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Abstract

In the present workthe exergy analysis and economic study of 3 different samples of 1
component mixtures have bemwvestigated E S| > 1 , andESIk1 The feed mixture has be
tested under three different compositions (low, egaald high contents of the intermedic
component). A quantitative comparison between simple and complex configurations, cons
thermally coupled, thermodynamicakkquivalentand dividedwall column(DWC) has been catrrie
out. The results presetitatthe best sequence could be found by TAC or exergy loss rate an
Complex sequences have greater exergy losses in comparison to simple sequences.
expecttions, the Petlyuk sequence only performs well in a few cases and poorly on others. Ac
to the results, as the amount of intermediate component in the feed incbeak@\C and exergy
losses of each sequence increase. The results also demoribtttiesl occurrence frequency as t
best sequence for DWC, thermodynamically equivalent, thermally cqupiddbasic sequences ¢
36%, 28%, 25%and1 1 % r especti vely. According to atl
and cost comparison (basen rigorous simulation and optimization) between these configurs
have never been carried out all together before.

Keywords: Distillation Sequence, Exergy Analysis, Dividaall Column, Separation Matrix

1. Introduction

Distillation process is stilthe most promising separation technique used in oil, gas, cheamechl
petrochemical industries. But this process in most cases consumes a lot of eméchyis the
greatest part of operating costs in these industiiésis improving the energy consuttiqpn of

distillation processes is still an interesting field of study.

Industrial mixtures commonly contain more than two components and these separation tasks could not
be implemented efficiently in a single colunttenceit is required to employ a numbef columns

for the separation of multicomponent mixtures to the number of desired products. This leads to many
possible configurations (sequences) for separating a multicomponent mixture into relatively pure
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products (sharp split) or several multicompaingroduct streams (nesharp or sloppy split). On the
other handthe distillation sequences for separating micomponent feed could be classified in
accordance with the number of distillation columns: having less tircolumns (intensified or
reducedl, exactlyn-1 columns (basic), or more tharl columns (Gridhar et al2010). The basic
sequences are divided into two categories: simple basic sequienadsch columns have one feed
and two products from condenser on top and reboiler at the bottivect( indirect); and basic
complex sequencem which at least one column has more than one feed or has side products (pre
fractionator).

There are more categories which could be generated from basic configurations: thermally coupled
(TC), thermodynangally equivalent (TE)and dividedwall columns (DWC). Figure 1 presents the
different categories ofhreecomponent distillation sequences. A thermal coupling configuration
could be generated e substitution of a condenser and/or a reboilerassociated with the final
product streams with a bidirectional vagiguid connection. Fully thermally coupled (FTC)
conygurations are those in which all/l the vapor
reboil er and t hmgle eonderisear.elherFEChwitlx an lexternat-fpaetionator is a
Petlyuk configuration (Caballero et ,aR013). The thermodynamically equivalent configurations
could be generated from the thermally coupled sequences through moving one column section
associted to a condenser and/or a reboiler which provides the common reflux flow rate or the vapor
boil up between two consecutive columns. Divigeall column sequences are other categories
which could be considered to reduce investment costs (Caballero 281d8). These configurations
consist of two columns arranged in a single shell and divided by an internal wall.

Earlier approach to synthesis distillation schemes was texgmariencebased heuristic rules (Seader

et al, 1977; Tedder et al1978; Westrberg, 1985)Heuristicrule-based methods might lead to
feasible solutions but not necessarily the optimum configuration. A true optimal scheme could be
found precisely by a mathematical programming approach. The brief review and work performed by
Gridha and Agrawal indicates that in order to achieve the optimum configuration, the first and most
important step is to predefine the search space as complete as possible (Gridh2dH)alOne of

the early methods, i ntr odtuati mgo aamsd pletrass kuc twa €
by Sargent and Gaminibandara (Sargent etl8l76). This superstructure could be used in mixed
integer linear programming (MILP) (Doherty et,&001) or mixed integer nonlinear programming
(MINLP) (Caballero etal., 2004 and 2006) to find the optimum sequence. Simple and complex
distillation schemes could be considered with this superstructure.

Another systematic approach to synthesize distillation column sequences based on the column
productsposition which @uld be distillate, bottomsor side streamswas proposed by Agrawal
(2010). Recently Errico et al. presented a singptep method for the systematic synthesis of the
search space considering the generation information saving from one configuratioth&r &Errico

et al, 2009 and 2014). Ivakpour and Kasiri introdutea method which generates simple and/or
complex distillation columns and bypass streams by introducing a separation matrix (lvakpqur et al.
2008) to synthesize complete as well as redsarjuences. Later KhaliBarakani et al. extended the
separation matrix method to covéerermally coupledthermodynamically equivalenand divided

wall column sequences (KhaliBarakani et al., 2015)
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Figure 1
Threecomponent distillation sequencesnsidered in this study

1.1.Exergy analysis ofdistillation sequences

Exergy analysis as a tool has been used to study the performance of distillation columns by many
researchers. Rivero et al. proved that exergy analysis could be used as a toatltogogmod insight

into the process inefficiencies and provitig viability of distillation process modification (Rivero et

al., 2004). Besides, this method has proved viable to be ughd synthesis of distillation sequences
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to avoid complexity, inaborious systems such as those formed by a large number of components,
trays, feedsand side streams (Kencse ef 2010).

KencseandMizsey compared simple and heat integrated forms of direct and indirect sequences and
fully thermally coupled schemesrfthreecomponent separation mixtures according to cost, exergy
loss and greenhouse gas emissions (Kencse,&2(0). They reported that an exergy analysis could
predict the best sequence as predicted by economic and gas emissions studies. Thhes are o
researchers who used exergy analysis in distillation processbsasSuphanit et al. (2007 who
studied the performance dividedwall column configurations using exergy analysis) or Pinto et al.
(2011) who presented a method for targeting sidadensers and reboilers in distillation columns
based on exergy loss diagrams. Al€ortezGonzalez et al. (2012) analyzed the reduced structures
that could be generated from simple bafsiar-component configurations by both economic and
exergy analysisSun et al(2012a)usedexergy analysis to compare the performance of two different
schemes for orgarsilicon monomer distillation process. In another study, they present-ediivsin

heat integrated methanol distillation scheme using pinch and exeatysis simultaneously (Sun et

al,, 2012b).

In this work the whole family ofthreecomponent distillation sequen¢@scluding simple, complex,
thermally coupled, thermodynamic equivaledityidedwall column and intensified sequences are
considered. Allsequences (Figure 1) were simulated (based on rigorous simulation), optiamded
compared according to both economic and exergy analysis indicators. As stated, most of the studies
were mostly reported fahe exergy analysis of single distillation column and there are a few reports

of applying the exergy analysis &darge number of columns or distillation sequences (Kencse, et al.
2010). Accordingtdhea ut hor s & b ghede cokfiywatidnehdvg eevreen analyzed and
compared based @meconomic study and exergy analysis all together before.

2. Methods

2.2. Separationmatrix

The separation matrix used hierés extensivelydefied inour previous work (lvakpour et al2008;
Khalili-Garakani et al., 2015). In Figure 2, the proposed separation matrix is demonstrated for three
and four-component feed mixtuge(i is the sign used for the final products which coatdeptthe

values {l, Il, andS}; A is the symbol used f@aubmixtures which couldhavethe values {l, Il,and

S}. In the separation matrix:

1- Gora={l}is used to demonstrate the column top product (from a condenser
2- (ora ={ll} is applied to the column bottom product (from a rebgiler
3- And(orQ ={S} relates to the mixtures produced as a column side stream.

The mixture located in the first column is the original feed and is composed of all final products.
Furthermore, the arrays positioned on the same diagonal of the separation matrix hzalegous.
heavy part. The structure of the distillation configuration could be obtained by the selection of the
mixture (@ or G) options in the separation matrix. For more clarification, the components in each
matrix array are indicated as subscript at lihweer right of each array. Moreover, for the easier

programming of the algorithm, three more indices are added forleachhe matrix { / E ; the

first i ndex, Y . indicates the thermal scHencg@ !l i ng

C

each ofthesulmi xture streams that could be a candi dat ¢
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sign in the lower left of the sumixture array associated withitf ). ycoul d be @00 or

indicating the absence or presence of thermaipling for its related reboiler or condenser
respectively. The second indes, added to the upper left part of tlle array presents moving,

omitting sections, and divided wall between the columns in sequences. This superscript could also
accept ovadrueOOi.l It must be noted that, in orde
column, the condenser or the reboiler associated with thenbibre must initially be omitted.

Therefore, in the separation matrix, the related array of thenscthre of moving sections should

havey equated to I. Hence in a systematic programming practice, in order to generate all possible
thermodynamically equivalent configurationss houl d be checked tadforbe Al 0
each submixture. Asaresult, v arr ays which represent moving sec
both indicesy andax

Feed Sub mixtures Products
ABCDE A
0 B
0 C
0 D
0 0 0 0 E
Fanc \ IR < Iy
0 - Dy \ Ps
0 0 1
I: Distillate Product
Ganda {l, I, S} II: Bottom Product
S: Side Stream
Figure 2
Proposed separation matrix to present different sequences
For intensi fied sequences, t he del et ed seecti on s
acceptsi X0 i n the wupper | eft of t hetheseparatigncouldnot hes e

take place completely anfor example in sequence fiectl in Figure 3,a part of component C
appears in product B. The same is true for InditeatFigure 3, in whicha part of A is appearing in

product B. These components are called suspended components and are illustrated by the third index
in the upperight-hand side of the arrays.
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Separation matrices for each distillation sequences presented in Figure 1

At last, for presenting thelivided-wall columns the value ofy is changed to W. For more tedious
sequences with mowividedwall columns, the valueof accept s
Therefore separation matrices in which bofhanda-have véue | ({9 A }), whichis the mark of a
side column in the sequence, the valug & changed and the separation matrixtfar dividedwall

W1 , W2 é

column is generated\n exampleof these kinds of sequences could be seen in Figure 3.
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2.2. Exergyanalysis ofdistillation columns

Exergy is based on the first and second laws of thermodynamics and is defined as the maximum work
which could be obtained from a stream or a source of enengyit reaches equilibrium with the
environment or any reference state. Esttham has an exergy value that is the result of the difference
between pressure, temperature, and chemical composition of the simddhose of the reference

state. The reference state as defined by Szargut effgt298.15 K and?,:=101.325 kPa (Szargut, et

al. 1988). Theexergyvalue of streams degenerates through the protéss due to irreversibility
phenomena in distillation columns, exergy loss is unavoidable. The main irreversibility in distillation
columns is due tthe mixing of the streams with different temperatures, pressargscompositions

on the trayandloss of heat in the condensers and to the environment from the body of the columns.

The total exergy of a stream is classified into physical, cheméca mixing parts which are
calculated through the followingguation(Hinderink et al. 1996):

Total exergy

(OJN O® g 0 g YO (1)
Physical exergy:

O g QYW QYD YiYD i YD 2)

Chemical exergy:

0w 5 & g w8Y0 ;  £0a )

¢
@(

Exergy of mixing:
Yoo YO  YYY (4)
where the mixing rule igjiven by

o 00 b wD b ©)

Heat streams exergy:

- Y
06 08p = (6)

The exergy loss in a distillation column could be easily calculated from the difference between exergy
values oftheinlet and outlet heat and mass streams. The inlet strearttsedeeds and heat duty of
reboilers and the outlet streams are the products and the heats of the condensers.

0w Yoo Yow 7)
~ - Y . Y ~ i~ o~ (8)
Ow 0 gp -— UL 8P = Ow Ow Ow

Y g Y &
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However,here the rergy loss of the columns is calculated by adding up the exergy loss at each stage
of the column. The distribution of the exergy losses along the column (stage by stage) is more useful
in understanding the irreversibility in each part of the column andmpeovement of the entire
system (Suphanit et al2007). The exergy losses of a stage in the distillation column could be
calculated by carrying out a simple exergy balance around each tray. By calculating the exergy losses
at each stagehe exergy loss diagram of the column could be achieved. Simulation methods are
employed for obtaining the required data for drawing an exergy loss diagram.

2.3. Proposedalgorithm
The steps of the procedure are described below:

1 The procedure starts lgefining the problem informatiom(T,, Po, X;, Tt, P, andUtilities) and
parameter boundaries,( optimization parameters).

1 In the next stepthe possible configurations according to the number of compor@nis¢
generated and considered. The separation matrix method was utilized for this purpose as
described elsewhef&halili-Garakani et a]2015).

1 The first configuration is then selected and sent to the nextisteghich the columns are
simulated by thehortcut method in order to find the initial data comprisindNg™Ng, Rmin, and
Pco.. The pressure of the columns are optimized here to ataubspheric pressuees close as
possible, but the boiling point of the liquid in the condenser could rehigiver than 35C
(assume 25C for inlet cooling water temperature). Simulated annealing was applied as the
optimization method (Kirkpatrick et al., 1983; Mahmoodpour et al., 2015). For physical
property and equilibrium calculationhe SoaveRedlichKwang (SRK) equatiomf-state was
selected.

1 In the next step, the rigorous simulati@arxithe outcome of the shecut method were used as
the initial guess. The insidaut method according to Seader et alvas used as the rigorous
simulation method (Seadet al, 2011). The reflux ratios of the columns are then optimized
with the objective of reaching the specified product purity with minimum usage of hot and cold
duty in the reboilers and condensers respectividig. simulatecannealing was used again at
this stage as the optimization method.

9 The results of the rigorous calculatiorts §, ho, So, Qu, and Qc) were used fothe exergy
analysis of distillation columns. The exergy loss for each tray was estimated and the total
exergy loss of the column&EXsesrucio) Was evaluated by adding them up in this step. The
formulas and qualities of exergy analyaispreseredin the former part.

I The results of the rigorous calculatiom34., Qn, and Qc) were used fothe economic study
(Total Annual Cost = amual capital cost + annual operation cost) of the distillation columns.
Gut hri eds cost emplbyedad naodifiecbimDougtag ftihe econonsgc study
(capital cost) (Douglas, 1988). Utility prices for calculating operating costs are as tatashs
in Table 1 (Seider et ak010).

1 This procedure was carried out for all the configurations and the results sorted according to
economic and exergy analysis separately.

Tablel
Utility specification [28]
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Utility Type Pressurdgatm) Temperaturg°C) Price ($/GJ)
Electricity - - 16.667
Cooling Water 1 25 0.254
Low Pressure Steam 4.4 144 3.102
Medium Pressure Steam 11.2 184 5.257
High Pressure Steam 31.6 254 8.174

The configurations studied were for mixtures containthgeecomponents with thredifferent
compositions (F1: [0.4, 0.2, 0.4], F2: [0.33, 0.34, 0.3BdF3: [0.15, 0.7, 0.15]) which are presented

in Table2.
Table 2
Different samplesconsidered in this study
Mixture ~ Components  ESI* Pressure  Vapor  y \ g - KA/ UBC=KB/ UAC=KA/
(atm) Fraction
n-Butane
M1 i-Pentane, 1.86 45 0 2.38 1.28 3.05
n-Pentane
n-Pentane,
M2 n-Hexane, 1.04 1.44 0 2.57 2.47 6.35
n-Heptane
i-Pentane,
M3 n-Pentane, 0.47 1.44 0 1.25 2.65 3.31
n-Hexane
*  E Sdl #(H].

3. Resultsand discussion

Table 3 presestthe ranking of the sequences presented in Figure 1 for different feed conditions.
Also, in Table 4 the economic study and exergy analysis of the first three sequences under each

condition are presented.

Table 3
The ranking otonfigurations for M1, M2and M3atdifferent feed compositions
M1
F1 F2 F3
1 IndirectDWC DirectTC IndirectDWC
2 Indirect TE Direct Indirect TE
3 SymmetricalDWC IndirectTC IndirectTC
4 SymmetricalTC2 IndirectDWC Direct
5 SymmetricaiTC3 DirectDWC DirectTC
6 Direct Indirect TE SymmetricalTES
7 SymmetricalTE4 DirectTE Indirect
8 SymmetricalTE3 Indirect DirectDWC
9 SymmetricalTE2 SymmetricalDWC DirectTE
10 SymmetricaiTC1 SymmetricaiTC3 SymmetricaiTC1
11 Indirect SymmetricadlTC2 SymmetricalTE2
12 SymmetricalTE1 Symmetrical SymmetricaiTC2
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13 IndirectTC SymmetricalTE4 SymmetricalTEL
14 Symmetrical SymmetricalTE3 SymmetricalDWC
15 DirectDWC SymmetricaiTC1 Symmetrical
16 DirectTE SymmetricalTE2 SymmetricaiTC3
17 DirectTC SymmetricalTE1 SymmetricalTE4
18 IndirectIC SymmetricalTE5 SymmetricadlTE3
19 SymmetricalTE5 IndirectIC IndirectIC
20 Direct-IC Direct-IC Direct-IC
M2
F1 F2 F3
1 DirectTC SymmetricalDWC SymmetricalTE2
2 Direct DWC SymmetricadlTC3 SymmetricalTC1
3 SymmetricalTC2 DirectTC SymmetricalTEL
4 SymmetricalTE4 Symmetrical IndireceDWC
5 DirectTE DirectDWC Symmetrical
6 SymmetricalTE3 DirectTE Indirect TE
7 SymmetricalDWC IndirectDWC IndirectTC
8 IndireceDWC Indirect TE SymmetricalDWC
9 Indirect TE Direct SymmetricalTC3
10 SymmetricaiTC3 SymmetricadlTC2 Direct-DWC
11 Symmetrical SymmetricaiTE4 DirectTE
12 Direct SymmetricalTE3 Direct
13 IndirectTC Indirect TC Indirect
14 Indirect Indirect DirectTC
15 SymmetricalTE2 SymmetricalTE2 SymmetricadlTC2
16 SymmetricaiTC1 SymmetricadlTC1 SymmetricalTE4
17 SymmetricalTE1 SymmetricalTE1 SymmetricalTE3
18 IndirectIC SymmetricalTES SymmetricalTE5
19 SymmetricadlTES IndirectIC IndirectIC
20 Direct-IC DirectIC Direct-IC
M3
F1 F2 F3
1 Direct DWC SymmetricalTE2 IndirectDWC
2 DirectTE DirectDWC SymmetricalTE2
3 IndirectDWC DirectTE Indirect TE
4 SymmetricalTE2 Indirect DWC IndirectTC
5 Indirect TE Indirect TE DirectTC
6 Direct SymmetricalTE1 DirectTE
7 SymmetricaiTC1 SymmetricadlTC1 Direct DWC
8 SymmetricalTE1 Direct SymmetricalTC1
9 Indirect TC DirectTC Direct
10 DirectTC Indirect SymmetricalTE1
11 Indirect Indirect TC Indirect
12 Symmetrical Symmetrical SymmetricalTE4
13 SymmetricalTC2 SymmetricalDWC Symmetrical
14 SymmetricalDWC SymmetricalTC3 SymmetricalTE3
15 SymmetricalTE4 SymmetricalTC2 SymmetricalDWC

75
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16 SymmetricaiTC3 SymmetricalTE4 SymmetricadlTC3

17 SymmetricalTE3 SymmetricalTE3 SymmetricadlTC2

18 Direct-IC DirectIC SymmetricadlTES

19 SymmetricalTE5 IndirectIC DirectIC
20 IndirectIC SymmetricalTES IndirectIC
Table 4
The result of total annual cost ($/y) and exergy loss rate (GJ/Hbedrest three sequences under different feed
conditions
Mixture ~ Composition Sequences TAC ($/year) Exer(%le/?]Sr;' rate

1st Indirect-DWC 293,472.592 0.675
F1 2nd Indirect TE 296,297.113 0.676
3 SymmetricalDWC 303,743.586 0.679
1st Direct-TC 340,502.266 0.229
M1 F2 2nd Direct 367,942.217 0.255
3 IndirectTC 3778,841.474 0.629
1st Indirect-DWC 508,593.831 1.531
F3 2nd Indirect TE 512,115.351 1.535
3 IndirectTC 526,700.303 0.687
1st Direct-TC 138,095.912 0.696
F1 2nd DirectDWC 142,216.070 0.720
3 SymmetricalTC2 144,355.762 2.654
1t Symmetrical-DWC 170,791.224 0.599
M2 F2 2nd SymmetricalTC3 172,106.681 0.600
3 DirectTC 175,504.430 0.351
1st Symmetrical-TE2 196,042.597 1.177
F3 2nd SymmetricalTC1 212,178.195 1.187
3 SymmetricalTE1 212,217.274 1.188
1st Direct-DWC 278,968.356 0.628
F1 2nd DirectTE 279,719.402 0.629
3 IndirectDWC 281,628.454 0.377
1st Symmetrical-TE2 326,486.558 0.956
M3 F2 2nd DirectDWC 329,243.256 0.785
3 DirectTE 329,686.667 0.786
18t Indirect-DWC 463,035.983 0.342
F3 2nd SymmetricalTE2 469,954.929 0.718
3 Indirect TE 472,286.012 0.344

When the feed content of component B is low, the composition of tBeifiquid feed of the side
stripper is much lower thahat of thevapor feed of the side rectifier. This is due to liquid feed of the
side stripper being diluted by a significant amount of component A, whileirapor feed of the side
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rectifier, this is dne with the same amount of component C. As a result, for producing component B

with the same specification, vapor traffic in the side stripper is significantly more than side rectifier.
Therefore more heat could be supplied at a #t@thperature offg in side stripper configuration (in

comparison tahe lower amount of rejected heat in the condenser at tempemtimeside rectifier).

This isthe reasorwhy IndirectTE and IndirecDWC perform bettefor M1 and composition F1

Also, when the conterdf the middle component B is high in the feed, these two configurations have
superior performance compared to other seqguences

According to Malone et al. (1985), when component relative volatilities are clse sc)Jas in M2

(F1 and F2), direct sequence is one of the best, as also demonstrated by the presenfresults.

appr o a,ahe emmncdfor direct family to be one of the preferred sequences incké@aseser,

this is notthe casavhenc o mponent B cont edis low, forche sepasatos of A When
from B, a large amount of vapor is needhadwever,the condenser temperature for pureTd) (is

nearer to the B bubble pointd) than to pure component C reboiler temperatlige @s a result, it is

better to supply the required heat fhe separation of A from B at mid temperature levEd)( In
configurations likesymmetricalTC3 (Petlyuk sequencedupply of heat als is not possible and this

leads tothe better performance of sequences such as indifeéh comparison to symmetric@iC3.

This is true fodivided-wall column sequences which are generated from these configurations.

Symmetrical (Brugma or psgactionator) sequence and the other sequencasrged from it
(thermally coupled and equivalent thermodynamics) have their best performance in Waich

E S| &He comparisof thermally coupled configurations (symmetrida1, TC2 andTC3) with
side stripper, side rectifieand other symmetrit@onfigurations illustrate that side stripper and side
rectifier configurations have better performarioe M1 (ESI>1) and M3 (ESI<1)and only in M2

( E S|, the thermally coupled sequences pregéstreduction of energy consumptions. Similar
results a@ presented in the work by Agrawal and Fidkowski (198®)which they calculate the
minimum total amount of vapor in sequendasminimum reflux condition. Thermally coupled
sequences for feed M2 and F3 composition illustrate 34% reduction of energymptiosuin
comparison to simple sequences (direct and indirect).

The results of thermodynamically equivalent configurations presented by Agrawal and Fidkowski
(1998) (symmetrical E1-TE4) is nearly the same as thermally coupled configurations under all feed
conditions considered in this study. In these configurati@imilers and condensers are located on
different columnsthe columnat ahigh pressure has a rebojland the colummat alow pressure has a
condenserin this way the vapor stream could be flown from tb@umn at ahigher pressure to the
oneat a lower pressur@ he change to the structure of the sequence made it more operable and easy
to control. Comparing them to the symmetrd€&l3 illustrates that symmetricalC3 sequence
performs bettefor M1 with F1-F2 feed compositionand symmetrical E1 and symmetrical E2 are
betterfor F3 feed compositionFor M2 and feed F1, symmetricBE3 and symmetricalE4 are
superior while symmetricalT C3 outperforms for feed F2and symmetricalE1 and symmetrical

TE2 perform bettefor F3. In M3, symmetricalTE1 and symmetricalE2 perform betteat all three
different feed compositions.

Agrawal and Fidkowski (1998nd 1999) presented symmetri€cBE1-TE4 configurations and
andyzed them bythe minimum total amount of vapor in sequenicea minimum reflux condition.
Then Jiménezet al. (2003)analyzedthem by rigorous methods and compared their heat duty. In
comparison to their work, the research presented se more accuratetal cost and exergy loss
analysis, which justifies some of the differesoe ranking of the sequences. The column diameter
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calculation procedure considerdgreinin TAC analysisis one of the main reasons behind the
differences betwan the two findings.

Furthermoreit should be noted that some of the configurations considereuh la@eenot present in
the worls of Caballeroand Grossman (200And 2004) which employsa suggested superstructure
and optimizeshetray sections and ergr performance of configurations.

Figure 4a presents the number of occurrences of the best three sequencethdéaraaks studied
here. IndirecDWC sequence has the largest number of occurrences followed by-Dik&ct
DirectTC, IndirectTE, and DirectTE sequences respectively.

Also in Figure 4bthe distribution of the best sequence among different categories of configurations is
illustrated. As presentedWC sequences have the biggest part and the basic sequences have the
lowest part among the best configurations.

Figure 5 illustrates the exergy loss diagram of symmetrical configurations (Brugma configurations)
for different feeds (MAM3) and compositiongF1-F3). Brugma sequenc&as considered here
because from this sequencethl other configurations could be derived. As demonstrated, increasing

B content in the feed raises the peak in the exergy loss diagram. F&VHL) the maximum loss

is in theupper feed of the second column. At the tig8Ia1l (M2)), there were two peakene in the

upper feed of the second column and the other in the reboiler. At last for M3, the peaks are located on
the lower feed and the condenser of the second column.

Symmetrical DWC Direct
Symmetrical-TE2

Direct-TC
Symmetrical- TE1 irec

Symmetrical- TC3

Symmetrical-TC2

Direct-TE
Symmetrical- TC1

Direct-DWC

Indirect-DWC

Indirect

Indirect-TC

Indirect-TE



A. H. Khalili-Garakaniet al./ Threecomponent Distillation Columns Sequencég 79

Thermally Coupled
25%

Thermodynamically
Equivalenté

b)

Figure 4
a) Number of occurrences of the best three configurations in different samples @istfilnytion of the best
sequences among different configuration categories

The location of peaks in the diagrams could be found by the relative volatility of the components. As
illustrated in Table 2 anBligure 5, the peaks are located time place (sectionyvherethe feed with

higher relative volatility enters the second colurtris due to the superior separation ability of the
mixture withgreater relative volatility in the pieactionator (first column)Thusin the next column

the streams with much different compositions encounter each atiteas a result the exergy ses

due to mixing iass highercir ML4ESleL), therSis apeak in th&Jupper feed of the
second columnHowever, the relative volatility becongesimilar i n M2 (ESI ai) i n
fractionator wherethe separations (A/BndB/C) take plae in the same ordefenceseparation in

the next column would be easiand as a resujtthe exergy loss is decreased. This effect is more
significant when the content of the middle component (B) is lower in the feed. In these configurations
the amoun of loss in the upper (rectifier) and lower (stripper) sections of the second column are
nearly the same and the distribution of losses is more monotonous.

As stated bef or essislow@8: ESId)ea larga anwoont of vagor idrequired for
the separation of A from B. As a result, the exergy loss in the condenser is increased and a peak could
be seen in the condenser.

Therefore, by these figures the designers could easily findvétad points in each column of the
sequence and employ the exergy loss diagram for improving the performance of the sequence.
Furthermore, the changes to the structure of the columns in these places similar to thermal coupling of
the streams between columngenerating thermodynamically equivalent structures by moving
sections in these areas, or using internal wall (DWC) could reduce the exergy loss of the system (as
presented in the results in the former section).
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Exergy loss diagram of the synetrical sequence (Brugma) for different feeds {Md) and compositions (F1

F3).

In addition the knowledge of the weak points of the sequences and structural changes could lead to a
search space reduction algorithm. This algorithm helps designers to analyze a much smaller search

space containing only near optimal sequences, which could beentffic find an overall optimai-
component configuratiorthe search space reduction algoritlienout of the scope of this paper and
would be presented in future works.

4. Conclusions

The analysis of the samples illustrates that the TAC of the sequenteslly dependent on the

amount of the intermediate component present in the feed. By increasing the amount of the
intermediate componentAC is increased for each sequence. Also, despite expectations, the Petlyuk
sequence symmetricalTC3) only performs

we | |

n

M2

(ESI &1)

itand

demonstrates poor performander other conditions (likedifferent compositions ofM3). In
comparison to economic study, exergy analysis is simpler in calculatidronly requires some

f
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