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Abstract

Competitive-Consecutive and Competitive-Parallel reactions are both mixing sensitive
reactions; the yield of desired product from these reactions depends on how fast the
reactants are brought together. Recent experimental results have suggested that the
mixing effect may depend strongly on the stoichiometry of the reactions. To investigate
this, a 1-D, non-dimensional, reaction-diffusion model at the micro-mixing scale has
been developed. Assuming constant mass concentration and diffusivities, systems of
PDE’s have been derived on a mass fraction basis for both types of reactions. A single
general Damkoéhler number and specific dimensionless reaction rate ratios were derived
for both reaction schemes. The resulting dimensionless equations were simulated to
investigate the effects of mixing, reaction rate ratio and stoichiometry of the reactions.
It was found that decreasing the striation thickness and the dimensionless rate ratio
maximizes vyield for both types of reactions and that the stoichiometry has a
considerable effect on yield. All three variables were found to interact strongly. Phase

plots showing the interactions between the three variables were developed.
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Introduction & Literature Review

1.1 MIXING AS IT PERTAINS TO CHEMICAL REACTIONS

Mixing and reactions are intrinsically related — reactions involving multiple reactants
cannot occur without the reactants being contacted intimately at a molecular level.
Reactants however are added at macroscopic scales and are initially segregated. For the
reaction to occur, the pure reactants need to be brought together, which is usually at a
macroscopic scale, and homogenized down to the molecular scale, so that the
molecules can collide and collision probabilities governing the production of new
chemicals take over. This process requires a reduction of scale and differences in
concentration to occur. This process of reduction of the scale of this segregation and the
differences in concentration is, in essence, the very definition of mixing as it pertains to

chemical reactions.

Chemical reactions are only one of many processes which require careful consideration
of mixing. The Handbook of Industrial Mixing: Science and Practice (Paul et al., 2004),
describes mixing as a “reduction in inhomogeneity to achieve a desired process result”.
Usually the quantity being homogenized is a scalar such as concentration, temperature
or phase. Some common chemical engineering processes that are dependent on mixing
include liquid-liquid blending, solids suspension in liquids, distillation, heat transfer in
liquid reactors and the topic of this thesis, chemical reactions. For the particular case of
reactions, it would be the concentrations of the reactants which would be mixed and

the desired process result would be to maximize the yield of desired product.



Any reaction involving two or more reactants is completely dependent on mixing to
even take place. If a reaction is slow the mixing can be completed before the reaction
begins, so effectively the mixture is perfectly mixed, i.e. the concentration of reactants
is almost uniform within the mixture. In these cases the traditional approach for
determining yield outlined by Levenspiel (1972) works very well. However, in the case of
faster reactions, it is often possible for the reaction to occur on the same or smaller time
scale than that of the mixing. This means that when the reaction occurs, which takes
place on a molecular scale, it is subject to a heterogeneous distribution of local
concentrations and hence occurs at varying rates. In a reaction where only one product
can occur, the rate of mixing can slow down the local reaction rates and hence slow
down the entire reaction leading to a longer residence time within a reactor. While the
rate of the reaction is the only thing affected in a reaction with just one possible
product, in a situation where there are multiple competing reactions it is also possible
for a product distribution to arise, and the mixing can greatly affect the outcome of
products from a given reaction. An everyday example of such a reaction situation is
combustion in internal combustion engines, e.g. cars and other automobiles, where the
rate at which air is mixed with the fuel within the piston cylinders affects not only the
efficiency but also the products that are exhausted to the atmosphere, most of which is
carbon dioxide and water but some of which are harmful by products such as carbon
monoxide and NO, compounds. When the combustion is inefficient, possibly due to
improper mixing of fuel and oxidant, engine knock occurs and more of the harmful by

products can be produced.

A part of the chemical industry deals with the production of chemicals from reactions.
Industrial chemical reacting flows are usually carried out on a very large scale. This
makes them rather complex processes which depend on the properties of the reactants,
the fluid mechanics of the flows and the micro scale diffusive behaviour of the reactants
and the reaction process. The mixing requirements for reactions which are particularly
sensitive to the mixing condition in such large scale production facilities can often be
incorrectly predicted since the process is so very complicated, so it is necessary to

provide better methods of prediction for these mixing sensitive reactions.



1.2 MIXING SENSITIVE REACTIONS

There is a class of reactions where the progress of the reaction depends heavily on how
fast the reactants are brought together. These reactions usually consist of two or more
competitive reactions either occurring in parallel, where two or more reactions involving
the same reactants take place at the same time, or in consecutive sequence, where the
desired product of one of the reactions participates in another undesired reaction with
the original reactants. Both types of reaction schemes can involve considerable
production of unwanted by-product despite the desired reaction being as much as a
million times faster than the undesired reaction. Typical representations of the above

mentioned reactions schemes are given in Table 1:

Table 1. Classic Mixing Sensitive Reaction Schemes

Competitive Consecutive Competitive Parallel

(c-0 (C—-P)
ki ky

A+B-> P A+B->P
k) ey

P+B-S C+B->S

For both cases k'1 >> ké, P is the desired product and S is the undesired by-product.
Therefore, for a perfectly homogeneous mixture of reactants present in a stoichiometric
ratio of one (A:B = 1:1), the yield of by-product S should be very small for both cases.
However, several previous investigations (Baldyga and Bourne, 1999, Patterson et al.,
2004) have shown that the yield of by-product can indeed be quite significant: an effect
which has been attributed to imperfect mixing. The mixing of reactants can be an
integral part of the reaction process because for these reactions where multiple
products are possible the mixing not only affects the reaction rate but also the product
distribution within the system. The effects of mixing and reaction rate ratio have been
studied extensively for the base stoichiometry shown above (for example Baldyga and

Bourne, 1999, Cox et al., 1998, Clifford et al., 1998a, Cox, 2004, Patterson et al., 2004).



The primary aim of this thesis is to study the effect of having a different overall reaction
stoichiometry on the yield of desired product and the possible diffusive mass transfer

limitations that may be associated with this difference.

1.3 SCALING MIXING AND REACTIONS: THE DAMKOHLER NUMBER

As described in the previous sections, there is a considerable effect of mixing on a
reaction involving two or more components. Scaling of such effects can be done using
dimensionless numbers, such as the Reynolds number which scales inertial forces to
viscous forces within a fluid to determine the level of turbulence in it. The Damkd&hler
number is the dimensionless number used to scale the rate of mixing to the rate of
reaction for any given mixing sensitive reaction. It is named after Gerhard von
Damkohler, a German combustion engineer who pioneered the use of turbulence to
enhance the mixing of fuel with air within the engines of World War Il airplanes in order
to make the fuel and engines more efficient. There are several forms of the Damkdhler
number, but the one which we are most interested in is the Mixing Damkohler number

(Da) which is given by (Patterson et al., 2004):

T
Da=-2 (1.1)
TR

where 1), is the characteristic mixing time and t is the characteristic reaction time. As
with the Reynolds number, which is flexible in the use of a characteristic velocity and
length scale, the Mixing Damkohler number is amenable to a variety of expressions
when it comes to the characteristic mixing time and, in the case of multiple competing
reactions, the characteristic reaction time as well. This can be attributed to the nature of
turbulent mixing which is a process that spans several length and time scales, all the
way from the macro tank scale to the micro diffusion scale. This very nature has made
Ty a term which is difficult to nail down, especially in the case of reacting flows for
which almost all the scales have some significance. Also, though this variability may
make the Damkohler number more versatile to adapt to different conditions, not unlike

the Reynolds number which has enjoyed much success in being adapted to various



different flow conditions and geometries, it leaves the question of which characteristic
mixing and reaction times are most suitable for the case of mixing sensitive reactions.
The academic and industrial mixing communities have proposed several definitions of
Ty, Tg and Da with respect to the reacting flow problem, and some of those efforts

have been summarized in the following sections.

1.4 REVIEW OF THE MIXING LITERATURE

Investigations of yield from homogeneous reactions have been investigated by chemical
engineers for quite some time, Danckwerts (1953, 1958) being an early example of such
work. Levenspiel (1972) provides analytical solutions for the yield for any reaction
provided it is perfectly well mixed. Academics and industrialists alike have been
interested in this, as evidenced by the plethora of publications and works in the
literature. Chapter 13 of the Handbook of Industrial Mixing: Science and Practice (2004)
is an excellent review of the literature from the point of view of the mixing community.
Turbulent Mixing and Chemical Reactions by Baldyga and Bourne (1999) is also an

excellent source of theoretical information on the area.

Since perfect mixing for mixing sensitive reactions is almost impossible to realise in
practice, there have been several forays into investigating the effect of imperfect mixing
on the final yield of desired product given (for example Patterson et al., 2004, Baldyga
and Bourne, 1992, 1999, Bhattacharya, 2005).

In the chemical industry, reactions are normally carried out in semi-batch stirred tanks.
This is usually a very complex process involving fluid mechanics, reaction kinetics and
mass transfer at the micro-scale. The reactants are added at the macro-scale, which is
usually the scale of the inlet pipe or tank, and the reaction takes place at the molecular
scale. In between there is the so called meso-mixing scale, which is regarded as the scale
reduction step of the mixing process. The mixing of miscible reactants is dependant
mostly on the fluid mechanics and diffusive mass transfer of the reactants. Mixing and
turbulence are very closely related and the rate of mixing is greatly influenced by the

turbulence intensity within the tank, which can vary by orders of magnitude in different



regions of the tank. The maximum intensity is usually at the impeller, and the minimum
is mostly in the bulk of the tank. Therefore, for most mixing sensitive reactions the

reactants are injected at the impeller.

Mixing performance within a tank can be characterised by using certain mixing sensitive
reactions (Baldyga and Bourne, 1992, 1999, Baldyga et al., 1996, Paul et al., 2004,
Bhattacharya, 2005). These reactions are normally two stage reactions and usually take
the form of a competitive-consecutive or consecutive-parallel reaction. There are a
number of industrially relevant reactions which take this form, and for which
maximizing the yield of the desired product is critical to the success of the process. It is
therefore of great interest to industry to be able to predict the yield for these mixing

sensitive reactions.

There have been several approaches to modelling and predicting the yield for reacting
flows. There is one set of literature that focuses on the fluid mechanics. This is the full
Computational Fluid Dynamics (CFD) approach where the entire tank is modelled with
reaction a complex geometry, which is normally very computationally expensive and
time consuming. There have been several attempts to introduce new models such as
PDF models by Rodney Fox and others (Fox, 1998, 2003, Van Vliet et al., 2001), to speed

up the simulation process and achieve results that match experiments.

At the other end of the spectrum, the focus is a simple geometry. Though these are a lot
simpler to work with and write the equations for, the simplicity comes at the expense of
a full representation of the physics and fluid mechanics. These are the Lagrangian micro-
mixing models by Baldyga, Bourne and others (Baldyga and Pohorecki, 1995, Baldyga
and Bourne, 1999, Villermaux and Falk, 1994). They have focused on keeping the
geometry simple while trying to replicate experimental results. The models’ greatest
advantage is that they are very inexpensive computationally and, in some cases, have
analytical solutions. The micro-mixing models have evolved from being simple
alternating striations of reactants to the Engulfment model by Baldyga and Bourne
(1999) which takes into account turbulence and is widely regarded as the best micro-

mixing model currently available. The scales of these models are usually at or below the



Kolmogorov scale of turbulent eddies, therefore they are assumed to be independent of
the large scale fluid mechanics. The Generalized Mixing Model proposed by Villermaux
and Falk (1994) is a similar model extended to take into account meso-mixing effects as

well.

There have also been attempts to integrate these two sets of models so as to capture
the best of both worlds, the fluid mechanics from the CFD models and the diffusion
effects and simplicity of the micro-mixing models. An example of this is given by Fox
(1998), who combined Villermaux and Falk’s (1994) Generalized Mixing Model and CFD
for turbulent mixing simulations. Muzzio and Liu (1996) took a similar approach of

integrating a micro-mixing model and CFD for laminar mixing.

Although there is a multitude of models of varying complexity, the one thing they all
lack is any effect of stoichiometry. They are either one stage infinitely fast reactions or
C-C and C-P reactions with a single stoichiometry. While the solution of the yield for a
general stoichiometry when the mixing is perfect has been known for a long time
(Levenspiel, 1972), the effects of imperfect mixing for reactions of varying

stoichiometries have not been investigated.

The reacting flow problem for multiple competing reactions has also caught the eye of
physicists and mathematicians since it presents interesting non-linear behaviour. A

summary of these efforts is given in the next section.

1.5 REVIEW OF THE NON-LINEAR REACTION DYNAMICS

The C-C reaction provides an interesting non-linear problem that has been extensively
investigated by physicists and chaos mathematicians like Cox, Clifford and others
(Clifford, 1999, Clifford and Cox, 1999, Clifford et al., 1998a, 1998b, 1999, 2000, Cox et
al.,, 1998, Cox, 2004). The wealth of literature on C-C reactions has gone relatively
unnoticed by the chemical engineering mixing community. The C-P reaction scheme has
been of less interest to the mathematics and physics communities and there is a smaller

body of work attached to it (Taitelbaum et al., 1996, Sinder, 2002, Sinder et al., 2003,



Hecht and Taitelbaum, 2006). A summary of the investigation of C-C and C-P reaction

schemes by physicists and mathematicians is given in the following paragraphs.

Mixing sensitive reactions exhibit interesting behaviours at reactant interfaces. There
are several studies investigating these behaviours for reactions. Cornell & Droz (1997) is
an example of such a study, where the behaviour of the reaction front for the general
single step reaction mA + nB — Products was investigated. Cox, Clifford and Roberts
(1998) and later Cox and Finn (2001) investigated the reaction interface for the classic C-
C reaction extensively. They provided figures and analytical expressions for the profiles
of each reaction species at the reaction interface using a model which consisted of 1D
alternating reactant striations of varying thickness. The striations had uniform initial
concentrations for which they wrote mole balance Partial Differential Equations (PDE’s)

for each of the species participating in the reaction.

In the long time investigations, Cox et al (1998) first started with stationary and
segregated stripes of alternating reactants, i.e. Zebra Stripes, with uniform initial
concentrations of reactants across the striations. They performed a mole balance and
derived the equations in molar concentrations. The non-dimensionalization was done
using the rate constant and concentrations and the striation thickness was avoided. The

equations for non-dimensionalization were as follows:

1

kch 2 , CI'
T =t (kucs) X=x-<T°> o=t (12)
0

where (t,x,c;/) and (T,X,/’) are dimensional and dimensionless time, space and
concentration for species I’ respectively. k; is the rate constant for the desired reaction,
Cs, is the initial concentration of the limiting reagent and D is the diffusivity, which was
assumed to be equal for all four species (A, B, R, S) involved. Their R is equivalent to our
P. Their choice for these non-dimensionalizing equations was because they intended to
use striations of unequal thickness within the same domain which made using the
striation thickness as a non-dimensionalizing parameter difficult since it wouldn’t be

constant. However, since they looked at only one type of stoichiometry, the rate



expressions were a constant for them and therefore were the obvious choice for non-

dimensionalization.

Initially they looked at a model which had a single striation thickness of initially
segregated reactants (Cox et al., 1998). They investigated the effects of initial scale of
segregation, i.e. striation thicknesses, and the reaction rate ratio for the classic
competitive consecutive reaction scheme. The found that decreasing the scale of
segregation, i.e. striation thickness, and the reaction rate ratio (k»/k;) was favourable.
The formulations of the Damkdhler number and reaction rate ratio that they found were
as follows:

kicW? k
! and s = =% (1.3)
kq

Dan =

where W represents the initial striation thickness of the reactants, k; is the reaction rate
of the desired reaction, c is the molar concentration, D is the diffusivity and ¢ is the
reaction rate ratio. Using this model they investigated the yield from zebra stripes of
equal thicknesses (Clifford et al., 1998a). They confirmed that decreasing the scale of
segregation can have a significant favourable effect on the yield of desired product.
They also included a parameter to allow for non-stoichiometric initial concentrations of
reactants and investigated the effects of having more A than B., less A than B and a
stoichiometric mixture quite extensively. They also found that if initial ratio of reactants
(A:B) is less than 1, the yield will go to zero and only if the initial ratio is above 1 can

there be a significant yield of desired product.

Clifford (1999) and Clifford and Cox (1999) took the constant striation thickness model
further by assuming a more realistic Gaussian distribution of concentration of reactants
within the striations. They compared the full Partial Differential Equations (PDE’s) of the
Gaussian model with the uniform concentration model and an Ordinary Differential
Equation (ODE) model. The uniform concentration model was found to over predict the
yield and the ODE model agreed quite well with the full PDE solution results. This was
somewhat of a departure from the rest of the literature on the subject, but provides an

interesting perspective on the problem.



The next step Clifford, Cox and Roberts took was to introduce multiple initial striation
thicknesses into the model, the so called “Bar Code” model (Clifford et al., 1999, 2000)
as can be seen at the bottom of Figure 1-1. The motivation for this model was that it
was a closer representation of what striations look like in a chaotic mixing situation
since there is a wide distribution of striation thicknesses in the real system. They used
the same reaction equations developed for the periodic equal initial striation thickness
models (Clifford et al., 1998a). They investigated several combinations of ‘thick’ and
‘thin’ striations by varying the total number and the arrangement of the striations and
found that grouping similar sized striations together maximized yield of the desired
product. More importantly, they discovered that using an average striation thickness for
the system always over predicted yield. Including a larger number of striations in the
model brought the value of yield obtained when assuming an average striation thickness

closer to that obtained from direct simulation of the distribution of striations.

Clifford et al. then did a similar investigation of the effect on yield of desired product as
done for the equal striation thickness effects (Clifford et al., 1999). They investigated the
effect of arrangement of striations of alternating reactants (A and B) with varying
thicknesses on the yield. The arrangements were chosen such that the widths of the
alternating reactants were positively correlated, negatively correlated or placed
randomly. Because of the large computational requirements, they applied the Gaussian
Method developed by Clifford which was mentioned earlier (Clifford, 1999). They found
that a positive correlation between the widths of the striations, i.e. striations of similar
widths grouped together, provided the most yield of desired product for intermediate
times but that there is a crossover at large times where in fact the random arrangement
provides the largest final yield of desired product. The negatively correlated case, i.e.
alternating ‘thick’ and ‘thin’ striations, provided the worst yield. They then go on to test
their lamellar model on a real system generated by a blinking vortex flow with a blob of
B placed in a sea of A (shown in Figure 1-1). They obtained the initial striation
distribution using a transect across a chaotically mixed structure, to which they then
applied their Gaussian Method to solve for the yield. The yield from the real striation
distribution was compared to the yield from the same system rearranged to be

positively correlated with respect to width and negatively correlated with respect to
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width. It was found that the real and positively correlated systems provided much

higher yields than the negatively correlated system and agree with each other to within

7%. This can be expected since in real systems the stretching rates caused by mixing will

be similar in certain regions, hence causing striations

to be roughly the same width in

roughly the same region, which should give a positively correlated arrangement of

striations.

~ il

i

Figure 1-1. A lamellar structure generated by the blinking vortex flow. A circular blob is
stretched and folded, generating thin striations that are modelled as a parallel array of
lamellar, alternately of species A and B (the ‘bar-code’) — taken from Clifford et al.

(2000).
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The next step in Clifford, Cox and Roberts’ quest for simulation of reality was to include
a stretching parameter to take the reaction-diffusion model to a reaction-diffusion-
advection model (Clifford et al., 1998b). This was to account for the stretching that is
normally encountered by striations when mixing is occurring. Although this would
normally require 2D simulations, they applied a co-ordinate transformation to the
equations such that the 1D striations would be stretched at a constant rate, the
Lyapunov exponent. They simulated a 2D sine flow along with their 1D lamellar
stretching model and compared the results with the 2D results of Muzzio and Liu (1996).
They found that their 1D lamellar stretching model had close agreement with respect to
product quality with the 2D simulations at a significantly lower computational cost.

However, they also admitted that this agreement was for a less than realistic flow field.

There have also been attempts to get at the yield for full chaotic mixing fields (Cox,
2004, Muzzio and Liu, 1996). Interestingly enough, the work by Muzzio and Liu came
before all the aforementioned work, but was done at a very large computational cost.
Most of the work by Cox et al. seems to have concentrated on trying to replicate the
results of this full chaotic field with a 1D model which would be considerably less
expensive computationally. Cox also summarized these efforts, the 1D modeling, 2D
modeling and reduced models, including various chaotic mixing models, such as the
Baker Map model for simulating stretching and folding (Cox, 2004). He found that the
yield of desired product in a C-C reaction is underestimated by a 1D lamellar model that
ignores the effects of fluid mixing but overestimated by the two other lamellar models
(continuous stretching and discrete stretching and folding (Baker Map)) that include the

fluid mixing.

All this work was done for only the C-C reaction scheme and for the one classic
stoichiometry. The C-P reaction scheme has a considerably smaller body of work
attached to it as compared to the C-C reaction scheme, with the majority of work
concentrating on the reaction front behaviour (Taitelbaum et al., 1996, Sinder, 2002,
Sinder et al., 2003, Hecht and Taitelbaum, 2006). Previous investigations of the C-P
scheme also suffer from the same issue as the C-C: only one stoichiometry has been

considered.
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The Damkdhler number for the classic C-C reaction has been suggested by Cox et al.
(1998), but there is no such suggestion for a C-C reaction scheme with a general
stoichiometry. There is a similar lack of definition for the C-P reaction scheme. Though
the reaction rate ratio remains dimensionless for the classic versions of the C-C and C-P
reaction schemes, this is not the case for reactions which have different stoichiometries
and hence rate expressions. This means that any ratio of reaction rates would have
dimensions, which makes it difficult to compare reactions with different stoichiometries.

Definition of a non-dimensional reaction rate ratio would be required.

1.6 QUALITATIVE DESCRIPTORS OF MIXING AND REACTION RATE RATIO

Before proceeding, it is important for the reader to have a good qualitative feel of what
is meant by good or poor mixing and favourable or unfavourable reaction rate ratios
with respect to chemical reactions since this terminology will consistently be referred to
in the proceeding chapters, with the intention of eventual assignment of quantitative
definitions to the qualitative descriptions. But until that is done, a thorough qualitative

description is necessary.

What is meant by well mixed and poorly mixed when talking about chemical reactions?
For this we need to define the limits of perfectly well mixed and perfectly segregated
mixtures from the point of view of reactions involving two or more miscible reagents,
present either in pure form or individually diluted with a miscible inert before being

mixed.

The limit of perfectly well mixed from the point of view of reactions is an instant
perfectly homogeneous concentration field such that the yield of desired product will be
a maximum. This also corresponds to the perfectly micro-mixed mixing condition. This
has been described in Levenspiel (1972) and is usually the basis used for design of
reactors in chemical engineering and it is what is taught throughout the chemical
engineering curriculum. Our definition of good mixing from the standpoint of reactions
would be an initial state of segregation that approaches this perfectly well mixed

condition and hence approaches the maximum yield of desired product possible.
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At the other end of the spectrum is the perfectly segregated situation or complete
segregation of reactants in concentration without diffusion and with a minimum surface
area of contact between reactants. In this case, since there is no diffusion, the reaction
can occur only at the interface and then comes to a complete halt, so the yield of
desired product is minimized. In the absence of diffusion, the only way to increase the
yield would be to increase the surface area of contact between reactants, in which case
the extent of the reaction is completely dependent on the scale of segregation. The
situation is vastly improved with the introduction of diffusion because then the
reactants away from the interfaces are granted access to one another. Diffusion is the
final agent of mixing at the smallest scales of segregation and it is this phenomenon
which allows for intimate contact between reactants that are not immediately at the

interface.

With diffusion present, the perfectly segregated case would be one that would have
segregated reactants with a minimum surface area of contact which will take infinitely
long to obtain a sizeable yield of desired product. Our definition of poor mixing would

be the approach to this limit such that the yield of desired product is minimized.

When the scale of segregation is varied by adjusting the initial striation thickness of the
reactants, the limit of perfectly mixed is the case where striation thickness goes to zero,
and the limit of perfectly segregated occurs when the striation thicknesses are infinitely
thick with just one interface. In the well mixed case the striation thickness approaches
zero and in poorly mixed case the striation thicknesses approach infinity. Therefore, as
the initial striation thickness decreases the mixing condition improves and as the

striations get thicker the mixing condition worsens.

Since a Damkdhler number (Da) will be used to quantify mixing, where the only variable
is the striation thickness and the diffusivity is constant, we could also say that as Da
approaches zero the mixture is approaching perfectly well mixed, and as Da approaches
infinity the mixture approaches perfectly segregated with diffusion. The perfectly
segregated case with no diffusion occurs if the diffusion coefficients of the reactants

approach zero.
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How do we define favourable and unfavourable reaction rate ratios?

According to perfectly well mixed reaction kinetics (Levenspiel, 1972, Fogler, 1999), the
faster the desired reaction is compared to the undesired reaction, the larger the final
yield of desired product will be. Since our objective is to maximize the yield of desired
product, a very small k,/k; would be favourable and a very large k,/k; would be highly
undesirable. The limits for the non-dimensional reaction rate ratio k,/k;would therefore
be the most desirable when k,/k; = 0, which means that the second undesirable reaction
doesn’t take place at all regardless of the concentrations of reactants present, and k/k;
approaches infinity when the undesired by-product is formed instantaneously.
Therefore a favourable reaction rate ratio would be one that approaches ky/k; = 0 and
an unfavourable reaction rate ratio would be one that approaches k./k; = e=. The actual
ranges of the ratio will eventually be determined from the simulations described later in

this work.

1.7 OBJECTIVES AND PROPOSED CONTRIBUTIONS

The objectives of this work are:

1) Develop a model which has a general Damkohler number for any mixing
sensitive reaction with a variable stoichiometry.

2) Investigate the effects of stoichiometry, mixing and relative reaction rates on
the final yield of desired product for mixing sensitive reactions of both types: C-
Cand C-P.

3) Investigate the transient behaviour of these different reactions at the reaction
interface for short and long times.

4) And finally, to develop a set of figures or charts to facilitate design of reactors

for two competing reactions which are mixing sensitive.

The ultimate goal of this work is to give a so called “leg up” to the chemical engineering
practitioner who is designing a reactor for a previously un-investigated mixing sensitive

reaction. Prediction of the yield for mixing sensitive reactions has been particularly
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difficult, as documented in Chapter 13 of the Handbook of Industrial Mixing, owing
mostly to a lack of information about the reaction schemes, reaction rate ratios, mixing
requirements etc. The work on mixing sensitive reactions that has been documented in
the Handbook is for specific known reactions, so the results are not directly transferable
to a new reaction, and any general treatment has been restricted to specific
stoichiometries, all with coefficients of one. Designs involving more complex reactions

often rely on experience and trial and error, or extensive pilot scale testing.

From the more theoretical point of view, there has been quite a bit of debate on the
formulation of the Damkohler number for two stage reactions: does one use the rate of
the first reaction, the second reaction, or the reaction for which the information is
available? What is the appropriate mixing time? Once a standard Damkoéhler number
can be determined it will be possible to develop a framework around which charts or
figures predicting yield for mixing sensitive reactions can be produced, thus making it
easier for the practicing chemical engineer to deal with complex reaction systems
involving multiple interacting parameters. Even if the model does not serve to predict
the yield exactly, it will at least serve to provide a framework for the analysis of new
reaction schemes. In the end, the hope is that this work will assist the practising
chemical engineer in understanding the design requirements of reactors for mixing
sensitive reactions by clarifying the dominant variables and the interactions between

them.

1.8 THESIS OUTLINE

This thesis, written in a paper-based format, consists of four chapters in addition to the
Introduction. Chapter 2, Paper 1, contains the derivation of the model proposed to take
into account the three effects of mixing, reaction rate ratio and stoichiometry of the
reaction and some preliminary results. In Chapter 3, Paper 2, a detailed investigation of
these three effects is presented along with an evaluation and discussion of the results.
Chapter 4 summarizes this thesis and provides recommendations for possible further

extensions of the work presented. The cited literature is listed in Chapter 5. Appendix A
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includes all the figures and data of the results obtained from COMSOL for this

investigation.

Since this thesis has been written in a paper-based format, there is some overlap
between the chapters. The introductory chapter is a compilation of the introduction
sections of the two papers in Chapters 2 and 3, and, in order to avoid repetition, the
introduction sections of the papers have been replaced with chapter overviews. The
conclusions of the chapters have been left since they are instrumental in emphasizing
the important points in the individual chapters. The final conclusions chapter is a

summation of the conclusions with future contributions added.
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Model to Study the Effects of Mixing, Reaction
Rates and Stoichiometry on Yield for Mixing
Sensitive Reactions

2.1 CHAPTER OVERVIEW

This chapter presents the derivation of a model capable of investigating the effects of
initial mixing condition, reaction rate ratio and stoichiometry for mixing sensitive
reactions of two types: the Competitive-Consecutive (C-C) reaction and Competitive-
Parallel (C-P) reaction. Section 2.2 contains the theory and derivation of the model for
the two mixing sensitive reaction schemes. Section 2.3 includes the numerical solution
of the equations, and Section 2.4 contains some preliminary results and discussion of
those results. Section 2.5 summarizes and concludes the chapter. Sections 2.6 and 2.7

are the tables and figures for this chapter respectively.
2.2 MODEL DESCRIPTION AND GOVERNING EQUATIONS

The model that has been developed is based on an idealized one-dimensional geometry
of initially alternating layers of reactants at the micro-mixing scale with a cross section
as shown in Figure 2-1(a). Figure 2-1(b) depicts an isolated segment of the overall
structure in the vicinity of x=0, which is placed at the interface between the generic
reactant mixtures Y and Z, thereby creating a domain of interest bounded by the
symmetric of zero-flux boundaries at the mid-planes of these layers. In this formulation

the mixtures Y and Z are allowed to take on different species compositions depending
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on the reaction scheme being considered and the imposed stoichiometry. Figure 2-1(c)

shows the geometry for the specific case of pure striations of A and B.

A system of non-dimensional reactive-diffusive Partial Differential Equations (PDE’s)
based on a mass balance has been developed for each of the species in the reaction
system. It is assumed that the fluid in the system remains homogeneous in phase and is
at a constant temperature, as well as being quiescent. Given these assumptions, the

general unsteady 1D species mass balance reaction-diffusion equation is given by:

a(p;) 2%(py)
- . 2.1
ph D; 322 + R; (2.1)

where p,is the individual species mass concentration, D; is the individual species
diffusivity with respect to the mixture, and R, represents the reaction source/sink terms.
x and t are the space and time coordinates respectively. The model assumes that the
initial striation thicknesses of the reactant mixtures are equal, L, as shown in Figure 1b
with Ly = L;. One of the objectives of this model is to allow for the investigation of initial
mixing conditions, varied using the initial striation thicknesses. Using the initial striation
thickness, space (x) and time (t) can be made non-dimensional by:

x x , _tDz tDp

r=L="E (2.2)
L; Lg L% L

The choice of D, and L, for non-dimensionalization was made because later on in this
work the composition for the Z layer is to be restricted to a mixture containing only an
inert / and/or the limiting reagent B, which is always assumed to be the limiting reagent
of the reaction regardless of the scheme, effectively making D, = Dz and L, = Lg, as
shown in Equation (2.2). It was preferred to use the properties of the limiting reagent
for non-dimensionalization because it is the main species of interest that is initially
present within the system. Species mass concentrations (o) were converted to mass

fractions (w;) using:
p.
pr = Zpi w; = — (2.3)
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Using Equations (2.2)-(2.3) to modify Equation (2.1), the non-dimensional general

species equation for the unsteady 1-D, stationary, reactive-diffusive system is given by:

dw) _ D 0*(w) | L3

_ R. 2.4
at* DB ax*z pTDB t ( )

The assumption of all the species having the same diffusivities was also applied, hence

making the coefficient of the elliptical term in Equation (2.4) unity and giving:

a(w;) _(32(Wi)Jr Ly

= R. 2.5

Equation (2.5) represents the reaction-diffusion equation for some arbitrary reaction,
represented by the source/sink term R;. The particulars of this term define themselves
once a reaction scheme is specified. For the purposes of this paper, the reaction scheme
will be specified as either a generalized Competitive-Consecutive (C-C) or Competitive-
Parallel (C-P) reaction between the two layers. For these purposes, layer Z was assumed
to be composed of a homogeneous mixture of limiting reagent, B, and an inert, /, while
layer Y was composed of either a single reactant, A, or two reactants, A and C, again
with an inert species mixed into this layer. Table 2-1 shows the generalized reaction
schemes for the two types of mixing sensitive reactions that will be investigated. In
order to focus the investigation on the different reaction schemes, the effect of species

diffusivity was not investigated in this work.

A and B represent the initial reactants for the C-C scheme. A, B and C represent the
initial reactants for the C-P scheme. P is the desired product and S the undesired
product for both reaction schemes. An inert, /, is also present, but it does not participate
in the reaction.ki, k'2 represent the rate constants for the desired and undesired

reactions respectively and a, 3, v, € are the stoichiometric coefficients.

If it is assumed that the reactions are elementary, expressions for R; can be written a
priori as molar rate expressions. In order to be used in Equation (2.5), these molar-
based expressions are converted to mass fraction rate expressions by multiplication of

the corresponding molecular masses of each species. To keep the focus on the effects of
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stoichiometry, It was further assumed that the molecular mass of A, B and C were
identical (M). As an example, the source term for species A for both C-C and C-P is given

by:

mass , + Pa (PB\°  PTe
Ry [m3s] = —k[A][B]*M, = _klM_A<M_B> My = —k1M—§WAW§ (2.6)

These mass fraction rate expressions are then placed in Equation (2.5). The molecular
masses of P and S depend on the stoichiometry and are derived using the Law of Mass

Action. For example, the molecular mass of P for the C-P scheme would be:

Mp = MA + EMB = (1 + G)M (27)

Expressions for the source and sink terms for all participating species can be written as
shown for species A in Equation (2.6). It should be noted that this source/sink term
contains all the information for the reaction scheme of interest. The R; terms for the
other species are significantly different for the C-C and C-P reaction schemes, hence the
systems of partial differential equations (PDE’s) are developed separately in the

following sub-sections.
2.2.1 Competitive-Consecutive (C-C) Reaction Scheme

The C-C reaction scheme is the reaction scheme in which the desired product (P), once
formed, participates in an undesired reaction with one of the original reactants (in this
case, B). The species that participate in the reaction are A, B and P. The desired product
is P and the undesired by-product is S. The general stoichiometry for this type of
reaction scheme was given in Table 1. The source and sink term expressions for A, B, P, S
and inert / for the C-C reaction scheme are developed by a procedure similar to that
shown in Equation (2.6). Once these expressions are substituted in Equation (2.5) and

simplified, the following system of equations is obtained:

dwa) _ 0%(wa) [k, () 13
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In order to compare the effect of the relative rates of the desired and undesired
reactions while allowing for different reaction stoichiometries, it is necessary to provide
a non-dimensional expression for the reaction rate ratio of the desired and undesired
reactions. Using the ratio of k’,/k’; is insufficient since this ratio would have different
dimensions for each reaction stoichiometry, making comparison difficult. An ideal non-
dimensional ratio should give relative rates of the desired reaction to the undesired
reaction while retaining a physical meaning that can be intuitively understood. This can
be accomplished by comparing the mass conversion rates associated with the first and
second reactions. For the C-C scheme this was done by comparing the mass rate of
consumption of desired product P in the second reaction to the mass rate of production

of P in the first reaction as shown:

k; _massrate of consumption of P by undesired reaction (2.13)

k_1 "~ mass rate of production of P by desired reaction
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The objective is to make this ratio as small as possible to maximize the amount of P
produced. By using mass rate expressions to replace the statements in Equation (2.13)
and then simplifying the resulting expression, non-dimensional reaction rate ratio for

the general C-C reaction scheme becomes:

ky [B; a \F pr\PHr—e-1]k;
2 _|P Fr e 2.14
kq [a (1+€ M) kq (2.14)

This physically meaningful k,/k; captures both an effect of stoichiometry as well as the
effect of the reaction rate constants of the two reactions, as well as having the benefit

of significantly simplifying Equations (2.8)-(2.12) to give:
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Examination of equations (2.15)-(2.19) shows there is an expression common to all four
of the equations involving reactions, which takes the form of a Damk&hler number (Da)

given by:

, €
_ L (PT 6@ B kq ('II)W—T) _ rate of desired fast reaction
Da = k1

M) Dy~ (%)  rate of dif fusion/micromixing (2.20)

Ly

= (rate of desired fast reaction) * (dif fusion/micromixing time )

This Da depends on the rate constant of the desired reaction and the initial striation
thickness of the reactants. It scales the rate of diffusion at the smallest scale of mixing
with the desired reaction rate. The effect of the second reaction rate is included through
the rate ratio, k,/k;. Looking at Equation (2.20), a small Damkéhler number indicates
that diffusion in the smallest striation is fast compared to the desired/fast reaction and
a large Damkohler number indicates that diffusion is slow compared to the fast reaction.

A small Da is expected to give a high yield.

Cox et al.’s (1998) formulations of Damkohler number and dimensionless reaction rate
ratio for the classic C-C reaction scheme are obtained from our general forms of the
Damkohler number (Equation (2.20)) and dimensionless reaction rate ratio (Equation
2.14)) when @, 3,y and € equal 1, which gives the classic C-C reaction scheme. A factor
of 0.5 appears in the k,/k; ratio because we used a mass balance in the derivation of the

equations and Cox et al. used a mole balance.

Substituting Equation (2.20) into Equations (2.15)-(2.19) gives the final set of equations:

0 92
A R (YA 2:21)
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Using Equations (2.21)-(2.25), the effect of reaction rates and striation thickness on C-C
reactions can be investigated using the non-dimensional reaction rate ratio (k./k;) and

the Damkohler number (Da).
2.2.2 Competitive-Parallel (C-P) Reaction Scheme

A C-P reaction scheme is a reaction scheme in which one of the original reactants (in this
case, B) participates in two reactions simultaneously. One reaction gives a desired
product (P) and the second reaction gives an undesired by-product (S). The species that
participate in the reactions are A, B and C. The products are P, the desired product, and
S, the undesired product. The general stoichiometry for this type of reaction is shown in
Table 2-1. The source and sink term expressions for A, B, C, P, S and inert / for the C-P
reaction scheme were developed following same procedure as shown for the C-C
reaction scheme above and then replaced in Equation (2.5) to get a set of PDE’s for the

C-P reaction scheme.

As with the C-C reaction scheme, variable stoichiometry requires the introduction of a
physically meaningful, non-dimensional reaction rate ratio for the C-P scheme. Since the
C-P reaction scheme has only one reagent (B) which participates in both reactions, the

non-dimensional reaction rate ratio for the C-P scheme becomes:

k, massrate of consumption of B by undesired reaction

= 2.26
kq mass rate of consumption of B by desired reaction ( )
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which, on substitution of rate expressions, can be written as:

’

ky v pr\Y€1k2
—=|—-({— — 2.27
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As with the k,/k; ratio defined for the C-C reaction scheme, minimization of this ratio
would yield the maximum desirable product (P). This k,/k; also includes the effects of
stoichiometry and reaction rate constants for the two reactions. Substitution of

Equation (2.27) into the C-P PDE’s and simplifying gives:

d(wy) 0% (w,) . (PT\€ L
A: = — — — € 2.28
at*  ox' a (37) D) 4"E (2.28)
o 20 ) (GG el () ] 229
Cooaer T axt? 1\m) pp) ™ T\m/) Dg/k, "¢"B '
owe)  0%(we) €[ pry¢ Ly \ k2
C. _ Sk BrY 2B )2y, 2.30
at* dx*? y 4 (M) Dp k1WCWB ( )
d(wp) _ 9% (wp) P\ L
P: = — ) — g 2.31
3 Py +(1+e)|l Kk (M) D, WyW§ ( )
d(ws) _ 0°%(ws) € AL
s. _ € PINZB) 2 Y 2.32
otm  ox? +<€+y) a (37) Dg) Ky 8 (2.32)
2
I a(wy)  0°(wp) [0] (2.33)

at*  gx*2

The same Damkoéhler number that appeared in the C-C reaction equations shows up in
the C-P equations. This allows us to use one general Damkohler number for both types

of mixing sensitive reaction schemes. Both compare the fastest rate of reaction to the
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smallest mixing time scales in the system. This allows us to use a general non-

dimensional number to describe mixing for both types of mixing sensitive reaction.

Finally, substituting Equation (2.20) into Equations (2.28)-(2.33) gives the C-P equations

for numerical simulations:

O(wa) _ 02(wy)

A o = S — (0w (234)
B: 2005) _ ) (apmywi - e |00 2w (235)
2 200 T [0a) ] (239
p: ag:f) - a;i‘f;’ )+ (1 + O[(Da)wywi] (2.37)
D tieer] e

d(wy) _ 9*(wy)

PR, (2.39)
X

This formulation for both C-C and C-P schemes allows the use of one Damkdhler number
to describe the mixing relative to the desired reaction rate. It also provides a physically
meaningful non-dimensional reaction rate ratio to describe the relative rates of
reaction. While there is no explicit expression for the effect of stoichiometry, both of
the non-dimensional measures include stoichiometric coefficients, showing that both
the mixing and the relative reaction rates are affected by the stoichiometry of the

reaction scheme.
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2.3 NUMERICAL SOLUTION OF EQUATIONS

The two systems of equations for the C-C (Equations (2.21)-(2.25)) and the C-P
(Equations (2.34)-(2.39)) reaction schemes were solved using COMSOL Multi-physics 3.4,
a commercial Finite Element PDE solver. The 1-D transient convection and diffusion
mass transport model was used with the mass fractions for each species specified as

independent variables. Elements were specified as Lagrange-quadratic. A 1-D geometry
line of unit length equally split into two domains ( —% <x*<0and 0<x*< %) and a

mesh of 2048 equally spaced elements was generated. Boundary Conditions (BC’s) for
all cases were specified as:

tx* = d . llt* andi =A,B,C,P,Sand (2.40)
ax*—ax—zanx—zfora andlt = A,pb,L,r,5> an .

The general initial conditions for the two reactions schemes are shown in Table 2-2. The
initial conditions were chosen to replicate the segregated striation condition of the

model.

A final constraint imposed on the simulations is that the reactants need to be present in
stoichiometric quantities. Using this constraint it is possible to express the initial mass
fractions as a function of the initial mass fraction of the limiting reagent B (WBO), as
shown in Table 2-3. For the C-C case, the only reactants present initially are A and B.
Therefore, the alternating striations in mass fraction would be unity for A and unity for
B. For the C-P cases, however, there are three initial reactants present. In this model, it
is assumed that reactants A and C are well mixed and present in the Y striation and that
the limiting reagent B is in the Z striation. The inert species | was allowed to be present
in both Y and Z striations as required and assumed to be well mixed with the other
reactants. Another condition specified for the C-P case is that the ratios of A, Band C are
such that either A or C could consume all of the available B, so B is always the limiting

reagent.

Simulations for both reaction schemes were run until the equivalent of t*=500 in the
case of Da =1. Since the simulations are solved in time, the dimensionless times to

which the simulations were run were scaled according to the Damkohler number.

28



Therefore, t*=500 for Da=1 is equal to t*=50000 for Da=0.01 and t*=0.05 for Da=10000,
i.e. the values of Da-t* are equal for all the cases. In fact, Da-t* is actually equivalent to a
non-dimensional reaction time where Da-t* =t/ 7. Therefore, running the simulations to
Da-t* =500 is the same as the simulations being run for 500 reaction times. All these
dimensionless times are in fact equal in real time. For most of the cases it was seen that
all of the limiting reagent B is consumed by t*=500 or equivalent.

The solutions COMSOL returned were profiles of mass fraction for the various species

over the non-dimensional space x* for each non-dimensional time step t*.

2.4 RESULTS AND DISCUSSION
2.4.1 Competitive-Consecutive (C-C) Reaction

In order to use the model for the C-C reaction, numerical values were assigned to the
variables in the model, as shown in Table 2-4. The stoichiometric coefficients were all
set to 1 in order to match the classic reaction scheme used by Cox and others (Muzzio
and Liu, 1996, Clifford et al., 1998a ,1998b, 1999, 2000, Clifford, 1999, Clifford and Cox,
1999, S. M. Cox 2004,). This allows comparison of results for the effect of striation
thickness and reaction rates. The initial conditions were chosen such that only pure A

and B are present in the system.

Looking at the C-C cases in Table 2-4, the values of k,/k; and Da for Case 1 are
favourable conditions for high yield of P, i.e. k»/k; << 1 and Da = 1. For Case 4, the yield
of P should be small, i.e. k,/k; = 1and Da > 1. The two cases are meant to represent
the two extremes of very favorable reaction rate ratio and perfect mixing and very
unfavorable kinetics and mixing conditions. Cases 2 and 3 have good k,/k; with bad
mixing and bad k,/k; with good mixing. The solutions COMSOL returns are the profiles of
mass fraction for the various species over the non-dimensional space x* for each time
step t*. Figure 2-2 shows the spatial and temporal evolution of species over a single
non-dimensional striation. Before discussing the profiles in detail, it is important to note
a couple of points about the profiles. A vertical line represents a sharp interface. A
curved line represents a gradient in the concentration. Finally, a horizontal line

represents uniform concentration across the space.
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Looking at Figures 2-2(a) and 2-2(c), one can see that all of the species are uniformly
distributed for all time steps greater than t*=0. This is not the case for Figures 2-2(b)
and 2-2(d). This can be attributed to the smaller striation thicknesses i.e. the lower
Damkohler number, for Cases 1 and 3. As the striations are thinner for those cases, the
species can diffuse across completely in a shorter amount of time than for Cases 2 and 4
where the striations are 100 times thicker. The thicker striations allow for spatial in-
homogeneity of the species. The thinner striation thicknesses allow for differences only
in temporal distribution of species and not spatial distribution. The thicker striations
cause differences in both temporal and spatial distributions. Figures 2-2(b) and 2-2(d)

also exhibit an interface between reactants whereas 2-2(a) and 2-2(c) do not.

Despite the fact that there is complete mixing for both Cases 1 and 3, there is a very
large difference in the yield of P for the two cases. For Case 1, which has both good
mixing and a favourable reaction rate ratio, the majority of the mass present is that of P,
the desired product (Fig 2-2(a)(iii)). For Case 3, however, the mass fraction of the
undesired product is always higher than that of the desired product (Fig 2-2(c)(iii)).
There is a significant drop of mass fraction of P from 0.99 to 0.25, showing the dramatic

effect of reaction rate ratio for the same mixing conditions.

Looking at Figures 2-2(b)(iii) and 2-2(d)(iii), the same reversal of P and S is observed. The
reaction rate ratio has a profound effect on the yield of desired product that is
independent of mixing. When the reaction rate ratio is good, the undesired reaction
doesn't participate. All of the product P forms at the interface of A and B, making the
profile of mass fraction of P symmetric about the mid-plane, x*=0, as shown in Figures
2-2(b)(ii) and 2-2(b)(iii)). When the undesirable by-product reaction occurs at a
comparable rate to that of the desired reaction, a significant asymmetry in the profiles
of mass fraction for all species is visible (Figures 2-2(d)(ii) and 2-2(d)(iii) ). This can be
attributed to the fact that the second reaction occurs only on the right hand side of x*=0
where P is in contact with B. This causes P to be used up only when it is exposed to B

with S forming only on one side.

The key results are as follows: First, a small striation thickness allows for uniform

concentrations of species, i.e. perfect mixing, across the striations whereas larger
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striations can cause spatial inhomogeneities in species mass fraction. Second, the
reaction rate ratio is an independent factor which can significantly alter the yield of
desired product regardless of the mixing condition. This effect is predictable in the sense
that if the ratio is good the yield is good and if the ratio is poor the yield is poor. Finally,
for the larger striation thicknesses, a good reaction ratio causes symmetric
concentration profiles of desired product P, while a bad ratio causes the product profiles
to skew towards the A side of the striation. Perfect mixing simplifies the reaction
analysis and shortens the reaction time. Having favourable kinetics improves the yield

significantly.

Changing the stoichiometry was found to not affect the profiles for the good reaction
rate ratio cases (k,/k;=107) for both good and bad mixing conditions (1< Da <10000).
The profiles of all the species were identical to those presented above. The profiles for
the bad reaction rate ratio (k,/k;=1) and good mixing (Da=1) look the same as before,
but the amounts of P and S produced change. The case of both bad rate ratio (k,/k;=1)
and poor mixing (Da=10000) always resulted in a larger amount of S produced than P,
and all the profiles were skewed towards B. The amount of S and P produced vary with
stoichiometry and the profiles are skewed more or less depending on the stoichiometry.
The effect of stoichiometry is captured by calculating the amount of product formed or

the yield of P. This is done in the following sections and in Chapter 3.

2.4.2 Competitive-Parallel (C-P) Reaction

Table 2-5 shows the variable settings for the C-P simulations. The four cases are
identical to the ones used for the C-C simulations. The stoichiometry chosen is the
classic C-P reaction scheme. The initial conditions were chosen such that wg = 0.5; the
initial amounts of A, C and / present in the system were calculated using the formulae in
Table 2-3. The solutions COMSOL returns are the profiles of mass fraction for the
various species over the non-dimensional space x* for each time step t*. Figure 2-3

shows the spatial and temporal evolution of species including the inert.

The C-P case profiles show many of the same characteristics as the C-C cases. Cases 1

and 3, with the thinner initial striations, once again show spatial homogeneity for all the
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species across the entire striation thickness, where as Cases 2 and 4 show spatial
variations in mass fraction for all the species across the striations. The yields of P and S
flip when the reaction ratio is varied from favourable (k»/k; =10) to unfavourable (ky/k;
=1). Cases 1 and 2 have a high yield of P; Cases 3 and 4 have an equal yield of P and S.
The cases with the large striation thicknesses (Da=10000) show symmetry in product
mass fraction profiles about x*=0 when the second reaction is insignificant (k»/k; =107)
and significant asymmetry when it is actively participating in the reaction (k,/k; =1). The
main difference between the C-C and C-P reactions is that once the product P is formed
in the C-P reaction, it does not get consumed by a side reaction. Therefore, in terms of
measuring the yield of P, the C-P reaction scheme is a lot less mixing sensitive than the
C-C reaction scheme. For the C-C reaction, the longer that P sits in contact with B, the

higher the chance that the yield of P will decrease.

Changing the stoichiometry for the C-P reactions resulted in some non-linear profile
changes. While the profiles for the well mixed cases remained uniform across the
striation the magnitudes of desired and undesired product produced varied. The profiles
for the poorly mixed cases look different from the profiles presented here owing partly
to the different initial conditions required when the stoichiometry was changed and also
because of the stoichiometries themselves. As with the C-C cases, calculating the
product formed or yield of P captured all of these changes, as further discussed in

Chapter 3.

2.4.3 Yield of desired product P

It is easy to assess how much product has formed for the cases with uniform distribution
of species across the striation but it is a lot more difficult to assess yield for the non-
uniform profiles of mass fraction. In order to simplify this, the profiles of P were
integrated to obtain the total mass of P present in the system at an instant in time

using:

0.5 wan
mass of species P at t* f—o.s wpdx*(t*)

max mass of P obtainable 0.5wp, (1 + %)

Yp = (2.41)
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Following Y, over time gives the progression of yield over time. Figure 2-4 shows the
yield of P over time as the reaction progresses for the four C-C cases, and Figure 2-5
shows the same results for the four C-P cases. Plotting Da-t*on the x-axis allows all four
curves to be displayed on the same figure. These figures confirm the conclusions drawn
above that good mixing and a good reaction rate ratio will maximize the yield of desired
product (Case 1 in both Figures 2-4 and 2-5), and poor mixing with an unfavourable
reaction rate ratio minimizes the yield of desired product (Case 4 for both Figures 2-4
and 2-5). This also confirms the notion that minimization of the Damkdhler number and
reaction rate ratio is desirable. Clifford et al. (1998a) also got results for their
stoichiometric ratio cases that qualitatively agree with our figures for the classic
stoichiometry. We can only compare them qualitatively because our non-

dimensionalization parameters are different from theirs.

2.4.4 Effect of reaction rate ratio on yield of P.

Figures 2-4 and 2-5 show that the reaction rate ratio will affect how much product is
formed regardless of the mixing condition. This is evident in the comparison of Cases 1
and 3, which are both well mixed, and Cases 2 and 4, which are both poorly mixed, in
both Figures 2-4 and 2-5, which shows that the favourable reaction rate ratio always
provides a higher final yield of P. It is impossible to get a good yield of desired product if
the reaction rate ratio is unfavourable, regardless of the mixing condition (Cases 3 and 4
in both Figures 2-4 and 2-5). Clifford et al. (1998a) also came to the same conclusion for
the effect of reaction rate ratio in their investigations. They too found that a smaller

reaction rate ratio is favourable for maximizing the yield of desired product.

2.4.5 Effect of mixing on yield of P.

There is a significant effect of mixing on Y, evident in Figures 2-4 and 2-5. When the
reaction rate ratio is favourable, having good mixing can cause a substantial increase in
yield of desired product, as seen by comparing Cases 1 and 2 in both the figures (Y,=0.5
to 1 for C-C and Y,=0.5 to 1 for C-P) . If the reaction rate ratio is unfavourable, a similar

favourable effect of mixing is seen by comparing Cases 3 and 4, though it is not as
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profound as when the reaction rate ratio is good (Y,=0.03 to 0.24 for C-C and Y,=0.33 to
0.5 for C-P). This seems to point toward the effect of mixing being limited by the
reaction rate ratio, i.e. the reaction rate ratio will determine the final yield and good
mixing helps one to realise that asymptotic value of yield. In the case of the C-C reaction
scheme, poor mixing will severely affect the yield of desired product in a negative way.
This conclusion is also true for the C-P scheme. It is also interesting to note that for the
well mixed cases ( Cases 1 and 3 ) the final yield of P is attained much quicker than when
the mixing is poor (Cases 2 and 4). This suggests that the mixing limits the pace of the
reaction as well, and in the case of the C-C, due to the nature of the reaction, this has a
significant effect on the final yield of P. Cox and others in their investigations came to a
similar qualitative conclusion on the effect of mixing on the yield for a two stage
Competitive-Consecutive reaction (Cox et al., 1998, Clifford et al., 1998a). They too
found that minimizing the Damkohler number leads to an increase the yield of desired

product.

2.5 CONCLUSIONS

A model was developed to investigate the effects of stoichiometry, mixing and reaction
rate ratio for Competitive-Consecutive and Competitive-Parallel reactions with a general
stoichiometry. The model is capable of dealing with both reaction schemes, something
that was not previously available. A single Damkdhler number was found for both kinds
of mixing sensitive reactions. This is encouraging since there has previously been a lot of
debate on the formulation of the Damkdéhler number for these competing reactions, i.e.
should it be based on the first or the second reaction. Also, having just one expression
to describe mixing accurately reflects reality where mixing is the same regardless of the
reaction scheme. The general expression for the Damkdhler number, when applied to
the classic reaction schemes, collapses to the expressions used in previous
investigations by others, Cox et al. (1998) in particular. However, the two reaction
schemes are very different and these differences are reflected in the specific reaction
rate ratios for the two types of reaction stoichiometries that are to be used in the

model.
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The effects of mixing and reaction rate ratios on the yield of desired product were
investigated for the classic competitive-consecutive and competitive-parallel reaction
schemes. It was found that they are somewhat independent of each other; though both
are proportional to the yield of desired product, the reaction rate ratio limits the final
yield of desired product that is possible to attain but good mixing helps to achieve that
yield. The rate of mixing also determines the rate at which this final yield is reached. The
reaction rate ratio and the Damkdhler number both need to be minimized to achieve
the maximum vyield of product. The results from the model agree with the expected
results and the results of previous investigations when both mixing and reaction rate
ratio are varied, i.e. improving the mixing and chemistry by minimizing the Damkaohler
number and the reaction rate ratio respectively is desirable and leads to improvements

in yield of desired product.

This confirmation of the model allows for future work where the effects of
stoichiometry, mixing and k,/k; ratios and the interactions between them will be
investigated with the intention of producing charts that may help in prediction of the
yield for a general mixing sensitive reaction. Though the model allows for the
investigation of the effects of initial concentrations of reactants, this was not done in
the current study and this is another possible avenue for further exploration. It is also
acknowledged that the 1D model is not a very accurate depiction of real turbulent
mixing, but this investigation was meant to be a first foray into the effect of
stoichiometry of mixing sensitive reactions, so simplicity was desirable. Added
complexities like introducing stretching and using a lamellar ‘barcode’ model could
possibly be integrated into the model in the future to better approximate the real

industrial situation.
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2.6 TABLES FOR CHAPTER 2.

Table 2-1. General Mixing Sensitive Reaction Schemes

Competitive Consecutive Competitive Parallel
(c-0 (C—-P)
ky ky
A+ e€B— aP A+eB—>P
k k
BP +yB S C+yB3S

Table 2-2. General initial conditions for C-C and C-P reaction schemes @ t*=0.

C-C c-P
—=<x"<0 OSx*S% —=-<x"<0 OSx*S%

A Wa, 0 A Wy, 0

B 0 Wp, B 0 Wp,

c - - c We, -

P 0 0 P 0 0

S 0 0 S 0 0

I 1—wy, 1—wp, I | 1=wy, —wg, 1—wp,
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Table 2-3. Stoichiometric initial conditions based on wp for C-C and C-P reaction

schemes.
C-C C-P
1 1
——<x"<0 OSx*SE ——<x"<0 OSx*SE
1 1
A _(WBO) 0 A _(WBO) 0
€ €
B 0 wpg, B 0 wpg,
1
o - - C —(w 0
V( Bo)
P 0 0 P 0 0
S 0 0 S 0 0
1 1 1
] 1—=(wa,) 1—wpg, ! 1—(g+;) (ws,) 1—wpg,

Table 2-4. Numerical values for simulated C-C test cases. Stoichiometric coefficients

k k
a,B,v, € were set to 1, representing the reaction: A + B S P , P+ B 3 S and initial
mass fraction of species B was always 1 (wp,

=1).

ky 1k; , 1
C-C case k_i = Zér Da = k; (‘[I)W_T) D_l;
1 107> 1
2 107> 10000
3 1 1
4 1 10000
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Table 2-5. Numerical values for simulated C-P test cases. Stoichiometric coefficients y, €

k k
were setto 1, representing the reaction: A + B S P,C+B = S and initial mass
fraction of species B was always 0.5 (wg, = 0.5).

ky, k, , L2
C-P case k—j = é- Da=k; (pﬁT)D_Z
1 1075 1
2 1075 10000
3 1 1
4 1 10000
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2.7 FIGURES FOR CHAPTER 2.
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N

(b)

LA/Z <X< LB/Z

—_—

w

(c)

Figure 2-1. Geometry for proposed mixing model at time t=0.
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Figure 2-2. Spatial and temporal evolution of mass fractions for C-C Cases (a) 1 (k»/k;=10", Da=1) and (b)

2 (k»/k;=10°, Da=10000).
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Design Protocols for Mixing Sensitive Reactions

3.1 CHAPTER OVERVIEW

This chapter includes the detailed investigation of the effects of initial mixing condition
(striation thickness), non-dimensional reaction rate ratio and reaction stoichiometry on
the yield of desired product from a mixing sensitive reaction of two types: the
Competitive-Consecutive reaction and the Competitive-Parallel reaction. This chapter
includes the numerical solution of the equations, the cases studied and the results of
the investigation. Section 3.2 is a summary of the pertinent parameters. Section 3.3
includes the numerical technique and solution of the equations and the various cases
investigated. In Section 3.4, the results are presented and discussed in detail. Section
3.5 concludes this chapter. Sections 3.6 and 3.7 are the tables and figures for this

chapter respectively.

3.2 MEASURES FOR DESIGN

In Chapter 2, a 1-D diffusion model for mixing sensitive reactions that could account for
the effects of mixing, reaction rate ratio and reaction stoichiometry was developed. The

model is capable of dealing with both Competitive-Consecutive and Competitive-Parallel

type of mixing sensitive reaction, the general forms of which are given in Table 2-1.
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Systems of Partial Differential Equations (PDEs) for the masses of the different species
involved in the reaction and an inert were developed, out of which a general Damkohler
number, common to both types of reaction schemes was found. The equation of the

Damkdohler number was found to be:

, €
Da =k (p_T)E @ _ kq (pﬁr) _ rate of desired reaction
1\M/ Dy (D_ZB) rate of dif fusion
Ly (3.1)

= (rate of desired fast reaction) * (dif fusion time )

This Damkoéhler number is convenient because it is independent of the reaction scheme
being investigated. The effect of stoichiometry on the Damkdhler number is given by €,

the stoichiometric coefficient of the limiting reagent (B) in the desired reaction.

The effect of the relative reaction rates of the competing reactions is also of interest.
The model provided non-dimensional reaction rate ratios for C-C and C-P reactions,

which are as follows:

k B J4 B+y—e—1] k.
c-C: k_i - [E(l i E) (‘I)W—T) ]éf (3.2)
k v=€1k;
C-P: k—j = E (ﬁ/{—T) ]ér (3.3)

These non-dimensional reaction rate ratios are specific to the type of mixing sensitive
reaction, i.e. C-C or C-P, and incorporate the effect of the relative reaction rates of the

competing reactions as well as the effect of stoichiometry.
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These two non-dimensional parameters, along with the stoichiometry, were varied in
this investigation. For both the C-C and C-P simulations, the Damkdhler number was
varied from 0.01 to 10000 in x100 increments, where 0.01 is the best and 10000 is the
worst mixing. The non-dimensional reaction rate ratio (k./k;) was varied from 1 to
0.00001 in x10 increments, where 1 is the worst ratio and 0.00001 is the best ratio. For
the C-C reactions, € was always 1 and «, 8, y were given a value of either 1 or 2. For the
C-P reactions, € and y were varied as 1 or 2. Table 3-1 shows the different C-C reaction
scheme stoichiometries investigated, with the corresponding reaction rate ratios that
take into account the stoichiometric effects. Table 3-2 shows the same terms for the C-P

reaction schemes.

3.3 NUMERICAL DETAILS

Simulation of the systems of five or six PDEs for the C-C and C-P reaction schemes
respectively were carried out using COMSOL 3.4, a Finite Element PDE Solver. It is worth
noting that for the C-C reaction scheme only four of the equations are independent and
for the C-P reaction scheme there are only five independent equations. The 1-D,
transient, convection and diffusion mass transport model was used, with the mass
fractions for each species specified as the independent variables. The default Lagrange-
quadratic element was chosen. The specified 1-D geometry line of unit length was split
equally into two sub-domains and a mesh of 2048 equally spaced elements with 2049
nodes was generated. The mesh was tested for grid dependence, and it was found that
1024 elements was sufficient resolution to ensure repeatable results to within the
required tolerance of the solver, which was set to 10°. Since the geometry was only 1-D
and the computational cost was minimal, a finer mesh than the minimum required
resolution was used. The total time taken per simulation was approximately 30 seconds.
The Boundary Conditions were specified for no net mass transfer across the boundaries

(Equation 2.40).

Figure 3-1 shows the initial conditions for the C-C and C-P schemes. For the C-C cases,
the initial conditions were chosen such that all of the mass initially present could be

converted to desired product P. This was done by specifying a ratio of A:B as 1:1 in all
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the simulations, with A and B being present in pure striations, i.e. wy, = wp = 1. For
the C-P scheme, owing to the parallel nature of the reactions, the initial conditions were
a bit more complicated. They were chosen such that either A or C could consume the
entire limiting reagent B by themselves, i.e. the initial ratios depended on the
stoichiometric coefficients in the reaction scheme. In order to satisfy the constant mass
concentration assumption of the model, it was necessary to include the inert in the C-P
simulations. wg, and w7, were always set to 0.5, and wy wc,, wyy, were calculated

accordingly.

The modelled equations allow for specification of the Damkdhler number, the non-
dimensional reaction rate ratio and the stoichiometry as values directly in the
simulation. All possible combinations of the values of reaction rate ratio, Damkéhler
number and stoichiometry for the C-C reaction scheme (stoichiometries given in Table
3-1) and the C-P reaction scheme (stoichiometries given in Table 3-2) were investigated.
This resulted in 192 converged cases for the C-C and 96 converged cases for the C-P

reaction scheme, giving a total of 288 converged simulations.

The model is capable of handling all sorts of different initial conditions. The initial mass
fraction ratios do not need to be stoichiometric; the analysis is just more convenient if
they are. Any difference in mass fractions is replaced by the inert species. A requirement
of the model is that the mass concentration of the system remains constant. If there is
more or less A or B, the inert has to be adjusted to compensate for the
increase/decrease of the reactant species. For example, the initial conditions for the C-C
cases could have been 0.5 A and 0.5 / in mixture Y, and 0.5 B and 0.5 / for mixture Z. The
ratio of A:B is still the same as before at 1:1, but the concentrations are now half of
what they used to be. The choices for the stoichiometries of the C-C were chosen such
that the ratio of stoichiometries is always 1:1. It is understood that there would be
another 8 cases of stoichiometry for € = 2 (and subsequently a 192 more total cases),

but those cases are not addressed here.

The transient simulations were run from Da-t*=0 to Da-t*=500 for all cases. Da-t* is

actually equivalent to a non-dimensional reaction time where Da-t* =t/z;. Therefore,
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running the simulations to Da-t* =500 is the same as the simulations being run for 500
reaction times. This final value was chosen because it was found that for most cases the

limiting reagent, B, was completely consumed by this time.

3.4 RESULTS AND DISCUSSION

The results obtained for the simulations are profiles of mass fraction for each of the
species over the space x* for all non-dimensional time t*. Samples of these results were

given in Chapter 2 (Figures 2-2 and 2-3).

Since the main objective of the process is to maximize the production of desired product
P, the profiles of mass fraction of P are of most interest. Comparison of the total yield of
desired product is difficult by direct observation of these profiles. In order to facilitate
the comparison of different striation thickness, reaction rate ratios and stoichiometries
on the yield, the profiles of mass fraction of P were integrated over the domain to
obtain the total mass of desired product present within the system at any instant in

time using the formula:

v mass of species P at t* f—o 5 wpdx™(t*)
= _ J-o.

"~ max mass of P obtainable 0.5w;, (1 N %) (3.4)

Following Y, over time gives the progression of yield over time. The total production of P
as time progresses can be observed in a plot of Y, versus non-dimensional time Da-t*.

Figures 2-4 and 2-5 in Chapter 2 show examples of such plots.

Since the primary interest is in the final yield of P that is obtainable, the final yields of P
for all the simulations, i.e. at Da-t*=500, were collected and plotted for the different
variables to assess the effects of each of the variables on the final yield of desired

product.

The values of yield obtained for all the simulations were plotted for all the variables. The

data and these figures can be found in Appendix A. Though all the figures showed the
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same trends for the variables, only the figures that displayed them the most clearly are

presented here.

3.4.1 Competitive-Consecutive (C-C) Reaction

Figures 3-2 (a) to (f) are semi-log plots of Y, versus the Damkohler number for
decreasing non-dimensional reaction rate ratio, k,/k;, values, each at time Da-t*=500.
The curves on each of the plots represent the eight different C-C stoichiometry cases
that have been investigated. The effects that are of interest for both kinds of reaction
schemes are the effects of the Damkdhler number, reaction rate ratio k,/k; and the

reaction stoichiometry.

3.4.1.1 Effect of Damkohler number (Da).

The plots in Figure 3-2 show a trend of decrease of yield of desired product with
increasing Damkohler number. This trend is true for all stoichiometries and at all values
of k,/k;. This suggests that a larger Damkéhler number represents worse mixing and a
smaller Damkoéhler number represents improved mixing. The figures also show that the
value of yield for Da=1 and Da=0.01 is the same for all stoichiometries at all k,/k;. The
yield at Da=100 and Da=10000 always decreases on the figures, regardless of the value
of k,/k;. This suggests that Da<1 is the well mixed limit. Figures 3-3 (a) and (b) further
empbhasize this point. They are sample plots of Y, vs. k,/k; for C-C stoichiometry case 2,
the classic C-C stoichiometry, and case 7 respectively. The curves on the figures
represent the Damkohler numbers that were investigated. The curves for Da=0.01 and
Da=1 can be seen to lie exactly on top of one another, while increasing Da significantly
drops yield at all k,/k; for both cases. These trends are true for all the C-C stoichiometry
cases, which can be seen in Appendix B. Therefore, it is concluded that Da=1 is the well

mixed limit.

Going back to the plots in Figure 3-2, it is also worthwhile to notice that the yield at
Da=10000 is always much lower than the well mixed yield irrespective of the value of

k,/k;. This suggests that mixing is an independent effect that can significantly affect the
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yield if it is poor. If the mixing is not good enough, the yield will always be lower than

the well mixed situation given the same amount of elapsed time.

3.4.1.2 Effect of non-dimensional reaction rate ratio (ky/k;).

Looking at Figures 3-2 (a) to (f) together, it can be seen that as k,/k; is decreased, the
curves of yield of desired product obtainable for all of the stoichiometry cases at all
values of Damkdhler number move steadily upward, i.e. the yield always increases when
k,/k; is decreased. This result is as expected, since a smaller k,/k; gives a slower

undesired side reaction.

Moving from Figures 3-2 (a) to (f) as ky/k; is decreased it is clear that the curves for the
different stoichiometry cases grow steadily closer to one another, almost collapsing
onto one curve at k,/k;=0.001 and collapsing completely onto one curve at
k,/k;=0.0001. Figures 3-2 (e) and (f) are nearly identical. The collapse of stoichiometries
is also shown in Figure 3-4 (a) to (c), which are semi-log plots of Y, versus ky/k; for all

stoichiometries at (a) Da=1, (b) Da=100 and (c) Da=10000 at time Da-t*=500.

The vyield increases significantly from k,/k;=1, where the yield varies from 0.23 to 0.75
even under well mixed conditions, to k,/k;=0.001, where the yield is essentially 99% and
above at well mixed conditions (Da<=1) for all stoichiometries. At k,/k;=0.001 the
individual stoichiometry curves collapse, eliminating the difference due to
stoichiometry, while at k,/k; =1 there is a large disparity between the yields of different

stoichiometries.

Yp» can be seen to increase to 1 as k,/k; decreases for all stoichiometries and the curves
collapse at about k»/k;=0.001 for the well mixed cases, Da=1 and 0.01, and k»/k;=0.0001
for the badly mixed case, Da=10000. The yield of the badly mixed case remains at about
half of what would be obtainable given a well mixed mixture. This brings up an
interesting question: “Is it possible to get perfect yield of desired product, i.e. Y, ~1, for
Da=10000, a badly mixed case?”. In order to investigate this, the simulations for

Da=10000 cases were re-run for a hundred times longer than before, i.e. they were run
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to Da-t*=50000 instead of Da-t*=500. Figure 3-5 shows the results of these simulations.
It can be seen that it is indeed possible to obtain a perfect yield with insufficient mixing,
but this imposes a much more stringent k,/k; requirement of k,/k;=0.00001 on the
reaction. Under poor mixing conditions the effect of stoichiometry does not go away as
easily with improving k,/k; and the shapes of the curves change significantly. Although
the yield at the good k,/k; values gets better, the increase in yield for the worse k,/k;
ratios is very small considering that the time allowed for reaction was increased by 100
times. While it may be possible to obtain good yield for a bad mixing condition, the
requirements for k,/k; are more stringent and the time required is much longer, which

directly impacts the required residence time in the reactor.

3.4.1.3 Effect of Stoichiometry.

Returning once again to Figures 3-2 (a) to (f) there is a clear effect of stoichiometry on
the final yield of desired product, which changes with both the mixing and the non-

dimensional reaction rate ratio.

At k,/k;=1 (Figure 3-2 (a)) there is a clear effect of stoichiometry evidenced by the
separation of the curves from one another. These curves seem to come closer as the
striation thickness increases. There is a clear distinction of stoichiometries, which Cases
7 and 8 having the highest yields, and therefore the most favourable stoichiometry, and
Cases 1 and 2 having the lowest yields, meaning they have the least favourable
stoichiometries. This is as expected since, as shown by the stoichiometries in Table 3-1,
Cases 1 and 2 require only two molecules for the side reaction while Cases 7 and 8
require four molecules each. The additional molecules required places a mass transfer
and collision probability limitation on the side reaction for Cases 7 and 8, hence making
them more favourable for the desired reaction.. This separation remains intact for
k,/k;=0.1 (Figure 3-2 (b)) and k,/k;=0.01 (Figure 3-2 (c)) but to a lesser extent and
vanishes as k,/k; decreases to 0.001 and below where the curves collapse onto each
other. This suggests that the effect of stoichiometry vanishes for k,/k;<0.001 for good
mixing (Da<l and Da=100) and is very small for poor mixing (Da=10000). At
k,/k:<0.0001 all dependence of stoichiometry is gone for all ky/k; and all Da. This
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suggests that the design of the reaction should be such that k,/k;<0.00001 to guarantee
that stoichiometry doesn’t play a role at short elapsed times, i.e. Da-t*=500. Figure 3-4
(a) to (c) also show this collapse of stoichiometry for short times. For the bad mixing
condition that was allowed to proceed for a very long time, Figure 3-5, the effect of
stoichiometry creeps back into the picture, affecting yield at previously adequate values
of ky/k;. Therefore, it is possible that if the residence time is too long in a reactor with
inadequate mixing, the stoichiometry effects will manifest themselves and affect

production.

3.4.1.4 Summary of the effects on C-C reaction schemes.

As a summary, for Competitive-Consecutive reactions:

(a) Das< 1is well mixed.

(b) ky/k; <0.001 with Da<100 will provide good values of yield at Da-t*=500.

(c) The effect of stoichiometry is a legitimate one, which can be large if the k,/k; is
unfavourable but vanishes at k,/k;<0.001 for short times and good mixing. At
longer times with bad mixing conditions, this effect of stoichiometry reappears

and requires a much smaller value of k,/k;.

3.4.2 Competitive-Parallel (C-P) Reaction

As with the C-C reaction scheme, the values of yield for the various simulations were

plotted for all the variables involved. The data and figures can be found in Appendix A.

A similar set of figures to Figures 3-2 to 3-5 was chosen for consistency with the C-C
analysis. Once again, the effects of interest are the Damkdhler number, the non-

dimensional reaction rate ratio k,/k; and the reaction stoichiometry.

Figures 3-6 (a) to (f) are semi-log plots of yield of desired product versus the Damkéhler
number for decreasing values of k./k; respectively. The curves represent the four

different stoichiometry cases investigated.
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3.4.2.1 Effect of Damkohler number (Da).

The plots in Figure 3-6 show a trend of a decrease in Y, with increasing Damkdhler
number, i.e. the mixing. This trend is true for all the stoichiometries at all values of k,/k;
except one: Case 3 at ky/k;=1 (Figure 3-6 (a)) which shows an increase in yield with
increasing Damkdhler number. Since the majority of cases do show the same trend as
the C-C cases, it can once again be concluded that a larger value of Damkéhler number

represents worse mixing and a smaller value represents a better condition.

These figures also show that Y, is the same at Da=0.01 and Da=1 for all values of k,/k;,
once again implying that the well mixed limit is Da=1. Figure 3-7 (a) and (b) further
support this conclusion. They are semi-log plots of Y, vs k,/k; for C-P stoichiometry cases
1 and 3 respectively. The curves show values of Da investigated. The curves for Da=0.01
and Da=1 lie exactly on top of each other while increasing Da drops the yield, as with

the C-C cases (Figure 3-3). This confirms that Da=1 is the well mixed limit.

The same Da limit was found for both the C-C and C-P cases. Da<l is well mixed and
Da>1 is imperfectly mixed. The fact that the same trends and effect of Damkéhler
number are seen for a different type of reaction altogether suggests that mixing is a
physical effect that can be controlled regardless of the reaction being studied. At the
same time mixing interacts strongly with the reaction stoichiometry and reaction rate

ratio.

3.4.2.2 Effect of non-dimensional reaction rate ratio (k»/k;).

Looking at Figures 3-6 (a) to (f), it can be seen that as k./k; is decreased, the curves for
all the stoichiometries move upwards, indicating that the yields for all the stoichiometry
cases at all values of Da increase with this decrease in k,/k;. This again suggests that a
smaller k,/k; is favourable and a larger k,/k; is unfavourable, similar to the C-C reaction
scheme. For Cases 1 and 2 the maximum yield is approximately 1 and for cases 3 and 4 it
is approximately 0.88. The curves for cases 1 and 2 collapse at k,/k;=0.001 (Figure 3-6
(d)) and at k,/k;=0.0001 for cases 3 and 4 (Figure 3-6 (e)). The yields are seen to increase
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at all values of Da as k,/k; is decreased from 1 to 0.00001 (from Figure 3-6 and more
clearly in Figure 3-7). The largest improvement with improving k./k; is seen for Case 3,

while Case 1 seems to improve the least.

These trends are also reflected in Figure 3-8 (a), (b) and (c) which are semi-log plots of Y,
versus k./k; for all four C-C stoichiometries at (a) Da=1, (b) Da=100 and (c) Da=10000 at
time Da-t*=500. These figures show the yield increasing with improving k,/k; with the
final yields being different for cases 1 and 2 and cases 3 and 4, as previously noticed,
suggesting an effect of stoichiometry on the maximum attainable yield at short times.
The poorly mixed condition (Da=10000) provides yields of approximately half of the well
mixed cases at this short time. Though the other well mixed cases may have reached
completion at Da-t*=500, it is very possible that this is not the case for the bad mixing

condition at Da=10000, since the yield is only at about 50%.

If the reaction is allowed to progress to long times (Da-t*=50000) for the bad mixing
case, Da=10000, (Figure 3-9) it the yield can increase to above 90%, but only at an
especially good k,/k; ratio. The effect of stoichiometry on the maximum yield decreases
at long times. The curves seem to collapse at k,/k;=0.00001, even though at the lower
k,/ki’s there is still an effect of stoichiometry. The cases also split away from each other

at k,/k;'s where they were equal at short times.

This suggests that if ky/k; is very good but the stoichiometry of the C-P reaction is
unknown, the best idea is to go with imperfect mixing for a very long time, though this

may be restricted by the residence time of the reactor.

3.4.2.3 Effect of Stoichiometry.

Figures 3-6 (a) to (f) illustrate a significant effect of stoichiometry for the C-P case. At
ky/k;=1 (Figure 3-6 (a)) the difference in yield for the different stoichiometries is
enormous and there is a clear distinction between a favourable and unfavourable
reaction stoichiometry (Case 2 and Case 3 respectively).This disparity decreases as k,/k;

decreases (Figures 3-6 (b) to (f)). However, the effect of stoichiometry never really goes
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away since even at k,/k;=0.00001 there is still a difference in yield between cases 1 and
2 and cases 3 and 4 regardless of the mixing condition. This difference in maximum yield
could be attributed to the coefficient of the limiting reagent in the desired reaction, €,
which takes a value of 1 for cases 1 and 2 and a value of 2 for cases 3 and 4. This means
that though there is a collapse of the curves for similar stoichiometries, there is still a
distinct difference between the stoichiometries of different types regardless of the

Damkohler and ky/k; values.

This is different from the C-C stoichiometries where the stoichiometries were seen to
collapse (Figure 3-2 (a) to (e)) at k»/k; < 0.001. This may be because for all the C-C cases
investigated, the stoichiometric coefficient of the limiting reagent B in the desired
reaction was always 1, so all the curves were seen to collapse, as for the C-P case with

similar €’s.

The curves show a clear distinction between favourable stoichiometries (Case 2) and
unfavourable stoichiometries (Case 3), where the difference between the two is that the
stoichiometric coefficients of limiting reagent B in the desired and undesired reaction
are reversed. This is particularly evident at k,/k;=1 (Figure 3-6(a)) with good mixing
conditions (Da < 100), when the desired and undesired reactions are equally likely to
take place. The Yield of P for Case 2 and Case 3 seems to flip, i.e. the amounts of B
consumed in the desired and undesired reactions for Case 2 are just reversed for Case 3.
This correspondingly changes the Yield of P, making one stoichiometry favourable and
the other unfavourable. Cases 1 and 4 seem to be very similar, since the stoichiometric

coefficients are all the same within each of them respectively.

At the worst k,/k; ratio (Figure 3-6 (a), k»/k; =1), the worsening of mixing (increasing Da)
brings the curves for the four different stoichiometries closer to each other and
improvement of mixing to drives the curves apart, i.e. the vyield for the good
stoichiometry gets better and the yield for the bad stoichiometry gets worse at well
mixed conditions. Bad mixing tends to dampen the effect of stoichiometry on the yield
for C-P reactions at unfavourable k,/k;. Curiously, worsening the mixing for the very

unfavourable stoichiometry case, Case 3, improves the final yield. This is contrary to all
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other instances and probably occurs because the poor mixing, i.e. pockets of high
concentration of limiting reagent, favours the desired reaction since the dependence on
the rate constant on concentration of limiting reagent is higher than the undesired
reaction. For short times, there is a distinct difference in the final obtainable yield by a

certain stoichiometry.

Though it may not seem like it at first, the C-P reaction scheme shows some intricacies
that almost make it more complicated do deal with than the C-C reaction scheme.
Careful consideration needs to be given to the stoichiometry, more so than the C-C
reaction scheme, and the time allowed for reaction will need to be adjusted based on

the stoichiometry, especially for stoichiometries of the form of Case 3 or 4.

In order to maximize yield for Cases 1 and 2, k,/k; needs to be minimized (ideally below
0.001) and mixing made close to perfect. For Cases 3 and 4, if ky/k; is greater than 0.001
maximum yield is obtained by mixing rapidly, but if k,/k; is smaller than 0.001 the yield
is maximized by mixing slowly but letting the reaction run for a VERY long time, at least

a hundred times longer than for the well mixed cases.

3.4.2.4 Summary of the effects on C-P reaction schemes.

As a summary, for Competitive-Consecutive reactions:

(a) Da <1 is perfectly well mixed. This is the same as for the C-C reaction scheme.

(b) For Cases 1 and 2, k,/k; < 0.001 will provide maximum values of yield.

(c) From Figures 3-8 and 3-9, it can be concluded that for Cases 3 and 4, if ky/k; >
0.001 maximum values of yield at short times are obtained with good mixing
conditions and if ky/k; < 0.001, maximum values of yield are obtained at very
long times with bad mixing conditions.

(d) The effect of stoichiometry is very prevalent for C-P type reactions.
Stoichiometry affects the maximum obtainable yield at short times for all mixing
conditions and k,/k;, and at all k,/k; > 0.00001 for long times with a bad mixing

condition.
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3.4.3 Phase plots of variables for C-C and C-P reaction schemes for the purpose of

design.

The purpose of design graphs, in the context of mixing sensitive reactions, is to provide
a direct method of predicting the yield of desired product without extensive calculations
and investigation of the different variables. For our purposes, design graphs would
incorporate the effects of stoichiometry, mixing and k,/k; and the combinations of the
three that could possibly give a certain specified yield of desired product. The purpose
of the graphs would be to assist in the design of the following problem:

“If one has a certain mixing sensitive reaction and a target yield of desired product in
mind, what range of values of non-dimensional reaction rate ratio and Damkd&hler would
be required to ensure that the target yield of desired product will be obtained? If one of
the variables is inadequate, is it still possible to obtain the said target yield? If it is
possible, how much do the other variables need to change to accommodate for that
inadequacy, if at all?”

The figures should allow for a design space to be established within which decisions can

be made based on different criterions and restrictions.

Figures 3-10 and 3-11 are examples of such design curves for the C-C and C-P reaction
schemes respectively. They show phase plots of Damkohler number ( x axis) versus the
non-dimensional reaction rate ratio (y axis) for yields of desired product of (a) 85% or
more, (b) 95% or more and (c) 99% or more at a time of Da-t*=500. They are set up such
that the axis intersection (origin) represents the most favourable conditions for both
k,/k; and Damkohler number. The figures have marked regions of required k,/k; and Da
for the different stoichiometries to obtain the specified yield. These figures are
essentially a filtered summary of the results presented in the previous sections. The
effect of stoichiometry quickly becomes evident as the yield desired is raised. For the C-
C cases, the regions common to all stoichiometries become smaller, i.e. the
requirements on the k./k; and Da become a lot more stringent. Similarly, for C-P cases 3
and 4, yields greater than 90% were unachievable at short times, so those

stoichiometries do not show up in Figures 3-11 (b) and (c)
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For these reaction schemes it is suggested that Da be kept below 100, but then k,/k;
needs to be set accordingly to achieve the required yield and vice versa Not all
stoichiometries may be able provide that yield for the chosen conditions, for example:

For a C-C reaction scheme, a Da=100 and desired yield of 99% and above (Figure 3-10
(c)), a kuy/k;<=0.0001 will provide that yield for all stoichiometries; but if k,/k; >0.0001
then only C-C stoichiometry Cases 3, 5, 6, 7 or 8 will provide a 99% yield. The C-P figures

can be read in the same way.

In order to link these results to physical process variables, we could assume that our
diffusion time is equal to the Batchelor time scale which, by definition, is equivalent to
the Kolmogorov time scale. Replacing the expression for the Kolmogorov time scale in
our definition of Da gives:

1
Da =k, (%T)E %)2 (3.5)

where v is the kinematic viscosity and gp is local rate of dissipation of Turbulent Kinetic

Energy (TKE) per mass. Rearranging for gj, gives:

' p_f 2
&Ep =V % (3.6)

This can be used to compare an existing equipment specification the Da and reaction
rate ratio from the phase plot. For example, for a C-C reaction of the type Case 1 (€ =
1), using typical values for water (v =1x107% m?/s, p; = 1000 kg/m?>, M = 18
kg/kmole), the range of ¢ for 1 <Da < 10000 will be:

3.09 x 10711k, % < g < 3.09 x 1073k, *
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3.5 CONCLUSIONS

The three effects of initial mixing condition, non-dimensional reaction rate ratio and
reaction stoichiometry were investigated in detail using a 1D transient reaction-diffusion
model for the Competitive-Consecutive (C-C) and Competitive-Parallel (C-P) form of
mixing sensitive reactions. Several cases were investigated for each variable and the
effects of each of the variables on the final yield of desired product were investigated. It
was found that a smaller value of Damkéhler number and non dimensional reaction rate
ratio were desirable to obtain maximum yield of desired product for both the C-C and C-
P reaction schemes. It was also found that the stoichiometry of the reaction can affect
the final yield of desired product considerably, and needs to be taken into consideration
in the design of reactors for such reactions. There are favourable and unfavourable
stoichiometries for both types of reaction schemes. The stoichiometric coefficient of the
limiting reagent in the desired reaction affects the required mixing condition to ensure a
good vyield of desired product. The stoichiometry also affects the non-dimensional
reaction rate ratio, k,/k;, and the requirements of the absolute reaction rates for each
of the reactions changes with the reaction stoichiometry. The following ranges were

found for the investigated variables:

e Da < 1iswell mixed for both the C-C and C-P type of mixing sensitive reaction.

e For the C-C type reaction, k,/k; < 0.001 with Da<100 will provide good values
of yield at short times, i.e. Da-t*=500.

e For C-P Cases 1 and 2, ky/k; < 0.001 will provide maximum values of yield. For
Cases 3 and 4, if ky/k; = 0.001 maximum values of yield at short times are
obtained with good mixing conditions. If k,/k; < 0.001, maximum values of
yield are obtained at very long times with bad mixing conditions.

e For the C-C reaction scheme the effect of stoichiometry is a legitimate one,
which can be large if the k,/k; is unfavourable but vanishes at k,/k;<0.001 for
short times and good mixing. At longer times with bad mixing conditions, this
effect of stoichiometry reappears and requires a much smaller value of k,/k;.

The effect of stoichiometry is also important for C-P type reactions. It affects
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the maximum obtainable yield at short times for all mixing conditions and

k,/k;, and at all k,/k; > 0.00001 for long times with a bad mixing condition.

Overall, all three variables need to be given consideration if one is to design a reactor
for such mixing sensitive reactions. However, the mixing model used is primitive and
unrealistic and doesn’t take into account the true nature of turbulent fluid flow and
mixing that occurs in real reactor systems. Though this work strives to provide
predictions of yield for the different conditions presented, the main aim was only to
guide the reader on how to deal with the various variables and variable interactions that
are present in reacting flows in order to better design a reactor for C-C and C-P mixing
sensitive reactions. The intention of the authors is to explore the importance of the
previously un-investigated effect the stoichiometry can have on the yield of desired
product and to provide forms of the Damkodhler number and reaction rate ratio for C-C
and C-P mixing sensitive reactions with a general stoichiometry. This work was not
intended to provide perfectly accurate predictions of yield of desired product.
Experiments and fine tuning through trial and error when designing a reactor for these
reactions are still recommended and will most definitely be required until a more
realistic model can be implemented, such as the Engulfment model by Baldyga and
Bourne (1999). Till then, the hope is that this work will reduce the number of
experiments and trials that will need to be performed in order to adequately design a

reactor for the C-C and C-P type of mixing sensitive reaction.
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3.6 TABLES FOR CHAPTER 3

Table 3-1. Stoichiometries of reaction schemes and the corresponding non-dimensional

, 2
reaction rate ratio for the eight different C-C reactions. Da was always Da = k; (%) [L)—B.
B
Reaction k,
Case Scheme €apy P
k1 '
1k
1 A+B 2P 1011 —2
P+B3S 2k
ki '
1k
2 A+BOP 111 —2
P+B3S 2k
ki '
1 k
3 ATEDP 101 S (B
2P+B 5 S 2\M 7 key
A+B S 2p o\ ky
4 . 1,2,2,1 (55) =
2P+B S S M7 ky
k1 '
1 k
5 ATE=2 01 (B2
P+2B 3 S 2\M7 ke
ki '
1 k
6 AvBOF 1,1,1,2 —(p—T)—Zr
P+2B 3 S 2 M7 key
ki '
1 2k
7 A+B P 11,22 (50) %
2P+2B 3§ 2\M7 ke
A+B " 2p Pk
8 . 1,2,2,2 (_) =2
2P+2B 3§ M7k
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Table 3-2. Stoichiometries of reaction schemes and the corresponding non-
dimensional reaction rate ratio and Damkohler number for the four different C-P
reactions.

Case Reaction . ﬁ Da

Scheme 24 k,
k' !

1 A+B SP 11 k; ;P LE

T L o)

C+B->S 1 B

) A+B EP pry ka Py LY

4 vz 2()e k()

C+2B - S 1 B

3 A+ 2B k—1> P 21 l(p_r)_l k_zr : (PT)Z Ly

1
c+B s 2\M/ Iy M/ Dy

kll k’ ZLZ

a A+ 2B 7>P 22 2 k'(pT) B
’ T 1\>55) ~

c+28 35 ky M/ Dg
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3.7 FIGURES FOR CHAPTER 3

x*=-05 x*=0 x*=05 x*=-05 x*=0 x*=0.5
Mixture Y Mixture Z Mixture Y Mixture Z
(a) (b)

Figure 3-1. Initial conditions for (a) C-C and (b) C-P reaction scheme simulations.
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Figure 3-2. Plots of Yield of P vs. Da for decreasing k./k; ratios for the C-C cases.
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Figure 3-2. Plots of Yield of P vs. Da for decreasing k./k; ratios for the C-C cases.
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Conclusions and Future Work

4.1 CONCLUSIONS

Mixing sensitive reactions are reactions which are particularly sensitive to the rate at
which the reactants are brought together, i.e. how fast they are mixed. Two types of
mixing sensitive reactions have been studied: the Competitive-Consecutive reaction
scheme, which involves two competing reactions where the second unwanted reaction
consumes the desired product from the first reaction, and the Competitive-Parallel
reaction scheme where two reactions compete for a limiting reagent to form a desired
and undesired product. The effect of mixing and relative reaction rates of the competing
reactions have been investigated previously and it is known that mixing can affect the
product distribution significantly. However, though these reactions have been studied in
the past, the work has been concentrated on the investigation of a single stoichiometry
for each of the reaction schemes. This work intended to investigate whether the
stoichiometry of the reaction plays a major role in the final yield of desired product

obtainable.

A model was developed that successfully captured the effect of mixing, via the
Damkohler number, the relative reaction rates, via a non-dimensional reaction rate
ratio, and the stoichiometry of the reaction. General forms of the reactions were
assumed and mass balance equations were derived. From the equations a general form
of the Damkohler number that was common for both reaction types and all

stoichiometries and a non-dimensional reaction rate ratio that was specific to each
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reaction type were obtained. Both expressions exhibit a dependence on the
stoichiometric coefficients of the reaction scheme. There is also an effect of

stoichiometry evident in the modelling equations.

It was found that minimizing the Damkéhler number and the non-dimensional reaction
rate ratio would maximize the yield of desired product of the reaction for both
Competitive-Consecutive and Competitive-Parallel reaction schemes. The stoichiometry
of the reaction affected the requirements of well mixed Damkohler number and
reaction rate ratio that would guarantee maximum vyield of desired product. These
qualitative descriptions were given quantitative ranges through an extensive

investigation of the variables and were found to be:

e Da < 1iswell mixed for both the C-C and C-P type of mixing sensitive reaction.

e For the C-C type reaction, k,/k; < 0.001 with Da<100 will provide good values
of yield at short times, i.e. Da-t*=500.

e For C-P Cases 1 and 2, ky/k; < 0.001 will provide maximum values of yield. For
Cases 3 and 4, if ky/k; = 0.001 maximum values of yield at short times are
obtained with good mixing conditions. If ky/k; < 0.001, maximum values of
yield are obtained at very long times with bad mixing conditions.

e For the C-C reaction scheme the effect of stoichiometry is a legitimate one,
which can be large if the k,/k; is unfavourable but vanishes at k,/k;<0.001 for
short times and good mixing. At longer times with bad mixing conditions, this
effect of stoichiometry reappears and requires a much smaller value of ky/k;.
The effect of stoichiometry is also important for C-P type reactions. It affects
the maximum obtainable yield at short times for all mixing conditions and

k,/k;, and at all k,/k; > 0.00001 for long times with a bad mixing condition.

These results were interpreted into charts of requirements for mixing and relative rate
ratio developed for desired values of yield for both types of reaction schemes. Overall,
all three variables need to be given consideration if one is to design a reactor for such

mixing sensitive reactions. However, the mixing model used is primitive and unrealistic
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and doesn’t take into account the true nature of turbulent fluid flow and mixing that

occurs in real reactor systems.

This confirmation of the model allows for future work where the effects of
stoichiometry, more realistic mixing models and k,/k; ratios and the interactions
between them will be investigated with the intention of producing charts that may help
in prediction of the yield for a general mixing sensitive reaction. Though the model
allows for investigation of the effects of initial concentrations of reactants, this was not
done in the current study and this is another possible avenue for further exploration. It
is also acknowledged that the 1D model is not a very accurate depiction of real
turbulent mixing, but this investigation was meant to be a first foray into the effect of
stoichiometry of mixing sensitive reactions, so simplicity was desirable. Added
complexities like introducing stretching and using a lamellar ‘barcode’ model could
possibly be integrated into the model in the future to better approximate the real

industrial situation.

4.2 FUTURE WORK

Possible recommendations for future work are as follows:

e Introduce more complex models of fluid flow into the model such as taking into
account laminar stretching of the striations, 2D deformations and eventually 3D
deformation, similar to the collective work of Cox et al and Baldyga and Bourne.
The eventual goal would be to somehow integrate the reaction diffusion
equations into the Engulfment model of Baldyga and Bourne (1999), since this is

regarded as the best micro mixing model currently available.

e Introduce more complex forms of the rate expressions used for the reactions,
i.e. use the full Arrhenius form of the rate constants instead of assuming them
to be constant. This would include the effects of temperature on the reaction

rate.
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Compare the results of this study to some real experimental data for micro
mixing reactions with varied stoichiometries and see if similar trends are
observed in the yield of desired product. This would allow us to obtain ranges of
the Damkohler number which are encountered experimentally, which could
then be directly used in the model instead of using the suggested theoretical

values.

Eventually relate this Lagrangian micro-mixing model to the more complex CFD
models, similar to how viscous sub layer models are used for computational

modelling of turbulent flows.

Expand the model to include the meso-mixing length scales, so that the
assumption of being below the Kolmogorov length scale can be challenged and
that the model more accurately represents the real system, where diffusion
occurs at the same time as reduction of scale of segregation instead of being
turned on after a convenient scale is obtained. This could possibly be done using
a Gaussian distribution of reactants instead of uniform slabs, like Cox et al did
previously, but would also require the inclusion of reaction effects with

reduction of scale instead of just diffusion before reaction occurs.

Possibly figure out a better way of defining what a ‘fast’ and ‘slow’ reaction is by

using the rate of reaction instead of just the rate constants.

Figure out how reactions can be integrated into spatial statistical measures of

mixing for the intensity, scale and reduction of segregation.

Possibly extend the model to heterogeneous reactions instead of just reactions

in a homogeneous phase.

Changing the initial conditions of the reactant concentrations to other than
stoichiometric could be interesting as well.
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Appendix A

A.1 Summary

This Appendix includes all figures of results plotted for Chapter 3 with the tables of the
corresponding Y, data obtained from COMSOL. Section A.2 includes all the Competitive-
Consecutive reaction scheme figures and corresponding data. Section A.3 includes all
the Competitive-Parallel reaction scheme figures and corresponding data.
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A.2 Competitive-Consecutive Reaction Scheme

A.2.1 Plots and data of Y, versus Damkohler number with curves of the stoichiometry
cases for different non-dimensional reaction rate ratios.
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Figure A-1. Plot of Yield of P vs Da for k,/k;=1 at Da-t*=500 for C-C cases

Table A-1. Data for Yield of P vs Da for k,/k;=1 at Da-t*=500 for C-C cases

k,/k,=1  Da-t*=500

Yield of P
Da 0.01 1 100 10000
Case 1 0.249963 0.249711 0.14922 0.024851
Case 2 0.235999 0.235911 0.157405 0.026988
Case 3 0.388095 0.388004 0.33079 0.084261
Case 4 0.417059 0.41684 0.33762 0.083383
Case 5 0.550825 0.550456 0.367454 0.098157
Case 6 0.606914 0.606508 0.423812 0.101564
Case 7 0.758424 0.758376 0.627822 0.167712
Case 8 0.728555 0.728506 0.586622 0.168112
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Figure A-2. Plot of Yield of P vs Da for k,/k;=0.1 at Da-t*=500 for C-C cases

Table A-2. Data for Yield of P vs Da for k,/k;=0.1 at Da-t*=500 for C-C cases

k,/k,=0.1 Da-t*=500

Yield of P
Da 0.01 1 100 10000
Case 1 0.639787 0.639525 0.496778 0.09228
Case 2 0.664954 0.665156 0.538323 0.097642
Case 3 0.73741 0.737319 0.67567 0.183469
Case 4 0.737926 0.737867 0.664878 0.181215
Case 5 0.860791 0.860663 0.697308 0.191248
Case 6 0.899378 0.899307 0.762701 0.196048
Case 7 0.9478932 0.948907 0.887687 0.277811
Case 8 0.932667 0.932597 0.856184 0.276192
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Figure A-3. Plot of Yield of P vs Da for k,/k;=0.01 at Da-t*=500 for C-C cases

Table A-3. Data for Yield of P vs Da for k,/k;=0.01 at Da-t*=500 for C-C cases

k,/k;=0.01 Da-t*=500

Yield of P
Da 0.01 1 100 10000
Case 1 0.897284 0.897207 0.851133 0.239003
Case 2 0.914385 0.91439 0.880128 0.248073
Case 3 0.933045 0.933027 0.917807 0.345446
Case 4 0.927368 0.927491 0.908424 0.340221
Case 5 0.977843 0.977854 0.935599 0.326346
Case 6 0.985152 0.985142 0.958186 0.333472
Case 7 0.991068 0.991066 0.982766 0.411861
Case 8 0.989124 0.989115 0.976673 0.407097
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Figure A-4. Plot of Yield of P vs Da for k,/k;=0.001 at Da-t*=500 for C-C cases

Table A-4. Data for Yield of P vs Da for k,/k;=0.001 at Da-t*=500 for C-C cases

k,/k,=0.001 Da-t*=500

Yield of P
Da 0.01 1 100 10000
Case 1 0.979887 0.979874 0.973593 0.424367
Case 2 0.983928 0.983916 0.979649 0.431537
Case 3 0.986885 0.986899 0.984904 0.468575
Case 4 0.985424  0.98544 0.982962 0.466019
Case 5 0.994477 0.994481 0.990553 0.452073
Case 6 0.99502 0.995013 0.992593 0.457815
Case 7 0.995513 0.995525 0.994617 0.484262
Case 8 0.995346 0.995359 0.994164 0.482465
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Figure A-5. Plot of Yield of P vs Da for k,/k;=0.0001 at Da-t*=500 for C-C cases

Table A-5. Data for Yield of P vs Da for k,/k;=0.0001 at Da-t*=500 for C-C cases

k,/k,;=0.0001 Da-t*=500

Yield of P
Da 0.01 1 100 10000
Case 1 0.9943  0.994312 0.993629 0.489204
Case 2 0.994708 0.99472 0.994189 0.490376
Case 3 0.99503  0.995042 0.994721 0.495172
Case 4 0.994857 0.994869 0.994508 0.494831
Case 5 0.995857 0.995869 0.995411 0.492587
Case 6 0.995906 0.995919 0.995573 0.493571
Case 7 0.995956 0.995969 0.995763 0.496988
Case 8 0.99594  0.995953 0.995721 0.496765
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Figure A-6. Plot of Yield of P vs Da for k,/k;=0.00001 at Da-t*=500 for C-C cases

Table A-6. Data for Yield of P vs Da for k,/k;=0.00001 at Da-t*=500 for C-C cases

k,/k ;=0.00001 Da-t*=500

Yield of P
Da 0.01 1 100 10000
Case 1 0.995834 0.995847 0.995665 0.497568
Case 2 0.995875 0.995888 0.995719 0.497694
Case 3 0.995907 0.99592 0.995772 0.498185
Case 4 0.99589 0.995902 0.995751 0.498149
Case 5 0.995991 0.996004 0.995843 0.497913
Case 6 0.995996 0.996009 0.995858 0.49802
Case 7 0.996001 0.996014 0.995877 0.498369
Case 8 0.995999 0.996012 0.995873 0.498346
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A.2.2 Plots and data of Y, versus Damkohler number with curves of non-dimensional
reaction rate ratios for individual stoichiometry cases.
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Figure A-7. Plot of Yield of P vs Da for C-C Case 1 for all k,/k; at Da-t*=500

Table A-7. Data for Yield of P vs Da for C-C Case 1 for all k,/k; at Da-t*=500

C-CCase1 Da-t*=500

Yield of P
k,/k, Da 0.01 1 100 10000
1 0.249963 0.249711 0.14922 0.024851
0.1 0.639787 0.639525 0.496778 0.09228
0.01 0.897284 0.897207 0.851133 0.239003
0.001 0.979887 0.979874 0.973593 0.424367
0.0001 0.9943 0.994312 0.993629 0.489204
0.00001 0.995834 0.995847 0.995665 0.497568
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Figure A-8. Plot of Yield of P vs Da for C-C Case 2 for all k,/k; at Da-t*=500

Table A-8. Data for Yield of P vs Da for C-C Case 2 for all k,/k; at Da-t*=500

C-CCase 2 Da-t*=500

Yield of P
k,/k, Da 0.01 1 100 10000
1 0.235999 0.235911 0.157405 0.026988
0.1 0.664954 0.665156 0.538323 0.097642
0.01 0.914385 0.91439 0.880128 0.248073
0.001 0.983928 0.983916 0.979649 0.431537
0.0001 0.994708 0.99472 0.994189 0.490376
0.00001 0.995875 0.995888 0.995719 0.497694
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Figure A-9. Plot of Yield of P vs Da for C-C Case 3 for all k,/k; at Da-t*=500

Table A-9. Data for Yield of P vs Da for C-C Case 3 for all k,/k; at Da-t*=500

C-CCase 3 Da-t*=500

Yield of P
k,/k, Da 0.01 1 100 10000
1 0.388095 0.388004 0.33079 0.084261
0.1 0.73741 0.737319 0.67567 0.183469
0.01 0.933045 0.933027 0.917807 0.345446
0.001 0.986885 0.986899 0.984904 0.468575
0.0001 0.99503 0.995042 0.994721 0.495172
0.00001 0.995907 0.99592 0.995772 0.498185
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Figure A-10. Plot of Yield of P vs Da for C-C Case 4 for all k,/k; at Da-t*=500

Table A-10. Data for Yield of P vs Da for C-C Case 4 for all k,/k; at Da-t*=500

C-CCase4 Da-t*=500

Yield of P
k,/k, Da 0.01 1 100 10000
1 0.417059 0.41684 0.33762 0.083383
0.1 0.737926 0.737867 0.664878 0.181215
0.01 0.927368 0.927491 0.908424 0.340221
0.001 0.985424 0.98544 0.982962 0.466019
0.0001 0.994857 0.994869 0.994508 0.494831
0.00001 0.99589 0.995902 0.995751 0.498149
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Figure A-11. Plot of Yield of P vs Da for C-C Case 5 for all k»/k; at Da-t*=500

Table A-11. Data for Yield of P vs Da for C-C Case 5 for all k,/k; at Da-t*=500

C-CCase 5 Da-t*=500

Yield of P
k,/k, Da 0.01 1 100 10000
1 0.550825 0.550456 0.367454 0.098157
0.1 0.860791 0.860663 0.697308 0.191248
0.01 0.977843 0.977854 0.935599 0.326346
0.001 0.994477 0.994481 0.990553 0.452073
0.0001 0.995857 0.995869 0.995411 0.492587
0.00001 0.995991 0.996004 0.995843 0.497913
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Figure A-12. Plot of Yield of P vs Da for C-C Case 6 for all k»/k; at Da-t*=500

Table A-12. Data for Yield of P vs Da for C-C Case 6 for all k,/k; at Da-t*=500

C-CCase 6 Da-t*=500

Yield of P
k,/k, Da 0.01 1 100 10000
1 0.606914 0.606508 0.423812 0.101564
0.1 0.899378 0.899307 0.762701 0.196048
0.01 0.985152 0.985142 0.958186 0.333472
0.001 0.99502 0.995013 0.992593 0.457815
0.0001 0.995906 0.995919 0.995573 0.493571
0.00001 0.995996 0.996009 0.995858 0.49802
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Figure A-13. Plot of Yield of P vs Da for C-C Case 7 for all k»/k; at Da-t*=500

Table A-13. Data for Yield of P vs Da for C-C Case 7 for all k,/k; at Da-t*=500

C-CCase 7 Da-t*=500

Yield of P
k,/k, Da 0.01 1 100 10000
1 0.758424 0.758376 0.627822 0.167712
0.1 0.947893 0.948907 0.887687 0.277811
0.01 0.991068 0.991066 0.982766 0.411861
0.001 0.995513 0.995525 0.994617 0.484262
0.0001 0.995956 0.995969 0.995763 0.496988
0.00001 0.996001 0.996014 0.995877 0.498369
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Figure A-14. Plot of Yield of P vs Da for C-C Case 8 for all k,/k; at Da-t*=500

Table A-14. Data for Yield of P vs Da for C-C Case 8 for all k,/k; at Da-t*=500

C-CCase 8 Da-t*=500

Yield of P
k,/k, Da 0.01 1 100 10000
1 0.728555 0.728506 0.586622 0.168112
0.1 0.932667 0.932597 0.856184 0.276192
0.01 0.989124 0.989115 0.976673 0.407097
0.001 0.995346 0.995359 0.994164 0.482465
0.0001 0.99594 0.995953 0.995721 0.496765
0.00001 0.995999 0.996012 0.995873 0.498346
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A.2.3 Plots and data of Y, versus non-dimensional reaction rate ratio with curves of
the stoichiometry cases for different Damkohler numbers.
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Figure A-15. Plot of Yield of P vs k,/k; for Da=0.01 at Da-t*=500 for C-C cases

Table A-15. Data for Yield of P vs ky/k; for Da=0.01 at Da-t*=500 for C-C cases

Da=0.01 t*=50000 Da-t*=500
Yield of P
k,/k, 1 0.1 0.01 0.001 0.0001  0.00001

Case 1 0.249963 0.639787 0.897284 0.979887 0.9943 0.995834
Case 2 0.235999 0.664954 0.914385 0.983928 0.994708 0.995875
Case 3 0.388095 0.73741 0.933045 0.986885 0.99503 0.995907
Case4 | 0.417059 0.737926 0.927368 0.985424 0.994857 0.99589
Case 5 0.550825 0.860791 0.977843 0.994477 0.995857 0.995991
Case6 | 0.606914 0.899378 0.985152 0.99502 0.995906 0.995996
Case 7 0.758424 0.9478932 0.991068 0.995513 0.995956 0.996001
Case8 | 0.728555 0.932667 0.989124 0.995346 0.99594 0.995999
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Figure A-16. Plot of Yield of P vs k,/k; for Da=1 at Da-t*=500 for C-C cases

Table A-16. Data for Yield of P vs k,/k; for Da=1 at Da-t*=500 for C-C cases

Da=1 t*=500 Da-t*=500
Yield of P

k,/k 1 0.1 0.01 0.001  0.0001  0.00001
Case 1 0.249711 0.639525 0.897207 0.979874 0.994312 0.995847
Case 2 0.235911 0.665156 0.91439 0.983916 0.99472 0.995888
Case 3 0.388004 0.737319 0.933027 0.986899 0.995042 0.99592
Case 4 0.41684 0.737867 0.927491 0.98544 0.994869 0.995902
Case 5 0.550456 0.860663 0.977854 0.994481 0.995869 0.996004
Case 6 0.606508 0.899307 0.985142 0.995013 0.995919 0.996009
Case 7 0.758376  0.948907 0.991066 0.995525 0.995969 0.996014
Case 8 0.728506 0.932597 0.989115 0.995359 0.995953 0.996012
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Figure A-17. Plot of Yield of P vs k,/k; for Da=100 at Da-t*=500 for C-C cases

Table A-17. Data for Yield of P vs k,/k; for Da=100 at Da-t*=500 for C-C cases

Da =100 t*=5 Da-t*=500
Yield of P

k,/k 1 0.1 0.01 0.001  0.0001  0.00001
Case 1 0.14922 0.496778 0.851133 0.973593 0.993629 0.995665
Case 2 0.157405 0.538323 0.880128 0.979649 0.994189 0.995719
Case 3 0.33079 0.67567 0.917807 0.984904 0.994721 0.995772
Case 4 0.33762 0.664878 0.908424 0.982962 0.994508 0.995751
Case 5 0.367454 0.697308 0.935599 0.990553 0.995411 0.995843
Case 6 0.423812 0.762701 0.958186 0.992593 0.995573 0.995858
Case 7 0.627822 0.887687 0.982766 0.994617 0.995763 0.995877
Case 8 0.586622 0.856184 0.976673 0.994164 0.995721 0.995873

102




Yield of P (Yp)

o
o

o
o

o
>
L

o
w

o
[N}

0.1

—~@=ll Dg=10000

—#—Case2
K
Case3 t*=0.05

—case4| Da-t*=500
—x—Case5
Case6
Case7
Case8

0.1 0.01 0.001 0.0001 1E-05

Non-dimensional reaction rate ratio for P (ky/k;)

Figure A-18. Plot of Yield of P vs k,/k; for Da=10000 at Da-t*=500 for C-C cases

Table A-18. Data for Yield of P vs k,/k; for Da=10000 at Da-t*=500 for C-C cases

Da=10000 t*=0.05 Da-t*=500
Yield of P
k,/k 1 0.1 0.01 0.001  0.0001  0.00001
Case 1 0.024851 0.09228 0.239003 0.424367 0.489204 0.497568
Case 2 0.026988 0.097642 0.248073 0.431537 0.490376 0.497694
Case 3 0.084261 0.183469 0.345446 0.468575 0.495172 0.498185
Case4 | 0.083383 0.181215 0.340221 0.466019 0.494831 0.498149
Case 5 0.098157 0.191248 0.326346 0.452073 0.492587 0.497913
Case 6 0.101564 0.196048 0.333472 0.457815 0.493571 0.49802
Case 7 0.167712 0.277811 0.411861 0.484262 0.496988 0.498369
Case 8 0.168112 0.276192 0.407097 0.482465 0.496765 0.498346
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Figure A-19. Plot of Yield of P vs k,/k; for Da=10000 at Da-t*=500 for C-C cases with Y,
axis going only to 0.5

Table A-19. Data for Yield of P vs k,/k; for Da=10000 at Da-t*=500 for C-C cases with Y,
axis going only to 0.5

Da=10000 t*=0.05 Da-t*=500
Yield of P
k,/k; 1 0.1 0.01 0.001 0.0001 0.00001

Case 1 0.024851  0.09228 0.239003 0.424367 0.489204 0.497568
Case 2 0.026988 0.097642 0.248073 0.431537 0.490376 0.497694
Case 3 0.084261 0.183469 0.345446 0.468575 0.495172 0.498185
Case 4 0.083383 0.181215 0.340221 0.466019 0.494831 0.498149
Case 5 0.098157 0.191248 0.326346 0.452073 0.492587 0.497913
Case 6 0.101564 0.196048 0.333472 0.457815 0.493571 0.49802
Case 7 0.167712 0.277811 0.411861 0.484262 0.496988 0.498369
Case 8 0.168112 0.276192 0.407097 0.482465 0.496765 0.498346
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Figure A-20. Plot of Yield of P vs k,/k; for Da=10000 at Da-t*=50000 for C-C cases

Table A-20. Data for Yield of P vs k,/k; for Da=10000 at Da-t*=50000 for C-C cases

Da=10000 t*=5 Da-t*= 50000
Yield of P
k,/k 1 0.1 0.01 0.001  0.0001  0.00001
Case 1 0.028499 0.107265 0.291422 0.621006 0.906043 0.987718
Case 2 0.032119 0.118645 0.317798 0.667117 0.930252 0.991616
Case 3 0.116416 0.246822 0.47728 0.784174 0.960497 0.995482
Case 4 0.11228 0.238653 0.461476 0.761209 0.950781 0.994066
Case 5 0.119554 0.239844 0.445205 0.739948 0.946514 0.993814
Case 6 0.139685 0.273998 0.498485 0.798072 0.9657 0.996258
Case 7 0.261931 0.431196 0.673557 0.905328 0.987231 0.998671
Case 8 0.23845 0.397939 0.632099 0.876415 0.981336 0.998012
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A.2.4 Plots and data of Y, versus non-dimensional reaction rate ratio with curves of
Damkohler numbers for individual stoichiometry cases.
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Figure A-21. Plot of Yield of P vs k,/k; for C-C Case 1 for all Da at Da-t*=500

Table A-21. Data for Yield of P vs k,/k; for C-C Case 1 for all Da at Da-t*=500

C-CCase1l Da-t*=500

Yield of P
Da k,/k;, 1 0.1 0.01 0.001 0.0001  0.00001
0.01 0.249963 0.639787 0.897284 0.979887 0.9943 0.995834
1 0.249711 0.639525 0.897207 0.979874 0.994312 0.995847
100 0.14922 0.496778 0.851133 0.973593 0.993629 0.995665
10000 0.024851 0.09228 0.239003 0.424367 0.489204 0.497568
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Figure A-22. Plot of Yield of P vs k,/k; for C-C Case 2 for all Da at Da-t*=500

Table A-22. Data for Yield of P vs k,/k; for C-C Case 2 for all Da at Da-t*=500

C-CCase 2 Da-t*=500

Yield of P
Da ky/k, 1 0.1 0.01 0.001 0.0001 0.00001
0.01 0.235999 0.664954 0.914385 0.983928 0.994708 0.995875
1 0.235911 0.665156 0.91439 0.983916 0.99472 0.995888
100 0.157405 0.538323 0.880128 0.979649 0.994189 0.995719
10000 0.026988 0.097642 0.248073 0.431537 0.490376 0.497694
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Figure A-23. Plot of Yield of P vs k,/k; for C-C Case 3 for all Da at Da-t*=500

Table A-23. Data for Yield of P vs k,/k; for C-C Case 3 for all Da at Da-t*=500

C-CCase 3 Da-t*=500

Yield of P
Da ky/k, 1 0.1 0.01 0.001 0.0001 0.00001
0.01 0.388095 0.73741 0.933045 0.986885 0.99503 0.995907
1 0.388004 0.737319 0.933027 0.986899 0.995042 0.99592
100 0.33079 0.67567 0.917807 0.984904 0.994721 0.995772
10000 0.084261 0.183469 0.345446 0.468575 0.495172 0.498185
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Figure A-24. Plot of Yield of P vs k,/k; for C-C Case 4 for all Da at Da-t*=500

Table A-24. Data for Yield of P vs k,/k; for C-C Case 4 for all Da at Da-t*=500

C-CCase 4 Da-t*=500

Yield of P
Da ky/k, 1 0.1 0.01 0.001 0.0001 0.00001
0.01 0.417059 0.737926 0.927368 0.985424 0.994857 0.99589
1 0.41684 0.737867 0.927491 0.98544 0.994869 0.995902
100 0.33762 0.664878 0.908424 0.982962 0.994508 0.995751
10000 0.083383 0.181215 0.340221 0.466019 0.494831 0.498149
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Figure A-25. Plot of Yield of P vs k,/k; for C-C Case 5 for all Da at Da-t*=500

Table A-25. Data for Yield of P vs k,/k; for C-C Case 5 for all Da at Da-t*=500

C-CCase 5 Da-t*=500

Yield of P
Da k,/k, 1 0.1 0.01 0.001 0.0001 0.00001
0.01 0.550825 0.860791 0.977843 0.994477 0.995857 0.995991
1 0.550456 0.860663 0.977854 0.994481 0.995869 0.996004
100 0.367454 0.697308 0.935599 0.990553 0.995411 0.995843
10000 0.098157 0.191248 0.326346 0.452073 0.492587 0.497913
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Figure A-26. Plot of Yield of P vs k,/k; for C-C Case 6 for all Da at Da-t*=500

Table A-26. Data for Yield of P vs k,/k; for C-C Case 6 for all Da at Da-t*=500

C-CCase 6 Da-t*=500

Yield of P
Da ky/k, 1 0.1 0.01 0.001 0.0001 0.00001
0.01 0.606914 0.899378 0.985152 0.99502 0.995906 0.995996
1 0.606508 0.899307 0.985142 0.995013 0.995919 0.996009
100 0.423812 0.762701 0.958186 0.992593 0.995573 0.995858
10000 0.101564 0.196048 0.333472 0.457815 0.493571 0.49802
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Figure A-27. Plot of Yield of P vs k,/k; for C-C Case 7 for all Da at Da-t*=500

Table A-27. Data for Yield of P vs k,/k; for C-C Case 7 for all Da at Da-t*=500

C-CCase 7 Da-t*=500

Yield of P
Da ky/k, 1 0.1 0.01 0.001 0.0001 0.00001
0.01 0.758424 0.947893 0.991068 0.995513 0.995956 0.996001
1 0.758376 0.948907 0.991066 0.995525 0.995969 0.996014
100 0.627822 0.887687 0.982766 0.994617 0.995763 0.995877
10000 0.167712 0.277811 0.411861 0.484262 0.496988 0.498369
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Figure A-28. Plot of Yield of P vs k,/k; for C-C Case 8 for all Da at Da-t*=500

Table A-28. Data for Yield of P vs k,/k; for C-C Case 8 for all Da at Da-t*=500

C-CCase 8 Da-t*=500

Yield of P
Da ky/k, 1 0.1 0.01 0.001 0.0001 0.00001
0.01 0.728555 0.932667 0.989124 0.995346 0.99594 0.995999
1 0.728506 0.932597 0.989115 0.995359 0.995953 0.996012
100 0.586622 0.856184 0.976673 0.994164 0.995721 0.995873
10000 0.168112 0.276192 0.407097 0.482465 0.496765 0.498346

113




A.3 Competitive-Parallel Reaction Scheme

A.3.1 Plots and data of Y, versus Damkohler number with curves of the stoichiometry
cases for different non-dimensional reaction rate ratios.
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Figure A-29. Plot of Yield of P vs Da for k,/k;=1 at Da-t*=500 for C-P cases

Table A-29. Data for Yield of P vs Da for k,/k;=1 at Da-t*=500 for C-P cases

ky,/k,=1 Da -t*=500
Yield of P
Da 0.01 1 100 10000
Case 1l 0.5 0.5 0.5 0.339086
Case 2 0.910664 0.910649 0.886249 0.428365
Case 3 0.089336 0.089401 0.138806 0.238611
Case 4 0.485825 0.485768 0.485627 0.311142
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Figure A-30. Plot of Yield of P vs Da for k,/k;=0.1 at Da-t*=500 for C-P cases

Table A-30. Data for Yield of P vs Da for k,/k;=0.1 at Da-t*=500 for C-P cases

k,/k, =0.1 Da -t*=500
Yield of P
Da 0.01 1 100 10000
Case 1 0.835052 0.835066 0.815543 0.402615
Case 2 0.984832 0.984816 0.98098 0.473025
Case 3 0.363595 0.363809 0.358733 0.26895
Case 4 0.781719 0.781886 0.778014 0.389749
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Figure A-31. Plot of Yield of P vs Da for k,/k;=0.01 at Da-t*=500 for C-P cases

Table A-31. Data for Yield of P vs Da for k,/k;=0.01 at Da-t*=500 for C-P cases

k,/k, =0.01 Da -t*=500
Yield of P
Da 0.01 1 100 10000
Case 1 0.966434 0.966416 0.962859 0.468746
Case 2 0.991453 0.991441 0.990976 0.491935
Case 3 0.701398 0.700784 0.697756 0.35746
Case 4 0.863384 0.863462 0.862132 0.431838
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Figure A-32. Plot of Yield of P vs Da for k,/k;=0.001 at Da-t*=500 for C-P cases

Table A-32. Data for Yield of P vs Da for k,/k;=0.001 at Da-t*=500 for C-P cases

k,/k, =0.001 Da -t*=500
Yield of P
Da 0.01 1 100 10000
Case 1 0.989783 0.989805 0.989356 0.491783
Case 2 0.991995 0.992007 0.991798 0.494859
Case 3 0.849533 0.849485 0.848401 0.426885
Case 4 0.873267 0.87361 0.872557 0.439871
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Figure A-33. Plot of Yield of P vs Da for k,/k;=0.0001 at Da-t*=500 for C-P cases

Table A-33. Data for Yield of P vs Da for k,/k;=0.0001 at Da-t*=500 for C-P cases

k,/k; =0.0001 Da -t*=500
Yield of P
Da 0.01 1 100 10000
Case 1 0.991844 0.991866 0.991657 0.494839
Case 2 0.99205 0.992062 0.991878 0.495169
Case 3 0.872145 0.872021 0.871265 0.439407
Case 4 0.874308 0.874651 0.873637 0.440767
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Figure A-34. Plot of Yield of P vs Da for k,/k;=0.00001 at Da-t*=500 for C-P cases

Table A-34. Data for Yield of P vs Da for k,/k;=0.00001 at Da-t*=500 for C-P cases

k,/k ; =0.00001 Da -t*=500
Yield of P
Da 0.01 1 100 10000
Case 1 0.99204 0.992071 0.991875 0.495154
Case 2 0.992056 0.992068 0.991886 0.495201
Case 3 0.874518 0.874398 0.873662 0.440758
Case 4 0.874412 0.874756 0.873746 0.440858
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A.3.2 Plots and data of Y, versus Damkohler number with curves of non-dimensional
reaction rate ratios for individual stoichiometry cases.
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Figure A-35. Plot of Yield of P vs Da for C-P Case 1 for all k,/k; at Da-t*=500

Table A-35. Data for Yield of P vs Da for C-P Case 1 for all ky/k; at Da-t*=500

C-PCasel Da-t*=500

Yield of P
ky/k, Da 0.01 1 100 10000
1 0.5 0.5 0.5 0.339086
0.1 0.835052 0.835066 0.815543 0.402615
0.01 0.966434 0.966416 0.962859 0.468746
0.001 0.989783 0.989805 0.989356 0.491783
0.0001 0.991844 0.991866 0.991657 0.494839
0.00001 0.99204 0.992071 0.991875 0.495154

120



Yield of P (Yp)

°
o

o
n

o
S

—1

—#-01

o
w

—4&—0.01

C-P Case 2 0001
Da-t*=500 —#-0.0001

0.1 1 —e—0.00001

o
N

0.01 1 100 10000

Damkohler Number (Da)

Figure A-36. Plot of Yield of P vs Da for C-P Case 2 for all k,/k; at Da-t*=500

Table A-36. Data for Yield of P vs Da for C-P Case 2 for all k,/k; at Da-t*=500

C-PCase2 Da-t*=500

Yield of P
k,/k, Da 0.01 1 100 10000
1 0.910664 0.910649 0.886249 0.428365
0.1 0.984832 0.984816 0.98098 0.473025
0.01 0.991453 0.991441 0.990976 0.491935
0.001 0.991995 0.992007 0.991798 0.494859
0.0001 0.99205 0.992062 0.991878 0.495169
0.00001 0.992056 0.992068 0.991886 0.495201
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Figure A-37. Plot of Yield of P vs Da for C-P Case 3 for all k,/k; at Da-t*=500

Table A-37. Data for Yield of P vs Da for C-P Case 3 for all k,/k; at Da-t*=500

C-PCase3 Da-t*=500
Yield of P

k,/k, Da 0.01 1 100 10000
1 0.089336 0.089401 0.138806 0.238611
0.1 0.363595 0.363809 0.358733 0.26895
0.01 0.701398 0.700784 0.697756 0.35746
0.001 0.849533 0.849485 0.848401 0.426885
0.0001 0.872145 0.872021 0.871265 0.439407
0.00001 0.874518 0.874398 0.873662 0.440758
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Figure A-38. Plot of Yield of P vs Da for C-P Case 4 for all k,/k; at Da-t*=500

Table A-38. Data for Yield of P vs Da for C-P Case 4 for all k,/k; at Da-t*=500

C-PCase4 Da-t*=500

Yield of P
k,/k, Da 0.01 1 100 10000
1 0.485825 0.485768 0.485627 0.311142
0.1 0.781719 0.781886 0.778014 0.389749
0.01 0.863384 0.863462 0.862132 0.431838
0.001 0.873267 0.87361 0.872557 0.439871
0.0001 0.874308 0.874651 0.873637 0.440767
0.00001 0.874412 0.874756 0.873746 0.440858
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A.3.3 Plots and data of Y, versus non-dimensional reaction rate ratio with curves of
the stoichiometry cases for different Damkohler numbers.
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Figure A-39. Plot of Yield of P vs k,/k; for Da=0.01 at Da-t*=500 for C-P cases

Table A-39. Data for Yield of P vs ky/k; for Da=0.01 at Da-t*=500 for C-P cases

Da =0.01 t*= 50000 Da -t*=500

Yield of P
k,/k, 1 0.1 0.01 0.001 0.0001  0.00001
Case 1 0.5 0.835052 0.966434 0.989783 0.991844 0.99204
Case 2 0.910664 0.984832 0.991453 0.991995 0.99205 0.992056
Case 3 0.089336 0.363595 0.701398 0.849533 0.872145 0.874518
Case 4 0.485825 0.781719 0.863384 0.873267 0.874308 0.874412
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Figure A-40. Plot of Yield of P vs k,/k; for Da=1 at Da-t*=500 for C-P cases

Table A-40. Data for Yield of P vs k,/k; for Da=1 at Da-t*=500 for C-P cases

Da=1 t* =500 Da -t*=500

Yield of P
k,/k, 1 0.1 0.01 0.001 0.0001  0.00001
Case 1 0.5 0.835066 0.966416 0.989805 0.991866 0.992071
Case 2 0.910649 0.984816 0.991441 0.992007 0.992062 0.992068
Case 3 0.089401 0.363809 0.700784 0.849485 0.872021 0.874398
Case 4 0.485768 0.781886 0.863462 0.87361 0.874651 0.874756
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Figure A-41. Plot of Yield of P vs k,/k; for Da=100 at Da-t*=500 for C-P cases

Table A-41. Data for Yield of P vs k,/k; for Da=100 at Da-t*=500 for C-C cases

Da =100 t*=5 Da -t*=500

Yield of P
k,/k, 1 0.1 0.01 0.001 0.0001  0.00001
Case 1 0.5 0.815543 0.962859 0.989356 0.991657 0.991875
Case 2 0.886249 0.98098 0.990976 0.991798 0.991878 0.991886
Case 3 0.138806 0.358733 0.697756 0.848401 0.871265 0.873662
Case 4 0.485627 0.778014 0.862132 0.872557 0.873637 0.873746
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Figure A-42. Plot of Yield of P vs k,/k; for Da=10000 at Da-t*=500 for C-P cases

Table A-42. Data for Yield of P vs k,/k; for Da=10000 at Da-t*=500 for C-P cases

Da =10000 t*=0.05 Da -t*=500
Yield of P
k,/k, 1 0.1 0.01 0.001 0.0001  0.00001
Case 1 0.339086 0.402615 0.468746 0.491783 0.494839 0.495154
Case 2 0.428365 0.473025 0.491935 0.494859 0.495169 0.495201
Case 3 0.238611 0.26895 0.35746 0.426885 0.439407 0.440758
Case 4 0.311142 0.389749 0.431838 0.439871 0.440767 0.440858
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Figure A-43. Plot of Yield of P vs k,/k; for Da=10000 at Da-t*=500 for C-P cases with Y,
axis going only to 0.5

Table A-43. Data for Yield of P vs k,/k; for Da=10000 at Da-t*=500 for C-P cases with Y,
axis going only to 0.5

Da =10000 t*=0.05 Da -t*=500
Yield of P
k,/k, 1 0.1 0.01 0.001 0.0001  0.00001
Case 1 0.339086 0.402615 0.468746 0.491783 0.494839 0.495154
Case 2 0.428365 0.473025 0.491935 0.494859 0.495169 0.495201
Case 3 0.238611 0.26895 0.35746 0.426885 0.439407 0.440758
Case 4 0.311142 0.389749 0.431838 0.439871 0.440767 0.440858
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Figure A-44. Plot of Yield of P vs k,/k; for Da=10000 at Da-t*=50000 for C-P cases

Table A-44. Data for Yield of P vs k,/k; for Da=10000 at Da-t*=50000 for C-P cases

Da =10000 t*=5 Da -t*= 50000
Yield of P
k,/k, 1 0.1 0.01 0.001 0.0001  0.00001
Case 1 0.5 0.591513 0.750421 0.926494 0.989629 0.998884
Case 2 0.664455 0.798914 0.941894 0.992354 0.999208 0.999866
Case 3 0.360675 0.397831 0.538119 0.799616 0.948686 0.982532
Case 4 0.499834 0.688849 0.884477 0.973235 0.985677 0.986884
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A.3.4 Plots and data of Y, versus non-dimensional reaction rate ratio with curves of
Damkohler numbers for individual stoichiometry cases.
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Figure A-45. Plot of Yield of P vs k,/k; for C-C Case 1 for all Da at Da-t*=500

Table A-45. Data for Yield of P vs ky/k; for C-P Case 1 for all Da at Da-t*=500

C-PCasel Da-t*=500
Yield of P
Da ky/k, 1 0.1 0.01 0.001 0.0001  0.00001
0.01 0.5 0.835052 0.966434 0.989783 0.991844 0.99204
1 0.5 0.835066 0.966416 0.989805 0.991866 0.992071
100 0.5 0.815543 0.962859 0.989356 0.991657 0.991875
10000 0.339086 0.402615 0.468746 0.491783 0.494839 0.495154
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Figure A-46. Plot of Yield of P vs k,/k; for C-C Case 2 for all Da at Da-t*=500
Table A-46. Data for Yield of P vs k,/k; for C-P Case 2 for all Da at Da-t*=500
C-PCase2 Da-t*=500
Yield of P
Da k/k, | 1 0.1 0.01 0.001  0.0001 0.00001
0.01 0.910664 0.984832 0.991453 0.991995 0.99205 0.992056
1 0.910649 0.984816 0.991441 0.992007 0.992062 0.992068
100 0.886249 0.98098 0.990976 0.991798 0.991878 0.991886
10000 0.428365 0.473025 0.491935 0.494859 0.495169 0.495201
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Figure A-47. Plot of Yield of P vs k,/k; for C-C Case 3 for all Da at Da-t*=500

Table A-47. Data for Yield of P vs k,/k; for C-P Case 3 for all Da at Da-t*=500

C-PCase3 Da-t*=500
Yield of P
Da k/k, | 1 0.1 0.01 0.001  0.0001 0.00001
0.01 0.089336 0.363595 0.701398 0.849533 0.872145 0.874518
1 0.089401 0.363809 0.700784 0.849485 0.872021 0.874398
100 0.138806 0.358733 0.697756 0.848401 0.871265 0.873662
10000 0.238611 0.26895 0.35746 0.426885 0.439407 0.440758
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Figure A-48. Plot of Yield of P vs k,/k; for C-C Case 4 for all Da at Da-t*=500

Table A-48. Data for Yield of P vs k,/k; for C-P Case 4 for all Da at Da-t*=500

C-PCase4 Da-t*=500
Yield of P
Da k/k, | 1 0.1 0.01 0.001  0.0001 0.00001
0.01 0.485825 0.781719 0.863384 0.873267 0.874308 0.874412
1 0.485768 0.781886 0.863462 0.87361 0.874651 0.874756
100 0.485627 0.778014 0.862132 0.872557 0.873637 0.873746
10000 0.311142 0.389749 0.431838 0.439871 0.440767 0.440858
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