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This work is aimed to provide a systematic design procedure to determine the process con-
figuration, the relative position of the reactive zone, and separation sections. Instead of inves-
tigating real chemical systems, ideal chemical reaction systems with different relative volatil-
ity rankings will be studied. This provides a gradual transition as the reaction and separation
properties change. The reaction considered is a reversible reaction, A + B < C + D, and
this constitutes a quaternary system with 24 (4!) possible relative volatility arrangements.
These 24 systems can further be grouped into six categories according to the ranking of rela-
tive volatilities of reactants and products. The likely process configurations will be explored
and design will be optimized based on the total annual cost (TAC). The results clearly indi-
cate that the relative volatility rankings play a dominant role in the reactive distillation con-
figuration and the TAC varies by a factor of ~7 as we move from the most favorable case
(reactants are intermediate keys) to the least favorable relative volatility ranking (products
are intermediate keys). Finally, heuristics are given to correlate the relative volatility ranking
to the TAC. © 2007 American Institute of Chemical Engineers AIChE J, 53: 1278-1297, 2007
Keywords: reactive distillation, process configuration, relative volatility, conceptual

design

Introduction

The reactive distillation (RD) offers significant economic
advantages in some systems, especially when reactions are re-
versible and/or when azeotropes are presented. More than 60
potential applications of RD in the chemical and petroleum
industries have been well documented.'™ The literature up to
1992 was reviewed by Doherty and Buzad* and simulation and
design (both software and hardware) aspects have been
reviewed by Taylor and Krishna.® Recent books'* present
updated summaries. Despite recent progress in RD, generation
of process alternatives and conceptual design (i.e., generating
process configuration for placing reactive zone, rectifying sec-
tion, and stripping section) is still lacking. This is clearly stated
by Doherty and Malone': “At the moment, there are relative
few general methods available for generating all feasible alter-
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natives, but some systematic studies are published. This is a
very hard problem to solve and it is reasonable to expect that
methods will be slower in coming.” Part of the reason comes
from the fact that most of the work focuses on real chemical
systems, and each system has its own set of complexities in
vapor-liquid equilibrium (VLE; e.g., azeotropes) and reaction
kinetics (activity-based). The discrete nature of chemical spe-
cies and specific applications seem to cloud the picture in
understanding RD systems. On the other hand, the ideal RD®
offers a continuous spectrum in studying the process behavior
by stripping away all the nonideal VLE and specific reaction
rates. Only a limited number of papers study the ideal RD sys-
tems and most of them focus on feasibility analysis.”” Design
of RD has been explored'®!" and comparison to conventional
multiunit reactor/column/recycle systems has been made.'*"?
The systems studied are the “neat” design where exact stoichi-
ometric feeds are introduced to the system. For systems with
unfavorable reaction kinetics (e.g., small chemical equilibrium
constant) and VLE, the design with one excess reactant may be
a viable choice.'* Lee et al."> address the conceptual design
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Table 1. Physical Properties for the Process Studied

Activation energy (cal/mol) Forward (Ef) 12,000
Backward (Eg) 17,000
Specific reaction rate Forward (k) 0.008
at 366 K (kmol s~ kmol ') Backward (kg) 0.004
Heat of reaction
(cal/mol) A —5000
Heat of vaporization
(cal/mol) AH, 6944
Relative volatilities
(LLK/LK/HK/HHK) OLLK > OLK > OHK > OHHK 8/4/2/1
LLK LK HK HHK
Vapor pressure Avp 13.04 12.34 11.45 10.96
constants® In P$ = Avp; — Bvp;/T Bvp 3862 3862 3862 3862

issue based on feasibility analysis. The effects of physical
properties, relative volatility, chemical equilibrium constant
activation energies, preexponential factors, on the design of
RD have been studied."*'® On the process level, the effects of
the number of separation trays, number of reactive trays, col-
umn pressure, feed locations, and catalyst loading are also
carefully examined.'*'®!

It is interesting to note that most of the ideal RD systems in the
literature assuming that the reactants are the intermediate keys
while the two products belong to heavy key and light key, respec-
tively, for the quaternary system with A + B < C 4 D. Obvi-
ously, this is not the case in practice, not even for the methyl ace-
tate example.'® The boiling point ranking (for the reactants and
products) plays an important role in conceptual design as shown in
the acetic acid esterification example.lg’zo As the alcohol (for ester-
ification) varies from C1 to C5, the process configuration changes
as a result of variation in the ranking of pure components and
azeotropes. Chin et al?! explore the configurations of batch RD
for ternary systems, as physical properties of reactants and prod-
ucts change. Potential conflict between reaction and separation for
reactive separations is also illustrated qualitatively.22 In this work,
we will explore the effects of the relative volatility ranking to the
conceptual design of RD. In particular, how the relative position
of reactive zone and separation sections varies as the boiling points
of the reactants and products change. RD systems with ideal VLE
are studied here with “neat” design (no excess in either reactant)
and the reaction of interest is an exothermic second-order reaction,
A + B & C + D. The remainder of this paper is organized as fol-
lows. First, classification and simulation are described. In the next
section, the design procedure is given first, followed by flowsheet
generation for all six process types. Results are discussed and heu-
ristics are given followed by the conclusion.

Process and classification

Process. Let us use quaternary ideal RD systems to illustrate
the effects of boiling point ranking on conceptual design. Con-
sider the following second-order liquid phase reversible reaction:

A+B<C+D (D

The forward and backward specific rates following the Arrhe-
nius law and the rate constants on tray j are

ke = ape” /D @
ke = ape” /KU 3)

where ar and ag are the preexponential factors, Er and Eg are
the activation energies, and 7; is the absolute temperature on
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tray j. The reaction rate on tray j can be expressed in terms of
mole fractions (x;;) and the kinetic holdups (M)).

Rj; = viM;(kgixj axj B — kpjXjcXjD) 4

where R;; is the reaction rate of component i on the jth tray
(mol/s), v; is the stoichiometric coefficient which takes a nega-
tive value for the reactants, and M is the kinetic holdup on re-
active tray j (mol). Note that kinetic holdup comes from the
tray sizing by considering a weir height of 10 cm and the col-
umn diameter is determined from the maximum vapor rate by
assuming a F-factor of 1. For the case when the reaction occurs
in the reboiler and/or the condenser, the maximum Kinetic
holdup is taken to be 20 times of the tray holdup. In other
words, the reactive holdup depends on column geometry and it
cannot be set arbitrarily and this is typically true for ion-
exchange resin-catalyzed reactions. The overall reactive
holdup is transformed into an equivalent catalyst weight and
the unit price of Amberlyst 15 is used for cost estimation. It
should be noted here that the amount of reactive holdup, conse-
quently the Damkohler number, has important impact to the
feasibility and design of RD column.**?*

Assumptions made in this work include:

(1) Equimolal reactant feed is assumed, i.e., Fon = Fop
where F, is the reactant feed flow rate. This implies a “neat”
RD design, as opposed to “excess reactant” design.*

(2) The forward reaction rate, kg, is specified as 8 mol/s at
366 K, and the backward rate, kg, is set to 4 mol/s at the same
temperature (i.e., Kgq = kp/kg = 2 at 366 K). Kinetic and phys-
ical property data are given in Table 1.

(3) The kinetics holdup on tray j (M;) is computed from col-
umn geometry by assuming a weir height of 10 cm and kinetics
holdups in the reboiler and condenser are taken to be 20 times
of tray holdup.

(4) Ideal VLE is assumed, in which constant relative volatil-
ities are used. The tray temperature is computed from bubble
point temperature calculation provided with Antoine vapor
pressure coefficients (Table 1). That is

P = XiAP(r,) + %8Py(r) T XicPeqr) +XipPor) ()

where P is total pressure and P denotes the vapor pressures.
Because we will change the boiling point ranking of reactants
(A and B) and products (C and D), the Antoine coefficients are
given for lighter-than-light key (LLK), light key (LK), heavy
key (HK), and heavier-than-heavy key (HHK), and also note
that, as a result of constant relative volatility, the Antoine coef-
ficients, Byp’s, are the same for all four components.
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(5) The heat of reaction vaporizes some liquid on reactive
trays. Therefore the vapor flow rate increases up through the reac-
tive zone, while the liquid flow rate decreases down through the
reactive zone.® As we count the tray from bottoms up, one obtains:

Vi = Vi — (2/AHOR;; ©
Lj = Lj+1 + ()'/AHV)Rj’i @

where A is the heat of reaction (—5000 cal/mol) and AH, is the
heat of vaporization (6944 cal/mol).

(6) Liquid hydraulic time constant (f3) is included by using a
linearized form of the Francis weir formulation, and £ is set to 6 s.

(7) Vapor holdup and pressure drop are neglected. The
dynamic RD model describing material and energy balances is
described in detail.® The computer code of Kaymak and Luy-
ben'? is used here with some modification to accommodate
process configuration changes. The computer code is pro-
grammed in MATLAB m files which can perform economical
analysis as the flowsheet converges.

Classification. For a quaternary system (A, B, C, and D),
there are 24 (4!) possible boiling point rankings (Figure 1).
Here, we use LLK, LK, HK, and HHK to denote the compo-
nent ranging from the lightest boiler to the heaviest boiler. In
terms of relative volatilities, these four boilers can be ex-
pressed in the following order.

OLLK > OLK > OHK > CHHK ®)

Because these two reactants (A and B) are interchangeable
and the same applies to the two products (C and D), this leaves
us with 6 (24/2/2) possible configurations. Figure 1 shows all
24 possible boiling point rankings and they can be further
reduced to six distinct configurations for a quaternary system.
According to the distribution of reactants and products in rela-
tive volatility ranking, we can further classify these six config-
urations into three types as shown in Table 2.

Type I: One-zone. The first example is that both reactants are
LK and HK, and this leaves two products to be LLK and HHK,
respectively. In other words, we have: ap, > ap, > o, > op,
where P; stands for the ith product and R; means the ith reac-
tants. This forms a distinct zone for the reactants in the middle
(Table 2). In this case, if the product is the lightest component,
it is denoted as type I;. Similarly, if two products forms one
distinct zone (as LK and HK), while having the reactants as
the LLK and the HHK, this is also classified as type I. How-
ever, if one reactant is the lightest component, it is called type
I; (Table 2). Figure 1 shows four possible scenarios for type I,
and another four possible cases for type I.. In the subsequent
development, we will use oc > ap > ap > op to describe type
I, and ap > ac > ap > op to represent type I,.

Type 1I: Two-zone. The second situation is that the relative
volatilities of the two reactants and the two products are adja-
cent to each other, and this forms two distinct zones for the
reactants and the products in the relative volatility ranking as
shown in Table 2. The first example is that the products are
LLK and LK and two reactants are HK and HHK, respectively,
which implies ap, > op > ag, > og,. Because one of the prod-
ucts is the lightest component, it is denoted as type II,. Figure
1 shows four possible scenarios for type II,, and we use
oc > op > op > op to represent this type. On the contrary, if
the reactants are LLK and LK and two products are HK and
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LLK LK HEK HHE No.  Configuration®] Tvpe®*

C—— D 1 (1) 11

B
< n— C 2 (1) 11,
A (_'< B—— D 3 (2) 11,
' D—— B 4 3 I
D< B — C 3 (2) 111,
C— B ] (3) I
C b 7 (1) 11,

n"\
< D—— C 8 (1) 11,
A - D 9 (2) 11

B C
< D - - A 10 (3) I,
A—— C 11 (2) 11

D
< C— A 12 (3) I,
B— D 13 i4) Iy
A< D— B 14 (3) I,
A—— D 15 (4 I

C 3
< D—— A 16 (3) 11,
“‘< A—— B 17 (6) I,
B— A 18 {6) I,
B—-C 19 (4) I;
A< C—— B 20 (5) I,
A — [ 21 (4) Iy

D B
‘< cC— A 22 (5) 11,
A—— B 23 (6) I,

C
< B— A 24 (6) I,

* 6 distinet possible ranking
#% 3 process types (1-111) with the reatant or product as the lightest one

Figure 1. All 24 possible boiling point rankings, 6 distinct
configurations, and 3 process types for possi-
ble reactant/product relative volatilities distri-
bution.

HHK, we have type II.. Table 2 shows type II; with two distinct
zones in the relative volatility ranking. Here, we use
oa > ap > oc > op to describe type II,.

Type Il1: Alternating. The third type corresponds to the situa-
tion when the relative volatility ranking is arranged in an alter-
nating manner for the reactants and the products as shown in Ta-
ble 2. For example, if the sequence of the relative volatility in a
descending order is: product 1, reactant 1, product 2, and reactant
2 (i.e., ap, > og, > ap, > og,), we have the case of type IIL,.
Figure 1 shows four possible cases for type IIL,, and, we use
oc > op > op > op to represent it. On the contrary, if the reac-
tants are LLK and HK and two products are LK and HHK, we
have type III,. Table 2 shows four possible combinations for
type III,, and, here, we use oy > o > o > ap to represent
type II1,.

Relaxation and convergence. Before leaving the section, we
would like to address some simulation and convergence issues in
the design of RD as process configuration changes. The relaxation
approachz‘%’25 is taken here. For a given RD design (e.g., number
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Table 2. Classification for Process Types
Reaction R1 + R2 < P1 + P2

Type I (one-zone) I op, > OR, > O, > Op,
I, oR, > Op, > 0p, > OR,
Type II (two-zone) 1, op, > Op, > OR, > OR,
11, OR, > O, > Op, > Op,
Type III (alternating) 11, op, > OR, > Op, > OR,
111, op, > Op, > Og, > Op,

of reactive, rectifying, and stripping trays, feed flow rates, and
feed tray locations), a control system is set up to drive the process
toward the design specifications. Given the initial guesses in tray
compositions, the set of ordinary differential equations is inte-
grated from the initial condition until a steady state is reached. It
should be emphasized here that, the control structure for relaxa-
tion is very different the one in control practice. The reason is
that perfect flow control can be achieved in simulation, no stoichi-
ometric imbalance. For example, for the type I system with the
product as the lightest component, type I, all four external flows
(inlet and outlet streams) are under flow control, the product com-
position is controlled by adjusting the reflux flow (internal flow),
and the bottoms level is maintained by changing vapor boilup as
shown in Figure 2A. In other words, given the feeds, two control
degrees of freedom is the distillate composition and distillate flow
rate. Another example is also a type I system, but one of the reac-
tant is the lightest component, type I.. This leads to a rather
unconventional RD column, as will be explained later, and the
product is withdrawn from the middle of the column as a liquid
side-stream. Figure 2B shows the control structure to obtain the
steady-state condition. Again, two feeds are under flow control,
the product composition is controlled by adjusting vapor boilup,
reflux drum level is maintained by changing the reflux flow, and
base level is controlled by the side-draw flow rate. Again, this
type of control structure will never be implemented in practice
because of assumption of perfect flow control. Given two feeds,
this system has only one control degree of freedom, side-stream
composition. A convergence criterion is used to verify the steady-
state condition. In this work, the following criterion is used.

e= max(’ﬂéi —xﬁ;l

; k-1 ; k-1
) ‘le\l — X ‘a ‘)(,i),i —Xp,i

1
5

) <107
Vi=1,NCVj=1NT (9)

where x;; denotes the ith component on the jth tray, x; is the
bottoms composition for the ith component, xp, ; is the distillate
composition of the ith component, NC represents the number
of components, NT stands for total number of trays, and the
superscript k£ means the discrete-time index. For the given con-
vergence criterion with an integration step sized of 1 s, it takes
7 h (process time as shown in Figure 3A) to converge a type I,
(Figure 2A) flowsheet and this corresponds a CPU time of 69 s
on a Pentium 4 PC. For the difficult RD process, I;, shown in
Figure 2B, it takes 160 h to meet convergence criterion. Fig-
ure 3B shows extremely slow composition dynamics in side-
stream composition. Again, this corresponds a CPU time of
1800 s on a Pentium 4 PC. Moreover, in many cases, flowsheet
may not converge after 200 h, if the initial guesses are not
appropriate. Appendix A shows the effects of initial conditions
to the convergence for two different process configurations.
For the control part, little improvement in the speed of conver-
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(A) @

Fua @ ﬁ:

Figure 2. Control structure used for dynamic simulation
using relaxation for (A) type I,: LK + HK < LLK
+ HHK and (B) type |,: LLK + HHK < LK + HK.

gence even variable gain controllers are used, e.g., using larger
controller gain as the error becomes smaller. The results pre-
sented here clearly indicate that the simulation of RD systems
remains a very difficult problem, and, frequently, it fails to
converge. Unless further improvement in the numerical simu-
lation is made, automated design via mathematical program-
ming is very difficult, if not impossible.

Process configurations

Before getting into exploring process configuration, the de-
sign procedure is outlined first. The design variables (e.g., loca-
tion of reactive zone, tray numbers, feed locations, etc.) are iden-
tified first and then all combinations are exhausted to find the
finalized design.lg The objective function for design is the total
annual cost (TAC) and the specifications are 95% purity level
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Figure 3. Converging dynamic simulation using relaxa-
tion for (A) type I,: LK + HK < LLK + HHK and
(B) type I,: LLK + HHK < LK + HK.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

for the products. The design problem can be formulated as
Minixmize TAC

Subject to Xproduct,c > 0.95
Xproduct,D Z 0.95 (10)

where X is the vector of design variables and the TAC is
defined as

Capital cost

TAC = Operati t+ ———
perating cost -+ Payback year

(11
Here, a payback year of 3 is used. The formula for the TAC
computation is taken from Kaymak and Luyben.'? As a result
of different relative volatility rankings, process configurations
may vary from one column to two columns with different prod-
uct withdraw location. Here, we use a type I example, type I,
to illustrate the design procedure.

A+B&C+D
LK HK LLK HHK (12)

Given the product specification, design variables include the
number of reactive trays (Nx,), the numbers of rectifying and
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stripping trays (Ngr and Ns), and feed tray locations for the
heavy and light reactants (NFyeayy and NFygp). Instead of
blindly exhausting all possible combinations of design varia-
bles, a systematic design procedure is used. It should be
emphasized here that process knowledge is needed to place the
reactive zone(s) and a simple rule is: place the reactive zone(s)
at where the reactants are most abundant. For the type I, pro-
cess, it is located at the mid-section of the column.

(1) Set the reactants feed ratio to 1 (i.e., FR = Fiigh/Fheavy = D).

(2) Place the reactive zone in the mid-section of the column
and fix the number of reactive trays (Nxy).

(3) Place the heavy reactant feed (NFycayy) on the top of the
reactive zone and introduce the light reactant feed (NFy;z) on
the lowest tray of the reactive zone.

(4) Guess the number of trays in the rectifying section (Ng)
and the stripping section (Ns).

(5) Perform simulation using dynamic model with feedback
control to meet the product specification.

(6) Return to step 4 and change Nr and Ng until the TAC is
minimized.

(7) Return to step 3 and find the feed locations (NF,cayy and
NFj;gno) until the TAC is minimized.

(8) Return to step 2 and vary N, until the TAC is minimized.

Type I: One-zone. Typel,: LK + HK = LLK + HHK. This
is the most popular RD configuration, studied by a number
of authors.®'#!31® In real chemical systems, the production of
diphenyl carbonate belongs to this class.?® The net reaction can
be expressed as

Dimethyl carbonate + 2 Phenol < 2 Methanol + Diphenyl carbonate
LK HK LLK HHK

It should be noted here that many real chemical systems have
azeotropes associated with quaternary system and it may make
the neat RD design infeasible. But for the real chemical sys-
tems illustrated here, the placement of the reactive zone are the
same as that of the ideal systems, despite having azeotropes.
The boiling point ranking leads to easy separation between the
reactants and products. The two products leave the reactive
section from the opposite sides of the reactive zone while two
intermediate boilers (the reactants) are kept in the reactive
zone. This is the most favorable boiling point arrangement for
a RD system.

Figure 4A shows the effects of separation trays and reactive
trays on the TAC. Because of the symmetry in the two prod-
ucts, the numbers of trays in the rectifying section and in the
stripping section are assumed to be the same, i.e., Nx = N.
Figure 4A indicates that optima exist for the number of re-
active trays (Nix, = 16) and number of separation trays (Ng =
Ns = 4). The tradeoff comes from the fact that, at the vicinity
of the optimum, the operating cost goes down and the capital
cost goes up, as we increase number of separation trays. Figure
4B shows that the TAC is quite sensitive to feed tray locations
which is consistent with the previous ﬁndings.lf”20 When the
heavy reactant feed and light reactant feed are five trays apart,
the design gives lower TAC and the optimum corresponds to
NFpeavy = 16 and NFjign = 11. This results in a TAC of
$254,170 and the detailed process flowsheet is given in Table 3.

Figure 5 shows that, for type I, RD with products as the
LLK and HHK, the reactive zone is located at the middle of the
column and the light product (LLK) and the heavy product
(HHK) are removed from the top and bottoms of the column,
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Figure 4. Relationship between TAC and design varia-
bles for type I, process: (A) number of separa-
tion trays (Ngr & Ng) versus TAC for different
Nixn and (B) feed tray locations (NFjeavy &
NFight) with Ny, = 22 and Ng(Nsg) = 4.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.].

respectively. This is intuitively correct, because we have higher
reactants (intermediate boilers) composition in the mid-section
of the column. As will become clear later, one of the most im-
portant elements in the conceptual design of RD is placing the
reactive zone at the right location. The composition profile of
the final design is given in Figure 6 and, as expected, signifi-
cant amount of reactants are presented in the reactive zone
(between two dashed lines) and product compositions increase
gradually toward top and bottoms of the column. Figure 6 also
reveals the fraction of total conversion (R;/R,) in each reactive
tray and results indicate that all reactive trays are well utilized
in the reactive zone.

Before leaving the section, we explore the effects of reactive
holdups to the designs (assumption 3 in design). The weir
height is varied from 5 to 40 cm (very likely the lower and
upper limits for real columns) and Figure 7 shows that the
TAC changes from —10% (5 cm) to + 10% (40 cm). Instead of
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using two extreme values, in this work, a modest weir height,
10 cm, is taken.

Type I.: LLK + HHK = LK + HK. This corresponds to the
following reaction:

A+B&C+D

13)
LLK HHK LK HK

The boiling point ranking clearly indicates that this is a very
difficult RD system, because large amount of reactants A and
B can hardly coexist in the liquid phase (one is the LLK and
the other is the HHK) and this is the worst case scenario for the
forward reaction (extreme favorable for the backward reac-
tion). In the production of bio-based esters, many processes fall
into belongs to this class. A typical example is the recovery of
lactic acid.”” The reaction can be expressed as

Methanol + Lactic acid < Water + Methyl lactate
LLK HHK LK HK

Unless, one can consume all the HHK toward the bottoms
and react away all the LLK toward the top of the RD, single
column configuration (e.g., Figure 5) is not possible and this is
typically true for the “neat” design. A more likely configura-
tion is placing the reactive zones at the opposite ends of the
column where significant amount of LLK and HHK (two reac-
tants) are presents. Then, the heavy reactant (HHK) is intro-
duced into top of the column where significant amount of the
other reactant (LLK) is present. Similarly, the light reactant
(LLK) is fed to the bottoms of the column where significant
amount of the heavy reactant (HHK) is present (Figure 8). The
next question then becomes: how to withdraw the product?
The answer is actually quite simple, as a side stream from the
RD column with a mixture of two products. Thus, we need an
additional column to separate these two products. Once correct
process configuration is set, design variables are easily identi-
fied. They are number of reactive stages at two different zones,
number of separation trays, and side draw location. Note that
feed locations shown in Figure 8 are actually the optimal ones
and we will not show the effect of feed tray locations in design
for type I.. Also note here that the separation column is
designed by setting the total number of trays to two times of
the minimum number of trays, i.e., Ny=2N;,. Again, the se-
quential design procedure is applied and, for the sake of clarity,
detailed design steps and corresponding costs are given in Ap-
pendix B.

Figure 8 gives the process flowsheet and parameter values are
given in Table 3. This flowsheet results in a TAC of $1,575,930
which is 620% of that of type I, system. The reason is that, in
order to achieve high conversion, the reflux to feed ratio in the RD
is extremely high, 20.5, and the vapor boilup to feed ratio is 19.1.
This corresponds to a column of 30 trays where the reactive zones
are located at the top and bottoms of the column with reactive
holdups of 20 and 1 times of tray reactive holdup in the condenser
and reboiler, respectively. Because the catalyst cost is also
included in the TAC calculation, the kinetic holdups in the reboiler
and condenser, in theory, are also design variables (not exceeding
20 times of tray holdup). In this case, the reboiler kinetic holdup is
varied to minimize the TAC. A mixture of two products (LK and
HK) is withdrawn from the middle of separation section (tray 14)

DOI 10.1002/aic 1283



Table 3. Final Design for All Six Process Flowsheets

System I, 1, I, 1L, I, 111,
Column configuration RD RD SD RD SD RD SD RD RD
Total no. of trays 24 32 48 11 54 28 62 59 96
No. of trays in stripping section (Ns) 4 3 2 35
No. of trays in reactive section (Nyy) 16 2 4 4° 6* 25° 49 57
No. of trays in rectifying section (Ng) 4 5 8 4
Reactive trays 5-20 0-1;27-32 0-5 4-28 9-57 5-61
Heavy reactant feed tray (NFheayy) 11 32 0 28 57 55
Light reactant feed tray (NFj;gp,) 16 0 0 4 46 5
Heavy reactant feed flow rate (kmol/h) 45.36 45.36 45.36 45.36 45.36 45.36
Light reactant feed flow rate (kmol/h) 45.36 45.36 45.36 45.36 45.36 45.36
Top product flow rate (kmol/h) 45.36 45.36 90.72 45.36 45.36 45.36 45.36
Bottom product flow rate (kmol/h) 45.36 45.36 45.36 90.72 45.36 45.36 45.36
Reflux flow rate (kmol/h) 95.15 931.03 94.32 93.71 97.884 446.18 102.38 99.40 270.68
Vapor boilup rate (kmol/h) 109.45 881.28 139.68 152.57 143.25 368.53 147.71 113.72 285.05
Column diameter (m) 0.692 1.740 0.700 0.801 0.698 1.136 0.733 0.702 1.053
Weir height (m) 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100
Condenser heat transfer area (m?) 96.75 603.95 95.26 125.76 97.69 256.33 100.74 98.74 215.53
Reboiler heat transfer area (m?) 45.27 360.06 57.07 62.34 58.53 150.57 60.36 46.47 116.46
Total capital cost ($1000) 349.45 1198.52 457.83 346.30 482.52 686.91 529.76 488.54 988.36
Column 119.13 379.03 209.34 68.64 229.30 221.02 269.87 247.90 564.00
Column trays 3.12 16.21 6.32 1.62 7.08 7.53 8.77 7.81 23.82
Heat exchangers 227.83 803.29  242.16 276.03 246.15 458.35 251.12 232.83 400.54
Total operating cost ($1000/year) 137.68 1176.4 167.22 207.80 171.47 513.16 176.83 157.24 396.35
Catalyst 6.68 121.53 25.16 72.03 21.10 55.15
Energy 131.01 1054.9 167.22 182.63 171.47 441.14 176.83 136.14 341.20
TAC ($1000/year) 254.17 1575.9 319.90 323.23 332.31 742.13 353.41 320.08 725.80
TAC (entire process; $1000/yr) 254.17 1895.8 655.54 1095.5 320.08 725.80

RD, reactive distillation column; SD, simple distillation column.
“Including a reactive reboiler.
*Including a reactive condenser.

which is subsequently fed into a simple distillation column. The
second column has a total of 48 trays with moderate reflux ratio
(RR) and boilup ratio (BR), RR = 2.08 and BR = 3.08. Figure 9A
shows the composition profile for the reactants (A and B) and
products (C and D). As expected, concentrations of two reactants
are drastically different in the reactive zones. For example, the
LLK (A) exceed 60% toward the top reactive zone while the con-
centration of the heavy reactant (HHK, B) remains below 2%, de-
spite the fresh feed of HHK is introduced in the condenser, and a
similar behavior is observed in the lower reactive zone. At the
side-draw location, the compositions of both products are the same
(stoichiometric balance) as shown in Figure 9A. The product
stream is fed to a distillation column for further separation to
obtain 95% C and D. Figure 9B shows the composition profile of
the distillation column with rather symmetric profiles.

Type II: Two-zone. Type II,: HK + HHK = LLK + LK.
This corresponds to the following reaction:

A+B&C+D

HK HHK LLK LK (14)

The boiling point ranking indicates that both reactants (A and
B) are heavier than the products (C and D). These two reactants
are more concentrated toward the lower part of the RD column
while the two products can be separated easily from the top of
the column. Following the rule of “placing the reactive zone at
location with high reactant concentration,” the lower section of
the column should be made reactive while the separation is car-
ried out in the upper section of the column. This leads to the
RD configuration in Figure 10. This configuration actually is
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quite similar to that of ethyl acetate and isopropyl acetate RD
columns. The overhead product of the RD column is then fed
to a simple distillation column to separate two products.
Because the impurity (unreacted reactants) is one-sided

Az 0L.045
B: 0.005
C: 0,95
D: 0.00
16 12.6 mol/s

R=26.4 mol/s

B
12.6 mol/s

11

12.6 mol/s

Ng=4 | V.=30.4 mol/s

steam
A: 0,005
B: 0.045
C: 0.00
D: 0,95
12.6 mol's

Figure 5. Final design for type I, process (LK + HK <
LLK + HHK).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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(heavier than two products), in order to keep product composi-
tions no less than 95%, the conversion in the RD column
should be greater than 95% (97.5% in this case). This results in
the following product composition 95% D (LK) and 97.5% C
(LLK). Again, the design procedure is applied and Figure 10
gives and final design where the TAC is minimized. For the
sake of clarity, the relationship between the TACs and design
variables is illustrated in Appendix B. Table 3 gives the param-
eter values of this design.

The flowsheet gives a TAC of $655,000 which is 158%
higher than that of type I,. The TAC of the RD column is
$363,000 which is slightly higher than that of (TAC
$254,000). This gives a RD of five reactive trays plus a reactive
reboiler and five rectifying trays. The vapor boilup to feeds ra-
tio is around 2 and the reflux ratio is close to 1. Actually, this is
a relatively simple RD column with reasonable energy con-
sumption and the explanation for that is: the reaction takes
place in the high temperature zone of the column and we have
an excessive large reactive holdup (the holdup in the reboiler is
20 times of tray reactive holdup) when the temperature is high-
est. In other words, the location of the reactive zone (Figure
10) facilitates the reactive separation. Figure 11A confirms that
most of the conversion takes place in the reboiler and the
remaining reactive trays carry the reaction further to the
desired conversion. The reactant composition of the HHK (B)
is kept high in the reactive zone and the other reactant A (HK)
is maintained at an almost constant level to ensure the forward
reaction is dominate. Toward the top of the RD column two
light products are purified further and subsequent separation
(Figure 11A). The TAC of the second column ($332,000) is
about the same as that of the RD column. This is a simple dis-
tillation with heavy impurities. Thus the bottoms composition
is kept to the specification, 95% of D (LK) while the top prod-
uct gives a composition of 97.5% D with 2.5% C as impurity.
This column has 54 trays and the feed is introduced into tray
43. The distillation column has a moderate energy consump-
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tion with a boilup ratio is 3.36 and a reflux ratio of 2.07. Figure
11B shows the composition profile in the distillation column
where the two unreacted (heavy) reactants walk their way to-
ward the bottoms of the column.
Type Il,: LLK + LK = HK + HHK: This corresponds to the
following reaction:
A+B<C+D
LLK LK HK HHK (15)

In terms of reactants and products, the boiling point ranking is
just the opposite of type II, (Eq. 15 versus Eq. 14) where the

400
|EZZ2 TAC
(I capital cost
300- I operating cost |
-
g 01% 90%
< 200+
&
Z
S 1004

40

5 10 20
weir height (cm)

Figure 7. Effects of weir height (reactive holdup) to the
TAC with weir height of 10 cm as the base case.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 8. Final design for type I, process (LLK + HHK < LK + HK).

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.

com.]

two reactants are lighter than two products. Thus, these two
reactants are more concentrated toward the upper part of the
RD column while the two products can be withdrawn from the
bottoms of the column. A typical example is the acetalization
reaction for the synthesis of ethylal.28 The reaction can be
expressed as

Formaldehyde + Ethanol < Ethylal + Water
LLK LK HK HHK

So, the upper section of the column should be made reactive
while the separation is carried out in the stripping section. This
gives a RD configuration shown in Figure 12. The reaction
takes place in the RD column and the bottoms product is then
fed to a simple distillation column to separate two products.
Because two unreacted reactants (LLK and LK) is heavier than
two products (HK and HHK), the conversion in the RD column
is set to 97.5% such that both product, HK in particular, can
meet the 95% specification. The product compositions are 95%
C (HK), along with two light reactants, and 97.5% D (HHK),
along with 2.5% HK (C). Following the design procedure, the
final design is shown in Figure 12. Table 3 gives the parameter
values of this design.

Intuitively, this process looks as if the mirror image of type
II, where the reactants and two products switch side. How-
ever, the flowsheet gives a TAC of $1,096,000 which is 150%
of that of type II, and, moreover, the TAC of the RD column
is $742,000 which is twice the cost of the RD for type II,
(TAC = $323,000). The reason for that is actually quite sim-
ple: the reaction takes place in the /ow temperature zone
(upper section of the column). This leads to a RD of 24 reac-
tive trays plus a reactive condenser and 3 stripping trays. As
expected, the LK (D) is introduced into the condenser while
the LLK (C) is fed into the reactive zone 9 trays below
(Figure 12). The reflux to feeds ratio is around 4 and the
boilup ratio is also close to 4. These values are much higher
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than that of type II,, so is the energy consumption in the RD
column. This example illustrates the conflict between reactant
concentration and reaction temperature in a chemical reaction
and this is a unique feature of RD. Because of the reversible
reaction, the reactive zone is placed at where the reactants are
most abundant and this leads to the upper section of the RD
column which is the low temperature zone. It is interesting to
note that the reaction temperature is the lowest (reflux drum)
when the product of two reactant concentration is the highest.
Figure 13A indicates that most of a significant portion of the
reaction takes place in the condenser and the remaining reac-
tive trays carry the reaction further to the desired specifica-
tion. The composition profile is qualitatively similar to that of
II,,, except the reactive zone is much longer. Toward the bot-
toms of the RD column, two heavy products reach 48.75%
with 2.5% of unreacted reactants. The TAC of the second col-
umn ($353,000) is only half of that of the RD column. This is
a simple distillation with light impurities and the reflux ratio
is around 2 and the boilup ratio is a little higher than 3. Thus
the top composition is kept to the specification, 95% of D
(LK) while the bottoms composition is 97.5% D with 2.5% C
as impurity. This column has 62 trays and the feed is intro-
duced into tray 11. Figure 13B shows the composition profile
in the distillation column and the two unreacted (light) reac-
tants end up on the top of the column.

Type IlI: Alternating. Type Ill,,: LK + HHK = LLK + HK.
When one of the products (C) is the lightest component, we
have the following reaction:

A+B&C+D

LK HHK LLK HK (16)
The boiling point ranking indicates that if we consume the
heavy reactant (the HHK B) toward the bottoms of the column,
the heavy product (the HK D) can be obtained from the column
base. The scenario is simpler toward the top of the column,
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because, the light reactant (the LLK C) can be withdrawn eas-
ier from the top. The popular methyl acetate production via
acetic acid esterification'” example falls into this category.

Methanol + Acetic acid < Methyl acetate + Water

LK HHK LLK HK  (17)

Because two products are withdrawn from the opposite ends of
the column, the reactive zone is placed in the middle. This col-
umn configuration is shown in Figure 14. Appendix B illus-
trates the design procedure where effects of design variables
on the TAC can be clearly seen. Table 3 gives the parameter
values of this design.

The flowsheet gives a TAC of $321,000 which is the second
lowest in all 6 cases (126% of that of type I,). The RD column
has a total of 59 trays with 49 reactive trays, 8 stripping trays
and 2 rectifying trays. Two feeds (11 trays apart) are intro-
duced into the upper section of the reactive trays as shown in
Figure 14. Both the reflux ratio and boilup ratio are a little
greater than 2. Actually, this is a relatively simple RD column
with moderate energy consumption, despite having relatively
large number of reactive trays. Having one reactant being the
HHK (reactant B) has its advantages and disadvantage. The
HHK increases the tray temperature when we have significant
amount of this heavy reactant which is advantageous for the
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reaction and this is shown in Figure 15B. The down side is that
we have to react away almost all of the HHK in the reactive
zone (otherwise it will end up in the column base), and this
leads to excessive large number of reactive trays. This is
clearly illustrated in Figure 15A where we have very small
amount of conversion between tray 9 and tray 40. The purpose
for this portion of reactive trays is rather to consume the
remaining heavy reactant (the HHK B) than to generate more
products. The reactant composition of the LK (A) is kept fairly
constant below the feed point to ensure the dominance of the
forward reaction (Figure 15A). The two products are further
purified toward the top and bottoms of the RD column to meet
the specification.

Type IIl,: LLK + HK = LK + HHK: For alternating type,
when one of the reactant (A) is the lightest component, we
have the following reaction:

A+B<C+D

LLK HK LK HHK (18)
The boiling point ranking suggests that if we consume the light
reactant (the LLK A) toward the top of the column, the light
product (the LK C) can be obtained from the column overhead.
The scenario is simpler toward the bottoms of the column,

May 2007 Vol. 53, No. 5 AIChE Journal
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because, the heavy reactant (the HHK D) can be separated eas-
ily from the heavy reactant (the HK B). The methyl acetate hy-
drolysis® is a typical example.

Methyl acetate + Water < Methanol + Acetic acid

LLK HK LK HHK (19)

It should be emphasized here that the “neat” design is consid-
ered here, instead of excess reactant design often seen in
methyl acetate hydrolysis. Because the light product (the LK
C) and heavy product (the HHK D) are withdrawn from top
and bottoms of the column, the reactive zone is placed in the
middle. Figure 16 gives the column configuration. Following
the proposed design procedure, the final design is shown in Ta-
ble 3 with detailed parameter values.

Initially, it is thought that this is simply the mirror image of
type III,. However, this flowsheet has a TAC of $726,000
which is more than two times of that of type IIL,. The RD col-
umn has a total of 96 trays with 57 reactive trays, 4 stripping
trays and 35 rectifying trays. Two feeds are introduced into the
top and bottoms of the reactive zone as shown in Figure 16.
Again, the reflux ratio and boilup ratios are much higher than
that of type III, with values greater than 6. Actually, this is a
capital intensive RD column with relatively high energy con-
sumption. Liquid phase reactions with one reactant being the
LLK (reactant A) pose a difficult design, especially for RD.
The reasons are (1) we have to consume all the LLK (reactant
A) toward the top of the column and (2) we have to maintain a
high concentration for the heavy reactant (the HK B) to ensure
the forward reaction is dominant. So, 57 reactive trays are used
to react away most of the LLK (reactant A) as clearly shown in
Figure 17A where we have very small amount of conversion
between tray 30 and tray 61. Leaving the reactive zone toward
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the top of the column, we have almost equal molar of the LK
(product C) and HK (reactant B) with trace amount of the LLK
(reactant A). A large number of rectifying trays (35 trays) are
employed to return the HK back to the reactive zone while hav-
ing the LLK and LK as the top product. The scenario toward
the bottoms is much simpler, because we are performing sepa-
ration between the HK (reactant B) and HHK (product C). So,
only 4 stripping trays are required. The composition character-
istic (Figure 17A) profile leads to a very interesting tempera-
ture profile (Figure 17 B) with two distinct plateaus.

Results and Discussion

For the reversible reaction with A + B < C + D, we have
explored all possible relative volatility rankings to the design
of RD column. Six distinct configuration is further classified
into 3 different types (type I: one-zone, type II: two-zone, and
type III: alternating) according to relative position of the reac-
tants and the products in the relative volatility sequence
(Figure 1). The subscripts p and r are used to denote the case
when the product (p; type L, type IL,, and type IIL,) or the reac-
tant (r; type I, type II,, and type III,) is the lightest component.
Following a systematic design procedure, process flowsheets
are developed and corresponding TACs (operating cost plus
discounted capital cost) are computed. The TAC ranges from
$254,000 to $1,896,000, a factor of 7.5, the flowsheet can be of
one-column or two-column scheme, the number of trays in the
RD column varies from 11 to 96, the energy cost in the RD
changes from $131,000 to $1,055,000, a factor of 8, and the re-
active zone can be placed n the middle, on the upper section,
on the lower section, at two-end. All these differences come
from shuffling the relative volatility of the reactants and prod-

May 2007 Vol. 53, No. 5§ AIChE Journal



(A) NF, NFp

1.0 T T T T m-========2, T -i T T I|' 1
1 \ oy i
v B o1
0.8+ . o C 11
0.7 o s-D i
1 [ . "
£ 061 : L . R, i'l ]
g 05 | {4 e
= : L] forct
5 0.4 . =
2 b
£ 0.3 ; i, 4
I |
.24 i .l. i 4
ok : M "l
— 1 1
0.0 sevpeeets T Ty,

T T T
0 5 10 15 20 25 30 35 40 45 50 55 6D
reboiler Tray Number condensel

(B) NFa NP

4104

=
2

3904

380

Tempreture (K)

370 ' -

360

0 5 10 15 20 25 30 35 40 45 50 55 60
reboiler Tray Number condenser

Figure 15. (A) Composition profile, feed locations, and fraction of total conversion (Ri/R;) and (B) temperature profile
for type lll, process (LK + HHK < LLK + HK).

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Az 0,045
o B: 0.005
) PR
R=78.2 mol/s II[). .:)I;;;
s 12.6mol/s
55
12.6mol/s /
; %
Vs=83.5 mol/s
12.6mol/s Ne=d ) o
steam
A: 0,005
? B: 0.045
C: 0,00
D: 0.95
12.6mol/s

Figure 16. Final design for process type lll, (LLK + HK < LK + HHK).

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

AIChE Journal May 2007 Vol. 53, No. 5 Published on behalf of the AIChE DOI 10.1002/aic 1291



(A) NF, NFg
i i
1.00 ! T T .M
0.0-m E h " J
081 &t 'y 13
074 L i —-C
- - 41 =D
g 0.6 1* - — B
2 054 H e
& » ! ~
a 04 ' w v
[= W 1
031 1% b
02 :
0.1
0.0 uth ;
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 &5 90 95
reboiler Tray Number condenser
(B) NFA NF
460 T T LRERA Ll LA LA LEER) FAbL I T LA |
T :
440 u: :
) £ :
2 40] & :
E :"‘h.__ i
ol p
400 : 9. .
:J'Hﬂ .I T T T T T T T T T T |I T T T T T T T
0 5 1015202530354045 505560657075 808590095
reboiler condenser

Tray Number

Figure 17. (A) Composition profile, feed locations, and fraction of total conversion (Ri/R;) and (B) temperature profile

for process type lll, (LLK + HK < LK + HHK).

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

ucts between 8, 4, 2, and 1. It looks as if the outcomes are case-
based. However, when carefully examine the TAC and the pro-
cess type, some observations can be made. Figure 18 ranks the
TAC:s for corresponding process flowsheets. In terms of rela-
tive volatility sequence, we have the following order for the
reaction A + B < C+ D.

Lowest TAC oc > ap > 0 > 0p
oc > op > op > OB
i} oc > op > oA > OB

oA > Oc > 0B > Op
oA > 0B > Oc > Op

Highest TAC os > oc > ap > op (20)

The TAC ranking clearly indicates that the group (the three
in the lower part) with higher TACs has one of the reactants
(A) being the lightest component. This leads to the following
heuristic.

Heuristic H1. It is not favorable to have one of the reactants
as the lightest component. The explanation is quite straight-
forward: light component implies low reaction temperature.
Certainly, one would prefer the reaction takes place at high
temperature zone, instead of the lower one.
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Even in the same group (lower 3 or upper three in Eq. 20),
one can observe that when the relative volatility between two
products are further apart, the TAC will be lower. So, the next
heuristic addresses the relative volatilities of products.

Heuristic H2. Prefer the case when the relative volatility
between two products is large (preferably separated by reactants).
The reason is that it facilitates the separation for the products.

If everything being equal (from Heuristics H1 and H2), the
relative volatility between reactants is also a useful measure.

Heuristic H3. Prefer the case when the relative volatility
between two reactants is small (preferably not separated by
products). The explanation is that one can have higher reactant
concentrations that are favorable for the forward reaction.

The three heuristics presented here are somewhat straightfor-
ward and can be combined into one: “prefer the case that reac-
tants are intermediate with a small difference of relative volatil-
ity and products are the most and the least volatile with a large
difference of relative volatility.” The flowsheet with the lowest
TAC (type 1,,) is favored by all three heuristic (reactant not the
lightest one, relative volatility between two products is the larg-
est, and relative volatility between two products is the smallest),
while the flowsheet with the highest TAC (type I,) is a difficult
RD as suggested by the heuristics (reactant being the lightest
one, relative volatility between two products is the smallest, and
relative volatility between two products is the largest).
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Before leaving this section, we would like to comment on
the scenario where the forward reaction A + B < C + D,
obtaining products C and D, and backward reaction C + D &
A + B, converting back to A and B, are performed sequen-
tially. This scenario occurs for the following two reasons: (1)
converting products back to reactants for the sustainability
(close the material recycle loop) in pilot-scale experiment for a
particular RD experiment (e.g., esterification), and (2) using
two RD columns to perform separation and an example is the
recovery of polyol from aqueous solution via acetalization.?
Figure 18 clearly shows that for the above mentioned forward
and backward reactions, different RD configuration should be
used. For example, if the forward reaction (to from C and D)
belongs to type I, the type I, configuration should be used to
convert C and D back to A and B. For types type I and II, the
placement of the reactive zones are quite different (Figure 18)
and, generally, we need two RD columns to achieve the objec-
tive. The type III configuration, on the other hand, possibility
exists for using the same RD column to perform reaction/sepa-
ration in the same equipment. Tung® explores the costs and
configurations for the same reactions with forward and back-
ward paths.

Conclusion

In this article, the effects of relative volatilities rankings to
the design of RD are explored, and ideal RD systems are used
to illustrate the process flowsheet generation as the ranking
varies. For a quaternary system with second-order reversible
reaction (A + B = C + D), 24 all possible relative volatility
rankings are classified into three process types based on the
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distribution of reactants and products in the relative volatility
sequence (type I: one-zone, type II: two-zone, and type III:
alternating). Each type is further denoted by subscript p or r
according to the nature (product or reactant) the lightest com-
ponent. A systematic design procedure is used to generate
process flowsheet as the relative volatility ranking changes
and the TAC is used to evaluate appropriateness of different
designs. The assumptions made in this work include: (1) ideal
VLE, (2) equal molar feed (neat process), (3) reactive holdup
set by column diameter, and (4) sequential approach for opti-
mization. It is interesting to note that the reactive zone can
be placed at the upper section, lower section, middle, or op-
posite-end of the RD column, depending on the sequences of
relative volatilities. The principle actually is quite simple:
place the reactive zone to where the reactants are most abun-
dant and introduce the feeds to facilitate the reaction (consid-
ering the composition effect). Furthermore, for all six possi-
ble flowsheets, the flowsheet can be of one-column or two-
column scheme, the TAC varies by a factor of 7.5, the
energy cost in the RD changes by a factor of 8, and the num-
ber of trays in the RD column ranges from 11 to 96. Physical
explanations for the easiness of combined reaction/separation
are given and, finally, heuristics are given to evaluate poten-
tial difficulty in the RD design. A final word is that we con-
sider only the “neat” design here, for some of the difficult
RD flowsheets, “excess reactant” design might be an attrac-
tive alternative.
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Notation

ag = preexponential factor for the reverse reaction (kmol s kmol™h)
ap = preexponential factor for the forward reaction (kmol s
kmol ")
A = light reactant
Ayp,; = Antonie vapor pressure coefficient
B = heavy reactant
B = bottoms flow rate (kmol/s)
Byp; = Antonie vapor pressure coefficient
C = light product
D = heavy product
D = distillate flow rate (kmol/s)
Ep = activation energy of the reverse reaction (cal/mol)
Er = activation energy of the forward reaction (cal/mol)
Foa = fresh feed flow rate of light reactant A (kmol/s)
Fop = fresh feed flow rate of heavy reactant B (kmol/s)
HHK = heavier than heavy key
HK = heavy key

kp; = specific reaction rate of the reverse reaction in tray j (kmol 5!

kmol ™)
krj = specific reaction rate of the forward reaction in tray j (kmol 5!
kmol )

Kgq = chemical equilibrium constant
L; = liquid flow rate from tray j (kmol/s)
LLK = lighter than light key
LK = light key
M; = liquid holdup on tray j (kmol)
NFjeavy = number of fresh heavy reactant feed tray
NFiigh = number of fresh light reactant feed tray
Nr = number of rectifying trays
Nixn = number of reactive trays
Ngs = number of stripping trays
P = total pressure (bar)
P? = vapor pressure of component 7 (bar)

R = reflux flow rate (kmol/s)
R = perfect gas law constant (cal mol ™' K~ h
R; ; = reaction rate of component i on tray j (kmol/s)
R, = total conversion
T; = temperature in tray j (K)
V; = vapor flow rate from tray j (kmol/s)
Xp,; = bottoms composition of component i (mole fraction)
xp,; = distillate composition of component i (mole fraction)
Xx;; = jth tray composition of component i (mole fraction)
Xs,; = sidedraw composition of component i (mole fraction)
yg,; = composition of component i in vapor of bottoms (mole fraction)
Yp.; = composition of component 7 in vapor of distillate (mole fraction)
¥;,; = composition of component i in vapor on tray j (mole fraction)

Greek letters

o; = relative volatility of component i

p = liquid hydraulic time constant (s)

v; = stoichiometric coefficient of the ith component
AH, = heat of vaporization (cal/mol)

/A = heat of reaction (cal/mol)
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Figure A1. Convergences of type ll, process (A) for different initial conditions (B).
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.
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Appendix A: Effects of Initial Conditions to
Convergence

The relaxation approach (control approach) to simulation is
generally robust for most RD configurations (type I, type II,
and II, type IIL, and IIL), except for the most difficult case
(type I,). Let us use another example, Type II,, process, to illus-
trate this. For 3 different initial conditions (IC1-IC3), they took
8—15 h (process time; (IC1: ~8 h, IC2: ~10 h, and IC3: ~15 h)
to converge as shown in Figure Al. However, for type I, pro-
cess, a modest amount of deviation in the initial condition may
lead to divergence as shown in Figure A2.
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Appendix B: Design for Different Process
Configurations
Design of Type I,

Design variables for the RD for the type I, configuration
include: number of reactive trays on the top and bottoms
reactive zones (Nrxnop and Ny po), Number of separation
trays (Ngp), and side-draw location. Three lines in Figure
B1(A) indicate that the minimum TACs correspond to the
same total number of trays. However, an optimal number
of reactive trays exists and this gives: Nigiop = 3, Nixn bot
= 1, and N, = 26. The tradeoff comes from the crossing
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Figure A2. Convergences of type |, process (A) for different initial conditions (B).

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.

com.]
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between the operating and capital costs as shown in Figure
B1(B). The side-draw location is also found by minimizing
the TAC (Figure B1(C)).

Design of Type 11,

Design variables for the RD for the type II, configuration
include: number of reactive trays (N,x,), number of trays in the
rectifying section (Ng), and feed tray location of the HHK
(NFpcavy)- The results, Figure B2(A), show that, as compared to
Nixn, the number of trays in the rectifying section, Ny, is a more
sensitive design variable. The reason is that, as one increases
Ng, the operating goes down initially followed by an increase
while the capital cost exhibits a steady increasing trend. Figure
B2(B) indicates that the heavier reactant (HHK) should also be
introduced into the reboiler, same as the lighter reactant (HK).
Recall that the two reactants are HK and HHKL, respectively
(the reaction is HK + HHK = LLK + LK).

Design of Type 111,

Design variables for the RD for the type III, configuration
include: number of reactive trays (Nx,), number of trays in the
rectifying (Ng) and stripping section (Ng), and feed tray loca-
tions of both the light and heavy reactants (NFj,, and
NFjcavy). Figures B3(A, B) show that, as compared to N, and
Ng, the number of trays in the rectifying section, Ng, is a more
sensitive design variable. The tradeoff comes from the crossing
of the operating and capital costs Figure B3(C) indicates that
the heavier reactant (HHK) should also be introduced to the
top of the reactive zone and light reactant is fed to the column
12 trays below. Again, the feed tray locations are important
design variables.
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