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Using rigarous models to simulate botch distiflation invofves the solution of many
stiff differential equations, The dimensionality of the problem also increases with
an increase in the number of plates and components, which imposes limitations on
the use of rigorons models. Furthermore, problerns in design, optimization, syn-
thesis, and conrol inunlve iterative procedures, and considerable computational
efforts would be required to sofve them rigorousiy. As an afternative, the shari-cut
method (Divekar and Madhavan, 1991a) provided recsonably aecuraie sofutions
without much computational effort. This method in the present form, however,
cannol be applied to azeoiropic systems becouse of the impassable barrier of the
azeotropic point and needs to be modified, The azeotropic approximation proposed
by Anderson and Doherty (J984) was used 1o modify the shore-cut method for
binary azectropic systems. The modified algorithin presented here was tested ex-
tensively with a number of binary azeotropic systems for both constant riffux and
vgriahle reffux modes of operation, and the resulits were shown to compare well
with the rigorous models. The meihod requires significantly less compitationsl

gfforts and is very useful in analyzing feasible region of operation.

Iniroduction

Sudden increase in the production of high-value-added, low-
volume specially chemicals end hiochemicals in recent years
has peperated a renewed interest in batch processing technol
agy. However, most of the research in batch processing is
focused on developing methodologies for synthesizing and siz-
ing equipment networks, where the performance characteristics
of the process units are assumed o be given. This is becausc
the time-dependent nature of batch processes and onits makes
the models to be complex. Anether major issue in batch process
degign or synthesis is operational fexibility, which gives rise
to & lacge number of alternative evajuations. Use of rigorous
models beeomes prohibitive becavse of large computational
efforts involved and extensive data and memaory requirements,
Since batch distilladon is an important unit operation in the
batch processing industty end is most widely used, a fast and
accurate model for this unit operation wouold be very vseful.
The short-cnt method developed in an carlier work (Diwekar
and Madhavan, 1991a) provides such an alternative {of non-
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azertropic systems. The method is a modification of the short-
cut method for continuons colurmns and s hased on the as-
sumption of constant relative volatility throughout the columm,
updated over each time step.

The essential drawback al azeotrepic distillation is that the
rolative volatility of the mixlure is not comstant. This i3 due
Lo the impassable barrers of the azeatropic points. Anderson
and Doherty (1984} presented a model for handling this prob-
lem for hinary, azeotropie, continuons distillation columms.
In their work they divided the vapor-liquid equilibrium corve
far the binary azeotropic systems into twe portions separated
by the azeotropic points. A coardivate iransformation enahled
them to represent the curves by comstant telative volatility
equations,

Tn this atlicle the shart-cut method (Diwekar and MMadhavan,
19212y was modified for azeairopic distiflatien using this ap-
proach. The resulis of several binary systoms sed to test the
new glgorithm compare very well for borh constant reflux and
variable reflux operating mades. This approach results in sig-
nificant computational savings and can he extendad te mul-
ticomponen Systems.

Yol. 37, No. 10 1571



Apart from the computational efficiency, lower memary
reguirement, and the noninteger algebraic-equation-arienied
form, the short-cut methed offers the advantags of analyzing
a problem for global properlies, This property is extremely
Bandy in identifying proper bounds far feasible operation in
design, oplimizaton or control of beich distillation columns
and is of greas practica] significance. This article afsa briefly
discusses the qualitative properties of the shoct-cint method,

Previous Work

Litepature on bawch distillation goes hack 1o 1902, when Lotd
Rayleigh produced the first mathematieal treatment of batch
distitlation. The early models up to 1950 werc limited to graph-
ical integration appiied to bateh distiliation using the Rayleigh
equation for binary systems, Smoker and Rose {1940) presented
an analysis of the constant reflux case, while Bogart (1937}
analyzed the case of constant overhead composition. These
models were developed hased on McCabe-Thiele's graphical
method for continuous distillation and were applicable ro bi-
nary systems.

The einpirical shert-cut models for binary systems preceded
the graphical modeals. These models had fimitad applicability
and wera based on the concept of " Standard Scparation Curve®
{Rose and Welshans, 1940) and the idea of 2 “Pole Height”
proposed by Zuiderwes (1953).

A tigorous pproach to bavch distillation invelves Lthe so-
lutiom of the material and chergy balance equetions in the
differential form. Huckaba and Danly (1960 proposed the
first maode! involving material and energy balanes calculations
for binary svstems. Meadows (1963) pravided the first com-
prehensive model for mullicomponent systems. In 1888, Di-
stefano analyzed the applicability of different numerical in-
tegration techniques fer soiving the rigorous dynamic medel
for multicomponent batch distillation in delail and repoctad
the cause of numerical instabilities. The Distefano model is
the most cited dgorous model for batch distillation, and most
of the studies and simulation models, which have appeared
since 1968 {Hoston et al., 1981}, are hased on this model.

Drevelopment af simplified models for batch distillation and
their use in optimization and optimal contral seem (0 be the
recent trend in batch distillation studies (Farhat et at,, 1990;
Chiott and Tribarren, 1991; Al-Tuawaim and Luyben, 19911,
These models are either confined to binary {Chiotti and Iri-
barren, 1991) or tcrnaty systems (AR Towaim and Luyben,
19217, ar use the semirigorous plate to plate calculation methad
for the simulation (Farhat et al., 1990},

The BATCH-DIST, a comprehensive package for multi-
component, multifraction bateh distillation columng (Diwekar
and Madhavan, 19514}, provides a hierarchy of medels for
gimulation, ranging from the most simplified model 1o the
most rigarous made! based on Distefano's analysis. The mbst
simplified model in the BATCH-DIST uses the shorr-cut
method (Diwekar and Madhavan, 13%1e) and is appiicable o
nearly ideal systems and columns where the heldup effect is
insignificant, Their work also analyzes the effect of holdup
and characterizes it with & single parameter 7, which is the time
comstant of the calumn. The next in the hierarchy is the meed-
ified shori-cul method model which can be used when the
heldup effect is significant {large 7). The model rigor, data
requirement, and computalional effort increase as one climbs
higher in the hierarehy.
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The short-cut-method-based models in the BATCH-DIST
or ather simphified models in the litetature are applicable anly
to nonazeniFopic sYsIEms.

Azeotropic distillation is an imporiant and widely used sep-
aration technigue. Drospite theit importance, azeotropic dis-
tillarion techniques remain poofly uodersteod from the
standpoint of design. This is because ol the complex thet-
modyoamic behavior of the system, Theoretical studies on
azeotropic distillation have mainly centered around methads
for predicting the vapor-liquid equilibrium data from liquid
sointion models and their application to distillation design
{¥anDongan and Doherty, 1985a}). However, anly dueing the
past decade has there heen a concerted effert to understand
{he nature of the compositien tegion boundaries, Most of the
literature in this area pertain 1o Doherty srd his research group.
Their work focuses on the use of simple distillation curve maps
in analyzing the contimreus colurmn design and synthesis, Al
though, the series of articles by Doherty and his group seek
ta develop design and synthesis tools for azestropic comtlinous
ditillation, their work an azeotropic batch distiflation is te-
strictod 1o columns with large number of plares, operatitig at
high recflux ratios {YanDengen and Doherty, 1985k, Barnot et
al,, 1990).

Characleristics of the Shart-Cut Method

The two well-known methods of operating batch cofumis
are the variable reflux and the constant reflux. The optimal
control policy is essentiafly a trade-off between the two meth-
adr and is based on the comcept ol aptimizing a given per-
formence index.

The rigoreus modeling of batch distillation pperation in-
volves solutions for o large number of stfl differential equa-
tions. The computationa! intensity and memory reguirement
of (he problem increase with an increase in the number of
plates end components, For an p-component system and a
eofumn with N pumber of plates, the sinalation of ¢onstand
refluy or varable reflux operation requires simullanepus so-
lution of 7 * N maoteral balance differential egquations, N
energy balance differential or difference equations, and the
vapor-liquid eguillbrium caleulation assogiated with each dif-
farential material balance equation. The vapor-hquid equitibria
caloulations are iterative in sature and hecome more compli-
cated for azeotropic systems. The computational complexity
associated with tigorons models does not allow us to derive
global properties, such as feasible regions of operation which
are critical for optimization and optimal contral problems.
Ever if such information were available, the computationsa]
cast of optimization or optimal conirol with dgorous models
is prohibitive,

Cne approach to dea] with the problems associated with
tigorous maodels s to develop simplified models. These sim-
plified models are abstractions of rigorous models, 2nd their
accuracy depends on the simplifying assumpiions. The process
ol ahstraction can be viewed as the trade-ofl between simplicity
and fidelity. The usefuiness of abstracted models depends 0n
the ease with which il can be analyzed for global behaviers,

without compromising fidelity, Moreover, abstracied modets

are expecied 1o be computationally simpler 10 analyze.
The schematic of the procoss of abstraction for the batch
distitlation coluran model 15 shown in Figure 1. The absrract
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Figure 1. Absiraclion process,

maodel is derived from rhe rigorous model by making a set of
simplifying assumptions. The short-cut method is used an the
abstract model to simudate the distillabon process. These results
are compared wilth those from simulating the ngorous model.
The abstract model can also be used to derive feasible regions
ol eperation.

The short-cut method Tor bateh distlllation s based an the
assumption that the bateh distillation column can be consldered
as a continoows distiliation colomn with changing feed al any
time instant {Figure 2}, In ather words, the bottom product
of one time step farms the feed for the next time step, This is
equivalent to having bollom plale as (the feed plate and the
feed at its boiling point. Since continuous distillation theory

Feed M-l
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I
.
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&

Figure 2. Short-cut method,
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is well-developed and tested, the short-cut method [Fensks-
Underwood-Gilliland (FLIGY methad] for cantinoeus distil-
lation eould be madified for batch distillation. The hatch time
is implicit and can be calenlated if the vaparization rate ¥ of
the reboiler is known, Because of the algebraic-equation-ori-
ented form of the short-cut method, it is possibie to adapt the
model for optimal eontrol calenlations very easily. Although
the developmett of the short-cut methad for different oper-
ating modes was discussed in derail elsewherz (Diwekar and
Madbavan, 1991a: Diwelear et al., 1987, & unified short-cut
method appreach ta the different operating modes i3 presented
in this work, Table T shows the time implicit model for the
three operating modes, H can be seen that the same equations
with different form can be used to sitnulate such diffecent
operafing modes a5 variable reflux, constant reflux, and op-
timal reflux.

At each rime instent, there is & change in the stH] composition
af the key component, resulting in changes in the still com-
position of al] other components calculated by the differential
material balance equations (Table 1), Hengestebeck-Geddes®
equation relates the distlitate compositions (o the new skl
cotnpositions n terms of the constant ). The constant £, in
Hengesteheck-Goeddes” equation is equivalent (o the minimum
number of plaies, Ny, in Fenske's equation. At this stage, the
variable reflux operating mode has ) and &, constant reflox
has ¥ and ), and eptimal reftex has x4, €, and £ as
unknowns. Summation of distiilate compositions can be used
to obitain £ for varinble refiug and x ' for both constant refluxy
and aptimal reflry operation, and the FUG equations to obtain
& For variable reflux and €, for both consizre reflux and
aplimat reflux operations. The aptimal reflux model of op-
eration has an additdonal unknown, 8, which can be calculated
using the concept of optimizing the Hamiltonlan, fomulaced
usittg Ponteyagio’s Maxinum Principle.

Glabal properties are represented by interval values of pa-
rameters and variables rather than numerc values, With the
short-cut methad it is poasible to extract plobal properties of
the batch column in terms of Teasible region or inequality

15712



Tahle 1. Time Implicit Model Equations for the Shorl-Cit
Meathod

Tahle 2. Feasible Region for Multicomponent Baich
Disillation Colomns
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R = FMinimum Hamiltonian}

constraints, especially for design vartables like number of plates
N and reflux ratlo R, This is a very useful property of the
short-cut method.

ldentification of bounds on deslgn parameters is very handy
in design, optimization, or contral problems. Table 2 shows
the feasible region of operation or the identified bounds ob-
tained using the short-cut method, We have used these bounds
in our earlier work on optimizaton and optimat contral af
shart-cut method (Diwekar et al., 1987, 1989; Legsdon ¢t al,,

1590,

Maodlflcation of the Short-Cut Methed lor Azeo-
tropie Systems

The short-cut method is based on the assumption of censtant
refative volagility throughout the column, updatsd al each time
instant, and uses the following relationship for obtaining va-
por-liquid equilibria;

o
Y=
2 o

In the case of azeotrapic systems, however, this relption is no
langer valid becanse of the azvotrople points (where the relative
volatility beeomes unity). Anderson and Doherty (] 9fi4) Lrans-

i=1,2, ....n1
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Final Sxll Compocition
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Reflux Ratio
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| == 1= =m**
Rmin Rm‘d. M1
Mumber af” Plares
lenf'sm -'“'rmlnﬁlr\'r"I

*The lower limit of Ry, 18 goveened by the value of B, calewleted 8t the
initial conditions e =z, ancl rhe upper mit by My, Ui 08, Mo, poateulated
a1 vhe finat value of &5 (sinee N, incTeases and o desrensesy. To obiain dhe
value of o, Mag 15 caloukned ac the fingl velue of &), and 1his is taken as
the Timiting valite of M. The valng of B corceaponding to this A calculnied ae
the initia] eonditlans of 24" is taken A% R

4 Bogn is 1t vabue of B {nol Al required 1a obtain the inilial distilime eam-
poaltion of the ¢omponent 1 equak to the specified average composiLion far 1he
specific valee af M. Ny, is Femske's value of minimim tiusiber of niates cal.
culaled al the |plilel conditien assuming the distillate com positon of componen
1 equal {0 the averape distillate com posiion.

formed the variables for binary vapor-liguid equilibria eal-
culations and used it for continueus disdllation columns. In
their appreach, the equilibrivm curve is split into (o pAFLS As
shown in Figure 3, The variables are rransformed using the
azeolropic campositions, as seen in Fignre 3.

In Figure 3, the bortom cutve represents

X .
xi==t x{=1-x
1 1'7: H k
. _h ¢ .
Y=—0 mM=1-x
»T
Top gt
v
x
Y
¥
Dotam curve
%
3

Figure 3. Variahle transformatian for blnary azectropic
syslems.
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Table 3. Mndifled Equatlans for Azcotraple Systems
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Figure 4. Flowchart for exianded shert-csi method for

hinary azeotropic sy=tems,

and the equilibrium relationship For the binary system in terms

of the transformed variables is represented by

A
Ty 1y

4

Fr

This approach for vapor-liquid equillbra calculations [s uged
ta extend the short-cut method mode] of Diwekar and Mad-
havan {1%21a) for nonazeotropic systems to azeotropic sys-
tems. As in the case of short-cut method medel Tor
nonazeotropic system (Table 1), a unified medel is preseated
for the three opetating modes of varlable reflux, constant

|:r = f = 1 - ¥ -
"'ﬂ_' =xga =2, e reflux and optimal reflux. The model equations are given in
il=allel =12 L Rt Table 3 and the flowehart for the unified algorithm is presented
Bottom Column in Figure 4,
I'L”=X}|:II—-TF:[1'- L“L {a E. 1. —
2 el -y — i, i=13, . n Table 4. Input Data for the Test Problems
Consiant RefTux
Prahlem System M B ¥ Faed Comp,
and the top curve is given by I Ethyl Acetate/Ethanol & 273 12 0.2 0.8
2 Chioroforms/Methanal 8 50 20 0.2, 08
o= 3 Mathanol/Ethyl Acetate % 2,71 12 0.4, 04
O bk TR R A Taluene/n-Butanol 27 12 62,08
Vg R : 5 Tetrmhydrofuran/Meihanal B 2,73 12 0.2, 0.8
fi Waters Pyeidine B X273 12 0208
Varighie feffue
D 1 \ 7 Methanol /Ethyl Acetate 5 065 12 0.2, 0.8
Yi= 1__},;t; Fi=l-p £ Tetrahydrofuran/Methanal § 06 17 0.2, 0%
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After obtaining the still compositions of all the compenents
s before (differeptial material balance equations, Tahle 3],
the still compositions, x5, f = L, %, ..., nare transformed
in terms of azeotropic points using the above-mentioned trans-
formatien formulae (Anderson and Doherty, 1284} For the
variable reflux operation, the distillate compositian of the key
compontnt, X4 is also transformed. These transformed vari-
ables are then used in the calculation of distillate compositians
of all the components, x2', / = 1, 2. .. ., n Hengestebeck-
Geddes’ constant €, and the reflux ratio B (for variable reflux
moded, The inifial variable transformation egrantially resulls
in transformed disdlate compositions, which needs to be re-
transformead (o obtain the actoal values,

Although the short-cut method far azeotropic systems, pre-
sented in Table 3, applies 1o binary systems, it can also he
extended to ternary systems tF one has the knowledge of dis-
tillation boundaries. VaoDongen ant Doberty (19852) have
shown that the topology of the simele distillation residie curve
maps can be wsed 1o idencify discillation regions separated by
the separatrices. They use the simple distiliation differential
mode] fautonomous differential equations) 1o generate a simple
distillation Tesidue curve map. Kalagnanam (19313 in his thesis
on “Cralitative Analysis of System Behavior™ integrates the
use of symbolic and numeric methods to identily equilibrim
points, separatrices, etc. from the strueture of the auionomouns
differential equations based on the parvial tests Trom tha qual-
ilative theory of differential equations. Such a qu alitative anal-
ysis approach along with the extended short-cut method for
azEotTOPIc Systems can provide a very good 1eo] for the analysis
aof azectropic barch distillation cofumns and will be investipRied

in our future work.

Results and Dis¢usslon

The extensiom of short-cut algorithm proposed here for the
azeptropic systems is tested exiensively using a laree mamber
of binary azeotropic systems for both the censtant refux and
the vartahble refiux operating mode. In each case, the results
ghtained using the new algorithm are compared with the resuits
from the tiporous made] analysis using BATCHSIM (Simu-
lation Seiences Inc.) for consiant reflux operating mode and
the BATCH-DIST for the variable reflus operating mode. The
figeid-phase nonidealities are represented using the NRTL
equalion.

It has been Tound that the shoct-cut model compares very
well with the rigarous models and offers significant eompu-
tational savings over the tigorous models (for some cases, the
short-cut model is found to be 200-300 times faster than the
rigorous madels} without compionising much on the accuracy.

A few of the cases studied are reported here, Table 4 gives
the input data and operating conditions. Figure 5 presents the
comparison of the compasition prafiles {distillate and stiil com-
positions vs. time) oblained using the short-cwl mndel with the
rigorous BATCHSIM model for the constant refluxy mode.
{The equilibration time or the jnitial total teflux timme is not
included in the calculation. However, eorrelations for calen-
lation of equilibrium time as & function of relative volatility,
holdup, and reflux are available in the reraturc (Ellerbe, 1978
and could be easity incorporared in the short-cul model.] 1n
Figure 5, the circies represent sipulation results fram rigorous
madel and the Hnes show resuls from the shor-cut method
model. The top curve in cach case reprefents the fransient
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distillate compositian, and the bottem curve shows the tran-
sient still composition. As can be seen from Figure 5, the
agreement hetween the short-cut model and the rigarous made]
far the constant reflux cperating mode {5 excellent (most pacts
of the curves agree within 1%,

Figure 6 compares the short-cut model, re Mx and sktl com-
position profiles, and the profiles predicted by the semirigorous
frigorous with zero holdup) model of BATCH-DIST for the
varizble reffux operating meode. Onee again, the circles rep-
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resent the results from the rigotaus model and rhe lines are
the results from the shart-enr method model. Even for the
varizhle teflux operating mode, the short-cut method model
seemed ta provide a very good approximation to the OEoTons
madel.

The binary azecitopic systems considered here are mostly
ideal azentropic systems. For nonideal azeotropic systems like
ethanol-water, this extended short-cut method can still be used
as an efficient preliminary design toal,

The holdup effect, characterized by the parameter
r=haldup/irefTux x distillate rate) appeared ro be Insignificant
for the eases presented (Tigures § and 8}, For Targe 1, the initial
composition nroliles predicted by the short-cut method departs
from the rigocaus model, as the reflux is chareed from total
reflux to a very smail value (Diwekar and Madhavan, 19¢{h}.
However, the new algorithm proposed here can be easily in-
corparated in the modified short-cut method mode! (Diwekar
and Madhavan, 1991a) and can be used when holdup effect
is predorminant. In the modified short—cut model far hoidup
cotsideration, the distillation column is partitoned inlo 1wo
pottiens. The top portion with the condenser and the first plate
is used Lo simulate the holdug clfect, and ¢he bottom poriion
is represented by the short-cut method modal. The shart-cut
methed so madified scems (o be very offective in including the

“dynamic effects of holdup (Diwckar and Madhavan, 1001a).

Although the extended short-cut method modef is proposed
for all the three operating modes of bateh disdladon, due o
the complexity of calenlations and the large computationg)
requirement, it was not possible to use the rigorous model far
the optimal reflux mode of operation. Nevertheless, the fa-
voreble comparisen of the constant reflux and the varigble
reflux operating made guaraneees the success for the optimal
reflux mode of operation, bicause optimal reflux made is
essentially a trade-af¥ between the two operating modes,

Canclusions

The computationaily efficient short-cit method was ex-
tended for handling areotropic systems, The qualitative nature
of the shori-cut mcthod was analyzed. A large number of
examples were used for model testing and vatidasion., The
prablems wete rigorously simalated using BATCHSIM and
BATCH-DMST, and the results of the proposed algodthm were
compared {0 these results. Comparisons were made by plotting
the instantaneous distillate and still compositions for the con-
stant reflux meade, and ihe instanianeous still composition and
reftux racio for the variahle reflux mode, The short-cut methed
results and riporows simulation resuits were shown to Agrce
very well,

The extended short-cut methed medel represents a higher
level af abstraction of the rigorous model. It provides a very
powerlol and ¢computationally last tool for the analysis and
will be extended ta ternary azeotropic system in the fopure.
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Notation
C; o eonstant in Hengstebeck-Ceddes” equation
A = number of components
M = number of plates
Mo = minimum numeer of plaics
wey = CRINAMNT Anmber af places ol the ierminal condition
& = refluy ralio
Rpu = maximum initial refux ratic for variable reflux mode
Roe = minimus eeflux ratio
R riny = Minimum tefiux tatio given by Gilliland correlation
Briee = minimum refuk ragie given by Underwood equations
= vapar hail-up rate, mol/h
¢ = liquid compasition for component 7
X' = transfommed liguld composition for component
X = arcorropic lignid composition o component §
ap' = still campasition for component §
ap' = distillase compositlon for comparent §
&' = feed composition fer component ¢
b= ¥apor composttion For companent §
¥ = wrensformed vapar camposition for companent 7
¥ = ‘mzeotropic vapor composition for componsat §

Cereek letfers

o = relative voladlity of component !
t, = Tndereood's consiant
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