Dynamics of Heterogeneous Azeotropic

Distillation Columns

A new dynamic model has been developed for heterogeneous azeo-
tropic distillation columns, which is capable of automatically detecting
and accounting for multiple liquid phases on trays at each instant of
time. Extensive dynamic simulations have been carried out for the heter-
ogeneous distillation of ethanol, water and benzene. Our results are in
general agreement with prior work, which shows that this class of sepa-
rations can be expected to exhibit muitiple steady states, complex
dynamic behavior, and parametric sensitivity. One of the most unex-
pected results was that these systems exhibit parametric sensitivity
with respect to smali changes in column pressure. For systems vented
to the atmosphere, small increases in the barometric pressure lead to
loss of interface in the decanter over a 24-hour period. If small pressure
variations of this sort are left uncontrolled long enough, the entire sepa-
ration will fail. Small decreases in the barometric pressure do not have
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such a disastrous effect.

Introduction

It is well known in the chemical industry that heterogeneous
distillation is an economical technique for separating azeotropic
mixtures. Unfortunately, it is also an exceptionally difficult pro-
cess to operate and control. These columns are often observed to
behave erratically or to suddenly lose product purity for no
obvious reason. Over the last decade or so, these problems have
sparked academic interest, and a number of important publica-
tions have emerged.

It is now widely reported in the literature that within certain
ranges of column specifications, heterogeneous distillation col-
umns exhibit multiple steady-state solutions. The first reported
instance of this phenomenon was by Magnussen et al. (1979),
who found that with identical column specifications and identi-
cal UNIQUAC interaction parameters (given by Gmehling and
Onken, 1977a), three different sets of state variables
(T x,,n=1,...N)satisfied a constant molar overflow model
for the ethanol-water-benzene distillation in a tower with 27
stages operating at 1-atm pressure (see Figure 1). This stimu-
lated further research by Prokopakis and Seider (1983a, b) who
used a more complete column model in which the energy bal-
ances and the decanter were included. They confirmed the pres-
ence of three quite different operating regimes with three dif-
ferent, but very similar, sets of specifications for the same
column used by Magnussen et al. (1979) (although the
UNIQUAC parameters used in the Prokopakis and Seider
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study were different than those used by Magnussen et al.). [In
fact, there was an earlier study by Shewchuk (1974) who also
found multiple steady-state solutions for the ethanol-water-ben-
zene distillation with a column model that included the energy
balances and the decanter. However, these results were never
published.] More recent and quite detailed studies on this sys-
tem by Venkataraman and Lucia (1988) confirm the presence
of two regular turning points and three steady states over a nar-
row range of operating conditions. Figure 1 shows the compari-
son between the composition profiles obtained by Magnussen et
al. (1979) and Prokopakis and Seider (1983a, b).

Multiple steady states have also been observed to occur for
the dehydration of isopropanol with cyclohexane in a 38-tray
tower (Prokopakis and Seider, 1983b), and for the dehydration
of secondary butyl alcohol with disecondary butyl ether (Kov-
ach and Seider, 1988) in a 41-tray tower. Kovach and Seider
(1988) compare the simulation results with experimental data
and conclude, “the presence of two solutions in such close prox-
imity is consistent with the experimentally observed erratic
behavior of the tower.”

These studies demonstrate the very complex and highly sensi-
tive response of heterogeneous distillation systems to changes in
initial conditions, operating conditions, and model parameters.
Moreover, recent work by Pham, Ryan, and Doherty (1989)
shows that infinitesimal changes in some of the design variables
lead to large variations in the steady-state composition and tem-
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Figure 1. Three different steady-state composition pro-
files for the benzene-ethanol-water system ob-

tained by Prokopakis and Seider (1983).

The dashed lines represent the result of Magnussen et al. (1979).
For clarity, the profiles shown in the triangular diagram refer to the
results of Prokopakis and Seider alone.

perature profiles in the column. For example, consider the distil-
lation of isopropanol-water-benzene into a bottom stream
containing 99.99 mol % isopropanol and an overall decanter
composition that is constant and fixed. Changes in the bottom
stream benzene mole fraction from 1 x 10710 0.25 x 10~ % or
to 0.75 x 107* lead to three completely different steady-state
composition profiles in columns with three quite different
designs, requiring 32, 15 and 17 theoretical trays, respectively.
This phenomenon could be easily mistaken for the existence of
several very different designs with identical bottom and de-
canter compositions, but with completely different steady-state
column composition profiles.

All these observations suggest that great care should be taken
in the choice of operating conditions for these columns and that
further studies on the dynamics, stability, operability and con-
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trol of these complex systems would be worthwhile. This paper is
motivated by these problems.

Previous dynamic models have also one essential feature miss-
ing, namely, the ability to incorporate multiple liquid phases on
the trays during the time evolution. Since heterogeneous distilla-
tion exploits the presence of liquid-liquid immiscibilities, this
has been a serious deficiency in previous algorithms and simula-
tions. This has motivated us to build a dynamic model which is
capable of detecting and accounting for the presence of multiple
liquid phases at each instant in time without specifying the loca-
tion of the heterogeneous trays. The heterogeneous distillation
of ethanol and water using benzene as entrainer was studied
extensively so as to compare our results with all the previous
results reported in the literature. In addition, we report some
new results on the parametric sensitivity of these systems. Of
particular interest is the high sensitivity of the system to very
small changes in column pressure. For systems vented to the
atmosphere, small increases in the barometric pressure lead to
the loss of interface in the decanter over a period of 24 hours,
while small decreases in the barometric pressure do not have
such disastrous effects.

Mathematica! Models

Following the equation structure presented in a previous
paper (Rovaglio et al., 1986), we have constructed a dynamic
mode! for heterogeneous azeotropic systems, which describes
the behavior of all the principal state variables throughout the
column. A schematic representation of a typical plate is shown
in Figure 2. Each stage is allowed to have a liquid and vapor
sidestream, one feed, one thermal duty, and two possible liquid
phases. The column has N vapor-liquid theoretical trays num-
bered from the reboiler (stage 1) up to the top tray of the column
(stage N), plus one liquid-liquid equilibrium stage (condenser-
decanter system, numbered as stage N + 1). In formulating
such a model, the following simplifications have been made:

a. Capacitance terms due to the downcomer are neglected.

b. Vapor holdup over the plate is neglected.

c¢. Liquid and vapor phases are mixed well.

d. The liquid and vapor streams leaving each stage are in
phase equilibrium.

If there are C components in the column, then the following
(C + 5) equations can be written for each stage:
C Material Balances

aM:,
T = Ln+|xzn+l - (Ln + Un)xgn - (Vn + Wn)yi,n

+ Vo ina +Fi, i=1,...,C (1)
I Energy Balance

dE,
dt

= Vn~lHrlt/—l - (Ln + U,,)H{; - (Vn + Wn)Hr

+ Ln+IHﬁ+l + FnH: + Qn (2)
2 Fluid Dynamic Relationships
C
DML =ME -V W)+ L+ U) ()
im]
Pn = Pn+l + APrH—l(Lm Vm Um Wm geometry) (4)
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Figure 2. A schematic representation of tray n.

I Vapor-Liquid Equilibrium Equation

C
Z Ki,n(Tm Pm EZ)X?." =1 (5)

i=1

1 Definition of the Total Energy per Plate

The total energy per plate should actually be the total internal
energy per plate (Luyben, 1973; Stephanopoulos, 1984). How-
ever, we follow the common practice of approximating it by the
total enthalpy per plate (Gallun and Holland, 1980; Boston et
al., 1981; Prokopakis and Seider, 1983b).

C
E,=HEY M2, (6)

i=1

where x?, is the overall liquid composition of component i on
tray n, defined by x?, = M?,/Z5, M?,. This constitutes an alge-
braic and differential system of equations that can be solved
using a global approach (Gallun and Holland, 1980). At each
time step, we can obtain the following state variables for every
tray: temperature (T,), pressure (P,), total energy (E,), total
molar holdup of each component (M?,), and the liquid (L,) and
vapor (V,) flow rates leaving the stage.

Equations 3 and 4 reflect the level of fluid dynamic simplifi-
cation used in the model. Equation 3, in particular, defines a
linear relationship between the total liquid holdup and the liquid
and vapor flow rates leaving the stage. The constants M ¥, 7}, 7%
depend on the particular type of plate (sieve, bubble caps, etc.)
and on the geometric characteristics of the column. The defini-
tion of the pressure profile in the column, Eq. 4, needs the evalu-
ation of pressure drops across the tray. Values for the quantities
M¥* 7t 1V AP, (V. L, W, U, geometry) are calculated from
correlations available in the literature; see, for example, Treybal
(1980) or, for an extensive treatment, Glitsch (1974) and Nut-
ter (1976).

Phase Equilibrium Calculations

Equation S needs to be discussed in a little more detail since
the thermodynamics of the system can influence the structure of
the algorithm. When only one liquid phase exists on the tray and
when the vapor can be considered ideal, the system (Egs. 1-6) is
self-consistent and the vapor composition can be simply and
explicitly defined as a function of temperature, pressure and lig-
uid composition:

Yin = Ki,n(Tm Pm xzn)x?,n i= la c ey C (7)
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No inner iteration loops are required to calculate y, and Eq. 7
can be directly substituted in the previous system of Eqgs. 1-6.
The situation changes when a liquid-phase split occurs on the
tray. In this case, liquid-liquid-vapor calculations must be
included in the model. For this purpose, Eq. 5 of the main system
(Egs. 1-6), must be replaced by the following subset of equa-
tions:

X=Xty + (1 —a)xi, i=1,...,C ®

'Yil.n(Tm Erlr)xl!,n = ‘Y%,H(TID z:)x?" i=1..., C (9)

Z'xi‘.n - le?.n':O (10)
Yin= i,n({rln Tm Pn)x:!.n i= 17~'~7C (ll)

which are solved as a procedure. That is, Egs. 8 to 11 are solved
as a separate block at each function evaluation. Superscripts 1
and 2 represent the two immiscibie liquid phases, and «, is the
molar ratio between the amount of phase 1 and the total liquid
phase on tray n.

The system of Egs. 8—11 constitutes an isothermal vapor-lig-
uid-liquid flash problem which can be solved to find «,, the
vapor and liquid compositions y,, x,, x2, knowing the tempera-
ture, pressure and overall liquid composition. All these variables
(T,, P,, M3, hence x7,) are known at each function evaluation
point through the integration of the main system of Egs. 1-6.
Equations 9 and 10 are strongly nonlinear and numerically-sen-
sitive. Moreover, Eq. 9 admits the trivial solution x|, = x7, = x¢,
fori=1,..., C. This requires a careful choice of the algorithm
adopted to solve the LLVE subproblem. On the one hand, it is
important to avoid unwanted solutions. On the other hand, the
computing time must be kept to a reasonable level and conver-
gence accelerators are strongly recommended. An extensive dis-
cussion about the features and the solution of such a system is
beyond the scope of this paper; more information and further
details can be found in Prausnitz et al. (1980), whose approach
has been adopted here.

The solution of the complex system of Eqgs. 8~-11, instead of
the simple equation (Eq. 7), is activated only when the presence
of the two liquid phases is detected on the tray. Thus, in order to
decide when to switch the equilibrium calculation, we included
in our model a stability test which avoids unwarranted computa-
tional efforts and defines the thermodynamic state for every tray
at each function evaluation point. The test works by using a
spline fit of the liquid-liquid-vapor envelope in order to check
whether the overall liquid composition lies inside or outside the
absolutely stable liquid-phase region (see Ryan, 1989). This
solution procedure allows us to rapidly check for phase splitting
throughout the column and for all simulation time, without
assigning ‘“‘a priori” the trays where the phenomenon might
occur, without reducing the robustness of the model itself. These
features distinguish this model from those of Magnussen et al.
(1979) and Prokopakis and Seider (1983a,b) which were not
able to predict or accomodate multiple liquid phases on the trays
inside the column at each iteration step (for steady-state simula-
tions) or as a function of time (for dynamic simulations). This
additional feature to the algorithm allows us to study effects
which could not be studied with previous dynamic models, e.g.,
impact of liquid-phase splitting along the column or the pres-
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ence of multiple steady-state solutions or dynamic loss of inter-
face in the decanter.

Reboiler and Condenser-Decanter

Relations 1-11 can be applied to all the stages inside the col-
umn; however, the reboiler and the condenser require further
specifications.

For the reboiler, Eq. 3 was replaced by the Francis weir for-
mula, which is a nonlinear fluid dynamic relationship and allows
us to calculate the liquid flow rate (L,) leaving the reboiler.
Otherwise, the equations remain unchanged. For more details,
see Rovaglio et al. (1986).

The last stage consists of the system condenser plus decanter
as shown in Figure 3. In the formulation of such a submodel, the
following characteristics have been assumed:

a. Subcooled total condenser is used.

b. The decanter and condenser are at the same temperature
and pressure, which are given assigned values. The system is
assumed to be vented to the atmosphere, thus the assigned pres-
sure is the barometric pressure.

¢. Liquid-liquid equilibrium conditions exist in the decanter.
The equations that we need for this model are exactly the same
equations defined before or, at least, they follow the same struc-
ture previously reported. Very few modifications must be intro-
duced. In particular, Eq. 3, which describes the fluid dynamic
behavior and allows us to compute the liquid flow rate leaving
the tray, can be replaced by the following relations derived from
Bernoulli’s equation (see Figure 3):

2 1 2
Uy LN+1
Byt hy — hy=— = [l 1y 3
M P2 (ck+,0.61s})/g (3a)
2 LZ 2
o' /0?4 hym 22 Nt Yy 3b
0 /0" + hy 22 \@.06152 /2g (3b)

where cj,, and c%,, are the molar concentrations in the two
phases; p' and p? are the mass densities; s} and s3 are the down-
comer cross-sectional areas; and the factor 0.61 represents a rea-
sonable estimate for the discharge coefficient (see Perry, Chil-
ton, and Kirkpatrick, 1969, pp. 5-5 and 5-11). With these two
correlations we can evaluate the two liquid flow rates leaving the
decanter (L), ,, L%.,). The heights k, and 4,, which appear in
Eqgs. 3a and 3b, can be deduced by the individual molar holdups
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Figure 3. A schematic representation of state N + 1.
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present in the decanter:

c
o
2581 Z Min.
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(1 - 2778} ) Z M?.N+l

iwl

C}V+1 ™ D§/4

2=

where D, is the decanter diameter.

As mentioned above, the condenser is a total subcooled con-
denser which implies that no vapor flow rate leaves the stage;
hence, no pressure drop occurs across the vent valve. Therefore,
Eqgs. 4 and 11 can be disregarded in the formulation of this sub-
model.

Algorithm

The overall dynamic model consists of (C + 1)V differential
equations and 4V algebraic equations, plus (3C + [)N* alge-
braic equations arising from the phase split on N* stages.
Regardless of whether or not two liquid phases are present on
some of the trays, the model needs (C + 1) N initial conditions.
We have taken these initial conditions to be the steady-state
conditions of the column for a given set of input variables consis-
tent with the degrees of freedom. For this purpose, we have used
a Wang Henke method, modified in such a way as to take into
consideration the vertical pressure profile and, if needed, the
LLVE calculations as already reported by Buzzi Ferraris and
Morbidelli (1981). The boiling point method, mentioned in the
latter work, was improved in order to define where and when
LVE and LLVE must be taken into account and, at the same
time, avoiding explicit preassignments of multiphase tray loca-
tions. The modified Wang-Henke solution procedure obtained
has the same advantages and limits that are well known for the
original two-phase boiling point method. This method, however,
requires a small amount of computation time and usually pro-
vides a steady-state solution even when the starting point is poor.
From the resulting steady-state solution, all the initial condi-
tions that we need for the dynamic model can be consistently
defined.

Due to the intrinsic nature of distillation columns, the time
constant spectrum is very wide (e.g., stiffness ratios of 10° or
greater). Therefore, both for the presence of algebraic equations
and for the stiffness of the differential equation, the use of a
completely implicit integration method (such as Gear’s method)
is strongly recommended (Ranzi et al., 1986). Our program uses
a modified version of the LSODES package which is a solver for
ordinary differential equations with general sparse Jacobian
matrices (Hindmarsh, 1983). Our modified version has ex-
tended the original program so that algebraic-differential sys-
tems can also be handled (Feng et al., 1984). This package uses
the Yale code for nonsymmetric sparse matrices (Eisenstatt et
al., 1977) and backward differentiation (Gear, 1971) for the
numerical integration of the system. More details from a numer-
ical point of view can be found in Ranzi et al. (1985, 1986).

When the liquid-phase split is detected on a tray by the stabil-
ity test, the resulting (3C + 1) algebraic equations (Eqgs. 8-11)
can be solved separately for each such stage and at each time.
The decoupling of this subset of equations from the main system
can result in an increase of computing time, but allows us to fol-
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low the behavior of the column without specifying beforehand
where the LLVE should be present. To the best of our knowl-
edge, this is the first dynamic model reported in the literature
that can do such calculations.

Simulation Results

All the numerical examples considered in this article refer to
a 27-tray column (including the reboiler) and condenser to
dehydrate a stream containing 89 x 1072 kmol/min of ethanol
and 11 x 107? kmol/min of water. This feed is a saturated liquid
introduced on stage 23. The entrainer is benzene. The geometric
characteristics and the dimensions of the auxiliary equipment
are reported briefly in Table 1. This example was already
reported and studied by Magnussen et al. in 1979 and later by
Prokopakis and Seider (1983a,b), and Venkataraman and Lucia
(1988). The following presentation of our simulation results will
be related to these previous articles.

Comparison with Magnussen et al.

As mentioned previously, Magnussen et al.’s paper does not
include the decanter model and substitutes the reflux stream
from the condenser with a second feed, fixed in composition,
temperature, and flow rate. Moreover, their model assumes that
the liquid phase on the trays is everywhere homogeneous at all
the iteration steps. To test our computer code, we initially simu-
lated the system described by Magnussen et al. (1979), using
identical model parameters, column design, operating condi-
tions, and with the condenser/decanter system omitted. The
reflux stream was kept at the same constant temperature, com-
position, and flow rate reported in their paper. Our results were
in agreement with those obtained by Magnussen et al.

We now report new results. In order to understand the possi-
ble feedback effects of the entrainer-rich-phase reflux stream,
we modified the original structure by introducing the heteroge-
neous decanter model in the top of the column (as suggested by
Prokopakis and Seider, 1983a). All results reported in this sec-
tion are with specific reference to this modified column. Figure 4
gives a comparison between the original and modified piping
layout. The light phase leaving the condenser is completely recy-
cled to the column while the heavy phase constitutes the top
product. The condenser bypass, shown in Figure 4, provides the

Table 1. Main Geometric Characteristics of the Azeotropic

Column Used in All the Reported Examples

Tray Layout
26 sieve trays

Tower diameter 0.6986 m

Tray spacing 0.5000 m

Hole diameter 0.0050 m

Pitch 0.0150 m

Active arca 0.2300 m?
Kettle Reboiler Geometry

Free volume 0.9000 m’
Diameter 1.2000 m

Length 2.0000 m

Decanter Geometry

Diameter 0.5000 m

Length 2.0000 m

h, (see Figure 3) 1.0000 m
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Figure 4. Main azeotropic distillation column: configura-
tion and reflux ratio definition adopted. (a) Mag-
nussen et al. (1979) and (b) the present work.

required degree of freedom for column operability (i.e., provides
a method of adjusting the reflux flow).

All the calculations presented were performed assuming ideal
behavior for the vapor phase and vapor pressures computed
using the Antoine equation with coefficients given by Gmehling
and Onken (1977a). Furthermore, in this first section, the lig-
uid-phase activity coefficients were modeled using the modified
UNIQUAC equation with binary parameters given by Gmehl-
ing and Onken (1977a) for liquid-vapor and liquid-liquid-vapor
equilibrium on the trays, and interaction parameters reported
by Prausnitz et al. (1980) for liquid-liquid equilibrium calcula-
tions in the decanter (which are calculated from both binary and
ternary data). All the cited parameters are reported in Prokopa-
kis and Seider (1983a). These thermodynamic parameters are
as close to those used by Magnussen et al. as is possible to
achieve with the decanter included in the column model. The
Gmehling and Onken parameters cannot be used for the liquid-
liquid equilibrium calculations in the decanter because they give
qualitatively incorrect phase behavior as described by Prokopa-
kis and Seider (1983a). None of the previous studies which have
extended the Magnussen et al. column to include the decanter
have used such a faithful approximation to the Magnussen et al.
thermodynamics.

The three degrees of freedom for the column were satisfied by
assigning the reflux ratio (defined in Figure 4), the distillate
flow rate, and the temperature of the total subcooled condenser
as R = 5.47, D = 87.6 x 107? kmol/min, and Ty,, = 298 K,
respectively. The entrainer make-up is fed to the top of the col-
umn and defined as F,, = 1.5 x 107* kmol/min. Note that all
these specifications are the same as those used by Magnussen et
al. (1979), with the exception of the flow rate D. When the con-
denser/decanter loop is closed, as in our simulations, the flows L
and D in Figure 4a differ from flows L and D in Figure 4b even
though their ratio is the same. It is not possible to make all the
stream flows and compositions at the top of the column in Figure
4a identical to those in Figure 4b.

With these operating conditions, using the steady-state solver
mentioned in the previous section, we found the composition
profiles shown in Figure 5a. This solution defines the starting
point for the dynamic solver. Using this approach, we imposed a
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Figure 5. Three different steady-state solutions for the
benzene-ethanol-water system obtained with
the same column specifications and Gmehling-
Onken’s parameters for LVE and LLVE calcula-
tions.

ramp disturbance after 100 minutes by increasing the feed flow
rate 10% in | minute. After 400 minutes of response time, an
inverse disturbance returned the operating conditions to their
original values. Following the transient behavior of the system,
the column appears to “settle down” to the steady state reported
in Figure Sb. This steady state, however, is unstable; and, con-
tinuing the dynamic simulation, we find that the composition
profiles ultimately settle down to those given in Figure Sc. This
last profile corresponds to the normal azeotropic distillation case
where the high benzene composition is sustained far down the
column, driving water to the top. In the profile reported in Fig-
ure 5a, the benzene composition drops rapidly in the rectifying
section, hence a small amount of water can be found in the strip-
ping section. The situation presented in Figure 5b is an interme-
diate between the first two. Figure Sc has the unusual feature
that the ethanol and benzene profiles in the middle of the col-
umn, where water is essentially absent, cross the experimental
composition of the ethanol-benzene binary azeotrope (ethanol
~55 mol %, benzene ~45 mol %). While this is true, the impor-
tant point to note is that the profiles do not cross the model pre-
dicted composition of the ethanol-benzene binary azeotrope

44 January 1990 Vol. 36, No. 1

which contains ~38 mol % ethanol and ~62 mol % benzene.
Thus, the thermodynamic model does not represent the real
phase equilibria for this mixture very accurately as is seen in
Figure 6a, and as is discussed in more detail later in this sec-
tion.

Figure 7 summarizes the previous behavior of the column by
showing the transient response of selected variables on tray 18.
This figure clearly shows the shift from the first steady state to
the third by way of the second. Thus, from these results, we can
identify three different steady-state conditions, which corre-
spond to the same column specification.

For the dynamic simulation, the three operating degrees of
freedom were taken to be the reflux ratio, the reboiler and con-
denser heat loads instead of the distillate flow rate, the reflux
ratio and the temperature of the subcooled condenser, which
were used for the initial steady-state calculations. These new
degrees of freedom for the dynamic simulation are more closely
related to the actual manipulated variables available in the
plant. When no disturbances are acting, however, the two sets of
specifications are equivalent as shown in Figure 8. This figure
presents the dynamic response of selected state variables in two
different situations. The curve (i) is the response to a ramp vari-

(a) G g-Onken p

1.0

0.8]
3 0.6 - .
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3 "
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Figure 6. Equilibrium y-x diagrams for the mixture etha-
nol-benzene at 1-atm pressure, calculated us-
ing the UNIQUAC model. (a) Gmebhling and
Onken interaction parameters and (b) Prausnitz

et al. interaction parameters.

The solid squares represent experimental data points taken from
Gmehling and Onken (1977b, p. 411).
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Figure 7. (a) Ethanol mole fraction; (b) temperature (K);
(c) holdup (kmol); and (d) vapor flow rate (kmol/
min) vs. time (min) on tray 18.

ation of 10% in the feed flow rate in 1 minute from the begin-
ning. Curve (ii) is the response of the system when no distur-
bances are acting. The comparison shows that the first steady-
state conditions (from the steady-state solver) are perfectly
stable and that no numerical drift occurs as a result of introduc-
ing the dynamic solver and the change of specification vari-
ables.

Following these results, calculations were also performed
using different values for the reflux ratio, and the corresponding
multiplicity region observed is reported in Figure 9. This figure
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(i) For a ramp increase of 10% in the feed flow rate over the course
of one minute, beginning at time zero. (ii) No disturbance.

shows the ethanol mole fraction on the feed tray vs. the reflux
ratio and displays the well-known “s” shape. This specific vari-
able has been chosen because it has a large variation and gives
rise to a clear bifurcation diagram. Also note the large range of
reflux ratios where different steady-state solutions can be found.
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Both sets of calculations were carried out using Gmehling-
Onken's parameters: (a) with LLVE calculations on the trays; (b)
without LLVE calculations on the trays.
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The presence of two regular turning points is consistent with the
resuits reported by Venkataraman and Lucia (1988), who stud-
ied the same column but with different thermodynamic parame-
ters for liquid-vapor calculations (given by Prausnitz et al.,
1980).

Let us now analyze these results from a thermodynamic point
of view. If we plot the three different solutions previously
reported in Figure 5 together with the projection of the liquid-
liquid-vapor envelope (Ryan, 1989) on the composition triangle
diagram, we can see that some trays lie inside the heterogeneous
region. As shown in Figure 10a, the composition profile 3, which
corresponds to that reported in Figure 5c, has about 60% of the
trays with two liquid phases. Magnussen et al. found no liquid-
liquid split anywhere in the column for all the different steady
states. However, more recently Baden and Michelsen (1987),
working with the same column but with a different thermody-
namic model (UNIFAC), confirm the presence of liquid-phase
splitting in over 50% of the column trays (from 9 to 25). We
repeated the calculations with the liquid-phase stability test
turned off for the trays but not for the decanter and found the
composition profiles reported in Figure 10b. The shape and the
location of these profiles are very similar to the previous ones,
and there are still trays located in the heterogeneous region (al-
though, by decree, the simulator is unaware of it for these runs).
Thus, the presence of multiple steady states and the basic shape
of the steady-state composition profiles remain intact regardless
of whether or not the liquid-phase heterogeneities are accounted
for correctly.

From Figures 6a, 10a and 10b, we also note the poor agree-
ment between the thermodynamic representation of the mixture
using the UNIQUAC equation with the Gmehling and Onken
parameters and the experimental data (see Bancroft and Hu-
bard, 1942; Norman, 1945; Gmehling and Onken, 1977b, p.
411). From these papers, we know that the system water-etha-
nol-benzene is a type-1 system and does not exhibit immiscibil-
ity on two sides of the composition diagram. Prokopakis and
Seider (1983a) have already reported this erroneous behavior

Fw (2 L L .
- B h X
. L
F | 2
R=L/D
2 -
1
» B

Figure 11. Alternative lay-out and reflux ratio definition.
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predicted by the Gmehling and Onken parameters. They con-
fined their study to the parameters reported by Prausnitz et al.
(1980), which give a much better representation of the phase
equilibrium (Ryan and Doherty, 1989). Figures 6a and 6b show
the equilibrium y-x diagrams for a binary mixture of ethanol
and benzene predicted from the UNIQUAC model using the
Gmehling and Onken parameters (Figure 6a) and the Prausnitz
et al. parameters (Figure 6b). Experimental data are also
reported on these figures. Thermodynamic phase-stability the-
ory requires (dy/dx), > O for a stable liquid phase. Therefore,

the Gmehling and Onken parameters predict a region of liquid-
liquid immiscibility and a heterogeneous binary azeotrope (of
composition ~38 mol % ethanol and 62 mol % benzene) in this
binary mixture. The data clearly show that no such immiscibil-
ity exists and that the azeotrope is a homogeneous azeotrope
with composition ~55 mol % ethanol.

From now on, we too confine our study to these parameters at
every point in the system. This set of parameters for the modi-
fied UNIQUAC equation is reported in Prokopakis and Seider
(1982a).
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on trays 10 and 20.

No disturbances are imposed on the system.
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Comparison with Prokopakis and Seider

We begin by modifying the piping layout, abolishing the
decanter bypass and introducing a partial recycle of the heavy
phase leaving the decanter. This representation, reported in Fig-
ure 11, is very similar to the previous one (Figure 5b), but is pre-
ferred in practice for control purposes. Prokopakis and Seider
(1983b) made this modification in their second paper, and we
follow suit. All the geometric characteristics and operating con-
ditions mentioned above remain exactly the same. With refer-
ence to Figure 11, the column specifications for the steady-state
solver were defined as R = 23.78, D = 21.378 x 10~° kmol/min
and the same temperature was assigned to the subcooled con-
denser, Ty, = 298 K. The entrainer make-up was fixed at F,, =
1.962 x 1072 kmol/min.

With the Prausnitz et al. parameters, severe convergence
problems were encountered while attempting to determine the
steady-state solution for the column. It is difficult to tell whether
the resulting solution from the steady-state solver is a real (un-
stable) steady state, because it was not possible to make the
maximum residual of all the material balances arbitrarily small

(@

——— Benzene
—=—— Ethanol
—— Water

0.40

0.20 4

0.00 )+

1.00 (b)
0.80 |

0.60 -

Mole fraction

0.40

0.20 4

oo —y

1.00 (c)

0.80 -
0.60 -
0.40

0.20

0.00 ——-""//

Trays

Figure 13. Three different steady-state composition pro-
files for the benzene-ethanol-water system
obtained with same column specification and
Prausnitz et al.’s parameters for LVE and LLVE
calculations.
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during the iteration steps. Instead, it asymptoted to about 103,
whereas, for the previous model parameters by Gmehling and
Onken, typical values of the same residual were 107 or smaller.
In any case, when this approximate solution is used to initialize
the dynamic model, the state variables immediately drift away
from their initial values.

Figure 12 summarizes the transient behavior of the column
during the response time needed to achieve the stable solution.
The variables reported in this figure show that two qualitatively
different types of transient behavior occur in the same column
section. As a matter of fact, all the variables reported for tray 20
reach the solution very rapidly, while the variables for tray 10
show a sort of “oscillating” behavior in the course of their tran-
sient towards a stable solution. Along the time coordinate, three
different stationary points (the residuals of all the algebraic and
differential equations are less than 107*) can be pointed out,
namely, around 300 minutes, around 1,000, and after 1,500
minutes.

The three corresponding composition profiles are reported in
Figure 13a, 13b and 13c, respectively. Using the corresponding
composition, temperature and flow rate profiles as initial points
for the steady-state solver, it is possible to confirm that they
satisfy the convergence check (maximum absolute error on the
material balances for every component and every tray <107%);
consequently, they can be treated as three different steady-state
solutions since they refer to the same column specifications. In
other words, in this case, the dynamic solver becomes something
like a continuation method and allows us to detect different sta-
tionary points. The results presented here are perfectly consis-
tent with the corresponding ones presented by Venkataraman
and Lucia (1988).

In Figure 14, these three steady-state profiles are superim-
posed on the liquid-liquid-vapor envelope, which was also calcu-
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Figure 14. Three different steady-state composition pro-
files reported in Figures 13a, 13b, and 13c,
superimposed on the liquid-liquid-vapor enve-
lope.

Both sets of calculations were carried out using the parameters
reported by Prausnitz et al. (1980).
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lated using the parameters reported by Prausnitz et al. (1980).
From this figure, we see that for all three steady-state solutions
the decanter exhibits a liquid-liquid-phase separation; other-
wise, every tray in the column is homogeneous. This figure also
shows that the three solutions have near-identical shape on a
composition triangle, even though the compositions on the trays
may vary widely from solution to solution (see Figure 13).
Moreover, the transients shown in Figure 12 correspond to the
tray compositions “sliding” along a composition profile of
almost fixed shape, like beads on an abacus. Figure 15 shows
how the steep front of the steady-state temperature profile
moves down into the column for the three different steady-state
solutions. Thus, for control purposes, it is important to know
which steady state the column is actually operating at so that
thermocouples can be placed on those trays with the highest sen-
sitivity.

Different values of the reflux ratio, as defined in Figure 11,
were also explored. If we associate the different stationary
points on the transients with different steady-state solutions
(which is justified by previous arguments), then a multiplicity
region still exists over a small range of reflux ratios. This range
is much smaller than the corresponding range predicted for this
system using the parameters reported by Gmehling and Onken
(1977a) (Figure 9). However, in all the examples considered
with the Prausnitz et al. parameters, the system always drifted
towards the lower branch, stable, steady-state conditions corre-
sponding to the profiles reported in Figure 13c. This contrasts
with the system behavior predicted using the Gmehling and
Onken parameters. For this last case, both the upper and lower
branches of steady-state solutions in Figure 9 were dynamically
stable for a wide range of initial conditions, and it was possible
only to get from one branch to the other by perturbing the sys-
tem, as demonstrated in Figure 7. Note in Figure 12 that the
time spent visiting the two “unstable” or “intermediate” steady
states is usually quite large, e.g., 10 hours or more. The system
behaves so sluggishly that the entire transient lasts for 24 hours
or more.

We therefore see that, when the column is simulated using the
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Figure 15. Three different temperature profiles that cor-
respond to the composition profiles reported

in Figures 13a, 13b, and 13c.
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Prausnitz et al. UNIQUAC parameters, the transient passes
close to two unstable steady states before reaching the final sta-
ble node. These unstable steady states must be saddles, and this
strongly suggests the presence of other stable and unstable
steady states elsewhere in the solution space. This is completely
consistent with recent work by Kovach and Seider (1987) who
found five steady states for this column using a homotopy con-
tinuation method. Therefore, our dynamic simulations verify
their bifurcation diagram, and their bifuctation diagram verifies
our dynamic simulation.

In an attempt to explain the path from the initial condition via
the various steady states to the final stable solution (as shown in
Figure 12), we calculated the total energy of the liquid holdup in
the system (including reboiler, condenser, and decanter) at each
instant of time. This is readily calculated from Eq. 2. In ali
cases, we found that oscillations in the composition transients
were accompanied by corresponding oscillations in the total sys-
tem energy. As far as we can distinguish, the maxima and the
minima in the total system energy response occur at the same
time as the visits to the intermediate steady states. For example,
for the case considered above with R = 23.78 (which led to Fig-
ure 12), the total system energy response is shown in Figure 16.
The system moves from the initial point to the initial steady
state (shown in Figure 13a) at around 300 minutes, which corre-
sponds to the first energy minimum in Figure 16. Then the sys-
tem moves to the second steady state (shown in Figure 13b),
which corresponds to the energy maximum in Figure 16. Final-
ly, the system settles down to the stable solution shown in Figure
13c, which is an absolute minimum in the total system energy.

When the transients are close to an intermediate steady state,
the tray temperatures, pressures and compositions are all localty
stationary with respect to time, as shown in Figure 12. Thus, the
total system energy, E(T,,..., Ty, Pis-
X;n+1), Will also be locally stationary with respect to time. This
explains the correspondence between the maxima and minima in
Figures 12 and 16. Moreover, when the tray temperatures are
high, the holdups are also high and the total system energy
exhibits a maximum. Thus, the column temperatures, holdup
and total energy act in concert.

Although we are unable to prove any other formal correspon-
dence between the state space response of the system (i.e., tem-
poral variation of the tray compositions, temperature, holdups,
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Figure 16. Evolution of the total energy of the column for
R - 23.78.
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etc.) and the response of the total system energy (which is a
scalar function), the initial results presented here suggest that
the total system energy is either related to or is itself a scalar
potential for the process. Identification of such potentials often
help to produce intuitive insight into the complex behavior of
nonlinear systems, as in the case of simple distillation, for which
the temperature acts as a scalar potential (see Van Dongen and
Doherty, 1984; Doherty, 1985). Thus, we consider it worthwhile
mentioning these results as a pointer for continued analysis.

Parametric Sensitivity

A great number of results and observations available in the
literature, as well as from our simulations, can be used to show
the very high sensitivity of these heterogeneous systems. Pham,
Ryan and Doherty (1989) found that, with a small variation of
benzene mole fraction in the bottom of the column, the composi-
tion profiles in the stripping section change tremendously. As
already mentioned in the introduction, Kovach and Seider
(1987) found that a dramatic change in the composition profile
occurs as the aqueous reflux ratio is increased by just 0.1%—
from 0.1238223 t0 0.1239933.

To demonstrate further the high sensitivity of these systems,
we show now the following example. In the previous case,
reported in Figure 12 with the reflux ratio equal to 23.78, we
changed the pressure drop across the vapor line (from the top
tray to the condenser) by just 10%—from 0.10 to 0.11 atm—
leaving all the other data and specifications exactly the same.
Figure 17 shows that, with this very small pressure variation in
the column, the overhead vapor composition moves outside the
heterogeneous region and the column fails to operate correctly.
Such loss of interface in the decanter would cause the entire
sequence to shut down. However, the transient is very slow and
the phenomenon needs a long time to completely develop its
effects. For example, the evolution reported in Figure 17
requires 1,300 minutes of response time.
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Figure 17. Dramatic change of the overhead vapor com-
position caused by changing the pressure
drop across the vapor line in the top of the col-
umn by 10% (from 0.1 to 0.11 atm).
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Alternatively, if the condenser-decanter system is vented to
the atmosphere, small changes in atmospheric pressure will have
the same disastrous effects. As a matter of fact, the same result
shown in Figure 17 was obtained by maintaining the original
pressure drop in the overhead vapor line (e.g., 0.1 atm) but with
an increase of 1% in the barometric pressure (e.g., 1.01 atm
instead of 1.0 atm assigned in the previous example).

Furthermore, calculations with a smaller pressure drop (0.09
atm) across the vapor line, were also performed. In this case, the
overhead vapor composition does not move outside of the hetero-
geneous region and the system shows more robust behavior.

Conclusions

Extensive dynamic simulations for a variety of column config-
urations, operating conditions, and phase equilibrium model
parameters have been carried out for the heterogeneous distilla-
tion of ethanol, water and benzene. Our results are in general
agreement with prior work which shows that this class of separa-
tions can be expected to exhibit multiple steady states, complex
dynamic behavior, and parametric sensitivity to small changes
in operating conditions. Our specific conclusions are summa-
rized as follows:

© Changing the UNIQUAC parameters from the Gmehling
and Onken values to the Prausnitz et al. values does not elimi-
nate multiple steady states. However, the shapes of the composi-
tion profiles on a triangular diagram are changed. (Compare
Figures 10a and 14.) Moreover, for the Prausnitz et al. values,
none of the trays inside the column had two liquid phases while
as many as 60% of the trays had two liquid phases for the
Gmehling and Onken parameters (1977a). (See profile 3 of Fig-
ure 10a.)

o Switching off the phase stability test for the trays but not
the decanter and performing only liquid-vapor equilibrium cal-
culations on the trays for the Gmehling and Onken parameters
do not eliminate the multiple steady states. (See Figure'10b.)

® Removing the condenser/decanter feedback system from
the model and replacing it by a second feed stream with constant
flow rate, composition, and temperature do not eliminate multi-
ple steady states. The state of the second feed stream is taken to
be in the general vicinity of where it would be if the decanter
were present. Thus, the system still “knows” that a decanter of
some SOrt is present.

e Our dynamic simulations using the Prausnitz et al
UNIQUAC parameters produce transients that “visit” two sad-
dles before settling down at a stable node. Such a set of steady
states almost certainly means that there are more steady states
elsewhere in the solution space. These dynamic results are con-
sistent with Kovach and Seider’s (1987) bifurcation diagrams
which show the existence of five steady states for this column.
The transients using the Gmehling and Onken parameters are
quite different and show no indication of more than three steady
states.

® The system shows parametric sensitivity with respect to
small changes in column pressure. For systems vented to the
atmosphere, small increases in the barometric pressure lead to
loss of interface in the decanter over a 24-hour period. If small
pressure variations of this sort are left uncontrolled long enough,
the entire separation will fail. Small decreases in the barometric
pressure do not have such a disastrous effect.

From the results of this and prior research, we conclude that
the presence of multiple steady states in heterogeneous distilla-
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tions is robust to a variety of manipulations. They clearly do not
depend on the trays having multiple liquid phases nor on the
detailed behavior of the condenser/decanter system which can
actually be eliminated and replaced by a second feed stream
with a constant state. Moreover, they occur for both constant
molar overflow (Magnussen et al., 1979) and nonconstant molar
overflow models (Prokopakis and Seider, 1983a,b; Venkatara-
man and Lucia, 1988; and this article). Although we are begin-
ning to put together a picture of what does not eliminate multi-
ple steady states, we still do not know what causes them. While
it is known that multiple steady states cannot occur in nonideal
homogeneous binary distillation (Rosenbrock, 1960, 1962; Do-
herty and Perkins, 1982, Sridhar and Lucia, 1989), it is still not
known whether this is true for binary heterogeneous distilla-
tion.
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Notation

C = number of components
¢n41 = liquid concentration in the decanter, kmol/m*

D, = decanter diameter, m

E, = internal energy for liquid holdup on tray n, kJ

F, . = feed flow rate of component i to tray n, kmol/min
g = acceleration due to gravity, m/s’

HY = molar enthalpy of feed to tray n, kJ/kmol

HE = molar enthalpy of liquid leaving tray n, kJ/kmol

H} = molar enthalpy of vapor leaving tray n, kJ/kmol
h, = liquid height corresponding to phase I in the decanter, see
Figure 3, m
h, = liquid height corresponding to phase 2 in the decanter, see
Figure 3, m

h; = decanter geometric characteristic defined in Figure 3, m
K, = liquid-vapor equilibrium coefficient for species i on tray n
L, = liquid flowrate from tray n, kmol/min
M,, = liquid holdup of component i on tray n, kmol
M} = holdup reference value on tray n defined by Eq. 3, kmol
N = total number of equilibrium stages in the column
N + 1 = last stage in the column (condenser-decanter)
P, = pressure on tray n, atm
@, = thermal duty to tray n, kJ/min
R = reflux ratio
s, = longitudinal section area of the decanter, m?
s, = downcomer cross section area of the decanter, m”
t = time, min
T, = temperature on tray, 7, K
U, = liquid sidestream from tray n, kmol/min
V, = vapor flowrate from tray n, kmol/min
W, = vapor sidestream from tray a, kmol/min
x;, = liquid mole fraction of species i on tray n
¥:a = vapor mole fraction of species i on tray n
a, — molar ratio between the amount of phase 1 and the total lig-
uid phase on tray n
v:x = activity coefficient of species / on tray n
AP, = pressure drop across tray n, atm
p = liquid density, kg/m’
74 = liquid time constant on tray n, min
7, = vapor time constant on tray n, min

Subscripts

i = species index
n = tray index

Superscripts
F = feed
L = liquid

AIChE Journal

sat = saturated
V = vapor
o = overall liquid phase
1 = first liquid phase

2 = second liquid phase

]
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