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The principal objective of this study Is 1o advance the stale of the art in batch distilla-
tion Symthesis by providing insights into the behavior of various columt configurations,
ncluding emerging column designs, using systematic parametric performance ndices.
Three competing column configurations— the rectifier, the stripper, and the middie ves-
sel column—were compared in termw of various performance indices. Performance
indices used inchide product purity and yield, design feasibility and fexibility, and ther-
modynamic efficiency. Product purity is related 10 profitability when vield is constant.
Feasibifity indices based on the number of plates and the reffix ratio show whether or
not such a ligh-purity configuration is flexible for changing design and operating condi-
tions. Thermodynamic efficicney provides a meosure of effectiveness of heat exchange
around the speeific column configuration. Trade-offs between these performance indices

are pmsenred.

Introduction

The recent increase in the production of high value-added,
low-volume specialty chemicals and hinchemicals has pener-
ated renewed interest in balch processing technologics, Batch
distillation is a widely used and important unit cperalion in
the bateh provessing industry. The most cutstanding featurs
of batch distillation is its flexibility in design and pperation. [t
is this flexibility along with the unsteady-state nature of the
process that poses challenging design and operation prob-
lems, .

However, the conceptual design of bateh distillation is dif-
frealt to obtain compared to continuous distillation synithess,
and is usually carried out using trial-and-error approaches
and pilot plant studies. This is due to the two reasons: (1) the
process is time-varying and once has to resort to complex au-
merical integration techniques and different models for ob-
\#ining the transients; and (2) this ever-changing process also
provides flexibility fn operating and configtiring 2 column in
numerous ways, some of which are shown in Figure 1. The
columnn in Figure 18 is a conventional batch distillation col-
wmn, or a vectifier. Figure 1b represents an inverted column
for separating heavy ends as bottom produets, Tt is often called
a stripper, where the arigial feed mixture is charged into the

Corretpondenca coizaming, this ereizle showld ba addresred 10 U, M. Diwekar,
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top still pot. Althouph the inverted eolumn was originally dis-
cussed by Robinson and Gilliland in 1950, it has gafned its
populatity in recent years. Davidyan et al. published a mid-
dle-vessel colwmm in 1994, The middle-vossel columm has botk
stripping and rectifying sections embedded in it {Figure 1c).
It i known that this configuration provides added flexibility
for batch distillation because of its new degree of freedom
('}, which is the ratio of the vapor flow rate in the top sec-
tion to the vapor flow rate in the bottom section, Tt is also
claimed that a recovery of 100% of pure components into the
distillate, the middle-vessel residue, and the bottom product
can be possible [or the ternary system in the middle-vessel
cotumnn (Safrit ot al,, 1995}, Skogestad et al, (1997) teported a
new column configuration called & multivessel column, as
shown in Figure 1d, which is a generalization of the middle-
vesse] column at total reflax, and they shewed thal it cam
obtain pure produets at the end of the operation for multi-
component systems. Hasebe et al. {1997 also studied 2 simi-
lar eolomn configuration that s called the muitiefiest batch
distillatien system. These are a few exemples of various batch

digtillation column designs. Combined with different possible

aperating modes and /or recycles, the number of column con-
fipuration tends to be very high, which poses a complex syn-
thesis problem.
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Figure 1. Example of ditferent batch column configura-
tions.

€1 Reetifier: {h strlpper; (0} middle-vegsel ealimn: and ¢d)
multtivessel eofim,

While the batch rectifier has a long history and is widely
vsed in pharmaceutical and specialty chemical industries, the
emerging columns have little implementatian, partly due to
the short histery and limited knowledge of the behavior of
these enlumns. In the earliar studies of comparing haich col-
umn configurations, performance indiees such as product pit-
rity, batch time, or total cost were mzainly wsed, Chiotti and
Iribarren (1991} compared a rectifier with a sieipper n terms
of the annuel cost and product purity. They coneluded that
the rectifier is better for more volatlle component (MVC)
praduets and that it is economical to ahtain less volatile com-
porent {LLVC) products using the stripper. But thefr anoual
cost analysis did not provide any heuristics because af their
case-dependent observations aned limited parametric stadies,
Hasebe et al. (1992} proposed a different resalt, in which a
rectifier always has & Iigher separation efficiency than a
stripper. Mujtaba and Macchictto (1994) discussed the appli-
cation of a rectifier, a stripper, and a middle-vessel columa te
reactive bateh distillation, which resulted in tha Jowest con-
version in the sifpper, Meski and Morari {19853 alse com-
pered the three column configurations in terms of optimal
batch time under pure prodoet pudty, infinite separation, and
minimun reflux assumptions. It is found that the middlc-ves-
sel column always has the shortest bateh time for almost all
feed compositions, and the rectifier has the next shortest time.
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Serensen and Skogestad (1295) studied the performance and
dynamic behavier of a rectificr and a stripper in terms of
minimum optimal eperating time. They concluded that the
stripper is the preferred column confimuration when a small
amount of Tight key is in the feed and that the rectificr is
better when the feed has a high amount of the Jight key. Al-
though a number of studies support the seme heuristics, there
are also studies that present contradictions between the pro-
posed heuristics, For instance, the effect of bateh time with
respect to fecd eomposition presented by Meski and Morari
(1995) and Sgrensen and Skogestad {1996) confiict with each
other. This ean be partly due to the limited ranges of param-
eters and chemical systems considered. Further, the pareme-
Lers or performance indices used in the earlier stadics repre-
sent only some of the attributes of the bateh distillation de-
sign process in reql practice, and hence additional perame-
ters are required for more comprehensive column eompar-
isons. For example, the flexibility of batch distillation is sne
major attribute for design, and thus the same column can be
used for different feed stocks. This calls for consideration af
a feasfhility window at the enrly design stage. Anothor impor-
tant factor far column selection can be the optimal heat-
exchange configuration for emerging columns that are not
widely implemented in real practice. Consideration of the op-
timal heat-exchange configuration, such as where heat necds
to be added or to be rejected, is going ta be a mejor fssue in
making these columns widely accepted in the real world.
Here, we evaluate the thermodynamic efficiency as a mea-
sure far the effectiveness of heat exchange around the Spe-
cific column configuration. In this study we definc and quan-
tify the additional ohjectives such as feasibility indices and
thermodynamic efficiency. To obtain general heuristics and
trade-offs, a systcmatic pararnetric approach and s multioh-
jective framework is presented herc.

The principal abjective of the study is ta advance the state
of the art In batch distillation synthesis by providing insights
into the behaviar of the various column configurations and
ernerging designs of batch distillation using systematic para-
metric approaches, Three competing columns, such as the
rectifier, the stripper, and the middle-vessel column, are
compared in aceardance with the multiple performance in-
dices. The performance indices used are product purity and
yield, design feasfbility and flexibility, aud thermodynamic of-
ficiency. The systematic parametric studies and additional
performence indices provide robust and generalized heuris-
tics and present useful trade-offs for the designers.

This article is organized as follows: the following section
briefly deseribes the design of experiments for systemaltic
parametric studies. Definitions and derfvations of performt-
ance, indices are presented in the third section, The fourth
section deals with resulls and discussions, and the last saction
elicits conclusions and suggesiions for further work on the
synthesis of aptimal batch-calumn conliguration.

Peslgn of Experiments

In erder to clicit generalized heveristics for bateh column
comparisans, this article evalvates four pedformance indices
under wide ranges of design and operating conditions, In-
rtend of exhanstive experiments ar sensitivity studies, the sya-
ternatic design of experiments based on a statistical sampling

AIChE Journal



Tahle 1. Ranges of Desien and Operating Variables for

Deslgn of Experiments
Vatiahla Range

Feed A charge {kmol) 10~ 30

Fezd T charpe (kmal) 10~ B
Vapor rate (kraol 10 Same a3 fced chatge
Relative volatility () 12~ 610
Reflux ratio { 7} 1-~10
Mumber of plates (V) 5~15
Mumber of samples 200

technique can represent the entire system with a smaller
number of runs. A novel sampling techwigue, Hammersley
sequence sampling (HSS) 1echnigue by Diwekar and
Kalagnanam (1997, iz used here for the design of experi-
ments. This sampling technigque can generate samples over
the entire region more uniformiy. Thus the HS5 technigue,
which is established to be 3 to 100 times faster than the Latin
hypercube sampling (LHS) and Monte Catlo sampling (MCS)
technigues is a good technique for designing experiments,
All variables in Table 1 are allowad to span wide ranges of
real batch distfllation opcration regimes in order to congider
all possible cascs. The vapor flow rate is set to the flow-rate
equivalent to the amount of feed initially charged. For the
middle-vessel column, the top vapor flow rate () s fixed
simmilarly and the bottom vaper flaw rate () is caleulated
from V- and g'. Currently ' is not included in this table, as
this parameter affects only the middle-vessel colomn. In the
subsequent Tuns, g' is varied outside these experiment de-
sigms, The tatal number of plates for each column is set equal

to be the same for identical experimental conditions. Far the

middle-vessel calumn, therefore, the number of plates in the
top seetian { N and in the bottam section {N) are the same,
and the tote] number of plates (N, + Ng) is, of conrse, cqual
to that of the reetifist or the stripper. When the tatal number
af plates i8 an odd number, Ay s rounded up.

A comprehensive multibateh-distillation simulation pack-
age, MultiBatchDS (Diwekar, 1996), is vsed to cvaluate the
performance of the three-bateh eolumn confipurations. Since
the main puorpose of this siody is to obfain gencralized
heuristics for column configurations, we assumed an ideal bi-
naty system, constant melar overflow, constant relative
wolatility, and zero dry holdup for the batch column model in
MultiBatch DS, At this stape, we restricted ourselves to con-
stant reflux and constant rebail ratio operation policies, but
we will consider different operation polictes in the foturs.

Defining Ohjectives

As stated earlier, comprehensive heuristics for optimal col-
wmn configutation cannot be abtained by limited studies in
patamcters, systems, or objeetives. This section therefyre
briefly discusses the multiple performanes indices vsed in this
study: product purity and yield, feasibility, and thermody-
namic efficlency. These indices are related to profitability,
flezibility, and optimal heat-exchange configuralion, respec-
tively. New indices for flexibility are mtroduced, and deriva-
tion of the thermodynamic efficicney of the three competing
column configurtions is alse presented.
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Product purity and vicld

Since product purity is one of main concerns In batch dis-
tillation, it is always included in colvmn comparison studies.
As deséribed earlier, Chiotti and Iribarren (19917 and Hasebe
et al. (1992) chose product purity a5 a eolumn comparison
index. Instend, Meski and Morari (1995) and Sdrensen and
Skagestad (1996) used fixed product purity in order to find
optimal batch time. Tn this study we compared batch colunns
using produet purity under fixed batch time, and hence fixad
praduct yield, More precisely, we define two product purity
terms that are product purities of the MYC and the LVC,
respeclively.

Product vield here i= defined as the amount of product eol-
Tected in the accunmlator, and the yield of the rectifier and
the sizripper are given by D and B, respectively:

D= "4 forthe MVC i

—J; Y] ot the (D
T Va' ‘

p=fTLd for the LVC. )
n RB‘

For cach axperiment design, to keep the yield constant, the
vapor flow rate, reflux ratie, and batch time are fixed, and ¥y
is set equal to V¥ and Ry is equel to R+ 1. For the middle-
vessel column, the product yields in the top and bottom sec-
tions are similarly defined as D and B in the preceding
equations.

We can analyze batch eolumn configurations in terms of
product purity with fixed batch time and product yield. Un-
dar these conditions product purity is directly proportional to
profitzbility or economic henefit of the column configuration.

Feasibility indices

The most outstanding (eature of bateh distillation is its
flexibiFty, This flexibility allows ane to deal with uncertaini-
tes in feed stock or product specification. Alsa one ean han-
dle several mixtures just by switching the column's operating
conditions, a simple procedure. Therefore, feasthility study in
batch distilflation is centra! for design, optimization, and con-
trol of batch columus.

Feasihility is closely refated to fexibility. In the literature,
flexibility is quentified in terms of the flexibility index de-
fined by Swaney and Grossmann (1985}, The geometric deli-
nition of the floxibility index is the maximum rectangle possi-
ble in a feasible space, and it can be rewritten as the masi-
mum amount of deviation a desipn can tolerate. Omviously
the bigger the feasible region, the higher the flexibility and
the feasibility index.

To obtain this operational flexibility, appropriaic can-
straints are 1o be imposed on the variables, especially for such
design variables as the number of plates (N or Ng) and the
reflux ratio { R} or reboil ratia { R 5). Individual feasibility lim-
its for the rectifier, the stripper, and the middle-yessel col-
ummn were provided by Diwekar and Madhavan (1991) and
Lotter and Diwekar (15997) by using the sharicut mode], Here
we define new feastility indices in terms of the number of
plates and the reflux {reboil) ratic. At the constant reflux or
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constant reboil policy, the instantaneoies N, ¢an be caleu-
lated from the modified Fenske equation for batch distilla-
tion, and the instantaneous N, {5 averaged over the batch
time, Thuos the feasibility of the batch ¢olumn in terms of

N-feasihility index is piven by

N,
MN-leasibility indey =1 = .":_Ti.:‘r_...]‘“’“ for a rectilier
Ng ,
-l M for a stripper. {3}
Ny :

For the middle-vessel column, the preceding equations can
be uzed to evaluate the N-feasibility index for the top and
hottom sections, respectively, The A-feasibility index can vary
fram 0 te 1 sinee N_;, is lass than the number of plates. An
N-feasibility index that is cioser to 1 {s equivalent to saying
that the design can tolerate mare chanpes in desisn and op-
erating conditions (better flesihility) and vice versa.

Like the number of plates, the reflux ratio (reboil ratio)
also has a lower bound that is the minimum reflux catio (R )
or the minimum reboil ratio {Rg o). This Underwood R,
corresponds to the reflux ratio at an infinite number of plates
and provides a conservative lower bound for batch distilla-
tion. For the constant reflux conditions, however, the initial
value of B hrs on actual lower bound, deficed by the speci-
fied averape distillate compaosition of the MVC of the recti-
fier. The initial distiflate composition of the MYC s highest
at the beginding and decreascs ag distillation progresses. 1
the initial valuc of R is such that the distillate composition of
the MVC is less than the specified mverage, then it is impossi-
ble 1o meet the goal of atiaining the specified average purity
for the given number of plates. This criterion provides the
lower limit, Ry on the inidal R, in which Hy. is defined
s the value of R required to ohbtain the distillate composi-
tien of the MYC that iz equal to the specified avernge distil-
late composition at the initin! conditions for the given N, The
possitle range of R /R is (nearly} zero to infinity. An Ry
greater than R means that the given distillation condition
cannet meet the specified product purity, and thus R should
be increased to be greator than Rygw. An Rpugw for the
stripper can he calenlated in e similar way. Therefore, the
R-feagibility index can be defined as

I Ryt .
R-feasibility indey = 1= for a rectifier
R .
=1 2NN for a stripper. (4)
3

The mazimum valuz of the R-feasibility index is 1 due Lo the
range of Ry /R, When it goes to 1, the feed mixters can be
easily separated at a reasonable reflux ratio {reboil ratio). In
comtrast 1o the N-feasibility index, the R-feasibility index ean
be negative if the specified average product purity is higher
than the actual calculated average product purity.

Feasibility indices defined in terms of & and R shows
how close the columm configuration is to the limiting per-
formance.

2478

December 2000 Vol. 46, No. 12

Thermodynamic cfficiency

Thetmodynamic efficiency () indicates how close a pro-
cess i3 to its ultimate performance and also sugeests whether
or not the process can be improved. Thermodynamic effi-
ciency is different from the finst efficiency law or the Camnaot
engine efficiency. The first efficiency law deals with the ratio
f heat fransferred to heat supplied, and hence dees not con-
sider any energy quality, energy degradation, or squipment
involved. Thermodynamic efficiency, however, can handle en-
ergy quality and energy depradation with or without work
production during the process. Thus, i can be vsed as a col-

‘uwrnn performance index to decide how the heat exchange can

be improved around the specific column configuration.

Exergy analysis is required ta evaluate thermadynamic effi-
cleney. Bxerey (e, J/mol} is the mavimum work attainable
from a process stream to its reference state during a re-
versible process, Because all natural processes are not re-
versible, there is always exerpy loss. Bxerpy is 8 thermody-
namic state function and is defined as k=T 5, which is de-
rived from the difference hetween the first and sceand ther-
madynamic laws. _

Egergy analyaiz has been conducted Lo reveal how effictont
continuous distillation columns are, especially for cryogenic
distillation, which demands Targe amounts of energy, Fitz-
marris and Mah {1980 defined four different thermodymamic
cfficiency equations for several ethylene—ethane distillation
column configurations and discussed strategies to improve
distillation process in terms of thermodynamic efliciency.
Aprawal and Herron (1997, 1998) identified optimal thermo-
dynamic feed conditions for ideal binary distillalion systams
in terms of %, and extended their work to the analysis of the
impact of an intermediate reboiler or condenscr on binary
distillation systems. Agrawal and Fidkowski (1998) comnpared
thermodynamic efficiency of various ternaty distillation con-
figurations such as a side-rectilier, & side-stripper, and a fully
coupled configuration. Unlike the eartlier researchets, they
found that far the fully eoupled configuration, which has been
known to have the lowest energy demand, this heuoristic is
only obtained in limited ranges in the feed compozition and
relative voletilities. Therefore, thermadymamic elficiency
geems to be a wseful performanee index. The following defi-
nition of thermadynamie efficlency is wsed in literaore:

P

where
Wi = /R0 o F g lking (6)
Bl = LBy = Ly (7)

" s TEprEsents the minimum wark of sepa-
ration needed to get the specified product purity from the
feed condition and ean be evaluated by the chemical conpo-
nent (that {5, mixing affecte) of exergy. If the product purity s
very high, then the W, in continuous distillaton is given by

The numerator,

W == RT,Ex;lnxz. (8)
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Figura 2. System boundaties for the exergy balance,
{a} Reetifies; (1) stripper; and {£) middle-vesse] column,

And the denominator in Eq. 5 is the 1otal exergy supplied for
the desired separation and can be expressed as the summa-
tiom of the roinitum work and exergy 1oss during the prosess.

Thermodynamic efficiency of batch distillation i more
complicated because of the wnsteady-state nature of batch
distillation. The system boaundaries for exergy analysis in bateh
distillation are shown in Figure 2. In contrast to continuous
distillation the rebeiler in the cectifier, the top siill pot in the
strippet, and the middle vessel in the middle-vessel eolumn
are included in the system boundary. The reason is that these
reservoirs can undergo large exergy changes during bateh op-
eration, and henee they will lower thermadynamie efficiency.
This articls preseats the first exergy analysis for different
balch column confipurations. The following equations pro-
vide the expressions of 4 for variaus batch column configura-
tions, Detailed derivation of the equations is presented in the
Appendix.

For the rectifiev, thermodynamic efficiency is derived as in
the following equation:

Wmﬁi
Thueiifior = o [Iﬂﬂ(a_l)*-ljl' (9)
xp(a—1)+1
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where

wl'ﬂil‘l | = DEID‘J In xﬂ.l- - DE.‘L’RI‘- In Iﬂ'r
d
+ BE(EXH.J Inxg,). (10}

The IF¥,,, reprosents instantaneous minimum work. The fiest
term in the W, is the outgoing exergy by distillate, and the
second and third terms represent exergy change in the re-
boiler, The last term is freated as a difference equation be-
tween the current and previous time steps. It can be seen
that the thermodynamic efficiency of the rectifier is a fanc-
tinn of the vapor flow rate, distillate rate, amount of hottom
tesidue, distillate end bottem compositions, and relative
volatility. The rebofler and condenser temperatures are not
expliciily expressed in the equation Tike that of continuous
distillation.

The thermodynamic efficiency for the stripper and the
middle-vessel column are similarly derived and given by the
following equations:

W
Ttripper = . [x_;1,En::—1}+l ] (11}
B xpa(a—1)21
Timiddlz
Wain
. [xnb,(a —1) +1 ] . [x,m[a —1)+1 } '
Xgala=1)+1 Kpa{e=1)+1

(12}

Note that the W, equations far each eolumn are different,
and they are given in the Appendiz. The stripper thermady-
namic efficiency equation is similar to that of the rectifier.
However, thermodynamic efficiency for the middle-vessel
colurnn has one additionel vardable (g”), which is the ratio of
vapor flow rates between the top and the battom sections. As
stated earlicr, batch column thermodynamic efficiencics arc
time dependent. Here we are using average values of thermo-
dynamic cfficiencies.

Results and Discusslons

Derign af experimenty

This section analyzes the resulls of 200 experiments over
the parametric window defined in Table 1 for three batch
column eonfigurations. The design of the experiments for the
three columns wag sinaltaneonsly condueted, and 600 data
points per each performance index were analyzed for most
cases. Using the multidimensional sampling by the HSS tech-
nigue, we ensure that these runs provide the whole desigm
and operating regions for batch-calumn comparison,

Product purily and yield

The performance index of product purity and yield fs first
analyzed for optimal column confipuration. Two types of
product putilies, MYC and LVC, are compared under the
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Figura 3, Comparison of batch columns In terms of
product purity,

same product yield. Figures 3 and 4 show the MVC and LVC
product purities of the rectifier, the stripper, and the
middle-vessel column in terms of feed composition. IF kigher
putity of the MYC is desired, one should sclcet the rectifier
as the best column eanfiguration regardless of design and op-
crating conditions sech as the reflux ratio, number of plates,
and relative valatility, as well a5 feed composition. This prel-
erance for the rectifier (large product purity difference) is
incroased as the {eed composition decreases. Tn cantrast, it s
found that the stripper is a promising eoluma configuration
for higher product purity of the LYC, Chiotti and Irbarrcn
{1991) and Serensen and Skogesiad (1998) have shown simi-
lar findings. However, their results were not hased on wide
ranges of parametric studies and they did not present the
preference direction in terms af produet pority,

The middle-vessel eolumn consists of a rectifier and &
stripper bath conneeted by the reservodr in the middls of the
column, and its behavior becomes less predictable than a
conventiona! batch column and has not been thoroughly stud-
ied. The parameter, g° in the middle vessel can significantly
affect column dynamics in the top and bottom sections. In
thiz article the produet purity of the middle-vessel ealumn
with respect to g' is compared with those of the rectifier and
the stripper. Figure 4 shows the product purity of the MVC
snd LYV of the middle-veszel column at ¢ of 1. For the top
MVC product, the middlz-vessel eolumn shows similar per-
formanee 10 that of the rectifier, while for the LVC product,
its behavior iz cloge to that of the stripper. This means that
the middle-veszel column can be an alterpative of the recti-
fier and the stripper. Studying the effect of 4" is helpful for
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Figure 4, Praduct purlty af the middie-vessel column.

providing insights into the behavior of the middle-vessel col-
umm. Figure 5 shows the product purity change with respect
(o g at certain fixed conditions. The prodoct purity of the
MVC of the middlcvessel colurmn is higher or almost the
satne as the rectifier purity at law g'. The MVC purity of the
middle-vessel column decraases slightly, and eventunally re-
mains constant with inereaging g'. Similar trends can be iden-
tified for the LVC product purity, but the purity difference
berween the middie-vessel column and the stripper becomes
larger as ¢' increases. Thus, one cap tune praduct purity by
varying ¢' te achieve higher column performance, and this
advantage can entitle the middie-vessel column with a fexi-
ble colomn configuration.

Although the general heuristics from product porily analy-
sis hold pood for most of the cases, as seen in Figures 3, 4,
and 5, there are reglons where the behavior of the threo
columns are 8¢ similar that it is hard to select ome column
configuration over the others. One thus needs another per-
formance index or indices toe got more insights for columm
comparison. Az mentioned before, feasibility and thermody-
namie efficiency can he used here, sincs they represent flexi-
bility and optimal heat-exchange confipuration around the
bateh eolemns. The following two sections des] with feasibil-
ity enalysis, which shows how flexble the confipnration js at
the given condition, and thermodynamic efficioney, which
shows how thermally efficient the chasen column is.

Fensibility indicex

Ax stated earlier, there are two feasibility indices that. are
MW-feashility and R-feasibility indices. The minimum nember
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of plates (N or Np i} for N-feasibility analysis is esti-
mated by the madificd Fenske nquatian for bareh distillation.
Because the N, (Np ) is time dependent and gencrally
deereasing as batch distillation proceeds, the N, (M) at
Lthe average eandition is used to evaluate the N-feasibility in-
dex. Because the N-feacibifity indzx is bounded between {3 and
1 and has a distinctive superior region for each column, we
defined the A N-feasibifity index for the rectifier and the strip-
per, and the following lerm is used for M-feasibility analysiz:

e s Nmin Nﬂ,mirl
A Nleasibility index m (1 ~ N ) - (1- T)

(Nﬂth'l - Nmrﬂ } (13}

Zf=

Figure & shows the A A-feasibility index in terms of feed
composition. A positive A feasibility index at low [eed com-
position indicates higher rectifier V-feasihility, and 8 nega-
tive A feasibility index at high feed compesition means better
stripper N-feasibility. Since the stripper is not the true inver-
sion of the rectifier, the feasibility difference is asymmetric.
Sotid lines in this figure show the N-feasihility difference at
fized conditons (N =3 and R = 2). As & increases, it is oh-
served that the N-feasibility difference increaszes due o im-
proved prodect purity. From this observation it is said that
the rectificr and the stripper have their distinctive regions,
which can be a useful guideline for optimal coluran selection.
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Figure 6. EFect of N-feaslbility difference on tha rectl-
fiar and tho strippar,

Similar trends for the middle vessel eolumnn can also be oh-
tained.

Further vatuable information can be obtained when the two
performance indices, product purity and MN-feasibility index,
are considered tagether, As seen in the product purity sec-
tion, the reetifier at low feed compositian and the stripper at
high feed composition can attain high product purity, and the
N-feasibility study gives high flexibility to the columns at these
conditions. However, considering multiple pearformance in-
dices topether iz especially vseful when one performance in-
dex cannat determine the best column configuration. For ex-
ample, at high feed composition, the rectifier is still a promis-
ing column configuration fn terms of the MYC purity, but the
product puriry of the stripper can also be comparable or equal
to that of the rectifier. In this design sitnation, eolumn eom-
parison based on product purity would fail to give the best
solution. The N-feasibility index of the stripper at this condi-
tion is much higher than that of the rectifier; this means that
the stripper requires a small number of plates to attain the
same prodoct putity, and the number of stages may be re-
doced from the initial design stages. Thus at this condition it
woltld be better for one to seloct the stripper as an oplimal
hatch ealomnn configuration. Similarly, an opposite heuristic
ag an oplimal colamn configuration can also be elicited at
low feed compositions,

Like the N-feasibility index, there is also an ' R-feasibility
index baged an the reflox ratio or rebeil ratio. How closely
the given design can achicve the specified product purity is
denoted by Ry (Rppmm). In arder to cvaluate By, the
Underwood R, and the Fenske N, are obtained by
equating the top composition at the initial eondition to the
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Figure 7. R-Feasibllities of the rectifier and the stripper
ffor clarity solld lines at fixed conditions (N =
5, R =2) are added].

specified average composition, and then R is calculated by
using the Gilliland correlation. Tt should be remembered that
this R, which is equal to Koy, {5 different from the Under-
wood R, The Ry for the stripper and the middle-ves-
sel column can be similarly calculated. If the injtial praduet
composition is tess Lhan the specified average product com-
position, then Rype (Rgpan} is greater than the given R
(R5), and the resuiting R-feasibility defined in Eq. 4 be-
comes negative,

Figure 7 shows the R-feasibility index of the rectifier. and
the stripper, respectively. It is difficult to identify any trend
for the R-fasibility index from this fgure. This can be at-
tributed to the fact that the R-feasibility index depends on o
and M as well as feed compositian. Even though the general
trends in this figure are not as clear as that of the A N-faasi-
hility index In terms of feed composition, in general it can be
seen that the rectifier R-feasibility index increnses with feed
compasition and the stripper R-feasibility index decreases
with it. Mast of the feasibility data are greater than 0.5, and
several values are less than zero. Thess negative values corme-
spond to low produet purity at the given batch distillation
condition and can be evercome by increasing the reflux ratio
or rebodl ratio, The general houtisties are to adjust N and R
to obtain 2 good feasible design. Linca of different relative
volatilities are also added in thiz figure for the simple idea of
R-feasibility analysis, Like the effect of relative volatitity on
W-feasibility index anelysis (Fignre 6}, rclative volatility can
also enhance the R-feasibility index, since produet purity is
improved, as relative volatility is increased as expected.
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Figure B. N- and R-feasibilitles of the middie-vessel
colurmn with respect to g'.

The added degree of freedom of the middie-vesse! eolumn,
g’ can also affect N- and R-feasibility tndices. When g is
fixcd at 1, it is ohserved that N- and R-feasibility of the mid-
dle-vessel column liave similar trends as that of the rectifier
ar the stripper. Figure 8 shows the effect of ¢' on feasibility
at fixed conditions, The N-feasibility index in the top section
drereases very slowly and secms to be almost constant, while
the N-feasibility index in the bottom seelion increases with ¢
and reaches up to 1. This is due to relatively low compaosition
of the key component In the middle vessel. For the 1op sec-
tion, the N-feasibility index, as ¢ increases, the top and mid-
dle-vessel prodogt purities decrease together making the M-
feasibility index constant. However, as the boltom product
purity is decreasing with ¢', the resulting N-feasibility index
increases.

The effect of feed composition iz similar to the results
shown in Figure 6. The eifect of g' on the R-feasibility index
is also shown in Figure 8. At the tap section, the R-feasibility
index increases with ', and at high values of 4°, the R-feasi-
bility fndex is almest constant. This i3 due to the small change
tn the top product purity. Negative values are alse found at
highly specified product purity (say, x; is 0.99% The hottom-
section R-feasibility index is highly dependent an ¢', becausc
the bottom praduct purity decreases as g’ increascs.

Thermodynantic clficieney

The last performance index used in this study is thermody-
narnic efficiency, which is & measure of the effectiveness of
hest exchange around the specific column configuration. The
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thermadynamic elficiency equation derived here is a complex
function of the vapor flow rate, the production rate, the
amount in the reservair, relative volatility, and compositions.
Thus it i dilficult to pet simple heuristics from graphical rep-
resentations just in terms of feed compasition, as presented
earlier. The effect af the reflux ratio on thermodynamic effi-
ciency has a meaningful and expected trend from this experi-
ment design, a3 shown in Figurs 9. As K (Rg) increages, the
increased product purity couses s decroase in the W, equa-
tivns and an imcrease in the deneminator in the thermody-
namic efficiency equations. Thus the resulting thermody-
namie cfficiency decreases with R (R ) (that is, with incrcns-
ing product purity).

It #s obacrved that the thermodynamic efficiency of the ree-
tifier is generally superior o that of the steipper or the mid-
dle-vagse] column, Among 200 experiment design cases, the
pereentage that the stripper or the middle-vessel colomm has
higher 7 is less than 4%. Thus one can expect that the ther-
madynamic efficiency inversion of the two columns i Te-
stricted to small regions of bateh-distillation space, which
needs to be explored. The geacrally superior efficiency of the
rectificr can be ascribed to the inherent difference In the ex-
ergy balance. The required heat duty for the rectifier and
stripper {0y and {24) can be assumed Lo be almost the same.
Howeyer, in the stripper a kot stream of the boitom- product
is withdrawn from the system boundary and there is a compo-
sition difference between the liguid composition at tray N
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Flgure 10. Percentages of thermodynamic efficiency in-
verslon in the middie-vessel column.

from the top (x)} and the vapor composition at the reboiler
{¥z), whereas a relatively cold distillatz stream comes from
the rectifier system boundary and the top steam has the same
composition (x5 and wyp). The thermodynamic efficlency of
the middle-vessel colummn can be explained in a similar way.

The additional degree of freedom in the middle-vessel col-
umn (g7 ean also cxert a large impact on thermodynamic
cificiency. As seen in Figure -10, the percentages of the #
inversion defined as the fraction of the design cases of the
middle vessel eodumn that showad higher ¢ than the rectifier,
varies drasticelly with respeel to g°. For example, it g' is 0.5,
the inversion may not be statistically observed. As g° in-
creqses, the inversion percentages reach A maximum velue at
a certain value of &', Tn this experiment design, at g' of 4 the
middle-vessel calums has a 34.5%% chance of having a higher
thermodynamic efficiency than Lhat of the rectifisr. Most of
the irwversion oceurs at high produet purity conditions, As de-
seribed earlier, it is found that g° has a slight negative cffcet
on product purity and the top section N-feasibiliy of the
middle-vessel columnn, and thus the value of §' to increass
thermodymamic efficiency should be optimized, This (gure
supparts the idea that ' can be an impartant facter on ther-
modynamic efficiency of the middle-vessel colummn.

In order to elicit additicnal information fram the thermo-
dynamie efficiency index, the efficiency can be comparcd at
certain fived conditions because of its complexity. The com-
plexity mainly comes from the strong dependency on the rel-
ative volatility and the reflux tatlo, Fipure 11 shews the typi-
cal efficiency trends of the three batch columns with respeet
to = and R. A higher thermodynamic efficiency of the recti-
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Figure 11. Comparison of thermodynamic efflciency
for the ractifiar, the stripper, and the
middle-vessel column.

fier ia alsa seen in- this figure. In the top fipure {R=1 and
« = 2} the inversion in the stripper can be seen at low feed
compositions, and the thermodynamic efficiency of the mid-
dle-vessel column with g of 4 is stil lower than that of the
redtifier. In the middle figure (R = 2 and o = 2}, the rectifier
still maintains higher thermodynamic efficiency. Lower ther-
modynamic efficiency of the stripper and the middle-vessel
column {ndicate that heat exchange aronnd these eolumns s
not aptimally configured and shouold be earried before their
implementation in real problems. Adding an intermediate re-
boiler of an inlermediate might be ane aption (Agrawal and
Herron, 1098). The bottom figure (R =10 and & =4) shows
¢lear inversion in the stopper and the middle-vessel column.
The mversion copion of the stripper is restricted o the high
feed composition region, while the inversion repion of the
middle-vessel eolumn s relatively wide, Mote that dee to high
R and o, the efficiencies of the thres columns are low com-
pared ta the top the midd!e ligures piven earlicr, and at these
high-purity conditions the middle vessel % is higher. Figure
12 also shows the effect of 4" on thermodynamic efliciency in
terms of feed composition. As expected in Eq. 12, thermody-
natnic efficiency increases rapidly at low &' {usnally fower than
- 3} in this figure, and then reaches a constant value,

In contrast to continuous distillation, the thermodynamic
efficiency of batch coluem is relatively Iow at high product
" purily conditions. There ara three main causes for this low
efficfency. The first reason is that W, in continuouns distilla-
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Nand R nre fixed to 3 apd 2, respectively,

tion assurnes pure preducts, and thus B, is expressed only
by the [eed composition Llerms. However, in baleh distillation,
actual time-vatying prodoct compositions are vsed, and these
additional terms reduce W, ., and thus . Second, the re-
Broviler in the rectifier, the top still pot in the stripper, and the
middle vesset are included in the exerpy balance, and these
Teservairs experience A large exergy change during batch pro-
cess that results in a large exergy Toss. If the bottom compasi-
tion in the rectifier iz less than 0.5, for example, the third
term in Eq. 10 is positive, and thus W,;, increnses. However,
small values in xg alse vapidly increase the denominator term

¥p (o —1)+1
Vln[_\:m(a.' =141

and hence thermodynamic efficiency is relatively small. For
higher xg (> {15}, the third term in W, is negative and the
resulting B, decreases, Third, the thermodynamic effi-
cieney used hers s the averaped value because the thermody-
nemic efficlency equation {s time dependent, The nemerator
in the efficiency equation represents the minimum work re-

quired to extract the desired product from the piven feed,

which is the current reboiler residue. In batch distillation the
product purity and feed composition are varying in time and
the increased composzition difference will reduce the nomera-
lor term.
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Table 2. Design Conditions for Ench Case Number

CaseNo.  xr N R Cas Mo rr N R

1 4208 14 100 & 02/M8 9 775
2 0208 13 410 7 0208 § 730
3 0248 12 010 8 N2ME 7 685
4 0208 11 865 9 0208 € 54D
5 0208 10 830 10 02MF 5 505

Mores o = 3; feed = 100 kmol,

Thermadynamic cfficiency is an important performance in-
dex in this parametric study. It has several fnversions in the
stripper and in the middle-vessel column. When other per-
formance indiees, such as produet purity and feasibility in-
dices, cannot pive the best solution, thermodynamic efii-
cieney shauld be considered,

- Lase-studics

In rhis article, we provided important performance indices
{that is, obfectives) for optimal batch column desigm, synthe-
sis, and control, and behaviors of trade-offs between perfor-
mance indices. This section presents some simple case siud-
ics for illustrating the usefulness of these indices. These stud-
ies present the first step toward the comprehensive frame-
wark for analyzing and quentifying objectives and desipn vari-
ables. To obtain the best altzrnatives, however, we will have
ta resort to a_mullinbjective. oplimization framensarl Table 2
summatizes the design conditions used in these simple case
studies. Under fixed o and feed amount, ¥ and R are SYE-
tematically changed for each low and high feed conditions,
Figure 13 shows three performance indices; produet purity,
N-feasibility index, and thermodynamic efficiency, in accor-
dance with different case numbers. R-Feasibility {s amitted
here because the reflux ratio can be optimally manipulated
after column implementation. This figure i not intended to
determine any details, but {5 intended to show the behavigr
of tradc-offs amonyg performanece indices and the reegssity of
2 multiohjective optimization framework.

In ease number 1 in Figure 13a, the stripper has the bigh-
est product purity and the rectifier has the Towest praduct
pority, but they are still high. However, the N-frasihility in-
dex and thermadynamie efficiency of the stripper are the
lowest. Stnee the middle-vessel column at g° of 4 has high
values in these three performances, this column confipura-
tion would he the best selection. On the other hand, in case
number 10 in Figure 13a, the rectifier has the highest values
fn the three performance indices, and this column configura-
tion can be chosen as an optimal column configuration, At
high fecd composition (Figure 13b), the stripper has high N-
feasibility and thermodynamic eificlency in case number 1.
However, the product purity of the stripper is quite low com-
pared to other eolomn configtrations, and thos the stripprer
can be selected only if the product purity shown is acoept-
able. Othcrwise, the middle-vessel colomn with §° of 4 wonid
be the best choice. A situation like case mumber 10 is the
most difficult one to decide. “The product purity and thermo-
dynamic cfficiency of the rectifier are the highest, but N-
feasibility is the lowest. This case can be optimized with more
information about the sytem in a multicbjective optimization
framework and shews difficulties of bateh distillation synithe-
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sig. This multiobjective framewark can identify the best de-
sipns for better profitability, flexibility, and operzhbility, and
will be the focus of our future weark.

Cencluslons

Comparison of bateh column configuration, including
emerging designs such as the stripper and the middlo-vessel
column, is vety important for batch distiflation synthesis and
establishes the potential wsefulness of these columns. This
study defined and analyzed various peeformance indices, such
#s product purity, (easibility indices, and thermodynamic effi-
ciency, and obtained generalized heuristics for opltimum col-
umn configuration. If the product purity of the MVC &5 a
desired product, the rectifier is always 2 preferred column
configuration, and this preference for the rectifier is en-
hanced as feed composition decreases. When the producl pu-
rity index is ecombined with the N-feasibility index and ther-
modynamic cfficiency, the use of the rectifier &t low feed
compositions is preferable. For the LVC product, it is eon-
cluded that the stripper is a belter eolumn econfigaration in
terms of produet purity and N-feasibility index, especially at
high feed compositions. The middle-vessel column can pro-
vide high product purity for both the MVC and the LVC
products sinmltancously. For thermodynamic efficiency, it is
generally observed thel the roctifier has superor # 1o that of
the stripper or the middle-vessel cofumn, However, % imver-
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sion ean occur, especially when ¢ is varied, Pecause 4 can
significantiy affect product punity, the N-fensibitity indez, and
the thermodynamic efficiency of the middle-vessel column,
the optimal value of ¢' should be chosen when the middle-
wessel column is considered. Trade-offs between performance
indices are also presented using simple case studies. This case
study supports that the stripper or the middle-vesse] column
can be more flexible and operable than the rectifier at the
same product purity. In order to obtain comprehensive
heuristics for optimal batch column design and configuratian,
3 multiobjective optimization technique 1s reguired to obtain
higher profitabiiity, fextbility, and operability. This task will
be dene with the help of coupled combinatorial and nonlin-
ear programming optimization techniques and s the foous of
a later article.
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thatlun

B =bottom residue (kmnl) or bottom product flow rate, kmel/h
0 =distillate, kmol/h
£ =exergy, I/mol
h =eanthalpy, 1ol
N =number of plates
My =number of bottom plates
g’ =rativ of the top vapor flow rate to the bettom vapor flow rate
i = reflug ratio
Ry =rebai] ratic
& = still por residue, kmol
& =entropy, Tmal/F
T, =reference (or enviranment) fempermiure, *C
T =comdenser lemperature, °C
Ty =reboiler temperature, °C
Ty =still pat temperature, *C
¥, Vr =vapar male in the rectifier ar ia the top seetion, kmal/h
Vo =uwapor rate ih (he stripper or in the botioen section, kanol/h
H i =minirmm wark of separation
Zg = bottom composition
Zp = distillate composition
xy = liquld composition at fray & (from top)
x; =still pot compasition
¥g = ¥apoT camposition et the ehoiler
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Appendix; Derivation of Thermodynamic Efficlency

Figure 2 shows the system boundary for, the exergy bal-
ance. As deseribed earlier, the reservoirs in the three batch
eolumn configurations are included in the system boundary
due to large exergy changes inside the reservoirs. The exergy
balance for the rectiffer s given by

g T,
'E;{BEH}='LEL—VEV+ l_T_g e €laee (A1)

The term om the Tefthand side, 490 Beg), represents oxorgy
change in the rebodler, The first two terms on the righthand
side show exergy flows around the column, The third term
defines the exergy input to the reboiler, and the last tarm
shows exergy loss (€,,.,) due to pmcess frreversibility of the
column internals, concentration, and temperaure changes.
In general, exergy comprises physical (e,,) and chemical
(e.,) components. Physical exerpy comes from physical pro-
cesses involving thermal interaction with the surcoundings,
while chemical exergy accounts for heal and mase transfer
with the surroundings. Mixitg cffcets, the major one in the
chemical exergy compeonents can be estimated by chemical
patential at low pressure, which czn result in RT,Ex, In x.
Chemical reactions are not considered here, and the refer-
ence state is the liquid state at 25°C and 1 atm. Then Lhe
exergics of the Hguid stream (L), vapor stream (F), and ihe
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rebailer (A) can be defined as
. . €™ Gy FRELE, Inxp (A2)

T,
€y = Eppy T ﬁHvap(l - Fc] T RL,Lxp Inxp; (A3)

€5 ™ €y gt RT,Exp,In Xg g {Ad)

Fhysical exerpy can be assumed to be constant for all chemi-
cal speefes becanse this term s relatively smalier than iis
chemical eomponent. Thus the constant physical exergy terms
will be canceled out during derivation. Note that constani
malar overflew is assumed in the batch-distillation model. The
final assumption inserted here is the same heat of vaporiza-
tion for each component, and heat of vaporization is fnde-

where T, is the beiling point of the more volatile eomponent
A {ar 1). Then the exergy loss can be derived, and it always
should be positive:
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——pendent-of temporatire T THEFEY CHEnge 10 he reboiler
can be extended as follows:
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The derivative in the Jast term can be treated as a difference
cquation between the current and previous time steps for
computational conveniance.

Reboiler heat duty (Qg) can be estimated by the eneray
balance, and the resulting cquation becomes

Op=VAH,,,. {(A6)

Using the preceding cquations, the first three temms in the
righthand side of Egq. AT bocome:
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In the preceding derivation, the condenser and reboiler tem-
- perateres (T and Tp) are eliminated with the help of the
Clausius-Claypeyron equation,
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Physical exergy terms are canceled out during this derivation,
The Wi ;, cen be defined as the chemical exergy differcnce
hetween the intermediate product and the reboiler residue,
Finally, the thermodynamic efficiency of the rectifier js de-
fined as follows;
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where
Wonin = DExp inxp; — DTxp, Inxg ,

d
+ B (Txp 0 xp,). (A1)

The thetmadynamic efficiency of the rectifier fs a functon of
the vaper flow rate, distillate flow, amount in the Teservoir,
tehoiler and eondenser compasitions, and relative volatility.
But this is net an explicil function of the reboiler and con-
denser temperatures. Note also that the reference tempera-
ture 7, is also canceled out during derivation. This equation
is similar to the onc for continuous distillation (Agraws] and
Herron, 1997}, but the ##,,, of bateh distillation is more com-
plex due to the time-depending nature. Using the same
derivation procedure, thermodynamic cfficiencies of the
stoipper and the middle vessel are:
For the stripper, '
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where
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For the middle-vessel column,

E(Ex.'i.f In xE,F}; (Al 3)

Woin = DExp In xp ; —VpIyg,Inya, = LpExy Inxy,

a5 o
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For the stripper and the middle-vessel column, the W,
requires p, and xy, which represent the vapor and liquid
stream compositions around the rebeiler, The thenmady-

namic efficiency of the middle-vessel column has another
variable that is the ratio of the top and bottom vaper flow

Tmiddle rates (¢'). This varfable can provide flexibility to the middle-
Wit vessel column and can manipulate the thermodynamic effi-
XD —1)+1 XS (a-Tj+1]" eiency nt the same product purity, Batch distillation is such a
§'Vq In _.l..__] + g in ['—..._ Lransicnt process, in that its thermadynamis efficiency is also
AS(a—1)+1 XBy(a—1)+1 time dependent—unlike that of continuous distilfatian, In this
(AL4) article, average values of thermodynamic efficiency are used
to compare efficiency caused by different column configura-
tioes.

where Manuscripr meeimd Mov. 19 1908, and revision recelued fune 7, 2000,
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