Comprrers cham. Engrg, Yol 18, Suppl,, pp. $451-5457, 1994 . OE-[1544  56.00-+0.00
Printsl am Cheat Britsin Preparon Press Lid

How Simple Can It be? ~ A Look at the Models for Batch Distillation

Urmila 3. Diwekar

Environmental Instirate and i
Deparment of 'n:.er‘m%and Fubiic Policy
Carnegic Mellon University
Fitsburgh, PA 15213

Abstraect

Reduced onder models provide an efficient alinmative to the dgorous medels and are based on simplifying
assumptions, In general, the accuracy of a model inertases with increasing level of model complexity.
However, the improved accuracy is ofien at the expense of the compwational efficiency. The rigor of
the models used in praciice is therefore governed by a compromise between accuracy and computational
efficiency. This paper introduces a novel concept of “Optimal Model Reduction” where the trade-offs
hetween accuracy and efficiency are decided using nonlinear optimization techniques. The effectiveness of
this new approach is presented in the context of bateh diatillation, for which s hisrarchy of models exist in
the literature, -

Keywords: Agpregation, Model redection, Abstraction, Batch distillation, Companmental madels, Short-
cat Model.

1. Intreduction

Reduced order, dynamic medels of chemical processes are desirable in a umber of applicatians including
evaluations of altemative control strategies, development of 2dvanced on-line control schemes, analysis
of operability ez, These simplified or reduced order models are abstractions of the rigovous models and
their accuracy depends upon the simplifying assumptions employed. The process of model reduction can
therefore be viewed as a made-aff between simplicity and accuracy. Undoubtedly, the usefulness of the
simplified modets depends upon the guarantes they provide in reflecting the behaviar of the system in reality.
3o, the question namrally arises as 1o the extent to which one can go “simpler” in the modeling without
compromising on reality.

This paper addregses this qeestion and presents, for the first lime, the coneept of an “Optimal Model
Reduction." The approech involves selecting an appropriate low omder model using optimization rechniques,
This prablem is posed as that of maximizing a degree of simplicity constained by the ecror bounds on the
specifisd characteristics of the system. The degree of simplicity is defined in terms of the computational
efforts required and the order of the model, whilz the constraints are expressed in terms of the tolerance on
the statisticel coefficient of determination (the B2 valug) for the transient profiles. This novel strategy is
applied 1o the domain of hierarchical models for batch distillation presently evailable in the lilerature. The
nom-integer nature of the models allows the optimal mode] reduction problem to be poscd a5 a nonlinear
optimizatian problem, The resiulrs of the stedy will allow for confidencs in the selection of 2 madel, with
an approptiate level of igor for simplicity), based on the specific needs of the user. The approach used and
the results of the study are presented and discuzsed here.

2. Model Absiraction in Batch Distillation

Development of simplified models for batch distillation and their vse in optimization and aptinaal control
seems [0 be the recent trend in batch distitlation studies. BATCH-DIST, a comprehensive package for mul-
ticomponent, maltifmction tatch distillation columns (Diwekar and Madhavan 9% 1a) provides a hicrarchy
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of madels for simulation, ranging from the most simplified model to 1the most rigorous mode! based on
differentiai materlal and cnergy balance equanans for each stage. Theas simplified models offer an efficient
altemative for handling the versatility of batch distillation which otherwise poses challenging design and
malysis problems, The most simplified model in BATCH-DIST uses the shor-cur method (Diwekar and
Madhavan, 1991b), which is based on the assumption that bateh distillation column can be considered as &
continugns distillation column with changing feed al any time instant. This simplified assumption allowed
the modification of the short-cut methed (Fenske-Underwood-Gilliland (FUG) method) for continuous
distillation eatumnsg 1o batch distillation columps,

The focus of the present anticle is on the constant reflux mode of operation of batch distillation columms, for
which Table 1 presents the governing equalions as uw:i in the short-cut method. At any time instant t, the
change in the still composttion of all compuncnts {.-r 1= 1,2,..., n)can be cakeulated by the differcntial
material balance equations (Table 1). The disttllate composition (a:g]', i=1,2,...,n) i3 then related o the
new still composition in terms of a constant ), using the Henpstebeck-Geddes® equation. The constant €
in the Hengstebeck-Geddes® equation is equivelent to the minimum number of plates Ny, i the Fenske
equation, At this stage &) and = D} arc the imkmowns. Summation of distillate compositions could be used

10 obiain :rm and the FUG equations o oblain .

The short-cut method demonstrated for the first dme the power of apgregation in the context of batch
distillatiem. This method represents an abstracion and is very useful in identifying global prapentics like
feazible region of operation. However, the shornt-cat method cannet be ditectly epplied to columns whete
holdup effecis are significant.

While the assumption of negligible holdup is reasonable for certain applications, holdup effects do play an
imporiant role in several other batch distillation eolumns, Holdup affects the performanee of  batch distil-
lation column in two basic ways namely, the dynarnic “Hywhesl™ effect, and the steady state “capacitance
effect”. The Aywheel effect can be characterized by the parameter v = — o :;‘::f::ﬂmmtc Far large T,
the initial compaosition profile predicted by the zero holdup models departs signifieantly from the results of
a tigomous model. The capacitance effect i3 ohserved at the end of the total reflux condition, when the given
charge distributes jiself throughout the eolumn. Associated with the capacirance effect is the concept of

equilibration time. However, the short-cut method assumes instant tquilibration et the total refux condition,

For a wider applicability, a modiited short-cut model using the tumped parameter approach applied to
the shon-cut method was presented recently (Diwekar, 19923, The model s based on the compartmental
approach proposed by Benallow cial. (1986). In this approach a staged column is considered as a
compartmental sysiem in which a number of stages are Iumped to form an equivalent stage. The shor-cut
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Figure I: Companmental Model for Batch Diztillation, T'otal Helux Upcration

mode] {Table 1) is extended to obtain the composition profiles of the lumped comparment. This techmique
appears te caplure both the capacitance and Aywhee! effect of holdup and atso provides reasonably accurate
estimates of the equilibration times (Diwekar, 1992).

Figure 1 shows the batch distillation eolumn consisting of 2 number of compariments. The figure also shows
the overall dynamics of the column in terms of companmental inpul, output vapor sireams compasition
Vpph 41 AN Fpx (whome i5¥ i the top plate of the compartment & and bp* is the bontom plie), input and
output Houid compasitions «,_ and #,:, and the compesition of the sensitive stage z,.:. It should
be noted that the equations in Fig.1 are based on the constant molad assumption, wherein the liguid and
vapor flowrates are assumed to be constant throughout the eolumn. The differential squation describing
the composidon of the gensitive stage s based on the total heoldep in the compartment. The compositians,
tpr and 2.k, leaving ezch compartment can be found algebraically by applying the short-cut method to
the material balance envelopes shown inFg, 1h, Benallou er al. (1986) used s short cut medel baged on
the absorption, separation facters to caloulale the steady state material balance envelop, while Horton et al,
{1951) resorted to plate to plate caleulation methads, In the present work, the short-cut racihod based on
the FUG methodd will be representing the steady state compartmental material balances, Thig iy because the
short-cut method i proved to be reasonebly accurate and very fast. Besides computational efficiency this
method has been very cHective in identifying feasible region of opemtion crucial for design, optimizalion,
and contol studies. Furthermors, the number of theoretical stages in the shart-ent methed is not being
an imteger varable is g very usefol concept in the optimization studies presented in this paper. This also
allows for exploring the possibility of the sensitive stage being a non-imeger which enhaneces the practical
applicahility of the results.

For application of the short-cut method 1o obteining material balances around the covelopes, the envelopes
are further decomposed {fig. 1B). Since the objective of the paper s to demeonstrate the idea of optimeal model
reduction, the discussion is focused o the simpler ease of tatal reflux condition. At 1otal refux, the shor-
tut method equations for the envelope material balance caleulations reduce 1o the Hengstebeck-Geddes'
eiuation (equivalently the Fenske's equation), At minimum reflux the number of plates equals the minimum
number plates, or equivalently, the constant & in the Hengstebeck-Geddes' equation.  Therefore, given
the number of plates sbave the sensitive stage 5,p 15, and below the sensitive stage Sip- 5. the material
balance can be caleulated vsing the Hengstebeck-Geddes® equation as shown in Fig. 1k,
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Figure 2: Hierarchy of Models and 1he Concept of Optimal Model Reduction

3. Hierarchy of Models and Optimal Model Reduetion

The compartmental modeling approach for capturing the holdup effects in batch distillation represents
a next level of ebstraction. However, if observed carefully, the concept of compartmental modeling
itself provides a hierarchy of models of increasing complexity with the sheri-cut method, which can
be considersd as a single companmental model, being st the Jowest level of hicrarchy (Fig. 23) and the
rigorous model, where the mimber of compartments equals the number of plates ¥, being at the highest level
of hicrarchy. Companmental models have been very popularly used in continuous distillation dynamics end
the experiences of the researchers in this area has shown that the decision about the number of comparmments
und the selection of the sengitive stages are crucial to this approach. Honon et al.{1992) have mported that
imptoper selection of the number of compartments er the sensttive stages associated with each compartment
can result in inverse response where none is present in the rigorous full order model. Therefore, the goal
of the gptimization endeavor is to determine the number of compariments and the associated locations of
sensilive stage for each compartment.

As menticned earlier, the prime advanlage of reduced order models is their computational efficiency,
Accordingly, the objective function for the problem of “Cptimal model mduction” is the CPU time required
for solving each model level. Although the decisions such as the number of compartanents and the locations
of the sensitive stages appear 1o be discrete, use of shon-cut method for the steady-state caleulations presents
the opportunity to represent these decisions as contimuous varables (Fig. 2k}, The limit on the maximum
number of compartments (N ) may be chosen as the number of stages above the sensitive stage {Sfp_ ap)
and below the sensitive stage (8}, _;,) for each compartment i as the continuous decision variables. The
summation of these tem variables associated with the compartment { being zero indicates that the respective
compartment i does not exist thereby reducing the order of the madel. To retain the distillate and sill
compositions es state variables, the sensilive stages for the first and the last compariments are considered to
be the comenser and rebofler stages. So, for each comparment (other than top and bottors) thers are two
decision variables resulting in 2(NC — 1) decision variables for ai the compertments, The opiitnization
problem may then be written as:

Minimize £ PI7 time
Stpmtpr Stpmspr Stoigr §= 2000 NC =1, SNE

!p—ap

The Reduced Madel
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Figure 3: Performance of the Optimaily Reduced Model

The problem of minimizing the CPU time is constrained by the emmor bounds on the specified characteristics
of the system. The emor bounds ate defined in tems of the statistical coefficient of determination {the B
value) for the iransient profile given by:

T Frigdt

B = ered' — Trig _ _ruT:red' di - '—rl—r—

P T aar — T [} #rigdt
Fig Fig fnT 3rig dt - Tig

where 7 mpresents the compasitien of the key component {(which can be either the siill composition 75 or
distillate composition z p). For a good fit, 12 should be cloger 1o unity, So the accuracy requirement { A ,p.)
can be: expressed in terms of the following inequality constraint.

1= dgpe & B £ T4 Agpe

For the total reflux operating condition predictability of equilibtation time introduces sdditional constraing
given by;

Terip — Tered = 0

The optimization problem deseribed above is solved using a nonlinear programming algorithm as iilustraled
in Fig, 2b, The optimizer invokes the mode] with the values of 2(VC — I} decision varigbles. These
decision vaniables represent a panticuler level of the medel in the given hierrchy with a specific structure
about the scnaitive stage. The model equations are used to simulare the transient profiles and the CPU
time required is calcalated. This simulation feeds back the values of the objective function and constraints
to the optimizer. This information, together with the partial derivatives of the objective function and the
consmraints with respect to decision variables, is utilized by the optimizer to update the valucs of the decision
variables. The partial derivatives are calculaled by the omimizer, by pertarbatiom, The ierative sequence
shown in Fig, 2b is carmied out until the optimality conditions are satisfied. At convergenee, the values of
decision variables constitute the optimal model reduction level,

4, Results and Discussions

In order to illustrate the concept of “Optimal Model Reduction™ for the total reflux operating condition
of batch distiliation, a 20-plate column with 11% holdup was considered. A number of cases with mixtures
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ranging from binary to quaternary systems were used to test the idea of optimal model reduection. [n
these studics we have chosen the maximom nember of comparments ¥ O o be three besed on our
carlier experience (Diwekar, 1992). The maximum number of companments may be increased in the later
studies, il nmsmjr The optimization nms were initiated wsing four decision variables (cormsponding
o NC = 3), { —bp? 5 s Sf'p_,,p. 5'?,, -sp)s @nd the optimizalion procedure described carlier, was
numerically e.:eu.lt:.d For the 20-ptate column in thiz study and far ¥ C = 3, If all possible combinations
are considered (considering the variables 1o be discreie), the number of column aitemnatives to be evaluared
will be of the order of over 1700, while with this strategy, the best reduced arder model could be amived
at in merely a few iteratipng (mostly 2-3 iterations). The performance of the optimally reduced model
and rigorous model was compared. Unlike other eptimizariom problems in process design and synthests,
here the CPU time was directly considered in the form of objective function and since the derivatives are
celeulated by perturbation, the reproducibility of the CPU time caused some comcem especially for lower
order models. However, for almost all the cases the aptimizer was able to select appropriate model level as
well as structural parameters such as location of sensitive stages and size of the compartment. Tt was also
noted that while the R? provides a good statistical measure for most of the cases, it is the introduction of the
constraint on predictability of the model with respect to equilibration time puaranteed the success of good
performance of the reduced model.

Figure 3 presents one af the test cases for 2 temary system, for the sake of brevity resules of the other
systetnis ate mot presented here. The accuracy sp:mﬁcahcrm were imposed on the two key components
(09 < Rﬂ < l.land 09 < 1?2 yy & 1.1%. For this example. the optimizer selected a two

.D

w1y =
compartment model (S, _y, = 0.5, 550 = 1, 53y, = 19.5, 53, = 0.0). Fram Fig3, it can be seen
that the performance of the optimally reduced rnodel is in good egreement with the rporons model and this

model was observed 10 be atleast 15 times Faster tham the rigorons model.

The test examples and the detailed example presenied in Fig, 3, demonstrated the usehilness of the
concept of “Optimal Maodel Reduction”.  Since aggregation is pervasive in all branches of science, the
generalizability of this concept will have wide ranging implications and a more enhanced study will be
carmied out in the fumre.

5. Concluslons

A new approach to selecling optimum level of model reduction is proposed, The strategy is illustrated using
different levels of compartmental models of batch distiliation. The use of shor-cut method to repregent the
companmental steady-state material balances allowed the ransformation of the diserete decigion varigbles
such as the mmber of compartments and the locations of sensitive stages of each compartment a5 continuous
veriables. Nonlinear programming optimization is carried aut to oblain the trade-offs between aceuracy and
efficiency. The suceesstul validation of this strategy for the total reflux operation of batch dissiation has
shown its potential appHeability for other operating conditions of bateh distillation and alse for continuous
distillation. The apprbach will be expanded further 1o inctude diserete decisions by using mixed Integer
notlinear programming npumrznhcm thereby making it applicable in general for all a wide range of reduced
order models,
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Terip
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accuracy specification

bottom plate of the companment &

atount remaining in the st at Gme t, [omol]
constant in the Hengstebeek-Geddes® equarion
toatal feed [mol]

hoidup at plate j fmol]

mmmber of components

mmber of plams

maximum number of compartments

minimum number of plates

minimum reflux ratio

minimum reflox ratio (Gilliland comrelation)
minimum reflox ratio (Underwond equations)
teflux ratio attime ¢

coefficient of deiermination for = profiles
sensitive stage of the compartment &

no, of stages above the sensitive stage in compartment 1
ne. of stages below the sensilive siage in compartment 1
batch time [hrs]

top plate of the compartment £

vapor bail-up rate [molesthr]

- still composition for component

distillate composition for component
feed somposition for component ¢
liquid cormposition leaving stage p
vapar composition leaving stage p

key composition (abstract model

key composition {rigotous model)

avg. key composition {rigorous model)

relative volatility of component

Underwood constant

equiibration time prediction (fgorous model)
equilibration time prediction fabstmct model)



