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A systematic method to synthesize hybrid reacti®e distillation configurations described
here uses three building blocks. These building blocks are a cocurrent rectifying cascade,
a cocurrent stripping cascade, and a countercurrent cascade. A feasibility diagram and
a product purity diagram pro®ide a global ®iew of the ‘‘direct’’and ‘‘ indirect’’sharp split
products that can be obtained as a function of the reaction rate from single � feed and
double� feed hybrid columns, respecti®ely. These diagrams are used as a basis for quickly

( )and systematically generating feasible column configurations if any that produce the
desired product. Three esterification examples are used to illustrate the method. In spite
of the fact that the examples form a homologous series, the feasible designs are quite
different. The results compare well with column simulations.

Introduction
A conventional chemical process frequently includes a re-

actor followed by a separation system, often distillation. In
reactive distillation, the two processes are combined so that
synergistic effects between reaction and separation can oc-
cur. The advantages of combining reaction with distillation

Žwere recognized long ago Backhaus, 1921; Keyes, 1932;
.Longtin and Randall, 1942 , but the idea did not capture the

imagination of people in the process industry until much later
Ž .Agreda and Partin, 1984 . Because of the potential advan-

Žtages of this technology capital productivity and selectivity
improvements, reduced energy use, and reduction or elimina-

.tion of solvents , several techniques for designing reactive
distillation columns have been proposed in the past decade.
The methods include:
Ž . Ža Geometricrfixed point methods Barbosa and Doherty,

1988a,b; Buzad and Doherty, 1994; Okasinski and Doherty,
.1998; Melles et al., 2000

Ž . Žb Difference point methods Hauan et al., 2000; Lee et
.al., 2000a,b

Ž . Žc Mixed integer nonlinear programming methods Ciric
and Gu, 1994; Papalexandri and Pistikopoulos, 1996; Ismail

.et al., 1999

Correspondence concerning this article should be addressed to M. F. Malone.

Ž . Ž .d Simulated annealing methods Cardoso et al., 2000 .
All of these methods require the specification of feasible

products, without which the design process can be difficult, if
not impossible. Thus, a feasibility analysis is important to find
the regions of the composition space that are accessible via
reaction and separation.

Estimation of feasible distillates and bottoms compositions
for staged reactive distillation columns can be divided into
three cases on the basis of the rate of reaction: extremely

Ž . Žslow rates no reaction limit ; intermediate rates kinetic
. Žregime ; and very fast reaction rates chemical equilibrium

.limit . In the limits of no reaction and of chemical equilib-
rium, various methods can be used to address feasibility
ŽWahnshafft et al., 1992; Fidkowski et al., 1993; Rooks et al.
1998; Ung and Doherty, 1995a,b; Espinosa et al., 1995;

.Bessling et al., 1997 .
Feasibility studies at finite rates of reaction are interesting,

because most reactive distillation devices operate in this
Ž .regime. Giessler et al. 1998, 1999 use ‘‘static analysis’’ to

determine feasibility of reactive columns operated with large
Ž .internal flows. Chadda et al. 2000 described an algorithm to

calculate the feasible product regions for a single�feed, staged
continuous column in the kinetic regime using pinch tracking
methods and the design equations for the rectifying and
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stripping sections. However, that method is practically lim-
ited to ternary systems.

Ž . Ž .Chadda 2001 and Chadda et al. 2001 describe a simpler
and more generally applicable model for flash cascades to
address the issue of feasibility in single�feed, fully reactive,
continuous columns. A bifurcation study provides a global
view of the ‘‘direct’’ and ‘‘indirect’’ sharp splits at all rates of

Žreaction. One of the products in a sharp split will be either a
.pure component, an azeotrope, or a kinetic pinch point. The

main advantages of the flash cascade model are:
Ž .a It provides a global view of feasibility as a function of

the production rate, catalyst concentration, and liquid holdup.
Ž .b It applies to any number of components and reactions.
Ž .c It can be implemented and interpreted quickly.
At present, few methods are available to assess the feasi-

bility of hybrid and double�feed columns for finite rates of
reaction. The purpose of this article is to develop a flash cas-
cade model for hybrid columns and double�feed reactive dis-
tillation columns. The methods used in this article can be
used to answer the following questions at the conceptual de-
sign stage.
Ž . Ž .a What ranges if any of production rates, catalyst con-

centrations, and liquid holdups are suitable to obtain the de-
sired product?
Ž . Ž .b What kind of column configuration if any is suitable

to get the desired product, viz, a single�feed or a double�feed
column; reactive or hybrid column?
Ž .c For each feasible column configuration that exists, what

are the composition of the two products comprising the split?

Feasibility of Single–feed Columns
Fully reacti©e columns

Ž .Chadda et al. 2001 provide a model based on cocurrent
Ž .cascades of isobaric flash reactors Figure 1 to determine

the feasibility of fully reactive continuous columns. The recti-
fying and stripping cascades in Figure 1 are surrogates for
the rectifying and stripping sections in a continuous column,
respectively.

Figure 1. Single-feed fully reactive flash cascades.

The model for the stripping cascade of N stages is

k Df
x s� y q 1y� x y� r xŽ . Ž .i , jy1 i , j i , j i jž /ž /k 1yDf ,ref

is1......... cy1Ž .

js1,2......... N 1Ž . Ž .

where x s x . For the rectifying cascade of M stages0 F

k Df
y s� y q 1y� x y� r xŽ . Ž .i , jy1 i , j i , j i jž /ž /k 1yDf ,ref

is1........ cy1Ž .

js2,3........ M 2Ž . Ž .

where y s ys, and y s is the vapor stream composition from1 1 1
the first flash device of the stripping cascade shown in Figure
1. For definitions of the terms and for model development,

Ž .see Chadda et al. 2001 .
The two independent parameters for each flash unit are �

and D. � is the fraction of feed vaporized in the unit and D
Ž .is a normalized Damkohler number Da, Damkohler, 1939¨

Ž .defined as DsDar 1qDa . Da is a function of the produc-
tion rate, liquid holdup and catalyst concentration and is de-

Ž .fined as in Chadda et al. 2001 . No reaction occurs in the
Ž .limit of D ™0 D™0 and reaction equilibrium is achieveda

Ž .as Da™� D™1 . At intermediate Da, the cascade oper-
ates in the kinetically controlled regime.

For the sharp split products from a continuous column, the
fixed point branches of interest are the stable node branches
in the stripping cascade and unstable node branches in the
rectifying cascade; these are a function of D. These solution
branches when plotted together comprise the feasibility dia-
gram for a single�feed column. The feasibility diagram pro-
vides a global view of the products expected from a continu-

Ž .ous distillation at any rate of reaction or D . Chadda et al.
Ž .2001 provide a rule for feasibility as follows.

Rule for Feasibility: Unstable node branches in the feasibility
diagram represent potential distillates while the stable node
branches represent the potential bottoms from a continuous sin-
gle � feed reacti®e column.

Ž .These fixed points x for the stripping cascade Eq. 1 areˆ
solutions of

k Df
1yD x y y q� r x s0Ž . Ž .ˆ ˆ ˆŽ .i i i ž /ž /k �f ,ref

is1........ cy1 3Ž . Ž .

where x and y are in vapor liquid equilibrium with each other.ˆ ˆ
Ž .Similarly, the fixed points y for the rectifying cascade Eq. 2ˆ
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Table 1. Vapor Pressure Data for the Butyl Acetate System

Component A A A A A1 2 3 4 5

Ž .Acetic acid 1 15.1923 y3,654.62 y45.392 0 0
y6Ž .n-Butanol 2 108.826 y10,069.5 0 y13.256 4.38�10
y6n-Butyl 103.79 y8,763.56 0 y13.118 8.439�10

Ž .acetate 3
Ž .Water 4 16.3178 y3,835.18 y45.343 0 0

Extended Antoine’s equation:
A2sat 2Ž . Ž .ln P s A q q A ln T q A T1 4 5Ž .A qT3

sat w x w xP kPa ; T K

are solutions of

k Df
1yD x y y y� r x s0Ž . Ž .ˆ ˆ ˆŽ .i i i ž /ž /k 1y�f ,ref

is1........ cy1 4Ž . Ž .

where x and y are in vapor liquid equilibrium with each other.ˆ ˆ
Consider the esterification of acetic acid with n-butanol at

1 atm

nyButanol BuOH qAceticAcid HOAcŽ . Ž .

mnyButylAcetate BuOAc q Water H O 5Ž . Ž .Ž .Ž .2

We represent the kinetics by a pseudo homogeneous model

a aBuOAc H O2rsk a a y 6Ž .f HOAc BuOHž /Keq

where k is the forward rate constant. This is assumed con-f
stant over the temperature range of interest, along with the
reaction equilibrium constant, which has a value of approxi-

Ž .mately 12.5 Venimadhavan et al., 1999a . The vapor�liquid
equilibrium was modeled with the Wilson equation and the
vapor phase was taken as ideal, except for dimerization of
acetic acid. The physical property data are provided in Ta-
bles 1 and 2.

The feasibility diagram at �s0.5 is shown in Figure 2.
The feasible distillate branch begins at the BuOAc�water
azeotrope for Ds 0 and ends in a quaternary reactive
azeotrope at the chemical equilibrium limit, Ds1. The feasi-
ble bottoms products are: a BuOAc branch that is a solution
for the entire range of D ; a branch starting from
BuOH�HOAc azeotrope that ends in a quaternary fixed point
at Ds0.03; and a BuOH branch for 0.35� DF1.0. Three
different feasibility structures are obtained from the diagram:
Ž .a For 0� D�0.03, the potential distillates are quater-

nary mixtures and the potential bottoms are either BuOAc or

Table 2. Binary Interaction Parameters for Wilson’s
Equation for Butyl Acetate System

a s0.0 a s473.342 a s674.184 a s537.51211 21 31 41
a sy162.658 a s0.0 a s149.858 a s616.6912 22 32 42
a s1,231.476 a s530.0937 a s0.0 a s2,199.21813 23 33 43

a s229.098 a s26,314.2 a s26,314.3 a s0.014 24 34 44

Figure 2. Feasibility diagram for butyl acetate system at
1 atm.

quaternary mixtures, depending on the feed and the column
design
Ž .b For 0.03� D�0.35, the potential distillates are qua-

ternary mixtures and the only feasible bottoms product is
BuOAc
Ž .c For 0.35� D�1.0, the potential distillates are quater-

nary mixtures and the potential bottoms are BuOAc or
BuOH, depending on the feed and the column design.

Thus, BuOAc can be obtained as bottoms product from a
single�feed fully reactive column at any rate of reaction, pro-
vided that the feed composition is in the appropriate range.
The optimum design depends on a tradeoff between the liq-
uid holdup and the number of stages in the column. For lower
D, BuOAc may be produced with less holdup on each stage,
but may require a large number of stages. At large D, BuOAc
may be produced with large holdup on each stage, but with a
lower number of stages.

Hybrid columns
Combining reactive and nonreactive sections in a single

column is essential in order to achieve certain products, de-
pending on the mixtures and chemistries involved. For exam-

Žple, nonreactive barriers such as azeotropes and distillation
.boundaries may be overcome in reactive sections while reac-

Žtive barriers such as reactive azeotropes or kinetic pinch
.points may be overcome in nonreactive sections. This can

lead to higher conversions andror higher selectivities. We are
interested in finding feasible splits for hybrid columns which
combine both reactive and nonreactive sections.

A method for assessing feasibility in hybrid columns is
based on the hybrid flash cascade model shown in Figure 3.
This represents a single�feed continuous column with a reac-
tive middle section and nonreactive rectifying and stripping
sections. We can construct different hybrid column configu-
rations by mixing and matching the reactive and nonreactive
flash cascades.

Figure 4 shows the hybrid feasibility diagram for the BuOAc
Ž .system. For a fully reactive column a operated at Ds0.6
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Figure 3. Single-feed hybrid flash cascades corre-
sponding to Figure 4c.

Ž .say , the potential distillate will be a quaternary mixture
Ž .point 2 and the bottoms will be either BuOAc or BuOH
depending on the feed composition. Since BuOAc is the de-
sired product, we choose it to be the potential bottoms com-

Ž .position point 3 .
If we add a nonreactive section on top of the reactive sec-

Ž .tion, we generate a hybrid column configuration b . This is
equivalent to a hybrid flash cascade arrangement with a reac-
tive rectifying cascade followed by a nonreactive rectifying
cascade. The bottom half of the cascade contains a reactive
stripping cascade. Starting from the feed composition, the re-
active rectifying and stripping cascades can potentially lead
to pinch points 2 and 3, respectively, at Ds0.6. Pinch point
2 is the feed to the nonreactive rectifying cascade; the trajec-
tory of this cascade will head towards the ‘‘lightest boiling
species’’ at Ds0 which is the butyl acetate�water azeotrope

Figure 4. Feasibility diagram for butyl acetate showing
products from different column configura-
tions.

Ž .point 1 . Thus, introducing a nonreactive section leads to
higher conversion and easier downstream processing because

Žthe distillate is a binary mixture as opposed to a quaternary
.mixture from a fully reactive column .

If we introduce a nonreactive stripping section to configu-
Ž . Ž .ration b , hybrid column configuration c is generated whose

flash cascade equivalent is shown in Figure 3. Adding a non-
reactive stripping section does not change the potential bot-

Ž .toms BuOAc , because it is also the ‘‘heaviest boiling species’’
Ž .at Ds0 point 4 . Apart from having the advantages at-

Ž . Ž .tributed to configuration b , configuration c is useful from
an operational perspective because the nonreactive stripping
section provides a safeguard against the loss of catalytic activ-
ity in the reactive section. Therefore, the column can be op-

Ž .erated for a longer time than configuration b before the
Ž .catalyst is replaced. Configuration d can be interpreted

likewise with the feasibility diagram. The products from con-
Ž .figuration d are a quaternary mixture as distillate and

BuOAc as the bottoms.
Any of the four column configurations shown in Figure 4

are feasible process alternatives for producing high purity
Ž .butyl acetate. However, configuration c seems more desir-

able than the others because of higher conversion, easier
downstream processing, and operational reasons mentioned
above.

For each chosen column configuration, we need to esti-
mate the compositions of products in overall mass balance
with each other. We consider configuration 4c. The potential
products from this hybrid configuration are BuOAc�water
azeotrope as a distillate and BuOAc as a bottoms. However,
whether or not the two products can be obtained simultane-
ously depends on their satisfying the overall mass balance. To
check for that, we solve the flash cascades equivalent of con-
figuration 4c, which is shown in Figure 3.

ŽThe flash cascade trajectories solutions of Eqs. 1 and 2 for
Ž .a c component system are described with cy1 mole frac-

tions. For chemical equilibrium limited reactions, it is more
convenient to use the variable transformations introduced by

Ž .Barbosa and Doherty 1988a,b for single reactions and later
Ž .extended by Ung and Doherty 1995a,b to any number of

Ž .reactions R . These are also useful in kinetically�controlled
circumstances. Here, we use these to project the trajectories
in mole�fraction space onto a lower dimensional reaction in-

Ž .®ariant space with dimensionality cyRy1 . The advantage
of the reaction invariants is that the lever rule mass balance
is satisfied in these variables for equilibrium�limited reactive
distillation.

These transforms are not complete for kinetically con-
trolled reactions. We use a set of ‘‘composite variables’’ for
expressing the solutions of cascades operated in the kineti-

Ž .cally controlled regime; these are the cyRy1 reaction in-
variants and R mole fraction variables. The R mole fractions
are taken as the reference variables used to calculate the re-
action invariants and are chosen in accordance with the rules

Ž .given in Ung and Doherty 1995a . The reaction invariants
Ž .are Ung and Doherty

x � y x �i k k i
X s 7Ž .i � y� xk T k
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where ks1, . . . , R are the reference components and is1,
. . . , cyRy1.

The resulting composite variable space is cy1 dimen-
sional and each point on the cascade trajectory in this com-
posite space has a one�to�one correspondence with the cas-

Ž .cade trajectory in the cy1 dimensional mole fraction space.
An advantage of expressing solutions in the composite vari-
able space is also in the ease of visualization of trajectories.

For example, in the BuOAc system, there are four compo-
nents and a single reaction. Therefore, the composite vari-

Ž .able space is three-dimensional 3-D with two reaction in-
variants and one mole fraction variable. The mole fraction
variable is the reference variable and is chosen here as
x . The two transformed variables are then calculatedBuOAc
using Eq. 7

X s x q x1 HOAc BuOAc

X s x q x 8Ž .2 BuOH BuOAc

Thus, X , X and x comprise the composite variables1 2 BuOAc
set and the resulting solution space is the tetrahedral space
within the ‘‘cube’’ shown in Figure 5a. Each vertex of the
tetrahedron represents a pure component. The reaction in-
variants X and X can also be interpreted here as the frac-1 2

Ž .tion of acetate groups Ac and the fraction of butyl groups
Ž .Bu in the mixture. These do not change on account of reac-
tion, but only due to to vaporization.

Next, we solve the flash cascade equivalent for the hybrid
column configuration shown in Figure 4c. The feed to the
cascade is an equimolar mixture of acetic acid and butanol.
Starting from the feed composition, Eq. 1 is solved recur-
sively at Ds0.6 and �s0.5 for a large number of stages
until a point is reached where the composition is essentially
constant from stage to stage. This pinch point is butyl ac-

etate. The composition of the pinch point is taken as the feed
Ž .to a nonreactive stripping cascade Eq. 1 at Ds0 . The cor-

responding pinch point from the nonreactive cascade is butyl
acetate as expected. The mole fraction iterates from the
stripping cascades are converted to composite variables using
Eq. 8 with the results shown in Figure 5a. In a similar fash-

Ž .ion, the rectifying cascade model Eq. 2 at Ds0.6 is solved
recursively for a large number of stages until a pinch point
Ž .quaternary mixture is reached; this quaternary mixture is

Žthen taken as feed to a nonreactive rectifying cascade Eq. 2
.at Ds0 . The corresponding pinch point from the nonreac-

tive cascade is the butyl acetate�water azeotrope. The vapor
mole fractions from the rectifying cascade trajectory are
shown in Figure 5a.

To satisfy the overall mass balance, we make the orthogo-
nal projection of the hybrid flash cascade trajectories in Fig-
ure 5a onto the base of the cube which is the reaction invari-
ant space. The result is shown in Figure 5b. Each vertex of
the transformed space is a pure component and each edge
represents a nonreactive binary mixture. The desired product
Ž .BuOAc is the potential bottoms. Next, we apply the lever
rule for a continuous column by which the distillate, feed,
and bottoms compositions lie on a straight line in a trans-
formed variable space, as shown in Figure 5b. The point of
intersection of the mass balance line and the stripping cas-

Ž .cade trajectory Butyl acetate�water azeotrope indicates a
feasible split.

The resulting estimate for a feasible split is shown in Table
3. To verify that such a split is obtained from a column, we
also did column simulations using the same physical property
models and kinetics. The column configuration chosen had a
middle reactive section, with Ds0.6 for all reactive stages
and, nonreactive rectifying and stripping sections. Starting
with an initial estimate for the number of stages from the
cascade calculation and the ratio of the product flows from

( )Figure 5. Flash cascade trajectories for a single-feed hybrid column for butyl acetate system in: a composite vari-
( )able space; b reaction invariant space.
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Table 3. Feasible Splits for Butyl Acetate System Predicted
by the Hybrid Flash Cascade Model vs. Column Simulations

at Ds0.6 for Splits in Figures 5 and 6
�Mole Fraction Cascade Prediction Column Simulation

Distillate
HOAc 0.0 0.0
BuOH 0.0 0.0
BuOAc 0.247 0.235
Water 0.753 0.745

Bottoms
HOAc 0.0 0.008
BuOH 0.0 0.0
BuOAc 1.0 0.992

�Water 0.0 0.0

Column design: N s48, fs11, rs3.9, ss9.5T

Figure 5b, we found a final design by doing repeated simula-
tions. The results are in good agreement with the flash cas-
cade prediction, as shown in Table 3. The composition pro-
files from the simulation are shown in Figure 6.

Note that we applied the lever rule to satisfy the overall
mass balance in reaction invariant space for a reactive col-
umn operated in the kinetically controlled regime. Barbosa

Ž . Ž .and Doherty 1988a,b and Ung and Doherty 1995a showed
that the transformed lever rule is the necessary and sufficient
condition for satisfying the overall mass balance for a column
in the limit of chemical equilibrium. It is shown in Appendix

ŽA that the transformed lever rule is a necessary but not suf-
.ficient condition for satisfying overall mass balance for

columns operated in the nonreactive and kinetically con-
trolled regimes. However, it is still very helpful in quickly as-
sessing feasibility of reactive distillation. Thus, we use the
transformed lever rule to devise splits under a weaker condi-
tion of feasibility.

Algorithm for single – feed columns
We can estimate the direct and indirect split products for

single�feed columns with the following general algorithm.
( )a Select column configuration:
Ž .1 For a specified column pressure, plot the feasibility di-

agram. The feasibility diagram comprises the unstable node
Ž .branches in the rectifying cascade Eq. 4 and the stable node
Ž .branches of the stripping cascade Eqs. 3 .

Ž .2 From the feasibility diagram, select the column config-
Ž .uration for a single�feed column reactive or hybrid which

provides the desired product, using the approach used in Fig-
ure 4. Also, select a D at which the reactive sections should
be operated to get the desired product.
Ž . Ž3 If no single�feed column configuration fully reactive

.or hybrid provides the desired product, stop. Else, estimate
a feasible split as provided below.

( )b Estimate feasible split:
Ž .1 Solve the reactive stripping and rectifying cascade

Ž .equations Eqs. 1 and 2, respectively at the D value selected
in part a for a given feed composition until they reach their
respective pinch points.
Ž .2 If the column configuration selected in part a is fully

reactive, go to step 3. Otherwise, depending on the hybrid
column configuration selected in part a, solve Eqs. 1 andror

Ž .2 again at Ds0 no reaction limit with the feed composi-
tion as the pinch point compositions of the respective reac-
tive flash cascades obtained in step 1.
Ž .3 Convert the iterates of the stripping cascade trajecto-

ries obtained in steps 1 and 2 to reaction invariant composi-
Ž .tions Ung and Doherty, 1995b using Eq. 7. Similar expres-

sions for the rectifying cascade trajectory are obtained in the
reaction invariants for the vapor phase Y .i
Ž .4 Plot these projections of trajectories in reaction invari-

ant space.

( )Figure 6. Column simulation profiles for a single-feed hybrid configuration for butyl acetate system in: a composite
( )variable space; b reaction invariant space.
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Ž .5 Select the desired product composition as a potential
product from a single�feed continuous column.
Ž .6 Apply the transformed lever rule for continuous

columns by which the bottoms, feed, and distillate composi-
tions in reaction invariants must be collinear. Draw a straight
line joining the desired product and the reaction invariant
feed composition and extend it until it intersects the other
cascade trajectory. The point of intersection indicates a feasi-
ble split. Convert the reaction invariant compositions back to
mole fractions compositions.

Feasibility of Double–Feed Columns
It is not always possible to obtain the desired products from

a single�feed column. For some systems, feeding the reac-
tants together at the same stage does not provide good con-
tacting. This is because the light boiling reactants move up
the column and the high boiling reactants move down the
column, thus, providing very little contact between them and
resulting in low conversions. This problem can be circum-
vented if the lighter reactant is fed below the heavier reac-
tant. It is helpful to know what feasible splits are possible for
such a double�feed arrangement.

For example, consider the esterification of acetic acid with
methanol at 1 atm

Methanol MeOH qAceticAcid HOAcŽ . Ž .

mMethylAcetate MeOAc qWater H O 9Ž . Ž .Ž .2

The rate expression is given by

a aMeOAc H O2rsk a a y 10Ž .f HOAc MeOHž /Keq

Figure 7. Feasibility diagram for methyl acetate at 1 atm.

where the expressions for k and K depend on tempera-f eq
Ž .ture and were taken from Huss et al. 1999 . The vapor�liquid

equilibrium was modeled with the Wilson equation in the liq-
uid and the vapor was taken as ideal, except for dimerization
of acetic acid. The binary interaction parameters were also

Ž .taken from Huss et al. 1999 .
A feasibility diagram for the methyl esterification example

is shown in Figure 7. For any D, it is possible to obtain acetic
acid as a potential bottoms product and a binary mixture of
MeOAc and MeOH as potential distillate from a single�feed
column. However, high purity MeOAc cannot be obtained at
any D from a single�feed column, fully reactive or hybrid.
The reason is because the two reactants, MeOH and HOAc

Žhave boiling points that are widely different 58�C and 117�C,
.respectively and feeding them on the same stage leads to

rapid separation, permitting little reaction between the two.
On the other hand, for the BuOAc example, the boiling points

Ž .of BuOH and HOAc are nearly the same around 117�C ;
therefore, a single�feed column can be used to produce high

Ž .purity BuOAc Figures 4 and 5 .
To study the feasibility of a double�feed column configu-

ration, we use a countercurrent cascade shown in Figure 8.
Saturated liquid and vapor reactant feeds are provided at the
top and bottom, respectively. The product from the top of
the cascade is vapor V and the product from the bottom of
the cascade is liquid L. For simplicity, we consider a single
chemical reaction with an equimolar chemistry and a heat of
reaction negligible in comparison to the heat of vaporization

Žof the mixture. A more general cascade model is provided in
.Appendix B. Under conditions of constant molar overflow

Ž .CMO , the liquid and vapor flows from stage to stage are
equal and with n stages

VsV sV s . . . sV s . . . sV sF1 2 j nq1 L

F sL sL s . . . sL s . . . sL sL 11Ž .U 0 1 j n

Figure 8. Countercurrent cascade and stage j of the
cascade.
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where F and F are the molar flow rates for the lower andL U
upper feeds, respectively. A dynamic model for the jth stage
of the countercurrent cascade is

dxi , j
H sL x y x qV y y y q� k Hr xŽ . Ž . Ž .i , jy1 i , j i , jq1 i , j i f jž /dt

is1...cy1Ž .

js1...n 12Ž . Ž .

Two independent parameters characterize the countercur-
rent cascade:
Ž .1 F sF rF sVrL, the molar feed ratio of the twor L U

feeds;
Ž . Ž . Ž .2 Das HrF r 1rk , the Damkohler number for the¨U f ,ref

countercurrent cascade. This is the ratio of the characteristic
liquid residence time to a characteristic reaction time. H is
the liquid holdup on a stage and is assumed equal on all
stages. k is the forward rate constant at a reference tem-f ,ref
perature T .ref

The model for the countercurrent cascade is

dxi , j s x y x qF y y yŽ . Ž .i , jy1 i , j r i , jq1 i , jL� 0dtž /H

k fq� Da r x is1...cy1Ž . Ž .i jž /kf,ref

js1...n 13Ž . Ž .

We introduce a dimensionless ‘‘warped’’ time d� sLdtrH,
Žand expressing the above equation in terms of DsDar 1q

.Da , we get the model for countercurrent cascade

dxi , j s x y x qF y y yŽ . Ž .i , jy1 i , j r i , jq1 i , jž /d�

k Dfq� r x is1...cy1Ž . Ž .i jž /ž /k 1yDf ,ref

js1...n 14Ž . Ž .

where x s X and y s y .0 F ,U nq1 F , L
The entire countercurrent cascade is solved simultaneously

Ž .as a set of n cy1 coupled ordinary differential equations
for the two specified feed compositions x , y , and forF,U F , L
specified values of the two parameters F and D. The simula-r
tion is continued until the liquid compositions on all stages
reach their respective steady states. We have found that a
dynamic model is more robust than a steady-state model, al-
though more computationally demanding.

To demonstrate the method, we solve the reactive counter-
current cascade for the methyl esterification example intro-

Žduced in Eq. 9. A saturated liquid acetic acid feed heavy
.reactant is provided at the top of the countercurrent cas-

Ž .cade, and a saturated vapor methanol feed light reactant is
provided at the bottom. For a given F and D, countercur-r

Figure 9. Flash cascade trajectories for a double-feed
hybrid column for methyl acetate system in
composite variable space.

Ž .rent cascade Eq. 14 is solved for a large number of stages
Ž .typically 100 and for a sufficiently long time until the liquid
compositions on all stages reach their steady states. The tra-
jectory of liquid compositions at steady state is then plotted
in the composite variable space which is 3-D for this exam-
ple. The composite variables are x along withMeOAc

X s x q x1 HOAc MeOAc

X s x q x 15Ž .2 MeOH MeOAc

Figure 9 shows the countercurrent cascade trajectory for
F s1.0 at Ds0.8. The trajectory of liquid compositions be-r

Žgins from near the MeOH�water edge shown as L in Figure
. Ž9 and ends near the MeOAc-HOAc edge shown as V in

.Figure 9 . It exhibits a near pinch in the middle. A key fea-
ture of this cascade is that the compositions of the two prod-
ucts from the countercurrent cascade do not change after the
pinch develops. Any increase in the number of stages after
the pinch develops has no impact on the product composi-

Žtions. The fixed point criteria for the countercurrent cascade
.are provided in Appendix C. The feature that makes the

countercurrent cascade useful for this particular example is
that the product compositions are close to the MeOH�water
and MeOAc�HOAc edges, respectively. This property of the
reactive countercurrent cascade trajectory to stretch from
edge to edge makes double�feed columns an attractive
proposition for producing desired products of pure MeOAc
and pure water.

ŽWe can combine the reactive countercurrent cascade Fig-
.ure 8 with the rectifying and stripping cocurrent cascades

Ž .Figure 1 as a basis for estimating feasible products from a
double�feed column. This arrangement is shown in Figure

Ž .10. The countercurrent cascade Eq. 14 is solved for a large
Ž .number of stages n at specified feed compositions, F , andr

D. The vapor product from the countercurrent cascade is in-
Ž .put as feed to the cocurrent rectifying cascade Eq. 2 , which

can either be reactive or nonreactive and is solved until a
pinch point is reached. In a similar fashion, the liquid prod-
uct from the bottom of the countercurrent cascade is sent as
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Figure 10. Flash cascade representation of a double-
feed, hybrid column.

Ž .feed to the cocurrent stripping cascade Eq. 1 , which can
also be reactive or nonreactive as desired. This cascade is
also solved until a pinch point is reached.

Figure 9 shows the cascade trajectories for the representa-
tion in Figure 10. The upper and lower feeds are pure acetic
acid and methanol, respectively. The countercurrent cascade
is reactive with F s1.0 at Ds0.8. The cocurrent cascadesr
are nonreactive. Note that the nonreactive rectifying trajec-

Žtory starts near the MeOAc�HOAc edge shown as V in Fig-
.ure 9 , remains close to that edge while moving up towards

the MeOAc vertex, approaches the MeOAc vertex and then

Figure 11. Flash cascade trajectories for a double-feed
hybrid column for methyl acetate system in
reaction invariant space at 1 atm.

moves away, passing close to the MeOAc�water azeotrope
before finally settling at its pinch point which is the
MeOH�MeOAc azeotrope. On the other end, the nonreac-
tive stripping trajectory starts close to the MeOH�water edge
Ž .shown as L in Figure 9 , moves towards the water vertex,
comes close to the water vertex, and then moves away, finally
settling at a pinch point which is nearly pure acetic acid.

To select a feasible split for a double�feed column, the
cascade trajectories in the composite variable space shown in
Figure 9 are projected onto the reaction invariant space, as
shown in Figure 11. We pick the iterate on the nonreactive
rectifying cascade trajectory in Figure 11 that has the maxi-
mum MeOAc composition as distillate. Next, we draw a

( )Figure 12. Column simulation profiles for a double-feed hybrid configuration for methyl acetate system in: a com-
( )posite variable space; b reaction invariant space.
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Table 4. Feasible Splits Predicted for Methyl Acetate by the
Double–Feed Hybrid Model vs. Column Simulations at Ds

0.8 for Splits in Figures 11 and 12
�Mole Fraction Cascade Prediction Column Simulation

Distillate
HOAc 0.0 0.00001
MeOH 0.001 0.003
MeOAc 0.9792 0.975
Water 0.0198 0.02

Bottoms
HOAc 0.025 0.025
MeOH 0.025 0.024
MeOAc 0.0 0.0

�Water 0.95 0.951

Column design: N s36, f s4, f s28, rs1.3, ss2.3T u l

straight lever rule mass balance line joining the distillate and
the overall feed composition and extend it to intersect the
nonreactive stripping cascade trajectory. The point of inter-
section is a feasible bottoms composition. The reaction in-
variant compositions are then converted back to mole frac-
tions. The feasible split predictions for a double�feed hybrid
column are provided in Table 4.

To verify that the estimate of the feasible split at Ds0.8
is achievable, we also simulated double�feed hybrid columns.
The column simulation trajectories at Ds0.8 are shown in
Figure 12. The composition of the products obtained and the
column designs are provided in Table 4. The estimate of the
feasible split from the double�feed cascade compares well
with the results of full column simulations.

The double�feed column configuration developed here for
methyl acetate synthesis is an alternative to the Eastman pro-

Ž .cess Agreda and Partin, 1984; Agreda et al., 1990 . Figure 13
compares the two column configurations. The Eastman pro-

Žcess is based on a homogeneous catalyst sulfuric acid which
is present throughout the bottom of the column, thereby pre-

.venting the use of a nonreactive stripping section , whereas
the alternative design synthesized in this work is based on a
heterogeneous catalyst which can be confined to specific parts
of the column, therefore, allowing for a nonreactive stripping
section. Another difference between the two designs is the
absence of a distinct nonreactive extractive section in the de-
sign synthesized in this work. In the Eastman process config-

Figure 13. Column configurations for methyl acetate
( ) ( )synthesis: a Eastman process; b this

work.

Figure 14. Product purity diagram for methyl acetate
system.
Open squares are independent column designs by Huss et

Ž .al. 1999 .

uration, the methyl acetate�water azeotrope is obtained at
the top of the reactive zone. This azeotrope is then broken by
the addition of an extractive agent, acetic acid. Hence, the

Ž .need for a nonreactive extractive section Siirola, 1996 . In
the design alternative synthesized here, a distinct extractive
section is not required. Figure 9 shows that it is the reaction
zone alone between the two feeds that brings the products
from this zone close to the MeOAc�HOAc and MeOH�water
edges, respectively. Consequently, the separation at the two
edges is very nearly like binary nonreactive separations re-
sulting in high purity MeOAc and water products.

We used a constant value of Ds0.8 per stage in Figures
11 and 12. We do not know for what range of D, we can
obtain MeOAc as a high�purity product from a double�feed
column configuration. To determine this, we plot a product
purity diagram. The countercurrentrcocurrent cascade model
is solved at different D and the maximum desired product

Ž .composition MeOAc in this example obtained from the hy-
brid cascade at each D is noted. A plot of the maximum
MeOAc composition in the distillate vs. D is shown in the
product purity plot in Figure 14. From this plot, it can be
seen that, for DG0.4 in the double�feed hybrid column, the
MeOAc composition is greater than 95%. Therefore, we could
choose a DG0.4 in the column to obtain fairly pure MeOAc.
Results of independent simulations of double�feed hybrid

Ž .columns by Huss et al. 1999 are in good agreement with this
estimate.

Effect of pressure on feasibility
Column pressure has an effect on the purity of the desired

product. Intuitively, it may seem that an increase in pressure
increases reaction rates due to higher temperatures so that
higher reactant conversions should be possible. If this is cor-
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Figure 15. Pressure effect on feasibility of a double-feed
hybrid column for methyl acetate synthesis.

rect, then increasing the column pressure should also lead to
an increase in the product purities for the MeOAc system. In
fact, the reverse happens! For example, Agreda and Partin
Ž .1984 reported that higher purities of methyl acetate are ob-
tained at lower pressures for the Eastman process. Figure 15
shows the effect of pressure on the maximum MeOAc com-
position in the distillate. Each of the data points were calcu-
lated for the arrangement shown in Figure 10 with Ds
0.8rstage, F s1 for the countercurrent reactive cascade, andr
Ds0 for the cocurrent cascades.

It can be seen that lowering the pressure leads to higher
MeOAc purity. This is caused by the interaction of pressure
and temperature with the VLE, as reflected in the location of
pinches in the countercurrent cascade and, consequently, in
the reactive middle section of the column. Figure 16 shows
the trajectories corresponding to 0.5 and 5 atm, respectively.
At 0.5 atm, the pinch in the countercurrent cascade is closer
to the MeOAc�HOAc edge and, hence, the vapor product
from the top of the countercurrent cascade lies very close to
the edge. This leads to an easier separation in the nonreac-
tive cocurrent cascade above the reactive cascade, with the
cocurrent cascade trajectory reaching close to the MeOAc
edge. At 5 atm, the pinch in the countercurrent cascade is far
from the MeOAc�HOAc edge, and, consequently, the vapor
product also lies farther from the edge. This causes the tra-
jectory of the nonreactive cocurrent cascade to be far from
the MeOAc edge and, hence, leads to a split with lower pu-
rity of methyl acetate. Independent column simulations at
different pressures provide splits that are in agreement with

Ž .those in Figure 16 Tio, 2000 .

Isopropyl Acetate Synthesis
In this section we combine the tools developed in the pre-

vious sections to assess the feasibility of various column con-
figurations. This approach is illustrated on isopropyl acetate
synthesis.

Consider the esterification of acetic acid with isopropanol
at a pressure of 1 atm.

Isopropanol IPA qAcetic Acid HOAcŽ . Ž .

mIsopropyl Acetate IPOAc qwater H O 16Ž . Ž .Ž .2

Figure 16. Flash cascade trajectories for a double-feed hybrid column for methyl acetate system in reaction invari-
( ) ( )ant space: a at 0.5 atm; b at 5 atm.
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Figure 17. Feasbility diagram for isopropyl acetate sys-
tem at 1 atm.

We represent the kinetics by a homogeneous model

a aIPOAc H O2rsk a a y 17Ž .f HOAc IPAž /Keq

where k is taken as constant over the temperature range of
Ž .interest, so that k r k s1.f f ,ref

The reaction equilibrium constant has a constant value of
Žapproximately 8.7 in the temperature range of interest Lee

.and Kuo, 1996 . The vapor-liquid equilibrium was modeled
using the Antoine vapor pressure equation and the NRTL
equation for activity coefficients in the liquid phase; the va-
por phase was taken as ideal, except for dimerization of the
acetic acid. The physical property information was taken

Ž .Venimadhavan et al. 1999b, Table 3 .
We seek to answer two questions. Is it possible to obtain

isopropyl acetate from a simple, two�product column? If so,
what column configuration and rate of reaction will provide
the desired product?

We first calculate the feasibility diagram for a single�feed
column, shown in Figure 17. Pure isopropyl acetate cannot
be obtained as a product from any single�feed column; reac-
tive or hybrid. Isopropyl acetate can only be obtained as part
of a quaternary mixture as distillate with the purity of iso-
propyl acetate varying from 54% at Ds0 to 16% at Ds1.

The product purity diagram for a double�feed hybrid col-
Žumn reactive middle section and nonreactive rectifying and

stripping sections with the upper feed of acetic acid and lower
.feed of isopropanol and F s1 and a double�feed reactiver

column are shown in Figure 18. The diagram shows that pure
isopropyl acetate cannot be obtained from a double�feed
column either. The best possible split with the configurations
considered here contains 58% isopropyl acetate in a ternary
mixture with isopropanol and water. This is obtained from a

Figure 18. Product purity diagram for isopropyl acetate
system.

double�feed hybrid column with a reactive middle section and
nonreactive rectifying and stripping sections for DG0.4.

Therefore, for this example, we can quickly conclude that
pure isopropyl acetate cannot be obtained by reactive distilla-
tion in any of the hybrid or fully-reactive column configura-
tions considered.

Summary and Conclusions
This article describes a systematic method for synthesizing

feasible column designs for reactive distillation. The method
requires three basic building blocks for synthesizing different
hybrid column configurations. These are
Ž .a A cocurrent rectifying cascade
Ž .b A cocurrent stripping cascade
Ž .c A countercurrent cascade.
These building blocks may be reactive or nonreactive as

desired. Mixing and matching these blocks leads to various
column configurations. The different column configurations
that can be potentially evaluated with the help of only these

Ž .building blocks are: 1 single�feed or double�feed columns;
Ž .and 2 fully reactive or hybrid columns.

We have developed tools that can be used to quickly screen
the different hybrid column configurations and decide at a
very early design stage if there is an incentive in investing
more time and resources in the further study of a process
alternative.

These methods were illustrated on three esterification ex-
Žamples, each with a single reaction the approach can also be

applied to cases with more reactions and components; see
.Chadda, 2001 . In spite of the fact that the examples form a

homologous series, the feasible designs are quite different.
While a single�feed hybrid column was sufficient to provide
butyl acetate, a double�feed column was required to produce
high purity methyl acetate. In the case of isopropyl
acetate system no reactive column configurations considered
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were suitable for the production of high purity isopropyl
acetate.

Finally, we would like to point out some limitations of the
approach and examples.
Ž .1 Using these building blocks in different permutations

can lead to a very large number of hybrid column configura-
tions. In this article we have dealt with only a small number
of these configurations. However, the methods outlined here
can be used as a basis for generating a computer-aided
method for synthesizing more configurations, such as com-
plex columns, and evaluating their feasibility.
Ž .2 The value of Da is taken as a constant within the reac-

tive sections. This is certainly not necessary, and parametric
studies may reveal additional feasible splits.
Ž .3 There are many other parameters such as feed ratio,

type and location of multiple feeds and side draws, reflux and
reboil ratios, and the choice of joining the building blocks of
cascades at or near pinch compositions. These variables can
also be studied parametrically, for which an optimization ap-
proach may be effective.
Ž .4 We have not studied examples with many more degrees

of freedom, or with significant heats of reaction.
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Notation
a sactivity of ii
cstotal number of components

Ž 4Dsscaled Damkohler number,sDar 1qDa , dimensionless¨
DasDamkohler number, dimensionless¨

f sfeed stage location in a continuous distillation columnr
F sratio of the molar feed rates in a countercurrent cascader
F smolar feed flow rate for the lower feed, molrhL
F smolar feed flow rate for the upper feed, molrhU
Hsliquid holdup on a stage, mol
k sforward reaction rate constant, moles reacted per mole off

mixture per unit time
k sforward reaction rate constant at the reference temperature,f ,ref

mole reacted per mole of mixture per unit time
K sreaction equilibrium constanteq

Lsliquid flow rate, molrtime
Pssystem pressure, atm

Ž . Ž C .M x saverage molecular weight sÝ M xis1 i i
Msindex for cocurrent rectifying cascade
nsindex for countercurrent reactive cascade
Nsindex for cocurrent stripping cascade

N snumber of equilibrium stages in a continuous distillation col-T
umn

Ž . Ž y� ir x sdriving force for the reaction, Ł a y� �reactants i products
� i .a rKi eq

rsreflux ratio
ssreboil ratio

Tstemperature
Vsvapor flow rate, molrtime
xsstate vector of liquid phase mole fractions
x smole fraction of i in the liquid phasei
X sreaction invariant in the liquid phasei
y smole fraction of i in the vapor phasei
Y sreaction invariant in the vapor phasei

Greek letters
� sliquid activity coefficienti
� sstoichiometric coefficient for ii

� ssummation of all stoichiometric coefficientsT
� sfraction of feed vaporized in j th flash unitj

Subscripts and superscripts
0sinitial condition
Bsbottoms
Dsdistillate
Fsfeed
iscomponent index
jsstage index for flash cascade

refsreference
Lslower
Osoverall
Usupper

�spinch composition
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Appendix A
Le©er rule for hybrid columns

Consider a single�feed hybrid column with a molar feed
flow rate F of composition x , a distillate flow rate D ofF
composition x , and a bottoms flow rate B of compositionD
x . Assume that a single chemical reaction VqWsYqZB
takes place only on the reactive stages of the hybrid column.
The material balance for the hybrid column is

Fx sDx qBx y� 	 is1, 4 A1Ž . Ž .F , i D , i B , i i

where 	 is the total extent of reaction in the column.
For a four component mixture with a single chemical reac-

tion, we need one reference component. Thus, Eq. A1 can be
written as three separate equations as follows

Fx sDx qBx q� 	 A2Ž .F ,ref D ,ref B ,ref ref

FsDqB A3Ž .

Fx sDx qBx y� 	 is1,2 A4Ž . Ž .F , i D , i B , i i

where the reference component is Y.
Using Eq. A2 to eliminate 	 from Eq. A3 and Eq. A4 and

rearranging, we get

Fx sDx qBx y� 	 A5Ž .F ,ref D ,ref B ,ref ref

FsDqB A6Ž .

F x y� �y1 x sD x y� �y1 xŽ . Ž .F , i i ref F ,ref D , i i ref D ,ref

qB x y� �y1 x A7Ž .Ž .B , i i ref B ,ref

where is1,2.
Equation A7 can be written in terms of reaction invariants

as

FX sDX qBX is1, 2 A8Ž . Ž .F , i D , i B , i

Ž y1 .where X s x y� � x , as given by Ung and Do-F, i F , i i ref F ,ref
Ž .herty 1995a . Equations A5, A6, and A7 represent the over-

all mass balance for a hybrid column.
Eliminating F from Eqs. A5 and A8 with the help of Eq.

A6, we get three independent equations for representing the
overall mass balance

D X y XF , i B , is is1, 2 A9Ž . Ž .ž / ž /B X y XD , i F , i

and

D x y x qB x y x q� 	s0 A10Ž . Ž . Ž .F ,ref D ,ref F ,ref B ,ref ref

The necessary condition for satisfying the overall mass bal-
ance in a hybrid column is Eq. A9 whether the reaction is
chemical equilibrium limited or not. This is also the sufficient
condition when the reaction is chemical equilibrium limited

Ž .as shown in Ung and Doherty 1995a . However, for kineti-
cally controlled columns, the necessary and sufficient condi-
tions for satisfying the overall mass balance in a hybrid col-
umn are given by Eqs. A9 and A10.

Appendix B
General two – feed flash cascade model

The model for the two�feed flash cascade model devel-
oped in this article is applicable to equimolar chemistries.
However, if the chemistry is nonequimolar, it is advantageous
to use parameters defined in terms of mass rather than moles.
The reason is that, with mass based parameters, we can de-
fine a vapor mass fraction � , and a feed ratio F whichm r,m
are not functions of conversion. The resulting equations are
as follows

( )Countercurrent Cascade n Stages

dx M xŽ .i , j jy1s x y x qF y y xŽ . Ž .i , jy1 i , j r ,m i , jq1 i , jž /d� M yŽ .jq1

M xŽ .jy1qF x y yŽ .r ,m i , j i , jM yŽ .j
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k M x DŽ .f jy1q � y� x r xŽ . Ž .i T i jž /ž /k M x 1yDŽ .f ,ref j

is1 . . . cy1Ž .

js1 . . . n B1Ž . Ž .

where x s x and y s y0 F ,U nq1 F , L

( )Rectifying Cocurrent Cascade M Stages

M yŽ .jy1
x y y s� x y yŽ . Ž .i , j i , jy1 m i , j i , jM yŽ .j

k M yD Ž .f jy1q � y� x r xŽ . Ž .i T i , j jž /ž /k 1yD M xŽ .f ,ref j

is1 . . . cy1Ž .

js1, 2 . . . M B2Ž . Ž .

( )Stripping Cocurrent Cascade N Stages

M xŽ .jy1
x y x s� x y yŽ . Ž .i , j i , jy1 m i , j i , jM yŽ .j

k M xD Ž .f jy1q � y� x r xŽ . Ž .i T i , j jž /ž /k 1yD M xŽ .f ,ref j

is1 . . . cy1Ž .

js1,2 . . . N B3Ž . Ž .

It should be noted here that the dimensionless quantities
D, F , and � in these equations are defined with respectr,m m
to mass flows and mass holdups. In the above equations, a

Ž .new quantity M x is introduced which is the average molec-
ular weight, and appears as a consequence of using mass vari-
ables

c

M x s M x B4Ž . Ž .Ý i i
is1

Ž .Similar definitions apply to M y . Equations B1, B2, and B3
reduce to Eqs. 14, 2 and 1, respectively, when � s0.T

Appendix C
Pinch point criteria for countercurrent cascade

ŽAt a steady state, the countercurrent cascade model Eq.
.14 is given by

x y x qF y y yŽ . Ž .i , jy1 i , j r i , jq1 i , j

k Dfq� r x s0Ž .i jž /ž /k 1yDf ,ref

is1 . . . cy1Ž .

js1 . . . n C1Ž . Ž .

The pinch point criterion for the countercurrent cascade
Ž . Ž .Eq. C1 is obtained when x y x s0 as n™�i, jy1 i, j

r x s0 C2Ž . Ž .ˆ

Equation C2 implies that pinch points lie on the reaction
equilibrium surface. However, Eq. C2 is just a necessary con-
dition; the sufficient condition for the pinch point of the
countercurrent cascade can be written in terms of reaction
invariants by writing Eq. C1 for component i and a reference
component k at the pinch composition x and adding theî
two. Thus, we get

ˆ ˆX yF Y s X yF Y s X yF YŽ . Ž .Ž .0,i r 1, i i r i n , i r nq1, i

is1 . . . cy2 C3Ž . Ž .

Equations C2 and C3 can be used to determine the pinch
point of the countercurrent cascade. The composition of the
pinch point is independent of Da, but is dependent on the
transformed feed compositions, X and Y and also the0,i nq1, i
feed ratio F .r

It has been shown in this article that the pinch points in a
countercurrent cascade are located in the middle of the cas-

Ž .cade Figures 11 and 12 . The reason for this is that the pinch
points are constrained by an overall mass balance and the
feed specification at the two ends of the cascade.
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