Heterogeneous Azeotropic Distillation:
Experimental and Simulation Results

Experimental measurements for an industrial azeotropic distillation
tower that dehydrates secondary butyl alcohol (SBA) show erratic oper-
ation that only approaches a steady state. These are explained with

steady-state simulations which show that slight variations in the aque-
ous refiux rate cause many trays to shift from homogeneous to hetero-
geneous operation, accompanied by significant changes in the SBA pur-
ity, with water or entrainer contaminating the bottoms product. When
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other methods failed, an arc-length homotopy-continuation method
made small adjustments in the reflux ratios to obtain close agreement

with the measurements.

Introduction

Azeotropic distillation is commonly used to separate close
boiling mixtures with far fewer trays than in conventional distil-
lation and with less recirculation, resulting in lower equipment
and energy costs. It is widely used for the dehydration of alco-
hols and is being applied in new areas of chemical processing
because of its efficiency.

In a typical configuration for the dehydration of an alcohol,
Figure 1, one or more towers concentrate the dilute alcohol to
compositions approaching the alcohol-water azeotrope. The re-
sulting stream is fed to the azeotropic tower along with an
entrainer-rich reflux stream. A pure alcohol stream is with-
drawn from the bottom of the azeotropic tower, and an overhead
stream that condenses into two liquid phases is sent to a decant-
er. The aqueous phase from the decanter is fed to the top tray of
a stripping tower, where most of the water in the feed to the
azeotropic tower is recovered in high purity. The overhead
vapor, containing alcohol, water, and entrainer, is condensed
and recycled to the decanter. A small makeup stream of
entrainer is necessary to replace small losses in the alcohol and
water product streams.

Because of the nonideality of azeotropic systems, azeotropic
distillation is characterized by steep fronts in both the tempera-
ture and concentration profiles. Robinson and Gilliland (1950)
were the first to calculate these profiles, and an extensive litera-
ture has since developed. The great sensitivity of the steep fronts
to small changes in the operating conditions, such as the reflux
ratio and the boilup rate, make it extremely difficult to identify
specifications that permit a realistic solution to the MESH (Ma-
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terial balance, Equilibrium, Summation of mole fractions, and
Heat balance) equations. This problem which was addressed by
Prokopakis and Seider (1983a) becomes more difficult to
resolve when two liquid phases occur on the trays (Ross and
Seider, 1980; Schuil, 1984). In addition, the equations are suffi-
ciently complex to admit regions of the parameter space in
which two or more steady-state solutions exist (Magnussen et
al.,, 1979; Prokopakis et al., 1981; Prokopakis and Seider, 1983a
and b). Thus far, the problems of sensitivity to specifications,
heterogeneous trays, multiple steady-state solutions, and algo-
rithm reliability have not been addressed in a unified way. Qur
work has been addressing these problems (Kovach, 1986), but
the volume and scope of this source is too extensive to appear in
any one journal article. The present paper introduces a more rig-
orous model and solutions, using a new algorithm (Kovach and
Seider, 1987b) that could not be obtained with the previous
algorithms. These solutions explain the observations of several
researchers whose results were, until now, difficult to reconcile.
Furthermore, and perhaps most important, these solutions are
confirmed by experimental data which, to our knowledge, are
the first to appear in the literature. The data were taken using an
ARCO tower that dehydrates secondary butyl alcohol (SBA) in
a methyl ethyl ketone (MEK) piant.

Commercially, methyl ethyl ketone is prepared by the cata-
lytic dehydrogenation of secondary byutl alcohol, which is
formed by hydrating butyl sulfates. A process flowsheet that
traces the conversion of mixed butylenes to SBA in the produc-
tion of MEK is presented in Figure 2. Sulfuric acid is reacted
with cis- and trans-2-butene to create butyl sulfates which are
hydrated to produce SBA. The reaction mixture is steam
stripped and scrubbed with caustic to remove sulfuric acid,
flashed to remove unreacted butylenes, and sent to the SBA I
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Figure 1. Typical configuration for dehydration of aicohol.

distillation tower (10 trays, approx. 2 bar) to remove heavy oils
and to bring the SBA-water mixture close to its azeotropic com-
position (approximately 40 mol % SBA). The distillate is mixed
with a recycle stream from the MEK reaction section and fed to
the SBA 11 tower; representative feed compositions are shown in
Table 1. Note that this stream forms two liquid phases and con-
tains the reaction by-product, di-secondary butyl ether (DSBE),
which is the entrainer in the SBA II tower. This 41-tray azeo-
tropic tower produces a nearly pure SBA bottoms product and
an overhead vapor that condenses to form aqueous and organic
phases, Table 1. The aqueous phase is recycled to the acid strip-
ping operation. The organic phase is washed with water to
recover DSBE and SBA and sent to product storage. The bot-

Sulfuric Acid Water

toms product from the SBA II tower (99 + wt. % SBA) is sent to
the SBA 111 tower (45 trays, approx. 2 bar) where any remain-
ing heavy by-products are removed. The overhead from the SBA
III tower is sent to the MEK reactors.

SBA II Distillation Tower

A process instrumentation diagram (PID) for the SBA II
tower is presented in Figure 3. The tower has 40 sieve trays, a
1.981 m ID, and measures 25.1 m tangent-to-tangent. Its tray
spacing varies from 0.4]1 to 0.61 m and it is equipped with a
decanter that provides a 40 to 50 min residence time for the
combined aqueous and organic phases. Residence times for the
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Figure 2. Butylene to SBA in production of MEK.
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Table 1. Stream Composition Data* for SBA II Tower,
10/25/84-11/5/84
Organic Adqueous
Feed Bottoms Reflux Reflux**
Mole Percent
SBA 41.0 96.9 40.1 2.7
DSBE 09 0.5 30.7 <<0.1
Water 57.4 2.0 17.8 96.6
MEK 0.2 0.6 2.3 0.2
Butylenes 0.5 0.0 9.0 0.5
Total 100.0 100.0 99.0 100.0
Range
SBA 41.0-440 83.1-98.7 41.9-452 2.5-33
DSBE 0.7-2.0 0.3-5.6 23.3-31.5 0.0-0.0
Water 53.6-58.0 0.4-16.5 20.8-23.3  97.3-96.1
MEK 0.1-0.3 0.0-0.1 2.1-3.8 0.1-0.2
Butylenes 0.5-0.6 — 0.4-7.6 0.3-0.5

*Stream analysis by gas chromatograph, water by Karl-Fischer analysis
**Aqucous phase composition available for test date 11/6/84 only

aqueous and organic phases are approximately 4 h and 20 min,
respectively. Heat is supplied by a 175.1 m? thermo-siphon
reboiler and is removed in a 319.6 m? condenser. The tempera-
tures of tray 31 and the bottoms stream are recorded using strip
charts, while temperature indicators are used for tray 36 and the
overhead vapor and the reflux streams. Overhead and bottoms
pressures are read from gauges mounted on the tower. The feed,
organic product, aqueous reflux, and steam rates are under flow
rate (recorder) control. The bottoms flow rate is adjusted by
level control and is measured by a gauge located downstream of
the control valve. The aqueous product rate and organic reflux
rate are adjusted by level control in the phase separator and

monitored by flow recorders. Although details of the calibration
of the flow gauges were unavailable, the mass balances closed to
within 5% and the flow rates were in close agreement with the
theoretical results (to be presented).

Under normal operating conditions, the feed rate and reboiler
stream rates are nearly steady, while the aqueous and organic
reflux rates and T3, fluctuate. Typical, near steady, operating
conditions are shown in Figure 4. The subcooled two-phase feed
enters the tower on tray 10. The overhead stream, which has a
composition close to that of the SBA/DSBE/water azeotrope, is
condensed to form two liquid phases, subcooled to 305-315 K,
and sent to the decanter. Most of the organic phase, but only a
small amount of the aqueous phase, is refluxed to the tower.

In normal operation, the operator adjusts the aqueous reflux
rate to position the temperature front between trays 31 and 36.
This front indicates a significant change in composition and is
closely monitored to keep the bottoms product on specification.
When positioned between trays 31 and 36, the bottoms product
is 99% pure, with a 90% recovery of SBA. Usually, the aqueous
product flow rate is relatively steady, with oscillations of +6%
occurring over a 1 min period, on the average. However, after
disturbances, the level controller in the decanter may vary the
flow rate by 10 to 30%.

Strip chart recordings and log sheets for two weeks, from Oct.
26 to Nov. 5, 1984, help to describe the operation of the tower
during periods with few disturbances. Data for the days during
which the tower produced off-specification product are pre-
sented in Table 2 and will be discussed later.

Dynamics Test

The dynamics test was initiated at 0810 hours on Nov. 6,
1984, with a 13% decrease in the feed flow rate. This was fol-
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Figure 3. PID for SBA Il distillation tower.
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R' = 0.11

R" = 55
AT= 1K
Qo= 4.83 MKcalhr
Exper. Simulation
1-(3563,2:;;( SBA  0.4361 0.3902
i »| DSBE 02713 0.2232
‘*%fgf?hf > Water  0.1853  0.1429
(14.84) |~ FC4  0.0865 0.2209
[P=12890ar H 200 e A Yy MEK  0.0208 0.0228
Total  1.0000 1.0000
sty " Flowrate 4.31 4.06
SBA 72.92 0.3490
DSBE 150 0.0072 » 108 240.48 KmoUhr i o S
Wi? (i o (223.56) v 0.0201  0.0149
e a8 aaans | DSBE  0.0001  0.0000
rC4 - 0.0046 Water 0.9645 0.9833
Total  208.91 1.0000 - (380.93 K o 20010 0.0
Typ= (380.93 K) MEK  0.0047 0.0013
—— Total  1.0000 1.0000
31 24) |= t“"{am.'ou() Flowrate 131.26 _ 134.93
36 (27) Tg = 380.71 K
(381,34 K)
P = 1.971 bar 41 (33)
(1.413 bar) .| T=381.71K
(381.95 K) Exper. Simulation
SBA  0.9939 0.99148
Q = 4.83 MKcalhr DSBE  0.0047 0.00852
-/ (4.83) Water  0.0014  0.00000
i-C4 0.0000  0.00000
A » » MEK 0.0000 0.00000
Total 1.0000 1.00000
Flowrate 66.11 69.92

Figure 4. Comparison of initial simulation results (in parentheses) with experimental data.

lowed by a 13% increase at 1153 hours. Feed samples were taken
at 0800, 1000, and 1600 hours, while bottoms, aqueous, and
organic reflux samples were taken at 15 min to 1 h intervals.
Temperature indicators for the overhead, decanter, reflux, bot-
toms, and tray 36 were read at 10 to 30 min intervals. The bot-
toms flow rate was measured at the same time intervals. The
process stream samples were analyzed by gas chromatograph
and Karl-Fischer titration at an on-site laboratory.

To hold the temperature front stationary when the feed rate
was changed, the operator tried to keep the total amount of
water entering the tower constant. By decreasing the feed, the
water entering the tower was decreased, and the aqueous reflux
was increased to compensate. Conversely, when the feed was
increased, the aqueous reflux was decreased. This operator con-
trol strategy is, in general, effective, but does not lead to a steady
temperature on tray 31.

Model

To trace the real-time response to changes in the feed and
aqueous reflux flow rates, a dynamic model is desirable. In this
work, however, a steady-state model was implemented to give
the limiting solutions before extending the model to perform
dynamic simulations.

The notation used in this paper is that of Napthali and Sand-
holm (1971). The tower is modeled as a combination of models
for the standard trays, a reboiler, and a condenser/decanter
(phase separator). We have implemented a very general model
(Kovach, 1986), which is briefly summarized in the next para-
graph. The equations and figures that follow, however, include
only those terms used to simulate the SBA II tower.

AIChE Journal August 1987

Consider a column having NV, stages and separating NV, species
that may form one or two liquid phases. The top stage is referred
to as tray 1 and is modeled as a standard tray (e.g., to represent
a partial condenser with a specified heat duty) or a condenser/
decanter. The bottom stage, tray N,, may be modeled as a stan-
dard tray (e.g., as in a steam stripper) or a reboiler. Vapor or
liquid streams may be exchanged between nonadjacent stages.
There may be occlusion of the vapor in the liquid stream,
entrainment of the liquid in the vapor stream, and chemical
reaction occurring in the liquid on the trays. A separate Murph-
ree tray efficiency may be specified for each species. However,
when two liquid phases exist, they are modeled in equilibrium. A
feed stream may be introduced on each tray. Also, vapor or lig-
uid side streams may be withdrawn from each tray. The inter-
mediate stages may have a specified heat duty.

The representation of tray 7 in Figure 5 illustrates the vari-
ables in the mass and energy balances that follow. Note that the
Murphree tray efficiencies and variables associated with vapor
occlusion, liquid entrainment, flow between nonadjacent trays,
and chemical reaction have been omitted. These are incorpo-
rated in our HOMDIS program, with the full model presented
by Kovach (1986). v, T}, and /; are respectively the flow rate of
species j in the vapor leaving tray i (after the sidedraw is
removed), the temperature, and the flow rate of species j in the
liquid. These are usually unknown and are the iteration vari-
ables of the Napthali-Sandholm model. When necessary, the
flow rates of species j in the second liquid phase, /};, are intro-
duced, and a superscript prime is added for the first liquid phase
(i.e., I;). The total flow rates for the three phases are V,, L}, and
L}. The mass balances for species j on tray i are:
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Table 2. Operating Data that Accompany Off-specification Product

Date, Hour
10/26 10/29 10/30 11/2
Normal 0500 1700 0500 0500
Bottoms
SBA 0.9948 0.8312 0.9387 0.9544 0.8548
DSBE 0.0043 0.0035 0.0559 0.0281 0.0046
Water 0.0009 0.1653 0.0043 0.0165 0.1397
MEK — — 0.0011 0.0010 0.0009
i-C4 — — — — —
Total 1.0000 1.0000 1.0000 1.0000 1.0000
Organic Reflux
SBA 0.4195 0.4518 N.A. 0.4424 0.4354
DSBE 0.3154 0.2328 N.A 0.2461 0.2709
Water 0.2222 0.2167 N.A 0.2300 0.2080
MEK 0.0384 0.0225 N.A 0.0258 0.0213
i-C4 0.0045 0.0762 N.A 0.0557 0.0644
Total 1.0000 1.0000 N.A 1.0000 1.0000
Feed
SBA 0.4198 N.A N.A. 0.4399 N.A.
DSBE 0.0089 N.A N.A. 0.0156 N.A.
Water 0.5641 N.A N.A. 0.5356 N.A
MEK 0.0018 N.A N.A. 0.0025 N.A
i-C4 0.0054 N.A N.A 0.0064 N.A
Total 1.0000 N.A N.A 1.0000 N.A
Flow Rate, gpm
Feed 41 39.6 204 28.2 31.2
Aqueous reflux 3 2.5 34 4.1 38
Organic reflux 110 108 98.3 99 99
Aqueous overhead 10 11.4 9.0 8.4 8.2
Organic overhead 2 1.3 1.5 1.7 1.2
Bottoms 28 27.0 8.5 18.0 20.2
Temperature, K
Reflux 317.6 319.8 313.2 318.2 309.8
Tray 31 3748 378.2 365.9 378.7 375.2-378.2
Bottoms 383.2 383.2 382.6 383.2 380.9
Bottoms Pressure, bar
Measured 1.971 2.047 1.964 1.978 1.910
Calculated 1.413 1.897 1.474 1.535 1.709
Difference 0.558 0.150 0.490 0.443 0.201
Steam Rate, Mkcal/h 4.76 5.03 4.42 442 4.08
N.A,, not available
Aqueous reflux compositions not available
SI conversion: L/s = gpm x 0.0631
M= (1+ SN+ (1 + SD+ (1 + SHI Finally, the equation for liquid-liquid equilibrium is:
+ y]iAiy + XA+ X{AL — v , ”
’ ” 14 L . LL Iﬂ ’ lﬂ ” .
U=~ fi—=f5=0 j=1,...,N, (1) Qﬁ=z;7ﬁ_ﬁ7ﬁ“0 j=1L...,N, 4)
T

The energy balance is:

E=(010+SHV,H, + (1 + S)LK + (1 + SHL'K
+ AVH, + AW, + ATH] — Vi Hyyy
— Lk, — L. K. — FIH] — Fthf + ;=0 (2)

’”
o

The equations for vapor-liquid equilibrium, with a Murphree
tray efficiency equal to unity, are:

Kle1 ;"1
!

7 3)

QU - —v,=0 j=1,...,N,

1304 August 1987

The variables A}, 4}, and A} permit the specification of “abso-
lute” flow rates of the side streams. Note that Eqs. 4 are
included only when a second liquid phase exists on tray i. With
just one liquid phase, these equations are dropped and /7 are
eliminated from the remaining equations.

Equations 1-4 apply to the interior trays of the column as well
as a partial condenser and reboiler when the heat duty is known.
There are NP;N, + 1 equations with NP,N, + 1 unknowns for
each tray, where VP, is the number of phases on tray i. Using the
ordering of Wayburn and Seader (1984), the material balances
are the first IV, equations, the energy balance is the IV, + 1 equa-
tion, and the equilibrium equations follow. Furthermore, v; are
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Figure 5. Schematic of tray /.

tion, and the equilibrium equations follow. Furthermore, v; are
the first NV, unknown variables, followed by T, [}, and /;; (when
applicable). The vectors of functions and iteration varlables
are:

ORI

N,.l] T

_,Zl= [Ml,i"

x;= [

M N:.iE li

RNV i LY (O
These place the large temperature derivative of the energy bal-
ance on the diagonal and reduce the need for pivoting during the
inversion of the B submatrix of the Jacobian, Figures 6 and 7.

For the reboiler, the energy balance is replaced with a specifi-
cation equation. The specifications may include the bottoms
flow rate of an individual species, the total bottoms flow rate, the
boilup rate (total or species), boilup ratios, and purity. Specifi-
cations involving the flow rates of the liquid phase refer to the
combination of both liquid phases (e.g., the specification of the
purity refers to the average liquid mole fraction).

With the exception of the mass balance and liquid-liquid
equilibrium equations, the equations describing the condenser/
decanter differ significantly from those for a standard tray.
Consider first the diagram in Figure 8, with the key variables
annotated. The mass balances are:

M,,=(l+S’,)I,+(1+S") n+dp+dj + xpd
+ x5 A7 - —fhi—fr=0 j=1,...

Note that the variables d', d”, A}, A7, and S}, §7 permit alter-
nate specifications for the two dlstxllate liquids. The energy bal-

+Ns (5)

123 45 6 @ o e »252930313233

Figure 6. Block tridiagonal structure of Jacobian matrix.
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ance is replaced by a specification equation,

SP1 = spec, — fid’, 4", T, I}, I} (6)
where the function permits several specifications including T,
and the reflux ratios, R’ = 2///2d/ and R" =~ ZI/Zd]'. The

equations for vapor-liquid equilibrium, Eqgs. 5, are replaced by
the bubble point equation:

BP =1 — Zx3K, (T, + AT, xi} =0 G
where AT, are the degrees of subcooling, and composition equal-

ities:

SNg—1 (8)

Note that in Eq. 8 only N, — 1 equations are independent.
Hence, the equation associated with the species in the lowest
concentration is excluded. Finally, Eq. 4 is modified to express
the equilibrium between the two liquid phases:

Qit =x;, 'Y;'I{Tx + AT, x;}
= YT + AT, xit j=1,...,N, (9)

and used with a specification equation:

SP2 =spec, — fid',d", T\, I}, I}} (10)
and the composition equalities:
ho__df
EQ), - - =0 j=1,...,Ny—1 (11)

When the vapor condenses into just one liquid phase, the
decanter is not needed and Eqgs. 9-11 are excluded.

The mass balance Eqs. 5 are similar to those of a standard
tray, but are expressed in terms of d’ and 4" rather than v,.
When the decanter temperature is spemﬁed below saturation,
the bubble point equation is removed and T, is removed from the
iteration variables. The functions in Egs. 6 and 11 allow many
specifications, a few of which are:

1. The distillate flow rate of one species in either phase

2. The total distillate flow rate of both phases

3. The average mole fraction of a species in the decanter

4, The ratio of the reflux ratios, R'/R"”

If necessary, the functions can be modified to include new speci-
fications.

There are NP N, + 1 + (NP, — 2)N, equations in NP\N, +
1 + (NP, — 2)N, unknowns for the condenser/decanter, with
the number reduced to 2N, + 1 when the decanter is not neces-
sary. The vectors of functions and iteration variables are:

fi=[M,,... M, SP\BP.EQ,...EQ) _,,Q% ... Q%
SP2EQY, ... EQy _,17
xy=ldyy . dy Tl a0 IR dp7
Vol. 33, No. 8 1305
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Figure 7. Sparsity pattern for a decanter and two standard trays.
Trays 2 and 3 have two and one liquid phases, respectively.

The specifications for the tower include the tray pressures,
tray heat duties, and the location of the side streams, and feed
streams. The condenser/decanter and reboiler specification
functions are each restricted to variables present in the condens-
er/decanter and reboiler, respectively. When alternate specifi-
cations such as the flow rate on an intermediate tray or two mole
fractions in the reboiler are required, the approach of Ferraris
and Morbidelli (1982) can be followed by adding an equation
and variable. It allows for very flexible specifications and could
easily be added to our model.

The equations and variables are grouped according to stage to
produce the block tridiagonal Jacobian matrix in Figure 6. Fig-
ure 7 shows the pattern of the derivatives for a condenser/
decanter and two standard trays with three, three, and two

/Tray 1 \

Condenser Q,

-

1 Decanter
T R
—>d, —d
vjz —> x'l1 A: L—> X; A:
1 S

Tray 2

L___O

Figure 8. Schematics of condenser/decanter.
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phases, respectively. The vapor phase is modeled by an equation
of state and the liquid phase by the product of the pure liquid
fugacity and the activity coefficient (currently computed using
the UNIQUAC and NRTL equations). All derivatives are eval-
uated analytically and are presented by Kovach (1986).

Simulation Results

The results are reported for a tower with 33 ideal trays,
including a condenser/decanter and a reboiler, and assuming an
overall efficiency of 80%. The feed is subcooled to 316.48 K and
introduced on tray 8, which corresponds to tray 10 in the experi-
mental tower. The heat capacity coefficients and enthalpies at
298 K are presented in Tables 3 and 4. The vapor phase is
assumed to be ideal. The vapor pressures are modeled using the
extended Antoine equation, with coefficients shown in Table 5,
and the liquid phase activity coefficients modeled using the
modified UNIQUAC equation with the structural parameters
and interaction coefficients shown in Table 6. Vapor-liquid and
liquid-liquid equilibrium data were measured for the SBA-
DSBE-water system and the q-prime parameters and interac-
tion coefficients determined by regression (Kovach and Seider,
1987a). The remaining interaction coefficients were calculated
by the CHEMTRAN program (ChemShare Corporation), us-
ing infinite dilution activity coefficients estimated by the UNI-
FAC group-contribution technique.

Several algorithms were used to solve the steady-state equa-
tions with varying degrees of success (Kovach and Seider,
1987b). The algorithms that converged were slow to converge
and produced results that did not agree with the experimental
data. The results of the initial simulation (R’ = 0.11, R” = 55.0,
Q;; = 4.83 Mkcal/h, AT, = 1.0) are compared with experimen-
tal data in Figure 4. The agreement is quite good except for the
bottoms water composition, which shows negligible water in the

AIChE Journal



Table 3.

Heat Capacity Coefficients*

C, G, C, C,
Liquid
SBA 5.8238E + 01 —2.6650E-01 9.3920E-04 —7.3120E-07
DSBE 1.1021E + 02 -4.3920E-01 1.3630E-03 —1.0737E-06
Water 1.2143E + 01 5.0889E-02 —1.5079E-04 1.5493E-07
MEK 4.0340E + 01 —5.4970E-02 1.7703E-04 —5.5384E-08
Butylenes 3.0534E + 01 —6.6150E-02 1.9130E-04 1.2320E-07
Vapor
SBA 1.3740E-00 1.0140E-01 —5.5610E-05 1.1400E-08
DSBE ~8.2177E-00 2.3630E-01 —1.7076E-04 5.1790E-08
Water 8.1015E-00 ~7.2000E-04 3.6307E-06 —1.1603E-09
MEK 2.6140E-00 8.5010E-02 —4.5380E-05 9.3620E-09
Butylenes ~7.1500E-01 8.4360E-02 —4.8540E-05 1.0660E-08
*For the polynomial;

C,=Ci + GT + CT? + C T K, keal/kmol-K

simulation result (seven orders of magnitude smaller than mea-
sured), the temperature difference between trays 31 and 36 (7K
compared with 0.31 K in the simulation), and the decanter tem-
perature. The concentration profiles in Figure 9 confirm that, in
the simulation results, water is not present on the bottom 21
trays of the stripping section. Only small changes in concentra-
tion are computed and, consequently, just small changes in tem-
perature.

The errors in the total bottoms and overhead (aqueous plus
organic product) flow rates are small. The 37 K difference
between the simulated and experimental temperatures in the
decanter is a consequence of the high amount of butylene in the
organic phase. The aqueous and organic product rates and com-
positions are in excellent agreement, with the exception of the
butylene concentration. The flow rates of the organic and aque-
ous reflux streams agree within 6%. In summary, the simulation
results show no water in the stripping section, and consequently
do not permit examination of the operator’s strategy of adjust-
ing the flow rate of the aqueous reflux to control the tempera-
ture difference between trays 31 and 36.

To aid in interpreting the limited temperature and composi-
tion data, Figure 10 shows isotherms computed using the coeffi-
cients in Tables 5 and 6, at the experimental temperatures in
Figure 4. The highest temperature, 381.71 K, is at the SBA ver-
tex. Its saturation pressure, 1.4130 bar, replaces the gauge read-
ing of 1.971 bar, which is apparently in error. Isotherms are
plotted at the temperatures and pressures of trays 36, 31, and 2.
Note that P, = 1.289 bar is the experimental gauge reading and
P,, and P, are estimated using the calculated bottoms pressure,
and a pressure drop per tray of 4 in. of water (0.01 bar). In addi-
tion, a single vapor-liquid tie line shows the high volatility of
water in the stripping section, and the locus of points with

Table 4. Enthalpies at 298 K, kcal/kmol

Liguid Vapor
SBA 0 1.2041E + 04
DSBE 0 1.1940E + 04
Water Q 1.0490E + 04
MEK 0 8.3075E + 03
Butylenes 0 4.8055E + 03
AIChE Journal August 1987

Kspa = Kpgpe shows the SBA-DSBE azeotrope at 87 mol %
SBA.

The curves in Figure 10 place bounds on the temperatures
and compositions that are not measured. The liquid composition
profile leaves the SBA vertex and passes through the 380.71 K
isotherm on tray 36 and the 373.71 K isotherm on tray 31, while
remaining to the left of the K¢p, = Kpgge line. The compositions
in the rectifying section are more difficult to bound because
butylene and MEK are present on the top trays. The 359.93 K
isotherm, at the conditions of tray 2, lies entirely within the
binodal curve. Since an increase of just 5k moves portions of the
isotherm outside of the binodal curve, x, probably lies near the
organic end point of a liquid-liquid tie line (on a butylene- and
MEK-free basis).

Returning to the simulations, an attempt was made to extend
the water front into the stripping section with the specification
X033 = 0.01, but a feasible solution could not be found. Since
Magnussen and coworkers (1979) and Prokopakis and cowork-
ers (1981) showed that the steady-state equations for azeotropic
towers can possess multiple solutions, an attempt was made to
locate improved solutions using a homotopy-continuation meth-
od. Success was achieved using the aqueous and organic reflux
ratios as parameters in the homotopy algorithm (Kovach and
Seider, 1987b).

Initially, the aqueous and organic reflux ratios were set at low
values, R’ = 0.05, R” = 10.00, with Q;; = 4.83 Mkcal/hr, and
AT, = 1 K. The solution, obtained using the homotopy-continua-
tion algorithm, has a single liquid phase on every tray and com-
position fronts near the bottom of the stripping section, Figure
11, case 1. The mole fraction of water in the bottoms is in close
agreement with the experimental measurements, but the con-
centration of DSBE is too low. To compensate, R” was increased
from 10 to 55. Cases 1-3 in Figure 11 show the gradual move-
ment of the SBA/water composition front up the tower. At
R” =30.25 (L} = 251.4136), the front has moved 10 trays up
the tower, and when R” = 30.30 (L} = 251.4159) the front has
reached the feed tray. Then the DSBE composition begins ta
increase, first in the rectification section, and then gradually
throughout the stripping section. Case 4 in Figure 11 shows
DSBE in the stripping section at R” = 36.60 (L} = 252.1837)
and case 1 in Figure 12 presents the solution for R” = 55.0 (L} =
254.4504). Note that as R” increases, the bottoms flow rate
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Table 5. Coefficients for Extended Antoine Equation*

G G G C, Cs C
SBA 5.1634E + 1 —1.0587E + 4 0.0000E + 0 —8.5478E-2 6.2124E-5 0
DSBE 1.0607E + 2 —1.6598E + 4 0.0000E + 0 —2.4638E-1 2.1326E-4 0
Water 7.0435E + 1 —7.3627E + 3 0.0000E + 0 6.9521E-3 0.0000E-0 -9.0
MEK 9.9653E + 0 —3.1504E + 3 3.6650E + 1 0.0000E-0 0.0000E-0 0
Butylenes 9.1231E + 0 —2.1324E + 3 —3.3150E + 1 0.0000E-0 0.0000E-0 0

"M P} = C, + C/(C, + T) + C.T + C;T? + G In {T} (atm, K)

increases and the most significant transition occurs with only a
0.1% change in L.

At this point, the mole fraction of DSBE in the bottoms prod-
uct is in close agreement with the experimental data, but the
water concentration is too low. To increase the water concentra-
tion, the aqueous reflux ratio was increased while holding the
organic reflux ratio constant. Initially, R’ = 0.05, R” = 55, with
Q;; = 4.83 Mkcal/hr and AT, = 1 K. Changes in composition
are gradual until two liquid phases appear on tray 2 when R’ =
0.12. When the aqueous reflux ratio increases to 0.1238223,
Figure 12, case 2, two liquids are present down to tray 6. A dra-
matic change occurs as the aqueous reflux ratio is increased by
just 0.1% from 0.1238223 t0 0.1239933. Two liquid phases move
into the stripping section to tray 22 and the SBA /water compo-
sition front moves just below tray 22, as shown in Figure 12, case
4. As R’ increases further, the fronts move down the tower,
building up the composition of water in the bottoms, as shown in
Figure 12, case 5. The experimental compositions for the tower
are in the vicinity of case 4.

Figure 13 shows excellent agreement between the simulation
results for case 3 (R’ = 0.1239506, R” = 55, Q;; = 4.83 Mkcal/
hrand AT, = 1 K) and the experimental data. Water and DSBE
are present in the bottoms stream, the temperatures on trays 2,
31, 36, and 41 match the experimental measurements, and all of
the stream flow rates, except for the organic reflux (8% error),
are close to the experimental measurements. This close agree-
ment lends support to the composition and temperature profiles
in Figure 9, case F, and the flow rate profiles in Figure 14.

The two principal errors are in the composition of the organic
phase in the decanter, x7, and the flow rate of the organic reflux.
The latter is not a major concern because the level controllers in
the decanter cause the flow rates of the reflux streams to vary
about steady values. However, the high butylene concentration
in the decanter leads to a low bubble point temperature, so that
there is a 36° temperature difference between the simulated and

experimental temperatures. The concentration difference is
probably due to a vent on the decanter that permits the butylene
to escape. When a withdrawal of butylene from the decanter is
specified in a simulation, the decanter composition is in much
better agreement with the experimental measurement. This also
brings the temperature in line with the experimental measure-
ments.

As the aqueous reflux ratio varies, the homotopy path con-
tains two distinct steady-state solutions over a small range of R’,
as shown in Figures 4, 9, and 13. The former has just one liquid
phase on all of the trays, is easy to obtain using the Newton-
based iteration methods, but differs from the experimental data
in several key aspects. The latter has two liquid phases on trays
2-20, was obtained only with parameterization using the ho-
motopy-continuation method, and is in excellent agreement with
the experimental data. It should be noted that the success of the
homotopy-continuation method can be attributed to the small
increases in R’ as the second liquid phase moves down the col-
umn from tray to tray. Parametric studies using the Newton-
Raphson method were unable to accomplish this due to singular-
ities in the Jacobian matrix and our inability to manually tune
the aqueous reflux ratio. The homotopy parameter permits the
continuation method to change variables at limit points, which
arise as two liquid phases are introduced on the trays. In this
manner, singularities of the Jacobian matrix, which would cause
the Newton-Raphson method to fail, are avoided. Details of the
homotopy-continuation methods are described by Kovach and
Seider (1987b).

Results of the Dynamics Test

The insights gained in the steady-state modeling help to
explain the response during the dynamics test, which began at
0810 hours with a 13% decrease in the feed rate from 41.4 to
36.0 gpm (2.6 to 2.27 L/s). The reduction in water decreased

Table 6. Parameters for UNIQUAC Egquation

SBA DSBE Water MEK Butylenes

Size/Shape

Parameters
r 3.9235 6.0909 0.9200 3.2479 2.9209
q 3.6640 5.1680 1.4000 2.8760 2.5640
g-prime 4.0643 5.7409 1.6741 2.8760 2.5640

Interaction coefficients, a;/R (K)
SBA 0.0000 -97.2021 213.3998 102.5700 —11.4920
DSBE 209.2880 0.0000 158.6873 182.6900 4.8375
Water 52.2446 1,974.0559 0.0000 —0.0386 379.1000
MEK —32.5860 --57.2900 468.7700 0.0000 —18.1870
Butylenes 162.6000 3.3576 529.5500 107.7600 0.0000
1308 August 1987 Vol. 33, No. 8 AIChE Journal
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Figure 9. Composition and temperature profiles.
R” = 55; Q3; = 4.83 Mkcal/h; AT, = 1 K.
Case I, initial simulation, R’ = 0.12
Case F, final simulation, R’ = 0.1239506

the number of trays with two liquid phases, and consequently
the composition and temperature fronts moved up the tower
with an increase in T5,. Anticipating this, the operator increased
the aqueous reflux rate, L}, from 1.6 to 2.8 gpm (0.1 t0 0.18 L/
s), as shown in Figure 15. Yet, T, increased by 4.5 K to 378.2 K,
and hence L) was further increased, to a maximum of 3.3 gpm
(0.21 L/s) at 0920 hours, when the temperature front had
reversed direction and began moving down the tower. L] was
decreased further to prevent the front from moving too far and
then held constant until 1100 hours. Because the aqueous reflux
rate was increased to compensate for the decrease in the feed
rate, there was no indication of an inverse response as predicted
in the dynamic simulations of Prokopakis and Seider (1983b)
for the dehydration of ethanol with benzene.

At 1055 hours the level of the organic phase increased, appar-

AIChE Journal August 1987

ently in response to variations in the overhead vapor flow rate.
The level controller increased L} from 105 to 117 gpm (6.63 to
7.38 L/s) for approximately 6 min, sending a surge of DSBE
down the tower and forming two liquid phases on the trays that
previously had concentrations of SBA and water near the bi-
nodal curve. With two liquid phases moving down the tower, 77,
decreased. In response, the operator reduced L) by 0.6 gpm.
(0.04 L/s). At 1110 hours, the level controller returned L to
105 gpm (6.63 L/s) and the temperature front reversed direc-
tion, moving up the tower. Then, L] was returned to 2.6 gpm
(0.16 L/s). The net effect of these actions was to move the tem-
perature front up the tower.

At 1153 hours, the feed rate was returned to the pretest level
and L] was reduced to 1.8 gpm (0.11 L/s). Twenty-two minutes
later, at 1215 hours, the level controller increased L} from 102 to
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Figure 10. Isotherms for SBA-DSBE-water system at temperature and pressure of trays 2, 31, 36, and 41.
Mole fractions in liquid phase are plotted

133 gpm (6.43 to 8.39 L/s), the overhead temperature, T, and T, began dropping from 378.2 K at 1220 hours, reached a
dropped, and V, increased, probably due to flashing of the vola- minimum of 369.8 K at 1225 hours, and returned to 378.7 K by
tile species in the larger feed stream. The controller maintained 1240 hours. The drop in temperature lagged S min behind the
L} at this level for approximately 6 min, after which it decreased change in L{. Fifteen minutes after the pulse of DSBE had
t0 99.7 gpm (6.29 L/s). This time the operator did not adjust L} passed tray 31, the bottoms temperature, T,,, dropped approxi-
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Figure 11. Profiles of liquid mole fractions.
R’ = 0.05; Qy; = 4.83 Mkcal/h; AT, = 1 K
R” = 10 (case 1), 30.25 (case 2), 30.30 (case 3), 36.60 (case 4)
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Figure 12. Profiles of liquid mole fractions.
R" = 55; Q;; = 4.83 Mkcal/h; AT, - 1K
R’ = 0.05 (case 1), 0.123822 (case 2), 0.123951 (case 3),
0.123993 (case 4), 0.18 (case 5)

mately 2 K (as the bottoms composition of DSBE was slightly
increased in the direction of the minimum boiling SBA-DSBE
azeotrope), and remained depressed for about 15 min.

Between 1220 and 1240 hours, L dropped to 95 gpm (5.99
L/s), probably shortening the response of T3, to the increase in

R' = 0.1239506
R" = 55
AT,= 1K
Q= 4.83 MKcalr
Exper. Simulation
T =359.93K SBA  0.4361 0.3698
(360.43 ) p| DSBE 02713 0.2462
14.04 Kmolhr Water 0.1853 0.1380
(16.72) [~ LC4 0.0865 0.2231
T \ A MEK  0.0208 0.0229
22 e Total 10000 70000
Flowrate 431 4.03
Kmolhr 3‘:90 z
SBA 7292 0. Exper. Simulation
DSBE 150 0.0072 & 108 20045 (ol SBA  0.0291 0.0146
Waler 133.26 0.6379 (221.92) DSBE  0.0001 0.0000
MEK 0.27 0.0013 Water 09645 0.9836
LG4 097 0.0046 FC4  0.0016 0.0005
Total  208.91 1.0000 Ty = (370.26 K) MEK  0.0047 0.0013
Total 1.0000 1.0000
=373.71K 7 134.91
=] a1 (24) By a0 ) Flowrate 13128 134.9
38 = 380.71K
2 T (380.78 K)
P=1.971bar 41 (33)
(1.413 bar) __[T=ss170K
(381.96 K) Exper. Simulation
SBA 09939 0.99270
Q = 4.83 MKcalhr DSBE 0.0047 0.00728
___/ (4.83) Water  0.0014  0.00002
KC4  0.0000 0.00000
MEK  0.0000 0.00000
o Total  1.0000 1.00000
Flowrate 66.11 69.97
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Figure 13. Comparison of simulation results (in parentheses) with experimental data.
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L at 12135 hours. Between 1240 and 1335 hours, L} averaged
103 gpm (6.5 L/s) with short (1-2 min) fluctuations of + 15 and
—11 gpm (+0.95 and —0.69 L/s), and L; was increased from
2.510 3.0 gpm (0.16 to 0.19 L/s). At 1335 hours, with all flow
rates relatively constant, T,, began decreasing. The increase in
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Figure 14. Flow rate profiles for final simulation, case F, Figure 9.

L, had moved the two-liquid-phase region down the tower, fill-
ing it with water. By the time the operator noted the decrease in
T the tower had accumulated enough water so that the reduc-
tion of L, had little effect. L] was reduced to zero before the tem-
perature front returned to tray 31.

Between 1400 and 1430 hours, the effectiveness of reducing
L to control T;, was mitigated by entrainment of the aqueous
phase in the organic reflux. Table 7 shows evidence of entrain-
ment in that the composition of the organic reflux lies within the
binodal curve. The increase of water due to entrainment is 14
kmol/h, which is equivalent to an increase of 1 gpm (0.06 L/s)
in L}. The organic reflux had dried by 1500 hours and the
response of T3, to changes in L] returned to normal.

Begin test with Liquid level

decrease in feedrate. controller increases L.
& - §

L, decreased In
response to decreasing Ty, . g

3807 |
378t
376 T §
3741}
arot i
370

l H

B (K)

387
3.2¢
2.8
2411
204}
18711
1.2
o8t
0.4

Y (gpm)

Feedrate returned
to initial value.

Throughout the test, the bottoms product remained on speci-
fication. However, the log sheets for the two-week period prior
to the test reveal four periods of off-specification operation, as
shown in Table 2. In analyzing these data, as in Figure 4, the
pressure gauge at the bottom of the tower appears to be in error,
and it may be necessary to corsider dynamic and nonequili-
brium effects. Assuming that the bottoms temperature and com-
position are correct, the bottoms pressure is corrected. Further-
more, a pressure drop of 0.02 bar between trays 31 and 41 is
assumed. Figure 16 shows the T3, isotherms and bottoms com-
position associated with the off-specification periods on Oct. 26,
Nov. 2, Oct. 30, and Oct. 29.

Water in the bottoms product on Oct. 26 could have resulted

Liquid level controller
returns Ly to normal.

. Taq begins 1o drop because
of increase of x |

HO.°

é

4 begins to respond
to operator decrease in L,

0.0

0800 0900 1000 1100

1200

1300 1400 1500 1600

Time (hr)

Figure 15. Strip-chart recordings of T;,and L,.
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Table 7. Organic Reflux Composition* During Dynamic Test

Hour
1300 1330 1400 1430** 1500
SBA 44.46 45.76 42.65 38.85 45.21
Water 22.80 21.40 27.70 33.80 22.66
DSBE 23.30 23.49 20.93 19.61 23.05
MEK 1.85 1.87 1.74 1.58 1.88
2-Butene 7.59 7.48 6.98 6.16 7.21
Total 100.00 100.00 100.00 100.00 100.00

*Mole fractions calculated excluding approx. 0.14, 0.03, and 1.00 wt. % of iso-
propanol, acetone, and unknowns, respectively.
** Approx. 1% of organic reflux sample was entrained aqueous phase.

from insufficient DSBE, excessive water in the reflux, or both. If
the aqueous reflux was too high, with sufficient DSBE, two lig-
uid phases would have existed throughout the stripping section.
However, the 378.2 K isotherm is outside of the binodal region;
consequently, it seems clear that the organic reflux was low.
Composition profiles are probably similar to those in Figure 11,
case 1. The vapor pressure of the 45/55 mol % mixture of SBA
and water, present throughout much of the stripping section, is
1.919 atm, (1.944 bar), which is within the expected error of the
calculated P;, on Oct. 26.

The analysis of the data for Nov. 2 is more difficult because
T,, was rapidly decreasing at the time of sampling, varying
between 378.2 and 375.2 K. The higher temperature isotherm is
plotted, and the lower is approximately the same as that of Oct.
26. For the latter case, the same mechanism as for Oct. 26 can

be postulated. However, steady-state simulations have been un-
able to predict behavior that would explain the former.

The DSBE in the bottoms product on Oct. 29 was probably
the result of excessive amounts of aqueous and organic reflux.
The T,, isotherm is sufficiently near the binodal curve to indi-
cate that two liquid phases were likely in the stripping section.
The composition profiles were probably similar to those in Fig-
ure 12, case 5, with the DSBE front extending to the bottom
tray.

Simulations that compare to the conditions on Oct. 30 have
not been found. Examination of the T3, isotherm shows that it is
not sufficiently close to the binodal region for two liquid phases
to exist in the stripping section. However, the water composition
in the bottoms suggests that two liquid phases do exist. It sug-
gests that dynamic or nonequilibrium effects must be considered
to explain these data.

Conclusions

It is concluded that:

1. The response of the tower to changes in the feed rate and
operating variables during the dynamics test are explained with
steady-state simulations. When the water entering the tower is
increased, either by increasing the feed or the aqueous reflux,
the number of trays with two liquid phases is increased and the
temperature and composition fronts move down the tower. This
is counter to the results of Prokopakis and Seider (1983a,b) for
the dehydration of ethanol using benzene (where the specifica-
tions were adjusted to permit just one liquid phase on the trays)

Secondary Butyl
Alcohol

T=378.7K
P = 1.515 bar
October 30

1172
10126

T=3782K
P « 1.689 bar
November 2

T=3782K
P = 1,877 bar
October 26

Di-secondary
buty! ether

Figure 16. T, isotherms for SBA-DSBE-water system at P,,, estimated using an adjusted P,,.

Mole fractions in liquid phase are plotted
x,, plotted during periods of off-spec operation
° liquid-liquid equilibrium data
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and is expected when a tower operates with two liquid phases on
its trays.

2. When the entrainer entering the tower is increased, the
fronts move down the tower as Prokopakis and Seider predicted.
However, the mechanism for the movement is different. For the
SBA-DSBE-water system, a small amount of DSBE (3 mol %)
significantly decreases the solubility of SBA and water. Thus,
when a pulse of DSBE moves down the tower it causes two liquid
phases to form. The fronts move down the tower, leaving fewer
trays for stripping the entrainer, and consequently the entrainer
often contaminates the bottoms product.

3. The location of the fronts is extremely sensitive to the
amount of water refluxed to the tower. This is shown in both the
experimental data and in computer simulations. Increasing the
water in the reflux by 1 mol/h can cause a 9 K decreasein 73, as
the temperature front moves down the tower. Larger increases
of approximately 10 mol/h often occur with small changes in
the operating variables when: (a) L is increased by 1 gpm
(0.0631 L/s), (b) the aqueous reflux entrained in the organic
phase is increased from 1 to 2%, or () xf,0, is increased by
0.03.

4. The homotopy-continuation methods permit the aqueous
reflux ratio to be varied over just 0.1% to introduce two liquid
phases throughout most of the tower. This can be attributed to
the ability of the continuation algorithm to make small increases
in the aqueous reflux ratio as the second liquid phase moves
down the column from tray to tray. Parametric studies using the
Newton-Raphson method were unable to accomplish this due to
singularities in the Jacobian matrix and our inability to manu-
ally tune the aqueous reflux ratio. The homotopy parameter per-
mits the continuation method to change variables at limit points,
which arise as two liquid phases are introduced on the trays. In
this manner, singularities of the Jacobian matrix, which would
cause the Newton-Raphson method to fail, are avoided.

5. The parameterization with respect to the aqueous reflux
ratio resulted in two steady-state solutions over a very narrow
range of the reflux ratios, one with a single liquid on the trays,
the other with two liquid phases on 70% of the trays. The latter
is in close agreement with the experimental data which, to our
knowledge, are the first data to be published for an industrial
azeotropic distillation tower. Furthermore, the presence of two
solutions in such close proximity is consistent with the experi-
mentally observed erratic behavior of the tower.
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Notation

A, = flow rate of a side stream from tray 7, kmol/s
BP, = residual of bubble point equation for tray i, kmol/s
d; = distillate flow rate of species j, kmol/s
D - total distillate flow rate, kmol/s
E, = residual of energy balance for tray i, kcal/s
EQ,, = residual of constraint equating distillate and reflux mole frac-
tions of species j, kmol/ /s
Sy = feed flow rate of species j to tray i, kmol/s
F; - total feed flow rate to tray i, kmol/s
h; = enthalpy of liquid leaving tray i, kcal/kmol

1314 August 1987

H, = enthalpy of vapor leaving tray i, kcal/kmol
K = yu/x; for species j on tray i
1; = liquid flow rate of species j leaving tray i, kmol/s
L, = total liquid flow rate leaving tray i, kmol/s
M; = residual of a mass balance for species j on tray 7, kmol/s
NP; = number of phases on tray i
N, = number of chemical species
P, = pressure on tray i, bar
Q, = rate of heat transfer to tray /, kcal/s
2L = residual of a liquid-liquid equilibrium equation for species j on
tray i
Q)" = residual of a vapor-liquid equilibrium equation for species j on
tray i, kmol/s
R = reflux ratio, L/D
S = ratio of a side stream flow rate to flow rate of remaining stream
SP - residual of a specification equation
T = temperature, K
v;; = vapor flow rate of species j leaving tray i, kmol/s
¥V, = total vapor flow rate leaving tray i, kmol/s
x}, = mole fraction of species j in first liquid phase leaving tray i
x} = mole fraction of species j in second liquid phase leaving tray i
¥; = vapor mole fraction of species j in vapor leaving tray i
AT, = degrees of subcooling in the condenser/decanter, K
v; = activity coefficient of species j on tray

Subscripts

i = tray index
j = species index

Superscripts

F = feed
L = liquid phase index
v = vapor phase
" = first liquid phase
" = second liquid phase

Literature cited

Ferraris, G. B., and M. Morbidelli, “Mathematical Modeling of Multi-
staged Separators with Mixtures Whose Components Have Largely
Different Volatilities,” Comp. Chem. Eng., 6, 4, 303 (1982).

Kovach 11, J. W., Heterogeneous Azeotropic Distillation—An Experi-
mental and Theoretical Study, Ph.D. Thesis, Univ. Pennsylvania,
1986.

Kovach II1, J. W., and W. D. Seider, “Vapor-Liquid and Liquid-Liquid
Equilibria for the System Sec-butanol, Disecbutylether, Water,” sub-
mitted to J. Chem. Eng. Data, 1987a.

, “Heterogeneous Azeotropic Distillation—Homotopy-Continu-
ation Methods,” accepted by Comp. Chem. Eng. (1987b).

Magnussen, T., M. L. Michelsen, and A. Fredenslund, “Azeotropic Dis-
tillation Using UNIFAC,” Inst. Chem. Eng. Symp. Ser., No. 56, 3rd
Int. Symp. Distillation, ICE, Rugby, Warwickshire, England (1979).

Napthali, L. M., “The Distillation Column as a Large System,” pre-
print, AIChE Ann. Meet. San Francisco (1965).

Napthali, L. M,, and D. P. Sandholm, “Multicomponent Separation
Calculations by Linearization,” AIChE J., 17, 148 (1971).

Prokopakis, G. J., B. A. Ross, and W. D. Seider, “Azeotropic Distilla-
tion Towers with Two Liquid Phases,” Foundations of Computer-
aided Chemical Process Design, R. S. H. Mah and W. D. Seider, eds.
AIChE, New York (1981).

Prokopakis, G. J. and W. D. Seider, “Feasible Specifications in Azeo-
tropic Distillation,” AIChE J., 29, 1 (1983a).

, “Dynamic Simulation of Azeotropic Distillation Towers,”
AIChE J., 29, 1017 (1983b).

Robinson, C. S. and E. R. Gilliland, “Elements of Fractional Distilla-
tion,” McGraw Hill, NY, 312 (1950).

Ross, B. A. and W. D. Seider, “Simulation of Three-Phase Distillation
Towers,” Comp. Chem. Eng., 5, 1 (1980).

Schuil, J. A., private communication (1984).

Wayburn, T. L., and J. D. Seader, “Solution of Systems of Interlinked
Distillation Columns by Differential Homotopy-Continuation Meth-
ods,” Foundations of Computer-aided Chemical Process Design,
A. W. Westerberg and H. H. Chien, eds. CACHE (1984).

Manuscript received Sept. 4, 1986, and revision received Feb. 6, 1987.

Vol. 33, No. 8 AIChE Journal





