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Abstract

A novel technique for computing the minimum reflux for multi-component
conventional columns as well as complex configurations has been developed. The
technique is a short cut, geometrical, non-iterative method. It predicts how the
minimum reflux solution and hence the profile orientation is related to the feed-
component distribution for all possible operating conditions and any number of
components. The technique makes use of Column Profile Maps and the
eigenvectors of the Jacobian matrix of the separation vector evaluated at the feed
condition. An integral part of the method is the development of the feasible
regions in composition space that restrict our choice of the product specification.
The Column Profile Map-Eigenvector technique has shown to produce results

exactly equivalent to those as predicted by the Underwood method.

To demonstrate the Column Profile Map-Eigenvector technique to complex
configurations the method is employed in the detailed design of the Petlyuk
Column. Although the overall column minimum reflux calculation is not shown,
the application of the Column Profile Map-Eigenvector technique is utilised to
determine the complete feasible operating region. The feasible column parameter
region derived from the CPM-E technique is shown to encompass five flow
patterns for the Petlyuk column derived from the Column Profile Map techniques.

In order to exhibit the value of the Column Profile Map techniques developed by
Tapp et al. (2004) to higher order systems, the design methods are applied to the
fully thermally coupled Kaibel column under sharp split conditions. From the
results of the topological analysis, it is shown that, for set product specifications,
when dealing with ideal systems (constant relative volatilities), there is only one
set of feasible operating parameters. The line of solutions for feasible profile
intersection is then sectioned and the CPM-E technique is applied to the

quaternary configuration that produces all feasible operating parameters.
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The Column Profile Map technique has also been applied to the design of a
variety of quaternary feeds for sets of columns consisting of a main column with
various combinations of side rectifiers and strippers. The graphical nature of the
technique allows one to easily assess feasible designs for systems with less than
five components, but is shown to algebraically extend to higher order systems.
The minimum vapour requirements of the various coupled side unit systems are

compared using the Column Profile Map-Eigenvector technique.
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Chapter 1: Introduction

1.1 Overall Introduction

Distillation units are responsible for a significant part of the total energy
consumption in the world’s process industry (Halvorsen, 2001). It has been found
that distillation columns may consume up to 40% of the energy (Shinskey, 1977)
in a chemical plant. Consequently distillation has become a crucial area of
concern for reducing energy requirements. With the escalating cost of energy and
more so the stringent laws implemented restricting emissions due to the use of the
energy, has provided a strong incentive for the development of more energy
efficient distillation designs (Linhoff, 1979; Bharwada, 1982; Frey et al., 1984).

Two different classes of distillation sequences have been proposed in literature:
conventional configurations (single feed, two products) and complex
arrangements, more commonly known as thermally coupled configurations. These
configurations include side-rectifiers, side-strippers, dividing wall columns,
Petlyuk columns and Kaibel columns (Cahn et al., 1962; Petlyuk, 1965; Kaibel,
1987). It is well established that the employment of complex column
configurations leads to significant savings of both capital and energy costs
(Barrtfeld and Aguirre, 2003). Although complex configurations present better
advantages, it is interesting to note that conventional distillation columns are more
readily employed (Holland, 2005). The contributing factors regarding the under
employment of the thermally coupled arrangements is, possibly due to a lack of

understanding and knowledge of these columns.

The calculation of minimum reflux for any column is important as an initial step

in the design of distillation columns (Shiras et al., 1950). The computation
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accompanying minimum reflux may entail demanding and laborious calculations.
These calculations may utilise process simulation programs, or alternatively

simplifying assumptions are made (Koehler et al., 1995).

The ideas and methodologies for calculating minimum reflux for conventional
columns can be extended to complex configurations (Carlberg and Westerberg,
1989). Up to now, no simple technique exists to model these complex
configurations. The techniques proposed may have the draw-back that they are
mathematically intensive and in some instances produce graphical representation
of feasible designs that are cumbersome and difficult to understand. Therefore, a
better technique will hence present the opportunity to better describe and
consequently improve the understanding of these columns and envisage an
improved realisation of the dynamics within these columns (Holland et al.,
2004b).

1.2 Aim of thesis

This thesis will illustrate the extended use of Column Profile Maps (CPMs) to
find the minimum reflux solutions for conventional and complex configurations.
We will attempt to improve the understanding of the internal workings, not only
for conventional columns but more importantly of complex integrated distillation
columns. This will diminish some of the uncertainties that have led to

underemployment of these configurations.

The initial phase of the work introduces the Column Profile Map Eigenvector
(CPM-E) technique which produces the non-iterative minimum reflux solutions
and the regions of feasibility limiting the choices of product specifications in a
conventional column. These ideas are then applied to the comprehensive design
and analysis of the Petlyuk column. We will then demonstrate a direct extension

of the Petlyuk column illustrating the potential of the CPM techniques to higher
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order systems by designing and analysing the Kaibel column. The development of
the feasible and optimal operating parameters is then acquired for the Kaibel
Column. Finally, we investigate the value of the CPM-E technique to higher order

systems by designing several thermally coupled multiple side unit configurations.

A summary of each chapter is discussed in the thesis overview below.

1.3 Thesis overview

Since each chapter has either been published or is in the process of being
published, each chapter is prepared as a paper and can be read independently,
hence there is repetition in the introduction to each chapter. This repetition
specifically covers the derivation of the difference point equation as well as the
associated column profile maps. Even though it does seem somewhat tedious, it
does allow the reader a better understanding of the concepts discussed. Each

chapter contains its own introduction and conclusion.

Chapter 2 extends the application of Column Profile Maps to find the minimum
reflux for multi-component systems for simple configurations. The method called
Column Profile Map-Eigenvector (CPM-E) technique which is applicable to any
number of components is applied to ternary and quaternary systems and makes
use of eigenvector theory developed by Holland et al (2004a). This chapter
demonstrates a novel method, in order to determine the minimum energy demand
in any conventional column. However, the concepts of the method can be applied
to almost any complex system such as the Petlyuk and Kaibel column. The CPM-
E technique was originally developed to eliminate onerous and tedious
calculations when finding the minimum energy demand for distillation
configurations. The technique is non iterative and utilises simple mathematics
which makes it an attractive alternative to other current methods. Dr. lvar

Halvorsen, of the Norwegian University of Science and Technology, offered great
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insight and much guidance in this work, for which I am extremely grateful. The
work has been presented at the peer reviewed Distillation and Absorption 2010
conference held in Eindhoven, Netherlands and an extended abstract will appear
in the IChemE Symposium series. The extended abstract can be found in Appendix
l.

Chapter 3 deals with the first application of Column Profile Maps to a finite
reflux complex system and shows the comprehensive design methodology for the
Petlyuk column at sharp-split conditions. The first application of the CPM-E
technique is used in this chapter to find the region of feasibility in the split ratio
space and hence the minimum reflux conditions for the coupled sections of the
Petlyuk column. The CPM as well as the application of the CPM-E technique
methodology for Petlyuk design is very powerful and efficient. The procedure for
generating the feasible/optimality region and minimum reflux allow for the
determination of all feasible solutions and minimum reflux ratio, for all zeotropic
systems. On selecting a reflux ratio and split ratio pair, individual column
solutions can be generated without requiring iteration. The work has been
published in Industrial and Engineering Chemistry Research (see Holland et al,
2010). Although my name appears as the second author on this paper, the work is
largely Dr. Simon Holland’s ideas. This chapter can also be found in Dr.
Holland’s thesis (Holland, 2005).

Chapter 4 is an extension of the Petlyuk column analysis which deals with the
sharp split Kaibel column design. The purpose of the work is to illustrate the
application of the Column Profile Map techniques to higher order systems. The
formulation of the operating line allows for the determination of all feasible
solutions for all zeotropic systems. The methodology proposed allows for
parameters such as feed stage placement, side-draw stage placement, total
required stages, column section stage requirements as well as internal vapour and
liquid ratios are an expected outcome of the CPM technique. Much of the
guidance in this chapter was offered by Dr. Simon Holland, for which I am

extremely thankful. Parts of the concepts of this chapter have been published in
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Computers and Chemical Engineering (See Hildebrandt et al. (2010)) which deals
with the general application of Column Profile Maps to complex distillation
configurations. This publication was originally work presented at the FOCAPD
2009 conference held in Breckenridge, Colorado. As a result of the significant
contribution the work made to knowledge, the concepts from the presentation

were published. The extended abstract can be found in Appendix H.

Chapter 5 is the second part of the Kaibel column solution and follows on
directly from chapter four. This chapter presents the development of the
parameterised region containing all feasible column solutions for a given feed
composition. The solutions and ideas of over-refluxed Kaibel columns are
extended to the minimum reflux solution. This chapter utilises the CPM-E method

for a quaternary system. This chapter is as of yet unpublished.

Chapter 6 explores several options of multi-component thermally coupled
distillation configurations. The investigation utilises the CPM-E techniques
focusing more specifically on a quaternary system and determines whether there
IS a superior structure under certain conditions in terms of energy demand and
efficiency. Determination of a superior structure will allow the designer to negate
irrelevant structures and designs under certain applicable conditions. This work
was done together with Daniel Beneke and equal effort and insight into the paper
was given from both parties. Daniel Beneke’s thesis also contains this chapter and
I am grateful for his insights and hard work in achieving our goal. Aspects of this
chapter have been submitted to the American Institute of Chemical Engineers
Annual Meeting 2011.



Chapter 2: Novel Minimum Reflux
determination using Column Profile

Maps

This work has been prepared in the form of a paper for future publication. Dr.
Ivar Halvorsen, of Norwegian University of Science and Technology, offered
great insight and much guidance in this work, for which I am extremely grateful.
The work has been presented at the peer reviewed Distillation and Absorption

2010 conference held in Eindhoven, Netherlands.

Abstract

Column Profile Map Eigenvectors (CPM-E) technique is introduced to determine
the minimum energy demand for multi-component feed in two-product distillation
processes. The new method makes use of Column Profile Maps and the concept of
"moving triangles™ and develops co-linearity criteria based on the eigenvectors of
the Jacobian of the separation vector evaluated at the feed composition. The
technique is a short cut, geometrical, non-iterative method and can be used to
predict how the minimum reflux solution is related to the feed-component
distribution for all possible operating conditions. The CPM-E technique is a
powerful tool that can be applied to complex column arrangements, such as
Petlyuk or Kaibel Columns. The CPM-E approach is non-exclusive and can
therefore be applied to any type of split, sharp or sloppy split, irrespective of the
number of components. It will be shown that the CPM-E technique can be used to
determine minimum reflux solutions quickly and effectively. From this, it is
shown that three limiting product composition regions under minimum reflux

conditions are present within a ternary system.
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2.1 Introduction

Although distillation is a very energy intensive unit operation, it is the most used
separation technique in the chemical industry. Distillation is employed for about
95% of liquid separations in chemical process industries, and the energy used for
this accounts for an estimated 3% of the world’s energy consumption (Hewitt et
al., 1999; Parkinson., 2009). The use of distillation for separation processes in the
long term is unlikely to change, because alternative unit operations are often

either not technically feasible or commercially competitive (Koehler et al., 1995).

The continuous escalating cost of energy has forced industry to reduce its energy
consumption. In addition to this, the effort to prevent climate change has caused
stringent environmental regulations that have generated the need to adopt new and
efficient unit operations. The energy demand in distillation can be reduced for
instance by the thermal integration of distillation columns and sections within the
distillation configuration, such as hybrid arrangements, as well as apposite
incorporation of distillation systems with the overall process, and heat pumping
techniques (Malinen and Tanskanen, 2009; Knapp and Doherty, 1990). From this,
intensive investigations have been undertaken to develop new and more useful

models to operate the distillation units as optimally as possible.

Work on minimum flows and minimum energy use in distillation is large and
dates back to the 1940s. One of the first published papers for finding minimum
reflux was the work of Brown and Holcomb (1940). The works of Underwood
(1945, 1946a, 1946b, 1948) for the case of constant relative volatilities is of the
earliest work most cited in distillation. It is well known that minimum energy
requirements correspond to minimum reflux and/or boil-up ratios and an infinite
number of equilibrium stages so that the column just performs for the desired
separation. Most methods for determining minimum energy requirements are
based on either methods for directly finding pinch points or rigorous column

simulations.
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Koehler et al. (1995) give a review of methods for determining minimum energy
requirements for conventional columns as well as complex column configurations
up to 1995. They show that many of the minimum energy demand techniques are
related to the methods of Underwood. They also give an example of a minimum
energy column that corresponds to non-pinched profiles. The equations of
Underwood (1945, 1946a, 1946b and 1948) have been applied by many authors
for the analysis of multi-component distillation. These include Shiras et al. (1950),
King (1980), Franklin and Forsyth (1953), and Wachter et al. (1988). Minimum-
energy expressions for Petlyuk type arrangements with three and more
components have been presented by Fidkowski and Krolikowski (1986), Carlberg
and Westerberg (1986a, 1986b), Halvorsen and Skogestad (2003b and 2003c).
Work presented by Halvorsen and Skogestad (2003 a, b, ¢) introducing Vmin
diagrams produce solutions for minimum energy requirements for the general
multi-component case. Although the Underwood methodologies only apply
almost exclusively to ideal systems, work from Vogelpohl (1974) and Hausen

(1952) have applied the Underwood routes to binary azeotropic mixtures.

For non-ideal multi-component mixtures which includes azeotropic systems,
methodologies for finding minimum reflux and boil-up ratios are more
complicated in comparison to ideal systems. A great many works done by
Doherty and co-workers (Levy et al., 1985; Pham et al., 1989; Fidkowski et al.,
1991) who have proposed several techniques that produce rapid accurate
minimum reflux solutions for ideal as well as highly non-ideal azeotropic systems.
These methods suffer the drawback that an initial reboiler duty must be selected.
This indicates that iterative steps must be taken within the method. It also
indicates that some uncertainty arises whether the selected duty will produce a
minimum reflux solution. The approaches adopted by Doherty and co-workers
rely heavily on pinch points. The basic concept relies on the interaction of vectors
between the pinch points of both the rectifying and stripping sections which sets a
foundation for calculating the minimum reflux. For more work based on pinch
points refer to Doherty and Malone (2001), Koehler et al. (1991), Urdaneta et al.
(2004), Lucia et al. (2006) and Lucia et al. (2007).
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The focus of this manuscript is to demonstrate a novel method, called Column
Profile Maps Eigenvector (CPM-E) technique, in order to determine the minimum
energy demand in any conventional column. However, the concepts of the method
can be applied to almost any complex system such as the Petlyuk and Kaibel
column. In addition to this, feasibility regions associated to select eigenvectors
evaluated at the feed composition is demonstrated. The regions are developed
from the profiles that portray linear behaviour through the feed composition,
either entirely on the profiles of the stripping or rectifying section or a tangency
condition on either of the sections. The feasible regions encompass sharp, non
sharp splits and more importantly double feed pinch split.

2.1.1 General Overview of minimum energy demand methodologies

Many of the current techniques discussed have practical limitations to the
application based on the type of split. The localisation of pinch point based
methods entail some amount of prior knowledge on the particular separation
problem. The CPM-E technique presented here will hopefully eliminate these
restrictions. In order to compare the new techniques to previously proposed

methods, a brief overview of these important approaches is given.

2.1.1.1 Boundary Value Method

Levy et al. (1985) introduced the boundary value method (BVM). The BVM, like
so many other methodologies is based on solving a first order differential equation
that is derived under constant molar over flow assumptions. The profiles of both
column sections in a simple column can be determined when the products are
fully specified and an arbitrary reflux or boil-up ratio is chosen. Since the reboiler
duty (reflux ratio) is chosen arbitrarily, the resulting trajectories do not need to
correspond to a feasible separation, as the profiles do not necessarily fulfil the
criterion of intersecting within the Gibbs triangle or more commonly known Mass
Balance triangle. If the profiles intersect, the point of intersection corresponds to

the feed tray. Profiles that intersect and proceed to their respective pinch points
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past the intersection point are regarded as over-refluxed columns i.e. more energy
Is put into the system than is necessary for the specified separation. Therefore, in
order to determine minimum reflux with the BVM means to find the smallest
reflux ratio which makes intersection of both profiles possible and thus allowing
one profile to pinch (terminate) on the other. A feed pinch exists if one profile
pinches on the other which occurs at the minimum reflux. The second type of
pinch, called the saddle pinch exists if a profile has to pass through a saddle type
node. This would mean that it makes ideal profiles linear as product specifications
would have occurred at the boundary of the Gibbs triangle (sharp splits). The
authors of BVM show that a co-linear condition of the pinches has to be satisfied
at systems portraying extreme splits. This means, the reflux ratio that makes the
feed pinch, saddle pinch and feed collinear is the minimum reflux. The co
linearity criterion is exact for ideal systems and is only an approximation for non-
ideal and azeotropic systems as the boundaries of non-ideal and azeotropic
systems are not linear. The BVM is an iterative method, which can be time
consuming if a continuously unsuitable reboiler duty is estimated. A manifold of
profiles can be determined and has to be checked for intersection, when these
components are varied. Due to the graphical nature of the BVM it cannot be
applied to systems with more than four components, since checking whether
profile intersection is present is mandatory. Though, for quaternary systems and

lower order systems the BVM gives precise and accurate results.

2.1.1.2 Zero Volume Criteria

Julka and Doherty (1990) extended the work of BVM developed by Levy et al.
(1985) to the Zero Volume criteria (ZVC). In addition to corresponding profile
pinches of the rectifying section on the stripping section or vice versa and the
collinear criteria described by the BVM, the ZVC uses all the pinches to
completely describe the profiles associated to estimated reboiler duties and
formulates a zero volume criteria of interacting nodes to satisfy minimum energy
demand. For ternary systems, formulations would require certain nodes/pinch
points of both sections to be collinear in order to satisfy minimum reflux as they

do with BVM. For higher order systems, such as quaternary systems the authors
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have shown that C-1 fixed points of the sections are used to construct a set of
vectors. The value of reflux that makes the volume of these vectors zero
corresponds to minimum reflux. This means, the minimum energy demand
corresponds to the vectors from both column sections that have to be coplanar.
The fact that the criterion can be verified from the determinant of the vectors
evaluated at the stationary points that correspond to minimum reflux allows the
ZVC to be applicable to any number of components. However, the criterion is
only applicable if an intimate knowledge of the type of pinch and the location of
the pinch which determines minimum reflux is known. This means that the
method can only be applied to direct and indirect splits. The work of Fidkowski et
al. (1991) closely resembles the BVM (Levy et al., 1985) for ternary and ZVC
(Julka and Doherty, 1990) for quaternary systems. Fidkowski et al. (1991) identify
a major practical limitation that arises on account of the tangent pitch developed
by Levy et al. (1985). They show that this phenomenon is easily understood as a
turning point and that a design method can be developed using an arc length

continuation.

2.1.1.3 Eigenvalue Criterion

Poellmann et al. (1994) proposed a method based on eigenvalue theory that Bausa
et al. (1998) regard as a combination of the BVM and ZVC. The procedure makes
use of plate-to-plate calculation and only the regions close to the pinch points are
considered. As a result of the fact that any nonlinear liquid profile can be
accurately made linear near a pinch point due to the fact that the composition
change from stage to stage near the pinch is very small, in addition to this,
Poellmann et al. (1994) presented an optimization procedure to perform the
assessment for the intersection of profiles, the Eigenvalue criterion is applicable to
any number of components and can handle the most non-ideal systems. However,
the selection of the pinch points actually occurring in the column profile is not a
simple task. Frequently, the active pinches cannot be determined solely from the
product specifications. In this case the column profile, which is not available at
this stage of the procedure, needs to be analyzed in order to determine the loci of

the trajectories and the relevant subset of active pinch points. When more than one
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unstable eigenvector exists in one pinch point, a manifold of profiles can be
calculated. For multi-component mixtures, multidimensional manifolds of column
profiles have to be calculated and checked for intersection. Thus, the

computational effort will increase drastically for higher numbers of components.

2.1.1.4 Rectification Body Method

Bausa et al. (1998) proposed a method called the rectification body method
(RBM) for the determination of minimum energy demands for multi-component
distillation. The RBM has been considered as a generalisation of certain
previously proposed techniques. In the opinion of Lucia et al. (2006) the RBM is
more closely related to a combination of the eigenvalue method by Poellmann et
al. (1994) and the BVM of Doherty and co-workers. Rectification body triangles
are constructed from the pinch points of the rectifying and stripping sections. The
nature of the node needs to be known, as the development of the rectification
body is dependent on the direction of column profile trajectories originating from
the predefined product specification. Minimum energy of the RBM is one where
the triangles of both bodies touch one another. Due to estimated reboiler duties,
the procedure of finding the minimum reflux is very similar to the BVM. This
implies that the procedure is iterative and if a reflux ratio is poorly chosen it may
cause a divergent solution, which forces a new selection of duty and the repeat of
the procedure. Additional to this, the RBM requires feasible product
specifications. Various procedures have been proposed to determine feasible
products (Fidkowski et al., 1993; Poellmann et al., 1996; Safrit and Westerberg,
1997). Another aspect of the RBM that may cause some concern is the
approximation of linear lines between nodes for highly non-ideal systems. Due to
the approximation of the curved concentration profile, a large degree of
inaccuracy may arise. The triangular rectifications bodies have recently been
extended by Urdaneta et al. (2004) who have proposed a solution for minimum

energy requirements for reactive distillation.
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2.1.1.5 Vpin Diagrams

Vmin diagrams introduced by Halvorsen and Skogestad (2003a) is a graphical
representation of the minimum energy consumption and show its relationship with
the feed distribution for all possible operating points in a two-product
conventional distillation column. The Vpi, diagram is at this point a new
application of the Underwood equations and can be visualised for any number of
components (Halvorsen, 2001). The minimum vapour expression is derived for
ideal mixtures under constant molar overflow and constant relative volatility, but
Is applicable to any zeotropic system. According to the authors, the distribution
boundaries in the diagram will not be linear for a non-ideal system but is still
applicable to the technique. This is made possible when the flow rates
immediately above the feed stage are considered. Due to fact that the Underwood
equations are only directly applicable to constant relative volatility systems; it
would involve rigorous simulations to calculate non-ideal systems. The Vpin
diagram methods have successfully been applied to more complex systems, such
as the Petlyuk and Kaibel arrangements for ideal systems (Halvorsen and
Skogestad, 2003b, 2003c).

2.1.1.6 Shortest Stripping Line

The shortest stripping line approach proposed by Lucia et al. (2006) and Lucia et
al. (2008) illustrates that in a simple distillation column, energy efficiency of a
configuration is directly related to length of the stripping line. That is, the authors
begin with the intuitive belief that following the longest residue curve must
somehow be related to the highest energy costs associated with performing a
given separation. Furthermore, if the longest residue curve is the most costly
separation, then the shortest curve should result in the use of the least amount of
energy required for the given separation task. The Shortest Stripping Line
technique makes use of distillation lines, which are equivalent to operating lines
for finite separators under constant molar overflow as the authors noted that they
are only interested in finite stages and finite internal flows of the columns. The
shortest stripping line technique has been successfully applied to a variety of

traditional distillation systems that show evidence of feed, saddle, or tangent
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pinch points defined by Levy et al. (1985) reactive distillation columns, and
columns that have minimum energy requirements that do not occur at a pinch
point. Lucia et al. (2008) have applied the concept of shortest separation lines to
multiunit reaction/separation/recycle (RSR) processes such as the production of
MTBE from isobutene and methanol. In all these instances Lucia et al. (2008)
have illustrated that the minimum energy requirements correspond to the shortest
separation line. Lucia and co-workers have also demonstrated that both McCabe-
Thiele method and the boundary value methods of Doherty and co-workers have
shortest stripping line interpretations when they are used to determine minimum
energy requirements. In more recent work, Lucia and co-workers have shown that
Underwood’s method also have a shortest stripping line interpretation and
represents a global minimum in energy consumption for a specified set of light

and heavy key component recovery fractions.

2.2 Background

2.2.1 Column Profile Maps

A Column Profile Map, introduced by Tapp et al. (2004), is produced from the
Difference Point Equation shown by Equation 2.1. The derivation of the
Difference Point Equation is shown in Appendix F. These Maps are composition
trajectories generated for column sections for a pre-defined difference point (X,)
and reflux ratio (R,). It should be noted that the work presented here has certain
assumptions associated with it that makes the modelling process unambiguous;
the Difference Point Equation is derived under constant molar over flow
assumptions. The feed material is saturated liquid or saturated vapour conditions
and perfect mixing is assumed over all mixing points.

The Difference Point Equation can model any vapour liquid equilibrium cascade
defined within a column section and not only stripping and rectifying sections.

These include absorption and stripping columns.
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From the mathematical definitions given, A is the difference between the vapour
and liquid flows within a column section. It is better described as the net flow of
material and is a pseudo stream flowing up or down in a column section. If the
vapour flow were larger than the liquid flow in a column section, A would be

positive as we know it to be in a rectifying section (RS).

/[\—Q* —

RS

SS

7T S

Figure 2.1: Column section breakdown for the Conventional column.

Conversely, if the vapour flow were smaller than the liquid flow in a column
section, A would be negative as we know it to be in a stripping section (SS). The
difference point (X,) is the pseudo composition vector of the net flow, and is

physically valid anywhere in composition space.
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Mass Balance Triangle
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Transformed Triangle
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Stable Node
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Figure 2.2: Ternary Column Profile Map for X, =[0.45 -0.25] and R, = 6.

Note: x1 — Light Component, x2 — Heavy Component, x3 — Intermediate Component.

The elements of the difference point sum to unity as they do for conventional
compositions. A positive component value is a net flow of up and a negative value
is a net flow of the component down the column section. The reflux ratio is
defined as the ratio of liquid flowing down the column section to the net flow in
the column section. Because of its dependence on A, R, can be either positive or

negative.

To produce a Column Profile Map, the Difference Point Equation is solved at
various initial conditions, throughout the composition space for a specific X, and
Ra (where, n — -0 and n — o). A Column Profile Map for a three component
system is illustrated in Figure 2.2. The resulting column trajectories either tend to
infinity or terminate at a stationary point. For a ternary system, with constant
relative volatility, there are three stationary point solutions present in a Column
Profile Map. These are characterised as stable, unstable and saddle stationary
points or nodes (See Figure 2.2). Unless otherwise stated, for convenience and
simplicity, an ideal model with constant relative volatilities of [4 2 1] is used for
the remainder of this paper.
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2.2.2 A and X, material balance within a conventional column

In the case of conventional columns, i.e. single feed and two products, the
properties of the net flows, difference points and reflux ratios are constrained to
suite and only produce feasible profiles that fall within the Mass Balance Triangle
(MBT). In order to better understand this, we will take a closer look at the

material balance within and around the column.

l Overall Material Balance:

D, Xt
F=D+B (2.2)
RS .
Material Balance around the
Rectifying Section:
Lrs, XRSl T Vas, Y D + Lgs = Vgs

Fa XF—)

Lss, Xss | 1 Vss, Yss

D = ARS (23)

SS Material Balance around the

Stripping Section:

| B, Xg B + Vss = Lgs

B = _ASS (24)

Figure 2.3: Material balance around feed point.

The net flows in conventional distillation columns are restricted to flow up (V>L)
in a RS (Equation 2.3) and flow down (V<L) in a SS (Equation 2.4) (See Figure
2.1). This can be seen by performing a material balance around the column and
around its individual column sections as shown by Figure 2.3 and Equations 2.2 to
2.4. Equation 2.3 indicates that the distillate product flow is equivalent to the
positive net flow in the RS. Similarly, Equation 2.4 shows that the bottoms

product flow is equal to the negative net flow in the stripping section. Both
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equations demonstrate the constraints of the net flow and therefore the reflux ratio
within the respective column sections. Let us now look at the remainder of the
Difference Point Equation variables by performing an overall component material

balance around various parts of the column.

Overall Component Material Balance:
FXp = DXp + BXp (2.5)

Component Material Balance around the Rectifying Section
DXp + LrsXgrs = VrsYrs
DXD = ARSXARS (26)

Component Material Balance around the Stripping Section
BXp + VssYss = LgsXss
BXp = —AssXngs 2.7)

Substituting 2.6 and 2.7 into 2.5 gives

FXp = ApsXags — AssXagg (2.8)

The difference point selection, i.e. distillate composition and bottoms
composition, cannot be selected outside the MBT as compositions selected
outside the MBT cannot be achieved for a conventional column. This can be seen
by performing a component material balance around the column and its individual
column sections as shown by Equations 2.5 to 2.8. Substituting Equations 2.3 and
2.4 into Equations 2.9 and 2.7 respectively, we prove that the difference point of
the rectifying section (X rs) is the top product, Xp, and the difference point for the
stripping section (Xass) is the bottom product composition, Xg. The difference
point selected in Figure 2.2 is not a feasible point for a rectifying or stripping
section. An additional and very important detail we have not yet discussed from
the material balances is the fact that the distillate product (Xars), bottoms product
(Xass) and the feed composition lie on the same straight line (Equation 2.5). Their

positions relative to one another are dependent on the net flow of RS and SS
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governing them. This means mass balances will govern our selection of
component difference point positions in the system. This will be discussed in

greater detail later.

The reflux ratio relationship with net flow shows that in the same way as we are
constrained to flow up in a RS and down in a SS tells us that we can only have
reflux ratios that are positive in the RS and negative in the SS. Any other direction

other than specified would result in an infeasible column profile intersection.

2.2.3 Eigenvector Maps

The use of eigenvalues and eigenvectors has proven to be very useful over the
past decade to better describe and model distillation systems. The eigenvalues
characterize the kind of singularity that can occur at that point in space where the
eigenvalue is evaluated, while the eigenvectors characterize the asymptotic
direction of the trajectories in the neighbourhood of the singularity. Holland et al.
(2004b) introduced Eigenvalue and Eigenvector Maps and illustrated the
usefulness of these maps for manipulating phase diagrams and therefore column
profiles. The maps predict movement of the singularities based on the value of the
design parameters of the difference point selected in the composition space and
the reflux ratio. Eigenvectors shown in the maps are a product of the Jacobian
Matrix of the separation vector evaluated at a singularity point. An eigenvector
map can be obtained by plotting the eigenvectors over a range of x values,
illustrated in Figure 2.4. (Refer to Appendix G for the mathematical background

of eigenvectors)
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Figure 2.4: Eigenvector map for an ideal system. The compositions x; and X, are in the range
Xi=[-0.5, +1.5].

There exists a unique eigenvector map for each system modelled by a particular
set of thermodynamic data because it is only a function of the separation vector
i.e. X-Y*(X) (Refer to Holland et al 2004a). The usefulness of these eigenvectors

will be shown later.

2.3 Conditions for Minimum Reflux and Transformed

Triangles

The design routines and methods followed and developed by many researchers in
the field of separation technology have led to a great many different approaches
for minimum reflux solutions. In this paper, we will make use the Difference
Point Equation and eigenvector maps proposed by Tapp et al. (2004) and Holland
et al. (2004) respectively to derive a generic method for finding minimum reflux

ratios in ideal and zeotropic distillations as well as a simple and effective
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approximation to minimum reflux for non-ideal and azeotropic systems which we

have called Column Profile Map Eigenvector technique (CPM-E).

In order to establish and demonstrate the approach, it would be convenient to give
a definition of minimum reflux conditions that applies to the graphical nature of
the technique. It is well known that a conventional column is regarded as feasible,
if the liquid profiles of the rectifying and stripping section intersect in the real
composition space. Levy et al. (1985) defines the point of minimum reflux for a
conventional distillation column as the condition at which one of the profiles just
ends (pinches) as it reaches the other profile. This criteria and additional rules,
that will be discussed, are pertinent to the CPM-E technique, as the CPM-E
method is analogous to the Boundary Value Method (BVM) suggested by Levy et
al. (1985).

In order to better understand the CPM-E technique it would be convenient to
discuss another method in greater detail that uses ordinary differential equations
and graphical techniques as we do to determine feasible columns and therefore
columns under minimum reflux conditions. As described earlier, the approach
taken by Levy et al. (1985), named, Boundary Value Method, was iterative but
determined the minimum reflux accurately when compared to Underwood’s
methods. The BVM is implemented by identifying co-linearity of the lines drawn
from the saddle node of the rectifying section through the feed (saddle pinch) and
the unstable node through the feed (feed pinch) for direct splits. By plotting the
liquid profiles for each section, showing that one of the profiles ends on the other
and illustrating co-linearity of the feed pinch and saddle pinch lines, minimum
reflux is determined. For indirect splits the saddle pinch and feed pinch are
reversed, thus the rectifying section has a feed pinch and the stripping section has

a saddle pinch.

By tracking the type of node and finding the correct node that satisfies co-linearity

through the feed composition, we can determine the minimum reflux solution for
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sharp splits. As mentioned previously, this process is iterative and requires
rigorous solving routines.

Tapp et al. (2004) showed that the Column Profile Maps at finite reflux are simply
transforms of the residue curve maps. The transform shifts the fixed points of the
system in the space, maintaining (in constant relative volatility systems) the shape
of the boundaries initially defined by the MBT (see Figure 2.2) i.e. the profiles
connecting the fixed points are straight. This has resulted in the phenomenon

being referred to as “Moving Triangles” or “Transformed Triangles” (TTs).

A typical example of a feasible liquid-phase composition profile is shown for a
constant relative volatility system with their associated liquid TTs’s in Figure
2.5a-c. The solid black line is the rectifying profile with its associated liquid TT3
shown as the blue triangle and the distillate composition given as the blue dot.
The dashed black line is the stripping profile with its associated liquid TT3 shown
as the pink triangle and the bottoms composition given as the pink dot. The green
dot is the feed composition. These colours and notations will be adopted for the
rest of this paper unless specified otherwise. Referring to Levy et al. (1985)
description of co-linearity lines (CLL) at minimum reflux conditions, it can be
seen by referring to Figure 2.5 a-c that it would be easier to track these saddle
pinch and feed pinch which supplement co-linearity by using TT3’s of the
rectifying and stripping sections. In other words, there is no need to solve the
differential equations and to plot the individual profiles, but it is more convenient
to solve for the stationary points that define the nodes and rather plot the straight
lines that join these nodes that are defined due to the fact that the TTj3 retains all
the qualitative topological information of the column profile. Solving for the
stationary points is computationally simple and can in fact be done analytically for
three component constant relative volatility systems. The stationary points are
solved by equating the Difference Point Equation to zero and solving for the

liquid compositions.

In Figure 2.5 a-b, the reflux ratio is greater than the minimum; the profiles cross

and continue further on. The sections of the profile past the intersection are
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meaningless, as shown by Lewis and Matheson (1932). The column that Figure
2.5b describes is subject to less energy input for the same product specifications
as it is closer to the minimum reflux condition, since the overlap of the profiles is
not as great as it is in the previous example (Figure 2.5a). Therefore, the desired
structure that represents minimum reflux is shown in Figure 2.5c where the
stripping profile ends or terminates on the rectifying profile. The point on the
rectifying profile and stripping profile where they intersect is the feed stage.

Let us now focus our attention to the associated TTss of Figure 2.5a-c. The TT3s
of the associated profiles in Figure 2.5a overlap considerably. As we move closer
to the minimum reflux condition, the associated TT3 overlap area is smaller (See
Figure 2.5b). When we satisfy the minimum reflux condition as seen in Figure
2.5c¢, the associated TT3s just touch. If a system is under-refluxed the profiles will
not intersect and thus the TT3s will not intersect or overlap at all. From this, the
final criterion for the CPM-E technique is presented; the minimum reflux
condition for any sharp split, direct or indirect, would be established by having the
TT3s of the rectifying and stripping section meet along a boundary. This criterion
automatically satisfies the original definition proposed by Levy et al. (1985)
where either the rectifying or stripping profile pinches on the other. Therefore the
co-linearity criteria for the feed pinch and saddle pinch are also satisfied as we

move to sharp split conditions.

(@) (b) (©)

Figure 2.5: Composition profiles and their associated transformed triangles in descending
order of reflux. (a) Crossing Profiles with corresponding overlapping TTss. (b): Smaller

reflux, but still over refluxed system. (c): System at minimum reflux conditions.
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2.4 Co-linearity Line Rule

In the previous section we dealt with the TTss of the individual sections in the
column and found that, the last intersection of the TTss of the stripping and
rectifying section is regarded as the minimum reflux for a conventional column. A
more descriptive example of a minimum reflux solution can be seen in Figure 2.6.
As the figure suggests, for a set product specification, when the column is over
refluxed, the TTss of the RS and SS overlap. Reducing the reflux ratio moves the
TTss of the individual sections so as to minimize the overlapping area. When
minimum reflux is achieved, the TTss will just meet. The black dotted line
indicates the line on which the TTss touch and is the combination of CLL
discussed that have to pass through the feed composition (green dot Figure 2.6).
The feed it seems is the last possible ‘point” for the TT3s to intersect. Any reflux
selected above the minimum will result in an overlap of TTss and any reflux
selected below the minimum will result in no overlap of the TT3s (See Figure 2.7)
and therefore no feasible intersection of profiles will occur. If we now consider
our observations of the feed being the last ‘point’ for our TTss to intersect, then
we can speculate that the CLL through the feed (dotted line-Figure 2.6 and Figure
2.7) is not a very strong function of the product specification. The feed placement
in this case must be though. This is evident when we select another product
specification with the same equimolar feed composition as we have in Figure 2.6
and Figure 2.7; we achieve the exact same co-linear line (Figure 2.8a and b). With
the information we have discussed, the determination of the CLL will aid in
achieving a minimum reflux solution. At specified feed conditions, distillate and
bottoms compositions, the exact condition for minimum reflux is that the tangent
to the saddle pinch profile at the feed pinch point is a straight line through Xg. In
other words, the rectifying profile in this instance passes through the feed
condition. This is true regardless of whether the mixture is ideal, non-ideal, or
azeotropic. Levy et al (1985) demonstrate this by illustrating a proof that explains
that a linear profile (ideal mixture with high-purity product) must pass through the
feed composition at minimum reflux. Curved profiles (non-ideal and azeotropic

mixtures) will pass close to the feed according to the amount of curvature.
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Figure 2.6: Multiple overlap of TT; with Figure 2.7: Reflux ratio selected below the
minimum for a direct split. Xp=[1 0], Xg= [0
0.486], Xpeeq=[1/3 1/3].

decreasing reflux ratio. Line indicates the
last possible intersection for a direct split.
Xp=[10], Xg=[00.486], Xg=[1/3 1/3].
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Figure 2.8: Different product specifications with the same feed composition produces the
same CLL at minimum reflux (a) a=[4 1 2], Xp=[0.9 0], Xg= [0 0.527], Xg=[1/3 1/3],
Rmin=1.63. (b) a=[4 1 2], Xp=[0.8 0], Xg=[0 0.556], Xg=[1/3 1/3], Rmin=1.04.

Figure 2.8a-b illustrate that the same CLL exists for relatively high light product
recovery to the distillate, but this ‘rule’ does not apply for relatively pure heavy
product recovery to the bottoms. This issue is of immense importance and will be

discussed in great detail later.
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2.5 Degrees of Freedom and Design Variables

The existence of a single CLL for a set feed composition and the relative pure
lights distillate product suggests that a better, simpler and non-iterative solution
for minimum reflux must exist. So far, to determine minimum reflux, we have had

to undergo several important steps.

These steps include:

(1) Selecting product specifications for a given feed.

(2) Determining the minimum reflux by choosing a starting reflux ratio and
reducing or increasing the reflux appropriately and plotting the TT3s for each until
the triangles just touch.

(3) Once a minimum reflux is determined, calculate the reboil ratio based on the

reflux using mass balance.

This methodology has certain degrees of freedom that limit the variables selected
in order to determine the reflux. It is very important that the designer does not
over specify the system as this could lead to multiple or incorrect solutions. With
an appropriate design variable selection, this can be avoided. Let us now take a
look at the degrees of freedom applied to graphical techniques and how it affects

our selection of variables for conventional distillation.

The fact that Column Profile Map techniques and the CPM-E technique that will
be introduced later is analogous to the BVM, allows us to say that the degrees of
freedom for these methodologies are exactly the same. From this it was shown by
Levy et al (1985) that for a given feed flow rate, feed composition ([Xr1 Xr2]) and
pressure, four independent variables may be specified for a ternary system. E.g.
Xp1, Xp2, Xg1 and R, - one of the product composition variables may be specified
(i.e. Xp or Xg), one overall material balance variable may be specified (i.e.
distillate or bottoms rate) and one of the internal material balance variables may

be specified (i.e. reflux ratio or boil-up ratio). In terms of individual product
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component variables (Xp or Xg) this is equivalent to four independent design

parameters.

Under minimum reflux conditions, only three design parameters exist. The
calculation at minimum reflux conditions will eliminate a design variable. In
particular, an internal material balance variable. The CPM-E technique can only
be applied if descriptions of the conditions at both ends of the column are
specified (Levy et al., 1985; Julka and Doherty, 1990). In other words, in order to
determine minimum reflux, we will either completely specify the top product
composition and a product purity/impurity for a single component in the bottoms
or completely specify the bottoms product specifications and a product
purity/impurity for a single component in the distillate. Equation 2.8 and is used
to determine the impurity composition of the fourth composition that does not fall
under the category of degrees of freedom (DOF).

Xp2—Xss2 _ Xp2—XRs;2
Xr1—Xss1  Xr1—XRs1

(2.9)

Equation 2.9 states that the feed, distillate, and bottoms compositions are co-linear

when plotted on a triangular diagram, a fact that will be used repeatedly in this

paper.

From our original definition of reflux as the ratio of liquid in a column section to
the net flow in the column section, it would be more convenient to express the
boil-up ratio as a reflux ratio. This would of course mean that the reflux ratio of
the stripping section is determined from mass balance and is dependent on the
feed phase. If the feed were liquid, the expression for the reflux ratio for the

stripping section would be calculated by:

Lss RRrsD+F
RASS = A_ = ——B (210)
SS
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This would not of course be the same for a vapour feed. The reflux ratio would

then be calculated as:

_ Lss _ RgsD
Rpgs = Ass  -B (2.11)

Equations 2.11 are derived by doing an overall flow material balance around the
stripping section. Once the design variables are specified the distillate flow rate or
bottoms flow rate can be calculated from the overall component material balance.
The design routine needs component compositions; therefore, if we want to
specify a distillate flow, then we can calculate the compositions from the material

balance.

2.6 CPM-E Technique derivation and description

2.6.1 Eigenvector Application

The introduction to Eigenvectors has shown us that we can determine the
direction of the trajectories in the region of a node. This means that, if we select a
singularity point at the origin of the MBT and evaluate the eigenvectors, for a
thermodynamically ideal system, the resulting vectors will point in the direction
of the two remaining nodes (i.e. In this instance they would point at the stable and
unstable nodes of the residue curve map). As mentioned previously, the
eigenvectors for a predefined thermodynamic system is not a function of the
reflux ratio or the difference point, but merely a function of the separation vector.
This is a fascinating and extremely useful result, as we only have to determine the
eigenvector map for a system once off to completely understand the movement of
singularities (Holland et al., 2004). Let us now take a look at how we can use the
idea of the eigenvectors to further our ability to determine minimum reflux

solutions.
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At this point it is quite evident that the CLL will eliminate the iterative steps taken
previously in order to determine the minimum reflux. A pertinent question that
should come to mind is: how can we determine this line without determining the
required reflux first as we have previously. And if we can determine this line, how

can it be used to determine minimum reflux?

Holland et al. (2004) demonstrated that the eigenvectors at the singularities, of
constant-relative-volatility systems, always point along the direction of the TT3
boundaries. Because the boundaries are straight in these systems, the eigenvectors
at each singularity point directly at the other singularities. Any point chosen along
one of these boundaries will have eigenvectors that point directly at the same

singularities, which define it (See Figure 2.9).

This implies that eigenvectors evaluated along the same TT3; boundary will
produce directions co-linear with the TT3 boundary for ideal systems. It is evident
at this point that the eigenvectors evaluated on the minimum reflux TT3 have to be
co-linear with the CLL that we have discussed earlier. This of course solves the
first problem we have encountered; we can now predetermine the CLL where the
minimum reflux TTss touch. We demonstrated earlier how the CLL passes
through the feed composition. Thus, if we evaluate the eigenvector at the feed
composition, we have found all possible CLLs based on a specified feed condition
(See Figure 2.10).

In addition to the eigenvector we have focussed on, there is another eigenvector
with a lager slope that we have not yet considered, but is of immense importance
and will be discussed in great detail. We will name the co-linearity line of smaller
(absolute) gradient; derived from the red eigenvector, Co-Linearity Line 1 (CLL1)
and the line of larger (absolute) gradient; derived from the blue eigenvector, Co-
Linearity Line 2 (CLL2) (Blue) (see Figure 2.10).
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Figure 2.9: A point chosen along one of the Figure 2.10: Eigenvector evaluated at the
eigenvector lines will have eigenvectors that feed composition corresponds to CLL1.
point directly at the same singularities.

2.6.2 CPM-E technique

The CLL determination for a given feed is now possible without knowing the
minimum reflux solution. Even although CLL1 and CLL2 are very interesting
observations at the minimum reflux solution, up to now we have not clarified why
we need to find the CLLs. Finding these lines implies that we are a step closer to
finding the stationary points where the profiles/TTss of the minimum reflux
coincides. Once we find at least one stationary point associated to a profile/TTj3 at
minimum reflux conditions we can look at finding and quantifying the minimum
reflux solution.

Earlier we described the process of determining stationary points. The course of
this procedure involves knowing the difference point as well as the reflux ratio in
order to determine the stationary points associated to the Column Profile Map. To
find the stationary points, non-specific for a thermodynamically ideal ternary
system, would involve solving the right hand side of the Difference Point

Equation (Equation 2.1) for the liquid composition when it is equivalent to zero.
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Taking a closer look at the terms in the Difference Point Equation, we identify
two vectors. The first vector, called the separation vector is the difference between
the liquid composition and the vapour composition in equilibrium with the liquid
composition i.e. §= (X-Y*(X)). The second vector is called the mixing vector and
iIs the difference between the difference point and the liquid composition i.e. m =
(X4-X). In the instance of a stationary point determined by equating the Difference
Point Equation to zero, it is noticed that the separation vector multiplied by the

reflux ratio is equal to the mixing vector:

(Rar + DX = V" (X)) = (Xi — Xaxi) (2.12)

Geometrically this implies that the mixing vector is co-linear with the separation

vector at the stationary point. This is illustrated in Figure 2.11.

Currently we know that we have to solve for the stationary point/s of the TT;
associated to the minimum reflux solution. The CLL is thus determined to aid our
search for the node. Instead of searching the entire space for a solution of possible
stationary points, the CLL narrows down the search to a straight line. We have
found this line by evaluating the eigenvectors at the feed composition from the
definitions of the minimum reflux condition. We also have the difference point
placement, which we have shown is the distillate product composition. These and
mathematical operators are the only tools that we have in order to determine the

minimum reflux solution.

Simple geometry dictates, that, in order to determine a single point in two
dimensions on a straight line, another straight line or curve has to intersect with
this line. Equations of both lines should be known, and they have to be solved
simultaneously for an intersecting point. The main aim is thus, to find a stationary
point along the CLL. This of course means we have found one of these lines
(CLL). The only other line that passes through the liquid stationary point is the
mixing and separation vectors co-linear line discussed above (Equation 2.12)

which is derived from the Difference Point Equation. All we know about this line
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Is that it comprises of three points that are co-linear, where two of them are
unknown. But, one of the unknown points is a function of the other. The known
point we have already discussed, and it is the difference point. The two known
points are the liquid pinch point and the equilibrium vapour pinch point illustrated
in Figure 2.11. Due to the fact that the vapour composition is only a function of
the constant relative volatility and liquid composition, the only unknown is the
liquid composition at the stationary point. In other words, the solution to the pinch
point is found by equating the gradients of the mixing vector and separation
vector, and then solving for the elements of the liquid composition simultaneously
with the straight line equation of the CLL. This composition would be the
stationary point solution on the CLL which is one of the stationary points on the

minimum reflux TTj3 solution (Figure 2.12).

Mixing Vector

XA=XD
Y*(Xs)-Equilibrium  Vapour
Pinch

Xy Separation Vector

Liquid
Pinch

Xz

Figure 2.11: Co-linear points evaluated at a liquid pinch point.

The only unknown remaining is the reflux associated to the minimum reflux
stationary point/s on the CLL. If the transformed triangle can be found
algebraically by simply specifying the R, and X,, then the reverse must also be
true. By knowing the fixed points of a Column Profile Map or its associated TT3
we must be able to determine Ry and X,. There is no need to determine the

difference point as it has already been specified. Therefore the only unknown is
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the reflux ratio. The equation in order to determine the reflux ratio for a known
difference point and a stationary point is the rearranged Difference Point Equation

evaluated at a stationary point given by:

Re = (Xs—Xak)
Ak T (xs-Ys* (Xs))

-1 (2.13)

Where, Xs is the liquid stationary point. This equation is merely a rearrangement
(Equation 2.12) by making the reflux ratio the subject of the formula. This is a
very powerful result as the calculated reflux is the minimum reflux solution for a
given feed. This result was found without iterations or tedious steps and is based
on simple mathematics. We have only discussed the ternary system, but it will be
shown in future publications, how the CPM-E technique can be applied to higher

order systems such as the quaternary systems.

The results of the minimum reflux are illustrated in Figure 2.12. The liquid TT3
(solid blue line) is calculated and plotted using the solver routine described earlier
and is the minimum reflux TTs. The stationary point for the vapour TT; (dashed

blue line) is found from the equilibrium vapour points.

CLL1 is phase dependent. If vapour feed is added to the column, the vapour TTs
stationary points will line up along CLL1. The eigenvector directions in this case
are not the eigenvectors of the standard separation vector as vapour profiles do not
approach their pinch points along these directions. Vapour profiles approach
pinch points along eigenvectors of the differential equations which have
separation vectors expressed in terms of the vapour composition. i.e. (X'(Y) - Y).
The figure illustrates the TT3s of both the liquid and vapour in equilibrium with

the liquid and shows the co-linear mixing vector (71) and separation vector (5).



Chapter 2: Novel Rni, determination using Column Profile Maps 34

S~ Liquid TT
Vapour TT

/ Mass

Balance Line

Eigenvector

Figure 2.12: CLL stationary point with mixing and separation vector passing through the

node of the transformed triangle for the minimum reflux solution.

2.7 Complete CPM-E Solutions

A non-iterative minimum reflux solution for graphical techniques is now possible.
The solutions previously focused on include moderately pure lights recovery to
the distillate product. The examples shown have not allowed for more than 20%
of the intermediate in the top product and the material balance implies that no
pure heavy bottoms product has even been considered. Previously it was
mentioned that additional solutions exist other than the CLL1 that govern
minimum reflux for different purities of either the distillate or bottoms product.

We will now discuss the additional solutions that exist for the CPM-E technique.

The selection of Xp will affect the TT; for each specified minimum reflux but will
not affect the interaction properties of the TT3s under minimum reflux conditions.
Therefore, for each and every product selection, there is a specified TT3 that is
related to a minimum reflux solution because of its association to the specified

difference point placement. If we adopt the initial technique for determining the
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minimum reflux by taking iterative steps after plotting successive TTss, as well as
decrease the distillate composition from pure lights in the distillate to the indirect
split we might be able to estimate the point where CLL1 doesn’t apply anymore
and cannot give a solution for the minimum reflux. This is illustrated in Figure
2.13.

Let us first focus on the top row of Figure 2.13. As the distillate composition is
decreased in terms of lights product reporting to the top or shifted downwards
towards the intermediate component along the light intermediate axis, the TT3s of
associated minimum reflux solution start shifting in such a way as to decrease the
overlap of the RS and SS i.e. the stable node of the RS and unstable node of the
SS move towards the feed composition on CLL1. This continues until the two
nodes coincide and are one on top of the other coinciding with the feed
composition. This point is extremely important and occurs when the profiles of
the RS and SS both terminate on the feed. This point is known as the double feed
pinch (Holland et al., 2009) or for sharp splits, preferred splits (Stichlmair, 1988).

[0.9]

[028] [0.76]
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Figure 2.13: Minimum reflux solution revealing the existence of CLL2 by shifting the

distillate product towards the intermediate along the light intermediate axis for an

equimolar feed.
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This point and others similar to it will be discussed in detail later. If we continue
to shift the distillate composition downwards, we notice something extremely
peculiar. The TTss that still resemble minimum reflux conditions interact and
meet one another on a different line. The new interaction boundaries of the
associated TT3s will change the way the profiles of the respective column sections
interact. This means that the profiles will also switch across to the ‘new’ meeting
line. As we continue decreasing the lights recovery to the distillate product along
the light intermediate axis the CLL remains constant and in its original position
where as the stable node of the RS and unstable node of the SS of their TTss move
further apart along the newly introduced CLL. This is the first application of other
possible minimum reflux solutions developed from the CLL lines which we have
named CLL2. The determination of CLL2 is equivalent to CLL1 i.e. determining
the eigenvectors at the feed composition, but in this case using the eigenvector
with the greater gradient (See Figure 2.14). Previous eigenvector calculations
already suggested that CLL2 exists as the evaluation at the stationary point
produced two eigenvectors (See Figure 2.10). CLL1 and CLL2 (See Figure 2.14)
encompass all the feasible minimum reflux solution for sharp splits, from pure
lightest key in the distillate to pure heaviest key in the bottoms. These are all the
points for the distillate composition from the pure light vertex to the indirect split
and therefore heavy vertex to the direct split for the bottoms product. It is
important to note that we have not yet placed Xp in feasible regions inside the
MBT (non-sharp splits), but thus far only along or as close to the light

intermediate boundary as possible. I.e. direct splits, sharp splits and indirect splits.

CLL1 and CLL2 are distinct solutions, but as we will see later, they can work
together under certain composition selections to produce additional solutions
other than those already discussed. It is important to note that minimum reflux
solutions derived from CLL1 produce TTs3s that interact along CLL1 (See Figure
2.15a). Therefore, minimum reflux solutions derived from CLL2 approach along
CLL2 where the distillate product has lower concentrations of light key
components (See Figure 2.16a). With this said, in order to simplify reference to

minimum energy demand solutions from either CLL’s the solution will refer to a
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‘common CLL’. Thus, minimum reflux solutions from CLL1 based on the smaller
gradient eigenvector will be referred to as common CLL1 solutions and vice versa
for CLL2.

\

Figure 2.14: CLL1 and CLL2 determined from eigenvectors evaluated at the feed

composition.

For an equimolar feed, as shown in Figure 2.15a-c and Figure 2.16a-c, the ‘swap-
over’ from CLL1 to CLL2, along the light intermediate boundary is at Xp = [0.75
0]. The sharp split that coincides with the point is regarded as the preferred split.
It will be shown later how we can determine the preferred split boundary where
the ‘swap-over’ phenomenon occurs for any feed composition and feasible
product selection. The examples shown in Figure 2.15 and Figure 2.16 make use
of common CLL1 and CLL2 respectively to obtain the minimum reflux solutions.
Table 2.1 illustrates the operating parameters of each figure comprising the
configuration. An analysis using Vpmin-diagrams introduced by Halvorsen and
Skogestad (2003a) reveals that the CPM-E technique predicts exactly the same
minimum reflux (See Table 2.1). Thus the CPM-E technique produces results that
are identical to Underwood based procedures. The link between the CPM-E
technique and Vpip-diagrams (Underwood methods) will be explored in later

publications. As illustrated by Figure 2.15b, the associated minimum reflux
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profiles intersect on CLL1, where the SS terminates on the RS. Any profile
beyond the intersecting point (feed stage) is irrelevant and cannot be utilised. The

red lines in Figure 2.15c and Figure 2.16c illustrate this phenomenon.
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Figure 2.15: Minimum reflux solution. (a) Minimum reflux TT; solution along CLL1 (b)

Associated minimum reflux profile termination on CLL1 and RS. (c) Profiles produced

from CLL1 minimum reflux solution
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Table 2.1: Solution values for examples discussed in Figure 2.15 and Figure 2.16.
Figure 2.15: Figure 2.16:
a [421] [421]
Xe [Y/3. /3] [Y/3. /3]
Xo [0.91, 107] [0.6,107]
Xg [0.027, 0.51] [107, 0.758]
D/F 0.65 0.56
B/F 0.35 0.44
CPM-E R, 1.68 0.92
Vmin RA 1.68 0.92
15
1
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Figure 2.16: Minimum reflux solution. (a) Minimum reflux TT; solution along CLL1 (b)
Associated minimum reflux profile termination on CLL1 and RS. (c) Profiles produced from

CLL1 minimum reflux solution

The black profiles in Figure 2.15¢ and Figure 2.16¢ are the composition profiles
that model the composition change in a column operating at minimum reflux
conditions. Figure 2.15 a-c and Figure 2.16 a-c illustrates a unique property of the
profile intersection that allows the user to identify which CLL has been applied.
That is, at minimum energy operation with infinite number of stages, the
composition profile will have certain pinch-zones where there are no changes
from stage to stage. Shiras (1950) denoted these as points of infinitude. If CLL1 is
utilised, the SS terminates on the RS, where the pinch zone will actually appear
from the feed stage and downwards, but we will see an abrupt composition change
in the stages above the feed stage. If CLL2 is employed the roles will be
exchanged. RS terminates on the SS and the pinch zone composition on the
bottom will be invariant, but the pinch zone composition in the top will vary. This
observation is useful as it demonstrates which column section is responsible for
the additional energy that has to be applied to the system in order to achieve the

necessary purity at the lowest possible energy demand.
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2.8 Preferred Splits and Double Feed pinches

The preferred split represents a distinct minimum which illustrates the minimum
energy operating condition for a conventional column. It is the minimum energy
operation when we consider only sharp splits between the most heavy and most
light components, while all the intermediates are distributed to both products. This
means that the feed composition at this special minimum reflux solution has
become a stationary point for both the RS and SS and therefore the preferred split
will exhibit a pinch region on both sides of the feed stage and not individually as

we have previously seen when either CLL1 or CLL2 are common.

The occurrence of the unstable node of the RS coinciding with the stable node of
the SS at the feed composition causes the RS and the SS to terminate on one
another at the feed composition. The profiles and their associated TT3s at the
preferred split are illustrated in Figure 2.17. The figure suggests that in the
preferred split solution both CLLs are common as two boundaries of the
associated TTss from both profiles of the column sections coincide with both
CLL1 and CLL2. The intermediate-heavy boundary of the TT3 for the RS and
light-heavy boundary of the TTj for the SS coincide with CLL1, where as the
light-heavy boundary of the TT; for the RS and light-intermediate boundary of the
TT; for the SS coincide with CLL2.
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Figure 2.17: Preferred Split for conventional column. Xp=[0.75 0], Xg= [0 0.6], Xg=[1/3 1/3],
Riin=0.75.

Finding the preferred split is a simple task. Mentioned previously, the preferred
split is the ‘swap-over’ point from CLL1 to CLL2 or vice versa. This means that if
the minimum reflux at the swap-over point is calculated for either common CLL,
the preferred split will be determined. This of course is only true if the split is

sharp.

Preferred split conditions shows that the stationary point of the RS is the feed
composition. It is evident from Figure 2.17, that the separation vector and mixing
vector are not only collinear with each other at the stationary point feed
composition but has to be collinear with the material balance line defining the
split. Thus, if the feed is assumed to be a saturated liquid, finding the preferred
split is as simple as determining the vapour composition in equilibrium with the
feed composition and then extending a straight line through both points. The
intersection of the line with the light intermediate axis is the preferred split. This
line exhibits interesting results when product compositions are selected along it
and the CPM-E technique is applied to them. Both CLLs remain common and
therefore the feed composition remains a stationary point where the RS’s TT3 and
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SS’s TT3 meet. Holland et al. (2009) have described this phenomenon as “double-
feed-pinches”. We will denote the line where the double feed pinches occur, as the

DFP line. “Double-feed-pinch” minimum reflux solutions are illustrated in Figure
2.18a-h.
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Figure 2.18: Double Feed Pinch Solutions. (a) Double feed pinch solution for low heavy key
impurity in distillate. (b) Double feed pinch solution for high heavy key impurity in
distillate.

A distinctive property that has been discussed and applies to the double-feed-
pinch solutions due to eigenvector determination is the fact that the CLL
boundaries remain fixed and are not a function of the product placement along the
DFP line. Referring back to the previous case where the feed is a saturated liquid,
would mean that the liquid boundaries of the TT3s coincide with the CLLs. Due to
the fact that the liquid TT3 boundaries coinciding with CLL remain fixed on the
CLL indicates that the vapour boundaries at minimum reflux solution, although
not coinciding with the CLLs, remain fixed in position with a change in product
placement as well (See Figure 2.18a-b). With this said, intuitively it is clear that a
limit should arise merely from the fact that the CLLs are constant for any product
placement. If we refer again to Figure 2.18a-b, note that the difference points of

the distillates are selected inside the vapour TT3; (Blue dashed triangle). It is
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important that the reflux in the RS has to be positive (as shown by Equation 2.3)
and the SS reflux must be negative (As shown by Equation 2.4) as material
balance dictates this. Therefore distillate product selection outside of the vapour
TT3 will result in negative reflux ratios within the RS and vice versa for the SS.
The sign of the reflux as a condition for feasibility would be one of the important
criterions to determine which feasible Xp placement would apply to common

CLLs in order to limit our search for the constraint mentioned above.

NOTE: The “double-feed-pinch” point is phase dependent. Vapour feed columns
will exhibit a vapour profile “double-feed-pinch” point - although it should be

noted that both phases in both cases will pinch.

2.9  Minimum Reflux Regions

2.9.1 Complete minimum reflux regions

The minimum reflux solutions demonstrated using the CPM-E technique have all
been based on the definition of the sharp split in either the distillate compositions
or bottoms compositions. The solutions derived are all regarded as the sloppy split
minimum reflux as opposed to approximations thereof, which are analogous to
non sharp splits for the CPM-E technique. Certain limiting criterion constrains
difference point selection within the MBT. We will now discuss all the limiting
difference point choices and develop regions that produce feasible, minimum

refluxes.

An evident set of boundaries that will confine all the possible difference points in
any conventional distillation, minimum or over refluxed, system is the bow-tie
region (Fien and Liu, 1994). The bow tie region is the red shaded region
illustrated in Figure 2.19. Bow-tie regions give the feasible combinations of

distillate and bottoms compositions for a specified feed composition (Van
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Dongen, 1983; Van Dongen and Doherty, 1985). In other words, a bow-tie region
gives the feasible distillation column mass balance lines for a specific feed (Fien
and Liu, 1994).

Previous discussions have shown that the sign of the reflux in each column
section is of great importance and will limit our choices of difference points in the
MBT. Considering that a common CLL for a set of minimum reflux solutions
remain the same, and as a result the contact boundaries of the liquid TT3s and
therefore the vapour TTss of the associated solutions remain the same as well,
selecting difference points outside the vapour TTs3, but within the MBT will result
in oppositely signed refluxes in the column sections. This sets another limit for
each CLL employed. This means that the vapour boundary that is associated with
the coincident CLL is the last lines of possible Xp selection points which we will
call vapour CLLs. This phenomenon is illustrated in Figure 2.20a-c. Figure 2.20a
is the positive reflux region when CLL1 is utilised and Figure 2.20b is the positive
reflux when CLL2 is utilised. If the fact that SSs reflux ratio is negative, the
remaining MBT region not occupied by the positive minimum reflux, is
associated to the SS. The complete vapour CLL is illustrated in Figure 2.20c. Due
to the fact that the preferred split is the point where the minimum reflux ratio
solution swaps over from the CLL to the next unused CLL means that if a limiting
point along the DFP exists for one CLL, intuitively it must occur at the same point
when the other unused CLL is applied. This fact is true and is evident from Figure
2.20c.

Three distinct boundaries, besides the obvious MBT that will limit our search for
feasible minimum reflux solutions have been discussed. They include: the DFP,
the bow-tie region and the vapour CLL depending on which column section is
chosen to analyse. The DFP is significant as it not only separates minimum reflux
solutions of different topology but the line itself is a special minimum reflux
solution that incorporates both CLLs to find a minimum reflux solution. This
means, that if a CLL is chosen to find a reflux solution based on the product

selection i.e. high light key purity in distillate uses CLL1 and high heavy key in
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bottoms uses CLL2, then only the region that applies to the utilised CLL will
produce feasible solutions and any region outside this one will not produce
anything useful. By superimposing the three boundaries (DFP, bow tie region and
vapour CLL), three defining feasible regions arise. The feasible region will
include the DFP line that produces feasible minimum reflux solutions. The
interaction of the CLLs with the feed and each other is a significant aspect for the
number of components. This means that if there were for example four

components, more than three feasible regions would exist.

The combinations of the three defining regions are shown in Figure 2.21a-c. The
red regions indicate infeasible difference point selection under minimum reflux
conditions. The green regions are the feasible regions that are associated to
difference points for the RS that produce feasible minimum reflux solutions. The
blue regions are the feasible regions that are associated to the difference points for
the SS. From a DOF point of view selecting a distillate product point in the green
region implies only an impurity based on the light or heavy component, below the

feed composition can be selected.

The fact that the bow-tie and vapour CLL regions are dependent on the feed
composition and in the case where the phase of the CLL is utilised, the feed
phase, implies that the feasible regions developed for viable minimum reflux
solutions, shown in Figure 2.21a-c, are dependent on the feed conditions. The
regions will stretch and contract depending on the feed point placement in the real

composition space.
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Figure 2.19: Bow-tie region for equimolar feed with associated preferred split.
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Figure 2.20: (a) Rectifying sections positive reflux regions associated to common CLL1. (b)
Rectifying sections positive reflux regions associated to common CLL2. (c) Combined

positive reflux regions.
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Figure 2.21: (a) Feasible and infeasible regions associated to common CLL1. (b) Feasible
and infeasible regions associated to common CLL2. (¢) Combination of CLL1 and CLL2

regions of interest.

2.9.2 Sloppy split minimum reflux regions

It is of great importance to note that the regions in Figure 2.21a-c are based on all
possible minimum reflux solutions which include sloppy split minimum and
approximations of minimum reflux solutions based on the CPM-E technique. The
sloppy split minimum reflux solutions are associated to sharp split separations
either in the distillate product or bottoms product, and depend purely on the CLL
used and thus the region of feasibility used in order to determine the minimum

reflux solution. This means that if for instance CLL1 were to be used, not the
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entire green region characterised in Figure 2.21a produces sloppy split minimum
reflux solutions. Only the sharp split in the distillate composition i.e. light-
intermediate axis that coincides with the feasible region produces accurate
solutions. The bottoms compositions undergo similar behaviour when CLL2 is
utilised. The sharp split i.e. heavy-intermediate axis coinciding with the blue
region in Figure 2.21b represents sloppy split minimum.

Although CLL1 distillate region illustrated in Figure 2.21a is reduced to a line
does not mean that the blue region associated to the bottoms composition when
CLL1 is used is reduced to the sharp split criterion. Due to the fact that the SS
profile terminates on the RS profile or equivalently the TT3 of the SS means that
the impurity is based on any component pertaining to the material balance can be
selected within the feasible region. The opposite argument is true for CLL2s
feasible region. Due to the fact that the RS terminates on the SSs TT3; means any
profile associated to a difference point in the distillate that pertains to the feasible
region is feasible as long as it obeys mass balance and the bottoms profile split is
sharp. In this way we reduce the regions depicted in Figure 2.21a-c to the sloppy

split minimum reflux regions.

The combined sloppy split minimum reflux solution regions are illustrated in
Figure 2.22. In this figure the individual colours correspond to the three different
solutions for the sloppy split minimum. l.e. Blue line for distillate and blue region
for bottoms correspond to CLL1 reflux solutions. The red region is the infeasible
region based on the incorrect sign of the column sections. The black dotted line is
the feasible DFP line and the black dot at the extremities of the DFP line is the
preferred split. Selection of the difference points found in Figure 2.21a-b that are
not shown in Figure 2.22, although not incorrect, will produce non-intersecting
profiles as these profiles do not trace the necessary TTss of the associated column

sections.
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Figure 2.22: Sloppy Split minimum reflux regions.

2.10 Application to higher order systems

The CPM-E method is applicable to higher order systems. The concepts discussed
in Chapters 4 and 5 provide a good illustration of the application of the CPM-E
method to quaternary systems. The extrapolation to sloppy-split, higher order,
ideal systems is fairly straightforward. The main aspect when dealing with higher
order, minimum reflux systems is the interaction of the rectifying and stripping
sections boundaries. It has been illustrated that a ternary systems boundary is a
straight line or a point based on the co-linearity requirement for sloppy splits
minimum reflux solutions. If we now extend this idea to three dimensional space
containing four species that produce tetrahedrons, it is clear that the interaction of
the rectifying and stripping sections is either along a plane, a line or a point. As
with ternary systems, the product specification predefines what interaction the
profiles will have (Refer to section 2.9).

The interactions of the transformed tetrahedrons under minimum reflux conditions

provide a unique, geometric opportunity for evaluating the feasibility of a certain
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column. For the quaternary system, a minimum reflux solution is based on
interactions of the planes of the transformed tetrahedrons. More specifically, the
minimum reflux solution is found when the planes of the rectifying and stripping
sections are co-planar through the feed. Thus, the eigenvectors evaluated at the
feed condition provides the co-planar surface where the transformed tetrahedrons
interact under minimum reflux conditions. If the feed is liquid, the planes of the
liquid transformed tetrahedrons will pass through the feed and naturally vice versa
for a vapour feed. Therefore by evaluating the eigenvectors at the given feed
creates the co-planar surface where the saddle pinch and feed pinch lie on the
plane through the feed. The eigenvector evaluation at the feed composition thus
produces a condition to determine the stationary points along the co-planar
surface and therefore the reflux associated to the minimum transformed

tetrahedrons.

The commonality of the co-planar surface eigenvectors and the co-linear mixing
and separation vectors allows for the determination of the stationary point
associated to the minimum reflux transformed tetrahedrons. This feasibility
criterion using the eigenvectors is depicted in Figure 2.23: A design for an
equimolar quaternary mixture in a simple column for the component AB-CD split.
At minimum reflux the planes of the transformed tetrahedrons intersect, created

from the eigenvectors evaluated at the feed condition..

The extension to the equivalent higher order systems minimum reflux solution is
based on the same principles as the ternary and quaternary systems. As mentioned
previously the minimum reflux solution for the ternary system is based on the
linear interactions of the eigenvectors, mixing vectors and separation vectors. The
quaternary solution is based on the planar interactions of the transformed
tetrahedrons for the rectifying and stripping sections and the evaluated
eigenvectors at the feed. In the same way as we evaluated the eigenvectors at the
feed composition and produced the co-linear and co-planar where the transformed
triangles/tetranedrons met, the eigenvector evaluation at the feed composition for

higher order systems produces the co-hyper-planar boundaries where the



Chapter 2: Novel Rni, determination using Column Profile Maps 52

transformed hyper planes touch. In order to determine higher order system
minimum reflux solutions the stationary points must therefore interact on hyper
planes of the desired number of components as required. In order to determine
the pinch point of the transformed hyper planes (profile termination point), the
point where the co-linear mixing and separation vector intersects with the co-
hyper-planar boundary is one of the minimum reflux stationary points. The exact
same solution as mentioned above for different quality of feeds is applicable to
any higher order system, but cannot be graphically visualised. Importantly, the
solutions obtained using the CPM-E techniques described above for finding
minimum reflux is exactly equivalent to the minimum reflux solutions predicted

by the Underwood method.
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Figure 2.23: A design for an equimolar quaternary mixture in a simple column for the
component AB-CD split. At minimum reflux the planes of the transformed tetrahedrons

intersect, created from the eigenvectors evaluated at the feed condition.

It has been shown that an ideal ternary system has two different classes of
minimum reflux solutions. As the evaluation of the eigenvectors at the feed
composition produces two eigenvectors, a solution on each eigenvector as well as
a solution utilising both eigenvectors simultaneously (double feed pinch and

preferable slit) is present. For a quaternary system, evaluation of eigenvectors at
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the feed composition produces three independent eigenvectors. Thus, the
tetrahedrons interact not only on the edges, but also along the planes of the
tetrahedrons. Intuitively three classes of solutions are present which are defined
by the selection of the product specifications for a quaternary system. Since three
eigenvectors exist, six different solutions exist. A solution where the rectifying
and stripping section tetrahedrons interact on two different planes, three different
edges and a single point at the feed composition (Double feed pinch and preferred
split). The three classes of solutions for a quaternary system at minimum reflux is

illustrated in below.

(@)
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Figure 2.24: Three classes of a quaternary systems minimum reflux solutions. (a) Plane
interaction. (@ =[6 4 2 1], Xg = [¥4 ¥4 ¥ %], X7 = [0.5 0.5 0 0], Xg = [0 0 0.5 0.5], Ruin = 1.21).
(b) Edge interaction (e = [6 4 2 1], X¢ = [¥ ¥ Y2 Y4], X1 = [0.439 0.436 0.125 0], Xg = [0 0.004
0.416 0.58], Ryin = 0.47). (c) Point interaction depicting a double feed pinch solution (a = [6 4
2 1], Xg= [Va YaYa¥a], X7 = [0.55 0.33 0.12 0], Xg = [0 0.18 0.36 0.46]. Ryin = 0.44).
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2.11 Simulation and Methodology Comparison

Simulation programs often aid in providing a definitive answer regarding the
accuracy as well as the short comings of a methodology, as most of these
simulation programs such as ASPEN Plus utilise direct iterations. The ASPEN
Plus simulations were initialised using the results of the CPM-E techniques and

are illustrated in Figure 2.25.
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Figure 2.25: Comparison of the CPM-E technique to an ASPEN Plus simulation using a

Dodecane, Tridecane and Tetradecane system. Equimolar feed, dequivaien: = [2.41 1 1.55] and
X1 =0.850], Xg = [0.10.48] Reflux = 2.72.
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As a real system is required to simulate a comparison, the Dodecane-Tridecane-
Tetradecane (CioHze, CizHog and CigHso) ternary system was selected. These
species are all present in Fischer Tropsch Synthesis and define a consecutive
series of hydrocarbons that fall on the cusp of two main products (Diesel and
Heavy Naphtha) in an intermediate product recover sequence. As the interaction
of an Alkanes mixture portrays ideal behaviour, the selection of these species is
suitable for our requirements.

The solid black line and dotted line in Figure 2.25 are the rectifying and stripping
section Rpmin profiles determined from the CPM-E technique. The continuous
orange diamond shaped profile is the ASPEN Plus simulation initialised from the
results of the CPM-E technique. These profiles are almost identical and show that
the CPM-E technique has immense merit and can be utilised to determine Rmin

accurately without tedious and onerous calculations.

The comparison to current methodologies to calculate minimum reflux is useful as
these comparisons show how well the method under observation portrays
opportunities for close collaboration to a method as well as the accuracy of the
method. The comparison of the Rmin calculated by utilising the CPM-E
technique produces exactly the same results as compared to the result of the
Underwood equations (See Table 2.2). Table 2.2 shows the comparison between
the Underwood method, the boundary value method (BVM) introduced by Levy
et al. (1985) and the CPM-E technique. The results of the BVM are in strong
agreement with Underwood’s method and therefore the CPM-E method.

Table 2.2: Comparison of the CPM-E techniques to valued methods.

Relative Feed Product )
o o o Reflux ratio
volatilities composition compositions
(031 o3 X|:1 X|:2 XD]_ XBl UnderWOOd BVM CPM'E
1.25 15 0.3 0.3 0.95 0.01 9.08 9.1 9.08
2.37 12.67 0.3 0.3 0.999 0.001 1.52 1.54 1.52
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2.12 Rin for Non-Sharp Split, Non-ldeal and Azeotropic

Systems

2.12.1 Non-Sharp Solutions

Regions of feasibility have shown that non sharp solutions are merely an
approximation of the real minimum reflux when the CPM-E technique is
implemented. The untracked TTss of the most important profiles that are
associated to a category of solutions based on the CLLs chosen, is the motivation
that only parts of the feasible region is an estimation of the real minimum reflux.
Even although the solutions based on the CPM-E technique for non-sharp
solutions is not the quantitative reflux value, the solutions established on the
technique are very close to the actual value. The methods adopted by Levy et al.
(1985) and Julka and Doherty (1990) have shown that the refluxes calculated for
non sharp solutions can be approximated by having reflux multipliers that give
closer values to the real solution. The graphical nature of the CPM-E technique
and BVM allows for the reproducibility of this method. Although this isn’t a
unique science, the applicability of the CPM-E technique allows for more rapid
solutions without the need of iterative steps. Intuitively we would expect that the
solutions based on the CPM-E technique for non-sharp solutions wouldn’t satisfy
profile intersection criterion as the methodology is based on a specific phase of
TTss intersecting one another. This means that although the respective TT3s
intersect, the profiles will not, unless the TT3s of these column sections overlap
instead of touch along a CLL. The degree at which the TT3s have to overlap to
ensure that the profiles intersect is dependent on the sharpness of the split. If a
relatively large amount of heavy impurity were found in the distillate, the overlap

would be quite extensive.

Although it is not our intention in this paper to completely solve and find a direct
solution for all non-sharp minimum reflux solutions as we have for the sharp split

case, the CPM-E methodology can be used in conjunction with pinch point loci to
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solve for them. Any minimum reflux solution is based on the termination of either
profile on the other. This means that if we select distillate compositions in CLL1
region (See Figure 2.21a), the unstable node of the SSs TT3 has to coincide with
the RS profile and vice versa when CLL2 is utilised. Figure 2.26a-b illustrates a
non-sharp minimum reflux solution. Once again, from the form of the intersection
it is quite easy to recognise which CLL is employed for the minimum reflux

solution based on the order of intersection of the profiles.

The minimum reflux solution of Figure 2.26a-b is based on a distillate
composition consisting of 90% lights component, and 2% heavies and 10% lights
impurity in the bottoms for an equimolar feed. The non-sharp solution clearly
indicates an overlap of TTss other than the TTss touching. Using the CPM-E
technique produces a calculated Rpyin-caic OF 2.2. The actual Rpyin-acwwar 1S 3.01 and
this suggests that the multiplier is approximately 1.37. The low value of the
multiplier indicates that the CPM-E technique produces a close approximation to
the actual reflux. As with the sharp split solution, the non sharp solution is based
on calculating the linear dependency on the system and evaluating the appropriate
nodes that coincide with the straight line.

2.12.2 Non-ldeal and Azeotropic Solutions

The methods and rules discussed can therefore be extended to more complex
systems. These include non sharp minimum reflux calculations which we have
already discussed. Along with these systems, the use of the CPM-E technique can
be applied to non-ideal and azeotropic systems. Holland et al. (2004) have shown
as a result of the thermodynamics, there is a great change in direction of the
eigenvectors in some areas along the light intermediate axis. Hence changing the
position of the nodes by transforming the space will result in a great variety of
phase diagrams. This as a result makes the azeotropic systems difficult to analyse
under any finite reflux conditions. If we simplify the systems by looking at
regions defined within the residue curve map (infinite reflux) of the system, it is

possible to apply the CPM-E to each region depending on what purity the
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designer specifies. This means an azeotropic system can have a feasible/infeasible
region as we have shown for ideal and zeotropic systems for predefined feed
conditions. Again this region is found by finding limiting conditions within each

region of the system.

As for the ideal systems, these limiting boundaries consist of the DFP line, bow-
tie region and CLL lines which are based on the sign of the reflux. By evaluation
of the eigenvectors at the feed condition, we can find the CLL based on the
distillate and bottoms composition selection, which will be utilised to find Rpn. It
is important to note that for ideal systems any point chosen along the eigenvector
boundaries will have eigenvectors that point directly at the same singularities,
which define it. This is not true for non-ideal systems, as the boundaries between
nodes are not straight other than at infinite reflux. Although the eigenvectors do
not point in the exact same direction, they are very similar even for systems that
portray regions of great curvature such as the acetone-benzene-chloroform (ABC)

system.

(@) (b)
Figure 2.26: (a) TT3 overlap for feasible non sharp minimum reflux. (b) Non sharp solution

with SS profile termination on RS profile.
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The ABC system has a distillation boundary due to the existence of a binary low
boiling azeotrope between chloroform and acetone. It has been shown (Levy et al.,
1985; Doherty and Perkins, 1977, 1978a, b, 1979a, b; Van Dongen and Doherty,
1984; Van Dongen and Doherty, 1985; Furter et al., 1972) that the curvature of
the distillation boundary in the ABC system is of the worst case ever encountered.
In general, distillation boundaries are much less curved than the one presented in
the ABC system, and consequently the profiles are more linear. An important
aspect when using the CPM-E technique is of course that the straight line that
passes through the saddle node of a profile and the feed composition (CLL) is
used to determine the minimum reflux. This application suggests that the linear
combination should exist, and if it does not, it will only be an approximation to
the actual reflux. The extent of accurate approximations at this point is solely
dependent on the degree of error to which the curves can be estimated to be
straight lines. Thus, when the CPM-E technique is applied to a system such as the
ABC system a degree of inaccuracy will exist. As the profiles become more

linear, the approximation of the CPM-E technique improves dramatically.

2.13 Discussion and Conclusion

In this work we have illustrated a general method for calculating minimum reflux
ratios through the use of Column Profile Maps named CPM-E technique. The
techniques and methods we have developed are extremely powerful and versatile
tools that do not suffer some of the fundamental shortcomings of currently
employed short-cut techniques. The method applies to ideal, non-ideal, and
azeotropic distillations, becoming identical with Underwood's method for ideal

mixtures.

The technique makes use of eigenvectors evaluated at the feed composition in
order to find a linear relationship between the saddle node and feed conditions.

This line, called the co-linearity line (CLL) is the line where two sets of nodes
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from each column section intersect when minimum reflux conditions are present.
The evaluation of the eigenvector at a stationary point produces two vectors that
point in the direction of other nodes in the vicinity of the stationary point. Thus

two CLLs exist, one for each eigenvector.

Three distinct solutions exist for the CPM-E technique. A solution that arises
when each of the individual CLLs are common and a special solution when both
CLLs are common. The solution based on both CLLs being common produces a
line of solutions called the double feed pinch line that passes through the preferred
split. The three solutions are associated to feasible regions within the mass
balance triangle. These regions are areas that are associated to either CLL utilised
and is solely dependent on the purity of the products selected. As a result, the
regions produced from each solution allow the user the freedom to select non-
sharp products as these solutions are based on the original eigenvector boundary

selected.

The paper focuses on ideal ternary systems, but due to the nature of the non-
iterative CPM-E solution that arises from the eigenvector boundaries, the CPM-E
technique can be applied to higher order systems such as quaternary and even

penternary system. These will be illustrated in publications in the future.

In non-ideal and azeotropic mixtures, the saddle pinch profile will not be linear,
but the nonlinearity in the profile is typically weak. Therefore, a proficient
approximation to the exact condition for finding the minimum reflux in these
mixtures is through the CPM-E technique which makes the stable/unstable
stationary point, the saddle pinch point, and the feed composition collinear. In this
way, a single, general purpose method provides a minimum reflux solution

regardless of the ideal or non-ideal thermodynamic nature of the mixture.

Holland (2006) has shown that infeasible sharp split separations can never be
made feasible without increasing the reflux ratio. As a result distributed feeds can

only be applied to non-sharp splits. As the CPM-E method is only applicable to
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sharp and sloppy splits, application of the CPM-E method to a distributed feed
system is not applicable and no additional insight into a distributed feed column
can be found. This is not only a limitation to the CPM-E technique but to all

minimum reflux methods.

The CPM-E technique can be applied to higher order systems. The simplicity
originates from uncomplicated mathematics combined with graphical
interpretation. Every column can be broken down into column sections and
modelled according to Column Profile Maps, which makes the CPM-E technique
a versatile tool for solving minimum energy requirements. This is not only true for
conventional columns, but for any thermally-coupled systems. This means that the
concepts of the CPM-E techniques can without a doubt be applied to more

complex systems such as the Petlyuk and Kaibel columns.
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Chapter 3: Complex Column Design - Sharp
Split Petlyuk Column

The first application of the CPM-E technique is applied in this chapter in order to
determine the region of feasibility in the split ratio space and hence the minimum
reflux conditions for the coupled sections of the Petlyuk column. The work has
been published in Industrial and Engineering Chemistry Research (see Holland et
al., 2010). Although my name appears as the second author on this paper, the
work is almost exclusively Dr. Simon Holland’s and can also be found in his
thesis (Holland, 2005).

Abstract

Currently employed short-cut design techniques tend to be configuration specific.
Few can be employed on complex distillation configurations. In this work we will
demonstrate, in detail, the use of column profile maps (CPMs) for the
comprehensive analysis and design of complex distillation systems by applying
the CPM technique to the design of the fully thermally coupled (Petlyuk)
distillation column at sharp-split conditions. It is shown that for set product
composition specifications and set reflux ratio, only a small region of key
parameters (vapour and liquid split ratios) result in feasible separations. These
results and hence the CPM design procedure are validated by the work of
Halvorsen and Skogestad (2001). It is also shown that the minimum reflux
solution can be found using the methodology. The results are valid for all

zeotropic separation synthesis
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3.1 Introduction

Distillation is one of the most utilised large scale industrial methods of mixture
separation. It is a very energy intensive process and accounts for a significant
percentage of plant utility costs. A survey (Ognisty, 1995) conducted in the mid
1990’s estimates that energy inputs to distillation columns in the United States
accounts for approximately 3% of the countries entire energy consumption. It is
clear that the efficiency of the separation can have a substantial influence on the
profitability of a process and methods of improving the energy efficiency of

distillation systems are, therefore, constantly sought.

One alternative, to the energy intensive, traditional distillation configurations,
which has offered promise, are the thermally coupled distillation columns. These
include side-strippers, side-rectifiers and fully thermally coupled configurations
also known as Petlyuk columns. The energy demand of these and traditional
columns has been well studied over the years: Petlyuk et al (1965); Stupin and
Lockhart (1972); Hendry et al (1973); Doukas and Luyben (1978); Tedder and
Rudd (1978); Westerberg (1985); Fidkowski and Krolikowski (1987); Glinos and
Malone (1988); Carlberg and Westerberg (1989); Rudd (1992); Triantafyllou and
Smith (1992); Wolff and Skogestad (1995); Westerberg and Wahnschafft (1996);
Finn (1996). It has been shown analytically (Fidkowski and Krolikowski, 1987)
that for three component zeotropic separations, the Petlyuk column has the lowest
overall energy demand. The other thermally coupled configurations also require
less energy than the traditional direct and indirect splits.

Thermally coupled configurations offer, not only, the potential for utility savings
but for capital savings as well. Traditional direct and indirect configurations
require two shells, two condensers and two reboilers for three component
zeotropic separations. Side-rectifiers and side-strippers eliminate the requirement
of one reboiler and one condenser respectively, while the Petlyuk column
eliminates the requirement of one of each. Furthermore the two shell Petlyuk

arrangement can be replaced with a single shell containing an internal divider or
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wall. This is known as the dividing wall (Wright, 1949) or partitioned column and
is thermodynamically equivalent to the Petlyuk column if there is no heat transfer

through the dividing wall.

Clearly the Petlyuk column has many qualities which make it an attractive
alternative to traditional configurations and yet relatively few have actually been
employed industrially. Until fairly recently BASF was the sole industrial
proponent of the dividing wall column (Kaibel, 1988, 1995). In the last few years,
Sumito Heavy Industries Co. together with Kyowa Yuka (Parkinson, 1998) and
MW Kellogg Limited together with BP Amoco (Lestak et al., 1999) have
employed dividing wall columns. Other recent examples include German (Kolbe
and Wenzel, 2002), American (Schultz, 2002) and South African companies. The
major concern over the use of Petlyuk or dividing wall columns appears to be
related to the efficient design and control of these arrangements.

The standard Petlyuk arrangement, of pre-fractionator and main column, suffers
from the drawback that the pressure in the pre-fractionator is neither uniformly
higher nor uniformly lower than the pressure in the main column. The vapour
draw in the main column is required to be at a higher pressure than that at the
bottom of the pre-fractionator while the vapour feed from the top of the pre-
fractionator is required to be at a higher pressure than at the corresponding feed
point in the main column (see Figure 3.4). New arrangements have been
suggested (Agrawal and Fidkowski, 1998) that remove this issue by having
unidirectional vapour flow either from the first to the second shell or vice versa. In
these arrangements either the bottoms or the distillate is taken from the feed
column. The dividing wall column can also suffer controllability problems due to
the pressure differential across the dividing wall. This issue can be resolved by
simply making use of equal stages on either side of the partition and hence
enforcing an equal pressure drop on either side of the divide. A number of studies
(Wolff and Skogestad 1995; Halvorsen and Skogestad, 1997, 1999; Abdul
Mutalib and Smith, 1998a, 1998b) have been performed on the control and

operation of the dividing wall column. Theoretical studies (Halvorsen and
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Skogestad, 1997, 1999) suggest that maintaining column product specifications
while operating close to the minimum column energy requirement is difficult
without good control strategies. A pilot plant study (Abdul Mutalib and Smith,
1998b) of the control issue reported stable column responses, to feed disturbances,

using temperature control. A product purity offset was reported, however.

The industrial reservations regarding the efficient design of the Petlyuk and
dividing wall columns are likely related to the difficulty involved in rigorous
simulation. Due to the thermal coupling of the pre-fractionator and main column a
number of internal variables such as flows and compositions are required to be
estimated when using iterative simulation packages. This requires advance
knowledge of the solution output in order to achieve the solution. The less
accurate the estimate of the unknown parameters, the less likely the iterative
routine will converge to a solution. This issue, as well as general design issues,
have been addressed in literature (Fonyo et al, 1974; Tedder and Rudd, 1978;
Spadoni and Stramigioli, 1983; Triantafyllou and Smith, 1992; Amminudin et al,
2001), with varying success, but without a comprehensive understanding of the
form of the Petlyuk solution and operating parameters.

One of the fundamental breakthroughs regarding the understanding of the
dynamics and steady state operation of the Petlyuk column was the development
of the analytical solution for minimum vapour requirement for sharp-splits
(Fidkowski and Krolikowski, 1987). The solution makes use of the Underwood
equations (Underwood, 1948) and the “carry-over” of the Underwood roots from
one column section to another. This methodology, used to derive the minimum
vapour flow equations, was then used to derive the Petlyuk “optimality region”
for infinite stages and sharp splits (Halvorsen and Skogestad, 1997). The
“optimality region” is a section of parameter space defined by the Petlyuk’s
vapour and liquid split ratios containing all feasible split ratios for set sharp/pure
product specifications and set reflux ratio. The form of the “optimality region”
was studied at various reflux ratios, feed compositions, feed qualities and relative

volatilities. In terms of a general understanding of the column dynamics and
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steady state, the study of the “optimality region” has been very successful. In
terms of its use for design purposes, however, the methodology does suffer a
number of drawbacks when put to practical use. It is only directly applicable to
constant relative volatility systems as the Underwood equations are only valid for
this set of thermodynamics. The generation of individual Petlyuk solutions from
values within the “optimality region” still requires iterative solving methods. The
non-sharp “optimality region” cannot be generated without extensive direct

simulation.

It is our intention in this work to detail the use of Column Profile Maps (CPMs)
(Tapp et al, 2004) as a design and optimisation tool for the Petlyuk column and to
generate the “optimality region” for all zeotropic thermodynamics and product
specifications. We will, however, refer to the “optimality region” as the “feasible
region” as it is the set of split ratios resulting in feasible Petlyuk separations. The
generation of the feasible region will be performed from a topological perspective
and the net flow of components within the Petlyuk column will be analysed in
detail. Although we will also make use of constant relative volatility assumptions,
the graphical nature of the procedure will allow for the methodology’s
applicability to all zeotropic thermodynamics. The sharp-split solution and
topological phenomena will be used to generate non-sharp split solutions where
infinite stages are not necessarily required. The non-sharp minimum reflux
solution will be detailed with reference to the sharp-split minimum reflux
solution. This chapter will deal, solely, with the sharp-split solution and will lay
down fundamental concepts and definitions which will be employed in the
following chapter which addresses the non-sharp Petlyuk problem. By employing
the CPM technique it will be shown that all required design parameters, even total
required stages, feed stage and side-draw stage come “naturally” from the

solution.

Assumptions:
e We will address the three component problem in this work.

e Constant molar overflow is assumed for all distillation modelling.
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e An assumption of constant relative volatility is also made although the results
are applicable to all three component zeotropic thermodynamics.

e Feed material is assumed to be at saturated liquid or saturated vapour
conditions.

e Perfect mixing is assumed over all mixing points.

3.2 Column Profile Maps

CPMs, which were introduced by Tapp et al (2004), are maps of composition
trajectories generated for a column section with constant net-molar-flow using the
difference point equation (see Equation 6.1 below). The difference point equation

(DPE) for column section (CS) k is defined as follows:

dXx 1 . 1
=] 1| X =YT(X) =X, — X 3.1
dn [RAk_'_J[ ( ):|+RAk[ . ] ey
T _ T
Where: XAK:M and RAK:i
k Ak

Xis a liquid phase composition vector

Y*(X) is the equilibrium vapour composition vector

Rax is the reflux ratio of CS k

Vi is the vapour flow rate of CS k

L is the liquid flow rate of CS k

Ay is the net flow of CS k defined as Ay=Vi-Lk

n is a stage number equivalent

X" is the liquid composition vector at the top of the CS
YT is the vapour composition vector at the top of the CS

Xax is the difference point of CS k

The derivation of the Difference Point Equation is shown in Appendix F. To
produce a CPM, the DPE is solved at various initial conditions, throughout
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composition space (for n— oo and n—-), after the selection of constants X,; and
Rar. A CPM can be seen in Figure 3.1 below. The solutions or composition
profiles/trajectories tend to infinity or terminate at stationary points. For three-
component, constant relative volatility, systems there are three stationary point
solutions present in a CPM. These are characterised as unstable, saddle point or
stable nodes (see Figure 3.1). The stationary points of a system are equivalent to
pinch point compositions in a CS. We can draw straight lines through the
stationary points of the system. The boundaries thus formed separate regions of

qualitatively different topology.

The position of these stationary points (and boundaries) and subsequently the
qualitative form of the CPM, for a particular system, is dependent on X, and Ray.
For a set reflux ratio (Rax), the stationary points can be “shifted” around
composition space by varying X, Similarly, for a constant X,; value the
stationary points can be “shifted” around composition space (along pinch point
curves) by varying Rai. As Rpyr—oo, the stationary points tend to the pure
component values of the mass balance triangle (‘"MBT) and the DPE collapses to
the residue curve equation (see Equation 3.2). At these conditions, the boundaries
of the CPM lie on the axes and the CPM becomes topologically equivalent to the

residue curve map (RCM).
dXx .
E=[X—Y (X)] (3.2)

The CPM is in fact a simple transform of the RCM. The topology present in each
region of the RCM (defined between the axes) is “transformed” at finite reflux

and shifted around composition space (see Figure 3.2 and Figure 3.3).

* The MBT isdefined by: 0 <x;<1;0<x,<1;0<x3<1



Chapter 3: Complex Column Design - Sharp Split Petlyuk Column 70

By analysing the position of the stationary points, Tapp et al (2004) identified
seven regions of Xax placement that resulted in qualitatively different CPMs.
These seven regions correspond to regions of the RCM with differing topology
(seen Figure 3.2). Because the different topology of the residue curve map
corresponds to the regions of X, placement and the form of this topology is
retained in the CPM, we can identify the shifted topology by referring to
“transformed regions”. A transformed region simply represents topology that is
qualitatively similar to topology present in the residue curve map within a
particular difference point region. Figure 3.3 shows the seven transformed regions
of a CPM.

The fact that the form of the RCM topology is retained at finite reflux implies that
we do not need to solve the DPE to determine the qualitative form of the CPM.
We need only solve for the stationary points. This is computationally simple and
can in fact be done analytically for three component constant relative volatility
systems. By extending straight lines between the points we can produce a
“transformed triangle” (TTs). The TT; retains all the qualitative topological

information of the CPM (see Figure 3.3).

Figure 3.1: Column Profile Map for X, =[0.3,-0.2] and R, = 9.

Note: x; — Light Component, x, — Heavy Component, X3 — Intermediate

Component
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Figure 3.2: Difference point regions of Figure 3.3: Transformed regions of Column
Residue Curve Map Profile Map

3.3 Properties of Ay, Xax and Rxg

Ax Which is defined as the difference between the vapour and liquid flows in CS k
is a net flow of material within the column section. This net flow can be thought
of as a pseudo stream flowing up or down the CS. If Vi > Ly, then Ax> 0 which
means we have a net flow or pseudo stream flowing up the CS. But if Vi <Ly, then
Ax < 0 and we have a net flow or pseudo stream flowing down the CS. The value

of A is the same at any point along the length of the CS.

The difference point (Xax) can be thought of as the pseudo composition vector of
Ak, and is physically valid anywhere in composition space — both inside and

outside the MBT. Because X, is a pseudo composition, the elements sumto 1 i.e.

3

ZX aci =1, Xawi, is the composition of element i in the pseudo stream Ay and
i=1

AXak-i 1S the net flow of component i within CS k. A positive value is a net flow
of component i up and a negative value is a net flow of component i down the
column section. If X,.i is negative, the direction of the net flow of component i is
opposite to that of the Ay and the sum of the remaining components is greater than
1.
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The reflux ratio is defined as the ratio of liquid flowing down the CS to the net
flow in the CS. Because of its dependence on Ay, Rax can be either positive (when
A>0) or negative (when A¢<0). CPMs generated for a fixed difference point and
positive reflux ratios are qualitatively different from those generated with the
same difference point and negative reflux ratio.

3.4 CPM Design Methodology

Holland et al (2004 b) first introduced the methodology for distillation system
design using CPMs. They illustrated the design of the Petlyuk column at overall

infinite reflux. The outline for the methodology they introduced is as follows:

e Break column configuration into column sections.

e Choose difference points(X,) and reflux ratio (Rs) for the most important
column sections

e By material balance determine the difference points and reflux ratios of the
remaining sections.

e Produce column profile maps (CPMs) for each of the sections and

superimpose them to determine feasible operating profiles (if they exist).

We will address the finite reflux problem in a similar way. The above procedure
cannot be employed directly due to the difficulty involved with choosing
operating parameters (such as reflux ratios) for the pre-fractionator. It is very
difficult to intuitively choose reflux ratios for the pre-fractionator column sections
that will result in feasible designs. The general idea, nevertheless, is fundamental
to our methodology. The column will be broken into column sections in the same
way. Difference points will be chosen for the most important column sections —
when the degrees of freedom are available. Feasibility of designs will always be

determined by the superimposition of CPMs for each section.
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To simplify the task a sharp-split specification on all products will be made i.e.
the distillate product is assumed to contain effectively no heavy component
material, the bottoms product is assumed to contain effectively no light
component material and the side-draw product is assumed to be effectively pure
intermediate component material. The non-sharp split problem will be addressed

in future work.

It will be shown that, by employing this design methodology, it is possible to find
all solutions (if they exist) for a particular overall column reflux ratio (rectifying
reflux ratio) and product choice. An understanding of column parameter dynamics
can also be gleaned. When feasible solutions do not exist, the method allows the
designer to determine when or why they do not exist. Furthermore, analysis of the
column using the method allows a minimum overall column reflux ratio to be

determined.

3.5 Column Section Breakdown and Net Flow

We shall begin the design process by breaking the Petlyuk column down into
column sections. A schematic representation of the column can be seen in Figure
3.4 below. We can apply the column section breakdown approach used by Tapp et
al (2004a) to identify individual column sections within the configuration. Tapp et
al (2004a) defined column sections as lengths of column between points of
addition or removal of material and/or energy. Using this definition, we can
identify six column sections in the configuration. The column section breakdown

is seen in Figure 3.5 below.

Column section 1 (CS 1) is a standard rectifying section terminated by a total or
partial condenser. Column section 6 (CS 6) is a standard stripping section
terminated by a total or partial reboiler. Column sections 2-5 will be referred to as

the “coupled column sections”.



Chapter 3: Complex Column Design - Sharp Split Petlyuk Column 74

1
1 rlj
— >
. =l |:>_.” L
4 byt
= 6
~ =2
6

Figure 3.4: Petlyuk column (main column  Figure 3.5: Column section breakdown for the

with pre-fractionator) Petlyuk column

3.6 Net Flow and Difference Point Material Balances in

the Petlyuk Column

3.6.1 Net Flow and the Material Balance

A is a pseudo stream within a column section. Because of this A has to obey the
material balance in the same way that real streams do. This can be seen by
performing a material balance at the point where feed material is added between
two column sections (CS 3 and CS 5). See Figure 3.6 below.

L,+V.+F=L+V,

3 Rearrangin g we obtain :
v,pin VerbrPeYeolk
F— . But, A, =V, -L,
Ve Ls Therefore :
5 A+ F=A,
A,—A,=F (3.3)

Figure 3.6: Mixing point between Column Section 3 and 5.
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As mentioned above, Ax can be positive or negative depending on the magnitude
of the vapour and liquid flow rates. Equation 6.3 can be satisfied by various
combinations of, positive and negative, Az and As values. For example certain
positive values of both Az and As would satisfy Equation 6.3, as would certain
negative values. Az could also be positive and As negative. Negative Az and
positive As values, however, would violate the material balance. These net flow

scenarios are illustrated in Figure 3.7a-d below.

COLUMN SECTION 3 AND 5:

foss Lcss fesa dcss
F—> F— F— F

fcss l S5 lcss $css

@ (b) (c) (d)

Figure 3.7: Feasible net flow patterns at the point of feed addition. (a) A3>0, A5>0,
Feasible. (b) A3<0, A5<0, Feasible. (¢) A3>0, A5<0, Feasible. (d) A3<0, A5>0, Infeasible.

This may seem like a trivial result, unless we recall that the reflux ratio for a
column section is a function of Ay and can be positive or negative. This result
suggests that there are multiple reflux ratio combinations possible in the Petlyuk
configuration. These combinations result in multiple, qualitatively different,
CPMs that may be employed for the design. Some of the available combinations
may provide more efficient separations. This implies that the net flow within the
configuration may be advantageous or disadvantageous to the separation.

Let us now analyse the net flow combinations of the remaining mixing points in

the configuration.

CoOLUMN SECTION 1, 2 AND 3: Column section 1 (CS 1) is a standard rectifying

section. It produces a product - the distillate. The distillate flow is equal to the net
flow in CS 1 because these streams are defined in the same way. To produce a
product V1 is always greater than L;; hence the net flow can only be positive in
CS 1. The net flows in CS 2 and 3 can be either positive or negative. The various
combinations are seen in Figure 3.8a-d below.
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Figure 3.8: Feasible net flow patterns at the mixing point of the rectifying section. (a)
A2>0, A3>0, Feasible. (b) A2>0, A3<0, Feasible. (c) A2<0 A3>0, Feasible. (d) A2<0, A3<0,
Infeasible,

COLUMN SECTION 4, 5 AND 6: Column section 6 (CS 6) is a standard stripping
section. It produces a product - the bottoms. The bottoms flow has equal
magnitude but opposite sign to the net flow in CS 6 because the bottoms is
defined as Ls-Vs. Since Lg must be greater than Vg to produce a product, the net
flow can only be negative in CS 6. The net flows in CS 4 and 6 can be either

positive or negative. The various combinations are seen in Figure 3.9a-d below.

css] Jcsa css) fcsa csst Jcsa csst fesa
{ css lcss {css dcss
(@) (b) (© (d)

Figure 3.9: Feasible net flow patterns at the mixing point of the stripping section. (a)
A4<0, As<0, Feasible. (b) A;>0, As<0, Feasible. (c) A4<0, As>0, Feasible. (d) A4<0, As<O0,
Infeasible.

Column Section 2 and 4: The net flows in CS 2 and 4 can be either positive or

negative. The various combinations are seen in Figure 3.10a-d below.

feso dcs2 dcs2 tes2
—> S, —S; —> S, — S
Ccs4 fcsa Jcs Ccs4
(a) (b) (c) (d)

Figure 3.10: Feasible net flow patterns at the first side draw. (a) A,>0, A;>0,
Feasible. (b) A,<0, A,>0, Feasible. (c) A,<0, A,<0, Feasible. (d) A>0, A4<O0,

Infeasible.
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By combining the feasible net flow scenarios in each column section and
disregarding those that are infeasible we see that there are, in fact, five possible
net flow patterns in the Petlyuk column. This result is quite surprising in light of
the single flow pattern possible in a two product column (up in the rectifying
section and down in the stripping section). These five flow patterns will,
undoubtedly, allow profiles from a much wider range of qualitatively different
CPMs to be sampled. The five scenarios are named net flow pattern 1 through 5

and are illustrated in Figure 3.11a-e.

\ F
IR
1 I

(@) (b) (© (d) (e)
Figure 3.11: Various Flow patterns that arise due to feasible net flow combinations. (a) Flow
Pattern 1. (b) Flow Pattern 2 (c) Flow Pattern 3. (d) Flow Pattern 4. (e) Flow Patter 5.

Physically these flow patterns are induced by control on the vapour and liquid
split ratios into the coupled column sections (CS 2-5) from the stripping and
rectifying sections, respectively. The net flow of material within the column can
also be thought of in terms of the distributions of feed material.

The feed material in Figure 3.11c is distributed between the top and bottom halves
of the column, so that there is net flow of material in both directions. If the net

amount of material directed to the bottom half of the column is increased, the case
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in Figure 3.11d is achieved. In this case, in order to maintain material balance, the
material must be directed upwards, on the product side, in both CS 2 and 4. This
is due to the fact that the side-draw flow rate is not large enough to change the
direction of the net flow from CS 4 to CS 2. If the net amount of material directed
to the top half of the column is increased, however, the case in Figure 3.11b is
achieved. This case is the exact opposite of that in Figure 3.11d. The net flow of
material on the product side is downwards for the same reasons given above. By
increasing the material directed to the top half even further, the material
eventually circulates (anti-clockwise in Figure 3.11a) within the coupled sections,
flowing upwards in CS 5 instead of downwards. Conversely, if the material
directed downwards on the feed side is increased further, the case in Figure 3.11e
is achieved where material is circulated in the opposite direction (clockwise in
Figure 3.11e).

The largest drawback to the configuration being operated with the net flow
patterns 1, 2, 4 and 5 (Figure 3.11a, b, d and e) is that the net flow in the column
sections at the side-draw (CS 2 and CS 4) is in the same direction. This results in
the reflux ratios of the sections having the same sign. The side-draw has the effect
of lowering the reflux from one column section to the other. If both refluxes are
negative, the reflux of CS 4 will have a larger magnitude than that of CS 2. If the
magnitude of the reflux of CS 2 is to be large enough to have the column
operating on specification, the CS 4 reflux must be very high. This ultimately
means that CS 1 and CS 6 must operate at a fairly high reflux and the column will
be energy intensive. This is also true if both refluxes are positive. The net flow
pattern 3 (Figure 3.11c) does not have this drawback and is therefore likely to be

the most energy efficient operating mode.

3.6.2 Difference Points and the Material Balance

Because difference points are like pseudo compositions, they obey linear mixing

rules. This can be shown by performing a component material balance at the feed

point between CSs 3 and 5. See Figure 3.12.
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Figure 3.12: Component
AgX 5+ FXp = AKX, (3.4)

mixing point between

column Section 3 and 5

Geometrically this is equivalent to difference points X,; and X5 lying on a

straight line through Xg, in composition space. Their relative positions will depend

on the sign and magnitude of A; and As. Table 3.1 summarises the various

possibilities for CS 3 and 5.

The dependence of the difference point positions on the net flow implies that there

will be as many relative difference point placement scenarios as there are net flow

patterns. This is, indeed, the case and these will be explored in more detail later.

Table 3.1: Geometric Interpretation of Material Balance over CS 3
and 5
Net ) o
Relative Positions of
Flow Az As . .
Difference Points
Pattern
1 + + XA5 XA3 XF
L @ @
2,3, 4 + - Xas Xe Xa3
@ @ @
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5 - - Xa3 Xas Xe
@ L L
- + Infeasible

3.7 Composition Matching Criteria

The approach of treating the Petlyuk column as a number of column sections and
piecing the solutions to these (the CPMs) together, as opposed to finding the
solution to the entire column through iteration, results in the designer having to be
mindful of certain composition matching criteria which need to be satisfied.
Composition matching is required at all points where column sections meet. We

will now discuss the required criteria at each of these four mixing points.

CoMPOSITION MATCHING CRITERION 1: The liquid profiles from CS 1, CS 2 and

CS 3 must all intersect if they are to be considered as possible operating profiles.
This is simply due to the fact that the liquid leaving the bottom of CS 1 is divided
between CS 2 and CS 3; hence this composition must exist on all three profiles. If
CS 1 was not a standard rectifying section and the CPMs of all three column
sections were superimposed, any three intersecting profiles from these maps could
be thought of as possible solutions to the three-column section system. The
situation is somewhat simplified by the fact that CS 1 is a rectifying section as
only one profile on this CPM is valid. Rectifying sections have to operate on
profiles that pass through the distillate composition or the composition in
equilibrium with this stream, hence only one profile is valid. Any profiles from

the CPMs of CS 2 and CS 3 intersecting on this solution are valid however.

COMPOSITION MATCHING CRITERION 2: The vapour profiles of the CS 4, CS 5 and
CS 6 must all intersect because CS 4 and CS 5 are both fed vapour by CS 6,

which is a standard stripping section. Only one profile of the CS 6 vapour CPM is
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valid as the vapour stripping profile must pass through either the bottoms
composition or composition in equilibrium with this stream. Any profiles from the

vapour CPMs of CS 4 and CS 5 intersecting on this solution are valid.

CoMPOSITION MATCHING CRITERION 3: Both the liquid and vapour profiles of CS

2 and CS 4 must intersect. There is no composition change in either the vapour or
liquid material from the bottom of CS 2 to the top of CS 4. This is because
material is removed from, not added to, the liquid or vapour streams. Valid

profiles must intersect at the side-draw composition.

CoMPOSITION MATCHING CRITERION 4: The liquid or vapour profiles of CS 3 and
CS 5 must intersect. If the feed material is vapour then we assume that it mixes
perfectly and instantly with the vapour stream from CS 5 to produce the bottom
vapour stream of CS 3. It is assumed that there is no mass transfer to the liquid
stream leaving CS 3 and that this composition is the same as the top liquid
composition in CS 5. Similarly if the feed is liquid, it is assumed that the vapour
composition at the top of CS 5 is the same as that at the bottom of CS 3. It is
important to note that if the composition at which the matching criterion, of one
phase is satisfied, is identified on CPM k and CPM k+1 and the difference points
used to generate the two CPMs satisfy the material balance, the compositions of
associated passing streams will satisfy the material balance required of that phase.
This means that if we superimpose CPMs to determine where the matching
criteria are satisfied, we need not worry about satisfying the material balance and
finding associated compositions of the other phase. These will automatically be
satisfied and can easily be calculated, if required, using the definitions of the
difference point and net flow of the particular CS.

The numerous matching criteria discussed above are depicted in Figure 3.13.
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Figure 3.13: Various compositions matching criterion. (a) Matching criteria 1 (b)

Matching criteria 2. (c) Matching criteria 3. (d) Matching criteria 4

3.8 Feasible Topology

It would be very useful during the design process to be able to determine ranges of
feasible column parameters (such as reflux ratio etc) without generating every
possible solution in doing so. Unfortunately, however, there is no analytical way
of tracking arbitrary solutions within each CPM and determining whether or not
they produce feasible Petlyuk column solutions, unless an explicit function exists

for these profiles.

In this chapter, to bypass this problem, we will look at the case where there is a
sharp-split on all the products. Restricting ourselves to this class of solution
enables us to determine the exact position of all viable column section profiles for
any set of parameters. We will now investigate why this is possible by analysing

the effects of each sharp product specification.

Firstly, however, we must clarify the definition of individual sharp product

specifications.
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o A sharp distillate product specification is one in which the light and
intermediate components appear in finite quantities, but the heavy

component appears in infinitesimal quantities.

o A sharp bottoms product specification is one in which the heavy and
intermediate components appear in finite quantities, but the light

component appears in infinitesimal quantities.

o The side-draw product can be sharp in terms of the light component
(infinitesimal light component material but finite intermediate and heavy
component material), sharp in terms of the heavy component (infinitesimal
heavy component material but finite intermediate and light component
material) or sharp in terms of the light and heavy components (effectively
pure intermediate component material). For this work, a sharp side-draw
product specification will be taken as one which is sharp in terms of both

the light and heavy components.

With clarified definitions we are now in a position to analyse the topological
effects of the sharp product specifications.

3.8.1 Implications of Sharp Distillate Product Specifications

A sharp distillate product specification means that the distillate product (Xp) is
effectively confined to the light-intermediate axis (x; axis).

But X, :\LDHXJZ X, ie. the difference point of CS 1 (X;) is equal to

the distillate composition. This means that X,; is a real composition in the column

and is confined to the light-intermediate axis.

If we analyse the rectifying profile as well as the movement of the CS 1
transformed triangle (TTs3) - which is equivalent to analysing the movement of the

stationary points — while varying X,; (at constant R,;), we notice that as the
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difference point is moved closer to the light-intermediate axis, the profile and one
of the TT3 boundaries approach the axis as well. The TTs boundary, defined
between the unstable node and the saddle point, approaches the axis from negative
heavy component space, while the rectifying composition profile approaches from
positive heavy component space. When the difference point is effectively on the
axis, the afore-mentioned TT3; boundary lies here too and the rectifying profile

runs along the boundaries of this triangle. Figure 3.14a-c illustrates this

phenomenon.
1
XA 1 XA ] 3 XA
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0 0 0
0 X2 1 0 X2 1 0 X2 1

Figure 3.14 a-c: Rectifying profiles for difference points at varying distances from the light-

intermediate axis. Implications of Sharp Bottoms Product Specifications

A sharp bottoms product specification means that the bottoms product (Xg) is

effectively confined to the heavy-intermediate axis (x; axis).

B B B B
But X, _ Ves BLGXG _Vels A LXs _ X, I.e. the difference point of CS 6
- 6

(Xas) is equal to the bottoms composition. This means that X,s is a real
composition in the column and is confined to the intermediate-heavy axis.

If we analyse the stripping profile and CS 6 TTj3, in the same way as we did for
the sharp distillate specification, we notice that as we move X,s towards the
intermediate-heavy axis the stripping profile and one of the TT3 boundaries move
towards each other and the axis as well. When X, lies effectively on the axis, the
TT3 boundary defined between the saddle-point and stable node lies here too and
the stripping profile runs along the boundaries of this triangle. Figure 3.15a-c
illustrates this phenomenon.
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Figure 3.15: Stripping profiles for difference points at varying distances from the

intermediate-heavy axis.

3.8.2 Implications of Sharp Side-Draw Product Specifications

Analysis of the CS 2 and 4 TTss is not possible until we have discussed the
feasible placements of X, and X,,. For now, however, it will suffice to state that
because the CS 2 profile has to satisfy matching criteria 1 and 3 it will run
effectively on the light-intermediate axis and also along the boundaries of the CS
2 TTs. Similarly, the CS 4 profile has to satisfy composition matching criteria 2
and 3 and will run effectively on the intermediate-heavy axis and the CS 4 TT;

boundaries.

3.8.3 Implications of Sharp Product Specifications for CS 3and CS 5

Because the product placement forces composition matching criteria 1 and 2 to be
satisfied close to the axes, the CS 3 and CS 5 profiles, respectively, will be forced
to satisfy these compositions too. We will see later that the difference points of
these sections must also lie on the axes and these profiles therefore run along the

boundaries of their respective TT3s.
3.8.4 Summary of the Topological Effects of Sharp-Split Specifications
The topological effect of a sharp product specification is, clearly, to force the

composition profile of the CS, from which the product is drawn, to operate on the

boundary of its associated TT3. By specifying all products as sharp we force, not
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only the composition profiles of these product CSs but all the configuration
composition profiles to operate on their associated TTss.

This means we need only produce the TTzs, instead of the entire CPM, for any set
of parameters, to immediately determine whether or not all the column section
solutions will satisfy the Petlyuk matching criteria and therefore produce a
feasible column design. Instead of focusing on the intersection of many individual
solutions, we can simply focus on the overlap of the TT3s concerned. We need, in
fact, only analyse the liquid TTs. It is a product of the vapour-liquid equilibrium
that if a TT3 for one phase overlaps, the other will overlap also (see Appendix A

for details).

3.9 General form of the Petlyuk Composition Profiles

If the development of a design tool is to be successful, we need a qualitative
understanding of the form Petlyuk composition profiles would take for ideal
systems. We can look at each of the six column sections separately and postulate

what an efficient well designed profile would look like.

CS 1 is a rectifying section. Profiles for this section will run from the distillate
composition, along the light-intermediate axis, getting rapidly richer in the
intermediate component and slowly richer in the heavy component. We know that
these profiles run along the boundaries of their TT3s (for sharp-splits) and should
therefore run through the saddle point composition. At the saddle point, they will
“tear” away from the light-intermediate axis (x; axis) and quickly gain in the
heavy component until the composition profile pinches within the MBT. We
know that the profiles must pinch within the MBT by analysing the, positive
reflux, pinch point curves for qualitatively different X,, placement produced by
Tapp et al. (2004). The stable nodes of CPMs, produced for difference points
within difference point region 1, always lie within the MBT (for ideal systems).

The probable form of the liquid and vapour solutions can be seen in Figure 3.16a
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below. Using the profiles as a basis, the probable form of the TT3s will be similar

to that seen in Figure 3.16b.

Solutions for the stripping section (CS 6) will behave in the same way with
respect to the intermediate composition moving away from the product (in this
case the bottoms composition) and will “tear” away from the intermediate-heavy
axis (x, axis) at a saddle point but now becoming rapidly richer in the light
component. The stripping profiles will pinch at unstable nodes within the MBT.
This is ascertained, again, by consulting the pinch point curves (for negative
reflux ratios) produced by Tapp et al (2004). The stripping profiles can be seen in
Figure 3.17a. Again using the profiles as a basis the probable form of the TT3s
will be similar to that of Figure 3.17b.

The main purpose of CS 2 is to transport the intermediate component from the top
half of the column to the side-draw. The amount of heavy component transported
here should be minimal. The composition trajectories for CS 2 must, therefore,
run (along the light-intermediate axis) from the side-draw composition (high
purity intermediate composition) gaining in the light component until they reach
the rectifying trajectories and satisfy composition matching criterion 1. It is
possible for these profiles to pinch at the top of the CS. If this were to happen, the
pinch point would be an unstable node. The probable form of the trajectories
would be similar to those seen in Figure 3.18a. The TTss are likely of the form
seen in 6.18b.

CS 4 transports the intermediate from the bottom half of the column to the side-
draw. Very little light component material should be transported in this section.
The profiles for CS 4 should run from the side-draw, along the intermediate-heavy
axis, to meet up with the stripping section profiles and satisfy composition
matching criterion 2. It is feasible for these profiles to pinch at the bottom of the
CS. In this case the pinch point would be a stable node. The resulting profiles
would look like those in Figure 3.19 a-b the corresponding TT3ss would likely be

of the form seen in Figure 3.19b.
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CS 3 is required to transport both light-component material to CS 1 and
intermediate material to CS 2. As these sections must process as little heavy-
component material as possible (for product purity purposes) this material must be
minimised in CS 3 as well. Potential profiles for CS 3 will run from the point
where CS 2’s profile meets the rectifying profile, along the light-intermediate
axis, towards a saddle point and then tear away from the boundary towards the
feed composition, where either the liquid or vapour profile will intersect the CS 5

profile as shown in Figure 3.20a and Figure 3.20b.

CS 5 must transport heavy component material to CS 6 and intermediate
component material to CS 4 with minimal light material. Potential profiles will
run from the point where CS 4’s profile meets the stripping profile, along the
intermediate-heavy axis, towards a saddle point and then tear away from the
boundary towards the feed composition, where they meet up with the CS 3

profiles as shown in Figure 3.21a and Figure 3.21b.

The complete set of composition profiles and corresponding TT3s for the Petlyuk
column can be seen in Figure 3.22 a-b, respectively. Figure 3.22b, clearly shows
how all composition matching criteria (required for a feasible design) are satisfied

by the overlap of the liquid TT3s concerned.

With an understanding of the probable form of Petlyuk solutions we are now in a
position to test column parameters for potential feasibility. Values for these
parameters which result in dramatically different topological phenomena, for each
CS, from that discussed above and do not result in the satisfaction of the
composition matching criteria required can be discarded.

Note: Unless otherwise stated, within composition diagrams a solid line will
denote the liquid phase while a dotted line will denote vapour phase (except lines
CLL1 and CLL2 — defined later). Red lines (within composition diagrams) are
associated with CS 1, pink with CS 2, green with CS 3, black with CS 4, blue with
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CS 5 and yellow with CS 6. The light component composition (x;) will always be
represented on the y-axis while the heavy component composition (x;) will be

represented on the x-axis. The MBT will always be represented by a blue triangle.

Table 3.2: Profile and TT; Legend of Composition Diagrams

Liquid composition CS 1 | . Vapour composition CS 1

Liquid composition CS 2 | . Vapour composition CS 2

Liquid composition CS 3 Vapour composition CS 3

Liquid composition CS 4 | . Vapour composition CS 4

Liquid composition CS 5 | e Vapour composition CS 5

Liquid composition CS 6 Vapour composition CS 6
1 1

X1 X1

0 X2 1 0 X2 1

Figure 3.16a: Rectifying composition Figure 3.16b: Rectifying section TTss
profiles

X1 X1

a ——— a —— \
0 X2 1 0 X2 1

Figure 3.17a: Stripping composition Figure 3.17b: Stripping section TTss
profiles
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Figure 3.18a: CS 2 composition profiles Figure 3.18b: CS2 TTss
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X1 X1
d d
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Figure 3.19a: CS 4 composition profiles Figure 3.19b: CS4 TTss
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Figure 3.20: CS 3 composition profiles Figure 3.20b: CS3 TTss
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X1
(
Figure 3.21a: CS 5 composition profiles Figure 3.21b: CS5 TTss
1
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Figure 3.22a: Petlyuk composition profiles Figure 3.22b: All six column section TTss

3.10 Degrees of Freedom and Variable Selection

3.10.1 Degrees of Freedom

The Petlyuk column, due to the thermal coupling of the main column with a pre-
fractionator, is a fairly complicated column to design. This complication arises as
a result of the multiple degrees of freedom (DOF) introduced to the design by the
coupling. In distillation systems, for simplicity, we can divide these DOF into
composition variables, overall material balance variables and internal material

balance variables. With simple distillation columns, for a given feed, there are
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only three degrees of freedom - one of the product composition variables may be
specified (i.e. Xp or Xg), one overall material balance variable may be specified
(i.e. distillate or bottoms rate) and one of the internal material balance variables

may be specified (i.e. reflux ratio or boil-up ratio).

For the Petlyuk column, however, for a given feed there are two product
compositional DOF, two overall material balance DOF, one internal
compositional DOF and three internal material balance DOF (two in the coupled
sections and one in either the rectifying or stripping sections). In total eight DOF.
This, clearly, adds many levels of complexity to the design process.

It is important to note that the total required stages, feed stage and side-draw stage
are not considered as degrees of freedom when designing using the CPM
technique. These variables result as a solution from the process once all other
DOF have been specified. They can be determined by tracking variable n in the

difference point equation (Equation 6.1) for any particular Petlyuk solution.

Some of the possible design variables include:
Rar  CS Kk reflux ratio
Xar  CS k difference point
Distillate flow rate
Bottoms flow rate
Side-draw flow rate
Lk CS Kk internal liquid flow rate
Vi CS k internal vapour flow rate
@y Vapour split ratio (V2/V1)
DL Liquid split ratio (L,/L;)
&y Vapour split ratio (Va/Ve)
&, Liquid split ratio (L4/Le)

Of the multiple possible design variables only eight may be specified. We will

now discuss the selection of these variables and their effects on the design.
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3.10.2 Variable Selection

It is important in this geometric based design process to work with, where
possible, variables whose effects on the entire configuration are understood.
Variables such as the reflux ratio, for instance, are useful when analysing a single
column section, as we can intuitively comprehend its effects on the composition
profile. However, the influence of changes of reflux ratio in one column section
on the composition profile of another column section may be more difficult to
understand. Generally, the interaction of variables becomes more and more
complex as they are coupled by the connection of column sections. For this reason
the design approach we will take, although fairly intuitive, will be used in an
attempt to “uncouple” the rectifying and stripping sections from the remainder of

the column by specifying either of these sets of variables independently.

As mentioned previously we shall be dealing with sharp splits on all products. The
distillate will be chosen to contain almost no heavy material, the bottoms product
will be chosen to contain effectively no light material and the flow rates of these
product streams will be chosen such that the side-draw will, effectively, be pure
intermediate product. Specifying these variables (A1, Xa;, As, Xas) Satisfies four
DOF; two compositional and two overall material balance DOF. If we now
specify an internal variable (e.g. reflux) of either the rectifying (CS 1) or stripping
sections (CS 6), both sections will be completely satisfied and no freedom will
exist for the selection of other variables in either. We will specify the reflux of CS
1 (Ra;), as opposed to that of CS 6, although this is completely arbitrary. Once R,;
is specified the reflux of CS 6 can be determined by material balance. Five DOF
have now been specified. The conditions within the coupled sections (CS 2-5) are
dependent on the conditions of the rectifying and stripping sections and the

remaining three DOF.

Of the three remaining DOF, one is a compositional DOF and two are internal

material balance DOF. As CS 1 and CS 6 are completely specified, these
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remaining variables must be specified in CS 2 to CS 5. The choice of
compositional variable will be discussed in greater detail later, but for now it will
suffice to state that we will specify the difference point of CS 2 (X,2). The
remaining variables, both internal material balance variables, are the most difficult
to choose. As mentioned above working with reflux, although convenient for
single column sections, becomes less useful when multiple sections are connected.
If we decided to work with the reflux ratio of one of the coupled column sections
it would not be obvious what effect changes to this variable would have on the
other sections. Another issue would be the choice of column section to work with.
Although this may be more obvious for other variables, it does present an issue
here.

The variables we will choose to work with are @y and &, which are defined,
respectively, as the ratio of vapour and liquid in CS 2 to that in CS 1. We will
refer to these variables as split ratios although @y is, in fact, a mixing ratio.
Similar variables can be defined in terms of vapour and liquid flow rates in CS 6.
The decision to work with the CS 1 definition is simply a matter of convenience.
The use of &y and @ will lead to a very useful representation of coupled column

section variables as well as feasible column solutions.

3.11 Difference Point Placement for the Petlyuk Column

With all the external DOF specified we must now turn our attention to the
remaining internal DOF. We are required to specify one internal composition
variable. The available composition variables are the difference points (X,) of the
coupled column sections, the placement of which are critical to the feasibility of
the design. The behaviour of the TT3 is dependent on two variables, namely the
difference point (X,) and the reflux ratio (Rs). The form of the CPM changes as
the placement of the difference point changes. It is crucial that the difference point
for a column section is placed correctly so that the resulting CPM satisfies all
required feasible column criteria. It is, however, impossible to have all difference

points in the Petlyuk configuration placed optimally as only one DOF remains but
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we can place one point such that it facilitates the composition matching of the
others.

In making the choice of difference point, it is necessary to identify sections for
which the required design specifications are more difficult to achieve with
arbitrary parameter sets. If we consider that CS 2 and CS 4 are required to achieve
a product specification, it is logical that the difference point of either of these two
sections is chosen such that the intermediate product composition can be
achieved. We will arbitrarily choose to place the difference point of CS 2
(although placing X, would be just as effective).

To determine the optimal placement of X, the requirements of this column
section must be understood. Firstly, CS 2 is required to achieve a particular
composition, specifically the side-draw composition; therefore the CPM for CS 2
must provide trajectories which intersect this composition point. Secondly, the
profile is required to intersect the rectifying profile; therefore it should run from
the side-draw composition, close to the light-intermediate axis and cross the
rectifying profile.

From a material transport perspective the main purpose of CS 2 is the transport of
the intermediate component to the side-draw. If the side-draw composition is
required to be very “pure”, CS 2 should not transport large quantities of light or
heavy component material i.e. the pseudo composition of the net flow (Xa»)
should have a high intermediate component percentage. This does not exclude
difference points with non-zero light and heavy components, however. High
purities are possible in a column section even if the net flow does involve large
“impurity” flows because a single phase can be sampled. This can be explained if
we consider that at a difference point the vapour and liquid compositions are equal
(this is shown in Equation 3.6), but as compositions away from the difference
point are sampled a “gap” opens up between the vapour and liquid compositions

(as shown in Equati