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While rate-based models are available in commercial flowsheet simulation tools, packed distillation columns are still

mostly designed based on the equilibrium stage model in combination with HETP values. In order to discriminate

between both types of models in a simple way, this article proposes an algorithmic test, based on a geometric criterion for

total reflux operation. Substantial differences are illustrated especially for wide-boiling mixtures, while component-specific

mass transfer rates either increase or reduce the deviation. The derived results are validated by dedicated experiments.
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1 Introduction

Distillation remains the most applied process for the sepa-
ration of liquid mixtures and product purification in the
chemical industry. Distillation processes are usually con-
ducted in columns equipped with either trays or packings,
while different mathematical models are used for the design
of these columns. Various textbooks present detailed de-
scriptions of the different internals, decision criteria for a
specific type of internal and related operational constraints,
as well as the relevant modeling approaches [1-5]. Despite
the rich history in distillation related research [6], the state-
of-the-art approach for the design of distillation columns in
industry remains a sequential procedure, in which first the
required separation effort is determined based on thermo-
dynamic calculations using the equilibrium stage (EQ)
model [7]. Based on the EQ model, which dates back to
Sorel’s work in the 19th century [8], the necessary number
of equilibrium stages and energy requirements for a specific
separation are determined. For this purpose, a coupled alge-
braic equation system that accounts for mass and enthalpy
balances, summation constraints and equilibrium condi-
tions, the so-called MESH equations [9], needs to be solved.
The actual height of a packed column is further determined
based on a value that describes the height equivalent to a
theoretical plate (HETP), which is specific for the selected
internal and is usually determined experimentally for binary
test mixtures, while experiments with the real system may
be necessary in case of strongly non-ideal systems, includ-
ing most aqueous systems [10]. This combination of a
MESH-based model and HETP values was established more
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than 80 years ago by Chilton and Colburn [11]. Although
this design approach is computationally efficient, the result-
ing column design can be inappropriate for certain separa-
tion tasks. By application to other chemical systems and
especially multicomponent mixtures, it is implicitly as-
sumed that the HETP values depend only on the F-factor
and the operating pressure. The potential limitation of this
assumption has, e.g., been illustrated for columns equipped
with random packings by Gorak et al. [12]. In general, it
has to be assumed that the HETP value is affected by the
hydrodynamics and the transport properties of the processed
chemical system and, thus, also varies along the column
height [9]. Therefore, it is common practice to adjust the
HETP values based on available data for similar chemical
systems or dedicated experiments. Especially for multicom-
ponent systems these variations may, however, become sig-
nificant and HETP values may not suffice to account for vari-
ations in component-specific mass transfer rates [9].
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In order to overcome the limitations of the EQ-based
design approach, physically more profound non-equilibrium
modeling and design approaches were developed, which ac-
cording to Gorak [13] and Kenig [14] build either on rate-
based (RB) models that account for transfer phenomena in
a reduced way, mostly assuming 1D plug flow along the col-
umn height, or physically more profound computational
fluid dynamic (CFD) models, which try to describe trans-
port phenomena in a geometrically resolved fashion. While
the latter approach is the most rigorous, it has not yet been
applied to the design of full distillation columns, due to the
complex multiphase fluid dynamics and the unknown local-
ization of the phase boundaries within the column [14]. To
build a bridge between the detailed and complex flow pat-
terns in real separation columns equipped with structured
packings and (a combination of) geometrically simpler
flows, Kenig [15] and Kenig and Shilkin [16] proposed the
so-called hydrodynamic analogy (HDA) approach, which
enables the description of the fluid dynamics in a column
with high accuracy. While CFD and HDA have not been
applied to the design of whole distillation columns, they can
effectively complement the design and optimization of dis-
tillation columns on the micro- and mesoscale when com-
bined in a complementary approach with the macroscale
model of the column represented by either EQ or RB mod-
els [17].

An approach based on differential mass and energy
balances for the liquid and vapor phases that accounts for
heat and mass transfer rates between both phases, building
on the two film theory [18,19], while assuming 1D plug
flow behavior, is the most applied RB modeling and design
approach. The 1D plug flow assumption can be relaxed, by
using so-called cell models, which divide stages along the
column height into a number of parallel contacting cells, in
order to account for potential maldistribution in horizontal
direction, evaluating flow patterns by means of a cell flow
model [9,20,21]. Despite this possible extension we will,
however, limit the subsequent discussion to the 1D plug
flow assumption, when referring to the RB model. In any
way, the RB model is more complex than the EQ model and
requires equipment-specific correlations as well as knowl-
edge about additional physical transport properties [9, 14].
The RB model can either be formulated as a differential al-
gebraic equation system, as described by Serwinski and
Gorak [19], or as a finite difference model, as described by
Krishnamurthy and Taylor [18]. Unlike the MESH equa-
tions for the EQ model, the RB model is based on the
so-called MERSHQ equations, which also account for mass
and energy balances, as well as summation and equilibrium
equations, but furthermore include mass and heat transfer
rate equations and hydraulic equations that depict the pres-
sure drop. The finite difference model is the more common
model, which is also available in flowsheet simulation soft-
ware, such as Aspen Plus® or ChemSep. While the physical
property and model requirements are considerably larger
for the RB model compared to the EQ model, Taylor and
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Krishna [5] already pointed out that the necessary equa-
tions for mass transfer have been known for at least as long
as the EQ model. The additional effort in setting up and
solving the RB model was, however, frequently reported as
of high value, providing much more accurate representa-
tions of experimental results [9,12,22,23]. It is also worth
pointing out that especially the differences in the require-
ments for physical properties diminish largely, in case the
HETP values are computed from correlations of the mass
transfer coefficients [3].

Accounting for the benefits of both models, Taylor et al.
[9] suggest to further utilize EQ models in the conceptual
design phase, exploiting different column configurations
and process designs, but finally checking the resulting
column designs against the RB model, in order to avoid in-
appropriate column designs. This is in line with other sug-
gestions on model-based design of distillation columns
[1,10]. While this solution is certainly feasible, it would be
beneficial to determine the need to apply the RB model as
early as possible. Unfortunately, to this point, no heuristics
or simple calculation methods have been proposed to an-
swer this question for a specific separation task. With the
current publication we want to start to fill this gap, by intro-
ducing a simplified geometrical method, which checks in
how far the composition trajectories obtained by the solu-
tion of the EQ and RB model deviate from each other, inde-
pendent of the choice of HETP values, considering the lim-
iting case of total reflux.

The main reasoning for choosing the composition trajec-
tories as the basis for the model discrimination is further
described in the next section, which also provides a review
of the related preceding work of other authors. After this
more detailed motivation, Sect. 3 describes the calculation
procedures for the EQ and RB composition trajectories and
introduces the maximum value of the shortest Euclidean
distances between the different composition profiles as the
discrimination criterion. Subsequently, in Sect. 4 the pre-
sented methodology is applied in a sensitivity analysis with
one-at-a-time variations to analyze the influence of the VLE
and component-specific mass transfer rates on the differ-
ences between the EQ and RB composition trajectories.
Based on this sensitivity analysis real multicomponent mix-
tures are selected for further simulations, before Sect. 5
illustrates a validation of the results by dedicated experi-
mental investigations. Finally, Sect. 6 provides a brief sum-
mary and conclusion of the conducted studies as well as an
outlook on future work for the extension towards design
calculations at finite reflux.

2 State of the Art

As indicated in the introduction, the comparison of the
composition trajectories calculated from the RB and EQ
models is deemed as an effective means for model discrimi-
nation. In this context, a composition trajectory represents
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the liquid composition profile along the height of the
column [24]. It is important to note that a differentiation
based on the composition trajectories is only meaningful
for systems with at least three components. In case of binary
mixtures, the composition trajectories are simply straight
lines, since the composition of both components is con-
nected via the summation constraint [24]. While this does
not mean that the composition trajectories of the EQ and
RB model are generally identical for binary mixtures, they
can always be aligned by adapting the HETP values. Yet,
this might require the variation of HETP values along the
column height (cf. Fig. 1 left), e.g., by means of data interpo-
lation or the application of mass transfer models [3], which
is rather uncommon.

In contrast to this, aligning the composition profiles is
not necessarily feasible for multicomponent mixtures, as the
corresponding composition trajectories might deviate from
each other in multidimensional space. This can easily be
illustrated for a ternary mixture, for which the composition
simplex can be represented by the Gibbs triangle — a two-
dimensional plane. If the composition trajectories of the EQ
and RB models traverse the Gibbs triangle on different
paths (cf. Fig. 1 middle), the associated composition profiles
cannot be aligned by plainly adapting the HETP values
(cf. Fig. 1 right). As a consequence, such deviations are an
excellent indicator for the potential need to use an RB
model, as the results obtained by the EQ model and respec-
tive HETP values may be misleading.

The general consideration of composition trajectories for
the discrimination of the EQ and RB model is of course not
a distinct novelty, since these trajectories have been used as
an aid for illustrating differences in the results of EQ and
RB models in respect to experimental results in a variety of
publications. Ronge [25] made a comparison of experimen-
tal and simulated composition trajectories and concluded
that for distillation processes in packed columns the liquid-
phase mass transfer resistance can be neglected. This
assumption is quite common for distillation processes
[23, 26-29]. Van Dongen and Doherty [28] compared the
EQ model with a differential formulation, corresponding to
an RB model with equal mass transfer rates for all compo-

nents. They found that the path of the calculated composi-
tion trajectories of both models differs only close to the
specified product compositions. Wahnschafft et al. [29]
mentioned possible differences in the attainable product
composition regions determined by the distillation lines
(DL) (representing the EQ model at total reflux) and the
residue curves (RC), which correspond to a RB model at
total reflux with equal mass transfer rates [30]. However,
they also noted that DL and RC normally do not differ sig-
nificantly.

Several authors addressed the component-specific mass
transfer rates of the RB models in their studies. Agarwal
and Taylor [31] as well as Castillo and Towler [32] used
component-specific efficiencies to explore the influence of
component-specific mass transfer on the path of the com-
position trajectories. Since the pinch points are unaffected
by component-specific mass transfer rates, the minimum
reflux ratio determined by EQ and RB models are generally
equivalent, assuming a sufficiently high number of equilib-
rium trays and respective height of the column is consid-
ered [31,32]. Nevertheless, for a finite number of stages or
column height, significant differences in the calculated
minimum reflux ratios may be observed [31]. Moreover,
significant differences in the calculated minimum number
of stages and respective height of columns were reported for
the EQ and RB models at total reflux [31]. Generally, the
component-specific mass transfer rates influence the path
of the RB composition trajectories qualitatively, in particu-
lar their curvature [32]. Even small differences in the com-
ponent-specific mass transfer rates may have a significant
impact on the path of the RB composition trajectories, as
the effect of the component-specific mass transfer accumu-
lates during the integration [32]. Pelkonen et al. [23] also
investigated the effect of component-specific mass transfer
rates on the path of the composition trajectories. However,
for the calculation of multicomponent mass transfer rates,
they used the Maxwell-Stefan equations rather than compo-
nent-specific efficiencies. Additionally, they analyzed the
effect of different VLE models and parameter sets on the
agreement of the simulated composition trajectories with
experimental ones. In general, the path of the composition
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Figure 1. Depiction of the possible differences between the composition profiles of the EQ and RB models in-

side a distillation column for binary (left) and ternary mixtures (right).
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trajectories was reported to be very sensitive to changes in
the VLE model and the considered set of parameters
[12,23]. Moreover, the RB model using the Maxwell-Stefan
equations showed the best match with their experi-
mental data for the chosen VLE model and parameter set,
surpassing the EQ model as well as an RB model using
equal mass transfer rates for all components [23].

Moreover, Taylor et al. [27] presented a general frame-
work for the calculation of RB composition trajectories at
total reflux. Their target was to investigate the influence of
component-specific mass transfer rates calculated by the
Maxwell-Stefan equations on the path of the RB composi-
tion trajectories. The differences in the RB model composi-
tion trajectories with and without component-specific mass
transfer rates were quantified by the relative arc length of
the corresponding trajectories as well as the angle between
their respective composition vectors. While the stationary
points of the mixture are determined by the VLE alone, the
precise path of the distillation boundaries in the composi-
tion simplex calculated by the RB model is also affected by
component-specific mass transfer rates [27]. Baur et al. [26]
extended this framework to finite reflux and investigated
the consequences of component-specific mass transfer rates
on the column design. They showed that the minimum re-
flux ratio is only the same for very sharp splits, while for
less sharp splits with trace impurities in the products, com-
ponent-specific mass transfer rates may affect the minimum
reflux ratio significantly. However, Taylor et al. [27] and
Baur et al. [26] did not include the EQ model in their inves-
tigations.

While the EQ and RB models can be discriminated
through simulation studies, real distillation experiments are
required to validate the theoretical results and to prove the
superiority of one model over the other. Nevertheless, there
is only a limited amount of data on experimental composi-
tion profiles of distillation in packed columns in the open
literature [22, 33-35]. On the contrary, the data base of
experimental profiles of tray columns is significantly larger.
Particularly interesting is the work of Springer et al. [36],
who investigated the differences in distillation boundaries
determined based on the EQ and RB models. In a first step
they evaluated the potential cutting of the total reflux
boundary, which is based on the limiting DL determined by
the EQ model [37], cross a composition trajectory deter-
mined by a RB model considering diffusion based on the
Maxwell-Stefan equations. Subsequently, they validated
their simulations by distillation experiments in a tray
column for various multicomponent mixtures [38-42]. It is
important to note that an evaluation of the corresponding
component-specific Murphree efficiencies, based on the
results of the RB model, revealed that the efficiencies vary
significantly for the individual components [42] and that
they are not bounded between zero and one [40]. More-
over, Springer et al. [40] could quantify the contribution
of the liquid phase to the overall mass transfer resistance
to less than 10% for their experiments. Despite these in-
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teresting results it needs to be noted that all these investi-
gations were focused on the deviation of the composition
trajectories in the vicinity of distillation boundaries, which
is important for the evaluation of feasible products, while
no general discrimination between the EQ and RB models
was pursued.

In summary, it can be concluded that most of the pre-
vious studies put a particular focus on the investigation of
the component-specific mass transfer rates for the RB mod-
el. Although the results of RB models with and without
component-specific mass transfer rates were compared sev-
eral times, comparisons of these models with the EQ model
were only conducted by Pelkonen et al. [23] for packed
columns and Springer et al. [36, 38-42] for tray columns.
Yet, the preceding works clearly demonstrated that the
results of the EQ and RB models may differ significantly.
However, it is still not clear for which mixtures and under
which process parameters these differences are to be
expected. In order to identify such conditions, the current
publication proposes a simplified algorithmic test that
allows for a systematic discrimination of the EQ and RB
models.

3 Methodology

In the following section the equations for calculating the
composition trajectories are derived first, before the maxi-
mum value of the shortest Euclidean distance between EQ
and RB composition trajectories is presented and proposed
as criterion for model discrimination.

3.1 Calculation of the Composition Trajectories

The different composition trajectories used in this work can
be derived from a material balance around a differential ele-
ment within a section of the packed distillation column
[5,23]
(V+dV)F+dy) - Vi=Vdj+dVj+dvdy

=-NdA (1)

In combination with the definition of the vector of molar
fluxes

N = (7" + )’/’Nt) )

the interfacial area for mass transfer in the differential ele-
ment

dA = aA. dz (3)
as well as the total material balance (dV = -N,dA) and the

negligence of the second order term (dVdy), the integration
of Eq. (1)-(3) yields
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Vdy=—JVaA.dz (4)

where z is the axial coordinate of the packing, Vis the molar
vapor flow rate, y the composition vector of the bulk vapor
phase. The variables A. and a represent the cross-sectional
area of the column and the specific interfacial area, respec-
tively. N represents the vector of the molar fluxes, oriented
from the vapor to the liquid phase, while JV and N; are the
vector of molar diffusion fluxes and the total molar flux be-
tween the phases. Based on the experimental investigations
of Ronge [25] and similar to previous studies [23, 26-29],
constant molar overflow is assumed, such that both liquid
and vapor flow rates are assumed constant, while the tem-
peratures of both vapor and liquid phase are assumed to be
equal to the boiling temperature of the liquid mixture.
These assumptions were, e.g., also considered by Taylor
et al. [27]. Determining the diffusional molar fluxes based
on the Maxwell-Stefan equations

Jr=dK- -7 )

with ct being the total molar vapor concentration, 134
being the matrix of the vapor-phase mass transfer coeffi-
cients and ' being the vector of vapor composition at the
phase interface, yields in combination with Eq. (4)

&y V1. (5
VE—cAa[k] G -7 (6)

Based on the assumption of a negligible liquid-side mass
transfer resistance this equation is further refined to

V%:uﬁ%ﬂﬂ](fQ—ﬂ %
as the vector of vapor compositions at the phase interface
can be replaced by the vector of the equilibrium vapor com-
positions ¥*Q in respect to the liquid bulk composition ¥
and thereby determined by the corresponding vapor-liquid
equilibrium (VLE) conditions at the given pressure p

7= fyre(%, p) )

The matrix of the vapor-phase mass transfer coefficients
[k"] can further be calculated according to [5]

(K] = R[] )
avg n avg
o=t 30k 1o
in k=1 ik
izk
wl1l 1
Ru——yi‘g<KV Ky) (11)
ij in

www.cit-journal.com
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where /ci\; are the binary vapor-phase mass transfer coeffi-
cients, and y® is the average vapor composition of compo-
nent i according to the linearized theory [5]. Thus, y*'8 is
determined as the arithmetic mean of the vapor composi-
tion in the bulk phase ¥ and at the interface !, which is
equivalent to the equilibrium vapor composition #*< in case
of the assumed negligible liquid-side mass transfer resis-
tance. Based on the assumption of a thermodynamically
ideal vapor phase, the thermodynamic correction matrix
[I'] is furthermore assumed to be equal to the identity
matrix [I] in the scope of the current study. The binary va-
por-phase mass transfer coefficients lci‘j’ can be calculated by
different mass transfer correlations [43]. Nearly all of these
correlations can be rearranged into the following form [23]

o C(QY)2/3 (12)

where C is a function of the different physical properties
of the processed mixture, packing specific constants and the
hydrodynamic conditions [27]. This coefficient is, however,
equal for all components in the mixture. As a consequence,
the binary Maxwell-Stefan vapor diffusion coefficients Bi\j’
are the only component specific property required for the
calculation of the relative difference between the individual
mass transfer coefficients. Assuming an ideal gas phase,
these B} become equal to the binary Fickian diffusion coef-
ficients [5] and thus, are independent of the mixture com-
position. Following the well-known HTU-NTU approach
[11] a reference height of a transfer unit, HTU}\{ef can be
introduced

1%
HTUy; = 13
Ref = kY VA (13)

such that dz can be replaced by
dz = HTUp,; ANTUR (14)

Assuming that the total molar vapor concentration ¢,
cross sectional area Ac and the specific interfacial area a are
constant along the packing height, the integration of
Egs. (7) and (14) yields

& K ma g
dNTUI\{ef kKef (y - y) ()

Thus, the dimensionless number of transfer units NTUY;
replaces the local height coordinate z as integration variable.
Similar to the binary mass transfer coefficients Ici‘j', the
newly introduced reference mass transfer coefficient ky,,
can be calculated by a correlation following Eq. (12)

2

kRef - (DRef) (16)

where Dy . represents a reference diffusion coefficient.
Thus, due to the division of [k"] by kRef the computation of
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the vapor composition in terms of the dimensional number
of transfer units according to Eq. (15) depends solely on the
binary Maxwell-Stefan vapor diffusion coefficients DY and
the VLE model used for the calculation of the vector y*Q
according to Eq.(8), while the actual choice of Dy only
affects scales with the integration variable NTUY. and does
not influence the path of the composition trajectory. The
binary Maxwell-Stefan vapor diffusion coefficients DY can
be calculated by different correlations, e.g., the methods of
Wilke and Lee [44] or Fuller et al. [45]. Both methods require
only a few component-specific parameters, i.e., the individual
boiling points and molar weights as well as the specific lig-
uid molar volumes of the individual components (Wilke
and Lee [44]) or their chemical formulas (Fuller et al. [45]).

For total reflux operation, as considered in the current
article, the liquid and vapor molar flowrates are equivalent
(L = V), such that also the vector of the liquid and vapor
compositions equate at any intersection along the column
height [23]

I (17)

Thereby, the resulting differential equation system for the
composition trajectory of the liquid phase can be derived
from Eq. (15) and (17) to yield

dx K] Q-
= - 18
dNTUlYef kXef (y X) ( )

This model is further denoted as rate-based Maxwell-
Stefan (RB-MS) model, accounting for the previously intro-
duced assumptions of constant molar overflow, a negligible
liquid-side mass transfer resistance and total reflux opera-
tion. While in this study also the assumption of an ideal
vapor phase is considered, necessary modification for con-
sideration of non-ideality in the vapor phase would only
affect the computation of k] through [T'] and 9 accord-
ing to the VLE model. The derived model is essentially
identical to the diffusion rectification line model considered
in the work of Pelkonen et al.
[23] and the total reflux model

with [I] being the identity matrix. By division of both sides
of the equation with k" /ky ; and lumping ANTUY, cky . /k"
into a new integration variable ANTU the well-known Ray-
leigh equation for the computation of residue curve (RC) is
derived

& oo o
iy =P F (20)

This model is further denoted as rate based equal mass
transfer (RB-EMT) model [27]. In accordance with this
derivation, the RC model can be interpreted as a simplified
rate-based model, considering CMO, for which the liquid-
phase mass transfer resistance is negligible and all binary
diffusion coefficients are equal [30].

The differential equations for the RB-EMT model can
further be solved by means of a finite difference approxima-
tion using the Euler method [46], yielding the following
equation for a step size of ANTU

=

2(n+1) _ )—C'(n) + ANTU(}—;EQ _ J—C‘(n)> (21)

which results in the well-known EQ model for the compu-
tation of the DL when ANTU — 1

FrHl) = 7o) (22)

In this case, the superscript (1) represents a stage number
for the corresponding EQ model at total reflux [47]. As
illustrated in this derivation, the primary cause for the dif-
ferences between the EQ model, represented by the distilla-
tion line (DL), and the RB-EMT model, represented by the
RC, is the mathematical solution of the differential equation
(20) by either a numerical or analytical integration or the
transformation into a set of finite difference equations. As
illustrated in Fig.2a, the major differences between the
resulting trajectories are, therefore, related to the fixed step
size, equivalent to one equilibrium stage, for the finite dif-
ference model. Note that the DL is not equivalent to the lin-
ear connection of the finite steps, but defined as the contin-

for packed columns considered
by Taylor et al. [27].

In case all binary diffusion co-
efficients DY are equal, the off-
diagonal elements of the matrix
[KY]  vanish according  to
Egs. (9)-(11) and the diagonal el-
ements of [k'] become equal.
Consequently, k" can be factored
out as a coefficient, yielding

b A

&K
_x K Q_ =
antuy, R, MU )

B C B

(19) Figure 2. Depiction of the differences between the DL and RB-EMT composition trajectories
due to the different calculation procedure (a) and depiction of the differences between the RB-
EMT and the RB-MS composition trajectories due to component specific mass transfer rates (b).
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uous trajectory of liquid compositions, for which the vapor-
liquid tie lines represents chords for every composition on
the trajectory [48], such that the DL is approximated by a
cubic spline, as suggested by Stichlmair [49].

Since the binary diffusion coefficients are not necessarily
equal for the RB-MS model, the component-specific mass
transfer rates result in a deviation of the RB-MS trajectory
from the RC, which is the RB-EMT trajectory. A potential
increase in the deviation from the DL is illustrated exempla-
rily in Fig.2b. However, it is important to note that the
component-specific mass transfer rates may as well reduce
the deviation from the DL, as will be discussed subsequently
in Sect. 4.3.

For the presented illustrations and all further evaluations
in this work, the ordinary differential equations of the
RB-EMT and RB-MS models are solved numerically with
MATLAB’s ode45 solver, using the Dormand-Prince meth-
od. For all comparisons, the composition trajectories are
calculated from the same initial composition. The integra-
tion is performed in both directions and terminated when

the norm of the derivative for the RB-MS model

dx
- dNTUR ¢
INTOY for the RB-EMT model decreases below a
specified threshold. The respective DLs are derived as the
spline interpolation for a series of (x,p) flash calculations,
starting at the same initial composition, using piecewise cu-
bic hermite interpolation polynomials.

and

3.2 Quantifying the Differences Between the EQ
and RB Composition Trajectories

In order to discriminate the EQ and RB models the differ-
ence between the respective composition trajectories is to
be evaluated. In case of ternary mixtures, this can be per-
formed based on a visual inspection of the different trajec-
tories for one specific initial composition. This is illustrated
in Fig. 3, for which A, B and C refer to the low, intermediate
and heavy-boiling component of a general ternary mixture.
It can be seen that the differences in the trajectories strongly
depend on the specified initial composition. Therefore, a
systematic investigation of the differences between the EQ
and RB composition trajectories for a specific mixture

should evaluate these differences for a large variety of initial
compositions, at best covering the whole composition
space. Consequently, a manual approach to such an investi-
gation becomes infeasible.

In order to derive an algorithmic framework for the
quantification of these differences between EQ and RB
composition trajectories, an adequate quantitative measure
that represents the largest visible difference between the
composition trajectories is required. For this purpose, the
maximum value of the shortest Euclidean distances d
between the different trajectories is evaluated. This max-
min problem is solved in two consecutive steps. First, the
shortest Euclidean distance is determined by a numerical
search algorithm that evaluates for each composition on
one trajectory the closest composition on the respective oth-
er trajectory. Second, the maximum value d of all the calcu-
lated shortest Euclidian distances is evaluated. While this is
a robust approach that works well for the considered sys-
tems and a large number of initial compositions, a direct
simultaneous solution of the respective max-min problem
may be more effective for large multicomponent systems.

For ternary mixtures, the results of the solution of the
max-min problem for a multitude of initial compositions
can be plotted in a ternary contour plot. The derivation of
the maximum value d of the minimum Euclidian distance
and the resulting contour plot for a full coverage of the
composition space is illustrated in Fig.4, considering an
ideal mixture with constant relative volatilities. The dark
blue areas in the contour plot (Fig. 4d) represent the initial
compositions for which the differences between the EQ and
MS trajectories are comparably small. The areas with colors
from green to red represent initial compositions for which
the maximum Euclidian distance d between the EQ and RB
composition trajectories are increasing. For illustration pur-
pose, Fig.4c depicts the DL and RB-EMT trajectories, as
well as the respective maximum of the shortest Euclidian
distance between them, for one initial composition that re-
sults in a fairly large difference between the trajectories. The
contour plot allows for a direct evaluation of the differences
between the EQ and RB composition trajectories for the
whole mixture. Moreover, regions in the composition sim-
plex for which the differences between the EQ and RB-EMT
or RB-MS trajectories are the most significant can be identi-
fied easily.

0A 0A

o
o

_\_o “VO

0A

o

_\_(J

Figure 3. Exemplary paths
of the DL and RB-EMT com-
positions trajectories for

—=— DL —— RB-EMT

(SN
w
w

three different initial com-
X positions of the trajectories.
The arrows indicate the ini-
tial compositions.
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Identical initial point

Figure 4. Calculation procedure for the maximum value of the shortest Euclidean distances, d, between the EQ and
RB composition trajectories and subsequent illustration by means of a ternary contour plot.

In order to guarantee a high resolution of the composi-
tion space, 12150 initial compositions were evaluated for
each of the depicted contour plots in the current paper. Due
to the larger variations close the binary edges, the distribu-
tion is non-uniform with a higher resolution close to the
binary edges and a lower resolution close to the center of
the composition space. Note that the algorithmic approach
for the computation of the maximum value of the shortest
Euclidean distance d is not limited to ternary mixtures but
can be applied to mixtures with an arbitrary number of
components. Yet, for the sake of visualization of the results,
the current article focusses on the application to ternary
mixtures.

4 Theoretical Model Discrimination
Building on the presented algorithmic approach for the

quantification of the differences between the EQ and RB
trajectories, the subsequent investigation first evaluates the

Chem. Ing. Tech. 2020, 92, No. 7, 890-906

effect of the relative volatilities for ideal mixtures, as well as
component-specific mass transfer rates, before evaluating
the transferability of derived criteria for considerable differ-
ences between EQ and RB trajectories for two real mixtures.
First, the contour plots are used to discriminate the EQ and
RB models for ideal mixtures.

4.1 Influence of the VLE on the Deviation of the EQ
and RB-EMT Composition Trajectories

The EQ and RB-EMT models, which result in the DL and
RC, require only information about the VLE, as it is as-
sumed that all binary diffusion coefficients Bi\j' are equal
(cf. Sect. 3.1). In this first stage of the investigations the
VLE is calculated based on constant relative volatilities
(CRV). This enables a simple and targeted modification of
the VLE. The CRV of the binary submixtures are always
denoted in the following form:

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  www.cit-journal.com
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ad=(asp asc apc) (23)

Only two of the binary CRV can be specified independ-
ently, since the third one is computed as the ratio of the
other two. Here, aac and apc are specified while a a5 is cal-
culated as the ratio of the former two. In the following, the
influence of the VLE on the differences between the EQ and
RB-EMT composition trajectories is analyzed by evaluation
of contour plots for different sets of relative volatilities.

Fig. 5 illustrates respective contour plots determined for
mixtures, for which the relative volatility a ¢ is fixed at 6,
while apc is varied from 2 to 4. As such, the first two mix-
tures are characterized as wide-boiling, since all relative vola-
tilities larger or equal to 2, while the third mixture is partially
close-boiling (a5p) and wide-boiling (asc > apc > 2). The
smallest deviation between the EQ and RB-EMT trajectories
are determined for initial compositions with very high or
very low amounts of the intermediate boiling component B.
Furthermore, almost equimolar initial compositions result in
comparably small deviations. The largest deviations are

determined for low compositions of low boiler A or high
boiler C, close to the binary edges. However, the shape of the
regions of higher deviations deforms with the variation of
apc. While the shape of both regions is rather symmetrical
for apc = 3 (cf. Fig. 5b), the lower regions flattens towards
the binary BC edge and the upper region deforms towards
the low boiler A in case of a reduced relative volatility
(cf. Fig.5a), while the upper region flattens towards the
binary AC edge and the lower region deforms towards the
high boiler C in case of an increased volatility (cf. Fig. 5c).

However, it is important to note that the regions of higher
deviations do not extend towards the binary edges, as there
are no differences in the EQ and RB trajectories for the
binary subsystems (d = 0). Consequently, the contour lines
are closed close to the binary edges, although this is hardly
visible in the contour plot.

While the maximum deviations between the EQ and
RB-EMT model reached values in the Eucledian distance of
0.15 for noticeable regions of the composition space, in case
of the relatively wide boiling mixtures, these deviations are

a) ! b)

0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200 0.225 0.250 0275 0.300

<)

Figure 5. Contour plots illustrating the distance d values between the DL and RB-EMT composition trajectories for three

mixtures, aac is fixed at 6 while agc is varied.
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Figure 6. Contour plots for several combinations of the relative volatilities with ;; < 2 illustrating the distance d values be-

tween the DL and RB-EMT composition trajectories.
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reduced significantly for closer boiling mixtures, as illustrat-
ed in Fig. 6 for which all relative volatilities are below or
equal to 2. Especially for the very narrow-boiling mixture
with the contour plot illustrated in Fig. 6¢ almost no recog-
nizable deviation becomes apparent.

Consequently, it can be concluded that the differences
between the EQ and RB-EMT composition trajectories are
very small for close-boiling mixtures and increase in specific
regions of the composition space for wider-boiling mix-
tures. This observation from the contour plots aligns per-
fectly with statements in related publications, as e.g., Taylor
[7] pointed out that the EQ model can fail to adequately
describe especially high-relative-volatility distillation and
some very high purity separations. The large difference
between the EQ and RB-EMT composition trajectories for
wide-boiling mixtures results directly from the large step
size in the finite difference scheme of the EQ model, which
is determined by the VLE. The largest differences in the DL
and RB-EMT composition trajectories are located close to
the edges of A and C at the binary A/B and B/C lines, while
the magnitude of d depends on the relative volatility of the
corresponding binary submixtures.

In order to support these conclusions, Fig.7 depicts fur-
ther contour plots for additional combinations of relative
volatilities, combining low and high relative volatilities of
the involved submixtures. Similar to the wide-boiling mix-
tures evaluated in Fig. 5, larger differences between the EQ
and RB-EMT model are demonstrated by the maximum of
the shortest Euclidian distance for the mixture for which all
relative volatilities are larger or equal to 2 (cf. Fig.7b).
However, as illustrated by Fig.7a and 7c, these differences
are significantly smaller, indicating that the differences
between the EQ and RB-EMT model for a ternary mixture
are much less pronounced as long as one of the involved
binary submixtures is narrow-boiling. Comparing Fig.7a
and 7c, it also becomes apparent that the significant
increase of the relative volatility between the low/intermedi-

ate and the high-boiling component do merely affect the
magnitude of these deviations.

In support of this conclusion, the differences between the
EQ and RB-EMT composition trajectories are particularly
large for mixtures, for which all binary submixtures are
wide-boiling (a; > 2), while the differences are much less
pronounced as long as one binary submixture is close
boiling. For overall close-boiling systems the differences
between the DL and RB-EMT composition trajectories
become negligible. While these rules are formulated based
on the investigation of ideal mixtures with constant relative
volatilities, they should hold also for real, zeotropic mix-
tures [50]. Since the EQ and RB-EMT model are reflecting
the RC and DL, it can further be concluded that the often-
times considered equivalency of DL and RC for the analysis
of split feasibility [29,46] is not adequate for the analysis of
wide-boiling mixtures.

4.2 Influence of the Component-Specific Mass
Transfer on the Deviation of the EQ and
RB-EMT Composition Trajectories

After evaluating the effect of the VLE on the differences
between the EQ and RB-EMT composition trajectories, the
effect of component-specific mass transfer rates is evaluated
by an investigation of the RB-MS model, in respect to the
other two models. For this investigation the VLE is still
modeled based on CRV. For the subsequent analysis the
three binary Maxwell-Stefan vapor-phase diffusion coeffi-
cients Bi\j’ for the ternary mixtures are varied systematically
to evaluate their influence on the differences in the EQ and
RB composition trajectories. It is important to note that the
course of the RB-MS composition trajectories is not affected
by the absolute values of Di\j/, but only by the ratios between
the individual J—)fj’ Thus, for the reference case (RB-EMT)
all Di‘j’ are set to unity and further varied individually

a)

b)
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B

d=(133 4 3)
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Figure 7. Contour plots of further ideal mixtures illustrating the distance d values between the DL and RB-EMT composition

trajectories.
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by + 50 % (RB-MS). Since only the ratios of the diffusion
coefficients are relevant, a variation of two of the three dif-
fusion coefficients is sufficient. The relative volatilities are
fixed to @ = (2 6 3) while the set of binary Maxwell-
Stefan vapor diffusion coefficients Di\j’ is reported as:

D= (DPss DPac Bsc) (24)

The resulting contour plots for all considered combina-
tions of modified diffusion coefficients are illustrated in
Fig. 8. While the diffusion coefficient D g is kept constant,
the top three contour plots represent the effect of an
increased Dy (Figs. 8a—c), while the bottom three contour
plots illustrate the effect of a decreased D¢ (Figs. 8g-i).
Similarly, the three contour plots on the left side illustrate
the effect of a decreased Dy (Figs. 8a,d,g), while the three
contour plots on the right side illustrate the effect of an in-
creased Dy (Figs. 8c,f)i).

Apparently, the deviation of the EQ and RB-MS composi-
tion trajectories becomes more pronounced for decreased
Dac and Dy values, while it gets less pronounced in case of
increased Dac and Dpc values. Judging from the difference
in Fig.8a and 8i the value of Dyc has a more pronounced
effect on the RB-MS composition trajectories than the D¢
value. However, the general structure of the contour plots re-
mains the same, since the topology of the VLE is not affected
by the variation of the individual mass transfer rates [26].

As described in Sect. 3.1 the sole difference between the EQ
and RB-EMT model results from the different approach for
solving the differential equation (20) by either a numerical or
analytical integration or the transformation into a set of finite
difference equations. Geometrically the deviation between
the resulting DL and RC can be explained by the evaluation
of the vapor-liquid tie-line (straight line connecting ¥ and
FPQ(X)), which represents the tangent to the RC but a secant
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Figure 8. Several contour plots illustrating the distance d values between the DL and RB-MS composition trajec-
tories for varying binary vapor-phase diffusion coefficients for an ideal mixture with relative volatilities « = (2 6 3).
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to the DL passing through X [48]. In case of the RB-MS mod-
el, the tangent to the resulting composition trajectory is al-
tered in magnitude and direction by multiplication with the
matrix of the vapor-phase mass transfer coefficients (V1.
This modification can either increase the deviation from the
EQ model, as illustrated in Fig. 2b, or reduce the deviation in
case the integration of the differential equation (18) results in
a trajectory that traverses closer to the DL. While general
conclusions on the effect of a specific relation of the binary
Maxwell-Stefan vapor diffusion coefficients may not be de-
rived from the current results, the proposed evaluation of the
maximum value of the shortest Euclidean distances and the
illustration in terms of the contour plots for ternary mixtures
presents an efficient tool enabling a case-specific evaluation.

4.3 Evaluation of the Transferability to Real
Mixtures

In order to illustrate the applicability of the approach and
showcase the transferability of the results, the respective
contour plots are computed for two real mixtures, which
are expected to show large differences in the EQ and RB
composition trajectories according to the derived criteria.
For both considered mixtures the VLE calculations are per-
formed for a constant atmospheric pressure using the
UNIQUAC g" model and the extended Antoine equation.
Furthermore, the correlation of Wilke and Lee [44] is used
to calculate the binary vapor diffusion coefficients.

4.3.1 Methanol - 2-Butanol - DMF

At first a ternary mixture of methanol (MeOH), 2-butanol
(2-BuOH) and dimethylformamide (DMF), abbreviated as
MBD, is investigated. The required property parameters are
extracted from the Aspen Plus® databases NISTV88 NIST-
IG and PURE32. The resulting relative volatilities and the
normalized binary vapor diffusion coefficients are listed in
Tab. 1 for three liquid compositions in the vicinity of the

Table 1. Averaged relative volatilities and normalized diffusiv-
ities for the MBD mixture.

Parameter Values Averaged
Mole fraction

Xpeon [-) 0.990 0.005 0.005

X>-BuoH -] 0.005 0.990 0.005

Xpme [-] 0.005 0.005 0.990

Relative volatility

Oneon,DME (-] 41.71 16.81 9.29 18.92
05 BuoH,DMF (-] 9.07 5.23 4.38 5.97
CIMeOH,2-BuOH [ ] 4.60 3.22 2.12 3.11
Normalized diffusivity

Dyeortome/ 1.02 1.02 1.02 1.02
Dyteon2-Buon [-]

D5 uorome! 0.59 0.59 0.59 0.59

DMeOH,Z—BuOH [_]

pure components, while the averaged values present the
arithmetic mean for all 12150 liquid compositions eval-
uated for the generation of the contour plots illustrated in
Fig. 9.

Based on the high relative volatilities, exceeding those of
the CRV mixtures investigated in Sect. 4.1, large deviations
of the EQ and RB-EMT composition trajectories are
expected. In case the ratio of the binary Maxwell-Stefan
vapor diffusion coefficients has the same effect observed for
the CRV mixture in Sect. 4.2, an even more pronounced
deviation of the EQ and RB-MS composition trajectories is
expected. As illustrated in Fig. 9 these expectations are met
very well by the resulting contour plots. The regions that
represent considerable deviations of the EQ and RB models,
presented by maximum values of the shortest Euclidean dis-
tances (d > 0.1), do extend towards the center of the com-

a) b)
F 1.0
DMF DMF
£ 0.
0.000 0025 0050 0075 0100 0125 0150 0175 0200 0225 0250 0275 0300

Figure 9. Contour plots for
the MBD mixture illustrat-
ing the distance d values
between a) the DL and RB-
EMT composition trajec-
tories and b) the DL and RB-
MS composition trajec-
tories.
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position simplex for both the RB-EMT and RB-MS model,
while especially for the latter, deviations with d > 0.25 are
recognizable for large regions close to the MeOH and DMF
edges on the binary MeOH-2-BuOH and 2-BuOH-DMF
line. As expected, these values of the maximum of the short-
est Euclidian distance are even larger than for any of the
previously considered ideal mixtures in Sect. 4.1 and 4.2.

4.3.2 Acetone — Methanol — Water

The second ternary mixture to be evaluated is an azeotropic
mixture of acetone, MeOH and water, abbreviated as AMW.
The required property parameters are again extracted from
the Aspen Plus® databases APV88 VLE-IG and PURE32.
The mixture exhibits a binary, temperature-minimum azeo-
trope between acetone and methanol, which is illustrated in
the residue curve map in Fig. 10.

0.0 Acetone

1.0
Water
0.0 0.2 0.4 0.8 1.0
MeOH
XMeOH

Figure 10. Residue curve map of the AMW mixture.

While the mixture does not exhibit a distillation bound-
ary, the composition space is divided in two compartments
to both sides of the azeotrope, which are characterized by a
different order of the relative volatilities. This becomes
apparent from the relative volatilities determined for the
liquid compositions close to the pure acetone and methanol
vertex, as listed in Tab.2. Due to this shift in the order of
the relative volatilities, the analysis of an average of the rela-
tive volatilities does not seem reasonable and is skipped.
Yet, the indicated relative volatilities for the three liquid
compositions indicate a very narrow boiling region close to
the acetone vertex, as well as a quite wide boiling region
close to the water edge.

While no direct conclusion can be drawn from an equiva-
lency to a CRV mixture, the differences between the EQ and
RB composition trajectories can effectively be evaluated by
the computation of the maximum of the shortest Euclidian
distance, for which the results are illustrated by means of
the contour plots in Fig. 11. While the contour plots deviate
to some extend from those of the previously investigated
CRV mixtures, the low deviations of the EQ and RB-EMT

www.cit-journal.com
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model (cf. Fig.11a) close to the acetone-MeOH edge and
the higher deviations close to the water-MeOH align with
the relative volatility values listed in Tab.2. Furthermore,
the reduced deviation between the EQ and RB-MS model
(cf. Fig. 11b) are also to be expected when considering the
normalized diffusivity values listed in Tab.2, considering
the results for the CRV mixture in Sect. 4.2.

Table 2. Averaged relative volatilities and normalized diffusiv-
ities for the AMW mixture.

Parameter Values Averaged
Mole fraction

xa [-] 0.990 0.005 0.005

Xmeon [-] 0.005 0.990 0.005

xw [-] 0.005 0.005 0.990

Relative volatility -

U acetone,water (=] 1.33 5.99 21.74 -
MeoH Water [-] 1.73 245 7.50 -

A acetoneMeOH [~] 0.77 244 2.90 -
Normalized diffusivity

D Acetone,Water/ 1.47 1.47 1.47 1.47
Dacetonemeon [-]

Diteor, water! 2.00 2.00 2.00 2.00

DAcetone,MeOH [_]

While the contour plots for the azeotropic system cannot
be predicted directly from the simplified criteria derived
from the analysis of the CRV mixtures, the deviations be-
tween the EQ and RB models in different regions of the
composition space align well with the respective expecta-
tions. In any way, the algorithmic assessment allows for a
quick evaluation of potential deviations by means of the
maximum of the shortest Euclidian distance and the illus-
tration in terms of the contour plots.

5 Experimental Validation

In order to validate the applicability of the derived criteria
for the evaluation of a chemical system for which the use of
an RB model is likely required due to considerable devia-
tions from the EQ model, an experimental validation is
conducted. For this purpose, real composition profiles for
the distillation of the previously evaluated ternary MBD
mixture were determined experimentally for total reflux
experiments conducted in a special lab-scale column at
BASEF SE (see Fig.12). The column had an inner diameter
of 0.05m and was equipped with Montz A3-500 gauze wire
packing divided into short segments of 0.24 m height allow-
ing a high number of dedicated sample positions. In the
upper part short sampling distances were gained by the use

Chem. Ing. Tech. 2020, 92, No. 7, 890-906
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Figure 11. Contour plots
for the AMW mixture illus-

e 06 trating the distance d

X MeOH values between a) the DL
MeOH and RB-EMT composition
. trajectories and b) the DL

and RB-MS composition
trajectories.

Figure 12. Experimental setup and with profile sampling locations (left side). Upper column section with special sampling pipes (middle

and right).

of specially designed sampling pipes (see Fig. 12 middle and
right). The performance of the column was first validated by
means of a standard binary test mixture. Fig. 13 shows a com-
parison of experimentally determined liquid compositions
along the column height with the composition trajectories

resulting from the different models and three different ini-
tial compositions.

For all three of the considered initial compositions for the
computation of the composition trajectories, the DL (result-
ing from the EQ model) provides a poor approximation of
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Figure 13. Comparison of the experimental data points with the calculated DL, RB-EMT, and RB-MS composition trajectories.

the experimental data. Both RB composition trajectories ferent models requires only information on the vapor-liquid
agree significantly better with the experimental data points. equilibrium as well as the binary Maxwell-Stefan vapor dif-
While the RB-MS trajectories match the experimental data fusion coefficients, such that the developed approach can be
points excellently in the middle and right diagram, the utilized with little required information.

agreement with the experimental data points is, however, The conducted parameter study validated known expect-
worse for the initial composition considered in the left dia- ations [7] that especially wide-boiling mixtures are prone to
gram, when compared to the RB-EMT model. While this is larger deviations between the equilibrium stage and rate-
rather unexpected, considering that the RB-MS model is based models, while the expected deviations are rather small
fundamentally more sound, the deviation is likely the result for generally close boiling mixtures. Yet, the study also
of an inaccuracy of the estimated binary diffusion coeffi- showed that the expected deviations are also rather small in
cients as well as the specific-composition measurement, for case at least one binary submixture of a ternary mixture is
which the trajectories are specifically sensitive in this region close-boiling, while the other submixtures may show large
of the composition space (cf. Fig.9). Overall, the experi- relative volatilities. Non-uniform component-specific mass
mental results align well with the expectations that were transfer rates, originating from differences in the binary
derived from the model-based analysis of the MBD mixture Maxwell-Stefan diffusion coefficients, can either increase or
as well as the derived criteria from the analysis of ideal mix- decrease these deviations. Although the initial observations
tures. Moreover, the algorithmic methods for the derivation were derived for hypothetical mixtures with constant rela-
of the maximum values of the shortest Euclidean distances tive volatilities, the investigations for two real mixtures vali-
and the contour plots provide a simple means for the iden- dated the applicability of the derived criteria for model dis-
tification of chemical systems for which large deviations crimination, even in case of azeotropic mixtures when
between the EQ and RB models are to be expected. considering individual regions of the composition space.

Based on the observed significant differences between the
EQ and RB composition trajectories for the MBD mixture,

6 Conclusion and Outlook dedicated experiments were conducted in a lab-scale col-
umn, showcasing the superiority of the RB model over the
In order to evaluate chemical systems for which the use of a EQ model under the specific conditions.
rate-based model should be considered for sizing of packed While the current work investigated the influence of the
distillation columns, the equilibrium stage and rate-based mixture properties on the differences between EQ and RB
models for total reflux operation have been evaluated in a composition trajectories at total reflux, future work will
systematic study, considering the maximum of the shortest evaluate the additional effect of finite reflux operation, for
Euclidian distances d between the resulting liquid composi- which different process parameters have to be considered in
tion trajectories as suitable means for model discrimination. the evaluation of the differences between the EQ and RB
For ternary mixtures, contour plots have been developed to model. Finally, the objective is an early-stage quantitative
enable an easy graphical assessment of the resulting differ- evaluation of the influence of the chosen modeling
ences in the computed composition trajectories. Based on approach on the obtained column design.

the considered assumptions of total reflux operation, a neg-
ligible liquid-side mass transfer resistance, constant molar
overflow and an ideal vapor phase, the evaluation of the dif-
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Symbols used

a [m’m™ specific interfacial area

Ac [m?] cross-sectional area of the column

ctV [molm™] molar concentration

C (-] constant

d -] maximum value of the shortest
Euclidean distances

D [m*s™] diffusion coefficient

D [m%™'] Maxwell-Stefan diffusion coefficient

dz [m differential height

HTU [m] height of a transfer unit

[1] [-] identity matrix

J [molm™s™'] molar diffusion flux

k [ms™! mass transfer coefficient

N, [molm™s™] total molar flux

NTU  [-] number of transfer units

[R] [ss7!] inverse matrix of mass transfer
coefficients

\% [mols™] molar vapor flow rate

x (-] liquid molar composition

y (-] vapor molar composition

z [m] axial coordinate

I Greek letters

a (-] relative volatility

K [ms™] binary mass transfer coefficient

Sub- and Superscripts

avg average of the bulk and interphase value
EQ equilibrium

i,

j, k,n component number

n stage index
ov overall vapor
\% vapor phase
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I Abbreviations

2-BuOH 2-butanol

AMW  acetone, methanol, water
CMO  constant molar overflow
CRV  constant relative volatility
DMF  dimethylformamide
EMT  equal mass transfer

EQ equilibrium stage

HETP height equivalent to a theoretical plate
MBD  acetone, 2-butanol, dimethylformamide
MeOH methanol

MS Maxwell-Stefan

Ref reference

RB rate-based
VLE  vapor-liquid equilibrium
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