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ABSTRACT

The recent increase in the production of high value-added, low-volume
specielty chemicals and bischemicals fas gEnetzed 4 repewrd Interest in
batch processing techoclogies. Batch digtillation is a0 imporant unjt
eperation i the haich Processing industry and i3 mogt widely used The
Texibiility of batey, distillation, combined with the Inherent unsteady natre of
the procass, poses challenging design and operation problegs, Thiz paper
presents a complete review of barch distillation stariing Fom fhe very firt
emalysis in 1902 by Lord Rayleigh ta the current state of the art, The Peper
will (a) inroduce ge variaps Operating modes, (b) examine the challenprs
invelved in rigordus medeling of baich distifiagion columr: dynamics, (c)
previde g hicrarchy of Models of varying complexity and rigor, d) prosane
Bpproaches ta the optimal design and conirol of bateh distillaifon oolumns
and highlight the differences wis-dvis conbintgus distillation calunng, (e

Kistoo Kim amd Lrmits M Diwekar Reviaws in Chemicat Engincering

I. INTRODUCTION

“In the carly days of cheminy| mAction “hpinesdng in (he 19505 sindepre
mighl well have Broed the impreasign thal the wltimete missign of the
chirmical englnesr Was 10 trnsim old-fashioned hareh pocasEss intg
mefern confinugys ooes,

E..EHgnaﬂﬂ_mﬁ__ﬂgnﬁnﬁnﬁnsmﬂﬁﬁgﬁwquﬂﬂ

Rippin (1983}

Batch Processing is the main feature of the Plarmecentical, binchemical,
and specialey chemica! indusires. Batch vnits zre also wsed in oiher chemical
indosiries whers small quanhites of matesals are to be handled |y inegulary
schednfed periods, and gre preferable o continppus uitits when the feegd
COmposition varies widely from Pefind W0 period, or where compleialy
dilferent feeqd &tk heed fo be landicd,

Beich distillatiom fs the: oldest separation procesy ang the most widely
used vmil operating iy the Batch industry. Thegretical studies an baich
distiilation began gg o simpie distillation sy iy Mboratory. Figure | shows

Fig. I: A schemaiic dizgram of e simple distifiatign eperalion,
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e schematic ilustation of such a gl inftially ftlled with a feed mixtuc
which evaparates and leaves e sl in e vapor foon. This vipor, which is
richer in the imore volatiie comparent, is coliected in e condanser at the top
and accumulated ip o Teceiver {not shown i this Fguted. In tiis aperalion no
liguid i refluxed back o the till, and nn plates or packing matetiafs are
present inside the still, This simple distillajon £til] is an example of 3 haiel
opecation, ofiea efered to gg Raplelgh disritlation because of his pioneeHng
Iheoretieal wark fn simple distillatinn (Rayleiph, 1907), The conce of mflux
&nd the ese of accessaries sych s Piales and packing, materials 1o increpse the
mess tansfer converts diis simple till jnto g diztilizlion colomn, Figure
Tepresedils & conventional hatch distillation crlumn with reflan and muliple
stages, This batch colump consisis of & rebailer el the botiom, 8 colunn, and
a condenser ar the top. The column gencyally comsials of a cylindrical
structure divided into sectigns by a scries of perforaled plaies, iays, ar
Packing inaterials that permit the uprward flow of vapor, Ag the Tiquid ecfiux
flows down the calumn, the vapor end liguid vome into contact on cach stage
where the mass tansfer (akes place. Conecquenily, dic rising vaper becomes

in

condenser

-

i

e

Fig.2: A schematic dispram of a conventianal hatch distillation operarion.

L4
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richer fn the mong volajle SHnpHient, wiile the descending liquid becomes
cormespondingly weaker, Sompes this column essemtially performs the rach-
Yying aperation, it 55 ofien called a baich g, ey,

Batch distilation i prcferabls (o continuous distillation when small
quantities of high value-added chemicals peed o b .mnmﬁ.m_nn_. The most
utstanding featire of batch distillation s 7 flexibility, This Mexihility
allows ane 1o deal wit Uncerzintics in feed siocks o product specifications.
M addition, one can handle seversl mixtures i by swilching the column's
operating conditions. The basic differetice beiween hateh rectification and
continueys  distiflation s thet in comipeeus distillation the fed j¢
comtiltupts|y snlering the eolwmn, white £ balch distillation the foed is
charged into the rebaifer 8E the bepitning of the operstion. Alse, while tha
top produets are rongyed conlingously in both the barch and the eontinuonps
aperallans, there is po Continuous Botton  product withdrawal jn 'a
conventional bateh eperation, Simee the total product fw MmE in a

the rehoflar 225 depleted gyer time, so the process s of imsicady-state
matee. The batch colemn can e Operted indsr the fallowing differont
operating conditinns gr ol bedes:

= LConstant refiux and variabic product cemposilian,
= Variable raflyx and censtant predoct composition of the key companent,
and

*  Optimel reflux gna aptimal produtet compasition,

It the constani peflyy rolicy, the instantaneous composition of the
distillle keeps changing since the botiam sl compasition of the more
volatile compoment is continucusly depleted On e gher hand, in the
variable reflux policy, the composition of Hic key component it the distillate
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1996} The column in Fipure %a, as cxplained, is e conventional baich
distillation eolumn with the rebailer at the bottom and the condenser =t the
1op, which essentially perfonms the rectifying nperation, A single calumn cim
be used 1o separaic sevepp| products using the multi-Fraction operation of

78,47

N

) () ()
FIg. 3: Examples of ways to eonfigore the betch distillation calurmr,
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Kindoa Kim gnd Lirntifa M Diwekar Reviaws in Chonpfoat Enginegring

batch disiiflation presented in Fipre 3b, Some my may be desired and
othetz may bo intermediae Products, These intermediais fractions can be

8 batch distillation colemn fhat s bath siripping and rectifying sections
embedded in it (Figure 3c. Altiough this calumn lies oot heen investigated
completely, rocent stidies demonstisted that it provides added flexibiliyy for

(1955}, and showed thal the column ean obizih porer products at the end of a
ol refluz speration. Thesy emerging designs pley an important role in
Seperation of complex systents fike aztotropic, extraciive, and reactive batch
distiflation systems. The bateh, rectifier configuration for such separetions
may be very matrictive and CXpnsive,

These emerging designs, combined with differsnt passitle oparating
mades similer to e ones described eardiar for e rectifier, provide greater
Bexibility, bul resuls in g large vumber of column configuralions Becangs of
the unsteady-state natyre of the operatian, embedded in the design problem js
the eptimal contral Preblem of deciding time-dependent. variables euch ag
rflux raties, reho ratios, vapor flow rates, sndfor vexrx] holdups. Given this
flexibility, batch distillation poses a difficalt synthesiy problem fvalving the
selection of opiimel calumn conflgumtions and the optims] aprTgling
camdition. Complex systoms such Bz mzentrpls, exfractive, and reactive
distillation add anather dimension 1o the synrhesis problems ax the cuts
{fractions) in the mulli-fiaction operation can have sigmificantly different
cheractoriztics deperding or the feed mixture of these syztams,

The complexity in design, synthests, spd enalysis of beich distillation dye
o {1} unstesdy-starn nefure, (2) operationa| flexibility, and {3) emiprging
design, ean only be handlad eystemalleally wsing the comptiter-alded design
technigues and recenily developed sofwars Innls,

Tiiis paper presents 3 complete review of Batch distiifation starfing from
the first analysis jn 1902 by Logd Ravlefeh 1o the current state-of-the-art
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rompliter-aided design techniques, The paper introduces an early (heoredicat
analysis of simple disilletion and variows aperaling policies n Sectin 2.
Seclian 3 exgmines the chalienges involved in Hgarows medelling of bt
distitlation dynamics and provides & hierarchy of models ar varylng
complexity and figor. Recenl advances oplimal design and comprg!
pmblems are discussed fn Section 4. Emerging columing, complex Sysioms,
end batch synthess are described in Section 5, fallowed by an overview of
available software peckages. The last section provides the gyl conciusions
and fure research direction,

2. THEQRETICAL ANALYS[S

This secion presents eady theorefical enalysis af gimple distillatian,
which wes first analysed by Raylcigh (1902). The limitations of simple
distillation that [ed 10 the develapment of the batch rectifier are diseiissed
The operational flexibillly of basch disiitlation in terms of aperatiapg!
policies is alsg prassnicd,

2.1 Simple Diseillation

The anelysis of simple disiltetion presesiled by Lord Rayleigh in 1007
marks the entliest thearctical work on batch, distillatlon, Simple distillator,
alsp called Rayleigh disifllation or differential distillation, is the thast
elementary exemple of batch distillation. As shown in Figere 1, the vapor s
removed from the stil] during cach time interval and iz condensed in the
condenser, The more volaile component in the vapar i richer than tha liquid
rwmaining in the sill. Over time, the lquid rematning in the sij|) beging to
experience a decling in the canceniraion of the tiore volalile component,
while the disttllare calleoted in the condorsar becemes progressively enriched
in the more volatile component. Mo refigy i reiumed i the sl end no
Sages or packing maitals are provided fnside the cofumn. Thercfars,
various eperating pelicies are not applicatile 1o this distiMation system,

The carly analysis of this process for e binary system, proposed by
Rayleigh, is given below, Let F be the initial binary fieed to the still (males),
and .k be the maole fraction of Hie more volstils component A in the feed. Ler
& be the amount of components remairing in the still, xp the moles Fackan of
component 4 & the sill, and sy the mole frackion of Compokent A iy the

&
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vapier phase, The differenpial Talerial balence For component 4 cap thes be
Writlen as:

Lo 48 = dfBxg) = Bdry + r, g {
Eiving:
B e
F B hahb —Xg _..N”..
ar
.} ax
In| —|= o5
?b ._M]au —xg @

In this simple distiflarion process, jt is assuned that the vapar formed within
2 shomt peried is i themmedynamic equilibrium with the liguid. Hence, e
VAROT composifion it refated fp the liguid composition by an
cquilibritn relation of the form *o = fxx). The exact relationship for a
paiiculer mixrurs may e oblained fram a thermodynimic analysis
depending ap mperature and preseere. Far a rstem ollowing the ideal
behavior given by Raoulr's lew, the cquilibrium rlatienship between the
Vipar composition ¥ {or 5, and liquid compasition x ¢t xg) of the marg
volatile component in a binary mixture can be approximated using the
COnCEp of constant relarjve volatility (o), ang is &iven by:

ar
(o =13x 4] 0

Fa=

Substitution ofthe abgye equation in Equmtion 3 cesults jn:

:.T;Ww um._.H____mw%W]“WT _a—” HM” R 5

Although the analysis of simple distillation histaricatty mepresenls he
thearctice] start of bareh distillation resgarch, commplete stparalion using this
Process is mpossthle unless the relative volatility of the mixkure is infinite.

11z
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Therefore, the applicstion of simple distillation iz restricted to leboralory
scale distillation, where igh purities arc not requimed, or when e mixtyre is
rasily separable,

To obtain produets with high pority, multistage baich distillation with
refliux hee been wsed. As shown in Figure 2, the batch recrifier comprises
multiple: thermodynamig stapss (manifested by intemal trays or packings)
Inside the tectifying section. The feed i aetmally charged o the neboiler st
the beginning of the operstion. Whereas the top prodocts are remeved
cantinuonsly, there i3 no bottam product withdrawal in baich distitlation, and
the wchoiler gets depleled over tme. This makes batch distfllation an
unzready-state operation.

1.2 Opernting Modes

Althaugh simple distillotion marks he first analysia of berch, diztlistion
process, the graphical enalysis presented by McCabe and Thicle (1925)
provided the basis for analyzing baich distitlation aperating. modes, The
ditference between simple distllation and batch distflfation operations is the
relalion between the disifllaie cetmpasition xp and the bottom composition xg
due ta the prsetice of reflux and column internals. They supeesied @
Eraphical method {Figure 4} to calculate this relztian using the following
pwecdure, .

In the McCabe and Thicle methad, the overall material balance with ro
holdup s considered from the condenser ta the fth plate. This leads 1o the
following operating egualion:

R 1
Yitga sty o )

This aperating tquaifon rcpresanis g line throkgh the pednt 3 (x40 = xn) with

2 slape of <. Starting from this palat =, g}, which comresponds to the

distillate composition, Equation & and the equitibrium curve between vy and x,
can be reoarsively used from the top plate | to the rebotler (the rehojler can
be: considered sz the (Welyth plale). This procedurs relates the distillate
composttion zn 1o the skl composition g through the pumber of SEEes.

[ the: case of batch distiflation, however, the sifll compogitiot xg dioes nol
Temsin comsianl as observed in continuous distilfatian, and thus e
instantenenus distillete composttion 1, fs also changing. This necessitairs the

120
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09 02 04 06 08 10
X

Fig 4 MeCibe-Thieye method for Plare-toplate calculations,

ust of the recursive schome several times, IU the scheme {5 used, while
keeping the reflur ratio constant theoughowt the operztion just Tike normal
confinLous distillation, the composition of the digtillaee keeps changing
(Figwre 5}, This is the consant roflus mode of aperation. On the other fumd,
the composition of 1le key component in the distillaie can bz maktlained as
constant by changing the refiux resulting in the vardable reflux mode al
uperation. [n addition, thers is g third made of aperation of batch distillarton
that js meither the constant Teflux, nor the varizble refluy policy. This ype of
apetation f= known as fhe eptimal refMux or optimal cantro! policy, designed
o optiiize = particylar Petk made like che mey i diztilfate, minimum
time, or maximum prolit functions,

Similer operalintg modes arp alsa abserved th emerging batch dissi|fation
columns. For example a stripper can gisa have thies operating modes: {3}
constant reboil mtio, (b} varfghls reboil ratlo, and (c) optimel reboil mtio
modes (Lodter and Diwekar, 1997, Serensen, 1999 For 2 middle vessal
colman, the combivgtion of the ihree reflix and three rebail policies resoles
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Fig. 5. Three operting modes for a baich rectifier.

in #l least nine possibls aperaling, policies, The apealing modes of
miultivessed colunn can be derived hassd on e middle vessel column, bus
this column configeration requires addifional considerations with rEspect to
Operating variables such s the holdup in cach vessel The total reflux. mode
cin b ko emnsidered especinlly in the middle vesset and mullivesse]
columns. As these column designs are tii] under extengive reacarch, the carly
analysia of aperating modes s muinly resticted to the barch rectiffer and is
discussed below.

2.2} Covislant Reffuz Mads

Smoker and Rose (19490} presented the first analysis of the consmnt reflux
cperation of & binary betch disillation with no holdep, They wsed the
Rayleigh equation in conjimetion with the McCabe-Thiele graphical meshod
(McCahe and Thisle, 1925) 10 capiurs the dynamics of the harch diztiilation
columnn, In thelr procedure, the wlationship betwesn xg and & i3 recursive]y
determined by the MoCabe-Thisle graphical methed, Then, the right hand
side ol the Rmylcigh cquation (Equation 3) is inteprated graphically by
plotting ﬂmﬂ. verses xy. The mea under the curve between the fopd
composition = and the still composition xp now gives the value of e
tntegral, which is 1a{2). The average composition of the distijas can ke

oblained from the Mllewing squation:
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.Tl.ﬂ..ﬂ - .m_.nﬁ
.Hb.num - F-g ¥

41 R+j
H_inﬂlﬂwul.m_.._llﬂlhw {8}

This operatjon policy is the easiest one ang is commonly used In Hamy
binary and temary distiilation cases, linde mprovements can ha abrainad
from: this operation mode 1g the vatiable reflux mode or the optimal refiux
made {Coward, 1966; Luyben, I1988; Al-Tuwaim and tuyben, 1991;
Espirose gnd Salomane, 1999), which £ described below.

222 Variahie Reffux U ode

fn 1937, Bogart presented the first enalysis of he variahle reflux paifcy
Yor 2 Binary system. The fEps involved in e caleulation procedure for the
variable reflux moge s similer 19 those in the care of the constant r=flux
mode; however, in the varable reflux case, the reflyy ratio is varied insteqd
af the disiilfate Somposilion at each siep, Mareaver, the Rayleigh equation,
thoueh valid for the variabl; reflux condition, fakes a simplified form. Since
e distillaie COMPOSHion  remgins canstant {remember that we are
contiderfg bhinery sysiems here) throuphour the operation, the Raylzigh
equation reduces Lo the follawing equation,

) In l.h._u

F tn —kg

]

The second slen 15 1o cslablish the relation betwern R and Zp tsing the
McCabe-Thicle graphical method. Several values of £ gre selected, operating

lines are drawn throngh the fived PRt (xp, ) with the slope u..m_mq. and

seps are drawn betwesn the operatig Iine and the equilinium curve to get

the ballom compasitiar t=a). This recursive schems je repented wmtil he

desired stopping crlieria is sict, mnd thirs B and x, can be Fannd ar each valus

of the mflux ratin, The me required for this operation at a given product

Purity &5 caleulated by platting the quantiry m.ﬂm_..mnuw.m__..plu VETELS Xg B the
=X
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fallewing equation end they finding the area under i curve,

7a Rl Fg - 2 . {10)
= v A.uu..hu“.u

The variable rofing opcrailon policy is commonly used with 2 feedbadk
control slrmteay because the refux rati i constently adiusied to kecp the
dizilllate composition constant {Quinterm-Marmol ar &y 1921 Quinterg-
Marmol and Luyhen, 1992; Rarcla and Berio, 1998). Section 4.2 presents
detailed description of the conitrg] simtepy Involved jn this Operating mods.

2.2.3 Ogvimal Refux Mode

The aptimal refiux policy s esseitinlly @ rradegff Betwern the o
Operating medes, and is based on ablfity 1o vield die most prefilghle
operalion fom opfimal performangs, The caloulalion of this policy s a
difficalt problem and reffes gn oplithal control theary. The baich distillation
literatyre is rich in Papers on this policy. Therelore, 2 separate Section
(Scction 4.13 #5 dedirared lo diseossing the sobolian precedutes for (his
opewating mode. Thers ae different kinds of optimel reflpy palicies
depending on the Indiees of perfommance chosen as the chjectives, The
indices used in practice gencrally fnclude the minfinmm Ume, inaxiimem
distllate, or maximum profit functions.

Althengh the first optimal reityx policy was discussed ag early az 1953
{(Converse and Ciross, 1953), the teqt implemettation of Gis procedure hag
oty heen possible recenitly because of the advent of computars.

3 HIERARCHY OF MODELS

A3 ween in Section 2, the carlier models oF the batch recttffer were built on
assumptions of negligible liquid holdup and jdeal binary systems, Cotnputers
have played an impartant role iy relaxfng thess assumptions, especizlly the
aegligible holdup asmmption, The first rigoreus model of baich distiliation
with constant holdup was Fublished by Huckaba and Danly (1960), which
was developed using analogue computers, Distefang snalyzad the numerics)
differcntial equmtions for mulbicemponent batch distiiintion in (968 Tor the
first time. The rigarous models of baich disilllaton b curient staie of the art
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romputer packages are besed on Distefang's pieneering work. However, it
wag also acknowledped that due 1o the severe transients in baich distillation,
a Bleqarchy of modeds is flecessary to sopture the dynarmics of this fAexihle
opetation [Diwckar, 1936). This section presents the hisrarchy of models
Fanging from the Higorous model similar ta the one presented by Distefang 1o
the simplest shonent medel,

3.1 Rigoroes Mode]

A rigarous mede] in batch distillation invalves consideration of column
dynamics along with the roboiler gnd sondenser dynamics, Detailed anelysis
of the characieristics of differential mass and Energy balances associated with
the complete dynamics of a multicompancnt batch distillasign column was
Presented by Distcfang {1968). Distefano poinled out that the sysiem of
2quakions pressnted for batch distillation is much more diflicgit t salve than
thal of the dynamics of continugus distillation and that this 5 due 1o sever]
lactors. For cxample, in the case of betch distillstion plate heldup, it is
gencrally much smaller thag the rmboller holdep, whilt & continuaes
distillation, the ratip of the rehaiter boldup o the plate holdep is not tearly as
grert. In addition, in baich distillation sevem transiznes can aceor, unlike
conlinuewy distillaton whers fhe vatigtians wre retatively small. Distefann's
wark ferzig the basis for almas all of the later work on rigorous modeling of
baich distitletion eqlimpg (Boston ef ol 1983; Diwckar, 1008; Diwekar and
Madhavan, 19913, and this modef iz presentnd below,

Figure & represents m schematic of & bach distilladon column, where ths
holdup on cach plete g responsible B die dynamics of each plate. For an
arbitrary plate J, the ittt MEss, companeni, and energy balaners yield the
Edveming equations, summarized in Table 1. This table Tists 2%l the equations
fvelved in the dynamie analysis of the batch colunn and the ESSUMplions
behingd these equations.

As the poveming eqoations reprosent a generzlized form of the batch
rectifying column, the treatment gf tha Endividual aperating mode, such gg the
COnkiaRt .Hz:ﬁ variable reflux, or oplimal reflux modes, cxploiy e same
Eoveting equations, but with different specifications, Furthermore, the
Emveming equations of the stipper, middle vesse] column, and muoltivesse]
columns san be similerly deriyved,

In mpent yeas, raearchers haye relexed some of the assumplions
specified in Teble 1 in order i include tfgarans aspects of tray hydran]ics
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Fiz. & Schematic ofa batch distillation colump,

|
(Tomezi, 1997) end holdup effects {Mujtiha and Macchieiia, 998}, Tomazg
showed that the limkbetiang of trey hydracllics decroase the yield and capaciny
tmainly due to the filure of the intermedinte product cut t6 mect its puriry
specification. One of the long debated ‘issues in bateh distillalion is the
holfup effect It 5 roported that increasing holdwp can immove enlumn
Performance in same cazes but degrade it in others. Muitaba and Marchisttg
{1998) tovisited this problem for o binary system and provided & unified
tesull of che holdup effect b temms of thi degres of difficulty of scparaifon
{g) and the minimum time, I is found the) for easy separations (kypically ¢ =
0.6), increasing holdup fmproves colunly performance in the context of
minimurn  batch time but deteridrated the performance for  difficun
s2paralions. :

From the systtm of ilferential equetions in Takle I, one can easily ses
tht thers is no enalytical golulion o 1he. problem, and soe must waon 1o
Tumetical solution techniques. The govenling differzniial equations of batch
distillation often fall intg the categény of <tiff differzntial equations, The
selulion of sifF differentis] equations conlains a component that contribuies
very little to the solution bt can mhuse — by eccumulating over fime,

I
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Tablz |
The complete eolimn dynamics for a rigorats mndel,
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resulling in a totally ditferen Ealulien. Most ecenl bateh distillation codes
(Boston e of, 1983; Diwskar gnd Madhavan, 1921) use nutmerical methods
based on BDF (backward diffcretice formulg), and one of the well known
BDF techriques is the LECDE (Hindmarsh, 1980} method. Singe the

quantifying messures, such as 1he aiiffess ratio 58 (Finlayser, 1980) or
computationsl Siffness SAf) {Cameran er of, 1986) bath based o eigenvalue
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ciloulations, can be used to decide ahoul this switching. However, eipenvalug
caiculations e computatianally sxpensive and hence are not nonnally used
for the large system of differentiz] equations.

ST systemns cart elso be defined as near-indax syetems (which is beyond
th: scope of this anicts), and high-index pr:blems am infinitely auifr
problems (Cliung, 1991). If should be noted thet (ot high-index systems, it t
difficult to apply any numarical integration methed unless the system is
tramsformed in some ways to reduce the index of lhe ayatem. This ean heppen
in batch distillation of wide belling sysiems ot fof: calumns whens the heldop
inside e column ix siptificantly smaller than that af e #ll, The semi-
Hgorous medel can be used 1 cireumyant this preblem,

3.2 Low Holdup Semij-Riporous Model

Far columnz: where the plate &Eﬂ:mﬁ are 5\ phificantly fasler than the
whoiler dwamics {due o very small plate haldup: andier wids botling
companenis), the ST fnteprator ofien Fails th find E solutfan (Divekar, I9os,
Page 35). The sofution to this problem s o split fhe system o two Tevels:
(i) the reboiler, where the dynamics are slowdr, con hp reprrseiied. by
differential equations, and (2) the rest of the colundt can be essumed o be o
the quati-siaody state, Thirs, the composition ¢ Ige5 in e condenser and
accumulator Fk.m___.”. E&V, the compesitian changes [on plates m_... _;i‘ and
bie enthalpy changes in the ponderscr and on plates ﬁm-nb n___._m._ﬁ__..i in

Table [ can be asumed zerg, This results in a #frm holdup model, 5o this
approach can be used far simulating the gemi-igorous model of batch
diztil lation,

Domenech end Enjaibiert {1981 developed a m,_uﬁ.u_ simulition progrem
of bsuch rectification, in which they considered o [wemi-tigorous model with
the canstant or variatde refluy pelicy. Bemat e off (1990, 1991) developed
and compared semi-rigorous models of the bateh ref\iier and stripper For Em
bebavior of multicomponent Ezeotropic distilintion). Diwekar (1958, 19495)
and Diweksr and Madhavan (1991} developed |the software packapes
BATCH-DIST and MuliBaichDE, in which & semi-riporous model is
implemented,

The holdup cffects can be noglected in a nunlber of cases where this
model approrimates the colomn behavior socurziel)y, Thir mode! provides a
tlose approximation t the Reyleigh cquation, end for complex systems (e,
Rzectropic gysterns) the synthesis procedures can by extily derived hased on
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the simple distillatign residue curve mmps fplease refer Sectfon 5. for
dednils). However, note that ihis madel invalves g iterafive solution of
ronlinear plate-la-plate dlgebiaic squations, which can be computationally
less efficicnt than the Higorous moded,

3.3 Shortcut Mode] and Feasibility Considerations

A3 seen in Sectjon 3.1, the rigorous model of batch distllating oparEtion
thvolves a solution of several stiff differential aquations, Tie Computationa
intensity end MEMOTY requirement of gie problem increase wilh an incmease
i the nember of plates and Components. The computatipnal complexity
associnted with the Higorpus model docs not allow us 1 derive global
Propesties such as fazsihle reglons’ of aperation, which are ciitical for
optimization, eptimat contrel, and symihesis problems. Even §F such
information is available, the computationsl cogis of eptimbstion, opmal
contml, or syrthesis uting the Hgareus model are probihilive, Gne way 10
deal with thess problems associater with the dgorous model is 1o develap
simplificd models such as (e shortet mode] and the caliocation-based

their sccumacy depends on the simplifylng assimptions embedded within
them. The process of abstraclion can be viewed ar 2 trade-sff between

the ease with which they con be analyzed for global bebuviors withom
Campromising accimacy, Marover, the sbstracied models are expocted 1o by
compatationally simpler tg analyze,

Development of shortcut models for barch distiflation and (i use jn
optimization and optlme] eontre] stcms to be the recant trend kb baich

Zamar ef ol 1998), These models e either comfined to binary (Chiott and
Iribaten, 1991) or bemary systems (ANTuwaim prd Luyben, [991), or are
applied to multiple tesk bateh, distillations (Zamar e af, 1998) for the
sitnulation,

The shortcit mede! of batch dietillation proposed by Diwekar and
cormakers (Diwekar, I1988; Diwekar and Madhaven, 19977 it based on the
asstmption that the batoh disiliaon eolemin can be copsidersd equivalent to
& conbinuews distillation column with changing feed at any instant Singe
cantinvors distillation theary is well-developed and Iested, the shortewt
method of contingous distillation, is modifi=d for batch distillatior, and i

129




Vel 7, Wo, 2, 200} Neaw Era in Batch Disitfarion: Cumpuler Aided
Aralysiz, Opriciat Design and Congrol

compositions are updaied wsing a finite diference approximation for the
material balance (based on the Rayleigh equatien}. The olier assimplians of
the shortcut methed include constant molar overflow and nesligihle plate
holdups, The details of this method are described in the book by DHwekar
(1996). Az deseribed earlicr, the fmctipnat relationship berseen the Jistillag
wompasiton xp and the bottom eompositien ¥, i3 crucial Tor the simulation,
and the FLIG (Fenske-Uncerwood-Gilliland) method is vsed far eslimating
this relation.

Shontewt metheds kave also best thodified 1o incorporate hioldup issusg
using 8 comparttoentzl modeling opprosch, and extended 1o complex
mixties conlaining binary  and tEmuy azeoltopes (Dlwekar, 19%1g;
Ealagnanam and Diwekar, 19931, Recently, Lotter and Diwekar {1997}
applled a similar shertcot approsch to emerging batch coliomns such ss the
airipper and the middle vessel column.

The shorcut model is very weeii] in feasibility analysis. Tn ondsr 1g
raintgin the feasibility of desipn, there are cerfmin constraitls on the
varinbles, espectally For the design variables such as the number of plates &
and refliox ratio 2 The shorteat model helps to identify these bounds o fhe
design paremcters. The bounds on the parameters depand on the operating
medes. The feasible region of operetion has been idenrified nying the shor-
cut made] by Diwekar and cowarkers and is summarized in Tablz 2,

in this tble, B it the Underwosd minimo rellux ratia, which is
dilferem from By Ko is defined 3 the valoe of & required (o obain the
distillate composition of the key compopent equel to the specificd average
distillate coraposition {xp, ) at the initial gonditions for the given M. Recently,

Tahle 2
Feasible region for multicompaneyt baich distilfation columins.

Varinhie Aefuc ] ﬁnﬁuﬁ Figfiuz | Oplimal Reffuz

~ Final 86l Coriposition
0 < A 2af)

Distillate Comporition
& = <

Reflux Riilo
Fmin = Rimtit = Bymas | fiyern = R £ inf
.u«l:H,anwnmmFeﬂ
.?ﬂa.mm M. N _ Hﬂu.z..a = N
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Kim m_.a. Diwekar (2000) have defineg hew perfarmanee indices such as die
M-feasibility index and e R-feasibility index fir analyzing feasible regians

The shertcat madot has Been fourd 1o pe extremely efficfent and

Teasonghly dceurate for nearky-idee! migtms antd for columns with negligitlc
hotdup effects,

34 Collocation-baged Models

The pext smplified model in the sitmuiation hirrarchy f5 the raduced arder
model based on the erthogonal collacation appreach, The collocation
approtch wes fost prepased in the context of continuons staged sepavation
precesses by Cha gnd doseph {19830 ). The cxllocation approack to medel
reduction is Based ng approximatlng the calumn wiape variables by using
polynomials miber than diserele functions of tlages, and thus is witdely wsed
for packed batch columg design. The orthogonal collocation techfigue can
change panial differentig] Cquations o erdinary differentizl or Blgebraic
eqetations, and ordinary diffeential equations (IDEs) to a ect ol algebraic
cqualigns. In the case of batch disti] latinn, we encounmer ardinary differential
equations, and the orthogena! cellocation technique can be used 1o reduce
this system of ODEs inta nonfinear glzehmit equations.

Stivastave and Joseph (1984) developed the orthogonal collocation
method of 2 simplified packed betch columin wsing the 4th-grder polymomisl.
Christensen and Jmpensen (1987} presented a ool focetion-based model af
binary baich distillation having quasi steady-srale trays or packings. This
Bpproach was cxtended o obtain the reduced order model af batch distillatinn
by Diwekar {I988), For g qeaslsteady siaty batch distillation, with total
reflux, Aly er of, {1930) used the Galerkin method ag the weighting Fanction
over the finite elements, Evey thaugh the Galerkin method is ana af the best
known approxEnation methods for weighted residuals, his method i diffcul
ter implement

Hote thet the anthogemgl collocation mode! can sy be gsad o redoce the
order af optimization problems. It iz not alweys advaniageous te conyer
ordinery  diFerentia] equations te nonlinear elgebraic equanions. The
converied large systems of glgebraic equetions grs comptgtionelly fime
consuming, Instead of using the orthogonal collocetion to reduce e ODEs 10
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nonlinesr alpebrale equations, one ean use jt 1o reduce the order oS Q0F:, For
example, Diwekar (1988) developed 2 reduced grier model of hatch
rectification, and ‘Waige f ol {1997) combined the arthogonal collocation
method and the finite element method far & packed reactive batch distillation
ta reduce the order ol ODEs.

This model is especially uscful when other simplified models cannat be
uzed to destzibe the column {z.g. for highly nonidea! systems or eyslems for
which constart molar flow assumptions cannat be used).

A OPFIMIZATION AND QOPTIMAL CONTROL FROBLEMS

The previoes sections concentrated an the designi and simulation of baich
distillation columns using & hierarchy of models. Optimal design and
eperatiofi in a bateh disillation process is challenging decition-making
problems that involve several tinc-dependent and independent decisions in
the face of operting and themodysamic  constraints, Mathemaatical
optfmization theory makes the decision-making process easicr and
syslemetic. With the rdvenl of computers, {t s pagtible 1o eaploit these
theories to the maximim extent, provided that the problem & properly
formulated in terms of the objective function(s) and corstraints, and the
suitshl= solution methed from the opAmization thegry B jdentified,
Optimization methods arc glss wsed in solving and implementing contral
problems in batch distfation. This section Presenls design optimization,
optimal contro!, and elosed-loop control problems,

Literaturs on the optimiztion of the batch column iz feepsed mostly on
the solation af optimal control problems, which fncludes oplimizing the
indices of performance such mt maximuom distillste, minimun time, ond
maximum profit. However, litcrature op dptimal deslpn of batch distillation
for perfotming specifisd aperations by using the constanf reflox er veriable
reflux policies fs very limited (Houtman and Husaks, 1958 Robinton and
Goldman, 196%: Luyben, 1971: Diwekar = ol , 1989). This can be anribted
to the fact that numerical oplimizaiion techniques, sech a: nomlinear
prograrmming (MLF) wsed in optimal design, are iterative i nature {which
requires compulational power), while optimal contm] iheory  prevides
analytical expreselons {which are difficult to solvc). In this sectian, optimal
control prablems in the content of perfarmance indives and optim ization
techhiques am: described. Some recent anieles address the problem of desips
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and aptimal contrel Policy 1ogcther by combiing optimat controd theary and
numereal optimizaifon methods, This approach for simulteneous optimal
design end operation is describad later, Closed-loop control of columns is
presented ar the end of this saction.

A.1 Optimal Contraf Prablema

This subsection i5 devoted o optimal coneol problems In bateh
disiTiation, which have recgived considerable attention in the Iferaiur, In .
gencrzl, contey] refirs 1o g closed-faop system whete the desired operating
Peint is compared to an actig] aperating paknt, and knowlodge of the emor is
fed back w0 the systerm to drive the aetua! operating point tawards the desired
ane. Howcver, the gptimel coniral problems we cansider here da not fal)
under this deftnition of contrpl, Becauge the decision variables that will result

function here provides an open-loop control. The dynamic nemre of thecs
decision variahles makes these problems much wore difficult o solve ac
compated to nomal optimization whers the decision veriahles are scalzr.
These prablems gre categorized by (1) perfomnsnce indices and (]
solition methads, The following subseetion discusees the performance
indices for optitnal contho) problems, namoly maximem distiliare, minimum
time, end maxitaum prfit, and followed by z subsection on tnethematical
techniquees wsed to sqlv optima! coniml problems, which are coleulus of
vatiations, Pontryagin’s | maximum principle, dynamic programming, and
NLF lechhiques. The fifst ihree techniques treat the decision variables as

veetors whils the NLE approach requires the variables io be transformed fnta
scalars,

41! Petformance fdicar far Optimal Control Braffens
Optimal eantrol problems can be classified as:

* Maximom DHsilllate Problem - whers the amaone of distillate of a
specified concentration for g specified time iz marimized (Converse and
Gross, 1963; Kejlh and Branet, 1971; Mutry e of . {980: Diwekar af af,
1987, Muijlabz and Macchictto, 1988; Logsdon er al., 1990; Fathat ef of,
1990; Diwekar, 1992: Lopsdon ang Biegler, 1993; Meski and Morari,
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1933}, Thiz problem can be mepitsented as fallosys:

. Fia) v
Maximize Hl.n.[&m__ |.—M.umqh +H__.._F {11y
R,
x! ar ¥
t ]_,lL.unlll. InE af
= d " R 1t W-8anF,

dy v .mm_lﬁruwd Jo J [

& K+ B SEE

L))
-..“.p.u m_w.._.ma.q

X0 -
g -n.|...,.__&
R+

.
=Xg.

U=sr=T

Converse and Grpgs (1963) were the first 1o FEpOIT the maximum distillare
proble  for  binary  hatch distillation, which was slved using
Fontryagin's maximum principle, the dynamic PrOgFEmmMing tactiiod, and
the calculus of variations, Diwekar o of (1987) extonded this
optimization model 1 mulifeompenent systems and used the shartei
batch distillation mode along with the waximum pringiple fiv 1he
celeclation of fie opimal reflux policy. Logsdon o o {1990) vsed the
orthagonal collocation Epproach on finitt aletents and nonfipear
propramming (ML) eptimization techniques over e shoriout muodel, and
they exiended this method o the rigoroys batch distillation madel
(Logsdon and Biegier, 1963} & which they considerpi the effect of
coltmn beldeps on aptimal caniral policy. The abjective fimetion used by
Farhet ef af, (19N can be classifed a5 a Weximum distillnte probiem
although their sim was 15 maximize Production of a specified o iy
wullifraciion operations. [ theijr probilem, the batch time for each [TTRTY:H
treated a5 a decfsion variable, Linegr and exponential approximations o
the aptimal reflux profiles were implementcd. and he NLF ditimization
technigue was applicd to obtain the solution. Fecently, Meski and Morari
{1995) presented the maximum distitlate prablem for the midgde vestel
column and proposed an optinal operatinp Hraleey.

Minimum Time Problam - where the batch time needed to preoduce g
brescribed amount of distillate of specified concentration is minfmiged
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(Coward, 1966, 1967, Rabinson, 1969, 1970; Mayur snd Jackson, 1971;
Eely & af, 1979 Hang end Jmgensen, 1986; Chrisicnsen snd
Jerpensen, 1957; Mujtaba epd Mecchistin, 1988, 1992; Diwekar, 1992,
Bonny ef of, 1995, Mugiaba 2nd Macchieto, 1996). Although there mpe
several different formulations for the minimum time problem, Diwelar
(1992} detived the Tallowing formertations 1o establish a unified theory for
all the optimal congro) probleme:

Miimize g W&. a

R

5L —_——

m_y
.—nu_‘hb ..a.;u_w .
.Hh_h__ﬂl =Xn
L
o R+
d=ixr

In this objactive funclion, 5 new dummy variable £ s introduced gs the
thitd statc variable {x;' ), and the relation of'ys with the nctual batch time ¢

is piven by:
—=——=1, iy =0. (13)

Ealy approaches 1o thiz probleam  involved solubfions of two-paint
boundary valur problems {Coward, 1966, 1957, Robinson, 1969, 1970;
Mayur and Jackson, I197); Eply ot i, 1979, Hensen and Jorgensan, 19E4;
Christensen apd Jargensen, 1987, Mujtaba and Macehjetta (1968 used . |
piecewise comstant mefiuy policy and e nonlinear ProgEmming oplitnizer
t0 salve this problem, They extended their Previus work to (he optimal
recycle policy far multicamponent ystems, which were decompoeed 1o 2
sequencs af pseuds binary optimal conirg) Problems (Mufrabe and
Macchicuo, 19923,
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" Merimum Progyi Problem - whers 5 Profit fimetion far 5 spRciTed
Concent=tion of dis tillate js mEmimimd (Kerduot and Vissers 1978;
Logsdon g an, 1990; Boony er at, 1996; Li gr af. 1997 Muftabe ang
EwnnERS. 1997 Wajpe and E_E,mm, 1998; Hazsehe ey at, 1999, Much
n_” Hie recent resparch o0 optimal contral problems can be classified Ingg
this ﬂ.n_._u_.__. Kerkhol and Vissors C1978) were the fimm) 1 use the prafit
function for maximiation i bagel distillation, and they solved e

by Kerkhof and Vissers (197g);

Maximize  ya DB ~FCp e
Ty, )
AT
i
e b
. Thag ~ T gy
¥
1 ﬂa_..__
d=rzT

whete 31 and Cr are oo Pemamelen of praduct ang feed, respertively,
and ¢ in the denominggar is the setup time, Howeser, their ohjoctive
finction &id not fnefude he elfect of the number ol plates and the vilpor
boll-up e,

Diweker o g CI9E7) used 2 differen: objcctive funciian 1 solve the
Profit maximizaey Problem onder ihe st and varighle reue
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the Betch system with or without recycling.

A varfant of this ohjective function js 1o minimize Lhe meeq rate of encrgy
constinpion when the market size for the product §s fived by the curene
demand. The ohjective function is given by Furlonge er o, {1999);

o { oart
Minimize J= I|..~.|._.PI| (L5}
L Aoy X%
O=h,

where {2y [= the rebailer heat dury. They used this obective function far
aptimal contral of muliivessel columns for the first time. Hasehe o al.
{1999) alsp presented the oplimal opemtion policy based on eTEpy
consumplion for the multivesse! column,

4.1.2 Solution Technigues

To solve the optimal control problems, the fllowing four solutian
techiigues kave been wsod o literature. OF thess, Pomlryagin’s maximum
poinciple and nanlinear progamming techniques ape comzonly  wsed

nwadays,

* Calculus of Varigtions. The theory of optimizalion bepan with the
clloulus of varistions, which it based on the vanishing of the Gt
variation of & functional (dr ~ 0) eccording o ths thearem of it m
potential energy which involves the definition oF stetionary valuss for a
fimction. This leads o the Fuler Equatian and nateal boundary
conditions. In hatch distilation literattire, Converse gnd Gross (1963) and
Mutry e of (1980) used this method to solve te maximum distillate
problem.

* Ponirvegin’s Maximur Principle. The maximum principle was first
proposed in 1936 by Pontryagin and cowsarkers {Pontryagin, 1956;
Bollyanskli e af, 1956). The ohjeclive function formuletion s
Fepresented as g linear funchion in tetms of tho final values of a sipte
veddor and & vecter of constants. Like the calculus of variations, thiy
methed is smly applicable to aptimal contra? problems for fived scalar
variables, The maximum principle fecessliues repeated numeaticat
sofutions of two-poinl bourdiry velue problems, thershy making it
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compuiationelly synensyve, Furthermare, il cannot handle bounds gn the
controf varables,
It i possible to derive e Recessary condition fer optimality i the
nm._.EEq“ of varitions fram the naxiintm principle when the deciston
YECTar is hol “Misimined Converscly, by using the leshnique of the
Hﬁn__“m of varistions, the weakened form of the maximum principle can
This principle has beap widely used for batch distillarion (Converse and
Grass, 1963; Cowarg, 1956, 1957, Rebinson, 1969, 1970; Keith and
Brunet, 1971; Kerkhof and Vissers, 1978; Mayur and Sackson, |980;
Henzen amd Jogensen, 1986; Diweksr of al, 1997 Christensen and
Jevgensen, 19873,
* Dymumic Programesing. The method of dynamic programming 3 baged
on En principle of aprinealiy, 2 smted by Bellman (1957). In shert, the
m_:__n__u_n ol aptimality staies that the minimum value of  function is &
mﬁn_._aj of the injtial state and the initial time, Thiz methed is known as
best mmﬁmw_n for multi-siage proccsses; however, the application of
dynamic programming 1o g continuously opcrating system Jeads Lo @ s
of nonlinear pertial  diffential equations. This method i used hy
tesearchers in solving the batch rectifier (Converse and Grass, 1061:
Mutry et af,, 1980),
HLP Optimirating Tech nigues. World War Il made scicntists aware af
==, fﬁ.......ﬁ oF  nmumerical optimimtion  methods, Nurnerical
ophmization technigues invelve an itecative scheme, The oplimizer
invokes the model with g ger of decision variables, The mods] simulates
the phenstiena ang talculutes the ohjective fimetjon and consttaints, and
the information is wiflized by the slgorithm fopiimizer) to find the pew sct
of deciiion variablcs, This scheme contiues ungl the optimel decision
varinbles are found, NLP optimization tochniques are the numerical tools
used ,mu_. models involving nonlinesr algebraic equations. Obwigusly,
nu.u___...smm ,z_l_u techniques to optimal eantm) problems  invalves
discretization of the conezg) profile by epplying either the orhopons]
an..=¢nm=n= on finite elempns (Logadon ef of | [990; Bonny er al., 1995,
Lier ol 1997; Hasebe o 4, 1939), the coniro! veclor parameterizatian
.__E._En_. (Charalambides o o2, 1905, Mujiba and Macohieno, 199%;
ﬁm._mn.nu_..__ Rekleitis, 1998; Furlonge e al, 1959}, or the polyaomigt
Spproximation (Mujtaba arad Macthietic, 1988; Farhat v af, 1950), These
discrelization approachics gdq nonlisearities to fhe system as the nomber

138

Kinfun Kim ard Urmifo M Diwekar Revisws In Chemical Btgineering

of nonlinear cquations incresse;  therefor, they mquire  good
inifializations and may result in Fub-optimal solutions. Cn the other brand,
the palynemis! epproximation methods depend on ihe crucial decision of
choosing the right fype and order of polysatmials for the contral profile
=pproxiination,

A ncw gppreach to optimel conol problems in batch distillation,
profpioscd in 2 paper by Diweker (1992), cotbincs the imaxinm principle
and the MLF iechniques. This sigerithm reduces the dithensionelity of the
problem (caused by WLP 1echniques) and aveids the solution of the two-
point Boundary valee problems fcaused by the maximom princlples.
Furthermore, it was shown thet for bawch distilation problems, bounds
could be imposed an the control vector by virtue of the nature of the
Tormulation, :

4.2 Closed-Loop Contral

The two ttaditional haich operation policies, constant reflux and varihle
reflux pelicies, invalve gilferent conlrol strategies. For the constant reflux
policy wher the distillate compastiion is conlinuously changing, the everzge
distfllate composition can mmly be known at the end of operalion urlezs
proper feedback from e operation is obtained. The cantro! of the average
distillsde compasitan js, then, of an anen-laop control namre. However, the
variable reflux policy & irherenlly & fecdback operation breause te refux
tatéo i3 constantly ediusted to keep the distillate compositen constant. The
purpese of te designing of & closed-loop control scheme = to reduce the
sensitivity of the plont bo extemnal disturbences, Since batch distillation starts
with total reflux to obimin stedy stale end the distilints = withdrawn after
that pomt, e rellu mmiic and disiijare composition may oscillal: iF 5
<otraller aln is not properdly selectsd Thiz iz the veason the constant
composition cantrol proves 1o be very challengdng. This subsection describes
recent research cfforts an the closed-lowp control problems,

Quintrro-Marmol ef ol (1591) snd Quinters-Mamol and Luyben {1992}
proposed and compared several methods for estimating the on-line distillats
composition by the feedback contral wmder the constant eflux operating
policy in » tatch reciifier. An exiended Luenbeager observer for tracking the
distiliate composition profile wes proved to pravide the best result.

Baosley and Edpar (1952) considered modeling, cantrl, pnd oplimizaiing
aspects of bateh wofificatlon wsing nonlinear model predictive control
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CMMPECY, and implemented an gptimal barch distillation policy it was
determined & prigr by the afi-line oplinization, NMPC zan determine e e
of contral moves, wiyich ¥ield the optimal trajeclory and allow cxplicit
Ctmsirainls on inpusg, outputs, and plent states, It is krown it MMPC is one
of the best spprogehes For dlstiltze cOmposition conirol; however, i contrg]
scheme s nuaunlﬂmuam.___.___, etnsive becanse oplimtzation probloms grs
solved inside this camiral Toop. This work was farther studied By Finefrock e

refiux operating policy. Since the gain mpace can be changad sipnificantly
after a switth to the production phatz, they suggesied o gain-stheduled P
controller based on Npe if the instantancans distillate compasi- Tion s
known, Fileti er af (2000) glsa considered NMPC ag well as PAD
{(programmahle adaplive contpller] and STR {zeliHuming rEgialor) for
optimizaden and on-line operation, and sugpested (hat WP be E=nemlly
applicable n any fead mixmre conditions,

Besiges NMPC, Barglo and Berto (1998) provided = framework for
obtaining composiiion contrgl I bateh distilizlion using 2 ronfinear irilermal
model cantral (NIMC) approack. NIML, propascd by Hencon atd Sehorp
(1921}, c=n exactly ilnearize ihy syslom input-autpul map and be easily tuned
by using 2 single parmneter for each camponenl. The distilate compositian i
estimated by the selected Lempeniure measurementy, They also used an
exiended Lucoberger obscrver for o eotfposition estimator, Although 1hie
approach can be relisble and casily implemented, the authors poimied out the
Probles of sclecting fie best empieratire messuresncnt lacations ang fhe
problems with usitg the extended Luenberger observer in cese of a larpe
aumber of trays of & haich column. For a tighier composition conral, mare
restarch I necessary (o develop a mbust and fast elosed-Joop contro! scheme,

Closed-loop contrgl schemes have also been epplied to mew colunn
coufigurations and camplex batch systrms. Sevensen mndg Skogesiad (1994a)
Presented contre] schemes for the batgh siripper. For the contrel of the
middle vessa| column, Barolp o af (1995) first proposed and exEmined
several control schemes with or without piodect recyeling. They showed the
experimental resulis of the Proposed conlrol structires far dux) composition
contral with or withoot impurity. Farechiman gnd Piwskar (19085) proposed
dual compasition comtrn] m which the twe compositlan control Ioaps cap be
deconpled if the instaiiapsays Product compasitons are knewn, Thy degres
of inltraction between 1he twe compasition contml lreps c2m be essessed
uging the relaiyve Eein array techmigue. Phimister and Srider (2000} extendedd
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the two composition contrgl [oaps to continugus distillation having 2 middle
vesse] in order tn overcame the common problems in the dual composition
contra] of contirnuays distillation,

Rasche er af ([995) praposed & single foop cascede contrl syslem o
cantry] the composiiion of each vegss) in the multivesse] column, The vessel
holdup under totel reflux s the rmenipulated variphls, and the mefiux Mow rats
rom each vessel i, then, conrmliad by a simple Pl conimller, Wittgens e af,
(1996) and Skogestad e of (1997} developed a simple fecdback conteal
slrategy ir which the temperature at the Entermediare vessel was contrgMed by
the reflux rates fom the vessels, thereby adjusting the vesscl holdeps
indirectly, Further, Furlenge o of (199%) compared different coniml
schemes,  including aptimel conmrol  problems  in lerms o energy
CAnSumHian. '

Thie Feedback cantral I the exiractive batch diitation has appeared Tittle
i liserature. Sorenzen of af {1998) proposed n contmo) scheme o rack the
optimal temperature profile determined 4 priovd by using a convenrional P
lemperalure  coniroller, ?__nE.nu__.E_un_ﬂE end  Alvarez-Hemirez {2000)
extended Baralo and Bertg C199EY's work 1o reaciive barch distillation in
which an input-oulpul iinearized feedhack i propased.

Furure works jn the closed-lonp zontral prablems can involve locating the
Freper Wenpemture measurentcnt Tacations, casy parameter luning, andfar
focusing on racing the optitnel profiles, as well as fhe fon-gpec’ products.

§ EMERGING BATCH COLUMNS, COMPLEX
SBYSTEMS, AN SYNTHESIS

In the previous sections, we describad different aspects of hatch
distillation hacluding the development of a hicrarchy of models ranging from
simplified W rigorous, cptimization, and optimel confral of the batch
distilltivn  operation. Thiz seetion presents  discesslen on  elremnative
emerging column configurations, and themodynamically or kinctically
complicated batch distillatioh systems such as szsolropic, extractive, and
reactive distillations. Tn addifion, this section describes how thess camplex
batch column configurations jndfor complex sysiems mesult in difficel batch
disiiltatlon symihesis problems,
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5.1 Emerging Batch Columns

Tt the introductfon, Figure 3 showed the off-cur recycling columi {Figure
3c), batch sthpper (Figue 3d), middle vessel column (Fipure Je), and
multivesse] column (Figure 1) configurations as cmerging batch columos,
These columns are described hers.

5. 2.4 Qff-cur Recyeling Batch Bistifiation

Research on the design end optimization of this operation has mainly
involved the perfarmance evaluation like minfmum bairh 1ime andior waste
amaunts based on the depree of difficulty of separation, mbing and rocyeling
Firatepies.

Meyor of al. {1970) supgested an aff-cur tecyeling or periodis operation
in which the fresh feed of exch cliagge is mixed with the led off-cut
producis from the previous charge. Unlike simple Batch distliation, batch
distllation with recycled wasle ¢ttt consists of two steps, and hence & quasi-
Sleady stale of gperation can be essumed when the numbkr of bairhes
ereases. They observed a 5% redection in the batch time pl' the binery
sytein with a recyeled cul. Christmsen znd Jopensen (1987) zalwed the
minimum time problem of this opetation by using Pantryagi's maximnm
principle and the orthogonal callocation meshod. Their camputitione] results
showed that effcut ooycling ey lead to signiftcent Umg savings for
difficult separation systeme {7 > 0.75) competed bo batch disdllntion withat
off-cut recycling. The degres of the diMiculty of ecqaration (g |i# the ratio of
the necessary A, in the column st tota reflux and conitant praduct
composition to the ectual number of ideal ays i the given column. Bosides
&, B capacity factor that is the tolal on-specification products d|vided by the
lotz] bateh time wes used to evalugte dilferent off-rug rcyeling |strategies for
multicomponent batch distillation with offezut recycling (Cigtero-hiarmel
and Luyben, 1990} They suggested 1o perform indfvidusl mary baich
distillatiat on cach offcut, resuliing in 30 ~ 40 % ipmeasas in| the eapacity
factor.

Optimbztion and optima! control theories have also been apglied to barch
distillation with off-cut recyeling (Mujisba and Macchietto, 1993 Macchizilg
and Mujtaba, 19%6; Bonty e af, 1996), Mujiaba and MaccHielto (1992)
proposed an oplimel recyele policy for mukicomponent batch diciflation
usiag the NLP technique for the miimum time problem b 00 & quasi-
steady stete batch distillation model {which was finally decatnpazed 1o a
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_.wﬂ_n_n binary batch modedy. ‘The results showed significant zavings in baich

tion af sharp separation becomes invatid whey i3 grugter than 0.6, They
extenided this work 1o the determination of e optime] regycling of the off-
cuts by the multiperind reflgy Optimization techniqee {Macchietto and
Mujtaha, 1995}, in which CVP {camial vector Perzneieizziion) was gsed 1y
discrelize the refiyy prafile over differant perinds. Boomy o gf {199¢)

interested Stralepries wers the opiimal determination of the mixing Srategy
end the slop-tur fecyeling strategy, Among their general soggestions, foeed
constant reflie mtic per buddh was obterved s @ pond strategy For the
exdmples considerey,

As described eardier, Zamar o al. (1998) defived a shortom model for
EE:E.“ task batch disiRiations with or without the aff-¢ot recycling vsing »
Pectition fimetian where the acrua| composition profiles ere approximated By
the profiles at the el reflux condition, Wafze and Rekaitis (1938)
..E..n?u& 2 generzl optimal cmpalan shuctops (campaipn optimization) far
reactive batch distitlation with wase €uts. The optimel policies were obtained
by muitiperiod rofiny optimization with a Cyp discrelizatian and 3 Nip

products are withdrawn gt the battom mboiler.
.mﬂ.:ﬂ & al (1991} developed a semi-rlgorous model of the Btch

siripper, compared 1y the rectifier, is essangal t0 break & minimuom bailing
Point 22zotropr, Sorensen and Skogestad (1995) comyptared the baich stripper
with the barch rectifier in ternms of batch fime and propased g the inverted
column conlfgiration is betrer than the regtdar column for separations where
the light componenr in e feed is presenl fn a smal amounL They alsa
Feported that in sotme coses thy Siripper can separate feed mistures whils the
rectifier design is infegsihle for (hat sspacation. Loisr gnd Dioeefcar (1597}
published 2 shortent mede! for the siripper based on the FUG methed, and
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Eim and Diwekar (2000), based on this shortett model, derived morc
generalized heuristies for column stlectioh wsing various peclarmance
indices, namely prodges puity and yield, Feasibility and Nexibility, and
thermodynamic efficiency,

517 Middfe Vesraf Cofunme

This column configuration conslsts of & middle vessel bemwesn twa
sections of the batch column. The feed i inttially charged into the middle
vesse], and the products are stmultaneously withdrawn from the top and the
bottotn of the colunn, The middle vessal volwne can be an jden
configuration for lemary tatch syslems.

Robinson and Gitliland (1950} Bortolni and Guarise (1970), and
Devyatikh and Churbanpy (1976) were the earfier researelier: whio teptoned
the possibility of this ealumn configuration, Hirwever, anly recehily, analysis
of thiz column conFgeration has been published in the 1990 (1 tasche ef of,
1992, Davidyan e af, 1904; Mujlabe and Mecchictio, 19%4; Meski and
Morarl, 1995; Baroly o f , 1996; Lotter and Diwekar, 1997),

Hasche e of (1937 configured 2 heat-inteprated middle vessel column
and proposed that the middie vesse! calomn = more effective in separating,
Temery companeats than the rectifier. In thefr study, the colump was operated
n such = way thar the light impurity was taken off the top and e heayvy
Impurity wes remeved from the bottom, This opemtion is sestained wntil the
desired prodiet specification i eached i e middle vessel,

Davidyan et al. (1994), besed on thebr previous works (Davidyan er af.,
1991 abyc), anulyzed the dynamic bebavior of the iniddle vessel column For
idezl binery and temary, end azeotripic ternary systrms. They found
additional steady states, which are sbls or unstable singelar poinis of &
dynamic system describing the coalymn. They else introduced 3 rew
parameter g3 which is the ratfe of te vapor boilup iz in the rectifying
section & the vapor bollup rate in the etripping section. Depending on the
value of the variable g7, the column shows g qualltstively different belavior
for u domain of the reflux and reboil ratio. Figure 7 shows the effect of g7 on
the top and bottom produet prrities. For g"= 1, the distilfate composirion of
the mare valgtile companent increases with ume, and this is a favarable rend
for the Yipht key dicti|late. Huowever, the hottam cemposiiion of die [east
volatile component decmasing. Thess trends are appasite o those of balch
rectification whose ircnds are similsr to the case of g*=I0 “Therefore, the
new degres of fresdom g7 is ap imporant pammeter o be wsed in aptimizing
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Fig 7: The eifesy of g o the lop =nd bottem praduct puritizs in the middle
vesze| column.

e gperaion. Meski and Morari {19951 extendnd their previous work under
the infigite separation aid the mirimom rafgx condilions and proposed that
the middle vessel column always oulperforms than the rectifier and the
stripper In tenms of batch time, For a hinary separpion Eysiem, they also
foend that the steady-sigre operation curesponding Lo g =1 is the optimal
control palicy,

Besidet eolumn dynamics, this calumn configuration was glse epplied ro
reactive bawch dfstillalion by Mujtaba snd Macchietts {1994}, Latter and
Diwelar (1957) developed the shartcut mode] and derived feasibility criteria
for the middle vessel design. Barala ef of. (1995} proposed severs! contol
schemes for fis column canfgurration and experimentally validated the dugl
<ontrel system for iz column configuration, This dual eontra] Syslem was
alse studied by Farschisan and Diwekar {1998) and Phbmjster and Seider
f20003,

This colomn configuration is very fexible and cffective, and hence pne
Tan, in theory, sinultaneowsly obtaiy VeIy PURE components in the fap,
battam, snd middle vessel, Far example, Safyit ef af (1995} investizared
extractive distillation in the middle vesse] column and Fumd that s cotump
a0 recaver ell el the pure distiljaie product fiom an azeotrapic feed with 2
relatively small size of reboiler, while 2 recrifier alane wanld require 3 £l
pot of infinfte stz
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R4.4 Muttivesse! Colpmn

Hasthe & af (1995) prescnted a heat integrared mulki-effect back
distillation system (MEBDS) as an altemative to continugus distillatian, The
feed was initially distributed among all the middle vessels and operated at the
total reflux policy. They profrosed a composition eondrel system it wiidch the
vessel holdups are manipulased by level controllers, They concladed that this
new emerging column <anfiguration con have bettar separation perfonmance
than continuous distillstion for systems having a larger nomber of productz.
Hasebe ef af (1997) published ap optimel eperation policy for dis column
using variable haldup modes, They aptimized the liquid flow rates in arder tn
minimize the batch time and concluded that the watying, holdup mode
resulted in up Lo 43% mare distllate than fhat of the constati holdup mode.
Rezently, Hasehe of ai, (1999} optimized e haldup of each vessel B &
function of dme faor te total reflux miUltivesse] aystems, They slso COMpEed
the optimal policy with the constant reflux and varable te=fux palicies, where
the varable refux policy for a tormary systewn is LE ~ 38 % preater jn
performance index, defined as the amount of pradusts per baicl per lota|
bateh dme.

Skogestad = al (1997), based on thefr previous work (Willgens er af,
1996}, reporied & new column configuration called © ineltivesse! column,
This column is operated t total reflux condilian, They showed thar tha
Eteady-state compositions in the intemmediac vestels could be meintained
regand|ess of the iniSal feed compasiton by contrelling e liquid raic from
the middlc vessel so that the temperature of the iray just below the middis
vessel remained conseznt, This operation policy can be the idest operation
plicy of batch distiTtation, espectelly for the middle vessel and multvessel
columns. The total reflux mede is cammenly used for the multivesse] colump
(Skogestad er af, 1997} because multiple products can be accumulaied i
each vessel according to their relative voletililies. As a variant of this
operaling meode, the cyclic aperation mode hay also been swedied. Sopmc
litetature can be found on dhe exclic operation palicy (Barb ang Hallang,
1967; Block, 1967; Gonzale: Vizlzea #f al, 1987, Nowicki and Gémk, 12E8;
Sorensen and Skogestad, 19%4h), which is essentielly & variant of total reflux
condition. Recently, Serensen { 1999} pressted 2 pomprehensive sludy on the
optimal opertion of the cyclic operating policy of the batch Tectifer,
stipper, and middle vessel columns, The Fomnpulations! resglt and
experiments showed a sigmificant sevings in basch 4ime for same SEparations.

Furlange er ol {1999} cmiended their previeys study to optimal control
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rroblens and develoned more dersiled Higerous equations with dynamic
energy balance equationg, liquid and vapor haldups, and dey and wet head
losses an each ey, They compared varisus operating polices in terms of a
T™edn encrgy eohsumption rags. They found thet the optimal fnjtial feed
distrbertion grearty improves the colinn petformance, rsulting in an EnetEy
comqumption rate half that af the rectifter,

5.2 Complex Ratch Distiliatign Systems

Thermodynamically” and kinedeally complex systems like afeatropic,
extraclive, and roactive systems pote additional bottlenecks in design and
operztion of batch columns. Tae aperalional Nexibiliy offered by batch
diglillation, dlong with the pew emerging designs, can provide Promising
dliematives for circumventing the bottlenecks, The lollewing sections
describe the methods for anglyzing these complex syetems, Theze methods
dlzo provide heoristics for gyntiiesis of these columns especiolly in temms of
the differcnt ents abained in a single colump or perfarmance: comparison of
the camptex calypns,

32§ Azeviropic Rmch Disitiltagion

Azeotropic distifletion §e ap Importamt and widely nsed stparation
Lechrique as a fwge number gf azeolfopic mivtwes are of greal indusirizl
importance, Desplie thejr Importance, azeotropic distiTtation techuiques
remain poorly understood from a design slandpoknt, This it beeauss of the
complex thermadynamic behavior of tha system. Theoretical studies gn
#zelropie distillation have mainly centered arcund methods for predicting
the vapor-liquid couilbcum, dais from liguid salution modets and their
application to distillation design (vanPonpen gnd Doherty, 1985b). However,
only during Hie past two decades has there bezn 2 concerted eifort fa
undersiand the nature of the eomposition region boundzries, Deherty and
voworkers (Doherty wnd Perking, 1977, 1978ab, 197%; venDongen and
Dohecy, 1985b.2; Foucher & al, 1991; Bemor or af., 199, 1991} iy their
Rioneering works propastd several pew concepts in wzeotrpic distillation,
They esiablisked dhe ;ze of temnary disgratns and residun €iVe maps in thi
design and synihesis of aztotrapic contiruos distiliatian columns. n barch
distiflation, they gullined a aymthesis procedure based on the residue corve
KBps.

Thie residie curve map Eraphs the liquid campatiion paths thar ame
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salutions to the fallawing set of ardinery differential equations:

%-b.ﬁ_ Frl 2yt -1 {i6)

where » i the nwnber of components in he systert, and the independent
variable, warped tme (&), is a monolenieally increasing quantily related 10
real time. One can sex thet Equation 16 is ane fn of the Rayleigh equatior
described earlier, The residue curve map gccupies a significant place in the
cotweeptual desigh sage of column sequencing in continuous distillation, and
fractions {cuts) sequencing in batch distitlation {PBemot o af 1290, 1991;
Ahmad o af, 1998},

Bemot ef af (1990, 1991} presented the gencral behavior of ternary
zectropic distiliation and compared the batch rectfer and stripper for the
minimum beiling amotrople system. They suggested the use of the batch
stripper to break the ezestrope, Esplnasa and Selomone (1995} developed a
modified chortewt model of bach rectification for nonideal azentopic
sysiems. Their mede!l, bascd on e constant minimuom reflux ratio, estimated
the instaniancous separation perforteance from e promety of the internsi
profiles, thus nol requiting stage-to-stege computation. Analysis of the
azcptropic distitlation in the middle vessel eolpmn was presented by Cheong
end Barton (1999}, The: assutnptions underdying this analysls were an infinite
number of raye end infinite reflux and inGnite rebail ralios. The top and
bottem products are governed by che coneem of sieering the middle vessel]
eomposition (%), which js the veetor cone of possible motion for fe middle
vessel compositlan. The vector is enalyzed in terms of the dimensionless
middle versel parameter (1), where

I

A= oiF a7

This 4 is refated to 4 a5 defined earlier. By varying A4 (e, changing de
productian rakes), 1 is possible to cross the middfe veskel boundarics and thys
overcome distilletion barriers. Ome way of steerihy the middle vessel
composition using A is shown in Figure &, !

Despils the advances in the thermodynemics for predicting azeotropic
mixtures, feasible distillation boundaries, and sequence of cms, e
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Coferm Profile

- Hh.

Fig. 8 One way of slecring the middle vessel eompozsition where A js &
dimensionless middle vesse] paramcier (Reproduced fom Cheong
end Barion, 1994).

azcpimople atch distillation system ia still incipient in terms of design,
optitmation, and opiimel conmol,

3.2.2 Extractive Satch Distiftation

Extractive batch distillation can provide advantages of both batch
distillation and extractive distillagon, and thue this process ean be very useful
for stparalion and recovery of weste solvent streams that penerlly fomm
multicompanent azrpiropes. However, most of the recent msearch efforts on
this kind of distillztion i3 limited to feasih;] iy analysis,

Yalim of e (1993) fimt devcloped a dynamie simalation model of the
extractive baich ractification procest with continuous feeding of an entrainer,
and valldated the model experimentally, The extractive distillation Process
using the rectifier eonsiste of four siens which are: (1) eperstion under fofl
reflizx withoul solvent-freding, {2} operation under tofal reffux with zalvent
feeding, (3) operation under Fine reflux with solvent feeding, and (4)
aperation under Ainfie relux without sglvent feeding,

However, the aperation staps and the size of the reboiler can be reduced if
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the middle wvesse] colump is uied. Safrir er g, (995} and Safit and
Westerberg {1997 investigated baich exractive distillation in the midd)e
vessel column. They showed thar gie extractive process is comprised of e
Eeps (Operations 2 and 3) ang requires & much smaller sf]f pot size. They
alao identified Feasible ang infeazible reglans, and showed tha by varying
coltmn conditions such gs e product raie, reflux ratig, and rebu| ratig, vne
can *steer” the middfe vessel composition ta escape fram an mfersible repion
1 it i located in one, The concep of steering i8 also used by Cheang and
Barton {1959} &5 described in the previous subsestion,

Safrit ef al (1995} also showed that the middle yessr| column can
theoretically separate mivtures into Hisir pure siales, Bl from the extensive
study on Feasibility of exiractive bakch dtstillaton by Lelkes ef of, (1998), a
thearetical recovery of 160 Pereont can only be possible when e steesing is
toward the simplex of e intermediate companent on the {riangular dizgram,
The euthors found that the necrasary ard sufficienst conditiog for feasibility is
to havo at lexst poe conhcoling rouls betwesn the sill peth and the rectifying
profile. It is the extractive profde that connects the proiiles (Figurz 9. By
varying the ratio of the eneatner flaw TRt o the vapor flow e {EF ), one
can change the extractive profile and thes find feasthie operating conditjons,

1t should be remembered thai sines this feasibility analysts js baged on ithe

acelano

mathernal watler
Fiz. & Possfhle axirechive profiles for a fensible oporatan jn Step 2.
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baich rectifier, not the middle vassel column, it alty requirs four steps and
may require a linge-sized reboiler,

£.2.3 Reactive Baich Dintitlation

Alhough reactive distiliation was acknowledeed a3 a wll gperation as
carly as in the 19205, it has grined its restarch interest B2 an excellent
allemative to both raction and scparalion sikce the 19803, For example,
mast of e new cammerial processes of MTBE {methyl-t-butyl ether, an
anli-lnocking agent) are based o canfimuous eactive  distillation
techniplopies.

The analysis of a reactive betch distillalion model jn 2 staged colunin was
first published by Cuille and Reldtaits (1988). Usity; » sEfT integrator for the
differential and algebmic efuations, they presented & pumereal solufion
technique far die esterifotion of l-ptepano] end ecetic acid, Albct o o
(1551} and Serencen g of (1996) developed control schemes e roactive
batch distillation using ropeated simulation trchnigues. The use of the midd)e
vessel eclumn for rooctive distillatjon was sudicd by Mujieba and
Maexhietio (19943,

Waige et ol (1997) develaped & new salution technique based on the
arthogonal collocation method on the Tinite element methad Tor the mactive
batch distillation of a packed column, The differsntinl contactor meds! of 5
packed colmn, driginally designed by Hiteh and Roussean (1988}, was then
reduced o the low-order palynomiale with desired acauracy. They compared
the results with thoss from the finjte dilference method and  global
callacation methad for non-reactive Parked-bed batch distillation systems,
and showed dhat their opprosch was mare effcient, Wajge and Rekxlaitis
C1998) extended thelr previons wotk to e optimal campaigy structure for
reaclive batch distillzlion, which can offer reasonably sharp separations
betwean successive cuts and reduce the amount af waste off-cuts. Ta obinin
the aptimal reflux policies or rrofiles for the mazimum distiliate or minimum
time problem, multiperiod reflox optimization (Mecchictio and Mujtaba,
1986) ean be applied. They showed that for fie same production rate, Lhe
waste penetation cin be significantly mduced ynder the opimat campaign
structime,

Al efficient aptimizatian sppruach for reactive batch disidlation using
polynomial curve Mibing technigues was presented by Iujtaba  and
Macchictio {1997), Aler finding the opfimal soTution of the maximum
camversion probler, polynmnial curve fuing technigues were applied nver
these salntions, resulting in & nonlinear dlgehraic maximun proff protiem

L51




ol {7, Na, 2, 2604 New Era in Goick Distiflartion: Comprterdided
Anglyusic, Optimal Desizn and Conrof

that can be efficiently solved by a standard NLP technique, Four parameters
in the profit fimction, which are meximum conversion, optimum disillate,
optimum refiwx ratfo, and 1omat reboiler heat load, were then represented by
polynemizls io terms of batch time. This algebmic representation of the
eptimal solution can be used for en-line oplimization of batch distillatio,

Venimadhevan e af (1999) developed & semi-rigorous mode] far o
reaciive distillation spsterm forming mulkple wieolropes, They constricted
the model equations using two dimensionfess paremelers, warped time (5
gnd Demkfhler npmber (), and intreduced 2 distillaign straregy of
femoving the aquequs phase in the condenser as a distillate, They alea
derived e explicic expression for the reflux policy for a special case of zere
sum of reaction coefficients,

A dynamic ratebeeed medel fe packed-bed batch distiliaton was
recenlly presented (Kroul e of, 1998, 1999Y, in which a solid caralyst was
used first fn the reactive batch distillaian meadeling. The pilgkseals
Experiments were conducted with srongs anion-cxchangs resins. The resulis
were compared with the expedmental dam and with the resulis from jig
tounterpart, the equilibtium-based model. The rate_baged model provides
More accurscy, much higher physics) significance, and mome predicalility of
the experimental deta even though the formulation of the rate-besed moded js
catnplicated,

Binee reactive batch distillation is rormally catried oot in a packed-bad
batch distillation, column, the foltewing partgraphs are devared 1o desighing
af pecked-bed bateh columne.

Pocked-bed batch distillation, with or without teactions, is & very
ellective method for separating, specielty chemicals by flexibility end cost s
£ompared to steged batch colitming {Srivastava pnd Joszph, 1984), in general,
there are twe solution techniques: heat and mass trensfer model (rate-based
madel or differential contet tiedel) and now-cquilibrom stage model {Girak
«f gk, 1990). The first method s based on the tnats and heat balences of a
differential clement of the packing while the szcond is based on the aciual
finite layer of packing, resulting in nantinear alpebaic equatiohs. Both
methods can ideally pravids (he sama rasuls, but the saletion efficiency is
quite different, Most of the recent Jiteraiure on packed-bed batch distilfation
£xploits the mass and heat tansfer modal

Fellah er ot (1982) develaped & generalized model for packed columns,
which included nenlinear YLE, axial dispersion, and energy halerices, gnd
they validaled their model with cxperimems. The model was solved by the

o]
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finite ditference method, which had slability probleams when isgrmting, the
System £quations. The model was further investigated by Aly e of (1957}
witle 2 steady-state model under tatal reflox with exial and radial dispersion.
This steady-stale model was tyen applied by the finite clement method of the
Gdlerkin-type for rapid convergence, However, the Galerkin method is hard
o implement in machine computing. Christesisen: and Jorgensen {I957)
presefiled numerical techniques b simiar packed columns in which e
arthogonal collocation method was applied to solve the minimum time
problem.

As deseribed ealier, most of the recern sidies oo reacilve barch
digtillation use packed-bed batch volumns, end thus some of they are Briafly
rementioned  hee,  Mojtaba  and  Macchietio {1994) poesented o
camprelignsive study of the optimal aperetion of reactive barch disii]lation in
the middle vessel columm, Wejge o ot (1997) and Wajee and Rekluitis
{1598} applied the orthogonal collocation gver fhe finite elzments for the
differential contaclor mode! of reardive batch diztilation. 2 dynamic rae-
based madel for pached-bed beich distiliation was recently presentied {Krenl
ef af, T9UR, 1999).

5.3 Batch Distillation Synihesis

The complexity in batch distlation design znd aperation is alzo relecid
in the batch distillation synthesis problem. In the continuous distillation,
aptimal column sequencing (s the mein Tocus of synthesis researck. Several
Past reviews are available an this subject (Stephanopoulos, 1980; Nishida er
al, I9BI; Grossmann, 1990) Unlike contimuous distilfation synthesis, the
area of batch distillation synthesis is complicated by the tremsient natur,
Diecisions like cut scloction, operating end, confiputation type, and column
sequencing eater into the symthesis problem. For complex systems ke
zeolropic, extractive, and reactive distifation, idenkfying the region
boundaries end sieering towards feasible and optimal regions add funther
eomplications to the problen. Bawever, as seen in e previous seciton, the
theoretical and geomelric malysis can provide right directions tnwands the
iptimal synthesis prablem in (his area {Bemol ef o, 1900, 1991; Cheong and
Barton, 1999).

The state el the &t 1echnigues used in the salution of synthesis problems
include: {1} the heuristic approach which relies o intoition and engineering
kmowledge, (2) the physical insight approach wihich is based on exploiting
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basic physira! Principles, and {3) the oplimization approach. In this ardcle
iwo commuon approaches, heuristics and optimization, are discussed,

The recent lileratige in bach distiliatbon has been deveted o camparing
CTeEmE  column configurations with the comventiangl ane, thereby
obtaining hewristics For optimal eslump configomalion, eptimal design, and
optimal operating condilions {Chiotti and Inbarren, 1991 Meski and Marir,
1995F; Hasehe o al., 1995; Syrensen and Skogestad, 1996; Kim 2nd Diwekat,
2004). In thes studies, parameters such gs product purity, batch rime, or o]
cosl were evzloaled g compare the pecfannance of column configirations.
Chiotti and Irfbargy (1921) compared the rectifier with (he stripmer in Lerms
of annual cost and praduoct Purity. They noded diat the recrifer is better for
the more valatile compaonent products while it is more economical 1o ohmin
less valatile componep: preducts using the stripper. Meski and Morar (19335)
comparcd thee colienn configurations i tenms af the beteh time vnder fixed
Product purity and infinite nomber of plates. It wes obscrved that the middle
vesse] colimn 6lwnys has the sharest batch time, end the mctiffer i= the next,
Sercnsen and Skopestad  (1996)  swdied lwa  competing  column
configurations, reotifier apg stripper, in e context of minimuem aptitual
aperaling Lime, and also provided the dynatic behavior of these cotumns,
They concluded that the stripper is the prefomed oolumn configuration when
g smali amount of the mam volatile companent is in die feed, and that the
rectifier is better wher, the feod hus & hieh amaunt of the more valatiie
compotient. Although seversl smdics support the same heuristies, there are
also swdies which present contradletions between sugpested lhewristics, For
© emample, batch titne studies of Meski wnd Morari {1995) and Serensen and
Skopestad {1996} give a conflicting result with respect by foed compositiom.
This is duc w0 Yimited ranges of parameters ang systems comsidered as weli as
the complexity and difTiculty of the problem of column srlectlan,

In order to elitit comprehensive heuristics, the anelysis must cover o
wider .E:ma af calumn oonfigurations, aperafan pollcics, and design
vuridbles, and various performance indlces pecd 1 be incloded. Kim and
Diwelar (2000) extended the colimn ceafipuration problem wsing four
performanee indices: product purity, ¥ield, design Geasibility and Nexibality,
ad thetmodynamic efficiency, It is grneratly observed that the tectifier i3 a
promising eolumn configuration for the more volale component product,
and that the siripper is tyetier in the apprsite case. Feasibility studies Based oz
the minimum number o f plates and the ininimum refix ratio showed whether
such a high purity eon Frguration &5 Mlexible far changing: Operating coodilions,
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It is iound that the recrifjer and the swipper have distinetive feasibility
regions in terms of the fped campasition. Thermedymamic efficiency
tndicetes how clase 2 Frocess or gysicm is to its ultimate performuamce and
al=o supgests wlether he Process o system can be improved or nol The
reclifier can alsg be g promising column configuestion in terms of
thermodynamic efficiency, but in some conditions, higher efficiencles of the
siripper ot the smiddle vesszl cotumn are ohserved, Furthermore, for the
raiddle wessel column, the thermodynamic efficlency is greatly alfected by an
added degree of fieedom @Y This systematic and perEmelne  study
cancludes that the wade-offs between porformance indices should be
presented as a multi-ghjective Famework.

34 Computer Aided Design Software

I iz difTicult to analyze batch distiilation withowt wsing computers due 1o
the two reasons stated befir: {1} the process is time varying, and one has tg
Fesont 19 complex numerical intepration techniques and different simulation
maodels for obtaiking the mansients, and (2) this everchanging process slsp
provides flexibilie in operating and cenfiguring the ealumn i numemys
ways. Based on the curreni state of the art in batch digtillation technigues and
camputar sindation technology, Table 3 identifies the required fimctionality
and the rationale behind it

There are severs] commensg! soflwars packager for simulations,
oplnizations, andror optimal controls of batch dlstiliston. These foclude
Bdist-BimOPT  (Baich  Pracess Technalopies), BalchSim {Simulatian
Sclences), BatchFrac {Aspen Trechnology, baved on Boston e o {1983)), and
MuTtiBatchDS (Baich Progess Research Company). Bdist-SimOPT end
MuliBatchS are derived from (he tmdemic package BATCHDIST
(Diwekar end  Madhavem, 1991). Most of these backages except
KultiBatchDS ans usually limited to convenifonal sYstems & they were
developed in eardy or Jate B0,
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B CONCLIISIONS

Thit peper presented B complete review o barch distillation literamnre
statling fram the first tiecoetical emelysis bo the current state of the art jn

8 . computer aided design and optimization methods, Tae now advances in batch
I =] B .m m distiflation include novel column corligurations, optimal designs, eptimal
F ,m =2 E m_ E operation policies, snd new metheds of analysis. These new advances oy
.m... £ §E m, 2 iz incresse the possibility of uslng batch distillatian profitably for o wide variety
m £ M mn_ ¥ g £ m of sepantfons, but they als present bewildering problems of selection of the
...uur m £ & m ..m_ ._uma m proper conlipurztion, the nght opcreting mede, end opital design
5 .m o & - m = FerEmeters, Tiis, we wl certainly see fuyre ressarchers working on various
m m m. m m m m. w. aspects af desipn, analysis, and synthesis of batch distilletion, some of which
2 .M Je! fW g2 ,m & £ are ouflined below.
c® &g . £ 8
w M = m M .m m. ot * A more extensive analysis for ezch eolumn configuration must be carried
M g m m .m 5§ mn_ W out. For example, the effect of g7 on the performance of the middle vessz]
=g m 2 =3 m £ - caluinn bas not been fully investipated. For the multivesse] column, po
w g m_.rm ,Wc.m - By general guidelines or hearistics exist for column heldups and operalitg
£ b = E _m. & m W m Inedes hecadse of the addifens! degrees of frecdom,

& M m £ W & 5 = = & * Azeauvpic, extractive, end reactive distillalions and offcul recyeling

operations have been studied exiznsively In recent vears, but they are in
e developing siage. For instance, while cantineoueE  reactive
distillation, solid caldlysts are commonly used, bt there are orly a few
epplicatians of solid cilalysts i batch reactive distillaion in theory and
Practice.

Table 3
Bateh distillation softwars requirements,
)

* Comprehensive heurlstics for optimal desipn and aynthesis hould e
derived. Several heoristics and rade-offs bedween hetristics can be foynd,
but they are still limited 1o the systeris considered.

Fixed eqn. Optimal
Reactive diatillation
Thres-phase distilation
Uncertalnty analyals
Middle vesse] column

Optimal reflux
Recycle waste ot

Constatt reflux
Varinbla refux
Jemirigorous
Design fepsibilin
Optimization
Bami-bateh
Hectifior

Stripper

Shortouts

+ Barch processes oficn encounter feed conposition vanglions and other
aperational uncertsinties. Consideration of uncestzintiss at various steges
of design avd opemtion can provide usefiel and cost effective eqlutions La
the batch proscessing, industries.

Windews
Detabuanl
Oparations
Modela
Optisns
Configurations

Y
Features

* Une of the importent research areas in this field s bah distitlatinn
eyrnthesis. Based an Moture advances in bach disi[[etion, batch distitlatiag
synthesiz from 2 superstnuciire can lead to ie most protnising and
flexible column configuration with the Hehl aperatfon policy and
conditions,
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NOTATION

reltive valalliy
amotnt of boltern residuc [mgl)
batiem product flow mee pr change ol battom product [mokhr]

a
B

A4F

&
Ch cast of distillale [$imeol)
O casl of feed [RimaT]
Cyr ros of heating medivm [$imol]
b amount of distillate fmol]
A distillaiz rzle [moltu]
E
F
H

entrainer fecd rate [molr]
amount of feed [mol]
motar holdup on plate f [mol]
Ay Hp  condenser hatdup {mal}
in enthalpy of the liguid in the condeqser [Jfmal)
K enthalpy of the liguid stream leaving plate j [Mmol}
5 enthalpy of the: vapor stream leaving _u_ﬂ_n.m [Tmal]
£ liquid stream leaving plate  [molhr]
. 1Equid refTux at e 1op o the colyumn [maltr]
=
m____

tiirmber of compienta
number of plale:
Ny number of plates in the bottom section afFa eolumy
Nr number of plates in the top section of @ calum
£ sales valte of the product
g degree of difficulty of separarion {he tatin of the necessary A in

the column al iatal efux and constan) product compasitian 1 the
ectua] number of ideal trays i the Eiven column)

ar tatin of the tap vapor faw rate to the o vepor flow rate
Oy rebwiler heat duty

R reflux ratin (= £A09)
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reflux ratio as & functon of time

tialch Lime [hr

st fiine for each haich [hr]

VBpOF stream leaving plate § [raolfir]

liquid-phase male fraction

liquid-plrese mole fracting of the disiillue

Mz average distiltate male frucrion

xz liquid-phase mole fraction of the feed

Ty ligutid-phese mals fraction of the midd[e vasse] stll

x5 state variable ab Hie Iepresenting quantity of charge malning in
e gtill, 7, [min]

x; State variahle tepresenling the composhion of e key component
in the still at tme 1, ¥

¥ Veporphase mole fpeting

Fhome gy
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