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Abstract—An industrial scale hexane process is designed for the implementation of a fully thermally coupled dis-
tillation column (FTCDC). A semi-rigorous material balance and Peng-Robinson equilibrium relation are utilized in
the structural design. The operationd design is conducted with a commercia design program, the HY SY'S. The design
outcome of the structural design indicates it to be comparable with the practica system of a conventional two-column
arrangement in field operation, which shows the effectiveness of the design procedure implemented here. The procedure
is good for the system of many components found from actual field applications. In addition, an investigation of the
energy requirement of the FTCDC and a conventiona system shows that an energy saving of 34.1% is available with

the FTCDC.
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INTRODUCTION

Although a thermaly coupled didtillation column (FTCDC) has
been developed for the separation of aternary mixture, it isindus-
tridly implemented for a multi-component system yidding three
products of mgor components in a multi-component feed. There-
fore, any two conventiona didtillation columnsin series can bere-
placed with the FTCDC. An example of the gpplication isgiven in
Leeetd. [2003].

The minimum flow reflux flow rates of amain column and apre-
fractionator of the FTCDC have been cdculated for the design of
the column in many studies [Glinos and Maone, 1985; Fdkowski
and Krolokowski, 1986; Carlberg and Westerberg, 1989], but com-
mercid design software requires sructura information ingeed of
the operating condition in the process of the column design. More-
over, the FTCDC contains interlinking between the main column
and prefractionator, which prevents one from implementing a con-
ventiona didtillation design procedure to design of the column.

The three-column model was introduced in the design of an
FTCDC by Triantafyllou and Smith [1992] and improved by in-
cluding semi-rigorous materid balance and equilibrium relation
[Amminudin et d., 2001]. The main procedure of the designisto
divide a main column into two separate columns for the dimina:
tion of interlinking.

On the other hand, the tray composition profile of equilibrium
ditillation is utilized in the structurdl design of an FTCDC for the
determination of interlinking location and feed and Sde draw trays
[Kim, 20018, 2002b; Kim et d., 2002] and in the design of an ex-
tended FTCDC [Kim, 2001b, 20028]. Because the equiilibrium com-
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podition profile reguires the minimum number of trays [Widagdo
and Seider, 1996], a scding factor of two is employed in the com-
putation of apractical column. For the systems of highly nor-idesl
equilibrium relation, the structura resemblance between the mini-
mum tray column and the practicad column does not hold to gen+
erate design error from the scaling.

The hexane process separates hexane out of light naphtha pro-
duced from an aimospheric pressure didtillation tower in arefinery.
The product of the processis further treated for the removd of sul-
fur to be sold as afind product. As an indudria process the frac-
tionation process in a ngphtha plant has been invedtigated for energy
saving [Lee e d., 2001, 2003; Kim et d., 2003], but the hexane
processwas not examined for this purpose.

In this sudy, a sructurd design procedure for the FTCDC was
gpplied to the hexane process by using asemi-rigorous materid ba-
ance and non-ided equilibrium relation. The gpplication procedure
and economics of the new process and a conventiond hexane pro-
cessareexplainedin detail.

DESIGN PROCEDURE

An FTCDC is composed of a prefractionator and a main col-
umn as described in Fg. 1. When tray liquid compositions of the
two columns are close to the residue curves of equilibrium didtilla-
tion of a multi-component system, the thermodynamic efficiency
of the didtillation processisided and the previous design procedure
[Kim, 2002] adopted the concept.

Though the tray composition profile Smilar to the resdue curves
is ot obtained for a practica column unless the tray number isin-
finite, when fead tray compostion is dose to feed compostion, neer
ided efficiency isyielded.

The design of the prefractionator begins with the feed compos-
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Fig. 1. Schematic diagram of a fully thermally coupled digtillatioin
column.

tion in order to make the feed tray composition dose to feed com-

is assumed to be same to the feed. Then, the liquid compaostion of
one stage above the fead tray is computed from the following mate-
rid balance and the computation continues up to the top of the pre-
fractionator.

Xni =(VaYneri “FZs VLo (@)

where liquid and vgpor flow rates are taken to be 1.5 timesthe min-
imum flow [Fidkowski and Krolikowski, 1986] and equimold over-
flow assumption is applied. The actud flow rate is not the pre-
sumed vaue, but a common design guiddine is implemented for
design convenience. Thiswill be discussed again later. The vapor
compadition in the equation is found from the Peng-Robinson equa-
tion with the parameters of the HY SY S detabase. Because the equi-
librium cdculation for 19 components of this study isnot Smple, a
list of smplified compodtion is formulated with mgjor components
only, asin Table 2. The coefficient y; ; isthe trangport ratio of com-
ponert i through upper linking from the prefractionator to the main
column, and it is reedily caculated from the optimum split retio 8
of intermediate component which is defined in Fidkowski and Kro-
likowski [1986]. The design parameters and the minimum flow rates
areligedin Table3.

In asimilar manner, the vagpor compasition of the lower section
of the prefractionator is caculated from the materia baance begin-
ning with the fead compostion. Note that vapor compositionisyidd-
ed instead of liquid composition unlike the upper section.

position listed in Table 1. In other words, the feed tray composition Vi, =(LaXn-1; —FZy5, Vs @
Table 1. Flow rates of feed and productsin kmol/h
FTCDC Conventiona 1st 2nd
Component Feed -
Overhead Bottom Side Overhead Bottom Overhead Bottom
(Light)
n-Butane 3.0316 3.0320 0.0000 0.0000 3.0315 0.0000 0.0000 0.0000
i-Butane 0.6517 0.6518 0.0000 0.0000 0.6517 0.0000 0.0000 0.0000
n-Pentane 26.040 26.051 0.0000 0.0000 26.040 0.0000 0.0000 0.0000
i-Pentane 13.479 13.484 0.0000 0.0000 13.479 0.0000 0.0000 0.0000
Cyclopentane 14812 1.4818 0.0000 0.0000 1.4811 0.0001 0.0001 0.0000
22-Methylbutane 0.2666 0.2664 0.0000 0.0002 0.2661 0.0006 0.0006 0.0000
2-Methylpentane 7.5840 6.9219 0.0022 0.6217 6.7074 0.8766 0.8765 0.0000
(Intermediate)
3-Methylpenatne 5.0856 3.3096 0.0145 1.7302 3.1134 1.9722 19713 0.0009
n-Hexane 21.182 2.1110 1.3207 17.789 2.4825 18.699 17.791 0.9086
1-Hexene 0.0099 0.0077 0.0000 0.0021 0.0073 0.0026 0.0026 0.0000
Methylcyclopentane 2.6959 0.1196 0.6783 1.9189 0.1589 2.5369 1.8118 0.7251
(Heavy)
Cyclohexane 1.7874 0.0043 1.4605 0.3136 0.0094 1.7779 0.0681 1.7099
Benzene 1.2541 0.0773 0.3239 0.8580 0.0965 1.1576 0.7982 0.3594
n-Heptane 8.0516 0.0000 8.0278 0.0224 0.0000 8.0516 0.0000 8.0516
2-Methylhexane 1.6330 0.0000 1.5957 0.0341 0.0000 1.6330 0.0000 1.6330
3-Methylhexane 1.3632 0.0000 1.3395 0.0218 0.0000 1.3632 0.0000 1.3632
Methylcyclohexane 1.2355 0.0000 1.2301 0.0051 0.0000 1.2355 0.0000 1.2355
Cycloheptane 1.1786 0.0000 1.1789 0.0000 0.0000 1.1786 0.0000 1.1786
Toluene 0.7385 0.0000 0.7382 0.0004 0.0000 0.7385 0.0000 0.7385
Total 98.750 57.519 17.910 23.318 57.525 41.224 23.320 17.904
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Table 2. Modified flow rates of feed and productsin kmol/h
FTCDC

Component Feed -
Overhead Bottom  Side
(Light)
i-Pentane 17.163  17.279  0.0000 0.0000
n-Pentane 35372 34587 0.0000 0.7999
(Intermediate)
3-Methylpenatne  5.0854 29105 0.0036 21734
n-Hexane 23888 26287 17032 19.551
(Heavy)
n-Heptane 17242 01150 16203 0.7952
Total 98.750 57520 17.910 23.320
Table 3. Design parametersand minimum flow
Item Value
a, 8.46
o 2.80
B 0.241
Ly 57.7 kmol/h
L 13.2 kmol/h

For the middle section of the main column between upper and
lower interlinking trays, two maerid baances smilar to Egs. (1)
and (2) are implemented. However, finding the interlinking trays
requires an optimization procedure because the composition differ-
ence between two interlinking trays of the prefractionator and main
column has to be as smdl as possble. An objective is formulated
&

M [(¢,, ~x4)Fz | ®

where subscript m indicates tray number in the prefractionator and
subscript n does tray number of the main column. Once the trays
are determined, the liquid compostion in the interlinking tray is
yielded from the materid baance.

Xnri =(VaYnrers VoY1 —Fzy, VL @)

And, the tray liquid composition from the interlinking tray to the
end of the main column isfound in the same manner as above until
the composition satisfies the specification of product.

Xn,i =(Vyn+1,i _in V4|)/|— (5)

The gage-to-gage computation usng the materid baances gives
tray numbers of the prefractionator and main column, feed and Sde
draw location, and interlinking trays. While the numbersin the main
column are implemented as computed, the numbersin the prefrac-
tionator have to be adjusted due to the assumption of feed tray com-
pogtion. In this study, the counted numbers are multiplied by 1.7
using acommon design guiddine.

The outcome of the Sructurd designislisted in Table4. The num-
bers in parentheses are the computed results. In the beginning of
the HY SY S amulation to find the operating condition for the spec-
ified products given in Table 1, the computed tray numbers were
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Table 4. Tray numbersfrom structural design and operating con-
ditionsfor the FTCDC and conventional two-column sys-
tems. Tray numbersare counted from top

FTCDC Conventiona
Name
Prefractionator Main  1st  2nd
Structural
Number of trays 29(7) 66(16) 25 70
Feed/side product 11(3) 3208 1 44
Interlinking stages 11(3)
57(14)
Operating
Feed (kmol/h) 98.75 98.75 41.22
Overhead (kmol/h) 5752 5753 2332
Bottom (kmol/h) 1791 4122 17.90
Side (kmol/h) 23.32
Reflux (kmol/h) 25.00 1341 1323 74.39
Vapor boilup (kmol/h) 94.00 169.3 175.7 89.92
Heat duty (GJh) 5449 5.382 2.892

implemented, but the product composition was not available even
with alarge value of liquid flow. Congdering thet the tray numbers
in apractica field process usng a conventiond didtillation system
are 36 and 100 for the first and the second columns, respectively,
indicates that the computed tray numbers are too smdl to yied the
given products. Therefore, the numbers are proportionaly increased
asgivenin Teble4. Theeror of the dructurd designislargdy from
inaccurate relaive voldility and norvided reaion of vapor-liquid
equilibrium, which are used in the computation of design parame-
ters liged in Table 3. One other source of the difference is that 5
mgor componentsingeed of the actud 19 components are employed
in the vapor-liquid equilibrium computation for smplicity. How-
ever, the column gructure from the initid computation is goplied
in the modification, which gives adesgn bads of the practicd didtil-
lation process

With the determined structure, an HY SY S design project is for-
mulated asillustrated in Hg. 2 and operaing condiitions are searched
for the given products through the HY SY S smulaion. Though some
iteration with difference vaues of the operating conditions is con-
ducted, yielding the outcome is a straightforward process. The Sm-
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Fig. 2. HYSYSflow diagram of hexane process with a fully ther-
mally coupled digtillation column.
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ulation result islisted in Table 4.
RESULTS AND DISCUSSION

The gructurd and operating information of the hexane process
designed with the procedure presented above is shown in Teble4.
For the comparison of the design outcome and energy consump-
tion of the propased FTCDC with a conventional hexane process,
anHY SY S processis prepared as depicted in Fg. 3, whichisatyp-
ical direct sequence didtillation system and is practicaly implemented
in fidd operation. The tray numbers and operating varigbles are liged
in Table4. Feed and product flow rates and ecifications are the
same for both systems. In addition, the tota number of traysis sst
to be equd for economic evaudtion. The tray numbers of 25 and
70 in the firgt and second columns of the conventiond system are
comparableto the practicd tray numbers of 36 and 100 in fidd gp-
plication when column efficiency of the practicd systemisconsid-
ered.

In terms of energy requirement, the FTCDC consumes 34.1%
less geam compared with the conventiona system. Dueto the less
hegat requirement, the investment cost of heat exchanger isdso less
by the same ratio while the congtruction cogt of column isthe same.
The lower energy demand of the FTCDC indicates higher thermo-
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Fig. 4. Prdfile of tray liquid compaosition of hexane processwith a
fully thermally coupled digtillation column.
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Fig. 5. Prdfile of tray liquid compostion of a conventional hexane
process.

dynamic efficiency, which is explained with liquid composition pro-
file of the sysems. Fig. 4 demondrates the profile of the FTCDC.
The times symbols are of the prefractionator and the circles are of
the main column. When the profile is compared with thet of the con-
vertiond system given in Fg. 5, the distance between feed com-
position indicated with F and feed tray compostion are quite dif-
ferent from each other. The times symbolsin Fig. 5 denote the pro-
file of the firgt column and the dircles are of the second. The feed
tray is represented with the middle crossing of two convex curves
of the firgt column profile. The larger the digance is, the more the
mixing at the fead tray is and the lower the efficiency is dueto the
irreversble mixing. In case of the conventiond system, the feed
tray mixing is observed in the second column too. The FTCDC has
only one mixing at the feed tray in the prefractionator, in which the
mixing is much less than thet of the first column of the conven-
tiona system.

Though the trays numbers of the FTCDC are increased by about
4 times from the initid computation, the computed base structure
is not dtered. The modification is induced largely from the Smpli-
fied equilibrium computation and the error of rdative volatility com-
putation. Because the initid structura informetion is available, ob-
taining the practicd sructure from HY SY S Smulaion ismuch eesier
than the design without the ructurd information. In other words,
the presented dructurd design here gives convenience in the de-
sgn of apracticd didillation sysem having many components in
feed. In this case, 19 components are included, but the number does
not incur much difficulty in the design process.

CONCLUSON

A gructurd design procedure of afully thermaly coupled ditil-
lation column is applied for the design of a hexane process having
19 components. The procedure utilizes a semi-rigorous materia
belance and adjudts the compasition profile of the column to be dose
to the prafile of equilibrium didillation for high column efficiency.

The design outcome indicates that the applied design procedure
is effective for apracticd didtillation system having alarge number

Korean J. Chem. Eng.(Val. 21, No. 6)
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of components encountered in field gpplications. The gtructurd in-
formation is comparable with that of the practica system currently
operated in the fidd. The comparison with a conventiona system
for the same separation indicates that the FTCDC requires 34.1%
less energy demand.
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NOMENCLATURE

B : bottom product

D  :overhead product

F  :feedflow rate [kmol/h]

L :liquidflow rate [kmol/h]

Lin :minimum liquid flow rate in main column [kmol/h]
Lon : minimum liquid flow rate in prefractionator [kmol/h]
NF : feed tray number

NP : sidedraw tray number

NR :location of upper interlinking tray

NS :location of lower interlinking tray

S :ddedraw

V  :vapor flow rate [kmol/h]

X : liquid composition [mol fraction]

y  :vapor composition [mol fraction]

z : feed composition [mol fraction]

Greek Letters

a  :relativevoldility

a, . relative voldtility of component A

ag :relative volatility of component B

B :intermediate component split ratio

y  :transportratio

¥ :transport ratio of component i in sectionj

Subscripts

i : component

m  :tray number

n  :tray number
Super script

I : prefractionator
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