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Abstract

An approximate design procedure of extended fully thermally coupled distillation columns (FTCDCSs) is refined for the design of real
system having non-ideal equilibrium relation. For high thermodynamic efficiency and reduced computational load, a structural design
utilizing the minimum tray structure is implemented, and the design procedure to find operational variables for a given specification of
productsis explained in detail. The thermodynamic efficiency of several structures of the extended FTCDC is examined from their distillation
lines adopted from the residue curve of equilibrium distillation having ideal efficiency. With the structure of the highest efficiency among
various ones, the proposed design is applied to three real systems of different chemical groups. The design outcome of the systems shows
the effectiveness of the proposed design procedure.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction An early study on the structure of the extended FTCDC
had been conducted by Sargent and Gaminiban{&ra
Higher thermodynamic efficiency of a fully thermally Kaibel[7] improved the structure with different arrangement
coupled distillation column (FTCDC), also known as the of the sections in the column, and later Agraygl intro-
Petlyuk column, than the efficiency of a conventional distil- duced another structure along with the structures for the sep-
lation system has widely been recognized ever since it wasaration of five and six component mixtures. Christiansen et
introduced a half century ago. The high efficiency has been al. [9], examined the operability of the structures by count-
proved in the field applicationgl—3] of several chemical  ing the degrees of freedom, and compared their thermody-
companies as well. namic efficiencies using minimum energy requirement. The

Comparing the distribution of liquid composition in the study shows that Agrawal’s structure is the most efficient.

FTCDC with a diagram of residue curves indicates their re-
semblancég4,5]. One of the residue curves matches the lig-
uid composition profile of a packed distillation column in
total reflux operation, where the thermodynamic efficiency
of the distillation associated with the curve is ideal. When
the liquid profile of a distillation system follows one of the

In addition to the finding of a high efficiency structure,
a means of easy operation is proposed by Agrad@].
Rearranging the sections of the extended FTCDC for the
sequential distribution of column pressure matched with the
direction of vapor flow eliminates an external compression
of the vapor stream to cope with pressure difference between

residue curves, the efficiency of the system is predicted to interlinking trays.

be high. The fact that the profiles of the FTCDC and the

Dunnebier and Pantelidg$1], utilized rigorous process

extended FTCDC are close to the residue curves gives themodels for the optimal design of the original and extended

answer for the high efficiency of the columns. While the
FTCDC consisting of a main column and a pre-fractionator

FTCDCs. A rigorous simulation employing non-linear equi-
librium is used in the search of the minimum of investment

is for the separation of a ternary mixture, the extended and operational costs. When an optimal structure of the

FTCDC having a main column and two satellite columns is
for a quaternary mixture.

* Tel.: +82-51-200-7723; fax#82-51-200-7728.
E-mail address: yhkim@mail.donga.ac.kr (Y.H. Kim).

column is not preliminary given in the design procedure,
the optimization variables include both structural and op-
erational information to become a time-consuming process.
Moreover, some sections of the column are eliminated dur-
ing the search of the minimum cost, and a discontinuous
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Nomenclature Qurrent de_zsign_ procedures_of the extended FTCDC re-
quire a lot of iterative computations because of many degrees
A coefficient matrix inEq. (11) of freedom in the design and operation of the column. A
c coefficient vector irEq. (11) commercial design package, for example, provides the lig-
F feed flow rate (mol/h) uid composition profile only for a given structure. Therefore,
F1  feed number 1 lots of iterative computations have to be conducted to find
H vapor enthalpy (J/mol) the optimal structure. Recently developed optimal design
h liquid enthalpy (J/mol) procedures including structural variables in the optimization
K equilibrium constant are also not free from the heavy computational load.
L reflux flow rate (mol/h) An approximate design procedure giving the optimal
NF feed tray number structure of an extended FTCDC to reduce the computa-
NP  side draw tray number tional burden has been proposed and applied to example
NR  location of upper side stream systems with ideal equilibriurfi4]. In this study, the exten-
NS location of lower side stream sion of the procedure for rigorous design is explained and
NT number of trays implemented to three example systems for the evaluation of
S1 system number 1 the design performance. From the outcome of the rigorous
T tray temperature’C) design, the initial process values for a dynamic simula-
\Y vapor flow rate (mol/h) tion of the column can be obtained for the further study
X liquid composition matrix irq. (11) of column operation. In order to explain high thermody-
X liquid composition (mole fraction) namic efficiency of the structure of this study, the efficiency
y vapor composition (mole fraction) of several known structures is examined comparing their
z feed composition (mole fraction) distillation lines with residue curves.
Greek letters
o relative volatility 2. Degrees of freedom analysis
B split ratio of component B to the top
of column II The extra degrees of freedom of an extended FTCDC
Y split ratio of a component to the top give a variety of operational alternatives in the production
of column | of specified products. But the extra degrees incur lots of op-
@ solution of Underwood equation erational difficulties. Though many manipulated variables
are available for preferred controlled variables, product
Superscript specification in most cases, a distinctive pairing between the
M minimum manipulated and controlled variables is not simple as shown
in the control scheme design of an FTCIQ. This indi-
Subscripts cates that the operation of the extended FTCDC is tough,
A component A and one of obstacles for its wide application is from the
B component B difficulty.
C component C There are several different arrangements of the extended
D component D FTCDCs. One of the arrangements is illustratedFig. 1,
i component which has one reboiler and one condenser to separate four
n tray number components. The arrangement is the same as Agrawal con-
S side stream figuration[8] of a main column and two satellite columns,
1 column | though top and bottom sections of the main column are
2 column Ii moved to the satellite columns. A degrees of freedom anal-
3 column 1i ysis is conducted by Kinj14], and it is found that there

are 18 degrees of freedom. The outcome is utilized in the
design of this study. Among them, 10 structural design

relation between tray numbers and operational variables isvariables—the numbers of stages of a main column and
given to result in a complicated problem to be solved. A two satellite columns, feed and two side product locations
tray bypass is implemented to deal with the problgray. and four interlinking stages between the main column and
As different approaches, superstructure design techniquessatellite column—and six operational variables—reflux
were proposed by AgrawdB] and Caballero and Gross- flow rate, vapor boil-up rate, two liquid split ratios from

mann [13], which give an answer for the optimal struc- the highest column to the top of the next column in two

ture of thermally coupled distillation columns and greatly steps and two vapor split ratios from the lowest column
reduce the computational load in the optimal design of to the bottom of the next higher column—are determined
the systems. from the design of the extended FTCDC after 2 degrees of
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Fig. 1. Schematic diagram of a modified extended FTCDC.

freedom are reduced from the 18 with the assumption of liquid composition profile for an extended FTCDC with a
tight inventory control in a reboiler and a reflux drum. three-dimensional diagram likeig. 2, a two-dimensional
projection of the profile is employed in the following ex-
planation. Because the figure is drawn in two-dimensional
3. Analysis of various structures scale, an accurate representation of all the four components
for a mixture on the curve is not available. Instead, the close-
A diagram of residue curves for a quaternary system is ness to one of corners of the rectangular figure indicates
illustrated inFig. 2 Owing to the difficulty to illustrate the  relatively high concentration of the corner component.
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Fig. 2. Residue curves of a quaternary system.
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Fig. 3. Schematic of Sargent and Gaminibandara arrangement for quaternary separation and liquid composition profile.

When the profile of liquid composition distribution of of the column is. The liquid composition profile of Sargent
an extended FTCDC follows one of the residue curves, the and Gaminibandara’s coluni6] is shown inFig. 3 along
thermodynamic efficiency of the column is ideal. It is be- with its structural description. ThHeof column I inFig. 3(b)
cause the residue curves denote the composition profile fordenotes feed composition. The curves in the figure are liquid
a packed distillation column in total reflux operatifib]. composition profiles adopted from the residue curves. The
Though the residue curves represent the liquid compositioninterlinking of the first and the second columns is made near
profile of a packed column, it is generally assumed that they to the left and right ordinates, respectively, but the locations
are accurate representations of the profile of a tray columnof the first column are not so close to the ordinates. In other
at total reflux[15-17] Note that the shape of the composi- words, some mixing occurs in the interlinking trays. The
tion profile of a tray column is similar to the curves. Thus, second and the third columns are interlinked with higher
comparing the composition profile of the extended FTCDC composition of A or D component, and they prevent from
with the residue curves tells how efficient a certain structure close interlinking between columns | and Il. In addition, the

A Kaibel structure
n ' ' R
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Fig. 4. Schematic of Kaibel arrangement for quaternary separation and liquid composition profile.
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Fig. 5. Schematic of Agrawal arrangement for quaternary separation and liquid composition profile.

middle of the second column is linked to the third column. predict column efficiency and to devise a new column
In this arrangement, there is another composition difference structure.

between the interlinking trays to result in mixing. The mix-

ing is an irreversible process and reduces the thermodynamic

efficiency of the column. In order to lower the mixing, the 4 structural design

upper interlinking between the first and the second columns
can be made at the location near to component A, but it is
impossible for component B to be transported from column model and commercial design packages for an extended
I'to i through the 'interlinking at the Ic.)cati(.)n..Thereforel, FTCDC do not search the optimal column structure. Instead,
the composition discrepancy at the interlinking trays is ey jteratively calculate product compositions until desired
inevitable with the structure. In the diagram of Kaibel's 4 cts are yielded with given structure of the column.
column, as shown irrig. 4, the composition difference in ey se there are 10 degrees of freedom concerning the col-
interlinking trays is even greater than that of the Sargent and ;1\, syrycture, many different sets of the structure have to be
Gaminibandara’s column. Though all the components of A examined to see if one of them gives the optimum cost
gnd B have to be_transported thro‘_lgh the upper interlink- o ¢61ymn construction and operation. On the other hand,
ing, close connections are only avallable_ near to the corner, iructural design procedure giving the optimal structure
of components A. Because the composition of componenty o g tq eliminate the iterative searching. Hence, the pro-

B in Fh_e interlin!dng stream is higher t_han the Sargent and posed design procedure of the extended FTCDC follows
Gaminibandara’s column, the connection from the left-hand an approximate design procedure including the structural

side of the divided section denoted as IRig. 4(b)is far design[14].
from the right-hand side of the section marked as Il and
there has to be a large composition difference between the
interlinking trays. It means that large irreversible mixing
occurs at the interlinking to result in low column efficiency.
Meanwhile, Agrawal’s column, as given ig. 5 does

not produce large composition difference at the interlink-
ing trays. The proper arrangement of distillation column
sections leads to close interlinking between the main and
two satellite columns as shown in the liquid composi-
tion profiles inFig. 5(b) The profiles are distillation lines
drawn from the residue curves. There is little mixing in

Most of design procedures utilizing rigorous process

When the composition profile of the extended FTCDC
matches one of residue curves, the thermodynamic efficiency
of the column is ideal because the curve represents a column
of total reflux operation and ideal tray efficiency. The struc-
ture of the minimum trays of the extended FTCDC similar
to Fig. 5satisfies the requirement, and a practical column of
the same structure is optimal. The minimum tray is for an
ideal column operation with infinite reflux ratio.

The minimum number of trays of the extended FTCDC
are found from the stage-to-stage computation. Assuming
) - 4 that the feed tray has the same liquid composition as that of
this arrangement. An efficiency comparisi®ih of the three 5 ga¢rated liquid feed and tray efficiency is ideal, one can

structures irFigs. 3-Sindicates that the Agrawal’s column 50 1ate the liquid composition of the stages above the feed
has the highest efficiency, the Sargent and Gam|n|bandara’stray fromEq. (1)

column is the next, and the Kaibel's is the lowest. This

implies that the structural analysis using the composi- _ Kyixni

. ; . . : Xntli = o= —— 1)
tion profile derived from the residue curves is useful to > i Kn,jxn,j
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where the subscriph denotes thenth tray counted from  Table 1

bottom and the subscriptdenotes the component The Result of stage-to-stage composition computation and selection of inter-
K is an equilibrium constant, which is computed from a linking stages

non-ideal equilibrium relation. The UNIQUAC equation is Stage A B c D Remarks
used in this study. The stage-to-stage computation continueqzee d column (1)

past the presumed upper interlinking composition of which Upper 0 0250 0250 0250 0.250

: _ , , 0014 0.043 0167 0777  Bottom
While the computation oEq. (1)is straight forward, that 0.002 0012 0092 0893

of Eq. (2)is different because the equilibrium constant has 0.000 0.003 0.047 0.949
an implicit information. A simple optimization is necessary | ignt side column (Il
to find the one stage below composition satisfyiemy (2) Upper 0 0.025 0950 0.024 0.001

the determination is given later. 1 0.518 0.287 0.137  0.059
Similarly, the liquid composition of the stages below the 2 0716 0226 0.050 0.009 NR
feed tray is found in the stage-to-stage manner using, 3 0.826 0157  0.016  0.001
4 0.888 0107 0005 0.000 NT
Xn.i 5 0925 0.073 0001  0.000
Xn—1,i = (2)
Kn_1i [Zj (xn,j/Kn—l,j):I Lower O 0250 0250 0250 0250 WS
1 0071 0125 0251 0.553
2
3
4

The stage-to-stage calculation for columns | and Il in 1 0.047 0942 0.011  0.000
Fig. 1is exactly the same as the above except that the com- g 3-083 8-318 8-882 8-888
positions of two side products are utilized as the beginning 14 84 : '

L " 4 0.247 0752 0.001  0.000
cpmposuﬂon msteqd of the feed composmqn. The cglcula— 5 0379 0621 0000  0.000
tion for lower section of the column | continues until the 6 0.526  0.474  0.000  0.000
bottom product composition is found. Obviously, the over- 7 0.661  0.339  0.000  0.000
head product composition is yielded from the evaluation of g 8-;6; 8-232 8-888 8-888
the upper section of column Ill. The specification of key 84 15 ‘ :

) ; 10 0.893  0.107 0.000 0.000 NR
component in overhead and bottom products is 0.975 mole 1 0927 0073 0000  0.000
fraction, and that of two side products is 0.95 mole fraction. 12 0.950 0.050 0.000  0.000
The stages of feed and two side products are readily deter- 13 0.965 0.035 0.000 0.000
mined from the result of tray composition computation. 14 0.976  0.024 0000 0.000  NT

The locations of interlinking among three columns are  Lower
decided by matching the compositions between two inter-
linking trays as shown ifrig. L In order explain the selec-
tion process of interlinking trays, the computation result of
stage-to-stage liquid composition for the example system of

0 0.025 0.950 0.024 0.001 Bottom
1 0.013 0.932 0.050 0.005
2 0.007 0.873 0.099 0.021
3 0.003 0.734 0.176 0.087
4 0.001 0.485 0.242 0.271
5 0.000 0.224 0.225 0.550

S1 with feed F1 is listed ifable 1 From the feed column, 6 0.000 0.076 0.150 0.774
column Il in Fig. 1, the top tray (NB) is set to stage 4,  peavy side column (1)
which is interlinked with the tray NRin column lll. The Upper 0 0.001 0.024 0950 0.025
next, stage 5, has closer match with the stage 11 in the col- 1 0.004  0.048 0937 0.011
umn 1lI, but the interlinking stage in the column lll is too 2 0012 0.093 0890  0.005
close to the top of the column to handle the component C j g'ﬁg g'gg 8'251’2 g'ggi
contained in the stream from the column II. This consider- 5 0265 0354 0380  0.000
ation is also applied to the selection of bottom, stage 3, in 6 0.475 0349 0.175  0.000
the lower section of the column Il. In the determination of 7 0.662  0.275  0.063 0.000 NT
the interlinking tray NR, stages 1 and 3 are not suitable be- 8 0.787 0193  0.020  0.000
cause they are too close to the tray of either feed or column Lower 0 0.001 0.024 0.950 0.025
top. When the stage 2, the only choice, is compared with 1 0000 0.012 0934 0.054
the stages in the upper section of column | for interlinking, 2 0.000 0006 0884  0.111
. . o 3 0.000 0.002 0784 0213

the stage 7 of the column | is the best pair. Considering feed 4 0000 0001 0631 0369
and bottom trays in the lower section of the feed tray the 5 0.000 0000 0446 0554
interlinking tray NS is set to the middle of stage 1 and 2 6 0.000 0.000 0.277 0.723
because either one of them is too close to the feed tray or 7 0.000  0.000 0.155  0.845
bottom. Likewise, the bottom of column IIl is determined 8 0.000 0000 0.081 0919 NS

: 9 0.000 0.000 0.041 0.959
to be in between stages 5 and 6. 10 0000 0000 0020 0980 Bottom

As a result, all the 10 structural variables are decided by
taking twice the numbers of trays for three columns. For
instance, the minimum tray number of the feed column is
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Table 2

Design result of the example systems

System Feed N]T NT2 NT3 NS]_ NPl NFZ NR2 NSQ NP3 NR3 Ll L2 L3

S1 F1 35 16 41 4 21 10 (7) 11 4 12 37 (32) 172 211 443

S2 F1 46 22 59 4 20 8 14 4 13 43 (41) 192 221 457

S3 F1 49 15 44 4 26 11 (9) 12 5 14 43 (40) 242 286 586
F2 49 11 44 4 26 9 10 4 14 43 (40) 197 236 523
F3 49 16 44 5 26 12 (10) 13 4 14 40 194 232 486

taken to be eight from four of upper section, three of the between 1.1 and 1.5 times the minimum, the tray number is
lower section and feed tray itself. Twice of the number, 16, between 1.7 and 2.6 times the minimum tray number. For
is shown inTable 2and all others are computed in the same the commonly used reflux ratio of 1.3 times the minimum
manner. Some of them are adjusted to satisfy the productreflux, the twice the minimum tray is a reasonable design
specification, in which the numbers in parentheses are thefor a usual distillation columrj21]. The outcome of the
original tray numbers computed from the minimum design. structural design for the example systems of this study is
Note that the stage numbersTable lis of the minimum listed in Table 2 symbols of which are given iRig. 1
structure and those dfable 2are of the actual columns. The practical column having finite amount of reflux em-
From the procedure, the total numbers of trays of the three ploys more than the minimum trays. In this situation, the
columns are determined at the same time, and all the 10liquid composition of feed tray may not be equal to feed
structural variables are decided without an optimum search-composition and a composition discrepancy occurs. In addi-
ing. The result of the structural design of the minimum tray tion, though the structure of the practical column is same to
for the basic example system is demonstrateHiin 6. the minimum tray, the ideal tray liquid composition—equal

Notice that the structure from the proposed design leadsto the vapor composition of one stage below—is not valid
to high thermodynamic efficiency because the profile of any longer with the finite reflux flow and the feed tray com-
liquid composition of the whole system is based on the position does not necessarily match to the feed composition.
minimum trays. In the design of a practical column, pro-
portionally increasing all the numbers makes the structure
sustained to keep the high efficiency. Though the tray num- 5. Operational decisions
bers are increased by the factor of two, the structure remains
in the optimum. This practice is implemented in the design ~ From the analysis of degrees of freedom, 18 degrees are
of a binary distillation column, such as the McCabe—Thiele found and the structural design gives the answer for the
design[18]. There is an optimum ratio between the practical 10 of them. Tight inventory controls at reboiler and reflux
and the minimum columns for the lowest cost of investment drum reduce the degrees by 2. Therefore, six operational
and operatior{19]. In this study, however, a ratio of 2 is variables—reflux flow rate, vapor boil-up rate, two liquid
adopted from literaturg20,21], which is within the range  split ratios and two vapor split ratios between a main col-
used in industrial practice. The relation between reflux ratio umn and two satellite columns—are to be obtained from the
and tray number indicates that while the reflux ratio varies following procedure.

The optimum transfer of components B and C is derived
in the calculation of the minimum liquid flow rates for the
three columns irFig. 1 For the simplicity of explanation,
Fig. 3(a)is utilized. From column |, components B and C go
to column Il through either top or bottom of the column. Let
the portion of component B from the top of the column be
y and component C bgc, and their definitions are given
by Kim [14].

Similarly, the ratio of component B from the top of col-
umn Il to lll, g, is defined from Fidkowski and Krolikowski
[22]. When these optimum transfer ratios for components
B and C are utilized, two vapor splits are calculated from
material balances and four remaining variables are to be
evaluated from steady-state simulation. The initial values of
reflux flow rate and liquid split ratios are derived from the
minimum liquid flow, but a search for the split ratios has
Fig. 6. Liquid composition profile in an extended FTCDC system with a {0 be conducted because the minimum is too conservative
minimum number of trays. [23]. The sensitivity of vapor and liquid split ratios on the
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product composition is not so significait 24] that the ra-
tios are not employed as a manipulated variable to control
product compositio25—-27]

The minimum liquid flow in column | is derived in Fid-
kowski and Krolikowski[22],

apkF

L 3

1 op — op

From the optimum split ratios, the vapor flow in column I is;
4)

Using the Underwood equatid@8], the minimum vapor
flow in column Il is found as:
aacFza n ackFzsp
dAC — ¢ aBC— ¢

V' = LY + Fza + Fzgys + Fzcye

V2M =

(5)

Then, the minimum liquid flows of columns Il and Il are
given ag[14]:

LY = v} — Fzn — Fzzysp ©6)
and
apgFza
V=288 gy @)
apB — @

Note that the minimum flow rates are only used in the eval-
uation of the initial set of operational variables. For a given
vapor boil-up rate and liquid flow rates of three columns, a
steady-state simulation is conducted to find the product com-
positions. If the compositions do not satisfy the specification,
different liquid flow rate is applied until the specified prod-
uct is yielded. The increase of reflux flow rake, raises the
composition of the lightest component in overhead product.
It also reduces the composition in side draws, which means
the elevation of the composition of the major component
in the products. Therefore, the selection of new flow rate is
determined from consulting the currently calculated com-
position of overhead product and given specification. The
computation path for the design of operating condition in
the example case of system S1 with feed F1 is listed in
Table 3 The product composition is of key component.
The minimum values are calculated first, and the set of
operation condition is derived from the minimum values
with an initial trial flow rate ofL3. Then, the liquid flow is
raised to meet the given product specification. The split of
liquid flow is also adjusted by considering the variation of
computed product composition. During the determination

Table 3
Computation result in the design of operating condition

Step L3 V1 Lo Ly XA X8 Xc XD
Minimum 60 55 36 13

1 300 275 182 65 0.884 0.695 0.579 0.900
2 400 351 200 170 0.951 0.877 0.909 0.934
3 450 396 210 170 0.954 0.938 0.955 0.985
4 443 387 211 172 0.977 0.952 0.965 0.975
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of the split, the optimum is found from the condition of the
highest product composition. The flow ¥f is set from the
amount of bottom product.

6. Steady-state simulation

A rigorous process model is employed in steady-state
simulation to calculate product composition for the ex-
tended FTCDC having the structure found from the struc-
tural design. The model is composed of material and energy
balances, and equilibrium relation.

A steady-state material balance for componexitthenth
stage of a column is:

Lnxn,i + Vn)’n,i = Ln+lxn+1,i + anlynfl,i

+Lsxs; + Vsys,i (8)

where the subscript s indicates other streams that flow from
or to the adjacent trays. Top and bottom trays, feed and side
draw trays, and interlinking trays have the streams. The sign
of the last two terms may vary according to flow direction.
An energy balance is:

thn + V,H, = Ln+1hn+l + VicaHy 2

+LShS + VSHS (9)

where the subscript s denotes the same meaning as in the
material balance. The UNIQUAC equation is used as the
equilibrium relation in this study, and the binary parameters
for the equation is obtained from the HYSYS database.
In the computation of liquid composition, an iterative pro-
cedure utilizing matrix form of the material balances is
employed. For the formulation, the vapor composition in
the material balance is replaced with a liquid composition
and an equilibrium constant. The constant is found from
the equilibrium relation and is renewed when new liquid

composition is available in the iterative computation.
Yni = K iXn,i (10)

In a matrix form, the material balance is formulated as

A1n A Az X1 C1
A1 A Ax || X2 | =] C> (11)
Azl A3z Asz X3 C3

where three groups of liquid composition represent three
columns of a main column and two satellite columns. The
initial liquid composition is assumed to have linear variation
along the trays of which end composition is set to the given
product specification. Then, the equilibrium constanEm
(10) and tray temperature are found from the UNIQUAC
equation and the liquid composition. The vapor flow rate of
each tray is evaluated from the energy balaie,(9) and

the liquid flow rate is from a total material balance. While
an approximate design utilizing ideal equilibrium relation
employs material balances only in the computation of tray
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liquid composition, the introduction of non-ideal equilib- benzene—toluene—chlorobenzene (S3). They are selected
rium requires tray temperature and the inclusion of energy from different groups of organic compounds. Feed composi-
balances to find the liquid composition. In addition, the as- tions of the system S3 are equimolar (F1), 0.7-0.1-0.1-0.1
sumption of equimolal overflow is no longer applicable, and (F2), and 0.4-0.4-0.1-0.1 (F3). The design specification of
the vapor flow rate is computed from the energy balances. products for all systems is set to 0.975 of mole fraction of
Therefore, the whole procedure of the composition calcu- key component in overhead and bottom products and 0.95
lation becomes much more complicated compared with the of key component in two side products. Feed rate in all
approximate design. cases is 100 mol/h.
Having two coefficient matrices iRg. (11)resulted from
the equilibrium constant and the liquid and vapor flow rates,
a new profile is computed from the equation until the tray 8. Results and discussion
temperature is converged. The convergence is determined
by checking the sum of tray temperature variation, and the The alcohol system (S1) with the equimolar feed (F1)
limit is set to 0.002 times the number of trays. For the im- is used as a base system for the following explanation of
provement of the convergence, a relaxation is included in the the design result. Using the stage-to-stage design equations,
renewal of liquid composition profile. The detail of whole Eqgs. (1) and (2)liquid composition profiles of main and
design procedure for the extended FTCDC is given as two satellite columns are evaluated for the minimum trays
follows: and the compositions are plottedfig. 6. A circle denoted
“F” is feed composition, and the rest of circles represent the
composition profile of a main column (column Il iig. 1).
For column |, the profile is given with plus symbols, and the
times signs are for column l11l. At the end of circles near to
component D, a plus symbol and the end circle are close and
interlinking trays are found from the two. The other end of
plus symbol also meets a circle, which leads to another in-
terlinking. Between cross signs and circles, the interlinking
trays are obtained in the same manner. By counting the num-
ber of symbols, the minimum tray numbers of three columns
are found along with location for feed and two side draws.
Taking twice the minimum numbers gives the structural
‘ information for a practical distillation system of the ex-
(11) Xé(’)lr.npute equilibrium constant with the UNIQUAC tenq%dllF'l'_(d:DIC. The steadﬁ/—state simule:jtioq Is con(rj]uctéad
equation. to find liquid flow (ates for the system producing overhead,
. . o . bottom, and two side products of the specified composition.
(12) Obtain newx, ; using matrix inversion. h tation results for three example systems and
(13) Calculateh, andH,,. e computation resu Ple Syt
(14) ComputeV, from energy balances. three feeds for the third system are summanze_ﬂa e2
(15) ObtainL, from material balances. Al_so, the_ profile of Ilqwd composition qf the first system
with equimolar feed is demonstrated fig. 7. The sym-

(16) If the total AT,| is greater than limit, go to step 11. .
(17) If product compositions do not meet the specification, bols are the same as Fig. 6. Generally, the shapes of the

adjustLsz andV4 and go to step 9.
(18) Check ifL3z is minimum. If not, go to step 7 with new 1\D

liquid split.
(19) Stop.

(1) SpecifyF, z, Xp, Xg, Xs1, andxss.

(2) Perform stage-to-stage composition calculation.

(3) Get NT, N, NT3, NF,, NPy, NP3, NRy, NR3, NSy,
and NS in minimum trays.

(4) Take twice the minimum as practical trays.

(5) Calculate split ratios of components B and C.

(6) Find the initial liquid split ratio from the minimum
liquid flow.

(7) Compute vapor split using the component split ratio.

(8) ProvidelLsz andV;.

(9) FindL, andV, using equimolal overflow assumption.

(10) Assume linear composition profile to calculate initial

0.54
7. Example systems

In order to examine the performance of the proposed de- 0.
sign here, three example systems with equimolar feed and A
the third system with three different feed compositions are
utilized and the result of the design is summarizetdhle 2
The three systems are, an alcohol system of methanol-
ethanol-1-propanol-1-butanol (S1), an aliphatic hydrocar-
bon system ofh-hexane—cyclo-hexane-heptanes-octane Fig. 7. Liquid composition profile in an extended FTCDC system with a
(S2), and an aromatic hydrocarbon system of chloroform— practical number of trays.
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composition profile are similar in two figures except that relation between the distribution of distillation lines and the
of the main column. There is a mismatch between feed andthermodynamic efficiency of the column.

feed tray compositions. The feed composition is denoted

with a star symbol, while the tray composition is the nearest

circle. This is common in a practical distillation column, in  Acknowledgements

which more than the minimum number of trays is necessary

for the discrepancy. While liquid composition of a tray in Financial support from the Korea Science and Engineer-
the minimum tray of total reflux equals to the vapor compo- ing Foundation through Grant R02-2000-00325 is gratefully

sition of the next tray below, the liquid compaosition in the
practical column is different from the vapor. Therefore, the
composition of feed tray set to the feed composition in the
minimum tray is no longer valid for the practical column.
Because of the mismatch, remixing of two middle compo-
nents is observed in the figure. Unlikgg. 6, the profile

of upper section is curved to component BHigy. 6. That
indicates that the liquid of high composition of component
B is remixed to diminish the composition as moving down
to feed tray[29]. The same remixing occurs in the lower
section of the column.

The table contains tray related numbers from the structural
design of practical systems as well. The description of the

headings is shown iffig. 1L The numbers in parentheses
are originally calculated numbers from the minimum design,

but the specified products are unavailable with the numbers.

Mostly the composition of overhead product is too high,
and so the upper interlinking location in the column Il is
moved upward to lower the composition. The composition

acknowledged.
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