equation

the behaviour of the curve may be predicted

ou
1

£ = 20, A= C

iy I 2

a% 2 ¢

anl I (3.31)

Since CI is always positive, the second derivative

of the reaction rate curve is always positive (equation

%3.31), and hence the curve of r vs A will alWays be convex

downwards. Ng (I8) has shown graphically that by

considering the total conversion from two lumps of fluid
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of different concentrations rcacting with and without
mixing, that when the curve is convex downwards, greater
conversion is always obtained by mixing the lumps.
The reverse applies when the curve is concave cownwards,
while the two conversions are identical for a straight line.
Hence, for premixed and unpremixed Autocatalytic reaction,
we have a reaction of order greater than one, in which
the conversion for maximum mixedness always exceeds the

conplete segregation conversgion.

3,73 Autocatalytic Premixed Reaction

The mixing equation takes the form:

a

=

= KT ALZ

r

+ AL KI (I + Bo) + R MII AL — IV
i

L 11

dz

beeeh

IT and IITI are defined by equations (3.2 and 3.3)
D2
i

v = )..(“*’%ELQXFI'R'C‘H(*@*Q f;i.j
o 1T B ePTINT( 4B 0)y]

(3.32)

This may be integrated in the usual manner, and
the concentration at the exit from the reactor obtained
from A EXIT - {T AL + IV '(

\» 2=0

3 (3.33)

'

374 Autocatalytic Unprenixed Reaction

The mixing equation for the case of unpremixed

feeds is



oI

GAD _  _yqy AL2 + AL KI (I + Bo) + RTCIII (AL-I)
éz
11
(3.34)

where II and III are defined by equations (3.2 and 3.3)
The concentration at the exit from the reactor

is given by

-

A EXIT = i\-:-II AL + IIIJ




QHAPTER 4

Computer Programs

Since an important section of this work consists
of the development of the Rippin-Ng model to cover
Autocatalytic, Consecutive Parallel and Consecutive reactions,
and also the solution of the problems arising when the
reactants enter the reactor through two separate feed nozzles
i.e. the case of unpremixed feedls, we will now proceed to

discuss the associated computer programs.

4.1 Computer and Programming Language

The programs were developed to be run on the
University of London 'Atlas' computer, and were written in
the EXCHLF programming language, as developed by the
University of London Computer Unit for this machine.

All earlier programs in Mercury Autococde (I8) were modified
wherever necessary to be compatible with the new compiler,
which is about three times as efficient as the Autocode
Compiler. It was decided to continue to work with 5-hole
tape, in spite of the greater technical advantages of 7 hole
tape and the associated flexowriters, because it was deemed
that the effort required to convert the original progranms
from 5-hole to 7-hole tape was too large. This may be
looked upon as an error, but it may be pointed out that

the computer was adapted to 7-hole tape after the

commencenient of the project. The possibility of converting
52
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the programs for use with the IBM 7090 Computer employing
Fortran 4 was also considered, but rejected on the
following grounds:
I.  The initial programs were written in
Autocode (I8, 20)
2, Due to the large size of the individual
programs, it was felt that the greater speed

of '"Atlas! would be & valuable asset.

It is hoped that the future developemnt of the compiler
compiler will remove these drawbacks, and make it possible
to transfer the programs from one compiler to another,

using a new intermediate meta language.

This decision did have one major unforseen effect
on the programs developed. In the EXCHLP system, the
integration of differential equations is performed by the
instruction INTSTEP (N), which integrates the differential
equations in label (N). 1t was later discovered that when
it becane necessary to evaluate the batch conversion numerically
in the case of Consecutive and Consecutive Psarallel
premixed reactions, it was not possible to use the first
INTSTEP (N), and then proceed to integrate the second
set of differential equations employing the instruction
INTSTEP ( Ni), where (Nt) contains the batch kinetics
equations. The incomplete comprehension of this procedure

caused many difficulties, and it was eventually discovered
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that the INTSTEP () built—in sub-routinc uses certain
backing store facilities, which are also used by INTSTEP
(¥’), and hence overwritten in spite of the use of the
PRESERVE instruction. Hence, an INTSTEP instruction
cannot be executed within .the loop of another INTSTEP
instruction. The solution of this problem is discussed

in Section 4.6.

4,2 Layv-out and Cross Checking Procedures

4,2.1 General

The conputer programs associated with the
theoretical study may be grouped as

a) Consecutive Parallel Reactions

b) Consecutive Reactions

c) Autocatalytic Reactions

There are eight programs associated with Consecutive
Parallel reactions, four with Consecutive reactions and
seven with Autocatalytic reactions, making a total of
nineteen programs. A gist of the contents of the progranms
along with the identifying codes are given in Tables
II. I to II.3. In general, the programs were developed
for the specific cases of I and 2 CSTRs RTD, and two
programs were developed to ceal with any known arbitrary
RTD (available in numerical form) for the two regions when

o> RT *::,/2 and 2\.> Rt> . The reasons for this

division of the RT. range between two general RTD programs
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are discussed in Section 4.3. The equations from which the
general RTD programs have been devised were discussed in
Chapter 3, while those relating to the specific cases

for I and 2 CSTRs RTD are given in Appendix I.

4.2.2 Choice of Programs

It was decided to develop programs which were

capable of dealing with any general RTD, even though the
results derivecd have been limited to the specific cases

of I, 2 and 5 CSTRs RTD, which could have been more easily
obtained using specific programs. This is due %o the
fact, that though the RTD for many single CSTRs does not
Adiffer greatly from that of a well-stirred system

i.e. F(f'}; Vo @.KP{_ EI'C.)’ fallacious conclusions may
easily be arrived at if the measured RTD is not employed

in the calculations. Manning (I4) calculated the segregation
in a system assuming a well-stirred RTD. Rippin and Ng

(I7) showed that the results derived were inaccurate, and

that very different results would have been obtained

if the measured RTD had been employed in the calculations.
Hence, general RTD programs were developed, and all results
for 5 CSTRs RTD were obtained using these programs, even
though marginally more accurate results could have been obtained
using specific programs for 5 CSTRs RID. These general

RTD programs are suitable for any numerical RTD input,

except that of a ICSTR RTD, and hence programs for the

specific case of a ICSTR RTD were also developed (I8).
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In ordexr to cross check the general RTD programs, programs
for the specific case of 2 CSTRs RTD were also developed,
and the cross checking procedures will be discussed in
Section 4.2.3. With these three types of programs, the
results could be cross checked, and a comparison between
the Rippin-Ng and Weinstein's Consecutive Reactor model

be dravmn.

4,2.3 Cross Checking of Programs

A system of 2 C3TRs RTD has a frequency function
F(€) et/ xpfafegnd that of 5 CSTRs RID af(h) :!}__gé_fﬁw&‘gq?)
Since the gencral programs can only be fed with the RTD
in numerical form, two small programs were Cevised by which
the computer generated these functions accurate to seven
significant figures, and punched out the values at the
appropriate intervals, (so as to be compatible with Routine
'A' of Section 4.5), onto five hole tape. These programs

ensured accuracy, and saved a great deal of tedious work.

The specific programs for 2 CSTRs RTD were obtained
in working order, and the extreme values checked against
the values obtained by Weinstein. The complete segregation
conversion with a 2 C3TRs RTD was also obtained using a
specific program to cover this case for each type of reaction
kinetics, and cross checked with the conversion at very
high R obtained with the general RTD program. The

general RTD programs were now fed with the RTD data for
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2 0OSTRs, and conversioné evaluated at the same valnes
of RT. as for the 2 CSTRs RTD specific programsa. The
specific programs are nmuch simpler than the corresponding
programs for thc general RTD, and hence it is easier to
obtain them in functioning order. The programs for I CSTR
RTD at very high RT. were checked against the conversion
for the corresponding perfectly mixed system, for which the
equations occur in a simplified form, and may often be

obtained by hand computation.

4.3. Inaccuracy of the General RTD Programs at Low RT.

It had been assumed that the method employed by
Ng (I8) to check the programs was a suitable one. Essentially
this entails halving the step-length employed to integrate
the mixing equations, and when this results in no change in
the computed conversion to four places of decimals, it is
assumed that the program is correct. This value was
cross-checked‘with.the conversion obtained using the specific

2 CSTRs KRTD program.

An important sub-routine is employeld to evaluate

I, 1T, I11, 1IV. On examination , these take the form:

.= §77 £ (4+z)dy ‘
IT.= S:O {\-— £ x (—Rt{j}g (h\‘F‘Z)cL\i
gjb me(fﬁtﬂ)¥(ﬂ+23iﬂ

=02 ¥ W) ern (CRey)$(urz)dy

I1T. —
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T was evaluated using Gauss' Arbitrary Interval

FPormula (I), which may be expressed as

So § @z 55 5 wi flui)eRn
Lzt

where U = & (b-a) yi + b+a

2 2
Rn = remainder
Wi = Gaussian weighting factor (4.1)

A sixteen point Gaussian Quadrature i.e. with
n =8, and a value of b = 20, were found to make the
remainder negligible, and be more accurate than the use of
Simpson's rule with many times the number of points.

I, I1I and IV were transformed into the form:
>0 .
(07 exn (-x)§(x) dx

and then evaluated using the abscissas and weight factors

(4.2)

for Laguerre integration, whereby

g:" Q@ ("X) ¥ 0N dx = {_ b-)t- (&t) +RvL

(4.3)

Ng (I8) employed a ten point formula, and he accepted
the results as being acdcurate over the whole range of
RT, to four significant figures. This is explained by
assuming that he cross checked the general RTD conversions
at high RT only. However, the Laguerre integration does
not give suitable results at low RY . This is best explained

by examining the integration of III. By the substitution
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of u= RTy in equation (3.2IA), III is transformed into
11T = YRy S:’ @ep (-0 Ji(u./kt -rZ)d.u
(4.4)

The value for the abscissas in case when n = I0

for the Laguerre inﬁegration are given in Table 4.I.

TABLE 4.1

n xi

I | 0.I377 9347
2 | 0.72945454
3 1 1.80834290
4 )} 3.40143369
5 1 5.5524961

6 | 8.33015274
7 §11.84378583
8 116.27925783
9 }21.99658580
I0 }29.9206970I

When measuring the RTD of any real system, it is
impractical to work for a time period greater than 5-67 .
Not only is this due to the fact that with T equal to thirty
ninutes this would make the measurement of RTD very drawn out,
but also that after such a time period, the concentration
of the output pulse would be very close to the base line,-
and extremely sensitive instruments would be rgquired for

the results to be at all meaningful.
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Taking the case when RU= I, and recalling that
Z will assume values between 0 and 3.999, in the most
favourable instance i.e. when z = o, only a maximum of
four points fall within the nmeasured range of RTD.
Our programs will automatically equate the RTD frequency
function to zero for the other six points. In the
integration of the mixing equations (e.g. equation 3.2I),
the term II - I, occurs in the denominator, and is of small
value. Therefore, any errors in the value of 12 ean
cause significant errors in the conversion. The integration
procedure is not very accurate when only four of the ten
points contribute meaningfully in the most favourable case.
When RELI, it may be seen that still fewer points Wili
fall within the limits of the RTD, and eventually the
nunber of points contributing may fall to one or even
Zero. The reverse occurs at high RT , and the Laguerre
integration formulae are particularly suited to the
calculation of conversion at high RT , provided the

interpolation routines are accurate.

4.4 Integration of the General RTD Mixing Bquations

at Tow R{

It was first attempted to improve the accuracy
of the existing programs by increasing the number of
points used for the Laguerre Quadrature, and prograns
were run with n = 12 and n = Ib5. A slight improvement

in the accuracy at high RC results, but little improvement
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is found at low RC . VWhen 2 7 RT» 0O'5 |
a significant error in the computed conversion was noticed,
but for RT « 0-5 sy the conputer in fact rejects the
program, usually due to a number overflow. By trial and
error, it was eventually realised that the Laguerre
Quadrature was unsuitable for RTE2, and the programs
were modified so that II, III and IV were evaluated using
the Gaussian Quadrature. It may be pointed out that
the Gaussian Quadrature is not norma2lly suited to the
integration of functions containing an exponential term,
and therefore was not employed initially. In performing
the Gaussian Quadrature at high RT, the computer will
read the term @xp. {— Rtth as zero, caﬁsing 2 large
error or even rejecting the program. The programs
of the type CP/PUAEN are suitable when RT 72~ %
and those of the type CP/PM/GLRT when 2 7 RT >0
There is no essential difference between the two types,
other than in the use of both Gaussian and Laguerre

Quadratures in the former, and only Gaussian in the latter,

4.5 RTD data - Normalisation and Interpolation

It was decided to use the procedure devised by
Ng (I8) to normalise and interpolate the RTD data. For

the sake of completeness, a brief outline is indicated here,

The RTD data obtainecd by measuring the output
response to a pulse of ionic tracer at the input is

normalised according to the equation
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T‘ J .
{l(y) _ Chart deflection (y)

S’G chart deflection (y) dy  (4.5)
<

The denominator of equation (4.5) is the area
under the curve of chart deflection Wi y. Since the
initial section of the curve is much more significant
than the later section for the case of a single CSTR, the
data points are taken at intervals of 0.025 in the range
y=o0 to y=0.30. Beyond Y=0.3%0, the interval is doubled
to 0,05, In Section 4.3 it was decided that it is
impractical to measure the RTD for a time period greater
than 6¢ . This process of normalisation is performed

in Chapter I of all the general RTD programs.

Since the Gaussian and Laguerre Quadratures use
the values of ‘F(“\" z\ at uneven intervals, it is necessary
to know accurately the values of the RTD frequency function,
at points other than those at which measurements have been
made. This problem has been overcome by the use of the
four point interpolation routine devised by Ei (20),
which is termed as Routine 'A', and is sulited to deal with
RID data measured as indicated above. Except for very
minor changes, so as to be compatible with the EXCHLP
compiler, both Chapter I and Routine 'A!' are in the form

used by Ng (I8).

4.6 Imterpolation of Batch Kinetics - Routine 'B!

One of the important unforseen side effects
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resulting from the choice of the ATLAS computer and
associated EXCHLF compiler, is the necessity of tabulating
the batch kinetics, and developing a routine to perform
accurate interpolation between the tabulated values.

This results from the inability of the compiler to execute
one INTSTEP instruction within the loop of another INTSTEP

instruction (Section 4.I).

For both simple second order reactions and
Autocatalytic reactions, the batch kinetics may be obtained
analytically. However, both with Gonsecutive and CGonsecutive
Parallel reactions with premixed feeds, it is necessary
to evaluate the batch kinetics numerically. It may be
pointed out that in the case of Consecutive unprenmixed
reactions {a case which has not been tackled), it would

also be necessary to evaluate the batch kinetics,

The batch kinetics were to be tabulated for the
rangey = 0 to ¥ = 6.00, so as to be in line with the
RTD measurements. An examination of the actual values
revealed a greater sensitivity at low values of y, and it
was decided that the interval of tabulation should be
0.05 in the range y = 0 to ¥y = 1.0, while an interval
of 0.2 would be adequate for values of ¥ greater than I.00.
For y greater than 6.00, it was decided to use the batch

concentration at ¥ = 6.00.

Routine 'B' was developed to be a modified version
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ot moutine A' (the RTD interpolation routine). It
is conceivable that for some values of the involved
parameters this procedure could prove to be unsatisfactory,
but over a broad range covering most of the important

cases, it should prove acdequate.

The kinetics for B are tabulated for Consecutive
reactions, those for A being available analytically.
For Consecutive Parallel reactions, the kinetics for A
are tabulated, those for B and C being obtained by
substitution in equations (3.I6 and 3.I9). On examination
of equation (3.I19), it may be seen that the terms K-I,
2 i—I occur in the denominator. Therefore, the substitution
of the wvalue of A in this equation cannot be made when
i = T, 0.5, because of the resulting zero in the denominator.
Should it be necessary to derive the results for these
values of i, either the equations for each of these parameters,
which are special cases of equations (3.2I), may be derived
and integrated, or equations (3.2I) may be integrated directly,
and the values of any two of the three concentrations of
A, B, C be tabulated and interpolated, the third being
obtained frowm a simple mass balance,. However, the latter

procedure would considerably increase the backing store

requirenents, and is not recommended for general use.

One additional difficulty was encountered when only

the 45 points in the range y = O to y = 6.00 were stored.
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This may be described as an "end effect”. Routine 'B!
uses a fowr point interpolation formula. Hence, when
working in the vicinity of y = 6.00, use may be made of
some of the points beyond the forty fifth. If only the
first forty five registers contain a number, the remainier
have an effective value zero. The use of zero as one of
the points for interpolation can cause an error when the
concentration at y = 6.00 is not zero. Thig end effect
was eliminated by vplaecing the concentration at y = 6.00 in
five storage registers beyond the previous last ane

containing the concentration at y = 6.00.

4.7 General RTD Programs

The Block Diagrams for the following five general
RTD programs are given in Figures 4.1 to 4.5:

a)  CP/PM/GEN

b)  CP/UP/GEN

¢)  CON/GEN

a)  AC/PM/GEN

e) AC/UP/GEN

These programs deal with the ranged®= PR T }; 2 -
The Block Diagrams for the range & FRE > o  would
be very similar, the main differences between thece two
types of programs having been explained in Section 4.4.
The flow paths for the above mentioned programs will now

be Ciscussed in greater detail.



A.7.T CP/PM/GEN

The Block Diagram for program CP/PM/GEN which
integrates the mixing equations (3.2I) for Consecutive
Parallel premixed reactions, for the case of any arbitrary
nuncrical RTD is given in Figure 4.1. Chapter
0 starts with the input of data, which includes the initial
conecentrations of A and B, R,T, i, KI, the appropriate
Gaussian and Laguerre integers, the RTD data and the first
guess for the Newton iterative solution of equation (3.23)
i.e. the cubic equation from which the boundary conditions
for the integration of the mixing equation are obtained.
The flow now moves across to Chapter I, where the normalisation
and tabulation of the RTD data ocecurs, (details in Section
4.5), and then returns to Chapter O. The batch kinetics

for A are now evaluated and tabulated, using equations (3.20).

Z is set at 3.999, and the sub routine for the
evaluation of I, II, III, IV(A), IV(B), IV(C) executed using
Routine I (Routine 'A') to interpolate the normalized RTD
data, and Routine 2 (Routine 'B') to interpolate the batch
kinetics. The bouncdary conditions for the simultaneous
integration of the three mixing equations (3.2I) are found
by the iterative solution of equation (3.23) for Br, and
substituting this value in equations (3.24) to obtain

A1, CIL.

The Runge-Butta integration of the mixing equations
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(3.2T) is now performed using a steplength ot - 0.0I,
from z = 3.999 to z = 0, to obtain the concentrations at the
exit from the leaving environment. The value of 2z is
set to zero, and the sub routine for I, II, III, IV(4),
IV(B), IV(C) once again ecxecuted, and by substitution
in equations (3.25), the concentrations at the exit from the

reactor obtained. The conversion may now be calculated,

and printed out along with the exit concentrations.

4.7.2  CP/UP/GEN

The Block Diagram for program CP/UP/GEN whioh
integrates the nixing equations (3.26) for Consecutive
Parallel unpremixed reactions with any general RTD, is

given in Figure 4,2,

Chapter 0 starts with the data input, which is the
same as for CP/PM/GEN, and then the flow moves across

to Chapter I for the normalisation of the RTD data.

Since no tabulation of the batch kinetics is required,

we now proceed to obtain the initial conditions for integrating
the mixing equations (3.26). Z is set equal to 3,999,

the sub routine for I, IT and IIT executed, and the

resulting values used in the solution of equatioan (3.27)

by Newton's iterative method to provide the initial value

of By, for the integration of equations (3.26). The

other initial conditions are found by substituting this

value of By in equations (%.28).
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The Runge—Kutta integration of the mixing equations
(3.26) is now performed using a step-length of - 0.0I.
The outlet values of A1), BL’ CL are substituted in equations
(3.29) to obtain the concentrations at the exit from the

CSTR.

4,7.3  CON/GEN

The Block Diagram for program CON/GEN which integrates
the mixing equations (3.II) for Consecutive premixed

reactions for any general RTD is given in Figure 4.3.

Chapter 0 starts with the data input, which includes
the initial concentration of 4 (20) {:ﬁhe initial
concentration of B (bo) is assumed to be zero for all caseé} y
R, LT, ﬁ, KT, Gaussian and Laguerre integers and the RTD
data. The flow moves across to Chapter I where the RTD
data s normalised. On returning to Chapter 0, the kinetics
for B are evaluated using equation (3.I0) and tabulated,

the kinetics for A being obtained analytically from equation

(3.9).

Z is set at 3.999, the sub routine for I, II, III,
IV(4), IV(B), executed, and the boundary conditions for the
integration of equation (3.II14 evaluated by substitution
in equation (3.I4). Since equation (3.I3) is a quadratic,

no iterative procedure isg required in this case.
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I'ne Runge-Kutta integration of the mixing equation
(3.II) is now performed using a step-length of - 0.0I.
Z is set 10 zZero, the sub routine for I, II, IIT, IV(a),
IV(B) re-executed, and the concentrations A, By, at the
outlet from the leaving environment substituted in equations

(3.15) from which the concentrations and conversion at the

outlet from the reactor are obtained.

4.7.4  AG/PU/GEN
The Block Diagram for program AC/PM/GEN which

integrates the mixing equations (3.32) for Autocatalytis
premixed reactions with a general RTD are given in Figure

4.4.

Chapter O starts with the data Input.whioh.includes
ao, bo, R, , KI, Gaussian and Laguerre integers and the
RTD Aata. The flow moves across to Chapter I, where
the RTD data is normalised. The batch kinetics are
availzable in analytical form from equation (%.%0), =and
hence 20 not require tabulation. Z is set equal to %.999,
and the sub routine to evaluate I, 1T, III and IV executed.
The boundary condition for the integration of equation
(3.%2) is now obtained by replacing the L.H.S by zero,

and solving for A

The Runge-Kutta integration of equation (3.32)

is now performed using a step-length of - 0.0IL. Z is
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set to zero, anéd the sub routine for I, II, IIL, IV
re-executed, and the concentrations at the outlet from

the reactor obtained by substitution in equation (3.33).

4.7.5  AC/UP/GEN

The Block Diagram for program AC/UP/GEN which
integrates the mixing equation (3.34) for Autocatalytiec
unprenmnixed reactions with a general RTD is given in Figure

4eDe

Chapter O starts with the data input, which is similaxr
to that for AC/PM/GEN. The flow moves across to Chapter I,
where the normalisation of the RTD data occurs. % is set
equal to 3.999, I, II, IIT evaluated, and the boundary
conditions for equation (3.34) found in a similar fashion

as for the premixed feeds.

The Runge-Kutta integration of the mixing equation
(3.34) is now performed. The value of Z is set to zero,
the sub routine for I, II, ITII re-executed, and the
concentrations in the stream at the outlet from the reactor

obtained from equation (3.35).
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CHAPTER 5

Results and Discussion

5.1 General
Once the computer programs were obtained in
functioning order =and hac been cross checked, it was
necessary to decide which results were to be printed out.
As discussed in Chapter 4.6, the existing programs are
gquite sultable for a broad range of parameters, the important
exception being for Consecutive Parallel reactions when
ﬁ=0.5 or I.0. Results for simple second order unpremixed
reactions have been omitted from the theoretical section
of this work, and are discussed in Chapter 7 of the experimental

A

section. 7~ - | T.ll.

Weinstein (26) rearranged the batch kinetics
equations by replacing the time paraneter t by u = kI ao %,
and then integrated the equations by a Runge-Kutta method
to obtain a relationship between K and the value of u
at which the peak concentration EX} of the desirel product
is obtained. When the value of KI is set equal to the value
of u at the peak ¥ , the initial conditions are such that
the maximum value of §' occurs on the batch concentration
curve at k]t:;:[ i.e. when the residence time in the systen
is equal to the mean residence time Y. . These equations were

solved for the Consecutive and Parallel Reactor models,

. ey e e L L CU s e
oowad VL LS P A . A g B T W
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It was decided that the results for Consecutive
and Consecutive Parallel premixed reactions should be
obtained so as to be comparable with those obtained by
Weinstein. The results for unprenixed reactions were
derived for the same parameters in order to permit comparison
between the premixecd and unpremixed cases. Since
Autocatalytic reactions were not covered by Weinstein, they

are treated separately.

In general, the results for I and 2 CSTRs RTD cone
from the specific programs designed to cover these cases,
while those for 5 CSTRs RTD are derived from the two general
RTD programs which together cover the whole R, range.

The general be programs regquire nuch nore computing time
e.g. approximately 25,000 instructions for CP/PM/GEN compared
with IT,000 instructions for CP/PM/2CSTRs and 8,000
instructions for CON/2CSTRs. Also, when eonsidering

a single CSTR, the case of 5 CSTRs RTD is not in itself

of great importance, because the actual RTD in a fairly
well-stirred systen will not vary a great amount from that
for T CSTRs RTD, and will often lie between I and 2 CSTRs
RTD. With this and the length of the individual general
RTD programs in minc, some economy in conmputing time has
been achieved by omitting some of the results for 5 CSTRs

RTD.
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The results are indicated graphically in PFigures
5.1 to 5.9, and are tabulated in Tables III.I to III.9 of
Appendix III. The graphs have been plotted on a six
cycles logrithmic vs linear scale, so as to cover the wide

range of R desired, and to allow for the fact that the most

significant section often lies in the region 202 =2 0.I.

5.2 Consecutive Parallel Rescticns

The results for Consecutive Parallel reactions,
for both premixed and unpremixed feeds, have been derived
for six values of R, between 0.0I and I,000. The choice
of parameters is the same as made by Weinstein for Bo = TI.00
and Bo = 3.00, with the exception that i = 1.0 was not
tackled due to the inability of the programs in their

present form to handle this parameter value (Chapter 4.6).

The results for R greater than I0 were obtained
from CP/PM/GEN and CP/UR/GEN, while those for R T. <L | were
obtained using CP/PM/GLRT and (P/UP/GLRT. The results for
2 CSTRs RTD were obtained from the specific programs, both
because these programs are marginally more adcurate, and
also because they require less computing time. The results
for I and 2 CSTRs were checked against the conversions for
complete segregation and maximum mixedness obtained from
separate programs, and halving the step-length does not
change the conmversion to four significant figures. The

general RTD programs may be considered accurate to three



significant figures.

5elel Consecutive Parallel Premixed Reactions

Figures 5.1 and 5.2 depict Consecutive Parallel
premixed reactions with Bo = I and Bo = 3.00 respectively.
It may be observed that segregation favours an increase
in conversion as for the case of the simple irreversible
second order reaction. The narrowing of the distribution
of residence times also increases the conversion, and the
effect of micro mixing decreases with increasing Bo.
This may be expected, since when Bo becomes very large, the
reaction becomes essentially first order for which type of
reaction kinetics, the micro mixing does not affect conversion.
The curves for 5 CSTRs RPTD are considerably flatter than those
for I CSTR RTD. The maxinmum effect of RT. on conversion is

experienced in the range 0.3 < RTLLY .

5.2.2 Consecutive Parallel Unpremixed Reaction

Pigures 5.3 and 5.4 depict Consecutive Parallel
unpremixed reactions for the same velues of the parametrrs

as for the corresponding premixed reactions.

As may be expected, the effect of segregation is
larger then with premixed feeds. The curves for premixed
and unprenixed feeds are similar when R % is greater than
20, the conversion being the same at R Tx o2 for botk

cases, but with the premixed curve bending slightly upwards
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as RC decreases, while the unpremixed curve slopes

a similar amount dowvnwards. Howewver, when R7. is less
than 20, the effect of R on conversion is large, and the
conversion falls rapidly below the curve for premixed
feeds, until R = 0.I is reached,. Prom here the curve
continues to fall, but does so much less rapidly, until it

reaches the value zero at R7 equal to zero.

5.3 Consecutive Premixed Reactions

The results for Consecutive premixed reactions have
been calculated for six values of R between 0.0I and I,000.
The choicee of parameters is the same as made by Weinstein,
and for all cases it has been assumed that Bo=0. The
accuracy of the results and the programs from which they
were derived are the same as for Consecutive Parallel

reagctions, as discussed in Section 5.2.

The results are indicated graphically in Figures
5.5 to 5.7 and are tabulated in Tables IIT.5 to ITI.7.
For i = 0,118, i.e. a low value of i, the curves for I, 2
and 5 CSTRs RTD (figure 5.5) are very similar to those
for a simple second order reaction. This is expected ,
because when K = 0, the system degenerates into a simple
second oréer reaction. For K = 1.%6 and 3.00, the curves
for 5 CSTRs RID have been omitted in order to economise
on computing time (Section 5.I). With X = I.36 (figure 5.6),
there are two near plateaus when RT Wi and R C C Ot
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and good segregation still results in a higher conversion
than good nmicro mixing, but for intermediate values of RL ,
the conversion falls to minimum, and is lower in value
than for either plateau. TFor K = 3,00, the maximum
conversion occurs at high values of R{ , and then falls to a
minimum at an intermediate value of RC , before climbing
up to the plateau at very low RT . In this case the
conversion plateau for RT 21 is higher than the rest

of the curve.

The following general observations may be made:-—

(I) The effect of the RTD is much more significant
than that of the micro mixing.

(2) Micro mixing decreases the conversion at low
K (i.e. less than one) and increases it at high

K.

(3) A minimisation of the distribution of

residence times favours conversion, independently of

RT.

54 Autocatalytic Reactions

The results for Autocatalytic premixed and unpremixed
reactions were calculated for five values of R between
0.05 and 500, KI was assumed to be 3.3 and Bo = 0.I for
all cases, This choice is arbitrary, and many other values
for these parameters would have been equally suitable.

The results are indicated graphically in Figures 5.8 and
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5.9, end lave been tabulated in Tables I1T1.8 and IIT.9.
The general lay out and accuracy is similar to that for

Consgecutive Parallel reactions.

Sedol Autocatalytic Premixed Reactions

These provide an interesting case in so far as they
are the only isothermal premixed reactions of order greater
than one in which conversion always increases with an
improvement of the micro mixing. On examination of Pigure
5.8, it may be observed that the curve for 5 CSTRs RTD
falls from a conversion of 85.86 per cent at R7. = 500
to 66.06 per cent at R, = 0.05. This conversion difference
of §9.8 per cent is considerably larger than the conversion
difference for other premixed reactions. Ng (I8) has shown
that the maximum difference between the maximum mixedness
and complete segregation conversions is approximately 7 per
cent for a simple second order premixed reaction, and is
generally even smaller for CGonsecutive and Consecutive
Parallel premixed reactions. The decrease in conversion
is most rapid in the region Rﬁt = 20 to RT, = 0.3.

The behaviour of the curves for I and 2 CSTRs RTD follows

the same general patterns as for 5 CSTRs RTD.

Delda? Autocatalytic Unpremixed Reactions

For umprenixed feeds, the conversion improves
with increasing RT for any given RTD. Examnining the

curve for 5 C3TRs RTD in Figure 5.9, the conversion falls
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from 85.75 per cent al R = 500 to 2.85 per cent at
RY = 0.05. This is due to the fact that no reaction
occurs in the entering environment. The conversion vs

RT curve is most sensitive to changes in R in the region

20 2 &T > 0-3 .

At low RT, an unusual phenomenon is observed. The
curves for 5 CSTRs RTD and 2 CSTRs RTD cross the curve
for I CSTR RTD, the conversions at R = 0.05 being
3.5 per cent for I CSTR, %.26 per cent for 2 CSTRs and
only 2.85 per cent for 5 CSTRs RID. For isothermal
reaction, this is the only known case for this inversion

$to occur,

This inversion may be explained qualitatively by the
fact that there are two factors at work.

(1) A minimisation of the distribution of residence

times which favours a tendency towards plug flow,

whereby a RTD of 5 CSTRs is favoured over that

of a RTD of I CSTRs.

(2) The nicro mixing which always improves ..

conversion in the case of Autocatalytic reactions

(Chapter 3.7.2). It may be assumed that for the

same R , a system of I CSTR RTD is inherently

better mixed than one of 5 CSTRs RTD.

Hence, at high R , when the system is well mixed
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on the mierv wsovale, the RID becomes the dominating factor,
while at very low R Y, there is so little micro mixing that
it becomes much more important than the RTD, causing the

above mentioned inversion.

5.5 Discussion

We have developed the Rippin-Ng model for incomplete
mixing in a single CSTR whereby both premixed and unpremixed
feeds may be tackled for any arbitrary RTD with Autocatalytiec,
Consecutive or Consecutive Parallel reaction. Though this
work does not cover a2ll known types of homogeneous isothermal
reactions e.g. Consecutive unpremixed reactions have not
been studied, with the knowledge and experience derived,
it would be relatively easy to extend it to cover most other

cases.

Results corresponding to those derived by Weinstein
(26) for the Consecutive and Parallel Reactor models for
isothermal reaction have been obtained, but no attempt
was made to deal with adiabatic or other non-~isothermal
conditions. The latter, particularly for the case of
heat transfer through coils, is of great practical
significance. The problems associated with an arbitrary
numerical RTD, which is of great importance (Chapter 4.2.2)
have been solved, This covers the macro mixing deviations

fron perfect mixing. The differences between premixed and
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pﬂpremixed feeds have been put into the correct
perspective, and the effect of incomplete mixing with
unpremixed feeds gquantified for the first time. It may
be pointed out that Weinstein only covered the case of
premixed feeds, without expressly stating that the results

for unpremixed feeds would in fact be very different.

Qualitatively, the Rippin-Ng mocdel behaves in a
fashion similar to the Consecutive Reactor model, and
differs from the Parallel Reactor model in a similar
fashion to the Consecutive Reactor model. Since the
differences between the two latter models have been compiled
by Weinstein (26), no comparison between the Rippin-Ng

and Parallel Reactor models need be drawn here,

The conversions with complete segregation or
maximum mixedness are of course the same for both the
Rippin-Ng and Consecutive Reactor models. However, the
path the curve follows between these two values, though
similar for the two models is by no means identical. A
direct comparison between the two models is difficult,
as the two parameters y* and R TY_ behave in the opposite
fashion i.e. at y*=o0 we have maximum mixedness, while
with R = 0 complete segregation occurs, while high
y* denotes a large amount of segregation, while high

R indicates good micro mixing. Therefore it was felt
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that y* and I/RT. may be suitable parameters for a comparison
of the two models.  Figure 5.I0 shows a plot of the
percentage conversion vs y* or I/R‘T for the case of
a Consecutive premixed reaction with a I CSTR RTD,

K = 0.II8 and XI = 350, The corresponding plot of

percentage conversion vs RT is given in Figure 5.5.

It will be observed from Figure 5.I0, that the
perfect mixing conversion is approximately 3 per cent lower
than the conversion with complete segregation. However,
the plot of conversion vs y* rises more rapidly towards the
plateau of the complete segregation conversion, than the
corresponding curve for the Rippin-Ng modified parameter
I/RT . An examination of Tableés IIT.IO to TII.I2
will reveal that the curve for y¥ always goes more rapidly
to the final vlaue of conversion, than the corresponding
curve for I/RT . The actual superiority of one model over
the other, as being a more accurate representation of
incomplete micro-mixing in a CSTR can only be determined

experimentally.

At first sight, it may appear that since there
is not too great a difference between the two models, the
greater simplicity of the Consecutive Reactor model is a
point in its favour. However, this is misleading, because
the Consecutive Reactor model programs in their present form,

cannot handle numerical RTD data. Once this additional
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facility has been introduced, the programs for the two
models will be of a similar degree of complexity, and hence
the main deciding factor shoulc be the fit of the

experimental data.




EXPERIMENTAL SECTION

CHAPTER 6

PREMIXED FEEDS
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Equipment Layout
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Flow System

The flow system for premixed feeds was the same
as that employed by Ng (I8), with minor modifications
of equipment and improvement in technigue. The reactor
system will be describe& in greater detail in Section 6.I.2
and the modifications discussed in Section 6.I1.3. For
the experimental system with unpremixed feed®§ the same
flow system was used, but the reactor system is described
in Chapter 7.1. A brief description of the flow systen
is given below, the detailed specifications being available
from Ng's work (I8). The general arrangement of the
experimental equipment is shown in the schematic diagrams

of Figures 6.1(c) and 6.I(b).

Figure 6.I1(b) shows the side view of the equipment
and the constant tenmperature oil bath. The Mariotte
bottles (4) containing water were placed on a platform sonme
distance above the bath to give a oconstant hydrostatic
head. . The pressurised air in the air bottles (B) was
used to drive the reactants in the reagent bottles (C).

The flow rate was regulated by the length and size of the
capillary tubing (D). The reactants flowed through
_98
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the 3-way stop-cocks (84) into the premixer (J) where
thiey were nixed by a small magnetic stirrer, the motor
and magnetic unit (L) turning the stirrer. The stirrer
of the main reactor (X) was propelled by the motor (M).
The effluent from the reactor flowed into the conductivity
cell (W) and out through the polythene tubing connecting
the cell and the outlet (0). In addition to the switches
and fuses, the electronic relay (TI), the smooth speed
regulator (T2) and the dial for the tachometer (T) were
all mounted on the control panel (P). The smooth speed
regulator controlled the main reactor motor (M). The
conductivity meter (Q) and the recorder (R) were mounted
next to the control panel. The syphons (FP) were employed

to empty the alr bottles at the end of a run.
Pigure 6.I(a) shows the top view of the arrangement
of the two identical flow systems in the constant temperature

bath.

6.1.2 Premixed FPeeds Reactor Systen

All experimental work with premixed feeds was
performed on the reactor system devised by Ng (I8), a
schematic diagram of which is giver in PFigure 6.2. A
brief description is given below, the photographs and
detailed specifications being available in the work by

Ng (I8).
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The reactor (H) consists of a spherical flask with
four creases 90O apart, which act as baffles. The volume
of the reactor was designed to be of the same order of
magnitude as the half life of the reaction ( 39 ).
Denbigh, Stead and Paze (6) have pointed out the necessity
of having a well defined reaction volunme. The solutions
filled the reactor completely. The boundaries of what
will be considered to be the main reactor are indicated
by dotted lines at the inlet and outlet in Pigure (6.2),
and the reactor volume was measured with the stirrer in

position.

The stirrer is a simple paddle, and is positioned
6,5cm. from the top of the reactor for all rums, This
is approximately one-third of the distance from the reactor
bottom. The stainless steel conical joint (K) contained
a PTFE seal to prevent any leakage up the stirrer shaft.
The conical joint was sealed with picine wax to the B40
glass joint of the readtor. Two different motors were
used for the main reactor motor, one each for the high and
low range of stirring speeds. The stirrer speed was
measured by a continuous reading tachometer, and the dial
was connected by a flexible coupling to the top of the

motor shaft.

There was a conductivity cell (D) connected to
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the outlet of the reactor by polythene tubing. In order
to ensure that the feeds were completely premixed before
entry to the main reactor, they were fed into a small
prenixer unit, and well mixed with the aid of a magnetic
stirrer. The criteria for a good premixer i.e. that it
should be of small volume and only a small fraction of the
total conversion should occur in it were satisfied. For
some of the later runs, a new premixer was nrecessary,. as the
Original one disintegrated. This new premixer was of a slightly

larger volume, but the general characteristics of the

original were maintained.

6.1.3 Modification of Eouipment and Technigue

The equipment was overhauled and rewired because
the 0ld electric wiring was considered unsafe, and the
control switches mounted on a new and more convenient panel.
The top of the motor shaft was modified to accept a
flexible coupling from the new continuous tachometer, the
dial of which was large enough to allow the measurement
of the stirrer speed to I Irpn., This was a great improvement
over the o0ld hand tachometer, as it allowel the instantaneous
measurement and control of the stirrer speed. It was
ohserved that the PTFE seal on the stirrer shaft created
an uneven stress at different points, causing the stirrer
speed to vary at different angles of a single revolution
by I 3rpm. This uneveness could not be eliminated in

spite of many attempts to rectify it.
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A new delonising unit supplied deionised water
in a degassed state, eliminating the necessity of boiling
water to expel the dissolved gases. This resulted in
less deposition of =air bubbles in the capillaries. It
was decided to cut out the rotameters which served no
useful purpose in the flow system, and it was found that
the last traces of air in the tube connecting the 3-way
stopcocks (S4) to the premixer could best be removed by
forcing fluid backwards after filling the reactor.
The substitution of Edwards Silicone grease in place of
Edwards High Vacuum grease caused less blockage in the
capillaries. The other procedures and techniques emnlayed

were essentlally the same as described by Ng (I8).

6,2 Previous Experinmental Work

6.2.1 Ngt's Results

Nz (I8) studied incomplete mixing with chemical
reaction, using the flow system described in Section 6.I.T1,
employing the reaction between Na OH and ethyl acetate in
dilute aqueous solution. The stochiometry of the reaction

may be represented by £ 77

CH,CO0C, He + Na® O3 CH, 000" Nat + C_H.OH - =(6.1)

3 2

About 36 isothermal reaction runz were made at
2500, and may be divided into two groups, one having a
total flow rate of approximately I6ml/min and the other
of 22.5ml1/min. The normality of the solutions just

after entry to the premixer was approximately 0.075N
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for bobth reactants for all rums. The stirrer speeds
varied between 0 and 400 rpm, being constant over the
duration of an individual rTum. A summary of the operating
conditions for the reaction runs is given in Table (IV.I)

of Appendix IV.

The RTD data for the system was obtained using a
pulse input method, the most suitable pulse having been
found to consist of 2 ml. of a 4 per cent agueous XC1l
solution, with methyl alcohol added to achieve a density
correction, Ezperiments were also conducted using a step
change method, but the necessity of differentiating the
resulting cumulative distribution curve ruled this out as
a suitable method. The required curves for the residence
time frequency functions may be obtained directly from the
pulse input nethod. A suwamary of the relevant RTD runs

is given in Table (IV.2).

The experimental conversion, and the oonversion
assuming a well stirred residence time distribution (WSRTD)
for the cases of complete segregation and perfect micro -
mixing were calculated by feeding the appropriate data
into program P3/Ngz.  Since mixing in a single CGSTR was
being studied, allowance was made for the premixer and
outlet tube in these calculations.  Program PI2 &/Ng
calculates the complete segregation and maximum nixedness

conversions for any arbitrary RTD, and was usec¢ in
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conjunction with the experimental RID data to calculate
the two limiting conversions, and to obtain a first guess
for the value of R . Program PI9E/Ng calculates the
value of RT by an iterative procedure from the input
data consisting of the RTD data, guess value of R T and
operating data. These results have been tabulated in

Table (IV.3).

The values of R T for the main reactor were
found to vary from O for run RI5 which is at 30 rpm and
a noninal flow rate of 16 nl/min to RFT =0 for runs
RI8, RI9, R20 and R35. The runs at 0 rpm were not
evaluated because the RTD runs indicated an instability
of the flow pattern, and to cbtain the RTD in this case
it would be necessary to make a number of runs and average
the resulting flow pattermns i.e. treat the O rpm RTD

runs as a non-stationary phenomenon.

The results obtzained by Ng indicate that under
various operating conditions, the values of RT 1in the
main reactor cover the whole range from R7T = 0 to R =0 .
Even allowing for the fact that the experimental error
was estimated at 1.5 per cent, and bearing in mind
that the maximum difference between the complete segregation
and maximum mixedness conversions is of the order of
7 per cent, from Hg's results, we would still expect

significant segregation under suitable conditions.
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However, the runs were performed over only a YLimited
range of operating conditions, and the geometry of the
reactor did not m~ke it possible to make direct
conparisons with the results of other workers. The

recommendations listed below were made to extend the

usefulness of the work and help verify it.

6.2,2 Recommenéations

The following recommendations for the verifiocation
of the Rippin-Ng model were made (I8):

I. Test of the constancy of R at different

kT ao should be made by changing the initial

concentration ao, and if possible of k, holding

T. constant. If the model is perfect, the sanme

value of R should be obtained for different values

of k20T under identical hydrodynamic conditions.

2. The difference between the complete segregation

and maximum mixedness conversions may be increased

by the use of separate feed nozzles for the two

reactants. The use of adiabatic reactions should

also be considered to this end.

3. The simulteneous measurement of conversion

and RTD should be considered. A possible system

could use CI4 in one of the reactants as a tracer.

b The reactor system should be redesigned such

that mixing oenditions down to and at 0 rpnm

can be investigated.
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5. More severe tests of the mixing model would
be the use of dynamic response experiments e.g.
frequency responce nmethod for comparison of the
experimental and predicted behaviour of the

reactor systen.

N
N

Further Development

|

(o)}
\N
[}

Attemnts a2t Verification

It was decided to develop the model by first
rerunning some of the runs made by Ng, and then the
extension of the work by changing kIao & by a change in
ao0. In the meanwhile, an examination of other suitable.
reactions, and a development of the unpremixed feeds
equations would help decide which of the other recommendations

(Section 6.2.2) would be of practical interest.

Experimental work was commenced with a view to
obtaining familiarity with the equipment and the computer
programs associated with the analysis of results. It was
found that even after the elimination of all faulty techniques,
both theoretical and experimental it was still not possible
to reproduce the earlier results, and a comprehensive
investigation of the flow system, ansalysis procedure and

programs P3/Ng, PYE/Ng and PI2G/Ng was carried out.

6.3.2 Investizgation of the Experimental System

The rcactor system used has been described earlier
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(in Section 6.I.2) and a schematie diagram is ziven

in Pigure 6.3. Since the nmain interest centres on a

'mixing molel for a single CSTR, the effects due to the
premixer and outlet tube are to be eliminated, and an
allowance made for them in the calculation of the experimental
conversion and the RTD data. For purposes of these
calculations , the premixer unit was anproximated to a small

well stirred region followed by a plug flow section.

PIGURE 6.3

ko

FIGURE 63

SCHEMATIC REPRESENTATION OF
REACTOR SYSTEM
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The inlet confuctivity was to be calculated, while
the outlet conductivity . .(ke) was measured using a flow
cell. The prozram P3/Mg requires the value of (ke),
the inlet conductivity at the entrance to the main reactor
as a part of the Jdata input, and this is calculated from
a knowledge of the flow rates and normalities of the two
reactant streams, the volunmes of the perfectly mixed
.and plug flow sections of the premixer, and the rate
constants of the reaction. Ng (I8) obtained the value
of kc from:
ke = b(108 + 1Na®) -(6.2)
where b was defined as the concentration of Na'
ions, anc 1 as the ionic mobilaity,
He then goes on to state (I8)
"The initial conductivity cannot be easily
measured experimentally as the reaction is fast.
It was taken to be the initial conductivity of
the sodium hydroxide at a concentration equivalent

to the concentration of the sodium hydroxide in the

starting mixtures’.

This.statement does not quite eclarify which
concentration of sodium hydroxide was usel, and seems to
indicate that the value at the inlet to the premixer should
be usel for evaluating equation (6.2). It was later
established (I9) that the value of b used in equation (6.2)

was in fact the concentration of sodium hydroxide at the
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inlet +to the main reactor.

However, the conductivity (kx) at any point
x in the system may be celculated from:-
kx = b 1WNa + (b - Xx)lOH! + XX \fCHBCOO,

= (b - xx) (W2t + 1087) + xx (Wat + 10H,000")

3
where kx = specific conduectivity at X

Xx

il

concentration of acetate ions at X
(6.3)

The equation (6.3) assumes that the conductivity
of molecular ethyl acetate is negligible. At the start
of the reaction i.e. at Xx = 0, this reduces to the form
of equation (6.2), but at all other points Xx = O.
In our case, this would apply to the conductivity at the
inlet to the premixer and

kpi = bo (1Na® + 10H7) ~(6.4)

In all other cases the specific conductivity will
be given by the concentration of sodium hydroxide at that
point plus the contribution due to sodium acetate lons.
In the results given in Tables IV.I and IV.3, the contribution
of the sodium acetate ions has been neglected, and the
actual converdon is higher than given by the values in
Tables IV,I and IV.3. The extent of error will be discussed

in Section 6.3.4.

6.%.3 Rate Constant

The results evaluated in Tables IV.I and IV.3
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were obtained assuming the rate constant at 25°Q for
the reaction between sodium hydroxide and ethyl acetate
as being 6.6 litre per mole per nmin, This wvalue of the
rate constant was measuresd by Denbigh, Stead and Page
(6) in a continuous system, and is slightly higher than
the value of 6.48 measured by Walker (29) and others

(7,37,38) in a conductivity cell. The nmixing equation is

4oL - ClaL)+ Rmey ~ivag)
ax NS (2.16)

a————

Where:gklfﬁis the rate of disappearance of the reactant

per unit volume in batch reaction.

Hence, although the reaction is performeld in a
continuous flow system, even in theory, the batch rate
constant is the correct one for equation (2.I6).  Also
it would appear that the value of 6.48 is more widely
guoted in the literature. Therefor, in all future
analysis, the value of the reaction rate constant will be

assumed to be 6.48,

6.3.,4 Recalculation of Results

In the first instance, the initial concentrations
at the premixer inlet which had not been published were
obtained, and the original procecdure for analysing the
results verified (I9). It was observed that the results
were obtained using the specific conductivity from a graph

plotted using published data. These results are given in
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column A of Table 6.I, and are the same as those given
in Table (IV.3). The conductivities ke used for runs
RI to RI7 are not available, and hence only runs RIS
to R36 were modified in accordance with equation (6.3),
which in practice entailed the addition of the correction

d
term X (1Na¥ + 1CH,C00") to the value of ke used for

3
the results in column A. These results have been nlaced
in column B of Table 6.71. Some inconsistency in runs

RI9, 24 and 26 account for the absence of new values for
these runs. On comparing the results in column B of

Table 6.1 with those in column E, wherein are placed

the corresponding complete segregation conversions obtained
using the experimentally measured RTDs, it will be observed
that a large number of the results in column B fall

outside the range of possible conversions, being higher
than the corresponding conversions with complete segregation.
The correction term causes an increase in conversion of the
order of 3 to 4 per cent for a nominal total flow rate

of 22.5 ml/min, and of 6 to 7 per cent when the nominal
flow rate is I6 ml/min. The sodium acetate ions which
necessitate the correction term are present in a greater
concentration at the lower flow rate i.e. higher mean

residence time in the premixer.

However, some dissatisfaction was felt with both
the plot of specific econductivity vs concentration of

Na OH, and the actual values read off at various concentrations



Recalculated values for runs RI to R36

IT4

TABLE 6.1

Run

No. A B C D E

R3 80.6 - 77.4 80.9 87.2
R 4 T73.4 -— 65.8 69.6 82.%
R5 72.6 - 69.6 75.7 87.4
R IT 80.0 - 78.5 84.1 90.8
R I3 9I.4 - 87.9 93.1 9I.6
R I4 9.3 - 87.0 92.1 9I.8
{R I5 | 96.6 - I100.1 I05.5 92.5
R I6 | 84.0 - 79.0 84.5 90.3
R I7 80.7 - 7647 82.1 90.6
R I8 85.0 90.9 82.7 88.7 90.5
R 20 85.0 9I.1 82.0 88.2 9I.0
R 21 83.1 87.4 76.0 84.1 89.5
R 23 85.0 9I.I 82.0 88.2 9I.0
R 25} 87.1 92.2 84.5 90.6 90. 4
R 27 87.9 90.9 87.4 93.1 9I.1
R 28 83.8 85.9 78.8 82.4 88.8
R 29 85.9 89.5 82.5 86.1 89.0
R 30 86.2 89.6 82.6 86.1 88.4
R 31| 86.4 89.8 82.8 86.3 87.7
R 32 86.9 90.4 83.4 86.9 88.8
R 33 84.6 88.1 8I.0 84.5 88.3
R 34 85.1 88.7 8I.3 85.0 89.8
R 35 82.3 85.9 78.0 8I.7 88.1
R 36 87.5 9I.0 83.3 86.9 89.3
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For gome runs it was felt that the value of kc was 3 per cent
too high (8,10,1I,2I,22). It wag decided that a more
accurate method would be to determine the value of ke
obtaining A the equivalent conductance for sodium hydroxide
from (8)

A= 248.85 + 116.38 0 + 103 o(I - 0.2275 J o) -(6.5)

Columns C an? D of Table (6.I) give the conversions

using the original equation (6.I) and the new modified
method of equation (6.3) respectively to determine the
value of ke, but obtaining the specific conductivity of
sodium hydroxide using eguation (6.5). The rate constant
for these caluclations was modified in accordance with

Section 6.3.3.

An exsmination of Table (6.I) reveals that for
some runs at a nominal flow rate of 22.5 ml/min, the decrease
in the value of the specific conductivity of sodium hydroxide
is approximately equal to the increase due to the correction
factor of equation (3.6). However, many conversions for
runs at I6 ml/min fall outside the range of possible

conversions.

This reanalysis casts doubts about the validity
of the previous experimental work, because far too many
of the reaction runs result in conversions outside feasible
limits. In many other cases, fairly low values of RT

would be obtained indicating the presence of a high degree
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of seogregation. The reanalysis also shows that the
sodium acetate lons in the premixer contribute significantly
to the value of kc, and their presence cannot be ignored.
L6 war weslded vhav ruribier experimental work shouid te
carried out, and methods to increase the difference between
the complete segregation and naximum mixedness conversions

be investigated.

6.4 Further Experimental Work

Purther experimental work was performed on the flow
and reactor system described in Section 6.1 using the
reaction between ethyl acetate and NaOR, and the data
analysed using the computer programs mentioned in Section
6.2, However, the conductivities were calculated as for
colugn D of Table 6.1, as described in Section 6.2.4.
Thesge experiments have been divided into two sets

(1) Set S consisting of runs SI to 832

(2) Set T consisting of runs TI to T2I

The runs for Set S were performed under similar
operating conditions to those for the previous work
discussed in Section 6.2, and were at reagent concentrations
of approximately 0.075 N for both ethyl acetate and NaOH
streams, at the start of the reaction. S0 as to be
compatible with the RTD runs of Set D given in Table
IV.2, they were performed at the two tofal nominal flow

rates of 16 ml/min and 22.5 ml/min, the actual flow rate
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far an inadividual run being in the vicinity of one of
these values, but differing slizghtly in many casecs.
These operating conditions have been summarizel in Table
IV.4 of Appendix IV. The procedure for the analysis
of the data han been described earlier in this section.
The last column of Table (6.2) gives the difference
between the experimental conversion and that for the
maximum mixedness conversion using the experimental RTD.
It may be pointed out that the difference between the
conplete segregation conversion and the corresponding
maximum mixedness conversions is approximately 7 per cent
for all runs of Set S. Some additional runs in which
the steady state was not reached, generally due to a
blockage in the flow system have been excluded. Runs
SI3, SI4 have been excluded from Table 6.I due to an

undetected error in the experimental dats.

Set T consists of runs TI to T2I, which also consist
of runs at I6 or 22.5 ml/min total flow rate.  Other
operating conditions are as for Set S, except the nominal
inlet normalities were reduced to 0.04 N. This was in
keeping with the first recommendation of Section 6.2.2.

A decrease in concentration was favoured because

I. At higher concentrations the NaOH solution

attacks the polythene tubing in the flow system.

2. The calculation of conductivities is less

accurate at higher concentrations, common ion

effects becoming very important (2I).
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TABLE 6.2

Results for runs S I to S 32

Run il Nominal MMWs M.M } Con Seq. Exptl. AN
No. Flow Rate Iéggv : Conv. ¥ Conv. ‘ Conv. Conv
- . F—

s | 1001 20.5 7s.2 | sl.g 84.3 | 80.8 |-I.I
S 2 75 22.5 76.3 79.9 83%.0 72.8 |=7.1
S 3 50 22.5 73.6 177 80.5 73.2 }|-4.5
S 4 25 22.5 — ——— _— ] e S—

S 5 200 22.5 7449 78.4 81.7 77.4 1.0
S 6 400 22.5 73.5 76.4 80.4 74.3  $2.1
S 7 400 22.5 68.8 TI.6 75.0 § 70.4 f1.2]
S 8 200 22.5 70.8 T74.3 774 70.0 443
s 9 | I50 22.5 69.6 73.1 76.0 § 71.8 }I.3
s 10} 200 22.5 65.0 68.6 70.3 1 67.7 0.9
s I1I| 430 16.0 76.6 78.3 85.7 § 75.8 2.5
S I2| 430 16 78.0 79.7 85.0 § 76.9 J-2.8
S I5] 200 16 79.5 8I.2 86.3 1 T75.4 [-4.1
S I6| I50 16 78.3 80.2 85.2 ¥ 77.3 1-2.9
s I8 I00 16 72.5 T4.2 78.9 75.4 |I.2
S 19| I00 16 73.4 75.3 80.0 § 78.8 k3.5
s 20 50 16 7I.9 74.6 78.1 1 T73.3 {=I.3
S 21 75 16 7L.2 73.0 774 72.8 }-0.2
Is 22 25 16 74.8 77.6 8I.7 77.8 (+0.2
S 233 75 16 T4.6 76.6 8I.5 T3.4  }=3.2
S 244 I50 16 66.8 69.8 TI.4 65.5 t-4.3
S 25 75 16.0 78.0 80.8 85.0 82.7 |+I.9
S 261 400 22.5 74.6 76.2 8I.4 75.4 $-0.8
s 271 200 16 177.6 79.3 84.6 77.2 2.1
S 284 200 16 75.9 775 82.9 78.2 $0.5
s 29| 400 16 75.0 76.7 8I1.9 75.2 |-I.5
S 30} 200 16 77 4 79.1 84.4 8I.5 |2.4.
S 3I) 150 16 T4.2 76.2 8I.0 7.1 }-5.1
S 32} I00 16 T4.6 76.3 8I.6 75.4  1-0.9
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Runo TI +to T3 werc iﬁvallﬂaf@ﬁ, probably dua
to the wrong reagent being put into one or both of the
reagent bottles in the oil bath.
TABLE 6.3

Derived Results for runs TI to T2
Nominal Normality = O0,04U

Run § RPM Woninal MMWS | MLM. \ Com.Sez. Exptl. 1 &
No. ¢ Flow rate %@Rv. Conv. ggg@p Conv. Conv.
T 4 150_# 22.5 £ 66.7 1 69.9 72.8 69.0 |-0.9
T 5 100 22.5 68.2 7.9 T4.3 75.3 |-%.4
T 6 75 22.5 64.2 67.5 70.1 65.7 |-1.8
T 7 50 | 22.5 64.7 68.4 70.7 67.9 |-0.5
T8 50 22.5 ] 68.8 | 72.5 74.8 76.9 | +4.4
T 9 200 22,5 | TI.I 74.1 76.7 74.0 }-0.1
T 10} 400 22.5 66.3 68.8 72.% 63.4 | =5.4
T 1} 400§ 22.5 | 68.5 71.0 74.5 65.0 |-5.0
T 12y 100} 16 § 64.7 65.9 70.7 66.8 | +0.9
T I3} 150 16 67.6 68.9 74.0 72.6 | +3.7
{1 14 75 16 64.8 67.0 70.8 65.8 | ~I.2
T I5 50 16 67.0 68.8 73.3 72.4 | +3.6
| T 16 25 16 67.7 69.2 74.1 73.T | +3.9
T I7f I50 16 67.4 |  68.7 73.8 69.1 { +0.4
T I8f 400 16 65.2 66.7 7.3 66.1 | -0.6
T 19§ 200 16 67.1 68. 4 73.5 70.5 | +2.1
T 204 400§ 16 65.9 67.4 72.1 67.2 | -0.2
| ro1f 150 16 65.8 67.1 72.0 67.6 | +0.5

The actual operating conditions have been listed in Table
IV.5, while the derived results are tabulated in Table
6.3, The actual values of RT were not evaluated for
reasons discussed in Section (6.5).
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6.5 Discussion

Ng (I8) estimated the experimental error in the
conversion to be I.5 per cent, and attributed this chiefly
to an error in the conductivity of I.0 per cent, and in the
flow rate of 0.5%. Though this is in itself quite a
significant error, since there is only a 7 per cent
difference between the (premixed) complete segregation
and the corresponding maximum mixedness conversion, it

was felt that this was an underestimate.

It was found that it was not possible to hold the
flow rate constant to better than ¥ I per cent. The
calculation of the conversion uses a model for mixing in
the premixer and the wvalue of the rate constant. It was
felt that the errors in these would contribute T.2¢%
to the error in the conversion. Any evaluation of R,
must utilise the RTD, and the error associated with this
has not been taken into account in the previous estimate.
The non-linearity effect due to the tracer concentration
not being zero has been estimated using a modified version
of program PI2G/Ng to be about 0.5 per cent, and other
errors must occur due to the deviation of the pulse from
a delta function, changes in the flow rate, small differences
in the operating conditions for the RTD and reaction runs
ete, resulting in a cumulative error of 2 per cent. This
is well borne out by the fact that for run R3I at 22.4ml/min
flow rate and rpm of 25, the difference between the

experimental RTD and WSRTD maximum mixedness conversions
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is 2.8 per cent, while the curresponding figure for the
run at 50 rpm is 4.I per cent. It is unlikely that
this difference is intrinsically larger at 50 rpm than
at 25 rpm, and is more probably caused by experimental

error.

However, the total error in the system is not
additive, and assunming it to be random, may be estimated
as the square root of the sum of the sguare of the
individual errors, and is hence estimated at 2.7 per cent.
Considering that the change in conversion attributable only
to different values of RU is of the order of seven per
cent at a maxinmunm, this is likely t0 cause grave doubts

about the reliability of any values of R obtained.

6.5.1 Results

Examining the final columns in Tables (6.2) and
(6.3), in which are placed the differences between the
experimental and maximum mixedness conversions using
the experimental RTD, it will be observed, that unlike
for the earlier results, very few have a high positbive
value indicating a large degree of segregation. A large
number of these values f£all within the range L per
cent, indicating that within the range of experimental
error, the system is near the maximum mixedness state.
However, the random nature of the values would also indicate

that the premixed system is not suitable to obtain reliable
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values for RT . Hence, the actual values for RY have

not been calculated.

For Set 5, a larze number of the differences lie
between O and -I, but if the differences were evaluated
asing the WSRTD to obtain the maximum mixedness conversions,
would give a small positive value, This leads one to
believe that the RTDs are a little suspect, but have not
been re-run becaus;Athe premixed system is unlikely *o

provide suitable results.

It was decided to attempt to increase the difference
between the conversion at RT = 0 and RC =% , so as to
be large in comparison with the experimental error. This
would help us decide as to whether the high degree of
segregation indicated pre%iously (I8) occurs in any

case whatsoever,




CHAPTER 7.

UNPREMIXED FEEDS
7.1 Advantarzes of Unnremixed Feeds

As discussed in Chapter 6.5, the premixed feeds
reactor system was found incapable of providing reliable
egtimates for the values of RT , because the magnitude
of the experimental error is of the same order as the change
in conversion due to segregation. It was decided to
investigate methods of increasing the difference between
the complete segregation and maximum mixedness conversions
and the choice appeared to be between:

I. Second order reactions using unpremixed

feeds.

2. Autocatalytic reactions.

3. Non-isothermal reactioms.

The third choice was eliminated as it would have
required major changes in the flow systemn. Both second
order unpremixed and Autocatalytic reactions share the
characteristic that better micro mixing always insreases
the conversion, but the difference between the maximum
mixedness and complete segregation conversions may be made

much larger for the former, by suitable choice of parameters.

The effects of incomplete mixing with unpremixed
feeds have not been quantified before, even though the
gqualitative effects have long been known intuitively.

Also, since the theoretical development for the case of
123
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unpremixed feeds has a special place in this study, it
was decided to use the second order unpremixed reaction
between NaOH and ethyl acetate to study the effects of

incomplete mixing and to obtain values of RT .

-3
o

Reactor System

-3
no
=

Standard Reactor

Since the reactor system used for the experimental
work with premixed feeds was not directly suited for
unpremixed feeds, it was necessary to modify it. The
premixed feeds reactor described in Chapter 6.2 essenbially
consists of a sphere with four creases cut in the sides
to act as baffles. It was felt that a vessel of this
geonetry was too individualistic to allow comparison of
the data obtained with the data of other workers. Hence,
the oppnrtunity was taken to design the new reactor to fall
in line with the 'Standard Reactor! put forward by Voncken

et al. (25), and defined in Chapter 2.9.T.

T.2.2 Reactor System

In the choice of the new reactor system, sone
of the advantages of working on a largerscale then for
prenixed feeds were appreclated. However, the system
was not scaled up because no reliable data had been obtained
for the original size, and any major scale-up would require

drastic changes in the remainder of the flow system.
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Prom a point of view of materials of construction,
the choice lay between = nmetallic or a glass vessel.
A metallic vessel would have possessed the advantage of
a more accurately defined geomeitry. However, a glass
vessel was chosen because of the advantages that transparency
provides in the remcval of =ir from the system, and the
absence of unceternined wall effects and corrosion which
could arise with a metallic system. The actual constructicn
of the vessel required great glass blowing skill, due %o

the necessity of sealing in the baffles.

The reactor system is illusiratcd schematically
in Pigure 7.1, and in genexral corresponds to the
characteristics of s 'Standard Reactor’. The reactor
proper consists of a glass cylinder of 9.0cm I.D. and is
9cm in depth, fitted with four baffles 90 apart. Except
at the ends, the baffles run over the whole length of the
wall, and are 0.9cm wide and 4in thick. It was found
necessary to cut off a pilece at each end, so as to
enable the baffles to be sealed into the reactor floor
and ceiling. They were made from specially cut pyrex
strips which were accurate to within I per cent of the
width at 2ll points. The geometry of the reactor is
accurate to within O.Icm of the stated dimensions at all
points, except at the junction hetween the wall and the
floor/ceiling, where there is a small curvature. The

feed inlets were positioned half way between two baffles,
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The volume of the reactor was measured with

the stirrer in position, and was found to be 55Iml. The

volume of the outlet tube upto the middle of the conductivity

cell was found to be I4.7ml. A B40 conical joint was
formed at the mouth of the reactor with the help of a
special mandrel. This was necessary as a standard B40
conical joint could not be attached to the reactor without
leaving a neck, because heating would destroy the ground
section. The remainder of the flow and stirring system

is the same as described for premixed feeds in Chapter 6.

—J
.
AN

Experimental

Reaction Runs

-3
\N
-

The unpremixed feeds reaction runs were performed
using the flow system described in Chapter 6.I.I and the
reac%or system of Section T7.2.2. The reaction between
NaOH and ethyl acetate in aqueous solution was used for all
runs, which have been numbered UI to U40, The actual
operating conditions are given in Table V.I of Appendix
V. Runs JI to U7 were made using the impeller of diameter
3.%cm, while all the remaining runs used the Standard

Reactor impeller of diameter 3.0cm (Section 7.2.2).

In general, the runs may he divicded into those
at the two nominal inlet normalities of 0.075N and 0.04N
respectively. For each of these two normalities, runs

were made at the two nominal total flow rates 23ml/min and
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TABLE 7.1
Results for Runs U I to U 40

{pun RP Nominall Nominal M., NMWS Exptl. RT
NO . Total Normalityj Conv, RTD Conv. |

] Flow Conv, Acetatsy

Rate

Fuz 50 1 16 0.075 80.9 | 80.8 | 8I.4 | o=
[u3 | 150 16 0.075 82.5 8T.% 8I.5 70
Us 50 16 0.075 80.T 80.0 76.7 17
U6 75 16 0.075 8I.2 80.0 77.1 14
u7 |1%0 | 16 0.075 8I.I | 79.9 | 77.7 30
U8 | I00 16 0.075 78.2 76 .4 733 40
U9 20 | 16 0.075 78.7 76,2 30.5 1.6
Iz §{ 25 16 0.075 793 76.8 45.6 2.3
?II2 50 16 0.075 T4.73 74,2 71.8 23
UL3 | 75 16 0.075 76.4 | T75.2 78.0 ™
U4 § 100 16 0.075 75.50 | 73.7 TI.7 40
0I5 | 150 16 0.075 78 76.8 75.% 22
UL6 | 75 16 0.075 77.8 | 76.6 76.2 £2
I8 | 25 16 0.075 78.4 75.9 49,1 2.6
19 | 30 16 0.04 754 72.9 73.1 24
U20 | 50 | 16 0.04 7247 72.6 72.8 T
U2I { 75 16 0.04 7365 72.5 73.8 Gianas
voo {100 | T6 0.04 74.0 | 72.2 | 73.1 75
go3 | 25 | 16 0.04 75.9 | 73.4 | 73.2 22
U24 | 50 16 0.04 TI.2 7I.1 70.0 60
ges b 75 16 0.04 72.5 71.5 73,0 S
o6 | 100 16 0.04 T4.9 73.2 76.6 e




I28 (cont)

o o] e, [ | B | 2 | ©
Flow Conv. Acetate. | ]
. Rate ? ]
joe7 {150 | 16 } 0.04 Vs | 7305 | 7607 oc }
juos | 25 | 16 0.04 72.7 } 70.2 | 59.9 4.9
weo | 50 | 16 §o0.04 {713 | 112 | 14 [ee
fU%0 | 150 23 { 0.075 70.8 70,1 67.5 18
w3l {150 | 23 0.075 72.8 | 72.1 | 8.7 k15
U32 | 75 23 0.075 74,1 72.1 73.3 I 80
o33 | 50 | 23 0.075 72.7 | 1.4 | 70.5 32
U34 | 30 | 23 | 0.075 74.0 | 71.8 | 69.2 I3
P35 f150 | 23 0.04 66.0 | 65.4 | 65.0 |70
use {100 | 23 0.04 65.9 | 64.5 | 66.8 o
U371 75 23 0.04 68.9 67.1 69.0 |oe
U3s | 50 | 23 { 0.04 67.6 | 66.5 | 68.9 |==
U39 | 35 | 23 0.04 70.2 | 68.0 | 67.9 1§ 30
v40 {200 | 23 0.04 67.0 | 66.2 | 67.3 |=o
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TABLE 7.2

Onerating Conditions for RTD Runs

EI to E9

Run No. RPH Flow rate ml/min _:E_
EI 100 24.05 22.91
E 2 75 24.29 22.68
E 3 50 23.98 22.97
E 4 25 23.34 23.6
E 5 I50 24.34 22.63
E 6 I00 I7.46 3L.557
ET 75 I7.22 3L.99
E 8 50 I16.61 3%.19
E 9 25 16.35 33.70
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I6ml/min, The data were analysed using a modified version
of program P3/Ng, which allows for the fact that there is
no premixer in the system. These results are given in

Table 7.1.

A graph of RT vs)\ conversion, where £
conversion is the difference between the maximum mixedness
conversion (using the experimental RTD) and the experimental
conversion was drawn from the dsta given in Table V.2.

When the £\ conversion was less than IO per cent, the value
of RT was obtained using this data. When the value of A
conversion exceels I0 per cent, the value of RT was obtained
using program P9E/UP/UA, a modified version of program
P9E/Ng. Program P9E/UP/UA calculates RT for a given
experinmental conversion with unpremixed feeds, in a similar
fashion to program P9E/Ng (I8) which makes this emlculation
for premixed feeds. These results are placed in the last

column of Table T7.I1.

Te3.2 RTD Runs

In order to separate the effects of micromixing
and RTD on the conversion, it was necessary to measure the
RTD experimentally. RTD runs were made unrer approximabely
the same conditions as used for the reaction runs UI to U40
i.e. for the two nominal flow rates of Iéml/min ani 23ml/min,
and at the stirrer speeds of 25,50,75,I00 and I50 rpm.

The operating conditions for the RTD runs EI to E9 are
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liotod 4m Pable 7.2, and the actusl chart derlechtions are

given in Tables V.3 to V.II.

All the data was obtained using an input pulse
consisting of 2nl of a 4 per cent agqueous KCL soluticn, with
methyl alcohol added to achieve a density correction. The
output signal was measured by means of a conductivity cell
in the outlet tube. This procedure has been described in

detail by Ng (18).

The results thus obtained were analysed at intervals
of 0.025 for t/z less than 0.3, and 0.05 for the remainder
of the run. The minimum length for the results to be
suitable data input for the associated computer programs
is 4.30% , and most runs were continued for a longer period.

The resulting data was then punched onto 5-hole tape.

Run E-8 at I6ml/min flow rate and 25rpm was
made with a cell constant setting of 0.5 in place of the usual
setting of 0.695. The two runs at 25 rpm i.e. E-4 and E9,
showed a noticeable instability in the output signal, but
the RTD could be obtained in a usable form, The run E9
at I6ml/min nominal flow rate was more unsfable. The largest
difference between the M.Y conversion and the MMWSRTD
conversion is 2.5 per cent for run E-9, and the lowest
0.I per cent for run E-6. Below 25 rpm, the RTD of the

system is no longer a time invarisnt process, and the
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simultaneous meamsurenent of the reaction runs and RTD nust

be made to provide meaningful results.

Discussion

~J
L ]
o~

An exanination of Table 7.1 will reveal that
with one exception, for all runs with a stirrer speed of
30 rpm or more, the value of RU is greater than IS. The
exception is the run U34 at 30 rpm, for which the value of
RT is I3, A value of RT. = I5 corresponds to a &
conversion of 3 per cent, and the experimental error has been
estimated at 2.7 per cent (Chapter 6). Therefore, it
may be stated that when the stirrer speed is above 30 rpm,
the systen is near the maxinum mixedness end of the RT range.
No indications of the low values of RT , reported under
similar conditions (I8) but with premixed feeds, were noticed.
Por the runs carried out hetween 20 and 30 rpm,
much larger amounts of segregation are indicated by the
values of RT obtained. The calculated value of RL wvaries
between 24 for UI9 at 30 rym down to I.6 for U9 at 20 rpm.
However, the values of RT were not found to be reproducible
within the range of experimental error, except for the values
of Rt at 30 rpm. A possible explanation is that the
RTD is not a stationary phenonenon in this range of stirring
speeds (Section 7.3.2), and in some of the runs a great
deal of bypassing occurs, creating a deadwater rezion which

considerably reduces the effective volume of the reactor.
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Only the simultaneous measurement of the RTD and reaction
runs could confirm whether very low values of R¥L actually

occur at low stirrer speeds.

Another important conclusion which may be drawn
is that unpremixed feedlds have a great advantage in the stuly
of segregation and Zmcomplete mixing, due to the much larger
values of £\ conversion which will result if any significant

degree of segregation occurs.
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CEADPTER 8_
8.T Conclusions
(1) The Rippin-Ng random mixing model was extended

to cover Consecutive Parallel, Consecutive and Autocatalytic
isothermal homogeneous reactions. The computer programs
developed can handle any general arbitrary RTD over the whole
range of R ¥ . The inaccuracies at low R & of the original

programs were eliminated.

(2) The effects associated with the entry of the inlet
stresms through different feed nozzles were formalised and

quantified for the Rippin-Ng model.

(3) The values of R¥ obtained using the premixed feeds
system were found to be unreliable due to the fact that the
experimental error in the system is of the same order of
magnitude as the chsnges in conversion due to partial
segregation. Previous results were recalculated using a
more accurate method of determining the inlet conductivity,
and new experimental runs made. These confirmed that the
premixed feeds system in its present form is not capable of

providing useful estimates of R .

(4) A 'Standard Reactor! was designed and constructed
for work with unpremixed feeds. This new reactor system is
capable of detecting high degrees of segregation with relative

ease, The experimental results indicate that above 30 rpm,
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the walue 0L R¥” never falls below 15, indicating good
micro-mixing within the system. Below a stirrer sneed of
30 rpm, it is probable that the RTD is no longer a
stationary phenomenon, and that the simultaneous measurement
of the RTD and conversion is necessary to help decide whether
the low values of RT obtained are in fact due to high
degrees of segregation. An alternative explanation is
that by-passing on a considerable scale occurs, decreasing
the effective volume of the reactor, and hence lowering
the conversion, without there necessarily being an increase

in the extent of segregation.

(5) It appears that the choiece for a model of incomplete
mixing in a single CSTR lies between the Rippin-Ng and
Consecutive Reactor models. A preliminary comparison was
made between the behaviour of y* and I/Rr , and it was
deci@ed that the real criterion of suitability is the fit

of the experimental data, the order of complexity for a

general RTD program being the same for both models.

8.2 Recommendations
(1) The computer programs for the Consecutive Reactor

model should be extended to be able to handle any general
arbitrary RTD. This will enable a comparison of the fit

of experimental data to this and the Rippin-Ng model.
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(2) The system should be redesigned for larger degrees
of segregation to be prevalent. This could be achieved
elither by an incrcase in the viscosity or a decrease in the
mean residence time. An increase in the viscosity should
reduce R, while a decrease in the mean residence will reduce

r ) the result being a decrease in RY .

(%) A system should be designed in which it is possible
to study conversion with both premixed and unpremixed feeds
under the same (or nearly the same) RTD and hydrodynamic

conditions.

(4) The mixing equations for the Rippin-Ng model
should be extended to cover adiabatic and other non-isothermal

conditions.

(5) The fluid dynamics and micro-mixing conditions
may not be reproduced in separate RTD experiments.

Simultaneous neasurement of conversion and RTD should be
considered, A possible system would be the use of CI4

in one of the reactants as a tracer.

(6) The reactor system should be redesigned such that

mixing conditions down to and at O rpm could be investigatead.

(7) The size of the reactor system should he scaled up.

Experiments performed on a pilot plant scale would have
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much more practical significance,

(8) The use of dynamic response experiments for the
compariscn of the experimental and predicted beheviour of

a reactor system should be considered.
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Notations

a, b, ¢ concentrations of A, B, C
A, B, C a/=20, b/20, c/ao
a concentration of ethyl acetate

in Experimental Section

b concentration of NaOH in Experimental
Section.

D tank dlameter.

F cunulative residence time distribution.

b residence time frequency function.

d degree of segregation.

k specific conductivity, oew T
in Chapter 6.

kT, k2 reaction rate constants.

K1, X2 kIao¥ , k2aol

K K2/KI

1 ionic mobility.

m amount of mAaterial in entering
environment

q volumetric flow rate

R mixing parameter.

t residence time.

v volume.

X concentration of acetate lons in
Chapter 6.

y dimensionless age ﬁiyﬁf

y* Weinstein parameter.
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RTD
WSRTD
M.IT.
MMWSRTD

1,IT,III,IV

Subserints

EXIT
L
P

0

dimensionless life expectation.>/k

age of molecule.

Cimensionless concentration of

Gesireld product.

time.

equivalent conductance cm2_ﬁ~_lequiv_l.
l1ife expectation of molecule.

mean residence time.

cumulative age distribution

age frequency function

cuniulative 1ife expectation &istributio
life expectation frequency function.
residence time distribution

well stirred RTD.

mexinum mixedness.

maxinum mixedness with well stirred
RTD

as defined,

at outlet from reactor.
value in leaving environment.
value of a "point".

initial values.

special subscripts were defined for the conductivity k

at various points in Ch=apter 6.



APPENDIX T

Egquations for I and 2 CSTRs RTD

We shall proceed to derive the equations employed
for the specific programs for I and 2 CSTRs RTD. These
are specizl cases of the nore general equations cderived

in Chapter III.

IT.T Consccutive Parallel Reactions

T.I.I I C3TR Premixel PFeedls

In the case of Consecutive Parallel prenmixed
reactions with a I CSTR RTD, the mixing eguations for the

leaving environment take the form:

SAL . ¥ AL BL - (I + RT) TA + AT
¢z

ABL
éz

= KI ALBL + K2 BL CL ~ (I +R™) IB + BL

|p“
Q
o
I

~KI AL BL + K2 BL CL - (I + RT) LC + CL
-
where LA == 5 exf (—‘J{Q‘C +l§) ﬁ/cj} CL‘-}

= Torp(-y(RT) PO Y
e = fw»e?xp[-j—([{l-ﬂﬂ Cly) \.}j
(]
- -(1.1)

These equations are a special case of equations
(3.2I), and the values of A(y), B(y), C(y) are obtained
AT



A2

by the integration of the batch kinetics equation (3.20)

to find the value of 4A(y), the other two concentrations
being obtained by substitution in equations (3.I6 and 3.I19).
LA, IB, LC are in fact constant with respect to &, and

the concentrations at all points in the leaving environment
are constant. This has been shown by Zwietering (30) to be

true for simple kinetics and a I CSTR RTD.

The concentration of B at all points in the leaving

environment Q@ﬂﬁ is obtained from the following cubiec
BE [ -k K2 i .
AT Ay s e (e K gj\i\\’\ < -2 XRn X, \L&J
T I B Y R s LIl S L S
AR = O |
N e \é.'\ = L‘.-{- PN B L—F‘\
Kz (a4 re )L
o= (e molc
(1.2)
BL is obtained by Newton's iterative method, and the
other concentrations at the exit from the leaving environuent

are obtained from

= WAL aaml)

0L = (\c\c:-n—\QF>"*BL>/<\'+.E\LZ\*%L)
' (1.3)

The concentrations in the stream leaving the CSTR
are obtained in the usual manner by mixing the stream going

directly from the entering environemnt to the exit, with the
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strenm from the lesaviing cnvironnment, in proportions

compatible with the RTD, and are given by

AEXIT = KA 4 WTHRL
| V- T
B EXIT = iR o W Bl
L+~ T
C EXIT = VLl -+ Qjcji:;
Y

(I.4)

The mixing equations (I.I) have been integrated
in progranm CP/PM/ I 0OSTR. The batch kinetiecs for A were
tabulated, and Routine 'B' was usel for the interpolation,

to obtain the desired values of A(y).

I.1.2 I CSTR Unpremixeld Pecds

For Consecutive Parallel unpremixed reactions with
a I CSTR RTD, the mixing equations for the leaving environment

take the form:

AR - KiAL B =1+ B

A2 , -
A - LIAaRLY k2RLCL -~ Bs + 8L
dz

Ao - oapcpetre L - cb

d=

(1.5)

The value of BL at 2ll points in the leaving
environment may be obtained from the following cubic

(see Appendix I.I.I)
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BU WXy &g — K ) —‘1VA\12‘

L]

\ - -

+ -
“'\‘ PL ‘\ \‘-':.\\ ‘__ \*! oY) "’\*r‘ \/\\ \6 2D — \ — K\‘l
+ 36

= ©
(1.6)
BL is obtained by Newton's iterative method, and
the other concentrations at the exit from the leaving

environment are:
\

AL =
P W TS
P‘J e e
CL = —= S
e N2 B
(1.7)
The concentrastions leaving the CSTR are given by
A mxir = X RT AL
{ + 2T
R EXIT = Bo+ RT BL
\ 4+ 2T
¢ EXIT = BT S
b VT

(1.8)
The mixing equations (I.5) have been solved in

progran CP/UP/I CSTR.

I1.7.% 2 C3TRs RTD with Premixed Feeds

The mixing equations for the case of 2 CSTRs RTD

with Consecutive Parallel premixel reaction are given

by



dAL AL T T'EML_}“C-*‘T)_L La - ;__\ AL
d= Tz F.
d%t = WA LR + X2 L - QLS;EC*L)-Z{.‘“: 4,@_\ L
Az Tz T
%ri~:~~k\HLBb4-L. “CL _7>L(v7fL)z, 3T CL
Z T I T =
-+ -
where T.I = fE;T<_ v+ R +2 t\ x= o
F.2 = L WTH 4 (‘Zf{ \ AR =)z
1= [T ap(ylae i) AG ) er) Ay
;~\_, P - —~N 0y 2 g e - 3 & y
SN exp/— (€ +2)) By L2t
0= p (o RTe) QL (422 Ly
(1.9)

Applying Zwietering's boundary conditions, the
initial value of BL for the integration of equations (I.9)
is obtained from the following cubic in BIL:
e - Tl 2|
eo0 T- eV - () ke w(e- 1) Wi -1 ks >\
Jrfll_\“ (..L \.v [\4\ +\<c\ . L.( ~ ¥y \Q?\L\/\ ( \\ C\ézﬁ

W QL’ Y‘ D — W en k& \_]
where (K1) = i17/:£ 2 }
KA = TA Rl;(:lT\*‘1)~/j§.a
x = 1B 2T (R+?) ] £7
KC = ¢ RT (\T_T_tEY'/j;’a_

(1.10)

BL is obtained by Newton's iterative method, and

the other initial values obtained fron
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AL = Ko
()~ Koz
CL = e+ K¢ f-__(}éf') R
U()+~2¥1Yﬂ_

(I.11)
The mixing equations (I1.9) may now be integrated
simultaneously, using the bouniary conditions (I.I0 and I.II),

and the concentrations at the exit from the reachor are

obtainerd fronm

A EXTT = (Ree2) lpa 2o AL;
J - I:%* _i:%::Cj
5 mp - [ liTez) bR 32 B
k b+ 2 lx==O

*
24!
Ay

}
Rl
1}
r
[

(1.12)
The mixing equations (I.9) have been integrated in

program CP/PM/2CSTRs.

I.T.4 2 CSTRs Unpremixed Ieeds

The mixing equations for Consecutive Parallel

unprenixed feeds and 2 CSTRs RTD take the form:

’ . — -‘.. ,l - “,
A y
X . +f R
dARL LW AL TR Ke Puce - e 4= 1Sy
A=z ’ .
__ACL e S W N \/\1 Gy &
A%
where F' = WT W+ 2Tz~ RT=RY
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ApnFotie Acatoseng s boundary conditicns, the
initial value of BL for the integration of eguation (I.I3)

may be obtained from:

where all terms are evaluated at g = 4 (I.14)

The other initial concentrations are obtained fron

AL =
z=4

N Q
et
N
Il
!
!
\’J
™
!
",
Fr
j
L

(I.15)
The concentrations at the exit from the reactor

are given by

-

A BXIT = {ﬂdt +T- ko

o | +-Ei2_ =
B EXIT = {~ _ 1590 #1m AL
L \'!”I?_ .J:Z“:C)

¢ EXIT = E;zkitﬁw

where I, = l"‘tz-d—‘t:“? o
2 T Tz —+<5Lzr13Q +{L“l_a{“

<o
(1.16)
The equations have been integrated in program
CP/UP/2CSTRs.
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I.2 Consecutive Prenixed Reactions

I.2.1 I CSTR RTD Consecutive Premixed Reactions

In this case, the mixing equations take the form:

ARl - K AS —La +AL

d =2 _ ,
JBL -~ Ao K RO- L+ BL
Az
(1.17)
where TA = | ﬁ_}_)f.E.L_jL,._ d“&
O \\j/(H—Qt\)
IB = o2 =g\ s
where B(y) is evaluated fron
BRI G IR E S
AN L+ _S,.f,l =+ 2T (1.18)

b.c. B=0at y = 0.

Equation (I.I8) is a modified version of the
batch kinetics equation (3.I0). Once again we have a
well stirred.RTD, and the R.H.S of equations (I.I7) are
indepencent of 2, The conecentrations at all points in

the leaving environment are given by

AL = LTy \j(;u—u; LA \(;\\,7

L i

f20 L\-\—-4(\—‘—%([.!\—\'\\"/5{,)\(43’/:}

23!7

(I.19)



The concentrations in the stream Jeaving the

CSTR are given by

A EXIT = LA 4 KRTAL
V- LT
B EXIT = L3 4+ BT bu

(I.20)
The mixing equaticns (I.I7) have been solved in
program CON/I CSTR.

T.2.2 Consecutive Premixed Reactions 2 CSTRs RTD
In this case the mixing equations tgke the form:

ARl — WIAC — T (Re) Ln o By AL

——

Az r2 >
CUF)‘\_.:: —\4 AL —+ K> 7)‘_ - (<‘C(\\t+f\ = +.t. RL.

where Ty , T, are as defined by equation (1.9)

LA = J kg‘h*k L;&,‘(Zf:vz ] (42 d\l
¥ = j ;(ﬁ _\P H(VT+2‘>(;+1 CLZ

(I.21)

B(y) is evaluated using the batch kinetics equation
for B i.e. equation (%3.I0). The initial values for the
integration of equations (I.2I) are

il “-jzl“m \E‘ =+ (G “’L\\éa\éj\j

. ! =L
ZE& = _g‘_ia‘\ ~-£_./ + .l K(’l’ .L‘-F 4 (\C\b YR - ;-\,_> ZJJ
- ST

where II, KA, KB are defined by equation (I.IO0)
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Equations (I.2I) may now be integrated and the

concentrations at the exit from the CSTR obtained from
5 B
A EXIT = (“@I+13DA+129E}

l+~%~ % = D
B EXIT = | (Dw+u)Llo + £2 B
&_ |+t 2 = O

The equations (I.2I) have been integrated in
program CON/2CSTRs.

1.3 Autocatalytic Reactions

1.3,1 Autocatalytic Premixed Reactions I CSTR RTD
The mixing equation for Autocatalytic premixed
reactions with I CSTR RTD is
AP \<\ALD+QO~ALJ — (D tﬂ)(u-?«;v)(_l + Rl

<\ B @
where LI = t’?eaf 'L-j(ljjﬁzdwwﬂﬂ,_c{k
N R GIGEENY

(I.24)
The concentration a2t all points in the leaving
environment is given by 2
AL = | \q{;+®@¥linﬁ(u8q+h
v«L;K\G2T*O(l+EC)Li]:]

2\
(1.25)
The concentration at the exit from the C3TR is given

aExte = (1+%0), + 25 Ay
(+RT

(I.26)
The mixing equation (I.24) has been solved in program
AC/PM/I CSTR.

T.3,2 Autocatalytic Unnremixed Reactions I C3TR RTD
The mixing equation for Autocatalytic unpremixed

reactions with I CSTR RTD is given by



AR G T i+Bo—P AL+ AL
;17}
(I.27)

The concentration at all points in the leaving

environment 1is 7iVLn by

VS
AL"**W([ )KVH fJ(QfR%KHQ ~¢U<&
2\ L B
(I.28)

The concentration at the exit from the reactor

is given by
| AW AL

\ A4 WT

A EXIT =

(1.29)

1.%3.3 2 CSTRs RTD futocatalytic Premixed Reactions

The mixing equation in this case is

ciRL \L<M5%o AL)*} pL.,<<tfd\ LH
EES T X~
where Iy and I, are as cdefined by equation (1.9)
- p\{‘r/(——\1(\i L’T“‘)( I‘T‘E) (\—1»( Q/ C{‘ (r
4———"——’—-—/—_—-

and A =
JC) | 4—*’o‘~*F“‘K|(4~R )j j
(I.30)

The boundary condition at z=4 for the integration

of equation (I.20) is given by

T— v 7 II \ &
— +A1EI50 + / Lot ’°\
= 4 qut %1) 7 L /
—_ g\ (7?10
e (1 31)

The concentration at the exit from the reactor

is given by



(I1.32)
These cquaticns have been integrated in progran

AC/PM/2 CSTRs.

I1.3.4 Autocatalytic Unpremixed Reactions 2 CSTRs RTD

The mixing equation in this case 1is

dRhe = <\M[*&Ba R\q K M\[(

= I
where I; and I, are as defined by equations (1.9) (I.33)

The boundary condition at Z=4 for the integration

of equation (I.33) is given by ) —_

/ = T
AL =L\ I i J—J ‘ ‘*‘“’°> - i 2
z=4 2, ‘;‘“‘_ = |

(1.34)*= Y

The concentration at the exit from the reagactor is

' 1*?

+“ -

given by -
: o
A EXIT = tz2 ALl

(1.35)
The mixing equation (I.33) has been integrated

in program AC/UP/2 OSTRs.
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Codes for Computer Prograns.

TABLE ITI.T

Consecutive Parallel Reacticn.

No.

PROGRAI

CONTENTS

CP/PM/I CSTR

CRP/UP/ I CSTR

CP/PM/2 CSTR

CP/UP/2 CSTR

CP/PM/GEN

CP/UP/GEN

CP/PH/GLRT
CP/UP/GLRT

| feeds.

- Same ae 3 with unpremixed

| Calculates conversion with

== 2.

Calculates the conversion
for Consecutive Parallel
premixed reaction and

I GSTR RTD.

Same as I with unpremixed

Calculates conversion with
Consecutive Parallel premixed

reaction and 2 CSTRs RTD.
feeds.

Consecutive Parallel
premixed reaction for any ]

arbitrary RTD wheno®:>RT

Same as 5 with unpremixed
feeds.

Same as 5 but for 2 >R€»O
Seme as 6 but with 27R£7Di

A I3
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TABLE IT.2

Conscecutive Premixed Reaction

Ivo |  PROGRAM | CONTENTS

I { CON/I OSTR Conversion with Consecutive }
premixed reaction and

| T ostr mRID.

2 | CON/2 CSTR Conversion with Consecutive

- premixed reaction and 2

CSTR RID.

3§ CON/GEN Conversion with Consecutive

1

premnixed reaction and arbitrary
RTD whenoo > RTZ 2
4} coN/GIRT Same as 3 except 2 >RT 70

TABLE ITT.3

Autocatalytic Reaction

o 3 PROGRAM CONTENTS
I AC/PM/I CGSTR Conversion with Autocatalytic

premixed reaction and I CSTR
RTD.

2 AC/Pl/2 CSTR Conversion with Autoecatalytic
premixed reaction and 2 CSTR

RTD.

feeds.

13 AC/UP/2 CSTR E Same as for 2 with unpremixed




A T4 (cont.)

NOAJ PROGRAM CONTENTS

i ,

4 AC/Pi/GEN Calculates conversion with
Autocatzlytic premixed reaction §
aznd arbitrary RTD whenew@ = RT Z#

L5 C/UP/GEN Same as 4 with unpremixed feeds. |

6 AC/PM/GLRT  Same as 4 except 2P RT>0

7 AC/UP/GLRT Same as 6 except with mnpremixed
feeds.




APPENDIX TII1T

Tables for Conversion vs R

as depicted in PMizures 5.1 to 5.9

TABLE IIT.I

Consecutive Parallel Premixed Reaction

K = 5.00 KT = 0.544 Bo = I.0
~ Percentage Conversion
R T
4 I C3TR 2 C3TR 5 CSTR
:EOOO 9.357 ‘ 10.82 12.07
T00 9.402 10.85 12.09
i[O 9.693% : 11.08 I12.22

.0 10.26 11.59 I2.59

0.1 10.60 11.90 I2.74
.01 10.62 11.90 12.79

K = 3.00 KI = 0.856 Bo = 1.0

- Percentage Conversion

RT

I C3TR 2 CSTR 5 CSTR
1000 I13.1I9 § 15.25 I7.07
100 13.28 I15.31 I7.11
10 | 13.84 15.77 I7.36
1.0 I14.90" 16.75 18.13
0.1 I5.55 17.32 18.45
0.01 15.63 I7.35 I8.51

:

b
)
LT
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TABLE IIT.2

Consccutive Parallel Premixed Reaction

K= 3%.00 KI = 0.198 Bo = 3%.00
Percentage Conversion
RT
I C3TR 2 CSTR
1000 13.3%3 ‘ I5.59
100 135.33 15.60
10 13.49 15.72
1.0 1%.83 16.02
0.1 I4.02 16.21
0.0 14.04 16.22
K = 5.00 KT = 0.1I%8 Bo = 3,00
Percentage Conversion
RT ¢ i\
I C3STR 2 CSTR
11000 | 9.442 10.99
T00 9.455 11.00
10 9.540 11.06
1.0 9.721 11.22
0.1 9.827 11.3%2
lo.or | 9.843 11.33
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TABLE TITI.3

Consecutive Parallel Unpremixed Reaction

K = 5.00 KI = 0.544 Bo = 1.0
Percentage Conversion
RAC
I CSTR 2 CSTR 5 CSTR
T000 9.3%41 10.86 12.06
1100 9.258 T10.8T1 I12.04
T0 8.501 I0.1I7 11.6%
I.0 4,675 5.429 5.87
0.0I 0.093 0.094 0.096
K = 3.00 KI = 0.856 Bo = 1.0
; _ Percentage Conversion
RL
I CSTR 2 CSTR 5 C8TR
1000 13.1I7 I15.23% I17.06
T100 I%.05 I15.16 I17.03
10 11.98 T4.29 I6.46
1.0 6.59T T7.664 8.578
O.I 16198 10255 10298
0.0I 0.1I31 0.134 0.1%6




Consecutive Parallel Unpremnixed Reaction
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TABLE ITI.4

K = 3.00 KI = 0.198 Bo = 3.00
R1: Percentage Conversion
T CSTR 2 CSTR
1000 I3.30 15.66
T00 I13.18 I15.58
TI0 T2.1I0 I14.65
T.0 6,657 7.78
0.1 I.21I0 I1.270
0.0T 0.1I%2 0.135
K = 5.00 KI = 0.I38 Bo = 3.00
Percentage Conversion
R
I CSTR 2 CSTR
T000 9.431 IT.02
T00 9.347 10.96
I0 8.582 10.30
1.0 4,720 5. 471
0.T 0.858 0.892
0.0TI 0.09% 0.095
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TABLE III.5

Consccutive Premixed Reaction

K = 0.118 KT = 3.50 Bo = 0
R Percentage Conversion

I CSTR 2 CSTR 5 CSTR
I000 49,04 56.0% 6I.3%8
100 49,17 56.09 6IL.37
I0 49.99 56.55 61.48
I.0 51.1I2 57.60 62.17
0.1 52.01 58.29 62.34
0.01 52.1I8 58437 62.37

ABLE ITII.6
Consecutive Premixed Reaction
K = .36 KI = I.20 Bo = 0
Percentage Conversion

R

I CSTR 2 CSTR
1000 28.27 %2.87 ﬁ

8

100 28.25 32.84
I0 28. 21 32.73
1.0 28.40 32.80
0.1 28.62 33.05
0.01 28.66 3%.08
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TABLE ITT.7

Consecutive Premixed Reaction

K = 3.00 KI = 0.862 Bo = 0
Percentage Conversion

RT

I CSTR 2 CSTR
1000 22.53 26,22
TO0 22.50 26,22
T0 2237 26,03
1.0 22.38 25.93
0.1 22.49 26.07
0.01 22.51 26.09

TABLE T1I1.8
Autocatalytic Premixed Reaction
KI = 3.3 Bo = 0.1
Percentage Conversion

R T

I CSTR 2 CSTR 5 CSTR
500 73.21 82.04 85.86
50 T2.1T4 8I.21 85.54
5.0 64.97 T4.30 80.02
0.5 54.94 63.19 68.87
0.05 52.46 60.49 66.06
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TABLE ITT.9

Autocatalytic Unpremixed Reaction

KT = 3.3 Bo = 0.1
Percentage Conversion

RT |

1 I CSTR 2 CSTR 5 CSTR
500 73.19 82.00 85.78
50 71.90 80.97 84.95
5.0 61.12 69.66 7395
0.5 24445 24.92 23.36
0.05 3.50 3.26 2.85
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APPENDIX ITIT

(cont.)

Com»narison of Ripnin-Ng

ancd Consecutive Reactor lodels

. : * o L/
Tables for Percentage Conversion vs y or RT

TABLE IIT.IO

Consecutive Premixed Reaction

K = 0.1I8 KI= 3.50 Bo = 0
1y or | Conversion| ICSTR RTD Conversion|5CSTR RTD
/R C-R mogel Rippin-Ng C-R model | Rionin-Ng |
0 49.0 49.0 6.4 6I.4
1 o.1 | 50.3 49.9 6I.7 6I.5
0.4 | 51.5 50.5 62,2 6I.9
| 0.8 | 51.8 50.9 62.3 62.1
I.2 | 5I.9 51.7% 62.4 62.2
2.0 | 52.0 5I.8 62.5 62.3
TABLE III.II
Consecutive Premixed Reaction
K = 1.36 KI =1.20 Bo =0
y*or Conversion I C5TR
1;”@3: C-R model Rippin-Ng
0 28,27 28,27
0.I 28.33 28. 25
0.4 28,40 28,30
0.8 28.60 28.39
I.2 28.65 28.45
2.0 28.66 28.50
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TABLE IIT.I2

Consecutive Parnllel Premixed Reaction

K = 3.0 KI = 0.856 Bo = T.0
yxor Conversion 1 CSTR
HRT C-R riolel Ripnin-Ng
0 1%.19 I13.19
P.I I4.2 I%.84
0. 4 15.30 14.25
0.8 I5.60 I4.75
1.2 15.60 I5.0
2.0 I5.60 I5.55
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APPENDIX IV

TABLE IV.T

Onerating Conditions for runs R I to R 36

{Run RPN kT a0 < Calculated conv.
No of ethyl acetate
RI 530 %.10 20.8 81l.8
R 2 0 9.90 21.6 ————
R3 160 8.85 20.7 80.6
R 4 280 I10.7 20.1 73.4
RS I50 I5.7 3644 72.6
R 6 30 I5.2 38,2 85.4
R 7 150 I5.2 38.2 85.4
R 8 400 I5.2 38.2 87.3
R 9 50 I5.2 38.2 98.4
R I0 0 I15.2 3546 ————
R IT 200 I12.3 35.0 80.0
R I3 67 2I.1 34.0 9l.4
R T4 67 II.6 33.1 9I.3
R IS5 30 11.8 33.1 96.6
R I6 80 I2.6 34.8 84.0
R I7 250 I1I.9 33.5 80.7
R I8 200 I15.0 28.8 85.0
R I9 200 I4.4 29.2 85.1
R 20 430 15.3 29.6 85.0
R 21 I50 I5.1 29.2 83.1
R 23 200 I5.3 29.6 85.0
R 24 100 16.1 30.1 85.2
R 25 50 I6.1 30.3 87.1
R 26 25 I4.4 29.2 91.5
iR 27 50 I4.7 28.5 87.9
R 28 200 8.66 20.7 8%.8
R 29 100 8.95 21 .4 85.9
R 30 5 8.85 20.8 86,2
R 31 25 8.85 20.8 86.4
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§gn RPH kT ao xd Calculated conv.
of ethyl acetate.
R 32 | %0 8.85 | =20.8 86. 4
R 33 I50 8.85 20.8 84.6
R 34 200 8.54 21.0 85.1
R 35 400 8.80 21.0 82.3
R 36 50 8.43 21.0 87.5
TABLE IV.2
Operating conditions for pulse RTD Experiments D 16
to D 40.
. REH Total Flow '
rate ml/min < min
Ie 30 I6.8 28.0
I7 0 16.8 28.0
18 200 I5.6 30.1
19 T00 I5.6 30.1
20 TG00 I5.4 30.5
21 200 I5.4 30.5
22 200 I5.6 30.1
23 I50 15.8 29.8
24 100 I5.9 29.6
25 75 16.0 29.4
26 75 16.4 28.6
27 0 16.4 28.6
28 | 200 i 16.4 28.6
29 I50 v 16.4 28.6
30 100 I6.2 29.0
31 50 I6.4 28.6
32 25 I6.1 29.2
33 400 22.5 20.9
34 200 22.5 20.9
35 I50 22.5 20.9

Y9y uouuuduuuyuyudoguuuuyodduougod
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Run

No RPM Total Flovy )
rate ml/min T nin
D 36 100 2245 20.9
J'D 27 75 22.5 20.9
D 38 50 22.5 20.9
1P 39 25 22.5 20.9
D 40 30 I1.8 39.8




TARLE TIV.3

Results _derived by Ng for runs RI to R36
Run  MMWSRTD | 1 Comp Seg| Comp Sez| Exptl |RT
No. Conv. Conv @@ﬁﬁo Conv. Conv
IRz |77.3 80.6 | 83.7 ' 87.2 80.6 | 530
R4 74.8 75. 4 8I.8 82.73 73.4 —
R5 78.9 80. 4 86.0 87.4 72.6 _—
RII [83.5 85.2 89.1 90.8 80.0 —
RI3 |83.4 86,2 89.0 9I.6 9T. 4 0.65
RI4 |83.7 86.5 89.T 9I.8 9T .3 0.70
RI5 |86.6 88.7% 90.0 92.5 96.6 0
RI6 [82.6 84.4 88.6 90.3 84.0 —
RI7 |83.3 85.0 88.9 90.6 80.7 —
RI8 |82.6 85.1 88.9 90.5 85.0 | =
RI9 |[83.5 85.T | 89.5 9T.0 85,1 | ==
R20 [83.2 1 84.9 89.4 9I.0 85.0 |==
|r2o1  |s0.8 82.8 87.6 89.5 83.T 210
R23 [83.2 8449 89.4 9.0 85.0 |
R24 |8I.3 ' 83.0 88.1 89.8 85.2 78
R25 |8I.9 8%.9 88.6 90. 4 87.1 10.5
R26 |83.5 86.3 89.5 92.0 9I.5 747
R27 }83.1 85.1 89.% 9I.I 87.9 10.6
R28 }79.4 83.0 85.4 88.8 8%.8 27.5
R29 }79.4 83.1 85.5 89.0 85.9 9.1
R30 |78.7 82.3 84.9 88.4 86.2 .28
R3T |78.7 8I.5 84.9 87.7 86.4 0.45
R32 |78.7 82.8 84.9 . 88.8 86.9 I.25
R33 |78.7 82.2 84.9 - 88.3 84.6 | II.3
Ir34 Is0.9 84.4 86.4 89.8 85.1 28
IR35 |79.4 82.2 85.4 88.1T 82.3 e
R36 (79.4 8%3.5 85.4 89.% 8745 T.26




TABLE IV.4

Operating Conditions for runs SI to 8532

1

%?'RPM FLO’J{ RATE B ; N at lPremiXﬁﬁtry gén?lcﬁ‘ (Li)onv.
. WeOH | Total, Acetate] NaOH Ecetate | §o8dy %thyl
_ Aoe%@
ST [ 100 | T2.54] 23.13]10.59 0.08023 | 0.06687% 5.3 | 80.8
s2 | 75| 11.96] 22.81]10.85 0.07762 | 0.06947{ 9.15] 72.8
83 | 50| II.32{22.40{II.08 | 0.074I3 | 0.07204} 8.1 }73.15
s5 {200} 11.39 22.1%}10.74 | 0.07565 § 0.07I35| 8.1 §77.36
56 | 400 | II.58] 22.80{II.22 0.07466 | 0.07234 8.1 74.27;»
S7 | 400 | 10,96} 23.10{I2.14 0.0680 | 0.07364% 6.95]70.4
s8 | 200 | T0.84] 22.6 |11.76 0.0697T | 0.07204{ 7.50169.9 |
S9 } I50 | 10.50] 22.00}II.50 0.06835 § 0.07336{ 6.9 | 7I.8
snﬁ;xx> IO.6:223.56 12.87 0.06520 | 0.07647 6.35 1 67.7
s11f 430 | 7.82{ 15.66] 7.84 0.0717T | 0.07009 | 7.51}75.4
s12f 430 | 7.94 15.72} 7.78 0.0747T | 0.07077 7.95176.9
s15{ 200 | 7.71] 15.06] 7.34 0.07575 | 0.06975} 8.39]75.4
SI6| I50 | 7.92] I5.64] 7.72 0.07489 | 0.07058) 8.00 | 77.3
s18{ 100 | 7.79 16.24] 8.45 0.07165 | 0.07701 ] 6.75175.4
SI9 100 | 7.99 16.46] 8.47 0.0724 0.076T 6.70 | 78.8
sef 50| 7.7916.34] 8.55 0.07117 | 0.07747 | 6.801{73.3
so1l 75| s.06] T6.96] 8.9T | 0.07095 | 0.0777T1 | 6.78 |72.8
s22f 251 7.68 15.64{ 7.96 | 0.0733I | 0.0753T | 7.05177.8
SZBf 751 7.920I6.1T} 8.I9 0.07339 { 0.07524 7.49 | 73.3
s24l 150 | 7.09 I5.78] 8.69 0.06704 | 0.08I50 6.30 165.5
sosf 75 { 8.17 15.88) 7.76 0.0763%4 | 0.0723 7.60 [82.7
s26l 400 | 7.250 15.61] 8.16 | 0.07373 | 0.07632 | 7.25 }75.4
S27) 200 | 7.57{ I5.34] 7.76 0.0763I | 0.073I8 7.88 }77.2
segl 200 | 7.66] 15.78] 8.12 0.07499 | 0.075I2 7.40 }78.1
S29f 400 | 7.54} I5.71} 8.1I7 0.074I5 | 0.07592 7.40 }75.2
s30{ 200 { 7.72] 15.64] 7.92 0.07626 | 0.07392 7.48 |8I.5
S3I} 50 | 7.59| I5.95| 8.35 0.07358 | 0.07647 7.60 |7I.I
5321 TOO | 7.90] 16.46] 8.55 0.07421 | 0.07587 7.45 §75.4




TABLE IV.5

Oneratinzg Conditions for runs TI to T2T

Runs

Dimensions of new premixer:

Total volume =
Plug flow section = 0.997 ml.

3.363% ml.

, , :
Rung BFIL ) _prow BATR N st Premjxer Fntry } Final | Gonver
NLOM] Tormp e snud No ©H | ScE TATE § Condud S1O1
T4 §I50 }1I.59 22.54410.96 } 0.039I9 {0.03%637 $5.0 69.0
] 75 100 | II.7§ 22.40{10.62 | 0.040I2 {0.03554 §4.92 §75.3
76 § 75 | I1.09 22.46}11.37 | 0.03767 0.03795 §4.70 | 65.7
7 % 50 | TI.39 22.71|11.36 § 0.03805 [0.03752 | 4.65 |67.9
78 § 50 | 11.97 22.35}10.44 ¥ 0.04065 J0.03501 §5.03 | 76.9
9 §200 } IT.4Q 22.63{IT.2% § 0.04I31 {0.03250 §5.60 | 74.0
TI0§ 400 | T0.37 22.25411.94 | 0.03799 10.03515 F 5.1 {63.4
111§ 400 | T0.84 22.57f11.71 | 0.03946 ]0.03399 5.45 { 65.0
TI2ZI00 | 7.84 I6.20% 8.34 | 0.03459 {§0.03745 3.93 | 66.8
f713f150 | 7.94 15.84f 7.88 | 0.03583 [0.036I9 [ 4.03 {72.6
114§ 751 7.77 16.02] 8.25) 0.03458 ]0.03746 3.97 | 65.8
TI5§ 50 | 8.0 16.II{ 8.06 | 0.03562 §0.03639 3.98 [ 72.4
Tzeg 25 { 8.13 16.10{ 7.97 | 0.03600 {0.0360I 4.07 | 73.1
r178150 | 7.9% 15.891 7.92 ] 0.03575 §0.03626 4.18 | 69.I
TI8 400 § 7.99 I6.27]| 8.32 ] 0.03484 }0.03720 4,04 | 66.1
7198 200 § 8.1Id4 16.I6| 8.06 | 0.03573 $0.03629 4.04 | 70.5
20} 400 § 8.0% I6.27) 8.24 | 0.035I9 §0.03684 | 4.I0 { 67.2
rorf 150 | 8.0d 16.23] 8.2% {0.03574 Y0.0%689 4.06 | 67.6
N.B. Runs ST to SI6 and TI to TII used Ng bremixer

SI7 to 832 and TIE2 to T2I used new

premixer.
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APPENDIX ¥V

UNPREMIXED _FELDS  EXPRRIMENTAL _DATA
Table V.1
Operating Conditions for Runs UI to U40

Kun REM FLOW RATE | NOR‘?%-L!TY Final gﬁ::_
|No MNa G To TaklAcsial] No O IAcETATE Mondeck ) S1z|
I I00 ' T3.1
i&z 50 [ 7.9I) 16.3I |8.39|0.07669] 0.07103 7.92 | 8I.4
U3 | I50 | 7.97| 16.33 {8.35] 0.077I7 | 0.07059 8.05 | 8I.5
U5 50 } 7.97{ 16.59 {8.61 | 0.07597 | 0.07164 8.I3 | 76.7
U6 75 | 7.97] 16.59 | 8.6T | 0.07597 | 0.07164 8.10 | 77.T
U7 {150 | 7.95| 16.56 | 8.61 | 0.07583 | 0.07T72 8.00 | 77.7
us | 100 { 7.82] 16.31]8.49]0.07539 | 0.07940 7.4 73.3
U9 25 | 7.74| 16.07 { 8.33 | 0.0746% | 0.07907 II.0 30.5
UIT | 25 | 8.09| I6.35{ 8.251 0.07452| 0.07724 9.9 45.6
{vI2 | 50 | 7.91{ 16.49| 8.57{ 0.07226 | 0.07953 7.0  {71.8
I3 | 75 | 8.05] 16.56 | 8.51 | 0.073I7 | 0.07861 7.16 1§ 78.0
o141 100 | 7.89] 16.52] 8.6% | 0.07T90{ 0.07990 6.9 TI.7
ULS | I50 | 8.31) 16.74) 8.4310.0747I} 0.07714 7.4 75.3
ui6 | 75 | 8.3If 16.78] 8.47} 0.07453 1 0.07722 7.26 | 76.2
U174 50 | 8.31| 16.84] 8.53 | 0.07427 | 0.07749 7.62 | 71.8
18| 25 | 8.35] 16.98] 8.63 | 0.07402] 0.07775 9.6 49.T

9| 25 | 8.53) 17.23{ 8.69| 0.04126| 0.03885 4.9 7%.1
20| 50 | 8.261 16.8I] 8.56] 0.04090] 0.03918 4.8 72.8
211 75 | 8.34} 16.97| 8.63} 0.04091{ 0.0%918 4.75 }73.8
22 | 100 | 8.22{ 16.84| 8.62] 0.04066} 0.03941 4.70 §73.1
231 25 | s8.49| 17.01| 8.5T | 0.04159{ 0.03854 5.0 7%.2

U24 | 50 | 8.5I) 17.37} 8.85] 0.0%3897| 0.03792 4.68 {70.0f
u2s | 75 | 8.73} I7.71{ 8.97| 0.0%921{ 0.03749 4.62 | 73.0
26 | 100 | 8.61f 17.11! 8.49] 0.040024 0.03674 4.69 | 76.6
U27 | 150 | 8.6I| I7.09; 8.47] 0.04007} 0.03669 4.70 | 76.7
u2g { 25 | 8.04| I6.77{ 8.73] 0.03809} 0.03853 4.95 59.9
U29 { 50 | 8.50{ 17.22] 8.73| 0.0%921} 0.03752 4,70 {7I.4
fu30 | 150 l11.01{ 23.09{12.08! 0.07009| 0.07952 7.1 67.5
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Data obtained assuming K = I0.I57 and the
RTD éata of run D 33

RT A Conversion
per cent.
100 0.51
20 3.51
9.0 6.97
T.5 8.31
5.0 12.23%

ﬁl.mr_R | FLOwW RATE NORMALL TY Finol | Conv
NQ‘PMﬁMOHﬁﬁMJm@maNQOH Alirole, (am #%%3
U3 §I50 fII.2T} 23.07(II.86 | 0.07I4I }0.078I5 733 68.7
032 1 75 fII.4I | 23.1I7|II.76| 0.07236 { 0.077II 7.20 7%.3
U33 | 50 {11.26 | 23.07{ 1T.80} 0.07179 | 0.07776 7.30 | 70.5
U34 | 30 §II.42{ 23.29{I1.861] 0.072I2 ] 0.07736 7.55 69.2
U35 T15o 10.98 | 23.32] 12.34§ 0.0%38I4 | 0.03%98I 4.6T 65.0
:U36'.Ioo 10.88 { 23.32[ 12.44| 0.03774 | 0.04014 4ed 66.8
U37 { 75 {I1.60 | 23.8I]12.12{ 0.0%3946 | 0.03858 4.80 69.0
juzs 1 50 {r1.621| 24.02 I2.39} 0.039I9 | 0.03884 4.72 68.9
Ju39 § 35 JII.72 | 23.72{12.00] 0.04002 | 0.03806 5.03% 67.9
{uso [200 J11.70 | 24.24{12.53] 0.03910 | 0.03892 4.78 67.3
AU S —t }
TABLE V.2
RY vse A Conversion



TABLE V.3
Original data of Run E-T

I00 RPM

Chart

Chart

‘7 = 22.91 min

Chart

Chart
Deflection

Deflection Deflection

Deflection

I.7
T.6
I.6
I.5
I.5
T4

5.8

35

5.5

34
33

108
IT7
I22
125
126
126
I20
IT7
115
111

5‘-3

5'01
4.8
4e5

31

30
28
26

I.4
I.4
T.3
I.3

43

4.1
3.9

25.5
24
23

3.8

I.2

3.4
3.3

21.5

I.2
I.1

20.5

108
106
102

3.2

I9.5

0-9
0.9

3.0

I7.7

2.9

99

2.8

T5.7

0.9
0.8
0.8
0.7
0.7

2.8

I5.1

93

2.

15.4

87
82

2.6

13.4

2.5

12.8

7

2.5

I2.1

T4
I

0.7
0'7

L

IT.5

2.3

10.8

67
63
61
57
54

0.6
0.6

2.3

2.3

10.3

9.6

0.6

2.2

9.1

9.6

2.2

849

IO < <t <+ tn
s & 6 w @ My
QQOQO .

(o]

It

=)
2
«©

221_‘_098

» L3
2222211

R/TﬁbTivlé H

8887666

5T
49
45
43
4T
56
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TABLE V.4
Origzinal data of Run E-2
75 RPM ¥ = 23.77 min
Chart Chart Chart Chart
Deflection Deflection Deflection Deflection
0 4T 9.1 2.25
94 40 8.7 2.20
118 37 8.1 2.10
125 35 %) 2.00
126 33 6.8 I1.90
Ie7 32 6.7 I.85
127 30 6.3 I.75
Te1 28 6.0 I.68
118 27 5.9 I.60
I17 27 5.8 I.52
115 25 5:5 I.45
IT2 24 5¢35 I.40
105 23 5.10 I.32
I00 21.8 4.80 I.25
97 20.8 4.60 I.20
93 19.7 44,40 I.1I4
87 I8.7 4,18 I1.09
85 I7.8 4.00 I.02
80 16.7 5.90 0.97
76 I5.9 3.70 0.92
71 I5.2 3.55 0.87
68 I4.5 3.45 0.82
64 13.7 3.30 0.76
58 13.0 3.20 0.72
55 I2.4 3.05 0.68
b2 11.8 2.95 0.63
50 I1.T 2.80 0.58
47 10.8 2+70 0.50

45 10.0 2.55 at y = 5.65
43 9.5 2,35 ;
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TABLE V.5
Original data of Run E-3
50 RPM 7= 23.88 nin
Chart Chart ' Chart Chart
Deflection Deflection Deflection Deflection
0 51 4.3 0.71
77 29.5 4,1 0.68
I16 29 3.8 0.64
116 26 3.7 0.61
116 25 3.5 0.57
116 24 3.3 0.53%
115 22 3.2 0.51
115 21 3.0 0.48
114 20 2.9 0.46
109 I9 2.8 0.44
108 I8 2.6 0.42
105 17 2.5 0.39
103% 16 2.4 0.37
98 15 2.% 0.35
90 14 2.2 0.32
87 13 2.0 0.30
84 I2.5 I.81 0.28
79 12 I.81 0.28
74 II.5 I.79 0.26
70 II T.67 0.24
69 I0.5 T.57 0.22
65 10 I.49 0.21
62 9.5 I.41 0.21
59 8.5 I.3%4 0.20
55 8.0 I.26 0.17
5% 8.0 I.2T1 0.I6
50 T3 I.16 0.1I6
48 6.8 I.1I0 0.1I6
45 6.4 1.08 0.14
44 6.0 1.03 0.14
4T 5.6 0.98 0.14
39 He2 0.90 0.1I2
34 4.78 0.81
32 4,52 0.77 at y = 6.6
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TABLE V.6
Original data of Run E-4
25 RPM = 23.65 nin
Chart Chart Chart Chart
Deflection Deflection Deflection Deflection
0 36 7.6 T.46
82 35 Te3 T.40
103 33 6.8 T.3T
108 32 6.5 I.25
IT2 29 6.2 I.I9
IT4 28 5.9 T.I2
114 27 5¢5 I.I0
IT4 26.5 5.3 T.06
IT11 25.1 5.0 0.96
108 24,2 4.7 0.90
107 22.6 4.5 0.85
T03 21.4 NG 0.80
T00 2L.0 4.1 0.76
96 20.0 3.8 0.73
90 18.8 3.6 0.69
86 I8.0 3.5 0.66
83 I7.2 3.3 0.62
79 16.2 3.2 0.57
T4 I5.6 3.0 0.55
72 T4.8 2.8 0.53
69 14.0 2.7 0.47
65 13.4 2¢5 0.46.
62 I2.6 24 4 0.4
59 I2.0 2.3 0.4T
55 II.2 2.1 0.39
51 10.8 2.0 0.36
49 I0.2 I.91 0,36
46 9.8 1.78 0.35
44 9. I.7T 0.3%2
42 . 1.70 at y = 5.75

0

5.8
39 8.3 I.64
749 I.55
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TABLE V.7
Original data of Run E-5
150 RPM T. = 22.63 nin
Chart Chart Chart Chart
Deflection Deflection Deflection Deflection
o) 44 9.9 2.0
67 4T 9.5 1.80
112 39 9.0 1.65
116 37 8.5 I.50
118 35 7.9 I.40
117 33 77 I.30
116 32 Te2 I.25
113 30 7.0 I.I5
11T 29 6.5 T.05
108 27 6.0 0.85
106 26 5.8 0.80
104 25 5.5 0.70
99 23.5 5,2 0.55
94 22.5 5.0 0.3%5
89 21.5 4.6 0.32
85 20 42 0.30
82 19 4.0 0.23
77 18 3.8 0.I5
T4 17 3.6 0.I
70 16 3.4 0.1
67 I5.5 3.2 0.05
64 14.5 Z,.0 O-OS
60 14 2.8 at y=4.8
56 I3 244
53 12 2.4
49 I11.5 2.2
47 10.5 2.1



A 3T
TABLE V.8

Orizinal Data of Run E-6

T00 RPM € = 31.557 min
Chart Chart Chart Chaxrt
Deflection Deflection Deflection Deflection
0 54 I3 2.8
104 51 I2.5 2.6
I24 48 II 2.4
125 A7 II.5 2.3
125 4 10.5 2.1
124 42 10 2.0
118 40 9.3 I.9
114 37 8.9 1.8
11T 35 8.5 I.7
108 33 8.0 I.6
107 31 7.6 I.4
104 30 7.1 1.7
103 28 6.9 I.2
98 27 6.4 I.2
93 26 6.0 I.0
90 25 5.6 0.9
85 23 545 0.84
87 22 5.3 0.76
82 21 5.1 0.67
78 20 4.9 0.59
75 I9 4.3 0.30
TI I8 4,0 0.28
68 17 5.8 0.20
64 16 3.6 0.I6
61 15.5 34 0.16
58 I5 3.2 at y= 5.0
56 14 3.0



A 38

—————————

TABLE V.9
Origzinal Data of Run E-7
75 RPU - = ?71.99 nin
Chart Chart Chart Chart
Deflection Deflection Deflection Deflection
0 20 e 2 0.79
103 29.5 5.0 0.74
1271 275 4.8 0.70
I23.5 26 4.6 0.65
I23.5 25 4.3 0.61
121 24.5 4.% 0.61
I1T6.5 23.5 3¢9 0.56
I1I12.5 22.5 37 0.52
110 21.5 3.5 0.48
108.5 20 3.4 0.43
106 I18.5 3.2 0.43
I0I.5 I7.5 3.1 0.43
98 16 2.9 0.38
92 I5.5 2.8 0.38
9I 15 2.6 0.24
86 I4 2.5 0.24
82 I3.5 2.3 0.24
78.5 13 2.2 0.24
T4 12 2,1 0,24
71 1I.5 2.0 0.24
67.5 1T I.9 0.20
64 I0.5 1.8 0,20
61 10 I.7 0.20
57«5 9.5 I.6 0.I5
54 9.0 I.5 0.I0
52 8.4 T.48 0.1I0
49.5 8.1 I.%4 0.1I0
47 7.6 T.29 0.I0
45 7.2 I.24 0.05
43 6.7 I.I9 0.05



TABLE V.9 (cont)

Chart Chart Chart Chart
Deflection Deflection Deflection Deflection
4045 6.4 I.I0 0.05
%8 5.5 1.02 0.05
36 5.5 0.97 at y= 6.5
3445 5.4 0.9%
31 5.% 0.84
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TABLE V,II
Orizinal Data of Run E-9
25 RPM % = 3%.,70 min
Chart Chart Chart Chart
Deflection Deflection Deflection Deflection
0 45 11.8 2.8
83% 44 IT.2 2.7
104 4T I0.8 2.5
I10 39 10.0 2.4
113 38 9.8 2.3
115 36 9.3 2.1
115 35 8.9 2.0
IT5 4 8.7 I.91
I14 32 8.3 I.78
112 30 7.8 I1.69
109 29 Te5 1.64
T07 28 Te2 I.55
T04 27 6.9 I1.46
I00 26.5 6.5 I.30
97 25,1 6.3 I.25
90 24.2 6.0 I.I5
87 2%.6 5.7 I.05
84 22.4 5¢5 0.85
79 22.0 5.1 0.80
T4 21.0 4.8 0.70
72 19.8 4.7 0.55
69 19.0 .5 0.35
66 I7.2 4.3 0.32
62 16.6 4.2 0.23%
60 I5.6 3.9 0.T5
56 I4.8 3.7 at y = b.55
53 I4.0 3.4
50 I2.4 3.3
48 I2.6 3.1
I2.2 3.0
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FIGURE VI-1

TWO REAL VESSELS
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The value of RT for the system B which gives
the same conversion as for system A was obtained from program
P9A/HWg (I8). The program P9A/Ng employs an estimate of
R , and calculates the concentration at the exit from
a system with 2 C3Tks RTD. By comparison with the éesired
exit concentration, an iterative procedure is sel up to find

the desired value of RT .

Table (VI.I) gives the exit concentratiom (ae)
for system A and the two values R(AI) and R(A2) for the
first and second CSTR comprising the system. The corresponding

value for system B is contained in Column R(B).

No. R(AI) R(A2) a exit R(B)

T o} o} 0.01I266 0.0675
2 e 0 0.01445 0.501
3 o) =G 0.0I355 0.2L

4 L = 0.0I573 2.228
5 0.1 0.1 0.0I%42 0.185
6 1.0 I.0 0.0I476 = 0.7

It is interesting to note that the conversions
at extremes of micro-mixing for system B lie outside those
for systenm A. This is %0 be expected because the
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specification of a 2 CSTRs RTD is less restricting than
of two successive vessels of the same total RTD.
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