Chemical
Engineering
Journal

www.elsevier.com/locate/cej

A 8
ELSEVIER Chemical Engineering Journal 79 (2000) 219-227

Optimal design of complex azeotropic distillation columns
Stanislaw K. Wasylkiewicz Leo C. Kobylka, Francisco J.L. Castillo

AEA Technology Engineering Software, Hyprotech Ltd., 800, 707-8th Avenue SW, Calgary, AB, Canada T2P 1H5
Received 21 April 1999; received in revised form 16 December 1999; accepted 2 February 2000

Abstract

Geometric methods are valuable tools for process synthesis and design since they provide designers with intuition and quantitative resu
The calculation and graphical representation of azeotropes, residue curves and distillation boundaries provide a wealth of knowledge ab
the entire composition space. This paper shows how these tools can be used for optimal design of complex azeotropic distillation columr
Two examples of the design of distillation systems of industrial importance are shown. In the first example, the second feed location of
two-feed distillation column with a top decanter is optimized. In the second example, the side stream draw-stage location of a distillatio
column with a top decanter and a side stream draw is optimized. In both cases, a feasible and near optimal structure has been desig
based on information obtained by examining the whole composition space. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction estimates that are either far from the final solution or are not
feasible.

The separation of mixtures with several azeotropes and Establishing feasibility as quickly as possible is very im-
one or more two-liquid phase regions is a task commonly portant in the design of complex azeotropic distillation sys-
encountered in chemical processes. These mixtures usuallfems [2] since neither all separation schemes nor all desired
have more than one distillation region that complicates the specifications are feasible. Using tHesign by simulation
design of the distillation systems used to separate them. approach, these facts are often discovered only after exten-

Design by simulatioris still the dominant method for  sive simulation studiesseometric methodallow designers
distillation system design. For complex azeotropic distilla- to find feasible separation schemes far more quickly, even
tion systems, however, this is a tedious and time-consumingfor highly non-ideal azeotropic systems, by examining the
trial-and-error method that often requires many years of overall separation space, its stationary points (azeotropes),
experience. In this technique, all the input variables (feed distillation boundaries, residue curves, and rectifying and
flow rate, its thermodynamic state and composition) and pro- stripping profiles. Difficult separation problems that can po-
cess parameters (pressure, reflux ratio, number of stagestentially take several months of trial and error simulations
feed stage location) are specified, and the composition andto complete can be solved in a few hours instead.
flows of the products are calculated. This is a robust tech- There is often an extra degree of freedom in the design
nique for establishing the performance of existing columns. of some complex distillation columns. There are multiple
For design purposes, however, it requires the estimation ofsolutions for the same design problem. All of them sat-
the above parameters by guessing, extrapolation of exist-isfy product specifications, but require different number
ing separation systems or by applyisgort-cut methods  of stages in the column. To obtain the best solution, we
(e.g. the Fenske—Underwood—Gilliland—Eduljee—Kirkbride perform the appropriate parametric study and display the
method) [1]. Since these methods have been developed foresults of this study in a diagram, which shows the effect
ideal mixtures under several simplifying assumptions, they of the selected parameter on the total number of stages in
are not accurate for non-ideal mixtures and can give initial the column. This graphical method is highly intuitive, fast

and efficient. However, if there is more than one degree of
freedom, the more efficient NLP or MINLP optimization
"+ Corresponding author. Tek:1-403-520-6000: faxi-1-403-520-6060, ~ Method should be applied to find the best solution.
E-mail address:stan.wasylkiewicz@software.aeat.com In this paper, we show how the examination of the
(S.K. Wasylkiewicz). overall separation space can help in the creation of feasible
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separation schemes. We focus on the design of complex het- ~ 1-C4ol :E).ﬁﬂ:ﬁtﬁgu?dogg?own
erogeneous azeotropic distillation columns with decanters, 109 B atebopespure Components
multiple feeds, and side stream draws, where an extra degree 081
of freedom requires a one-parameter optimization in order 081
to find the optimal solution among several feasible ones. 07]
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2. Getting feasible designs by examining separation 2 ]
space =
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Let us consider separation spaces for two examples of 02

ternary azeotropic mixtures by labeling the azeotropes, 019

distillation boundaries, two-liquid phase regions and the ool &

corresponding vapor lines. In Fig. 1, theater—acetic 00 01 02 03 04 05 06 07 08 09 10
acid—nbutyl acetatesystem shows one azeotrope and one Mole Fraction

distillation region (the azeotrope is an unstable noelayty! n-B-Acrylate H20

acetateis a stable node and the other components are sad-
dles). In thewater—butanol-rbutyl acrylatesystem, shown  Fig. 2. Separation space faater—butanol-rbutyl acrylateas predicted by
in Fig. 2, there are three binary azeotropes and one ternary? NRTL—I_Jimer_ mgde_l at. 26.34'I§P§1. The s_ystem’s azeotropes, distillation
azeotrope. These azeotropes give rise to three distillationlt;%tggjr'es' liquic-liquid equilibrium region and vapor line has been
regions (the ternary azeotrope is an unstable node, all bi- '
nary azeotropes are saddles, and all pure components are
stable nodes). The information aboutll azeotropes among a consid-
In order to characterize a system, one requires knowledgeered component set is of critical importance to the design
of the nature of all the azeotropes and pure components in0f azeotropic distillation systems. We compute tempera-
the system. This information is also necessary for distilla- tures, compositions and stabilities (stable node, unstable
tion boundary calculation [3] since, for ternary systems, the node or saddle) of azeotropes predicted by thermodynamic
distillation boundaries are special residue curves that con-models for multicomponent mixtures at a specific pressure
nect azeotropes. The boundaries between distillation regiongdy the most reliable homotopy method combined with an
restrict the products that can be obtained from a simple arc-length continuation [6]. In this method, we exploit an
distillation column (one feed, two products). As a rule, both €fficient scheme for finding all stationary points of the boil-
products should lie in the same distillation region [4,5]. ing surface, starting from pure component solutions for a
Distillation boundaries can be crossed by mixing streams hypothetical ideal mixture described by the Raoult Law at
or by decanting if the mixture forms multiple liquid phases the beginning of the homotopy path (homotopy parameter

(e.g. thewater—butanol—rbutyl acrylatesystem in Fig. 2). h=0). Then, we graduallysdd nonidealities to our model

by increasing the homotopy parameter and, eventually, end-

ing with the rigorous model foh=1 [7]. This calculation

AceticAcid ﬁﬁ;ap/}ﬂure Components . . .
Distilation Boundary approach is very robust, since all solution branches are
1.04 —Lig-Lig Region i .

—+-Vapour Line connected. The eigenvalues of the Jacobian calculated at
stationary points give the stabilities of azeotropes and pure
components. Thereafter, we check the topological consis-
tency of the residue curve map via the Zharov and Serafi-
mov topological constraint [8]. The homotopy continua-
tion method developed for multicomponent, homogeneous
mixtures has been generalized to include heterogeneous
mixtures [9].
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3. Distillation column design
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Mole Fraction Residue curve maps (RCMs) are very useful for the
n-B-C2-oate H20 characterization of azeotropic mixtures, predicting feasible
splits, selecting entrainers, and analyzing potential column
by a UNIQUAG-Dimer model at 101.325kPa. The system’s azeotrope, operablllty pro_blems [2_5’_10’11_]' Th(_ay_dls_play the Sh"?‘pe
distillation boundary, liquid—liquid equilibrium region and vapor line has Of the separation space, including distillation boundaries,
been labeled. distillation regions and azeotropes. Residue curves are

Fig. 1. Separation space facetic acid—water—butyl acetateas predicted
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equivalent to the composition profiles of infinitely long e P, column pressure
packed column at total reflux (continuous model described e r, reflux ratio
by differential equations). Composition profiles of staged e s, reboil ratio
column at total reflux (discrete model described by finite e q, feed quality
difference equations), can be approximated by simple dis- e n, number of stages in the column
tillation residue curves and usually the differences between e f, feed stage location
these two types of curves are small [2]. Using residue curve These variables are related Bysummation equations for
maps, infeasible specifications can be immediately identi- mole fractions in each strearn-2 co-linearity conditions
fied, and alternative distillation sequences can be inferred betweenxg andxp (derived from mass balances), and one
without trial and error. The shapes of residue curves are condition between ands (energy balance). The BVDM
very useful in the design of real finite reflux separators since makes it possible to compute the rectifying composition pro-
they give a qualitative picture of the composition profiles file starting from the distillate composition, and the stripping
in actual staged towers. profile starting from the bottoms composition. The distilla-
In this paper, we use theoundary-value design method tion column will be feasible only if the profiles intersect in
(BVDM) [11] for the distillation column design. For a the composition space. The point of intersection represents
one-feed, two-product distillation column, we define the the composition of the liquid stream leaving the feed stage
feed, specify completely distillate and bottoms (using com- and gives extra—1 constraints to the system. Consequently,
ponent and overall mass balances) and select the column’dhe system has a total oft5 degree of freedom. Onde,
internal flows (by specifying reflux or reboil ratio and using xy andq have been specified, the distillation column has
an energy balance). The composition profiles are then cal-only four remaining degrees of freedom:
culated using a combination of flashes and mass balances three betweerg andxp; and
starting from both ends. If the composition profiles for e one betweem ands.
rectifying and stripping sections of the column cross in the For ternary systemsc£3), we are free to specify three
composition space, the column is feasible and the numberproduct compositions (at least one in each product). The re-
of stages in each section of the column can be counted.maining compositions will be determined from co-linearity
The BVDM algorithm for a ternary one-feed two-product conditions. Since the column has no additional degrees of
distillation column can be summarized as follows: freedom for compositions, if the composition profiles inter-
1. Specify feed composition and thermodynamic state.  sect, the feed stage location will be fully determined.
2. Specify column pressure. For binary systemsc&2), we can independently spec-
3. Specify three of six possible products’ mole fractions. ify only two product compositions (one in each product).
4. Calculate the remaining products’ mole fractions using Consequently, we have one extra degree of freedom in the

mass balances. design of a binary distillation column. The feed stage loca-
5. Guess a value for the reflux ratio. tion is not fully determined and we are free to choose as
6. Calculate reboil ratio using energy balance. a feed stage any stage between the rectifying and stripping
7. Compute the composition profiles for the rectifying and pinches, where both profiles overlap. Often there are multi-
stripping sections of the column starting from distillate ple solutions for our design problem, all of which satisfy the
and bottoms compositions. product specifications but require different number of stages
8. Repeat (5)—(7) until composition profiles intersect in the in the column. To obtain the best solution, a one-parameter
composition space. optimization is performed to minimize the total number of

9. Repeat (2)—(7) to optimize reflux ratio and pressure. stages in the column. The independent variablejs the
10. Count the number of stages in each section of the normalized distance in the composition space along the pro-
column. files between both rectifying and stripping pinches.
For distillation columns with top decanter, a side stream For four or more component mixtures, the BVDM re-
draw or two feeds, the algorithm requires modifications. quires specification of reflux or reboil ratio and three prod-
These modifications will be explained within the following uct compositions (at least one in each product). Styeé,
examples. none of the products can be fully specified. Thus, for more
than three components, the BVDM requires a search over
the remainingc—3 product compositions until the column
4. Degrees of freedom in design feasibility criterion is satisfied.
Ternary distillation columns with two feeds require extra
For ac component mixture, distillation columns with one specifications. The second feed composition and the feed ra-
feed and two products, can be described by a tot&8lcafe tio must be defined. Usingdesign-by-simulatiotechnique,
variables: the designer is required to provide the second feed plate
e xF, composition of the feed strearo gpecifications) location. This is an extra degree of freedom in the design of
e xp, composition of the distillate strear §pecifications) double feed columns. In the BVDM, we perform an appro-
e xp, composition of the bottoms streantsspecifications) priate parametric study and show the results of this study
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1.0

in a diagram form, which shows the effect of the second

feed plate location on the number of column stages. As it
is normally beneficial to select the fewest number of stages
to perform a desired separation, a feed plate location corre-
sponding to the lowest total number of stages in the column
is calculated and can be selected.

In the case of a ternary distillation column with side draw,
the total number of specifications changes. An extra compo-
nent specification is required. A list of feasible side draws
can be calculated by computing the profile from the end of o
the column and verifying that the candidate side stream draw 00 01 02 03 04 05 06 07 08 09 10
will satisfy the overall mass balance. Once the final side H20 Liquid1 Mole Fraction
stream specification is made, the BVDM can be resumed. fig 3. -y diagram for an acetic acid and water mixture as predicted by

Distillation columns with top decanters need the specifi- a UNIQUAC-Dimer model at 1atm. Notice the strong tangent pinch at
cations of the vapor from the column entering the condenser, high water mole fractions.
such that the two liquids in the decanter can be formed from
the totally condensed vapor. The tie line through the top va-
por composition provides the range of possible distillates mixture at 101.325kPa. There is, however, a tangent pinch
that can be achieved. When the bottom composition hasclose to pure water (Fig. 3), which makes this binary sepa-
been selected, the overall composition of the distillate can ration very expensive (high reflux and a lot of stages in the
be calculated as the intersection of the decanter tie line andrectification part of the column) if high purity water is re-
the column mass balance line. Specification of the top va- quired (e.g. to meet environmental requirements). After se-
por is more convenient than specification of distillate, since lection of n-butyl acetateas the entrainer (quite frequently,
we usually take a top vapor close to a ternary heterogeneoughe proper entrainer already exists in the whole process), we
azeotrope and it must be in the same distillation region as can examine the whole composition space for multiple liquid
the bottom composition. regions, azeotropes, and distillation boundaries as shown in

It is important to note that the number of specifications Fig. 1. The entrainer adds to the system a new heterogeneous
(degrees of freedom) in both the BVDM and a standard sim- azeotrope, but at the same time creates a two-liquid region,
ulation are the same, although the actual variables selectedn which a decanter can be used to obtain required distillate
as specifications are different. In a simulation of a distilla- purity. We have two inlet streams to the column: the origi-
tion column, the specifications that are typically made in- nalwateracetic acidmixture and the entrainer makeup. We
clude the feed composition and thermodynamic state, num-can mix them and introduce them to the column as a single
ber of stages, feed plate location, reflux ratio, and distillate feed stream, but it is usually a good idea to separately add
flow rate. Product compositions are the results of the simu- streams that have different compositions to the column in
lation. In the BVDM, the feed plate location and number of different stages. A two-feed distillation column with a top
theoretical stages are calculated, but product compositionsdecanter is what we need for this separation (Fig. 4a and b).
are specified. So, we specify what we want to achieve in  The BVDM algorithm for a ternary two-feed distillation
distillation and calculate parameters of the column, which column with a top decanter (with some design details spe-
will accomplish our separation. If the rectifying and strip- cific for this case) can be summarized as follows:
ping composition profiles cross in the component space, a 1. Specify column pressure (101.325 kPa)
feasible column is guaranteed. 2. Specify upper feed composition (punebutyl acetat@

and thermodynamic state (saturated liquid).
3. Specify lower feed composition (equimolar mixture of
5. Example 1: Two-feed distillation column with top water andacetic acig and thermodynamic state (satu-
decanter rated liquid).
4. Specify upper to lower feed ratio (0.001).

This example shows how a difficult separation caused 5. Specify bottom product (almost puracetic acid:
by a tangent pinch between components can be avoided by  xaa =0.999%; trace amount of entraingg=1.0e—6).
adding an entrainer. The entrainer adds to the system a new 6. Select top vapor composition in the two liquid re-
heterogeneous azeotrope, but at the same time moves the gion close to heterogeneous azeotropga&0.001,
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H20O Vapour Phase Mole Fraction

distillation profile away from the binary pinch towards the xw=0.723).

minimum boiling azeotrope. A decanter can then be used to 7. Select the aqueous liquid phase from decanter as the
obtain required distillate purity in far fewer stages than in distillate product.

the original binary distillation. 8. Guess a value for the reflux ratio=5.0).

Dehydration of acetic acid is a problem often encountered 9. Calculate reboil ratio using energy balance.
in the chemical industry. There is no azeotrope in this binary 10. Calculate rectifying profile up to a pinch point.
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4. (a) Two-feed distillation column with top decanter and (b) the

column liquid profiles for the acetic acid dehydration problem. Optimal
®w=0.5786.

11.

12.

13.

14.

15.

Select one stage from the rectifying profile as the upper
feed location.

Compute the intermediate composition profile down the
column starting from the selected upper feed location.
Compute the stripping composition profile up the col-
umn starting from the bottom composition.

Repeat (8)—(13) until intermediate and stripping com-
position profiles intersect in the composition space.
Count the number of stages in each section of the
column.

As mentioned before, there is an additional degree of
freedom for ternary two-feed distillation column design. We
have to specify the upper feed location (Point 11 of the algo-

rithm). In the BVDM, we perform the appropriate parametric Fig. 6. (a) Two-feed distillation column and (b) the column liquid profiles
study and show the results of this study in a diagram (Fig. 5) for the acetic acid dehydration problem=0.01.
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Fig. 7. (a) Two-feed distillation column and (b) the column liquid profiles
for the acetic acid dehydration problem=0.99.

and Fig. 7a,b fow=0.01 and 0.99, respectively. Both require

a total of 31 stages in the column (5 more than the optimal
solution), but the stages are distributed differently between
which shows the effect of the upper feed plate location on the middle and stripping sections of the column.

total number of column stages as well as number of stages The separation can also be achieved in a single feed col-
in each column section. As it is normally beneficial to select umn as shown in Fig. 8a,b. As expected, the design requires
the fewest number of stages to perform a desired separationmore stages in the column than the two feed column design.
a feed plate location corresponding to the lowest total num- The separation is also possible without adding any en-
ber of stages in the column has been selected((58. In trainers. The binary distillation column shown in Fig. 9a,b
our case, the optimum is quite flat and selectiomadh the requires 131 theoretical stages to produce the saater
0.4-0.8 range does not make a big difference in total num- purity (99.78 mol%) as the columns with decanters. For a
ber of stages. The results of our design (upper and lowerrequiredwater purity of 99.5 mol%, there are still 75 stages
feed locations, number of stages in the column) are shown inin the column, more than twice the optimal design with
Fig. 4a together with column liquid profiles shown in Fig. 4b. entrainer.

The independent variable, is a normalized distance in In binary distillation column design (Fig. 9a,b), we spec-
composition space along the rectifying profile between the ify two product compositions (one in each product), choose
first and the last feasible upper feed plate locations. Two reflux ratio and calculate the reboil ratio from energy bal-
additional, not-optimal designs are shown in Fig. 6a and b ance. Then, both the rectifying and stripping profiles can
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@ (Fig. 10).
10
08 T 6. Example 2: Distillation column with side stream
5 /PZVV draw and top decanter
w
é_ 06 “H In a continuousn-butyl acrylate (BA) production pro-
o Af% cess, the BA is made by reacting excéssanol (B) and
(5) 04 A4 acrylic acid in the presence of a catalyst in a heated con-
3 J§‘/ tinuous stirred tank reactor. After some preliminary separa-
2 44 tions, the product stream containing the BA, B amater
02 (W) is pumped to a dehydration column to remove W and
alcohol. A side draw from the column containing mostly al-
0.0 cohol can be recycled to the reactor without any additional
(® 00 0.2 04 0.6 0.8 1.0

purification.
After performing a non-linear regression to estimate bi-

Fig. 9. (a) Binary distillation column and (b) the column composition nary interaction parameters for the ternary system using

profile for the acetic acid dehydration problem. Water purity 99.78 mol%. Vapor—liquid and "qUid_liQ_Uid equilibrium eXp("3‘."ilme|'1taI
Notice the large number of stages near the tangent pinch. data [12—-14], we can examine the whole composition space

for multiple liquid regions, azeotropes, and distillation

boundaries as shown in Fig. 2. The feed composition is in
be calculated starting at product compositions and endingthe distillation region defined by the BA vertex, and the
at the fixed points where the operating lines intersect the BA—B, BA—B—W and BA—W azeotropes. The BA stable
equilibrium curve (see McCabe-Thiele diagram in Fig. 9b). node (maximum boiling composition in the region) can be
There are at least two fixed points in each profile, one stabletaken as a bottom product. The BB azeotrope (saddle)
and one unstable node. For a reflux less than a minimumcan be taken as a side draw stream and recycled to the reac-
reflux, both profiles are isolated. For the minimum reflux, tor. The top vapor from the column can by condensed and
the profiles just touch each other (the stable nodes in bothdecanted, making it possible to cross a distillation boundary
profiles are at the same point). For a reflux greater than theand get almost pur&/ as a distillate. The separation can
minimum reflux, profiles overlap and we can choose the be accomplished in the distillation column shown schemat-
feed stage as any stage between rectifying and strippingically in Fig. 11a together with final liquid column profiles
pinches. This is an extra degree of freedom in the designshown in Fig. 11b.
of binary distillation column. For the same reflux ratio, The BVDM for this ternary distillation column (with some
there are multiple designs, which satisfy product specifica- design details) can be summarized as follows:
tions but require different numbers of stages in the column. 1. Specify column pressure, feed composition and thermo-
This is a good opportunity for applying a parameter op- dynamic state.
timization to obtain the best design. We have chosen the 2. Specify bottom product (almost pure BRga=0.99%;
total number of stages in the column as the optimization trace amount o¥W: xy=6.0e—16).

Liquid Compositicn
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Top Yapour Distillate draw. An extra specification is required. It could be a side
—¥ stream draw stage number, one component mole fraction in

- the side stream, etc. In our algorithm, we calculate a list of

r Liql feasible side stream draws by computing a profile from one
s Lig2 end of the column and checking the overall mass balances

Reflu for candidates for side draws (Poin_t 7 of the algorithm).

- - Then we select one stage from the list. In our example, the

Feed . optimal decision is to choose the stage with maximum alco-
3 SideStream hol concentration (the closest stage to the BA-B azeotrope

saddle).
Reboil Distillation towers with side stream draws can be promis-
. ing alternatives to a traditional column sequences, if the side

stream purity is not so important (e.g. if the side stream can
be recycled to a reactor). However, if high purity is required,
Bottoms the reflux ratio needed to achieve such separation can be very
l—'» high. Before deciding whether a traditional or side stream
sequence should be chosen an economical analysis must be
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in a deeper understanding of the thermodynamic behav-
ior and the constraints to separations encountered in the
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