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ABSTRACT

This study deds with minimizing energy requirement in
multicomponent non-ideal distillation processes using thermal coupling
technique.

Two ternary (Methanol-Ethanol-Water and Acetone-methanol-\Water)
with different feed composition of [(0.333,0.333,0.333), (0.8,0.1,0.1),
(0.1,0.8,0.1), (0.1,0.1,0.8)] , and one quaternary feed systems (n-Hexane —
Methyl-cyclo-pentane — Ethanol and Benzene) with different feed
composition of [(0.25,0.25,0.25,0.25), (0.7,0.1,0.1,0.1), (0.1,0.7,0.1,0.1),
(0.1,0.1,0.7,0.1), (0.1,0.1,0.1,0.7)] were considered.

The feed systems were assumed as liquids at their boiling point, three
fractional recoveries of 0.9, 0.925 and 0.95. The operating pressure was
assumed to be constant at 1 atm.

Nine different configurations were used to separate the feed systems
according to their non-ideality.

The results are compared with the best three configurations of
conventional systems and the percentage saving in total reboiler load and
total annual cost have been calculated with respect to these three
configurations.

The results obtained were compared with previous works using other

techniques such as heat pump and heat matching.



A computer programme for multicomponent non-ideal distillation
using therma coupling techniqgue was developed using Mat lab V6.5
language. The optimal configuration for each feed type and feed
composition was obtained.

It is found that thermal coupling technique can be used to give saving
in total reboiler load from 41.18% to 96.21 and saving in total annual cost
from 54.89% to 80.21%. These results show that thermal coupling

technique is more efficient than the others.
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Chapter One

I ntroduction

1.1 Introduction

Separations are “big businesses” in chemical processing. It has
been varioudly estimated that the capital investment in separation equipment
is 40-50% of the total for a conventional fluid processing unit.

Many forms of energy supplied to separation processes, these forms
are electrical, mechanical, chemical or thermal energy, depending upon the
type of the processes.

Of the total energy consumption of an average unit, the separation
steps accounts for about 70%. And of the separation consumption, the
distillation method accounts for about 95%.[ 1]

Didtillation is the most widely used separation technique in the
process industry. Its main disadvantage is the high energy consumption and
the energy required for the distillation columns often represents most part of
the total energy cost of the plant.

The classical design of a multicomponent distillation plant only
involves simple columns. each simple column in a multicomponent
distillation configuration receives a feed and performs a sharp separation
between two components of the feed mixture. In this case, for the separation
of n-component mixtures sequences of n-1 simple columns with n-1
condensers and n-1 reboilers are requested. [2]

The principle of the work of distillation process is the equilibrium
stage theory, when a liquid containing two or more components is heated to
its boiling point, the composition of vapor will normally be different from
that of the liquid phase, this difference in composition of the two phasesis

called equilibrium stage theory.[3]



An important requirement of distillation unit is the provison of
contact between the vapor and the liquid streams so that the equilibrium is
nearly approached by hydrodynamic study of vapor and liquid on the
plate.[4]

Distribution coefficient K, the term which is used in the equilibrium

relationships for any component in an equilibrium stage. For ideal solution:
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For non-ideal solution, activity coefficient », is added, which
represents the degree of deviation from ideality.
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An important motivation for studying integrated distillation column
arrangements is to reduce the energy consumption of distillation
process.[18]

Many techniques are presented in the literature that minimizes energy
requirements of the distillation column. Thermal coupling is one of these
techniques, which considered in this work.

Thermal coupling between two columns in a sequence can be adopted
to reduce the energy consumption of the process, a thermally coupled
sequence is obtained by removing condensers and/or reboilers from asimple
column configuration.[ 2]

A distillation system contains thermalcoupling when a heat flux is
utilized for more than one fractionation and the heat transfer between
fractionation sections occur by adirect contact of vapour and liquid.

Also thermal coupling technique is considered by reduction in the
number of columns required, this is proposed by taking one side stream or

more from the column.[5]



1.2 The Aim of thisProject:-

The purpose of this project is to study the minimization of the energy
requirements in multicomponent non-ideal distillation using thermal
coupling technique, by studying the effects of changing feed composition,
configuration and fractional recovery on two ternary and one quaternary
non-ideal feed systems and comparing the results with previous works (heat
pump and heat matching) on the same systems but using thermal coupling

technique for minimizing the energy requirements.



Chapter Two

Literature survey

2.1 Introduction:-

In the chemical industries, the task of separation is a very energy
consuming process, where distillation is the process most widely used for
separation. Distillation columns are used for about 95% of liquid separations and
the energy use from this process accounts for an estimated 3% of the world
energy consumption. With rising energy awareness and growing environmental
concerns there is a need to reduce the energy use in industry [6].

For the distillation process, because it is such a high-energy consumer,
any energy savings should have an impact on the overal plant energy
consumption. The use of heat integration combined with complex configurations
for digtillation columns holds a great promise of energy savings up to about 70%.

In addition to saving energy, accompanied by reduced environmental
impact and site utility costs, there is also a possibility for reduction in capital
Costs.

The separation of multicomponent mixtures into three or more products is
mostly performed in a sequence of simple distillation columns. Complex column
arrangements with thermal coupling are an attractive alternative promising
savings in both energy and capital cost. Thermally coupled distillation column
can save significant amounts of energy by reducing thermodynamic losses. In
such a setup, a number of columns (typically two) are coupled together through
vapor and liquid streams without reboilers or condensers between the columns.
One practical application of the thermal coupled column has been known for a
long time. However, only a limited number of such columns have been

implemented in the field.



Part of the reservations towards thermally coupled columns can be
attributed to difficulties in controlling these columns. Another main reason is the
lack of powerful design methods that alow a rapid economic screening of the

different configurations during the early process design phase.[7]
2.2 Energy Saving Method in Multicomponent Distillation for Non-
ideal Systems:

There are a number of different methods or designs that can be applied to
save energy in distillation, such as integration of distillation columns with the
heat pumps, multieffect distillation, and complex arrangements such as thermally
coupled columns and other methods.[§]

There are three options for saving energy in distillation[9]:
1. Make the process itself more energy-efficient.
2. Augment it with advanced processes to form energy-efficient systems.
3. Replace it with an alternative separations technol ogy.
2.2.1 Energy Saving through Heat Stream M atching:

Heat matching is possible only between the hot streams and the inlet feed
streams (heat economizer) which give more than 6% saving in total energy
consumption. The problem of finding the optimal design of heat exchanger
networks in multicomponent distillation can be divided into three parts. The first
Is finding the optimum configuration for least energy without heat interchange,
the second, the heat interchange between reboilers and condensers, and the third,

the heat interchange between intermediate cooler and heater.

Nakkash [10], studied the optimal design configuration for least energy
with energy matching between reboilers and condensers only and with
intermediate heat load for nearly ideal four component feedstock. The results
show that there is a saving in energy from 7-39%, this increased to 8-43% when

intermediate coolers and heaters are proposed.



2.2.2 Multieffect Method:

Multieffect distillation has long been considered as one of the methods to
reduce energy consumption in distillation columns. Multieffect integration is
achieved for two or more distillation columns by running one of the columns at
a higher pressure and integrating the condenser of this high-pressure (HP)
column with the reboiler of the low pressure (LP) column, that means the column
pressures are adjusted such that the cooling (energy removal) in one column can

be used as heating (energy input) in another column as shown in figure (2.1).

For the multieffect systems there are two modes of integration: forward
integration, where the heat integration is in the direction of the mass flow; and
backward integration, where the integration is in the opposite direction of the

mass flow.

Engelien and Skogestad [3] are applied in order to screen the three cases

based on minimum vapor flow rate criteria, also the required pressure levels for

multi-effect integration was cal culated for each case. Vacuum
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Figure 2.1 Multiple effect distillation showing limiting effect of temperature drop

across column[12]



2.2.3 Split Tower:

Split tower was used to reduce the number of reboilersin the configuration
and to reuse the heat from the condenser in the reboiler. The split tower system
has a single reboiler and single condenser as shown in the figure (2.2). The
temperature difference between the reboiler and condenser will be much greater
than that of an ordinary column. This occurs because the two columns each have
their own temperature difference to be met from the top to bottom, and the
driving force for the condenser-reboiler must be supplied.

The split tower arrangement has a large temperature difference between
the reboiler and condenser, thus it will probably be desirable to minimize this by
using small delta T's across the reboiler, condenser-reboiler, and condenser. This
will mean a large heat exchanger surface being required. Even so, it is likely a
higher temperature heat source will be needed for the reboiler. Asit is at a higher
temperature, the heat will be more expensive, such as a higher pressure steam.
This means we are saving energy, but using a more costly source.

The feed to a single tower will be split in two for the two column
arrangement. Therefore, the individual columns will be about one-half the size of
the single column. However, the relative volatility and the mass flow rate/area
through the columns will change with the pressure, resulting in a differently sized
tower than just one-haf the size. The savings of the split tower arrangement
come from the reduced heat requirement. However, the value of the heat used
should be higher per Btu used than in the case of a single column.[10],[11]

Hababa[12] studied this method for two ternary and one quaternary non-
ideal system. His results show that when operating the towers at the same
pressure, there is no energy integration thus very low percentage saving in tota

energy consumption.
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Figure 2.2 Split tower technique[12]

2.2.4Vapor Recompression or Heat Pump:

Vapor recompression consists of taking the overhead vapors of a column,
condensing the vapor to liquid, and using the heat liberated by the condensation
to reboil the bottoms liquid from the same column as shown in figure (2.3). The
temperature driving force needed to force heat to flow from the cooler overhead
vapors to the hotter bottoms product liquid is set up by either compressing the
overhead vapor so it condenses at a higher temperature, or lowering the pressure
on the reboiler liquid so it boils a a lower temperature, then compressing the
bottoms vapor back to the column pressure. A conventional column has a
separate condenser and reboiler, each with its own heat transfer fluid such as
cooling water and steam. The vapor recompression column has a combined

condenser-reboiler, with no external heat transfer fluids.[11]



Nakkash and Al-Ramadhani [13]studied heat pumps in multicomponent
distillation of nearly ideal hydrocarbon systems. They found that heat pump
system gave a saving in total annual cost from 5% to 77% over a conventional
system and the percentage reduction in exergy losses with heat pump was 27% to

97% over the conventional system.

Al-Mo’otasim [10]studied heat pumps in multicomponent distillation of
non-ideal hydrocarbon systems. She found that there is reduction in energy
requirements was ranging from 12% to 76%, and give a percentage saving in
total annual cost ranging from 10% to 77%. The results show that when using
heat pump technique there is an average of 20% saving in total energy

consumption over that with heat integration.

Fvanaorative condenser

I:PPd_.

g Thermn comnressor
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Figure 2.3b Indirect vapor recompression [12]

2.2.5 Thermal Coupling M ethod: -

Thermally coupled system of digtillation columns serves for separation of
one feed stream into three product streams. It consists of two apparatuses
connected by liquid and vapor streams and contains only one reboiler and one

condenser.



Thermally coupled distillation system is a lower cost aternative to the
conventional systems and can be designed to be quite flexible in interna
distributions of liquid and vapor flows[14].

Thermally coupled distillation column arrangements have been known for
over 50 years. It has been established that when thermal coupling can be applied,
energy savings of 30% are typical when compared with a conventional
arrangement. In addition, the thermally coupled design can save up to 30% of the
capital cost compared with a conventional arrangement.

Thermally coupled distillation systems can separate close boiling
components with considerable saving of heating and cooling costs.

The thermally coupled distillation sequences outperformed the dynamic
behavior of the conventional distillation sequences for set point tracking. This
result is important to establish that thermally coupled distillation sequences not
only can have significant energy savings but also good dynamic properties.

Because of the internal therma coupling, a certain amount of heat is
transferred from the rectifying section to the stripping section and brings
the downward reflux flow for the former and the upward vapor flow for the
latter. As a result, the condenser and the reboiler are not required and energy
savings are realized.[19]

In the case of ternary mixtures, these thermally coupled arrangements
include the side stripper (TCDS-SS) as figure (2.4), the side rectifier (TCDS-SR)
asfigure (2.5) and the fully thermally (Petlyuk scheme) coupled column as figure
(2.6). Among them, the fully thermally coupled (Petlyuk scheme) arrangement
provides up to 50% energy saving, when compared to conventional sequences. .
In particular, the Petlyuk column is the most energy-efficient option, but its
structure poses two interesting features. One, it has the highest number of
interconnections, and two, the streams in the vapor phase (and therefore also in

the liquid phase) flow in the two directions, back and forth between the columns.

10



These aspects affect not only the design but also the control properties of the
Petlyuk system.

Alternative options can be developed through the correction of each of
these two items. Thus, through a reduction on the number of interconnections, or
through the use of unidirectional interconnecting flows, one can conceptually

generate simpler schemes, in principle easier to control.[16]
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Figure 2.4a Side stripper thermal coupling column
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Figure 2.4b Side rectifier thermal coupling column
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Feed

Figure 2.4c Fully thermal coupling column (Pytlek column)

2251 Literature Review for Thermal Coupling Method in
Distillation:-

Therma coupling is one of the techniques used to minimize energy
consumption by reducing the number of reboilers and/or condensers or both. This
ideais not new.

Theoretical studies had been submitted in this work,e.g.,Petlyuk, Platonor
[17], have shown that the column coupling configurations are capable of
achieving typically 30% of energy savings compared with a conventiona
sequence.

Stupin [18] showed that the thermally coupled system at minimum reflux
requires 27% less vapor boil-up than the conventiona scheme.

Tedder and Rudd [5], have considered an economic method for the
evaluation of smple seria distillation configurations. Eight configurations are

compared economically by a computer design model using short-cut method. In

12



these configurations towers may receive multiple feed streams and produce more
than two products.

Tobyia [19] studied the thermal coupling technique for nearly ideal feed-
stocks, it was found that thermal coupling technique requires less reboilers and
condensers and the total energy saving was 1-86%.

Triantafyllou and smith [20] report typically savings in the order of 30% in
both energy and capital costs compared to traditional arrangements with two
columnsin series.

Finn [11] studied the analysis of side stripper, side rectifier and fully
thermally (Petlyuk scheme) coupled column and showed that expected savings
of minimum internal vapor flows, and therefore of minimum energy
requirements, of up to 30% could be obtained with respect to the operation of
conventional direct and indirect distillation sequences.

More recent works, Hernandez and Jiménez cited in [11], Grossmann et
al. [11] have reported the use of optimization strategies for thermal coupling
distillation column to detect designs with minimum energy consumption under
(finite reflux) conditions.

The research of Liu and Qian [2] has shown that the energy saving could
be up to 40-50% compared with conventional distillation column.

Hernandez et al.[11] showed that the energy savings of thermal coupling
distillation systems sequence can be explained in terms of the interna
composition profiles of the intermediate component.

2.3 Vapor-Liquid Equilibrium for Multicomponent Distillation
(VLE):-

The equilibrium (theoretical) stage concept figure (2.5) is centra in
distillation. Here we assume vapor-liquid equilibrium (VLE) on each stage and
that the liquid is sent to the stage below and the vapor to the stage above. For

some trayed columns this may be a reasonable description of the actual physics,

13



but it is certainly not for a packed column. Nevertheless, it is established that
calculations based on the equilibrium stage concept.

Saturated vapour leaving the stage o _
with equilibrium mole fraction y Liquid entering the stage (xz ;.77 ;)
and molar enthalpy hp{Tx)

Vapour phase

Perfect mixing
i each phase

Liquid phase

Saturated liquid leaving the stage
with equilibrivm mole fraction x
and enthalpy hip(Tx)

Vapour entering the stage (Vs s

Figure (2.5) equilibrium stage concept

For practical calculations, the critical step is usually not the modeling of
the stages, but to obtain a good description of the VLE.[4]

Modeling and design of multicomponent distillation column requires
correlation related liquid and vapor phases compositions. Complexity of this
correlation depends on the components number, their nature and the interaction

between components.

Antoin [20] suggested a relation that predicted vapor pressure at instant
temperature.

Inp" = A+

T+C

This relation has three constants, which depend on the nature of
components, and it is applicable directly for one component, but for a mixture,
modifications were needed.

14



Application of Antoin on a mixture relation builds on two assumptions, the
ideal gas behavior and ideal liquid behavior. Activity coefficient is used to
correct the idealization of vapor and liquid.[6]

2.3.1 Thermodynamic of Equilibrium:-

Gibbs [14] introduced the thermodynamic treatment of multicomponent

phase equilibrium which based on the concept of chemical potential.

When the temperature and pressure of liquid phase and vapor phase is equal
to that of other and when the chemical potential of each specie present is the
same in both phases, then the liquid phase and vapor phase are said to be in

thermodynamic equilibrium.

Lewis [15] showed that a physically more meaningful quantity equivalent
to the chemical potential could be obtained by a simple transformation. The result
of this transformation is a quantity called the fugacity which is a "corrected

pressure” and has a unit of pressure

For a component in a mixture of ideal gases the fugacity is equal to its

partial pressure.

In real mixtures the fugacity can be considered as a partial pressure which
is corrected for non-ideal behavior.[14]

2.3.2 Fundamental Equationsfor the Vapor-Liquid Equilibrium:-

When the vapor phase is in equilibrium with liquid phase, the fugacity of each

component in both phasesis equal.

fi'=fi i=1,2,.....N ... (2.2)
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Where
N=components number.

In the case that the vapor phase obeys the laws of an ideal gas, the
following equation can be established:

f=py (2.3)

If the liquid phase can be regarded as an ideal solution, then:

fl =PX, e (24)
At equilibrium:
PY=Ph X, (2.5)

Where P is the total pressure of the system, P; is the vapor pressure of the i-th
component and X; and Yi are the mole fractions of the i-th component in the

liquid and vapor phase, respectively.
For non ideal system, the fugacity of the liquid phaseis given by:

fr =y PX, e (2.6)

In this case the vapor-liquid equilibrium can not be calculated unless the activity
coefficient is obtained. Therefore the case of non-ideal solutions the prediction of

the activity coefficient is most important.[14]
2.3.3 Activity Coefficient Calculation:

Many models are presented, the most important models are:

1.NRTL Model.

16



2.UNIQUAC Moddl.
3.UNIFAC Modsl.
4.Wilson Model.
2.3.3.d.Wilson Moddl:

Wilson model [16] was the most popular model because Wilson equation has
found wide application, both in the correlation of binary data and the prediction
of multicomponent vapor-liquid behavior. It's popularity is based upon it's
simplicity of expression and accuracy comparable to that obtained by the other
new complex models. The success of this model in the correlation of vapor-liquid
equilibrium data prompted the development of alternative local-composition

models.

Wilson equation contains just two parameters for a binary system and written as

follow:
GE
E I, +X%A5) =% IN(X + X Ay) e, (2.35)
A A
I =—] A 2 T 2.36
Ny, n()(1"')(2 12)+X2(X1+X2A12 X2+X1A21j ( )
A A
I =— A 2 _ L DT 2.37
ny, n(X2+X1 21)"")(1()(1_{_)(2/\12 X2+X1A21j ( )

A 12 and A, must be positive numbers.[17]

2.4 Design Methods for Multicomponent Non-ideal Distillation
Systems: -

17



There are two methods used in the design of multicomponent distillation
columns:-

1.Short-cut method.

2.Plate-to-plate methods.

2.4.1 Short-cut Method:-
Shortcut models are well established for grassroots design of distillation

columns and have been widely applied. Shortcut models are quicker to solve, do
not have significant convergence problems and are more robust than rigorous
models for column optimization. This shortcut method includes a new approach
to locating the feed trays in a complex column.[18]

a shortcut approach to get fast, good estimations of the limiting flows in
complex separation systems is proposed for sharp separations between the key
components (which are not adjacent in volatility if distributed components are
present).[19]

This model is primarily based on a modified Underwood method, the
Gilliland and Kirkbride correlations, the Fenske equation and the materia
balances Shortcut procedures can be used to determine the minimum energy
demand of a previously specified separation even for azeotropic mixtures.

For ditillation of ideal mixtures reliable shortcut methods (e.g. Fenske-
Underwood-Gilliland) have been known for quite some time. However such
methods are not applicable for strongly nonideal azeotropic mixtures which are
encountered in many industrial processes.

This model fixes both the column configurations and the operating
conditions, including steam flow rates, and calculate the product flow rates,
temperatures and compositions, and the various heat duties. Short-cut methods

can be considered as simplifications of the MESH equations. .[20]

18



Other authors, in particular Stewart et al.[21] use discrete weighted
residual methods for the development of short-cut models.

Eckert and Hlavelek modified the Smith —Brinkly method for use in
computing non-ideal multicomponent distillation, they tested their procedure for
number of strongly non-ideal systems.[22]

2.4.2 Rigorous M ethods for Multicomponent Non-ideal Systems:

Rigorous methods (plate to plate calculations) are more accurate and
convenient to give the temperature, composition, stream flow rates and heat |oad
at each stage.

Early attempts to solve the material and enthalpy balance equations for
stage to stage by calculational procedures of Lewis Matheson, and Thiele-Geddes
, based on equation tearing for solving simple fractionators with one feed and two
products.

Kinoshita and Hashimoto developed a powerful new simulation
procedure for multicomponent distillation column processing non-ideal solutions.

Yeomans and Grossmann presented the rigorous synthesis of heat
integrated sequences applying digunctive programming techniques to formulate
the problem). Finally, a magor challenge that remains is the rigorous global

optimization.[21]
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Chapter Three
Theor etical Aspect

3.1 Introduction:

In order to predict the performance of the distillation column and
due to the difficulty in using areal process, a computer simulation of the
mathematical model of the distillation column is required to aid the
selection and design of the suitable system.

The complexity of the modeling of distillation column is due to the
large number of variables that have to be considered such as temperature,
pressure drops across the plate, tray hydrodynamic ,tray holdup... etc,
finally determination of steady state condition variables.

There are two man types of problems encountered when
performing distillation column calculations:

1. Column design for a given product specification, i.e.
determination the number of plates in the column, the
location of feeds and the side stream, and the heating and the
cooling requirements.

2. Analysis of specified column in the steady state case, where
the column is specified completely and the data of the flow
temperature, pressure, vapor and liquid concentrations... etc
will be calculated.

3.2 Method of Analysis:

The analysis emphasizes to investigate the possibility of energy
recovery in non-ideal multicomponent distillation using thermal coupling
technique to separate two ternary and one quaternary system feed stock

mixtures into a relatively pure products, and how the variation of these
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possibilities was carried out when the feed composition, degrees of
recovery will vary.

By using different configurations the separation was carried out
for each feed system depending upon its ideality. A modified computer
programmes for short-cut method (empirical method). The feed systems
are assumed to be liquid at their boiling points and three degree of
recoveries of 0.9, 0.925, and 0.95 in which the flow rates, composition
and temperature of all process streams within the configuration are
determined together with the process design of al columns, heat load for
condensers and reboilers, number of plates, actua reflux ratio and feed
plate location.

Short-cut method was used to design the distillation column for
non-ideal multicomponent system, to get first estimation of the process

variables.
3.3 Variable Specifications:

The variables considered for the process system are:

1. Feed composition.

2. Degree of recovery.

3. Type of systems.

4. Configurations.

Two ternary and one quaternary non-ideal feed systems table (3.1)
have chosen because the physical properties and the binary interaction
forces are available in the literature. Also they were studied to compare
the present results with the previous works on the same systems.

Different feed compositions of ternary and quaternary feed system
were studied table (3.2) according to light and heavy key components and
three different recoveries of 0.9, 0.925, and 0.95 for feed system a, b and

C.
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Different configurations for feed system a, b and c for conventional
and thermal coupling were considered figures (3.1) to (3.8). All feed
systems were assumed to be liquids at their boiling point, total
condensation to give a maximum heat removed at the top of the column.
The operating pressure of each column in configuration was assumed to
be constant at 1 atm. The ratio of actual to minimum reflux ratio was

taken constant as avalue of 1.25.
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Table (3.1) Feed system components [17]

Ternary feed system
component
a b
A Methanol Acetone
B Ethanol M ethanol
C Water Water
Quaternary feed system
Component
C
D n-hexane
E Methyl-Cyclo-Pentane
F Ethanol
G Benzene
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Table (3.2) Ternary and quaternary feed system composition [17]

Ternary feed composition

Component
1 2 3 4
A 0.333 0.8 0.1 0.1
B 0.333 0.1 0.8 0.1
C 0.333 0.1 0.1 0.8
component Quaternary feed composition
1 2 3 4 5
D 0.25 0.7 0.1 0.1 0.1
E 0.25 0.1 0.7 0.1 0.1
F 0.25 0.1 0.1 0.7 0.1
G 0.25 0.1 0.1 0.1 0.7
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Figure 3.1 Thermal coupling configuration 1, feed systemsaand b
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Figure 3.2 Thermal coupling configuration 2, feed system b
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Figure 3.3 Thermal coupling configuration 3, feed system b
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3.4 Prediction of Vapor- Liquid Equilibrium for Non-ideal
Systems:

The prediction of multicomponent vapor- liquid equilibrium
behavior is very important in industrial application.

Among the models of prediction of vapor-liquid equilibrium for
non-ideal systems, Wilson equation has found wide application, both in
the correlation of binary data and in the prediction of multicomponent of
vapor-liquid equilibrium behavior. In this work, Wilson model was used
because of the availability of the data and to compare the results with
previous works.

3.4.a Wilson model:

Wilson equation (1964) is derived to solve the equation of excess

free energy,

Wilson equation is:

Iny, == In{ixinj}+1—i ):kﬂ ........................ (3.2)
j=1 k+1 A i
; !
Where
Ve
A, = \T’Lexp[— (4, -4 )RT] (3.2)
And
L
A= X%Lexp[— (-2, IRT] (3.3)
]
Although
A=A, (3.4)
Aj=Ay (35)
And
Ay=A =10 (3.4)
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Therefore to apply Wilson's model it is important to determine A,
and A, (Wilson's constants).

3.4.b Enthalpy of non-ideal systems:

Because of the excess free energy, the prediction of enthalpy of
non-ideal system is important. Where for ideal system the excess free
energy equal zero.

AGEF =AG-AG' (3.5
Where

AGF =EXcess free energy.

AG =Readl free energy.

AG' =ldeal free energy.

The relationship between excess mola free energy, excess molal
enthalpy and entropy is:

AGF = AHF —TASF

Wilson (1964) gave an expression to determine excess enthalpy of

non-ideal solutions;

C

> x (oA, /6T )RT?

HE=S X H & = 3 X[ e[} i 3.7
izzll IZ:; X + ZXinj (3.7)
i,j#1
Where
(A 1STIRTZ= (4 -4 A, e (3.8)
For binary systems HF becomes:
E _ X2A12 _ X1A21 _
HE = x{;xl s J(ﬁlz Ay )+ Xz(xz n J(Alz 70 I (3.9)
For more than two components equation (3.7) becomes:
e Zl:Xi (ﬂ'ij — A )Aij 310
H :é X, RESAL ([ e (3.10)
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It is therefore convenient to calculate the excess enthalpy for any
solution and then adding this value to the enthalpy value of ideal system
to get the actual value of enthalpy for the solution.

Equation (3.10) was used to calculate the excess enthalpy of a non-
ideal multicomponent system in the liquid phase only.

3.5 Design Models:

The calculations were made by using a short-cut method for both
conventional and thermal coupling technigue and a computer program
developed using matlab appendix (B).

3.5.1 Mathematical Mode for the Short-cut Design

Calculation:

Empirical correlation isthe basic of this model which calculate:
Minimum reflux ratio.

Minimum number of plates.

Actual number of plates.

Actual reflux ratio.

Top and bottom temperature.

Heat load at top and bottom of the column.

7. Feed plate location.

Underwood equation is used to determine the minimum reflux ratio:

©o a0 & w0 D P

z“—x; SR A1 (3.11)
i=1 OCi -
¢ was calculated from Fenske equations:

ZLO; f‘fA S1oq (3.12)
And o, <d<a,,
Where
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Heat required to vaporize the feed
o —
Latent heat of vaporization
The value of ¢ is calculated from the previous equations by trial and
error, then R, is calculated from equation (3.11).
Operating reflux ratio=R=R,*1.25 ... ...l (3.13)
Gilliand, Van Winkle and Todd relationships were used to calculate
the theoretical number of plates:
a. for (R-R))/(R+1)<0.125

N-N, = 0.5039 + 0.5068( R-R, j - 0.0908|Og(ﬂj ......... (3.14)
N+1 R+1 R+1

b. for (R-R.,)/(R+1)>0.125
2 3
N-N, 0.6257—0.9868[ R- ij+0.516[ R- ij —0.1736{R_ Rm}
R R+1 1

N+1 +1 +

For columns with one side stream, equations (3.12) to (3.15) were
applied twice, first section from top tom the side stream and second
section is from side stream to the bottom, and then the total theoretical
plates were considered one less than sum of the two sections.

Vapor-liquid equilibrium was calculated using both Wilson and

Antoine eguations:

k=21P (3.16)
p
Inp = A+—2—  (Upto 1000 MMHG) ..covvevvn.... (3.17)
C+T

The Antoine coefficients were given in appendix (C).
The ideal enthalpy of vapor and liquid were used in the form of
third degree polynomials as a function of temperature. The coefficients of

these polynomials were given in appendix (C).
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The sum of ideal enthalpy and excess is the actual enthalpy of the
components in the non-ideal systems.

The details of the short-cut method were explained in appendix (A)
and the developed program and its flow charts were given in appendix
(B).

3.6 Mathematical Modelsfor Calculations:
3.6.1 Mathematical Modelsfor Material Balance:

Overal and component material balances have been proposed for
each column and each configuration.
3.6.1.a Conventional distillation columns:

Conventional column is a column with one feed and two products,
distillate and waste.

k-1
Moles of distillate=) moles of | component+ moles of Ik

i=1

component+ moles of hk component.

D=3z, F)+Z, FRR +Z,  FL-RF,) ... (3.18)

F=D+W (3.19)
3.6.1.b Thermal coupling distillation columns;

Thermal coupling columns are columns with more than two
products and could be more than one feed.

Digtillation columns with one side stream divided into two
sections, the first from top to the side stream with light and heavy key
components, and the second from side stream to the bottom with different
light and heavy key components and the heavy key of the first section is
equal to the light key of the second section.

If there are two side streams, the column is divided into three

sections.
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3.6.1.a.1 Columnswith two feed and one side stream:

Moles of D=Ik2 (moles of i)+ moles of Ik+ moles of hk.

i=1

LN

1k
D= Z(zi,fl.Fl)jL Zu o FLRR, +Z, o FLO-RF,) ... (3.20)

i=1

L

Moles of S=moles of Ik+ moles of hk+ moles of hk1
S= (Zlk,fl'Fl'(l_ RF, )+ Zlk,f2F2)+ (th,fl'Fl_ RFw + L 12-F2.RF, )"' (thl,fl'Fl+ thl'Fz'(l_ RFhkl))

F1+F2=D+StwWw (3.22)
3.6.1.a.2 Special columns:

1. Column 2 in configuration 4 and 5.
The side stream is assumed to be the feed which produce the

distillate of column 2 and the bottom product of column 3.

1k

Moles of D= moles of i+ moles of Ik+ moles of hk.

i=1

LN

1k—
D=) (2, F)+Zu FRE +Zy  FA-RR) (3.23)

i=1

LN

Moles of S:i moles of i+ moles of hk+ moles of hk1

i=1

1k

S=M(Z, F)+Zy  FRE +Zpo  FA-RF) e, (3.24)

i=1

Moles of W=moles of hk+ moles of hk1+ i moles of |

j=hki+1

W=Z,  FA-RR)+Zp FRRu+ D2 F) . (3.25)

et}
F1+Fr=D+StW (3.26)
2.column 2 of configuration 3.

The side stream is assumed as the feed which produces the bottom

product of the column 1 and the distillate of column 2.

Moles of D:IKZ moles of i+ moles of Ik+ moles of hk

i=1

=
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D=Y(2,, F)+Z  FRR +Zy FAL-RF,) e

Moles of S=moles of Ik+ moles of hk+ Z moles of |

j=hk1

S=Z, FA-RR)+Z, FRA + Y (2, F) ...

j=hki

Moles of W=moles of hk+ moles of hk1+ Zn: moles of |

j=hki+1

W=Z,, F-RF, )+ Zy, FRENKLE (2, F) ool

j=hki+l

F+ Fr=D+StW (3.30)
3.6.2 Cost Estimation:

Equipment cost, operating cost were calculated depend on the

equations of Henry method.

Equipment cost= cost of column+ cost of condenser+ cost of reboiler.

Operating cost=28%(total equipment cost)+cost of utilities.

Cost of utilities=cost of steam+ cost of cooling water.

Total annual cost=depreciation+ annual operating cost.

Total annual cost=(equipment cost/service life)+annual operating cost.

The details were given in appendix (A).

33



AB

A BC 1 2

C B
Figure 3.6 feed system (a)
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Figure 3.7 feed system( b)
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Figure 3.8 feed system (c)
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Chapter Four
Results and Discussion

4.1 Introduction:-

In this chapter, three types of feed systems were studied by varying
the feed compositions, fractional recovery and configuration, by using
short-cut model. All results presented in this chapter were taken from
short-cut model.

Total reboiler load, percentage saving in total reboiler load and
percentage saving in total annual cost using thermal coupling technique
for al feed systems at different feed composition, fractional recovery and
configurations were reported in tables, and/or represented graphicaly to
ease the comparison.

In this chapter, a comparison for the results of present work of
thermal coupling technique and previous works of heat pump and heat
matching were reported in tables only.

4.2 Effect of Process Variableson Total Reboiler Load Using
Thermal Coupling Technique: -
4.2.1 Effect of Feed Composition:-

Four feed compositions and one operating pressure of 1 atm for
ternary feed systems a and b, and five feed compositions and one
operating pressure of 1 atm for feed system ¢ were studied. The results
obtained were listed in tables (4.1) to (4.2) for feed system a, tables (4.7)
to (4.8) for feed system b and tables (4.13) to (4.14) for feed system c.
The figures showed these results are (4.1) to (4.2) for feed system a, (4.3)
to (4.4) for feed system b and (4.5) to (4.6) for feed system c.
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For feed system a and b, the results show a maximum reboiler load
at feed composition 2 because there is a large mole fraction of light key
component in the feed which needs high reboiler load to separate it, this
maximum reboiler load decreased as the composition changeto 3, 1 and 4
because of the decreasing the value of the mole fraction of light key
component in the feed.

For feed system c the results show a maximum reboiler load at feed
composition 2 because the high mole fraction of light key component in
the feed, this maximum value decreased as the composition changed from
3,4,1and 5.

4.2.2 Effect of Fractional Recoveries:-

Three fractional recoveries of 0.9, 0.925 and 0.95 were considered.
The results are given in tables (4.1) and (4.2) for feed system a, tables
(4.7) and (4.8) for feed system b and tables (4.13) and (4.14) for system c.
These results also showed the effect of fractional recoveries on reboiler
load in figures (4.1) and (4.2) for feed system a, figures (4.3) and (4.4) for
feed system b and figures (4.5) and (4.6) for feed system c.

The reboiler load increased as the fractional recovery increased for
al feed systems as the fractional recovery increased except in
composition 4for system a and composition 3 for system b because the
separation of components of composition more than 50% in the feed as

bottom product requires less reboiler |oad.
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4.2.3 Effect of Configurations:-

Three configurations for feed systems a, b and ¢ were considered.
The results are listed in tables (4.1) and (4.2) for feed system a, tables
(4.7) and (4.8) for feed system b and tables (4.13) and (4.14) for system ¢
These results also showed the effect of fractional recoveries on reboiler
load in figures (4.1) and (4.2) for feed system a, figures (4.3) and (4.4) for
feed system b and figures (4.5) and (4.6) for feed system c.

The results show that the optimum (minimum) value of the reboiler
load is obtained when using configuration 1 because it has a liquid side
stream which is not need high reboiler load for all feed system a, b and c.
4.2.4 Comparison with Previous Works:-

The results of comparison between thermal coupling technique and
previous works heat matching and heat pump were obtained under the
same conditions of feed systems, feed compositions, fractional recoveries
and operating pressure from the following equation:-

% comparison of reboiler load=((REBLA of thermal coupling-REBLA of
other techniques)/REBLA of thermal coupling)*100  .......... (4.2)

The results were tabulated in tables (4.3) to (4.6) for feed system a,
tables (4.9) to (4.12) for feed system b and tables (4.15) to (4.18) for feed
system c.

The negative sign appeared in the results means that the
thermal coupling technique is more efficient than other techniques

according to equation (4.1)
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Table (4.1) Effect of change of fractional recovery and feed composition
on reboiler load (kca/hr *10M-6) for system a and configuration lat

constant pressure of 1 atm.

5 ROT 09 0.925 0.95
1
(0.3330.333,0333) | 062 1.100 1.136
(0.8 021 0.1) 1.423 1.530 1.643
(01 038 0.1) 1432 1.470 1.479
(0.1 041 0.8) 0.44 0.43 0.42

Table (4.2) Effect of change of fractional recovery and feed composition
on reboiler load (kcal/hr *107-6) for system a and configuration 2 at

constant pressure of 1 atm.

z "O1 o9 0.925 0.95
1
(0.333,0.333,0.333) | 303 1418 1.475
2
(0.8,0.1,0.1) 1472 1.583 1.698
3
(0.1,0.8,0.1) 1.63 1.62 1.58
4
(0.1,0.1,0.8) 0.959 1.023 1.111
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Table (4.3) % comparison of reboiler load between thermal coupling and
heat pump techniques for system a and configuration 2 at constant
pressure of 1 atm.

0 0.9 0.925 0.95

REBLA | REBLA | % of REBLA | REBLA | % of REBLA | REBLA | % of

of H.P. of T.C. comparison | of H.P. of T.C. comparison | of H.P. of T.C. comparison
1| 166 | 106 | -561 | 169 | 110 | -6423 | 297 | 113 | -64.17
2| 167 | 142 | -1703 | 183 | 153 | -1937 | 197 | 165 | -1968
3|29 | 143 | -1063 | 334 | 147 | 1274 | 29 | 148 | -96.21
4| 114 | o059 | -1887 | 117 | 1023 | -1437 | 122 | 111 | -981

Table (4.4) % comparison of reboiler load between thermal coupling and

heat pump techniques for system a and configuration 2 at constant
pressure of 1 atm.

o} 0.9 0.925 0.95

REBLA | REBLA | % of REBLA | REBLA | % of REBLA | REBLA | % of

of H.P. of T.C. comparison | of H.P. of T.C. comparison | of H.P. of T.C. comparison
1) 166 | 1363 | -21.06 | 169 | 1418 | -2694 | 297 | 1475| -26.1
2 | 167 | 1472 | -1345 | 183 | 1583 | -156 | 197 | 1698 | -16.02
3|1 15 |o0722| -1237 | 172 | 1023 | -1287 | 193 | 111 | -98.11
4 1 114 | o959 | -1887 | 117 | 1023 | -1437 | 122 | 1111 | -9811
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Table (4.5) % comparison of reboiler load between thermal coupling and
heat matching techniques for system a and configuration 1 at constant
pressure of 1 atm.

0 0.9 0.925 0.95

REBLA | REBLA | % of REBLA | REBLA | % of REBLA | REBLA | % of

of HM. | of T.C. | comparison | of HM. | of T.C. | comparison | of HM. | of T.C. | comparison
1| 166 | 1363| -5631 | 181 | 1418 | -6455 | 1.88 | 1475 | -65.49
2| 169 | 1472| -1876 | 184 | 1583 | -2026 | 198 | 1698 | -2051
3| 297 | 0959 | -107.4 | 336 | 1023 | -1286 | 293 | 1.111 | -98.11
4 | 297 | 1432| -19.92 | 336 | 147 | -1632 | 293 | 1479 | -1161

Table (4.6) % comparison of reboiler load between thermal coupling and
heat matching techniques for system a and configuration 2 at constant
pressure of 1 atm.

o} 0.9 0.925 0.95

REBLA | REBLA | % of REBLA | REBLA | % of REBLA | REBLA | % of

of HM. | of T.C. | comparison | of HM. | of T.C. | comparison | of HM. | of T.C. | comparison
11166 | 1062| 2079 | 181 | 1100 | -2764 | 188 | 1136| -27.46
21169 | 1423 | -1481 | 184 | 1530 | -1623 | 19 | 1643 | -1661
3| 297 | 0959 | -107.4 | 336 | 1023 | -1286 | 293 | 1.111 | -98.11
4 | 297 2.93

1432 | -19.92 | 336 | 1470 | -16.32 1.479 | -11.61
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Figure 4.1 The effect of fractional recovery and feed composition on
reboiler load for system a configuration 2.
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Figure 4.2 The effect of fractional recovery and feed composition on
reboiler load for system a configuration 3.
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Table (4.6) Effect of change of fractional recovery and feed composition
on reboiler load (kcal/hr*10M-6) for system b and configuration lat
constant pressure of 1 atm.

z "9l a9 0.925 0.95
1
(0.333,0.333,0.333) | 7" 0.823 0.865
(0.8 021 0.1) 3.17 2.78 2.35
(0.1 038 0.1) 0.722 0.799 0.884
(0.1 041 0.8) 0.130 0.199 0.213

Table (4.7) Effect of change of fractional recovery and feed composition
on reboiler load (kcal/hr*10"-6) for system b and configuration 3 at
constant pressure of 1 atm.

RO
YA 0.9 0.925 0.95
- 0.889 0.926 0.950
(0.333,0.333,0.333) - : .
(0.8 021 0.1) 3.79 3.13 2.49
(0.1 038 0.1) 0.732 0.801 0.873
(0.1 041 0.8) 0.365 0.405 0.452
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Table (4.8) % comparison of reboiler load between thermal coupling and
heat pump techniques for system b and configuration lat constant

pressure of 1 atm.

0 0.9 0.925 0.95

REBLA | REBLA | % of REBLA | REBLA | % of REBLA | REBLA | % of

of HP. | of T.C. | comparison | of H.P. | of T.C. | comparison | of H.P. | of T.C. | comparison
11097 | 0774 | -2532 | 102 | 0g23 | -2304 |19 | 0865 | -19.08
21123 |3163| 5707 | 135 | 278 | 4325 |1° | 2347 | 2629
3| 155 | 0722 | -1147 | 161 | 0799 | -1005 |17 | 0884 | -97.96
41 05 | p100 | -1632 | 053 | 0199 | -1663 | 927 | 0213 | -1676

Table (4.9) % comparison of reboiler load between thermal coupling and
heat pump techniques for system b and configuration 3 at constant

pressure of 1 atm.

0 0.9 0.925 0.95

REBLA | REBLA | % of REBLA | REBLA | % of REBLA | REBLA | % of

of HP. | of T.C. | comparison | of H.P. | of T.C. | comparison | of H.P. | of T.C. | comparison
11097 | oggo | -911 | 102 | poze | -1015 |19 | pos0| -8.42
21123 | 379 | 6414 | 135 | 3132 | 4955 |1° | 249 | 3077
3| 155|732 | -111.7 | 161 | 0801 | -100 |+ |o0873| -1005
41 05 | 0365 | -36.99 | 053 | 0405 | -3086 |97 | 0452 | -26.11
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Table (4.10) % comparison of reboiler load between thermal coupling
and heat matching techniques for system b and configuration lat constant
pressure of 1 atm.

0 0.9 0.925 0.95

REBLA | REBLA | % of REBLA | REBLA | % of REBLA | REBLA | % of

of HM. | of T.C. | comparison | of H.M. | of T.C. | comparison | of HM. | of T.C. | comparison
11099 | 0774 | -2701 | 104 | 0823 | -2637 | 107 | 0865 | -237
2| 12 | 3163 | 5644 | 14 | 278 | 4289 | 16 | 235 | 2544
3| 156 | 9722 | -1202 | 1.63 | 0799 | -104 | 177 | 0.884 | -100.2
4

052 | 0190 | -173.7 | 055 | 0199 | -176.4 | 038 | 0213 | -172.3

Table (4.11) % comparison of reboiler load between thermal coupling
and heat matching techniques for system b and configuration 3 at
constant pressure of 1 atm.

0 0.9 0.925 0.95

REBLA | REBLA | % of REBLA | REBLA | % of REBLA | REBLA | % of

of HM. | of T.C. | comparison | of HM. | of T.C. | comparison | of HM. | of T.C. | comparison
11099 | pggg | -11.36 | 1.04 | 0926 | -12.31 | 107 | 0950 | -12.63
2112 | 379 | 6362 | 14 | 313 | 4923 | 16 | 235 | 2097
3| 156 | 0732 | -117.2 | 163 | 0801 | -1035 | 177 | 0873 | -102.7
4

052 | 0365 | -42.47 | 055 | 0405 | -358 | 058 | 0452 | -2832
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Figure 4.3 The effect of fractional recovery and feed composition change

on reboiler load for system b configuration 1.

3.5 4

2.5 4

1.5 4

REBLA (kcal/hr)*10.-6
N

0.5

—

0 ]

Figure 4.4 The effect of fractional recovery and feed composition change

on reboiler load for system b configuration 3.
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Table (4.12) Effect of change of fractional recovery and feed composition
on reboiler load (kcal/hr *107-6) for system ¢ and configuration 4 at

constant pressure of 1 atm.

~ RO 0.9 0.925 0.95

1
(0.25,0.250.250.25) | 148/ 12.79 12.6
(0.7,0 120 1,0.1) 31.68 22.81 19.03
(0.1,0 730 1,0.1) 3145 19.93 17.05
(0.1,0 140 7,0.1) 30.33 27.59 16.88

5
(0.1,0.1,0.1,0.7) 7.06 8.35 0.81

Table (4.13) Effect of change of fractional recovery and feed composition
on reboiler load (kcal/hr *10"-6) for system ¢ and configuration 5 at

constant pressure of 1 atm.

Z RO 0.9 0.925 0.95

(0.25,0.25?0.25,0.25) 1506 12.99 12.8
(0.7,0.1?0.1,0.1) 41.39 26.8 20.76
(0.1,0.7?0.1,0.1) 3152 20 17.12
(0.1,0.11,10.7,0.1) 30.67 27.95 17.25
(0.1,0.1?0.1,0.7) 7.31 8.57 10
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Table (4.14) comparison of reboiler load between thermal coupling and

heat pump for system c configuration 4.

0.9
Z REBLA of H.P. REBLA of T.C. % of comparison
1 6.01 14.87 59.66
2 10.99 31.68 65.28
3 8.8 31.45 72.81
4 8.5 30.33 90.49
S 4.55 7.06 35.28

Table (4.15) comparison of reboiler load between thermal coupling and

heat pump for system c configuration 5.

0.9
Z REBLA of H.P. REBLA of T.C. % of comparison
1 6.01 15.06 60.17
2 10.99 41.39 73.42
3 8.8 31.52 72.87
4 8.5 30.67 90.52
S 4.55 7.31 37.76
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Table (4.16) comparison of reboiler load between thermal coupling and
heat matching for system c configuration 4.

0.9
Z REBLA of H.M. REBLA of T.C. % of comparison
1 6.76 14.87 54.89
2 11.85 31.68 62.56
3 8.76 31.45 172.24
4 8.65 30.33 90.37
5 4.5 7.06 36.26

Table (4.17) comparison of reboiler load between thermal coupling and
heat matching for system c configuration 5.

0.9
Z REBLA of H.M. REBLA of T.C. % of comparison
1 6.76 15.06 55.48
2 11.85 41.39 71.35
3 8.76 31.52 72.30
4 8.65 30.67 90.41
5 4.5 7.31 38.44
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4.3 Effect of Process Variables on the Percentage Saving in

Total Reboiler Load with Thermal Coupling Technique:-
Percentage saving in total reboiler load obtained from the

following equation:

n:Qc_Qt

C

%saving in total energy consumptio

Where
Qc=total reboiler load for conventional system.
Qt=total reboiler load using thermal coupling technique.

The increasing and decreasing in the saving in total reboiler load
depends on the reboiler load results of thermal coupling and conventional
systems.

4.3.1 Effect of Feed Composition:-

The results of percentage saving in total reboiler load were listed in
tables (4.18) and (4.19) for feed system a, tables (4.24) and (4.25) for
feed system b and tables (4.30) and (4.31) for feed system c.

These results were presented in figures (4.10) to (4.12) for feed
system a, figures (4.13) to (4.15) for feed system b and figures (4.16) to
(4.18) for feed system c.

4.3.2 Effect of Fractional Recoveries:

The results of percentage saving in total reboiler load were listed in
tables (4.18) and (4.19) for feed system a, tables (4.24) and (4.25) for
feed system b and tables (4.30) and (4.31) for feed system c.

The results were presented in figures (4.7) and (4.8) for feed

system a, figures (4.9) and (4.10) for feed system b and figures (4.11) and
(4.12) for feed system c.

51



4.3.3 Effect of Configurations:-

The results of percentage saving in total reboiler load were listed in
tables (4.18) and (4.19) for feed system a, tables (4.24) and (4.25) for
feed system b and tables (4.30) and (4.31) for feed system c.

The results were presented in figures (4.7) and (4.8) for feed
system a, figures (4.9) and (4.10) for feed system b and figures (4.11) and
(4.12) for feed system c.

4.3.4 Comparison with Previous Works:-

The results of the present work using thermal coupling techniques
are compared with the previous work on heat pump and energy matching
for non-ideal systems.

The tables of these results are (4.20) to (4.21) for feed system a
show that therma coupling technique is the more efficient than heat
pump except at feed composition 2 where heat pump gives better results.
Tables (4.22) to (4.23) show that thermal coupling is more efficient than
heat matching at all cases.

This efficiency is because of the increasing of percentage saving in
total reboiler load of thermal coupling than others.

For feed system b, thermal coupling technique is more efficient
than heat pump and heat matching in all conditions tables (4.26) to (4.29).

For feed system c, tables (4.32) to (4.33) show that heat pump and
heat matching give best results.
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Table (4.18) Effect of change of fractional recovery and feed composition

on % saving in total reboiler load for system a and configuration 1 at
constant

pressure of 1 atm.

z A EE 0.925 0.95
(0.333,0.3%33,0.333) 42.965 42.044 41,534
(0.8,0?1,0.1) 40.109 38.530 37.050
(0.1,01.38,0.1) 64.607 60.054 54.926
(0.1,04.11,0.8) 4211 44.20 46.93

Table (4.19) Effect of change of fractional recovery and feed composition
on % saving in total reboiler load for system a and configuration 2 at
constant pressure of 1 atm.

z "ol o9 0.925 0.95
(0.333,0 §33 0333 | 2079 25.290 24.087
2
(0.8,0.1,0.1) 38.047 36.400 34.943
3
(0.1,0.8,0.1) 59.74 55.87 51.88
4
(0.1,0.1,0.8) -26.184 | -31.830 | -40.384
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Table (4.20) % comparison of percentage saving total reboiler load
between thermal coupling and heat pumps techniques for system a and
configuration 1 at constant pressure of 1 atm.

0 0.9 0.925 0.95
%S.R.L | %S R.L | %of %S.R.L | % % of %S.R.L | % % of
of HP. | of T.C. | comparison | of H.P. | SR.L comparison | of H.P. | SR.L comparison
of T.C. of T.C.
11336942065 2159 |3236|42044| 2303 | 3036 | 41534 | 26.90
21530240109 | -32.19 | 4785 | 38530 | -24.19 | 4569 | 37,050 | -23.32
312574 | 64607 | 60.16 | 2936 |60.054| 57.77 | 237 | 54926 | 56.85
412548 4211 | 3827 | 2537 | 4420 | 4263 | 239 | 46.93 | 49.09

Table (4.21) % comparison of percentage saving total reboiler load
between thermal coupling and heat pumps techniques for system a and
configuration 2 at constant pressure of 1 atm.

o} 0.9 0.925 0.95
%S.R.L | %SR.L | % of %S.RL | % % of %S.R.L | % % of
of H.P. of T.C. | comparison | of H.P. | SRL comparison | of H.P. | SR.L comparison
of T.C. of T.C.
13369 42065| 2159 |3236|42044| 2303 | 3036 | 41534 | 26.90
215302 | 40109 | -32.19 | 4785 |38530| -24.19 | 4569 | 37.050 | -23.32
3|25.75| 5974 | 5691 | 2538 | 5587 | 5461 | 2378 | 51.87 | 54.32
412594 | 2618 | 199.2 | 2536 | .31.83| 1796 | 2389 | 1038 | 159.1
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Table (4.22) % comparison of percentage saving total reboiler
between thermal coupling and heat matching techniques for system a and
configuration 1 at constant pressure of 1 atm.

load

0 0.9 0.925 0.95
%S.R.L. %S.R.L | % of %S.RL | %S.R.L | % of %S.R.L | %S.R.L | % of
of H.M. of T.C. | comparison | of HM. | of T.C. | comparison | of of T.C. | comparison
H.M.
11810 | 42065| 8115 | 719 | 42044 | 82.89 7.0 | 41534 | 8315
2| 61 |40100| 8479 | 59 |38530| 84.69 5.8 | 37.050 | 84.35
3
58 |64.607| 91.02 | 44 |60.054| 9267 56 | 54926 | 89.81
4
1197 | 4211 | 7174 | 1215 24420 | 7263 | 106 | 4693 | 77.41
Table (4.23) % comparison of percentage saving total reboiler load

between thermal coupling and heat matching techniques for system a and
configuration 2 at constant pressure of 1 atm.

o} 0.9 0.925 0.95

%SR.L. | %S.R.L | % of %S.RL | %S.RL | % of %S.R.L | %S.R.L | % of

of HM. | of T.C. | comparison | of H.M. | of T.C. | comparison | of of T.C. | comparison

H.M.

1/810|42065| 81.15 | 719 | 42044 | 82.89 70 | 41534 | 8315
2161 ]40100| 8479 | 99 |38530| 84.69 5.8 | 37.050 | 84.35
3158|5974 | 9029 | 425 | 5587 | 9213 55 | 51.879 | 89.21
41119 2618 | 14545 | 121 | 3183 | 13801 | 106 | 4038 | 126.25
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Figure 4.7 The effect of fractional recovery and feed composition on %
saving in total reboiler load for system a configuration 2.

56



Table (4.24) Effect of change of fractional recovery and feed composition
on % saving in total reboiler load for system b and configuration 1 at
constant pressure of 1 atm.

0.9 0.925 0.95
1
(0.333,0.3330333) | -9 92.07 91.99
(0.8 021 0.1) 82.47 83.31 84.66
(0.1 038 0.1) 9.3 95.15 94.95
(0.1 041 0.8) 96.14 96.21 96.19

Table (4.25) Effect of change of fractional recovery and feed composition
on % saving in total reboiler load for system b and configuration 3 at
constant pressure of 1 atm.

0.9 0.925 0.95
1
(0.3330.3330.333) | 103 91.08 91.20
2
(0.8,0.1,0.1) 79.01 81.23 83.67
3
(0.1,0.8,0.1) 95.24 95.14 95.01
4
(0.1,0.1,0.8) 92.58 92.29 91.92
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Table (4.26) % comparison of percentage saving total reboiler load
between thermal coupling and heat pumps techniques for system b and
configuration 1 at constant pressure of 1 atm.

o} 0.9 0.925 0.95
Z %S.R.L %S.R.L % of %S.R.L % S.R.L | % of %S.R.L % S.R.L | % of
of H.P. of T.C. comparison | of HP. | of T.C. comparison | of H.P. of T.C. comparison
112456 | 9219 | 7336 | 2402 | 9207 | 7391 | 2400 | o199 | 7391
21185 | 8247 | 777 | 1695 | 8331 | 7977 | 1633 | 8466 | 80.68
315369| o953 | 4366 | 4998 | 9515 | 5209 | 4951 | 9495 | 5207
413504| 9614 | 6355 | 3410 | 9621 | 6456 | 3400 | 9619 | 64.65

Table (4.27) % comparison of percentage saving total reboiler load
between thermal coupling and heat pumps techniques for system b and
configuration 3 at constant pressure of 1 atm.

0 0.9 0.925 0.95
Z %S.R.L | %S.R.L % of %S.R.L % S.R.L | % of %S.R.L % S.R.L | % of
of HP. | of T.C. comparison | of H.P. of T.C. comparison | of H.P. of T.C. | comparison
112456 | 9103 | 7302 | 2402 | 9108 | 7363 | 2400 | 9120 | 73.68
21185 | 7901 | 7672 | 1695 | g123 | 7926 | 1633 | 8367 | 8045
315369 9524 | 4363 | 4558 | 9514 | 5200 | 4991 | o501 52.1
413504 | go58 | 6215 | 3410 | 9229 | 6305 | 3400 | 9192 | 6301
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Table (4.28) % comparison of percentage saving total reboiler load
between thermal coupling and heat matching techniques for system b and
configuration 1 at constant pressure of 1 atm.

o} 0.9 0.925 0.95
Z %S.R.L. | %S.R.L % of %S.R.L %S.R.L % of %S.R.L %S.R.L % of

of HM. | of T.C. comparison | of HM. | of T.C. comparison | of HM. | of T.C. | comparison
1) 97 | 9219 | 89478 | 93 | 9207 | 89.899 | 98 91.99 | 90.216
21506 | 8247 | 9382 | 999 | 8331 | 93.38 653 | 8367 | 9220
3| 68 | 953 | 93704 | 56 | 9515 | 94115 | °3 94.95 | 94.418
41198 | 9614 | 79.405 | 179 | 9621 | 813955 | 174 | 9619 | 8191

Table (4.29) % comparison of percentage saving total reboiler load
between thermal coupling and heat matching techniques for system b and
configuration 3 at constant pressure of 1 atm.

0 0.9 0.925 0.95
Z %S.R.L. | %S.R.L % of %S.R.L %S.R.L % of %S.R.L %S.R.L % of

of HM. | of T.C. comparison | of HM. | of T.C. comparison | of HM. | of T.C. | comparison
1/ 97 | 9103 | 8934 | 93 | 9108 | 89.79 9.8 91.20 | 90.13
21509 | 7901 | 9355 | 999 | 8123 | 9311 | 653 | 8367 | 9211
3| 68 | 9524 | 937 56 | 9514 | 9411 5.3 95.01 | 94.42
41198 | go58 | 7861 | 179 | 9229 | 8061 | 174 | 9192 | 8107
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120

100 -

[e]
o
L

I
o

% SAVING IN TOTAL ENERGY
CONSUMPTION
N o
o o

1 2 3
Figure 4.9 The effect of fractional recovery and feed composition on %
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Table (4.30) Effect of change of fractional recovery and feed composition
on % saving in reboiler load for system ¢ and configuration 2 at constant
pressure of 1 atm.

~ ROI o9 0.925 0.95
(o.25,0.25,0.125,0.25,0.25) 8.88 9.93 9.68
(0.7,0.1?0.1,0.1) 6.74 32.03 15.42
(0.1,0.7?0.1,0.1) 5.49 8.54 9.45
(0.1,0.14,10.7,0.1) 115 3.42 5.33
(0.1,0.1?0.1,0.7) 6.6138 | 58625 | 5.6731

Table (4.31) Effect of change of fractional recovery and feed composition
on % saving in reboiler load for system ¢ and configuration 3 at constant
pressure of 1 atm.

Z RO 0.9 0.925 0.95
(0.25,0.25,0.125,0.25,0.25) 112 8.52 8.24
(0.7,0.1?0.1,0.1) 30.77 20.14 7.73
(0.1,0.7?0.1,0.1) 5.29 8.22 9.08
(0.1,0.1?0.7,0.1) 0.78 2.16 3.25
(0.1,0.15,30.1,0.7) 3.31 3.38 3.85
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Table (4.33) comparison of % saving in total reboiler between thermal
coupling and heat pump for system c configuration 4.

0.9
Z % S.R.L. of H.P. % S.R.L of T.C. % of comparison
1 9.89 8.88 -11.39
2 9.68 6.74 -43.62
3 6.91 5.49 -26.43
4 1.33 1.15 -15.81
5 11.69 6.6138 -1.77

Table (4.34) comparison of % saving in total reboiler between thermal
coupling and heat pump for system c configuration 5.

Z % SR.L. of H.P. % SR.L g i.c. % of comparison
1 9.89 7.72 -28.12
2 9.68 30.77 68.54
3 6.91 5.29 -30.62
4 133 0.78 -70.51
5 58 3.31 -1654

62



Table (4.35) comparison of % saving in total reboiler between thermal

coupling and heat matching for system c configuration 4.

0.9
Z % S.R.L. of H.M. % S.R.L of T.C. % of comparison
1 13.06 8.88 -47.09
2 8.44 6.74 -25.26
3 6.73 5.49 -22.45
4 2.29 115 -99.66
5 7.2 6.61 -8.86

Table (4.36) comparison of % saving in total reboiler between thermal

coupling and heat matching for system c configuration 5.

0.9
yA % S.R.L.of HM. % SR.L of T.C. % of comparison
1 13.06 7.72 -69.17
2 8.44 30.77 75.57
3 6.73 5.29 -27.22
4 2.29 0.78 -196.9
5 7.2 3.31 -117
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4.4 Per centage Saving in Annual Cost:-

The total annua cost increases with the increase of the tota
reboiler load, the total annual cost is proportional to the total reboiler
load. This proportionality is due to the cost of steam which constituting
the major portion of the total annual cost but the percentage saving in
total annua cost is not proportional with reboiler load which may
increase or decrease depending on the annual cost of the conventional
systems according to the equation of percentage saving in annual cost is:-
Percentage saving in annua cost=((SANNc-SANNt)/SANNc)* 100

SANNc=annual cost of conventional system.
SANNt=annual cost using thermal coupling.

The increasing and decreasing in the saving in total reboiler load
depends on the reboiler load results of thermal coupling and conventional
systems.

The negative sign appears in the results means that there is no

saving in total annual cost.

4.5 Effect of Process Variables on the Percentage Saving in
Total Annual Cost With Thermal Coupling Technique:-

4.5.1 Effect of Feed Composition:-

The results are tabulated in tables (4.37) to (4.38) for feed system a,
tables (4.41) to (4.42) for feed system b and tables (4.43) to (4.44) for
feed system c, and shown in figures (4.12) to (4.13) for feed system a,
figures (4.14) to (4.15) for feed system b and figures (4.16) to (4.17) for
feed system c.
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4.5.2 Effect of Fractional Recoveries:-

The results are tabulated in tables (4.37) to (4.38) for feed system
a, tables (4.41) to (4.42) for feed system b and tables (4.43) to (4.44) for
feed system c, and shown in figures (4.12) to (4.13) for feed system a,
figures (4.14) to (4.15) for feed system b and figures (4.16) to (4.17) for
feed system c.

4.5.3 Effect of Configurations:-

The results are tabulated in tables (4.37) to (4.38) for feed system
a, tables (4.41) to (4.42) for feed system b and tables (4.43) to (4.44) for
feed system c, and shown in figures (4.12) to (4.13) for feed system a,
figures (4.14) to (4.15) for feed system b and figures (4.16) to (4.17) for
feed system c.

4.5.4 Comparison with Previous Works:-

The results of comparison were tabulated in tables (4.40) to (4.41)
for feed system a, tables (4.43) to(4.44) for feed system b and tables(4.47)
to (4.48) for feed system c.

For feed system a, the results showed that thermal coupling is more
efficient than heat pump technique.

For feed systems b and c, al the negative sign appeared in the

results means that heat pump is more efficient than thermal coupling.
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Table (4.37) Effect of change of fractional recovery and feed composition
on % saving in annual cost for system a and configuration 1 at constant
pressure of 1 atm.

7 0.9 0.925 0.95
1 36.724 36.204 35.725
2 34.523 33.171 31.911
3 55.874 51.936 47.517
4 36.08 37.94 40.27

Table (4.38) Effect of change of fractional recovery and feed composition
on % saving in annual cost for system a and configuration 2 at constant
pressure of 1 atm.

7 0.9 0.925 0.95
1 20.997 19.857 18.565
2 36.213 34.874 33.594
3 53.96 48.99 43.59
4 -32.505 -37.646 -45.611
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Table (4.40) % comparison of percentage saving in annual cost between
thermal coupling and heat pump techniques for system a and
configuration 1 at constant pressure of 1 atm.

0.9 0.925 0.95

Z %S.A.C. | %SA.C. | %of %S.A.C. | %SA.C. | %of %S.A.C. | %SA.C. | %of
of H.P. of T.C. comparison | of H.P. of T.C. comparison | of H.P. of T.C. comparison
116248 36724 | 4122 | 9801 | 36204 | 3759 | 9925 | 35725 | 39.70
215746 | 34523 | 3992 | 9312 33171 | 3755 | 4863 | 31911 | 3438
37215 55874 | 2256 | 7146 | 51936 | 27.32 | 6985 | 47517 | 31.97
412591 | 3608 | 2821 | 297 | 37.94 | 2171 | 305 | 4027 | 24.26

Table (4.41) % comparison of percentage saving in annual cost between
thermal coupling and heat pump techniques for system a and

configuration 2 at constant pressure of 1 atm.

0.9 0.925 0.95

Z %S.A.C. | %SA.C. | %of %S.A.C. | %SA.C. | %of %S.A.C. | %S.A.C. | %of
of H.P. of T.C. comparison | of H.P. of T.C. comparison | of H.P. of T.C. comparison
1/6248| 20997 | 66.39 | 9801 | 19857 | 3759 | 9925 | 18565 | 39.70
2|5746| 36213 | 3698 | 9312 | 34874 | 3755 | 4863 | 33504 | 34.38
34036 | 5396 | 2521 | 3358 | 4899 | 3144 | 2720 | 4359 | 37.60
4135026 | 3250 | 164.67 | 4846 | 3765 | 177.68 | 4923 | _45611 | 200.84
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Figure 4.12 The effect of fractional recovery and feed composition on %
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Figure 4.13 The effect of fractional recovery and feed composition on %
saving in total annual cost for system a configuration 3.
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Table (4.42) Effect of change of fractional recovery and feed composition
on % saving in annual cost for system b and configuration 1 at constant

pressure of 1 atm.

7 0.9 0.925 0.95
1 14.93 13.88 12.99
2 -78.89 -70.93 -58.04
3 44.78 43.55 41.83
4 54.15 54.89 54.47

Table (4.43) Effect of change of fractional recovery and feed composition
on % saving in annual cost for system b and configuration 3 at constant

pressure of 1 atm.

~ 0.9 0.925 0.95
1 4.87 5.38 6.57
2 95.61 88.59 64.46
3 -391.38 42.86 41.39
4 22.31 19.59 16.13
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Table (4.44) % comparison of percentage saving in annual cost between
thermal coupling and heat pump techniques for system b and

configuration 1 at constant pressure of 1 atm.

o} 0.9 0.925 0.95
Z %S.A.C. | %S.A.C. | % of %S.A.C. | %S.A.C. | %of %S.A.C. | %S.A.C. | %of
of H.P. of T.C. comparison | of H.P. of T.C. comparison | of H.P. of T.C. comparison
115636 | 1493 | -2775 | 5423 | 1388 | -2007 | 5048 | 1299 o
26584 | 7889 | 1654 | 9879 | 7093 | 16.85 4759 | 5804 |17.99
34823 | 4478 | -7.70 | 4625 | 4355 -6.2 4128 | 41.83 |1.315
414014 | 5415 | 2587 | 37.85 | 5489 | 31.04 36.25 | 5447 |3345

Table (4.45) % comparison of percentage saving in annual cost between
thermal coupling and heat pump techniques for system b and

configuration 3 at constant pressure of 1 atm.

0 0.9 0.925 0.95
Z %S.A.C. | %S.A.C. | % of %S.A.C. | %S.A.C. | % of %S.A.C. | %S.A.C. | % of

of H.P. of T.C. comparison | of H.P. of T.C. comparison | of H.P. of T.C. comparison
115636 | 487 -1057 | 9423 | 538 -908 50.48 6.57 66'83
2|16584| o561 | 31.14 | 9897 | 8859 | 3343 4739 | 6446 |26.17
314823 | 30138 | 11232 | 4625 | 4286 -7.91 4128 | 4139 | 027
414014 | 2231 | -7992 | 3785 | 1959 | -9321 | 3625 | 1613 12;17
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Figure 4.14 The effect of fractional recovery and feed composition on %
saving in total annual cost for system b configuration 1.
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Figure 4.15 The effect of fractional recovery and feed composition on %
saving in total annual cost for system b configuration 3.
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Table (4.46) Effect of change of fractional recovery and feed composition
on % saving in annual cost for system ¢ and configuration 4 at constant

pressure of 1 atm.

7 0.9 0.925 0.95
1 17.77 8.72 8.51
2 76.59 31.52 14.66
3 4.76 7.43 8.21
4 1.00 3.01 4.68
5 5.70 5.37 4.89

Table (4.47) Effect of change of fractional recovery and feed composition
on % saving in annual cost for system ¢ and configuration 5 at constant

pressure of 1 atm.

7 0.9 0.925 0.95
1 7.46 8.31 7.93
2 69.55 20.03 7.54
3 5.15 8.02 8.77
4 0.75 2.13 3.18
5 2.89 3.39 3.64
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Table (4.48) comparison of % saving in annual cost between thermal
coupling and heat pump for system c configuration 4.

0.9
Z % S.A.C. of H.P. % S.A.C. of T.C. % of comparison
1 14.69 1.77 -89.12
2 61.96 76.59 19.06
3 5.32 4.76 -11.67
4 15 1.00 -49.98
5 5.87 5.70 -95.4

Table (4.49) comparison of % saving in annual cost between thermal
coupling and heat pump for system c configuration 5.

0.9
Z % S.A.C. of H.P. % SA.C.of T.C. % of comparison
1 14.69 7.46 -96.91
2 61.96 69.55 10.91
3 5.32 5.15 -3.30
4 15 0.75 -46.98
5 5.87 2.89 -99.99
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Figure 4.16 The effect of fractional recovery and feed composition on %
saving in total annual cost for system c configuration 2.
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Figure 4.17 The effect of fractional recovery and feed composition on %
saving in total annual cost for system c configuration 3.
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Chapter Five
Conclusions and suggestions

5.1 Conclusions:-

1. Optimum (minimum) reboiler load can be obtained when using system b
at feed composition 4 [0.1,0.1,0.8] and fractional recovery of 0.9 and using
configuration 1 of 0.19*10"6 kcal/hr.

2. It isfavoured to separate the component with high portion in the feed as a
bottom product or side stream except the lightest one.

3. Separation of the more volatile components take place first leaving the
least volatile component till the end in the configuration, if the differencein
boiling points for al components in the feed are nearly the same, or if the
two components are close in boiling point and are more volatile than the
rest.

4. It is economical to separate the side stream in the configuration as a liquid
than it as a vapor in the same sequence of the columns, due to the reduction
in reboiler load in than former case.

5. On increasing the fractional recovery the total annual cost increasing for
all cases, because the distillate increases increasing the reboiler load for all

the same columns.
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5.2 Suggestions and Future Work:-

1. It is suggested to extend this work to a variable pressure for each column
with same configurations.

2. Applying thermal coupling system on the separation of systems more
complicated mixtures (azeotropic).

3. The prediction of vapor-liquid equilibrium can be extended to use other
models rather than Wilson model such as UNIFAC and UNIQUAC. In
addition, the calculation of fugacity coefficient can be added in order to
measure the deviation in vapor phase.

4. The same work may be done using exact equilibrium data.
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Appendix A
A.1 Mathematical models for short — cut calculations:

1. Minimum reflux ratio:

Underwood has determined minimum reflux ratio ™ relations:

N i Xid
> =Rn+1 .. (A1)
=l ai—¢
For ternary mixture
AaXnd | QeXed | GcXed _p g ...(A.12)

0!A_¢ OCB_¢ OCC_¢

For quaternary mixture

aaX asX acX XD.d
AZAd | ©BABd L PC7Cd , QD =Ry+1 ... (A.1.3)

ar—¢ as—¢ ac—¢ apo—¢
¢ was calculated from therelation :

N i Xif

2

= g —¢

=1 q (A1)

And

aLKS¢S(ZHK

For ternary component mixture:

aAXAT | aBXBt  AcXc,f =1-q (A.1.5)
ar—9 as—¢ ac—9
For quater nary Component mixture:
O AXA f N aB XB, n acXc,f n ap Xb, :1_q (A16)

OCA_¢ aB_¢ (Zc_¢ OlD_¢
The value of ¢ is calculated from previous equations by trial and error, and
then r_ iscaculated from equation (A.1.1).
Liquidflowrate = =R *D ... (A.L7)

Vapor flowrate =v =L +D =(D (R +1)) ... (A.1.8)



Theoretical number of plates

Gilliand ', Van Winkle and Todd ¥ relationships were used to calculate
the theoretical number of plates:

a for (R —Rw)/[R +1)<0.125

N _Nm R _Rm R _Rm
= 0.5039+ 0.506 —0.0908log
N +1 R +1 R +1

.. (A.19)
b. for (R -Rw)/(R +1)>0.125

N —Nm {R Rm} (R Rm)z (R ij
= 0.6257 — 0.986 +0.516 -0.1738
N +1 R +1 R +1 R +1
... (A.1.10)
Number of plates above and below feed

Feed plate location was found by using Underwood ™

Gilliand ® correlations:

, Robinson and

m:(gjmm L (AL11)

Xp2 [OP) XF2

N; ISthe number of plates above the feed.

N i Xi,

o=y L (AL12)
=1 ai—Cbl
N i Xi,d

o= .. (A.113)
- ai—o:

o, and ¢, were calculated by trial and error from the following equation:

Yy axs D =g ... (A.1.14)
o V



_ x ai XiF
Xy = -EXE ... (A.1.15)

i1 — O

N EVa
X =) -HHE ... (A.1.16)

i—1 i aOF]

Condenser and Reboiler load

Qc:V (Hv_hL_hD) (All?)

Qr=D ho ™ Stha™W hw~Qc ™ Fihes™ Fzhez ... (A.1.18)
A.2 Mathematical modelsfor cost calculation:
Equipment cost, operating cost and total annual cost were calculated depend
on the equations of Henry *» method.
The assumptions made for cost estimation was:
1. Tray efficiency was assumed to be 60%.
2. Tray spacing was (1.5 ft) 0.457 m.
3. Tray areais 85% of the column cross sectional area.
4. All the equipments are assumed to be carbon stedl.
5. The equipment operation time is whole of the year.
6. Economical servicelifeis 10 years.
7. The steam used in the reboiler is saturated steam at 250 psia.
8. Therise in temperature of the cooling water in condensersis(20F"),11.1c".
9. The space from the top of the column to first plate is 1.83 m (6 ft) and
from the final plate to the bottom is (12 ft) 3.66 m.
A.2.1 Equipment cost
1. Cost of distillation column

v = dimension parameter of the column

V;=DC#*HT ... (A.2.11)



C = Cross sectiona area of the column =n. p¢?/4 ...(A.2.12)

Andthetray area= T1,=0.85*C, ... (A.2.1.3)
E1 E2
Cost of the column = C VI T N (A.2.1.4)
=Cr=C,. ﬁ +C,. ﬁ . P
Where

c, = cost of distillation column with dimension parameter of 100 = ID
900000

C, = cost of tray within (9.29m?)(100 ft*)=ID 202500.

E, = slope of the column diameter parameter versus cost curve.

E,= slope of the tray area versus cost curve.

N = factor used to calculate the height of the column.

2. Cost of condenser

A. = areaof condenser =Q_/(U¢*Twu) ...(A.21.2)
Where,u.is the overal heat transfer coefficient and is taken as
567.8V /m?.K " (100Btu/hr ft*.f ).

Tw ISthe logmean temperature difference, and calculated by:

Tuw = (T.-80)-(T,-100)/[(T,-80)/(T,-100)] (If T,>100¢") ... (A.2.1.3)

T = (T —40)—(T,-45)/[(T. - 40)/(T,-45)] (If T,<100F") ... (A.2.1.4)

.= cost of condenser = -(AC )E3 .. (A215
c 2" \lo0o ( )

C, = cost of heat exchanger with surface area of 92.9m?
E,= slope of heat transfer area versus cost curve.

If the surface area of the condenser is greater than 92.9m? the area was

divided by two and the cost was calculated for two units of equal size.



3. Cost of reboiler
A== surface area of reboiler=Q_/(Ux*Tx) ... (A.2.1.6)

Ur IS the overall heat transfer coefficient for steam and was taken at

710 W/m?K " (125 Btu/hr ft>F").
Tr=Isthe logarithm mean temperature difference T, = 401-T,

... (A.4.1.10)

Cr =cost of reboiler =cg.( Ar )E ... (A.2.17)
1000
Equipment cost=C_,=C; +C. +Cy ....(A.2.1.8)

A.2.2 annual operating cost

Cs= cost of steam= 24+ 365%* Cs* Qp * 3.9/2000% H yap ... (A.2.2.1)

Where ¢ isthe cost of 453.6 Kg (1000 Ib) of steam =ID 4059.15.

Hvae 1S the latent heat of steam =825.0 Btu/ Ib.

Cw =Cost of cooling water = (24+365* C,*Q_ *3.79)/(1000 * 20 8.33)
...(A.222)

Where c, is the cost of 4546 liter (1000 gallon) of cooling water = ID
124.95

Working capital = 18% of equipment cost.

Taxes = 4% of equipment cost.

Insurance = 1% of total equipment cost.

Maintenance = 5% of total equipment cost, the total equal 28% of the total
equipment cost.

A.2.3 Total annual cost:

Total annual cost = depreciation + annual operating cost

Total annual cost= CAN = (equipment cost / service life) +annual operating



Appendix B
B.1 Short-cut method program:-
clear;
clc;
% SHORTCUT CALCULATION PROGRAM
RELZ(10)=0; RELY (10)=0; REL X (10)=0; RELX 1(10)=0; RELR(10)=0;
DL 1(10)=0; DL 2(10)=0;DL 3(10)=0; DL 4(10)=0; DL (10)=0; WM (10)=0; WM 1(10)=0;
COMP(1:10)=0;COMP(1:3)=0;COST (1:50)=0;COST(1:25);KU(25)=0;VM(10)=0;VM 1(
10)=0;
Z(10)=0; X(10)=0; Y (10)=0; R(10)=0; RO(10)=0;ZF(10)=0;BF(10)=0;Q3(10)=0;
A(10)=0; B(10)=0; C(10)=0; Q(10)=0; VK(10)=0;
SK (10)=0;AF(10)=0;Q2(10)=0;U(10)=0;
D(10)=0; E(10)=0; F(10)=0;
A1(10)=0; A2(10)=0; B1(10)=0; B2(10)=0;
C1(10)=0; C2(10)=0; D1(10)=0; D2(10)=0;
RELV (10)=0; REL S(10)=0;REL ZF(10)=0;
PH(10)=0; SUMVAP(10)=0; Y'Y (10)=0;X X (10)=0; SPEC(1:25)=0; SPEC(1:10)=0;
PHY 1(10)=0;PHY 2(10)=0;AY (10)=0;A X (10)=0; X F(10)=0;WY (10)=0; WX (10)=0;
XFD(10)=0; X F1(10)=0;XW(10)=0;X W1(10)=0;X D(10)=0;X D1(10)=0;
SUM PH1(10)=0; SUM PH2(10)=0; PH1(10)=0;PH2(10)=0;
WF(10)=0;WFX (10)=0;W(10)=0; REL W(10)=0;PHY 3(10)=0;
CV1(3)=0; CV2(3)=0; CV3(3)=0; ETA(6)=0;

%C*********************************************************************

* k%

NCOL=2
N=3
NOCO=1
KCOST=1;ICOMP=1;GR=0.25;
PRET=[1,1];
for MJF=1:NOCO
Methanol=1;
Ethanol=2;
Water=3;
RST=[0.99,0.99];NR=1;ROT=[0.9,0.9];
for J=1:NR
RO(JJ)=0.9;

end

D(1:N)=[11.67470, 11.28410,11.58040];
E(1:N)=[-3460.90750, -3261.37628, -3754.17459];
F(1:N)=[231.32812, 210.31250, 224.27734];
DEF=[D; E; F]; DEF,

CV1(1:N)=[64.51000, 53.86600, 22.88000];
CV2(1:N)=[-0.19720, -0.03111, -0.03642];

CV 3(1:N)=[0.00039, 0.00016, 0.00007];
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CV =[CV1]; CV2, CV3];CV;
A1(1:N)=[0.00002, -0.19696, 0.00000];
B1(1:N)=[18.09900, 26.35200, 18.00000];
C1(1:N)=[0.00001, -0.00011, O];
D1(1:N)=[0.000,0.000,0.000];
ABCD1=[A1; B1; C1;D1]; ABCD1];
A2(1:N)=[8464.59998, 11312.90002, 10749.90002];
B2(1:N)=[3.36319, -1.59611, 7.85602];
C2(1:N)=[0.10760, 0.02433, -0.00064];
D2(1:N)=[0.000,0.000,0.000];
ABCD2=[A2; B2; C2;D2]; ABCD2;
if (KCOST~=0)
WM (1:N)=[32,46,18];
FF=0.7;SF=0.1;FC1=0.46;FC2=0.015;FC5=0.60809; FC6=0.06182;
UC=100;UR=125;C1=600;C2=135;C3=1400;C4=0.0833;C5=2.7061;
E1=0.5;E2=0.5;E3=0.5;
end
for IJ=1:1COMP
for J=1:NR
FD=100; TF=77; GC=1.987,;
Z(1:N)=[0.333, 0.333, 0.333];
NA=(N*(N-1));
ETA(L:NA)=[ -175, 280, 216, 435, 442, 901];
NLT=[1,1]; NHT=[2,2]; NL2T=[2,0]; NH2T=[3,0];
ICOLT=[2,3];NOSST=[1,0];NOLSST=[0,0];NOVSST=[1,0];
NSST=[1,0];TCFT=[1,1];LOSST=[2,0];NOFDT=[1,1];
for IL=1:NCOL
NOSS=NOSST(IL)
NOLSS=NOLSST(IL)
NOV SS=NOVSST(IL)
if (NOSS ~=0)
if NOSS ==
disp(THERE IS ONE SIDE STREAM IN THIS COLOUMY);
end
NL=NLT(IL)
NH=NHT(IL)
NL2=NL2T(IL)
NH2=NH2T(IL)
if NOLSS~=1
if NOVSS ==
disp (THE SIDE STREAM ISVAP.);
end
else
disp (THE SIDE STREAM ISLIQ.";
end
ese
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NL=NLT(IL)

NH=NHT(IL)

disp (THERE ISNO SIDE STREAM IN THIS COLOUM?);
end
|ICOL=ICOLT(IL);NOFD=NOFDT(IL);
RO=ROT(IL);RS=RST(IL);PRE=PRET(IL);
NSS=NSST(IL); TCF=TCFT(IL);LOSS=L OSST(IL);
if (ICOL ==0)

disp (BOTTOM PROD. ISFED TO THE LATER COLOUMN);
elseif (ICOL ==1)

disp('TOP PROD. ISFED TO THE LATER COLOUM?);
elsaif (ICOL ==2)

disp('SIDE STREAM ISFED TO THE LATER COLOUMY);
elsaif (ICOL == 3)

disp(THIS COULMN IS THE LAST ONE);
elsaif (ICOL==4)

disp (‘top and bottom fed to the last column’);
end
if (NSS==0)

disp (THE SIDESTREAM NOT FED TO THE NEXT COLUMN);
elseif(NSS==1)

disp (THE SIDESTREAM FED TO THE NEXT COLUMNY;
end
if(TCF==1)

disp (THE FEED IS SATURATED LIQUID';

elself(TCF==2)

disp (THE FEED IS SATURATED VAPOURY);
end
if(LOSS==1)

disp (SIDESTREAM BELOW THE FEED);
elseif(LOSS==2)

disp (SIDESTREAM ABOVE THE FEED";
elseif (LOSS==0)

disp (FOR SPECIAL CASES);
end
for I=1:N

A()=FD*Z(l);
end
A

T=TF;
[VK,YY,T] =BPT (Z,T,PRE,N,D,E,F,GC,CV ,ETA);
for I=1:N

RELZ()=VK(1)/VK(NH);
end
RELZ;
TR=273.2;
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[SUMHL] =HLE (T,Z,TR,N,A1,B1,C1,D1,GC,CV,ETA);
HLFD=SUMHL*FD;
if(NOFD~=1)
for I=1:N
AF(DH=FDF*ZF(1);
end
AF
[VK,YY,T] = BPT (ZF,TF1,PRE,N,D,E,F,GC,CV ,ETA);
for I=1:N
RELZF(D=VK()/VK(NH2);
end
RELZF;
[SUMHL]=HLE(TF1,ZF,TR,N,A1,B1,C1,D1,GC,CV ,ETA);
HLFDF=FD* SUMHL;
end
NLO=NL-1;
NLE=NL+1;
NHO=NH+1,;
NDEL=NH-NL;
NHE=NH-1,;
if NOSS ~=0
NH3=NH2+1;
for I=1:NLO
B(=A(l);
end
B(NL)=A(NL)*RO(JJ);
B(NH)=A(NH)*(1.0-RO(J)))*RS;
for =NHO:N
B(1)=0;
end

for I=1:NLO
B(1)=A(1);
end
B(NL)=A(NL)*RO(JJ);
B(NH)=A(NH)*(1.0-RO(1J));
for I=NHO:N
B(1)=0.0;
end
NDEL=NH-NL;
if (NDEL~=1)
SUMB1=0.0;
for I=1:N



SUMB1=SUMB1+B(l);
end
SUMB1=SUMB1+B(NH);
for I=1:NL
BF(1)=B(1)/SUMB1;
end
BF(NH)=B(NH)/SUMB1,
GMIN=SUMBY/FD;
for I=1:NLO
Q2(1)=0.0;
Q2(NL)=(1.0-RO(JJ)*A(NL);
Q2(NH)=A(NH)*RO(J1J);
end
for I=NHO:N
Q2(1)=A(1);
end
SUMQ2=0.0;

for I=1:NL
SUMQ2=SUMQ2+Q2(1);

end

SUMQ2=SUMQ2+Q2(NH);

for I=NHO:N
SUMQ2=SUMQ2+Q2(1);

end

for I=1:NL
Q3(1)=Q2(1)/SUMQ2;

end

for I=NH:N
Q3(1)=Q2(H/SuMQ2;

end

GMAX=(FD-SUMQ2)/FD;

DELG=GMAX-GMIN;

GOPR=GMIN+GR*DELG;

SUMB=GOPR*FD;

B(NLE)=SUMB-SUMBI;

end
end
disp('DISTILLATE COMPONENT AMOUNT")
B
SUMB=0.0;
for I=1:N
SUMB=SUMB+B(l);
end
SUMB;



for I=1:N
Y (N=B(1)/SUMB;
end
Y
T1=TF-3;
T2=TF-3;
[VK,YY,T1] =BPT (Y,T1,PRE,N,D,E,F,GC,CV ,ETA);
for I=1:N
RELY (1)=VK(D)/VK(NH);
end
RELY;
[SUMHL] =HLE(T1,Y,TR,N,A1,B1,C1,D1,GC,CV,ETA);
[SK,T2]=DEW (Y,T2,PRE,N,D,E,F,GC,CV ,ETA);
[SUMHV] =HVE (T2,Y,TR,N,A2,B2,C2,D2,GC,CV ,ETA);
CONDL=SUMHV-SUMHL;
[SUMHL] =HLE(T1,Y,TR,N,A1B1,C1,D1,GC,CV,ETA);
HLD=SUMHL*SUMB;
if (NOSS ~=0.0)
NH3=NH2+1;
C(1:NLO)=0.0;
if(NOFD~=1)
C(NL)=A(NL)*(1.0-RO(J))+AF(NL);
C(NH)=A(NH)*RO(JJ)+AF(NL2)* RO(JJ);
C(NH2)=A(NH2)+AF(NH2)* (1.0-RO(1J));
ese
C(NL)=A(NL)*(1.0-RO(1)));
C(NH)=A(NH)*RO(JJ);
C(NL2)=A(NL2)*RO(JJ);
C(NH2)=A(NH2)*(1.0-RO(JJ));
end
C
C(NH3:N)=0.0;
SUMS=0.0;
for I=1:N
SUMS=SUMS+C();
end
SUMS,
for I=1:N
X(H=C()/SUMS,
end
X
TS=TF+10.0;
if (NOVSS~=0.0)
[SK, TS]=DEW (X,TS,PRE,N,D,E,F,GC,CV ,ETA);
for I=1:N
RELX(1)=SK(1)/SK(NH);
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RELX1(1)=SK (1)/SK(NH2);
end
[SUMHV] = HVE (TSX,TR,N,A1,B1,C1,D1,GC,CV ETA);
HLC=SUMHV*SUMS,

else
[VK,YY, TS| = BPT (X,TS,PRE,N,D,E,F,GC,CV,ETA);
for I=1:N
RELX(N=VK(H/VK(NH);
end
for I=1:N
RELX1(D=VK()/VK(NH2);
end
[SUMHL] =HLE (TS, X,TR,N,A1,B1,C1,D1,GC,CV,ETA);
HLC=SUMHL*SUMS;
end
Q(1:NL)=0.0;
if(NOFD~=1)

Q(NL2)=AF(NL2)*(1.0-RO(J1)));
Q(NH2)=AF(NH2)* RO(JJ);
for I=NH3:N
Q()=AF();
end
ese
if(NOSS~=1)
Q(NL2)=A(NL2)*(1.0-RO(JJ))* (1.0-RS);
else
Q(NL2)=A(NL2)*(1.0-RO(J1)));
end
end
Q(NH2)=A(NH2)* RO(J1J);
for I=NH3:N
Q()=A();
end
else
Q(1L:NLO)=0.0;
Q(NL)=A(NL)*(1.0-RO(J));
Q(NH)=A(NH)*RO(J);
for I=NHO:N
Q(N=A(l);
end
if (NDEL~=1)
SUMW1=0.0;
for I=NH:N
SUMW1=SUMW1+Q();
SUMW1=SUMW1+Q(NL);
SUMW=FD-SUMB;
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Q(NHE)=SUMW-SUMW1;
end
end
end
Q
SUMW=0.0;
for I=1:N
SUMW=SUMW+Q(D);
end
SUMW,;
for I=1:N
R(DH=Q(I)/SUMW;
end
R
T=TF+40;
[VK,YY,T] =BPT (R,T,PRE,N,D,E,F,GC,CV ,ETA);
if NOSS~=0.0
for I=1:N
RELR(D=VK()/VK(NH2);
end
else
for I=1:N
RELR(D=VK()/VK(NH);
end
end
RELR;
[SUMHL] =HLE (T,R,TR,N,A1,B1,C1,D1,GC,CV,ETA);
HLW=SUMHL*SUMW;
if NOSS~=0.0
for I=1:N
RELV(1)=(RELY ()+RELX(1))/2.0;
RELS(1)=(RELR(1)+RELX1(1))/2.0;
end
ese
for I=1:N
RELV(1)=(RELY ()+RELR(I))/2.0;
end
end
RELV;
if (NDEL~=1)
NLM=NL+1;
PHY=(RELV(NLM)+RELV (NH))/2.0;
ERR=(RELV(NLM)-RELV(NH))/2.0;
else
PHY=(RELV (NH)+RELV (NL))/2.0;
ERR=(RELV(NL)-RELV(NH))/2.0;
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end
for IK=1:5000
SUMPH=0.0;
for I=1:N
if (RELV(1)-PHY)==0.0
PHY=PHY +ERR;
continue
end
PH()=Z(1)*RELV (1)/(RELV(l)-PHY);
SUMPH=SUMPH+PH(I);
end
ERR=ERR/2.0;
if SUMPH > 0.0001
PHY=PHY -ERR;
end
if SUMPH < -0.0001
PHY=PHY +ERR;
end

%C * *MINIMUM REFLUX RATIO IS CALCULATED USING TRIAL AND
ERROR *

%C * *METHOD TO CALCULATE THE COMMON ROOT VALUE OF
UNDERWOOD EQUATION*

VMIN=0.0;

for I=1:N
SUMVAP()=(B(I)*RELV ()/(RELV (1)-PHY));
VMIN=VMIN+SUMVAP(I);

end

VMIN

SLMIN=VMIN-SUMB

RFLXM=SLMIN/SUMB
REFOP=1.25* RFLXM

%C * RFLXM ISTHE MINIMUM REFLUX RATIO
%C * REFOP IS THE OPERATING REFLUX RATIO

SLOP=REFOP*SUMB
VOPR=SUMB+SLOP
CONDLA=CONDL*VOPR
if (NOSS~=0.0)
REBLA=HLW+HLD+HLC+CONDLA-HLFD;
if (NOFD~=1)
REBLA=HLW+HLD+HLC+CONDLA-HLFD-HLFDF,;
else
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REBLA=HLW+HLD+CONDLA-HLFD,;

end
else
REBLA=HLW+HLD+CONDLA-HLFD;
end
REBLA
if (NOSS~=0.0)
F1=(Y (NL)/Y (NH))* (X(NH)/X(NL));
else
F1=(Y(NL)/Y(NH))*R(NH)/R(NL);
end

F2=(RELV(NL)/RELV(NH));
BN=log(F1)/log(F2);
E3=(REFOP-RFLXM)/(REFOP+1.0);
if E3<0.125
E4=0.5039-0.5968* E3-0.039427*0g(E3);
else
E4=0.6257-0.9868* E3+0.516* E3"2.0-0.1738*E3"3.0;
end
ACTP=(E4+BN)/(1.0-E4);
if NOSS ~= 0.0
F3=(X(NL2)/X(NH2))* (R(NH2)/R(NL2));
FA=RELS(NL2)/RELS(NH2);
BM=log(F3)/log(F4);

%C *FENS EQUATION ISUSED TO CALCULATE
%C *THE MINIMUM NUMBER OF STAGE

ACTP1=(E4+BM)/(1.0-E4);
ACT=ACTP+ACTP1-1.0
end
if (NOSS==0.0)
XW/(NL)=(1.0-RO(JJ)))* (RELV(NL)/RELV (NH))"BN;
XFD(NL)=Z(NL)*XW(NL)/(RO(JJ)+XW(NL));
XFD(NH)=Z(NH)* (1.0-RO(JJ));
C10=XFD(NL)*Z(NH)/(XFD(NH)*Z(NL));
C11=RELV(NL)/RELV(NH);
C12=log(C10)/log(C11);
ANN=(C12/BN)*ACTP;
ANWI1=ACTP-ANN-1.0;
else
if (TS<TF)
XW(NL2)=(1.0-RO(1J))* (RELS(NL2)/RELS(NH2))"BM;
XFD(NL2)=Z(NL2)*XW(NL2)/(RO(JJ)+XW(NL?2));
XFD(NH2)=Z(NH2)* (1.0-RO(1J));
C10=XFD(NL2)*Z(NH2)/(XFD(NH2)* Z(NL2));
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C11=REL S(NL2)/RELS(NH2);
C12=log(C10)/log(C11);
ANN=(C12/BM)*ACTP1,;
ANWI1=ACTP1-ANN;
end
end
if (NOFD~=1)
if(TS<TF1)
XW(NL2)=(1.0-RO(1J))* (RELS(NL2)/RELS(NH2))"BM;
XFD(NL2)=ZF(NL2)* XW(NL2)/(RO(JJ)+XW(NL2));
XFD(NH2)=ZF(NH2)* (1.0-RO(JJ));
C10=XFD(NL2)* ZF(NH2)/(XFD(NH2)* ZF(NL2));
C11=RELS(NL2)/RELS(NH2);
C12=log(C10)/log(C11);
ANN1=(C12/BM)*ACTP3,
ANW2=ACTP1-ANNI;

end

end

if (KCOST~=0)
AVMW=0.0;

[VK,YY,T] =BPT (R,T,PRE,N,D,E,F,GC,CV ,ETA);
for I=1:N

AVMW=YY (D*WM(1)+AVMW;
end

T6=T*1.8+32.0;

TB=T6+460.0;
DVAP=(AVMW*PRE*492.0)/(1.0* 359.0* TB);
DLIQ=0.0;

VT=0.0;
for I=1:N

DL1()=WM(l)/CV1(D);

DL2(1)=WM(l)/CV2(]);

DL3(1)=WM()/CV3(I);

DL(1)=DL1()+DL2(1)*T6+DL3(1)*T6"2+DL4(1)* T6"3.0;

WM1(D=YY()*WM(D);

VM1(H=WM1(1)/DL(]);

VT=VM1(D+VT,
end
for I=1:N

VFRAC=VM1(H/VT;

DLIQ=DL(1)*VFRAC+DLIQ;
end

VR=SUMB* (1.0+REFOP)*2.2045* AV MW/(3600.0*DVAP);
VL=VR*sgrt(DVAP/(DLIQ-DVAP));

TT=T1*1.8+32.0;

WN=VL*((1.0/TT)-(1.0/T6));
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CAF=FC1+FC2*DVAP;
CAF1=FC5+FC6*DVAFP:
if(DVAP<0.17)
CAF2=((24.0"0.65)* (DVAP"0.1667))/12.0;
else
CAF2=100.0;
end
if(CAF>CAF1)
if(CAF<CAF2)
CAF=CAF1,;
else
CAF=CAF2;
end
end
CAF=CAF*SF;
ATM=VL/(0.78* CAF*FF);
DCOL=sgrt(ATM/0.7854);
if (NOSS~=0)
HEI=ACT/0.6;
else
HEI=ACTP/0.6;
end
NHEI=fix(HEI)+1;
HEIGH=(NHEI* 1.5)+18.0;
VCOL=DCOL*HEIGH,;
CA=3.1416*(DCOL"2)/4.0;
TRAR=0.85*CA;
CT(IL)=C1*((VCOL/100.0)"E1)+(C2* ((TRAR/100.0)"E2))* NHEI
if (TT>100.0)
TLM=((TT-80.0)-(TT-100.0))/1og((TT-80.0)/(TT-100.0));
else
TLM=((TT-40.0)-(TT-45.0))/1og((TT-40.0)/(TT-45.0));
end
HEATC(IL)=CONDLA*4.187;
AC=HEATC(IL)*0.94783/(TLM*UC);
if (AC<1000.0)
COCOND(IL)=C3*((AC/1000.0)"E3)
else
AC=AC/2.0;
CC(IL)=2.0*(C3*((AC/1000.0"E3))
end
TB1=401.0-T6;
HEATR(IL)=REBLA*4.187;
AR=HEATR(IL)*0.94783/(TB1* UR);
CR(IL)=C3*((AR/1000)"E3)
CW(IL)=(24.0* 365.0* C4* HEATC(IL)*0.94783)/(1000.0* 20.0* 8.33)
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CS(IL)=(24.0* 365.0* C5* HEATR(IL)*0.94783)/(1000.0* 825.0)
CEQ(IL)=CT(IL)+CC(IL)+CR(IL)
COP(I1L)=0.28* CEQ(IL)+CW(IL)+CS(IL)
CAN(IL)=(CEQ(IL)/10.0)+COP(IL)
S=0.0;
for T=1:IL
S=S+CAN(T);
end
S
end
KU(D=1,
for I=2:NCOL
KU(J)=KU(J}1)+1,
end
if 1ICOL ==0)
for I=1:N
Z(1)=R(1);
end
FD=SUMW;
disp('The TF for Second column’);
TF=T
elseif (ICOL ==1)
for I=1:N
Z(N=Y (1),
end
FD=SUMB;
TF=T1;
elsaf (ICOL == 2)
for I=1:N
Z()=X(1);
end
FD=SUMS,
TF=T,;
elsaif(ICOL==4)
FD=SUMB;
TF=T1;
for I=1:N
Z()=Y(1);
end
FDF=SUMW,
TF1=T;
for I=1:N
ZF()=R();
end
end
end
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end

end
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B.2 Subr outine programs: -
B.2.1 Bubble point program:-

%C
HHt
%C# SUBROUTINE BUBBLE POINT CALCULATION
%C HHHHHHHHHHHHHH
Hittt
function [VK,YY,T] = BPT (XX, T,PRE,MX,D,E,F,GC,CV ,ETA)
SUMT=.1;
for nnn=1:200
for I=1:MX

U=D()+EM/(T+F());
P(1)=exp(U(1));
end
NCOMP=MX;
[XLAMDA,GAMMA,VOL] =WILSON (T, NCOMP, GC, XX, CV, ETA);
TKA=T+273.15;
SUMYY=0.0;
for =1:MX
AA=(VOL(J)* (PRE-P(J)))/(GC*TKA);
FREF(J)=P(J)*exp(AA);
VK(J)=GAMMA (J)* FREF(J)/PRE;
YY (J=XX(J)*VK(J);
SUMYY=SUMYY+YY(J);
end
SUMT=1.0-SUMYY;
if SUMT > 0.01
T=T+0.5;
elseif SUMT <-0.01
T=T-0.5;
else
T;
end
end
disp (EQUILIBRIAM KVALUE);VK
disp (BUBBLE POINT TEMP."); T
SUMYY

XX



B.2.2 Dew point program:-
%C HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHAHHH A H A HHAHHH
HHH
%C # SUBROUTIN DEW POINT TEMPERATURE
%C HHHHHHHHHHHHHHHHH
HittH
function [SK,T1]=DEW (ZZ,T1,PRE,MZ,D,E,F,GC,CV,ETA)
SUMRR=1;
while abs (SUMRR)>0.01
for 1I=1:MZ
U()=D()+E(/(T1+F(1));
P1(1)=exp(U(1));

end
NCOMP=MZ;
[XLAMDA,GAMMA,VOL] =WILSON (T1, NCOMP, GC, ZZ, CV, ETA);
TKA=T1+273.15;
SUMR=0.0;
for =1:MZ
AA=(VOL(J)* (PRE-P1(J)))/(GC*TKA);
FREF(J)=P1(J)*exp(AA);
SK(J)=GAMMA (J)* FREF(J)/PRE;
RR(J)=2Z(J/SK(J);
SUMR=SUMR+RR(J);
end
SUMRR=1.0-SUMR;
if SUMRR > 0.01
T1=T1-0.5;
elseif SUMRR <-0.01
T1=T1+0.5;
end
end
disp(EQUILIBRIAM KVALUE);SK'
disp(DEW POINT TEMP.");T1
disp(SUMMATION OF);SUMR
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B.2.3 Enthalpy of liquid streams program:-
%C
HitH
%C #SUBROUTINE LIQUID ENTHALPY
%C
HHHH
function[SUMHL] =HLE (T2,Q1,TR,ML,A1,B1,C1,D1,GC,CV,ETA)
CV1=CV(1,); CV2=CV(2;); CV3=CV(3,);
for 1I=1:ML

HL1()=A1(1)+B1(1)*T2+C1(1)*T2"2+D1(1)* T2"3;
end
HL1
SUMHLI=0.0;
for 1I=1:ML

HL()=HL1(1)*Q1(D;

SUMHLI=SUMHLI+HL(1);
end
NCOMP=ML;
SUM3=0.0;

[XLAMDA,GAMMA,VOL] =WILSON (T2, NCOMP,GC,Q1,CV,ETA);
for [I=1:ML
SUM1=0.0;
SUM2=0.0;
for M=1:ML
if I==M
ETAA=1,;
else
K=K+1;
SUM1=SUM1+Q1(M)*XLAMDA(I,M);
ETAA=ETA(K);
end
SUM2=SUM2+(QL(M)*ETAA*XLAMDA(I,M));
end
XSUM1=SUM1+Q1(l);
XSUM2=SUM2/XSUM1;
SUM3=SUM3+Q1(1)*XSUMZ2,
end
disp ('SUM3 OUT OF CONTINUE=");SUM3
SUMHL=SUMHLI+SUM3;
disp (ENTHALPY OF LIQ. COMPONENTS); HL
disp (TOTAL ENTHALPY OF L1Q.=");SUMHL
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B.2.4 Enthalpy of vapor streams program:-
%C
Hit

%C # SUBROUTINE VAPOUR ENTHALPY

% SUBROUTINE HVE(T3,E1,MV,A2,B2,C2,D2,SUMHV)
function [SUMHV] = HVE (T3,E1, TRMV,A2,B2,C2,D2,GC,CV ,ETA)
%DIMENSION A2(10),B2(10),C2(10),D2(10)
%DIMENSION HV1(10),HV(10),E1(10)
%COMMON/ONE/CV1(10),CV2(10),CV3(10),ETA(40)
CV1=CV(1,); CV2=CV(2,)); CV3=CV(3,);
%DO0O 36 1I=1,MV
%HV1(1)=A2(D)+B2(1)* T3+C2(I)* T3**2.0+D2(1)* T3**3.0
%36 CONTINUE
for I=1:MV
HV1(1)=A2(1)+B2(1)* T3+C2(1)* T3"2.0+D2(1)* T3"3.0;
end
SUMHV=0.0;
%DO 37 1I=1,MV
%HV (1)=HV 1()*EL(I)
%SUMHV=SUMHV+HV(I)
%37 CONTINUE
for I=1:MV
HV(1)=HV1()*EL(I);
SUMHV=SUMHV+HV(I);
end
Y%owrite(*,45)
%45 format(///3X,31HTOTAL ENTHALPY OF
VAP.COMPONENTS/1H,14X,31(1H-))
%WRITE(*,46)(HV(1),I=1,MV)
%46 FORMAT(4F18.4)
%WRITE(*,47)SUMHV
%47 FORMAT(///3X,23HTOTAL ENTHALPY OF VAP.=,F25.8,14H KCAL PER
MOLE)
%RETURN
%END
disp (TOTAL ENTHALPY OF VAP.COMPONENTS); HV
disp (TOTAL ENTHALPY OF VAP.="); SUMHV
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B.2.5 Wilson model program:-
%C
HHHHHH

%C # SUBROUTINE WILSON

%C @ THISSUBROUTINE ISUSED TO CALCULATE THE ACTIVITY
COEFFICIENT

%C @ OF MULTICOMPONENT MIXTURESALSO IT CAN CALCULATE THE
WILSON

%C @PARAMETERSAT ANY TEMPERATURE

function [XLAMDA ,GAMMA,VOL] =WILSON (T, NCOMP,GC,X,CV,ETA)
CV1=CV(1,); CV2=CV(2,)); CV3=CV(3,);
TKA=T+273.15;
for M=1:NCOMP
VOL(M)=CV1(M)+CV2(M)* TKA+CV3(M)* TKA"2;
end
K=0;
for I=1:NCOMP
for =1:NCOMP
if 1I~=J
K=K+1;
XLAMDA(I,9)=(VOL(J)/VOL(N)*exp(-ETA(K)/(GC*TKA));
else
XLAMDA(I,J)=1.0;
end
end
end
for I=1:NCOMP
XLSUM=0.0;
XSUM1=0.0;
for =1:NCOMP
XLSUM=XLSUM+X(J)*XLAMDA(I,J);
XSUM2=0.0;
for M=1:NCOMP
XSUM2=XSUM2+X(M)*XLAMDA (JM);
end
XSUM1=XSUM1+X(J)* XLAMDA(J,1)/XSUM?2;
end
GAMMA (N=exp(1.0-XSUM1)/XLSUM;
end
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B.3 Flow chart of short-cut program:

START

A

Yes

READ, NCOL, N, RS, GR, NR,
KCOST,ICOMP, fractional recovery
binary interaction forces, Antoine
coefficient, liquid and vapor enthal py
coeff. Liquid molal volume coeff. And
al feed specification,

If

A

KCOST=0

No

READ all cost data

»
L

A

READ FD, TF, Z, PRE, NOSS,
NOLSS. NOVSS. NL. NH.

A 4

Material balance to calc. the composition and
flow rates of all streams.

A 4

Calculation of temperature, relative volatility
and enthalpies of al streams.




A

l

Calculation of condenser load, reboiler load,
operating reflux ratio, theoretical no. of
plates and feed plate location and side stream
plate location.

Yes If

KCOST=0

No

Calculation, diameter and height of the
column, cost of; column, condenser, reboiler,
cooling water, steam and total equipment and
operating cost.

A 4

A

Bottom product fed
to later column

Yes If

ICOL=0

No

A

y

Top product fed to
later column

Yes

Nol

A

6

Side stream fed to
later column

Yes

Nol

A

Top and bottom
products fed to later
column

Yes




l

Print out flow
rates and
composition  of
each stream,
condenser and
reboiler load,
reflux ratio,
theoretical plates,
feed plate and side
stream plate
location.
\ 4
Print out all cost results
\ 4
Calculate, total annual cost
v
Print out total annual cost

\ 4

STOP
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Calc. of B.P. of the streams and K-values
using Antoine's and Wilson's equations.

@ DEW

\ 4

Calc. of the dew of the vapor
streams and K-values
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3

(4)

)

L

Cal. of the actual enthalpy of the
liquid stream.

|

RETURN

HVE

h 4

Cal. of the actual enthalpy of the
vapor stream.

RETURN

Calc. of the activity coefficient of
components in mixture

RETURN

END




Table C.1 physical properties of feed system one

Component | Antoine coefficients
1 9.80800 -2804.77188 229.14050
2 11.67470 -3460.90750 231.32812
3 11.58040 -3754.17459 224.27734
Component Molal volume
1 56.86600 0.00843 0.00017
2 64.51000 -0.19720 0.00039
3 22.88000 -0.03642 0.0007
Component Enthalpy coefficient of liquid
1 0.0002 31.12990 0.00001
2 0.0002 18.09900 0.00001
3 0.0000 18.0000 0.0000
Component Enthalpy coefficient of vapor
1 7392.85999 -1.69420 0.02375
2 8464.59998 3.36319 0.1076
3 10749.90002 7.85602 -0.00036

Binary interaction forces

A=Ay =25

Ay — A, =383

1 — Ayp =390

22
Ay — Ayy = 216

Ay — Ay = 1474

A
A

3 — Az =493
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Table C.2 physical properties of feed system two

Component Antoine coefficients
1 11.67470 -3460.90750 231.32812
2 11.28410 -3261.37628 210.3125
3 11.58040 -3754.17459 224.27734
Component Molal volume
1 64.51000 -0.19720 0.00039
2 53.86600 -0.03111 0.00016
3 22.89000 -0.03642 0.00007
Component Enthalpy coefficient of liquid
1 0.00002 18.09900 0.00001
2 -0.19696 26.35200 -0.00011
3 0.00000 1800000 0.00000
Component Enthalpy coefficient of vapor
1 8464.59998 3.36319 0.10760
2 11312.90002 -1.59611 0.02433
3 10749.90002 7.85602 -0.00064

Binary interaction forces

Ay

— A, =-175

A

,— Aoy = 280

21

— A, =435

A
Az
A

31

— A, =216

Ay =442

A 32

— Ay =901
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Table C.3 physical properties of feed system three

Component Antoine coefficients
1 9.04530 -2613.02252 220.15625
2 9.28170 -2789.43430 228.75000
3 12.042110 -3847.62738 231.25000
4 9.24230 -2773.57233 220.00000
Component Molal volume
1 125.96000 -0.14456 0.00055
2 104.27000 -0.08676 0.00039
3 53.70000 0.03110 0.00016
4 70.86000 0.01490 0.00016
Component Enthalpy coefficient of liquid
1 -0.00105 51.70000 0.00001
2 -0.10636 38.80230 0.03725
3 -0.19696 26.35200 -0.00011
4 -0.00002 27.94500 -0.00001
Component Enthal py coefficient of vapor
1 9463.23242 26.09780 0.04898
2 8353.41797 18.44516 0.04340
3 11312.90002 -1.59611 0.02433
4 10539.90002 -16.25300 0.04270
Binary interaction forces
A=Ay =425 | Ay — Ay, =310
Ay =4y =320 | Ay — Ay =225
Agy = Mgy =220 | Ay — Ayy =197
Ay — Az = 2205 | Ay — Agy = 2240
Ay — Aoy = 2435 | A, — A,y =100
Ay = Aay =192 | Ay3— A4 =70
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