
Korean o r. Chem. Eng., 19(3), 383-390 (2002) 

Approximate Design of Fully Thermally Coupled Distillation Columns 

Young Han Kim ~, Masaru Nakaiwa* and Kyu Suk Hwang** 

Dept. of Chem. Eng., Dong-A University, Busan 604-714, Korea 
*Energy-Efficient Chemical Systems Group, 

National Institute of Advanced Industrial Science and Technology, Tsukuba 305-8565, Japan 
**Dept. of Chemical Engineering, Pusan National University, Busan 609-735, Korea 

(Received 15 November  2001 �9 accepted 16 January 2002) 

Absta'act-An approximate design procedure for fully thennally coupled distillation colmams (FFCDCs) is pro- 
posed mad applied to exmnple teaaaary systems. The procedure Nves a fast solution of s~ructm-al mad operation design 
for a preliminary study of the FFCDC. The stmc~raI information resolves the design difficulty, caused from the in- 
terliiakmg stremns of the colmam, which is encountered when a conventional design procedure is implemented. The 
design outcome explains that how the thennodynm~aic effid e~lcy of the FFCDC is hi~ei-than that of a conventional 
two-colunm system and how the system of a separate prefractionator is different from a dividing wall structure. From 
the design result of three example systems with three different feed compositions, the useful performance of the pro- 
posed sd~eme is proved. In additiola, the stmctuxal design of the FFCDC gives better understanding of the system and 
leads to high efficiency design of  the colm~m. 

Key words: Process Deign, Dislillation Cdurrm Design, Thermally Coupled Distillation, Approximate Design, Energy 
Efficient DistiIlation 

INTRODUCTION 

Though a fully thermally coupled distllation column (FTCDC), 
the Petlyuk column [Petlyuk et al., 1965], was introduced almost 
half a ce~ltury ago, it was not coiranercially implemented until re- 
cently owing to the difficulty of its design and Ol:emtion [Abdul Mu- 
talib et al., 1998a]. Howevez; several industrial applications hm~e 
been reported lately [Woffand Skogestacl, 1995; Midozi andNaka- 
hashi, 1999; Lestak et al., 1999], and its wide tCilization is expected 
in a variety of separation processes. 

For the separaton of temary mixtures, the FrCDC requires less 
eneigy compared with a conventional distillation system utilizing 
two distillation columns in vmious feed con~positions [Fidkowski 
and Krolokowski, 1986]. The energy saving in the FTCDC is mainly 
from the elknination of the remixing of intennediate component in 
the lust colu~rm and the reduction of mixing effect in the feed stage 
of a conventional ditillation system [Tziantafyllou and Smith, 1992]. 
Usually, heat integation in a coiwentional ditillation systean is con- 
ducted by arranging heat exchangers to recover wasted energy as 
much as possible. The thennodynmnic efficiency of the distillation 
system is examined fiom eneIow calculation [Yoo et al., 1988]. Also, 
a new simulaton procedure employing a rate-based model was pro- 
posed by Lee et al. [1997]. 

In the early studies, the minimtrn reflux flow rate of the FrCDC 
was investigated by many researchers [Olmos and Malone, 1985b; 
Fidkowski and IQ-olokowsld, 1986; Cm-lbeig and Westezbe~g, 1 989] 
in order to analyze column characteristics and to fmd an optm-mrn 
operaling conclition. While the fonner two studies dealt with a ter- 
nary mix~ze, the last explained the minimum reflux flow of gen- 
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eral cases. All of them are based on Underwood's original works 
[Underwood, 1948, 1949]. 

In conventional distillation design, liquid flow rate and the num- 
be:- of trays are inve:~ely proportional and the relation is continu- 
ous unless either of the values is less than its mitm-num But this is 
not applied to the FrCDC. The result of Wolff and Skogestad [1995] 
shows that no sepm-ation ks available with some split of liquid flow 
between a mare colu~rm mad a prefiactionatoi: The split for a given 
separation has upper and lower limits, and there is a c~m:e to show 
the relation bebveen the split and vapor boilup. Howevei; the cun:e 
is disconnected in the middle, where even infLnite amount of vapor 
boilup does not give a deshed sepmatiort Therefore, it is difficult 
to apply a conventional design to the FTCDC. 

Although the minimum reflux flow rote has been widely inves- 
tigated, the s~uctural design infonnation, such as the number of trays 
in a prefiactionator and a mare colunm and stages of feed, side prod- 
uct and interlinking between the two columns, has not been stud- 
ied For the structuxal desigil, a short,cut design of the FTCDC was 
proposed by Tnar~afyllou and Smith [1992]. By sel:ara~g the mare 
colu~rm into two, the short, cut design equations for multi-oompo- 
nent distillation can be separately applied, and the design proce- 
dure of the three-column model is formulated. In the study, the min- 
hnization of total cost including capital and energy costs was con- 
ducted to fmd an optimum design of the FrCDC. However, link- 
ing the sepaated two columns requ.hes an adjustment for the match 
of vatmi- and liquid flow iates of both colu~rms to result in an iterative 
recalculaton of stage nv~bers of both columns. Also, the short-cut 
design leaves an accuracy problem as shown fi-om the large differ- 
ence between the design and the rigorous design as shown in the 
study. 

Conm~ercial process design tools can aIso be utilized in the design 
of the FTCDC, but lack of the structural design information needs 
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numerous iterative computatio:~s until required product specifica- 
tion is yielded Ivloreover, inadequate column slrucmre often gives 
a convergence problem. 

The short,cut method [ Seader and He:~Iey, 1998] for a multi-com- 
ponent distillation colunm is also not applicable to the design of the 
KI'CDC owing to the unknown compositions of interli::king streams. 
On behalf of the short-cut method, an approxtrnate design method 
utilizing an ideal equilibrium and a set of material balances ks pro- 
posed here. 

In this study, an approxxmate design procedure to find the struc- 
~-al column info::~aation, such as the number of trays of a prefiac- 
tionator and a main colu~rm, feed and side product stages and in- 
terlinking location between the prefractionator and main colui:m of 
the Kr2CDC, is proposed and examined for the design perfom:ance 
by implementing it to example designs. The operational variables 
are yielded from the solution of material balances. 

The stmctu:al infom:ation ks also analyzed to examne them:o- 
dynamic efficiency of the distillation system. The investment and 
operational cost of the KfCDC is compared with a conventional 
two-cohmm system. While a rigorous design reclaires long compu- 
tation/me, this approxm:ate design needs a fi-action of the time and 
m a w  different an-a:gements can easily be evaluated in the stage 
of preliminary process design untiI a final decision is made. The 
proposed design procedure can satisfy such a demand 

DEGREES OF FREEDOM 

The schematic diagram of an FrCDC, also known as the Pet- 
lyuk coluiam, is given in Fig. 1. The colu:an has a single set of re- 
boiler and condenser talike a conventional two-column system for 
the separation of a ternary mixture. 

The analysis of the degrees of freedom of the FTCDC gives im- 
portant infom:ation for structural design and the selection of malip- 
Mated and conlrolled vmiables necessary for colu~rLn operation, few 
previous studies [Wolff and Skogestad, 1995; Cerda and Wester- 
berg, 1981] analyzed the characteristics of the FI'CDC and found 
some possible operational saategies. 

p D 

, $  

Fig. 1. Schematic diagram of a fully thermaUy coupled distillation 
column. 

Table 1. Degrees of freedom analysis 

U:~krto~m:s Number 
Nm~abe:~ in trays 6 (NT, NT2, NF, NP, NR, NS) 
Flow rates in operation 2 (VC, RP) 
Liquid composition (NT +NT2 + 2)NC 
Vapor composition (NT + NT2 + 1)NC 
Vapor boil-up rate 1 
Reflux flow rate 1 

Total "2NT +2NT2+3)NC + 10 

Equations Number 
Component material balance (NT+NT2+2)NC 
Equilib:ium relation (NT +NT2 + 1)NC 

Total (2NT+2NT2+3)NC 

Degrees of fi-eedom 10 

In Table 1, all the variables appearing in the design and opera- 
tion are listed, and the numbers of balance equations and equilib- 
rium relations are co, areal Liquid and vapor compositions are given 
for alI the trays of a l~efiactionator and a mare colui~m While equl- 
Iib:ium is obtained in a reboile:; no equllihium is fom:ed in a total 
condenser. The additional number of two in stage number denotes 
a reboiler and a total condenser, and the one in equllih-ium indi- 
cates the equilibrium of the condenser. As a result, 10 degrees of 
freedom are found from the analysis. 

The ten are divided into two groups: s~ucmral design related va-- 
iables and operation related variables. The six s~:ctural variables 
are the numbers of stages of a prefi-actionator and a main colum:l, 
feed and side product locations and two interlinking stages between 
the prefractionator and the ma n  cokam. The four operational var- 
iables are reflux flow :-ate, vapor boil-up :-ate, liquid split ratio fi-om 
the main colu~m to the top of the prefiaclio:~ator and vapor split 
ratio fi-on: the mare column to the bottom of the prefiactionator 
While all of  Iightest component in feed goes to a main coltmm 
through the top of a prefractionator, a split of middle component in 
feed is Iransfen-ed along the slrea~a. Na~aely, the vapor flow fiom 
the top of the prefiactionator ks the combined amount of the liquid 
flow fi-om the mare column to the prefi-actionator and the flow of 
the Iightest and the split of middle component in feed In steady 
state design, the vapor spIit ratio is readily found when the split of 
the middle component is give::. The computational detail of design 
is given below and suirmaarized in Fig. 2. 

STRUCTURAL DESIGN 

In the design of a conventional distillation columzl, the number 
of trays is calculated by using various design equations by setting 
the reflux flow rate at between 1.2 and 2.0 ames the minimtrn re- 
flux flow rate [ivlcCabe and Smith, 1976]. Othel~vise, an optimiza, 
tion for the mit~nization of total annual expense including capital 
cost and energy expense is conducted to fLnd the opamum reflux 
flow rate. Using the opN~aum reflux flow rate, the number of trays 
of the distillation cokam is readily obtained, but the proce&:e is 
not applicable to the design of an FTCDC owing to ut~:nown in- 
foz:aation of the location of mterlinkmg stages and the composi- 
tion of interlinking streams. 

May, 2002 
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Fig. 2. Computation sequence of the proposed design. 

Instead, the ::lillillllltli nlJi:lbe:3 of ti-ays of a prefi-actionator and 
a mare column are computed first by using an approximate design 
proced~-e here. Tt:e stage locations of feed, side product and in- 
terlinking between a prefiactionator and a mare coluarm are also ob- 
tained fiom tt:e procedure. Then, all the tray-related nu:nbe~ are 
proportioilally inca-eased for a practical distillation colu~ra~ There 
are a some advantages to this procedure. Because the practical de- 
sign is de:ived fi-om the minimum tray design tmsed on ideal tray 
efficiency, it is ensu:ed that tt:e design is tt:e ::lost efficient themlo- 
dynamically. This practice has been applied to the design of ex- 

tended FI"CDCs [Kk'n, 2001]. Although many conmlercial design 
programs are available for multi-component distillation systems, 
none of them provides the smac~al itffom:ation, and nu:nerous 
iterative computations have to be conducted in tt:e search of an op- 
mnvrn slruc~re. The proposed design procedure helps to eliminate 
tile computational bad_ 

From the residue curves of simple distillation of a te:-rary :nix- 
~-e shorn: in Fig. 3, it is noticed that tile ternary distillation lines 
vary widely according to operational va:-iables, such as liquid and 
vapor flow rotes. Though the cvm:es represent the comlx:sifion pro- 
Ne of a packed coluarm operated in total reflux and distillation lines 
follow that of a hay coluaml, Imth curves have a similar pattern. For 
the simplicity of explanation, the residue cm:es are used here. The 
increase of liquid flow moves tile residue curve close to the vertex, 
representing the intermediate component, of a trian:flar temary 
composition diagram. It means that higher composition of interme- 
diate component in side product is available with the increased liq- 
uid flow while light and heavy prcducts have little change of corn- 
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Fig. 3. Residue curves of a ternary dis~ilhtion system. 

positio: In otl-~r words, the composition of side product determines 
the path of the distillation line for a main coDarm. If  a feed con:- 
position ks not far fi-om the feed stage conlposition, it also decides 
the path of a prefractionator. Unless the compositions of intermedi- 
ate conlponent in feed and side product are close, the distillation 
lines of a prefractionator and a mare colu~rm are distant owing to 
the difference of the compositions. If  the composition of intermedi- 
ate component in feed is much smaller than that in side product, 
the distillation Ime of  a prefmctionator is far fi-om the vertex of a 
trianga~Ia- liquid composition diagram while the distillation line of 
a main coluam: is close to tt:e vertex. Because the distillation lines 
of the main colunm and pre~actionator of an FrCDC have similar 
pattern to tt:e residue curves, the FJ2CDC has high thennod3a~mnic 
efficiency. A distillation line fi-om one of the residue curves means 
ideal tray efficiency with no ineversible feed tray mLxing. A detailed 
explanation of this subject is in Kim [2002]. 

This is overlooked in many studies [Triantafyllon and Smith, 1992; 
Chavez et al., 1986; Annakou and Mizssey, 1996; Abdul Mutalib 
et al., 1998b; Dttnnebier and Pantelides, 15;99], and the dividing 
wail structure is adopted to take the advantage of simple consmlc- 
tion. In the dividing wail s~ruc~e, tray numbers of a prefiaction- 
ator and the middle section of a man  column are adjusted to be equal 
in spite of the difference of distillation lines. Consequently, mis- 
match-camed by the intentional adjustment, of the compositions of 
feed and feed stage is generated to lower the thermodynamic effi- 
ciency of the system. In tt:e :igorous design of TriantafylIou and 
Smith [1992], it is found that tt:e number of prefiactionator stages 
is less than that of tt:e mid-section of a mare column although their 
short, cut design gives an equal nu:nbe:: This outcome supports tt:e 
explanation of feed stage composition mismatch. 

In the design of a main colu:ml, the Fenske multi-comlmnent de- 
sign equation is applied. 

N,.,. = 1~ { [x~'~+'/x~" ] [xv'/(x~'~+') ] } ( I )  
logc% 

In order to follow the residue cvuwe includmg side product compo- 
sition, the conlputation of tray number is conducted separately in 
two sections: upper and lower sections fi-om the tray of side prod- 
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uct For the upper section of tile colu~rm, the lightest and intenne- 
diate components are used in Eq. (1), and the intermediate and heav- 
iest components are for tile lower section. 

Tile design of a prefractionator cannot follow tile above F~-oce - 
dure, bemuse the end compositions are unkno~m Thereibre, a stage- 
to-stage computation is proposed here. Assuming that the feed stage 
has equal liquid composition to the composition of a sa~rated liq- 
uid feed and tile ~-ay efficiency ks ideal, one can calculate the liquid 
composition of the stages above the feed tray from Eq. (2). 

x.+,. = % x../Ec~,.,x,., (2) 
J 

L ..... maxl Ar AG %B } 
- t~77--,,'~77--,, +c~.- , ,  (4) 

where r are the solutions of the following equation [Undelwood, 
1948] for a satm-ated liquid feed. 

% A  + %B + %C =0 (5) 
c~ , - r  c ~ - r  c ~ - r  

This is the total anount of liquid flow rate of a main colunm and a 
prefractionato~ The minimum liquid flow rate [Fidkowski and Kro- 
likowski, 1986] of the prefi-actionator is 

where tile subscaipt n denotes the n ~ tray counted from the bottom 
and cz is relative volatility. This computation con~lues until tile com- 
position of the heaviest component is less than that in side prcduct. 
If  the composition is highe, than that of side product, the specifica- 
tion of side product carmot be met Tile composition inca-eases along 
down the trays fi-om the upper mterlinldng tray, and therefore ithas 
to be less than tile specification at tile interlinking tray. 

Similarly, the liquid composition of the stages below the feed 
tray ks calculated fi-onl 

X._l., = x.,,(Cq.l ~(x..j/%,l)] (3) 

In tiffs case, tile computation proceeds until tile composition of the 
lightest component is below that of side product as in the design of 
the upper section. Now the tray numbers of upper and lower sec- 
tions give the total number of trays of the prefi-actioilatoi: In adcli- 
tion, the selection of the tray having the closest composition with 
tile ends of the prefi-actionator gives tile location of interlinking ~-ays 
in the main coluam. Because the tray numbem of upper and lower 
sections are given, the locations of feed and side product trays are 
readily determined Note that the feed location has strong hnpact 
on tile product composition owing to mixing at the troy. 

The mrnber of trays in a practical distillation colunm is taken as 
twice tile minmmm number esNnated fi-om tile above. Tile factor 
of two m the compv~tion of a practical column fi-om the mini- 
mum tray column is common practice for the optmmm number of 
trays. [Glmos and Malone, 1 985a; Seader and Henley, 1998] Other 
tray-related mrnbers are proportionally increased to maintain the 
s~ucmre of tile mininmm tray design hmdng ideal tray efficiency. 
Because tile s~uctua-e of tile present design keeps that of the min- 
imum design, the thermodD-amic efficiency of the system is the 
highest among various available smactures for an FTCDC. 

OPERATIONAL VARABLES 

L~,, = c%F (6) 
Cz A -O: c 

The middle component in feed is selmmtely transported to a main 
column tt~-ough either top or Imttom of a prefractionator. The op- 
tmmm split ratio of the middle component from tile top of tile pre- 
fi-actionator for the minimum liquid flow is given as 

[3 - % - 0 ~  (7) 
% - %  

If the liquid split ratio is yielded with Eqs. (4) and (6), the vapor 
split ratio is easily obtained by using Eg (7) and the flow rate of 
side product 

Among the four operahonaI variables, tear variables are two liq- 
uid flow rates. Since the equknolal overflow assumption is utilized, 
tile vapor flow rate of the main column is reac51y found when the 
liquid flow rate of the cokmm is given. Also, the optimtrn split of the 
intermediate component is found fi-om Eq. (7) and all of the Ii~test 
component goes to a main column flora the top of a prefraction- 
ator. These and the liquid flow rate of the prefrachonator give the 
vapor flow of  tile prefractionator 

The liquid flow rate of the main cokmm is determined by check- 
hag the conlposition of products. If  the conlposition does not meet 
tile given specification, tile flow rate is adjusted until the specifica- 
tion is satisfied. The liq~ud flow of the preffactionator is initially 
found fi-om file liquid flow rate of file main coluam and tile ratio of 
mitmnum liquid flows compnted from Eqs. (4) and (6). Since the 
mitmnum flows are conservative [King, 1980], the ratio has to be 
exanined by ~specfing if the liquid flow rate of the main colunm 
is the minimtrn. The detailed procedure explained here is given in 
Fig. 2. 

A procedure [Wang and Henke, 1966] for tile composition cal- 
culahon of a multi-component distillation is mcdified for an FTCDC. 
The vapor composition is replaced with a liquid COlnposition and 
an equilibrium relation given with a constant relative volahlity. 

There are four operational variables, reflux flow rate, vapor boil- 
up rate, liquid and vapor split ratios between a inam colunm and a 
~-efi-actionaton Among them, two are elknmated in steady state cal- 
culation with tile equknolal overflow assumptioi1 Namely, the vapor 
boil-up rate ks found from the reflux flow rate and overhead prod- 
uct rate. The vapor split ratio is also derived fi-om the liquid split 
ratio and tile flow rate of side product as explained below. 

In the calculation of minimum liquid flow rate [Fidkowski and 
Krolikowski, 1986], the minimum flow of a main column is esh- 
mated as 

y.. =o~xjE%x. . ,  (8) 
Y 

The mateiial balalce ks written in a matrix form, and an iterative 
computation is employed because the initial liquid composition is 
u~cnown to be assumed In order to improve tile convergence of 
the iterative composition calculahon, a relaxation is added to the 
renewal of liquid composition. The factor of O.3 is implemented in 
this study since fast convelgence is obtained with the value. The 
convelgence limit is set to 1.0E-5 Krnes number of components Krnes 
mrnber of trays. When the sum of the differences m absolute value 
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between the compositions of new and one iteration ahead is less 
than the limit, the iterative computation stops. The calcLflated com- 
positions of overhead, botton~ and side products are compared with 
the specified product compositions. For instance, when the compo- 
sition of the Iightest component in overhead product is over 0.95, 
the given liquid flow rates are accepted and the computation goes 
forward. Kim [2000] provides more details of the simulation. 

EXAMPLE SYSTEMS 

Though an arbi~-ary set of relative volatility can be used as an 
example design, tt~-ee acklal systems are selected for practical de- 
mons~-atioi1 A generalized study ruth rode range of relative volatil- 
ity may give useful itffonnation for later investigation. But since it 
takes too much computational work only three systems with three 
different feed compositions are examined here. 

The examples are ternary systems of methanoI-ettlanoI-water (I), 
cyclohexane-n-heptane-toluene (I1) and s-bt~nol-i-butanol-n-bt~noI 
(IlI). The f~-st is an aqueous alcohol solution, the second is a mix- 
ture of aliphatic and aromatic hydrocarbons and the last example is 
an alcohol isomer mLxture. Though the combination of relative vol- 
atility of the systems is not widely different, the systems are selected 
fi-om various species. Three different feed materials consist of an 
equhnolar mixt~-e (F1) and two mLxVares of the composition of 0.75- 
0.125-0.125 (F2) and 0.125-0.75-0.125 (F3) in mole fi-actior~ In 
the selection of feed composition, it is presumed that the impact of 
high concentiation of the Iightest con~l~nent in feed on column de- 
sign is similar to that of the heaviest component, and the composi- 
tion combination of 0.125-0.125-0.75 is eliminated The specifica- 
tion of overhead product is set to 0.95 of the ligchtest con~ponent in 
mole fraction, bottom product is 0.95 of the heaviest component 
and side product is 0.90 of the inten~aediate component. The re- 
lative volatility is con~puted flora the experhneiltaI data [C~aetfling 
et aI., 1980] and the values are 2.76, 1.81 and 1.0 for the system I, 
2.34, 1.49 and 1.0 for the system 1I and 1.93, 1.45 and 1.0 for sys- 
tem rFI. A feed of 300 moles per hour is provided for all systems. 

RESULTS A N D  DISCUSSION 

Owing to interlitkmg streams, a usual design procedure for multi- 
component distillation cokams is not applicable to the design of 
an KI'CDC. Therefore, an alternative design proce&~-e utilizing the 
minimum tray structure is proposed here. The fact that the s~uc- 
ture is based on ideal tray efficiency and there is no mixing at feed 
~-ay ensures higch the~aodynanic efficiency of the Voposed design. 

When an equimolar liquid feed is introduced, the liquid compo- 
sition for the mitmnum number of trays for the system I ruth feed 
F1 is demomU-ated in Fig. 4. The + symbols indicate the liquid com- 
position of a prefractionator of which the comtmtation begins with 
feed composition. Similarly, the o syml:~Is are of a main column 
and the esNnation is initiated fiom the composition of side prod- 
uct The numbers of trays of the prefractionator and the main col- 
umn are found fi-on~ the f i ~ e  along with the feed stage and the 
location of the side product. Also, the interlinking stages oft_he mare 
column and the prefi-actioilator are found by matching the compo- 
sition of both ends of the l:a-efi-actionator to close location in the main 
column. 
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Fig. 4. Liquid composition in a fully thermally coupled distillation 
system at tile minimum number of trays. 

For the coml:aison of the fully thermally coupled distillation sys- 
tem with a conventioilal distillation of an example system, the sys- 
tem I with feed F1, a direct sequence two-column system is se- 
lected fi-om the design suggestion of Olmos and Malone [1988]. 
Note that ethaloI and water make an azeotropic mix,are and the 
direct sequence is inappropriate for the real process, but the formu- 
lation of the azeotropic m i x ~ e  is ignored since an ideal equilib- 
rium is assumed in this study. 

The minimum number of trays is found by using Eq. (1) and the 
tray composition is shown in Fig. 5. The composition of the f ~ t  
column is depicted with + symbols, and the o symbols are of the 
second columi1 The actual number of ~-ays is twice the mitmnum 
as employed in the design of the FTCDC Since the composition 
of l~ttom product of the f~'st column is equal to that of feed stream 
of the second column in the direct sequence coi~arentional distilla- 
tion, the composition calculation of the f ~ t  cok~nn begins with 
the feed composition of the second column. In order to bare the 
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Fig. 5. Liquid composition in a conventional direct sequence two- 
column system at tile minimunl number of tl~ys. 
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specified products of overhead and bolton~ fi-om the second coi- 
L~n of the convenrional direct sequence t e r n ~  setmrarion, the feed 
composition to the second column has to be f~xed, and it is also of 
the boltom l~-oduct of the f~zt columrt In the design of the first coi- 
Lmm, however, its feed composirion and a possible feed stage com- 
position have a large difference. Therefore, the feed composition is 
not considered in the design procedure. The large discrepancy be- 
tween the feed con~position and the feed stage composition of the 
fn~t colu~nn induces significant mixing at the tray, which reduces 
the thermodynamic efficiency of the system. 

As explamed above, twice the mitmnum tray number is taken 
as the tray number of a practical distillation system, and steady state 
simulation is conducted to fred the liquid composition profile of 
the conventional distillation system. The l~-ofile for example sys- 
tem I with feed F1 is exhibited mFig. 6, where the symbols are the 
sane as in Fig. 4. Also, the design result for tt~ee example systems 
is su~mnaized in Table 2, in wtfich the s~ucturaI and operational 
infbrmation is listed. There are a couple of points to explain the de- 
sign outcome. The stage number of a main column is not affected 
fi-om the feed composition because its distillation curve does not 
include the feed composiriort On the other han~% the stage number 
of a l~-efi-actionator vaies ruth different feed compositions. Tt~ 
algument applies to the tray locations of feed and side prcduct High 

1 I" Medium 

0.9!- 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 
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Fig. 6. Liquid composition in a fully thermally coupled distillation 
system at an actual number of trays. 

Table 2. Design result of example systems 

System Feed NT NT2 NS NR NF NP L V L2 

I F1 49 14 7 39 7 19 557 656 133 
F2 49 16 3 43 11 19 379 614 91 
F3 49 20 11 39 3 13 523 550 88 

II F1 57 22 7 49 11 29 739 840 142 
F2 57 18 5 51 13 29 397 633 209 
F3 57 18 21 47 3 21 778 811 130 

III F1 74 20 10 58 9 30 951 1050 273 
F2 74 22 6 68 15 30 721 956 207 
F3 74 20 22 54 3 24 795 821 190 

con~position of the lightest component in feed requires low liquid 
flow rate in the table. The component of the largest amount Iem~es 
the top of the main column, and therefore a small portion of the liq- 
uid retmr~s to the column. 

Meanwhile, the composirion comixtarion for the second column 
of a conventional two-coluiml system stats fi-on~ feed composition, 
and Eqs. (2) and (3) are ffnplemented for rectifying and stripping 
sections, respectively. Though the second column contaff~s a small 
mnount of ffnpurity, the lightest component~ the feed con~position 
of the second column is assLwaed to be binary for compLtarional 
purposes. When the third component is included in the computa- 
tioi~ the design for the recrifying section of the column does not 
give a specified overhead product having high composition of in- 
tem~ediate component Therefore, a binary assumption has to be 
implem~mted. The composition of the third component is so small 
that the assumption does not lead to Ia-ge design en-oz: The con- 
venrionaI distillation system can be designed with a conm~on pro- 
cedure, but the proposed design procedure of this study is imple- 
mented for a fair con~parison between the conventioimI distillation 
column and the FI'CDC. Twice the minimum tray number is taken 
as a practical tray numbez: The number of frays in the f ~ t  colunm 
is found to be 35 and the second ks 21, and feed locations are lff ~ 
tray fi-om the bottom for both columns. The liquid composirion pro- 
file of the actual system is shown in Fig. 7. 

When the reflux flow rate of the FI"CDC is con~pared with the 
minimum reflux flow rate, it is found to be 1.33 ~nes the mini- 
mum which is witt~n the ralge of common practice. Therefore, the 
tray number taken in this design, twice the minimum m~ber  of 
trays, is quite reasotmble. As indicated in Olinos and Malone [1985a] 
and Seader and Henley [1998], the factor of two ks fi-om industiial 
pmcrice and is a widely accepted guideline. However, the liquid 
flow rate of a prefiactionator is less than the predicted amount fi-om 
the minhnu~n flow given by Eq. (6). As King [1980] notedthat the 
equation computing the minimum flow for a multi-component sys- 
te~n is conservative, the esNnated znitmnu~n flow of the case of ttgs 
study may be larger than Irue minimum. Therefore, the estimated 
liquid split found fi-om the equation for the min~nu~n flow has to 
be checked. 

Unlike other designs [Tnantafyllou and Smith, 1992; Chavez et 
al., 1986; Atmakou and Ivlizssey, 1996; Abdal Mutalib et aI., 1998b; 
Dt~mebier and Pantelides, 1999], the number of trays of the pre- 
fi-actionator (14) is different fi-on~ the number of trays of the mid- 
section of the main column (33) in the example system I. This pre- 
vents the column fi-om being cons~-ucted in a dividing wall s~-uc- 
ture, which has equal tray numbers for the prefiactioimtor and the 
mid-section. The equilibz-iu~n Marion of a ternary mixture for the 
system having quite different composition between feed and side 
pr~xluct does not guarantee an equal number of stages. Therefore, 
a separate prefi-acrionator is inevitable. Otherwise, the thermody- 
nanic effidency is reduced by intentJoiml matching of the tray hum- 
bern to introduce remixing of intem~ediate component in the pre- 
fi-actionator as in the first cokam of a conventional two-column sys- 
tem. When 10 trays of a main column are moved to a prefiaction- 
ator to make an equal m~ber  in the prefi-actionator and the mid- 
section for dividing wall s~cture, a steady state simulation indi- 
cates that 0.5% more reflux flow is requu-ed atthe sane liquid split. 
However, at the opkmaI split of the dividing wall cokam 8.4% less 
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Fig. 7. Liquid composition in a conventional dh'ect sequence two- 
co lumn system at an actual number  of trays. 

reflux flow is needed for tile sane product specification. This is 
largely owing to the extra separation in the prefractionator 

The distance between feed composition and feed tray composi- 
tion in Fig. 5 is much less than that in Fig. 7. This means that the 
FTCDC has less mixing in tile feed stage than tile conventional sys- 
tem. In the liquid composition variation of the conventional system 
as shown in Fig. 7, tile conlposition of intemlediate component is 
increased and decreased again fi-om the feed tray to the bottom of 
the colv~nn. This indicates the remLxing of the component in the 
fn~t column of the conventional system. However; the remixmg is 
not apparent in a preffactionator of the FTCDC. Both the feed mix- 
ing and the re~aixing of the intemlediate component reduce tile ther- 
modyr~nic efficiency of the conventional distillation column. 

A recent study [Agra~vaI and F idkowski, 1998] indicates that the 
then~aodyna~aic efficiency of the FTCDC is lower than that of a di- 
rect sequence arrangement of conventional disRllation system for 
the particular ternary system of the system I of this study. The study 
utilizes tile mit~aum work of setx~ation for the computation of 
thermodynamic efficiency of an FTCDC. However, the irrevers- 
ibility caused by tile mixing at feed tray and the remLxitg of the m- 
termecliate cornponent in the coham of a com~entional system is a 
main source of the reduction of the ettidency [Tiiantafyllou and 
Smith, 1992]. Tile conflicting outcome ks yielded because of the 
omission of the irreversibility in the efficiency comtmtation of the 
study [A~-a~val and Fidkowsld, 1998]. The in-evez~ibility has to be 
considered in the computation of the themlodynanic etiiciency of 
distillation systems. 

For the compm-ison of operating cost be~veen the FTCDC and a 
conventional distillation system, a similar design proce&tre to the 
Voposed scheme is applied to a ds-ect sequence two-colv~-o_n distil- 
lation system as explained earlier. The valx~ - boil-up rate for the flz~t 
column of the conventional system is 590 moI/h and 350 moI/h for 
the second. Therefore, tile coi~a~entional system requires 30% more 
heat duty. Although the nurnber of trays in the conventional sys- 
tem has 11% less than the FrCDC, the cost of extra heat exchang- 
ei~ is much more than the extra bay cost. On the other l~ncl, the 
high reboiler temperature of the FTCDC requires high cost steam. 

Table 3. Investment and annual  steam costs in dollars 

PetIyak Conventional colmnn 

coIuiral 1 '~ 2 "d 

Colm~m 388,600 280,300 140,900 
Tray 37,100 24,400 9,800 
Reboiler 195,100 180,100 129,700 
Condenser 322,100 300,700 230,200 
Total investment 942,900 785,500 510,600 

Steam 365,600 295,800 195,000 

Tile reboiler temperature is higher than that of tile reboiler of the 
f~ t  colunm in the conventional direct sequence distillation by about 
11 ~ found fi-om the boiling point of mixture, but total energy cost 
of the KI'CDC is less than that of the conventioilal system. \~len it 
is considered that high pressure steam costs 0.85% more per ~ in- 
creased than low pressure steam [Douglas, 1988], the 30% reduc- 
tion of heat duty is lage enough to take care of the increased cost 
of high quality steam. For the numerical comparison of econom- 
ics, ir~estment and amual steam costs are calculated for the 100 
kg-mole/l~- of feed and Iisted in Table 3. The procedure and itffor- 
mation of the economics is found fi-om references [Douglas, 1988; 
Kim and Luybeil, 1994], and the result indicates that the FTCDC 
has 27.3% saving in investment cost and 25.5% storing in steam 
cost over the conventional distillation system. 

C O N C L U S I O N  

An approximate design proced~-e for fully thermally coupled 
distillation coh~ns (FI'CDCs) is proposed and implemented to ex- 
ample systems. The procedure gives a fast solution for a prelsni- 
n a y  desigi1, and eliminates difficulties encountered in tile design 
of the FTCDC by using conventional design tectmiques, especially 
conunercial programs, owing to tile lack of infomlation of inter- 
linking s~-eams. 

The perfomlance of the proposed design is proved fi-om the de- 
sign of thee example systems. Tile analysis of the FTCDC is con- 
ducted with the help of the slruct~ral reformation, and the problem 
associated with the dividing wall com~uctioil, which is common 
practice in industry, is addressed. In addition, the detail of energy 
saving of the FTCDC ks atlalyzed and some coiNicfing result from 
the previous study was found which does not count the m-evei~- 
ibility frorn the mixing in the feed tray. 

A C K N O W L E D G M E N T  

Financial support fi-om the Korea Research Fout~iation tt~-ough 
Grant KRF-2001-002-E00124 is gratefully acknowledged. 

N O M E N C L A T U R E  

A : flow rate of component A in feed [moI/h] 
B : flow rate ofcomponent B in feed or bottom product [mol/h] 
C : flow rate of component C in feed [moI/h] 
D : overhead product 
F : feed 
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i : component 
L : liquid flow rate [moI/h] 
NC : number of components 
NF : feed location 
NP : side product location 
NR : upper interlinking stage in a main column 
NS : lower interlinking stage in a main column 
NT : number of trays in a main colunm 
NT~ : number of trays in a prefractionator 
RP : liquid split ratio 
S : side product 
V : vapor flow rate [tool/h] 
VC : vapor split ratio 
x : liquid composition [tool fraction] 
y : vapor composition [moI fraction] 

Greek Letters 
0~ : relative volatility 
[3 : middle component split ratio 
~) : parameter in Eq. (5) 

Subscripts 
i : component i 
j : component j 
n : tray number fron: bottom 
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