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The aim of this final thesis is the application and comparison of several
thermodynamic analysis methods for three different design variables in multi
component distillation. The simulations of the distillation columns were mainly done
with a program in C based on the method of tray-to-tray calculation. The equilibria on
the trays were calculated with a new and fast concept that consisted of the
combination of a data grid and an interpolation technique. The results of the program
were accurate but the number of components was limited to three due to memory
limitations of the software.

First, the optimal sequence of distillation columns is analysed. A new approach is
used that is based on the sum of a performance determining variable of each sequence.
The sequence which has the minimum value for this sum should be the most optimal
one. It was already known that the vapour load was useful for this variable. But this
analysis has proved that a simple equation based on exergy loss gives better results.
The contribution of this analysis is that after a simple exergy calculation only two or
three possible sequences are left for a more rigorous analysis and therefore much time
is saved.

The second design variable is the location of the feed tray. Besides the reflux ratio, the
feed tray determines the number of trays in a distillation column. It is assumed that if
the effects of mixing on the feed tray are minimum, the feed tray location is optimal. It
is observed that the entropy production rate due to mixing on the feed tray predicted
the optimal feed tray location on the edge of acceptance, but better than exergy loss
due to same mixing. This is surprising because the predictability should be
approximately equal. This result is however very dependant on how the mixing and
thermodynamic model are defined. The temperature difference between the two flows
which are mixed did not succeed at all to predict the optimal feed tray location.

Finally, the location of the interstage heat exchangers is analysed with exergy in
combination with the principle of equipartition of forces. According to this principle
minimum exergy loss is obtained when the forces are equipartitioned over the whole
column. Interstage heat exchangers are a theoretically proved method for reducing the
exergy loss and they also affect the course of the driving forces. So, interstage heat
exchangers at the right location can make the forces more equipartitioned. Varying the
position of the heat exchangers, it has been observed that the deviation of the key
force from the equipartitioned course is proportional to the total exergy loss. So, this
is a practical application of the principle and it is therefor tep in the development
towards a real engineering tool. This analysis has also (affirmed) the consideration of a
distillation column as a dissipative structure. "

The main conclusion is that the aim is successfully pursued. It is still possible to
improve a relative old process like distillation with modern thermodynamic analysis
tools like exergy and the equipartition of forces. The main recommendation is to
develop the principle of equipartition of forces further with other processes in the
chemical industry. But this work can also be a start for investigation of the flexibility
and maximum output of a distillation column.
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1. Introduction

1.1 Aim

The aim of this final thesis is the application and comparison of several
thermodynamic analysis methods for the sequencing of columns, the feed tray location
and the location of interstage heat exchangers in multi component distillation. The
analysis methods are for the sequencing exergy and vapour load. The feed tray will be
analysed with exergy, entropy and temperature difference. For the interstage heat
exchangers again exergy will be used but also the application of the principle of
equipartition of forces is pursued.

1.2 Scope

Distillation is the most common and reliable separation method currently used in the
chemical and refinery industry. But it is also a large energy consumer and it is
therefore not surprising that 3 % of the total energy demand in the United States is
used for distillation. As in recent year several aims have been made in the chemical
and refinery industry with respect to energy saving, distillation has to contribute also
to these reductions. A lot of research already has been done on this reduction of the
energy demand of distillation. The most promising results are obtained by inventing
new designs. For example the additions of a heatpump or vapour compression have
proved to be very good energy saving measures.

In this project three design variables will be analysed and where possible optimised.
The first variable is the sequencing of the columns that separate a multi component
mixture into its pure fractions. The second variable is the number of trays and the
location of the feed tray in a single column. And the last is the location of heat
exchangers between two trays. With changing these variables, the designs also change
and therefore a distinction has to be made between the alternative designs, because
only one design leads to the optimal distillation columns. And it is this distinction that
is to be solved with the thermodynamic tools.

For analyses of such energy consuming processes, several thermodynamic tools are
available. Exergy analysis is one of the most powerful optimisation tools because it is
the only tool that combines the first and second law of thermodynamics incorporating
the interactions with the environment. In this thesis, the three variables will be
analysed with this exergy and these analyses will be compared with other
thermodynamic tools.

Another thermodynamic tool is the principle of equipartition of forces. According to
this principle, the optimal design of a process is obtained when the driving forces are
equally distributed over the transport path. As this principle is based on irreversible
thermodynamics, it is not a real engineering tool. This thesis will try to make a bridge
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between the type of findings from irreversible thermodynamics and the typical
engineering tool of exergy analysis. This attempt will be made in the chapter 6, which
deals with interstage heat exchangers.

1.3 Outline of this report

The first chapter is this introduction. The second chapter will discuss how distillation
is defined and analysed in this thesis and which assumptions are made. Also a short
introduction to exergy analysis will be given, which is one of the most powerful
thermodynamic analysis methods currently available. This tool will be discussed here
because it is used for all the three different variables, which are analysed in this thesis.
The third chapter describes the program written in the language C. This program is the
basis for the calculations of the simulations for the feed tray and interstage heat
exchanger analyses. Chapter four gives an extension of a new way to determine the
optimal sequence of distillation columns. This new way is based on the minimisation
of the sum of a performance determining variable. Of course exergy will be used as
this variable. In chapter five the rigorous calculation of the number of trays and the
optimal feed tray will be discussed. The main part is the minimisation of the effects
due to the entering of the feed using exergy and entropy. Also a comparison will be
made with common shortcut methods for calculating these variables. The sixth
chapter will present a discussion about the location of the interstage heat exchangers.
Here irreversible thermodynamics and the principle of equipartition of forces will also
be used as an analysis tool. The last chapter will give the conclusions and
recommendations.
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Figure 2.1 : Scheme of a distillation column
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2. Aspects of Distillation

2.1 Introduction

This chapter will give an overview of the different aspects of how distillation is
analysed in this final thesis. So the terminology, assumptions, a model and the
thermodynamic analysis tool called exergy analysis will be treated.

The basis of the separation with distillation is the difference in boiling temperature of
two components. The definition of multi component distillation is the distillation of
mixtures with three or more components. The largest part of the fundamental research
done on distillation is only valid for two components (binary distillation). This type of
distillation is also analysed with exergy at least three times by Strijk[20], Ognisty[14]
and Fitzmorris[4]. But the approach of multi component distillation with exergy is
still in its infancy. The main problem of multi component analysis is that the number
of degrees of freedom increases together with the number of components. So, the
number of assumptions and/or the number of equations must also increase and the aim
is to investigate in how far these extra degrees of freedom and equations influence the
total behaviour.

2.2 Definition of the terms used in distillation

A schematic representation of a distillation column is given in figure 2.1. The
numbering of the flows and mole fractions is taken from the reboiler until the top
upwards and the flows and mole fractions under the same tray have the same number.
This is very important for the derivation and understanding of the equations in this
report! For comprehending the analyses done in this thesis, a short explanation of the
terms used in distillation is given:

Feed

The feed is the stream that enters the column above the so called feed tray. In these
calculations in this thesis, the concentrations and the fraction vapour(r) can be varied.
If a 100% liquid feed is chosen the feed will be a boiling liquid and if a 100% vapour
feed is chosen, it is a condensing vapour. Bu all the calculations done in this thesis are
with a 100% liquid. The feed is always given in mole/s.

Distillate/Bottom

The distillate is the product stream coming out of the top of the column, containing
the components with high volatilities. The bottom is the product stream coming out of
the bottom of the column and it contains the least volatile components.

Reboiler
The reboiler is a heat exchanger at the bottom of the column and it evaporates a part
of the liquid that comes from the lowest tray (L;). The rest of the liquid flow is the
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bottom product stream (B). So, energy goes in to create a rising vapour stream (V)),
which is in equilibrium with the bottom. The energy is usually supplied by steam.

Condenser

The condenser is a heat exchanger at the top of the column and it condenses a part of
the rising vapour from the highest tray (Vy). The rest of this vapour is condensed
totally in this model and is the top product stream(D). For this condensation process
heat is removed, which is usually done with cooling water.

Tray
On the trays the actual separation takes place. On each tray a down coming liquid is
brought into equilibrium with a rising vapour with different mole fractions and
temperatures (shown by the arrows in figure 2.1). Due to this equilibrium the mole
fractions in the liquid and vapour change so that the driving forces decrease by mass
and energy transport. The changed vapour is brought again in contact with a liquid
flow on a tray higher and the changed liquid with a vapour on a tray lower.

Heavy key / Light key
In a multi component mixture the heaviest component of which the largest part comes
into the distillate is called the light key. And the lightest component of which the
largest part comes into the bottom is called the heavy key. The light and heavy key
have always two consecutive volatilities in the row of the volatilities of all
components in the mixture. So, the actual separation is done between these two
components.

Heavy non-key / Light non-key
Non-key components are the components which nearly do not take part in the actual
separation. The heavy non-key components have a lower volatility than the heavy key
and the light non-key components have a higher volatility than the heavy key.

Reflux ratio
The reflux ratio is usually the ratio between the flow that is returned by the reboiler or
condenser into the column and the corresponding product flow (bottom or distillate).
It is the most important variable in the distillation column because it determines the
number of trays and energy demand. The actual reflux ratio is the ratio that is actually
used and the minimum reflux ratio is the theoretically possible lowest reflux ratio.
This minimum reflux ratio is theoretical because it requires an infinite number of
trays. The actual reflux ratio is calculated by the multiplication of the minimum reflux
ratio and a factor. Also, an internal reflux ratio can be defined. This is the ratio
between the vapour and liquid flow below the same tray.

Stripping section / Rectifying section
The portion of the tower below the feed is called the stripping section and serves
primarily to remove or strip the light key component from the down coming liquid.
And the part above the feed is called the rectifying section because it primarily
removes the heavier component from the rising vapour.

Equimolar overflow
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