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Chapter 1 Summary 

Chapter 1 

Summary 

The importance and influence of mass transfer on column composition trajectories during the 
operation of azeotropic distillation has been proven to be of great significance and definitely 
not to be ignored. For that, many experiments with several binary, ternary and quaternary 
(homogeneous and heterogeneous) systems have been performed to support this dissertation 
and to provide the indispensable evidence for this statement. Furthermore, those experimental 
column composition results are essential as well for the verification of our own developed 
rigorous nonequilibrium (NEQ) stage model (see Chapter 4) in which proper account is taken 
of mass transfer in either fluid phase due to the incorporation of the rigorous Maxwell-Stefan 
diffusion equations. 
The great quantity of experiments were carried out in our laboratory scale bubble-cap 
distillation column (Dome type-floor-column [DN 50]; supplied by Scott Nederland B.V.) 
with an inner diameter of 50 mm and a total height of approximate 2160 mm. The column 
consists of 10 equal bubble cap stages (stage 2-11), a total condenser (stage 1) and partial 
reboiler (stage 12). All experiments were operated under total reflux and atmospheric 
pressure. Note: the system was completely closed, so no feed was introduced to the column or 
products were withdrawn. After steady state was reached, the column composition profiles 
were measured and examined. It is worth mentioning that also the behaviors of the mixtures 
inside the bubble cap distillation column were very well visualized and observed, which was 
feasible due to the double layered glass construction of the column. Especially the 
observation of the gas flowing through the liquid in a bubbly manner was of great importance 
for a righteous description of the real case, and thus for the development of the NEQ stage 
model. 

After the examination of the first set of experiments with the first (in particular) ternary 
azeotropic mixture Water (1) - Ethanol (2) - Acetone (3), which has a straight-line distillation 
boundary between the minimum boiling azeotrope of water and ethanol and the pure acetone 
corner, interesting and surprising column composition profiles were already observed. It is 
well known from all textbooks that under total reflux conditions, the composition profiles in 
distillation columns are to be following (by approximation) the residue curve lines of the 
residue curve map. So much the more, they cannot cross a distillation boundary when it is 
curved from the concave side, when moving from the product composition inward, and cannot 
cross a straight-line distillation boundary from either side (Levy et al., 1985). Nevertheless, a 
number of around twenty experiments showed the contradiction to this rule and did show 
column composition profiles within one and the same distillation column that are moving 
from one (ethanol-rich) side to the other (water-rich) side of the straight-line distillation 
boundary. An arbitrary example of such a run is pictured in Fig. 1.1(a). Also experimentally 
obtained column composition trajectories for other ternary azeotropic mixtures (Water (1) -
Ethanol (2) - Methanol (3) and Water (1) - Ethanol (2) - Methylacetate (3)) showed the same 
behavior and crossed their distillation boundaries in many occasions under total reflux 
conditions as well (see for an example in Fig. 1.1(b) and Fig. 1.1(c) respectively). 
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Fig. 1.1. EQ (dashed line) and NEQ model (solid line) simulation results compared with the 
experimental data (open circles for vapor and open squares for liquid samples) for the 
ternaiy mixtures (a) Water (I) - Ethanol (2) - Acetone (3) (b) Water (1) - Ethanol (2) -
Methanol (3) and (c) Water (1) - Ethanol (2) - Methylacetate (3). The large open circle is 
the specified composition for the simulations. 

Considering the convincing quantity of experimental results for ternary homogeneous 
azeotropic mixtures, new experiments with the quaternary homogeneous azeotropic system 
Water (1) - Ethanol (2) - Methanol (3) - Acetone (4) were initiated for the continuation of the 
project. The choice of the four components was intentionally related to the foregoing ternary 
mixtures in view of possible similarities that might occur and thus connections that could be 
made in an equitable way. 
Since a quaternary systems consists of four components, the measured composition profiles 
have to be projected in a three dimensional manner. This also implies that a distillation line 
for a ternary mixture turns into a 'distillation surface' for a quaternary system. However, the 
rules declared by Levy et al. (1985) for the distillation boundary lines can be translated for a 
quaternary system and become applicable for a distillation boundary surface. With regard to 
this, it should be mentioned that the distillation surface of our investigated mixture is just 
about flat, which makes it even more inadmissible to cross from either side. 
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Chapter I Summary 

Nevertheless under (once more) total reflux conditions, contradictory experimental results 
were obtained showing column composition profiles with top stage compositions lying just 
below the distillation surface on the ethanol rich side. When moving down the column, the 
profile slices through the distillation surface in order to end up with reboiler compositions 
lying above the distillation surface, pointing towards the water rich corner. One example of 
such an experimental run is pictured in Fig. 1.2. 
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Fig. 1.2. EQ (dashed line) and NEQ model (solid line) simulation results compared with the 
experimental data (open circles for vapor and open squares for liquid samples) for the 
quaternary mixture Water (I) - Ethanol (2) - Methanol (3) - Acetone (4). The large open 
circle is the specified composition for the simulations. 

It is worth mentioning that besides the experiments (for as well ternary as quaternary systems) 
do not agree with the composition trajectories that are to be expected according to the 
textbooks (following the residue curve lines), they also produce reboiler compositions 
(products) that are of a complete qualitative difference. Similar differences in trajectories and 
predictions of "end products" (condenser and reboiler compositions) are also observed when 
we come to the calculation (or simulation) of these column composition trajectories by an 
equilibrium (EQ) stage model (assuming equal component efficiencies) and our developed 
rigorous NEQ stage model. 
Note: for representative simulations of the performed experiments, we initiated the calculation 
by specifying one of the measured vapor compositions (of one stage) so that the calculated 
profile is forced to pass through this specified composition. Moreover, the specification of 
other operation factors (inner flow rate, atmospheric pressure etc) and hardware design of the 
bubble cap distillation column (for the NEQ stage model) were also taken to be equivalent to 
the experimental environment (see Chapter 4; simulation strategy). 

The simulation results obtained with an EQ stage model reproduce composition profiles that 
are in complete agreement with the azeotropic distillation rules known from the textbooks 
(Levy et al.. 1985). Consider the run for the water-ethanol-acetone system in Fig. 1.1(a). 
When the indicated (large open circle) vapor composition (lying just to the left of the 
distillation boundary) is used as "input" composition, then the calculated (EQ) composition 
profile will follow a residue curve line and end up with a reboiler composition rich in ethanol 
(dashed line in Fig. 1.1(a)). When the same measured "input" composition is used in our NEQ 

Boundary surface 
Initial vapor compositior 

NEQ model 
EQ model 
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Chapter 1 Summary 

stage model, the calculated composition trajectory will follow the experimentally measured 
composition profile by anticipating 'boundary crossing' in order to end up with a reboiler 
composition rich in water. The column profile predictions by the EQ and NEQ stage models 
are showing a qualitative difference. Suchlike simulation results (obtained by the EQ and 
NEQ stage models) are also acquired for the other two ternary mixtures (Fig. 1.1 (b-c)) and the 
examined quaternary system. With the latter, the simulation results of the NEQ stage model 
are alike the experimental results. The trajectories slice through the distillation surface to have 
condenser (and top stage) compositions lying below the distillation surface and reboiler (and 
bottom stage) compositions pointing towards the water rich corner, see Fig. 1.2. Since the 
initial 'input' composition (indicated by the large open circle in Fig. 1.2) is lying just below 
the distillation surface (once more on the ethanol rich side of the boundary), the EQ stage 
model predicts reboiler compositions rich in ethanol; the calculated (EQ) profiles stay on one 
side of the distillation surface, following the residue curve lines. 

From the above mentioned results, we may conclude that the divergent behavior of the 
observed column composition trajectories for total reflux operations and the calculated 
profiles by the rigorous NEQ stage model in relation to what might be expected according to 
the textbooks and what gets predicted by the EQ stage model, are caused by multicomponent 
mass transfer effects. To understand and explain this in some detail, we have to consider the 
component Murphree stage efficiencies. As we know, the EQ model assumes all component 
efficiencies to be equal. For the NEQ model on the other hand, the component efficiencies 
will, in general, differ from one another and vary from stage to stage. The origin of the 
differences in E\ can be traced to the differences in the binary pair vapor diffusivities £>y,i2, 
Dy.i3 and Dy.23. From our investigation, it can be noted that the coefficient öy.23 for all three 
ternary mixtures is about half of the other two coefficients. The difference between binary 
pair diffusivities cause the component efficiency values to differ from one another. In our 
special case (see Chapter 4, model development), the contact time of the vapor bubbling 
through the liquid is long enough so that the Fourier number (Fo = 4*£>y,ij*rv / db~) exceeds 
values of 0.06 in all cases. This implies that for the estimation of the vapor phase mass 
transfer coefficients of the binary pairs in the mixture (KVJJ), the %jj have an unity power 
dependence on the vapor diffusivities Dy.y (see Chapter 4, Eq. (4.18)), which is more than the 
square root dependence for smaller values of Fo; small vapour phase residence times zy. 
In a multicomponent system, one component efficiency may vary extremely going from zero 
on one stage to exceeding unity on the next stage. The reason for that is to be found in the 
driving force, which might become vanishingly small when it changes sign from one stage to 
another. The transfer of the particular component on such a stage will then be dictated by the 
transfer of the other components in the mixture, because of coupling effects. These effects are 
properly accounted for in the Maxwell-Stefan formulation. For binary mixtures component 
efficiencies are bounded and lie between zero and unity; for mixtures with three or more 
components, component efficiencies are unbounded and can assume values ranging from -00 
to +co. If the binary D,,y were close to one another, the differences in the component 
efficiencies would be negligible. Differences in the component efficiencies cause the actual 
composition trajectory followed on any given stage (y;. L —y\$) to deviate from the trajectory 
dictated by the equilibrium vector (yu - J ^ E ) . 

The next step for the completeness of this project was the investigation of the column 
composition trajectories in heterogeneous ternary azeotropic mixtures. Therefore, 
experiments were carried out (in the same experimental set-up) with the heterogeneous 
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Chapter 1 Summary 

ternary azeotropic systems Water (1) - Ethanol (2) - Cyclohexane (3) and Water (1) -
Acetone (2) - Toluene (3). Since liquid-liquid phase splitting might exhibit on any stage 
during the distillation of these systems, extra attention is required in the sense of good 
visualization during the experiments, but also for proper development of our NEQ stage 
model. To ensure the calculations with heterogeneous azeotropic systems as well, we 
extended the earlier developed NEQ model (for homogeneous systems) in order to cater for 
these liquid-liquid phase splitting on some (or all) of the trays, see Chapter 4. 
Visual observations of tray operation clearly showed which stages were still in the 
homogeneous region and which stages entered the heterogeneous region. The appearance of 
two liquids on a stage was visually indicated by a "milky" emulsion; consisting of a 
continuous liquid phase (phase Lc) in which a second liquid phase (phase Ld) is dispersed. 
With the first heterogeneous mixture water - ethanol -cyclohexane, many experiments in 
different regions of the residue curve map were performed. Especially the investigation of 
more areas gave a surplus value to the whole. Column composition trajectories in certain 
areas turned out to be very well reproducible with both the NEQ stage model and the EQ 
stage model, assuming equal component efficiencies. Hence, these experiments are not in 
favor of arguing for the need of using a NEQ stage model over a conventional EQ model. 
However, other experiments in slightly different areas are not very well described by an EQ 
model. Whereas the measured column composition profiles in this area stick to one side of the 
distillation line (reboiler compositions towards the ethanol corner), the EQ model predicts 
reboiler compositions, which are lying over this distillation boundary and move towards the 
water corner, see Fig. 1.3. Simulations by using our developed NEQ stage model on the other 
hand, predict composition profiles that are following the experimental data and stay on the 
ethanol rich side of the distillation line, (note: The EQ model crossing the distillation 
boundary is not in contradiction with Levy's rules; the distillation line is very well curved). 
From these different campaigns for one and the same mixture, it can be concluded that for 
proper representations of column composition profiles in heterogeneous azeotropic 
distillation, a NEQ stage model should be used to assure valid calculations for all regions of 
the composition space triangle. In order to confirm the above, experiments with the 
heterogeneous mixture water - acetone - toluene were carried out as well. 

• Exp. data (liq) 
EQ model 
NEQ model 

O l n i t 'a l vapor composition 

Distillation boundaries 
O Exp. data (vap) 

0.3 

Fig. 1.3. EQ (dashed line) and NEQ model (solid line) simulation results compared with the 
experimental data (open circles for vapor and open squares for liquid samples) for the 
heterogeneous ternary mixture Water (1) - Ethanol (2) - Cyclohexane (3). The large open 
circle is the specified composition for the simulations. 
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Chapter 1 Summary 

For the simulations with the NEQ stage model, the bubble diameter (d\,) of the vapor bubbling 
through the liquid needs to be specified (see Chapter 4; model development). By varying this 
bubble diameter for the calculations of the column composition trajectories for the various 
(binary, ternary and quaternary) systems, it turned out that the choice of the bubble size is not 
merely a 'convenient fit' to reproduce our experimental findings. A consistent relation 
between binary, ternary and quaternary systems containing the same components is observed 
with regard to the bubble diameter. So for example, the quaternary mixture water - ethanol -
methanol - acetone gets very well described by the NEQ stage model when a 5.0 mm bubble 
diameter is used. Applying the same specification gives also the best agreement with the 
experiments for the ternary mixtures water- ethanol -methanol and water - ethanol -acetone 
and the binary mixtures water - ethanol and water - methanol. Similar conclusions can be 
drawn for the heterogeneous ternary azeotropic mixture water- ethanol -cyclohexane and the 
binary mixture ethanol - cyclohexane, and also for the heterogeneous ternary azeotropic 
mixture water- acetone -toluene and its binary mixture acetone - toluene. 

In the final part of this dissertation, the influence of mass transfer effects on the design of 
commercial scale distillation columns will be discussed. In particular the number of stages 
required for a certain enforced purification of distillation products will be concerned with. In 
earlier publications, it is remarked that those numbers are indeed dissimilar when they are pre-
calculated with either an EQ model or NEQ model (with inclusion of a mass transfer model), 
but also that there is often still a certain relation between the predicted numbers. This implies 
that the EQ stage model is considered to be capable for these design purposes, provided that a 
correction factor will be applied. The inference of the work for this dissertation reads that 
such a correction factor is (more often than not) insufficient and does not cover all column 
operations with one and the same distillation mixture. It will be shown that the composition 
region in which the operation takes place, is of great significance for the required number of 
stages. Hence, the predictions of these number of stages by either the EQ or NEQ model can 
be higher and lower for one and the same distillation mixture, depending on the composition 
region you are operating in, see Chapter 9. Based on the performance of both models 
concerning the experiments presented in this work, it more obvious to rely on the predictions 
of the model in which mass transfer effects are incorporated. 
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Chapter 2 

Introduction 

2.1 Structure of the thesis 

Throughout my work as a Ph.D student and through this whole thesis, the centre of interest is 
the influence of interphase mass transfer on azeotropic distillation. That there is (still) 
considerable industrial interest in the design and optimization of homogeneous and 
heterogeneous azeotropic distillation, stems from the large number of industrial columns in 
operation and the potential of developing improved separation schemes so as to minimize 
energy consumption. However, most calculations in this research area of design and 
optimization are more often than not performed using "standard" simulation tools that are 
based on an equilibrium (EQ) stage models. Furthermore, there is a general attitude among 
many chemical engineers that the operation of distillation columns is very well understood 
and moreover elaborately described in many textbooks. In other words, the need for renewed 
scientific research, besides further design improvements and optimization, is not sufficiently 
appreciated. Nevertheless, there is evidence in published literature that experimentally 
measured composition profiles are sometimes not accurately enough described by simple EQ 
stage models. In order to describe those distillation profiles, NEQ stage models were needed 
in which proper account is taken of the mass transfer effects in either fluid phase. It proved 
that mass transfer effects can have significant influences on distillation column trajectories. 
To indicate these influences on azeotropic distillation and to understand more about the mass 
transfer between the fluid phases during column operation, this research has been start up and 
finally resulted in this dissertation. 

2.2 Maxwell-Stefan formulation 

Traditionally chemical engineers have developed their design procedures for separation and 
reaction equipment using Fick's law of diffusion as a basis. For a two-component system 
Fick's law postulates a linear dependence of the molar diffusion flux of component 1, Ji, 
defined with respect to the molar average mixture reference velocity u, and its composition 
gradient Vx\: 

J1=c1(u1-a)=-c(JD12Vx, (2.1) 

For component 2, a similar relation holds: 

J 2 = C 2 ( U 2 - U ) = - C , D 2 1 V J C 2 (2.2) 

Since mole fractions of the two components sum to unity, i.e. x\ + xi = 1, the mole fraction 
gradients sum to zero, i.e. Vx\ + Vx2 = 0 and the two molar diffusion fluxes are equal in 
magnitude but opposite in sign: 

J, + J : = 0 ; J , = - J 2 (2.3) 
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Fig. 2.1. Schematic of the bubble froth regime on a tray 

Consequently there is only one independent Fick diffusivity D\2 (=£>2i) and for distillation of 
binary mixtures there is only one independent Murphree point efficiency, that is equal for 
both components 1 and 2: 

rMv y\,i. 

E, =—— 
•y\. yi -yi.E 

y-. 
:E? 

y-i, 

(2.4) 

where the subscripts E and L refer to the conditions entering and leaving a vertical zone on a 
distillation tray, respectively (see Fig. 2.1). The Murhpree point efficiency £iMV is bounded 
between 0 and 1 (Lockett, 1986 and Taylor & Krishna, 1993). The situation changes 
dramatically for multicomponent mixtures, i.e. when the number of components n is three or 
more; there is no requirement that the Murphree point efficiencies E\ 
another: 

\ i v 

*£," ' * £ " • *E, 

be equal to one 

(2.5) 

or that they be bounded. There is a large body of experimental evidence for ternary 
distillation in the published literature to verify that component efficiencies are not equal to 
one another and that any of these efficiencies could vary from -co to +co; see the 
comprehensive literature survey given in Chapter 13 of Taylor and Krishna (1993). 
For the calculation of interphase mass transfer fluxes in multicomponent mixtures, it is now 
generally accepted that we need to adopt the Maxwell-Stefan diffusion formulation for either 
fluid phase; the recent review by Krishna and Wesselingh (1997) presents several examples to 
support this contention. In the Maxwell-Stefan diffusion formulation, chemical potential 
gradients are used as the driving forces for diffusion and a linear relation is postulated 
between the driving forces and the fluxes in the form: 

RT ' t ? c,£>„. M c,D„ 
i = l,2,...n (2.6) 
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Chapter 2 Introduction 

where the molar fluxes Nj in a laboratory-fixed coordinate reference frame are defined by: 

N,=c,u,; N , = J , + . Y , N , N , = £ N , . ; I = 1,2,.. JI (2.7) 

The Dy in Eq. (2.6) are the Maxwell-Stefan diffusivities; these are equal to the Fick 
diffusivities only for ideal gas mixtures. 

The Maxwell-Stefan formulation, based on the thermodynamics of irreversible processes, 
takes proper account of diffusional "coupling" between the species transfers i.e. the flux of 
any species depends on the driving forces of all the species present in the mixture. In a 
distillation column, the influence of species coupling manifests itself in significant differences 
in the component Murphree efficiencies £jMV. For simulation of multicomponent distillation 
columns, containing either trays or packings, the Maxwell-Stefan formulation has been 
incorporated into commercially available software packages such as RATEFRAC (marketed 
by Aspen Technology) and ChemSep (available through the CACHE corporation; see also 
www.chemsep.org). Such simulation models are usually called rate-based or nonequilibrium 
(NEQ) models to distinguish these from the classical approaches using the equilibrium (EQ) 
stage models. 
Castillo and Towler (1998) computed nonequilibrium distillation lines for a sieve tray column 
and demonstrated that modest differences between the efficiencies of different components, 
caused by mass transfer effects, could lead to significant differences in curvature between EQ 
and NEQ distillation column trajectories. They went on to show that, in some cases, 
differences in curvature could be exploited by the engineer in order to obtain process designs 
that could not be contemplated if mass transfer effects were ignored, and that some designs 
based solely on equilibrium models can become infeasible when mass transfer is considered. 

2.3 Objectives 

Analogous to the development of the research, 1 classified the arrangement of this thesis. A lot 
of experiments with several homogeneous and heterogeneous binary, ternary and quaternary 
(azeotropic) systems were carried out for the investigation and verification of mass transfer 
effects on the composition trajectories during the operation of distillation columns. 
The exact experimental performance, mixtures used and experimental set-up are described in 
chapter 3. The development of a specific, pursuant to our experiments, rigorous mass transfer 
model will be discussed in chapter 4. Existing models in commercially available software 
programs like the Chan fair-, Zuiderweg or A.I.Ch.E mass transfer models were not used 
since they are not suitable for the describing of our experiments. Those models are more 
based on commercially operating columns that more often than not are operated in a spray 
regime. This however is not the case in our laboratory-scale bubble-cap distillation column, 
which operates in a bubbly froth regime. Hence, a rigorous mass transfer model matching all 
our column-operations had to be developed for both homogeneous and heterogeneous 
azeotropic systems. 
In chapter 5, the first experimental findings for several binary mixtures will be presented 
together with the simulation results that are correlated with these binary experiments. 
The next chapter will deal with homogenous ternary azeotropic distillation systems. In 
Chapter 6, a total of three different mixtures (systems) are being examined. The selection or 
choice of the ternary systems is mainly arisen from the investigation of the binaries; so all 
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Chapter 2 Introduction 

ternaries in chapter 6 mainly consist of one or more binaries handled in chapter 5. In order to 
extend the work of chapter 5 and 6, the influence of mass transfer will be studied as well on 
homogeneous quaternary azeotropic system in chapter 7. As for the ternary systems (chapter 
6) the experiments were mainly focussed in the regions around the distillation boundary, the 
experiments for the quaternary system (water-ethanol-methanol-acetone) are carried out 
within a finite region of compositions around the so-called "distillation surface". Since the 
mixture consists of four components, the experimental and simulation results can no longer be 
projected in a two-dimensional manner, but have to be presented in a three-dimensional 
manner. Simultaneous: a distillation-line for a ternary azeotropic system becomes a 
"distillation-surface" for a quaternary azeotropic system. 
Also the choice of the examined quaternary system (water - ethanol - methanol - acetone) 
emanated from the foregoing examined systems (ternary and binary). It is clear that it is 
formed out of two earlier studied ternary mixtures (chapter 6), and as a consequence as well 
out of several studied binaries (chapter 5). Accordingly, possible connections between 
observations, findings and conclusions for binaries, ternaries and quaternary systems can be 
made if they are present; at least they will be more reliable and grounded since the system-
build-up shows also connections. 
The objective of chapter 8 is to investigate the influence of mass transfer on the composition 
trajectories in heterogeneous azeotropic distillation. Therefore, experiments with two 
heterogeneous azeotropic mixture were carried out and elaborately examined. The extension 
with the foregoing mixtures (chapter 5, 6 and 7) is that heterogeneous systems contain regions 
in which liquid-liquid phase splitting occurs and therefore comprehend more phases in which 
mass transfer takes place. Whether and how the additional phase has a great impact on the 
influence of mass transfer on composition trajectories in these vapour-liquid-liquid systems, 
will be discussed in chapter 8. The final chapter (chapter 9) comprehends the consequences of 
mass transfer effects in azeotropic distillation concerning design. In particular the 
consequence on the required number of stages in order to fulfill a desired product 
specification will be investigated in cases when mass transfer is taken into account or not. 
The dissertation will be completed with a general covering conclusion in Chapter 10 and 
concluded with a Dutch-written version of the summary and the acknowledgements. 

10 



Chapter 3 Experimental set-up 

Chapter 3 

Experimental set-up 

3.1 Description of the hardware 

The experiments were carried out in a laboratory scale distillation column (Dome type-floor-
column [DN 50]; supplied by Scott Nederland B.V.) with an inner diameter of 50 mm and a 
total height of approximate 2160 mm. A picture and a schematic drawing are shown in Fig. 
3.1 and Fig. 3.2 respectively. The double layered glass distillation column consists of a total 
condenser at the top (1), a partial reboiler at the bottom (12) and ten equal bubble cap trays (2-
11) for which the dimensions are tabulated in Table 3.1 and pictured in Fig. 3.3. The bubble 
cap trayed column is subdivided into two parts of each five bubble cap stages. Between those 
two parts there is a flanged intermediate piece at which a continuous feed can be introduced to 
the column. Besides, product streams can be tapped automatically from the condenser and 
manually from the reboiler. 
The distillation column is provided with several small openings of approximate 10 mm in 
diameter, which are sealed with Teflon-coated septums. These "draw-off faucets" enable to 
measure the temperatures at certain trays inside the column. Also vapor and liquid samples 
can be withdrawn at those places where the openings are located. Hence, the temperature and 
composition profiles inside the distillation column can be measured throughout any 
experimental operation. 
The reboiler is placed in a heating coat, which is controlled by a standard PC provided with 
the following software (Honeywell): 

operating system: WinNT-workstation 4.0 
- FIX MM I V 6.15/75-I/O-points runtime 
- OPTO Control rel2.2a 

By means of the PC, the reboiler temperature (or reboiler duty) can be controlled as well as a 
feed- and/or product-flow. The use of the PC also ensures an automatic safety shut down in 
case the column/reboiler accidentally tends to dry up. 
The condenser is connected to a water tap, which provides cooling water flowing through the 
thin glass tubes inside the condenser. The rate of the cooling water is a dimension for the 
condenser capacity. 
To be conformable with the nomination to be used with simulations, the condenser is named 
the theoretical stage 1. This implies that the first real bubble cap tray is called stage number 2 
and the last bubble cap tray stage number 11, since we count from the top to the bottom. The 
reboiler gets the nomination of stage number 12. 
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Fig. 3.1. Photo of laboratoiy-scale distillation column. Includes total condenser (1), partial 
reboiler (12), ten equal bubble-cap stages (2-11) and draw-off faucets; 9 for vapor samples 
(V) and 4 for liquid samples (L). 
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Fig. 3.2. Schematic picture of laboratory-scale distillation column. Includes total condenser 
(1), partial reboiler (12), ten equal bubble-cap stages (2-11) and 13 draw-off faucets; 9 for 
vapor (V) and 4 for liquid samples (L). 
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u 
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38 mm 

Fig. 3.3. Schematic drawing and details of a bubble-cap stage. 

Table 3.1 
Bubble cap tray hardware of the laboratory-scale distillation column 

Column diameter 
Tray spacing 
Number of flow passes 
Liquid flow path ength 
Downcomer clearance 
Deck thickness 
Hole diameter 

Weir type 
Weir length 
Weir height 
Weir diameter 

0.0500 m 
0.0462 m 
1 
0.0308 m 
0.0039 m 
0.0030 m 
0.0142 m 

Circular 
0.0182 m 
0.0092 m 
0.0058 m 

Hole pitch 
Cap diameter 
Skirt clearance 
Slot height 
Active area (of total area) 
Total hole area (of total area) 
Downcomer area (of total area) 

Slot area 
Riser area 
Annular area 

0.0142 m 
0.0281 m 
0.0030 m 
0.0050 m 
97.30 % 
8.27 % 
1.35 % 

0.000221 m2 

0.000158 m2 

0.000462 m2 
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3.2 Description of the experiment 

All experiments were carried out under total reflux and atmospheric pressure. No feed was 
added to the system or product-streams were taken from the column, hence it is a so-called 
closed operating system. The experimentally examined systems were binary, ternary and 
quaternary azeotropic mixtures. As well homogeneous as heterogeneous ternary azeotropic 
systems have been studied throughout my thesis. For all experiments, the actions to undertake 
were exactly the same. 
A certain starting composition of the mixture was placed into the reboiler of the laboratory 
bubble cap column. Using the connected PC, a specific reboiler duty was specified by means 
of enforcing a constant temperature to the heating coat in which the reboiler is placed. The 
fixed temperature of the heating coat was chosen for every examined mixture in such a way 
that enough heat duty was supplied by the reboiler to ensure the use of the whole column; also 
the top stages and condenser were fully utilized. The capacity of the condenser is such that no 
product-stream/distillate was leaving the column at the top. After steady state was reached (in 
about 2 hours), the temperature- and composition profiles were measured for every single 
experimental run. 
By adding the appropriate volume of the regarding component(s) of the mixture into the 
reboiler before heating up the column, every possible "composition-area" (in for instance the 
composition triangle of any ternary mixture) can be examined. 

3.2.1 Temperature measurement 

The temperatures of the vapor at eight different locations along the distillation column were 
continuously registered by the PC. The temperatures were measured using 'PT100' 
temperature sensors, which transmitted the information directly to the PC. The sensors were 
connected to six bubble cap stages (nr 2, 4, 6, 7, 9, 11), the condenser (nr 1) and the reboiler 
(nr 12), see Fig. 3.2. Since the temperature trends can be followed directly on the screen, it is 
easy to judge when steady state has been reached; the temperatures are all constant at that 
point. Measuring the temperatures had two more benefits besides having the matching 
temperature-profile in the distillation column belonging to its composition-profile to be 
measured afterwards. The first beneficial side issue is the information about the time required 
for the distillation column to reach steady state. This minimum time is important for the next 
step in the experiment when the composition-profile is to be measured. In that case, the 
temperature sensors are not attached to the column and therefore do not give any information 
on the PC-screen. However, it may be assumed that the time needed to reach steady state 
again (with the same mixture/compositions) will be more or less the same. If this minimum 
required time is waited after re-heating the column, you can be absolutely sure that the 
composition-profile you are measuring belongs to a steady state operation. 
Another benefit is the information about the possible compositions in the distillation column 
given by the online temperatures. If certain composition areas are to be examined, the 
temperatures can provide information in advance whether you are already operating in that 
specific area. Taking samples to acquire the composition-profiles (trials) is much more time 
consuming than looking to the online temperatures. 

15 



Chapter 3 Experimental set-up 

After the temperature measurements, the column was cooled down before the temperature 
sensors were replaced by the Teflon coated septums in order to reduce the possible vapor 
losses during the replacements. (Note: due to practical shortcomings, the temperature- and 
composition profiles could not be measured at the same time). It is important to minimize 
these possible vapor losses, so that the match between the temperature- and (vapor and liquid) 
composition-profiles are as good as possible. 

3.2.2 Composition-profile measurements 

When steady state was reached again after re-heating the laboratory distillation column, 
samples of the vapor and the liquid phase were taken from several points along the column 
using a syringe. The withdrawal positions of the vapor phase are identical with the points 
where the temperatures were measured plus one additional place in the middle of the 
intermediate section (VI, V2, V4, V6, V6a. V7, V9, VI1 , V12), see Fig. 3.2. The liquid 
samples were taken from only four bubble cap trays (L2, L6, L7, LI 1), see Fig. 3.2. Since all 
experiments were carried out at total reflux, the composition of the vapor leaving any given 
stage equals the composition of the liquid arriving at that stage from above. Therefore, it does 
not really matter whether samples were taken from the liquid or the vapor; in any case they 
can be combined when plotting the composition trajectories later on. 

The sample volumes were always around 100 ul and weighted exactly with a balance (the 
accuracy of the balance is 0.1 mg). In this way, the exact volume of each sample could be 
calculated afterwards in a spreadsheet. The exact weight is very important to obtain accurate 
composition-profile measurements. Furthermore, each sample volume was intentionally kept 
small to prevent worth mentioning changes in the composition-profile during the entire 
experiment, (each sample can be seen as a small productstream, which of course could 
influence the compositions/profiles in the distillation column). All samples (nine vapor and 
four liquid) for every experimental run were dissolved in a reference solvent and subsequently 
injected into the gas chromatograph. Each binary, ternary or quaternary mixture has its own 
reference solvent to be dissolved in, see Table 3.2 (page 22). The choice of the reference 
components is very important for a good examination of each sample-composition. Each 
component has for any given temperature and flowrate through the GC (gas chromatograph), 
its own retention time before it leaves the GC-channels (and thus shows a peak). The peak for 
each component should never overlap with another peak. Hence, the retention time of the 
reference component may never interfere with the time dependent area of any other 
component in the mixture. The calculation of the sample-composition (analyzing the peak-
areas) will be discussed later in this chapter. 

3.2.3 Gas chromatograph analysis 

For the analysis of the samples, a gas chromatograph of type GC8000-top with pressure/flow 
control was used. The samples were injected automatically with an autosampler of type 
AS800. Its channel Hayesep-Q 80-100 is made of stainless steel and has a total length of 1 
meter and a diameter of 0.125 inch (~ 3.175mm). The major specifications for the gas 
chromatograph (and the connected autosampler) are the analysis time for each sample (mostly 
fixed at 30 min), the oven heating rate (max. 70 K/min), the initial oven temperatures 
(system/mixture dependent) and above all the carrier gas flow. The last one is very important; 
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if the carrier gas-flow is not accurate, it will be very difficult (if not impossible) to specify the 
oven temperature and others such that still good detection results (peak-areas) can be obtained 
for all components without any overlap. The carrier gas used was Helium because of its high 
thermal conductivity and chemical inertness. 

The GC contains a thermal conductivity detector (TCD or HWD), which is sensitive to any 
compound having thermal conductivity other than that of the carrier gas used. The TCD 
essentially consists of a stainless steel block containing two pairs of filaments (generally 
Tungsten/Rhenium filaments) having the same electrical resistance. The block is housed in an 
aluminum case that accommodates the heating elements and the temperature sensor. The two 
pairs of filaments are electrically connected according to the Wheatstone bridge diagram, see 
Fig. 3.4. Two gas-flows, a reference and a measuring one, enter the TCD cell, they pass 
through the two pairs of filaments and finally they are vented to the atmosphere. When the 
bridge is properly powered, the filaments are heated at a temperature (resistance) that is a 
function of the thermal conductivity of the gas flowing through the filaments. The reference 
element is exposed only to the pure carrier gas-flow, whereas the measuring element is 
exposed to the effluents of the gas chromatograph column (carrier gas and sample). When 
pure carrier gas crosses both the reference and measuring channels, a constant temperature 
gradient is established between the elements and the detector walls. Hence, the Wheatstone 
bridge is in equilibrium and no output signal will appear. While a chromatographic 
component is eluted, a change takes place in the heat transfer followed by a variation of the 
filaments temperature. Since the electrical resistance is a function of the temperature, the 
bridge becomes unbalanced and the detector generates a signal (area-peak) that is proportional 
to the difference in thermal conductivity between the eluted component and the carrier gas. 
The output signal is sent to a recorder, here the Chrom-Card software. The signal polarity is 
determined by the thermal conductivity of the component, by that of the carrier gas and of the 
left or the right channel selected as analytical channel. 

s 
I 

Bridge inlet 
Bridge outlet 
Carrier gas flow 
+ sample 

Reference gas flow 
Measuring filaments 
Reference filaments 

Fig. 3.4. Schematic drawing of Wheatstone bridge diagram 
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In order to start the GC-analysis, the production of two necessary solvents have to be taken 
into consideration. First, a reference solvent mK( (Table 3.2, page 22) is required, which 
consists of a solvent /MSOivent (in which all mixture-components easily dissolve) and a reference 
component wx that is not present in the mixture to be analyzed. 

™r,f =m solve, + " ' , (31) 

Secondly, a calibration solution /wcai has to be prepared, which consists of a certain (exactly 
weighted and known) amount of each component present in the mixture (m\. m,, m^ ) 
dissolved in the pure solvent /wsoivem (also known volume). 

(3.2) 

The two solutions mentioned above are for each system specific (binary, ternary or 
quaternary), see Table 3.2 (page 22). 
For each single experimental run, nine vapor and four liquid column-samples mm\x were 
withdrawn from the laboratory distillation column. Each column-sample was dissolved in a 
fixed amount of the reference solvent m^ before injected into the gas chromatograph. 

ms = mrel + tnnm (3.3) 

To calculate the exact compositions of the column-samples (in other words; the composition 
profile of the mixture in the laboratory distillation column), at least two additional samples 
have to be prepared from the calibration solution m&\. Again, each calibration-sample was 
dissolved in a fixed amount of the reference solvent mK{ before injected into the gas 
chromatograph. 

n .. 
(3.4) 

Note: /77caii # wcai2, but exactly weighted; mKf= fixed (and "equal") for all samples 

As a result of the GC-analysis, a time dependent area for each component will be obtained. 
From this (peak)area, the mass of each component can be calculated by means of a 
concentration factor, the so-called "A -̂value". 

3.2.4 Calculation of the K-value 

The mass mj,csi of component i in the first calibration sample is given by: 

mjcs]=m „ *—— (3.5) 

analog we can write for the mass of component / in the second calibration sample: 

rrt 
mics2=mcal2* ( 3 - 6 ) 

W,.„, 
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The mass of the reference component in the first calibration sample is equal to: 

' " , „ , = ' « „ , 0 , * — (3-7) 
mref 

with Wref.csi is the mass of the reference solvent in the first calibration sample. 
Analog we can write for the mass of the reference component in the second calibration 
sample: 

' « , ^ = » V ^ * — (3-8) 
mref 

The area for the component i in the first calibration sample produced by the GC is given by: 

4 „ , =^SÊS-*mUA*rl (3.9) 
"cs\ 

where Flection is the volume automatically taken by the GC from the sample to be analyzed 
and r\ is the response factor for component /'. Analog to Eq. (3.9), the area for the reference 
component in the first calibration sample is given by: 

A , = - ^ ^ * w *r (3.10) 
, ,„1 y^ ,,.S1 X 

From Eq. (3.9) and (3.10) follows: 

A. . m . r 
I2£L = _ ^ L l L = OTj t*K. (3.11) 
4^1 w«„ r< 

in which K\ is the concentration factor for component i. Analog we find for the second 
calibration sample: 

AUs2 mi.c,2 r, *.V f , , ^ 
= micsi K-i (3-12) 

A 2
 mx&2 rx 

Plotting the area-ratios from Eq. (3.11) and (3.12) as a function of the mass of component i 
present in the calibration samples, we (should) obtain a straight-line through the origin. The 
slope of this straight-line gives the value of Â . It is clear that the use of more calibration 
samples with different amounts taken from the calibration solution (wcai) will give better 
results for the concentration factor K\. The concentration factor has to be determined for each 
component present in the mixture. 
The same equations for the areas of each mixture-component are valid for the column-
samples: 

A. m r 
-^ = - ^ ^ = m *K, (3.13) 
K* m*, rv 

Since we determined all the concentration factors, the mass of each component present in the 
mixture can be found with: 

A. 
m =^^K (3.14) 

' A. ' 
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3.2.5 Experimental mixtures / systems 

Several mixtures (or systems) were studied experimentally and even more with the help of 
simulations. The reason for examining so many different systems is to provide a broad 
foundation for our experimental observations (findings) and further conclusions. In order to 
make useful experiments, it is inescapable to invest some time on preliminary investigation by 
means of simulations. Therefore the number of systems studied with simulations is slightly 
higher than eventually examined experimentally. At the beginning of this project, the study 
was mainly focussed on homogeneous azeotropic mixtures with one or two azeotropes. In 
order to understand and support conclusion made for these ternary systems, binary azeotropic 
mixtures (parts of the ternaries) were examined as well. Subsequently, the study was 
expanded with the investigation of a quaternary azeotropic distillation system and finally 
completed with the examination of two heterogeneous ternary azeotropic systems. All the 
experimentally examined systems are tabulated in Table 3.2 (page 22) with their 
accompanying reference solvents and calibration solutions needed for the accomplishment of 
the composition profile measurements. Also, each examined mixture is briefly described 
below concerning its incorporated azeotrope(s) and distillation line(s). The NRTL parameters 
for each (binary, ternary and quaternary) system are tabulated in Table 3.3 (page 23). 

Binary mixtures 
Water - Ethanol, has one binary azeotrope between water and ethanol 
Methanol - Isopropanol 
Water - Isopropanol, has one binary azeotrope between water and isopropanol 

- Water - Methanol 
Water - Methylacetate, has a binary azeotrope between water and methylacetate. 
Ethanol - Cyclohexane, has one binary azeotrope between ethanol and cyclohexane 
Acetone - toluene 

Ternary homogeneous mixtures 
Water - Ethanol - Acetone, has a binary minimum boiling azeotrope for the water -
ethanol mixture, which leads to a simple (straight) distillation boundary between the 
azeotrope and pure acetone 
Water - Methanol - Isopropanol, has a binary azeotrope for the water - isopropanol 
mixture, which leads to a simple (straight) distillation boundary between the azeotrope 
and pure methanol 
Water - Ethanol - Methanol, has a binary minimum boiling azeotrope for the water -
ethanol mixture, which leads to a simple (slightly curved) distillation boundary between 
the azeotrope and pure methanol 

Ternary heterogeneous mixtures 
Water - Ethanol - Cyclohexane, has a minimum boiling heterogeneous ternary azeotrope 
to which three distillation boundaries converge. The three distillation boundaries start at 
three different saddle points: (1) water - cyclohexane heterogeneous binary azeotrope, (2) 
water - ethanol binary azeotrope and (3) ethanol - cyclohexane binary azeotrope 
Water - Acetone - Toluene, has one minimum boiling heterogeneous binary azeotrope for 
the water - toluene mixture, which leads to a straight distillation boundary connecting the 
azeotrope with pure acetone 
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Water - Ethanol - Methylacetate, has a binary azeotrope for the water - ethanol mixture 
and a binary azeotrope for the water - methylacetate mixture, which leads to a simple 
curved distillation boundary between the two azeotropes. 

Although the latter ternary heterogeneous mixture shows liquid phase splitting in the water-
rich corner of the composition triangle (see Fig. 6.8, chapter 6.4), this system will be 
discussed (later in this thesis) together with the three homogeneous azeotropic systems since 
all experiments for the water - ethanol - methylacetate system were restricted to its 
homogeneous region (around the distillation boundary) without liquid phase splitting. 

Quaternary homogeneous mixture 
Water - Ethanol - Methanol - Acetone, has a minimum boiling azeotrope for the water -
ethanol mixture. The distillation boundary is presented by a surface with its corners at 
pure acetone, pure methanol and the water - ethanol azeotrope. 
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Table 3.2 

Reference solvents and calibration solutions used for all experimental mixtures 

Binary systems 

Water - Ethanol 

Ethanol - Cyclohexane 

Methanol - Isopropanol 

Water - Isopropanol 

Acetone - Toluene 

Water - Methanol 

Water - Methylacetate 

Reference solvent 
1 vol% n-Propanol 
99 vol% Acetone 

1 vol% n-Propanol 
99 vol% Acetone 

1 vol% n-Propanol 
99 vol% Ethanol 

1 vol% n-Propanol 
99 vol% Ethanol 

1 vol% n-Propanol 
99 vol% Ethanol 

1 vol% n-Propanol 
99 vol% Ethanol 

1 vol% Cyclohexane 
99 vol% Acetone 

Calibration solution 
0.25ml Water and Ethanol 
5ml Acetone 

0.25ml Ethanol and Cyclohexane 
5ml Acetone 

0.25ml Methanol and Isopropanol 
5ml Ethanol 

0.25ml Water and Isopropanol 
5ml Ethanol 

0.25ml Acetone and Toluene 
5ml Ethanol 

0.25ml Water and Methanol 
5ml Ethanol 

0.25ml Water and Methylacetate 
5ml Acetone 

Ternary systems (Homogeneous) 
Reference solvent Calibration solution 

Water - Ethanol - Acetone 

Water - Methanol - Isopropanol 

Water - Ethanol - Methanol 

1 vol% Cyclohexane 
99 vol% n-Propanol 
1 vol% n-Propanol 
99 vol% Ethanol 

1 vol% Cyclohexane 
99 vol% Acetone 

0.25ml Water, Ethanol and 
Acetone, 5ml n-Propanol 

0.25ml Water, Methanol and 
Isopropanol, 5ml Ethanol 

0.25ml Water, Ethanol and 
Methanol, 5ml Acetone 

Ternary systems (Heterogeneous) 

Water - Ethanol -

Water - Acetone 

Water - Ethanol -

Cyclohexane 

- Toluene 

Methylacetate 

Reference solvent 
1 vol% n-Propanol 
99 vol% Acetone 

1 vol% n-Propanol 
99 vol% Ethanol 

1 voI% Cyclohexane 
99 vol% Acetone 

Calibration solution 
0.25ml Water, Ethanol 
Cyclohexane, 5ml Acetone 

0.25ml Water, Acetone 
Toluene, 5ml Ethanol 

0.25ml Water, Ethanol 
Methylacetate, 5ml Acetone 

and 

and 

and 

Quaternary system 

Water - Ethanol - Methanol -
Acetone 

Reference solvent 
1 vol% Cyclohexane 
99 vol% n-Propanol 

Calibration solution 
0.25ml Water, Ethanol, Methanol 
and Acetone, 5ml n-Propanol 
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Table 3.3 
NRTL parameters for binary, ternary and quaternary mixtures at 101.3 kPa (Gmehling & Onken, 
1977). These parameters are used along with G„ = expl-a^Tq) and T,J = B,/T 

Binary systems 
Component i 

Water 

Ethanol 

Methanol 

Water 

Acetone 

Water 

Water 

Component^ 

Ethanol 

Cyclohexane 

Isopropanol 

Isopropanol 

Toluene 

Methanol 

Methylacetate 

Ba / [K] 

624.9174 

440.6134 

65.71121 

729.2208 

-124.774 

594.6299 

796.8165 

B, 1 [K] 

-29.169 

717.6762 

-89.74272 

70.6619 

366.098 

-182.6052 

334.6706 

a, 1 H 
0.2937 

0.46261 

0.304 

0.288 

0.295 

0.297 

0.35 
Ternary systems (Homogeneous) 
Component i 

Water 
Water 
Ethanol 

Water 
Water 
Methanol 

Water 
Water 
Ethanol 

Component j 

Ethanol 
Acetone 
Acetone 

Methanol 
Isopropanol 
Isopropanol 

Ethanol 
Methanol 
Methanol 

flii / [K] 

624.9174 
602.6252 
188.8983 

594.6299 
729.2208 
65.71121 

624.9174 
594.6299 

73.413 

5„ / [K] 
-29.169 

330.4768 
22.83319 

-182.6052 
70.6619 

-89.74272 

-29.169 
-182.605 
-79.1718 

«„ / [-] 
0.2937 
0.5103 
0.3006 

0.297 
0.288 
0.304 

0.2937 
0.297 

0.3029 
Ternary systems 
Component i 

Water 
Water 
Ethanol 

Water 
Water 
Acetone 

Water 
Water 
Ethanol 

(Heterogeneous) 
Component^ 

Ethanol 
Cyclohexane 
Cyclohexane 

Acetone 
Toluene 
Toluene 

Ethanol 
Methylacetate 
Methylacetate 

Ba 1 [K] 
557.4826 

4422.3 
440.6134 

653.885 
2160.78 
-124.774 

624.9174 
796.8165 
198.9705 

B» 1 [K] 
29.08636 
1688.273 
717.6762 

377.577 
2839.37 
366.098 

-29.169 
334.6706 
134.162 

an 1 H 
0.3475 

0.21159 
0.46261 

0.5859 
0.2 

0.295 

0.2937 
0.35 
0.3 

Quaternary system 
Component / 

Water 
Water 
Water 
Ethanol 
Ethanol 
Methanol 

Component^ 

Ethanol 
Methanol 
Acetone 
Methanol 
Acetone 
Acetone 

5^ / [K] 

624.9174 
594.6299 
602.6252 

73.413 
188.8983 
97.78178 

Sji / [K] 

-29.169 
-182.6052 
330.4768 
-79.1718 
22.83319 

107.83 

«a 1 [-] 
0.2937 
0.297 

0.5103 
0.3029 
0.3006 
0.3008 
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Chapter 4 

NEQ model development 

4.1 Homogeneous azeotropic systems 

The development of the NEQ stage model follows the ideas and concepts developed earlier by 
Taylor, Krishna and others and described in earlier publications (Krishna & Wesselingh, 
1997; Wesselingh & Krishna, 2000; Taylor & Krishna, 1993; Krishnamurthy & Taylor, 1985; 
Taylor et al., 1994; Baur et al., 1999). The building blocks of the NEQ model are material 
balances, energy balances, equilibrium relations, and mass and energy transfer models. 
We focus first on the material balances and estimation of mass transfer coefficients. Consider 
first a single stage / pictured in Fig. 4.1. 
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Fig. 4.1. Schematic of the bubble froth regime on a trav 
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All our experiments were carried out in the bubbly froth regime. Visual observations of tray 
operation (photographs are available at our website: http://ct-cr4.chem.uva.nl/distillation) 
showed that the bubbles were roughly of uniform size and shape. In our model development 
we assume that the bubbles rise through the liquid in a plug flow manner. Furthermore, we 
assume that the liquid phase is well-mixed. The steady state component molar balance for n-
component distillation in tray columns is given by the (n-l)-dimensional matrix relation 

dh •Kfo'-yk' (4J) 

where a' is the interfacial area per unit volume of the dispersed bubble phase and Vb is the 
bubble rise velocity. Eq. (4.1) can be re-written in terms of the overall number of transfer 
units for the vapour phase, [NTUoy]: 

where g=h/hfis the dimensional distance along the froth and [NTUoy] is defined as: 
ft, 

\NTUn]=\lK0]a'IVh]dh (4.3) 0\ 

Carrying out the integration, assuming that the .matrix of overall mass transfer coefficients 
[Koy] does not vary along the froth height, we obtain 

[NTU^Kja'h, IVh 4*Ja'*v, (4.4) 

Assuming that the [NTUoy] on a single stage is constant, Eq. (4.2) can be integrated using the 
boundary conditions 

<; = 0 {inlet to tray){y)=(y/+l) 

£ = \ (outlet to tray){y)=\y •) 

to obtain the compositions leaving the distillation stage; detailed derivations are available in 
Taylor & Krishna (1993): 

( / ->>.)=exp[-[;vTt/J(y* -yj+l) (4.6) 

Introducing the matrix [Q] = exp[ -[NTUoy]], we may re-write Eq. (4.6) in the form 

iyj-yjMn-lQl^-yJ, (4-7) 
where [/] is the identity matrix. The limiting case of the EQ stage model is obtained when the 
mass transfer coefficients in either fluid phase attain large values; [Q] reduces in this case to 
the null matrix and the compositions leaving the tray (yi.) are equal to (y*), in equilibrium 
with the liquid leaving the tray. We follow the procedure of Kooijman & Taylor (1995) for 
the implementation of Eq. (4.7) in the stage-to-stage calculation. 
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Chapter 4 NEQ model development 

Estimation of interfacial areas and mass transfer coefficients: 

From Eq. (4.4), we see that [NTUoy] can be calculated from knowledge of [£by], the 
interfacial area per unit volume of vapour a' and the vapour phase residence time r\. 
In our model we assume all the bubbles to be spherical in shape with a diameter d\,. The 
interfacial area per unit volume of vapour a' is therefore given by: 

a. 

The vapour residence time is determined by: 

h, 

Vb 

(4.9) 

where /if is the height of dispersion (froth). The height of the dispersion on the tray is taken 
to be the height of the downcomer tube above the tray floor, i.e. 9.2 mm as seen in Fig. 3.3 
(see Chapter 3). This is a good approximation; any uncertainties in the value of h{ will be 
reflected in the choice of the bubble size. The bubble rise velocity V\, is estimated using the 
Mendelson equation (Mendelson, 1967), recommended by Krishna et al. (1999): 

Pt di, 2 1 j U i i * ^ ' ^ u • ^ = , 1 ^ + ^ . )ur>J»< "' ~ " 

The overall matrix of mass transfer coefficients [Koy] is given by the addition of resistances 
formula: 

KY=kY^KlKY, (4.1D 
in which [Ke(i ] represents the diagonal matrix of K-values and [ky] and [kx] are the partial 
transfer coefficient matrices for the vapour and liquid phases respectively. 

Let us consider the matrix of the multicomponent vapour mass transfer coefficient [A:y]. The 
(n-l)~ elements &y.ij can be estimated from the mass transfer coefficients of the constituent 
binary pairs, Kyjj by making use of the Maxwell-Stefan formulation; the final result for a 
ternary system is: 

*,4J =71S.23(S.13 - * , . u V S 

^v.21 = > ' 2 ^ , ,13 (^v.23 - ^ , . 1 2 ) / 5 > 

k>,21 =Ky,ll Vl Kytf + ( 1 _ y i )Ky,l2 ) / S 

where 

S=}'\ KyJ3 +}'2Kv.r, +y?,Kv.\l (4.13) 
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Or written in a more general form for a n-component system: 

where the elements of the matrix of inverse mass transfer coefficients [Ry] is given by: 

/ = 1,2,...(«-1) (4.15) 

For each of the binary pairs in the mixture, the tcyAj can be estimated from the following 
equation for instationary diffusion within a spherical bubble (Taylor & Krishna, 1993): 

Sh, =-
D, 

Vexp{-«r K1 P°jj] 

X — exp{-/w2^2foiy 

(4.16) 

with ij- every possible binary pair; ...for a ternary: ij = 12, 13,23. 

For Fourier numbers FoH = 4£) vxvld\ larger than about 0.06, the Sherwood number reduces 

to the asymptotic value: 

In1 

Sh, «6.58 

For this steady-state limit, the binary vapour mass transfer coefficients are given by: 

2/ r ByJj 

(4.17) 

(4.18) 

Eq. (4.18) leads to the important conclusion that icyj] would have an unity-power dependence 
on the vapour diffusivity £>rJJ, which is in sharp contrast with the square-root dependence for 
small values of Fo, small vapour phase residence times. 

The matrix of the multicomponent liquid mass transfer coefficient [kx] can be obtained 
analogously to Eqs (4.12) and (4.13) or to Eqs (4.14) and (4.15). The binary liquid mass 
transfer coefficient xj, y can be obtained from the penetration model: 

where the contact time of the liquid with gas bubbles, tc is given by: 

d„ 
t =-

Vu 

(4.19) 

(4.20) 

In the above set of model equations, the only unknown parameter is the bubble diameter db. 
Once the bubble diameter is set, the system of equations can be solved. Substituting Eq. 
(4.11) in Eq. (4.4) gives us the [NTUoy], required for calculation of the [Q] matrix in Eq. 
(4.7). 
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The material balance relations outlined above need to be solved along with the enthalpy 
balance relations, as described in Chapter 14 of Taylor & Krishna (1993). The required heat 
transfer coefficients in the vapour phase are calculated from the heat transfer analog of Eq. 
(4.16) for the vapour phase Nusselt number. Similarly, the liquid phase heat transfer 
coefficient is obtained by the application of the penetration model to the liquid phase, 
analogous to Eq. (4.19). 
The entire set of material and energy balance equations, along with the interphase mass and 
energy transfer rate relations are then incorporated into a rigorous stagc-to-stage model as 
described in Chapter 14 of Taylor & Krishna (1993). This chapter contains more exhaustive 
details of this model including sample calculations for binary and ternary mixtures. 

4.2 Heterogeneous azeotropic systems 

To be able to handle heterogeneous azeotropic systems as well, we extend the NEQ model 
developed earlier (Springer et al., 2002) in order to cater for liquid-liquid phase splitting on 
some or all of the trays. Visual observations of tray operation clearly showed which stages 
were still in the homogeneous region and which stages entered the heterogeneous region. The 
appearance of two liquids on a stage was visually indicated by a "milky" emulsion; consisting 
of a continuous phase (phase Lc) in which a second liquid phase (phase Ld) is dispersed, as 
pictured in Fig. 4.2. 
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Fig. 4.2. Schematic of the bubble froth regime on a tray with two liquid phases 
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Our experimental results with the heterogeneous systems water-ethanol-cyclohexane and 
water-acetone-toluene (to be discussed in chapter 8.2) were conducted in composition regions 
poorer in water, and from consideration of the phase flows we concluded that the continuous 
liquid phase in the trays exhibiting phase splitting (in all experiments for both systems) was 
the "organic" phase and the dispersed phase was the "aqueous" phase. We therefore have to 
reckon with two interphase transfer processes: (1) dispersed aqueous phase (Ld) to continuous 
organic phase (Lc) and (2) continuous organic liquid phase (Lc) to vapour (V); these transfer 
processes are pictured in Fig. 4.3. 
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Fig. 4.3. Schematic showing the four transfer resistances for three phase distillation 
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All our experiments were carried out in the bubbly froth regime. We assume the bubbles to 
be uniform in size and having a diameter db. In this context reference must be made to the 
paper by Mehlhorn et al. (1996) who showed that a two bubble class model would be more 
appropriate; our approach of using an effective bubble diameter must be viewed as a first 
approximation. For the trays on which we have liquid-liquid phase splitting the liquid droplets 
are also assumed to be uniform in size, having a diameter d&. Examination of the liquid-liquid 
emulsion phase under a microscope show that the aqueous phase droplet sizes to have 
diameters in the 10 - 30 urn range. In publications order to quantify the transfer processes, 
pictured in Fig. 4.3, we extend the treatment in earlier by Taylor, Krishna and others (Baur et 
al., 1999; Krishna & Wesselingh, 1997; Krishnamurthy & Taylor, 1985a; 1985b; 1985c; 
Springer et al., 2002; Taylor et al., 1994; Taylor & Krishna, 1993 and Wesselingh & Krishna, 
2000) to three-phase dispersions. There are four transport resistances to reckon with. The 
transfer coefficients inside the rigid bubbles and within the aqueous phase droplets can be 
estimated from taking the corresponding Sherwood numbers to equal 2n~ I 3 by extending the 
ideas of Springer et al. (2002). For estimating the transfer coefficients in the continuous 
organic liquid phase surrounding the droplets, we take a conservative estimate of the Sh = 2. 
The estimation of the transfer coefficients in the continuous liquid phase surrounding the 
bubble follows the penetration model: 

|BU ' 
Kjf*=2J-*- (4.21) 

;rtb 

where the contact time of the continuous liquid phase with gas bubbles, tb is given by: 

t -ÉL (4.22) 
b Vb 

The bubble rise velocity Vb is estimated using the Mendelson equation (Mendelson, 1967), 
recommended by Krishna et al. (1999): 

v j2^_+gdL (4.23) 
b ipUdb 2 

The calculation method of the transfer coefficients xjj for all the four transfer resistances is 
summarized in Fig. 4.3. The transfer coefficients are different for each of the three binary 
pairs 1-2, 1-3, and 2-3 in the ternary mixture. The binary pair KV is obtained by substituting 
the appropriate binary pair M-S diffusivity Dtj, in the fluid phase under consideration, into the 
relations presented in Fig. 4.3. The four transfer coefficient matrices [k ], [k L' ], [k c' ] and 
[kLd] can then be calculated from Eq. (4.12) and Eq. (4.13) by using the appropriate values of 
the bulk fluid phase compositions x\ and binary pair K%. 
The flux entering the vapour bubble can be expressed in terms of an overall matrix of mass 
transfer coefficients 

(N)=c:[K»']{y'-y) (4.24) 

where >"i*is the composition of the vapour in equilibrium with the continuous liquid phase. 
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From the continuity relations for interphase mass transfer, the following expression can be 
derived for the overall transfer coefficient matrix \Kr ]: 

The [K'J' ] and [K',;'1'1] are diagonal K-value matrices with elements 

K:U = i=l,2 (4.26) 
eg 

The K-values defined in Eq. (4.26) are used only for the estimation of the overall mass 
transfer coefficients following Eq. (4.25); for the estimation of the vapour-liquid-liquid 
equilibria, use is made of the rigorous NRTL equations. 

The values of the xjj in the liquid phases for our experimental heterogeneous systems have the 
same order of magnitudes (see Table 8.2; Chapter 8) and therefore the elements of matrices 
[A_Lc'b]"', r̂ Lc.aj-1 ancj r̂ Ld-pi w j j | be 0f (ne s a m e order of magnitude. The contribution of the 
last two resistances on the right member of Eq. (4.25) will be negligible compared to the 
contributions of the first two terms, because the ratios c,vab / ct

Lcaa and ct at, I ct Od have very 
low values for the chosen values of the bubble diameter (2.5 mm) and drop diameter (10 urn) 
for our investigated heterogeneous mixtures (see Table 8.2; Chapter 8). Put another way, the 
two liquid phases can be assumed to be in equilibrium with each other; this is the assumption 
made also by the Eckert & Vanek (2001) in the development of their NEQ model for three 
phase distillation. This also implies that the precise knowledge of the droplet diameter is 
unnecessary. 
The next step in the model development is to integrate the flux expression for interphase 
transfer along the height of dispersion on the tray. This goes analog as described in the earlier 
part above for the homogeneous azeotropic systems; following Eq. (4.1) to Eq. (4.7). 
However, it should be noted that in the estimation of the bubble rise velocity, the properties of 
the continuous organic phase (Lc) are used; as can be seen in Eq. (4.23). Furthermore, the 
[NTU°V] is now given by substituting Eq. (4.25) in Eq. (4.4). the [NTV°V] is required for 
calculation of the [Q] matrix in Eq. (4.7). 
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4.3 Simulation strategies 

Simulations of the total reflux experimental runs were carried out using both the equilibrium 
(EQ) stage model and the rigorous nonequilibrium stage (NEQ) model developed above. The 
operating pressure for all experiments was 101.3 kPa and the ideal gas law was used. Activity 
coefficients were calculated using the NRTL interaction parameters, specified in Table 3.3, 
and the vapour pressures were calculated using the Antoine equations. The vapour phase was 
assumed to be thermodynamically ideal. The column consists of 12 stages, including the total 
condenser (stage 1) and partial reboiler (stage 12). The reflux flow rate (0.006 mol/s) and the 
bottom flow rate (0.0 mol/s) were used for specifying the column-operations. Since the mass 
and heat transfer coefficients are independent on the internal flows, the composition and 
temperature profiles are not dependent on the precise value of the specified reflux flow rate. 

Since the column is operated at total reflux, the reflux flow rate determined the inner flow 
rates of vapour and liquid phases on each stage. Simulation of total reflux operations is 
"complicated" by the fact that there is no feed to the column at steady-state. To overcome 
this problem we specify one of the experimentally determined compositions of the streams 
leaving or entering a stage as input parameter. The simulated composition profile of the total 
reflux run is forced to pass through this specified composition. The "input" compositions are 
indicated by large open circles when the experimental results will be compared with 
simulations for each system/mixture to be investigated; see the figures in question in Chapter 
5, 6, 7 and 8. The entire set of equations system was solved numerically by using the 
Newton's method (Krishnamurthy & Taylor, 1985 and Taylor et al., 1994). The NEQ 
implementation is available in the software program ChemSep, developed by Taylor and 
others (Taylor & Krishna, 1993; Krishnamurthy & Taylor, 1985; Taylor et al., 1994 and Baur 
et al., 1999). Detailed information on ChemSep is available at http://www.chemsep.org and in 
the recent book by Kooijman & Taylor (2001); this book contains details of all 
thermodynamics and mass transfer models for tray columns that have been implemented into 
the software. 
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Chapter 5 Binary azeotropic systems 

Chapter 5 

Binary azeotropic systems 

5.1 Introduction 

Although in general the main focus of this research is based on the influence of mass transfer 
effects on mainly multicomponent azeotropic distillation systems, the first experiments were 
performed with several binary mixtures. Beyond other reasons, choosing to investigate and 
understand the behaviors of the column composition trajectories of binary systems first, is 
based on the way how multicomponent systems are described (see Chapter 4: Mass transfer 
model development) rather sensible. Note that all data for multicomponent systems are 
retrieved from binary data; consider for example the mass transfer coefficients of the binary 
pairs Kjj, the diffusivities Oy, but also the NRTL interaction parameters (tabulated in Table 
3.3). Hence, every n-component system can be dealt with in a more than reasonable manner 
as long as all the binary data are available. 
Concerning the build up of this dissertation, it is also more than logic to commence with the 
binary experimental results and continue later on with the ternary and even quaternary 
experimental findings. 

Since there is only one independent diffusional flux, only one independent composition 
gradient (driving force) and , therefore, only one independent diffusion coefficient and for 
distillation of binary mixtures only one independent Murphree point efficiency, the use of a 
NEQ stage model in which proper account is taken of mass transfer in either fluid phase by 
use of the rigorous Maxwell-Stefan diffusion equations seems to be needless. In principle, an 
EQ stage model will do a perfect job in predicting/matching any column composition 
trajectory for any binary mixture, provided that the stage efficiencies are properly adjusted for 
every single run and system. For the use of a NEQ stage model on the other hand, many 
equipment parameters have to be specified. For example, the column diameter must be known 
and for trayed columns, the tray type, weir height, liquid flow path length and bubbling area 
must be known (for packed columns, the packing type, size and material). Another point is 
that the actual process flow rates are important in nonequilibrium model simulations since 
they influence the mass transfer coefficients as well as the tray hydraulics (think of flooding). 
Thus it is important to ensure that the specified flows and tray (or packing) characteristics are 
consistent with the satisfactory operation of the column. All those specifications may be seen 
as a disadvantage (especially when they are not available), but they also make the simulations 
more equivalent to the real situation. Beyond that, the component stage efficiencies get 
estimated by the NEQ stage model so that no fitting is required by the engineer anymore. 
The main point for investigation and comparison of binary azeotropic experiments with an 
equilibrium model and our developed rigorous nonequilibrium stage model (Chapter 4) lies in 
the following of this dissertation. Especially the NEQ stage model simulations of the binary 
experiments are important concerning the supposedly support of the NEQ stage model 
simulations of our multicomponent azeotropic experiments, later on in Chapter 6, 7 and 8. 
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Chapter 5 Binary azeotropic systems 

Experiments with seven different binary mixtures were carried out in our laboratory scale 
distillation column, see Fig. 3.1 and Fig. 3.2. The complete description of the experimental 
performance is fully described in Chapter 3, along with the reference-components and 
solvents used for every single system, see Table 3.2. 
In total, a set of eight experimental runs were performed with the Water-Ethanol mixture, four 
experiments with the Water-Methanol, Water-Isopropanol and Methanol-Isopropanol 
mixtures, and two experiments with the Water-Cyclohexane, Acetone-Toluene and Water-
Methylacetate systems. 
In the next section, all the binary experiments will be presented and compared with both 
models. In the EQ stage model, the column composition profiles will not be matched by 
fitting the column stage efficiencies, but a general stage efficiency of 100% will be used. 
From the NEQ stage model development, described in Chapter 4, we know that the bubble 
diameter, as one remaining parameter, is needed to specify in order to be able to run the NEQ 
model simulations. Therefore, this bubble size a\ is varied over a range from 2.5 - 5.5 mm. In 
all EQ and NEQ model simulations, the experimental vapour composition leaving the reboiler 
(stage 12) is used as an "input" (starting) composition; the column composition profile is 
forced to pass through this specified composition, see simulation strategy in Chapter 4. One 
exception to this rule is made for the simulations of the experiments with the Acetone-
Toluene mixture; here the "input" composition equals the experimental composition leaving 
stage 6 (Note: the composition leaving the reboiler for this binary system is too close to zero, 
which makes it too sensitive to use as a starting composition). 
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5.2 Comparison of EQ and NEQ simulations with experiments 

5.2.1 Water - Ethanol system 

The first binary experiments were performed with the azeotropic water-ethanol mixture, 
which has a minimum boiling azeotrope. The initial composition for each experiment (to 
place into the reboiler) was chosen such that the minimum boiling azeotrope would be 
reached in the top of the bubble-cap distillation column. Fig. 5.8(a-b) (page 41) shows the 
experimentally measured composition profiles for a set of eight runs. It can be seen that 
indeed the azeotrope was reached for each experiment, and that the reboiler (initial) 
composition was changed slightly for every experiment. Fig. 5.1 shows the EQ model 
simulation for one arbitrary run, using a stage efficiency of 100%. Also in this graph, the 
NEQ stage model simulations results are presented for the same "specific" experimental run, 
using different bubble-sizes {d^) over a range from 2.5-5.5mm in diameter. The best 
agreement with the experimental profile was found by the NEQ stage model using a 4.5-5.0 
mm bubble-diameter, see Fig. 5.1. Note, using a 4.5mm bubble diameter implies that the 
prediction of the column composition by the NEQ model is just located below the 
experimentally measured column compositions. The composition-profile obtained by using a 
5.0mm bubble diameter is situated somewhat above the experimental findings, see Fig. 5.8(a-
b) (page 41). For the remaining seven experiments with the water-ethanol system, similar 
results were observed and therefore the same conclusions can be drawn about using the NEQ 
stage model with a 4.5-5.0mm bubble diameter. 

Water-Ethanol: 

EQ and NEQ model vs experiment 

2 4 6 8 10 

Stage number / [-] 

O Input composition 
leaving reboiler 

Experiment (vapour) 
EQ model (100%) 
NEQ model (2.5mm) 
NEQ model (4.0mm) 
NEQ model (4.5mm) 
NEQ model (5.0mm) 
NEQ model (5.5mm) 

Fig. 5.1. EQ model (100% efficiency) and NEQ model (varying bubble sizes in a range from 
db =2.5-5.5 mm in diameter) simulation results compared with experimental data (open 
circles for vapor samples). The large open circle is the specified composition for the 
simulations; this corresponds to the vapor composition leaving the reboiler (12). 
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5.2.2 Methanol - Isopropanol system 

A set of four experiments were carried out with the binary methanol-isopropanol mixture in 
the laboratory-scale bubble-cap distillation column. The experiments were performed as 
described in Chapter 3; the (reference) solvent used for this system is tabulated in Table 3.2. 
The methanol-isopropanol mixture does not contain an azeotrope, which can be seen in Fig. 
5.8(e) (page 41) and Fig. 5.2; Both graphs show that the column compositions towards the 
condenser of the distillation column go to pure methanol. The EQ model simulation results 
(using 100% efficiency) and the NEQ simulation results (using different bubble sizes in a 
range from 2.5 - 5.5 mm in diameter) are presented in Fig. 5.2 for one specific experiment. In 
all simulations, the measured vapour composition leaving the reboiler was used as "input" 
(start) composition. The experimentally measured profile can be best simulated by the NEQ 
model with a specified bubble diameter of (4.5)-5.0mm. Fig. 5.8(e) (page 41) shows that the 
other three experimental runs are also very well described by the NEQ stage model using a 
bubble size d\, = 5.0mm. 
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Fig. 5.2. EQ model (100% efficiency) and NEQ model (varying bubble sizes in a range from 
dt, = 2.5-5.5 mm in diameter) simulation results compared with experimental data (open 
circles for vapor samples). The large open circle is the specified composition for the 
simulations; this corresponds to the vapor composition leaving the reboiler (12). 

5.2.3 Water - Isopropanol system 

Another set of four experiments were performed in the same experimental set-up with the 
azeotropic mixture water-isopropanol. The azeotrope for this system is situated at a water 
composition of x\ » 0.333, which can be seen in Fig. 5.3; The column composition profile 
ends up in the azeotrope, which is the measured composition in the condenser of the 
distillation column. Fig. 5.3 also presents the EQ (100% efficiency) and NEQ (with varying 
bubble diameters) simulation results for one single experiment. From this graph and from Fig. 
5.8(d) (page 41), it can be concluded that also the water-isopropanol system is very well 
described by the NEQ stage model using a bubble size t/D = 5.0mm. 

38 



Chapter 5 Binary azeotropic systems 

Water-lsopropanol: 

EQ and NEQ model vs experiment 
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Fig. 5.3. EQ model (100% efficiency) and NEQ model (varying bubble sizes in a range from 
db — 2.5 — 5.5 mm in diameter) simulation results compared with experimental data (open 
circles for vapor samples). The large open circle is the specified composition for the 
simulations; this corresponds to the vapor composition leaving the reboiler (12). 

5.2.4 Water - Methanol system 

The next experiments were carried out with the binary mixture water-methanol, which does 
not contain an azeotrope. Fig. 5.4 and Fig. 5.8(c) (page 41) show that the column composition 
profiles end up with condenser compositions of pure methanol. For one arbitrary experimental 
run, the EQ model simulation result (with 100% efficiency) and several NEQ model 
simulation results, using different bubble diameters, are plotted in Fig. 5.4 along with the 
measured vapour composition profile. Based on these results, it can be concluded that the 
experimental composition profiles, also for this binary system, are well predictable by the 
NEQ stage model using a bubble diameter of 5.0mm. For another three experiments, this can 
be seen as well in Fig. 5.8(c) (page 41). 

Water-Methanol: 
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Fig. 5.4. EQ model (100% efficiency) and NEQ model (varying bubble sizes in a range from 
dt, = 2.5 - 5.5 mm in diameter) simulation results compared with experimental data (open 
circles for vapor samples). The large open circle is the specified composition for the 
simulations; this corresponds to the vapor composition leaving the reboiler (12). 
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5.2.5 Water - Methylacetate system 

The azeotropic binary mixture water-methylacetate has one azeotrope, which is located at a 
low water composition around x\ = 0.08. Two experiments with also low water concentrations 
were carried out in our experimental set-up (see Fig. 3.1 and Fig. 3.2). The measured vapour 
composition trajectories are plotted in Fig. 5.8(f) (page 41) along with the simulation results 
using the NEQ stage model with a bubble diameter of 4.5 and 5.0mm. The experiments are 
once again best simulated with the NEQ model using these bubble-sizes. This can be 
contemplated in Fig. 5.5, where the composition profile predictions are presented, calculated 
by an EQ stage model using 100% efficiency and by our developed rigorous NEQ stage 
model using several bubble diameters in a range from 2.5 - 5.5mm. 
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Fig. 5.5. EQ model (100% efficiency) and NEQ model (varying bubble sizes in a range from 
dh = 2.5 - 5.5 mm in diameter) simulation results compared with experimental data (open 
circles for vapor samples). The large open circle is the specified composition for the 
simulations; this corresponds to the vapor composition leaving the reboiler (12). 

5.2.6 Ethanol - Cyclohexane system 

The subsequent experiments were carried out with the binary azeotropic mixture Ethanol-
Cyclohexane. This system has one azeotrope located at a Ethanol concentration oïx\ » 0.45. 
When moving up the column towards the condenser, the measured column composition 
profiles are approaching this azeotrope. see Fig. 5.6 and Fig. 5.9(a) (page 42). The 
experimental findings are simulated again with the EQ stage model (100% efficiency) and the 
NEQ stage model (varying bubble diameters) according to the same procedure as for the 
preceding experiments. 
For one of the two experiments, these simulation results are plotted in Fig. 5.6. In great 
contradiction with the foregoing binary systems, this azeotropic mixture is not very well 
described by the NEQ stage model when a larger bubble diameter is used as an input 
specification. For smaller bubble diameters on the other hand, the NEQ stage model does a 
more than reasonable job in predicting the experimental vapour compositions, see Fig. 5.6. 
Also the other experimental run for this binary mixture gets very well described by the NEQ 
stage model when a bubble size of dt, = 2.5 mm in diameter is used, see Fig 5.9(a) (page 42). 
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Ethanol-Cyclohexane: 

EQ and NEQ model vs experiment 
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Fig. 5.6. EQ model (100% efficiency) and NEQ model (varying bubble sizes in a range from 
<4 = 2.5 - 5.5 mm in diameter) simulation results compared with experimental data (open 
circles for vapor samples). The large open circle is the specified composition for the 
simulations; this corresponds to the vapor composition leaving the reboiler (12). 

5.2.7 Acetone - Toluene system 

The last investigated system of the binaries is the acetone - toluene mixture. This system does 
not contain an azeotrope. Only two experiments were preformed in the laboratory-scale 
bubble-cap distillation column. Both measured vapour composition profiles are presented in 
Fig 5.9(b) (page 42). For one of the two runs, the simulation results for the EQ stage model 
(using 100% stage efficiency) and the NEQ stage model (using different bubble diameters in a 
range from 2.5 - 5.5 mm) are plotted along with the experimental vapour compositions in Fig. 
5.7. 
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Fig. 5.7. EQ model (100% efficiency) and NEQ model (varying bubble sizes in a range from 
db = 2.5 - 5.5 mm in diameter) simulation results compared with experimental data (open 
circles for vapor samples). The large open circle is the specified composition for the 
simulations; this corresponds to the vapor composition leaving stage 6. 
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Note: as opposed to the simulation strategy used for the foregoing six binaries, the "feed 
locations", or better formulated, the input compositions used for the (EQ and NEQ) 
simulations with the acetone - toluene mixture are equal to the measured vapour compositions 
leaving stage 6; denoted by the large open circle in Fig. 5.7. 
Just like the ethanol - cyclohexane mixture, the experimental composition profiles are best 
simulated with the NEQ stage model when a 2.5mm bubble diameter is used as input 
parameter (Fig. 5.7). The predicted column composition trajectories are in excellent 
agreement with the experiments (Fig. 5.9(b) (page 42)), only when this smaller bubble-size db 

is specified into the NEQ model simulations. 
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O Experimental data 1 

D Experimental data 2 

A Experimental data 3 
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Fig. 5.8. Experimental results showing the vapor column composition trajectories for five 
different binary systems. Also shown are the simulation results showing the trajectories 
calculated by the NEQ stage model. For each binary, the experimental vapor composition 
leaving the reboiler is specified in the simulations. In the NEQ model simulations, a bubble 
size db- 4.5 mm (solid line) and 5.0 mm (dotted line) were chosen. 
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O Experimental data 1 
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Fig. 5.9. Experimental results (open circles and squares for vapor samples) showing the 
column composition trajectories for the (a) Ethanol (I) - Cyc/ohexane (2) and (b) Acetone 
(I) - Toluene (2) binary mixtures. Also shown are the simulation results showing the 
trajectories calculated by the nonequilibrium (NEQ) stage model. In the NEQ model 
simulations, a bubble size db = 2.5 mm (solid line) was chosen. 

General note: All vapour-liquid equilibrium (VLE) data used for all the simulations with the 
various systems are tabulated in Table 3.3, Chapter 3. 

5.3 Summary 

In principle it should be possible to simulate and obtain reasonable fits for all kinds of binary 
mixture composition profiles, as long as the engineer is willing to fulfil long and meticulous 
adjustments of the column stage efficiencies. Unfortunately, the 'correct' stage efficiency for 
one single system cannot be established with 100% certainty, such that it is absolutely 
accurate for every single run with that binary system. When several experiments are 
performed with one and the same binary mixture and simulated with an EQ stage model, than 
the required adjusted stage efficiencies for all experiments will (slightly) deviate from each 
other in order to imitate all experimental finding precisely. Yet, the use and performance of an 
EQ stage model were of less importance in this chapter. The main objective here was the use 
and capability of our rigorous NEQ stage model, developed in the preceding Chapter 4. 

Several experiments in our laboratory scale bubble-cap distillation column (Fig. 3.1 and Fig. 
3.2) were performed with various binary (azeotropic) mixtures according to the experimental 
instruction written down in Chapter 3. All of these experiments were extensively investigated 
and reproduced by making use of the NEQ stage model in which the bubble diameter dy, plays 
an important key role as input specification for the simulations. 
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The first remark to be made with regard to the presented results in this chapter is that for one 
and the same binary mixture, all experiments can be simulated with the NEQ stage model 
using (as well) one and the same specific bubble-diameter. Doing so, the NEQ model predicts 
column composition trajectories, which are all in excellent agreement with the experiments. 
This to be acquainted with makes it easier for the engineer to make more simulations with the 
(<ib-known) binary mixtures. 
From the graphs in Fig 5.1 upto and including Fig. 5.5 and Fig. 5.8(a-f), we may conclude 
that the binary mixtures Water - Ethanol, Methanol- Isopropanol, Water - Isopropanol, Water 
- Methanol and Water - Methylacetate are best simulated with the NEQ stage model using a 
bubble size dy, of 4.5 - 5.0 mm in diameter. All experiments with the binary mixtures Ethanol -
Cyclohexane and Acetone - Toluene are very well described by the NEQ stage model when a 
bubble diameter of 2.5 mm is used, see Fig 5.6, Fig 5.7 and Fig 5.9(a-b). The attached 
significance to these values of bubble diameters for the various binary systems may not seem 
to be relevant and interesting at first, but they turned out to become very supporting and 
grounding for following experiments with several ternary and quaternary systems, see 
Chapter 6, 7 and 8 in this dissertation. In order to remind, also the data for multicomponent 
systems, like the earlier mentioned NRTL interaction parameters, the diffusivities for binary 
pairs and mass transfer coefficients, are retrieved from the binary data as well. 
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Chapter 6 

Ternary homogeneous azeotropic systems 

6.1 Introduction 

There is considerable industrial interest in the design and optimization of homogeneous and 
heterogeneous azeotropic distillation. This interest stems from the large number of industrial 
columns in operation and the potential of developing improved separation schemes so as to 
minimize energy consumption. Residue curve maps are commonly used in developing 
separation flow schemes (Stichlmair & Fair, 1998; Doherty & Malone, 2001 and Widagdo & 
Seider, 1996). The residue curve map is usually divided into separate regions by simple 
distillation region boundaries that act as impassable barriers to the residue curves in each of 
the regions. The existence, location and curvature of distillation boundaries are very important 
in the synthesis of distillation column sequences (Stichlmair & Fair, 1998; Doherty & 
Malone, 2001; Widagdo & Seider, 1996; Li et al., 1999; Knapp & Doherty, 1992; Foucher & 
Doherty, 1991; Knapp & Doherty, 1990; Pham & Doherty, 1990; Julka & Doherty, 1990; 
Barbosa & Doherty, 1988; Fidkowski et al., 1993; Levy et al., 1985; Wahnschafft et al, 1994; 
Wahnschafft et al., 1992; Doherty & Caldarola, 1985; Van Dongen & Doherty, 1985; 
Pelkonen et al., 1997; Castillo et al, 1998 and Rev, 1992). 

Levy et al. (1985) have put forward the following two "rules" in continuous azeotropic 
distillations: 
(1) If the simple distillation boundary is perfectly linear, then the steady-state composition 

profile in a continuous distillation column cannot cross the boundary from either side. 
(2) If the simple distillation boundary is curved, then the steady-state composition profile in a 

continuous distillation column cannot cross the boundary from the concave side but may 
cross the boundary from the convex side when moving from the product compositions 
inward. 

Consider, for example, the system methanol - isopropanol - water; the residue curve map for 
this system, calculated using the NRTL parameters taken from the literature (Gmehling & 
Onken, 1977) and specified in Table 6.1 (also Table 3.3) is shown in Fig. 6.1(a). A straight-
line distillation boundary connects the binary isopropanol-water azeotrope with pure methanol 
and divides the composition space into two regions. According to Rule (1), the column 
composition trajectories cannot cross this straight line distillation boundary, whichever side 
the feed is located. For either of the two feed locations, Fl and F2 in Fig. 6.1(a), boundary 
crossing is therefore forbidden. 

For the system acetone - chloroform - methanol we have three binary and one ternary 
azeotrope dividing the composition space into four regions by means of four distillation 
boundaries, that are all curved; see the residue curve map shown in Fig. 6.1(b) calculated 
using the NRTL parameters listed in Table 6.1. According to Rule (2), the column trajectory 
obtained for operation with the feed located on the concave side of a boundary, with say 
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Fig. 6.1(a). Residue curve map for the Methanol (1) - Isopropanol (2) - Water (3) system, 
showing a straight-line distillation houndaiy and feed locations Fl and F2 on either side of 
the distillation boundary, (b) Residue curve map for the Acetone fl) - Chlororform (2) -
Methanol (3) system, showing feed locations Fl and F2 on the concave and convex side of 
the highlighted distillation boundary respectively. 

composition indicated by Fl is able to cross that boundary. This has been demonstrated 
experimentally by Li et al. (1999). Conversely, if the feed is located on the convex side, with 
say composition indicated by F2 the boundary cannot be crossed (Levy et al., 1985). 

Most of the published literature simulation studies on the possibilities of crossing of 
distillation boundaries use the equilibrium (EQ) stage model. There is evidence in the 
published literature that experimentally measured composition profiles in distillation columns 
are better simulated with nonequilibrium (NEQ) stage models, in which proper account is 
taken of mass transfer in either fluid phase by use of the rigorous Maxwell-Stefan diffusion 
equations, rather than with simpler models that assume equal component efficiencies 
(Wesselingh & Krishna, 2000; Krishnamurthy & Taylor, 1985; Taylor et a l , 1994; Taylor & 
Krishna, 1993; Krishna & Wesselingh, 1997; Baur et al., 1999; Springer & Krishna, 2001; 
Pelkonen et al., 1997; Pelkonen et al., 2001 and Springer et al., 2002). Pelkonen et al. (1997) 
performed total reflux experiments with the system methanol- 2-propanol -water in a packed 
distillation column and showed that if the composition at the top of the column is located on 
the distillation boundary (i.e. the line connecting pure methanol with the methanol-
isopropanol binary azeotrope) the experimentally measured composition profiles end up with 
a reboiler composition that is rich in water. The measured composition trajectories can be 
simulated very well using a nonequilibrium (NEQ) stage model incorporating the Maxwell-
Stefan diffusion equations. On the other hand, an equilibrium (EQ) stage model (i.e. a model 
in which the component efficiencies are each taken to 100%) predicts that the reboiler 
compositions corresponds to pure isopropanol. The simulation results of Baur et al. (1999) 
show that the differences in the component efficiencies cause the deviation in the NEQ and 
EQ column trajectories. Pelkonen et al. (1997 and 2001) also performed similar experiments 
with the quaternary system acetone-methanol-isopropanol-water, with the composition near 
the top of the column chosen to lie on the distillation boundary and obtained the same 
dramatic differences between the predictions of the NEQ and EQ models. The NEQ model 
predictions were in accord with the experiments. 
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The experimental results of Pelkonen et al. (1997) raise the question whether the observed 
dramatic differences between NEQ and EQ model predictions are also obtained when the 
starting compositions are not located precisely on the distillation boundary but on either side 
of it. 

The major objective of this chapter is to demonstrate that differences in the component 
efficiencies in ternary homogeneous azeotropic distillation can cause column trajectories to 
cross slightly curved distillation boundaries and even straight-line distillation boundaries, 
provided that the "starting" compositions are located within a finite region of compositions on 
one side of the distillation boundary. Furthermore, it will be shown that such boundary 
crossing phenomena can be predicted by the NEQ model, but not by EQ stage models that 
assume equal component efficiencies since the EQ distillation trajectories must necessarily 
follow the residue curve lines for total reflux operations (Stichlmair & Fair, 1999). 
To verify the above stated, several experiments were performed with three different 
'homogeneous' ternary azeotropic mixtures; Water-Ethanol-Acetone, Water-Ethanol-
Methanol and Water-Ethanol-Methylacetate. The residue curve maps for these three systems, 
calculated with NRTL parameters listed in Table 6.1, are shown in Fig. 6.2(a-e). 

Table 6.1 
NRTL parameters for ternary mixtures at 101.3 kPa (Gmehling & Onken, 1977). 
These parameters are used along with G„ = expt-a^T^) and TH - Bq/T 

Ternary systems 
Component /' 

Water 
Water 
Methanol 

Acetone 
Acetone 
Chloroform 

Water 
Water 
Ethanol 

Water 
Water 
Ethanol 

Water 
Water 
Ethanol 

Water 
Water 
Methanol 

Component^ 

Methanol 
Isopropanol 
Isopropanol 

Chloroform 
Methanol 
Methanol 

Ethanol 
Acetone 
Acetone 

Ethanol 
Methanol 
Methanol 

Ethanol 
Methylacetate 
Methylacetate 

Methanol 
Methylacetate 
Methylacetate 

fiy / [K] 

594.6299 
729.2208 
65.71121 

-327.6945 
59.42076 
-53.0728 

624.9174 
602.6252 
188.8983 

624.9174 
594.6299 

73.413 

624.9174 
796.8165 
198.9705 

594.629 
860.2462 
229.9405 

B» 1 [K] 
-182.6052 

70.6619 
-89.74272 

151.8924 
149.0765 
671.975 

-29.169 
330.4768 
22.83319 

-29.169 
-182.605 
-79.1718 

-29.169 
334.6706 
134.162 

-182.605 
442.4 

284.8969 

a& / H 
0.297 
0.288 
0.304 

0.3054 
0.3003 
0.2873 

0.2937 
0.5103 
0.3006 

0.2937 
0.297 

0.3029 

0.2937 
0.35 
0.3 

0.297 
0.383 
1.0293 
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Fig. 6.2(a). Residue curve map for the Water (I) - Ethanol (2) - Acetone (3) system, 
showing a straight-line distillation boundary and a binary minimum boiling azeotrope 
between water and ethanol, (b) Zoomed-in version of Fig. 6.2(a). (c) Residue curve map for 
the Water (I) - Ethanol (2) - Methanol (3) system, showing a curved distillation boundary 
and a binary minimum boiling azeotrope between water and ethanol, (d) Zoomed-in version 
of Fig. 6.2(c). (e) Residue curve map for the Water (I) - Ethanol (2) - Methylacetate (3) 
system, showing a curved distillation boundary and two binary azeotropes between water -
ethanol and water - methylacetate. (f) Zoomed-in version of Fig. 6.2(e). 

The first system (Fig. 6.2(a-b)) shows a binary minimum boiling azeotrope between water and 
ethanol; an almost straight distillation boundary connects the azeotrope with pure acetone. 
The second system (Fig. 6.2(c-d)) shows a binary minimum boiling azeotrope between water 
and ethanol; a slightly curved distillation boundary connects the azeotrope with pure 
methanol. The third system (Fig. 6.2(e-f)) shows two binary azeotropes between the water-
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ethanol and water-methylacetate mixtures; a slightly (more towards the water-methylacetate 
azeotrope) curved distillation boundary connects the two azeotropes. For high water 
compositions there is a small region of partial miscibility. However, our experimental work 
was restricted to water mole fraction below 0.2 and thus was within the province of the 
homogeneous region in all cases. Therefore, this system is categorized in this Chapter for 
homogenous systems and not in chapter 8 in which heterogeneous azeotropic systems will be 
discussed. 

6.2 Water (1) - Ethanol (2) - Acetone (3) 

The experiments were carried out in the laboratory-scale distillation column supplied by 
Schott Nederland B.V. analog to the way in which the experiments for the binaries were 
carried out. The complete description of the experimental procedure and experimental set-up 
is described in detail in Chapter 3. 
Further down in this chapter, the experiments for the water-ethanol-acetone system will be 
compared with simulation results obtained by using an EQ stage model and a rigorous NEQ 
stage model. The NEQ stage model development related to our experimental set-up and 
operation conditions is also described in an earlier stage in Chapter 4. 
As can be read in the "simulation strategy" in Chapter 4, one specific vapour (or liquid) 
composition from the experimentally obtained composition profile, is needed as an input 
(starting) composition for the simulation runs. For the water-ethanol-acetone system, this 
starting composition is chosen to be equal to the vapor composition leaving stage 2 and thus 
entering the condenser (indicated by a large open circle in all plots). 

6.2.1 Experimental results for the Water-Ethanol-Acetone system 

The experimentally determined composition trajectories for a set of 9 experiments are shown 
in Fig. 6.3 (next page), along with the residue curve map. At total reflux the composition of 
the vapor leaving any given stage equals the composition of the liquid arriving at that stage 
from above. Therefore, the 8 vapor and 4 liquid composition samples can be combined when 
plotting the composition trajectories. In Fig. 6.3 the vapor samples are denoted by open 
circles and the liquid samples by open squares. In experiments T2-03, T2-06 and T2-10 the 
column trajectories were all located on the left side of the distillation boundary (indicated by 
the thick line). All the remaining 6 experiments clearly exhibit boundary crossing phenomena. 
We also note that the experimental data points cut across the residue curves to the right at a 
sharp angle. In all the experiments, excepting T2-18, there was no acetone present in the 
reboiler liquid. In the experiment T2-18, the acetone content in the initial charge to the 
system was high and this resulted in a finite acetone content in the reboiler. 

Clearly, boundary crossing phenomena is not in conformity with the assumption of 
thermodynamic phase equilibrium, which underlies the residue curve maps; this is evidenced 
by the fact that the experimental trajectories do not follow the residue curve map. In order to 
understand, and rationalize, the boundary crossing phenomena we developed a rigorous 
nonequilibrium (NEQ) stage model, see Chapter 4. In the next section, this advanced NEQ 
stage model and a standard EQ model will be compared with each other and used for the 
simulation of our experiments with the Water-Ethanol-Acetone system. 
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Fig. 6.3. Experimental results (open circles for vapor and open squares for liquid samples) 
showing the column composition trajectories for the Water (1) - Ethanol (2) - Acetone (3) 
system. Also shown are the simulation results showing the trajectories calculated by the 
equilibrium (EQ) stage model and the nonequilihrium (NEQ) stage model, along with the 
residue curve map. The large open circles represent the experimental composition specified 
in the simulations. In the NEQ model simulations, a bubble size a\, =4.5 mm was chosen. 
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6.2.2 Comparison ofEQ and NEQ simulations with experiments 

All experiments were simulated with the EQ stage model and the rigorous NEQ stage model. 
Let us consider one of the experiments (T2-26) in some detail. Fig. 6.4(a) compares the EQ 
model with the experimental results. The large open circle represents the vapor composition 
leaving stage 2 and entering the condenser; this is specified in the simulations. We note that 
while the experimental points cross the distillation boundary, the EQ column trajectory does 
not and remains on the left side of this boundary. The EQ trajectory closely follows the 
residue curve map, shown in Fig. 6.2(a-b). A further point to note is that while the 
experimental results show that proceeding down the column (in the direction of the reboiler) 
the compositions get richer in water, the EQ simulations predict that these trays get 
progressively richer in ethanol. The NEQ model simulations require specification of the 
bubble diameter, see Chapter 4. For a range of bubble diameters 3 - 5.5 mm, the NEQ 
trajectories have been plotted in Fig. 6.4(b). For <4 = 3 mm, the NEQ trajectory remains to 
the left of the distillation boundary and does not cross it. Decreasing the bubble diameter has 
the effect of increasing the mass transfer coefficient (see Eq. (4.18) and Eq. (4.19)) and makes 
the NEQ model tend towards the EQ model. To match the EQ trajectory, the bubble size has 
to be 1.5 mm, or smaller. Conversely, increasing the bubble diameter, decreases the mass 
transfer coefficient and the NEQ trajectories move away from the EQ trajectory. For db = 4.5, 
5 and 5.5 mm, all three NEQ trajectories cross the distillation boundary. The best agreement 
with the experiments is obtained with d^ = 4.5 mm. 

(a) EQ model vs Experiments (b) NEQ model vs Experiments 

•o 

Distillation boundary 
EQ Model 
Expt. data (Vap) 
Expt. data (Liq) 
Vapour composition 
entering condenser 

DO 
Distillation boundary 
NEQ Model (3mm) 
NEQ Model (4.5mm) 
NEQ Model (5mm) 
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Expt. data (Liq) 
Vapour composition 
entering condenser 
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Fig. 6.4. Simulation results compared with the experimental data (open circles for vapor and 
open squares for liquid samples) for run T2-26 (Water-ethanol-acetone system), (a) Here the 
EQ model is compared with experimental results, (b) The NEQ model, for varying bubble 
diameters, is compared with experimental results. The large open circle is the specified 
composition for the simulations; this corresponds to the vapor composition leaving stage 2 
and thus entering the condenser. 

Let us consider the experimental run T2-18, for which the simulations were carried out by 
specifying the vapor compositions leaving the reboiler; see Fig. 6.5. We see from Fig. 6.5(a) 
that the EQ model does not cross the boundary and remains to the right side of it (Note: we 
now start of from the right side of the boundary since we specify the vapor compositions 
leaving the reboiler). Simulations for the NEQ model with varying bubble diameters are 
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Fig. 6.5. Simulation results compared with the experimental data (open circles for vapor and 
open squares for liquid samples) for run T2-18 (Water-ethanol-acetone system), (a) Here the 
EQ model is compared with experimental results, (b) The NEQ model, for varying bubble 
diameters, is compared with experimental results. The large open circle is the specified 
composition for the simulations; this corresponds to the vapor composition leaving the 
rehoiler (12). 

shown in Fig. 6.5(b). As in the case of T2-26, for d\, = 3 mm, the NEQ trajectory remains to 
the right of the distillation boundary and does not cross it. For ck = 4.5, 5 and 5 mm, all three 
NEQ trajectories cross the boundary. The best agreement with the experiments is again 
obtained with d\, = 4.5 mm. 

The simulation results for the EQ and NEQ model, with dj, = 4.5 mm, for all the experimental 
runs are shown in Fig. 6.3, along with the experimental results. 
Consider the runs T2-03, T2-06 and T2-10. For all these runs no boundary crossing is 
observed experimentally; see Fig. 6.3(a-c). Both EQ and NEQ models do not anticipate 
boundary crossing. The EQ model follows the trajectory dictated by the residue curve map, 
whereas the NEQ model has a tendency to cut across to the right of the residue curve. The 
predictions of the NEQ model are superior to that of the EQ model and in much better 
agreement with the experimentally measured composition trajectories. This tendency of the 
experiments to cut across to the right of the residue curves is strongly evident for run T2-10; 
here the NEQ model does a very good job of predicting the column trajectory. 

Consider the runs T2-14, T2-18, T2-26, T2-27, T2-28, and T2-29 in Fig. 6.3(d-i). For all 
these runs we experience boundary crossing and the NEQ model successfully anticipates this 
phenomenon. In all the cases the EQ model fails to cross the boundary and the EQ trajectory 
remains on one side of the boundary. For all these runs the experimental results show that 
proceeding down the column (in the direction of the reboiler) the compositions get richer in 
water. The EQ simulations starting from the top tray (stage 2) predict that these trays get 
progressively richer in ethanol; this is qualitatively different to the experimental observations. 
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6.3 Water (1) - Ethanol (2) - Methanol (3) 

The experiments for the homogeneous azeotropic mixture water-ethanol-methanol were 
carried out in the laboratory scale distillation column supplied by Schott Nederland B.V. 
according to the experimental set-up and procedure as described in Chapter 3. For the 
simulations, the NEQ stage model as described in Chapter 4 and an EQ stage model were 
used. The specified "input" composition for the simulations was chosen to be equal to the 
vapour composition leaving stage 4 from the experimentally obtained composition profiles 
(indicated by the large open circle in each plot). 

6.3.1 Experimental results for Water-Ethanol-Methanol system 

The experimentally determined composition trajectories for a set of 9 experiments are shown 
in Fig. 6.6 (next page), along with the residue curve map. Also here holds that at total reflux 
the composition of the vapor leaving any given stage equals the composition of the liquid 
arriving at that stage from above and thus the 9 vapor and 4 liquid composition samples are 
plotted in one single plot. In Fig. 6.6 the vapor samples are denoted by open circles and the 
liquid samples by open squares. In experiments T4-01, T4-06, T4-08 and T4-11 the column 
trajectories were all located on the left side of the distillation boundary (indicated by the thick 
line). All the remaining five experiments clearly exhibit boundary crossing phenomena. 

6.3.2 Comparison ofEQ and NEQ simulations with experiments 

All experiments for the water-ethanol-methanol system were simulated with the EQ stage 
model and the rigorous NEQ stage model as well. Let us consider one of the experiments 
(T4-13) in some detail. Fig. 6.7(a) compares the EQ model with the experimental results. 
The large open circle represents the vapor composition leaving stage 4; this is specified in the 
simulations. We note that while the experimental points cross the distillation boundary, the 
EQ column trajectory does not and remains on the left side of the boundary. The EQ 
trajectory closely follows the residue curve map, shown in Fig. 6.2(c-d). Also for this system, 
a point to note is that while the experimental results show that proceeding down the column 
(in the direction of the reboiler) the compositions get richer in water, the EQ simulations 
predict that these trays get progressively richer in ethanol. The NEQ model simulations 
require specification of the bubble diameter. For a range of bubble diameters 3 - 5.5 mm, the 
NEQ trajectories have been plotted in Fig. 6.7(b). Only for dy, = 4.5, 5 and 5.5 mm, all NEQ 
trajectories cross the boundary. The best agreement with the experiments is obtained with ck 
= 5.0 mm. 
The simulation results for the EQ and NEQ model, with d\, = 5.0 mm, for all the experimental 
runs are shown in Fig. 6.6, along with the experimental results. 
Consider the runs T4-01, T4-06, T4-08 and T4-11. For all these runs no boundary crossing is 
observed experimentally; see Fig. 6.6(a-d). Both EQ and NEQ models do not anticipate 
boundary crossing. The EQ model follows the trajectory dictated by the residue curve map. 
whereas the NEQ model has a tendency to cut across to the right of the residue curve. The 
predictions of the NEQ model are superior to that of the EQ model and in much better 
agreement with the experimentally measured composition trajectories. This tendency of the 
experiments to cut across to the right of the residue curves is strongly evident for run T4-01, 
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Fig. 6.6. Experimental results (open circles for vapor and open squares for liquid samples) 
showing the column composition trajectories for the Water (I) - Ethanol (2) - Methanol (3) 
system. Also shown are the simulation results showing the trajectories calculated by the 
equilibrium (EQ) stage model and the nonequilibrium (NEQ) stage model, along with the 
residue curve map. The large open circles represent the experimental composition specified 
in the simulations. In the NEQ model simulations, a bubble size db =5.0 mm was chosen. 
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T4-06 and T4-08; here the NEQ model does a very good job of predicting the column 
trajectory. 
Consider the runs T4-13, T4-17, T4-22, T4-23 and T4-24 in Fig. 6.6(e-i). For all these runs 
we experience boundary crossing and the NEQ model successfully anticipates this 
phenomenon. In all the cases the EQ model fails to cross the boundary and the EQ trajectory 
remains on one side of the boundary. For all these runs the experimental results show that 
proceeding down the column (in the direction of the reboiler) the compositions get richer in 
water. The EQ simulations predict that these trays get progressively richer in ethanol; this is 
qualitatively different to the experimental observations. 

(a) EQ model vs Experiments 
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(b) NEQ model vs Experiments 
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Fig. 6.7. Simulation results compared with the experimental data (open circles for vapor and 
open squares for liquid samples) for run T4-13 (Water-ethanol-methanol system), (a) Here 
the EQ model is compared with experimental results, (b) The NEQ model, for varying 
bubble diameters, is compared with experimental results. The large open circle is the 
specified composition for the simulations; this corresponds to the vapor composition leaving 
stage 4. 
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6.4 Water (1) - Ethanol (2) - Methylacetate (3) 

The experiments for the heterogeneous azeotropic mixture water-ethanol-methylacetate were 
carried out in the laboratory scale distillation column supplied by Schott Nederland B.V. as 
well. The complete description of the experimental set-up and procedure is written down in 
Chapter 3. For the simulations, the NEQ stage model as described in Chapter 4 and an EQ 
stage model were used. The specified "input" composition for the simulations was chosen to 
be equal to the experimental vapour composition leaving stage 4 again (indicated by the large 
open circle in each plot). 
As mentioned in the introduction of this chapter, the system water-ethanol-methylacetate 
shows a small region of partial miscibility for high water compositions. Since our 
experimental work was restricted to water mole fraction below 0.2 and thus within the 
province of the homogeneous region in all cases, this system is categorized in this chapter and 
not in Chapter 8 that will deal with other heterogeneous azeotropic systems. 

6.4.1 Experimental results for the Water-Ethanol-Methylacetate system 

The experimentally determined composition trajectories for a set of 9 experiments are shown 
in Fig. 6.8 (next page), along with the residue curve map. Again, the 8 vapour and 4 liquid 
composition samples are combined within the plot of the composition trajectories, since for 
total reflux operation at steady state, the composition of the vapour leaving any given stage 
equals the composition of the liquid arriving at that stage from above. 
In Fig. 6.8 the vapour samples are denoted by open circles and the liquid samples by open 
squares. The large open circles in Fig. 6.8 represent the input compositions in the simulations. 
In experiments T3-03, T3-04, T3-10 and T3-11 the column trajectories were all located on the 
left side of the distillation boundary (indicated by the thick line). All the remaining 5 
experiments clearly exhibit boundary crossing phenomena. We also note that the experimental 
data points cut across the residue curves to the right at a sharp angle. In all the experiments 
there was practically no methylacetate present in the reboiler liquid. 
Also based on the experiments with the Water-Ethanol-Methylacetate system, it can be 
concluded that boundary crossing phenomena is not in conformity with the assumption of 
thermodynamic phase equilibrium, which underlies the residue curve maps (Stichlmair & 
Fair, 1998); this is evidenced by the fact that the experimental trajectories for the Water-
Ethanol-Methylacetate system do not follow the residue curve map. 
In the next section, the NEQ stage model (developed in Chapter 4), a standard EQ model and 
our experiments with the Water-Ethanol-Methylacetate system will be compared with each 
other and discussed. 

6.4.2 Comparison ofEQ and NEQ simulations with experiments 

All experiments were simulated with the EQ stage model and the rigorous NEQ stage model. 
Let us consider one of the experiments (T3-23) in some detail again. Fig. 6.9(a) compares the 
EQ model with the experimental results. The large open circle represents the vapour 
composition leaving stage 4; this is specified in the simulations. We note that while the 
experimental points cross the distillation boundary, the EQ column trajectory does not and 
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Fig. 6.8. Experimental results (open circles for vapor and open squares for liquid samples) 
showing the column composition trajectories for the Water (1) - Ethanol (2) - Methylacetate 
(3) system. Also shown are the simulation results showing the trajectories calculated by the 
equilibrium (EQ) stage model and the nonequilibrium (NEQ) stage model, along with the 
residue curve map. The large open circles represent the experimental composition specified 
in the simulations. In the NEQ model simulations, a bubble size d^ =5.0 mm was chosen. 
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remains on the left side of the boundary. The EQ trajectory closely follows the residue curve 
map, shown in Fig. 6.2(e-f)- A further point to note is that while the experimental results show 
that proceeding down the column (in the direction of the reboiler) the compositions get richer 
in water, the EQ simulations predict that these trays get progressively richer in ethanol. The 
NEQ model simulations require specification of the bubble diameter. For a range of bubble 
diameters 3 - 5.5 mm, the NEQ trajectories have been plotted in Fig. 6.9(b). For a\, = 3 mm, 
the NEQ trajectory remains to the left of the distillation boundary and does not cross it. As we 
know, decreasing the bubble diameter has the effect of increasing the mass transfer coefficient 
(see Eq (4.18) and Eq (4.19)) and makes the NEQ model tend towards the EQ model. To 
match the EQ trajectory, the bubble size has to be around 1.5 mm. Conversely, increasing the 
bubble diameter, decreases the mass transfer coefficient and the NEQ trajectories move away 
from the EQ trajectory. For db = 4.5, 5 and 5.5 mm, all three NEQ trajectories cross the 
boundary. The best agreement with the experiments for the Water-Ethanol-Methylacetate 
system is obtained with c/n = 5.0 mm. 

The simulation results for the EQ and NEQ model, with at, = 5.0 mm, for all the experimental 
runs are shown in Fig. 6.8, along with the experimental results. 
Consider the runs T3-03, T3-04, T3-10 and T3-11. For all these runs no boundary crossing is 
observed experimentally; see Fig. 6.8(a-d). Both EQ and NEQ models do not anticipate 
boundary crossing. The EQ model follows the trajectory dictated by the residue curve map, 
whereas the NEQ model has a tendency to cut across to the right of the residue curve. The 
predictions of the NEQ model are superior to that of the EQ model and are in much better 
agreement with the experimentally measured composition trajectories. This tendency of the 
experiments to cut across to the right of the residue curves is strongly evident for run T3-10 
and T3-11; here the NEQ model does a very good job of predicting the column trajectory. 
Consider the runs T3-18. T3-20, T3-2I, T3-23 and T3-25 in Fig. 6.8(e-i). For all these runs 
we experience boundary crossing and the NEQ model successfully anticipates this 
phenomenon. In all the cases the EQ model fails to cross the boundary and the EQ trajectory 
remains on one side of the boundary. 

(a) EQ model vs Experiments (b) NEQ model vs Experiments 
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Fig. 6.9. Simulation results compared with the experimental data (open circles for vapor and 
open squares for liquid samples) for run T3-23 (Water-ethanol-methylacetate system), (a) 
Here the EQ model is compared with experimental results, (b) The NEQ model, for varying 
bubble diameters, is compared with experimental results. The large open circle is the 
specified composition for the simulations; this corresponds to the vapor composition leaving 
stage 4. 
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6.5 Fitting of the bubble diameter 

In order to show that the choices of the bubble diameter c4 is not merely a "convenient fit" of 
our ternary experiments for the Water-Ethanol-Acetone, Water-Ethanol-Methanol and Water-
Ethanol-Methylacetate systems, we also carried out experiments with several binary mixtures, 
see Chapter 5. Since not all of the investigated binary mixtures are of importance for the 
homogenous ternary systems discussed in this chapter, 1 will only restrict to those who are 
partly involved in the ternary mixtures just mentioned above or to be dealt with later on in this 
chapter. Hence, to mention are a set of eight experiments with the binary mixture Water-
Ethanol, sets of four experiments with the binary mixtures Water-Methanol, Water-
Isopropanol and Methanol-Isopropanol and finally two experiments with the Water-
Methylacetate binary mixture. All the experiments with the several binary mixtures were 
carried out in the same experimental set-up as described in Chapter 3. The experimentally 
measured column (vapour) composition trajectories for these specific binaries are shown in 
Fig. 6.10(a-f) (next page), along with the NEQ model predictions taking d\, = 4.5 mm and 5.0 
mm (Note: a more detailed discussion of the binary experiments can be found in Chapter 5). 
The NEQ simulations were carried out by specifying the vapour composition leaving the 
reboiler (stage 12); as we proceed up the column we approach the azeotropic compositions. 
From Fig. 6.10, we see that the NEQ simulations describe the experimental column 
trajectories very well for all binaries by using a 4.5 mm bubble diameter as well as by using a 
5.0 mm bubble diameter. From Chapter 5, we already learned that the differences between a 
4.5 mm or 5.0 mm bubble are tough to distinguish; one fixed bubble-diameter (c4) could 
predict composition profiles within a certain margin just below the experimental column 
trajectory, whereas the other bubble-diameter (c4) predicts composition profiles within a 
similar margin just above the experimental column trajectory. Hence, only when the bubble-
diameter is changed by 1 or more millimeters, it will (in general) display worth-mentioning 
differences, see also the various figures in Chapter 5 or for instance Fig. 6.4(b), Fig. 6.5(b), 
Fig. 6.7(b) and Fig. 6.9(b) in which NEQ simulation profiles are plotted with various bubble-
diameters; along with the experimental results of the concerning ternary azeotropic system 
discussed. 

Outlined, the NEQ simulations for the binary systems support our NEQ simulations for the 
ternary azeotropic systems studied in this Chapter. 
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Fig. 6.10. Experimental results showing the vapor column composition trajectories for five 
different binary systems. Also shown are the simulation results showing the trajectories 
calculated by the NEQ stage model. For each binary, the experimental vapor composition 
leaving the reboiler is specified in the simulations. In the NEQ model simulations, a bubble 
size dh = 4.5 mm (solid line) and 5.0 mm (dotted line) were chosen. 

62 



Chapter 6 Ternary homogeneous azeotropic systems 

6.6 Component Murphree efficiencies in ternary distillation 

We may conclude from the foregoing results for the various homogeneous ternary azeotropic 
mixtures that the divergent behavior of the observed column composition trajectories for total 
reflux operations (closed system) in relation to what might be expected according to the 
textbooks (following the residue curve lines), are caused by multicomponent mass transfer 
effects. In short, the boundary crossing phenomenon is caused by multicomponent mass 
transfer effects. To explain this in some detail we consider again run T2-26 from the Water-
Ethanol-Acetone system, run T4-13 from the Water-Ethanol-Methanol system and T3-23 
from the Water-Ethanol-Methylacetate system. The values of the binary pair vapor 
diffusivities, £>v.i2, Öy,i3 and Dy,ii for those three ternary mixtures are specified respectively in 
Table 6.2(a), 6.2(b) and 6.2(c) for one single stage, along with the corresponding liquid phase 
coefficients. The estimated values of the Fourier numbers are calculated using 

Fo=— (6.1) 

and also given in Table 6.2(a), 6.2(b) and 6.2(c), along with the values of the surface tension 
(er) and liquid density (pi) that are needed in order to estimate the single bubble rise velocity 
(Fb) and thus the vapor residence time (rv) using Eq. (4.10) and Eq. (4.9), see Chapter 4. The 
vapour phase diffusivities of the three binary pairs in each ternary system are estimated using 
the Fuller-Schettler-Giddings equation; details of the estimation procedure are to be found in 
Kooijman & Taylor (2001). This book also specifies the estimation methods for liquid phase 
diffusivities, densities and surface tension. From Table 6.2(a-c), we see that the Fo-values 
exceed 0.06 in all cases, justifying the use of Eq. (4.18) for estimation of the vapor phase 
mass transfer coefficients Kyxs of the binary pairs in the mixture; the Kyfi have an unity-power 
dependence on the vapor diffusivities £>,.ij- By evaluating the individual contributions of the 
liquid and vapor phases in Eq. (4.11) it can be verified that the mass transfer resistance is 
predominantly in the vapor phase. The liquid phase resistance contributes less than 10% of 
the total resistance; this conclusion was found to be valid for all the experimental runs carried 
out in this study for the Water-Ethanol-Acetone, Water-Ethanol-Methanol and Water-
Ethanol-Methylacetate system. 

Table 6.2(a) 
Physical and transport properties for stage 6 of experiments T2-26 for the Water (I) - Ethanol (2) -
Acetone (3) system obtained by NEQ model simulations (bubble diameter = 4.5 mm). 
Parameter 

A.y 
öx.ij 
a 

A 

vh 
TV 

Fou 

Units 

[lO-'irf/s] 
[10-"m2/s] 
[10"2N/m] 
[kg/m3] 
[m/s] 

[s] 
[-] 

i-j pair 

1-2 pair 
21.0 
5.95 

0.186 

1-3 pair 
18.2 
4.42 

3.46 
773 

0.205 
0.0449 

0.162 

2-3 pair 
9.07 
3.01 

0.08 
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Table 6.2(b) 
Physical and transport properties for stage 6 of experiments T4-13 for the Water (1) - Ethanol (2) -
Methanol (3) system obtained by XEQ model simulations (bubble diameter = 5.0 mm). 
Parameter 

£>y,ij 

£>x.,j 

a 

PL 

vb 
TV 

Fo» 

Units 

[10-6rrf/s] 
[10-9m2/s] 
[l()- :N/m] 
[kg/m3] 
[m/s] 
[s] 

H 

i-j pair 
1-2 pair 

21.2 
6.17 

0.152 

1-3 pair 
27.4 
5.61 

3.402 
769 

0.206 
0.0448 

0.196 

2-3 pair 

13.7 
4.09 

0.098 

Table 6.2(c) 
Physical and transport properties for stage 6 of experiments T3-23 for the Water (I) - Ethanol (2) -
Methylacetate (3) system obtained by NEQ model simulations (bubble diameter = 5.0 mm). 
Parameter 

öy.ij 

öx.U 
er 

PL 

vh 
rv 
F0 i i 

Units 

[10"6nr7s] 
[10-9m2/s] 
[10-2N/m] 
[kg/mJ] 
[m/s] 

[s] 
[-] 

i-j pair 
1 -2 pair 

20.4 
6.06 

0.151 

1-3 pair 
16.7 
4.95 

3.073 
826 

0.199 
0.0463 

0.124 

2-3 pair 
8.14 
3.10 

0.06 

To understand the phenomena of boundary crossing, we consider the component Murphree 
stage efficiencies, defined by 

E.=}''j~y,-E ,1= 1,2,3 (6.2) 
y, -yi.E 

For the EQ model the component efficiencies are all equal to unity. For the NEQ model the 
component efficiencies will, in general, differ from one another. To illustrate this, we present 
the calculations of E\ for run T2-26, T4-13 and T3-23 in respectively Fig. 6.11(a), 6.12(a) and 
6.13(a) obtained from NEQ simulations with a bubble diameter of 4.5 mm for the Water-
Ethanol-Acetone system and 5.0 mm for the Water-Ethanol-Methanol and Water-Ethanol-
Methylacetate system. It is clear that the component Murphree efficiencies are all different 
from one another and vary from stage to stage. The origin of the differences in E\ can be 
traced to the differences in the binary pair vapor diffusivities, Dy.12. £>y,n and £>v.23 (Table 
6.2(a-c)). We note that the coefficient Dy.;3 for all three mixtures is about half of the other 
coefficients. The difference between binary pair diffusivities cause the component efficiency 
values to be different from one another. Let us consider the component efficiencies for the 
Water-Ethanol-Acetone system in some more detail, see Fig. 6.11(a) The variation of the 
ethanol efficiency is particularly "strange" in that on stage 9; the value is close to zero 
whereas on stage 10 the component efficiency exceeds unity. The reason for the strange 
behaviour of the ethanol efficiency is to be found in the driving force (denominator term in 
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(a) Component Murphree efficiencies (b) Ethanol driving force 
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Fig. 6.11(a). Component efficiencies for the experiment T2-26 of the Water-Ethanol-Acetone 
system and (b) the driving forces for Ethanol at each stage, calculated by the NEQ stage 
model. In the NEQ model simulations, a bubble size d\, = 4.5 mm was chosen. 

Eq. (6.2)) which is shown in Fig. 6.11(b); the driving force changes sign between stages 9 and 
10 and the magnitude of the driving force is therefore vanishingly small on stages 9 and 10. 
The transfer of ethanol on these trays is dictated by the transfer of the other two components 
(Water and Acetone) because of coupling effects which are properly accounted for in the 
Maxwell-Stefan formulation (Krishna & Wesselingh, 1997; Wesselingh & Krishna, 2000 and 
Taylor & Krishna, 1993). For binary mixtures component efficiencies are bounded and lie 
between zero and unity; for mixtures with three or more components, component efficiencies 
are unbounded and can assume values ranging from -oo to +oo. If the binary D,,y were close to 
one another, the differences in the component efficiencies would be negligible. Differences in 
the component efficiencies cause the actual composition trajectory followed on any given 
stage (yu L -yiE) to deviate from the trajectory dictated by the equilibrium vector (yL - J ^ E ) . 

(a) Component Murphree efficiencies (b) Ethanol driving force 
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Fig. 6.12(a). Component efficiencies for the experiment T4-13 of the Water-Ethanol-
Methanol system and (b) the driving forces for Ethanol at each stage, calculated by the NEQ 
stage model. In the NEQ model simulations, a bubble size d\, = 5.0 mm was chosen. 
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Fig. 6.13(a). Component efficiencies for the experiment T3-23 of the Water-Ethanol-
Methylacetate system and (b) the driving forces for Ethanol at each stage, calculated by the 
NEQ stage model. In the NEQ model simulations, a bubble size dh = 5.0 mm was chosen. 

For various vapor compositions entering any given stage, we have plotted in Fig. 6.14(a) the 
actual composition vector (yi, L - yis), calculated from the NEQ model (taking bubble 
diameter of 4.5 mm) along with the equilibrium vector (yit - y\$) for the Water-Ethanol-
Acetone system. The angle between the NEQ trajectory (continuous line) and the EQ 
trajectory (dashed line) increases when the differences in the component efficiencies increase. 
If all the component efficiencies were equal to one another, the NEQ and EQ trajectories 
would coincide. 

(a) EQ vs NEQ trajectories (b) Boundary crossing region 

0.00 0.05 0.10 

Water Composition / [-] 

_, 0.8 

0.05 0.10 

Water Composition / [-] 

Fig. 6.14(a). Calculated direction vectors for the Water-Ethanol-Acetone system using the 
EQ stage model (100% efficiency for all components, denoted by the dashed lines) and the 
NEQ stage model (denoted by the continuous lines). In the NEQ model simulations, a bubble 
size dt, = 4.5 mm was chosen, (b) All starting compositions within the gray shaded region 
will cross the distillation boundary to the right of this boundary. 
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We see from Fig. 6.14(a), that the NEQ trajectory has a tendency to cut across to the right of 
the EQ trajectory, precisely as has been observed in the experiments (cf. Fig. 6.3). It is this 
tendency to cut towards the right of the composition space that causes boundary crossing. By 
performing several NEQ simulations with various starting compositions of the vapor entering 
the condenser we can determine the region within which the column trajectories will cross the 
distillation boundary and end up with reboiler compositions in the right region of the 
distillation boundary. This boundary crossing region is shown as the grey shaded area in Fig. 
6.14(b). It can be verified that the starting compositions for the three runs T2-03, T2-06 and 
T2-10 for the Water-Ethanol-Acetone system lie to the left of the grey shaded region; no 
boundary crossing is therefore observed for these runs, see Fig. 6.3. For the remainder of the 
experiments with this particular ternary mixture, the starting compositions (vapor 
compositions leaving stage 2 and thus entering the condenser) lie within the shaded region; 
boundary crossing is observed for all these six runs, see Fig. 6.3. 

Similar graphs like Fig. 6.14(a-b) are also produced for the Water-Ethanol-Methanol and 
Water-Ethanol-Methylacetate system in respectively Fig. 6.15(a-b) and Fig. 6.16(a-b). For the 
latter two systems, a bubble diameter of 5.0 mm was used for the calculations with the NEQ 
stage model. 

0.00 0.05 0.10 0.15 0.00 0.05 0 10 0.15 

Water Composition / [-] Water Composition / [•] 

Fig. 6.15(a). Calculated direction vectors for the Water-Ethanol-Methanol system using the 
EQ stage model (100% efficiency for all components, denoted by the dashed lines) and the 
NEQ stage model (denoted by the continuous lines). In the NEQ model simulations, a bubble 
size dh = 5.0 mm was chosen, (b) All starting compositions within the gray shaded region 
will cross the distillation boundary to the right of this boundary. 
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0.05 0.10 

Water Composition / [-] 

0.05 0.10 

Water Composition / [-] 

Fig. 6.16(a). Calculated direction vectors for the Water-Ethanol-Methylacetate system using 
the EQ stage model (100% efficiency for all components, denoted by the dashed lines) and 
the NEQ stage model (denoted by the continuous lines). In the NEQ model simulations, a 
bubble size db = 5.0 mm was chosen, (b) All starting compositions within the gray shaded 
region will cross the distillation boundary to the right of this boundary. 

6.7 Simulated ternary azeotropic systems 

Besides the three ternary mixtures for which the experimental and simulation results are 
discussed in detail above, additional simulations were executed with other ternary systems as 
well. Noteworthy results for two additional mixtures will be presented in short below. The 
simulation strategy used for these simulations was the same as the one used for all the other 
binary and ternary system discussed before, see Chapter 4. Also the same rigorous NEQ stage 
model was used as developed in Chapter 4 and an EQ stage-model with equal component 
efficiencies for all components. 

6.7.1 Methanol (I) - Isopropanol (2) - Water (3) 

Let us consider the system: methanol (1) - /.vopropanol (2) - water (3) that has one binary 
azeotrope, as indicated in Fig. 6.17(a). We note that the boundary is very nearly a straight 
line. According to literature guidelines (Levy et al., 1985) it is not possible to cross a straight-
line boundary. But these remarks regarding boundary crossing are based on the use of the EQ 
stage model. In order to see whether the introduction of mass transfer resistance has an 
influence on the column composition trajectories (a boundary crossing phenomenon) for this 
homogeneous ternary azeotropic system, we carried out the simulations with both EQ and 
NEQ stage models for a 12-stage column operating at total reflux. The feed composition was 
chosen to be x\ = 0.8, xo = 0.15 which is located in the top region above the distillation 
boundary, see Fig. 6.1(a) and fixed on stage 1 (condenser). The EQ (cross-hair markers) and 
NEQ (open square markers) composition trajectories are seen to follow completely different 
composition trajectories; see Fig. 6.17(b). The NEQ model predicts that the bottom product 
composition corresponds to (nearly) pure water whereas the EQ model predicts the bottom 
product to consist of (nearly) pure wo-propanol. Those predictions by both models show 
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Fig. 6.17(a). Residue curvs for the Methanol (I) - Isopropanol (2) - Water (3) system, (b) 
and (c) compare EQ and NEQ distillation trajectories, showing the same simulation drawn 
to different scale. For all feed compositions located in the gray shaded region in (d), 
boundary crossing is observed. 

qualitatively big differences. Fig. 6.17(c), drawn to a different scale, clearly shows that the 
NEQ model crosses the (straight) distillation boundary. 
To understand the phenomena of boundary crossing and the reason behind the different 
trajectories followed by the EQ and NEQ stage model, we consider the component Murphree 
stage efficiencies again (Eq. (6.2)), calculated on the basis of the multicomponent mass 
transfer theory presented in Chapter 4. 
We note that the component efficiencies of the individual components are all significantly 
different, see Fig. 6.18(b). These differences are to be traced to the differences in the vapour 
diffusivities of the binary pairs in the mixture (the interphase mass transfer process is 
controlled by vapour phase transport). For the component of intermediate volatility, iso
propanol, we note that the Murphree point efficiency shows a strong variation along the 
column. On stage 6 the efficiency is low (about 40%) and on the stage 7 this value increases 
to about 90%. The reason for this strong variation is to be found in the driving force of 
isopropanol which approaches vanishingly small values on stages 6 and 7; see Fig. 6.18(a). 
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(a) component driving forces (b) component Murphree efficiencies 

r ,-, 1 0 r 

Fig. 6.18(a). Component driving forces and (b) Murphree component efficiencies for the 
Methanol (I) - Isopropanol (2) - Water (3) system. The values correspond to the total reflux 
simulation for which the initial liquid composition is X\ = 0.8, Xj = 0.15 and fixed on stage 1. 

The transfer of isopropanol is strongly dictated by the transfer of the other two species, water 
and methanol. 
We performed several simulations with the different feed compositions lying above the 
distillation boundary. For all feed compositions located in the dark shaded region shown in 
Fig. 6.17(d) we observed that the NEQ model predicts that the straight line distillation 
boundary will be crossed. 
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6.7.2 Water (1) - Methanol (2) - Methylacetate (3) 

Consider the system: water (1) - methanol (2) - methylcetate (3) for which a (homogeneous) 
part of the residue curve map is shown in Fig. 6.19(a). The system also contains a region of 
liquid-liquid phase splitting towards the right hand side of the triangular diagram; this region 
is avoided in our analysis). 

Residue Curve Lines 

o Feed Composition 

+ Equilibrium model 

Non-equilibrium model c 

• Distillation Boundary ~ 

Azeotropes 
E 
o 
O 

0.1 0.2 

Water Composition 

0.05 0.10 

Water Composition 

Fig. 6.19(a). Residue curves for the Water (1) - Methanol (2) - Methylacetate (3) system. 
(b) A comparison of the EQ and NEQ column composition trajectories. The column is 
operated at total reflux with no feed and product streams. The initial liquid composition for 
simulations is X\ = 0.44, x2 = 0.2 and fixed on stage 1. 

This system has two binary azeotropes and the distillation boundary is curved. Fig. 6.19(b) 
compares EQ and NEQ distillation trajectories in a 12-stage column for total reflux operation 
with the liquid composition leaving the condenser taken to be x\ = 0.044, x2 = 0.2. The feed is 
located on the concave side of the distillation boundary. We find that the EQ and NEQ 
column trajectories move in different directions away from the condenser downwards; see 
Fig. 6.19(b). The EQ model predicts that the column gets progressively richer in 
methylacetate as we move down to the reboiler. The NEQ model, on the other hand, 
anticipates that the column gets progressively richer in water. Furthermore, we note that the 
NEQ trajectory crosses the distillation boundary. The difference in the EQ and NEQ column 
trajectories can be traced to the differences in the Murphree efficiencies of the three 
components, shown in Fig. 6.20(b) (next page). The differences in the component efficiencies 
can be traced to the differences in the values of the diffusivities of the binary pairs in the 
vapour phase (the transfer resistance in the liquid phase is negligible). The efficiency of 
methylacetate assumes a value below zero on stage 7 and is higher than 100% on stage 8. 
This strange variation of the methylacetate component efficiency is to be attributed to its 
component driving force which changes sign between stages 7 and 8; see Fig. 6.20(a). On 
stages 7 and 8 the transfer of methylacetate is dictated by the transfer of the other two 
components in the mixture due to multicomponent coupling effects (Taylor & Krishna, 1993). 
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(a) component driving forces (b) component Murphree efficiencies 

Fig. 6.20(a). Component driving forces and (b) Murphree component efficiencies for the 
Water (1) - Methanol (2) - Methylacetate (3) system. The values correspond to the total 
reflux simulation for which the initial liquid composition is X\ = 0.44, .vi = 0.2 and fixed on 
stage 1. 
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6.8 Conclusions 

The following major conclusions can be drawn from the work presented in this chapter. 
• The measured composition trajectories during distillation of the systems Water-Ethanol-

Acetone, Water-Ethanol-Methanol and Water-Ethanol-Methylacetate (three different 
mixtures) under total reflux conditions in a bubble cap distillation column clearly 
demonstrate that crossing of a distillation boundary is possible. Even when the boundary 
is a straight-line (as is the case for the Water-Ethanol-Acetone mixture), this phenomenon 
will be observed, provided that the measured profiles are located within a certain region 
from the distillation boundary. 

• An NEQ stage model is able to model the experimental results. The experimental results 
agree very well with the developed model (Chapter 4). The NEQ model correctly 
anticipates boundary crossing. 

• An EQ stage model fails to anticipate boundary crossing in any experiment with any 
examined mixture. The EQ model provides a much poorer representation of the column 
composition trajectories and do not agree qualitatively with the experimental results. 
While the experimentally measured trajectory shows that the column gets progressively 
richer in water as we proceed down to the reboiler, the EQ trajectory predicts that the 
column gets progressively richer in ethanol, see Fig. 6.3, Fig. 6.6 and Fig. 6.8. 

• The differences in the NEQ and EQ trajectories emanates from differences in the 
component Murphree efficiencies, which in turn can be traced to differences in the binary 
vapour phase diffusivities Dy\y 

Further based on the merely simulated ternary azeotropic systems, we see again that the EQ 
and NEQ models may predict completely different composition trajectories. 
• For the Methanol-lsopropanol-Water, the NEQ model has shown to be capable of 

crossing straight-line distillation boundaries (as with the Water-Ethanol-Acetone system 
was proven by experiments and simulations as well). In order to remind, in the literature 
it is remarked that straight-line distillation boundaries cannot be crossed; this conclusion 
is restricted in its applicability to EQ models. 

• For the system Water-Methanol-Methylacetate, with the feed located on the concave side 
of a curved distillation boundary, the NEQ model trajectories are seen to be capable of 
crossing the boundary. The EQ model, in sharp contrast does not anticipate this crossing 
phenomenon. 

Those simulations demonstrate that the literature guidelines regarding boundary crossing do 
not have general validity. 

The overall conclusion to be drawn from this work is that for reliable simulation of distillation 
of azeotropic systems exhibiting a distillation boundary, we must adopt a rigorous NEQ stage 
model. In a theoretical simulation study, Castillo & Towler (1998) have shown how the 
differences in the EQ and NEQ distillation column trajectories could be exploited by the 
engineer in order to obtain process designs that could not be contemplated if mass transfer 
effects were ignored, and that some designs based solely on EQ models become infeasible 
when mass transfer is considered. 
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Chapter 7 

Quaternary homogeneous azeotropic systems 

7.1 Introduction 

There is some evidence in the published literature that experimentally measured composition 
profiles in distillation columns are better simulated with models based on the rigorous 
Maxwell-Stefan diffusion equations than with simpler models that assume equal component 
efficiencies (Taylor & Krishna, 1993; Krishna & Wesselingh, 1997; Baur et al., 1999; 
Springer & Krishna, 2001; Pelkonen et al., 1997 and 2001 and Springer et al., 2002). Of 
particular interest and significance are the experimental measurements of Pelkonen et al. 
(1997 and 2001) and Springer et al. (2002). Pelkonen et al. (1997) performed total reflux 
experiments with the system methanol-isopropanol-water in a packed distillation column and 
showed that if the composition at the top of the column is located on the distillation boundary, 
the experimentally measured composition profiles end up with a reboiler composition that is 
rich in water, whereas the EQ model predicts that the reboiler composition corresponds to 
pure isopropanol. The NEQ model is able to describe the experimentally observed profile 
quite well. Similar dramatic differences between the predictions of the EQ and NEQ models 
were also obtained for the quaternary system acetone-methanol-isopropanol-water when the 
composition near the top of the column is chosen to lie on the distillation boundary (see also 
introduction Chapter 6). 
The experimental results of Springer et al. (2002) (Chapter 6) with the ternary azeotropic 
system ethanol-water-acetone in a bubble cap tray column show that even straight line 
boundaries can be crossed; this boundary crossing phenomena is anticipated by the NEQ 
model but not by the EQ model. The same phenomena was also observed for other ternary 
homogeneous mixtures for which the distillation boundaries are slightly curved. In chapter 6, 
the experimental results and verifications of the necessity to use a NEQ stage model in 
describing trajectories during azeotropic distillation for two more mixtures are discussed; 
water-ethanol-methanol and water-ethanol-methylacetate (Springer et al., 2002). 

The major objective of this paper is to extend the earlier work presented in chapter 5 and 
chapter 6 (Springer et al., 2002) and to demonstrate that for quaternary azeotropic distillation 
in a tray column, distillation boundaries (which are surfaces dividing the composition space 
into two regions) can be crossed as well, provided that the starting compositions are located 
within a finite region of compositions on one side of the boundary. Furthermore, it will be 
shown that such boundary crossing phenomena can be predicted by the NEQ models, 
incorporating the Maxwell-Stefan equations, and can be attributed to differences in 
component Murphree efficiencies. Clearly, the EQ models will be incapable of anticipating 
boundary crossing effects since the EQ distillation trajectories must necessarily follow the 
residue curve lines for total reflux operations (Stichlmair & Fair, 1998 and Doherty & 
Malone, 2001). 
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Table 7.1 
The NRTL parameters for the quaternary mixture water (1) - ethanol (2) - methanol (3) - acetone (4) 
at 101.3 kPa (Gmehling & Onken, 1977). 
These parameters are used along with G,; = expt-a^i,,) and r„ = B,/T 
Quaternary system (homogeneous) 
Component i 

Water 
Water 
Water 
Ethanol 
Ethanol 
Methanol 

Component / 

Ethanol 
Methanol 
Acetone 
Methanol 
Acetone 
Acetone 

fiy / [K] 

624.9174 
594.6299 
602.6252 

73.413 
188.8983 
97.78178 

fiji / [K] 

-29.169 
-182.6052 
330.4768 
-79.1718 
22.83319 

107.83 

OS / [-1 
0.2937 
0.297 

0.5103 
0.3029 
0.3006 
0.3008 

To verify the boundary crossing phenomena, we performed experiments with the quaternary 
system: water (1) - ethanol (2) - methanol (3) -acetone (4) in a bubble cap tray distillation 
column. The vapour-liquid equilibrium was determined using NRTL parameters taken from 
(Gmehling & Onken, 1977) and listed in Table 7.1 (and Table 3.3). The distillation boundary 
forms a surface connecting the ethanol-water azeotrope with pure methanol and pure acetone. 
The distillation boundary (surface) is shown in Fig. 7.1(a-b-c) (See next page), that represent 
three different views of the quaternary composition space. Consider Fig. 7.1 (a-b), the three 
dimensional composition space is viewed from two different sides; Fig. 7.1(a) shows the 
component methanol in front whereas Fig. 7.1(b) shows the component acetone in front. If 
only the front of these two projections is considered (the component at the back is set to zero), 
the projections of the ternary systems: water-ethanol-methanol (Fig. 7.1(d)) and water-
ethanol-acetone (Fig. 7.1(e)) remain respectively with their own distillation boundaries 
(called: the "methanol boundary" in Fig. 7.1(d) and the "acetone boundary" in Fig. 7.1(e)). In 
Fig. 7.1(f), the two distillation boundaries (Fig. 7.1(d-e)) are combined together with all the 
"pseudo distillation boundary-lines" that lie in between (represented by the gray shaded 
region); only when a point is located below this shaded region, you can be sure that the point 
is actually lying below the distillation boundary surface. Fig. 7.1(g) shows the same graph as 
Fig. 7.1(f), but with a different axis-arrangement. 

7.2 Quaternary system: Water (1) - Ethanol (2) - Methanol (3) - Acetone (4) 

The experiments were carried out in the laboratory-scale distillation column supplied by 
Schott Nederland B.V. analog to the way in which the experiments for the binaries and 
ternaries were carried out. The complete description of the experimental procedure and 
experimental set-up is described in detail in Chapter 3. 
After the experimental results are discussed, they will be compared with the simulation results 
obtained from an EQ stage model (using equal component efficiencies on all stages) and from 
the rigorous NEQ stage model as developed and described in detail in the earlier Chapter 4. 
The vapour composition, taken from the experimental column trajectory, for the specification 
of the input (starting) composition for the performance of the simulation runs is the vapour 
composition leaving stage 4 (indicated by a large open circle in all plots). The simulated 
composition profile (with both models) of the total reflux run is forced to pass through this 
specified composition (see Chapter 4). 
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Fig. 7.1(a-b-c). Three dimensional residue curve space for the Water (1) - Ethanol (2) -
Methanol (3) - Acetone (4) quaternary system, showing an almost plane distillation 
boundary-surface with its corners at pure methanol, pure acetone and the binaiy azeotrope 
between water-ethanol. (d) Front view projection of Fig. 7.1(a) with the methanol 
component in front, showing the ternary "methanol boundary", (e) Front view projection of 
Fig. 7.1(h) with the acetone component in front, showing the ternary "acetone boundary". 
(f-g) Combination of the two ternary boundaries from Fig. 7.1 (d-e) together with all the 
"pseudo distillation boundaiy lines " that lie in between (represented by the gray shaded 
region). 
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7.2.1 Experimental results for the Water - Ethanol - Methanol -Acetone system 

The experimentally determined composition trajectories for a set of 6 experiments are 
presented in Fig. 7.2(a-f) (next pages) in three different projections for each single 
experiment. The first two projections of Fig. 7.2(a-f) are similar to the projections shown in 
Fig. 7.1(d) and Fig. 7.1(e). The third projection is obtained when looked at the distillation 
boundary surface from above with the component ethanol at the rear (as in Fig. 7.1(c)). This 
projection does not give any information concerning a possible boundary crossing, but does 
show from another point of view the differences between the trajectories predicted by the EQ 
model versus NEQ model (discussed and developed in Chapter 4). At total reflux the 
composition of the vapor leaving any given stage equals the composition of the liquid arriving 
at that stage from above. Therefore, the 9 vapor and 4 liquid composition samples can be 
combined when plotting the composition trajectories. In Fig. 7.2, the vapor samples are 
denoted by open circles and the liquid samples by open squares. In experiment Ql , the 
column trajectory was located completely below the distillation boundary surface, which 
corresponds to the left of the ternary distillation boundaries in Fig. 7.2(al) and Fig. 7.2(a2) 
(indicated by a thick line). All the remaining five experiments, Q2 to Q6, clearly exhibit 
boundary crossing phenomena. In these experiments both the "methanol" and "acetone" 
boundaries are crossed. Clearly, boundary crossing phenomena is not in conformity with the 
assumption of thermodynamic phase equilibrium; this is evidenced by the fact that the 
experimental trajectories do not agree with the constraints, enforced by the distillation 
boundary (surface). In order to understand, and rationalize, the boundary crossing phenomena 
we developed the rigorous nonequilibrium (NEQ) stage model (Chapter 4). The next section 
deals with the comparison of the simulation results from the EQ stage model and the 
developed NEQ stage model with the experimental results for the Water-Ethanol-Methanol-
Acetone mixture. 

7.2.2 Comparison ofEQ and NEQ simulations with experiments 

All 6 quaternary experiments, Ql to Q6, were simulated with both the EQ stage model and 
the rigorous NEQ stage model. Let us consider one of the experiments, Q6, in some detail. 
Fig. 7.3(a) (See page 77) compares the EQ model with the experimental results. The large 
open circle represents the vapour composition leaving stage 4; the specified "input" 
composition for in the simulations. We note that while the experimental points cross the 
distillation boundary (grey colored surface), the EQ column trajectory does not and remains 
below the boundary surface. A further point to note is that while the experimental results 
show that proceeding down the column (in the direction of the reboiler) the compositions get 
richer in water, the EQ simulations predict that these trays get progressively richer in ethanol. 
The NEQ model simulations require specification of the bubble diameter. The NEQ 
simulations were carried out for a range of bubble diameters in the 3 - 5.5 mm range. We 
know from Eq. (4.18) and Eq. (4.19) that the mass transfer coefficient gets bigger when the 
bubble diameter is smaller. This implies that for very small bubble diameters, the NEQ model 
will predict similar composition trajectories as the EQ stage model. To match the EQ model 
profiles, a bubble diameter of around 1.5 mm or smaller has to be specified. Conversely, 
increasing the bubble diameter, decreases the mass transfer coefficient and the NEQ 
trajectories move away from the EQ trajectory. The best agreement with the experiments for 
our quaternary system is obtained with d\, = 5.0 mm. The simulation result for the NEQ 
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Fig. 7.2(a-c). Experimental results for run Q1-Q3 (open circles for vapor and open squares 
for liquid samples) showing the column composition trajectories for the Water (1) - Ethanol 
(2) - Methanol (3) - Acetone (4) system in three different front view projections. Also shown 
are the simulation results showing the trajectories calculated by the EQ model and the NEQ 
model. The large open circle represents the composition used as input specification in the 
simulations. In the NEQ model simulations, a bubble size db = 5.0 mm was chosen. 
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Fig. 7.2(d-f). Experimental results for run Q4-Q6 (open circles for vapor and open squares 
for liquid samples) showing the column composition trajectories for the Water (1) - Ethanol 
(2) - Methanol (3) - Acetone (4) system in three different front view projections. Also shown 
are the simulation results showing the trajectories calculated by the EQ model and the NEQ 
model. The large open circle represents the composition used as input specification in the 
simulations. In the NEQ model simulations, a bubble size dt, = 5.0 mm was chosen. 
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model, with d^ = 5.0 mm, is plotted for the experimental run Q6 in Fig. 7.3(b). The NEQ 
trajectory is in very good agreement with the experiment results and is able to reproduce the 
boundary crossing observed. 
The simulation results for the EQ and NEQ model (with d\> = 5.0 mm) for all the six 
experimental runs are shown in Fig. 7.2(a-f) in three different projections, along with the 
experimental results. 
Consider the run Ql. For this run no boundary crossing is observed experimentally; see Fig. 
7.2(al-3). Both EQ and NEQ models do not anticipate boundary crossing, although the 
predictions of the NEQ model are superior to that of the EQ model and in much better 
agreement with the experimentally measured composition trajectories. 
Consider the runs Q2 up to and including Q6 in Fig. 7.2. For all these runs we experience 
boundary crossing; in the experiments both the "methanol" and "acetone" boundaries are 
crossed. The NEQ model successfully anticipates the crossing of the "methanol" and 
"acetone" boundaries. In all the cases the EQ model fails to cross the "acetone" boundary. 
For run Q2, the EQ model fails to cross the "methanol" boundary as well. (Note: the EQ 
model never goes through the boundary surface, whereas the experimental profile and the 
NEQ stage model do cross the boundary surface for these last five runs; this would be visually 
observable when all these runs were plotted in three dimensional plots like in Fig. 7.3). For all 
these runs the experimental results show that proceeding down the column (in the direction of 
the reboiler) the compositions get richer in water. The EQ simulations predict that these trays 
get progressively richer in ethanol; this is qualitatively different to the experimental 
observations. 

a)expQ1-06(EQ model) b)expQ1-06 (NEQ model) 

0 00 0 00 

Methanol comp / [-] Acetone comp ' [-] Methanol comp / [-] Acetone comp / [-] 

Fig. 7.3(a). EQ model and (b) NEQ model simulation results compared with the 
experimental data (open circles for vapor and open squares for liquid samples) for run Q6 
(water-ethanol-methanol-acetone system). The large open circle represents the specified 
composition for the simulations; this corresponds to the vapor composition leaving stage 4. 
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7.3 Verification of the choice of the bubble size 

In order to verify and to demonstrate that the choice of a 5.0 mm bubble size is not just a 
convenient fit of the quaternary experimental results, we only have to recall the NEQ model 
simulations for our (of importance) binary and ternary azeotropic systems. In order to call to 
mind, we performed experiments with the ternary mixture water-ethanol-methanol. The 
experimental results for a set of nine runs are shown in Fig. 6.6 (Chapter 6). All experiments 
were simulated with the EQ stage model and the rigorous NEQ stage model, taking dh = 5.0 
mm. The large open circle in Fig. 6.6 represents the vapor composition leaving stage 4; this is 
specified in the simulations as "input' composition/parameter. 
Consider the runs T4-01, T4-06, T4-08 and T4-11. For all these runs no boundary crossing is 
observed experimentally. Both EQ and NEQ models do not anticipate boundary crossing. 
The EQ model follows the trajectory dictated by the residue curve map, whereas the NEQ 
model has a tendency to cut across to the right of the residue curve. The predictions of the 
NEQ model with arf|, = 5.0 mm are superior to that of the EQ model and in much better 
agreement with the experimentally measured composition trajectories. Consider the runs T4-
13, T4-17, T4-22, T4-23 and T4-24 in Fig. 6.6. For all these runs we experience boundary 
crossing and the NEQ model with a d\, = 5.0 mm successfully anticipates this phenomenon. 
In all the cases the EQ model fails to cross the boundary and the EQ trajectory remains on one 
side of the boundary. A second graph in chapter 6 (Fig. 6.7(b)) shows that for various bubble-
diameters (in a range from 3-5.5 mm), the NEQ stage model simulations are in the best 
agreement with the experimental results when a bubble-size of d\ = 5.0 mm is chosen. Since 
the water-ethanol-methanol system is a part of the quaternary system, this result is a fair 
support for the use of a 5.0 mm bubble-diameter for the quaternary system as well. 
We also performed experiments with a set of eight runs with the binary mixture water-ethanol 
and a set of four experiments with the binary mixture water-methanol (both involved in the 
quaternary mixture). Note: all the experiments with the two binaries and the ternary just 
mentioned above were carried out in the same experimental set-up, as described in Chapter 3. 
The experimentally measured column (vapour) composition trajectories for these specific 
binaries are shown in Fig. 7.4(a-c), along with the NEQ model predictions taking d\ = 5.0 
mm. (Note: Those results are also plotted in Fig. 6.10(a-c) and further discussed in Chapter 
5). The NEQ simulations for the binaries were carried out by specifying the vapour 
composition leaving the reboiler (stage 12); as we proceed up the column we approach the 
azeotropes. 

From Fig. 7.4(a-d), we see that the NEQ simulations using a 5.0 mm bubble-diameter 
describe the experimental column trajectories very well for the two binaries and the ternary 
water-ethanol-methanol (one more plotted in Fig. 7.4(d)). Since equal bubble-sizes (5.0 mm) 
turned out to be best fitting the experiments for the foregoing binaries and ternary, it is not 
surprisingly that a 5.0 mm bubble-diameter is also best used for our quaternary system. 
Nevertheless, it is not more than fair to remind that the Water-Ethanol-Acetone system (also 
part of the quaternary) was best simulated with a 4.5 mm bubble-diameter instead of a 5.0 mm 
bubble-size. Yet, it has already been mentioned before (concerning Fig. 6.10(a-f)) that the 
differences between a 4.5 and 5.0 mm bubble is not that extreme. Besides, the fact that our 
quaternary mixture is better simulated with a 5.0 mm bubble-size could perhaps be explained 
by the fact that the amounts of acetone in the experimental profiles are much lower than for 
instance the amounts of methanol, not to mention the amounts of ethanol and water. 
Therefore, one could argue that the NEQ simulation results for the ternary mixture water-
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(a) Water-Ethanol (b) Water-Ethanol (continued) 

0 2 4 6 8 10 12 

Stage number / [-] 

0 2 4 6 8 10 

Stage number / [-] 

(c) Water-Methanol 

O Experimental data series 1 
n Experimental data series 2 
A Experimental data series 3 
+ Experimental data series 4 

NEQ model (5.0 mm bubble) 

(d) Water-Ethanol-Methanol 

0 2 4 6 8 10 12 

Stage number / [-] 

0.00 0.08 0.16 0.24 

Water Composition / [-] 

Fig. 7.4. Experimental results, showing the vapor column composition trajectories for 
(a-b) the binaries Water (1) - Ethanol (2), (c) Water (I) - Methanol (2) and (A) the ternary 
Water (I) - Ethanol (2) - Methanol (3). Also shown are the simulation results showing the 
trajectories calculated by the nonequilibrium (NEQ) stage model. For each binary, the 
experimental vapor composition leaving the reboiler is specified in the simulations. For the 
ternary system, the vapor composition leaving stage 4 is specified. In the NEQ model 
simulations, a bubble size d\, = 5.0 mm (solid line) was chosen. 

ethanol-methanol, best simulated with a bubble-size d\, 
results for the ternary mixture water-ethanol-acetone. 

5.0 mm, reckon more than the 
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7.4 Component Murphree efficiency in quaternary distillation 

As was the case for the ternary azeotropic system, we may conclude for the quaternary system 
as well that boundary crossing (surface break through) is caused by multicomponent mass 
transfer effects. To explain this, we consider again one specific run "Q6". The values of the 
binary pair vapor diffusivities, £>yjj for water (1) - ethanol (2) - methanol (3) - acetone (4) are 
specified in Table 7.2 for stage 6, along with the corresponding liquid phase coefficients and 
the matrix of vapour phase transfer units [NTUy] and liquid phase transfer units [NTUX]. The 
estimated values of the Fourier numbers calculated using 

Fo9= -i (7.1) 
dh 

are also given in Table 7.2 for stage 6, along with the values of the surface tension (a) and 
liquid density (pi) that are needed in order to estimate the single bubble rise velocity (Kb) and 
thus the vapor residence time (zv). From Table 7.2, we see that the Fourier values exceed 0.06 
in all cases, justifying the use of Eq. (4.18) for estimation of the vapor phase mass transfer 
coefficients Ky^ of the binary pairs in the mixture; the KVJJ have an unity-power dependence 
on the vapor diffusivities £>,;J. By evaluating the individual contributions of the liquid and 
vapor phases in Eq. (4.11) it can be verified that the mass transfer resistance is predominantly 
in the vapor phase again. The liquid phase resistance contributes less than 10% of the total 
resistance; this conclusion was found to be valid for all the 6 experimental runs carried out 
with this quaternary mixture. 

Table 7.2 
Physical and transport properties for stage 6 of experiment Q6 for the Water (I) - Ethanol (2) -
Methanol (3) - Acetone (4) system obtained by NEQ model simulations (bubble diameter = 5.0 mm). 
Parameter 

öy.„ 
Ox.y 
NTUyü 
NTUXA] 

a 

PL 

vb 
T\ 

Foi\ 

units 

[10"'m 
[10-9m 

[-1 
[-1 
[N/m] 
[kg/m3] 
[m/s] 
[s] 
[-1 

Vsl 
Vsl 

i-j pair 
1-2 pair 

2.1 
6.07 
1.49 
16.0 

0.1509 

1-3 pair 
2.72 
5.52 
1.93 
15.3 

0.1954 

1-4 pair 2-3 pair 
1.82 1.36 
4.51 4.08 
1.29 0.966 
13.8 13.1 

0.03357 
771.0 

0.2049 
0.0449 

0.1308 0.0977 

2-4 pair 
0.908 
3.07 

0.644 
11.4 

0.0652 

3-4 pair 

1.18 
3.53 

0.838 
12.2 

0.0848 
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(a) Component Murphree efficiencies (b) Methanol driving force 

V 0.05 

2 4 

Stage number / [-] 

4 6 8 

Stage number/ [-] 

Fig. 7.5(a). Murphree component efficiencies along the column for experiment Q6 fwater-
ethanol-methanol-acetone system) calculated by the NEQ stage model using a bubble size 
(dQ of 5.0 mm. (b) Methanol driving force along the column. 

To understand the phenomena of boundary crossing, we consider the component Murphree 
stage efficiencies, defined by 

' = 1,2,3,4 (7.2) 

For the EQ model the component efficiencies are all equal to unity. For the NEQ model the 
component efficiencies will, in general, differ from one another, which is illustrated for run 
Q6 in Fig. 7.5(a). It is clear that the component Murphree efficiencies are all different from 
one another and vary from stage to stage. In particular we note that the methanol efficiency is 
negative on stage 3. The reason for the negative methanol efficiency is that its constituent 
driving force is vanishingly small on stage 3 (see Fig. 7.5(b)) and therefore its transfer is 
dictated by the movement of the other three components in the mixture. The origin of the 
differences in E\ can be traced to the differences in the binary pair vapor diffusivities Dy^. If 
the binary £>,. ;J were close to one another, the differences in the component efficiencies would 
be negligible. As we saw for the investigated three ternary systems, the differences in the 
component efficiencies are also causing the actual composition trajectory followed on any 
stage 0'i.L-J'i.E) to deviate from the trajectory dictated by the equilibrium vector (y\-y\,t) for the 
examined quaternary system. Several actual composition vectors, calculated by the NEQ stage 
model using a 5.0 mm bubble-diameter, along with equilibrium vectors are plotted for various 
vapour compositions entering any given stage in two different ways, see Fig. 7.6(a-b). The 
angle between the NEQ trajectory (continuous line) and the EQ trajectory (dashed line) 
increases when the differences in the component efficiencies increase. If all the component 
efficiencies were equal to one another, the NEQ and EQ trajectories would coincide. 
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We see from Fig. 7.6(a-b), that the NEQ trajectory has a tendency to cut across to the right of 
the EQ trajectory; precisely as has been observed in the experiments (cf. Fig. 7.2). It is this 
tendency to cut towards the right of the composition space that causes boundary "surface" 
crossing. 

a) EQ vs NEQ directions b) EQ vs NEQ directions 

Fig. 7.6(a-b). Calculated direction vectors using the EQ stage model (100%efficiency for all 
components, denoted by the dashed lines) and the NEQ stage model (denoted by the solid 
lines). In the NEQ model simulations, a bubble size db = 5.0 mm was chosen. 
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7.5 Conclusions 

The following major conclusions can be drawn from the work presented in this chapter. 
• The experimentally measured composition trajectories during the distillation of the 

quaternary mixture water - ethanol - methanol - acetone, under total reflux in a 
laboratory-scale bubble cap distillation column demonstrate that crossing of a distillation 
surface (boundary) is possible. 

• The NEQ stage model, in which proper account is taken of mass transfer in either fluid 
phase by use of the rigorous Maxwell-Stefan diffusion equations, is able to model the 
experimental results. The experimental results agree very well with the developed model 
in which a bubble of 5.0 mm in diameter is chosen. The NEQ stage model correctly 
anticipates boundary crossing in the quaternary mixture. The choice (fit) of a bubble-size 
db = 5.0 mm is confirmed by experiments with the binaries water - ethanol and water -
methanol and the ternary mixture water - ethanol - methanol. By the latter too, boundary 
crossing is observed in several experiments and described by the NEQ stage model. 

• An EQ stage model, which assumes equal component efficiencies for all components, 
fails to anticipate boundary (surface) crossing in any experiment. 

• The differences in the NEQ and EQ trajectories emanates from differences in the 
component Murphree efficiencies. These in turn can be traced to differences in the binary 
pair vapour phase diffusivities £>,.jj. 

Earlier conclusions drawn after the study on homogeneous ternary azeotropic mixtures in 
chapter 6 are strengthened by the work on quaternary azeotropic systems in this chapter. In 
case a distillation boundary exhibit, the engineer should be aware that for reliable simulation 
of distillation, it is better to adopt a rigorous NEQ stage model. Like on one hand, it can turn 
out that some designs, initially considered to be possible purely based on EQ stage models, 
become infeasible when mass transfer effects are considered. On the other hand the opposite 
might also occur that differences in the EQ and NEQ distillation column trajectories could be 
exploited by the engineer in order to obtain process designs that could not be contemplated if 
mass transfer effects were ignored. 
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Chapter 8 

Ternary heterogeneous azeotropic systems 

8.1 Introduction 

The traditional method for simulating distillation tray columns is based on the equilibrium 
(EQ) stage model wherein the vapour leaving any stage is assumed to be in equilibrium with 
the liquid leaving that stage through the downcomer. In practice, the contact time between the 
vapour and liquid phases is not long enough for equilibrium to be established and Murphree 
(1925) was the first to provide a measure of approach to equilibrium by defining the stage 
efficiency: 

E, =y'-"~yLE\ i = l,2,-n (8.1) 

where the subscript i refers to species i in the «-component mixture, and the subscripts E and 
L refer to the entering and leaving streams on the stage; see Fig. 8.1. The y* represent the 
compositions of the vapour that would be in equilibrium with the liquid leaving the tray. The 
mole fractions add to unity: 

2>u=i; Ê J ^ = 1 ; ï>*=' (8-2) 
/=i i=\ i-\ 

and, consequently, only n-\ of the Murphree stage efficiencies E\ are independent. For a 
binary mixture, n = 2, there is only one Murphree stage efficiency, that is equal for 
components 1 and 2: 

EiSSy^-y^ = y^-y»=E ( 8 3 ) 

y\-yus yi-yij. 

When the number of components n is three or more: there is no requirement that the 
Murphree efficiencies E{ be equal to one another: 

£•, *E2 * £ \ #E„ (8.4) 

There is a large body of experimental evidence for ternary distillation in the published 
literature to verify that component efficiencies are not equal to one another and that any of 
these efficiencies could vary from -x to +cc; see the comprehensive literature survey given in 
Chapter 13 of Taylor & Krishna (1993). Careful examination of the classic paper by 
Murphree (1925) reveals that he appreciated Eq. (8.4) already in 1925: "For three-component 
mixtures the approach to equilibrium would not in general be equal for the two volatile 
components,...". It is only several decades later that procedures for calculation of the 
component Murphree efficiencies were developed by adopting the Maxwell-Stefan (M-S) 
formulation (Krishna & Wesselingh, 1997; Taylor & Krishna, 1993 and Wesselingh & 
Krishna, 2000) to describe intraphase mass transport. 
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Fig. 8.1. Schematic of the bubble froth regime on a tray with two liquid phases. 

In the M-S diffusion formulation, chemical potential gradients are used as the driving forces 
for diffusion and a linear relation is postulated between the driving forces and the fluxes in the 
form: 

RT 
V/v,=Z xJ.Ni-xlNj 1,2,... n (8.5) 

where x\ represent the mole fraction in the fluid phase under consideration; N\ are the molar 
fluxes; Dy are the M-S diffusivities; V/ux are the chemical potential gradients. It is of historical 
interest to note that Lewis & Chang (1928) were already aware of the usefulness of the 
Maxwell-Stefan formulation for modeling mass transfer on distillation trays. 
Following the approach of Taylor & Krishna (1993), we can also write the M-S formulation 
in terms of the phase mass transfer coefficients K^\ 

2XAV,=I 
x,N: -x.N, 

C,K„ 
1,2,...«-1 (8.6) 

where Ax: represents the differences in composition between the bulk fluid phase and the 
interface. 
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The Ty represent thermodynamic correction factors 

r„=<5,+.Y,^l^ ; /,y = l,2,.,7-l (8.7) 
dXj 

Eq. (8.6) can be re-cast into n-\ dimensional matrix notation 

{N) = ct[k\FlAx) (8.8) 

where [k] is the (n-l)x(n-l) dimensional square matrix of mass transfer coefficients. For a 
ternary system, the four elements of [A-] can be determined explicitly from the following set of 
equations (for derivations see Taylor & Krishna (1993)): 

A-p = y,ic-,Jfcn -K„)lS 

I' V c (8-9) 

Ki = K-a G w 3+(i - y>2 Yn)ls 

where 

S = ylK]3+y2Kl3+y3K12 (8.10) 

Eqs (8.8), (8.9) and (8.10) show that flux of any species depends on the driving forces AXJ of 
all the species present in the mixture. The extent of coupling depends inter alia on the 
differences in the transfer coefficients *5j of the binary pairs i-j in the mixture in either fluid 
phase. For a mixture made up of components that are similar in molecular size, shape, polarity 
and hydrogen bonding characteristics, coupling effects are expected to be minimal and the 
component efficiencies are nearly equal to one another. This is the case, for example, for 
distillation of close boiling hydrocarbon mixtures. On the other hand for highly non-ideal 
mixtures of components with widely differing molar masses, coupling effects can expected to 
be very significant. The influence of diffusional coupling manifests itself in significant 
differences in the component efficiencies E\. For simulation of multicomponent distillation 
columns the M-S formulation has been incorporated into commercially available software 
packages such as RATEFRAC (marketed by Aspen Technology) and ChemSep (available 
through the CACHE corporation; see also www.chemsep.org). Such simulation models are 
usually called rate-based or nonequilibrium (NEQ) models to distinguish these from the 
classical approaches using EQ stage models. 

Recently, Springer et al. (2002) have performed experiments in a distillation tray column with 
the homogeneous azeotropic systems water-ethanol-acetone, water-ethanol-methyl acetate, 
water-ethanol-methanol and water-ethanol-methanol-acetone to demonstrate that as a 
consequence of differences in values of E\, the composition trajectories in the column are 
significantly different from that predicted by the EQ stage model (see chapter 6). More 
dramatically, they have shown for all the systems studied, distillation boundaries can be 
crossed when such crossing is disallowed by the EQ stage model. The work of Springer et al. 
(2002) has underlined the need for rigorous NEQ models in simulation and design. 
In the present communication we focus attention on heterogeneous azeotropic systems, i.e. 
systems that exhibit liquid-liquid phase splitting on at least some of the trays. Heterogeneous 
azeotropic distillation is widely encountered in the process industries (Doherty & Malone, 
2001), for example in the production of dehydrated alcohol. Published simulation models for 
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distillation tray columns with two-liquid phases, include the EQ stage model (Block & 
Hegner, 1976), EQ stage model with Murphree stage efficiencies (Ross & Seider, 1981), and 
the NEQ stage model (Eckert & Vanek, 2001) in which the two-liquid phases are assumed to 
be in thermodynamic equilibrium. The experimental work of Cairns & Furzer (1990a; 1990b; 
1990c) have shown that Murphree efficiencies E\ in three-phase distillation show strong 
variations from tray to tray and are also extremely sensitive to the choice of the 
thermodynamic model used for calculation of phase equilibria. Muller et al. (Muller & 
Marquardt, 1997 and Muller et al., 1997) have demonstrated the possibility of multiple steady 
states during distillation of water-ethanol-cylohexane in a 8-stage bubble cap distillation 
column. Interestingly, Muller et al. (1997) concluded that the experimentally measured 
composition trajectories could be simulated with an EQ stage model with equal component 
efficiencies for all components in the mixture. 

Our major objective is to investigate the influence of mass transfer on the composition 
trajectories in heterogeneous azeotropic distillation in order to check whether unequal 
component efficiencies E\ can lead to qualitatively different results from EQ stage models as 
was concluded earlier for homogeneous azeotropic distillation (Springer et al., 2002). 
Towards this end, we performed experiments with two systems: (a) water - ethanol -
cyclohexane, and (b) water - acetone - toluene in a bubble-cap tray distillation column. The 
residue curve maps for these systems, calculated with NRTL parameters (Gmehling & Onken, 
1977) listed in Table 8.1 are shown respectively in Fig. 8.2(a) and 8.2(b); these residue curves 
and distillation boundaries taking account of vapour-liquid-liquid equilibria. The grey shaded 
areas in Fig. 8.2 indicate the region in which liquid-liquid phase splitting occurs. The water-
ethanol-cylohexane system shows a minimum boiling heterogeneous ternary azeotrope to 
which three distillation boundaries converge. The three distillation boundaries start at three 
different saddle points: (1) water-cyclohexane heterogeneous azeotrope, (2) water-ethanol 
azeotrope, and (3) ethanol-cyclohexane azeotrope, see Fig. 8.2(a). The water - acetone -
toluene system shows one minimum boiling heterogeneous azeotrope between water and 
toluene and a straight-line distillation boundary connecting the azeotrope with pure acetone, 
see Fig 8.2(b). 

Table 8.1 
NRTL parameters for ternary mixtures at 101.3 kPa (Gmehling & Onken, 1977). 
These parameters are used along with G„ = t'.\~p(-a„T„) anil r„ = B;/T 
Ternary systems 

* Component i Component / 
Water Ethanol 
Water Cyclohexane 
Ethanol Cyclohexane 

Water Acetone 
Water Toluene 
Acetone Toluene 

«a / [K] B» 1 [K] oij / [-1 
557.4826 29.08636 0.3475 
4422.3 1688.273 0.21159 

440.6134 717.6762 0.46261 

653.885 377.577 0.5859 
2160.78 2839.37 0.2 
-124.774 366.098 0.295 
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(a) water-ethanol-cyclohexane system (b) water-acetone-toluene system 

Residue curves 
Distillation boundary 

# Azeotrope 
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Water Composition / [-] 
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Water Composition / [-] 

Fig. 8.2(a). Residue cimve map for the Water (1) - Ethanol (2) - Cyclohexane (3) system and 
(b) the Water (I) - Acetone (2) - Toluene (3) system. The gray shaded areas represent the 
regions in which liquid-liquid phase splitting occurs. 

8.2 Experiments versus simulation 

The experiments with the two heterogeneous systems were performed in the laboratory-scale 
distillation column with ten equal bubble cap stages, a total condenser and partial reboiler 
accordingly as described elaborately in Chapter 3. Subsequently, the experiments were 
simulated with an equilibrium (EQ) stage model and rigorous nonequilibrium (NEQ) stage 
model. The complete NEQ stage model development is described in Chapter 4; an explicit 
part is attached for the NEQ stage model development for heterogeneous azeotropic systems. 
From the model development described in Chapter 4, we saw that the only unknown 
parameter is the bubble diameter c/b Once this parameter is set the complete system of 
equations can be solved. To find out what the best fitting bubble diameter for the 
heterogeneous ternary azeotropic systems must be, we first performed a couple of 
experiments with the binary system ethanol (1) - cyclohexane (2), see Chapter 5.2.6. For this 
system, the simulations were carried out by specifying the vapour composition leaving the 
reboiler (stage 12); as we proceed up the column we approach the azeotropic composition. 
Fig. 5.6 (Chapter 5.2.6) shows that these binary experiments were best fitted with a 2.5 mm 
bubble diameter. With this information, we start the discussions of the experimental results 
for the two ternary heterogeneous azeotropic systems, along with simulation results. 

8.2.1 Water-Ethanol-Cyclohexane 

The experimental results of the first system water (1) - ethanol (2) - cyclohexane (3) are 
subdivided into three different campaigns A, B and C, since the measured composition 
profiles are located in three different regions of the triangle composition space. The first set of 
three experiments, runs WEC-1. 2 and 3 are shown in Fig. 8.3. 
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Fig. 8.3. Experimental results (open circles for vapor and open squares for liquid samples) 
showing the column composition trajectories for the Water (I) - Ethanol (2) - Cyclohexane 
(3) system for campaign A. Also shown are the simulation results showing the trajectories 
calculated by the EQ stage model and the NEQ stage model. The large open circle 
represents the experimental composition specified in the simulations as "input". In the NEQ 
model simulations, a bubble size db = 2.5 mm was chosen. 

Besides nine vapor samples, also four liquid samples of different stages are plotted in one 
single graph because, at total reflux, the composition of the vapor leaving any given stage 
equals the composition of the liquid arriving at that stage from above for total reflux operation 
at steady state. In Fig. 8.3 the vapor samples are denoted by open circles and the liquid 
samples by open squares. The large open circles represent the input composition in the 
simulations. 
All the experimental results of campaign A show composition profiles that follow a trajectory 
from the ethanol corner towards the heterogeneous ternary azeotrope, see Fig. 8.3. 
The simulation results obtained with the EQ stage model (100% efficiency) and the NEQ 
stage model with a 2.5 mm bubble diameter are also shown in the Fig. 8.3. We note that the 
NEQ model in which mass transfer effects are included, does a much better job in predicting 
the composition trajectory followed by the experiments. Another interesting point to note is 
that the experimental compositions of the column, as we move down the column to the 
reboiler, tend to move in the direction of pure ethanol. This is also the trend with the NEQ 
model. The EQ model (with 100% efficiency) predicts a different trend. Here the 
compositions, as we move down the column, has a tendency to become richer in water than in 
ethanol. 

From the experimental data with the binary system ethanol- cyclohexane, we know that a 2.5 
mm bubble diameter is the best fitting value, see Chapter 5.2.6. For Run WEC-2 we carried 
out simulations with the NEQ model for a range of bubble diameters; see the results in Fig. 
8.4. The value d\, = 2.5 mm matches the experiments quite closely. This is the case for all the 
Campaigns A, B and C for the water-ethanol-cyclohexane system. 
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NEQ model vs Experiments 
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Fig. 8.4. NEQ simulation results, with varying bubble diameters, compared with the 
experimental data (open circles for vapor and open squares for liquid samples) for run 
WEC-2 of campaign A. 

The results of Campaign B, runs WEC 4 - 9 are presented in Fig. 8.5. The experimental 
measured profiles in this campaign have their reboiler composition just to the left of the 
distillation boundary that connects the water - ethanol azeotrope to the heterogeneous ternary 
azeotrope. Proceeding up the column, the composition profile stays at the left of this boundary 
and ends up with a condenser composition in the heterogeneous ternary azeotrope, or close to 
it. In none of the experimental runs WEC 4 - 9 , boundary crossing is observed. Also plotted 
in Fig. 8.5 are the simulation results for the EQ (100% efficiency) and NEQ models. 
The NEQ model, with 2.5 mm bubble diameter, is able to simulate all the experimental runs 
very well. The EQ model on the other hand, with 100% efficiency for each component, is 
unable to match the experimental composition trajectories. For all the runs in Campaign B, 
the EQ model predicts that the distillation boundary will be crossed and the compositions 
become richer in water as we proceed down the reboiler. Such boundary crossing is not 
disallowed and has been explained in detail by Levy et al. (1985). They state "If the simple 
distillation boundary is curved, then the steady-state composition profile in a continuous 
distillation column cannot cross the boundary from the concave side but may cross the 
boundary from the convex side when moving from the product compositions inward" (see 
also Chapter 6). No boundary crossing is observed experimentally. 
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Fig. 8.5. Experimental results (open circles for vapor and open squares for liquid samples) 
showing the column composition trajectories for the Water (1) - Ethanol (2) - Cyclohexane 
(3) system for campaign B. Also shown are the simulation results showing the trajectories 
calculated by the EQ stage model and the NEQ stage model. The large open circles 
represent the experimental composition specified in the simulations as "input". In the NEQ 
model simulations, a bubble size d^ = 2.5 mm was chosen. 

In order to understand the qualitative differences between the EQ and NEQ models let us 
examine run WEC-8 in some more detail. In Fig. 8.6(a) the NEQ simulation results are 
presented for bubble sizes of 2.5, 3 and 4 mm. We note that, as for the results in Campaign 
A, the best agreement with experiments is obtained with a bubble size of 2.5 mm. The 
component Murphree efficiencies for each component, calculated with the NEQ model (2.5 
mm bubble size) are shown in Fig. 8.7. We note that component efficiencies vary from tray 
to tray and are different for each component. The average efficiency for the whole column, for 
all three components, is around 80%. The differences in the component efficiencies are 
primarily to be ascribed to differences in the values of the vapour diffusivities, £>ij . The 
vapour phase diffusivities of the three binary pairs are estimated using the Fuller-Schettler-
Giddings equation (Kooijman & Taylor, 2001 and Poling et al., 2000) and are listed in Table 
8.2 together with various other parameter values for run WEC-8 on stage 2 (tray below the 
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(a) NEQ model vs Experiments 
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(b) EQ model vs Experiments 
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Fig. 8.6. Simulation results compared with the experimental data (open circles for vapor and 
open squares for liquid samples) for run WEC-8 of campaign B. The large open circle is the 
specified input composition for the simulations, (a) The NEQ model results, for varying 
bubble diameters, are compared with the experimental results, (b) The EQ model results 
with 100% and 80% efficiency for all components, compared with the experimental results. 

condenser). As a consequence of the differences in the pair D\s , the binary pair (M-S vapour 
mass transfer coefficients) xy are also different from one another. These differences lead to 
finite, large, off-diagonal elements in the matrix [k ], when calculated using. Eq. (8.9) (or 
Eq.(4.12). These off-diagonal elements are the primary cause of the differences in the 
component efficiencies Ev In Fig. 8.6(b) the EQ model simulation results are shown for two 
cases, with 100% and 80% efficiency for each component on all stages. Both the EQ models 
anticipate boundary crossing phenomena whereas no such crossing is found in practice. The 
inescapable conclusion to be drawn is that the assumption of equal component efficiency for 
each component in the mixture leads to erroneous results. This conclusion is in sharp contrast 
to that drawn by Muller et al. (1997); these authors concluded that the experimentally 
measured composition trajectories for the water-ethanol-cyclohexane system could be 
simulated with an EQ stage model with equal component efficiencies for all components in 
the mixture. This conclusion is clearly not valid for all regions of the composition space but 
is restricted to some specific regions. 
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Fig. 8.7. Component Murphree efficiencies along the column for the run WEC-8 of 
campaign B, calculated by the NEQ stage model. In the NEQ model simulations, a bubble 
size öb = 2.5 mm was chosen. 

Table 8.2 
Physical and transport properties for stage 2 of run WEC-8 with the water (I) - Ethanol (2) -
Cyc/ohexane system presented in Fig. 8.6; obtained by NEQ stage model simulations with a 2.5 mm 
bubble diameter and a droplet-size of the dispersed phase of 10 pm. 
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0.7 
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Consider three experimental runs WEC-10, 11 and 12 of Campaign C. In all three 
experiments boundary crossing is observed in the experiments; see Fig. 8.8. This boundary 
crossing phenomena is anticipated by both NEQ and EQ models. To appreciate this fact let us 
consider the run WEC-12 in some more detail. The NEQ simulation results for this run 
WEC-12 for various bubble sizes is shown in Fig. 8.9(a). Again, the 2.5 mm bubble size gives 
the best agreement with the experimental results. The component efficiency for this run is 
80%, when averaged over all trays for all three components. The simulations results with the 
EQ model taking all component efficiencies to be equal to either 80% or 100% are shown in 
Fig. 8.9(b). The 80% EQ model simulations are practically indistinguishable from those of the 
complete NEQ model (2.5 mm bubble). This finding is in agreement with those of Muller et 
al. (1997). In this region of composition space of Campaign C, the EQ model with equal 
component efficiencies is adequate to explain the composition trajectories. 

c Expt. data (vap) Distillation Boundary - EQ model Q | n p u ( c o m p o s i t i 

• Expt. data (liq) NEQ model for simulations 

WEC-10 WEC-11 WEC-12 

Fig. 8.8. Experimental results (open circles for vapor and open squares for liquid samples) 
showing the column composition trajectories for the Water (1) - Ethanol (2) - Cyclohexane 
(3) system for campaign C. Also shown are the simulation results showing the trajectories 
calculated by the EQ stage model and the NEQ stage model. The large open circles 
represent the experimental composition specified in the simulations as "input". In the NEQ 
model simulations, a bubble size d\, = 2.5 mm was chosen. 
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(a) NEQ model vs Experiments 
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Fig. 8.9. Simulation results compared with the experimental data (open circles for vapor and 
open squares for liquid samples) for run WEC-12 of campaign C. The large open circle is 
the specified input composition for the simulations, (a) The NEQ model results, for varying 
bubble diameters, are compared with the experimental results, (b) The EQ model results 
with 100% and 80% efficiency for all components {=based on the average efficiency 
obtained from the NEQ simulation with a 2.5 mm bubble-diameter), compared with the 
experimental results. 
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8.2.2 Water-Acetone-Toluene 

Finally, let us consider the experimental composition trajectories in two runs WAT-1 and 
WAT-2 for the system water (1) - acetone (2) - toluene (3), for which the residue curve map 
is presented in Fig. 8.2(b). In both runs the compositions get richer in acetone as we progress 
up the column towards the condenser. Proceeding down the column, the composition profile 
is just to the right of the straight distillation boundary. The trajectories suddenly move away 
from the water corner and cross the distillation boundary to finally end up in the toluene rich 
corner of the liquid-liquid heterogeneous region. The point at which this sudden change in 
direction occurs just to the right of the distillation boundary has been used as starting point for 
the simulation with the EQ and NEQ stage model (denoted by the large open circle). It is clear 
that only the NEQ stage model with inclusion of mass transfer anticipates crossing of the 
distillation boundary in order to end up as well with a reboiler composition richer in toluene. 
Also here, the NEQ model simulations were carried out using a bubble size c4 = 2.5 mm. This 
bubble diameter was also found to be the best fitting bubble diameter for the binary mixture 
Acetone-Toluene, see Chapter 5.2.7; Fig. 5.7. The EQ model fails at a qualitative level since it 
predicts a reboiler composition of pure water; see Fig. 8.10(a) and Fig. 8.10(b). 

Expt. data (vap) 

- EQ model (100% efficiency) 
NEQ model 

Distillation Boundary 

QJ) Input composition 
for simulations 

(a) WAT-1 (b) WAT-2 

— 0.! 

0.0 02 0.4 0.6 0.8 

Water Composition / [-] 

0.0 0.2 04 0.6 08 1.0 

Water Composition / [-] 

Fig. 8.10. Experimental results (open circles for vapor and open squares for liquid samples) 
showing the column composition trajectories for the Water (I) - Acetone (2) - Toluene (3) 
system. Also shown are the simulation results, showing the trajectories calculated by the EQ 
stage model (100% efficiency) and the NEQ stage model. The large open circles represent 
the experimental composition specified in the simulations as "input". In the NEQ model 
simulations, a bubble size db = 2.5 mm was chosen. The gray shaded areas represent the 
region in which liquid-liquid phase splitting occurs. 
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8.3 Conclusions 

The following major conclusions can be drawn from the work presented in this chapter about 
heterogeneous azeotropic distillation. For both water-ethanol-cyclohexane and water-acetone-
toluene systems, the NEQ model is superior to the EQ model in its ability to predict column 
composition trajectories. 
For the experimental runs in campaign C with the water-ethanol-cyclohexane mixture (see 
Fig. 8.8 and Fig. 8.9), the distillation boundary is crossed. Both the EQ model (with equal 
component efficiencies for all components) and the NEQ model predict this boundary 
crossing effect. One could argue that for experiments in the region of the residue curve map 
like the experiments in campaign C, the EQ model is sufficient to model the experimental 
findings; this conclusion is in conformity with that reached by Muller et al. (1997). 
However, for the experimental runs in campaign B with the water-ethanol-cyclohexane 
mixture (see Fig. 8.5 and Fig. 8.6), the distillation boundary is not crossed while the EQ 
model anticipates boundary crossing. The NEQ model on the other hand correctly predicts no 
boundary crossing for this campaign. These results clearly show that an EQ model, with equal 
component efficiencies for all components, is unable to even qualitatively explain the 
experimental trajectories and therefore becomes insufficient for all possible experiments in all 
different regions of the residue curve map. In other words, our results (campaign B) contradict 
the conclusion drawn by Muller et al. (1997) since it appears that the following statement: 
'the EQ model, with equal component efficiencies, is sufficient to describe the column 
composition trajectories", is not of general validity but applies only in restricted regions of the 
composition space triangle. 

For the second investigated heterogeneous azeotropic system water-acetone-toluene, the 
experimental results show the phenomena of boundary crossing, see Fig. 8.10. This boundary 
crossing composition trajectory is anticipated by the NEQ model but not by the EQ model. 
This result and those for the water-ethanol-cyclohexane system are in agreement with the 
earlier finding of Springer et al. (2002) for homogeneous azeotropic distillation, see Chapter 6 
and Chapter 7. 
The overall conclusion to be drawn from the work in this chapter is that for reliable 
simulation of heterogeneous azeotropic distillation systems, we must adopt a rigorous NEQ 
stage model. 
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Chapter 9 

Consequences in design 

9.1 Introduction 

Nowadays, the design of separation flowsheets in which multistage processes are involved, 
such as distillation and absorption, is still a topic of major importance in chemical 
engineering. Since this is rarely, if ever, an easy and straightforward task, essential preceding 
rigorous simulations have to be performed to eventuate in a proper design. However more 
often than not, these simulations are still based upon the equilibrium stage model, whereas for 
instance during actual distillation, the stages are hardly never at equilibrium; despite of all 
attempts to approach as good as possible this condition by the best kind of designs and 
operating specifications. In order to cope with this "problem", column- or stage efficiencies 
are introduced and even extra margins are often used to defend the engineers from "under-
design". Nevertheless, the determination of the correct stage efficiencies for all kind of 
multicomponent separation processes is a tough task, if not impossible or inequitable. Yet 
besides the difficult estimation, it is well-known to better incorporate individual component 
efficiencies more than stage efficiencies (Seader & Henley, 1998; A.I.Ch.E, 1958; Chan & 
Fair, 1983; Zuiderweg, 1982; Rao et al., 2001; Alopaeus & Aittamaa, 2000; Lockett, 1986 
and Stichlmair & Fair, 1998). Therefore, the use of simulation programs for distillation 
columns with incorporated "real" or non-equilibrium trays should be stimulated as much in 
order to help the engineer to get more realistic designs. So far, the departure of these real trays 
from equilibrium behavior is allowed for in the simulation programs in either of two ways. In 
the first procedure, the user is allowed to specify the individual component Murphree 
efficiencies for each stage. These component efficiencies can be estimated "off-line" by using 
the various mass transfer correlations (A.I.Ch.E, 1958; Chan & Fair, 1983; Zuiderweg, 1982; 
Rao et al., 2001 and Alopaeus & Aittamaa, 2000) as discussed in the standard texts on 
distillation (Seader & Henley, 1998; Lockett, 1986 and Stichlmair & Fair, 1998). The second 
approach, which is gaining currency, is to use a fully rate-based approach. In this approach, 
the interphase mass and heat transfer equations are solved simultaneously along with the 
interphase equilibrium relations for each stage (Krishnamurthy & Taylor, 1985; Taylor et al., 
1994; Kooijman & Taylor, 2001; Agarwal & Taylor, 1994 and Taylor & Krishna, 1993). In 
the rate-based approaches, the interphase mass transfer relations are invariably based on the 
Maxwell-Stefan diffusion equations in either fluid phase (Taylor & Krishna, 1993; Krishna & 
Wesselingh, 1997 and Wesselingh & Krishna, 2000). In recent times, the rate-based approach 
has already been applied to simulate various complex flow patterns on distillation trays 
(Pagani et al., 2001 and Muller & Segura, 2000) and to model maldistribution in packed 
distillation towers (Higler et al., 1999). Furthermore, the rate-based approach has also been 
extended to include three-phase distillation (Eckert & Vanek, 2001), sour-gas absorption 
(Pacheco & Rochelle, 1998) and reactive distillation (Taylor & Krishna, 2000). 

There is some evidence in the published literature that experimentally measured composition 
profiles in distillation columns are better simulated with these models based on the rigorous 
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Maxwell-Stefan diffusion equations rather than with simpler models that assume equal 
component efficiencies (see also chapter 6, 7 and 8). 
As shown, the NEQ stage model is able to model all experimental results and correctly 
anticipates the (crossing) distillation column trajectories. An EQ stage model on the other 
hand, fails to anticipate those trajectories in any experiment and provides a much poorer 
representation and do not even agree qualitatively with the experimental results. Based on 
these examples, it is fair to mention that also for reliable design of distillation of azeotropic 
systems, we must adopt the nonequilibrium stage model. That differences in possible design 
can be expected when different models are used is clear. An example is given by the work of 
Krishnamurthy & Taylor (1985). They showed that large differences can be expected between 
the number of stages predicted for a specific separation of the more volatile component by 
two different models. A conventional equilibrium stage model that uses a component-
independent stage efficiency and a nonequilibrium stage model, in which mass transfer rate 
equations are solved simultaneously with the stage conservation equations. For four 
representative distillation design problems, the amount of stages needed in order to fulfill the 
separation specifications is about twice as much predicted with the NEQ stage model with an 
interactive model of mass transfer (inclusion of diffusional interaction effects), compared to 
the number of stages needed predicted by an equilibrium stage model with a stage efficiency 
of unity. They also concluded that the equilibrium stage model is seen to under-predict 
severely the number of stages for a given separation, which possibly explains the large safety 
factors that are normally associated with industrial column designs based on this model. The 
NEQ stage model on the other hand is physically more realistic and provides a more rational 
approach to the design and simulation of multicomponent separation processes 
(Krishnamurthy & Taylor, 1985). However, according to their published results another 
conclusion could be drawn that the amount of stages required by the NEQ stage model is 
always about twice as much as predicted with the EQ stage model. Hence, one could argue 
that the EQ stage model is still very well to be used for design and simulation of 
multicomponent separation processes, as long as 'certain' safety factors are taken into 
account. 

The major objective of this chapter is to extend the earlier work of Krishnamurthy and Taylor 
(1985) and to demonstrate that differences in design are beyond doubt to be expected when 
different models are used. However, the departure from their work is that this chapter will 
show that in general the number of stages required by a nonequilibrium stage model is not 
always necessarily higher than required by an equilibrium stage model in order to fulfill a 
specific desired separation. The intention is to show that the region of the composition 
triangle in which a distillation column is operating will have a great impact on the required 
number of stages for any desired specification, predicted with a conventional equilibrium 
stage model on the one hand and a nonequilibrium stage model with inclusion of diffusional 
interaction effects on the other hand. Additionally, it will be shown that the different 
component efficiencies throughout the whole composition triangle are determinative herein. 
The system used in this chapter for examination is the ternary mixture water (1) - Ethanol (2) 
- acetone (3), which has a binary minimum boiling azeotrope between water and ethanol; an 
almost straight distillation boundary connects the azeotrope with pure acetone, see Fig. 9.1. 
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Fig. 9.1(a). Residue curve map for the Water (1) - Ethanol (2) - Acetone (3) system, 
showing a straight-line distillation boundary and a binary minimum boiling azeotrope 
between water and ethanol, (b) Zoomed-in version of Fig. 9.1(a). 

9.2 Simulation and problem specifications 

The prediction of the required number of stages for certain imposed product specifications is 
the only object to be investigated here. Hence, all the other "standard" specifications for the 
operating problem are defined in such a way that they apply for both models (EQ stage model 
and NEQ stage model) in order to achieve a justified comparison. Those operating 
specifications include the feed rate, its composition, thermal state, location of the feed-stage 
towards the column, operating pressure and two additional end specifications. In this work, a 
total condenser with liquid product and a reflux ratio was specified for the top part of the 
distillation column and a partial reboiler with a bottom product flow rate was specified for the 
bottom part of the distillation column. The reflux ratio was determined by solving a number 
of problems, and picking that ratio for which an optimum in bottom product purity was 
obtained by the NEQ stage model, see Fig. 9.2. Although optimization aspects were not 
issued, this little research provided that the number of required stages (for all starting 
compositions/feeds) was kept to a reasonable amount and therefore made the realization of the 
imposed product specifications more easily. 

Table 9.1 
Sieve tray distillation column hardware details 
Column diameter 
Tray spacing 
Number of flow passes 
Liquid flow path length 
Downcomer clearance 
Deck thickness 
Hole diameter 
Hole pitch 

0.8 
0.6 
1 
0.52 
0.038 
0.0025 
0.005 
0.012 

m 
m 

m 
m 
m 
m 
m 

Active area 
Total hole area 
Downcomer area 

Weir type 
Weir length 
Weir height 

76.0 % 
15.0% 
12.0% 

Segmental 
0.7408 m 
0.05 m 
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Fig. 9.2. Optimal reflux ratio versus bottom product purity for one specific feed-composition 
and column configuration (a) on the left side of the distillation boundary and (b) on the right 
side of the distillation boundary. 

The reflux ratio used was 3, while the bottom product flow rate was specified to 1.75 mol/s. 
Further, the feed was in the liquid state and fed to the column at 10 mol/s. Nine arbitrary feed 
compositions were used on either side of the distillation boundary. All simulations were 
carried out at a pressure of 101.3 kPa and the ideal gas law was applied. The vapor pressures 
were calculated using the Antoine equation. The column hardware details are based on similar 
operations (Baur et a l , 1999) and tabulated in Table 9.1. 
The simulations were carried out using ChemSep developed by R. Taylor (Baur et al., 2000; 
Krishnamurthy & Taylor, 1985; Taylor et al., 1994 and Baur et a l , 1999); details are available 
at: http://www.clarkson.edti/~chengweb/faculty/tavlor/chemsep/chemsep/.html and the 
technical manual can be downloaded from this site. This manual contains details of all 
thermodynamics, hydrodynamics and mass transfer models for tray columns that have been 
implemented into the software. The mass transfer coefficients for the NEQ stage model were 
estimated using the AIChE correlation and including the liquid phase resistance (A.I.Ch.E., 
1958). The vapour and liquid were assumed to be well-mixed. No pressure drop or 
entrainment was considered. The VLE data (NRTL parameters) for the water - ethanol -
acetone system are specified in Table 9.2. 

Table 9.2 
NRTL parameters for binary mixtures at 101.3 kPa, taken from references (Gmehling & Onken, 1977). 
These parameters are used along with G„ =exp\—aiiri/)and r„ =BtjJT. 

Component i 
Water 
Water 
Ethanol 

Component j 
Ethanol 
Acetone 
Acetone 

fi„/[Kl 
624.9 
602.6 
188.9 

% 1 [K] 
-29.17 
330.5 
22.83 

«„ / [-] 
0.2937 
0.5103 
0.3006 
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In this design problem, the number of stages and feed location are unknown and therefore two 
(other) specifications have to be defined. First of all the feed location was fixed at a certain 
position towards the distillation column. For all column operations on the right side of the 
distillation boundary (see Fig. 9.1), the feed was located exactly halfway through the 
distillation column. For all column operations on the left side of the distillation boundary, the 
feed was introduced in such a way that 20% of all column-stages were located above the 
feedstage. Both feed locations are not necessarily the most optimized positions concerning 
best design, but are reasonable good positions to keep the total number of required stages to 
meet the product specifications at an acceptable quantity for all starting compositions (feeds). 
The second specification to be defined was the bottom product purity; the purity of ethanol 
had to match 96 mol % for all operations on the left side of the distillation boundary, whereas 
the purity of water had to match 100 mol % for all operations on the right side of the 
distillation boundary. 

9.3 Simulation 

9.3.1 Results 

Let us first focus on the distillation region on the left side of the distillation boundary for the 
system water (1) - ethanol (2) - acetone (3). Nine arbitrary feed composition were chosen and 
a column configuration was used as described in Table 9.1. As mentioned, the feed was 
introduced to the column in such a way that 20% of all column-stages were located above the 
feedstage. For each feed composition, the number of required sieve trays (in order to meet a 
bottom product purity for ethanol of 96 mol % were predicted using two different models: a 
conventional equilibrium (EQ) stage model that uses a component-independent stage 
efficiency and a nonequilibrium (NEQ) stage model, in which mass transfer rate equations are 
solved simultaneously with the stage conservation equations. Furthermore, the EQ stage 
model was used in two ways: with 100% stage efficiency (for each component) and with an 
average (aver) stage efficiency (for each component the same on each stage!) based on the 
average component efficiency calculated/obtained by the NEQ stage model. The average 
stage efficiency used for the EQ stage model (and thus obtained from the NEQ stage model 
simulation) can be different for each single run when a different feed composition is used. 
The simulation results for the nine feed composition on the left side of the distillation 
boundary are tabulated in Table 9.3(a). 

Overall, we see that the number of stages predicted by the NEQ stage model is higher than 
predicted by an EQ stage model for which an equivalent average stage efficiency is used. We 
also see that there is no general relation between the predictions of these two models. In other 
words, the introduction of a so-called safety factor will become a very difficult if not 
impossible task. In table 9.3(a), the suitable correction factors for every single run are 
presented and they show that its value might lie between 0.94 - 1.74 for this particular ternary 
azeotropic system. Note: this table shows the results for which only feed compositions on the 
left side of the distillation boundary are used. 
To show the difference between the two model predictions in a more graphical way, the 
results for one run (presented in bold in table 9.3(a)) are also plotted in Fig. 9.3(a-b). On the 
left hand side of the figure (Fig. 9.3(a)), the mole fraction/purity of the bottom product 
ethanol is plotted versus the number of stages for both models. The graph clearly shows that 
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Table 9.3(a) 
Number of stages required to fulfil a product specification of 96 mol % of Ethanol, using nine different 
starting compositions (feeds). 

Comp: Comp: Comp: 
Water Ethanol Acetone 

r-i r-i i-] 
0.015 0.25 0.735 

Correction factor: 1.56 

0.015 0.3 0.685 

Correction factor: 1.12 

0.022 0.3 0.678 

Correction factor: 1.74 

0.029 0.4 0.571 

Correction factor: 1.34 

0.03 0.5 0.47 

Correction factor: 1.18 

0.046 0.5 0.454 

Correction factor: 1.37 

0.03 0.6 0.37 

Correction factor: 1.09 

0.065 0.7 0.235 

Correction factor: 1 

0.079 0.8 0.121 

Correction factor: 0.94 

Bottom prod. 
Flowrate 
[mol/s] 

1 
1.5 

1.75 
2 

1 
1.5 

1.75 
2 

1 
1.5 

1.75 
2 

1 
1.5 

1.75 
2 

1 
1.5 

1.75 
2 

1 
1.5 

1.75 
2 

1 
1.5 

1.75 
2 

1 
1.5 

1.75 
2 

1 
1.5 

1.75 
2 

NEQ model 
(A.I.Ch.E) 

Nr. Stages [-
22 
30 
39 
60 

16 
18 
19 
21 

33 
48 
68 
108 

28 
36 
43 
55 

16 
18 
20 
22 

44 
66 
93 
168 

11 
11 
12 
12 

39 
49 
60 
83 

44 
58 
78 
178 

EQ model 
(100%) 

Nr. Stages [-
8 
10 
13 
17 

7 
8 
8 
9 

10 
14 
18 
23 

10 
12 
14 
17 

7 
7 
8 
8 

16 
22 
28 
48 

5 
6 
h 

o 

16 
20 
24 
33 

1') 
25 
33 
63 

EQ model 
(average %) 

Nr. Stages [-
18 
21 
25 
33 

14 
16 
17 
19 

24 
32 
39 
52 

23 
28 
32 
38 

14 
16 
17 
18 

41 
53 
68 
109 

10 
11 
11 
11 

43 
52 
60 
78 

50 
64 
83 
158 
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Table 9.3(b) 
Number of stages required to fulfil a product specification of 100 mol % of water, using nine different 
starting compositions (feeds). 
Comp: Comp: Comp: 
Water Ethanol Acetone 

i-i H r-i 
0.4 0.4 0.2 

Correction factor: 0.88 

0.3 0.3 0.4 

Correction factor: 0.85 

0.23 0.23 0.54 

Correction factor: 0.71 

0.25 0.25 0.5 

Correction factor: 0.79 

0.225 0.225 0.55 

Correction factor: 0.69 

0.2 0.05 0.75 

Correction factor: 0. 79 

0.2 0.1 0.7 

Correction factor: 0.59 

0.25 0.4 0.35 

Correction factor: 0. 74 

0.3 0.4 0.3 

Correction factor: 0.84 

Bottom prod. 
Flowrate 
[mol/s] 

1 
1.5 
1.75 

2 

1 
1.5 
1.75 

2 

1 
1.5 
1.75 

1 
1.5 

1.75 
2 

1 
1.5 

1.75 

1 
1.5 

1.75 
2 

1 
1.5 

1.75 

1 
1.5 

1.75 

1 
1.5 

1.75 
2 

NEQ model 
(A.l.Ch.E) 

Nr. Stages [-
13 
13 
14 
15 

14 
16 
17 
20 

16 
21 
30 

15 
18 
23 
45 

16 
22 
35 

14 
20 
30 

16 
21 
43 

19 
26 
52 

16 
18 
21 
26 

EQ model 
(100%) 

Nr. Stages [-] 
7 
7 
7 
8 

7 
8 
9 
10 

8 
10 
16 

8 
9 
11 
27 

8 
11 
19 

7 
9 
15 

8 
10 
2-1 

9 
13 
27 

8 
9 
10 
13 

EQ model 
(average %) 

Nr. Stages [-
14 
15 
16 
17 

16 
18 
20 
24 

19 
26 
42 

17 
22 
29 
69 

19 
27 
51 

17 
23 
38 

19 
26 
73 

23 
33 
70 

18 
21 
25 
3.3 
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NEQ Model EQ Model (Eff: aver.) 

16 24 32 40 

Number of Stages / [-] 

16 24 32 40 

Number of Stages / [-] 

(hi 

0.00 0.03 0.06 

Water Composition / [-] 

(d) 

0.0 0.2 0.4 0.6 0.8 1.0 

Water Composition / [-] 

Fig. 9.3(a). Required number of stages for a bottom product of 96 mol% ethanol for the run 
represented in bold in Table 9.3(a) and (b) its composition trajectories predicted by the NEQ 
and EQ stage model, (e) Required number of stages for a bottom product of 100 mol% water 
for the run represented in bold in Table 9.3(b) and (d) its composition trajectories predicted 
by the NEQ and EQ stage model. 

the NEQ stage model (denoted by circles) requires more stages than the EQ stage model 
(triangles) to fulfil the product specifications (96 mol % ethanol); absolute difference is 
indicated by the thick line above the graph. On the right hand side of the figure (Fig. 9.3(b)), 
the composition profiles for both models are plotted in the residue curve map for the water -
ethanol - acetone system. This graph shows that the profile obtained with the NEQ stage 
model has a tendency to direct to the right and therefore needs a longer route to its final goal 
(96 mol % ethanol). 
The same strategy (or method) was used for nine arbitrary feed compositions that lie on the 
right hand side of the distillation boundary that connects the water-ethanol azeotrope with 
pure acetone. The only contrast with the foregoing is that for these nine simulation runs the 
feed was located exactly halfway through the column. The simulation results for the nine feed 
composition on the right-hand side of the distillation boundary are tabulated in Table 9.3(b). 
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This time, we see that the number of stages predicted by the NEQ stage model is always 
lower than predicted by an EQ stage model for which an equivalent average stage efficiency 
is used. Again, no general relation between the predictions of the two models can be 
observed. Likewise, the suitable correction factors for every single run are presented in Table 
9.3(b) and this time they show that its value might lie between 0.59 - 0.88. Recapitulated, the 
correction factor used in design for the determination of the required number of stages based 
on an EQ stage model may vary between 0.59 - 1.74 when a ternary azeotropic mixture of 
water - ethanol - acetone is involved. This of course is an unacceptable wide range for an 
adequate useful correction- or safety factor. In fact, the question whether actual stages should 
be added or even removed cannot be properly answered after an EQ stage model is used for 
calculation. 
For one run from those on the right-hand side of the distillation boundary (presented in bold 
in table 9.3(b)), the EQ - and NEQ stage model predictions are plotted in two graphs in Fig. 
9.3(c-d). The nearside graph (Fig. 9.3(c)) shows that this time the NEQ stage model (denoted 
by circles) requires less stages than the EQ stage model (triangles) in order to fulfil the 
product specifications (100 mol % water). The same was observed for all the other eight 
simulation runs with their feed compositions on the water-rich side of the distillation 
boundary. The offside graph (Fig. 9.3(d)) shows that the composition profile obtained with 
the NEQ stage model has the tendency to direct to the right again. However, this time it 
causes a shorter route towards the pure water corner and therefore brings about a reduction in 
the required number of stages compared to the EQ stage model. 

9.3.2 Explanation 

One observable explanation for the differences in the prediction of the required number of 
stages by the EQ stage model versus the NEQ stage model is the deviation in composition 
profile direction. From stage to stage going from the condenser composition towards the 
reboiler (bottom-product) composition, the NEQ stage model trajectory tends to deviate to the 
right compared to the EQ stage model trajectory. In order to understand this phenomena, we 
have to consider the component Murphree stage efficiency (see also the discussion in earlier 
chapters; chapters 6.6 & 7.4). For the EQ model the component efficiencies are all equal to 
one another. For the NEQ model on the other hand, the component efficiencies will, in 
general, differ from one another. For both specific runs discussed in more detail above, the 
component efficiencies are plotted along the distillation column in Fig. 9.4(a-b). For binary 
mixtures, the component efficiencies are bounded and lie between zero and unity. For 
mixtures with tree or more components, the component efficiencies are unbounded and can 
assume values ranging from -oo to +co. From Fig. 9.4, it is clear that for this ternary azeotropic 
system the component efficiencies are all different form one another and vary from stage to 
stage. Differences in the component efficiencies cause the actual composition trajectory 
followed on any given stage (V\,L - >'J.E) to deviate form the trajectory dictated by the 
equilibrium direction (v'i —yip). 

Based on Fig. 9.4, a second remark can be made concerning the differences in component 
stage efficiencies for the water - ethanol - acetone system. Contemplated the whole column, 
the component efficiencies for water are about 15% higher than the component efficiencies 
for ethanol and about 25% higher than the component efficiencies for acetone. Since only the 
NEQ stage model takes those individual component efficiencies into account, it is not 
surprisingly that for the simulation runs towards the bottom product of pure water, the NEQ 
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Water —_•— Ethanol —A— Acetone 

(a: left side boundary) (b: right side boundary) 

8 16 24 32 40 6 12 18 24 30 

Number of Stages / [-] Number of Stages / [-] 

Fig. 9.4(a). Murphree component efficiencies along the distillation column for the run 
presented in bold in Table 9.3(a) and (b) for the run presented in bold in Table 9.3(b). 

stage model requires less stages than the EQ stage model. In those cases, the NEQ model 
takes the full benefit of the high component efficiencies for water, whereas for the EQ model 
the efficiency for water was lowered due to the averaging (all components having the same 
averaged value) and thus makes less progress per stage in the movement towards pure water. 
For the simulation runs on the left side of the distillation boundary (high purity of ethanol as 
bottom product), the opposite story becomes effective. The higher component efficiencies for 
water are now useless and in fact only inflict that the NEQ composition trajectory moves 
away from the desired bottom product. At the same moment, the lowering of the component 
efficiency for water (due to the averaging) and simultaneously the increasing of the 
component efficiency for ethanol, are now to the advantage of the EQ stage model since the 
desired direction is towards ethanol. As a result, the NEQ stage model requires more stages 
than the EQ stage model in order to reach a bottom product of ethanol with a high molar 
purity. 

Although both explanations described above seem close related to one another, they have to 
be considered separately. The differences in component efficiencies cause the actual (NEQ) 
composition trajectory to deviate from the trajectory dictated by the EQ model. Meaning that 
both models (can) follow a slightly different path towards their "goal". Once a deviation in 
composition trajectories occurs and the most favorable path is also encouraged by a higher 
component efficiency (large driving force), worth mentioning differences can be expected for 
the prediction of the required number of stages by using different models. Of course, other 
combinations are possible as well; like a favorable path that gets discouraged by a lower 
component efficiency or an unfavorable path that gets even worse due to a high component 
efficiency etc... Hence, it is the combination of both that can be very important and cause 
significant differences. 
Since the prediction of all individual component efficiencies for all kinds of systems/mixtures 
is an infeasible task, combinations like described above cannot be reckoned with. In other 
words, the implementation or use of a justified safety factor along with an EQ stage model 
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becomes infeasible when all kinds of different mixtures (and their operating regions) are to be 
considered. Hence, it is more preferable and accurate to use a NEQ stage model with 
inclusion of diffusional interaction effects. 
The same conclusion was already made when the experimental composition trajectories for 
the water-ethanol-acetone system had to be reproduced/described by both models, see chapter 
6. The NEQ stage model gave a much better representation of the column composition 
trajectories, whereas the EQ stage model even failed at a qualitative level for several 
experimental runs. Let us consider again run T2-06, see Fig. 9.5. The EQ model follows the 
trajectory dictated by the residue curve map, whereas the NEQ model has a tendency to cut 
across to the right of the residue curve like the experimentally measured composition 
trajectory is doing as well. The profiles obtained with the NEQ stage model in this chapter 
(for the prediction of the required number of stages) show the same tendency to cut across to 
the right. Hence, one could argue that the experiment T2-06 provides indirect 
support/evidence that a NEQ stage model should be used over an EQ stage model. 
(Note: indirect, since the 'design-simulations' are not completely compatible with the 
experiments and their corresponding simulations considering hardware and mass transfer 
model used). 

1.0 

c 0.8 
o 
55 o 
Q. 

8 0.6 
o c 
TO 
-C 

LU 
0.4 

0.00 0.02 0.04 0.06 

Water Composition / {-] 

Fig. 9.5. Simulation results compared with the experimental data (open circles for vapor and 
open squares for liquid samples) for run T2-06 along with the residue curve map for the 
Water (1) - Ethanol (2) - Acetone (3) system. In the NEQ model simulation, the rigid bubble 
model was used with a bubble size d^ = 4.5 mm. 

NEQ model (4.5mm) 
EQ model (100%) 
Residue cirve lines 
Exp data T2-06 (vap) 
Exp data T2-06 (liq) 
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9.4 Conclusions 

The following major conclusions can be drawn from the work presented in this chapter. 

• The required number of stages in order to fulfil imposed product specifications are 
differently predicted by an EQ stage model that assumes equal component efficiencies on 
the one hand and a NEQ stage model with inclusion of diffusional interaction effects on 
the other hand. 

• For the water-ethanol-acetone system, the EQ stage model predicts more required stages 
on the water-rich side of the distillation boundary, whereas the NEQ stage model predict 
more required stages on the left hand side of the distillation boundary. Even within one 
operating region, the differences between the predictions by an EQ stage model versus a 
NEQ stage model are not ambiguous. Hence, a so-called 'safety factor' can never be used. 

• The differences in the NEQ and EQ stage model predictions emanate from differences in 
the component Murphree efficiencies. Therefore, a different composition trajectories is 
followed by the NEQ stage models, which moreover can be encouraged (or in the same 
way discouraged) by higher (or lower) individual component efficiencies in consideration 
of the desired path to be followed and product specification to be reached. 

• Since all individual component efficiencies for all kinds of mixtures (and compositions) 
are not exactly known in advance, it is better to use a NEQ stage model with inclusion of 
diffusional interaction effects. 

The overall conclusion to be drawn from this work is that for reliable design of distillation, 
we must adopt the nonequilibrium stage model. 
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Chapter 10 

Conclusions 

10.1 Preface 

Throughout this dissertation, the presented work has been summarized directly at the end of 
each concerning chapter. Even so, I would like to give a (repeating) 'domed' conclusion of all 
the work discussed in this thesis. Before doing so, it is worth-mentioning to point out in 
particular the enormous amount of preformed experiments with the various binary, ternary 
and quaternary homogeneous and heterogeneous azeotropic distillation mixtures. Based on all 
the experimental findings for the column composition trajectories under total reflux 
conditions for all these systems, it is fair to say that the (in earlier chapters mentioned) 
inferences with regard to the influence of mass transfer effects on azeotropic distillation 
becomes more effective. 
Next, the development of our rigorous nonequilibrium stage model in which proper account is 
taken of mass transfer effects, plays an important role. Only when this NEQ model is used for 
calculations, the experimental results can be reproduced for our ternary and quaternary 
mixtures, showing (in many cases) column composition profiles being completely against the 
distillation rules known from the textbooks (Levy et al., 1985). Hence, it may be concluded 
that the divergent behavior of the observed column composition trajectories for total reflux 
operations (closed system), are caused by multicomponent mass transfer effects. 

10.2 Summary of conclusions 

The following major conclusions can be drawn from the work presented in this dissertation 
concerning the examination of all ternary and quaternary azeotropic distillation systems. 
• The experimentally measured composition trajectories during distillation of homogeneous 

ternary and quaternary mixtures, under total reflux conditions in a laboratory scale bubble 
cap distillation column demonstrate that crossing of distillation boundaries (lines or 
surfaces) is possible. Even when the boundary is (nearly) a straight-line (Water- Ethanol 
- Acetone system) or a flat surface, this phenomenon will be observed, provided that the 
measured profiles are located within a certain region from the distillation boundary. 

• An NEQ stage model is able to model all our experimental results. The experimental 
results agree very well w ith the developed model, described in Chapter 4. The NEQ stage 
model correctly anticipates boundary crossing when this experimentally also occurs. If 
experimentally no boundary crossing is observed, the NEQ stage model is still doing a 
better job in predicting the trajectories compared to an EQ stage model, assuming equal 
component efficiencies. 

• An EQ stage model fails to anticipate boundary crossing in any experiment with any 
examined (ternary or quaternary) mixture. The EQ model provides a much poorer 
representation of the column composition trajectories and do not agree qualitatively with 
the experimental results. While (in all homogeneous cases) the experimentally measured 
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trajectory shows that the column gets progressively richer in water as we proceed down to 
the reboiler, the EQ trajectory predicts that the column gets progressively richer in 
ethanol. 

• The differences in the NEQ and EQ trajectories emanate from differences in the 
component Murphree efficiencies. These in turn can be traced to differences in the binary 
pair vapour phase diffusivities £>v,ij. 

Continuing the work with heterogeneous azeotropic systems, the following conclusions could 
be drawn. 

• For both the water - ethanol - cyclohexane and the water - acetone - toluene system, the 
NEQ stage model is superior to the EQ stage model in its ability to predict column 
composition trajectories. 

• Experiments with the water - ethanol - cyclohexane system in different operating regions 
of the residue curve map, showed that the use of an EQ stage model (with assumption of 
equal component efficiencies) is not sufficient to describe the column composition 
trajectories for all possible operating regions. The earlier drawn conclusion by Muller et 
al. (1997) can only be applied in restricted regions of the composition space triangle, see 
Chapter 8. 

The study on all homogeneous ternary azeotropic mixtures, assisted by the quaternary 
azeotropic mixture, demonstrates that for reliable simulation of distillation of azeotropic 
systems exhibiting a distillation boundary, we must adopt a rigorous NEQ stage model. For 
example, it can turn out that some designs, initially considered to be possible purely based 
on EQ stage models, become infeasible when mass transfer effects are considered. Also the 
opposite might occur that differences in the EQ and NEQ distillation column trajectories 
could be exploited by the engineer in order to obtain process designs that could not be 
contemplated if mass transfer effects were ignored. This brings us to the final part of this 
dissertation, which deals with one design problem: the required number of stages in order to 
fulfil a desired product specification like product-purity. 

• The amount of stages required in a distillation column is differently predicted by an EQ 
stage model that assumes equal component efficiencies on the one hand and a NEQ stage 
model with inclusion of diffusional interaction (mass transfer) effects on the other hand. 

• For example the water-ethanol-acetone system, an EQ model predicts more stages 
required on the water-rich side of the distillation boundary, whereas the NEQ stage 
model predicts more stages on the left hand side of the same distillation boundary. Even 
within one distillation/operation region, the differences between the two model 
predictions are not ambiguous. Hence, a so-called standard correction-factor for one and 
the same distillation mixture for proper use of the EQ stage model can never be used 
with 100% certainty. 

• As mentioned, different composition trajectories are followed by the NEQ stage model (in 
relation to the EQ model) due to differences in the component efficiencies. This implies 
that the deviation of the traject can be encouraged (or in the same way discouraged) by 
higher (or lower) individual component efficiencies considering the desired path to be 
followed and/or product specification to be reached. 

• Since all individual component efficiencies for all kinds of mixtures cannot be known in 
advance, the use of an EQ stage model in a proper way becomes infeasible. Therefore, it 
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is better to use a rigorous NEQ stage model with inclusion of diffusional interaction 
effects for which all these information is not required in advance. 
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Notation 

A\ area for component i, m" 
a' interfacial area per unit vo lume of vapour bubbles , m 7 m 
«b vapour- l iquid interfacial area per unit vo lume of dispersion, m 2 /m 3 

«d liquid-liquid interfacial area per unit vo lume of dispersion, m 2 /m 3 

By N R T L parameters ; see Table 3.3, K 
c\ molar concentrat ion of species i, mol /m 3 

c\ mixture molar density, mol/m 
C\ mixture molar density of the liquid phase, mol/m 
c t

v mixture molar density of the vapour phase, mol/m 3 

c/b bubble diameter, m 
di droplet diameter, m 
D12 Fick diffusivity in binary mixture, m /s 
Dij Maxwell-Stefan diffusivity for pair i-j, m 7 s 
Dx.ij Maxwell-Stefan diffusivity for pair i-j for the liquid phase, m 7 s 
Dyjj Maxwell-Stefan diffusivity for pair i-j for the vapour phase, m /s 
E\ component Murphree stage efficiency, dimensionless 
E\MW component Murphree point efficiency, d imens ionless 
Fo Fourier number , dimensionless 
Gy N R T L parameters ; see Table 3.3, d imensionless 
g accelerat ion due to gravity, m/s 
h d is tance a long froth height, m 
lit height of dispersion, m 
i componen t index 
[ƒ] identity matrix, dimensionless 

j componen t index 
Ji molar diffusion flux of species i relative to the molar average reference 

velocity u, mol /m" s 
kti e lement for matr ix of mul t icomponent mass transfer coefficient, m/s 
[A'] matr ix of mul t icomponent mass transfer coefficients, m/s 
[kx] matrix of multicomponent liquid mass transfer coefficients, m/s 
[ky\ matrix of multicomponent vapour mass transfer coefficients, m/s 
Ki concentration factor for component i, kg" 
[Kea\ d iagonal matrix of K-values, d imensionless 
[/M3V] matr ix of mul t icomponent overall mass transfer coefficients, m/s 
[K° ] matrix of multicomponent overall mass transfer coefficients, m/s 
m mass (of molecule), kg 
N\ molar flux of species i, mol/m" s 
Ni mixture molar flux, mol/m" s 
jW7T/°v] matrix of overall number of vapour phase transfer units, dimensionless 
[MTUox] matrix of overall number of liquid phase transfer units, dimensionless 
[NTUoy] matrix of overall number of vapour phase transfer units, dimensionless 
n number of diffusing species, dimensionless 
n number of species in the mixture, dimensionless 
[Q] = exp[-[ATLoy]], dimensionless 
/•j response factor of the GC for component i, m"/kg 
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[Ry] 
S 
SI, 

tb 
tc 
T 
it, 

ii 

V 
Kb 

' injection 

x, 

y\ 
- i 

matrix of inverse mass transfer coefficients, m" s 
parameter defined in Eq. (4.13), m/s 
Sherwood number, dimensionless 
liquid-bubble contact time, s 
liquid-bubble contact time, s 
temperature, K. 
velocity of the diffusing species i, m/s 
molar average mixture velocity, m/s 
volume, mJ 

single bubble rise velocity, m/s 
injection volume taken by the GC automatically, m 
liquid composition for component i, dimensionless 
vapour composition for component i, dimensionless 
mole fraction of component i of the appropriate phase, dimensionless 

Greek letters 

«i j 

EQ 

£6 

*U 

Kx.ij 

*y.ij 

PL 
ML 

Mi 
a 
TV 

Tv 

Sj 

# 

non-randomness parameter in NRTL equation; see Table 3.3, dimensionless 
hold-up of vapour, dimensionless 
hold-up of drops, dimensionless 
binary Maxwell-Stefan mass transfer coefficients, m/s 
binary Maxwell-Stefan liquid mass transfer coefficients, m/s 
binary Maxwell-Stefan vapour mass transfer coefficients, m/s 
density of the liquid, kg/nr 
liquid viscosity, Pa s 
molar chemical potential, J/mol 
surface tension, N/m 
vapour phase residence time, s 
vapour phase residence time, s 
NRTL parameters; see Table 3.3, dimensionless 
dimensionless distance along dispersion or column height, dimensionless 

Subscript 
b 
cal 
CS 

E 
eq 
f 
i 

.1 
k 
1. 
Lc 

referring to a bubble 
referring to calibration solution 
referring to calibration sample (for GC) 
referring to conditions entering a specified stage 
referring to equilibrium 
referring to the froth 
component index 
component index, stage index 
component index 
referring to conditions leaving a specified stage 
referring to the continuous liquid phase 
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Ld referring to the dispersed liquid phase 
mix referring to withdrawn column samples 
n component index 
OV overall parameter referred to the vapour phase 
Oy overall parameter referred to the vapour phase 
ref referring to reference solution/component 
s referring to sample solution (for GC) 
solvent referring to solvent to dissolve in 
t referring to total mixture 
V referring to the vapour phase 
x referring to the liquid phase / component index 
y referring to the vapour phase 

Superscript 
L 
Lc 
Lc,b 
Lc,d 
Ld 
M 
V 
* 

referring to the liquid phase 
referring to the continuous liquid phase 
referring to the continuous liquid phase next to bubble 
referring to the continuous liquid phase next to drop 
referring to dispersed liquid droplet phase 
referring to Murphree 
referring to the vapour phase 
referring to equilibrium state 

Dimensionless criteria 

Sh Sherwood number 

Sh,\ Sherwood number 

Fo Fourier number 

Fo\\ Fourier number 

K d, 2 

D 3 

^iexp\-m27r2Foj 

/Ê—^exp|-«72^"2Foj 

—• = — 71 

D..., 3 

^ e x p { - m V F o , . , / 

£—expl-OTVfb,, 
,„=i m L 

~4Bt" 

. d b _ 
4 D„ 

< 

V ~ 

T 
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Samenvatting 

Het is gebleken dat het belang en de invloed van massa transport effecten op distillatie-kolom 
profielen, gedurende de operatie van azeotropische distillatie, van grote betekenis zijn en 
zeker niet kunnen worden genegeerd. Derhalve zijn er vele experimenten met verscheidene 
binaire, ternaire en quaternaire mengsels uitgevoerd ter ondersteuning van dit proefschrift en 
ter verschaffing van het onontbeerlijke bewijs voor deze verklaring. Daarnaast zijn de 
experimentele resultaten (van de compositie profielen) eveneens essentieel voor de staving 
van het door ons zelf ontwikkelde niet-evenwichts model (zie ook hoofdstuk 4), waarin 
zorgvuldig rekening wordt gehouden met massa transport in iedere fase door de incorporatie 
van de Maxwell-Stefan diffusie vergelijkingen. 
De grote hoeveelheid experimenten zijn ter uitvoering gebracht in een op laboratorium schaal 
'bubble-cap' distillatie-kolom (Dome type-floor-column [DN 50]; geleverd door Scott 
Nederland B.V.) met een binnen-diameter van 50 millimeter en een totale hoogte van 
ongeveer 2 meter en 16 centimeter. De kolom is opgebouwd uit tien gelijke bubble-cap 
schotels (nr. 2-11), een condensor waarin alle damp wordt gecondenseerd (nr. 1) en een 
reboiler (nr.12). Alle experimenten zijn volbracht onder atmosferische druk en 'total reflux'. 
Opmerking: de experimenten zijn uitgevoerd in een gesloten systeem; d.w.z. er wordt geen 
voeding aan de kolom toegevoegd en er worden geen producten afgetapt. 
Nadat een stationaire toestand was bereikt werden de kolom compositie profielen gemeten en 
bestudeerd. Het is het vermelden waard, dat ook het gedrag van het mengsel in de bubble-cap 
distillatie kolom uitvoerig werd bekeken en geobserveerd gedurende het experiment. Dit is 
mogelijk vanwege het feit dat de kolom is geconstrueerd uit een dubbele glazen wand. Juist 
deze observatie van de gasfase stomend (bubbelend) door de vloeistoffase was van groot 
belang voor een goede en rechtvaardige beschrijving van de werkelijke situatie en dus ook 
voor de latere ontwikkeling van het niet-evenwichtsmodel. 

Na de bestudering van de eerste set experimenten van het onderzochte ternaire azeotropische 
mengsel Water (1) - Ethanol (2) - Aceton (3), dat een rechte distillatie-lijn heeft lopende van 
de azeotrope tussen water en ethanol naar de pure aceton hoek, werden direct de eerste 
interessante en verassende kolom compositie profielen geobserveerd. Het is algemeen bekend 
uit de diverse studieboeken dat tijdens distillatie onder 'total reflux', de kolom compositie 
profielen volgens de theorie de 'residue curve lines' dienen te volgen van de 'residue curve 
map'. Des te meer, zij kunnen theoretisch in geen geval de distillatie-lijn overschrijden (a) 
vanaf de holle kant indien de distillatie lijn gebogen is (NB: het profiel moet dan bekeken 
worden, lopende vanaf een product over de distillatie-lijn naar de voeding of start-compositie) 
en (b) vanaf geen enkele zijde indien de distillatie-lijn een rechte lijn is (Levy et al., 1985). 
Desalniettemin laten zo rond de twintig experimenten het tegenstrijdige zien op deze regel en 
tonen kolom compositie profielen (in één en dezelfde distillatie kolom), die lopen vanaf de 
linkerzijde (ethanol zijde) naar de rechterzijde (water zijde) van de rechte distillatie-lijn. Een 
willekeurig voorbeeld van zo een experiment met het water - ethanol - aceton mengsel is 
afgebeeld in Fig. 1(a). 
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(a) EQ & NEQ model vs Experiment (b) EQ & NEQ model vs Experiment 
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Fig. I. EQ (gestreepte lijn) en NEQ (ononderbroken lijn) simulatie resultaten vergeleken met 
experimentele data (open rondjes voor gas en open vierkantjes voor vloeistof samples) voor 
het ternaire mengsel (a) Water (l) - Ethanol (2) - Aceton (3), (b) Water (1) - Ethanol (2) -
Methanol (3) en (c) Water (1) - Ethanol (2) - Methylacetaat (3). De grote open cirkel 
correspondeert met de gespecificeerde samenstelling (input) voor de simulaties. 

Tevens zijn er (meerdere) experimenteel verkregen kolom compositie profielen van andere 
ternaire azeotropische mengsels (Water (1) - Ethanol (2) - Methanol (3) en Water (1) -
Ethanol (2) - Methylacetate (3)), die hetzelfde gedrag vertonen en ook hun distillatie-lijnen 
overschrijden onder 'total reflux' condities (zie enkele voorbeelden afgebeeld in Fig. 1(b) en 
Fig. 1(c) respectievelijk). 
Gezien de overtuigende hoeveelheid aan experimentele resultaten voor ternaire homogene 
azeotropische mengsels werden nieuwe experimenten met het quaternaire homogene 
azeotropische mengsel Water (1) - Ethanol (2) - Methanol (3) - Acetone (4) geïnitieerd voor 
de voortzetting van het project. De keuze van de vier componenten is opzettelijk gerelateerd 
aan de opbouw van de voorgaande ternaire mengsels met het oog op mogelijke 
overeenkomsten die zich kunnen voordoen en dus ook met het oog op mogelijke connecties 
die derhalve kunnen worden gemaakt op een rechtvaardige manier. 
Aangezien een quaternair systeem uit vier componenten bestaat, moeten de gemeten 
compositie profielen geprojecteerd worden op drie dimensionale wijze. Dit houdt tevens in 
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dat wat de distillatie-lijn is voor een temair mengsel, een distillatie-oppervlak wordt voor een 
quaternair mengsel. Dit neemt echter niet weg, dat de distillatie regels van Levy et al. (1985) 
niet meer van kracht zijn. Deze kunnen simpelweg vertaald worden, zodat ze net zo min voor 
een distillatie-oppervlak toepasbaar zijn. Aangaande dit feit kan vermeld worden dat het 
distillatie-oppervlak van bovengenoemd mengsel nagenoeg vlak is. Dit zorgt ervoor dat het 
doorsnijden van het vlak (van één zijde naar het andere) ontoelaatbaar wordt vanaf beide 
zijden (net als bij een rechte distillatie-lijn). 
Desalniettemin zijn tegenstrijdige experimentele resultaten verkregen onder (eveneens) 'total 
reflux' condities. De kolom composities tonen profielen waarvan de samenstelling van 
componenten voor de top schotels net iets onder het distillatie-oppervlak liggen, terwijl de 
samenstelling van componenten voor de bodem schotels juist net boven het distillatie-
oppervlak liggen. Halverwege de kolom snijdt het profiel van de 'ethanol zijde' door het 
oppervlak naar de 'water zijde'. Een dergelijk willekeurig experimenteel voorbeeld is 
afgebeeld in Fig. II. Het is het vermelden meer dan waard om even onder de aandacht te 
brengen dat de experimenten (voor zowel de ternaire als quaternaire systemen) niet alleen 
afwijken van de verwachtingen zoals die worden geschetst door de leerboeken (het niet 
volgen van de 'residue curve lines'), maar dat ze tevens kwalitatief volledig afwijkende 
reboiler composities (producten) produceren. Soortgelijke verschillen in compositie trajecten 
of'eind producten' (condensor en reboiler composities) worden tevens geobserveerd wanneer 
we komen tot de berekening (of simulatie) van deze kolom profielen m.b.v. een 
evenwichtsmodel (EQ model) enerzijds (waarbij gelijke component-efficiëntie wordt 
aangenomen) en ons eigen ontwikkeld niet-evenwichtsmodel (NEQ model) anderzijds. 
Opmerking: voor representatieve simulaties (ten opzichte van de uitgevoerde experimenten) 
werden de berekeningen geïnitieerd door het specificeren van één van de experimenteel 
gemeten composities (van één afzonderlijke schotel), zodat het (door berekeningen) 
voorspelde profiel genoodzaakt wordt om door dat ene experimentele punt te lopen. 
Bovendien zijn andere operationele specificaties (stroomsnelheid in de kolom, atmosferische 
druk etc) en het hardware ontwerp van de bubble-cap distillatie kolom (benodigde input voor 
het niet-evenwichtsmodel) equivalent gespecificeerd aan het werkelijke experiment. 

EQ & NEQ model vs Experiment 

Boundary surface 
Initial vapor compositior 

Methanol comp / [-] Acetone comp / [-1 

Fig. II. EQ (gestreepte lijn) en NEQ (ononderbroken lijn) simulatie resultaten vergeleken 
met experimentele data (open rondjes voor gas en open vierkantjes voor vloeistof samples) 
voor het mengsel Water (1) - Ethanol (2) - Methanol (3) - Aceton (4). De grote open cirkel 
correspondeert met de gespecificeerde samenstelling (input) voor de simulaties. 
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De simulatie resultaten verkregen m.b.v. het EQ model geven compositie profielen weer, die 
exact overeenstemmen met de distillatie regels bekend van de leerboeken (Levy et al., 1985). 
Neem bijvoorbeeld het experiment voor het water - ethanol - aceton mengsel gepresenteerd 
in Fig. 1(a). Indien de aangegeven (grote open cirkel) start(gasfase)compositie (liggende aan 
de linkerzijde van de distillatie-lijn) wordt gebruikt voor de simulaties, dan zal het voorspelde 
compositie profiel, berekend met het EQ model, keurig een 'residue curve line' volgen en 
eindigen met een reboiler compositie rijk aan ethanol (gestreepte lijn in Fig. 1(a)) 
Indien dezelfde experimenteel gemeten startcompositie wordt gebruikt voor ons ontwikkelde 
NEQ model, dan zal het berekende traject het experimenteel gemeten profiel volgen door 
tevens de distillatie-lijn te overschrijden en te eindigen met reboiler composities rijk aan 
water. De compositie profiel voorspellingen door het EQ en NEQ model, gepresenteerd in 
Fig. 1(a), tonen kwalitatieve verschillen. Dergelijke simulatie resultaten zijn ook verworven 
met de andere twee ternaire azeotropische mengsels (zie Fig. I(b-c)) en het quaternaire 
mengsel. De simulatie resultaten met het NEQ model voor het laatstgenoemde mengsel 
komen zeer goed overeen met de experimentele resultaten. Het profiel laat net als het 
experiment, top schotel composities zien liggende onder het distillatie-oppervlak om 
vervolgens door het oppervlak heen te snijden en te eindigen met reboiler composities rijk aan 
water, zie Fig. II. Aangezien de gebruikte startcompositie (aangeduid door de grote open 
cirkel in Fig. II) wederom net onder het distillatie-oppervlak ligt aan de 'ethanol zijde', 
voorspelt het EQ model reboiler composities rijk aan ethanol; de EQ model profielen blijven 
aan een zijde van het distillatie-oppervlak en volgen (bij benadering) altijd de 'residue curve 
lines'. 

Uit de hierboven vermelde resultaten mogen we concluderen dat het ongelijke gedrag van de 
geobserveerde kolom compositie trajecten onder 'total reflux' condities en de berekende 
profielen m.b.v. het NEQ model, ten opzichte van datgene wat kan worden verwacht al naar 
gelang er is beschreven in de studieboeken en wat tevens wordt voorspelt door een EQ model, 
kan worden toegekend aan massa transport effecten, die ontstaan door de aanwezigheid van 
meerdere componenten. Om dit enigszins te kunnen begrijpen en om er wat dieper op in te 
gaan, zal er nader gekeken moeten worden naar de afzonderlijke component Murphree schotel 
efficiënties. Zoals reeds vermeld wordt er bij de berekening met een EQ model aangenomen 
dat de component-efficiëntie voor alle componenten gelijk is. Tijdens de berekeningen met 
het NEQ model zullen deze component-efficiënties, in het algemeen, verschillen van elkaar 
en ook nog eens variëren van schotel tot schotel. De oorsprong van de verschillen in 
efficiëntie voor de diverse componenten kan worden teruggeleid tot de verschillen in de 
diffusiviteit van de binaire (gasfase) paren öyJ2 . £>yj3 en Dya3. Uit dit onderzoek kan worden 
opgemerkt voor alle ternaire mengsels dat de coëfficiënt voor het binaire paar £>y.23 ongeveer 
de helft bedraagt van de andere twee coëfficiënten. De verschillen in de diffusiviteit 
coëfficiënten voor het binaire paar veroorzaken dat de waarden van de component efficiënties 
eveneens verschillen van elkaar. In ons speciale geval (zie tevens hoofdstuk 4, model 
development) geldt dat de contact tijd van de gasbellen, die door de vloeistoflaag omhoog 
bubbelen, zodanig lang is dat het Fourier getal (Fo = 4*Dy.ij*rv / db

2) de waarde van 0.06 
overschrijdt in alle gevallen. Dit houdt in dat voor de bepaling van de massa transport 
coëfficiënten van alle binaire paren in het mengsel voor de gasfase, een lineaire afhankelijk 
onstaat naar de diffusiviteit coëfficiënten voor de gasfase £)y ij (zie hoofdstuk 4, vergelijking 
(4.18)). Dit is een verhoogde afhankelijk ten opzichte van die voor lagere waarden van het 
Fourier getal, oftewel voor gevallen waarbij de verblijftijd (rv) van de gasbellen in de 
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vloeistoflaag lager is; er geldt dan een 'wortelafhankelijkheid': ar „«B ~ ten opzichte van 

In een meerdere componenten systeem kan de Murphree component efficiëntie extreem 
variëren van waarden rond nul op de ene schotel tot waarden ver boven 1 op de volgende 
schotel. De oorzaak hiervan moet worden gezocht in de drijvende kracht voor dat component 
op de desbetreffende schotels. Deze kunnen zeer lage waarden aannemen indien ze 
veranderen van teken (positief/ negatief) van schotel tot schotel. Op zo een moment wordt de 
transport of overdracht van het betreffende component tussen de verschillende fasen bepaalt 
door de overdracht van de andere componenten in het mengsel doordat ze kunnen 'koppelen'. 
Met deze koppelingeffecten wordt zeer zorgvuldig rekening gehouden in de Maxwell-Stefan 
formulering. Voor binaire mengsels (systemen) geldt dat de Murphree component efficiënties 
gebonden zijn en altijd liggen tussen nul en één. Voor mengsel van drie of meerdere 
componenten geldt dat de efficiënties ongebonden zijn en waarden kunnen aannemen tussen -
» tot +cc. Indien de binaire gasfase diffusiviteit coëfficiënten DVJJ dicht bij elkaar liggen dan 
zal het verschil in Murphree component efficiënties ook niet groot zijn of zelfs 
verwaarloosbaar. De verschillen in component efficiënties veroorzaken dat de werkelijke 
compositie trajecten/richtingen op iedere willekeurige schotel (yu L - y\,È) afwijken van de 
door het evenwichtsmodel voorgeschreven trajecten/richtingen (yh -)>\,E). 

De volgende stap ter voltooiing van het project was de bestudering van de kolom compositie 
profielen in heterogene ternaire azeotropische distillatie. Derhalve zijn er diverse 
experimenten uitgevoerd (in dezelfde experimentele opstelling) met de heterogene ternaire 
mengsels Water (1) - Ethanol (2) - Cyclohexane (3) en Water (1) - Aceton (2) - Tolueen (3). 
Aangezien er tijdens de distillatie van dergelijke systemen op diverse schotels twee 
vloeistoffasen kunnen ontstaan, dient er extra aandacht te worden besteedt aan zowel de 
observatie tijdens de experimenten als aan de ontwikkeling van het niet-evenwichtsmodel. 
Om toch berekeningen te kunnen uitvoeren aan de heterogene systemen, is het bestaande 
model (voor homogene systemen) uitgebreid zodat ook rekening kan worden gehouden met 
eventuele vloeistof-vloeistof scheidingen op enkele (of alle) schotels, zie hoofdstuk 4. 
Visuele observaties van de schotels tijdens de experimenten toonden duidelijk welke schotels 
zich nog reeds in het homogene gebied bevonden en welke in het heterogene. De verschijning 
van twee vloeistoffasen op één schotel was visueel duidelijk zichtbaar doordat zich een 
•melkachtige' emulsie vertoonden. Deze emulsie bestaat uit een continue vloeistoffase (Lc) 
waaruit een tweede vloeistoffase (Ld) is verjaagd. 
Met het eerst genoemde heterogene mengsel zijn zeer veel experimenten uitgevoerd in 
verschillende gebieden van de 'residue curve map', d.w.z. in zowel homogene als heterogene 
gebieden. Met name de bestudering van meerdere onderzoeksgebieden gaf uiteindelijk een 
meerwaarde aan het geheel. Zo bleken de kolom compositie profielen in bepaalde compositie 
gebieden zeer goed te reproduceren met zowel het niet-evenwichts- als het evenwichtsmodel 
(uitgaande van gelijke Murphree component efficiënties). Vandaar kunnen dergelijke 
experimenten niet bijdragen aan de beargumentering voor de noodzaak van het gebruik van 
het niet-evenwichtsmodel boven het evenwichtsmodel. Er zijn echter ook experimenten 
uitgevoerd in naastliggende gebieden, die niet op een juiste manier kunnen worden 
beschreven m.b.v. het evenwichtsmodel. Terwijl de gemeten compositie profielen (in deze 
gebieden) aan één en dezelfde zijde van de distillatie-lijn blijven (reboiler composities richten 
zich naar de ethanol hoek), voorspelt het evenwichtmodel profielen die de distillatie-lijn 
overschrijden (reboiler composities richten zich naar de water hoek), zie Fig. III. 
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EQ & NEQ vs Experiment 

Water Composition / [-] 

Exp. data fliq) 
EQ model 
NEQ model 
Initial vapor composition 

Distillation boundaries 
Exp. data (vap) 

Fig. III. EQ (gestreepte lijn) en NEQ (ononderbroken lijn) simulatie resultaten vergeleken 
met experimentele data (open rondjes voor gas en open vierkantjes voor vloeistof samples) 
voor het heterogene ternaire mengsel Water (I) - Ethanol (2) - Cyclohexaan (3). De grote 
open cirkel correspondeert met de gespecificeerde samenstel/ing (input) voor de simulaties. 

De simulatie resultaten van het niet-evenwichtsmodel daarentegen, voorspellen compositie 
profielen die vergelijkbaar zijn met de experimenteel gemeten data en blijven dus eveneens 
aan de ethanol zijde van de distillatie-lijn. (Opmerking: Het feit dat het evenwichtsmodel in 
staat is om een distillatie-lijn te overschrijden is niet in tegenspraak met de distillatie regels 
van Levy et al. (1985); de distillatie-lijn is namelijk sterk gebogen). 
Uitgaande van de diverse campagnes die zijn uitgevoerd voor één en hetzelfde heterogene 
mengsel, kan worden geconcludeerd dat voor juiste representaties van kolom compositie 
profielen toch beter een niet-evenwichtsmodel kan worden gebruikt om zeker te zijn van 
gegronde berekeningen voor alle gebieden in de 'residue curve map'. Om de meerwaarde van 
het niet-evenwichtsmodel nogmaals aan te tonen, zijn tevens diverse experimenten volbracht 
met het heterogene mengsel water - aceton - tolueen. 

Om simulaties met het niet-evenwichtsmodel mogelijk te maken, dient de diameter (t/b) van 
de gasbel (bubbelend door de vloeistoffase) te worden gespecificeerd. Door de diameter te 
variëren voor de berekening van de compositie profielen van de diverse (binaire, ternaire en 
quaternaire) mengsels, bleek de keuze van de belgrootte niet 'slechts' een van pas komende 
parameter te zijn om de experimentele bevindingen te kunnen reproduceren. Een consistent 
verband tussen de binaire, ternaire en quaternaire systemen, bestaande uit dezelfde 
componenten, is waargenomen met betrekking tot de beldiameter. Ter illustratie, het 
quaternaire systeem water - ethanol - methanol - aceton wordt zeer goed beschreven door het 
niet-evenwichtsmodel wanneer een 5.0 mm beldiameter wordt gespecificeerd. Bij toepassing 
van dezelfde belgrootte bereikt het niet-evenwichts een eveneens uitstekende 
overeenstemming met de experimentele resultaten voor de ternaire mengsels water - ethanol 
- methanol en water - ethanol -aceton en de binaire mengsels water - ethanol en water -
methanol. Dergelijke conclusies kunnen eveneens getrokken worden voor het heterogene 
ternaire azeotropische mengsel water - ethanol -cyclohexane en het binaire mengsel ethanol -
cyclohexane en tevens voor het heterogene ternaire azeotropische mengsel water - aceton -
tolueen en het binaire mengsel aceton - tolueen. 
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In het laatste deel van dit proefschrift worden de 'mogelijke' massa transport effecten op het 
ontwerp van commerciële distillatie kolommen bestudeerd. In het bijzonder wordt er stil 
gestaan bij het benodigde aantal schotels ter verkrijging van een bepaald opgelegde 
zuiverheid van een distillatie product. In eerdere publicaties is reeds opgemerkt dat het 
benodigde aantal schotels inderdaad kan verschillen wanneer zij worden voorberekend met 
een evenwichtsmodel of een niet-evenwichtsmodel (waarin een massa transport model is 
verwerkt), daarnaast wordt tevens vermeld dat er vaak een bepaalde verhouding tussen deze 
voorspellingen bestaat. Dit houdt in dat een evenwichtsmodel als bekwaam wordt beschouwd 
voor dergelijke ontwerp doeleinden, mits een correctie factor op het model wordt toegepast. 
De conclusie van het werk voor dit proefschrift luidt dat het gebruik van een dergelijke 
correctie factor (vaker wel dan niet) onvoeldoende blijkt en niet kan volstaan voor alle 
mogelijke distillatie verrichtingen voor één en hetzelfde distillatie mengsel. Daartoe zal 
worden aangetoond dat het compositie gebied waarin wordt gewerkt van grote invloed kan 
zijn op het aantal benodigde schotels. Zo kunnen de voorspellingen van het aantal schotels 
door of het evenwichts- dan wel het niet-evenwichtsmodel hoger en lager zijn voor éénzelfde 
distillatie mengsel, afhankelijk van het compositiegebied waarin gewerkt wordt, zie hoofdstuk 
9. Gebaseerd op de verrichtingen van beide modellen met betrekking op de gepresenteerde 
experimenten in dit proefschrift, ligt het voor de hand om meer vertrouwen te hebben in het 
model dat rekening houdt met massa transport effecten. 
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